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The concept for the above figure originated in a 1986 paper by Michael Turner.
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Theoretical inputs

to colliders

theoretical uncertainties

N\

real-time dynamics (out|e ¥ in)

higher order corrections

Collider Energy /TeV ¢ Dyulat, et al, arXiv:1802.00827
M. Cepeda, et al, arXiv:1902.00134
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Why Quantum Computing

lattice non-perturbative
calculations

SL.00W(E)
== "W

Imaginary time problem :W (C) ~ exp(—S(C))

complex S(C) for non vanishing 6

real-time dynamics, finite density...
Sign Problem!!!

configuration space C is

| exponentially large in system size |

out-of-equilibrium,
non-perturbative
higher order processes,
quantum interference
cannot be solved classically
due to theoretical or
computational limitations:

sign problem or rare events
that has
exponential-scaling of the
complexity
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Why Quantum Computing

(xle="|y) = [ Dge’
lattice non-perturbative

. [PRX Quantum 4 (2023) 2, 027001]
Calculatlons Quantum Simulation for High Energy Physics

Christian W. Bauer,® Zohreh Davoudi,>:? A. Baha Balantekin,®> Tanmoy Bhattacharya,*
Marcela Carena,® %78 Wibe A. de Jong,! Patrick Draper,’ Aida El-Khadra,’
‘[1 e Nate Gemelke,'® Masanori Hanada,'! Dmitri Kharzeev,'?1? Henry Lamm,?
Z C O (C) (C) Ying-Ying Li,> Junyu Liu,''® Mikhail Lukin,'6 Yannick Meurice,'”
p— Christopher Monroe,!® 192021 Benjamin Nachman,! Guido Pagano,?? John Preskill,?3

E : ‘ 1 / ( C) Enrico Rinaldi,?* 2526 Alessandro Roggero,?”?® David I. Santiago,2? 30

Martin J. Savage,3! Irfan Siddiqi,2? 3% 32 George Siopsis,® David Van Zanten,’
Nathan Wiebe,?43% Yukari Yamauchi,? Kiibra Yeter-Aydeniz,3 and Silvia Zorzetti®

(O)

Imaginary time problem :W (C) ~ exp(—S(C))

—— Analog Simulators
. . —  Digital Computers
complex S(C) for non vanishing 6 B ﬁ _ collder

—— NISQ-Era Simulations Snowmass 2021 Phenomenology

—— Software and compiler

real-time dynamics, finite density... - Rilbrm

. —  Quantum Simulators Newtri
Sign Problem!!! — (astrophysie
Quantum Simulation for
High-Energy Physics | Early Universe
and Cosmology
Quantum Ecosystem
L Quantum Gravity
1 1 Co-design and
configuration space C is | codesignan e
' . . . Workforce
| Underlying Simulati
| exponentially large in system size SoT B
‘ Strategic
partnerships I I

Quantum Field Theory Effective Field Theory
Simulations Simulations
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Rapidly improving universal quantum
computing hardware

multi-chip quantum processor

rigetti

Superconducting Processor

176 qubits 54 qubits 1121 qubits 50 qubits
access to 133 qubits
Photon qubits trapped ion qubits neutral
atoms
A gy 48 logical
! = Qubits,
v hundreds
o 5:& of entangling
: logical
JLE =5 - 255 qubits 22 qubits opgfa’cci&(l)ns
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Rapidly improving universal quantum
computing hardware

Development Roadmap

2016-2019 e

Run quantum circuits
on the IBM Quantum Platform

IBM Quantum

2026

Improving quantum
circuit quality to

2027

Improving quantum
circuit quality to

2028

Improving quantum
circuit quality to

2029

Improving quantum
circuit quality to

2033+

Beyond 2033, quantum-
centric supercomputers

2020 @

Release multi-
dimensional

2021 e

Enhancing quantum
execution speed by

2022 e

Bring dynamic
circuits to unlock

2023 @

Enhancing quantum
execution speed by

2024

Improving quantum
circuit quality and

2025

Enhancing quantum
execution speed and

Data Scientist

roadmap publicly
with initial aim
focused on scaling

100x with Qiskit
Runtime

more computations

5x with quantum
serverless and
Execution modes

speed to allow 5K
gates with
parametric circuits

Platform

parallelization with
partitioning and
quantum modularity

allow 7.5K gates

allow 10K gates

allow 15K gates

allow 100M gates

will include 1000’s of
logical qubits unlocking
the full power of

quantum computing

Code assistant i) Functions Mapping Collection Specific Libraries General purpose
QC libraries
Researchers Middleware
[o] um Transpiler Service Resource Circuit Knitting x P Intelligent Orchestrati Circuit lib S
Serverless Managem!
Quantum Qiskit Runtime
Physicist

IBM Quantum Experience

Early

Albatross
16 qubits

Canary
5 qubits

Innovation Roadmap

Penguin
20 qubits

Prototype
53 qubits

QASM3

Falcon

Benchmarking
27 qubits

Dynamic circuits

Eagle

Benchmarking
127 qubits

Execution Modes

Heron (5K) ©
Error Mitigation

5k gates
133 qubits

Classical modular

133x3 = 399 qubits

Flamingo (5K)
Error Mitigation

5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Flamingo (7.5K)
Error Mitigation

7.5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Flamingo (10K)
Error Mitigation

10k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Flamingo (15K)
Error Mitigation

15k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Software IBM Qiskit Application ¢ NN Serverless ¥  Alenhanced ¥  Resource ®  Scalable circuit Error correction
Innovation Suant_um Cireuit and operater modules Runtime G quantum management knitting decoder
e : o
rypEnEneE API with compilation Modules for domain Performance and conceptsof Prototype System partitioning to Circuit partitioning Demonstration of a
to multiple targets specific application abstract through quantum centric- demonstrations of AT enable parallel with classical quantum system with
and algorithm Primitives supercomputing enhanced circuit execution reconstruction at HPC real-time error
workflows transpilation scale correction decoder
Hardware Early Falcon Hummingbird Eagle Osprey Condor Flamingo 9 Kookaburra Cockatoo Starling
Innovation i

Canary
5 qubits

Penguin
20 qubits

Albatross
16 qubits

Prototype
53 qubits

. Executed by IBM

@ On target

Bump bonds

IBM Quantum / © 2023 IBM Corporation

University of Science and Technology of China

FOMELEEE v Yy T

Demonstra aling Demon

with M

Single system
scaling and fridge
capacity

Heron
Architecture
based on tunable-
couplers

Demonstrate scaling
with modular
connectors

Crosshill )

m- coupler

Demon path to
improved quality with

logical memory

Demonstrate path to
improved quality
with logicg[ gates

Starling (100M)
Error correction

100M gates
200 qubits

Error corrected
modularity

Blue Jay (1B)
Error correction

1B gates
2000 qubits

Error corrected
modularity
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(Quantum Simulation for Quantum Field Theory

Bosonic and fermionic DOF,

Dynamical and coupled global and local (gauge) symmetries,
Relativistic - particle number non-conservation,

Nontrivial vacuum state in strongly interacting theories

“Galactic Algorithms”™

Discretization 4 &> = KS Hamiltonian
e =

- "-'
g -

T

Digitization truncation, discrete subgroup, ...
Initialization U|GY" — [1o) ground/thermal/particle state prep
Propagation U |1bo) — |(t)) Trotterization, variational approach,
+ Taylor series, ...
Evaluation (O) Parton distribution
function, particle decay, ...
Error mitigation See references in [M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]
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Discretization ’ —Pé 7 5

infinities in QFT

H:/dda:Tr(E2+Bi)/U :exp{z'g]{DA-dx}

gauge Invariance

Kogut and Susskind formulation: [Phys. Rev. D 11, 395 (1975)]

H=—1t) s iUy + vIULY) + m)  sitblpe +

(xy)

fermion kinetic fermion mass

g° 2
energy of

electric field

x z+ai
—p—e
Ui(z)

[y
|

U;(z) = o9 [0 dtA; (z+ti)

energy of

magnetic field

TR . . . 8
7 T\ .
C)¥FBAZLL% ¢ Y-Y Li

=%/ University of Science and Technology of China . .
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[J. Carlsson, et al, hep-lat/0105018]

~

Discretization ’ > y 4‘-’
2 6

1 . 2 4
Pji(z) = 1- NRe’I‘rexp {zgjé A- dm} ~ %Tr {Fij(z)Fyj(x)} + %’I‘r {FZJ(fU)(DzZ "‘D?)FZJ("E)} +..

. . 2 .
deviations from the continuum start from a~error, classical
computational resources proportional a~® to for Wilson action

r 3

<«
-

1 -«
Rij(z) = 1 - ZRelr {‘

: 4g%a* 4¢9°%a
v} = Sy T{F@F; @)} + 3]

Y

;
deviations from the

continuum starts from
a’ g2at quantum level
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[Discretization ’ —Pég -‘ 5 J
S

H =K;+V; Viect = a2 Y ReTr[R;j(x) + Rji(x)]
S x,1<]
Vi =PvoVks + BviViect 2
K = broKKks + bri1Kar Kow = 0 3T [ LU Li(x + ai) U ()
2
_ %t > Tr[R;(x)Li(x + ai)]

[M. Alford, et al, hep-lat/ 9507010, ...]

a — 2a

d
L

[Demonstration with the improved
Hamiltonian is still needed]

X

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
Oresrakas vy [ 10 Dec. 2023 @ B3
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Digitization )Y = |G)

infinities in QFT
Kogut and Susskind formulation: [Phys. Rev. D 11, 395 (1975)]

H ==t} 5oy (0lUnly + 9 UL + mY_sc¥le + 5 ) B(2)’

{(xy)

continuous field variables

FeazLLxs vy 1; 1
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Digitization )Y = |G)
\_ _J

infinities in QFT
Kogut and Susskind formulation: [Phys. Rev. D 11, 395 (1975)]

2
= =t Sy (WUt + UL ) + sl + > E@)? - gz T (o +uh)

(xy)
continuous field variables

rapid development with its own pros and cons
rate of convergences to the infinite-dimensional theory, resource requirements,
local and global gauge symmetry

Casimir dynamics, Natalie et al

LSH formalism, Mathur et al, Anishetty et al

Group-element basis and discrete subgroups, Erez et al, Lamm et al, Carena et al
Magnetic or dual representations, Mathur et al, Bauer et al

Tensor renormalization group (character expansion, Fourier series), Meurice et al
Light-front quantization (light-cone instead of fixed time-slicing), Mannheim et al
Quantum link models/qubit regularization (critical point), Brower et al

Matrix models (dimension reduction), Shen et al

Oromssss y y; 12 Dec. 2023 @ B 5%
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Digitization )Y = |G)
- J

infinities in QFT

Kogut and Susskind formulation: [Phys. Rev. D 11, 395 (1975)]

2
g 2 - i
H=—t) sy (YlUg¥y + ¥JULYS) + m) syl + = Z E(z)® -,52. T (UD " UD) |
2 18
{(xy) x T O

continuous field variables
In angular momentum basis, group element basis -
truncated with cut-off truncated with discrete subgroup
SU(3) for one plaquette

2 2
-~ p°+q°+pg+3p+3q
) " |E® 2 |p, q) = D, q)

3

gl—loop €
BI  SU(2) [11]]

2.097 2.099(1)

A4 100 4278 - 4.35(19)
g /moz g F 4207 .- 4.22(11)
@ o [osmo1s g 0 L 1.351 1.369(19)

- 0.3 M 0.1 1078 Ee s

Precision (%)

1t 0 200 400 600 800 4.136 e 4.08(9)
0 i No? = g’ ]
10 20 30 40 1.351 1.36(1)
Np =g

Carena, Gustafson, Lamm,

Ciavarella, Klco, and Savage, YYL, Liu, PRD 106, 114504 (2022)

arXiv:2101.10227 [quant-ph]
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g )
Digitization )Y = |G)
— )
infinities in QFT
Kogut and Susskind formulation: [Phys. Rev. D 11, 395 (1975)]
Il
H = _tZ Sxy (wlnywy + w;U;ywx) L mz Sx‘ﬁjc‘ﬁx + % (x)z I 4—g2 ZTI (UD el U[Tj)
(xy) x x Ll
continuous field variables
Gauge field truncations with discrete group 10
Xp o
. Abelian 0.8 1 gl
discrete group: cace 3+1d
continuous group + Higgs us L ey
) s and larger discrete
K 0 subgroup?
0:2 1
For non-Abelian
0.0 T . . :
gauge Confining 0 1 2 3 4 3
symmetry? e B

[Fradkin, Shenker, PRD. 19. 3682]

Ty > ‘
CYFBRAZELXE Y-Y. Li 14
=%/ University of Science and Technology of China . . Z

[Erik J. Gustafson et al., arXiv: 2208.12309]
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Digitization )Y = |G)

infinities in QFT

Kogut and Susskind formulation: [Phys. Rev. D 11, 395 (1975)]

2 1
H =t} sy (WiU¥y + v ULws) + m;sxw;wx + % > E@)?® -1z ZDjTr (b +Uh)

{(xy)

continuous field variables

Gauss’s law operator

G*(x) = —Ef(x) + Bz — 1) + ' (2)T"¢(x)

Gy |P) =

(O Ml A 15

0

Dec. 2023 @ 5.



Digitization )Y = |G)

Gauss’s law operator  G%(x) = —Ef(z) + Ex(x — 1) + V(@) T (x) G2 |P)=0

€ < €, : redundancy makes € > €y, : redundancy makes
the code more error-proof more errors than it can correct
fth
0 > ¢ physical qubit error rate
0.5 1 T T : :
04 F
gauge
ol redundancy:
w o
resilience to
0.2 F
quantum errors
0.1 7 i
AN L=T7 v ivinps
R Fio > Fhve
* Llffl?m'_ _'_'1?_ i [M. Carena, H. Lamm,
0 : , L=20 —— YYL, W. Liu, in preparation]
0.5 0.6 0.7 0.8 0.9 1

€c/€
Gauge symmetry used for error corrections, see Halimeh, et al. Lamm, et al. ...

16 Dec. 2023 @ 5.




Propagation U o) = [9(2))
4 ] - )
ANALOG —1 _ [ Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
| eE [ Superconducting circuits
- ; _J

17
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Propagation U o) = [9(2))

-
ANALOG

— ' ews, —— Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
: e~ iH1 : Superconducting circuits

N | )

DIGITAL  superconducting qubit/trapped-ion system

s — TR bl.lilding bloc.ks: optimal asymptotically?
] _ one-qublt/ two-qubit gate set overload of resources?
: — 1 Ht easy implementation?
_ - U — e 70| < e
e—inét v
t=Nrdt

[Bauer et al, arXiv:2204.03381]

Greasasas vy [ 18 Dec. 2023 @ B3t



Propagation U ho) — [¥(2))

J

-
ANALOG

— ' ews, —— Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
: e~ iH1 : Superconducting circuits

N 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?
i || U — e < e
g0t t = Npot
a Y N
Trotter-Suzuki decomposition Taylor series expansion (LCU) Quantum singular value transformation
H=Y,  H® e~ Mt — (emtHY My Z pr e Mt = cos(Ht) — isin(Ht)
K . k : 5
L T . tH(l) T N ~ 1 —’[,Ht L ei¢00'z W(x)ewjaz - . P(:U) ’LQ((E)*\/ 1—=x
U—[lelez /""] V"’V—ZH( . ) g( ) [zQ(x)m P*(2) ]
i W= | i V|
= T ; 2
p-th order trotterization: © ((E)P) 3 . . .1 . .
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 Ancﬂlary qubits are needed Ancillary qLIbitS are needed
. Simpler implementation ) Complex circuits implementation Complex circuits implementation
g Quantum signal processing, blocking encoding, off-diagonal Hamiltonian expansion, etc... PRX Quantum 4 (2023) 2, 027001
_J

GFemsais vy [ 19 Dec. 2023 @ B3t




Propagation

U o) — [(t))

-
ANALOG

| Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
Evolve with

: e~ iH1 : Superconducting circuits

s

DIGITAL  superconducting qubit/trapped-ion system
TN ey building blocks: optimal asymptotically?
] — one-qubit/two-qubit gate set overload of resources?
_/ : | ‘M B 6_7; Ht ‘ ‘ < easy implementation?
R R
HYBRID METHOD
Casanova et al (2011), Davoudi et al (2021) [trapped ion]
Harmalkar et al (2022) classical preprocessing
Zohar et al (2017), Bender et al (2018) effective interactions
. Klco et al (2018), Kokail et al (2019), Atas et al (2021) state preparations )
Peruzzo et al (2014), Farhi et al (2014) optimization methods
\_ V),

=¥ v - [

A I* .
CYFRHAZEL% & Y-Y Li
=%/ University of Science and Technology of China . .

20
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Propagation Ulpo) — [4(2))

-
ANALOG

Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
Superconducting circuits

N | )

Evolve with
e—th

Trotter-Suzuki decomposition
DIGITAL  superconducting qubit/trapped-ion system P
_ I )
ey building blocks: H = Zl:l H
one-qubit/two-qubit gate set e HF atH® /)"
: —eHt o 1=1¢
- U — e | <€
—
o—iH20t P
RESOURCE ESTIMATION AND CIRCUITS CONSTRUCTION IMPROVEMENT
- | ' 0 SR ' - o
s 103 _PrOJected gate counts (2043): 2.50x10 / hGaVy 1on ¢ OHISI on
0} Lee et al, PRX Quantum 2, 030305, 1 e ol
- Kan et al, arXiv:2107.12769 :
€ o 107 ¢
= 13 5 [Projected g (2033): 2.78x107
(&) o 10 | Projected gate counts (2 :2.78x1
§ e < 10*
10" : é
. S 10
10 ] = . 10§ Kan et al, arXiv:2107.12769'
100 . , , s 1 , , - ' :
2017 2018 2019 2020 20 L e 2030 2035 2040
k Year Year )

CY¥BA2E L v"é Y-Y. Li 21 Dec. 2023 @ Fﬁ/_'ff
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[Propagation U ho) — [¥(2))

U(t) = e kst

- [e—iétKKS e—iétVKS] t/ot

2
KKS:E:Q—T/TI'L2 (x

Vks=— ) —ReTer( )

x’L<j

3 2

T {U, U UL U

e 22
A

o NACE R R Y.-Y. Li

="/ University of Science and Technology of China . o

General Method
[H. Lamm, et al, arXiv:1903.08807]

G —register : |g)

| Ux |g) |h) = |g) |gh)

Ur Y f(9)1g9) =D F(p)ij|psis])

9€G pe@
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Propagation U ho) — [¥(2))

Hr=Kr+Vr
Vi =BvoVks + BviViect -
K;r = BroKKks + Brx1Kar

H i/[phause

S
=
oy
I

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

23

5.1_1 n L[_l =
] p—
Mg H ﬂff
i ﬂTr ﬂi = L[_l
o
Uy U=
Uz
Uy UR
U ok TS
UL H e B HUB
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[Propagation U o) = [9(2)) j

[Erik J. Gustafson et al., arXiv: 2208.12309]

4 )
imo) —P ? % mi)
In0) }/ D L X n1)
00> @ T % 01>
BT discrete group Po) iD ? p1)
with 24 group elements qo) ¢ q)
. T
g = (-1)™i"jort Ho1: o T
~7 :
|qponm> |o§> s 5 8 . |oo)
o) * [po)
|90) s 0
Im1) - D-P-PD-PD—P Ima)
1) . O [n2)
lo1) " * S, S, |02)
|p1) o o ¢ & & O H 1—|p2>
|q1) O T T el |g2)
\ le : U3Uo — U3U6 J

Ur :~1000 CNOT gates
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[Propagation U ho) — [¥(2)) ]

MUp H
Z _> O> uphase Rz (0)
2 ] L[Tr Rz (0)
—1= 1) 1 1
—1
Uy | CNOT
U > Vrect
1
U2> & L L &
U3> N L L D
U4> N i L N
. D
Us) S R.(0) —D
|U1) == i
Uz) = UL Uy ”IilR =3 =
Us) UL nzilﬁ
Us) 54 Uk T —T UR
Us) 1 e e Tyl
[Us) 541 UL B U B U Ul

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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[Propagation Ulpo) — [4(2)) J

0) — -

0) — -

DO~ o) || [ [ [
0) — -

() 0) — -

)= o Tl
gs

[H(o{.”' )®] CNOT®1, [H(a?i )®] =CNOT® 1,
ibm_perth device l l

]:rect = 0.550 .F(S ~ (.25

demonstration of improved Hamiltonian is allowed in the near future

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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To reach the observables — How to do ...

INITIAL STATE PREP MEASUREMENTS
- ~N . . )
hadronic state, topological vacuum state, time-separated correlators, exponentially
thermal state, etc suppressed process, entanglement, etc
b VQE preparation of the baryon mass (V|O(t)O(0)|W) = aief%(W|€_th€_iO€tetheiO€° W)
Hybrid methods ";’; N=4 6000900, ‘ 0.2 p T Z159=00 .
with VQE protocols | o Baryonmassvap) | . ° em=14,9=04
— Exact baryon mass i . y 0.15 + . .
& , I % SU(2) proton PDF-inputs to colliders
O, | | | —~
10} B 01t
--------------- - - - H\
al
_—eﬂ ° 0.05 | 1
' Lamm, et a
6.} o ' ,etal, .
O, X X o . i _ 1 , arXiv:1908.10439 T-Li etal,
0 1 2 . 3 4 5 0 0 0.2 0'4 0'6 0'8 i arXiv:2207.13258
Atas et al, Nat Commun 12, 6499 (2021) ' ' o ' '
L J \_ J
SYSTEMATIC UNCERTAINTIES ERROR CORRECTIONS

finite volume effects, truncation
errors, convergence rate

q pr+q—pi
iT = ‘;.(
Pr Pi

3 mL =20, eL=4

. )
gate error - stochastic and coherent errors
readout errors

i i

[H(Gﬁ’”)ﬂ CNOT®1, [H(a;“)®] =CNOT®1,

) e

[Ta) &

,,:E 6 |\I/4> | ]
— |\I/6> *
|S . |\I}6>110PT &

Noise

*
3 40 | Q
e 20 $ :
&l 0 1 2 3 4 5 6
WH
< Briceno, PRD 103, 014506 (2021) ) L Carena, Lamm, YYL, Liu, PRL. 129, 051601 p
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To reach observables in the continuum limit

TRAJECTORY TO THE CONTINUUM LIMIT

1 ] [M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]

continuum limit: extrapolation to the continuum at £ = a/ay

~

=¥ v - [
RN £ .
CYF¥FBAZLALXE Y-Y. Li
=%/ University of Science and Technology of China . .

B R T ]
23 § i
s 2% 8 / D4 group
S ko W ——— S S S s S ->,\
\; 2.2 E» | i — — __ UO Ul [
§ 915 E L e i g?,(a,a,) =100 - m :
b S A e Us Us Us |
-, gyla,a;) =083 —a— | |
219 - S g% (a,a;) = 0.77 v ] |
4——«-"“ g?q(a, @) =0T —e—si |
2.05 | - | 1 R
0 0.02 : 0.06
Ay <
3
L
s i
9 ! 1 1 ! !
g%{ x 1/10g(a) 0 0.7 0.8 0.9 1 1.1 1.2 1.3
\ gH(a’7at) )
28 Dec. 2023 @ F§ 5%



Benchmarks

PARTON SHOWERING I[arXiv:2102.05044, PRD 103, 076020, PRD 106, 056002, .

-
L =f1(i@ + m1) fr + f2(iP + ma2) f2 + (0p9)*
+ g1 frf10+ gafafod + g12 [fifa + fafi] &

(91: 92; E) = (21 1: 10_3)

(b)

~
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CYFERAZEL*X G Y-Y Li
University of Science and Technology of China . .
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o
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5200 43
o "" 20
= 600 15
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the maximum cut entropy at D < 128 very
likely not converged after ¢ = 700

[Milsted, et al, PRXQuantum.3.020316] /
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“Itis time to go”

SUMMARY and OUTLOOK

Quantum computing can access to quantities in high energy physics which are
intractable with classical methods

So many things to do, ... and lots should be done to before scalable noise-resilient ones

are available.
Discretization ’ —»> é§ § KS Hamiltonian
= -~. ;ﬂ'-)

Digitization )" —|G) truncation, discrete subgroup, ...

Initialization Uu |G>L — |¥o) ground|thermall/particle state prep

Propagation U o) = [¥(2)) Trotterization, variational approach,
+ Taylor series, ...

Evaluation (O) Parton distribution

function, particle decay, ...
Error mitigation

Theory investigations, algorithmic developments, benchmark study, hardware co-design, ...

\- J
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BACK UP
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-1973: Standard Model

=BT (BEKF)
I Il 1]

BB | =2.2 Mev/c? 8 GeV/c? ~173.1 GeV/c2 0 V) =125.00Gev/c?
B 2/ 2/3 2/3 0 0
Eﬁg / u/ 1/2 C/ 1/2 t/ 1 0 H
i l B FIRIIREF
£ | E7 [ ’ F )
7 Mev/c? =96 MeV/c 4,18 GeV/c? 0
/ 1/3 -1/3 0
/ d/ 1/2 S/ 1/2 b/ 1
T ) & || B || %2
/e ~105.66 MeV/ 68 GeV/c? £91.19 GeV/ )
1 0
! e/ 1 p‘/ 4 T/ ! *An..
BT uF F IHEF ?‘é
— -/ -/ 4
<2.2eV/c? <1.7 MeV/c* <15.5 MeV/c? =80.39 GeV/c* )
0 0 0 +1 I&
Eé 12 ve/ 12 V& 12 v'[/ 1 w @
BHF HERTRF T WHEEF
+ J J _J +

1897-2012:
electron, muon, tau lepton, gluon, W and Z boson,
top quark, tau neutrino, Higgs boson

1967-Now
naturalness
problem

1960s-Now
neutrino mass

DAD N2 2
2 _ 3ypA 3g°A 3AsmA
omgyy ~ 1672 e -

Wiz H
: H Q &
higgs ----Q---

strong dynamics

=¥ v - [

SN

CNFERAZLLXE Y-Y Li
./ University of Science and Technology of China . .

Puzzles We
Encountered

1940s-Now
baryon
asymmetry

Primordial
Antimatter

1933-Now
dark matter

R (x 1000 1y)

1960s-Now grand unified theoy?

Strong CP problem

P 07 precision
2= _ZG MRV L measurement

n —-10

6510 rare events

CP-violating phase in the CKM
matrix is about 7/3
complex action
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(- )
Propagation U ho) — [¥(2))
.

Anisotropic Parameter £ = a/a; Renormalization

e numerical results is pretty tedious—saving measurement on the Euclidean side
* Preferred for analytical continuation

e Determine the fixed anisotropic trajectory

e Continuous group agrees quite well with their discrete subgroups

4'5-_ 2 +1d SU(2) f—Oneloof) - Be Ns Ne £ [&1-1o0p §
& — Teper Bl SU(2) [111]
| D=3
4.31 2.00 36 72 2.00| 2.097 2.099(1)
. 2.00 12* 60* 4.00| 4.278 .- 4.35(19)
| 2.65 16> 64> 4.00| 4.207 -~ 4.22(11)
4.11 3.00 36 72 1.33| 1.351 1.369(19)
~ 4.00 24* 96* 4.00| 4.136 - -- 4.08(9)
| m u o4
g - - - - - - 3.0 36 72 1.33| 1.351 1.36(1)
2.0 2.5 3.0 3.5 4.0
Be
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Theoretical inputs

to colliders

Parton Shower

v

Yy

-‘-—-“’:‘-‘t'

| y ry |
Vv

\4
Resonance Decays

14

]

=¥ v - [

SN
CNFERAZLLXE Y-Y Li
=%/ University of Science and Technology of China . .

Parton Shower

Long-distance dynamics - dominated by
massless modes, high multiplicity final states

c=HRJ1® - ®J,®585

collinear soft

Lattice: in principle, sign problem
State-of-art tech (MCMO):
probability level—interference
not properly included

[arXiv:2102.05044, arXiv: 1904.03196,
PRD 103, 076020, PRD 106, 056002,...]
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-Now-: precision measurement

B Proton collider

M Electron collider

[] Electron-Proton collider
mmm= Construction/Transformation

Possible scenarios of future colliders

< dyears __9years NITGPINNCNY 500 GeV Preparation
% 20km tunnel
-
8 years .
_g e 522(6:}:%/;22/240 oey SppC aim similar to FCC-hh
- 100km tunnel S
O 11 years . )
EE— FCC hh: 150 TeV =20-30 ab-
8 years FCC-ee: 1.7 ab
90/160/250 GeV
100km tunnel S — o FCC hh: 100 TeV 20-30 ab
8 years 5 ye ‘i - 7
T FC(E, llh 100A TeV 20-30 Vab 1
P 8 :
& HL-LHC: 13 TeV 3-4 ab-! s &
O
2years 6years |LHeC: 1.2TeV
E— ) 55 | ab-10 FCC-eh: 3.5 TeV 2 ab?

S years AL CLiC: 380 GeV 3 Tet\)/
11 km tunnel 1.5 ab! 5 ab1

o tinnel 20 km tunnel [Heather M. Gray, 2021]
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[Jorge de Blas, et al, arXiv:1907.04311]

-Now-: precision measurement

Future Circular Colliders

Possible scenarios of future colliders i (%) CEPC FCC-ee
0
240 GeV 240 GeV 365 GeV

& DAAS 17 ZIcH |.c: 250 GeV 500 GeV e
% 20km tunnel 2 abt 4 ab-1 unpoilarize
- m tunnel 10
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- 100km tunnel S
= |
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= 8 years
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| I |
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29 km tunnel 50 km tur “ZZ 15.0 15.9 _
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wl) 6.84 9.00 18.0
gg T
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