
Belle II Upgrade 
Perspectives

November 11, 2022
Francesco Forti, INFN and University Pisa



Outline

• The Belle II and SuperKEKB Program
• Timescales for upgrades
• Motivations and opportunities
• Upgrades overview
• Technical description of possible upgrades
• Review process and perspectives

Nov 11, 2022 F.Forti - Belle II Upgrades 2



The Belle II Detector
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electron  
(7GeV)

positron (4GeV)

KL and muon detector: (KLM)
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps, inner 2 barrel
layers)

Particle Identification 
(TOP+ARICH)
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (fwd)

Central Drift Chamber (CDC)
He(50%):C2H6(50%), Small cells, 
long lever arm,  fast electronics

EM Calorimeter: (ECL)
CsI(Tl), waveform sampling 

Vertex Detector (PXD+SVD)
2 layers DEPFET + 4 layers DSSD

Beryllium beam pipe
2cm diameter

0110001

Lots of Data

Computing



The SKB/Belle II program
• Phase 1(2016): no detector, no collision, test the rings
• Phase 2 (2018): first collisions with complete accelerator

• Incomplete detector: Vertex detector replaced by dedicated 
background detector (Beast 2)

• Phase 3 (2019-): luminosity run with complete detector
• Pixel Detector (PXD): layer 1 + only 20% of layer 2
• Full 4-layers strip detector (SVD)
• First physics paper appeared in January 2020

• Stopped running in July 2022, Long Shutdown until 
end of 2023 (LS1)
• 2022 run somewhat reduce because of electricity costs.

• New and difficult accelerator. Additional operational 
complexity during the pandemic.

• Record peak luminosity 4.7×10!"cm-2s-1.
• Path  to reach 2×10!#cm-2s-1 identified, but still large factors 

to reach the target peak luminosity of  6×10!#cm-2s-1.
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2019

2020

2021

428fb-1

Public luminosity page: https://confluence.desy.de/display/BI/Belle+II+Luminosity

2022

https://confluence.desy.de/display/BI/Belle+II+Luminosity


Luminosity matters
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Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Snowmass White Paper:

Belle II physics reach and plans for

the next decade and beyond

Belle II Collaboration

Abstract

We describe the physics potential of the Belle II experiment with electron-positron

data corresponding to integrated luminosities of 1 ab
�1

to 50 ab
�1

. We discuss

Belle II’s unique capabilities in reconstructing neutral particles, neutrinos and other

“invisible” particles, and inclusive final states to probe non-standard-model physics.

We project sensitivities for compelling measurements that are of primary relevance

and where Belle II reach is unique or world leading.

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Snowmass Whitepaper:
The Belle II Detector Upgrade Program

Belle II Collaboration

March 23, 2022

Abstract

We describe the planned near-term and potential longer-term upgrades of the
Belle II detector at the SuperKEKB electron-positron collider in Tsukuba, Japan.
These upgrades will allow increasingly sensitive searches for possible new physics be-
yond the Standard Model in flavor, tau, electroweak and dark sector physics that are
both complementary to and competitive with the LHC and other experiments. We
encourage the instrumentation-frontier community to contribute and study upgrade
ideas as part of the Snowmass process.
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https://arxiv.org/abs/2203.11349

Observable 2022
Belle(II),
BaBar

Belle-II
5 ab�1

Belle-II
50 ab�1

Belle-II
250 ab�1

sin 2�/�1 0.03 0.012 0.005 0.002
�/�3 (Belle+BelleII) 11� 4.7� 1.5� 0.8�

↵/�2 (WA) 4� 2� 0.6� 0.3�

|Vub| (Exclusive) 4.5% 2% 1% < 1%
SCP (B ! ⌘

0
K

0
S) 0.08 0.03 0.015 0.007

ACP (B ! ⇡
0
K

0
S) 0.15 0.07 0.025 0.018

SCP (B ! K
⇤0
�) 0.32 0.11 0.035 0.015

R(B ! K
⇤
`
+
`
�)† 0.26 0.09 0.03 0.01

R(B ! D
⇤
⌧⌫) 0.018 0.009 0.0045 <0.003

R(B ! D⌧⌫) 0.034 0.016 0.008 <0.003
B(B ! ⌧⌫) 24% 9% 4% 2%
B(B ! K

⇤
⌫⌫̄) � 25% 9% 4%

B(⌧ ! µ�) UL 42⇥ 10�9 22⇥ 10�9 6.9⇥ 10�9 3.1⇥ 10�9

B(⌧ ! µµµ) UL 21⇥ 10�9 3.6⇥ 10�9 0.36⇥ 10�9 0.073 ⇥

10�9

Table 2: Projected precision (total uncertainties, or 90% CL upper limits) of selected
flavour physics measurements at Belle II.(The † symbol denotes the measurement in the
momentum transfer squared bin 1 < q

2
< 6 GeV/c

2.)

robustness against tracking e�ciency and resolution losses from beam background.
This implies improved tracking e�ciencies with pT < 200 MeV/c.

• CDC: The proposed electronics upgrades improve the quality of tracking through
cross-talk reduction, and faster more reliable triggering. This a↵ects general track-
ing e�ciencies, as well as dE/dx measurements.

• TOP: The TOP detector’s sensitivity to single photons, i.e. the quantum e�ciency,
will degrade under irradiation without sensor replacement and upgrade. This di-
rectly impacts overall e�cacy of the TOP system, as well as time resolution, which
is critical for particle ID PDFs.

• ECL: Three upgrade options include new pure CsI crystals with APDs, a pre-
shower detector in front of the ECL, and an option where the existing CsI(Tl)
are read-out with APDs. The performance of the ECL will degrade with higher
background rates without future upgrades. At nominal luminosity, the e�ciency
may decrease by around 50% for ⇡0 reconstruction, while extra energy (EECL) and
pulse shape discrimination techniques will degrade in performance.

• KLM: The RPCs will be replaced with new scintillator layers to handle high rates,
and an overall upgrade to read-out will be considered with better timing resolution.
The inner RPC layers of the KLM may su↵er hit e�ciency losses of order 10-30%.
While this can have 2-5% e�ciency losses for muons at momenta below 1 GeV/c, it
may lead to much larger losses in K

0
L detection, due to the much lower penetration

10

Soon DreamTargetPast

It is much better to have 
a lot of luminosity with a highly 
perfomant detector than recording 
a handful of events with a lousy 
experiment.

https://arxiv.org/abs/2207.06307

https://arxiv.org/abs/2203.11349
https://arxiv.org/abs/2207.06307


Path to the future

Steep path to higher luminosity
• A. Machine performance and stability

• Beam blow up due to beam-beam effects
• Lower than expected beam lifetime
• Transverse mode coupling instabilities
• Low machine stability
• Injector capability
• Aging infrastructure

• B. Backgrounds in the detector
• Single beam: Beam-gas, Touschek
• Luminosity: Radiative Bhabha, Two 

photons
• Injection backgrounds

Mitigation measures
• A. Consolidate machine

• International task force at work to help
• Many countermeasures under development
• A major redesign of the Interaction Region 

may be required to reach ~6×1035cm-2s-1.

• B. Consolidate the detector
• Install  a complete PXD
• Complete installation of  more robust TOP 

PMTs

• C. Improve detector
• Upgrade program to make the detector more 

robust against backgrounds and with improved 
performance
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Luminosity projections
• LS1 started in summer 2022 for 15 months to replace VXD. There will be other 

maintenance/improvement work on machine and detector.
• We resume operation from fall 2023 or beginning of 2024
• An International Accelerator Taskforce is discussing additional improvements.
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Our next big milestone to achieve 1×10!"$%#&$%
Increase the peak to f()×10!"$%#&$% before LS2

QCS design work restarted.2022/9/15 5

LS2?

LS1



Timeline of upgrade work
• Long Shutdown 1 (LS1) planned for 2022-23 

• Motivated by the installation of a complete PXD.
• Start of LS1 used to be in Dec 22. Advanced to July 22 because of reduction in 2022 

running time caused by soaring electricity costs. 

• Long Shutdown 2 (LS2): end of 2026 or 2027 
• Motivated by a (still to be defined) redesign of the IR, with superconducting quadrupole 

replacement. 
• Window of opportunity for significant detector updgrades, but large uncertainties
• Prepare technology choice for a full VXD replacement 

• Longer term upgrades (LTU): >2032
• Develop solutions to improve detector physics performance at high luminosity
• Study the physics case and start technology R&D for an extreme-luminosity detector if 

luminosity upgrade is shown to be viable
• Interesting possibility of beam polarization under active study; maybe possible on a 

more rapid timescale
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Motivation for Belle II upgrades
• 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 IR redesign is required to reach the target 

luminosity
• Improve physics performance: get more physics per ab-1.

• A number of ideas are being developed and reviewed 
internally for the different time scales
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Belle II Upgrades
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electron  
(7GeV)

positron (4GeV)

KLM: Replacement of barrel RPC with 
scintillators, upgrade of readout electronics, 
possible use as TOF 

TOP: Replace readout electronics 
to reduce size and power, 
replacement of MCP-PMT with 
extended lifetime ALD PMT, 
study of SiPM photosensor option

CDC: Replacement of the readout 
electronics (ASIC, FPGA) to 
improve radiation tolerance and x-
talk  

ECL: Crystal replacement with pure CsI 
and APD; pre-shower; replace PIN-diodes 
with APD photosensors.

VXD: options
- DEPFET
- Thin Strips
- SOI-DUTIP
- DMAPS

QCS replacement and 
IR redesign

0110001

Lots of Data

Computing

ARICH: possible 
photosensor upgrade on 
longer term TRIGGER: Take 

advantage of electronics 
technology development. 
Increase bandwidth, 
open possibility of new 
trigger primitives

STOPGAP: Study of fast CMOS to 
close the TOP gaps and/or provide 
timing layers for track trigger



Upgrades main ideas and time scale
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EOI Upgrade ideas scope and technology Time scale

(DEPFETs) Adiabatically improved replacement of existing PXD system LS2 

Thin Strips Thin and fine-pitch double-sided silicon strip detector system replacing the current SVD and 
potentially the inner part of the CDC.

LS2

SOI-DUTIP Fully pixelated system replacing the current VXD based on Dual Timer Pixel concept on SOI LS2

DMAPS Fully pixelated Depleted CMOS tracker, replacing the current VXD. Evolution from ALICE ITS 
developed for ATLAS ITK.

LS2

CDC Replacement of the readout electronics (ASIC, FPGA) to improve radiation tolerance and x-talk LS2

TOP Replace readout electronics to reduce size and power, replacement of MCP-PMT with extended 
lifetime ALD PMT, study of SiPM photosensor option

LS2 and later

ECL Crystal replacement with pure CsI and APD; pre-shower; replace PIN-diodes with APD 
photosensors.

LTU

KLM Replacement of barrel RPC with scintillators, upgrade of readout electronics, possible use as TOF LS2 and later

Trigger Take advantage of electronics technology development. Increase bandwidth, open possibility of 
new trigger primitives

< LS2 and 
continuing

STOPGAP Study of fast CMOS to close the TOP gaps and/or provide timing layers for track trigger LTU

TPC TPC option under study for longer term upgrade LTU



Belle II Upgrades 
Description
A very quick tour through the technical description of the upgrades
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VXD Upgrade -Requirements

Nov 11, 2022

• Be prepared for a major 
interaction region redesign
• Allow large safety factors against 

backgrounds
• Take advantage of technology 

development
• Possible performance 

improvements
• Impact parameter and vertexing 

resolution
• Tracking performance for low pT

tracks
• Increase trigger latency capability
• L1 trigger capabilities

F.Forti - Belle II Upgrades 13

LS2



DEPFET Option - Replace PXD
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Thin DSSD option - replace SVD
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LS2

~60ns



SOI Option - Fully pixelated VXD
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LS2



CMOS DMAPS Option - Fully pixelated VXD
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LS2

TJ-Monopix2

• 33 μm pitch, 25 ns integration, 
17x17 mm2 matrix) were 
fabricated and tested.

• In-pixel detection threshold + 
Time-Over-Threshold (ToT)

• Various sensing volume thickness 
CZ-bulk, epi-30 μm

• A beam test at DESY 
5 GeV electron beam 

• Detection efficiency: 
99.020 ± 0.040 %. 

• Position resolution 
~9 μm 

TJ-Monopix2 test beam results
§ DESY 5 eV electron beam
• Telescope extrapolation σ~3.5 µm
• Large team getting experienced: hw+sw

§ Threshold 500 e-
• Detection efficiency 99.020 ± 0.040 %
• Position resolution ~9 µm

(< digital resolution)

§ Simulation
• Tuning of model in BASF2

§ Next steps
• Irradiation 1014-1015 neq/cm2

• Next beam test in Q1-2023

J. Baudot     - VTX-DMAPS update     - 43rd B2GM, 2022/10/13 5

CZ-bulk
epi-30 µm
epi-30 µm

epi-30 µm epi-30 µm



VTX DMAPS detector
• 5-layers all MAPS device with
• OBELIX: Optimized BELle II pIXel 

sensor 
• Architecture defined
• Design ongoing

• Mechanical integration and cooling 
under development
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The VTX-DMAPS project
§ General idea
• Granularity in position & time everywhere
• Simple & light (2.4% X0 total) & robust 
• Services on BWD side only

§ Key questions / CDR
• Geometry optimisation
• DMAPS sensor
-Prototype detection performance
-Belle II dedicated sensor design details

• Inner ladder: iVTX
-Feasibility of all-silicon concept
-Cooling

• Outer layer: oVTX
-Mechanical stiffness
-Cooling

• Schedule
-Doable for 2027?

§ Not yet addressed
• DAQ
• Services
• Mechanical support

J. Baudot     - VTX-DMAPS update     - 43rd B2GM, 2022/10/13 2

CHAPTER 5. UPGRADE BENCHMARK STUDY 78

2 2.5 3 3.5 4 4.5 5 5.5
]2 [GeV/c0

B
M

0

5

10

15

20

25

30

35

40

C
a

n
d

id
a

te
s 

/ 
b

in

0
B

 - MπK

Signal

Bad cand.

0
B

 - MπK

2 2.5 3 3.5 4 4.5 5 5.5
]2 [GeV/c0

B
M

0

10

20

30

40

50

60

70

80

90

C
a

n
d

id
a

te
s 

/ 
b

in

0
B

 - MπK3

Signal

Bad cand.

0
B

 - MπK3

Figure 5.6: Distribution of the B0 mass reconstructed by VTX in the Kfi (left) and
K3fi (right) channels. Best-candidate selection on MB0 is applied. Notice that no
scaling factor is applied to bad candidates in this case.

Kfi K3fi
VXD VTX VXD VTX

MC signal B0s 3276 6752
Signal candidates 954 1443 581 1037

Bad candidates 381 426 2267 3901
Signal candidates per event 0.29 0.44 0.086 0.15

Bad candidates per event 0.12 0.13 0.34 0.58
E�ciency 29 % 44 % 8.6 % 15 %

Purity 71 % 77 % 20 % 21 %

Table 5.3: Summary of the number of candidates reconstructed from the simulation.
Best-candidate selection on MB0 is applied. E�ciency and purity are defined by eq. 5.2.
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Figure 5.7: Comparison of the B0 reconstruction e�ciencies of VXD and VTX, in the
Kfi (left) and K3fi (right) channels, vs the transverse momentum of the fisoft. Best-
candidate selection on MB0 is applied. The relative distribution of the MC particles is
reported in blue, for reference.

• Significant tracking 
performance 
improvement w.r.t. 
the current detector 

B0à B0à



CDC Electronics 
• Improve radiation tolerance, 
• Reduce cross-talk and power 

consumption
• New ASIC, new FPGA, optical 

modules
• First prototypes in Apr 2022
• Installation in LS2
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EOI status for CDC readout upgrade

• similar design to the current 
electronics 
• readout 14336 signal channel 
• located inside detector 
• all functions are in one board

1

Expression of Interest for CDC readout upgrade

Nanae Taniguchi (KEK)

2021/01/20

1 Introduction

Main motivation is to improve radiation tolerance of readout electronics located inside detector. Based on
radiation test with gamma ray of 60Co, optical transceiver module used for CDCTRG is expected to be dead
at 300-400 Gy. We will reach 300-400 Gy before the end of Belle-II, since expected radiation dose at the target
luminosity is around 100Gy/year. In addition, error rate of FPGA is higher than we expected. We plan to
replace the current readout board with upgraded new one. FPGA and optical transceiver should be replaced
with more radiation hard ones. Design for ASIC of Amp-Shaper-Discriminator is revised and FADC chip is
designed by expert in KEK in stead of using commercial one. Improvements of time walk with faster FADC
and power consumption reduction are expected.

2 Upgrade proposal

2.1 Scope of the proposed upgrade

We plan to replace the current readout board with upgraded new one. At least, low voltage cable for power
supply will be re-used, others (optical fibers for DAQ, cat7 cables for receiving clock and trigger signal and
for firmware download) are basically re-used as well if there is no change. Upgraded electronics should be
compatible with the current DAQ/Trigger system and status of upgrade for DAQ/Trigger systems are considered
in the design.

2.2 Proposed technological solution or solutions (multiple options are possible)

Basic concept is similar to the current electronics. At the moment, there is no concrete candidate for radiation-
hard optical transceiver and FPGA. We will find several candidates in products developed for the purpose and
by referring to the leading projects and need to perform radiation test by ourselves.

1

signal input

ASD

FADC

FPGA

power supply

firmware download
trigger/clock

Belle2Link
wire hits → CDCTRG

LS2



TOP
• Install Life-extended Atomic Layer 

Deposition PMTs. (LS1) 
• in 2022 for standard PMTs
• possibly in LS2 for ALD PMTs

• Electronics upgrade (LS2)
• IRSX ASIC 8-channel 250 μm CMOS --> 

TOPSoC ASIC 32-channel 130 μm CMOS
• Feature extraction inside ASIC
• Reduced power consumption

• Study of  SiPM as possible PMT 
replacement. (LTU)
• Require cooling system
• Longer time scale

Nov 11, 2022 F.Forti - Belle II Upgrades 20

Start in LS1



1) Pure CsI +APD

2) Pre-shower in front of ECL

ECL
Hypotheses for long term upgrades
• CsI(Tl) -->  pure CsI 

• Improves pile-up
• WLS employed to improve Equivalent Noise Energy

• Preshower detector
• Help reduce background and pileup

• PiN diodes --> APDs
• Reduce ENE and 

improve resolution

• All complex and 
expensive options
• Longer time scale

Nov 11, 2022 F.Forti - Belle II Upgrades *

LTU



KLM
• RPCs -> scintillator bars + WLS fiber + SiPM

• Already done in first layers and endcap
• Increase rate capability

• Readout electronics upgrade
• More compact readout
• Data push architecture possible

• Possible  use as TOF detector
• Required time resolution around 30ps
• Improve KL identification
• Ongoing studies of scintitllators and SiPM 

readout arrangement for high time resolution
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LS2 or later



Trigger
• More powerful UT4 board for new CDC 

Front End  
• Avoid merger boards, more 

bandwidth, use all CDC TDC and ADC 
information
• Many trigger improvements possible.  
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Start in LS1



Polarized electron beam
Physics case:  precision sin2 θW measurements from  b, c, e, μ
& τ, probing its running and universality. 
Planning 70% polarization  with 80% polarized source.
NEW HARDWARE FOR POLARIZATION UPGRADE:
• Low emittance polarized Source: electron helicity can be 

flipped bunch-to-bunch by controlling circular polarization 
of source laser illuminating a GaAs photocathode (à la SLC). 
Inject vertically polarized electrons into the 7 GeV e- Ring, 
needs low enough emittance source to be able to inject.

• Spin rotators: Rotate spin to longitudinal before Interaction 
Point (IP) in Belle II, and then back to vertical after IP using 
solenoidal and dipole fields

• Compton polarimeter: monitors longitudinal polarization 
with <1% absolute precision, provides real time polarimetry. 
Use tau decays from e+e-→ τ + τ- measured in Belle II to 
provide high precision absolute average polarization at IP. 

Nov 11, 2022 F.Forti - Belle II Upgrades 24

e- spin vector around ring

Project under active development



Physics and 
performance challenges
• Identify crucial performance 

challenges impacting physics 
reach
• Tracking at low momentum
• Vertex and IP resolution
• Calorimetry energy resolution and 

lepton ID
• Trigger efficiency
• K/pi separation
• KL detection
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Summary and outlook
• Belle II and SuperKEKB have started a successful physics run
• Machine improvements are being studied to reach target luminosity

• A significant interaction region redesign may be required in 2026-27

• Detector upgrade ideas are being explored and R&D is in progress
• more robustness against background and radiation damage 
• more physics performance
• readiness for interaction region redesign if needed

• The Belle II detector upgrade process is ongoing
• Belle II Upgrades Whitepaper submitted to the Snowmass process
• The preparation of an Upgrades Conceptual  Design Report should start afterwards, ready in 2023
• The Technical Design Report will follow in 2024

• Longer term perspectives 
• Important to start exploring longer term possibilities for SKB and Belle II

There’s a lot of physics at high luminosity
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Personal 
Memories
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Detector Status

F.Forti, INFN and University, Pisa

12/12/12F.Forti - Detector 1

Technical Design Report

12/12/12F.Forti - Detector 3

} The SuperB Detector TDR is 
nearly ready
} We had planned to have copies 

distributed today, but we didn’t 
quite get there.

} About 500 pages
} Fixing last  typos and figures

} Completed in a few weeks
} Authors

} Input has been requested from 
institutions and systems

} Final list will be distributed soon: 
please check and react rapidly !

} Current version available in 
alfresco repository.
} There will be circulation to the 

entire collaboration before 
publication

Cover�3

Exactly 10 years ago
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SuperB Detector Conclusions

12/12/12F.Forti - Detector 14

} Very good work done, finishing R&D 
} On a rollercoaster for some time
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Thanks !
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Additional material
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Other ideas: STOPGAP
• Take advantage of development of fast CMOS sensors
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 2

STOPGAP - Belle II Barrel PID Extension

● TOP Quartz bars do not overlap, geometric acceptance only ~94%

● Fill in the quartz gaps with timing sensors: 1-2m2 active area to fill gaps

– Pure timing could potentially/eventually replace Belle II barrel PID: ~20m2 
active area

● Feasible with ~50ps single MIP sensors (based on full MC study)

 3

Timing Layers in Belle II Vertex Upgrade

● Toy study: a double timing layer with (very) moderate 
requirements can reliably provide track trigger 
information from temporal coincidence alone

– Also provides excellent pion/kaon separation for pT < 1GeV

– Separating layers yields momentum estimate and z-cut

• Interesting concept for longer term upgrades. R&D needed



Upgrades and physics performance

• s
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