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Introduction

Reconstruction algorithm with deep learning
Supervised model for simulated data
Semi-supervised domain adaption model for test beam data

Physics study with Delphes
Prototype experiment
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Physics programs at CEPC

Q The CEPC aims to start operation in 2030’s, as a £ L izt tal B
Higgs (Z) factory in China. The plan is to operate (ab, 2 1Ps) | (abt, 21ps) | SventS

=  Above ZH threshold (/s ~ 240 GeV) for 7 years. “ 0 10 O 83 2.2 216 4.3 x10°
= Around and at the Z pole for 2 years. i s o DR
=  Around and above W*W- threshold for 1 year. - E" 115%* 30 60 2.5 x 1072
= |tis upgradeable to run at the tt threshold. “ 160 1 :g 216"57 ji iz :; i ig:
Q Possible pp collider (SppC) of v/s ~ 50-100 TeV in %0 5 :g gi ;123 016‘; giig

the future.

F

Higgs is the top priority. The CEPC will commence its operation with a focus on Higgs.
** Detector solenoid field is 2 Tesla during Z operation, 3Tesla for all other energies.
*##% Calculated using 3,600 hours per year for data collection.

\ 3 The large samples from 2 IPs: 108 Higgs, 1012 Z,
e*e-Higgs (2) factory  \ 108 W bosons, provide a unique opportunity for

Ring length ~ 100 km _ . High precision Higgs, EW measurements,
= | Study of flavor physics (b, ¢, tau) and QCD,
=  Probe physics beyond the standard model.




Particle identification (PID)

= PID is essential for flavor physics
® Suppressing combinatorics
m Distinguishing between same topology final-states

= Adding valuable additional information for flavor tagging of jets
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* Figures from Guy Wilkinson'’s slides



CEPC 4™ concept detector

Solenoid Magnet (3T /2T)
Between HCAL & ECAL

B Class Advantage: Cost efficient, high density

PFA HCAL Challenges: Light yield, transparency,
massive production.

Advantage: the HCAL absorbers act as part
of the magnet return yoke.

N\ — ey Challenges: thin enough not to affect the jet
—_— resolution (e.g. BMR); stability.

Transverse Crystal bar ECAL

Advantage: better %y reconstruction.

Challenges: minimum number of readout
channels; compatible with PFA calorimeter;
maintain good jet resolution.

A Drift chamber
that is optimized for PID

Advantage: Work at high luminosity Z runs

Challenges: sufficient PID power; thin
enough not to affect the moment resolution.

Muon+Yoke Si Tracker Si Vertex

Preliminary PID requirement: >20 K/mt separation for 20 GeV/c tracks



Integrated charge

Main mechanism: lonization of charged tracks

Traditional method: Total energy loss (dE/dx)
Landau distribution due to secondary ionizations

Large fluctuation from many sources: energy loss, amplification - |
“Lehraus” Plot 2021*

—~ 20
S
§ T R —
£yt ] * Fit by Lehraus 1983: Totalenergy loss
g 7! « dE/dxres. = 5.7 » L0937 (%)
~— 6+
£ 4y + Fitin 2021
= 37 « dE/dxres. = 5.4 x 037 (%)
© multi hadronic tracks
21 single isolated tracks . o ) )
— Fit to 2021 data (25 detectors) * No significant improvement in the past 40 years
==+ Fit by Lehraus 1983 (14 detectors)
9 | " M S SR
10 ! 10 * From Michael Hauschild's talk @ RD51 workshop 6

effective detector length L (m * bar)



Cluster counting measurement: dN/dx

= Alternative method: Counting primary clusters (dN/dx)
» Poisson distribution = Get rid of the secondary ionizations
= Small fluctuation = Potentially, a factor of 2 better resolution than dE/dx

K/n separation power

[=]

Waveform Counting clusters dN/dx vs dE/dx
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Require fast electronics and dN/dx is extremely powerful,

sophisticated counting algorithm proposed in ILC, FCC-ee, CEPC
7



Preliminary DC design according to
previous simulation studies

Optimized DC Parameters

DC Parameters

Radius extension 800-1800 mm
Length of outermost wires (cosf=0.82) 5143 mm
Thickness of inner CF cylinder 200 um

Outer CF frame structure

Equivalent CF thickness:

1.63 mm

Thickness of end Al plate

35 mm

K/m separation power

Cell size 18 mm x 18 mm
H of cells 24766
Ratio of field wires to sense wires 31

Gas mixture

He/iC,H,,=90:10

K/nt separation power vs P (1m track length,
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20 K/t separation for 20 GeV/c tracks could be achieved (preliminary)



Further efforts on cluster counting

Major challenges Efforts
= Hardware:
= Detector design :\/Iore seplaarataclcj)le a|nd orotot
. ess overlapped pulses rototype
= Working gas. between clusters . t
® Fast electronics exr;erlrbnen
® est beam

= Bandwidth > 1 GHz

= Amplification > 10 Good enough pulse
= Sampling rate > 1.5 GS/s shape resolution
ADC resolution > 12 bit

. Radioactive source

= Software:

m Pileup recovery . Deep learning
. L Efficient .
= Noise discrimination algorithm

counting
m Secondary electrons removal




Reconstruction with Deep
Learning

1. DL algorithm for full simulation study
2. DL algorithm for test beam data



Amplitude

Reconstruction algorithm

pileups
e * Task:
e * Both primary electrons and secondary electrons

— Ty S contribute peaks on the waveform
* Find the number of peaks from primary electrons

2.5

2.0 1

=
("]
L

_ * Traditional algorithm:
noises * Use partial information of the raw waveform

* Require prior knowledge

w * Deep learning could be more powerful because

5 100 250 %o %o 00 * make full use of the waveform information

Index i . . .
Simulated waveform of a DC cell. Orange lines are primary ’ automatlca”y learn characteristics of signals and
electrons. Green lines are secondary electrons. noises from large labeled samples

oy
=]
L
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Supervised model for simulated samples

Peak finding with LSTM Clusterization with DGCNN
Why LSTM? = Waveforms are time series Why DGCNN? =>» Locality of the electrons in the
same primary cluster, perform massage passing
X1 f——» LSTM |—>» through neighbor nodes in GNN
v
X ——>» LSTM |—>
x3 — > LsTM —»| & /\o .//\o
l arXiv: 1801.07829

» Architecture: DGCNN (GNN-based)

« Method: Binary classification of primary and
secondary electrons

» Architecture: LSTM (RNN-based)

« Method: Binary classification of signals and noises

on slide windows of peak candidates
12



Results for simulated samples

Derivative-based method

LSTM Peak Finding + DGCNN Classification (thr=0.61) p=10.0GeV,thr=0.610
lonizations 1000 [ ncls(pred) 1000 [ ncls(target)
. 0.2 Detected peaks ROC Curve 800 . fg:zafso-ggsss'ﬁ 800 1 ncls(pred)
S 1.0 Vilo=1.005
%0_1 AL LIL 600 600
< . 0.8 400 400
0.0 «JW g 0.6 | 200 200
0 200 400 600 800 1000 3
7 075 10 20 30 40 0% 10 20 30 40
LSTM S 041 nels "
lonizations = e LSTM (AUC=99.03%)
0.2 + Detected peaks 0.2 ,+© —— Derivative (AUC=87.50%)
%— 0.01 e --- Perfect Classifier
g 00 02 04 06 08 10 MC truth (input) 16.53 3.93
False Positive Rate
0.0 i Traditional alg. 18.67 4.60
0 200 400 600 800 1000 )
Deep learning alg. 16.65 4.06
LSTM model is a better classifier Results from deep learning is much
compared to derivative-based model closer to MC truth than traditional

algorithm (10 GeV/c pions) 13



Deep learning algorithm for test beam data

signal downstream
box trigger tile
S
T e
/ ( ¥
§ [\
outlet ga
manifold
ignal cable
(40 cm)
lcm
pbeam » 1.5cm| @
1.5cm
1c LN

HV distr.
box

HV cabl

| inlet gas

manifold

upstream
trigger tile

® 15 um (Mo+Au)
20 um (W+Au)
® 25um (W+Au)

—> See Nikola De Filippis’s talk for details of test beam

Since 2021, three rounds of test
beam experiment @ CERN
organized by INFN colleagues:

= Participate data taking and
collaboratively analyze the test
beam data

® Develop the deep learning
algorithm for peak finding

14



Challenge of deep learning algorithm on
experimental data

Source (MC) Target (Data)

154
v v
E 3
2 £ 010
s
£ 104 E
0.05
05
0.0 4 0,00 pl\av-\/\/\JJ - - iy
0 200 400 600 800 1000 0 200 400 600 800 1000
Index
ion

Feature extraction l no |abe|S ‘

Main challenges:
* Discrepancies between data and MC
* Lack of labels in experimental data

Source Domain Target Domain =» Cannot directly apply the supervised

model trained by simulated samples
15



Semi-supervised domain adaptation

Dataset Optimal transport Classification on transported samples L (9)
088 :
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Align data/MC samples with Optimal Transport Original work by Damodaran, et al. (arxiv: 1803.10081)

Loss for labeled samples
in source domain

§

i i L (v £(8 D)) + > e (351 (95) ) mi vl ~ oI + 2t o1 ))))‘
= = 7 7 \ Semi-supervised

¥

Cost of feature costof2bel — mplementation in

Loss for labeled differences between differences between
samples in target source and target source and target our Work
domain (THIS WORK) : | :
Cost of joint feature-label 16

distribution for OT



True positive rate (efficiency)

Numeric experiment

1.0+

0.8

. 0.4+

0.2

0.0

ROC Curve

- ldeal
- Source
o - Source+OT
_emeeeerom om ok | gource+OT+Semi

0.0

T
0.2

T T T
0.4 0.6 0.8

False positive rate (fake rate)

Numeric experiment with pseudo data:
* Use labels in pseudo data to evaluate

Model AUC | pAUC (FPR<0.1)
Ideal (supervised) 0.926 0.812
Source (baseline) 0.878 0.749
Source + OT 0.895 0.769
Source + OT + Semi

(Semi-supervised 0.912 0.793

Deep]DOT)

Validation: Performance of Semi-
Deep]DOT model is very close to the
ideal model (supervised model)

17




Peak finding for test beam data

o.z0

Single-waveform results between e
derivative alg. and DL alg.

Multi-waveform

Derivative

Semi-DeeplDOT

Can find many fake
peaks near the valley

|

o 200 400 600
e

results for samples
in different angles

ey 1513
Mean 4333
(EET )

n 47, Ch 5, 60 deg

Note: Require
similar efficiency
for both cases

Ncls comparisons

Expectation

5 15 25 35 45 55 65

Angle (degree)

18

The trend of the results w.r.t. angle is consistent with theoretical estimation



Physics with Delphes



Delphes: A C++ framework, performing a fast

multipurpose detector response simulation
10%~10° faster than the fully GEANT-based simulations
Sufficient and widely used for phenomenological studies

Develop dedicated PID modules (dN/dx and TOF)
and perform quick physics studies

- See Xu Gao's talk for details.

[ S[t)‘(i[';'g)l’ j ( HepMc ) [ProMC | LHEF]
\ J

I | I |
{

e @
\
he” pile-up merger L)
particle propagator
C%rlfg } mepagated stable particles¢ )
C muons ) (electrons) calorime ter
T T d gy flow
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i
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ven!

Analysis Event
[macros) [ LHEOD ] display

J. High Energ. Phys. 2014, 57 (2014)
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PID modules implementation

N , _ K/m separation power
m dN/dx parameterization from full simulation

=5
| dN/deean VS. BY and coso é delphes 1.2m
Z
= dN/dXsigma vs. By and cosB . —— full simulation 1.2m
m TOF parameterization by assuming a resolution 4l
of 30 ps
ncl_mean ncl_sigma B
= = 3 -
g £
E|60 .;fl
- 5 L1 | | |
S 10 1S p &%

Good consistent to full simulation

21



Study of B¢y = h*h'~

= Motivation

CEPC Preliminary
0 BO e T[+T[_ ::ﬂz’cns.'l?ulsﬁnn
= Rich physics programs in B(g) — h*h'~ decays 3000 :
-
m  Time-dependent asymmetry, direct CP violation, lifetime measurement, - =
L4
m Good test bed to study impact of PID in flavor physics £
. . >
= Explore physics potential of Tera-Z D “ oo
With P
6000 — . CEPC Preliminary 05 52 54 5.6
— Wlthout PID +CEPC!1i|{1ulnﬁon M,m [GEV]
. - L _EEEE‘EE + _CEPC Preliminary _(j]-jp(: Preliminary
® Slgnlflca ntly %4000 ;ﬁzj‘:;:l:ind 6000__30 - K+7T :;E_‘Pli“;i’(n_muﬂun 2000 7Bé) - K+K —*—(ér,_‘p(;i:_..l,u.m
improved SNR = - i
. = = T " Z e
with PID g Z 4000 - z -
. [-F] ‘-"-, §
* More detailed 22000 R Z1om -
. . = =
studies ongoing 2000 - B
‘ AR Vi S st '
1] —— - 5 5.2 54 5.6 5 5.2 5.4 5.6
5 5.2 5.4 5.6 My, [GeV] My, [GeV]
M, [GeV]
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Prototype Experiment



Drift tube experiment on radioactive source

Experiment layout = Diameter of the tube: 30 mm
= Working gas: He/iC,H,=90:10

20gr

Preamplifier

-
o

Scintillator Counter

DT5751

* Bandwidth ~1GHz

* ADC sampling rate 1GHz
24



Amp

Preliminary results spessmaonore

7001 Vean 1309
- StdDev  49.13
600—
660 ff soof- ONR Highest Signal
6405— 400;— RMSnoise
620:— s00F-
= 200 Average value; ~140
580 — C
| 100—
560 |— -
- 005000180 h00 50 800350 406485500
540 —
oﬁ ' 5ci)o — '10i00' — '15i00' — '20i00' 2500 ; Rising Time
. 10000 )io - Entries '111 22899:3;0:
Typical recorded waveform - boper
8000:—
* Preliminary tests show son]
* Low noise (SNR~140) s
* High bandwidth f Average risetime: ~1.3ns
* Fast risetime peaks (~1.3 ns) =T
ol e de Dol by b s b L i L
0 1 2 3 4 5 6 7 8 9 10
Time/ns
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Preliminary full simulation study shows 20 K/m separation can be
achieved at 20 GeV/c for CEPC DC with 1m thickness

Recent efforts on cluster counting feasibility

Deep learning algorithms: models for both simulated and experimental samples,
outperform traditional algorithms

Delphes fast simulation: PID performance consistent to full simulation, improved
signal sensitivity with PID in physics channels

Prototype experiment: improved setup and new preamplifier, show potential for
cluster counting

Future works
Optimize deep learning algorithm, prepare papers
Test beam data analysis
More prototype experiments



Backup



Main mechanism: lonization of matter by charged particles

Primary ionization
(cluster)

Total ionization = primary + secondary ionization

Number of clusters per unit length is Poisson-distributed
Primary electrons sometimes get large energies

Can make secondary ionization

Can even create visible secondary track (“delta-electron”)

28



Waveform simulation

Induced signal Electronics response Noise Waveform

o
L

L
o
£

125
1.00 4
0.6 .
5 3
J L 0.754
c
0.4 ]
g 10* 0.50
'
0.2 i : 0251
1
1&7 0.00
0.0 Lol
0 100

Magnitude (dB)
& o
o o

|
&
o

Otime[”slm . . 7 ; — .167 : 107 108 1010 T w e T F‘rgq(GHz) ° 0 20Otime[ns]m * .
w (rad/s)
Fast simulation based on From electronics using in From the beam test

Garfield++ study the beam test
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Drift Chamber

Ecal

Current [{C/ns]

02
[RES
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o1z
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SIT (S_i___igper tracker)

\P..\\h__i

PR W P T .| 1l s L il
50 100 150 200 250 300 350 400 450 500

SET-===

Drifter chamber —= =

—

Forward & endcap
trackers are not shown

Induced Current

,ll |,|||I1 |I||| .
| "J\r Il“‘\ll'n Il||
\M_ _k___h

Timea [ns]

el

Mingyi Dong

A Drift Chamber optimized for PID
» better than 20 K/t separation for P < 20GeV/c

Signal measurement

» dN/dx for cluster counting method

Rising
Pulse width

Amplitude

Detector channels and data rate

Trigger-less

Trigger

Signal characteristics

Parameters Value Parameters Value

0.5~1ns Falling

Hundreds ns  Pulse spacing
(overlapping)

Dozen~hund Pulse charge

red nA

256 Gbps
Trigger rate 1 kHz
Max #wires/event 25k

20 Gbps

bandwidth

50 peaks/wire”, 16bit/peak from F.Grancagnolo

~tens ns

few~dozen ns

Ten~dozen fC

6.4 Thps
100 kHz
10k

800 Gbps

FY Guo, CEPC workshop 2021
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Momentum resolution

o(p:)/pe

. — Si+ DC
== Full silicon

1073+

L T T S |
10!

pr (GeV/c)

et
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Optimal transport (OT)

Distributions Cost function (x, y)
| -2
~
[\ P
P, [\
7\ [ = 0
/ § | |
PN\ .
/ \ . -
’,/ | \\_/ . ) "T’ "\\H% 2
' i -2 0 2
-2 -1 0 1 2
Y

T

Optimal transport [Monge 1781, Kantorovich 1942]

Given x ~ Ps, y ~ P; and a cost function ¢ : X x Y — R™". Find a probablistic
coupling v € T(Xs x &%)

v = argmin/ c(x,y)y(x,y)dxdy = argminE, - [c(x, y)]
i X X Xt i

sty €= {’r > 0:/ Y(x,y)dy = Pnf v(x,y)dx = Ps}
Xs Xt

Kantorovich
(Nobel Prize 1975)

Kantorovich, L. (1942). On the translocation of masses. Acad. Sci. URSS (N.S.), 37:199-201. 32



Pseudo data samples

mSamples
®m Source domain; ~2ns risetime, ~10% noise
= Target domain: ~4ns risetime, ~20% noise

3.0 A
Source 301 Target
2.5 1 2.5 4
2.0 7 2.0 -
1.5 1.5 1

T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000




Mechanical study: support structures

(] Viewport: 1 Model: Model3-1  Part: Part-4 =)o) x]

Al endplates :
35 mm

Longitudinal begm,
Cross section:
122 X40mm

Annular beam,
Cross section:
80 X40mm

e Carbon fiber frame structure, including 8 longitudinal hollow beams and 8 annular hollow beams
* Thickness of inner CF cylinder: 200 um/layer

* Effective outer CF frame structure: 1.63 mm

* Thickness of end Al plate: 35 mm



Mechanical study: stability

S, Mises
Multiple section points
(Avg: 75%)
+7.018e+07
+6.433e+07
+5.848e+07
+5.264e+07
+4.67%+07
+4.094e+07
+3.509e+07 :
+2.9240 407 Mises stress
+2.33%+07
+1.755e+07
+1.170e+407
+5.850e+06
+2.224e+03

S, Max. In-Plane Principal (Abs
Multiple section points
(Avg

: 75%)

+3.299%e+-07
+2.439%e+-07
+1.579%e+-07
+7.184e4-06
-1.417e+06
-1.002e+-07
-1.862e+-07
-2.722e+07
-3.582e+07
-4.443e+-07
-5.303e+07
-6.163e+07
-7.023e+07

U, Magnitude

Finite element model——wire tension + weight loads
(supported by eight blocks at each endplate)

Mises stress: 70MPa

Principal stress : 33MPa
Deformation: 0.8mm

Buckling coefficient: 17.2 , it is safe

The support structure is stable, and the deformation is acceptable

+7.832e-04
+7.362e-04
+6.891e-04
+6.420e-04
+5.94%e-04
+5.47%e-04
+5.008e-04
+4.537e-04
+4.066e-04
+3.595e-04
+3.125e-04
+2.654e-04
+2.183e-04

Principle stress

Deformation
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