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Beam test of a baseline vertex detector
prototype for the CEPC

author list

Abstract— The Circular Electron Positron Collide (CEPC)1

has been proposed to enable more thorough and precise2

measurements of the properties of Higgs, W and Z bosons,3

as well as to search for new physics. In response to the4

stringent performance presented by the vertex detector for5

the CEPC, we conducted the first test and characterization6

of a baseline vertex detector prototype using a 6GeV elec-7

tron beam at DESY II Test Beam Line 21. The baseline vertex8

detector prototype is designed with a cylindrical barrel9

structure that houses six double-sided ladders. Each side10

of the ladder includes TaichuPix-3 sensors based on Mono-11

lithic Active Pixel Sensor (MAPS) technology, a flex printed12

cable and a carbon fiber support structure. Additionally,13

the readout electronics and the Data Acquisition system14

were verified during this beam test. The performance of15

the prototype was evaluated using an electron beam that16

traversed directly the six ladders from one side. Offline data17

analysis indicates a spatial resolution of about 5 µm, with a18

detection efficiency exceeding 99% and an impact param-19

eter resolution also near 5 µm. The promising results from20

this baseline vertex detector prototype mark a significant21

step toward realizing the optimal vertex detector for the22

CEPC.23

Index Terms— MAPS, Vertex detector, CEPC24

I. INTRODUCTION25

The CEPC is designed to operate at center-of-mass energies26

of 91.2GeV, 160GeV, and 240GeV, serving as a Z-boson27

factory, reaching the threshold for WW pair production, and28

operating as a Higgs factory, respectively [1]. The abundant29

production of b/c−quark jets during the CEPC operation30

highlights the critical role of flavor-tagging in the design of31

the vertex detector. Effective flavor-tagging requires accurate32

reconstruction of vertex and the trajectory of charged tracks.33

Therefore, the physics goals of the CEPC are catalyzing the34

evolution of vertex detector. The vertex detector for CEPC35

needs to achieve a single-point resolution better than 3 µm,36
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maintain a material budget below 0.15% X/X0 per layer, 37

consume power below 50mWcm−2, and ensure a pixel sensor 38

readout time shorter than 10 µs [1]. In striving to fulfill these 39

requirements, a baseline vertex detector prototype has been 40

designed and tested for the first time using an electron beam 41

provided by DESY II [2]. 42

The baseline vertex detector prototype comprises three 43

layers of concentric barrels positioned at radii rangeing from 44

18.7mm to 60.5mm. The mechanical structure of the baseline 45

vertex detector is fabricated according to the design proposed 46

in the CEPC conceptual design report, and is built to full 47

scale [1]. The detector module, also known as the ladder, 48

is a double-sided structure, consisting of CMOS Monolithic 49

Active Pixel Sensors (MAPS), with up to ten on each side, flex 50

print cables (FPCs), and a support structure made of carbon 51

fiber as depicted in Fig. 1 (a). Two sensors are wire-bonded 52

onto the end of the FPC to cover the maximum area allowed 53

by the collimator, which measures 2.5 cm × 2.5 cm. Control, 54

power and data transfer is provided to the sensor by the FPCs. 55

The ladder has a thickness of approximately 3.67mm and a 56

length of about 553mm. Six ladders are mounted along a 57

certain diameter direction of the concentric barrels, as shown 58

in Fig. 1 (b). 59

The prototype is based on the MAPS TaichuPix-3, pro- 60

duced with a 180 nm CMOS Imaging Sensor (CIS) tech- 61

nology [3], [4], [5]. The TaichuPix-3 has a dimension of 62

2.57 cm × 1.59 cm and contain 1024 columns × 512 rows 63

with a pixel pitch of 25 µm×25 µm. The TaichuPix-3 is based 64

on a column drain readout architecture with binary encoded 65

data output. The power consumption of TaichuPix-3 is less 66

than 200mWcm−2 when operating at a fast leading edge 67

(< 200 ns) of the analog front-end and a serializer interface of 68

160MHz. The TaichuPix-3 is characterized by the utilization 69

of two different processes, namely Process A and Process B. 70

Process A is fabricated using the standard back-bias diode 71

process and includes an extra deep N-layer mask compared to 72

Process B, as detailed in [6]. The performance of TaichuPix-3 73

sensors have been verified under a 4GeV electron beam at 74

DESY II, including the intrinsic spatial resolution of 4.8 µm 75

for Process A and 4.5 µm for Process B, with a detection 76

efficiency exceeding 99%, as reported in [7]. In total, 24 77

TaichuPix-3 sensors with thickness of 150 µm were assembled 78

to the prototype. 79

In order to evaluate the performance of the mechanical, 80

electrical, Data Acquisition system (DAQ) of the baseline 81

vertex detector, a beam test was conducted in April 2023 at the 82

DESY II Test Beam Line 21 (TB 21) [2]. The electron beam 83
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(a) (b)

Fig. 1. (a) detector module, also known as ladder; (b) Structure of the
baseline vertex detector prototype [8].

was directed through the six ladders installed on the prototype,84

generating precise reconstruction points using the multi-layer85

TaichuPix-3 sensors. In this paper, the test beam setup are86

described in detail, and the characterization of the baseline87

vertex prototype obtained from the offline data analysis are88

reported and discussed.89

II. TEST BEAM SETUP90

The experimental setup is depicted in Fig. 2. The prototype91

is placed within a black box, which includes an opening on92

the side where the ladders are installed, enabling the beam to93

directly hit the ladders. The readout module of each ladder94

consists of an interposer board, an FPGA readout board, and95

a SiTCP protocol Ethernet port, as depicted in Fig. 2. The96

interposer board is used to transmit data from fired pixels97

and control signals between the ladder and the FPGA readout98

board, also supplies DC voltages to the ladders. Each FPGA is99

enabled and synchronizes the clock through three synchronous100

ports: the clock controller port, global configuration port, and101

timestamp synchronization port. The data package is transmit-102

ted through the Ethernet port to the switch and subsequently103

sent to the host computer. A dedicated DAQ system has104

been developed for the data collection. The DAQ system also105

includes an interface for real-time sampling output, which is106

used to monitor the beam status.107

During the beam test, the readout system operated reliably108

throughout all production run and the recorded maximum data109

rate was about 18 MB·s−1. An electric fan was used to utilized110

to cool the prototype as depicted in Fig. 2, effectively reducing111

the temperature of the outermost layer from 40 ◦C to 28 ◦C,112

as measured with an infrared camera.113

The analysis of the offline data is based on TaichuPix-3114

sensors with Process A and Process B, which are positioned115

as shown in Fig. 3(a), and labeled as DUTA and DUTB ,116

respectively. When one DUT is under study, the other planes117

are used to determine the reference tracks. The TaichuPix-118

3 sensors are operated in a trigger-less mode. An example119

of hitmap is depicted in Fig. 4, demonstrating the proper120

functioning of the entire detection system.121

III. OFFLINE ANALYSIS AND RESULTS122

The offline analysis procedure consists of several steps,123

including decoding raw data, clustering, track finding and124

Fig. 2. Baseline vertex detector prototype setup at DESY II TB21.

y

z
beam direction

0
DUTBDUTA

(a)

z
(beam
direction)

y

x

TaichuPix-3

u

v

(b)

Fig. 3. (a) shows the position of DUTA in blue color and DUTB in
yellow color, as well as the definition of the global coordinate system.
z-direction is the electron beam direction. (b) shows the definition of the
local coordinate system on each TaichuPix-3 chip, where the u-direction
runs along the row direction of the chip, and the v-direction runs along
the column direction of the chip.

reconstruction, alignment of the detector geometry. Specifi- 125

cally, clustering is the process of grouping adjacent pixels 126

with the collected charge above the set threshold, and the 127

center of the cluster is calculated using the the Center of 128

Gravity (CoG) method. The tracks are reconstructed using 129

the General Broken Line (GBL) package [9], which accounts 130

for multiple scatter effects. The geometry of the prototype is 131

aligned using the Millepede algorithm [10], with the alignment 132

parameters consisting of three translations and three rotations 133

for each sensor. These alignment parameters are determined by 134

minimizing the residual predicted by the track model, which 135

is related to the track parameters and alignment parameters. 136

The threshold is a crucial parameter for evaluating the 137

detector performance, and a threshold scan was performed 138

during the beam test. As discussed in Ref. [5], the pixel biasing 139

is achieved through the integrated DAC on the periphery. The 140

threshold of the pixel increases with the biasing parameter 141

‘ITHR’ controlled by an 8-bit DAC code. When the other 142

biasing parameters remain constant, a larger DAC code of 143

ITHR leads to a higher threshold. 144

A. Cluster Size 145

The cluster size is the number of neighboring fired pixels 146

with signals above a certain threshold. A higher threshold 147

leads to a reduction in fired pixels, consequently weakening 148

the charge-sharing effect and resulting in a deterioration in 149

spatial resolution. As depicted in Fig. 5, the average cluster 150

size for DUTA and DUTB is shown as a function of threshold. 151

It is observed that the cluster size decreases as the threshold 152

increases. At the minimum threshold, the averaged cluster 153
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Fig. 4. The hitmap under 5 GeV electron beam.

size for DUTA and DUTB is 1.74 pixels and 2.65 pixels,154

respectively. Furthermore, the cluster size of DUTA is smaller155

than that of DUTB , indicating a reduced charge-sharing effect156

in DUTA. This difference is attributed to the additional deep157

N-layer mask in DUTA, as demonstrated in [6].158
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Fig. 5. (a) and (c) show the variation of cluster size with threshold for
DUTA and DUTB , respectively. The cluster size distribution of DUTA

and DUTB at the lowest threshold are displayed in (b) (d).

B. Spatial resolution159

The spatial resolution is derived from an unbiased residual160

distribution using the GBL algorithm for track fitting which161

exclude the DUT. The scattering angle is predicted using the162

Highland formula [9]. Following alignment, the difference163

between the predicted and measured hit positions on the DUT164

is shown in Fig. 6 and is fitted using a Gaussian function.165

The standard deviation for DUTB at a threshold of 24 is166

approximately 5 µm. Additionally, as depicted in Fig. 7 (a), the167

spatial resolution of both DUTs deteriorates as the threshold168

increases, and due to reduced charge-sharing effects on DUTA,169

it exhibits poorer resolution compared to DUTB . At the170

lowest setting threshold, the best spatial resolution achieved171

is 5.38 µm in the u-direction and 5.52 µm in the v-direction172

for DUTA, and 4.97 µm in the u-direction and 5.21 µm in the173

v-direction for DUTB .174
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Fig. 6. (a) The unbiased residual distribution is shown in u-direction at
threshold of 24, using DUTB as an example. (b) Distribution of the χ2

per degree of freedom
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Fig. 7. The variation of spatial resolution with threshold for DUTA and
DUTB . The error bars represent the systematic uncertainty from the
beam energy spread (5%) [9] and a accuracy of the scattering angle
predicted by Highland formula (11%) [2]. The statistical error is small
enough to be negligible.

C. Detection efficiency 175

The detection efficiency is defined as the ratio of the number 176

of tracks that can match the measured points on the DUT 177

(N tracks
matched) to the total number of tracks (N tracks

all ). The 178

selection of matched tracks is based on whether the difference 179

between the extrapolated hit positions of the tracks on the 180

DUT and the measured hit positions on the DUT is within 181

a specified distance d. In this analysis, d is set to 100 µm to 182

exclude poorly reconstructed tracks. The detection efficiency 183

can be expressed as follows: 184

Eff. =
Nmatched tracks

|xmeas,ymeas−xpre,ypre|<d

N tracks
all

(1)

As shown in Fig. 8, the efficiency of DUTA and DUTB 185

exhibit a decreasing trend as the threshold increases. The 186

maximum detection efficiency is 99.4 % and 99.6 % for DUTA 187

and DUTB , respectively. 188
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Fig. 8. The detection efficiency of DUTmod and DUTstd as a function
of the threshold setting ‘ITHR’.
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D. Impact parameters189

The impact parameter is defined as the perpendicular dis-190

tance between the track and the primary vertex. In the case of191

this beam test, the electron beam directly passed through six192

ladders from one side of the vertex detector prototype. Each193

electron track is split into an upstream track and a downstream194

track, based on hit points from the first three ladder layers195

and the last three ladder layers, respectively. The upstream196

track and downstream track are fitted separately. A loose track197

quality cut, with χ2/NDoF < 3, is applied. As depicted in198

Fig. 9 (a), the primary vertex (xpv, ypv) is assumed to be the199

midpoint between the two points (xup, yup) and (xdn, ydn),200

where the upstream and downstream tracks extrapolated to the201

z = 0 plane. In Fig. 9 (b) the impact parameter is calculated as202

the perpendicular distance from the primary vertex (xpv, ypv)203

to either the upstream or downstream track. Even though the204

impact parameter is not strictly well-defined, it can still reflect205

the overall performance of the vertex detector prototype.206
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Fig. 9. (a) (xup, yup) and (xdn, ydn) represent the extrapolated
positions of upstream track and downstream track at z = 0 plane.
The point (xpv, ypv) denotes the midpoint between (xup, yup) and
(xdn, ydn). (b) taking y−z plane as an example, the impact parameter
is the perpendicular distance to the tracks.

Therefore, Fig. 10 shows the perpendicular distances of the207

primary vertex and the upstream track in x − z plane and208

y − z plane, with a resolution of 5.06 µm in the x-direction209

and 5.14 µm in the y-direction for the impact parameter.210
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Fig. 10. The distribution of distance between upstream tracks and PV
at x − z plane (a) and y − z plane (b).

IV. CONCLUSION211

A first baseline vertex detector prototype developed for212

CEPC has been tested and characterized using a 6 GeV elec-213

tron beam at DESY II TB 21. Six ladders with 24 TaichuPix-214

3 sensors were installed onto the mechanical structure of the215

prototype. The electronics and the DAQ system have been216

tested, and remained stable during beam test. The offline 217

analysis results show good performance of the prototype, with 218

a spatial resolution of about 5 µm for TaichuPix-3 chips with 219

Process B at the innermost ladder and 5.4 µm for TaichuPix-3 220

chips with Process A at the middle layer ladder. The detection 221

efficiency of about 99% has been obtained for the prototype. 222

The resolution of impact parameter is about 5.1 µm when 223

assuming the collision point at the z = 0 plane. 224
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