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Measured and projected beam backgrounds
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Abstract

The Belle II experiment at the SuperKEKB electron-positron collider aims to collect an unprecedented data set of 50 ab™! to study
CP-violation in the B-meson system and to search for Physics beyond the Standard Model. SuperKEKB is already the world’s
highest-luminosity collider. In order to collect the planned data set within approximately one decade, the target is to reach a peak
luminosity of 6 x 103 cm™2s~! by further increasing the beam currents and reducing the beam size at the interaction point by
squeezing the betatron function down to 87 = 0.3 mm. To ensure detector longevity and maintain good reconstruction performance,
beam backgrounds must remain well controlled. We report on current background rates in Belle II and compare these against
simulation. We find that a number of recent refinements have significantly improved the background simulation accuracy. Finally,
we estimate the safety margins going forward. We predict that backgrounds should remain high but acceptable until a luminosity of
atleast 2.8x 103 cm=2 57! is reached for By = 0.6 mm. At this point, the most vulnerable Belle II detectors, the Time-of-Propagation
(TOP) particle identification system and the Central Drift Chamber (CDC), have predicted background hit rates from single-beam
and luminosity backgrounds that add up to approximately half of the maximum acceptable rates.

Keywords: Detector Background, Lepton Collider, Monte-Carlo Simulation

1. Introduction

The Belle II experiment [1, 2] studies CP-violation in the

B-meson system and searches for Physics beyond the Standard

*Corresponding author Model, including evidence of dark sector particles, in decays of
“*Now at Clinic for Cardiothoracic and Vascular Surgery, University Medical B-mesons, D-mesons and tau leptons [3]. The SuperKEKB col-

Center, 37075 Gottingen, Germany . . . .1
Email addresses: natochiiGhavaii.edu (A, Natochii). lider [4] produces particles of interest by colliding electron and

hiroyuki.nakayama®kek. jp (H. Nakayama), sevahsen@hawaii.edu positron beams with asymmetric energies’ mainly at the T(4S5)
(S. E. Vahsen) resonance. SuperKEKB is a major upgrade of KEKB [5, 6, 7]
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and has been operational since 2016. The machine has already
reached a world-record luminosity of 4.65 x 103 cm™2 s~! with
a vertical betatron function of 8 = 1.0mm at the interaction
point (IP), but the goal is to increase the luminosity by another
order of magnitude in the coming decade, with a current target
peak luminosity of 6 X 103 cm™2s~! for By = 0.3 mm. Lumi-
nosity increases by increasing beam currents and reducing the
beam size at the IP, utilizing low-emittance colliding beams and
the so-called nano-beam scheme [8].

Beam particles that deviate from the nominal orbit are even-
tually lost by hitting the beam pipe’s inner wall or other ma-
chine apparatus. If the loss position is close to the Belle II,
generated shower particles might reach the detector and in-
crease its dose rate and hit rate. This increase is referred to
as “beam (induced) background” and is one of the most diffi-
cult challenges at SuperKEKB. In the SuperKEKB and Belle II
designs, it was estimated that several Belle II sub-detectors
would be subject to close-to-tolerable backgrounds at the tar-
get peak luminosity [9, 10]. The most vulnerable sub-detectors
are the Time-of-Propagation (TOP) particle identification sys-
tem and the Central Drift Chamber (CDC). In the TOP, higher
hit rates increase the accumulated output charge in the micro-
channel-plate photo-multiplier tubes (MCP-PMTs) used to read
out Cherenkov photons propagated in quartz bars, which can
degrade the quantum efficiency of the PMTs. One key issue in
the CDC is that pattern recognition of charged tracks becomes
increasingly difficult as the wire-hit rate increases.

Given the importance of beam background mitigation to the
experiment’s success, we have studied such backgrounds ex-
tensively in the early stages of SuperKEKB running. The
Belle II/SuperKEKB project has three major commissioning
phases:

e Phase I was carried out in Spring 2016. No beam colli-
sions occurred, as SuperKEKB was running without the
final focusing system. Belle II had not yet been installed
at the IP. Instead, a system of dedicated beam background
detectors, collectively known as BEAST II, was placed
around the IP. We found that the background level around
the IP was safe for Belle II to be installed. Results of
the Phase 1 measurements and simulation are reported in
Ref. [10].

e Phase 2 began in March 2018 and concluded in July 2018.
The machine group demonstrated first the e*e™ collisions
with Belle II (except for the vertex detector) now installed
at the IP. This commissioning phase confirmed that pro-
ceeding and installing the sensitive vertex detector was
safe. Details and results of the Phase 2 beam background
study can be found in Ref. [11].

e Phase 3, which started in March 2019, is dedicated to
physics data taking with a fully instrumented Belle II
detector and to increasing the instantaneous luminosity
above 1 x 10¥ cm2s~!. We aim to accumulate 50 ab™!
of data by the 2030s, anticipating 7—8 months of operation
per year, and assuming 70% of that operation time is spent
on physics runs [12].

In the rest of Section 1, we describe the SuperKEKB col-
lider and the Belle II detector and provide an overview of the
main beam-induced background sources, background counter-
measures, and relevant beam instrumentation. Section 2 reports
on the current (early Phase 3) background levels and safety mar-
gins of the Belle II sub-detectors. In Section 3, we describe
the beam background Monte-Carlo (MC) simulation methodol-
ogy. In Section 4, we explain the methodology of background
measurements and modeling. Section 5 reports on the mea-
sured background composition in Belle II. In Section 5 we also
apply correction factors of each simulated background process
in each sub-detector to enforce a full agreement with measure-
ments. This detailed model is required to reliably extrapolate
the current backgrounds to different beam conditions. Section 6
describes an extrapolation of backgrounds towards higher lumi-
nosity and provides expected detector safety factors'. Finally,
in Section 7, we summarize and discuss our findings and their
implications.

1.1. SuperKEKB and Belle 11

Here, we briefly review the collider and detector sub-systems

involved in the beam-induced background analysis. Further de-
tails can be found in Refs. [1, 2, 4].
SuperKEKB, illustrated in Fig. 1, is an upgrade of the KEKB
accelerator. It is a 3 km-circumference asymmetric-energy
electron-positron collider with a center-of-mass (CM) energy of
/s = 10.58 GeV which corresponds to the mass of the Y(4S)
resonance. At the IP, 7 GeV electrons stored in the high-energy
ring (HER) collide with 4 GeV positrons accumulated in the
low-energy ring (LER). To reach collision luminosity of the
order of 1 x 10*> cm™2s~!, SuperKEKB utilizes the so-called
nano-beam scheme, where the vertical and horizontal beam
sizes at the IP are squeezed down to ~50 nm and ~10 um, re-
spectively, with a horizontal crossing angle of 83 mrad to avoid
the hour-glass effect. The relatively large crossing angle also
allows 1) a new final focusing system with superconducting
quadrupole magnets (QCS) to reside closer to the IP, ii) sep-
arate beamlines for the HER and LER, and iii) a design that
avoids combined-function IP magnets. To eliminate luminosity
degradation caused by beam-beam resonances, dedicated sex-
tupole magnets are used for the Crab-Waist collision scheme
implementation [13], which aligns the vertical waistline of one
beam along the trajectory of the other beam at the IP.

The upgrade from KEKB to SuperKEKB included the fol-
lowing major items. We note that the list is not exhaustive.

e Short LER dipole magnets were replaced with longer ones.

e The interaction region (IR), +4 m around the IP, was re-
designed. This region hosts the Belle II detector, the final
focusing system and the IR beam pipe assembly.

e Beam pipes with a titanium nitride (TiN) coating and an-
techambers were installed in the LER to reduce the power

IThe safety factor is defined as a ratio between the detector limit and pre-
dicted background rate. It shows how much the background level can increase
before reaching the detector limit.
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Figure 1: Schematic drawing of the SuperKEKB collider.

density of the synchrotron radiation (SR) and to suppress
electron-cloud formation.

e A damping ring (DR) was constructed to reduce the in-
jected positron beam emittance.

e The radio-frequency (RF) system was modified to enable
higher beam currents.

e The collimation system was upgraded, see Section 1.3.

There are two major upgrades of SuperKEKB planned in the
next decade, during Long Shutdown 1 (LS1), which began in
July 2022, and during Long Shutdown 2 (LS2), expected to be-
gin around 2027. Possible future upgrades of the detector are
strongly linked to upgrades of the machine. The most crucial
upgrades under consideration are discussed in Ref. [14].

The Belle II detector, shown in Fig. 2, is a general-purpose
particle spectrometer optimized for precise measurements of
B-meson pairs via their decay products. The detector must
maintain Belle’s level of performance [15, 16], despite a re-
duced center of mass boost, and while operating in a much
higher-background environment, which tends to reduce detec-
tor performance and longevity. Belle II replaced a number of
Belle sub-systems to satisfy this requirement and to have bet-
ter vertexing and particle identification performance than Belle.
Belle II consists of several nested sub-detectors around the 1-
cm radius beryllium beam pipe surrounding the IP. The Belle II
sub-detector closest to the IP is the two-layer pixel detector
(PXD). All 16 modules in the first PXD layer (L1), but only
4 out of the 24 modules in the second PXD layer (L2) have
been installed to date. During LS1, we plan to install a new,
fully assembled two-layer PXD, which will increase the detec-
tor’s performance and tolerance of hit occupancy due to back-

grounds [17]. The PXD is surrounded by four layers (L3-6)
of the double-sided silicon strip vertex detector (SVD). Both
PXD and SVD are surrounded by the CDC, which is filled with
a He(50 %) + C,Hg(50 %) gas mixture. The CDC consists of
56 layers with 14336 sense wires of either axial or stereo ori-
entation for precise measurements of charged particle trajecto-
ries. The charged-particle identification system is based on two
sub-detectors: the barrel’s TOP detector and the Aerogel Ring
Imaging Cherenkov counter (ARICH) in the forward endcap re-
gion. The TOP is composed of 2-cm-thick quartz bars viewed
by conventional and atomic layer deposition (ALD) types of
MCP-PMTs, which are arranged into 16 readout slots. The
ARICH consists of 4-cm-thick focusing aerogel radiators and
420 Hybrid Avalanche Photo Detectors (HAPDs), each having
144 readout channels. The HAPDs are grouped into 18 seg-
ments. For precise energy and timing measurements of par-
ticles, an electromagnetic calorimeter (ECL) is installed in the
barrel and both endcaps. It is composed of 8736 CsI(T1) crystals
and is located inside a superconducting solenoid that provides
a 1.5 T magnetic field. Outside the magnet coil, a KE and muon
detector (KLM) is installed. The KLM has 12 and 14 scin-
tillator strip layers read out by silicon photomultipliers in the
forward (FWD) and backward (BWD) endcaps, respectively.
The two innermost KLM barrel layers also utilize scintillators,
while the remaining 13 barrel layers consist of glass-electrode
resistive plate chambers (RPCs). A comprehensive overview
of Belle II upgrades planned for LS1 and LS2 can be found in
Ref. [17].
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Figure 2: Overview of the Belle II detector.

1.2. Background types

Belle II hits generated by background shower particles dete-
riorate the detector’s physics performance. The radiation dose



and neutron fluence from the background showers can also
damage sensor components in the detector, such as silicon de-
vices. Below we review the leading background components
that are relevant at SuperKEKB.

Touschek background. Touschek scattering [18], one of the
leading background sources at SuperKEKB, refers to Coulomb
scattering between two particles in the same beam bunch. Such
scattering causes the energies of the two scattered particles to
deviate from the nominal beam energy, with one particle gain-
ing, and the other losing, energy. The Touschek scattering rate
is proportional to the beam current squared and inversely pro-
portional to the number of bunches in the ring and the beam
size. Due to the nano-beam scheme used at SuperKEKB, the
beam size is much smaller than at KEKB, and consequently,
the ring-integrated beam loss rate due to Touschek scattering is
expected to be much higher. However, the Touschek loss rate
inside Belle II has been significantly suppressed by installing
horizontal collimators near the IR.

Beam-gas background. Beam-gas scattering by residual gas
atoms in the beam pipe is another major background
source at SuperKEKB. Beam-gas Coulomb scattering changes
the direction of scattered beam particles, while beam-gas
bremsstrahlung scattering reduces their energy. The beam-gas
scattering rate is proportional to the residual gas pressure and
to the beam current. The beam-gas Coulomb loss rate inside
Belle II is expected to be quite high due to the small diame-
ter of the IP beam pipe and the extremely large vertical beta-
tron function of the QCS. The loss rate in the detector has been
greatly reduced by installing vertical collimators. However, the
aperture of those collimators must be narrowed by moving their
jaws towards the beam core, which can induce beam instabili-
ties at high beam currents [19].

Luminosity background. Luminosity background is caused by
beam collisions at the IP. It is proportional to luminosity and
expected to dominate at the target luminosity of SuperKEKB,
which is about 30 times higher than the record of KEKB.

One important luminosity background is from radiative
Bhabha scattering (efe~ — e*e”y), where beam particles
lose energy by emitting photons and therefore deviate from
the nominal orbit. At KEKB, since a shared final focusing
magnet scheme was employed, the outgoing beam orbits were
off-center in the quadrupole magnets. Therefore, off-energy
beam particles were strongly over-bent and easily lost inside
the detector. Unlike KEKB, the final focusing magnets at Su-
perKEKB are separate for each ring, which relaxes the loss rate
inside the detector. However, a small fraction of beam parti-
cles with large energy losses can still be lost inside the detector
due to i) the strong magnetic field of the final focusing mag-
nets, ii) intrinsic beam angular divergence at the IP, iii) angular
diffusion by the radiative Bhabha process, iv) the kick from the
detector solenoid field, and v) the leakage field from the other
ring’s quadrupole magnets, especially for electrons as discussed
in Ref. [20]. At high luminosity, radiative Bhabha beam losses
inside the detector dominate over other Belle II backgrounds.

Radiative Bhabha scattering can also give rise to neutron
backgrounds incident upon Belle II from the accelerator tunnel
via the following mechanism: photons emitted in the radiative
Bhabha process at the IP propagate along the beam axis and es-
cape Belle II. Such photons then hit accelerator magnets located
10-20 m downstream of the IP. Then, neutrons copiously pro-
duced via the giant photo-nuclear resonance [21] scatter back
towards the Belle II detector. This background increases the hit
occupancy in the outer layers of the KLM. A dedicated study
of this background component is described in Ref. [22].

In the two-photon process, ete™ — ete”ete™, beam particles
lose energy by emitting low-momentum electron-positron pairs,
and become a source of Belle II background as described for
the radiative Bhabha process. In addition, the emitted electron
and positron curl in the Belle II solenoid field. They can leave
multiple hits in the inner Belle II detectors if they have high
enough transverse momentum.

Synchrotron radiation background. SR emitted from the beams
is another source of background in the inner Belle II detec-
tors. Since the power of SR is proportional to the beam energy
squared and the magnetic field strength squared, the HER elec-
tron beam is the main source of SR background. SR photons
leave PXD and SVD hits with energy ranging from a few keV to
several tens of keV. We pay special attention to this background
because the inner layers of the SVD were severely damaged by
HER SR in the early stages of the Belle experiment.

Injection background. Since the beam lifetime of SuperKEKB
is much shorter than an hour, top-up injections via a betatron
injection scheme [4] are performed during physics data taking.
When the total beam current is below a set threshold (~ 99%
of the nominal beam current), charge is injected into buckets
with low bunch-current, at a certain repetition rate (1-25 Hz).
Newly injected bunches are perturbed and oscillate in the hor-
izontal plane around the main stored beam. This causes in-
creased background rates in Belle II for a few milliseconds (ms)
after injection each time when the newly injected bunch passes
the IP. In order to avoid saturation of the readout, special trigger
vetoes are applied, which lead to dead time in the data acqui-
sition and, consequently, a reduction in recorded luminosity.
A comprehensive description of the Belle II trigger system is
given in Ref. [3].

The amount and time structure of the injection background
observed in Belle II is shared online with the SuperKEKB op-
erators and can be used to optimize the injection settings to
keep backgrounds low. One of the most important and diffi-
cult tasks for SuperKEKB is maintaining stable injection back-
ground conditions for an extended period.

Large beam loss accidents. The accidental firing of one of the
injection kicker magnets may perturb the stored beam during its
2-us-long waveform towards a horizontal collimator, causing
severe jaw damage.

Furthermore, for unknown reasons, the stored beam some-
times becomes unstable to the point of causing catastrophic or
so-called sudden beam losses. These losses have already caused



several quenches of QCS magnets, damaged sensitive compo-
nents of Belle I, and significantly slowed down the planned lu-
minosity increase. In other cases, the jaws of collimators were
severely damaged, and beam operation was stopped for about a
week to replace the jaws. Such events frequently occur when
the beam current increases above 0.5 A. A possible cause of
these events is dust trapped in the beam pipe, but this is not yet
fully understood. We are conducting detailed beam abort anal-
ysis using the timing information from the beam loss monitors
installed around the ring. Such analysis may help us to identify
the location where the initial beam loss occurred.

1.3. Background mitigation

Here, we briefly review the crucial countermeasures against
major, known background sources.

Collimators. Movable beam collimators are installed around
SuperKEKB rings to stop beam particles with large transverse
deviation from the nominal beam orbit before they reach the
IR and lead to background hits in Belle II, see Fig. 3. More-
over, the collimators help protect Belle II and the QCS magnets
against large, unexpected beam losses, including those from ac-
cidental injection kicker firing.
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Figure 3: Map of the SuperKEKB collimators used in 2021 and 2022. The
letters V and H in the collimator names indicate vertical and horizontal movable
jaws, respectively. There are twelve sections in each ring named DO1 through
DI12.

There are currently 11 collimators in the LER and 20 in the
HER, see Fig. 3. There are two main types of collimators with
different geometries: KEKB-type collimators are asymmetric
and have only one jaw, while SuperKEKB-type collimators are
symmetric with jaws on both sides. More details about the col-
limators can be found in Refs. [23, 24].

Horizontal collimators effectively stop Touschek scattered
particles, while vertical collimators are mainly used to stop
beam-gas Coulomb scattered particles. The vertical collimators
must be closed to very small apertures of the order of 1 mm,
and therefore require a precise position control system. The
small apertures can induce Transverse Mode Coupling Instabil-
ities (TMCI) of the stored beam. They contribute to the overall
machine impedance, resulting in an upper limit on the bunch
current for stable operation [25],
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where Iiesh. 18 the the bunch current threshold, f; is equal to
2.13kHz and 2.80kHz for the LER and HER synchrotron fre-
quency, respectively, E is the beam energy, e is the unit charge,
and ; and k; are the beta function and kick factor [23] of the
Jj-th collimator, respectively. In contrast, wide-open collima-
tors increase beam losses in the IR, while too-narrow collima-
tors reduce beam lifetime and injection efficiency. Therefore,
each collimator should be set at the aperture that optimally bal-
ances backgrounds, lifetimes, injection performance and insta-
bilities [19].

In our previous work on beam backgrounds [23], the simu-
lation of the SuperKEKB collimation system was substantially
improved, and it is now deemed reliable.

Detector shielding. While collimators successfully reduce
single-beam losses inside Belle II, some fraction of stray beam
particles still escape the collimators and are lost inside the de-
tector. To protect the inner detectors from single-beam and
luminosity background showers, tungsten shields are installed
just outside the IP beam pipe and inside the vertex detector, but
outside of the detector acceptance for physics signals. In addi-
tion, thick tungsten shields are also installed around the QCS,
where the beam loss rate is estimated to be the highest due to a
large betatron function.

IP beam pipe. The IP beam pipe of SuperKEKB is carefully
designed to reduce the SR background [1, 26]. SR from up-
stream of the IP is stopped by a tapered collimation part of the
incoming pipe so that SR will not hit the central beryllium part
of the IP beam pipe. Reflected SR will also not reach the central
IP beam pipe, thanks to a ridge structure on the tapered surface
of the incoming beam pipe. In addition, the effect of back-
scattered SR is significantly reduced in SuperKEKB compared
to KEKB. Because there is a separate QCS magnet for each
ring, the outgoing beam orbit is almost straight and does not
produce an SR fan.

1.4. Beam instrumentation relevant to background measure-
ments

This section lists the essential instrumentation (other than
Belle II) utilized to monitor beam parameters, the vacuum pres-
sure in the beam pipe, and background levels at SuperKEKB.



Beam diagnostics. In SuperKEKB, transverse beam sizes are
measured by X-ray beam profile monitors (XRMs) and visible
synchrotron radiation monitors (SRMs). For the analyses re-
ported here, XRM data are used. The X-ray imaging system
uses Cerium-doped yttrium-aluminum-garnet (YAG:Ce) scin-
tillators combined with CMOS cameras [27]. A coded aperture
imaging technique provides turn-by-turn vertical and horizontal
beam size measurements with a spatial resolution of the order
of 1 um and 10 pm, respectively [28]. The bunch length is mea-
sured using a streak camera installed in each ring. Dedicated
machine time is required to scan bunch lengthening from low
(~ OmA /bunch) to high (~ 1.4 mA/bunch) bunch currents and
to separate the lengthening due to single-beam effects, such as
the longitudinal wakefield potential, from other influences, pos-
sibly from beam-beam interactions. Therefore, bunch length
data are usually measured only once a year, to minimize inter-
ruptions of Belle II data taking. Instantaneous and integrated
luminosity measurements are provided by the Luminosity On-
line Monitor (LOM), which is based on the rate of Bhabha scat-
tering events measured by the ECL [29]. At a counting rate of
about 1 Hz, the system’s statistic accuracy is 5% at a luminos-
ity of 1 x 10**cm™2s7! and the overall systematic uncertainty
is estimated to be at the level of 1.7%.

Vacuum system. The vacuum system of the collider is designed
to effectively mitigate i) higher order mode (HOM) power
losses, ii) heat and gas loads due to the large SR power and
photon density, and iii) the electron cloud and fast ion effects in
the LER and HER, respectively. A distributed pumping system
based on multilayer non-evaporable getter (NEG) strips [30] is
used to keep the vacuum pressure at the level of 100 nPa, which
is required to achieve hours-long beam-gas lifetime. To mea-
sure the residual gas pressure in the collider beam pipe, about
300 cold cathode gauges (CCGs) are installed around each ring
in roughly 10 m intervals. These CCGs provide ultra-high vac-
uum pressure measurements above 10nPa. A dedicated vac-
uum pressure simulation shows that in the absence of circulat-
ing beams, the so-called base gas pressure is almost the same at
the center of the beam pipe as in the vicinity of the CCG. How-
ever, due to the finite conductance of the vacuum system, com-
posed of the beam pipe, CCG, and vacuum pump, the dynamic
part of the pressure, which depends on the beam current and
gas molecule desorption rate from the inner beam pipe walls, is
approximately three times higher at the beam axis than at the
CCGes; this factor was estimated from a simulation taking into
account the conductance of the RF-shield screen between the
beam channel and the pumping port and that of the pumping
port itself [31]. This factor of three, which is the same for both
rings, is used in the beam-gas background study discussed later
in the text.

SuperKEKB is instrumented with two residual gas analyzers
(RGAs) in the D02 and D06 ring sections, see Fig. 3, to mea-
sure the molecular composition of residual gases in the beam
pipe. These devices are mass spectrometers measuring mass-
to-charge ratios of gas ion fragments. Due to the small number
of RGAs, reliable information regarding the gas composition
distribution around the collider is currently unavailable. There-

fore, in simulation, an effective atomic number of Z.z = 7,
mostly due to CO molecules, is assumed for the residual gas in
the beam pipe [32].

Background monitors. Several dedicated detector systems are
used to monitor backgrounds in the SuperKEKB IR and tunnel,
and to ensure safe machine and detector operation.

e Diamond sensor-based detectors (Diamonds) [33] are used
for radiation dose rate measurements in the IR, as shown
in Fig. 4, where rectangles highlighted in blue and green
indicate detectors used for dose rate monitoring at a I0 Hz
readout rate and fast beam abort monitoring at 400 kHz,
respectively.

o The sCintillation Light And Waveform Sensors (CLAWS)
detector system [34] is based on plastic scintillators and
silicon photomultipliers. It monitors beam-induced back-
grounds synchronized with the SuperKEKB injection.
There are in total 32 CLAWS modules with 16 on the for-
ward and 16 on the backward side of the IR around the
final focusing magnets. The modules are located in four
different longitudinal positions along the beam direction
(approximately 1, 2, 3, and 4 m from the IP) and four dif-
ferent azimuth angles (0°, 90°, 180° and 270°) on each of
the magnets.

e The BEAST TPC system uses six compact, high-
resolution gaseous detectors [35] to provide directional
and spectral measurements of the fast neutron flux [22].
Currently, the detectors are located in the accelerator tun-
nel near Belle II.

e Four *He tube detectors [36], installed around Belle II,
count thermal neutrons with kinetic energy below about
0.025 eV through the following process:

SHe + jn — “H + [H + 764keV

o PIN photo-diodes [37] installed next to each collimator are
used for fast beam loss monitoring around the movable
jaws.

¢ 5-m-long ion chambers [37] are mounted in cable racks on
the outer wall along the accelerator tunnel. These air-filled
gaseous detectors are used to measure beam losses.

e New loss monitors, based on Csl-crystals with photo-
multiplier tubes (PMTs) and electron-multiplier tubes
(EMTs), were recently installed near SuperKEKB colli-
mators. These new systems with good time synchroniza-
tion capabilities are now used to pin down the location of
sudden beam losses around the rings.

Beam abort system. A dedicated fast beam abort system is used
to dump unstable beams in order to avoid severe machine or de-
tector damage. During commissioning Phases 1 and 2, the abort
system included Diamonds (green rectangles, see Fig. 4), PIN
photo-diodes and ionization chambers. In Phase 3, the system
was augmented by including the four forward and four back-
ward CLAWS detectors closest to the IP. These detectors can



trigger a beam abort ~ 10 ps earlier than Diamonds, on aver-
age.

Backward Forward

Top View

Figure 4: Locations of diamond detectors in the IR. The dashed rectangles
show the distance from the IP along the beam axis for each group of detectors.
Azimuth angles of the detectors are indicated in rectangles. See text for further
details.

2. Current background levels and margin

Here, we specify the main background vulnerabilities of each
sub-detector. We also report on 1) the current background rates
seen during Belle II operation in 2021, ii) the margin with re-
spect to maximum acceptable rates, and iii) the recently ob-
served detector performance degradation in 2022.

2.1. PXD

PXD is the inner-most detector, and its expected dominant
background originates from the irreducible two-photon pro-
cess where the low-momentum electron-positron pair spirals
through the detector. Injection background and sudden beam
losses are also of particular concern. The passing particles can
deposit significant doses shortening the detector’s lifetime and
damage the detector by creating dead pixels or inefficient re-
gions. As the closest detector to the IP, the PXD is also uniquely
sensitive to the back-scatter of low-energy SR photons.

First, there is a limit on acceptable PXD occupancy due to
bandwidth limitations. Assuming 30kHz trigger rate opera-
tion, some data loss will start to occur once the mean of the
inner PXD layer occupancy exceeds 3%. At 3% occupancy,
the offline performance will also degrade significantly because
of cluster merging and an increased probability of associating
wrong hits to tracks. Noticeable degradation, however, starts
below this value.

The PXD’s second limit is associated with detector degrada-
tion due to radiation damage. A dose rate of 2 Mrad/smy? for
a 10-year-long operation of the device is deemed safe given the
results from a dedicated X-ray irradiation campaign [38]. Type
inversion is not expected to occur before reaching a 1-MeV neu-
tron equivalent fluence’ of 1 x 10! ngq/cm?.

2The unit smy stands for a Snowmass year (1 x 107 s), which is the typical
operation time of an accelerator facility.

3The 1-MeV neutron equivalent fluence is the fluence of 1 MeV neutrons
producing the same damage in a detector material as produced by an arbitrary
particle fluence with a specific energy distribution [39, 40].

The current average PXD occupancy is below 0.3%, suggest-
ing PXD background levels are under control. At least once a
year, however, significant beam losses have occurred, where 4—
5% of the so-called PXD switcher* channels were damaged.
This makes the planned replacement of the current PXD with a
new two-layer PXD during LS1 particularly valuable.

Extrapolating current background levels to the predicted
beam parameters before LS2 at the luminosity of 2.8 X
103 cm™2s7!, the PXD should be able to withstand the back-
grounds and operate with a predicted average occupancy below
0.5%, assuming the collimators can be operated close to ideal
settings, and the total PXD background, including storage and
injection components, stays below the detector limit.

2.2. SVD

In the SVD, the beam background increases the hit occu-
pancy and causes radiation damage in the sensors. The in-
creased hit occupancy, in turn, degrades the SVD tracking per-
formance and increases data rates in the data acquisition system
(DAQ). Radiation damage can affect the sensor leakage current,
strip noise, and the full depletion voltage of sensors. It is im-
portant to estimate the expected SVD performance degradation
over the entire lifetime of the experiment, given the expected
background levels.

Radiation effects, respectively, from surface and bulk dam-
age, are parameterized in terms of total ionizing dose released
in the sensor (TID) and with non-ionizing energy loss (NIEL),
expressed in a 1-MeV neutron equivalent fluence. Effects due
to surface damage saturate after a relatively low integrated dose,
about 100 krad, while bulk effects are expected to dominate the
SVD radiation damage in the long term.

The most restrictive limit on the SVD beam background lev-
els is due to the degradation of the tracking performance, which
limits the hit occupancy of the SVD inner-most layer (L3) to
about 5%, with a rejection of background hits based on the hit-
time, that can be further refined. As for the integrated radiation
damage, a deterioration of the SVD performance is expected
after about 6 Mrad, corresponding to about 1.4 x 10'% neq/cm?
of 1-MeV neutron equivalent fluence, due to a sizable reduc-
tion in the Signal-to-Noise. After this level of irradiation, the
increase in the sensor current, dominated by bulk damage, will
produce noise from leakage current comparable to the one from
the sensor capacitance, now dominant, thus increasing the noise
by about V2. As for changes in the effective doping concentra-
tion and depletion voltage, no significant performance degrada-
tion is expected even after bulk type inversion and up to about
2.5 x 10" neq/cm?. This limit is based on the results of sensors
used in the BaBar experiment, similar to the SVD ones, that
were confirmed to be fully functional after irradiation up to this
level [41].

Electrons and positrons are the dominant sources of beam
background in the SVD, contributing to the hit occupancy and

4The PXD switchers are the readout ASICs that switch on a pixel row to
send the currents to the Drain Current Digitizers, which digitize the MOSFET
currents from a row of pixels [1].



to radiation damage. Neutrons and hadrons are the most ef-
fective for bulk damage, but it should be noted that electrons
and positrons in the MeV-GeV energy range also contribute to
bulk damage, although with a reduced effective cross-section
for NIEL, properly accounted for in the conversion from parti-
cle fluence to 1-MeV neutron equivalent fluence. Electrons and
positrons are either produced at the IP by the beam collisions
or created off-IP by the scattering of the beam loss products in
the accelerator components or the detector material and finally
hitting the SVD. Neutrons are created off-IP and, although less
abundant in the SVD, contribute via NIEL to the bulk radiation
damage.

During operation in 2021, the hit occupancy averaged over
the L3 sensors was 0.5% at maximum, well below the occu-
pancy limit of about 5%. In the three-year operation of the
SVD, from 2019 to 2021, the first effects of radiation damage
have been measured, consistent with expectation, and with no
degradation of the SVD performance [42].

The SVD is not always energized unlike the diamond sen-
sors. Therefore, the integrated dose in the SVD is estimated
from the dose measured by the diamond sensors on the beam
pipe, and the measured correlation between the SVD occupancy
and the diamond dose [42, 43]. The estimated integrated dose
in the SVD L3 was about 50 krad up to December 2021. The
1-MeV neutron equivalent fluence was evaluated to be about
1.2x10" neq /cm?, using a conversion factor from the integrated
dose to the neutron equivalent fluence estimated by simulation.

Given the SVD limits of about 5% in L3 occupancy and about
6 Mrad integrated dose, the SVD will be able to withstand, with
a good safety margin, the background levels predicted before
LS2 at the luminosity of 2.8 x 10 cm™2s~!, corresponding to
about 1% occupancy in L3 and about 70 krad/smy.

2.3. CDC

As the main tracking detector of Belle II, a well-performing
CDC is not only essential for tracking and the measurement
of particle momenta but also for trigger information and par-
ticle identification via the measurement of specific ionisation
in the chamber gas (dE/dx). Extra background hits caused in
particular by LER Touschek and beam-gas scattering processes
as well as by the injection background progressively degrade
the CDC performance as the rate of background hits increases.
The additional background hits can contaminate the physical
signal of charged tracks, creating spurious tracks and smear-
ing the kinematic variables of the reconstructed charged track.
Higher background levels also increase the overall current in
the chamber, increasing the risk of more rapid chamber ageing
due to an accelerated buildup of deposits on the wires. Finally,
an increasing rate of single-event upsets (SEUs) in the front-
end electronics of the CDC, caused by background neutrons
with low kinetic energy, is another concern for the CDC oper-
ation [44]. SEUs or other kinds of CDC soft errors may stop
the DAQ of Belle II and decrease the data-taking efficiency. A
planned upgrade of readout electronics during LS2 is expected
to suppress the soft error rates.

The effect of background hits on the performance of the
tracking algorithm has been studied with Monte-Carlo simu-

lations [45]. To avoid degradation of the tracking performance,
based on simulation at the luminosity of 1.2 X 103¥ ecm™2s71,
a background hit rate of 150 kHz/wire is acceptable, where
the SVD stand-alone tracking retains high efficiency and CDC
hits can be added to the SVD seed tracks. The CDC hit rates
in 2021 for all layers were in the range from 20kHz/wire to
50kHz/wire, except for the first, inner-most layer with a hit rate
of up to 130 kHz/wire. The extrapolation of the background be-
fore LS2 at the luminosity of 2.8x10% cm=2 s~! shows the CDC
can run safely at beam currents up to VI grlger ~ 2.0 A. The
hit rates, except for the first layer, will reach 50-130 kHz/wire
depending on the radial position of the layers, which is below
the detector’s limit. However, this simulation does not include
the effect of the injection background during the trigger veto pe-
riod, which leads to a strongly time-dependent overall chamber
current.

2.4. ARICH

For the ARICH detector, there are three main adverse ef-
fects resulting from the beam-induced background. The first
effect is neutron-induced silicon bulk damage in the avalanche-
photo-diode chips (APDs) of the photon detectors (HAPDs),
and the second is the Cherenkov photon background, mostly
emitted by low-energy charged particles either in the aerogel or
in the quartz window of the photon detectors. As a result of
the first effect, the APD leakage current is steadily increasing
with accumulated neutron fluence, eventually leading to a re-
duced Signal-to-Noise ratio and consequently either to the loss
of photon detection efficiency or increased background hit rate.
The increased background hit rate, resulting either from the
APD noise or from the background Cherenkov photons, neg-
atively impacts the ARICH particle identification performance.
In neutron irradiation tests of HAPDs carried out prior to the
ARICH construction, the leakage current remained tolerable
(< 30uA/APD) at least up to a fluence of ~1 X 10'? neq/cm?,
which we consider as a conservative limit. The tolerable back-
ground photon hit rate was studied using the Monte-Carlo sim-
ulation, where we found the impact on performance to be neg-
ligible up to a hit rate of ~1 photon/HAPD/event, where one
event corresponds to 250 ns. A third concern is that background
neutron radiation is also a source of SEUs in the front-end elec-
tronics of the ARICH, which might, in some cases, break the
DAQ chain and lower the data-taking efficiency.

In the first three years of operation, from 2019 through
2021, the average increase in the APD leakage current
was ~0.3uA, corresponding to a neutron fluence of ~1 X
10'0 neq/cmz, O(100) below the tolerable limit. The largest
background photon hit rate observed so far was at the level of
0.05 photon/HAPD/event, about a factor of 20 below the rate
where performance will degrade noticeably. The rate of SEUs
is at present observed to be about one per HAPD per day, and
most SEUs are corrected on the fly in firmware [46]. In some
cases, nonetheless, the DAQ is halted. While such events are
rare at present, further mitigation might have to be considered
at increased SuperKEKB luminosity.



2.5. TOP

The number of detected Cherenkov photons dictates the par-
ticle identification capability of the TOP. The typical number is
20—40 photons/track. To maintain good particle identification
performance, it is essential to detect the limited number of pho-
tons with high efficiency. However, one serious problem caused
by the beam background in the TOP detector is a decrease in
detection efficiency due to the degradation of the quantum ef-
ficiency (QE) of the MCP-PMTs. Measurements in our test
bench showed that the QE degrades as a quadratic function of
the accumulated output charge X, of the MCP-PMT,

| &l
Relative QE=1-02—| ,
TQE

where 7qE is the lifetime of the MCP-PMT, defined as the out-
put charge corresponding to a relative QE of 0.8, compared to
the initial value [47]. Three types of MCP-PMTs were installed,
with the lifetime successfully extended during mass production
of the MCP-PMTs. The lifetime, measured in a test bench for
a limited number of samples, is 1.1 C/cm? on average for the
conventional type, 10.5C/cm? on average for the ALD type
and at least 13.6C/cm? for the life-extended ALD type [47].
Degraded conventional and ALD MCP-PMTs will be replaced
with the life-extended type during LS1 and LS2, respectively,
for the TOP to withstand higher background rates.

The accumulated output charge is dominated by background
Cherenkov photons from electrons and positrons generated
when gamma rays hit the quartz bar, and Compton scatter or
pair produce. To keep the accumulated output charge of the
MCP-PMTs below the expected lifetime until their replace-
ment or the end of Belle I, we have imposed operational limits
on the average MCP-PMT hit rate. The exact limit was up-
dated from time to time based on QE projections. In 2021,
the limit was 3.0 MHz/PMT. The latest limit, in June 2022,
was 5.0 MHz/PMT for single-beam background, with an ad-
ditional allowance for luminosity term, which cannot be mit-
igated by varying machine settings or collimators, and which
scales with instantaneous luminosity as 0.925 MHz/PMT per
1 x 10* cm™2s~!. The TOP MCP-PMT rate limit is the most
stringent background limit among the Belle II detector sub-
systems, but has not limited accelerator operation with the typ-
ical average TOP background rate of about 2 MHz/PMT in
2021.

In addition to the background hits in MCP-PMTs, we have
observed that neutron backgrounds cause SEUs in the TOP
front-end electronics boards. We have implemented an auto-
mated function to detect and correct the SEUs that occur in the
configuration memory of programmable logic devices. Unfor-
tunately, this function cannot correct errors that occur in bursts,
as multiple simultaneous bit errors cannot be repaired. Such er-
rors account for approximately 1% of all detected errors. Fur-
thermore, the function cannot detect SEUs that occur outside of
configuration memory in the on-chip processor, as opposed to
the programmable logic. Such errors occasionally occur in crit-
ical regions that can halt data taking until the front-end board is
power cycled. In 2021 and 2022, manual interventions needed

to recover such boards occurred at a rate of about 5 times a
day, which was acceptable in terms of the active channel ef-
ficiency. However, a future rise in neutron backgrounds from
higher beam currents could be a concern, as it would lead to
more frequent halts of the readout boards.

2.6. ECL

The ECL detector is robust against backgrounds and does not
have a hard background rate limit. However, its energy resolu-
tion slowly degrades as background rates increase. A dedicated
ECL analysis is still in development.

2.7. KIM

The highest occupancy in the KLM occurs in the barrel’s
inner layers and the endcaps’ outer layers. Although there is
no significant difference between RPCs and scintillators in the
current particle-identification performance, the scintillators are
much more robust against backgrounds. The maximum rate
limitations of KLM scintillators are being studied [17]. The
long dead time of the RPCs during the recovery of the elec-
tric field after a discharge significantly reduces the detection
efficiency under high background rates. Thus, this expected be-
havior was addressed in the design by instrumenting the two
inner-most layers of the barrel and all layers of the endcaps
with scintillators, while re-using RPCs from Belle for the 13
remaining barrel layers. The inner Belle II sub-detectors ef-
fectively shield the inner KLM layers and reduce backgrounds
produced inside the detector volume. Backgrounds originating
outside Belle II in the accelerator tunnel typically penetrate the
outer KLM endcap layers first.

The most relevant background sources for the KLLM are cos-
mic muons, fast neutrons produced by single-beam losses and
radiative Bhabha scattering at low opening angles [22], and
electronics noise. The spring 2021 background level of up to
50 Hz/cm? so far has not affected the performance of the KLM.
It is planned to readout the signal waveform of the scintilla-
tors in the future to provide a higher-resolution (< 1 ns) time
measurement than is possible with the existing latch (binary)
readout [17]. However, the new firmware will not be able to
tolerate the occupancy observed in individual channels, espe-
cially for the outer endcap layers. A simpler readout mode for
the affected region can be used to cope with this issue. More-
over, additional neutron shielding around Belle II, planned for
LS1, should suppress the flux of neutrons hitting the KLM and
reduce the detector occupancy.

2.8. Recent detector performance degradation

In 2022, before the beginning of LS1, we gradually increased
beam currents above 1 A to reach a luminosity higher than
3 x 103 cm™2s7!. In this period, several collimators were
severely damaged by sudden beam losses, as introduced in Sec-
tion 1. Because beams incident on the damaged collimator jaw
tips can lead to very high backgrounds, several damaged colli-
mators had to be operated with wider apertures than optimal, re-
sulting in a higher beam-induced backgrounds in Belle II. This



background increase caused noticeable reconstruction perfor-
mance degradation in Belle II, which is remarkable, as the rates,
strictly speaking, were still well below the detector limits dis-
cussed above. The reduced performance in 2022 thus serves as
a preview of the challenges Belle II will face as luminosity and
backgrounds increase, and highlights that despite careful sim-
ulation and component-level test-beam studies, there are likely
to be a number of unanticipated detector-level, system-level,
and software-level problems that only arise as backgrounds in-
crease. The collaboration thus must remain vigilant and devote
sufficient effort to understanding and mitigating backgrounds,
as well as their impact on performance. Crucially, this must
include background-level-dependent reconstruction algorithms
and calibrations.

Here, we selectively mention some observations of perfor-
mance degradation caused mainly by increased injection back-
grounds due to damaged collimators and by injection chain
imperfections at high beam currents. Although the direct im-
pact of the injection background on the data acquisition is sup-
pressed by applying a trigger veto in time with injections, the
background can still lead to a noticeable performance degrada-
tion up to a few ms after the beam injection. This means that the
background level becomes time-dependent, making this a good
example of a situation where background-level-dependent re-
construction and calibration will be required.

During 2022 the CDC gain dropped by about 15% over the
full detector volume. A drop in gain leads to less charge be-
ing collected and, consequently, fewer detected hits. The aver-
age number of CDC hits on high momentum tracks in di-muon
events and on daughter tracks from Kg was found to decrease
by about 12%. This decrease in the number of hits affects the
momentum resolution for high-momentum tracks. The reduced
collected charge and reduction in hits also lead to a reduction
in particle identification performance via dE/dx, which only
partly can be recovered by applying a more sophisticated cali-
bration that takes into account the time of the event since the last
injection. Possible causes for the reduced gain include a higher
water content than expected in the CDC gas of inner layers, the
increased voltage drop across a resistor in HV dividers, space
charge effects of slowly moving ions, and faster than expected
ageing of the CDC. The resistor mentioned will be replaced dur-
ing LS1, but an overall quantitative understanding of the gain
loss is still missing.

In the same running period, the ECL detector was also no-
ticeably affected by the increased injection background, which
is usually off-time and causes a CsI(Tl) crystal pedestal shift
due to overlapping of the physics signal pulse (~ 1us) with
neighboring background events. The shifted pedestal results in
underestimated signal pulse height, decreasing the number of
crystal hits and, consequently, less effective photon detection
and electron identification.

Reduction of the injection background, and mitigation of its
impact on performance, will be important tasks going forward.
Close collaboration between SuperKEKB and Belle II will be
required.
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3. Background simulation

This section provides a brief overview of the beam-induced
background simulation in Belle II. Reference [23] provides a
more comprehensive description of most of the Belle II back-
ground simulation features implemented to date. A dedicated
MC simulation is used to study beam loss processes in the ma-
chine, mitigate backgrounds, and evaluate the impact of the
possible machine and detector upgrades on backgrounds. As in-
troduced in Section 1, the two dominant classes of beam back-
grounds originating from the machine are i) single-beam back-
grounds, from circulating charges in individual rings, and ii)
luminosity backgrounds, from beam collisions. The simulation
proceeds in two steps. First, we perform multi-turn tracking of
electrons and positrons in the machine, collecting beam losses
around each ring; then, we run simulations of the lost particle
interactions with Belle II to study the detector response to beam
losses in the IR.

3.1. Particle tracking in the machine

The single-beam background simulation starts with the
multi-turn particle tracking software framework Strategic Ac-
celerator Design (SAD) [48]. SAD tracks scattered particles
through a sequence of machine elements. Initialized with beam
optics parameters and machine apertures, including collimators
and beam pipes, SAD tracks particles for 1000 machine turns
and collects beam losses around the ring.

The tracking simulation starts by defining a set of ~500
equidistant scattering regions around each ring, where bunches
of particles are created. These particles are randomly gener-
ated within the 3D volume of Gaussian bunches. The momen-
tum and statistical weight of each particle are determined using
well-known scattering theories:

e Coulomb scattering is described by Rutherford’s scatter-
ing formula, including a cutoff Coulomb potential and a
screening effect for small angles [25, 49].

o Bremsstrahlung follows Bethe-Heitler’s theory in Koch-
Motz’s description of complete screening in the Born ap-
proximation [50, 51].

e Touschek scattering is implemented through Moller’s non-
relativistic differential cross section [52] using Bruck’s
formula [53] for the loss rate calculation.

All tracked particles in SAD are scattered according to these
processes. These stray particles are defined as lost if their spa-
tial coordinates exceed the physical aperture of the machine.

3.1.1. Collimators

Collimators are the narrowest-aperture elements of the ma-
chine. They aim to protect sensitive elements of the accelera-
tor and detector by absorbing the beam halo formed mainly by
stray particles. Therefore, their accurate implementation into
the particle tracking code is crucial.

Recently, the simulation of the SuperKEKB collimation sys-
tem description was significantly improved [23] compared to



Phase 1 and Phase 2 studies. By default in SAD, machine aper-
tures, including collimators, are modeled as elliptical windows.
Outside these windows, particles are considered as lost. This
approximation is quite accurate for KEKB-type collimators in-
herited from the KEKB collider. However, SuperKEKB-type
collimators have two opposite jaws with a rectangular shape
and much thinner collimator heads (< 10 mm) along the beam
axis. Therefore, a refined physical description of SuperKEKB-
type collimators, and a new simulation of the beam particle in-
teraction with the collimator materials, was implemented. Fig-
ure 5 shows the simulated distribution of beam particles lost at
a horizontal collimator in the LER. The two black, dot-dashed
rectangles show the newly implemented, more realistic collima-
tor edge. Particles passing outside of the rectangular collimator
jaws, labelled as “Keep tracking”, are no longer (incorrectly)
stopped by the simulated collimator, and instead remain in the
simulated beam for tracking. This is a pivotal modification that
substantially improved the simulation accuracy, as quantified
by ratios between the experiment (Data) and simulation (MC),
see next sections.
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Figure 5: Distribution of beam particles stopped by the LER DO6H]1 horizontal
collimator (red dashed ellipse) in the original SAD simulation. The bin size is
0.2mm X 0.2 mm. Adapted from Ref. [23].

Moreover, for the background studies discussed in this pa-
per, in addition to the introduced improvements in Ref. [23],
we have recently implemented particle interaction with the cop-
per collimator chamber. Although these improvements do not
change the simulation results for the IR beam losses, they make
our simulation code more reliable.

3.1.2. Pressure weighting

We describe an improved beam-gas background simulation,
which was briefly mentioned in Ref. [23], and uses the mea-
sured residual gas pressure distribution. In the initial SAD sim-
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ulation for Phase 1 and Phase 2 studies, we assumed a con-
stant and uniform residual vacuum pressure of 1 nTorr in both
rings. However, the measured pressure depends both on posi-
tion (Fig. 6) and time. Therefore, this paper uses the estimated
gas pressure to re-weight lost particles depending on their scat-
tering position.

When producing dedicated Belle II Monte-Carlo samples
for beam background studies, we typically use fixed reference
beam currents (/igr = 1.2 A, Iygr = 1.0 A) which are higher
than those achieved during machine operation in 2020 and 2021
(I ~ 0.5A), but similar to those achieved in 2022. When the
background simulation is validated against measurements, this
is done at these reference currents. To facilitate the compari-
son for the beam-gas background, each lost particle after track-
ing in SAD is re-weighted by the measured gas pressure at its
scattering location around the ring using the CCG gas pressure
distribution measured at the time of studies, except that the dis-
tribution is initially re-scaled to the reference beam currents.

In order to re-scale the measured CCG gas pressure to the
reference beam currents, we study the dependency between the
averaged over-the-ring gas pressure as a function of the beam
current. Figure 7 shows the average ring pressure (P) versus
beam current (/) based on June 2021 CCG measurements. A
linear fit, defined as P = py + p; x I, determines i) the base
pressure, po = P(I = 0) = Pg, which is the average ring pres-
sure when there is no beam, and ii) the average dynamic pres-
sure, p; X I = dP/dI x I, where dP/dI is the average pressure
increase per unit current, physically caused by gas molecules
being released from the inner beam pipe walls. The obtained fit
parameters are listed in Table 1.

The measured vacuum pressure versus position is then re-
scaled to the simulated beam currents (Fig. 6) as follows:

est. __ pmeas. Pot p1 X I
P CCG,i — Pecei T pmeas. @)
CCG

est. meas.
where PCCG’i and PCCG,i

pressure at the i-th CCG, respectively,
averaged pressure.

Although the sensitivities of the pressure gauges are limited
to about 1 x 1078 Pa, the scaling helps estimate the pressure
below that limit at / = 0 A. Moreover, for the ring-averaged gas
pressure calculation in Fig. 7, we consider the saturated value
(1 x 1078 Pa) as a real measured pressure at the given beam
current. Therefore, this assumption leads to overestimated base
and underestimated dynamic average pressure in the HER. The
peaky, non-uniform distribution of the residual gas pressure in
Fig. 6 results in an unequal contribution of lost particles to beam
losses depending on their scattered location around the ring.

are the estimated and measured gas

while PEES is the ring

3.2. Particle interactions with the detector

We use the Geant4 (v10.6.3) toolkit [54, 55, 56] embedded
into the Belle II Analysis Software Framework (basf2) [57, 58]
to simulate the detector response to beam-induced backgrounds
using the FTFP_BERT_HP Geant4 physics list [59]. Beam-
gas and Touschek scattered particles lost near Belle II in SAD
are passed from SAD to Geant4 at the inner surface of beam
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Figure 6: Residual gas pressure versus longitudinal position in the LER (top) and HER (bottom). The black, dotted line with black data points (/exp.) shows pressure
measured by CCGs in June 2021. The red, solid and blue, dashed lines (/es;.) show estimated pressure at the beam currents listed in the legend. Labels identify
different parts of the machine, such as the IP, the IR and the twelve sections of each ring, referred to as DO1 through D12.
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Table 1: Base (po) and dynamic (p;) fit parameters of the measured gas pressure averaged over all CCGs as a function of beam currents, see Fig. 7.

po [nPa] p1 [nPa/A]
Date
LER HER LER HER
May, 2020 14.77 £ 0.01 9.47 + 0.01 52.08+0.06 9.42+0.01
June, 2020 13.23+0.02 934 +0.01 3543+0.10 8.51+0.02
June, 2021 11.74+0.01 10.18+0.01 3248 +0.01 5.08 +0.01

December, 2021  7.35+0.07 9.13+0.01 37.98+0.10 5.16+0.01
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Figure 7: Average ring gas pressure versus beam current measured in
June 2021.
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pipes and collimators. We have recently improved the SAD to
Geant4 interface in order to accurately account for the curva-
ture of beam pipes and the tapered shapes of collimators. The
Geant4-simulated region extends out longitudinally ~ 30 m on
both sides of the IP. The geometry consists of the IR (+4 m),
where Belle II is located, and the so-called far beamline re-
gion, immediately outside the IR, where the Geant4 geometry
includes elements such as magnets, beam pipes, tunnel walls,
collimators, and shielding, see Fig. 8. We invested much ef-
fort in improving the IR and far beamline geometry description
in Geant4. This has made our simulation more consistent with
measurements and hence more reliable.

DO1H5 Collimator DO02H4 Collimator

Concrete Wall |
2000 1000 0 1000

Relative material budget [arb. units]

L |
2000

Longitudinal Axis [cm]
N v N — I\ v J
Far Beamline IR Far Beamline

Figure 8: Simulated beam losses on internal surfaces of beam pipe walls. Two
top figures show beam loss distribution on upstream surfaces of horizontal col-
limators.

The luminosity background is simulated using dedicated
event generators, followed by Geant4, and the same geome-
try as described above. SAD is not required in this case. Lu-
minosity backgrounds considered include radiative Bhabha and
two-photon processes (Section 1). The specific event generators
used are BBBREM [60] and BHWIDE [61] for small (< 0.5°)



and big (> 0.5°) scattering angle radiative Bhabha processes,
respectively, and AAFH [62] for two-photon processes.

At the end of the simulation, we collect detector hits for each
sub-system of Belle II and compare the simulated against mea-
sured background observables.

4. Background decomposition procedure

Here, we give an overview of how the beam-induced back-
ground composition at SuperKEKB is measured and modeled.
Table 2 lists sub-detector elements and related background ob-
servables used for the analysis.

Table 2: Belle II background observables. The twelve diamond detectors
(4 QCS-FWD, 4 QCS-BWD, 4 BP) are shown as blue rectangles in Fig. 4.

Sub-detector Element Observable Units
Diamonds 12 detectors Dose rate mrad/s
PXD 40 modules  Occupancy %
SVD 4 layers Occupancy %
CDC 56 layers Hit rate kHz/wire
TOP 16 slots Hit rate MHz/PMT
ARICH 18 segments  Photon rate = MHz/HAPD
KLM 41 layers Hit rate MHz/layer

4.1. Background models

4.1.1. Single-beam

In Belle II, the two main single-beam background compo-
nents are due to beam-gas and Touschek scattering of circu-
lating charges in the vacuum beam pipe. To disentangle these
two sources of particle losses, we employ a so-called heuristic
model, which was first introduced in Phase 1 [10], improved in
Phase 2 [11], and further refined here. Following the beam-gas
and Touschek scattering theories [4, 25, 63], we model mea-
sured observables, largely Belle II detector rates and occupan-
cies (Table 2), as

Obeam—gas =BX Ipeff., 3
12
OTouschek =TX ————, (4)
Ny xTy0;

where Opeam-gas (OTouschek) 1S the beam-gas (Touschek) compo-
nent; B (T) is the beam-gas (Touschek) sensitivity, I, Pg, and
ny, are the beam current, the ring average effective residual gas
pressure seen by the beam, and the number of bunches in each
ring, respectively. The bunch volume is defined by the product
of oy, 0y, and o, which are bunch sizes in the XY-plane and
bunch length along the beam axis, respectively.

While the transverse bunch sizes are measured continuously
during background studies, the longitudinal bunch length is not.
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Therefore, we instead parameterize the bunch length depen-
dence on other beam parameters. Measurements of this de-
pendence in commissioning Phase 3 are discussed further in
Ref. [64]. For our analysis, we use updated results [65] per-
formed in 2020 and 2021 for the HER and LER, respectively.
In our fit model, the bunch length is parameterized as follows:

ILER [m A]

LER °
n,

oLER[mm] = 5.4466 + 1.7642 x 5)

IHER [mA]

HER
,

PR mm] = 6.0211 + 1.3711 x

2 (6)
During machine operation, there is a constant flow of des-
orbed gas from the beam pipe to the vacuum pumps. As a result
of this flow, the finite conductance of the vacuum system and
the location of the CCGs, the ring average pressure at center of
the beam pipe, P.g., which is the pressure relevant for beam-
gas scattering, is higher than the pressure measured by CCGs.
We use the CCG data to estimate P.y. It is assumed, based
on geometry, that the dynamic pressure measured by CCGs,
I(dP/dI)ccg, is three times lower than at the center of the beam
pipe, while the base pressure, Po,CCG, is assumed to be the same
as seen by the beam. Therefore, P.g can be obtained from the
measured CCG gas pressure averaged over the ring as follows

Peg. = 31(dP/dD)ccg + Poccc = 3Pccg — 2Poccs, (1)
where Pccg = I(dP/dl)ccg + Poccg as discussed in Sec-
tion 3.1.2. Table 3 lists extrapolation parameters of P.g as a
function of beam currents for so-called sensing ring sections,
where the measured CCG pressure averaged over the ring sec-
tion behaves linearly along the full range of the measured beam
current (10-1000 mA) above the CCG hardware limit of 10 nPa.
In Table 3, the averaging over the ring before fitting is done as
an arithmetic mean over the ring sections specified in the sec-
ond and third columns for the LER and HER, respectively. The
parameters are used for Data/MC calculation, where P is ex-
trapolated towards simulated beam currents, see later in the text.
The overall single-beam background observable for each ring
is defined as a sum of beam-gas (Opcam-gas) and Touschek
(Orouschek) components plus a constant pedestal (D) which rep-
resents the detector electronics noise or calibration offset

12

Ogingle = B X IPeg +T X —
Ny 0 y0,

+ D, ®)

where P.g. is defined in Eq. (7) with Pccg calculated as an av-
erage CCG gas pressure over sensing ring sections, and Py ccg
taken from Table 3, assuming the base pressure stays stable dur-
ing the study.

During the early stage of the commissioning Phase 3, a large
photon background was observed for some runs in a few mod-
ules of the PXD detector. Since the interaction region is de-
signed so that no direct SR photons hit the central beam pipe,
most of the SR background consists of secondary photons. To



Table 3: Base (Pgccg) and dynamic ((dP/dI)ccg) fit parameters of the measured CCG gas pressure averaged over sensing ring sections as a function of beam

currents.

Sensing ring sections

Py ccc [nPa] (dP/dI)cce [nPa/A]

Date

LER HER LER HER LER HER
May, 2020 DO1-D12 D02, D04, D09 1479 +0.22 9.66+£0.58 52.08+1.25 11.54+1.44
June, 2020 D01-D12 D02, D04, D09 13.07 £ 044 10.13+0.79 36.23+2.00 9.77£2.04
June, 2021 D01-D11 D02, D04, D09, D12 12.68 +0.16 10.72+0.04 30.55+0.57 6.24 +£0.08
December, 2021 DOI1-DI11 D02, D04, D12 7.92+095 10.52+0.03 39.76+1.42 5.40+0.04

account for the SR background in our model, Ogsg, which is pro-
portional to the HER beam current, we extend the HER heuris-
tic fit formula for the PXD detector as follows

PXD
Osingle

= Osingle +8 X1, 9

where S is the SR sensitivity.

4.1.2. Luminosity

The luminosity background is, by definition, linearly propor-
tional to the instantaneous luminosity (£). We describe this
background component as follows

Olumi =LxL, (10)

where L is the luminosity sensitivity. The luminosity back-
ground can be evaluated from measured observables, Opes.,
during collisions by subtracting single-beam backgrounds from
non-injection data:

Olumi = Omeas.

2
LER

N0 xOy0,
12

NpOx Oy,

—(BXIPeg +T x
(11)

—(BxIPg + T X HER

1
_ E(DLER + DMER),

Note that for each individual sub-detector element, there
are specific observables listed in Table 2 and sensitivities:
BLERHER TLERHER PUERHER and 1 plus SHER for the PXD
SR background.

4.2. Dedicated background studies

Approximately twice a year, the Belle II beam background
group performs dedicated beam-induced background measure-
ments at SuperKEKB. The major goals are to investigate the
background composition and to compare measurements against
simulation. This information is needed to make reliable projec-
tions of future backgrounds and to perform targeted background
mitigation. We focus on four comprehensive studies under sta-
ble and well-controlled machine conditions, which were con-
ducted on May 9 (8y = 1.0mm) and June 27 (8; = 0.8 mm)
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in 2020, and June 16 (3; = 1.0mm) and December 20 (5) =
1.0 mm) in 2021.

Figure 9 illustrates the study performed on May 9, 2020. The
top plot shows an example of one background observable, a
measured diamond detector dose rate (open gray circles). The
bottom plot shows measured beam parameters. The study con-
sists of three types of measurements identified in the top plot:
i) no-beam (#1), to estimate statistical fluctuation of the mea-
sured observable without beams circulating in the machine; ii)
single-beam (#2 LER, #3 HER), where one ring at a time is
filled with a beam of particles; iii) luminosity (#4-6), to study
beam losses during collisions of the two beams. For the single-
beam background measurements, we inject only one beam to a
current of ~ 0.5 A and collect data during about 5 min of top-up
injections. This allows the gas pressure to settle and provides
data for the study of the injection background. Then, the beam
current is left to decay for about 15 min with no injection. This
data sample is defined as beam decay and shown as hatched
bands in Fig. 9 (bottom). Varying the number of bunches in the
ring allows us to disentangle the beam-gas and Touschek com-
ponents, as only the latter depends on the number of bunches
at fixed beam current, see Eq. (4). We use Eq. (8) to fit mea-
sured observables during the single-beam study for each ring
separately, which yields background sensitivities for the beam-
gas (B'ERHER) and Touschek (TTERHER) components, as well
as detector pedestal (DMERHER)  The single-beam fit results,
see hatched areas in Fig. 9 (top, where the LER and HER ex-
trapolated backgrounds are shown as stacked histograms), can
then be extrapolated to other times using machine parameters
and are used in the following luminosity background measure-
ments. To study luminosity backgrounds for a fixed number
of bunches, we 1) scan the luminosity during top-up injection
for both beams at nominal currents (#4) by applying a vertical
orbit offset between the colliding beams, and then 2) stop injec-
tion, leaving both beams to decay (#5 and #6). The luminosity
background (open black squares) is calculated as the difference
between non-injection data (open green triangles) collected dur-
ing periods 1) and 2) and the sum of the extrapolated LER and
HER single-beam heuristic fits, see Fig. 9.

Figure 10 shows the luminosity background versus the col-
lision luminosity, measured by the ECL as explained in Sec-
tion 1, for the top-up injection period (#4, solid black stars)
and the two beam decays (#5, solid blue squares, and #6, solid
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Figure 9: Example of dedicated beam background measurements on May 9, 2020. Top: BP-FW-325 diamond detector dose rate; bottom: SuperKEKB machine

parameters. See text for detailed discussion.

red triangles). As expected, these three distributions illustrate
a clear linear dependency between the luminosity background
(Owmi) and the instantaneous luminosity (£). We fit the es-
timated luminosity background versus luminosity with a first-
order polynomial, as shown in Fig. 10. In the absence of any
residual systematic effects, we would expect all three fits to go
through the origin and to have very similar slopes. For the par-
ticular Diamond detector shown in Fig. 10, this is the case for
the fits to data sets #5 and #6. The fit to data set #4, how-
ever, has a different slope and a negative intercept with the
vertical axis, which would correspond to negative luminosity
background and is unphysical. We speculate that for this de-
tector, data set #4 is biased by a residual contribution of the in-
jection background that leaks into our estimated non-injection
background. In addition, our analysis implicitly assumes that
the non-luminosity background sensitivities are the same dur-
ing single-beam and collision modes of the accelerator. If this
assumption does not hold, offsets such as observed in data set
#4 are also possible. To account for these uncertainties, the final
luminosity background extrapolation for all detectors discussed
in the text below generally uses the average slope of three lin-
ear fits analogous to those shown in Fig. 10, with the caveat that
fits with negative slope are discarded. For each detector, we as-
sign a systematic uncertainty equal to the average of the three
(or fewer, if some of the fits are discarded) intercepts with the
vertical axis.

4.3. Injection background

SuperKEKB requires continuous injection of particles to
keep the beam currents constant and luminosity high. Beam
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Figure 10: Luminosity component of the measured BP-FW-325 diamond de-
tector dose rate versus instantaneous luminosity from the May 9, 2020 study.



losses in the IR can increase for a short period of time, typically
O(10ms), after injection, which can be detrimental to both de-
tector operations and reconstruction performance. In order to
avoid DAQ saturation, a L1-trigger veto rejects triggers that oc-
cur close to the time when a newly injected bunch passes the IP.
Therefore, in most detectors only the part of the injection back-
ground that is outside the L1-trigger veto is seen as an excess
over the storage (non-injection) background. However, vetoed
events will still contribute to the dose rate seen by detectors,
and hence must be included in dose rate estimates. Prediction
of the injection background via simulation is a very challenging
task, as it depends on a broad spectrum of machine parameters,
all the way from the particle gun and LINAC to the injector and
stored beam.

Below, we compare two methods under development to esti-
mate the SuperKEKB injection background in Belle II experi-
mental data.

4.3.1. Background remnant

One straightforward approach to estimating the injection
background (Ojy;.) is to use the heuristic fit results described
above. We subtract the estimated storage background (Oey.)
from measured data (Omeas.) during a top-up injection period of
5 min before each beam decay.

Figure 11 illustrates the measured background for the SVD
L3 during the HER single-beam top-up injection. The up-
per part of the figure shows the HER beam current with 1174
bunches of electrons. The bottom part of the figure contains
two data sets of the measured mean occupancy with a times-
tamp of 1 Hz for outside (black, solid circles) and inside (red,
open circles) the injection veto window. The blue, hatched area
represents the estimated HER storage background extrapolated
by using heuristic fit results (ng;e). Seven beam injection pe-
riods occur in this figure, where the 1-bunch injection repeti-
tion rate is 12.5 Hz. One of the injection periods is highlighted
by a vertical orange band. The subsequent beam decay period
is highlighted in cyan. The frequency of injection periods de-
pends on the beam lifetime and the maximum acceptable beam
current drop, typically set at 1% of the operational current. The
figure is a good illustration of the injection trigger veto perfor-
mance. The trigger system vetoes high beam losses for about
10 ms right after the beam injection inside the veto window to
ensure stable DAQ operation. When the injection is stopped,
the beam current decays (vertical cyan band in the figure), and
the observed background is presumably due to the storage beam
circulating in the ring.

To estimate the full radiation dose (and hence the potential
for radiation damage of electronics) on Belle II sub-detectors,
the contribution from injection background, including the com-
ponent hidden by the L1-trigger injection veto, must be in-
cluded. Data inside the trigger veto window is affected by the
DAQ dead time fraction due to the veto, Fpr ~ 3 — 6%. Fur-
thermore, we only inject the beam some fraction of the time
(see Fig. 11), Fip ~ 50 — 70%, which is defined as the ratio of
the injection duration to the sum of the injection duration and
decay duration. Both Fpr and Fip must be accounted for when
normalizing the estimated injection background.
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Figure 11: Top: measured HER beam current during top-up injection for
June 16, 2021 background studies; bottom: measured occupancy for the inner-
most SVD layer.

We define the relative injection background as

Oinj. = Oinj./Oest‘ = (Omeas. = Oest.)/Oest.- (12)
Since the injection background is seen only during a short pe-
riod when a fresh beam is injected into the main ring, each data

point in Fig. 11 is then normalized by Fpt and Fip:

Ain
inj.

5pgrm.,in
i

. X Fpr X Fip,

13)

mL;t x (1 = Fpr) X Fip,

5norm.,0ut _
inj.

(14)

where 51}3““ is the normalized injection fraction.
Figure 12 shows the Belle II normalized relative injection
background for the June 2021 study, where OI‘IE”“ varies within

one order of magnitude for outside (O?I;fm"ou‘, solid markers)

and inside ((P)V?I:’fm"i“, open markers) the injection veto data sam-
ples. The sampled beam background data with a timestamp of
100 ms and 1 s for the diamond and TOP detectors, respectively,
are collected without the L1-trigger and injection veto. Each
data point in Fig. 12 is normalized by the DAQ dead time frac-
tion during the injection and decay periods following Egs. (13)
and (14), respectively. Error bars illustrate the total uncertainty,
including statistical and systematic errors, where the latter is
calculated as a geometric standard error over all layers in a
given sub-detector.

Based on the measured total and estimated storage back-
grounds, this method allows us to estimate the injection back-
ground during top-up injection in one of the rings. Following
this approach, we can evaluate the radiation damage in Belle II
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sub-detectors by integrating the storage and injection back-
ground doses, taking the injection trigger veto impact into ac-
count, and properly normalising the injection background frac-
tion. However, the main limitation of this method is that the
fraction of the injection background does not stay constant for
a long time during machine operation due to continuous ma-
chine tuning and different beam (bunch) currents and luminos-
ity. Therefore, the results of this injection background estima-
tion can be extrapolated outside the dedicated background study
runs only with certain assumptions regarding the ratio between
injection and storage background components measured by the
detector.

4.3.2. Neural network

BGNet [66] is an artificial neural network for predicting the
background rate of Belle II sub-detectors. The network learns
to map SuperKEKB collider variables to background hit rates
caused by different beam background sources seen by Belle II.
One major motivation is to accurately extract background hit
rates from top-up injections, understand their dependence on
collider conditions, and mitigate their impact on data taking.
Feature attribution algorithms [67, 68] are applied to identify
the most predictive input variables.

BGNet consists of neural network-based models for the most
relevant background sources as the physical origin for the loss
of beam particles near the interaction region of Belle II as fol-
lows: i) the beam-gas storage background in the LER and HER,
ii) the Touschek storage background in the LER and HER, iii)
the luminosity background, iv) the LER and HER top-up in-
jection background, and v) detector pedestals. The models
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for beam-gas and Touschek contributions to the hit rate fol-
low Eq. (3) and Eq. (4) but replace the coefficients B and T by
fully connected feed-forward artificial neural networks, respec-
tively. The injection background hit rate network (separately
for the HER/LER) is a fully connected feed-forward network
multiplied with an injection gate status variable. The injection
gate status is open (variable value of 1) whenever top-up injec-
tions into a ring take place, otherwise, it is closed (value of 0).
The collision and pedestal-related background components are
represented by the weight and bias of a linear neuron with the
measured luminosity as its only input variable.

BGNet is trained on archived 1 Hz time series of process
variables (PVs) provided by the EPICS-based slow-control sys-
tem of Belle II. The training target is the observed total back-
ground hit rate of a Belle II sub-detector. The input tensors
for HER/LER injection and storage background networks are
selected based on expert knowledge, and the result of feature
attribution methods is used to rank the importance of variables.
During training, BGNet optimizes the weights and biases of its
sub-networks to minimize the mean absolute error between the
measured hit rate and the sum over all predicted background
components. The data are split into training and validation sets.
All input variables and the measured hit rate are scaled by sub-
tracting the median and scaling by the percentile range between
the 90th and 10th percentile.
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Figure 13: Components of the TOP detector background predicted by BGNet
for the June 16, 2021 background study. Top: stacked histograms of predicted
background components displayed on top of the observable; bottom: the ratio
between the observable and predicted total background.

Figure 12 contains BGNet estimation results for the relative
injection background outside the veto. The neural network and
heuristic fit results demonstrate an acceptable agreement for
the outside veto data. However, there is a noticeable disagree-
ment for some sub-detectors, e.g. for the PXD and CDC, since



BGNet uses the online archived data, which may contain noisy
electronics channels that are masked for the heuristic fit offline.

Storage backgrounds (single-beam and luminosity) are
learned mostly from beam decay data during single-beam and
collision operation of the collider. During physics runs, the in-
jection backgrounds show a typical temporal pattern follow-
ing the injection gate status in the HER and LER since the
top-up injections regularly paused and resumed to keep the
beam currents constant, as shown in Fig. 13, which corresponds
to the following beam parameters ILER/ HER = 740/650 mA,
np = 1174, and £ = 2.6 x 10* cm™2s~!. The injections into the
HER and LER are asynchronous. The contribution of HER and
LER injections can be disentangled even during physics runs
by looking at the beam gate status variables.

The BGNet was tested on recorded data during Belle II op-
eration in 2021 and 2022. After training, the model learned a
physically sensible and accurate decomposition of the detector
observables into components for different background sources.
In addition, feature attribution algorithms have been applied to
the sub-models in BGNet to understand which inputs the sub-
models find most valuable for making predictions. The method
can provide valuable clues to understand the backgrounds in
Belle II better. We are working on further developing the neural
network to make it a helpful tool used by SuperKEKB operators
for crucial machine parameter tuning, to mitigate backgrounds,
or to improve collider performance.

5. Summary of the measured background composition

This section summarizes the background status in Belle II as
of June 2021, reporting on our current understanding of beam-
induced backgrounds. At that time, the detector was running
with stable machine operation with well-controlled and under-
stood beam backgrounds, in contrast to 2022 operation with fre-
quent sudden beam losses and damaged collimators. We also
compare background measurements against dedicated simula-
tions.

5.1. Measured backgrounds

Table 4 shows detector limits. The TOP limit before LS1 is
related to the replacement of TOP conventional PMTs planned
for LS1. At the same time, the limit after LS1 is associated
with the replacement of ALD PMTs in LS2 and the longevity
of life-extended ALD PMTs. Moreover, the upper background
rate limit quoted for the Diamond read-out electronics can be
increased by selecting a lower signal amplification. The KLM
detector limit corresponds to the muon reconstruction efficiency
drop of about 10%.

The estimated future background in Table 4 is the main goal
of this article, and obtaining this requires knowledge of the de-
tailed background composition and good Data/MC agreement.
These topics will be detailed in what follows.

Figure 14 shows the measured background rate and com-
position (i.e. decomposed by the most significant beam
loss sources) for each Belle II sub-system separately. The
data used are from the luminosity background study on
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June 16, 2021 at the following beam condition: J“ER/HER —
732.6/6472mA, ny = 1174, o-PRMER — 184.6/151.0 pm,

oy PRITER 60.7/36.2 pm, (,—LER/HER 6.5/6.8 mm,
PLERITER = 88 7/24.3nPa, and £ = 2.6x10* cm™ 57!, Beam-

gas, Touschek, luminosity, and PXD SR backgrounds are ob-
tained using the heuristic fit methodology described earlier.
The total injection background (OmJ ) corresponds to the inside

(Onorm " 'Eq.13) and outside (O“‘}rm % Eq.14) the veto injec-
tlon background normalized by the DAQ dead time and injec-
tion duration fractions during top-up injection and beam decay:

(Onorm ,in + Onorm Out) % 05mg1e7 (15)

mJ inj. inj.

where Osingle is the estimated single-beam background.

The overall background level for all sub-systems is well be-
low the detector limits listed in Table 4. The dominant back-
grounds are due to LER beam-gas, LER Touschek and lumi-
nosity beam losses. HER and injection backgrounds are much
lower, at the level of 10%, except for the ARICH, which is more
sensitive to FWD-directed beam losses from the HER beam.
The reported rates are affected by the so-called event-of-doom
buster (EoDB), introduced in 2020. The EoDB removes events
with more than 6000 hits in the CDC or more than 70 000 digits
in the SVD, introducing a systematic bias of about 20% to the
measured total background rate during the injection.

At the present level, the SR background is of no concern in
terms of occupancy for the inner-most layers of the vertex de-
tector. However, its potential increase at higher beam currents
or at different beam orbits tuned to increase the luminosity may
cause inhomogeneities in the irradiation of the PXD modules,
which is difficult to compensate by simply adjusting the opera-
tion voltages of the affected modules.

The neutron background is not considered explicitly in the
study reported here. However, the neutron background in the
SuperKEKB tunnel near Belle II has been studied separately,
using direction and energy-sensitive gas TPC detectors to image
neutron recoils [22]. Those results, converted into estimated 1-
MeV neutron equivalent fluences per Snowmass year, are listed
in Table 5. In addition, Table 6 reports on the current thermal
neutron fluxes measured by the *He tube neutron counting sys-
tem, which were not previously published.

TPC and *He tube results show that LER single-beam back-
grounds are the dominant background sources in the FWD tun-
nel, which could be explained by high beam losses at the near-
est, tightly closed collimator ~ 16 m from the IP, see Fig. 8. On
the other hand, the BWD tunnel neutrons are predominantly
due to luminosity background “hotspots”, which are expected
on either side of the Belle II detector [22].

Moreover, the neutrons from the electromagnetic showers,
originating from both the IR and accelerator tunnels, might be
the reason for SEUs of FPGA electronics boards seen during the
beam operation. Our simulation and dedicated machine studies
show that beam losses at the collimators nearest to the detector,
and thus single-beam neutrons, can be suppressed by aperture
adjustment of distant upstream collimators in each ring. How-
ever, we can only mitigate the luminosity neutron background
by installing additional shielding around the detector. We are



Table 4: Background rate limits for different Belle II detector sub-systems. The third column shows the total measured background rate in June 2021 at £ =
2.6 x 103 ecm=2 57! excluding the pedestal rate. The fifth column shows the total estimated background rate before LS2 at £ = 2.8 x 103 cm™2s~!. The TOP

luminosity background is assumed to be 0.925 MHz/PMT per 10> cm=2s71,

Detector BG rate limit Current (June 2021) Estimated (Before L.S2)
Background Safety factor Background Safety factor
Diamonds 1-2rad/s < 132 mrad/s > 17 < 311 mrad/s >72
PXD 3% 0.1% 30.1 0.4% 6.9 (L1)
SVDL3,L4,L5,L6 4.7%, 2.4%, 1.8%, 1.2% < 0.22% 21.5 1.0% 4.7 (L3)
CDC 150 kHz/wire 22.3kHz/wire 6.7 79 kHz/wire 1.9
ARICH 10 MHz/HAPD 0.5MHz/HAPD 21.7 1.4MHz/HAPD 7.3
Barrel KLM L3 50 MHz 4 MHz 12.1 12 MHz 4.1
non-luminosity BG
before LS1 after LS1
TOP 3MHz/PMT 5MHz/PMT 1.8 MHz/PMT 1.8 5.0MHz/PMT 1.5

+ luminosity BG

Table 5: The measured fast neutron background by TPCs in the accelerator
tunnel.

Background  Accelerator Fluence per smy
type tunnel [x10° Neq/ cm?]

Single-beam BWD/FWD 6/90

Luminosity BWD/FWD 40/4

Table 6: The measured thermal neutron background by He tubes in the accel-
erator tunnel.

Background  Accelerator Flux

type tunnel [x10% n/(cm?s)]
Single-beam BWD/FWD 1/30
Luminosity BWD/FWD 20/4

currently working on further neutron background studies, ded-
icated countermeasures, and possible detector upgrades, which
will be discussed in forthcoming publications.

5.2. Simulation accuracy

To probe the accuracy of the Belle II background simulation
and our current understanding of the major beam loss processes
in SuperKEKB, we calculate the Data/MC ratio for the four
beam background studies performed in 2020 and 2021 (see Sec-
tion 4.2). A dedicated set of Monte-Carlo simulations based on
SAD and Geant4 is prepared for each study using the procedure
discussed in Section 3. Each component of the measured back-
ground is then scaled to the simulated beam parameters using
the heuristic fit results so that measured and simulated rates can
be compared for identical beam parameters. Figure 15 shows
a summary of the findings, Belle II detector-level Data/MC ra-
tios, where each value is calculated as a geometric mean over
i) the relevant sub-detector’s layers, modules, sensors or seg-
ments as discussed in Section 4, and over ii) the four back-
ground studies. The statistical uncertainties originate from the
heuristic fit parameter errors, while the systematic uncertain-
ties are defined as variations of the individual ratio around the
mean value and calculated as a standard error of the geometric
mean [69, 70]. The measured and simulated data are compared
at arbitrary beam parameters: JLER/HER — 1 2 /1 0A, n, = 1576,
L = 8 x 10¥ cm 257!, The average gas pressure is estimated
based on reported parameters in Table 3. The combined ratios
over all Belle II sub-systems for single-beam and luminosity
backgrounds are summarized in Table 7.

As reported in Refs. [10] and [11], agreements between first
measurements and optimistic background simulation in 2016
and 2018 were poor, and Data/MC ratios strongly diverged from
the unity by several orders of magnitude. Therefore, during
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Figure 14: Measured Belle II background composition on June 16, 2021. Each column is a stacked histogram. QCS-BWD-315, BP-FWD-325 and QCS-FWD-225
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Figure 15: Belle II detector-level Data/MC ratios in Belle II over 2020 and 2021 dedicated background studies.
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Table 7: Combined Belle II Data/MC ratios over 2020-2021 collected data.

Background LER HER
Beam-Gas  3.94'07%  0.59707
Touschek  3.67%y5;  0.21%009

Luminosity 0.82701)

the early Phase 3 discussed in this paper, we invested a lot of
effort in improving the beam-induced background simulation
for a better understanding of beam loss mechanisms in the ma-
chine. The main key improvements compared to Phase 1 and
Phase 2, leading to the substantial measurement and simula-
tion agreement, are i) the realistic collimator profile implemen-
tation in SAD, ii) particle interaction with collimator materi-
als (tip-scattering), iii) beam-gas losses re-weighting using the
measured vacuum pressure distribution around the SuperKEKB
rings, iv) accurate translation of lost particle coordinates from
SAD to Geant4, and v) the improved Geant4 model of the ma-
chine and detector components and the accelerator tunnel.

6. Extrapolations

This section estimates the expected detector background at
higher luminosity based on a dedicated set of Monte-Carlo sim-
ulations. These simulations help us study machine and detector
upgrades needed to achieve the planned machine performance.
Below, we review our methodology for extrapolating the beam
backgrounds to a luminosity of 2.8 x 103 cm™2s~!, which is
expected to be achieved by January 2027, before the start of
LS2.

To collect an integrated luminosity of 50 ab™! by the 2030s,
our target instantaneous luminosity at jy 0.3mm is 6 X
10 cm™2s~!. Table 8 lists predicted future beam parameters
based on the most recent SuperKEKB plan for ramping up the
machine [71]. Unfortunately, with the machine lattice con-
sidered in the original machine design without the Crab-Waist
scheme [4], the target beam currents will be difficult or even im-
possible to reach because of the short beam lifetime (< 10 min)
due to the narrow dynamic aperture [72]. Moreover, our pre-
liminary estimates show that it may be challenging to safely
run the experiment at the target beam parameters due to the low
TMCI bunch current threshold for narrow collimator apertures.
Thus, we might be forced to open some collimators, which
could increase the IR background above the detector limits. In
Ref. [14], we have proposed a few possible solutions to par-
tially cure beam instabilities and resolve the specific luminos-
ity and dynamic aperture degradation, where the latter affects
beam lifetime, as mentioned above. Nevertheless, the upshot
is that the target machine lattice and beam parameters are still
too uncertain to make an accurate background prediction for
the target luminosity. Therefore here, we focus on estimating
backgrounds for intermediate beam parameters, which are fea-
sible to achieve before LS2. In our simulations, the Crab-Waist
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Table 8: Predicted SuperKEKB parameters, expected to be achieved by the
specified date. 8*, L, I, BDiy., nv, €, 0, and CW stand for the betatron function
at the IP, luminosity, beam current, integrated beam dose, number of bunches,
equilibrium beam emittance, bunch length and Crab-Waist sextupoles, respec-
tively.

Setup Before LS2 Target
Date Jan 2027 Jan 2031
By(LER/HER) [mm] 0.6/0.6 0.27/0.3
Bi(LER/HER) [mm] 60/60 32/25
L [x10% cm™2s7!] 2.8 6.0
I(LER/HER) [A] 2.52/1.82  2.80/2.00
BDjy. [kAh] 45 93

ny, [bunches] 1576 1761
&x(LER/HER) [nm] 4.6/4.5 3.3/4.6
&y/&x(LER/HER) [%] 1/1 0.27/0.28
0,(LER/HER) [mm] 8.27/7.60  8.25/7.58
cw OFF OFF

scheme is not used, resulting in conservative background esti-
mates. According to preliminary, separate SAD-only simula-
tions, the Crab-Waist scheme at g7 = 0.6 mm, is expected to
lower Belle II beam backgrounds by at least a factor of three,
if simulation-optimized collimator settings can be achieved ex-
perimentally.

To project the beam-gas background forward in time, we start
by extrapolating the beam pipe pressure measurements per-
formed in 2021. Next the collimator system configuration is
optimized in simulation to reduce single-beam backgrounds in
the IR while maintaining an acceptable beam lifetime. Finally,
we estimate all simulated background components in each sub-
detector, which are then scaled by corresponding Data/MC ra-
tios discussed above to estimate the expected background level.
This results in limits on beam pipe vacuum pressure, injection
quality, and collimation, which must be achieved to keep the
background in Belle II sub-detectors below their rate limits.

6.1. Gas pressure

For the extrapolation of the residual gas pressure in each ring,
we use the pressure measured by the CCGs to estimate the dy-
namic pressure evolution. The data were collected throughout
the commissioning of SuperKEKB from 2016 until mid-2021.
Figure 16 shows the estimated average (dP/dI), ring pressure
increase per unit current at the center of the beam pipe, versus
integrated beam dose (BDjy,.). Each calendar year of operation
is emphasized with a different color and hatching style. To esti-
mate the dynamic pressure at the beam parameters before LS2
at a luminosity of 2.8 x 103 cm™2s~!, we fit only the Phase 3



10™g
2 Data (2016-2021)
[0 2016
=y 2018
. 077 2019
10 i P ] 2020
i L Mf ) 2021
I M‘i. —— Fit (2019-2021)
m 3 Extrapolated
<10° 7
el
5 =
I% 1077 3 /:f.
Fit: Y[Pa/A] = As(X[Ah])® : \
107°H A = 8.2106-05 + 1.603¢-05 N
B =-0.804 +0.024
107 (TR T TTEI TR IRN o L

10° 10° 10*
Integrated Beam Dose [Ah]

(a) LER.

10™g
- Data (2016-2021)
(I 2016
Y 2018
- v 2019
10 12020
B3823 2021
—— Fit (2019-2021)
3 Extrapolated
<w0° i
g i £
s o
I% 1077 r /_.
Fit: Y[Pa/A] = As(X[Ah])® y
10 A =5.091¢-06 + 1.002¢-06 % g
B =-0.671%0.025 :
107 (TR R TITATNN L L
10? 10° 10 10°

Integrated Beam Dose [Ah]

(b) HER.

Figure 16: Beam pipe pressure increase per unit current, dP/dI = 3(Pccg — Poccg), versus integrated beam dose for (a) the LER and (b) the HER. We assume

Pyccg = 10nPa. Measurements are shown as black squares.

(2019-2021) data. We assume that BDi,, = 45kAh® will be
reached by 2027 at beam currents of 2.52 A and 1.82 A for the
LER and HER, respectively (Table 8). Blue, open circles in
Fig. 16 show the extrapolated pressure increase per unit current
for BDy,, = 45kAh. LS2 is currently planned for 2027, but
there is significant uncertainty, and it may take longer to reach
the integrated beam dose of 45kAh assumed in the pressure
extrapolation.

The pressure spikes seen at the beginning of each year are
due to compromising the vacuum in short ring sections as part
of machine maintenance work performed during standard ma-
chine shutdown periods. However, dedicated vacuum scrub-
bing runs, immediately after each intervention, reduce the pres-
sure down to the nominal level. In the early stages of Su-
perKEKB commissioning in 2016, beam size blow-up and a
non-linear residual gas pressure rise with beam current were
observed in the LER [73, 74]. The growth of the positron beam
emittance was caused by a fast head-tail instability, which was
induced by the electron cloud effect. In 2018, this effect was
cured by attaching permanent magnets and solenoids to most of
the beam pipes at drift spaces in the LER. Therefore, a steep
change in dP/dI is seen between 2016 and 2018 in Fig. 16.

Assuming the base pressure for both rings is at the level of
Py = 10nPa, we can calculate the expected value of the beam
pipe gas pressure as Peg. = Py + dP/dI x 1. Table 9 lists all
results of the gas pressure extrapolation, which are then used to
normalize the beam-gas background simulation.

SRough estimate made in June 2020, which assumes that the beam is always
stored at the maximum beam current ( VI gr/ggr) during operation, excluding
some start-up days in each run period.
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Table 9: Expected beam pipe gas pressure at the beam parameters before LS2
at £ = 2.8 x 103 cm 257!, where dP/dI, Py and P.g. stand for the ring av-
erage pressure increase per unit current, base pressure and beam pipe pressure,
respectively.

Term LER HER
dP/dI [nPa/A] 14.94+4.83  3.83+1.27
Py [nPa] 10 10
P.g. [nPa] 47.66 +12.17 1697 £2.31

To simulate the expected beam-gas background at £ =2.8 X
10 cm™2s7!, we use the measured gas pressure distribution
along each ring from June 2021, shown in Fig. 6, and scale it to
the expected vacuum pressure as follows

3Py +dP/dI x I

est. —_ meas.
PCCG,i - PCCG,i 3 pmeas. ’ (16)
CCG
est. meas. :
where Pgeg; and Pecc; are the estimated and measured gas

pressure at the i-th CCG; Py, dP/dI and I are taken from Ta-
ble 9; I_’g‘g‘é is the average ring pressure measured by CCGs;
the factor 3 is used to take into account the vacuum conduc-

tance between the beam pipe and CCGs, see Section 4.1.1.

6.2. Collimation system settings

For future beam optics and beam parameters, the collima-
tion system must be re-optimized in order to effectively protect
the detector from stray beam particles. The optimization pro-
cedure [19, 23] is based on finding a compromise between very



tight collimator apertures, which reduce the beam lifetime and
induce beam instabilities, and wide apertures, which increase
the beam backgrounds in the IR. One of the instabilities lim-
iting aperture tightening is TMCI, which is a wake-field effect
from bunched charges traveling through the machine aperture,
causing a strong head-tail instability and beam size increase.
We adjust the apertures of all currently installed collimators,
see Fig. 3, to satisfy the requirements listed below while main-
taining the lowest possible IR backgrounds and beam lifetimes
of the order of 15 minutes for both rings.

TMCI limits relaxation. To satisfy TMCI limits in the LER, we
fully open the collimator DO3V1 and set DO6V2 at the aperture
of the IR.

Far distant high beam losses. We perform primary collimation
as far as possible from the IR, to reduce secondary showers
reaching the detector and to protect the QCS against an abnor-
mally injected beam. Thus we use DO6V1 and DO2H1 in the
LER, and DO9V1/3 and D12H1/2 in the HER.

Background reduction around the IR. Since tip-scattered par-
ticles from the collimators closest to the IP may contribute to
the IR background, we shadow these collimators by tighten-
ing other upstream collimators, thereby reducing beam losses
around the IR. We thus set DO2H2 narrower than DO2H4 in the
LER, and DO1H3 narrower than DO1HS5 in the HER. This con-
figuration should also reduce the neutron flux toward Belle II
from the closest collimators.

The optimized collimators satisfy the TMCI requirement for
the predicted bunch currents before LS2 at the luminosity of
2.8 x 10¥ cm™2s™!, which are I'*R = 1.60mA and II'®R =
1.15 mA. The maximum allowed bunch currents before reach-
ing instabilities due to collimator and IR beam pipe apertures
are ItER = 1.76 mA and I'ER = 1.66 mA for the LER and

thresh. ; thresh.
HER, respectively.

6.3. Predicted Belle Il backgrounds

Figure 17 shows the predicted beam background composi-
tion in Belle II at the beam parameters before LS2 at the lu-
minosity of 2.8 X 103 cm™2s7!, see Tables 8 and 9. To ob-
tain the expected background rates, each simulated background
component is scaled by corresponding Data/MC ratios shown in
Fig. 15. The predictions include systematic uncertainties asso-
ciated with the variation of the Data/MC ratios among detector
layers, sensors or modules. The predicted background is well
below the detector limits listed in Table 4, with safety factors
ranging from ~ 2 to ~ 30, leaving some margin for the injec-
tion background and unexpected beam losses. In addition, the
usage of the Crab-Waist scheme at 8; = 0.6 mm potentially can
enlarge the margin by an additional factor of three, as discussed
above.

6.4. Predicted neutron flux near Belle I1

The neutron flux inside Belle II is currently being studied,
and detailed findings will be published separately in the future.

24

Here, we only provide rough estimates, based on older, com-
pleted studies in the machine tunnel.

To roughly estimate the neutron fluence in the accelerator
tunnel, we assume that single-beam losses at the collimators
closest to the IP are well controlled by adjusting upstream col-
limators. Therefore, we focus on luminosity-production of neu-
trons only. Based on the TPC data [22], the 1-MeV neutron
equivalent fluence per Snowmass year, at a luminosity of 2.8 x
10% ecm™2 57! is about 5 x 10'°neq/cm? and 5 x 10° neq/cm?
in the BWD and FWD tunnels, respectively [22]. At the
same luminosity, our simulation predicts a *He tube count rate
due to thermal neutrons of only about 2 x 10*n/ (cm?s) and
4 x 10 n/(cm?s) in the BWD and FWD tunnels, respectively.
The Belle II limit for the neutron fluence ranges from 10'? to
10 Neq/ cm?, as discussed in Section 2. Hence our current es-
timates show that the expected neutron background allows safe
detector operation for more than 10 years.

6.5. Planned background mitigation via improved shielding

During LS1, we plan to install new or improved background
shielding. We plan additional neutron shielding of Belle II to
suppress the flux of neutrons originating from the accelerator
tunnel and from the QCS. Although below the strict detector
limits, the neutrons cause the ageing of ECL photodiodes and
other detector components and lead to operationally disruptive
SEU events. An additional IR bellows shield made of tung-
sten, and modified FWD and BWD QCS head plates, currently
made of tungsten and planned to be replaced by stainless steel,
are under construction and may be installed with the new pixel
detector during LS1. This should reduce single-beam and lu-
minosity backgrounds by up to 50% [75]. A new IP beam pipe
with an additional gold layer and slightly modified geometry to
reduce the amount of the back-scattered SR is also in produc-
tion.

6.6. Background beyond LS2

While the Belle II backgrounds are under control, and their
evolution at higher luminosity looks promising, there are other
difficulties related to achieving stable machine operation while
keeping acceptable background levels. In Ref. [14], we review
ongoing activities and options for further background mitiga-
tion, and background predictions for even higher luminosities,
up to 6.3 x 103 cm™2 571,

7. Conclusions

We have reported on the current beam-induced background
levels in Belle II, demonstrated the accuracy of our background
predictions, and estimated backgrounds for future SuperKEKB
beam parameters. The beam loss simulation software, based on
SAD and Geant4, has been significantly improved compared
to the versions used in earlier commissioning phases, and now
accurately describes the measured detector backgrounds, with
Data/MC ratios within one order of magnitude of unity.
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Figure 17: Estimated Belle II background composition for predicted beam parameters before LS2. Each column is a stacked histogram. The red numbers in

rectangles are detector safety factors, showing that Belle II should be able to operate safely until a luminosity of 2.8 x 103 cm™2 7!

discussed in the text.

We want to stress that it is crucial to understand all main
sources of beam losses affecting machine and detector com-
ponents’ longevity and causing detector performance degra-
dation. Therefore, the accurate background prediction at the
current stage is essential to trust any extrapolations, including
simulation-based studies of potential SuperKEKB or Belle 11
upgrades. We correct the simulation for any remaining discrep-
ancy with measurements by using the Data/MC ratios for re-
scaling the simulation. But as opposed to what we had in the
past at Phase 1 (2016) and Phase 2 (2018), these correction fac-
tors are now much closer to the unity, significantly increasing
confidence in our methodology and extrapolations.

In early Phase 3, backgrounds from collisions of two beams
at the IP, which are expected to dominate at higher luminosi-
ties, are slightly (~ 20%) lower than expected. Backgrounds
from single beams, which currently dominate, are a factor of
four different from expectations, which is in line with the size
of typical machine systematics involved, such as the beam pipe
gas composition, unknown machine errors, beam instabilities,
beam-beam effects, and modeling accuracy of machine compo-
nents and detector surroundings.

At the current and future stages of the experiment, the
most vulnerable sub-detectors are TOP and CDC, whose PMT
lifetime and charged tracks reconstruction performances are
strongly affected by high beam losses in the IR, respectively.
Their safety factors are estimated to be at the level of ~ 2 for
a luminosity of 2.8 x 10*> cm™2s7!, leaving some margin for
unpredicted or imperfectly controlled beam losses.

Currently, the most dangerous backgrounds are due to Tou-
schek and beam-gas scattering in the LER. However, we ex-
pect that a further increase of the collision rate above 1 X
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, with some important caveats,

10* cm~2 s~! will raise the luminosity background to the same
level as single-beam backgrounds. Based on our measurements
and current understanding of beam loss mechanisms in Su-
perKEKB, we predict that as beam currents are increased and
the beam size is decreased in the next decade, beam-induced
backgrounds in Belle I will remain acceptable until at least
L =28x10¥cm2s7! at By = 0.6mm. This statement as-
sumes the baseline plan of replacing the short-lifetime conven-
tional and ALD MCP-PMTs in the TOP detector, stable and
well-controlled main ring and injection chain operation, contin-
uous progress on vacuum scrubbing, and low impact from beam
instabilities. Installing additional shielding during the two long
shutdowns in 2022-2023 and around 2027 could reduce back-
grounds further.

There are several important uncertainties in our projec-
tions of future backgrounds, such as unexpected and uncon-
trolled catastrophic beam losses, unknown sources of machine
impedance, vacuum pressure at high beam doses, and possible
IR beam pipe upgrades. These issues could affect our back-
ground forecast in either direction and require further studies
and refinement.

Backgrounds from neutrons have been studied with dedi-
cated detectors in the SuperKEKB tunnel. While the flux ap-
pears understood and manageable in the short term, a quantita-
tive study that connects neutron rates to Belle II hit and SEU
rates is needed, ongoing, and will be published separately in
the future. SEUs deserve special scrutiny as they can reduce
the operational efficiency of the experiment.

Backgrounds from injection also appear manageable but
have not been projected forward, as they are not simulated from
first principles. This is a challenging task that should also be



tackled in the future. Machine learning techniques appear use-
ful in identifying the injection background, could be helpful in
online machine diagnostics and may detect the most crucial pa-
rameters to be adjusted for background mitigation and collider
performance improvement.

Mainly due to the uncertainties related to the design machine
lattice and beam instabilities, it is too early to make accurate
predictions for the distant future, but backgrounds could ex-
ceed detector limits at £ = 6 x 10°° cm™s™" for 8 = 0.3 mm.
Thus, several machine operation schemes, instability and back-
ground countermeasures, and upgrades of the experiment are
under consideration in order to collect an integrated luminosity
of the order of 50 ab™! by the 2030s. We are closely collaborat-
ing with EU, US and Asian accelerator laboratories on optimiz-
ing upgrades of SuperKEKB and reaching the target luminosity.
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