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« Applications of Al has exploded in the past decade & beginning to provide a new
paradigm in high energy physics as well as other basic sciences.

« Quantum computing may provide another ‘leap’ & is attracting global attention.

« Today, | will give an overview of recent Al & quantum computing applications at IHEP.
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Institute of High Energy Physics (IHEP)

« Belongs to the Chinese Academy of Sciences (~114 institutes)
* The largest research laboratory on basic science in China.

« A world-class research center for high energy physics, astrophysics and multi-
disciplinary research based on synchrotron radiation and spallation neutron source

Employee ~ 1500

Student ~ 700

Postdoc ~ 170

Visitor : 300

Budget ~ 3B CNY (€0.4B) in
2021

Academician of CAS, CAE: 7
Large Science Facilities: 10
National & CAS Key Lab: 8
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ReS earC h F| el d S & Computing Technologies, Nuclear

Technology and Applications

Particle Physics Particle Astrophysics

Accelerator
« Beijing Electron Positron

« China Spallation Neutron

« Accelerator-driven Sub-

Beijing Spectrometer (BES) Il « Hard X-ray Modulation

Telescope (HXMT)

« Large High Altitude Air
Shower Observatory
(LHAASO)

Jiangmen Underground Neutrino
Observatory (JUNO)

International experiments (ATLAS,
CMS, LHCb, PANDA, DarkSide,
Belle-Il, etc.)

* etc.
Theoretical studies

Multi-disciplinary

* High Energy Photon
Source (HEPS)

» Beijing Synchrotron
Radiation Facility (BSRF)

Collider (BEPC) Il

Source (CSNS
( )  Medical studies on

. HEPS: Brightest photon source
nanomaterials, R&D of in the world (expected to

critical System (ADS) o . tumor drugs operate from 2024)
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IHEP Facilities

Huairou Campus
(Beijing)

Main Campus
(Beijing)

Ali CMB Polarization
Telescope
(Tibet)

Jinan Campus (Shandong)
Focuses on technology transfer

Dongguan Campus
LHAASO (Guangdong)
(Sichuan)

China Spallation Neutron
Source (CSNQ)Y==.
Source (i
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International Cooperation

 Actively being involved in international ATLAS
collaborations & projects: ATLAS, CMS, EXPERIMENT
LHCb, AMS, PANDA, Belle-Il, COMET, EXO,
Darkside, ILC, etc.

« Hosting international projects: BES-III, JUNO,

LHAASO, CEPC, HERD, eXTP, etc. Workehop organized iy ha WHOOPANCRA Project
* Developing long-term cooperative D T e e e
relationship with Europe, US and Asia. IR
« Actively recruiting foreign employees at all
|€V€|S (faCUIty, englneerS, pOStdOCS) International Emp|0yees
« Career workshop at CERN on December 2, 2022: Faculty: 8 |
U : 2006
https://indico.ihep.ac.cn/event/18414/ Postdocs: 22 (total of 86 since )
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IHEP Computing Center

SRR Subeiftin

Computing: 100k CPU
Snii=w cores, 300 GPU cards for

xR

more than 10 experiments

O4FORFON F74EON PSS

kRS 35468

« Storage: 85 PB disk storage,
50 PB tape storage

TR - A T A gy * Network: LHCONE member,
P ey WAN Bandwidth: 40Gbps
Rl Bl  (LHCONE 20Gbps)

Bl SR IS5 | i SEs

A 3 7 * ATLAS, CMS Tier-2
. [ I m——r— « LHCb will build Tier 1

TR A Y "‘1“, T f = ) — IBATIENL R
0404 FO F19 161 FON 7 0 0 0 8 8 2 3

o, v | _ e © Building platforms
: - for Al & quantum
computing
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ML & Quantum C. Projects at IHEP

* Machine Learning Working Group (includes guantum computing) is
formed at IHEP last Fall to promote discussions across experiments
& departments: BES-III, LHC, JUNO, CEPC, LHAASO, HERD,...

« Aiming to establish platforms & develop innovative applications

Detector
simulation
layer|D = 25

B T R

X {cm)
Using normalization flows
for calorimeter & drift time
simulation (BES-III)
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Pattern
recognition,
reconstruction

Vertex reconstruction using
CNN, ResNet, GNN in JUNO

First hit time
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Classification of Higgs
decay mode at CEPC

0.8
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F0.4

0.2

Inference,
optimization

Speedy recovery of images
(HEPS)

Quantum
computing

Quantum circuit of quantum
feature map (CEPC)
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Highlights of Machine Learning Studies
from LHC

1. Symmetry Preserving Attention Networks
2. Pileup Mitigation using Attension-based Cloud Networks



1. Symmetry Preserving Attention Networks

Diep  « Collaboration w/ UC Irvine & Washington

€ L« Jet-parton assignment (i.e. top
reconstruction) is a crucial component in

by tt & ttH analyses.

by, « Standard algorithms compare all

q possible permutations of jets per event &
g systematics

« Combinatoric diverges with jet multiplicity.

I:)had

Target partons
b|ep1 bH1 bH1 @1 bhad1 @1 q’ q
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Attention for Top Reconstruction

 Attention mechanisms are e.g. Two-body d_ecay symmetries
superceding RNNs & LSTMs in (W=qq’, H=>bb')
neuro linguistic programming. 3 N -
k __ k ik
« Permutation invariant & can handle ST = E (QU + 0/ )

variable-length lists

TensorAttentlon. generallzatlor.\ OVr —= X;XmX! qnml
of attention to encode symmetries

t b i o i< symmetr
(t>t, b>b In H, ge>q’ In W) €] sy y

 Allow us to test every possible permutation in a single pass.
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Symmetry Preserving Attention Networks

Unordered list
of object four-
momenta +
additional info
(e.g. btag) &
event-level
variables
(e.g. MET)

Hideki Okawa

Jet

Embeddings

[o] ]

-

_>

Lepton

Embedding

I

Er

—

Global

Embedding

I

Eq

(SPA-Net) et
NeW
Event-level context- Particle-level Symmetric jet
aware encoding encoding matching
Central PartiCle OUtpUtS
Transformer Transformers
Transformer Tensor
- - —
I I 4 Encoder Attention P Full
= - - - - - . -
o | |2 o o eformer | N jet/doublet/triplet
o o o || Transformer | ensor | o -
o o o Encoder Attention P2 d_afst;g?men:
3 3 3 . ISTrioutions 1or
) M 000 ™ 8 8 8 i
i I o every particle
2 A a Transformer Tensor t
A A A 5 . . arge (e.g. t, H
2118 = Encoder Attention P ge (e.9 )
2 | |2 2
— . .
».| Regression v
Heads —>- 11,7
Classification
> Heads —~S/B »




Reconstruction in semi-leptonic tt & ttH

« New version of SPA-Net can handle different types of physics objects (jets, leptons, etc.)

« Can add event-level variables (MET, MET ¢, etc.)

° it

1

« SPA-Net: 75.6% full event reconstruction (85.5-

59.8% vs NJets)
« Permutation DNN: 64.9% (80.3-48.8%)

- KLFitter: 52.1% (77.2-23.7%)

tH(— bb)

« SPA-Net: 54.2% in 6}, 42.6% in 7]
« Permutation DNN: 48.8% in 6}, 36.4%

« KLFitter: 31.4% in 6}, 17.7% In 7|

Hideki Okawa
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ROC Curves for Particle Presence Cuts
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False Positive Rate

ROC from detection probability (explained later)
X: false ID in unreconstructable events

Y: Eff. in reconstructable events
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ttH(>bb) semi-leptonic

higgs mass: >=6jets & >=4bjets higgs mass: >=6jets & >=4bjets
ttbar KLFitter 0.040 ttbar SPANet
0.07 1 ttH KLFitter, metric = 6.1902 ttH SPANet, metric = 10.6894

g > t . 0.035 4
0.030
A 000 0.025
H b 0047 0.020 4
----- 0037 0.015 |
E 0.024 0.010
A 0.01 0.005 -

g < E 000 0 25 50 75 00 125 150 175 200 0:000 0 25 50 75 100 125 150 175 200

g b . e ttbb background is rather large with very

similar kinematics to tzH.

|

« t& H kinematics are main inputs to the BDT.

. « However, the fraction of reconstructable
' events is only 35% in ¢tZH semi-lep. events.

- “Goodness” of the jet-parton assignment is also important to remove
unreconstructable events. - i.e. likelihood for KLFitter, a score for permutation DNN

Hideki Okawa DESY Seminar 15
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New Features: Signal/BG Discrimination

ROC curves Comparison

« SPA-Net for jet-assignment & ]
with all 9 probabilities .
Included in the BDT gives <
the best results. $ os
« A new feature in SPA-Netcan 2.,
prOVIde ttH/ttbb dlscrlmlnatlon § —— SPANet direct separation, AUC = 0.744
directly. - ~same performance ] e T4
(0.744 vs 0.748) as the full 20| —— SPANet BDT higgs & LR target, AUC = 0.761
BDT w/ kinematics & Higgs 00 2 s de  ap 1o
ey, ignal Efficiency
prObabllltleS' Transformer architecture provides us with meaningful
* This Indicates that SPA-Net Is embeddings for every jet, particle, and event: a big benefit
learning the kinematics as well! ~ Over permutation-based models
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Z’=>tt Searches

t

Z'(700) = tt (semi-leptonic)

q

8000 A
A
6000

4000

Count

2000

[ SPA-Met assign. & MEZ calc.
CZ757 PDNM assign. & MEZ calc
| €03 KLFitter assign.
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[ SPA-Met assign. & MEZ calc.
C2757 PDNM assign. & MEZ calc
{7271 KLFitter assign.

200 400 E00 800 1000 1200 1400
it Invariant Mass [GeV]

Successful reconstruction of top quarks is crucial for the tt resonance
searches (e.g. Z', RS Graviton, Heavy Higgs A/H->tt).

More jets are radiated for higher mass resonance. Significantly improved
mass reconstruction from KLFitter.
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envent count

WIP: Impact on Z’->tt Searches

Distributions with bump Distributions with bump

Distributions with bump
i1 background [ background [ background
i Bump |\ ! Ty Bump | T e BUMP
i + data + data —+ data
10° { £10° £10° ‘
3 3 I
o o ;
o o i
5 Perm s | SPA-Net +
. c . < 102 i
107, KLFitter @ 102 °l v nregres
: DNN : ; +
0 400 600 1000 1200 1400 1600 o 400 1000 1200 1400 1600 , 400 600 1000 1200 1400 1600
Q (8] Q
o c o
< 2 2 g 2 [ | u u m ..‘_ _J
o o o
= | = . Jl = — .-'.
g101—-.--1'-"'l—'b-‘---l"'---l '.-.H =0 .—'.-l'_-lu-.hu'l'uh-'h.'—- - 0-'1 T
w400 1000 1200 1400 1600 & 400 1000 1200 1400 1600 & ﬁ 600 800 1000 1200 1400 1600
variable variable variable

* Visible improvement in signal significance: e.g. global significance = 2.96c
(KLFitter), 3.190 (p.DNN), 3.87c (SPA-Net), 4.410 (SPA-Net+v n regression) for
m(Z’)=900 GeV [integ. lumi.=3 fb-! of pseudo-data assumed here]

« Removing unreconstructable events with SPA-Net probabilities should further
enhance the sensitivity. (studies under way)
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2. Pileup Mitigation at the LHC

1!:1 600 _| T TT | T T T | T T 1771 | T T T T T T | [ | | T T T | T T T |_
2 - ATLAS Online 2011-12: <p>= 185 -
o 500 (s=7,8TeV,26.4f" ]
= s [ 2015-18: <p>=33.7 1
= 400 - {s=13TeV, 147 10" ]
8 L [ 2022: <p>=409 -
I= - /s=136TeV, 381" 1
3 300 —
el B N
Qo - -
o B N
g 2001 .
D u 18
o - 1%
100 — £

| | I I . | | I I . | | (-
10 20 30 40 50 60 70
Mean Number of Interactions per Crossing

 Pileup (additional pp collisions) has been continuously increasing; Run-3

<u> will be ~50, will reach <u>=140-200 at the HL-LHC. Mitigation of
pileup effects is crucial at the LHC.
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Existing Methods

* PileUp Per Particle Identification (PUPPI): Non-
ML method in CMS

* PileUp Mitigation with Machine Learning —_
(PUMML): CNN with squared images. Overlooks
the actual detector geometry.

 PUPPI with Machine Learning (PUPPIML): Full
supervised GNN with truth labels from Delphes.
Not feasible in full Geant-4 simulation. ™~

« Semi-supervised PUPPI. Semi-supervised GNN. ,;O, o O /T2 EN G
Training done on charged but not neutrals. 0o GSOO IR
Requires charged->neutral & central->forward %, 0 sl 18| |3

extrapolations.
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Attention-Based Cloud Network

 Collaboration w/ CERN, U. Zurich, NERSC Berkeley.

 Attention-based cloud network (ABCNet) is a GNN enhanced with

attention mechanisms . N
 Treat particle collision data as a

set of permutation-invariant
objects (p, n, ¢, E, charge,

Encoding

Self-coeff ;' Attention. particle type, dxy & dz impact
\ coeff parameters, PUPPI weight)
:  Attention mechanisms filter out
@ —) particles not relevant for the
/ Ao ® learning process
« Implemented inside custom
Local-coeff v} graph attention pooling

Encing layers



Novel Approaches in ABCNet

« Do not assign per-particle labels -
rather assign a global label to samples

v

. *.} '.-."..:;:;_.{,‘-4“  Simulate identical events w/ & w/o PU.

s-'.~."

* Learn the differences between the PU
& non-PU samples

Sorted Rg,, p1 in R

;,//A’l“ L k'\\\ 3

/ e )

[]] Linear Task-Specific
(. Projection Sliced Wasserstein Discrepancy
“ A ) \

Sorted Ry, p2 in R

« Custom loss inspired by optimal transport.

« Match non-PU & PU particles weighted by
ABCNet weights

 Used sliced Wasserstein distance = Take n-

D feature space & project it to 1D [ OT = SWD(X, - &, Xnp) + MSE (MET(X,, - &), MET(X5p)) ]
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Attention-Based Cloud Network

* Input features: p, n, @, E, charge, particle
Post-aggregation layers type, dxy & dz impact parameters, PUPPI
GAPBlock 1 we | g ht

(F = 16, k=20, h=1)

Neighbors features 1 ~ Graph features 1
o \ - * Loss: Sliced Wasserstein distance (previous
| R E 3 .
s RS | L B slide)
GAPBlock 2 S: 21 8. S 8¢
(f/:/ 64, k:20,h\:1) / T < = f‘ i . ]
o,lm/ o + Cost function: squared distance
(b e )
R » Sliced features: p, n, ¢, E

Aggregation layers

Output: per particle weight

» Trained on 300k events, QCD multijet, ttbar dileptonic and invisible VBF Higgs
« Consider 9000 particles per event. Gather 20 k-nearest neighbors.
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ABCNet Performance

c T T T 1]
S - ~+ oPU ]
E 0.160; 4+ TOTAL?
8 0.140-_ —— PUPPI ]
) - i
@0.120; ]
[4D) - . i
& 0100 QCD Multijet -
 0.080- .
0.060[- .
0.040F .
A R N R B B
’3‘ 50_‘ L L L L L L L |
&
4] 0:
2 o666 (o) © o
92 : | | | | | 1
£ =50 50 100 150 200 250
o Jet pt [GeV]

Jet energy resolution

= —4 0PU -

~- TOTAL ]

- —+- PUPPI

L, A, .

: 1 L Il L | 1 L Il 1 | 1 L 1 1 | Il L L Il | 1 1 L Il | L Il 1 I L 1 L L | L 1 L L :
25 50 75 100 125 150 175

Number of primary vertices

* Improvement up to ~30-40% in JER in QCD & ttbar events, up to 25% in n
resolution. ~10% improvement in t,/t, resolution. MET improved by 9% from PUPPI.

« Performance stable against PU.

Hideki Okawa

DESY Seminar
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Status of Quantum Computing Studies



Current Activities at IHEP

1. Discussions with Institute of Physics (IOP), CAS to use their
guantum computer/cloud platform (Quafu)

2. Establishing a platform for guantum simulation

3. Quantum Machine Learning studies
a. Event classification at CEPC
b. Particle Identification at BES Il
c. Quantum GAN for ATLAS calorimeter simulation (ongoing)



Material from Heng Fan (I0P, CAS)

rigetti Google Qi ona (X) xanaou DHWJAUR Qufech @Mazon

I
IBM Quantum S lonQ Xanadu 4 Azure
Quantum Cloud Cloud Quantum Quantum Leap Quantum Inspire Braket Quantum
Service(QCS) Cloud Cloud
D-Wave
. Spin-2 lonQ. OQC lonQ
Eagle Aspen Sycamore Forte Borealis Advantage Starmon-5 Rigetti Quantinuum
Xanadu
127 80 54 32 216 5000+ 2;5 QPP QPP
family family
Aspen-11 .
27q (40q) . '°”ﬁfe;"°e Borealis ;dov(;?]?; . 11;20*
M-1 (80q) q &
(Ptask+shot (Ptask+shot (Ptask+shot Different
$0.3 $0.3 $0.3
task+shot Formulas
No public per task per task per task Non-commercial ~ task+shot
s o access $0.01 $0.0002 $0.00019 use T
o Ui P per shot per shot per shot
second @QGS=N-C @ @ HQC=5+C(N,
i $0.00003 $ 100 timexrate
$0.00035 o +10N,,+5N,,
er shot 1q gate shot per 1 million a )/50‘100
P $0.0003 shots

2q gate shot
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Cloud Platforms in China

Institute or Company

Center for Excellence in Quantum Quantum
Information & Quantum Physics, Chinese Computing
Academy of Sciences (Jinan site) Cloud Platform
Zhejiang University Talyuan

Beijing Academy of Quantum

Information Sciences (BAQIS) Quafu
Origin Quantum OriginQ Cloud
Baidu Quantum Leaf
Huaweli HiQ

Wuhan Institute of Quantum Technology ((aglgf\ ;?erga?iggg (ac

|_

Material from Heng Fan (IOP, CAS)

12

10
45,18, 10
6 (Wuyuan), Free
Internal

Simulator only

100+Atom

cording to report)




1. Quafu Platform

Material from Heng Fan (IOP, CAS)

= l [
., http://quafu.bagis.ac.cn / User = |

User

= Quafu %?H%}z_:”é? “ = S

Rg?f&.’? FFHRRR

Beijing Acade ntum Information Scier

Pursue Quantum Computing,

Prompt results

Adopts globally common
quantum programming
language; convenient & fast

Hideki Okawa

N __j “|| , =] Already published results
B/ “ from cloud, C.-T. Chen et al.,
& m 00 ,n._‘ Science China-PMA (2022)/

45qub|t ch|p 1 DESme’E'”Erhlp 10 qubit chip




Quafu Platform

Hi,wangza@baqis.ac.cn

API Token

Composer

Quafu Quantum Computing Cloud Platform

Latest Activity Resources
Quafu is a quantum computing cloud platform jointly developed by Beijing Institute of Quantum Information Science, Institute of Physics of Chinese Academy.of Sciences and Tsinghua University, which aims to provide

convenient and fast channels for the public to use quantum computing machines.

Monthly Usage Summary

Status : System id = Return time

Compiated

== - - 5 . Ufer

Create Quafu Account

Login

simulators
Already h

Completed

e ) s | — O kit I n te Hac e
for 11 ot Pyth n —
Cloud platform F Quaf

g.measure(list(range(®,num)), 10000)
q.draw_circuit()

p u bI IC |y a0} H—t——k— (0]
accessible & . . .o

res = q.send()

d O C u m e n tati O n In [39]: res.plot_amplitudes()
fully available |

in English Graphic opENOASM
Nl P Interface p

Hideki Okawa § § § §

amplitudes




Fidelity (%)

Cloud Quantum Computation

Material from Heng Fan (IOP, CAS)

C.-T. Chen et al., Science China-
PMA, 65, 110362 (2022)

| I,.r“&g."ﬁ“b,f’"'g f"\jr’ﬁ\vf\.,. NAAATT &‘sw."’\,‘ ,.--'"Wﬁ, Nls=  * Results using the cloud
= ;j.:i; — " —r o > - platform
o1 ! i ! 'g ! ‘ j l1 f \ i{ 5 I-' | i i é ‘ { ! ! [ | =7
= — e m » Users can manipulate
S \/V\A | \/VV\ VV\A \[ree qubits graphically or with
. WV\ 'V\M P 3 oy o o a QASM programming
W e o el language.
LYV . = . Greenberger-Horne-
aPopulation @Coherence m Fidelity Zeilinger (GHZ) states of
lz_h 2 PR e Ira“s’=7 s ] IN=8 ™ |™° uptoall 10 qubits in 1D
l 1 1 [ ol FEIFIEE . array were generated to
N ; | I m demonstrate the
. : capabilities of the platform!
= Q,-Q, Q,Q, Q- Q,-Q Q-Q, Q-Q Q-Q Q-Q Q-Q, Q-Q Q,-Q Q;yQ, Q-Q Q,-Q,, Q,-Q,

Constituent Qubits of GHZ States
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Material from Heng Fan (IOP, CAS)

[

Quantum Simulation

a:(t))|
(o]
o]

o
)

FEYNAAN iﬁ—|¢} = H|p)
‘LE(TUPESon
v 3(ompumnom;f

o
»

=1
)

(1)) = exp{—ihH1}|p(0))
U - exp{—ihHt}

=]
T

Longitudinal Magnetization(L.M) |{

U(At) = | | exp{—inH A1},
, I
e Trotter-Suzuki approximation

Time ¢

0 0.2 lsy 04 f 0 0.2 04 Iy 06

« Simulate the time evolution of Schrodinger
equation (Feynman’s motivation)

« Some examples: 1. simulation of dynamical
phase transition, 2. simulation of band
structure of quantum Hall system.

¢
Z.

Hideki Okawa DESY Seminar -C. Xiang et al., arXiv:2207.11797 3



Material from Heng Fan (I0P, CAS)

Quafu Platform in Beljlng

/
[ —
—
s
| IM |
NV
"". 1!!||\r ' i
) ™ —
W \‘\ f |
I | -
b i I
il L L
P . ,1{ H —
HUE
h f0RS I
P_/;’(
Terail | ]
_— ; » -
e e Y
ey

 Platform in Zhongguancun + Huairouyuan District.
* Widely advertised in media (CCTV, etc.)

Hideki Okawa DESY Seminar
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2. Quantum Simulator Platform

 Platform for quantum simulator is also highly crucial to validate results
from the actual quantum computers & develop quantum algorithms.

* Pros: can test perfect qubits; can simulate

very deep quantum circuits Eae
. EB [=— ik // TNC(Tensor Network Contraction) O
« Cons: can usually simulate up to ~50~60 Bmeraer o iState Vector, I
gubits even with HPC; modeling of noise & e |— , ,
.. 45qubits[13] 7 +- % 48qubits[26]
error not trivial. 0P 7 L 7snacs
256T i 7 Compression . 2017 TaihuLight
. . . 192T ’ [ 7¥7%27RQC[22]
* IHEP Computing Center is developing e o swmtctm S b
' ' T—_ el
its platform using HPC CPUs/GPUs R (e
. e 256G
« Currently only accessible within IHEP; plan to e ! Q ____________ e
make it public in the future o) N o @ O Q PP et o
326 i P
+ Also planning to collaborate with Quafu to ——o I
access the real hardware o % I3 TR T 100

» Targeting =238 qubit simulator.
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Material from Yujiang Bi

Scientific Objectives

Quantum Computing Infrastructures

Computing and Simulation Applications

User-friendly interactive developing platform « Possible quantum applications in HEP and
QCD

Distributed heterogeneous computing platform
« Common frameworks for general research

Quantum simulating algorithms and
Implementation « Combining quantum computing in current
workflow

Collaboration with industries & institutes Education and Trainino

Collaborating with manufacturers for
compatibility

* Introducing quantum computing to the public

Collaborative research on various subjects . . .
* Research introduction and progress presentation

Active quantum development community

* Providing conditions for learning and discussing

Hideki Okawa DESY Seminar 35



Heterogeneous Interactive Platform

. = R BEFRETIHETA M A
Platform can access all services: = © ™= ® o
storage, computing, scheduling, —** e e
dashboard ... ® & o R
Int five interf Quantum Composer. Qo et
nteractive interfaces
.
« Drag-and-drop GUI like IBM
quantum composer )
{Edbigit =5 Rif{El =55
« Jupyter environment for interactive |
development Slurm{Fll(Coming Soon) Composer{Fll:
E R RRAEFINES B O & A
Heterogeneous HPC clusters for
heavy tasks Py e—
Y 5T
«  NVIDIA/AMD GPU clusters o crucumum comp wamRcrOR

* Intel/AMD/ARM clusters

Distributed computing platform

» Unifying different centers from via
global Slurm scheduler
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2. CEPC & Quantum Computing

CEPC Operation mode

ZH

Z

| W+W- ‘ ttbar ‘

Run time [years]

~ 240

10

~91.2

~ 160

~ 360

Latest
(50MW)
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L /1P [x1034 cm-2s-1]

8.3

192

[ab1, 2 IPs]

20

96

Event yields [2 IPs]

4x106

4x1012

5x107

« 100km circumference e*e  collider; Z/Higgs/Top
factory under consideration in China.

« Cutting-edge detector and computing technologies will
be essential to maximize the potential of the experiment.

« Z pole measurements will face pileup due to the high
luminosity. Innovations in tracking would help.




Event Classification in e*fe=2>ZH-2>qqyy

/—-""'_'_'_-—-_'_'_“"'--,.\
: ' 7
_ Dataset 8= Feature map (Quantum Device) id)
2
= . g (5}
O O _e0 OgCe = ‘-5 4. =
o ._o{,_OJQ S — z| E =
C@ococ @y®eo0y \BY A W Ehw S
w e X . <
O O @0 O Ce % v @ * . D g
9.’ Ow b{y\ = |2 B
20090y A8l £ £ %[ E =] |8
— ] - o =
O O _eo O!O. gl 5 . I 0
ecO @ ® @0 s 5% 4 >
\“H_‘—O_P—éﬁl s ST 7] 2= I
CO,2 Oog’e a % s T g
eCcOC @ ® @ X )
- " — = E e I @ g-
© O e © Ce E% 7

"/--Qua.ntuln Kernel estimatioﬁ-\"

k(X X;) = |(1D|.\",]| tln.\jn}r

« 5.6 ab-1 at Vs=240 GeV at
CEPC - >1M Higgs will be « Kinematic features x, event class ye[-1,1] (-1:

produced BG, 1: signal)

 Quantum SVM is considered as
a benchmark to compared with
the classical SVM. (here N=6).
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« QSVM maps x to a quantum state of N qubits



Hyper-parameter Tuning

T T
— {'C": 40}

0.940
0.938 -

0.936

AUC

0.934

0.932

0.930

] 1 I 1 1 I
0 200 400 600 800 1000

t
(Z Viyik (X, X) + C) =0
i=1

Hideki Okawa

H. .. o
b=
5
r0.90
-0.88
1000 - Rk 0.89 0.89
0.86
100000 -& RE] 0.95 0.95 0.90
1 | I 1 | I
< o o o o <
4 R -0, R?) e,
¢ 9, (%) 05
4

« Hyper-parameters y and C are
optimized to give the best separation
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Quantum Slmulator

q 0-96

e e e e e e e g P P P 1 o e P e
1 T 7 PR T

: : : : : : : : *
: : H : : H : : N
08' : : H : : H : : i, B
. )

0.94F

Background rejection

T

' ' ' : ' ' 0.3

i ; : ' : : 0.2 " QSVM-kernel (AUC = 0.940 + 0.00'1)"? |

0.88 é_ _____________________ ....... _é

— QSVM-Kernel O.1I§—" .......... Classical SVM (AUC = 0.947 + 0_.002.)5.. .

0.87F —— Classical SVM 5 : F ]

086; [ I L1 | [ | L1 l I | L1 1 I ] :| 00 01 02 03 04 05 06 07 08 09 1

2000 4000 6000 8000 10000 12000 Signal efficiency
Number of Events

* 6-qubits on StatevectorSimulator from IBM Quantum & 6-qubits on Tensor Network Simulator
from Origin QPanda (Z.-Y. Chen, G.-P. Guo, arXiv:1901.08340)

« Hardware noise not considered. Both simulators gave identical results.
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https://arxiv.org/abs/1901.08340

Results from Quantum C. Hardware

Fidelity average 0.99915 Fidelity average 0.9808

3 . |
Readout assignmen t error v a_c_a
1..........,.........
Avg 2.700e-2 F
1 H

 oefe—

Q min:0.999  max: 0.9993 min: 0.9707  max: 0.9909

|

« 7-qubit IBM Nairobi machine (used only 6 qubits [O- 0.62 S U S N TSNS W N O W I
3)) 0.5
* 6-qubit (free usage) Origin Wuyuan machine 0_42

Background rejection

+ Only using 100 events for training & testing osl o
respectively, due to long execution time of S
hardware.

Quantum Simulator (AUC = 0.925)~ - et
; Origin Hardware (AUC = 0.894 ) | ]
0.1_5*" 1BM Hardware (AUC = 0.880 ) 1

 Difference b/w IBM & Origin from hardware noise & 0 01 02 03 04 05 0.6 07 08 0.9 1

statistical fluctuations during the execution time. Signal efficiency
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» Performance approaching the noiseless conditions




Teng Lit, Zhipeng Yao?, Jiaheng Zou?, Tao Lin?, Weidong Li?, Xingtao Huang?
1Shandong U., 2 IHEP

3. Quantum ML in PID for BES Il

Beijing Spectrometer Il (BES III)
e*e- 1-charm factory at 2.0 GeV < Vs < 4.9 GeV
Instantaneous luminosity 1033 cm2s! at \s = 3.77 GeV

« Machine learning is actively used for
particle identification (PID).

 Muon / charged pion separation is a
difficult PID task

electromagnetic hadronic muon
calorimeter calorimeter detector

tracker

Multi-layer Drift Chamber

Time of Flight Detector !

et/e-

EM Calorimeter /i
charged
hadron

1T Solenoidal Magnet

neutral
hadron

neutrino

From Marco Scodeggio inner layer > outer layer
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3. Quantum ML in PID for BES Il

 Method I: Quantum Support Vector Machine

< =
|0>

0>

Preprocessing

 Method II: Variational Quantum Classifier

0>

0>

pipeline
X y
A Classical SVM
d(x) di(y) (Quadratic
/74 Programming)
" feature map r' '1 feature map r
Preprocessing
pipeline
X
A Classical
®(x) U(oe) Optimizer
//4 (gradient descent)
ﬂ feature map " " Va;:?;i;?al "
1 update 0




BES Ill: Quantum SVM on Simulator

 The discrimination power of simulated QSM and traditional ML models are
compared

« Various types of encoding circuits simulated. Complicated circuits tend to lead to

ovefitting
« Similar discrimination power can be achieved using quantum simulator

1.0

o e o
= o o

Signal Efficiency

o
N

—— Quantum_Z 1 (AUC = 0.9128+0.0029)
--- XGBoost (AUC = 0.9129+0.0024)
—-— MLP (AUC = 0.9065+0.0058)

SVM Gaussian Kernel (AUC = 0.9123+0.0030)

Hidek. —.....

0.2 0.4 0.6 0.8
Background Efficiency

T
1.0

DESY Seminar

1.0 4

0.8 1

0.6

0.4 1

0.2

—— Quantum_Z 2 (AUC = 0.9160%0.0032)
--- XGBoost (AUC = 0.9129+0.0024)
—-— MLP (AUC = 0.9065+0.0058)

SVM Gaussian Kernel (AUC = 0.9123+0.0030)

dz d4 dﬁ dB
Background Efficiency

T
1.0
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Teng Lit, Zhipeng Yao?!, Jiaheng Zou?, Tao Lin?, Weidong Li?, Xingtao Huang?
1Shandong U., 2 IHEP

BES lll: Quantum SVM on Hardwar

 Using Origin Quantum - Wuyuan system
« Based on super-conducting technology

» 6 qubits accessible publicly & freely (fees for higher
number of qubits), controlled by QPanda API

100 training tracks, 100 testing tracks;
averaged from three runs

1.0 e e p— 1.0

0.8 0.8 |
9 3

c

2 o6 2 06
o L&)
h= E
w w
g 0.4 E 0.4
= k=)
W ]

0.2 0.2 A :-5"

T — Origin Hardware Circuitl (AUC = 0.755434) —— Origin Hardware Circuit2 (AUC = 0.755636)
------- Qiskit Simulator (AUC = 0.783816) F -+ Qiskit Simulator (AUC = 0.787842)
0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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BES IIl: VQC on Simulator

e The optimal VQC is compared with the
classical MLP neural network

e VQC config: EfficientSU2 with X_3 and
L BFGS_B optimizer

e MLP config: 400x200x100x50x15 (relu,

Signal Efficiency

adam)
e On small samples, VQC performs — |Vocauc 1 0ssz6e)
similarly to the classical MLP neural O ey

network



Number of events / 2

4. Quantum GAN for ATLAS calo sim

* HL-LHC will require enormous computing resource. Already in Run 2, ~40% of the CPU
Is consumed by MC simulation. (Complicated accordion geometry in EM calo)

* e.g. 80% of the total simulation time taken by the shower development in the calo for ttbar events.

» Classical GAN is partially used in fast sim (Atlfast3), but is time consuming - Quantum
GAN may be able to reduce the training time & improve the accuracy.

« Currently testing two approaches: (1) hybrid of quantum generator & classical
discriminator (=>for NISQ era), (2) full quantum version of generator & discriminator

T T T LT " T T T T T T T 7 T T 7T ] -7

- ATLAS Simulation 1 v s smhaen 1 Real Image
300F -4 £ r ]

F 7t 65 GeV 0.2<n|<0.25 ] § 2501 n* 524 GeV 0.2<[n|<0.25 . -
250F . 4 b C ]

F 12 200" ® -
200~ + FastCaloSim V2 ; - -G-é + FastCaloSim V2
1503 FastCaloGAN  +7 | x" J:f‘ﬂ,', = 150;— FastCaloGAN

100" ERL S § Generated Image (from 6 qubit quantum simulator)

L d""“. . { 50:_ m E H H E H E H

!,vgq "':.o w
Hideki Okawa ATLAS Collab., Comput Softw Big Sci 6, 7 (2022) DESY Seminar
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https://link.springer.com/content/pdf/10.1007/s41781-021-00079-7.pdf

Plans & Areas of Interest

 Error correction for lattice QCD studies (under investigation)
« Quantum computing for tracking (ATLAS, CEPC)

 Anomaly detection



International Exchanges

* We are strongly interested in international exchanges at all
levels (e.qg. joint research, joint funding, Helmholtz-China
postdoctoral fellowship, etc).

 Also actively recruiting international staffs, engineers &
postdocs to work at IHEP.

« Career workshop at CERN on December 2, 2022:
https://indico.ihep.ac.cn/event/18414/

 Please contact me (hideki.okawa@cern.ch) if interested in any
aspect!



https://indico.ihep.ac.cn/event/18414/
mailto:hideki.okawa@cern.ch

Summary

« [IHEP has established a working group for machine learning and
guantum computing.

* Presented a few highlights from our recent studies in the high
energy physics domain.

« Still at an early stage, but hope to expand the activities in the
coming months & years.

* We are strongly interested in exchanges & collaborations with
DESY!



backup — SPA-Net



SPA-Net Dataset & Selection

« Generated MadGraph 5 interfaced with Pythia8 for showering & hadronization
 Detector response with Delphes v3.4.2
« Top mass = 173 GeV

Object selection:

* Object overlap removal done

* Electron, muon p>25 GeV, [n|<2.5.

e Jet p>25 GeV, [n|<2.5 (dR matching considerd for truth jet-parton assignment)

Preselection: =1-lepton, >4 jets & >2 b-jets (for both tt & ttH)



SPA-Net vs Baseline: Existing Methods

1. (x%2 minimization: The simplest approach, considered in the
previous all-hadronic studies; not considered in this talk)

2. KLFitter: likelihood-based kinematic fitting, assuming or not
assuming a specific top mass (in this talk, the former);
J. Erdmann et al, NIM A 748 (2014) 18

3. Permutation DNN: DNN considering all possible permutations;
J. Erdmann et al.,, JINST 14 (2019) P11015
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https://doi.org/10.1016/j.nima.2014.02.029
https://doi.org/10.1088/1748-0221/14/11/P11015

New Features: Regression of Kinematics

n calculated from
m,, constraint

" “ ‘ ”HH H’ H” |
n from SPA-Net
reg ression

True neutrino n True neutrino n

» SPA-Net can now train to reconstruct tt & simultaneously train to regress a variable (e.g.
neutrino n or p,, tt invariant mass)

» Neutrino n is more diagonal than the traditional method w/ improved RMS (1.39->0.9).



Updates: SPA-Net Probabilities

 Defined for each particle to reconstruct (t, H). 9 probabilities in total for ttH.
SPA-Net can provide detailed information on the goodness of jet-
parton assignment.

- Detection probability: Is t or H reconstructable?

- Assignment probability: Given t or H is present, are the predicted jets correct?

« (Pseudo-)marginal probability: the product of the two above

Comparison of SPANet Higgs assignment probabilities. Comparison of SPANet Higgs detection probabilities. Comparison of SPANet Higgs marginal probabilities.
2.0
N [ Signal [ Signal 7 [ Signal
Background Background 101 Background
1.51
s 8_
2z z z
2] B 3 1.0 i 1|}
- _1.
1] 0.5
g —‘.\\
0 : , . 0.0 0 _ ,
0.0 0.2 0.4 0.6 0.8 L0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.1 0.6 0.8 1.0
plhy,he | H) p(H) plhy,he | H)p(H)
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SPA-Net Package (new version!)
https:/ /github.com/Alexanders101/SPANet

SPA-Net is not limited to top physics! Already considered for a
SUSY RPV analysis & HH->4b in ATLAS as well.

New features in v2:

1.
2.

New configuration file format with more options on inputs and event topology.

Allow for several different inputs, including global inputs (e.g. MET, MET ¢) for
additional context.

New Regression and Classification output heads for performing per-event or
per-particle predictions.

Gated transformers and linear layers for more robust networks. Less
hyperparameter optimization.

Hideki Okawa DESY Seminar
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https://github.com/Alexanders101/SPANet

SPA-Net CPU Time (prev. studies from allhad)

10°

10:J —— :; ;pial\?::ecpu —— ::: ;pia;}::ecpu /‘/
e 1 SPA-NET GPU e tttt SPA-NET GPU o~

= ttH \* Baseline "

== == {tH Spa-NET CPU

= ttH SPA-NET GPU

e
o O
5 T

\
|
\
||
|
|

ms Per Event (log-scale)
2

o O
D
=l
co
@
—
o
—
—_

12 13 14 15 16
Jet Count

- A few orders of magnitude improvement w/ SPA-Net compared to x2. A
further acceleration w/ GPU.

« Similar improvement expected for semi-leptonic final states & with much more
visible improvement compared to KLFitter.
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https://scipost.org/SciPostPhys.12.5.178

backup — Quantum Computing studies
iIn BES-III

Original talk by Teng Li at HKUST IAS-HEP2022:
https://indico.cern.ch/event/1096427/contributions/4671399/attachments/237

2927/4052871/mu-pi-QSVM-ias.pdf
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Slide from Teng Li

Scan of Various Encoding Circuits

« Various types of encoding circuits are simulated using
qiskit

e Complicated circuits are prone to overfitting

e A few simple circuits show comparable performance

Circunit Rep. Entanglement  Test set AUC  Training set AUC
X 2 - 0.90834+0.0030  0.91658+0.0021
3 o 0.91238+0.0036  0.93055+0.0027

1 0.90834+0.0030  0.9165840.0020

Z 2 none 0.91238+0.0036  0.93055+0.0027
3 0.89240+0.0036  0.9094940.0009

9 linear 0.731460.0037  0.8474440.0017

XX full 0.86332+0.0052  0.99887+0.0001
. linear 0.731958+0.0048  0.9376640.0009

- full 0.72999£0.0047  0.9997010.0002

1 linear 0.73146£0.0037  0.8474440.0025

full 0.863324+0.0052  0.9988740.0002

' linear 0.73198x0.0048  0.93767x0.0009
sl full 0.72099:0.0047  0.99970-0.0002
q linear 0.67960£0.0040  0.8848140.0004

full 0.62707+0.0035  0.9996440.0001

Hideki O

Classical Model AUC

5VM 0.91234+0.0030

BDT 0.912924+0.0024
9 linear 0.872010.0043  0.9790210.0012
X, XX full 0.883591+0.0021 0.99974% U.[IUQI
) linear 0.8477940.0010  0.99364+0.0002
= full 0.80892-4+0.0020 1.000000.0000
1 linear 0.731450.0037  0.847451+0.0034
full 0.863321+0.0052 0.99886x 0.0011
X 77 9 linear 0.844411+0.0029  0.991360.0013
i full 0.8208640.0029  1.00000=0.0000
3 linear 0.8489240.0029  0.995510.0002
3 full 0.706680.0051 1.00000=0.0000
linear 0.8742340.0024  0.9797230.0004
! full 0.883782+0.0039  0.99974+0.0001
7 77 9 linear 0.846750.0022  0.9925340.0010
# full 0.808754+0.0032  1.00000<0.0000
3 linear 0.83464+0.0030  0.9951210.0003
full 0.69984+0.0026  1.00000=0.0000
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Hideki Okaw

Influence of the Regularization Parameter

« The influence of the SVM regularization parameter can be carefully
tuned to handle the overfitting/underfitting trade-off

0.93

0.92 1

0.91 -

AUC

0.89 -

0.88 4

0.90 1

— AUC on test set
—— AUC on training set

55 22 71 24

— AUC on test set
—— AUC on training set

ZZ 1 Rep._Linear

2-5 5 21 24
C Value

0.94 -

0.92 -

0.90 4

0.88 -

1.000 4
0.975
0.950 -
0.925 -
0.900 4
0.875 4
0.850

—— AUC on test set
—f— AUC on training set

35 = 21 24

== ALC on test set
— AUC on training set

ZZ 1 Rep._Full

2-5 2-2 21 24
C Value

11

Slide from Teng Li
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Slide from Teng Li

Influence of the training size

< Different size of the training set are tested

e The quantum SVM usually shows unstable performance when the
training size is small

e Some circuits start to overtake Gaussian kernel with larger training sets

0.92 -~ 1
0.90 - P
0.8 1
0.88 3 i
Sos6! | 0.7
0.84 1 / T
0.82 - / [— Z 1 Rep. BE: —— ZZ_1 Rep._Linear
0.80 T —— Z 2 Rep. ' —— ZZ_ 1 Rep._Full
Il —— Classic Gaussian Kernel 0.4. —f— Classic Gaussian Kernel
0.78 +— ' : ' ' , ; ' ; .
100 200 500 1k 2k 5k 10k 20k 100 200 500 1k 2k ok 10k 20k
size of training set size of training set
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Slide from Teng Li

Compressed Feature Map on Quantum Hardware

+ Two feature maps are re-designed to meet the limited number
of qubits on the Wuyuan system

e Two features are encoded into each qubit, based on the Ry and R,

Qo |0>
o .0>::1 .L‘ -

rotations

I
o 1o <0 By B By
I R
o1 < By B By B
R

o 10> - —O——— -
107 =W = By = W= BB
o 10> B o —

e The feature map structure is carefully tuned for the best simulation

results

= AUC (1): 0.90373+0.0024
= AUC (2): 0.91029+0.0023

Hideki Okav

A
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Slide from Teng Li

Job Execution on the Wuyuan System

<+ The quantum circuits are generated based on the dataset,
then uploaded to the Wuyuan system via QPanda

e Quantum circuits are automatically optimized against the Wuyuan

oEDDoDoDoDoDoODODOOoO®ex@0 ]
emn ]
1L
L1168
OB DDEOooDEODmDEnR e
O DD oDoDEo@oDEOERA S e =
DD oDoOoDDEODDoDBEnaR : QL. 00, anme) R ;
AR esults of one execution
DD oDoDoDoDoBEoDEnA el 0z
,iapooEOoDn a1
i1 3 a1
. : QE08 i)
An example circuit being executed on Wuyuan ] .
: Eg:f - - CEHHHY I [k EE] G I-II.EI'{' IIII,:\I1I,: :;1'.--I I,:1'I'-I LLEEEE] ERIE el Hno TG

e Results are transferred back to the classical computer for

downstream computations
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Search of Optimal Encoding Circuits

« A wide range of encoding circuits is simulated as well

e Relatively simpler (X_3, Z_2) circuits provide better
discrimination power. This is simillar with results from qSVM

e Qverfitting is less obvious comparing to gSVM

Slide from Teng Li

Circuit  Repetitions' Entanglement® Training set AUC?  Test set AUCY linear 0.68095x0.0195  0.48709+0.0310
o 2 0.85733£0.0158  0.83719£0.0334 ¥ xx full 0.74749+0.0258  0.523000.0423
[ 1 e 0.86581+0.0242  (.84354+0.0309 i linear 0.6811840.0165  0.514194:0.0288
= Tmear __ U.703G6E0.2304  U.62061=0.051T full 0.75874+0.0262  0.520241+0.0295
2 full 0.74656+0.1962  0.61870+0.0456 linear 0.65018+0.0100  0.492024+0.0327
A linear 0.69882+0.0331  0.56579:+0.0850 full 0.75312+£0.0161  0.50179+0.0274
E full 0.730084+0.0367  0.53483+0.0422 777, linear 0L.67567T0.0243  0.508940.0372
1 0.B4014+0. 0416 O.R1R00-+0.0607 i full 0.75500£0.0259  0.503360.0324
7 3 — 0.873380.0134  0.84720-0.0282 linear 0.65160£0.0179  0.50692-£0.0387
3 0.75637+0.0349  0.70677+0.0965 full 0.75223£0.0195  0.5076210.0359
1 linear 0.69493+0.0274  0.59169+0.0770 linear 0.66164+0.0242  0.49825+0.0429
full 0.76208+£0.2652  0.61317£0.0334 full 0.74262+0.0202  0.50841+0.0288
77 9 linear 0.71653+0.0280  0.61720+0.0519 X 77 linear 0.66667+£0.0248  0.5012410.0381
full 0.72435:0.0267  0.55957£0.0497 i full (0.758930.0163  0.4908980.04583
3 linear 0.71T62+£0.0274  0.59083£0.0377 linear (.G8T08+0.0228  0.50050£0.0531
' full 0.75620+0.0242  0.50290+0.0308 full 0.75371+0.0240  0.4862440.5777
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Slide from Teng Li

Search of Optimal Variational Circuits

« A set of pre-studied N-Local ansatz are scanned based on the optimal
encoding circuits

o EfficientSU2: ansatz with single qubit spanned by SU(2) and CX

e PauliTwoDesign: ansatz with single qubit Pauli rotations and pairwise CZ entanglements
e RealAmplitudes: ansatz with single qubit Y rotations and pairwise CX entanglements

e Twolocal: ansatz with flexible rotation layers and entanglement layers

e ExcitationPreserving: heuristic excitation-preserving wave function ansatz

« For X_3 and Z_2, the best variational circuits are EfficientSU2 and
RealAmplitudes, respectively

variational circuit Test set AUC with X 3 Test set AUC with Z_ 2

EfficientSU2 0.84983+0.0292 0.84514+0.0365
ExcitationPreserving 0.42660£0.0327 0.52333+0.0280
PauliTwoDesign 0.74614+0.0277 0.76688+0.0425
RealAmplitudes 0.84656+0.0303 0.8471140.0277
TwoLocal 0.84102+0.0330 0.84707+£0.0272
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Slide from Teng Li

Search of Optimal Variational Cirtcuits

<+ Performance of different ansatz structures

e Different entanglement methods and ansatz depth are simulated to study
the impact on the performance

e In general, the full entanglement method, and deeper ansatz (with more
trainable parameters) always gives better discrimination power, but also
consumes much more computing resource

EfficientSU2 with X_3 RealAmplitudes with Z_2
0.90 0.90
L R e S Ui - VR-LEIR TRNEEERRE— WA
RS R UL e R
o |fa—
0.80 - - ]
2 0.80 1 |
0./51 ) - 0.75 -
-4 linear entanglement &~ linear entanglement
-¥- full entanglement -¥- full entanglement
0.70 : ]
1 5 3 0.70 1 3 3
repetition of variational circuit repetition of variational circuit
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Slide from Teng Li

Optimization of VQC

<« Common gradient descent method and Quasi-Newton

method are compared
. |H|”}”HW+GYW¥ - ’P}HHHHH}HHHrfn}??’rf
’{\}

3 R
e Since L_BFGS_B (Quasi-Newton
method) invokes the second T A e b v e E it
derivative of the loss function, the " A
convergence can be achieved | e i
3, .| |
much faster \ 3 | |
§ 200 . § 00 \.\\ " |
§ m \ o "\J\ |
i 180 \‘\ i we \ |
8 X g

(¢) (d)

(a)(c) Variation of AUC with the number of iterations

(b)(d) Variation in the objective function during the iteration.
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