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Fast simulation of the forward tracking
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Abstract The necessity of installing a forward tracking detector stack is discussed for the Hadron Physics

LanzhoU Spectrometer(HPLUS). A local tracker is developed to solve the multi-track finding problem. The

track candidates are searched iteratively via Hough Transform. The fake tracks are removed by a least square

fitting process. With this tracker we have studied the feasibility of pp→pp+φ(→K+K−), a typical physical

channel proposed on HPLUS. The single track momentum resolution due to the uncertainty of the positioning

in FTD is 1.3%. The multiple scattering effect contributes about 20% to the momentum resolution in the

FTD coverage. The width and the signal-to-background ratio of the reconstructed φ are 1.51 MeV and 4.36,

respectively, taking into account the direct Kaon channel pp→pp + K+K− as background. The geometry

coverage of FTD for φ events is about 85.4%. Based on the current fast simulation and estimation, the

geometrical configuration of FTD meets the physical requirement of HPLUS under the current luminosity and

multiplicity conditions. The tracker is applicable in the full simulation coming next and is extendable to other

tracking component of HPLUS.
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1 Introduction

An internal target experiment facility named

Hadron Physics LanzhoU Spectrometer (HPLUS) is

proposed for construction on the main ring of the

Cooling Storage Ring on the Heavy ion Research

Facility at Lanzhou (HIRFL-CSR). With the pro-

ton beam of 2.8 GeV delivered by HIRFL-CSR, It

provides plenty of opportunities in non-perturbative

QCD field research, such as hadron spectroscopy, chi-

ral symmetry breaking restoration and mechanism of

parity symmetry and breaking[1—9]. The systematic

simulation for the facility is a necessary step for op-

timizing the setup of HPLUS and studying the feasi-

bility of the designated physics goals.

The conceptual design of HPLUS mainly con-

sists of the following sub-detectors: The tracking

detector (TD) placed in a solenoid, the time of

flight (TOF) detectors, the electromagnetic calorime-

ter (EMC), the forward hadronic calorimeter and the

T0/Vertex detector. The tracking detector contains

a time project chamber (TPC) covering a large angle

and a forward tracking detector (FTD) stack covering

the forward angle. Both the TPC and the FTD are

placed in a uniform magnetic field along the beam

axis and provide the momentum measurement and

particle identification by measuring the energy loss

and the curvature of the charged particles passing
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through. The purpose of installing the FTD is to

compensate the low momentum resolution of the TPC

at forward angle.

Two important issues should be considered in the

fast simulation for the tracking detectors. (1) At the

typical beam luminosity of HPLUS of 1032 cm−2
·s−1

(corresponding to events rate about 106/s), it is a

real challenge to run the TPC and the FTD since

they are all slow-response detectors. (2) Because any

physical channel of our interest involves more than

one charged particle and the successive events likely

fire the detectors due to the high event rate, we have

always to treat many tracks simultaneously in the

detectors. A working tracker should be designed to

reconstruct the multi-track event for the feasibility

study and the physical analysis, and accordingly set

the design parameters for the tracking detectors, like

the position resolution, the geometrical configuration,

the event tag and the applied cuts, etc.

This paper mainly discusses the second issue.

A practical tracker is developed for the FTD and

can be extended to other tracking components of

HPLUS. With this tracker, we study the feasibility

of a selected physical channel of interest, pp→pp +

φ(→K+K−). This channel is typical and the main

conclusion is also valid for another kind of physical

channels, the N* channels. The structure of this pa-

per is organized as follows: Section 2 mainly discusses

the necessity of FTD for HPLUS; Section 3 gives a

simple description and evaluation to the local tracker

method. Section 4 then presents the application of

this tracker to pp→pp + φ(→K+K−) measurement

and the feasibility is discussed, including a rough esti-

mation of the influence from noise and multiple scat-

tering. The summary and outlook are given in Sec-

tion 5. The simulation results of this paper are based

on the following parameters of HPLUS: the inner

and the outer radius and the length of TPC are 60,

400, 750 mm, respectively; FTD is composed of five

sets of planar multi-wire drift chambers (MWDCs).

The distance of each MWDCs to the target point are

800, 1050, 1300, 1550, 1800 mm, respectively. The

uniform magnetic field provided by the solenoid is

1.3 T. These parameters are chosen by taking into

account both the reality of the experimental site and

the geometrical parameters of the sub-detectors. The

fine tuning of the parameters will not change the con-

clusion of this paper.

2 Necessity of FTD for HPLUS

HPLUS is a fixed target experiment and the

products are dominant at forward angle according

to the phase space simulation. Fig. 1(a) shows

the angular distribution of the final charged prod-

ucts K(dotted), p(dashed), π(solid) in the reactions

pp→p+p+φ(→K+K−) and pp→p+n+π+ with beam

energy 2.8 GeV in laboratory. It is shown that about

90% charged particles are emitted within the forward

polar angle 90◦ and the peaks of K and p sit at less

than 20◦. In order to study such reactions with the

main products emitted at the forward angle, the de-

sign of the forward part becomes essential in the con-

cept of the whole facility. In the conceptual design of

HPLUS, the effective coverage range of TPC is about

from polar angle 28◦ to 90◦. Fig. 1(b) shows the ra-

tio of the effective thickness experienced by a charged

particle passing through the TPC over the total sen-

sitive thickness, dubbed by Ra, as a function of the

emitted angle of the charged particles. Ra is less than

1 within 28◦, indicating that only part of the sensitive

volume of the TPC responds to the charged particles

emitted below this angle. This is a pure geometri-

cal effect. It is expected due to this reason that the

accuracy of the momentum reconstruction is much

Fig. 1. (a) Angular distribution for products K(dotted), p(dashed), π(solid) of reactions pp→p+p+φ(→K+K−)
and pp→p+n+π

+; (b) Effective thickness Ra in laboratory; (c) Single track momentum resolution of TPC
versus the polar angle in laboratory.
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Fig. 2. (a) Single particle momentum resolution versus angle of FTD in laboratory; (b) Correlation of single
particle momentum resolution and number of MWDCs being used at polar angle 15◦ in laboratory.

reduced in the forward region with only TPC.

Fig. 1(c) shows the single track momentum resolu-

tion in TPC as a function of the emitting angle in

laboratory. The resolution is distinctly deteriorated

with the polar angle less than 30◦. In the simulation,

the space resolutions of x,y and z directions are pa-

rameterized as typical values of 0.2 mm, 0.2 mm and

1 mm, respectively.

In order to gain higher precision and efficiency in

the forward angle, a forward tracking detector (FTD)

stack is considered to be placed at the forward re-

gion in the magnetic field. The FTD in design con-

sists of five planar multi-wire drift chambers, each

of which has 4 electric planes with wire inclinations

of 0◦, −45◦, +45◦ and 90◦, respectively. Fig. 2(a)

shows the single particle momentum resolution of

the FTD in laboratory with the same fitting proce-

dure and the same parameterized position precision

as in TPC. Compared with the results of TPC in

the same region, the momentum resolution of FTD is

improved largely.This is expected because the track

length left in FTD with such configuration is much

longer than in the TPC. Fig. 2(b) shows the corre-

lation between the reconstruction momentum resolu-

tion and the number of MWDCs being used. Obvi-

ously, the momentum resolution goes better than 1%

with increasing the number of MWDCs, which gives

a good compensation for low momentum resolution

of TPC in forward angle. The influence of multiple

scattering is not included in the fast simulation, it is

estimated separately in section 4. However, increas-

ing the number of MWDCs needs longer magnetic

field and hence calls for much higher cost. In this

paper, we take five multi-wire drift chambers in our

simulation, which meets our detection requirement.

3 Multi-track finding

Track reconstruction is a very important task for

both experimental and simulation data analysis.

Generally, track reconstruction can be divided into

two steps[10, 11]: track finding and track fitting. A re-

lated concept is the “hit”, namely the ionization po-

sition along the path of a charged particle. The first

step, track finding, is a kind of pattern recognition.

Its main function is to find out the hits assigned to

a certain track candidate as called. Due to the back-

ground hits, it is possible that fake track(s) appears

in the track finding process. The second step, track

fitting, is to get rid of the fake tracks and calculate

precisely the momenta of the real tracks by using a

certain method.

The tracking detectors are placed in a homoge-

neous magnetic field. The trajectories of the charged

particles are helices in the space coordinates. The tar-

get position is the origin of the coordinate system of

HPLUS. The z-axis is along the beam line and the x-y

plane is parallel to the plane of MWDCs. The wires of

MWDCs collect the hit positions in x and y direction,

while the positions in z direction are given by the po-

sitions of MWDCs which were fixed downstream the

target, and then we can get the three-dimensional co-

ordinator (x,y,z) of each hit. The Hough Transform

method[12, 13] is applied to the hits on the MWDCs by

an iterative procedure and then every hit is assigned

to a certain track candidate or recognized as the noise

hit.

To avoid the nonlinear problem of a normal circle

fitting procedure, Riemann Transform[14, 15] is applied

to fit the hits from a candidate track and determine

its curvature or the momentum of the track. Due

to the intensity of the event background and detector

background, it is possible that fake track occurs in the

track finding procedure. Many kinds of method have

been developed to solve this problem, such as the lin-

ear least-squares method, the Kalman Filter[11] and

so on. In this paper the linear least-squares method is

applied to get rid of fake tracks by using the z direc-

tion information. If all the hits of coordinator satisfy

a fitted linear function between the arc lengths of the
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helix projected to x-y plane and the distance on z

direction, then the candidate track is recognized as a

real track.

The intensity of the event background of HPLUS

is estimated according to the luminosity condition at

HPLUS, 1032 cm−2
·s−1, the total pp reaction rate is

about 106/s[16]. In a typical drift process 0.5 µs, a

simple estimation reveals that such events contribute

about 30% to the total hits and the detector back-

ground is less than 25% according to the prototype

test. So to be conservative in the fast simulation, the

ratio of the noise hits to the real hits is controlled

lower than 60%. The influence of the noise to the

timing of the hit is neglected here, since the rising

time of the signal is much less than the drift time.

The δ electron§which mainly contribute to the high

energy part in the dE/dx spectrum, is not explicitly

generated in the fast simulation because the cut to

the energy loss rate is not yet implemented.

Figure 3 shows a typical example of the multi-

track finding, with the solid squares denoting the hits

of 10 real tracks and the hollow circles denoting the

noise hits generated randomly as input hits. The po-

sitions of all hits are smeared in three directions ac-

cording to the expected spatial resolution (testified

also by the prototype test) of the detectors. Five

frames shaped as octagon or dodecagon are the ac-

tive areas of the five planar MWDCs. The circle in

the center represents the beam pipe. All the tracks

are successful found by the tracker, as shown by the

circular curves determined by the tracker. It is worth

mentioning that the multiplicity of the charged par-

ticles in pp collision is relatively low, typically at 3

or 4. In order to promote the applicability of track

finding method, it is necessary to take a higher track

multiplicity in the development of the tracker.

Fig. 3. Results of track finding, the solid square
plots are the hits of real tracks and the hollow
circles are noise hits.

Figure 4 shows the correlation between the time

consuming of CPU and the number of found real

tracks by using two kinds of Hough Transform meth-

ods. The computer for simulation holds 256 MB

memory and 2.8 GHz CPU. The number of tracks

input to the tracker is 7, 8, 9, 10 and 11, respec-

tively. The circles and squares are time-consuming of

CPU using the Hough Transform method. The track

finding efficiency of the former is 100%. The latter is

above 94% with the simplified iterative process, which

can not find out all the real tracks when the track

multiplicity is greater than 13. The triangle shows

the time-consuming of CPU using the Hough Trans-

form method supposing the tracks run cross the origin

point. It is much lower than the above two methods,

but the average track finding efficiency is only about

87%. It is found that, the Hough Transform method

for three points has higher efficiency and takes about

5 h for 105 events and meets the requirement of fast

simulation. This performance satisfies the need of

the feasibility study for the certain physical goals on

HPLUS.

Fig. 4. Correlation of time-consuming of CPU
and track number by using different type of
Hough Transform method.

4 Feasibility study

4.1 Single track momentum resolution

The momentum resolution is one of the essential

features of the FTD. Two facts may bring consider-

able uncertainty to momentum measurement, the one

is the positioning error recorded by the FTD, the an-

other is the multiple scattering in all materials on the

flight path. Therefore it is important to evaluate the

quality of the reconstruction program with a certain

position smearing. According to a phase space simu-

lation, the final products K+ and K− in the reaction

pp→pp + φ(→K+K−) at 2.8 GeV mainly distribute

below polar angle 30◦ in laboratory (see Fig. 1(a)),

which is well covered by FTD. The reconstruction

momentum resolution δP/Pk = (Pk−Prec)/Pk for a

single K+ track from the above reaction is 1.3% un-

der the typical parameterized space resolution and

meets the physical requirement, where Pk is the ori-

gin momentum of K+ from the event generator and

Prec is the reconstructed momentum. It is close to
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the estimation based on the following formula[17],

(σPt
/Pt)pos. =

3.3×102
×σx

B×L2
t

×Pt×

√

720

N +5
, (1)

where the field B = 1.3 T, pt is transverse momen-

tum of particle, N=5 is the number of position sample

points in FTD, Lt is the length of track projected to

r-φ plane, which is about 24.55 cm based on the aver-

age transverse and longitudinal momentum of Kaon

from above reaction. The position resolution of a sin-

gle MWDC for the tested prototype is about 0.2 cm,

the space resolution σx is assigned 0.283 cm. With

such parameters, it is derived from (1) that the mo-

mentum resolution due to the position uncertainty

is 10.12%×Pt. The mean transverse momentum of

Kaon in the FTD coverage is 0.133 GeV/c, corre-

sponding to a momentum resolution of 1.34%.

The multiple scattering is not implemented in our

fast simulation. Its influence is also estimated based

on an empirical formula[17]. The momentum uncer-

tainty due to the multiple scattering is written as,

(σPt
/Pt)m.s =

4.5

B
×

√

1

L×X0

, (2)

The length of FTD stake is about 120 cm, the av-

erage radiation length is 82.43 m taking all the ma-

terial into account, including the wires, the working

gas, the air and the Kapton foil, with the working

gas contributing the most. With this estimation, the

contribution of multiple scattering to momentum is

about 0.348%. For a low momentum at 0.2 GeV/c,

it contributes about 20% of the resolution from the

spatial resolution. In the following feasibility study,

only the spatial resolution is explicitly taken.

4.2 pp→pp+φ(→K+K−) feasibility study

Another essential feature for the fast simulation

is the resolution and the reconstruction efficiency for

a given physical channel. We take the same channel

pp→pp+φ(→K+K−) for study. Fig. 5(a) shows the

invariant mass of K+ and K− reconstructed from pure

pp→pp+φ(→K+K−) events at 2.8 GeV beam energy.

It is shown that the mass of φ 1.02 GeV is recon-

structed with a variance σ = 1.30 MeV. The total ge-

ometry efficiency is 85.40% under the current facility

structure. Except the real φ events, the direct Kaon

process pp→pp + K+K− will contribute dominantly

to the background in the real experiments. Accord-

ing to the existing data, the ratio of the cross section

between pp→pp+φ(→K+K−) and pp→pp+K+K−

is about 0.82[18] in the CSR energy region. In real

experiment, there is no way in one event to distin-

guish whether the Kaon pair comes from a φ decay

or from the background. Therefore in our simulation

we summed these two channels with a fixed ratio.

Fig. 5(b) shows the total invariant mass of K+ and

K− by summing up the real φ channel and the back-

ground channel with (solid) and without (dotted) the

Fig. 5. (a) Invariant mass reconstructed by K+K−from pure reaction pp→pp+φ(→K+K−); (b) The invariant
mass of K+ and K− from mixed events (dashed) and with the required FTD geometrical filter (solid);
(c) The solid curve denotes the summed invariant mass spectrum of K+ and K−, the dotted and the dashed
curve denote the background invariant mass spectrum and normalization result, respectively; (d) The final
invariant mass of φ after the background subtraction.
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FTD geometrical filter. In order to extract the

pure φ events, we subtract the background from the

summed invariant spectrum, where the background is

obtained from a mixing technique in our reconstruc-

tion. As shown in Fig. 5(c), the solid curve denotes

the summed invariant mass spectrum of K+ and K−,

while the dotted curve denotes the background re-

constructed by the K+ and K− from different event.

The background is then normalized (dashed) in the

left region of the vertical dash-dot line. Fig. 5(d)

further shows the final invariant mass of φ after the

background subtraction. The mass of φ is 1.02 GeV

fitted by the gauss function with the mass resolution

σ = 1.51 MeV. The signal-to-noise ratio determined

from (c) and (d) is about 4.36.

5 Summary and outlook

The forward track detector stack (FTD) is a crit-

ical part in HPLUS for detecting the charged parti-

cles. FTD is composed of five multi-wire drift cham-

bers. For the fast simulation we have developed a

local tracker for multi-track finding in C++ envi-

ronment, the candidate tracks are searched in iter-

ation via the Hough Transform method with a least

square fitting process to eliminate the fake tracks.

The tracker is applied for the feasibility study of

pp→pp + φ(→K+K−). The single momentum res-

olution of K+ is 1.3% with the typical parameter-

ized position accuracy of such detector. The influ-

ence of the multiple scattering is not implemented

in the fast simulation, but estimated via an empir-

ical formula. It contributes about 20% to the to-

tal resolution for the Kaons in the FTD coverage.

The geometry coverage of FTD for φ events form re-

action pp→pp + φ(→K+K−) is about 85.40% , the

invariant mass of φ has also been reconstructed by

taking the direct Kion process as background. The

reconstruction results demonstrate that the tracker

method and the geometry construction of FTD sat-

isfy the requirement of the facility under the current

luminosity and multiplicity conditions. The perfor-

mance of the tracker which is tested satisfies the re-

quirement of the fast simulation works even without

the optimization of the data storage structure in its

current version. Furthermore, the tracker can be ap-

plied to other tracking device in HPLUS. It is worth

mentioning that despite the pp→pp+φ(→K+K−) is

a typical channel in the isospin symmetry physics.

We also found that the conclusion of this fast simu-

lation is also valid for the other kind of physics, the

N∗ channels for instance. Further full simulation of

the response of the detector to the passing particles,

including the effect of multiple scattering, δ electrons

and other selection cuts as well as the inhomogeneity

of the magnetic field, are instantly required to draw

a solid conclusion in the feasibility study.
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