PICSEL

Université

Institut Pluridiscipl

idisciplinaire
Hubert CURIEN
STRASBOLIRG

de Strasbourg

CMOS Pixel Sensors for
subatomic physics

Colliders, fixed target experiments and telescopes

" Tntroduction
" Past
" Present

= Future & perspectives 1n other groups

Auguste Besson Conseil Scientifique IPHC, March 2019 1



Vertexing and charged particle tracking

Solenoidal Magnetic Field Pixel
detectors -
Low Target | S
Vertex momentum Beam | N
detector tracks _ Tty
layers 4
~——
Beam s
d _| vertexing
Beam
Pixel Pixel
detectors detectors

Tracks compared to a Device Under Test

* Why do we need vertexing and tracking ? 5 2 b ?
v Reconstruct Primary and secondary vertex Oao” =a”+ p_gl'n3/29
= Heavy flavor tagging (b, c, 1) A
" Order of magnitude: O(lum)- O (1O0um) E: :::::”:m.::zo i
v’ Low momentum tracking :"; \\ cuos
" pT ~< 100 MeV/c - 1 GeV/c g,; \\\\
v Vertex/Jet charge determination Ej\\‘\ e
o T T
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Vertexing: squaring the circle

Auguste Besson

General trend 1n particle physics
v\ More statistics & More precision

R & D : since ~ 1999-2000

v' Motivated by a Linear e*e” collider

Leptons colliders and heavy i1ons exp.

v  Different approach compared to hybrid
pixels & LHC

v Experimental environment much less
demanding

favors technologies which allow to focus
on resolution and material budget

CMOS pixel sensors (CPS) offer the best
compromise

Granularity
Material budget
Signal processing integrated in the sensor

Flexible running conditions
= (Temperature, Power, Rad. Tol.)

Industrial mass production

SRR NENEN

radiation
hardness
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o, < 5 10/pBsin®= 0 pm. |« o
= ILD requirements @ ILC D
Qj:‘ @ Physics
s ‘”“““»’ = Flavour tagging
eamstrahlung

Beam background

= Low pT tracks
Beam background (™~ 5 hits/BX/cm? on layer Q)

X0 y= 0.100 [cm] '1'

Radiation hardness
O(100kRad/an) & O(10*!)neq/a

E10 Vertex reconstruction
7 8 = granularity
> =  Pitch ~17 um
= (o4, ~3 um)
n

Rad.Tol. devices

Material Budget
Back scattering

Read-out speed
> O(1-10 ps)

= ~0.15% X, / layer

= < 1% X, for the whole VTX [
~ 900 pum Si

—2

+~0.14% X, for the beam pipe

108

%5 20 -15-10 -5 0 10 15 20 25 107 ‘r
Z[cm]
Power consumption Low material detectors &
~< 50mW/cm? E | 3 Cooling supports structures
Fast read-out & low Power Stiffness / Alignment
architectures

Challenge : meet the requirements all together

Auguste Besson
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Challenges and goals of CPS R&D 1n
subatomic physics

* How to improve read-out speed/time resolution ?
v  while keeping

spatial resolution in the 3-5 um range

a

" 3 material budget per layer in 0(0.1-0.2)% X, range

" 3 controlled power consumption (50-100 mW/cm?)
a

controlled data flow (~107 - 10® particles/cm?/s)

= Progress of the technology = Step by step

Auguste Besson Conseil Scientifique IPHC, March 2019



e 1999: 1% prototype
e 2005: Full scale (M5) C P S roa dma‘p

e 2006: Digital output

ALICE ITS upgrade

EUDET telescope

ILC-VXD & SIT

Bean pipe

STAR-PXL
0(100 ps) O(1 ps)
2010-2014 2015-2019 > 2020-2030 l

PLUME 1 PLUME 2

BEAST-2 \
Conseil Sci , March 2019 6
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Data taking

Technology

Architecture

Pitch (um?) / Sp. Res.

Time resolution (us)

Data Flow

Radiation

Power (mW/cm?)

Surface

Mat. Budget

Remarks

Evolving CPS ’

STAR-PXL ALICE-ITS
2014-2016 >2021-2022
AMS-opto 0.35 um ‘ T 0.18 um
4Mm HR, Vs ~-6V
Deep P-well
Rolling shutter Data driven

+ sparsification
+ binary output

In pixel discri.

»
»

Peak data rate ~ 0.9

20.7x20.7 /3.7 27x29/5

~185 5-10

~108 part/cm?/s

Gbits/s
0O(50 kRad)/year 2x10*2 n,,/cm?
300 kRad
<150 mW/cm? ‘ < 35 mW/cm?
2 layers, 7 layers,

400 sensors, 25x103 sensors
360x10° pixels
0.15 m? > 10 m?
~0.39 % X, (1st layer)

15t CPS in colliding exp. (with CERN)

»

>

>2021

TJ0.18 um
HR, Deep P-well

data driven r.o.
In pixel discri.

22x33/<5

5
peak hit rate ||
@ 7 x 10° /mm?/s
2 Gbits/s output (20
inside chip)

3x10%3 n,,/em?/yr
& 3 MRad/yr

<200 mW/cm?

4 stations
Fixed target

Vacuum operation
Elastic buffer

>2030

0.18 um (conservative)
<0.18 um?

?

Data driven r.o. (conservative)

~22/~4

1-4

~300 Gbits/s (instantaneous)
~1-3 Gbits / s (average)

0(100 kRad)/year
& 0(1x10" n.,(1MeV)) /yr

~50-100 mW/cm?
+ Power Pulsing

3 double layers
103 sensors (4cm?)
10° pixels
~0.33 m?

~0.15-0.2 % X, / layer

Evolving requirements 7



Achievements
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Beam Telescopes

e EUDET/AIDA Telescopes (since 2010)
v EU-FP6
v 6 x Mimosa-26
= 1152 x 512 pixels (10x21 mm?)

* Pitch = 18.4 x 18.4 um’ C e yf{i
v ~ 10 copies around the world T
v  Typical Performances g ouTpre

= Read-out ~115 us
= Pointing: ~ 1.5 um

Oy ~< 2.5 pm with 6 GeV e~

[j Add. material

H. Jansen et al https://doi.org/

" tomography

y [mm]

10.1140/epjti’s40485-016-0033-2

TB contact:

Ralf Diener, Norbert

Meyners, Marcel Stanitzki

Telescope contact:

Hendrik Jansen, Jan

Dreyling-Eschweiler
(49>

( DESY.
Y

« CREMLIN+ program (EU+Russia)

v' DESY, CERN, JINR, FAIR, BINP, KINR, Frankfurt, IPHC Amﬁfﬂ"e’

Electronic Board for ATLAS ITk strip upgrade
(J.-H. Arling, C. David, M. Queitsch-Maitland)

DATURA @ TB21

DURANTA
@ 1822

ACONITE @ SPS, H6A

..........
o1 AR o
B LT L e
L General Contact:
Carsten Hast

CALADIUM @ SLAC in
Stanford, USA

TB contact:
Daniel Elsner

- Telescope contact:
David-Leon Pohl

-

=7
ANEMONE @ @
BONN/ ELSA LAB

v' Telescope with MIMOSIS 1 or 2 2\/ sPokes  AZALEA@PS.TIO
"= Double sided ladders
= faster read-out time 100 pus -> 5 pus. Jan Dreyling-Eschweiler,

Status of the EUDET-type beam telescope infrastructure

Auguste Besson Conseil Scientifique IPHC, March 2019



Past: STAR Heavy Flavor Tracker

* STAR-HFT @ RHIC

v Ultimate sensor (Mimosa-28)
= AMS CMOS 0.35 um
= 20.7 pm pitch

= ~185 us r.-o. speed,

= 0.37 % X,/layer - 1 41 E
o/1ay X 100 { 31 .}
= 2 layers, 400 sensors, > dy §YV 3 s
- = = 2 X 5
" 360x10° pixels § % 1§31 2
S 46 23 s §
"= 0.15 m? E 9 [ 1 “ 10t
v - C s 10° 2
Architecture o4 L ] 0t S
1 [
; - 1 =]
= Rolling shutter read-out C -4 107 &
92 — . >
» sparsification - & A 10* <
. C ] 10°
* binary output g » 32 e
5 i || i . ] 11
Bt T s 10 11 e
Threshold (/ noise)
= 3 years of successful data taklng for ns S LU
. 'f_\ 700 STAR Preliminary —
physics (2014-2016) T ool Ak
= PXL meets the requirements = 500 DO >Kn 3
T 400F 1¢¢ —
(GIP’ eff ° 7 etc ° ) gsooélg‘: Without HFT Cuts f
= STAR: most sensitive HI experiment € Lo ©F : E
. 3 = With HFT Cuts § 125M MinBias Events J
to charm tagging 100 70 e 3 SWE+B = 18 3
0 —f7 i7" T8 iss 19 165 2 505 2

Auguste Besson Conseil Scientifique IP

Invariant mass, my, (GeV/c2)
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Recent Past:

Integration with PLUME

(Bristol, DESY,
(12xM1i26)

e PLUME collaboration IPHC)

v' Double sided ladders

€ 50 um sensors to servicing board ~ 1m

€
. e ——
support
support L /

é‘ Low mass flex cable |

1cm

50 pm

12em

with minimized material budget

Transversal view Longitudinal view

mini-vector

Enwes 21612
Cowmstient 5106+ 30 1
Phecwy V01681 2 001581

Segrma F236 1002

I

front side

Enw e G2
Canstant 4040 £ 244
Moan -0U01 561 £ 002008
Swma 4075 =0 014

back side

Envw b a2

Conetant 41401 262
VOS063 2 0 01955

IS7TI20014

Mooy
Sma

v/ Mat. Budget éw;
" Cu(0.42%)/A1(0.35%) X, flex cable “ni
* Qutput mmé
v’ No major issue mwf
v 0.3 % X, reachable ww?

* Application in BEAST for Belle-2 (2018)
v' Machine commissionning & beam parameters opt.
" Tdentify different background sources
v" Check rad. safety for VXD before BelleIl

v" Ran continuously March-July 2018

Know-how acquired = Ladders close to ILC mat.budget specifications
Conseil Scientifique IPHC, March 2019

Auguste Besson

10 15 20

o 5
track-hit position (um)
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Present and short term

Auguste Besson

Conseil Scientifique IPHC, March 2019
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Present: ALICE ITS Upgrade

* Technology

v 0.18 um deep P-well (=®PMOS transist

= Allows more functionnalities

e Alpide (CERN & IPHC)

v' Data driven read-out

v\ Substrate reverse bias (depletion)

* Requirements & Design

Time resolution ~ 5 us
Mat.budget ~ 0.3% X, / layer

7 layers, > 10 m?, 25x10° chips
Power < 50 mW/cm?

Peak data rate ~ 0.9 Gbits/s
Gy ~< 5 um ; ~ 0.3% X, / layer
7 layers, > 10 m?, 25x10° chips

NN N N N N R

= 10 m? detector in 0.18 um technology

Auguste Besson Conseil Scientifique IPHC, March 2019

ALPIDE

30mm

15mm

Pitch = 27x29 pym* = o, ~< 5 pm ;

13



CBM-MVD @ FAIR
(IPHC and IKF)

p+p, p+A
A+A (low mult.)

Detector
DAQ/FLES HPC cluster >

Joachim Stroth | 56th Winter Meeting on Nuclear Physics | Bormio (Italy)

Average Hit-Density, Au-Au 10 AGeV

Qffset: 1s - Eians: X E815 Y815 :
. 30 kHz collision rate [1/mm?)
E F Sensor 2 14
> 20 o
. . C Sensor 4
Non uniform hit :
10—
density in time and :
o
space Sensor 6 e
10—
- 0.4
F Sensor 0
Michal Koziel | deutsche physikalische gesellschaft 2017 | Minster 2°j simulations 02
(Germany) B A I L L
’ I-2C -10 i iy 0 g 10 ‘2) ‘ BE 0
X [mm]
14

Au/Au 10 AGeV 100kHz
Conseil Scientifique IPHC, March 2019
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MIMOSIS roadmap

.E_

Auguste Besson Conseil Scientifique | ©

a8 Region 1
504x2xBpixels || 1 ]

Friority Encoder

Lm::. .
|

4 prototypes:
MIMOSIS-0: = 2 regilions

v' Test in progress

x16

]
T

' wmiree | oomere
Region Readout Unit 1
gion Readout Unit1 | gy 2 || RRU 3 |[RRU 4
12641z
Sbit @ 40w
3t

0MiE
Super Region Readout Units

A
4xn bitxs

L assbsosonee
[Femree]
Top Frame Generator

6 ER0MR

= Priority encoder
"= Radiation hardness design (SEU)
= Testability

MIMOSIS-1:

v/ 1st prototype of complete sensor
v (2019)

MIMOSIS-2:
v’ (2020)

Pad Ring

20MHz/16-bit
40MHz/32-bit

MIMOSIS-3: final pre-production sensor

v (2~2020) ~30.97 mm
MIMOSIS
504 x 1024 pixels = 16 super regions

1 super-region = 4 read-out regions of 16 columns
2 columns =1 data driven read-out

In a Region, 2 columns share 1 Data-driven read out
Every double-columns is read out in serial

“1
i

&
i
o
]

= architecture adaptable to a fast sensor for an ILC vertex detector

€

Digital Periphery + PAD ring




Future & Perspectives

Auguste Besson

Conseil Scientifique IPHC, March 2019
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Extension of MIMOSIS to ILC vertexing and tracking

Conservative approach

v\ Minimize changes w.r.t. MIMOSIS

= Vertex detector &

= Finalize CPS ~2025

Expected Performances
v o, ~4 pum =Use double sided = o, ~2.8 um

" 22x22 um?
(vertexing)

= Faster =
v' Read-out time: 2-4 us
v Sustainable occupancy

~ 100 hits/cm?/us

(ILD-VXD)

= PSIRA

Silicon inner trackers

~ 20% better spatial resolution w.r.t.

higher Power consumption

and 1 us

Keep TJ 0.18 upum technology & a similar architecture
v' 2 sub-systems targeted

(SIT @ ILD)

ALPIDE

(ILD-SIT)

= PSIRA architecture already reaching 4-8 BX read-out time

=> Power vs read-out speed compromise
= Avoiding power pulsing possible ?

Auguste Besson

Conseil Scientifique IPHC, March 2019

Pixel: 22 x 22 p

on1_ Region2 |[Region3. Region

7 7;.‘ J - Ts‘. .T
e

T = T m i}
|9{Dmlnn&clmrrlmng&ﬁeglonnm” RRO2 ” RRO3 |-.. RADGE
Il T T

64:1 DATA MUX /

Pacing

<O y= 0.100 [cml]

K]

oONMOODO

HCAL ‘ '

TPC Endplate D
TPC
SIT,
3290 —p—a -
: e 8
0 2348 2622
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CPS: an

evolving technology

TJ 0.18um process

v' Smaller feature size,

Classical CMOS

/’onizing particle
TEssIvaton

v Motivations

Long term R&D

adapted epitaxial layer

State of the art (ALPIDE & MIMOSIS)

NWELL - PWELL
spacing
PMOS

Small electrode radius 2-3 1m
e c
\ owell collecion ~ SMall C (< 5 fF)
electrode
— 1}
e F-'
deep pwell

NMOS

= Deep P-well (PMOS)
nwell 4

deap pwell

=
-
1L pwen

pwell

; 2Reverse bias
J ; | {6V) increases depletion

P epitaxial layer

depleted zone

dapletion boundary

High resistivity > 1kQ.cm

Explore smaller feature sizes 180 nm =110 nm or even 65 nm.

Smaller pixel dimensions & faster read-out

Reduced power consumption

(with CERN)

v\ Stitching -> reduce ladder overlap / reduce space between sensors

~150 pm to ~<50 um

v' Synergy with ALICE plans
v' 65 nm technology exploration

Mixed CMOS processes

Auguste Besson

=> Smaller feature size offers opportunities
to get closer to 1 us r.o. time

Conseil Scientifique IPHC, March 2019
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Perspectives from other groups @ IPHC

ALTICE Relle-2

1.ITS 6. EMCAL
2.VO0and TO 7. PHOS
3. TPC 8. Muons
4. TRD 9. AD
5. TOF 10. ZDC

17

= More materials in backup slides

Auguste Besson Conseil Scientifique IPHC, March 2019
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Allce perspectives

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

pp pp pp op I op o o
14 TeV + A 14 TeV /(+
Pb-Pb * o
r . Pb-Pb p-Pb
ALICE ppVs=14TeV Vs, =55TeV  pps=55TeV S5 =55Tev e _55Tev
ITS3 (B=02T) Vs, = 8.8 TeV

ITS2

ITS1

Cylindrical

—
Structural Shell ~ 400

(9%
o
o

inr¢ - Current ITS

-------- inz -Current ITS
in r¢ - Upgraded ITS - Pixel/Strips
----- in z - Upgraded ITS - Pixel/Strips
—— — inr¢ - Upgraded ITS - Pixels

inz - Upgraded ITS - Pixels

N
w
o

N
o
o

Pointing resolution

..... significantly improved HI Experiment at LHC
] e Factor 3 in r¢-plane

e Factor 5 along z axis “All-Silicon”

Pointing resolution ¢ (um)
3

[ \ | i | 3 Piiid i 1 | i el =
0.05 01 02 1 2 345 10 20
Transverse Momentum (GeV/c)

Auguste Besson Conseil Scientifique IPHC, March 2019 20




ITS3 & beyond LS4

3
e TTS3 | Expression of Interest ALICE-UG-2018-01 ° s

v Replacement of ITS 2 inner barrel by 3 % :jzlmmm)

layers of very thin CMOS sensors 210? TS only (Full NC)
= Extension to lower pT’s ?% cueeees ITS+TPC (FMCT)
* R=18/24/30 mm e~ S
v’ Expected performances — EN0¢
= Factor 2 in pT ) E R ez
= Factor 4 in significance 1FeﬂefY?T€mng

0.050.10.2 1 234 10 20
Transverse Momentum (GeV/c)

* Beyond LS4 | arxiv:1902.01211

v  Tracker: ~ 10 layers based on CPS
u Spatj—al reSOlution g .. -. —e— glectron
g 10° ':-- b} —*— pion
innermost layers ~1-3 um < R o i
outer layers ~5 um é 2 'i'. * BP@R=1.6em|’
' . ' ' o o 5 @5;.:..' o BP @ R=2.9cm
"= High precilision time £ ot
Measurement (<30 ps) Z B 750 .
@GQQGGGQ
1 0.1 1 10

Transverse Momentum (GeV/c)

Auguste Besson Conseil ScientifiquePsiw; Keknzsss 20 — 40pm (0.03 - 0.05% X0) 21


https://arxiv.org/abs/1902.01211

Belle-2 perspectives

March-July 2018 2019-2027

2027: L ~50 ab™

VXD installed

Beam background commissionning

+ As installed end of 2018:
+ PXD = 2 innermost layers of DEPFET pixels
(only 50 % finally installed).
+ SVD = 4 layers of double-sided silicon strips.

[;-9e] 71 "3uI

S 2019 2021 2023 025 2027

+ Search for new physics in Belle Il:

+ Measurements with unprecedented precision with B, D and t:
CP violation, V-A coupling, charged lepton flavour violation, lepton universality (see current
observation of flavour anomalies), ...
Current observation of flavour anomalies: lepton universality?

+ Currently based on 50 ab™* delivered thanks to 8x10*° ecm™? s,
+ SuperKEKB e*e collisions at the intensity frontier: only collider until at least 2030 with

complementary program to LHC.

Auguste Besson Conseil Scientifique IPHC, March 2019



Belle-2 Possible upgrade vertex detector

+ Detector occupancy dominated by
beam induced background.

+ Success of the physics program
relies on the control of beam
induced background.

+ Studies started for a machine
upgrade to increase luminosity
by a factor of 5 (peak & int.).
Timescale not precisely defined.

+ Possible upgraded vertex detector,

+ Performances measured during Belle Il commissioning in March-July 2018:
+ Extrapolation to design luminosity of BEAST measurements:
SVD (PXD) occupancy rates ~1% (3%).
> Detector operation and tracking performance issues:
Upgrade shall target %o occupancy level to cope with 106 to 108 hits cm2 s (at upgrade lumi.).

according to on-going discussion between Belle Il and Micro-electronics @IPHC:

+ Fully pixelated vertex detector with following specs.:

+ faster integration time < 1 ps,

+ low material budget 0.1% (inner) - 0.3% (outer) of Xo /measurement point,

# Osp. = 5-10 um, not critical.

+ Based on MIMOSIS (CBM) with modification of digital parts for triggering (in common with other
solutions), and synergy with on-going ALICE R&D for very thin layers

« New vertex det. geometry & sensor specs.:
+ Seed Money EUCOR project with KIT, 2019-20. 01

’E; 180— : Bellell-Guari
— K} Bellell-real
2 160 efg& CMOSE
\ qo'( _ CMOST A

' (O CMOST7 B

Q . CMOS7L1away(0.15X0)
O CMOS7-ThinBR{0.15X0)
| —— CMOST7L1away

CMOS7L3L4
| —— CMOST-ThinBP

120

20—
1

+ Optimisation of an upgraded vertex detector design.

Auguste Besson
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sSummary

* Not covered
v CEPC, LHC-B

* CPS 1n subatomic physics

v  Tends to become the standard technology when
resolution and material budget are the key factor

v  The potential of the technology is far from being
fully exploited

v  CPS will continue to benefit from progress of
foundries/industry

e Time scale

v Fabricating a dedicated sensor for a given
application i1s a long process

v Exploit synergies whenever possible

Auguste Besson Conseil Scientifique IPHC, March 2019
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Back up

Auguste Besson

Conseil Scientifique IPHC, March 2019
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< D
QPH Belle Il physics program <O
M Belle I

+ Search for new physics in Belle II:

+ Measurements with unprecedented precision with B, D and t:
CP violation, V-A coupling, charged lepton flavour violation, lepton universality (see current
observation of flavour anomalies), ...
Current observation of flavour anomalies: lepton universality?

+ Currently based on 50 ab™ delivered thanks to 8x10°° em™? s,

+ SuperKEKB e*e collisions at the intensity frontier: only collider until at least 2030 with
complementary program to LHC.

+ Luminosity profile and nano-beam induced background:

+ Detector occupancy dominated by

10—
x108%

beam induced background.

0
T T

.
o

Success of the physics program
relies on the control of beam

[=2]
T T

induced background.

"b T Ll
[;.qe] 1 "3ur

+ Studies started for a machine
upgrade to increase luminosity
by a factor of 5 (peak & int.).

N
T T

Peak Luminosity [em2s

i : NET RN EREEE EEEER L3
ohohos  1/1/2021 1/1/2023 1/1/2025 17172027

Timescale not precisely defined. 1/1/2019

Conseil Scientifique IPHC, March 2019 Auguste Besson
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QPHC Belle Il vertex detector upgrade

nstitut Pluridiscipfinaire
Hubert CURIEN Belle I

+ Current vertex detector:

+ As installed end of 2018:
+ PXD = 2 innermost layers of DEPFET pixels
(only 50 % finally installed).
+ SVD = 4 layers of double-sided silicon strips.

+ Performances measured during Belle || commissioning in March-July 2018:
+ Extrapolation to design luminosity of BEAST measurements:
SVD (PXD) occupancy rates ~1% (3%).
> Detector operation and tracking performance issues:
Upgrade shall target %o occupancy level to cope with 106 to 108 hits cm2 s (at upgrade lumi.).

+ Possible upgraded vertex detector,
according to on-going discussion between Belle |l and Micro-electronics @IPHC:

+ Fully pixelated vertex detector with following specs.:
+ faster integration time < 1 s,
+ low material budget 0.1% (inner) - 0.3% (outer) of Xo /measurement point,
¢ Osp. = 5-10 pum, not critical.

+ Based on MIMOSIS (CBM) with modification of digital parts for triggering (in common with other

solutions), and synergy with on-going ALICE R&D for very thin layers
2

Conseil Scientifique IPHC, March 2019 Auguste Besson



IPHC Belle II-IPHC activities in view of an upgrade

Institut Pluridiscipfinaire:
Hubert CURIEN
ThaSRw G

+ Evaluation on nano-beam induced background:
IN2P3 & IdEX BEAST project, 2014-18.

Design, construction and integration of:
+ System of 2 PLUME ladders in Belle Il
vertex detector volume.

*,
o

>,
o

+ 16x10° channel-detector, cooling,
mechanical support, DAQ.

Assess added value of double-sided pixel layers.

)
o

First CMOS sensor in an e*e collider experiment.

« New vertex det. geometry & sensor specs.:
- Seed Money EUCOR project with KIT, 2019-20.

<

o

> Optimisation of an upgraded vertex detector design.

Illustration: transverse Impact Parameter
resolution as a function of momentum,

for various detector geometries & sensor specs.:

Conseil Scientifique IPHC, March 2019

od,) (um)

_.

®

3
[

C ! ! | Bellell-Guari
i Bellell-real
‘e CMOS6
‘ CMOS7 A
(0% CMOS7 B
Q ‘ CMOS7L1away(0.15X0) | |
<
0 - CMOST7-ThinBP(0.15X0)
| —— CMOS7L1away
CMOS7L3L4
| —— CMOS7-ThinBP

s
@D
(=]

a0l
120\
100 : 6

R
60 \
40

20

'_.-Illlll

o

Auguste Besson
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PLUME ladders at BEAST-2 for superKEKB

e Motivations

v' Machine commissionning & beam parameters
optimization
v Check rad. safety for VXD before BelleIl

v' Identify different sources

= Touschek, synchrotron, beam gas, injection,
= phabha, 2 photons, etc.

* Beast II installed in the VXD wvolume
v’ 2 PLUME ladders & other radiation monitors

* Running conditions

v' Continuous running from March 16%f to July 17t°
2018

v' Luminosity

" Peak L~5.5x103° cm™?.s7!

" Total L ~ 500 pb™! (Belle II detector)
v Data

= 16 Mpixels / 115 us / sparse read-out

" Analysis on going

Auguste Besson Conseil Scientifique IPHC, March 2019 29



ITS UPGRADES
ITS 2 beyond LS2

Assembly and commissioning phase Physics Goals

Measurements of heavy flavor mesons with a higher
significance and access to heavy flavor baryons

-> Transport properties of the Quark-Gluon Plasma
-> Partonic thermalization

-> QGP hadronization mechanisms

Inner Barrel

OuterBarreI 8_. 10 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
)] i Pb-Pb,\s\ = 5.5 TeV -
< [T .. 1.7x10"° central events (10/nb) -
\n‘? [ Upgraded ITS -
’—\ﬁ i ." |
a — :
[&]
=
"é L
£
300 T o
inrg - Current ITS 8 1 |
= | e inz - Current ITS o - —— 0 .
5 250 in r¢ - Upgraded ITS - Pixel/Strips _E T s QEI;Eaf\'{(g‘?égaGrzg)(276 TeV) -
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ITS3 beyond LS3 Expression of Interest ALICE-UG-2018-01

Improvement of heavy flavor baryon measurements
Cylindrical  __ Extension to lower pT’s
Structural Shell . . pe
From ITS2to ITS 3 :S/B x 10, significance x 4
® 180
Half Barrels c ALICE Upgrade = |TS3
S 160 A Kn*
;.C:J ¢ > PAT e ITS2
€ | Pb-PoO-10%, VS = 5.5 TeV
.UQ)’ L., =10nb
120 +
100

ITS 3 = replacement

of ITS 2 inner barrel 80 —4— L
by 3 layers of very 60 . i !
— ITss thin CMOS sensors
40
—_ e +
g ITS2 20:_.__‘__.__.__._
= —— ITS only (FMCT) -
.9 0=?_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
5 ITS only (Full MC) 2 4 6 8 10 12 14 18 18 20
g ....... ITS+TPC (FMCT) P (GeV/c)
> Pipe:r=16mm LO:r=18mm L1l:r=24mm L2:r=30mm
£ 10¢ ]
S E
s Better Vertexing s
1 {1 O A | L T T A 1 1 T I U L 1
0.050.10.2 1 234 10 20

Transverse Momentum (GeV/c)

Conseilﬁiepég%eelﬁp 81‘ = factor 2 at all pT’s :
March Sensor thickness: 20 — 40um (0.03 - 0.05% X0) 31
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e 100 cm

R-¢ Pointing Resolution (um)

Next Generation HI Experiment at LHC

An “All-Silicon” Detector beyond LS4

".. . —e— electron
2 i Tl e e, L
10 Sete N —=— pion E
eI L P o
[o] gu L1 oc —*—proton |
. - TO HOOOORRURO S S L SO
S teg e * BP @ R=1.6cm
oLt or @ RSTOCMY
YO0, *8a%e o BP @ R=2.9cm
10 @u i :2- i
Wy L X P
Bl ey o
Boossss, o
T-02, ——
@QQ
1 QG“Q@
0.1 1 10

Transverse Momentum (GeV/c)
CoPgintingtésolation (pions): = 10 um @ 1 GeV/
March 2019 <50um @ 200 MeV/c

arXiv:1902.01211
[physics.ins-det]

Tracker: ~10 tracking barrel layers based
on CMQOS sensors

Hadron ID: TOF with outer silicon layers
Electron ID: pre-shower

FOCAI (-> 8 units of rapidity)

Physics Goals

Very high precision measurement of open
heavy-flavors: single charmed and multiply
charmed, charmed-beautiful, beautiful
hadrons down to very low pT

Spatial resolution

* Innermost 3 layers: ~ 1um

e Quter layers: ~ 5um

High precision time measurement
in the outermost layer (< 30 ps)

CAuguste Besson
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https://arxiv.org/abs/1902.01211

material

Auguste Besson

Conseil Scientifique IPHC, March 2019
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Fudet Telescope resolutilion
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Conseil Scientifique IPHC, March 2019
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Reminder: ILD Vertex Dete
500 GeV)

ctor requirements (DBD @

Physics:

op < 510/ pﬁsinaf@ﬁ' LT

(a & b parameters)

v Gz ~ 3 pm (pitch ~ 17 um)
v. 0(0.15%X,/layer) + 0.14%X, (beam

pipe)

Experimental constraints
v Occupancy (Beam background)
~ 5 part/cm?/BX = few % occupancy max °?

v' Power dissipation
~ 50 mW/cm? =2Power cycling, ~3% duty

cycle

-

Mat. budget and granularity

R (mm) |z| (mm) |cosd|
Layer 1 16 62.5 0.97
Layer 2 18 625 0.96
Layer 3 37 125 0.96
Layer 4 39 125 0.95
Layer & 58 125 0.01
Layer 6 60 125 0.9

Beam background
* Low momentum (10-100 MeV/c) real tracks !
* uncertainties on M.C. simulations / final geom.
= Safety factors needed (> x5)
>" Vertex detector roles:
= b/c/t-tagging
= Stand alone tracking capabilities (low pT)
= VTX/Jet charge determination, etc.
* Lower occupancies means
= Reduced combinatorial to reduce fake tracks
= Reduced pile-up for physics analysis

= Strong motivations to get reduced occupancy / faster read-out

Conseil Scientifique IPHC, March 2019
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CMOS pixel sensor (CPS) for charged particle detection

. Main features

v" Monolithic (Signal created in low doped thin epitaxial layer ~10-30 pm)

v" Thermal diffusion of e- (Limited depleted region)

v\ Charge collection: N-Well diodes (Charge sharing = resolution)

v' Continuous charge collection (No dead time) = <
* Main advantages - -

v Granularity

v\ Material budget

v' Signal processing integrated in the sensor

v' Flexible running conditions (Temperature, Power, Rad. Tol.) .

v Industrial mass production v

= Advantages on costs, yields, fast evolution of the technology,
" Possible frequent submissions

. Main limitation

v

Industry addresses applications far from HEP experiments concerns

/joniz'ng particle
7 paEssvation

L 2 AJ. :mm

Auguste Besson Conseil Scientifique IPHC, March 2019
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ILD: Chip dimensions & ladders

XO y= 0O.100 [cm]

Layer 0/1

21.5 um x 512 rows = 11.01 mm 13.01 mm

62 mm

2 mm

=Z [em]

21.5 um x 1440 columns= 30.96 mm

Layers 2/3 & 4/5

21.5 um x 1024 rows = 22.02 mm
24.02 mm

2 mm

62 mm?

21.5 um x 1440 columns= 30.96 mm

Constraints from reticle size & geometry
Minimize overlaps and dead space between chips
Auguste Besson ILD Integration, Feb. 2019 37



II.LD: VXD dimensions

Figures per layers

Layer 0 1 2 3 4 5

Layer Radius (mm) 16 18 37 39 58 60
Layer |z|max (mm) 61.9 | 61.9 | 123.8 | 123.8 | 123.8 | 123.8
Chip Pixel Number in X 1440 | 1440 | 1440 | 1440 | 1440 | 1440
Chip Pixel Number in Y 512 512 | 1024 | 1024 | 1024 | 1024
Chip Pixel PitchX (pm) 215 | 215 | 215 | 2156 | 215 | 21.5
Chip Pixel PitchY (pm) 215 | 215 | 215 | 215 | 215 | 215

Chip Dimension X (mm) (sensitive area) 30.96 | 30.96 | 30.96 | 30.96 | 30.96 | 30.96

Chip Dimension Y (mm) (sensitive area) 11.01 | 11.01 | 22.02 | 22.02 | 22.02 | 22.02

Chip Dimension Y (mm) (non sensitive area) | 2.0 2.0 2.0 2.0 2.0 2.0

Chip Surface (mm?) (sensitive area) 341 341 682 632 682 682
Chip Surface (mm?) (non sensitive area) 62 62 62 62 62 62
Chip Surface (mm?) (total) 403 403 744 744 744 744
Ladder Length (mm) (sensitive area) 123.8 | 123.8 | 123.8 | 123.8 | 123.8 | 123.8
Ladder Width (mm) (sensitive area) 11.01 | 11.01 | 22.02 | 22.02 | 22.02 | 22.02

N chip per ladder on each side 4 4 4 4 4 4
Layer Surface (cm?) (sensitive area) 136.3 | 136.3 | 599.7 | 599.7 | 926.9 | 926.9
N Chips Per Layer 40 40 88 88 136 136

Total surface (¢m?) (sensitive area) 3484

Figures per double layers

Layer 0/1 Layer 2/3 Layer 4/5
N Chips in = 4 4+4=28 4+4=8
N Ladders 10 2x11 =22 2x17=34
N Chips Per double Layer 80 176 272
N Chips (per architecture) 80 . | 448
N Total Chips I 528

ﬁ
Auguste Besson ILD Integration, Feb. 2019



Power scheme for VXD-ILD

(Lnner layer)

Train
1 ms

Without Power cycling (NOPP)

No Beam ~ 199 ms

Train
1 ms

@&y &y

82 mW/cm? Chip ON but no data
+ ~ 39 mW/cm? ‘ <P>~ 40 mW/cm?
_ With Power cycling (PP) (2% duty cycle) _
Train Train
1ms No Beam ~ 199 ms 1ms

& &)

<;:‘> 1 ms : DATA
82 mW/cm?

=X

)

196 ms:
~3ms: )
Chip ON Chip OFF ~ 2.8 mW/cm?
but no data
~39 W/cm?

- <P>~ 3.8 mW/cm?

Hypothesis: 3 double sided layers (3483 cm?), PSIRA architecture (4 us / 4 um),
DBD background @ Vs = 500 GeV, no safety factor

Auguste Besson

ILD Integration, Feb. 2019
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{ Power Analog (mW/chip) 49.22
P ower.: Re SuUu :l_ t S Power Bias (mW/chip) 4.5
Power PriorityEncoder (mW /chip) 4.219
Power DigitalPeriphery (mW/chip) 64.27
. Power PLL (mW/chip) 18.5 1
[ J - N
Chip read-out speed Power Serializer With Data (mW/chip 86.06 J.
- 2ms-4ms Power Serializer With No Data (mW/chip) 0 ¥
Power LVDS (mW/chip) 56.4
— | Power ON, no beam during 1-3 ms E during train 996 ) ~ 4 %
» Leading parameter With NO P.P.
— Power OFF: 10-30 mW/chip E between train (Power ON) 380mJ~6%
» Leading parameter with P.P.
E between train (Power OFF) 5740 mJ ~ 90 %
e Quter layers
— Lower occupancy
) ) Layers Relative
— Power is dominated by outer layers Power
e Beam background rate Layers 0/1 ~10 %
— DBD-DBDx?2
Layers 2/3 ~35%
Layers 4/5 ~55%
(us) Conservative Ambitious
DBD 4 ps 102 W
DBD 2 s 122 W
DBD x 2 4 ps 107 W e T2 W

Auguste Besson DBD x 2 2 us 127 W 40



Plume 1n Beast 2: Fake rate stability

Ladder@135 Fake rate evolution
1.0E-6
 —— - ——— e —— — —
— -,
e . g
¥ 1.0E7 o i —o- i o= ® * ————e
R e = - ’
(<) Y A
i REs= e M—— AR —
[ ) ) N i - ———

LOE-8

== Sensor 1
=== Sensor 2
Sensor 3
e SeNSOr 4
e SeNSOr 5
Sensor 6
== Sensor 7
Sensor 8
=== Sensor 9
mefes Sensor 10
== Sensor 11

m—je= Sensor 12

03/13/18 03/24/18 03/28/18 04/04/18 04/15/18 04/26/18 05/10/18 05/11/18 05/14/18 05/31/18 06/06/18 06/14/18 06/28/18 07/17/18

Ladder@225 Fake rate evolution

5.0E-7 —— = —— - - = o

Fake rate

03/13/18 03/24/18 03/28/18 04/04/18 04/15/18 04/26/18 05/10/18 05/11/18 05/14/18 05/31/18 06/06/18 06/14/18 06/28/18 07/17/18

== Sensor 1
==g== Sensor 2
Sensor 3
e Sensor 4
=p== Sensor 5
Sensor 6
e Sensor 7
Sensor 8
== Sensor 9
e Sensor 10
== Sensor 11

= Sensor 12

* S/N threshold >8 = Fake rate below 10°
* Average fakerate increase factor = 1.6 @ TID < 1kGy

= Continuous running in stable conditions

Auguste Besson Conseil Scientifique IPHC, March 2019

Plume irradiation factor
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ILD dimensions

Barrel system
System | R(in) R(out)z comments
/mm
VTX 16 60 125 3 double layers  Silicon pixel sensors,
layer 1: layer 2: layer 3-6
a < Jum o < 6um o < dum
Silicon
- SIT 153 300 644 2 silicon strip o= Tum
layers
-SET | 1811 2300 | 2 silicon strip o= Tum
layers
-TPC | 330 1808 2350 | MPGD readout 1 x 6mm? pads o = 60pm at zero
drift
ECAL | 1843 2028 2350 | W absorher SIECAL 30 Silicon sensor lay-
ers, 5 x 5 mm? cells
] EcECAL 30 Seintillator layers,
5 x 45 mm? strips
| B HCAL | 2058 3410 2350 Fe absorber AHCAL 48 Scintillator layers,
0 2348 2622 3 x 3cm? cells
SDHCAL 48 Gas RPC layers,
1% 1 cm? cells
Coil 3440 4400 3950 | 3.5 T field 2)
Muon | 4450 7755 280 14 scintillator
layers

SIT characteristics (current baseline = false double-sided Si microstrips)
Geometry Characteristics Material FTD characteristics (design baseline: pixels for two inner disks, microst
R[mm] Z[mm] | cosf Resolution R-¢[pm] | Time [ns] RL[%] Geometry Characteristics Material
_153 3:'68 0.910 R: 0=7.0, 30?.'?' (153.8) 065 R[mm] Zlmm]| | cosf Resolution R-¢[pm] | RL[%]
300 644 0.902 z: o=50.0 o=80.0 0.65 30161 290 0 0850 802 09505
SET characteristics (current baseline = false double-sided Si microstrips) 19 6-164 371.3 0.091-0.914 T—3-6 02505
Geometry Characteristics Material 70.1-308 614.0 0.091-0.902 0.65
R[mm] Zlmm] | cosf Resolution R-¢[pum] | Time [ns] RL[%] 100.3-300 | 1046.1 | 0.004-0.950 0.65
1811 2350 0.789 R: o=7.0, 307.7 (153.8) | 0.65 130.4-300 | 14473 | 0.005-0.008 o—T.0 0.65
ETD characteristics (current baseline = single-sided Si micro-strips, same as SET ones) 160.5-309 1848 .5 0.006-0.936 0.65
Geometry Characteristics Material 100.5-300 | 2250 0.006-0.990 0.65
R[mm] Z[mm] | cos# Resolution R-¢[pm] RL[%]
419.3-1822.7 | 2420 0.985-0.799 wo=T7.0 0.65 » Sensors, LCWS2018 42
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Read-out strategies vs resolution/occupancy

_ ~5 pum Time Spatial Advantages
< resolution | resolution
Fine pixels (e.g. FPCCD)
Low 1 complete ~1um Spatial Resolution  =x16 #pixels to read-out in
train Hit separation 200ms
Beam background = No time stamping
Read-out tagging =>Qccupancy issues ?
between — _ capabilities ?
traine >25-30 um (cluster shapes)
EE BN In pixel circuitry to store hits with time stamping (e.g. chronopixels, SOI)
R EE Low Single or >~ 5 um Hit time stamping =BX time stamping storage
few in conflict with granularity
: el e bunches Well suited to
| (>~ 0.5 us) outer layers
- Continuous read-out during train (e.g. DEPFET, CMOS): rolling shutter or priority encoding.
:517 gtm High Few to 10s ~ 3 um Time & spatial Power cycling mandatory ?
bunches resolution =F(Lorentz) ~ 10s grams
Continuous (5-50 ps) compromise = Distribute 100s Amps
_ shortly before train
read_ OUt- =>heat cycles the ladders.
during
train
= Figures may evolve significantly with R&D and access to new technologies

e.g. feature size @Power, read-out speed, granularity, etc.
= Different options / room for mixed strategies ?
e.g. double sided ladders: 1-fast / 1-precise

CMOS pixels Sensors, LCWS2018 Auguste Besson 43



MIMOSIS e e
7T |x8 Regionl
architecture §| e
o
g
Matrix dimension: 1024 (col.) x 504 (row) 4;
Pixel dimension: 26.88 um (height) x 30.24 um (width) 2
2 kind of pixels: AC and DC coupled { ~
Integration time: 5 ps EE: | |' L _(,’ -
~— A yf A re
DACs \%L—H— : S
10 bits @ 20 MHz | B é
Nigital Dnr;v\lr\r\v'\ll rE —_— X16 OFO:
° TO Sustain h|gh |Oca| h|t density: [ PE#fing and Cluster Finding || PEDCF |[ PEDCF |[ PEDCF | §
ATEbits @ 20 i | | Ll I S
—
<<

Pixel matrix divided into 64 - H-~ Dats Seperation for Mut* || oomeee || oameee || Dewmiepe
regions 16bitS@20Mqu U uu UU UU

Region Readout Unit1 || Rru 2 || RRU 3 || RRU 4

H 128x§2|\€itx2
4 regions are grouped to make $32bns@4ow I [ [

a Super region \|< s 40’\gtzper Region Readout Units
SRAM
* To absorb data flu Q
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[
[aa]
[}
+—
(%]
=)
[o14]
=)
<

ctuation: 6432 it x 8

. 256 bits @ 40 MHz
1 Elastic buffer can store 9 AN :
. \ Top Frame Generator /
maximal frames ,
2.Dits @ 80 MHz

Write speed = 4 x read speed

Top Elastic Buffer
2048 x 128bit

Use quiet moment to read lgen
remaining data

Serializer

—
D
D

—

N~ Nx320MHz(N=1,2,4,8)
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Charge collection Diffusion vs Drift

Mimosa resolution vs pitch |

e Resolution governed by

|
—  Pitch § o = mEsGRGLD )
- S/N & Collecting diode § ol . |
> Charge sharing E r ----# ---- Thaoritical digital rosulmlcn[pﬂ:h!\’ﬁ]’/
> e[?l. thickness, rc?5|st|V|tY, etc. Tg,, 3:_ \(\6& ‘ (\,’\O\ﬂ
— Signal encoding (binary or ADC) s I N\ .
o 6— . ,\
B SO R -
4—_ 6
E (ana\09)
. : ‘_ sp
e Drift reduces charge sharing o
|:> Reduces Cluster Size os_l L1 |1|0| L1 |1|5| Lt |2|0| Lt |2|5| Lt |3|0| L1 |3|5| L1 |4|0| L1 |4|5
pitch (microns)
= Improve S/N in seed R Pitch = 10 um
. . € - itch = 20 um
=> Better Radiation hardness s E . : S
L s E Simulation _
= Faster charge collection time (<10 ns) 3 & i =0
¢ F = Few bits ADC
4_ Might be a good
] trade off
3=
£ .
) R G 8 T

ALCW2018, Fukuoka Auguste Besson N bits ADC



