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Analytical v.s. Numerical

Physics Mathematics

Computer 
science
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• analytical method at high energy


• numerical Monte Carlo method at 
low energy



Monte Carlo method

Integration -> Statistical Average

The Top Ten Algorithms from the 20th Century 



Resource requirements with classical methods

ASCR/HEP Exascale Report [arXiv:1603.09303]

https://arxiv.org/abs/1603.09303


Classical supercomputers
https://top500.org/lists/top500/2024/06/







Seeking for quantum advantage 



CERN Quantum Technology Initiative 



• A quantum computer is a machine 
that performs computation based 
on quantum mechanics 

• The data is represented by qubits, 
a two level system 

• The operations on qubits are 
unitary quantum gates 



1. A scalable physical system with well characterized qubits


2. The ability to initialize the state of the qubits to a simple fiducial state, such as 




3. Long relevant decoherence times, much longer than the gate operation time


4. A universal set of quantum gates


5. A qubit-specific measurement capability

|000...000⟩

DiVincenzo’s criteria D. DiVincenzo, arXiv: quant-ph/0002077



Brief history of quantum computing 

Credit: Quantumpedia







• A qubit is a quantum state of a two-level quantum system


• Orthonormal basis states denoted as 


• A general qubit can be represented by a linear superposition of 
basis states, 

|0⟩ = (1
0), |1⟩ = (0

1)
|ψ⟩ = α |0⟩ + β |1⟩, α, β ∈ C, |α |2 + |β |2 = 1

What is a qubit

[Nano Convergence 11, 11 (2024)]
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• Quantum gates are represented by unitary matrix 
and operated on qubits


• Single qubit gates: X, Y, Z, H, P, T, …

• Two qubit gates: CNOT, CZ, …

• Universal quantum gate sets: approximate any 

unitary gate by any precision

• Choose one of the possible universal gates set 

(Solovay-Kitaev theorem)

• {CNOT, H, T} 
• {CNOT, all single qubit gates} 
• {Toffoli, H} 

• 


•

X |0⟩ = |1⟩, | + ⟩ = H |0⟩
CNOT |01⟩ = |01⟩, CNOT |11⟩ = |10⟩

Quantum gates



Simulation of quantum computer on classical computer needs exponential resource

Y. Liu et.al. SC’ 21

Current quantum computers are in the NISQ (Noisy Intermediate-Scale Quantum) era

• Real hardwares are very noisy 
• Error mitigation / correction is essential 
• Need classical simulator to verify the quantum algorithms, while need  memory to 

simulate the quantum circuits
O(2N)



• Many high quality quantum computing softwares available  
• Curated list of open-source quantum software projects 

• Most based on Python interfaced with C++ 
• https://github.com/qosf/awesome-quantum-software 

• Drag and drop playing with quantum circuits (https://qc.ihep.ac.cn) 
• If you want to try the high performance GPU simulator, please contact me

Quantum programming softwares

https://github.com/qosf/awesome-quantum-software
https://qc.ihep.ac.cn


Drag and drop playing with Quirk
Online web based simulator, interactive and quiet interesting



• Compare the time complexity

• Try to implement the algorithms with popular qiskit package

• pip install qiskit, play with jupyter notebook

Quantum algorithms
https://quantumalgorithmzoo.org/

|Φ+⟩ =
|00⟩ + |11⟩

2



• Quafu from Beijing Academy of Quantum Information Sciences [https://quafu.baqis.ac.cn]

• pip install pyquafu

Running on real hardwares

Some other quantum cloud platform: OriginQ (not free)



The future - hybrid quantum classical computing



Application of quantum computing in HEP
Ex

pe
rim
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t

Theory

Quantum machine learning for HEP experiments

• Classification of particle collision events 
• Particle track reconstruction • W. Guan et al, Mach. Learn.: Sci. Technol. 2021


Quantum simulation of quantum field theories

• 1+1 dimensional model on atomic, optical, 

trapped ion, superconducting qubits • C. Bauer et al., PRX Quantum 4, 027001, 2023

Summary of the QC4HEP Working Group [arXiv: 2307.03236]



• critical slowing down problem

Why quantum simulation of quantum field theory

ALPHA Collaboration, Nucl.Phys.B 845 (2011) 93-119

• Need the continuum limit for lattice 
discretized field theories（ ）


• Markov Chain Monte Carlo method exhibit 
autocorrelation inherently


• critical slowing down：  

• Exponential growth in computing time

a → 0

a → 0, τint → ∞



• sign problem

Why quantum simulation of quantum field theory

⟨O⟩ = ∫ DU O(U) e−S

Monte Carlo method

Hadron spectroscopy


Hadron structure


Finite temperature phase transition


Standard model precision test


…

Sign problem

Strong CP violation


Quark gluon plasma


Finite density QCD phase transition


Properties of neutron star


…

 is realS  is complexS



Lagrangian v.s. Hamiltonian formulation

Figure from Zohreh 
Davoudi’s CERN-NORDIC 
school lecture 



• The central equation of QM is Schrodinger equation 


• H is Hermitian, with all real eigenvalues


•  is unitary


• Exact diagonalization to find energy eigenstates


• Definition of some matrix function 


• For example, 


• If  where  is diagonal, then 


• With ,  unitary,  diagonal, 


• Exponential growth in dimension of 

|ψ(t)⟩ = e−iHt |ψ(0)⟩

e−iHt

eA =
∞

∑
i=0

Ai

i!

e[
λ1 . . .

λn] =
eλ

1 . . .
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n

A = UDU−1 D eA = UeDU−1

H = UDU† U D e−iHt = Ue−iDtU†

H

Properties of Hamiltonian



Quantum simulation in general

Prepare initial 
states

Time 
evolution with 

e−iHt

Observables

measurements



Trotter formula

e−i(H1+H2+...Hn)t = (e−iH1δte−iH2δt . . . e−iHnδt)t/δt + O((δt)2)

e−i(H1+H2+...Hn)t = ((e−iH1δt/2e−iH2δt/2 . . . e−iHnδt/2)(e−iHnδt/2 . . . e−iH2δt/2e−iH1δt/2))t/δt + O((δt)3)

first order

second order



Jordon-Wigner transformation
Jordan–Wigner transform fermionic operators in terms of the Pauli operators { }I, σx, σy, σz

aj ⇔ 1⊗j−1 ⊗ σ+ ⊗ σ⊗N−j−1
z

a†
j ⇔ 1⊗j−1 ⊗ σ− ⊗ σ⊗N−j−1

z

where  and σ+ ≡ (σx + iσy)/2 σ− ≡ (σx − iσy)/2

Then the fermionic anti-commutation relations are satisfied
 [ap, aq]+
= 0, [ap, a†

q]+
= δpq1

Note we’ll not cover the qubit representation of gauge fields, which is a crucial aspect for the 
quantum simulation of standard model, but much hard than fermionic part




• Covered the very basics of quantum computing, quantum simulation, quantum 
programming softwares and running jobs on real hardware.


• Further reading: plenty of useful online resources

Summary and further reading

A practical introduction to quantum computing(CERN): https://indico.cern.ch/event/970903/
If you are interested and want more in-depth discussion on quantum computing and 
quantum simulation in HEP, please contact me (sunwei@ihep.ac.cn)

mailto:sunwei@ihep.ac.c

