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As a particle physicist, do 
you ever think about 
quantum mechanics?
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Shame on you…
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What about quantum computing?
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Use quantum computers to improve HEP techniques
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Use quantum computers to improve HEP techniques

Not today’s topic
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What about measuring 
“quantum observables”

a.k.a

Testing QM in a new energy 
regime?
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Why?
Why measure “quantum observables” at colliders?

Quantum at different length scales…

10!"#m 10!$%m 10!&%m 10%m10!"m
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Why?
Why measure “quantum observables” at colliders?
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Quantum mechanics 
developed to describe 

physics at this 
length-scale 
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Why?
Why measure “quantum observables” at colliders?

10!"#m 10!$%m 10!&%m 10%m10!"m

QM phenomena at 
macroscopic scales:
• Quantum fluids
• Superconductivity

Harnessing QM:
• Quantum computing

Ethan Simpson: Entangled in Tops



11

Why?
Why measure “quantum observables” at colliders?

10!"#m 10!$%m 10!&%m 10%m10!"m

“It from qubit”…
• What is the information-theoretic 

structure of QFTs?
• Is spacetime an emergent property of

quantum entanglement?

• Simons Collaboration on Quantum Fields, Gravity and Information
• Spacetime from Entanglement

Further reading:

Ethan Simpson: Entangled in Tops

https://www.simonsfoundation.org/mathematics-physical-sciences/it-from-qubit/
https://www.annualreviews.org/docserver/fulltext/conmatphys/9/1/annurev-conmatphys-033117-054219.pdf?expires=1717534722&id=id&accname=guest&checksum=D5A8BB8460B5EC214F19D250699B90C7
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Why?
Why measure “quantum observables” at colliders?

10!"#m 10!$%m 10!&%m 10%m10!"m

• Does QM look different in QFT
regime?

• Test “beyond QM”…
• There’s more to life than (not) 

finding New Physics
• Can quantum observables 

help us look for New Physics?

Ethan Simpson: Entangled in Tops
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Quantum Entanglement

“the most characteristic trait of QM”



• Correlations between quantum numbers.

• Shared internal degrees of freedom
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Quantum EntanglementQuantum Entanglement

You cannot write down a 
description of one particle 

without describing the other…

Ethan Simpson: Entangled in Tops



15



"for experiments with entangled photons, establishing the violation of 
Bell inequalities and pioneering quantum information science"

2022 Nobel Prize
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Entanglement in HEP

Flavour entanglement
(2007)

Polarisation
entanglement 

(2023)

Spin entanglement
(2023)
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1. Define a mathematical (QM) description of production

2. Condense description down into a single entanglement marker

3. Measure an angular observable in ATLAS      data

4. Extract the entanglement marker from this angular distribution

5. Compare the measured value to a no-entanglement limit

6. Defend against claims this is “spin correlation window dressing”

19
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Strategy
1. Define a mathematical (QM) description of production

2. Condense description down into a single entanglement marker

3. Measure an angular observable in data

4. Extract the entanglement marker from this angular distribution

5. Compare the measured value to a no-entanglement limit

6. Defend against claims this is “spin correlation window dressing”
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Aside: The Top Quark
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The Top Quark

1. Spin-1/2 qubit
2. Decays weakly, 

quickly

Top Quark 172.5 GeVWe have produced tens of millions of 
top quarks at the LHC.

Tops have several unique properties 
which make them useful for quantum 
information studies.

Ethan Simpson: Entangled in Tops
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Decay DecayProduction

production 
In terms of density matrices
𝑡 ̅𝑡
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tt production 
In terms of density matrices

Polarisations
(of individual tops)

Correlations
(between tops’ spins)

Decay DecayProduction

production 
In terms of density matrices
𝑡 ̅𝑡
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Measurements of Spin Correlations
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Spin correlation measurements
History of       spin measurements at the LHC𝑡 ̅𝑡

Ethan Simpson: Entangled in Tops



27

Accessing Top Spin

Decays so quickly, spin information retained

𝑊!

𝑡
𝑏

𝑙!

𝜐

Weak decay does something magic…

The spin 
information of 
the quark… …controls (on average)

the direction of the 
decay product

Ethan Simpson: Entangled in Tops
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QI Theory



Pure quantum system:
vector in a Hilbert space

Mixed quantum system:
density operator in Hilbert space

quantum state
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Quantum States

Ethan Simpson: Entangled in Tops
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Old Friend

We can calculate and measure the 
density matrix for t t production!

Mathematical properties of the density 
matrix reveal aspects of the quantum state.

(“The unreasonable effectiveness of 
mathematics” - Wigner)

Polarisations
(of individual tops)

Correlations
(between tops’ spins)

Ethan Simpson: Entangled in Tops
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Entanglement
Is the density matrix factorisable?

Ethan Simpson: Entangled in Tops
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Entanglement

Quantum Separability Problem:  Determining whether an arbitrary 
density matrix is separable is in general NP-hard [arXiv:0303055].

Is the density matrix factorisable?

Ethan Simpson: Entangled in Tops

https://arxiv.org/abs/quant-ph/0303055
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Concurrence 
A measure of how entangled

(Related to the 
eigenvalues of the 

density matrix)

• Low statistics
• Larger jet uncertainties
• Driven by subdominant qq

• High statistics
• Driven by dominant gg

Ethan Simpson: Entangled in Tops
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Peres-Horodecki
Alternative entanglement definition

Ethan Simpson: Entangled in Tops
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Peres-Horodecki
Alternative entanglement definition

!"#$%&'(&)

#!*!(+,-&-*(./#$*0/$1'0*$2!

)-*!'$13!4*$

05627'8'+9

Do we still have a density matrix 
after this operation?

If so, state is not entangled…

Much linear algebra…

Perform linear algebra 
operations to trace out one 

of the sub-systems 𝜌 → 𝜌!
Partial trace

Ethan Simpson: Entangled in Tops
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Peres-Horodecki
A measure of how entangled?

is separable?

Spin correlations we can measure!
Ethan Simpson: Entangled in Tops
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Peres-Horodecki
Accessing experimentally

Entanglement 
condition

Ethan Simpson: Entangled in Tops
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Peres-Horodecki
Accessing experimentally

Entanglement 
condition

l+

𝜑 l-

D can be extracted from a single angular distribution:

Leptons boosted 
into their parent 
top’s frame

Ethan Simpson: Entangled in Tops



Summary 

• production is described by a density matrix.

• Entanglement is non-separability of the density matrix

• Measure entanglement through one angular observable, D.
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ATLAS Measurement
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Selections
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Selections

𝑊'

𝑊!

𝑡

̅𝑡

𝑏

)𝑏

𝑒/𝜇'

𝜇/𝑒!

𝜐̅

𝜐

• 1 electron and 1 muon
• 2 jets, at least b-tagged

SR VR1 VR2
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Signal and Backgrounds

Backgrounds
Signal

Alt. signals

Modelled using MC simulation:
• Powheg (hvq) + Pythia8
• Powheg (hvq) + Herwig7
• Powheg (bb4l) + Pythia8

Signal

• Backgrounds are estimated using 
simulation.

• Fake lepton prediction modified 
using a data-driven scale factor. 

Background
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Signal / Background

Ethan Simpson: Entangled in Tops



Di-leptonic Reconstruction

𝑊!

𝑊"

𝑡

̅𝑡

𝑏

'𝑏

𝑒/𝜇!

𝜇/𝑒"

𝜐̅

𝜐
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Dileptonic Reconstruction

…is challenging because of MET. 
Several techniques exist to solve.

𝑡 = 𝑏 + 𝑒/𝜇# + 𝜐
⚠

⚠

❓

❓
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Di-leptonic Reconstruction

𝑊!

𝑊"

𝑡
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𝑏
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Dileptonic Reconstruction

…is challenging because of MET. 
Several techniques exist to solve.

𝑡 = 𝑏 + 𝑒/𝜇# + 𝜐
⚠

⚠

❓

❓
Primary technique: Ellipse Method
Alternative techniques:
• NeutrinoWeighter
• Simple kinematic matching

THE ELLIPSE METHOD DOES

Ethan Simpson: Entangled in Tops



Data-Simulation Comparison

• Distortion from detector 
effects (resolution, 
acceptance)

• The agreement is decent 
for the distribution.

• Tension in the mean.

45

Data-Simulation Comparison

Ethan Simpson: Entangled in Tops



Calibration Curve

Reconstructed D

Tr
ut

h-
le

ve
l D

Calibration Curve
Parameterise variation in the detector effects on D.

Different hypotheses of 
truth- and reco-D, derived 
from simulation.

Interpolate to give variation. SM prediction

Alternative hypotheses
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Calibration Curve
Correct measured value of D to truth

Ethan Simpson: Entangled in Tops



Calibration Curve

Apply a per-event 
re-weighting of the simulation!

Choose  such that 
distribution remains linear 

Scaling parameter
47

Calibration Curve
Generate alternative hypotheses

Ethan Simpson: Entangled in Tops



Calibration Curve

Reconstructed D

Tr
ut

h-
le

ve
l D

SM prediction

Alternative hypotheses
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Calibration Curve
Parameterise variation in D

Different hypotheses of 
truth- and reco-D, derived 
from simulation.

Interpolate to give variation.

Ethan Simpson: Entangled in Tops



Calibration Curve

Reconstructed D

Tr
ut

h-
le

ve
l D

Systematic-shifted SM 
prediction

Systematic-shifted 
alternative hypotheses
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Different hypotheses of 
truth- and reco-D, derived 
from simulation.

Interpolate to give variation.

Systematics build different 
calibration curves.

Calibration Curve
Parameterise variation in D

Ethan Simpson: Entangled in Tops



Calibration Curve

Reconstructed D

Tr
ut

h-
le

ve
l D
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Different hypotheses of 
truth- and reco-D, derived 
from simulation.

Interpolate to give variation.

Systematics build different 
calibration curves.

Combine all systematics to 
build nominal curve + 
uncertainty band.

Calibration Curve
Parameterise variation in D

Ethan Simpson: Entangled in Tops



Calibration Curve

Reconstructed D

Tr
ut

h-
le

ve
l D
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Different hypotheses of 
truth- and reco-D, derived 
from simulation.

Interpolate to give variation.

Systematics build different 
calibration curves.

Combine all systematics to 
build nominal curve + 
uncertainty band.

Map measured D to truth.

Calibration Curve
Parameterise variation in D

Ethan Simpson: Entangled in Tops
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Results

Higher level of entanglement 
than predicted in simulation

No-entanglement limit

Calibration Curve

Ethan Simpson: Entangled in Tops



SR

VR1 VR2

Result: Particle-Level
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SR

VR1 VR2

Result: Particle-Level
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Results

Simulation 
predictions do 

not agree

Predictions 
underestimate 

data

Agreement 
in  VRs



Map entanglement limit using 
partonàparticle calibration curves.

We derive a separate mapping for both 
Pythia and Herwig parton showers.
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Results
Mapping limit to particle-level

Our systematic model is built 
around Pythia, therefore only 
include uncertainties on the 

Pythia bound.

Ethan Simpson: Entangled in Tops



Why Particle-Level?
Shape difference between distribution from Pythia and from Herwig
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Why Particle-Level?
Extrapolation to parton-level incurs huge parton shower uncertainty

Large difference at particle-level No difference at parton-level
Ethan Simpson: Entangled in Tops



Systematic Uncertainties
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Signal modelling biggest limitation

Systematic Uncertainties
Modelling dominates, like in other precision top-quark measurements

Propagation of spin 
information

Ethan Simpson: Entangled in Tops



Common Questions
How reliable are our SM predictions?

Reliable but limited
Derived from general-purpose MC 

event generators (powerful and 
widely used).

• Lack full spin info in shower
• Lack higher-order corrections to 

top quark decays
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Common Questions
How reliable are the simulation predictions?

Future: build systematic 
model built around 
something like bb4l

Ethan Simpson: Entangled in Tops

https://cds.cern.ch/record/2792254/files/ATL-PHYS-PUB-2021-042.pdf


Cross-section enhancement near threshold in both cases.

NLO EW Bound state
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NNPDF3.0

Sources of mis-modelling

Ethan Simpson: Entangled in Tops
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Bound States
Simple toponium model

2401.08751 consider a bound 
pseudo-scalar decaying to an 

on-shell top-quark pair

Ethan Simpson: Entangled in Tops

https://arxiv.org/pdf/2401.08751.pdf


The precision does not strongly depend on agreement 
between data and simulation, as shown.

The accuracy of the simulation is limited because of:
• Discrepancies between predictions understood to arise 

from difference in parton showers.
• Discrepancy between data and simulation thought to 

arise from missing effects.
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Summary of Arguments

Ethan Simpson: Entangled in Tops



CMS Measurement
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The CMS measurement follows 
the same basic strategy 

63

Also achieves observation of 
entanglement



The CMS measurement follows 
the same basic strategy 
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Also achieves observation of 
entanglement

Many differences between ATLAS measurement 
make direct comparison challenging

(see LHC Top WG Comparison)

https://indico.cern.ch/event/1375202/contributions/5893282/attachments/2845531/4975106/ATLAS_and_CMS_Top_Entanglement___LHC_Top_WG.pdf
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Key Points

• Only use 2016 data
• Use all OS dilepton channels
• Invariant mass window 

[345,400] GeV
• Additional kinematic cuts to 

target gg-fusion
Ethan Simpson: Entangled in Tops
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Alternative Entanglement Hypotheses

• Generate simulation with no 
spin correlations

• Weighted combination of 
“spin-on” and “spin-off” 
samples yields changes in D

(ATLAS used MC reweighting)

Ethan Simpson: Entangled in Tops
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Extraction of D

(ATLAS corrected to particle-
level using a calibration curve)

• Employ binned template 
profile likelihood fit

• Based on MC templates
• D at parton-level

Ethan Simpson: Entangled in Tops
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Results with “Toponium”

• Include a model of toponium
bound-state in the simulation

• Data-MC tension reduced 
when toponium effects 
included

• Superior bound-state 
modelling should appear 
soon…

Ethan Simpson: Entangled in Tops



Postscript
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Bell-type tests in      production,
using special observables

70

Beyond Entanglement

𝑡 ̅𝑡
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Beyond Top Quarks
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Beyond Top Quarks



SMEFT operators alter amount of entanglement, not nature of entanglement. 
72

QI 4 BSM
QI observables can probe and constrain New Physics
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Exotica

Post-decay entanglement?
Decoherence?

Beyond Quantum Mechanics?

2307.06991
General Probabilistic Theories

2308.07412

Q-data Tests

Objective Collapse Models

Ethan Simpson: Entangled in Tops

https://arxiv.org/pdf/2307.06991.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0370157323002752?via%3Dihub
https://arxiv.org/abs/2308.07412
https://royalsocietypublishing.org/doi/10.1098/rspa.2021.0806
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.85.471
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Conclusions

First observation of entanglement at LHC
First observation of entanglement between free quarks
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Conclusions

First observation of entanglement at LHC
First observation of entanglement between free quarks

• Separability of density matrix: 
measure through marker D.

• Extract D from angular 
distribution: standard di-leptonic 
techniques.

• Motivates improvements to 
modelling tools

Ethan Simpson: Entangled in Tops



Thank You

Spooky action at a distance is alive 
and well at the LHC!
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Auxiliary Materials
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Common Questions
Is this just another spin correlation measurement?

The observable is a measure of spin 
correlation…

but is also a genuine entanglement 
marker, a real quantum observable.

Experimental highlights
• Never been done in this phase-space.
• Developed refined analysis techniques

Ethan Simpson: Entangled in Tops



A Lesson

Many issues are exacerbated by the narrow phase-space:
• Resolution of top reconstruction not good enough.
• Unfolding procedures biased.
• Larger discrepancies in parton showers
• Simulation lacks complete description

At the limit of what we can 
do in such a tight phase-

space region?
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A Lesson

Ethan Simpson: Entangled in Tops



Very reliable

We understand our detector 
response extremely well.

The detector responds the same way 
to Pythia and to Herwig simulation.
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Common Questions
How reliable is the calibration curve method?

The correction contains a full 
suite of uncertainties, like all 

ATLAS Top analyses.

Ethan Simpson: Entangled in Tops
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Common Questions
How reliable is the calibration curve method?

Reconstructed D

Tr
ut

h-
le

ve
l D

Discrepancy 
between SM 
predictions

uncertainty Pythia 
calibration 
curve

Herwig 
calibration 
curve

Ethan Simpson: Entangled in Tops



Measurements of Spin CorrelationsMeasurements of Spin Correlations
Many precision measurements of spin parameters in the past

View as an average spin correlation
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Unfolding
Correct detector effects back to underlying truth

For comparison to predictions and other experimental results.

Many techniques available: tried Iterative 
Bayesian Unfolding

Must check procedure for bias…

83Ethan Simpson: Entangled in Tops



Alter the slope of the cos-
phi distribution

Unfold the distorted 
result

Compare unfolded to 
truth

Unfolding Efforts
Parameterise variation in the detector effects on D.

Inclusive Signal Region

84Ethan Simpson: Entangled in Tops



Modelling Uncertainties
tt modelling near threshold has large impact on precision.

How heavy-resonance decays 
and spin correlations are 
treated

Small because correction 
to particle-level.
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QI-HEP Hype
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Angular Observables
Measure spin parameters through angular observables.

• Top spins determine W helicities.
• W helicities correlate with decay product 

directions 

88Ethan Simpson: Entangled in Tops



Why Particle-Level?
Shape difference between distribution from Pythia and from Herwig
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Why Particle-Level?
Extrapolation to parton-level incurs huge parton shower uncertainty

Large difference at particle-level No difference at parton-level
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Why Particle-Level?
Extrapolation to parton-level incurs huge parton shower uncertainty

Large difference at particle-level No difference at parton-level
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Evolves by stepping through some 
ordering parameter.

Dipole-ordered vs angular-ordered
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Problems with the shower

A parton shower models QCD 
radiation from hard partons

Ethan Simpson: Entangled in Tops



Top Quark Production

In general, the spin information can be accessed through the decay 
products of tops

Two factors come to our aid:
• The short lifetime of the top reduces probability that other effects will 

wash out spin information.
• The chiral structure of the weak interaction mean constrains the 

helicities of the decay products, eventually leading to a correlation 
between the flight of the decay products and the initial spin 

information.
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”New Physics” in HEP-QI

• In this context, we have to be slightly careful about what new physics 
is e.g Is new physics affec.ng the quantum state?
• Can we test “beyond-quantum” theories e.g. general probabilisFc 

theories: seek deviaFons from unitarity and linearity. Apparently so, 
Bell-type tests probe these things.
• EFTs not necessarily probing this.
• Is EFT just changing spin correlaFons. This does amount to changing 

entanglement?

93Ethan Simpson: Entangled in Tops
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Werner States

• Werner states can exhibit entanglement (non-separability) but no Bell 
nonlocality.
• Werner states have the minimum amount of quantum uncertainty.
• To test Bell nonlocality, need to do a Bell test.
• This whole study assumes that the states are quantum, in the Bell 

nonlocal sense.
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