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Abstract

The circular electron-positron collider (CEPC) is designed to precisely measure the properties of the Higgs boson, study
electroweak interactions at the Z-boson peak, and search for new physics beyond the Standard Model. As a component of the
4™ conceptual CEPC detector, the drift chamber facilitates the measurement of charged particles. This study implemented
a Geant4-based simulation and track reconstruction for the drift chamber. For the simulation, detector construction and
response were implemented and added to the CEPC simulation chain. The development of track reconstruction involves
track finding using the combinatorial Kalman filter method and track fitting using the tool of GenFit. Using the simulated
data, the tracking performance was studied. The results showed that both the reconstruction resolution and tracking efficiency

satisfied the requirements of the CEPC experiment.
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1 Introduction

In 2012, the discovery of the Higgs boson by the ATLAS
[1] and CMS [2] experiments at the Large Hadron Collider
(LHC) [3] confirmed the predictions of the Standard Model
(SM) [4] with tremendous success. However, the Standard
Model does not adequately explain fundamental physical
phenomena such as dark matter, dark energy, and neutrino
oscillations. With the distinct properties predicted in dif-
ferent theoretical models, the Higgs boson has become a
critical piece of the puzzle in the search for physics beyond
the Standard Model (BSM) [5, 6]. There are several future
collider experiments, including Future Circular Collider
(FCC) [7], Circular Electron-Positron Collider (CEPC)
[8], International Linear Collider (ILC) [9], and Compact
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Linear Collider (CLIC) [10], which aim to precisely meas-
ure the properties of the Higgs boson [11-14]. The CEPC
is a 100 km circular electron-positron collider proposed by
Chinese physicists. It has been designed to provide electron-
positron collisions at a central mass energy of approximately
240 GeV for the Higgs boson study through the e*e™ — ZH
process, as well as collisions at the Z-boson peak for precise
electroweak physics measurements.

The abundant physics research programs at CEPC
impose stringent requirements on detector performance.
The detailed performance requirements can be found in the
CEPC Conceptual Design Report (CEPC CDR) [8] pub-
lished in October 2018. For the tracker, a tracking efficiency
of better than 99% is required for charged particles with a
transverse momentum greater than 1 GeV, and momentum
resolutions of the reconstructed tracks should be achieved
per mille level.

The 4" conceptual detector is another option for detec-
tor design, which was proposed based on the CEPC CDR.
The first three detector designs do not include a drift cham-
ber, which is an innovative detector design. Other important
parameters, such as the magnetic field and materials, are con-
sistent with the CEPC CDR and will be updated based on per-
formance testing and future research. As shown in Fig. 1, the
detector design comprises seven subdetectors. From the inner-
most to outermost radii, they comprise the VerteX Detector
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Fig. 1 (Color online) Schematic
of the CEPC 4% conceptual
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(VXD), Silicon Internal Tracker (SIT), Drift Chamber (DC),
Silicon External Tracker (SET), Transverse Crystal-bar Elec-
tromagnetic Calorimeter (ECAL), Scintillator Glass Hadronic
Calorimeter (HCAL), and Muon Tracker. The coil of a 3 Tesla
superconducting magnet is located outside the ECAL, and a
flux return yoke is embedded in the Muon Tracker. One of the
characteristics of this detector is the combination of silicon
trackers with a multilayer drift chamber to achieve a higher
performance for both tracking and particle identification. For
this detector design, the DC functions as a tracking detector
that provides an accurate measurement of the position of a
charged particle [15-17] and is applied to identify the particle
according to the number of ionization clusters lying on the
particle track [18].

Both the detector design and potential physics studies
require strong support from detector simulation and event
reconstruction. Therefore, software development for DC simu-
lation and track reconstruction is critical for CEPC Research
and Development (CEPC R &D). This study elucidates the
details of the implementation of the DC software and is
organized as follows. Section 2 provides an overview of the
CEPC software and the workflow of offline data processing. In
Sect. 3, the DC simulation is introduced, including a geometry
description [19], detector construction, and digitization [20].
Then, Sect. 4 describes the implementation of track recon-
struction, including track finding based on a combinatorial
Kalman filter (CKF) [21, 22] and track fitting using GenFit
[23]. Finally, the physics performance is presented in Sect. 5,
followed by a conclusion in Sect. 6.

2 Software overview
CEPC Software (CEPCSW) [24] is an offline software
system developed to support data processing and analysis

in the CEPC experiments. The components in the data
processing chain include physics generators, Geant4-based
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detector simulation [25, 26], beam-related background
mixing, fast simulation, machine learning interfaces, and
event reconstruction. The current software architecture
of CEPCSW is illustrated in Fig. 2. All software tools
and interfaces in the figure were developed to satisfy the
requirements of the CEPC program. They are closely
related to either detector design or other scientific activi-
ties, such as potential physics studies and test-beam data
analysis.

The CEPCSW is fully integrated with Key4hep [27], a
common software stack developed for future high-energy
physics (HEP) experiments. The primary parts of the
CEPCSW core software include GeomSvc, k4FWCore,
EDM4hep [28], and Gaudi [29] framework. GeomSvc is a
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Fig.2 Architecture of the CEPCSW
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service through which tracking algorithms can access the
detector geometry from DD4hep [30]. Edm4hep functions as
an event data model; however, it also provides bidirectional
conversion between persistent data and data objects in mem-
ory, which are handled by k4FWcore. Gaudi is the underly-
ing software framework responsible for defining the inter-
faces for all software components, managing data objects
in memory, and controlling the execution of applications.

The data processing flow of single-particle events is
shown in Fig. 3 and comprises four steps. Event generation
produces a list of particles, each of which is generated by a
single interaction with a vertex located at the geometric ori-
gin. In the next step, these generated events are passed into
the simulation, where each particle is propagated through
the detector using Geant4. During this process, the simu-
lated interactions between the particles and the detector are
recorded. In the digitization step, the responses of the ele-
mentary detector modules are modeled. In addition to Monte
Carlo (MC) hits from signal events, digitization also accepts
hits from background events as input. In the final step, the
reconstruction reads the charge and/or time information and
generates tracks and showers for the tracking detector and
calorimeter, respectively.

As mentioned above, EDM4hep is adopted as the event
data model, which describes the event data generated at
each step as well as the relationships between two succes-
sive steps. Additional helper classes are required to facilitate

Event generator

v

Detector Simulation @€==-=-=-=-=----- 1

Track Reconstruction

edm4hep::
Track

Fig.3 Data processing flow. The blue rectangles represent data pro-
cessing algorithms, while the green ellipses define the data objects
produced by the last step and used by the followed step

the rapid navigation between a generated event and its cor-
responding reconstructed event.

The detector is described using DD4hep to ensure that an
identical detector geometry is used for different applications
in the workflow. The core element is based on ROOT TGeo
[31] with various types of extensions to provide a consist-
ent detector description for simulation, reconstruction, and
analysis. DDG4 is used for detector simulation to convert
the TGeo-based geometry to the Geant4 geometry, whereas
DDRec is employed to provide higher-level detector geom-
etry, for example, information for subdetector components.

3 Drift chamber simulation

The detector simulation relies on the Geant4 simulation
toolkit, which provides physics models and realizes parti-
cle transportation through geometry. In the CEPCSW, the
Geant4 run manager is wrapped with a Gaudi service, facili-
tating the Gaudi framework in controlling the event loop of
the simulation. This service is responsible for initializing the
geometry, physics lists, and user actions of Geant4. It also
provides standard user interfaces for interacting with Geant4.
Because of the simulation service, only the detector geom-
etry and response must be implemented for a specific detec-
tor. A precise description of the detector geometry should
contain exact knowledge of the position, shape, dimension,
and material content of every detector component. The dig-
itization algorithm is invoked when the energy deposited
in the sensitive regions of the detector increases above a
preconfigured threshold within a particular time window.
The digitization output may have provided a detailed signal
shape during this period.

3.1 Detector geometry

The DC is surrounded by silicon detectors in both the
barrel and end-cap regions, covering the radial range of
800-1,800 mm and the Z range of +2980 mm. The detailed
parameters of the DC are listed in Table 1.

A small cell design is selected to obtain a sufficient
number of track hits at the outer radius. The ratio of the
half-height to the half-width (the distance between a sense
wire and its neighboring field wire in the r — ¢ plane) is
approximately 1; thus, the shape of the drift cell is almost
square. The drift cell contains a sense wire surrounded by
eight field wires. In total, there are 25,357 drift cells of size
18 mm X 18 mm. To solve the ambiguity [32] caused by mul-
tiple hits in the same layer, the drift cells between neighbor-
ing layers are offset by the half-width.

Because stereo wires have technical advantages in meas-
uring the positions of charged tracks in the Z-direction, the
DC is composed purely of stereo wires. All stereo wires are
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Table 1 Baseline configuration
of the drift chamber

M.-Y. Liu et al.
Geometry parameters Value
Half length (mm) 2980
Inner and outer radius (mm) 800 ~ 1800
Number of layers 55
Cell size (mm?) 18 x 18
Gas 90%He+10%C,H,,
Single wire resolution 110 pm
Sense to field wire ratio 1:8
Total number of sense wire 25,357
Stereo angle (rad) 0.028 ~ 0.062

Sense wire
Field wire
Wall

Gold plated Tungsten ¢p = 20 pm
Silver plated Aluminum ¢ = 40 pm

Carbon fiber 0.2 mm(inner) and 2.8 mm(outer)

organized into 55 coaxial layers. The stereo angle on each
layer varies as 0.028—-0.062 rad, and the wires on any two
neighboring layers are tilted in opposite directions.

Materials with low densities and atomic numbers are
primarily considered to minimize multiple scattering. Both
the inner and outer cylinders are made of carbon fibers. The
working gas for the DC is a mixture of helium and C,H,,
at a ratio of 90:10. The sense wire is made of gold-plated
tungsten with a diameter of 20 ym, and the field wire is
made of silver-plated aluminum with a diameter of 40 ym.

The DC is described using DD4hep, and the detector
geometry parameters, such as dimensions, materials, and
sensitive detectors, are stored in XML (eXtensible Markup
Language) [33] format. XML serves as a compact file for
DD4hep and the syntactic structure of the compact XML
description is obtained from the SiD [34] detector descrip-
tion. Therefore, the detector design is associated with a set
of corresponding XML files. By versioning the changes in
the set of XML files, the geometric version can be easily
controlled.

In the simulation, the DC is constructed by parsing the
geometric parameters from the XML files using a special-
ized detector constructor, creating individual components,
and placing them accurately in the correct positions to form
a complete virtual detector. The construction process is as
follows. A cylindrical-shaped volume is created according to
the maximum and minimum radii and length of the DC. Sub-
sequently, within the holy volume, wire layers with thick-
nesses of 18 mm are created at different radii, each of which
is represented by a hollow cylinder. For a specific layer,
the sense and field wires are directly constructed as tubs
and placed at the right locations. The field wires are shared
between neighboring cells with each field wire assigned to
one drift cell as an entire tube. Because of the large number
of wires, if every drift cell is created independently, it dete-
riorates the performance in terms of both speed and memory.
To solve this problem, an alternative method is implemented
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to first construct the layers and then divide each layer into
drift cells by utilizing DDSegmentation [30] from DD4hep.
After the geometrical model for the DC is built, the
Geant4 visualization tool can be used to produce graphi-
cal representations of the detector and draw views and sec-
tions of the detector. Figure 4a shows a visualization of the
sense and field wires created in the simulation, illustrating
the r — ¢ projection of the proportion of the first ten lay-
ers of wires. The sense wires of each layer forms a rotating
hyperboloid surface, and Fig. 4b shows the sense wires in the
first layer. With the help of the visualization tool, the param-
eters of all individual geometrical entities can be displayed
and checked. Careful validation of the geometry lays a solid
foundation for the next steps in digitization and tracking.

3.2 Digitization

The DC is used to measure the spatial coordinates of the
trajectory of a charged particle. This is achieved by detecting
the ionization electrons produced by the charged particles in
the gas of the DC and measuring their drift time and arrival
positions on the sense wires.

In the context of detector simulation, digitization refers
to the simulation of the detector response. For the DC, an
accurate simulation of the drift time is particularly impor-
tant. Because the CEPC detector R &D is in its early stages,
a detailed detector design is still not available. A simplified
digitization method is implemented to support the develop-
ment of the tracking algorithm. Its workflow is illustrated
in Fig. 5a.

In the simulation using Geant4, a small step size, i.e., 0.5
mm) is selected to simulate the passage of charged particles
through the DC. When the particle enters the drift cell, the
distance between each Geant4 step and the sense wire of
the cell is recorded. The smallest distance, referred to as
doca (the distance of closest approach), represents the clos-
est approach of the particle trajectory to the sense wire as



Simulation and reconstruction of particle trajectories in the CEPC drift chamber

Page50f14 128

00 090 g0 g0 90 8 450490990 ,40

0000 g0 g0 900000000 DCSim

00 90 g0 g0 90 90 50909040

00 90 g0 9090 904904909940

AN AN A N ENENENENE NN NN

00 00 g0 g0 090000 g0

0000000000008 0000000 edmé4hep::

e 090 900000 gop0o0 o0 SimTrackerHit

@ © 0000000090000 0o

L] © 0000000009000

° 0000000000000 00 s ~

® 0000000000000 0000

© 000000000000 0000 Calculate doca

° 0000000000000 000 . J

® 000000000000 0000 l

© 0000000000000 000 r ~

¢ ceeoeeesesenenene Smear drift distance

(@) \ i Y,

(" Create drift time based |
L on X-T relation )

(b)

Fig.4 (Color online) a Projection of the first 10 layers of the DC in
the r — ¢ plane. The red dots represent sense wires, while the green

dots represent field wires. b Visualization of sense wires in the first
layer. The skew is exaggerated

shown in Fig. 5b, and is considered as the drift distance of
this hit. The doca is smeared using a Gaussian function with
a width equivalent to the wire resolution set to 110 um. The
drift time is calculated using the space-time relation (X-T
relation) [35]. In this study, a relatively simple linear X-T
relationship is used.

During digitization, the effects of various types of back-
ground events are considered. The hits from a signal event
are overlaid with those from additional background events
before the detector response was calculated. The background
primarily originates from the minimum bias and beam-gas
interactions. In this study, background events are assumed
to be randomly distributed within a time window of 2,000

ns. For simplicity, track recognition is only performed on
the group of the fastest hits, each of which has the minimum
drift time among all hits belonging to a drift cell. Therefore,
during the digitization stage, when a background hit pre-
cedes that of a signal within the same drift cell, the signal
hit is overridden by the background hit. Furthermore, the

default wire efficiency is assumed to be 100%, and all sub-
sequent results are based on this assumption.

edméhep::
TrackerHit

(a)

® Sense wire
0 Drift cell
— Track
a Entrance angle

doca

(04
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Fig.5 a The specific workflow of digitization. b Schematic diagram
of the doca
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4 Track reconstruction

Track reconstruction is among the most crucial data pro-
cessing tasks in HEP experiments because it facilitates
high-precision position and momentum measurements and
identification of charged particles [36]. A tracking algorithm
is developed to implement track reconstruction by combin-
ing the spatial measurements (hits) of a traversing particle
into sets (tracks) to extract the kinematic properties of the
particle. The process of track reconstruction comprises
two primary stages: track finding and track fitting, which
complement each other to provide the most accurate track
parameters.

At present, the track reconstruction for the DC is based
on CKEF, and it requires seed tracks provided by the silicon
trackers. Because silicon trackers can offer high-precision
measurements with high efficiency, using silicon tracks as
seeds fully meets the requirements raised by the develop-
ment of the DC track reconstruction algorithm. We plan to
develop a dedicated seed-finding algorithm for the DC track
reconstruction.

4.1 Track parameterization

In a homogeneous magnetic field, the motion of charged
particles in the DC forms a trajectory that is described by
the five parameters of a helix, as shown in Eq. 1. The first
three parameters of the equation describe the circle on the
X-Y plane, as shown in Fig. 6, and the last two parameters
describe the information along the Z direction of the trajec-
tory, following the conventions used by the BaBar experi-
ment [37].

\ 4

Fig.6 Description of the helix parameters (d,, ¢,) and the position of
the POCA (the point of closest approach)

@ Springer

P= (do, ¢0, , 7, tan A)T (1)

The definition of each parameter is as follows:

e d, is the signed distance from the center of the projected
circle of the helix to the reference point on the X-Y plane.
Here, the interaction point (IP) is considered as the refer-
ence point.

e ¢ is the azimuth angle of the center of the projected
circle of the helix relative to the IP on the X-Y plane.

e m is the curvature of the trajectory in the X-Y plane.
Further, the sign represents the charge of the trajectory
assigned by track fitting.

e 7, is the signed distance between the helix and the IP
along the Z direction.

e tan Ais the slope of the helix, that is, the inclination angle
of the projection of the helix on the R-Z plane.

Because of material effects and magnetic field inhomogene-
ity, the real trajectory is not a perfect helix, causing these
five parameters to change along the flight path of the trajec-
tory. For the tracking algorithms, all DC hits are considered
as measurement data. In this study, charged particles with
transverse momentum greater than 0.8 GeV are used. This
eliminates the possibility of multiple circular tracks, thus
allowing the track to be accurately described by track param-
eters at the first DC hit. The track parameters are intercon-
verted with the position and momentum of the hits by calling
specific functions using the calculation formula referenced
in [38].

4.2 Extension of geometry interfaces

The track reconstruction process considers the interaction
with materials, such as energy loss and multiple scattering,
which are highly dependent on the geometry, materials, and
nonuniform magnetic field of the DC. To obtain these infor-
mation, the following extended interfaces are developed by
inheriting from GenFit. This because the tracking algorithm
is based on the GenFit software package, and a detailed
explanation of GenFit is presented in Sect. 4.4:

e CEPCMagneticFieldProvider: This class inherits
from AbsBField of GenFit, and provides the magnetic
field strength at specific positions by integrating with
DD4hep. It accepts the position as input and calculates
the magnetic field strength from the magnetic field map
of the detector.

e CEPCMaterialProvider: This class inherits from AbsMa-
teriallnterface of GenFit, and obtains the geometry and
material information of the DC based on GeomSvc.
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4.3 Track finding

The mission of track finding is to rapidly and accurately
determine the potential DC hits produced by the same
charged track based on candidate seed tracks [39]. DC track
finding is implemented using three components, as shown
in Fig. 7: finding DC hits with CKF, salvaging DC hits, and
appending SET hits.

4.3.1 Hitsfinding

DC hit finding is among the main procedures in DC track
finding, and it is implemented by reusing the CKF algorithm
adopted from Belle II [40]. The CKF is an iterative local
algorithm, first presented in [41], and widely used in HEP
experiments. The CKF starts with a seed estimation of track
parameters with uncertainties and then extrapolates the track
into the detector volume using the Runge—Kutta—Nystrom
method [42].

In CEPCSW, the implementation of the CKF algorithm
involves three main tasks: the acquisition of geometry
information for the DC, input/output (I/O) management,
and optimization of various parameters. The DC geometry
can be obtained by implementing classes as introduced in
Sect. 4.2. In addition, the I/O of the CKF algorithm exists
in the Belle II data format, thus completing the conversion
between EDM4hep and Belle II data model. Because of the
different geometrical designs, working gas, and magnetic
fields, the judgment criteria and standards of the CKF are

Seed tracks from
VXD and SIT

Track Finding
A

with CKF

!

DC hits salvaging

v

SET hit appending

|
|
: DC hit finding
|
|

l DD4hep l

GenFit

A 4

Track fitting with
GenFit

Reconstructed
track

Fig. 7 Workflow of track reconstruction

optimized, and new thresholds are configured to adapt them
to the CEPC DC, for example, the extrapolation track length,
chi-squared ( z2) value, and doca.

In this study, five hypotheses are considered: electron,
muon, pion, kaon, and proton. A schematic and brief over-
view of the track-finding process are illustrated in Fig. 8. The
primary tracking process begins with seed tracks, based on
which the search roads are built in the DC. These seeds are
extrapolated along the search roads using the CKF, which
attempts to smoothen the track while iteratively searching for
neighboring hits both outward and inward. After extrapola-
tion, potential candidate hits are identified based on the drift
distance, current position, and uncertainties of the candidate
track. When multiple candidate hits are found during the
propagation step, a prediction is made for each candidate hit
using the predicted track parameters and measured values to
assess the next candidate hit. Subsequently, a new candidate
hit is added to the track and the process is repeated. In cases
involving multiple mutually exclusive next-candidate hits,
the entire candidate track is duplicated and subsequently
treated as two separate tracks. Finally, the final candidate
track is selected based on various quality criteria, such as the
residual distance between the extrapolated and measured hit
positions, extrapolated track length, the doca, etc.

This process produces a set of potential candidate hits,
which are then further refined. The advantage of the CKF
algorithm is its fast running speed. However, it is difficult to

o Lost DC hit using CKF

o Sense wire

- Fitted track

— Seed track from VXD and SIT

o Found signal DC hits using CKF
o SIT hits

Fig.8 (Color online) Schematic of track-finding process. For bet-
ter visibility, the schematic shows only a few hits in the DC. First,
determining the DC hits (the red dots) using CKF is based on the
seed track (the blue curve), and a rough track (the red curve) is fitted
using GenFit. Subsequently, the remaining hits are determined using
the hits salvaging algorithm. By extrapolating the track to the remain-
ing hits (the green dots), it is determined whether they belong to the
track based on criteria, such as, the doca, residual of the extrapolated
distance, etc.
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reliably determine all DC hits because the CKF algorithm
uses restrictive conditions, leading to only one hit being
found when multiple hits are present within the same layer.
These conditions result in low track quality, particularly
for layers with stereo wires and low-momentum particles.
Therefore, a hit salvaging algorithm is developed to solve
this problem.

4.3.2 Hits salvaging and appending

The hit salvaging algorithm serves as a supplement to the
hit-finding algorithm and is developed independently to sal-
vage more signal hits within the DC. This algorithm utilizes
the preliminary results from the CKF, uses GenFit to per-
form rough track fitting, and extrapolates the track to the DC
hits lost by the CKF.

During the examination, the hits are evaluated based on
selection criteria, including the extrapolated track length and
doca, to determine their association with the current track
and to add them to the track. Subsequently, by refitting the
previous track with the retrieved hits using GenFit, more
precise track parameters can be obtained. These two steps
can remove the majority of noise hits to achieve high hit
purity.

Furthermore, the hit salvaging algorithm facilitates the
enhancement of the overall accuracy and completeness of
the track reconstruction process, improving track quality and
hit efficiency (ep;,). The hit efficiency is defined as Eq. 2:

N, find
i = o @)

where Ny, 4 represents the number of found DC signal hits
and Ny represents the number of true DC hits. Figure 9
shows the hit efficiency as a function of p; measured using
single e~ events, which increased by approximately 26% at
2 GeV.

Next, the refined track is extrapolated to the SET plane
using GenFit to determine the expected position of the SET
hit. If the extrapolated hit position falls within 3¢ of the
actual hit position on the SET plane, the SET hit obtained
by extrapolation is added to the track. This step enhances the
accuracy and reliability of the candidate hits.

4.4 Track fitting

The track-fitting algorithm is performed to accurately
determine the track parameters by fitting all the hits
obtained in the aforementioned processes and to provide
physics quantities such as momentum, vertex position, and
error matrices of the track. Further, this enables the DC to
exhibit good track resolution and kinematic discrimina-
tion capability [43, 44]. In the track fitting process, the
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Fig.9 Hit efficiency as a function of p; measured using single e~,
and the pink dots represent the hit efficiency with the hit salvaging
algorithm, while the teal dots represent the hit efficiency without the
hit salvaging algorithm

momentum, vertex position, and error matrix of the track
are obtained using the method of least squares [45]. The
least squares method minimizes the y? value to determine
the parameter estimates for ;(fﬁn. x? is defined as follows.

L,/ drift, — doca, \ >
2= Z <7> : 3)

i=1 t

where drift; represents the fitted distance of the i hit on
the track, o, represents the measured error of the drift dis-
tance for the i hit, and doca, represents the distance between
the i hit sense wire and the fitted track in space, that is,
the doca. The fitting process involves multiple iterations to
adjust the track parameters until the fit converges.

During the track-fitting procedure, the correct handling
of measurement uncertainties and all physical effects dis-
turbing the helical path of the track must be considered to
arrive at a correct description of the track; these effects are
highly dependent on the geometry of the detector and the
non-uniform magnetic field. Considering all the physical
effects renders the mathematical description of the track
model very complicated and allows only a numerical cal-
culation. Dedicated fitting algorithms based on GenFit
are developed for this purpose because GenFit can accu-
rately determine the track parameters of charged particles
using spatial coordinate measurements provided by detec-
tors. The GenFit package is integrated into CEPCSW by
extending the necessary interfaces.
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4.4.1 Extension of GenFit interfaces for CEPC

The configuration of GenFit necessitates a large amount of
DC information, including the geometry parameters, detector
materials, strength distribution of the magnetic field, position
of the sense wires, and drift distance of hits, etc. Further, to
facilitate the integration of GenFit into CEPCSW, seamless
data conversion is necessary. Thus, the following GenFit inter-
face is developed:

e CEPCToGenFitHitConverter: Extracting the necessary
information based on the TrackerHit object [28] of EDM-
4hep, and creating a corresponding GenfitHit object which
is used as the input of track fitting algorithm. It implements
the data model conversion from EDM4hep to GenFit at the
level of the hit.

e CEPCToGenFitTrackConverter: Storing the results of
the track fitting algorithm, including general information
(number of iterations, convergence, etc.), fit status ( 72
NDF, p-value, track length, etc.), and constructing a Track
object [28] as the output, to achieve data model conversion
at the level of the track.

e WireMeasurementDC: Inheriting from WireMeasure-
ment [23], which is used for measurements in wire detec-
tors (such as straw tubes and drift chambers). To use this
class, a plane must be described by the u and v axis with v
coincident with the wire (and u orthogonal to it, obviously).
This is because it is not valid for arbitrary choices of plane
orientation.

e GenfitFitter: Inheriting from AbsKalmanFitter, which is
used to call the fitter in the GenFit package, and enabling
the configuration of the magnetic field, material effects,
and fitter type.

The interfaces for obtaining material and magnetic field
information are introduced in Sect. 4.2, and Fig. 10 shows the
data flow during the track-fitting process.

After fitting, GenfitTrack objects contain a large amount of
data: track representations, TrackPoint objects [23] with meas-
urements, FitterInfo objects [23] that contain all fitter-specific
information, and the fitting status used to assess the quality of
the fitting. In addition, the fitted drift distance for each hit is
obtained, which is useful for subsequent hit selection process.
By analyzing this information, the tracks are reconstructed
with high track efficiency.

5 Tracking performance

To evaluate the performance of the tracking algorithm,
samples including single-particle events and physics pro-
cess events are generated. Tracks reconstructed using
VXD and SIT are used as candidate seed tracks, and the

Fig. 10 Data flow of track fitting process

performance of the tracking algorithm is assessed under
various conditions.

5.1 Data samples

Two types of samples are produced to quantify tracking per-
formance. The first sample encompasses five types of single
particles (e~, u~, 7, K~, and p) generated using the particle
gun of Geant4. The second sample comprises physics events,
specifically the ete™ - ZH, H — u*u~ process, which is
generated using the Whizard [46] generator.

Each single-particle event is generated based on the speci-
fied polar angle 6 and transverse momentum p, whereas the
azimuthal angle ¢ is uniformly distributed from [—z, ). The
barrel components of SIT and SET provide precise hit posi-
tions inside and outside the DC, improving the reconstruc-
tion efficiency, particularly for low-momentum charged par-
ticles. Therefore, single-particle events with cos 8 < 0.776
correspond to the barrel region of the DC with a transverse
momentum p in the range of [2, 50] GeV.

The H — u*u~ process is a clean physics channel with
a simple final state, which renders it suitable for testing the
algorithm performance. The H — u*u~ events are gener-
ated by Whizard at leading-order precision, considering
the initial state radiation and final state radiation pro-
cesses during event generation, as well as the 0.16% energy
spread of the electron beam caused by beam-synchrotron
radiation in CEPC.

@ Springer
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5.2 Quality of track fitting

To ensure the reliability of track fitting, it is essential to
perform a goodness-of-fit test, which typically includes
two components: the y? test and reduced residuals (pull)
test. The y? value is provided by GenfitTrack object after
the fitting. The reduced residuals (pull) are defined as
follows:

pull — Vit ~ Vmeas - (4)
[O-tzit - O-rzneas]z

where vg, represents the fitted value obtained from the track
reconstruction and v, is the measured value obtained from
the simulation in the previous section. In addition, v, — V,eas
is the residual between the fitted and measured values, and
og; and 0, denote the standard deviations of the fitted and
measured values, respectively. The pull distribution con-
forms to a standard normal distribution with a good fit, indi-
cating that most of the residuals are approximately zero and
exhibit a symmetrical shape. The pull test is used to examine
track momentum, drift distance, and track parameters. To
calculate the pull, the true value is considered with a stand-
ard deviation of 0. Consequently, Eq. (4) is simplified to

P, —P
pull — fit meas i (5)

Ofit
where Py, expresses the fitted value and P,
measured value.
The momentum resolution is an important metric in track
reconstruction. Figure 11 shows the residual distribution
between the transverse momentum of the fitted and truth

denotes the

meas

:I L ;itéecli glal:sslialn ;ulrvtla T I-.I ' IEnltriIesl : :13|41| e I:

[ PrecTPme Memn 0.00130320.000204

250 ‘." sigma 0.01407+0.00016 |
200F 3 ]
g 14 ]
5 1501 | q .
> C ]
L L ¢ '. i
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50F ]} ]
O:" P— —Lé{..l....'su- I |.:
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Prrec — PrmclGeVic]

Fig. 11 Blue dots represent the residual distribution between pry..
and pryc for single y~ with 10GeV. pr.. and pryc represent the
transverse momentum of the fitted track and the true track, respec-
tively. The orange line represents the fitted Gaussian function

@ Springer

tracks for single u~ with 10 GeV. The distribution closely
follows a Gaussian distribution, yielding a momentum reso-
lution of 14.0 MeV, which satisfies the performance require-
ments of the CEPC tracking system.

Spatial resolution is a critical standard that represents
the accuracy of spatial position reconstruction. Figure 12
shows the residual distribution between the fitted and drift
distances, which also exhibit a Gaussian distribution. The
spatial resolution achieved is 106 pm, which is slightly below
the set value of 110 pm. The method of fitting tracks con-
taining measurement points [47], where the construction of
x? in the least-squares fit includes the contribution of the
measurement points, can result in an underestimation of the
spatial resolution compared to the true value in the recon-
struction process.

5.3 Track parameters resolution

The main results of the track reconstruction are the five
track parameters as well as their distribution and resolution,
which are related to the performance of the physics analy-
sis. Owing to the influence of multiple scattering, correla-
tions are observed between the track parameters, with sig-
nificant correlations among the parameters within the same
plane and smaller correlations between the parameters of
two different planes. Furthermore, the geometric curvature
k(= 1/w) of the track is related to transverse momentum pr,
where k = g/py. Because the reconstructed instances use the
same charge, the resolution of the transverse momentum p
of the reconstructed track indirectly reflects the resolution
of k. The following resolutions for d), z,, and transverse
momentum p are provided to verify the results of the track
reconstruction.

— T T T T
Fitted gaussian curve °

15000F , g Constant 13301.530.6597 ]

L Mean -6.355+0.210 a

N .’. sigma 106.269+0.1 ]

12500F 'y =
10000F {14 =
o C 1 ]
C r 4 4 ]
¢ 7500F | =
L L [] 4
5000F | =
2500F i % =

0 : Ll 1 j T .\ 1 ] ,:

—1000 -500 0 500 1000

Dfit - Dmea(.um)

Fig. 12 Blue dots represent the residual distribution between the fit-
ted and drift distances for single 4~ with 10 GeV. The orange line rep-
resents the fitted Gaussian function
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The resolution of the track parameters is obtained by
fitting the distribution of the track parameters residuals
using a Gaussian function. In the top panels of Fig. 13, the
resolutions of the impact parameters d,, z, and the relative
resolution of py are shown as functions of the particle py.
The bottom panels of Fig. 13 display the resolutions of the
impact parameters d,, g, at a fixed transverse momentum
pr = 8GeV and the relative resolution of p; as a function
of the polar angle | cos 8|. For each p; and | cos 0], a sam-
ple of 20k events of single p~ is generated. Owing to the
increased material effect, the resolution of d,;, z, deteriorates
at lower p; and larger |cosf|. The relative resolution of py
is dependent on p because the curvature of the track on the
X-Y plane is dominated by the multiple-scattering effect.
In the high-momentum region, the momentum resolution
is dominated by the single-point resolution of the tracks,
resulting in worse resolution with an increase in pq.

5.4 Tracking efficiency
Another important criterion for evaluating the track recon-

struction performance is the tracking efficiency(e), which is
related to the tracking algorithm, particle type, and particle

momentum. Before analyzing track efficiency, it is essential
to establish a definition of a good track. A good track is
defined as follows: the y? value is below 400 and the number
of DC signal hits on the track is more than six.

The definition of tracking efficiency e is

rec

e(%) =

T (©)

seed

where N4 is the number of satisfactory seed tracks suc-
cessfully reconstructed using VXD and SIT, and N,.. is the
number of reconstructed good-tracks.

As material effects easily lead to the generation of sec-
ondary particles, resulting in inconsistencies between the
reconstructed track using MC particles as the seed and
true tracks, high-quality track events are selected. When a
charged particle enters the DC with minimal energy loss, it
is considered to be a high-quality track, which is evaluated
bY (e — Prirst)/Pme> Where p, . represents the true momen-
tum and pg, represents the momentum of the first DC hit.

Figure 14 shows the track efficiency as a function of pp
for the five types of single particles, and the track efficiency
for all types particles remains consistently above 99.5%
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Fig. 13 Resolution of d;, (left panels), z, (middle panels) and relative resolution of p (right panels) for single 4~ as function of particle p (top

panels) and polar angle |cos@| (bottom panels), respectively
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Fig. 14 Tracking efficiency as a function of p; measured using single
particles, including e™, 4=, #~, K™, p, without background

without background, particularly for single x~, and the track
efficiency is approximately 100%. Further, when a particle
goes through the DC, only the energy loss of the particle is
considered. If other interactions occur in the DC material
and new types of particles are generated, these events are
not considered in the tracking efficiency calculations. Thus,
no distinction is made between particles and antiparticles in
this study. The evaluation of track reconstruction with the
background is important, as the track reconstruction of a
real detector is susceptible to the background from different
sources, significantly impacting the accuracy of the recon-
struction result. To assess the performance of the tracking
algorithm with the background and measure its ability to
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Fig. 15 Track efficiency for single x4~ as a function of particle p;. The
light blue dots represent the results without background, and the light
green dots represent the results with a noise level of 20%. For each
P, a sample of 5k events is used for the study
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remove noise, the tracking efficiency is tested at different
background levels. Figure 15 presents the track efficiency
as a function of py for single u~, both without background
and with a noise level of 20%. As evident, track efficiency is
not significantly affected by the background, remaining con-
sistently above 99.8%. This indicated the good stability and
robustness of the tracking algorithm. The track multiplicity
is a critical and significant issue, and preliminary research
has been conducted. The generated MC events exhibit an
average of 10 tracks with an average momentum of 2 GeV
with a tracking efficiency of 99.6%. This suggests that the
current track reconstruction algorithm can handle multiple
tracks effectively and achieve good performance.

5.5 Physics event reconstruction

To verify the accuracy of the tracking algorithm in phys-
ics events, ete” - ZH, H — utu~ process is analyzed.
Figure 16 shows the reconstructed mass distribution of the
Higgs boson fitted to the CrystalBall function. The mean
value is measured at 125 GeV and aligned with the expected
invariant mass of the Higgs boson. Further, the standard
deviation is measured at 212.5 MeV.

Based on the aforementioned results and performance
evaluations, it can be concluded that the tracking algorithm
operates effectively and satisfies the performance require-
ments of the CEPC project.

6 Conclusion

This study proposes the design and implementation of the
DC software for CEPC, comprising four building blocks:
event generation, DC simulation, digitization, and track
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Fig.16 The reconstructed dimuon mass distributions from the
H — u* ™ events
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reconstruction. The software is developed using C++ and
Python based on the Gaudi framework and relies on sev-
eral external libraries, including Geant4, CLHEP, ROOT,
BOOST, GenFit, EDM4hep, DD4hep, and Key4hep. A
modular design style is adopted based on Gaudi dynami-
cally loadable elements, which enhances the maintainability,
extensibility, and reliability.

In the DC simulation, the DC geometry is constructed,
including layers with stereo wires, materials, and magnetic
field, and DDSegmentation is used to divide the virtual drift
cells, thereby reducing runtime and saving computational
resources. Digitization is implemented to simulate the elec-
tronic readout, considering a simple uniformly random back-
ground. This renders the simulation closer to real data, and
provides a large amount of simulated data for reconstruction
and physics research.

The tracking algorithm is implemented using four main
processes: finding DC hits based on the CKF, salvaging DC
hits lost by the CKF, appending the SET hit, and fitting the
track using GenFit. First, DC hits are determined using CKF
based on the seed tracks provided by the silicon detector.
The CKF from Belle II is reused with the conversion of the
data model, expansion of the geometry interface, and opti-
mization of the configuration parameters, resulting in the
overall best tracking performance. Second, an algorithm for
salvaging DC hits is independently developed using GenFit
for extrapolation, serving as a supplement to the hit-finding
algorithm, thereby significantly improving hit efficiency and
track quality. A SET hit is then added to the track to improve
the accuracy of the tracking algorithm. Finally, the tracking
toolkit GenFit for track fitting is adopted at CEPC based on
a 55-layers drift chamber, and for the first time, a detailed
introduction and application in high-energy physics experi-
ments are demonstrated.

The performance of the tracking algorithm has been stud-
ied in addition to Geant4-based full simulation of particle
interactions with the detectors and H — u*u~ events. The
fitted tracks are successfully fitted and converged, with a
fitting success rate of 99.8%. The time required to recon-
struct a single x4~ event with 2 GeV, including track finding
and track fitting, has an average of 0.294 s. This number is
reasonable. The tracking efficiency is above 99.55% for five
types of single particles (e”, u~, z~, K™, p) and for single
1~ remains above 99.80% with a noise level of 20%, which
is consistent with the case without background. The track
efficiency of 99.6% for multiple tracks events generated by
2 GeV u~, illustrates the track reconstruction algorithm can
handle multitracks and exhibits good performance. When
the momentum is 10 GeV and | cos 8| = 0.09, ), /pris less
than 0.14% which satisfies the performance requirements of
CEPC. The reconstructed dimuon mass distributions from
the H — utu~ events are reasonable, with a sigma of 0.21
GeV. The results demonstrate that the tracking algorithm

exhibits an excellent performance, satisfies the performance
requirements of the CEPC tracking system, and can be uti-
lized for further research.

Further development will be based on more realistic
simulation of detector response in the DC, and focus on the
tracking performance considering wire efficiency and com-
plex beam-induced backgrounds. Moreover, further opti-
mization is required to improve the execution speed of the
track reconstruction algorithm. Furthermore, a seed-finding
algorithm will be developed to provide seed tracks for DC
track reconstruction.
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