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An example of Quantum optimization in HEP

o Particle tracking — Variational Quantum Eigensolver (VQE)

Development of Quantum optimization problem

O Structure-inspired ansatz and warm start of VQE
Short introduce of real-time dynamics of HEP 1in quantum computing
o Particle scattering in a fermonic model

o0 Meson’s Parton distribution functions (PDFs) in Schwinger model

Summary and outlook



Particle tracking

T. Schwaigerl, C. Issever, K. Jansen, T. J. Khoo, S. Kiihn, C. Tiiysliz, and H. Weber,
Particle Track Reconstruction with Noisy Intermediate-Scale Quantum Computers, arXiv:2303.13249.
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e Hits and reconstructed trajectories of particles in the transverse plane of the detector.



Particle tracking
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Particle tracking
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e Minimize cost function
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Particle tracking
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e Minimize cost function * Find the ground state of a Hamiltonian
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Particle tracking
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Particle Track Reconstruction with Noisy Intermediate-Scale Quantum Computers, arXiv:2303.13249.

e Minimize cost function * Find the ground state of a Hamiltonian

ZazT +LLbZJTT T;=(1-2)/2 H = Zh Z+ZZJ 7.7,

1 1<t L <

7,10) =

;1) =11)
Quantum Algorithms

* Get the ground state bit string from measurements
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Particle tracking

T. Schwaigerl, C. Issever, K. Jansen, T. J. Khoo, S. Kiihn, C. Tiiysliz, and H. Weber,
Particle Track Reconstruction with Noisy Intermediate-Scale Quantum Computers, arXiv:2303.13249.

e Minimize cost function * Find the ground state of a Hamiltonian

ZazT +LLszTT T;=(1-2)/2 H = Zh Z+ZZJ 7.7,

v 9<t L <

7,10) =

;1) =11)
Quantum Algorithms

* (Got the solution
* Get the ground state bit string from measurements

The triplets Tj, T, T, are true
, | 111000)



Variational Quantum Eigensolver (VQE)
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http://opengemist.1gbit.com/docs/vge_microsoft_qgsharp.html

E(0) = <yy|H|yp >



Variational Quantum Eigensolver (VQE)
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Results via VQE
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Challenge 1n VQE...

* Increasing layers (parameters) for larger system size

o Might have Barren plateau

Circuit

Depth O(1) i O(log(n)) :O(poly(log(n))):
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[1] M. Cerezo, A. Sone, T. Volkoff, L. Cincio, and P. J. Coles, Cost function dependent barren plateaus in shallow parametrized quantum circuits, Nat Commun 12, 1791 (2021).

[2] A. Arrasmith, Z. Holmes, M. Cerezo, and P. J. Coles, Equivalence of Quantum Barren Plateaus to Cost Concentration and Narrow Gorges.



Challenge 1n VQE...

* Increasing layers (parameters) for larger system size

o Might have Barren plateau

« Statistical errors due to finite shots in estimating £ = (yy | H | yp)

O Might mislead the classical optimizer if std(E) is too large



Challenge 1n VQE...

* Increasing layers (parameters) for larger system size

o Might have Barren plateau

« Statistical errors due to finite shots in estimating £ = (yy | H | yp)

O Might mislead the classical optimizer if std(E) is too large

How to find a good 1nitial parameter?



A Structure-inspired ansatz tor QUBO

* Consider a random QUBO defined on a graph G(V, E):

eV (i,j)EE



A Structure-inspired ansatz tor QUBO

* Consider a random QUBO defined on a graph G(V, E):

=% (i,j))EE

* The Imaginary time evolution of the QUBO Hamiltonian:
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A Structure-inspired ansatz tor QUBO

* Consider a random QUBO defined on a graph G(V, E):

=% (i,j))EE

* The Imaginary time evolution of the QUBO Hamiltonian:
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Imaginary time evolution (ITE) of QUBO

e—T°H — e_T°<zihi ' Zi T Z(i,j)Jl:f ' ZzZ]>



Imaginary time evolution (ITE) of QUBO

e—T°H — e_T°<Zihi ) Zi + z(i,j)Jl:f | ZzZ]>

(i,))EL =A%



Imaginary time evolution (ITE) of QUBO

e—T-H — e_T'<Zihi 4t Z(i,j)Jlj ' ZiZj)

(i,)EE icV
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e e are not unitary &



Imaginary time evolution (ITE) of QUBO

e—T-H — e_T'<Zihi i+ Z(i,j)Jif ' ZiZj)

(i,))EL =A%

_T.hlZl _T.Jl]ZlZ]
%

e e are not unitary &

How to approximate the ITE using a Quantum Circuit?



Imaginary time evolution (ITE) of QUBO

e—T°H — e_T°<Zihi ' Zi T Z(i,j)Jij ' ZzZ]>

(i,)EE icV

Mimic ITE using local quantum gate

Two body term:

ITE:  |y;) = e ™ %4y _) '



Imaginary time evolution (ITE) of QUBO

e—T°H — 6_7’-'(21']11' ' Zi + Z(i,j)‘]ij ' ZzZ]>

(i,))EL =A%

Mimic ITE using local quantum gate

Two body term:

ITE:  |y) = e ™ %% |y_) ‘
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Imaginary time evolution (ITE) of QUBO
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Imaginary time evolution (ITE) of QUBO
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Warm start of VQE



Results

 VQE of different initial parameters for the same instance

—e— 7zero initial parameters

N=24

=4 warm start

random initial parameters

0 250 500 750 1000 1250
number of iterations

Y. Chai, K. Jansen, S. Kiihn, T. Schwigerl, and T. Stollenwerk,
Structure-Inspired Ansatz and Warm Start of Variational Quantum Algorithms for Quadratic Unconstrained Binary Optimization Problems, arXiv:2407.02569.



Real-time dynamics

e Monte Carlo: sign problem

* Tensor network: increasing entanglement



Fermion scattering in Thirring model.:
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 Elastic scattering between the fermion and antifermion for strong interaction

Y. Chai, A. Crippa, K. Jansen, S. Kiihn, V. R. Pascuzzi, F. Tacchino, and I. Tavernelli,
Fermionic Wave Packet Scattering: A Quantum Computing Approach, arXiv:2312.02272. (Accepted by Quantum)



Meson’s PDFs 1in Schwinger model:

flz) = / e (R(P)] (27 )7y 9(0) [h(P))
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Meson’s PDFs 1in Schwinger model:
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Meson’s PDFs 1in Schwinger model:
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Summary and outlook:

e Quantum optimization in HEP
o Particle tracking — Variational Quantum Eigensolver (VQE)
O Structure-inspired ansatz and warm start of VQE
e Other applications of VQE and warm start approach in HEP experiment?

e Larger system size?

e Short introduce of real-time dynamics of HEP in quantum computing
o Particle scattering in a fermonic model
e Meson scattering
e Related with the experiments?
o0 Meson’s Parton distribution functions (PDFs) in Schwinger model
e Multi-flavor?

e Higher dimensions?



Appendix



Divide problems to sub-QUBO
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Imaginary time evolution (ITE) of QUBO
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Results

o Statistic error
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Results

* VQE of different initial parameters for the same instance
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