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#® CEPC Simulation

= Physics motivation

22

EPC CDR
Ldt=5 ab™, Ys=250GeV

= S+B Fit

uu, H-pp

= Signal

» Higgs precision measurement

1.8

Events / ( 0.2 )iGev)

16 SM bkg

> H — bb (precise vertex reconstruction) @:
> H — pu (precise momentum measurement) : + ++
- (EoS ]
Need tracking detector with high spatial resolution —
Mw[( eVl

= Project MOST2 target: produce the first vertex detector prototype
» Spatial resolution 3~5 pm (pixel detector)
» Radiation hard (> 1 MRad)

CEPC Vertex detector
conceptual design (2016)

This project

First vertex detector prototype

> High spatial resolution technology - design high granularity pixel chip

= Main technology

» Radiation resistance technology
» Detector module prototyping and assembly technology

24/5/2024, Detector prototype for CEPC VTX 2
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Based on CEPC vertex detector conceptual design = Three double-

layer barrel detector

One example of detector geometry optimization based on simulation:

> Increase the length of the inner layer of the detector

» To improve the impact parameter resolution for forward tracks

- Detector @CDR . e

SIT i e

“C

24/5/2024, Detector prototype for CEPC VTX
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= Motivation: a large-scale & full functionality pixel sensor for the first 6-layer
vertex detector prototype

= Major challenges for design
> Small pixel size = high resolution (3-5 pm)
> High readout speed (dead time < 500 ns @ 40 MHz ) - for CEPC Z pole
> Radiation tolerance (per year): 1 MRad TID
= Completed 3 rounds of sensor prototyping in a 180 nm CMOS process
> Two MPW chips (5 mm x5 mm)
o TaichuPix-1: 2019; TaichuPix-2: 2020 - feasibility and functionality verification
> 1stengineering run
e Full-scale chip: TaichuPix-3, received in July 2022 & March 2023

eMmoscreut N A N A s A

NMOS FET N Well NMOS FET PMOS FET
- . [ E . - .

- Pwell P Well o N Well
n
Depletion Y Deep P Well
ion efh "

LI

EL}\\UUU_?!D LB HBY AUIAUI AU AU RY ST SR AR (R RS O DU
o TaichuPix-3

CMOS monolithic pixel sensor (15.9 X 25.7 mm?)

24/5/2024, Detector prototype for CEPC VTX 4
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[ |
Pixel Matrix (512 x 1024) Block x4
————————————————————— "N "1 —— "1
| Group 1 x32 ||[ Gr.2 |: Gr.3 |: Gr.4
| |
| I Il |
Il 512 pixels = | 512 pixels I I I |
: s Ly [ [ [
| g 1 I I |
| Sensor }E [ Sensor | | : :: : : :
leacn Il O |
! FE g EE N I || |
| A A A A | | AN A | A A A > |
S N | S S S ——— S O g R o A 14
bit@40-MHz =
I %32 2 3P 2
DACs Double col. Reader Dcol. Reader ||| Dcol. Reader ||| Dcol. Reader
trigger and match & FIFO1 -& FIFO1 & FIFO1 & FIFO1
[ [[22b @ 40 MHz T
Bandgap Group Reac!out Unit 1 Group Region Region ||
Data driven & Readout Readout Readout
AddressI IPriotity qult 2 Un.i.t 3 Ur}ilt 4
Pixel - - v v v
) | Hierarchical data MUX 2:1 |
config i
T | FIFO2 (256*32bit) |
Slow U UL &
control | Hierarchical data MUX | u
T T T 5 MHz @ trigger
120 MHz @ triggerless
CLK 40 MH
50 pLL Clock Serializer Periphery
generator —
~~—~
Architecture of the full-scale TaichuPix
|

CEP

» Continuously active front-end, in-pixel
discrimination

Pixel 25 pm x 25 ym

> Fast-readout digital, with masking & testing
config. logic
Column-drain readout for pixel matrix
> Priority based data-driven readout
» Time stamp added at end of column (EOC)
> Readout time: 50 ns for each pixel
2-level FIFO scheme
» L1 FIFO: de-randomize the injecting charge

> L2 FIFO: match the in/out data rate between
core and interface

Trigger-less & Trigger mode compatible
> Trigger-less: 3.84 Gbps data interface

> Trigger: data coincidence by time stamp, only
matched event will be readout

Features standalone operation

» On-chip bias generation, LDO, slow control, etc.

24/5/2024, Detector prototype for CEPC VTX
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= 12 TaichuPix-3 wafers produced from two rounds

> Wafers tested on probe-station - chip selecting & yield evaluation

WaferMap

Wafer T212141-
02EB HHH

8-inch wafer Probe card for wafer test An example of wafer
test result (yield ~67%)
> Wafers thinned down to 150 pm and diced

Wafer after thinning and dicing Thickness after thinning

24/5/2024, Detector prototype for CEPC VTX



Number of Pixels

7ot CER

TaichuPix-3illliz

Pixel threshold and noise were measured with selected pixels

> S-curve method was used to test and extract the noise and the threshold

» Average threshold ~215 e-, threshold dispersion ~43 e-, temporal noise ~12 e~ @
nominal bias setting

Noise distribution, W9RS5, Entries = 1919

Threshold distribution, W9RS5, Entries = 1919

300 300
I 14=01983V, 7 =00397 V| [ 1u=00110V, 7 =0.0025V]|

250 f 1 250 f
[%2]

200 = 200
X
o
G

150 C 150
ik}
L
§

100 Z 100

50| measured | 50| measured
D i I i =" i I D —1 i —r1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.01 0.02 0.03 0.04 0.05
Threshold voltage [V] Noise Voltage [V]

Power dissipation of 89 ~ 164 mW/cm? tested @ 40MHz clk with different
biasing condition

24/5/2024, Detector prototype for CEPC VTX 7
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Test under a consistent configuration @ different T
swo——  Thresholdvs. T —— %— Nn

Noisevs. T

24
400+ Preliminary
221 T 3
%350 i Q ‘v 20 ]
2 (0] 2
é 300 S 187 )
[ 3
16
250
14
Preliminary
200 : : : : : 12 : : : : :
-20 0 20 40 60 80 -20 0 20 40 60 80
Temperature [°C] Temperature [°C]
10 Falca hit rata ve Tamnaratiira \W2R1N_2
10— . —
Fake hitratevs. T
§ —_— TC3 shows a normal functionality @ -20 ~ 70 °C
£ Main performance (i.e. threshold, noise, fake hit
@ q0Mt . )
s rate) can satisfy the requirements @ -20 ~ 60 °C
< Threshold and noise fluctuate with T, probably
('
- attribute to the fluctuation of pixel biasing
Preliminary
10712 : : ‘ : ‘
-20 0 20 40 60 80

Temperature [°C]
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= The 6-layer of TaichuPix-3 telescope built

> Each layer consists of a TaichuPix-3 bonding board and a FPGA readout board
159 mm

257 mm

An open window
with size of 1.2 cm x0.9 cm

RS IO A open window on PCB
under TC3 chip to
reduce multi-scattering

6-layer TaichuPix-3 telescope

' o
TaichuPix-3 ,‘
telescope

= Setup in the DESY testbeam
» TaichuPix-3 telescope in the middle
> Beam energy: 4 GeV mainly used
> Tests performed for different DUT
(Detector Under Test)

24/5/2024, Detector prototype for CEPC VTX



Spatial resolution at DUT [um]

2
TaichuPix-3 ARG R =G

: : E R e L I L L I LR LN I R
Spatial resolution s F - -
_ “ o Spatial Resolution 3

» Gets better when decrease the pixel threshold, due £ -4.78 um - B E
to the increased cluster size 13 R

> Aresolution <5 pm achieved, best resolution is 305_ _
4.78 ym 20;_ _
Detector efficiency 1of- 5
;. ]

N T i I BT i S BT BT B
5 -0.04 -003 -002 001 O 0.01 002 0.03 0.04 0.05
residual(x - X, ) [mm]

Distribution of residual X

» Decreases with increasing the threshold, detection !
efficiency >99.5% at threshold with best resolution

~
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Spatial resolution vs. pixel threshold Detection efficiency vs. pixel threshold
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= Detector module (ladder) = 10 sensors + readout board + support structure +

control board

> Sensors are glued and wire bonded to the flexible PCB, supported by carbon fiber support
» Signal, clock, control, power, ground will be handled by control board through flexible PCB

= Challenges
» Long flex cable - hard to assemble & some issue with power distribution and delay

» Limited space for power and ground placement - bad isolation between signals

m Solutions

» Read out from both ends, readout system composes of three parts, careful design on

power placement and low noise
R — Rigid

Readout board 5 i Ladder Flex

Ul U2 U3 U4 U5:U6 U7 U8 U9 110 ; Sockets
1 ' Interposer

Interposer

U10 U9 U8 U7 l]G:':'l'S U4 U3 U2 Ul
L. r " H
adde i Readout board

FPGA board

FPGA board

Ladder readout module

e

24/5/2024, Detector prototype for CEPC VTX
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Full ladder readout _
Fundamental readout unit Fundamental readout unit

Laser tests on 5 Taichupix chip on a full ladder
(“CEPCV” pattern by scanning laser on different chips on ladder)

m A full ladder includes two identical fundamental readout units

> Each contains 5 TaichuPix chips, a interposer board, a FPGA readout board

= Functionality of a full ladder fundamental readout unit was verified
» Configuring 5 chips in the same unit

» Scanning a laser spot on the different chips with a step of 50 um, clear and correct letter
imaging observed

> Demonstrating 5 chips working together = one ladder readout unit working

24/5/2024, Detector prototype for CEPC VTX 12
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= Fabricated support structure prototype of the ladder (IHEP designed)
» 3 layers of carbon fiber, 0.12 mm thick

= Both sides of ladder have wire-bonding on chip = Challenging

= Six double-side ladders installed on the vertex detector prototype
» 12 flex boards , 24 TaichuPix-3 chips installed on detector prototype

Ladder support
structure 3D model

P

Fabricated
ladder support

24/5/2024, Detector prototype for CEPC VTX 13
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= Beam test performed at DESY to evaluate the mechanical, electrical and DAQ

> The prototype placed within a black box, with an electric fan for cooling

D Uk

row [pixel]

PRI . R
beam direction B\ \}
= : ) SV
Baseline vertex
FPGA board Interposer board detector prototype
6
001540
Rl12 %’ _'GC: [ 0,=497+0.0 (stat)um  ....... Data
S LI 0.11}-bUTe —— Gaussian fit |
256 _Oé - &g =197 e g
1 : 2 0.08]- .
512 10240 512 i
column [pixel] 0.04f -
The readout electronics and DAQ system remained stable i _ .
during the test, the best resolution of 4.97 ym achieved _8‘05' 0,025 0 0025 005
. _ residual(iye,s - tore) [MM]
Detailed results in DOI: 10.1109/TNS.2024.3395022
24/5/2024, Detector prototype for CEPC VTX 14
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= First pixel detector prototype developed for CEPC VTX R&D

> Monolithic active pixel sensor prototype, TaichuPix chips, developed

> Detector module prototyping and assembly completed

> Spatial resolution better than 5 ym achieved for chip-level and detector-level

Concept (2016) 1t Vertex detector prototype (2023)

= Outlook
> Proposed to design new pixel sensor chips in a 65 nm technology
> Proposed a new ladder design integrated with the optical link

24/5/2024, Detector prototype for CEPC VTX 15



Thank you very much for your attention !
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