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Belle II is a next generation B-factory experiment at the SuperKEKB collider. In early 2019 the
fully operational detector will start taking data. The goal is to collect a statistics 50 times larger
than the one collected by its predecessor Belle, namely an integrated luminosity of 50 ab~!.
The Belle II tracking detectors are designed to reconstruct charged particles trajectories whose
momentum can be as small as 50 MeV /c with excellent resolution on both impact parameters and
momentum. In this contribution, the tracking and vertexing algorithms implemented in the Belle
1T software framework are presented, together with the performances on simulated Y (4S) — BB
events and on data collected during the detector commissioning phase.
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1. The challenges of tracking at Belle 11

Belle I1 is a multipurpose detector operated at the SuperKEKB asymmetric collider in Tsukuba,
Japan. SuperKEKB is a major upgrade of the KEKB accelerator, used from 1999 to 2010 in the
Belle experiment. The facility is designed to collide electrons and positrons at a center of mass
energy of \/s ~ 10 GeV/c?, that corresponds to the region of the Y resonances. Most of the data
will be collected while operating on the Y(4S) peak of the cross section, which is just above the
threshold to produce one pair of B-mesons. To study the time-dependent CP asymmetries, a fun-
damental requirement to fulfill is a good spatial resolution to resolve the two decay vertices of the
B-mesons coming from the Y(4S). One difference of the accelerator with respect to its predecessor
is the sizeably reduced boost of the center of mass frame. This allows to increase instantaneous
luminosity and increases detector hermeticity, but it has a drawback in reducing the flight length of
the B-mesons, which translates into the requirement of a vertex resolution improved by a factor of
2. With regard to the event topology, in one Y(4S) event there are on average 11 charged tracks.
Tab. 1 shows the average fraction of charged particles produced according to the type. As it can
be seen from the numbers, pions are the largest fraction. Another feature of the event topology is
the presence of many soft tracks: most of the particles have momenta well below 1 Gev/c. This is
shown in Fig. 1, that represents the normalized distribution of the momentum (p) for the 5 different
types of charged particles.

The experiment peak luminosity goal is 8 x 103 cm™2s~!, 40 times higher than the peak lumi-
nosity reached by KEKB. The detector occupancy stemming from machine background (particles
lost by beam gas and Touschek scattering and particles lost by non linearities in the machine lat-
tice) is expected to be very high as a consequence of the high beam currents, small emittances
and large beam tune shifts needed to reach the design luminosity. Moreover, the electromagnetic
processes occurring at the interaction point, radiative Bhabha and electron positron pair production
(whose cross sections is order of several mbarn) are going to dominate the beam particle loss rate
at nominal luminosity. The number of background hits exceeds the signal hits by two orders of
magnitude, and this poses a very challenging task for the tracking detectors and for the software
reconstruction. Despite the structure of the Belle II detector remaining similar to its predecessor
Belle, because of the upgrade of the accelerator, a major upgrade was necessary, as well. In its new
design, Belle II is composed of a PiXel vertex Detector (PXD), a Silicon Vertex Detector (SVD), a
Central Drift Chamber (CDC), a Time-Of-Propagation (TOP) counter, a proximity-focusing Aero-
gel Ring-Imaging CHerenkov (ARICH), an Electromagnetic CaLorimeter (ECL) and a K; and

Particle type T K e u )4

Avg. fraction | 73.4% | 143 % | 59% | 44 % | 2.0 %

Table 1: Fraction of particles produced according to the type in a generic Y(4S) event. The num-
bers were obtained using a Monte Carlo simulation, generating 10000 events using the EvtGen
package [1].
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Figure 1: Normalized momentum distributions for 5 different types of particles. The plot was
obtained using a Monte Carlo simulation, generating 10000 generic Y(4S) events with the EvtGen
package [1].

Muon detector (KLM). A schematic view of the detector is shown in Fig. 2, and a more exhaustive
description of all the subsystems can be found in [4].

2. Track Finding

In its current conception, the workflow starts from a CDC standalone track finding. The out-
come of this first step is a collection of CDC tracks that are used as seeds to whom SVD hits are
attached using a Combinatorial Kalman Filter (CKF). The SVD hits left not attached are used for
a SVD standalone track finding. After merging the two lists obtained, as a last step in the chain
the PXD hits are added to the track candidates using again a CKF. By design the whole tracking
data-flow can be easily modified allowing to plug in the reconstruction sequence additional track
finding tools with a minimum amount of work.

2.1 CDC track finding

The CDC track finding combines different algorithms having in common the same starting
point: a collection of CDC hits. The very first step implemented is a background filter based on a
FastBDT (Fast Boosted Decision Tree), a speed-optimized multivariate classification algorithm de-
veloped for the Belle II experiment [5]. For the background rejection, the classification is based on
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Figure 2: 3D view of the Belle II detector [3].

clustered hits shape variables. In its first implementation the optimization is based on Monte Carlo
simulation, but the plan is to tune it using single beam data when available. After this, two track
finding algorithms are implemented on the same set of CDC hits: a global one based on Legendre
transformation, and a local one based on a cellular automaton [6, 7].

The idea behind the global algorithm is to transform the drift circles using Legendre transformation
and to map the hits onto the Legendre plane. Every hit in the CDC can be geometrically represented
as a circle, having the fired sense wire as center and the hit drift length as radius. At the first stage,
considering only the xy projection of the CDC hits, particle trajectories are reconstructed as 2D cir-
cles. In a conformal mapping, all circles passing through the origin of the mapping are transformed
into straight lines. Thus particle trajectories coming from the interaction point become straight
lines. Furthermore, in the conformal mapped space it is still true that a particle trajectory is always
tangent to the drift circle induced. In the end, the first step of the Legendre-based track finding is
designed to find common tangents to a set of conformally mapped drift circles. Moving forward,
it is possible to reduce the problem of the Legendre-based pattern recognition to the problem of
the identification of the most populated regions in the Legendre space. This is carried out using a
2-dimensional binary search towards the possible track candidates.

In parallel to the global tracking algorithm just described, a local one based on a Cellular Automa-
ton technique is implemented, employed on graphs of vertices connected by edges. This operates
without any assumption on the origin of the tracks, therefore it is a useful approach to detect dis-
placed tracks. The basic idea is to search for connected hits (so called segments) in the CDC
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superlayers. The whole process is divided into two consecutive stages:

e Segment building stage: vertices formation by combining 3 neighboring hits and assuming
a unique trajectory passing through them (left-right passage hypothesis); linear trajectory
extraction; edges creation from neighboring triplets sharing two hits;

e Track building stage: combination of individual segments to longer tracks.

The two track finding algorithms are applied on the whole hits set. The results of both approaches
are then combined, using the collection of track candidates obtained from the global method as a
baseline. A multivariate approach based on FastBDT [5], and trained using simulated events, is
used to add segments from the local finder to the global track candidates.

2.2 SVD track finding

The starting point of the SVD track finding is a collection of SVD hits. These are at first
fed to a CKF, that tries to attach them to the existing CDC track candidates using the principles
of the Kalman Filter for track finding [8, 9]. All the hits which remain unutilized are used as
input for the SVD standalone track finding algorithm, after being converted to space points (a
detector-independent format). These space points are then sorted into a sector map, used for filter-
ing possible hit combinations. Here, a few important concepts have to be introduced:

e Space point: global 3-dimensional coordinates of a hit in the SVD and PXD;
e Segment: combination of two space points;

e Sector: virtual subdivision of the SVD sensors. Typically, the number of subdivisions per
sensor is 9;

e Friend sectors: different sectors crossed by the same particle. The friendship relations are
established using Monte Carlo simulation, during the sector maps training;

e Sector map: network of sectors, where each sector is connected to its own friends.

Segments are searched only on friend sectors, which highly reduces the number of combinations,
and the resulting compatible combinations are then used for a Cellular Automaton algorithm. What
comes out from this is a set of track candidates with potential overlaps, therefore a Greedy neural
network is applied. This finally results in a unique collection of SVD track candidates.

As a last step of the track finding chain, the two collections of CDC and SVD track candidates are
merged into one, and finally the PXD hits are attached with a CKF. The reason not to include PXD
hits in a global standalone vertex finder, and to add them in a second moment instead, is related
to the nature of the PXD itself: because of its proximity to the beam pipe and to the low read out
frequency of its sensors, it is subject to a very high beam background induced hits rate. Omitting
them from the track finding algorithm simplifies by far the combinatorial problem. Moreover, the
option to include them from the beginning is implemented in the algorithm, and it is possible to
switch it on in any moment, if desired.
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Figure 3: Momentum resolution of a kaon Monte Carlo sample generated at a fixed polar angle
(6 = 60°) and with fixed transverse momentum (p, = 0.3 GeV /c (a), p, = 1.0 GeV /c (b)). In both
plots the kaon sample was fitted with three different mass hypotheses: pion mass hypothesis (red),
kaon mass hypothesis (blue) and proton mass hypothesis (green). For low momentum tracks, using
the wrong mass hypothesis introduces a large bias in the momentum reconstruction. The effect is
not as pronounced in case of high momentum tracks.

3. Track Fitting

The unique set of track candidates passes through the track fitting package GENFIT2 [10].
This package is a more general and extended version of its predecessor GENFIT [11], a toolkit
originally developed for the PANDA collaboration [12] framework. GENFIT?2 is an experiment-
independent track fitting software. It provides track representations, track-fitting algorithms and
graphic visualization. Currently, among the different track fitting algorithms implemented in the
GENFIT2 package, the Belle II framework uses a Deterministic Annealing Filter (DAF). The DAF
helps to reject outlying measurements and to downweight distant hits. Thanks to its adaptability,
the package allows an easy treatment of hits coming from different subdetectors, as well as the
presence of a not-uniform magnetic field and of an energy loss dependent on the particle type.
One of the features implemented in Belle II is the usage of the track fitting with three different mass
hypotheses in parallel (namely pion, kaon and proton mass hypothesis). At low momentum, the
usage of a wrong mass hypothesis can cause a large bias in the track momentum, while the effect
is not as severe when considering high momentum tracks. This is shown in Fig. 3.

4. Vertexing

There are three different vertex fitters implemented in the Belle II framework: KFit, RAVE
and TreeFitter.
KFit was developed for the previous experiment and it is based on a least square minimization
approach. One of the main features of this fitter is the possibility to fit channels with neutral tracks,
under the assumption that they originate from the interaction point (0,0,0).
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Figure 4: Belle II Track finding efficiency computed using a Monte Carlo simulation. The plots
were obtained generating 10000 Y (4S) generic events with the EvtGen package [1], simulated
without (blue points) and with (green points) nominal background.

RAVE [13] is a detector-independent toolkit, originally developed for the CMS [14] reconstruction
software. It is based on a generalization of the Kalman Filter, downweighting the contribution of
outlier tracks in case of multiple tracks fitting. Contrary to KFit, RAVE can not handle and fit
channels with neutral tracks.

TreeFitter [15] is a relatively new toolkit implemented in the Belle II framework. Compared to
the previous two vertex fitters described, it uses a completely different approach in fitting particle
decay trees, namely a global one instead of the canonical leaf-by-leaf one. This technique was
first suggested and implemented in the BaBar experiment [16]. It uses a Kalman Filter approach to
globally fit decay chains, without fitting each vertex at a time. In the algorithm different types of
constraints are implemented, making it suitable for various purposes. Being (as already stated) a
global fitting technique, it is particularly suitable for background rejection in decay trees containing
neutral particles, an important feature for the Belle II physics program.

5. Performance

The Belle II tracking and vertexing algorithms have been widely tested using Monte Carlo
simulations. The track finding efficiency, defined as the number of track candidates associated to
a Monte Carlo particle divided by the total number of Monte Carlo particles generated inside the
detector acceptance, can be computed simulating generic Y(4S) events; it is ~ 96.5% when the
background is not included in the simulation and ~ 95.2% when it is included. In the future, the
background simulation may change, in order to better describe what we see in data. In Fig. 4 the
track finding efficiency is shown as a function of the transverse momentum p; (a) and as a function
of the polar angle 6 (b). Very low momentum tracks have a lower track finding efficiency since
they do not reach the drift chamber and have therefore a smaller number of hits. Furthermore, the
drop in the efficiency both in the forward and backward region of the detector is due to geometrical
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Figure 5: Distribution of the longitudinal component of the interaction vertex estimated using zg
parameter of single tracks originating from the interaction vertex [18].

acceptance.

In April 2018, first data was collected during the machine commissioning phase, which represented
the first opportunity to test the framework on real data. Thanks to the very good shape of the
software, the data collection and the first physics signals and plots went almost hand in hand.
Among the first important results was the measurement of the effective bunch length, using tracks
passing the sector equipped with the PXD and SVD sensors. The large crossing angle of the
beams in the nano-beam scheme leads to a narrow width of the collision points distribution in the
z direction. It is expected to be around 0.5 mm, compared to 1 cm at Belle. This is confirmed in
data, see Fig. 5.

6. Outlook

After a phase devoted to the commissioning of the detector, the Belle II experiment is ready to
start the data taking and join the squad of particle physics experiment in the search for new physics.
The tracking of Belle II detector has been tested thoroughly using both Monte Carlo simulation and
the first collision data, and its performance found to be sufficient for the experiment’s needs.
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