Towards simulating Meson
Scattering on a DQC

Yahui Chai,

In collaboration with Yibin Guo, Stefan Kuehn

Center for
Quantum Technology
and Applications

DESY

y QUANTUM




Motivation

» Experiments on colliders: verify the theory, probe the particle

structure.

Hard Scattering




Motivation

» Experiments on colliders: verify the theory, probe the particle { \(‘©4 Y,
Decay / &(
\
structure. FK s
« Real time dynamics in classical simulation
SRowar , Pile-Up
Collisions
* Conventional Monte Carlo: sign problem _ {
» Tensor Network : increasing entanglement with time-- o _ e )

increasing computation resource



Motivation

» Experiments on colliders: verify the theory, probe the particle

structure.
« Real time dynamics in classical simulation
* Conventional Monte Carlo: sign problem

» Tensor Network : increasing entanglement with time--

increasing computation resource

* Quantum computers promise to efficiently simulate real-time

dynamics

Hard Scattering
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Scattering process: TN v.s. QC

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

E’N: DMRG @] @C: VQE @]

2. Initial state |y (t = 0)) = BlT BZJr | ©2) : wave packets of particles

EI'N: non-unitary operator (] ] [QC: only unitary operator \fy]

3. Time evolution: |y ()Y = e~ |y(0)), (Trotterization)

ﬁ'N: Increasing entanglement & ] @C: large entanglement. = ]




Scattering by TN

Weak coupling Strong coupling
Schwinger model Schwinger model
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Scattering by QC

Wave packet preparation
(1+1)D Z, gauge theory
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Z. Davoudi, C.-C. Hsieh, and S. V. Kadam, Quantum 8, 1520 (2024).

Inelastic scattering
Ising model
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Lattice Z, gauge theory in 1+1 D

» Staggered fermion coupled with Z, gauge field
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Lattice Z, gauge theory in 1+1 D

» Staggered fermion coupled with Z, gauge field
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Lattice Z, gauge theory in 1+1 D

» Staggered fermion coupled with Z, gauge field
1 ) 7 A

= 1(énZgnénH+hc>)+mZ< g, +ez

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

Mass term



Lattice Z, gauge theory in 1+1 D

 Staggered fermion coupled with Z, gauge field

e —
H—21a <§nZgn§n+1+hC>+mZ( 1yete, +82
=1

---------

Electric field term



Lattice Z, gauge theory in 1+1 D

 Staggered fermion coupled with Z, gauge field

1 L L L
H= ZW m Y (—1rElE +e Y X,
n=1 n=1

n=1

* Periodic boundary condition, strong coupling limit € — oo

m —m m

\ > 4
Ground state | Q__): ( |T I=-1t=1l-1=-1-) ﬁ

L sites, 2L qubits




Lattice Z, gauge theory in 1+1 D

 Staggered fermion coupled with Z, gauge field

1 & L L
H=—=) (GZmrhe. ) +m Y (—1yEiE, +e ) X,
n=1 n=1

n=1

* Periodic condition, strong coupling limit € — oo

-----------

L EiWyaEst Was=Xeo

Firstexcited state: | 7
[ T=1+1l-1-1=-1-)




How to create a meson state?

« Strong coupling limit € = oo

-1 _ (_1\net
anc - ( 1) gn_i_la
CZg,nC_l — Zg,l’H—l

H|k,c) =E|k,c),
Clk,c) = ce™ |k, c)

» Meson eigenstate

; ¢ = — 1, vector meson;
|k=0,c=-1),= Z <§nZg,n§n+1 - h-C-> 1) ¢ = 1, scalar meson

n



How to create a meson state?

 General coupling ¢

-----------

EIWygs
Q: —t = ]
51 Wl, ________ 4 gj Wl,4 = Xg,l Xg’z

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




Meson Creation Operator

bT _Z (kC)M

Operators, M; = M, ;, € {EIW, & |n,1=12,-L}



Meson Creation Operator
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Meson Creation Operator

To— (k,c)
bk,c _ Z aI MI
1
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Meson Creation Operator

bT _Z (kC)M

|k, c)p = b 1Q) = ) ai*) M| Q)

Hlk,c), = E|k,c),
Clk,c), = ceiklk, )y

c = — 1, vector meson;
c = 1, scalar meson



Quantum subspace expansion

------
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Quantum subspace expansion

------
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Quantum subspace expansion

------

1

T E (k,c)
bk,c _ Z:‘al ':MI

;= (QIM HM,| Q)



Quantum subspace expansion (QSE)

------

1

;= (QIM HM,| Q)

* QSE equation
(# +€)a* =21 sa*o,



Quantum subspace expansion

------

1

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

S =(QUM M;|Q)

* QSE equation
(# +€)a* =21 sa*o,

A =E+ce 'k



Results from QSE for L = 30

« With coefficients from QSE: |k, ¢), = Z arM; | Q)
I

(a) m =0.1, £ =0.2 (b) m =0.1, € =0.2
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Results from QSE for L = 30

« With coefficients from QSE: |k, ¢), = Z aM; | Q)
I

(c) m=0.1, € =1.0 (d) m =0.1, € =1.0
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Wave packet of meson

Bg’x — Z D)z ; blj,—l (k) = exp(—ikX) exp (—(k —B)*/(46)))

keA* ;/ng
B7L |Q> N=20, m=0.2,eps =0.2
- :
0.25
Staggered fermion density Ay, 2020
§ 0.15
1—(w®|EE, lw(®), neodd, 5
An = + ©0.10
(w® &8, lw@), n € even. L:
0.051
0.001




Scattering

Bg,x = Z p(k s b} Pl ; = exp(—ik%) exp (—(k — k)*/(462))

keA* ;/ng

 Scattering:

1. Initial state: |w( =0))=B/ BT _|Q)

k,x, —k,x,



Scattering

Bg’x — Z D)z ; blj,—l (k) = exp(—ikx) exp (—(k — k)*/(4c}))

kEA* e

 Scattering:

1. Initial state: |w( =0))=B/ BT _|Q)

k,x, —k,x,

2. Time evolution: |y (?)) = e |y (t = 0))



Scattering

Bg’x — Z D)z ; blj,—l (k) = exp(—ikx) exp (—(k — k)*/(4c}))

kEA* e

 Scattering:

1. Initial state: |w(t =0)) = B,—i_BTl—C_ | Q)
X1 —K,X

2

2. Time evolution: |y (?)) = e |y (t = 0))

Trotterization



Elastic Scattering

m=20.1,e=1.0




Elastic Scattering

m=20.1,e=1.0
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Inelastic Scattering

m=0.1,e=0.2
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Inelastic Scattering

m=0.1,e=0.2
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Inelastic Scattering

m=0.1,e=0.2

meson 1 meson 2
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Inelastic Scattering

m=0.1,e=0.2

) meson 1 meson 2
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Inelastic Scattering

m=0.1,e=0.2
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Inelastic Scattering
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Inelastic Scattering

m=0.2,e=0.2
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Entropy
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Elastic scattering



Quantum circuit for wave packet

. -Uni o= bl
Non-unitary B]_w_c = Z Pk bk,_l,
keN*



Quantum circuit for wave packet

. -Uni o= bl
Non-unitary B]_Wz = Z Pk bk’_l,
keN*

= 0 Y dlogsa EW, 5,

keAN* nl



Quantum circuit for wave packets

. Nenotin o i
Non-unitary Blé,x = Z Cb(k)k,xbk,_p
keN*

= 2 2 ¢brsay EIW, 8,

keA* nl

* Decomposition via Givens rotation

: H , H

i T T CNOT number [CNOT depth

f B R B B V(u,€) or V(u, )| 2L(L —1) 4(2L — 3)

Y — - P — Oa AL —1) 4L —1)

f Vg O % G FNVO O RIE-1) | RI-1)
Total 4L% +16L — 20| 36L — 44




Quantum circuit for wave packet

. Nenotin o i
Non-unitary Blé,x = Z ¢(k)k,xbk’_1’

* Decomposition via Givens rotation

keA*

- Z Z ¢(k),;’)-ca”;l"1 5; Wn,zfl,

keA* nl

m=0.1F=44Q2IL )

ik
0 20

SLAD

L—o,~ 1/

CNOT number |CNOT depth
V(u,€) or V(u,&)T| 2L(L—-1) 4(2L — 3)
O, 4(L —1) 4(L —1)
Os 12(L — 1) 12(L — 1)
Total AL? +16L — 20| 36L — 44




Summary: framework of meson scattering in DQC

T
QSE b, .
Wave Packet Bg F Quantum Circuit
o —iH!

Observables
String breaking Fermion density

Electric density

Energy transfer Ve AETEr



Outlook

 Other Gauge theory, e.g., QED
* Higher dimension
* Improvement QSE

* [Local observables



Outlook

 Other Gauge theory, e.g., QED
Hardware run for fermion scattering

 Higher dimension 40 qubits, ibm_fez
 Improvement QSE (@m=0.2g=04 (b)m=0.49g=05 (c)m=0.49g=0.7
20 [ 25 | o
* Local observables 25 :
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Thank you!
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Meson scattering in (1+1) Z2 gauge
theory: soon...
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https://scholar.google.com/citations?view_op=view_org&hl=en&org=5559442388202218053

Results from QSE

» With coefficients from QSE:
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Results from QSE

« With coefficients from QSE: |k, ¢), = Z a,k “M; | €2)
I
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Results from QSE

« With coefficients from QSE: |k, ¢), = Z a,k “M; | €2)
I
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Scattering
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