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If you want to make a simulation of Nature,
& 2 deetter make it guantumY S OK | Yy A O f ¢

Richard Feynman at the conference @miulating physics with
computeron May 1981

Quantum Computings the use of quantum
mechanical phenomena such as superposition and
entanglement to perform computation of a new kind.

Commissariat & Q S y Sdxiljue& auxénergiesalternatives Quantum Computing, Philippe Chomaz, CEA, JENAS 2022,



1 Quantum 1.0 and the DigitdRevolution



a Quantum Revolutions

Commissariat & Q S y &dilue&t auxénergiesalternatives Quantum Computing, Philippe Chomaz, CEA, JENAS 2022,



@ Quantum Revolutions

GLYDBSY A 2Y dnechahicslj dzI y (i dzY
Matter, light and interactiongsomposedf particles
governedby awave mechanics.
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Quantum Revolutions

GLYDBSY A 2Y dnechahicslj dzI y (i dzY
Matter, light and interactiongsomposedf particles
governedby awave mechanics.

Quantum 1.0 and the digital revolution:
Macroscopicquantum systemf bosonsor fermionswith
quantized energiehave revolutionizeanformation technology
computing sensing, communication.
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Quantum Revolutions
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Matter, light and interactiongsomposedf particles

| % ‘ lasers
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aovernedby awave mechanics.
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@ Quantum 1.0: Revolutiof information treatment

u Electronicet photonic
u the revolution in information and communicatiortechnologies
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Laboratories
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@ Quantum 1.0: Revolution of information treatment

Classical computers

Elementary information:

oit: |1

Processed with logic gates
(transistors)

1959 Jack Kilbyhandling the [0or1]
first integrated circuit [0or1 ’o

NOTand a single 2 bit gate
(asXOR are enough =>

Universal Turing

1947 First Transistor at Bell M aCh | ne
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

1959 Jack Kilbyhandlingthe | [IGHER 103 b =0, S e ~ 0
firstintegrated circuit [0or1 ’c 1 atom per bit nm transistor - A o
0
S i 10 .

Elementary information: .
10°KS ® o Moore's |
oore’s law
ait: [IGIGH 5 youf ®
: 2020
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Processed with logic gates | < S
(transistors) B 107 S o 2 nm transist
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year 1960 1970 1980 1990 2000 2010 2020

NOTand a single 2 bit gate
(asXOR are enough =>

B, F Universal Turing

1947 First Transistor at Bell M aCh | ne
Laboratories
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2 Quantum 2.0 and thalisruption of information technolog



a Quantique 2.0 MasteringA Y RA @A Rdzk £ |j dzl v

u Quantiquel.0: Reaching its end
Manipulating macroscopic quantum systems
eg AUK YlFye |ljdzr yadzy a202S00Ga¢

Germanium laser
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Quantique 2.0 MasteringA Y RA @A Rdzk £ |j dzl v

u Quantiquel.0: Reaching its end u Quantique2.0:Opens a newvworld 5
Manipulating macroscopic quantum systems o al aG6SNAY3I AYRAODARAZ
eg AUK YIye |ljdz yidzy d¢2062S00a¢ ieindividual quantum degrees of freedon

-

i —

Germanium laser Single photon source
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Quantique 2.0 MasteringhA V RA OA Rdz £ lj dzI v

u Quantiquel.0: Reaching its end u Quantique2.0: Opens a new world
Manipulating macroscopic quantum systems al 30SNAY3I AYRAODARUAZ

eg AUK YIye |ljdz yidzy d¢2062S00a¢ ieindividual quantum degrees of freedon

u Same quantum degrees of freedom
but

going from amacroscopic ensemble
to individual states

u Huge paradignshift
for the accessible space of possibilities

=> access to thkbugespaceof quantum states
(Hilbert/Fockspace)

=> access the "strangest" quantyphenomena
- Superposition

- Non-locality —

- Entanglement Single photon source

Germanium laser
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Superposition & Entanglement
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Superposition & Entanglement

» | — | 1>
u Superposition of states :

- Example of an object with 2

states :quantum bit or Qubit 10
— >
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Superposition & Entanglement

|

_— 1 1
u Superposition of states : ~
- Example of an object with 2 —
states :quantum bit or Qubit 10> 4‘

!
An infinity of states Asi multanea@l@i+pll1>0| and 1

I
e
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Superposition & Entanglement

|

_— 1 1
u Superposition of states : ~
- Example of an object with 2 —
states :quantum bit or Qubit 10> 4‘

!
An infinity of states Asi multane=al@i+pll>0

I
e
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u Superposition of states :
- Example of an object with 2
states :quantum bit or Qubit

|

!

Superposition => Entanglement

— 11> lT
-~
— | 0>

I
e

An infinity of states Asi multane=al@i+pll>0
T —— 111>=11>*11>
u Entanglem_e_nt: 110> = [15*|0>
- Superposition ofstates —_— 101> = |0>*|1>
of several objects
- ex 2 objects with 2 states = 100> =10>*10>
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a Superposition => Entanglement

|

—_ 1> 1
u Superposition of states : ~
- Example of an object with 2 —
states :quantum bit or Qubit 10> “

= +
)
An infinity of states Asi multane=al@i+pll>0
1T —— nis=11>*11>
u Entanglem_e_nt: 110> =11>*10>
- Superposition ofstates = 101> =10>*|1>
of several objects
ex 2 objects with 2 states = 100> =10>*10>
N fobj=&Ndsnmensions space, ex 2 qubits : | state >=a 100> +b 101>+ [XP>+dI11>
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Superposition => Entanglement

|

—_ 1> 1
u Superposition of states : ~
- Example of an object with 2 —
states :quantum bit or Qubit 10> 4‘

= +
)
An infinity of states Asi multane=al@i+pll>0
T —— 111>=11>*11>
u Entanglem_e_nt: 110> = |15*|0> — +
- Superposition ofstates — 101> = [0>*|1>
of SzeV(E)ral tObje.(t:;SZ tat _ * Coupled quantum objects cannot be thought individually
- EX 2 ODjeCts Wi states 1] 100> =10>*10> Example : 100> +111> | (a4 10> +b, 11>) * (ag 10> + by 11>)
N fobj=&Ndsnmensions space, ex 2 qubits : | state >=a 100> +b 101>+ [XP>+dI11>
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Superposition => Entanglement

|

—_ 1> 1
u Superposition of states : ~
- Example of an object with 2 —
states :quantum bit or Qubit 10> “

= +
)
An infinity of states Asi multane=al@i+pll>0
T —— 111>=11>*11>
) -Engﬁncagge;ziiga :ofstates “ ” — 110> =11>"10> - ¥
PETPOSILor 101> = 10>*11>
of SzeVEral tObJe.(t:;SZ tat _ * Coupled quantum objects cannot be thought individually
€X 2 Objects Wi states [} 100> =10>*10> Example : 100> +111> | (a4 10> +b, 11>) * (ag 10> + by 11>)
N fobj=&Ndsnmensions space, ex 2 qubits : | state >=a 100> +b 101>+ [XP>+dI11>
Coupled quantum objects cannot be thought individually => they are entangled | EINSTEIN ATTACKS
Y access to the huge space with 2Ndimensions of entangled states QUANTUM THEORY
Y 2Nevolution of all the solutions « at the same time » Scientist and Two Colleagues

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

@ al AG6SNAY3I AYRA DA Rdinfate $edgltiwhyi dzY & 2 o OUANTUM

Sensing
retrolog
me gy
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@ Quantique 2.0: the promise disruptions for ICT

@ al AG6SNAY3I AYRA DA Rdinfate $edgltiwhyi dzY & 2 o OUANTUM
Sensing
metrology

e . § , e A s e, ANTUM
ey 9y uly3at Ay 3 Rnaolable/and dsrapdive Soimuiealfons %Hnmnicatil;')n
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@ Quantique 2.0: the promise disruptions for ICT

@ al AG6SNAY3I AYRA DA Rdinfate $edgltiwhyi dzY & 2 o OUANTUM
Sensing
metrology

e . § , A s ANTUM
ey 9y uly3at Ay 3 Rnaolable/and dsrapdive Soimuiealfons ?E)Hmunicatilgn
OQUANTUM
%%‘P‘f-ﬂ _ _ ] L Cz)mputing
= Massive entanglementunprecedented massive computincapabilities

OUANTUM

Simulation

Commissariat & Q S y Sdxiljue& auxénergiesalternatives Quantum Computing, Philippe Chomaz, CEA, JENAS 2022,



Quantique 2.0: Major difficulties
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a Quantique 2.0: Major difficulties

u Fabrication challenges:
- Evenmore difficult then the # quantum revolution
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Quantique 2.0: Major difficulties

u Fabrication challenges:
- Evenmore difficult then the  quantum revolution

1947, Bt Transistor 1971, 2 300 transistors. 2020 54 milliard tranS|stors

u Quantum is probabilisticthe measure destroys the superposition

Measure
double-
slit screen — 0 ? 1
Electrons I 1 >
ﬁ
1 —
liiﬁfgii‘n 10>
1nterference Statel i > with
pattern .
l0>+a,11> r ilityla;12
Example. Electrowaves and probabilistimeasure on screen o 0 a probability ai
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E Quantique 2.0: Major difficulties

u Fabrication challenges:
- Evenmore difficult then the  quantum revolution

1947, Bt Transistor 1971, 2 300 transistors. 2020 54 milliard tranS|stors

u Quantum is probabilisticthe measure destroys the superposition Y ——
duéllt:tle screen ?
Electrons I 1 ’ OKP]-
ﬁ
SJESF;L - 10>
1nterference Statel i > with
pattern .
Example. Electrowaves and probabilistimeasure on screen ag | 0>+ agll= probabllltylailz
u Coupling 1:'9 environment is destroying coherence — 15| Loosing coherence
Superposition & entanglement s :
- Error correctioncodes needed| — 10> 11> [
_ . = A\ relaxation
=> t_housands of ph)_/3|cal - Dgcoherence 7 jL 10>
qubits to protect a single : Sources of flsesta)
. . o 35 T, : coherence time
logical qubit g decoherence (scrambling time)
- Or new robust qubits LA N = = == <« _ _
protected from decoherence o0 ot tim;'bzetwee:';ulses &4(“5) o5 08 —— —— — COUpllng tCEnVII’Oﬂnemem
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2022 International competition and collaboration

7 ¥ e <. Public investments
= L. e~ Y
== % 51‘ < ’,;;;,a::- {/___,,x > ‘2022 D at a
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; FLAGSHIP
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T . for the next 7 years on European level f\j P < (1 A o 'cd
- i P " flanked by additional budgets worth over - - ) :  JAPAN
280M : 4 €170M
: ’ O
National Quantum Strategy € 4 5 B “{  MEXT Quantum Leap Initiative
. E ’ 2 e . 2018-2027
CANADA : , through national programmes | <N
""""" ! | in the wake of the pandemic $ \
e cHiNa—) T
€1,05B +€700M = o
US National Quantum infederal spending National Laboratoryfor Quantum Information Sciences
Initiative 2019-2023 ~ Pper annum 2017-2027
o
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3 Quantumcomputing for nuclear, particle andstro physics



a Different quantum computing strategies
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@ Different quantum computing strategies

u Quantum annealing

ly> => >
Looking for ground states

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

u Quantum simulation

. > = U(0,t 3
u Quantum annealing gugmum efloll.)J![i)(/)n( )

ly> = Yo - analogue computing
Looking for ground states

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

u Quantum digital computing

ly (D> =0y( OX 00y ()8

Gate based evolution

u Quantum simulation , :
- ly 0> =000y (8) R ESM Ay

’ Qlf{;l/r;tu_n; a;/nzeallng Quantum evolution E 0 L —o I P E
7o - analogue computin | ——o Z

Looking for ground states 0 PUtng . e - i

- adiabatic optimization | (o) e .

- exploring many paths
- using tunnel effects
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a Many possible technologies/degrees of freedom
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a Many possible technologies/degrees of freedom
v dzI y O dzY & Bgie8sDOréedlamk R

u Hectrons paird

superconductingcurent
- Quantronium- transmon
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a Many possible technologies/degrees of freedom

v dzI y O dzY & Bgie8sDOréedlamk R

u Hectrons paird

superconductingcurent
- Quantronium- transmon

u Photons
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a Many possible technologies/degrees of freedom

v dzI y O dzY & Bgie8sDOréedlamk R

u Hectrons paird

superconductingcurent
- Quantronium- transmon

u Photons

u Spin
- Electrons or holes in
semiconductorsAsGa
{AZ DS3I X0
- NV entersin diamond
(Nitrogen vacancy)

Quantum Computing, Philippe Chomaz, CEA, JENAS 2022,
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a Many possible technologies/degrees of freedom

v dzI y O dzY & Bgie8sDOréedlamk R

u Hectrons paird

superconductingcurent
- Quantronium- transmon

u Photons

u Spin
- Electrons or holes in
semiconductorsAsGa
{AZ DSI X0
- NV entersin diamond
(Nitrogen vacancy)

Quantum Computing, Philippe Chomaz, CEA, JENAS 2022,

Commissariat & Q S y &dilue&t auxénergiesalternatives



a Many possible technologies/degrees of freedom
v dzI y O dzY & Bgie8sDOréedlamk R

u Hectrons paird

superconductingcurent
- Quantronium- transmon

u Atoms

u Photons
u Molecules

u Spin
- Electrons or holes in
semiconductorsAsGa
{AZ DSI X0
- NV entersin diamond
(Nitrogen vacancy)

Quantum Computing, Philippe Chomaz, CEA, JENAS 2022,
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a Many possible technologies/degrees of freedom

v dzI y O dzY & Bgie8sDOréedlamk R

u Hectrons paird u lons
superconductingcurent
- Quantronium- transmon
u Photons u Atoms
u Molecules
4 Spin u New quantum degrees of

freedom / quantum

materials

Flying qubits, surface states,
leviton, pseudospinSkyrmions
spinorbite, 2D systems,
topological materialsiMajorana
fermions, anti/multiferroic X

- Electrons or holes in
semiconductorsAsGa
{AZ DSI X0

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

u Search

based on DeutscllozsaSimon and Grover's algorithms
- Polynomial acceleration

Exploring graphs and data bases
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a Main classes of quantum algorithms

u Search

based on DeutsclliozsaSimon and Grover's algorithms
- Polynomial acceleration

u QuantumFourier transforms QFT)

suchas Shor's algorithm fdactorization (&Bitcoin)
- Exponential acceleration
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Main classes of quantum algorithms

u Search

based on DeutsclliozsaSimon and Grover's algorithms
- Polynomial acceleration

u QuantumFourier transforms QFT)

suchas Shor's algorithm fdactorization (&Bitcoin)
- Exponential acceleration

u Optimization
searching equilibriunpoint of a complex system

such as neuratetwork and optimal path (PCA)
- Exponential acceleration

Image processing Market evolution
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u Search

based on DeutsclliozsaSimon and Grover's algorithms
- Polynomial acceleration

u QuantumFourier transforms QFT)

suchas Shor's algorithm fdactorization (&Bitcoin)
- Exponential acceleration

u Optimization
searching equilibriunpoint of a complex system

such as neuratetwork and optimal path (PCA)
- Exponential acceleration

u Quantum simulation andrariational approach
Quantum many body problems

Resolution of linear differential equations (HHL)
- Exponentiakcceleration
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Main classes of quantum algorithms

Market evolution

N3 —

— >

Weather broadcast Molecules
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Quantum algorithms for nuclear, particle anaistroparticle

u Search u Data mining

based on DeutsclliozsaSimon and Grover's algorithms  pattern recognition, Graph analysis
- Polynomial acceleration

u QuantumFourier transforms QFT) u Signal treatment

suchas Shor's algorithm fdactorization (&Bitcoin) frequency decomposition
- Exponential acceleration

u Optimization u Image and data analysis
searching equilibriunpoint of a complex system Advance treatment (Al, statistical analysis)

such as neuratetwork and optimal path (PCA)
- Exponential acceleration

u Quantum simulation andrariational approach u Theory and simulation
Quantum many body problems Many-body problem and field theory,

Resolution of linear differential equations (HHL)
- Exponentiabhcceleration
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First guantum calculation of @euteron

Dumitrescy McCaskey, Hagen, Jansen, Morris, Hé9ser Dean,Lougovski Phys. Rev. Lett. 120, 210501 (2018)
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First guantum calculation of @euteron

Dumitrescy McCaskey, Hagen, Jansen, Morris, Hé9ser Dean,Lougovski Phys. Rev. Lett. 120, 210501 (2018)

u Hamiltonien
- Pionles=ffective field theory at leadingrder
- fit to deuteron binding energy;
- constructed in harmontoscillator basis of 3S1 partial wave
[a la Binder et al. (2016/ainaBansal et al. (202}
u Ab initio approach
- Lowdepthversion of the unitary coupledlusteransatz
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First guantum calculation of @euteron

Dumitrescy McCaskey, Hagen, Jansen, Morris, Hé9ser Dean,Lougovski Phys. Rev. Lett. 120, 210501 (2018)

u Hamiltonien
- Pionlessffective field theory at leadingrder
- fit to deuteron binding energy;
- constructed in harmontoscillator basis of 3S1 partial wave
[a la Binder et al. (2016/ainaBansal et al. (202}
u Ab initio approach
- Lowdepthversion of the unitary coupledlusteransatz

Rigetti

u Usethe variational quantum eigensolveralgorithm
u On 2 (and 3Qubits IBMQX5 andRigetti190Q computers
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First guantum calculation of @euteron

Dumitrescy McCaskey, Hagen, Jansen, Morris, Hé9ser Dean,Lougovski Phys. Rev. Lett. 120, 210501 (2018)

PHYSICAL REVIEW LETTERS 120, 210501 (2018)

Editors' Suggestion Featured in Physics

Cloud Quantum Computing of an Atomic Nucleus

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'“
R.C. Pooser,"”' D.J. Dean,” and P. Lougovski"”

'i’.’.’g)mpm‘frrfwr(rf Sciences and Engineering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
e Computer Science and Mathematics Division, Oak Ridge National Laboratorv, Oak Ridge, Tennessee 37831, U/SA
':Ph.\'\'ic:\' Division, Oak Ridge National Laboraiory, Oak Ridge, Tennessee 37831, USA

. Il)e;mmm'}rr of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
"National Center for Computational Sciences, Ouk Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

M (Received 12 January 2018: published 23 May 2018)

We report a quantum simulation of the deuteron hinding energy on quantum processors accessed via
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
computing applications onto nascent gquantum devices.

Unitary operatoentangling? (and 3) orbitals

U (9) — eﬂ(a;al —a 1 ap)
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u Hamiltonien
- Pionlessffective field theory at leadingrder
- fit to deuteron binding energy;
- constructed in harmontoscillator basis of 3S1 partial wave
[a la Binder et al. (2016/ainaBansal et al. (202}
u Ab initio approach
- Lowdepthversion of the unitary coupledlusteransatz

Rigetti

u Usethe variational quantum eigensolveralgorithm
u On 2 (and 3Qubits IBMQX5 andRigetti190Q computers
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CERN Accelerating sclence Signin  Directory

|Q) oo Home

CERN Quantum Technology Initiative
5 h /l[quantum.cern.ch .
i e et Annlications

"OULIRTER
Quantum Technology EI?IR}\I(( JURIER
Initiative September 2020

Nle}}

CERN’s new quantum technology initiative has the potential to enrich and expand

its challenging research programme, says Alberto Di Meglio.

Strategy and Roadmap

u A strong quantuminitiative @ CERN

QUANTUM
) IQ ) TECHNOLOGY
P INITIATIVE

to quantum technologies. Credit: CERN-PHOTO-201604-080-2

QUANTUM
@) IQ ) crlhal 14/04/2022 WQD @ CERN
S INITIATIVE
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A More than 20 projects in all
four quantum areas
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A 18 papers
A 8 on peer-reviewed journals
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A More than 20 projects in all
four quantum areas

A 18 papers
A 8 on peer-reviewed journals
A More than 20 talks and

presentations at conferences
and workshops

UANTUM ‘ /
@\ IQ ) THEIoL ey 14/04/2022 WQD @ CERN | 58
SZ INITIATIVE 5



