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Science for peace
CERN was founded in 1954 with 12 European Member States

N [ . CERNG&s annual
Today, CERNa laboratory for people | HE . s 1200 MCHF
around the world and a ot HE . Ualent t diusized
model for open and inclusive coIIaborg.ﬁi;m i es222 : SRR (equivalen 9 a m.e UB1ZE
e . faiiiii European university)
.t : : i

24 Member States = giidss el S
Austriad Belgiun® Bulgariad Czech Republic i 222s o N
Denmarlk® Estoni@ Finlandd Franced Germany .‘.5”:' 3 : .::;.:; As 0f31 December 2023
Greeced Hungaryd Israeld Italy d Netherlands ‘%'zza.gg “‘==., 1 K :5;,:2:‘:.“ : ]
Norway 8 Polandd Portugald Romania Serbia Wyttt it mEDH Employees:
Slovakiad Spaind Swedend Switzerlandd United Kingdom b e h b 2666 staff, 1002 graduates

. it it KPP Associates:
2 AssociateMemberStates Yy,
_ . : . 12 370 users, 1513 others
In thepre-stage tomembership R P VK
Cyprusd Slovenia : 222 ff :
8 AssociateMemberStates :
Brazild Croatiad Indiad Latviad Lithuanig Pakistan ““:\ . Around 50 COO eration Ag reements
Turkiye Ukraine with non-Member States and Territories
6 Observers Albaniad Algeria & Argentinad Armeniad Australiad Azerbaijand Banglades!® Boliviad Bosnia and Herzegovina

Canadad Chiled Colombiad Costa Ricé Ecuadob Egyptd Georgia d Hondura$ Icelandd Iran d Jordan
Kazakhstad Lebanor® Malta 8 Mexicod Mongoliad Montenegra Moroccod Nepal d New Zealand

North Macedoni@ Palestingd Paraguayd People's Republic of Chiéd@erud Philippine® Qatar 8 Republic of Korea
Saudi Arabiad Sri Lanka South Afric& Thailandd Tunisi& United Arab EmiratesViethnam

Japand Russia (suspendadlySA
European Uniad JINR (suspended)UNESCO
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¥ The Large Hadron Collide
produces about 2 billion
particle collisions per
second In relativistic
environment




Detectors like 3D cameras

The energy of the colliding
particles is converted into
new particles.

Detectors o0t akebod

picturespersecond, of which
1000 are selected and
recorded.
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405847605 From UFlorida-HPC To UMIssHEP ' Monday, 29 July 2018 0404 50

AS3BO0S From FI_HIP_T2 Yo CERN-PROD Manday, 29 Juky 2
753581125 5 From INFN-T1 To GLOW Monday, 29 July 2019 D4
1322512823 125 From INDIACMS-TIFR To pic Manday, 28 July 20
18276251 796667 From CEAN-PROO To KR-KNU-T3 Manday,
TB7A048 From MIT_CMS T6 FIZHIP_T2 Monday, 29 July 2019 0409 54
SO2051950 From INFN-T) To CIT_CMS_T2 Monday, 28 July 2018 0401t

264300 From CERN-PROD To GRIF Monday, 29 July 2019 041104

0 From UKI-SOUTHGRID-RALPP To GLOW Monday, 26 July 2010 041205
1BBHISYZ2 From INFN-T] To JINR-TY Monday, 29 July 2019 041210

RIB779676 33333 Fram CS5C5-LL62 To INFN-UNL-2 Monday July 20 041210
2805786385 From SPRACE To JINR-TI Monday, 29 July 209 041220

O From INFN-LNL-2 To CSCS-LEG2 Monday, 28 July 2019 041225

224432295 855856 From IN2P3-CC To praguelcg2 Monday, 29 July 2019 04.13.03
4868999 266666667 From LK-SOUTHGRID-0X-HEP To CERN-PROD Moriday, 29 July 2019 D& 131
0 From BelGrid-UCL To CIT_CMS T2 Monday, 28 July 2018 041630

J408:43
July2018 040829

About 1.2 mllllcm processing cores

A

170 data centers in 42 countries :

iit <To UCSOTR Monday; 29 J 18 D4 457
I782114-From RU-Protving -IMEF R\ Manday, 29 July 2 C
16R4497% From CSCS-LLG2 To RU-Protvino:/HEP Manday, 28 July 2018 04154 . . .

1500 Petabytes of CERN data stored worldwide
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ATLAS

EXPERIMENT
Candidate Event:
pp—+H(—bb) + W(—-1v)

Run: 338712 Event: 335908183
2017-10-19 23:31:18 CEST
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Theory and simulations challenges

# hard scattering

A We are interestedn out-of equilibrium and reat
time dynamic problems

(scatteringthermalisatiolor dynamics aftequenche$

A Complexequationof statesand phasediagrams
(QCD)

A Standard Monte Carlsolutionsare two
expensiveor fail entirely

» partonic decays, e.g
f — h

& parton shower
evolution

o colour singlets

Process W+ Bi 6j*
RAM Usage 189 ME 484 MB

Init /startup time  3mbs / 1s 24mb2s / bs
Integration time  128x4h38m  266:13h53m

Ex. Phase space sampling for

multi-jet @HLLHCbecomes MC uncertainty 1.0% 0.00%
unfeasible Unweighting eff 0.56- 105 7.66-10-5 0l
10k evts 24h 40m 2d 11h lﬂd 15h 78d 1h

Numbers generated on dual 8-core Intel™ Xeon™ E5-2660 @ 2 20GHz
*f Mumber of quarks limited to <b /4

C[R:‘ IQ) QUANTUM - Time and memory usage (Sherpa/S XYy + HDF5) (H. Schulz 2018)
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Experimentaldata processing challenges

Studyfundamentalinteractions fromexperimentaldata which is:

A Classica) including P—
A «Physicseffects>, particleinteraction wittaterials S S A S
A «Detectoeffects, dataacquisitiosystems and a4 e Z
software N
A Big (akaBig Data):
A Large(TB)multi-dimensionaldata sets(hundresf
features per sample). i e i
-
A Complex: .Mt i 4
A Multiple simultaneouscollisions (up tohundreds a !
fewyears.
A Multi-structurednformation (Combination of _
information oftlifferentdetectors). T sy et

with Muen chambers

A Largedynamical ranges(ordersof magnitudé
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The ATLAS Collaboratiddbservation of quantum entanglement with top quarks at the
ATLAS detectoNature633, 542,547 (2024). https:Moi.org10.1038/s41586024-07824z

The highest energy observation of entanglement

Join entanglement inop- antitop-quark pairs measured at 13eV
by the ATLAS detector at the LHC

. i . o D = —3(cos
Top lifetime (~10'25s) is shorter than both hadronization 01r < (‘0> é"
(~10724 s) and spin decorrelation (~14 s) timescales. entanglementimiD ¢ b MKk 0
ATop spin information is transferred to decay products -0.2r
AbDirect entanglement observatiothroughmeasurement of single a é.l
observableD built fromangle (- ) between the leptons in the parent % 03¢
top- and antitop-quark rest frames. © EE———
.?_u
" han fi dard deviations f . o -04r N _— Limit (POWHEG + HERWIG 7)
Result Is more t an five standard deviations from scenarios - Limit (POWHEG + PYTHIA 8
without entanglement O mm Theory uncertainty
05 @ Data
_ _ _ _ _ _ @ POWHEG + PYTHIA 8 (hvq)
Analysisomplexitydue toprimarilyto uncertaintyon internal degrees_af/' ¢ B POWHEG + HERWIG 7 (hvq)

freedomin theinitial state,partonshowersimulationrestrictedanalysis -06
phasespace
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340 <mj; < 380 380 <mj; <500 my; > 500

Particle-level invariant mass range (GeV)
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How doesCERMNNgagein Quantum Technologies?

QT4HEP pe HERQT
DevelopQTuseful T
0 the CERN g Extendanc_i share
i '8 technologies
scientific i availableat CERN
programme ) [Sin

Boostdevelopment
and adoption of QT
beyond CERN

Integrate CERN with
future quantum
Infrastructure

M 4 )
-fj', ~7 4
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The CERN QIRunchedin 2020

Voir en francais

CERN meets quantum technology

The CERN Quantum Technology Initiative will explore the potential of devices
harnessing perplexing quantum phenomena such as entanglement to enrich and
expand its challenging research programme

30 SEPTEMBER, 2020 | By Matthew Chalmers

N\ .
The AEgIS 1T antimatter trap stack. CERN’s AEgIS experiment is able to explore the multi-particle entangled nature of photons from positronium
annihilation, and is one of several examples of existing CERN research with relevance to quantum technologies. (Image: CERN)
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CERN QUANTUM
TECHNOLOGY
PLATFORMS

HYBRID QUANTUM
COMPUTING AND
ALGORITHMS

QUANTUM
NETWORKS AND
COMMUNICATIONS



QTlobjectivestoward practicalquantumtechnologies

Integrate quantum computersvithin High A Develophybrid algorithms for realistic applications
EnergyPhysiccomputing model A Contribute to infrastructure development

A DesignQuantum Network demonstratorsncorporating

CERN technologies
A Benchmarlcommunication protocols in realistic use cases

i Make CERN aode of the future
| Europeametwork infrastructure

:-l'h R PEE DA EIET I EEEOIERCY A DevelopCERN accelerators technologiesquantum
¢¥®. . fundamental physics sensing and computing

\ Join the broader quantum ecosystem to A Setup o-development partnerships with companies,
multiply impact institutes and other initiatives

—\/ QUANTUM
céRn |Q ) mspbbtrone 28.11.2024
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Fostered a expert community studying usability e
of Quantum Computing for High Energy Physics

White Paper on aealisticroadmapin experimentaand et/ Slantim
. . reconstruction
theoreticaphysic?RX Quantum3 (2024): 037001. Kernels
@) Classification
l/ QNNs
e ST VoE/varITE il
j},ﬂ ety Regression QAOA
M\/\Af\( Trotter For & beyond ‘ R :'. “
Low dli_rginsion Dyna~mlcs Standard G
. Hybrid Qu-Cl Model Quantum
_,Ej".,ﬁ # TN/QTN iib, _ Annealing

" Optimisation
QLM/D-Theory Optimisation | Parton sl

106 f << @ varte Sh?zlv\er Algorithm

&

oot Generation
- QBMs
Neutrino Classification ONNs i - t d:lnh:
oscillations Xperimen
D@ Simulation QEBYS
\."7 Quantum SRA
(Pl
Kernels { jﬂ} QGANSs
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QTI Quantum Computingesearchprogram

- mvuouu—&;moum mulmﬁnm::uw
Algorithms: QC @ CERN oot oo o SO B
paat-intime corplation, Guaroum N0 . .0 S :.-
QuantunSimulations SR . S e o7 ¢ - 11T
training of quartum Genertive Adversaral ou-p ~EE 1y
X prepant w200 01007 (2022) — - 'R0 -8-0-0 .. .
?::wh‘ i Yow-2200 01007 (2022 — = - a-e :E':" i
TensoNetworks ] : JE s ‘
Fe - L ] P
QML E°’-‘ | = =5% W WA e s ’ | ¢ ..'.: .k;
“ W O T - | —
Kernelbasedmethods . MeEEE . /| oot
. . . o - :\ o L Raaaeant /- g T fun 1= B
GeometridVlachine Learning ™ Timing Epocs Ll F— g
Generative Models SRR AR BIE " e o WOt P A U ey B G sl S
. . . . . 3o Bybeid (10) Salory ompnntivn, Buliyrios 8, 43 (3002 10 1103PnyiavC 106 03005 for Moree Carko evenss * Quantum 2022
Supervised earningglassificationregressiornasks) ol F e a — -
; s ! = S 3 Y\ e ?:orﬂ:{re:;':‘fv_wn«aw .
Methods andalgorithms modelling: PN ” +. '_- - = .
N e e = =L
Noisestudies . e i [l ,
Moeomenenses e ,

QMLtrainability and generalizatiorproperties
Frameworks and Tools:

QIBO NEW! Machine Learning for hardwac@aracterization
QUASK and qubits systemsreadout
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Symmetry breaking M. Casals U.P.Catalunya

in geometric quantum Poster
machine learning Guided Graph Compression for
in the presence of noise @ Quantum Graph Neural Networks EE/RW
Genk Tiyaliz. Su Yoon Chang, Maria Demidik, Karl Jansen MIKEL CASALS', VASILIS BELIS?, MICHELE GROSSI?, ELIAS F. COMBARRO?, 7 _~
'Sofia Vallecorsa, Michele Grossi ' EDUARD ALARCON! and SOFIA VALLECORSA®
LUniversitat Politécnica de Catalunya, 2ETH Zurich, *European Organization for Nuclear Research (CERN), “University of Oviedo

X @cenk_tuysuz

04 ctuysuz@mail.desy.de

PRX Quantum 5, 030314

C.Tuysuz DESY
Mondayafternoon

QUANTUM
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INITIATIVE

Guided Quantum Compression for high-dimensional data
classification

Quantum-Inspired Tensor Networks for Unsupervised and , U/B

4
T

Supervised Cancer Detection in Medical Imaging @

|_Ema Puljak, M.A. Gonzdlez Ballester, A Garcia Saez, M.Pierini, M. Grossi NX ‘ 'Q) e

Vasilis Belis (ETH Zurich)

Mach. Learn.: Sci. Technol. 5 035010 (2024)
Collaborators: P. Odagiu, M. Grossi, F. Reiter, G. Dissertori and S. Vallecorsa

(Data: Lung CT scans iuocdeeset | | Oyantym-Inspired: Moti and Goals QTML 2024, 27 November 2024
13 - Malign o
: i _— = B Leverage complex relationships — requires less data
Flans L] - n * Matches classical methods even on smaller datasets Unsupervised | Supervised
) and lower image resolution pros labels I i
i Sy . n - Robustness to new unseen diseases cons | lower bound | lack of V . Be I S ET H Z
< = of supervised | labeled data
] 1) Challenges

. n - Embedding large medical images into Tensor Networks

e 2 a 2 4 Wednesdaymorning+ Poster

E.Puljak, CERN
Poster

VNIVERSITAT [l
IDEVALENCIA [

J.J. Martinez dd_ejarzg U. Valencia

Poster ‘ CSIC Jorge J. Martinez

e e T Michele

(@)
“SZA

IQ) 3';‘2.'.‘1'.3&“ (@) Instituto de Fisica Corpuscular, §
Parc
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Cea, at al. , arxiv (2024)

QML for quantum data: drawing phase diagramgss s, ree

Exploring the Phase Diagram of the quantum one-dimensional ANNNI model

M. Cea,l-z'EIM. Cmssi,g' S. Mons,co,'i'f'- E. Rico,% ™ s,q,lﬂ L. Tagliacozm,m-liland S. Vallewrsa:“lﬂ

A Use MPS tstudy phasediagram of a Ising model
A Stateof-the-art caracterizatiorincl FloatingPhase M Coter T Qi St ad Ttneiony (HCGST), Scellngor 1. Dr39190 Mirchen

? Buropean Organization for Nuclear Research (CERN), Geneva 1211, Switzerland
. . . ARWTH Aachen University, 52062 Aachen, Germany
A P rovld el n p ut to Q M I-alg O r It h m 3 Deutsches Elektronen-Synchrotron (DESY), D-22607 Hamburg, Germany
8 Department of Physical Chemisiry, University of the Basque Country UPV/EHU, Bor 644, 48080 Bilbao, Spain
T Donostia International Physics Center, 20018 Donostia-San Sebastidn, Spain
. . SEHU Quantum Center, University of the Basque Country UPV/EHU, P.O. Box 644, 48080 Bilbuo, Spain

A (U r]_)S u erVISe M L tOC | aSSIf th e ro u n d State °IKERBASQUE, Basque Foundation for Seience, Plaza Euskadi 5, 48009 Bilbao, Spain

p y g 19 Institute of Fundamental Physics IFF-CSIC, Calle Serrano 113b, Madrid 28006, Spain

[Dated: February 20, 2024)

. . . In this manuscript, we explore the intersection of Quantum Machine Learning (QML) and Tensor
A B ttl H t I It I b I Networks (TNs) in the context of the one-dimensional Axial Next-Nearest-Neighbour [sing (ANNNI)
O e n e C ro m aCCe SS @ aSSICa ral nl n g a e S model with a transverse field. The study aims to concretely connect QML and TN by combining

them in various stages of algorithm construction, focusing on phase diagram reconstruction for the
. . . . ANNNI model, with supervised and unsupervised techniques. The model's significance lies in its

Tral n I n nteg rabl eS u b reg I 0 nS representation of quantum fluctuations and frustrated exchange interactions, making it a paradigm

for studying magnetic ordering, frustration, and the presence of a floating phase. [t concludes

with discussions of the results, including insights from increased system sizes and considerations for

A U S e amn O m al w ete Ct i O rap p ro ach future work, such as addressing limitations in Quantum Convolutional Neural Networks (QCNNs)

and exploring more realistic implementations of Quantum Circuits (QCs).

ANNNI model DMRG Analysis QML Analysis

B e 5= —dsd .
©00-0 , 4 Input data:
gy Ground states in MPS

il / model

- G, (s ) ”’ I T =
|.|.- “\‘ : ! KI’..-"':H : t&(HEth]:’ ,_,__, _@
a6 I\i\i ..-"’:.-"' PT li(ka, ha ) ,_’_ _, Input: Output:

& .
| k- S . MPS state 2-gubits
) L8N St !'abEI.SF - {from DMRAG) quantum state
2] e N o |00} - Ferromagnetic (predicted
. r m\“?‘r P = |01} F‘ar_arnagnmlc phase)
I-I;.I.ll.l il.l_'-u (KR II..T-'- I.;II 1.2% LAl ) Ill}:l : .ﬁ.ntlphase

= |11} : Floating-phase

P




K =- —JQ/IJl and h = B/J1

The ANNNphasediagram

1.2 A :'-.PE @@@@ ,’
00; <
N-1 N 1.0 ™ $$$$ @@ h //’,,/’
Hannni=— 1 Z o 051 — Jo Z 0,040 — Zﬁf, 0.8 - \\ KT,* o~
i=1 i=1 = TN s
0.6 A v 7
A ,’ //
v . s
O 4 7] \" 7/ //
. J. < J,
Use MP3epresentatiorof ANNNI model 0.2 - o>=0}>«ov>‘\ ppat SO
. .. . OO\, !, 4 OO
A DMRG tanalysephasediagramof finite size systems R S "N S
0.00 0.25 0.50 075 100 1.25 1.50

(up to 480sites

A Detailedpropertiesstudy

Generatewave function
(up to 20 spins)as
iInput to the QML
analysis
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—*— N = 480

Study correlation range by fixing the transverse field

K

and varying the frustration parameter:

1/¢




SupervisedQuantumConvolutionalNN

Train onanalyticallysolvable 20 A am—
p0|ntS aIO ngthe axeS # - lli’:::e-transition = lli’rr:zei:e-transition
1.5 .

Numerical
— —. Phase-transition
lines

£ 10

Train onall classes # Classical

label
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