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new physics > computational efforts

weakly-interacting particles strongly interacting many-body system
V. Brdar, A. de Gouvéa, YYL, P. A. N. Machado, arXiv:2302.10965 vV —V / N interactions
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new physics

4>

computational efforts

collider precisions
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Parton Distribution Function (PDF)
““the probability of getting partons
with certain momentum out of proton”



Simulating the Theory

AT

Relativistic Quantum Mechanics — Quantum Field Theory (QFT)

path integral on the background of field configurations



Lattice QCD - Euclidean Spacetime

remains the only tool for
precise, controllable,
first principle calculations

field configurations
C on lattice




Lattice QCD - Euclidean Spacetime - first principle calculations

finite density real-time dynamics
PDF
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complex S(C)




Lattice QCD - Euclidean Spacetime

Sign Problem
complex S(C) ) . .
W (C) ~ exp(—S(C)) ; : :. ,'. ..- ﬁ i
ZC O(C)W(C) o : * °.~.' °. : w
0) — I
< > Zc W(C) i

configuration space C is
exponentially large in system size

system size Ny : number of lattice sites
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Lattice QCD - Real Time

/D¢€z’S _ <$‘ 6—75Ht ‘y>

dimH o |G|V

system size Ny : number of lattice sites

exponentially large number
of classical bits in system size




High Energy Physics
real-time dynamics
finite density
quantum interference
out-of equilibrium
“strongly interacting many-body system”

CLASSICAL
EASY

polynomial time
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“a computing system that scales well with the system size?”
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(Quantum Computing

D
": 1982 “nature isn’t classical”

R. P. Feynman

“ if you want to make a simulation of Nature, you’'d better make it quantum
mechanical”
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(Quantum Computing

<= @

2300 classical bits are needed to describe the system of 300 qubits

““a computer that uses qubits”
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(Quantum Computing

’:: 1996 - Seth Lloyd: efficient simulation of LOCAL Hamiltonians

Universal Quantum Simulators
Seth Lloyd

Feynman’s 1982 conjecture, that quantum computers can be programmed to simulate
any local quantum system, is shown to be correct.

Polynomial Time Complexity
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How Powertful It 1s?

QUANTUM EASY QUANTUM HARD
@ @ ngh Energy Physics e.g. traveling salesmen
real-time dynamics problem
@ finite density

quantum interference
out-of equilibrium
“strongly interacting many-body system”
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(Quantum Computing

|

1990s - error-correcting codes and fault-tolerant methods

Quantum Threshold Theorem

P. Shor

2019 - Google: Quantum Computational Supremacy

The quantum hardware is

producing meaningful results
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(Quantum Computing

:: Now - Noisy Intermediate Scale Quantum (NISQ) era

more than 50 well controlled qubits, not error-corrected yet

a superconducting processor ) fmulti-chip quantum processor\
L LA / - e rigetti
176 qubits 54 qubits 1121 qubits 80 qubits
\_ access to 133 qubits ) \ _ )
4 photon qubits N\ trapped ion qubits )

48 logical
qubits

Jiuzhang - 255 qubits

N 22 qubits
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(Quantum Computing

Development Roadmap

2016-2019 e

Run quantum circuits
on the IBM Quantum Platform

Data Scientist
Researchers

Quantum
Physicist

IBM Qu m Experience

Early

Albatross
16 qubits

Prototype
53 qubits

Canary
5 qubits

Penguin
20 qubits

Innovation Roadmap

Software IBM Qiskit
Innovation Quant'u m Circuit and operator
EXDQI’IGHCE API with compilation
to multiple targets
Hardware Early Falcon
Innovation

Canary
5 qubits

Penguin
20 qubits

ate scaling
routing with

Albatross
16 qubits

Prototype
53 qubits

. Executed by IBM

@ On target

IBM Quantum / © 2023 IBM Corporation

Next decades

2020 @

Release multi-
dimensional
roadmap publicly
with initial aim
focused on scaling

Falcon

Benchmarking
27 qubits

Application ¥
modules

Modules for domain
specific application
and algorithm
workflows

Hummingbird

Demonstrate scaling
with multiplexing
readout

2021 e

Enhancing quantum
execution speed by
100x with Qiskit
Runtime

Qiskit Runtime

QASM3

Qiskit
Runtime

Performance and
abstract through
Primitives

Eagle

Demonstrate scaling
with MLW and TSV

2022 @

Bring dynamic
circuits to unlock
more computations

Dynamic circuits

Eagle

Benchmarking
127 qubits

Serverless ¥

2023 @

Enhancing quantum
execution speed by
5x with quantum
serverless and
Execution modes

Middleware

(o] um
Serverless

Execution Modes

Alenhanced

Demonstrate quantum
concepts of Prot
quantum centric- et of AT
P t d circuit
transpilation

Osprey
Enabling scaling
ity

Condor

Single system
scaling and fridge
capacity

Heron
Architecture
based on tunable-
couplers

2024

Improving quantum
circuit quality and
speed to allow 5K
gates with
parametric circuits

Platform

Code assistant 1)

Transpiler Service

Heron (5K) ®
Error Mitigation

5k gates
133 qubits

Classical modular

133x3 = 399 qubits

Resource 9
management
System partitioning to

enable parallel
execution

Flamingo ®

Demonstrate scaling
with modular
connectors

Crossbill )

m- coupler
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2025

Enhancing quantum
execution speed and
parallelization with
partitioning and
quantum modularity

Functions

Resource
Manageme

Flamingo (5K)
Error Mitigation

5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Scalable circuit
knitting

Circuit partitioning
with classical
reconstruction at HPC
scale

Kookaburra

Demonstrate
with nonloca

2026

Improving quantum
circuit quality to
allow 7.5K gates

Mapping Collection

Flamingo (7.5K)
Error Mitigation

7.5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Error correction
decoder

Demonstration of a
quantum system with
real-time error
correction decoder

rate path to
ed quality with
y

2027

Improving quantum
circuit quality to
allow 10K gates

Specific Libraries

Flamingo (1
Error Mitigation

10k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Cockatoo

Demonstrate path to
improved quality with
logical communication

2028

Improving quantum
circuit quality to
allow 15K gates

Starling

Demonstrate path to
improved quality
with logical gates

2029

Improving quantum
circuit quality to
allow 100M gates

IBM Quantum

2033+

Beyond 2033, quantum-
centric supercomputers
will include 2000’s of
logical qubits unlocking
the full power of
quantum computing

General purpose
QC libraries

ircuit libraries

~200 qubits
~1000 gates
corrections!




(Quantum Computing for HEP

/ngeis _ <QZ| e—th ‘y>

GG mapping
@ —>
 DOF to qubits
OO ‘1— time evolution
¢ 'to quantum gates

non-trivial vacuum,
composite initial state,
bosonic and fermionic DOF,
symmetries, ...
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Where are we”? General Framework

(2010s) galactic algorithms

(2020s) pocket of methods for every steps,
continuum limits,
error corrections

(2030s) ?

various
methods
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Gauge Symmetries in (Quantum Simulations

* Hamiltonians
+ (auge transformation
» redundant Hilbert space

* (Gauge redundancy utilized for error corrections

* Krror threshold for gauge redundant encodings

+ Time-evolution with gauge redundant encodings

M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780
M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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Gauge transformations

gluon

NN




(auge transformations

Oq(z) = exp(id(Q)G*(x))

—
gauge transformation
UZ A 0O U2 N
U_1 U U_1 Q7 QU
> >
X L
U_» d U_,Q!

quadratic Casmir :

éa(ZE) = Z [E?{(x — €4, 67;) - Eg(xv 673)
1=1
lattice analog of covariant
divergence of chromo-electric field

A . FT
E2 \ijmR> = ](] + 1) |ijmR> ’ijmR> AN |U>
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(auge transformations

Oq(z) = exp(ip(Q)G* («))
—

gauge transformation
QUs 4

Ul U_lﬂT

QU,

U_oQf

gauge invariant Hamiltonian

Higs=» (—=— + D)
Ky Un

quadratic Casimir
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(auge transformations

improved Hamiltonian

24



(auge transformations

Oq(z) = exp(ip(Q)G* («))
—

gauge transformation

Ul U_lﬂT

QU,

U_2 U_QQT

gauge equivalent states

O (2) |[U_1ULU_oUs) = |U,UJU”,Us)
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(auge transformations

gauge invariant states

O () [Yphys) = [Vphys)
neutral charge

L
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Gauge transformations

llll ‘ ngnnn ‘ apnnn ‘ )

Hean = span({|U),U € G})®":
Hiny = span({|U) ,U € G})®NL—Nv+1
Oal@) W) = [¢) ———>
G*(z) |¢) =0 Oa () [tphys) = |Vphys)

gauge redundant
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Gauge redundancy utilized for error corrections

quantum CrTor COTrrections

) - *-
) - o) 55 e 1) = al000) + B111)

undetectable errors

)

Hean : Heode : |111), |000)

) ) ) quantum errors
OO> ) OO> 9 OO>* A
01:_> | 1:_O> | :_01> detectable errors Os(2) |¥phys) = |¥phys)

Os = {1,212, Z2y 73, Z1 73}
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Gauge redundancy utlized for error corrections

Hinv )

Hred
Ancillary

state preparation:
encoding Gauss’s law

4y

charge

computation

8]
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Gauge redundancy utlized for error corrections

correctable errors

: L, creates no flux

~ _ E(Abelian center)
Gauss’s law: I',; creates flux pair :or 1 flux (non-Abelian) :
0 net flux Correctable : Not Correctable

30



Gauge redundancy utlized for error corrections

correctable errors

isolated flux pairs

.1 :.:.}1 '

31

KL condition



Error threshold for gauge redundant encodings

worthwhile to keep the redundancy?

32



Error threshold for gauge redundant encodings

resource requirements?

Hean = span({|U) ,U € G})®N: Hine = span({|U), U € G})EN—Nv+1

C:)Q(CU) |¢thS> — thYS>

Nq:NLlog\G\ Nq:(NL—Nv—Fl)lOg’G’
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Error threshold for gauge redundant encodings

Hamiltonian complexity?

Hean = span({|U) ,U € G})®N: Hine = span({|U), U € G})EN—Nv+1

Oa(z) [Yphys) = [Yphys)

HKS:Z (—>—+ {3) K, U

kinetic terms for Us, U;

depend on other links
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Error threshold for gauge redundant encodings

resilience to errors?

Heann = Span({|U> LU € G})®NL
<+ error correction

single link correctable error rate e,

N,
C— Z QnE?(l — E)NL_n
n=0

fth

Hiny = span({|U),U € G})®NL—Nv+1
C:)Q(ZE) |¢phys> — ‘¢phys>

not correctable

Finv Z (1 — G)NL_NV+1

?

35
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Error threshold for gauge redundant encodings

2d lattice

isolated flux pairs KL condition

014 T T || | 1

0.12

0.1

0.08

0.06

0.04

0.02

0.5 0.6 0.7 0.8 0.9 1
€c/€

Near-term hardwares are reaching such error threshold!
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o

applying to various methods of
encoding gauge field

including charged matters
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Propagation

digital quantum computer

o) {4 (U —e Y| < e T Hu(t)

time-evolution with gauge redundant encodings
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Propagation with gauge redundant encodings

G —register : |U)

L{(t) — 6_iHKSt =L[_1=
[e—iétKLe—iétUD]t/‘St

Y
)
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Propagation with gauge redundant encodings

40
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Propagation with gauge redundant encodings

Hp=> (—>—+->—>-+D+g+f:j)
U R[] R

Ky, Kor, a

(U1, Uy Urcy, |Ur, Uz) = dprus v,0, (Ur] €550 [UY)

|U1> :n': ﬂ}, :uphase Sy HU :ln:i,[_l =
X

U
g 1 [T Uz
I L o
o) =41 UL Hun 5 HUf

Demonstration of improved Hamiltonian is allowed in the near future
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Physics Benchmarks for Quantum Computing
in the NISQ era

42



Physics Benchmarks for Quantum Computing

proton state preparation PDF neutrino-nucleus scattering
( ) ( P ) r ~
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x
Atas et al, Nat Commun 12, 6499 (2021) X Lamm, etal., T.Li, etal, | [A- Roggero et al., arXiv:1911.06368]
\

bubble collisions topological objects preparation holography

( N\ 4 A (
3 1ei u 15

25 (i) Ising 5 (i) near TCI ! <75

g 4 4 O qubits=7

C

23 37 qubits=9

52 2

x 1 1 O qubits=11

[

g0 0 ' .

5 O - qubits=13
c 200 > g
] 4 s O qubits=15
3 vy 400 38
g 400 1' 28 — Matching curve
5 600 A 15 15
O 600 {b=128 D <128 © 10 5 0 L 10
200 400 600 800 200 400 600 800 . . . A
time time 0.0 0.5 1.0 1.5
M. Huang,YYL, L.-T. Wang, H. Zhang, logr
Milsted, et al, PRXQuantum.3.020316 : : .
, , Q in preparation YYL, et al., arXiv:2312.10544
L J \. J \

43



Summary and Outlook
4 )
* (Gauge redundancy as quantum error correction codes

quantum error threshold for gauge-redundant digitization, with
the error rate achievable for near-term quantum devices.

* Techniques on real-time simulation of lattice field theory

improved Hamiltonian: matrix elements for the improved terms,
circuits designed

r 3 [ h
é g , discrete subgroup improved Hamiltonian
|

redundancies demonstration with redundancies

4
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BACK UP
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How Powertful It 1s?

QUANTUM EASY QUANTUM HARD

e.g. traveling salesmen
problem

factoring problem

CLASSICAL
EASY

polynomial time

complexity
strong interactions
many-body entanglement,
quantum spacetime,
molecular chemistry,

novel materials,
phases of quantum matter
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How Powertful It 1s?

QUANTUM EASY QUANTUM HARD

¢ & High Energy Physics
@ real-time dynamics

finite density
quantum interference
out-of equilibrium
“strongly interacting many-body system”

[PRX Quantum 4 (2023) 2, 027001] Collider

@ @2 Quantum Simulation for High Energy Physics Phenomenology
Christian W. Bauer,! ® Zohreh Davoudi,?'? A. Baha Balantekin,®> Tanmoy Bhattacharya,* - I\?ft}zegl;ﬁi%?iigl .
@ Marcela Carena,®5 78 Wibe A. de Jong,! Patrick Draper,” Aida El-Khadra,®
Nate Gemelke,'® Masanori Hanada,'! Dmitri Kharzeev,'? '3 Henry Lamm,? Neutrino
Ying-Ying Li,> Junyu Liu,'% 15 Mikhail Lukin,'® Yannick Meurice,” ~ (Astrojphysics
Christopher Monroe,!® 19:20:21 Benjamin Nachman,! Guido Pagano,?? John Preskill,?3 Early Universe
Enrico Rinaldi,?4 2526 Alessandro Roggero,?"-?® David I. Santiago,?% 30 ~ and Cosmology
Martin J. Savage,3! Irfan Siddiqi,?%3%32 George Siopsis,?3 David Van Zanten,®
Nathan Wiebe,3%3% Yukari Yamauchi,? Kiibra Yeter-Aydeniz,3® and Silvia Zorzetti® — Quantum Gravity
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Gauge redundancy utilized for error corrections

quantum CrTor COTrrections

W) = o |000) + B]111)

v

0)—

0)-

Os(z) |¥) = W)

N
10119
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1001100

1N

N
®
®

N
/

=
N
N

0)— SPARS

encoding Syndrome computation
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Propagation with gauge redundant encodings

10)

A

DIGITAL

50

Operator Gate(s) Matrix
Pauli-X (X) =blm | o H
Pauli-Y (Y) — Y [g —g]
Pauli-Z (Z) —Z L
Hadamard (H) —H|- [ 4
Phase (S, P) (87 R
/8 (T) sl e o o]

Controlled Not
(CNOT, CX)

Controlled Z (CZ)

SWAP

Toffoli
(CCNOT,
CCX, TOFF)
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I
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Gauge redundancy utlized for error corrections

Hred

B

Us A Us
®— 0
Us:  Ur:

Maximal Tree Gauge
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Gauge redundancy utilized for error corrections

G—register : |U) —
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Gauge redundancy utilized for error corrections

Encoding

Gauss's Law
A E
Us) I §15 85 :—L:r
Us) @E $ ‘ U , :
Us) gR
Us) : 815 l
Us) E 815 E
Ur) @: $ = ' :
R '

M. Carena, H. Lamm,YYL, W. Liu, to appear



Gauge redundancy utilized for error corrections

U Us charge
Uy % Us computation
Us: Urs o) = :
Uz) = 815 % ; —=
Us) = i : : :
Us) = u —
5 l =
@; $ e 1 =, Ur mH i :
: 771 3 U ':_
: P =
|Us) =4 U= :
Us) : U :
Uz7) = S5 :
=== l = ir npr

___________________________________

M. Carena, H. Lamm,YYL, W. Liu, to appear
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Gauge redundancy utilized for error corrections

ZN |n> : 6z’27rn/N ‘n> _ z€i27rnm/N ‘m>
m
m’) m)
> O > O > O P
G () [p) =0 — > m =m
N-1
C 1 7 preserves gauge symmetry
e e ,,,,ZZ:O ) {(n +g) mod ] not detectable
N-1
Case 2 I L — Z ¢ in) (n| \m> — ]m — O'>
n=0

> O > O > O > correctable

M. Carena, H. Lamm,YYL, W. Liu, to appear
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Error threshold for gauge redundant encodings

3d lattice isolate.d KL
flux pairs condition

09 I | I I 1 I I

035 E 1 I 1 1 1 | I o
0.3 F .

. 0.7 | :
0.25 - = .
0.2 F .
0.15 F

0.1 F

0.05 |

g 04 (o 00 07 U8 09 |
€c/€

M. Carena, H. Lamm,YYL, W. Liu, to appear
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