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QUANTUM COMPUTING
Quantum computational advantage using photons
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Google Quantum Al Roadmap

IE

Our quantum

computing roadmap

Willow (2024)

-
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QOur focus is to unlock the full potential of quantum computing

by developing a large-scale computer capable of complex,
error-corrected computations. We're guided by a roadmap
featuring six milestones that will lead us toward top-quality quantum
computing hardware and software for meaningful applications.

O O O O O O

Milestone 1 Milestone 2 Milestone 3 Milestone 4 Milestone 5 Milestone 6

Beyond classical Quantum Building a long-lived Creating a Engineering Large error-corrected
error correction logical qubit logical gate scale up

Prrvsicol Qubitg: 54

Logical Gubit Errer Rate: -

Prysical Gubits: 10
Logical Cuit Error Rate: 10

Priysicsl Qubite: 10
Logieal Cubit Ecree Rate: 10

%29/ LHC Mini-workshop

quantum computer

Prysicsl Qubites: 10*
Logical Cubit Error Rate: 10

Physical Gubits: 104

Logicol Cubst Ercor Rato: 90~

Prrysical Qubing: 10*
Logical Qubit Error Rate: 10
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Difficulty & Usefulness

Random circuit sampling (RCS): in context

To date, no quantum computer has outperformed a supercomputer on a commercially
relevant application. Our latest research is a step towards that direction.

Google Quantum Al

RCS is the hardest leﬁcu":y
benchmark that can be A Beyond-classical applications
done on a quantum
computer today. > @ Random circuit sampling (RCS)

Classically intractable | seesescesvesssrseTeas .- e e e e e e e e S e e e
(years on supercomputer) ¢

Classically expensive | e e e e e
(months on supercomputer) entanglement
‘ Quantum ML
oToC QC+QMC
! chemical
Kardar-Parisi-Zhang simulation
Beyond-brute-fOfce Eratenis Ising "
(days on workstation) Non-Abelian braiding Bound photons
i Hartree-Fock
Thme Wormhole Many-body scars chemistry
crystals dynamics :
>
Commercial relevance Usefulness

yIIE:= 21
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1BM Technology Atlas

Quantum roadmap

The future of
computing is
quantum-centric.

Updated October 2024
@ rompleted

& pushed to next year
%) on target

Quantum journey & Introduce parallelization %) Demonstrate quantum- Aufomate and increase the Scale quantum computing. Deliver a fully Deliver quantum-centric
of quantum computations. centric supercomputing. depth of quantum circuits. error-corrected system. supercomputers with
1,000's of logical qubits.
Strategy overview & We will improve the quality %) In 2025, we will demonstrate ‘We will enable quantum circuits ‘We will scale qubits, We will bring users a quantum Beyond 2033, quantum-centric
and speed of quantum circuits the first quantum-centric super- with 7,500 gates through circuit electronics, infrastructure, and system with 200 qubits capable supercomputers will include
to allow running 5,000 gates computer by integrating modular quality improvement. software to reduce footpring, of running 100 million gates. thousands of qubits capable
with parametric circuits. processors, middleware, and cost, and energy usage. The of running 1 billion gates,
quantum communication. We will quality of quantum circuits unlocking the full power of
also enhance the guality, execu- will improve to allow running quantum computing.
tion, speed, and parallelization of 10,000 gates.
quantum circuits.
Why this matters & Qiskit Primitives with error &) We will make guantum By running circuits with more Scaled quantum systems Users will be able to run large- Quantum computers running
to our clients and mitigation will provide the foun- computing easier to use by gates, clients can expand their will allow users to run larger scale problems using high-rate algorithrms using thousands of
the world dation platform where algorithm abstracting quantum circuits use case exploration. Circuit computations. Multiple QUANTUIM Effor CORECTion. logical qubits are expected to
and application developers can into quantum functions and mapping collections will simplify computing resources will enable general applications in
focus on the workflows and get Qiskit patterns, opening the mapping use cases to guantem Ibe seamlessly combined to security, chemistry, machine
the best guality out of the quan- way for domain libraries. circuits. aptimally handle workflows and learning, and optimization.
tum hardware. extend the computational reach
of quantum systems.
The technology or & Built-in eqror mitigation ¥ We will demanstrate & quan- To improve performance Intelligent orchestration will A novel and efficient error Efficient logical decoding will
innovations that will will automatically determine tum node as part of a network and allow running more analyze workflows to identify coarection code will extend enable 2,000 qubits working,
make this possible the best method to reduce the that incorporates classical complex algorithms, we will the optimal resource allocation the computational reach of in & distributed 100, 000-qubit
effect of noise. and quantum communication. enable the decomposition of (QFUs, communication, and quanium respurces. The system machine. The middleware will
& Transpiler sarvices will Resource management tools quantum circuits into shorter classical resources) for the will have low-level dedicated include distributed software
optimally rewrite circuits for will enable system partitioning, circuits, run these in parallel task. Qiskit will orchestrate classical hardware and a tools to manage noise-free
hardware, taking advantage manage quanium and classical using multiple quantum chip approaches to handle errors o compiler for guantum-centric quantum compuiations working
of AL workflows, and parallel execu- processors, stitch these circuits provide noise-free outputs to Supercomputing. seamlessly with classical
& Watson Code Assistant will tion. Qiskit will provide libraries back together with classical the users. Working alongside computations. Qiskit will inclwde
help users write Qiskit code to of quantum functions and high- hardware, and automate the clients, we will build and make general purpose guantum
program guantum systems. er-level AFls for faster algorithm process of mapping use cases available use-case- computing libraries to simgplify
and application development. o quantum circuits. specific libraries in Qiskit. the work of developers.
How these & Multiple higher-guality 100+ %) Pre-built Qiskit functions These achievements in 2026 The performance of our The Starling system will Our 100,000-qubit Blue Jay
advancements will qubit Heron processors. will and optimized libraries will are slated to be integrated with Flamingo systems will improve bie available to clients. It system will define 2,000 qubits
be delivered to [EM be connected using classical become available. Dur multi- our modular Flamingo systems 1o allow users to run circuits will be a modular, error- capable of running & total of 1
clients and partners communication. quantum-chip Flamingo system, to allow wsers to run circuits with up to 10,000 gates and comrected quantum-centric billion gates. The middleware will
comprised of processors each with up to 7,500 gates and 1,000+ qubits. supercompuier with 200 integrate this system into ever
made from multiple chips, will be 1,000+ qubits. qubits capable of running a maore powerful quantum-centric
demonstrated. total of 100 million gates. SUpErCOMpUters.
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Dataset (TrackML)

TrackML is an open-source dataset
prepared for TrackML Challenges (two
competitions hosted by CERN &
Kaggle).

It is designed w/ HL-LHC conditions
(200 pileup) & run w/ fast simulation
(e.g. noise, inefficiency, parametrized
material effects, etc.)

Only tracks w/ pr>1 GeV in the barrel
are considered.

QUBO is computed event by event
using hepgpr-gallse framework.

Thanks to Andreas Salzburger for
suggestions and discussions!
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https://github.com/derlin/hepqpr-qallse

Dataset

* Three sets of e+e- collision events are generated
to consider various jet multiplicity:

« Z>qq (Vs=91 GeV, 2 jets),
« ZH->qqbb (Vs=240 GeV, 4 jets)
. tt >bbqqqq (Vs=360 GeV, 6 jets)
« Delphes card with the CEPC 4t"-detector
concept is used for the fast simulation.

 Jets are reconstructed from the particle flow
candidates.
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==&=-- Track Finding (Run-2) —@— Track Finding (ITk)

==7/A=+ Ambiguity Resolution (Run-2) —gk— Ambiguity Resolution (ITk)

At the HL-LHC, CPU time exponentially increases with pileup,

leading to increase in annual computing cost by x10-20.

Tracking is the most CPU-consuming reconstruction task.

Jet reconstruction is also known to be CPU-intensive.

GPU & ML-based approaches are actively investigated for tracking,
but quantum algorithms may also bring in innovations.
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Tracking as Optimization Problem

« Tracking as an optimization problem: a global approach to reconstruct tracks in one go.
(—iterative approach: Combined Kalman Filter)

Stimple-Abele & Garrido (1990): generate all potential doublets with some cuts applied & pursue a

binary classification task (i.e. solve an Ising/QUBO problem) to determine which ones should be kept.

Modern quantum computing versions: quantum annealers w/ doublets (A. Zlokapa et al.) & triplet-

based (F. Bapst et al.) approaches; quantum gate machines (L. Funcke et al., H. Okawa, etc.)

RNZEH
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186 particles in a phi slice of 11/3
precision (%): 98.5, recall (%): 98.4,
trackml score (%): 98.35 800

400

200
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https://link.springer.com/chapter/10.1007/978-981-97-0065-3_21

SI m u I ated B Ifu rcatl O n (SB) Goto et al., Sci. Adv. 2019; 5: eaav2372

Goto et al., Sci. Adv. 2021; 7: eabe7953

N Connectivity Jij Machine TTS |
-10,000 f SBM 9.2 us h Il
60  All-to-all {1
-20,000 f
>
>
2 30,000+ RBM gg u:
) 100 All-to-all {£1} SimCIM 0_5“
£ 740,000 c 3.0 ms
w
~ -50,000 | 0.70 ms
200 (592?22‘%) {0, -1} QA 11 ms
=60,000 [ e s
_70’000 Lol L 11 III;I] Ll Lt Graph size Algorithm Hardware Time(s)
1 0-3 1 0_2 1 0-1 1 1 0 TTN CPU 1 core 5.62
Com putation tlme (mS) Brute-force search® GPU Titan V >10%
4x4x8 Exact belief CPU 1 core ~0.96
- . propagation
« SB is known to outperform quantum annealing (QA) and | A" D wave 08
. . . . bSB CPU 1 core 0.12
other qguantum-annealing-inspired algorithms for some i e R ——
TTN CPU 1 core 32400
prOblemS- TTN* GPU Tesla V100 84
8x8x8 Brute-force search® GPU Titan V >10'%°
* We have brought SB into high energy physics for e CPUTcore 2880
the first time in the world! dse CPUTcore 176
dsSB GPU Tesla V100 <0.68

AINEF % 29JELHC Mini-workshop Q.G. Zeng et al., Comm. Phys. (2024y7.249



Quantum-Inspired

N N N N
Hsa(x,y, ) = 30 Dy2 + SNt 4+ BP0 575"
i=1 i=1 =1 j=1
== a)’,' s i
; aH\B : &
Yi— Bx, [K C: p(t) + A]xi + g(),‘z] ],'J'X,'

“Quantum-annealing-inspired” algorithms search for ground
state through the classical time evolution of differential
equations.

Simulated bifurcation (SB) emulates quantum adiabatic
evolution of Kerr-nonlinear parametric oscillators,
exhibiting bifurcation phenomena.

Three variants exist depending on how one handles the
continuous treatment of the spins (x;): aSB, bSB, dSB

RINER 29fFLHC Mini-workshop

Vi = 3 (& + =2y '“ZZ Jijit
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adiabatic SB (aSB; original)

N

N
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1

1=1

ag — alt)
o) 322

Z i1

Ivl—

>0, otherwise. | ballistic SB (bSB)

N N

— a(t) 4
n S 2SS st <19

im1 i=1 j=1 d|screte SB (dSB)

00, otherwise.
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Energy (a.u.)

Ising Energy w QAIAS

N = 10295

-1752.51
-1755.0+
-1757.51
-1760.0+
-1762.5
-1765.01

-----------

-1767.5{ ¢

8
e}

o

----------

dSB

Dwave-neal

Energy (a.u.)

-3520 1
-3525 A
-3530 A
-3535 -
-3540 -
-3545 A

-35504 =

N = 67570

o]

: bSB dSB

----------

Dwave-neal

N = 109498

-4120
—~ -4125 1
3
s
=
T —4130
c
Ll

-41354 = :

~41404 1 , ,

: bsB : dSB Dwave-neal

-----------

e Ballistic simulated bifurcation can find the lowest Ising enerqy with
the smallest fluctuation for all events considered.

 Discrete simulated bifurcation provides slightly degraded energy prediction
to bSB & D-Wave Neal, though the impact on the track reconstruction

performance is not significant (see next slide).

RNZEH
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Computation Speed

Only 1 CPU/GPU used respectively

— bSB Data Information Time to target [s]

—1000- —— bSB (GPU) # of particles | QUBO size | bSB [ bSB (GPU) [ dSB [ dSB (GPU) | D-Wave Neal
—— dSB 409 778 0.007 0.021 0.032 0.092 0.060
dSB (GPU) 818 1431 0.012 0.019 0.293 0.478 0.169
> — Dwave-neal 1637 2904 0.012 0.019 0.293 0.478 0.169
& —2000; 2456 4675 0.014 0.017 - - 0.479
Py 3274 6945 0.032 0.022 - - 1.229
c 4092 10295 0.005 0.022 0.015 0.065 0.030
L 4912 14855 0.027 0.016 - - 2.165
—3000; x10% faster!!! 5730 22022 0.109 0.042 - - 3.853
8187 67570 0.488 0.028 - - 404.297
8500 78812 1.899 0.108 - - 785.732
_ 4000 _ 8583 80113 1.321 0.067 _ _ 93.782
: - 9435 109498 3.884 0.140 - - 1366.808

1072 1071 1 101 102 103

Running time (s)

« Ballistic simulated bifurcation provides 4 orders of magnitude speed-up (23min =2 0.14s) from D-
Wave Neal at most (D-Wave gbsolv is even 2 orders of magnitude slower than Neal).
-> More speed-up expected with larger data size.

« Unlike D-Wave Neal, simulated bifurcation can effectively run w/ multiple processing, GPU &
EPGA - Perfect match with HEP computing environment!!

e
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Quantum Jet Reconstruction (lterative)

« Jet reconstruction is a clustering problem. Quantum algorithms may bring in acceleration.

« Afew algorithms were considered to replace the traditional iterative calculation. Expected to

bring in speed-up, but still at a conceptual stage.

Quantum K-means, Quantum Affinity
Propagation (AP), Quantum Kk;

Computes distance

in Minkowski space Assigns each particle to the

nearest centroid

® e
0 —{ I X _ o, ®
‘ > H H |/7( 0y —f — — |0} @ : w%eg)g?ize .
/ iy o, &
[h1) 3 | | ey R
L )

‘U2> QRAM v

] ENCODING IR
0) —{#]} H—~

7 - — %2,
1) - —

R — — In) : 7 08 ~ - 10
2 10 ~ ~ 0.8

‘»92> meas: 0 1 n—2 n—1 12 - N 06

« Similar studies: Grover search
guantum K-means
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Ising Energy Prediction

etfe=2>722qq ete > ZH =>qqbb ete > tt >bbqqqq
1750 7000 § 1040 [
1500 0000 [
31250 55000 S10% % ;
< <4000 < :
31000 S 2 % x10
: 2 3000 i £10%¢ —
7
50 T 2000 T ...........
[ ] []
e — 1025 : ;
:0' E 1000 R R s . == E
250 P 0 N :
Neal : bSB : dsB Neal i bSB dSB Neal 2, 098 458

»*
-------------------

« Fully-connected QUBOSs are difficult to solve; it is known that quantum annealing
hardware is not good at solving them so far.

* This is in contrast to track reconstruction, in which the QUBOSs are largely sparse.

« Ballistic SB (bSB) predicts energy lowest with the smallest fluctuation.

* Performance is especially outstanding for 6-jet QUBOs - bSB can find x10 lower
minimum energy for the all-hadronic tt events!

AINFEFH £ 29J/8LHC Mini-workshop 32




Resemblance to FastJet

bSB dSB D-Wave Neal

# of particles grouped in the same way as k;

# of particles in meaningful jets found by &; cre-mzagn &N e 7o e 520 ad
8000 = ce-kt bSB E — : 5000 =1 ee-ktdsB =1 ee-kt D-Wave Neal
=1 angle bsSB " ‘. 2000 =1 angle dSB 3000 =3 angle D-Wave Neal
Resemblance/efficiency = Success! %" 4 -
Cr er ) ) 2 4000 £ g
compatibility of jet assignment . " 2000
.. 2000 1000
w/ the traditional FastJet. B i .
0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 0.8 1.0
Jet Efficiency Jet Efficiency Jet Efficiency
bSB w/ ee-k, provides the 7
. .. ete” —» ZH - qgbb ete” - - qgbb ete” = ZH - qgbb
highest efficiency & can = " e A 4000 £ cokt Nea
. 8000 = angle bsB ] 3000 =7 angle dSB 2000 =3 angle Neal
reconstruct multijet events. g0 g, Jets totally , P
2 om| * unreconstructed 5% 570 /ZH
Angle-based method only works m;,‘ _“. o 1000 1000
for dijet. = misses many jets o o=l L 00 02 os 05 G 10
Jet Efficiency Jet Efficiency et Efticiency
D-Wave Neal has degraded LR ever o i - bhdad ete- - tf - bbgdad
. . ete” > H = bbgeq L L - = ee-kt Neal
performance already in dijet. <000 = oot I Rl = ogeds £ ange Nea
2000 w
.. _53000 = g 1500 £ 1500
dSB also has lower efficiency than . g £ oo
bSB & cannot handle multijet. 1000 _,_.J_ 500 00
Poo 02 os _ve o Lo 00 o Jgi:4Efficiegi:6y oo o2 Jg£4Efficiegt6y oe e

e
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Computation Speed

e*e > ZH >qgbb

Ising Energy

o -
w [=]

o
=3

0.7

0.6

0.5

Jet Efficiency

—— Neal

efe2>7Z2qq

—— Neal
———5HSB-

bSB (GPU)
—1——dSE

102 107! 1
Running time (s)
>/“—7 -------- P
PO s i
bSB (GPU)

—— bSB

—— dsB
—— dSB(GPU)

107t
Running time (s)

1

10000
15000 A\ neal
; —— bSB
A bSB (GPU) 8000
12500 _ \ — dsB
~ ' — dsB =
= (GPY) S 6000
210000 S
= >
>
S 7500 2 4000
5 &
5000 o

Efficiency

1072 107t 1

—— Neal

—— bSB
bSB (GPU)

—— dSB

—— dSB (GPU)

1072 107! 1
Running time (s)

' t 0
10!

10!

Efficiency

Only 1 CPU/GPU used

e*e > tt >bbqqqq

107!

_____________

Running time (s)

» Ising solvers usually continue to improve energy prediction w/ running time.

—— Neal
—— bSB
bSB (GPU)
—— dSB
—— dSB (GPU)

T —

— E
—l
—

10 102
_«2 —— Neal
> —— bSB
bSB (GPU)
— dSB
— dSB(GPU)

 bSB significantly outperforms dSB & Neal (& an order of maganitude speed-up w/ GPU)

« D-Wave Neal is trapped in a local minimum (x10 worse energy prediction for tt). dSB is slower
In energy convergence & less successful than bSB for energy prediction.
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