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A	
  par7cle	
  detector	
  is	
  a	
  device,	
  that	
  is	
  collapsing	
  
wavefunc7ons	
  of	
  quantum	
  mechanical	
  states,	
  which	
  
themselves	
  are	
  linear	
  superposi7ons	
  of	
  irreducible	
  
representa7ons	
  of	
  the	
  inhomogeneous	
  Lorentz	
  Group.	
  
	
  
	
  

Par7cle	
  Detector	
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A	
  par7cle	
  is	
  an	
  irreducible	
  representa7on	
  of	
  the	
  inhomogeneous	
  Lorentz	
  group.	
  

Par7cle	
  Detector	
  

à Scalars,	
  spinors,	
  vectors	
  
à m>0	
  and	
  s=0,	
  1/2,	
  1,	
  3/2,	
  2	
  	
  



Early Alpha-Ray picture, Wilson 1912  

Wilson Cloud Chamber 1911 

Alphas, Philipp 1926 

Wilson’s	
  cloud	
  chamber	
  played	
  a	
  key	
  role	
  in	
  par8cle	
  
physics	
  from	
  it’s	
  inven8on	
  in	
  1911	
  to	
  the	
  1950ies,	
  
and	
  it	
  also	
  played	
  an	
  important	
  role	
  in	
  the	
  discussion	
  
of	
  	
  the	
  interac8ons	
  of	
  ‘quantum	
  systems’	
  with	
  
‘classical	
  measurement	
  devices’	
  

Par7cle	
  Detector	
  



Solvay	
  Conference	
  1927,	
  Einstein:	
  
“A	
  radioac8ve	
  sample	
  emits	
  alpha	
  par8cles	
  in	
  all	
  direc8ons;	
  these	
  are	
  made	
  visible	
  by	
  the	
  method	
  of	
  the	
  
Wilson	
  Cloud	
  Chamber.	
  Now,	
  if	
  one	
  associates	
  a	
  spherical	
  wave	
  with	
  each	
  emission	
  process,	
  how	
  can	
  one	
  
understand	
  that	
  the	
  track	
  of	
  each	
  alpha	
  par8cle	
  appears	
  as	
  a	
  (very	
  nearly)	
  straight	
  line	
  ….	
  “	
  
	
  
Born,	
  Heisenberg:	
  
“As	
  soon	
  as	
  such	
  an	
  ioniza8on	
  is	
  shown	
  by	
  the	
  appearance	
  of	
  cloud	
  droplets,	
  in	
  order	
  to	
  describe	
  what	
  
happens	
  aTerwards	
  one	
  must	
  reduce	
  the	
  wave	
  packet	
  in	
  the	
  immediate	
  vicinity	
  of	
  the	
  drops.	
  One	
  thus	
  
obtains	
  a	
  wave	
  packet	
  in	
  the	
  form	
  of	
  a	
  ray,	
  which	
  corresponds	
  to	
  the	
  corpuscular	
  character	
  of	
  the	
  
phenomenon.”	
  
	
  
According	
  to	
  this	
  reasoning	
  the	
  whole	
  process	
  is	
  described	
  in	
  terms	
  of	
  the	
  interac8on	
  of	
  a	
  quantum	
  system	
  	
  
(the	
  alpha	
  par8cle)	
  with	
  a	
  classical	
  measurement	
  apparatus	
  (the	
  atoms	
  of	
  the	
  vapour).	
  
	
  
Nevill	
  MoX	
  (1929):	
  
Assuming	
  the	
  atoms	
  of	
  the	
  vapour	
  also	
  to	
  be	
  part	
  of	
  the	
  quantum	
  mechanical	
  system,	
  “	
  …	
  it	
  is	
  a	
  liXle	
  difficult	
  
to	
  picture	
  how	
  it	
  is	
  that	
  an	
  outgoing	
  spherical	
  wave	
  can	
  produce	
  a	
  straight	
  track;	
  we	
  think	
  intui8vely	
  that	
  it	
  
should	
  ionise	
  atoms	
  at	
  random	
  throughout	
  space.”	
  
	
  



MoX	
  considers	
  and	
  example	
  with	
  and	
  alpha	
  par8cle	
  at	
  the	
  origin,	
  one	
  
hydrogen	
  atom	
  at	
  posi8on	
  a1	
  and	
  another	
  hydrogen	
  atom	
  at	
  a2	
  ,	
  and	
  the	
  
two	
  hydrogen	
  atoms	
  only	
  having	
  EM	
  interac8on	
  with	
  the	
  alpha	
  par8cle:	
  
	
  

Result:	
  The	
  two	
  hydrogen	
  atoms	
  cannot	
  both	
  be	
  excited	
  (or	
  ionized)	
  unless	
  	
  a1	
  ,	
  a1	
  and	
  the	
  
origin	
  lie	
  on	
  the	
  same	
  straight	
  line.	
  	
  
(see	
  Also	
  Werner	
  Heisenberg,	
  Chicago	
  lectures	
  1930)	
  
	
  
This	
  example	
  (i.e.	
  moving	
  the	
  boundary	
  between	
  the	
  quantum	
  system	
  and	
  classical	
  measurements	
  
device)	
  is	
  also	
  used	
  by	
  S.	
  Coleman	
  in	
  the	
  lecture	
  	
  
Quantum	
  Mechanics	
  in	
  Your	
  Face	
  [1994]	
  	
  hXps://www.youtube.com/watch?v=EtyNMlXN-­‐sw	
  
to	
  show	
  how	
  the	
  collapse	
  of	
  the	
  wave	
  func8on	
  and	
  other	
  ‘interpreta8ons	
  of	
  QM’	
  become	
  unnecessary	
  if	
  
one	
  removes	
  this	
  boundary	
  and	
  simply	
  considers	
  the	
  en8re	
  world	
  (including	
  us)	
  as	
  QM	
  systems.	
  
	
  

a1	
  
a2	
  α	
  

H-­‐atom1	
   H-­‐atom2	
  



Renninger's	
  nega7ve-­‐result	
  experiment	
  (1953)	
  

A	
  radioac8ve	
  atom	
  (emiing	
  and	
  alpha	
  par8cle)	
  is	
  placed	
  in	
  the	
  center	
  of	
  a	
  detector	
  that	
  consists	
  of	
  two	
  
hemispheres	
  and	
  that	
  are	
  100%	
  efficient	
  to	
  alpha	
  par8cles.	
  	
  
	
  
Considering	
  the	
  second	
  (purple)	
  hemisphere	
  to	
  be	
  very	
  large,	
  the	
  absence	
  of	
  the	
  a	
  signal	
  on	
  the	
  green	
  
detector	
  aTer	
  a	
  given	
  8me	
  will	
  indicate	
  that	
  the	
  alpha	
  par8cle	
  will	
  hit	
  the	
  purple	
  detector.	
  	
  
	
  
The	
  QM	
  analysis	
  will	
  come	
  out	
  right,	
  with	
  a	
  given	
  probability	
  for	
  the	
  red	
  or	
  the	
  green	
  part	
  to	
  fire	
  and	
  zero	
  
probability	
  that	
  both	
  fire.	
  
	
  
The	
  semi-­‐classical	
  analysis	
  is	
  however	
  confusing:	
  
The	
  wavefunc8on	
  has	
  collapsed	
  although	
  there	
  was	
  no	
  measurement	
  performed	
  with	
  the	
  green	
  detector	
  ?	
  
A	
  non	
  measurement	
  collapses	
  a	
  wavefunc8on	
  ?	
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Constr. Physics LEP 

Construction Physics Proto Design LHC 

Construction Physics Design HL-LHC 

Physics Construction Proto 

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 

20 years 

                CERN Circular Colliders and FCC 

Design                  FCC 

FCC Conceptual Design Report by end 2018 for the European strategy update 
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International FCC 
collaboration (CERN as 
host lab) to study:  
•  pp-collider (FCC-hh)                      

à main emphasis, defining 
infrastructure requirements  

•  80-100 km infrastructure in 
Geneva area 

•  e+e- collider (FCC-ee) as 
potential intermediate step 

•  p-e (FCC-he) option 

•  HE-LHC with FCC-hh technology 

~16 T ⇒ 100 TeV pp in 100 km 

Future Circular Collider Study  
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FCC-­‐hh	
  as	
  a	
  Heavy	
  Ion	
  Collider	
  
hXps://arxiv.org/pdf/1605.01389v3.pdf	
  

FCC-­‐hh	
  as	
  heavy	
  ion	
  collider	
  shows	
  interes8ng	
  luminosity	
  evolu8on	
  along	
  the	
  fill:	
  	
  



Beam	
  and	
  Luminosity	
  Evolu7on	
  

J.M.	
  JoweX,	
  M.	
  Schaumann,	
  FCC	
  Week	
  2015,	
  Washington	
  DC,	
  24	
  March	
  2015	
   11	
  

During	
  the	
  beams	
  are	
  in	
  collision	
  the	
  instantaneous	
  value	
  
of	
  the	
  luminosity	
  will	
  change:	
  

The	
  beam	
  evolu8on	
  with	
  8me	
  is	
  obtained	
  by	
  solving	
  a	
  system	
  of	
  
four	
  differen8al	
  equa8ons	
  (dominant	
  effects	
  only	
  	
  shown	
  here,	
  
more	
  included	
  in	
  simula8ons):	
  

with	
  

:	
  revolu8on	
  freq.	
  
:	
  no.	
  bunches/beam	
  
:	
  β-­‐func8on	
  at	
  IP	
  
:	
  no.	
  par8cles/bunch	
  
:	
  geom.	
  emiXances	
  	
  
:	
  bunch	
  length	
  
	
  
:	
  total	
  cross-­‐sec8on	
  
:	
  IBS	
  growth	
  rate	
  
:	
  rad.	
  damping	
  rate	
  Intensity	
  

	
  
	
  
Hor.	
  EmiXance	
  
	
  
	
  
Ver.	
  EmiXance	
  
	
  
	
  
Bunch	
  Length	
  

J.	
  JoweX,	
  M.	
  Schaumann,	
  
FCC	
  week	
  Washington	
  2015	
  
	
  



Effects	
  on	
  the	
  Emi[ance	
  –	
  a	
  new	
  regime	
  

J.M.	
  JoweX,	
  M.	
  Schaumann,	
  FCC	
  Week	
  2015,	
  Washington	
  DC,	
  24	
  March	
  2015	
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Intra-­‐Beam	
  Sca[ering	
  (IBS)	
   (Synchrotron)	
  Radia7on	
  Damping	
  

EmiXance	
  Growth	
   EmiXance	
  Shrinkage	
  

Growth	
  rate	
  dynamically	
  changing	
  with	
  
beam	
  proper7es:	
  

Damping	
  rate	
  is	
  constant	
  for	
  a	
  given	
  energy:	
  

IBS	
  is	
  weak	
  for	
  ini8al	
  beam	
  parameters,	
  
but	
  increases	
  with	
  decreasing	
  emiXance	
  .	
  

Mul$ple	
  small-­‐angle	
  Coulomb	
  sca2ering	
  
within	
  a	
  charged	
  par$cle	
  beam.	
  

A	
  charged	
  par$cle	
  radiates	
  energy,	
  when	
  it	
  
is	
  accelerated,	
  i.e.	
  bend	
  on	
  its	
  circular	
  orbit.	
  

Fast	
  emi[ance	
  decrease	
  at	
  the	
  beginning	
  of	
  the	
  fill,	
  	
  
un7l	
  IBS	
  becomes	
  strong	
  enough	
  to	
  counteract	
  the	
  radia7on	
  damping.	
  

Growth	
  Times	
   Unit	
   FCC	
  @	
  50Z	
  TeV	
  

[h]	
   29.1	
  

[h]	
   30.0	
  

Damping	
  Times	
   Unit	
   FCC	
  @	
  50Z	
  TeV	
  

[h]	
   0.24	
  

[h]	
   0.49	
  



Pb-­‐Pb	
  Luminosity	
  Evolu7on	
  

J.M.	
  JoweX,	
  M.	
  Schaumann,	
  FCC	
  Week	
  2015,	
  Washington	
  DC,	
  24	
  March	
  2015	
   13	
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FCC-­‐hh	
  general	
  purpose	
  detector:	
  Twin	
  Solenoid	
  +	
  Dipole	
  Magnet	
  System	
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FCC-­‐hh	
  general	
  purpose	
  reference	
  detector	
  
100TeV	
  pp	
  collisions,	
  Lpeak	
  =	
  3x1035	
  cm-­‐2s-­‐1	
  ,	
  Lint	
  =3/30	
  ab-­‐1	
  
25ns/5ns	
  bunchcrossing,	
  pileup	
  1000/200	
  per	
  bunchcrossing	
  	
  

4T,	
  10m	
  free	
  bore	
  unshielded	
  solenoid,	
  two	
  4T	
  unshielded	
  forward	
  solenoids,	
  	
  
precision	
  spectroscopy	
  and	
  ECAL	
  up	
  to	
  eta=4,	
  Tracking	
  and	
  Calo	
  up	
  to	
  eta=6	
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Radia7on	
  Calcula7ons	
  

In the central tracker, close to the beampipe, the radiation is dominated 
by the primary hadrons. 
 
In the forward tracker there is in addition a significant neutron flux from 
the calorimeter.	
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  Ilaria	
  Besana	
  

Radia7on	
  Calcula7ons	
  



Rutherford and Geiger 1908 ‘Geiger Counter’ Newton Reflector 1668  

Detectors for Astronomy and Particle Physics 
Cosmic ray telescope 1934  

Very	
  old	
  ‘principles’	
  and	
  even	
  
specific	
  devices	
  were	
  
enormously	
  boosted	
  in	
  their	
  
performance	
  by	
  new	
  readout	
  
technologies.	
  
	
  
Telescopes:	
  
Visual	
  à	
  photo	
  à	
  CCD	
  à	
  …	
  	
  
	
  
Detectors:	
  
Photos	
  à	
  coun8ng	
  à	
  	
  
microelectronics,	
  compu8ng	
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Future Triggering 

Pipeline Memories,  e.g. ATLAS 
Liquid Argon Calorimeter: 
 
Analog pipeline i.e.  
Switch Capacitor Array (SCA) 
 
Up to now, full Digitization was not 
possible at 40MHz 12bit in 2005 due 
to excessive power consumption. 
 
 
The power consumption of ADCs has 
however desreased dramatically 
over the last years i.e. for the LHC 
experiment upgrades, 40MHz 
digitization will be possible ! 
 
Data transferred to USA15 at 25TB/s. 

04/02/2014 
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LHC	
  to	
  HL-­‐HLC	
  

 100Hz On tape 

100kHz Level-1 

0.8 GHz Event rate @ 40MHz 4 GHz Event Rate @ 40MHz 

0.5-1 MHz Level-1 Rate 

5-10kHz Rate to Tape 

ATLAS/CMS plans for L=5x1034 

÷ 400 

÷ 1000 

÷ 40 

÷ 100 

Increase in computing power, 
according to Moores Law doubling every 2 years, 
and related increase in storage capacity, 
makes it possible ! 
 

04/02/2014	
   W.	
  Riegler,	
  CERN	
  



ATLAS	
  &	
  CMS	
  @	
  HL-­‐LHC	
  (2025-­‐2026)	
  

10-20 GB/s 

Storage 

Level 1 

HLT 

5-10 kHz (2MB/event) 

40 GB/s 

Storage 

Level 1 

HLT 

10 kHz (4MB/event) 

ç PEAK OUTPUT è  

40 MHz 

0.5-1 MHz 

Hardware trigger 
to reduce events 
rate by factor 40 



40 MHz 

40 MHz 

5-40 MHz 

20 kHz (0.1 MB/event) 

2 GB/s 

Storage 

Reconstruction 
+ 

Compression 

50 kHz 

75 GB/s 

50 kHz (1.5 MB/event) 

ç PEAK OUTPUT è  

No Hardware 
trigger, all data 
into HLT  !  

ALICE	
  &	
  LHCb	
  in	
  LS2	
  (2019-­‐2020)	
  



hXp://www.livescience.com/23074-­‐future-­‐computers.html	
  

“If	
  the	
  doubling	
  of	
  compu7ng	
  power	
  every	
  two	
  years	
  con7nues	
  to	
  hold,	
  then	
  by	
  2030	
  
whatever	
  technology	
  we're	
  using	
  will	
  be	
  sufficiently	
  small	
  that	
  we	
  can	
  fit	
  all	
  the	
  
compu7ng	
  power	
  that's	
  in	
  a	
  human	
  brain	
  into	
  a	
  physical	
  volume	
  the	
  size	
  of	
  a	
  brain”,	
  	
  
	
  
explained	
  Peter	
  Denning,	
  dis7nguished	
  professor	
  of	
  computer	
  science	
  at	
  the	
  Naval	
  
Postgraduate	
  School	
  and	
  an	
  expert	
  on	
  innova7on	
  in	
  compu7ng.	
  	
  
	
  
"Futurists	
  believe	
  that's	
  what	
  you	
  need	
  for	
  ar7ficial	
  intelligence.	
  At	
  that	
  point,	
  the	
  
computer	
  starts	
  thinking	
  for	
  itself.“	
  
	
  
à  Computers	
  will	
  anyway	
  by	
  themselves	
  figure	
  out	
  what	
  to	
  do	
  with	
  the	
  data	
  by	
  2035.	
  

Moore‘s	
  Law	
  

14/02/2014	
   W.	
  Riegler,	
  CERN	
  



23/01/2017	
   W.	
  Riegler,	
  Par8cle	
  Detectors	
   24	
  

MICRO-­‐G
ROOV

E	
  CHA
MBER	
  

Bellazzini et al NIMA424(99)444 

MICROWIRE CHAMBER 

B. Adeva et al NIMA461(2001)33  

MICRO-PIN ARRAY (MIPA) 

P. Rehak et al TNS NS47(2000)1426 

MICRO-PIXEL CHAMBER 

Ochi et al NIMA471(2001)264  

L.Dick et al NIMA535(2004)347 

Micro	
  Pa[ern	
  Gas	
  Detectors	
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Micro	
  Pa[ern	
  Gas	
  Detectors	
  

MICROMEGA                           MSGC                                     GEM 

MicroMeshGasdetector           MicroStripGasChamber               GasElectronMultiplier 

Note:	
  	
  
Wire	
  Chambers	
  are	
  s7ll	
  very	
  prac7cal	
  detectors,	
  with	
  high	
  electric	
  field	
  only	
  on	
  the	
  
wire	
  surface,	
  well	
  defined	
  poten7als	
  in	
  the	
  en7re	
  detector	
  volume	
  and	
  not	
  extremely	
  
demanding	
  in	
  terms	
  of	
  construc7on	
  cleanness	
  etc.	
  



Scaling Technologies 

Scaling	
  new	
  Technologies	
  to	
  Large	
  Surface	
  Applica8ons	
  takes	
  significant	
  8me	
  and	
  effort.	
  Example:	
  
COMPASS	
  GEMs	
  and	
  MICROMEGAS.	
  	
  

These	
  technologies	
  are	
  only	
  now	
  applied	
  at	
  the	
  LHC	
  on	
  a	
  large	
  scale	
  (LHCb	
  GEMs	
  and	
  Totem	
  GEMs	
  
are	
  s8ll	
  rela8vely	
  small	
  scale).	
  

ALICE	
  TPC	
  upgrade:	
   	
   	
  100m2	
  of	
  4-­‐GEM	
  detectors	
  
CMS	
  Muon	
  System	
  upgrade:	
  	
  100m2	
  of	
  triple	
  GEM	
  detectors	
  in	
  LS2	
  
ATLAS	
  New	
  Small	
  Wheel:	
   	
  8	
  planes	
  of	
  MICROMEGAS	
  with	
  total	
  area	
  of	
  1200m2	
  



Scaling Technologies, CMS Phase1 (2019-2020) 
CMS	
  Muon	
  System	
  upgrade	
  with	
  GEMs:	
  	
  



Scaling Technologies, ATLAS Phase1 (2019-2020) 
ATLAS	
  Muon	
  System	
  upgrade	
  with	
  MICROMEGAs:	
  New	
  Small	
  Wheel	
  

Improved	
  stability	
  by	
  resis8ve	
  layer	
  on	
  top	
  of	
  the	
  
readout	
  strips.	
  	
  



Signals in Detectors with Resistive Elements 





Scaling Technologies, ALICE Phase1 (2019-2020) 
PbPb	
  collision	
  rate	
  will	
  increase	
  from	
  10kHz	
  to	
  50kHz.	
  
With	
  100us	
  driT	
  8me,	
  classical	
  wire	
  chamber	
  ga8ng	
  will	
  not	
  work	
  
à	
  build	
  a	
  con8nuously	
  sensi8ve	
  TPC	
  with	
  GEMs	
  



Scaling Technologies, ALICE Phase1 (2019-2020) 



Scaling Technologies, ALICE Phase1 (2019-2020) 







Silicon	
  Detectors	
  for	
  Tracking	
  and	
  Calorimetry	
  















L.	
  Musa,	
  ECFA	
  HL-­‐LHC	
  workshop,	
  Oct.	
  2016	
  	
  

ALICE Silicon Tracker Upgrade (2019-2020) 



ALICE Silicon Tracker Upgrade (2019-2020) 

L.	
  Musa,	
  ECFA	
  HL-­‐LHC	
  workshop,	
  Oct.	
  2016	
  	
  



ALICE Silicon Tracker Upgrade (2019-2020) 

L.	
  Musa,	
  ECFA	
  HL-­‐LHC	
  workshop,	
  Oct.	
  2016	
  	
  



ALICE Silicon Tracker Upgrade (2019-2020) 

L.	
  Musa,	
  ECFA	
  HL-­‐LHC	
  workshop,	
  Oct.	
  2016	
  	
  



ALICE Silicon Tracker Upgrade (2019-2020) 

L.	
  Musa,	
  ECFA	
  HL-­‐LHC	
  workshop,	
  Oct.	
  2016	
  	
  



L.	
  Musa,	
  ECFA	
  HL-­‐LHC	
  workshop,	
  Oct.	
  2016	
  	
  

MAPS towards more Radiation Hardness 



L.	
  Musa,	
  ECFA	
  HL-­‐LHC	
  workshop,	
  Oct.	
  2016	
  	
  

MAPS towards more Radiation Hardness 



Silicon	
  Photomul7pliers	
  



4-51 

Solid-­‐state	
  …	
  Geiger	
  mode	
  Avalanche	
  Photodiode	
  (G-­‐APD)	
  

How	
  to	
  obtain	
  higher	
  gain	
  (=	
  single	
  photon	
  
detec8on)	
  without	
  suffering	
  from	
  excessive	
  noise	
  ?	
  
	
  
Operate	
  APD	
  cell	
  in	
  Geiger	
  mode	
  (=	
  full	
  discharge),	
  	
  
however	
  with	
  (passive)	
  quenching.	
  	
  

Photon	
  conversion	
  +	
  avalanche	
  short-­‐circuits	
  the	
  
diode.	
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GM-APD 

Quench 
resistor 

1mm 100 – several 1000 pix / mm2 

Bias bus  

Mul7	
  pixel	
  G-­‐APD,	
  called	
  G-­‐APD,	
  MPPC,	
  SiPM,	
  … 

• Musienko @PD07 

Quasi-analog detector allows photon counting with a clearly quantized signal 

20 x 20 pix 

-Vbias 

 …	



 …	



GM-APD 

γ	

 γ	



Q Q 

2Q 

Quench 
resistor 1 γ	



2 γ	



3 γ	



Sizes up to 6×6 mm2 now standard. 



Timing	
  Detector	
  for	
  HL-­‐LHC	
  et	
  al.	
  



NA62	
  GigaTracker	
  and	
  TDCPix	
  Chips	
  	
  

200um	
  silicon	
  sensor	
  with	
  300umx300um	
  pixels,	
  	
  
100um	
  TDCPix	
  Chip	
  with	
  100ps	
  8me	
  bins	
  
Microchannel	
  Cooling	
  
0.5%X0	
  per	
  sta8on	
  
0.75GHz	
  of	
  par8cles	
  in	
  total	
  
1.5MHz/mm2	
  in	
  the	
  center.	
  



NA62	
  GigaTracker	
  and	
  TDCPix	
  Chips	
  	
  



Pileup	
  at	
  HL-­‐LHC,	
  200	
  pp	
  collisions	
  per	
  BC	
  

















Conclusion	
  

Many	
  novel	
  sensors	
  are	
  finding	
  their	
  way	
  into	
  HEP	
  experiments.	
  
	
  
Silicon	
  sensors	
  are	
  being	
  con7nuously	
  improved	
  with	
  respect	
  to	
  radia7on	
  
hardness,	
  material	
  budget,	
  posi7on	
  and	
  7me	
  resolu7on.	
  Monolithic	
  Silicon	
  
sensors	
  will	
  provide	
  (are	
  providing)	
  a	
  quantum	
  jump	
  in	
  performance/cost	
  …	
  
	
  
Progress	
  in	
  microelectronics,	
  low	
  power	
  ADCs,	
  high	
  bandwith	
  data	
  
transmission	
  etc.	
  allow	
  a	
  large	
  frac7on	
  of	
  the	
  ‘trigger’	
  to	
  move	
  to	
  
compu7ng	
  farms.	
  
	
  
All	
  types	
  of	
  photon	
  sensors	
  are	
  s7ll	
  being	
  used	
  and	
  permanently	
  improved.	
  	
  
SiPMs	
  made	
  significant	
  progress	
  and	
  are	
  being	
  applied	
  on	
  a	
  large	
  scale.	
  
	
  
	
  


