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Main theme:
application of quantum computing
to HEP simulation



Quantum computing

* classical computing
. classical bit: s € {0,1}"

. classical operation: s — ()

classical (AND) gate

0 \ :
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* quantum computing

e quantum bit (qubit):
) =, (a;|0) + f; 1))

— superposition, entanglement

* unitary operation (quantum gate):
[y) = Uly)

quantum (CNOT) gate

Initial state

[ 1)

final state



Quantum computer: current status

* hardware developments:
* superconducting: IBM, google, etc
* ion-trap: IONQ, Honeywell, etc.
e photonic: Xanadu, etc.

* noisy intermediate-scale quantum: NISQ %7 1? il
ﬂ

(& o ’?*
. the number of qubits ~ O(100) F ﬂ, W
* large quantum noise " it

* cannot correct errors during calculation (no fault-tolerance)
—operating many gates is challenging

 useful applications in NISQ era?

[IBM research, Flickr]
* reducing (#gates, #qubits) is important!



Numerical simulation of quantum field theory

» particle physics is described by quantum field theory (gauge theory)

» studying non-perturbative effects is (in general) very hard

* numerical simulation: lattice gauge theory
» discretize spacetime

4 = /[d¢ s — Z —5(¢i) regard as probability distribution ® .gb(%)

{¢:}
* conventional method: using the Monte Carlo method ® ®

* Infamous sign problem

* topological term

* real-time dynamics, etc.



Hamiltonian simulation

+ directly trace time evolution [¢(t)) = e™*"*|4(0))
* NO sign problem!
* need exponential resources...

* gquantum simulation:
simulation using a quantum computer

» applications to HEP: scattering problem

[Jordan, Lee, Preskill, Science 336, 1130-1133 (2012)]
* pros: exponential advantage

* CONS:
* still need many resources

* near-term (NISQ) applications?
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Collaboration I: Optimization of HEP-simulation circuit

IBM Kawasaki Machine
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 Parton shower simulation: S 150- £
[C. W. Bauer, W. A. de Jong, B. Nachman, D. Provasoli, PRL 126, 062001 (2021)] 1007
* require many gates (depth) 50-
* need to be reduced for NISQ application " oot SxX Calculation Time -
* AQCEL (Advancin Quantum Circuits by ICEPP and LBNL) - IBM Kawasaki Machine
optimization protocol; 5
[W. Jang, K. Terashi, M. Saito, C. W. Bauer, B. Nachman, Y. liyama, o
R. Okubo, and R. Sawada, Quantum 6, 798 (2022)]
m0.6- &8
» identifying zero/low-amplitude basis states L - -
—remove redundant qubits or gates % e ®
. " g . 0.2 @ AQCEL (CC)
* |dentification of repeated sets of gates O paclacon
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Collaboration lI: quantum simulation of gauge theory

1 S, 9q ., - . -
L = 1 ,uuF'u 9 a Flw ipyH (au lgAu) Y — myy

e simple toy model: 1+1d U(1) gauge theory = Schwinger model [Schwinger, Phys. Rev. 128, 2425]
* simple but still non-trivial
* screening/confinement phenomena

e we can include
(cannot be treated in the MC method)
—introduce the effects of

* Schwinger effect: pair-creation due to strong external field
[Schwinger, Phys. Rev. 82, 664, (1951)]

* our work: simulation using variational quantum algorithms
—NISQ-friendly algorithms

[LN, A. Bapat, C. W. Bauer, arXiv: 2302.10933 (2023)]
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Spin description of the Schwinger model

H = /d:v %(H — q)2 — iy (0 +igA; — m)y

« continuum Hamiltonian— lattice Hamiltonian (Kogut-Susskind formulation)
e gauge symmetry—eliminate gauge fields

o lattice Hamiltonian—spin system (Jordan-Wigner transformation)

Spm = .J Z (Z Zk —I_( ) | Q) | ?;j z_: (Xan—l—l ‘|_YnYn—|—1) | T;L z—:(_)nzn

n=0 n=0

electric field fermion Kinetic term fermion mass term

(X, Y, Z: Pauli matrices)
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Quench dynamics in the Schwinger model

* Schwinger effect: particle pair creation due to strong [Schwinger, Phys. Rev. 82, 664, (1951)]

q : external electric field

q=0

i [

Uas) V() = e "0t U g)

Ground state without external field time evolution external field

— pair-creation?
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Suzuki-Trotter vs variational method

* Suzuki-Trotter method  variational guantum algorithm (VQA)
» #depth grows with #steps * approximate states by ansatz with fixed depth
* decoherence problem » state preparation: variational quantum eigensolver (VQE)

on NISQ devices » time-evolution: variational quantum simulation (VQS)

depth (#step) depth fixed
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Variational quantum eigensolver

* goal: obtain the ground state
. approximate the ground state by ansatz |w(A))

. optimize cost function C(1) = (w(4) | H|w(4)) via classical computer
—ground state is given by | y(4:))

classical computer

[
U | OO = @ HEO) N
. N

A = arg m)%n C' (M)
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VariatiOnaI q uantu m Si Mu Iation [Li, Benjamin, Phys. Rev. X 7, 021050, (2017)]

. goal: obtain time-evolved state | ¥(7)) = e /| ¥(0))
. approximate | W(¢)) by ansatz |y(A(r))) with time-dependent parameters
. evolution of states — evolution of parameters A(?) via McLacran’s variational principle

* we use the same ansatz for both VQE and VQS
—quench dynamics: set A(0) = A. (obtained by VQE)

classical computer

O(P(N)| 0l(A))

N O 77 T\
v =m0y N

O\

Mz’j — Re

2 Migh; =V,
(+correction terms) /
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Ground state preparationviaVQE — |

(W (t)) = [1(A(L)))
Was) = [Y(As)) /\/
e use classical statevector simulator vor VoS

» compare VQE with exact diagonalization (ED)
N=4, ag=1.0, m/g=1.0, g=0

. Erax — E 10000 ——momoo P— -
» a metric of accuracy: r(E) = T— E\:jf . ) T
o Eax, Emin : max/min energy obtained by ED 0.9999 f
« r(E) = 1 for the best case G
« 1(E) = 0O for the worst case 0.9998 |
« [ : depth of ansatz
» quality drastically improves for L > 4 |

1 2 3 4 5
L

e 20 samples with different initialization

o « dots/bars represent medians and 25-75 percentiles



Real-time evolution via VQS

e two observables: VQE

o total electric field &

. chiral condensation () (~particle number density) * 20 samples with different initialization

. _ _ e dots/bars represent medians and 25-75 percentiles
* observing energy loss and pair-creation!

electric field chiral condensation
N=4, ag=1.0, m/g=1.0, g=2.0, L=5, 6t=0.01 N=4, ag=1.0, m/g=1.0, g=2.0, L=5, 6t=0.01
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Summary and outlooks

* circuit-optimization: reduction of CNOT counts!
* quench dynamics in the Schwinger model via VQAs q=70
. ground state w/o external field g via VQE P (t))

» time evolution via Hamiltonian w/ external field g via VQS

* wWe can reduce circuit depth or
* VQA results agree well with ED
* future directions:
* scaling of resources/errors
* extension to higher dimensional and/or non-Abelian theories

* Implementation of gauge theory simulation on real hardware with circuit optimization

20



Backups



Quantum Simulation for HEP

e quantum computer = natural Hamiltonian simulator!

» application to HEP (ex. scattering) [e.g. Jordan-Lee-Preskill]
» state preparation (vacuum/wave packet)
* time evolution (scattering)
* measurement

* exponential speedup!

* but still need many resources... measurement

« assuming FTQC — NISQ simulation? ] -

--------

state time
preparation :.:  evolution
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Suzuki-Trotter decomposition

* adiabatic state preparation

Q) = lim Texp (—i/o dtHA(t)) Q)

T'— 00

~ H e—iHA(sAt)At ‘QO>

* real-time evolution
(1)) = e p(0)) = (e7H2%)7 [1(0))

* drawback: #depth grows with #steps
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Hamiltonian variational ansatz (HVA)

* motivation: mimic Suzuki- Trotter decomposition of adiabatic or real-time evolution
. parameters (a, f3, ¥) can depend on sites

 we use U(1) preserving decomposition

H=Hxy +Hz;;+ Hy

Suzuki-Trotter evolution HVA
................................................... : Nstep
e—iHXyAt é e—inzAt é e—ZHzAt E : I e—iHXYal ; e_iHZZBl E : o~ H 7z~

24



Fidelity and algorithmic errors

. fidelity improves as increasing L and/or decreasing 0t = Tiyax/Nstep

. effects from ot is significant

N=4, ag=1.0, m/g=1.0, g=2.0, 6t=0.01 N=4, ag=1.0, m/g=1.0, g=2.0, L=4
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McLachlan’s variational principle

5 (;t : ZH) BON || =0

O (A)| 011 (A))
ONi O

O{b(M)|
O\

Mij — Re

Vi = Im

m— ZMij}\j =V
j Hlp(N))



[Li, Benjamin, Phys. Rev. X 7, 021050 (2017)]

Quantum CirCUit for VQS [Yuan et al., Quantum 3, 191 (2019)]

U(A) = BEn(AN) -+ Ri(AN)

m— [ o - R o Ry e Ry [)( M)

O(p(N)] 9]p(N))
O\ O\

 evaluation of matrix elements Mg, = Re

o,
» derivative of each component w.r.t. parameters aTRk()\) = Up R (N)

e quantum circuit:

ancilla e P G a P, G — e ————

0) + €e*?|1) +)or|-)

___________

register quHR2HUk HRk Uqg . /

Figure from Yuan et al.
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