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2025: 100t Anniversary of QM & Spin

Werner Heisenberg https://www.bnl.gov/centuryofspin/

“Quantum-mechanical re-interpretation

of kinematic and mechanical relations”
(translation used in “Sources of Quantum Mechanics,
edited by B. L. van der Waerden (1967))

879

Uber quantentheoretische Umdeutung
kinematischer und mechanischer Beziehungen.

INTERNATIONAL YEAR OF

Quantum Science
and Technology

Von W. Heisenberg in Gottingen.
(Eingegangen am 29. Juli 1925.)
In der Arbeit soll versucht werden, Grundlagen zu gewinnen fiir eine quanten-

theoretische Mechanik, die ausschliefilich auf Beziehungen .zwischen prinzipiell
beobachtbaren Gréfien basiert ist.

« UNESCO proclaims 2025 as the International Year of Quantum Science and
Technology, celebrating the 100" anniversary of the initial development of
quantum mechanics (i.e. Heisenberg’s paper accepted on 29 July, 1925)

« It is also the 100" anniversary of spin introduced by Uhlenbeck and Goudsmit.
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2"d Quantum Revolution: A New Era

 1st quantum revolution: lasers,

transistors, nuclear magnetic resonance,

etc.

« 2"d guantum revolution: Identification
and control of a single quantum bit for
the first time in human history. Arrival
of commercial guantum computers.

* Quantum supremacy for random number
generation in 2019/2020.

» Recent significant speed-up in
Willow/Zuchongzhi-3 & surface code
implementation = a milestone towards
large-scale quantum computers.
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Quantum Computing Technologies

Quantum Gates

« Uses quantum logic gates. Is universal computing.

 Most quantum computers adopt this approach

Quantum Annealing

* Uses adiabatic theorem to seek for Hamiltonian
ground state.

* |s non-universal, only applicable to optimization
problems.

Quantume-inspired

 Classical algorithms: Simulated annealing,
simulated coherent Ising machine, simulated
bifurcation, tensor network, etc.
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Noisy Intermediate Scale Quantum

Error-tolerant Quantum Computers
NISQ era ] ~
_llﬂ_lmshy Ir;termgdlaie Scalée C}uamuni'l Superconduc {o] =
i hdll | - Heron 133 qubits
Quantum —
Supremacy ;7209;:- I o
; 22Q920Q. : Google
CbZ ; ¥ IBM
. QQ s : Rigetti >
5Q | Q | < lon
“r P | — Superconductor Superconductor PhOtons
2015 2020 2025 Xiaohong Wukong JlUZhang'3 255 qu|tS

504 qubits 72 qubits
Now is the era of Noisy Intermediate Scale Quantum (NISQ) computers (>~50 qubits),

Error mitigation is actively introduced in various hardware. Error-tolerant quantum computers
are starting to show up in ion-trap hardware.
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Why Quantum Computing?

Annual CPU Consumption [MHS08years]
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Future colliders (e.g. HL-LHC, CEPC, EIC) will Rt
enter the EB era from the current PB-scale .

Strong interaction dynamics is difficult to

simulate classically from the first principles.
At the HL-LHC, annual computing cost will «  Non-equilibrium, non-perturbative, complexity of
increase by a factor of 10-20. CEPC Z-pole many-body quantum systems, quantum
operation will experience similar challenges. interference, sign problem, etc.

operation.
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QC Applications in HEP

Experiment Theory
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. Quantum .
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About quantum simulation, see also:
Hideki Okawa

SPIN 2025



Experimental
Applications
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Full Experimental Workflow

COLLIDER EXPERIMENT TRIGGER & DATA
0 ACQUISITON

Classification, Anomaly

’E

Experimental w, Pattern Recognition, Detection, etc.
Data w— Clustering ANALYSIS
O,o RECONSTRUCTION
[ ]
Quantum simulation, Generative Models o ° @ %
Generative models O °
Monte Carlo ] S S
simulation ,m @ @

« All steps require a significant amount of computing resources!
« State-of-the-art machine learning is currently being introduced/considered at all levels.

« Can we introduce quantum computing to these tasks?
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Combinatorial Optimization Problems

©TOSHIBA

Combinatorial
Jetftrack santem Ising problem Ising machine
et o Optimization gp 9

Classification NP-complete* Specific purpose solver
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 Practically complicated problems can often be formulated as combinatorial optimization
problems/Ising problems = Ground state of Ising Hamiltonian corresponds to the answer.

Non-deterministic Polynomial time

» They are generally NP-complete problem: no efficient algorithm exists to find the solution.
- But quantum approaches can provide quasi-optimal answers!
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Tracking as Optimization Problem

Tracks are formed by connecting silicon detector hits: e.g. triplets (segments w/ 3 hits).
Doublets/triplets are connected to reconstruct tracks & it can be regarded as

a guadratic unconstrained binary optimization (QUBO)/Ising problem.

N N N
O(a,b,T) = Z' a.T: + Z' Z' b.T.T, -
il y=i-J bii-0 Q% ignored o conflicts non-exhousive
i=1 I<i i S e a &, ez ':3\’
@ Il t.\\\ \\’b'-l‘__‘__‘---—--:') y
Quality of Compatlblllty no shared hits ~o X a.® B
triplets b/w triplet pairs oo . Quadruplets e
ldg| 20| Mo N - . —° L
(1.1':(]&(1—6 v )+6(1_€ A )-, - bij-C (> 0)
b; = O (if no shared hit), 1 (if conflict) - bj--Sj (< 0)
= -S; (if two hits are shared) e . . . .
’ Minimizing QUBO is equivalent to searchin
o _ L= 3(8(a/pria/pry)| + max(50:,50,) J : Searching
= (1+H, + H,)? = for the ground state of the Hamiltonian.
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Quantum Optimization Solvers

Quantum annealer looks for the global minimum g ees (@ (b) (©

based on the quantum adiabatic theorem 0o 1

(+quantum tunneling). % o LT

bosihssey - v QD e <

Quantum gate machines can also solve Ising

problems with variational circuits & Trotterization; () - T

it is a hybrid with classical optimizers. Wj . E : mjm,m |feoe B /ﬂ?ﬂ

 e.g. Variational Quantum Eigensolver (VQE), (.Quan’Fum 5 o — Mt | lejz j
Approximate Optimization Algorithm (QAOA), imaginary Variational parameters Optimization
Hamiltonian variational ansatz (iHVA), Imaginary Time [‘/(71-72-~4p).ﬁ(31,327..,,3P)J mae £ (7. 9)

Evolution-Mimicking Circuit (ITEMC).

Quantum-inspired algorithms search for ground

state through the “classical” time evolution of \\\/ Ly
. . . \ Y9y
differential equations. i

* e.g. Simulated annealing (SA), simulated bifurcation (SB) & '/; & /- Vit "oy

H : & - a\\
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Tracking with Quantum Algorithms

Quantum annealing

(w/ triplets)
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Hidden Dimension Size

Quantum annealing
(w/ doublets)
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Minimum Energ

Tracking with Quantum Hardware

» # of triplet candidates determines # of qubits
required > HL-LHC conditions (~O(0.1M)
qubits) do not fit into the current scale of
guantum annealing & gate computers

« QUBO is split into sub-QUBOs. There is no
visible degradation in Ising solving precision,
but the computation speed degrades by a
few orders of magnitude.

QUBO

To a, 0 =+« 0 T“ ....................

T b,a, s+ 0 T - o
0GbD- I I [l el rpletvalues /7

11 b, b, an)|T
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Convergence
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\ Recombine

Variational Quantum Algorithm
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Parameterised circuit Ground state

H

Final solution

Track Finding with QAOA
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Quantum-Inspired Track Finding
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Ising Energy vs computing time
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Running time (s)

Quantum-annealing-inspired algorithm can DIRECTLY handle the HL-LHC dataset.

SB provides comparable or slightly better efficiency & purity than D-Wave Neal SA.

bSB provides 4 orders of magnitude speed-up (23min 2 0.14s) from D-Wave Neal for HL-

LHC data (cf. D-Wave hardware with gbsolv is ~2 orders of magnitude slower than Neal).
SB can effectively run w/ multiple processing, GPU & FPGA - Perfect match with HEP!!

Hideki Okawa
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Clustering Jets

M Caoféi“ari, GP Salam, G
SoyezE, JHEP 0804:063 (2008)

Parton level

......

Particle Jet Energy depositions
CMS Collab. P in calorimeters

« Due to color confinement, gluons & quarks cannot exist on their own; they spray
collimated arrays of particles.

* Clustering those particles as jets provides important proxies to understand
the original quark/gluon kinematics but is a non-trivial & CPU-consuming task.

« There have been numerous classical algorithms proposed & used for decades.

Hideki Okawa SPIN 2025 16



Quantum Approaches (lterative)

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

« A few 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 k;

Computes distance

In Minkowski space nearest centroid

Assigns each particle to the

‘0> _E @ |/7( 0y — — — |0y E
[¥1) ¥ | | . = R
|2} | aram 1B
ENCODING !
o A §
- H e B 2,
1)
l2)

« Similar studies: Grover search
quantum K-means

Hideki Okawa
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Quantum Approaches (Global)

Quantum Gates (e.g. QAOA) Y. Zhu et al., Sci. Bul. 70 (2025) 460
30-particle data (e*e->ZH->vvss) 6-particle data (e*fe->ZH->vvss)

Quantum Annealing (Thrust or Angle-based)

A. Delgado, J. Thaler, H; \ Hpg
PRD 106, 094016 (2022)
~
201>, D 215", 7
> i1 |Pil > i1 Pil Hy \
Thr QBC
ete-, Vs = 91 GeV e+e-, Vs = 91 GeV
- Thrust Angle-based
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average angle between reconstructed jet and quark

| EEE QAOA simulation | B Quafu quantum hardware
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Jet reconstruction can also be considered as a
QUBO problem.

D. Pires et al.: Angle-based method has better
performance than the Thrust-based method, but
degrades in multijet (N._.>2) events.

Y. Zhu et al.: Used small-size dataset & evaluated
average angle w/ QAOA in Quafu (AtREFRER).
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Particle Flow ¢

Quantume-inspired multijet clustering

QUBO Formulation

400 ete~ - ZH - qdbh e*te” - tf - bbadqq
Njet N]llpllt N1nput Njet 2 2 oo fssnan oot H 150 :EZS;I;;SE';#GZE?;GGV
I]'lultl_](_,t (n) n) (n) i 125 as
Ogueo (#:) =) > Quz"z)" + ) Z 1= =", ; -
n=1 i,57=1 n=1 ézoo 'é?s o
: 4 -
Defines distances b/w  Avoids double/none-assignment 1o 4 N N N
particle flow candidates of particle flow candidates L rereareal® e o et "
0 50 mb:?gev] 150 200 75 100 125mbﬁ1?gev]175 200 225
This work Previous method _ _ _
. o Dhococ X - - « QUBO matrices for jet reconstruction are
ete” - tt - bbgqqq ete~ - tt » bbgdqq :
L.om OlmE 1.0m ~ fully connected unlike the track
bSB ee-kt - Nealangle E _ _ -
0.5m § 0.5m @ reconstruction, exceedingly difficult to solve.
L \ 2
0 @ O » 1st successful global multijet clustering w/
U - L] L]
05 . ‘ 2, bSB quantum-inspired algorithm.
0. @
1.0m | 1on * Invariant mass resolution improves by
0 025 0.5m 0.75m 1.0m 0 025m 0.5m 0.75m 1.0m !
Particle Flow 6 Particle Flow 6 6~7% for nggs bosons/top-quarks.
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G e n e rative M Od e Is Quantum-classical hybrid GAN

(difficult to proceed beyond a simple generation from PDF)

Quantum Generator
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o, Model Quantum ¢ 107 IBM (F. Rehm, S. Vallecorsa, QuantumCTek (E/&F)
bl Annealin — .. .
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PDF (Real Hardware Noise)
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0.00

0 1 2 3 4 5 6 7

« Simulating particle shower development in calorimeter is verS/ CPU-consumigg.
Classical generative Al has been intensively introduced (GAN, VAE, diffusion etc.)

* Quantum Al may bring in training speed-up & performance improvement.

» Two strategies: (1) quantum-classical hybrid / quantum-assisted, (2) fully quantum.
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Lu et al., arXiv:2412.04677; J.Q. Toled-Marin, et al., npj Quantum Inf 11, 114 (2025); S. Hoque et al., EPJC (2024) 84:1244

Hybrid: Quantum-Annealing-Assisted VAE

Quantum-assisted workflow:

1. [Classical] Conditioned Restricted Boltzmann
Machine (RBM) is trained to learn the
representations compressed by the encoder.

2. [Quantum] Classically trained RBM is loaded
onto D-Wave Advantage quantum annealer.
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plzlx,e) . H(FH pErxize
/

Layer 40 Layer 44

3. [Classical] Decoder generates events from
quantum-annealing RBM sampling.
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Quantum Annealing
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Full Quantum: QAG (Quantum Angle Generator)

--0.25

5

F Rehm et al., Quantum Sci. Technol. 9 015009 (2023) Inter-pixel correlations XZ Huang, WD Li

10) Geant4 AG

Vi 0.35 1 -’- Geant4 | Q .
i Emax =0.6 MeV QA ° -

0= +T1. 9":"’91'“;) ‘( e R 0.30 - QAG ) ) Io.?s
Middle energy X 3 0.25 " o - 0.50
Emia = [”T‘” |+>‘: g 0.20 - . -0.25
=0 E 0.15 - < - 0.00

0 1 2 3 4 5 6 7 pixel pixel
pixel

o Event-by-event generation is not straightforward with hybrid
Dual-PQC GAN: S.Y. Chang et al., J. Phys.

2 [
S = ‘ - methods & performance is degraded. cour ser. 2438 (2023) 1, 012062
m—-—w—-—m——w—o—m '—B—ILm on er

o Angle encoding with full guantum implementation
overcomes the challenge. Using two loss functions for event-wise generation &

reproducing pixel correlation.

« The model can also learn noise & recover performance.

o XZ Huang & WD Li succeeded in improving the algorithm.
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F u I I Quantu m: QC B M (Quantum Conditional Born Machine)

Muon Force Carrier (MFC) BSM simulation

Create
. . . . . 2000
entanglement Learn kinematic distributions sape (@ 4000 [ (b) ©
1750 simulator i 2000
-------- N F e e e e e e . ——— e ———————————— = ——— - — 71 GMMD =] -
l’ 1 : 1 1500 noisy simualtor zzzz 5 |
s %4 s I ibmq mumbai s0l 00
: RY(XI) { RY((GL)I) . / 31250 mr || 2s00{} |
: :: : g 2000 1000
1 1 : ! 50 | solf f | | 3
¥ n ! . s P
| Ry (X2) [ U(6o) —U(0L-1) — By ((0L)2) 1 el Il = o]
: :. : 250 soo{f | | |
1 - | B ==
: :: : 18 - 18 n 18
_j_ -—p L | — . .
" By (X3) [ Ry ((0L)3) | ) slpefagtocl lee N
l\ ________ ,ll _____________________________________ ’ « $ i ' . } |
DATA ENCODING VARIATIONAL FORM 05735 40 60 8 100 0 00 01 02 03 o0a 376 & 10 1 1
Energy (GeV) Transverse Momentum (GeV) Pseudorapidity (deg)

. 27-qubit IBM quantum chi
« A fully quantum algorithm that can generate event-by- (,B,f',,Q Montr:'a, Py Mumbaf)’

event with correlations. Learnability of hardware noise.

* Does not yet exceed classical algorithms, but is more |
expressive, considering its simple circuit design with
very few parameters.
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Classification

SLLs Quantur Variational quantum
TN AW 0000000000 Kernels L L] Data set pipeline
i@ “" 'l E‘ Classification‘i algorlthms (hyb rld) l

l / QNNS O Cost function
Rare signa z . H . —
extraction |\ trresreesnest o Use variational quantum ) ;
Regression QAOA . . : Uqb(x) U
For & beyond = circuit, but update parameters o) Optimizer
Mbdl R with a classical optimizer. o= P e
55 Optimisation updates 0
parn ya |
ower Classical ML Quantum kernel
. - Quantum kernel methods I ,
it A
. ®
Experiment . mbed into
gjreuulation QERNS e Embed feature map Into o | @‘ Eq:a:cum -
; . . Hilbert space/ o
B quantum kernel = using rich o ©® /. ‘
. measures the geometric difference, 2 lm{ fl
Hilbert space C. < a3 < gl @R g st
- ut and <= has larger g. Set sizg
Quantum annealing )

« Map machine learning into optimization f ;@I ,‘{iﬁ’i‘:ﬁiﬁ’;‘;ﬁm
problems (QBoost, QAML, QAML-Z etc.) ¢

Projected quantum kernel

e®
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Classification

Quantum Gates (Variational
quantum algorithms)

Quantum Annealing

0.661 44 """" e
0.64 " S — s
L //?' A. Mott, J. Job, J.R.
goso{ ||/  Vlimant. etal. Nature
< 058 | 550, 375-379 (2017)
e 1 —oA
—SA
0.56 -=-- DNN
XGB
0.541 ‘ , ‘ , ‘ ,
01 1 5 10 15 20
Size of training dataset (10%)
1
0.66 .{#’ ______ —'Hf"'ﬁ:"1"‘h
064 [7 Wb - 4o h- -4
S 0.62 A. Zlokapa et al.,
§ PRA 102, 062405
0.60 (2020) —#— QAML-Z
— SAZ
0.58 4 <% LR-Z
—-¢- QAML
-¥- DNN
0.56 - L XGB
01 10 50 100 150 20.0
. ~_ Size of training dataset (10%)
Hideki Okawa

1.0

0.8

0.6

0.4

0.2

0.0

Quantum Gates (Quantum
Kernel methods)

SL Wu et al., Phys. Rev.
Research 3, 033221 (2021)

—&— QSVM-Kernel minus Classical SVM
—&— QSVM-Kernel minus Classical BDT
L L L 1 L L

I2000d even'ts ' '

So. 0.006
g 06 : 0.004}
go51-SL-Wuret-al,~J. Phys: G: Nuck. 9 o0.002f
2% Part. Phys. 48125003 (2021
Bo3 : ys. ( ) 5 0.000
0.2 -0.002
014" IBM Quantum simulator, AUC = 0.83
| — IBM Quantum hardware, AUC = 0.82 -0.004
0G0 o1 02 03 04 05 06 07 08 08 10
Signal efficiency
QGCNN LHCb b-tag (VQC)
L0 LHCb simulation ‘
S.Y.Chenetal., os
arXiv:2101.06189 _
206 -~
(2021) z A. Gianelle et al.
JHEP08(2022)01
—— Accuracy Train Vi
— Loss Train 02 - (AUC = 0.690 + 0.001)
: t;.‘::rra:;-Test ’/ —— Angle Emb. (AUC = 0.676 + 0.001)
rd Amplitude Emb. (AUC = 0.660 + 0.001)
20 40 60 80 100 00
0.0 02 04 0.6 0.8 1.0
mistag
SPIN 2025

CEPC event classification

Background efficiency

.

n
Th

(=) g’_ _n:FjJ

QO
e

d
IIMPA
2

245
( )

T
Quantum Simulator (AUC = 0.827) {
Origin Hardware (AUC = 0.820)

IBM Hardware (AUC = 0.789)

0

el e e )
01 02 03 04 05 06 07 08 09
Signal efficiency

A. Mott et al.: First QML

applications in HEP using

10 12 14 16 18 20
Number of qubits
[ ]

b

4
[ ]

gquantum annealing.
Various QML algorithms

are actively tested.
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Classification (Particle ID)
%Ti\;ﬁﬁ,tjlﬁf;‘]. ggj:f.(ézi%)zlgg:(szﬁs)1,012071 | QSVM « QSVM & VQC for |J/'IT ID
=y in BESS3.
« Comparable QSVM
performance in Origin

Quantum (ANR)
hardware & simulator.

—— Quantum_Z_2 (AUC = 0.9160x0.0032)
- SVM Gaussian Kernel (AUC = 0.9123+0.0030)
-=-- XGBoost (AUC = 0.9129:£0.0024)

0.2 04 06 08
Background Efficiency

Z.P.Yao, T. Li, X.T. Huang, EPJ Web Conf. 295

(2024) 09030 iz 0 H T g . . |
e | A ~H /K ID with QCNN in Super
Tau Charm Factory (STCF)

CNN Quantum CNN simulation.

~6m

QCNN provides comparable
performance to CNN in feature

060 —— ang:zzz:: ::vz:w:t“mt: single qconv layer with 1 filter . . _—

T smmeneie)  extraction and learning ability.

0.50
~7
m 0 5 10 15 20 25 30 35 40 o 20 a0
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See also: S. Alvi, C.W. Bauer, B. Nachman, JHEP02(2023)220

A n o m a Iy D ete Cti o n V. Belis et al., Comm. Phys. 7, 334 (2024)

.-

e, e —e— g

PERF!
' ; %)
1B Kernel Machine S 14k
[l () ROC curve P |
B Features —p Il ) - n,=4 8- n,—18
gy | An, A, py R i w12 i o- n,=8 -8- n,=20
5 1 - n,=16 —®- n,=24

.......... - 45’ o ;
Y o T o i ! - —— .- .
x| g | £ - - = =% i i
= { . — g ¢ " . ‘( ° "! ,r/ - g —o
ut (©) — : e A T S o i g
AB o } \/~\ ar ‘,"i-;_"-'. * g — 8. —g *---es—0
HEP data —_— 2 -:;1!” ,"‘ =
- o T [ et e S it Lt it
0kl 1 1 1 1 1 1 1 1 1 1 1 1 1
NE1 2 3 4 5 6 7 8 9 10111213
Encoder Decoder L
VS Ngairangbam
0.12 1.0 ’ .
M Spannowsky, M C. Duffy, et al. Quantum Mach. Intell. (2025) 7:41
010 . Takeuchi, ARD — — 0%
, 095004 (2022) Ha 070 =
0.08 G ] -
g 06 ] F(z) - U(e) 0.65]
0.06 ©
g Hp 2 0.60
o 0.4 — — ;
0.04 n . O 0.55
Training Size=10k s =
0.2 0.50 2o
0.02 —— CAE AUC 0.7000 Hp { ; Models (Best AUC)
— QAE AUC 0.7524 045] / Line Types —— original (0.690)
0.00 | 0. S Mean new (0.731)
00 02 04 06 08 10 Bo o2 04 os o8 10 o R P s (0505)

Fid. Background Rej.
1 2 3 4 5 6

Number of Layers

* V.S. Ngairangbam et al.: Quantum algorithm maintains performance with small datasets.

» V. Belis et al.: Performance enhances with more features & entanglement.

« C. Duffy et al.: Proposed scalable quantum circuit ansatz & demonstrated impact of ansatz design.
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Theoretical
Applications

Hideki Okawa

Real-time
Phenomena Quantum

Dynamics
j/ﬂ 1a)

Low dimension

LGT :
11_) : Hybrid Qu-Cl
+
-E N oe
QLM/D-Theory Optimisation

Classification

Neutrino
oscillations [Ij]]]:tl
v, v,
K A

L
vr

SPIN 2025

VQE/varQITE

Trotter
Dynamics

TN/QTN

varQTE

QNNs

Quantum
Kernels
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Mapping Lattice Field Theory to QC

u(1) SU(2) SuU(3) u(1) SU(2) SU(3) . What We caICUIate
|iz) Ij,mi',mR) |I!,ET.TZ,Y){EJ.,(T,TZ,Y){,?}) ¥ {glz) (g_‘lz

B : - :__15' 3 | .
T N A (XU, = T)|pp(=T))
0 0 YAV Y4 A s
0 i AY L v Time Initial

3= T 1T ]

) 1 1 A easurement .o jution state

. - vector

 Lattice field theory allows us
to compute non-perturbative

. phenomena by discretizing
space-time.

« # of qubits required
depends on the maximum

& minimum energy scales
of the problem under
consideration.
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Hamiltonian Formulation

gluon

) =1 g
KS Hamiltonian —> Improved Hamiltonian v) [l = st
Y L R
Hfz<+++»+{3+j+{::}> D Us) s o et g
1 AR ol Hyen Hu He,
Kr Kop, Uo RO R
. . . . . U1) . ’_u_

« This new Hamiltonian more efficiently uses 02} ] T (6] Jjﬁ
quantum computing resources, and bring v &Jj 4%&
smaller discretization errors : _— =TT o]

) |Us) @ ‘u_ I I U3 @
) 4]

Nqubits~1000n,,,>125n,, . (E~100-1000MeV) =3
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Initial State: Parton Distribution Function

 H. Lamm et al.: Predicted PDF & hadronic tensor w/ (1+1)D
Thirring Model. PDF best obtained by fitting hadronic tensor.

« T.Lietal.: Predicted quark PDF in T®w/ (1+1)D Nambu-
Jona-Lasinio model. Consistent results b/w quantum
simulation and classical method (exact diagonalization [ED]).

» Related studies: global fit w/ QC (not quantum simulation)

Hadronic state preparation Real-time evolution of
correlators ycasure I B
(VARY PARAMETERSH] . L
N ;|0)— H LA queity 050 /4(’15\4\ B
< (1? = : — QUBIT 0 i K M
E - e — , QuBIT 1 ~ I / M, ]
z 2 = HE 1] : = 0 - e —
L) % . Eg ‘E"% SAHE =o/H "Ii_ : QUBIT n - /6 A :
= . 2:' Sl - -E,);,G{; ‘ QUBIT m ; i
ﬁl_ @ g S | — : QUBITN = | —0.5 ——ED,g=10.6 I QC, g =06 ]
— — I ED,g = 1.0 QC,g=10 ]
PREPARE |h) : QUANTUM CIRCUIT FOR §,,(1) [ (]l AR 1‘ T 2| . 3I ]
Hideki Okawa * 31
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Intermediate State: Parton Shower

Update particle state

Emission history ‘h) //

Check emission |¢) Uém)

# of bosons |nq5> 7; —@qb

Particle State |p) /| R(m) |—(D) Py— U™ H pom T
Radiate & branch
Uh @
Did it happen?
©
Uy,

#off, |na> 7% Ucount 4@0’

Count
# of f, ny) ~—— particles @

« Simulated parton shower from a simplified Lagrangian.

* QC can calculate particle interference in a polynomial time.

» Related studies using quantum walk:

Hideki Okawa

SPIN 2025

Slmphfled Lagrangian (2 fermions,1 gauge boson, 2D radiation)

L= fi1(i@+m)f1+ fr(id + my)fr + (ayqb)z
+ 0 f1f 10 + f2f20 + gialf1f2 + Faf1le.

(o (91,020=(2,1,107) (b)
¢ - ff excluded x  Classical MCMC
04r 4 steps v simulation (g12 = 0) .
% M 4 simulation (g1, = 1)
3 0.3F A A Y IBMQ(g12 = 0), corrected |
ko] =
S 0.2} A : A IBMQ(g12 = 1), corrected |
~
~oal i v g+,=0 (no interference)
A d.,=1 (w/ interference)
12
: E 0.0 1 1 ! 1 v 1 1
82
S 21 i
2 ©
m :
0@ o

0 1 2 3 4 5 6
Number of emissions (n)

Expects quantum advantage for # of emission>0(10).
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Final State: Fragmentation, Hadronization

uark Fraamentation Impact of error mitigation . _
Q agmentatio »on—— * Directly calculated fragmentation
. function (FF) with a quantum algorithm
& oomfl based on (1+1)D Nambu-Jona-Lasinio
T e ...|  model.
wf ]+ Qualitative agreement with classical
ER P extraction of FF.
é} 0. c:nng— ‘—::——’-_ T AR 1
© f¥ NN(nonoise 1« Also demonstrated that error mitigation
] O quantum circuit) ] . .
, B e is crucial for hardware.
Hadronization ———
H H 1 H H Q =} FTT T T T T T T T T
 Light-cone distribution amplitudes { Lal— EDg=005 /% M 0Cg=005_
. . ) S g = Po% =01
(LCDASs) describe non-perturbative ’ = 113?:— gﬁ:?’:; 0 gg;;g;
aspects of bound states. e = 0s | el & ocg=1 ]
10} D B QUBITN = 0.6:— """"" asymptotic E
. QUBIT 0 <
« Developed a quantum algorithm to 0.4F E
. Quemt 0.2 i : ¢ =
simulate LCDA. Very good Washy 0.0FeFF O M N Sug
agreement with classical prediction. o S .- S LA
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Final State: AA Spin Correlation

ep or pp collisions

1
Qo = H = } z (b)
a T o 1 ! —e— |BMQ Melbourne ss
1= - T . —
: S 1.2 9 —e— IBMQ simulator ss
. R R
(lab frame) 92— _i_ 9;__& s — 1 - (1/4)c0os(6,p)
}’1 . Ry H c 1.1 4
.l- q3 - B n 1 u:_
2 1
, < Qs = H =— E S 1.0 -
| F
Qs = H — i L
A 1 L -
fan = arccos(—-) - ! O
1| [D] 97— ; 08 7 ssforN=8,a=1,b=2
2 0 1
C w I I 1 I I I

0.0 0.5 1.0 1.5 2.0 2.5 3.0
8ab

« Simulated a QCD string model with singlets of two fermion flavors. IBMQ circuit simulator reproduces the
s§ correlation function very well.

* Results from quantum hardware deviates from the circuit simulator and classical predictions due to noise.
—> error mitigation is crucial

» 4-flavor Schwinger model (1+1D QED) has been studied with TN. Quantum hardware may allow us to
scale the computation to larger lattices.

Hideki Okawa
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Spacetime picture

Jet energy loss

off-shell photon

space

Final State: Jet Dynamics

High-energy QCD Schwinger model

Ent luti
000 ntropy ?vo ution

Collision products

“Te=01

Proton remnants

10% X (Avysr Avioei—r)

'
= | Pe z
1 N ~
E N N
3
o

'

'

'

proton,
QGP, ...

time

Transverse momentum broadening

First QC calculation of quenching parameter pursued in

0.014
0.0124
Real-time non-perturbative dynamics (quantum entanglement between fragmenting 0010
jets & medium interaction) has been investigated with Schwinger model. % 0.008

2" 0.006 -

A 3+1D scalable approach with non-perturbative light-front Hamiltonian is also

Quantum entanglement of

fragmenting jets

7 | I

EAE102 X (Avoy, Ay )]
[ 3k 4
t=10a i

correlated]

=3

0 AD.'-.-_‘_ P
[ . uncorrelated
00 05 10 1.5

Ts

correlated

T
o
uncorrelated

of quark jets in medium

— Eikonal, |g)

-—- Eikonal, |¢gg) &
A~ Medium -

Eikonal, |¢g) o7

0.004

proposed and evaluated transverse momentum broadening of quark and gluon jets .
in medium. 0.000 e

0
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Towards Collision Dynamics

1. State (wave-packet) preparation 2. Time evolution: scattering 3. Measurement of the final state O Exact optimized Ideal circuit  # Truncated circuit Quantinuum H1-1
0.8
X *
/y\ /\Q /\ &y %0'3 %° 0.6 . *
N A A A 202 . -
[Diee  =p [ V)ine - vy @ = o & - IR o
e—LtU A, o (%] Local
Adiabatic evolution _ _ 0.1 * 0.9 - =] article w
Interacting theory = ; ' * 5ensity
0.0 ."5"?" 'L\""« "f;—:iff S :’,{'*"g?'f*"g?’,}‘:’f:fﬁ’,’fz}}I’*"t“t“g'}hf't“g"f"t"«“g";’*‘.‘y‘, ®
0 10 20 30 L
Physical-configuration label n
‘6.6 0 65 — « Meson wave packets in Z, gauge theory are
ALl L A = simulated with Quantinuum lon-trap
00114 27, A e | o hardware (13 qubits).
byt doniey o — o _
30083008300 38 — « Similarly, meson wave packets with
Sy : — Schwinger model are evolved in IBM
14 - superconducting hardware (112 qubits).
10 1.0 _ ] o
6 .- = * Results match well with the exact prediction
% y or TN. Error mitigation is particularly

24

36

e

8 63
Fermion staggered site j

99

111

crucial for the 112-qubit machine.




See also: RC Farrel et al., arXiv:2505.03111;
Y Chai, Y. Guo, S. Kuehn, arXiv:2505.21240

Towards Collision Dynamics

Fermion-antifermion wave-packet scattering

Y. Chai et al., arXiv:2507.17832;

related work: Y. Chai et al. Quantum 9 (2025) 1638

(a) (m,g) = (0.4,0. 5
04 (b) t =26
% 125 Laakan,,,, A0qubits |« Simulated (1+1)D Thirring
02F , & e Adasra, A . .
2 S I 3 £ F' : model with 40 and 80 qubits on
15 S 2 ZIFRRAAS!
s 0752 % oo} "OOQ ............... OO'QAVAV (&5 IBM hardware.
10 050 Y99 £3e%24
0ok & R A I I icti
0.2 A °
5 025 Sasaanaban,, ,anhd? Consistent with TN predictions
o 0.00 ol , , , , after error mitigation.
0 10 20 30 40
n
. Z. Davoudi, CC Hsieh, SV Kadam, arXiv:2505.20408
Meson wave-packet scattering J. Schuhmacher et al.,
arXiv:2505.20387 { --O-- Exact Appx I: Aer * Appx II: Aer 4 Appx II: IonQ Forte
C ibm_marrakesh electron d ‘;,;:T:.:%—* e 1.00
~1.00 positron 0.11 TORN t=1 t =8
20.75 z > ‘ +LH H + S R R e [ e e -
205 T (] e Wil NN KN @ ;
£0.50 = ’\*}{ ] }_+ - ’ \ sOA N, * @N @"w\
2025 i ‘;,"‘f* = 050 1w R R R = B “@*@:'@”‘“@’i@ &+
0.00 g—[}.l‘ L / \ Vi \ e @I X * * % A
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1+1)D U(1) on Lattice-site index n
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IBM hardware (45 qubits)
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Other Highlights

Hadron mass spectrum in (1+1)D

9

a VCQIE circuit to prepare baryon and vacuum states

P i o ol — L
s - T r———
HA ik

Y
L

Cc

E/Q

-
L g

b VQE preparation of the baryon mass
N=4 £L,002200

© Baryon mass (VQE)

— Exact baryon mass

“ ) 8
S
@ Baryon P Pentaquark | 0-3 | + ﬁs
7.0 ¢o Q\ + o
A N A %\ W :j&j 024 -4 P,
Lele!

String breaking

Cc
0.5

A Tl Tl T AT B Tl T AT

15F SU(2) “proton”] . 4 ({ d‘:\ i/ ,v\
o T IRVAVAVA AR e = =
ol -1.0 -0.5 l:;: 05 1.0 0 0.4 0.8 1 2 1 -6
L R O Tty e e t (us) ' '
YY Atas et al., Nat Commun YY Atas et al., PR ) J Vodeb et al., Nature
12, 6499 (2021) RESEARCH 5, 033184 (2023) D Gonzalez-Cuadra et al., Nature 642, 321 (2025) Physics 21, 386 (2025)
Heavy quark energy loss in medium QCD phase diagram in (1+1)D Energy-energy correlator in (2+1)D SU(2)

(2]

0.01 ¢ Experimental VQE
© Direct implementation
-05 E] Noisy VQE simulation
—— Exact diagonalization

4015 5—1.0
E 0.1 g
0.10 g -1.5 SU(3)
8 4 N
0.05 T -2.0 (%>
0.0 400 e .t e i ; y O -2.5 <
0.0 0.2 0.4 0.6 0.8 1.0 00 05 10 15 20 25 3.0 35 4.0
Vmax Chemical potential (1)
RC Farrell, M llla, MJ Savage, .
PRC 111 (2025) 1, 015202 AT Than et aI., arXiv:2501.00579
Hideki Okawa SPIN 2025

0.050

1)

i

006:

0.025

0.000

—0.025

0.2 (t)To,1,0) 52,0 (t2

@og T —0.050
& 0075, , ,
j 0.0 0.5 i 0
1

K Lee, F Turro, X Yao, PRD 111 (2025) 054514

15

Emulator ag®=0.6

38

‘)'[



https://www.nature.com/nphys
https://www.nature.com/nphys
https://www.nature.com/nphys

Prospects
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Towards Practical Applications

Quantum-centric supercomputing

Quantum computing combined with High }
Performance Computing has started to %
operate (Quantum-centric supercomputing).

O(~100)-qubit level error-tolerant quantum
computers will likely show up around 2030.

» |IBM aims for error-tolerant quantum computers
by 2029 (100M gates, 200 logical qubits)

Surface code logical qubits

In any case, some components of HEP L
experimental workflow require O(10°) qubits.

o4

o foff o fof o
o Yo og

ot

Quantum-inspired techniques are also likely =
to stay valuable. i

err ata
17 qubits 97 qubits

£*3
=]
o
v
3x3
oratat
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Summary

* Quantum computing applications are an emerging field in high energy particle
and nuclear physics.

« Quantum machine learning and quantum simulation are actively investigated for
experimental tasks and theoretical calculations.

« Three quantum technologies exist: (1) universal quantum gate machines, (2)
quantum annealing & (3) quantum-inspired algorithms.

« Each approach has its pros/cons and appropriate use cases.

« With the rapid development of quantum hardware and quantum-inspired
algorithms, it would be really exciting to see how all of our efforts converge
in the end & understand how practical quantum advantages can be realized.



Thank you for listening!
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