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We show how a variational low-depth circuit can
prepare the lowest energy state of a gauge theory
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light-front parton correlators

12 GeV UPGRADE add new hall ~ Y l

5 new ,

cryomodules

I double cryo
upgrade capacity
existing Halls -~
addarc upgrade magnets
‘ and power supplies
7y

-
35

5 new cryomodules

Proton

(semi-inclusive) highly virtual photons factorization theorems
deep-inelastic lepton resolve inner (partonic)  separate non-calculable
scattering structure from calculable parts
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Quantum simulation of
light-front parton correlators
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light-front parton correlators

cross section: ax
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non-perturbative

partonic cross section:

calculable . .
factorization theorems

separate non-calculable
from calculable parts
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light-front parton correlators

cross section:
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partonic cross section:

calculable non-perturbative o
parametrization of factorization theorems

nucleon: separate non-calculable
PDFs, TMDs etc. from calculable parts
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light-front parton correlators

cross section:
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/ T non-perturbativé ‘.
Corrections St eeeeececoeens ,/ ................... ’

partonic cross section:

calculable non-perturbative o
parametrization of factorization theorems

nucleon: separate non-calculable
PDFs, TMDs etc. from calculable parts
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light-front parton correlators

cross section:

76 Q%) Z / d§5 (6, Q%) f1/p(E/9) +0(A§§D) S o e Wk

Corrections 't e e eccccse e e e ,/ ................... :
partonic cross section:
calculable non-perturbative

parametrization of factorization theorems

nucleon: separate non-calculable
PDFs, TMDs etc. from calculable parts
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Non-local (space-time) matrix elements require Wilson lines for gauge invariance
We study the quantum simulation of Wilson loops in space and real-time



oman ta zabal zazu °
LA - - IKerbasque
del%rg}ge{/seiggg Eu§k:rlt;|teartglgo | S Quentum Center Q u a nt u m S I m u I at I O n Of Basque Foundation for Science

light-front parton correlators

Non-local (space-time) matrix elements require Wilson lines for gauge invariance
We study the quantum simulation of Wilson loops in space and real-time

CdyT "
fp(&) = Z ZLﬂe‘@ Y(PS| U] (y_)% % yw|(0)| PS)
~.

Requirements for the quantum simulation of parton correlators:



o Quantum simulation of Kerbasgue
light-front parton correlators

Non-local (space-time) matrix elements require Wilson lines for gauge invariance
We study the quantum simulation of Wilson loops in space and real-time

CdyT "
fp(&) = Z ZLﬂe‘lfp Y(PS| U] (y_)% % yw|(0)| PS)
~.

Requirements for the quantum simulation of parton correlators:

* encode in quantum degrees of freedom both matter and gauge fields

* preparation of a reference state, e.g., vacuum, proton, glue-ball

* simulate gauge-invariant quantities, e.g., minimal gauge-matter coupling
e real-time evolution, since the Wilson line is non-local in time

e carry out measurements after the evolution, i.e., qguantum interferometer
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light-front parton correlators

Digital simulation:
Universal simulator

:Ul—:.:US:
|y (0)) m |y ()

Decompose dynamics into
sequence of quantum gates

Stroboscopic simulation in
an analog simulator
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light-front parton correlators

Discretisation of space-time
In a Hamiltonian formulation

Digital simulation: (a)
Universal simulator

:Ul—:.:US:
|y (0)) m |y ()

W(z, A)

(b)

Decompose dynamics into
sequence of quantum gates

W(z, 2) = We, W, We W, - We W, -

(%) T

Stroboscopic simulation in
an analog simulator

) AN W(z, A)

Note: in the Hamiltonian formulation
the temporal gauge Ao=0 is chosen

W(T, A) = %]e_iTIH%ze_iTZH'"%ke_iTkH“‘%N
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Quantum algorithms are recipes that manipulate quantum states
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We classify algorithms depending on how they manipulate quantum states.
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* Quantum algorithms are recipes that manipulate quantum states
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* We classify algorithms depending on how they manipulate quantum states.
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quantum state preparation

* Quantum algorithms are recipes that manipulate quantum states
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* We classify algorithms depending on how they manipulate quantum states.

Adiabatic algorithms
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* Quantum algorithms are recipes that manipulate quantum states
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* We classify algorithms depending on how they manipulate quantum states.

Provabl rithm
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Quantum State Preparation

== ="=
|y (0)) m |y (2))

In the general case, it is
know to be a QMA problem
(analogue of NP problem)

With unitary circuits, it is
know that the depth scales
with the system size
(topological order)

Bravyi, Hastings, Verstraete (2006)
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Quantum State Preparation
We show how a variational low-depth

~U,=—U= circuit can prepare the lowest energy state
=U, =, =Us=
| w(0)) = == = |w (1)) of a gauge theory
4

In the general case, it is X
know to be a QMA problem H; = - 2 o, — A Z (6°6°6°67) 14
(analogue of NP problem) link plaq

With unitary circuits, it is

know that the depth scales A = 3.04438

with the system size ® , >
- deconfined
(topological order) confined

| | topological order
Bravyi, Hastings, Verstraete (2006)
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We propose a novel variational ansatz for the ground state preparation of the Z, LGT in quantum
computers.

The Z, lattice gauge theory

0 Hamiltonian
H=— Y 6{,5 -2 >_ P A€ [0, 00)
TL,’I: n
Eloct;ig term Magnetic term Q &Mgm
O Gauge invariance A Topological

Confined Deconfined
A = 3.04438
O Dual magnetization

G| =0 VYE=01...N,

0 Gauss’ Law

’ 1i)€DC,,
|10) —> Physical states (n,4)€
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Variational gauge invariant state
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Tantivasadakarn, Thorngren, Vishwanath, Verresen (2021)
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Variational gauge invariant state
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Variational gauge invariant state
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We propose a novel variational ansatz for the ground state preparation of the Z, LGT in quantum
computers.

Variational ansatz H=—-Hp — )\Hp

( £ eP1 Hpg
|’¢(CX,,B)> _ [H evokH}?éNh-Hn] 6-/,(“HI? i e |QE>

k=2 (cosh23y)

Unitary Dissipative

HE:ZO'?:n,i) HB :Zan |QE>:®‘+>(nz)
N, n 7,1

1+ P, Th
(0,81 = 00)) = [ ] Qp) — e ansatz captures
¥ > H ) the ground states of

HE’ HB

n

A Topological

lim, oo €7 1) — |g.s.)

Confined Deconfined

e ™ )y = e TE0 gy + e TEE) + e TF2 |Eo) + ... A, = 3.04438
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Variational gauge invariant state

We propose a novel variational ansatz for the ground state preparation of the Z, LGT in quantum
computers.

Unitary part implementation

. lag”* Qg : 3
e Single qubit rotations Hamiltonian variational ansatz

o Circuit implementation of eYkPn

14
. . |¢u,e(0’-75)> - !H eiakHEezﬂkHB |QE>
_ L 4 L 2 k:2
\j )
T)p, . . | £ P
|@u,m(a: IB» — H € € H \/§ |QE>
l l k=2 n
0}, —€ &— R.(v) —b D A Topological
Confined Deconfined

A\, = 3.04438
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gauge invariant state

(0, 5,7, 8)) = [[Thoy €1 el | il

Dual magnetization

a24
eﬁHB

(cosh 23)Vp/2 (®7sz0 |+>)

1.00F -

0.75F-

0.00=

.75+
S 0.50-

0.25--

0.00

Dissipative =~ Monte  Exact  Unitary Unitary
Carlo  diag. |Duse) |u,m)
Ac 3.24 3.04 3.06 2.56 2.09
0.35 0.33 0.36 0.04 -1.27
0.59 0.63 0.64 -0.20 -0.40
1.00--¢
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State preparation
with noisy gates
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prepare the lowest energy state of a gauge theory
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The first successful implementations of gauge-field theory dynamics on quantum
simulators have emerged for small systems.

Efficient Hamiltonian formulations for (non-Abelian) gauge theories along with best
approaches to state preparation and measurement will continue to develop.

Abelian and non-Abelian lattice gauge theories in higher than 1+1 dimensions present
significant challenge but progress is being made.

Theory-experiment collaborations will be highly beneficial.

New results in the frontier between HEP and Quant-Ph



