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• Objective: To explore quantum generative models in jet substructure modeling. 
Using two different approaches:  
• Quantum Boltmann machines 
• Quantum Generative Adverserial Networks
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&  Q U A N T U M  C O M P U T I N G

• Quantum Mechanic principles are exploited to 
develop new technology  

• Create ‘’artificial” quantum states for a range of 
applications (single photons, trapped ions, 
superconductors, etc.)  

• 1964: Bell inequalities prove that no theory based 
on local hidden variables (realism) can reproduce 
QM results 

• Major step confirming the possibility of using 
distant entangled photons as a quantum 
information resource 

a paradigm shift in our ability to harness the unique properties of quantum mechanics 
for practical purposes
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1

99.6%

99.6%

Phtonics
Photonic qubits interact via 
linear elements   

Many qubits, 2D and 
maybe 3D. 

Lasers needed, spagetti 
physics, and atoms 
escaps. 

QuEra, Atom Computing Xanadu, Psi Corp

Linear optical gate 
integrated on-chip 

No memory, not clear 
how to scale

Silicon quantum dots
Neutral atoms, like ions, 
store qubits within 
electronic states. 
Interaction through 
excitation to Raydberg 
states 

Adapted from Science, Dec 2016
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• Can be used in Noisy Intermediate Scale Quantum Devices 
• Circuit width: limited number of qubits
• Circuit depth: limited number of operations per qubit (small decoherence times)
• Hardware noise
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Current Hardware limitations: 
Feature reduction required for 
realistic datasets

Variational algorithms - EXPLICIT 
Gradient-free or gradient-based optimisation 

Data-embedding can be learned 

Ansatz design can laverage data symmetries

mailto:yhaddad@cern.ch
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Relevance in HEP requires (eventually) the quantum algorithms to outperform 
classical algorithms (including ML/AI/HPC) for the same task

Alberto Di Meglio et al. PRX Quantum 5, 037001

mailto:yhaddad@cern.ch
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• QC can efficiently compute scattering amplitudes, at 
all possible field configurations, a task exponentially 
challenging for classical computers. 

• QML, particularly Quantum Generative Models, can 
effectively approximate Hamiltonians, enabling 
efficient simulation of quantum systems.

Jordan, Lee, Preskill,  Science 336,1130-1133(2012)

MPIMPI

d�̂0

·
·

·
·

··

Meson

Baryon

Antibaryon

· Heavy Flavour

ChrisMan Bierlich et al,  arXiv:2203.11601  

Aim: train a quantum circuit to reproduce jets 
observables and inner correlations  provide a new 
avenue for understanding QCD and jets

→
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A Quantum Boltzmann Machine (QBM) is a quantum machine 
learning model that can be used for generatively modelling classical 
and quantum data. 

Quantum Botzmann Machine Replaces the energy function  with the 
Hamiltonian of qubit graph. Two types:  Fully-visible models (only 
visible units). Restricted models (visible and hidden units). 

Advantages over Classical BMs:  
• Potential to model complex, high-dimensional distributions.

Relevance to Jet Substructure Modelling 
• Jets involve complex quantum correlations and interference effects 
• QBMs can potentially capture these effects more effectively than classical models

(a)

(c)

σi
z

σν
z

hidden

visible

(b)
σi
z

σν
z

hidden

visible

hidden

visible

input (x) output (y)

Amin, Mohammad H., et al. "Quantum boltzmann machine."  
Physical Review X 8.2 (2018): 021050.
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• QBMs effectively generate reduced-size particle jet events. 
• Capable of capturing complex correlations that classical models miss. 
• First application of QBMs to particle jet event generation.

arXiv:2410.16363

mailto:yhaddad@cern.ch
https://arxiv.org/abs/2410.16363
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• Quantum Relative Entropy as Loss Function 
 

• Target density matrix (data)* 

•  Model density matrix (QBM) 

• Model Hamiltonian  

• Objective is to minimise  to train the QBM 

• For classical BMs, minimising quantum relative 
entropy is equivalent to minimising KL divergence

S(η | | ρθ) = Tr(η log η) − Tr(η log ρθ)
η ←

ρθ =
e−βHθ

Tr(e−βHθ)
←

† Hθ = ∑
i

θiHi

S(η | | ρθ) Taregt distributions for 4 particles and nbins = 16

Distributions of  highest  particle 
constitutents of W-bosons jets from the JetNet 
datasets  binned in multi-dimentional historgam

m prel
T

→

(†) Hθ = ∑
k∈𝒫1

∑
i∈𝒱

θk
i σk

i + ∑
(k,l)∈𝒫2

∑
(i, j)∈ℰ

θk,l
i, j σk

i σ l
j

 denotes the Pauli matrix applied on the i-th qubit with  
and 
σk

i k ∈ 𝒲 = {X, Y, Z}
𝒫1 ⊆ 𝒲, 𝒫2 ⊆ 𝒲 ⊗ 𝒲

 encoding in the computational basis:  (*) η = |ψ⟩⟨ψ | , |ψ⟩ = p(s)eiα(s) |s⟩
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• Models trained on next-nearest-neighbor (NNN) distribution.

• QBMs better capture Conditional Mutual Information compared to classical BMs 
• Significant improvement in modeling higher-order correlations. 
• Demonstrates QBMs’ enhanced expressivity even with limited connectivity.

all-to-all connectivity

Nearest-neighbor connectivity

target connectivity
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PA R T I C L E  J E T  E V E N T  G E N E R AT I O N

all-to-all connectivityNearest-neighbor (NN) connectivity

• Difficulty in accurately learning particle correlations for the Classical BM 
• Significant improvement in modeling higher-order correlations. 
• Demonstrates QBMs’ enhanced expressivity even with limited connectivity.
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• Can we use quantum technologies to create an enhanced GAN? 
• Can a QGAN trained on jet substructure give insights into the correlation structure in a way that a classical GAN cannot? 
• Is it possible to associate the complexity of the shower with the complexity of the circuit 
• Would a QGAN have less parameters?

• Generative Adversarial Networks : two networks competing, generator produces fake data, and a 
discriminator distinguishes between real and fake data 

• Quantum GAN (QGAN) replaces the generator network by a parameterised quantum circuit

Modified from Lilian Weng: 
h8ps://lilianweng.github.io/posts/2018-10-13-flow-models/

QuantumClassical condition: ccondition: c

mailto:yhaddad@cern.ch
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Quantum Generator model  A parametrised quantum cricuit ← Uϕ(z)

• Data: anti-  ( ) jets generated with Pythia8 ( ) 
• Each jet constituent represented by two features:  

• Momentum fraction  

• Angle with reference to the jet axis  

• 1 qubit  1 feature:  
• Style-based approach (*): the noise is inserted in every gate: 

 
• The noise , is sampled from  

• Jet  included as condition via  rotations in styled-base 
approach: 

kT R = 0.4 pT > 30 GeV

zi = pi
T /pjet

T
θi = ΔRi /R

= ̂x = {⟨σ0
Z⟩, ⟨σ1

Z⟩, . . . , ⟨σn
Z⟩}

ϕi → ϕi(z, w, b) = w ⋅ z + b
z 𝒰(0,1)

pT Ry
c → c = w ⋅ c + b

<latexit sha1_base64="s4DmPdJtCc8B/03sLXMr1BqAp8A="></latexit>

G�(z, c) ×Nl

. . .

. . .

. . .

. . .

|0〉 Ry(c)

U�(z)

p(z0, ✓0)

|0〉 Ry(c)

|0〉 Ry(c)

p(z1, ✓1)

|0〉 Ry(c)

Training: estimates the earth mover distance between generated & real data: Wasserstein GAN(**)

Condition Noise

(*)   Carlos Bravo-Prieto et al. Quantum 6, 777 (2022). 
        Su Yeon Chang et al. arXiv:2406.02668 

(**) Ishaan Gulrajani et al. arXiv:1704.00028v3

mailto:yhaddad@cern.ch
https://quantum-journal.org/papers/q-2022-08-17-777/
http://arxiv.org/abs/2406.02668
https://arxiv.org/abs/1704.00028v3
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we choose two main anzats for Uθ(z)
<latexit sha1_base64="wwK33C5WBMS52vULrJh3j1CjieM="></latexit>

U✓(z)

Ry Rz Ry Rz

Ry Rz Ry Rz

Ry Rz Ry Rz

Ry Rz Ry Rz

U1,ex(ϕ, θ) =

1 0 0 0
0 cos(θ) eiϕsin(θ) 0
0 e−iϕsin(θ) −cos(θ) 0
0 0 0 1

<latexit sha1_base64="mb44/KJaBJXmOzA08+TEVC9FmsU="></latexit>

U✓(z)

U1,ex

U1,ex

U1,ex

Brick-Wall design with Particle-conserving gate  
proposed by Barkoutsos et al. in arXiv:1805.04340

U1,ex

Circuit-centric design inspired from M. Shuld et al arXiv:1804.00633

Simulation perfomed on a classical computer with a quantum simulator in Pennylane and PyTorch frameworks

2 constituent x 4 Layers 
= 136 paramters

2 constituent x 4 Layers 
= 80 paramters

mailto:yhaddad@cern.ch
https://arxiv.org/abs/1805.04340
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Brick-Wall design Brick-Wall design 

Circuit-centric design Circuit-centric design
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all-to-all• QML Growth in HEP: QML is rapidly advancing in high-energy 
physics, creating useful prototype algorithms. 

• Potential of Quantum Generative Models: QBMs and QGANs 
hold promise for accurate jet substructure modeling. 

• Better High-Dimensional Modeling: Quantum models capture 
complex distributions and correlations beyond classical capabilities. 

• Need for theory-centric approach: More studies are needed to 
link quantum model structure with performance. 

• QML is not a magic bullet: Need quantum centric problems to 
leverage quantum learners

mailto:yhaddad@cern.ch
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Schuld, M., Petruccione, F. (2021)
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Schuld, M., Petruccione, F. (2021)

Simulation of Quantum 
Systems using classical ML

Simulation of Quantum 
Systems using a Quantum 
Computer

01.03.24
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Here: focus on quantum 
algorithm with classical input 
data

Schuld, M., Petruccione, F. (2021)
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Goal: learn input-output relation of labeled data

Classical Neural Network Parametrized Quantum Circuit 

01.03.24 courtesy Michele Grossi 
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Source:https://pennylane.ai/qml/demos/tutorial_stochastic_parameter_shift/

The parameter-shift rule (gradient-based) 

     Compute partial derivative of variational circuit parameter , alternative to 
analytical gradient computation and classical finite difference rule (numerical 
errors and resource cost considerations)

𝜃

Evaluate Quantum Circuit twice at shifted 
parameters to compute gradient 

01.03.24 courtesy Michele Grossi 
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https://pennylane.ai/qml/demos/
tutorial_spsa 

Simultaneous Perturbation Stochastic Approximation (SPSA) 
(gradient-free) 

      If gradient computation not possible, too resource-intensive,  
or noise-robustness required (slower convergence but fewer function evaluations)  
      Gradient is approximated by two sampling steps and parameters are perturbed in all 
directions simultaneously 

Iterative update rule 
comparable to classical 
stochastic gradient descent 

01.03.24 courtesy Michele Grossi 
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Bravo-Prieto, Carlos, et al. "Style-based quantum generative adversarial 
networks for Monte Carlo events." Quantum 2022

F.Rehm, Full Quantum GAN Model for HEP Detector 
Simulations, ACAT22

Rudolph M., Grossi M. et al., Trainability Barriers and opportunity in quantum Generative Model. arXiv:2305.02881 

Q U A N T U M  
G E N E R AT I V E  
M O D E L S  I N  H E P
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