Quantum Simulation of Particle Scattering

Yahui Chai

DESY

¥ QUANTUM

gigtnirufr?erechnology I B M Q u a nt u m

and Applications




Outline

1. Quantum algorithm for meson scattering

e Simulation

of dynamics

0 10 ,, 20

* Quantum subspace expansion (QSE) * Quantum circuit

for stable particle construction decomposition

https://arxiv.org/abs/2505.21240

2. Hardware run for fermion scattering

» Tensor network circuit compilation

» Hardware run for 40 and 80 qubits
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Motivation
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* Quantum computers promise to efficiently simulate real-time

dynamics



Scattering process on QC

1. Vacuum state | Q) : ground state of Hamiltonian



Scattering process on QC

Initial wavepackets

1. Vacuum state |€2) : ground state of Hamiltonian
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2. Initial state |y (r = 0)) = CIDTCI)T | Q) : wave packets of particles. 5

0.1f
Ferm1on wave packet: ®(7, k) = Z p(n) & = Z (k) éﬁ ok R N >
---------------------------------------------------------------------  Gaussian distribution
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Meson wave packet: ®'(77, k) = Z P(n) b,,f = Z P(k) b]j
: n k

Efficient circuit decomposition

Stable particle operator construction .
for non-unitary operator



Scattering process on QC

1. Vacuum state |€2) : ground state of Hamiltonian

2. Initial state |y (t = 0)) = CDICI); | Q) : wave packets of particles.

Initial wavepackets

0.0'! 1 1 1
0 10 20 30
n

3. Time evolution: |w(?)) = e |y (0))
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o~ il (He—iHiét) + O(51),
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Scattering process on QC

(O)

1. Preparing vacuumi 2. Creating particle

1
1
1

. 3. Time evolution ' 4. Measuring
— ground state wave packets .
1

observables



Meson scattering

---------------------------------------------------------------------------------

- Stable meson creation operator construction
- Efficient circuit decomposition for non-unitary meson wave packet operator
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Lattice Z, gauge theory in 1+1 D

 Staggered fermion coupled with Z, gauge field, periodic condition
L

1 % 3
H=— Y (80,1 +he) +m Y (=D"EiE, + e ) E,,

n=1

Z X

[t —1-1t=1-1=1-)

Vector meson: ¢ = -1
Scalar meson: ¢ = +1

( :O O e Quantum number: charge conjugation

L sites, 2L qubits



How to create a meson state?
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Meson Creation Operator
bT — Z (k,c) M,

Operators, M; = M, ;) € {E1U, & |n,1=1,2,L)
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Meson Creation Operator
bT — Z (k,c) M,

|k, c)y = b 1Q) = Y a* M,|Q)

Hlk, c), = E|k,c),

C|k,c), = ce*|k,c),
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Quantum subspace expansion
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Quantum sub

b= X

space expansion

------

-----

)

;= (QIM H M, Q)

G = (QIM C M,;|Q)
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Quantum sub
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)

T o— L (ko)
b= 2 a M,

Quantum subspace expansion

;= (QIM H M, Q)
G = (QIM C M,;|Q)

S =(QUM M;|Q)

* QSE equation

(7 +€)a*e =1 sa*,
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Quantum subspace expansion

;= (QIM H M, Q)
G = (QIM C M,;|Q)

S =(QUM M;|Q)

* QSE equation

(7 +€)a*e =1 sa*,
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______
)

b! = Zia(k’c) EMI

Quantum subspace expansion

ke

;= (QIM H M, Q)
G = (QIM C M,;|Q)

S =(QUM M;|Q)

* QSE equation
(7 +€)a*e =1 sa*,

A =E+ ce ke
~k,c _ (ke kc . N\T
a~ = (ay a5, )



Results from QSE for L = 30

e With coefficients from QSE: |k, ¢), = Z a™M; | Q), M; € {EW, & |nl=12,L}
I

(a) m =0.1, € =0.2

(% Q Q R
id B TXQ000QR% =
® ® —>— DMRG vector
N 1.92- ® = —¢ DMRG scalar
< & & —O— QSE vector
1.0- R R —O— QSE scalar
2 2
R g ®
| | |
—5H 0 5
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Wave packet of meson

Bl = dbrebl,  ¢®p:= exp(—ik®) exp (—(k —B)*/(4aD))

ke N* N ¢

Initial wavepackets

Staggered fermion density
0.2F

() = (E1E,) 3
<
0.1F

0.0k




Scattering

1 o _
Bgﬁ = Z D)z < blj,—l P(k)g z = ——— exp(—ikx) exp (—(k — k)*/(4c7))
ke A* ‘/V(p
30
 Scattering:
1. Initial state: |w(t =0)) = Bg_ B'. Q) o0
% B S\%)
2. Time evolution: |y () = e |y (t = 0)) = 40
20
0 0 10 20 0.00
n

Elastic Scattering
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Inelastic Scattering

m=0.1,e=0.2

m=01k=4-(2r/L)

staggered
fermion density

0.0
A0F 0.4 ~
L electric field
<
' ' 0.0
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Inelastic Scattering son 1 meson 2
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_ _ 1 C et :
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Inelastic Scattering 1 ,
meson meson

- ===y o _—-----

m=0.1,e=02 §§JU2353§ §§JU4555§

m=01,k=4-(2n/L) (jzz#!f:”?%!::"}

staggered o~it (63 Usy &)
fermion density

0.0
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Inelastic Scattering

m=01, 8:02

staggered
fermion density Probability of electric flux with length /
0.25 (b) t =20
' 0.20F
. electric field 0.15}
: , density o120l
0.05}
, \05 1'0 2'0 0.0 ool ] 5 N .



Inelastic Scattering meson1  meson 2

-_—eeeem.-s . —-_——mm =y

m=0.1,¢e=02 & Wk, s Wera:
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= fermion-density - (d) t = 40
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Inelastic Scattering
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Inelastic Scattering
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Quantum circuit for meson wave packet

. N P i
Non-unitary BI_W_C— Z Pk x bk’_l,

* Decomposition via Givens rotation

keA*

keN*

= Y )l a

5;1r Un,lgl’

CNOT number |CNOT depth
V(u,€) or V(u,&)"| 2L(L—1) 4(2L — 3)
O. 4(L—1) 4L —1)
Op 12(L — 1) 12(L —1)
Total 4L° +16L — 20| 36L — 44
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Quantum circuit for meson wave packet

. N P i
Non-unitary BI_W_C = Z Pk x bk’_l,

* Decomposition via Givens rotation

keA*

= Y ) plogak" EU, &,

keA* nl

CNOT number

CNQOT depth

Hardware run?

V(u,€) or V(u,&)"| 2L(L—1) 4(2L — 3)
O. 4(L —1) 4(L —1)

O 12(L — 1) 12(L — 1)

Total AL° +16L — 20| 36L — 44
~1000
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Entanglement entropy

Larger entanglement entropy, harder for tensor networks

2.0F /// _____ TTmeeT
’
//
5(t) = — Tr{p(Hlog, p(1)] 1.5} S e
___________________ o //
_‘ — —‘ ‘—'— :O: <]10_ / ..:
Reduced €$I’[y matrix : S
// .:.
05p S
_el e Elastic scattering
" ==~ Inelastic scattering
O'O B I-- ] 1 1 1 1 o -I
0.0 0.2 0.4 0.6 0.8 1.0
t/T
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Scattering process on QC

Conventional circuit

1. Preparing vacuumi 2. Creating particle ; 3. Time evolution 4. Measuring
— ground state E wave packets 1 observables
Circuit compression by tensor networks optimization | (t))
2
Csie®) = | (@)1 V,©)10)|

1 .
Cuni(@) = 2N |Tr(Vz(‘9 )Te~iHer)




Hardware run of fermion scattering on Thirring model
40 qubits

« IBM device ibm_fez MPS

0
- Error mitigation: zero-noise extrapolation (ZNE) 0.4 & INE =
(b)t 26 | _; Unmitigated

A A
A

REAMTEp

(o)) 36 (241) 702 (3371) A
; A
e~ 12H 12 (18) 234 (351) AAAAAAAAAL, AL

—0.2F
In total 96 (331) 1872 (5126) ol
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/ \ n

Our optimized circuit

0.2F

)t

N =40, T = 26, At =2/3 7
Y
CNOT layers CNOT gates <

n

AAA

Conventional approach
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Hardware run for 40 qubaits: full dynamics

- IBM device ibm_fez
« Error mitigation: zero-noise extrapolation (ZNE)

(a)m=02,g=04 (b)m=04,9g=05 (¢)m=04,9g=0.7
ot |‘| I" 251 ‘|
25
20F |
15 20F
15k 15
= 10f
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0 20 0 0 20
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Hardware run for 80 qubits: state preparation

« IBM device ibm_fez N =80, to = 10, At =2/3
« Error mitigation: zero-noise extrapolation (ZNE) CNOT layers CNOT gates
[W(to)) 25 (249) 948 (3987)
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Summary

 Algorithm development for meson scattering:

* QSE for eigenstates with specific momentum and charge conjugation

* Circuit decomposition

* Inelastic scattering: new particle production, string breaking, hadronization...
« Hardware run for fermion scattering, optimized circuit by TN

* Full scattering for 40 qubits

« State preparation for 80 qubits

Outlook

e Other Gauge theory, e.g., QED
* Higher dimension (2+1)D

28



Summary
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* Circuit decomposition

* Inelastic scattering: new particle production, string breaking, hadronization...
« Hardware run for fermion scattering, optimized circuit by TN

* Full scattering for 40 qubits

« State preparation for 80 qubits

Outlook

e Other Gauge theory, e.g., QED
* Higher dimension (2+1)D

On the Market &

yahui.chai@desy.de
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e 5 B First fermion scattering paper

Y. Chai, A. Crippa, K. Jansen, S. Kiihn, V. R. Pascuzzi, F. Tacchino,
and I. Tavernelli, Quantum 9, 1638 (2025).
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Meson scattering paper
arXiv:2505.21240

Yibin Guo ]Oe Gibbs
(CQTA)

Zoe Holmes
University of Surrey EPFL

j DESY Center for Fermion scattering hardware run paper
e | Quantum Technology -
N QUANTUM | and Applications I B M Q uantu m arXiv:2507.17832
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Results from QSE

o With coefficients from QSE: |k, ¢), = Z alk “M; | Q)
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Results from QSE

o With coefficients from QSE: |k, ¢), = Z alk “M; | Q)
I

m = 0.1,e = 1.0
H N
t i R =
& Waié) &, Wasss - um
— H N
my | 0.10
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n HE
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Results from QSE

o With coefficients from QSE: |k, ¢), = Z alk “M; | Q)
I

(a) m =0.1,¢
n=>2 .
H R
EWynE  E Wy EWists R 1
10 "
H N
H A
=~ "N
H R
20 "
H R

308 | |
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m=01,k=4x2r/L) m=01k=6x (2r/L) m=01,k=8x (2r/L) m =02k =8 x (2r/L)

Scattering

L—-I
Pr= Y (WO IEW, b Q)1
n=1

L
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T (b) t=26,n=16
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