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Outline

* Requirements for tracking and vertexing
at future e*e- colliders

* Vertex and tracker concepts
Pixel-detector technology R&D examples
* Conclusions

Disclaimers:
» Not a complete overview; showing only few examples of many ongoing developments
 For this talk: Lepton Collider = e+e- collider = Higgs Factory (Muon Collider not covered)
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Higgs Factory vertex/tracker physics requirements

ILC in Japan CLIC @ CERN FCC-ee @ CERN CEPC in China
\/Smax =250-1000 GeV  Vsmax =380-3000 GeV \/Smax =240-365 GeV VSmax =240-360 GeV
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Physics goals for post-LHC (>2035) Lepton Colliders:
*Precision Higgs / EW / top measurements arXiv:1812.07986

- Direct/indirect BSM searches g [ I
Requires excellent vertex/tracking detector performance: < | Hveve z
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Higgs Factory vertex/tracker physics requirements

ILC in Japan CLIC @ CERN FCC-ee @ CERN CEPC in China
\/Smax -500 1000 GeV \/Smax =380- 3000 GeV | VS max =240-365 GeV VS ax =240-360 GeV
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Physics goals for post-LHC (>2035) Lepton Colliders:
*Precision Higgs / EW / top measurements

= C I °
- Direct/indirect BSM searches 8 g
Requires excellent vertex/tracking detector performance: f—:
 Flavour tagging (c, b), life-time measurements S1g1
- Vertex resolution: o(d0) ~5 @ 15/ ( p [GeV] sin32 B) um x
- Vertex detector: ogp~ 3 pm, £ 0.2%X0 / layer (air cooling) @
310%
I
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Higgs Factory vertex/tracker physics requirements

ILC in Japan CLIC @ CERN FCC-ee @ CERN CEPC in China
\/Smax ~500-1000 GeV Vsnax =380-3000 GeV VSimax =240-365 GeV \Smay =240-360 GeV
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Physics goals for post-LHC (>2035) Lepton Colliders:
*Precision Higgs / EW / top measurements
* Direct/indirect BSM searches

> 300 - R

Requires excellent vertex/tracking detector performance: o LA GLIGAE \s=asmeay

- Flavour tagging (c, b), life-time measurements s | L2 Wk I

> Vertex resolution: o(d0) ~5 @ 15/ ( p [GeV] sin¥2 8) ym 5 | h o

- Vertex detector: ogp~ 3 um, < 0.2%X0 / layer (air cooling) "o |- —fitted signal .

* Precise measurement of leptonic final states I } -+ fited background
(e.g. recoil-mass measurement in ZH) I
- Track-momentum: o(p1) / pr2 < 2 x 10-° GeV-1 s
- Tracker: ogp~ 7 pm, 1-2% X0 / layer, large radius, many layers 190
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Higgs Factory vertex/tracker physics requirements

ILC in Japan CLIC @ CERN FCC-ee @ CERN CEPC in China
\/Smax =500-1000 GeV \/Smax —380 3000 GeV \/Smax -240 365 GeV Vsmax =240-360 GeV
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Physics goals for post-LHC (>2035) Lepton Colliders:
*Precision Higgs / EW / top measurements

* Direct/indirect BSM searches - R SRR R S L B

Requires excellent vertex/tracking detector performance: o LA GLIGAE \s=asmeay

- Flavour tagging (c, b), life-time measurements s | L2 Wk I

> Vertex resolution: o(d0) ~5 @ 15/ ( p [GeV] sin¥2 8) ym 5 | h o

- Vertex detector: ogp~ 3 um, < 0.2%X0 / layer (air cooling) "o |- —fitted signal .

* Precise measurement of leptonic final states I } -+ fited background
(e.g. recoil-mass measurement in ZH) I

- Track-momentum: o(p1) / pr2 < 2 x 10-° GeV-1 s

- Tracker: ogp~ 7 pm, 1-2% X0 / layer, large radius, many layers 190

* Heavy-flavor physics = PID (K/pi separation) by dE/dx, dN/dx I

and/or 10’s of picosecond timing layers :
*Background rejection - low-angle coverage, timing I
* Exotics (e.g. highly-ionizing or feebly-coupled particles)
- dE/dx, many layers, large radius, precision timing
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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 stages of Linear-Colliders
» More focus on material budget and particle ID (dE/dx, dN/dx, ToF)

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

. . . . ) 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 o —hits__
(incoherent e*e- pairs, yy—~>hadrons): ‘
» Constrains layout, granularity, impacts physics

300

r (mm)
IIIII

llllllllllll

» Backgrounds concentrated in very short bunch trains 200 —
- High instantaneous hit rates (up to 6 GHz/cm? @ 3 TeV CLIC) X 10"
- Time-stamping: few ns @ 3 TeV CLIC, ~1-10 uys @ ILC 100 £ | | | |

> Fast detector signals / frontend [ I —Il 102

* Low duty cycle: ~20-200 ms gaps between bunch trains N . .
-> trigger-less readout, pulsed powering -2000 -1000 0 1000

OLiLi 11

00

N
3
=N
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Experimental constraints on vertex/tracker

. ) ) . . CLIC backgrounds in tracking region
Main experimental constraints in linear lepton colliders:

Significant rates of beam-induced backgrounds
(incoherent e*e- pairs, yy—~>hadrons):
» Constrains layout, granularity, impacts physics
« Backgrounds concentrated in very short bunch trains
- High instantaneous hit rates (up to 6 GHz/cm? @ 3 TeV CLIC)
- Time-stamping: few ns @ 3 TeV CLIC, ~1-10 uys @ ILC
- Fast detector signals / frontend

]
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» Low duty cycle: ~20-200 ms gaps between bunch trains

OLiLi 11

: . QL L
-> trigger-less readout, pulsed powering -2000 -1000 0 1000 2
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CLIC_ILD incoherent pairs +yy — hadrons: silicon hits, no safety factors
o S S hits

mm? train

10

102
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Main experimental constraints in circular lepton colliders:
30 mrad crossing angle of beams, focusing quadrupoles inside det. volume

FCC-ee detector region

Main detector volume

- B-field limited to ~2 Tesla
High rate of physics events (up to 100 kHz, bunch spacing down to 30 ns)

wa\oz

wajoz

- Integration time <~1 ps required for occupancy and pile-up (30 ns @ Z-pole)

- Fast detector frontend and DAQ )

* Main backgr.: synchrotron radiation (reduced by shielding), incoh. pairs :

« Continuous collisions (100% duty cycle)

- Beam-induced backgrounds more spaced out, less severe impact on detectors,—"
t.b.c. for FCC-ee, following recent reduction of beam-pipe radius from 15 to 10 mm

- Pulsed powering not possible
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Experimental constraints on vertex/tracker

. ) ) . . CLIC backgrounds in tracking region
Main experimental constraints in linear lepton colliders:

]

Significant rates of beam-induced backgrounds
(incoherent e*e- pairs, yy—~>hadrons):
» Constrains layout, granularity, impacts physics
« Backgrounds concentrated in very short bunch trains
- High instantaneous hit rates (up to 6 GHz/cm? @ 3 TeV CLIC)
- Time-stamping: few ns @ 3 TeV CLIC, ~1-10 uys @ ILC
- Fast detector signals / frontend
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» Low duty cycle: ~20-200 ms gaps between bunch trains
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Main experimental constraints in circular lepton colliders:
30 mrad crossing angle of beams, focusing quadrupoles inside det. volume

FCC-ee detector region

Main detector volume

- B-field limited to ~2 Tesla
High rate of physics events (up to 100 kHz, bunch spacing down to 30 ns)

wa\oz

wajoz

- Integration time <~1 ps required for occupancy and pile-up (30 ns @ Z-pole)

- Fast detector frontend and DAQ )

* Main backgr.: synchrotron radiation (reduced by shielding), incoh. pairs :

« Continuous collisions (100% duty cycle)

- Beam-induced backgrounds more spaced out, less severe impact on detectors,—"
t.b.c. for FCC-ee, following recent reduction of beam-pipe radius from 15 to 10 mm

- Pulsed powering not possible

» Moderate radiation exposure (>~10* below LHC run 1!) for all lepton-collider proposals:
« NIEL: < 10" n,,/cm?/y
* TID: <1 kGy / year
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Collider

Detector
Concept

B-field [T]
Vertex inner
radius [mm]

Tracker out.
radius [m]

Vertex

Tracker
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Vertex/tracking detector concepts

ILC CLIC FCC-ee CEPC
SiD ILD CLICdet CLD FCC-ee Noble CEPC CEPC
IDEA LAr/LKr baseline IDEA
5 4 4 2 2 2 3 2
14 14 31 17 17 17 16 16
2> 12 2> 12 > 12
1.25 1.8 1.5 2.2 2.0 2.0 1.81 2.05
Si-pixel  Si-pixel  Si-pixel Si-pixel  Si-pixel Si-pixel Si-pixel Si-pixel
Si-strips TPC/ Si-pixel  Si-pixel DC/ DC/Si-strips  TPC/Si-strips DC/
Si-strips Si-strips  or Si-pixel or Si-strips Si-strips
arXiv:1306.6329 arXiv:1812.07337 arXiv:1911.12230 doil.orq/10.1140/epjst/e2019-900045-4 arXiv.1811.10545

CLICdet

#
CEPC baseline
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Vertex/tracking detector concepts

Collider ILC CLIC FCC-ee CEPC
Detector SiD ILD CLICdet CLD FCC-ee Noble CEPC CEPC
Concept IDEA LAr/LKr baseline IDEA
B-field [T] 5 4 4 2 2 2 3 2
Vertex inner 14 14 31 17 17 17 16 16
radius [mm] 2> 12 2> 12 > 12
Tracker out. 1.25 1.8 1.5 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 ]
Tracker Si-strips TPC/ Si-pixel  Si-pixel DC/ DC/Si-strips  TPC/Si-strips DC/
Si-strips Si-strips  or Si-pixel or Si-strips Si-strips
arXiv.1306.6329 arXiv:1812.07337 arXiv:1911.12230 doil.orq/10.1140/epjst/e2019-900045-4 arXiv.1811.10545

SiD vertex-detector ILD vertex-detector
All concepts contain silicon-pixel vertex detectors: -
« 5-6 barrel and up to 6 endcap layers jﬁi 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 IDEA vertex-detector
> thin sensors, low-power ASICs CLIC vertex-detector

tat; 0. 2mm CFRP+Icm styrofoam+0 2mm CFRP  Beryllium shell i cooling tube:
1 | od:2mm, id:1.5

for air cooling (~50 mW/cm?2)
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Vertex/tracking detector concepts

Collider ILC CLIC FCC-ee CEPC
Detector (SiD ) ILD (CLiCdet)( CLD )| FCC-ee  Noble CEPC CEPC
Concept IDEA LAr/LKr baseline IDEA
B-field [T] 5 4 4 2 2 2 3 2
Vertex inner 14 14 31 17 17 17 16 16
radius [mm] 2> 12 2> 12 > 12
Tracker out. 1.25 1.8 1.5 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
Tracker Si-strips TPC/ Si-pixel || Si-pixel DC/ DC/Si-strips  TPC/Si-strips DC/
Si-strips Si-strips  or Si-pixel or Si-strips Si-strips
;ar/?m%ﬁ}zg p >X/v;]812. 0733? a>/u']9]].]22_3)0 doi.org/10.1140/epjst/e2019-900045-4 arXiv:1811.10545

SiD all-silicon tracker CLIC all-silicon tracker
: el -

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?
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Silicon pixel-detector R&D examples

Hybrid detectors Monolithic Sensors

.9//,%%

4

B

MIMOSIS-1,; 60y thi

Silicon on Insulator

300um thick - 6x6 mm?

ﬂ'ools AIDA + CLICdp beam telescopes Caribou readout system  MC Simulation framework:  Analysis & reconstructim
- ‘ Allpix Squared framework: Corryvreckan

5 https://gitlab.cern.ch/ https.//gitlab.cern
g : allpix-squared/allpix- | \ .ch/corryvreckan/c
‘ | squared orryvreckan
: pRR=
- J| https://gitlab.cern.ch/Caribou
S NIM A 901 (2018) 164-172 2021 JINST 16 P03008

 Diverse R&D performed within various collaborative frameworks (ILD, SiD, CLICdp, IDEA, CERN EP R&D,
AIDAIinnova, ...) and with strong links to other developments (HL-LHC, Belle II, Mu3e, CMB@FAIR, ...)

» Mostly focusing on conceptual studies + technology demonstrators

- Flexible tools developed, to support the R&D and exploit synergies between the various R&D lines
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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 Q0O / O O

) ) ) )

» 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

High Voltage
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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 Q0O / O O

) ) ) )

» 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
10° CLICpix2 As.16 - _ : : : CL‘ICpleIAs.16~ 20000 Me@n cluster size = 1.19
g B i 'As.20, bias 25V ] 3 ZSTRM‘SQW:‘S.Z‘ Y Gaussianfit ] o [RMS,;, =4.3ns @  Gaussian fit: ] X-axis
§ 1T el hmEmbmav] E welssimll oiaem | B St oligme | ST fe e
5 osf T - 1 = % | ensor=sos | ® T | =34, B ean 091
: o & | [ 5001 E 12500 stdev = 7.21 pm’
06 ) ] 3 1 400 3 8
[ - i f ] 10000
04l T ] 1o ] 300F e *
AL =3 1 [ 130 um senso F130 um sensg b 7500
0‘2:* -] 5;thlckness ] Zoogthickness ) "! f p— f/\\(
[ 130 pm sensor th:Ckness |‘ 7 E ETele§cope‘track 3 .9 p i ] " E_Teles ope tratk’ “ZE}Z;V//%%“%L _; 2500 ! %
0 5 10 15 -0.03-0.02-0.01 0 0.01 0.02 0.03 -30 -20 -10 0 10 20 30 OJ |
Threshold (ke) Yoo Vi [mm] Average timetrack-timecluster(ns) -20 track»clt?ster - 20
CERN-THESIS-2020-338 ,
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 phase
« Different interconnect technologies are under study for future collider detectors
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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 phase
+ Different interconnect technologies are under study for future collider detectors

Single-die bump-bonding process developed by IZM: 25 um bump bonding @ IZM T8 pixel effic. 50 ym CLICpix2 ass.
i i FBK active-edge sensor eff = 0.9958:3¢ 3, yield = 0.9991
+ pitch 25 pm, sensor thickness down to 50 um e S B e e e e 2 1
 Support-wafer processing of CLICpix2 ASICs from MPW &7 " e

100 0.98

for UBM and SnAg bump deposition
+ Excellent interconnect yield >99.7% observed in
laboratory and test-beam measurements

See also bonding + packaging talk :
by Thomas Fritzsch tomorrow https.//arxiv.orq/abs/2210.02132 % 25 s 75 100 135 0%

X [pixel]

80 0.96

y [pixel]
icienc

60
0.94%

40

0.92
201
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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 phase
« Different interconnect technologies are under study for future collider detectors

. . . ) 25 ym bump bonding @ 1ZM TB pixel effic. 50 um CLICpix2 ass.
Single-die bump-bonding process developed by IZM:
9 P gp P y 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

See also bonding + packaging talk

100 0.98

®
o

0.96

y [pixel]
(=2}
o
efficienc:

094

N
o

0.92

~N
o

by Thomas Fritzsch tomorrow https://arxiv.orq/abs/2210.02132 % s w70 s
X [pixel
Hybridisation with Anisotropic Conductive Films (ACF): ACF bonding w/ conductive micro-particles ACF on Tlmep|x3

+ Adhesive epoxy film with embedded conductive micro-particles, illcon sensorisubstrate

electrical connection through thermo-mechanical compression I E—
» Ongoing development / optimization of two single-die in-house s

o o
processes: o) ooooooo O T

» 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 - - P
-> high interconnect yield in regions with good UBM Wit zoorm; AL cro MR o Hoss
- ongoing optimization of UBM process for single dies Tmep=<_5 o I.
» ACF also under study for module integration : '

- ‘easier’ use case (large-pitch interconnect)

TB pixel effic. Timepix3 ACF ass.

W0043_L08 Pixel efficiency matrix

g 250F- 7 L =Rl v

g : ik
> LSS E £t ~l0.99

i
200 0.98

50 = 0.92

httos://arxiv.orq/abs/2210.13046 o T e w m me
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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
SOl pixel detector

readout electronic

« Thin + fast (fully depleted) "monolithic” sensors T—r/\ T
* Challenge: specialized + complex production process (wafer bonding) L T LT 1 T T LT
» Various developments targeting LC vertex and tracking detectors, e.g.: BOX (insulator)
 SOFIST V1in 200 nm LAPIS SOI '\ /'
20x20 pm2 pitch, 200 ym thickness - ogp~1.4 um senser
* Cracow SOl test chip in 200 nm LAPIS SOI process S 2
30x30 um?2 pitch, 500 pym thickness 2 ogp~1.5 um high reslaive wafar
« |PHC LAPIS SOl test chip (with KEK) SV
* 3D developments @ IPHC (with TJ, T-Micro)
« Precision timing not yet demonstrated See also the talks in the SOI session of this morning
SOFIST v1 Cracow SOl test chip IPHC/KEK SOl test chip  IPHC double-tier 3D TJ 180

1| =

300pum thick - 6x6 mm?

https.//doi.org/10.1016/j.nima.2018.06.075 Nucl. Instrum. Methods Phys. hitps://indico.cern.chevent/995633/contributions/4259377 /attachments/2208714/373
Res., A 988 (2021) 164897 8410/LCWS2021 BESSON vf.pdf

December 15, 2022 Pixel-detector developments for future Lepton Colliders


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

Monolithic CMOS sensors

Monolithic CMOS sensors using (adapted) industry technologies:
» Sensor and readout electronics fully integrated
Different concepts:
« 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

Large-collection-electrode / MIP High Voltage

HV-CMOS sensors

Small-collection-electrode

« Simplified construction (no bonding) CMIOS sensors
+ Challenges: complex non-uniform sensor structures ol on o
. ; . pr/
(simulation), interplay sensor/readout, s e

process modifications are foundry dependent / e, S

parameters not publicly available
« Many ongoing developments, exploiting progress in semiconductor industry

and synergies (HL-LHC, Mu3e, Belle I, CMB@FAIR, ...)
» Trend towards smaller feature sizes (180 nm - 65 nm) for improved performance
» Target: vertex/tracker of all Higgs-Factory detectors

See also the talk by Jerome Baudot
and other talks in the CMOS session

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

| “

e
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180 nm High-Voltage CMOS

» Active depleted HV-CMOS sensors with fully integrated readout
* Under study for CLIC tracker + IDEA outer vertex / tracker
« Same technology initially considered for ATLAS outer tracker and chosen for
Mu3e tracker (MuPix8), under study also for LHCb Mighty Tracker
» Depleted thin sensors (high-resistivity substrates, >100 V bias), fast frontend ->
large signal (dE/dx), fast, radiation hard
» Very good performance observed in test beam:
*  >99.7% efficiency (ATLASPpix3)
» Timing precision ~4 ns (ATLASpix3)
« Spatial resolution <10 pm (Telepix, 25 pym pitch in R/phi)
* Power consumption down to 140 m\W/cm?2 (ATLASpix3)
» Plans for dedicated CEPC design in 55 nm HV-CMOS process
* Other HV-CMOS developments for CEPC: JadePix, TaichuPix

. > F . N
v 000 ATLASPIX3 —{Run, Delay com. Time Resolution % 1.04F ATLASPix3 <
Q0 CTi i o o iCi i 5
E : Time resolution Full corr. Time Resolution ) 1'025 Efficiency + noise %
* 5°°°:_ R 6D G A v 5
C 0.98} =1 3
4000 0.96E A ©
- i v 2
3000 — 0.94 E A g
C 0.92F
2000{— E 4]
C 0.9 i
C :_ Efficiency A Yy
1000~ 088 ? . ’ 1
r 0.86 4 Noise
A N T 80 80 100 120 140
Time Resolution [ns] Threshold [mV]
Time resolution (RMS) for every pixel Efficiency .
Uncorrected 6.7ns +- 0.5ns |. Peric et al.

ToT corrected 4.1ns +- 0.1
https://agenda.linearcollider.org/event/9211/contributions/49477/attachments/37547/58841/ILC_HVCMOS_Oct21.pdf

See also the talks by Klaas Padeken and Riccardo Zanzottera in this session

ATLASPpix
180 nm HV-CMOS sensor
40 x 130 ym?2 pitch
r'

ATLASPix3
180 nm HV-CMOS
50 x 150 um?2 pitch |

LHCb/CLIC/Telepix
180 nm HV-CMOS
>=25 x 165 um?2 pitch
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ab 180 nm monolithic CMOS example: CLICTD

CLICTD sensor layout example

Collection electrode

CLICTD 180 nm 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 pm NSRS
« Simultaneous time and energy measurement per channel
» Exploring large parameter space of sensor-design

Deep p-well

Epitaxial
layer

Segmented n-implant

IEEE TN 67.10 (2020): 2263-2272
<7um 4.6 pm 4.3 pm NIM A 1006 (2021) 0165396
NIM A 1041 (2022) 167413

PR N N T ST N T T T S NS T T T Y SN S S S N
0O 500 1000 1500 2000 2500
Threshold [e]

IS E
modifications, substrate materials (epitaxial, high- =" 8: ,,,,,,,,,,,,,,,,,,,,, i
resistivity Cz) and thicknesses (40-300 pum), in 'cé; - 3
collaboration with ATLAS MALTA / STREAM s : ]
« Detailed TCAD/Geant4-based simulation studies (AlIPix?) & 6} -
to optimize sensor design v = ]
See AlIPix2 talk by 8 5F ~« Epi: 100 um .
Required S. Spannagel o M Ep| 50 um
(CLIC tracker) = E —— Ep!. 40 pum ]
= 4r “+= Cz: 100 um =
© - ]

o

)

~5ns 5.2 ns* 4.4 ns*
« Excellent performance observed in test-beam
>997% | >99.7% | >99.7% measurements and reproduced by simulations
* Results have served as input to sensor optimization,
<200 ym |40-100um| 100 um also for 65 nm process (see talk by W. Snoeys)

*limited by front-end
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65 nm monolithic CMOS

TPSCo 65 nm ISC CMOS imaging process currently being validated for HEP:
Collaboration CERN EP R&D, ALICE ITS3 upgrade, many institutes and other projects

TANGERINE Analog pixel test  Digital pixel test Rt gt oS 7 7
CSA1 2x2, structure (APTS)  structure (DPTS) .
16 pm pitch 10-25 pm pitch 15 um pitch "

DESY

Smaller feature size - smaller pixels (~10-35 um), enhanced performance
Candidate technology for Higgs-factory vertex/tracker developments
Encouraging results from first MLR1 test-chip production in 2021:

See also the ALICE talks in
Tuesday’s upgrade session

* Process modifications and sensor-design optimizations proven to work as expected

« Full efficiency + nanosecond sensor timing achieved for optimized designs
Next submission in stitched engineering run ER1 with new developments, e.g.:
wafer-scale MOST/MOSS (ITS3), H2M test-chip (hybrid architecture in monolithic process)
More focused developments for Higgs factories proposed for future submissions,
e.g. test chips from UK LC Silicon Pixel Tracker (SPT) project, optimized for LC duty cycle

MLR1 reticle 2021 CE-65, H2M (new in ER1), 35 pym pitch
— 15-25 pm pitch DESY, CERN, IFAE

DPTS efficiency + fake-hit rate in test beam

100 L
£l

ALICE ITS3 beam test preliminary | 10°

easured in laboratory (pixel™ s~

N

:
SV
:
:

Fake Hit Rate, m

200 300 350 400
Threshold (via VCASB) (electrons)
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Silicon track-timing detectors

» Several developments targeting ~20-100 ps pixelated timing for MIPs

« Dedicated timing layer or integrated in tracker

« Use cases: 4D tracking, enhanced background rejection,
particle ID by ToF (<30 ps / 2m for K/pi/p separation up to 3 GeV)

Many more R&D examples in talks
from Monday’s fast timing session

FASTPIX technology demonstrator for sub-ns timing
* Modified 180 nm CMOS imaging process,
design optimisations for fast charge collection
« Small hexagonal pixels (8.66 to 20 um pitch)
» Time resolution of ~140 ps achieved in test beam

FASTPIX layout (5.3 x 4.1 mm?)

Pixel matrix layout, hexagonal grid 20pm

Pixel in the matrix

5 PMOS per pixel

n-well electrode

FASTPIX efficiency and time resolution in test beam

2000 i — rms(99.7%)
08 =0.142ns

6000 —— fit: 0=0.122ns
= 2
& 01
2 4000 ’ http://dx.doi.org/10.3390/inst
;’: ruments6010013

2000 E. Buschmann et al.

20 um pixel pitch
0

-1.0 -0.5 0.0 0.5 1.0
tmcp — trp [NS]

N. Cartiglia et al.

Resistive (AC-coupled) LGAD
» LGAD sensors with internal gain + hybrid r/o ASIC
» Resistive (AC-coupled) LGADs (RSD):
enhanced position resolution @ large r/o pitch
through amplitude interpolation
—> suitable as timing layer in low-occupance regions
» Time resolution of ~25-30 ps achieved
 Position resolution of 15 pm for 450 um r/o pitch

RSD based tracking detector
[: AC coupling OXIde

¥ | Resistive n++ electrode |

p++ electrode

RSD prototype 450 um pItCh & Position resolution vs pitch (0.45 & 1.3 mm), gain =10

50 = =1/pitch

'
=}

30 Se
20

ol
10 ---O

0

Resolution [micron]

[} 0.5 1 15 2 25
1/pitch [mm-1]

http://dx.doi.org/10.1016/.nima.2022. 167228
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Silicon detector integration

Power-pulsing mockup Outer arel tracker support structure

LG b R Vertex-detector services
) q=r Silicon capacitors ' - ! |
: : 3 e A

* TR T TowDitopont Régulators s T
Lis [ ) t i 1T i1 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 Lepton Collider requirements are fulfilled by these developments
(e.g. barrel/endcap geometries, combination of low material budget and precise timing)
* Re-enforcement of engineering studies required to stay in line with detector-technology R&D
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Conclusions

« Stringent requirements for Lepton-Collider vertex and tracking detectors:
« Precision physics needs
« Environmental conditions

» Several optimized detector concepts with different technology choices are proposed

» Broad silicon-pixel R&D program is pursued, profiting from advancements in
semiconductor industry and from synergies with approved projects

 Fulfilling all Lepton-Collider requirements simultaneously remains challenging

» Further progress would benefit from an integrated focused effort, combining
optimization + physics studies, technology R&D and detector-integration studies

Thanks to everyone who provided material for this talk!

This project has received funding from the European Union’s Horizon 2020 Research and Innovation
programme under GA no 101004761.

Some of the measurements leading to these results have been performed at the Test Beam Facility at DESY
Hamburg (Germany), a member of the Helmholtz Association (HGF).
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Additional Material
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Vertex/tracking detector concepts

Collider ILC CLIC FCC-ee CEPC
Detector SD ( ILD ) CLICdet CLD FCC-ee Noble (~ CEPC \ CEPC
Concept IDEA LAr/LCr baseline IDEA
B-field [T] 5 4 4 2 2 2 3 2
Vertex inner 14 14 31 17 17 17 16 16
radius [mm] 2> 12 2> 12 2> 12
Tracker out. 1.25 1.8 1.5 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
Tracker Si-strips TPC/ Si-pixel  Si-pixel DC/ DC/Si-strips | TPC/Si-strips DC/
Si-strips Si-strips  or Si-pixel \_or Si-strips /  Si-strips

Time Projection Chamber as main tracker:
» Low material budget (5% XO in barrel region incl. field cage)

» Continuous tracking - superior pattern recognition, dE/dx

+ Rate limited
—> discarded for CLIC because of pileup

-> challenging for CC: low B field, up to 100 kHz physics rate

- R&D for pixelated r/o to increase rate capability
« Silicon envelope to increase acceptance for dileptons,

improve forward angular and overall momentum resolutions

ILD main tracker quadr.

ILD inner det. mat. budg.

S
]

TPC

148 m

0.3
0.2F

0.1k

0

04fF —

A os5F =

— outside TPC

-80 -60

40 20 O
0/ degrees
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Vertex/tracking detector concepts

Collider ILC CLIC FCC-ee
Detector SiD LD  CLICdet CLD (FCC-ee)( Noble )
Concept IDEA LAr/LCr
B-field [T] 5 4 4 2 2 2
Vertex inner 14 14 31 17 17 17
radius [mm] 2> 12 2> 12 2> 12
Tracker out. 1.25 1.8 1.5 2.2 2.0 2.0
radius [m]
Vertex Si-pixel  Si-pixel  Si-pixel  Si-pixel | Si-pixel Si-pixel
Tracker Si-strips TPC/ Si-pixel  Si-pixel DC/ DC/Si-strips
Si-strips \Si-strips ) \or Si-pixelj
Drift Chamber as main tracker: IDEA DC
» Very low material budget (1.6% XO in B (FEC incuded)
barrel region, dominated by wires) noscy, Douy (R i

December 15, 2022

Continuous tracking, particle separation
via cluster counting (dN/dx) or dE/dx

—> superior pattern recognition, particle 1D

(30 K/p separation up to 35 GeV)
Silicon envelope to increase acceptance
for dileptons, improve forward angular
and overall momentum resolutions

0.050 X,

Front Plate

inner wall 0.0008 X,

Gas: 90% He, 10% iC4H4o

112 layers
12-15 mm cell width

o

r=2.00m

0=14°

r=0.35m

56,000 cells
340,000 wires

(0.0013+0.0007 X,/m)

outer wall(0.012 X,

z-axis

2=2.00m G F Tassielli
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CEPC

CEPC ( CEPC )
baseline IDEA

3 2

16 16

1.81 2.05
Si-pixel Si-pixel
TPC/Si-strips DC/

or Si-strips  \  Si-strips )

IDEA mat. budg.

30/ I Beam pipe
[ Vertex silicon
[ Drift chamber

25| [ Silicon wrapper

20—

(e L . L I L
OO 01 02 03 04 05 06 07 08 09 1

cosf




Detector concept optimization / validation

CLIC_ILD Impact-param. resol. vs. Ry, ILD momentum resolution .....CLD d, resolution
24 1.57 = 3 . FCC-e0 CL
23 | =®=sigma_Rphi (p=1 GeV, theta=90 deg) 1 155 % ; F* «0=7" 1 E 103 T T T T
= i ; § fia =i = 107" ¢ u0=20" E Single u =
g 22 =@-sigma_Rphi (p=300 GelV, theta=90 deg) 153 g g‘_ 0 3 Gl 3 : :“g : ‘r.GeV
=21 = s la v0=85" ] o ° o p=10 GeV ]
S ” 1.51 % o} 1 o1 2 i g - a p:‘lgOGelV s
& 149 9 0° & 4 - (@%+b2(p7sin(8Y)
- 147 8 : ] 6 10°F 3
: | - - E
o 18 : il ~ L o
S17 1 145 = 103 p ! - y
© ! i 1143 32 F Mo T .
5 16 , fastsim. 5 . 10 F E
15 ] 141 10 & E o e E
14 : 139 full sim A S
24 26 28 30 32 34 36 38 10° ) full sim. © @ i .
EL L L Ll L L TR | I TS S S 1
- : = 4 L
radius of innermost pixel layer [mm] q 10 102 20 40 60 80
Momentum/GeV 0 [deg]
CLIC?(%_[J\omentum resol. vs. B-field and R4 SiD b-tagging performance IDEA c-tagging performance
~— 40 ¥ * T ¥ L s ¥ T " ¥ ¥ . T * ¥ ¥ —F F K T = 1:‘ E xS TR ES FERECLGowd a8 T ¢ 1§ a
i . - ] t f Rk
4 B Single *B=35T 7 [T r . FCC-ee Simulation (IDEA)
% 35F p=SDgGeV,9=QD" AB=40T o | full sim. 2 l§ =1 - T T
8 ¥ ot 2 o with b I R A
g r =9 ] E j=u,d,s,c,b g
S 30F B=55T = ] 3
%_ E E E 2 1071k fact eim i
a 25 3 E g k=] E asut oiri.
<] B 7 [11] 102 _§ (é’ [ —— cvsig (3inner layers)
~ - E 1 = --ee=. Cvsig (4 inner layers)
g 20 - -] B Q [ —— cvsiud (3 inner layers)
r : : we ' | 102 - e o) E
15 -_f . = E/ ~  Charm background g Fomeeee ¢ vs'b (4 inner layers)
- fast sim. ] 1 K. Gautam
10 B : i ; ] i  tFidme o @ FEC week 2022~
1200 1300 1400 1500 10340555 o7 o5 a5 e T T ¥ S T S T B!
Rmax [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;
» Sofar: SiD,ILD,CLICdet,CLD validated in Geant4 based full-detector simulations
» Other concepts validated in fast simulation, full simulation in progress

* Many studies pre-date recent R&D developments (e.g. monolithic trackers, pixelated TPC r/o)
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Hybrid strip detectors
Hybrid strip detectors: N\ N
A A

* baseline for ILC 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) P

» high spatial resolution (charge interpolation) in R/phi direction 19 .

 Allows for testing of advanced sensor concepts % TT E
(e.g. stitched passive CMOS strip sensors) Particley,

« Challenges: not for high occupancy regions; complex interconnect Track l -V

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

Lycoris module

Stitched passive CMOS sensors

22/ ndf 174/18 Unbiased

Constant 1424 +133
Mean 0.02646 +0.06723

Sigma 7.218 +0.090

Routing Layer (to bump pad) ! . Freiburg,
*
Passivation i I . DESY,
} < oy Bonn

o
AT U I R R mﬁﬁ}
-50 40 -30 20 -10 0 10 20 30 40 0

Couplir{g Layer Distance (um) https://indico.cern.ch/event/995633/contributions/42593
84/attachments/2209268/3738710/Passive%20CMOS %

https://indico.cern.ch/event/995633/contributions/4259345/attachments/2210031/3740113/LCWS 2021.pdf | 20Strip%20Sensors.pdf
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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

Small collection electrode monolithic CMOS

» Modified 180 nm CMOS imaging process with small collection electrode (O(fF) capacitance)

(e.g. ALPIDE, (Mini-)MALTA, CLICTD, FASTPIX ...)

* Deep low-dose n-implant for full lateral depletion

« Introduction of lateral doping gradient leads to accelerated charge collection

volume

« Comparison of various design modification in terms of detector performance JINST 14 (2019) C05013
No n-implant Collection Continuous n-implant
electrode
O m !
[0 - L -
82
I_IC_JI-(—U Edge of depleted

Segmented n-implant

Extra deep p-well

Not to scale

|_|E
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Simulations

e Complex non-uniform field configurations in
the small collection-electrode layout require s [ corn /i
. . . . squared/allpix-square
sensor-design optimisations
NIM A 901 (2018) 164172

* Finite-element (3D TCAD) and Monte Carlo

(Allpix Squared) simulation to combine accurate CLICdp-Pub-2021-003
sensor modelling with high simulation rates https://arxiv.org/abs/2202.03221 .
ontinuous n-implant
80 ' 3 Data | 7
. . . (7] B N 2 N
e Validated against transient 3D TCAD and data s o SRAlpiC + TCAD -
3 o _
Electrostatic potential + streamlines Q/ : :
151 "
- 1 __ ] ] __
IRRRERESHIELEARRREERRARRT g
ERRRERRERERECIRNRREERARERARR) a
=
? 09

0 500 1000 1500 2000
Threshold [e]

NIM A 1016 (2020) 0163784
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CLICTD Technology Demonstrator

CLICdp Bias = -6V / -6V
—

CLICTD 180nm monolithic sensor %;; ——yu
 Channel pitch: 300 ym x 30 um " / g L]

(16x128 channels)
» Sub-pixel pitch: 37.5 pm x 30.0 ym
» Analogue front-end of 8 sub-pixels I
grouped in one digital front-end (= readout channel) 0.95
 8-bit ToA (10 ns ToA bins) + 5-bit ToT (combined I
ToA/ToT for every 8 sub-pixels in 300um dimension)

Efficiency
——r

» Sensors produced with different substrate materials - %#% Continuous n-implant
(epitaxial, high-resistivity Cz) and thicknesses 0.9 7+ Segmented n-implant
(40-300 pm) S Y R R B 7 B
200 400 600 800 1000
IEEE Trans Nucl. Science 67.10 (2020): 2263-2272. NIM A 1006 (2021) 0165396 Threshold [e]

Excellent performance observed in test-beam

m_?_ﬁ?gsrﬁggnﬂ 00 - 180 e » Reduced charge sharing for pixel flavour
(occupanc.y <10 hits/sec) with segmented n-implant leads to higher

« Single pixel noise : <15 e concentration of charge in one pixel cell

« Hit-detection efficiency : > 99.7 % - Improved efficiency at high thresholds

» Spatial resolution : 4.6 ym
* Time resolution : 5.2 ns
(Limited by front-end time resolution)
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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
December 15, 2022
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ATTRACT FASTPIX

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 — HEHH picl inthe mat
« Position and ToT encoding via delay lines (asynchr. r/0) v o

Pixel matrix layout, hexagonal grid 20pum

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 Perpen*d-Icu:lartrack, mcli?ent at worst
AVDD AVDD Q_\_IED AVDD e I: :l

< A = clcdp
1BIASP Y—{— 2 a350L workin |
E progress
L 300F s
ssssss — %
5 Gom] | § oo
§ w0l e e
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 i g sub-nanosecond timing,
o 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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(© freokiven Caribou DAQ

(l@ /
;\J\ Versatile data acquisition system based on
programmable hardware
Syste m—on—Chip (SOC) board HH https://gitlab.cern.ch/Caribou
¢ Embedded CPU for DAQ, user interface, . e NP e
operating system (Linux) 2 system on o

8x power {  Chip board \

supplies H

Ethemet :
i

References:
32x voltage
8x current

* Field programmable gate array (FPGA) for
detector control and data processing

Memory
controller

i
H

;
DDR RAM 17x LVDS + Bx GTx “

Adj. level
10x out
14xin

i

Trigger Logic
Unit

Control and Readout (CaR) interface board

(Optional)

* Physical interface from SoC board to detector
chip

— digital differential — digital single-ended — analog — power

* Voltage regulators, ADCs, pulse/clock generator

Application-specific detector carrier board

] L’
------

* Only detector chip and passiv components

o (s}
. CLICpix2
chip board

oo™ A N
CaR board

13cm

e Successfully used for ATLASPix, ATLASPix2, =¥l
ATLASPix3, CLICpix2/C3PD, H35Demo/FEI4, 'T"sr.___
RD50-MPW/1 zc 76 J;

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

Power Supply
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Allpix-Squared simulation toolkit

Selected Applications

e Detectors for HEP Website

https: .ch/allpix-
« MAPS (CLICTD, ALICE, ARCADIA,...) REa/estn.chizlpiz sqLared

RD53, ATLAS ITk Strips, ... Repository
¢ NASA / Space Radiation Analysis https://gitlab.cern.ch/allpix-
squared/allpix-squared
¢ ISS radiation monitor simulations
User Forum
e Germanium X-ray detector https://cern.ch/allpix-squared-forum/

(Synchrotron SOLEIL)
User Manual

e Education / Outreach activities Sipeamm il s uea

¢ EDIT Detector School, Beamline Ussrmshualslpicmantalipat
for Schools 2019,... Mailing list

. . https://e-groups.cern.ch/e-groups/
Publications Egroup.do?egroupld=10262858

NIM A 901 (2018) 164-172
NIM A 964 (2020) 163784
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Corryvreckan test-beam analysis framework

Reconstruction and analysis

software for test-beam data | C\ Corryvreckan

* Highly flexible/configurable by using 2021 JINST 16 P03008

separate modules for each
P ) , ® Visit the website for the manual,
reconstruction/analysis step ttoEEls A Fors

https://cern.ch/corryvreckan

Evmtssennc | ; ® Check out the repository

— 3k https://gitlab.cern.ch/
N _& H — corryvreckan/corryvreckan

== |: ® Join the discussion in the forum
Dm— ; : ; 5 : https://corryvreckan-

— : 5 g g forum.web.cern.ch/

Event Building é Clustering E Correlation E Tracking . Association : Analysis

® Contact us
* Wide user base e.g. corryvreckan.info@cern.ch

CLICdp, ALICE ITS3, ATLAS ITk,

Corryvreckan
LHCb Ib/Il, Mu3e, etc. @
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Experimental conditions at CLIC

» CLIC operates with bunch trains, 50 Hz repetition rate
- Low duty cycle

— I I _% L
- Trigger-less readout between trains %
- Allows for power-pulsed operation of detector, c.ic 0 S—mrrrrrrrrn R

Not to scale ! 20 ms

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,
8 ANV
s 10° p——rm——rr
m - CLICdp — Incoherente’e” | @
EJ_ 108 3TeV —yy — hadrons _ _ A)\(\W%k
s —— _| Main backgrounds in detector Beamstrahlung
> 10°F LumiCal
O

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

L : ] » Constrains beam pipe radius, granularity

|| = .
B //—f_ « yy hadrons events
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