Quantum Computing Initiative
for High Energy Physics



High Energy Physics with
new computing methods



High Energy Physics & Computing frontier

Data is obtained via InspireHEP

@ The number of papers (in high energy physics) that has a keyword “Machine
Learning”, “Deep Learning”, “Artificial Intelligence” or “Neural Networks” in their title.

LI 11

A The number of papers that has a keyword “Quantum Computer”, "Quantum
Computing”,“Quantum Annealing” or “Quantum Machine Learning” in their title.
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Now everything is related to
"Quantum”



Quantum Innovative

e CERN: Quantum Technology Initiative (2021)
- Quantum Computing and Algorithm
- Quantum theory and simulation
- Quantum Sensing
- Quantum communication and network

e Fermilab: Quantum Institute (2019)
- Quantum Computing applications and Simulations
- Quantum Sensing
- Quantum communication
- Electronics and controls for Quantum



more on CERN QTI

CERN and Quantum Technologies

First discussions with The CERN QTl is oQl concept
CERN management presented to and launched with .
about establishing suppor@ed by the CERN The CERN QTI CERN as a founding
more formal Council. Approval from Roadmap is memper and QTI 2 proposal
quantum technology CERN management is published scientific support preparation
investigations formally given from the QTI launched
Nov 2018 I June 2020 ] Jan 2021 I Nov 2022 ] June 2023
@ _©eo _©eo o e _eo __ 6o __o __0_©0 _
l Oct 2019 J Sep 2020 Sep 2021 Oct 2022 Jan 2023 J
CERN openlab
organises the first The CERN ,QTI QT4HEP QTI 2
workshop on proposal is The CERN QTI International approved
Quantum Computing presented to and Phase 1 starts, Conference
for HEP supported by the governance is
400+ attendees from CERN SPC established,
CERN, HEP, and including the
industry. Start of first Advisory Board

collaborations

From Alberto Di Meglio's slide (CERN QTI Phase 1 Coordinator)



Quantum Hype?
Can we have a good QPU ?



NISQ

* Noisy Intermediate-Scale Quantum (NISQ): John Preskill

physical error rate
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Theoretical physicist
Caltech(Ph.D advisor : Steven Weinberg@Harvard, 1980)

- An advocator of QC/QI area

Noisy Intermediate Scale Quantum

where we computing

are today / NISQ application areas:
’ e Quantum chemistry

// e Optimization
4 e Machine learning
error correction
5 threshold

*
/ fault-tolerant QC
within S
years
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Into the realm of "t

* |BM Development roadmap

2019 ©

Run quantum circuits
on the IBM cloud

Falcon
27 qubits

2020 © 2021 © 2022 ©

Bring dynamic circuits to
Qiskit Runtime to unlock
more computations

Run quantum
programs 100x faster
with Qiskit Runtime

Demonstrate and
prototype quantum
algorithms and
applications

Quantum algorithm and application modules .

Machine learning | Natural science | Optimization

OpenQasm 3 Dynamic circuits

Osprey
433 qubits

Hummingbird Eagle
65 qubits 127 qubits

On the
service

announced

2023

Enhancing applications
with elastic computing
and parallelization of
Qiskit Runtime

Prototype quantum software functions @

Middleware for Quantum

Improve accuracy of
Qiskit Runtime with
scalable error mitigation

2025

Scale quantum functions
with circuit knitting
toolbox controlling
Qiskit Runtime

Quantum software functions

ech" from science

2026+

Increase accuracy and
speed of quantum
workflows with
integration of error
correction into Qiskit
Runtime

Machine learning | Natural science | Optimization

Threaded primitives @

Condor @
1,121 qubits

Heron @

133 qubits x p

Error suppression and mitigation

Kookaburra
4,158+ qubits

Error correction

Scaling to
10K-100K qubits
with classical
and quantum
communication



What is the magic behind
Quantum Computer ?



Basic of Qubit

Bit Quantum Superposition

@ W) =al0)+b|1)

e Bloch sphere

)

* Quantum Gate:"Infinite" operation l’
>

4)




Quantum superposition

— Single oracle —

0, £(0)) + 1, (1))
- V2

copied from N&C CH1

e |eads to "quantum parallel’ computing
(through Quantum Entanglement)



Quantum Hilbert space
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* EXxpressing and manipulating input data in an exponentially large
(2" ) and "compact" Quantum Hilbert Space.



Power of ©(100) logical Qubits

e With quantum superposition, 100 qubits contains 2100 hit information
bit

3 qubit= 27 bit info. = 8 bit = 1 byte (1B)

byte (8-bits)

43 qubits=2* bit information = 24/8 = 2% pyte =

10 1KB 10 1MB 10 1GB 10 1TB
20X — I X [ 27X — | X | 2" x —— 2% x—— ] =1TB
1Byte 1KB 1MB 1GB
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Maintain "Quantum-ness"

e "Coherence time" sets a limit on the calculation time

T,and T, Environment

\L ] Coherence time: How long can a quantum state live?
Y exp(-t/T,)
| | Time
Type of quit T>
Infrared photon 0.1ms
Trapped ion 155 * This provides limits not only the operation time but also
Trapped neutral atom 3s

the connectivity among qubits.

Liquid molecule nuclear spins  2s

e spinin GaAs quantumdot 3pus

e~ spins bound to 3!P:?8S; 0.6s
2%Si nuclear spins in 25Si 25s
NV centre in diamond 2ms

Superconducting circuit 4 us




More than Logical Qubits

* We need a "connection” to operate between arbitrary two qubits
(e.g. controlled-gate)

Processor Penguin vl Penguin v2 Penguin v3 Penguin v4 Falcon r4

R ek Y

- Due to "error-propagation”, Gated-QC reduces the connectivity
= # of required qubits to program > # of (logical) qubits in an algorithm

Avg. qubit
connectivity




Another "Quantum”



Quantum tunneling

MECHANICAL RELAY VATCJ’B%M TRANSISTOR INTEGRATED CIRCUIT
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e which is the big "barrier’ to make very tiny chip,

There would be the end of Moore's law

- uncontrolled leakage from Quantum tunneling gives the
errors in computing



"Quantum" annealer
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2000Q  Advantage
Graph topology Chimera  Pegasus
Graph size C16 P16
Number of qubits > 2000 > 5000

Number of couplers > 6000 > 35,000
Couplers per qubit 6 15

e Current "Advantage"” machine has 5000+ qubits
(though limited couplers ~ 35,000 < 5000C, = 10’



Quantum Annealing

* With adiabatic theorem, we can find the ground state of a
complicate hamiltonian Hgypgestarting from simple  Hy,.

HQA = A(s) HO + B(s) HQUBO with HO = Z o'l.x and HQUBO — Z ‘]ijGiZGjZ + 2 hiaiz

(T. Kadowaki and H. Nishimori, Quantum annealing in the transverse ising model, 1998)

40 T T T T Energy
1
30
B(s)
0 | A(s)
10
Solution Solution
0 ' ' ' Quantum Tunnelling Adiabatic evolution
0.0 0.2 0.4 0.6 0.8 1.0

« Annealing time < 2000us, (mostly) O(10)us



"Quantum annealing'

e claims to utilize "quantum tunneling” to find the
minimum of the hamiltonian

Hqupo = 2 J 100, + Z ho;

for Quadratic Unconstrained Binary Optimization
problems. (to attack various NP - hard problems)



In short, Digital and Analog QC

e Gate type QC: Programable Quantum Computer

* Annealing type QC: "Optimizing" Hamiltonian

currently 433 Qubits (IBM Ospery) Quantum Annealer

Scaling IBM Quantum technology

IBM Q System One (Released) (In development)

Next family of IBM Quantum systems

2019 2021 2022 2023 and beyond

127 qubits 433 qubits 1,121 qubits Path to 1 million qubits
Eagle Ochro P o o

and beyond

asbejuenp@®

=bejuenp@

Temperature: below1.5 X 107°K
dimension: 3m X 2.1m X 3m
Weight: 3800kg

Power: (max) 25kW




The virtue of Quantum-ness

Superposition principle : |¥Y) = a,|0) +a;|1)

Quantum entanglement : |¥) = | ¥ ,¥,---¥y)

- obtaining "large" data space

- so called "Quantum parallelism"
Quantum Gate Machine

Quantum tunneling
Quantum Annealing Machine



Computer which utilizes
full "Quantum-ness"

* R. Feynman: You need more than a classical computer.

. . . trying to find a computer simulation of physics seems to me to be an
excellent program to follow out. . . . the real use of it would be with quantum
mechanics. . . . Nature isn’t classical . . . and if you want to make a simulation of
Nature, you’d better make it quantum mechanical, and by golly it’s a wonderful
problem, because it doesn’t look so easy.

— 1981



Example @ Collider



Collider experiments
Thegry-Machine Learning-Data
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 With a fundamental theory of particle interactions
1) Get expectations from MC simulations
2) Get data from experiments (LHC)

3) Compare our expectation to data with sophisticated
computer algorithms (ML)



1) Exponential Growth in # of diagrams

e Calculating an amplitude with multi-jet (gluon) is always
challenging

88 > 2g |88 —3¢ | gg—~>4g | gg—>5g| gg—~>6g| gg—~>7g | gg — 3¢

4 25 220 2,485 34,300 | 559,405 (10,525,900

. Number of LO diagrams
107 1

* The number of Feynman diagrams

. explodes ! This would become a
serious issue for FCC, the next level
of High Energy Collider.

104,

100

J | ‘ - Number of gluons:
2 3 4 5 6 7 8




2) Radiations from "charged" particles

- Electroweak Radiations !



 Problems of EW Radiation
- One needs to consider Quantum Interference



e Quantum algorithm for HEP simulations (Toy example)
- S0 Chigusa et.al, (2022)
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(n)=2.5

10° 10% —
® . {1 classical
""" XKoo Xy 1 Ne=2
E -)(-:-X-I‘X'.
. ¥ - 0 Ne=4
1071 . 107145 A X classical MC
----.)( ..... - . . _ 3
- [ ¥ é ¢ Qiskit (Nspot = 10°)
< {1 classical et
10-24 Ne=2 E * 10-2 4
1 Ne=4 |
X  classical MC V.
+ Qiskit (Nshot = 103)
10_3 M ' T T T T ]_0_3 T T : T T T
0 1 2 3 4 5 0 5 10 15 20
n n

small coupling a ~ 0.14 Moderate coupling a = (.35

 Even in the simplest case, we observe the difference

* We are limited by number of qubits, circuit length of QC



3) Combinatorics in reconstructions

A heavy new particle

TeV-scale
Collision

QCD junks

* |In a High energy collision, there would be huge number of QCD
particles (activities) more than particles from a signal process



* One needs to identify (reconstruct) a particle with information from

various sub-detectors.
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Examples (multi-jets)

1. Under the a simple assumption: pp — X, Y — {jx} U {jy}

2. Find a right combination to reconstruct X and Y particles.



212 — 4096 cases,

no prior knowledge on
a decay-structure

 Complicate situation ( 12 jets)
pp — 00 — {t, 1} U {1, ]

0 — tt = {j,, (W—jpD}t U {j,, (W—jj}
0 — tt = {j,, (W= j)} U {j,, (W—jj)}

reconstructed) particle

/?\




Combinatorial complexity arises
(in'a random Ising model)

Landscape of energy distribution

|
m# WMMMMMMMMH lmm

6 560 10'00 15'00 20'00 25I00 30I00 35100 40'00
Index on spin states

T =>ttttl=em Ll L)L (ngy, = 2" =4096)

Any classical algorithm (except a brute force scanning)
cannot find a global minimum for this random potential!

0




4) Quantum Machine Learning

-classical ML Kernel Method

o

Input Space Feature Space

Quantum kernel function

|['F) = Z Dijiye-ei, | Silsiz.usin>

Data embedding on the Hilbert space provides a good "kernel”




QML as Effective numerical method
with a few training data

* A dream of totally bottom-up approach, a data-driven method
with controlled data samples, instead of utilizing artificial data from Monte Carlo



Data driven Machine Learning

e Compared to traditional GPU based ML, Quantum Machine learning
provides a better performance with a small number of training samples

0.500 Koji Terashi, et.al. 2021 Maria Spiropulu, et.al. 2017
0.66 A
0.875 » :
""""" A ya
T WL =0 ;
0.850 1 P g R 0.64- f e
0.8251 ¢ ..’,";—’0 —o—o —4— BDT 3-variables
O 'j.,""::—.i}___,—_ Tt N -[]- BDT 5-variables 0.62-
2 0.800 A1 /’ --k- BDT 7-variables &)
< F DNN 3-variables @)
0.775 - DNN 5-variables % 0.60+
DNN 7-variables <
—&— QCL 3-variables |
0.750 1 -[1- QCL 5-variables 0.58+ « — QA
--k- QCL 7-variables — SA
0.725 - —4— BDT 18-variables 0.56- ---- DNN
DNN 18-variables ’ XGB
e T
Events 0.541 ' ' ' ‘ ' '
0.1 1 5 10 15 20
Size of training dataset (103)
* VQA (Variational Quantum Algorithm) | ¢ Quantum annealer to construct
(pp = 7ty > WW™ = £7¢7wD) "energy (loss) function"
(pp — H = yy)



Data-expensive GPU ML

* Due to the curse of dimensionality, current ML requires a BIG data

Chat gpt 4 vs gpt 3

Features cpT-a 570 gigabytes P74

Parameters 175 billion G(10'1) 100 Trilion  O(10'%)
Supported Only Text Both Te x t and Image
Word limit approx 1500-2000 Words 25,000 words

Model complexit High Expected to be even higher
Y



ML only with four qubits



Higgs in the Boosted region

e A new heavier state X, which X — Hq\; + Y process




Hybrid QC with Neural Net

 \We use a Classical CNN to reduce a dimension of input data.
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(based on a work by Seth Lloyd et.al. 2020)

Neural
network

U()_C)) — eixzaZ eixlo'y eiX30Z

(Rotation encoding)

* The dimension of a latent space is a hyper-parameter.

e We can put a number of data as much as the d.o.f of SU(2)

« Any single qubit unitary gate can be decomposed as U(X) = ¢"2%¢

IX]

Gye

X530,



Quantum hidden layer

e Quantum circuit can mimic a multi-node structure to achieve
"universal approximation" using a date re-uploading technique.

(Adrian Perez-Salinas et.al. 2020)

Processing >

"Classical" Neural net

N-times of (N-nodes) L) L(N)
r———— == = == == —
1) data re-uploading |0) —EU(f) U(¢1)j— X —FLU(f) U(¢N)J A

2) weights to be learned




Quantum expressibility

Maria Schuld et.al. 2021 —

0) @E1@{

0)oEeEleEle® | <

e Data re-uploading can be
understood as Fourier analysis.

S(z) =e t2°r

fo(x)

Z Co, (0)62'00:1:,

we

 Coefficient ¢, (6) can be adjusted
with variational method.

I VAT
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Result of training

—

1) 1)

Before training After training

* Through training, distances between signal points and background
points on the Bloch sphere get maximized.



Result

1.0
0.8
)
Z 0.61
n
o)
A
)
2 0.41 .
= { if7 : Multi- qublts (AUC = 0. 88)
1.0 i JetCLR-rotation+smearing (AUC = 0.84)
0.27—g " T —— One-qubit (AUC = 0.83) i
| . —— CNN (AUC = 0.82)
0.0 L L ___________ --=-- JetCLR-all augmentatlon (AUC = 0.80)

0.0 0.2 0. 4 06 018 1.0
False Positive

e With simple structure, Quantum machine learning can provide the
better result compared to the classical counter part.

* One needs to be careful in applying data augmentation to
collider data ( 0.84 vs 0.80)



Too early to be serious
with a toy QC ?



Look back on the History of ML

A game-changer (GPU) came suddenly into the Machine Learning area

- 2012 AlexNet utilized a GPU to enhance the performance from 74% to
84%, later on 96%

It would be too late
if we just wait for a realistic QC



Some activities in Korea

 Workshop

- Al and Quantum Information Applications in Fundamental Physics
(Feb. 2023) supported by KIAS

- Al and Quantum Information for Particle Physics (Nov. 2023)
supported by KAIST, IBS-CTPU

e Schools (to educate graduate students)

- QUC (KIAS) school (2021, 2022, 2023)



e As a physicist, Quantum Computer has a lower
hurdle, really low... compared to Machine
Learning !

To be prepared by educating young students.

- Currently many computer scientists are trying to "quantize”
almost all classical neural networks.



 Hope to have a network for "Quantum
research activities" in high energy
physics

- Broad applications, including Lattice QCD, neutrino physics,
dark matter studies, data analyses in astrophysics, cosmology



—— Analog Simulators
—  Digital Computers
—— NISQ-Era Simulations

—— Software and compiler

—  Quantum Simulators

Snowmass 2021

&

- US snhowmass report 2021



