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Section 5.1: Requirements

The CEPC is designed to operate across a wide energy region, including Z-pole (91 GeV), W+W ~ threshold (160
GeV), the energy maximizing ZH production (240 GeV), and tt threshold after upgrade (360 GeV). In High Lumi Z
mode, the luminosity reaches £ = 115 x 103*cm=2s~! at 30 MW (192 x 1034cm~2s~! at 50 MW), with a 23 ns interval
between bunch crossings. The stringent requirements of both physics and operational conditions impose high demands on
the CEPC tracking system.

5.1.1 Physics requirements

» Higgs and electroweak physics studies

» Flavor physics, the precise reconstruction of B and D hadrons

» Flavor physics studies and jet substructure analysis

Summarized physics requirements:

» Momentum resolution

» Impact parameter measurement
» Particle identification

» Solid angle coverage

5.1.2 Specific requirements on Silicon Tracker

» Layout
» Spatial resolution and material budget

» Timing resolution



Section 5.2: Overview of ITK and OTK

The layout of the tracker system is crucial for accurately identification and determination of particle trajectories. This

section provides an overview of the CEPC tracker system, with a particular focus on the Silicon Trackers and their layout
optimization to enhance performance.

5.2.1 Technology options and boundary conditions

» Spatial Measurements
» Materials
» Particle Identification (PID) Compatibility

5.2.2 Optimization tool

» Lic Toy (LDT): a MatLab software designed to model and optimize the layout of detector taking in
to account physical constraints, material budget, and performance metrics.

5.2.3 Layout optimization

» Optimization of geometrical envelope of the tracking system

Optimization of the Layout in barrel region

Optimization of the Layout in endcap region

YV V V

Optimization summary



Section 5.3: Inner Silicon Tracker (ITK)

5.3.1 CMOS chip R&D
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Section 5.3.2.1: ITK barrel design (Baseline)

40.1 mm

<>

FPC (Flex Printed Circuit)

140.6 mm

HVCMOS pixel sensor:

* Sensorsize: 20 mm X 20 mm (active area of 17.4 mm X 19.2 mm)
* Arraysize: 512 rows X 128 columns

* Pixel size: 34 um X 150 um (spatial resolution: 8 um X 40 um)

* Time resolution: 3-5 ns

* Power consumption: ~200 mW/cm?2

Module:

* 14 sensors (2 rows X 7 columns)
* Sensor gap: 100 um
*  Module dimensions: 140.6 mm X 40.1 mm

Stave:

*  Module gap: 300 um
« Length: 986.6 mm (ITKB1), 1,409.6 mm (ITKB2), and 1973.2 mm (ITKB3)

Barrel radii: 235 mm (ITKB1), 345 mm (ITKB2), and 555.6 mm (ITKB3)

Information about staves, modules, and sensors used for 3 ITK barrels construction

Barrel |Number of staves | Modules per stave| Sensors per module —Total number of sensors ~ Sensor area [m?]

ITKB1 44 7 14 4312 1.72
ITKB2 64 10 14 8960 3.58
ITKB3 102 14 14 19992 8.00

Total 210 33264 13.31




Section 5.3.2.2: ITK endcap design (Baseline)

Module:
 3typesof modules: 8, 12, and 14 sensors for all 4 ITK endcaps

Endcap active area radii:

*  81.5mm<r<242.5 mm(ITKE1), 110.5 mm<r<352.3 mm (ITKE2),
163 mm <r<564 mm (ITKE3), and 223 mm<r<564 mm (ITKE4)

Front view of endcap

Back view of endcap Perspective view of full endcap

The Module and Sensor Layout of a Single Face of Each ITK Endcap
Endcap Number of module rings Number of modules per module ring Number of sensors per module Total sensors

ITKE1 2 13,20 8,8 264
ITKE2 3 16,24,28 8,88 544
ITKE3 3 24,36,44 12,14,14 1408
ITKE4 3 24,36,44 8,14,12 1224

Total 3440
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Section 5.3.2.3: Alternative design for the ITK

Optical module
Sector

Optical
module

Data aggregation

Data Link
DC-DC
DC-DC
Data aggregation

Optical module l g \
. DC-DC FPC
Data aggregation
B9t=g Data Link Sensor

CMOQOS Strip Chip/Sensor (CSC) for CEPC:

* Chip size: 21 mm X 23 mm \1:

* Strip number per chip: 1024 ’
* Strip pitch size: 20 um (spatial resolution 5 um)

* Time resolution: 3-5ns

* Power consumption: ~80 mW/cm

Hit position

22.5¢ half endcap 04~3.6 um 9
0,~15.6 um




Section 5.3.3: Readout electronics

5.3.3 Readout electronics

In each ITK module, 14 monolithic HV-CMOS pixel sensors are bonded to a common flexible PCB (FPC), as shown
in Fig. 5.34. The FPC transmits digital signals from the sensors to the data aggregation chips and subsequently to the

optical fiber. To ensure error-free data transmission, the FPC integrates two ASICs for data aggregation: the TaoTie chip

and the ChiTu chip.

Module (14 sensor) FPC

Power Bus FPC

2: DC-DC: >
LV input 48V
LV output 12V

ssssss

nnnnn

1: Power Bus:
HV input 150 V
LV input 48 V

693.33Mbps l

TaoTie
TaoTie
TaoTie
TaoTie
TaoTie
TaoTie

TaoTie

CLK, Control

1.39Gbps

2.77Gbps

11.09Gbps
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3: DC-DC: 5 - . |
LV input 12V | | | FEE BEE |
~_ LV output 1.2V (2.5V) Data DataLink | Optical Fib Common
S . . . ioer
N | CMOS Chip aggregation (GBTx-like) | Module data |
| (TaoTie) (ChiTu) (KinWoo) I-I- Board
| 4 I A 3 I
— e e — — — — — — —— — e m— — m— m—
Power Management (BaSha) < Cable POWER



Section 5.3.4: Mechanical and cooling design

5.3.4 Mechanical and cooling design L
5.3.4.1  Barrellocal support . . . . . ... ......... —
5.34.1.1 Materials . . .. ... ... .. ....

534.1.2 Structural characterisation . . . . . ..

5.34.13 Thermal characterisation . . . . .. ..
5.342 Endcap local support for HV-CMOS pixel detector
53421 Materials . . ... .. .........
53422 Structural characterisation . . . . . ..
5.34.23 Thermal characterisation . . . . . . ..
5.343 Endcap local support for CMOS strip detector . . .
5.34.3.1 Materials . . . ... ..........

5.3.4.3.2 Structural characterisation . . . . . . .
5.3.4.3.3 Thermal characterisation . . . . . . ..
E n d Ca p Carbon fiber

Rib honeycomb

Outer ring Front carbon fiber facesheet

Cooling I00p  (with sensor modules)

FPC ——m—
Sensors —_—

Carbon Fleece ———>
Carbon Fiber Plate —>
Cooling pipes ———>
Graphite foil ~————
Carbon Fleece ———

o
"
— |L
Back carbon fiber facesheet Truss Frame >

(with sensor modules)
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Section 5.3.5: Prospects and plan

The CEPC team has successfully developed several fully functional Monolithic Active Pixel Sensors (MAPS),
including JadePix, TaichuPix, and CPV, based on the CMOS Image Sensor (CIS) process. The HV-CMOS pixel sensor
and the CMOS strip sensor, both new monolithic full-depletion sensors, are distinguished by their exceptional radiation
tolerance, high spatial resolution, and particularly good timing for bunch tagging. These two sensor approaches are key
detector technologies targeted for application in the CEPC ITK.

Notably, the HV-CMOS pixel sensor as the baseline for ITK, developed using the 55 nm process, has undergone two
rounds of prototype tape-outs, achieving critical principle verification. Meanwhile, the CMOS strip sensor as an alternative
approach, offers advantage in spatial resolution and has technological differentiation. Its first design has been completed,
and fabrication is scheduled. Over the next few years of iterations, both CMOS sensors will move steadily toward fully

functional, full-size sensors. In parallel, the development of module level and system level integration, including R&D on
supporting electronics, mechanical structures, cooling systems, as well as detailed integration methodologies, is also in

L ‘

progress.

53.5 Prospectsandplan. . ... ...............
5.3.5.1 Development of the CMOS pixel sensor . .
5352 Development of the CMOS strip sensor
5.3.53 Module and system level development . . .

COFFEE3

R A = i X )L H COFFEE3 H S it Fr 18 e A — %€ A 72 o

5
ok
=
S

12



5.4.1 AC-LGAD sensor and ASIC R&D
AC-LGAD SensorR&D . . . .. ... ... ....

54.1.1

54.1.2

54.1.1.1
54.1.1.2
54.1.1.3
54.1.14

AC-LGAD simulation . . ... ... ..
Testingsetup . .. ............
Pixelated AC-LGAD prototypes . . . . .
Strip AC-LGAD prototype and properties

AC-LGADASICR&D . . .. ... .. .......

54.1.2.1
54122
54.1.2.3
54.1.24
54.1.2.5
54.1.2.6
54.1.2.7
54.1.2.8
54129

General requirements . . . . . . ... ..
ASIC architecture . . . . . ... ... ..
Single-channel readout electronics . . . .
Data process and digital blocks . . . . . .
Prototype . . ... .. .. ... ... ..
Power distribution and grounding

Radiation tolerance . . . . . .. ... ..
Monitoring . . .. ... ... ...
Development plan and schedule . . . . .

5.4.2 OTK design

OTK barrel design . . . . ... .......
OTK endcapdesign . . . . .. ... .....
OTK backupdesign. . . . ... .......

5421
5422
5423

Scan Line

Pitch 2: 200 m

AC-LGAD ASIC
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——— — < $200.00

AC-LGAD strip sensor:

* Sensorsize: 43.632 mm X 52.20 mm
44,882 mm X 52.20 mm

e Strip length: 43.032 mm or 44.282 mm

e Strip number: 512 X2

e Strip pitch: 100 um

* Time resolution: 50 ps

* Power consumption: 300 mW/cm?

Module: 4 sensors (16 readout ASICs with 128-channels)

Ladder:

* 8 modules (32 sensors)
* Length: 699.6 mm or 719.6 mm

Stave: 8 ladders (4 short+4 long)




Section 5.4.2.2: OTK endcap design

Endcap (16 sectors, 10 m?) 1/16 Sector  Sensor: 8 wafer (group C sensors)

Group D:
1400mm-1816mm

Group C:
1008mm-1400mm

Group B:
662mm-1008mm

Group A:
406mm-662mm

(a)
*  OTK endcap consists of 42 rings, arranged into 4
groups.

*  Each group contains 2-4 subgroups of trapezoid
sensors, dicing from one 8" silicon wafer.

*  Each group of sensors is aligned to a 1/16 sector.
» Strip pitch:80.59-113.026 um
> Strip length:28.05-36.3 mm 8" wafer (group A, B, D sensors)

Maximize the use of silicon wafers and facilitate
detector assembly.

15



Section 5.4.2.3: OTK backup design

Module (2 X5 Sensors) Ladder (17 or 18 modules)

Wire bonding

AC-LGAD strip sensor:

* Sensorsize: 20 mm X 20 mm
e Strip length: 19.4 mm

e  Strip number: 128

e  Strip pitch:  151.56 um

* Time resolution: 50 ps

*  Power consumption: 300 mW/cm?

1/12 Endcap Sector
16



Section 5.4.3: Readout electronics

54.3 Readout electronics . . . . . . . ... ... ... ...
5.4.3.1 Front-endboard . . . . . . ... .. ....

5432 Concentrator Card and power distribution .
Grou Y C sensors 1/16 Sector 5433 Slow control and monitoring . . . . . . ..

5434 Clock distribution

Endcap (16 sectors)

Group D:

Group C:

Power and FPC cable

r: 406mm - 1816mm

T~

Group B: [T
Optical fiber module
Data Link

Group A:

2.77Gbps
— |

11.09Gbps

347.67Mbps
BPin o -
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Section 5.4.4: Mechanical and Cooling Design

5.4.4 Mechanical and cooling design OTK stave

54.4.1 Barrelsupport. . . . . ... ... ..o L.
544.1.1 Materials . . .. ... ... ......... Sencor
54412 Structural characterisation . . . .. ... .. Carbor floar homereomt
54413 Thermal characterisation . . . .. ... ... Carbon fiber plane

5442 Endcapsupport . . . . . . ... .. ... ... ... Cooing ipe
54421 Materials . . . ... ............. High thermal conductity o Installation
54422 Structural characterisation . . .. . ... ..
54423 Thermal characterisation . . . ... ... ..

OTK endcap 1/16 sector

Carbon Fiber closeouts

Ne——

Cooling Plate

Carbon Fiber Cooling Plate

weight (the tube filled with water) :

3
I 180.49
I
|

32-layer

cooling tube
Power FPc | (19:16m)

(=4

Sensors QK __ __ ____________ i

Mounting 1/16 sectors /

Composite rod



Section 5.4.5: Prospects and I

545 Prospectsandplan . . . . . ... ... .. L. 4cm
. AC-LGAD
545.1 Development of AC-LGAD strip sensor for CEPC . . . . . .
54.5.2 Development of AC-LGAD readout ASIC . . . . ... ... —
5.4.5.3 Development of mechnical and cooling system . . . . . .. 2cm
AC-LGAD
5454 Summary . . . ...
5.4.5.4 Summary 1cmAC-LGAD
2024 Q4 2025 Q2 2025 Q4 2026 Q2 2026 Q4 2027Q2  2027Q4 Strip AC-LGAD
OTKLGAD 1st Test & OTKLGAD 2nd || Test with ASIC, OTKLGAD 3rd l Test I
Sensor: | submission characterization || submission Test beam, submission(large
L (4cm long) (optimization) || radiation test array) 3y
(@ =\
ASIC: OTKroc ASIC AsIC OTKroc ASIC ASIC OTKroc ASIC ASIC
1st submission Test 2nd submission Test 3rd submission Test
& _4
@ )
Module: | Module built and test | RIotobype t')uilt and
test(large size)

Figure 5.106: Timeline for OTK, including sensor, ASIC, mechanics and so on

All the R&D mentioned above is part of a 3-year plan, as detailed in Fig. 5.106. Considering the project timeline
of more than 5 years from construction, the CEPC project is flexible enough to adjust its technical approach and has

sufficient backup plans for the engineering phase. For example, if the performance of the AC-LGAD strip sensor degrades

significantly for large-dimension strip sensor, we may consider using conventional large-dimension sensor, with or without
an external time-of-flight detector, or opt for bump bonding or monolithic AC-LGAD technology if it becomes mature.

For the OTK system, including sensor, readout ASIC, and mechanical and cooling components, we are open to both
domestic collaborations with research units and industry as well as international partnerships. In light of all these factors,

we are confident in delivering a high performance OTK system that meets the physics requirements in a timely manner.

X FR I BN AR ST A 18 DU 52 AR T8

LGAD stripfiim i &SEARHEEAL .
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Section 5.5: Background (Hit rate) Estimation

5.5 Beam background estimation

5.5.1

552
553
554

Beam background simulation . . . . . .. ... Lo L

5.5.1.1 Pair production background . . . . ... ..o L Lo

5.5.1.2 Single beam background . . . . . .. ... oL Lo oo oL
5.5.1.2.1 Beam Thermal Photon Scattering(BTH) . . .. ... .........
55.1.2.2 Beam Gas Coulomb Scattering (BGC) and Beam Gas Bremsstrahlung

. Estimated Silicon Tracker Hit Rates [103 Hz / cm?]
Scattering(BGB) . . . . ... ... ... ... T Higes High Lumi Z

55123 Touschek Scattering (TSC) . . . . ... .. ... Average Max | Average Max | Average  Max

) e L. ITKBI | 3.1 470 | 060 0091 | 24.16 34.76
Hit rate estimation for beam background ................. ITKB2 | 185 421 | 044 111 | 1304 2115
; ITKB3 | 095 194 | 027 050 | 598 1017

ITK tolerable hitrate . . . . . . . . . . . . . . . v v v i i i i oo OTKE | 062 09 | 023 035 | 330 48
OTK tolerable hitrate . . . . . . . . . . . . . . v v v v i v v .. ITKEL | 1120 5096 | 272  12.08 | 98.64  487.01
ITKE2 | 701 4159 | 189 965 | 5030 32648
ITKE3 | 3.13 2893 | 092 753 | 1757  130.50

. ITKE4 | 223 1003 | 069 252 | 13.03  59.09

5.5.4 OTK tolerable hit rate OTKE | 098 400 | 037 145 | 545  23.89

For the AC-LGAD strip sesnor used in the OTK, each fired strip generates 48 bits of data, with an average of ~2

strips firing per hit. Data from 6 or 8 sensor readout ASICs (6 ASICs are used only in specific parts of the OTK endcap)

is aggregated by a primary data aggregation chip. In the OTK barrel, 16 primary data aggregation chips (e-links) are

connected to a common data link chip (ChiTu) on the second aggregation board, with each primary data aggregation chip

connecting via a 346.67 Mbit/s e-link. In the OTK endcap, 10 to 14 primary data aggregation chips (e-links) are connected

to a common data link chip on the second aggregation board, with each primary data aggregation chip connecting via a
693.33 Mbit/s or 346.67 Mbit/s e-link.

The supported data rate per sensor readout ASIC is up to 43.33 Mbit/s for the barrel and up to 86.67 Mbit/s for

the endcap, corresponding to a maximum hit rate of 8.0 x 10* Hz/cm? for the barrel (detector active area ~1.28 cm
X 4.4 cm per ASIC) and 2.1 x 10° Hz/cm? for the endcap (detector active area ~1.28 cm x 3.3 cm per ASIC). This
detector’s tolerable hit rate is ~17 times larger than the estimated maximum background hit rate for the OTK barrel (OTKB,

4.82x10% Hz/cm?) and ~9 times larger than that for the OTK endcap at High Lumi Z (OTKE, 23.89x 103 Hz/cm?), as

summarized in Table 5.19.
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Section 5.6 Performance

5.6 Performance

5.6.1  The performance of the barrel region . . . . . . . .. Momentum resolution in the barrel region:
5.6.1.1 Momentum resolution . . . ... .. .. (%) =ap; ® b
5.6.1.2 Roles of gaseous and silicon trackers . . . Pt /si psind
5.6.1.3 Particle identification performance . . . . <%) = as1p: P b8.2
5.6.2  The performance of the forward region (endcap) . . . Pt /rpe B im 6
5.6.2.1 Momentum resolution performance . . . (%) S = — —
5.6.2.2 Particle identification performance . . . . \/ (ﬁ)Si + (ﬁ)TPC
102~ 0= 9.0° ~ where a = 1.5 x 1072, b = 1.4 x 1073,

- |—=—0=10.0°
-—0=11.0°

Endcap

) = 0=115° n
10 3 E
P[GeVi/c] - ]
Momentum resolution in the endcap region: e .
Op, _ a,pt D v D C,\/p_t 3 PP | _l'
pr  (tanf)? ~ Btanfv/cos  /B(tanh)3 (cosh)i 10 10?
P[GeV/c]
where o/ ~ 0.4 x 107°, ' ~ 0.9 x 1072, and ¢/ = 4.5 x 107° SHE I B84 5 A5 RGN 1) T A

N

1
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Mechanical and Cooling Design for the OTK Endcap

OTK endcap 1/16 sector OTK Endcap

Carbon Fiber closeouts

Ne——"

Cooling Plate,

Power FPC

Sensors

Carbon Fiber Cooling Plate

D: Static Struct
Total Deformat

ey ,
Type: Total Deformatior Y
Unit: mm X
Time: 1

0.53145 Max
04724
041335
0.3543
0.29525
0.2362
0.17715
0.1181
0.05905

0 Min

c(,m,,osnfo,, Mounting neighboring 1/16 sectors Yujie LI and Quan JI =



Cooling Loop Design for the OTK Endcap

A few months ago, Quan Ji, Gang Li, and | visited Zhengzhou University of Light Industry, to
explore ways to strengthen CEPC’s R&D capabilities in mechanical and thermal systems.

The School of Energy and Power Engineering at Zhengzhou University of Light Industry has
extensive experience and a strong focus on thermal system development, including CO,
cooling. During our visit, we were highly impressed by their expertise in both thermal and
mechanical engineering.

On Jan 10, the Dean of the School of Energy and Power Engineering, Professor Xuehong Wu,
and his team, visited IHEP in return. They are now actively contributing to the design and
analysis of the CEPC thermal system.

V2 design V3 desgin
. |_ e w_el_h:(%e_tu_b;fMe;I v_wt?m v_va:eg I = welght (the tube filled with water)
V1 design , o Welg s 6 o S 18049
I / o A0
2 > = AN /' / | | N & - = = 7 / =
| ) > W : B _ N e / 7
1 24-layer SN SS5S 1 I C0i|2inlgyt?.lrbe < L L
j coolingtube LT T |E>| 19.16 S & 4
| (16.85m) X oSS L, . - I (19.16m) - <
I S I (R \ / 4 v o
| // /  1 I 4 ¢ 4 L
e . L ’ 4 : I/” ‘ \, 4
| > '1,4 I \
| q\gA <+— inlet 1 I v’l\} <+— jinlet
i & '\> ' S Q — outlet
I = "viA\ — outlet I I / o ,Q

Cooling loops design and thermal analysis for the OTK endcap performed by Zhengzhou
University of Light Industry OM %% Tk K2%).
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OTK Endcap Thermal Mesh Generatlon

‘

32-layer cooling tube(19.16m, cell count 10645946, Orthogonal Quality>0.5)

v The mesh generation is performed for two different cooling tube arrangements, and
numerical solutions are obtained using the finite volume method.

v' The cooling performance of both arrangements is analyzed and compared.

contour-1 contour-1
Static Temperature Static Temperature
20.0 18.0
18.5 16.7
17.0 15.4
155 141
14.0 12.8
125 11.5
10.2
8.9
7.6

11.0
6.3

9.5
8.0

A 50 A
[Cl]

24-layer cooling tube 32-layer cooling tube »;

« Cooling tube diameter: 2.6 mm
« Water inlet velocity: 2.5m/s

Continuous optimization is ongoing! |

6.5
5.0

Xuedong Wu, Yong Liu, ...
(KR P 32 ok oK 27)




Sensor and ASIC R&D Plan

» HV-CMOS Pixels (COFFEE3): » CMOS Strips (CSC1):

e e

B R
{8 Array:32 row 12 column Hi5
8 Ppixel:40um X 100pm |

y | "
DLL LVDS driver/receiver up to 1.28Gb/s

Submitted in 2025.1 and expected received in 2025.5

Scheduled for submission on March 5, 2025

> AC-LGAD Strips > Pre-phototype for AC-LGAD ASIC (JuLoong, #7¥)

2cm
AC-LGAD

Scheduled for submission in Feb 2025 Scheduled for submission in April 2025



OTK Backup Design 70,

Ladder (17 or 18 modules)

Module (10 Sensors)
FPC

Wire bonding

Sensor
ASIC

Data Link

Ladder FPC

Optical module
Carbon fiber plate

Stave FPC
\



ITK Endcap Cooling Simulation

(@)

Static Temperature

[c]

14.97

1459

1422

1384

1347

13.10

1272

1235

11.97

11.60

11.22
ur-;

Based on these configurations, Figure 5.58 (a) and (b) shows the simulation results for the temperature distributions
across both faces of the one eighth of the fourth ITK endcap ITKE4) . As shown, the temperature of all sensors on
both faces remains below 15.3°C (well below the operation limit of 30°C). The maximum temperature difference across

the plane is below 4°C, across one ITK module is below 3°C (see Fig 5.58 (c)), and across one ITK sensor is below

2.5°C (satisfying the requirement of <5°C). In all aspects, the cooling loop design with water cooling meets the detector’s

requirements. This confirms the effectiveness of the cooling design in maintaining both thermal uniformity and operational

functionality.
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