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  Ar,culate	
  key	
  connec,ons	
  and	
  synergies	
  between	
  the	
  tools,	
  techniques	
  and	
  
technologies	
  developed	
  for	
  par,cle	
  physics	
  and	
  other	
  disciplines,	
  in	
  
par,cular	
  iden,fy:	
  	
  

–  Current	
  and	
  poten,al	
  impacts	
  on	
  other	
  scien,fic	
  fields	
  and	
  society	
  at	
  
large.	
  

–  Benefits	
  and	
  poten,al	
  opportuni,es	
  to	
  par,cle	
  physics	
  from	
  exchanges	
  
with	
  other	
  sciences	
  and	
  industry.	
  

–  Poten,al	
  opportuni,es	
  by	
  other	
  disciplines	
  to	
  enhance	
  the	
  effec,ve	
  
scope	
  of	
  par,cle	
  physics	
  experiments.	
  

–  Poten,al	
  for	
  HEP	
  facili,es	
  to	
  serve	
  communi,es	
  outside	
  par,cle	
  physics.	
  	
  

–  Contribu,ons	
  of	
  HEP	
  to	
  workforce	
  and	
  general	
  training.	
  
  We	
  accepted	
  the	
  charge	
  because	
  we	
  believe	
  such	
  an	
  exercise	
  is	
  ,mely	
  

(overdue),	
  and	
  ul,mately	
  will	
  benefit	
  HEP,	
  other	
  sciences	
  and	
  society	
  as	
  a	
  
whole.	
  

  Note:	
  this	
  is	
  a	
  fascina,ng	
  topic	
  and	
  our	
  study	
  is	
  just	
  a	
  start	
  and	
  we	
  hope	
  it	
  
will	
  be	
  con,nued	
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  Reviewed	
  exis,ng	
  documenta,on	
  on	
  impacts	
  of	
  tools,	
  techniques,	
  
technologies	
  and	
  skills	
  

  Contacted	
  many	
  experts,	
  both	
  within	
  and	
  outside	
  par,cle	
  physics	
  to	
  
discuss	
  current	
  and	
  poten,al	
  bi-­‐direc,onal	
  impacts	
  

–  All	
  supported	
  us	
  enthusias,cally	
  (thank	
  you!)	
  
  Noted	
  exis,ng	
  “hard	
  data”	
  and	
  places	
  where	
  addi,onal	
  sta,s,cs	
  would	
  be	
  

par,cularly	
  useful	
  

  Compiling	
  table	
  of	
  HEP-­‐trained	
  people	
  in	
  other	
  sciences	
  and	
  industry	
  for	
  
later	
  follow	
  up	
  

  This	
  presenta,on	
  represents	
  preliminary	
  comments	
  and	
  observa,ons	
  –	
  
full	
  submissions	
  from	
  contributors	
  arriving	
  now	
  

  Area	
  is	
  very	
  large;	
  were	
  able	
  to	
  only	
  cover	
  a	
  frac,on	
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Laci	
  Andricek	
  (MPG,	
  HLL)	
  
Tim	
  Antaya	
  (MIT)	
  

David	
  Asner	
  (PNNL)	
  

Vineer	
  Bhansali	
  (PIMCO)	
  	
  
Ian	
  Bird	
  (CERN)	
  	
  

Glenn	
  Boyd	
  (PANNIA)	
  
Michael	
  Campbell	
  (CERN)	
  

Manuela	
  Cirilli	
  (CERN)	
  

Bruce	
  Chai	
  (Crystal	
  Photonics)	
  	
  
Dhiman	
  Chakraborty	
  (NIU)	
  	
  

George	
  Coutrakon	
  (Loma	
  Linda/NIU)	
  
Peter	
  Denes	
  (LBNL)	
  	
  

Manjit	
  Dosanjh	
  (CERN)	
  

Daniel	
  Elvira	
  (Fermilab)	
  	
  
Michael	
  Ernst	
  (BNL)	
  

Jeff	
  Fang	
  (Shanghai	
  Ins,tute	
  of	
  
Ceramics)	
  	
  

Paulo	
  Fonte	
  (LIP,	
  Coimbra)	
  

Alex	
  Guenther	
  (PNNL)	
  
Steve	
  Ghan	
  (PNNL)	
  

Salman	
  Habib	
  (Argonne)	
  

Steve	
  Holland	
  (LBNL)	
  
Robert	
  Johnson	
  (UCSC)	
  	
  	
  
Carol	
  Johnstone	
  (Fermilab)	
  	
  
John	
  Krane	
  (Financial	
  Services)	
  
Thomas	
  Kroc	
  (Fermilab)	
  
John	
  Learned	
  (Univ.	
  of	
  Hawaii)	
  
Wim	
  Leemans	
  (LBNL)	
  	
  
Alan	
  Litke	
  (UCSC)	
  
Thomas	
  Ludlum	
  (BNL)	
  	
  
Paul	
  Mackenzie	
  (Fermilab)	
  	
  
Peter	
  McMurry	
  (Univ.	
  Minnesota)	
  
Markus	
  Nordberg	
  (CERN)	
  	
  
Ken	
  Olson	
  (SPAFOA)	
  
Joseph	
  Perl	
  (SLAC)	
  
Klaus	
  Peters	
  (Uni.	
  Frankfurt)	
  
Ruth	
  Pordes	
  (Fermilab)	
  
Erik	
  Ramberg	
  (Fermilab)	
  
Paul	
  Rubinov	
  (Fermilab)	
  	
  	
  
Rob	
  Roser	
  (Fermilab)	
  
Hartmut	
  Sadrozinski	
  (UCSC)	
  
Reinhard	
  Schulte	
  (Loma	
  Linda)	
  	
  	
  
Roy	
  Schwicers	
  (Univ.	
  of	
  Texas,	
  Aus,n)	
  	
  
John	
  Shilling	
  (PNNL)	
  

Jim	
  Smith	
  (NCAR)	
  

Christophe	
  de	
  la	
  Taille,	
  LLR,	
  

	
  	
  	
  	
  Ecole	
  Polytech,	
  Palaiseau	
  
Jennifer	
  Thomas	
  (Univ.	
  Coll.	
  London)	
  

Zhehui	
  Wang	
  (Los	
  Alamos)	
  	
  
Mark	
  Wise	
  (Caltech)	
  

Doug	
  Worsnop	
  (Aerodyne)	
  

Dennis	
  Wright	
  (SLAC)	
  
Ren-­‐yuan	
  Zhu	
  (Caltech)	
  

~40%	
  of	
  contributors	
  	
  
outside	
  of	
  HEP	
  



  Medical	
  Sciences	
  

  Compu,ng	
  and	
  Soeware	
  
  Accelerators	
  	
  
  Detectors	
  

  Facili,es	
  
  Finance	
  

P5 Meeting    ---  

Focus	
  areas	
  for	
  this	
  report	
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Medicine	
  

A	
  major	
  area	
  of	
  impact	
  of	
  HEP,	
  from	
  
therapy	
  accelerators	
  to	
  imaging	
  

detectors	
  to	
  a	
  well-­‐trained	
  workforce	
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  BGO	
  crystal	
  scin,llator	
  was	
  discovered	
  in	
  seven,es	
  and	
  	
  
quickly	
  adopted	
  by	
  HEP	
  for	
  precision	
  EM	
  calorimetry	
  

  The	
  L3	
  experiment	
  at	
  LEP	
  built	
  the	
  1st	
  BGO	
  crystal	
  	
  
calorimeter	
  consis,ng	
  of	
  11,400	
  BGO	
  crystals	
  of	
  1.5	
  	
  m3,	
  	
  
which	
  were	
  grown	
  at	
  Shanghai	
  Ins,tute	
  of	
  Ceramics	
  (SIC)	
  	
  

  Although	
  a	
  one	
  shot	
  HEP	
  market	
  for	
  SIC	
  in	
  early	
  eigh,es,	
  	
  
it	
  led	
  to	
  the	
  mul,-­‐crucible	
  growth	
  technology	
  allowing	
  	
  
growth	
  of	
  up	
  to	
  36	
  crystal	
  ingots	
  per	
  oven	
  	
  

  Opened	
  medical	
  market.	
  More	
  than	
  1,500	
  PET	
  scanners	
  	
  
have	
  been	
  built	
  with	
  SIC	
  BGO	
  by	
  GE	
  Healthcare	
  	
  
–  PET	
  scanner	
  cost:	
  $250k	
  –	
  $600k	
  
–  ~1.5	
  million	
  PET	
  scans/year	
  in	
  the	
  US	
  

  The	
  cost-­‐effec,ve	
  modified	
  Bridgman	
  growth	
  technology	
  	
  
developed	
  at	
  SIC	
  for	
  BGO	
  crystals	
  has	
  also	
  been	
  u,lized	
  in	
  	
  
developing	
  new	
  crystal	
  scin,llators	
  for	
  HEP	
  experiments	
  and	
  	
  
industry.	
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  In	
  a	
  pCT	
  head	
  scanner,	
  planes	
  of	
  Silicon	
  Strip	
  Detectors	
  track	
  the	
  proton	
  entering	
  and	
  
leaving	
  the	
  pa,ent,	
  before	
  the	
  energy	
  loss	
  is	
  measured	
  in	
  the	
  energy	
  detector.	
  
Correlate	
  the	
  measured	
  E-­‐loss	
  with	
  the	
  path	
  of	
  the	
  proton	
  through	
  the	
  pa,ent.	
  

  Development	
  based	
  on	
  silicon	
  strip	
  technology	
  developed	
  for	
  ATLAS	
  and	
  GLAST/Fermi	
  
–  A	
  crucial	
  parameter	
  is	
  the	
  sustained	
  data	
  rate	
  needed	
  for	
  an	
  image	
  to	
  be	
  acquired	
  in	
  an	
  

acceptable	
  ,me	
  frame	
  of	
  a	
  few	
  minutes.	
  Target	
  data	
  rate	
  of	
  1	
  million	
  protons	
  measured	
  per	
  
second.	
  	
  

•  The	
  ASIC	
  and	
  the	
  DAQ	
  are	
  pacerned	
  aeer	
  that	
  of	
  GLAST/Fermi,	
  but	
  with	
  a	
  100-­‐fold	
  
increase	
  in	
  speed.	
  

  The	
   design	
   of	
   the	
   head	
   scanner	
   and	
   the	
   ability	
   to	
   reconstruct	
   a	
   billion	
   events	
   per	
  
image	
  have	
  been	
  made	
  possible	
  by	
  soeware	
  developed	
  within	
  HEP.	
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ASIC	
  modeled	
  aeer	
  GLAST/FERMI	
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Beam application 

Beam transport 

Beam preparation 

‘Standard’ Accelerator structures  
Cyclotron Synchrotron Synchro-cyclotron 

Heidelberg	
  Ion-­‐beam	
  Therapy	
  	
  
Centre	
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SPECT 
Prompt γ-rays 

Electronic collimation 
Compton camera 

Silicon 
Scintillator 

Scintillator 
Scintillator 

CZT 
SCI,CZT 

Passive collimation 
Slit camera 

Single 
slit 

Multi 
slit 

Single Particle Tomography  
on-line / in-beam   

Required	
  devices:	
  	
  
	
  Hodoscope	
  (x,y,t)	
  
	
  Scacerer	
  (x,y,E)	
  
	
  Absorber	
  (x,y,z,E,t)	
  

Ray (IPN Lyon) 

Ray (IPN Lyon) 



  Development	
  of	
  a	
  “Pixel	
  Detector”	
  –	
  based	
  on	
  experience	
  with	
  Mark	
  II	
  and	
  
LHC	
  –	
  for	
  study	
  of	
  re,nal	
  output	
  

  Custom-­‐designed	
  mul,channel	
  readout	
  ICs	
  

  High-­‐density	
  wire-­‐bonding	
  for	
  interconnect	
  

  The	
  Neuroboard	
  has	
  a	
  mul,-­‐electrode	
  array	
  (MEA)	
  with	
  512	
  electrodes	
  –	
  
60	
  µm	
  interelectrode	
  spacing;	
  5	
  µm	
  electrode	
  diameter	
  –	
  to	
  detect	
  the	
  
electrical	
  signals	
  (“spikes”)	
  generated	
  by	
  hundreds	
  of	
  neurons.	
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512-electrode “Neuroboard” (2003) 

MEA 

chamber 64-channel 
“Neurochip” 

512-electrode MEA 



  Technology	
  Development:	
  	
  

–  512-­‐electrode	
  MEA	
  neural	
  recording	
  system	
  

–  512-­‐electrode	
  system	
  with	
  both	
  electrical	
  s,mula,on	
  and	
  recording	
  
–  Wireless	
  brain	
  ac,vity	
  recording	
  system;	
  for	
  studies	
  of	
  awake,	
  naturally	
  

behaving	
  animals	
  

  Neurobiology	
  	
  

–  Discovery	
  of	
  a	
  new	
  funcEonal	
  type	
  of	
  primate	
  reEnal	
  output	
  (ganglion)	
  cell	
  
(may	
  be	
  involved	
  in	
  moEon	
  percepEon)	
  

–  Func,onal	
  connec,vity	
  map	
  of	
  the	
  primate	
  re,na	
  at	
  the	
  resolu,on	
  of	
  
individual	
  cones	
  and	
  individual	
  re,nal	
  output	
  cells	
  

  Biomedical	
  Applica,ons	
  	
  

–  Re,nal	
  prosthesis	
  studies	
  for	
  diseases	
  that	
  cause	
  blindness	
  due	
  to	
  
photoreceptor	
  degenera,on	
  (e.g.	
  re,ni,s	
  pigmentosa)	
  

–  Restora,on	
  of	
  re,nal	
  func,on	
  aeer	
  selec,ve	
  photocoagula,on	
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CompuEng	
  and	
  SoIware	
  

HEP	
  has	
  been	
  at	
  the	
  forefront	
  of	
  big	
  
data	
  and	
  advanced	
  networking,	
  pushing	
  

the	
  envelope	
  for	
  the	
  benefit	
  of	
  other	
  
sciences	
  



  HEP	
  as	
  driver	
  of	
  “Big	
  Data”	
  for	
  science	
  

–  Infrastructure	
  and	
  tools	
  developed	
  and	
  demonstrated	
  to	
  manage	
  and	
  
distribute	
  ~100	
  PB	
  data	
  sets	
  

–  Network	
  infrastructure	
  –	
  HEP	
  demonstrates	
  capability	
  and	
  operability	
  

  HEP	
  development	
  of	
  World-­‐Wide-­‐Web	
  
–  Fundamentally	
  changed	
  all	
  aspects	
  of	
  business	
  and	
  social	
  interac,ons	
  

  Supercompu,ng	
  	
  

–  Laqce	
  gauge	
  theorists	
  involved	
  with	
  the	
  development	
  of	
  
supercompu,ng	
  from	
  the	
  start	
  

  Large	
  scale	
  distributed	
  compu,ng	
  

–  World	
  LHC	
  Compu,ng	
  Grid	
  (WLCG)	
  	
  as	
  exemplar;	
  leads	
  to	
  acceptance	
  
of	
  such	
  infrastructures	
  for	
  science	
  

–  Ensures/enables	
  inclusion	
  of	
  world	
  wide	
  collaborators	
  –	
  community	
  
building	
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  Global	
  federa,ons	
  of	
  trust	
  

–  Developed	
  to	
  enable	
  WLCG	
  to	
  allow	
  researchers	
  to	
  access	
  world-­‐wide	
  
resources	
  

–  Now	
  a	
  recognised	
  need	
  for	
  all	
  academics	
  and	
  researchers:	
  a	
  unique	
  
iden,fier	
  to	
  enable	
  access	
  to	
  (global)	
  IT	
  resources	
  

  Soeware:	
  
–  GEANT4	
  –	
  simula,on	
  code	
  used	
  worldwide	
  in	
  many	
  areas	
  needing	
  

par,cle	
  transport:	
  medical	
  diagnosis,	
  radia,on	
  protec,on,	
  etc	
  

–  Scien,fic	
  Linux	
  –	
  OS	
  for	
  scien,fic	
  compu,ng	
  used	
  worldwide	
  

–  Libraries	
  of	
  mathema,cs	
  and	
  scien,fic	
  algorithms	
  available	
  as	
  open	
  
source	
  (cernlib,	
  ROOT,	
  etc.)	
  

  The	
  Web,	
  grid	
  compu,ng,	
  ESnet:	
  HEP	
  ability	
  to	
  take	
  Computer	
  Science	
  
ideas	
  and	
  turn	
  them	
  into	
  a	
  prac,cal	
  reality	
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  Energy	
  Sciences	
  Network	
  (ESnet)	
  is	
  a	
  	
  
high-­‐performance,	
  unclassified	
  US	
  	
  
network	
  to	
  support	
  scien,fic	
  research.	
  	
  

  For	
  decades,	
  HEP	
  network	
  traffic	
  has	
  been	
  	
  
primary	
  driver	
  of	
  Na,onal	
  Research	
  and	
  	
  
Educa,on	
  Network	
  (NREN)	
  growth	
  
–  Large-­‐scale	
  HEP	
  data	
  flows	
  recognized	
  by	
  	
  

ESnet	
  as	
  primary	
  driver	
  for	
  strategy	
  for	
  	
  
evolving	
  architecture	
  and	
  implementa,on	
  of	
  	
  
ESnet	
  across	
  SC	
  labs	
  and	
  worldwide	
  	
  

–  HEP	
  provided	
  specific	
  requirements	
  	
  
leading	
  to	
  detailed	
  design	
  of	
  ESnet4	
  in	
  2007-­‐9,	
  	
  
leading	
  to	
  the	
  first	
  genera,on	
  network	
  designed	
  	
  
specifically	
  for	
  data-­‐intensive	
  science	
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  Spurred	
  by	
  HEP	
  needs,	
  ESnet	
  developed	
  virtual	
  circuit	
  	
  
service:	
  OSCARS	
  
–  The	
  On-­‐demand	
  Secure	
  Circuits	
  and	
  Reserva,on	
  

System	
  	
  

–  A	
  soeware	
  service	
  that	
  creates	
  dedicated	
  
bandwidth	
  channels	
  for	
  scien,sts	
  who	
  need	
  to	
  
move	
  massive,	
  ,me-­‐cri,cal	
  data	
  sets	
  around	
  the	
  
world.	
  
 The	
  service	
  is	
  now	
  used	
  by	
  other	
  data-­‐
intensive	
  science	
  communi,es	
  

 Received	
  2013	
  R&D	
  100	
  award	
  	
  
  Due	
  to	
  global	
  nature	
  of	
  HEP	
  community	
  ESnet	
  got	
  very	
  

ac,vely	
  engaged	
  in	
  collabora,ons	
  with	
  Research	
  
Network	
  providers	
  around	
  the	
  globe	
  

 Major	
  interna,onal	
  traffic	
  exchange	
  loca,ons	
  
associated	
  with	
  SC	
  programs	
  are	
  driven	
  by	
  
HEP	
  requirements	
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OSCARS	
  0.6	
  was	
  recognized	
  as	
  
one	
  of	
  R&D	
  Magazine's	
  top	
  100	
  
technologies.	
  



  Laqce	
  gauge	
  theorists	
  have	
  been	
  involved	
  with	
  the	
  development	
  of	
  
supercompu,ng	
  from	
  the	
  beginning.	
  

–  Ken	
  Wilson,	
  inventor	
  of	
  laqce	
  gauge	
  theory,	
  was	
  an	
  early	
  proponent	
  of	
  
supercompu,ng.	
  

•  In	
  the	
  70s,	
  he	
  was	
  programming	
  array	
  processors	
  in	
  assembly	
  
language	
  to	
  acack	
  cri,cal	
  phenomena	
  problems	
  for	
  which	
  he	
  won	
  the	
  
Nobel	
  Prize;	
  wrote	
  Fortran	
  compiler	
  for	
  the	
  FPS	
  array	
  processor.	
  

•  In	
  the	
  1982,	
  he	
  contributed	
  ~1/7	
  of	
  the	
  Lax	
  Report	
  which	
  led	
  to	
  the	
  
establishment	
  of	
  the	
  NSF	
  supercompu,ng	
  centers	
  in	
  1985	
  and	
  NSFNET	
  
(forerunner	
  of	
  the	
  internet)	
  in	
  1986.	
  

–  In	
  the	
  80s,	
  laqce	
  gauge	
  theorists	
  worked	
  to	
  design	
  highly	
  parallel	
  
machines	
  aimed	
  at	
  laqce	
  QCD	
  

•  In	
  academic	
  efforts	
  at	
  Caltech	
  (Cosmic	
  Cube),	
  Columbia,	
  IBM	
  (GF11,	
  
not	
  a	
  commercial	
  project),	
  	
  Fermilab,	
  ...,	
  and	
  as	
  part	
  of	
  the	
  Thinking	
  
Machines	
  project.	
  

•  These	
  helped	
  established	
  the	
  massively	
  parallel	
  paradigm	
  for	
  large-­‐
scale	
  supercompu,ng	
  that	
  has	
  been	
  the	
  industry	
  model	
  for	
  the	
  last	
  
twenty	
  years.	
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  The	
  IBM	
  Blue	
  Gene	
  Supercomputers	
  grew	
  out	
  
of	
  the	
  Columbia	
  QCD	
  machines	
  

  The	
  Columbia	
  group,	
  led	
  by	
  Norman	
  Christ,	
  
won	
  the	
  Gordon	
  Bell	
  prize	
  for	
  price/
performance	
  in	
  1998	
  for	
  the	
  QCDSP,	
  a	
  machine	
  
purpose-­‐built	
  for	
  laqce	
  QCD.	
  

  It	
  was	
  succeeded	
  by	
  the	
  QCDOC.	
  

  A	
  team	
  led	
  by	
  Alan	
  Gara	
  that	
  had	
  been	
  part	
  of	
  
these	
  projects	
  went	
  to	
  IBM	
  and	
  designed	
  the	
  
closely	
  related	
  BG/L	
  (commercial),	
  which	
  won	
  
the	
  Gordon	
  Bell	
  prize	
  for	
  performance	
  in	
  2005	
  
(Alan	
  Gara	
  now	
  at	
  Intel)	
  

–  The	
  system-­‐on-­‐a-­‐chip	
  design,	
  ,ghtly	
  
coupled	
  standard	
  processor	
  and	
  FP	
  unit,	
  
torus	
  network,	
  and	
  style	
  of	
  mechanical	
  
design	
  (small	
  easily	
  replaced	
  node	
  cards)	
  
were	
  modeled	
  on	
  the	
  Columbia	
  machines.	
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QCDOC	
  compute	
  card.	
  

BG/L	
  compute	
  card.	
  



  Very	
  promising	
  mul,-­‐grid	
  methods	
  have	
  emerged	
  to	
  solve	
  the	
  highest	
  
priority	
  problems	
  in	
  QCD	
  today.	
  

–  Laqce	
  QCD	
  community	
  is	
  working	
  with	
  collaborators	
  in	
  the	
  FASTMath	
  
SciDAC	
  Ins,tute	
  and	
  the	
  NVIDIA	
  emerging	
  applica,ons	
  group.	
  

–  FASTMath	
  colleagues	
  provide	
  a	
  framework	
  for	
  fast	
  turn-­‐around	
  
explora,on	
  and	
  tes,ng	
  of	
  novel	
  algorithmic	
  ideas;	
  interface	
  laqce	
  
QCD	
  kernels	
  with	
  the	
  FASTMath	
  HYPRE	
  applied	
  mathema,cs	
  effort.	
  

–  Collabora,on	
  with	
  NVIDIA	
  to	
  adapt	
  these	
  methods	
  for	
  many-­‐core	
  
architectures.	
  

  Compu,ng	
  industry,	
  e.g.	
  NVIDIA,	
  	
  
has	
  hired	
  USQCD’s	
  top	
  GPU	
  experts.	
  

–  They	
  work	
  with	
  academic	
  collaborators	
  to	
  acain	
  	
  
best	
  performance,	
  

–  Mike	
  Clark,	
  former	
  BU	
  postdoc,	
  evaluates	
  poten,al	
  	
  
future	
  architectures	
  in	
  terms	
  of	
  QCD	
  (cache	
  sizes,	
  	
  
memory	
  bandwidths,	
  network	
  bandwidth,	
  latency	
  sensi,vity).	
  

December 2013,    P5 Meeting    ---  Slide 20 



  Powers	
  LHC	
  compu,ng	
  and	
  data	
  analysis	
  

  Development	
  began	
  in	
  2002,	
  ini,al	
  deployment	
  in	
  2008	
  

  Depends	
  on	
  two	
  major	
  science	
  grid	
  infrastructures:	
  

–  European	
  Grid	
  Infrastructure	
  
–  Open	
  Science	
  Grid	
  (OSG)	
  in	
  United	
  States	
  

2002:	
  LCG	
  was	
  set	
  up	
  as	
  a	
  project;	
  	
  2006:	
  WLHC	
  Collabora,on	
  set	
  up	
  	
  	
  

  WLCG	
  depends	
  on	
  two	
  major	
  science	
  grid	
  infrastructures	
  ….	
  
	
  EGI	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  European	
  Grid	
  Infrastructure	
  (formerly	
  EGEE)	
  	
  

	
   	
  OSG	
  	
  	
  	
  	
  	
  -­‐	
  US	
  Open	
  Science	
  Grid	
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Archeology 
Astronomy 
Astrophysics 
Civil Protection 
Comp. Chemistry 
Earth Sciences 
Finance 
Fusion 
Geophysics 
High Energy 
Physics 
Life Sciences 
Multimedia 
Material Sciences 
… 

•  WLCG	
  has	
  been	
  leveraged	
  on	
  both	
  sides	
  of	
  
the	
  Atlan,c,	
  to	
  benefit	
  the	
  wider	
  scien,fic	
  
community	
  
–  Europe:	
  

•  Enabling	
  Grids	
  for	
  E-­‐sciencE	
  	
  
(EGEE)	
  2004-­‐2010	
  
110	
  M€	
  EC	
  Funding	
  

•  European	
  Grid	
  Infrastructure	
  	
  
(EGI)	
  	
  2010-­‐2014	
  
25	
  M€	
  EC	
  Funding	
  

–  USA:	
  
•  Open	
  Science	
  Grid	
  (OSG)	
  	
  
2006	
  onwards	
  

•  Many	
  scien,fic	
  applica,ons	
  	
  

Broader	
  Impact	
  of	
  the	
  LHC	
  
Compu,ng	
  Grid	
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  The	
  GEometry	
  ANd	
  Tracking	
  Toolkit	
  for	
  HEP	
  detector	
  simula,on	
  
  Geant4,	
  object	
  oriented	
  successor	
  of	
  Geant3,	
  started	
  at	
  	
  

CHEP	
  1994	
  in	
  San	
  Francisco	
  
–  December	
  ’94:	
  	
  CERN	
  RD44	
  project	
  start	
  
–  Apr	
  ’97:	
  	
  First	
  alpha	
  release	
  
–  Dec	
  ’98:	
  	
  First	
  Geant4	
  public	
  release	
  -­‐	
  version	
  1.0	
  

  Its	
  use	
  goes	
  currently	
  well	
  beyond	
  par,cle	
  physics:	
  
–  G4NAMU:	
  Geant4	
  North	
  Americas	
  Medical	
  Users	
  	
  

hcp://geant4.slac.stanford.edu/g4namu/	
  
–  Geant4EMU:	
  European	
  Medical	
  User	
  Organiza,on	
  

hcp://g4emu.wikispaces.com/	
  
–  Geant4MED:	
  Medical	
  Physics	
  in	
  Japan	
  

hcp://g4med.kek.jp/	
  
–  GAMOS:	
  	
  Geant	
  Architecture	
  for	
  Medicine-­‐Oriented	
  Simula,ons	
  

hcp://fismed.ciemat.es/GAMOS/	
  
–  GATE:	
  	
  Geant4	
  Applica,on	
  for	
  Tomographic	
  Emission	
  

hcp://www.opengatecollabora,on.org/	
  
–  GEANT	
  for	
  Space	
  Applica,ons	
  ini,ated	
  by	
  the	
  European	
  Space	
  Agency	
  

hcp://geant4.esa.int/	
  
–  GEANT4-­‐DNA:	
  	
  Biological	
  damage	
  to	
  DNA	
  by	
  ionizing	
  radia,on	
  	
  

hcp://geant4-­‐dna.org/	
  	
  
–  G4Beamline:	
  Simula,on	
  of	
  beamlines	
  with	
  emphasis	
  on	
  muon	
  facili,es	
  	
  

hcp://www.muonsinternal.com/muons3/G4beamline	
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P5 Meeting    ---  
Kernel I - M.Asai (SLAC) 24 MAXI ISS Columbus AMS 

EUSO 

Bepi Colombo SWIFT 

LISA 

Smart-2 

ACE 

INTEGRAL 

Astro-E2 

JWST GAIA 

Herschel 

Cassini 

GLAST 

XMM-Newton 

GEANT	
  use	
  in	
  SPACE	
  (NASA,	
  ESA,	
  JAXA)	
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  Effect	
  of	
  Compton	
  scacering	
  
on	
  Gamma-­‐ray	
  spectrum	
  in	
  	
  
solar	
  flares	
  	
  

  X-­‐Ray	
  mineralogical	
  survey	
  of	
  	
  
mercury	
  by	
  Beppi-­‐Colombo	
  

  Cosmic	
  Rays	
  in	
  planetary	
  	
  
atmo-­‐magnetospheres	
  

  Single	
  Event	
  Upset	
  (SEE)	
  in	
  	
  
SRAM	
  

  Condensed	
  Macer	
  Physics	
  
–  Phonon	
  propaga,on	
  
–  e-­‐/h+	
  transport	
  	
  

  DNA	
  modeling	
  and	
  effects	
  of	
  ionizing	
  	
  
radia,on	
  	
  

P5 Meeting    ---  

Application of Radiation Transport Simulator Geant4 to Space and Medical Science   
M. Asai (SLAC) 1 

Solar event gamma-rays 

•  Electron Bremsstrahlung – induced gammas in 
solar flares 

•  Compton back-scattering 
 ! observable gamma-ray spectrum  
 much softer than predicted by simple  
 analytic calculations 
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DNA	
  model	
  

Phonon	
  propaga,on	
  



  One	
  of	
  the	
  Chicago	
  Tribune’s	
  Top	
  20	
  Innova,ons	
  in	
  Chicago	
  that	
  changed	
  
the	
  world	
  	
  

–  1998:	
  Fermilab	
  created	
  “FermiLinux”	
  for	
  its	
  experiments	
  	
  

–  2004:	
  Fermilab	
  and	
  CERN	
  improved	
  it	
  and	
  renamed	
  it	
  Scien,fic	
  Linux	
  	
  

  More	
  than	
  140,000	
  users	
  run	
  Scien,fic	
  	
  
Linux	
  

  Runs	
  on	
  the	
  Interna,onal	
  Space	
  Sta,on	
  

  Runs	
  on	
  majority	
  of	
  campus	
  grid	
  at	
  UW-­‐	
  
Madison,	
  powering	
  student	
  research	
  from	
  	
  
economics	
  to	
  engineering	
  

  Other	
  notable	
  innova,ons	
  on	
  the	
  list:	
  zipper,	
  	
  
dishwasher,	
  vacuum	
  cleaner,	
  open-­‐	
  
heart	
  surgery,	
  sustained	
  nuclear	
  reac,on...	
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hcp://bluesky.chicagotribune.com/originals/chi-­‐countdown-­‐to-­‐20-­‐top-­‐chicago-­‐innova,ons-­‐bsi-­‐20131015,0,0.html	
  



Accelerators	
  

Mainly	
  covered	
  in	
  ‘Accelerators	
  for	
  
America’s	
  future’;	
  few	
  more	
  recent	
  

developments	
  covered	
  here	
  



  Compact	
  superconduc,ng	
  proton	
  
cyclotron	
  for	
  proton	
  therapy	
  developed	
  
by	
  MeVion:	
  	
  	
  

–  Nb3Sn	
  Coils	
  	
  
–  High	
  Jc	
  strand-­‐	
  ~3000	
  A/mm2	
  

  Conductor	
  comes	
  straight	
  out	
  of	
  the	
  DOE	
  
HEP	
  Conductor	
  Development	
  Program	
  
and	
  extensively	
  veced	
  by	
  US	
  LARP	
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  MEVION	
  S250	
  at	
  the	
  
Siteman	
  Cancer	
  Center	
  at	
  
Barnes-­‐Jewish	
  Hospital	
  and	
  
Washington	
  University	
  
School	
  of	
  Medicine	
  now	
  in	
  
clinical	
  commissioning.	
  



  Bringing	
  the	
  energy	
  fron,er	
  back	
  to	
  the	
  U.S.	
  will	
  require	
  major	
  innova,ons	
  in	
  
compactness	
  and	
  cost	
  of	
  accelerator	
  technology	
  	
  
–  Laser-­‐driven	
  accelera,on	
  has	
  demonstrated	
  >100	
  GeV/m	
  gradient	
  

  R&D	
  needs	
  for	
  laser	
  driven	
  systems	
  that	
  will	
  come	
  from	
  other	
  sciences:	
  	
  
–  Infrared,	
  ultrafast	
  (<1	
  ps)	
  
–  Joule-­‐class	
  energy	
  
–  Lasing	
  materials	
  
–  TW/PW	
  peak	
  power	
  
–  kW	
  average	
  power	
  
–  Efficient	
  (>15%)	
  
–  kHz	
  rep	
  rate	
  
–  High	
  quality	
  

•  Stable	
  
•  Beam	
  quality	
  
•  Low	
  phase	
  noise	
  
•  high	
  pulse	
  contrast	
  

  Serves	
  electron-­‐positron	
  accelerators,	
  light	
  sources	
  and	
  medical	
  accelerators	
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Report:	
  hcp://science.energy.gov/hep/research/accelerator-­‐rd-­‐stewardship/workshop-­‐reports/	
  	
  



  Many	
  applica,ons	
  in	
  industry	
  include:	
  
–  Electron	
  beam	
  used	
  for	
  cross-­‐linking	
  polymers	
  

displaces	
  the	
  use	
  of	
  vola,le	
  chemicals	
  in	
  many	
  
manufacturing	
  processes:	
  

•  Wire	
  insula,on,	
  heat-­‐shrinkable	
  films	
  &	
  tubing,	
  
foam,	
  ,res	
  

–  Electron	
  beam	
  curing	
  of	
  inks,	
  coa,ngs	
  &	
  adhesives	
  
to	
  eliminate	
  chemical	
  waste	
  and	
  reduce	
  power	
  
consump,on	
  vs.	
  thermal	
  curing	
  

–  Steriliza,on	
  of	
  medical	
  equipment	
  
–  Disinfec,on	
  and	
  removal	
  of	
  pathogens	
  from	
  food,	
  

water	
  &	
  waste	
  water	
  
–  Ion	
  implanta,on	
  to	
  dope	
  silicon	
  and	
  germanium	
  in	
  

semiconductors	
  
–  Ion	
  beam	
  treatment	
  of	
  high-­‐speed	
  cuqng	
  tools	
  and	
  

ar,ficial	
  joints	
  
–  Superconduc,ng	
  RF	
  accelerators	
  to	
  provide	
  

compact	
  light	
  sources	
  
–  Irradia,on	
  of	
  mail	
  for	
  security	
  	
  

  Industry	
  applica,ons	
  tend	
  to	
  demand	
  improved	
  beam	
  
power,	
  but	
  rarely	
  higher	
  energy	
  or	
  beam	
  brightness…	
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  A	
  major	
  project	
  in	
  Basic	
  Energy	
  Sciences	
  is	
  being	
  modified	
  to	
  take	
  
advantage	
  of	
  the	
  R&D	
  efforts	
  in	
  SRF	
  technology	
  made	
  by	
  HEP	
  and	
  NP	
  

–  The	
  modified	
  plans	
  for	
  the	
  update	
  to	
  the	
  Linac	
  Coherent	
  Light	
  Source	
  
at	
  SLAC	
  call	
  for	
  a	
  superconduc,ng	
  RF	
  linear	
  accelerator	
  in	
  the	
  first	
  third	
  
of	
  the	
  exis,ng	
  linac	
  tunnel	
  

–  In	
  the	
  updated	
  plan,	
  Fermilab	
  and	
  Jefferson	
  Lab	
  would	
  provide	
  SRF	
  
components	
  for	
  this	
  cri,cal	
  ini,al	
  por,on	
  of	
  LCLS-­‐II	
  

–  LCLS-­‐II	
  “will	
  enable	
  world-­‐	
  
leading	
  experiments	
  in	
  	
  
chemistry,	
  physics,	
  biology,	
  	
  
and	
  materials	
  science	
  –	
  	
  
experiments	
  that	
  will	
  	
  
expand	
  the	
  science	
  fron,ers	
  	
  
and	
  advance	
  energy	
  science	
  	
  
resul,ng	
  in	
  broad	
  economic	
  	
  
and	
  societal	
  benefits.”	
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Detectors	
  

Not	
  just	
  for	
  par,cle	
  physics	
  …	
  	
  



  Resis,ve	
  Plate	
  Chamber	
  Technology	
  	
  
used	
  for	
  volcano	
  tomography	
  using	
  	
  
atmospheric	
  muons	
  

  Similar	
  measurements	
  planned	
  at	
  Stromboli	
  and	
  Vesuvius	
  (Mu-­‐Ray	
  
Project)	
  using	
  scin,llator	
  ,les	
  and	
  Silicon	
  Geiger-­‐mode	
  Photo-­‐Mul,pliers	
  	
  

  Scin,llator	
  strips	
  and	
  Cherenkov	
  counters	
  used	
  for	
  imaging	
  Maya	
  ruins	
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The	
  Puy	
  de	
  Dome	
  (Massive	
  central)	
   Muon	
  tomography	
  using	
  RPCs	
  
(Tomuvol	
  experiment)	
  



  Scin,lla,ng	
  strips	
  and	
  Cherenkov	
  counter	
  used	
  for	
  imaging	
  inside	
  of	
  Maya	
  
ruins	
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  ASIC	
  developed	
  for	
  readout	
  of	
  Silicon	
  PMs	
  being	
  used	
  in	
  a	
  handheld	
  peri-­‐
opera,ve	
  gamma	
  camera	
  called	
  TReCam	
  (Tumor	
  Resec,on	
  Camera)	
  for	
  
lymphoscin,graphy	
  	
  

  Cancer	
  detec,on	
  through	
  injec,on	
  of	
  a	
  radioac,ve	
  solu,on	
  around	
  the	
  
tumor;	
  	
  Lympho-­‐scin,graphy	
  then	
  counts	
  the	
  lymph	
  nodes	
  and	
  situate	
  
them	
  precisely.	
  	
  	
  

December 2013,    P5 Meeting    ---  Slide 35 

TReCam	
  camera	
  

49	
  x	
  49	
  mm2	
  field	
  of	
  view	
  
LaBr3:Ce	
  crystal	
  op,cally	
  
coupled	
  to	
  a	
  mul,-­‐anode	
  
photomul,plier	
  tube	
  

Peri-­‐opera,ve	
  compact	
  
imager	
  to	
  aid	
  breast	
  cancer	
  

surgery	
  	
  	
  

Data	
  acquisi,on	
  based	
  on	
  
the	
  SPIROC	
  ASIC	
  developed	
  

for	
  CALICE	
  



  The	
  Pilatus	
  detector	
  is	
  currently	
  a	
  workhorse	
  at	
  synchrotron	
  facili,es	
  	
  

  Developed	
  at	
  PSI,	
  it	
  is	
  a	
  direct	
  descendant	
  of	
  the	
  CMS	
  pixel	
  detector	
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CMS	
  Pixel	
  detector	
  

Pilatus	
  X-­‐ray	
  detector	
  

Pilatus	
  Diffrac,on	
  Pacern	
  	
  



  Three	
  major	
  2D	
  Imaging	
  x-­‐ray	
  detector	
  developments	
  in	
  Europe	
  for	
  XFEL,	
  
with	
  corresponding	
  DAQ	
  systems;	
  exper,se	
  straight	
  out	
  of	
  HEP	
  	
  

–  Adap,ve	
  Gain	
  Integra,ng	
  Pixel	
  Detector	
  –	
  AGIPD	
  
–  Large	
  Pixel	
  Detector	
  –	
  LPD	
  
–  DEPFET	
  Sensor	
  with	
  Signal	
  compression	
  –	
  DSSC	
  

December 2013,    P5 Meeting    ---  Slide 37 

AGIPD:	
  Hybrid	
  pixel	
  detector	
  
Dynamic	
  range/pixel/pulse	
  
104	
  @12	
  keV	
  
#	
  of	
  Storage	
  cells	
  250	
  –	
  300	
  
Pixel	
  size:	
  200	
  x	
  200	
  μm2	
  

DSSC:	
  DEPFET-­‐based	
  
Dynamic	
  range/pixel/pulse	
  
6000	
  @1	
  keV	
  
Storage	
  Cells	
  ≈	
  640	
  
Pixel	
  Size	
  ≈	
  236	
  x	
  236	
  μm2	
  

LPD:	
  Hybrid	
  pixels	
  	
  
Dynamic	
  range	
  
105@12	
  keV	
  
Storage	
  Cells	
  ≈	
  512	
  
Pixel	
  Size	
  500	
  x	
  500	
  μm2	
  

AGIPD	
   LPD	
   DSSC	
  



  Grew	
  out	
  of	
  the	
  development	
  of	
  the	
  silicon	
  hybrid	
  	
  
pixel	
  detectors	
  for	
  LHC	
  

  The	
  single	
  photon	
  coun,ng	
  provides	
  excellent	
  noise	
  	
  
free	
  images,	
  Ideal	
  in	
  photon	
  starved	
  situa,ons	
  

  Many	
  different	
  applica,on	
  both	
  foreseen	
  and	
  	
  
otherwise!	
  
–  Electron	
  microscopy	
  

–  Neutron	
  imaging	
  
–  Nuclear	
  power	
  plant	
  decommissioning	
  

–  Adap,ve	
  op,cs	
  
–  Dosimetry	
  in	
  space	
  

–  Gas	
  detectors	
  
–  Beam	
  collima,on	
  studies	
  for	
  sLHC	
  

  All	
  development	
  nearly	
  ideally	
  suited	
  for	
  	
  
upgrade	
  plans	
  for	
  LHCb	
  VELO	
  detector	
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  Radia,on	
  damage	
  studies	
  of	
  PWO	
  crystals	
  showed	
  
that	
  thermal	
  annealing	
  of	
  PWO	
  crystals	
  in	
  oxygen	
  
atmosphere	
  and	
  ycrium	
  doping	
  were	
  effec,ve	
  to	
  
improve	
  crystal	
  radia,on	
  hardness.	
  	
  

  Idea	
  adopted	
  and	
  Ce:LYSO	
  crystals	
  and	
  thermal	
  
annealing	
  for	
  Ce:LYSO	
  were	
  patented	
  by	
  B.	
  Chai	
  in	
  
2005	
  and	
  2006	
  respec,vely.	
  	
  

  With	
  its	
  brighter	
  and	
  faster	
  scin,lla,on	
  than	
  BGO	
  
Ce:LYSO	
  dominates	
  TOF	
  PET	
  market.	
  Thousands	
  
LYSO	
  based	
  PET	
  scanners	
  have	
  been	
  marketed	
  by	
  GE	
  
and	
  Phillips.	
  	
  

  HEP	
  now	
  interested	
  in	
  Ce:LYSO	
  crystals	
  for	
  the	
  CMS	
  
forward	
  calorimeter	
  upgrade	
  and	
  (was	
  for)	
  Mu2e	
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LYSO	
  for	
  CMS	
  FCAL	
  Upgrade	
  

PWO	
  for	
  CMS	
  



  MaRIE	
  experimental	
  facility	
  (LANL):	
  Macer-­‐	
  
Radia,on	
  Interac,ons	
  in	
  Extremes	
  	
  

  For	
  the	
  study	
  of	
  processes	
  under	
  extreme	
  
condi,ons,	
  need	
  	
  

–  Picosecond	
  ,me-­‐response	
  
–  Gigahertz	
  frame-­‐rate	
  

–  Large	
  data	
  handling;	
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MaRIE:	
  Macer-­‐Radia,on	
  Interac,ons	
  in	
  Extremes	
  

  Synergy	
  with	
  HEP	
  	
  

–  Fast	
  crystals:	
  BaF2,	
  
LYSO,	
  ...	
  

–  ASICs	
  



  Developed	
  by	
  Par,cle	
  Physics	
  for	
  the	
  study	
  	
  
of	
  neutrinos	
  and	
  dark	
  macer	
  (and	
  SQUID	
  	
  
development	
  at	
  NIST)	
  

  Aeer	
  inven,on,	
  rapidly	
  implemented	
  in	
  	
  
other	
  areas:	
  	
  
–  Astrophysics	
  and	
  astronomy	
  (mm,	
  sub-­‐mm,	
  op,cal,	
  

x-­‐ray)	
  
–  Na,onal	
  Security	
  (video	
  thermal	
  imaging,	
  nuclear	
  

non-­‐prolifera,on)	
  

–  Materials	
  (elemental,	
  molecular,	
  biology)	
  

–  Quantum	
  Mechanics	
  (quantum	
  cryptography,	
  	
  
Einstein-­‐Podolsky-­‐Rosen	
  tests)	
  

–  Non-­‐accelerator	
  neutrino	
  physics	
  (beta	
  decay,	
  
coherent	
  neutrino	
  scacering,	
  cosmic	
  neutrino	
  
background)	
  

P5 Meeting    ---  

Thermometer 
sensitivity 

446  	
  	
  448	
  	
  	
  	
  	
  	
  	
  	
  	
  450	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  452	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  454	
  	
  	
  	
  	
  	
  	
  	
  	
  456	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Temperature	
  [mK]	
  

December 2013,    Slide 41 



  Transi,on	
  Edge	
  Sensors	
  tuned	
  for	
  various	
  frequency	
  ranges	
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Fig. 1 (Color online) Installing science grade sub-array modules in the 450 µm focal plane unit. (Right)
A sub-array module and handling jig, before unfolding. The new CEM array cables are shown on the left

module consists of a 32 by 40 molybdenum-copper TES detector array bump-bonded
to a 32 channel by 41 row time division SQUID multiplexer (MUX), the extra row
serving as a dark row, useful in data reduction. The hybridised wafers are glued to
a beryllium-copper “hairbrush”. The hairbrush when bolted to the focal plane block
(shown in Fig. 1) completes the thermal link from the detector array to the dilution
fridge mixing chamber. The MUX wafer is wire bonded to a ceramic “batwing” cir-
cuit board at mK temperatures to provide the electrical connections for the first and
second stage SQUIDs plus the detector and heater bias. The batwing is connected by
superconducting NbTi cables to a PCB at 1 K, which has four magnetically shielded,
NIST 8 channel SQUID Series Array (SSA) units (see Fig. 1, right).

The introduction of the phosphor-bronze clad NbTi wiring was a significant re-
design of the cold electronics modules (CEM) for the science grade detector arrays.
The aim was to reduce the thermal heat leak to the detectors from the 1 K stage,
which has been achieved. The new cables have reduced the MUX wafer temperatures
(hence the detector thermal bath) by 15 mK, with the arrays in operation.

The design and fabrication of the SCUBA-2 detector arrays have been previously
described [4, 5], together with the automated procedure for obtaining the optimal
SQUID (bias and feedback) setup for the three stages of SQUIDs in less than 90
seconds [6].

The SCUBA-2 TES detectors are operated in an approximate voltage biased mode
[7], using a small 5 m! shunt resistor located on the MUX wafer, compared to the
typical 60 m! normal state resistance of the TES. The 450 µm and 850 µm detectors
have a similar physical design for ease of manufacture. The transition temperature
of the 450 µm TES is made higher, to allow for greater power handling and a re-
laxed NEP requirement. The functional requirement at both wavelengths is that the
instrument is sky background noise limited on the telescope.

Each detector pixel includes a resistive heater used to compensate for changes in
optical power as the sky background changes, enabling detectors to be operated at
a chosen bias point for a wide range of sky powers. The heaters play a fundamental
role in the operation of the instrument for astronomical observing. Detectors are in-
dividually calibrated on the sky by measuring their responsivity using a ‘fast heater
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cleanup of heavy metal-polluted soils and is called phytoremedia-
tion technology. To reveal the mechanism of the hyper-accumula-
tions, two-dimensional analysis of the heavy elements in the
plant tissues is a key analytical method. However, conventional
SEM–EDS is not suitable for the analysis of the K-lines of heavy
elements such as Cd and As because of the low sensitivity of the
electron beam excitation for the heavy elements. Furthermore, the
detection of the L-lines of Cd and As is also difficult because
the former and the latter overlap with the K-lines of K and Mg,
respectively; both elements are essential elements for plants. This
problem was so far only solved by our high energy synchrotron
radiation (SR) m-XRF analysis.9,10 However, the SR facility is
very limited in number and requires many days to obtain beam
time. Moreover, it is difficult to carry out SEM observations
during the SR–m-XRF analysis.

The plant samples of Cd-hyperaccumulator, Arabidopsis
halleri ssp. gemmifera, and As-hyperaccumulator fern, Pteris
vittata L., were subjected to the present analysis.11

Figure 3 shows the EDS spectrum of A. halleri obtained by
the TES compared to that of the SSD. The SEM image of the
sample (trichome) and the analyzed point is shown by the arrow
in Figure 4. The CdL!1 peak (3134 eV) is well resolved from
the KK!1 peak (3314 eV), while the SSD is not (Figure 3). More-
over, the K! peaks of P and S, biologically important elements,
are clearly observable and resolved from the AuM! and M"
peaks in the coating of the sample.

Elemental mapping of the trichome sample was carried out to
locate the high-accumulation point. The analyzed points are
shown in Figure 4 (upper left) and the distributions of Cd, P,
and Zn are shown by the color scales, which were calculated from
the X-ray intensity of each element normalized from the blue
(minimum) to red (maximum) colors. It was found that both Cd
and Zn highly accumulated in the base of the bifurcation area of
the trichome. This result is consistent with that obtained by the
SR–m-XRF analysis.9

Figure 5 shows EDS spectra of a fern measured at the rim
by TES m-cal and SSD. It is found that MgK! (1254 eV) and
As L! (1282 eV) are clearly resolved in the spectrum while the
SSD data gave a broad peak.

The present results demonstrated the superior energy (i.e.,
elemental) resolution of the TES m-cal EDS. This system is supe-
rior to the wavelength dispersive X-ray spectrometer in biological
applications because the latter requires a high beam current which
causes serious damage to the samples. Moreover, the low voltage

produces low penetration of the electron beam and hence a
surface sensitive analysis, which allows a high spatial resolution
analysis. These characteristics are advantageous for the analysis
of cell or organelle, and this new analytical system will therefore
open a new stage for the SEM–EDS analysis of the biological
samples.

This work was supported by the New Energy and Industrial
Technology Development Organization (NEDO).
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Figure 3. m-cal EDS spectrum (total 100 kcounts, 131 cps, and meas.
time = 1330 s at 10 kV, 0.3 nA) of trichome compared to SSD spectrum
(300 s. at 10 kV, 0.5 nA).
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Bell violation using entangled photons without the
fair-sampling assumption
Marissa Giustina1,2*, Alexandra Mech1,2*, Sven Ramelow1,2*, Bernhard Wittmann1,2*, Johannes Kofler1,3, Jörn Beyer4,
Adriana Lita5, Brice Calkins5, Thomas Gerrits5, Sae Woo Nam5, Rupert Ursin1 & Anton Zeilinger1,2

The violation of a Bell inequality is an experimental observation
that forces the abandonment of a local realistic viewpoint—
namely, one in which physical properties are (probabilistically)
defined before and independently of measurement, and in which
no physical influence can propagate faster than the speed of light1,2.
All such experimental violations require additional assumptions
depending on their specific construction, making them vulnerable
to so-called loopholes. Here we use entangled photons to violate a
Bell inequality while closing the fair-sampling loophole, that is,
without assuming that the sample of measured photons accurately
represents the entire ensemble3. To do this, we use the Eberhard
form of Bell’s inequality, which is not vulnerable to the fair-
sampling assumption and which allows a lower collection effi-
ciency than other forms4. Technical improvements of the photon
source5,6 and high-efficiency transition-edge sensors7 were cru-
cial for achieving a sufficiently high collection efficiency. Our
experiment makes the photon the first physical system for which
each of the main loopholes has been closed, albeit in different
experiments.
In 1935, Einstein, Podolsky and Rosen1 argued that quantum

mechanics is incomplete when assuming that no physical influence
can be faster than the speed of light and that the properties of physical
systems are elements of reality. They considered measurements on
spatially separated pairs of entangled particles. Measurement on one
particle of an entangled pair instantly projects the other particle onto a
well-defined state, independently of their spatial separation. In 1964,
Bell2 showed that no local realistic theory can reproduce all quantum
mechanical predictions for entangled states. His renowned Bell inequa-
lity proved that there is an upper limit to the strength of the observed
correlations predicted by local realistic theories. Quantum theory’s pre-
dictions violate this limit.
In a Bell experiment, one prepares pairs of entangled particles and

sends them to two observers, Alice and Bob, for measurement and
detection. Alice and Bob observe correlations between their results
that, for specific choices of their measurement settings, violate the
Bell inequality and hence force abandonment of local realism.
It is common that in an experiment, some particles emitted by the

source will not be detected3,8. In such a case, the subset of detected
particles might display correlations that violate the Bell inequality
although the entire ensemble can be described by a local realistic
theory. To achieve a conclusive Bell violation without assuming that
the detected particles are a ‘fair’ sample, a highly efficient experimental
set-up is necessary. This efficiency need not be perfect3.
Experimental limitations have made it necessary to assume fair

sampling in nearly every Bell experiment performed to date, with a
few exceptions9–13. In particular, owing to the lack of efficient sources
and detectors, this assumption has always been unavoidable in Bell
experiments on entangled photon pairs.

Since the first experimental Bell test14, a satisfactory laboratory
realization of the motivating gedankenexperiment has remained a
challenge15,16. The two other main assumptions include ‘‘locality’’17,18

and ‘‘freedom of choice’’19. Invoking any of these three assumptions
renders an experiment vulnerable to explanation by a local realistic
theory. The realization of an experiment that is free of all three
assumptions—a loophole-free Bell test—remains an important goal
for the physics community20. An important step has been the realiza-
tion of quantum steering experiments that have also addressed the
issue of loopholes21–23. Our experiment makes photons the first phy-
sical system for which all three assumptions have been successfully
addressed in a Bell test, albeit in different experiments.
In our experiment, we employ Eberhard’s inequality, a Bell inequa-

lity that inherently does not rely on the fair-sampling assumption4.
Our scheme is characterized by a number of technical improvements
over previous experiments. Each such improvement contributed cru-
cially to reaching the high collection efficiency and visibility necessary
for violating the inequality. Our source of photon pairs uses sponta-
neous parametric down-conversion in a Sagnac configuration, which
has proved to be efficient5,6. For photon detection, we use super-
conducting transition-edge sensors (TESs), which not only have a high
detection efficiency but are also intrinsically free of dark counts7. These
two characteristics are essential for an experiment in which no correc-
tion of count rates can be tolerated.
Eberhard’s inequality, whichwas proposed almost twodecades ago4,

is a Clauser–Horne-type Bell inequality24 that explicitly includes
undetected (inconclusive) events. Therefore, itsmere violation directly
implies that the fair-sampling loophole is closed. Also, the derivation
of Eberhard’s inequality includes pairs not detected on either side (and
can be generalized for those not even produced), which means that no
post-selection on the created pairs is necessary to violate the inequality.
Eberhard’s inequality requires the lowest known symmetric arm

efficiency for non-maximally entangled qubit states, namely g5 2/3<

*These authors contributed equally to this work.
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Figure 1 | Principle of the experiment. Violation of an Eberhard inequality
involves a source of polarization-entangled pairs as well as polarization
measurements. Each measurement device can rotate the photon’s polarization
according to one of two settings (a1, a2 and b1, b2) before projecting the photon
into the ‘ordinary’ (o) or ‘extraordinary’ (e) output of a polarizing beam splitter
and detecting it. All lost photons are also included in the derivation of the
inequality as ‘undetected’ (u) events. The different terms of the inequality
are photon counts recorded in the different settings.
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Quantum steering allows two parties to verify shared entanglement even if one measurement 
device is untrusted. A conclusive demonstration of steering through the violation of a steering 
inequality is of considerable fundamental interest and opens up applications in quantum 
communication. To date, all experimental tests with single-photon states have relied on post 
selection, allowing untrusted devices to cheat by hiding unfavourable events in losses. Here 
we close this ‘detection loophole’ by combining a highly efficient source of entangled photon 
pairs with superconducting transition-edge sensors. We achieve an unprecedented ~62% 
conditional detection efficiency of entangled photons and violate a steering inequality with 
the minimal number of measurement settings by 48 s.d.s. Our results provide a clear path to 
practical applications of steering and to a photonic loophole-free Bell test. 
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FaciliEes	
  

From	
  materials	
  science	
  
to	
  astronomy,	
  many	
  

sciences	
  benefit	
  from	
  
HEP	
  facili,es	
  and	
  	
  

vice-­‐versa	
  



  Accelerator	
  Based	
  par,cle	
  physics	
  sites	
  
have	
  par,cle	
  beams	
  –	
  protons,	
  pions,	
  
electrons,	
  muons,	
  ...	
  	
  

  Study	
  of	
  nuclea,on	
  of	
  aerosol	
  par,cles	
  
and	
  their	
  effects	
  on	
  the	
  atmosphere;	
  
effects	
  of	
  cosmic	
  rays	
  in	
  the	
  context	
  of	
  
seeding	
  clouds	
  

  Cosmics	
  Leaving	
  Outdoor	
  Droplets	
  
(CLOUD)	
  experiment	
  at	
  CERN	
  
–  Based	
  at	
  CERN’s	
  Proton	
  Synchrotron	
  
–  Uses	
  a	
  cloud	
  chamber	
  to	
  study	
  the	
  

possible	
  link	
  between	
  galac,c	
  cosmic	
  
rays	
  and	
  cloud	
  forma,on	
  
(Nature	
  502,	
  359–363	
  (17	
  October	
  2013))	
  

  SeaQuest	
  nuclear	
  physics	
  experiment	
  at	
  
Fermilab	
  	
  
–  Measuring	
  contribu,ons	
  of	
  

an,quarks	
  to	
  nucleon	
  structure	
  using	
  
protons	
  from	
  the	
  Fermilab	
  Main	
  
Injector	
  accelerator	
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  How	
  to	
  understanding	
  the	
  center	
  of	
  the	
  earth?	
  	
  

  Total	
  Heat	
  Flow	
  at	
  surface	
  47	
  ±	
  2	
  TW	
  

–  Geology	
  predicts	
  16-­‐42	
  TW	
  of	
  radioac,ve	
  power	
  

•  ~20	
  %	
  escapes	
  to	
  space	
  as	
  geoneutrinos	
  
•  ~80	
  %	
  heats	
  planet	
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Present	
  and	
  possible	
  
experiments	
  for	
  	
  
Geoneutrinos	
  	
  



  Muons	
  provide	
  a	
  complementary	
  probe	
  to	
  neutrons,	
  par,cularly	
  in	
  the	
  areas	
  
of	
  magne,sm,	
  superconduc,vity	
  and	
  charge	
  transport	
  

  Requires	
  stopped	
  muon	
  beams,	
  with	
  fluxes	
  of	
  the	
  order	
  of	
  104-­‐107/s/cm2	
  	
  
–  Muon	
  Spin	
  Resonance	
  (µSR)	
  &	
  Spectroscopy	
  (µ+)	
  

•  Magne,c	
  systems:	
  spinglasses,	
  colossal	
  magnetoresistance,	
  quasi-­‐crystals	
  	
  
•  Superconductors:	
  magne,c	
  phase	
  diagrams,	
  vortex	
  phases	
  
•  Transport:	
  quantum	
  diffusion,	
  conduc,ng	
  polymers	
  
•  Semiconductors	
  

–  Muonic	
  Chemistry	
  (µ-­‐):	
  free	
  radical	
  systems	
  	
  
–  Muon	
  Catalyzed	
  Fusion	
  (µ-)	
  	
  	
  	
  
–  Poten,al	
  (currently	
  mostly	
  theore,cal)	
  interest:	
  Parity	
  Viola,on	
  

experiments,	
  Vacuum	
  Polariza,on,	
  muon	
  induced	
  fission	
  

  Since	
  the	
  Los	
  Alamos	
  Muon	
  Facility	
  shut	
  down,	
  	
  
experiments	
  are	
  conducted	
  at	
  muon	
  facili,es	
  at	
  	
  
interna,onal	
  par,cle	
  physics	
  labs	
  	
  

  μSR2014,	
  held	
  every	
  three	
  years:	
  hcp://indico.psi.ch/internalPage.py?pageId=0&confId=2039	
  	
  
Muon	
  Spectrocopy:	
  hcp://www.isis.s�c.ac.uk/instruments/muon-­‐spectroscopy4762.html	
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  Sky	
  surveys	
  
–  Cameras	
  built	
  (or	
  being	
  built)	
  

by	
  HEP	
  for	
  the	
  benefit	
  of	
  
par,cle	
  astrophysics	
  and	
  the	
  
wider	
  astronomy	
  community:	
  
SDSS,	
  DES,	
  LSST	
  

  Light	
  sources:	
  second	
  lives	
  for	
  
par,cle	
  physics	
  machines:	
  	
  
–  SLAC	
  linac	
  now	
  drives	
  the	
  

Linac	
  Coherent	
  Light	
  Source	
  
(LCLS),	
  crea,ng	
  x-­‐ray	
  pulses	
  
of	
  unprecedented	
  brilliance	
  	
  

–  PETRA,	
  where	
  the	
  gluon	
  was	
  
discovered,	
  now	
  forms	
  the	
  	
  
heart	
  of	
  the	
  PETRA	
  III	
  x-­‐ray	
  	
  
radia,on	
  source	
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SLAC	
  Linac	
   DECAM	
  

PETRA	
  III	
  



Finance	
  and	
  (High	
  Energy)	
  Physics	
  

Tremendous	
  impact	
  
Hard	
  to	
  quan,fy	
  



  PhD	
  Thesis	
  “Symmetries,	
  Anomalies	
  and	
  Effec,ve	
  Field	
  Theory”,	
  Harvard,	
  
advisor	
  Howard	
  Georgi	
  (1992)	
  	
  	
  

  Undergraduate	
  at	
  Caltech	
  with	
  P5	
  panel	
  member	
  	
  

  Currently	
  managing	
  director	
  and	
  por�olio	
  manager	
  with	
  Pacific	
  
Investment	
  Managing	
  Company	
  (PIMCO)	
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  Good	
  mix	
  of	
  “hard”	
  and	
  “soe”	
  skills	
  oeen	
  lacking	
  in	
  people	
  trained	
  by	
  other	
  
fields	
  

  “Hard”	
  skills:	
  
–  Higher	
  Mathema,cs,	
  Probability,	
  (informal)	
  Sta,s,cal	
  Inference	
  
–  Scien,fic	
  Methodology	
  
–  Can	
  extract	
  info	
  from	
  dense	
  text	
  (physics	
  ar,cles,	
  but	
  also	
  legisla,on,	
  etc.)	
  
–  Skillful	
  document	
  wri,ng	
  
–  C++,	
  Python,	
  other	
  computer	
  programming	
  
–  "Big	
  Data"	
  Analysis	
  Techniques	
  

  “Soe”	
  skills:	
  
–  Collabora,ve	
  Teamwork	
  with	
  hundreds	
  or	
  thousands	
  of	
  peers	
  
–  Public	
  speaking	
  (technical	
  or	
  general	
  audiences)	
  
–  Cri,cal	
  thinking,	
  crea,vely	
  solving	
  previously	
  unsolved	
  problems,	
  oeen	
  

complex	
  problems	
  with	
  many	
  steps	
  
–  Scheduling	
  (and	
  some,mes	
  construc,on	
  of)	
  large	
  projects	
  
–  Mental	
  focus	
  
–  Strong	
  Self-­‐Mo,va,on	
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Context	
  and	
  Conclusion	
  



  Horizon	
  2020	
  is	
  a	
  EU	
  Research	
  and	
  Innova,on	
  program	
  with	
  	
  
~€80	
  billion	
  of	
  funding	
  available	
  over	
  7	
  years	
  (2014	
  to	
  2020),	
  	
  
implemen,ng	
  the	
  “Innova,on	
  Union”,	
  a	
  flagship	
  ini,a,ve	
  	
  
aimed	
  at	
  securing	
  Europe's	
  global	
  compe,,veness.	
  

  ATTRACT	
  (breAkThrough	
  innovaTion	
  pRogrAmme	
  for	
  deteCtor	
  /	
  
infrAstructure	
  eCosysTem)	
  is	
  a	
  proposal	
  from	
  CERN	
  to	
  the	
  European	
  
Commission	
  (EC)	
  for	
  a	
  dedicated	
  EC-­‐funded	
  program	
  to	
  develop	
  new	
  
(ionizing)	
  radia,on	
  sensor	
  and	
  imaging	
  technologies	
  for	
  scien,fic	
  purposes,	
  
while	
  addressing	
  also	
  societal	
  challenges	
  in	
  the	
  domains	
  of	
  health,	
  
sustainable	
  materials	
  and	
  informa,on	
  and	
  communica,on	
  technologies	
  (ICT)	
  

  Goal	
  of	
  ATTRACT	
  is	
  ~1%	
  of	
  H2020,	
  with	
  a	
  HEP	
  “share”	
  of	
  ~20%,	
  i.e.	
  ~200	
  M€	
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  This	
  presenta,on	
  could	
  only	
  give	
  a	
  taste	
  of	
  the	
  connec,ons	
  of	
  
the	
  tools,	
  techniques	
  and	
  technology	
  of	
  HEP	
  to	
  other	
  sciences	
  
and	
  society	
  as	
  a	
  whole;	
  apologies	
  to	
  those	
  topics	
  not	
  covered.	
  

  The	
  connec,ons	
  of	
  HEP	
  reach	
  far	
  and	
  wide	
  and	
  some,mes	
  in	
  
unexpected	
  places.	
  

  Some	
  developments	
  have	
  made	
  a	
  huge	
  impact.	
  	
  
– World-­‐wide	
  web,	
  hadron	
  therapy,	
  PET	
  scan,	
  ....	
  	
  

  Poten,al	
  for	
  much	
  more	
  in	
  the	
  future.	
  Par,cle	
  physics	
  
community	
  should	
  not	
  only	
  con,nue	
  its	
  efforts	
  to	
  reach	
  out	
  to	
  
other	
  communi,es,	
  but	
  up	
  its	
  game.	
  

  These	
  connec,ons	
  help	
  make	
  the	
  case	
  for	
  par,cle	
  physics	
  and	
  
discovery	
  science.	
  Other	
  fields	
  are	
  extremely	
  acrac,ve	
  and	
  
challenging	
  for	
  new	
  genera,ons	
  of	
  scien,sts;	
  HEP	
  has	
  a	
  lot	
  to	
  
gain	
  by	
  establishing	
  connec,ons	
  with	
  other	
  fields	
  (and	
  a	
  lot	
  to	
  
lose	
  by	
  not	
  doing	
  so).	
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  More	
  complete	
  case	
  studies	
  –	
  possibly	
  quan,ta,ve	
  –	
  should	
  be	
  
undertaken	
  to	
  evaluate	
  the	
  impact	
  of	
  HEP,	
  e.g.	
  
–  BGO	
  crystals	
  and	
  PET	
  Imaging	
  
–  Supercomputers	
  (HEP	
  +	
  NP)	
  
–  Proton	
  Therapy	
  
–  Scien,fic	
  Linux	
  

  A	
  series	
  of	
  joint	
  workshops	
  should	
  be	
  held	
  to	
  explore	
  the	
  connec,ons	
  of	
  
HEP	
  with	
  other	
  sciences	
  and	
  to	
  ini,ate	
  the	
  process	
  of	
  breaking	
  down	
  the	
  
stove-­‐piping	
  for	
  detector	
  development	
  among	
  the	
  sciences	
  
–  Joint	
  workshops	
  with	
  materials	
  science	
  and	
  condensed	
  macer	
  physics	
  	
  
–  Joint	
  workshop	
  on	
  imaging	
  and	
  X-­‐ray	
  detectors	
  	
  
–  Joint	
  workshop	
  on	
  hadron	
  therapy	
  	
  	
  	
  

•  Note:	
  there	
  was	
  a	
  DOE	
  –	
  Na,onal	
  Cancer	
  Ins,tute	
  (NCI)	
  joint	
  
workshop,	
  Jan	
  9	
  –	
  11,	
  2013
hcp://science.energy.gov/hep/research/accelerator-­‐rd-­‐stewardship/workshop-­‐reports/	
  

–  Joint	
  workshop	
  on	
  atmospheric	
  sciences	
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Backup:	
  further	
  material	
  



  Energy	
  Sciences	
  Network	
  (ESnet)	
  is	
  a	
  	
  
high-­‐performance,	
  unclassified	
  US	
  network	
  	
  
to	
  support	
  scien,fic	
  research.	
  Links	
  the	
  	
  
en,re	
  Na,onal	
  Laboratory	
  system,	
  its	
  	
  
supercompu,ng	
  facili,es,	
  and	
  its	
  major	
  	
  
scien,fic	
  instruments.	
  	
  

  Research	
  in	
  HEP	
  depends	
  on	
  availability	
  	
  
of	
  reliable	
  high-­‐bandwidth,	
  feature-­‐rich	
  	
  
Computer	
  Networks	
  for	
  interconnec,ng	
  	
  
instruments	
  and	
  computer	
  centers	
  	
  
globally	
  
–  Research	
  Networks	
  becoming	
  extensions	
  of	
  	
  

HEP	
  discovery	
  instruments	
  

  For	
  decades,	
  HEP	
  network	
  traffic	
  has	
  been	
  primary	
  driver	
  of	
  Na,onal	
  Research	
  
and	
  Educa,on	
  Network	
  (NREN)	
  growth	
  
–  Partnerships	
  between	
  HEP	
  and	
  NRENs	
  have	
  broken	
  new	
  ground	
  	
  
–  HEP	
  requirements	
  mo,vate	
  NREN	
  research	
  ac,vi,es	
  

•  Needs	
  process	
  of	
  transla,ng	
  results	
  into	
  architectures	
  NRENs	
  can	
  deploy	
  
–  Produc,vity	
  of	
  HEP	
  dependent	
  on	
  ecosystem	
  of	
  innova,ve	
  global	
  NRENs	
  

•  Collabora,ve	
  research	
  by	
  HEP,	
  network	
  researchers	
  and	
  NREN	
  staff	
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  CERN	
  export	
  rates	
  driven	
  	
  
(mostly)	
  by	
  LHC	
  data	
  export	
  

  Global	
  transfer	
  rates	
  are	
  	
  
always	
  significant	
  (12-­‐15	
  GB/s)	
  	
  
–	
  permanent	
  on-­‐going	
  workloads	
  

P5 Meeting    ---  

CERN Tier 1s 

Global transfers 

December 2013,    Slide 59 



  Energy	
  Sciences	
  Network	
  (ESnet)	
  is	
  a	
  	
  
high-­‐performance,	
  unclassified	
  US	
  	
  
network	
  to	
  support	
  scien,fic	
  research.	
  	
  

  Research	
  in	
  HEP	
  depends	
  on	
  availability	
  	
  
of	
  reliable	
  high-­‐bandwidth,	
  feature-­‐rich	
  	
  
Computer	
  Networks	
  for	
  interconnec,ng	
  	
  
instruments	
  and	
  computer	
  centers	
  	
  
globally	
  
–  Research	
  Networks	
  have	
  become	
  extensions	
  of	
  	
  

HEP	
  discovery	
  instruments	
  

  For	
  decades,	
  HEP	
  network	
  traffic	
  has	
  been	
  primary	
  driver	
  of	
  Na,onal	
  
Research	
  and	
  Educa,on	
  Network	
  (NREN)	
  growth	
  
–  Partnerships	
  between	
  HEP	
  and	
  NRENs	
  have	
  broken	
  new	
  ground	
  	
  
–  HEP	
  requirements	
  mo,vate	
  NREN	
  research	
  ac,vi,es	
  
–  Produc,vity	
  of	
  HEP	
  dependent	
  on	
  ecosystem	
  of	
  innova,ve	
  global	
  NRENs	
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  Large-­‐scale	
  HEP	
  data	
  flows	
  recognized	
  by	
  	
  
ESnet	
  as	
  primary	
  driver	
  for	
  strategy	
  for	
  	
  
evolving	
  architecture	
  and	
  implementa,on	
  of	
  	
  
ESnet	
  across	
  SC	
  labs	
  and	
  worldwide	
  	
  

  HEP	
  in	
  par,cular	
  provided	
  specific	
  requirements	
  	
  
leading	
  to	
  detailed	
  design	
  of	
  ESnet4	
  in	
  2007-­‐9,	
  	
  
leading	
  to	
  the	
  first	
  genera,on	
  network	
  designed	
  	
  
specifically	
  for	
  data-­‐intensive	
  science	
  

  Spurred	
  by	
  HEP	
  needs,	
  ESnet	
  developed	
  virtual	
  circuit	
  	
  
service:	
  OSCARS	
  

–  The	
  On-­‐demand	
  Secure	
  Circuits	
  and	
  Reserva,on	
  System	
  	
  

–  OSCARS	
  is	
  a	
  soeware	
  service	
  that	
  creates	
  dedicated	
  bandwidth	
  	
  
channels	
  for	
  scien,sts	
  who	
  need	
  to	
  move	
  massive,	
  ,me-­‐cri,cal	
  	
  
data	
  sets	
  around	
  the	
  world.	
  

  The	
  service	
  is	
  now	
  used	
  by	
  other	
  data-­‐intensive	
  science	
  	
  
communi,es;	
  received	
  2013	
  R&D	
  100	
  award	
  	
  

  	
  
Due	
  to	
  global	
  nature	
  of	
  HEP	
  community	
  ESnet	
  got	
  very	
  ac,vely	
  	
  
engaged	
  in	
  collabora,ons	
  with	
  Research	
  Network	
  providers	
  around	
  the	
  globe	
  

 Major	
  interna,onal	
  traffic	
  exchange	
  loca,ons	
  associated	
  with	
  SC	
  programs	
  are	
  
driven	
  by	
  HEP	
  requirements	
  	
  

P5 Meeting    ---  

OSCARS	
  0.6	
  was	
  recognized	
  as	
  
one	
  of	
  R&D	
  Magazine's	
  top	
  100	
  
technologies.	
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CERN IT Department 
CH-1211 Genève 23 

Switzerland 
www.cern.ch/it 
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  LCG	
  was	
  set	
  up	
  as	
  a	
  project	
  in	
  2	
  phases:	
  

–  Phase	
  I	
  –	
  2002-­‐2005:	
  	
  	
  Development	
  &	
  planning;	
  prototypes	
  

•  End	
  of	
  this	
  phase	
  the	
  compu,ng	
  Technical	
  Design	
  Reports	
  were	
  
delivered	
  (1	
  for	
  LCG	
  and	
  1	
  per	
  experiment)	
  

–  Phase	
  II	
  –	
  2006-­‐2008:	
  	
  Deployment	
  &	
  commissioning	
  of	
  the	
  ini,al	
  
services	
  

•  Program	
  of	
  data	
  and	
  service	
  challenges	
  

  During	
  Phase	
  II,	
  the	
  WLCG	
  Collabora,on	
  was	
  set	
  up	
  as	
  the	
  mechanism	
  for	
  
the	
  longer	
  term:	
  

–  Via	
  an	
  MoU	
  –	
  signatories	
  are	
  CERN	
  and	
  the	
  funding	
  agencies	
  	
  

–  Sets	
  out	
  condi,ons	
  and	
  requirements	
  for	
  Tier	
  0,	
  Tier	
  1,	
  Tier	
  2	
  services,	
  
reliabili,es,	
  etc.	
  	
  

–  Specifies	
  resource	
  contribu,ons	
  –	
  3	
  year	
  outlook	
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P5 Meeting    ---  

CERN	
  Tape	
  Archive	
  

CERN	
  Tape	
  Writes	
  

CERN	
  Tape	
  VerificaEon	
  

Data Loss: ~65 GB over 69 tapes 
Duration: ~2.5 years 

Tape	
  Usage	
  Breakdown	
  

15 PB 
23 PB 

27 PB 
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  Geant4	
  2013	
  Interna,onal	
  User	
  Conference	
  and	
  tutorial:	
  	
  
At	
  the	
  fron,er	
  between	
  Physics,	
  Medicine	
  and	
  Biology	
  

  62	
  Talks	
  from	
  around	
  the	
  globe;	
  104	
  par,cipants	
  

  hcp://geant4.in2p3.fr/2013	
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SoIware	
  

Tools	
  Beyond	
  HEP	
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Paul	
  Scherrer	
  Ins,tute	
  

High	
  Energy	
  Accelerator	
  Research	
  
Organiza,on	
  (KEK)	
  

TRI-­‐University	
  Meson	
  Facility	
  
(TRIUMF)	
  

Rutherford	
  Lab	
  RAL,	
  UK	
  and	
  RIKEN	
  RAL	
  
Facility	
  for	
  Muons	
  

DUBNA,	
  
Russia	
  

InternaEonal	
  µSR	
  Research	
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Luis	
  W.	
  Alvarez	
  

Andrei	
  Sakharov	
   Sir	
  Frederick	
  Charles	
  Frank	
   Yakov	
  B.	
  Zel’dovich	
  

JD	
  Jackson	
  Edward	
  Teller	
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Image:	
  RIKEN	
  ,	
  JAPAN	
  	
  
website	
  

Muon	
  Catalyzed	
  Fusion	
  process	
  	
  



Rapidly form bound states with nuclei –  Muonic atoms & molecules 
being 206 times smaller than normal electronic atoms ( Mµ/ Me ~ 206 ) 
Non Particle Physics opportunities: Muonic chemistry and 
Muon catalyzed fusion in the hydrogen systems – the latter (for pdµ) 
was discovered by Alvarez (by accident) – at LBNL; explained by E 

Teller 
and calculated exhaustively one weekend by JD Jackson – in the 

sixties. 
Postulated theoretically earlier. 
Muon Catalyzed Fusion (µcf)  research was funded for a brief period of 
time by the DOE Advanced Energy Program and the status analyzed in 

a 
JASON report JSR-88-300 in 1990 by F. Dyson, D. Eardley, S. Koonin, 
C. Max, R. Muller, M. Rosenbluth, and S. Trieman. 
 Like any other paths to nuclear fusion – the reactions generate energy 
and in the case of ddµ - Helium -3 
 Research continues internationally – KEK, ISIS, PSI, DUBNA… 
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  Rapidly form bound states with nuclei – the resulting Muonic atoms 
being 206 times smaller than normal  
electronic atoms ( Mµ/ Me ~ 206 ) 
Muonic atoms rapidly  
form Muonic Molecules 

  Muonic Chemistry 
These ‘exotic’ atoms 
and molecules also 
host muon catalyzed  
fusion in the hydrogen systems. 

  The process (for pdµ) was discovered by Alvarez (by accident) – at 
LBNL;  explained by E Teller and calculated exhaustively one 
weekend by JD Jackson. 
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electronic	
  atom	
  

Muonic	
  atom	
  

Not	
  to	
  scale!	
  



  Muon	
  Catalyzed	
  Fusion	
  (µcf)	
  	
  research	
  was	
  funded	
  for	
  a	
  brief	
  period	
  of	
  
,me	
  by	
  the	
  DOE	
  Advanced	
  Energy	
  Program	
  and	
  the	
  status	
  analyzed	
  in	
  a	
  
JASON	
  report	
  JSR-­‐88-­‐300	
  in	
  1990	
  by	
  F.	
  Dyson,	
  D.	
  Eardley,	
  S.	
  Koonin,	
  C.	
  Max,	
  
R.	
  Muller,	
  M.	
  Rosenbluth,	
  and	
  S.	
  Trieman.	
  	
  

  Research	
  con,nues	
  at	
  the	
  interna,onal	
  muon	
  facili,es	
  

  And	
  the	
  poten,al	
  promise	
  of	
  energy	
  and	
  helium	
  3	
  (as	
  with	
  other	
  fusion	
  
channels	
  remains	
  a	
  (distant?)	
  possibility	
  

December 2013,    P5 Meeting    ---  Slide 72 



December 2013,    P5 Meeting    ---  Slide 73 

Color indicates 
U/Th neutrino 

flux, mostly from 
crust 

Kamland 
SuperK	
  
HyperK 

Baksan 

Hanohano 

LENA SNO+ 

Borexino 

LBNE	
  LAr 

DayaBay2	
  



  Early	
  1900s:	
  J.W.	
  Gibbs	
  

–  Arguably	
  the	
  first	
  American	
  mathema,cal	
  physicist	
  

–  Helped	
  lay	
  the	
  founda,on	
  of	
  thermodynamics	
  and	
  sta,s,cal	
  
mechanics	
  	
  	
  

  Early	
  1900s:	
  Gibbs’	
  student	
  E.B.	
  Wilson	
  studied	
  “vital	
  sta,s,cs”	
  at	
  Harvard	
  
school	
  of	
  public	
  health;	
  became	
  mentor	
  of	
  Paul	
  Samuelson	
  

  Mid-­‐1900s:	
  Paul	
  Samuelson	
  became	
  a	
  disciple	
  of	
  the	
  Gibbsian	
  tradi,on	
  
and	
  rewrote	
  economics	
  in	
  the	
  language	
  of	
  mathema,cs,	
  borrowing	
  
extensively	
  from	
  Gibbs’	
  sta,s,cal	
  mechanics	
  

–  Awarded	
  the	
  second	
  Nobel	
  prize	
  in	
  economics	
  	
  	
  

  1959:	
  Maury	
  Osborne,	
  trained	
  as	
  an	
  astronomer,	
  wrote	
  the	
  seminal	
  paper	
  
“Brownian	
  Mo,on	
  in	
  the	
  Stock	
  Market”	
  at	
  Naval	
  Research	
  Laboratory	
  	
  

  1970s	
  and	
  1980s:	
  Physicists	
  and	
  mathema,cians	
  begin	
  to	
  enter	
  finance	
  en	
  
masse	
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  James	
  Simon:	
  PhD	
  in	
  mathema,cs	
  from	
  Berkeley	
  (1961)	
  	
  	
  
1964-­‐1968	
  at	
  MIT	
  and	
  Harvard;	
  	
  
1968:	
  chairman	
  math	
  department	
  Stony	
  Brook	
  	
  

  Developed,	
  with	
  Chern,	
  topological	
  quantum	
  field	
  theory;	
  	
  
“Chern–Simons	
  forms”,	
  especially	
  the	
  3-­‐form,	
  play	
  an	
  important	
  	
  
role	
  in	
  gauge	
  and	
  string	
  theory.	
  	
  	
  	
  

  1982	
  founded	
  the	
  Renaissance	
  hedge	
  fund,	
  in	
  East	
  Setauket.	
  Best	
  hedge	
  
fund	
  ever	
  (arguably	
  the	
  best	
  mathema,cal	
  physics	
  department	
  in	
  the	
  US)	
  	
  

–  #82	
  on	
  Forbes’	
  World	
  Richest	
  People	
  list	
  	
  

  Quark	
  model	
  invented	
  by:	
  Gell-­‐Mann	
  and	
  Zweig	
  (1964)	
  	
  	
  

  George	
  Zweig	
  works	
  since	
  2004	
  for	
  Renaissance	
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  Proton	
  computed	
  tomography	
  (pCT)	
  is	
  a	
  low-­‐dose	
  imaging	
  modality	
  to	
  
generate	
  a	
  map	
  of	
  the	
  proton	
  stopping	
  power	
  in	
  the	
  pa,ent’s	
  ,ssue,	
  to	
  be	
  
used	
  in	
  treatment	
  planning.	
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Calorimeter	
  
Downstream	
  
Tracker	
  Upstream	
  	
  

Tracker	
  

Mo,on	
  stage	
  
and	
  phantom	
  

Readout	
  	
  
Electronics	
  

Readout	
  	
  
Electronics	
  

  Tracker	
  
–  Scin,lla,ng	
  fiber	
  

tracker	
  	
  
–  High	
  efficiency,	
  low	
  

mass	
  	
  
  Calorimeter	
  

–  Scin,lla,ng	
  ,le	
  imager	
  	
  
(think	
  ILC	
  imaging	
  
calorimeters)	
  	
  

  HEP	
  investments	
  in	
  R&D:	
  
Dzero,	
  MICE,	
  ILC,	
  MINOS,	
  ....	
  	
  	
  

  Transferred	
  to	
  medical	
  
applica,ons	
  	
  



  This	
  2010	
  report	
  highlights	
  a	
  suite	
  of	
  poten,al	
  accelerator	
  applica,ons	
  

  Energy	
  and	
  the	
  Environment	
  

–  Accelerator-­‐driven	
  subcritcal	
  reactors	
  	
  
&	
  transmuta,on	
  of	
  nuclear	
  waste	
  

–  Electron	
  beams	
  to	
  turn	
  pollutants	
  	
  
from	
  fossil	
  fuel	
  flue	
  gas	
  into	
  fer,lizer	
  

  Medicine	
  

–  Proton	
  and	
  ion	
  beam	
  radia,on	
  therapy	
  

–  Genera,on	
  of	
  medical	
  isotope	
  for	
  diagnosis	
  and	
  treatment	
  of	
  pa,ents	
  

  Security	
  and	
  Defense	
  

–  Stockpile	
  stewardship	
  &	
  non-­‐prolifera,on	
  
–  Cargo	
  inspec,on	
  and	
  interroga,on	
  requires	
  a	
  well-­‐characterized	
  beam	
  

and	
  reliable	
  &	
  sensi,ve	
  detectors	
  

–  Compact,	
  fieldable	
  accelerators	
  (SRF,	
  plasma	
  wake	
  field,	
  solid	
  state	
  RF?)	
  

–  Use	
  of	
  GEANT	
  to	
  inform	
  requirements	
  for	
  security	
  &	
  defense	
  applica,ons	
  

December 2013,    P5 Meeting    ---  Slide 77 

Concept	
  of	
  
an	
  accelerator	
  
driven	
  reactor	
  



  “This	
  report	
  and	
  much	
  of	
  its	
  content	
  addresses	
  the	
  broad	
  ques,on	
  of	
  how	
  
accelerator	
  R&D	
  benefits	
  the	
  na,on	
  and	
  how	
  it	
  can	
  further	
  benefit	
  the	
  
na,on’s	
  needs	
  in	
  the	
  future.”	
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  Two	
  main	
  components	
  of	
  a	
  laqce	
  calcula,on:	
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100s	
  of	
  GB	
  	
  
file	
  sizes	
  

Compu,ng	
  needs	
  of	
  experimental	
  high	
  energy	
  physics	
  are	
  almost	
  en,rely	
  	
  
capacity	
  compu,ng:	
  	
  large	
  farms	
  of	
  single-­‐node	
  machines	
  do	
  event	
  reconstruc,on	
  	
  

and	
  simula,on	
  for	
  the	
  LHC	
  one	
  event	
  at	
  a	
  ,me.	
  

Generate	
  O(1,000)	
  gauge	
  configura,ons	
  
serially	
  at	
  a	
  leadership-­‐class	
  facility.	
  	
  
Hundreds	
  of	
  millions	
  of	
  core-­‐hours	
  for	
  a	
  
single	
  job.	
  	
  Can	
  only	
  be	
  done	
  at	
  an	
  LCF.	
  	
  
(“Capability	
  compu,ng.”)	
  

Transfer	
  to	
  labs	
  to	
  analyze	
  each	
  
configura,on	
  in	
  parallel	
  on	
  clusters.	
  	
  
More	
  total	
  flops,	
  but	
  each	
  job	
  1,000	
  
,mes	
  smaller.	
  	
  More	
  flops/$	
  than	
  on	
  
LCFs.	
  	
  (“Capacity	
  compu,ng.”)	
  



  Nobel	
  Prize	
  winner	
  Ken	
  Wilson,	
  inventor	
  of	
  laqce	
  
gauge	
  theory,	
  was	
  an	
  early	
  proponent	
  of	
  
supercompu,ng	
  

  Laqce	
  gauge	
  theorists	
  worked	
  to	
  design	
  machines	
  
aimed	
  at	
  laqce	
  QCD	
  in	
  the	
  early	
  80s	
  in	
  academic	
  
efforts	
  at	
  Caltech,	
  Columbia,	
  IBM,	
  Fermilab,	
  and	
  as	
  
part	
  of	
  the	
  Thinking	
  Machines	
  project.	
  

  The	
  Columbia	
  group	
  won	
  the	
  Gordon	
  Bell	
  prize	
  for	
  
price/performance	
  in	
  1998	
  for	
  the	
  QCD-­‐SP,	
  a	
  
machine	
  purpose-­‐built	
  for	
  laqce	
  QCD.	
  

  A	
  team	
  led	
  by	
  Al	
  Gara,	
  that	
  had	
  been	
  part	
  of	
  these	
  
projects	
  went	
  to	
  IBM	
  and	
  designed	
  the	
  closely	
  
related	
  (commercial!)	
  Blue	
  Gene/L,	
  which	
  won	
  the	
  
Gordon	
  Bell	
  prize	
  for	
  performance	
  in	
  2005.	
  

  The	
  Columbia	
  group	
  also	
  par,cipated	
  in	
  the	
  design	
  
of	
  the	
  Blue	
  Gene/Q;	
  Laqce	
  QCD	
  used	
  as	
  benchmark	
  
for	
  Blue	
  Gene	
  HPCs	
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BG/L	
  compute	
  card	
  

The	
  Blue	
  Gene/Q	
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Par,cle	
  Physics	
  compu,ng	
  needs	
  
Industry	
  developed	
  Connec,vity	
  

Op,mize	
  energy	
  flow	
  
Renewable	
  energy	
  in	
  the	
  grid	
  



  Condensed	
  Macer	
  Physics	
  

–  Phonon	
  propaga,on,	
  including	
  focusing	
  based	
  on	
  elas,city	
  tensor	
  
(right)	
  

–  e-­‐/h+	
  transport,	
  including	
  conduc,on	
  band	
  anisotropy	
  

  DNA	
  modeling	
  and	
  effects	
  of	
  ionizing	
  radia,on	
  	
  

–  DNA	
  model:	
  M.	
  A.	
  Bernal	
  and	
  J.	
  A.	
  Liendo,	
  	
  
Med.	
  Phys.	
  ,	
  vol.	
  36,	
  pp.	
  620-­‐625,	
  2009	
  

P5 Meeting    ---  

500	
  keV	
  He+	
  
DNA	
  model	
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A	
   B	
   c 

CEBAF Hall D 

RHIC 
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Design	
  and	
  analysis	
  tools	
  
• 	
  	
  Detector	
  simulaEon	
  (GEANT)	
  
• 	
  	
  Monte	
  Carlo	
  event	
  generators	
  
• 	
  	
  Algorithms	
  for	
  jet	
  ID	
  and	
  reconstrucEon	
  
• 	
  	
  Large-­‐scale	
  processing	
  and	
  archiving	
  of	
  data	
  

Electronics:	
  	
  	
  	
  ASIC	
  development	
  

Silicon	
  Micro	
  Vertex	
  detectors	
  

Micropabern	
  tracking	
  detectors	
  and	
  compact	
  calorimetry	
  

Repurposed	
  use	
  of	
  exisEng	
  instrumentaEon	
  
• 	
  	
  Current	
  example:	
  	
  BaBar	
  magnet	
  and	
  DIRC	
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Two	
  major	
  new	
  silicon	
  
vertex	
  trackers	
  

Barrel detector: 
•   2 inner layers of Si pixels 
•   2 layers of strip-pixel 
detectors read out with 
Fermilab’s SVX4 ASIC 
 Four-plane endcaps: 
Read out with Fermilab FPHX 
ASIC (modified) 

Barrel pixel readout: 
•   Based on ALICE ITS design 
•   50x425 µm pixels 
•   CERN ASIC designs 



December 2013,    P5 Meeting    ---  Slide 86 

TPC:	
  tracking	
  and	
  dE/dx	
  

MRPC	
  Time	
  of	
  Flight	
  Barrel	
  

Forward	
  GEM	
  Tracker	
  	
  

STAR Heavy Flavor Tracker Innermost Pixel Layers use 400 Monolithic 
Active Pixel Sensors (MAPS):  3.6x108  pixels,  
20.7 µm/pixel 

First large-scale use of MAPS technology 
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DAQ1000  Upgraded STAR TPC electronics (135,000 channels) 
and DAQ chain to increase event rate limit from ~100Hz (100% 
dead time) to 1KHz with 1% dead time. 

Utilized CERN ASIC chips developed for ALICE: 
“PASA”  pre-amp/shaper 
“ALTRO” signal processing, digitizing, event buffering 

MRPC Time-of-Flight readout 
Utilized CERN/ALICE “NINO” chip for analog 
readout of MRPC modules to digitizer. 

Forward GEM Tracker 
Six disks of triple-GEM detectors with pad readout. 
Uses APV25 chips developed for CMS. 
 37,000 channels 
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Sensor	
  modules	
  

Readout	
  electronics	
  
Cold	
  plate	
  

CLAS	
  12	
  
Central	
  Detector	
  

Readout uses FSSR2 ASIC, developed at 
Fermilab for BTeV. 

Sensor modules read out by 4 ASICs of 128 
channels each. 

SVT operates in 5T field, L = 1035 cm-2sec-1  
500 fb-1 per year.   
Radiation dose (Carbon target) = 2.5 Mrad 



December 2013,    P5 Meeting    ---  Slide 89 

PHENIX	
  Minidrie	
  GEM	
  Detector	
  and	
  MicroMegas	
  Detectors	
  for	
  the	
  ATLAS	
  Muon	
  
Trigger	
  Upgrade	
  being	
  tested	
  together	
  at	
  CERN	
  last	
  year	
  

Mini-­‐DriI	
  GEM	
  
Micro	
  TPC	
  MicroMegas	
  

Common	
  Scalable	
  Readout	
  System	
  	
  (SRS)	
  developed	
  
at	
  CERN	
  used	
  for	
  beam	
  test	
  

VMM1	
  readout	
  chip	
  being	
  developed	
  at	
  
BNL	
  for	
  ATLAS	
  could	
  be	
  used	
  by	
  both	
  ATLAS	
  

and	
  PHENIX	
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!

PHENIX	
  W-­‐SciFi	
  EMCAL	
  Prototype	
   STAR	
  W	
  Powder-­‐Epoxy-­‐SciFi	
  EMCAL	
  Prototype	
   GlueX	
  Pb-­‐SciFi	
  EMCAL	
  	
  

All	
  using	
  SiPM	
  
readout	
  

SiPMs	
  for	
  the	
  CMS	
  HB-­‐HE	
  Upgrade	
  	
  

New	
  crystals	
  (e.g,	
  BSO)	
  being	
  
developed	
  for	
  HE	
  &	
  NP	
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A shared facility with ATLAS Tier-1 Center: 
Comparable	
  staffs	
  for	
  both	
  NP	
  and	
  HEP	
  

Archived	
  data	
  from	
  RHIC	
  runs	
  

 	
  	
  Online	
  recording	
  of	
  raw	
  data	
  
 	
  	
  Primary	
  facility	
  for	
  data	
  reconstruc,on	
  and	
  analysis	
  
 	
  	
  Long-­‐term	
  archiving	
  and	
  serving	
  of	
  all	
  RHIC	
  data	
  

Scalable architecture based on arrays of commodity components keeps pace with 
Moore’s law through annual “refresh” of equipment at modest cost.   

Michael Ernst, Director 
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This	
  collabora,on	
  is	
  developing	
  high	
  power	
  cyclotrons	
  	
  
	
  	
  	
  	
  	
  as	
  decay-­‐at-­‐rest	
  neutrino	
  sources	
  

Those	
  involved:	
  
	
  16	
  Universi,es	
  (mostly	
  US)	
  
	
  4	
  Laboratories	
  (interna,onal)	
  
	
  and…AIMA,	
  Best	
  Cyclotron	
  Systems,	
  IBA,	
  Sumitomo	
  	
  

Major	
  Cyclotron	
  Companies	
  

The	
  scien,sts	
  at	
  the	
  companies	
  are	
  collaborators,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  not	
  contractors!	
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Accelerator	
  Science	
  and	
  Technology	
  Centre	
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POP,	
  1st	
  p	
  FFAG,	
  KEK,	
  Japan	
  

ERIT:	
  neutron	
  source	
  
	
  KURRI,	
  Japan	
  

EMMA:	
  POP	
  muon	
  acc	
  demo	
  	
  
Daresbury	
  Laboratory,	
  U.K.	
  

Compact	
  CW	
  ns-­‐FFAG	
  racetrack	
  design	
  
capable	
  of	
  variable	
  energy	
  and	
  various	
  
applica,ons	
  

	
  	
  	
  	
  	
  	
  70	
  -­‐	
  430	
  MeV/nucleon	
  Ion	
  FFAG	
  
330	
  MeV	
  pCT	
  	
  

1	
  GeV	
  intense	
  proton	
  FFAG	
  (ADS)	
  

~	
  
4	
  
m
	
  

~6	
  m	
  

PRISM:	
  intense	
  muon	
  beam	
  
Lepton	
  flavor	
  viola,on	
  exp.	
  

	
  Osaka,	
  Japan	
  

RF	
  

Injec,on	
  
extrac,on	
  

PAMELA:	
  hadrontherapy	
  design	
  
Oxford,	
  U.K.	
  


