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Figure 3: Large Accelerator Based Facility /Experiment Earliest Feasible Start Dates.
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Technology Classification for the ECFA R&D Roadmap
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DETECTOR RESEARCH AND DEVELOPMENT THEMES (DRDTs) &
DETECTOR COMMUNITY THEMES (DCTs)

. Must happen or main physics goals cannot be met
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DRDT <2030 2030-2035 Mg 025 5208
Data High datia rate ASICs and systems 1 ® @ . . .* . 9]
density New link technologies (fibre, wireless, wireling) 1 @ ®@ @ . oo 0 0o ®
Power and readout efficiency 1 @ @ . . . [N X ) [ X ) @ .
Intelligence Front-end programmability, modularity and configurability 12 . . .
on the Intelligent power management 72 . . .* o0 . o0 . .
detector Advanced data reduction techniques (ML/AI) 72 . . [ ]
- High-performance sampling (TDCs, ADCs) 3 @ @ . . o0 . C N ] . .
techniques High premsm.:ln hmlr?g distribution 3 @& @ o0 [ ] (NN NN N ] .
Novel on-chip architectures 3 @ e . . o0 . C K ] . .
Extreme Radiation hardness 1T ® @ @ . . . Y E NN . .
environments  C'Yegenic temperatures 74 @ o [ ]
and longevity Reliability, fault tolerance, detector control 1 & @ 0 [ ' ] . [ ]
Cooling 74 ® .* 0000000020
Novel microelectronic technologies, devices, materials 7.5 @ @ . o000 "X XX . .
Emerging Silicon photonics 15 [ ] o0 . ® o . .
technologies ~ 3D-integration and high-density interconnects 75 . ® .*. N X K ] . .
Keeping pace with, adapting and interfacing to COTS > o 0 e o000 000 ‘ o0 . ® .

. Important to meet several physics goals Desirable to enhance physics reach @ RED needs being met

Improve time and spatial reeclution for gazeous detectora with
long-term stability
Achisve tracking in gaseous detectors with dE/dx and diM/dbx il

2030-  2035-

<2030 o035 2080

i

in large volumes with very low material budgst and different read-out
schemes

Davelop environmentally friendly gassous detectorz for very large
areaz with high-rate capability

Achieve high sensitivity in both low and high-prezsure TPC=
Develop readout technology to increase apatial and ensngy
resclution for iguid detectora

Advancs noize reduction in liquid detectors to lower signal energy
thresholds

Improve the material properties of target and detector componenta
in liguid detectora

Realize liquid detector technologies acalable for integration in
large ayatams

2040-

2085 2045

Achiewve full integration of 2ensing and microslactronics in m
CMOS pixel senzors

Develop solid state sensorz with 40-capabilitiss for fracking and
calori

Extend capabilities of zolid state sensors to operate at exin

flusnces

Develop full 3D-interconmection technologies for solid state devices
in particle physics

Enhanca the timing resolution and spectral rangs of photon
detectora

Develop photosensors for extreme environmenta

Develop RICH and imaging detectors with low masz and high
rezolution timing

Develop compact high parformance time-of-flight detect
Promaots the developmeant of advanced quantum ssnzing technologies

Investigats and adapt state-of-the-art develop: its in
tachnologies to particle physics

izh the ry fr: rka and mechaniams to allow
axploration of emerging technologies
Develop and provide advanced enabling capabilities and infrastructure
Develop radiation-hard calorimeters with enhanced electromagnetic
energy and timing resclution
DRDT6E.2 Develop high-granular calorimeters with multi-dimensional readout

for optimized use of particls flow methods

DRDTE3 Devslop calorimeters for extrema radiation, rate and pils-up
anvironmentz

DRDT71 Advance tschnologies to deal with greatly increassd data density

DRDT72 Develop technologiss for i d irtelli on the detect

DRDT73 Develop technologies in support of 40- and S5D-techniques

DRDT7A Develop novel technologies to cope with extreme snvironmentz and
required longevity

DRDT7S Evaluste and adapt to emerging slectronics and data processing

T

DRDT8A Develop novel magnet systems

DRDT8.2 Develop improved technologies and systems for cooling

DRDT83 Adapt novsl matsrials to achisve ultralight, ztable and high
precision mechanical structures. Develop Machine Detsctor
Interfaces.

DRDTBA Adapt and advance state-of-the-art zystems in monitoring
including environmental, radiation and beam aspects

Establizh and maintain a
N .
Develop a master's degres programme in instrumentation

training in

3 B
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Plenary ECFA

final document for community endorsement

[ RECFA

regular reports & final document
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—1

]——» Publication

1 nttps://indico.cern.ch/e/ECFADetectorRDRoadmap

Detector R&D Roadmap Panel

assist ECFA to develop & organise the process and to deliver the document

Coordinators: Phil Allport (chair), Silvia Dalla Torre, Manfred Krammer, Felix Sefkow, lan Shipsey
assist ECFA to identify technologies & conveners
Ex-officio: ECFA chairs (previous and present), LDG representative
Scientific Secretary: Susanne Kuehn

Advisory Panel with
other disciplines
e.g. APPEC, NuPECC,

LEAPS, LENS, Space, ...

é TF#1 TF#2 TF#3 TF#4 TF#5 TFH6 TF#7 TF#8 TF#9
Gaseous Liquid Solid State Photon Quantum & Calorimetry Electronics & On- Integration Training
Detectors Detectors Detectors Detectors & Emerging detector
PID Technologies Processing
Anna Colalea Raxsnne Guene e Nicola' Cartigha Reville Harrew Marce| Demarteau Dave Newbald Frark Hartmann Johann Collat
k Leszek Giulio Pellegrini Peter Krizan Michael Doser Francois Vasey Werner Riegler Erika Garutti
! ! ! ! 1
e particle physics community & other disciplines with technology overlap

WG 7.1 WG 7.2 WG 7.3 WG 7.4

Data Density & Intelligence 40 & 5D Extreme

Power efficiency On-Detector Technigques Environments
* ultra-low

* Photonics « eEPGA power ADC * rad. tol. of

* powering . RISC-V & TDC adv. nodes

* wireless * virt. elec. * Calibration * Cryo. PDK
» clock disri. * cooling

Transverse WG 7.7 Tools and Technologies

WG 7.5
Backend systems
& COTS

WG 7.6
Complex
imaging ASICs &
technologies

* cots, tools * access to

& IP
* no BE from
FE to DAQ

techno. & IPs
* access to 3D
integration
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Secondary frontier interest

Primary frontier interest

Community
Underground engagement

facilities, 19 frontier, 38

Community
engagement
_ Energy frontier,
frontier, B0
Instrumentation None listed, 418 340

10 Frontiers 80 Topical Groups Theary frantier, Energy frontier,  "UE 12
381 521

Higgs Boson properties and couplings. Higgs Boson as a portal to new physics, Heavy flavor and top quark
Energy Frontier physics, EW Precision Phys. & constraining new phys., Precision QCD, Hadronic structure and forward QCD,
Heavy lons, Model specific explorations, More general explorations, Dark Matter at colliders

Underground
facilities, 36

Instrumentation

Rare processes frontier, 326

Neutrino Oscillations, Sterile Neutrinos, Beyond the SM, Neutrinos from Natural Sources, Neutrino Properties, and precision
Frontiers in Neutrino Physics Neutrino Cross Sections, Nuclear Safeguards and Other Applications, Theory of Neut“no Physics, Artificial frontier, 241
Neutrino Sources, Neutrino Detectors

Theary frontier,
295
Neutrino physics

frontier, 191
i i i he- Sl ari 2 Neutrino b
Frontiers in Rare Processes & W'Zat cha{f OfE ar\m;:_l (I: ?trané;ﬁ e dLI'?httQ”?::ks' Fl\J/pclla:penigl 2 e( Tmzntj BT Accelerator physics frontier,
and Lepton Number Violation, Charged Lepton Flaver Violation \le 3s, Hadron frontier, 272 e

Precision Measurements spectroscopy 000 0‘(\
'\a\c" . Energy & Cosmic

Dark Matter: Particle-like, Dark Matter: Wave-lik~ 0\)@ \’
Cosmic Frontier Acceleration: The Modern Universe, Dark ™ \ ee( _wic Dawn & Before, Dark Energy

Ca( Cosmic frontier, :ﬂ pred:l;;l Cosmic frontler,
a60 Computational ontler, Accelerator 259

& Cosmic Acceleration: Complemer* \C

String theory, quantum or- “OQ (\\l -1y techniques, CFT and formal QFT, Scattering frontier, 136 frontier, 104
Theory Frontier amplitudes, Lattice ~ r‘?, 0 2 . precision physics, Collider phenomenology, BSM model '

building, Astr~ rdq, _aantum information science, Theory of Neutrino Physics

Computational

Rare frontler, 264

processes

]
Be- (\e( (\S' .n, Accelerators for Neutrinos, Accelerators for Electroweak and Higgs T l A P

Accelerator Frontier (\\\e ‘\ \5 _<lerators for Physics Beyond Colliders & Rare Processes, Advanced
_ierator Technology : RF, Magnets, Targets/Sources
e) { \p tor Technol R&D: RF, M ts, T ts/Si

\el x\e o _
(\ .s, Phpton.D) ate Detectors & Tracking, Trigger and DAQ, Micro Pattern Gas

e o sl e g s e A JFQ7 White Papersi ASICs and Electronics

I

) I Experimental Algorithm Parallelization, Theoretical Calculations and Simulation, Machine Learning, Storage . : H
Computational .~ °7 and processing resource access (Facility and Infrastructure R&D), End user analysis | Cal orim ete r R ead (0] Ut E I e C'[I’O NICS
tlipsge £ i el Underground Facilitiss for Neutrinos, Undergreund Facilities for Cosmic Frontier, Underground Detectors T E | ectron |C S for Fast T| m | n g

Infrastructure Frontier

Instrumentati'"'ao ?‘(

Community Engagement Applications & Industry, Career Pipeline & Development, Diversity & Inclusion, Physics Education, Public .

Frontier Education & Outreach, Public Policy & Government Engagement | O ptl Cal Ll N kS
I Smart Sensors Using Al
I Cryogenics Readout

. _ T RF Electronics
US Snowmasso621 procesRaubanheimeper specti ves, Tor

https://arxiv.org/pdf/2209.15519
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WG 7.1 WG 7.2
Data Density & Intelligence
Power efficiency On-Detector

WG 7.3
4D & 5D

WG 7.4 WG 7.5 WG 7.6
Backend systems Complex

& COTS imaging ASICs &

Extreme
Environments

+ IFO07 White Papers— ASICs and
Flectronics

Technigues

technologies

* ultra-low
* Photonics * eFPGA power ADC * rad. tol. of | * cots, tools R access to — Calorimeter Readout Electronics
* powering * RISCV & TDC adv. nodes & 1P techno. & IPs . L.
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* clock disri. * cooling FE to DAQ integration — Optical Links
— Smart Sensors Using Artificial
Transverse WG 7.7 Tools and Technologies Intelligence
DRD7 — Cryogenics Readout
Data High data rate ASICs and systems A Y3 & \4 J E — RF Electronics
density New link technologies (fibre, wireless, wireline)
M X} [
Power and readout efficiency . | EC FA & D R D7
Intelligence Front-end programmability, modularity and configurability
on the Intelligent power management T SNOWMASS IF7
detector Advanced data reduction techniques (ML/AI) - -
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High-performance sampling (TDCs, ADCs) A ) | | E
:::;n' High precision timing distribution
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1ques Novel on-chip architectures | AS | C
Betvame Radiation hardness . L.
environments Cryogenic temperatures | T| min g
and longevi Reliability, fault tolerance, detector control . .
IV Cocting I Link
Novel microelectronic technologies, devices, materials .- .
. . I Intelligence
Emerging Silicon photonics
technologies 3D-integration and high-density interconnects 'I' C ryo g en | C
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24700 pm
0011111110100 101l
i i Pixel size 25X 55 um
Array 512 x 448
Pixels 229376
aPLL 19
aDLL 16
| 10.24 Gbps serializers 16
o
5| (Nikhef)
=
3 = =
On-pixel VCO (Nikhef) 28672
dDLL Columns 448
Biasing DACs 13
ADC (IFAE) 1
Transistorsin pixel ~6000
Transistorsin chip ~1.5bn
Il :
Timepix41l G
Timepix3 (2013) Timepix4 (2019)
Technology 130nm — 8 metal 65nm — 10 metal
Pixel Size 55x 55 pm 55x 55 pm
pixel arrangement 3-side buttable [8.3% dead area] 4-side buttable [0.5% dead area]
e 256X 256 512 x 448 3.5x
Sensitive area 1.98 cm? 6.94 cm?
Mode TOT and TOA
o Datadriven Event Packet 48-bit 64-bit 33%
E (Tracking) Max rate 0.43x106 hits/mm?/s 3.58x10° hits/mm?2/s
- Max Pix rate 1.3 KHz/pixel 10.8 KHz/pixel
5 Mode PC (10-bit) and iTOT (14-bit) CRW: PC (8 or 16-hit)
& Frame based o ) )
[ (imaging) Frame Zero-suppressed (with pixel addr) Full Frame (without pixel addr)
Max count rate ~0.82 x 10° hits/mm?2/s ~5 x 10° hits/mm?/s  6x
TOT energy resolution < 2KeV < 1Kev 2x
Time resolution 1.56ns 195.3125ps 8x
Readout bandwidth <5.12Gb (8x SIVS@640 Mbps) | <163.84 Gbps (16x @10.24 Gbps) 32x l
Target global minimum threshold <500 e <500 e
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an analog flow

Digital on Top (DoT)

Schematic-Driven

Schematic

Design Flow

Top level
Connectivity

. +Top level is analog

Design - + Standard cell digital
Characteristics designed in a digital
flow

Analog blocks and standard cell
digital mixed at the top level

Floorplanning Virtuoso floorplanner '
and Virtuoso Digital Vietwoso Roorplaner
Implementation

Digital Content Separate Hierarchy Co-Designed Main and Top Level

= VSR for analog blocks and
NR for digital blocks
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0 High-performance sampling (TDCs, ADCs) 3 @ @ ' . ® 0o . ® 0 .
tec.hniques High precision timing distribution 3 & @ . . ® ® 0 . ® 0 .
Novel on-chip architectures 3 @& @ & @ N NN N

Trigger,

1.28GH7 ... 40MHz

A40MH
40MHz, BOMIy

160MH?
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picoTDC : https://picotdc.web.cern.ch/

Sophie Baron &

| I'l. -.-::::::::- i

Going 4D: Timing Requirements Challenges
222/R-001, CERN 15:30 - 15:40

Going 4D: High Precision Timing: Detector Simulation Challenges - an ATLAS HGTD perspective Louis DEramo &

222/R-001, CERN 15:40-15:50
4D for Trackers Challenges: an overview Adriano Lai &
222/R-001, CERN 15:50 - 16:00

4D for Trackers Challenges: focus on the LHChb Velo Upgrade Martin Van Beuzekom &
222/R-001, CERN 16:00 - 16:15
4D for Calo Challenges: an overview Marek Idzik & @
222/R-001, CERN 16:15- 16:25

4D for Calo Challenges: focus on LHCb ECAL Upgrade Dominique Robert Breton &

222/R-001, CERN 16:25 - 16:40
Discussion @
222/R-001, CERN 16:40 - 17:00

Implementing DRD7: an R&D Collaboration on Electronics
and On-detector Processing. 1st workshop 4D Session

A ECFAX ADI X
[ " 4D Trackery 4D
Calo

A

I Ultra-fastsg ASIC 0

U NINO Y Timepix4y Timespot
@100ps/pixel

| TDC
U HPTDC Y picoTDC ~3ps rms 64Chn
A~ 28nm A’

A 4 3 2
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4D & Timing @ECFA Workshop

ECFA DRD7.3 - 4D Techniques - Pre-identified Challenges for future detectors

Timing ASICs for low-jitter &

" highly deterministic o <+ high performance TDC and ADC
" Front-End and Back-End TSV for accurate distribution " blocks
“ of global lines and data
extraction

Methodology to Simulate

Timing Determinism .
System-level issues

pyl

... Universal Time distribution in
" detectors

Distributed clock - Large
- : . - filtering and re- dynamic
-~ White Rabbit 2 Front-End " phasing circuits range for
energy

<+ Precise time

Fast front-end amplifiers calibration

‘", In-chip high quality clock and limited power
distribution techniques budget
Contact us !
Adriano Lai adriano.lai@ca.infn.it
Patrick Robbe patrick.robbe@ijclab.in2p3.fr
i o Marek Idzik idzik@ftj.agh.edu.pl
<+ High Precision Timing @ = Trackers / Novel on-chip architectures ... Calo / High Performance Sampling Sophie Baron sophie.baron@cern.ch

Implementing DRD7: an R&D Collaboration on Electronics and Ondetector Processing. 1st workshop 4D Session
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ECON-T Bhock Diagram (simpdfed)
* 4 selectable trigger data
compression

algorithms: variable and
fixed-latency options.

* Includes formatter and
smart buffer.

* PLL and 1.28GHz phase-
aligners from IpGBT.

COON-T Layout

Algorithms

128 pin peckaged ECON-T

| omr 3 B

[ =]

HGTAL Resdout Architeciire

cPortTx

Al on Chip: Reconfigurable Encoder

Input (48x7be)
336 bits

Encoded 16 x3bt  Decode off -detector
outputs, 48 bits 1o 336 bits

* Quantization Aware Training of Encoder
algorithm based on LHC simulation.

* Optimization of CNN architecture for
physics performance and area and power
requirements.

* Reconfigurable welghts and blases via 12C.

* Full triplication of clocks, logic, and resets
for 12C configuration.

ERMILAB-POSTER-22-214-PPD

Design and first test results of the CMS HGCAL on-
detector ECON-T ASIC with a reconfigurable encoder
algorithm for data compression

(nPS::nsB'

peA

SoC: Shift from design for an
application to design for resources

Am pl

jfier

(s

Flfer

1e Simple to understand

& Maximum SEU
protection

1l Can be automatized

Examples of works using TMR:

L)
L)

« A.Walsemann et al., STRV — a radiation hard RISC-V microprocessor for high-energy

AQ 4 [ ML/AI €

L | T
.I- EK

( FPGA =

up ;M VS

The most robust approach to harden a processor is Triple Modular Redundancy (TMR):
combinational logic, registers and clocks are triplicated and majority voted at the output.

Very large area and power v r logic %D
overhead (> 3x) }

Can be difficult to implement B ic ||
correctly (depending on RTL

and physical constraints)

physics applications, 2023, JINST 18

cua #‘

cxe —

+ M. Andorno et al.. Rad-hard RISC-V SoC and ASIP ecosystems studies for high-energy “*°

physics applications, 2023, JINST 18

« A.E. Wilson and M. Wirthlin, Neutron Radiation Testing of Fault Tolerant RISC-V Soft

Processor on Xilinx SRAM-based FPGAs, 2019, IEEE SCC

Ref. DRDT 7.2: Front-end programmability, M. Andorno, 2023

u 1 RISC-V

ASIC
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More intelligence can be included in the front end ASICs to allow for data reduction
and possibly an overall system power reduction, though there is a trade-off with the
needs of software event reconstruction. As with today’s trigger systems, complex pro-
cessing having an irrevocable effect on the recorded data must be adapt to changing
experimental conditions. Ideally 1d be programmable, and either “FPG
like” or “CPU-like”. Such programmability and configurability will ultimately enable
the community to develop fewer ASICs of higher complexity and flexibility.

v [ R a

Development of specialised Al and ML hardware in academia and industry is ex-
tremely rapid, and mow this can be reconciled with the extended develop-
ment cycles for larg ector svstems. Standardisation and modularisation of front-end
electronics and interfaces may offer a solution. It is unlikely that COTS components
will be suitable for use in the detector without adaptation, due to power, robustness
and radiation hardness constraints. The long-term radiation tolerance of any candidate
novel processing technologies must be established.
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