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How does CERN engage in Quantum Technologies?

QT4HEP HEP4QT
Develop technologies required by Extend and share technologies
the CERN scientific programme available at CERN

Integrate CERN to future quantum Boost development and adoption of
infrastructure QT beyond CERN
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The CERN QTI launched in 2020

Voir en frangais

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
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Main objectives

- ldentify areas where CERN can
contribute to QT development

- Evaluate impact of quantum
technology on CERN programme

- Align with quantum initiatives in the
CERN Member States

- Facilitate the collaboration across the
HEP community and between HEP and

the QT
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An exploratory initiative  E=IE
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such as the Quantum Technology Initiative (QTI) to further assess and explore the
applications of Q. As a part of QTI, CERN offered. in November-December 2020,
a free, online series of lectures on quantum computing. In this paper, we report on
the experience of designing and delivering these lectures, evaluating them in the
broader context of computing education and training. Traditional textbooks and
courses on QC usually focus on physical concepts and assume some knowledge:
of advanced mathematical and physical topics from the student. Our lectures were
designed with the objective of reducing the prerequisites to the bare minimum as.
well as focusing on hands-on, practical aspects of
ers and not on the mathematical analyss of the alg

include contents that are not usually covered in introductory courses, such as quan-
tum the reception of the
lectures shows that participants significantly increased their knowledge, validating
the proposed approach not focused on mathematics and physics but on algorithmic
and implementation aspects.
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Some results from QTI1 (I)
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* QC applications to LQCD scalability (small lattices, long range) M 1 o
. . -2 . *gﬁvﬁéﬁf

* Quantum sensing for atom interferometry of GW and DM N | T

-10" -10° -10*

—0.12 —0.08 —0.04 0.00 0.04 0.08 0.12 t(GeV?)
[ J

B./[Buash*(wR)?)

Atomic clocks for new physics searches

Quantum Computing and Algorithms

 Qantum algorithms for event generation, detector simulation, data
processing
* Characterisation of different classes of algorithms for robustness, noise S —
behaviour T 1
e Quantum computing infrastructure (simulators and devices) to support all % e

CERN projects
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Some results from QTI1 (ll)

Quantum Sensing, Metrology and Materials
* Quantum dots with different nanomaterials and embeddings
* Procedures to transfer graphene layers nanostructures for gaseous detectors

*  AMO-based DAQ and experiment control systems (AEgIS, ArtiQ) achieving dramatic
speed-up in working procedures and automation

Quantum Communications and Networks
A Quantum Key Distribution simulator with noise and attacks simulation
e Aapplications of QKD protocols to distributed data analysis with end-to-end privacy

e Tests on QKD hardware and fibre links
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Secure Data Analytics QuUAN

Quantum.Privacy '

Quantumacy is a privacy-preserving data analytics platform
combining the security of QKD protocols-and links with state-of-the-
art homomorphic encryption.eapabilitiest6 exectite machine-

learning and deep-learning workloads aeross a-distributed federated-
learning infrastructure:

Polarizers

Horizontal - Vertical

Diagonal (-45°, +45°)

Quq@p\mcv O Er] QKD i

1

i

1

1

1

1

1

1

1

1

— = |
/ I\ :
Bit Sequence 5
1

1

1

1

1

1

1

1

1

1

1

1

1

:

1

TUMAacy - bews (Ba

QKD simulator including attacks
Quantum Key Distribution (BB84 protocol)

QKD link between CERN and the IDQ Data
centre hosted by SIG in Geneva
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The Quantumacy Platform QuaA MACY =i,

Secure Federated Learning demonstrator

Homomorphic
LN sl Encryption

Client Computer Storage Server
QKD Protected Link QKD Protected Lin

Processing Server

Example of a block chain framework to record and validate transactions across a distributed data
analysis pipeline using keys generated by the QKD infrastructure and homomorphic encryption. https://doi.org/10.5281/zenodo.7539229
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Big Data @LHC?

in S3 up to 2021 (5 MB) N\
2 140 M hours/day — A
1M of streaming (1 GB)

é

71k B e-mails sent from
2020-10 to 2021-09 (75 KB)

100k
)
o 5
- 240k photos/min. ) gl
gl) 2 shared in 2021 500 EB
B 10k 60k B spam (2 MB) (total)
¥ C:G
S 5 e-mails(5 KB) 51.1k PBly CERN
60 GB/s WLCG _ HL-LHC real 40k EB/yr
2 transfers in 2018 data expected in 2026
1 5.4k PBly 65k photos/min. 1.9k PBYy N
OOO shared in 2021 LHC real \‘
5 O oulube (2 MB) data in 2018 1200 PB/y
733 PBly \ 800 PBly
2 -~ HL-LHC Monte Carlo
100 300 PBYy 263 PBly 252 PBly @ <7 240 PBYy data expected in 2026
160 PBly
5 o~
720k hours/day 68 PBly 62 PB/y 30+ B web pages LHC Monte Carl
of video uploaded (7 GB) 98.83 M new users in 2021 (2.15 MB) nte Carlo
2 +1.17 M paid subs in 2020 data in 2018 © Luca Clissa (2022)
10 (1.5 GB and 500 GB, respectively)
source

Figure 2.3: Big Data sizes. Bubble plot of the orders of magnitude of data produced by important big data players. The balloon areas illustrate the amount of data
and the text annotations highlight the key factors considered in the estimates. Average per-unit sizes are reported in parentheses, where italic indicates measures
reconstructed based on likely assumptions because no references were found. arxiv:2202.07659

: QUANTUM
CEED IQ ) TECHNOLOGY
INITIATIVE




>MS Experiment at the LHC, CERN -

)ata recorded: 2021-Oct-19 13:01:24.690432 GMT

un/ Event / LS: 345881 /17244 /734 . . .

. b | ]
- . —m =
‘-!‘—_._1 L
- -

n

®ErY g w e W ww A




New Physics at the LHC

So far only negative results in direct (model dependent) searches

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2022 JLdt=(3.6-139)fb! Vs=8,13TeV
Model t,y Jetst ET™ [rdiffo] Reference
&7 ADD Gkk +g/q Oeput,y 1-4j Yes 139 [ Mp 112TeV n=2 2102.10874
ES) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
E’ ADD QBH - 2j - 139 M, 9.4 TeV 1910.08447
© | ADD BH multijet - >3] - 36 | My 9.55 TeV Mp = 3TeV, rot BH 1512.02586
E  RS1Gkk >y 2y - - 139 | Giw mass 45TeV . 2102.13405
S Bulk RS Gy —» WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV 1808.02380
g Bulk RS Gk — WV — €vqq Teu 2j/14d Yes 139 Gk mass 2.0TeV 2004.14636
> Bulk RS gk — tt Teu 21b,>1J2 Yes 36.1 8Kk Mass 3.8 TeV % 1804.10823
W™ 2uep/ReP leu >2b >3] Yes 361 |KKmass 1.8 TeV Tier (1,1), B(AMY — ¢) = 1 1803.09678
SSM Z’ — ¢t 2e,p - - 139 |'Z' mass 5.1 TeV 1903.06248
SSM 7’ — 11 27 - - 36.1 Z' mass 2.42 TeV 1709.07242
g Leptophobic Z” — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
S Leptophobic Z” — tt Oeu  =1b>2J Yes 139 Z' mass 4.1 TeV r/m=12% 2005.05138
§ SSM W’ — ¢v Ten - Yes 139 [wW’mass 6.0 TeV 1906.05609
SSM W’ - 7v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S  SsMW b - 21b>1J - 139 | W'mass 4.4 TeV ATLAS-CONF-2021-043
) HVT W' — WZ — fvqgmodel B 1 e,u 2j/1J  Yes 139 W’ mass 43 TeV 3 2004.14636
g HVT W’ — WZ — ¢v ¢’ model C 3 e, u i (VBF)  Yes 139 | W’ mass 340 GeV 1g = ATLAS-CONF-2022-005
HVT W’ — WH — tvbbmodel B 1 e,u 1-2b,1-0] Yes 139 W’ mass .3 TeV 3 2207.00230
HVT Z' — ZH — ¢¢/vvbb model B 0,2 e,u  1-2b,1-0] Yes 139 Z’ mass 3.2TeV gv =3 2207.00230
LRSM Wg — uNg 2u 1J - 80 | Wg mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8TeV 1703.09127
- Cl ttqq 2eu - - 139 A 35.8 TeV ' 2006.12946
O Cleebs 2e 1b - 139 | A 1.8 TeV. g 2105.13847
Cl yubs 2u 1b - 139 A 2.0 TeV g 2105.13847
Cl tttt >teu >21b>1j Yes 361 |[A 2.57 TeV. |Cal = 4 1811.02305
Axial-vector med. (Dirac DM) Oepu 1y 1-4j Yes 139 | Mmed 2.1TeV 84=0.25, g,=1, m(x)=1 GeV 2102.10874
= Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mined 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q  Vector med. Z’-2HDM (DiracDM) 0 e, u 2b Yes 139 | Mmea 3.1 TeV tanf=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mined 560 GeV tanfi=1, g=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1t gen 2e >2j Yes 139 LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2™ gen 2u >2] Yes 139 | LQmass 1.7 TeV B=1 2006.05872
QG ScalarLQ3 gen 17 2b Yes 139 '—05 mass 1.2 TeV B(LQS — br) =1 2108.07665
=1 ScalarLQ 3" gen Oeu  >2j,>2b Yes 139 | LQE mass 1.24 TeV B(LQy —» tv) =1 2004.14060
Scalar LQ 3 gen >2eu,21721j,21b - 139 | Ld mass 1.43 TeV B(LQ - tr) =1 2101.11582
Scalar LQ 3" gen Oeu, 217 0-2j,2b Yes 139 [ LGy mass 1.26 TeV ﬂ(LQ%ﬂ bv)=1 2101.12527
Vector LQ 3" gen 17 2b Yes 139 LQ} mass 1.77 TeV B(LQY — br) = 0.5, Y-M coupl. 2108.07665
o VLQ TT — Zt + X 2e/2u/>3e,u 21b,21j - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
X ‘é’ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
LS VLQT53Ts3Ts3 » We+ X 2(SS)/23eu>1b21] Yes 361 | Tszmass 1.64 TeV B(Tep3 > Wi)=1, c(Ts;3We)= 1 1807.11883
S E VLQT - HY/Zt 1eu >1b2>3] Yes 139 | T mass 1.8 TeV SU(2) singlet, k= 0.5 ATLAS-CONF-2021-040
§ 8 VLAY - Wb leu  21b>1] Yes 361 |Ymass 1.85 TeV B(Y > Wh)=1, cg(Wh)=1 1812.07343
> VLQ B — Hb Oeu =22b >1j,>1J - 139 B mass 2.0TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL T — Z7/Ht multi-channel ~ >1j Yes 139 7’ mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044
g @ Excited quark ¢* — qg - 2j - 139 q" mass 6.7 TeV only u” and d*, 1910.08447
2 S Excitedquark ¢* - qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, 1709.10440
S E  Excited quark b* > bg - 1b,1]j - 139 | b* mass 3.2 TeV 1910.0447
Ul @ Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
= Excited lepton v* 3eurt - - 203 A=16TeV 1411.2921
Type lll Seesaw 234epu 22 Yes 139 NO mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2TeV m(Wg) =4.1TeV, g = gr 1809.11105
S Higgs triplet H** — W*W=* 2,34 e,u (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
_g Higgs triplet H** — ¢¢ 2,3,4 e, (SS) - - 139 H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
Higgs triplet H** — ¢r 3eut - - 20.3 DY production, B(Hj* — (7) =1 1411.2921
Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - — — 34.4 monopole mass 237 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
Vs=13TeV Vs=13TeV PR | L M S S A | " M S A | " PR
partial data full data 107! 1 10

*Only a selection of the available mass limits on new states or phenomena is shown.
Small-radius (large-radius) jets are denoted by the letter j (J).
JU
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Mass scale [TeV]

How to insure we
do not miss
potential
discoveries?

We can design
model agnostic
searches!




A typical hybrid QML workflow

i i ANOMALY DETECTION PERFORMANCE EVALUATION
ol B | !
e i | i Kernel Machine
RO e H H =\ (1) ROC curve
el ! : Features —

‘ E i Ans A¢9 Pr FPR -

au.t, ! ! 3
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N\ ] | H
- 1 1
NS 1 1
SN ] 1

N 1 1 i

“= I 1 E ﬁ working TPR
B o
ne - 8 8 Hilbert space Rot
=~." 72“\ 1 = g o
T : u Q Clustering algorithms (2) Quantum VS Classical
™ .
2z QKmeans / QKmedians AQC)
LHC Collision / g%
¢:X—>Z 0: Z—»X :
HEP data :w}o .

> Beyond parameters
SB SR SB m SM

Pdata(z|m € SB) pdata(xlm € SB)

pdata(xlm € SR)

= prg(z|m € SB) = phg(z|m € SB) \ Y ) | Y J | Y J \ Y J
«Normal» training Data compression  Quantum algorithm Output
data

Wozniak, Belis, Grossi, Vallecorsa et al. - https://arxiv.org/abs/2301.10780
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https://arxiv.org/abs/2301.10780

Results

Comparison to classical algorithms:
best-performing model with similar complexity
trained and tested on the same data
 RBF-based SVM

AUC shows marginal advantage for quantum
algorithm

Evaluate performance at typical working, where
e,=0.6,0.8

Quantum kernel machine works best for
more complex physics
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Unsupervised kernel machine

10°
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Ancenaly SIgNaNIe — Quanium .,
Narrow G — WW 3.5 TeV -= Classical 3
A+HZ «ZZZ35TeV ]
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ALC  Quantum Classical
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— 9470+ 0.11 8329013
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Characterizing the advantage

Higher is better

335
<
Given signal and background efficiencies, 3.0
€, and g, respectively:
25
-1 )
A ( ) _ €b (583Q) 2.0
QC\&s) = —1( .
e, (es;C)
1.5
Performance advantage is consistent 1.0

* Increase in the expressibility and entanglement

up to L=4 improve performance, reduce it above
* Full entanglement is not better

Full entanglement (all-to- all)

NE,: 1 layer - No entanglement

Classical is better than 4 qubit QSVM NE,: no entanglement
Increasing expressibility improves performance
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Michael Schenk et al., Hybrid actor-critic algorithm for
quantum reinforcement learning at CERN beam lines,
e-Print: 2209.11044 [quant-ph]

Beam optimisation in linear accelerators

« Action: (discrete) deflection angle 2GeV electron

. g e beam .
« State: (continuous) BPM position oy beam line I G poon wom BP0, |
i —u  Corrector dipole magnet
. " . [ —t MCAWA 430029 Main dipole magnet
 Reward: integrated beam intensity on == — Fouusig quacigol
e e Defocusing quadrupole
target —
L iAW 430040
« Optimality: fraction of states in which the - o
. .. £ , MCAWA 430104 A
agent takes the right decision s > W - ‘
e ('iz?‘f@ 2 4 N\ 8 8 10 12 1 g (m)
& X e
§ ol g8 R8 5
| _ 5 ,. HEIRRIIE
Dipole (MSS3.220460) = BPM [BSPH.240212) B AQn = -160.0 prad » g 3% 8 s 3z %
Defocusing guadrupole L0 Target [T4) B0 A@qyan = -70.0 prad § g § § § § § g § §
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?ﬁtﬁ 3 0 ~ @ n
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Sample complexity and representational power

« Quantum RL massively QRL use cases confirms advantage in
outperforms classical Q-learning terms of model size and training steps
(812 vs. 320140 steps with e. r.)
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2 104 / f o
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-y /
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r &0 - ICh mera graph|
50 b 10 10° 104 10°
¢ O net weights
40 T Y v
a 10 20 30
a0 + v v v v Michael Schenk, Elias F. Combarro, Michele Grossi, Verena Kain, Kevin Shing Bruce Li,
0 100 200 300 400 300 Mircea-Marian Popa, Sofia Vallecorsa, Hybrid actor-critic algorithm for quantum
# training steps reinforcement learning at CERN beam lines. arXiv:2209.11044
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QC research directions in HEP

Quantum computing could be revolutionary in HEP
To go beyond the hype we need concrete challenges
 What are the most promising applications?
* How to define performance metrics and validate results?
Experimental data has high dimensionality

e Can we train Quantum Machine Learning algorithms
effectively?

 Can we reduce the impact of data reduction techniques?
Experimental data is shaped by physics laws
 Can we leverage them to build better algorithms?
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QC4HEP
working group

;
©)

2307.03236v1 [quant-ph] 6 Jul 2023

arXiv

Quantum Computing for High-Energy Physics
State of the Art and Challenges
Summary of the QC4HEP Working Group
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Methods and applications
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How does CERN engage in Quantum Technologies?

QT4HEP HEP4QT
Develop technologies required by Extend and share technologies
the CERN scientific programme available at CERN

Integrate CERN to future quantum Boost development and adoption of
infrastructure QT beyond CERN
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Unique CERN expertise

Art|f|C|aI Intelligence on FPGAs (based on CERN expertise on DAQ systems)
Error correction is one of the greatest outstanding challenges in quantum computing. Any error correction has
to happen sufficiently fast such that it is within the lifetime of the qubit. CERN'’s expertise in fast inference and
machine learning could be a valuable contribution to this field.

* Improved error correction on quantum computer

Superconducting Coatings for RF Cavities
Unique expertise at CERN with potential impact for both quantum computing
and quantum networking
*  Quantum Computing
Explore SRF Cavities for bosonic quantum computers
*  Quantum Networks
use of SRF Cavities for quantum transducers?
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White Rabbit technology for time synchronisation

((_ _Time _ >
/,

GPS

Initially meant for large physics facilities: CERN, GSI. . .

Based on well-established standards

 Ethernet (IEEE 802.3), Bridged Local Area Network
(IEEE 802.1Q), Precision Time Protocol (IEEE 1588)

Extends standards to meet new requirements and

provides
e Sub-ns synchronisation
« o o Standard

 Deterministic data transfer GbE Switch o

. . Node @ Node ode -
Initial specs: links <10 km & <2000 nodes Databise . e
Open Source and commercially available e 000 i i__-

. . . . White Rabbit
13th WR Workshop (21-22 March 2024 at CERN) https://ohwr.org/project/white-rabbit/wikis/mar2024meeting. and COLLABORATION

QUANTUM L A 4 y W _
‘ TECHNOLOGY ¥ : A o
7 INITIATIVE - . 4



https://ohwr.org/project/white-rabbit/wikis/mar2024meeting

CERN QTI Phase 2
Launched January 2024

CERN QUANTUM
TECHNOLOGY
PLATFORMS

HYBRID QUANTUM
COMPUTING AND
ALGORITHMS

QUANTUM

NETWORKS AND

COMMUNICATIONS
@ ‘ 10)) e A 5 years research plan

INITIATIVE

QUANTUM
GEEb I Q ) TECHNOLOGY
INITIATIVE




Cea, at al. , arxiv (2024)

Monaco, at al. Physical Review
B 107.8 (2023): L0O81105

QML for quantum data: drawing phase diagrams

« Use Tensor Networks to study phase diagram of a Ising model
* State-of-the-art caracterization incl. Floating Phase
*  Provide input to QML algorithm

«  (Un-)Supervised QML to classify the ground state N-1 N-2
. . Hannni=—J1 Y ool —J2 Yy oFol,,
« Bottleneck from access to classical training labels i1 i1

* Train in integrable subregions
* Use an Anomaly Detection approach

@110

INITIATIVH

ANNNI model DMRG Analysis QML Analysis
B J: 5 .l_'. ‘,l ™
©00-0 ;.. Input data: | ()
Jy Ground states in MPS
14 form: QML
iPE £ : . 5 model
3 m : /’ (K1, b)) ”’ l | (QCNN) HA
. . ’
" y 4 (k2. h2)) @@ - LA
ns \\\ s KII’ ,” ' i ! \—J
'S 7 (K, hs)) . :
i v i WK3, 3/, Input: Output:
% . < MPS state 2-qubits
i v ’ Labels:
3 .
s :‘l}“\ ,// 1 o (D0} Esmomacuaiic (from DMRG) quagju:n;tatc
1 a0 O « |01) : Paramagnetic pracsc.
,"t phase)

* |10) : Antiphase
* |11) : Floating-phase



Supervised Quantum Convolutional NN

2.0 2.0

Numerical
— = Phase-transition
lines

Numerical Numerical
= = Phase-transition — = Phase-transition
lines lines

Train on analytically solvable

points along the axes

15 15

CONVOLUTION PooriNG

<10 < 10
MPS )
G | e | c (G
T __J H ~ 7Y ConvoLuTION  POOLING 0.5 0.5
C
]| ] o A --@ ey @ r_ﬂ-
) A &=
C
M T 72 by L 0.0+ 0.0
A >4 ) ,7( C 0 0
s m) ||| R||| C R . 2 g
ol et &
) S C N ~— N
H o e H~ © F P
N — 4
U =
]| A 1 o] s > 2.0 2.0
A\ > A\~ . 5
| C — — — Numerical Numerical Numerical
= = Phase-transition = = Phase-transition = = Phase-transition
— lines lines lines

15 15

<10 L 1.0

Train on all classes

0.5 0.5
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Unsupervised Quantum Auto-Encoder

MPS AUTOENCODER
f HH R R.(-) R.() R.() H—
Ry(-) R.(") R.(") R.() H—
Ry(: D R(: P R D R:() H (Z
Kok, B) y(*) | (): S ()‘ | ) H(2)
Ry() & ()| & R.() SR H@ te _
Ry() &— R.()] & k.0 | & r.() H@ Floating Phase !
) Ru(') R:(') R:(') R:(') =

2.0 2.0 2.0
Numerical Numerical
— = Phase-transition 1.2 -~ Phase-transition 1.2 1
lines lines
1:5 1.0 15 1.0 15 1.0
0.8 0.8 0.8
Train on state at (0,0) <10 —_—r e S10 .
0.4 0.4 0.4
0.5 0.5 0.5
0.2 0.2 0.2
0.0 0.0 0.0
0.0 0.0 0.0
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The DRD5 (RDq) collaboration proposal:
R&D on quantum sensors

WP-1 : Atomic, nuclear and molecular systems and
nanoparticles in traps & beams
* Exotic systems in traps and beams

Quantum sensor R&D for particle e Atom Interferometry

physics * Networks, Signal and Clock distribution
WP-2 : Quantum materials (0-, 1- and 2-D

Aligned with the 2021 ECFA Detector materials)

* Application-specific
 Extended functionalities

To be submitted to CERN for review and * Simulations
WP-3: Cryogenic materials, devices and systems

WP-4: Scaling up “quantum”
Soon available on quantum.cern WP-5 : Quantum techniques for sensing

ECFA R R 1.

European Committee for ag €

Research and Development Roadmap

approval
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Summary and Outlook

l A new exciting phase of Quantum Technology research opens at CERN

- Focus continues on the applicability of Quantum Technologies to High Energy
Physics

- Build on CERN existing expertise to contribute to the development of Quantum
Technologies

- Extending the network of collaborations is essential

Thanks!

QUANTUM
‘ TECHNOLOGY
2 INITIATIVE




QUANTUM
({w IQ ) TECHNOLOGY
2 INITIATIVE




Quantum optics control systems for HEP experiments

Goal: port & develop emerging quantum optics experiments standards for control of HEP experiments

~N N Scalable, modular, high degree of automation
PC1 \ | PC2 PC3

p . < ; : b HW: based on emerging SINARA standard
‘ GUAEDIAN }‘ 'L GUA'EDIAN J‘ > GUARDIAN J SW: based on ARTIQ (Advanced Real Time
_/ \_ /\ A nfrastructure for Cuantum physics) standard
" device 1 | device 2 o A / ( / control: Python based
1 ) Marco Volponi
| € J \ y § \ € y @ y @ v ) Low Energy Antimatter conference,

2023

TALOS (Total Automation of LabVIEW™ QOperations for Science): autonomous unsupervised control system for complex
experiments

Automated execution of many devices to 1 ns (DAC’s, sequencers, pulsers, phased DAC’s, digital frequency generators, ... )

Already generating interest in atomic physics and trapped ion communities
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S.Y.Chang et al., IEEE QCE23

Geometric Quantum Machine Learning

= Given a data point x € X and its labely € Y

= Estimate the prediction yg from observable 0: yg(x) = (Y(x)|UT(8)0 UB) |P(x))
= Given a symmetry group ® on the data space X
= ®—lInvariance: Forallx e X andg € ®

vo(glx]) = ye(x)

Final prediction yg is invariant if:

Equivariant data embedding:

For feature map Y: X » H Equivariant ansatz:

W (glx])) = Vilglly(x)0) For operators generated by a fixed

generator G as R; (0) = exp(—ifG): | e .
V.1g] = Representation of g on H B _ nvariant Measurement:
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Equivariant Quantum CNN

Ve,
>
A
|00} |101){ |02} ]03)

[10}|[11}[]12} 13}

e

= Construct equivariant quantum CNN under Voo,
rotational & reflectional symmetry (p4m)
= Improved generalization power "t f)e

120} |121}|]22}||23}

[30}|131}[132} 133}

»
’

i
130)| 131 132} 133)

[20}|121}||22}|[23)}
(10} [11}|]12}|]13}

[00}|[01}(]02} |03}

Ve,
[03}][02}|]01} |00}
[13}[112}||11}|[10}
123}|122}||21}|120}

I33}|132}|131} |30}

Vage
33)||23) |13 |03)
|32)||22)|12)|02)
31)|121)|11)||01)

[30}||20}|]10} |00}

A 4 \

7—[=—]Zaiaj

£ 0.60 Extended .I\./INI§T 0.925
_ A . B oS ) Image classification: 0.900
Ising spins phase 0.75 g = ) (digits 4,5) '
. . ’ 0.875
classification : 0.70]
g x
2 0.65
2 0.60-
S M Y
—— QCNN —— QCNN
0.551 EquivQCNN ~ EquivQCNN
e - T i 0501 Appr-EquivQCNN (M) Appr-EquivQCNN (M)
: Appr-EquivQCNN (M>) Appr-EquivQCNN ()
51 72 93 94 55 6 7 98 9 510 !

91 22 93 04 95 6 77 98 99 10
Number of training samples (x 10)

Number of training samples (x 10)
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Tuysuz, Cenk, et al. "Symmetry breaking in geometric quantum machine
learning in the presence of noise." arXiv preprint arXiv:2401.10293 (2024).

Noise induced symmetry breaking

0) B B G - H Ra () A
0) {Ry ) HRx (=) HE — — Rz(%) A
(a) EQNN-Z
Noise effects on EQNN wrt discrete o (R T =TT
T Y (ro i 2—| A ,H"‘E‘.
symmetry groups e.g. 0 R H " R -
Z,: R(0)-(x;) = —x; (b) EQNN-XY
Bit Flip, Depolarizing (Pauli) and IO)ARx(xo)Hm(ro)l—El'_EQEz"?i':j%
. . 0) < Ry (: Ry (x H Rx L
Amplitude Damping channels O A A ) P )
(d) BEL
DP should not affect symmetry EQNN performance drops with AD Adaptive threshold classification
1.0 1.0 1.0
* H m
°-9‘!!'!!!E!;:* °-9'!'!;:::I:x. ooy , WD m
> [} > > * |
g 0.8; 8 0.8 " 8 0.8 "« ¥ . " e, "
3 BEL-Z 8 BEL-Z - : a t - ol
&;0.7- ;mxv &10.7' s’:’;"" " [ ; F 30'7. =EONN~Z i - : : +
EQNN-Z | EQNN-Z ] EQNN-Z {w. AT}
O . @ *%] L ® : OO g © -
05000 002 002 006 o008 010 05050 002 0024 006 008 010 05000 002 0024 006 008 010
p 14 |4

EQNN-Z native: Z,Z, commutes with the AD channel generator, but native gate set is limited on hardware!
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Symmetry breaking on hardware ibm_cairo

40

S
LM = ! % (T(yz) T(yJ ))2 Label Misassignment uses adaptive = 2
M i=1 T(yi) + T(y]) thresholds 0

0 5 10 15 20 25 30 35
Number of layers

. . ibm_cairo
Tests on ibm_cairo
Confirms AD channel is dominant - EQNN-HWE XY
. L. ] 60 { ——EQNN-HWE-XY-pulse
Symmetry breaking is linear in the number of layers _
= 401
Tests on ibm_cusco using hardware efficient ansatz =
and pulse efficient gate implementation = 20
create Rzy(8) gates by controlling pulses in a continuous way
. 0ls : : : : :
LM reaches 50% (random) at around 50 qubits 2 4 8 16 32 64

Number of qubits
(Number of layers log,N)
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Michael Schenk et al., Hybrid actor-critic algorithm for quantum reinforcement
learning at CERN beam lines. arXiv:2209.11044

Quantum Reinforcement Learning

* Follow policy

Agent interacts with environment ’
* Find policy that maximizes

Expected reward is estimated by value function Q(s, a)
» DAQN: Deep Q-learning (NN-based)
 FERL: Free energy-based RL (clamped Quantum Boltzmann Machine)

Implement the quantum NN on a set of qubits
Quantum computer calculates the reward as the energy of the qubit system
In this framework the agent is classical

=~ 74

7
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V. Belis et al., arxiv: 2402.0952

Guided Quantum Compression

c)
a %\ (£=(1—-XNLr+)c) d) i
0 —(O—— - —(0 st N e = () G+
1 H N B '!mh : | ' [= .
= T (Mo(2) O LE R (%)

________________

Two hybrid quantum-classical strategies:
GQC: Joint training
2Steps: The data compression step is independently trained
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Latent Space Representation

2 Steps

7’(210, 27)

0.75 A
0.50 -
0.25 -
S 0.00 A

21

—0.25 A

—0.50 A

~0.75{ P(z7, 210)

-0.5 0.0 0.5
z7
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-0.5 0.0 0.5
210

06.03.24

GQC

. P(Z7, ZIO)

P(ZIOa 27)

0.2 0:4
=7




Results

Including b-tag

GQC
Classical
2Step

— FPRcpassical = FPRgac

0.0 0.2 0.4 0.6
TPR

CHALLENGE: DATA COMPRESSION
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@1 1)

0.8

b)

0.500-

FPR

0.050

0.010- |

0.005:

0.050

0.040-
&
% 0.030-
0.020-
0.010-

0.000

0.

06.03.24

No b-tag

0.100-

- GQC
- Classical
— 2Step

7_ FPRCIassicaI = FPRGQC

0 0.2 04 06 0.8 1.0

TPR

b-tag features are high
level features
containing
information about the
quark content

compression method has
significant impact on the
classifier performance.
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Michael Schenk et al., Hybrid actor-critic algorithm for quantum reinforcement Figure 11: Single RL agent training evolution on D- = 0.2
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Example 1: Simulation of Real-Time Phenomena

Challenge Goals
Theoretical predictions of scattering processes have Use the Hamiltonian formalism by discretising the space
limitations which make them applicable in regimes accessible dimensions in square/cubic lattices and keeping time as a
via perturbation theory mainly capturing equilibrium continuous variable.

properties (e.g. Monte Carlo methods). The “sign problem”
and the complexity of numerical integration make real-time
simulations challenging. Hio: = He + Hg + H,,, + Hygiy

Ex: Kogut-Susskind formulation of (2+1)D QED

Quantum methods

The Hamiltonian can be encoded on a quantum computer

using various ansatz, the ground-state energy can be found
using methods like VQE, SSVQE, or VQD

Analog quantum devices can also be used to approximate the
time evolution of the target H.

Tensor Networks are interesting at equilibrium and out-of-
equilibrium (for low entanglement production)

Chen, Zhuo et al. ArXiv abs/2212.06835 (2022)
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Example 2: Collective Neutrino Oscillations

Goals
Challenge . :
Study the flavor evolution of a homogeneous gas of neutrinos
Neutrinos play a central role in extreme astrophysical both at fixed density and at different local conditions (e.g.
within the emitting neutron stars and as they travel in space)

events (supernovae or neutron star). Neutrino clouds are ) o :
using a Hamiltonian formulation

a strongly coupled many-body system, direct solution of
the flavor evolution equations can be exponentially hard N
=1

N N
U
with classical simulations. H= Z b0y +2. Z o + ﬁZ(l — c0s61;)0; - 9;

i i=1 i<j

Tooane % " » ., s-'.'.' sl 2. o
‘fanduleak =69 202 iy, - ybernova 1987A.
g ko A S 23 Rebruany 947 Quantum methods

o B o o
:\. - -f-g.‘ 5

Rt The Hamiltonian can be encoded on a quantum computer

using 1 qubit per neutrino, which so far restricts the
simulation to small N numbers.

Evolution of the method involves scaling to higher N 2
more qubits, and more sophisticated initial conditions
than simple wave-functions of non-correlated neutrinos.

(Image: lIT Guwahati)
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Example 3: Particle Jets and Trajectory reconstruction

Challenge Goals

Reconstruction of high-level physics features (ex. Reduce time to solution. Pattern recognition
trajectories) from detector output is a complex task due tasks are formulated as multi-step processes.
to the high granularity geometry of detectors. The goal is achieved by accelerating individual
At next generation hadronic collider detectors, the steps or designing new end-to-end approaches
dimensionality of the problem will increase by orders of beyond today’s estimation algorithms.
magnitude.

ATLAS Quantum methods

o EXPERIMENT The problem can be formulated as QML, as a energy
e minimisation problem (using both quantum
annealers and digial computers) or as a search
problem (using quantum associative memories) (ex.
Quantum Associative Memory (annealer based or

' D NI )

200
simultaneous
collisions!




k = —Jo/J1 and h = B/J;
The ANNNI Phase Diagram i
1.2 ::PE /. 7
00006 v
N-1 N-—-2 N 1.0 ™ J@@@ Qo > //’
. 7/
Hannnr=— 1 ZU;PU?+1—J2 ngafu —BZaf, 0.8 - \1\\ Y KI/ ,/
= =1 =1 = 0.6 1 \\"- /// /’T’T
. \-“ /, //
0.4 \i‘-‘ o L
i J. ‘ i
Use MPS representation of ANNNI model 02{ cma X a4 oo
_ o _ g oo \\ ,', % OO0
« DMRG to analyse phase diagram of finite size 0.0 : . A
0.00 025 050 075 100 125 1.50

systems (up to 480 sites)
« Detailed properties study

K

Study correlation range by fixing the transverse field
and varying the frustration parameter:

Generate wave
function (up to 20
spins) as input to
the QML analysis
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