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e*e” Higgs Factory proposals

* European Strategy Update for Particle Physics in 2025/26:
» Higgs Factory highest-priority post-LHC project
* No decision yet about which and where
» Several e*e collider Higgs-Factory proposals:
Vs ~ 350 GeV - 3 TeV
« Circular / linear collider designs
 Possible sites in Europe and Asia
* Time scale ~2045

FCC-ee @ CERN CEPC in China CLIC/LCF @ CERN
VSmax =240-365 GeV VSmax =240-360 GeV VSmax =380 GeV — 1.5 TeV (3 TeV)
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Higgs Factory vertex/tracker physics requirements

« Physics goals for post-LHC future Lepton Colliders: Higgs production processes

* Precision Higgs / EW / top measurements 2 T ‘Hv‘f' I S
. . . < i EVB :
» Direct/indirect BSM searches T .l / :
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Higgs Factory vertex/tracker physics requirements

« Physics goals for post-LHC future Lepton Colliders: Higgs production processes

« Precision Higgs / EW / top measurements g€ ‘HV‘V L e el £

» Direct/indirect BSM searches T | /._

- Requires excellent vertex/tracking detector performance ;I e
 Flavour tagging (c, b), life-time measurements 1 ol / :
->Vertex resolution: o(d0)~5B15/(p[GeV]sin®? B) um rﬁ 2H
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Higgs Factory vertex/tracker physics requirements

« Physics goals for post-LHC future Lepton Colliders: Higgs production processes
* Precision Higgs / EW / top measurements S N S
* Direct/indirect BSM searches

» Requires excellent vertex/tracking detector performance
 Flavour tagging (c, b), life-time measurements I /
>Vertex resolution: o(d0)~5@15/(p[GeV]sin®2 8) um P rﬁ a3
» Precise measurement of leptonic final states i .

(e.g. recoil-mass measurement in ZH)

- Track-momentum: o(pt) / pt2 < 2 x 105 Ge V!
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o(e'e” — HX) [fb]

Higgs Factory vertex/tracker physics requirements
« Physics goals for post-LHC future Lepton Colliders: Higgs production processes
« Precision Higgs / EW / top measurements o ‘HV‘V e el
* Direct/indirect BSM searches il /_
» Requires excellent vertex/tracking detector performance |
 Flavour tagging (c, b), life-time measurements I /
>Vertex resolution: o(d0)~5@15/(p[GeV]sin®2 8) um P rﬁ a3
» Precise measurement of leptonic final states - 1
(e.g. recoil-mass measurement in ZH)
- Track-momentum: o(pt) / pt2 < 2 x 10 Ge V!
» Heavy-flavor physics - PID (K/pi separation) by dE/dx, dN/dx
and/or 10’s of picosecond timing layers
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Higgs Factory vertex/tracker physics requirements

« Similar physics requirements for trackers in all collider concepts
» More focus on asymptotic position resolution

for high-energy Linear-Collider stages
» More focus on material budget and particle ID (dE/dx, dN/dx, ToF)

for high-luminosity low-energy Circular-Collider stages
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Experimental constraints on vertex/tracker

, . , o ) CLIC backgrounds in tracking region
Main experimental constraints in linear lepton colliders: CLIC_ILD incoherent pairs +yy — hadrons: silicon hits, no safety factors
» Significant rates of beam-induced backgrounds € F R B
(incoherent e*e- pairs, yy>hadrons): £ 300 ‘| ‘ i ‘ |tmm e
+ Constrains layout, granularity, impacts physics 1
« Backgrounds concentrated in very short bunch trains 200 - - .
- High instantaneous hit rates (up to 6 GHz/cm? @ 3 TeV CLIC) i 1 410"
-~ Time-stamping: few ns @ 3 TeV CLIC, ~1-10 ys @ LCF 100 |- || | | .
- Fast detector signals / frontend [ |l 1 B 102
* Low duty cycle: ~20-200 ms gaps between bunch trains 0 e ]
-> trigger-less readout, pulsed powering -2000 -1000 0 1000 ] (mﬁgoo
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Experimental constraints on vertex/tracker

, . . o . CLIC backgrounds in tracking region
Main experimental constraints in linear lepton colliders: CLIC_ILD incoherent pairs +yy — hadrons: silicon hits, no safety factors

+ Significant rates of beam-induced backgrounds e [ I 1 hits _
(incoherent e*e- pairs, yy>hadrons): £ 300 ‘| ‘ . ‘ ‘ |imm e
» Constrains layout, granularity, impacts physics ]
« Backgrounds concentrated in very short bunch trains 200 [~ ' ]
- High instantaneous hit rates (up to 6 GHz/cm? @ 3 TeV CLIC) i 1 410"
- Time-stamping: few ns @ 3 TeV CLIC, ~1-10 uys @ LCF 100 || | | _
> Fast detector signals / frontend K |l 1 g0
« Low duty cycle: ~20-200 ms gaps between bunch trains . T
-> trigger-less readout, pulsed powering -2000 -1000 0 1000 , (mﬁgoo
Main experimental constraints in circular lepton colliders:
« 30 mrad crossing angle of beams, focusing quadrupoles inside det. volume FCC-ee detector region

-> B-field limited to ~2 Tesla Meain detector volume
« High rate of physics events (up to 100 kHz, bunch spacing down to 30 ns) :
- Integration time <~1 ps required for occupancy and pile-up (30 ns @ Z-pole)

- Fast detector frontend and DAQ

« Main backgr.: synchr. rad. (requires shielding), incoh. pairs (up to ~200 MHz/cm?)
« Continuous collisions (100% duty cycle)

- Beam-induced backgrounds more spaced out, less severe impact on detectors,
- Pulsed powering not possible

wa\oz

wajoz
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Experimental constraints on vertex/tracker

, . . o . CLIC backgrounds in tracking region
Main experimental constraints in linear lepton colliders: CLIC_ILD incoherent pairs +yy — hadrons: silicon hits, no safety factors

+ Significant rates of beam-induced backgrounds e [ I 1 hits _
(incoherent e*e- pairs, yy>hadrons): £ 300 ‘| ‘ . ‘ ‘ |imm e
» Constrains layout, granularity, impacts physics ]
« Backgrounds concentrated in very short bunch trains 200 [~ ' ]
- High instantaneous hit rates (up to 6 GHz/cm? @ 3 TeV CLIC) i 1 410"
- Time-stamping: few ns @ 3 TeV CLIC, ~1-10 uys @ LCF 100 || | | _
> Fast detector signals / frontend K |l 1 g0
« Low duty cycle: ~20-200 ms gaps between bunch trains . T
-> trigger-less readout, pulsed powering -2000 -1000 0 1000 , (mﬁgoo
Main experimental constraints in circular lepton colliders:
« 30 mrad crossing angle of beams, focusing quadrupoles inside det. volume FCC-ee detector region

-> B-field limited to ~2 Tesla Meain detector volume
« High rate of physics events (up to 100 kHz, bunch spacing down to 30 ns) :
- Integration time <~1 ps required for occupancy and pile-up (30 ns @ Z-pole)

- Fast detector frontend and DAQ

« Main backgr.: synchr. rad. (requires shielding), incoh. pairs (up to ~200 MHz/cm?)
« Continuous collisions (100% duty cycle)

- Beam-induced backgrounds more spaced out, less severe impact on detectors,
- Pulsed powering not possible

wa\oz

wajoz

Moderate radiation exposure for all lepton-collider proposals:
* NIEL: <10 ng,/cm?/y
* TID: <100 kGy / year
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Vertex/tracking detector concepts

Collider LCF CLIC FCC-ee CEPC
Detector SiD ILD CLICdet FCC-ee CLD FCC-ee ALLEGRO CEPC CEPC
Concept ILD IDEA baseline IDEA
B-field [T] 5 3.5 4 3.5 2 2 2 3 2
Vertex inner 14 16 31 16 17 17 17 16 16
radius [mm] 2> 12 2> 12 2> 12
Tracker out. 1.25 1.8 1.5 1.8 2.2 2.0 2.0 1.81 2.05
radius [m]
Vertex Si-pixel  Si-pixel  Si-pixel  Si-pixel Si-pixel  Si-pixel Si-pixel Si-pixel Si-pixel
Tracker Si-strips TPC/ Si-pixel TPC/  Si-pixel DC/ DC/Si-strips  TPC/Si-strips DC/
Si-strips Si strips Si-strips  or Si-pixel or Si-strips Si-strips
https://europeanstrategyupdate.web.cern.ch/sites/default/files/Submitted Input 2025.05.26.pdf arXiv:1811.10545

CLICdet

k
CEPC baseline
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https://arxiv.org/abs/1811.10545
https://europeanstrategyupdate.web.cern.ch/sites/default/files/Submitted_Input_2025.05.26.pdf

Vertex/tracking detector concepts

Collider LCF CLIC FCC-ee CEPC
Detector SiD ILD CLICdet FCC-ee CLD FCC-ee ALLEGRO CEPC CEPC
Concept ILD IDEA baseline IDEA
B-field [T] 5 3.5 4 3.5 2 2 2 3 2
Vertex inner 14 16 31 16 17 17 17 16 16
radius [mm] 2> 12 2> 12 2> 12
Tracker out. 1.25 1.8 1.5 1.8 2.2 2.0 2.0 1.81 2.05
radius [m]
Vertex [ Si-pixel  Si-pixel  Si-pixel  Si-pixel Si-pixel  Si-pixel Si-pixel Si-pixel Si-pixel ]
Tracker Si-strips TPC/ Si-pixel TPC/  Si-pixel DC/ DC/Si-strips  TPC/Si-strips DC/
Si-strips Si strips Si-strips  or Si-pixel or Si-strips Si-strips
https://europeanstrategyupdate.web.cern.ch/sites/default/files/Submitted Input 2025.05.26.pdf arXiv:1811.10545

SiD vertex-detector
All concepts contain silicon-pixel vertex detectors:
« 5-6 barrel and up to 6 endcap layers m ﬂ[
(in doublets or singlets)
 high single point resolution per layer:
Ogp~3 UM 2> pixel sizes <~25 pm2 125.8
« low material budget: £ 0.2% X, / layer
(equivalent to ~200 um silicon)
-> thin sensors, low-power ASICs
for air cooling (~50 mW/cm?) -

CLIC vertex-detector

m CFRP+1cm styrofoam+0 2mm CFRP  Beryllium shell i cooling tube:

2n

7 g
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IDEA vertex-detector
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https://arxiv.org/abs/1811.10545
https://europeanstrategyupdate.web.cern.ch/sites/default/files/Submitted_Input_2025.05.26.pdf

Vertex/tracking detector concepts

Collider LCF CLIC FCC-ee CEPC
Detector SiD ILD CLICdet | FCC-ee ( CLD FCC-ee ALLEGRO CEPC CEPC
Concept ILD IDEA baseline IDEA
B-field [T] 5 3.5 4 3.5 2 2 2 3 2
Vertex inner 14 16 31 16 17 17 17 16 16
radius [mm] 2> 12 2> 12 2> 12
Tracker out. 1.25 1.8 1.5 1.8 2.2 2.0 2.0 1.81 2.05
radius [m]
Vertex Si-pixel | Si-pixel | Si-pixel | Si-pixel | Si-pixel | Si-pixel Si-pixel Si-pixel Si-pixel
Tracker Si-strips TPC/ Si-pixel TPC/ | Si-pixel DC/ DC/Si-strips  TPC/Si-strips DC/
Si-strips Si strips Si-strips  or Si-pixel or Si-strips Si-strips
https://europeanstrategyupdate.web.cern.ch/sites/default/files/Submitted Input 2025.05.26.pdf arXiv:1811.10545

CLIC all-silicon tracker

Silicon-based large-area trackers:

* many layers (barrel/endcap), large outer radius
(scaling with B field)

« Large pixels or strip detectors

« ~7 um single-point resolution in bending plane
- ~25-50 um Re pitch

« ~1-2% XO per layer
- low-mass supports + services,
low power ~150 mW/cm?

CLD all-silicon tracker

%]

Material Budget x/X
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Detector concept optimization / validation

CLIC_ILD Impact-param. resol. vs. Ry, ILD momentum resolution CLD d, resolution
24 157 - T T — Ty . FGCC-ee CLD
23 | =®=sigma_Rphi (p=1 GeV, theta=90 deg) 155 % - N «0=7" [= 5| ' ! ! ! )
F22 | ~B-sigma_Rphi (p=300 Gey, theta=90 deg) 155 8 g0 Tooar ] ER: et cev :
=21 = & L v0=85" ] _= 5 s p=10GeV ]
= 151 > S 1020 ] g L & > p=100Gev ]
- 149 2 E E T 12k - - (@+b¥(psin(e))"* |
W 1147 @ ] T 3
o 18 n 3 - “ I . 5 1
S 17 1 ) 1.45 S 10 E L D e °
© 16 | fastsim. | 143 3 i ol g, i
15 I 141 10-4 E ; --,..h,:::::f::::::u:::::a:;:;;:1========;=u= ........ é
14 ' 139 full sim. I el
24 26 28 30 32 34 36 38 10° i full sim. 4 a
EL Ll N R S R R PRI T RS SR SRS S NS T R T
. . - 1
radius of innermost pixel layer [mm] q 10 102 20 40 60 80
Momentum/GeV 0 [deg]
CLICdet momentum resol. vs. B-field and R4 SiD b-tagaging performance i
40 ><10'6I . | . . Y gg ‘ gp —— IDEA c-tagging performance
4 B Single *B=35T 7 [T F . FCC-ee Simulation (IDEA)
% 35F p=SDgGeV,9=QD" 4B=40T ] T | full sim. 2 I < T T
S Tt et S o with b g [T ey
s E =2. ] E j=u,d,s,c,b,g
& 30 : B=55T =3 g . e
> - . = # = 107 rast-sim:.
Qe a5 3 @ 1021 . S _ B F ,
ﬂ L N m E 3 E r m—C VS:g (3 inner layers)
= r o F q = --ee=. Cvsig (4 inner layers)
[0} 20 - i [ " [ —— cvsud 3 inner layers)
2 \ : w7 | ‘ N 5
B . ] E e - Chi back d 3 Frommenn cvs inner layers; E
2 - fast sim. ] L T amne 3 K. Gautam """
10 . : : . i *" LFhackaround ] @ FEC week 2022~ /
1200 1300 1400 1500 103555 a5 o7 08 0 T W5 64 05 o8 1
Rinax [mm] Beauty eff. jet tagging efficiency

» Detecor concepts are optimised with fast parametric and full Geant-4 simulations;

« All detector concepts fulfil physics requirements in simulations;
» So far: SiD,ILD,CLICdet,CLD validated in Geant4 based full-detector simulations
» Other concepts validated in fast simulation, full simulation in progress

* All concepts contain 41T trackers with barrel+endcap = similar to ATLAS, CMS, ALICES,
but different from Belle, ALICE ITS3, Mu3e with their barrel-only inner trackers
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Silicon pixel-detector R&D

Monolithic Sensors

Hybrld detectors

///%’f‘

2

—————

MIMOSIS-1, 60tm thick:

Tools CLICdp + AIDA telescopes MC Simulation framework:  Analysis & reconstructiorm
Caribou readout system I | Allpix Squared framework: Corryvreckan

https://gitlab.cern.ch/ https.//gitlab.cern
allpix-squared/allpix- | | .ch/corryvreckan/c
squared orryvreckan

NIM A 901 (2018) 164-172 2021 JINST 16 P03008

J| httpspy/g;tlab.Cern.ch/Caribou
0S 2020 (TWEPP2019), 100

* Diverse R&D performed within various collaborative frameworks (ILD, SiD, CLICdp, IDEA, CERN EP R&D,
AIDAinnova, DRD3/7), with strong links to other developments (HL-LHC, Belle II, Mu3e, CBM@FAIR, ALICE ITS3, .

» Mostly focusing on conceptual studies + technology demonstrators

- Flexible tools developed, to support the R&D and exploit synergies between the various R&D lines

)

AN
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Monolithic CMOS sensors

Monolithic CMOS sensors using (adapted) industry technologies:
« Sensor and readout electronics fully integrated Large-collection-electrode
- Different concepts: HV-CMOS sensors
» Large-collection electrode High-Voltage (HV-CMOS)
for large + fast signals, radiation hardness
« Small-collection-electrode designs for low capacitance,
high signal/noise, low power

MIP High Voltage

Small-collection-electrode

« Simplified construction (no bonding) CMOS sensors
. Challenges: qomplex non-uniform sensor structures e e < 1 —
(simulation), interplay sensor/readout, shielded electronics & € ™. High resistivity substrate

(- i
N

. .. 2
.%o, H
taes® e e

process modifications are foundry dependent /
parameters not publicly available
« Many ongoing developments, exploiting progress in semiconductor industry
and synergies (HL-LHC, Mu3e, Belle I, CBM@FAIR, ALICE ITSS3, ...)
» Trend towards smaller feature sizes (180 nm - 65 nm) for improved performance
» Target: vertex/tracker of all Higgs Factory detectors

MIMOSIS-1 CLICTD JadePix2 ARCADIA MD1 Chronopix CE-65
180 nm CMOS 180 nm HV-CMOS 110 nm CMOS 90 nm CMOS 65 nm CMOS

| et
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180 nm High-Voltage CMOS

+ Active HV-CMOS sensors with fully integrated readout lsoaled PMOS * ©  Isolated NMOS
« Large collection electrode shielding CMOS circuitry, depleted thin sensors
(high-resistivity substrates, >100 V bias), fast frontend
—> large signal (dE/dx), fast, radiation hard
+ Studies for CLIC tracker + IDEA outer vertex / tracker T
« Same technology initially considered for ATLAS outer tracker and chosen for
Mu3e tracker (MuPix8), also under study for LHCb Mighty Tracker upgrade
and for DESY beam-telescope timing+trigger planes P-Substrate
» Very good performance observed in test beam:
*  >99.7% efficiency (ATLASPpix3) .
 Timing precision ~4 ns (ATLASpix3) f;(')‘/:ipﬁs_wos
» Spatial resolution <10 pm (Telepix, 25 um pitch in R/phi) 50 x 150 pm2 pitch
* Power consumption down to 140 m\W/cm?2 (ATLASpix3) ; : <
» Plans for dedicated CEPC design in 55 nm HV-CMOS process

P-implant

1. Peric

. > E N
@ 6000 ATLASDpix3 _|Run, Delay com. Time Resolution % 1'04: ATLASPIx3 <
2 EoTi i ) E d ] -
E E Time resolution Full corr. Time Resolution 2 1'025 Efficiency + noise ,g
vy 5000:— 5} 1: *y iUy .
- 0.98f Y 41 2
4000~ E A %
. 0.96: V 8
- F K2} .
3000 0.94f i ] LHCb/CLIC/Telepix
c 0.92f " 180 nm HV-CMOS
2000 0.9F T : >=25 x 165 pm?2 pitch
C 0 88:_ ? Efficiency A Y
1000 — TUEL 1
E 086:_ 4 Noise
I T R A ST 50 80 100 120 140
Time Resolution [ns] Threshold [mV]
Time resolution (RMS) for every pixel Efficiency P eri c et al
Uncorrected 6.7ns +- 0.5ns . .

ToT corrected 4.1ns +- 0.1 https://agenda.linearcollider.org/event/9211/contributions/49477/
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180 nm small-collection-electrode CMOS (I)

Several ongoing developments targeting Higgs-factory vertex
detectors with separate layers for timing (~1 ys) and position
resolution (<=3 pm) —

Pricise time stamp Double-sided ladder

——

Oy~

TaichuPix and JadePix (IHEP et al.) 180nm monolithic sensors
« Standard 180 nm CMOS imaging process with small-

High position resolution

collection electrode + high-resistivity epitaxial layer Standard 180 nm process (TgichuPix, JadePix
« Main target: CEPC vertex detector . H e .
» Several prototypes, focusing on different aspects (spatial B Collection | Deep p-well
resolution, data rates, timing, full-scale tests) g
MIMOSIS (IPHC) ’ Low resistivity substrate
« 180 nm CMOS imaging process with small-collection 1 A
electrode + high-resistivity epitaxial layer + modifications for Modified 180 nm process (MIMOSIS)
improved performance, including AC coupled electrodes T o
» Main target CBM@FAIR, in the future: LCF vertex detector =
 Evolution of monolithic sensors since 1999, used in various
experiments (EUDET telescopes, STAR-PXL, ALICE-ITS2)
JadePix 3 TaichuPix 2 MIMOSIS-1
: e AC-coupled electrode L

AC cc;upling
MV Bias1

élasi | !

_}__ -———

- Presentation on MIMOSIS
by Ajit Kumar in next session
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gb 180 nm small-collection-electrode CMOS (ll)

CLICTD sensor Iayoql’g example

Collection electrode

CLICTD 180nm monolithic sensor

* Modified 180 nm CMOS imaging
process with small-collection electrode

» Target: CLIC tracker

* Innovative sub-pixel segmentation,
Channel pitch: (8 x 37.5) um x 30 ym o ey S

« Simultaneous time and energy measurement per channel L

Deep p-well

eep

Epitaxial layer

CLICTD spatial resolution in TB and simulation
» Exploring large parameter space of sensor-design = 8 ' : ' 7
. . . . . . N dbiditds 4 .
modifications, substrate materials (epitaxial, high- = - iy
resistivity Czochralski) and thicknesses (40-300 pm), 2 . ]
in collaboration with ATLAS MALTA/ STREAM i’ 6 .
« Detailed TCAD/Geant4-based simulations (Allpix?), -% 55 ]
validated with test-beam data g i + Data :
X 40 ~+ Allpix* + TCAD -
Required ; - ; -
(CLIC tracker) IEEE TNS 67.10 (2020): 2263-2272 o 110 1
NIM A 1006 (2021) 0165396 = 1F : _ : .
NIM A 1041 (2022) 167413 n 0.9 —
<7 um 4.6 um 4.3 ym 0 500 1000 1500 2000
K. Dort, CERN-THESIS-2022-071 Threshold [e]
~5 5.2 ns* 4.4 ns* :
i i i « Excellent performance observed in test-beam
2997% | >997% | >99.7 % measurements and reproduced by simulations
« Validated simulations used for parameter extraction
<200 ym |40-100 um| 100 um « Results have served as input to sensor optimization,
also for 65 nm process
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gb 180 nm small-collection-electrode CMOS (ll)

CLICTD sensor Iayoql’g example

Collection electrode

CLICTD 180nm monolithic sensor
* Modified 180 nm CMOS imaging
process with small-collection electrode
» Target: CLIC tracker
* Innovative sub-pixel segmentation,
Channel pitch: (8 x 37.5) um x 30 ym o ey S
« Simultaneous time and energy measurement per channel l_ _ o
. . CLICTD cluster size in data and simulation
» Exploring large parameter space of sensor-design

Deep p-well

eep

Epitaxial layer

((b] ryrrrrrrrTrT T T T T T T Ty
. g . . . . . _ .N L Eagas Data .
mo.dlfllc.atlons, substrgte mate.rlals (epitaxial, high S sl & Allpb? + TCAD - 2.0 kitom
resistivity Czochralski) and thicknesses (40-300 um), 3 “#= Allp + TCAD - 4.4 kQcm|
in collaboration with ATLAS MALTA / STREAM g 1 B Allphe+ TEAD 5.3 e
« Detailed TCAD/Geant4-based simulations (Allpix2), c 2f High-resistivity 1
validated with test-beam data o | Czochralski
= 15 wafer (100 um)
Required [
(CLIC tracker) IEEE TNS 67.10 (2020): 2263-2272 -
NIM A 1006 (2021) 0165396 1+ —
NIM A 1041 (2022) 167413 I R R B R R
<7um 4.6 ym 4.3 ym 0 500 1000 1500 2000 2500
K. Dort, CERN-THESIS-2022-071 Threshold [e]
~5ns 5.2 ns* 4.4 ns* .
« Excellent performance observed in test-beam
2997% | »907% | >99.79% measurements and reproduced by simulations
« Validated simulations used for parameter extraction
<200 um [40-100 pm| 100 pm » Results have served as input to sensor optimization,

also for 65 nm process
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65 nm monolithic CMOS (I)

TPSCo 65 nm ISC CMOS imaging process validation for HEP
10 uym epitaxial layer, 7 metal layers, 300 mm wafers with stitching
Collaboration CERN EP R&D, ALICE ITS3, DRD3/7, many institutes + other projects

. Small.er feature size - smaller plxells (~10-35 pm), enhanced performance Overview of 65 nm results in
« Candidate technology for several Higgs-Factory vertex/tracker developments presentation by Giacomo
» Encouraging results from MLR1 and ER1 runs in 2021/22: Ripamonti in CMOS session;
Common submission of technology demonstrators from various groups Details on MOSS/MOST in
Stitched sensors (MOSS/MOST) for ALICE ITS3 presentation by Livia Terlizzi
Successful large-scale testing + simulation campaigns
* Process modifications and sensor-design optimizations proven to work as expected
- Full efficiency, <100 ps sensor timing for optimized designs, up to 10" n,,/cm?
- Feasibility of stitching for wafer-scale sensors _ 0:CE-65 cluster-seed charge LRy
- : - : E o ;t';gs::s: S ey o w4 3
- Fea3|tl)|lltly of porting hybrid r/o architecture to e ; CE-65, 15-25 pm pitch IPHC
monolithic process (H2M) £ 25p - E
- Thinning to <20 um w/o performance loss EOCEHN s 11 IR T
15 : Fitting by Landau-Gaussian function {
h: o
oo MOSS test-beam results o e - saoc amp 3
cE —":V‘i‘f;’_tj' ———— sl D—fﬁec‘tme‘ﬁy@ S [equiEment MOSS - 5_W24B5 T7 £ \ e ! E
984 vV e 1072 Eift’éiffggigts% % 500 1000 1500 2000 2500 3000
\ Operating margin "o o N-gab: 5'um Seedichergeisi
Rl % sl W oo DPTS efficiency + fake-hit rate in test beam
E ] \ y '5% I;ebse:t= v 1B |- s S o %g%/gﬁl;rﬁ??(ﬁa'rﬂii2'1'270'5%71"" 4 Digital pixel test
g = v % ° s Vm =125 DAC ‘\\\.\ e o - structure (DPTS)
Eogol—o—l & W L roredemndggsf  Veasn=104 DAC =% ¥ 7 |4 Detection effickency 15 um oitch
f; V. ITS3 Fake Hit Rate requirement & gg‘“‘g=[1‘zv - E\; - —:y— :laoknelrrt«:laatteed Hm p
5 8 robe length = 6.0 ps T 90 100 L CERN
S 88y 1078 T=27°C s é i iz:iz:::m]z:z :
" e wef o ) 7 Y g S
82 pigted on 4 Moy 2025 | R A R | oo/ —
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Threshold (via Vcass) (€7)
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65 nm monolithic CMOS (ll)

» Several ongoing developments in DRD3/7, targeting future lepton-collider vertex/tracking detectors:

« OCTOPUS [13 institutes] —
« 3 um single-point resolution, few ns timing, Projects share fixed-priority
100 MHz/cm?2, <50 mW / cm? arbiter (FPA) asynchronous
« MANTA (a.k.a. Versatile MAPS project) [16 institutes] | readout concept similar as
« ~10 uym single-point resolution, ~1-100 ns, 2-200 MHz/cm?, implemented in SPARC ER2
20-100mW/cm?, >10%ng,/cm? sensor; plan for common
« Versatility: flexible pixel grouping / tuning of operation prototype submission in 2026
parameters for different applications —

* NAPA [SLAC]
» Low-power, large-area, ultra-low-mass detector with 100 ps timing TDC
* Prototype NAPA p1 produced, plan to submit NAPA p2 in 2026

Simulated OCTOPUS performance FPA architecture considered for OCTOPUS/MANTA
Spatial resolution _ Efficiency Asynchronous Priority Arbiter Tree NAPA p1 layout
e E 100/~ i ‘@ Level 0 Level 1 Level2 Level3 '
i} [ WORK IN

90i- ROGRESS ; EREENE ﬂ ]Hl SR
E r o s ALLL

ResidualsX_RMS [um]
»
T

80

70

D> senD UIT3 )

60

[ NGap_15um_1v2 Column Memory
25— N-Opt-Cross_15um_1V2 50 of pixels 4
L N-Opt-Octo_15um_1V2
[ Standard_15um_1V2 40~ : 3
E WORK IN 30~
L PROGRESS : == Standard_15um_1V2 ———, 1
-HII\HII\IIIi\\I"zj D]I\\III‘\ ’J!IL\JIII‘HI[\H]I\\JII\\J!I\\HI\\
100 200 300 400 500 600 700 100 200 300 400 500 600 700 . . . .
Threshold o] Threshold fe] Parallel behavior and no integration time

https://indico.cern.ch/event/1469148/contributions/6459242/ https://indico.cern.ch/event/1507215/
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Silicon track-timing detectors

» Several (technology-driven) developments targeting ~20-100 ps pixelated timing for MIPs
» Dedicated timing layer or integrated in tracker
« Use cases for precision timing:
« enhanced background/backscatter rejection
* 4D tracking | Not part of the core Higgs-
« particle ID by Time-of-Flight for heavy-flavour physics Factory requirements
- <30 ps / 2m for K/pi/p separation up to 3 GeV

—

CLIC background suppression with nanosecond timing

pi/K separation with timing layer 1.8m from interaction point

5 e

- N PS o

2 o) ~10ps

o 8 E 30 ps 7

o 7 f L) \\ \ \ - 50 ps _f

D E VL AN ~100ps 3

o e L\ z

£ E WAL\ N Impossible to identify =

s 4 - \ \\ LY \ even with ideal time :

3 - \ \\ \ \IL resolution per particle 2

2E =

0 B e e T s

0 2 4 6 8 10 12 14
Timii Sep.Power = ()N;(;Q'[flg) p (GeV)
9 fayer OO0 g
' ’ Bohdan Dudar, ECFA Workshop 2022

https://agenda.linearcollider.org/event/8217/contributions/44430 https://indico.desy.de/event/33640/contributions/128388/
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Track-timing detectors: Sensors with internal gain

SPAD
Silicon Photomultipliers (SiPM): Cathode  Anode ~—Active Area— Anode  Cathode
* Arrays of Single Photon Avalanche Detectors (SPADs) w
« High gain (~108) from thin highly doped multiplication layer o L
 Challenges: fill factor, quenching, readout, rad. hardness RS S HV-nwell R
 Several ongoing developments (hybrid / monolithic) o
Low Gain Avalanche Detectors (LGAD): NlaeGdﬁE crages
« Signal amplification in thin multiplication layer, ~10-40x gain =
Slarge (4 fC) and fast (<70 ps RMS) MIP signals Lmj w1
» Achieved so far: ~1 mm?2 cell sizes, ~95% fill factor, rad.hard. >10"5 n.,/cm? 1 mutpicaton ey :
* In production now for ATLAS and CMS timing layers (6-16 m?) h% Se
« Challenges: 98
» Hybridisation . b
» Resolution limited by time walk / readout ASIC - ,
 Cell size / fill factor limited by inactive regions Pelectrode
between pixels | o e IEGAD TI-LGAD
= inverted LGADs (ILGAD): continuous multiplication . ot

layer on backside
- trench-isolated LGADs (TI-LGAD): JTE replaced

by deep etched trenches filled with di-electric e
99“?6

High resistivity p-type substrate “-‘
\, p++

https://arxiv.org/pdf/2202.01552.pdf

Bond pad metal
T

*, P-type multiplication layer isolation

SSaUXDIY} S10415gNg

P* electrode https://www.mdpi.com/1424-8220/23/13/6225
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Track-timing detectors: AC-coupled LGAD

Resistive (AC-coupled) LGAD (RSD) RSD-based tracking detector
» Resistive cathode, AC-coupled to r/o pads

—> enhanced position resolution through k > “ ED | [:
—\f

amplitude interpolation

—> suitable as timing layer in low-occupance regions
« Time resolution of ~60 ps achieved (limited by FAST2) =
 Position resolution of 15 ym for 450 pm r/o pitch I e ¥

—> significantly better than standard LGAD with same pitch v

 100% fill factor http://dx.doi.org/10.1016/.nima. 2022.167228
N. Cartiglia et al.

RSD prototype, 450 um pitch

Position resolution in test beam for different reconstr. methods RSD2

80 r - Ce—— - '_l_eﬂ."_"'...'*_!i.!:.l*‘.lu'.'i.f_’.' LN

70 | o b NN P S g i e
- 60 r +ST time el-el B
E T
‘3"9 0 [ xsTtime Mcp-el e ] +
e 407 eST ampl X

30

20 | — ” - .

10

0

10 15 20 25 30 35 40 45 50 . .
&l - Presentations on AC-LGAD by Simone Mazza
https://doi.org/10.1016/j.nima.2024.169380 and Issei Horikoshi on Tuesday
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Track-timing detectors: monolithic

FASTPIX layout (5.3 x 4.1 mm?) Pixel matrix layout, hexagonal grid 20pm

FASTPIX technology demonstrator for sub-ns timing

» Modified 180 nm CMOS imaging process,
design optimisations for for fast charge collection

« Small hexagonal pixels (8.7 - 20 um pitch)

* Focus on sensor performance, with limited in-pixel ACHH ot n the matri
circuitry and not optimised for low power yet O Q@ sPoseere

» Exploring large parameter space of process and
design variations

 Time resolution ~100 ps in test beam @ >99% effic. /CASSIA— CMOS Active Sensor with Internal Amplificatior\

n-well electrode

* Position resolution ~1 pym for 8.7 ym pitch - _ _
* Modified 180 nm CMOS with deep p-well gain layer
FASTPIX time resolution in test beam CASSIA1 (3X3_ pixels, 80 ym plltch).

500 F= o Toner - demonstration of sensor gain (I/V, laser)

L. RMS =107 ps Entries 3174

- Mean 0.0005545
so0- RMSgg79, =103 ps Stilev 01072 e couecrn

[ fit, gaus = 103 ps matrix 23 S e T - e R

P .. DEEP PWELL / EXTRA DEEP PWE e = ®
300 I time walk correCtion LOW DOSE N-TYPE IMPLANT Al & LOW DOSE N-TYPE IMPLANT 5

- per cluster size
200 __ P- EPITAXIAL LAYER

B 20 Mm pltCh BXELEITCH 20 0% 80 90 100 110 12"
100 | . . NW bias (V)

. * CASSIAZ2 (in production):

L . Buschmann, . . .

[ 7 Braach etal. « front-end amplify. + discrim. (LGAD mode, 5x5 px)

oll el ) N [P R + quenching circuit (SPAD mode, 4x4 px)
-1.5' ) -1 -05 0 o 0.5 1 o 1.5

/l;gg;s/.//g)fzg;?;f/c;g?g;%%gtclzﬁgi?st&gz%«;gnmbut:ons/4380/ el https://indico.cern.ch/event/1507215/contributions/6540427/  CERN, Univ. Zagreb

Small-pitch monolithic timing also explored in SiGe BiCMOS process: MONOLITH https://arxiv.org/abs/2412.07606
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Conclusions + Outlook

« Stringent requirements for Higgs-Factory vertex and tracking detectors:
* Precision physics needs
* Environmental conditions
» Several optimized detector concepts with different technology choices are proposed

» Broad silicon R&D profiting from advancements in semiconductor industry + simulation-
based process optimisations

» Focus on sensor (test-beam) performance; engineering/system aspects not yet fully
addressed (many of them depend on accelerator choice)

» Large synergies with approved projects, but no complete overlap of requirements

 Fulfilling all Higgs-Factory requirements simultaneously remains challenging

Thanks to everyone who provided material for this talk!
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Additional Material
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Motivation for a Linear Lepton Collider

« Synchrotron radiation losses in circular lepton colliders limit energy and luminosity reach and efficiency

- Linear lepton colliders can reach higher centre-of-mass energies at lower power budget

» Linear colliders can be extended in length (staged construction) to increase the energy towards multi-TeV

- Unique combination of high collision energies with high luminosity and clean e*e- environment

- Flexible running and upgrade scenarios, adaptable to physics results and advancements in accelerator technology
- Probe various Higgs- and top-production processes dominant at different energy scales
- Sensitivity to new physics with electroweak-sized coupling strength or through mixing with known particles

Energy and luminosity reaches Complementary Higgs measurements by

for circular and linear colliders: accessing wide energy range:
S BN = e ] 10k Radiation off top-quarks: e*e">ttH
2 42k Itﬁ::é:i;“:;i’:ﬂfm.ﬁ:; | 1 10° : « Measure top Yukawa coupling
LR R | : + Needs 52500 GeV
: r . c:?zogz [«:mo:] : ] 1-&), 1 03 ;
(@] r e - . ] F
E 3l - ] Double-Higgs prod.: e*e>HHv,v,
3 » « Measure tri-linear self coupling

- : L T 102§| l « Needs high Vs =1.5 TeV
10—1 il i M i i 10— Al | 'l et

3000
s [GeV]

L L P
1000 2000

1
Center-of-Mass Energy [TeV]
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CLIC staged implementation

* New 2025 staging baseline optimised for luminosity performance, cost and power: 380 Gev, 100 Hz, 2 IR: 166 MW

* 380 GeV: 12.1 km tunnel, 100 Hz operation, P=166 MW, L,,; = 4.5 x 1034 cm2 s "l S jaetociaes

* 1.5 TeV: 29.6 km tunnel, 50 Hz operation, P=282 MW, L;,; ~ 5.6 x 103¢ cm2 s

* 2 interaction points, flexible sharing of luminosity

» Single drive beam for both stages (feasible up to 2 TeV)

* 3x higher luminosity / power, compared to 2018 design
(0.82 TWh/y @380 GeV; 1.4 TWh/y @1.5 TeV)

—

= |nteraction Region

u Infrastructure and Services

= Controls and Operation

I [ I 385 klystrons, 24 MW, 48 ps
ey s R S Drive beam complex
1.91 GeV, 1.0 GHz

| e 380 Gev - 12.1 km (QLIC3B0)
2 S 1.5 teV - 29.6 km (CLIC1500)

1.8 km
delay loop 73 m » CR2
@140 m
decelerators, 4 sectors @ 95m @ decelerators, each 878 m
T O O L oot o, TN - - -
sos1 M1 Bps1 BC2
W
(Tf e~ main linac, 12 GHz, 72 MV/m gzskfn jp2 BD52 et main linac, 3.5 km TA iadivis 300

S5 CEEY i

\/ Main linac length 11.4 km

booster linac

CR  combiner ring 286109 GV Main beam complex

TA  turnaround
et et
DR PDR
374m || 389 m

Geneva

DR  damping ring

PDR predamping ring

BC  bunch compressor
BDS beam delivery system

V5 [TeV] o [ab 1]
1 0.38 (and 0.35) 43
2 15 40

e~ injector
2.86 GeV

IP interaction point
B dump

380 GeV

https //lnd/co cern.ch/event/1439855/contributions/6461475/




CLIC schedule and cost

[ hedule f V
Construction :ﬂc(;evedu e for 380 Geﬁ;e » First stage can be constructed in 7 years, starting ~2034-35

oo o[ et s nfeppele - Cost of 380 GeV stage: 7.2 BCHF
! | * Alternative 250 GeV 1%t stage: 6.5 BCHF
= e el = - Alternative 550 GeV 1t stage: 9.4 BCHF
REiE | iIHAE
a \ ol « Construction of 2" stage with minimal interference (2y gap)
e EHL =l iz - Cost of upgrade to 1.5 TeV: 7.1 BCHF
Rl e e e s - Cost of detector (CLICdet design): ~400 MCHF
JSe o E
e I iR « Physics program covers ~10 years per stage, accumulating =4 ab-! per stage
E al |l  Operation cost @ 380 GeV: 137 MCHF / y + ~650 FTEy / y
[ = | - Energy cost: 66 MCHF /y @ 380 GeV (112 MCHF Iy @ 1.5 TeV)
[0 survey works e . . ~
= e | st —gemem— Construction cost share for 380 GeV
Construction and operation schedule for 2-stages sl oo
7years I 10 + 2 years I 10 years u Drive Beam Production
m Main Linac Modules
mf:xﬂon :fv:;:cﬂon m Beam Delivery and Post-Collision Lines

m Civil Engineering

m Infrastructure and Services

m Machine Control, Protection and Safety
Systems

b Reconfiguration




LCF @ CERN

« CLIC underground civil-engineering footprint is also compatible with alternative acceleration technologies

 Strategy submission “Linear Collider Facility @ CERN (LCVision)” discusses several options with SCRF stages
» Pros: first stage(s) based on already industrialized SCRF technology

» Cons: high cost of initial stages (250 GeV: 9.1 BCHF; 550 GeV: +5.5 BCHF), long down times

8.3 GCHF 4—@ Phase 3, baseline 8.3 GCHF 4—-@ Phase 3, early upgrade

- T T T T T l Lol T T T T
v 'e 8000 [~ Scenario LCFACERN_10Hz3ab:1-TeV ¢ — 'e 8000 [~ Scenario LCFACERN_10Hz: 3ab:1- earlyTech!
= i ECM =91GeV 1 = [ ECM =91 GeV
250 GeV & [ — Ecm=2500ev ] 250 Gev 2 [ — ecm=250 Gev
=D @ 6000 |- — ECM=350Gev —-— /£ =207/ 'g 6000 | — ECM = 350 Gev -
£ [ — ECM=550GeV ] c [ — ECM =550 GeV
£ L ECM =13 TeV ] £ [ ECM = 1-3 TeV ]
J 3 4000 2 5 3 4000 = o
3 L B ] 3 [ B ]
Upgrade £ , 250GeV 2 8 N 3 g 1 Upgrade £ s 250GeV < F N g 1
+0.8 GCHF L =54 52000 g A8 Bl +0.8 GCHF L=54 & 20001 g g ' ]
E [ M/ £ ] E [ & £ ]
= o 5 2 & ; = 6 F H 8 ; 1
0 5 10 15 20 25

l 0 5 10 15 20 25
Upgrade E 550 GeV j ) 1years Upgrade 550 GeV yoars
+5.5 GCHF ( L=11 3ab™" at 250 GeV, 6ab™ " at

technology L=17 3ab~! at 250 GeV, 4ab~! at
550 GeV, and 8ab™! at / 550 GeV, and 8ab™! at
Up;ade 1-3TeV in 29 years 1-3TeV in 28 years
1-3TeV — technology 1-3TeV

P. Kloppenburg
https://indico.cern.ch/event/1527581/contributions/6497901/

- Such alternative options show the versatility of the Linear Collider concept
- LCVision initiative helps to engage the world-wide ILC community in a CERN-based project

- However: CLIC technology remains preferred Linear Collider option for CERN in terms of energy reach,
feasibility and cost


https://indico.cern.ch/event/1439855/contributions/6461548/

Experimental conditions at CLIC

» CLIC operates with bunch trains, 50 Hz repetition rate

Not to scale ! 20 ms
- Low duty cycle — . < o
- Trigger-less readout between trains %
- Allows for power-pulsed operation of detector, cLic et R
to reduce average power consumption bunch structure
156 ns
» Collisions within 156 ns bunch trains Very small bunches:
» High E-fields lead to Beamstrahlung 40 nm (x) x 1 nm (y) x 44 um (z)
- High rates of beam-induced background particles (at 3 TeV)
—> Drives detector design (layout, granularity, timing) _w,
. ANV :
w 10" )
M L cLiCdp —locoharentes’ @
EJ_ 108 3TeV —yy — hadrons _ _ WWW\
s —— _| Main backgrounds in detector Beamstrahlung
> 10°F LumiCal
O

| —————— Cemraldet| ° Incoherentete-pairs
L. R » 19K particles / bunch train at 3 TeV

L : ] » Constrains beam pipe radius, granularity

| | .
s //—f_ « yy —>hadrons events

—
o
[hS]

10°F o E * 17k particles / bunch train at 3 TeV
" p;>20MeV . » Constrains granularity, layout, impacts physics
10-4 sl paanl ol |
10™ 103 102 10" 1 High instantaneous hit rates (up to 6 GHz/cm?2),
CLICdp-Note-2018-005 6 [rad] however: very low readout rate (50 Hz)
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Hybrid pixel detectors

Hybrid piX6| detectors Hybrid pixel detector / *
» Target applications: CLIC vertex detector, track-timing layers '
» Separate interconnected sensor and readout ASIC layers
- Factorise R&D on sensors and readout ASICs
» Develop new sensor concepts, e.g.: -

« Thin sensors (50 um) with large fill factor (active edge)
 Active / passive CMOS sensors
« Sensors with enhanced lateral drift (ELAD) for optimal position resolution
« Sensors with charge amplification (LGAD) for picosecond timing
« Profit from advanced industry technologies for highest ASIC performance (rate, timing)
 Profit from synergy with (HL)-LHC developments, medical imaging, gaseous detector r/o (GridPix)
» Refine and develop new interconnect technologies
» Challenges: material budget, interconnect: cost, minimum pitch

Test-beam studies for 65 nm CLICpix2 with thin active-edge sensors (25 ym pitch)
Spatial residuals for
CLICpix2 hybrid assembly Efficiency Spatial residuals Timing residuals . 50 um thick sgnsor
l ) _ e CLICpix2 As.16 ° ] : ‘ : CL‘ICplx2IAs.16~ 20000 MEEN cluster size = 1.19
- § o i 'As.20, bias 25V ] .§ ZS;RMégs%:‘S-ZL‘lm { Gausshani B S 700[RMSs, =43ns @ Gaussian fit: XS i
_g < 1 As20,bias-60V | ‘g RMSyq 7, = 5.5um \ o=34um "a:'; o0 ;RMSQQI,% =4.8ns || o=48ns _ 175007 = :23:3 ~7.26 u;:_fr]n.
5 oos < - 1 0= 20? | s@/ndof=50.3 | * ) Indof=34 1 e | . P Tp—
[ St ] 5L R 500~ B . 12500 stdev = 7.21 um
0‘6:_ . - ] ; 400? — % 10000
L 1 10 4 300 E 2
02l -] sk 1 | thickness 1 5000 f/\\(
130 um‘sensor th:ckness I. iy Eme?cope‘uack \ o 5 1001 " . _ 2500 ! %
0 5 10 15 -0.03-0.02-0.01 0 0.01 0.02 0.03 -30 -20 -10 0 10 i 20 30 0 |
Threshold (ke) y(rack-yhit [mm] Average timet,ack - timecluster (ns) == track - cll?ster[ m] 2
CERN-THESIS-2020-338 o
arXiv:2210.02132
+ Efficiency, spatial and timing resolution targets are achieved, but not yet simultaneously with material budget target
- need advanced sensors / smaller pitch (= 28 nm ASICs, also considered for HL-LHC)
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Fine-pitch hybridization

« Sensor/ASIC interconnect is one of the main challenges for hybrid pixel-detectors:
» Cost / complexity, material budget, minimum pitch, single-die processing during R&D
« Different interconnect technologies are under study for future-collider detectors

. . . ) 25 ym bump bonding @ 1ZM TB pixel effic. 50 um CLICpix2 ass.
- - | |ZM:
Single-die bump-bonding process developed by FBK actlve-edge sensor

eff = 0.995812¢ 203, yield = 0.9991
#masked = 3, #shorted 9, #ineff = 3
120 =

1.00

+ pitch 25 pm, sensor thickness down to 50 um
» Support-wafer processing of CLICpix2 ASICs from MPW
for UBM and SnAg bump deposition
» Excellent interconnect yield >99.7% observed in
laboratory and test-beam measurements
https.//arxiv.org/abs/2210.02132

100 0.98

®
o
icienc
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o
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o

~N
o
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Hybridisation with Anisotropic Conductive Films (ACF): ACF bonding w/ conductive micro-particles ACF on Timepix3
* Adhesive epoxy film with embedded conductive micro-particles, Silicon sensor substrate
electrical connection through thermo-mechanical compression I —
» Ongoing development / optimization of two single-die in-house Ll

processes:
» Chemical Electroless Nickel Immersion Gold (ENIG)
deposition for Under Bump Metallization (UBM)
-> uniformity, thickness, edge effects
+ Semi-automatic flip-chip bonding with ACF layer
- ACF material (particle diameter and density), epoxy
thickness, bonding profile
» Proof-of-principle results for Timepix3 hybrid assemblies
- high interconnect yield in regions with good UBM
—> ongoing optimization of UBM process for single dies
» ACF also under study for module integration
—> ‘easier’ use case (large-pitch interconnect) z i =
« Also tests with paste (ACP) and non-conductive (NCP) https://arxiv.org/abs/2210.13046 N

x[px]

TB pixel effic. Timepix3 ACF ass.

W0043_L08 Pixel efficiency matrix
X 250 B DU i T

200 0.98

150 :[o-o€

100— 1§50.94
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ACF for module integration

ACF module integration

Larger bonding pads: 80 um — few mm diam.
—> Similar to industrial ACF usage
- Good interconnect results

—> Topology / uniformity of UBM important
Various proof-of-concept projects:
« Beam tests of ALPIDE ACF modules

« Bonding tests with MALTA silicon bridges
» Tests with FCAL LUXE pad sensors

MALTA module building with silicon bridge and ACF bonding

1000.00pm

Cross section for 5kg of pressure.

M. Mager, F. Dachs, Y. Benhammou
August 25, 2025
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Hybrid strip detectors
-
A

B E

Particle
Track / l -V

Hybrid strip detectors: ZAJLL
» Baseline for LCF trackers (also suitable for CLIC outer layers)
» Well-established technology (e.g. HL-LHC)
* low material + power (sparse readout) _
 large and fast signals (dE/dx)
 high spatial resolution (charge interpolation) in R/phi direction
» Advanced sensor concepts (e.g. stitched passive CMOS strip sensors)
« Challenges: not for high occupancy regions; complex interconnect

Lycoris module

* Lycoris development DESY / SLAC:
» 320 um thick SiD sensors, 25 um strip pitch, 50 um r/o pitch
« KPiX r/o ASIC bump-bonded on-sensor = high fill factor
* 7 um single-point resolution achieved in test beam
 Test-case: beam telescope for PCMAG@DESY

Stitched passive CMOS sensors

22/ ndf 17.4/18
1424 £133

Constant
Mean 0.02646 +0.06723
Sigma 7.218 +0.090

Unbiased

Routing Layer (to bump pad)
Passivation

o
...|..,.|....|....|....:m!¢na1}
-20 10 0O 10 20 30 40 0

!
Couplir{g Layer

https://indico.cern.ch/event/995633/contributions/4259345
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Distance (um)

Freiburg,
DESY,
Bonn

https://indico.cern.ch/event/995633/contributions/42593
84/attachments/2209268/3738710/Passive%20CMOS %
20Strip%20Sensors.pdf

Vertex and Tracking Detectors for Future Lepton Colliders



https://indico.cern.ch/event/995633/contributions/4259345/attachments/2210031/3740113/LCWS_2021.pdf
https://indico.cern.ch/event/995633/contributions/4259384/attachments/2209268/3738710/Passive%20CMOS%20Strip%20Sensors.pdf
https://indico.cern.ch/event/995633/contributions/4259384/attachments/2209268/3738710/Passive%20CMOS%20Strip%20Sensors.pdf
https://indico.cern.ch/event/995633/contributions/4259384/attachments/2209268/3738710/Passive%20CMOS%20Strip%20Sensors.pdf

Silicon-on-Insulator (SOI) / 3D integration

« Silicon-On-Insulator (SOI): r/o electronics on thin low-resistivity electronics wafer,
separated from high-resistivity sensor wafer by buried insulation oxide layer

« Thin + fast (fully depleted) "monolithic” sensors
« Challenge: specialized + complex production process (wafer bonding)
» Various developments targeting LC vertex and tracking detectors, e.g.:
«  SOFIST V1in 200 nm LAPIS SOI
20x20 pm2 pitch, 200 ym thickness - ogp~1.4 um
* Cracow SOl test chip in 200 nm LAPIS SOI process
30x30 um?2 pitch, 500 pym thickness =2 ogp~1.5 um
« CPV4 SOI-3D LAPIS SOiltest chip (IHEP)
« |PHC LAPIS SOl test chip (with KEK)
* 3D developments @ IPHC (with TJ, T-Micro)
* Precision timing not yet demonstrated

SOFIST v1 Cracow SOl test chip CPV4 SOI-3D
) “} 11 | [

https://doi.org/10.1016/j.nima.2018.06.075 Nucl. Instrum. Methods Phys.
Res., A 988 (2021) 164897

SOl pixel detector

readout electronic

[ | [ 1 [ |

BOX (insulator)
NN AT

sensors

"
A\\Y

high resistive wafer

*

IPHC double-tier 3D TJ 180
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http://dx.doi.org/10.1016/j.nima.2020.164897
http://dx.doi.org/10.1016/j.nima.2020.164897
http://dx.doi.org/10.1016/j.nima.2020.164897
https://indico.cern.ch/event/995633/contributions/4259377/attachments/2208714/3738410/LCWS2021_BESSON_vf.pdf
https://indico.cern.ch/event/995633/contributions/4259377/attachments/2208714/3738410/LCWS2021_BESSON_vf.pdf
https://indico.cern.ch/event/995633/contributions/4259377/attachments/2208714/3738410/LCWS2021_BESSON_vf.pdf

ATTRACT FASTPIX

FASTPIX layout (5.3 x 4.1 mm?) Pixel matrix layout, hexagonal grid 20um

FASTPIX technology demonstrator for sub-ns timing

* Modified 180 nm CMOS imaging process

« 32 mini matrices of hexagonal pixels (8.66 to 20 um pitch)
* 4 analogue outputs + 4x16 pixels with ToT/ToA =
« Various sensor designs and process options E ‘ A8 Pixelinthematix
» Position and ToT encoding via delay lines (asynchr. r/o) oo

5 PMOS per pixel

n-well electrode

On-chip readout circuit W. Snoeys, T. Kugathasan / 3D TCAD Simulation
Reset & leakage PMOS & NMOS 4 analog channel outputs 500 : I : ] -
compensation source followers T Perper:jcu:lartrack, mch?ent at worst
AVDD AVDD A_\_IED AVDD e l: :l

< A = cLicdp
IBIASP nl ,E 350 workin E
E progress
S 300F |
ssssss 5 )
e Gom] | £ =0
g 1ol T
a : ® 100 —-;Square pixel
Tl /— L s ; T. Kugathasan et al:
AR S . | Hegeganal pikel Monolithic CMOS sensors for
Sensor p-n junction 64 digital channels to one fast OR output 0 : L sub-nanosecond timing,
9 merdl telg 1508 Hiroshima 2019
Simulated chip parameters: Time [s]
Sensor capacitance 1fF « Optimised for precise sensor timing in
Equivalent Noise Charge lle 3D TCAD SlmUIatlon studies
Jitter (for Q,, = 1000 &) 20 ps » Hexagonal pixel layout:
In pixel source follower 18 uW « Improved charge collection at pixel edges
Power Periphery discriminator 150 uW  Reduced number of neighbouring pixels
Analog monitoring buffer 20 mW - Less charge sharing
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(£ Eronkhaven Caribou DAQ

( =)
N Versatile data acquisition system based on

programmable hardware % r))Jé
Syste m—on—Chip (SoC) board HH https://gitlab.cern.ch/Caribou

¢ Embedded CPU for DAQ, user interface,

ZC706 evaluation board <sm

TR
operating system (Linux) 2 system on o JEN
R —— ) (=)
* Field programmable gate array (FPGA) for L A e = ;
detector control and data processing Dl a b ’_‘
Control and Readout (CaR) interface board 1
i (Optional)
* Physical interface from SoC board to detector ——

chip "

o
N

— digital differential — digital single-ended — analog

— power

* Voltage regulators, ADCs, pulse/clock generator
Application-specific detector carrier board

* Only detector chip and passiv components

= s}
W CLICpix2
chip board

13cm

e Successfully used for ATLASPix, ATLASPix2, i
ATLASPix3, CLICpix2/C3PD, H35Demo/FEl4,

RD50-MPW1 ¢ 706 .

evaluation kit =
https://iopscience.iop.org/article/10.1088/1748-0221/12/01/P01008

Power Supply
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Silicon detector integration

Power-pulsing mockup Outer arel tracker support structure

LI PSPPI P e e P e Vertex-detector services
) 4 Silicon capaciters |, [0 | '
| | I 1 '

TR T TowDitopont Régulators s Tw
L [ (e ) i Las i 1

ALICE ITS3 |

« Engineering studies based on calculations, simulations, prototyping
—> confirm feasibility of detector concepts + provide input for realistic performance simulation
» Profit from recent developments in approved projects (Belle Il, ALICE ITS3, CMB@FAIR)
» However: not all critical Higgs-Factory requirements are fulfilled by these developments
(e.g. barrel/endcap geometries, combination of low material budget and precise timing)
* More focused effort required, but depends also on choice of project (linear vs. circular)
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