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Future lepton collider o] i
* Physics after Higgs discovery: : f
* Precise measurement of Higgs, EW, top, flavor, QCD... E i
* BSM physics (dark matter, EW phase transition, SUSY, LLP...) E/t/ EDE
. 1'45— Higds coupling @ ATLAS,
* Projects: EPC FCC-ee, ILC, CLIC. :j‘ l /BU(?V?l;GO?, 52-59 (2%22_
7, § SERE S o e e ek || i
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https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04893-w
https://www.science.org/doi/10.1126/science.abk1781
https://www.science.org/doi/10.1126/science.abk1781

Future lepton collider

* Detector requirement:

* For hadronic final states W*/Z/H — qg: BMR<4%
* For flavor: precise PID in heavy quark decay

CEPC 2018
 CEPC-vl

. 7_2—..mqq i : *

* AN\ o
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K/m separation, jet tagging, jet charge, etc. oous - | n y o
* Particle Flow Approach: e
* Measure the jet by its components: Ejot = Etrgcker + Egcar + Encat
* Hardware + Software:
Hardware: separate clusters from Software: correctly assign calorimeter
different particles. energy deposits to the particles.
- High granularity. - Clustering
- Compact sampling structure. - Pattern recognition.
tracker ECAL HCAL tracker ECAL HCAL tracker ECAL HCAL
pt . p1 -llllli HI .i: pt ununuquéE ;:; -::;..
Y e - Y e - |waaan II L - Y - | mmmm C e
1 EEEEEE I el CEEE Hardware hf====-- N T B8 | Software n°l------ e ““"’iii'!:
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Calorimetry in CALICE

« CALICE concept: high granularity sampling calorimeter
 Hardware: sampling and compact calorimeter.
» Software: fantastic pattern recognition, PandoraPFA / ArborPFA.

* Also is CEPC CDR design: enormous efforts from team
e ECAL prototype: scintillator strip + SiPM + CuW (ScW)
» HCAL prototype: scintillator tile + SiPM + steel (AHCAL) o] | QA
* From 2016 to now: Technical R&D, prototype developmnt, beam

k—f
(Baseline Design)
Magnet CDR Particle Flow Approach

(3T/2T) Yoke + Muon (RPC or u-RWELL)

LumiCal

Si Pixel Vertex  HATRRGR RN
Silicon + gas tracker VAL i "WW 5 X 45 mm? strips
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Homogeneous ECAL in CEPC Ref-TDR

» Why crystal calorimeter
* Along history in particle physics precise measurement:
L3@LEP, BESIII@BEPC, CMS@LHC, HERD, Panda...

* Optimal intrinsic EM resolution: oz /E < 3%/VE

* Photon recovery from bremsstrahlung,
0

nnnnnnnn

PFA HCAL
A PFAECAL

* 1T° reconstruction.
* Fast response:

* Introduce timing in PFA.

I -

Ry (cm) 3.57 2.00 2.07
X, (cm) 1.86 0.89 1.14
A; (cm) 39.3 20.7 20.9 Barrel ECAL
Light yield (ph/MeV) 58000 130 30000
Decay time (ns) 1220 30 40

* BGO for a balance performance & cost.

Invert trapezoid module
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Homogeneous ECAL
:%NEW concept of crystal ECAL:
* Advantage:

* Optimal energy resolution. Software task:
e Better EM sensitivity for flavor physics. * Clustering

* But at what cost:
* Larger Ry & smaller A; /Xy mp more shower overlap.

* Pattern recognition.
+ Overlap: energy splitting.

* Not self-supporting m) Need supporting mechanics (dead material).

! o 150[—
B - 1
o 100[— -
50— 02 SO - 10"
= o~ -
~so[— N 107 _sof— Sampling SiW ECAL ¥ ;-
L S e 2 AL 3 (with threshold)
-1 i F PR P A o M T ot Bl S R, S -1 oo ooy by oy o b by by
%50 1900 1950 2000 2050 2100 2150 q%ﬂﬂ 1850 1800 1950 2000 2050 2100
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Homogeneous ECAL

* New concept of crystal ECAL: orthogonal arranged crystal bars.

* Double-end readout with SiPM (Q, T).

Basic Module ™

* Cross-location by bars. | Crystal Scinilator (g. 860, LYS0.)
* Less readout channels, lower cost. i e i
\Phamdefcctnr's (eg. FPMT, SiPM___)"’ y
g

w20t

Incident "
particles

Reconstruction

—

Cross-location

Software task:
* Clustering

* Pattern recognition.
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Homogeneous ECAL

* New concept of crystal ECAL: orthogonal arranged crystal bars.

* Double-end readout with SiPM (Q, T).
* Cross-location by bars. { Crystal Scinﬂlluiur' (eg. BGO, LYSO..)

Basic Module

* Less readout channels, lower cost. f T il
New challenge: multi-particle ambiguity. “Photodetectors (eg. FPMT, SiPM.Y "

w20t

” Incident ':
particles

|
i
i
4
4
3
n
[ ]
5

Software task:
* Clustering

* Pattern recognition.
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Homogeneous ECAL

* New concept of crystal ECAL: orthogonal arranged crystal bars.

* Double-end readout with SiPM (Q, T).

Basic Module ™
* Cross-location by bars. | Crystal Scinilator (g. 860, LYS0.)
* Less readout channels, lower cost. f T i
New challenge: multi-particle ambiguity. “Photodetectors (eg. FPMT, SiPM.Y "
T

e

3000r | ete~ » ZH - vvg

Vs =240 GeV

: Incident E'f
particles

2000F

w00F |

w

z/mm
o
Zig =6
F
wmber of particles

~1000f

Software task:
* Clustering

—2000fF

~3000.

* Pattern recognition.
+ Overlap: energy splitting.
+ Ambiguity removal
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Particle flow algorithm

* PF performance decoupling

* Ojer~0trk D oM D Onaa D Oconfusion- Confusion is an important limitation factor.

Contribution Jet Energy Resolution rmsq(E;)/E; T T T T
e [ —— Total -2~ Other

E;=45GeV_E;=100GeV_E;=180GeV E;=250GeV | = 4f - Rosolution = Leakage

Total 3.7% 2.9% 3.0% 3.1 % wb [ - Confusion ]

Resolution 3.0% 2.0% 1.6% 1.3% @ 3f -

Tracking 1.2% 0.7% 0.8% 0.8% E I i

Leakage 0.1% 0.5% 0.8% 1.0% L S

Other 0.6 % 0.5% 0.9% 1.0% o e
1) Confusion (photons) 0.8% 1.0% 1.1% 1.3% i e

i1) Confusion (neutral hadrons) 0.9% 1.3% 1.7% 1.8% o b

ii1) Confusion (charged hadrons) 1.2% 0.7% 0.5% 0.2% 0 50 100 150 2Ic_:)0 /2é50V

JET/ €
e Confusion mainly comes from the imperfect pattern recognition. PandoraPFA, Nim.A Vol 611, Issue 1, 2009
oooég%oooojk%ygé :;Od% §$&%§% Had ron

ngw cigfw 0
Photon
7 7
Pandora in LC
e.g. Perfect photon reconstruction
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https://www.sciencedirect.com/science/article/pii/S0168900209017264

Particle flow algorithm

* PF performance decoupling

* Ojer~0trk D oM D Onaa D Oconfusion- Confusion is an important limitation factor.

Contribution Jet Energy Resolution rmsqy(E;)/E; o R AL R AL AR
E;=45GeV E,=100GeV E;=180GeV E,=250GeV | = 4f R tion - Loakage
Total 3.7% 2.9% 3.0% 3.1% %: [ - Confusion
" Resolution 3.0% 2.0% 1.6% 1.3% w 3 — -
Tracking Crystal ECAL improyes 1.2% 0.7 % 0.8% 0.8 % E [ .
Leakage the intrinsic resolution 0.1% 0.5% 0.8% 1.0% 5L ST
Other 0.6% 0.5 % 0.9% 1.0% e ]
Confusion 1.7% 1.8% 2.1% 239, 1 [ nae: ;
i) Confusion (photons) 0.8% 1.0% 1.1% 1.3% [ T
i) Confusion (neutral hadrons) 0.9% 1.3% 1.7% 1.8% 02 _____ ]
i11) Confusion (charged hadrons) 1.2% 0.7% 0.5% 0.2% 0 50 100 150 200 250
E,./GeV
iv) Confusion (ambiguity) Software task: PandoraPFA, Nim.A Vol 611, Issue 1, 2009

* Clustering

* Pattern recognition. CyberPFA was proposed
+ Improve the performance.

« Overlap: energy splitting. to address these issues.

* Ambiguity problem.
2024/10/26 + Minimize the impact.


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

Detector Simulation

A realistic detector description implemented in

CEPCSW with DD4HEP
- Inner R = 1830 mm, depth 300 mm (24 X, ), 28 layers.
-1 x 1 x ~40 cm3 BGO bars with ESR wrapping
- 32-side polygon, invert trapezoid modules.

- Dead material between modules:
- SiPM, PCB, FE and BE electronic boards (~3 mm)
- Copper plate cooling (1 mm)
- Carbon fiber supporting (5 mm/side)

- An energy correction for the crack leakage.

2024/10/26

Digitization model: from beam test
- Crystal scintillation: 100 p.e./MIP (single end detected)
- SIPM gain calibration: 1 p.e. = 5 ADC, with noise
- Electronics: 12 bits ADC with precision 0.2%, 3 gain modes
- Threshold: 0.1 MIP.

Energy resolution with full digi: oz /E = 1.4%/VE @ 0.3% (in
module center)

ASIC: ADC in
Gain modes

ADC
digits

Geant4 hits:
Energy deposition

Crystal-SiPM:
detected photons

SiPM: p.e.

> to ADC

>

w

@ Full BGO: gz /E = 0.33%/VE @ 0.23%

¥ +Threshold: a;./E = 0.83%/VE @ 0.17%

O + Dead material: 6, /E = 0.84%/VE @ 0.28%
B + Digitization: g, /E = 1.40%/VE @ 0.33%

™
n

]

X
~
c
@]
5 I8 . :
= Ls CEPC simulation
4 o] Work in progress
— \
> Q
o0 1y
[}
&
0.5
0
0 2 4 6 8 10 12

Energy of photons / GeV




CyberPFA

/ E I Calorimeter Hits I Step 1: preparation
- Global neighbor clustering in full detector.
ustering . . .
Track Extrapolating F - Find the local maximum: 1st pattern recognition

[ Local max finding ]

[ TrackME;tching ] [ Hough Clustering ][ Cone Clustering ]] \

| vaent display: 2 photons, E, = 5 GeV, distance = 15 X 15 cm.

l Axis Merging l

[ Energy Splitting ]

[ Energy & Time Matching ]

[ Charged fragment absorption ]

. . o
[ At bxtrapotating. ) Task list in PFA reconstruction:

[ HCALCIus:erSpIitting ] v CIUStering

* Pattern recognition.
T * Shower splitting for overlap
[ Particle Flow Object [ * Ambiguity removal

[ HCAL Cluster Merging ]

2024/10/26




CyberPFA

T [ ] T ) Step 2: shower recognition
I i .. e : C e i
Tracking in ECAL_. find patterns W_lth 3 individual algorithms.
Track Extrapolating - A set of topological cluster merging
[ Local max finding ]
|
| :
[ Track Matching ] [ Hough Clustering ][ Cone Clustering ]] \ —
| vaent display: 2 photons, E, = 5 GeV, distance = 15 X 15 cm.
l Axis Merging l

[ Energy Splitting ]

[ Energy & Time Matching ]

[ Charged fragment absorption ]

( T ) Task list in PFA reconstruction:
N v" Clustering

[ HCAL Cluster Splitting ]

[ HCAL Cluster Merging ]

2024/10/26

v

L

Particle Flow Object ,

v' Pattern recognition.

* Shower splitting for overlap
* Ambiguity removal




CyberPFA

T | | T ) Step 3: energy splitting & ambiguity removal
- Split the energy with EM profile.
Track Extrapolating F - Remove ambiguity from track + neighbor module + time.
[ Local max finding ]

[ TrackME;tching ] [ Hough Clustering ][ Cone Clustering ]] \

| (Event display: 2 photons, E, = 5 GeV, distance = 15 X 15 cm.
l Axis Merging l

[ Energy Splitting ]

[ Energy & Time Matching ]

r
[ Charged fragment absorption ]

[ At bxtrapotating. ) Task list in PFA reconstruction:
b v" Clustering

[ HCAL Cluster Splitting ] -

v' Pattern recognition.

v" Shower splitting for overlap

v

Ambiguity removal

[ HCAL Cluster Merging ]

v
I Particle Flow Object , /
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CyberPFA

/

ﬁ

! Tracks ; I

. Clustering
Track Extrapolating

[ Local max finding ]

Calorimeter Hits l

l Axis Merging l

[ Energy Splitting ]

[ Energy & Time Matching ]

j
[ Charged fragment absorption ]

L 4

[ HCAL Extrapolating ]
¥

[ HCAL Cluster Splitting ]
¥

[ HCAL Cluster Merging ]

v
Particle Flow Object , /

2024/10/26

3+ \
[ TrackME;tching ][ Hough Clustering ][ Cone Clustering ]] \ [

Step 4: clustering and reclustering
- Traditional PFA idea: E;jyster~Ptrack Match.

Tracker

Tracker ECAL

Tracker

Extrapolate track to connect

Split a neutral cluster if
ECAL and HCAL clusters

Check and merge fragments
Ecluster > P track

into core cluster.

Task list in PFA reconstruction:
Clustering
Pattern recognition.
Shower splitting for overlap
Ambiguity removal
Full PFA



Separation performance
* Close-by particle separation

* Key performance in PFA reconstruction.

° ¥ — y separation: 2.2 cm @ 100% efficiency.

e ¥y — 1 separation: 10 cm @ 100% efficiency.

Y — Y separation for 5 GeV photons Y — i separation for 5 GeV y and T~
100-— T I Fm T T I T T T T T ,.-"-:".;.,.:::"':"':".v't:i;:".'t‘“ 100l|'"'I""I""I""I""I""I""I""I;
80__ 1 / Y2 80__
X | X
=~ - L
- I :
E? 60} E? 60}
g I : S
9 40__ __ G 40 x/mm
= =
L - L !
20 —p 2 housh i 20\ —— 2 PFOs
I ~ Energy | —— Position efficiency
0__ swse wwwway’ —— Energy + Position | o- Position + Energy i|
P I T T SR N S RN A T ST T I S S SR S T ol e b by by b by e by by L
—40 -20 0 20 40 -200 —150 —100 -50 0 50 100 150 200
distance / mm Distance / mm
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Physics performance: H — yy C£?C,

£C

- Physics process: ee > ZH — vvyy in /s = 240 GeV

e Full simulation and digitization. Energy correction in crack region has been applied.

AlphalLeft = 0.539 + 0.035
AlphaRight = 1.935 + 0.124

[Mean = 126.667 + 0.021 |
NLeft = 1.712 £ 0.134
NRight = 0.998 + 0.320

| Sigma = 0.557 + 0.020 |

300

250

Events / (0.25 GeV)

200 Double-side CB fit, a(m,, ) = 0.56 GeV
Long tile & biased peak from:
+ - longitudinal energy leakage.
- Imperfect energy correction.
Can be fixed with better photon energy

correction in the future.

| BMR = (0.439 +0.015)% |

150

Fitted with double-
sided Crystal Ball
function

100

50

III|IIII|II]I|II]I|II]I|IIII|III

1 I 1 L 1
125 130

| 1 1 1 I | L 1
P10 115 120 5
M, (y7)[GeV]
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Phy5|cs performance: H - gg CEPE,

. Phy5|cs process: ee > ZH — vvgg in+/s = 240 GeV
e Full reconstruction in CEPC detector: Silicon + TPC tracker, crystal ECAL, glass tile HCAL.

- rrprrrrprrrrpr e i e
350 ;_ + Data __
300 =
> - —— H—jj, DSCBfit -
8 250 ;— —; mj;j = 123.81 + 0.13 GeV,
o 200 i o(mj;) =4.89+0.12 GeV
S 150 3 7 Boson mass resolution (BMR) 3.95 + 0.10%.
T - 1 With truth track: BMR ~3.7%.
100 ? =
50 - =
L Illllllllllllllll

0l
80 90 100 110 120 130 140 150 160 170 180

Invariant mass / GeV
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Summary and outlook

\‘_%

« A novel crystal ECAL design for CEPC detector

* Following PFA concept.
* Satisfy the jet energy resolution requirement in future lepton collider.
e Optimal EM resolution for flavor physics.

* CyberPFA for the new design:
* Main challenges: overlapping & ambiguity.
* Series of algorithms are developed and show promising results.
* Boson Mass Resolution (BMR) ~3.95%.

* Future plan: CEPC reference detector TDR in 2025
* Optimization of PFA performance: cluster ID, energy correction, advanced pattern recognition, ...

T hank you for your attention!
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Clustering & recognition

* Global neighbor clustering for pre-processing.

Crystal bars * Cluster in 2

|rect|ons

Software task:
* Clustering
* Pattern recognition.
* Overlap: energy splitting.
* Ambiguity problem.

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

300

Energy core E T 3

E 300 T &l

E \ verti8 o
8 ~ . 0t
- 10 Std Dev 21f r

E E 107
- - = . 100

incident S LI i Fluctuaklon of s '
= - Cl - - - - F L -
photon :_! T1HT . enefgy : —
q - l.I 'g! . .‘ﬁ E- / oF -
iE I gigs 102 [ =™ = ="

- ||:.I—I__ E g A P - = . .
- : U ST IS 5MeV -100f
- i —200fF
107 L

_31300 18501900 1950 2000 2080 Zioo 107 f 13&6' e et a5t 3000 2056 3700 10
xmm 250 200 150 100 50 O 50 100 150 200 250 ximm
z/mm

Energy deposits in crystals

Picking out local-max in each layer Local Maximum Distribution
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Clustering & recognition

* Global neighbor clustering for pre-processing. Software task:
* Clustering
§ FaEm T A LT * Pattern recognition.
I ] i ‘::'.F: & * Overlap: energy splitting.
: 2 teeeree— 8 NN 3 * Ambiguity problem.

Cluster in 2 ' e

Crystal bars
|rect|ons -.
5 !
2 photons, E,, =
cne s00Distance = 15 %
* Shower recognition: ool
* Use the local maximum to simplify the pattern in homogen: 1007
¢ w Energy core Z o1
g . AN L .
L ~~ E -100
incident : Fluc! —20d
photon F=c i i e
— - R _ EE=... il / _300
r_3 5MeV F 1 300 <
r 200 .
7 | ok &15&200
z _aqgﬁﬁuo . 720607 2650""’5’:‘00 " —2;0—200 -150 100 -50 0 50 100 150 2
Energy deposits in crystals Picking out local-max in ea eatl)
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Clustering & recognition

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

Software task:

* Clustering
" * Pattern recognition.
ks * Overlap: energy splitting.
d po\“ 0 ’ * Ambiguity problem
olate o . guity p :
e “'ap -'--H' ° ® 0
trac - . . AL 0
i dEPOS‘tS n EC Half Clust Half Clust
Energy _— alf Cluster alf Cluster
o core axis
_—E—)‘hv Ecenter
core axis branch axis Pb P3
aaste § a 9
E Jwé Image Space g . branch axis
zu0f- i i, .
: 5 : - . Half Cluster Half Cluster
4 Weenter Pc
s core axis .
2 Ecenter p: Pb e P4 :Woenter
2
1 B s branch (cone) axis
]
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Clustering & recognition

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

* A set of topological cluster merging. Software task:
* Pattern recognition.
- L8 ¢ * Overlap: energy splitting.
ed po nis 0 ' 2 photons, E, = 5 GeV
trapotat — ° Y -t
ck XV mana Tl . o * Djstance =15 X 15 cm.
tra T osits in ECA | S i
Energy dep i

¢ “Timage Space '3 u

o - L =] e ] o ~ o« w
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Energy splitting and matching

Software task:

* Clustering
. Spllttmg for the overlapped shower: e e
* Calculate the expected energy deposition from EM profile. * Overlap: energy splitting.
exp 4 * Ambiguity problem.
* Expected energy : E; " = E;°°“ X f(|x; —x¢[)  wo— e - —
. . Ele:p 10F . " ::: ----- Showerl e
® ASSIgned Welght: Wi‘Ll Z exp 1001 III I'I il. Hi_ : ;l;:weﬂ ==
K E 50p .|llll 12
B L TTTT RN SR 3
_50_:-||I'|IH: CLI. n.aé
. o ook TELEL] . n : 2‘2: o
* Ambiguity removal: e T L
1850 1900 1950;(:2212050 2100 2150 y/mm

* Information from: track, neighbor tower, time.

Track

time
info

Neighbor
module
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Physics performance: single photon

* Single photon reconstruction efficiency:

* Efficiency: ~100% for >1 GeV photons.
* Energy correction from simulation:

Eéruth mean
X Ejo
p

* Forthe cracks: E - = o

deposition

— ( 1.2 4000
. * W/ correction

* W/O correction

N

Efficiency

0.9 peak = 2.007 +- 0.020
3000| — width=0.023 + 0,022
0.8 tail = 0,809 +- 0.163

peak = 1.886 +- 0.019
— width = 0.021 +- 0.024

0.7

= £
£ %]
g % "E tail = 1.936 +- 0.234
0.6+ — o 2000
S z
04E & 1000 :
0.3 w 1
i |
0.2 \
945 95 955 96 965 97 1.4 1.6 1.8 2 2.2
Rec_theta Energy of photons / GeV ‘
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Mechanics design

e Carbon fiber skeleton and unit strength

Carbon fiber skele

Deformation 0.07 mm

Deformation < 5.08 mm %
(with supportings at bottom)
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Cooling design

* Copper plate + aluminum water pipe cooling

Temperature
gt

i‘&%m‘"?oe For 1 unit

© 2.073a+02

2.026e+02

g 251 Cooling pipe at outside of ECAL.
Heat from electronics: (10W + 4+x8W) / module.
Stable but large temperature gradient (~15°C).
Working in progress.

For 1 module

Time: 1
2024f6/27 816

23.942 Max Power and
integration (10 W)

22943
21.944
20945
19946
18947
17.945
16949
1595
14951
13952
12953
11954
109585
99561 Min
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Energy resolution

@ Full BGO: 0 /E = 0.33%/VE @ 0.23%

Y + Threshold: oz /E = 0.83%/VE @ 0.17%

O + Dead material: 0z /E = 0.84%/vVE @ 0.28%
I + Digitization: o5 /E = 1.40%/VE @ 0.33%

N
U

N

Energy resolution / %
-

O
U

0 2 4 6 8 10 12
Energy of photons / GeV
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