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Quantum computing

έbŀǘǳǊŜ ƛǎƴΩǘ ŎƭŀǎǎƛŎŀƭΣ dammit !
if you want to make a simulation of Nature, 
ȅƻǳΩŘ better make it quantum ƳŜŎƘŀƴƛŎŀƭέ
Richard Feynman at the conference on "simulating physics with 
computer" on May 1981

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

Richard Feynman's post-Nobel lecture at CERN, 1965
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Quantum 1.0 and the DigitalRevolution1
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Quantum Revolutions
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Quantum Revolutions
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άLƴǾŜƴǘƛƻƴέ ƻŦ ǉǳŀƴǘǳƳ mechanics:
Matter, light and interactions composed of particles
governed by a wavemechanics.

2 wave packets
Many 
other

s
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Quantum Revolutions
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Quantum 1.0 and the digital revolution:
Macroscopic quantum systemsof bosonsor fermionswith 
quantized energieshave revolutionized information technology: 
computing, sensing, communication.

lasers micro electronic
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Quantum Revolutions

Quantum 1.0 and the digital revolution:
Macroscopic quantum systemsof bosonsor fermionswith 
quantized energieshave revolutionized information technology: 
computing, sensing, communication.

lasers micro electronic

άLƴǾŜƴǘƛƻƴέ ƻŦ ǉǳŀƴǘǳƳ ƳŜŎƘŀƴƛŎǎ Υ
Matter, light and interactions composed of particles
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Quantum 1.0: Revolution of information treatment 

8

u Electronicet photonic
u the revolution in information and communication technologies

1959 Jack S. Kilbyhandling the 
first integrated  circuit

1947 First Transistor at Bell 
Laboratories
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Quantum 1.0: Revolution of information treatment

Ordinateur classique

Processed with logic gates
(transistors)

NOTand a single 2 bit gate 
(as XOR) are enough => 
Universal Turing
Machine

Classical computers 

Elementary information:

Bit:  0 or 1

1959 Jack S. Kilbyhandling the 
first integrated  circuit

1947 First Transistor at Bell 
Laboratories

0 or 1

0 or 1

0 or 1

0 or 1
0 or 1
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Quantum 1.0: Revolution of information treatment

Ordinateur classique

Processed with logic gates
(transistors)

NOTand a single 2 bit gate 
(as XOR) are enough => 
Universal Turing
Machine

Classical computers 

2020

Are reaching the limit of one atom per bit 

Elementary information:

Bit:  0 or 1

1959 Jack S. Kilbyhandling the 
first integrated  circuit

1947 First Transistor at Bell 
Laboratories

0 or 1

0 or 1

0 or 1

0 or 1
0 or 1
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Quantum 2.0 and the disruption of information technology2
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Quantique 2.0 : Mastering ƛƴŘƛǾƛŘǳŀƭ ǉǳŀƴǘǳƳ άƻōƧŜŎǘǎέ

12

Matrices deµLEDs

MicrolaserenGeSn

Germanium laser

u Quantique 1.0: Reaching its end 
Manipulating macroscopic quantum systems 
ieǿƛǘƘ Ƴŀƴȅ ǉǳŀƴǘǳƳ άƻōƧŜŎǘǎέ
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Single 
photon 
source

u Quantique 2.0: Opens a new world
aŀǎǘŜǊƛƴƎ ƛƴŘƛǾƛŘǳŀƭ ǉǳŀƴǘǳƳ άƻōƧŜŎǘǎέ
ie individual quantum degrees of freedom

Single photon source 

Matrices deµLEDs

MicrolaserenGeSn

Germanium laser

u Quantique 1.0: Reaching its end 
Manipulating macroscopic quantum systems 
ieǿƛǘƘ Ƴŀƴȅ ǉǳŀƴǘǳƳ άƻōƧŜŎǘǎέ
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Quantique 2.0 : Mastering ƛƴŘƛǾƛŘǳŀƭ ǉǳŀƴǘǳƳ άƻōƧŜŎǘǎέ

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

u Huge paradigmshift 
for the accessible space of possibilities
=> access to the hugespace of quantum states

(Hilbert/Fockspace) 

=> access the "strangest" quantum phenomena
- Superposition
- Non-locality
- Entanglement
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Superposition & Entanglement 
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Superposition & Entanglement 

u Superposition of states :
- Example of an object with 2 

states : quantum bit or Qubit

I 1 >

I 0 >
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Superposition & Entanglement 

u Superposition of states :
- Example of an object with 2 

states : quantum bit or Qubit

I 1 >

I 0 >

An infinity of states ñsimultaneously" 0 and 1 :                           I state> = a I 0 > + b I 1 >
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Superposition & Entanglement 

u Superposition of states :
- Example of an object with 2 

states : quantum bit or Qubit

u Entanglement : 
- Superposition ofstates 

of several objects, 
- ex 2 objects with 2 states 

I01>= I0>*I1>

I11>=I1>*I1>

I00>= I0>*I0>

I10>=I1>*I0>

I 1 >

I 0 >

An infinity of states ñsimultaneously" 0 and 1 :                           I state> = a I 0 > + b I 1 >

19

Superposition => Entanglement 
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Superposition & Entanglement 

u Superposition of states :
- Example of an object with 2 

states : quantum bit or Qubit

u Entanglement : 
- Superposition ofstates 

of several objects, 
- ex 2 objects with 2 states 

I01>= I0>*I1>

I11>=I1>*I1>

I00>= I0>*I0>

I10>=I1>*I0>

I 1 >

I 0 >

An infinity of states ñsimultaneously" 0 and 1 :                           I state> = a I 0 > + b I 1 >

N ñobjectsò => 2N dimensions space, ex 2 qubits : I state > = a I00> + b I01>+ g I10> + d I11>
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Superposition & Entanglement 
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Superposition => Entanglement 

Coupled quantum objects cannot be thought individually => they are entangled 

Ý access to the huge space with 2N dimensions of entangled states

Ý 2N evolution of all the solutions « at the same time »
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Quantique 2.0: the promise disruptions for ICT
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Quantique 2.0: the promise disruptions for ICT

aŀǎǘŜǊƛƴƎ ƛƴŘƛǾƛŘǳŀƭ ǉǳŀƴǘǳƳ άƻōƧŜŎǘǎέ: ultimate sensitivity
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Quantique 2.0: the promise disruptions for ICT

aŀǎǘŜǊƛƴƎ ƛƴŘƛǾƛŘǳŀƭ ǉǳŀƴǘǳƳ άƻōƧŜŎǘǎέ: ultimate sensitivity

u9ƴǘŀƴƎƭƛƴƎ Řƛǎǘŀƴǘ άƻōƧŜŎǘǎέΥ inviolable and disruptive communications    
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Quantique 2.0: the promise disruptions for ICT

aŀǎǘŜǊƛƴƎ ƛƴŘƛǾƛŘǳŀƭ ǉǳŀƴǘǳƳ άƻōƧŜŎǘǎέ: ultimate sensitivity

u9ƴǘŀƴƎƭƛƴƎ Řƛǎǘŀƴǘ άƻōƧŜŎǘǎέΥ inviolable and disruptive communications    

uMassive entanglement: unprecedented massive computingcapabilities
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Quantique 2.0: Major difficulties  

2727
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Quantique 2.0: Major difficulties  

u Fabrication challenges:
- Evenmore difficult then the 1st quantum revolution 

1947, 1st Transistor 2020, 54 milliard transistors1971, 2 300 transistors.
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Quantique 2.0: Major difficulties  

u Fabrication challenges:
- Evenmore difficult then the 1st quantum revolution 

1947, 1st Transistor 2020, 54 milliard transistors1971, 2 300 transistors.

2929

u Quantum is probabilistic: the measure destroys the superposition

I 1 >

I 0 >

a0I 0 > + a1I 1 >

StateI i > with 
probability IaiI

2

Measure

Example. Electronwaves and probabilisticmeasure on screen 

.
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Quantique 2.0: Major difficulties  

u Fabrication challenges:
- Evenmore difficult then the 1st quantum revolution 

1947, 1st Transistor 2020, 54 milliard transistors1971, 2 300 transistors.

Sources of
decoherence

I 1 >
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I 1 >

I 0 >

Loosing coherence

Coupling to environnement
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u Coupling to environment is destroying coherence: 
Superposition & entanglement 
- Error correction codes needed

=> thousands of physical                              Decoherence
qubits to protect a single  
logical qubit 

- Or new robust qubits 
protectedfrom decoherence
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u Quantum is probabilistic: the measure destroys the superposition
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a0I 0 > + a1I 1 >

StateI i > with 
probability IaiI
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2022 International competition and collaboration

Public investments
2022 Data
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Quantum computing for nuclear, particle and astrophysics 3
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Different quantum computing strategies  
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Different quantum computing strategies  

u Quantum annealing
|y>  =>  |y0>
Looking for ground states 
- adiabatic optimization 
- exploring many paths 
- using tunnel effects 
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Different quantum computing strategies  

u Quantum simulation
|y(t)>  = Û(0,t)  |y(0)>
Quantum evolution
- analogue computing  

u Quantum annealing
|y>  =>  |y0>
Looking for ground states 
- adiabatic optimization 
- exploring many paths 
- using tunnel effects 
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Different quantum computing strategies  

u Quantum simulation
|y(t)>  = Û(0,t)  |y(0)>
Quantum evolution
- analogue computing  

u Quantum annealing
|y>  =>  |y0>
Looking for ground states 
- adiabatic optimization 
- exploring many paths 
- using tunnel effects 

u Quantum digital computing
|y(NDt)>  = ÛN(Dt) Χ ©1(Dt)|y(0)>
Gate based evolution 
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Many possible technologies/degrees of freedom 
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Many possible technologies/degrees of freedom 

vǳŀƴǘǳƳ άƻōƧŜŎǘǎέκŘegrees of freedom

u Electrons pairs/ 
superconducting curent
- Quantronium- transmon
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Many possible technologies/degrees of freedom 

vǳŀƴǘǳƳ άƻōƧŜŎǘǎέκŘegrees of freedom

u Electrons pairs/ 
superconducting curent
- Quantronium- transmon

u Photons

u Spin
- Electrons or holes in 

semiconductors (AsGa, 
{ƛΣ DŜΣ Χύ

- NV centers in diamond 
(Nitrogen vacancy)
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Many possible technologies/degrees of freedom 

vǳŀƴǘǳƳ άƻōƧŜŎǘǎέκŘegrees of freedom

u Electrons pairs/ 
superconducting curent
- Quantronium- transmon

u Photons

u Spin
- Electrons or holes in 

semiconductors (AsGa, 
{ƛΣ DŜΣ Χύ

- NV centers in diamond 
(Nitrogen vacancy)

u Ions

u Atoms
uMolecules

u New quantum degrees of 
freedom / quantum 
materials
Flying qubits, surface states, 
leviton, pseudospin, Skyrmions, 
spin-orbite, 2D systems, 
topological materials, Majorana
fermions, anti/multi-ferroïcΧ
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Main classes of quantum algorithms   



Quantum Computing, Philippe Chomaz, CEA, JENAS 2022, Madrid Commissariat à ƭΩŞƴŜǊƎƛŜatomiqueet aux énergiesalternatives 45

Main classes of quantum algorithms   

u 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   

u Quantum Fourier transforms (QFT)
such as Shor's algorithm for factorization (&Bitcoin)

- Exponential acceleration

Cryptography

u 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   

u Quantum Fourier transforms (QFT)
such as Shor's algorithm for factorization (&Bitcoin)

- Exponential acceleration

Cryptography

u Optimization
searching equilibrium point of a complex system 
such as neural network and optimal path (PCA)

- Exponential acceleration
Image processing Market evolution

u 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   

u Quantum Fourier transforms (QFT)
such as Shor's algorithm for factorization (&Bitcoin)

- Exponential acceleration

Cryptography

u Optimization
searching equilibrium point of a complex system 
such as neural network and optimal path (PCA)

- Exponential acceleration
Image processing Market evolution

u Quantum simulation and variationalapproach 
Quantum many body problems
Resolution of linear differential equations (HHL)

- Exponential acceleration
Weather broadcast Molecules

u Search
based on Deutsch-Jozsa, Simon and Grover's algorithms

- Polynomial acceleration 

Exploring graphs and data bases
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Quantum algorithms for nuclear, particle and astroparticle

u Quantum Fourier transforms (QFT)
such as Shor's algorithm for factorization (&Bitcoin)

- Exponential acceleration

u Optimization
searching equilibrium point of a complex system 
such as neural network and optimal path (PCA)

- Exponential acceleration

u Quantum simulation and variationalapproach 
Quantum many body problems
Resolution of linear differential equations (HHL)

- Exponential acceleration

u Search
based on Deutsch-Jozsa, Simon and Grover's algorithms

- Polynomial acceleration 

u Signal treatment
frequency decomposition 

u Image and data analysis
Advance treatment (AI, statistical analysis)

u Theory and simulation
Many-body problem and field theory,  

u Data mining 
pattern recognition, Graph analysis 
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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)

u Hamiltonien
- Pionlesseffective field theory at leading order
- fit to deuteron binding energy;
- constructed in harmonic-oscillator basis of 3S1 partial wave 

[à la Binder et al. (2016); AainaBansal et al. (2017)]

u Ab initio approach
- Low-depth version of the unitary coupled-cluster ansatz
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u Hamiltonien
- Pionlesseffective field theory at leading order
- fit to deuteron binding energy;
- constructed in harmonic-oscillator basis of 3S1 partial wave 

[à la Binder et al. (2016); AainaBansal et al. (2017)]

u Ab initio approach
- Low-depth version of the unitary coupled-cluster ansatz

u Use the variationalquantum eigensolveralgorithm
u On 2 (and 3) Qubits IBM QX5 and Rigetti19Q computers 

Rigetti
19Q
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u Hamiltonien
- Pionlesseffective field theory at leading order
- fit to deuteron binding energy;
- constructed in harmonic-oscillator basis of 3S1 partial wave 

[à la Binder et al. (2016); AainaBansal et al. (2017)]

u Ab initio approach
- Low-depth version of the unitary coupled-cluster ansatz

u Use the variationalquantum eigensolveralgorithm
u On 2 (and 3) Qubits IBM QX5 and Rigetti19Q computers 

Rigetti
19Q

Unitary operator entangling 2 (and 3) orbitals
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https://quantum.cern.ch

14/04/2022 WQD @ CERN

u A strong quantum initiative @ CERN



Areas of Research
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Computing Sensing Communications Theory

Simulation

Reconstruction

Classification

QKD 

infrastructures

Quantum Internet

Quantum Field 

TheoryLow-energy experiments, quantum 

states measurements, nano-

technologies

https://doi.org/10.1140/epjst/e2015-02607-4

Lattice QCD

https://cds.cern.ch/record/2703396

Future HEP Detectors

14/04/2022 WQD @ CERN

https://doi.org/10.1140/epjst/e2015-02607-4
https://cds.cern.ch/record/2703396


Å More than 20 projects in all 
four quantum areas

Å 18 papers

Å 8 on peer-reviewed journals

Å More than 20 talks and 
presentations at conferences 
and workshops

Scientific Publications (2021)
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