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Vertex detector: Physics goal

- Higgs precision measurement
H — bb precise vertex reconstruction e dotecter

layers

N

H — pu (precise momentum measurement)

Need tracking detector with
high spatial resolution

® CEPC Simulation

Ldt=5 ab”, {s=250GeV
up, H-pp

EPC CDR
- Main technology T

High spatial resolution technology — pixel detector
Radiation resistance technology

- 5+B Fit
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MOST?2 vertex detector R & D: Research Goal

- Produce a world-class vertex detector prototype
Spatial resolution 3~5 um (pixel detector) This project (3~5 pm)
Radiation hard (>1 MRad)

. Key goal

Resolution

Develop the know-how in China to be such advanced detectors

Ali d
Typical cost of pixel detectors: 350-700 M RMB (510 um>

Key ingredient:

Full size sensor/ASIC| ATLAS/CMS upgrade
(10~20 pm)




Achievement Presentation and Assessment Methods
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Vertex detector prototype structure optimization

Based on CEPC vertex detector conceptual design > Three double-layer barrel detector

- This project plan to prototype the important part of vertex detector (CDR design)

. The cost for the full vertex detector is high (eg: ~50 M CHF for ATLAS ITk pixel detector)
- not necessary for technology R & D

Optimize the geometry based on real ASIC and electronics dimension

- Optimize geometry based on its physics performance from simulation
. Engineering design of prototype structure This project

CEPC Vertex detector Vertex detector prototype design
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Overview of MOST?2 vertex detector R & D

Vertex detector Prototype for beam test

CMOS imaging Detector module (ladder) Prototyping
sensor prototyping

| adder readout system

. Design CMOS imaging sensor chip
. Detector Module prototyping
. Vertex Detector assembly and testbeam



Research Team in MOST?2 silicon project

4 institutes
vhi2: IHEP - # E B =P s ge Y E 5 R
SDU - Il &R K%
NJU - F§ 3 K2
NWU - i5dE TV K& Fund: 120075
Institutes Tasks
THEP Full CMOS chip modeling, Pixel Analog, PLL block

Detector module (ladder) prototyping
Data acquisition system R & D
Vertex detector assembly and commissioning

CCNU/IFAE CMOS sensor chip: Pixel Digital
NWPU CMOS sensor chip: Periphery Logic, LDO

SDU| CMOS sensor chip: Bias generation, TCAD simulation
Sensor test board design

NJU Irradiation, test beam organization




CMOS MONOLITHIC PIXEL SENSOR

.- Conventional Hybrid pixel technology at Large Hadron Collider

- Need to bump bonding with readout ASIC

- Typical pixel size >=50um, much more difficult for bump bonding with smaller pixels
- CMOS Monolithic pixel (CIS process) is ideal for CEPC application

- Sensor and ASIC high integrated in one chip, easier for detector assembly

- Can have compact structure in pixel array design.
. Pixel size can be reduced to 25um = can achieve better spatial resolution

Readout Chip MonOIithic PiXEIS

p++ substrate
Passive Pixel Sensor

particle track

10



CMOS Sensor chip R & D

. The existing CMOS monolithic pixel sensors can’t fully satisfy the requirement
- Major Challenges for the CMOS sensor

- Small pixel size -> high resolution (3-5 um)

- Radiation tolerance (per year): >1 Mrad

- High readout speed -> for high luminosity CEPC Z pole running

ALPIDE ATLAS-MAPS MIMOSA
(MONOPIX / MALTA)

Pixel size v X
Readout Speed X v

TID X (?) v

11



Full-size TaichuPix3 prototyping (engineering run)

- Developed the first full-size CMOS pixel sensor for particle detector in China

+ Full size 1024x512 Pixel array, Chip Size: 15.9x%x25.7mm

- 25umx25um pixel size - high spatial resolution
- Process: Towerjazz 180nm

- Fast Periphery digital readout, high-speed data interface

12



Spatial resolution measured by Laser tests ——

eSpatial resolution of Taichu2 can reach ~4 um in laser tests
eUse high precision 2D movable station in laser scan
elLaser was scanning with a step of 1 um

Laser beam spot during scan Laser test

Residual distribution

( measured position — expected position from station)
h_delta¥Y

Spatial resolution~ 4 fim  [Envies | 3200

Mean 0.1778
Std Dev 3.877

\‘IT\

\‘|T\

Resolution Overall error

(Lum) (Lum)
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Spatial resolution measured by testbeam

- The 6-layer of TaichuPix-3 telescope built
. Tested at DESY with 4-5 GeV electron beam, 1kHz rate
. One layer of TaichuPix used as Detector-Under-Test (DUT)
. Other five layers as beam telescope used for track fitting

. Spatial resolution of TaichuPix reach 4.78 um

- Reach the goal of the project (3-5 um) Residual distribution
DUT measured position — expected position from track

Nominal beam test

Setup for Talchuplx beam telescope

Spatial Resolution
~4.78 um

805 004 003 002 _0.01 0 0.01 .02 0.03 0.04 0.05
residual(x - X, ) [mm] 14

meas




Radiation tests
. Taichupix3 was irradiated in-situ tested up to 3 Mrad

Normal chip functionality and reasonable noise performance
Reach the goal of the project: radiation hardness on total ionization does >1 Mrad

Taichupix3 irradiation test
Pixel threshold vs. TID

TaichuPix-3 irradiated at Synchrotron
radiation beamline (12 keV X-ray)
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Detector module (ladder) R & D

- Detector module (ladder)= sensors + support structure+ flexible PCB+ control board
. Sensors will be glued and wire bonded to the flexible PCB
. Flexible PCB will be supported by carbon fiber support structure

- Signal, clock, control , power, ground will be handled by control board through flexible PCB

Taichupix chip wire bonded
on FlexPCB Full ladder test setup

i) \\\"i\‘ﬁ\\\\\'\\\\\\\\‘»‘»‘\\\\\\\ﬂ\W\W\\W\\“\W\\\}WW\\\W\\WW; R

FPGAD d
FPGA board | adder readout system i boar

e,

]

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




Vertex detector Prototype assembly
. Six double-side ladders installed on the vertex detector prototype

- 12 flex PCB, 24 Taichupix chips installed on detector prototype

17



Test beam @ DESY

. 2"d testbeam: April 11-23 2023 DESY test beam in Germany (4-6GeV electron)
. Vertex detector prototype testbeam

. 1st testbeam: Dec 12-22 2022 DESY test beam in Germany (4-6GeV electron)
. TaichuPix Beam Telescope testbeam

2022 DESY test beam _ 2023 DESY test bea
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Test beam @ DESY for detector prototype

. Six double-side ladders installed on the vertex detector prototype for DESY testbeam

12 flex PCB, 24 Taichupix chips installed on detector prototype Detector prototype in testbeam
Beam spot (~2x2cm) is visible on detector hit map | 1 B

Record about one billion tracks in two weeks

Hit maps of all layers taichupix on prototype

Hitmap

Layer number Layer number
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Test beam results (April 2023)

. Extract Spatial resolution from detector prototype testbeam data
 One layer (L1) of TaichuPix used as Detector-Under-Test (DUT)
. Other layers of vertex detector prototype used for track fitting

. Spatial resolution reached 4.93um the goal of the project

. Spatial Resolution met the requirement (3-5um) Spatial resolution vs hit positions

Residual distribution
DUT measured position — expected position from track

= Resolution 4.93 pm

“Spatial Resolution reqmreéigl
T o to'be <bpm™~ E

IIIIIIIII|IIII[IIIIIIII

spatial resolution at DUT [um]

L LJ L1 11 lJ L1l | | 1 1 1 1 I 1 1 1 1 I | 1
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 :
residual(y - Y redic y local [mm] 20
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Publications and students education

> W
T. Wu et al, The TaichuPix1: a monolithic active pixel sensor with fast in-pixel readout electronics for the
CEPC vertex detector, 2021 JINST 16 P09020

Wel, X.; Wel, W.; Wu, T.; Zhang, Y. et al. High data-rate readout logic design of a 512 X 1024 pixel array
dedicated for CEPC vertex detector, Journal of Instrumentation, Volume 14, Issue 12, pp. C12012 (2019)

- Ying Zhang et al, Development of a CMOS pixel sensor prototype for the high hit rate CEPC vertex
detector, Nucl.Instrum.Meth.A 1042 (2022) 167442

Jinyu Fu et al, Mechanical design of an ultra-light vertex detector prototype for CEPC,
Rad.Det.Tech.Meth. 6 (2022) 2, 159-169

Tianya Wu, Weiguo Lu, et al.”A full functional Monolithic Active Pixel Sensor prototype for the CEPC vertex
detector”, 2019 26th IEEE International Conference on Electronics, Circuits and Systems (ICECS)

> NA KR

45 (postdoc) : 2 A
> 18 (Ph. D) - 8A

> i1 (Master): 23A
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- 1.

. 2

- 3.

. 4.

. 5.

. 7.

Patent (A]) (1)

e, P85 98 Wk R g, 2351, B, —MER 2R PRIEN =2 5. CN:

CN113432699A, 2021-09-24.
TS, AU S B A RIS 228, R . — FRAR I 2 A AR I B . CN:

CN113311473A 2021 08 27
2021. 11130545 6, 2021 11 5

BRI, ok yE A, A3, FRON, BeaETE, 29, dHk . —Fiok M B0 1k 4 B B AN 208E &
451715, CN202210632037.0, 2022-06-07

TAE, MR EE, KR, BRI, BEIETE, BHAK A —Fh /N AR PR B A5 i v 4 A2 LD O FE i,
CN202111161887.9, 2021-9-30

. 6. KEOR, AL, TAF, BEREEL BEeIETE, AR A — MRS TR B sl B MK DI FE AT i s HH H

i N> RAARY. ,CN202111087544 2, 2021-9-16

ErIEIE, A E, e, BRI, TA4E, KR, SHK A — Fp e far 24 & X 0& 1 ADC S5 44,
CN202111089036.8, 2021-9-16

22



Patent (AH]) (2)

- 8. SRV, BELERE, LA, RROR, BEARSE, S0E, K. — R 2B e il A TR R STV,
CN202210631994.1, 2022-06-07

. 9. FAE, k¥ AE, BERAEL FAR, BEIEIE, BHAK AT, —Fh bk 5 -
CN202111256292.1, 2021-10-27

. 10. KR, AR, TAE, BRRRE, BRaETE, dAK A DLELFH AR 07 20 B 4 22 7738 s DU B 23 15 B A M
245 N )7, CN202111182808.2, 2021-10-11

11, KRAR, A, T, BRI, BEIETE, THAK A, i qer R BET B RUR# S50 St T,
CN202111087596.X, 2021-9-6

- 12 KRAR, X, A%, T3, ZRMER, EEE, BHAK . —Fh N 48 SR R ioes B BB
lm%?é/\ 1%, CN202210440094.9, 2022 /4 /25

1P S TV,

L
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Conference talks (1)

1.Joao Guimaraes Da Costa, CepC phys/detectors, Workshop on the Circular Electron-Positron Collider,EU Edition,
April 15 -17, 2019, Oxford, UK

2. Xinchou Lou, Future e+e- (CEPC, FCC, ILC, CLIC), XXXIX International conference on high energy physics
(ICHEP2018), July 4-11, 2018, Seoul

3.Ying Zhang, Design and Characterization of Prototype CMOS Pixel Sensors for the CEPC Vertex Detector, 2018 IEEE
Nuclear Science Symposium and Medical imaging conference ,10-17 November, Sydney,Australia

4.Wel Wei, Full size pixel chip for high-rate CEPC Vertex Detector, Workshop on the Circular Electron-Positron
Collider,EU Edition, April 15 - 17, 2019, Oxford, UK

5. Xiaomin Wel, High data-rate readout logic design for 1024*512 CMOS pixel array dedicated for CEPC experiment,
International workshop on radiation imaging detectors, International workshop on radiation imaging detectors, July 2019
Crete, Greece

6. Ying Zhang, Development of CMOS pixel sensor prototypes for the CEPC, International workshop on semiconductor
pixel detector for particles and imaging (PIXEL 2018) , 10-14 December, 2018

7.T. Wu , A full functional Monolithic Active Pixel Sensor prototype for the CEPC vertex detector, in proceeding of
International Conference on Electronics Circuits and Systems, Nov. 27-29, 2019, Genova, Italy.

8. YunPeng Lu, Development of the Silicon Tracker for CEPC, XXXIX International conference on high energy physics
(ICHEP2018), July 4-11,2018, Seoul

9. Chengdong Fu, CepC full silicon option , Workshop on the circular Electron-positron Collider -- EU editon, May 24-26,
2018, Roma, lItaly
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Conference talks (2)

1.Joao Guimaraes Da Costa, CepC phys/detectors, Workshop on the circular Electron-positron Collider -- EU editon, May
24-26, 2018, Roma, Italy

2.Ying Zhang, Overview of the chip design for the MOST2 CEPC vertex project, Workshop on the Circular Electron-
Positron Collider,EU Edition, April 15 - 17, 2019, Oxford, UK

3.Xin Shi, CepC pixel prototypes , Workshop on the circular Electron-positron Collider -- EU editon, May 24-26, 2018,
Roma, Italy

4.Ying Zhang, Fast in-pixel readout for a CMOS pixel sensor prototype developed for the CEPC vertex detector, 12th
International "Hiroshima" Symposium on the Development and Application of Semiconductor Tracking Detectors, 14-
18 December, 2019, Hiroshima, Japan

5.Y. Zhang et al, "Development of CMOS Pixel Sensor prototype for the high-rate CEPC vertex detector”, 12th
International conference on Position sensitive detectors, Jt [ {55y, 20214-9H 15

6. Zhijun Liang, Status of CEPC vertex detector prototype, CEPC workshop for 4th detector concept , YangZhou, 20214
4513

7.Wel Wel, Status of the TaichuPix chip for the high-rate CEPC Vertex Detector, CEPC workshop for 4th detector concept.
YangZhou, 202144 H13

8. Weiwei, Status of the CEPC vertex and tracking detector R&D, The 2022 International Workshop on the High Energy
Circular Electron Positron Collider, Beijing, Oct 24-28 , 2022

9.Zhijun Liang, CEPC vertex detector R & D global overview, Joint Workshop of the CEPC Physics, Software and New
Detector Concept in 2022, Beljing ,May 23 — 25, 2022
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Summary of CMOS Sensor chip R & D

- Developed the first full-size CMOS pixel sensor for particle detector in China

- High spatial resolution and radiation hard
- Developed three double-layer vertex detector prototype
- Readout electronics and data acquisition for detector prototype was developed

. Completed beam tests for the sensor prototype and the detector prototype at DESY
- The Assessment indicators of the project have been achieved

Requirement Result
Spatial resolution 3-S5 pm Laser test: ~ 4 um
Chip-level Beam Test : 4.8 um World leading
Prototype level Beam Test: 4.91um
Radiation
hardness >1 Mrad >3 Mrad \/ First in China

(total 1ionization
dose, TID)
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International collaboration

> Very close collaboration with IFAE (spain) in sensor chip design.

> We have one engineer visited Oxford and Liverpool for 4 weeks in 2019

[ Planning to collaborate with UK groups on module and detector structure
O Unfortunately, Collaboration in UK groups didn’t continue due to CoviD

- IFAE(Spain): very active in CMOS Sensor design and testing
- Liverpool (UK): Tracker mechanical design,
Oxford(UK): CMOS sensor design validation, thermal design

Lab visit in Oxford Labs visit in Liverpool
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CEPC vertex detector R & D

» Three on-going R & D programs on vertex detector

Previous update in CEPC day (June 15%)

. This talk focuses on MOST?2 project
MOST?2 aims to build full-size vertex detector prototype

https://indico.ihep.ac.cn/event/11875/

Funding Process International Objectives of the project schedule
agency collaborators
CEPC CMOS | Strasburg IPHC Small pixel size design with in- 2016.6-2021.5
MOST1 pixel digitization and low power
frontend
MOST?2 CMOS IFAE /Oxford/ |vertex detector prototyping ( Full-| 2018.5-2023.4
Livepool ... size sensor support structure,
module ...)
NSFC SOI KEK/SOIPIX Verification of SOI process with 2016-
collaboration small pixel size and low noise
design
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Publications, patent and International talks

High data-rate readout logic design of a 512 x 1024 pixel > Pu bl |cat|on -
array dedicated for CEPC vertex detector

K Wek 1 W Wl . W Y. Zhang .11 L zhang w2 2 gy .oong L5 RTINS BRI (2019) C12012

J. Wang,? R. Zheng,? R. Casanova,? S. Grinstein,? Y. Hu/ and J. Guimaraes da Costa®

Development of a CMOS pixel sensor prototype for the high hit rate CEPC N u cl I n St rum M et h A 1 042

vertex detector
Ying Zhang *°, Wei Wei »"*, Xiaoting Li »®, Zhijun Liang »°, Tianya Wu *", Raimon Casanova ¢, 20 2 2 1 67 4 42
Xiaomin Wei ¢, Liang Zhang ¢, Jianing Dong ¢, Jia Wang ¢, Weiguo Lu®", Ran Zheng ¢, Long Li ¢,

Sebastian Grinstein “', Joao Guimaraes da Costa ?

Mechanical design of an ultra-light vertex detector prototype for CEPC [ =F-To WD /- S K=Yl a M|/ (=11}
- - ; 1,23 . 7hi; 1,2 1,3 A Mineyi 1,2,3 : 1
) - S 5 T g g Gaag g ong - 6 (2022) 2, 159-169

A full functional Monolithic Active Pixel Sensor

prototype for the CEPC vertex detector I E E E I C ECS

ianya Wu'?, Raimon Casanova’, Wei Wei X omin Wei Y g Zha ng L g Zhang’, Xia tngL Zhijun Liang®, d 101109/|CECS4659620198965105
> Patent oao,uimaraesdaCosta , Wei L , Jianin gD ong’, Lo ghL War J hR Zheng®, Pin Ylg, ( ©! )

G gnnH and Sebastia G tn

[1] (I8, i S5 FH 1K RS, £2&1Y, B .—ﬁluﬂl H’Jimrlla,ua**g CN: CN113432699A, 2021-09-24
[2] (&8, el S DS H—L Hitg, 228513, JBCE .—w MEES,SMEAEES . CN: CN113311473A, 2021-08-27.

> Selected Six International conference talks:
Joao Guimaraes Da Costa, CepC phys/detectors, Workshop on the Circular Electron-Positron Collider,EU Edition, April 15 - 17, 2019, Oxford, UK

T. Wu, A full functional Monolithic Active Pixel Sensor prototype for the CEPC vertex detector, in proceeding of International Conference on Electronic:
Circuits and Systems, Nov. 27-29, 2019, Genova, Italy.

Xiaomin Wei, High data-rate readout logic design for 1024*512 CMOS pixel array dedicated for CEPC experiment, International workshop on radiation
imaging detectors, International workshop on radiation imaging detectors, July 2019, Crete, Greece

Ying Zhang, Overview of the chip design for the MOST2 CEPC vertex project, Workshop on the CEPC,EU Edition, April 15 - 17, 2019, Oxford, UK
Weiweli, Status of the CEPC vertex and tracking detector R&D, The 2022 CEPC International Workshop Collider, Beijing, Oct 24-28, 2022
Zhijun Liang, CEPC vertex detector R & D global overview, Joint Workshop of the CEPC Physics, 2022, Beijing ,May 23 — 25, 2022 30




Estimated Material budget for vertex detector prototype
- Estimated material budget 0.026 X0 for three double ladders vertex detector ( 6 layers)

- Copper in flexible PCB are major contributions
- Plan to replace copper into Aluminum in final CEPC vertex detector
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Internal organization

Task 2 meetings

» CMOS sensors chip design meeting (weekly )

» Vertex detector overall design meeting (weekly)

» Full-day internal review meeting (every 3 months)
» Institutes worked closely

» Project leader followed closely the progress

Task 2 meetings

December 2019

30 Dec MOST2 chip design meeting
23 Dec MOST2 chip design meeting
09 Dec MOST2 chip design meeting
02 Dec MOST2 chip design meeting

November 2019

[ 11 Nov MOST2 chip design meeting
[C] 04 Nov MOST2 chip design meeting

October 2019

[ 280ct MOST2 chip design meeting
] 21 0ct MOST2 chip design meeting
] 14 0ct MOST2 chip design meeting

September 2019

23 Sep MOST2 chip design meeting
16 Sep MOST2 chip design meeting

11 Sep - 31 Dec MOST2 Mechanics Design Meeting

09 Sep MOST2 chip design meeting

06 Sep MOST2 Mechanics Design Meeting

[ 02sep MOST2 chip design meeting

August 2019

[0 26 Aug MOST2 chip design meeting
19 Aug MOST2 chip design meeting

]
[ 12 Aug MOST2 chip design meeting
]

08 Aug MOST2 Mechanics Design Meeting

August 2020

[ 17 Aug MOST2 chip design meeting e
[ 03Aug MOST2 chip design meeting

July 2020

] 24 Jul Mechanics disucussion

[ 13 Jul MOST2 chip design meeting

June 2020

[ 29J4un MOST2 chip design meeting
[ 22J4un MOST2 chip design meeting
[ o01Jun MOST2 chip design meeting

May 2020
™ 18Mmay MOST2 chip design meeting

April 2020

] 27 Apr MOST2 chip design meeting
] o7 Apr MOST2 chip design meeting

March 2020
] 16 Mar MOST2 chip design meeting

February 2020

] 24Feb MOST2 chip design meeting
] 03Feb MOST2 chip design meeting

January 2020

] 20Jan MOST2 chip design meeting
13 Jan MOST2 chip design meeting

O
[ 09Jan-31Dec MOST2 Vertex Layout Design and Optimization Meeting (
O

06 Jan MOST2 chip design meeting




Support structure of the ladder
. Fabricated support structure prototype of the ladder (IHEP designed)

- Both side of ladder has wire-bonding on chip = Challenging
. Dedicated tooling for double-side ladder assembly

s R S S AT
EPYoMS 4"5 6 78 5 101 2 & 4 5 ,1 B2 3 4 5 6 7

0

Double-Side
ladder assembly
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Summary of CMOS Sensor chip R & D

- Developed the first full-size CMOS pixel sensor for particle detector in China

- High spatial resolution and radiation hard
- Developed three double-layer vertex detector prototype
- Readout electronics and data acquisition for detector prototype was developed

. Completed beam tests for the sensor prototype and the detector prototype at DESY
- The Assessment indicators of the project have been achieved

Project indicators Test results

Spatial resolution 3.98/4.12 ym for X/Y dir.
(laser test)
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