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Introduction

This conference has seen exploitation of R&D for current experiments, implementation of R&D for
future detectors and blue sky R&D driven by technological possibilities

R&D efforts are getting more and more coordinated and global, commonalities are being exploited

Rivera: Strategic R&D Programme on Technologies for future Experiments «— talk at this conference

“Cutting Edge Science Relies on Cutting Edge Instrumentation”
(Maxim Titov, ICORE meeting, 2017)

at the same time it has never been more true that

“today, more than ever before, science holds the key to our
survival as a planet and to our security and prosperity”
(Barack Obama, 2009)
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Prague: Wherte it all began

S

233 years ago, premiere of Don Giovanni took place at the Estates Theatre, Prague

* Mozart started writing the overture at 5 am on the morning of the premiere

« Completed just in time to upleadte-ndice hand over to the scribes for copying out parts
« The Prague audience showed their great appreciation (not so popular elsewhere)

Leporello

&% o el s £ Very long list.

Parallel sessions

Sm faiferl tbnlal. statlonolof- Theater
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many beautiful presentations,
which to pick?
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2020 2025 2030 2035 2040 2045

. 10 years .
Collider Expefiments

«— i
I 10 years

.

I Beam based
1 1 1 Lepton experiments

“Cosmic frontier” experiments

apologies to not-covered LIGO/VIRGO, LSST, Kaon experiments, BDF...
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’ Lacarra: Axion search with BabylAXO in view of IAXO

Just a few highlights

SUMICO

\

Kurinsky: Super CDMS searches for low mass particle dark matter

Draw on electron recoil and Nuclear recoil
experience from previous experiments

\ "CUTE @ SNOLAB
NEXUS @ FNAL

Silicon Germanium
crystal detectors

detector towers installed in SNOBOX

Pandolfi: Carbon Nanostructures for Directional LDM
ﬁDMS preparing with background measurements i (
Ax

BabylAXO

Curk A

‘}i ]

Dark photocathode of
aligned nanotubes

Graphene FETs

Generations of axion search helioscopes from 1992 through to 2020; many detector options considered

Rosa: Tasihiro: Zsoldos: Hyper-K PMT/OD

Third Generation Water Cherenkov Detector
will start data taking in 2027

Hyper-Kamiokande

237(187 fiducial) kton
- 237kton water tank (FV=187 kton ~8 x Super-k)
- 40% photo coverage with 20” HK PMT

Super-Kamiokande
50(22.5) kton
Data taking since1996

Kamiokande
4.5(0.68) kton
1983 - 1996

HyperK; advanced detector
concepts including mPMT

_/

I\

= De Jong, Vicha: GRAND, SWGO, Pierre Auger

ICHEP 2020 | Detector R&D | Paula Collins
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Silicon Germanium ‘
erstal detectors 5 detector towers installed in SNOBOX
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Lepton Collider Drivers

Low mass vertexing and tracking with low mass and high precision; (impact parameter resolution)

Precision needed also for calorimeters; adequate segmentation for particle flow
Beam parameters ILC CLIC

Energy(TeV) 0.25 0.5 0.38 1.5 3 0.091 0.24 0.36 0.091 0.24
Luminosity (x 1034 cm=2 s-1) per IP 1.35 1.8 1.5 3.7 5.9 230 8.5 1.7 32 1.5
Bunch train frequency (Hz) 5 50

Bunch separation (ns) 554 0.5 20 994 3000 25 680

Number of bunches / train - beam 1312 312 312 16640 393 48 12000 242

Ouyang: Hig res si sensors for CEPC vertex detector

c 3.5(4) T solenoid, 8.8 x 8 m T | 2T solenoid, 7.4 x 7.4 m 3T solenoid, 6.4 x 7.8 m
n 9 o) Si Pixel + TPC R=1.8(1.5) m & | Full Si-Tracker R = 2m Si Pixel + TPC R=1.8m
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Svihra, Panebianco: Phase | LHCb and ALICE upgrades
Klein, Terzo, Sperlich, Evans, Rossi: Phase Il upgrades
+ many more talks

J—cam— 13- 13 TeV e 14 TeV
Deodoo Concoliiihen | S——— —— TR

11 Inatallatin-. HL-LHC
1T e el Installaron
CivilEng P1P5

HL-LHC TECHNICAL EQUIPIMENT:

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM.,

HL-LHC CIVIL ENGINEERING:
UEHINITION EXCAVAIION/ BUILDINGS

ALICE

Maintain Physics Performance in very

high occupancy and pile up conditions

« combinatorial complexity and fake tracks

« mitigated by granularity, high readout
speed and trigger innovations and
where possible: timing

Operate with detector elements exposed

to very high radiation doses

« Radiation hardness needed for all
subdetectors

Control Systematics to match statistics

+ low material budget hence creative
solutions needed at mechanics level;
support structures, cooling, power
delivery, and thin detectors for
innermost regions

* Cope with tremendous DAQ and data
processing challenges

ICHEP 2020 | Detector R&D | Paula Collins 9




° ECM /X7 4T, barrel/forward solenoids ® =~ 10/6 m, unshielded

Liquid Argon ECAL/HCAL Scintillator HCAL

e L./ x6 upton =6 (6 =0.5°)
« Ldt /" x10

o pile-upx7 (uw=1000) > timing!
* hitrates x 10

Wi
Silicon Tracker up & tL " e Muan systems
ton=6(0 ~0.5°) { 50 mlong, 20 m diameter* upn=6(6=2°

« datarates x 10
« radiation levels x 10-100
* Larger and stronger magnet

Christian Joram,
VCI 2019

https://cds.cern.ch/record/2651 300/files/CERN-ACC-2018-0058. pdf Faltova: Design and performance studies of the calorimeter system for an FCC-hh experiment

ICHEP 2020 | Detector R&D | Paula Collins 1 O
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e-e experiments target track Prand Impact Parameter Resolutions = /5 LHC
o(pt)/pt2 = 3 x 105 GeV-! (p <100 GeV)
0(do)/do=2/3-5/10-20 ym ( 100/10/1 GeV at 90°)

R&D challenge

= 3 um hit resolution with = 0.2 % Xo per layer (low multiple scattering) in pixel vertex detector

| h-h experiments need similar detectors

Resolutions = x 2 e-e (due to larger inner layer radius (rates/radiation) and mass (power/cooling)
R&D challenge

Hit rate readout capability = 30 GHz/cm2 in inner pixel layer

Current technology would not survive R < 30 cm for radiation tolerance

PREE SN e S soa G LSOO RS e e | :
. Neowise, seen from belvedere du Collet, 18/07/20 -~ . . - PR R s e R0 AR AT EPS Det R&D 2019 B
Reproduced with-kind permission of J-P Lees: R e g T N T ol e s s T e 3



Rizzi: A High-Granularity Timing Detector for ATLAS Phase |l Upgrade

Vertex t [ps]

1. Pileup mitigation with timing

~200 collisions / bunch @ GPDs gives overlapping
vertices and high pileup in forward

Track to vertex assignment difficult with worse forward zo
resolution

Track resolution of < 50 ps
= Distinguishes pileup from hard scatter tracks
= |dentifies overlapping vertices

= allows Time Of Flight tagging and improves
physics object reconstruction

™TrTr

Simulation Prelimina

1

llIlIlIIIIllllIlilllllllllllllllllllllllllll‘
lllllllllllllllllll lllllllllllllllllllll

20 40 60 80 100
Vertex z [mm]

ATLAS HGTD, CMS barrel/endcap timing layers,
ALICE silicon TOF for LS4

Petrillo: Development of the CMS MTD Endcap Timing Layer for HL-LHC

Evans: The LHCb VELO Upgrade Programme for HL running

2. 4D tracking

= Challenging pattern recognition due to increased number of
combinatorics and primary vertices e.g. LHCb UlI

= Hit resolution of ~ 50 ps per track

recovers efficiency and resolution of reconstructed
primary vertices

Resolves associations of secondary vertices and
displaced tracks

Reduced combinatorics for gains in CPU usage,
efficiency, ghost rate, control of systematic
uncertainties..

ICHEP 2020 | Detector R&D | Paula Collins



Pile-up track fraction

1. Pileup mitigation with timing

s ~200 collisions / bunch @ GPDs git
vertices and high pileup in forward

= Track to vertex assignment difficult wathaw

0'3kl N e

- ATLAS Simulation Preliminary Vs=14 TeV, <u>=200"

0.25- Inclined Barrel =

s —e— |TK 0,=50mm ]

- —e— |TK + HGTD Pythia8 dijets .

0.2~ 30<p!'<60 GeV

- o(t)=30 ps 2.4 <*I<3.8 1

0.15 3

¥ —— ]
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Vertex z [mm]

Collisions/mm

ATLAS HGTD, CMS barrel/endcap timing layers,
ALICE silicon TOF for LS4

0 [ |

PV Efficiency

Examples of Physics Gains
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2. 4D tracking

| primary vertices e.g. LHCb

n of ~ 50 ps per track

'n recognition due to increased number of

7 1
=
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==
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=t

+ U-13D

| TU-II3D
+ U-II 4D

Nracks (N0 B hadron)
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LHC

Energy: 7/8 TeV 13/14 TeV

LS2 LS3

Luminosity' . > 1034 cm=2 s

ATLAS IBL &

13/14 TeV

>~3x 103 cm2 s

HL-LHC
I_
14 TeV
[ | L
: LS4 : up to 7.5 x 1034 cm2 s-1
| | | |

ALICE ITS2 + MFT

ALICE FOCAL +ITS3 ?

LHCDb pixel
upgrade + UT

LHCb VELO

+ Trackers (LHCb Spare VELO)

~ 1000 m?2 of silicon
needed for new
construction (600 m2
for CMS HGCAL)

ICHEP 2020 | Detector R&D | Paula Collins

adapted from P. Collins, ECFA HL-LHC workshop, 2014
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ATLAS and CMS trackers for HL-EHC

Klein: CMS Tracker Upgrade for the High Luminosity LHC
Hart: Level-1 Track Finding at CMS for the HL-LHC

Terzo: ATLAS ITK Pixel Detector Overview: Terzo

Sperlich: ATLAS ITK Strip Detector system for the Phase Il LHC Upgrade Pasztor: Precision Luminosity Measurement with CMS
: : CMS: 200/4.7 m2 strips/pixels
ATLAS: 165/12.7 m? strips/pixels PSP
o 16.6 141 123 11.0 9.8 8.9 nop}-lnramated
= A I S I m g T o S s
E 1400 ATLAS Simulation Preliminary g yF AT e
= © ITk Layout - ATLAS-P2-ITK-23-00-00 ] g o c,; g rradiatec
1200~ 1=1.0 — @ S
. 06 '5 3
o | 1000k / 3 | SR
g - . n=20 - : DN
_ 800 , — 02 ¥
- B . : H
= sook ] . Ry U PO T
wv n // | = - | 12 14 16 18 2 22 24 26 ErazlatedspT (GaeQV)
400 /, . n= 3.0 . Togwire boad
%) e AU R RS Yo I (N N R R B | | ey . Top sikon sensor 2 P s 'ECEARC
@ 2007 ey L T T —40 — rekos secg] e ben e fithe strteners ALCrappant
X b AT LA 1700 L b n=40 - SoRtem hcon sersor O Zouomwire andcoding
& oty S L . ) Pt e
0 500 1000 1500 2000 2500 3000 3500 Use of Tracklng Information at L1 Trigger
z [mm] Major role in luminometry in Phase-2

Lots of common development and technologies
» Pixel chips based on common 65 nm CMOS RDS53

of

— BT - — v
. C s vy Nerccen A a3 eV Esnn "ATLAS mlmmawq
2 Patch Pancls 0 + 1 . P = Nitrogen . .

development §  rereseost QUG ] R e tecetsy Simulalion
T | o< Thani.m Gooing Pipes ] ‘{ 28 7T i soppan T L awout
. 5 - W Support Stiucture ID Run 2 ] <+ 3 - 3bip modules ATLASESITR-E20000

« Planar n-in-p sensors 2 4F T i one ] o 3 i S oesmcssaoorn ,
= Aulive Swisors 4 e [ Mixel supports
& p' — Plxel modules

:;wm‘"rlllllllllllll

« 3D sensors for innermost layers; option of MAPS for
outermost pixel layer (ATLAS)

Beumn ppe and IPT

e CO2 cooling

» Serial powering

. LpGBT Significant material reduction

ICHEP 2020 | Detector R&D | Paula Collins 1 6


https://indico.cern.ch/event/868940/contributions/3813832/attachments/2081122/3495599/ichep_20200728.pdf
https://indico.cern.ch/event/868940/contributions/3813832/attachments/2081122/3495599/ichep_20200728.pdf

front-end
chip

pixel
detector

Forkr [ >0

S«ua‘ FE chip

preamp

= Large majority of presently installed systems
= Separately optimise sensor and FE-chip

= fine pitch bump bonding to connect sensor and
readout chip

= 100% fill factor easily obtained

= complex signal processing in chip; high rate
capability; rad hard chips and sensors

= Spin off from HEP developments e.g. spectral

/]
N NMOS
LAE__ 4%\ o-well
o, \ p-ep
B i ~__ ‘ n-well

p++ substrate

W
F>{t

Diode + Amp + Digital

charge generation volume integrated into the ASIC

thin monolithic CMOS sensor, on-chip digital readout
architecture

allows very thin sensors

High volume and large wafers open possibility for large
area

potential for better power-performance ratio

Saves cost and complexity of bump bonding

. ICHEP 2020 | Detector R&D | Paula Collins
P. Riedler | | Paula Colli 17



front-end
chip

NMOS

* or ¥>

Sensor

o0

Diode + Amp + Digital

preamp

Large majority of presently ing » charge generation volume integrated into the basic

Separately optimise sg i = thin monolithic CMOS sensor, on-chip digital readout
architecture

readout chip = allows very thin sensors

100% fill factor W#Sily obtained = High volume and large wafers open possibility for large
Spin off from HEP developments e.g. spectral area
photon counting chips = potential for better power-performance ratio

= Saves cost and complexity of bump bonding

. ICHEP 2020 | Detector R&D | Paula Collins
P. Riedler | | Paula Coll 18



- Hybrid Sensotrs - State of ‘the Art

1 Svihra: The LHCb VELO Upgrade |

== LHCb hybrid silicon pixel modules Widespread application in X-ray/
L & for Phase | upgrade (Run3/4) neutron imaging - medicine/
' synchrotron/space

55 x 55 ym pixels

VeloPix ASIC in 130 nm CMOS

B 8 Triggerless binary readout @ 40 MHz
“= B >20 Gb/s/ASIC

=1 40M pixels

Mars bio imaging

40 GeV/c pion tracks accompanied by 6-rays
in 2 mm thick CdTe sensor:

ﬁ =271 Mevern’
X a

e

ray </E (kev]
= Mo 2 129
T L Rl ‘..";” 103
= 09 : o ) a6
hsee, / | o Tas x
VELO mounted within a secondary vacuum in the primary LHC vacuum g A
L _ o gy ,45 e
Innermost pixel just 5.1 mm from the beam, need to bias to ~ 1kV
VELO moves in after stable beams declared Bergman: Timepix3 as solid state detector

ICHEP 2020 | Detector R&D | Paula Collins 1 9


https://indico.cern.ch/event/868940/contributions/3813741/attachments/2081138/3495622/lhcb_velo_upgrade.pdf
https://indico.cern.ch/event/868940/contributions/3813741/attachments/2081138/3495622/lhcb_velo_upgrade.pdf
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Panebianco: ALICE uparades for Run3

CMOS monolithic active pixel
sensors for ALICE ITS (Run 3)

TowerJazz 180 nm technology; on-
chip digital readout architecture

27 x 29 ym2 pixels

High resistivity epi layer + moderate reverse bias —
rad hard to TID 2.7 Mrad

0.3% Xo/layer (IB), 0.8% Xo/layer (OB)

Monolithic Sensors - State of“the Art

Mueller: The pixel vertex detector at Belle Il

DEPFET pixel detector running now at Belle Ii

m 50 x 55-85 ym2 pixels, 20 ys rolling shutter
m 0.21% XO per layer, 2 self supporting layers

EUDET telescope family

= Born from MIMOSA developments

= 2 ym precision beam tracking at
DESY testbeam

» easy DUT integration
= serving community since 2009

ICHEP 2020 | Detector R&D | Paula Collins 20


https://indico.cern.ch/event/868940/contributions/3813789/attachments/2080967/3495588/ICHEP_2020_Felix_Mueller.pdf
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CMOS monolithic active pixel
sensors for ALICE ITS (Run 3)

= TowerJazz 180 nm technology; on-
chip digital readout architecture

m 27 X 29 ymz2 pixels

= High resistivity eps layer + moderate reverse bias —

rad hard to TID 2.7 Mrad

= 0.3% Xol/layer (IB), 0.8% Xo/layer (OB)

Mueller: The pixel vertex detector at Belle Il

Monolithic Sensotrs - State of the Art

Belle Il Online luminosity Exp: 12 - AT runs
€ | 1

Integrated luminosity

e Recerded Dalty 7
=+ [Louaemsat =68.77(fb7}] -~
124 = [Cusrrmmyit =6119[M] ..

0.6 |

Total integ-ated Daily lurrinasity if2~']

> ©
va o 95; o o

With excellent efficiency and a factor 2 improvement

on Belle resolution

Depfets operated at a

= world record

luminosity of 2.4 x
1034 cm2 s

= serving community since 2009

B 2 s o 0 f ’ '
+ ‘ ! LYo K 10'} J
A “ Belle ' K |
g | e L T : \\:\ /
1 1 i 10
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I __,/_/‘_’/“" e } )
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Mueller: The pixel vertex detector at Belle Il

Be|

ALPIDE based tracker for space

Zuccon: ALPIDE pixel detector for tracking in space

« Silicon tracker
Trigger planes

* Plastic
scintillator
planes

* LYSO cubes

* Veto counters

Belle Il Online luminosity Exp: 12 - AT runs
1€ |

Integrated luminosity
. Recerded Dally 7

X - e 0T = 68.77[fb74] -~

o 124 = [Cucrrmyiit =6119]"1]

Depfets operated at a
¢ world record
. luminosity of 2.4 x
1034 cm? s

ity (f2~')

Total integ-ated Daily luminosil

With excellent efficiency and a factor 2 improvement
on Belle resolution

T T
G st RS | F 1
(A ' 1k B
| e 0 E
~ : { ) 06
6 | PR e
cC | sxp 4 f 08
- ] 04
0 [RSER a 1
vt | = 03
e —— v
s e ) | I
e vt 21 2 02
b | L s
et o : s =
= — et b
' 0 o
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DEET telescope

= €asy DUT mtegraton
= serving community since 2009
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Be|

ALPIDE based tracker for space

Zuccon: ALPIDE pixel detector for tracking in space

Silicon tracker
Trigger planes
Plastic
scintillator
planes

LYSO cubes
Veto counters

the BESIII inner tracker

relative ga

e

g

“ea
S®muBe WS E

o] 6 i
o
et

0.5

ZEBBIERIREY

3
3

R
Odg ER I R

Dong: Study of a MAPS detector prototype for the upgrade of

Inngr‘ chamber outer chamber
& 0

E Relativg gain of BESIII drift chamber each year

30

10 MimosaZ28 chips thinned to 50 um
Flex cable, carbon fiber mechanical support 0.37 % Xo/layer

tresnase '{:%W“UM*‘WW * ldr
i H

ac

layer

45 i

“Resalution vs threshold @56ev ]

45 1 € 25 7 3 as
Thicibeld (3 2e]

achieved 5 ym resolution in testbeam
(self constructed telescope

m €asy DUT mtegratlon

= serving community since 2009

||

DEET telescope

ICHEP 2020 | Detector R&D | Paula Collins

23



Hybrid/Monolithic R&D

high rate, radiation hardness, timing, packaging

A

S

\
Sensor engineering for radiation hardness (3d,
diamond..) and timing O(10) ps (planar, LGADs, 3d...) CMOS modified process for radiation tolerance, faster

ASIC engineering for ultimate bandwidth, timestamps, and higher rate readout, and timing
high density logic, power,Apackaging (TSVs..) A

[ \ [ \

fine pitch bonding,  Sol process

: . Capacitive Coupling ~ DMAPS large DMAPS small
sensor optimisation ~ alternative SI/ASIC wafers of HV CMOS design  electrodes electrodes ultimate timing;
3D, LGAD... interconnection low  connected through 45 AS|C through . . SiGe BICMOS,
’ material Insulator Oxide layer  jhgulating glue with faster and higher rate SPAD
— readout capabilities -

o ww

a—m

CLICpIx - — o WO PRo
e T —

ICHEP 2020 | Detector R&D | Paula Collins - 24
adapted from D. Contardo vy : h A .
EPS Det R&D 2019 - addition of gain layer for ultimate timing --



Aiming for unprecedented radiation hardness and the possible addition of timing down to 10’s of ps
Already running for ATLAS (b-layer), AFP, CMS CT-PPS

\ o\

e
d

Planar sensor 3D sensor

S. Parker et al., IEEE
TNS 58 (2) (2011) 404

G. Kramberger et al.,
NIMA 934 (2019), 26

Timespot collaboration approach; optimised 3D sensor design

5 eolumns

¢ (g;v . a[ns] 00153 +0.0006
& * blnamV]  0.4973 1 0.01661
5 \
3 003/ TimeSPOT 3D
¢ § Double-pixel
g 'y
s - V5 = 140V
'-‘Q~‘
002 ._Q»._

70 80 2
Amgliude (mV)

S N Si—
9 columns trench T . ——— o

=

Time resolutions achieved:
Global: 20 ps

Intrinsic: 15 ps

Large (10 mip) laser signals:

sub ps resolution!

Phase-2 ATLAS ITK Pixel Upgrade : Terzo

New single sided technology; electrodes etched from same side
Radiation hard to 1 x 1016 neg/cm? at <= 140V

50x50 ym?, 1E 25%100 pm?, 1E

: _ .
Efficiency map . 100 pm
2 o r
L.-52
L,-35 um mmsm
pe Eff. Map « ETH " B i 4 >
B . 50x50 um2 . § i I
- hs .
E [

Solano - PPS performance and upgrade

Proof that it is possible to operate a near-beam spectrometer at
the LHC in high-lumi data taking

Radiation damage mitigated by moving detector slightly during
technical stops

Evolution of the RP efficiency map in the detector region dasest ta the beam for LHC Sector 45
BECINNING OF DATATAKNG 3en T 10086 250

3 CMS i, 407 MO TN | CU iy 07 (B S 8BRS CM by 5 7 56 b TP
P S— K
0 ey ! i
q - . !
'
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e, e
. 2l ¢ !
7 '
- ¥ : —
" 5\ \
/ \ .
Lower efficiency RP maved upwards | \ \
caused by the by 1mr As the integratec
radiation damage Damege area luminosity increases, a

effectively moved  Second darmage region
away from the mos:  #PPearsal the new

irradiated region occupancy maximem
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https://indico.cern.ch/event/868940/contributions/3814695/attachments/2080538/3496078/terzo_ITk.pdf
https://indico.cern.ch/event/868940/contributions/3814695/attachments/2080538/3496078/terzo_ITk.pdf
https://indico.cern.ch/event/868940/contributions/3813536/attachments/2082427/3498029/Solano-ICHEP2020.pdf
https://indico.cern.ch/event/868940/contributions/3813536/attachments/2082427/3498029/Solano-ICHEP2020.pdf

Cathede

) standard design AC coupled devices Inverted LGAD
P Contact dielectny
P Siop LAl B
Avalanche JE -
e -  gunayer-p
..cl’h
Depletion No gain area o = >
4 i Lo ': Pixel 1 (dead area) pjyel2 Rl =1 P-type Multiplication Layer . ¥
I substrate - p** 3 s
Kigh fiel Gein layer
T
* Pixel trench isolation
DR "

Low Gain Avalanche Detectors

= Silicon sensors with internal gain, developed at CNM
barcelona

= Extra, highly doped p layer added just below p-n

~ C

junction of a PIN diode 20 M

= Avalanche multiplication of electrons to create additional E %E _ ‘ g

electron-hole pairs g gg ) r.ﬂ‘r.__.( :

= Precise timing capabilities § g;ﬁ "L _F
= electron collecting: signal dominated by hole drift Tg’% g MWM ol o C 0T e

»+=Q B jmonmimvie 09

Degradation of gain with irradiation (temperature important) §%8“ { ‘ :

hard to reduce pixel size due to “LGAD fill factor” issue % %é {
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yu) L.GADs for ATLAS and CMS/timing layers

Rizzi: A High-Granularity Timing Detector for ATLAS Phase |l Upgrade Petrillo: Development of the CMS MTD Endcap Timing Layer for HL-LHC

ATLAS High Granularity Timing Detector CMS Endcap Timing detectors
Both equipped with LGADS with 1.3 x 1.3 mm?2 pads targeting < 50 ps resolution

Active
area
120640 mm

» Thin layer between tracker and calorimeters
®  MIPsensitivity with time resolution of 30-50 ps
®  Hemmetic coverage for jn|<2.9

Two double sided layers in front of Calorimeter endcaps;

Two double sided layers in front of Calorimeter endcap hermeticity with BTL
covers: 24 <n<4.0with12cm<R<64cm@z=3.5m fluence < 1.7 x 1015 neg/cm?
. . o ) 5 .
3 rings are replaced 4/2/0 times to maintain fluence < 2.5 x 1015 neg/cm covers: 1.6 <n<3.0with0.31<R<12@z=3m
2(3) hits per track for R> (<) 30 cm ToA and ToT with single TDC from ETROC readout Ie)
ToA and ToT from ALTIROC i
. I — — c"sm‘llﬁvlun‘mfy FNAL T3 Feb 2020 1 - - cMs P(lase " f:lvlil"il)ally . FVIAL TBFelI;L é -;>>,
— 35X10% | P g T “‘v 3 8 g ;P"'a‘-"‘f‘":’c"""z & 8 __E HrKad, 10x1.me low poweer, -20C o= c
E ATLAS Simulation Prefiminary B Lolleaed | > < 2 E::oceg "::am hs® 75E" ETROCO Discriminatoroutpt = low power, 20C = 0O
w3 T Nearom 3 R s c.Q Dtscrkninaior output BE O 70f of==8ps, subractes high power, -20C ®©. 20
- O 14 S 1" o< 8 w c 65E- = high power, 20C BT O
b 25 RY = : / = O - T g ‘ © = 0
n } . t = 1 ] " 0.6 8 E . S
E=1 . .‘~ '-‘~ ] A —— ~ @© » o 60F 2=
= 20 s ~ W, 1 £ i 1 e o ] E Y. R >
§ ' &.-. .._.‘ ~ ] W UG a:“::‘;:] i © o o 04 E 55: . = 9 © &=
o 1.5 ‘e . TR e o Eo S0t g . . o 8_5
g ~ e v ] + Gallium-doped CNIM =0 0.2 45F . S
S RREY 1 sensor -‘(7) . E 3 ;
c T E © 1~ E o)
3 osk  er e . ] « Irradiated at 3410 Do_ S ‘ A pod SO0 OO O DO IR i
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R B R T mesimum for 4GTD O x [mm] MPV Collected Charge [fC]
Radius [cm] N <
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Rizzi: A High-Granularity Timing Detector for ATLAS Phase |l Upgrade

ATLAS High Gr'anularlty Tlmlng Detector
& Lih 1.3 x 1.3 mm2 pad

ATLAS-TDR-031 - LHCC-2020-007

A High-Granularity Timing Detector
for the ATLAS Phase-ll Upgrade

y [mm]
N

Post irradiation:
4 fC and 50 ps achieved!

Si1MeV,_,, fluence with SF 1.5 [cmi?]

CM3 Ma

HPK 3
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I ETFO(
Discrin
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Petrillo: Development of the CMS MTD Endcap Timing Layer for HL-LHC

CMS Endcap Timing detectors

CERN Eurcpean Orgaznization for Nuclear Research  CFRu-I HCC-2018-803
- : CMS-TDR-020
Organisation européenne pour la recharche nucléaire 29 March 2019

\
- i L

<

-

r—

A MIP Timing Detector

for the CMS Phase-2 Upgrade
Technical Design Report

X |mmj MPV Collected Charge [fC]
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40-50 ps after discriminator
with full efficiency!
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| Rizzi: A High-Granularity Timing Detector for ATLAS Phase Il Upgrade

IL.GADs for ATLAS and CMS/timing layers

Petrillo: Development of the CMS MTD Endcap Timing Layer for HL-LHC

ATLAS High Gr'anularlty T|m|ng Detector CMS Endcap Timing detectors
L gn 13x13mm2pad o

Two do
covers:

*w,
~‘$ v"

10 20 30 40 50 60 70

Radius [cm]

Si1MeV,_,, fluence with SF 1.5 [cmi?]

'o; "‘l

CERN Eurcpean Orgaznization for Nuclear Research  CFRu-I HCC-2018-803
" CMS-TDR-920
Organisation européenne pour la recharche nucléaire 29 March 2019

EXPERIMENT

ATLAS-TDR-031 - LHCC-2020-007

CMS

LGADs are shaping up to be an mcredlble success story;
, from novel concept (2010), developed at CNM within the
RD50 collaboration, through to expected large scale
installation and running in < 15 years

i .
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=34 i =z A MIP Timing Detector o
. . o 22 for the CMS Phase-2 Upgrade o 4
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Technical Design Report =0 £ 3 Technical Design Report 2
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litetime) b
<

ICHEP 2020 | Detector R&D | Paula Collins 29

with full efficiency!



Dort: Silicon Vertex and Tracker R&D for CLIC

7Sensor s 3
A A

[FE STV ] § 3
-
s
- &

Cross section of
bump bonds by IZM

* Challenging single-chip bump-bonding process with
pixel pitch of 25 pm performed by IZM
* Interconnect yield of up to 99.6% found in laboratory

testing (test-pulse, source, etc.)
JINST, 15(03), C03045

Bonding with Anisotropic Conductive Film

Industry standard but challenge going to
HEP pixel sizes

Test-structure pad with ACF particles captured

Successful manufacture of first Timepix3-
pixel sensor with ACF hybridization

path to 3d integration

HV-CMOS sensor bulk
S e s\ MO8 pulse
" " shaping circuitry |

Y o e g

2 cm distance

425UR% SOWD-AH £AAdDD

HV-CMOS pixel coupling pad

PICUSAAL-JAA0-unL

Pixel row
Efficiency [%)

JISY inepRaI XIEDTD

wo
u

 upmacmm "
Signal processing shared between sensor and ROC Successful CCPD assembly
100 nm gap difference; 5 yrad parallelism

Uniform signal coupling and efficiency > 99%

a5 50

P %0
Pixel column

allows capacitive transfer of signal between HV-
CMOS sensor and ROC through a thin, non
conductive glue layer

b T Fritzsch, AIDA-2020 Topical Warkshop, Oxford, April 7019

§-50
interface parameter
solder Reflow Ecldering. Cu-Filler’Sn no oressure
solcer TC Bonding, Cu-Fillar/Sn low pressure
IMC TLFB (,SLID"), Cuw/Sn, Au/Sn low pressure
- high pressure
Met Metal Ciffusion Bonding (solid/solid), CuiCu, Au/Au righ Temperature
ower oressure
Met Nanoporous Geld (NP3) / Gold Nanospone lower temperature
OxfMet Metal-Oide-Hybrid Bonding W pressue

ow temperature

3 5 7 10 20 30 SO 70 100

pitch [um]

150 =
Pixel column

Macchiolo: Future directions for pixel detectors; FCC workshop 2020 CHEP 2020 | Detector R&D | Paula Collins \/icente:https://indico.cern.ch/event/858640/
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Towards Radhard Maps

Advances in commercial CMOS technologies combined with dedicated designs allowed significant progress
from STAR to ALICE to ATLAS in areas like radiation hardness, response time, and hit rates

s

Strong interest for R&D to fully exploit potential of MAPS in future trackers
High granularity, low material budget and power, large area at reduced cost (cf hybrid)

Large electrodes Small electrodes “Buried” electrodes (Sol)

Vaus Vs
NMOS
NMOS NMOS PMOS I l
wide § Ai PIMOS omde E- = }:’pwn’TlHﬂ lkltlﬂlllnll lllllﬂ’ll‘ull
- A5
|
L /“‘

C
\.—. // \_, /!
taxial | |
p-substrate p-epitaxial layer n
4

:, ¥ |thigh ohmic >100 Qcm) * '::h p p-substrate
J; (low ohmic)
\ v

50-100 pm
-~

) Electrqnics in ccl)llectior? well * Electronics outside collection well Electronics and sensor in
N? or I|tt!e .Io.w field regions * low resistivity substrate separate layer
* High resistivity substrate « Small capacitance, for high SNR and Can use thick or thin high

* Large signal potentially fast signals but worse S :
» Short drift path for high radiation behaviour far from electrode Eizlggl//l;[y material and HY
hardness « Separate analog and digital electronic
: : + Special design/processing to
» Larger sensor capacitance — higher « Large drift path — need process overcome radiation induced
noise and slower @ given power modification to usual CMOS Charge up of oxides
* Potential cross talk between digital processes for radiation hardness

and analog section
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Sanches: Radiation hard monolithic CMOS sensors with small electrodes for HL-LHC and beyond

From ALPIDE to MALTA/Monopix: Modified Tower Jazz 180 nm process

« Malta (JINST 12 (2017) P06008) designed as a radiation hard high speed monolithic CMOS sensor for ATLAS
« uniform n-implant blanket in epitaxial layer gives lateral depletion right through to to small input capacitance

electrode
n-well NMOS PMOS NMO! n-well n-well NNCS PMOS NMOS A-well
e . - T W W W e W W e
- ‘ p-well n-well  p-well ul
‘ .- Lo, T  Deaep p-well |
C' ? .-':
B -, ) A A A N S \ \
12
f/’(‘ 4} """ ;_' "':_' "";'""_:"' -_““;:L-“ ity ""_"'"_; """
i NV VY N YV VN

DIFFUSION
Eptaxial layer p-

Most recent step;
move to Cz to enable
high depletion depth
and high operational

voltage

10

n
5
8
&
@

Malta-Cz after
2 x 10151 MeV neg/cm?2
ICHEP 20 @ threshold = 226 e-

Chip showed good performance

Additional refinements(arXiv 1909.11987) gave
additional improvements

* n- implant gaps/extra deep p wells to improve
charge collection at pixel edges and corners
in-pixel efficiency after :-

i ‘ .I t 1x 1015 1 MeV neg/lcm?2

...« before and after —
design changes

Sector 2, <uit> = 92.4:0.0%

..........
’ 0 @

https://doi.org/10.1016/j.nima.2017.07.046

MALTA Telescope
@ the SPS

Cok

Also implemented in CLICTD
- extended efficiency crucial for future

ultrathin sensors
Efficiency in beam-tests for CLICTD

g T L L I
E 1 S -
= S 0.99
= Ny AP g
= \ «, NOGAPinnlay
) RN
c _ \ _
%0.95 \ -
£ N\
CLicdp
0.9- Work in \ T
S progress \1\ b
400 600 800 1000 1200 )

Threshold [e]
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https://arxiv.org/abs/2004.02537
https://arxiv.org/abs/2004.02537

Rossi: ALICE Upgrade for LHC Run 4 & Beyond

Fully cylindrical, (almost) mass-less Inner Barrel proposed
for installation in LS3 Cylindrical

Structural Shell
New beam pipe with IR =16 mm, AR = 0.5 mm (0.14% XO)

Three cylindrical, wafer-sized layers based on curved ultra-
thin sensors; 20-40 pym, x/X0 < 0.02-0.04% per layer

Material budget reduced to the bare minimum
LOI: CERN-LHCC-2019-018

Half Barrels

c
e

it l] » “ Detector R&L i J
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https://indico.cern.ch/event/868940/contributions/3813867/attachments/2080982/3495681/Rossi_ICHEP2020_UpgradeALICE_v5.pdf
https://indico.cern.ch/event/868940/contributions/3813867/attachments/2080982/3495681/Rossi_ICHEP2020_UpgradeALICE_v5.pdf

MAPS for next generation ep Detector: FCC-eh and LHeC

o
LHeC: 50 GeV ERL X 7 TeV ( p) vamazaki: The Updated LHeC detector | ., e
« CDR 2012 — update last week -
* Physics: PDFs, Higgs, top, BSM... = el

— Optimised accelerator and IP

— Technology: fwd calorimeter, tracking
 HV-CMOS based central tracker

— Radiation 1/1000 of LHC, no pile-up

— integrated readout electronics

FCC-eh: 60 GeV ERL X 50 TeV arXiv:2007.14491
* Large acceptance tracking, taggers.
Forward calorimetry extended ~ InE,

uuuuuu

Radiation Length by Category

X()1.4:—

1.23— Red: disk sensors
- Green: beampipe

3-beam Interaction Region — new design

0-8;- Small material budge

o.sE—(

0.4}

0.2

— Elliptic pipe, 1or 2 pixel
layers, perhaps bended ’
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Physics driven requirements Running constraints Sensor specifications

O, _28um o >  Small pixel ~16 um
Material budget __0.15% Xp/laver _____________________________________s Thinningto 50 um
bom e e e e e e 2> Air cooling oo __ > lowpower 50 mW/cm?
rof Inner most layer _16mm > beam-related background _____y  fastreadout ~I us
Ui ———______> radiation damage - ... ____ >  radiation tolerance s34Mrad/year =~
Ouyang: Developmgnt f’f high res low power Silicon pixel sensors for CepC Giubilato: ARCADIA, Innovative low-power large area MAPS for HEP and applied science

Techrology sty e 0

Ful doploticn \

ned depleted doide ' £ e
28> : Plemins LT
Ngrocess — reduction of , _

surface leakage by 2 orders P i e

CMOS pixel sensor

* Towerfazz CIS (.18 um « LAPIS 0.2 ym prg
process :

* Quadruple well process

* Thick (~20 um) epitaxial
layer

* with high resistivity (21

kfdecm)

EOpm - 500 pm sensor

depleted charge collection
electrode — reduction of
diode capacitance

Lateral electric field — : 100 : e
improved charge collection I
efficiency 5|
' _—
§ _ﬁ = : AC-coupling to amplifier — | e §
BT S S L allows bias voltage | 5

Sol based 3D integration is coming

Ultra light self supported layers with stitching CMOS sensors
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Physics driven requirements Running constraints Sensor specifications

O, _28um o >  Small pixel ~16 um
Material budget __0.15% Xp/laver _____________________________________s Thinningto 50 um
bom e e e e e e 2> Air cooling oo __ > lowpower 50 mW/cm?
rof Inner most layer _16mm > beam-related background _____y  fastreadout ~I us
Coeiiiiiiieeeooooo——_____> radiationdamage ------______ >  radiation tolerance s34Mrad/year =~
Ouyang: D9V9|°Pm§”t f’f high res low power Silicon pixel sensors for CepC Giubilato: ARCADIA, Innovative low-power large area MAPS for HEP and applied science

ey Pty — %:"’:] ohwd
s pixel A bright future for monolithics! | T
. p(;{.;‘;ci{;jsazzcl.s 0.18 um . S o FMH::

* Quadruple well process

* Thick (~20 um) epitaxial
layer

* with high resistivity (21

kfdecm)

EOpm - 500 pm sensor

depleted charge collection
electrode — reduction of
diode capacitance

Lateral electric field — P mv A
® @© @ improved charge collection P I
=l efficiency 1| | —
| was ‘ _— i '
; AC-coupling to amplifier — ! el :
allows bias voltage | |

Sol based 3D integration is coming

Ultra light self supported layers with stitching CMOS sensors
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R

aseous Detectors

Gas detector remain key technology for radiation detection in particle physics experiments
efficient, low mass, relatively cheap, relatively easy to build and radiation hard
detector solutions

Intrinsically provide amplification of signal by gas amplification (less on-detector
electronic) thus excellent single particle sensitivity

Future developments centre around

large area gas based detector systems - Industrialisation, performance scaling

Understanding of the underlying physics processes and materials (gases,
simulations, electronics)

Replacement of greenhouse gases
Timing a key issue for future experiments

. adapted from D. Contardo
Ta EPS Det R&D 2019




Micro Pattern Gas Detectors: State of the Art

s

e Yo e MPGD2017
= PCB photolithography progress allows high granularity and rate E. Oliveri
Capab|l|ty deViceS Lrvbm:m,:mthLl coMPASSlZTCEMmm micromegas, GEM)
h GLACIER(lEM]
= Several designs adjusted to requirements for muon detection and B ,H_f_ﬁ_\\ T
TPC/RICH readout o N
o p — ne “7‘”7’—2:':,%
= MPGDs have been chosen for all LHC upgrades AucelsEm) \\\s‘:;//’_’ R
= Successful accomplishment of LHC Upgrades will help to disseminate e TR e e ostmcmun
MPGD technologies even more widely - (S

DIRAC (MSGC-GEM)

RED = LHC
MPGDs and CCRN

MicroMegas (MM) ., GEM THGEM Hybrid design THGEM + MM
‘ \\ Or Becrods 3,;-,,1 ‘/II it Gap E:t‘mde Cathode Mesh wrwwrnunn r.‘:::‘:::" *,“t",: . B qua:tz
t‘ .\ ‘ A I--*h-..--.-.--- GEM fE”‘ r.)'.\I:. o CSI Driﬂ
5"'"3 Conversica/Drit Gap I8 EFiold 20 / N Tranete: Cap & TEGEM 1 [:] [:L ) t TH1
i e o1 -- 1q\j/’ - :r;s:;: - E - GFM " Tmml’n 01p rrr‘ o
. --:&::ﬂ:; - e CEM : a e i L1 AL MM
) . Anods Mesh = .t- i
Rucom
=1 ~ |
CMS GEM ALICE TPC upgrade COMPASS RICH

adapted from D. Contardo
EPS Det R&D 2019
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= _ el T OWW WS SN Ty

| New Small Wheels:

| > Chambers mounted on new - -
shielding EW (%, | \ Drift Electrode
v j:) 3 A | '3OOVA
Detector technologies: R '\‘
| . » e

I O Micromegas: primary tracking
'@ sTGC: primary trigger

ARRY

: - )
5 mm Conversion/Orift Gap - \\n E Field

Micromesh

-
128 Hm

wi o &

To be installed ih LS2. ﬂ
Total area: 2500 m2 ! .

a= Readout Strips
e== Resistive Strips

[Autumn 2018]
The NJD shielding before mounting the supports '

 Average layer efficiency of all sectors built

Installation Fixation on NSW A so far exceeds 90% Largest u-Megas
" : P ooy -  Successful accomplishment of NSW side chambers ever built (?)
C in time depends on international
restrictions due to Covid-19
Efficiency vs HV Cluster width vs HV
z 100+ T T T T T T 3 £ 5 T T T T3]
= goE- ATLAS NEW Preliminary == 4 £ [ ATLAS NSW Praliminary 1
e 1= 1] =l F A ) 3
i e =il I A
E F7 i Al Sl A
50F- A = 3: D Gk ,/'/’/ ]
wg- L 7 == S = E
3ok & EeA - ] [2i5H = E
20F- Niiwries = E === ]
oF == eyl
OS5G0 " Bic 520 530 640 550 560 570 S i 50 5% 40 550660570
HV (V) HV (\')
Manisha: Geometrical Alignment for ATLAS NSW Naseri: Small-Strip TGC and electronics for NSW
Maeda: ATLAS Level-1 Endcap Muon Trigger for Run-3 Higuchi : The ATLAS muon trigger design/performance
Cieri : Upgrade of the ATLAS p Trigger for HL-LHC = Kitsaki: The ATLAS NWS simulation & reconstruction software

Vafeidis : Integration and commissioning of ATLAS NSW ) Pezzotti: Irradiation and Gas Studies for NSW
Bolanos : Cosmic results with Micromegas sectors for NSW || Fassouliotis: Large size Micromegas for NSW



R
Mocellin: Commissioning and Prospects of first CMS GEM Station
Fasanella: The CMS Muon Spectrometer Upgrade

Triple GEM technology

RUN 2 Long Shutdown 2 Year End Technical Stops
2017-2018 NOW and Long Shutdown 3
2022-2026 Drift cathode
)
Drift

GE2/1 GEIM menmgsesssnsnnns

I\ (1) Transfer 1
GE.l/l GEM 2 mm i o L LLLLLLLL

\‘,,Pl“. Transfer 2
MEO GEM3 mupifne s s nnnn

L& Induction
Readout PCB === —————|

T ‘ Alplifier R

FORTEE MUON ENDCAP CEN UTGEADE

Largest GEM chambers

Slice test Installation of MEO and GE2/1
Demostration of GEMs in CMS GE1/1 installation GEMs stations by the end of LS3 ever bl.“lt a nd fi rst Phase
e 72 Super .Chamber's (145 m?2) to be installed during LS2 5 chambers already successfully Il upgrade detectors!
operated in CMS since 2017/2018.
* Much more to come in LS3. «  36/36 Super Chambers installed in negative endcap

» Installation ongoing on positive endcap 10/36 already installed!
o HVto test GEM foil stability; LV test communication with FE electronics

)

8
> 10 E‘_ Gap configuration 3/1/2/1 mm

-}
g { Yo T G Tt Longevity Studies at
g0 meemneae GIF ++ facility and with
§ ‘:,,..._ 4SS G500 0055080 f0-00. dedicated X_ray
g “"E _ , source demonstrated
g | c/homoan=axao full lifetime with safety
i factor 3.
(i] 100 2[‘)0 300 400 500 660 ?00 800 900 Validated Super Chambers GEM Super‘Char::be.r m:)unted inthe GEM Super C?amber inst.alled on the
Accumulated Charge (mCicm?) ai:‘;?::t:;mn etaliation e nose of CMS experiment
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ALICE TPC Upgrade

RUN 1&2: Gated operation RUNS3: Continuous operation

—_—
time
% event 2 nt 3 ‘%
! | J
T
ot

T
Drift time in TPC, Fixed gating grid closure
gating grid open time, no event reador

.

ALICE performance
pp, 1S = 13 TeV
B=02T

Drift time in TPC

Energy deposit per unit length (keV/iem)

10" 1
Momentum (GeV/c)

ALICE TPC: Gorgeous performance in Run 1&2, now upgraded for continuous readout at 50 kHz Pb-Pb collisions
Solution: 4-GEM staggered hole readout

. . . . . MPGDs arrive in force in LHC
= 50 um polyamide foils with a 5 um copper cladding on both sides experiments

= Hexagonal hole pattern with a standard pitch of 140 um
= provide ion back flow of less than 1%

All chambers installed and precommissioning ongoing with laser, cosmic runs and X ray irradiation | =
Re-installation in ALICE cavern foreseen for August 2020
= ,

pad plane

= ~ \"UFJ‘A-O'%
18 bt o ——U_ =235V -
——U_ =255V
——U_, =285V

n of ion backflow
Caa L il . - - - O i 1 1
0 10 20 30 40 5 60 70 80 200 100 0 100 200 0.0 0.5 1.0 15 20 25 3.0

X (em)
row IBF (%)
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RU tion PLIN?2- Caontinioiic anaraticon
Tanabe: ILD Detector for
International Linear Collider
3 . L3 i
Time Projection Chamber
Drift time.
seting o ILD uses a Time Projecticn Chamber (TPC) as the central tracker .
Drift time of icnized electrons 2 longitudinal position 0
AL|C Gaseous detector: low material budget (~0.05 X, barrel region)
Particle identification with dE/dx (next page)
SOIU Readout options: GEM, Micromegas, pixel
Field distorticn due to ion backflow mitigated using gating
= 5 device to callect pasitive ions in-between bunch trains.
GEM Gating Grid
= H Y Y vy ey ’ FF:lii;‘:n
n D " 1" : v"o'v‘ :‘ v '
: . s
All chg e
Re-ing
GEMSs, Micromegas and pixel readout also considered for the ILD TPC -
20.0—— : —
§ + ILD | = =/K. dEdx V7
& T?X IDR-L| «  =/K. TOF100 N
5 15.0- ' * /K. combined . . . . . . -
\ 1 e, Combination with ECAL time-of-flight (100 ps)
’ ueemntl. can improve particle identification and
eliminate blind spots
“eih | A
6 810 20
Momentum (Ge¥)
R R R 200 100 0 100 mx(:m) 0.0 0.5 1.0 15 20 25 3.0
row IBF (%)

Panebianco: ALICE Upgrades for Run 3
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Single Phase
A\

MicroBoone LArTPC

Operating since 2015: ultimate in calibration
* Noise filtering, Wire response modelling, signal deconvolution
» Space charge effects and E field calibrations
» data driven correction maps with UV laser and cosmic
ray data
» Charge and energy calibration with crossing muons and
protons

Signal deconvolution

dQ/dx with/without
uniformity calibration

premsy s
[~ Potuwirpiod

i~ Before noise removal

MicrofleoNE Data

ProtoDUNE-SP

T1Tm x 10m x 11m
—DUNE Module
14m x 14m x 62 m
17.000 ton LAr

3.6 m drift

Two drift volumes separated by a central cathode

+ 500V/cm E field

» wire plane anode plane assemblies

* photon detection with 3 technologies based on WLS + SiPM

Bordoni : Construction, Installation and Operation of Protodune-SP

. Anode and

\ Dual Phase

= i L ' i::w ProtoDUNE- DP o
AR Mulipler » PMTs detect scintillation light at th
‘;__":/:Fr‘ﬁf\\_m bottosmde ect scintillation light at the
N o « Electrons drifted vertically
e SN + Electrons extracted from liquid into
j—in N gas phase
WAD-OA N « Charge signal amplified in LEM
e a— holes and readout at the top in two
directions

+ Challenge: instrument large surface
with small, planar, gap

bubbles removed with high
pressure cycling

R 1366 Evack 5 03.10.3918, 15:30: 14 GMY ~ I9ELE7SEA ne

Eien= 32 KViem

Muss 1256 Ewent X3 02.10.3019, 16 27.30 GMY + 2TI2424 s

muon tracks and
hadronic interactions

Eurin: ProtoDUNE Dual Phase: Design, Construction, Results

Ar extracted from CO, wells in Colorado

.

Further purified via a cryogenic
distillation column at Fermilab i3

ICHEP 2020 | Detector R&D | Paula Collins
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Rignanese: DarkSide-20K and the Direct DM search with LAr B




.

Hybrid s€nsots - going 3(4)d

Aiming for unprecedented radiation hardness and the possible addition of timing down to 10’s of ps

Already running fq

( o 2 P
n
L
<>
d
Planar sensor 3D sensor

Timespot collabora

5 eolung

P
-

L

€5, a[ns]

[ * blramV] 0l

003 % Tinf

time resoluton, o (rs]

Kagan: New beam test results of 3D pixel detectors
Trischuk: Latest results on Radiation Tolerance of Diamond Pixel & Pad detectors

ATLAS 3D pixel prototype

s (50 um x 50 um 3D
cells)

5 cells (5 x 1) ganged
together

= with surface
metallisation

Beam Test efficiency > 99%

FRD42 Preliminary
100 S SR =
b
b
L
i e
oo
!
;
!
-
b
B
= = - = = -] (]

. ,’.:\‘ PN x
\\\\\

LI’ZO

e side
o/cm2 at <= 140V

50x50 ym?, 1E 25%100 pm?, 1E

p o
100 pm
o rn
=] o
Rk ;
L4=52 ym
L35 um *

near-beam spectrometer at
ing detector slightly during

o the beam for LHC Sector 45
10086 250

T B St 0 AR CMS by 5 0 G 58P

As the integratec
luminosity increases, a
second darmage egion
5 Appearsal the new
occgpancy maximum
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s

\ Single Phase L Dual Phase

ProtoDUNE- DP o
+ PMTs detect scintillation light at the

MicroBoone LArTPC

. Anode and
N ..’A.-’,:-'/ Readout
2 F21 88 S el
Operating since 2015: ultimate in calibration T M

° Giovanni: The DARWIN experiment: the ultimate detector for direct dark matter search

\aranBvaraliw’s

WEZMANN INSTITUTE OF SCIENCE
wbgyl clygigaidcala
NYU ABU DHABI

» Dual-phase Time Projection Chamber (TPC)

top sensor array
“ (955 PMTs, e
copper + PTFE panels)

ectronics,

outer cryostat

inner cryostat —

field cage

(copper, 92 rings)

support structure €
(PTFE, 24 pillars)

Largest LXe target ever

bottom electrode

l'll“l'll"l""'

top electrode
frames (Titanium)

TPC reflector
(PTFE, 24 panels)

- Neutron/Muon Veto

frames (Titanium)

bottom sensor array

pressure vessel

531",«
i
—_—

GEM/THGEM + Cel
P

Noble-gas bubble

r LN :». ‘“M{:"‘a'." I

ETAD GMAV RN

position-sensitive phototensce

Partice interaction point — 2501 Notle liqud | .
K.

- Two photo/charge sensor arrays (top and bottom)
 Low-background double-wall cryostat
+ Outer shield filled with water (12 m diameter)

o o o __J

Readout: 4” cryogenic triple-THGEM GPM with reflective Csl
photon detection with 3 technologies based on WLS + SiPM Lak? ‘55 &%

Rignanese: DarkSide-20K and the Direct DM search with LAr

Bordoni : Construction, Installation and Operation of Protodune-SP

ICHEP 2020 | Detector R&D | Paula Collins

46



Blondel: Circular and linear e+e- colliders, another story of complementarity

Bedeschi: A detector concept proposal for a circular e+e- collider
Ta rgetted fOI" FCC'ee Tassielli: A proposal of a drift chamber for the IDEA experiment
:U) [ o Z(81.2GeV): 4.6 10™ cm3s"! *  FCC-ee (Baseline, 2IPs) —
'E . ILC (Baseline) -
o . CLIC (Basaline)
Future 30 102 - *  CEPC (Basoline, 2Ps) .
Circular ‘ - N\, WW (161 GeV): 5.6 < 10% cmés .
Collider > Y
. _’5)’ \\\
o ke "\ HZ (240 GeV) : 1.7 % 10 omis? 1
£
E 10 \ .
100 km — t 3 i

\_ 1#(350 GeV) : 3.6  10* cm?s”
N, (365 GeV): 3.1 x 10* cm3s™"

HZ (280 GeV) : 1.8 % 10™ om?s "™ u

1
The IDEA drift chamber: 107 10° % [GeV]
=  meshed stereo wire cages: field to sense wire ratio 5:1
= Wire net created by + and - orientation generates a more uniform equipotential surface
= Very challenging construction based on MEG Il solution
= Global principle of separating wire support from gas enclosure allows low mass construction
= “cluster counting” possible with addition of timing to count number of ionisation acts — PID
|

Complemented by silicon layer wrapped around outside of chamber and potential TOF to
plug momentum gap

wircPCboard oo, . -
peek spacer \ sathare 1
wire PC board \ x & X p X stereo ang
. '\ PRI P
: : i * [ X stereo ang

PP TLIT AL L guardla\ive

drift tube

State of the art momentum and angular
resolution for charged particles

B field limited to ~2T to contain vertical
emittance at Z pole — large tracking
radius needed

High transparency required given
typical momenta Z, H decays

Particle ID is a valuable additional
ability

Particle Separation (dE/dx vs dN/dx)

4.3% dE/dx resolution
80% cluster counting efficiency

acquired signal

SeNse i

Wire O e,

ICHEP 2020 | Detector R&D | Paula Collins



Micro Pattern Gas Detectors: Futute

Single amplification stage designs (uUPIC, uResistive-Well/Resistive-Plate-Well)
Ease fabrication, resistive layer with new material (e.g. DLC) to improve rate capability > MHz

Picosecond devices with radiator and radiation tolerant photocathodes

Fabrication process for large scale detectors and transfer to industry
3d printing, dry plasma ink jet printing (developed for flexible devices)
Monolithic CMOS production of MM design InGrid demonstrator - considered for ILD TPC

New gas mixtures without Greenhouse gases

30-50 pum precision 25 ps achieved
A 1
1 I 1
u-Resistive-Well Resistive-Plate-Well InGrid CMOS MM Radiator + photocathodes + MM

Wiell itch: 140 um
Wiel dameter: 30-50 um Top copper layer
Copper 10p layer Copper dot Kapton thickness: 50 pm —

\\. | kapton—

crystal

photocathode.

vbmuu?( 1ron
preamplification

Resistive ayer ‘ —]
R-100 MOYD) ‘ Resistive foil (p) / /
+ S - Buaomesh /.
. \} Vv s
Pre-preg —* " It =
/I Pt — oKt R

Readaut electrode I } DCTRESCAEN "%
insulator

= CERN RD51 : http://rd51-public.web.cern.ch/rd51-public/

D. Contardo ICHEP 2020 | Detector R&D | Paula Collins
EPS Det R&D 2019 48






—~—

PR

N 1 ®

Time of flight / MIP timing / RICH / single photon detection R&D challenges
Noise rates and cross talk must be kept low

Rate capability must be sufficiently high
Single photon timing target for TOF/DIRC/TORCH/Mip timing ~ 40-70 ps

Operation in magnetic field
strong synergy with scintillating device R&D

Light detection for calorimetry / particle flow for h-h and e-e

Speed, noise, high granularity (2-3 orders of magnitude) all crucial
Very large systems installed within minimal space

ors!

i um based Solid State G T LT (5aseous Superconducting
+ PMTs - Silicon based (MPPC, CCD)-  _+ Photosensitive (TMAE/TEA)  * Transition Edge
. MaPMTs « Silicon PMs ; + MWPC/MPGD + Csl * Kinetic Inductance
- Hybrid PMTs '
«  MCP-PMT
« HAPD

« LAPPDs
adapted from D. Contardo
EPS Det R&D 2019




Photon detection for PID - State of the art

Pillars of particle ID: Cherenkov radiation, dE/ _ _
dx. Transition Radiation. TOF : Belle Il Time of Propagation RICH (TOP)
’ ’ ~ 90 ps resolution in barrel + focusing Aerogel RICH in forward region

RICHes with focalisation Belle Il Barre| PID: A DIRC derivate:

: SELEX, OMEGA, DELPHI,
= Extended radiator (gas) SLD-CRID. HeraB, HERMES, IW""\/ ,
= Mandatory for high momenta COMPASS, LHCB, NA62, EIC D ‘ ouarz b Mior
’ g U I
RICHes with Proximity focusing MCP-PMT E,fﬁr?,“sb"
. . I . STAR, ALICE HMPID,
= Thin radiator (liquid, solid, aerogel) EFCRMES’ CLEO Ill, CLAS12, Installed between drift chamber and calorimeter
= Low momenta ’ . -
= Single photon efficiency MCP-PMT
DIRCs
) ) ) Babar DIRC: derivatives = <100 ps SPTR
= Quartz as radiator and light guide BELLE Il TOP, Panda & EIC ‘ tial it
L ; (focusing DIRC), LHCb = few mm spatial resolution
= oW momenta TORCH . . . o
_ _ = operation in 1.5T B field -
Time Of Flight detectors et SKK
i e it TOP in full —
= Uuse prompt Cherenkov Ilght } ALICE, BES Il Ful™ N commissioning, “
= fast gas detector calibration and
operation!
Running Experience and

LHCb Run 3 upgrade performance of the Novel

LHCb Run 1 RICHes PY New photon detectors : TOP Barrel PID Detector
- MaPMTs Hamamatsu ﬁvw '*.w@ IRt ! Ethe .Bellet I.IH rtbrich
’ R13743 (H12700) and e waand | EXPETIMENE - HATONC

R13742 (R11265) e - '

r New electronics at 40 MZ

— .
g b

r readout rate
I e il New optics layout for RICH1

Phcton funas=Shisking

The LHCb RICH Upgrade: Minzoni
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Kreps: Testbeam performance of
a TORCH prototype module

TORCH for LHCb Run 4/5

Focusing
- Optics

Photon |
(one of many)

R . Y
P : Y

Radiato\ MCP-PMT
{(quartz plate) S

. Prompt production of cherenkov light in quartz bars

. Cherenkov photons travel to detector plane via total
internal reflection and cylindrical focusing block

. 70 ps per photon —15 ps per track

. Photons detected by square micro channel plate
PMTs; resolution improved by charge sharing

Pdtemial
photon paths

Tine projection (for I MCT colummu)

Test beam results:

- ~ QO: 7 ' - patterns seen for different orders
of reflection

Time (ns)

i3 7 - - Best resolution of 70 ps for 18
i cm drift

- 100 ps for 111 cm drift

Large Area Picosecond Photodetector (LAPPDTM)

Option for the Future?

LAPPD 66

Gen |

~— Centroid of sdjacent

4.9 Positien sirips -3 Position

* Optinized for fast timingapgicatons.
* "1 mm spatial resolution, ~5( ps TTS

* B00d COMPrOMISe Detween 1e number o
dactranics channels snd spaiel coverage

Timing resolution < 55 ps
Position sensitivity 3 x 3
mm or better

High gain - mid 108 or
higher for single PE

92% open area
Blue-sensitive
photocathode: Potassium-

sodium-Antimony
(K2NaSb)

Large Area Picosecond
Photodetector (LAPPD) : Foley

Gen Il

© CIRIOMYIANS AN [UTIAIN LIGA-CARNGRANS
* Good dection of multiole. simdtaseously-arriviee

phetons.

* Flesibilty in anode design alows a talarce between

FatE, Sparial 1eIULUT @R Une I of ekl

channec

- Very close to required
performance!

Qian: MCP based large area
pmts for neutrino detector

See also:

De Rosa: A multi-PMT
photodetector system for
the Hyper-Kamiokande
Experiment

ICHEP 2020 | Detector R&D | Paula Collins
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SiPMs - a commercial product used in several

imaging applications outside HEP: PET, LIDAR..

Proton tomography imaging for cancer treatment: Giubilato

Many developments in material/process/design
to improve PDE, QE, DCR, radiation hardness

Recent developments in CMOS process to
integrate digital electronics

crysial size typically 2x2<3mm?

2001 prompt photors
(Cherenkov)
[ I
8GO LSDCeCa )
A betier oplical coupling
2x2x20mn 10 SiPM (PDE)

Ca18 B clundoped B

CTR [ps]

10 S
CACCCeNg® ™

3PS Lo

BaF, l
S B higher SiPM
R . PDE
JUUSURSER £ 1o X oY o RNURIS—"—" ';.l.::-;‘...._,}_.w,,, ..... R
2DEmm® BC4Z22 1

o} 0.05 0.1 0.15 02
effective photon time density [V photons/ ps)

Stefan Gundacker, Experimental advances in photon detection time
resolution limits of SiPMs and scintillator based detectors, VCI 2019

Tatal time resolution
svcs

Time resolution [0s)
n

T T n T T n
s00 1000 1500 2000 Z500 3000 3500 4

000
Integrated Luminosity [fb™']

CMS: Time resolution evolution with irradiation

LHCDb SciFi installation for Run 3 -

a detector which can only be built thanks to SiPMs!

Module
mounting
plate

128 modules (0.5 x 5 m2) arranged in 3 stations x 4 layers (XUVX)
11,000 km of 0.25 um fibres, 524 channels

< 100 um resolution over a total active surface of ~ 340 m
SiPMs cooled to -40°C and readout by custom PACIFIC chip

1% Xo per layer and 40 MHz readout

4-D Csl calorimeter for KOTO : Kotera

ICHEP 2020 | Detector R&D | Paula Collins
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SiPMs for Tracking & PID - future..

MEG Il experiment

""""""

Liquid Xenon
Photon Detector

o Thin layer between tracker and calorimeters
o MIP sensitivity with time resolution of 30-50 ps
o Hermetic coverage for |n|<2.9

CMS Barrel Timing Layer in Tracker volume

e LYSO bars 56 x 3 x 3 mm3readout at both ends ——r : \ Magnet
with 3 x 3 mm2 SiPM :

- 350 kchannels, 40 m2 elated Positron Timing
Lu: Precision timing with the CMS MTD Barrel Timing Layer X Counter (PTC)

PAN/MINI-PAN space missions ", . PAN

r‘l.

Overall Resolutions . . . . .
— a0 pTC consists of fast plastic scintillator tiles
FEN with 2 x 6 SiPM readout. Positron hits on
§ AN average 8.8 tiles
. EXII{;I’ELO: principles/technologies demonstrated by AMS, E 0 ‘ _ Pilot Run
T T . From pilot run (2017): Required timing
) tgr?rt]:ggﬁn(ggrlﬁgz low power (20W) spectrometer with - pobectation Tom 7 resolution of 40 ps can be achieved.
. ;rczl;(;nod)ule: 3 mm scintillator, readout on all sides by SiPM o " : . N BSM search in rare muon decay : the MEG Il experiment
< pS

Number of Hits
Moresalchi: The Mu2e electromagnetic calorimeter
Wu: Development of a Penetrating particle Analyser for high
energy radiation measurements in space
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alorimetry |
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= B>
el e W 2

e-e colliders: High Granularity Calorimeter

Calice concept: fine longitudinal segmentation and transverse granularity for 3D shower topology and
Particle-Flow reconstruction (Ejet = Etrack (~ 75%) + Ey (~15%) + Eno (~ 10%))

Jet energy resolution 4-3% (> 50-100 GeV for W/Z to jets separation, ~/5 LHC

hh collider: add efficient rejection of collision pile-up

LD HGC configuration

Active Layer/Absorber Si/W Scint. tile + SiPM /Steel Glass RPC / Steel
Number of layers 30 48 48
Cell size (cm x cm) 0.5x0.5 3x3 1x1
Readout analog analog semi-digital
Depth number of Xo/Aint 24 Xo 5 Aint 5 Aint
[l:umber of channels (x106) 100 8 70

otal area 2500 7000 7000




Martinez: Development of ATLAS LAr Calo Readout Electronics for HL-LHC
Moayedi: Upgrade of ATLAS Hadronic Tile Calorimeter for HL-LHC

:

;‘5" #mr ".‘

ATLAS LAr and Scintillatiing tiles

4 main technologies: LAr, scintillators, crystals (tiles or fibers), Silicon sensors

2 main concepts:

Homogeneous crystals (Csl, LYSO)
* best possible resolution
* applications in PET, homeland security

Sampling

* Imaging: Particle flow Algorithm
* Dream: Dual readout

+ Sampling with Crystals shashlik

ICHEP 2020 | Detector R&D | Paula Collins
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ATLAS

Harkusha: Performance of
ATLAS tile calorimeter
Strizenec: LAr Calo
commisioining for LHC Run-3

7 1
<18 ATLAS Peeliminary |
£ Tie Ceor meter
- - . 2015
s = 2016
w s
g i v 2
U
1]
-
o =
.
.'
LR »!
05

= -5
D 20 4 8C 30 1CD 120

Cell snergy [GeV]

CMS

Konstantinov:
Soldi: Precision calorimetry at
high luminosity

CMS Frokmiiay 2017 415 " (13 TeV)
3
Q 3 Gokden i
g 007E Dan_ predivinery =
0085 Dwia, retnes
008}
004 |
ol |
002}
001%
| NN YIS ST VN NN S i
% 05 1 15 2 25
SuperChuster Inl

LHCb

Pili: Performance of the LHCb
detector in Run2

Energy resolution with elecetrons
C y 3

wosiq

0.04
e X

£ 3

Q

002 -

4 main technologies: LAr, scintillators, crystals (tiles or fibers), Silicon sensors

2 main concepts:

Homogeneous crystals (Csl, LYSO)

* best possible resolution

* applications in PET, homeland security

Sampling

* Imaging: Particle flow Algorithm

Dream: Dual readout

+ Sampling with Crystals shashlik

ICHEP 2020 | Detector R&D | Paula Collins

58



sual Particle

| Boudry: Ultra-Granular Calorimeters for Higgs factories

CALICE collaboration : Development and study of finely segmented/imaging calorimeters

1000 7 T ] Imaging Calorimetry = high granularity (in 4D)
i \\\ \\)\ g ] and efficient softwarce(PFA)
. Appllcable for ete- nggs factories so0 | y \"\ L& : = Tnergy share in a typical jet:
= Multi-layer measurements of shower signal to ) = % To% nl;fft’?fflﬁ:ig?(m(iuufiog .
allow precise ToF estimate of e/y/h0 s ] @ y
< /r B % Parliclel'low Concepl
iti ile- i ] K - Tracking for charged particles
= New handle to mitigate pile-up of neutral particles s\ [:‘\ : HCAL e pholont ()
L //" ,/""-4/ E - Neutral hadrons from HCAL
t000 oo 10 //./'T< Z 1
500 1000 o 2000 2500« [ssues: double-counling, wrong association
ILC and CMS scintillating tiles + SiPM SemiDigital HCAL Silicon tungsten ECAL CMOS monolithic sensors
- SiPM packaging for cooling performance -RPC as sensitive element CMS Si-HGC - allow particle counting
- . i . . . - 8" wafer sensors - Focal project
- radiation tolerance of organic scintillators particle counting with 3 energy . complex ASIC in 130 nm
O(1) MRad and SiPMs ~ 5 x 1013 neg/cm2 thresholds technology with 50 ps

precision timing
- compactness of sensitive

3 x 3 cm? scintillating tiles + SiPMs volume

24 x 24 tile array (Calice)

SDHACLZA 39
s
my" protot%e 50 layers [

Body Level One

Body Level One ICHEP 2020 | Detector R&D | Paula Collins 59



: CMS High Granularity Calorimeter for /HI.-LHC
r

Mans: The CMS Phase 2 High Granularity 5D calorimeter
Zhang: Paving the way to reconstruct 5D HGCAL information

215 ton/endcap,
full system at -30°C!

B - cxaboard

CMS endcap region:
. PbWO4 crystal transmission loss due to radiation damage
. Worsening energy resolution due to increased pileup

S Si Sensor
Au/ Kapton foil
'

Basa Plate

e Build a fine segmented ‘particle flow’ calorimeter, ECAL + HCAL
combined. Silicon Sensor Module

e Use Si sensors as long as radiation and particle flow requires,
then switch to cheaper scintillator tiles + SiPM (a la CALICE).
o«CE-E: Si, Cu, CuW,Pb absorbers, 28 layers, 25 X0 & ~1.3A

o«CE-H: steel absorbers, 22 layers, ~8.5\

First use of 8” technology
for large scale HEP sensors

SRR
O/
=
o© o
9

L
~2.3m

e Sipad sensors from 8” wafers. Different sensor geometries and
thicknesses (300, 200, 120 um) to get best radiation hardness.

e R

el

New Testbeam results

. N
. 28 EM layers, 12 silicon HAD g ;
. . Z =N
layers, 39 scintillator layers ~ §
Z NN
from CALICE AHCAL A aeis
sk cr.s,ﬁ T 'gy‘ T T T | BRI f_cns Preliminary  singhe cell timing resclution 2m I
s { —— McC | ] v Sireference ’ , '
g co;ll *— Data|] oop-¢ Fraebl 9. 300 GaV pien starfing showering in CE-H-Si
cg [ ] ] 50 ¥ 15 MPins, b: -5 MIP, ¢ 44 ps
(V] r \ 1 ftaxac,
04 i . a 3MEjs, ¢ 45ps R y ,!U_{Si
DIAN - :
r 1, 1"
s 100 N
0.02 : ‘§ . . N ~—— N
Fge g ’ )
S e e e 5% O e = Collins 60
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Rossi: ALICE Upgrade for LHC Run 4 & Beyond

Motivation: Measure Parton Density Functions (PDF) at low parton
momentum fraction by measuring the yield of direct photons at
forward rapidities > Need highly granular readout and a small
Moliere radius Full detector

. 1 m2 surface

Transverse segmentation

LG cells

::';\l/.IAPS 55: «  FoCal-E: High granularity Si-W sampling calorimeter — direct y,n©
130x30 | «  FoCal-H: Pb-Sc sampling calorimeter for photon isolation and jets
% pm2 E
Longitudinal segmentation Dlgltal ECAL prototype:
0 1 2 3 4 5

-~ - — -

. number of pixels above threshol

- deposited energy Beam test, full pixel prototype
JINST 13 (2018) 01, Pmng
e, E =244 GeV

. Monolithic Active Pixel Sensors

(MAPS) PHASE2/MIMOSA23 wit | eufTeae
absorber LG layer a pixel Size: 30)(30 umz \ I\\" >\‘».\ N
a5 mmwW-1% Yooy
. 24 layers of 4 sensors each: activ e G L
area 4x4 cm2 , 39 M pixels . A )
Lol: CERN-LHCC-2020-009 * 3 mm Wabsorber for 0.97 X0 pe I N Detailed view of shower
layer R, ~ 11 mm Tmm profile

» high-resolution
2-shower separation
Borysova: Development and performance of compace LumiCal prototype calorimeter for future linear collier experiments
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_— FCC-hh - SpcC collider calorimeters

Faltova: Design and performance studies of the calorimeter system for an FCC-hh experiment

* Good instrinsic energy 7
resolution

e £ G : * Radiation hardness FCC-hh Calorimetry

* High stabilit -
. Lir?earity an; uniformity \
B wdl

Easy to calibrate
:
. High granularity
- - Pile-up rejection /
- Particle flow

' .'LJ - 3D/4D/5D imaging

| —

ATLAS LAr+Tile™

arXiv:1305.4551
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FCC-hh - SpcC collider calorimeters

e N ,
Faltova: Design and performance studies of the calorimeter system for an FCC-hh experiment
ECAL Barrel HCAL
Electromagnetic calorimeter barrel
W }ﬂw
>z / /
— / \ _a
|Z B
\//? }g 74 Z00M “! & = FCC-hh
/ § ] " : ot Tuting Foe Si Plv.,'f..wmdoul ]
l{,lx\\N% \ 5 - Scimtillator I },
g | ﬂm |
e ¢ -
Liquid Argon calorimeter: Unique technology that can ! ;;; : \ ‘ il
sustain expected radiation up to 5 x 1018 neg/cm2 and 500 i
Grad; finer longitudinal and lateral granularity needed for e/h ratio very close to 1 / !
-> achieved using steel % - . -
FCC-hh absorbers and Pb spacers z L8/ B o
(high Z material)

= Straight inclined structure design with 8 longitudinal
segmentation An x A ~ 0.01(0.025) x 0.01(0.025) / 10
ATLAS ATLAS type with scintillating tiles - steel absorbers

= Engineering challenge to develop multilayer PCB
electrodes, and high density feedthrough for readout outside
the cold volume

= Interestin low mass composite cryostat

= target order 30 ps time resolution to cut down pileup

= High granularity An x Ag = 0.025 0.025
= 10 instead of 3 longitudinal layers for a total of 0.3M
channels

= WLS and SiPM readout for speed/noise/compactness
Silicon HGC could be an alternative upton ~ 2.5
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Boudry: Ultra-Granular Calorimeters for Higgs factories

IDEA proposal for FCC-ee and CepC

* Dual Readout Calorimeter, based on DREAM/RD52 concept
* 1 mm fibers Scint.*/Cerenkov with 1.5 mm pitch in PB

or Cu absorber readout with SiPMs
» 10%fibers 2m long (assembly challenge)
* Longitudinal segmentation options:

» staggered # length fibers, precise timing measurement

CMS homogenous
PbWO, crystals + APDs
FE ASIC = 50 ps for 25 GeV

LHCb Phase-2 upgrade sampling
electromagnetic crystal calorimeter

-

== 300 Mrad, = 50 ps

Shashlik

Other calorimetry R&D

32 + 32 scint./cerenkov fibers protoype

Mu2e EMCAL crystal calorimeter

o(E)/E= 10(30)%/VE + 1% for e/y(n )

* Use of 674 Csl crystals, each readout by 2 SiPMs
* Assembly ongoing; covid delay for installation

» Excellent Energy and Time response

Cosmic Rayx - SensL

Foaindt 163106 Tias
0.05] =« 62002017 &
006285 10.005012 b a0 284

0.35 T ——
% v Beamate® |
« Cosmic Rays - Hamamatsu |
A N Beamatso® |

02| &\ or=aE@b ||
i ~
015~ e

Rozdoy

igtitere {URS4 & pl, T baards x 21 charnole

NMechanies and cooling system similar 2o the finil ones
but smaller scale ¥ Ma n goals:
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Morescalchi: Status of the Mu2e crystal calorimeter
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/
Dehverlng Phys1cs in pandemic

= & N i - Lr w

LHCDb foil mstallatlon W|th remote technical support .

Belle Il, BESIII continued operations as scheduled, in
spite of heavy load on local shifters (here the corner of
a coffee room converted to remote BCG shift room)

Fodds and drinks
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| Examples of HEP labs efforts agalnst COVID

Computing resources to support COVID research J

CERN open-access repasitary (Zenodo) Folding@Home: CERN ranking improved from 2600  Desy: 10% of computing power provided Wide range of simulation programs
used to store and share pandemic’s data to 23 (out of > 250,000 teams) in ~ 2 months for corona running at IPNS to support COVID
@
- [T T T

ting

et members

Sibylla Biotec focus ACE2 protein; INFN provides Fermilab/Brookhaven computing INFN: communication and analysis
computing support for this and for Exscalate4CoV clusters for Open Science Grid
Modelling virus - drug interactions

covid19.infn.it

5 ) CERN
AGAINST
coviD-19

emergenza
COvID-19

IPNS
. and many
more...

Facemasks, PPE )

= [ Facemasks distributed
Prés de 3 000 masques en tissu by DESY
fabdqnbpavdesb&névnh

Totel Prodixct on (1)

> 10 ton of sanitising gel o5
and > 15000 facc shiclds

produced al low cost o
{BO% of aoth donatd) aH H
> — il bd .

INFN: 3D printing of the Charlotte Valve

convert full face snorkelling masks into
ventilatory support equipment

COVID lab INFN for
analysis of tissue
characteristics

KEK mech eng face shields

masks donated to KEK by
chinese colleagues
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Examples‘of HEP labs efforts agalnst COVID

S at local and international level

Ventilatory Support for COVID-19 patients

- drawing on Detector R&D expertise in HEP, gas handling & controls OpenBreath: Scaleable low cost

- international collaborations formed across multiple labs and with MM ventilator based on bag valve mask,
biomedical engineering and clinical partners : very low cost, functional, fully open

. source, aimed at low income
- address the worldwide need settings

low-cost, adaptable to low income settings

HEV: Initiative from LHCb; high quality, s: HEV hev.web cern.ch *

mvm.care

MVM: Initiative from GADM
research project; optimised to
permit large-scale production in
short time and limited cost; FDA
emergency use authorisation

'( X-ray synchrotron radiation 3

DESY/Brookhaven; X-ray structural
analysis

]la‘.‘ii.. |
s \»'

Use of Petra lll

Xrays to InveStlgate Keenan Newton i3 on call et the lllinois State V the time of COVID-19
drug de”very Emergency Operatons Canter. Phato: Rusty Tanton, onant Steve e e

lllinois Emergency State Agency

The CERN Fire and Rescue Service at
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http://openbreath.it
http://openbreath.it

Thanks for a fascinating conference and special
thanks (in chronological order) to

Maxim Titov and Petra Riedler,

Christian Joram, Eurin Guillame, Fabiola
Gianotti, Neville Harnew, Roger Forty, Yutaka
Ushiroda, Vit Vorobel, Marcel Demarteau,
Archana Sharma, Silvia Scorza, Thomas
Schwetz-Mangold, Kazu Akiba, Alain Blondel,
Jochen Klein, Heinz Pernegger, Marco van
Leeuwen, Giovanni Tassielli, Massi Ferro-
Luzzi, William Trischuk, Jianglai Liu, Peter
Svihra, Guy Wilkinson and to the many, many
speakers who emailed me with additional
information about their talks
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Body Level One

Body Level One

Body Level One

Body Level One

ICHEP 2020 | Detector R&D | Paula Collins 70



R&D on Resistive MM and pWELL for High-Rate Applications

Pixelated Restitive MM Studies for high rates (~10’s MHz/cm?):

M. lodice

w

v PAD-P (pions)
e DLC20 (pions)
A SBU1 (pions)

n
o

N

Sparks probability (%)

o
@

3]
T T T[T T[T T [ TTTT[TTTT
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'V

PRI B RTR AN AP RTATA
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Amplification voltage (V)

I BTSN E
490 500

Py
ol

PAD-Patterned resistive layer

e 0 4 Mesh

Resistive pad
R — — —— S

R/O PCB Readout pad

» Embedded resistors by Screen-Printing
* Resistive pads by paste filling of photoimaging
created vessels

» each pad is totally separated from the others, for
the anode, as well as for the resistive part

Double DLC (Diamond Like Carbon)

uniform resistive layer

(pillars are
superimposed
on the vias)

e EEER R B

DLC1 — Pillars
Top layer

pLc2 Grounding Connection from top
Internal layer and internal DLC layer

« Same concept of uRWell
(see G.Bencivenni et al. 2015_JINST_10_P02008)

« Double DLC layer with connection vias to ground
every “few” mm

> Quite significant charging-up that nevertheless saturate

at O(1MHz/cm2)

» Degraded performance on energy and spatial resolution

compared to DLC

Conductive vias

DLcT°p coppelj

Layer (DRL):

copper

Pre-preg

V- p—
—w\*",;-v:

resolution [pml)

B
o

DLCs0
y -

i o S -
oo o o *_’)
DLC20

0.1F

0.05F

N T N T FEET PP P P R S
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HV,

amp

> Best performance with the “low resistivity” DLC

(~20 MW/O) and with fine network of grounding vias(~6 mm)
> Robustness not yet at the level of PAD-P a the

DLC-SBU technique promising but not yet conclusive

uUWELL Studies for high rates (~10’s MHz/cm2):

-+-CC
4 u-TPC
—4+ Combined |

M. Giovanetti

Rate =2 10 MHz/cm2

<mn:SG1 +n: SG2

=x:DLR -»n*: SG1
-+ ' SG2 ¥ SG2++
= n*: DLR

|

X

LA LR LR LR LRI ALY RALRN LAY LE

=

10 10
Flux (MHz/cm®)




Minimize material
budget of pipework

Mechanics and Inteoration

Advanced powering schemes
Advanced materials and integration
Heat management integrated in the detector design

simple air cooling may be possible for future lepton collider, or liquid for
more complex geometry

Future hadron collider; more powerful cooling and lower temperature

—CO,/N,0O are promising coolants, which are in addition environmentally f pvaceX ITS LOX tank.

-friendly | The tank is made of carbon fibres, it is %
approximately-12 meters in diameter

ALICE advanced low mass stave supports Belle Il PXD support and cooling block (SCB) printed in
stainless steel showing potential of additive manufacturing

ICHEP 2020 | Detector R&D | Paula Collins
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w..| Physics 1n'society - greenhouse gases
P =

GHGs like R134a (C,H,F,), CF,, SF6, C,F,,, ... are used by several m GWP - 100 years

particle detector systems at the LHC experiments C.H.F 1430
Use of greenhouse gases in the LHC met

Four R&D lines for optimizing the use of gases CI:4 7330
Different strategies can be combined together SF6 22800
?r:\i)ﬁ:::clih EU ’F-gas’ regulations limit their use and have
an impact on their price and availability.
R134a
. By volume, R134a, is
N the dominant gas at
y CERN (RPC)
Optimization of current Gas Abatement Alternative . A prototype separation
technologies Recuperation Gases plant WtaS ?cfb||§1t§4 f
separate o a from
Gas recirculation Recuperation of  Destruction of GHGs New eco-friendly gases RPC exhaust at perfect
Careful operation . used gas (unsatisfactory HFOs, ... quality, such that it can
Leak fixing wherever possible fallback solution) be reinjected.
. Alternative candidate

gases are available, but

require lots of studies.
Mandelli: Performance studies of RPC with environmentally friendly gasses

Guida: Strategies for reducing the use of greenhouse gases from particle detectors operation at the CERN LHC experiments F . .
e~ F Fag~ -

e F/\F FX‘F

HFOL234y* 4F01234z¢
{C.HF) ICHFa

aDPQ ODFQ
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-RWELL technolog

The u-RWELL_PCB is realized by coupling:

The u-RWELL
co;';: M"\:\ Cathode PCB 0

DLC layer (<0.1 um)
p~10+100 MQ/C

1. a WELL patterned Apical® foil acting as
amplification stage
2. aresistive layer for discharge suppression

Pre-preg
Rigid PCB / o .
olectrods Fully industrial process.

The principle of operation

Top copper layer
Sl

kapton™

Resistive foil (p)
ey,

Pre-preg — & It
Pads — 4« l I W X
NOT IN SCALE
Gain ~ 104

3. astandard readout PCB

Tech. transf. to ELTOS (IT).
The SG high rate “‘ N
pc '¢P / ) 0

G/G,

6,~ 5.7ns

Promising MGPD

technology.

Space resolution w/uTPC

e e o e = e 5 9 e e 5 e e 4 0.
iy~ SR

— 1]
0 10 20 30

1
40 S0
Angle (%)

Rate capability ~10 MHz/cm?2

<EHVIE 2 FemT. kCIADAImT R Anefen”

< = 2.9cm’, RCIWD4)=1U

13%
Flux (MHz/cm’) o
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CLIC Vertex/Tracker R&D

Sensor + readout technologies

/
Sensor + readout technology Currently considered foy

Broad and
innovative R&D

Bump-bonded Hybrid planar sensors Vertex SIS
Capacitively coupled HV-CMOS sensors Vertex detectors
Monolithic HV-CMOS sensors Tracker

Monolithic HR-CMOS sensor Tracker

Monolithic SOI sensors Vertex, Tracker 7Tmeph  Cracowso1DUT CEPDACLICRI2  Crlouto

telescope planes assembly

I OB L A A A

I Cracc;w SOl

C3PD+CLICpix2 glue ass. ATLASPIX HV-CMOS INVESTIGATOR HR-CMOS
LA 4 -

"

b m' i
I'P R \L'p‘,\.‘.:.;-’;,c‘ -
~ il AN =/
Simulation/Characterisation i i
j— / N Detector integration — N
"y . CaRIBOu DAQ Detector s
A assembly

— o !
o Challenging requirements lead to extensive detector R&D program
« ~10 institutes active in vertex/tracker R&D Colins
. Collaboration with ATLAS, ALICE, LHCb, Mu3e, AIDA-2020 | 75




ATLAS A new Front End chip mE

EXPERIMENT d'Altes Energies

* Present RD53A large prototype in 65 nm
* Common ATLAS and CMS R&D
Small pixel size: 50 x 50 um?
Three different Analog Front End (FE)
Integrated shuntLDO regulators for serial powering

7
* Full size chip ITkPixV1 t °
* Produced in 65 nm technology ™
* Radiation hard > 5 MGy (106 n,,cm?) £ :3
* Single Event Effects (SEE) hardened E ITkPixV1: S
S 2
* Intime threshold < 1 ke P Based on .
* Trigger rate: 1 MHz % Differential m
* High hit rate: 3 GHz/cm? & Analog Front-End g
o™ N
* Improved shuntLDO design for serial -
powering
* Data format including compression v =

E
A 4

* Command forwarding 400 pixels / 20 mm

First ITkPixV1 chips ready for module assembly




