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“Nature isn’t classical, dammit !
if you want to make a simulation of Nature,

you’d better make it quantum mechanical”
Richard Feynman at the conference on "simulating physics with
computer” on May 1981

Quantum Computing is the use of quantum-
mechanical phenomena such as superposition and
entanglement to perform computation of a new kind.
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Quantum 1.0 and the Digital Revolution
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@ Quantum Revolutions

“Invention” of quantum mechanics:
Matter, light and interactions composed of particles
governed by a wave mechanics.
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Quantum Revolutions

“Invention” of quantum mechanics:
Matter, light and interactions composed of particles
governed by a wave mechanics.

Quantum 1.0 and the digital revolution:

Macroscopic quantum systems of bosons or fermions with
quantized energies have revolutionized information technology:
computing, sensing, communication.
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@ Quantum Revolutions

“Invention” of quantum mechanics :

Matter, light and interactions composed of particles
governed by a wave mechanics.
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Quantum 1.0: Revolution of information treatment

» Electronic et photonic
» the revolution in information and communication technologies
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@ Quantum 1.0: Revolution of information treatment

Classical computers

Elementary information:

oit: [

Processed with logic gates
(transistors)

1959 Jack S. Kilby handling the -
first integrated circuit - }o

NOT and a single 2 bit gate
(as XOR) are enough =>

B , Universal Turing

1947 First Transistor at Bell Machine

Laboratories
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@ Quantum 1.0: Revolution of information treatment

Classical computers Are reaching the limit of one atom per bit

Pentium 4 ~ 9
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NOT and a single 2 bit gate
(as XOR) are enough =>

B , Universal Turing

1947 First Transistor at Bell Machine

Laboratories
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Quantum 2.0 and the disruption of information technology




a Quantique 2.0 : Mastering individual quantum “objects”

» Quantique 1.0: Reaching its end
Manipulating macroscopic quantum systems
ie with many quantum “objects”

Germanium laser
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Quantique 2.0 : Mastering individual quantum “objects”

» Quantique 1.0: Reaching its end » Quantique 2.0: Opens a new world
Manipulating macroscopic quantum systems Mastering individual quantum “objects”
ie with many quantum “objects” ie individual quantum degrees of freedom

— i —

Germanium laser Single photon source
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E Quantique 2.0 : Mastering individual quantum “objects”

» Quantique 1.0: Reaching its end » Quantique 2.0: Opens a new world
Manipulating macroscopic quantum systems Mastering individual quantum “objects”
ie with many quantum “objects” ie individual qguantum degrees of freedom

» Same quantum degrees of freedom
but
going from a macroscopic ensemble
to individual states

» Huge paradigm shift
for the accessible space of possibilities
=> access to the huge space of quantum states
(Hilbert/Fock space)

=> access the "strangest" quantum phenomena
- Superposition

— - Non-locality -
Germanium laser - Entanglement Single photon source
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Superposition & Entanglement
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Superposition & Entanglement

5 - — 11>
» Superposition of states :

- Example of an object with 2

states : quantum bit or Qubit
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Superposition & Entanglement

|

N — 11> T
» Superposition of states : ~
- Example of an object with 2 —
states : quantum bit or Qubit

!

An infinity of states “simultaneously” 0 and 1 : | state >=al0>+B11>

I
e
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Superposition & Entanglement

|

N — 11> T
» Superposition of states : ~
- Example of an object with 2 —
states : quantum bit or Qubit

!

An infinity of states “simultaneously” 0 and 1 : | state >=al0>+B11>

I
e
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Superposition => Entanglement

|

N — 11> T
» Superposition of states : ~
- Example of an object with 2 —
states : quantum bit or Qubit

y
An infinity of states “simultaneously” 0 and 1 : | state >=al0>+B11>

I
e

1T — 111>=11>*I11>
Entanglement :
> Entangleme 110> =11>%I0>
- Superposition of states = 01> = |0>%|1>
of several objects,
- ex 2 objects with 2 states = 100> =10>*|0>
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Superposition => Entanglement

|

N — 11> T
» Superposition of states : ~
- Example of an object with 2 —
states : quantum bit or Qubit

= +
'
An infinity of states “simultaneously” 0 and 1 : | state >=al0>+B11>
T —— 1ni>=11>*11>
» Entanglement: _
- Superposition of states “ ” — : égi _ %i::gi
of several objects, B
- ex 2 objects with 2 states = 100> =10>*|0>
N “objects” => 2N dimensions space, ex 2 qubits : | state > = a 100>+ B 101> +y 110>+ 111>
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Superposition => Entanglement

|

N — 11> T
» Superposition of states : ~
- Example of an object with 2 —
states : quantum bit or Qubit

y
An infinity of states “simultaneously” 0 and 1 : | state >=al0>+B11>

I
e

1T —— 111> =11>%11>
Entanglement :
g S e —  110>=11>%]|0> = +
- Superposition of states = 101> =0>%|1>
of several objects, Coupled quantum objects cannot be thought individually
- ex2objects with 2 states || 100> = 10>*I0> Example : 100> + 111> # (ay, 10> + B, 11>) * (o 10> + Bg 11)
N “objects” => 2N dimensions space, ex 2 qubits : | state > = a 100>+ B 101> +y 110>+ 111>
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Superposition => Entanglement

|

N — 11> T
» Superposition of states : ~
- Example of an object with 2 —
states : quantum bit or Qubit

= +
'
An infinity of states “simultaneously” 0 and 1 : | state >=al0>+B11>
Il —— 111>=11>*11>
> Entanglem.e.nt : 110> = [1>%]0> - +
- Superposition of states —_— 101> = |0>%|1>
of ;evg.ral Objgclzsé Coupled quantum objects cannot be thought individually
- ex 2 objects with 2 states I 100> = [0>*[0> Example : 100> + 111> # (a, 10> + B, 115) * (ag 10> + By 115)
N “objects” => 2N dimensions space, ex 2 qubits : | state > = a 100>+ B 101> +y 110>+ 111>
Coupled quantum objects cannot be thought individually => they are entangled | EINSTEIN ATTACKS
— access to the huge space with 2Ndimensions of entangled states QUANTUM THEORY
— 2Nevolution of all the solutions « at the same time » Scientist and Two Colleaguss

Find It Is Not ‘Complete’
Even Though 'Correct.’
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a Quantique 2.0: the promise disruptions for ICT
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E Quantique 2.0: the promise disruptions for ICT

@ Mastering individual quantum “objects”: ultimate sensitivity O UANTUM

Sensing

metrology
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@ Quantique 2.0: the promise disruptions for ICT

@ Mastering individual quantum “objects”: ultimate sensitivity O UANTUM

Sensing
trolog
me gy

C

2 222 OUANTUM

/{< Entangling distant “objects”: inviolable and disruptive communications T e
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@ Quantique 2.0: the promise disruptions for ICT

@ Mastering individual quantum “objects”: ultimate sensitivity O UANTUM

Sensing
trolog
me gy

C

e 222 OUANTUM

2% Entangling distant “objects”: inviolable and disruptive communications AR

OQUANTUM

Computing
Massive entanglement: unprecedented massive computing capabilities

OUANTUM

Simulation
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a Quantique 2.0: Major difficulties
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Quantique 2.0: Major difficulties

» Fabrication challenges:
- Even more difficult then the 15t quantum revolution
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E Quantique 2.0: Major difficulties

» Fabrication challenges:
- Even more difficult then the 15t quantum revolution

1947, 1%t Transistor 1971, 2 300 transistors. 2020 54 milliard transistors

» Quantum is probabilistic: the measure destroys the superposition Measure

_ 11> 0 1
ﬁ

State | i > with

ogl0>+a; 11> probability lay|?

double-

slit screen

Electrons

Electrun
beam gun

1nterference
pattern

Example. Electron waves and probabilistic measure on screen
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E Quantique 2.0: Major difficulties

» Fabrication challenges:
- Even more difficult then the 15t quantum revolution

1947, 1%t Transistor 1971, 2 300 transistors. 2020 54 milliard transistors

» Quantum is probabilistic: the measure destroys the superposition

double-
slit screen
Electrons
Electrun
beam gun
1nterference
pattern

Example. Electron waves and probabilistic measure on screen

Measure

_ 11> 0 1
ﬁ

State | i > with

ogl0>+a; 11> probability lay|?

» Coupling to environment is destroying coherence:
Superposition & entanglement

- Error correction codes needed | = - 0> 11>

=> thousands of physical Decoherence | 1

- |1>| Loosing coherence

\ 4
a

T, : energy
relaxation

e | —_— | | 0>
ubits to protect a single £ |0)+ explip)|1)
q . p g ; 35 H Sources of T, : coherence time
|Oglca| QUblt g decoherence {scrambling time)
. 3 > <
- Or new robust qubits ey ¥ 2 = = == _ _
protected from decoherence R e —— = = Couplingto environnement
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2022 International competition and collaboration
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3 Quantum computing for nuclear, particle and astro physics



a Different quantum computing strategies
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@ Different quantum computing strategies

» Quantum annealing

ly> => |y,>
Looking for ground states

- adiabatic optimization
- exploring many paths
- using tunnel effects
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@ Different quantum computing strategies

» Quantum simulation

ly(t)> =0(0,t) |w(0)>

> Quantum annealing Quantum evolution

ly> = lvp> - analogue computing
Looking for ground states

- adiabatic optimization
- exploring many paths
- using tunnel effects
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@ Different quantum computing strategies

» Quantum digital computing
| Ww(NAt)> = Uy(At) ... U (Ao) | w(0)>
Gate based evolution

» Quantum simulation

|y (0)> Hy (>

1
, lw(t)> =0(0,t) |y(0)> o) = |
] 1
> Quantum annealing Quantum evolution ! (o) e T - :
||_\Il>k-_> f|\|’0> 4 tat - analogue computing E ps é
ooking for ground states ; :
- adiabatic optimization o S —(D—e——

- exploring many paths
- using tunnel effects

Commissariat a I'énergie atomique et aux énergies alternatives Quantum Computing, Philippe Chomaz, CEA, JENAS 2022, Madrid



a Many possible technologies/degrees of freedom
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E Many possible technologies/degrees of freedom

Quantum “objects” /degrees of freedom

» Electrons pairs /

superconducting curent
- Quantronium - transmon
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a Many possible technologies/degrees of freedom

Quantum “objects” /degrees of freedom

Commissariat a I'énergie atomique et aux énergies alternatives

» Electrons pairs /

superconducting curent
- Quantronium - transmon

» Photons
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a Many possible technologies/degrees of freedom

Quantum “objects” /degrees of freedom

» Electrons pairs /

superconducting curent
- Quantronium - transmon

» Photons

» Spin
- Electrons or holes in
semiconductors (AsGa,
Si, Ge, ...)
- NV centers in diamond
(Nitrogen vacancy)
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a Many possible technologies/degrees of freedom

Quantum “objects” /degrees of freedom

» Electrons pairs /

superconducting curent
- Quantronium - transmon

» Photons

» Spin
- Electrons or holes in
semiconductors (AsGa,
Si, Ge, ...)
- NV centers in diamond
(Nitrogen vacancy)
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E Many possible technologies/degrees of freedom

Quantum “objects” /degrees of freedom

» Electrons pairs /

superconducting curent
- Quantronium - transmon

» Atoms
» Molecules

» Photons

» Spin
- Electrons or holes in
semiconductors (AsGa,
Si, Ge, ...)
- NV centers in diamond
(Nitrogen vacancy)

Commissariat a I'énergie atomique et aux énergies alternatives Quantum Computing, Philippe Chomaz, CEA, JENAS 2022, Madrid



E Many possible technologies/degrees of freedom

Quantum “objects” /degrees of freedom

» Electrons pairs / » lons
superconducting curent
- Quantronium - transmon
» Photons » Atoms
» Molecules
» Spin » New quantum degrees of

freedom / quantum
materials

Flying qubits, surface states,
leviton, pseudospin, Skyrmions,
spin-orbite, 2D systems,
topological materials, Majorana
fermions, anti/multi-ferroic ...

- Electrons or holes in
semiconductors (AsGa,
Si, Ge, ...)

- NV centers in diamond
(Nitrogen vacancy)
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a Main classes of quantum algorithms
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a Main classes of quantum algorithms

» Search

based on Deutsch-Jozsa, Simon and Grover's algorithms
- Polynomial acceleration

Exploring graphs and data bases
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Main classes of quantum algorithms

» Search

based on Deutsch-Jozsa, Simon and Grover's algorithms
- Polynomial acceleration

» Quantum Fourier transforms (QFT)

such as Shor's algorithm for factorization (&Bitcoin)
- Exponential acceleration
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Main classes of quantum algorithms

» Search
based on Deutsch-Jozsa, Simon and Grover's algorithms
- Polynomial acceleration

» Quantum Fourier transforms (QFT)
such as Shor's algorithm for factorization (&Bitcoin)
- Exponential acceleration

» Optimization
searching equilibrium point of a complex system

such as neural network and optimal path (PCA)
- Exponential acceleration

Image processing Market evolution
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Main classes of quantum algorithms

» Search
based on Deutsch-Jozsa, Simon and Grover's algorithms
- Polynomial acceleration

» Quantum Fourier transforms (QFT)
such as Shor's algorithm for factorization (&Bitcoin)
- Exponential acceleration

» Optimization
searching equilibrium point of a complex system

such as neural network and optimal path (PCA)
- Exponential acceleration

Market evolution

» Quantum simulation and variational approach
Quantum many body problems

Resolution of linear differential equations (HHL)

- Exponential acceleration RS
Weather broadcast Molecules
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Quantum algorithms for nuclear, particle and astroparticle

» Search » Data mining

based on Deutsch-Jozsa, Simon and Grover's algorithms pattern recognition, Graph analysis
- Polynomial acceleration

» Quantum Fourier transforms (QFT) » Signal treatment

such as Shor's algorithm for factorization (&Bitcoin) frequency decomposition
- Exponential acceleration

» Optimization » Image and data analysis
searching equilibrium point of a complex system Advance treatment (Al, statistical analysis)

such as neural network and optimal path (PCA)
- Exponential acceleration

» Quantum simulation and variational approach » Theory and simulation
Quantum many body problems Many-body problem and field theory,

Resolution of linear differential equations (HHL)
- Exponential acceleration
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First quantum calculation of a deuteron

Dumitrescu, McCaskey, Hagen, Jansen, Morris, TP, Pooser, Dean, Lougovski, Phys. Rev. Lett. 120, 210501 (2018)
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First quantum calculation of a deuteron

Dumitrescu, McCaskey, Hagen, Jansen, Morris, TP, Pooser, Dean, Lougovski, Phys. Rev. Lett. 120, 210501 (2018)

» Hamiltonien
- Pionless effective field theory at leading order
- fit to deuteron binding energy;
- constructed in harmonic-oscillator basis of 3S1 partial wave
[a la Binder et al. (2016); Aaina Bansal et al. (2017)]
» Ab initio approach
- Low-depth version of the unitary coupled-cluster ansatz
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First quantum calculation of a deuteron

Dumitrescu, McCaskey, Hagen, Jansen, Morris, TP, Pooser, Dean, Lougovski, Phys. Rev. Lett. 120, 210501 (2018)

» Hamiltonien
- Pionless effective field theory at leading order
- fit to deuteron binding energy;
- constructed in harmonic-oscillator basis of 3S1 partial wave
[a la Binder et al. (2016); Aaina Bansal et al. (2017)]
» Ab initio approach
- Low-depth version of the unitary coupled-cluster ansatz

Rigetti

» Use the variational quantum eigensolver algorithm
» On 2 (and 3) Qubits IBM QX5 and Rigetti 19Q computers
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First quantum calculation of a deuteron

Dumitrescu, McCaskey, Hagen, Jansen, Morris, TP, Pooser, Dean, Lougovski, Phys. Rev. Lett. 120, 210501 (2018)

PHYSICAL REVIEW LETTERS 120, 210501 (2018)

» Hamiltonien
Cloud Quantum Computing of an Atomic Nucleus - Pionless effective field theory at leading order

E. F Dumitrcscu,l AL McCaskcy._J G. llaf;cn,"'4 G.R. Janscn,s‘} T.D. Mon’i.t;f'3 T. Papcnbr()ckf'j'“ . . H .
R.C. Pooser,"”" D. 1. Dean,” and P. Lougovski'”’ fit to deuteron blndlng energy,

Computational Sciences and Engineering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA H H H H H
“(,'nmpmm‘ Science and Mathematics Division, Oak Ridge National Laboratorv, Oak Ridge, Tennessee 37831, UUSA ConStrUCted In ha rmonic-oscl I | ator baSIS Of 3S 1 pa rtlal Wwave
“Physics Division, Oak Ridge National Laboraiory, Oak Ridge, Tennessee 37831, USA \ . . .
. Ir{){‘}}{{ﬁmé’”! of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA [a |a BI n d er et d I . (20 16) ’ Aa ina Ba nsa I et d | . (20 17)]
"National Center for Computational Sciences, Ouk Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

M (Received 12 January 2018: published 23 May 2018) > Ab Inltlo approaCh
We report a quantum simulation of the deuteron hinding energy on quantum processors accessed via - LOW'd e pth ve rSiO n Of the un |ta ry cou pled'C| USter d nsatZ

cloud servers. We use a Hamiltonian from pionless effective field theory at leading order. We design a
low-depth version of the unitary coupled-cluster ansatz, use the variational quantum eigensolver algorithm,
and compute the binding energy to within a few percent. Our work is the first step towards scalable nuclear
structure computations on a guantum processor via the cloud, and it sheds light on how to map scientific

Rigetti

computing applications onto nascent gquantum devices.

Unitary operator entangling 2 (and 3) orbitals
U(Q) — eé’(a;al—a'{a{,)

» Use the variational quantum eigensolver algorithm
» On 2 (and 3) Qubits IBM QX5 and Rigetti 19Q computers
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CERN’s new quantum technology initiative has the potential to enrich and expand

its challenging research programme, says Alberto Di Meglio.

Strategy and Roadmap

» A strong quantum initiative @ CERN
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P INITIATIVE

to quantum technologies. Credit: CERN-PHOTO-201604-080-2
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Abstract
Machine learning has been used in high energy p
analysis level with supervised classification. Qua
as way to perform computations that would not
advent of noisy intermediate-scale quantum co:
being developed with the aim at exploiting the

for a long time, primarily at the
asiplated in the early 1980s
. With the

applications. An interesting question is whethg hine learning
to HEE. This paper reviews the first generatio arning on
problems in HEP and provide an outlook on

1. Introduction

Particle physics is a branch of science aiming ture by studying the

ironments with
ironments such as
plishment of decades

most elementary components of matter and
particle accelerators such as the Large Hadeg  ©
cataclysmic events in the cosmos. The Stand@m
of thepretical work and experimentation. While it is an Fme. e theory, it does not allow
the integration of gravity, and is known 1o have imitations. Experimefitan icke physics requires
large and complex datasets, which poses specific challenges in data processing and analysis.

Recently, machine learning has been played a significant role in the pliysical sciences. In particular, we are
observing an increasing number of applications of deep kearning 1o various problems in partice physics and
astrophysics. Bevond typical classical approaches [1] (boested decision tree (BDT), support vector machine

P T
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@ Quantum — HPC hybrid platforms

The EuroHPC JU launched its first quantum
computing initiative

FPublished on 1 December 2021

With funding from the European High Performance Computing Joint Undertaking (EuroHPC JU},
the project High-Performance Computer and Quantum Simulator hybrid (HPCQS) kicked off today
with the objective of integrating quantum simulators in already existing European
supercomputers. Hybrid computing, blending the best of quantum and classical HPC technologies
will unleash new innovative potential and prepare Europe for the post-exascale era.

(HPC| &)

AN INFRASTRUCTURE
= JHYBRIDE
£/ HPCQUANTIQUE

Bringing qubits
at the heart of

supercomputers

Commissariat a I'énergie atomique et aux énergies alternatives

HPCQS
» European initiative to couple Quantum

computing/simulation with HPC
- Julich in Germany
- Bruyere le Chatel in France

More than 100 Qubits operational in 2022-2023

French node — national quantum-HPC hybrid platform

» Hardware: 3 quantum machine in 2022-2023
- Analog quantum computers (eg Atoms)
- Gate-based QPUs (eg superconducting/trapped ions)
- Early stage innovative QPUs (eg. photonic, carbon
nanotubes, cat qubits, self-stabilized architectures)

» 23ME€ to develop usage of QPU

Quantum Computing, Philippe Chomaz, CEA, JENAS 2022, Madrid _



Quantum — HPC hybrid platforms

LNYFBRF,&%TERUCTURE French node — national quantum-HPC hybrid platform

HPCQUANTIQUE

» Hardware: 3 quantum machine in 2022-2023
- Analog quantum computers (eg Atoms)
- Gate-based QPUs (eg superconducting/trapped ions)
- Early stage innovative QPUs (eg. photonic, carbon
% @ nanotubes, cat qubits, self-stabilized architectures)
Bringing qubits

at the heart of
supercomputers

» 23ME€ to develop usage of QPU

- Deployment
= WP1: QPU integration, HPC integration, cloud access
= WP2: Software environment
- Applications
= WP3: Optimization and machine learning
= WP4: Simulation of physical systems
- Exploration
= WP5: Noise characterization and mitigation
= WP6: Quantum links for secure computation

Commissariat a I'énergie atomique et aux énergies alternatives Quantum Computing, Philippe Chomaz, CEA, JENAS 2022, Madrid _



Quantum — HPC hybrid platforms

LNYFBRF,&%TERUCTURE French node — national quantum-HPC hybrid platform

HPCQUANTIQUE
» Hardware: 3 quantum machine in 2022-2023
- Analog quantum computers (eg Atoms)
- Gate-based QPUs (eg superconducting/trapped ions)

| - Early stage innovative QPUs (eg. photonic, carbon
% @ nanotubes, cat qubits, self-stabilized architectures)
Bringing qubits

WP4: Simulation of physical systems > 23M€ to develop usage of QPU
= Ab initio calculation of nuclei - Deployment

= WP1: QPU integration, HPC integration, cloud access

= Quantum chemistry = WP2: Software environment

= Entanglement in solid state physics

- Applications
" Phase transitions in quantum materials = WP3: Optimization and machine learning
=  Partial differential equation = WP4: Simulation of physical systems
- Exploration
Academia: CEA, CNRS, INRIA, IPP, Paris-Saclay, Sorbonne, UGA = WP5: Noise characterization and mitigation
Industry: ATOS, PASQAL, Qubit Pharmaceuticals " WP6: Quantum links for secure computation

Commissariat a I'énergie atomique et aux énergies alternatives Quantum Computing, Philippe Chomaz, CEA, JENAS 2022, Madrid _
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Reduction of quantum errors needed before any applications

Quantum Computer Timeline
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