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CEPC brief introduction and particle flow algorithm QeAzLx%g

Circular Electron Positron Collider(CEPC)

» Future lepton collider as Higgs/W/Z factories
> Precision measurements of the Higgs/EW/QCD

» Calorimetry requirement: 3-4% boson mass resolution
for W/Z hadronic decays — 30%/+E jet resolution

Particle flow algorithm(PFA)

» Use optimal sub-detectors to measure
energy/momentum of secondary particles in a jet

Yoke+muons \

3T solenoid

HCAL \

Silicon
wrapper

2/ University of Science and Technology of China

O ~60% : charged particles measured by tracker
O ~30% : photons measured by ECAL inckar: . EGAL HCAL
O ~10% : neutral hadrons measured by HCAL p* 5 *

» Separation of close-by particles in jet — high

granularity calorimeters

» This talk focus on following high-granularity
calorimeters

* Particle Flow

tracker ECAL HCAL

O Scintillator-tungsten ECAL prototype
O Scintillator-steel AHCAL prototype

2024-10-23
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Scintillator-tungsten ECAL prototype(ScW-ECAL)

I 423
L 152 | i 173
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scintillator PCB

in mm unit

ScW-ECAL layer arrangement

812571 -015P S12571 -010P S12571 -015P
Plastic scintillator strips with ESR film on PCB board | I ‘ ‘ ! ‘ !a 1 l0 1
« ScW-ECAL technological prototype -
45mm 90mm
» Plastic scintillator strips(45X5X2 3) + WCu(85:15) absorber + Hamamatsu S12571-
010, $12571-015 SiPHs
) 45mm
> Sensitive area : 22x22 2, 32 layers in longitudinal dimension(~22.4 ) scintillator Strip\'ll‘ : :
)
» Orthogonal placement of two adjacent layers for almost 5x5 2 granularity SiF,M/ |
» 6920 channels, 192 SPIROC2E electronics chips, ~350kg ® Ol
2024-10-23 L ' ;
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Scintillator-steel AHCAL prototype

AHCAL layer design AHCAL basic unit design
AHCAL technological prototype ——
Scintillator absorber K | :

and PCB /

« AHCAL technological prototype

> Plastic scintillator tiles (40X40X3 3) + steel absorber plates + Hamamatsu Iron Cassette i Braroe
S14160-1315PS and NDL 22-15 SiPMs /’ S Bl

> Sensitive area : 72x72 2, 40 layers in longitudinal dimension (~4.6 ) i— i —é— -

» 12960 channels, 360 SPIROC2E chips, ~5 ton | }'_ I ——— _}:’ = !

2024-10-23 Scintillator, 3.5 mm PCB, 2.5 mm
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CERN beamtests in 2022-2023

Oct 19 - Nov 2, 2022 ] | May 17 - 31, 2023
— _
SPS H8 beamline PS T9 beamline

<y Assemble . Beamtest SPS H8
(i 5

-

. Three beamtest campalgns at ERN SPS- H8(2022) SPS-
H2(2023) and PS-T9(2023)
» Data acquisition: combined mode, AHCAL standalone mode

» Supporting table for alignment of ECAL and AHCAL transverse sensitive area

and adjustment of beam position Beamtest

2024-10-23 S)
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Data taking overview
» Decent statistics of beamtest data samples (~63M events in total)

> Muons: 10 GeV (PS-T9), 108/160 GeV (H8), 100/120 GeV (H2)

» Electrons/positrons: 0.5 -5 GeV at PS; 10 — 250 GeV at SPS
» Pions: 1 —15 GeV at PS, 10 — 120 GeV (also 150 — 350 GeV) at SPS

60GeV e-@SPS

100GeV mu-@SPS

T ad

2024-10-23

60GeV - @SPS
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Pedestal calibration

» Pedestal acquisition

- Ig_layer9_chip1_chan22 r Ig_layer9_chip1_chan22
300001 Entries 565033 r atri
» Multi-peaks pedestal distribution due to crosstalk : =l e e
25000~ Std Dev 6.681 - .
» Channel-level pedestal from force-trigger mode file : LR e 230
20000} Constant2.982e+04 + 4.961e+01 E %2 fndf S 8
. C Mean 4441400 1500_— Constant 2752 + 27.3
- Stable pedestal during beamtest o : von 4414100
» Pedestal mean : 280~550 ADC for both ECAL and fo000, ' Jome__ 2568 0%
. c A C Pedestal from C Pedestal from
AHCAL pedestal sigma : 1~6 ADC for both ECAL and - sty s00f - Force mode file
AHCAL : -
) ] S0 450 ' ' 4:‘10 a0 4é0 — 530 foo 42‘0 — 4“*0 I I 4é0 — 45'*0 - 560
» 0~2 ADC fluctuation in both SPS and PS TB ADC ADC

» Pedestal changes when beamtest condition changes

ECAL: pedestal stability
ECAL: pedestal mean AHCAL: pedestal mean

ECAL: pedestal difference
of two days during TB

g 820 mnilem layardl_chip3 chani
120 250 . . — 300 = e layer31_chipd_chan2
B ngh gain ngh gain B e f e e |ayer31_chipd_chand

B H High gain

100/ Jhuﬂ" I - o 250 u
) g i, 1

layar31 _chipd chand

milflem |ayerdl_chip3 chanb
layer31_chip3 chanb

layar31_chip3 chan7

- e

bl i H 150} 470 em——— |
- i ’h]L " 100— ! |r" B L 4,5[);_ ................
40 | L f \ 100 1,] £ |
B x : C |
B ‘\||‘\"‘||I‘IJ % " 507 ] - J‘ Pedestal Difference 450:_ ....................................... [ TECTTRR W
2r & v : M\m o M!y between Day1-Day4d b B
i - - F [
ol b Lo b Lo Ly 7\\\ R L L N 7\\|\L\|J:|\\\\\|\|\\\IL||\L'V\4_LLJ\\\\|\\| :|||||||||||'|||||III|IIIIII
840360 380 400 420 440 460 480 500 520 O 300 350 400 450 500 22 5 41 05 0 05 1 15 2 5 3523 5523 2023 2023

ADC ADC ADC 2704 04/05 11008 18/05 2505
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ASIC chip gain calibration
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« Large dynamic range: high-gain/low-gain mode on SPIROC2E

« SPIROCZ2E chip gain: high-gain/low-gain ratio calibration

» Datasets selection: e- for ECAL, pi- for AHCAL

» Linear fit range limits: ECAL(300, max-600), HCAL(200, max-500)

» SPIROCZ2E chip gain: high-low gain ratio 30~40

 Dead channel monitor
» ECAL: 64 dead channels, less than 3%
» AHCAL: less than 10 dead channels

ECAL: single channel AHCAL: single channel
ASIC gain calibration ASIC gain calibration

L i 200 max-500
300 max- 60! i e

LowGain [ADC)

| j— ﬁt range: ——¥.

Lowgain ADC

o

pi; r .

""|-,|"'|‘ B E e il I s a i -",'.,-'| . . . | . X .
0 500 1000 1500 2000 ESg?ghégigo[AD%?]m 0 1000 2000 3000
Highgain ADC
2024-10-23
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MIP calibration

* 100GeV muon file as datasets with position scan
» Track fit to exclude the dark noise
« Landau convoluted gaussian function
» MIP calibration monitor
» ECAL: 68.9% channels calibrated successfully
» AHCAL: 93.3% channels calibrated successfully
0 i I i I
0 200 400 600 800 1000
ADC
ECAL: MIP spectrum of 15um-SiPM and 10um-SiPM channel
Inadequate statistics on edge channels
Layer2_Chip2_Chn22 Layer5_Chip4_Chn10
i6h Layer2_Chip2_Chn22 _ _ Layer5_Chip4_Chni0 20 Layer2_Chip4_Chn35_Abandoned
Entries 6416 | 200L Eniries 4763 E Entries 215
140 n Mean 597.7 180[ Mean 165.3 20 o Mean 331
Std Dev 232.3 160: Sid Dev 89.57 1a; Std Dev 153.5 z:g 5678
120 ¥2 / ndf 84.87/85 = i 22/ ndf 313.9/127 165 22/ nelf 46.92/ 43 y 5213
0 Prob 0.4835 140F (11 Prob 7.638e-18 e Prob 0.3149
LandauWidth 53+32 120F ‘B LandauWidth 19.37 + 0.80 = LandauWidth 476+ 235
5 LandauMPV 4799132 100: I N LandauMPV 11131 0.8 12; “" LandauMPV  129.2 £ 423.7
Area 6.4956+04 + 9.401e+02 E ‘{l Area 1.8410+04 2 2.8540+02 10 Area 3672 + 81721
60 GausSigma 111.9£6.8 80: u GausSigma 13.26 + 3.23 1= /\ A0 GausSigma 81.67 + 138.79
40 15um SiPM 80| { % 10um SiPM o I
= i I
40 44
< =5 Frone "
%% 200 Ao ee0 B0 To00 1260 Al;wénn o ‘I'mo‘ et s '40#;00 e Onm”106”'206”‘306”466” 00 600 '%umo 905'::2:1500
ADC
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SiPM gain calibration
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« SiPM gain calibration for MC digitization
» Multiple APD pixels operating in Geiger mode

» SiPM response non-linearity correction

_ Nseed

Nfired = Npixel (1—e Npixel)

« SiPM gain calibration: LED data during

B

» Single photoelectron spectrum with multi-

gaussian peaks

O Peak number — photoelectron number

O Peak interval — SiPM gain

» Linear fit of the peak position: SiPM gain

determined by slope

ECAL: Single photoelectron Spectrum

2024-10-23

w
=]

25

20

AHCAL: Single photoelectron S

AHCAL: Peak position linear fit

15um-SiPM channel has higher gain

| Entries 116060
600 - Mean 339 ﬂ 500 2 ndf 8072/7
_ 500 __ Std Dev 140.1 450 p0 163.3 + 0.9056
o) - p1 25.22 +0.1386
0 E 400 A
» Nseea = Nphoton X PDE g 400 a2 O 350 g /
Z ; - 3_
= 900} < 300}
Q@ 200} 250}
LU 1 5
100 2001~
0 P BT Kl I O T O O DO N N (NN 1L O L1 | T 150;|||||||||||||||i|||i||\|\.i
0 100 200 300 400 500 600 700 0 2 4 6 8 10 12 14
N_peaks
ECAL: SiPM gain overview AHCAL: SiPM gain overview
15um gain 10um gain
gain_15 gain_10 =
C Entries 1260 | 300— Entries 5040 Enmesg 12960
- Mean 22.73 i Mean  13.38 10° Mean 266
— Std Dev  2.685 StdDev  3.147 E StdDev 3578
E 250~
g_ 200 :_ 10° ?
E 150f
= 10
E 100} ;
E_ solf ﬂ‘
- : N 1
I I Al . ol e I T ﬂww S T TR T ) ”3%”"4‘0'”.'4%' 50
" ® Gain[A3IgC] Gain[ADC] Gain[ADC]
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Simulation and digitization

 Geant4 simulation: standalone ScW-ECAL and AHCAL

prototypes’ geometry

« Digitization: Improvement on consistency of MC/data (Ceean )

» Energy deposition in Geant4 — ADC counts in electronics

Cross talk

U

no

O Scintillation process: Energy deposition — photon number o X
(SiPM gain, MIP MPV) ‘ﬁﬂ?
es pixels?
O SiPM response: Photon number — fired pixel number Uniform sampling of all pixels
(sampling model to do SiPM saturation correction) o !
v Avalanche?
O Electronics: fired pixel number — ADC counts (Pedestal , | Binomial sampling for PDE _| .

no

ASIC chip gain)

' Binomial
p - sampling for CT

Photon

ADC
Convert

Avalanche?
no

produce

A 4

N_fired++ : «———— N_fired++

I : :
»| Return N_fired

2024-10-23 11
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AHCAL response data/MC comparison

« Beam purity study: fractal dimension(FD) and cePc AHCAL =t
Artificial Neural Network (ANN) s
« AHCAL prototype data/MC comparison -
» Event selection applied on data file analysis :.
» MIP spectrum data/MC crosscheck: slight difference ) j:
» Electron datasets (1-50GeV) :~10% discrepancy e I

Energy [GeV]

AHCAL data/MC comparison:
- e- energy response
AHCAL data/MC comparison: AI;(():GALVdata/ MC comp?)rr:zc;n: 20 : |
MIP spectrum ST el |1 o CRNM SR s —a data 22%%e0 0go

20GeV e- mainly because 1 i 5 iE
x10° z/ SIPM saturation A:i:__f_f_f_fffff I
1.8F —Mmctuth - e : = 40k R AU SRS U
200 . 1.6f S-E ] ooob  PS: 15GeV
, e i ml ) ~ SPS: 10-50GeV
= E 12 S M v n—
LICJ 100 : -'Z_' 4 Preliminary ................
' GCJ 2 st ||| ..... sie . [ ......... 1, ......... ] ....................... ! ....................
50F o g
; al i | : . : | L‘)"’ (o) T e e IR A, P
0 — “F wrl L =Q
1000 8“‘ : = _ | |
00 250 300 350 400 450 500 = Y FTTTS PERT] PETPY POYT] ATL.
ADC Energy (MeV) 0 10 20 30 40 50

2024-10-23 Beam Energy(GeV) 12



AHCAL performance preliminary results O reAzaLxg
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Pion datasets: 10-80GeV with event selection 12960
] o o E...[GeV] = Z EDep Csamplmg
» Energy linearity is within =1.5% (expected 3%) reco particle
» Energy resolution: 56.2%/./E( ® 2.9% (expected 60%/,/E( ® 3%) HS—HP, HS — HP. < SP
ADC—MIP ] —MeV 1 1 1
B PMeV] =1 e
E 100~ CADCI—»MH"XC.:HIP—»MeV HS; — HP; > SP;
S i '
4 8o Preliminary -
= L
2 el - CEPC AHCAL
| == Prelimina
a - Pion Beam ry
40 =
I 0.16 -
201 ] - -~ Target: 2% @ 3%
" 0.14 - Y&
i 2023 SPS H2 AHCAL 7* - .
0 L I L I o OGSPBERT n . —?Q 2.7%
20 40 60 80 '
0.12 — Datan~: 222 92.9%
5 0.015F = b SPS—H2m~
% 0011 . 0.10 4
~ 0.005 . .
0fF " =
: . 0.08 -
—0.005 F * E
—0.01} =
-0.015F . 3 0.06 -
) 20 40 60 80 30 60 70 80
Incident En[GeV] E [GeV]
2024-10-23 13
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Summary and prospects
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» High granularity calorimeter is the baseline option of CEPC
« Development of Scintillator-based tungsten ECAL and steel AHCAL prototype
» Successful beamtests campaigns at CERN SPS/PS during 2022-2023

» Huge amount data samples cover wide energy range including various particle species

* Preliminary analysis results of calorimeters
» Fundamental parameters calibration and stability check
» Optimization of prototype simulation and digitization for validation between data/MC samples
» Calorimeters performance analysis: AHCAL performance reach the design requirements

* Future
» Ongoing analysis activities
O ScW-ECAL prototype performance study
O Improvement on data/MC consistency

» ECAL and AHCAL combined analysis
O PFA performance study
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sity of Sc and Technolo

Summary and prospects

of Chin

» High granularity calorimeter is the baseline option of CEPC
« Development of Scintillator-based tungsten ECAL and steel AHCAL prototype
» Successful beamtests campaigns at CERN SPS/PS during 2022-2023

» Huge amount data samples cover wide energy range including various particle species

* Preliminary analysis results of calorimeters
» Fundamental parameters calibration and stability check
» Optimization of prototype simulation and digitization for validation between data/MC samples
» Calorimeters performance analysis: AHCAL performance reach the design requirements

* Future
» Ongoing analysis activities
O ScW-ECAL prototype performance study
O Improvement on data/MC consistency: SiPM/ASIC non-linearity

. . mwl/m FaY 2RV ryralli . ﬂ+4’ﬂlﬂ :ﬂm
> ECAL and AHCAL combined analysis Thanks for attention!
O PFA performance study
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SiPM of ECAL and AHCAL
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ECAL SiPM

KEZH S12571-010P $12571-015P
R B 1 mm x 1 mm 1 mm x1mm
HERST 1.9 mm x 2.4 mm 1.9 mm x 2.4 mm
BEEE 10000 4489
BERT 10 um 15 um
I 5 1.35 x 10° 2.3 x10°
B R K 470 nm 460 nm
TR 2 ZR 10 % 25 %
ERIE 100 kHz 100 kHz
LA ~ 7% ~ 13%
TEFHE HEFHEE 445V HEFEHE +4V

2024-10-23

Company

Type

Sensitive area (mm?2)
PDE (%)

Gain (*10°)

Pixel No.

Breakdown Voltage (V)
OverVoltage (V)

Dark Count (kHz)
Cross Talk (%)

AHCAL SiPM

NDL
22-15
1.6%4
40

24
7400%4
19

4
330%4
85

HPK
S14160-1315PS
1.69

32

3.6

7284

38

4

120

1.0

17
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Pedestal issue

» Self-trigger mode, DAC calibration
* Inject DAC(50, 100, 200, 300, 400) into channel 0, and observe the signal in channel 1

= jon of M ts chn1 chip8 hit0 e Distribution of Measurements chni chip8 hit0 b Distribution of Measurements chn1 chip8 hitd
o0 as
0}
- 30 Bis
2 5
8 . 100 5 200
W =5 w
S B 20
E 20 E
3 § 15
15
10+
5
20 50 asn 36 20 430 44 50
Distribution of Measurements chn1 chip8 hitD Distribution of Measurements chn1 chip8 hitQ
80 60
50 b
ik
=
g 300 400
‘S 30
=
2
(5]
20
450 30 450

* guess : crosstalk may exist in some chips and crosstalk will change

2024-10-23 18



Photon generating process
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* Photon number
> = / 0.305 MeV
> p.e. = / light yield(p.e./MIP)
» photon = p.e./PDE

 Poisson smear

« Non-uniformity of light output(~4.2%)

N _ Hit_E x MIP_MPV
photon = ( 305 « SiPM_Gain * PDE

SiPM output / p.e
— —_ N n W
(6] o (&) o (8] o
T I TT l T T l TrTT] T l

o

FEEY | | PP | i A I 1 N
20 -15-10 -5 0 5 10 15 20
Distance from SiPM / mm

Photon

produce

ADC
Convert

Parameter Symbol 512571-010P S$12571-015P Unit
Spectral response range A 320 to 900 320 to 900 nm
Peak sensitivity wavelength Ap 470 460 nm
Photon detection efficiency (A=Ap)™ PDE 10 25 %
Typ. 100 100
*5
Dark count Ma. 500 500 keps
Time resolution (FWHM)*6 = 300 250 ps
Terminal capacitance Ct 35 35 pF
Gain M 1.35 % 105 2.3 x 105 =
Gain temperature coefficient ATM 1.6 x 10° 3.5 x 103 lie
Breakdown voltage VBR 65 £ 10 65 + 10 v
Recommended operating voltage Vop VBR + 4.5 VBR + 4.0 v
Temperature coefficient of .
recommended operating voltage 1 — . mV/*C
B Entries 34 & Enlries 34
14 - Mean 17.87 16 il Mean 4.238
- AMS 1.149 r RMS 0.7184
12F 14E
(] r =
a 10F & 120
N - ~ 10F
g °F 8 gf
= 6 N -
0 - w 6
R 4F
2 2k I_ —
0; - PR | L 1 o+ . 0: P PTETTS PN WRTS RN Wl FRRES RN PR Feww PR
12 14 16 18 20 22 24 0 1 2 3 4 5 6 7 8 9 10
SiPM Output / p.e. Non-uniformity / % 19



SiPM model: SiPM pixel saturation
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« Hamamatsu SiPM S12571-010P, S12571-015P
» 10000(100*100), 4489(67*67) pixels respectively
> ~8,22p.e./MIP

» SiPM saturation model
> Uniform sampling a pixel from pixel array
» Binomial sampling for PDE
» |IF NOT avalanche, then let it avalanche

» Get total fired pixel number
5000

n_fired

&"' ARRN RN RR RN AR RRRRRRRRRARE

< 4500

4000

ok ¥ ¥

3500

3000
e

ey
/.2" —*—— saturation

— y=x

2500

2000

1500

1000

y = nPixel*(1-exp(-x/nPixel)) |

\

500

00 1000 2000 3000 4000 5000 6000 7000 8000

pde*Nphoton

Formula matches the SiPM saturation model very well

Photon
produce

photon

ADC
Convert

Uniform sampling of all pixels,
i++

Binomial sampling for PDE

i Yes
<Ava|anche ?/\,7
T

_b-C/

Adjacent plxels?

Lﬁ/

mralan( he?

S

Binomial sampling for CT ‘

v

No

Y

N_fired ++

N_fired ++

»  Return N_fired/%/
L_i

1—"\
End )

No

20



SiPM model: SiPM crosstalk
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« Hamamatsu SiPM S12571-010P, S12571-015P

» Optical crosstalk may not be ignored
> PCT = (NZp.e. + sz.e. + N4p.e. + "')/(N:Lp.e. + Nz;a.e. + N3p.e. + )

* Crosstalk Model

» 100100, 6767 pixel placement

» Uniform sampling a neighboring pixel from eight directions

> Set P+ as probability of optical crosstalk occurs in one of
neighboring pixel

== Crosstalk probability vs. overvoltage

50

40
g
=)

30
m
0
o
—
ja B
=

=X 2
B
w
o
—
o

10

0

(Typ. Ta=25 °C)

51257

1-015P

512571-010P

=

a1

7
/

//

2 3 4 5 6 F 8

Overvoltage (V)

Y direction

pixel_pt 0.10

138257

138491

138445

138380

pixel_pt_0.10
Entries 1107155
Meanx  0.0004489
Maan y 1,987e-05
St Dy x 0.8662
Std Daw y 0866

138411

-

138464

137965

138742

|

1
X dircetion

dark count / Hz

10°

10°

10*

10°

10°

—_
o
(]

10°

—_
(=]
W

10°

| I\IIHI| L \II\I]| [ IIIHH‘

| tIIIIIIJ

I I T A Y I T A Y

llllllll]l'lflllﬂlll

L. | |
; I AR
e 2
% | ® ] i *gk 2o
| % ** Sk _ H g
| . bl i ﬁ; %
| I | \ ***I . ﬁ( * \.)bﬁ:h %’\
150 160 170 T80 190 200 210 220 230 240 250
threshold / DAC
21



n_fired

SiPM model: SiPM crosstalk
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5000: - 0.3_

4500 . £ Z . .
wo-1oUmM SiPM < a5l 15um SiPM Formula match SiPM
- e | 3 F saturation very well

3500; ““wu*** :_: 02:_
i s : - The discrepancy
e i e between with/without
i N v P - crosstalk model will
1500 = /;/()F —— saturation_ct0.15 . 01— decrease When photon
- =Rl T e m ,
1222: ¥ —— y = nPixel*(1-exp(-x/nPixel)) oo number increases.
%o 2005006 5000~ 6oos 7ot oo poresis e a Ll b ala e e b rn sl ras ey %g'gg'w'pr;mggoo
o
1-0.01— ]
< - 15um SiIPM
_0-02W . .
= P_tot is slightly 2.2% less than P_ct ,
s for 15um SiPM, the SiPM crosstalk
- model is feasible
_0‘04_ A S R N T R TR T RS SN S S N S SR S T S S

0 0.1

0.2

0.3

P_ct : probability of crosstalk between adjacent pixels
P_tot : probability of crosstalk calculated by P¢; = (Nppe + Nape + Ngpe + ...)/(Nype + Nppe + Napo +..0) 22
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ADC conversion
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ADC && gaussian smear

_ * Qo . Photon
» ADC Mean= = * SiPM Gain produce
> ADC Sigma=3*sqgrt( )

High-low gain mode ADC
Pedestal fluctuation

High-low gain saturation
» High gain saturation: high adc > switch point , let high adc =4000
» Low gain saturation : low adc > 3000, let low adc = 3000

ADC
Convert

23



