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Outline

 Linear colliders and detectors

« Sensor and readout technologies for vertex/tracker
« Simulation framework

* Detector integration

e Conclusions

Disclaimer: incomplete selection of examples!
Many developments not mentioned here were
discussed in previous talks at this workshop.
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Linear e+e- colliders

« ILC (International Linear Collider):
- \s from 250 GeV to 500 GeV
(superconducting RF cavities with 32 MV/m)
* Precision Higgs and top physics
» Detector and physics studies within the
ILD and SiD collaborations

SiD detector

* CLIC (Compact LInear Collider):
s from 380 GeV up to 3 TeV
(two-beam acceleration with ~100 MV/m)
* Precision and top physics, BSM
» Detector and physics studies within the
CLICdp collaboration

; ::o;m I.in:l“r tl'.ollidr (c/ucf/ g
Staged CLIC | == ow'amrcs
implementation J
near CERN /
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Experimental conditions

 ILC+CLIC operate with bunch trains, 5-50 Hz repetition rate ILC bunch structure 337 ns
> Low duty cycle 2 DS 1
> Trigger-less readout between trains AJ'Z'Q'Z'O'; LM i
> Allows for power-pulsed operation of detector, O v
to reduce average power consumption | 095 ms
Not to scale ! 20 ms
D —
Very small bunches at LC: - @<E -_-—
40 nm (X) X 1 nm (y) X 44 um (Z) cLe e 3T >
(CLIC at 3 TeV) e *e” Pairs bunch structure < 156 ns >
;J\JN"‘L/MJL
@ Beam-induced backgrounds in CLIC detector
oy > 10° pr——rr - ——rrrm—r—rrrm
m - CLICdp — Incoherente’e” |
Beamstrahlung o 105 3Tev — yy — hadrons i
Q
) - BeamCal E
_ _ > 10%F LumiCal e
» High E-fields lead to Beamstrahlung © P T Centraldet]
- High rates of beam-induced background particles, 10° : i
overlaid to O(1) physics event per train 1k ————]
« At CLIC: all backgrounds within 156 ns trains, 2 //——_'—
- up to 6 GHz/cm?instantaneous rate 10_2i.--"'.'--:.f—p P i
in inner detector at 3 TeV CLIC e - A PR S |
—> Drives detector design (layout, granularity, timing) 10*  10° 10% 10 o [ra1d]
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Vertex- and tracking detector requirements

Vertex detector:
» efficient tagging of heavy quarks through precise
determination of displaced vertices:
- good single point resolution: ogp~3 um
- small pixels S 25x25 pm?
- low material budget: £ 0.2% X, / layer
- low-power ASICs + RT air cooling (~50 mW/cm?2)

CLICdet vertex-detector

Tracker:

» Good momentum resolution: a(pt) / pt2~ 2 x 10-° GeV-'
- 7 um single-point resolution (~25-50 pm R pitch)
- many layers, large outer radius
- ~1-2% X0 per layer

- low-mass supports + services

Both:
« 20-200 ms gaps between bunch trains
- trigger-less readout, pulsed powering
» few % max. occupancy from beam backgrounds
—> sets inner radius and limits cell sizes
- time stamping with ~5 ns accuracy for CLIC
- depleted sensors (high resistivity / high voltage)
(>=300 ns for ILC)
» moderate radiation exposure (~104 below LHC!):
* NIEL: < 10" ng/cm2/y
* TID: <1 kGy / year

SiD Tracker
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Sensor and readout R&D

High Voltage

High Voltage High Voltage

ELAD thanar sen CCPD sensors

Charge

aring implants

Hybrid planar sensors

Electronics

Electronics

Electronics

Hybrid detectors:
* Factorise r/o and sensor R&D
« Smallest feature-size ASICs
. * Advanced sensor concepts
SOI CMOS sensors - Small pixels, highest performance = for CLIC inner layers
Monolithic CMOS sensors:
» Lowest material budget
* Medium feature-size
» Simplified construction
—> for large-area trackers
Large electrode " Small electrode b » Recent developments target

High Voltage

CMOS sensors CMOS sensors also inner layers

~ T Buried oxide

High Voltage

Collection diode

Shielded electronics e‘.: " ™. High resistivity substrate For ILC trackers: also Strlp
! detectors + Time Projection
Chamber are considered
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Silicon Detector R&D

Sensor + readout technologies

. Strip sensor + KPIX

Mimosa26 '
g MAPS o

—
.
LA
o
=~
x
(I

DEPFET for Belle 2

CLICpix + 50 um sensor CSPD+CLICpix2 glue ass.

\ 'sl\lllt *

"’ ﬁ\t

Detector integration

L|ght welght supports Detector
- assembly

Challenging requirements for LC lead to extensive detector R&D program
Exploiting synergy and collaboration with other detector development projects, such as

Belle Il, STAR, CBM, ATLAS, ALICE, LHCb, Mu3e, CEPC, AIDA-2020,

Precision vertexing and tracking for LC
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Thin hybrid planar pixel detectors

Hybrid pixel detector

» Planar pixel sensors bump-bonded to r/o ASICs ahmioum
« Considered for CLIC vertex detector f:_:jmic contact) ®|
Hicon @
» Comprehensive thin-sensor studies with slim-edge —
and active-edge sensors (50-500 um thickness) ——
on Timepix (250 nm) and Timepix3 (130 nm) electronic chip
readout ASICs with 55 ym pitch —

Timepix with 50 ym active-edge sensor

130nm Timepix3 with 50 ym active-edge sensor

R
g

----- SN
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Timepix(3) + planar sensor test-beam results

Efficiency vs. det. threshold Cluster sizes vs. thickness Track residuals vs. thickness
'_0'1 e ———— . 0t LR '—0'1025""|""|'"'|"'-|"--|'E — L AL L L L B
2 1007 Timepix3 { & \\CLICdpE E., i Timepix
s | 1 @ [ Timepix 1 & |
& @ 7 | L1 & 14r -
80| 4 % 5
18 [ 3 10¢ / E % i CLICdp T
&= - . (&) C & B ]
Ll I T L o) i _ ] & N
60 i § -CIC) i —e— Cluster s!ze1 (1x1) = 121 )
O 1k +— Cluster size 2 (2x1) __ _g I
L S, Sr— g —e— Cluster size 2 (1x2) g I
40 e 1 —e— Cluster size 3 (2x2) ] ]
: CLICdp e ::J[:m] ]sensor - —e— Cluster size 4 (2x2) A o 10k |
EEE—— s — 1()_1'l"I"IJIA'I'I""I""I'l PRI S ST ST SN (TSR TR T T NS SN ST S NS SN RN
0 2 4 6 8 100 200 300 400 500 100 200 300 400 500
Threshold [ke-] Sensor thickness [um] Sensor thickness [um]
CLICdp-Note-2016-001
Time resolution DISS. ETH NO. 24216
il S ' ' ~e- 50 um . .
= | Timepi3 o 1« ~100% efficiency down to
5 2F - :
s . After time-walk and delay ] 50 “m tthkneSS (Up tO CUt edge)
B . correction; 1 . . _hi .
15 F . 300 ps reference sintilaor | © LOW fraction of 2-hit clusters limits
e sy, resolution unfolded ] achievable resolution
iE T o Mg . 1 -2 Not enough charge sharing in
o5 B wediw 1  very thin sensors
arxiv:1901.07007 1 * ~700 ps time resolution, better

0 % m = ' than required for CLIC

sensor bias [V]
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Fine-pitch hybrid detectors for CLIC

CLICpix/CLICpix2 r/o ASICs with in-pixel CLICDix with 50 i planar sensor
time (10 ns binning) and energy (4-5 bit) measurement

25x25 um?2 pitch

Implemented in 65 nm CMOS process

Single-chip bump-bonding with 50-200 uym thin sensors

—> challenging; process optimization ongoing

Indlum bumps on CLICplx ASIC and Micron sensor (SLAC)

2o @€ 4 B 5% a2t Sr-90 hit map for CLICpix2 +
ﬁ.ﬁ;ﬂ; SE 66 E D@08 5e0®5 FBK 130 um active-edge sensor
¥} 4);:0, pogy- 2082 5aBe o from AIDA-2020 production

. #
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CLICpix + planar sensor test-beam results

Cluster size 50 ym sensor Residuals 50 pm sensor
150 CLICdp 1 8ooof
Work in | 6000‘ For 50 um sensor thickness:
P g B . .
100 rOBTESS _ Mostly single-pixel cluster
mean—11 1 4000 - No charge interpolation
50 1 ool - Resolution limited by
[ : [ pixel pitch
0 L L] 0 P (IR R L
1 o 3 4 5 -0.04 -0.02 0 0.02 0.04
Cluster size iny y_track - y_hit / mm
Cluster size 200 ym sensor Residuals 200 um sensor
L rLcrryg" @ J T 7 .
CLICdD =] j For 200 ym sensor thickness:
= al C r ] .
RO P 1 & souol 1 Mostly two-pixel cluster
[ : | > Charge interpolation
<0000 1 s000f 1 = Resolution close to
: 2000 F : target value of 3 um
10000 - . ] . .
- 1000F 1 - But too thick for material-
000 ]
L] j—\_ | N A R E budget target 0.2%XO0/layer
Oo 2 4 6 8 -0.04 -0.02 0 0.02 0.04
Cluster size in y / pixels Xpit ~ Xigack / MM

JINST 12 (2017) C06006
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Enhanced Lateral Drift sensors

3%) MPIERM

» Position resolution in very thin sensors so far limited to
ELAD sensor layout

~pixel pitch / V12 (almost no charge sharing)

. 1Im 2lm
- Enhanced LAteral Drift sensors (ELAD) Patent DE102015116270B4 P : P
» Deep implantations to alter the electric field i ]
-> lateral spread of charges during drift, cluster size ~2 5 - .
-> improved resolution for same pitch :
» Challenges: o] -' b
» Complex production process, adds cost :
« Have to avoid low-field regions (recombination) _ o
« TCAD and MC simulations: Implantation process, :
Sensor performance for MIPs >
- expect significantly improved position resolution vs. standard sensor v
. . . . MIP position
» Plans for first demonstrator production: generic test structures, strips
and test sensors with Timepix(3) footprint (55 um pitch)
TCAD charge density simulation Collected charge vs. MIP position ~ _ Allpix2 MC simulation of residuals
MIP MIP MIP MIP g | | | | | ;C: —
'§ 2.0 \\\\\ % oo 5 E
4000
sl _ ELAD
tl |B | 3000 -
DL 10f o e :
R | s 20001
S 0.5 e i C
2 1000 standard
I;§ - sensor
% 0.0 —¥ —¥ — o i 0 L . ] 4 " ! 1
- 0 5 10 15 20 25 30 -100 -50 0 50 100
t=12ns t=18ns X [um] Yirack™ Yelust [4mM]
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Capacitively coupled HV-CMQOS sensors

« Active sensors in 180 nm High-Voltage (HV) CMOS process, Capacitively Coupled Pixel Detector
large fill factor: electronics in charge-collection well CLICpix

« Amplification in sensor, capacitive coupling to r/o ASICs W’D
-> thin glue layer replaces costly small-pitch bump bonds

 High-resistivity substrates (up to 1kQcm) to increase depletion

» Considered for CLIC vertex detector

Counters / Conf / Readout
digital part

glue (~a few pm)

« Active sensors (CCPDv3, C3PD), 25x25 uym? pitch
» Glue assemblies with CLICpix/CLICpix2 deep n-well

~10um - depleted volume
CCPDv3 p-substrate

Cross section through C3PD/CLICpix2 glue assembly C3PD/CLICpix2 glue assembly

A PR_Y ——y pe— g |

NIM A 823 (2016) 1-8;
JINST 12 P09012 (2017)
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Capacitively coupled HV-CMQOS sensors

» Active sensors in 180 nm High-Voltage (HV) CMOS process, Capacitively Coupled Pixel Detector

large fill factor: electronics in charge-collection well CLICpix
e . . g . Counters / Conf / Readout
- Amplification in sensor, capacitive coupling to r/o ASICs F&'D R
- thin glue layer replaces costly small-pitch bump bonds Slue (=5 few o)
 High-resistivity substrates (up to 1kQcm) to increase depletion
» Considered for vertex detector ! — T
..
« Active sensors (CCPDv3, C3PD), 25x25 uym? pitch pwel iaLL
« Glue assemblies with CLICpix/CLICpix2 bl
~10um - depleted volume
CCPDv3 p-substrate
» ~100% efficiency, 0gp~6 um, oy~7 ns
* Finite-element simulation of capacitive coupling
» Challenges: glue uniformity / alignment, calibration
CCPDv3/CLICpix efficiency CCPDv3/CLICpix residuals 40%3PD/CL|Cpix2 time residuals
< T v L1400 F ' ' ' 3 S [ ew= o=
< 998F g ¥ ° = § E CLICdp % 7.0 ns 9.4ns ]
2 96F . E @ 1200 E w30l dore
o 3 C ] E after before
% 99.4 ;— —; 1000 |~ 0-SPNG pm -] correction
= 99.2F = -
5 oof 3 sUE E 200
98.8 Threshold ~1200 e~ 3 600 F Threshold :
98.6 & 3 400 ~1200e” 4 100f
9B4E CLICdp > 200F - :
98.2F"° = - . 107
SN PP PP ST SN T L L 1 1 ] 0 &
28 0 20 40 60 80 (-)0.1 -0.05 0 0.05 0.1 to-t /
Voltage (V) Global x residual (mm) hit ~ Urack / S
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Monolithic HV-CMQOS sensors

« Active depleted HV-CMOS sensors with fully integrated readout ~ 10-1026/J:nima.2018.06.060
ATLASPpix HV-CMOS sensor

 Considered for CLIC tracker

ISOPMOS

HV VDD GND ; VDD VDD
1]

pMOSi

GND GND vDD

nMOSi

pMOS

P substrate

180 nm HV-CMOS process

« ATLASpix_Simple sensors in 180 nm HV-CMOS process:

» Designed for ATLAS ITK upgrade
« Targeting also CLIC tracker requirements

* 130 x 40 ym? pitch
« 25x400 pixels

« Data-driven column-drain readout @ 1.6 Gb/s

e 12.5 ns time bins

 Beam tests in CLICdp Timepix3 telescope

(1 ns reference timing)

Common MuP|x+ATLASp|x retlcle

ﬁm

MuPix8
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ATLASpix_Simple test-beam results

« 99.7% efficiency

* Time resolution: ~7 ns (RMS) — Eﬁmency ————
- Spatial resolution: ogp~12 pm S 100[ meen + efficiency’ T
(almost no charge sharing) g | ©ooconose e
- worse than required 7 pym 2 oL’ Clicdp 3§
> Plan for CLIC version with adapted 5 0 los
footprint: ~200 x 25 um?2 pitch sol . 1=
—> Plan for "generic” sensor matching [ 1, 8
test-beam telescope requirements sk :f:f:- . s :
Also RD50 HV-CMOS developme_nts in same I T S 10-"
process technology (Barcelona, Liverpool et al.) 1000 2000 3000 4000
Timing residual threshold [e]
_8 _ A f:C'}aussmnl*box Residual in column direction Residual in row direction
*23000 —  CLICdp "suuss:5-2“5—_ 2 4000F ke aaie . CLICHD %140002' 0 me clcdp ]
L I Whox = 14.9ns 1 © : 1 212000} .
[ RMS~7ns | ° 3000 |- 1 ®10000f 1
2000 - 7 [ ] 8000 [ 1
£ —; 6000 [ .
1000 :— - 1000 | . 4000;— _
I RMS=37.1um ] 2000 s RMS=11.8um 7
0 SN 90.31-'o.loé”'(')'x“éfé[mr;%n %1 005 0 005 ot
230 -20 -10 0 10 20 30 rack X Yo MM
tt"aCk-th“ /ns Reconstruction using: https://gitlab.cern.ch/corryvreckan/corryvreckan
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CMOS pixel sensors

“Mimosa-type” CMOS pixel sensor developments (IPHC Strasbourg): 180 nm CMOS process

NWELL PMOS NMOS

° 350 nm / 180 nm |mag|ng processes | | ?Q.a_)mg DIODE Spacing TRANSISTOR, TRANSISTOR
» High-resistivity epitaxial layer, no high voltage, partial depletion
—> drift + diffusion contribute to signal

£ ¥

... p” epitaxial la.ye'f‘iv

\/ p substrate
Particle hit
Data taking 2014-2016 >2021-2022 >2021 >2030
Technology AMS-opto 0.35 um ‘ 0.18 um 0.18 um 0.18 pum (conservative) Developments featu re
<ot « Low material budget
aM HR, Vyps ~-6V HR, Deep P-well ? g
Deep P-well ~5O “m S|
Architecture Rolling shutter Asynchronous r.o. Asynchronous r.o. Asynchronous r.o. (conservative)
+ sparsification ‘ In pixel discri. In pixel discri. ° LOW powel’
+ binary output 2
Pitch (um?2) / Sp. Res. 20.7 x 20.7 / 3.7 27x29/5 22x33/<5 ~22/~4 <200 mW/Cm
. .
Time resolution (us) ~185 * 5-10 5 ‘ 1-4 S ma” plXGlS
Data Flow ~106 part/cm?/s peak hit rate ~375 Gbits/s (instantaneous) <5 lJ m reSOIUt|On
@ 7 x 10° /mm?/s ~1166Mbits / s (average) .
Peak data rate ~ 0.9 " >2 Gbits/s output e Moderate timi ng
Gbits/s (20 inside chip)
Radiation 0O(50 kRad)/year 2x10%2 n,,/cm? 3x10%3 ng,/cm?/yr 0(100 kRad)/year ~1 '200 HS
300 kRad » & 3 MRad/yr & O(1x10%! ney(1MeV)) /yr
Power (mW/cm?2) < 150 mW/cm? < 35 mW/cm? < 200 mW/cm? ~ 50-100 mW/cm?
+ Power Pulsing « Targeting ILD VTX detector
Surface 2 layers, 7 layers, 4 stations 3 double layers . . .
400 sensors, 25x103 sensors Fixed target 103 sensors (4cm2) * Various intermediate
360x106 pixels 10° pixels . .
0.15 m2 > 10 m? ~0.33 m2 applications
Mat. Budget ~ 0.39 % X, (1st layer) ~ 0.3% X, / layer — ~ 0.15-0.2 % X, / layer 9 t
alk by Jerome Baudot
. Remarks 15t CPS in colliding exp. (with CERN) Vacuum operation Evolving requirements 4 in th | S WO rkshop
Elastic buffer

A. Besson, LCWS 2018
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Monolithic HR-CMOQOS sensors

» Integrated CMOS sensors on High-Resistivity (HR) substrate
« Small collection electrode separated from electronics HR-CMOS pfocess
-> small capacitance, high signal/noise wos Puos ™ decrode _

» Considered for ILC vertex, CLIC tracker

» Tests with Investigator analog test chip (external r/o)
in 180 nm modified HR-CMOS imaging process
(ALICE development), various test matrices

For 28x28 um2:

!
4

low dose n-type implant

depletion boundary

p epitaxial layer
A

99.3% efficiency (<400 e- thr.), ogp~4-5 ym, 0~6 ns e
X resolutlon VS. threshold Tlmlng (modlfled process)
E . g’o_%foﬁlim)ns -
5 S | ] INVESTIGATOR HR-CMOS test chip
=) a ]
? 0.15F CLICdp ]
o I ]

@ 0.1F 3 1
§ —=— Modified 4 F =
C —=— Standard C n o
>< 3 - | | | | 1 - 0 . 1 A 1 ] - " =

0 100 200 300 400 500 -100 50 0 50 100 - el
Threshold [e] Hit time - track time [ns] )
~ :I' iy @l i'r“-' l%.\l';:":\ b
; . r L1 '| .
: - - el 1! - .
See also MALTA/Monopix developments (CERN, Bonn, et al.): ! |J| l BMTNIT
Combine precision with high rate / radiation hardness CLICdp-Pub-2018-004
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CLICTD monolithic HR-CMQOS sensor

» Promising results obtained with Investigator test chip lead to sip: wam Xl segmentation
design of fully integrated monolithic CLICTD sensor for CLIC tracker: ol [ [ [ ][ [ [ ]
« New concept of pixel segmentation in small collection diodes, 4 e——

to maintain fast charge collection while reducing digital logic:
30 x 300 pym? pixel size, 30 x 37.5 um? diode size
« TCAD geometry and process optimization
* Process modification for radiation hardness (HL-LHC requirement) £
results in faster charge collection (CLIC requirement) 0
« Time (8 bit, 10 ns bins) and charge (5 bit) measurement per pixel
 Hit-pattern readout, power-pulsing features ]
» Chip submitted for production in 2 process variants (February 2019) vk

CLICdp-Conf-2018-008
cigllecsion Continuous deep n layer

sachads - TCAD optimisation:
L. Effect of sensor implant
eep pwe . .
low dose n-type implant des'Qn on Charge Sharlng

p epitaxial layer
p’ substrate

Continuous n layer ~ Segmented in R/phi+z  Segmentedinz

collection

uollecton Segmented deep n layer ‘ V ’ v
O [ |
nwell pwell
deep pwell © 4 O
low dose n-type implant i
p’ epitaxial layer cLiCdp ‘ wl’ p
p’ substrate . P\'I'\‘I’;r;is:. A ;: Work in

Progress
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Monolithic SOl sensors

« Silicon-On-Insulator (SOI): r/o electronics on thin low-resistivity electronics wafer,

separated from high-resistivity sensor wafer by buried insulation oxide layer

-> large signal, low noise SOl pixel detector
« Target both vertex and tracker requirements roadoul Rectronie

SOFIST: SOI sensor for Fine measurement Space and Time [ TP T T T T{T1
« 200 nm Lapis SOI process, 20 x 20 — 30 x 30 ym? px size BOX (insulator)
+  Spatial resolution ~1.3 um (SOFIST 1, 200 um depletion, only analog) NN Y
» Time resolution ~1.5 us (SOFIST 2) - targets ILC detector

"
W

high resistive wafer

Residual distribution HV
— 3K
-ZE: 2 Entrios 2401 SOFIST Ver.1 Ver.2 Ver.3 Ver.4 (3D)
L|>_| 220:_ Mean 0.1677
200 . Std Dev 2.721
C Note: . %2/ ndf 12.58/9
188 - Large ta”Sa Constant 227.7 7.6
160 quoted Mean  0.1668 = 0.0386
o i Sigma 1.367 = 0.035
140f- resolution 9 |
120F- depends
= on fit method! Sigma = 1.37 ym
100
80;— — 1 33 Um . o . Hit detection ST— Full functionality
60 — 1 49 um Pixel circuit Analog signal Timestamp ull functionality 3D stacking
405— Chip size (mm) 29x2.9 4.45 x 4.45 6.0x 6.0 4.45 x 4.45
20 Pixel size (Jm) 20 x 20 25 x 25 30 x 30 20 x 20
% 40 5 0 5 10 15 Functions Pre-amplifier Pre-amplifier Pre-amplifier
Residual X [um] Analog signal memory Comparator Comparator
12 bit ADC, 500 um (Full-depletion) Al S.hift-lregister —_— Shift-register
) i . nalog signal memory (2hits Analog signal memory (3hits)
12 bit ADC, 200 pm (500 um physic. thickn.) P Tirastamp memony Bhite)

8 bit ADC (On-chip), 500 um Shun Ono (KEK), PIXEL 2018  Timestamp memory (2hits)
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CLIPS monolithic SOl sensor

CLIPS layout

« CLIPS: New AGH SOl chip targeted to Linear Collider vertex detectors:
3 test matrices with 64x64 pixels, 20x20 pm? pitch
» Targets spatial resolution <3 pm, time resolution <10 ns
* Analog charge and time information in storage capacitors in each pixel
—> no need for fast clock distribution into matrix

» Snapshot analog readout between bunch trains with external ADC
» On-chip trigger to reduce the data rate

4.4 mm

* Chips fabricated on 500 um thick FZ-n wafers received
* Thinning of selected wafers to 100 um foreseen
* Development of test system ongoing =

CLIPS frontend SALD

s PRE-AMP DISCRIIM | TIMING | OUTPUTS
|mulated time walk

1 : RST

el

extracted -

16 , schematic —=— é -1 18§ ' TRIGGE;

|
12l
e

_TIME

1
gi E

.
G
1_RsI
o

l

pixTime - ToA [ns]

T

~ 1 I
- AMPL!TUDE

STORE

-©-|

CHARGE
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Silicon strip detectors

» ILD and SiD foresee strip-detector layers in tracker
« Strip tracker module prototypes for SiD produced:
* Integrated pitch adapter (no separate hybrids)
* 10 x 10 cm2 Hamamatsu sensors, 320 um thickness
« 25 um strip pitch, 50 um r/o pitch, analog r/o (KPiX)
—>~7 um single-point resolution in measurement plane
 First application: LYCORIS large-area telescope
at DESY test beam

aaaaaaaaaaaaaaaa

LYCORIS large-area telescope around TPC

Rail structure for movement
along magnet angle

Rail structure for movement along
~ | magnetic field axis
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Allpix? simulation framework ‘

Spatial residuals in test beam g4, pyr

*  Complex sensors (ELAD, HR/HV-CMOS) require detailed simulations x10°

«  TCAD: device modeling, self-consistent charge propagation, slow g e . #Dat; E
«  Geant4: MC simulation of charge deposition and full detector setup, o CLICdp -+ Alpix*
stochastic effects (Landau fluct.), no detailed device modeling, fast s
Allpix2 simulation framework for tracking detectors 2 10f ot e 3
«  Simulates full chain from incident radiation to digitized hits . 7 E
«  Combination of tools: - 50 um Timepix3 sensor -
«  Full Geant4 simulation of charge deposition ot In GLICdp telescopes
» Fast charge propagation using drift-diffusion model E 1_555*""“"?“'"“'“ml'“""“1“““““*"“‘_‘

« Import electric fields from TCAD “ﬁo; b i

«  Validated with test-beam data (planar, HV-CMOS, HR-CMOS sensors)

£ X
-50 -40 -30 -20 -10 0 10 20 30 40 50
Residual (mm)

Cluster size in HR-CMOS sensor

MIP in underdepleted HV-CMOS pixel sensor N . ]
z 0.2 ? 350 —e— Allpix 2 -
. . N (0] I~ -1
Beam telescope with tilted DUT £ 3 I s e ]
< 015 3 3F Linear field ]
c - ]
o § 2.5; ﬁ
0.05 E 5
2 =
0 . ]
15 R
0.05
1+ -
0.1 ,
‘:_"; 1.5 — -
-0.15 g A3 E
02 — g |
0.2 0.1 0 0.1 0.2 & 05K =
] y (mm) 0 100 200 300 400 500 600 700
NIMA 901 (2018) 164 https://cern.ch/allpix-squared Threshold [e]
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Detector integration

Power-pulsing mockup

Through-Silicon Via Vertex-detector services

~ -

ol et b
, 4 Silicon capacitgrs |.. !
| ! |

TR Tw-Diropent Régulators s T
) . gy 1 f G o=t

nd 1 e el

ILD thermal mockup forward-tracking discs

. . o Assembly scenario
1 petal with Y OVTON L7 tracker discs
heater circuits AAYXK \

CFRP support prototypes

3 4 | 5 3 7

X/X0

0,156 % | 0,134 % | 0,091 % I 0118% | 0,106 % | 0,058 %

Calculations, simulations, prototyping = confirm feasibility of detector-integration concepts
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Conclusions

« Stringent requirements for LC vertex and tracking detectors
have inspired broad and integrated technology R&D program

« Various innovative sensor + readout technologies under study

* Moderate timing requirements for ILC allow for high-precision detectors
based on established technologies

« Combination of requirements for CLIC vertex detector remains challenging
« Monolithic pixel detectors under development for large-area tracker and vertex
« Advanced simulation and analysis tools for detector performance optimization

« Detector integration studies confirm feasibility of proposed detector concepts

Thanks to everyone who provided material for this talk!
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Additional Material
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Flavor-tagging performance &!B

* Use b- and c-tagging performance as benchmark for detector designs
» Technically challenging full-simulation study (multivariate analysis)
* Results for geometries following engineering studies:

« 3 double layers vs. 5 single layers

-> similar performance CLICdp-Note-2014-002
«  Geometry with 2x more material in vertex layers doi:10.1088/1748-0221/10/07/C07001
-2 5% - 35% degradation in performance
Single layers Material budget

Double vs. single layers
Dijets at 200 GeV
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Flavor tagging: impact on physics performance 4

* e*e - Hvv: dominating Higgs production
process at Vs=3 TeV

« 0 x BR measurement for the decays to bb and cc

« flavor tagging crucial for achievable precision

. — ¢ - with overlay
- - C-w/ooverlay

% 5'—' b- W|th oveday -
% ' light - with overlay

b i

2}

3

D

C b - w/o overlay
% [ light - with overlay
- B
2]
=

light - w/o overlay light - w/o overlay

10-1 10—1 - —-
i Vs=3TeV
1072
102 pT,jet~70 GeV
: Eier~130 GeV
10'3 ........................ P P BPETEPE PErEr
04 05 06 07 08 09 1 0 02 04 06 08 1
b-tag efficiency c-tag efficiency
---  consider £20% change in fake rates
* sizeable effect, in particular for H>cc:
H2bb  0.23% 0.24% /0.21% 30% more integ. luminosity required for same
H3cc  3.1% 3.6% / 2.6% precision when increasing fake rate by 20%

(>1 year of additional running!)

LCD-Note-2011-036, CLICdp Note-2014-002
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CMOS sensor developments for
ATLAS H. Pomogger @ ETTY

_ _ _ https://indico.cern.ch/event/731649
« Collaboration of 25 institutes
- Targeted towards outermost ITK pixel layer

LFoundry 150 nm ams 180 nm TowerJazz 180 nm epitaxial (25 um)
substrate p > 2 kQcm substrate p ~ 0.08 - 1 kQcm substrate p > kQ cm

PADs + Serializer +LVDS driver
Sense Amplifiers + Gray Counters + EoC R/O Logic
Decoupling capacitors

Pixel with R/O logic

129 X 28
(7 designs)

50 x 250 um?

LF-MONC'PIX

p - substrate

we fill-factor

= |

column drain (conservative) - parallel pixel to buffer - asynchronous

|(b) Small fill-factor
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Active-edge sensors

edge dist.

« Deep Reactive lon Etching (DRIE) process (Advacam):
« Implantation on the sensor sidewalls:
extension of the backside electrode to the edge
» Efficiency extends to the physical edge
—> allows for seamless tiling of sensors

active edge

e

p " backside pixel (55 um)
Cluster signal at the edge of 50 um sensor Edge efficiency 50 um sensor
Ny 0 N 2gm B b - T >
- zg q:) X i ;'EZ_ 0.9 8
© = '311:: =~
7)) oc 1‘!’ 0.7 %=
N i 1 06
4000 | 50 1 ol i 0.5
%) .
2 40 e 0.4
&) : < 2b. '
20 0.5 EeEEae 1 0.2
: 10 : 'JE 0.1
-0.1 -0.05 0 0.05 -0.04-0.02 0 0.020.04
Pos. rel. to edge (mm) Pos. rel. to edge (mm)

- Active-edge sensors fully efficient up to the cut edge
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Cracow SOl sensors

* Cracow SOl test chip in 200 nm LAPIS SOl process,

with various geometries and technology parameters:

>=30x30 um? pitch, single SOl and double SOI, rolling shutter r/o
« Test results for 300, 500 uym thickness, 30x30 um? pitch

>99% efficiency, ogp~2-5 um

Cracow SOl test chip

S/N for 500 pm FZ-n sensor S/N for 300 pm d SOI p sensor
I400_I""l""l""I""l_ I"OO_ """" -
Z | 12 7 y
) ] @) CLICdp
300 F .
200F ] 50 - T
] I M/"//—*‘ 1 Efficienchy for 500 ym FZ-n sensor
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100 | CLICdp . - .
%CPAlarge ] L AEHCPAIarge - 100 L B T T T LI T T
—+—SF ] ok s | ) [ % q - )
WP BN BTN B B e e c [ ¢k
0% 50 100 150 200 0 20 40 60 80 Q2 98¢
Bias voltage / V Bias voltage / V i3, F
: : W 96F
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5 | 5 | - : ——sF
(=) B _— B 9 - -
) B [o] 4_ — golllllllllllllllllllll
e 2 - 3 [ 1 0 50 100 150 200
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Bias voltage / V Bias voltage / V

NIMA 901 (2018) 173—-179
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DAQ

« Lab and beam tests require flexible scalable DAQ
hardware and software

CLICdp Timepix3 telescope in  {}&
« High-rate beam telescope with 7 Timepix3 detector planes S Hggﬁm line ‘
(~1 MHz track rate, <2 um resolution, ~1 ns time resolution), =2 4 AL
SPIDR r/o system (NIKHEF/CERN)
« CaRIBOu universal r/o system developed with ATLAS:
» System-on-Chip (SoC) architecture
» Peary DAQ software in Linux system inside FPGA core
 Integration of CLICpix2, C3PD, ATLASPix

CaRIBOu hardware architecture

ZC706 evaluation board e—=2M 5 CaR board

SD card Zynq System-on-Chip

i

<+ Ethernet —.m SSE:;:;? " Chip board CaRI BOU W|th C L I Cp|X2 r/O AS I C
References: ‘ __
| E : -
o M o curen e
synthesis ——p)

DDR RAM 17x LVDS + 8% GTx

FPGA fabric Adj. level
Detector-specific 10x out _ ‘
— —p- firmware Trigger Logic
ﬂ Unit
Common firmware (Optional)
L p- blocks
A
- digital differential == digital single-ended - an

Universal r/o system proved very useful for lab + beam tests
- could be suitable for development phase of MUonE

April 2, 2019
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Powering

* Powering concept has major impact on material budget and heat load
« Small duty cycle of CLIC machine (<10-°) allows for power pulsing,
reducing average power consumption

» Prototypes for low-mass power pulsing and power delivery concept for vertex detector
» Local energy storage and voltage regulation

« Small continuous current through low-mass Al cables, stable voltages for r/o ASICs

* ~0.1%X0 material in detector area, expected to decrease to 0.04%X0 in future

* Through-Silicon-Via (TSV) interconnect process (developed for Timepix3 ASICs)

TSV in Medipix3RX

Power-pulsing prototype

CLICdp-Note-2015-004
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Mechanical integration

Material budget allows for only ~0.1%XO0 from cables+supports in vertex region, <1%XO0 in tracker
- Development of low-mass supports with sufficient rigidity required
- Low-mass services, optimized routing concepts

 Low-mass CFRP stave prototypes for vertex detector, FE simulations

» Concept for supports, beam pipe and cabling in vertex region, FE simulations
* Low-mass tracker support-structure concept, validated in FE simulations

* Prototype for outer tracker support segment

ICdp-Note-2015-002
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CLICpix2 r/o ASIC

* New CLICpix2 in same 65 nm process as CLICpix: CLICpix2

* Increased matrix size to 128 X 128 pixels

 Longer counters for charge (5-bit) and timing (8-bit)
measurements

 Improved noise isolation and removal of cross-talk
issue observed in first CLICpix

« More sophisticated I/O with parallel column readout
and 8/10 bit encoding b L) A

* Integrated test pulse DACs and band gap -~ !

“

Q
* Test results with chips from Multi-Project-Wafer-Run l [ | |
« Same chip on RD53 wafer, received in Dec 2017
|
—> access to full wafers for bump-bonding eower gissipation <12 4w
process development Area = 12.5x25 pz
Input charge, Qj, nominal 4 ke-, max. 40 ke-
Minimum threshold, Qg min <600 e-
Equivalent input-referred noise, Qp, in <70 e-
ToT dynamic range =40 ke-
ToA accuracy <10 ns
Total ionizing dose (for 10 yr) 1 Mrad
Input charge types e-, h+
Testability in-pixel test pulse (i.e. Qst) injection
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C3PD+CLICpix2 time resolution

Track time resolution of CLICdp Timepix3 telescope <~1 ns
—> precise characterization of DUT timing capabilities
CLICpix2: 100 MHz ToA clock = 10 ns time binning

Gauss fit of time residuals shows width of ~9 ns

Tail towards later times, as expected from time walk

- Time residual reduced to ~7 ns after time-walk correction

Hit time residuals in C3PD+CLICpix2 assembly 5
([)400_'I'"I"'I"'I"'I'_ (7)) f<1'0"'_|""|"'l

—
0:9 ;ﬁé =ns gﬁt4_ns i ~ CLICdp work in progress
- . . - S — e 2
|_|CJ 300 | (after correction) (before correction) _._;‘g 0.1 -
CLICdp -
work in
200 - progress |
100 -
: —0.1_
Mo dx 107
-40 -20 O 20 40 0 10 20 30
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CLICTD monolithic HR-CMOS tracker chip

Good performance of studied 180 nm HR-CMOS technology with respect to requirements of CLIC tracker
- Technology used for ongoing design of a fully integrated chip for the CLIC tracker

CLIC Tracker Detector (CLICTD) — monolithic HR-CMOS sensor with 30 um x 300 pm pixels

Segmented macro-pixel structures to maintain advantages of small collection diode (prompt and fully efficient
charge collection) while reducing digital logic:

Data In Enable Digital
— ThAi[0] Test Pulse ToAck
Discriminator output of . ——D § ]
. . " Mask[0] :
8 collection diodes — o ; ToA
---- N front-ends---- ,) . counter
combined in logical OR Digital Test L
ThAdj[N-1] Pulse i
Hit :
bit [0] ToT i
— v ! Shutter ASM fol
counter

k. Mask[N-1] : +Sync :
A 4 1
Hit "
bit [N] !
: | Hit

Output of logical OR passed to digital circuitry: ToT clk Flag
* Simultaneous 8-bit ToA and 5-bit ToT measurements
®* Expect ogp~7 um in short direction (charge sharing)

Hit bit pattern - maintain good resolution also in long direction
100 MHz clock to achieve 10 ns time binning

Data Out

- 300um -

April 2, 2019 Precision vertexing and tracking for LC



CLIC schedule

2013 - 2019 2020 - 2025 2026 - 2034

Development Phase
Development of a project plan for a
staged CLIC implementation in line
with LHC results; technical
developments with industry,
performance studies for accelerator
parts and systems, detector
technology demonstrators

2020 2026 2035

Update of the European Ready for construction First collisions
Strategy for Particle Physics

7 years
| | >~
380GeV 1.5TeV 3TeV
- Construction - Construction - Construction
- Installation o - Installation 2 - Installation o
- - -
i e [ : [E
380 GeV Physics 2 1.5TeV Physics 2 3TeV Physics
s s
@ 1
-3 o
0 2 a4 6 ' 8 10 12 14 16 18 20 22 24 26 28 30 32 34
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