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Motivation: 
1, Quarks and gluons carry color charge and can not travel freely. Once 

generated in high-energy collisions, quarks, and gluon would fragment into 

numerous particles. 

2, Deep learning can promote the development of high-energy physics. 

3, Exploring the application of quantum technologies to jet clustering is key to 

fostering innovation for quantum computing and high-energy physics. 

Contents: 
1. Jet Origin Identification (JOI) 

2. Application of Quantum Approximate Optimization Algorithm (QAOA) to Jet 

Clustering
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Jet Origin Identification
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PhysRevLett.132.221802 Eur. Phys. J. C (2024) 84:152 

categorizes jets into 5 quarks (b, c, s, u, d), 5 anti-quark ( ), and gluon  
= jet flavor tagging + jet charge measurement + s-quark tagging + gluon finding.

b̄, c̄, s̄, ū, d̄



4

Full Simulated vvH, Higgs to two jets sample at CEPC baseline configuration: CEPC-v4 detector,  

1 Million samples each, 60/20/20% for training, validation & test 

Samples
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jet represented as :

Graph = (Vertices, Edges)

Construct GNN  
with “message passing”



the ParticleNet and input features

Phys. Rev. D 101, 056019
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input features : 

https://doi.org/10.1103/PhysRevD.101.056019


the performance of jet origin identification
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ParticleNet algorithm attaches each jet with 11 likelihoods corresponding to 11 types of jets. 
Then the jet type is determined according to the maximum likelihood.
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arXiv:2306.14089

https://arxiv.org/abs/2306.14089


Benchmark physics analyses 
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Begin with the existing analyses of , (arXiv:2203.01469) and combining the jet origin identification, we 
obtain the upper limits on branching ratios of seven Higgs rare and FCNC hadronic decay modes.

νν̄H, H → bb̄/cc̄/gg

improved by 2 times

improved by 1-2 order of magitude

presumably first quantified



Comparison between different physics processes

 at  
 at 

Z → qq̄ s = 91.2 GeV
νν̄H, H → qq̄ s = 240 GeV
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The jet origin identification performance agrees with each other, especially in the fiducial barrel 
region of the detector for the flavor tagging performance of b, c, and s.



Comparison between different hadronization models
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Pythia-6.4 
Herwig-7.2.2 

 at  

(A, B) means: training on A, test on B 

The jet origin identificaion performanc 
agrees with each other, especially for b, 
c, and s jets, while exhibits small but 
visible differences for u and d jets.

νν̄H, H → jj s = 240 GeV
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arXiv:2407.09056
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MaxCut problem

undirected graph 

: set of vertices

: set of edges


: the weight of the edge 


goal: partition the graph vertices into two complementary subsets to 
maximize the total weight of edges with two vertices belong to two 

subsets 

G = (V, E)
V
E
wij > 0 (ij) ∈ E

C(x) =
|V|

∑
i,j=1

wijxi(1 − xj)

Phys. Rev. X 10, 021067
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A collision event can be represented as a graph

particles as vertices 
the angle of two particles as the edge weight 
only the k leading large edges are retained (k-regular graph)

 with 30 particlese+e− → ZH → vν̄ss̄
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the process of AQC :  

1, define the Hamiltonian:  and let our quantum system 

evolve under it, .

2, We discretize  into intervals  small enough that the Hamiltonian is 
approximately constant over each interval.

3, Let  represent time evolution from time a to time b





      

Thus we can approximate AQC by repeatedly letting the system evolve under  for 
some time  and then  for some time .

H(t) = (1 − s(t))HD + s(t)HC

U(t) = τe
−i
h ∫t

o H(T)dT

U(T ) Δt

U(b, a)

U(T,0) = U(T, T − Δt)U(T − Δt, T − 2Δt) . . . U(Δt,0) =
P

∏
j=1

U( jΔt, ( j − 1)Δt) ≈
P

∏
j=1

e−iH( jΔt)Δt

U(T,0) ≈
P

∏
j=1

e−i(1−s( jΔt))HDΔte−is( jΔt)HCΔt =
P

∏
j=1

e−iβPHDe−iγPHC =
P

∏
j=1

̂UD(βj)ÛC(γj)

HC

γj HD βj
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1. 


2.  :           


3.  : 


4. Initialize the system in the state 


5. Construct the circuit (ansatz) by applying the unitaries  and  repeatedly P times


6. The final state output by the circuit is 


7. The expectation value  with respect to the state  is calculated through repeated measurements (1024 

times in this analysis) of the final state on the computational basis, 


8. A classical optimization algorithm is employed to iteratively update the parameters  and  to find the optimal set of 

parameters  such that the expectation value  is maximized.

U(T,0) ≈
P

∏
j=1

e−iβPHDe−iγPHC =
P

∏
j=1

̂UD(βj)ÛC(γj)

HD B =
n

∑
j=1

σ x
j

HC C =
1
2 ∑

(i, j)∈E

Wij(I − σz
i σz

j )

|s⟩ = | + ⟩⊗n = 1

2n
∑x∈(0,1)n |x⟩

ÛC(γj) ÛD(βj)

|ψP(γ, β)⟩ = ÛD(βP)ÛC(γP) . . . ÛD(β1)ÛC(γ1) |s⟩

ĤC |ψP(γ, β)⟩

FP(γ, β) = ⟨ψP(γ, β) | ĤC |ψP(γ, β)⟩

γ β

(γ*, β*) FP(γ, β)

QAOA for MaxCut problem
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samples and the criteria of jet clustering performance

4000  with 30 particlese+e− → ZH → vν̄ss̄

criterion is α = α1 + α2

α1 α2

quark 1

quark 2jet 1

jet 2
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compare jet clustering performance obtained by QAOA, 
 and k-Meanse+e−kt

This comparison highlights the potential of the QAOA in the jet clustering problem.

depth=3

k=7
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 with 6 particles 
compiled QAOA circuit on Baihua processor reaches a depth of 26 with 
34 CNOT gates and 27 single-qubit gates. 

e+e− → ZH → vν̄ss̄

Conduct on the Baihua processor

• 123 operational qubits

• relaxation time  of 73.994 

• dephasing time  of 29.02 

• fidelity of single-qubit gate 99.9%

• fidelity of two-qubit gates (CZ) 98.9%

T1 us
T*2 us
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For this small-sized problem, the quantum hardware can achieve similar 
performance to a noiseless quantum computer simulator.

180  with 6 particlese+e− → ZH → vν̄ss̄



Summary 
•We proposed and developed a jet origin identification algorithm for jet flavor 
tagging and jet charge measurement, and achieved significant improvement in the 
measurement of Higgs rare and FCNC decay. 

•The rapid development of quantum algorithms and hardware devices enables the 
execution of small-scale but representative applications on quantum computers for 
fundamental sciences. By mapping collision events into graphs, we have obtained 
promising results in applying QAOA to jet clustering.
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Many thanks !
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Backup



To understand the impact of PID, three scenarios are 
compared. 
1, assumes perfect identification of charged leptons ( ) 
2, further assumes perfect identification of the charged 
hadrons ( ) 
3, on top of the second scenario, assumes perfect 
identification of  and .

ℓ±

K±

KL KS

the performance of jet origin identification
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jet flavor is defined as  
jet charge is assigned by comparing the quark and anti-quark likelihoods of the corresponding flavor

max(b + b̄, c + c̄, s + s̄, u + ū, d + d̄, g)

default scenario: 2 scenario, based on:

Eur. Phys. J. C 80, 7 (2020) 
Journal of Instrumentation 16, P06013 
(2021)  
Eur. Phys. J. C 78, 464 (2018) 
Eur. Phys. J. C 83, 93 (2023) 
Nucl. Instrum. Meth. A 1047, 167835 
(2023) 



Electron

Positron

Electron

Positron

The layout of the Circular Electron  
Positron Collider. The accelerated   

and  would collision at the  
Interaction Point (IP).

e+

e−

The collision of  and  can generate  
quarks, gluons, and leptons.

e+ e−

(a)

(b) (c)
With jet clustering and other  
techniques, the related physics 
analyses can be performed.

(f)

The quarks and gluons would  
immediately transform into 
collimated particle sprays known 
as jets.

(d)

See the event as a graph, 
where particles as nodes and  
angle of two particles as edge.

jet clustering with QAOA (e)

compiled 
quantum 

circuit

(g)
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jet clustering performace v.s. QAOA depth (P) and k-value

k = 6 depth = 3


