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— Toward a system concept
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Belle || @ SuperKEKB <D

Belle IT

HER: & 7GeV  Belle i . Luminosity driven program to search for physics beyond
e B o 4GeV LER *f Standard Model with cc, bb, 7z pairs

SuperKEKB: e+e- collider at Vs = My
* High-luminosity <= nano-beams + high-current

* Challenging beam-background conditions
worsening with £ + predictions with large uncertainty

Run | 2019-2022
« 428 fb! integrated with full SVD + 80% PXD

"  Run Il 2024-
Central Drift Chamber » LS1: accelerator improvements, 100% PXD+SVD
He(50%):CaHs(50%), » World record £ = 0.5 x10%* cm2 s*!

* Push toward 2 x1035 cm2 s

Further planning
] * Target 6 x10%° cm2 s°!

¢ A
| Vertex Detector (VXD = PXD+SVD)
| 2 layers DEPFET pixels + 4 layers DSSD

* Requires interaction region improvements
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Current vertex detector: VXD

" 2innerlayers: PXD
* DEPFET sensors

* Pitch 50-75 ym, Integration time 20 ps
* Read-out not triggered

* full silicon layer (sensor 75 um thick)
—material budget: 0.25 % X, / layer

PXD radii
14, 22 mm

$310 mm
T

>|
—~—ebeam

* Occupancy limit 3%

935 mm

n « §
4 outer layers: SVD = Excellent performance @ occupancy s 1%
* D33D sensors * Warning: PXD sensitive to large dose from sudden beam loss
* Time resolution 3 ns, Strip length 6 cm
« Origami-concept, CO2 cooling » Prospect for the 103 cm=2? s lumiregime
—material budget: 0.75% X / layer « High uncertainty on beam induced background level

* Triggered read-out, latency limited to 5 ps . Occupancy limits may be reached (SVD-L3)

* Occupancy limit ~6%
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Upgrading the current VXD?¢ ¥ IPHC

Belle I et

= Motivations

* Higher space-time granularity
* Robust tracking & vertexing for any beam-background [ « Lighter material budget

« Adapt to possible new Interaction region * Higher radiation tolerance

* Possibly increase performance for physics  Simplified services

Same r-¢ acceptance 14-135mm / 17-150 deg -1 m2
Spatial resolution <15um
Time-stamping 50-100 ns
: < Total material budget < 3.5% X + Strong interest for
= Requirements 9 7% Ao ) .
- * Time stamping < 5 ns
Triggered read-out 30 kHz, latency 10 ps « Inputs for L1 frack-rigger
Average hit rate up to 120 MHz/cm?
Includ fety x4
Total lonizing Dose (inner) 1 MGy Zgﬁse?\s,éﬂvi Zé(emrio
\_ NIEL fluence (inner) 5x10' neq/cm?
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. fD o
VTX main concepts ) IPHC

Belle I bert CURIEN
= Geometry for vertexing & tracking » Simple services
* Inner layers @ minimal radius & with redundancy * Single-side connexion whenever possible
* MIn 3 outer layers as light & as far as possible « Simple cooling: air or liquid

& /

= 2 inner layers: iVTX

* “On" beam pipe

= Same sensor everywhere

« Space & time granularity
=> occupancy K 1%

* Depleted MAPS: OBELIX
- alternative SOI: DUTIP

* Full-silicon concept
* Material 0.2 % X, /layer

® 3 {0 4outer layers: oVTX
* Straight sections => adaptable to any IR . 11 11412

= Fast track reconstruction

» Support+Flex+Sensor approach * OVIX:13-L5/6 . o _ .
, * Max length ~70 cm * Full resolution in SW High Level Trigger
* Material < 0.8% X, / layer « Radii: 1.4 to 14 cm

* Reduced granularity for L1

Framework Conceptual Design Report arXiv:2406.19421 [hep-ex]
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Expected VIX performance

D
Do

Belle IT

IPHC

Institut Pluri
Hul

isciplinaire
bert CURIEN
STRASBOURG

Finding Efficiency for Different Background Scenarios

=  Full simulation d o m Vo
. . .o 94 ® VIX
» Pixel response modeled + Simplified 5 layer geometry ®
* Belle Il Reconstruction SW (BASF2) 2. H
» 3 Beam-induced background scenarios g o
V1: optimistic, v2 intermediate, v3: conservative £ 92 Track finding
w
=> occupancy reduced /200 with VTX 2 3 VXD layers included
Resolutions studies £ 5 ViXlayersincluded
Kn - Efficiency vs true P, 0
- : . Zeot_ * B” = J/Y(uu)Ks(mm) o0
| - S—  S— —— VXD and BY » Ksnmry [
s I T = e * B vertex resolution 20 to 50% : ; :
Y| —— - st sss] ==+ 10CDCCKF ° Background Scenario
o - = * Flavour tagger ~ performance
- e R - T _____
O = - + : ++H_——
0_4:_ ........ o _.__'_-._—.— ...............
- Improvement at
02 o low momentum > Strong resilience to background
3 08'; R _*_' + — Soft 11 reconstruction > Improved performances
S 06E + * in B > D"yt
8 0.4F ; L, DOz~ _ T .
S 0.2 v ke => Geometry optimisation on-going
g ; i : | * 6 layers
% 0.05 0.1 0.15 Trueobi oV
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IPHC

Institut Pluri dsclplna e

VTX sensor

‘ TJ-Monopix2 Large proto ~4 cm? chosen as pixel matrix

* TJ 180 nm CIS process

* Bonn, CERN, CPPM, CEA-IRFU
DOI: 10.1016/1.nima.2020.164403

Be//e I

TJ-MONOPIX2

* Modified process for depletion
=> radiation tolerance

e Column-drain read-out
inherited from ATLAS FE-I3

L> Steps toward Optimised BELle Il pIXel sensor (OBELIX)

Characterisation of TJ-Monopix2 pixel matrices

* Design of 1st complete sensor OBELIX-1
— Extension of TJ-Monopix-2 pixel matrix
- New digital logic + voltage regulator
=> Submission Q1 2025
* Characterisation of OBELIX-1

* From OBELIX v1 to v2

— corrections & option choice driven by tests
— Addition of SEU protection
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Characterisation of TJ-Monopix2 B

Belle IT

= Sensor tuning

» Detection threshold range: 250 to 500 e-
* Temporal noise ~8 e-
» Threshold Dispersion ~17 e-

Efficiency vs Temp @ HV=30 V

. . . A -
= Detection efﬂmencv W8R06 @ 5x10~14 neq/cm2 - HV Cascode

i ca e Efficiency
 Tests @ DESY & KEK, 4-6 GeV e- beams 100 Preliminary e THR (DAC)
—2023, 23, 24, (25) 98 33
o 4 . A 500 e-
- Non irradiated sensors gy A | : )
—uncontrolled temperature, threshold ~500 e- B . 7 S
=> uniform 99% det. efficiency, Cposition ~9 UM S Zz s . 24
- Sensors irradiated with 5.10'% n.qcm-2 E a i : : 21
—temperature 40 to 60 "C, threshold 250 to 400 e- 86 ° ¢ | 18
=> Preliminary: ~40 ‘C on sensor required e r - 2 pm e #oe

Temperature T_NTC (C)
10-15 °C below T_sensor
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Design of OBELIX-1

(D

Be/le I

IPHC

Institut Plu ld sclpllnalre
CURIEN
SVRASBOURG

power Pads & LDO Regulator

Pixel Matrix -
896 columns x 464 rows )
&
I
Analogue EoC & Buffers ‘E =
s 3
Regulator DACs Monitoring || Temperature PowerOn £
Control currents & voltages ADC Sensor Reset
=
(] . .
£ Trigger Unit (TRU)
8 Trigger Group 0 — Trigger Group 1 — Trigger Group 11  —
(] —_— —_— —_
g Digital EoC = Digital EoC = Digital EoC e
e 1 e
Stage 1 memory (delay) E’ Stage 1 memory (delay) E’ Stage 1 memory (delay) °E° & -
3 £ E[¥® =
Stage 2 memory (trigger) | F || Stage 2 memory (trigger) | F Stage 2 memory (trigger) | F 'g_ -;‘%
<3
. . a
Control Unit (CRU) Synchro & Clocks Unit (SCU)
Transmission Unit (TXU) Track Trigger Transmission (TTT)

1/0 pads

DOI: 10.1016/j.nima.2023.168015

Matrix design

* Extended copy of TJ-Monopix2
* Clock for time-binning slowed down: 100ns

Powering

Trigger Unit

Fine time stamping

Track trigger

* LDO regulator for easier voltage distribution
» Overall power depends on hit rate: 200-300 mW/cm?

« Simulated with realistic inputs: 120 MHz/cm?
« Can sustain 800 MHz/cm? for 0.5 us

* 46 ns achievable with end-of-column fast clock
- Limited to hit rate <A 10 MHz/cm?

* Reduced granularity to 8 striplets ( ~4 x18 mm?)
* Increased transmission rate: 33 MHz
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. (D
Track trigger performance IPHC

i
betC RIEN

= A software estimation

» Exploit Full 5 layer geometry simulation
» Granularity reduced to 8 striplets/sensor

" Track reconstruction

* Training: store track hit-patterns in Look-up table
* Reco: search hit-pattern in table => track

Trigger Efficiency depending on pr

=== Maximal trigger output rate

100 ...ooooooooooooooooooooooooo 500 | wmm Layer used : 3
; . EEm Layerused:4
80 4 N | m=m Layer used: 5
< g 400 = > Excellent standalone
v o .
§ ol 5 0] efficiency
o % .
E e & > Fake tfrack rate too high
v 0 = 200 1 i
8 g for standalone trigger
o £
& 207 100 1 . .
BUT ok with drift-chamber
0k . . , . : . 0. => improved z-resolution
0.0 05 1.0 ) (IGSev/c) 20 25 3.0 BG V1 BG V2 BG V3
T
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(D

IVTX: inner layer design iPHC
[ 3 y g Be//e H InsmutPlundlsclphnalm
= Self-supported all silicon module o
i i (yleld)
* 4 contiguous sensors diced out of wafer => 12 cm long
- Insensitive distance from adjacent pixel matrices ~ 500 um
* Interconnected with redistribution layer
- 2 metal layers
- Single connexion at ladder end R I :
RDL metal (Cu) Polymer postprocessing
* Possible heterogenous thinning vias —— >\ '/ polymer
— thick edges versus thin matrix il m{ bulk silicon
. Flex cable Passive components
- Smallest material budget ~0.1 % Xo S“PP‘yS"“C‘"'e‘“"'"
v v v [ 1]
AR e
700 pm wafer Thinned to 400 ym Thinned to ~40 pm Demonstrator: Resistive heaters Support structure ~1 mr
. 100 RDL metal (Cu) oS Mounting hole
Dummy ladder design: \ . -3%0mm /u gap y / 0

v

~22mm

A

~ 140 mm

A\
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IVTX: Inner layer prototyping ¥ IPHC

Belle I Hubert cu

STRASBOURG

= Dummy ladders

= Cooling studies

* Full silicon wafers with resistive heaters . .
* RDL processed at IZM-Berlin * Full air cooling

* Uniform thickness 700 um - Simulations
& wind tunnel measurements on dummy ladder

— Air speed 10 m/s
=> Tmax ~50°C, AT(1 sensor)~10 °C

- Solutions under study to bring air to inner volume

« Water tube in contact with sensor periphery

- Tube @1.2mm, flow 0.2 ul/min

=> Tmax ~29°C, AT(1 sensor)~5 'C 28,027 Max
27,136

- Material budget cost: 0.2 to 0.3 X E 26.244

=> Physics performance simulation on-going 25,352

24,46

— " 23,568
21,784

. . . 20,892
Simulation with 1 water tube 20 Min
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oVTX: outer layer design S IPHC

Institut Pluridisciplinaire
Hubert CURIEN
Belle IT bert CURIEN

= Recipe for long and light staves
(Inherited from ALICE-ITS2)
» Carbon fiber support frame
» Cold-plate with 1 coolant tube
* Long-flex for power & data
- Longest flex: 1x12 sensors => 1-side output
- Longest stave: 2x12 sensors => 2-side outputs

= Cooling studies

* Early prototype tested with 200 mW/cm?
=>Tmax < 30°C, AT(1 sensor)~4 °C

B: Steady-State Thermal

Overall Temperature Simulation to optimize

Type: Temperature oy
Unit: °C Tube pOSITlon
Time:1s

15/03/2024 19:33

15,69 Max

9,934 Min

= Flex development

Specific power : 200 W/cmq Flow: 0,22 Kg/min

* 410 6 aluminium layers
* Investigating CERN workshop & Japanese Co.
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oVTX: outer layer design ¥ iPH

Institut Pluridisciplinaire
Hubert CURIEN
Belle I bert CURIEN

New Omega shape support

» Carbon fiber skin with ronacell core

— way more compact / truss structure
- Allow 3 to 4 layers at ~large radii
=> excellent for track-seeding & K2

=> material budget ~0.45% X, from L3 to L5

= Bending over 70 cm¢

« Simulations: sagitta < 100 um
* Measurement with prototype on-going

s s

3 layers over 58
82-140 mm

. Baudot -
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(Early) DAQ system concept

D
Do

IPHC

Institut Pluri ipli

Belle II s
e-links, clk & power h|gfh SIpI?eI? | Belle I
FW optical SRUGE MEIES o | DAQ
_____ trontiend transceiver O
___________ electronics | pc/DC § § tB_elle II&
oVTXonly | converters ] © o
2 @ clock
s| © (TTD)
p ©
g © L1
gl o >
BW optical 3 trigger
tontend transceiver g
""" 9Iectronics DC/DC Run
iVTX converters \ T asnirsl
—> data uplink = W optical | Slow
- = => track trigger data uplink ey -> tenfiend transceiver -> control &
“T==== electronics [pc/DC Power config
> S— power oVTXonly | converters Su pplleS
e 1 FE serves n ladders / modules radiation hard components < commercial components
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Rough schedule & Collaborators

D
o

Belle IT

IPHC

Institut Pluri

= R&D phase till 2027

» Fabrication and extensive tests of OBELIX-1

=> design of final sensor OBELIX-2

* Prototyping of detection layers with OBELIX-1 => design of final iVTX and oVTX layers

* Prototyping of DAQ / Environment control systems => demonstrator

* Prototyping of mechanical support in parallel with interaction region potential change

« => Construction phase from ~2027

22 institutes over 8 countries

University of Bergamo
IHEP, Beijing

University of Bonn
University of Dorfmund
University of Gottingen
DESY, Hamburg

Jilin University

KIT, Karlsruhe

IPMU, Kashiwa

Queen Mary University of London
CPPM, Marseille

[JCLab, Orsay

RAL, Oxford

INFN & University of Pavia
INFN & University of Pisa
IFCA (CSIC-UC), Santander
IGFAE, Sanfiago de Compostela
IPHC, Strasbourg

University of Tokyo

KEK, Tsukuba

IFIC (CSIC-UV), Valencia
HEPHY, Vienna

J. Baudot

Upgrading the Belle Il vertex detector

Jennifer 3 kick off meeting, 27-28 Januray 2025

16



4 D
Conclusion D

Belle IT

= The VTX is a new generation of MAPS vertex detector

* Requirements combine: High hit rate / low material budget / low inner radius

* Challenging operational conditions: Room temperature & Radiation tolerance

® |ntense detector R&D program still for ~3 years
* Phase transition with OBELIX-1 fab in 2025

* Full system concept — demonstrator system (telescope / VIX sector) &> Inline with Detector R&D roadmap
(DRD3)
 Parallel to accelerator R&D for potential new interaction region
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Belle IT

Thank you for your attention...
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; , , , r=d
Interaction region for higher lumi ] IPHC

Be/le .U Huberi(péi\?nalig'ﬁ

STRASBOURG

m i =
Current machine current IR IQyout g s e

» World luminosity record 4.7x1034 cm2.s! (2022) n [ /

» Expected max lumi ~2x103° cm2.s°!
— Main limit from dynamic aperture at Interaction Region (IR)

= Potential road toword éx103° cm2.s!

* New final focusing magnet (QCS) required
- To increase dynamic aperture at IR
— On-going R&D for feasibility

Compensation solenoid -

Potential new IR layout @wtea = e

* Foreseen new QCS conflicts with current VXD volume
=> new VTX length & support

i = = Is] __\ s
VXD
to be replaced o7 » e QCS-R T

Ty

IRON or Magneti Component " e
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iPH

Institut Plundlsclplmam.-
5 S

Modified process & TJ-Monopix2 details

V“ s,.(“ NMOS

=== DMAPS in T/ 180 nm: Concept \  The matrix Layout:

‘ TUNING
* Small sensor capacitance (Cd) 2Xx2 pixels FRONT | [8x10 um
---------------------------------- Wimpiane === *  Key for low power/low noise END
12x20 um
5 * Radiation tolerance challenges
¥ S *  Maodified process ‘
*  Small pixel size ;,HIT DELAY;-HITOR

* Design challenges

W. Snoeys et al. https://doi.org/10.1016/j.nima.2017.07.046 . compact’ IOW power FE
‘ S * Compact, efficient R/O
Cq < 3fF PSRl | ’ /
N "0

Column bus

Addr Addr
The |o ic' |, LE Pixel Logic LE
g . -E> TE TE <J

Hits in the column are read out
on a shared data bus, arbitrated
by the token passing scheme

Chip periphery

Data bus
]
]
]
]
]
/g/
i
]
3
I o
e
I o
1o
=
3
]
]
]
]
]
]
]
]

Hits time-stamped in pixel
. ToA from LE time stamp
U ToT =TE -LE

BCID (40 MHz2) distributed
in the column

Time stamp Y OOO0000O00000000

- - @@
S = _~
Token Out | 1 E L

Freeze 1 Tri
rigger memory o
Read — L (omitted for full readout) pataliian=mission
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Logic detail within OBELIX-1

D
o

IPHC

Institut Pluridiss
Hube:

Belle I LSl
Pixel Matrix
Peripheral EoC [
Time to
Trigger Unit Digital EoC :>
Pixel Matrix g
) Trigger Trig. ID ) o
EoC ;') EoC >
( ° i {} ( = 5 Timestamp,
) o 13 Data
EoC :: > - ) o
( g Storage Storage Column-level ( BoF 5>
) % FIFOg ‘ ™ gbl Priority-chain ]
foc | & (FIFO) (Triggerable) 4x Hitor y w v v
( o Timestamp, Timestamp, Trigger ID,
Data Data Data,
) ﬁ Column-address ﬁ PTD >
EoC >
( Trig. ID
(Request) Current BCID
160MH (2OPRIC)
Hitor | PTD A 4 y
»| Start
Counter :’)
. —>»| Stop
Hitor T n
»| Start
Counter :> §
= -
Hitor o - 2> FiFo =]
»| Start g
Counter :> 3
g -»{ Stop
Hitor Y
»| Start
Counter :>_
> Stop
) ) ) ) Next BCID 21
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Choosing TJ-Monopix2 ¥y (IPHC

Belle II s
Belle-ll .

depleted MAPS TJ-Monopix2
SEEING ~30x17 mm? 17x17 mm?2
area
sensifive ~30 pm 25100 pm
thickness H H
Pitch 30 o 40 um 33 um
Signal digits 1 to few bits 7 bits ToT
Integration 50 fo 100 ns 25 ns
time
Hit rate 2 %
(average) 120 MHz/cm > 100 MHz/cm
Triggered 30 kHz, Iat. 10 ps
read-out
Power ~200 mW/cm? 200 mW/cm?
TID ~1 MGy 1 MGy
fluence ~5.10" ngq/Cm? 3.10"5 ngq/CmM?
Oper. Temp. room-+ -20°C
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D Pt
Be"e “ detec.ror Upgraded or new / Belle ® .Inlzl:lpc

Belle IT Hubert éumieﬁ

STRASBOURG

KLong and muon detector (KLM) upgraded
Resistive Plate Chambers (barrel outer layers)
Scintillator + WLSF + SiPM'’s (end-caps, inner 2 barrel layers)

Csl(Tl), waveform sampling (barrel+ endcap)

[ EM Calorimeter (ECL upgraded

Particle Identification
TOP detector system (barrel)
Prox. focusing Aerogel RICH (fwd)

] ] Nnew
Final focusing magnets

J

Beryllium beam pipe
2cm diameter new

i~
'  ‘ \L ‘ ~ .. ; pOSItrOnS (4 GeV)
SuperCond. Solenoid / \ 'y ‘
[1.5Tmagnetic field \ \

Central Drift Chamber NEW

He(50%):C2Hs(50%), small cells,
long lever arm, fast electronics

Vertex Detector (VXD = PXD+SVD) new
2 layers DEPFET pixels + 4 layers DSSD
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