International workshop on the High Energy CEPC
24-28 October 2022

vertex detector upgrade with DMAPS

the VTX project

Jerome Baudot

on behalf of Belle Il VTX collab.
l — The SuperKEKB / Belle Il project

— Rationale & requirements for an upgrade

I PHC — VTX proposal concepts

Institut Pluridisciplinaire
Hube tCURIEN
STRASBOURG

= Full simulation results

Université

H‘ de Strasbourg
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B.c.t-factory: SuperKEKB + Belle | M iPHC

STRASBOURG

« Initial physics program based on Ly = 50 ab™! at Vs = My (4s) . . . .
— The Belle Il physics book PTEP 12 (2019) 123C01 " High luminosity collider: , 4
* Loeak ~ Multi 10 cm-2.s-T range /*
* High current / nano-beams / specific crossing features

* Challenging background conditions
= Snowmasss confribution: arXiv 2203.05731

= Belle Il detector:

* Upgraded from Belle to match
— Lower boost = improved vertex

— Higher rates & radiations
= faster det. & read-out

Belle Il detector
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https://arxiv.org/abs/2203.05731
https://doi.org/10.1093/ptep/ptz106

Be"e “ defec'l'Or Upgraded or new / Belle

Institut Pluridisciplinaire

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

~N

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

(fwd) new )

EM Calorimeter (CDC) Upgraded
Csl(Tl), waveform sampling (barrel+ endcap)

€lecty,
Ons (7

Final focusing magnets

[ new

J

Beryllium beam pipe
2cm diameter new

Positrons g Gev)

SuperCond. Solenoid |
1.5 T magnetic field ™

Central Drift Chamber Nnew
He(50%):C2Hs(50%), small cells,
long lever arm, fast electronics

PXD talk 2 layers DEPFET pixels + 4 layers DSSD

See Arthur Boliz ‘] [Vertex Detector (VXD = PXD+SVD)
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https://indico.ihep.ac.cn/event/17020/contributions/118949/

The current VXD

STRASBOURG

= Two technology system

* SVD = Double-Sided Strip Detector
— Read-out sensor connected on sensor = Origami
— Hit time-stamping o;~ 2-3 ns
— Spatial resolution o, , ~ 20 pm

* PXD = DEPFET sensors

— Very low material budget 0.2 % X, / layer
— Small first layer radius = 1.4 cm

— Long integration time 20 us / trigger rate & injection bkg

20 65 cm long — 30 cm in diameter
[em B layers
Strips SN
12m2y'0F 4
I 3
Pixels ho A ——
2 MEFEEE PR EMEFEETE EPEEErE PR I R
0.3m -30 -2 -10 0 10 20 30 40
[em ]
= VXD role

* Standalone tracking (SVD) for low momentum
* Vertexing from

— PXD precision measurements

— VSD interconnection from tracks to PXD hits

U

The plan is successful so far with occupancy < 1 %

At nominal luminosity, tracking at ~3% occupancy

J.Baudot Belle vertex detector upgrade with DMAPS -

CEPC workshop, 2022/10/24



Planning an upgrade for the Belle II-VXD

* Getready for SuperKEKB luminosity increase
— potential higher occupancy than currently predicted
— Potential re-factoring of interaction region in LS2

* Additionally: improve performance of physics analysis

|:> Increase granularity in space an/or time
of VXD layers (occupancy << 1%)

= Various proposals
* EOI Feb.2021 => CDR in 2023

1 0 T T I

} / No real robust predictions available!

— |_peak(Target)

8 L w—nt. L[ab-1)

General concepts Technologies

Strips+Pixels
~ current Belle Il concept

SOl pixel sensors

All pixel layers
~ ALICE ITS2 concept

Thin & fine-pitch strips

Peak luminosiry [x103 cm™Zs']

2034

0
2019 2024 2029

Installation in 2027

=> need known-working solution

CMOS pixel sensors
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Planning an upgrade for the Belle II-VXD

* Getready for SuperKEKB luminosity increase
— potential higher occupancy than currently predicted
— Potential re-factoring of interaction region in LS2 10

* Additionally: improve performance of physics analysis

|:> Increase granularity in space an/or time
of VXD layers (occupancy << 1%)

= Various proposals

* EOI Feb.2021 => CDR in 2023

General concepts

Strips+Pixels
~ current Belle Il concept

— o S S O O RS RS R R R e e e e e e e e o

/ No real robust predictions available!

0
Thin & fine-pitch strips 2019

SOl pixel sensors
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— |_peak(Target)
“ 8 | ———nt. L[ab-1] 50
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Technologies %
O
o

2024 2029 2034

Installation in 2027
=> need known-working solution

— Larger granularity: pixels

II:> VTX proposal, features — Simplification: single monolithic sensor
- In-line with ECFA R&D roadmap
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Requirements for short-term VXD upgrade

= Vertexing & Tracking performances at least as good as current VXD

* Radiusrange 14 - 135 mm « Total material budget < (2x 0.2 + 4x 0.7) % X,
* angle from 17 to 160 degrees —total power budget < 1000 W
* Single point resolution £10-15 ym <
§102 ° : : For trend orE!\ :
= Robust against environment for inner layer (r=1.4 cm) = et
* Hit-rate ~ 120 MHz.cm-2 g 10 .
I

* Total lonizing Dose ~ 10 kGy / year o«
* NIEL fluence ~ 5x10'?2 ngq.cm2 / year
& Based on current extrapolation with safety factor (x5)

bear In mind large uncertainties (previous slide) 10‘10' T T e 8 10 12 14
. . radius [cm]
= Possibly improve performances 4
« Impact parameter resolution Key sensor specifications:
* Tracking efficiency (pr < 100 MeV) & Fake rate E> * Pixel pIT(;h 3(?‘40 Mm
* Faster High Level Trigger decision ’ mTegrOh.Or_] T'me =100 ns
« Power dissipatfion < 200 mW/cm?

— Simplified track pattern recognition \ )
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VTX general concept

= VTX collaboration

* Slayers HEPHY, Vienna
— About 2000 depleted-MAPS = OBELIX CPPM, Marseille
— Fast enough for including all layers in fracking lJCLab, Orsay
— Services mostly on one side (backward region) IPHC, Strasbourg

— Total event size ~30 kBytes

— Geometries adaptable to potential change

of interaction region

e 2 inner ladders with radius < 3 cm
—iVIX, ~0.1 % X,
- 12 cmlong

» 3 outer ladders with radius > 3 cm

— oVTX, 0.5-0.8 % X, (increasing with radius)
- 20-70 cm long

University of Bonn

University of Dortmund
University of Goettingen
KIT, Karlsruhe

University of Bergamo
INFN, Pavia

INFN & University of Pisa
IFAE, Barcelona
IMB-CNM-CSIC, Barcelona
IFCA (CSIC-UC), Santander
IMSE-CNM-CSIC, Seville
IFIC (CSIC-UV), Valencia
ITAINNOVA, Zaragoza
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VTX simulated tracking performances

Context = full Belle Il simulation framework, including background

® Realistic pixel sensor model
* Digitizer assuming
—fully depleted thin layer 30 um
— Pixel 33x33 um?2 with 7bits Time over Threshold
* Tuned with Monopix-1 beam data

%g o035 ik 0-003; : _+_ 5?)'(652La er
" Leometry o L VTX 7 Layer
* Taken from fast simulation - I o
+ 5 0r 7 barrel layers with/without 2 forward disks B -
« Crude layer description but with targeted material budget %k S I
— per layer: 0.1 % X, for radii <4 cm then 0.3 % X, 0.015 E At
0_01: ° 05 ! s = 2s ’ % ptinGeV/?:
» Full fracking chain o005
« VTX standalone O'*'fr
e CDC standalone } then combined 0 0.5 1 15 2 25 3 3.gtinGewg
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VTX simulated tracking performances

Context = full Belle Il simulation framework, including background

® Redlistic pixel sensor model
« Digitizer assuming => Occupancy < 0.002 % in first layer
with current background estimate x 5

—fully depleted thin layer 30 um
— Pixel 33x33 um?2 with 7bits Time over Threshold
* Tuned with Monopix-1 beam data

e e s (e (O

— e

% o.abj:‘ o T
= Geometry e
e Taken from fast simulation 08613 Current Belle |l 92.46%
» 5 or 7 barrel layers with/without 2 forward disks 0: 5 layer VTX: 94.75%
» Crude layer description but with targeted material budget * 7 layer VTX: 95.79%
— per layer: 0.1 % X, for radii <4 cm then 0.3 % Xg 02,

Preliminary

0‘ 1 1 1 | I | 1 1 | 1 1 |
0.2 0.4 0.6 0.8 1 1.2 1.4

= Full tracking chain
 VTX standalone
» CDC standalone

} then combined ,
=> hitps://doi.org/10.5506/APhysPolB.52.909
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https://doi.org/10.5506/APhysPolB.52.909

TJ-Monopix2 lab-test results

iPHC
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R [P p—TTT— iwﬁw 5 = ___ COLLECTION N-WELL __ ==
= D | T d MA PS T h | qy h | = : PWELL MRS PwELL PWELL (VNI PWELL
epleie ecnnology cnaolce , DEEP PWELL DEEP PWELL
mmwmmm 512 supmh , <> LOW DOSE N-TYPE IMPLANT

* Tower 180 nm modified process (full Depletion) — : —
with small diode as sensing node H H }Eq

* TJ-Monopix2 as forerunner of OBELIX
— 33 um pitch, 25 ns integration, 17x17 mm?2 matrix

— 4 front-end flavours (gain, speed, depletion)

- In-pixel detection threshold + Time-Over-Threshold (ToT)
— Various sensing volume thickness s-Curve

CZ-bulk, epi-30 um
= Cadlibration H
* S-curves — threshold (mean, dispersion) 4
— Internal injection o4 =
* ToT calibration ;
— Internal injection + X-ray irradiations SEE .Y

Threshold ~ 500 e-
Dispersion ~18 e-

* Better and better understanding
=> Tuning of detection threshold / noise Inputs for OBELIX design

=> Tuning of ToT dynamics & precision & next beam-test

N-GAP

N-GAP

P” EPITAXIAL LAYER
P* SUBSTRATE

DOI: 10.1016/j.nima.2020.164403

Pixels / bin

J.Baudot - VIX-DMAPS update - 43rd B2GM, 2022/10/13
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W14R12: ToT Histogram

®
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, Peak @ 1640 e- > TOT ~ 22
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https://doi.org/10.1016/j.nima.2020.164403

TJ-Monopix2 test beam results
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Institut Plurldlsupllnalre
Hubert CURIEN
STRASBOURG

= DESY S GeV electron beam | |
* Telescope (MIMOSA-26)
extrapolation 0~3.5 um s S
= Results with high threshold 500 e- : L DUT residuals for all clusters
. .. | o ® e E, E Mean: - 0.04072
* Detection efficiency 99.020 + 0.040 % 099 . ‘ ! f 27000- Std Dev: 9556
. . 0.98 - . + 86000:— Resolution: 9.15
* Posifion resolution ~9 um . o F
(< digital resolution) 27 ¢ | £
8 0.96 - + C4000;_
. . % 095 3000
= Simulation 0.94] 3
i ) $ WI2R14 CZ-bulk 2000
* Tuning of model in BASF2 0,93 + bR epi30um onp-
| W5R18  epj-30 um E
Cluster Charge Cluster Charge o 1 3 3 2 3 90678060 40 20 0 20 40 60 80 100
5 I S as 3 PSUB/PWELL [V] Ui = Ugy [um]
i J\ > e yomE ﬁ!- See: M.Schwickardi Belle2 Germany Workshop
29 n : ]
i i : oozs'— ] \
0025 | = 002 | [ ] C e
W |\ WsR18at10 v L wemsatace Next steps
st [ A W * Lower detection threshold
“E [‘; st Vt.\ * Irradiation 10'4-101° ngq/cm?
I / ,
e e S LS. e * Next beam test in Q1-2023
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https://indico.belle2.org/event/5879/contributions/44201/

IPHC

In (ttP| d

OBELIX (Optimized BELIe Il plXel) S€ENSOr

( CURI EN
STRASBOURG

s D : Size opfimized|  seomtyussmm svie n oednos »
Pixel matrix to maximize (8) sefs

» Copied from TJ-Monopix2 of 4 configuous sensors
=> radiation tolerance granted

* Pitch possibly increased from 33 1o <40 um
— for robustness & power dissipation

* Frequency ~10-30 MHz
=> time-stamp precision 100 or 30 ns

n

pixel matrix
464x896
width 29.5 mm
height 15.3 mm
Power ~400 mW

18.8 mm

= Power pads

* Power regulators added
=> simplified system integration

e But area limited to <150 ym

Max Dies Per Wafer (without defect) #36

)t
power pads

Total hei
sped Jjomod

Periphery (logic + biasing, ~600 mW)

= Periphery <« ,
* New end-of-column adapted to Belle Il trigger it o
— Timestamped hits stored in memories () Eoc [P 199 9@ {}

— Read-out when timestamp matched with trigger y

« Single output at 320 MHz ety [ > stomge [ storge [ Spoumiens,
average bandwidth/sensor 140 Mbits/s o . S >

° B|Os|ng genero‘hon and mon|-|-or|ng ) = ﬁ Column-address ﬁ

St: 0
age Trig. ID

(Request)

EoC

FIFO
Stage 0:>

abiay ejeq
E
°2

b4

J.Baudot - Belle vertex detector upgrade with DMAPS - CEPC workshop, 2022/10/24 13



OBELIX-1 design

IPHC
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= Status

* Main layouts (maitrix, logic, regulators) almost ready

* Power optimisation on-going for
— In-pixel Front-End
— Trigger logic

* Conftrol logic under development

* Large verification effort ahead

e Submission early in 2023

pixel matrix

trigger logic
16 columns
0.6x1.3 mm?

S S sl a

DAC_EOC $ 320

= RCU_A&D | Current/VoltageDAC | RCU_A&D
g Digital
[

RCU_A/D: Regulator Control Unit Analog/Digital
REG_DAC: DAC Regulator
STATIC_BUFFER: BCID Buffers

J. Baudot

VTX-DMAPS update

43rd B2GM, 2022/10/13
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IPHC
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IVTX inner layer concept

» All-siicon module <0.15 % X0

RDL metal (Cu) <: Polymer / } post-processing

* 4 contiguous sensors diced as a block from the wafer g . L=
* Redistribution layer for interconnection B el suportsucte -1 e e
* Heterogeneous thinning for G, o i
thinness & stiffness - . ! y —
g e e .
700 pm wafer Thinned to 400 pm Thinned to ~40 ym Demonstrator: Resistive heaters Support structure ~1 mm
Bond pads later: DMAPS sensors )
. \ . ”7_77397,!,", R —109 Um gap RDL n)et.al (Cu) / Mour:lmg hole
[ | Pro-‘-ofypl ﬂg . - 30 mm & 1 mvm »|(I")’unpoo RO memc {Cv) U-:\-ﬂ:tr‘thio

* With existing 10 cm2 HV-CMOS ladder
— Planarity demonstration

P
* On-going at IZM-Berlin With dummy Si
— True iIVTX geometry => Spring 2023 — TMAX ~ 20°C

AT <5°C

= Simulation on cooling
* Dry air cooling 15°C
* Assume 200 mW/cm?

Windmill support
structure
radii =14 + 22 mm

J.Baudot - VIX-DMAPS update - 43rd B2GM, 2022/10/13 15



oVTX outer layer concept

aire

= |ong ladders

* Inherited from ALICE-ITS2 * L3-4, radius 4-9 cm, length < 50 cm
— Carbon-fiber truss support frame = Single sensor row, ~0.5 % X, R
— Cold-plate with water coolant * L5, radius 14 cm, length 70 cm Q"Q':\';.‘:'f.".'.'
— Long-flex for power & data — Double sensorrows , ~0.8 % X, o

= Prototypes for LS under test

 Deformation & vibration
— Max sagitta ~500 um
— First resonance =250 Hz

* Signal propagation

* COOIing at Tombienf ~24°C
— Leakless water flow at T,,= 10 C
— Heaters dissipating 200 mW/cm?
— 22C < Tiopeors < 26

JBaudot - Belle verfex tracker upgrade with MAPS - Mt St Odile, 2022/09/16 16



Conclusion

 VIX could be the first vertex detector with MAPS for e+e- collisions < 2030

 Large prototyping & characterising effort
— Sensor, ladder
— Critical milestones reached for Conceptual Design Report early 2023

 Outlook on schedule

—VTX development phase completed around end of 2023 => Technical Design Report
— Production phase may start in 2024

J.Baudot - VIX-DMAPS update - 43rd B2GM, 2022/10/13 17



Thank you

Supplementary slides —



SuperKEKB collider

IPHC

Institut PI d
( CURIEN
STRASBOURG

Belle Il detector

[ Positron ring ] e+ 4GeV collision point
E—

——
1 3 / — el —

8 .
' Electron rlng —

7GeV

’ o
—— ‘ ‘ —
- LN - ’
W) ‘ . | Electron-Positron
[ | linear accelerator

v / QI.: |

Positron damping ring

-“ SuperKEKB

= Recipe to high luminosity

beam beam-beem High currents:
Lorentz current parameter S 1A
factor ‘ i
; s \}y 2 geometrical
s Y | G_v ]ltSﬁ RL reduction
. 4 factors
2er, o, J [3‘: R%,‘
beam aspect

vertical beta-function
ratio at the IP at the IP
Nano-scale beam size:
Oxx0y~ 10um x 60 nm
B, << 1 mm

& specific beam crossing features
Crossing angle (83 mrad) + crab waist (80%)

/N Cost = severe beam <
induced background

Energy (GeV) LER/HER 3.5/8

Current (A) LER/HER 1.6/1.2 0.7/0.6 2.8/2.0
B,* (mm) 5.9 0.8 0.3
Instant. Lumi. (cm-2.s1) 2.1x103%4 2.4x1034 ~6x103°
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Belle Il, another view

T
Endcap

KLM

Barrel KLM

0

|11 Iﬁ|l| LI I‘I ||
1 2

Endcap PID

Endcap
KLM




Impact on performance & physics

=> Snowmass Belle Il : arXiv 2203.11349

2828 3
Topic > O A KB\ X
Low momentum track finding v /
Track p, M resolution v
IP /Vertex resolution v
Hadron ID v Vv
K? 1D v V
Lepton ID v v oV
70, v v
Trigger v /

J.Baudot - Belle vertex detector upgrade with DMAPS -

-

= 2

g G

2 8 g88 3
Topic > S © N « PR « PR €3
B(B = 1v,B = K%up) v < Vv Y
B(B — X, lv) v v V v
R, Polarisation(B — D)) v v
FEI v oV v
Scp, Ccp(B — 7%, K3n0) v oV v
Scp, CCP(B — p’y) v v v
Scp, Ccp(B — J/YKS, n'KQ) v o v
Flavour tagger v v
T LFV v v
Dark sector searches v v Vv
21

CEPC workshop, 2022/10/24


https://arxiv.org/abs/2203.11349

Details of the 5 layer VIX geometry

VTX 5 layers

28 cm

< [ S
72 cm

Layer no.

Radius (mm) | 14.1 | 22.1 | 39.1 | 89.5 | 140.0
# Ladders 6 10 8 18 26
# Sensors 4 4 3 16 24
per ladder

Upgrade of the Belle Il vertex detector - Conseil scientifique IN2P3

- 26-27 Octobre 2022




VTX simulated tracking performances

STRASBOURG

Context = full Belle Il simulation framework, including background

® Redlistic pixel sensor model
* Digitizer assuming
—fully depleted thin layer 30 um
— Pixel 33x33 um?2 with 7bits Time over Threshold

* Tuned with Monopix-1 beam data
— JINST 14 (2019) C06006 |

£ b — VX En
— Pitch 40x40 pm?2 5 F — Monopix1 g"ﬁ
. 3 07 —
— ToT 6 Dbits E 6=00°
06—
D.Sf—
04—
/\ 03
e \/ V -
Track exit point Tr 0.2 .
Electron cloud —
drift lines [].1:—
Z -
i) = Ll b b b b L
0 1 2 3 4 [ [ 7 8 9 10

cluster size [pixels]

Track entrance point

=> hitps://doi.org/10.5506/APhysPolB.52.909

Cluster Charge

J.Baudot - Belle vertex detector upgrade with DMAPS - CEPC workshop, 2022/10/24

g = —VTX l_E
§g_m5;_ — Monopix1 E
£ ooif- 0=60° ]
Eﬂ_mf—
n_nf—
D.DZS%—
n_nzé—
EUZHEE—
D.D'If—
G_GDSE
O o0 —00 %0
cluster charge [TOT]
Monopix-1 data from Bonn group
Test-beam at DESY with § GeV e-
23


https://doi.org/10.5506/APhysPolB.52.909

TJ-Monopix in Tower 180 nm process

®  Pixel matrix read-out architecture

* Collaboration: Bonn, CERN, CPPM, CEA-IRFU
* Modified process for radiation tolerance

DOI: 10.1016/].nima.2020.164403

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

» Capable to handle >100 MHz/cm?
— Fired pixel address moves fast down to periphery

Column bus

The Layout:
2x2 pixels
each 33x33 um?

The logic:

A A
Addr ﬁu A4 Addr

LE Pixel Logic LE

BC ID (40 MHz2) distributed

in the column

L7 |
Hits in the column are read out /F

on a shared data bus, arbitrated a
by the token passing scheme o

o

Data bus

— TE I

Column Controller

cl-l8 Pixel column

o|Blo| ------4-----cccccccee e
< § E Chip periphery

-

Hits time-stamped in pixel
. ToA from LE time stamp

U . ToT =TE -LE

Time stamp Y OO0000000000000
HT _ [ 1 %
LE _ ] _ DR
= i 2 2
Token Out I 1 E
Freeze | R Trigger memory
Read L (omitted for full readout)

=[ Jl=p>

Data transmission

Matching of trigger-ID
with Hit-BunchCrossingID

J.Baudot - Belle vertex detector upgrade with DMAPS

- CEPC workshop, 2022/10/24
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https://doi.org/10.1016/j.nima.2020.164403

VTX sensor requirements

Insti disciplinaire

titut Pluridisciplinai
Hubert CURIEN
STRASBOURG

Belle-ll
VTX
Spatial res. <10-15 um
Mat. Budget

inner-outer layers

0.1-0.8 % Xq/layer

Hit rate

<120 MHz/cm?2

Time precision <100 ns

Trigger (freq) 30 kHz
(delay) 5-10 ns

Rad.hard. (TID) <100 kGy

10years (fluence)

<10™ng,/cm?

Belle-ll .

CMOS-MAPS TJ-Monopix2
Sensitive ~30x17 mm? 17x17 mm?2
area
Sensitive ~30 um 95100 um
thickness H H
Pitch 30 to 40 um 33 um
Signal digits 1 to few bits 7 bits ToT
T 25 to 100 ns 25 ns
ime
Hit n]emory <100 kb
for trigger
Power <200 mW/cm?2 200 mW/cm?
TID <100 kGy 100 kGy
fluence < 10 ngq/cm? 1015 ngq/Ccm?

Chosen as forerunner for OBELIX sensor <£I

J.Baudot

Belle vertex detector upgrade with DMAPS -

CEPC workshop, 2022/10/24
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