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Track reconstruction using the TSF method for

the BES000 main drift chamber *
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Abstract We describe the algorithm to reconstruct the charged tracks for BES0 main drift chamber at

BEPC/, including the track finding and fitting. With a new method of the Track Segment Finder (TSF),

the results of present study indicate that the algorithm can reconstruct the charged tracks over a wide range

of momentum with high efficiency, while improving the robustness against the background noise in the drift

chamber. The overall performances, including spatial resolution, momentum resolution and secondary vertices

reconstruction efficiency, etc. satisfy the requirements of BES0 experiment.
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1 Introduction

The BES0
[1] is a high precision, general purpose

detector designed for the high luminosity e+e− col-

lider running at the tau-charm energy region, called

BEPCII[2]. The physics program of the BES0 ex-

periment includes light hadron spectroscopy, charmo-

nium and charm physics, QCD and hadron physics,

tau physics and search for new physics, etc. The

BES0 detector consists of the main drift chamber

(MDC), the electromagnetic calorimeter (EMC), the

time of flight counters (TOF), the muon counter

(MUC) and the 1 T super-conducting magnet.

The BES0 tracking chamber, located in a 1 T

magnetic field, is designed to be small-cell, low-

mass drift chamber operated using a He/C3H8(60/40)

gas mixture. It provides solid angle coverage at

−0.93 6 cosθ 6 0.93, good momentum resolution in a

range of 0.1—2 GeV/c, and efficient tracking down

to 50 MeV/c. The inner radius and outer radius

of the chamber are 64 and 819 mm respectively; its

length ranges from 774 mm for the innermost layer

to 2400 mm for the outermost layer. The almost

square shaped drift cells are arranged in 43 circular

layers, which are aligned successively with 8 stereo

layers, 12 axial layers, 16 stereo layers and 7 axial

layers. From inner to outer, every 4 layers considered

as a superlayer, and the outermost superlayer con-

tains 3 axial layers particularly. The cell size is about

12 mm × 12 mm for the 8 inner layers, and about

16.2 mm × 16.2 mm for the following 35 layers. The

designed spatial resolution and dE/dx resolution are

130 µm and 6%, respectively. The momentum reso-

lution is expected to be 0.5%@1 GeV/c[3].

Compared with BES/
[4], tracking at BES0 will

be very challenging due to the requirements of effi-

cient tracking down to very low momentum with high

resolution of tracking parameters, while under much

higher chamber occupancy in the high luminosity en-

vironment. The MDC has been designed and built to

meet this important goal, and the track reconstruc-

tion software algorithm has to do the same. In this

paper, we will describe the track reconstruction soft-

ware algorithm and show how we improve the algo-

rithm in order to meet these challenges.

2 Tracking at BES000

The charged particles, created by e+e− annihila-

tion, traverse the drift chamber and produce electron-

ion pairs along their paths. The ionization electrons,

enforced by the electric fields in each cell, drift to-

ward the anode wires. By measuring the drift time

for these ionization electrons, the distance between

the track trajectory and the anode wire can be de-

termined. Based on the series of position and drift

distance of anode wires, these track trajectories can

be reconstructed; their curvatures give information on

the momentum of the charged particles. The overall

track reconstruction software package is based on a

similar (earlier version) package from the Belle ex-

periment, with one main improvement developed by

us and is tailored for BES0 experiment. The Belle

package is based on the so-called Histogram method,

in which the track segments are grouped in each su-

perlayer based on the φ information of hit wires. Re-

cent studies have shown that the Histogram-based

algorithm, when applied to the BES0 case, suffers

from the low efficiency at low momentum and its per-

formance is sensitive to high chamber occupancy due

to background hits. In order to improve its perfor-

mance, we proposed and developed the Track Seg-

ment Finder (TSF) based algorithm, in which both

the position and drift distance of hit wires are con-

sidered.

Figure 1 shows the general concept of the TSF-

based tracking flow at BES0. Generally speaking,

tracking is a combination of track finding and fitting.

After figuring out the track segments in the confor-

mal plane by the Track Segment Finder (TSF), the

charged tracks are firstly found in the rφ plane using

axial hit wires and fitted by circle fitting. Then, they

are reconstructed in the 3D space using both stereo

and axial hit wires. Track parameters are finally de-

termined by helix fitting. The corrections due to en-

ergy loss and non-uniformity of the magnetic field are

taken care of by a subsequent software package, for

simplicity, we will not discuss that in this paper.

Fig. 1. The TSF-based tracking flow at BES0.

In order to understand the TSF method, it is con-

venient to introduce the conformal transformation to

help develop a better view of the relation between

tracks and hits.
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2.1 Conformal transformation

In conformal transformation, as shown in Fig. 2,

a hit position (x,y) in xy plane (rφ plane) is trans-

formed into a position (X,Y ) in the conformal plane

as,

X =
2x

x2 +y2
, Y =

2y

x2 +y2
. (1)

Through the conformal transformation, a circle

which passes through the origin (0,0) is transformed

into a line,

xcX +ycY = 1 , (2)

where, xc, yc are the center of the circle. The inverse

of the distance between the line and the origin in the

conformal plane corresponds to the radius of the cir-

cles. Meanwhile, a circle which does not pass through

the origin in the xy plane is transformed into a new

circle. The new circle, still does not pass through the

origin in the conformal plane,
(

X−
2xc

x2
c +y2

c −R2

)2

+

(

Y −
2yc

x2
c +y2

c −R2

)2

=

(

2R

x2
c +y2

c −R2

)2

, (3)

where, xc, yc and R are the center and the radius of

the circle in the natural plane, respectively.

Fig. 2. After conformal transformation, the cir-
cle C which passes O(IP) is transferred into
line L; the circles P, Q and R which do not
pass O are transferred into new circles P′, Q′

and R′.

From the discussions above, it is clear that the

tracks coming from the Interaction Point(IP) are rep-

resented by lines in the conformal plane, while the

drift circles1) along a given track are transformed

into new circles. These new circles are tangent to the

line of the track in the conformal plane. With this in

mind, we will describe the TSF method below.

2.2 Track segment finder

Typically, a valid segment pattern consists of hits

contiguous in space and time. As we have mentioned,

the drift circle of valid hit for a given track is tangent

to the line of the track in the conformal plane. If a

hit does not belong to this track, its drift circle in the

conformal plane would not necessarily be tangent to

the line of this track. This unique feature can be used

to reject background hits at the track finding stage.

There are four layers within one superlayer. To

allow inefficiency of a given layer, 3 out of 4 layers

are required to have hits for a given track segment

within a superlayer. The track segment finding thus

can start either from a cell at the inner most layer

(layer 0) or the second layer (layer 1) next to it in case

the inner layer does not have a hit due to inefficiency.

Therefore, there are two combinations: 4 out of 4 and

3 out of 4, as shown in Fig. 3(a). Fig. 3(b) shows the

group in the conformal plane where the range of the

area is represented by two dashed-lines. The TSF

algorithm starts from the inner most hit first, with

a line fitted for each outer layer hit circle to the in-

ner layer hit circle in the conformal plane, resulting

in multiple potential lines as shown in Fig. 3(c). To

determine which line represents the valid track seg-

ment, the hit information from the two middle layers

is then used. The lines tangent to the drift circles

in the two middle layers are the potential line for a

track. Fig. 3(d) shows a valid track segment found

using this method.

Fig. 3. (a) Two original types of TSF model
are defined; (b) Four-layer type pattern in the
conformal plane; (c) Four lines are fitted out
by the drift circles of the inner and outer hits;
(d) With the other hits in this model, whose
drift circle can be appended on these lines
in some conditions, a track segment is con-
structed.

As will be shown later, the TSF method described

above not only makes the algorithm more robust

against high random background hits in the chamber

due to beam related background or electronics noises,

1)Represent the hit wires; a circle has its wire position as the center and its drift distance as the radius.
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but also makes it less sensitive to low pt tracks curv-

ing within the chamber producing multiple circles of

hits alone the z direction (the so called curlers). This

is because the drift circles from the later stage of the

curler are no longer tangent to the original track in

the conformal plane, due to energy loss, etc. There-

fore, those hits will unlikely cause confusing to the

reconstruction of the original track (thus not affect-

ing the tracking efficiency), although redundant or

more tracks could be reconstructed from them due to

the nature of the curler.

One additional benefit of the TSF method is that

it allows one to solve the left-right ambiguity of drift

distance. In Fig. 2, the drift circles that are located

on the same side of the track will be transformed into

the same side in the conformal plane. Consequently,

the left-rightness is kept after the conformal transfor-

mation.

2.3 Track finding

Track finding part follows that from the Belle re-

construction package, with the exception of using the

TSF to solve the left-right ambiguity. Tracks are

first found in the rφ plane when only the axial seg-

ments are used. Due to the characteristics of confor-

mal transformation, the segments which belong to the

same track have similar directions in the conformal

plane. Therefore, the segments are linked by their

positions and directions. After solving the left-right

ambiguity using the TSF method, a list of 2D tracks

can be found using these linked segments with a non-

iterative circle fitter[5].

To reconstruct 3D track, the corresponding stereo

segments that locate near the 2D track and satisfy a

coarse direction restriction, are identified first. The

positions of the stereo segments, represented by the

wire position with the smallest drift distance, are fit-

ted to obtain the initial lines. Together with the pa-

rameters provided by the circle fitting and line fitting,

the final 3D tracks are reconstructed using helix fit-

ting, which is described below.

2.4 Helix fitting

The helix fitting part is kept the same as in the

Belle reconstruction package. Just for completeness,

we include the description here as well. The trajecto-

ries of charged particles in uniform magnetic field can

be described as a helix. The position (x,y,z) along

the helix is given by[6]























x = x0 +dρ cosφ0 +
α

κ
{cosφ0−cos(φ0 +φ)}

y = y0 +dρ sinφ0 +
α

κ
{sinφ0−sin(φ0 +φ)}

z = z0 +dz −
α

κ
tanλ ·φ,

(4)

where α is the magnetic-field-constant, α = 1/cB =

10000/2.9979258/B [cm (GeV/c)−1] at the strength

of magnetic field B [k Gauss], φ is the turning an-

gle, that is an internal parameter with a sign, (for

instance, φ has a negative sign for out-going positive

tracks from the pivot.) and determines the location

(Fig. 4).

Consequently, the helix can be described by five

parameters a = (dρ,φ0,κ,dz,tanλ)T;

1) dρ is the signed distance of the helix from the

pivot in x-y plane.

2) φ0 is the azimuthal angle to specify the pivot

with respect to the helix center.

3) κ is 1/Pt and the sign of κ represents the charge

of the track assigned by the track fitting.

4) dz is the signed distance of the helix from the

pivot in the z direction.

5) tanλ is the slope of the track, tangent of the

dip angle.

Fig. 4. Schematic representation of the helix
parametrization for (a) negative and (b) pos-
itive charged track. The vectors in the figure
are defined by x = x0 + (dρ + ρ) · w − ρ · v,
where w = (cosφ0, sinφ0)

T and v = (cos(φ0 +
φ), sin(φ0 +φ))T.

Least Square Method is used to do the helix fit-

ting. χ2 is defined as

χ2 =

nhits
∑

i=1

(

drifti−docai

σi

)2

, (5)

where, drifti means the drift distance to the hit wire,

doca means the distance of the closest approach and

σ means the error of the drift distance.

We minimize this χ2 using the Newton Method[7].

The fitted helix parameter a can be numerically found

by iterative calculation as follows.

a(D+1) = a(D)−

(

∂2
χ2

∂aT ∂a

)−1

(D)

(

∂χ2

∂a

)

(D)

. (6)

The error matrix for helix is described as,

Ea =

(

1

2

∂2
χ2

∂aT ∂a

)−1

. (7)

3 Performance of tracking algorithm

According to the current schedule, BES0 will

start taking beam data at the summer 2008. To
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study the performance of the tracking algorithm, at

present, we use Monte Carol events. Monte Carlo

events are generated by BOOST[8], which is based

upon Geant4[9]. For the Monte Carlo events, the av-

erage spatial resolution is 122 µm; the dip angle cosθ

ranges at (−0.93,0.93). The average wire efficiency

is assumed to be 98%, taken from the beam test re-

sults of the prototype chamber[3]. The noise model

of the drift chamber is based upon the studies from

BES/
[10]. The general tracking performance, such as

track reconstruction efficiency, the momentum and

spatial resolution, and the robustness against back-

ground occupancy have been studied for the TSF

based tracking algorithm. In addition, a comparison

of the tracking performance between the TSF method

and the Histogram method is also presented.

3.1 Efficiency

Track reconstruction efficiency is the primary per-

formance indicator of the algorithm, and is sensitive

to the factors such as the number of layers a track

passes, the dip angle of track and the noise in tracker,

etc. The reconstruction efficiency is defined as,

ε = Nrec/Nmc , (8)

where Nrec is the number of reconstructed ‘good’

tracks1), and Nmc is the number of charged tracks

generated in Monte Carlo. Most final state particles

in BES0 physics have momentum less than 1 GeV/c;

the average momentum is about 0.5 GeV/c. The

minimum pt, for a charged particle to reach the bar-

rel edge (outer most layer) of the drift chamber, is

about 0.12 GeV/c. The ability to reconstruct charged

particles with low pt is very important for BES0

physics research. For the track reconstruction effi-

ciency study, we use single µ events with pt ranging

from 0.05 GeV/c to 0.5 GeV/c.

The track efficiency versus pt is shown in Fig. 5(a),

with the results from both the TSF and the His-

togram methods. The efficiency of Histogram method

drops significantly for pt below 0.1 GeV/c, while the

efficiency of the TSF method is still high even for pt as

low as 0.06 GeV/c. This is good because 0.05 GeV/c

is the minimum pt at which the charged tracks can

only travel 2 stereo superlayers and 1 axial superlayer.

Note that the efficiency of the TSF method exceeds

100% in the pt range below 0.12 GeV/c, this is due to

the fact that the tracks curling up in MDC could be

reconstructed redundantly (the redundant tracks can

be removed at a later stage, which will be described

elsewhere). The performance using the TSF method

is much better than the Histogram method in the low

pt range.

We use J/ψ → µ+µ− to study the effect of dip

angle. the result using the TSF method is shown in

Fig. 5(b). Clearly, the track reconstruction efficiency

is high and stable, with only a small drop at very

large dip angles.

Fig. 5. (a) Efficiencies versus pt for µ using the
TSF method and the Histogram method, re-
spectively; (b) Efficiencies versus dip angle for
J/ψ→µ+µ− using the TSF method.

3.2 Momentum and spatial resolution

The momentum resolution is mainly infected by

the position resolution and multiple scattering. In

BES0, the expected momentum resolution is de-

scribed as

σpt
/pt = (0.32%pt)⊕(0.37%/β) . (9)

The first term on the right-hand side is the effect of

position resolution; the second term is the effect of

multiple scattering. Fig. 6(a) shows the momentum

resolution versus pt. For pt larger than 0.3 GeV/c, the

momentum resolution of the reconstructed tracks is

somewhat better than the expectation (dashed line).

The spatial resolution is represented by the distri-

bution of the residual, defined as ∆di = drifti−docai

and is shown in Fig. 6(b). The plot is fitted by double

Gaussians, with

〈σ〉=

√

A1σ2
1 +A2σ2

2

A1 +A2

, (10)

where Ai and σi are the area and width of the two

Gaussians. For the channel J/ψ → µ+µ−, the spa-

tial resolution is about 111.4 µm, consistent with our

expectation.

1)More than 51% layers in a MC-track have the corresponding hits in the reconstructed track.
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Fig. 6. (a)The pt resolution of µ on different
pt, in which the dashed line is the expected pt

resolution for µ; (b) the spatial resolution of
J/ψ→µ+µ− is about 111.4 µm.

3.3 Background hits rejection

The background hits in the drift chamber mainly

come from the detector, electronics and beam re-

lated background such as the lost particles or syn-

chrotron radiation, etc. Compared with BES/, the

drift chamber in BES0 is located closer to the beam

pipe. As a result, the beam background is expected to

be higher and likely dominates the background noise.

The background hits make efficient tracking harder,

and can significantly affect both the momentum and

the spatial resolution if not taken care of. A good

tracking algorithm needs to be robust against high

background occupancy in the chamber. To study

the robustness of the tracking algorithm against high

background hits, single µ with pt at 1 GeV/c and

200 MeV/c, combined with different noise levels are

used. The noise level is defined as the ratio of noise

occupancy in the first superlayer. For instance, Ta-

ble 1 shows the noise distribution in each superlayer

(SL), when the noise level equals 10%.

Table 1. The distribution of noise in level = 10%.

index of SL ratio of noise(%)

1 10.0
2 7.0

3—4 4.4
5 2.0

6—11 1.0

Figure 7(a) shows the effect of background noise

level on the tracking efficiency, between the TSF

method and the Histogram method. Clearly, the

TSF-based tracking algorithm is more robust against

the background noise level over the Histogram

method, with the efficiency still better than 95%

when the noise level reaches as high as 60%.

Figure 7(b) shows the momentum resolution ver-

sus the noise level for the TSF method. Even with

the noise level at 60%, the momentum resolution for

µ at 200 MeV/c and 1 GeV/c are 0.46% and 0.57%,

respectively.

Fig. 7. (a) Efficiencies versus the noise level
using the TSF method and the Histogram
method, respectively; (b) The pt resolutions
versus the noise level for the TSF method.

3.4 Speed of track reconstruction algorithm

The luminosity of BEPC/ is about 1033cm−2·s−1,

which means more than 1010 events will be accumu-

lated per year. Therefore, improving the CPU time

spent on the track reconstruction is essential. We

study J/ψ→ µ+µ− in the farm of lxslc01 in IHEP.

The mean CPU time spent on the track reconstruc-

tion is currently about 9.83 ms per track, already

close to the requirements of BES0 experiment and

there is room for improvement in the future.

3.5 Application in physics analysis

To further study the performance of tracking,

the typical decay channel of ψ(2S) → π+π−J/ψ,

J/ψ→µ+µ− is used. Final states in this channel are

all charged particles π+π−µ+µ−. According to the

kinematic characteristics in this process(with decay

parent ψ(2S) created at rest), the J/ψ can be seen

not only directly from the invariant mass of µ+µ−,

but also indirectly from the recoiling mass of π+π−.
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Since the reconstructed momenta of π+π− and µ+µ−

are used in the invariant mass calculation of each pair,

we can use this channel to study the momentum res-

olution of reconstruction in the main drift chamber.

Fig. 8 shows the invariant mass distribution for both

pairs where the double Gaussian fit is used for the

signal peak. The momentum resolutions are about

3.0 MeV and 16.6 MeV for the recoiling mass of π+π−

and the invariant mass of µ+µ−, respectively.

Fig. 8. The channel of ψ(2S) → π+π−J/ψ,
J/ψ → µ+µ−. (a) The recoiling mass spec-
trum of π+π−, the σ of double Gaussian fit
is 3.0 MeV; (b) The invariant mass spec-
trum of µ+µ−, the σ of double Gaussian fit
is 16.6 MeV.

To study the tracking performance for decay chan-

nels involving secondary vertices, KS →π+π− is used.

Fig. 9 shows the reconstruction efficiency of the π+π−

pair, versus the decay length of KS. The overall π+π−

pair reconstruction efficiency varies slightly around

84%. Considering the coverage limitation of drift

chamber (93%), an ideal efficiency of this channel

would be nearly 86.5%. Our results show that the cur-

rent tracking reconstruction works properly for tracks

from secondary vertices.

Fig. 9. The efficiency of π+π− reconstruction
versus decay length of KS, in the channel of
KS →π+π− with momentum of KS@1 GeV/c.

4 Conclusion

In order to maximize the physics reach at BES0,

it is very important to achieve efficient tracking down

to very low momentum with high resolution for the

tracking parameters, while under high chamber oc-

cupancy in the high luminosity environment. In this

paper, we have presented a TSF-based charged track

reconstruction algorithm and shown how we have im-

proved the tracking algorithm using the new method

in order to meet the tracking challenges at BES0.

The BES0 will start taking beam data during the

summer of 2008. In the experimental view, the real

data will be much more complex than the Monte

Carlo data. Therefore more studies should be done

very carefully to improve the algorithm.

The main part of the track fitting program is

based on an early version of the transan package from

the Belle experiment at KEK, Japan, along with the

application of conformal transformation in tracking.

We really appreciate all the help from the Belle col-

laboration.
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