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From: 10.1051/epjconf/20159700025

Cartoon of the time evolution of an ultra-relativistic heavy-ion collision From HL-LHC Projections - ATLAS Software and Computing HL-LHC Roadmap
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Motivation

http://dx.doi.org/10.1051/epjconf/20159700025
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“Nature isn't classical, dammit, if you want to make 
a simulation of nature, you'd better make it quantum mechanical” 

 (Feynman) 
How to study/simulate Lattice Field Theories? 

• Analytic methods broadly limited to those accessible by perturbation 
theory (e.g. no predictions expected for QCD sector)

• Monte Carlo Methods excel at equilibrium phenomena but struggle 
with out-of-equilibrium real time dynamics due to sign problem.

Motivates instead simulating Heisenberg evolution of a quantum state…. But:

• Classical simulations of highly correlated quantum systems grow exponentially with system size.
• Quantum simulations of highly correlated quantum systems only grow linearly with system size.
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No. of quantum systems simulated

Approx classically tractable region

Many HEP applications 

require 100s or 1000s qubits: 
the distance to the moon off 
the slide

One of the original motivations for quantum computing is still one of the best:

Motivation
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“Nature isn't classical, dammit, if you want to make 
a simulation of nature, you'd better make it quantum mechanical” 

 (Feynman) 

Motivates instead simulating Heisenberg evolution of a quantum state…. But:

• Classical simulations of highly correlated quantum systems grow exponentially with system size.
• Quantum simulations of highly correlated quantum systems only grow linearly with system size.

The dream: Quantum simulations could give “access to direct 
data from nonperturbative many-body real-time simulations of 
gauge theories would enable a complete paradigm shift… we 
could immediately compare them with the observed statistics of 
collected events from high-energy laboratories”

PRX QUANTUM 5, 037001 (2024)

One of the original motivations for quantum computing is still one of the best:



Develop technologies required by 

the CERN scientific programme

Integrate CERN to future quantum 

infrastructures

How does CERN engage in Quantum Technologies?

QT4HEP HEP4QT

Extend and share technologies 
available at CERN 

Boost development and adoption of 
QT beyond CERN
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CERN QTI Phase 2

HYBRID QUANTUM 

COMPUTING AND 

ALGORITHMS

QUANTUM 

NETWORKS AND 

COMMUNICATIONS

COLLABORATION 

FOR IMPACT

CERN QUANTUM 

TECHNOLOGY 

PLATFORMS
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Geneva Quantum Network: 

- Initial experiment within CERN CAMPUS (29 
km)

- Entanglement distribution with White Rabbit: 
demonstrate the distribution of polarization 
entangled photon pairs multiplexed on the 
same optical fiber as the classical White 
Rabbit signal used for synchronization for 
longer-distance experiments

White Rabbit applications to distributed quantum 
computing 

QUANTUM 

COMMUNICATIONS 

AND NETWORKS
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Integrate CERN into the emerging quantum communications infrastructure 

Already used in: 

o Deutsche Börse

o Fusion experiments
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CERN QUANTUM 

TECHNOLOGY 

PLATFORMS

o Develop quantum sensors to provide new capabilities for particle 
physics research (dark matter search, axion search, gravitational 
wave detection…)

o Focus areas: Superconducting RF cavities, hydrogen-like 
Rydberg ions, and Transition Edge Sensors

CERN’s broad expertise and experimental facilities in many areas 
(superconducting materials, magnets, radiation effects, cryogenics, 
controls etc.) could be useful to support developments. 
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https://indico.cern.ch/event/1573467/
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DISTRIBUTED 

QUANTUM COMPUTING 

AND ALGORITHMS

o Develop algorithms with a focus on distributed hybrid computing 
and Quantum Algorithms

o Achieve a robust understanding of the performance and optimal 
use of the (near-term) quantum infrastructure

o Provide use-cases for quantum algorithms and quantum 
computers
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DISTRIBUTED 

QUANTUM COMPUTING 

AND ALGORITHMS
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Use a controllable quantum system to compute the behaviour of another quantum system.

1. Target model

Lagrangian / Hamiltonian

• Lattice gauge theory

• QFT-inspired toy model

• Many-body Hamiltonian

What is quantum simulation?  
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Use a controllable quantum system to compute the behaviour of another quantum system.

1. Target model

Lagrangian / Hamiltonian

• Lattice gauge theory

• QFT-inspired toy model

• Many-body Hamiltonian

Fermionic scattering via Thirring model:  

Fermionic model is mapped to spin model:

What is quantum simulation?  

Example model
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Use a controllable quantum system to compute the behaviour of another quantum system.

1. Target model

Lagrangian / Hamiltonian

• Lattice gauge theory

• QFT-inspired toy model

• Many-body Hamiltonian

→

2. Initialize + Evolve

qubits evolve under Hamiltonian 

[There are numerous well established 
quantum algorithms for this]

Fermionic scattering via Thirring model:  

Fermionic model is mapped to spin model:

What is quantum simulation?  

Example model Initialize Evolve

Prepare wavepackets           Evolve under Thirring model
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Use a controllable quantum system to compute the behaviour of another quantum system.

1. Target model

Lagrangian / Hamiltonian

• Lattice gauge theory

• QFT-inspired toy model

• Many-body Hamiltonian

→

2. Initialize + Evolve

qubits evolve under Hamiltonian →

3. Measure observables

estimate observables from shots

[There are numerous well established 
quantum algorithms for this]

Fermionic scattering via Thirring model:  

Fermionic model is mapped to spin model:

• Correlators, spectra, response functions, 
scattering-like quantities

What is quantum simulation?  

Example model Initialize Evolve Measure observables

Prepare wavepackets           Evolve under Thirring model
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Use a controllable quantum system to compute the behaviour of another quantum system.

1. Target model

Lagrangian / Hamiltonian

• Lattice gauge theory

• QFT-inspired toy model

• Many-body Hamiltonian

→

2. Initialize + Evolve

qubits evolve under Hamiltonian →

3. Measure observables

estimate observables from shots

[There are numerous well established 
quantum algorithms for this]

Fermionic scattering via Thirring model:  

Fermionic model is mapped to spin model:

• Correlators, spectra, response functions, 
scattering-like quantities

What is quantum simulation?  

Example model Initialize Evolve Measure observables

Prepare wavepackets           Evolve under Thirring model
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What has been achieved on quantum computers?
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HW 40 qubits + 80 qubits

HW 40 qubits - dynamics

HW 127 qubits 



(HL-)LHC computing: complexity
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2009

LHC Run-1 LS1 LHC Run-2 LS2 LHC Run-3

20112010 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

LS3

2026 2027 2028

HL-LHC Run-4

2029 2030 2031 2032

LS4

2033 2034

HL-LHC Run-5

2035 2036 2037 (…)

L=29 fb-1
L=156 fb-1

L~370 fb-1
L~900 fb-1 L~1200 fb-1

Run-1 Higgs candidate HL-LHC simulated event

Increase in data volume, but also in event complexity 

Major innovation needed in the experiments’ software



There are several distinct “learning” settings — depending on whether the data is classical, quantum-generated, or genuinely quantum.

classical access coherent quantum accessincreasing quantumness of the data

Classical data

Data is classical in origin & format

Images, text, tables, from `every day’ 
problems 

Analysis of standard data/ ML tasks

Classical data 
from

quantum systems

The underlying process is 
quantum, but the recorded data 
is classical.

Detector hits, reconstructed particle 
tracks, spectra and correlations.

Analysis of standard HEP data

Classical data 
from

quantum experiments

Tomographic data, Bell type 
observables, entanglement witnesses

Quantum data

The input itself is a quantum 
state, with coherent access 
before measurement.

Unknown states, many-copy access, 
encoded states, quantum memories.

Coherent quantum processing

Quantum computers to process data

Analysis of Quantum Information

The underlying process is 
quantum, but the recorded data 
is classical.
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increasing quantumness of the data

We know there is a simple 

underlying quantum model

We know quantum effects play a role 

(but could be partially washed out by 

complex classical processes) 

Quantum computers to process data

Classical data 
from

quantum systems

The underlying process is 
quantum, but the recorded data 
is classical.

Detector hits, reconstructed particle 
tracks, spectra and correlations.

Analysis of standard HEP data

Classical data 
from

quantum experiments

Tomographic data, Bell type 
observables, entanglement witnesses

Analysis of Quantum Information

The underlying process is 
quantum, but the recorded data 
is classical.

There is a community working 

on exploring applications of 

heuristic quantum machine 

learning algorithms to HEP data 

processing 
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Quantum computers to process data

Perturbative diagram simulation approach: Perturbative 
diagram simulation (amplitudes, interferences, helicity 

building blocks)

Coherent sum of Feynman diagrams with LCU

Hamiltonian simulation approach

real-time dynamics, discretized fields)

• reproduce the structure of perturbative scattering amplitudes Feynman-diagram 

• provide a direct quantum-circuit interface to the amplitude-level

• calculate complex integrals and extract numbers that enter collider cross sections



Quantum computers to process data

Perturbative diagram simulation approach: Perturbative 
diagram simulation (amplitudes, interferences, helicity 

building blocks)

Coherent sum of Feynman diagrams with LCU

Hamiltonian simulation approach

real-time dynamics, discretized fields)
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Loop Feynman integral (Bubble)
Good result (1% error) on HW

"Loop Feynman integration on a quantum computer

” De Lejarza, MG et al. - Phys. Rev. D 110, 074031

23

Quantum for integration



Def: Fragmentation functions encode the information on

how partons produced in hard-scattering processes are 

turned into an observed colorless hadronic bound final-state

𝐷𝑖
ℎ 𝑧, 𝑄 ∝ 𝑃𝑟𝑜𝑏(𝑝𝑎𝑟𝑡𝑜𝑛(𝑖) → ℎ𝑎𝑑𝑟𝑜𝑛(ℎ))

𝑧 ≡ momentum fraction 𝑄 ≡ energy scale

Why are they important?

• Non-Perturbative and Universal→ predictions of observables 

(cross-sections)

How are they determined?

• Statistical and ML methods to learn FFs from data

• 𝐷𝑖
ℎ 𝑧, 𝑄0 ∝ 𝑧𝛼 1 − 𝑧 𝛽

Caveat: Interpolation for 𝑄 solving DGLAP evolution equations

Fragmentation Functions

M. Grossi - CERN QTI 24



Quantum Chebychev GM for FF

Quantum Chebyshev Probabilistic
Models for Fragmentation Functions -

Commun Phys 8, 448 (2025)

Learn fragmentation functions from data using quantum 

probabilistic models based on Chebyshev polynomials.

M. Grossi - CERN QTI 25



What has been achieved on quantum computers?
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classical access coherent quantum accessincreasing quantumness of the data

Quantum computers to process data

An exciting paradigm in the quantum computing community:

The idea is excitedly discussed in the quantum computing 

HEP community but very early days….

Full idea would need bold 
hardware developments…

But has links with more modest 

quantum sensing ideas

Simple measurements on a 

quantum state 

Complex measurements on 

quantum state and/or state 

processed by a quantum 

computer

Quantum data

The input itself is a quantum 
state, with coherent access 
before measurement.

Unknown states, many-copy access, 
encoded states, quantum memories.

Coherent quantum processing
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Quantum Algorithm Development:

Key theoretical challenges:

Peter Shor (the godfather of quantum algorithm 

design) wrote a comment piece in 2003 with the title:

“Why haven’t more quantum algorithms been 

found?” 

Some more have by now been found but the zoo of 

quantum algorithms is still relatively small! 

• Lack of large reliable devices makes it hard! 

• Not many classical algorithms were found before 

we had classical computers…. Machine learning 

only took off once we had more compute power…  

• Should get easier as hardware improves
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A healthy community working on how quantum computers can be used in high energy physics… 

But a tiny percentage compared to the efforts in more ‘commercial applications’ 

Applications for Data Processing 

Early stages: careful algorithm / 
protocol development needed.

Applications for Simulations

Quantum algorithms ready, 
Hardware getting ready… 
End-to-end applications needed!

Collaboration between HEP and 
quantum computing researchers is 
essential for this to work. 

And to train future researchers 

that comfortably straddle both 

fields…
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Summary
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