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Introduction

* CEPC: H(W/Z) factory
* Precise measurement of Higgs, EW...; search for BSM physics
 H/W/Z primarily decay into hadrons (jets)
* Boson Mass Resolution (BMR)<4% is required

to achieve ~20 separation of W and Z in their hadronic decay
 Particle flow approach (PFA)

* reconstruct each individual particle with optimal subdetector :
Hardware Software
separate clusters from different particles. Assign energy deposits to each particle.
- Imaging calorimeter - Sophisticated pattern recognition
tracker ECAL HCAL tracker ECAL HCAL tracker ECAL HCAL
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* Confusion term is the limiting factor Ojet = Otracker D Trcar ® Oncar @ Oconfusion
* Arises from imperfectly associating all energy deposits with the correct particles



Crystal ECAL design

- Homogeneous crystal ECAL Csl PbWO, LYSO BGO = W
. . Light Yield
« Optimal EM resolution: o5 /E < 3%/VE (ph/Mey) ~ °5090 13030000 7400
(better than sampling ECAL: o /E~15%/+/S) Ry (cm) 3.57 2.00 2.07 2.23 0.93
X, (cm) 1.86 0.89 1.14 1.12 0.35
« Larger Ry, smaller 1;/X, compare to sampling ECAL  A4(¢m) 393 207 209 227 9-6
(Severer shower overlap between different particles) 41/Xo — 233 183 203 274
* Transverse bar design . Crystal Scihtillatfr (eg. BGO, LYSO..)
* Compatible for PFA {II\ Ixlx40cm’ )/I?
* Reduce number of readout channel compare to T 5
highly-granular ECAL 5
* Minimal longitudinal dead material Wi Incident @
IL

* Ambiguity in reconstruction

particles



Crystal ECAL barrel design

- 32-sided polygon: Interleaved arrangement of regular and inverted trapezoids.
* Crack lead to energy leakage, cannot avoid by hardware, require energy correction.

* A balanced angle 12° between crack and IP.
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* Crystal ECAL barrel geometry is implemented in CEPCSW /1]

with DD4HEP

Crystal ECAL barrel implementation

R 5

* 23.7 & 24.8 X, for 2 types of module, 28 layers, 30 types of bars

* Realistic: wrapping, electronic boards, cooling and mechanical
supporting.
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Crystal ECAL endcap implementation

* Crystal ECAL endcap geometry is implemented in CEPCSW with DD4HEP
* >24 X0, 6 types of module, 28 layers, 61 types of bars
* avoid cracks from pointing into IP
* ready for development of reconstruction algorithm
» further material description will be implemented once mechanical design decided

ted




Material Budget of ECAL -
o ¢

Meets the requirement of > 24X, except at cos 6~0
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Energy correction of ECAL
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Digitization cepl

< o { ! !
* A preliminary digitization model for ECAL and HCAL: @ *e ECAL
* ECAL: 35 E
* BGO intrinsic light yield 8200 ph/MeV, 2_2- % = 1;/1?% ®03% -
detected 200 p.e./MIP at single end. 2t E
* Energy threshold 0.05 MIP/ch (~ 10 p.e.), 0.1 MIP / crystal bar. 1?L E
* SiPM saturation and correlated correction is applied, 05* | . : ‘ —
noise is not included. L LI S Efgew
* Electronics: 13-bit ADC, noise is supposed to be negligible.
 HCAL: £
* Scintillator glass light yield 80 p.e./ MIP (detected), &

attenuation is not considered.
* Energy threshold: 0.1 MIP(~0.7MeV)
* Effects from SiPM, electronics are not considered.

A preliminary digitization model for PFA performance study.
Need to be validated by hardware & electronics colleagues.




Shower overlap e

- 1 Photon 1

. 100000} 1 Neutral Hadron -

_ . ., 80000] ]

* Confusion caused by shower overlap from nearby particles & : ;

+ 60000 Tracker ECAL HCAL ]

. w i ]

* Pattern recognition 40000 ]

* Photon shower: compact energy core = Hough transformation 20000
* Charged particle: track matching 1500 1800 2000 2200 2400 2600

yy . . . Rendpoint /MM
* Energy splitting using lateral profile of EM shower Radius of end-point of particles in jets
~2/3 hadrons shower in ECAL
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Amblgmty problem

. Multlple particles incident in one module arises
the ambiguity problem

Cross-location -

* Severe in jet events (~5 particles in one module
per jet event)

* Matching horizontal and vertical clusters by
utilizing energy & time information

2
y2 = (Ex—Ey)
E aé
Xz _ (Zr-Zy)*?
T — 2 2

Number of particles in
hottest module for
ee - ZH — qqgg process

1
X}%oint = XIE" + 5 (X’Iz‘x + XTZ’y)




Impact of tracking performance on BMR

« Optimize tracking performance 8% —wowse
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Optimization of ECAL calibration

The response of ECAL to electromagnetic(EM) showers and hadronic showers is
different, requiring different calibration.

160 T T T

N ==, = T ] (s A B o B A O
—— Fit: y=0.06x+123.01 . { SOOOE | 2 | | | E
e N 27, T '-.;:i_h EREL 7000 4 Daw =
Q H 1L 1 C 3
%140 L " . > 6000? — H-j,DSCBfit
g 130 N 3 5000= =
= <120 ¥ g ,\‘L’ 4000 —_— )
kgcar = 1.06 z fes £ “ BMR=3.941 0.03%
5 110 ] > 3000 E
kHCAL = 4.00 = 100 -2 e 20001 E
a0l d too0f N o E
2E,/ GeV 80°*°30"T00 110 120 130 140 150 160 170 180
m]] correlated with Z Ey Invariant mass / GeV
160 T : ] 7000F T T
Lsob Fit: y=0.01x+123.92. 1 | lgo B . +
> f . '. 6000} Data
hadronic _ 8 140} 0 :
k —_ 1. 26 . [ 60 =~ 5000~ —— H — jj, DSCB fit
ECAL 2 ok " > g 0
kEM = 1.00 E | 0.2 © 000- BMR .82 1+ 0.03%
ECAL — *- Il 5 £ s000f
= [ 30 o C
k = 4.00 270 T 2000
HCAL — *- E ool 20 2000;
Tk 10 1000
0"""%0 40 60 80 100 e e
SE, I GeVv 807*"80""T00 110 120 130 140 150 160 170 180
m;; NOT correlated with }. E, Invariant mass / GeV




Physics performance

* Full simulation & reconstruction: track + ECAL + GS-HCAL
* Benefit from optimization of track reconstruction and calorimeter calibration
* ~200k events generated, ~ 50k selected for barrel only.
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https://indico.ihep.ac.cn/event/22548/contributions/159780/attachments/79165/98688/20240627%20Software%20sunss.pdf

Comparison of granularity ...
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* 10mm =» 15 mm:
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* Advantages:
* Significantly reduce the number of readout channels. so00
* Reduce 57.6% (956160 = 405120)

* Less dead area

110 mm ECAL
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* Reduce difficulty of production of crystal bars e
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* Disadvantages: -
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Ber8 Y P 5 ool BMR= 3.89 + 0.02%
* Both granularity of ECAL meet the requirements of BMR I e



Efficiency of rr?
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Summary and Plan

* Crystal bar ECAL design for CEPC detector
* Optimal EM resolution
* Following PFA concept.
* Barrel and endcap ECAL available

* CyberPFA developed for the crystal bar ECAL: , | \{ =
* Challenges: shower overlapping & ambiguity problem. \ 1)
» Performance significantly improved through optimization of tracking an ;

o~

* BMR < 3.99% for both 10mm and 15mm ECAL Pans el ‘
0 _*;.., A /:,' ‘

* Future plan:
* Develop the endcap algorithm of the CyberPFA
* Further optimize the CyberPFA.
* Introduce machine learning to further optimize performance
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Fraction of deposition

Fractionldeposition

4 45 5 55 6 65
Rec phi of photons / degree

7

=
>

=
N

[any

o
00

o
fe))

o
>

©
()

o

N

Truth phi of photons / degree

4.5 5 5.5 6 6.5 7

Events

4000

3000

2000

1000

0
1.4

* W/ correction
* W/O correction
peak = 2.007 +- 0.020
— width = 0.023 +- 0.022
tail = 0.809 +-0.163
peak = 1.886 + 0.019
— width = 0.021 +- 0.024
tail = 1.936 +- 0.234

—

1.6 1.8 2
Energy of photons / GeV

2.2




CyberPFA process

Topological
clustering

Pattern
recognition

Energy

splitting

Re-clustering




CyberPFA process
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Material Budget of ECAL and tracker

* Material budget of ECAL: o\
i A

SN

* Essentially meets the requirement of > 24X,

* Material budget of tracker:

* introduce about 5% and 30% photon conversion in ECAL
barrel and endcap respectively.
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Key issue of software
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Efficiency of Y Recognition
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Separation Capability

Yy *ym
* Success separation: * Success separation:
« >2 PFO, * 1 charged PFO, =1 neutral PFO
1 1
* |Ey — Eppol < gEy ¢ |Ey — Eneutral prol < gEy
> |6, — 8pro| < 0.3 for 10mm ECAL, <0.45° |Ygamma — Ypro| < 30mm
for 15mm ECAL
100-'_ ||||||||||||||||||| _' 100} """"""""""""""""" L
8ol £t 8ol
s = S
" v2 > 60} > 60}
0 c F c L
(] » — F) I
g 4or xmm g 40F
I 5 1
20_— 20_—
| —=— 10mm ECAL | —=— 10mm ECAL
oL+ 15mm ECAL ] of = 15mm ECAL
60 =40 =20 0 20 40 60 S100 S50 050100 150

Distance / mm Distance / mm

Veto particles with interactions in front of ECAL



H — gg MC information
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Shower distribution
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Clustering & recognition

i 8
e

- Global neighbor clustering for pre-processing. Software task:

* Clustering

; Yl * Pattern recognition.
I 3 Sty L * Overlap: energy splitting.
: : R =Ee AN\ e * Ambiguity problem.
Cluster in 2 &
Crystal bars -
\

|rect|ons

* Shower recognition:
e Use the local maximum to simplify the pattern in homogeneous ECAL
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Clustering & recognition

i 8
e

- Global neighbor clustering for pre-processing. Software task:

* Clustering

; Yl * Pattern recognition.
I 3 Sty QL * Overlap: energy splitting.
: : e = NG * Ambiguity problem.
Cluster in 2 & S
Crystal bars -

|rect|ons

* Shower recognition:
« Use the local maximum to simplify the pattern in homogen w0t
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Energy deposits in crystals Picking out local-max in ea




Clustering & recognition

+ Shower recognition:
3 individual algorithms for different type: track-match, Hough, Cone-clustering.
* A set of topological cluster merging.

Software task:

* Clustering
" * Pattern recognition_. '
- tS * Overlap: energy splitting.
(L ‘BPCD\ ted PO! i ° ' * Ambiguity problem.
x [ _-‘au'-f ) ° "
“‘ack =TT cits IN AL g
Ene Y deP“ sit? _ Half Cluster Half Cluster

core axis

P1 Pb
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core axis branch axis Pb p3
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« Shower recognition:

Clustering & recognition

* 3 individual algorithms for different type: track-match, Hough, Cone-clustering.

* A set of topological cluster merging.

)\
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gy

o)

»”

Software task:
* Clustering

* Pattern recognition.
* Overlap splitting.
2 photons, E, = 5 GeV

Djstance=15x15em.
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Energy splitting and matching

R @

5 Software task:

. . * Clustering

° Spllttlng for the overlapped shower: * Pattern recognition.

* Overlap: energy splitting.
* Ambiguity problem.

* Calculate the expected energy deposition from EM profile.
* Expected energy : E;;” = Ef°0 X f(|x; — xc) =0

2 _ Entries 24
exp 150; " . = Sigbev 7604
Eiu, - . o Wb T Showerl
* Assigned weight: wy, = = oxp CATH LU Hi s howen —
K ™iu g 50 TRRE SR o
£ | 'Y | =
> okfpnntl b £
sl i ; 1 (mE
_50_--III'|II_ m g osE
° - 100 I | | I | | N | | 0-4i_
-100p u 1 02k ——
* Ambiguity removal: I e L
1850 1900 T950 2000 2050 2100 2150 '°° % 60 40 20 0 20 40 60 80 100
x/mm y/mm

* Information from: track, neighbor tower, time.

Track

time
info

Neighbor
module




Physics performance: single photon

« Single photon reconstruction efficiency:
* Efficiency: ~100% for >1 GeV photons.

* Energy correction from simulation:

E’
* Forthe cracks: E oy, = 22— x ETEN

» dep
deposition
(‘h T T T T T Tt T 1 (1.2 4000
S 5 5 -
CIE.) : E ; . - * W/ correction
=] H : * W/O correction
= c peak = 2.007 +- 0.020
L 8 3000| — width=0.023 +- 0022
= tail = 0,809 +- 0.163
o peak = 1.886 +- 0.019
O "I — width = 0.021 + 0.024
% E tail = 1.936 +- 0.234
4 g 2000
put 1
Q
B t
© 1000 :!
e
|
() e ' g
94.5 95 95.5 96 96.5 97 1.4 1.6 1.8 2 2.2

Rec_theta Energy of photons / GeV L



Contributions from the different particle components to the jet-energy resolution

Pa rtic I e F I OW Ap p roa C h PandoraPFA, NIM.A Vol 611, Issue 1, 2009

(all energies in GeV).

 Reconstruct each individual particle with optimal subdetector Component Detector Energy fract. Energy res. Jet energy res.

Energy of particles

* Charged particles measured in tracker h Charged particles (X*) Tracker -~ 0.6Ej R, Il
* Photons measured in ECAL Photons (7) ECAL  ~035  015/E 008,

i utri Neutral Hadrons (h®)  HCAL ~0,1M0055\/m 017E
* Neutral hadrons measured in HCAL <

0.031/Ey for crystal ECAL

 Hardware + Software

Hardware Software
separate clusters from different particles. Assign energy deposits to each particle.
- Imaging calorimeter - Sophisticated pattern recognition
tracker ECAL HCAL tracker ECAL HCAL tracker ECAL HCAL
g 3 — g : S—
3 """" . - $ - ———— -|adaa2 - HIII" . » f:, ------- gy || cE
] S— Hardware = «=--- K ISR | .!!I!!-:. Software p -« «ww-- o - ““.Eiii!!:'
' ' Diagrams
* Confusion term is the limitation factor illustrating
O}'et = Otracker @ OEcAL @ OHCAL @ Uconfusion tWO t.ypes Of

* Arises from imperfectly associating all energy deposits with the correct particles confusion


https://www.sciencedirect.com/science/article/pii/S0168900209017264
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