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Disclaimer

• Lots of input from the community, but views expressed are 
my own.
• And even more so are the provocations. 

• Parallel session on detector R&D will be essential to discuss 
and reach clear conclusions
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Tool-driven revolutions
The importance of detector development
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Measurements and discoveries

Galileo Galilei

• Measure what can be measured, and make 
measurable what cannot be measured.

Freeman Dyson

• The effect of a concept-driven revolution is to 
explain old things in new ways. 

• The effect of a tool-driven revolution is to 
discover new things that have to be explained.
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Two examples of enabling technologies

Silicon Vertex Detectors @ LEP

• At the time of TDRs, silicon 
detectors where still in 
development (1983)

• They have enabled secondary 
vertices and a large fraction of 
LEP physics

Timing Detectors @ HL-LHC

• Timing Detectors where not 
included in initial ATLAS/CMS 
upgrade projects (2015)

• Hopefully will provide powerful 
tool to reduce pileup and increase 
effective luminosity
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VCI 2019, Bengt Lund-Jensen

• A new layer of silicon detectors with precise timing,                                                     
High Granularity Timing Detector (HGTD), in front of the liquid argon 
end-cap calorimeters improves performance by combining 

• HGTD precise timing 

• ITK position information
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Detector R&D questions

Focus

• Generic

• Guided

Coordination

• Distributed

• Centralized

Human factor

• Recruiting

• Training

• Recognition
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R&D Focus

• 70-20-10  guideline:
• 70% on NOW – current detectors

• 20% on NEXT – future detectors

• 10% on HORIZON – blue sky R&D

• NOW and NEXT should be driven by 
well defined or prospective requirement

• HORIZON should be driven by 
technology and what’s possible
• Need more connection to other fields

• % of what resources ? Money, time
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R&D Coordination

• Expertise is distributed in many institutions

• git model
• Distributed effort, but with full information 

exchange

• Essential to have flexible collaboration network

• Coordination in large labs important for
• Ideas exchange

• Technical support 

• Synergy and optimization

• Data repository

• Tools
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CERN RD Projects
• Good examples of coordination towards common goals

• RD42 – Diamond detectors

• RD50 – Silicon radiation hard devices

• RD51 – Micropattern gas detectors

• RD53 – Pixel readout chip for ATLAS and CMS

• ...and several others in the past

• In general, large collaborations of interacting institutes.

• Good model, but
• Focus can be lost and people just “keep going” 

• regular reassessment important.

• Resources always a problem – especially people.

• CERN is central, but support needed from other labs and 
agencies
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Humans
• The current career model just doesn’t work very well

• Except for very few geniuses, one cannot be expert and innovative 
simultaneously in physics analysis, detectors, computing, teaching, 
outreach....

• Recruiting: if you fail discovering new physics you can start 
develop a new detector
• Essential to attract brilliant young physicists to detector R&D  

• Training: go in the lab  and get that piece of hardware to work
• Education and expertise transfer necessary to maintain 

knowledge and capabilities

• Career: this guy only knows about detectors, 
should we really hire him/her ?
• Career opportunities for detector physicists must be 

greatly strengthened and kept open in a systematic way
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Humans
• The current career model just doesn’t work very well is broken

• Except for very few geniuses, one cannot be expert and innovative 
simultaneously in physics analysis, detectors, computing, teaching, 
outreach....

• Recruiting: if you fail discovering new physics you can start 
develop a new detector
• Essential to attract brilliant young physicists to detector R&D  

• Training: go in the lab  and get that piece of hardware to work
• Education and expertise transfer necessary to maintain 

knowledge and capabilities

• Career: this guy only knows about detectors, 
should we really hire him/her ?
• Career opportunities for detector physicists must be 

greatly strengthened and kept open in a systematic way
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Long R&D Process

• New findings for Leonardo’s anniversary
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Long R&D Process
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Typical HEP program timeline (R&D in blue)

R&D timescale is ≃ 10 years, approved experimental programs are natural drivers for 
techniques and resources, technology innovation can suffer cycle/migration effects  

Engineer devices for applications/production - continuous process 

Engineer Systems

Technology innovation - incremental continuous process

D
e

fin
e

 s
co

p
e

Demonstrate

Technical Design Review ≃ Choice of technologies for experiment

Engineering 

Design Review

Production

PrototypesDemonstrators

Physics

Upgrades

5 + 5 years 5 years 15 + 15 years 

R
e

se
a

rch
 &

  D
e

ve
lo

p
m

e
n

t

1990 LHC DRDC LHCC first beams - HL-LHC R&D white paper 2008 2026 HL-LHC first beams

D.Contardo, parallel session



Technology
• It’s a long long long time to market. For instance

• CMOS image sensor invented in the early ‘90
• CMOS MAPS for charged particles started around 1999
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Owing to the industrial development of CMOS imaging sensors and the intensive R&D by HEP community … 

STAR HFT 
0.16 m2 – 356 M pixels

CBM MVD
0.08 m2 – 146 M pixel

ALICE ITS Upgrade (and MFT) 
10 m2 – 12 G pixel

Mimosa-1 Mimosa-2 Mimosa-3

IPHC   christine.hu@in2p3.fr 13CPIX14 15-17 September 2014, University of Bonn

Mimosa-26

2.7 cm2

(EUDET Telescope)
. . . 

… several experiments have selected CMOS APS (STAR, ALICE, CBM, NICA MPD, sPHENIX, Mu3e)

… and now intensive R&D ongoing for HL-LHC (ATLAS) and LC

2014 - First CPS Detector

3	November	2016	 IEEE	NSSMIC2016	|	JvH,	CERN/ALICE	 3	
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Ø The U pgrade of the ALICE Inner Tracking System  w ith the 
M onolithic Ac? ve Pixel Sensor ALPIDE

Ø Radia? on Hardness of M onolith ic Ac? ve Pixel Sensors for 
the ALICE Inner Tracking System  U pgrade

ALPID E 


Cherwell
ALPIDE

sPHENIX
0.2 m2 – 251 M pixel

…

L. Musa (CERN) – VCI, Vienna, Feb 2019

Development of CMOS APS  (1999 – 2015)  

• Technology tracking and connection with industry
• HEP is not driving the technology, but can develop new ideas and innovative 

applications
• Need to go beyond the client-supplier model – for the most part we are small clients
• Develop more collaboration mechanisms between scientists and industry 

• Technology transfer and societal impact
• Strive to look outside our niche (ATTRACT example)

•  Good discussion points for the parallel session

2000

2015



Technological challenges
A personal view trying to identify challenges

Looking more at future than current programs
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Different environments

• Colliders and fixed target
• Hadron / lepton / lepton-hadron collider detectors

• Fixed target experiments

• Elusive particles
• Accelerator neutrinos near and far detector

• Reactor neutrinos

• Low energy high sensitivity (0ν2β, g-2, EDM, ...)

• Astro-particle and cosmology
• Dark matter detectors

• Cosmic rays (charged, gamma)

• Cosmic neutrinos

• Gravitational waves

• Satellite experiments
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• Extremely 
different 
requirements

• Many possible 
synergies based 
on technology 
development

• More cross-field 
communication is 
important



Micro Pattern Gas Detectors
• Very active field. Good coordination through RD51

• Future directions:

• Resistive materials and architectures

• Fast and precise timing

• New materials and technologies

• Hybrid detectors

• Challenges

• Granularity

• Time resolution

• Large area, Large volume

• Reliability of industrial production
still to be optimized for large surfaces 

• Many applications, for instance treatment plans
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• High Rate Capability

• High Gain

• High Space Resolution

• Good Time Resolution

• Good Energy Resolution

• Excellent Radiation  Hardness

• Good Ageing Properties

• Ion Backflow Reduction

• Photon Feedback  Reduction

• Large Size

• Low Cost

Recent reviews of Micro Pattern Gas Detector (MPGD) and RD51 collaboration

Micro bulk

GEM THGEM

MHSP

InGrid

mPIC

Micromegas Bulk

GLASS GEM50mm GEM

THCOBRA

3
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instrumentation may also profit from future developments. R&D activities where CERN is already 

involved and that will be strengthened by the EP R&D program are outlined below. 

Solid Converters 

Solid-state physics and material science nowadays offer several possibilities of creating new materials 

with very specific and controllable properties. Gaseous detectors can profit from this in the context of 

solid converters (photocathodes, secondary emitters), and new converters would overcome several 

limitations.  Recent developments, as shown in Figure 9 for precise and fast timing with MPGD 

(MicroMegas with Cherenkov radiators and CsI photocathodes) indicate how promising this research 

can be. After having proved the principle of achieving less than 25 ps time resolution measured for 

minimum ionizing particles [7], radiation hardness and robustness of the photocathode are now the 

focus of future studies.  The ongoing work in EP-DT-DD/GDD on this topic should be fostered, or even 

extended, with the goal to reach robust, radiation-hard photo cathodes and to build a small area 

prototype. 

 

New Manufacturing techniques 

The next breakthrough for gas-based detectors might result from new manufacturing processes. 3D-

printing [7] as well as dry plasma, LASER, or ink-jet printing can offer unique tools to produce functional 

structures, which would allow novel specialised and up-to-now unthinkable geometries. Manifold 

opportunities exist for complex 3D integration of conductive channels, embedded resistive elements, 

fine-grained multidimensional readout structures and electrical signal routing. The new printing 

technologies could also allow faster and cost-efficient production of prototypes, which will allow—in 

combination with optimised detector design via simulation, resulting from Activity 2—a fast turnaround 

for detector development. 

At CERN in the EP department the new and specialised PCB laboratory offers unique opportunities to 

develop such new prototypes. The feasibility of building a gas-based detector should be explored and— 

in combination with Activity 2—its outgassing behaviour and radiation hardness of the materials used 

shall be studied. 

Figure 9:  Concept of a Picosec detector as proposed in [2). Cherenkov radiator, CsI photocathodes and gaseous amplifying 
stage are based on MicroMegas. Left: Detector layout. Right: measured time resolution (less than 25 ps) with minimum 
ionizing particles and with a 3 mm MgF2 radiator and an 18 nm CsI photocathode. 

Picosec MM



Tracking with Silicon
• Great successes of silicon sensors

• Main challenges: 
• Granularity
• Speed
• Reduced material
• Radiation resistance

• Large effort in many directions

• Smart detectors  measure direction

• CMOS  MAPS most active development
• Interesting for applications like proton radiography
• Can be thinned to become flexible
• Can be stitched to cover large area
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CMOS Pixel Sensor using TJ 0.18µm CMOS Imaging Process   
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Epitax ial Layer  P-

Subst rate  P+ + NA ~ 1018

NA ~ 1016

NA ~ 1013

▶ High-resistivity (> 1kW cm) p-type epitaxial layer (25µm) on p-type substrate

▶ Small n-well diode (2 µm diameter), ~100 times smaller than pixel => low capacitance (~fF)

▶ Reverse bias voltage (-6V < VBB < 0V) to substrate (contact from the top) to increase depletion zone 
around NWELL collection diode   

▶ Deep PWELL shields NWELL of PMOS transistors 

N
A ~ 10 18

N
A ~ 10 13

Artistic view of a  
SEM picture of 

ALPIDE cross section 

è full CMOS circuitry within active area

pixel capacitance ≈5 fF (@ Vbb = -3 V)

Cin ≈ 5 fF

2 x 2 pixel 
volume 

Qin (MIP) ≈ 1300 e a V ≈ 40mV 

collection electrode
28 µm

ALPIDE Sensor CCNU, CERN, INFN (Torino & Cagliari), IPHC, IRFU, NIKHEF, Yonsei

L. Musa (CERN) – VCI, Vienna, Feb 2019

ALICE - ALPIDE p+ substrate

pwell
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nwell pwell nwe
deep llpwell

NMO PMOSS
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depletion boundary

depleted zone

low dose n-type implant

p substrate

pwell

deep nwell collection electrode
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PMOSNMOS
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boundary
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Substrate
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New developments for ATLAS ITk L4

Outermost layer of ITk Pixel Barrel

• 2016 quad modules

• 3m2

For 4000 fb-1

• TID = 80 Mrad

• NIEL = 1.5 x 1015 neq/cm2

Monolithic CMOS sensors are considered as option for the 
outermost layer

• Saves bump bonding for 45% of outer barrel system

• Cost reduction and reduce module assembly time 

Three developments on three technologies 

• Large CE:  AMS a TSI (ATLASPix)

• Large CE:  LFOUNDRY (Monopix)

• Small electrode: TJ modified process (MALTA, Monopix)

Small electrode (TJ)  

Large electrode (HVCMOS )

L. Musa (CERN) – VCI, Vienna, Feb 2019

Enrico Junior Schioppa, Thu

Toko Hirono, Thu

ATLAS 

MALTA/Monopix

5

R&D example of evolution and diversity
Ex. Si sensors major designs 

MAP
Devices

Mimosa-28 
STAR … Mimosis CBM

HV CMOS modified large (left)  small (right) collection electrodes

2
5
µ

m
1

1
µ

m
1

4
µ

m

MAP CMOS Tower Jazz Techno. (0.18 mm)

Planar Si-sensors n-in-n  n-in-p 3D sensors

Belle-II Pixel DEPFET design
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360°

At least 109 proton tracks (energy loss,   exit point       & angle, entry point) have
to be recorded to provide a detailed enough image. This leads to long exposure time (10s minutes) with 
current state of the art: limited to R&D only.

The pCT works on the same principle as a “standard” x-rays CT: recording particles passing through the target
from different angles to reconstruct a 3D image. Main difference is that, while photons are simply absorbed,
protons also scatter

L

Proton true trajectory

Entry and exit points + angle
Most Likely Path calculation

L’

p

Energy
measurement

p’

NIM A 699 (2013) 205–210

Med Phys 40 (2013) 031103

Medical imaging can be further improved moving to Medical Tracking

L. Musa (CERN) – VCI, Vienna, Feb 2019

X-Rays

Protons

Protons – different reconstruction

Talk of Alexander Burker, Thu
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Photolithographic process defines wafer reticles size  a Typical field of view O(2 x 2 cm2)

Reticle is stepped across the wafers to create multiple identical images of the circuit(s)

CMOS APS – wafer-scale integration

L. Musa (CERN) – VCI, Vienna, Feb 2019

A stepping process called “stitching” allows building sensors of arbitrary size, the only limit being the size of the wafer. 

• Reticle made of blocks

• Printing only individual blocks at each 
step with a tiny well-defined overlap 

These days, stitching is widely applied in 
the digital imaging industry (e.g. large flat 
panels for medical and dental X-rays)

14cm

Courtesy: R . Turchetta, Rutherford Appleton Laboratory

Stitch Line

0.28 micron

Seamless stitch boundary

TowerJazz Stitching Performance – 0.18um

16

Seamless stich boundary

Silicon Genesis: 20 micron thick wafer

Ultra-thin chip (<50 um): flexible with good stability

New ultra-light Inner Barrel in LS3 
(CDS, ALICE-PUBLIC-2018-013) 

Truly cylindrical vertex detector 

0.05% x/X0 per layer 

Wafer-scale stitched imaging 
sensor with an active area of 
140x140 mm2 [N. Guerrini, RAL]. 



Calorimetry

• Many techniques, depending on application
• Crystal - Ultimate resolution, especially for low energy 

• Scintillator (sampling) 

• Liquid Noble Gas - Intrinsic rad hardness

• Particle flow calorimetry
• Silicon-tungsten 5D measurement

• Challenges:
• Photon detection

• High granularity

• Large volumes and mass

• Possibility of dual readout
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VCI 2019 19 February 2019R. Yohay

High Granularity Calorimeter (CE)

9

Ac#ve	Elements:	
• 

• 

• 

Key	Parameters:	
• h

• 
• 

• 
• 

• 

• 
• 

E-E Si l

CE-H Si scin#llator l

CERN-LHCC-2017-023

CMS HGC

7/9/2018

PARTICLE FLOW CALORIMETRY CMS

High Granularity calorimetry

• Silicon: 600 m2

• Scintillator: 500 m2

• 6 M Channels 

Scintillator tiles with 

on-tile SiPM readout

CMS

Silicon sampling calorimeter

R&D
ILC

ILC
CLIC, CepC
FCC 

• FE- ROC providing 

Time-of-arrival (TOA) 

with a precision of 20ps
• Trigger data from ASICs 

(300 TB/s) fed through 
concentrators to the 
back-end system (2 TB/s)

Daniela Bortoletto, ICHEP 2018 Seoul 23



Particle Identification

• Crucial element for flavour physics

• RICH, Focusing Aerogel RICH 

• Time of Propagation Counter, TORCH (timing)
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Belle II TOP 35 ps

FARICH

LHCb TORCH 15ps• Challenges
• Timing resolution

• Quartz polishing

• Mechanical system



Timing
• Fast development of precise timing 

sensors
• Reconstruction in calorimeter

• Time of flight and time of propagation 
(PID applications)

• Pileup rejection in HL-LHC

• Low Gain Avalanche Device: 
• 30 ps possible

• Challenges:
• Radiation hardness

• System aspects of timing
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VCI 2019, Bengt Lund-Jensen 6

Low Gain Avalanche Detectors (LGADs) 

• n-on-p planar silicon layer with additional 

p-layer for moderate gain (10-50) 

(increases signal, limits noise)


• Time resolution < 30 ps before irradiation


• Thin (base line 50   m) => small triseμ

R&D program to provide sensors with 

required time resolution, radiation 

hardness and fine segmentation


• New doping materials, substrates and 

geometries


• Prototypes tested from CNM, HPK, BNL, 

FBK

• >1000 single pad sensors tested


• Several 5x5 and 15x15 sensors tested.  Very 
uniform leakage current and breakdown voltage 

HGTD sensors: LGADs

VCI 2019, Bengt Lund-Jensen

• Sensors have been irradiated at with 
neutrons at IJS (Lubiana) and protons 

at PS-IRRAD (CERN): 

• From 1×1014 to 1×1016 neq/cm2         

(5.1×1015 neq/cm2 need for HGTD) 

• Reduction of gain partially  

compensated by increasing bias 
voltage (higher breakdown voltage)

8

Radiation damage on LGADs

Z. Galloway et al, arXiv: 1707:04961


and  Y. Zhao et al arXiv: 1803:02690



Electronics
• Crucial role in all systems

• ASIC – engineering bottleneck

• FPGAs – COTS or custom boards

• Firmware – pervasive and often critical

• High speed links and optoelectronics

• Challenges:
• Industry-driven technology

• Expertise critical mass required

• Cross-experiment collaboration mandatory

• Huge cost of engineering runs
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W hat is m ore im portant: Transistors or w ires?

AM Seminar CERN 2019 38
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A 14 nm FINFET process metal stack

M etal Pitch [nm ] M etal tickn.[nm ]

0 56 40

1 81 42

2 73 40

3 76 37

4 80 75

..

11 1000 1000

• Comments:
• Scaling is not stopping any time soon

• No longer your dad’s transistors, maybe other 
uses

• Interconnect and Through Silicon Vias next 
frontier



Trigger and DAQ

• Critical for high luminosity accelerators

• Delicate compromise between physics and bandwidth
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TRIGGER DEVELOPMENT
LHCbCMSATLAS

Minimize data flow 

bandwidth by using 

multiple trigger levels and 

regional readout (RoI)

Massive use of data 

links

Allow large data flow 

bandwidth. Invest in scalable 

commercial network and 

processing systems

40 MHz trigger-less DAQ

Daniela Bortoletto, ICHEP 2018 Seoul 28

Real time align&calib
Expand physics program 
by not saving the raw data.

• Challenges
• Best use of technology 

evolution 

• Use special feature of 
detector and hardware 
acceleration (AM, FPGA, 
GPUs)

• How to handle non 
standard physics
• Long lived particles

• Magnetic monopoles

• ....



Radiation

• Radiation resistance 
considerations are omni-present 
in detectors

• Huge progress in identifying 
materials and design techniques

• Next accelerators might increase 
the radiation level by more than a 
factor 10-100
• FCC

• Muon collider

• Solutions are not in hand today
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23 HL-LHC: new limits of extreme fluences

Silicon detectors to be exposed to particle fluences up to ~ 2 ∙ 1016
𝑛𝑒𝑞

𝑐𝑚2

Critical role of RD50 Collaboration: mandate to develop semiconductor sensor and 
characterisation techniques for extreme fluences (here we mean HL-LHC)

Motivation and Challenge
Detector upgrades (and operation)

- Radiation Hardness –
• HL-LHC (High Luminosity LHC)

developments for HL-LHC; after LS3 (~2024-26);  

expect 4000 fb-1 (x8 nominal LHC)

operation of HL-LHC (damage modeling, 

evaluation, mitigation)

• LHC operation

• HL-LHC operation & upgrades

ATLAS Pixel replacement, LHCb upgrade, …

• FCC – Future Circular Collider

G.Casse and M.Moll, RD50 Status Report, May 2018 -2-
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1. Increasing radiation levels

Semiconductor detectors will be exposed to hadron fluences equivalent to 

more than 1016 neq/cm2 (HL-LHC) and more than 7x1017 neq/cm2 (FCC) 

detectors used now at LHC cannot operate after such irradiation

2. New requirement and new detector technologies

New requirements or opportunities lead to new technologies (e.g. HV-CMOS, LGAD,…)

which need to be evaluated and optimized in terms of radiation hardness



Detector systems
Many challenges 

• Mechanical support
• Material reduction,  Advanced materials

• Non conventional uses of materials

• Mechanical stability

• Cooling
• Dual phase, microchannels

• Cables and power distribution
• Energy efficiency, Serial powering

• Cable plant and material

• Wireless transmission

• Experiment magnets
• New Superconductive materials

• What if we can have higher fields ?

• Project management, engineering support

May 13, 2019 F.Forti, Technological Challenges 26
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MATERIAL REDUCTION
• Non conventional use of Carbon Fibre 

Reinforced Plastic (CFRP) materials for Vertex 
Detectors to match the requirement of 
minimum material budget, high rigidity, 
thermal management. 

140 µm

High thermal conductive carbon  layup

Carbon Nanotubes

Allotrope of carbon with a cylindrical nanostructure

Very high Therma Conductivity ( TC=3500 W/mK)

Graphene

One atomic-layer thin film of carbon atoms in honeycomb lattice.
Graphene shows outstanding thermal performance, the intrinsic 
TC of a single layer is 3000-5000 W/mK

ATLAS ITK module support 

structure  with copper-Kapton co-

cured tape and embedded CO2 

cooling (1.4 m Long)

29

Mu3e

• 50 μm DMAPS

• 25 μm Kapton 

Flexprint

• 50 μm Kapton support 

frame

• < 1‰ Radiation length

7/9/2018

LHCb Vertex LOcator UPGRADE
• Micro-channel cooling

≃ 500 μm thick silicon substrate with integrated 

micro channels (70 𝜇m x 200 𝜇m) :

• same CTE as sensors 

• low material

• high thermal efficiency

• cooling power ~50 W

≃ pressure: 14 bar @ -30 oC, 60 bar @ 22 oC

Daniela Bortoletto, ICHEP 2018 Seoul 6

 
Strategic R&D Programme on Technologies for Future Experiments           CERN EP Department     53 

Mechanics, provide relevant opportunities for launching of R&D collaborations. This EP R&D 

initiative raises the interest in developing this further. 

 Low mass mechanical structures for future HEP Experiments 
Low mass mechanics for sensors’ support and thermal management represents a major challenge for 

future tracking detectors that will have to cope with stringent requirement on material budget in the 

innermost layers and large surface coverage for the outermost layers. Whether it is to dissipate the heat 

generated by readout sensors and other electronic components, or to extend the service life of sensors 

in a radiation environment, integrated cooling will drive the structural design criteria. 

In parallel, low mass mechanics for the reduction of cryostat thickness both for future liquid argon based  

electromagnetic calorimeters and for helium cooled detector magnets shall be investigated by 

considering alternative production technologies and materials. 

7.2.1 Task-1: Low mass mechanics for future Tracker Detectors  
Low mass detector mechanics with integrated cooling systems have been developed and studied at 

CERN by the Detector Technologies group (DT) of the Experimental Physics (EP) department. In the 

framework of the upgrade programs for the LHC experiments’ Tracking Systems different technologies 

have been investigated: 

1. Cold Plates made of high thermal conductivity carbon fibre laminates embedding polyimide 

capillaries for water leak less system (Figure 16) [1], [2]; 

2. Cold Plates made of high thermal conductivity graphite-based material with metallic (titanium, 

stainless steel or copper-nickel) pipes for high pressure evaporative system. [3], [4]; 

3. Microchannels embedded in silicon or polyimide substrate for vertex detector both for single-phase 

or two-phase cooling fluids (Figure 17) [5], [6]. 

The Cold Plate with polyimide capillaries (1) was chosen for a water leak less system and has been 

fabricated for installation in the ALICE ITS during LS2, while polyimide microchannel (3) was studied as 

alternative. The metallic pipe options (2) with evaporative CO2 are being studied for both the ATLAS ITK 

and the CMS Tracker upgrades for LS3. The NA62-GTK has adopted the silicon microchannel (3) as a 

solution with liquid C6F14 while the LHCb VeLo will combine the same technology with evaporative CO2. 

 

 

Figure 16: Cooling Substrate: ALICE ITS Inner Barrel Stave, High thermal conductive carbon microvascular substrate with 
embedded polyimide tubes. 

The use of CMOS and stitching technologies for silicon pixel chip sensors will open new opportunities in 

vertex detectors, in large area tracking detectors and in digital calorimeters: improved spatial and time 

LHCb



Neutrinos
• Near, far, and reactor detectors

• Water vs scintillator vs Liquid gas

• Challenges: large mass, radio purity, 
photomultipliers / photodetectors

• Example the technological breakthrough 
from industry

• Insulation technique from naval industry
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DUNE

• try

40 kton Liquid Argon Time Projection 

Chamber (LArTPC)

Daniela Bortoletto, ICHEP 2018 Seoul 32

7/9/2018

HYPERK

• 260 kton ultrapure water 

• 190 kton fiducial mass: 10×SK 

• Innermost volume viewed by 40,000 of 
new 50 cm PMT
≃ ~2 high detection efficiency

≃ 1/2 time & charge resolution

≃ ~2 high pressure bearing for 60m 

Hamamatsu 

R12860

Box and line PMT

Hamamatsu 

R12850

HPD (Hybrid 

Photo Detector)

• Construction start in 

2019

• Operation in 2026

Alternative option:

50% 20’’ MPTs and 50% 

multi PMTs  (ala 

KM3NET)

Prototypes 

installed in SK
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7/9/2018

DUNE

• try

40 kton Liquid Argon Time Projection 

Chamber (LArTPC)

Daniela Bortoletto, ICHEP 2018 Seoul 32

7/9/2018

JUNO

• Determination of the neutrino mass hierarchy with good sensitivity 

(3σ after 6 years) 

• Precision measurement the neutrino mixing parameters: sin2θ12

(from 4.1 % to 1%), Δm2
12 (from 2.3% to <1% ) 

• 2018 - 2019 Detector assembly & installation

• 2020 Liquid scintillator filling

• 2020 Start of data taking 

• Jiangmen Underground Neutrino Observatory

• Central detector: ~ 20 kton of LAB scintillator

• Unprecedented energy resolution (3% at 1 MeV)

• Light detection: 18000 20’’ PMTs and 25000 3’’ PMTs

• 15k MCP-PMT (75%) from NNVT (China)  and 5k  (25%) 

from Hamamatsu  

• The detector overburden is about 700 m 
Acrylic sphere: D=35.4m

Stainless steel latticed shell: 
D=40.1m

Water pool: 43.5m

Daniela Bortoletto, ICHEP 2018 Seoul 37

#126, #131

September 2017

March 2016 November 2016

2
September 2018, ready for beam!

HyperK

JUNO

ProtoDUNE

DUNE



Dark Matter and known unknowns
• Large mass total adsorption. 

• Challenges
• Active Shielding  for Background 

rejection
• Mass, Radio purity, 
• Photo detectors
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#62, #97

KIT-KCETA5 22.02.2019

DARWIN observatory – overview

G. Drexlin – DARWIN

a large-scale (Ø=2.6 m, h=2.6 m) dual-phase TPC 

with 50 tons of high-purity xenon

H2O veto

TPC

- extremely low level of

background & low threshold

HV

anode

cryogenics & 

purification,

DAQ

PTFE

top

PMTs

cryostat

bottom

PMTs

cathode

LXe-TPC

(40 t)

165 K- possible location: LNGS, Italy

- 40 ton target mass in TPC

30 ton fiducial volume

- in large H2O muon veto

(with option Gd-doping)

DARWIN: Dual phase Lxe TPCA LAr shield for DarkSide-20k

• AAr in ProtoDune style large 
cryostat to provide shielding 
and active VETO

• allows to eliminate Liquid 
Scintillator Veto and Water 
tank

 Significantly simplify the 
overall system complexity and 
operation

 Fully scalable design for future 
larger size detector (300 ton)

15

LAr Veto (DUNE-Like)

• Large cryogenic infrastructure

• Large mass of LAr(depleted) /Lxe

• Dual phase operation



Photon detectors
• Photon detection is key to many detection systems

• PMT, APD, SiPM, LAPPD, VacuumSiPMTube

• Challenges:
• Quantum efficiency
• Spectral response
• Speed 
• Noise
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HYPERK

• 260 kton ultrapure water 

• 190 kton fiducial mass: 10×SK 

• Innermost volume viewed by 40,000 of 
new 50 cm PMT
≃ ~2 high detection efficiency

≃ 1/2 time & charge resolution

≃ ~2 high pressure bearing for 60m 

Hamamatsu 

R12860

Box and line PMT

Hamamatsu 

R12850

HPD (Hybrid 

Photo Detector)

• Construction start in 

2019

• Operation in 2026

Alternative option:

50% 20’’ MPTs and 50% 

multi PMTs  (ala 
KM3NET)

Prototypes 

installed in SK
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7/9/2018

LARGE AREA PICOSECOND PHOTO 
DETECTORDS (LAPPD) 

• Use Atomic Layer Deposition (ALD) Coating 

to Convert Glass Capillary Arrays into MCPs

Fused silica 

window with 

photocathode 

on inside 

surface

20 cm x 20 cm 

MCPs, spacers

Strip line anode  

and signal 

readout

Voltage tab

Daniela Bortoletto, ICHEP 2018 Seoul 41

• Fast timing, high gain, single photon 

imaging

• Large Area: 200 x 200 mm2

• mm spatial resolution and  time 

resolution <64 ps for SPE

• QE: ~20% w/bi-alkali photocathode

• Low Cost 

An innovative design for a modern hybrid photodetector based on the combination of a Silicon PhotoMultiplier 
(SiPM) with a hemispherical vacuum glass PMT standard envelope

Photocathode

Focusing Ring

The classical dynode chain of a PMT is 
replaced with a  special windowless SiPM, 
acting as an electron multiplying detector 

(SiEM).

SiEM

5VCI	2019Felicia	Barbato

PMTs

SERIAL	GAIN:	obtained	by	multiplying	the	
photoelectrons	in	the	dynodes

SiPMs

Photocathode

Dynodes

Voltage
Divider

PARALLEL	GAIN:	obtained	with	the	Geiger-
avalanche	generated	in	the	p-n	junction

2Felicia	Barbato VCI	2019

Large Area Picosecond Photo Detectors



Gravitational Waves
• Observation of GW opens new challenging field

• Ten binary black holes and a binary neutron star coalescences so far

• Huge coordination effort for multi-messenger astronomy

• Einstein telescope is the next ambitious project to increase 
sensitivity

• Strong synergies with HEP 
• Underground facilities

• Vacuum technology

• Cryogenics

• Controls and automation

• Electronics and DAQ

• Computing

• Governance of world-wide efforts
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GRAVITATIONA L WAVES IN THE

EUROPEAN STRATEGY FOR PARTICLE PHYSICS

ETSteering Committee
http://www.et-gw.eu/

with the key c ontribution of the
"Gravita tiona l Wave Interna tiona l Committee

3G subc ommittee"
https://gwic.ligo.org/3Gsubcomm/

Contac t Person: Dr. Mic hele Punturo
email: mic hele.punturo@pg.infn.it

Abstrac t

This doc ument briefly desc ribes some of the sc ientific and tec hnolog ic al
synerg ies tha t are possib le between the nasc ent field of Gravita tional
Waves (GWs) and High Energy Partic le Physic s (HEPP). It is submitted by
the ET steering c ommittee under the supervision of GWIC-3G (a team
of the Gravita tional Wave International Committee (GWIC)) as c ontri-
bution to the European Stra tegy for Partic le Physic s and in view of the
submission of the Einstein telesc ope (ET) observatory projec t to the ESFRI
Roadmap.

DECEMBER 2018

#64



Quantum mechanics
• Use of quantum coherence effect in sensors 

is becoming reality

• Go beyond fundamental limits in sensitivity 
 Axions, Dark Matter

• Exploration of unknown unknowns

• Connection with condensed matter physics

• Technology from HEP can be helpful to 
quantum physics

• Hi Q in RF cavities to improve coherence time 
of QUbits
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Juan Estrada @ VCI 2019
#161

Quantum non-demolition (QND) can do much better 

than SQL amplifiers to measure photon number

Number operator commutes with the Hamiltonian all backreaction is put 
into the unobserved phase – which we don’t care about...

Phase space area is 

still ½ħ but is squeezed 

in radial (amplitude) 

direction.  Phase of 

wave is randomized.

Demonstrated with Rydberg 

atoms, (Serge Haroche Nobel 

Prize 2012)

Implemented using solid state 

artificial atom qubits, 

D.Schuster et.al, 2007

Proposed for axion search:

Lamoreaux, Lehnert, et.al, 2013,

Zheng, Lehnert, et.al, 2016

17

• Quantum non demolition 
measurement can do much 
better in counting photons

• Excite cavity with axion and 
then count photons with QND

get the cavity excited by the axion field, and the count 

single photons with QND

Vol 445|1 February 2007|nature 05461 

credit: A. Romanenko - Fermilab

• Also: quantum 
dots for 0ν2β



Environmental impact

• More attention to enviromental
impact of HEP experiments and 
activities is needed

• Alternative gases with reduced 
GWP

• Radioactive waste control and 
reduction

• Energy efficiency and carbon 
footprint of operation
• Including buildings, meetings and 

travel
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19/02/2019 R. Guida CERN EP-DT Gas Team 4

Very Large detector volume
- From 10 m3 up to several 100 m3

Use of many gas components
- R134a, SF6 , CF4, C4F10, … (GHG)
- many others neutral but some expensive (Xe, …)

Gaseous detector systems at LHC

Relative contribution of GHGs used at LHC experiments

A lot of work already from the design phase 
≃ otherwise operational costs due to gas consumption would have been huge 

Gas type Detector type

+ High mixture flow
+ Operational costs issue
≃ Need of optimizing gas usage

Very large 
detector volume

19/02/2019 R. Guida CERN EP-DT Gas Team

Greenhouse gases used for particle detection

3

A greenhouse gas (GHG) is any gaseous compound that is capable of absorbing infrared radiation, 
thereby trapping and holding heat in the atmosphere

GHGs like R134a (C2H2F4), CF4, SF6, C4F10, … are used by 
several particle detector systems at the LHC experiments

Gas GWP - 100 years

C2H2F4 1430

CF4 7390

SF6 22800

Due to the environmental risk, “F-gas regulations” started to appear in many countries. 

For example, the EU517/2014 is:

- Limiting the total amount of the most important F-gases that can be sold from 2015 onwards. 

By 2030, it limits the use to one-fifth of 2014 sales.

- Banning the use of F-gases in new equipment where less harmful alternatives are available.

- Preventing emissions of F-gases from existing equipment by requiring checks, proper 

servicing and recovery of gases.

The Global Warming Potential (GWP) is a relative measure of how much heat a greenhouse gas 
traps in the atmosphere with respect to CO2

F-gas regulations have already affect gas price (especially for R134a in EU)
Future availability can also be affected (especially where replacements are available)

Guida@VCI2019
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Input to the European Strategy Update: Ensuring the Future of Particle 
Physics in a More Sustainable World 

 
We live in a warming world [1]. The consequences for current human society 
of a world warmer than 2C compared to pre-industrial times are catastrophic 
[2]. In order to address this, countries have pledged, in 2015 with the Paris 
Agreement, to undergo a deep decarbonisation of their economies and civil 
life in order to control carbon emissions to levels that would mitigate the 
serious effects of climate change from warming over 2C [3]. As scientists we 
recognize these facts. 
 
The future of particle physics research is exciting and inspiring: will we 
discover new particles or symmetries? New space-time dimensions? What is 
the origin of dark matter? In addition, the economic and societal impact of 
particle physics research is vast and is a significant driver of technological 
innovation [4]. We want our passion for particle physics research to still be 
possible for future generations. As the timespan of some of our particle 
physics experiments could cover the next few decades, it is appropriate to 
take into account the impact of climate change, as some European 
laboratories have started doing [5] and as is recommended by the UN [6].  
 
Consequently, we want to express the following recommendations as input to 
a European Strategy Update [7] that will steer the direction of European 
particle physics laboratories and universities over the next few years. 
 
Recommendation 1: 
As part of their grant-giving process, European laboratories and funding 
agencies should include criteria evaluating the energy efficiency and 
carbon footprint of particle physics proposals, and should expect to see 
evidence that energy consumption has been properly estimated and 
minimized. 
 



The importance of simulation

• Simulation is essential for the detector 
design process
• Indispensable for detector and system 

optimization.

• Can avoid costly mistakes and save huge 
amounts of money.

• Simulations are also used to deconvolve 
detector response from actual 
measurement to access the underlining 
physics
• Done in many different ways, more or less 

explicitly

• Accuracy is of paramount importance

• Artifact creation and interpretation 
mistakes can be very damaging
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Example from image processing



Summary and take away message

• Tool-driven revolutions: detector are our tools

• 70-20-10 model: need to support also blue sky R&D. It’s a long 
process.

• git model: distributed, but with strong coordination

• We are only human and need to eat: jobs in detector R&D.

• Directions: there are many promising developments. 

• Grow stronger bi-directional connections with industry and 
society.

• Invest in the people and in the murky future
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Some references

• A.Marchioro – CERN Seminar May 3, 2019

• ESPPU submissions (#)

• VCI2019 - The 15th Vienna Conference on Instrumentation

• ICHEP 2018: Internation Conference on High Energy 
Physics (especially D.Bortoletto’s talk)

• PM2018 - 14th Pisa Meeting on Advanced Detectors

• EPSHEP-2017 – EPS Conference on HEP 2017
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https://indico.cern.ch/event/716539/
http://www.ichep2018.org/
https://agenda.infn.it/event/17834/
https://indico.cern.ch/event/466934/

