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This work presents a design framework of a High-Voltage 1. Hit Density

CMOS pixel sensor for high energy particle tracking, which can o .
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provide a time resolution of few nanosecond order under the hit
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READ = 3 clock cycles — longer

in-pixel storage before readout;

| Causing digital pile-up

T RERD Wl zek | READ = 2 clock cycles — near-

zero storage

In this design, the width of
READ signal designed to be

“Tos__om oa adjustable

Simulation Time[ms]

rate exceeding 100 MHz/cm?. The design is based on a 55nm
CMOS process and implemented in the COFFEE3 prototype. A

complete readout architecture has been integrated into a 40 x

Average Storage Time in Pixels[ns]

145 pm? pixel to account for potential process modifications

and to prepare for large-scale ASIC development.
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The COFFEES prototype incorporates two E— — : Pixel: 40 * 145 um?

architectures: The CMOS array based on |[froearrrres S
modified quintuple-well process , for |4 @ L
applications requiring high-precision time £|} Saedlll: = —— \
resolution under high hit density; The | g
NOMS array based on triple-well process |HHe= | e
for low power consumption application, & |
please refer to Bingchen’s poster for more

details.
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The CSA output waveform width for a 20 ke™ input charge is
limited to 1 ps, ensuring a <1% detection efficiency lost due to
analogue pile-up while the hit density reach ~100Mhz/cm?.
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Fig 1. The in-pixel schematic of the CMOS array, including the periphery. Signal collection, amplification,

and digitization are all implemented within each individual pixel. Furthermore, a pixel-level coarse-fine
Time-to-Digital Converter (TDC) is also integrated into each pixel; the leading edge (LE) and trailing edge H
(TE) time information of particle hits is first stored locally within the pixel, then transmitted along with CO“CIUSIO“ & OUHOO

the address of the activated pixel to the bottom of the array in priority order.

[ The CMOS array in COFFEE3 prototype for high hit density
| oo - Delay line Coarse-fine TDC and time precision was developed in a 55nm CMOS process.

LE [\

, : * A 20 MHz Gray-coded clock as input We have also achieved the improved column readout and TDC

- - ? R AT IHE GRErSE TIMESTEITR (25 15) 12 integration within the pixels, laying the research foundation for
e g S internally generated future expansion to larger chips. The total time accuracy is

expected to be less than 5Sns, including contributions from
signal collection time, time-walk effects, jitter and the
v" Reduce power consumption quantization noise of the TDC. The testing work for evaluating

* Timestamp of LE: 6 bins ~ 4.17 ns the readout architecture final performances are still actively in
 Refer to Yuman’s poster for the related progress.
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Introduction

COFFEE3 prototype chip is fabricated with 55-nm HV-CMOS process
designed to meet the requirements of CEPC inner tracker. COFFEES3 is
consists of 4 sectors: 1) passive sensing diode array; 2) standalone PLL
block; 3) right pixel matrix with in-pixel CSA and half part of discriminator,

while other circuits at the end of column (EOC); 4) left pixel matrix with full

in-pixel CSA, discriminator, TDC, while readout circuit at the end of column.

The readout out architecture of sect.3

has less cross-talk effect between

digital and analog circuit, which is

more suitable with the current triple-
well HV-CMOS process. The sect.4
could handle higher hit density rate,
while need more R&D effector. The

current testing results of the first 3

Fig1. Layout of COFFEES3 chip. Test results of the right . .
sector are reported in this poster. sectors are presented in this poster.

COFFEE3 Test System

IV & CV test system

PC + Source Meter + homemade HV bias adapter + bare chip
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Fig2. Sketch of IV & CV test system
PLL test system

PC + power & signal supply + dedicated chip test board

VCO Voltage
(standalone VCO test)

Fig3. Sketch of PLL test system

Pixel Matrix test system
PC + FPGA Board + Caribou Board + Dedicated Chip Carrier Board

DC Power Source Meter .
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ZCU102 Caribou v1.5 chip test board

Fig4. Sketch of pixel matrix test system

- H. Liu et al., Development of a modular test system for the silicon sensor R&D of the ATLAS Upgrade,
Journal of Instrumentation 12 (2017) PO1008.
- https:/ /caribou-project.docs.cern.ch/

Caribou is a versatile and modular DAQ system designed for prototyping

silicon pixel detectors.
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Main Results

Passive sensor diode IV & CV results
The passive diode array consists of two 3x3 sub-arrays, featuring pixel size of

45%x145 pm? and 40x100 pm?, corresponding to left and right pixel matrix,
respectively. The results from 40x100 pm? sub-array 2 are presented, with its
CV curve offset by a parasitic capacitance of ~247 {F.
« IV test: breakdown at ~ -70 V. Leakage current is ~140 pA at -70 V, as
expected for a regular resisitivity (10 £ - cm) wafer.
CV test: single pixel has capacitance of ~50 fF at —70 V due to depletion. The

involement of deep-p-well significantly increases pixel capacitance by ~100 fF.
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Figb. IV test results. (a) and CV test (b) of single pixel in sub-array 2,
which includes both with- and without-p-well design

PLL test results
PLL on COFFEES is designed for synchronization between the clock and data,

as well as between multiple chips. It was designed to supply output clock with

frequency of up to 640 MHz at working voltage of 1.2 V.

 Standalone VCO: with analogue power reaches 1.7 V exclusively, stable 640
MHz output can be obtained.

 Frequency multiplication: 4x, 8x and 16x at 40 MHz input clock.
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Fig5. PLL test results. (a) Standalone VCO test, frequency-voltage curve of VCO; (b) 4, 8 and 16 times
frequency multiplication with 40 MHz square wave as input.

Pixel matrix test results
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COFFEE3 right pixel matrix uses NMOS for in-pixel comparator only, and
CMOS process for other front-end electronics. Comparator is consist of two half
parts, NMOS half in pixel and CMOS half in EOC.
 Charge Sensitive Amplifier (CSA): CSA is working as expected with both charge

injection and laser. Observed TOT is ~5 ps for injection and ~2.5 ps for laser.

« Laser & EOC readout test: In-pixel part of comparator works as expected, and

induced EOC digital readout with pixel address can be successfully decoded.

dout data

VY
/LAt !
| Charge collection node |

)

cross view of triple-wellA
process pixel with NMOS
comparator design in-pixel

digital readout data_____ — "o 32bits hit data
T w1 | 7 S8bits packet | "R

Wil - r.nui I 2 + 32)(2 bltS
f data packet

32 bits hit data with time
& pixel address info

Fig5. Function verification of right pixel matrix of COFFEES3. (a) CSA response to charge injection; (b) CSA response to laser hit;
(c) comparator response and digital readout of laser hit; (d) maginified digital readout waveform and data format.

Summary & Outlook

Preliminary tests using charge injection and laser confirmed that all core
functions are performing as designed. COFFEESJ is dedicated to verifying the
readout circuit and the core performance of a S5nm HV-CMOS technology for
high-energy physics detectors. Upcoming tests will include TDAC, irradiation,

and refined performance evaluations.
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Introduction

To meet the increasingly demanding requirements of
future tracking detectors for the CEPC and LHCb Upgrade 11,

advanced detector technologies with enhanced hit density

Paccive
. Y

processing capabilities and enhanced radiation tolerance are Main arfiges

essential. To study the sensor performance and electronic

response 1n the next generation process of High Voltage

CMOS (HV-CMOS), the sensor chip called COFFEE2, the

first prototype for process and circuit module in a 55 nm

High-Voltage Technology, 1s designed and tested. A comprehensive irradiation tolerance
testing campaign was conducted on the COFFEE2 chip. Utilizing the KIT pixel array,
which boasts a fully integrated readout system, this work presents the first irradiation

tolerance study of the 55 nm High-Voltage CMOS process.

Process FeaQtures

* Deep n-well - P substrate junction as collection electrode
* Triple-well process: N-well/P-well/Deep n-well
* P-type substrate resistivity: 10 {0:-cm
* QGuard ring: one mner N-well ring, with two P-well outer rings
* Substrate breakdown Voltage > 70V with frontside HV bias
* More design details:
7. Chen et al., Feasibility study of CMOS sensors in 55 nm process for tracking, Nuclear Instruments and
Methods in Physics Research A 1069 (2024) 169905.
 H. Zhang, et al., High voltage monolithic pixel sensor in 55 nm technology, JINST 20 (2025) 03, C03023
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Top view of single pixel
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KIT Pixel Electronics

* Pixel electronics (25 um X 25 um )

v" Sensor diode e

v’ Charge Sensitive Amplifier (CSA) ... ... o :

v CR filter ﬁRbi%s ?be | :

v Comparator 5 IMew

v RAM and tune DAC . |- >

v" Output stages el | : ¥ : :

K L LeSA | LCRfilter. | _Comparator| i _______ 2 |

*  Work principle H. Zhang, et al. High voltage monolithic pixel sensor in 55nm technology

v" Charge collected by pixel n-well JINST 20 (2025) 03, C03023

v Converted to voltage signal by Charge Sensitive Amplifier

v' Analog voltage pulse shaped and converted to digital signal by comparator

v Output stage generates current

v" Current is sent via address line to the transimpedance amplifier outside matrix
v' Address lines have constant potential — no cross-talk

Bench test setup
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* Genesys2 FPGA Board
v' Translates commands from the PC into the precise low-level digital protocol
* GECCO Control Readout Board
v' It integrates power delivery and controls and supplies all required electrical
potentials for testing the chip
* Carrier Board (with wire-bonded COFFEE2 chip)
* Signal Generator
v" Provide charge injection to the chip through the GECCO board

Irradiation Test

Fluence 3.2 x 1011 | 49x 1012|5,7x1013| 1.6 x 1014 | 1.3 x 10%°
[neqlcmZ]

Temperature Room temperature -28°C

Activator flake *

COFFEE2 sensor *

1 ' 2cm*2cm
'.;m - 5
Irradiation test setup @CSNS

* Irradiated in 80 MeV proton beam at China Spallation Neutron Source (CSNS) 1n April 2024
* 2 sensors placed at each test point

v 1TIV/CV tested + 1 new

* Alummum foil pieces placed at each point to calibrate irradiation fluence

Main results

rradiated IV change
With bias of -50V, leakage current increases from ~ 10 pA to ~ 1nA after irradiated. The

magnitude of leakage current 1s proportional to the irradiation fluence
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|V test results of COFFEE2 in different irradiation fluence
rradiation Tolerance Evaluation

Time over Threshold (ToT) versus Threshold

ToT and noise rate as a function of the threshold reference for all tested samples different

voltages and irradiation fluence. Results are shown for chips settings at room temperature.

» Time over Threshold (ToT) is correlated with the energy of a signal
» An increase in ToT leads to an increase in the depletion voltage

> Under an 1rrad1at10n fluence of 1x1

0'* neq/cm™2, the chip can still maintain normal operation.

Jokiron ToT vs Threshold (HV = -20V)

ToT vs Threshold (Irradiation 1 x 10" ngy/cm?)
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Inflection Point of S-curve for pixels

Inflection point of the S-curve as a function of charge injection for different irradiated chips.
Results are shown for HV = -10V settings at room temperature

» Show the noise level of the pixel

» Systematic right-shift of inflection point distribution with increased fluence

» An increase in the irradiation fluence leads to a reduction in pixel uniformity
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Summary & Outlook

The COFFEE2 chip demonstrated excellent irradiation tolerance, confirming the resilience of

the 55 nm HV-CMOS process. It remained fully functional with only minor performance
degradation up to an accumulated fluence of 10" n,/cm?. The observed degradation primarily
manifested as a slight shift in the S-curve inflection point and a minor broadening of its

C
t]

1stribution; nevertheless, the overall performance was well maintained. Furthermore, 1t was found
hat applying a higher bias voltage improved charge collection efficiency and increased the

C

epletion depth, which consequently helped recover performance parameters.
Future work involves more detailed test including radioactive source test and test beam

measurement.
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READ width = 150ns

Simulation time: 50-75 us

Introduction

Simulation time: 0-25 us Simulation time: 25-50 us Simulation time: 75-100 us
—100
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Pioneering R&D in HYCMOS pixel sensors at the advanced 55 nm process, the COFFEE series prototypes are

250 —70

currently being developed for the CEPC inner tracker and Upstream Pixel tracker (UP) in the LHCb Upgrade II.
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COFFEE3, the latest prototype with two distinct readout architecture, was design and fabricated in 2025.

150

Though featuring a small-scale prototype (3x4 mm?), COFFEE3 is designed to match the final full-scale

100

sensor (~2x2 c¢m?), aiming for proof of concept. This poster shows the performance of the preferred

100 120

Column Column

readout architecture under the high-hit-density environment of LHCb, especially the efficiency loss. In o2 20 400 80

response to the UP's data compression requirements and the readout link's bandwidth limitations, this READ width = 200ns

Simulation time: 50-75 us Simulation time: 75-100 us

Simulation time: 25-50 us

Simulation time: 0-25 us

poster also shows how simulation can be used to explore and iterate peripheral readout architectures that
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enable rational scheduling of transmission resources.
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SystemC Based Framework using MC Input
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Column

By establishing a behavioral-level model of the pixel
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Column

120 0 20 40 60 80 100

Column

100

% 20 40 60 80 100

.root file (MC)
Hit event
BXID, (x, y, z)

array and peripheral readout using SystemC, and
inputting MC (Monte Carlo) hit data in the

Input Driver

The READ width affects the hit loss as the simulation results indicate:

Testbench

Behavioral description for circuits

testbench, the advantages of this framework are: (D The chip efficiency remains near 100% for READ width < 125 ns but exhibits a significant decrease for READ widths > 125 ns.

(D Using MC data enables the simulation of real (2) For READ width > 125 ns, the efficiency of chipl not only decreases but also exhibits significant variation across different double

experimental environments by capturing hit density columns.

fluctuations in spacetime, which produce the non- _
Chip (:

uniform and bursty data traffic patterns, resulting in detailed and reliable simulation results. _ o _
Chip Efficiency vs. READ Width

Efficiency vs. Double Column

READ Width = 150ns READ Width = 175ns

(@ Compared to RTL-level implementations, behavioral-level models can more rapidly identify transmission READ Width = 125ns
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A Landau distribution between 200 and 1500 ns is used for the TOT time. The Hits/BXID distribution shows

that most values are below 30, but it has a long tail reaching up to 70.
& &P The core of the peripheral readout architecture lies in the data compression format. Aggregating data packets with identical TOA

(Time of Arrival) can achieve approximately 30% bit saving. The key to realizing this lies in a globally shared multi-bank circular buffer.

TOT Distribution Hits/BXID Distribution

5 E L = | Double pointers are used in each bank.
ge) = ) |
N = Ll‘l N TOA indexed Circular Buffer ptr0 ptrl
2 005 | 3 [foa] — el T T T o

0.031 a ptr0 ptrl

0.02 - 0.02+ —_ TOAZ2 | ] e -

0.01% i Double input: - ------ Data | Data |Data | |

: 1 I | | | | | 1 _I | — — ] Il 4 I | L | | | | 1 | 1 L | | 1
v 10 20 30 40 50 60 00 40 50 60 70 tr1 ptro
TOT["25ns] Hits/BXID p p
Output: Output:
Single input: - ------ Data|Data| | | e

Due to the priority queuing scheme, the latency from hit generation to packet arrival at the circular buffer follows a distribution. The

Simulation, Analysis and Optimization

number of banks, N, in the circular buffer is equal to the range of this latency distribution, expressed in units of main clock cycles.

Most packets arriving in 11-90 cycles, which primarily influenced by the TOT

Latency Distribution (Chip 1, READ Width = 125ns)

The row-column configuration of pixel array and the architecture of peripheral readout are shown below. o o B 0,00 e e e T
distribution. However, a few packets suffer from significantly longer latency of € osr ‘IL[\ ,,,,,,,, — Igl ey |-
The pixel array uses a column-drain readout architecture. ' ' . s . : : 5 - F o —— - OFer aency
P y Pixel size and array layout up to 346 cycles, creating a long tail in the distribution. Using double pointers S T TR i e ——
Every two columns serve as a unit sharing one EoC (End of 128 columns . . , & 0.0 Efficiency loss[%] N
Y & ( ____u__ — in each bank and a CIOQ (Combined Input and Output Queued) queuing = 0.055 1 0 336
Column). The single read period of EoC (the pulse width of S G G —— - : S . . = T . 0.01 244
SN S S —— - strategy in crossbar, the long tail primarily originates from the queuing latency 0.04— 01 153
READ signal) and the priority logic determine the readout S S —— — . : T =
gnal) P y108 s o s E/’? S0um in pixels. The strategy for cutting this tail is driven by the trade-off between 009 |
time required for the process from the generation of hit 300 TOWs e e s um . . . 0.02¢ LY .
S S S—— — — — silicon area and efficiency loss. The 55nm HVCMOS process is expected to 0.0 M
information within pixel to its readout to EoC. Taking S S S o ——  — . o) e : : of —
T 1 S facilitate 100% efficiency in the peripheral readout. 0 80 90 100
Chip1 as an example, positions with higher hit density or 1 Time[*25ns]
T : ? : The circuit composition of the circular buffer backend includes an asynchronous FIFO, some FSMs (Finite State Machine) and the
lower priority demonstrate longer readout time. When o —— ——— s
READ width = 200 ns, the readout time gradually increases Pl same number of 8-bit to 1-bit serializers. The frequency of the final output link can be configured by setting the read clock of the
as the simulation progresses, indicating that data congestion occurs within the pixel array. asynchronous FIFO. The number of final output links can be configured by the ENABLE Circular Buffer
switches before the FSMs. These two configurations enable the chip to be compatible Packet and ptr ﬂ 40MHz
Dcol0 Dcoll Dcol2 Dcol3 Dcol4 Dcol5 Dcol6 Dcol7 -~ Dcol 60 Dcol 61 Dcol 62 Dcol 63 with different hit density. The FSMs split long packets into individual bytes and send them Async FIFO
HHO OHHH O H-dOH |- HHO OH i OH i H HHO H O OH 1 O o _ _ _
H E H E H E H E E E H E H E H E H E E E H E H E - to serializers. The FSMs are designed carefully so that there is no bandwidth waste when ﬂ 40/80/160MHz
Mol Mol Holf Mol Yo Het Mt HelH oy I:I-E-EI I:I-g-l:l D'g;ﬂ ) FSMs handshake with the asynchronous FIFO. For the condition with four 1.28 GHz Configure EN
i 3 - IR [ IR 1 I N 3 I - R - B ) I S 3 IR - R [ R N : . :
T Hhbob bbb bbb o HoHmbobHbohH o 3 output links, the bandwidth utilization was 99.3%, 98.6%, 96.9%, and 95.0% respectively, FSM FSM FSM FSM
HiodbHdHHGdE dbdibodibgf Hiodmhomhdig < o o | | | il il il i
H E H_- E E E H E H E E E E E H E E E E E H E E E enabling timely data transmission without congestion. In practical use, as a precautionary Byte Byte Byte Byte
v v 7 v v 7 v 7 v 7 7 7 measure, the maximum number of output links is set to five. J J J J
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Conclusion

------------

P Using the framework of SystemC behavioral modeling combined with Monte Carlo data, we simulate and analysis the chip
rosspar

Ylvdddvddvvddid

Data package aggregation and compression

inopeay |esayduiad

performance in the real experimental environments and optimized the peripheral readout architecture to enable rational scheduling

of transmission resources, addressing LHCb UP's data compression format requirements and the bandwidth limitations of the chip's

readout links. The outcomes of this work are intended to identify bottlenecks in on-chip data processing and transmission under the

high hit-density environment, and to further optimize the chip architecture to satisfy the comprehensive performance requirements

of applications.
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Introduction

The HV-CMOS pixel sensor has been confirmed as the baseline technical
solution for the inner tracking (ITK) detector of the CEPC. It needs to

Pixel Column Pixel Column Pixel Column

. - . . . o .. o Address O 0 0
provide ~ns time resolution and <10 pym position under the condition of 1 Bus 1 Bus 1 Bus
<200 mW/cm? power consumption. :ttzJ—L ) I1 ,
On the basis of meeting the requirements of CEPC, two different ) Sl 3 At 3
readout architectures are proposed. The first one aims to further increase 4 4 :
the upper limit of hit density (>100 MHz/cm?) that HV-CMOS technology o0 (End of Columm) oC (End of Cotamm) o0 (bl of Cotum)
can handle (refer to Leyi Li’s Poster). The other one target to further 15 @® 15 ® TS @ e e
reduce the average power Consumptlon Of the HV-CMOS plxel Sensor to (a) Convert hit pulse to digital signal by (b) Read out digital signal to EoC (c) Capture leading and tailing edge

comparator parallelly in EoC

Read out concept of the pixel matrix: The signal output of each pixel is
transmitted in parallel to the bottom of the column for further processing.
It is characterized by the fact that the pixel can only contain an amplifier
and a comparator, occupying very little area to achieve a smaller Cd value.

Multiple pixels simultaneously fired in a column, may lead to
inaccuracies in time stamps.

simplify the requirements of the cooling system; this readout concept
could also be used to further reduce the position resolution and improve
data accuracy. (This Poster)

The power consumption theory

HV bias

Pixel Column
1 2 3 4 o 6 7 8

K 4 f L+ L ¢ I .
S 1 X 2 X 3 X 4 X 5 Y} 6 X 7 X 8
—I— Pixel 1
:’J’n; Charge collection node \
f SR, _ w
P- substrate 3 Pixel 2 ‘\\ &
Fig 1. The pixel cross section view of a typical HV-CMOS sensor. The very deep N-well (VDNW) and P-type OR *l“\\
substrate formed the charge collection electrode. Charge-sensitive amplifiers (CSA) and readout electronics B <3 —3
can be integrated nearby within the pixel \ l
TE iy A EoC

Working principle:
« The power consumption of a HV-CMOS pixel sensor (typically contains
~100000 pixel unit) mainly from the in-pixel electronics.
 The response time of a CSA proportional to the capacitance of the sensor
diode (C,) and inversely proportional to the transconductances of the
transistor used for the amplifier (g.,), as given by:

To overcome such issues. Each column of pixels can be divided into 4
groups, input to 4 distinct EoC modules. Each EoC module contains two
separate state machines and time-stamp counters, ensuring accurate time
information even when particles hit adjacent pixels (charge sharing effect)

1 Cq or multiple pixels in the same column fired simultaneously.
Tcsa & g Cr
« g is normally proportional to the consumed current. The relationship is:
gm=\/zuncox¥1m Implementation of the readout architecture
 Time walk is the main contributing source to time resolution. It is : 4 mm : , hit

A L

proportional to the time response of the CSA and the threshold (V;4) of the T
comparator, and inversely proportional to the minimum signal quantity, I OEEEEEREEE | ~-
which can be expressed as:

- Passive.

VTH

| i  Readout data with

30 ¢ i time & add.ressi

0GS's 1.0ns/pt
Single Seq l
RL:50.0k

TW « Tcsa

sig,min

Conclusion:
For a determined temporal response, a smaller C, and large signal are
crucial to reduce the power consumption of the pixel sensor.

3 mm

comparator

a3 200.0mVidiv L ® Lm
a7 50.0mVidiv 500 B e250M

Vakoeo Mean Min Max St Dev Count o
o max* 256.0mV  |256.0m 256.0m 256.0m 0.0

Th e C th eo ry Fig. Layout of the COFFEE3, submitted Jan. 2025. The Fig. Response of full readout chain with laser test:
d proposed architecture have implemented in the area  Sensing diode = in-pixel (CSA\comparator\TDC) -

. . . circled in red in the above figure. The current process EOC (digital peripheral) -> data link-> DAQ (refer to
The main contributions of C;: substrate resistivity is 10 Q-cm, breakdown voltage is  Boxin Wang’s Poster)

 The capacitance between Deep pwell (DPW) and VDNW; ~70% aepletion depth is “10 um.
* The capacitance between the signal collection electrode VDNW and P-

sub; | Summary & outlook
Conclusion:
R o tanes with, PWELL/IE > Small in-pixel ASIC layout size is On the basis of meeting the requirements of CEPC, we have proposed
R ——— most important for less C; After and preliminarily verified an 55nm HV-CMOS pixel sensor readout
T T T oo the high - voltage reaches 200V, architecture on that has the potential to further reduce power
s it is also the main source of C; consumption or improve position resolution accuracy.
g > A simple in-pixel electronic The next step will focus on optimizing the process, increasing the
= structure is very beneficial for low breakdown voltage, and reducing the contribution of VDNW and P-
) power consumption. substrate capacitance to C,. High-resistivity wafers will be adopted to
Pixel pitch: 175 um increase the total signal (from the current ~1000e- to ~16000e-), thereby

Just several ~ fF

simplifying the design and power consumption of the in-pixel CSA and

40 um . . .
tetsl TR further reducing the overall chip power consumption.
HV Voltage (V) A simplified in-pixel design could also be used to further reduce the
Fig. TCAP s:mulatlF)n re.sull.‘s of the relationship between the f:d Yalue and bias voltage of a f?yplcal H.V.- pixel size to improve positi on resoluti on, while this requires more
CMOS pixel. The pixel size is set at 40*175um?, most of the size is covered by DPW. The doping conditions i . . ] ] ]
are derived from speculation. Only the changing trends and proportions of the two capacitance sources discussions Startmg from the phyS]Cal requ1rements to determine.

are referenced.
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Introduction Left-side Array Design

To address the requirements of CEPC inner-tracker, the COFFEE3 chip was developed using

Ch i p Ove rVieW Analog Front-end In-Pixel readout logic TOKENin
an advanced 55 nm High Voltage CMOS (HV-CMOS) process for high spatial and time resolution . = B
/ . . . _f\_"_ g i — Edge — Readout
and low power consumption,COFFEE3 is designed to validate two distinct readout architectures Chip Size: 4000 um x 3000 um pis T g | Comroler

v’ Core Array: 48 (Rows) x 12 (Columns)

Sely

integrated on a single chip, focusing on verifying circuit functionality and core performance.

Detector Hit_flag Controll
— m o | =
Th o= 3 (3|8 &
N = Q.
=5z TEE
in TSte<0:1> =
- . XX

Coares-Fine

This poster presents the preliminary test results for the left-side array, which features a more v Pixel Pitch: 40 ym (Column) x 145 pm (Row) : S O il =—— T
complex in-pixel design incorporating a full CMOS-based CSA, discriminator, TDC, and priority- Pixel Array | 1 HNL
based readout, targeting higher hit-rate environments. Bench tests utilizing laser and radiation ® Analog Front-End peripheral
sources successfully demonstrate the basic functionality of the in-pixel circuits and the full v 4 Types of Charge-Sensitive Amplifiers (CSA) Fig 2 Functional schematic of the in-pixel circuitry
readout chaln at dlgltal perlpheral WhICh also mcluderlal l. tI:ISCEIveI'S v CMOS Discriminator with Threshold Adjustment TDAC
® Readout Circuit & In-pixel Memory
& | v Time-to-Digital Converter (TDC) a4 =n
- | v In-Pixel RAM & Address ROM
CMOSMamX ;E Innovative CSA E
| E | A unique "Double-Column" unit groups pixels for testing four CSA |
E— | variants side-by-side: E __
| E v Double-Column 1: Cascode CSA } ﬁ
E v Double-Column 2-3: Sensor-Isolated Cascode CSA Eﬂ |
v Double-Column 4: Folded Cascode CSA E =
= v Double-Column 5-6: Sensor-Isolated Folded Cascode CSA )
Fig 1 Layout of COFFEES3 chip for the left-side array Fig 3 Left-side CMOS pixel array layout

4 )

Test Setup

e mmmmmmmm—m—m—m— 5 “
E " m Control and Readout (CaR) board E Pixel Matrix Test System Lower S“ppi-
- Pl | | Gebed  Feature escription I 3
i Dm Ft Dpt E Test platform is based on Caribou system EF m“”“tf_p.
i o) S ESSSENS Y PC + ZCU102 + Caribou board + chip carier board =
1 : Full-Duplex High-Speed GTx Links 8 links, <12 Gbps i : o b B '
i Bl - . nomas wmamsos-sev 1 v' ZCU102 evaluation board from AMD/Xilinx

ey - External TLU Clock Reference Included I
i | (& | | - FEAT e Compay i v' CaR board DAQ framework from Caribou Project
I ¥ i SEARAY Interface to Detetor Chip 320-pin connector I
i- o e - Aol e O ———— app,icaﬁon5® i v' ASIC specific SW and FW by IHEP
_________________________________________________________________________________________ i

k Fig 4 Caribou test system architecture & feature of CaR board Fig 5 Photograph of the implemented test setup /

Test Results

Pixel Matrix Test System
® | ow-Voltage Differential Signaling (LVDS)

In-pixel Analog Test

® Charge Injection Test

At 640 MHz supporting to 1.28 Gbps high speed data transmission, to reduce common mode noise. v Four types of CSA demonstrated correct functionality through direct charge injection.

Serializer TX ; . . . . .

D - o o= OUTP_ TX v' Clear linear response to injected charge confirms predictable analog chain performance.
VIN TX S3

D i el

Vinjl=ov A Vinj1=0. 2V Vinj1=0. 4V o Vinj1=0.6V /N Vinj1=0. 8V Vinjl=L.OV A\ Vinjl=l.&V [\

OUTN_TX

640 MHz loltage (V \Y ‘ | _ b o
Recerver o oSl — Al 0.45  0.447 ( range: 0.1-0.7 ) NSt M b el S \nj2= 0 V. change Vinj
A2 0.94  0.910 ( range: 0.7-1.2 ) | | s
A3 097 0.759 ( range: 0.6-1.2 ) |
) . : oo , s i | | Vinj2= 0.5V, change Vinj1
® Delay-Locked Loop (DLL) Fig 6 LVDS Overview & Functional Verification B1 0.93 0.930 ( range: 0.7-1.2) | | Lo b P _
g P B2 0.80  0.547 (range: 0.1-0.8 ) | | N e N N i ——
The phase difference matches expectations, to achieve a finer binning in time (~4 ns) B3 075 0.746 ( range: 0.6-1.2 ) R Y PR
than the main clock (23 ns). B4 0.60  0.500 ( range: 0.1-0.7 ) | IECENE. e i o s ol

CIk_ref @M UP @M —Outl——
CO o Qu uP Y our— Fig 10 Peripheral digital circuit readout for charge injection test
O: | Lockcircuit Lod PFD DOWN CP 1 VCDL :83:23 ® [aser Test
ou - I;dk DOWNN 1 o Pixel can response to laser signal, CSA and comparator work as expected and typical time
Q ) t* over threshold (TOT) of laser signal is consistent with simulation.
C.
RSTB Start DLL S~ —VC & 094__ Threshold vs. ToT
Fig 7 DLL Overview & Functional Verification § 0_92; T, |\ threshold oo
® Empty Packet Test - ¥ | )
The expected Empty Packet was successfully read out. 0,88 . 57
® Pixel Mask Test st ] £ 0so-
. . . . 084 Test . E Simulati
v Successfully verified by enabling only a single pixel. : © ; . HHLQLOn
0.82— ® =227
v Data stream correctly switched between Empty Packet and oaf- g
Valid Hit Packet, confirming proper self-triggered readout S N S I S 'T'n‘T"‘(' 0.80 02 o4 os Tﬂwc;t)s 10 12 14
TOT (us) 1
logic and per-pixel control. - . . Fig 11 TOT of laser signal is consistent with simulation
J PErp Fig 8 Empty Packet Output ® 55Fe Radioactive Source Test
Only one Valld hit Pixel can also response to 55Fe signal (x-ray).

EOC digital output =

f—ﬂrﬁﬂ-ﬂﬂ'ﬁ*—-*gh,ﬁmﬁtﬂ'ﬂ“

Empty packet

COFFEE3 v2.0-1 coll Fe55 HV=-65V

1 |

R ot 1 ] 0l _I_u__j AL N A =" 0.14 .
pesn re———— § CSA output of Fe hit
Comparator output | LN Empty packet Empty packet | /
| header: 0100 header: 0100 s A
4 bit 4 bit 3 bit 8 bit 6 bit 2 bit 7 bit 3 bit E | II II||
‘ header CHIP_TS LE_coarse TE_coarse LE_fine TE_fine Addr_Row Add_Col g 0.06 1 I
e|j1/1/0j0f1/0/1j0/0/0(2/0/1|2|0jO/2 X|0(2|0/2/2|1/t|0/0/0|O|0O|D|O/O|O[0O[0|0/2|0/0|0 s 000 1
| Valid hit Row and column &
| header: 0110 address are correct
fy 2.15ps @ S 2zeomv [ 1.0psidiv 5.0GS/s :
500 ‘:ﬁlogﬁacqs i RL:50.0k S e E e \l —0.02 1
son 250 sl | Sensor — in-pixel CSA & discriminator — Peripheral digital circuit ! o 0 - [z'o ] 20 60
Mean D, Ime [us
Flg 9 FuII readout chain works well with laser test (Only unmask pixel column 0, row 1) Fig 12 55Fe Radioactive Source test results
® Summary ® Outlook

COFFEES left-side array preliminary testing results validates the basic functional design: Future work will focus on detailed performance characterization and design optimization:

v Full Chain Operational: In-pixel circuits (CSA, discriminator, TDC) and peripheral logic are correct. v Perform energy spectrum analysis on the collected %5Fe data to quantify the energy resolution.

v Performance Verified: Achieved Gbps LVDS output, precise DLL clocking. v Conduct beam tests with high-energy particles to evaluate spatial resolution, detection efficiency.

L v’ Detection Confirmed: Clear response to charge injection, laser, and 55Fe source demonstrated. v" Utilize the feedback from these tests to inform the optimization of the next-generation chip design.

/
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dielectric

cathode cathode

AC pac1 e AC pad?_ AC pacs

resistive n+

resistive n+
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epitaxial layer p- epitaxial layer p-

* anode
(a)Capacitance schematic of AC-LGAD with 3 AC pads (b)Sketch of AC-LGADs with 3 AC pads

rench:oxide dielectric Trench:air
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cathode

e g sy g

resistive n+
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o

Depth  width

Depth  \width

epitaxial layer p- epitaxial layer p-
anode anode
(c)Schematic of AC-LGADs with 3 AC pads and oxide-gap isolation (d)Schematic of AC-LGADs with 3 AC pads and air-gap isolation

Fig. 1 Schematic diagrams of AC-LGAD structures: (a) Capacitance schematic
(b) traditional structure, (c) with air-gap isolation, and (d) with oxide-gap isolation

Novel Low-Capacitance AC-LGAD Design: Core Innovations

 Low-k Dielectric Isolation
€ Method: Add trenches (filled with SiO, or air) between resistive
electrodes.

@ Effect: Low-k materials cut electric field coupling, reducing C i er-pad
by over 1000x.

€ Outcome: Minimizes crosstalk, enhances spatial resolution.
* Optimized Isolation Geometry
€ Method: Tune isolation structure depth/width via simulations.
€ Effect: Deeper trenches concentrate electric fields; optimized width
balances isolation & compactness.
€ Outcome: Ideal capacitance reduction, maintains practical sensor
dimensions.

Electric Field Distribution Analysis

» Setup: 4 um Depth, 0—-10 um

undepleted region

Widths for Electric Field x 1
Distribution Study

» For the isolation i
width, both 1 um - | -
and 3 um are ] Y
fully depleted =

(b) S105, 1 ym (c) S104, 3 pym (d) Si05, 5 um
i 0 ) I :
3 L
= o s -
l [ I [ I [ |
(e) Air, 1 yum (f) Air, 3 ym (g) Air, 5 ym

Fig. 4 Electric Field Distributions: Isolation Structures’ Effect

Summary

This poster presents low-capacitance AC-LGAD structure with low-k
dielectric isolation is presented. TCAD simulations show inter-pad
capacitance reduction over 1000x and bulk capacitance by ~ 70%. Vacuum
isolation outperforms SiO, with an additional ~ 30% reduction, effectively
suppressing parasitic capacitance and guiding future sensor design.

Key Parasitic Capacitances in AC-LGAD Sensors

* C1 (Coupling Capacitance, C .,,pjing)
[0 Location: Metal readout strips ¢ semiconductor gain layer (across
dielectric)
[0 Impact: Weakens signal, slows rise time, distorts waveform
[0 Dependence: Dielectric thickness, permittivity, effective area

* C2 (Bulk Capacitance, C )
[J Location: p—n junction (n gain layer €= p substrate; space charge region as
capacitor)
[J Impact: Forms low-pass filter (with front-end capacitance) - attenuates

high-frequency signals, degrades timing precision

€S . .
[0 Dependence: Follows C = relies on gain layer/backplane area,

separation, medium permittivity

* C3 (Inter-Pad Capacitance, C i;ier-paq)
[J Location: Adjacent resistive electrodes (via semiconductor bulk, from
inter-electrode electric fields)
[0 Impact: Causes crosstalk = interferes with position reconstruction, limits
spatial resolution
[0 Dependence: Electrode spacing, semiconductor permittivity, thickness
under electrodes

TCAD Simulation of Different Isolation Structure Parameters

—=&— silicon dioxide, depth:4pm, frequency: 10k. —=&— silicon dioxide, depth:4pm, frequency: 10k. -#— silicon dioxide, 4pm, frequency is 10k.
—&— air, depth:4pm, frequency: 10k. #— air, depth:4pm, frequency: 10k. #— air, depth:4pum, frequency is 10k.
14 = . - . - 1. 20E-14 ; s ; - , - " - . - : g

20
BE-16 3 - 8E-16 4 |
E F |
1 = : p— - I TE-16 3 | ETE-16 1E-23 3 '
E \ E ]
1 | 3 ]
k=14 - L 15E-14 o 6E-16 3 . e GE-16 ] \

value (F)
I (F)
value (C)

C
(

[ / s
Cay

= = . . . . r : . - r 1. 00E-14 2E_16 T . T . T . T . T " T 2E-16 E-26 +——TF-—-""—"-T-"—"Trp—™ M7

(a)Coupling capacitance (b)Coupling capacitance (c)Coupling capacitance

Fig. 2 Effectofdifferentisolationwidthsoncapacitanceparametersatafixeddepthof 4 um.

* Setup: Fixed isolation depth (4 um), tested isolation widths (0—10 pum) to
study capacitance changes.
 Key Trends:
C interpad - Drops by >3 orders of magnitude (width 1510 um), Fig. 2(b).
C .k : Decreases by ~70% (width 110 um), Fig. 2(c).

 Reason: Larger width lengthens electrode electric field coupling path,

eS .

weakens field intensity; per C = increased d reduces capacitance.

* Minor Impact: Isolation width has little effect on C ., ine-

& pir,width: lpm, frequency: 10k, o pir, width: ljm, !'r'd"':]ljlll1l'!:,':]|}|'i_! o— air, width: lpm, frequency ; 10k, |

'''''''

, 3 I { | Fa
depth {pum) depth (pm)

(a)Coupling capacitance (b)Coupling capacitance (c)Coupling capacitance

Fig. 3 Isolation Depth vs. Capacitance (Air, 1 um Width, 10 kHz)

* Setup: Fixed isolation width(1 um), tested isolation depths(0—4 um) to study
capacitance changes.
* QObserve:
The capacitance reduction at a depth of 0.25 um is far less effective than
that at other depths.
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Introduction

The optimal k-value is determined by the k-curve. Figure (a) (b) (c) show the RMSE as a function of k-value for different pad patterns.

Small k-values may overfit noise from individual samples, while large k-values may oversmooth the local geometry and degrade spatial

To meet the particle detection requirements of next-generation high-energy physics experiments, the AC- resolution

Coupled Low Gain Avalanche Diodes (AC-LGADs) have emerged as a breakthrough technology. The figure

The reconstruction results for different pad patterns are shown in Figure (d) (e) (f). As expected, the reconstruction accuracy degrades
presents a cross-sectional schematic of an AC-LGAD structure. The intentional resistivity, achieved through Padp gure (d) (e) (F) P v aeg

pad 1 pad 2 significantly near the edges of metal pads, consistent with the locally predominant signal distribution observed in simulation. To

deliberate low doping concentration of the n+ layer,

DC cathode | DC cathode

correct the non-linearity, four additional features were incorporated:

causes the path length and direction of electron

| ) esistive n+
diffusion to vary with the particle hit position. As a resistive N R. = O; + 0y R. = 9, + 05
' 0,+0,7 7 0,+0,]
result, the signal amplitudes induced on different Q2 Q3 Ql Q4 (8)
+ +
metal pads exhibit a spatial dependence, enabling R; = 1 2 R 3 4

C03+04 4T 0,+0;

reconstruction of the hit position based on their

relative signal strengths. The original four-dimensional feature space was extended to an eight-dimensional feature space (Q4, Q», Q3, Q4, R4, R5, R3, R4) and

: . : , _ _ _ L the Euclidean distance is modified to:
The complex nonlinear relationship between the signal ratios of metal pads and the particle hit position limits

the effectiveness of analysis models, which motivated the adoption of K-Nearest Neighbors (KNN) algorithm
d =

for position reconstruction. 9)

4 4 R!
Z(Qgest _ Q:frain)z + Z(l i )2
i=1 i=1

This optimized feature space improves performance by combining direct charge proportions and their combinatorial relationships. The

Modeling and Simulating Charge Diffusion

improved reconstruction results are shown in Figure (g) (h) (i).

. . . . . . . . . " Circle Square Cross
Developing reconstruction algorithms requires simulating the charge diffusion and collection process within 0.9 — 1 — 24 ———
——4D feature space ——4D feature space —4D feature space
the resistive readout structure to establish a mapping between particle hit positions and pad signal ratios. 08 ——8D feature space |’ 087 —— 8D feature space 237 —— 8D feature space

2271

The proposed 2D simplified model preserves the key physics of charge diffusion in the resistive readout

structure while significantly reducing computational complexity. Its construction is relied on three B y y
= 09 S o6t @
fundamental principles (Ohm’s law, current conservation and Dirichlet boundary conditions) : & ol | = | A e o
j(xs Y, t) — _O-VV(xaya t) (1) 03F - 04r . 18+
()V(x.y.f) 1 - 1 0.2 . 0.3 . 1.7
+ _VJ(xﬂ y’ t) — _I(x, ye t) (2’) 0.1 ! ! ! L ! ! L ! L 02 L L L L L . 1 ! 1 16 I L . I L . I . .
ot
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k k k

V(xa Y, t) — 0 (3) (a) (b) (C)

Finite element analysis (FEA) and iterative solvers are employed as the core numerical methods to solve the Circle Square Cross

k =6, RMSE = 0.67 k =3, RMSE =1.76

50 50 50

2D model. The computational workflow was implemented using MATLAB's PDE Toolbox. . // . . om el \.tme . \ ‘. . B WS ‘ o oo ol T S R S S~
i . °e oo . ™ . ® rec i . 2 P . '. . ® rec i . 3 2% 0o . . '~ - ® rec
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center-to-center spacing. Taking the circle-shaped metal pads as an example, the geometric configuration is OF e g ' N < N R, ‘ o o ' g 't oy e
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illustrated. The n+ layer is defined as the entire square region, ol Lol - o ARSI . L Ly .
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particle hit positions. N
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By varying the position of the transient source, the particle hit points are scanned across the whole area at 1 _4OV\'- P oaghy wrg f / w0l \-; " gty mm B P L T
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um intervals. The results are shown below, where the x and y axes represent the particle hit position and the 0 0 80 20 40 o 10 20 a0 40 =0 a0 %0 o0 40 0 16 20 80 4 B o 50 2 40 o 10 20 30 10 5
color axis indicates the normalized signal proportion of the upper-right metal pad (Pad 1), relative to the total (g) (h) (i)

signals from all four pads.

Cross

Circle Square

1 Experimental Validation

10.8

The AC-LGAD sensor is fabricated on 8-inch wafers by the Institute of Microelectronics (IME). A 1064 nm laser with a focused spot size

of ~¥10 um (30) was used in conjunction with a three-dimensional translation platform with ~1 um precision. A 16x9 laser hit array was

y[um]
y[um]
y[um]

scanned with 100 um step between points. At each position, 1000 events were recorded by the oscilloscope and the corresponding

signals of four metal pads were averaged for position reconstruction.

sensor 16+9 laser test array
-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
600 - ® test set
xjuirm] Haw) R * training set ® reconstruction
(( - \\ . ol Se(i 500 - training set
When the particle hit around Pad 1, the signal proportion of this pad exhibits strong positional sensitivity, 1:’“'““ G R ERE R S B 400 | O+ 00 +00 00 00
H H H H 1500l‘lm - ® ® © e @ o o o ¢ o o o o o o o i @ e °
manifested as a steep gradient of signal proportion across the area. Near the pad edges, where one pad —> 200 wreteesfetesescenc
200F * ® @ * @ @ * ® ® * O © * O o * 200 r o ¢ o ¢ ® o e o )
collects nearly all charges, position reconstruction becomes more challenging. This effect is particularly < T I T ] oo BEiE R BT R EE B NS
: : : : E
pronounced for cross-shaped pads, whose extended perimeter has larger ambiguous regions than circular or P ofx 0000000000 EA R 2 S T
100F ®© ®© ®© ®© ¢ @ © © © ©® & o o ° o o 100F © @ & @ & ® o & o © 0 ¢ 0 0 o0 o
square pads' 200 * ® € * ® & * © O * © O * O O x -200 o o ¢ e o o o o o
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400 * @ @ * @ @ * @ ® x*x & O * o o * -400 + e ¢ e o ® 0 o O ® o0
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KNN Algorithm and Feature Optimization S 4 Mo m e w0 wo oo wn W e T w0 w0 o o e o
x[um]

Let Q1. Q,, Qs, Q. denote the normalized charge proportions of the four metal pads. For a test data point in To validate the reconstruction algorithm, the 144 scanning points were divided into 30 for training and 114 for testing. Employing the

the four-dimensional feature space (Q1, Q,, Q4, Q4), the KNN algorithm identifies the k closest training KNN algorithm with the 8-dimensional feature space under the optimal k-value (k=3), the reconstruction results are shown above. As

seen, the reconstruction positions match well with actual test positions. With 3000 um pitch size and 300(x)/200(y) um training grid
intervals, the achieved RMSE is 11.2 um.

samples based on the Euclidean distance defined as:

4

d = Zl (Q;{est _ Q;rain)z (4)

1= [

The coordinates of the unknown hit position are then reconstructed as the weighted average of the k ConCI usion
neighbors’ spatial coordinates, with the weights inversely proportional to their distances:

ZI-{— Ly xlrain Zl-{— e In summary, this work has addressed several key aspects:

X" = ;k lu; V= lgk lu;. (S) (1) A computationally efficient 2D charge diffusion model for resistive readout structure, grounded in fundamental physical
i=1 Wi i=1 Wi

principles, was developed and numerically implemented using MATLAB’s PDE Toolbox.

The training data are generated using the MATLAB PDE 2D simulation, where particle hit positions were (2) Comprehensive simulations scanning particle hit position were performed, generating essential datasets that revealed the

scanned at 1 pm intervals. The test points are randomly generated. Their corresponding charge proportions complex, position-dependent signal distribution characteristics of the pixel-type AC-LGADs for various pad geometries.

Q1, Qz, Q3 and Q4 are also from simulation. These charge proportions serve as input for position (3) To address the nonlinear position-signal mapping, a KNN-based algorithm was proposed and optimized. By expanding the feature

reconstruction using the trained KNN algorithm. The positional residual of each test point is defined as the . : : : . : . : :
uction Using ! gor! POSIH o pointt ! space and selecting the optimal neighborhood size (k-value), the optimized algorithm significantly improved the reconstruction

distance between the reconstructed position and the true position as: . . . : : :
accuracy, particularly reducing residuals near pad edges for circular and square configurations.

(4) The optimized algorithm was validated using experimental data. A polynomial surface fitting and interpolation effectively use

Residual = \/(xrec _ xtrue)2 + (yrec _ ytrue)2 (6)

sparse training data, enabling the algorithm to achieve a satisfactory positional reconstruction accuracy.

The reconstruction accuracy was evaluated using the Root Mean Square Error (RMSE) of N test points as: _ . . . . . , . : : :
By integrating modeling, simulation, algorithm development and experimental validation, this study establishes a systematic

{ N framework for validating AC-LGADs design and optimizing the position reconstruction algorithm, exploiting the potential of AC-
RMSE = N Z Resia’uali2 (7)

i=1

LGADs for next-generation high-energy physics experiments.
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1. Introduction

The first four layers of the CEPC (Circular Electron Positron Collider) VIXD (VerTeX Detector) are

designed using wafer-scale sensors based on stitching technology. To ensure the inner most layer is as

close as possible to the central beam pipe, the design radius is set at 11.1 mm, posing significant
challenges for the development of bent detector modules. In this study, a complete prototype module is
designed and developed to validate bent chip bonding techniques. Additionally, to verity the
performance of silicon pixel sensors after bending, a small-area bent detector module with a radius of 20

mm was fabricated using 50 pm-thick MAPS (Monolithic Active Pixel Sensors) chips.

Ladder based barrel

B Vertex detector design from CEPC TDR
The VTX is designed as six concentric cylindrical pixel
layers covering a radius of 11.1 mm to 47.9 mm around

the beam pipe, with a polar angle coverage of |cosf| <

0.99.
» Inner layers (1-4 layers) with stitching design

» Outer layer (layers 5 and 6) with double-sided ladders
design

Stitching based bent MAPS

Fig.1 CEPC Vertex detector

" Spatial Resolution ~5 um
Orp = A Do narzg HM Material budget ~0.8% X,
First layer radius 11.1 mm
a=5pumand b =10 um-GeV Mechanical Support Ultralight structures
Angular Coverage |cos 8| <0.99

Table.1l Vertex detector design parameter

B R&D of the inner layer VIXD prototype

» Producing a full-sized vertex detector's first four layers using ultra-thin curved stitched chips is
highly challenging, and the process development is crucial
» As the first four layers of CEPC VTXD, the radius are 11.1 mm, 16.6 mm, 22.1 mm, and 27.6 mm

respectively
» This study can validate the processes for the minimum bending radius, full-sized bent detection

module (long-readout FPC), and the assembly processes to accumulate valuable experience for
CEPC VTXD

2.Prototype module design

B Prototype module design

The full-sized prototype model consists of the FPCs (Flexible
Printed Circuits), thinned dummy sensors, Cylindrical support
(including the chip supports and FPC supports structure).

Layer Chip Length | FPC Length Chip width/arc length
mm mm mm

Layerl 161.4 145.2 34.54 .

Fig.2 % VTXD pr m I
Layer2 121.1 104.8 51.81 g2 % prototype module
Layer3 161.5 64.4 69.08
Layer4d 134.6 24 86.35

Table.2 % VTXD prototype module design parameter
» Dummy sensors. The thickness is thinned to 30-40 pm. The
Layerl-3 are cut from 8-inch wafers, and the Layer4 is cut from a
12-inch wafer
» Chip supports. Select PMI foam (~0.075 g/cm?), which offers
high structural strength and low material budget. To ensure the
strength of the support structure, holes are drilled in the foam to
enhance airflow for better heat dissipation, while further reducing
material budget
» FPCs. The composite FPPC consists of three layers of 37.5 pm thick
Cover layer, 18 pm thick signals (Copper), and 50 pm Core FR4

Fig.3 8-inch dummy wafer

coverlay

Top I copper 18um . copper 18um |

|
I |

*——-— ________

| Fig.5 FPC structure
» FPC supports. Using 3D printing, positioned outside the polar
angle 0 between the chip and FPC, and fix and support the FPCs.
Protecting the lower chips from contact with the upper FPCs

B Material budget

» Gray represents the PMI support position, the rings width is 10 mm
and red indicates the detector position

» Average material budget per sensitive layer : ~0.1068 %X, The next
step is to optimize the structure and minimize the material budget

Fig.6 FPC support

VTXD material budget vs 6

—e— Layerl
©— Layer2
—e— Layer3
—e— Layer4

2D Representation of VTXD 0.35 1

Material budget (%X0)

T T T T T T T T T
88 78 68 58 48 38 28 18 8
0 (deg)

Fig.7b Material budget of VTXD prototype
with the polar angle 6

Fig.7a 2D Structural Distribution of
VTXD prototype in the Z Direction

5. Institute of Frontier and Interdisciplinary Science, Shandong University

3. Prototype module assembly

Validation and successful of a bent dummy wafer
with an 11 mm radius without wire bonding.

B Assembly

First wire bonding, then bending together.

bonding

Sensor

Connected

FPC FPGA Cables
Fig.9 Full-sized Prototype module structure

Fig.8 11 mm radius bending
Without damage

» Glued. The non-sensitive area of the chip is glued to the edge of the
FPC (2 mm margin) using liquid insulating adhesive. The adhesive
thickness is controlled at 50 pm

» Wire bonding. The chip is bonded to the FPC and electrically
connected through bonding

» Bending. After bonding, the detector module is fixed onto the spool
and slowly curled together

» Support. four layers, with reasonable screw holes designed based
on practical experience, secured with screws

.....

Fig.10b Bending

B Pull Test

» The tensile results before and after bending

are consistent

» all tensile results ranging from 4-8 g, which

is related to the quality of the pads on the dummy
chip

Fig.11 The pull test before and after bending

4. Performance tests after bending

B Small bent detector

To verify the performance of the chip after curling,

a small-area curled detection module was designed

and tested.

» The bent detector module based on MAPS
primarily comprises a bending support frame, a test
readout board, and a chip

» The bending radius is 20 mm

HERS AR
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500F
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» The noise level tests on the same chip before and
after bending remain consistent.

» The test beam was conducted at IHEPP, and the
residual distribution is consistent before and after

align monitor - AU -DUT
Entries

T00FE
600F
S00F
a ;
g 400:—

S :
© 300F

bending. 2000
o _50_40_30_20_)5'?\; E[}unl.lf]] 20 30 40 50
Fig.13 Residual distribution of Planar
detector and bent detector
FPC
B Next plan <& l iy

» Using a small-area MAPS chip, performance tests
were conducted on the full-sized detector (including S en ~
the long readout FPC) after bending. i

Support

Fig.14 full-sized bent detector design

€ From the requirements of CEPC TDR, the vertex detector consists of six layers,
with the innermost four layers using stitched chip.

€ A full-sized VTXD prototype model was designed, with a low material budget of
about 0.1068% X, per layer.

€ Key components were designed and produced, optimizing the VIXD assembly

process.
¢ T
\ g

I'he performance of the bent detector is consistent with that of the planar detector.

ne tensile results before and after bending are consistent.

I'he next step is to enhance the performance testing of the long-readout bent

module.
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Whether it is flavor physics or Higgs physics,
precise vertex measurement is an essential
requirement for achieving the CEPC's physics
goals.

For we have no precise digital model, the accuracy
of model particularly in the forward region of the
long barrel is not high, we conducted beam test
at BRSF and explored and established the
TaichuPix digital model based on the resulits of
the beam tests.

-
N /

As the next generation collider, CEE’C\\ is farheyond a-Higgs jgfc__t_ory:’/ ’// //
« Searching for exotic or rare decays of H, Z,"B.and t, and new physics - P
« Huge measurement potential for precision tests of SM: Higgs, electroweak

physics, flavor physics, QCD/Top

I N N
Vertex Detecto rJ«\..ﬁ,, — AN N

Precision of Higgs coupling measurement (kappa0 fit)

m HL-LHC 81/82

m CEPC 240 GeV @ 20/ab / + 360 GeV @ 1/ab

Relative Error
— —
S <
N -y

—
<
w

Kp K¢l K¢ Ky Kw K; Kz Ky

Ladder based barrel

Specification Index

Pixel size 25pum X 25um
Dimension 15.9mm x 25.7mm
Techonology CIS 180nm

Dead time < 500ns

Power density < 200mWcm 2

Max. Hit rate 36 x 105cm—2s~1

Baseline scheme of CEPC vertex detector

TaichuPix-3 Performance Index

\
r

2
0 L 2
0 20 40 60 80 M A P
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Digital Model J

Considering the issues:

. . VRE:SETI PIX_IN P‘.“‘J‘ELL PMOS A\/E)D ——
- Low accuracy in the forward region. o @ @
- The performance simulation does not espel) 1 L R
include the complete physical processes D‘Z"'ﬁ‘f" / S e
A model based on beam test result and AP2 - /‘*; T e
simulation is developed to estimate cluster size. —_— —
Geometry of TaichuPix

C=asecO+0b
C is the Cluster Size, and 6 is the incident angle Fitting result of beamt test(left fig& table)

Ty and simulation(right fig) shows that the
a

0.783 0022 model is reasonbale.
b 0.856 0.069

Correlation: Cluster Size — Correctea inciaent Angie

0.9995

AP2 Sim Result

3 « Data from Beam Test

— Fit Model

Cluster Size

( ‘ Beam Test Result v.s. Simulation |

DA <R N - | s | TiRos
i E 0° 1.561 1.469
a4 - from prototype beam
£ E 16°testat DESY| 645 1.478
A3 E 60° 2.809 2.504
£ E 70° 3.199 2.856
ot o 80 70 éo: 80° 5.315 4.857

Beam test result from BRSF Tilt angle (°)

The figure above presents the results of the beam tests. To make the conclusions
more reliable, we also incorporated the beam test results from DESY Il. By
comparing the beam test results with the AP2 simulation results, we found some
significant differences when the parameter settings were the same as those in
the experiments.

Cluster Size: AP2 v.s. Beam Test@Thick28um,BiasVolt-0.9V,ITHR64

@ Cluster Size Total from@AP2
a=1.38+0.02 b=0.13 +0.07
T R2=109992
@ Cluster Size from@Beam Test ITHR64
a=0.70 £ 0.04 b=0.84+0.13
T R?=0.9892

Cluster Size: AP2 v.s. Beam Test@Thick28um,BiasVolt-0.9V,ITHR32

® Cluster Size Total from@AP2
16 1 a=1.43+0.03 b=0.18 £ 0.09

,_.
o
L

S
!

® Cluster Size from@Beam Test ITHR32
=0.77 £ 0.06 b=0.95+0.17
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Cluster Size
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(=1

N
L

[N]
L

.32
4
3. o
81

0 20 2 60 80 0 20 40 60 80

o) o)

Some significant differences under large angle.

Here are some possible reasons:
* In AllPix-2, signals produced by the substrate do not contribute.
« Due to electric field distributions, the effective sensitive thickness may differ from
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Beam Test Result v.s. Simulation J | N |

!
!
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Then we try to cha‘nge the parameters and results show as below.

Cluster Size: AP2 v.s. Beam Test@Thick25um,BiasVolt-0.2V,ITHR32

@ Cluster Size Total from@AP2
a=1.11+0.00 b=0.35+0.01

124~ R?=1.0000

® Cluster Size from@Beam Test ITHR32

Cluster Size: AP2 v.s. Beam Test@Thick28um,BiasVolt-0.9V,ITHR32

® Cluster Size Total from@AP2
16 1 a=143+0.03 b=0.18 +0.09
T R?=10.9989
® Cluster Size from@Beam Test [THR32
a=0.77+0.06 b=0.95=*0.17
T R2=10.9846

144 a=077+006 b=0.95=017

—
104 R? = 0.9846

12

10

Cluster Size
Cluster Size

. . . . ‘
| ‘ . :
0 20 40 60 80 0 20 a0 60 80

Cluster Size: AP2 v.s. Beam Test@Thick28um,BiasVolt-0.6V,ITHR32 Cluster Size: AP2 v.s. Beam Test@Thick18um,BiasVolt-0.2V,ITHR32

@ Cluster Size Total from@AP2
a=0.91+x0.00 b=0.39 £ 0.01
101~ RZ=0.9999
® Cluster Size from@Beam Test ITHR32
a=077%0.06 b=095=*0.17
T R?=10.9846

® Cluster Size Total from@AP2
a=129+0.01 b=0.24 £0.04

417 R2=0.9997

® Cluster Size from@Beam Test I[THR32
a=0.77+0.06 b=0.95=*0.17

127 R? = 0.9846

10

Cluster Size
[+:]

Cluster Size
(=]

e(°) e(")

The simulation results from AllPix-2 are acceptable in comparison to the
experimental measurement results.

/

Beam Background EstimationJ

« Signal-to-noise ratio is very low, makes background analysis very important
» Provide directions for improving geometry, estimate power consumption...

Background Generation Tracking Detector Simulation
Synchrotron Radiation Geant4 Geantd
Beamstrahlung/Pair Production ~ Guinea-Pig++
Beam-Thermal Photon PyBTH
Beam-Gas Bremsstrahlung PyBGB CEPCSW/FLUKA
Beam-Gas Coulomb BGC in SAD SAD
Radiative Bhabha BBBREM
Touschek PyTSK with SAD

Based on the digitization model, the beam background shown as following table:

Layer Ave. Max. Ave. Max.
Hit Rate Hit Rate Data Rate Data Rate
(MHz/cm?) (MHz/cm?) (Mbps/cm?) (Mbps/cm?)
Higgs mode: Bunch Spacing: 277 ns, 63% Gap

1 6.2 12 760 1500

2 0.84 1.6 87 160

3 0.17 0.36 19 38

4 0.067 0.16 8.4 19

5 0.017 0.037 2.1 4.2

6 0.013 0.026 I'EN() trigger and erm??"?/vindnw here.

Low-luminosity Z mode: Bunch Spacing: 69 ns, 17% Gap

1 15 39 2700 8100

2 1.7 2.6 240 400

3 0.72 1.2 110 240

4 0.43 0.94 70 210

5 0.10 0.19 14 31

6 0.078 0.15 11 23

Threshold has been taken into consideration. (ITHR 32 = 368e, 1.3keV/pixel )

Data Rate = Hit Rate X 32 bit - pixel ™! x Cluster Size

-180.0 layerl 3.18 -180.0 layer 1 10.36
-90.0 2.38 -90.0 7.77
3 =)
[Vp} w
= e — x
o 0.0 1 59E g 0.0 >.18 E
s - s = =
s = s <
2 i
< =
90.0 0.79 90.0 2.59
180.0 ‘L 3 i 180.0 ‘ 0.00
807 538 269 00 269 538 g0 g0 207 38 969 00 2692 538 g0
z(mm) z(mm)

Hit distribution of 1st layer of the vertex detector in Higgs mode (left) and Z mode (right)
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To verify the performance of TaichuPix at different incident angles and provide a

Summary J

model based on the current beam test results.

normal incident equals to 1.5.
» After making appropriate-adjustm
experimental results.

s, the AR2 sim
* The beam background was estimated based on the digital model we established.
{

reference for future digitization, we conducted beam tests and established a cluster size
« Cluster Size at large incident angle approximately equals to 5 (3 after thined), and

ation hisults align well with the

~

the true thickness. .
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physics program.

Based on the CEPCSW simulation framework, this study compares the impact parameter resolutions ( do , zo ) of tracks in the CEPC Vertex Detector (VTX) under BIB-free
and BIB-included scenarios (encompassing Pair production and four single-beam backgrounds: BGC, BGB, TSC, BTH) across different incident angles and analyzes the
Kvariations of these resolutions with the incident momentum of the signal particle ( u= ).

Abstract

The identification of heavy-flavored quarks and = leptons is a key physics goal of the CEPC. As a crucial component of the tracking system, the CEPC Vertex Detector (VTX)
demands exceptional spatial resolution for vertex reconstruction and flavor tagging, with the impact parameter ( do , zo ) as its core performance indicator. Due to its proximity to
the beampipe, beam-induced backgrounds (BIBs) may severely degrade the VTX’s performance—thus, assessing such impacts is critical for advancing the CEPC's precision

/

Core Track Parameters: do

Introduction

& Zo

* do : Signed transverse impact parameter — the closest approach to the beam

axis in the r—o plane.

* 2o . Longitudinal coordinate of that point of closest approach.

Extracted from helical track fits in the vertex detector, these parameters set the
primary-vertex resolution and directly determine the flavour-tagging performance.

Background oy s
J Background Type |Abbreviation Core Definition
Category
Beam-Gas Beam particles undergo inelastic
BGB . . .
Bremsstrahlung scattering with residual gas
Beam-Gas Coulomb Beam particles undergo elastic
. BGC . . .
Scattering scattering with residual gas
Single-beam
Background |Beam-Thermal Photon Interactions between beam particles
. BTH .
Scattering and beam pipe thermal photons
Scattering of particles within the beam
Touschek Scattering TSC bunch via transverse
oscillations
Luminosity- Photons from beam-beam interaction
related Pair Production — produce electron-positron pairs via
Background strong electromagnetic fields
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Beam-induced background categories accounted for in this study.

 Pair production dominates the beam-induced backgrounds (BIBs) of the
CEPC Vertex Detector (>90%).

 Single-beam backgrounds are effectively suppressed by beam pipe
optimization, W/SS shielding, and vacuum enhancement, with relatively small

proportions.
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102}

CEPC Ref-TDR

102
8 (radians)

10-1

Figure 1: Energy and polar
angle distribution of
particles out of the pair
production beam

Induced background at
Higgs mode. VTX stands
for the vertex detector.

10°

BIB Mixing Methods

Signal events are overlaid with beam-induced backgrounds at the SimHit

level, preserving energy-time-position merging within each detector cell.

Background Type

Rate (X 1077 Hz)

Sampling Mode

Pair production

— Fixed 277 ns window, 1 BX

BGB 6.67 Poisson
BGC 8.78 Poisson
BTH 40.15 Poisson
TSC 63.18 Poisson

Note: Higgs-mode BX = 277 ns beam-crossing period.
Rate data extracted from Higgs-mode background-generation configuration in CEPCSW.

Backgrounds are overlaid on signal events via Poisson sampling or a fixed 277

ns window.
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Figure 2,3,4 : do and z, resolutions with and without pair production background, and their ratio “with / without” , vs. momentum at 6 = 20°, 50°, 85°.

« At O = 20° near-beam region, both do and z. resolution ratios fluctuate around 1.0.

In the 85° end-cap, transverse low-momentum e* e~ background supplements scarce Z-hits,
driving the zo resolution ratio down to 0.95 at 10~100 GeV/c, while additional multiple scattering
raises the do resolution ratio by up to 2 %.
« Visible trend: Larger O enhances z. resolution via extra hits but degrades d. resolution
through multiple scattering.
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Figure 5,6,7 : do and z, resolutions with and without pair production background, and their ratio “with / without” , vs. momentum at 6 = 20°, 50°, 85°.

« With pair-production background, z. resolution improves by 0~5 % while do resolution

egrades by 0~4 %.

1025

o [um]

Ratio

0.9

Inner Solenoidal Magnetic Field

6 =50°

o d0 with pair-BG T
+ d0 without BG

o z0 with pair-BG
« z0 without BG
= . -
¢ 4

1 |
- = d0 (with pair-BG) / (without BG) -
1k = z0 (with pair-BG) / (without BG) |
_0; 1 ]

% 1'0 1 62
p [GeV/c]

Non-uniform Magnetic Field

8 =50°
o d0 with pair-BG
d0 without BG
¢ z0 with pair-BG
102 = z0 without BG
— ]
E a8 |
= i
©
0= =
- I -
: §
1
- d0 (with pair-BG) / (without BG)
o 11- 20 (with pair-BG) / (without BG) |
o 8 §
o 1o

0.9

p [GeV/c]

Larger 6 enhances zo resolution markedly.
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Figure 8,9,10 : do and z, resolutions with and without BIBs , and their ratio “with / without” , vs. momentum at 8 = 20°, 50°, 85°.

« After mixing BIBs, zo resolution is enhanced at all three angles, while do resolution in
the 85° end-cap shows only marginal improvement.
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Figure 11,12,13 : do and z, resolutions without background under Inner Solenoid vs. Non-Uniform Field, and their ratio (Non-Uniform / Inner

Solenoid), vs. momentum at 6 = 20°, 50°, 85°.

Compared with the Inner Solenoid , for the Non-Uniform Field :
resolution is controlled within £2%.
At 6 = 20° the degradation of do resolution even exceeds 10%.

e The fluctuation of zo

« The current helical track fitting is applicable to uniform magnetic fields,
and future work will extend to track reconstruction under non-uniform

magnetic fields.

~

-

Reference

[1] CEPC Technical Design Report -- Reference Detector

[2] CEPCSW, https://code.ihep.ac.cn/cepc/CEPCSW




the CEPC Vertex Detector

Tianyuan Zhang, Zhijun Liang, ChengDong Fu, Jinyu Fu, Weil Wel, Ying Zhang, Hancen Lu
Institute of High Energy Physics, CAS

The identification of heavy-flavored quarks and t leptons is an important physics goal of the Circular Electron Positron Collider (CEPC). The Vertex Detector (VTX) of the
CEPC is capable of obtaining precise track parameters of charged particles in the vicinity of the Interaction Point to reconstruct the decay vertex of short-lived particles.
The CEPC vertex detector currently employs an advanced sensor design scheme to achieve low mass and low dead zone objectives. The first four layers of the VIX are
formed using stitched Monolithic Active Pixel Sensor (MAPS), while the fifth and sixth layers are constructed using traditional MAPS. This dual-sensor approach
substantially reduces the detector mass to an average of 0.134% X, per layer while enabling stable construction for high-precision d, and z, resolution of 3.4 um @ 10 GeV
and 3.7 ym @ 10 GeV respectively. Additionally, we present the performance of the VIX under scenarios involving partial chip damage or even complete layer failure.
Furthermore, considering potential deformations of the chips after the installation of the VTX, we have explored a feasible alignment solution.
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a) The arrangement of stitching frames on a 300 mm
wafer. The shorted-dashed line area represents a
module consisting of several RSUs, one LRB, and
one RPB.

b) The Type C sensor is diced into a two-module
sensor and bent along the ¢-direction to form a

a) Full view of a ladder;

b) Close-up view of a ladder showing sensors wire
bonded to the FPC.

c¢) Schematic transverse cross-section of a double-
sided ladder structure used in layers 5 and 6,

a) and c) Diagram of the VIX. The composition of
the first four layers is shown on the left. The last
two layers is shown on the right. Geometric
configuration parameters seen in Table 1.

b) Considering the inefficient region in the ¢
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\ RS ; | direction of the stitched sensor, layers of the / \ referred to as the Planar Vertex Layers (PVTXs) of
\ semi-cylindrical structure for the Curved Vertex / \ / \ /
. Layer (CVTX) 1 s . CVTX are rotated by an angle when mounted. y . the VTX. /
\s\\N y . ’,’/, ’ Ssel e < Ssel ’,,
= Tablel |CVTX/PVIXX| radius.mm length . mm arc length . mm | support thickness .um
Material budget
g CVTX1 11.1 161.4 69.1 45
* Average material budget X, as a function 0.5 ) b e CVIX2 16.6 2422 103.7 52
of the polar angle 8, averaged over the full 0.12[ = O™k i design CVIXS3 221 0250 1582 o1
azimuthal angle ¢, for each layer of the . omxsk, f CVIx4 276 405.8 172.8 27
. . . Q.09 SVIXEXs = PVTX 5- : 2.
VTX and the beam pipe, is shown in a o [ - emxssx | >0 2 o829 0
b _ ] PVTX 1-2 12.46 260.0 300
stacked plOt. 0.06[ o 4 Alternative
e As 0d . . ¢ d th i - PVTX 3-4 27.89 494.0 300
3 ecrea§ es (Le., mov1.n 5 towdl € 0.03r ... E;gﬁs:"f'ff:'. PVTX 5-6 43.79 749.0 300
forward region), the effective path length : | el
. . L ittt s | ] ] ]
through the detector increases, leading to 0-0%0— 75 S L Performance
. . e
a higher accumulated material budget. . cevoron
100 5~ wese~ "8 ¢ o " i T S
Unit BeamPipe CVTX1 CVTX2 CVTX3 CVTX4 PVTX 5-6 Hits = 7 o | ¢
U 10.9% Hits = 4 S 099 I 7]
Xo(X,) 0.45% ~0.07% ~0.06% ~0.06% ~0.06% ~0.56% 03% 2
Other g | ]
- %28 8 097 | R
Allgnment Hits = 6 Hits = 5 =
81.3% 7.6%
° ° ° ° ° ° ° 0.96 i h
* Illustration of hit positions in the transverse plane with ideal vertex geometry Pyl
@)
and three deformed geometry. -
5 Y @ (b) ©
CEPC Ref-TDR CEPC Ref-TDR CEPC Ref-TDR
’ — Cepckiea geometry ) — CEPC ideal geometry ) — CepCidea geometry * Figure (a) illustrates an alternative VIX design featuring three layers of double-sided
31 ——— CEPC distorted geometry 31 ——— CEPC distorted geometry 3- —— CEPC distorted geometry . . . e . . . .
a) The radius of curvature differs N * i ladders with planar MAPS, with specific dimensions detailed in Table 1.
from the nominal radius 1 1 * Figure (b) shows the distribution of the number of hits per track for 10000 charged
b) Halt-layer edge deviation from § , 0] Geantinos with p = 20 GeV and 6 = 20.

cylindrical shape
c) Compression causes cylindrical
deformation into an ellipsoid

* Figure (c) illustrates the tracklet efficiency of charged Geantino particles at 20 GeV
energy, originating from the interaction point and traversing the VTX, as a function ot

- the cos(0).
-4 -3 -2 -1 0 1 2 3 4
X (cm)
(a) CEPCRefTOR do =z CEPC Ref-TDR  6=20° 6 = 85°
. . . . : 103 o 6=20° (baseline) | HOE T T THIE T T HEHITE TTHHE T (el b desdiayer mp | | {]]]
* Alased-based online alignment monitoring system | [[ 78 (R iinll JR ) L i bdasager o/ L1111
e 6=85" (alternative) ¢ # dead layer =3
10°F°, 1F i [ ‘. 11 e # deadlayer =4
=1 - i — l — — n_ [ " 1t . I 11 e #deadlayer =5
=1 - l B P — ® — | i e # deadlayer =6
. e ——_ £ i = o 18 e # dead sensor = 10
== S = .. e # dead sensor = 100
© Lot 1 66’101: ® 1F e # dead sensor = 1000 -
| : : El3 . = : o 1t :
, = = = i * il ST i i ° 11 8 '
e - 1 . = | arel g - Pl @ -
| H | | il L AN T)
* Laser beam spot on the Layer 2 from (13 mm, 0, -85 mm) in cylindrical system. e SRPF') DU VNI MU0 VSO WRULUUH | DU SO S S W S OOt
10 = Y 3] L 0 =85" (baseline/alternative) - 1.2 - 1L i
F CEPC Ref-TDR : 210l it | ovf oo e e
5_"_ i 2 :.. i g © 1[oe o : ml.l-— -+ é [ ‘e ® : L] i ® '.'
'g" E ARSU area ] i L SR 1t t e s e * " Zio)e [ T o © s .‘ . y )8 §¢ i o H ' 8 o8
E ' - o 0'5—, Ll i 144l U P Y L T LI 0.9-— - n -
E of 10° G V1/01 U 10° G V1/01 L B T s .- T, T S T.E
© : J p [GeVic] p [Gevic] p [GeV/c] p [GeV/c]
_55— —5 (e) (f)
-10E : : ' : - : o o
=0 ~60 i 20 0 * Figure (e): 05, = 3.4 pm @ 10GeVand 85, g, =~ 3.7 um @ 10GeV and 85 ;
z [mm] 0 Z0

. : : : : : , * The performance of baseline design is better than alternative design.
When simulating deformation by radially displacing the second layer outward by * Figure (f) demonstrates that as the number of damaged sensors increases and the

d = .10 nm, t.he Obse.rved c.iifference corresponds to a distance of 50 pm, which is damaged detector layer approaches the collision point, resolution deteriorates, with a
consistent with relatlonshlp d/tanf =~ 57um. maximum decline of 25% compared to the baseline.

Summary

* VTX achieves an extremely low material budget due to its use of stitched MAPS.

* The tracklet etficiency remains above 99.6% across all polar angles, demonstrating robust tracking performance.

* The VTX can achieve excellent resolution, and the damage to the innermost layer results in the largest performance drop, which does not exceed 25%.
* The laser calibration system can infer positional changes through the distribution of pixel IDs, and the expected precision is at the micrometer level.

Reference:
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