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Advancing HEP with quantum computing
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Current State of the art
Applying general-purpose quantum algorithms and tools to HEP-specific 

tasks
• Simulation of a full SU(2) gauge theory using 4 – 6 qubits 

[Nature Communications 12, 6499 (2021)]
• Quantum classifiers for supernova detection using 17 qubits 

[npj Quantum Information volume 7, Article number: 161 (2021)]
• Quantum generative model using 12 qubits 

[arXiv preprint arXiv:2203.03578 (2022)]
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Integrated Infrastructure
Scalable Computational 

Workflows

Domain-Specific Algorithmic Design 
NISQ to Fault Tolerant Hardware 

Scaling up HEP simulations
Leveraging QML for data 
analysis
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Algorithms and Applications

• Generative modeling is 
well-suited for quantum 
computers

• Parameterized circuits are 
effective transformations of 
probability functions

Variational Algorithms
• Designing circuit ansatzae that 

can prepare arbitrary distributions

• Are we utilizing the entire Hilbert 
space spanned by n-qubits?

• Barren plateaus 

Hamiltonian Simulation
• Circuit representations of 

Hamiltonians with few qubits or 
gates

• Analog-digital  simulations  
leverage the quantum device 
physics

• Leveraging of quantum 
singular- value-decomposition 
for unfolding problems 

• Quantum algorithms to 
reconstruct Feynman path 
integrals

Effective embedding methods are needed for both classes of algorithms
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Embedding Challenges

• Finding low-dimensional representations of classical 
data into qubit registers

• Encoding fermionic degrees of freedom into spin 
variables (i.e., the Jordan-Wigner, Bravyi-Kitaev, or 
parity mappings)

• In general lead to largely non-local spin Hamiltonians 
and unnecessarily large qubit numbers per fermionic 
mode mapped

• High-fidelity transmission of quantum data from sensors 
to qubits
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Hardware development

• Noise mitigation is needed for all near-term applications

• Matrix-based methods can be used for state preparation 
and variational algorithms

• Regression methods can be used for expectation values

Noise Mitigation

Fault Tolerant Algorithms

• Directly mapping the underlying fermionic symmetries 
to error correcting code spaces

• Reduces overhead but requires error correction 

Scalability is a challenge for both areas of hardware development
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Software and Compilers
• Execution time of quantum circuits that involves a variational 

parameter loop has been shown to be dominated by classical 
computing procedures for compilation, control, and data transfer

• Hardware-aware compiler optimization (transpilation for sparse 
hardware connectivity graphs)

• Software infrastructures for compilation and control will 
necessarily need to improve in order to utilize the full computing 
power of heterogeneous quantum-classical resources for 
handling practical applications

• Leveraging LLVM for quantum compilations can benefit from its 
Multi-Level Intermediate Representation (MLIR, which is designed 
for heterogeneous hardware and domain-specific languages 
analogous to that of quantum-classical computing paradigm
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Simulators and Testbeds
• Numerical simulators will continue to play a vital role in 

quantum device verification and validation as well as 
in quantum algorithm analysis-- these will require 
significant HPC resources coupled with highly 
optimized computer codes

• Hybrid analog-digital simulations

• Design of application-aware hardware architectures 
(i.e. systems dedicated to accelerating quantum 
simulations)

• Adiabatic quantum computing: efficient way to 
simulate QFT on a quantum testbed will eliminate the 
need to reformulate HEP- relevant Hamiltonians (such 
as QCD) to fit a finite- dimensional Hilbert space
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Open Science to Advance Science

• Open benchmarking frameworks and platforms where 
different combinations of algorithms, software and 
hardware architecture can be tested, and the results 
published as a means of establishing baselines for 
further development. 

• Open-source software development: the Quantum 
Intermediate Representation (QIR) Alliance within the 
Linux Foundation focusing on enabling an LLVM-based 
IR specification for quantum computation (QIR), as 
well as developing tooling around this unified 
representation
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Optimize
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The Joy of Small Circuit Training

16
6 8 12 20

Build Deploy on 
hardware

• Embed
• Science-

driven design

Noise Robustness

• Efficiency
• Navigate the 

landscape

• We use small quantum circuit models as testbeds to 
build our understanding of how hardware noise 
affects application performance

• These rely heavily on numerical simulations, and we 
are on the cusp of what can be easily (locally) 
simulated 
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