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Abstract—A track reconstruction method based on a constrained combinatorial search for track candidates,
i.e. combinations of detector hits possibly belonging to a track, is presented. The algorithm has been imple-
mented as a Vector Finder software toolkit containing a track reconstruction procedure and tools to deter-
mine hit acceptance windows (a priori constraints) for the track search. Track reconstruction results for high
multiplicity simulated events (∼1000 particles in the detector acceptance) are shown demonstrating good per-
formance of the approach proposed.
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1. INTRODUCTION
With a completion of the civil construction stage of

the NICA complex [1] and beginning of the MPD
detector assembly work, the MPD experiment [2]
moves into the following stage of its preparation for
data taking. Although the detector commissioning and
experiment start-up are still ahead, some activity on
evaluating the project’s future has already started.

As one of the possible MPD upgrade steps, an
Inner Tracking System (ITS) based on the next gener-
ation silicon pixel detectors MAPS [3] is being consid-
ered to be installed between the beam pipe and the
Time Projection Chamber (TPC) (Fig. 1). It is
expected that such a detector will increase the research
potential of the experiment for both the proton-proton
(high luminosity) and nucleus-nucleus (high particle
multiplicity) interactions. According to the proposed
design, the MPD ITS will consist of five layers of sili-
con pixel detectors. The main purpose of the ITS is to
improve quality and provide better precision of track,
primary and secondary vertex reconstruction in MPD
in the region close to the interaction point. These goals
will be achieved due to higher acceptance of the ITS in
pseudorapidity  and transverse momentum  of
tracks because of its closer proximity to the beam line
(~3 cm instead of ~40 cm in the TPC) and excellent
spatial resolution ( 10 m in each direction as com-
pared with ~0.5 and ~1 mm in transverse and longitu-
dinal directions, respectively, for the TPC).

In order to study the upgraded detector perfor-
mance the track reconstruction method based on the
Kalman filtering approach, developed for the MPD
TPC, was modified to add ITS hits to extrapolated
tracks according to the Kalman filter formalism. How-

ever, given the significant difference in hit position
precision in TPC and ITS one can expect that such a
TPC-based tracking might not be the optimal one.
Moreover, the ITS stand-alone track reconstruction
can be useful for detector alignment purposes as well
as for development of a high-level trigger in ITS for
future high luminosity running in -mode. There-
fore, another approach to ITS track reconstruction
was developed [4, 5], which eventually evolved in a
more general paradigm implemented as a so-called
Vector Finder toolkit, containing software instru-
ments for a realisation of a self-contained system for
track reconstruction in high energy physics experi-
ments. This toolkit is described below along with its
application results to track reconstruction in the
MPD ITS.

2. METHOD DESCRIPTION
The track finding method is based on the combina-

torial search for detector hit combinations which can
potentially belong to the same particle. Here a hit is a
reconstructed point of a particle trajectory crossing of
a detector layer. The procedure starts from creating
vectors connecting hits on either two inner or two
outer detector layers (depending on the algorithm
modification) with overall outward or inward direc-
tions, respectively. The range of the directions, i.e.
acceptable hit pair combinations, should be compati-
ble with event topology as will be explained in the fol-
lowing. Further explanations and application details
are given for the algorithm modification with the
inward track following direction which has an advan-
tage of starting from the region with lower hit density.
So, the algorithm goes inward and adds hits (builds
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Fig. 1. (a) 5-layer ITS geometry. (b) ITS+TPC model. Overall dimensions of the ITS and TPC are  3 cm,  20 cm,
half-length ~ 75 cm and  40 cm,  120 cm, half-length ~ 170 cm, respectively.
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continuation vectors) on the sequential layers within
some windows defined by a priori constraints coming
from the detector geometry and event characteristics
(momentum and angular spectra of particles to be
reconstructed). These windows reduce combinatorics
and bring the processing time to practical values. The
processing time can also be decreased by designing the
tracking procedure in such a way to perform the hit
selection either by using precomputed values for a
given event (if possible) or using values obtained at the
previous selection step (previous layers). The collected
hit combinations (track candidates) are fitted by the
Kalman filter to verify hit-to-track associations and
yield track parameters.

From the just mentioned considerations concern-
ing the hit selection approach, two different cases
should be distinguished, namely, primary and second-
ary tracks.

2.1. Primary Tracks
Primary tracks are produced in the primary vertex,

i.e. the collision point of two beams in colliders or the
interaction point of the incoming beam and the target
in fixed target experiments. In fixed target experi-
ments the interaction point is usually well localized,
while in collider experiments the longitudinal position
can vary in quite a large interval. However, in heavy
ion collisions with high multiplicity of produced pri-
mary particles the vertex position can be determined
in each event with rather high precision before track
reconstruction using a well-known vertex position
estimator based on combinations of hit pairs. There-
fore, the acceptance window determination procedure
can use precomputed values such as hit azimuthal and
PHYSICS OF PARTIC
polar angles in the coordinate system with -axis
directed along the beam line, -axis vertically upward
and -axis horizontally. The polar angle  is the
angle between the beam line ( -axis) and the vector
from the interaction point to the hit (Fig. 2). The azi-
muthal angle is the angle between the -axis and the
vector from the interaction point to the hit projection
on the transverse -plane. Hits can be ordered
according to their corresponding angles.

In the longitudinal projection the magnetic field
directed along  does not affect the track trajectory,
so tracks can be considered as straight lines (see the
schematic picture in Fig. 2a). Therefore, track candi-
dates can attach hits from the next detector layer with
sufficiently close polar angles, i.e. the track candidate
containing the last accepted hit with the polar angle

 can be extended with the hits from the next layer
in the window  (Fig. 2a) provided their azi-
muthal angles are also consistent.

In the transverse projection charged particle trajec-
tories are close to circle arcs because of the magnetic
field influence. Therefore, only hits corresponding to
the current track candidate curvature (i.e. particle
transverse momentum) should be considered as possi-
ble track candidate extensions. Thus, the area of inter-
est can be defined by two angles  and

 shifted from the track candidate’s last
accepted hit azimuthal angle φ in the direction defined
by the particle charge (Fig. 2b).

2.2. Secondary Tracks
Secondary tracks can be produced in decays of par-

ticles or their interactions with a detector material and
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Fig. 2. (a) Track scheme in longitudinal projection. (b) Track scheme in transverse projection.
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the position of their origin is not a priori known.
Therefore, it can not be used in the track model and
track propagation should rely on the information from
the earlier propagation steps. For the track finding
method under consideration the track evolution
scheme is quite simple. Namely, in the longitudinal
projection it is possible to use a linear track extrapola-
tion from the accepted hit to the following layer
according to the formula:

(1)

where  are the -positions and radii
of the hits on the current and previous layers, respec-
tively, and  is the extrapolated -position at the
next layer with radius . In the transverse projec-
tion, a circle arc track model can be used to do the
extrapolation to the next detector layer. To be defined,
both propagators require some minimum number of
points, i.e. two for the longitudinal projection and
three for the transverse one. While the first point does
not have any constraints, the others can be selected
still using the primary vertex position since it only
defines the general track direction and not the accep-
tance window size as discussed in the next section.

3. DETERMINATION OF CONSTRAINTS
Since the described method is based on a priori

constraints, the important part of the toolkit deals
with the task of obtaining them. In practice, it contains
ROOT macros to extract necessary distributions from
Monte Carlo simulated events and define hit accep-
tance windows. The studied data of central Au + Au
collisions at center-of-mass energy  GeV
were produced with the UrQMD event generator [6]
and transported through the detector set-up using
GEANT3 particle transport code to simulate ITS hits
within the MpdRoot software framework [7]. It
should be noted here, that reconstruction of second-
ary particles is not a well defined task since they can be
produced virtually everywhere inside the detector. For
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the current study, only the ones created inside the
innermost barrel, i.e. closer to the beam line than the
innermost layer, were considered. This is quite justi-
fied since the ITS primary purpose is to reconstruct
secondary particles produced very close to the primary
vertex from decays of short-lived objects.

In Fig. 3 the polar and azimuthal angle differences
of hits on consecutive layers from primary particles are
shown as functions of particle transverse momentum.
One can see that the transverse window definition
requires knowledge of the transverse momentum,
which can be estimated with sufficient accuracy from
positions of 2 hits and the primary vertex (Fig. 4a).
Corrected for the track curvature with the function

, the azimuthal angle difference is shown in
Fig. 4b. Together with Fig. 3a they should be used to
select window sizes in two directions. To preserve the
selection efficiency and, at the same time, not to com-
promise on the processing speed, the algorithm is
implemented as a two-step procedure. At the first
pass, relatively narrow window is taken to find high-
tracks. After track verification with the Kalman fitter
the assigned hits are tagged as used ones and not con-
sidered during other passes. During the second pass
window sizes are increased to find lower-  tracks.

For secondary particles, utilization of the same
selection variables (  and φ) is not optimal, as can be
seen in Fig. 5 where polar and azimuthal angle differ-
ences between hits on consecutive layers are shown.
One can see that although the overall patterns are sim-
ilar to those for primary tracks, there is also a signifi-
cant spread of points. As can be seen in Fig. 6, using
linear extrapolation of the longitudinal coordinate 
according to Exp. (1) and circle arc propagator in
transverse projection give much better point localiza-
tion. However, these methods require at least two and
three hits for longitudinal and transverse projections,
respectively. Therefore, to perform the linear extrapo-
lation to the layer 4 and circular one to the layer 3, the
procedure still relies on the approximation that the
track comes the primary vertex. As can be seen in
Fig. 7, this assumption gives quite reasonable results,
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Fig. 3. (a) Polar angle difference of hits on consecutive layers from the same primary particle as a function of transverse momen-
tum. Lines show hit acceptance windows: dotted and dashed lines are for reconstruction passes 1 and 2 on ITS layer 4 (only neg-
ative values are drawn), dash–dotted and solid lines are for passes 1 and 2 on layers 1–3 (only positive values are drawn). (b) Azi-
muthal angle difference of hits on consecutive layers from the same primary particle as a function of the signed transverse
momentum (where the sign corresponds to the particle charge). Red curve shows result of the fit to the function . Dashed
and solid horizontal lines show acceptance windows for pass 1 and 2 on layer 4. (c) The same as in Fig. 3b for positive particles:
blue dots for two innermost layers, red ones for next two layers (difference comes from the difference in radial distance between
layers—in Fig. 3d. d) Distribution of ITS hits radii.
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Fig. 4. (a) Relative transverse momentum resolution for primary tracks, where the momentum is reconstructed using hits from the two
outermost layers 4 and 5 and the primary vertex. (b) Azimuthal angle reconstruction uncertainty on layer 3  from a hit on layer 4 and

estimated track momentum . Dash–dotted and solid lines show acceptance windows for passes 1 and 2 on ITS layers 1–3.
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Fig. 5. (a) Polar angle difference of hits on consecutive layers from the same secondary particle as a function of transverse momen-
tum. (b) Azimuthal angle difference of hits on consecutive layers from the same secondary particle as a function of signed trans-
verse momentum.
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tion of  for secondary tracks. (b) Azimuthal angle extrapolation error on layer 2 for secondary particles using circle arc model
versus . Lines show hit acceptance windows.
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at least for tracks produced inside the innermost
detector barrel. Moreover, for this reconstruction pass
the number of hits is already significantly reduced and
one can afford to use relatively wide windows without
increasing the processing time.

4. PERFORMANCE RESULTS

Performance of the approach presented was evalu-
ated on the same data which were used to define hit
acceptance windows for the tracking, i.e. simulated
central Au + Au events at  GeV. Track recon-
struction efficiencies shown below are calculated for
particles having hits in at least 3 ITS layers and include
so-called “good” reconstructed tracks, i.e. containing
more than 50% of hits from the same particle. Particle

= 9NNs
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multiplicities of the processed events are shown in
Fig. 8. One can see that the mean multiplicity is close
to 1000, secondary particles comprise about 13%,
and ∼64% of them are produced inside the inner-
most barrel.

As can be seen in Fig. 9, the method demonstrates
high efficiency both for primary and secondary tracks,
i.e. close to 100% in central region (  1.2) down to

 0.05 GeV/  and for  0.1 GeV/c up to 
1.8. At the same time, the contamination rate, defined
as percentage of clone and ghost tracks, is quite low
(Fig. 10). Here clones are multiple “good” tracks
found for one particle and ghosts are bad (not “good”)
tracks. The track reconstruction quality can also be
estimated from Fig. 11, where the relative transverse
momentum resolution and track pointing accuracy are

η <
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Fig. 7. (a) Azimuthal angle difference between layers 4 and 3  for secondary particles as a function of reconstructed .
Line shows result of the fit to the function . (b) Azimuthal angle extrapolation error on layer 3  for secondary particles
using the fitted function versus . (c) Longitudinal coordinate  uncertainty of hits on layer 4  estimated using hits on layer
5 and the primary vertex. Lines show hit acceptance windows.
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 shown as functions of  for primary tracks in central
region ( ). Here the track pointing accuracy is
defined as transverse and longitudinal position errors
at the point of the closest approach (PCA) to the inter-
action point.

It is also quite informative to compare, for exam-
ple, the efficiency for the presented method and the
one based on the TPC track propagation through the
ITS (although the latter by construction includes the
TPC-ITS matching part with its inefficiency and extra
processing time). Figure 12 shows that Vector Finder
demonstrates a visible efficiency improvement for
”good” tracks from the same event sample and this
performance gain is achieved with a factor of ~2 lower
time consumption (2.2 versus 4.7 s/event).

5. SUMMARY AND NEXT STEPS
A track reconstruction approach based on a combi-

natorial hit search has been developed and imple-
mented as a Vector Finder toolkit. The method has

Tp
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LES AND NUCLEI LETTERS  Vol. 18  No. 1  2021



PHYSICS OF PARTICLES AND NUCLEI LETTERS  Vol. 18  No. 1  2021

VECTOR FINDER—A TOOLKIT FOR TRACK FINDING IN THE MPD EXPERIMENT 113

Fig. 9. (a) Reconstruction efficiency as a function of transverse momentum for primary and secondary tracks produced with
; (b) Reconstruction efficiency as a function of  for primary and secondary tracks with  GeV/ . Red color is

for primaries, blue one for secondaries.
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Fig. 12. (a) Reconstruction efficiency as a function of transverse momentum for primary particles at  obtained with the
Vector Finder and TPC-based Kalman Filter methods. (b) Reconstruction efficiency versus  for  GeV/ .
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been described and the hit acceptance strategy
explained. Good performance results have been
demonstrated on Monte Carlo simulated high multi-
plicity event samples.

As the next steps, it is planned to implement the
ITS-TPC matching procedure and apply the com-
bined package for performance studies and design
optimization of the MPD ITS.
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