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LS1	
  
2013-­‐14	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

LS2	
  
2019	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

LS3	
  
2023-­‐25	
  

LS1	
  :	
  Prep	
  CMS	
  for	
  ∼13	
  TeV,	
  	
  >1	
  x	
  1034	
  Hz/cm2	
  ,	
  <PU>	
  >25,	
  25ns	
  bunch	
  spacing	
  
•  4th	
  Endcap	
  Muon	
  sta:on,	
  improve	
  readout	
  of	
  CSC	
  ME1/1	
  &	
  DTs	
  
•  Replace	
  HCAL	
  HF	
  and	
  HO	
  photo-­‐detectors	
  
•  Tracker	
  opera:on	
  at	
  -­‐20∘C	
  	
  
•  Prepare	
  for	
  further	
  Phase	
  1	
  upgrades	
  

Phase	
  1	
  upgrades:	
  Prepare	
  for	
  1.6	
  x	
  1034	
  Hz/cm2	
  ,	
  <PU>	
  ∼40,	
  ≤200	
  `-­‐1	
  by	
  LS2,	
  
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  up	
  to	
  2.5	
  x	
  1034	
  Hz/cm2,	
  <PU>	
  ∼	
  60,	
  <500	
  `-­‐1	
  by	
  LS3	
  	
  

•  New	
  L1-­‐trigger	
  system	
  (Calorimeter	
  -­‐	
  Muons	
  -­‐	
  Global)	
  (ready	
  for	
  physics	
  2016)	
  
•  New	
  Pixel	
  detector	
  (installa:on	
  in	
  technical	
  stop,	
  start	
  of	
  2017)	
  
•  HCAL	
  upgrade:	
  photodetectors	
  and	
  electronics	
  

Phase	
  2	
  upgrades:	
  ≳	
  5	
  x	
  1034	
  Hz/cm2	
  luminosity	
  leveled,	
  <PU>	
  ≳	
  140	
  
	
   	
   	
   	
  	
  	
  Reach	
  total	
  of	
  3000	
  `-­‐1	
  in	
  ∼10	
  yrs	
  opera:on	
  

•  Replace	
  detector	
  systems	
  whose	
  performance	
  is	
  significantly	
  
degrading	
  due	
  to	
  radia:on	
  damage	
  

•  Tracker	
  (pixels	
  and	
  strips),	
  Endcap	
  calorimeters	
  
•  Maintain	
  physics	
  performance	
  at	
  this	
  very	
  high	
  PU	
  

•  Trigger,	
  electronics,	
  muons,	
  enhanced	
  tracker	
  coverage	
  	
  

Long	
  Shutdowns	
  



LHC	
  Roadmap:	
  Schedule	
  beyond	
  LS1	
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LHC	
  to	
  HL-­‐LHC	
  -­‐	
  The	
  Challenge	
  

 Maintain	
  sensi:vity	
  for	
  discovery	
  and	
  precision	
  
measurements	
  at	
  low	
  pT,	
  under	
  severe	
  condi:ons	
  

  Driving	
  considera:ons	
  for	
  the	
  upgrade	
  program	
  

  Pileup	
  
  <PU>	
  ≈	
  50	
  events	
  per	
  crossing	
  by	
  LS2	
  
  	
  >	
  60	
  by	
  LS3	
  
  <PU>	
  ≈	
  140	
  at	
  HL-­‐LHC,	
  with	
  lumi-­‐leveling	
  at	
  

5x1034cm-­‐2s-­‐1	
  	
  

  Radia:on	
  damage	
  
  Light	
  loss	
  (calorimeters),	
  increased	
  leakage	
  

current	
  (silicon	
  detectors)	
  
  Requires	
  con:nued	
  agen:on	
  to	
  maintain	
  

calibra:on	
  
  Eventually	
  limits	
  the	
  performance-­‐life:me	
  of	
  the	
  

detectors	
  
  Considerable	
  test	
  beam,	
  GIF	
  and	
  test	
  beam	
  

running	
  to	
  evaluate	
  materials	
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PU	
  50	
  !!!	
  

Observed	
  signal	
  loss	
  in	
  HF	
  quartz	
  fibers,	
  
2011+2012	
  Laser	
  data	
  vs	
  Radia:on	
  dose	
  	
  

This	
  event	
  was	
  on	
  the	
  tail	
  of	
  the	
  distribu:on	
  in	
  2012,	
  
it	
  will	
  be	
  a	
  very	
  typical	
  event	
  by	
  LS2	
  



Manpower	
  Challenges	
  

  Important	
  challenges	
  for	
  CMS	
  in	
  next	
  several	
  years:	
  
 Analyze	
  Run	
  1	
  and	
  Run	
  2	
  data	
  
 Construct	
  and	
  commission	
  the	
  Phase	
  1	
  Upgrade	
  
 Do	
  R&D	
  for	
  the	
  Phase	
  2	
  Upgrade	
  <-­‐	
  Focus	
  of	
  this	
  talk	
  
 Set	
  up	
  the	
  Phase	
  2	
  project	
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3.8T Solenoid 

ECAL	

76k scintillating  
PbWO4 crystals 
HCAL	

Scintillator/brass 

Interleaved ~7k ch 

•  Pixels (100x150 µm2) "
    ~ 1 m2 ~66M ch"
• Si Strips (80-180 µm)"
   ~200 m2 ~9.6M ch	



Pixels	
  &	
  Tracker	



MUON	
  BARREL	


250 Drift Tubes (DT) and 
480 Resistive Plate Chambers (RPC) 

473 Cathode Strip Chambers 
(CSC) 
432 Resistive Plate Chambers 
(RPC) 

MUON	
  
ENDCAPS	

Total	
  weight	
  	
  	
  	
  	
  	
  14000	
  t	
  

Overall	
  diameter	
  	
  	
  15	
  m	
  
Overall	
  length	
  	
  	
  	
  	
  28.7	
  m	
   IRON	
  YOKE	
  

YBO 
YB1-2 

Preshower 
Si Strips ~16 m2 

~137k ch 

Foward Cal 
Steel + quartz 
Fibers 2~k ch 

CMS	
  Detector	
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CMS	
  Phase	
  2	
  Upgrades:	
  mi:gate	
  PU	
  and	
  rad.	
  damage	
  	
  	
  

Trigger/DAQ	
  
• L1	
  with	
  tracks	
  &	
  up	
  to	
  1	
  MHz	
  
• Latency	
  ≥	
  10µs	
  
• HLT	
  output	
  up	
  to	
  10	
  kHz	
  

Muons	
  
• Replace	
  DT	
  FE	
  electronics	
  
• Complete	
  CSC	
  coverage	
  
• Inves:gate	
  Muon-­‐tagging	
  up	
  to	
  
η	
  ∼	
  4	
  

Endcap	
  Calorimeters	
  
• Radia:on	
  tolerant	
  -­‐	
  higher	
  granularity	
  	
  
• Inves:gate	
  coverage	
  up	
  to	
  η	
  ∼	
  4	
  

Tracker:	
  Pixels	
  and	
  Strips	
  →	
  Inner	
  and	
  Outer	
  
• Radia:on	
  tolerant	
  -­‐	
  high	
  granularity	
  -­‐	
  less	
  material	
  	
  
• Tracks	
  in	
  hardware	
  trigger	
  (L1)	
  
• Coverage	
  up	
  to	
  η	
  ∼	
  4	
  

hgps://cds.cern.ch/record/1605208/files/CERN-­‐RRB-­‐2013-­‐124.pdf	
  

Barrel	
  ECAL	
  	
  
• Replace	
  FE	
  electronics	
  



Phase	
  1	
  Pixel	
  Detector	
  

  4	
  layers	
  /	
  3	
  disks	
  
-  Improved	
  track	
  resolu:on	
  and	
  efficiency	
  

  New	
  readout	
  chip	
  
-  Recovers	
  inefficiency	
  at	
  high	
  rate	
  and	
  PU	
  

  Less	
  material	
  
-  CO2	
  cooling,	
  new	
  power	
  scheme	
  (DC-­‐DC)	
  

  Longevity	
  
-  Tolerate	
  100	
  PU	
  and	
  survive	
  to	
  500	
  `-­‐1,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

with	
  exchange	
  of	
  innermost	
  layer	
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Ready	
  to	
  install	
  at	
  end	
  of	
  2016	
  

TDR	
  hgp://cds.cern.ch/record/1481838/files/CMS-­‐TDR-­‐011.pdf	
  	
  

  Higher	
  rate	
  capability	
  –	
  limited	
  
performance	
  degrada:on	
  up	
  to	
  PU	
  ∼70	
  	
  	
  

  Improved	
  track	
  reconstruc:on	
  -­‐	
  and	
  
resolu:on	
  

  Beger	
  associa:on	
  of	
  tracks	
  at	
  primary	
  
vertex	
  (IP)	
  and	
  improved	
  b-­‐tagging	
  

US:	
  primary	
  responsibility	
  for	
  the	
  disks	
  



Longevity	
  of	
  the	
  Phase	
  1	
  Detector	
  
12	
  

  Extensive	
  studies	
  of	
  radia:on	
  damage	
  for	
  the	
  present	
  detector	
  
 Detailed	
  analysis	
  of	
  aging	
  experienced	
  in	
  2012	
  &	
  dedicated	
  radia:on	
  

exposures	
  
 Damage	
  models	
  developed	
  and	
  benchmarked	
  to	
  data	
  
  Incorporated	
  into	
  the	
  full	
  simula:on	
  of	
  the	
  detector	
  for	
  physics	
  studies	
  

  Tracker:	
  Must	
  replace	
  	
  
  Limita:on	
  is	
  leakage	
  current.	
  Cold	
  opera:on	
  is	
  essen:al.	
  
  Tracker	
  will	
  survive	
  to	
  500	
  `-­‐1	
  if	
  operated	
  at	
  -­‐20∘C,	
  but	
  will	
  lose	
  a	
  significant	
  

frac:on	
  of	
  modules	
  beyond	
  

  ECAL:	
  Must	
  replace	
  Endcap	
  Electromagne:c	
  calorimeter	
  
 Barrel	
  survives	
  to	
  3000	
  `-­‐1,	
  but	
  light	
  transmission	
  in	
  the	
  in	
  Endcap	
  drops	
  to	
  

few	
  %	
  at	
  high	
  η,	
  resul:ng	
  in	
  significant	
  loss	
  of	
  resolu:on	
  
 Have	
  extensively	
  inves:gated	
  ideas	
  for	
  enhanced	
  annealing	
  and/or	
  par:al	
  

replacement.	
  No	
  solu:on	
  

  HCAL:	
  Must	
  replace/rebuild	
  Endcap	
  Hadron	
  calorimeter	
  
  Barrel	
  survives	
  to	
  3000	
  `-­‐1	
  (just).	
  Endcap	
  light	
  yield	
  drops	
  to	
  few	
  %	
  over	
  large	
  part	
  of	
  

calorimeter	
  by	
  LS3	
  



  Mi:ga:on	
  of	
  high	
  PU	
  relies	
  on	
  par:cle	
  flow	
  reconstruc:on	
  &	
  excellent	
  tracking	
  

 Propose	
  to	
  extend	
  the	
  tracker	
  coverage	
  to	
  higher	
  η	
  	
  
	
  where	
  VBF	
  jets	
  peak,	
  and	
  where	
  PU	
  effects	
  are	
  	
  
	
  very	
  significant	
  

  Trigger	
  rates	
  will	
  be	
  a	
  major	
  issue.	
  Thresholds	
  for	
  Higgs	
  are	
  well	
  understood.	
  
	
  Increasing	
  thresholds	
  will	
  lose	
  physics	
  acceptance	
  

  Increase	
  latency	
  to	
  10µs	
  to	
  allow	
  integra:ng	
  tracking	
  into	
  all	
  L1	
  trigger	
  objects	
  

  improves	
  lepton	
  id,	
  isola:on,	
  &	
  PU	
  mi:ga:on	
  through	
  vertex	
  associa:on	
  

  Increase	
  bandwidth	
  to	
  further	
  improve	
  acceptance	
  for	
  all	
  objects	
  

Performance	
  Considera:ons	
  
13	
  

140	
  PU,	
  Tracking	
  to	
  η=2.5	
  
Fake	
  jets	
  from	
  PU,	
  w/o	
  tracking	
  

0 PU 

140	
  PU,	
  Tracking	
  to	
  η=4	
  
Fake	
  jets	
  cleaned	
  

W+jets	
  

VBF	
  jets	
  peak	
  at	
  η~3	
  

η	
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Phase	
  2	
  	
  Upgrades	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Phase	
  2	
  Tracker	
  

 Outer	
  tracker	
  	
  
 High	
  granularity:	
  efficient	
  track	
  reconstruc:on	
  to	
  beyond	
  140	
  PU	
  	
  
 Two-­‐layer	
  “pT-­‐modules”	
  to	
  provide	
  trigger	
  

•  Informa:on	
  at	
  40	
  MHz	
  for	
  tracks	
  with	
  pT	
  ≥	
  2	
  GeV	
  
 Improved	
  material	
  budget	
  

 Pixel	
  detector	
  
 Similar	
  config	
  as	
  Phase	
  1,	
  with	
  disks	
  to	
  high	
  η	
  -­‐	
  
 Thin	
  sensors	
  100	
  µm;	
  smaller	
  pixels	
  30	
  x	
  100	
  µm	
  	
  
 New	
  ROC,	
  test	
  rad.	
  hardness	
  

 R&D	
  ac:vi:es	
  
 All	
  components,	
  prototyping	
  of	
  modules	
  ongoing	
  
 Track-­‐trigger	
  with	
  Associa:ve	
  Memories,	
  alterna:ves	
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Trigger	
  track	
  selec:on	
  in	
  FE	
  

Outer	
  tracker	
  material	
  	
  
Phase	
  1	
  &	
  Phase	
  2	
  

PT	
  resolu:on	
  

US:	
  extensive	
  engagement	
  and	
  exper:se	
  in	
  Tracker	
  and	
  Track	
  Trigger	
  

2S	
  modules	
  

PS	
  modules	
  

Forward	
  extension	
  



2S	
  modules	
   PS	
  modules	
  

radial	
  posi:on	
   R	
  >	
  60	
  cm	
   20	
  <	
  R	
  <	
  60	
  cm	
  

fluence	
   7×1014neq/cm²	
   1.6×1015neq/cm²	
  

dose	
   80	
  kGy	
   500	
  kGy	
  

sensor	
  area	
   10x10	
  cm²	
   5x10	
  cm²	
  

sensor	
  type	
   AC	
  coupled	
  strips	
   AC	
  coupled	
  strips	
  

z	
  segmenta:on	
   2	
  rows	
   2	
  rows	
  

cell	
  size	
   90	
  µm	
  ×	
  5	
  cm	
   100	
  µm	
  ×	
  2.5	
  cm	
  

Phase	
  2	
  tracker	
  
16	
  

pixel	
  	
  
modules	
  

pixel-­‐strip	
  (PS)	
  
modules	
  

strip-­‐strip	
  (2S)	
  modules	
  



Outer	
  Tracker	
  (2S	
  modules)	
  

  2S	
  Modules	
  –	
  doublet	
  of	
  2x5	
  cm	
  	
  
strips	
  	
  

  2S	
  design	
  well-­‐advanced	
  
-  CBC	
  chip	
  in	
  UK	
  
-  Module	
  design	
  and	
  prototyping	
  at	
  CERN	
  

-  Module	
  mechanics	
  –	
  CERN/DESY	
  

-  US	
  involvement	
  in	
  design/prototypes	
  under	
  considera:on.	
  	
  

-  Sensors	
  –	
  Austria,	
  Germany	
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2mm 
1.46mm	
  Bridge 

500	
  um	
  CF	
  Support 

500	
  um	
  CF	
  Support 

Silicon	
  Sensor 

Silicon	
  Sensor 

2mm 

Flex	
  PCB	
  Hybrid 

500	
  um	
  CF	
  Spacer 

0.6mm 

Wire	
  Bonding 

Wire	
  Bonding 



	
  PS	
  Module	
  

  PS	
  more	
  complex	
  –	
  lots	
  of	
  pieces	
  to	
  the	
  module	
  

 Design	
  s:ll	
  evolving	
  
  Looking	
  at	
  carbon	
  foams	
  and	
  thermal	
  tes:ng	
  

  PS	
  chip	
  developed	
  at	
  CERN	
  
  Ini:al	
  stage	
  will	
  be	
  small	
  	
  

“MaPSA-­‐lite”	
  module	
  

 US	
  developing	
  dummy	
  assemblies	
  

  Sensor	
  development	
  

  Thin	
  (200	
  µ)n-­‐on-­‐p	
  sensors	
  
  Sensor	
  manufacture	
  @	
  Infineon,	
  HPK	
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Tilted	
  Barrel	
  

  Proposed	
  new	
  geometry	
  

 Reduces	
  number	
  of	
  modules	
  

 Complex	
  mechanical	
  
support	
  

 How	
  does	
  it	
  affect	
  L1	
  track	
  
finding?	
  	
  

 US	
  involvement	
  in	
  the	
  
engineering	
  design/prototypes	
  
under	
  considera:on.	
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Track	
  Trigger	
  
20	
  

Silicon	
  based	
  tracking	
  trigger	
  at	
  L1	
  will	
  
be	
  crucial	
  for	
  trigger	
  objects	
  
reconstruc7on	
  at	
  higher	
  luminosity:	
  	
  

  Electron,	
  Photon,	
  Muon,	
  Tau,	
  Jets	
  	
  
  b-­‐jets,	
  missing	
  ET	
  ….	
  Essen:al	
  for	
  

establishing	
  nature	
  of	
  EWSB,	
  new	
  
physics	
  …	
  	
  

CMS	
  L1	
  Tracking	
  Trigger:	
  	
  
Will	
  need	
  to	
  reconstruct	
  charged	
  par:cle	
  
trajectories	
  “on-­‐the-­‐fly”	
  for	
  every	
  beam	
  
crossing	
  (25	
  ns,	
  or	
  40	
  Million	
  beam	
  crossings	
  
per	
  second),	
  from	
  an	
  ocean	
  of	
  input	
  data	
  
(bandwidth	
  required	
  to	
  transfer	
  up	
  to	
  ~	
  
50-­‐100Tb/s)	
  	
  
This	
  requires	
  extremely	
  fast	
  high	
  bandwidth	
  
data	
  communica:on	
  as	
  well	
  as	
  massive	
  
paQern	
  recogni:on	
  power,	
  with	
  lots	
  of	
  known	
  
paQerns	
  to	
  be	
  compared	
  against	
  the	
  mul:ple	
  
input	
  data	
  streams	
  simultaneously	
  with	
  near	
  
zero	
  latency	
  (~	
  few	
  μs)	
  	
  This	
  is	
  challenging!	
  	
  

140	
  PU	
  events	
  	
  -­‐	
  only	
  20	
  shown	
  here	
  



Module	
  design	
  vs	
  Tracker	
  design	
  vs	
  Trigger	
  
Processing	
  

21	
  



Associa:ve	
  Memory	
  +	
  FPGA	
  
22	
  



Forward	
  Pixels	
  (FPIX)	
  
  Radia:on	
  tolerance	
  is	
  a	
  big	
  issue:	
  Thin	
  

planar	
  sensors	
  (~150um);	
  very	
  fine	
  pixel	
  
pitch	
  (25x100um,	
  or	
  50x50um).	
  Tested	
  
sensors	
  from	
  HPK.	
  

  3D	
  sensors	
  are	
  another	
  op:on,	
  diamonds	
  	
  	
  	
  
etc.	
  should	
  be	
  paid	
  agen:on	
  to	
  –	
  follow	
  
advances	
  in	
  (RD42).	
  	
  Several	
  3D	
  sensors	
  
characterized,	
  tested	
  in	
  FNAL	
  test	
  beam.	
  	
  	
  

  Preserve	
  detector-­‐on-­‐rails	
  idea	
  so	
  that	
  
inner	
  layer(s)	
  could	
  be	
  replaced	
  during	
  
YETs	
  

  	
  Design	
  is	
  Phase-­‐1	
  type	
  design	
  of	
  4	
  BPIX	
  
and	
  3	
  FPIX,	
  then	
  consider	
  adding	
  	
  7	
  extra	
  
forward	
  disks	
  to	
  extend	
  coverage	
  from	
  eta	
  
of	
  2.5	
  all	
  the	
  way	
  to	
  4.0	
  

  S:ll	
  very	
  much	
  in	
  the	
  R&D	
  phase.	
  Design	
  
is	
  not	
  yet	
  finalized.	
  

  Simula:ons	
  are	
  well	
  underway,	
  but	
  have	
  	
  
	
  	
  	
  	
  	
  	
  established	
  tracking	
  performance	
  with	
  	
  

140	
  PU.	
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Thin	
  Planar	
   3D	
  



FPIX	
  Readout	
  Chips	
  (ROC)	
  

  Cri:cal	
  to	
  improve	
  the	
  radia:on	
  hardness	
  +	
  the	
  threshold.	
  	
  
  Extremely	
  challenging	
  requirements	
  (ATLAS/CMS)	
  
  Small	
  pixels:	
  	
  	
  	
  	
  50x50um	
  (25x100um)	
  
  Large	
  chips:	
  	
  	
  	
  	
  	
  >2cm	
  x	
  2cm	
  (	
  ~1	
  billion	
  transistors)	
  
  Hit	
  rates:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~2	
  GHz/cm2	
  

  Radia:on:	
  	
  	
  	
  	
  	
  	
  	
  1	
  GRad,	
  1016	
  neutrons/cm2(unprecedented)	
  
  Trigger:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1MHz,	
  10us	
  (~100x	
  buffering	
  and	
  readout	
  

  Low	
  power	
  -­‐Low	
  mass	
  systems	
  
  Baseline	
  technology:	
  65nm	
  CMOS	
  (high	
  Density/low	
  power)	
  –	
  used	
  in	
  industry/auto.	
  
  Full	
  scale	
  demonstrator	
  pixel	
  chip	
  in	
  3	
  year	
  R&D	
  program	
  –	
  goal	
  is	
  a	
  full	
  sized	
  pixel	
  

array	
  chip	
  in	
  2016,	
  followed	
  by	
  pixel	
  chip	
  tests,	
  radia:on	
  tests,	
  beam	
  tests,	
  etc	
  

  There	
  is	
  also	
  a	
  ROC	
  designed	
  by	
  FNAL	
  for	
  30	
  x	
  100um	
  pixels	
  in	
  130nm	
  process.	
  It	
  is	
  
4.8	
  x	
  4.8	
  mm2	
  with	
  much	
  lower	
  threshold	
  (~1000	
  electrons).	
  Depending	
  on	
  the	
  
fabrica:on	
  results,	
  will	
  try	
  to	
  move	
  to	
  65	
  nm	
  process.	
  

  Another	
  star:ng	
  point	
  could	
  be	
  the	
  current	
  PSI46dig	
  chip	
  (lower	
  threshold	
  <	
  2000	
  
electrons)	
  but	
  ported	
  to	
  130nm.	
  

  Anecdotal	
  evidence	
  that	
  130nm	
  is	
  more	
  radia:on	
  hard	
  than	
  65nm,	
  but	
  this	
  requires	
  
further	
  study	
  –	
  radia:on	
  tests	
  ongoing.	
  

  Very	
  much	
  a	
  R&D	
  program.	
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Forward	
  muon	
  system	
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  Present	
  chambers	
  survive	
  through	
  HL-­‐LHC	
  
  Emphasis	
  on	
  trigger	
  performance	
  and	
  redundancy	
  in	
  the	
  high	
  rate,	
  high	
  PU	
  region	
  
-  Under	
  study:	
  add	
  chambers	
  in	
  the	
  region	
  1.6	
  <	
  |η|	
  <	
  2.4	
  	
  
-  GEM	
  /	
  Glass-­‐RPC	
  

-  Inves:ga:ng	
  muon	
  tagging	
  beyond	
  |η|	
  =	
  2.4	
  

  R&D	
  ac:vi:es	
  well	
  underway	
  in	
  CMS	
  
for	
  GEM	
  and	
  Glass-­‐RPCs	
  	
  

US:	
  responsibility	
  for	
  exis:ng	
  chambers	
  in	
  
this	
  region.	
  Simula:on	
  and	
  trigger	
  exper:se	
  



  Tagging	
  for	
  |η|>2.4	
  
 With	
  tracking	
  coverage	
  to	
  η=4,	
  and	
  

with	
  coverage	
  of	
  endcap	
  to	
  η=4,	
  it’s	
  
quite	
  a	
  bargain	
  to	
  verify	
  muons	
  over	
  
1.6	
  units	
  of	
  eta	
  with	
  a	
  single	
  muon	
  
sta:on.	
  

 H→4µ	
  acceptance	
  increase	
  ~30%	
  for	
  
η	
  coverage	
  to	
  3.5,	
  ~40%	
  for	
  η	
  to	
  4.0	
  

-  With	
  endcap	
  only	
  to	
  3.0,	
  the	
  physics	
  
gains	
  can	
  s:ll	
  be	
  substan:al	
  

Mo:va:ons	
  for	
  muon	
  extension	
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0<|η|<1.6	
  
35%	
  

-­‐1.6>η>-­‐2.1	
  
10%	
  

1.6<η<2.1	
  
10%	
  

2.1<η<2.4	
  
6%	
  

2.4<η<3	
  
8%	
  

-­‐2.1>η>-­‐2.4	
  
6%	
  

-­‐3>η>-­‐2.4	
  
8%	
  

F.R.	
  Cavallo	
  



1.	
  Consolida:on	
  

Muon	
  upgrades	
  (3-­‐fold)	
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ant	
  to	
  protect	
  our	
  large	
  investment	
  

  RPC,	
  CSC,	
  DT,	
  GEM	
  chambers	
  to	
  be	
  tested	
  
for	
  aging	
  at	
  5x	
  higher	
  rates/6x	
  higher	
  
doses	
  in	
  the	
  GIF++	
  facility	
  star:ng	
  early	
  
2015	
  

  DT	
  minicrates	
  replacement	
  
  Reduce	
  global	
  warming	
  footprint	
  

  RPC	
  eco-­‐friendly	
  gas	
  studies	
  (non-­‐trivial!)	
  	
  
Replace	
  a	
  small	
  number	
  of	
  leaking	
  barrel	
  
chambers?	
  

  CF4in	
  CSC	
  (10%)	
  and	
  GEM	
  (40%)	
  gas	
  
mixtures;	
  in	
  CSC	
  to	
  reduce	
  aging,	
  in	
  GEM	
  
to	
  reduce	
  dri�	
  :mes	
  

  CSC	
  expensive	
  &	
  difficult	
  CFEB	
  replacement	
  if	
  L1	
  
trigger	
  latency	
  >10	
  µs	
  

  See	
  “new	
  developments”…	
  

5→8	
  ns	
  



2.Muon	
  enhancement	
  in	
  forward	
  1.6<|η|<2.4	
  region	
  
  Addi:on	
  of	
  small	
  GEM	
  and	
  RPC	
  muon	
  detectors	
  in	
  all	
  four	
  sta:ons;	
  GEMs	
  two	
  

layers,	
  RPC	
  one	
  layer	
  (double-­‐gap)	
  

  For	
  redundancy	
  and	
  trigger	
  

Muon	
  Enhancement	
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Muon	
  Extension	
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3.	
  Muon	
  extension	
  of	
  coverage	
  |η|>2.4	
  
  ME0:	
  one	
  GEM	
  sta:on	
  in	
  back	
  of	
  rebuilt	
  endcap	
  

  Min	
  |η|:	
  have	
  to	
  contend	
  with	
  services,	
  mechanical	
  support	
  

  Max	
  |η|:	
  cover	
  as	
  much	
  as	
  possible	
  modulo	
  inner	
  shielding	
  

  Six	
  layers	
  to	
  cope	
  with	
  backgrounds	
  by	
  analogy	
  with	
  CSC	
  



Phase	
  2	
  Endcap	
  Calorimetry	
  
30	
  

US:	
  extensive	
  exper:se	
  in	
  EM	
  and	
  HAD	
  calorimeters,	
  
and	
  engagement	
  in	
  RD52	
  and	
  CALICE	
  

Hadron	
  Endcap	
  Rebuild	
  

 Two	
  approaches	
  
 Maintain	
  standard	
  tower	
  geometry	
  -­‐	
  develop	
  radia:on	
  tolerant	
  solu:ons	
  for	
  
3000	
  `-­‐1	
  
 Shashlik	
  EE	
  towers	
  (crystal	
  scin:llator:	
  LYSO,	
  CeF3)	
  
 HE	
  rebuild	
  with	
  more	
  fibers,	
  rad-­‐hard	
  scin:llators	
  

o R&D	
  well	
  underway	
  
 Alterna:ve	
  geometry/concepts	
  

 High	
  Granularity	
  Calorimeter	
  (HGCal)	
  
 Dual	
  fiber	
  read-­‐out:	
  scin:lla:on	
  &	
  Cerenkov	
  	
  

 (Downselected	
  @	
  Upgrade	
  Week	
  in	
  Karlsruhe)	
  

• Explore	
  op:ons	
  for	
  PU	
  mi:ga:on	
  with	
  fast	
  :ming	
  



	
  Shashlik	
  Module	
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Materials:	
  	
  	
  	
  
•  Absorber:	
  W	
  
•  Ac:ve	
  Material:	
  LYSO(Ce)	
  (primary)	
  
•  Ac:ve	
  material:	
  CeF3	
  also	
  under	
  study	
  
Structure:	
  	
  	
  
•  2.5	
  mm	
  W	
  plates	
  (28	
  per	
  module)	
  
•  1.5	
  mm	
  LYSO(Ce)	
  plates	
  (29	
  per	
  module)	
  
Module	
  Dimensions:	
  
•  Transverse	
  Size:	
  	
  Front	
  Face	
  14	
  x	
  14	
  mm2	
  

•  	
  Length	
  114	
  mm	
  
Readout:	
  	
  
•  WLS	
  Capillaries	
  (4	
  per	
  module)	
  
•  Calibra:on	
  Fiber	
  (1	
  per	
  module)	
  
•  GaInP	
  Photosensors	
  (4+1	
  per	
  module)	
  
Segmenta:on	
  in	
  depth:	
  	
  	
  Unsegmented	
  except	
  
for	
  the	
  proposed	
  extrac:on	
  of	
  	
  
a	
  signal	
  near	
  shower	
  max	
  

Shashlik	
  module	
  is	
  very	
  small	
  to	
  minimize	
  pileup;	
  essen:al	
  a	
  Moliere	
  radius	
  in	
  size	
  

½	
  CHF	
  piece	
  



HE	
  Rebuild	
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US	
  CMS	
  effort	
  ongoing	
  in	
  four	
  approaches	
  
 	
  Crystal	
  fibers	
  	
  
 	
  Plas:c	
  scin:llators	
  
 	
  Liquid	
  scin:llator	
  
 	
  Coated	
  quartz	
  plates	
  	
  	
  



HGCAL	
  –	
  Silicon-­‐based	
  Calorimetry	
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Electromagne:c	
  Calorimeter:	
  
30	
  samplings	
  of	
  tungsten/lead/copper	
  total	
  of	
  
25	
  Xo	
  

11	
  layers	
  of	
  0.5	
  Xo/10	
  layers	
  of	
  0.8	
  Xo/10	
  
planes	
  of	
  1.2	
  Xo.	
  
Pad	
  size	
  0.9	
  cm2	
  for	
  first	
  20	
  layers,	
  1.8	
  cm2	
  
for	
  the	
  last	
  10	
  layers.	
  

420	
  m2	
  of	
  silicon	
  pad	
  detectors.	
  
7M	
  channels.	
  

Front	
  Hadronic	
  Calorimeter	
  
4	
  interac:on	
  lengths.	
  
12	
  layers	
  of	
  brass/silicon	
  each	
  0.33λ.	
  	
  
Pad	
  size	
  is	
  1.8	
  cm2	
  	
  
3M	
  channels.	
  	
  

Backing	
  calorimeter	
  
Five	
  interac:on	
  lengths	
  (e.g.	
  sampling	
  of	
  0.5λ).	
  
Radia:on	
  levels	
  are	
  	
  lower	
  so	
  can	
  use	
  plas:c	
  
scin:llator.	
  

Pb/W/Cu	
  &	
  Si	
  

Brass	
  &	
  Si	
  

Brass	
  &	
  Scin:llator	
  

Alterna:ve	
  to	
  Shashlik	
  and	
  HE	
  rebuild	
  



CMS	
  Phase	
  2	
  Trigger	
  

  Replace	
  ECAL	
  Barrel	
  and	
  Endcap	
  Front	
  End	
  
electronics	
  
  Allows	
  L1	
  latency	
  of	
  10	
  –	
  20	
  μsec	
  
  Provides	
  individual	
  crystal	
  level	
  (not	
  5x5	
  

sums)	
  trigger	
  informa:on	
  
  Improved	
  spike	
  rejec:on	
  in	
  EB	
  

  L1	
  Accept	
  rate	
  of	
  500	
  kHz	
  –	
  1	
  MHz	
  
  Provides	
  more	
  acceptance	
  and	
  lower	
  

thresholds	
  
  Tracking	
  Trigger	
  

  Leptons:	
  PT	
  cut	
  &	
  isola:on,	
  Jets:	
  Vertex	
  
  New	
  L1	
  Trigger	
  (Calorimeter,	
  Muon,	
  Global)	
  to	
  

incorporate	
  Track	
  Trigger	
  
  Finer	
  calorimeter	
  cluster	
  trigger,	
  muon	
  &	
  

calorimeter	
  seeds	
  for	
  track	
  match	
  
  Also	
  incorporate	
  addi:onal	
  muon	
  chambers	
  

for	
  	
  	
  |η|	
  >	
  1.5	
  (e.g.	
  GEMs)	
  
  HLT	
  Output	
  Rate	
  of	
  10	
  kHz	
  

  Limit	
  from	
  Downstream	
  Compu:ng	
  



CMS	
  Phase	
  2	
  Upgrade	
  Planning	
  
  Enable	
  ramp	
  up	
  of	
  US	
  efforts	
  on	
  Phase	
  2	
  R&D	
  as	
  described	
  in	
  the	
  	
  
Technical	
  Proposal	
  (2014).	
  

  US	
  should	
  be	
  involved	
  in	
  the	
  targeted	
  program	
  where	
  it	
  matches	
  our	
  
interest	
  and	
  capabili:es.	
  

  Organize	
  along	
  the	
  lines	
  of	
  program	
  with	
  deliverables	
  (ie	
  rad	
  hard	
  
fibers,	
  etc.)	
  

  Establish	
  a	
  good	
  system	
  to	
  evaluate	
  R&D	
  progress.	
  

  Maximize	
  US	
  par:cipa:on	
  and	
  input	
  to	
  Phase	
  2	
  Technical	
  Design	
  
Reports	
  in	
  2016/17.	
  

Subsystem	
  (elected)	
  Ins:tu:on	
  Board	
  Representa:ves	
  now	
  serving	
  as	
  
community	
  organizers. 

Lenny Spiegel:  Tracker/Pixels + Track Trigger


Ivan Furic & Paul Karchin: Trigger/DAQ + Muons


Manfred Paulini: Calorimetry/Fast Timing
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3
6	
  

Upgrades Project 
Management	
  
D. Contardo	
  

Deputies: L. Silvestris, J. 
Mans 

Physics Coordination  

Electronics./Online Coor.	
  
M. Hansen, C. Schwick 

Tracker	
  
D. Abbaneo 

ECAL	
  
F. Cavallari, C. Jessop 

DAQ	
  
A. Racz 

BRIL	
  
A. Dabrowski, D. Stickland 

Muon TP coordination	
  
J. Hauser 

Trigger Perf & Strat.	
  
O. Buchmueller, W. Smith 

Track Trigger Int. 
A. Ryd, E. Perez 

EE Shashlik R&D 	
  
B. Cox, R. Ruchti 

EE/HE HGCAL R&D 	
  
M. Mannelli, R. Rusack 

EE/HE CFCAL R&D 	
  
N. Akchurin 

HCAL R&D 	
  
P. de Barbaro  

Endcap calorimetry 	
  
P. Bloch 

Offline Coordination  

PPD Coordination  

Trigger Coordination  

Technical Coordination  

Resource Manager  

Computing Coordination  

Run Coordination  

Detector-­‐System	
  Projects	
  

CMS	
  cross-­‐coordina:ons	
  

= U.S. CMS, several are Technical Proposal  editors


CMS	
  Phase	
  2	
  Upgrade	
  Organiza:on	
  



US	
  CMS	
  Management	
  Overview	
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Concluding	
  Remarks	
  

  Phase	
  2	
  Upgrade	
  is	
  essen:al	
  to	
  capitalize	
  on	
  the	
  extensive	
  
physics	
  poten:al	
  of	
  the	
  HL-­‐LHC	
  

 Much	
  to	
  do!	
  
  	
  2014	
  Phase	
  2	
  R&D	
  funding	
  decisions	
  in	
  place	
  

 Roughly	
  50%	
  SOWs	
  finalized	
  and	
  approved	
  
 Start	
  next	
  year’s	
  planning	
  this	
  summer,	
  review	
  recent	
  R&D	
  progress	
  

  	
  Engaging	
  of	
  U.S.	
  CMS	
  community	
  in	
  full	
  swing	
  
  	
  CMS	
  Phase	
  2	
  planning	
  in	
  parallel	
  

 Preparing	
  technical	
  proposal,	
  expressions	
  of	
  interest	
  from	
  collabora:on	
  
 U.S.	
  CMS	
  is	
  in	
  synch	
  with	
  this	
  process	
  

  	
  Maximize	
  U.S.	
  CMS	
  input	
  to	
  Technical	
  Design	
  Reports	
  
(2016/17)	
  and	
  beyond	
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Backup	
  Slides	
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R&D	
  Proposal	
  Review	
  Process	
  

 	
  Timeline:	
  2013:	
  R&D	
  Steering	
  Commigee	
  formed.	
  	
  Call	
  for	
  LOI’s:	
  33	
  
received→detailed	
  review	
  comments,	
  no	
  downselect.	
  	
  Call	
  for	
  
Proposals:	
  26	
  received.	
  Tough	
  decisions	
  necessary!	
  

 	
  4	
  Review	
  commimees	
  evaluated	
  proposals	
  regarding:	
  priority	
  for	
  CMS	
  
upgrade,	
  US	
  experience	
  and	
  interest,	
  urgency	
  for	
  2014	
  funding,	
  
impact	
  if	
  funding	
  delayed	
  
 	
  Status	
  

 	
  Review	
  commigees	
  submiged	
  detailed	
  reports,	
  funding	
  levels	
  
determined	
  
 	
  Input	
  from	
  U.S.	
  CMS	
  Steering	
  Commigee	
  and	
  from	
  CMS	
  Upgrade	
  
Manager	
  
 	
  PIs	
  contacted	
  with	
  award	
  amounts,	
  asked	
  to	
  update	
  budgets	
  and	
  
R&D	
  scope	
  to	
  match	
  available	
  funding	
  
 	
  Many	
  SOWs	
  are	
  now	
  in	
  place.	
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U.S.	
  	
  CMS	
  	
  
Opera:ons	
  

Program	
  

U.S.	
  CMS	
  -­‐	
  Phase	
  2	
  R&D	
  Overview	
  M.	
  Chertok,	
  June	
  9,	
  2014	
  

Steering	
  and	
  Review	
  Commigees	
  

 R&D Steering Committee

– Spiegel, Stuart, Cumalat (SC Chair), Jindariani, Karchin, Hill, Hauser, Paulini, 

Sulak, Bornheim, Anderson, Spalding, Furic, Smith, Marlow, Mcbride, 
Chertok, O’Dell, Newman-Holmes, Hadley, Bortoletto, Butler


– A few names may change this year


 Review committees: (RED is Chair, BLUE is non-US)	


EMU: Karchin (IBR), Apollinari, DellaValle, Hill


CALO/TIMING: Sulak (IBR), Anderson, Butler, Hirosky, Jindariani, Tabarelli de 

Fatis, Spalding


TRACKER/PIXEL: Spiegel (IBR), Bacchetta, Christian, Stuart, Cumalat 


TRIGGER/DAQ: Furic (IBR), Saltzberg, Buchmuller, Smith
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Review	
  commigees	
  did	
  excellent	
  work,	
  so	
  their	
  reward	
  will	
  be	
  more	
  work	
  



Schedule	
  for	
  2015	
  funding	
  -­‐	
  for	
  SC	
  discussion	
  

  June:	
  Collabora:on	
  mee:ng,	
  last	
  week	
  
  Aug	
  1:	
  2015	
  proposals	
  and	
  budgets	
  due,	
  send	
  to	
  review	
  
commigees	
  

  Aug-­‐Sept:	
  updates	
  at	
  Friday	
  mee:ngs,	
  others	
  

  Sept	
  15:	
  review	
  commigee	
  reports	
  due	
  
  Oct	
  1:	
  Funding	
  decisions	
  
  Then,	
  revised	
  budgets,	
  SOWs,	
  ...	
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Goal:	
  all	
  funding	
  in	
  place	
  1/1/15	
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LS1	
  and	
  Phase	
  1	
  



LHC	
  Schedule	
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Long	
  Shutdown	
  LS1	
  (2013-­‐14)	
  
  Prepare	
  for	
  >1x1034cm-­‐2s-­‐1	
  

-  Muon	
  endcap	
  system	
  
-  ME1/1	
  electronics	
  (unganging)	
  
-  ME4/2	
  comple:on	
  of	
  sta:ons	
  &	
  shielding	
  

-  Tracker	
  
-  Prepare	
  for	
  cold	
  opera:on	
  (-­‐20oC	
  coolant)	
  

  Address	
  opera:onal	
  issues	
  in	
  Run	
  1	
  
-  HCAL	
  Forward	
  Calo	
  photo-­‐detectors	
  
-  Reduce	
  beam-­‐related	
  background	
  

-  HCAL	
  Outer	
  Calo	
  photo-­‐detectors	
  
-  opera:on	
  in	
  return	
  field:	
  	
  replace	
  with	
  	
  
	
  Silicon	
  Photo	
  Mul:pliers	
  (SiPM)	
  

  Preparatory	
  work	
  for	
  later	
  Phase	
  1	
  Upgrades	
  
-  New	
  beam	
  pipe	
  (reduced	
  radius)	
  and	
  “pilot	
  blade”	
  

installa:on	
  for	
  the	
  Pixel	
  Upgrade	
  	
  
-  New	
  HF	
  backend	
  electronics	
  -­‐	
  ahead	
  of	
  HCAL	
  

frontend	
  upgrade	
  
-  Spli�ng	
  for	
  L1-­‐Trigger	
  inputs	
  to	
  allow	
  commissioning	
  

new	
  trigger	
  in	
  parallel	
  with	
  opera:ng	
  present	
  trigger	
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Muons:	
  ME1/1	
  ad	
  ME4/2	
  during	
  LS1	
  

Slice	
  test:	
  µTCA	
  BE	
  electronics	
  for	
  HF	
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  Preparatory	
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  for	
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  beam	
  pipe	
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  “pilot	
  blade”	
  

installa:on	
  for	
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  Pixel	
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  backend	
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  ahead	
  of	
  HCAL	
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LHCC Meeting, 12th March 2013.

Upgrade summary
! CMS reviews in 2012

" Internal Review of Calorimeter Trigger
" Conceptual Design Review I
" Conceptual Design Review II

! Timeline
" Mezzanine cards for ECAL and splitting for 

HCAL LS1
" Mezzanine cards for Endcap Muon Track 

Finder LS1
" Commissioning of new calorimeter trigger in 

2015
" Commissioning of new muon trigger in 2015, 

using slices of DT and RPC and full CSC

23

! New trigger system ready for physics for 2016 LHC run

Level	
  1	
  Trigger	
  Upgrade	
  

L1	
  Trigger	
  
  Architecture	
  based	
  on	
  powerful	
  FPGAs	
  and	
  

high	
  bandwidth	
  op:cal	
  links	
  

  Upgrade	
  en:re	
  L1	
  Trigger:	
  Calorimeter,	
  Muon	
  
and	
  Global	
  

  Based	
  on	
  only	
  3	
  types	
  of	
  boards	
  –	
  all	
  using	
  
Virtex-­‐7	
  FPGA	
  

  Trigger	
  inputs	
  split	
  during	
  LS1	
  to	
  allow	
  full	
  
commissioning	
  of	
  new	
  trigger	
  in	
  parallel	
  to	
  
opera:ng	
  legacy	
  system	
  

  Staged	
  approach:	
  grow	
  from	
  slice	
  tests	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
to	
  full	
  system	
  commissioning	
  during	
  2015	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  ready	
  for	
  physics	
  in	
  2016	
  

 New	
  trigger	
  allows	
  much	
  improved	
  	
  
algorithms	
  for	
  PU	
  mi:ga:on	
  and	
  isola:on	
  

Phase	
  2	
  upgrade	
  will	
  build	
  on	
  this	
  architecture	
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TDR:	
  hgp://cds.cern.ch/record/1556311/files/CMS-­‐TDR-­‐012.pdf	
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Processor	
  Board	
  	
  
(Virtex-­‐7,	
  72TX	
  +	
  72RX	
  links	
  @	
  10Gb/s)	
  

2	
  of	
  them	
  developed	
  in	
  US	
  

US:	
  algorithms	
  and	
  so�ware	
  



HCAL-­‐Phase	
  1	
  

  Replace	
  Hybrid	
  Photodetectors	
  with	
  Silicon	
  Photomul:pliers	
  
-  Improved	
  photo	
  detec:on	
  efficiency	
  and	
  lower	
  noise	
  
-  Allows	
  depth	
  segmenta:on:	
  improves	
  hadronic	
  clusters,	
  	
  
	
  background	
  rejec:on,	
  re-­‐weigh:ng	
  for	
  rad	
  damage	
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Quadrant	
  of	
  HB	
  and	
  HE	
  showing	
  depth	
  
segmenta:on	
  with	
  SiPM	
  readout	
  

TDR	
  	
  hgp://cds.cern.ch/record/1481837/files/CMS-­‐TDR-­‐010.pdf	
  	
  

o  Electronics	
  upgrade	
  to	
  µTCA	
  to	
  support	
  higher	
  bandwidth	
  
o  New	
  readout	
  chip	
  (QIE10),	
  op:mized	
  for	
  SiPM,	
  and	
  including	
  a	
  TDC	
  
-  Timing:	
  improved	
  rejec:on	
  of	
  beam-­‐related	
  backgrounds	
  

SiPMs	
  

successful	
  R&D	
  program	
  
-  Tested	
  to	
  3000	
  `-­‐1	
  
-  Neutron	
  sensi:vity	
  low	
  

QIE10	
  (readout	
  chip)	
  
–  Preproduc:on	
  chip	
  

performs	
  extremely	
  well	
  
for	
  both	
  charge	
  
measurement	
  and	
  :me	
  
measurement	
  

Electronics	
  
–  In	
  produc:on	
  for	
  HF	
  (first)	
  

US:	
  extensively	
  involved	
  /	
  lead	
  role	
  



Longevity	
  of	
  the	
  Phase	
  1	
  Detector	
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  Extensive	
  studies	
  of	
  radia:on	
  damage	
  for	
  the	
  present	
  detector	
  
 Detailed	
  analysis	
  of	
  aging	
  experienced	
  in	
  2012	
  &	
  dedicated	
  radia:on	
  exposures	
  
 Damage	
  models	
  developed	
  and	
  benchmarked	
  to	
  data	
  
  Incorporated	
  into	
  the	
  full	
  simula:on	
  of	
  the	
  detector	
  for	
  physics	
  studies	
  

  Tracker	
  
-  Limita:on	
  is	
  leakage	
  current.	
  Cold	
  opera:on	
  is	
  essen:al.	
  

  Tracker	
  will	
  survive	
  to	
  500	
  `-­‐1	
  if	
  operated	
  at	
  -­‐20∘C,	
  but	
  will	
  lose	
  a	
  significant	
  
frac:on	
  of	
  modules	
  beyond	
  

Opera:onal	
  
limit	
  ~	
  3mA	
  

Risk	
  	
  
thermal	
  
runaway	
  

Module	
  leakage	
  current	
  map	
  
for	
  1000	
  `-­‐1	
  (red	
  is	
  5mA)	
  

Barrel	
  Layers:	
  
(inner	
  to	
  outer	
  radius)	
  



Longevity	
  of	
  Phase	
  1	
  Detector	
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o  ECAL:	
  Must	
  replace	
  Endcap	
  calorimeter	
  
-  Barrel	
  survives	
  to	
  3000	
  `-­‐1,	
  but	
  light	
  transmission	
  in	
  the	
  

in	
  Endcap	
  drops	
  to	
  few	
  %	
  at	
  high	
  η,	
  resul:ng	
  in	
  
significant	
  loss	
  of	
  resolu:on	
  

-  Have	
  extensively	
  inves:gated	
  ideas	
  for	
  enhanced	
  
annealing	
  and/or	
  par:al	
  replacement.	
  No	
  solu:on	
  

o HCAL:	
  Must	
  replace/rebuild	
  Endcap	
  calorimeter	
  
-  Barrel	
  survives	
  to	
  3000	
  `-­‐1	
  (just).	
  Endcap	
  light	
  yield	
  

drops	
  to	
  few	
  %	
  over	
  large	
  part	
  of	
  calorimeter	
  by	
  LS3	
   1.5 2 2.5 3
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-110
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  -1s-2, 5E+33 cm-1  10 fb
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Simulation 
50 GeV e- 

CMS ECAL 

Rela:ve	
  light	
  yield	
  in	
  
ECAL	
  Endcap	
  

!

Response	
  degrada:on	
  in	
  HE,	
  	
  
2012	
  Laser	
  data,	
  Layer1	
  

500	
  `-­‐1	
  

1000	
  `-­‐1	
  

(Phase	
  1:	
  improved	
  S/N	
  and	
  depth	
  segmenta:on,	
  and	
  can	
  replace	
  worst	
  :les	
  
in	
  LS2	
  if	
  needed	
  to	
  reach	
  LS3)	
  

3000	
  `-­‐1	
  

HCAL	
  Endcap:	
  rela:ve	
  signal	
  yield	
  for	
  500	
  `-­‐1	
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  enhanced	
  
annealing	
  and/or	
  par:al	
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!

Response	
  degrada:on	
  in	
  HE,	
  	
  
2012	
  Laser	
  data,	
  Layer1	
  

500	
  `-­‐1	
  

1000	
  `-­‐1	
  

(Phase	
  1:	
  improved	
  S/N	
  and	
  depth	
  segmenta:on,	
  and	
  can	
  replace	
  worst	
  :les	
  
in	
  LS2	
  if	
  needed	
  to	
  reach	
  LS3)	
  

3000	
  `-­‐1	
  

HCAL	
  Endcap:	
  rela:ve	
  signal	
  yield	
  for	
  500	
  `-­‐1	
  	
  


