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CLD

ILC — CLIC detector -CLD

* Full silicon vertex and tracker

» High granularity silicon-tungsten ECAL
and scintillator-steel HCAL

« Large 2 T coil surrounding calorimeters

* Instrumented return-yoke for muon
detection

Possible detector optimizations

« PID -0(10 ps) timing and/or RICH....

6/4/24

IDEA

Instrumented return yoke

Double Readout Calorimeter

Ultra-light Tracker

¥

MAPS

Si vertex detector

Ultra-light drift chamber with powerful PID
Silicon wrapper (with PID?)

Light, thin 2T coil inside calorimeters
Pre-shower detector MPGC

Dual-readout calorimeter; copper-
scintillating/Cherenkov fibres + possible
crystal ECAL

Instrumented yoke with MPGC for muon

detection
Daniela Bortoletto, LHCP- Boston 2024

10m/2

FCCee Proto-Detector Concepts

ALLEGRO

12m/?2

Silicon vertex detector

Low X, drift chamber with particle ID
(or Si)

Light, thin 2T coil inside the same
cryostat as ECAL

High granularity Lead/Noble Liquid
(LAr, possibly LKr) ECAL

HCAL steel and scintillator layers
(Similar to ATLAS TileCal)

muon systems to be specified



OXFORD

s

AN

UNIVERSITY OF

CLD/ ILD’

Scintillator-iron HCAL

fm—m g

ILC —» CLIC detector -CLD

» Full silicon vertex +tracker/study TPC

» High granularity silicon-tungsten ECAL
and scintillator-steel HCAL

* Large 2 T coil surrounding calorimeters

* Instrumented return-yoke for muon
detection

Possible detector optimizations

« PID -0(10 ps) timing and/or RICH....

6/4/24

IDEA

Instrumented return yoke

Double Readout Calorimeter

Ultra-light Tracker

~ MAPS
LumiCal

Si vertex detector

Ultra-light drift chamber with powerful PID
Silicon wrapper (with PID?)

Light, thin 2T coil inside calorimeters
Pre-shower detector MPGC

Dual-readout calorimeter; copper-
scintillating/Cherenkov fibres + possible
crystal ECAL

Instrumented yoke with MPGC for muon

detection
Daniela Bortoletto, LHCP- Boston 2024

10m/2

CLD:

FCCee Proto-Detector Concepts =iz

(2021) 10, 1066,
https://arxiv.org/abs/2109.00391

ALLEGRO

12m/?2 _

Silicon vertex detector

Low X, drift chamber with particle ID
(or Si)

Light, thin 2T coil inside the same
cryostat as ECAL

High granularity Lead/Noble Liquid
(LAr, possibly LKr) ECAL

HCAL steel and scintillator layers
(Similar to ATLAS TileCal)

muon systems to be specified


https://arxiv.org/abs/1911.12230
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g —— no smearing
Higgs Physics:  Excellent o, for HZ reconstruction O'pT/P%z 2 X 2 o5 — o, /p=2x10°
« Z Coupling at %o level 105/ GeV with B field limitedto 2 T < L — o,/p2=5x10"
* Higgs couplings (b,c,s?) - Jet energy resolution of 3-4% for Z/W separation o1l | \\\ op fp=1x10"
* Invisible decays « Superior impact parameter resolution for ¢ and b S
* Self-coupling tagging o, = 5@ 10 — 15/(p[GeV] sin326) um T e
- eem H ‘ PID mrecoil [GGV]
Ultra precise QCD and EW  Momentum resolution M.S. limited For silicon: 1-2% Xy/layer
Physics (5 x 1012 2Z)  Track angular resolution < 0.1 mrad and ~ 7 um point resolution
* Mgz I'z, My, Mygp,.......  Absolute luminosity normalization to 104
« Stability of B-field to 106
Heavy Flavour Physics: « Superior impact parameter resolution /. c and’bagging
10"2bb and 1.7 X10" 77 . ECAL resolution at few %/sqrt(E) // }/
| « Excellent n0/y separation for tau identification / //' 7
BSM . _ _ » Sensitivity to far detached vertices /
* feebly interacting particles - Tracking: more layers, “continuous" tracking ."( / ‘.
W|th masses bglow mz « Calorimeter: granularity, tracking capability H I}" i i/
* Axion-like particles, dark  Large decay length > extended decay O — )
photons, Heavy neutral volume Single point resolution in
leptons - Precise timing vertex detector ~3 um and

* Long lifetimes LLPs * Hermeticity < 0.2% Xy/layer 5



... Vertex Detectors Challenges

OXFORD
« Spatial Resolution

— Inner and outer radius, and material minimization are key
factors

— Monolithic CMOS detectors (R&D chip design costs,
complexity, connection to foundries)

— <20 mW/cm? for air flow cooling to minimize material

» Detector Optimization

— Conflicting requirements (material, cooling, services,
mechanics, etc.) need cooperation between physicists/chip
designers/thermo/mechanical engineers/DAQ experts

« Beam-induced background: rate issue

— incoherent pairs dominant with a yield rate of 400
MHz / cm?

— bandwidth 25 GB/s per module

 "Untriggered operation seems difficult" s.".;. " “The goal of the mechanics

- if confirmed: strong impact on all systems Is to disappear

6/4/24 Daniela Bortoletto, LHCP- Boston 2024



L - Baseline:
OXFORD Ste p pl n 9 StO nes M U3e — Thinned 180 nm MAPS
K — Chip glued on Al/Kapton
flex
— 25 um Kapton support
— Helium cooling
— 0.115% Xy/layer

Stitched 65 nm sensors
ALICE ITS3 . Curved. wafer- scalle

ultra-thin sensors in
cylindrical layers
0.05% X,/ layer

TID = 3Mrad and 2x10'3
1 MeV ngq /cm2,

R=3 m

Kapton V-folds

« Difficult to fabricate

* Enough structural integrity for 18 chip ladders
Carbon-fibre u-folds (25 um thin )

* Lower mass than kapton

6/4/24 iela Bortoletto, LHCP- Boston 2024 8



.~ CMOS DMAPS Small Electrode

« State-of-the-art ALPIDE sensors for ALICE ITS 2 on TJ 180 nm
imaging process
— 27x29 um? pixels

— high-resistivity (> 1kQ cm) p-type epitaxial layer (=25 um thick) on p-type
substrate

— Partial depletion by applying 6 V

— Small n-well diode (2 pm diameter)

— Largest CMOS MAPS detector ever built (=~ 10 m?)
— Very low mass support achieving 0.35%X/Layer

« TPSCo 65 nm (Tower) for ITS3

* Benefits : 65 nm vs 180 nm
— Better spatial resolution due to smaller feature size.

— Larger wafers : 300 mm vs 200 mm - final sensor : 27x9 cm?.
— Lower power supply: 1.2 V vs 1.8 V - Low power consumption.
— Lower material budget : thinner sensitive layer ( ~10 um ).

« Stitching and 7 metal layers
* Process modifications for full depletion:
— Standard (no modifications)
— Modified (low dose n-type implant)
— Modified with gap (low dose n-type implant with gaps)

6/4/24 Daniela Bortoletto, LHCP- Boston 2024

DEEP PWELL

epitaxial layer thickness

Substrate P++

ALICE

ALPIDE

2 x 2 pixel
volume

Epitaxial Layer P-

| pixel pitch

NWELL TRANSISTORS
DIODE NMOS PMOS

™ 0.3 pJ / bit

C,=5fF

Q, (MIP) = 1300 e = V = 40mV




.~ CMOS DMAPS Small Electrode

» State-of-the-art ALPIDE sensors for ALICE ITS 2 on TJ 180 nm To obtain a full depletion
imaging process
— 27x29 um? pixels

— high-resistivity (> 1kQ cm) p-type epitaxial layer (=25 um thick) on p-type
substrate

— Partial depletion by applying 6 V

— Small n-well diode (2 pm diameter)

— Largest CMOS MAPS detector ever built (=~ 10 m?)
— Very low mass support achieving 0.35%X/Layer

depletion boundary

Modified

5 p- epitaxial layer

To overcome the weak electric field

« TPSCo 65 nm (TOWGI‘) for ITS3 near the edges

* Benefits : 65 nm vs 180 nm
— Better spatial resolution due to smaller feature size. B~

I

nwell

— Larger wafers : 300 mm vs 200 mm - final sensor : 27x9 cm?. I <o pwel
— Lower power supply: 1.2 V vs 1.8 V - Low power consumption. low dase 1.9 gt

— Lower material budget : thinner sensitive layer ( ~10 um ). B (mod_gap)
‘ Gap

« Stitching and 7 metal layers

| p- epitaxial layer
}

* Process modifications for full depletion:
— Standard (no modifications) — SRR
Studied in the 180 nm TJ with MALTA. T-J) Monopix,

— Modified (low d -type implant)
odified (low dose n-type implan OBELIX (Optimized BELIe Il plXel sensor)

— Modified with gap (low dose n-type implant with gaps)

6/4/24 Daniela Bortoletto, LHCP- Boston 2024 10



.~ CMOS DMAPS Small Electrode

- Large collaborative effort (CERN + 24 institutions)
and two submissions so far:

— Multi Layer Reticule MLR1 (2020): sensor 10-25 um pitch,
10 um epi and checking process modifications

— Engineering run (ER1) to check stitching with two
prototypes

*+  MOSS: 14mm x 259mm prototype

*  MOST: 2.5mm x 259mm prototype

{ ERARE " | TERHRHAARR

= o lualunltm bt i

: wafer
(2=300 mm)

MOST (1 of 6)

Hit x-
coordinate
correlation
between
MOSS and

reference
ALPIDE

telescope

6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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., CMOS DMAPS Large Electrode

 State-of-the-art MUPIX11 for the Mu3e Large electrode:

experiment on TSI semiconductor H18 + Low ohmic substrates (10-400 Qcm)
« High voltages up to 100V

—80x80 um? pixels 50um thick

 More radiation hard

—Time resolution<20 ns Subsirate NMOS  PMOS
—0.115% X,/layer and efficiency>99% e |

depletion boundary

0
D
=
=
=
(]
+

depleted zone

MuPix11
100m

100 150 200
time, . time,, [ns]

6/4/24 Daniela Bortoletto, LHCP- Boston 202" 12
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R&D Series
ATLASPIx Series

MuPix Series

=

1m

2. Amplifier &
Full Integration

[Proof-of-Principle] MuPix4

el 4

Wil o B

MuPix2
HV-MAPS .
Concept MuPix1 |

Digital Readout

ATLASPiX/MuPix Series

TSI Semiconductors h18
Run2020

Run2021

1. Large-Scale
Prototypes

{ =
- Bt TelePix
MightyPix
1. Full-Scale
S

Prototype 2020 2021 2022
ATLASPIx3
[T —"

ATLASPIx1 ATLASPix2 ATLASPix3.1
I o
2017 2019 MUP|X20
MuPix1 2021

| Mu3e Slow Control |

MuPix9

MuPix7.1

Protot

Final Phase-|

2011/2012

Daniela Bortoletto, LHCP- Boston 2024
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IDEA VERTEX DETECTOR

S = o ‘" —— A detailed layout of IDEA VERTX detector was

—MEDIUM TRACKER

 N—— L 3 used for the midterm feasibility study

] - Outer vertex tracker:

4 ‘ — Modules of 50 x150 um?2pixel (ATLASPix)
— 2 barrel layers: 13 cm and 31.5 cm radius
« 3 disks per side

Inner Vertex detector:
— Modules of 25 x25 pm?pixel (ARCADIA)

— 3 barrel layers at 13.7, 22.7 and 34.8 mm
radius

« Work starting to evaluate a

configuration similar to ALICE
ITS3

. Even more aggressive put everything in beam pipe with a secondary vacuum
(ALICE IRIS)

6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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Vs =240 GeV, L =5 ab™

« Low material (transparency) wins over single point
resolution over most of relevant momentum range

ete 5ZH - p'u+X

Perfect resolution

» Particle ID via dcdx or dN/dx (cluster counting)

— IDEA detector
complement ToF

— CLD detector

CLID - All Si Tracker total
material budget 11%
0005 Track angle 90 deg. IDEA -« Drift Chamber

00045 S AN Material budget is < 2%

CLD
—~ — GCLD MS only

H
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0.0035 Particle Separation (d€/dx vs dN/dx)

0.003

Preliminary

IDEA drift
chamber

0.0025

# of sigma
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0.0015
0.001

0.0005F
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_* TPC R&D for e+e- future colliders

OXFORD
« TPC can meet tracking specification specifications of
e+e" colliders:

— Oyt ~104 (GeV/c) ' with TPC alone
— Opoint<100 um in rg
— dE/dx resolution < 4% and cluster counting

Prototype at DESY to compare different technologies
— GEM, MM, GRIDPIX

lons from gas amplification stage build up discs
leading to 60 um track distortion: GEM-gate are an

Pad readout TPC

* To meet Higgs physics

* 1mmX 6mm of Pad

* TPC module

* TPC prototype with UV

laser

Ion back flow study

¢ Simulation of Ion Backflow
* Test the UV light created

the ions by photoelectric
effect

* Experimental study

TPC track detector for
ete- collider

R &D

* PID studies of the different

Pixelated readout TPC

* To meet Z physics
* ~500pm of Pad
* TPC prototype with UV

laser track

* dN/dx+dE/dx study

PID performance Study

¢ Simulation of the ionization

cluster in space

readout TPC prototype

* Experimental study |

option « TPC for CEPC/FCC: challenges for Z pole running(@10%):

— Pixelated readout brings high spatial resolution, high rate
capability, 3D track reconstruction, better dE/dx and dN/dx

— Challenges: cost, complexity of readout electronics

[Gate close

S | AR |

A L |

« Gating GEM gate opens 50 us before the 1st bunch |
and closes 50 us after the last bunch (possible g
because of ILC beam structure).

6/4/24 Dl

GridPIX:

Bump bond pads
used as charge
collection anodes
Readout with
TimePix




OXFORD

.. Tracking with PID: Drift chambers

« IDEA: novel cylindrical drift Chamber under study s Wires with + and —

for FCC-ee/CEPC/SCTF based on MEG-II DCH Inner cathode sub-layer / anode sub-layer orientation yield better E-
— High granularity, low-mass -;/ prpmepeema ficld isotropy and smaller
— He 90% - iC4H10 10% " ewseres s ExB asymmetries
- Requires non standard wiring procedure and a feed- {'.... danes 343,968 wires in total
through-less wiring system. csesos0e0e 9T

« Separation of gas containment and wire support « o(p7)/pr = 0.3% for 100 GeV/c muons
enables = 103 X/X, for inner cylinder and = 102 X/X, o(dE/dx) = 4.3 % and o(dN/dx )= 2.2 % (at gy = 80 %)
for end- plates (W|th FEE HV supply and Jcables
: e S Particle Separation (dE/dx vs dN/dx)
dE/dx solid line
dN/dx dashed

(1]
£
20
"]
[T,
o
k-~

R&D challenging mechanic, development of suitable FE
and Data reduction for clustering with FPGAs, Test beams

B

O = N W s~ U OO N 0

L Tver 4 S

6/4/24 Daniela Bortoletto, LHCP- Boston 2 Momentum [GeV/c]
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« All proto-detectors plan to implement particle flow reconstruction

« Energy resolution for photons (down to 200-300 MeV)and neutral hadrons
* Dynamic range: 200 MeV — 180 GeV (at the LHC 6 TeV jets)

Granularity: PID, disentangle showers for PFlow

————

— o ¢ Hermeticity, uniformity, stability, easy to calibrate

CLD — CALICE IDEA- Dual readout ALLEGRO:
“imaging” calorimeter High
granularity
Lead/Noble
Liquid + steel
OUX X A0 and
...... Ll Chensalion scintillator
I ayers

*eevensenreceea
LAAA AL L LR AL L L
OpQOQOpooooooooo

Absorber

Readout
electrode

6/4/24 Daniela Bortoletto, LHCP- Boston 2024



] ]
.. CalVision
OXFORD

* Homogeneous EM calorimeter based on segmented
crystals with dual-readout

* High-density scintillating crystals with good
Cherenkov yield

* Dedicated optical filters and SiPMs to read S
and C from the same active element

e Promise 3%/\E + DR capability
* Synergies within Calvision, IDEA and CERN
Crystal Clear collaborations
* Main R&D Topics

— Identification of optimal crystal, optical filters
and SiPM candidates

— Proof-of-concept with lab measurements and
prototypes

— EM scale prototype for beam test

——

6/4/24 Daniela Bortoletto, LHCP- Boston 2024

Rear EM
crystals

Rear S+C
SiPMs

BGO crystals
1 0x1.0xL. cm?®

19
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GRAINITA

» Use grains of inorganic scintillating crystal readout by wavelength-shifting fibers
 Light spatially confined by refraction/reflections

« Excellent expected EM resolution: 2-3%/E

» Using BGO or ZnWO4 crystals
» First small 16-channel prototype used with cosmics

* Main R&D topics

* R&D on crystal grains
« Aim for larger prototype to validate on testbeam

6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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" Outlook
UNIVERSITY OF
(0),420)3D)

( Start of F(C-ee

2047 - 2047
2046 - 2048
Start accelerator commissioning : Start detector commissioning
. 2044 2044
* A lot of R&D ongoing 043 204
. 2042 2042
coverin g d I I fu t ure End of HL-LHC Start detector installation
I Start accelerator installation - - 2040
colliders ||
B B . 2038 - 203
o il © 2037 - 237
' R & D now b een o rg anize d Industrialisation and component production Detector component production
a I on g - Technical design & prototyping completed - Four detector TDRs completed
204- 204
— DRD Il ration 0% A%
cofla bO ations at Start of ground-breaking and CEat IPs 203 - 0%
CERN 2 Detector CORs (>4) submitted to FC’

2030 -
End of HL-LHC upgrade: more ATS personnel available
FCC Approval: Start of prototyping work

— RDC collaborations in the
USA

End of HL-LHC upgrade: more detector experts available
l— FC* formation, call for CDRs, collaboration forming

T : il European Strategy Update: FCC Recommendation
—_— 2026
(I\:/Cl)a n);rl_ N I;I atives In ot h er FCC Feasibility Study Report - Detector Eol submission by the community
FCC-ee Accelerator | ‘ FCC-ee Detectors

Key dates ]

/

Daniela Bg ‘
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EXTRA MATERIAL

6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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_“ CALORIMETRY

« Energy resolution for photons (down to 200-300 MeV)and neutral hadrons
* Dynamic range: 200 MeV — 180 GeV (at the LHC 6 TeV jets)

e Granularity: PID, disentangle showers for PFlow

* Hermeticity, uniformity, stability, easy to calibrate

) SIW (baseline for CLD) . sipp-on-tile / steel HCAL (Baseline on CLD and used in CMS

40 layers, 1.9 mm tungsten absorber, HGCAL)
22 X0 :
* 0.5 mm thick silicon sensors with 5x5 * Builds on CALICE AHCAL prototype
mm?2 granularity  Wrapped scintillator tiles directly read by SiPM
O(108 )cells e T-SDHCAL
— Super high granularity for PFlow C e . . -
rec%nstrgctign Y * RPC-based semi-digital HCAL with timing capability
— Tight integration: compact and — Builds on CALICE SDHCAL technological prototype
hermetic — Use of more eco-friendly gases

« EM resolution ~17%/ME

6/4/24 Daniela Bortoletto, LHCP- Boston 2024 23



... ARC: Array of RICH Cells for FCC-ee

OXFORD

» RICH detectors are the gold standard for charged hadron ID at high momentum but implementation
in a collider layout is difficult

» Reduction of Radial depth to 20 cm (and few % X, material) requires and ultra light pressure
vessel for operating at 3.5 bar (carbon fibre composite)

« Challenge to arrange optical elements so that Cherenkov light focused onto a single sensor plane
could be solved with a design inspired by the compound-eye of an insect

« Use spherical focusing mirrors: focal length = radius-of-curvature/2 — select radius-of-curvature
R= 30 cm for radiator thickness of 15 cm

K-rt_separation « Pressure vessel: leak tightness, minimizing

Composite vessel wal Gas material, safety aspects, access,

Insulation + support i Aerogel

.; o » Gaseous radiator: tuning choice of gas,
Focusing mirror i . .
\ &5 operating temperature vs. pressure, chromatic
‘ o resolution, use fluorocarbon with leak-free
system vs. Xe (or other)

Radiator gas

Aerogel Photosensor array %  Aerogel: clarity, choice of refractive index,

i developing large tiles, ensuring compatibility with
the gaseous radiator

» Photosensor: SiPM PDE vs. wavelength, active
area (e.g. microlenses), DCR, cooling
6/4/24 Daniela Bortoletto, LHCP- Boston 2024 24




Time resolution [ps]

o Sensors with gain

State of the art sensors for HGTD (ATLAS) and CMS endcap MIP

deoth particle i _ _
P Timing Detector (MTD) - Pixel size 1.3 mm x 1.3 mm

MEREETWOTRNEE © Time resolution: measured with a time reference device < 50 ps
even after 2X10° ng,/cm?
p ~ 1012 gtoms/cm3

ATLAS HGTD Test Beam ATLAS HGTD Test Beam

M FBK-2.5 (-46 to -26°C, DESY 2022)
100 o Fpk-2.5 (-20°C, CERN 2021) beq =2. 5x10"5n, cm‘2
/” ........... ~=' "

-% |IHEP-2.5 (-20°C, CERN 2021)
USTC-2.5 (-43 to -29°C, DESY 2022)

Efficiency [%)]

/
4
/
¢

FBK-2.5 (-46 to -26°C, DESY 2022)
FBK-2.5 (-20°C, CERN 2021)
IHEP-2.5 (-20°C, CERN 2021)
USTC-2.5 (-43 to -29°C, DESY 2022)

500 600 T 200 250 300 350 400 450 500 550
Bias Voltage[V] Bias Voltage[V]

6/4/24 Daniela Bortoletto, LHCP- Boston 2024

¢eq = 2.5X1 015neqcm_2
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depth particle

a

Sensors with gain

State of the art sensors for HGTD (ATLAS) and CMS endcap MIP
Timing Detector (MTD) - Pixel size 1.3 mm x 1.3 mm

Time resolution: measured with a time reference device < 50 ps
even after 2X10° ng,/cm?

R&D for ALICE TOF
— 25 and 35 pm thick prototypes show time resolution < 25 ps

p* ~ 10%€ atoms/cm3

p ~ 1012 gtoms/cm3

Efold ° — Sensors of 10 um in preparation
i_ ATLAS HGTD Test Beam ATLAS HGTD Test Beam 55
) oy L B B B B B R BB
=S 100]- ® FBK-25 (4610 26°C, DESY 2022) E .°\_°.100 i 15 5 ] o FBK25
- FBK-2.5 (-20°C, CERN 2021) $eq = 2.5x10"°NgqCm s
-__§ | % IHEP-2.5 (-20°C, CERN 2021) ? eq o L oad] 70 ALICE » FBK35
5 USTC-2.5 (-43 to -29°C, DESY 2022)
E 90l ] § HPK50
=
l—

o)
o

Time Resolution (ps)
o))
o

70 :_....*\..\..\ ....................................................... TN | L //
N IHEP IME got aII the share of the order from
: Wl CERN tendering of about 10,000 LGAD in 2023
50 \
D . - FBK-2.5 (-46 to -26°C, DESY 2022)
401~ -§- FBK-2.5 (-20°C, CERN 2021)
L ¢eq=2-5X1015neqcm_2 -% IHEP—?.S (--2000(;?)E|:N2021) B
bl e oy TR TR TR 15 20 25 30 35 40 45
200 300 400 500 600 200 250 300 350 400 450 500 550 Charge (TC)
Bias Voltage[V] Bias Voltage[V]

6/4/24
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Resistive AC LGAD

DC

o Sensors with gain

JTE + p-stop design (no gain area) contact

Standard segmentation

Continuous resistive n+ implant

Readout: AC-coupling through dielectric layer
Segmentation obtained by position of the AC
pads

RSD2 crosses: spatial and temporal resolutions
when total AC amplitude = 60 mV (gain = 30)

w
o

N
o
T

H Spatial resolution

Spatial resolution [um]
Temporal resolution [ps]

—_
o

o Temporal resolution

Deep Trenches
<1 um

o

600 800 1000 1200 1400
Pitch [um]

Daniela Bortoletto, LHCP- Boston 2024 Cartiglia



... TPC and ion back-flow

incident
particle field cage

cathode segmented .
anode (pads)

Y

* |ons are produced in the amplification device. A fraction of them
will flow back in the drift space and add to the primary ions
produced by the charged tracks

* lons drifting in the TPC's electric field are slow (m/s)

* Positive charge accumulates and gives rise to a space charge.

* Space charge is non-uniform producing transverse E field
components which produce distortions

6/4/24 Daniela Bortoletto, LHCP- Boston 2024

Energy deposit per unit length (keV/cm)

| Continuous

ALICE performance
pp, Vs =13 TeV

Momentum (GeV/c)

3d tracking
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« Particle Flow Calorimetry

 Liquid Argon + tiles
—Finer longitudinal sampling wrt ATLAS (4—12)
—Warm or cold electronics
—CALICE or ATLAS style scintillator tile HCAL

—__ * Fibre-based Dual Read-out with crystals
= in front

— Copper or steel matrix,

—Cherenkov and scintillating fibres, SiPMs

—Pointing geometry, superior PI1D

—Longitudinal segmentation via timing

__ * High granularity CALICE-style with

==  ambedded electronics
" —ﬂl(i:cp?[] (pads or MAPS) ECAL, SiPM-on-Tile

—strip ECAL, gas HCAL
—synergies with CMS HGCAL upgrade

6/4/24 Daniela Bortoletto, LHCP- Boston 2024

single unit cell:
absorber (Pb)

electrode

drawings by Rob Walker
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¥ Challenges of High Granularlty calorlmetry

* High channel is a challenge on all CALICE AHCAL
levels prototype
. . . 22’000 SiPMs
—Production, test, calibration, software,
management

—Each step in size requires higher
degrees of automation

CMS HGCAL (2

* Full imaging power requires both .. <) 280'000
ECAL and HCAL inside the SiPMs I
Jm—_— solenoid |
= ==  —Much higher demands on
= compactness than in the CMS endcap

—— « Re-optimisation of sampling
— including cooling and services /
dead spaces

CLD /ILD HCAL
barrel only

4°000°000 SiPMs

6/4/24 Daniela Bortoletto, LHCP- Boston 2024 30



<. FCC-hh Detector Concept

» More forward physics — large
acceptance

— Tracking and calorimetry up
to[n[<6

 Achieve 0,1/ pr=10-20% @ 10
TeV
¥ * Physics objects more boosted
— high granularity (both in
tracker and calorimeters)
« Goal 30/ab @100Tev

« Tracker: first IB layer (2.5 cm-

10 GHz/cm? charged patrticles):
~6E10'7/cm? and 300 MGy TID

—HL-LHC =20 x LHC
~FCC =30 x HL-LHC

. Plleup of 1000 — Tlmlng “Eienson huoh Sy
will be essential | |

50 m long, 20 m diameter

—zaal 0
i

[m]

. z
6/4/24 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
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Mobility sum vs. Fluence

on-irradiated mobility su

=
f=
(O]
—
—
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m 00
= ©
©
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: » Leakage current * Mobility reduction * Trapping time
- n’pspaghetti” strips, 300 —Mobility decrease —Ordcilr ot[rr]nagnltude
. um smaller than

> — Observation not compatible worse for protons extrapolated

with extrapolations:
Leakage current
“saturating”

From I.Mandic et al., JINST 15
P11018 (2020)

6/4/24 Daniela Bortoletto, LHCP- Boston 2024 32



... R&D on silicon at Extreme fluences

Manabu Toawa KeK and QPI

* CIGS(Cu,In,Ga,Se) was developed for solar cell ) e
Higher photon efficiency compared with Si and promising thin-film 735 Heat anneahng
consor y Gomp PromiSing = 130 °C 5 hours
I z z :
+ Defects due to radiation degrades performance of sensor E
 In the CIGS crystal, ions compensates defects with heat g
annealing and structural characteristics is recovered =
 High radiation tolerance is expected -% —
D RD WGS6 oNn new materials: 100 200 300 400 500 600 700 800 900
# Xe ion irradiated (mm?2)
« SiC Higher quality material available: « GaN:
— Power-efficient transistors in power — Communications: cell phone chips, 5G
supplies base stations, LEO satellites, VSAT,
— Photovoltaic inverters — Automotive —LiDAR, power switches,
— Electric car drive train power distribution
— SIC-CMOS at Frauenhofer IIHS offers — Aerospace —power amplifiers, radiation-
two MPW submissions per year hardened RF electronics
 Diamond and 2 D Materials (graphene) — Military and defense —radar, military

communications, electronic warfare
6/4/24 Daniela Bortoletto, LHCP- Boston 2024



... R&D on silicon at Extreme fluences

Manabu Togawa (KeK and QUP)
* CIGS(Cu,In,Ga,Se) was developed for solar cell T I

—

- Higher photon efficiency compared with Si and promising thin-film ~rHeat annealing

Sensor

ot
©

» Defects due to radiation degrades performance of sensor

 In the CIGS crystal, ions compensates defects with heat annealing
and structural characteristics is recovered

T ot R i

........................................................................................................................................................

 High radiation tolerance is expected

Ratio from initial value

s
<))
3]

200 300 400 500 600 700 800

# Xe ion irradiated (mm?2)

SiC LGADS

 Technological challenges:
—Only n-type substrates available
—Deep gain layer implant needs very high energy

» Progress at Nanjing University (NJU): gain <5 but early
breakdown

* New RD50 common project for SiC-LGAD

6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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w0 O€NSOrs with gain
* The acceptor removal deactivates gain

layer p+-doping with irradiation:
p*($) = p*(0)e~“a® with

ca =acceptor removal coefficient depends

Effective” _[ T
doping __y_

Doping Density [a.u.]

6
5
4
g 3
2
1
0

ﬂ\; . ) . - =
—— on defect engineering of the gain layer S S
atoms Irradiation
; l ® = 1£16 cm”? l
__ * Lowering c, extends the gain layer o T
B8 survival to the higher fluences " e s

-7 diff-F=0

Doping Density [a.u.]

— Use interplay between acceptor

* and donor removal to maintain ot
. . . Standard LAGD design Compensated LAGD design
constant gain layer doping density

Effective- -I
Huge 5 doping __v Mild
reduction reduction

Fist submission done within AIDAInnova Blue sky
programme: p*—n* doping densities needs tuning

6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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2 TIMESPOT Trenched 3D

« 55 um x 55 um pixels (to be compatible with Comparison 3D and Trenched 3D sensors

existing FEE, for example the Timepix family

5 COlumnS 3D trenCh eighting fie cm

ASICs) e e eed -
* In each pixel a 40 ym long n++ trench is Issess B
placed between continuous p++ trenches 1o0sesos !
— used for the bias e
= . . . 0.000e+00 s>3
* 150 uym-thick active thickness, on a 350 um- B E A Blectrio fleid (Viom)
! thick support wafer g 1 co0evos 5
~ * The collection electrode is 135 ym deep 6870404 2
o =
B - Single sided (Si-Si) process with a support wafer s . =
1.667e+04 |L—)

l .0.0009*00

1

.
v

\

SEM HV: 10.0 kv WD: 11.59 mm 111|111 1] veecasTEscan
View field: 176 pm Det: SE 50 um
SEM MAG: 1.57 kx | Date(m/d/y): 10/29/19 FBK Micro-nano Facility

6/4/24 Daniela Bortoletto, LHCP- Boston 2024 36




2 TIMESPOT Trenched 3D

Single Pixel V= -150V - 2.5€°neg/cm’

« 95 um x 55 um pixels (to be compatible with 2 Entries 5378 |
existing FEE, for example the Timepix family - ¥ I ndf 158.2/199
ASICs) j ( Prob 0.9849

. . t [ N 3.711+ 0.058

» In each pixel a 40 ym long n++ trench is | | e e
placed between continuous p++ trenches r ! S, 0000233 +0.000332
used for the bias 1 | M, 0.007403 + 0.001176

- 150 pm-thick active thickness, on a 350 um- | | i R
thick support wafer 80~ f ' e

const 1.35+0.14

* The collection electrode is 135 pm deep 60|

@150V, 0°
oert= 11 ps

» Single sided (Si-Si) process with a support wafer |
40|

. B EEl s hl

20k

by o, 41|11 DD W VORI I PRI P
56 858 86 8.62 8.64
t -<t > [ns]

Si MCP

[Pty "
0876 8

i AL 34 o b e

« 3D pixel time distribution w.r.t MCP-PMTs: symmetric with only a
small tail
' | o0 =11 ps measured at 150V on single pixels irradiated with fluences

SEM MAG: 1.57 kx | Date(m/d/y): 10/29/19 FBK Micro-nano Facility Of 2 - 5 ) 1 01 6 1 - M eV n e Utro n eq u iva I e nt
6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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LFOUNDRY

« LF-MONOPIX2 — 150 nm
— Large & mature effort (1x 2 cm?)
— 50 x150um? pixels - 100um thick- C=250-300 fF
— p-type substrate with a high resistivity (> 2 kQ cm)
— irradiated devices (1e15 ne/cm?)
— fully depleted @ 100 V bias (15 V unirr. )

 RD50 - Wafers with different resistivity (1.9 kQcm, 3
kQcm and 10 Qcm ), goal to achieve very small pixels
(60 x 60 um?)

— RD50-MPW1: test the LF150 process
— RD50-MPW2: focus on the pixel and analog readout design
— RD50-MPWaS: increase size and include digital readout

« CACTUS - CMOS pixels for timing applications (~50 ps)

— underestimation of parasitic capacitance/ bad S/N
and 500 ps timing performance

— Minicactus- small prototype to fix the problem

Daniela Bortoletto, LHCP- Bostof

CMOS DMAPS Large Electrode

Calibrated Charge MPV for Different Bias Voltages

85um depletion depth
W02-07 @ 1lel5 neg/cm?
W02-09 @ 1el5 neg/cm?
WO02-01 unirm.

o
(=]

®
o

Depletion depth / um
Charge MPV /e

100 150
Bias Voltage /V

Pixel 8;200pm & 300um; Resolution versus HV

® chip5;200um;BLRES3,VFOLL10

® chip3;300um;BLRES3;VFOLL10
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ws, ARCADIA
OXFORD

 Lfoundry 110 nm CMQOS process
with 1.2 V transistors, developed
between INFN and LFoundry

— fully depleted, charge collection by
drift

— backside processing (diode+GR)

— low resistivity epi-layer

— Pixel pitch 25 pm pitch

— sensor diode about 20% of total area

— low power <50mW/cm?, to allow air
cooling

— side- buttable’ to accommodate a
1024x512 silicon active area
(2.56x1.28 cm?)

— Demonstrator 512 x 512

Sensing

ARCADIA pad sensor with gain

1T bk
I N

gap 0:8V

pMOS _nMOS

High Resistivity Si

Wafer splits with gain
layer to explore < 100 ps

Type 1 Type 2 Type 3
I [ T—— [ I .
tact : Lact .
100 pm| {n=Ep! 200 pm | N=€P!

i n-epil Ehigh resistivity { high resistivity
{n-substrate | n-substrate

:?

p

23 wafers produced in first 2 production runs, 3 types/thicknesses

6/4/24 Daniela Bortoletto, LHCP- Boston 2024 39



OXFORD

6/4/24

ARCADIA

Lfoundry 110 nm CMQOS process with 1.2 V
transistors, developed between INFN and
LFoundry

fully depleted, charge collection by drift
backside processing (diode+GR)

low resistivity epi-layer

Pixel pitch 25 um pitch

sensor diode about 20% of total area

low power <50mW/cm?, to allow air cooling

side- buttable’ to accommodate a
1024x512 silicon active area (2.56A~1.28
cm?)

Demonstrator 512 x 512

SPM25 Vpack=-20/-25V, 100kHz
TCAD: (3.0+0.4)fF —4— layoutlA: (4.5+1.0)fF
TCAD: (1.6+0.2)fF layout2C: (2.7+1.0)fF
TCAD: (10.0£0.6)fF  —— layout3A: (10.9+2.1)fF

layout 1A layout 2C layout 3A

0.6 0.8 1.0 1.2 1.4 1.6 1.8
[Vptop| [V]

stable operation at full depletion, and
good agreement with TCAD simulations

Daniela Bortoletto, LHCP- Boston 2024



- Double sided Layer
. DMAPS for CEPC time stamp y

JadePix Tower 180 nm

o JadePix-3

— Fine pitch(16 x 23 um?) & low
power sensor for spatial resolution

— s.p.< 3 ym achievable
— rolling shutter

» JadePix-4/MIC5
— A faster sensor to provide time-

stamp mu = -0.02 uym
— 8.p. < 5um, 1us integration time / Sigma =4.6 um
— row address encoder
. TaichuPix sensor Tower 180 nm
» 3 round of sensor prototyping
* Pixel 25 ym x25 ym

» Column-drain readout for pixel matrix

6/4/24 Daniela Bortoletto, LHEP 5 41
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SOOI Pixel Detector Radiation

— P CMOS Circuit
! T - PMOS] INMOS

__|_BOX(Buried Oxide)

Si Sensor
(High Resistivity
Substrate)

Silicon-on-Insulator technolog 0.2um FD-
SOl CMOS lapis Semiconductor Co. Ltd.

« High resistivity (>1 kQ-cm) thick (50-500
1um) sensitive layer

— High SIGNAL/low material budget possible;

 Fully depleted (high basing voltage > 100V
possible)

— fast collection

* Low power dissipation

* 16um pixel pitch & 50um thick

far: I3 TN s

im

) b
e e
(o ancon

Ak e L Y

CPV1 CPV2 CPV3

U/ 4] 4+

CPV4

Daniela Bortoletto, LHCP- Boston 2024

« Low threshold

 In-pixel discriminator

* |n matrix zero-suppression to
minimize data load

 Hit processing within ~1us to keep
low occupancy;



UNIVERSITY OF I fo r C I P C

SOTI Pixel Detector Radiation

Si Sensor
(High Resistivity
Substrate)

Silicon-on-Insulator technolog 0.2um FD-SOI
CMOS lapis Semiconductor Co. Ltd.

« High resistivity (>1 kQ-cm) thick (50-500 um)
sensitive layer

— High SIGNAL/low material budget possible;

Fully depleted (high basing voltage > 100V possible)
— fast collection

Low power front end (similar to ALPIDE)

3 um resolution achieved with CPV2
Pitch 16 um , Minimum threshold <200 e-, ENC =6
e-

e 17 x 21 um?2pixels & 50um thick

2022
2019 - Time resolution 1us

oy,

| 1&? I
i Mmomo
g
el
TTERTES X

CPV3

R0y emlbleg il s s =/

« Vertical integration of

. — Lower tier sensing diode +
amplifier/comparator;

— Upper tier: Pixel control +
Asynchronous Encode Reset
Decode™)

— Measurement ongoing 43

CPV4
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UNIVERSITY OF o r
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SOTI Pixel Detector

* Vertical Integration

Radiation

Passivation Back gate adjust
g - CMOS Circuit

PMOS| INMOS
= WBu_ﬂed—Ox'd_)
4
)

%.
&
l
X

o

~+-

Si Sensor
(High Resistivity
Substrate)

2017 2019

SARARAARARSARARARASAAR|

aeodCARRRCARARRRRERRRRR RS

PP: AR

oz aRERRE AR ARERARERRRRREERRE

;.::.:...:’:'ﬁi&ﬁiﬁiﬁiﬁiiﬁﬁ%ﬁil
-,,,m;m:;:::mmmm

o o I

(RRN B

T
$888588 0 see 08
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EaEme e
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CPV1

~y vy -

CPV4

wdniela Bortoletto, LHCP- Boston 2024
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CMOS DMAPS Small Electrode

Modified TJ process to improve radiation hardness

« MALTA 2 (epitaxial and C2)

NWELL COLLECTION

NMOS PMOS
—2. MOS ELECTRODE

PYWELL NWELL
DEEP PWELL

‘\_
~

EXTRA DEEP PWELL LOWDOSEN-

P EPITAXIAL LAYER

P* SUBSTRATE

6/4/24

.

1 ‘.‘**w\.(n il

"'\!1lﬂ|"‘ \

. i"

'04‘1"'

Daniela Bortoletto, LHCP- Boston 2024
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.~ CMOS DMAPS Small Electrode

Modified TJ process to improve radiation hardness
« MALTA 2 (epitaxial and C2)

MALTA2
CZ Irradiated Samples [1 MeV neq/cmz]

Efficiency [%)]

® 1E15, Fiducial Area, Conductive Glue
2E15, Fiducial Area, Conductive Glue
2E15, Full Chip, Backside Metallization
3E15, Full Chip, Backside Metallization
3E15, Fiducial Area, Regular Backside

CERN SPS 2022 3E15, Fiducial Area, Regular Backisde
10 20 30 40 50 60

SUB [V]

Average efficiency of irradiated MALTA2 on Czochralski substrate versus SUB voltage

Efficiency @3E15 ng,/cm? > 95% in 25ns

6/4/24 Daniela Bortoletto, LHCP- Bost

« TJ-MONOPIX2- large chip (2x 2 cm?2)

column drain readout

* Pixel size 33x33 pm?
« 25 um p-type epitaxial layer (1 k@ cm ) grown

on a low-resistivity substrate C=3-4 fF

Local X residuals for DUT

Entries: 568014
RMS = 10.7 [pum]
Gauss fit:
A=42570,6 97,1
u=0,8=%x0.0[um]
o=8,6+0.0 [um]

-75 -50 —-25 0 25
X residual [um]

OBELIX (Optimized BELIe Il plXel sensor
— Total lonizing Dose (TID) 100 kGy/year
— Non-lonizing 5x10'3 neq/cm?/year
— Hit rates up to 120 MHz/cm? 46



«» Mude outer layer fabrication

Production tooling for Layer 4 is almost complete, tooling for Layer 3 to commence shortly after.
 Expected production rate is O(1.5 ladders / day), to commence March 2024

Prototype outer pixel layers have been fabricated.

Interposer Align, glue, Ring frame Chip chuck: Flex chuck V-fold ang
flex TAB bond to hold align MuPix 11 for MuPix11 U-fold
bending interposer ladder array on robot TAB binding, chucks
tool and ladder  during and glue chips and V-fold

flexes production to ladder gluing

[

Daniela Bortoletto, LHCP- Boston 2024




«» Particle ID for FCC ee

« Physics at FCC-ee requires:
—Higgs Physics: identify H = bb, cc, ss
—Z pole Physics: precision measurements of Z couplings to quarks R,,R., AFB etc.
—Flavour physics: Exploit enabled by the huge statistics at the Z

E Momentum range required = ~ 1— 40 GeV/c

— Cluster counting in gaseous trackers (
— DRD1) + TOF to cover overlap region

time of flight
dN/dx
---- combined

@®
&)
&
©
e
c
o
7]

B, — DK
simulation in Z events

10 10?
Momentum [GeV/c?]

40 50
p(K) [GeV/c]

6/4/24 Daniela Bortoletto, LHCP- Boston 2024



..~ ARC: Array of RICH Cells for FCC-ee

» Aggressive parameters: Radial depth of 20 cm and few % X, material

» Challenge to arrange optical elements so that Cherenkov light focused onto a
single sensor plane, as the detector radial thickness is reduced

» Design developed for the CLD FCC-ee inspired by the compound-eye of an insect
— tile the plane with many separate cells, each with its own mirror and sensor array

» Use spherical focusing mirrors: focal length = radius-of-curvature/2 — select
radius-of-curvature R= 30 cm for radiator thickness of 15 cm

_ Detected photons from:
- Simulate tracks from IP + gas at
Omposite vessel wall

o crossing detector uniformly 10/5 GeV
gle il over acceptance and ray s e
\ Focusing mirror / trace Cherenkov phOtOnS to ’
sensor plane: Ring radii =
Radiator gas R6./2~1 cm (3.6 cm) for
gas (aerogel)

Choose 8 x 8 cm? sensor
plane assumed to be tiled
with SiPMs

Aerogel

Photosensor array

O, GoolineT are

A

\

Bortoletto, LHCP- Boston 2024



ARC * Resolution optimized with ~ 1300 hexagonal cells

OXFORD

_ « Optical layout optimized via a standalone ray-tracing
* Radiator gas parameter scan study: adjusting the position, curvature and tilt of mirrors

— C4F40at atmospheric pressure gives good and sensors
momentum range for K-tt separation, with
acceptable photon yield

— Xenon at 2 bar provides similar performance range 2-50 GeV/c

« Excellent K-t separation predicted over momentum

oo separstonspperimt
Tue Mar 7 20:02:22 2023 -Tt separation
— ENDCAP P

AW
%, (‘_ (‘. N \‘\\ &
= 9’ 3 B (‘ s ‘ \ »\\‘ \ §
: yd : \\
E > LREAR
£ '0@«-” 48
= 3 Ay RPN
T K threshold ‘ éd o ) )} /
b e’ o 1))
@i st
l 1
ARCd f

Pressure [bar]

6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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* Precise timing demonstrated

RD focused on:
— Improvement of stability
* Prototypes with resistive MM

— Detector optimization

» Detector field, operating gas & gaps
thickness

— Robustness
» Research on photocathode materials

— Development of large area prototypes and
readout electronics

o —
T K
=
g )
5 7
i, we i I AR
Sivaie R G R
00
¢ ¢
O0oTO O P
Re e and Re e prototype
O
pProto P

o

EChargecl particle

Cherenkov radiator: MgF,
Photocathode: Cr (3 nm) + Csl (18 nm)
Drift gap (100-200 um): pre-amplification
Mesh (bulk Micormegas)
Amplification gap (128um)

Anode

.@
c
9]
>
)
.
]
=
]
e
£
>
4

Preamplifier

3 mm MgF, + DLC of different thicknesses

Normalized sample's QE performance

| 4
2
0 0 00 0 0
4k
0
a oupied O O aecoupiled (1
P Ooadead p

Fast Timing Gas detectors PICOSEC

¥2/ ndf = 73.26 / 45
400'

j = 2.7451 + 0.0004 ns
\ 0,=20.9+0.3 ps
E
‘,* 6,=38.9+1.1ps
} Orq=20.0+03ps

time W
/ \
: resolut|om

24 pS ’

o
o

TTTITTITT

—‘N'\J(&)

(o))
o

TTTT]

2.7 2.75 2.8 2.85

Signal Arrival Time (ns)

= pureB4C_3nm
—o— pureB4C_10nm
—— DLC_3nm

¥ DLC_10nm

Preliminary
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.. [From Linear to Circular ete- Detectors

Lower energy jets and particles, less collimated jets:
— Reduced calorimeter depth
— Shift imaging vs. energy resolution balance towards the latter

Tracking even more multiple-scattering dominated:
— Increased pressure on material budget of vertex detector and main tracker
— More interest in gaseous tracking

Limitations on solenoidal field B < 2T, to preserve luminosity
— recover momentum resolution with tracker radius

Main difference: no bunch trains; collisions every 20 ns (~ at LHC)
— No power pulsing, more data bandwidth: both imply larger powering and cooling needs

— Adds material to the trackers and compromises calorimeter compactness - or reduce
granularity, timing, speed

— Trigger and DAQ re-enter the stage

6/4/24 Daniela Bortoletto, LHCP- Boston 2024
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