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CERN: General Introduction

UANTUM .
cRn IQ ) omepboil 11/11/2021 M. Grossi - CERN QT
o~ INITIATIVE



CERN

» International organisation close to Geneva,
straddling Swiss-French border, founded

1954
« FEacilities for fundamental research in Members: Austria, Belgium, Bulgaria, Czech republic, Denmark,
Finland, France, Germany, Greece, Hungary, Israel, Italy,

particle phySiCS Netherlands, Norway, Poland, Portugal, Romania, Slovak
R Republic, Slovenia, Spain, Sweden, Switzerland, United Kingdom
23 member states, Candidate for membership: Cyprus, Estonia, Slovenia

1.2 B CHF bUdget Associate members: Croatia, India, Lithuania, Pakistan, Turkey,
. 7 : Ukraine
3200 Staﬁ’ fe”OWS’ trainees, ... Observers: EC, Japan, JINR, Russia, UNESCO, United States of

« >13’000 associates America _ _
Numerous non-member states with collaboration agreements

» I

>2’500 staff members, 645 fellows,
ARG IEES

7’000 member states, 1’800 USA,
900 Russia, 270 Japan, ...
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pQCD and Standard
Model — collider physics,
parton showers, theory |
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electroweak,
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LHC Experiments Computing Workloads

Multi-step iterative Kalman filter approach

LHCb Data Acquisition & Trigger 2018 -
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CERN Quantum
Technology Initiative
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CERN Quantum Technology Initiative

Discussions about a Quantum Technology Initiative took place in 2020 with representatives of quantum initiatives in
the CERN Member States, the CERN community, the Worldwide LHC Computing Grid, the CERN Scientific Computing
Forum, with LHC experiments and the HEP Software Foundation

| [QL)

CERN T1 - Scientific and Technical
Quantum Technology Development and Capacity T3 - Community Building
Building
Strategy and Roadmap

T4 - Integration with national and
T2 - Co-development international initiatives and
programmes
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The Swedish
Wallenberg
Quantum Centre

Member States Initiatives | guiemhotz

The Danish

Quantum Initiative 9 JULICH

The Finnish Strategic
Quantum Plan

« Many initiatives involving research labs,| Swiss National
universities, companies have been Strategy
announced in recent years

Fraunhofer Hub
Part of a Government
investment on QC of
650M EUR in 2 years

 National initiatives are put in place UK National Quantum
independently in several countries Technology Programme

Munich Leibnitz

Spain Quantum
Centre

« Companies have established large expertise | Association (QSpain)
networks: e.g. the IBM Quantum Network or
Qr-Net (with. more than 100 members, many
of them in Europe), or the Atos User Club

« Opportunities for joint collaborations and
common programmes are emer%ng in
particular in the CERN Member States

INFN Quantum
Programme

The French Quantum

IT - Lisbon Plan . o
QuantHEP : : The Israeli Quantum Initiative
Hungarian National Very diverse ecosystem of start-
Quantum Technology ups and academic initiatives
Program
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he QTI Advisory Board

A close relation with CERN Member States and ongoing

activities is recognized as a fundamental key of success for
the QTI

The establishment of an Advisory Board composed of
qualified experts from the Member States has been strongly
encouraged and supported by CERN Management and the
CERN Councll

The CERN Council Members have therefore been
consulted and invited in January 2021 to propose
candidates for the AB to represent each State

1112021 TR —— m




Who we are talking to
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CERN: a Quantum HUB
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CERN Quantum Hub

CERN is a Hub Member of the IBM Quantum Network

Access to IBM hardware based on quotas for Hub members
and projects

Agreement for 3 years at negotiated conditions
« All members have the same conditions as CERN

Now looking for expressions of interest for new members
either for individual membership or projects (currently in
discussion with a few institutes in the CERN Member
States)
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CERN Quantum
Research Domains
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R&D Projects

BASE - The Baryon Antibaryon Symmetry Experiment
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Many pilot projects already started as part of the CERN openlab quantum programme
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https://doi.org/10.1140/epjst/e2015-02607-4
https://cds.cern.ch/record/2703396

Quantum Computing at CERN

» Assess QC potential in HEP Initial investigations set a baseline for prioritisation
and systematisation
Start on Quantum Machine Learning
« Relatively loose definition
« Variational approach / Robustness to noise

» Development and optimization of algorithms
targeted for realistic use cases

* |deal and NISQ configurations

 Build expertise on state-of-the-art Interest QC algorithms beyond QML
software stack
» Simulators, hardware specific vs agnostic Now a more formal approach to algorithms,
frameworks, ... methods, error characterisation and correction
* Optimisation of classical computing - NISQ optimisations
resources for QC studies (HPC) . Data embedding / scalability / problem dimensionality
« Set up a distributed QC Simulation Different hardware |
platform - “Mainstream” (Semi-conductors, ions, ...) (IBM, Google,
_ _ Rigetti,lonQ)
: Errol\élgeDresource access to the community . Photon QC (Xanadu) , Quantum Annealer (D-Wave)

Quantum-inspired computing (Fujtsu digital, Toshiba SBM)
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Hybrid Classical-Quantum GAN Sofia Vallecorsa, CERN
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[ Simulation

IBM qGAN can load probability distributions in guantum states
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https://doi.org/10.1038/s41534-019-0223-2

Su Yeon Chang: ML4PS @NeurlPS20

Photonic based qGAN

Alternative concept based on optical systems
Information encoded in continuous physical observables

« Hybrid model: 8 layers quantum generator (264 Sofia Vallecorsa, CERN
parameters)
* Fully connected classical discriminator (44k parameters) Hybrid CVAGANN
« Converges in ~100 epochs - i A
« StrawberryFields + PennyLane (Numpy backend) ¢ °
] -
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https://doi.org/10.1103/PhysRevLett.82.1784

Quantum SVM for Higgs selection

Classical models trained on 67 features

Input dimensionality reduction: Auto-Encoder projects to a lower dimension latent space (8,16)
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V. Belis, S. Gonzalez-Castillo - BQIT 2021 Logistic Regression 0.68 + 0.02
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research Data in
transit

QuUA MACY 4550 bews

« QUANTUM-based privacy and self-determination
« Funded as an openQKD open call project

« End-to-end use of QKD to secure distributed data analysis
over cloud infrastructures

 Data analysis: qgquantum homomorphic encryption,
SMPC y q P yp

* Auditing: quantum block chains

 Medical use cases: image classification and
segmentation for neurological diseases research
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CERN: Classic and
Quantum Computing
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Quantum and classical computing are complementary

Store, manage and process huge Explore large set of possibilities
guantities of data to extract insights and identify optimal answer to
and take business action. drive business value.
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Quantum Computing Platforms

Goal to develop technologies and capacity in the CERN Member States

Partner 1

Partner 2

Partner 3
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Jupyter * .

docker kubernetes

UNIFIED
QUANTUM
COMPUTING
PLATFORM

TRAINING, DOCUMENTATION AND
EDUCATIONAL RESOURCES

11/11/2021 M. Grossi - CERN QTI

Scale-up
systems, HPC,

QUANTUM

RESOURCE 1

(WANTVELYE Cloud QaaS

QUANTUM

RESOURCE 2 NISQ Universal

(GENERAL Hardware
PURPOSE QC)

QUANTUM Annealers and
RESOURCE 3

(QUANTUM quantum systems
ANNEALERS) simulators

QUANTUM Quantum computing

RESOURCE 4
(QUANTUM
SIMULATORS)

simulators (mainly
open source)



Challenges of Quantum Programming

* Qubits are analog
* Quantum programs result in probabilistic outputs
* You can't read the entire exact state of a quantum program

 Each device (and qubit!) has characteristics a programmer
has to be aware of, such as noise and connectivity

* Qubits have a short coherence time (or lifetime)
* There is no data input to a running guantum program
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Simulating a Quantum Computer

Why and when to use simulator

* Prototype/understand quantum algorithms before running on a real
device I C

« Simulation of large quantum systems is, in the general case, an

exponentially hard computational task for a classical computer, O> ' T : 1
memory requirements double for every qubit added O) -. 4
« This in fact one of the main motivations for building a quantum 0) J’_é
computer in the first place!
* For now, it's generally “cheaper” and “easier” to run an 0>

experiment, at least a small-scale one, on a simulator as

compared to hardware
* In simulation we can understand noise properties of real devices

and how noise affects performance (of e.g. algorithms)

4 UANTUM .
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Simulating a Quantum Computer

Limits where classical simulation is “easy”

When simulating large quantum circuits is only polynomially hard:

» tensor network with limited entanglement I C

» limited # of non-Clifford gate, scale polynomial in n and # of

Clifford gates, but exponential in the # of non-Clifford gates O> ' T T
0) I | l ?
0)
0)
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Simulating a Quantum Computer

We are getting to the point where
experiments are being run which
are difficult to simulate classically,
e.g., 26 qubits, depth 60, 1000+
CNOTS with advanced error
mitigation

- Kim et al., arXiv: 2108.09197
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Entanglement
(~ # of 2-site gates)

M. Grossi - CERN QTI

Quantum/classical landscape

)

Statevector/
density matrix
simulator
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Current
hardware

o/

SV can reach twice the n of DM for fixed
resources, but both are exponential in n

Regime of
(potential)
quantum

# of qubits n



The ABAQUS Project °o

ABAQUS

ABAQUS stands for Automated Benchmarking of Quantum Informative results

Systems
Framework Hardware
benchmarks benchmarks

A collaborative platform for testing, assessing, extending,
porting quantum algorithms across different architectures of
guantum computing simulators and hardware

Easy-to-extend foundation

Single-qubit gates

Support planned for different quantification approaches, s
including Quantum Volume, Q-Score, and others

nnnnnnnnn
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Quantum Serverless Architecture

i Layer 1 | Layer 2 | Layer 3
i Add to Queue i Quantum i Remove from Queue
i - A i i
i e o
o). ! .ﬁ) Cloud Foundry ' - Configuration
AN =’ FrontEnd + . . — Database
Users | GBI Java BackEnd 1 . .
i | Event E
1 ‘. o 1 .
! N ! Streams :
| I In Out : [ h
i €5 Qiskit | ' Cloud Foundry
: : I BackEnd 2
: Cloud Functi ! I
: = ) Lo —— ,
: : ' y
i Cloud i Code Engine Orchestration IBM Quantum
| —> () o dimises g _,
i | Classical H z E d
: . | Polling Flow ———
; — > _f et Procass FE/DB/BE1Flow ——>
Q Flow —}

! ' Event Stream/BE2 Flow
A Serverless Cloud Integration For Quantum Computing, M.Grossi et all - arXiv:2107.02007 .
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Quantum Infrastructures

CERN started the Web; we have some expertise it’s in
our DNA ©

CERN was part of early quantum networks
experiments already 10+ years ago

Interest in taking part in EU and international network
deployment initiatives to build the future Quantum
Infrastructures

Currently discussing with academic and commercial
network and technology providers
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Education Programme

Fundamental component to prepare the community for
future applications of qguantum technology

> Lectures and seminars with field experts (in collaboration
with the CERN Academic Training Services)

» Training courses (in collaboration with academic and
industry experts)

» Colloquia and specialistic seminars
> Hackathons

>  Summer Students Programmes

M. Grossi - CERN QTI




CERN Acceleratin len Signin Directory

OUANTUM
TECHNOLOGY

CERN Quantum Technology Initiative
Accelerating Quantum Technology Research and Applications

https://quantum.cern.ch

m technology is an em ield o i d engine hat f I / i society in the next five to w! e in this rapic
evolving field has advanc,

CERN canbe orefront of this revolution. G ad range e found at CERN, the Labora in a unique position today
in dev ment of quantum technologies not only for tals to the cement of science and technology.

earch programme in collaboration with the HEP and quantum-technology arch communities
, we will establish joi € 1, C v 1 pporting computing infrastructure, and p e dedicated mechanis xchange of both
and technology.
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