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The construction of the new accelerator at the Super Flavor Factory in Tsukuba, Japan, has been
finalized and the commissioning of its detector (Belle II) has started. This new e+e− machine
(SuperKEKB) will deliver an instantaneous luminosity of 8× 1035 cm−2s−1, which is 40 times
higher than the world record set by KEKB. In order to be able to fully exploit the increased
number of events and provide high precision measurements of the decay vertex of the B meson
systems in such a harsh environment, the Belle II detector will include a new 6 layer silicon
vertex detector. Close to the beam pipe, 2 pixel and 4 double-sided strip detector layers will be
installed. During its first data taking period in 2018, the inner volume of the Belle II detector was
only partially equipped with the final vertex detector technologies. The remaining volume was
covered with dedicated radiation monitors, collectively called BEAST II, in order to investigate
the particle and synchrotron radiation backgrounds near the interaction point. In this note, the
milestones of the commissioning of the Belle II vertex detector and BEAST II are reviewed and
the detector performance and selected background measurements will be presented.

The 27th International Workshop on Vertex Detectors - VERTEX2018
22-26 October 2018
MGM Beach Resorts, Muttukadu, Chennai, India

∗Speaker.
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Operational experience and commissioning of the Belle II vertex detector B. Schwenker

1. Introduction

The SuperKEKB [1] asymmetric (4 GeV e+, 7 GeV e−) collider is an upgrade of the KEKB
machine that will provide the Belle II experiment [2] an unprecedented instantaneous luminosity
of 8× 1035 cm−2s−1. The Belle II experiment aims to collect an integrated luminosity of about
50 ab−1 on the ϒ(4S) resonance in ten years of operation. The increased statistics will allow to
search for physics beyond the Standard Model in the heavy quark and lepton sectors.

The increase in luminosity is achieved on the one hand by roughly doubling the beam currents
compared to the previous accelerator KEKB, on the other hand by a novel nano-beam scheme
[3] which requires a beam size of order 10 µm× 60 nm at the interaction point and an increased
crossing angle of the beams. The implementation of the nano-beam scheme requires extremely
small emittances that can only be achieved by raising the energy of the low energy ring. This
in turn implies a reduced center-of-mass boost compared to the previous B-factory experiments.
In order to compensate the reduced spatial separation of the B-decay vertices, the new Belle II
vertex detector (VXD) provides high-resolution measurements of charged particle tracks in the
high radiation environment close to the collision region.

2. Design of the Belle II vertex detector

The Belle II vertex detector, shown in Fig. 1, is the innermost tracking detector of the Belle II
experiment. It is made of six concentric barrel layers with mean radii of 14, 22, 39, 80, 104 and
135 mm centered around the beam axis. The inner two layers are equipped with 75 µm thick fully
depleted p-channel FET (DEPFET [4]) sensors (PXD). The outer four layers are 300-320 µm thick
double sided silicon strip sensors (SVD). The forward ring of three outermost SVD layers is formed
by slanted sensors to economize material budget on the forward edge of acceptance. The six VXD
layers hermetically cover the angle range 17◦ < θ < 150◦ where θ is the angle measured from
the interaction point with respect to the z axis. On the outside, the VXD is enveloped by another
tracking detector, the Central Drift Chamber (CDC).

2.1 Design of the PXD detector

The PXD consists of 8 ladders in the innermost layer and 12 ladders in the second layer. The
ladder is made up of two half-ladders of monolithic silicon, which are glued pairwise to form a self
supporting structure. A main requirement for the PXD design was to minimize the material budget
as much as possible in order to reduce multiple scattering of impinging particles. Concerning this
matter, an advantage of DEPFET sensors is that they can be built very thin due to the internal
signal amplification and the very low intrinsic noise of the device. The sensitive part of the half-
ladder has a thickness of just 75 µm. The thinning technology uses anisotropic etching on bonded
wafers to create a thin, fully self supporting sensor, where no external structures are needed. The
stiffness is provided by a thick (525 µm) silicon rim around the sensor, where the auxiliary ASICs
are directly bonded to. The material budget of the silicon rim is reduced by etching grooves into it.
Furthermore, many parts of the readout electronics are mounted outside of the detector acceptance.

A pixel matrix of 250×768 pixels is operated using a rolling-shutter architecture with 20 µs
integration time. The gate and clear lines of the pixels, placed on the same matrix row, are con-
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Figure 1: Belle II vertex detector layout

nected to a control chip (SwitcherB), which is responsible for selecting subsequent rows. An entire
column of pixels is read out by a current receiver ASIC (DCDB or Drain Current Digitizer [5]).
The data from the DCDB is further transmitted to the Data Handling Processor (DHP) [6], the third
ASIC on the half-ladder, which performs pedestal subtraction, common mode correction and hit
finding. Expected occupancy is 1 % (innermost layer) and trigger rate is 30 kHz at full luminosity.
The DEPFET sensors and readout ASICs are designed to sustain an expected total ionizing dose
of 20 Mrad for 10 years Belle II operation. In order to guarantee that the hit finder inside the DHP
can process all data, the PXD hit occupancy must be below 3 %.

2.2 Design of the SVD detector

The SVD [7] consists of ladders that are basically arrays of double sided silicon strip sensors
(DSSD). Layers 3,4,5 and 6 have 7, 10, 12 and 16 ladders. Each DSSD is either rectangular or
trapezoidal having 300-320 µm thickness with n-type bulk whose one side is doped by acceptor
(called strips) and the other side is doped by donor, with strips being perpendicular to the former.
The acceptor implanted side, called p or U side, having longer strips parallel to the length of the
sensor, measure the r−φ coordinate. The donor implanted (n or V side) shorter strips measure the
z coordinate. The sensors have a readout pitch varying between 50-75 µm in the r−φ direction and
160-240 µm along the z axis. To improve the spatial resolution, one floating strip is implemented
between two readout strips.

The SVD strips are AC coupled to the APV25 [8] low noise front-end readout chip, originally
developed for the CMS strip detector readout system. With 50 ns shaping time and 6 samples per
readout, SVD allows precise timing at the level of nanoseconds and is useful to seperate signal
from background hits. The APV25 chips on the sensors within the tracking acceptance are thinned
down to 100 µm to reduce material. The sensors are equipped with charge injection capability for
precise charge response calibration. At full luminosity, the expected dose on the innermost SVD
layer is 100 krad/yr and the average occupancy is 1.3 %. SVD sensors and chips are radiation hard
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for total ionizing dose of 10 Mrad, ten times more than the expected dose in ten years. For optimal
tracking performance, the SVD occupancy should be below 3 %.

3. VXD operation in Phase 2

The commissioning of the Belle II experiment is split in three phases. In Phase 1, before the
Belle II roll-in, studies of the single beam backgrounds in the interaction region were conducted in
2016 [9]. In the next step, Phase 2, the Belle II detector was running from February to mid July
2018 with the final focusing magnet system already in place. The setup of the Phase 2 VXD is
shown in Fig. 2. The six VXD layers have the geometry of the full VXD, except they comprise
only a single ladder per layer in the horizontal plane. The remaining volume was occupied by the
BEAST II VXD detectors: a hybrid silicon pixel detector with FE-I4 front end (FANGS [10]),
plastic scintillator with SiPM readout (CLAWS [11]) and double sided ladders with active CMOS
pixel sensors (PLUME [12]). Very close to the PXD and the innermost SVD layer, diamond sensors
were installed for ionizing dose monitoring in the interaction region. The main goals of the Phase 2
VXD were commissioning of the final interaction region, measurement of beam background for
safe installation of the full VXD in Phase 3 and acquisition of first collision data. At the end of
Phase 2, the complete Phase 2 VXD volume including the beam pipe will be disassembled and
replaced with the final beam pipe and VXD for Belle II.

Figure 2: Phase 2 VXD layout with 4 layers of SVD, 2 layers of PXD and additional sensors for background
monitoring in the VXD volume

The four SVD ladders and two PXD ladders for Phase 2 were attached to the beam pipe and
integrated with the rest of Belle II in between September and November 2017. The PXD and SVD
ladders installed into Phase 2 are B grade ladders from the final sensor production which were
previously tested in a combined PXD and SVD test beam at DESY in April 2016. Due to problems
with the gluing process, the ladders of the Phase 2 PXD consisted of mechanically disjoint pairs of
half-ladders. The Phase 2 VXD has been operated for the first time in a cosmic run from February
to March 2018. Phase 2 running started with the injection of first beams beginning of April and
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all BEAST II detectors were always running since providing particle rates from beam background
to the accelerator control room. Storage of single electron and positron beams in SuperKEKB was
achieved in April and first collisions were recorded on the 26th of April. Phase 2 running was
stopped on schedule on the 18th of July.

To protect the front-end electronics and sensors from the effects of beam incidents a "stable
beam" interlock has been implemented. Until beams were declared stable by the accelerator control
room using particle rates from BEAST II detectors, mainly Diamonds and CLAWS, the PXD and
SVD sensors were not depleted and only the front-end chips were powered and configured. This
avoids that a high charge deposition in the double-sided strip sensors causes a sudden drop in the
voltage across the silicon bulk, potentially causing a breakdown of the AC capacitor integrated
on the implanted sensor strips. Once stable beams were declared, after additional checks of the
beam conditions, the high voltage for depleting the sensors was ramped up and a new run could be
started. It was found in dedicated tests that the PXD can be operated and read-out without harm
during the injection of new beams.

4. Offline performance examples

All four PXD sensors were operated during Phase 2 and three out of four sensors showed
excellent performance with low noise and a small fraction of dead pixels (<3 %). These dead
pixels are mostly known shorts in drain lines of the pixel matrix on B grade sensors. On the fourth
sensor one quarter of the pixel matrix could not be read-out due to a bad mechanical connection of
an optical fiber at the PXD dock box. The signal to noise ratio distribution for clusters is shown in
Fig. 3 for a physics run near the end of Phase 2. The noise of each cluster is computed as the sum in
quadrature of the noise of the single pixels, while the cluster charge is the sum of the charges of all
pixels forming the cluster. The average single pixel noise varies from 0.69 to 0.71 ADU between
the four sensors. A hit threshold of 5 ADU was applied in the front-end electronics and the highest
charge in the cluster was required to be above 7 ADU. The clusters are not required to be matched
to a charged track and the distribution is expected to contain clusters from background radiation
accumulated during the 20 µs integration time of the PXD. The signal to noise ratio extracted
from a Landau fit to the distributions is just above 50 for all four sensors. The pixels sensors
in the innermost layer have a second peak originating from low energy single pixel clusters. A
preliminary energy calibration of the PXD shows that these peaks are in the range of 7-10 keV.
The origin of this low energy radiation component is still under investigation, but simulations of
the synchrotron radiation backgrounds can reproduce peaks in the range of 7-10 keV in qualitative
agreement with data.

One of the most important aspects of the detector performance is the efficiency. Figure 4
shows the efficiency at which for a reconstructed track a hit can be found on the four different
PXD sensors. The hit efficiency is reported for randomly selected physics runs near the end of
Phase 2. Reconstructed tracks with a momentum p> 4 GeV and at least hits in three SVD layers are
extrapolated into the Phase 2 PXD. Tracks extrapolated into the vicinity of dead pixels are excluded.
The tight track selection requirements in combination with the small geometrical acceptance of the
Phase 2 PXD setup leads to large statistical uncertainties on the efficiency for runs with short
duration. The average efficiency over all runs is better than 97 % for all four sensors.
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Figure 3: Signal to noise ratio for all four pixel sensors in the Phase 2 PXD.

Figure 4: Hit efficiency of all four PXD sensors for randomly selected runs near the end of Phase 2.

The signal to noise ratio distribution for SVD clusters related to tracks is shown in Fig. 5. The
signal to noise ratio is computed separately for U/P and V/N clusters. The noise of each cluster
is computed as the sum in quadrature of the noise of the single strips, while the cluster charge is
the sum of the charges of the strips forming the cluster. The typical signal to noise ratio measured
is about 30 for V/N side, and about 20 on U/P side with higher noise, due to the longer strips and
larger capacitance load to the pre-amplifier. The cluster time distribution for clusters related to
tracks in Fig. 6. resolves the filling pattern of the SuperKEKB accelerator in Phase 2 with different
bunches. The two main peaks in the middle correspond to clusters created by tracks belonging to
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the bunch crossings that has happened in the APV25 clock period expected from the trigger signal.
The width of each peak shows that the SVD hit timing resolution, although at a very early stage of
calibration, is well below 10 ns, as expected.
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Figure 5: Signal to noise ratio for clusters related to tracks traversing large rectangular SVD sensors.

Figure 6: Reconstructed time for V-clusters related to tracks traversing large rectangular SVD sensors.

5. Background studies in Phase 2

With the increased luminosity of SuperKEKB, the beam background is expected to grow sig-
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nificantly with respect to KEKB, leading, among other effects, to possible damage of detector
components and suppression of signal events. The Phase 2 experiment provided a unique oppor-
tunity to measure beam backgrounds in the interaction region before the installation of the final
Belle II vertex detector. The purpose of the Phase 2 operation, together with the commissioning of
SuperKEKB in its final configuration, is to verify that the level of backgrounds in the interaction
region are compatible with the expectations and safe for the installation of the complete vertex
detector.

Background sources in Belle II can be separated in single beam backgrounds and luminosity
dependent backgrounds. Single beam backgrounds, like the Touschek effect, beam-gas scattering
and synchrotron radiation can be split further into contributions from the high energy electron ring
(HER) and the low energy positron ring (LER). The term "luminosity-dependent processes" groups
together all physics processes that are initiated by the collision of the electron and the positron
beam. This comprises physics processes as well as processes that contribute to the background of
the Belle II detector, like radiative Bhabha scattering and two-photon processes. In Phase 3 at full
luminosity, the background occupancy in the innermost SVD layer is expected to be dominated
by the luminosity dependent term (83 %) while the contribution from single beams is 15 % for
LER and 2 % for HER. In Phase 2, the background in the vertex detector volume is expected to be
dominated instead by single beam contributions: LER 80 %, HER 2 %, luminosity 18 %.

During the last two weeks of Phase 2, dedicated single beam studies for backgrounds from
LER and HER rings have been conducted using the same beam optics that will be applied for the
start of Phase 3. A series of runs with different vertical beam size σy were taken and the background
occupancy in the PXD and SVD sensors have been recorded at 1 Hz to follow dynamic changes in
beam current or the residual pressure in the beam pipe. Touschek and beam-gas contributions were
evaluated fitting the data with a two-parameters function [9] that describes their dependence from
beam parameters:

O = T
I2

σynb
+BZ2

effI p

where O is a measured particle rate, T is the parameter for the Touschek component and B
is the parameter for the beam-gas component. The other variables are the number of bunches nb,
the effective nuclear charge Zeff of residual gas atoms in the beam pipe, the beam current I and
the residual gas pressure p. It can be seen in Fig. 7 that this function well represents the data
of the LER studies for runs with different beam sizes σy. The predicted contributions B and T
were extracted from a series of run dependent MC simulations which take into account the beam
optics and collimator positions in the SuperKEKB accelerator. The ratios between data and MC
for the parameters B and T are given in Tab. 1. The agreement for LER studies is reasonable but
a huge discrepancy is found for HER studies. The pattern is very similar in PXD and SVD. The
simulation appears to underpredict the HER backgrounds in the VXD by two orders of magnitude
and the observed HER and LER backgrounds are much more similar than predicted. Rescaling the
beam background predictions for full luminosity Phase 3 runs, using the extracted ratios Data/MC
ratios from Phase 2, gives a too high occupancy in PXD and SVD and requires a reduction of
backgrounds by a factor of 10. Recent work on improving the beam pipe shape in the simulation
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and adding a beam-gas bremsstrahlung component increases the predicted HER backgrounds by
an order of magnitude.

Figure 7: Data of beam size study for LER with Touschek and beam-gas components. The measured
observable O is the rate of multi-pixel clusters in innermost PXD layer.

Rate Data/MC Layer 1 (PXD) Rate Data/MC Layer 3 (SVD)
min-max min-max

HER Beam-gas 480-510 270-610
HER Touschek 360-370 260-350
LER Beam-gas 15-16 11-13
LER Touschek 2.4-2.5 2.3-2.9

Table 1: Ratios of measured to predicted contributions for the Touschek and beam-gas background compo-
nents in Phase 2.

6. Summary

The Belle II experiment has completed the Phase 2, with a subset of the final Belle II vertex
detector comprising six layers with a single ladder per layer. First physics collisions have been
successfully recorded at the end of April 2018 and and a total luminosity of 500 pb−1 have been
collected for physics studies.

All BEAST II detectors were operational and provided valuable online feedback for machine
commissioning and safe operation of Belle II during Phase 2. SVD key operation features like
signal to noise ratio and hit time resolution are within or exceeding TDR expectation. PXD demon-
strated stable operation of four half-ladders with low noise and an excellent signal to noise ratio.

Background from soft photons in the energy range 7-10 keV was observed in the PXD, FANGS
and radio-chromic foils and is in qualitative agreement with simulation of synchrotron radiation.
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Single beam background from the low energy ring is in reasonable agreement with MC prediction
within a factor 3-10 for SVD and PXD while the the background from the high energy ring is un-
derpredicted. The observed HER and LER background rates are much more similar than predicted
and the overall sum of backgrounds is about 10 times too high for efficient operation of the VXD
at full luminosity. Ways for mitigating the backgrounds by tuning the accelerator and installing ad-
ditional collimators are currently under study. The Phase 2 run confirmed that the full VXD could
be safely installed for the early part of Phase 3 in March 2019.
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