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Abstract

We describe the planned near-term and potential longer-term upgrades of the Belle
IT detector at the SuperKEKB electron-positron collider operating at the KEK labora-
tory in Tsukuba, Japan. These upgrades will allow increasingly sensitive searches for
possible new physics beyond the Standard Model in flavor, tau, electroweak and dark

sector physics that are both complementary to and competitive with the LHC and other
experiments.
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Executive Summary

The SuperKEKB accelerator and the Belle Il detector started operation in 2019 with
a steady increase in luminosity, reaching a peak instantaneous luminosity ofL yeax =
4:65 10**cm 2s !in June 2022 and collecting an integrated luminosity of 424fb *.
It has become clear that reaching the target peak luminosity of6 10*cm ?s ! and
the integrated luminosity 50 ab * will require an upgrade of the accelerator complex,
including potentially a redesign of the interaction region (IR).

A new IR would require a replacement of the vertex detector, and would imply the
need for a long shutdown (named LS2, since LS1 extended from 6/2022 to 12/2023),
providing also a window of opportunity for the installation of improvements in many
detector subsystems. The timescale for LS2 is placed after 2027—-2028 but not well
de ned yet, as it depends on the precise de nition of the accelerator upgrade plans. It
should become clearer after the restart of the operation in 2024 and the full evaluation
of the LS1 improvements. It should be added that the extrapolation of backgrounds
to full luminosity is affected by large uncertainties which may erode the Belle Il safety
margins and reduce the overall operational ef ciency.

The Belle 1l upgrade program is therefore motivated by the desire to improve the
overall physics performance of the experiment by: (i) improving the robustness against
backgrounds and the radiation resistance, providing larger safety factors to run at
high luminosity; (ii) developing the technology to cope with different future paths,
improving the detector performance, and also providing a safety net in case anything
goes wrong with the current detector.

This Framework Conceptual Design Report (FCDR) presents a number of possible
detector improvements that can be implemented in the short or medium term, along
with other ideas for longer term upgrades, that go beyond the currently planned pro-
gram. The various upgrades are largely independent of each other and can be selected
individually on the basis of actual need, physics performance, technical readiness, and
funding availability. In this sense they do not form a single coherent picture of the
future Belle Il, but rather a menu of possibilities. A different kind of opportunity is ex-
plored by the beam polarization option, which requires a SuperKEKB upgrade but no
detector modi cation, opening a new and unique program of precision physics. Only
a brief summary is presented in this FCDR.

BPAC Review

In December 2023 the FCDR was submitted to the B-Factory Programme Advisory
Committee who reviewed it during the February 2024 meeting. In the report [1], the
committee observes: The BPAC has reviewed the CDR, and recognises the large amount



of excellent work that it contains. However, given the structure of the document explained
above, it does not represent a coherent proposal for a coordinated upgrade of the exper-
iment and collider on a common timescale, and as such the committee cannot make a
recommendation concerning the document as a whole. Instead, comments from the BPAC
review are provided here to the individual sections of the CDR, following the order of their
presentation in the document.

As a response, the FCDR has been modi ed to show that the speci c comments and
recommendations have been received and that the work required to address them is
being planned.

The recommendations from BPAC are listed below:

» The R&D required for de ning the machine upgrade should proceed in a timely
manner, to avoid any unnecessary delay to the schedule for the upgrade, and the
timescale for LS2 should be adapted as required.

 Studies are well advanced for the new vertex detector system (VTX) that is en-
visioned to replace the current vertex detector. Work on this detector should
advance towards the engineering level studies, including the aspects of system
integration and operation. This will enable progress to be made quickly on the
nal design once the machine upgrade has been de ned.

* Further R&D work should also continue for the other proposed detector up-
grades, but the BPAC considers that a new document providing a coherent and
integrated description of the accelerator and detector upgrade plan, with a quan-
titative demonstration of expected physics performance, will be required once
the overall scope has been de ned, for a decision to be made on the project.
Such a document should also demonstrate the tolerance against background
rates at a luminosity of 6 10®*cm ?s ! and radiation damage corresponding
to an integrated luminosity of 50ab .

* It is important to make the progression from qualitative to quantitative state-
ments on the expected physics impact of the upgrade (for instance the KLM
upgrade) and to demonstrate the overall performance of the upgraded detector
for the main physics channels.

» The committee appreciates that the proposed test of production of polarised elec-
trons in the injector and measuring the polarisation decay time in the SuperKEKB
ring will provide essential information for making further decisions on the idea to
collect data with a longitudinally polarised beam. However, it should be noted
that the highest priority of the coming period must remain to achieve stable
machine operation with a luminosity above 10°°*cm 2s ! for data taking.

The various options are the result of an internal selection process over the course of
the past 2-3 years and are clearly at different levels of readiness. This FCDR documents
the current state so that R&D and engineering activities can be properly organized. The
next step will be the preparation of Technical Design Reports for those options that are
worth pursuing, possibly on different timescales, as well as a document providing a
coherent and integrated description of the accelerator and detector upgrade plan, as
speci cally requested by the BPAC.
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Chapter 1

Introduction

1.1 Belle II: status and perspective

The rst generation asymmetric B-Factories experiments, BaBar at PEP-Il and Belle
at KEKB, discovered large CP violating effects in theB meson sector and provided
experimental veri cation of the Cabibbo-Kobayashi-Maskawa mechanism for quark
mixing and CP-violating phase in the Standard Model, along with a wealth of other
measurements [2].

The SuperKEKB accelerator [3] and the Belle Il detector [4, 5], shown in gure 1.1,
are a major upgrade of the Belle/KEKB complex. The nomenclature of the Belle Il
subdetectors is the following: Pixel Detector (PXD), Silicon Vertex Detector (SVD),
forming together the VerteX Detector (VXD), Central Drift Chamber (CDC), Time of
Propagation Counter (TOP), Aerogel Ring Imaging Cherenkov Counter (ARICH), Elec-
tromagnetic Calorimeter (ECL), K-Long Muon System (KLM), Trigger and Data ac-
quisition (TRG/DAQ), and High Level Trigger (HLT). A summary of the subdetector
technology is presented in table 1.1 [6, 5]

SuperKEKB and Belle Il were initially commissioned with colliding beams in 2018
without the Vertex Detector VXD (Phase 2 operation). After establishing that the level
of machine background was acceptable, at the end of 2018 the VXD was installed,
but only with 2 out of 12 ladders in the PXD second layer, because of delays in the
construction of the ladders.

In spring 2019 accelerator and detector operation started in earnest (Phase 3 oper-
ation), leading SuperKEKB to surpass the highest recorded instantaneous luminosities
of the previoius B factories and of the LHC, obtaining a peak instantaneous luminosity
Of Lpeak = 4:65 10**cm 2s ' in June 2022.

In summer 2022 the accelerator and detector operations were suspended for the
Long Shutdown 1 (LS1), used to perform a large number of technical improvements,
both on the accelerator side and the detector side, including the installation of a com-
plete PXD detector. As shown in gure 1.2, in the rst run period 2019-2022 a total
integrated luminosity of 427fb ' was collected, of which 424fb * in good runs, al-
lowing the publication of numerous measurements [7]. Belle Il is an international
collaboration of 1000 members at more than 100 institutions in 28 countries/regions.

The current program foresees the accumulation of an integrated luminosity of Ly
= 50ab ! by the rst years of the next decade.
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Figure 1.1: Belle Il detector top view.

SuperKEKB is expected to be able to reach pea of 2 10%°cm 2s ! with the
existing accelerator complex. However, in order to reach the target luminosity of
6 10®cm 2s !, an upgrade of the interaction region and the QCS superconducting
nal focus will be required, as discussed in section 2. A second Long Shutdown (LS2)
in a time frame after 2027-2028 will be required to install accelerator and detector
upgrades, although it is not clear at this time whether the interaction region can be
redesigned in that time scale. A notional projection of the integrated luminosity for
the coming years is shown in gure 1.3. An International Task Force has been setup to
provide advice to SuperKEKB on the possible technical solutions [8].

The LS2 and the possibility of the SuperKEKB interaction region redesign provide
both a window of opportunity for the installation of detector improvements in many
subsystems, and the requirement for a vertex detector replacement, since even small
changes in the interaction region would make it impossible to reuse the current VXD.
Even without an interaction region redesign, upgrading the VXD would provide better
physics performance as well as creating a safety net in case the current detector gets
damaged.

In section 1.2 the detector upgrade options are brie y summarized, while the rest
of the document provides a detailed description of the proposed upgrades and their
status of development. It should be recognized that at this time signi cant R&D is still
required to arrive at a nal design, and that there are still large uncertainties on the
time frame and exact path of the upgrade project.

The detailed design of the detector upgrade will be prepared and documented in
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Figure 1.2: Belle Il integrated luminosity in the rst run period 2019 - 2022.

a future Technical Design Reports, to be prepared once the plans for the SuperKEKB
upgrade are clari ed.

1.2 Belle Il upgrades overview

Soon after the construction of the Belle 1l detector was completed (at the end of 2018)

an Upgrade Working Group (UWG) was established by the collaboration, with the

charge of examining the limits of the current detector and develop upgrade possi-
bilities. Both short and long term options were to be considered, in order to ensure

successful completion of the existing physics program, and longer term options to cope
with possible higher luminosity upgrades.

As Belle Il started full operation in 2019, it became clear, not surprisingly, that ma-
chine background plays an important role in the safety, ef ciency, and performance of
data taking. SuperKEKB is a new and challenging accelerator with a relatively narrow
operating margin between high luminosity and high backgrounds. It was realized that
reaching the design8 10**cm ?s ! luminosity was probably too ambitious and an in-
termediate target of 6  10°®cm 2s ! was set, that in any case required some machine
improvement program with the possibility of an interaction region redesign.

In summer 2020 a MEXT roadmap 2020 was de ned in order to reach the luminos-
ity target of 50ab *, calling for two long shutdowns in the lifetime of the experiment:
LS1 in 2022 for the replacement of PXD, and LS2 in 2026 or later for the upgrade of

12



Figure 1.3: Projected luminosity for SuperKEKB.

the machine elements and the interaction region. LS2 provides a window of opportu-
nity for a signi cant detector upgrade, possibly improving robustness against machine
backgrounds and physics performance.

The UWG has requested the submission of Expression of Interests from the various
detector groups documenting upgrade ideas, mainly focused on the LS2 time scale, but
also considering longer time scales and future ugprade paths. These internal EOIs were
collected in February 2021 and reviewed by an internal Upgrade Advisory Committee
formed at the end of 2020 to provide recommendations on the upgrade process. As a
result of this internal review the initial EOIs were adjusted and somewhat reduced in
scope, resulting in the submission of a Belle Il Upgrades White Paper to the Snowmass
process [9].

Belle Il is designed to operate ef ciently even with the background levels expected
at design luminosity, but safety margins are not large. It should be noted that the ex-
trapolation of the level of backgrounds to full luminosity is affected by large uncertain-
ties due to many elements, such as: limited accuracy of the present parameterization;
lack of modeling for the injection background; lack of a speci ¢ design for the interac-
tion region upgrade. The expected evolution of these backgrounds with luminosity is
described in [10] and [11]. The P5 report [12] considers the Belle 1l and SuperKEKB
upgrades as key elements to pursue the quantum imprints of nhew phenomena and
recommends supporting the program.

The upgrade program is therefore motivated by a number of considerations:

Improve detector robustness against backgrounds

Provide larger safety factors for running at higher luminosity

Increase longer term subdetector radiation resistance

Develop the technology to cope with different future paths, for instance if a major
interaction region (IR) redesign is required to reach the target luminosity

» Improve overall physics performance

The upgrade activities can be classi ed over three different time scales:

13



1. short term : Long Shutdown 1 (LS1) was started in July 2022, and concluded
at the end of 2023, with the main purpose of installing a complete pixel detec-
tor (PXD2). Many other minimal improvements on other subsystems were also
implemented.

2. medium term : Long Shutdown 2 (LS2), in a time frame after 2027-2028, will
probably be needed for the upgrade of the interaction region to reach L peax =
6 10%cm 2s 1. A new vertex detector might be required to accommodate
the new IR design, and other sub-detector upgrades are possible, with various
options being evaluated.

3. long term : Studies have started to explore upgrades beyond the currently planned
program, such as beam polarization and ultra-high luminosity, possibly L yeax in
excess ofl  10°®cm 2s 1. While the beam polarization has a concrete proposal,
for ultra-high luminosity studies have just started.

LS1 was completed in December 2023, with a number of activities carried out:

» VXD: Extraction and re-installation of the VXD, with the complete PXD2 detector.

» CDC Improvement in gas circulation, monitoring and modi cation of the high
voltage resistor chain.

* TOP: MCP-PMT replacement with ALD life extended PMTs

» ECL Improvement in pedestal correction. Gain adjustment in the shaper DSP

» KLM: Ef ciency recovery of some damaged chambers. Reinforcement of moni-
toring system

* TRG:. Optimization of trigger veto.

* DAQ: New readout board PCle40 long-term stability test with realistic high-
occupancy data.

* MDI: Installation of additional loss monitors and speed-up of abort signal, as
well as of additional shields against neutrons and electromagnetic showers.

Table 1.2 shows the current ideas for the medium and long term Belle Il detec-
tor upgrade, that evolved from the Snowmass White paper, reducing the number of
options and focusing on a concrete path as much as possible.

In the following sections a more detailed description of the various options is pro-
vided. Some approximate cost estimates are also indicated. The simulations reported
in the text, if not speci ed otherwise, have used the Belle Il Analysis Software Frame-
work basf2 [13, 14].
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Chapter 2
SuperKEKB

2.1 SuperKEKB status

SuperKEKB is an energy asymmetry electron-positron collider aiming for a peak lu-
minosity of 6 10*®*cm 2s 1, the highest luminosity ever achieved by a collider, and
an integral luminosity of 50ab . The adoption of a collision method based on the
nano-beam scheme[15] is expected to open up unexplored areas of luminosity. In the
nano-beam scheme, suf ciently thin bunches collide at a large horizontal crossing an-
gle. The length of the region where bunches overlap in the direction of travel ( ;. )
can be suf ciently shortened compared to the bunch length, as schematically shown in
Fig.2.1. This makes it possible to reduce the vertical beta function at the interaction
point (IP), ,, to a value as small as 2.t , and a luminosity increase is expected. In
SuperKEKB, , is squeezed down to about0:3 mm, equivalent to about 1/20 of that of
KEKB, to achieve the target luminosity.

The SuperKEKB collider complex consists of a 7-GeV electron ring (the high-energy
ring, HER), a 4-GeV positron ring (the low-energy ring, LER), and an injector linear
accelerator (LINAC) with a 1.1-GeV positron damping ring (DR), as shown in Fig. 2.2.
The extremely high luminosity of SuperKEKB required signi cant upgrades to the HER,
LER, and nal-focus system of KEKB. The injector linac also required signi cant up-
grades for injection beams with high current and low emittance. A new RF-gun was
developed and installed, and a new DR was designed and constructed to realize low-
emittance electron and positron injection to the SuperKEKB Main Ring (MR).

Phase 1 commissioning was carried out in 2016 without beam collisions. After
that, the interaction region (IR) was completed by installing the nal focusing super-
conducting quadrupole magnet system and the Belle Il detector (without VXD), so
that the Phase 2 commissioning could start in March 2018 with collision tuning. The
rst hadron event was observed by Belle Il on April 26 of the same year. Phase 3
commissioning started in March 2019 with the fully instrumented Belle Il detector. A
summary of the operation since 2019 is shown in Fig. 2.3.

Figure 2.4 shows the evolution of  together with reference to values at other
accelerators. By carefully looking at the relationship between the injection ef ciency
and the background in the detector and adjusting the collimator opening, we were
able to perform the rst collision experiment at |, = 1:0 mm during the 2019 run. A
test of squeezing , down to 0:8mm was carried out for approximately one week in
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Figure 2.1: Schematic view of the nanobeam collision scheme.

Figure 2.2: Schematic view of SuperKEKB Main Ring. The electron and positron rings
have four straight sections named Tsukuba, Oho, Fuji, and Nikko. The electron and
positron beams collide at the interaction point in the Tsukuba straight section.
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Figure 2.3: Operation history from 2019 to 2022: beam current in the HER, LER, daily
luminosity, and integrated luminosity.

2020 and 2022.

The crab waist (CW) scheme [15, 16] was adopted for both rings since the 2020
spring run. The CW ratio, the ratio to the magnetic eld required to align the waist of
the electron (positron) beam on the positron (electron) orbit, is at this point 80% in
the LER and 40% in the HER.

A peak luminosity of 465 10**cm “s ' was achieved with , = 1:0mmin the
physics run, and4:71 10**cm 2s ! is the highest luminosity obtained without data
acquisition by the Belle Il detector up to now. This peak luminosity is a world record
in collider history.

The machine parameters that accomplished the peak luminosity are presented in
Table 2.1 together with those valid for = 0:8mm. The luminosity formula in the
nano-beam scheme is expressed as

y

_ N+N nbfo

2 X z y

L (2.1)

where indicates positrons (+) or electrons (-), N is the number of particles in a
bunch, ny is the number of bunches,f is the revolution frequency, and  is the half
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Figure 2.4: History of

Table 2.1: Machine Parameters achieved at SuperKEKB

June 8, 2022 May 22, 2022

Parameters LER HER LER HER
I (A) 1:321 1099 Q744 0600
Ny 2249 1565
Ip (MA) 0:587 0489 Q475 0383
« (mm) 80 60 80 60
y (mm) 1.0 08

y 407 102 279 102 309 102 219 10?2
"y (pm) 317 296

y (Hm) 0:252 0218

2 (mm) 5:69 602 540 578
CW ratio (%) 80 40 80 40
L (cm 2s ) 4:65 10% 2:49 10%

crossing angle. ; and  are de ned by

2= L+ = 2+ 2 (2.2)
where . and , indicate the vertical beam sizes of the positron and electron beams
at the IP, respectively. In the case of the nano-beam scheme, a geometrical luminosity

loss due to an hourglass effect [17] is suf ciently small, even if the beta function at the
IP is squeezed down to the bunch length divided by the Piwinski angle, and is omitted
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here. The vertical beam—beam parameter is expressed by

s __
reN 1
y 2e = (2.3)
X z y

where r¢ is the classical electron radius, is the Lorentz factor, and "y is the vertical
emittance. Here, the beam spot-size at the IP between the LER and HER is assumed to
be equal. Alternatively, the vertical beam—beam parameter is expressed using Eq. (2.1)
and Eq. (2.3) as

Ly
y = 28— (2.4)
where e is the elementary charge, |, and | are LER beam current and HER beam
current, respectively. Therefore luminosity is proportionalto y and| and inversely
proportional to ,, as is shown by Eqg. (2.5).

L/ | (2.5)
y

As the beam-beam parameter increases, the collision probability increases, but so
does the instability. How high this value can be raised is the key to increasing lumi-
nosity.

Figure 2.5 shows the vertical beam-beam parameter de ned by Eq. (2.4) for , =
1:.0mm. When the ratio of beam currents in the LER to that of the HER is 7 to 4, it
becomes the energy transparent condition, .1, = | . However, the ratio of bunch
current in the LER to that of the HER is 5 to 4 in the physics run, which is the optimized
value based on the operational experiences. The maximum beam—beam parameter of
0.0565 (LER)/0.0434 (HER) at the bunch current of 1:1 mA in the LER was achieved
by the ratio of 4 to 3 in the machine study called high bunch current (HBC) study. The
speci ¢ luminosity is de ned as the total luminosity divided by the number of bunches
and by the bunch current product as Eq. (2.6).

L 1
/

Lo =
P T lp Np z y

; (2.6)

where |, is the bunch current.

Figure 2.6 shows the speci ¢ luminosity achieved during the 2022 physics run. The
speci ¢ luminosity decreased as the bunch current product increased, which implies
that the beam—beam blowup was observed [18]. The comparison between the CW
and no CW for |, = 1:0mmi s also shown in the gure. The speci ¢ luminosity was
improved by utilizing the CW scheme [19].

The speci ¢ luminosity with |, = 0:8 mmwas higher than with |, =1 mm by 12%
at 0:18 mA?. The speci ¢ luminosity is by more than 20% higher at a lower bunch
current product of less than 0:1 mA2. The reason that the speci ¢ luminosity decreases
quickly can be the chromatic X-Y couplings at the IP for , = 0:8 mm.
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Figure 2.5: Beam—beam parameters as a function of the bunch current. The positrons
in the LER are indicated by red, whereas blue is used for the electrons in the HER. The
crosses are data from the high bunch current (HBC) test.

In the case of |, = 1:0 mm, two of the chromatic X-Y couplings (@{=@ and @4=@)
in the LER are corrected by utilizing 24 rotating sextupole magnets [20]. The sex-
tupole magnet is mounted on a rotating table to induce a skew sextupole eld. Prior
to the correction of chromatic X-Y couplings, the machine error at the IP is locally
corrected using IP tuning knobs such as X-Y couplingsr(;rz;rs;rs) and vertical dis-
persions ( ,, p,) SO as to maximize luminosity.

2.1.1 Impedance

The collimators are important to reduce beam related backgrounds at SuperKEKB.
Movable collimators for the horizontal and vertical plane are installed in the LER and
HER, respectively, as shown in Fig. 2.7 [21].

A kick factor from each collimator becomes large because the vertical half aper-
ture of the collimator is very small, typically of approximately 1-2mm. Therefore,
transverse mode coupling instability (TMCI) might become serious. The TMCI, also
known as strong head-tail instability, was rst observed at PETRA [22]. For a large
collider with a small chamber height and collimator aperture, the TMCI limits the per-
formance. At SuperKEKB, we observed a vertical beam blowup at the bunch current of
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Figure 2.6: Specic luminosity for

CW and no CW for y = 1 mm.

y = 0:8mmand 1 mm. Comparison between the

approximately 0:8 mA, which is much smaller than the TMCI threshold Iy, expressed
as Eq. (2.7)[21].

CfsE _
Ith iy ky;i ( z) . (2.7)
Here, C, fs, E, i, kyi, and , are constants, the synchrotron frequency, beam
energy, vertical beta function at a component i, vertical kick factor at a component
i, and longitudinal bunch length, respectively. The expected TMCI threshold from
Eq. (2.7) is about 2 mA, while the observed value is0:8 mA. We call this phenomenon
“-1 mode instability” because the coherent-mode frequency corresponding to s
appears when the beam blowup occurs. Recently, it was found that tuning of the
vertical bunch-by-bunch feedback system [23] affects the -1 mode instability with an
interplay of the vertical short-range wake eld due to the collimators. Optimization of
the bunch-by-bunch feedback system is necessary to suppress the -1 mode instability.

2.1.2 Sudden beam loss

A fast and large beam loss has been observed frequently when the bunch current
increases over0:7 mA [24]. We call this fast beam loss “sudden beam loss (SBL).”

More than half of the beam current was lost within a few turns ( 20-30us). The SBL

occurs in both rings, but it is more serious in the LER. When a SBL occurs, the vertical
collimators become damaged and sometimes QCS quenches occur.
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Figure 2.7: Collimator Map in 2022.

The mechanism of SBL is not understood yet. The highest and earliest beam losses

during the SBL event are usually detected near the narrowest vertical collimators in
the LER (e.g., DO6V1, see Fig. 2.7). A hypothesis of “reball” has been proposed to
explain the SBL, which is based on an RF cavity breakdown mechanism [25]. In the
reball, isolated microparticles with a higher sublimation point, such as tungsten and
tantalum, become reballs heated by the beam-induced eld. The reball touches a
material surface with a lower sublimation point, generating plasma around the reball.
The plasma grows and might lead to signi cant interactions with the beam. We will
apply the copper-coated collimator head to mitigate the occurrence of reballs during
the operation after LS1.

2.1.3 Dynamic aperture and Touschek lifetime

The dynamic aperture (DA), the stable region in phase space for a beam that can
orbit stably, is estimated by a particle tracking simulation code such as SAD[26] and
compared to the measured beam lifetime. The measured lifetime at , = 1:0mm

was 8 minutes for I, = 0:62 mAwith "y, = 40pm in the LER and 23 minutes forl, =

0:5mAwith "y = 35pm in the HER. The simulation can almost reproduce the Touschek
lifetime in the LER. However, the HER simulation overestimates the measured DA by
a factor of 2. Consequently, a larger machine error is needed to understand the HER.
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The smaller DA will become a serious problem as one squeezes, and increases the
bunch current, as well as for beam injections [27].

2.2 SuperKEKB evolution and upgrade path

The SuperKEKB physics run began in March 2019, with a fully instrumented Belle I
detector. The crab waist scheme, which was not included in the original SuperKEKB
design plan, was implemented in April 2020 to enhance beam performance. In 2020,
SuperKEKB surpassed the luminosity record of2:11  10**cm ?s ! achieved by its
predecessor, KEKB, with vertical and horizontal beta functions at the IP set atl:0 mm
and 80 mm (LER)/ 60 mm (HER), respectively. Thanks to the nano-beam scheme, the
peak luminosity record was surpassed with smaller beam currents than those used at
KEKB. In June 2022, SuperKEKB achieved a new world record for a peak luminosity
of 47 10**cm %s twitha , of 1:0mmat the collision point.

Table 2.2: Machine Parameters in the Two-stage Improvement

First stage Second stage

Parameters LER HER LER HER
I (A) 2:08 148 275 220
Np 2345 2345
Ipr (MA) 0:89 063 117 0938
y (mm) 0:8 0.6

y 444 102 356 102 604 102 431 10?2
"y (pm) 30 21

y (um) 218 101 160 101

2 (Mmm) 6:49 635 723 7.05
L (cm 2s 1) 1 10%® 24 10%®

The operation of SuperKEKB was halted for one year and a half since the summer
of 2022 to replace some components of the Belle 1l detector and upgrade the machine.
The installation of a nonlinear collimation (NLC) scheme was one of many accelera-
tor upgrades during LS1. The NLC is installed in the OHO section of the LER. A pair
of skew sextupole magnets are installed to create an angular kick to de ect mainly
halo particles. A regular vertical collimator placed between the two skew sextupole
magnets can then stop de ected particles. The vertical collimator can then be opened
much wider than typical vertical collimators. Since the betatron function at this colli-
mator is small, the wake eld contribution of the NLC to the machine impedance and,
hence, to the TMCI threshold is negligible. We can tighten this collimator and relax
other vertical collimators to increase the TMCI limit while keeping the IR beam back-
grounds at acceptable levels. The idea of NLC was initially proposed in the 1990s [28,
29], but SuperKEKB is the world's rst collider to install NLC and test it.

The initial target of the luminosityis 1 10*®cm 2s ! after LS1. By increasing beam
currents and squeezing , down to 0.6 mm while keeping the speci ¢ luminosity high,
we plan to increase the luminosity up to 224 10*®*cm ?s ! as shown in Fig. 2.8 by the
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Figure 2.8: Achieved speci c luminosity as a function of beam current product (circles)
and its targeted development between LS1 and LS2.

second long shutdown (LS2), when further upgrade work is required to achieve more
than 6 10®cm ?s 1. Table 2.2 lists the machine parameters for these milestones after
the LS1. We have achieved the designed number of bunches. Therefore, we attempt
to increase the bunch current toward the target luminosity while suppressing beam
blowup.

2.3 Future plans and prospect

During the next long shutdown, several major modi cations are considered to further
improve the machine's performance. Modi cation of the IR, an upgrade of the injec-
tion complex, a new HER beam transport (BT) line (Fig. 2.9), an increase of the HER
RF stations, and replacement of various aging components are among modi cation
candidate items. A new BT line aims at keeping the emittance growth by coherent
synchrotron radiation (CSR) and incoherent synchrotron radiation (ISR) under con-
trol. Additional RF stations are needed to increase the stored beam to the design
current in the HER.

While discussions on when to start LS2 are underway, consideration has already
begun regarding modi cations during the LS2 period. The modi cations must be
effective enough that the integrated luminosity lost during LS2 is recovered quickly
afterwards. Design and evaluation progress of the IR upgrade, which is one of the
upgrade items, are described in the following subsection.
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Figure 2.9: The new beam transport line and the present beam transport line for the
HER.

2.4 Interaction region design

It should be noted that this is not a completely new design from a blank slate. We
have begun reconsidering the un nished issues at the SuperKEKB IR design stage. We
are currently considering items that could be renovated over several years. Below is a
status report about the new IR design.

2.4.1 Introduction of the IR optics

The SuperKEKB interaction region (IR) is designed to achieve extremely small beta
functions at the IP, , in the vertical direction, and , in the horizontal direction. Su-
perconducting magnets QC1s and QC2s provide the focusing magnetic eld required
to squeeze down , and ,, respectively [30].

The solenoid eld of Belle Il is fully compensated with the superconducting com-
pensation solenoids (anti-solenoid) on each side of the IP, therefore

Z
B,(s)ds=0; (2.8)
IP

where B, is magnetic eld along the solenoid axis and s is the distance from the IP. The
crossing angle between the Belle Il solenoid axis and LER or HER beam axis is41.5
mrad. The X-Y coupling and the horizontal and vertical dispersions are corrected to
zero at the IP by skew quadrupole magnets and horizontal and vertical dipole magnets
on each IP side. In the LER, the chromatic X-Y coupling arising from the solenoid eld
overlapping on QC1s is corrected by using rotatable sextupole magnets.
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The nite crossing angle between both beam orbits and the solenoid axis causes
vertical dispersion. This results in a vertical emittance that is strongly dependent on
the transverse component of the magnetic eld along the orbit represented by B4(S),

B(9)= BY= —BAS): (2.9)

A half crossing angle or/and BY(s) should be decreased to reduce the vertical
emittance. Because decreasing half crossing angle requires a complete change of the
IR, we focus on modifying B,(s) such that its differential along beam trajectory B(s)
becomes smaller than that in the present system.

2.4.2 Characteristics of the new interaction region

The new design concept of the IR upgrade is to make the beam trajectory as paral-
lel to the QC1 magnet axis as possible to cancel the X=Y coupling and chromaticity
between the IP and QC1 as close to zero as possible and minimizeg, by redesigning
the B,(s) prole. The vertical offsets and the rotations of QC1P and QC2P and the
horizontal offsets of QC1E and QC2E are expected to be considerably smaller than the
present values with the new anti-solenoid eld design and with incorporating the mag-
netic yokes on QC1P. The design concepts of the new IR are listed below and shown
schematically in Fig. 2.10.

» Separation of the solenoid eld and QC1P
* QCI1P relocation, closer to the IP by 100 mm(from the present L = 935mm to
835mm

The magnetic eld from the line current distribution was evaluated using Opera3D
[31], where the magnetic eld by the Belle Il solenoid coil is included. As is shown in
Fig. 2.11, the peak eld becomes lower with the new IR, resulting in thinner coil. The
detector solenoid eld is cancelled between IP and QC1P. The cryostats are included
in Fig. 2.12 and Fig. 2.13 for the current and new QCS systems, respectively.

Some parts of the cryostat and the Belle Il detector (e.g., the vertex detector sup-
port structure) interfere on the forward side. A different solution for connecting the
vacuum systems has to be developed. The thinner solenoid coil creates more space
in the radial direction between the detector and the cryostat, which makes cabling
easier around the cryostat. It should be noted, though, that these are very simpli ed
preliminary drawings. Drawings with nal dimensions cannot be produced until the
magnet design and a detailed design of each part are nalized.
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Figure 2.10: Comparison between the current QCS con guration (top) and the new
QCS con guration (bottom). Anti-solenoid coils and iron (or permendur) shield are
indicated in red and green, respectively.

Figure 2.11: Comparison between the current and the new anti-solenoid eld pro le
of By and B, for the magnet con gurations in Fig. 2.10 for the LER. The anti-solenoid
coil cancels the magnetic eld generated by the Belle Il detector solenoid before QC1P.
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Figure 2.12: The current QCS system with cryostat. The red, brown, yellow, blue,
cyan, and green shaded areas correspond to the vacuum vessels of the cryostat, the
liquid helium vessels, the tungsten radiation shields, the anti-solenoid coils, the mag-
netic yokes/shields, and the QC1P magnets, respectively. The left side corresponds to
the backward side.

Figure 2.13: The new QCS system with cryostat. The red, brown, yellow, blue, cyan,
and green shaded areas correspond to the vacuum vessels of the cryostat, the liquid
helium vessels, the tungsten radiation shields, the anti-solenoid coils, the magnetic
yokes/shields, and the QC1P magnets, respectively. The left side corresponds to the
backward side.
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2.4.3 Optics evaluation

Optics evaluation was carried out, focusing on the effects on the dynamic aperture and
Touschek lifetime, chromatic coupling, and vertical emittance. Neither Beam-beam
effects nor octupole correction are included in this evaluation. The R-side backward
compensation solenoid is not implemented in the discussed optical evaluation model.
The upstream vertical orbit and vertical emittance are provisional values.

Fig. 2.14 and Fig. 2.15 compare the dynamic aperture and Touschek lifetime of the
present IR lattice (sler_1704) and the new IR lattice (V21-r0g0) for LER, respectively.
The design parameters, such a€9:27mm for , were used as input parameters for
the simulation. By relocating the QC1P 100 mm closer to the IP, Touschek lifetime
increases from 261 seconds to 424 seconds.

Table 2.3 summarizes chromatic X-Y coupling for the present and new IR lattice
designs. It is shown that the chromatic X-Y coupling parameters,@R=@, @R=@,
@R=@ and @R=@, are few orders of magnitude smaller with the new IR with/without
the sextupole correction on. A clear improvement is seen with the new IR lattice.

Table 2.3: Chromatic Coupling comparison between the designed lattice and the new
lattice with (ON) and without (OFF) chromatic coupling correction by rotatable sex-
tupole magnets.

Lattice Sext.cor QR=@ QR@ QR@ QR@

sler_.1704 ON 89 102% 40 10° 50 10 2:9

sler_.1704 OFF 2:3 1.0 102 42 10 6:1 1
V21-r0g0 ON 223 10° 60 10° 44 102 55 10°
V21-r0g0 OFF 1:1 101 28 104 81 26 10

The present and new IR orbit and the beta functions are shown in Fig. 2.16 and
Fig. 2.17, respectively. The orbit displacement is 10pm at QC1, while it is about
1 mmwith the present lattice. The dispersion functions of the present and new lattice
are shown in Fig. 2.18 and Fig. 2.19, respectively. The vertical emittance from the IR
is calculated to be 14 fm, which is negligibly small.

To summarize, 1) dynamic aperture and Touschek lifetime improved by relocating
QC1 closer to the IP, 2) chromatic X-Y coupling improves signi cantly, 3) the contri-
bution to the vertical emittance from the IR is in order of several tens of femtometers.
The new IR removes the dif culties in luminosity tuning that we are facing now. Lu-
minosity tuning is expected to become easier with the new IR.

2.4.4 R&D of Nb 3Sn cables and QC1P quadrupole

QC1P must be designed more compactly to t into the smaller space when moved
100 mm closer to the IP than its current position. It is, therefore, necessary to de-
velop superconducting cables that can operate at higher current densities. The design
current density of the new QC1P superconducting cable is twice that of the current
QC1P.

NbsSn is known to have a higher critical current density and critical temperature
than NbTi, which is commonly used as an accelerator magnet material [32]. In the
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case of NSn quadrupole magnet, the temperature margin for keeping the supercon-
ducting condition of the magnet can be doubled compared to the current quadrupole
magnet [33]. This effect is very important for stable beam operation at larger beam
currents (twice larger than the present) after LS2. The development of superconduct-
ing magnets using NixSn cables to produce a required magnetic eld with a quite
high current density in the superconducting coil has been carried out, though there
are many items that need to be considered and investigated to be used for QC1P. The
items include issues such as countermeasures against quenches caused by magnetic
ux jumps within a superconductor and time decay of the electromagnet magnetic
eld due to magnetic ux creep. Fabrication of a small coil using Nb 3Sn also needs
to be con rmed. Nb 3Sn magnet fabrication is quite dif cult because of the material's
brittleness compared to NbTi. To produce NlgSn as an A15 compound, the coil needs
to be heated over 650 degrees Celsius for tens of hours after completing the coil wind-
ing. The heat-treated coils are very brittle and need to be impregnated and assembled
into the magnet very carefully; the higher multipole elds in the magnet must be at
the level of a few 10 4 of the main quadrupole eld.

At present, we have the following development schedule:

» Study of the Nb 3Sn cable for the new QC1P magnet.

Production of the Nb 3Sn cable, and design of the prototype QC1P and
the R&D caoil.

Construction of the rst R&D coil and a mirror magnet [34], followed
by a test of the coil in the mirror magnet con guration.

Review of the proto-type QC1P magnet design based on the test results
of the mirror magnet and con rmation of the design.

Start and completion of the construction of the rst Nb 3Sn proto-
type QC1P magnet after fabrication of 4+1 coils. The magnet will
be tested, and the magnetic eld measurements will be performed.

We will proceed with feasibility studies of Nb 3Sn cables for QC1P and possibly for
the anti-solenoid coils.

2.4.5 R&D program for the new IR

A detailed machine optics study, including beam pipe geometry optimization, is essen-
tial to identify the narrowest machine aperture, where the majority of IR beam loss
concentration is expected based on our operation experience. The new outcome of this
study might require additional detector shielding installation around the nal focusing
magnets, which could potentially impact the vertex detector envelope. The remaining
tasks related to beam optics and lattice design are listed below.

Regarding the second compensation solenoid:

» Optical modeling, evaluation of effects on trajectory and optics opti-
mization of LER R side (upstream side of IP) trajectory with consider-
ation of the effect on the detector background.
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For reviewing and evaluating machine performance:

» Consistency checks of machine parameters, such as

— Are the assumed collision parameters, lifetime, stored beam cur-
rent, and injector performance consistent?

— Is constructing an evaluation model for detector background esti-
mate necessary?

» The dif culties of this scheme of large Piwinski angle colli-
sion at , of 0:3mmwith Crab Waist are the narrow dynamic
aperture and short Touschek lifetime. The maximum stored
beam current is determined by the balance between injection
capacity and lifetime while controlling the background to the
detector.

» Evaluation with beam-beam, wake eld, and machine errors, which is
necessary to estimate actual performance.
— We need to identify the causes of the current machine perfor-

mance defects and establish reproduction techniques and eval-
uation models on simulation.

Tasks required for construction:

« Completion of the HER IR optics

— Review of horizontal orbit design and correction of optics due to
introduction of magnetic shielding to QC1P.

» Redesign of outside QCS region (IP 4 m) for both LER and HER

— The model being considered in the LER has not been tested to see
if it will physically t in the existing tunnel. This point of view
also needs to be considered when constructing beamlines.

— Add and relocate elements needed for matching/adjusting lumi-
nosity tuning knobs and resolve interference with tunnel bound-
ary and HER.

— HER also needs to re ect IR horizontal orbit change.
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Figure 2.14: The present lattice ( , = 0:27 mm)

Figure 2.15: The new lattice ( , = 0:27 mm)
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Figure 2.16: The present orbit and beta functions for |, = 0:27 mmThe horizontal and
vertical beta functions are indicated by red and blue lines, respectively.

Figure 2.17: The new orbit and beta functions for | = 0:27mmThe horizontal and
vertical beta functions are indicated by red and blue lines, respectively.
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