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A B S T R A C T

The silicon vertex detector (SVD) is a four-layer double-sided strip detector installed at the heart of the Belle
II experiment, taking data at the high-luminosity 𝐵-Factory SuperKEKB since 2019. SVD has been operating
smoothly and reliably, showing a stable and above-99% hit efficiency, and a large signal-to-noise ratio in all
sensors. In June 2022 the data-taking of the Belle II experiment was stopped for the Long Shutdown 1, primarily
required to complete the vertex detector (VXD) with the inner two-layer DEPFET detector and to upgrade
several components of the accelerator. This article reports on the excellent performance of SVD in terms of
the signal-to-noise ratio, the hit position resolution, as well as the hit-time resolution. We briefly describe the
challenges and delicate phases of the VXD re-installation and the SVD status for operation starting in early
2024. In SVD layer 3, which is closest to the interaction point, the average occupancy has been less 0.5%,
well below the estimated limit for acceptable tracking performance. However, higher machine backgrounds
are expected at increased luminosity, and so also increased hit occupancy. To enhance the robustness of offline
software in a high-background environment, new algorithms of background suppression using the excellent
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SVD hit-time information have been developed, which allows a significant reduction of the fake rate, while
preserving the tracking efficiency.

With the increasing luminosity also the radiation levels are expected to increase, with possible deterioration
of the sensor performance. The SVD integrated dose is estimated by the correlation of the SVD occupancy with
the dose rate measured by the diamonds of the radiation monitor and beam-abort system.

The effects of radiation damage are starting and in good agreement with our expectations. So far, no
harmful impact due to the radiation damage on the detector performance has been observed.
1. Introduction

The Belle II experiment [1] is a 𝐵-factory dedicated to the search
or new physics beyond the Standard Model at the intensity frontier,
iming at high-precision measurements of the properties of the heavy
uarks and the tau lepton. It operates at the SuperKEKB collider [2],
hich provides asymmetric collisions with 7 GeV electrons and 4 GeV
ositrons. The majority of the collisions take place at the centre-of-mass
nergy of the 𝛶 (4𝑆) resonance. By July 2022, Belle II has accumulated
ollision data corresponding to 424 fb−1, and SuperKEKB has reached
he world’s highest luminosity of 4.7 × 1034 cm−2s−1. To reach the

target instantaneous luminosity of 6×1035 cm−2s−1, the operation of the
machine will be further improved, with the target that Belle II collects
50 ab−1 of data in the next decade. The Belle II vertex detector (VXD)
is the tracking detector closest to the interaction point. It consists of
two inner layers of pixel detector (PXD) [3], based on depleted field
effect transistor (DEPFET) sensors, and four outer layers of silicon strip
detector, known as the silicon vertex detector (SVD) [4].

SVD extrapolates the measured tracks to the PXD, defining the
so-called region of interest, which significantly reduces the amount
of data recorded by PXD, but it also performs standalone tracking
for low momentum particles and contributes to the charged-particle
identification by providing energy-loss information (𝑑𝐸∕𝑑𝑥). PXD was
only partially installed in 2018 and its second layer covered only 1/6th
of the azimuthal angle. In 2022 the VXD was re-installed with a new
complete PXD and the same SVD.

A detailed description of the SVD and its performance until 2022
is given in Sections 2 and 3, respectively. Section 4 outlines the main
challenges and results of the VXD re-installation. Finally, in Section 5,
the main software improvements and radiation studies towards an high
luminosity scenario are summarised.

2. Belle II silicon vertex detector

The SVD consists of four detector layers, as shown in Fig. 1, each
equipped with double-sided silicon strip detectors (DSSDs) located at
radii of 39, 80, 104, and 135 mm, referred to as layer 3, 4, 5, and
6, respectively. Each layer is made of ladders, which are mechanically
and electrically independent sensor modules, hosting 2 to 5 sensors
with their readout chips and cooling support. A total of 172 DSSDs are
arranged around the beam direction with a windmill-like structure that
allows a partial overlap of the sensor’s active regions. To cope with the
inclination of the forward tracks as well as to minimise the material
traversed in the forward part, a lantern-like geometry was adopted for
the forward end of the three outer layers of SVD, whose detectors are
inclined with respect to the cylinder axis.

These DSSDs consist of an N-type silicon substrate ∼300 μm thick
with P-type strips implanted on one side, and orthogonal N-type strips
implanted on the other side, providing two-dimensional spatial infor-
mation. The strips on u/P side are orientated in parallel to the beam
axis, measuring the 𝑢 = 𝑟𝜙 position, while the ones on v/N side are
transverse to the beam axis and provide the 𝑣 = 𝑧 coordinate. The
readout strips are AC coupled and there is a floating strip between two
adjacent readout strips to improve the resolution on the hit position. In
layer 3 the DSSDs have a strip pitch of 50 μm on u/P side and 160 μm
on v/N side, while in layers 4, 5 and 6 sensors with a pitch of 75 μm
2

on u/P side and 240 μm on v/N side are used. The initial full depletion
voltage ranges from 20 to 60 V and the operating voltage is typically
100 V.

The signals from a group of 128 strips are processed by the APV25
[5] front-end chip, which has a typical ‘‘preamplifier-shaper’’ architec-
ture. This chip is characterised by short shaping time of 50 ns and
radiation hardness up to 100 Mrad, which meets the requirements for
the high particle rate from beam-induced background expected on the
innermost layer 3. The pulse height of the shaper output is sampled at
a clock frequency of 32 MHz, which is 1/8th of the SuperKEKB bunch-
crossing frequency. By default, APV25 operates under the ‘‘multi-peak’’
mode, outputting six successive samples upon receiving a level-1 trig-
ger, to reconstruct the signal-peak height and hit time. To reduce
the readout time and data size in higher luminosity runs, a ‘‘3/6-
mixed’’ acquisition mode that uses either three or six samples has been
developed and tested.

3. SVD operation and reconstruction performance

Since the beginning of operations in March 2019, SVD has oper-
ated smoothly and stably without any major issues, with a very good
performance that has been continuously monitored and is in line with
expectations. Less than 1% of the total strips are masked, mainly due to
initial defects caused by the sensor production or the ladder assembly,
and the hit efficiency exceeds 99% for all sensors and is stable over
time.

Data collected in 2020 and 2022 show similar results, which are
compatible and in line with expectations. Even if the first effects of
radiation damage are observed, they are well under control and do not
affect the reconstruction performance. The distribution of the cluster
charge released in the sensors in layer 3 u/P-side and v/N-side, re-
normalised to the track length to account for the different track incident
angle, is similar in all the sensor and with a most probable value of 21
k𝑒−. Taking into account the 15% uncertainty from the APV25 gain
calibration, this result is consistent with the expected 24 k𝑒− for a
minimum ionising particle signal in the 320 μm thick sensor.

The cluster signal-to-noise-ratio (SNR), defined as the total charge
collected in the cluster divided by the square-root of the quadratic-
sum of the noises in the strips associated with that cluster, has a most
probable value (MPV) between 13 to 30, depending both on the sensor
position, due to the different track incident angle, and the side, with
u/P side’s longer strips having higher noise.

A small reduction in the cluster SNR has been observed in the 2022
data, as shown in Fig. 2, due to increased noise of about 20%–30% in
layer 3 caused by the irradiation damage. The noise value is consistent
with the expectations from the irradiation campaigns described in
Section 5 and shows a saturation.

The cluster position resolution is estimated from the residual of
cluster position against unbiased track extrapolation using 𝑒−𝑒+ →

𝜇−𝜇+ events [6]. The resolutions are 7 to 12 μm for u/P strips and 15 to
25 μm for v/N strips, which are in good agreement with expectations.
The SVD offers an excellent hit time measurement of 2.9 ns (2.4 ns)
for the u/P (v/N) side. The hit-time resolution is measured from the
residuals of the hit time with respect to the time of the 𝑒−𝑒+ → 𝜇−𝜇+

collision calculated by other detectors with very good time resolution
(≤1 ns).
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Fig. 1. Schematic view of the position of SVD layers and sensors.

Fig. 2. Cluster SNR distribution for layer 3 u/P side (top) v/N side (bottom) for data collected in 2020 (exp10 data, in blue) and 2022 (exp24 data, in red). In the plots, the
MPVs are approximately 15 (u/P side) and 18 (v/N side) for the 2020 data.
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Fig. 3. Picture of the first SVD half-shell attached to PXD2.
4. VXD re-installation during LS1

Following the data taking period called Phase 3 run 1 (2019–2022),
a long-term shutdown period, LS1, began in July 2022, during which
the completeness and robustness of present Belle II of the accelerator
has been improved. The PXD installed for run 1 was only partially
completed. The main reason for this long shutdown was to complete
the vertex detector with two full layers of pixel detectors and the same
SVD.

This complex process spanned several months and involved a mul-
titude of sequential steps and extensive testing of the detectors and
the environmental monitoring system, to ensure the healthiness of the
system after each step. The milestones are reported in Table 1. The
VXD was extracted from Belle II in May 2023, after the successful
installation of PXD2 on a new beam pipe, and moved to the clean
room. Then the SVD was detached from the old PXD and a standalone
SVD commissioning was performed to ensure the healthiness of all
the sensors. Subsequently the SVD was attached to the new PXD2.
Fig. 3 shows a photo of the SVD half-shell and the full PXD2 after the
attachment of the first half-shell.

After the installation of the new VXD in Belle II in July 2023, a
commissioning was performed to confirm the performance of the PXD
and SVD and check the effect of the increased power consumption of
the PXD and the possible increase in temperature on the sensor leakage
current. Starting in September, several cosmic runs were made without
a magnetic field to check performance and compare with data samples
from the 2022 cosmic run. No problems were observed, and both noise
and SNR distribution remain essentially unchanged. Also the same good
efficiency as before LS1 is still observed for all sensors. The entire re-
installation was successfully completed without any major problems or
damage, and the beam operation resumed in January 2024.

5. Towards high luminosity scenario

Each increase in luminosity results in a larger beam background,
thus higher occupancy in the SVD. The direct consequence is a dete-
rioration in tracking performance. So far, the average hit occupancy
is 0.5% for layer 3, which does not degrade tracking performance. The
background extrapolation for different future scenarios is obtained from
detailed simulations of the various contributions to the background
(beam gas, Toushek, etc.) [7]. These simulations show that for the
nominal luminosity we can reach an occupancy in layer 3 very close to
the limit of 4.7%, above which the tracking performance deteriorates
significantly.

One of the main challenges at high luminosity is to deal with the
high detector occupancy, which affects the reconstruction performance.
On the other hand, these predictions have large uncertainties due to the
poorly known future evolution of the machine, with possible redesign
4

of the interaction region. In the most conservative scenario, layer 3
Table 1
Summary of the main VXD re-installation and commissioning
activities during 2023’s LS1.
Start date Activity
May, 10th VXD extraction Belle II

May, 17th SVD detachment
June, 1st SVD commissioning clean
June, 28th New VXD assembly room
July, 14th New VXD commissioning

July, 28th New VXD installation

Belle IISept, 22nd
VXD functional tests &
commissioning with
cosmic-ray

occupancy can increase up to ∼8.7%, which is far beyond reasonable
tracking performance. For this reason, considerable effort has been put
into the development of the SVD reconstruction software over the last
months. A great effort is given by the use of the hit time information
from the SVD. Even if the real signal hits come from well-triggered
collisions, the SVD acquisition window (∼100 ns) is much wider com-
pared to the SuperKEKB bunch spacing (6 ns), and in this time window
we have to deal with many off-time hits related to the beam-induced
background or background from the other bunches. One way to reduce
the off-time tracks is to apply a hit-time selection that takes advantage
of the excellent hit-time resolution of SVD (<3 ns). With the current
selection, which requires that the time difference between the P-side
and N-side clusters, |𝑡𝑝 − 𝑡𝑛| <20 ns, and a requirement on the absolute
value of the cluster time, |𝑡𝑝;𝑛| <50 ns, about 50% of the background
hits are rejected while keeping the signal efficiency above 99%. This
selection has been tested and allows the SVD occupancy limit for layer
3 to be set at 4.7%, but it is not yet used in real data reconstruction
because the actual occupancy level is still low.

Another suppression method called ‘‘SVD grouping’’ has been de-
veloped to further increase the occupancy limit. The method consists
of classifying the clusters event-by-event by their time: in this way,
clusters belonging to tracks from the same collisions are collected
in the same group, while clusters from different collisions or beam
background are placed in the other groups. Thanks to this feature, it
is possible to reduce the fake rate by 16% for the high background
scenario. An additional fake rate reduction of a factor of 1.5 can be
achieved by rejecting the off-time tracks by selecting the track time,
i.e., the time calculated by combining the hit time associated with the
track. Thanks to these further improvements, the SVD occupancy limit
for layer 3 can be increased from 4.7% to around 6%. However, due
to the large uncertainties related to possible future developments of
the machine and the interaction region, a conservative extrapolation
of the occupancy level on layer 3 also exceeds the 6% level, opening
the discussion about a possible upgrade of the vertex detector [8].
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In addition to the higher hit occupancy expected at the nominal
luminosity, also the radiation level will increase, with an estimated
radiation level of 0.35 Mrad/yr, corresponding to an equivalent neutron
fluence of 8 × 1011 neq∕cm2∕yr. The SVD dose is constantly monitored
by 28 diamond detectors installed on the VXD and by the SVD hit
occupancy. However the integrated radiation dose can deteriorate the
sensor performance with time, such as an increase of the leakage
current and strip noise, and a changing of the depletion voltage. Since
the beginning of operations in 2019, the total integrated dose on layer
3 is less than 70 krad (1.6 × 1011 neq∕cm2) and the first effects of
radiation damage are observed. The strip noise, which is expected to
be saturated, is dominated by the inter-strip capacitance and increased
by around 20% (30%) for N-side (P-side) during operation. The leakage
current is gradually increasing and, in general, its value shows a linear
dependence on the accumulated dose, as expected from NIEL model.
So far, this increase has negligible contribution to the noise because
of both the still small leakage current and short APV25 shaping time.
However, a deterioration in SNR is expected for the dose of about
6 Mrad. No changes to the depletion voltage are measured so far,
suggesting that bulk damaged effects are not observed.

In-depth studies on the effects of radiation damage on our sensors
have been carried out with several irradiation campaigns. In July 2022,
an irradiation campaign was performed at ELPH, Tohoku University,
with a 90 MeV electron beam, for an integrated dose up to 10 Mrad
(equivalent neutron fluence of 3 × 1013 neq∕cm2). The depletion voltage
was observed to decrease up to the point of type inversion at 2 Mrad
(6× 1012 neq∕cm2), after which the depletion voltage started to increase
again. The tests confirmed that the sensors continue to work well after
type inversion, which is in line with expectations for these types of
silicon detectors. These results provide a large safety margin for SVD
even after 10 years of operation at target luminosity.

6. Conclusions

Since the starting of operation in March 2019, SVD has consistently
delivered high-quality data for Belle II. With exceptional performance
characterised by high SNR, precise position resolution and accurate
time resolution, the SVD has met and exceeded expectations. Despite
the expected effects of radiation damage, the observed effects remain
within expected parameters, with no significant degradation in SVD
tracking performance so far. In 2023, during the first long shutdown,
a new VXD was successfully re-installed, incorporating the full PXD2
together with the existing SVD. Despite the many delicate steps in
this operation, the post-installation commissioning of this upgraded
VXD, validated by cosmic ray studies, was successfully completed
and operations resumed in January 2024. Over the next few years,
it is expected that the luminosity will increase to the target value,
5

thereby increasing the background level at which the detector will
operate. The extrapolated background level from simulations indicates
that the occupancy in the SVD may exceed the current limit that
ensures good tracking performance. Extensive improvements to the
reconstruction software and radiation hardness studies have been car-
ried out to prepare for the high luminosity scenario. New background
rejection methods that exploit the good time resolution of SVD and new
event-by-event grouping classification of clusters, improve the software
robustness against high background data, setting the occupancy limit
for layer 3 up to ∼6%. Moreover, the results of irradiation campaign
show that the SVD is safe even after 10-years’ operation regarding the
radiation damage. Despite the robustness of the system, a VXD upgrade
during the second long shutdown of Belle II is under discussion due
to possible future machine evolution and redesign of the interaction
region.
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