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SuperKEKB and the Belle II Experiment
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• SuperKEKB: Asymmetric energy e+e- collider
Ecm = m(ϒ(4S)) = 10.58 GeV

• Peak luminosity: L = 6·1035 cm-2 s-1 (x30 than KEKB)
Beam size reduction. Higher current (x2 higher).

Belle II
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Belle II Vertex Detector
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• Pixel Detector (PXD)
2 layers of DEPFET pixels
r = 1.4 cm, 2.2 cm
L = 12 cm
~	0.027 m2

• Silicon Vertex Detector (SVD)
4 layers of DSSD
r = 3.9 cm, 8.0 cm, 10.5 cm, 13.5 cm
L = 60 cm
~ 1 m2

SVD

PXD



Belle II VXD during Run 1

cmarinas@ific.uv.es 5

SVD

PXD

Partially instrumented PXD



End Run 1 Status and Performance Benchmarks
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• Lpeak = 4.7x1034 cm-2s-1 (x2 KEKB)
• Lintegrated = 430 fb-1 (~BaBar)
• Data taking efficiency ~90%
• Precision measurements

Excellent tracking performance (2x better 
single vertex resolution wrt Belle)

Decay time resolution x2 better 
than Belle and BaBar

Important test of Belle II tracking performance
→ VXD reconstruction, track finding and vertex fitting

cmarinas@ific.uv.es

World’s best D lifetime 
measurement with only 72 fb-1



VXD Detector Upgrade – LS1 (2022/2023)
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• Machine upgrades:

- New more resilient collimators

- Additional background shielding

• Detector upgrades:

- Installation of complete pixel detector

→ Run 2 ongoing. Target for 2024: 1035 cm-2s-1



Belle II Upgrade Program
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LS1

LS2

LS1 : Actual detector consolidation
LS2 : Possible IR and detector upgrades

SuperKEKB peak & integrated luminosity vs time
Path to the future:

1) Improve machine performance and stability
Beam blowup, lifetime, injection power, beam losses

2) Reduce detector backgrounds
Single beam, injection and luminosity backgrounds

3) LS1 Detector consolidation toward 2x1035 cm-2s-1

Installation of more robust components

4) LS2 Detector upgrade toward 6x1035 cm-2s-1

Including possibly a redesign of the interaction region

→ More performant detector and robust against machine-
induced backgrounds



Belle II Upgrades – LS2 and Beyond
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IR: accommodate QCS 
replacement and repositioning 

VXD: all pixels
• DMAPS

CDC: replace r/o ASIC+FPGA
New tracker (pixels, gas)

TRIGGER: replace with latest 
tech to increase bandwidth, 
allow for new trigger primitives 

ARICH: possible 
photosensor upgrade 

TOP: replace readout to 
reduce size & power; replace 
all PMTs with extended-
lifetime ALDs (or SiPMs?) 

KLM: replace RPCs with scintillators 
in barrel (some with fast timing for KL 
time-of-flight); replace readout

ECL: replace crystals with pure CsI; 
APD readout; add pre-shower detector 

More distant future: ~mid-2030’s
✓ Detector R&D for extreme-ℒ environment



Requirements for VXD Upgrade
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Improve physics reach per ab-1

3Belle II Germany 2022 – Lars Schall20.09.2022

VXD Upgrade Requirements 

● Several upgrade proposals made (see also 

Snowmass Whitepaper [arXiv:2203.11349])
● Focus on DMAPS VTX upgrade proposal

Upgrade motivation:
● Cope with larger background activity
● Improve momentum & impact param. 

resolution in low p
T
 region

● Simplify tracking chain with all layers 

involved
● Simplify operation without special modes nor 

data reduction (e.g. ROI selection)

→ Upgrade planned for long shutdown 2 (LS2)

Requirements to VXD

Radius range 14 – 135 mm

Tracking & Vertexing performance

Single point 
resolution

< 15 μm

Material budget
0.2% Χ

0
 / 0.7% Χ

0

inner- / outer- layer

Robustness against high radiation environment 
(innermost layer)

Hit rate ~ 120 MHz/cm²

Total ionizing dose ~ 10 Mrad/year

NIEL fluence ~ 5e13 n
eq

/cm²/year

Upgrade motivation:

• Cope with larger background activity

• Improve momentum and impact parameter 
resolution in low pT region

• Simplify tracking chain with all layers involved

• Operation without special modes nor data 
reduction

Key sensor specifications:
• Pixel pitch 30-40 µm
• Integration time ≲100 ns
• Power dissipation ≲ 200 mW/cm2



Belle II Upgrade: VTX - DMAPS
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• 5 straight layers barrel, using CMOS pixel sensors

• Low material : 0.2% X0 (L1+L2) - 0.5% (L3) - 0.8% X0 (L4+L5)

• Moderate pixel pitch ~ 30 μm2

• Time precision 50-100 ns
• Option for track-triggering with a fast low-space-granularity

• iVTX: innermost 2 layers, self-supported, air cooled

• oVTX: 3 outer layers, CF structure, water cooled

• Overall service reduction and operation simplification



TJ-Monopix Family
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Present



TJ-Monopix2 Characterization
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• TJ-Monopix2 as forerunner of OBELIX
• 33x33 µm2 pitch, 25 ns integration, 2x2 cm2 matrix
• 7 bit ToT information, 3 bit in-pixel threshold tuning
• Various sensing volume thickness (CZ-bulk, epi-30 µm)

• Detailed characterisation
• In-laboratory

• Threshold / noise
• ToT calibration

• In-beam (DESY, 5 GeV electrons)
• Efficiency ~99%
• Position resolution ~9 µm

PIXEL2022, Santa Fe – C. Bespin15 Dec 2022

TJ-MONOPIX DESIGN

− Designed for ATLAS ITk outer layer specs with column-drain readout like in FE-I3 in a 2 cm column 
− Pixel readout capable of dealing with hit rate > 100 MHz / cm2 

− Goal: 1015 1 MeV neq/cm2 NIEL tolerance and 100 MRad TID 
− Latest iteration TJ-Monopix2: 33.04 µm pixel pitch in 

512 x 512 pixel matrix (2 x 2 cm2) 
− 7 bit TOT resolution (40 MHz BCID clock - 25 ns timing) 
− 3 bit in-pixel threshold tuning 
− Communication via four differential lines 

− Command-based slow control (taken from RD53B) 
− 160 MHz data output rate (frame-based 8b10b encoding)

5



Irradiated TJ-Monopix2 Test Beam
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Set-up

10.07.2023

Telescope
planes 1-3

Telescope
planes 4-6

TJ-Monopix2

• General setup configuration:
• AIDA TLU V2
• Adenium Telescope with ALPIDE sensors

→ integration time 10 μs, 1024×512 px, 
pitch 29.24×26.88 μm²

• Module powered by remote 
controlled Hameg PSU

• Additional lab set-up 
running → next slide

Status Report Testbeam DESY 2023 5

Parameter scans:
HV, IBias, PSub, VClip, BCID, …

Angular scans, resolution, efficiency

Module Status

10.07.2023

Serial Home Institute Irradiation Substrate
W02R05 Strasbourg None 30 µm EPI
W02R09 Strasbourg Neutrons 1 × 10¹⁴ 30 µm EPI
W05R16 Strasbourg Protons 5 × 10¹⁴ 30 µm EPI
W08R19 Vienna None 30 µm EPI
W14R12 Göttingen None Cz

• W02R09 does respond in beam, but no lab characterisation possible
• Only some registers can be configured; injection does not seem to work at all

• W05R16 first characterisation in lab available & measured in the beam, but no longer operable elog
• Threshold scans of few columns available for all settings used in TB
• Also, timewalk and HitOr delay measurements for some settings

• All tuning files used during testbeam (week1)

Status Report Testbeam DESY 2023 3
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W02R05 Strasbourg None 30 µm EPI
W02R09 Strasbourg Neutrons 1 × 10¹⁴ 30 µm EPI
W05R16 Strasbourg Protons 5 × 10¹⁴ 30 µm EPI
W08R19 Vienna None 30 µm EPI
W14R12 Göttingen None Cz
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• Only some registers can be configured; injection does not seem to work at all

• W05R16 first characterisation in lab available & measured in the beam, but no longer operable elog
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• All tuning files used during testbeam (week1)

Status Report Testbeam DESY 2023 3

W05R16 Strasbourg Protons 5 × 10¹⁴ NF

21.08.2023 STATUS REPORT TESTBEAM DESY 2023 ANALYSIS 7

W05R16 Efficiencies

Status Report Testbeam DESY 202302.10.2023 8

Module FE run no. efficency error
W05R16 NF 879 0.99799 0.00006

NF CASC 884 0.99799 0.00006
HV CASC 789 0.99941 0.00014
HV 789 0.99954 0.00017

Run 884 Run 789 HVC Run 789 HV

Run 879
W05R16 InPixel Efficiencies

Status Report Testbeam DESY 202302.10.2023 9

Run 789 HVC Run 789 HV

Run 879 Run 884

Efficiency >99% for 5x1014 neq/cm2 (310 e- threshold)
Cluster position residuals ~9.5 μm

W05R16



OBELIX – Design Status
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Stage 2 memory (trigger)

Control Unit (CRU)

Transmission Unit (TXU) Track Trigger Transmission (TTT)

Synchro & Clocks Unit (SCU)

I/O pads

• Main functionalities done (but regulator)
- Pixel options chosen

• Final integration on-going
• Simulation/verification = main activity
• Documentation: started

Submission: Q3-2024

doneon-goingDesign: Simulation/Verification: doneon-going



OBELIX – Layout
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iVTX Inner Layer Concept
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• Prototyping
• First real-size ladders at IZM-Berlin with dummy Si

• True iVTX geometry available

• Simulation on cooling
• Dry air cooling 15oC
• Assume 200 mW/cm2

• All-silicon module < 0.15 % X0
• 4 contiguous sensors diced as a block from the wafer
• Redistribution layer for interconnection
• Heterogeneous thinning for thinness & stiffness

TMAX ~ 20°C 
ΔT < 5°C 

cmarinas@ific.uv.es

17 january 2024 J. Bonis - IJCLab 9

iVTX cooling

Only airflow FEM modeling for now

iVTX cooling test with outlet by the support iVTX cooling airflow with outel on oposite flange.

Outlet position influence : FLUENT modeling

It’s seems that :
Air flow more radially through the iVTX



iVTX Ladder Demonstrator
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• Production finished smoothly:

FE-I3 and heaters
300 – 700 um thick

• Characterization started:

First quality inspection with needles shows
resistivity is on the expected range.

Integrity of data lanes will follow



oVTX Outer Layer Concept
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• Long ladders
• Evolving from ALICE-ITS2 

• Carbon-fiber truss support frame
• Cold-plate with water coolant
• Long-flex for power & data

• Prototypes for L5 under test
• Deformation & vibration

• Max sagitta ~500 µm
• First resonance f=250 Hz

• Signal propagation

• Cooling at Troom ~24oC
• Leakless water flow at Tin = 10oC
• Heaters dissipating 200 mW/cm2

• 22oC < Tsensors < 26oC

• L3-4, radius 4-9 cm, length < 50 cm
• Single sensor row, ~0.5 % X0

• L5, radius 14 cm, length 70 cm
• Double sensor rows ,  ~0.8 % X0

End pieces gluing
The peek end-pieces have been glued and the truss is ready for the mechanical characteriza3on

The weight of the peek end 
pieces is around 9.7 g each

eye diagram @250 MHz s)

cmarinas@ific.uv.es



Summary: LS2 Upgrade Plans
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• Vertex detector: Plans to replace VXD with a fully pixelated CMOS detector (VTX)

• TJ-Monopix2 performance, including irradiated devices, matches expectations
→ Solid steppingstone towards OBELIX, to be submitted in Q3 2024

• Preparing complete ladder demonstrators, including its test stands

→ Detector layer concept validations incorporated on the CDR

• Preparing the next big step: TDR



THANK YOU

cmarinas@ific.uv.es 21



TJ-Monopix2 Characterization
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For all FE flavors and all pixels:
Noise, threshold and threshold dispersion
ToT calibration curve (internal injection and sources)

Fe 55: g @ 5.9 keV 
2.5 hours
20221005_095404_source_scan

Normal & Cascode FE with X-ray sources

17/10/22 Pisa - TJMP2 W14R12 chip calibration with injection & sources  
TB settings 11

Cd 109: g @ 22 keV 
1.5 hours
20221005_131547_source_scan

Am 241: 
g @ 14, 18, 21, 26, 60 keV
40 min
20221006_172029_source_scan

Fe 55: g @ 5.9 keV 
Peak @ 1616 e- à TOT ~ 22

Low energy shoulder: 
partial energy collected 
in single pixel 

Cd 109: g @ 22 keV 
Peak @ 6027 e- à TOT ~ 80

Partial collection in 
single pixel 

Am 241: 
g @ 14, 18, 21, 26, (60) keV
Only 4 peaks are visible  

NOTE: photons with 60 keV 
have very large  attenuation 
length (x125 w.r.t 14 keV, see 
backup slide). 
Then we don’t expect to see 
them. In any case they will 
saturate the TOT 

Partial collection in 
single pixel 

Source Energy g  
(keV) 

Signal (e-) 
assuming 
full 
collection 

Q (DAC) with 
10.1 e-/DAC 

TOT 
expected 
from 
calibration 
curve on 
data 
(NORMAL FE) 
- NO 
SATURATION 
assumed

TOT measured 
peak NORMAL 
FE

TOT 
expected 
from 
calibration 
curve on 
data 
(CASCODE FE) 
- NO 
SATURATION 
assumed

TOT measured 
peak CASCODE FE

Fe55 5.9 1616 160 23 23 19 22
Am241 13.9 3808 377 53 55 45 52
Am241 17.8 4877 483 67 68 58 65
Am241 20.8 5699 564 78 77 68 75
Cd109 22 6027 597 82 82 71 77
Am241 26.4 7233 716 98 92 86 90
Am241 60 16438 1628 221 TOT saturate 

at 105 
193 TOT saturate 

at 105 

2Lars Schall – lars.schall@uni-bonn.de3/6/23

Observa�on form November TB

● Results presented and published by Christian @ PIXEL
● Measured normal FE of epi and Cz n-gap sensor with -6V bias voltage

● Why only ~25% increase in charge MPV from epi to Cz?

Epi charge MPV 2579 e⁻ Cz charge MPV 3235 e⁻

Consistently achieving <300 e-

threshold levels in all samples

AIDAinnova WP5 Meeting – C. Bespin01 Feb 2023

TJ-MONOPIX2 LAB TESTS

− Lab tests conducted for threshold and noise measurements 
− Design goals: operational threshold ≈ 100 e-, threshold dispersion < 10 e-, ENC ≈ 5 e- 

− In-pixel threshold trimming (3 bit) significantly reduces threshold dispersion to less than design value 
− Operational threshold higher than anticipated, but we will see later that it should not be a problem

3

TDAC 

Tuning

AIDAinnova WP5 Meeting – C. Bespin01 Feb 2023

TJ-MONOPIX2 LAB TESTS

− Noise (ENC) measured from steepness of S-curve when injecting varying charges 
− Mean noise 5.6 e- in accordance with design goal 
− No RTS noise tail observed as in TJ-Monopix1 
− Allows operation at low thresholds thanks to large 

S/N ratio 

− Reminder: in TJ-Monopix1, operational threshold was 
O(400 e-) which lead to efficiency losses in pixel 
corners, especially after irradiation

4



TJ-Monopix2 Characterization

23cmarinas@ific.uv.es
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2Lars Schall – lars.schall@uni-bonn.de3/6/23

Observa�on form November TB

● Results presented and published by Christian @ PIXEL
● Measured normal FE of epi and Cz n-gap sensor with -6V bias voltage

● Why only ~25% increase in charge MPV from epi to Cz?

Epi charge MPV 2579 e⁻ Cz charge MPV 3235 e⁻

Bonding issues while preparing new samples:
→ Currently ~ 50% success rate

AIDAinnova WP5 Meeting – C. Bespin01 Feb 2023

TJ-MONOPIX2 LAB TESTS

− Lab tests conducted for threshold and noise measurements 
− Design goals: operational threshold ≈ 100 e-, threshold dispersion < 10 e-, ENC ≈ 5 e- 

− In-pixel threshold trimming (3 bit) significantly reduces threshold dispersion to less than design value 
− Operational threshold higher than anticipated, but we will see later that it should not be a problem

3

TDAC 

Tuning

AIDAinnova WP5 Meeting – C. Bespin01 Feb 2023

TJ-MONOPIX2 LAB TESTS

− Noise (ENC) measured from steepness of S-curve when injecting varying charges 
− Mean noise 5.6 e- in accordance with design goal 
− No RTS noise tail observed as in TJ-Monopix1 
− Allows operation at low thresholds thanks to large 

S/N ratio 

− Reminder: in TJ-Monopix1, operational threshold was 
O(400 e-) which lead to efficiency losses in pixel 
corners, especially after irradiation

4

Several samples neutron irradiated up to 5x1014 neq/cm2 available →

Consistently achieving <300 e-

threshold levels in all samples

Characterization
ongoing



IVTX DEMONSTRATOR  DUMMY CHIP

26.03.23 vogt@physik.uni-bonn.de 3

Dummy chip
• 10 Ohm heaters (M1)
• Separate analog, digital heater
• 5 “analog” dummy LDOs at each

short edge
• 6 “digital” LDOs at the periphery edge

Digital powerAnalog power Analog power

0201 SMD 
capacitor

0201 SMD 
capacitor

VIN

GND

VDD

solder pads (M4)

LDO block: 3x VIN, 3x GND, 3x VOUT

iVTX Ladder Demonstrator

24

IVTX DEMONSTRATOR RDL

26.03.23 vogt@physik.uni-bonn.de 4

iVTX demonstrator ladder: M1 (Al)

iVTX demonstrator ladder: M2 (Cu), M3 (Cu)
Transmission line
test structures

Pads

Final ladder dimension: 143 x 20.4 mm2

Dummy heaters: 30 x 20 mm2

Prepared for 1.7 mm mounting hole

Metal system:
• Resistive heaters: 1.5 um Al (M1)
• 2 RDL metal layers: 3 um Cu (M2, M3)
• Top metal finish: NiAu (M4)

Wirebonding, SMD soldering

cmarinas@ific.uv.es

Characterization electrical, 
mechanical and thermal 

performances of iVTX ladders



iVTX Ladder Tests
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Configurable power routing and test points for I*R drop 
measurements

SMA connection for data lanes and and TDR 
measurements

Also preparing a PCB mockup of the ladder to practice 
soldering etc

PCB render for iVTX ladder test

Multiuse Ladder Box Concepts
(Transportation, bonding, tests)



iVTX Integration and Cooling
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iVTX wind tunnel to study flow configurations

Air cooling feasibility still under study

First ideas on ladder mounting and service routing



oVTX Stave Integration

cmarinas@ific.uv.es 27

Realistic CAD model, 
including overlaps

Layers radiation length – L3 R69
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Layer 3 R69 Radiation length summary
2 flex from FW and BW side (6 + 6 chips) -

12 chips

Layer 4 R89 Radiation length summary
2 flex FW and BW side (8 + 8 chips) - 16 

chips

Layer 5 R140 Radiation length summary
2 flex FW and BW side (12 + 12 chips) - 24 

chips

COMPONENT X/X0 (%) COMPONENT X/X0 (%) COMPONENT X/X0 (%)

Support Structure 0,087% Support Structure 0,086% Support Structure 0,169%

Cold Plate 0,064% Cold Plate 0,069% Cold Plate 0,093%

Pipes & Coolant 0,048% Pipes & Coolant 0,048% Pipes & Coolant 0,153%

Glue 0,022% Glue 0,021% Glue 0,127%

Flex (FW + BW) 0,150% Flex FW + BW 0,161% Flex FW + BW 0,186%

Chips 0,066% Chips 0,067% Chips 0,069%

Grand Total 0,438% Grand Total 0,454% Grand Total 0,796%

With two flexes the L3 R69 radiation length is 0,438 % → 9 % of increment respect 
to the expected value

With the two flexes (and just one pipe and coolant) the L3 R69 radiation length is 
(0,438-0,024) = 0,414 % → 3 % of increment respect to the expected value

Ladders geometry 
(with chips but NO flex)

8

Active volume

NOT Active volume

V shaped beam Cold plate

L3 R39

L3 R69

L4 R89

L5 R140

Active volume: Intersection between ladder and cones considering both shifts (r-phi and z)

Cold plate

Active volume

NOT Active volume

Cold plate

Ω shaped beam

Active volume

NOT Active volume
Ω shaped beam

NOT Active volume

Cold Plate

Active volume

Truss BeamV shaped
rigid stiffener

Layer 5 R140 Overlap Study

4

Studying thermomechanical properties with realistic models

Designing effort on production jigs and assembly procedures

Ladder concept compatible with X/X0 expectations (0.4-0.8%)

Layer 5 – prototype production

3

• The L5 mechanical prototype, truss structure + cold plates, is ready to be tested. 

• Study of maximum deflection. The results are expected by the end of July.

• The C pieces and the cold plates have been glued with epoxy glue (Araldite 2012) and gluing jig

• Geometrically we didn’t have issues, but we must study an “automatic” procedure optimized for the ladders production
Cold plates

Glue drops

C pieces 
gluing jig


