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Who | AM ...

| am experimental particle physicist on hadron collider

e Since 2008, | have worked in CMS experiment _
From my Ph.D. thesis (2008)

— b-jets
NN Output — uds-jets

* Since 2019, | am strongly involving the Future Collider projects q6-
0.5- )

| have various experiences on the data analysis 041
0.3

0.2F

14 CMS papers as a primary author during last 5 years o1k L,Q#__,J

92 0 0204 06 08 1 1.2
| have various experiences on the ML application on the data analysis

 But my technical knowledge is old-fashioned
| am super beginner for quantum machine learning
* | have recently learned several examples using IBM qiskit

* Do NOT underestimate my poor knowledge/experience on the QML
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Large Hadron Collider at CERN
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CMS Experiment
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Unification of Forces: Z’

e Flagship EXO search in dilepton channel: Z’
search

® Probe indirect search for DM: mediator to SM
particles

® Also can test the lepton flavor universality JHEP 07 (2021) 208
JHEP 06 (2018) 120

between dielectron and dimuon channels pLg 768 (2017) 57
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Drell-Yan Process

@ Drell-Yan differential cross section measurements P
In dilepton channel 8, [

o Full Run2 data analysis is on-going: low-mass
(scouting), high-mass (standard)
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Why Quantum Machine Learning?

e Technical problems due to lack of computing resources

° CPU, GPU, storage etc. About one year, | have prepared
for this kind of study with

undergraduate intern students
e Few examples we face (with my concern) : Qiskit, CMS open data

My long term interesting

e Large MC samples needed => detector simulation (GEANT4 based)
takes a lot of time

* This problem will be much more serious in Future Collider projects

My expertise

e Track (vertex) reconstruction in high pileup => can do better offline but
challenging online (triggering)

My near term interesting

e QOptimization for wider categories => can speed up new observation

e QC technology is being grown fast! => just curiosity for new technology

No evidence yet for QML > I\éIL, but worth while trying



QC (QML) in HEP

e (re)cast combinatorial problems 1n a quantum formulation
= Pattern recognition, tracking :

,..O

= Vertexing :
= Jet clustering :

QC in HEP
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 Using the probabilistic character of quantum device
= Simulation of quantum effects : :

b

b

= Unfolding :

The multi-jet QUBO objective function is

233
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Neural Networks with PyTorch
and Qiskit

Machine learning (ML) has established itself as a successful interdisciplinary field which seeks to
mathematically extract generalizable information from data. Throwing in quantum computing gives
rise to interesting areas of research which seek to leverage the principles of quantum mechanics to
augment machine learning or vice-versa. Whether you're aiming to enhance classical ML algorithms by
outsourcing difficult calculations to a quantum computer or optimise quantum algorithms using
classical ML architectures - both fall under the diverse umbrella of quantum machine learning (QML).

In this chapter, we explore how a classical neural network can be partially quantized to create a hybrid
quantum-classical neural network. We will code up a simple example that integrates Qiskit with a
state-of-the-art open-source software package - PyTorch. The purpose of this example is to
demonstrate the ease of integrating Qiskit with existing ML tools and to encourage ML practitioners to
explore what is possible with quantum computing.

£ Qiskit

English

Getting started

0.2.1

Q_ Search Docs

Getting Started
API References

Tutorials

Release Notes

1. How does it work?

Classical node
(E.g. Pytorch
neural network)

Quantum node
(Qiskit circuit with
trainable parameters;
VQE, QAOA etc.)

Pytorch Optimisation
(Computes gradient of
loss function w.r.t.
parameters)
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Docs > Machine Learning Tutorials

=

Quantum Neural Networks

qGANS for Loading Random
Distributions

Tutorials Partners

Applications «,

Machine Learning Tutorials

=

Neural Network Classifier &
Regressor

=

Experiments Resources «, Github

Quantum Kernel Machine Learning

Torch Connector and Hybrid QNNs

O PyTorch

S
[ X )

Qiskit

Output > compute loss > optimise/update parameters

O PyTorch



e Benchmark study is available arxiv: 2012.11560

1 137 o™ (13 TeV) 10 137 b7 (13 TeV)
3 P s e
o 9F CMS ¢ Data ] o 50 CMS ¢ Data —
@ 70F ggH-cati — S+Bfit E - ggH-cat2 —— S4B it
§60' my=12538GevV. ... Bkg. component 3 §4o_ my=125.38GeV ... Bkg. component |
w " [ ERE w [ ERE
501_ l:’iZG E 30 ‘:’iZG h
o} ]
30f
20f
10f
ok ! [ S B P P P P S B R I B N S
& 400FTTTTTT T & 400
& 200 } & 200
@ O @ O
T -200 T-200 *
ST SR T I U I I U O a00E L
10 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150
m,, (GeV) m,, (GeV)
1 137 o' (13 TeV) 10° 137" (13 TeV)
> jof T s e
o [ CMS ¢ Data & 1o CMS ¢ Data ]
@ '“F ggH-cat3 —— S+Bfit 1 2 ggH-catd — S4B it
§12} m,=125.38GevV ... Bkg. component ] § [ my=12538GeV ... Bkg. component |
'-”10_ LBy ] w M-
. [l+26 ] sk =20 ]
8f ]
6f
s
2f
0:| | | ol b by by by vy ol | |
S 200 >
X X
o o
g 0 I
© ©
‘3—200..‘.|".*.\m‘|.‘..|....|....|.."|.H.- O 2008, e e b e
10 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150
muu (Gev) m!—L!—l (GeV)
10? 137 o™ (13 TeV)
% D S T e e o A REES
G 18F CMS ¢ Data 3
. . @ ,gf ggH-cats — S4Bt E
Evidence for Higgs &, m-==«  -- Big.component 3
m [ ERE
boson decay to a =20 ]
1_
air of muons
P osf-
04F
0.2F
JHEP 01 (2021) 148 N S N B D R N PN
9128\|||||||||||||||H|‘\ll\‘|\\|||||||||||f
o
jl‘j, 0
T 50
e ‘..il....h...l.".m..w.u.|....|...._

0 115 120 125 130 135 140 145 150

m,, (GeV)

11

Topic to Start: H->mumu

Application of Quantum Machine Learning using the
Quantum Variational Classifier Method to High

10 qubits

Energy Physics Analysis at the LHC on IBM
Quantum Computer Simulator and Hardware with

Sau Lan Wul", Jay Chan!, Wen Guan!, Shaojun Sun!, Alex Wang!, Chen Zhou!
Miron Livny?
Federico Carminati®, Alberto Di Meglio®
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open

CMS Open Data

open
CERN
([ ]
o
Explore more than two petabytes
of open data from particle physics!
.
Start typing...
search examples: collision datasets, keywords:education, energy:7TeV
.

.

Explore Focus on
datasets ATLAS
software ALICE
environments cMS
documentation LHCb
OPERA
PHENIX

Data Science

v Getstarted v
Search
CERN
oS x Sortby: Bestmatch @ asc. @ Display: detailed @ 20 results ©

include on-demand datasets Found 3995 results.

Filter by type
v Dataset 1167
Collision 18 Getting Started with CMS 2010 Open Data
Derived 138 To analyse CMS data collected in 2010, you need version 4.2.8 of CMSSW, supported only on
Simulated 883 Scientific Linux 5. If you are unfamiliar with Linux, take a look at this short introduction to Linux or
v | Documentation a try this..
About 3
Activiies 5 [LGuie ] cws T eting sared
Authors 3
Guide 1 Getting Started with CMS 2011 Open Data
Hel 2
o To analyse CMS data collected in 2011 and 2012, you need version 5.3.32 of CMSSW,
Policy N supported only on Scientific Linux 6. If you are unfamiliar with Linux, take a look at this short
Report ! introduction to Linux or try this...
v Environment 3
Condition o [auce ] ous )
M s
Validation " CMS Guide to generate configuration files for event production
News 8
Guide to produce CMSSW python configuration files to simulate, generate and/or reconstruct
v Software 38
collision events.
Analysis 14
Framework s Loceumension ] e ] cus
Tool 17
Validation ] . )
CMS Monte Carlo production overview
Workflow 8
v Supplementaries 2708 Overview of the steps to extract CMS gen data
Confguration y oceumenon T Guce T ous T cein sarec
Configuration HLT 214
Configuration LHE 22
Configuration RECO 151 CMS Physics Objects 2010
Configuration SIM 313 Particle colliders are the most powerful tools we have to study the building blocks of our
Luminosity 5 Universe and the laws governing them. Gigantic detectors, such as CMS, act as cameras that
Trigger 1723 take photographs of the particle collisions, allowing us to test our understanding of Nature.

[ oocumsdtation | sbout J cus |

Filter by experiment

Help

About ¥

» Open data has been used to perform new searches and
measurements

» Searches for non-standard sources of parity violation in jets
[arXiv:1904.11195]

» Searches for high-pt dimuon resonances [arXiv:1902.04222]
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ubuntu® 2

CMS open data setting on Window 10

Linux(Ubuntu)

or e .
Windows 10 mm Windows10

‘This page is made by jaeyoungd7@yonsei.ac ke
If there are some problems or improvements, please contact me.
¥ Introduction
‘This page is going to explain how to set CMS open data on Window 10.
You should install or do those things.
« Ubuntu 18.04 LTS
« Xming
« Docker Deskiop
 Further Setting(Essential)
« Execute CMSSW_5_3_32, CVMES setting

Starting with Open data.

FAQ

Docker

CMS
Software
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Near Term Goal on QML

Be familiar to QML technique
* Accumulate the knowledge/experience on the QML

Follow up the benchmark study using CMS open data for H->mumu search
 Extend to other advanced topics afterward
e Searches in dilepton + X channels or tau channel

QML vs ML
e Speed up data sampling, optimization, models
 Use fewer data samples (benefits for rare decay and new physics search)
e Quantum generative model

Essential to follow up the QML for our future

e Detector design for Future Collider projects should consider the QML

13




Summary & Plan

 Plan to learn QML and study the
benchmark topic

e Research setup is (almost) ready:
Qiskit, QML algorithm, CMS
open data

e Need a help from QML or ML
experts who are interested in this
project

e Need to understand which kind of
benefits will be available from QML
for future collider projects
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