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Nonperturbative methods are crucial
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Non perturbative method: Lattice field theory

* Discretize space and time
introduce a numerical regulator

* Matter fields live on sites sl B8 ol L
* Quarks, Electrons, Higgs R Sa, o
* Gauge fields live on links U, 4 Al» e Q ' Q
* Gluons, Photons, W, Z oy N =
* Quantum mechanical problem B J T
becomes statistical mechanics © quark” L A gluon

problem

» Systematically improvable way to
compute non-perturbative physics
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Solut ions

Rotation to Euclidean space ensures that most
probability weights are real

* Observables in general decay exponentially B
and only low energy states persist 0TS <
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Sparsening Algorithm for Mulit-Hadron Lattice
QCD correlation Functions PRD 104, 034502
(2021)
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Classical Iattlce QCD encounters problems when we
want real-time or finite density

S is real

| | R | | dipdyre 0

| | L | T} | v Il ' 1
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: Y ' 0BT : V . v \
A6 T

S is Imaginary




What happens when we have complex amplitudes?
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Quantum computing avoids these problems entirely

* Use a Hamiltonian framework
* Time is inherently continuous

* Deterministically evolve wavefunction and
sample from probability distribution



Lattice Gauge Theory Hamiltonians

Trit :
H = ﬂZReTr(Uluzu1 U +— ZH +‘2(‘l’ W+ iU !//,)+le//l//
/m/\s (i)

U4 U2 °/
O quarkUl Agluon




Mapping a theory to quantum resources

1. Lattice Discretization introduces O(an) effects
2. Field Regularization introduces O(f(D)) effects
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What are current hurdles for quantum simulating HEP?

* Understanding the effects of Noise
* Noise induced uncertainties
* How much noise is tolerable
* How to efficiently leverage hardware for problems.

e Algorithmic Improvements
* Representation of theory (Quantum Link, Discrete Groups, Clebsch-Gordon)?
« How do we prepare states efficients?
» Effectively perform time evolution
e Effects of Hilbert space truncation and their mitigation
* Improved accuracy of theory in general



Symanzik Improvement:
Classical and Quantum
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Why do we need improved Hamiltonians?

e Lattice actions and Hamiltonians have lattice spacing errors e.g O(a?)

* Improved actions enabled cheaper determination of Hadronic spectra and other
static quantities?

* Development of improved Hamiltonians should reduce qubit costs

1 Follana et al. Phys.Rev.D75:054502,2007
2 B. Sheikholeslami and R. Wohlert Nucl. Phys. B 259 (1985) 572.



lattice errors

* Pure Gauge Theories: add
rectangular plaquettes




Symanzik |mprovement add terms to actlon to cancel

lattice errors

* Pure Gauge Theories: add
rectangular plaquettes

* Fermions:
e add Naik Term (staggered),
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Symanzik |mprovement add terms to action to cancel

lattice errors

* Pure Gauge Theories: add
rectangular plaquettes

e Fermions:

e add Naik Term (staggered),

* Clover Term (wilson),

* Four Fermion Contact
Terms
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Hamiltonian improvement follows similarly

e Time continuum from euclidean action'?
* Introduce terms which cancel O(a?2) errors!2

* Pure Gauge Theory:
* Rectangular Plaguettes
» Extended Electric Field Tr(E,U,E,,,,U,")
* Fermionic Theories:
* Depends on choice of fermions

1 X.-Q. Luo et al PRD59 (1999) 034503, 3 Carena et al. PRL 129.051601
2. Carlsson and McKellar PRD 64 (2001) 094503 4 Ciavarella arxiv:2307.05593



ASQTAD Hamiltonian and Lagrangian

Two sources of O(a?) error

N

Partial derivative -> Lattice Derivative Taste Splitting
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ASQTAD Hamiltonian and Lagrangian

Two sources of O(a?) error

Partial derivative -> Lattice Derivative Taste Splitting
"Naik" Term: A — > A _%A3 Additional Terms or Smearing
Yru UuUy Four Quark Operator Complicated New

Primitive Trotter terms. Or Smearing
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ASQTAD Hamiltonian and Lagrangian

Two sources of O(a?) error

Partial derivative -> Lattice Derivative Taste Splitting

Simple
"Naik" Term: A — > A — L A3 Additional Terms or Smearing
' 6

Yru UuUy Four Quark Operator Complicated New
Primitive Trotter terms. Or Smearing
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ASQTAD Hamiltonian and Lagrangian

Two sources of O(a?) error

™~

Partial derivative -> Lattice Derivative Taste Splitting

Simple Hard

Additional Terms or Smearing

Yru UuUy Four Quark Operator Complicated New
Primitive Trotter terms. Or Smearing

"Naik" Term: A — > A —%A3



ASQTAD Operator Smears Links

+(2) 2085 )2
FASQTAD(7/] — H(l i a’d, ). B Z a*(d,)°
y J A symin, 4

PFH PFM

e Average over the links and project
back onto the group space

 Smearing is done only to the
nearest neighbor operator




* How do we do the smearing
procedure reversibly on a
quantum computer?



https://arxiv.org/abs/2211.05607
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* How do we do the smearing
procedure reversibly on a
quantum computer?

e This is solved in Gustafson
arXiv:2211.05607



https://arxiv.org/abs/2211.05607
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* How do we do the smearing
procedure reversibly on a
quantum computer?

e This is solved in Gustafson
arXiv:2211.05607

 How do we tackle "smearing"
the electric fields?



https://arxiv.org/abs/2211.05607
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* How do we do the smearing
procedure reversibly on a
quantum computer?

e This is solved in Gustafson
arXiv:2211.05607

 How do we tackle "smearing"
the electric fields?

e Just use these terms as
additions to Hamiltonian



https://arxiv.org/abs/2211.05607
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Solutions

Quantum Smearing Gauge Links

 Compute Staples or

Plaguettes onto ancilla Vo) —H4 s (6] Vo)
register vy [£1] iaf— o)
UL,y — iUy U |U)

* Implement a Us) ' °* . U}
projection operator, S i~ W o5 || 2 oy
which performs the i, — (o e S
desired smearing. Uy I (1] — U2)

Us) — U E |Us)

* Method is clear for [Us) €, €, 1Us)

discrete groups. Less
clear for other
representations
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The ASQTAD Hamiltonian

s Y a2s'? a?(dy)?
f]._AbQLAD[(_,.] — (H(l 4 4’* )|Sy,,,m_ — Z (4 )
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eTo form the HISQ Hamiltonian
¢ ASQTAD Smear the links that appear in the Naik Term
¢ ASQTAD Smear again the links that appear in the Kogut Susskind Term
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Gate Costs for Trotterization

Gate Naive Kogut Susskind O(a®) gauge ASQTAD NR  Asqtad RE HISQ
UG a 1 0 14(d — 1) — 11 2 2

M, 3(d—1) 24+8(d—1) 52(d—1) —48 52(d — 1) — 48 104(d — 1) — 96
1 9 6(d 1) 44 20(d 1) 132d — 256 132d — 256 264d — 512
e l 1 0 0 0

try Lt d-1 0 0 0

g 2 2 0 0 0

Uy 0 0 0 2 1
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Example Case: Schwinger
Model



Toy Example: Schwinger Model

X 1 L o ;
Hy g = = Z(wl Unttnir + h.c.) + m Z(—l)"’yrl Yn + Z E?
= n n 2z T

All c's have been setto O

1 A

A 9 ~y . - - R : A Ay D 2, | PSS
H = Z(Eu"‘l U-n Wn41 — EL"L (f‘n U-n—-l(/"11—:-2'U--"n+3 T /7"-(3-) - 7”-'2 "."j’:r;,"lv‘i-"-n T 92 Z(abg o 613'11 bn-}—l)
n

11 T



Schwinger Model Properties

e Exactly solvable when m=0
e Has vector and scalar excited states
* Physics is governed by the ratiom / g
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Solutions

Continuum Limit Comparison for Vector Mass: m=0

e Same Continuum Limit!

kogut susskind fit
e Some lattice errors removed 0.725 - classically improved fit +
* continuum
* One loop errors are likely still 0.700{ 18 kogut susskind
W classically improved +
present o p
+
< 0.650 -
= + 4
+
0.625 - + +
0.600 - 4 -+
+
0.575 -
*
05501 _ . . | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Outlook

* Developed an ASQTAD and HISQ like Fermion Hamiltonian
* Shown that inclusion of some of the terms reduce lattice errors
* |nvestigate effects with non-zero mass

e Consider using classical coupled cluster theory to study problems for U(1) and
SU(2) in 2+1d

* Examine efficient methods to determine coefficients to remove one loop errors
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