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Introduction and Overview 
• Too many different experiments and techniques to cover sensibly 

• List of facilities is one way of grouping the different styles of experiments in our field 

• Another possible attempt at a taxonomy of detectors could be by technology: 
a. Pixel sensors (silicon: hybrid, monolithic)  
b. Inner tracking (silicon) 
c. Inner tracking and muon tracking (gas: MPGD, wires, TPC, straws and drift tubes) 
d. Scintillating fibre tracking 
e. Sampling calorimetry (scintillators) 
f. Sampling calorimetry (liquid noble gases) 
g. Sampling calorimetry (high granularity particle flow) 
h. Homogenous calorimetry (crystals, plastics) 
i. Fast timing detectors (semiconductor, crystal/scintillator, gas) 
j. Detectors exploiting superconductivity   
k. Particle Identification (Cherenkov plus efficient single photon detection) 
l. Large volume liquid noble gas for track and energy reconstruction 
m. Large volume liquid scintillators for timing and energy reconstruction 
n. Air/Water/Ice/Rock Cherenkov and fluorescence detection (light, sound, Askaryan effect) 
o. Custom microelectronics and other front-end electronics 
p. Data links and optoelectronics 
q. Mechanics, large-scale engineering, cooling and services  
r. Trigger, data acquisition and computing 
        …. everything I’ve forgotten 

 



7/12/2017 Detector R&D for Collider and Underground Experiments  4 
 

• Too many different experiments and techniques to cover sensibly 

• List of facilities is one way of grouping the different styles of experiments in our field 

• Another possible attempt at a taxonomy of detectors could be by technology: 
a. Pixel sensors (silicon: hybrid, monolithic)  
b. Inner tracking (silicon) 
c. Inner tracking and muon tracking (gas: MPGD, wires, TPC, straws and drift tubes) 
d. Scintillating fibre tracking 
e. Sampling calorimetry (scintillators) 
f. Sampling calorimetry (liquid noble gases) 
g. Sampling calorimetry (high granularity particle flow) 
h. Homogenous calorimetry (crystals, plastics) 
i. Fast timing detectors (semiconductor, crystal/scintillator, gas) 
j. Detectors exploiting superconductivity   
k. Particle Identification (Cherenkov plus efficient single photon detection) 
l. Large volume liquid noble gas for track and energy reconstruction 
m. Large volume liquid scintillators for timing and energy reconstruction 
n. Air/Water/Ice/Rock Cherenkov and fluorescence detection (light, sound, Askaryan effect) 
o. Custom microelectronics and other front-end electronics 
p. Data links and optoelectronics 
q. Mechanics, large-scale engineering, cooling and services  
r. Trigger, data acquisition and computing 
        …. everything I’ve forgotten 

 

Introduction and Overview 



7/12/2017 Detector R&D for Collider and Underground Experiments  5 
 

1. Collider and Fixed Target 
Attempt to list the key technology challenges in the context of different facilities  

Technique 1.1 (hadron 
collider) 

1.2 (lepton 
collider) 

1.3 (lepton-
hadron) 

1.4 (fixed 
target) 

Comment 

1.a (Si) 
Vertexing  
(& Lumi/FP) 

Rad-hard (pp) 
Low mass (AA) 
Data rate (pp) 

Low mass 
Fine pitch 
Time stamp  

Fine pitch 
Low mass 

Fast R/O 
Fine pitch 
Radiation 

Monolithic devices incorporate 
electronics. Time structure dictates 
on-detector R/O. 

1.b Inner 
track (Si) 

Area/cost 
Radiation (pp) 

Low mass 
Area/Cost 

Area/cost Radiation Can be few 1015neq/cm2 radiation 
levels 

1.c Track gas 
(inlc muons) 

Area/cost 
Hit rate, aging 

Volume (TPC) 
  

Area/cost 
Hit rate 

Hit rate Industrialisation of gas micro-
pattern detectors 

1.d Sci 
Fibre 

Radiation incl 
photodetectors 

    Efficiency  Photodetector radiation hardness 

1.e Scint 
Calo 

Radiation 
Granularity 

Granularity 
EM Resolution 

Granularity 
EM Resolution 

EM Resolution  Timing for ToF or pile-up mitigation 

1.f Calo 
L-noble 

Charge collection 
time 

EM Resolution EM Resolution EM Resolution 
Speed 

 Rate capabilities  

1.g HG-Calo Area/cost 
Resolution 

Area/cost  Area/cost 
EM Resolution 

EM Resolution Particle Flow Analysis (EM 
Resolution?) 

1.h Calo 
homogenous 

Radiation 
Granularity 

EM Resolution 
Granularity 

EM Resolution 
Granularity 

EM Resolution 
Granularity 

 Timing for ToF or pile-up 
mitigation 

1.i Fast Timing 
(Si, gas, 
scintillator)  

Radiation, 
Speed, Rate 
Area/cost 

Time 
stampArea/cost 

Area/cost Speed 
Sensitivity 

Primary vertexing. 
Time of Flight for lower momenta 
PID 

1.k Particle ID 
RICH 

Volume 
Area/cost 

Volume 
Area/cost 

Volume 
Area/cost 

Volume 
Area/cost 

Efficiency for single photo-detection 

1.o FE 
Electronics & 
Interconnect 

Radiation 
Cost/channel # 
Power 

Channel #, 
Power, fine-pitch 

Cost/channel #, 
Power 

Speed/ data 
volumes 

 Prototyping costs for deep-sub-
micron engineering runs 

1.p Data links 
(incl opto-
electronics) 

Radiation 
Cost/channel # 
Low mass 

Channel # 
Low mass 

Channel # 
Low mass 

Speed/ data 
volumes 

 How to exploit commercial 
developments? 

1.q Mech, 
cool, services 

Low mass, reliable, 
stable 

Low mass, reliable, 
stable 

Low mass, 
reliable, stable 

Low mass, 
reliable, stable 

 Large-scale magnet systems 

1.r TDAQ + 
Computing 

Cost, Speed 
Commercial 
Solutions 

Cost 
Channel # 
  

Cost, Speed 
Commercial 
Solutions 

Speed/ data 
volumes 

 Is Moore’s Law safe forever? 
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1.p Data links 
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Radiation 
Cost/channel # 
Low mass 

Channel # 
Low mass 

Channel # 
Low mass 

Speed/ data 
volumes 

 How to exploit commercial 
developments? 

1.q Mech, 
cool, services 

Low mass, reliable, 
stable 

Low mass, reliable, 
stable 

Low mass, 
reliable, stable 

Low mass, 
reliable, stable 

 Large-scale magnet systems 

1.r TDAQ + 
Computing 

Cost, Speed 
Commercial 
Solutions 

Cost 
Channel # 
  

Cost, Speed 
Commercial 
Solutions 

Speed/ data 
volumes 

 Is Moore’s Law safe forever? 

 Aspects of some areas are the topics of dedicated international R&D programmes  

1. Collider and Fixed Target 
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Cost 
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Solutions 
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volumes 

 Is Moore’s Law safe forever? 

 Aspects of some areas are the topics of dedicated international R&D programmes  

AIDA-2020: 1.1.a, 1.2.a, 1.1.b, 1.1c, 1.2c,1.1g, 1.1.i, 1.1.n, 1.2.n, 1.1.p, 1.2.p, 1.1.q, 1.2.q 
CALICE: 1.2.g 
Crystal Clear Collaboration: 1.1.e, 1.2.e, 1.3.e, 1.4.e, 1.2.h, 1.3.h, 1.4.h 
ILC/CLIC FCAL Collaboration: 1.2.g 
ILC TPC Collaboration: 1.2c 
RD42: 1.1.a, 1.2.a, 1.1.i, 1.2.i 
RD50: 1.1.a, 1.2.a, 1.1.b, 1.4.b, 1.1.i  
RD51: 1.1.c, 1.2.c, 1.4.c, 1.2i, 1.4i, 1.2.i, 1.4.i 
RD52: 1.2.e 
RD53: 1.1.n, 1.2.n 
Versatile Link Project: 1.1.o 
 Apologies to other collaborations I am not aware of particularly outside Europe 

1. Collider and Fixed Target 
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 Is Moore’s Law safe forever? 

 Aspects of some areas are the topics of dedicated international R&D programmes  

AIDA-2020: http://aida2020.web.cern.ch/activities  
CALICE: https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome  
Crystal Clear Collaboration: https://crystalclear.web.cern.ch/crystalclear/  
ILC/CLIC FCAL Collaboration: http://fcal.desy.de/  
ILC TPC Collaboration: https://www.lctpc.org/  
RD42* (diamond):  http://rd42.web.cern.ch/rd42/  
RD50* (rad-hard silicon):  https://www.cern.ch/rd50/  
RD51* (micro-pattern gas detectors): http://rd51-public.web.cern.ch/rd51-public/  
RD52* (dual readout calorimetry): http://cds.cern.ch/record/2255826/files/  
RD53 (rad-hard electronics): https://rd53.web.cern.ch/RD53/  
VL Project: https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx  
    * See LHCC 10/5/17 presentations at https://indico.cern.ch/event/632309/  
        Apologies to other collaborations I am not aware of particularly outside Europe 

1. Collider and Fixed Target 

http://aida2020.web.cern.ch/activities
http://aida2020.web.cern.ch/activities
https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome
https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome
https://crystalclear.web.cern.ch/crystalclear/
https://crystalclear.web.cern.ch/crystalclear/
http://fcal.desy.de/
http://fcal.desy.de/
https://www.lctpc.org/
http://rd42.web.cern.ch/rd42/
http://rd42.web.cern.ch/rd42/
https://www.cern.ch/rd50/
https://www.cern.ch/rd50/
http://rd51-public.web.cern.ch/rd51-public/
http://rd51-public.web.cern.ch/rd51-public/
http://rd51-public.web.cern.ch/rd51-public/
http://rd51-public.web.cern.ch/rd51-public/
http://rd51-public.web.cern.ch/rd51-public/
http://rd51-public.web.cern.ch/rd51-public/
http://cds.cern.ch/record/2255826/files/
http://cds.cern.ch/record/2255826/files/
http://cds.cern.ch/record/2255826/files/
https://rd53.web.cern.ch/RD53/
https://rd53.web.cern.ch/RD53/
https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
https://indico.cern.ch/event/632309/
https://indico.cern.ch/event/632309/


7/12/2017 Detector R&D for Collider and Underground Experiments  9 
 

Phase-I 
Upgrades 

Phase-II 
Upgrades 

→
 D

at
a 

Ra
te

/P
ile

-u
p 

→
In

te
gr

at
ed

 d
os

e 

Detector Upgrades for the HL-LHC Programme 



7/12/2017 Detector R&D for Collider and Underground Experiments  10 
 

ht
tp

s:
//

in
di

co
.c

er
n.

ch
/c

at
eg

or
y/

48
63

/ 
 

Detector Upgrades for the HL-LHC Programme 

https://indico.cern.ch/category/4863/
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Large Area High Rate Gas Detectors  
Major R&D activities on micro-pattern gaseous detectors for 
LHC large volume tracking (eg muon systems) 
• Increase rate capabilities and radiation hardness 
• Improved resolution (online                                      

trigger and offline analyses)  
• Improved timing precision                              

(background rejection) 
Technologies 
• Straws and drift tubes 
• Gas Electron Multiplier (KLOE-2, BESIII                              

CMS, ALICE TPC R/O and current LHCb)  
• MicroMegas and Thin Gap Chambers  
     (TGCs): ATLAS “New Small Wheels” 
• Resistive Plate Chambers (RPCs) - low                                               

resistivity glass for rate capability, multi-                                          
gap precision timing (ALICE/ATLAS/CMS)  

doi:10.1016/j.nima.2015 
Fabio Sauli  

Paolo Iengo (6/7/17)  

Erika De Lucia,  
(6/7/17)  

(Michela Greco 6/7/17)  

Cylindrical GEM KLOE-2 
and for BESIII 

4 layer GEM stack to target Ion backflow   
<o1% given continuous readout at 50kHz  

 
ALICE TPC  
Read-out 
Christian  
Lippmann 
(8/7/17) ALICE 

(DD-18, 19, 20, 26, 28, 29, 34) 

(>104Hz/cm2)  

ATLAS Small Wheels RD51 common micro-pattern gas detector R&D 
 

Many challenges including the development                                               
of commercial large-scale production                                              
capabilities (ATLAS NSW Forward Muons:                                                                      
 2*1200m2 and 2.4M channels) 

MicroMegas Principle 

http://dx.doi.org/10.1016/j.nima.2015.07.060
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Timing Detectors    (c=30cm/ns; 1/c= 33ps/cm)  BELLE-II 
Barrel 

MCP PMT 
Readout 

Also CMS Barrel 
Timing Layer (30ps 
pile-up mitigation) 

RD50, ATLAS, CMS: Low Gain Avalanche Detectors  
(LGAD) (need to watch radiation issues - work ongoing)   

2014 JINST 9 C10019 

https://doi.org/10.1016/j.nima.2017.02.045 

• Many applications call for precision timing for particle ID (incl Time of Flight) 
• eg BELLE-II TOP (Time of Propagation) σ = 35ps: 2.5m x 0.45m x 2cm                                           

Quartz bars 
 

 
• eg LHCb TORCH (Time Of internally Reflected CHerenkov light) 15ps ToF (30 pe/track) 

 
• PET Scanner ToF fast scintillator and photodetector (eg LYSO+SiPM) 

 
• Also charged particle detection with quartz/scintillator plus fast                                                        

photodetectors, or direct detection also possible with fast gas or semiconductor detectors 
 

(DD-23, 27 
         38) 

ALiCE ToF 
 
140 m2 of Multigap RPCs at 3.7 m 
from the IP  
• Rate capability ~100 Hz/cm2 

(glass resistivity)  
• Fast readout electronics  
• Leading edge disc. with time-

over-thresh correction (NINO)  
 

• Single particle resolution      
in situ: down to 80 ps   

 

(ATLAS AFP: <15ps James Pinfold (6/7/17) ) 

https://doi.org/10.1016/j.nima.2017.02.045


7/12/2017 Detector R&D for Collider and Underground Experiments  13 
 

HL-LHC Timing Detectors  

(Lectures by Christopher Tully  at https://indico.cern.ch/event/633343/) 

Barrel Timing Layer (BTL) 
LYSO crystals + SiPM R/O 

Endcap Timing Layer (ETL) 
LGAD or Hyper-Fast-Silicon 
deep depleted APDs 

4 layers of LGAD sensors 

4 Si Layers 
11m2 pads 

1.7mm2 

Cover 

Off Detector 

See talks of Nicolo Cartiglia and Djamel Boumediene (7/7/17) 

(Beamspot: σz ~ 9 cm; σt ~ 0.2ns 
 2017-03-16_HLLHC-TC.pdf ) 
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HL-LHC Radiation Hardness  

1.2×1015neq/cm2 

1.9×1016neq/cm2 

n+ strips 
in p- bulk 

100μm thick 
planar n-in-p  
50μm pixels 

CNM 3D  
50μm pixels 

• Hybrid silicon detectors (pixels strips) efficient 
even at HL-LHC doses 

     RD50 
     ATLAS 
     CMS 
     LHCb 

 
 
 
 
 

• For pixel layers:                                        
microelectronics                                                 
(65nm CMOS -                                                                
RD53) can start                                                                  
to see significant                                                   
deterioration at                                                              
1Grad (=107Gy)                                                     
particularly in PMOS                                              
transistors with further                                     
temperature, bias and                        
manufacturer dependence  
 

 

https://indico.cern.ch/event/468486/   
Federico Faccio 
 

5×105Gy 

1.3×107Gy 

→   Also need rad-hard data links  
with up to ~40 hits/cm2 each 25ns 

   3D              Planar n-in-p 
Lower V               Simpler 

E
ff

ic
ie

nc
y 

   
   

   
 

Helen Hayward (8/7/17)) 

CERN-LHCC-2017-009 
Published 30/6/17 

Sudha Ahuja (8/7/17) 

(DD-15, 17) 

Strips 

Pixels 

https://indico.cern.ch/event/468486/
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Even More Challenging: FCC-hh 
(And many other specific challenges for FCC-ee and FCC-eh)  

Central tracker: 
o first IB layer (2.5 cm ):  ~5-6 1017 cm-2 

o external part: ~5 1015 cm-2 

Forward calorimeters:  
o maximum at ~5 1018 cm-2 for 

both the EM and the HAD-calo 
o 1016 cm-2 at R=2 m  

1 MeV neutron equivalent fluence for 30ab-1 

Baseline for Conceptual Design Review 
https://fccw2017.web.cern.ch/   
• 4T 10m solenoid 
• Forward solenoids 
• Silicon tracker 
• Barrel ECAL LAr 
• Barrel HCAL Fe/Sci 
• Endcap HCAL/ECAL LAr 
• Forward HCAL/ECAL LAr 
Other options explored 

 
 
 
 
 
 
 
 
 
 
 

• Schedule 
     prepared 
        European 
        Strategy  
        Update 
         2020 

 

2043 

https://fccw2017.web.cern.ch/
https://fccw2017.web.cern.ch/
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ILC/CLIC Inspired Pixel Technologies 

p-substrate 

Deep n-well 

P+          p-well 

Charge signal 

Electronics (full CMOS) 
P+ nw 

- 

p-substrate 

n+             p-well 

Charge signal 

Electronics (full CMOS) 
n+ nw 

deep p-well 

- 

ALICE 
ATLAS Both DMAPS approaches  

Rad-hard to >1015neq/cm2 

ATLAS 

VERTEX 2016:  
J Goldstein 
A G Besson 

N. Wermes 
https://fccw2017.web.cern.ch/   

 

ALICE ITS (<30μs resolution) 
(rad-hard to 1013neq/cm2) 
10m2 

 
 
 
 

 
12.5 Gpixel 

Paolo Camerini  
 (8/7/17) 

SiD: Tim Barklow (8/7/17) 

Matthias Weber (8/7/17) 

  (See Vertex 2016 https://indico.cern.ch/event/452781/sessions/208678/#20160930) 
• Demands of ultra-low mass, highest resolution, low power and fast time-stamp   
• A wide range of technologies with many years of development: 

• DEPFET (see also BELLE-II) 
• FinePixel CCD 
• Thin Planar sensor or HV-CMOS Hybrid (C3PD)+CLICpix 
• Monolithic CMOS 

• Vertical integration with TSVs (FNAL 3D) 
• Chronopix 
• SOi for Fine Space and Time (SOFIST) 
• Monolithic Active Pixel Sensors (MAPS) 

• MIMOSA (developments  since 2000 for ILC) 
               → STAR Heavy Flavour Tracker (doi: 10.1016/j.phpro.2015.05.067)  
  → ALPIDE for ALICE Inner Tracker System Upgrade (ALICE-TDR-017) 
  → Depleted MAPS (DMAPS):  (large fill factor + deep-depletion or low fill factor = low C)  

Spatial resolution: highly granular sensor:  
   σRφ ~ 3 μm (pitch ~ 20 μm)  
 multiple scattering : very low material budget:  
    O(0.1%X0/layer)   
 Single bunch time resolution 
  → 1st layer: ~ 5 part/cm2/BX → few % occupancy   
 Power dissipation ↔ preferably gas cooling  
  → <130μW/mm2 (Power cycling, ~3% duty cycle)  

Charge 
 collection by  

drift and diffusion 

https://fccw2017.web.cern.ch/
https://indico.cern.ch/event/452781/sessions/208678/#20160930
https://indico.cern.ch/event/452781/sessions/208678/#20160930
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Calorimetry and Particle Flow 
Simultaneous measurement, during shower development, of:  
• Scintillation light (dE/dx charged particles)  
• Cherenkov light (EM part of the shower)  
 

FCC-hh? 

• RD52 Dual  REAd-out Method 
• FCC-ee? 

 
• CALICE (Calorimeter for ILC) 

• Fundamental concept: 
• Particle flow 
• Associate energy                                                                                                                                   

deposits with                                                                                                                               
charged particles  

→ Drives granularity requirements 
• Allows “tracking” of neutrals 

 

• ALICE FoCAL 
• Tungsten-Silicon sampling EM Calorimeter 
•   

• CMS HGCAL 
 

 

Test-beam 
Silicon pads to withstand doses 
up to 1016n/cm2 and several MGy 

Detector R&D for Collider and Underground Experiments 

Gerald Grenier 
(6/7/17)  

ECAL: 25 X0, ~1.3λ;  HCAL: 8.5λ 

Arnaud Steen (7/7/17)                                              
Ivica  Puljak (6/7/17)  
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10 

Silicon Based Detector Evolution 
          • CALICE/FCC (Tpixel)  
               MAPS EM-Calorimeter? 

   CMS HGCAL  
             • CALICE/(FCC)  
                 SiW EM-Calorimeter 

Need detector costs to scale 
with Moore’s law. 
For sensors, more likely with 
fully commercial processes 
such as CMOS Imaging Sensors 
(MAPS) as used in mobile 
phones, cameras etc. 
(Need « $/cm2) 
 

W
ith thanks to G Casse 

W
ith thanks to G Casse 

104m2 = 1 hectare 

ALICE ITS 
10m2 MAPS  

   

(See also Robert Klanner and  
 Erik H.M. Heijne 10//7/17) 
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All these figures showed doubling times of < 2 years up to now. Some scalings will stop, but different 
improvements conceivable. Can still hope for major detector improvements and enhanced TDAQ plus 
computing capabilities. However, storage and CPU costs not expected to continue to scale this fast.  

Data Storage 

Transistors/mm2 

Bandwidth 

ADC pJ/conversion 

Microelectronics Evolution 
W

ith thanks to W
 Riegler 
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2. Accelerator and Reactor Neutrinos 
https://en.wikipedia.org/wiki/List_of_neutrino_experiments gives over 50 experiments 
(but this list does include neutrinoless ββ decay and neutrino observatories) 

Attempt to list some of the key technology challenges  
  2.1 Long Baseline 2.2 Short Baseline 2.3 Reactor/source 
2.c Gas detectors Amplification High pressure 
2.e,h Solid scintillator 
(sampling and 
homogeneous) 

Photodetector costs 
Material costs 
Large scale engineering 

Energy threshold 
Noise, Timing 
Granularity 

Energy and spatial 
resolution. Low noise. 
Calibration. Shielding. 

2.l,q Liquid scintillator 
and associated 
engineering 

Photodetector sensitive 
area and cost, Radio-purity, 
Large scale engineering 

Photo-detector QE 
Mechanics 
Shielding 

Photo-detector QE 
Radio-purity, Gd 
doping, flux modelling 

2.m,q Liquid noble gas 
and associated 
engineering  

Purification 
Very high voltage 
Large scale cryogenics 

In cryostat low 
noise CMOS, space 
charge, FE range 

Coherent neutrino-
nucleus scattering? 

2.n,q Water Cherenkov 
and associated 
engineering 

Photodetector timing, 
efficiency and costs 
Large scale engineering 

Separation of pile-
up events (same  
bunch), Gd-doping 

 Gd-doping.  
Radon. 
Shielding. 

2.r DAQ & Computing Reliability, buffering, 
dynamic range, data volume 

Reliability, data 
volume 

Reliability 

https://en.wikipedia.org/wiki/List_of_neutrino_experiments
https://en.wikipedia.org/wiki/List_of_neutrino_experiments
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2.1 & 2.2 Long Baseline Neutrino Detectors 
• The issue of scale associated with current and future neutrino experiments 

introduces a very different set of challenges: 

 

 

 

 

 

15.5m
 

6.6cm 3.9cm 

Particle 
Trajectory 

Scintillation 
Light 

Waveshifting 
Fiber Loop 

To APD 
Readout 

Single Cell 

896 alternating X-Y planes 16mx16mx55m 
“Largest Plastic Structure built by man” 

Totally active, liquid scintillator, surface detector 

Deep Underground Neutrino Experiment 

1300 km 

800 km 

NOνA 

Justo Martin-Albo 

(See plenary talk Tsuyoshi Nakaya) 

Bruno Zamorano 
(6/7/17) 
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1300 km 

• 2 technologies for far detector 
 Single phase TPC 
 Dual phase TPC 

• high resolution tracking, 
calorimetry, PID via dE/dx   

• Single phase TPC cathode planes biased to -180kV 
• LAr scintillates at 128nm → drift time t0 
• Dual phase: 

 vertical drift and multiplication in gaseous phase improves 
signal/noise with reduced number of R/O channels 

 vertical drift  over 12m requires ~600kV 
 → Many challenges of scale for both detector concepts 

 

Deep Underground Neutrino Experiment 

4 cryogenic modules,                    
each 17ktons of liquid argon 

http://www.dunescience.org/neutrino-detectors/ 

Nicola McConkey, Stefania Bordoni, 
Maxim Potekhin (6/7/17) 
Michael Wallbank (8/7/17), AP-6 

ARIADNE: DD-37 

2.1 & 2.2 Long Baseline Neutrino Detectors 

(Many short-baseline 
 and demonstrators*)  

(*See Tsuyoshi Nakaya) 
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• Tank : 60 m tall × 78 m diameter 

• 260 kton ultrapure water 
190 kton fiducial mass : 10 × Super-K 

• Innermost main volume viewed by 
40,000 of new 50cm photo-sensors 

• Improved photon sensitivity: 2×Super-K 

• Second tank as upgrade path (6 yr later) 

J-PARC 
Accelerator Complex 

Hyper- 
Kamiokande 

• New 50 cm PMT completed 
×2 single photon efficiency 
×2 timing resolution 
×2 hydrostatic pressure tolerance 
(all w.r.t. Super-K PMT) 

• Hybrid-Photo-Detector             
(HPD): R&D development             
with avalanche diodes 

Box & Line Dynode 

Ben Richard 6/7/17 See also Mike Wilking 
 6/7/17  

Luis Labarga 7/7/17 

2.1 & 2.2 Long Baseline Neutrino Detectors 
(Tsuyoshi Nakaya) 



7/12/2017 Detector R&D for Collider and Underground Experiments  24 
 

2.3 Reactor Neutrino Detectors 

 Liangjian Wen TIPP, Beijing, 2017 

Technologies to achieve 
required radio-purity:  
Al2O3 column, 
distillation, gas striping, 
water extraction  
Levels achieved at 
Borexino: N. Rossi  
(Neutrino2016) 

Linear alkyl benzene (LAB) as solvent  
2,5-diphenyloxazole (PPO) as fluor  
p-bis-(o-methylstyryl)-benzene 
(bis-MSB) as wavelength shifter 

Daya Bay 
Liquid 
Scintillator 
pilot plant Agnese Giaz 

(6/7/17) 

(See plenary talk Thierry Lasserre) 
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Neutrino Experiment Photodetectors 
20” Micro-Channel Plate PMT for JUNO 
• Higher QE: transmissive photocathode at top 

plus reflective photocathode at bottom  
• Less shadowing effect 
• Easier production: less manual operations and 

steps  
 Liangjian Wen TIPP, Beijing, 2017 

MCP Principle 

Large area (24 cm2) single-channel, SiPM-based 
cryogenic (77K) photodetector with single photon 
sensitivity (https://arxiv.org/abs/1706.04220v2)   
• Single photon counting with signal to noise >13  
• Dark rate lower than 4 mHz/mm2 

• SiPM photon                                                                 
detection                                                                  
efficiency 

(See also DD-27) 

QE 
(%) 

https://arxiv.org/abs/1706.04220v2
https://arxiv.org/abs/1706.04220v2
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Facilities 
3.1 Underground laboratories for  Dark Matter searches 
3.2 Underground laboratories for neutrino-less double β decay 
3.3 No and low energy accelerator ultra-rare processes (eg g-2,COMET,  Mu3e, edm, …) 
  
Some Key Techniques 
3.a  Tracking semiconductor detectors 
3.b  Gaseous tracking detectors 
3.d  Scintillating Fibres 
3.e  Sampling Calorimeter 
3.h   Homogenous  Calo 
3.j    Superconductor 
3.I    Liquid Noble gas 
3.m  Liquid Scintillator 
 

  3.1 Dark Matter 3.2 Rare neutrino 3.3 Other rare decay 
3.a,b,d Tracker Ultra-radio-purity 

Optical as well as 
electrical read-out 

Radio-purity 
 Very low material. 
Isotope enrichment 

Thin, fine granularity. 
Single etch GEM foils, 
High rate, fast timing, 
complex field 

3.e,h,j Calorimetry Ultra-radio-purity,  
Ultra-low noise, (mK), 
Energy resolution 

Radio-purity 
Ultra-low noise 
Energy resolution 

High rate, fast timing, 
energy resolution at 
low energies, radiation 

3.d Liquid noble gas Ultra-radio-purity 
Ultra-low noise and  
high efficiency 
photodetectors 

Radio-purity 
Ultra-low noise and  
high efficiency 
photodetectors 

Energy resolution 
Background rates 

3.e Liquid scintillator Ultra-radio-purity 
Ultra-low noise and  
high efficiency 
photodetectors 

Radio-purity 
Ultra-low noise and  
high efficiency 
photodetectors 

Energy resolution 
Background                         
rates 
 

3.r DAQ & Computing Event rates 

3. Non-accelerator and Low Energy Searches for 
Rare Processes 

Attempt to list some of the key technology challenges  
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3.1 Underground Experiments for Dark Matter 
Jianglai Liu (6/7/17) 

CRESST CaWO4 
crystals (10mK) 
 

Coherent neutrino  
scattering:  NP-12) 
 

XENON1T 

This conference 
(6/7/17) 

In next 5 years expect further 
huge progress at both low mass  
and high mass range 

Michelle Galloway 
(This conference 6/7/17) 

• Huge variety of DM experiments with small and rare signals as 
ionisation, scintillation light, phonons or various combinations 
thereof.  

• Need extreme control of background                                                               
sources (radiopurity) coupled with                                                  
high sensitivity and discrimination of                                                   
signal from residual backgrounds. 

• See talk of Manfred Lindner yesterday                                                                  
(11/7/17) for much fuller exposition 

 



7/12/2017 Detector R&D for Collider and Underground Experiments  28 
 

3.2 Underground Experiments for 0ν2β  

CUORE 

• Need better 
energy 
resolution to 
measure          
T0ν

½ »1026 yr. 
 GERDA, CUORE,  
     NEXT, EXO, SNO+,    
     CUPID, LEGEND, …  

GERDA:  Anna Julia Zsigmond 
CUORE: Claudia Tomei  
NEXT: Paola Ferrario 
SNO+: Jack Dunge         (7/7/17) 
CUPID-0: Fabio Bellini 

arXiv:1605.02889v2 
[hep-ex] 

 7 Jul 2016 

Carla Macolino (7/7/17) 

(See plenary talk Tsuyoshi Nakaya) 
• Many techniques also for neutrinoless double-beta decay involving many different 

techniques  (SuperNEMO, EXO, CUPID, Majorana, KamLAND-Zen, NEXT, GERDA, SNO+, 
LEGEND, CUORE, AXEL, PANDAX, … but all with a requirement of high radio-purity, 
background rejection, extreme detector resolution and isotope enrichment 
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7/12/2017 

4. Astro-particle Detectors  
Huge Topic  (35 space based, 23 balloon and 57 ground based 
experiments listed at https://www.mpi-
hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html)  
 
Facilities 
4.1 Charged Cosmic Rays (eg Pierre Auger, …) 
4.2 Ultra High Energy Gamma-rays (eg CTA, …) 
4.3 Ultra and Ultra2 High Energy Neutrinos (eg IceCube, …) 
4.4   Solar, Atmospheric and Supernova Neutrinos (eg Long 
Baseline and Reactor experiments, SNO+, INO, …) 
 
Some Key Techniques 
4.a,b Tracking detectors 
4.e   Sampling Calorimeter 
4.I     Liquid Noble gas 
4.m   Liquid Scintillator 
4.n    Air/Water/Ice/rock                                   
Cherenkov and Fluorescence 
4.q   Large scale engineering 

  Charged cosmic 
rays 

UHE gamma rays UHE neutrinos Solar/At/SN 
neutrino 

4.a,b,e Tracking 
Sampling/ 
Homogeneous Calo 

Particle ID, energy 
angular resolution, 
fast timing DAQ 

 Cost/area for rate 
at higher energies 

Scintillator cost 
RPC Technology 
Industrialisation  

4.l,m Liquid noble 
gas / Scintillator 

Cost/area for rate 
at higher energies 

Cost/area for rate 
at higher energies 

Cost/area for rate 
at higher energies 
 

Radio-purity 
Noise, Energy 
resolution. 

4.n Cherenkov/ 
scintillation Air 

Backgrounds 
Large area cost 

Photodetector cost 
segmentation 

Hadronic 
background, rate 

  

4.n Cherenkov Water Phototube cost, 
reliability 

Muon veto, 
photodetector cost 

Phototube cost 
Deployment 

Phototube cost 
Dynamic range 

4.n Cherenkov Ice     Phototube cost 
Deployment 

Phototube cost 
Deployment 

4.n Cherenkov (Rock)   Bkgnd suppression   

Attempt to list some of the key technology challenges  

See Plenary talks: Bruna Bertucci,  
Werner Hofmann, Maarten De Jong 
 

https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html
https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html
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4.1, 4.2 Detectors for Cosmic Rays and UHE Gammas  

1660 Surface 
Detectors (Water 
Cherenkov) 
 
Upgrades include 
Scintillator Bars 

4 Stations of 
6 Fluorescence Detectors 

Fluorescence 
viewed from 
space 

Emanuele Fiandrini  
 (7/7/17) 

Konrad Bernlöhr  
MPI Heidelberg  

Gabriella Cataldi (8/7/17) 

EUSO Super-Pressure-   
Balloon precursor 
Valentina Scotti (8/7/17) 

 
Isabelle Lhenry- 
 Yvon (6/7/17) 

1-300 TeV Gamma-rays 
SiPM based photo-
detection plane 
 
Victor Coco 
(7/7/17) 



7/12/2017 Detector R&D for Collider and Underground Experiments  31 
 

4.3 High Energy Neutrinos  

Energy threshold of a few GeV, able to distinguish between the normal 
and inverted mass hierarchy at 3σ significance with ~3.5 years of data 

ARA/ARIANNA (array in ice) 
ANITA (Antarctica from balloon) 
LOFAR/NuMoon/AUScope 
LUNASKA Parkes (the Moon as 
an U2HE neutrino detector)  

ANTARES: Annarita Margiotta,  
KM3Net/ORCA: Liam Quinn,  
MAGIC: Dariusz Gora (6/7/17),  
KM3Net/ARCA: Carla  Distefano (8/7/17) 
 

Surface roughness calibration for UHECR/neutrino 
physics with ANITA Steven Prohira (6/7/17) 

Northern Hemisphere: 
KM3NeT collaboration megaton-
scale neutrino detectors 2500m 
depth in  Mediterranean. 

Precision IceCube Next Generation Upgrade 

Tessa Carver (6/7/17) 

Southern Hemisphere: 
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https://fccw2017.web.cern.ch/
http://tipp2017.ihep.ac.cn/
https://indico.cern.ch/event/632309/
https://indico.cern.ch/event/590645/
https://agenda.linearcollider.org/event/7454/
https://agenda.infn.it/confLogin.py?confId=11857
http://2016.nss-mic.org/
https://indico.cern.ch/event/524795/
https://indico.cern.ch/event/452781/overview
http://neutrino2016.iopconfs.org/home
https://agenda.linearcollider.org/event/7014/
https://indico.cern.ch/event/472938/page/6018-calor-2016
http://fccw2016.web.cern.ch/fccw2016/
https://indico.cern.ch/event/468486/
https://www.linearcollider.org/P-D/ILC-detector-concepts
http://clicdp.web.cern.ch/
http://lbnf.fnal.gov/
https://indico.cern.ch/event/468486/
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Conclusions 
• Vast range of techniques and detection scales… from microns to the Moon (or arguably 

Earth/Sun/galactic centre for neutrinos/WIMPS/axions, …) 
• Impossible to do justice even to the roughly 110 talks and 60 posters on detector/experimental 

techniques related topics at this conference 
‒ One exciting area of recent development is in 4D detectors (precision spatial resolution coupled with 

accurate timing) with many applications (such as mitigating the effects of pile-up in hadron colliders by 
associating tracks to vertices in both space and time) 

‒ Monolithic Active Pixel Sensors offer the potential of exploiting the huge commercial market in CMOS 
Imaging Sensors and now there are process variants which are also radiation hard 

‒ Large format micro-pattern gas detectors now being manufactured on industrial scales and also being 
produced as cylindrical structures 

‒ Liquid noble gas based detectors are opening up many new opportunities for precision tracking and 
calorimetry within huge volume detectors 

‒ Many experiments benefit from the steady improvements in scintillator and photodetector technologies 
often driven by collaboration with major industrial suppliers  

• Note that typical R&D timescales are a decade from proof-of-principle to first demonstrator or 
small-scale implementation and a further decade to large-scale detector realisation 

• In many areas, cross-experiment R&D collaborations exist which both foster cooperation and 
diminish duplication and help share developments costs (which can be challenging) 

‒ Still some gaps in R&D areas which may benefit from further such organisations 

‒ Great potential to link more closely with other sciences and application areas 
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THANK YOU 
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