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t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 1010 joules)
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Objectives

= ITH

Quantum computing for first-principle calculations in High Energy Physics

The framework for this calculation: resources we need to simulate QFT

Simulating dynamics of gauge theories on quantum computer

1+1d Schwinger models on quantum computer

ér

H-gHEWR - 5 Tr [0,0,030] +h.c] + H,

Quantum
computing

Image courtesy of N. Klco and S. Trieu




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

12



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

15



(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

16

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, ...

17



Where are we”? General Framework

(2010s) galactic algorithms

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

(2030s) ?

various
methods

)" — 1G)

+ 235 - - A
23 -
s 225 it B,
ER F O, 2
g z
3

U|GY" — [1o)

\

U |tho) = [9(2))

v

(0)

| X
.
S. P. Jordan, ;

K. S. M. Lee,
J. Preskill
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(Quantum Simulation for Quantum Field Theory

* Discretization of space: KS Hamiltonian
= R B
* Digitization of field degree of freedom:
ik S e
truncation, discrete subgroup

e Initialization of registers as a state: stochastically L+
UIG)™ = [to)
e Propagation of state-discrete time: trotterization, etc +
o 1) 5 LA U 1) = |P())
e Evaluation of observables <t)>

e Error Mitigation

See references in [M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]
19



(Quantum Simulation for Quantum Field Theory

* Discretization of space: KS Hamiltonian
2 JH) S LA
* Digitization of field degree of freedom:
0k b
truncation, discrete subgroup

e Initialization of registers as a state: stochastically L+
UIG)™ = o)
* Propagation of state-discrete time: trotterization, etc +
o 1] A A U o) — |¥(1))
e Evaluation of observables <?9>

e Error Mitigation

See references in [M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]
20
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Discretization infinities in QFT

e
I s

.0 ' 5
e [, dtA;(z+ti)



infinities in QFT

Discretization .

quark




infinities in QFT

[Discretization

gluon spatial dimension d

lattice spacing a

quark
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infinities in QFT

Discretization > RSy
=

\\ \\/ t 1 Y t Y/ Energy Scales
) o GeV
Y

d

n ~ 10° Nqubits ™ f X N

TeV

non-perturbative regime

100MeV < E < GeV

ng ~ | x 1000

25



infinities in QFT j

improved Hamiltonian

26



infinities in QFT j

dr(E* 4+ B*)

}(Q Hamiltonian in continuous space

27



[ o VLI MG SR Discretization ’

Symanzik improved Hamiltonian, correcting classical a°errors

<

2 <
Vks=— Y g—ReTer( x) Pz )—I—NReTr{ Aj}
x,1<g S ’i

1 ‘ g’a
. . — — — )y . S g a
Pij(z) = 1 NReTreXp {zg]{DA dx} RS =—Tr {F;;(z)F; 12 5 ( +D2)Fm( )P+

[J. Carlsson, et al, hep-lat/0105018]
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[ '%ﬂjﬁi}l E/‘J ﬂﬁ\{ﬂ'_" @ﬁi Discretization ’ —>é '

Symanzik improved Hamiltonian, correcting classical a°errors

2 <
VKS:— Z g—ReTer( ) PZJ( )—1—NRQH{V A]}
x,1<j 7

1 : ‘
Pij(z) = I_NRGTI’GXP{ZQZ{:]A'd-’U} R gzjc\L/.Ti‘{FzJ(SU)EJ(

1 < < . 2 4
Rz-j<sv>=1—NReTr{v | w} = T (Fy(a)Fy ()} + o T (Fo@WDE+ DR (@)} +.

4
v

[J. Carlsson, et al, hep-lat/0105018]
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[ 07@17@3[3}1 E/‘J l]él\%_: @ﬁﬁ Discretization . _»é =

Symanzik improved Hamiltonian, correcting classical a°errors

2
Viks = — Z —— ReTr P;;(x) Pij(z)=1— lReTr

2
a
x,1<g Ys

1
Piji(z) = 1- NReTrexp {z’gj[{jA-dx}

1 :
sz(il?) =1- WRGTI' {v | 4

\ A
A
o
H,—/

I

2N 5) 1
Vi=— [ P (x) S
2 t]

ag i 12

deviations from the continuum
starts from a” g2 at quantum level

30

(Rij(z) + Rji(x)) | = BvoVks + BviViect -

[J. Carlsson, et al, hep-lat/0105018]



infinities in QFT

MNANANANANAN

[/ )/
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\
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/

improved Hamiltonian

non-perturbative regime
100MeV < E < GeV

ng ~ | X 125
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Digitization

infinities in field variables

32



[Digitization )" = |G) infinities in QFT J

gluon

B>
o

//

rd
"~ >
7
N

e

AN
%N

.

discrete subgroup s e.fe L.

" EE

q
TR
-] -k
(-1-i+j-k)2 (+1-i-j+k)

-1

continuous field variables G—register : |U)
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[Digitizatjon ‘q>N SN |G> infinities in QFT j

[Gustafson, Lamm, Lovelace, Mush, PRD 106, 114501]

1.0
e BT
0.8 - = SUR)
24+1d
06+ [Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
S 1 . | l
0.4 1 SU(2) =
B f < 58
0.2 A
0.0 ; ;
0 1 2
b

In the Scaling Regime:
significantly reduces the errors in
simulating SU(2) physics

34



[Digitization 7)™ = |G)

U= (-1)"i"jo1rt2

binary variables : m,n,o0,p, g

U) = | )

VVYVYYVYY
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[Digitization Y = |G) J

gluon

non-perturbative regime

100MeV < E < GeV

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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[Digitizatjon ‘q>N SN |G> infinities in QFT J

block product encoding: BT, BI

a,b,c,d € F3,ad—bc=1 (mod 3)}

‘VV VVVVVV>

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

qudit system?

37



o JLL L HY 215

Propagation 1/ |1pg) — |¥(t))

Digital quantum computers

building blocks:
One-qubit/two-qubit gate set

U — e || < ¢

38



Propagation

Uo) = [9(t))

-
ANALOG

Evolve with
e—th

Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics

J

Superconducting circuits

s

DIGITAL  superconducting qubit/trapped-ion system

s — TR b1.1ilding bloc.ks: optimal asymptotically?
— — one-qubit/two-qubit gate set overload of resources?
] L i Ht easy implementation?
_ — U —e "] <e
o—iH26t 1 po——
a Y N
Trotter-Suzuki decomposition Taylor series expansion (LCU) Quantum singular value transformation
H = Zle HWY et — (g7 HE/myr = 7 e tH — cos(Ht) —isin(Ht)
K k :
poyn ~ 1, —iHt gio0 2)ei%37:) — P(z) iQ(z)vV1 —z?
U= [HzF=1 e~ itH! )/""] ValV=>" 1 (— )k E(WU ) [z’Q*(x)m P*(x) ]
i W(w)-—[ - ”1‘”““2]
— T .— B )
p-th order trotterization: © ((E)P) ~ . Z .1 - s
r IV = V]| <e/r Jacobi-Anger expansion for cos and sin
Errors depends on t and r K values depends on the aimed errors | error: truncation order of the expansion
No ancillary overhead Ancillary qubits are needed Ancillary qubits are needed
. Simpler implementation | Complex circuits implementation Complex circuits implementation
. S
g Quantum signal processing, blocking encoding, off-diagonal Hamiltonian expansion, etc... [Bauer et al, arXiv:2204.03381]
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Propagation with gauge redundant encodings

G—register : |U) —

G —register : |g)

K Un ' $hx |g) |h) = |g) |gh)
fo1lg)=|g7")
1. (0) |g) = e g)
U(t) = e~ s 4e 3 1@)19) = 3 F(o)is 1pris )
- [e—iatKLe—q:atUD]t/& g€G e

40



Propagation with gauge redundant encodings

G —register : |U)

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

Y
)

41



Propagation with gauge redundant encodings

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601

42
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[Propagation U o) — |9(¢)) j

block product encoding: BT

(a 2) a,b,c,d € F3,ad—bc=1 (mod 3)}

C
\

> ~ |VV VVVVVV>

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]



[Propagation U o) — |9(¢))

U)

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

|VV VVVVVV>
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[Propagation U o) — |9(¢)) ]

a; bz' aj bj - aiaj‘sz'Cj aibj+bqjdj b L J
¢ di) \¢; d ciaj + dic; c;bj + dd;

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
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Propagation U |¢o) — [¥(2))

| > ~ |VVVVVVVV>

a; bz a; bj - a;a +bicj aibj +bzdj — lanc
C; dz Cj dj Cia; = diCj Cz'bj o dzdj L[X |anc:j

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
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[Propagation U o) — |9(¢)) j

Quafu quantum cloud computing cluster

&

Iy arE =3 ) Baiwang RERS Maintenance

SR ARZR V3 PAZIESSEL 24
o A LU R

0 15) 110) 115) 120) 123)

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]
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L

Uphase| R-(0)
Ut | R,(0)
S 1
Uy | CNOT

Z/{Vrect

Uy
U2§ & L L &
Us) U /Th /Th U
Us) NP i L N
U5> NP L L NP
Us) D R.(0) =D
U1) == i
Us) = 8UE T H:ufj
|Us) 85 n=ili
[AREET S(L T :ﬂzwj
Us) 54 45 n=ili
Us) 2814 Sl st Hu Bk

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601




[  MLTE B BT — TR fe R &R

) — -

0) — A

DO~ o) || [ [ [
0) — -

) 0) — -

FT-O—C

[H(aff)®] CNOT®1, [H(ag’f)®] =CNOT®1,
ibm_perth device l l

wg number of states measured in the 1 state

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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[  MLTE B BT — TR fe R &R

Fs ~ 0.25

demonstration of improved Hamiltonian is allowed in the near future

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
51
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[ o R T LY B AL

With locality, hermiticity, and translational symmetry,
fermions have doublers (Nielsen-Ninomiya Theorem)

e.g. spin -1/2 fermion in a single spatial dimension

1 : two components in 1 + 1d

iy 0 (x,t) + iy  Dpib(x, t) — myp(z,t) =0

Y(xr+a,t) — Yz —a,t)
2a

i 0 (z,t) + iy —mp(x,t) =0

53



[ o R T LY B AL

With locality, hermiticity, and translational symmetry,
fermions have doublers (Nielsen-Ninomiya Theorem)

e.g. spin -1/2 fermion in a single spatial dimension

plane wave ansatz : ¢ (x,t) = ei(Et_px)u(p, E)
Continuum : — oo < p < 400

(—"E+v'p —m)u(p, E) =0

Lattice : —m/a < p < +7/a
. e—ipa o e—l—ipa

0 .
—~ B 4+
( i “r 2a

—m)u(p, F) =0

 sin(pa)
a

(—"E +~ —m)u(p, E) =

54



[ o R T LY B AL

With locality, hermiticity, and translational symmetry,
fermions have doublers (Nielsen-Ninomiya Theorem)

e.g. spin -1/2 fermion in a single spatial dimension
Continuum :u = (=YY E +v'p + m)v
(E* —p* —m*)v =0

Lattice :u = (=" E 4+ ~' sin(pa) /a + m)v

sin pa

(E* — ) —m*)v =0

a

55
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With locality, hermiticity, and translational symmetry,
fermions have doublers (Nielsen-Ninomiya Theorem)

e.g. spin -1/2 fermion in a single spatial dimension

i(EZ_m2)1/2

Continuum :u = (—"E 4+ ~v'p + m)v
(E* —p* —m*)v =0

Pth

Lattice :u = (=" E 4+ ~' sin(pa) /a + m)v

sin pa

(E2 — ( )2 — m2)’v =0 2

a

For every discretized spacetime dimension, states are “duplicated”

56



( o R T LY B AL

Ways to discretize fermions without unphysical states:

— Staggered (KS) fermions: chirality components on different lattice sites
— Wilson Fermions: add new terms to give doublers heavy masses
— Domain wall Fermions: increase dimensionality

— Overlap Fermions: remove doubles with non-local operators

( )
» Further improvements to remove lattice artifacts

Not all are formulated in Hamiltonian

_J

57



[ o R T LY B AL

— Staggered fermions: chirality components on different lattice sites

sacrifice translational symmetry

Y1(n) = can, P2(N) = Cant1

Fermion anti-commutation relation, nontrivial maps to qubits

{c,-,cj.}=8ij, {c,-,cj}={c;f,c;f.}=0,

Create/annihilation operator from Pauli matrices satisfy commutation relation
on different site

~ A A A — A A A:l: A:I:
{0;7, a;-r =3 (67,67] = 8ij0°, [oriz, o ] = 324;;0;

58



o R T LY B AL

Jordan-Wigner transformation to preserve the anti commutation relations

o AZ A—|—
ci = l—[orj o,
j<i
=117 |
Ci_ O'j O'l-
j<i

leading to non-local interactions

Good in 1+1d, but expensive in higher dimension, non-local terms

8 [Everett You, UCSD] N

U_J.' 0_;.'

T z z z - ¥ — + E
C1g ol of o o -} Clg €26 . ot o

o? of o o*

0 —

\¥ o of o* of J
59
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—1+1 D Schwinger Model

—
3
?
e
@)
=
ae)
o
)
gv)
-
f—h
@5
.
=)
o
-
=y
®,
(@M
@
=
N
8
N
|
N
E‘>
ml
VS
8
N
"6’
o —
_|_
N
)
N
N
N

Canonical momentum E (:13) = —(%Al (x)

[arXiv:1612.08653]
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[ o R T LY B AL

— on Lattice

én = —agfll (mn) Ly, E(xn)

o, = \/E\i!e— (2,,) for even n and o, = \/E\T!L (x,) for odd n

H,, = /d:z: [—i\if(:c)q/l (81 + zgfll(:c)) U(z) + m¥(z)¥(z) + %Eﬂ(:c)]

- v

Ho= —iwy [qﬂ ¢, —HC] —I—mZ( )bl b, +JZL
n=1 + n=1
Gauge invariance!

[arXiv:1612.08653]
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[ o R T LY B AL

— on Lattice
N—1 N—1
A= —iw) |dleP - HC) rmy éid, + 7Y 12, (1)
n=1 n—l n=1

Jordan-Wigner transformation o e — H [i&l ] 0

+ I<n

Gauge transformation to remove the \theta operator

L I<n
N—-1
Huy=w) [6%6,,,+HC]+ Z( 1 "“"—l—JZLZ
n=1

[arXiv:1612.08653]
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— on Lattice
N-1 .y N-1
2 L Al il __1\nAz T2
H/lat_w;[ananH—I—H.C.]—i—z ;( 1) an—f—J;Ln
Gauss’s Law Go=Ln—Ly1— 01,0, +L[1 - (-1)"

[arXiv:1612.08653]
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o R T LY B AL

— on Lattice

The lattice Schwinger model and its encoding in a pure spin Hamiltonian

a) d)
f/lsél jlz-.é‘z Lzaés EN-]-@N-I
- e ars ‘_ —‘ LU S .I ' t L t
A A A A A A map =
¢ P P3Py PN DN 61 09 03 04 ON-1 ON
+ nearest neighbour interactions + long - range interactions
b) C)
Odd lattice sites: e* vac. € e _vac_ vac vac e~
: . €0 L+ Lo 3 L4 Ly Lg L~ €0
e v 8§ | - o—o o—o

= e" = I:n = L‘n—l 1
. : + + — —
Even lattice sites: - e 1V30 1 € 2 e 1vac 1VaC 1vac : e 0
9 e~ = t Ln :L71—1+1 B ' ' 'L
o ~ 7 7 o o o o o o & A
>~ vac & L, =1L, 1 1 2 3 4 5 6 7 08

[arXiv:1612.08653]
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[-%%%ﬁ%ﬁ%ﬁm

— on Lattice

Long-range spin-spin interactions after elimination of the gauge fields

[arXiv:1612.08653]
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[.%x%%mﬁ%ﬁm j

N 2 N-1
HZZ— > >j 6- 6’ )
n=1 l=n+1
N-1
H —w) |60, +tHC],
R

Quantum circuits

i & Rz(J5t) é

[arXiv:1612.08653]

[M. Nielsen, I. Chuang, Quantum computation and quantum information]
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[.%x%%mﬁ%ﬁm j

(P(z)y(@)) = (vac|y(z)(z)|vac)

v

N
1 . p .
2Na<vac|;(_1) Zn|vac) (Y(x)Y(x)) =~ —0.160g + 0.322m cos 6

—0.10 T
—-0.12 1
~0.141

3 —-0.16

>

)
—0.22 - {

0.0 0.1 0.2 0.3 0.4 0.5
6/2mn

[B. Chakraborty et al., arXiv:2001. 00485]
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To reach the observables — How to do...

State preparation

m! iﬁ Measurements
© ‘
¢e
—_ ©
Systematic uncertainties

@ ( N\
= ¢ce

Error corrections

g Pm@m®
(“)

% =)~
=

and reach the continuum limit
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To reach observables in the continuum limit

TRAJECTORY TO THE CONTINUUM LIMIT

i q jﬁl’ G - G A ]
ar — 0

A 4""‘“"““‘“““““’ ’ — -

L

4 - E

L 2 » - —
4“““““‘"“"“““"_ . |
]
0.02 0.1
continuous [Carena, Lamm,YYL, Liu, PRD. 104, 094519]

space-time limit
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Could we further reduce the resources needed?
— — Improved Hamiltonian
— — gauge invariant subspace encoding?
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Improved Hamiltonian

Hp=> (—>—+->—>-+D+m++:j)
U R[] R

Kr, Kor, a

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

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

SIS

)
)
Us) g%
|Us) 54 i Uy e
Us) 54 4 4
Us) =81 UL Hun 5 HUf

Demonstration of improved Hamiltonian is allowed in the near future

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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[ o LI B A -Trotterization ]

. =| \Uy) i Uy :'nzil_l =
Uy =n=il} = Uphase HUp 5 U1 i g Uy) = L S(L
1k - Ay Tty i
K\\ “ U,) H4U_, UL = Uy B UL =8
< U | U1) .
N M T —
‘ AN\////“ 0 {E—fa] .y o
O e e e
Gate N[KKS + VKS] N[KQL + ‘/rect] * # of Gates here for a single
7 9 9 trott?r is increasing only
multiplicatively, could be
Uphase 1 1 compensated by the
S, d;l d—1 decreasing of 11n1.<s.
“ * Larger trotter steps, instead
Mg 3(d — 1) 2 + S(d — 1) could be used
U 6( d — 1) 4 + 20( d — 1) for improved Hamiltonian.

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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[ o LI B A -Trotterization

— i

|U1> ZHIML :uphase =|uF ﬂ—l

Uz) 5U%

Gate |N[Kks + Vks]

N[RZL + ‘Zect]

Up 2 2
Mohase 1 1

Ay % d—1

M 3(d—1) 2+ 8(d—1)

b3 69 6(d—1) 44+ 20(d—1)

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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So far, circuits for
improved Hamiltonian
are designed,
reducing the number of
qubits required, with
comparable or less
quantum gates.

Demonstration



Keeping Gauge Redundancy or Not?

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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[Digitization Y = |G)

gauge invariant states

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

L

76



[Digitization \q)N — |G) J

[M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780]

Gauss’s Law
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[Digitization \q>N — |G) J

[M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780]

I I UU1 UU5 U
4 2 6

O—©O

= :  Usz  Urs

IIII ‘ innnn ' annnn ‘ RS

Hean = span({|U),U € G})®":
Hiny = Sp&ﬂ({\U} : U € G})®NL—Nv+1
Oal@) W) = [¢) ———>
G*(z) |¢) =0 Oa () [Yphys) = [Wphys)

gauge redundant
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[Digitization RE=re)

state preparation: charge
encoding Gauss’s law computation
T
l
, L H E
|
|
|
Hinv ) E| Z, E — =
z/{enc 2. Z/{rec
N1
\ E O = Udec E —
|
|
|
Hired = =
Ancillary (& I | A

Gauge redundancy utilized for error corrections
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[Digitization Y = |G) J

[M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780]

0.14
I I Uy Us
Uy Us Us 0.12 F
® O
= = O]_ -
e = e
- ] - | 0.08 i
O—@—@— 0 — .
- - = - 0.06 [
= e} ==} |
= B s} =
= = - - 0.04 k 4 e i
‘—‘—‘—‘— : o " Frestored>Fﬁxed
= = =] = ’ L=T7 rtivevns
= o - = 0.02 F 4 s L=9 = = = =
- - - - v/ L=11 =-m—--
- - - = b o L=20 ——
0 y bl | 1 1 1
IIII ‘lllll‘lllll'— 0.5 0.6 0.7 0.8 0.9 1

€c/€

Heun = Span({\U> LU € G})®NL
Hiny = Sp&ﬂ({\U} : U € G})®NL—Nv+1

Oq(x) 1) = [¢') Yy e .
G(z)[¥) =0 Oq () [Yphys) = [Yphys)
gauge redundant

80



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

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

Physics Benchmarks
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Physics Benchmarks for Quantum Computing

82

proton state preparation PDF topological objects preparation
~ ™) 4 N [ A
b VQE preparation of the baryon mass (V]O(t)O(0)
Mol N=40 02002200 0.2
20+- s e aat Yo o L ’
O Baryon mass (VQE)
15_45_ — Exact baryon mass 0.15 |
1o} B 01
| S~
5t 0.05 |
0 E i . / / / I -2/w / /i ¥ / 10/w
0 ! 2,0 4 5 0 0z 04 06 08 1 Huang, YYL, Liu, Wang, Zhang,
’ In preparation
X Atas et al, Nat Commun 12, 6499 (2021) ) Lamm, et al., T. Li, et al, )\ y,
é )
-0.5 I_ll-
Holography | Je = 0.25 -
1 =10.A1=1/5 4 'y
10
logr
% [YYL, Sajid, Unmuth-Yockey, arXiv:2312.10544] )



(Quantum Machine Learning

computational complexity improvements, computational speed-ups

Supervised Learning—better separation power?

Quantum variational circuits, quantum annealing, QSVM, etc.

AUROC

-~

Quantum Annealing
Ci=)Y cilx:)ci(x;), Ci=) cilx.)y,

H= Z]ijsisj + Z hiSi
i,j i

R(x)=> séci(x)e[—1,1]

I- oo mmmmee TR 4
0.66 /_‘:____ ¢
0.64 1 ;;,r
0.62
0.60
0.58- |
| — QA
— SA
0.56 1 A
XGB
0.54 1 ' ' | | | |

Size of training dataset (109

AUC

Variational Quantum Approach

0.900

0.875 A

0.850 A

0.825

0.800 -

0.775 A

0.750 A

0.725 A

0.700

{, y}
_: ........ 1 ......... ._, ._f7<:
O -
10) — Unlx) ;i UO) A=
T -
.
paramaters| €=

Evaluate cost
function

[K. Terashi et al., arXiv:2002.09935]

—
_E]_

—O—
_[:]-
—

BDT 3-variables
BDT 5-variables
BDT 7-variables
DNN 3-variables
DNN 5-variables
DNN 7-variables
QCL 3-variables
QCL 5-variables
QCL 7-variables
BDT 18-variables
DNN 18-variables

104 10°

Events

102 103

106

& 0.96——
2 0.955
0.94]
0.93f
0.92f
0.91F
0.9F
0.89F
0.88F
0.87}
0.86¢

Quantum Support Vector Machine

2
0®N>'

KX, %)) = '(0 | Vi Vo)

,%
!

[A. Fadol, arXiv:2209.12788

larger sample size?

' —— QSVM-Kernel

— Classical SVM

2000 4000

0.004

[S. Wu, arXiv:2104.05059]
20000 events

—— QSVM-Kernel minus Classical SVM
—&— QSVM-Kernel minus Classical BDT

10 12 14 16 18 20
Number of qubits

J
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(Quantum Machine Learning - Anomaly detection

ANOMALY DETECTION

18
T SL
@l L c2 e <Olsyn>
14
Supervised Classification T
P 8
i (cl @ 02) § 10
) \ =
Autoencoder v d 5 °
1 B .
F(f(c1®c2)) F(f(d:))
= == 4
Novelty Evaluator 2
l
P (dilcr)

arXiv:1808.08992: “*Searching for New Physics with Deep Autoencoders”, Marco Farina, Yuichiro Nakai,

and David Shih

arXiv:1808.08992: “"QCD or What?”, Theo Heimel, Gregor Kasieczka, Tilman Plehn, and Jennifer M

Thompson

arXiv:1811.10276, “"Variational Autoencoders for New Physics Mining at the Large Hadron Collider”,
Olmo Cerri, Thong Q. Nguyen, Maurizio Pierini, Maria Spiropulua and Jean-Roch Vlimant

arXiv:1903.02032, “*A robust anomaly finder based on autoencoder”, Tuhin S. Roy and Aravind H. Vijay

arXiv:1905.10384, “*Adversarially-trained autoencoders for robust unsupervised new physics searches”,
Andrew Blance, Michael Spannowsky, and Philip Waite

\

0
00 01 02 03 04 05 06 0.7 08 09 1.0

¢
(a) tth

[J. Hajer, YYL, T. Liu, H. Wang, PRD 101 7, 076015]
[X.-H. Jiang, YYL, A. Juste, T. Liu, JHEP 10 (2022) 085]

_J

QUANTUM ANOMALY DETECTION

Quantum auto encoder

To [CAE]
45 000 0.05 0.10 0is |
. ---- CAE (RMSE) T
— QAE (1-Fid.) Lat. dim.=1 UAB (@)
3.0 — my=1.0 TeV Train size= 10k Ha
— my=15TeV ___________
— mu=2.0TeV
35 o Encoder Decoder
Q
e o
- 2 g . .
=15 @ 7 g . [Ngairangbam, Spannowsky,
———————————— Takeuchi, PRD. 105, 095004]
100 L7 ST T e T
os| — e
D000 01 02 03 04

To [QAE]

Quantum weakly-supervised
learning (bg VS bg + € signal)

{x, y}

(2

"

Update 6 ‘ Evaluate cost
parameters function

|0) = Un(x) + U(6)

ARG

\ [Terashi et al, arXiv:2002.09935]

pp > A = B(— ete”)C(— ptu)
3D with 1% Signal

61 T 0
---- QCL
141 i NN High
—}+— NN Low
o 121

101

Significance (n
[0}

10 15 20 25 30
Signal Events
[Alvi, Bauer, Nachman, arXiv:2206.08391] )
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“(Quantum potential for first-principle calculations!”

(2030s) narrow down the framework with
 improving algorithms efficient Fourier transformations
theoretical studies of uncertainties phase diagrams for improved H

hardware co-design —— qudits for blocking encodings
benchmark studies

HEP case calculations for experiments

various

methods

U|GY" — [1o)

\

U |tho) = [9(2))

(0)

S. P. Jordan,
K.S. M. Lee,
J. Preskill
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BACK UP
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infinities in QFT

gauge transformation

U_1 Uy U_1Q7 QU,
>

éa(ib‘) = Z {E%(ﬂ? — €4, ei) - EE(ZC, ei)
1=1
lattice analog of covariant
divergence of chromo-electric field

A , FT
quadratic Casmir : E? |[jmrmg) = j(j + 1) |jmrmg)  |imrmg) < |U)
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infinities in QFT

gauge transformation

QUy 4

Ul U_lﬂT

QU,

U_oQf

gauge invariant Hamiltonian

Higs=» (—=— + D)
Ky Un

quadratic Casimir
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