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Quantum computing approaches

e Quantum walk

e Support Vector Machine with quantum kernel
e Quantum Graph Neural Net

e Quantum-enhanced cellular automata
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Quantum machine learning
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Quantum machine learning

Reformulate as a classification task: Does a track segment (set of 3 consecutive hits) belong to a particle?

Support vector machine
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Support Vector Machine (SVM):
*Finds the optimal separating boundary between classes
eUses only the closest data points (“support vectors”)

e Maximizes the margin for robust classification
4




Quantum machine learning

Kernel:
eMeasures similarity between data points
eAllows SVMs to operate in high-dimensional spaces implicitly

eMakes nonlinear classification possible (“kernel trick”)
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Support vector machine with quantum kernel




Quantum SVM and kernels
arXiv:2012.07725

Quantum SVM and kernels can efficiently exploit higher dimensional
space and generate feature maps that are difficult for classical kernel

functions
randomly generated XOR-patterned data complex data
3
A A
2 . 8 . o ? = ng gy _— - " 8
= 5 -_— n - "
. _— il 3 n = _ B
. .i 4 e : .. '-.. ..l .
; .= : m Hg .:I . s By .
. | . . n .. 2 u® | u®
m =
y " o s L =
-2 - . . 1 _ N T -. [l T _
0-

(d)
Comparing two artificially generated datasets with different levels of complexity

Quantum SVM flexible enough to get the for simple and complex datasets.




Quantum machine learning

Reformulate as a classification task: Does a track segment (set of 3 consecutive hits) belong to a particle?

@® Particle track arXiv:2212.07279
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Support vector machine with quantum kernel




Quantum machine learning

Reformulate as a classification task: Does a track segment (set of 3 consecutive hits) belong to a particle?

arXiv:2212.07279
Preprocessing Kernel estimation SVM Analysis
Classical kernel > == Classical algorithm

TrackML > Doublets b Triplets

dataset Classical SVM

= Quantum-enhanced
algorithm

—> Quantum kernel —
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Quantum machine learning

Reformulate as a classification task: Does a track segment (set of 3 consecutive hits) belong to a particle?

Quantum circuit to o4z HeH H HeH HeH=E arXiv:2212.07279
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Quantum anomaly detection

Increased interest in looking for new physics in a model-agnostic way
arXiv:2301.10780

Unsupervised machine learning approach used as anomaly-detection methods

Train on Standard Model processes and detect outliers that may have new physics origins

@ ©® ©® @

Search for new exotic particles decaying to jet pairs

ANOMALY DETECTION PERFORMANCE EVALUATION

Kernel Machine
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x 10°

Quantum anomaly detection

e Narrow Randall-Sundrum gravitons decaying to two W -bosons

e Scalar boson A decaying to a Higgs and Z boson, A—>HZ—->2Z27

e Broad Randall-Sundrum gravitons decaying to two W -bosons

number of training samples
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latent dimension = 8

training size = 600
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Quantum Machine Learning for LArTPC Topology Classification

Classify topologies in
Liquid Argon Time Projection Chambers
(LArTPCs).

Improves neutrino event reconstruction in
experiments such as MicroBooNE and DUNE.

Apply quantum machine learning (QML)
methods —quanvolutional neural networks
(QONNs) — to classify event topologies using
detector hit data.

Dataset: Simulated MicroBooNE and synthetic
datasets with variable opening angles.

Phys.Rev.D 112 (2025) 9, 092006

nBooNE _

— -

Photon 1 /

““__ Photon 2

- Photon 3

Photon 4 » g
Proton

18cm

BNB DATA : RUN 5929 EVENT 1582. APRIL 15, 2016.

Neutrino interaction event in a LArTPC from MicroBooNE.

6 particles from the interaction vertex: 2 track-like (muon and
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proton) and 4 shower-like (photons)




Quantum Machine Learning for LArTPC Topology Classification

Phys.Rev.D 112 (2025) 9, 092006

Classical CNNs use convolutional filters to slide across images for
local feature extraction.

Quanvolutional Neural Networks (QNNSs) replace these classical
filters with small quantum circuits.

Each image patch (e.g 2x2 pixels) is encoded into qubits, applies
unitary transformations, and outputs measured features.

These features then fed into a (also test a fully
quantum invariant model)

<
Rotational symmetry added, so rotating the input by 90 degrees Yel N, >
gives equivalent outputs >
Pixel label
Track Track Track Shower Shower Shower Shower Shower Track Track

Image Size




Quantum Machine Learning for LArTPC Topology Classification
Phys.Rev.D 112 (2025) 9, 092006

Opening angle = 0° Opening angle = 10° Opening angle = 25°
5| 5 5 2 AT
S S S
a 5 a 5 a 2 S ¢ 5
§ E Y E
wn 7] |~\ &=
Wire Number Wire Number Wire Number
1.00
¢  Quanv ® Mean
e Easy: 15° — 180° (widely separated particles) 0.951 ¢ ONN A Max
¢ Deep CNN N
e Medium: 5° — 15° (moderate overlap) 0-90 N $ .
0 o . O 0.85- ¢
e Hard: 0° — 5° (significant overlap and the most =
complex topology) < 0.80- .
A
0.751 *
0.70{ ¢
0.65 - - '
0-5 0-15 15-180

Opening angle (degrees)

14



Results
Phys.Rev.D 112 (2025) 9, 092006

Learning capability of various models
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Parton Shower

e After the hard interaction, next step in simulating an event at LHC is the parton shower

e Parton shower evolves scattering process from hard interaction scale down to tze hadronisation scale

Hard interaction : takes place at Hadronisation
high energies, short distances. and Decay

Parton shower:
dominated by radiation
of quarks and gluons \




Simulating parton shower

Parton shower

Phys. Rev. D 103, 076020
(2021)
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e Classical methods manually track individual
shower histories and store in physical memory

e Quantum computing algorithm calculates all
possible shower histories simultaneously

e Simulate 2-step parton shower with 31 qubits
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Simulating parton shower

Parton shower

Phys. Rev. D 103, 076020
(2021)
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e Classical methods manually track individual
shower histories and store in physical memory

e Quantum computing algorithm calculates all
possible shower histories simultaneously

e Simulate 2-step parton shower with 31 qubits
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Probability
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Classical walk

More likely

Phys. Rev. D 106,
056002

First used to price
options, used in nuclear
physics, now ubiquitous
in finance

Unlikely

0.8+

o
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arXiv:2109.13975
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Simulating parton shower

Parton shower

Phys. Rev. D 103,
076020 (2021)
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e Classical methods manually track individual
shower histories and store in physical memory

e Quantum computing algorithm calculates all
possible shower histories simultaneously

e Simulate 2-step parton shower with 31 qubits
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Probability

Quantum walk

Nat Rev Phys 4, 744 (2022)
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S. Malik et. al., Phys. Rev. D 106, 056002

Classical

—100

Quantum walker
quadratically faster
than classical
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Simulating parton shower

Parton shower Quantum walk

Phys. Rev. D 103,

076020 (2021) Nat Rev Phys 4, 744 (2022)
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e Classical methods manually track individual in 2 dimensions

shower histories and store in physical memory 000 000 000 000

e Quantum computing algorithm calculates all With this approach, simulate 31-step.
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0.15

possible shower histories simultaneously parton shower using 16 qubits
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e Simulate 2-step parton shower with 31 qubits
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Simulating parton shower

Parton shower

Phys. Rev. D 103,
076020 (2021)
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e Quantum computing algorithm calculates all
possible shower histories simultaneously

e Simulate 2-step parton shower with 31 qubits
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Quantum walk

/

Quantum walk approach, simulate 31-step

parton shower using 16 qubits



Testing Bell Inequalities at the LHC with Top-Quark Pairs

Can we use other high-energy processes to test quantum foundations in new ways?

jets

@ top anti-quark
\@
| 6

@

Use pairs of top quarks produced in pp collisions at LHC to
probe quantum entanglement at high energies not explored
so far.

The top—antitop system forms a natural two-qubit state:
- Top quark spin = 1/2 — behaves like a qubit.

- Top decays before hadronization — spin info
measurable.

Spin correlations of the top and antitop quark are
measurable through their decay products

Reconstruct the spin entanglement of top—antitop pairs at
from decay products using a density-matrix approach,
extract the correlation matrix, and compute its eigenvalues.

By constructing a single observable from eigenvalues
derived from the spin-correlation matrix can test a
Bell-inequality violation.

22



Testing Bell Inequalities at the LHC with Top-Quark Pairs
Phys. Rev. Lett. 127, 161801 (2021)
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m, +m,
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Two regions show m1 +m2 >1: N

—11.2

1. Near threshold

1
0.8

Invariant mass

2. High-energy region:

0.6

Of the two, only the high-energy region shows -

a clean, strong Bell violation.

0.2
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20/

Scattering angle

The most robust and unambiguous Bell inequality violation happens at high energies and forward angles, where both
production mechanisms (gg and qq) align to produce maximally entangled spin states of the top—antitop pair.

With existing LHC Run|l data, can achieve ~98% confidence level (C.L.), and with LHC Run Illl data up to ~99.99% C.L
(40 significance)
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Nature 633 (2024) 542
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Particle level D

ATLAS & CMS probe entanglement

ATLAS

Signal region

: Oom

Validation region

=

________________________ ¢°

s e e e ————

entanglement limit

I O —.— Limit (POWHEG + HERWIG 7)
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Particle-level invariant mass range (GeV)

e Use particle colliders as a laboratory to study quantum
information and foundational problems in quantum
mechanics

e Data from 13TeV ATLAS experiment during 2015-2018 —
integrated luminosity of 140fb—1

e Entanglement variable D=-0.537+0.002 (stat.)+0.019 (syst.)

e More than five standard deviations from a scenario without
entanglement

e First observation of entanglement in a quark—antiquark pair
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CMS
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D

Measure entanglement of top quark pairs using the spin
correlation variable D as entanglement proxy.

Events with two oppositely charged leptons.

Binned profile likelihood fit of D from the distribution of cos ¢
in the most sensitive kinematic phase space of 345 < m(tt) <

400 GeV and 0.0 < B < 0.9.

Entanglement proxy D itself is measured by a negative log-

likelihood scan

Expected (observed) significance of 4.7 (5.1) s.d —>

observation of top quark entanglement
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Colliders are Testing neither Locality via
Bell’s Inequality nor Entanglement versus
Non-Entanglement

Steven A. Abel,* Herbi K. Dreiner,’ Rhitaja Sengupta,’ Lorenzo Ubaldi°

@ Institute for Particle Physics Phenomenology, and Department of Mathematical Sciences,
Durham University, Durham DH1 3LE, UK

bBethe Center for Theoretical Physics & Physikalisches Institut der Universitit Bonn,
Nuflallee 12, 53115 Bonn, Germany
¢Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
E-mail: steve.abel@durham.ac.uk, dreiner@uni-bonn.de,
rsengupt@uni-bonn.de, lorenzo.ubaldi@ijs.si

ABSTRACT: Recently there has been an increased interest in possible tests of lo-
cality via Bell’s inequality or tests of entanglement at colliders, in particular at the
LHC. These have involved various physical processes, such as tt, or 777~ produc-
tion, or the decay of a Higgs boson to 2 vector bosons H — VV*. We argue that
none of these proposals constitute a test of locality via Bell’s inequality or a test of
quantum entanglement versus non-entanglement. In all cases what is measured are
the momenta of the final state particles. Using the construction proposed by Kasday
(1971) in a different context, and adapted to collider scenarios by Abel, Dittmar,
and Dreiner (1992), it is straightforward to construct a local hidden variable theory
(LHVT) which exactly reproduces the data. This construction is only possible as
the final state momenta all commute. This LHVT satisfies Bell’s inequality and is
by construction not entangled. Thus a test of locality via Bell’s inequality or a test
of entanglement versus non-entanglement is inherently not possible.

Discussions
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Addressing Local Realism through Bell Tests at Colliders

Matthew Low*
Pittsburgh Particle Physics, Astrophysics, and Cosmology Center,
Department of Physics and Astronomy,

University of Pittsburgh, Pittsburgh, USA
(Dated: October 30, 2025)

Abstract

One of the most notable aspects of quantum systems is that their components can exhibit correlations
much stronger than those allowed by classical physics. Two examples of quantum correlations are quantum
entanglement and Bell nonlocality, but generally there is a hierarchy of many types of quantum correlations.
Among these correlations, Bell nonlocality holds a special place because it plays a dual role in distinguishing
theories where local realism is a valid description. A Bell test, which is a test of local realism, typically
needs to be augmented with assumptions to address possible loopholes in the experimental setup. In this
work, we study Bell tests in experiments in which the detector reports the correct outcome with a specified
probability. This mirrors the situation at high-energy colliders, where particle spins are not measured
directly but inferred from the angular distributions of their decay products. We show that, in this setup,
a test of local realism is not possible. Quantum correlations, however, are still present, measurable, and
informative in high-energy colliders. These correlations are the building blocks of the interesting, developing
quantum information science program at high-energy colliders. The measurements of entanglement by the

ATLAS and CMS experiments are the first steps in this initiative.




Quantum Information Concepts at the LHC

Quantu.m Particle 10.1103/PhysRevD.110.116016
Information .
Physics
theory
Two key phenomena of superposition and entanglement PHYSICAL REVIEW D 110, 116016 (2024)

that distinguish quantum from classical computers

Presence of entanglement in certain well-known quantum

algorithms allows for an exponential speed-up relative to Magic states of top quarks

classical computing Chris D. White"" and Martin J. White*"
'Centre for Theoretical Physics, School of Physical and Chemical Sciences,
: : Queen Mary University of London, 327 Mile End Road, London E1 4NS, United Kingdom
BUt’ entanglement by itself ] to prOVIde an ARC Centre of Excellence for Dark Matter Particle Physics and CSSM, Department of Physics,
advantage over classical algOrltth University of Adelaide, Adelaide, SA 5005, Australia

. . ® (Received 15 July 2024; accepted 20 November 2024; published 18 December 2024)
For any number of qubits, there are a certain number of

‘stabilizer’ states, which include some m aximally Recent years_ have seen an i.ncreasing. body of_work examining how quantl%m entar.lg.lement can be

, : , measured at high energy particle physics experiments, thereby complementing traditional table-top
entangled Conflguratlons. The Gottesman-Knill theorem experiments. This raises the question of whether more concepts from quantum computation can be
states that quantum circuits invo|ving stabilizer states on|y examined at colliders, and we here consider the property of magic, which distinguishes those quantum

states which lead to a genuine computational advantage over classical states when used in algorithms. We
examine top-antitop pair production at the LHC, showing that nature chooses to produce magic tops, where
the amount of magic varies with the kinematics of the final state. We compare results for individual partonic

can be efficiently simulated using a classical computer

For quantum advantage, need something else - ‘magic’ channels and at proton level, showing that averaging over final states typically increases magic. This is in
contrast to entanglement measures, such as the concurrence, which typically decrease. Also, while some
QU antum com pUt ation introduces ' I entanglement measures (e. g., the concurrence) have a r.lonzero threshold for entanglement, .there 1S no sych
: nonzero threshold for magic. Our results create new links between the quantum information and particle

quantum states that enable Computatlonal advantage physics literatures, providing practical insights for further study.

over classical algorithms.
DOI: 10.1103/PhysRevD.110.116016

Does nature produce 'magic’ states at high energies?

20



“Magic Tops” at the LHC — Results & Implications

10.1103/PhysRevD.110.116016

e Magic analyzed as function of top velocity 3 and scattering angle z = cosB.
q q channel gg channel

0.6

e Nature produces 'magic' tops across most of phase space

0.6

04

e Zero-magic regions correspond to stabilizer states at
special kinematic limits (maximal/minimal entanglement).

Combining channels or angular averaging increases magic Scatterifig angle Scattefing angle

(mixing destroys stabilizer purity) @) (b)
FIG. 3. The magic of a mixed top-antitop final state in (a) the gg channel and (b) the gg channel.

. . . . I proton-proton
 Maximal entanglement # maximal magic - magic T——

measures computational potential

0.6

0.6 |
04

Future directions:

0.2

- Use magic as a new observable to probe physics beyond
the Standard Model.

0.2}

AAAAAAAAAAAAAAAAAAAAA

FIG. 4. The magic of a mixed top-antitop final state, for a
proton-proton initial state.
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Summary

e Quantum machine learning finding various applications across particle physics: event
classification, particle identification, clustering algorithms.

e Challenge is to match the right algorithm to the most effective use-case.

e Highlighted the difference between a translational versus quantum-centric approach to applying
quantum techniques to HEP problems

* Interesting bidirectional exchange between quantum computing/information and particle physics,

using LHC to test the foundations of qguantum mechanics.
~ | | —

-
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Quantum walk approach to simulating parton showers

- A novel quantum walk approach to simulating parton showers on a
gquantum computer.

- emission probabilities implemented as coin flip for walker

7,
/l
7
J
7
/7
/
7
7
7,
g

- particle emissions to either gluons or quark pairs = movement of
the walker in 2D

arXiv:2109.13975
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Quantum walk approach to simulating parton showers

1
Number of gluons

2

arXiv:2109.13975
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Number of gluons

Quantum walk paradigm thus offers a natural and much more efficient approach to simulating parton
showers on quantum devices.

Proposed algorithm dramatically increases the number of steps that can be simulated compared to
previous quantum algorithms (2-step parton shower in previous algorithm)
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Evolution of parton shower algorithm

arXiv:2109.13975
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e Parton shower algorithm : quantum vs classical, qguantum algorithm constructs a wavefunction for
whole parton shower process, allowing simultaneous calculation of all shower histories. Simulate 2-
step parton shower with 31 qubits in arXiv:2010.00046

¢ In arXiv:2109.13975, reframing the parton shower as a quantum walking 2-dimensions allowed us to
simulate a 31-step parton shower with 16 qubits.
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