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ClZ

We are transtforming carbon
nanotubes into "Quantum
transistors"

C12



Founded in 2020

Paris-based quantum hardware
startup

Spin-off Ecole Normale Supérieure in
Paris

55+ employees
8+ patents
Pilot production line in Paris

First application-specific chips for
guantum chemistry in development

Pierre Desjardins
CO-FOUNDER & CEO

Dr. Matthieu Desjardins
CO-FOUNDER & CTO
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C12, a unique approach to build a
universal quantum processor

Ultra-clean material

* Lowest charge noise
* Isotopic purity

* Longest 1Q coherence

times*

High Connectivity

* Long-distance 2Q gate >

99.9%

e Efficient error correction

At large scale

* Foundry process

C12



We need
high-quality qubits

Our vision

And errors come from
defects in qubit material




C12’s qubit 1s a spin qubit
hosted in a single carbon
nanotube

» Ultra-pure carbon nanotube, connected between
electrical contacts, I1s suspended above an array of
gate electrodes

« Gate electrodes manipulate a single electron
within a double quantum dot

* Local magnetic field entangles the electronic spin
with the charge dipole in the double quantum dot

* This spin qubit is addressed via microwave pulses

T. Cubaynes et al. NPJ, 2019, F. Barjans et al, Nature, 2020, P. Harvey-Collard, 2021



Building a quantum computer
still needs technological
breakthroughs

Breakthrough in material science

Carbon nanotubes as an ultra-pure
hosting material for the spin

Ultra-clean 1D material: highly funable system for fast
control of the spins with reduced decoherence channels

J. Waissman et al. Nature Nano, 2013

Breakthrough in manufacturing

Patented fabrication process based on the
nano-assembly of carbon nanotubes on a
silicon chip

Method and device for depositing a nano-object, US Patent
App.17/285,369, 2021

T. Cubaynes et al, Appl. Phys. Lett. (2020)

Breakthrough in quantum computing
architecture

Quantum processors based on spin qubits
coupled through a quantum bus

Long range coupling of individual spins, isolated yet
addressable

T. Cubaynes et al. NPJ, 2019, F. Borjans et al, Nature, 2020,
P. Harvey-Collard, 2021

C12



A functional production
line inside C12’s
guantum foundry

C12




[nside C12’s quantum foundry

. . : LLLI
Nanofabrication : - %
» \Wafer-scale fabrication T

» Magnetic gate (2nd generation)
» Patent for 3rd generation

CNT Nano-assembly

. \\. < - )

% CNT Growth CNT Characterization
« Localized 25 ' . Optical characterization to
deposition select single tubes vs

bundles « High throughput
* In situ electrical detection * Quality check

» Stable growth




Scalable for universal
guantum computing

* Semiconductor intfegration
enables small qubit and high
gubit densitu

* Qubit pre-selection ensures
guality

* High gubit density, connectivity
and quality — efficient quantum
error correction




C12

We need scalable and universal benchmarks as guide
to iImprove hardware development for achieving
practical guantum advantage

C12



Various quantum benchmarks

L1 distance, Manhattan distance

JorE:
Total variation distance
~~___Hellinger fidelity
Hellinger distance

Bhattacharya distance

Kullback-leibler deviation

Cross-entropy

Linear Cross-entropy

/7 B Trace distance
Fidelities & errors . /_ﬂ State fidelity
O<\-\_\ Quantum states e Bures distance
2" Bures angle
\ \\.‘\ Quantum relative entropy
\\ . Diamond distance
-~ Jamiotkowski trace distance
\ Quantum processes ::_:{:// __Average gate fidelity
“X—___ Entanglement fidelity
~__  Stabilized minimum fidelity
Time to solution
Application-level figure of merit__ Time to epsilon
T~ Speed-up ratio Boson sampling
Supremacy experiments Quantum simulation
V\ Random circuit sampling
Single-qubit clifford RB
Multi-qubit clifford RB
Direct RB
’ . Binary BRB
CSuantom: Benciunant =ao System-level benchmark Randomized benchmarking Mirror RB

Dihedral RB
Simultaneocus RB
Error Per Layered Gate (EPLG)

Quantum Volume (QV)

Circuit Layer Operation Per Second (CLOPS)
Others Quantum Linpack

Quantum Unitary Evolution Score (QUES)

Reliable Quantum Operations Per Second (rQOPS)

Algorithmic qubit

Protocols Q-Score

Application-level Benchmark Vw

Aggregated scores

MYRIAD-Q

O——_  QuAs

QEl

DARPA's QBI
QED-C

Hardware pricing

Business informations,\/ Roadmaps Metrig
v\ Benchmark initiatives EPIQUE
BenchQC

BACQ

https://quantumbenchmarkzoo.org/

EuroQHPC




Performance Metrics for Quantum Computers

M1. HARDWARE ARCHITECTURE PROPERTIES
M1.1. Number of usable qubits

M1.2. Pairwise connectivity

M1.3. Native gate set

M1.4. Capability to perform mid-circuit

measurements
M2. - M5. QUALITY METRICS
(HARDWARE MANUFACTURER
M2. QUBIT QUALITY M3. GATE EXECUTION QUALITY M4. CIRCUIT EXECUTION

METRICS METRICS QUALITY METRICS
M2.1. Qubit relaxation time M3.1. Gate set tomography- M4.1. Quantum volume
(T1) based process fidelity M4.2. Mirrored circuits
M2.2. Qubit dephasing time M3.2. Diamond norm of a average polarization
(T2) guantum gate M4.3. Algorithmic qubits
M2.3. Idle qubit purity M3.3. Clifford randomized M4.4. Upper bound on the

oscillation frequency

benchmarking average gate error
M3.4. Interleaved Clifford
randomized benchmarking gate
error

M3.5. Cycle-benchmarking
composite process fidelity

M3.6. Over- or under-rotation
angle

M3.7. State preparation and
measurement fidelity

variation distance

Lall et al, A Review and Collection of Metrics and Benchmarks for
Quantum Computers- definitions, methodologies and software, 2025

(HARDWARE COMPONENTS




Application-level benchmarks

Current status

-

promising problems

Q-Score

McCaskey2019*

e Combinatorial optimisation, e.q.

e Learning problem, e.qg. gBAS-Score

*A.McCaskey et al, Quantum Chemistry as a Benchmark for
Near-Term Quantum Computers. npj Quantum Information,
5(1):1-10, 2019.

~

Several protocols dedicated to several

e Quantum chemistry simulation e.q.

/




Application-level benchmarks

o

Execution quality metrics

metric

metric

.

e Quantum Approximate Optimisation
Algorithm (QAQOA) metric
e Variational Quantum Eigensolver

e 1D Fermi-Hubbard model simulation

~

/




Application-level benchmarks

T

Execution quality metrics

e Quantum Approximate Optimisation
Algorithm (QAQOA) metric
e Variational Quantum Eigensolver

meftric
e 1D Fermi-Hubbard model simulation

metric

o /




Application-level benchmarks : Observations

> These benchmarks depend on the chosen metrics and the chosen algorithm
for a particular problem.

> S0 both metric and algorithm have important impact on the performance of
benchmarking of quantum devices.

Representativity: is the problem chosen representative of testing the
applicability of quantum computing for practical application in the domain?

Expressivity: i1s the execution quality metric expressive for measuring the
performance of the quantum device?

< 4




Application-level benchmarks : bitter fact

No industrially-relevant and practically-useful problem has been
identified.

We only have a few domains in which quantum computing is believed
to be available to provide computational advantage/usefulness.



Application-level benchmarks : bitter fact

No industrially-relevant and practically-useful problem has been
identified.

We only have a few domains in which quantum computing is believed
to be available to provide computational advantage/usefulness.

Encoding challenges: For practical applications, we need efficient
encoding of problems info quantum computing framework,
especially for NISQ era.



Application-level benchmarks : bitter fact

No industrially-relevant and practically-useful problem has been
identified.

We only have a few domains in which quantum computing is believed
to be available to provide computational advantage/usefulness.

Belief V.S. Reality



Limitations of variational quantum algorithms:

EXe C u TI O n q u a | ITU m ET rl C S a quantum optimal transport approach
- I m p a CT Of a | g D r I T h m S Giacomo De Palma,! Milad Marvian,2 Cambyse Rouzé,® and Daniel Stilck Franca®®

! Department of Mathematics, University of Bologna, 40126 Bologna, Italy*
2 Department of Electrical & Computer Engineering and Center for Quantum Information and Control,
University of New Mezico, Albuquerque, NM 87131, USAT
3 Zentrum Mathematik, Technische Universitit Miinchen, 85748 Garching, Germanyt
4QMATH, Department of Mathematical Sciences, University of Copenhagen,
Universitetsparken 5, 2100 Copenhagen, Denmark
5Univ Lyon, ENS Lyon, UCBL, CNRS, Inria, LIP, F-69342, Lyon Cedex 07, France’

The impressive progress in quantum hardware of the last years has raised the interest of

L I m ITa TI O n Of Va rl a TI O n a I Q u a n 1- u m the quantum computing community in harvesting the computational power of such devices.

. However, in the absence of error correction, these devices can only reliably implement very
Al g D r I 'I' h m S D n N I S Q shallow circuits or comparatively deeper circuits at the expense of a nontrivial density of

errors. In this work, we obtain extremely tight limitation bounds for standard NISQ pro-
posals in both the noisy and noiseless regimes, with or without error-mitigation tools. The

bounds limit the performance of both circuit model algorithms, such as QAOA, and also
continuous-time algorithms, such as quantum annealing. In the noisy regime with local de-

® T ra I n a b I | I'I'g ISS u e polarizing noise p, we prove that at depths L = O(p~!) it is exponentially unlikely that
the outcome of a noisy quantum circuit outperforms efficient classical algorithms for com-

binatorial optimization problems like Max-Cut. Although previous results already showed

e Expressivity of the chosen ansatz

e Scalability of VQA quantum circuit

Scalability of these metrics ?7?




Execution quality metrics
- Impact of algorithms

a

Benchmarks based on

Variational quantum
algorithms




Execution quality metrics
- Impact of algorithms

K\IISN GTOD

Benchmarks based on

Variational quantum
algorithms QS based on QFT




Execution quality metrics

- Impact of algorithms

NISQ

Benchmarks based on
Variational guantum
algorithms

[
I

Transition

GTOD
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Potential proposal for the transition

"Algorithmic fault-tolerance”

Can we base on fast and reliable logical

operation to design an application-oriented

benchmark ?

a Conventional fault tolerance
©(d) SE rounds
: ——

_____ gate

& QD D

Independent decoding

b Algorithmic fault tolerance
©(7) SE rounds
P

Correlated decoding

-

Algorithmic Fault Tolerance for Fast Quantum Computing

Hengyun Zhou," 2 * Chen Zhao," T Madelyn Cain,? Dolev Bluvstein,?2 Casey Duckering,’
Hong-Ye Hu,? Sheng-Tao Wang,! Aleksander Kubica,®*® and Mikhail D. Lukin?:?

' QuEra Computing Inc., 1284 Soldiers Field Road, Boston, MA, 02135, US
2 Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
SAWS Center for Quantum Computing, Pasadena, California 91125, USA
4 California Institute of Technology, Pasadena, California 91125, USA
% Department of Applied Physics, Yale University, New Haven, Connecticut 06511, USA USA

Fast, reliable logical operations are essential for the realization of useful quantum computers [1-
3], as they are required to implement practical quantum algorithms at large scale. By redundantly
encoding logical qubits into many physical qubits and using syndrome measurements to detect and
subsequently correct errors, one can achieve very low logical error rates. However, for most practical
quantum error correcting (QEC) codes such as the surface code, it is generally believed that due
to syndrome extraction errors, multiple extraction rounds—on the order of the code distance d—
are required for fault-tolerant computation [4-14]. Here, we show that contrary to this common
belief, fault-tolerant logical operations can be performed with constant time overhead for a broad
class of QEC codes, including the surface code with magic state inputs and feed-forward operations,
to achieve “algorithmic fault tolerance”. Through the combination of transversal operations [7]
and novel strategies for correlated decoding [15], despite only having access to partial syndrome
information, we prove that the deviation from the ideal measurement result distribution can be made
exponentially small in the code distance. We supplement this proof with circuit-level simulations in
a range of relevant settings, demonstrating the fault tolerance and competitive performance of our
approach. Our work sheds new light on the theory of quantum fault tolerance, potentially reducing
the space-time cost of practical fault-tolerant quantum computation by orders of magnitude.



We need good benchmarks as guide to
achieve practical guantum advantage:

Need to identify representative
problems for designing
application-oriented benchmarks

Need to define universally-applicable
Conclusion metrics based on scalable quantum

algorithms

Need to prepare the transition from
NISQ to Fault-tolerant era

chloe.ai@cl2ge.com




Unique at Scale



