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CMS:   Compact Muon Solenoid   

ECAL 

Tracker 

HCAL 

4T solenoid 

Muon 
chambers 

Total weight: 12,500 t
Overall diameter: 15 m
Overall length 21.6 m
Magnetic field 4 T
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CMS	
  Tracker	
  and	
  its	
  sub-­‐systems	
  

•  Two	
  main	
  sub-­‐systems:	
  Silicon	
  Strip	
  Tracker	
  and	
  Pixels	
  
–  pixels	
  quickly	
  removable	
  for	
  beam-­‐pipe	
  bake-­‐out	
  or	
  replacement	
  
–  SST	
  not	
  replaceable	
  in	
  reasonable	
  Eme	
  

	
   	
   	
  	
  
	
  
Microstrip	
  tracker	
   Pixels	
  

~210	
  m2	
  of	
  silicon,	
  9.3M	
  channels	
   ~1	
  m2	
  of	
  silicon,	
  66M	
  channels	
  

73k	
  APV25s,	
  38k	
  opEcal	
  links,	
  440	
  FEDs	
   16k	
  ROCs,	
  2k	
  olinks,	
  40	
  FEDs	
  

27	
  module	
  types	
   8	
  module	
  types	
  

~34kW	
   ~3.6kW	
  (post-­‐rad)	
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Current CMS L1 Trigger 

n  Pipelined trigger at 40 MHz 
n  Mix of FPGAs and ASICs 
n  Many copper parallel links 
n  Internal bandwidth 

constraints e.g. jet finding 

n  Detectors designed to 
accommodate: 
•  100 kHz maximum L1 rate 
•  Max latency 4µs   
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CMS γγ event 26 
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Results:$mγγ$,m4l$spectra$

 [GeV]4lm

Ev
en

ts
 / 

3 
G

eV

0

2

4

6

8

10

12

 [GeV]4lm

Ev
en

ts
 / 

3 
G

eV

0

2

4

6

8

10

12 Data

Z+X

*,ZZaZ

=126 GeVHm

µ, 2e2µ7 TeV 4e, 4
µ, 2e2µ8 TeV 4e, 4
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Event:by:event$errors$
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2011+2012$

164$events$expected$in$[100,$800$GeV]$
172$events$observed$in$[100,$800$GeV]$

Yields$for$m(4l)=110..160$GeV$$

      Discovery! 
 



What	
  next?	
  

•  Detector	
  upgrades	
  planned	
  around	
  essenEal	
  shutdowns	
  
–  LS1	
  –	
  currently	
  underway	
  –	
  collisions	
  in	
  2015	
  	
  

•  upgrade	
  energy	
  to	
  13-­‐14	
  TeV	
  
–  LS2	
  –	
  18	
  months	
  	
  2018-­‐2019	
  

•  collimaEon,	
  injector	
  and	
  cryogenic	
  upgrades	
  

–  LS3	
  -­‐	
  	
  30	
  months	
  2023-­‐2025	
  
•  prepare	
  for	
  levelled	
  high-­‐luminosity	
  running	
  

•  Some	
  extra	
  acEviEes	
  possible	
  in	
  Year	
  End	
  Technical	
  Stops	
  
–  e.g.	
  probable	
  extended	
  2016	
  YETS	
  for	
  CMS	
  pixel	
  installaEon	
  

•  Major	
  upgrade	
  essenEal	
  for	
  Run	
  3	
  (post-­‐2025)	
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HL-LHC - goals  
•  Prepare	
  machine	
  for	
  operaEon	
  beyond	
  2025	
  and	
  up	
  to	
  2035	
  
•  Devise	
  beam	
  parameters	
  and	
  operaEon	
  scenarios	
  for:	
  

–  total	
  integrated	
  luminosity	
  of	
  3000	
  b-­‐1	
  in	
  around	
  10-­‐12	
  years	
  
–  an	
  integrated	
  luminosity	
  of	
  250	
  b-­‐1	
  per	
  year	
  
–  µ	
  ≤	
  140	
  (peak	
  luminosity	
  of	
  5x1034	
  cm-­‐2s-­‐1)	
  

8 
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2010 - 2035 

9	
  

LS3:	
  HL-­‐LHC	
  upgrade	
  –	
  
machine	
  and	
  experiments	
  

M Lamont CERN 
Nov 2014 
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MoEves	
  for	
  upgrades	
  

•  Many	
  big	
  physics	
  quesEons	
  outstanding	
  
–  perhaps	
  improving	
  the	
  Higgs	
  precision	
  will	
  be	
  the	
  only	
  way?	
  

•  experimentally	
  challenging	
  –	
  both	
  for	
  detectors	
  and	
  analyses	
  

–  if	
  SUSY	
  is	
  discovered	
  in	
  Run	
  2,	
  may	
  expect	
  some	
  revision	
  of	
  plans	
  
•  if	
  discoveries	
  are	
  absent	
  should	
  expect	
  further	
  theoreEcal	
  ideas	
  

•  probably	
  unwise	
  to	
  assume	
  today’s	
  experimental	
  and	
  theoreEcal	
  
landscape	
  will	
  be	
  staEc	
  
–  LHC	
  machine	
  and	
  experiments	
  have	
  been	
  running	
  only	
  three	
  years	
  
–  gains	
  from	
  sofware	
  and	
  analyses	
  have	
  been	
  impressive	
  

	
  

•  Eventually	
  important	
  parts	
  of	
  detectors	
  will	
  be	
  under	
  great	
  stress	
  
–  radiaEon	
  damage	
  
–  data	
  volumes	
  and	
  rates	
  
–  performance	
  improvement	
  from	
  technology	
  evoluEon	
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GPDs:	
  scope	
  of	
  Phase	
  II	
  detector	
  upgrades	
  

•  Most	
  sub-­‐detectors	
  are	
  foreseen	
  to	
  survive	
  to	
  3000	
  b-­‐1	
  

–  with	
  on-­‐going	
  maintenance	
  and	
  refurbishment	
  where	
  possible	
  

•  Trackers	
  must	
  be	
  completely	
  replaced	
  
–  radiaEon	
  damage	
  limits	
  their	
  lifeEmes	
  to	
  <500	
  b-­‐1	
  

•  New	
  tracker	
  readout	
  systems	
  are	
  therefore	
  also	
  essenEal	
  
–  based	
  on	
  more	
  modern	
  technologies,	
  which	
  improve	
  performance	
  
–  all	
  sub-­‐system	
  readout	
  systems	
  must	
  remain	
  compaEble	
  

•  	
  Triggers	
  must	
  also	
  be	
  substanEally	
  upgraded	
  
–  designed	
  for	
  1034	
  cm-­‐2s-­‐1,	
  <Nev>~25	
  

•  with	
  safety	
  factors	
  –	
  but	
  exploited	
  to	
  maximise	
  acceptance	
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Ingrid-Maria Gregor, DESY -  Overview of Tracking Detectors

Basic Requirements For ATLAS and CMS

Improve tracking performance
Reduce material in the tracking volume

Improve performance at low pt

Reduce rates of nuclear interaction, photon 
conversions, Bremsstrahlung…

Reduce average pitch
Improve performance at high pt 

12

Radiation hardness
Ultimate integrated luminosity considered ~ 3000 fb-1 
(original ~ 400 fb-1)
Radiation hard sensor material 
New readout electronics required

Granularity
Resolve 140-200 collisions per bunch crossing
Maintain occupancy below % level
Requires much higher granularity
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CMS	
  upgrade	
  summary	
  
New	
  Tracker	
  	
  
•  RadiaEon	
  tolerant	
  -­‐	
  high	
  granularity	
  -­‐	
  less	
  material	
  	
  
•  Tracks	
  in	
  hardware	
  trigger	
  (L1)	
  
•  Coverage	
  up	
  to	
  η	
  ∼	
  4	
  

Muons	
  
•  Replace	
  DT	
  FE	
  electronics	
  
•  Complete	
  RPC	
  coverage	
  in	
  forward	
  
region	
  (new	
  GEM/RPC	
  technology)	
  

•  InvesEgate	
  Muon-­‐tagging	
  up	
  to	
  η	
  ∼	
  3	
  

Endcap	
  Calorimeters	
  
•  RadiaEon	
  tolerant	
  	
  
•  High	
  granularity	
  	
  

Barrel	
  ECAL	
  
•  Replace	
  FE	
  electronics	
  
•  Cool	
  detector/APDs	
  

Trigger/DAQ	
  
•  L1	
  (hardware)	
  with	
  tracks	
  and	
  
	
  	
  	
  rate	
  up	
  	
  ∼750	
  kHz	
  
•  L1	
  Latency	
  <12.5	
  µs	
  
•  HLT	
  output	
  rate	
  7.5	
  kHz	
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Other	
  R&D	
  	
  
•  Fast-­‐Eming	
  for	
  in-­‐Eme	
  pileup	
  suppression	
  
•  Pixel	
  trigger	
  



Need	
  for	
  Tracker	
  replacement	
  

Blue	
  tracker	
  modules	
  are	
  inacEve	
  afer	
  1000	
  b-­‐1	
  
due	
  to	
  very	
  high	
  leakage	
  currents	
  induced	
  by	
  
hadron	
  fluence.	
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Sensors	
  @	
  HL-­‐LHC	
  
•  Extensive	
  R&D	
  campaigns	
  happened	
  in	
  all	
  experiments.	
   	
   	
   	
  Baselines	
  

defined	
  with	
  opEons	
  to	
  follow	
  up.	
  
–  For	
  ATLAS	
  and	
  CMS	
  -­‐	
  Outer	
  Tracker	
  well	
  defined	
  

•  Common	
  ATLAS	
  &	
  CMS	
  Market	
  Survey	
  for	
  Outer	
  Tracker	
  for	
  AC-­‐coupled	
  sensors	
  

–  More	
  studies	
  necessary	
  for	
  inner	
  pixel	
  	
  
•  Some	
  common	
  ATLAS/CMS	
  wafer	
  submissions	
  planned	
  

Strips/strixel	
  baseline	
   Pixel	
  	
  	
  	
  	
  outer	
  layers	
  
baseline	
  /	
  opHons	
  

Pixel	
  	
  	
  	
  	
  	
  inner	
  layers	
  
baseline	
  /	
  opHons	
  

Special	
  

ALICE	
   MAPS	
  (Monolithic	
  AcEve	
  Pixels)	
  

ATLAS	
   •  n-­‐in-­‐p	
  planar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
FZ	
  	
  300µm	
  thick	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
AC-­‐coupled	
  

•  and/or	
  HV-­‐CMOS	
  

•  n-­‐in-­‐p	
  (n)	
  planar	
  
•  and/or	
  HR/HV-­‐

CMOS	
  
	
  	
  

•  n-­‐in-­‐n	
  planar	
  	
  	
  	
  	
  	
  	
  	
  	
  
100-­‐200µm	
  acEve	
  
thickness	
  	
  

•  and/or	
  HR/HV-­‐CMOS	
  
•  and/or	
  3D	
  	
  
•  and/or	
  diamonds	
  

CMS	
   •  n-­‐in-­‐p	
  planar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
FZ	
  200µm	
  ac#ve	
  
thickness	
  AC-­‐	
  and	
  
DC-­‐coupled	
  

•  and/or	
  MCz	
  (pref)	
  
•  and/or	
  300	
  µm	
  

•  n-­‐in-­‐p	
  planar	
  
100-­‐200µm	
  
acEve	
  thickness	
  	
  

•  n-­‐in-­‐p	
  planar	
  	
  	
  	
  	
  	
  	
  	
  	
  
100-­‐200µm	
  acEve	
  
thickness	
  	
  

•  and/or	
  3D	
  sensors	
  

HGCAL	
  
•  p-­‐in-­‐n	
  planar	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

DC-­‐coupled	
  large	
  PAD	
  
sensors	
  100-­‐300µm	
  acEve	
  
thickness	
  (deep	
  diffused)	
  

•  Or	
  n-­‐in-­‐p	
  (deep	
  diffused)	
  

LHCb	
   UT	
  planar	
  n-­‐in-­‐p	
  	
  
•  or	
  p-­‐in-­‐n	
  

VELO	
  planar	
  n-­‐in-­‐p	
  	
  
•  or	
  n-­‐in-­‐n	
  

With	
  ~700m2	
  needs	
  to	
  be	
  

factored	
  in	
  the	
  global	
  orders	
  

F Hartmann 
ECFA 2014 
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New	
  issues	
  for	
  trigger	
  

•  L	
  ~	
  5	
  x	
  1034	
  cm-­‐2s-­‐1	
  (levelled)	
  	
  =>	
  	
  Nev/BX	
  ~	
  140	
  –	
  200	
  

•  Calorimeters	
  
–  isolaEon	
  of	
  e/γ/τ	
  degraded	
  by	
  pile-­‐up	
  from	
  π0	
  γs	
  and	
  hadrons	
  
–  many	
  more	
  jets,	
  which	
  overlap	
  

•  Muon	
  systems	
  
–  increased	
  combinatorial	
  fakes,	
  enhanced	
  by	
  mulEple	
  scavering	
  

•  Outcome:	
  much	
  higher	
  rate	
  of	
  L1	
  triggers	
  
–  usual	
  response	
  is	
  to	
  increase	
  thresholds,	
  which	
  risks	
  physics	
  
–  even	
  worse	
  -­‐	
  	
  raising	
  thresholds	
  does	
  not	
  look	
  effecEve	
  

Geoff	
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Why	
  tracker	
  input	
  to	
  L1	
  trigger?	
  

•  Single	
  µ	
  and	
  e	
  L1	
  trigger	
  rates	
  will	
  greatly	
  exceed	
  100kHz	
  
–  similar	
  behaviour	
  for	
  jets	
  

Single	
  electron	
  
trigger	
  rate	
  

<pT>	
  ≈	
  few	
  GeV/bx/
trigger	
  tower	
  	
  

Isola#on	
  criteria	
  
alone	
  are	
  
insufficient	
  to	
  
reduce	
  rate	
  at	
  L=	
  
1035	
  cm-­‐2.s-­‐1	
  

5kHz @ 1035 

L = 2x1033 

L = 1034 muon 
L1 trigger rate  



Trigger	
  levels	
  

•  Not	
  feasible	
  to	
  achieve	
  sufficient	
  data	
  reducEon	
  in	
  L1	
  single	
  step	
  
–  100	
  kHz	
  -­‐>	
  ~500	
  kHz	
  in	
  Run	
  3	
  

•  When	
  decisions	
  were	
  made	
  on	
  L2,	
  two	
  points	
  of	
  view	
  
–  (custom)	
  hardware	
  processors	
  needed	
  to	
  reduce	
  data	
  volume	
  in	
  ~50ms	
  
–  sufficient	
  compuEng	
  power	
  would	
  evolve	
  to	
  avoid	
  intermediate	
  level	
  

•  ATLAS	
  and	
  CMS	
  therefore	
  diverged,	
  with	
  future	
  implicaEons	
  
–  CMS	
  must	
  always	
  store	
  data	
  on-­‐detector	
  unEl	
  L1	
  decision	
  

•  hardware	
  trigger	
  latency	
  limited	
  by	
  shortest	
  buffer	
  length	
  
•  transfer	
  large	
  data	
  volume	
  quickly	
  to	
  HLT	
  =	
  large	
  BW	
  

–  ATLAS	
  can	
  transfer	
  selected	
  data	
  to	
  L2	
  buffers	
  
•  potenEally	
  much	
  longer	
  trigger	
  latency	
  possible	
  
•  much	
  smaller	
  fracEon	
  of	
  data,	
  but	
  more	
  complexity	
  

•  Latency	
  is	
  an	
  important	
  constraint:	
  target	
  <	
  12µs	
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Silicon	
  tracker	
  with	
  trigger-­‐stub	
  capability	
  

Strip/Strip	
  Modules	
  
90	
  µm	
  pitch/5	
  cm	
  length	
  

Strip/Pixel	
  Modules	
  
100	
  µm	
  pitch/2.5	
  cm	
  length	
  

100	
  µm	
  x	
  1.5	
  mm	
  “macropixels”	
  	
  Inner	
  Pixel	
  
Covers	
  up	
  to	
  η=4.0	
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Stacked-­‐tracker	
  principle	
  

•  Compare	
  pavern	
  of	
  hits	
  in	
  conEguous	
  sensor	
  
elements	
  in	
  closely	
  spaced	
  layers	
  
–  pT	
  cut	
  set	
  by	
  angle	
  of	
  track	
  in	
  layer	
  

–  primarily	
  depends	
  on	
  layer	
  separaEon	
  
•  but	
  increasing	
  separaEon	
  worsens	
  fake	
  combinaEons	
  

–  details	
  depend	
  on	
  
•  pitch	
  
•  thickness	
  
•  charge	
  sharing	
  
•  track	
  impact	
  point	
  
•  …	
  
	
  



Geoff	
  Hall	
   21	
  

pipeline 
 

128x192 

12
8 

x 
pr

ea
m

p/
sh

ap
er

 

A
P

S
P 

+ 
12

8:
1 

M
U

X
 

pipe logic 
bias gen. 

CAL FI
FO

 control 
logic 

CMS	
  Tracker	
  ASIC	
  evoluEon	
  

•  1999:	
  APV25	
  0.25µm 	
  2011:	
  CBC	
  0.13µm 	
  2013:	
  CBC2	
  0.13µm	
  
–  7	
  mm	
  x	
  8mm	
  (128	
  chan) 	
  7mm	
  x	
  4mm	
  (128	
  chan) 	
  11mm	
  x	
  5mm	
  (254	
  chan) 	
  

	
   	
  	
  

programmable	
  se|ngs	
  (now	
  standard)	
  
analogue	
  data	
  
~4	
  µs	
  latency	
  
wire-­‐bondable	
  	
  
pulse-­‐shaping	
  choice	
  

binary	
  data,	
  	
  
6.4	
  µs	
  latency	
  
wire-­‐bondable	
  

bump-­‐bondable,	
  	
  
cluster	
  &	
  correlaEon	
  logic	
  

APV	
  plane	
  

CBC	
  sensor	
  

beam	
  profile	
  

RAL TD-Imperial 



CMS	
  Outer	
  Tracker	
  trigger	
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low mass, high density 
interconnect layer

two layers of sensors. 
signals from lower sensor routed
on vias through substrate

8 x 254 channel
CBC chips bump-
bonded to substrate

concentrator
and controller ASIC

DC-DC converter

optical transceiver

5cm

5cm

90 µm pitch strips

8 x 254 channel
CBC chips bump-
bonded to substrate

•  ~15000	
  modules	
  transmi|ng	
  	
  
–  pT-­‐stubs	
  to	
  L1	
  trigger	
  @	
  40	
  MHz	
  
–  full	
  hit	
  data	
  to	
  HLT	
  @	
  0.5-­‐1	
  MHz	
  

Pass Fail

Upper sensor

Lower sensor

1-2 mm

~200 µm

~100 µm

R

φ

~8400 2S-modules 

EXP.  pT cut:  2.14 GeV/c 
FIT:   pT cut:  2.17 GeV/c 
         σ:            0.1 GeV/c 

reconstructed	
  pT	
  cut	
  of	
  
r=75cm	
  layer	
  



Efficiency,	
  resoluEon	
  and	
  fake	
  rate	
  	
  

Outer	
  Tracker	
  
substanEally	
  lighter!	
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Pixel	
  used	
  in	
  simulaEon	
  results	
  to	
  
date	
  is	
  idenEcal	
  	
  to	
  the	
  Phase	
  1	
  
Pixel	
  	
  detector	
  with	
  addiEonal	
  	
  

forward	
  disks.	
  
Further	
  opEmizaEon	
  of	
  pixel	
  
parameters	
  for	
  b-­‐tagging	
  and	
  
forward	
  track	
  parameter	
  
resoluEon	
  is	
  planned	
  

J Mans 
ECFA 2014 



Improvements	
  To	
  Current	
  Trigger	
  
Run	
  2	
  will	
  already	
  require	
  an	
  improved	
  trigger	
  because	
  of	
  energy	
  and	
  luminosity	
  
increases	
  
	
  
Have	
  not	
  yet	
  exploited	
  fully	
  potenEal	
  improvements	
  from	
  present	
  detector	
  

	
  e.g.	
  10	
  years	
  ago	
  technology	
  limited	
  data	
  transfer	
  rate	
  which	
  enforced	
  some	
  
	
   	
  data	
  suppression	
  
	
   	
  now	
  10	
  Gbps	
  opEcal	
  links	
  are	
  standard,	
  	
  
	
   	
  along	
  with	
  fast,	
  flexible,	
  more	
  powerful	
  processing	
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LHCC Meeting, 11th June 2013. 25 

Motivation and requirements 

l Motivation 
n  Trigger rates are driven by the increase in luminosity, the centre-of-mass 

energy, and by the higher PU (especially hadronic objects) 
n  CMS detector electronics are limited to a L1 trigger rate of 100 kHz. It will be a 

major challenge to maintain physics acceptance within this rate 
•  Example: factor of 3 in inst. lumi x factor of 2 from CoM energy ➔ 6 times the rate compared 

to 2012 ➔ single lepton trigger thresholds ~50 GeV 

l Requirements 
n  Maintain sensitivity for electroweak scale physics and for TeV scale searches 

similar to what was achieved before LS1  
n  Making significant changes to the trigger system could put CMS data-taking at 

risk. The plan must allow parallel commissioning of the new trigger to mitigate 
this risk 



Feb 2008 Geoff Hall 26 

Calorimeter Algorithms 

e/photon	
  

tau	
  jet	
  

•  Electron/photon	
  
–  Large	
  deposiEon	
  of	
  energy	
  in	
  

small	
  region,	
  well	
  separated	
  
from	
  neighbour	
  

–  pileup	
  worsens	
  the	
  separaEon	
  
for	
  lower	
  pT	
  objects	
  

n  jets	
  
n  hadrons	
  –	
  large,	
  likely	
  
overlapping	
  objects	
  

n  τ	
  -­‐	
  isolated	
  irregular,	
  narrow	
  
energy	
  deposits	
  

n  simulaEons	
  idenEfy	
  likely	
  
paverns	
  to	
  accept	
  or	
  veto	
  



Trigger	
  rates	
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LHCC Meeting, 11th June 2013. 28 

Requirements 

l Identified the following areas for upgrade: 

n  Improved electromagnetic object isolation using calorimeter energy 
distributions with pile-up subtraction 

n  Improved jet finding with pile-up subtraction 
n  Improved hadronic tau identification with a much narrower cone 
n  Improved muon pT resolution 
n  Isolation of muons using calorimeter energy distributions with pile-up 

subtraction 
n  Improved global Level-1 trigger menu with a greater number of triggers 

and with more sophisticated relations involving the input objects 



Improvements	
  to	
  e-­‐γ-­‐τ
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Calorimeter	
  trigger:	
  MP7	
  

– IN	
  
– 72	
  x	
  12.5	
  Gbps	
  
=	
  0.9	
  Tbps	
  

– OUT	
  
– 72	
  x	
  12.5	
  Gbps	
  
=	
  0.9	
  Tbps	
  

– ~80W	
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New	
  Trigger	
  Architecture	
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ConvenEonal	
  Trigger	
   Time	
  MulEplexed	
  Trigger	
  



What	
  is	
  a	
  Time	
  MulEplexed	
  Trigger?	
  

•  MulEple	
  sources	
  send	
  to	
  single	
  desEnaEon	
  for	
  complete	
  event	
  
processing	
  
–  as	
  used,	
  e.g.,	
  in	
  CMS	
  High	
  Level	
  Trigger	
  

•  Requires	
  two	
  layers	
  with	
  passive	
  switching	
  network	
  between	
  them	
  

–  can	
  be	
  “simple”	
  opEcal	
  fibre	
  network	
  
–  could	
  involve	
  data	
  processing	
  at	
  both	
  layers	
  
–  could	
  also	
  be	
  data	
  organisaEon	
  and	
  forma|ng	
  at	
  Layer	
  1,	
  followed	
  by	
  data	
  

transmission	
  to	
  Layer	
  2,	
  with	
  event	
  processing	
  at	
  Layer	
  2	
  

–  illustraEon	
  on	
  next	
  slide	
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Time-multiplexing 

Geoff Hall 
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What	
  are	
  advantages	
  of	
  TMT?	
  

•  “All”	
  the	
  data	
  arrive	
  at	
  a	
  single	
  place	
  for	
  processing	
  
–  in	
  ideal	
  case	
  avoids	
  boundaries	
  and	
  sharing	
  between	
  processors	
  
–  however,	
  does	
  not	
  preclude	
  sub-­‐division	
  of	
  detector	
  into	
  regions	
  

•  Architecture	
  is	
  naturally	
  matched	
  to	
  FPGA	
  processing	
  
–  parallel	
  streams	
  with	
  pipelined	
  steps	
  at	
  data	
  link	
  speed	
  

•  Single	
  type	
  of	
  processor,	
  possibly	
  for	
  both	
  layers	
  
–  L1=	
  PP:	
  	
  Pre-­‐Processor	
  	
  	
  	
  L2	
  =	
  MP:	
  	
  Main	
  Processor	
  

•  One	
  or	
  two	
  nodes	
  can	
  validate	
  an	
  enEre	
  trigger	
  
–  spare	
  nodes	
  can	
  be	
  used	
  for	
  redundancy,	
  or	
  algorithm	
  development	
  

•  Many	
  convenEonal	
  algorithms	
  explode	
  in	
  a	
  large	
  FPGA	
  
–  Eming	
  constraints	
  or	
  rouEng	
  congesEon	
  for	
  2D	
  algorithms	
  

•  SynchronisaEon	
  is	
  required	
  only	
  in	
  a	
  single	
  node	
  
–  not	
  across	
  enEre	
  trigger	
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Calorimeter	
  trigger	
  current	
  status	
  

•  Currently	
  being	
  installed	
  at	
  LHC	
  Point	
  5	
  in	
  CMS	
  for	
  parallel	
  
operaEon	
  with	
  the	
  exisEng	
  trigger	
  during	
  2015	
  
–  following	
  a	
  series	
  of	
  demonstrators	
  

•  Eme-­‐mulEplexed	
  data	
  transfer	
  from	
  layer-­‐1	
  to	
  layer-­‐2	
  
•  pseudo-­‐random	
  data	
  and	
  emulated	
  physics	
  data	
  with	
  pileup	
  
•  implementaEon	
  of	
  realisEc	
  algorithms	
  in	
  firmware	
  
•  bit-­‐level	
  confirmaEon	
  of	
  algorithm	
  operaEon	
  –	
  sofware	
  vs	
  firmware	
  
•  verificaEon	
  of	
  latency	
  esEmates	
  

•  Huge	
  FPGA	
  +	
  huge	
  IO	
  =	
  all	
  problems	
  solved?	
  
–  not	
  quite	
  so	
  simple…	
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Andrew	
  W.	
  Rose	
  
Imperial	
  College	
  London	
  

•  Large	
  7-­‐series	
  FPGAs	
  are	
  beasts!	
  

•  Scale	
  of	
  routing	
  problem	
  has	
  outstripped	
  performance	
  of	
  PCs	
  

•  Xilinx	
  has	
  invested	
  heavily	
  in	
  improving	
  tools	
  

•  Still	
  have	
  to	
  work	
  a	
  lot	
  harder	
  at	
  optimising	
  designs	
  than	
  we	
  used	
  to	
  

	
  

A	
  note	
  on	
  Xilinx	
  7-­‐series	
  FPGAs	
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CMS	
  Calo	
  TMT	
  demonstrator	
  (Sep	
  2013)	
  
MP7	
  used	
  as	
  PP	
  &	
  MP	
  

Geoff	
  Hall	
  

PP-­‐B	
  

PP-­‐T	
  

MP	
   Demux	
  

Simulating	
  half	
  of	
  the	
  PP	
  
cards	
  with	
  a	
  single	
  MP7	
  

Simulating	
  half	
  of	
  the	
  PP	
  
cards	
  with	
  a	
  single	
  MP7	
  

oSLB	
  

uHTR	
  

TPG	
  input	
  to	
  PP	
  
not	
  part	
  of	
  test	
   Test	
  set-­‐up	
  @	
  904	
  



Status	
  of	
  TMT	
  jet	
  algorithms	
  

•  Jets	
  
–  9×9	
  sum	
  of	
  trigger	
  towers	
  at	
  every	
  

site	
  
–  Fully	
  asymmetric	
  jet	
  veto	
  calculaEon	
  
–  Local	
  (“Donut”)	
  or	
  Global	
  pile-­‐up	
  

esEmaEon	
  
–  Full	
  overlap	
  filtering	
  
–  Pile-­‐up	
  subtracEon	
  
–  Pipelined	
  sort	
  of	
  candidates	
  in	
  φ	
  
–  AccumulaEng	
  pipelined	
  sort	
  of	
  

candidates	
  in	
  η	
  

•  Ring	
  sums	
  
–  Scalar	
  and	
  Vector	
  (“Missing”)	
  ET	
  
–  Scalar	
  and	
  Vector	
  (“Missing”)	
  HT	
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9×9	
  jet	
  at	
  tower-­‐level	
  resoluEon	
  

50%	
  LUT	
  uElizaEon	
  INCLUDING	
  links	
  ,	
  
buffers,	
  control,	
  DAQ,	
  etc.	
  
Runs	
  at	
  240	
  MHz	
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Results	
  (from	
  September	
  test)	
  

6RXUFH�RI�/DWHQF\ %;��7'5� %;���PHDVXUHG�LQ�6HSW�����

/��SURFHVVLQJ���70 �� �������IRU�+&$/�

/��/��6HU'HV��7[�5[��#�
��*ESV

� �

/��/��6HU'HV�$OLJQ�'DWD �� �

/��/��FDEOH����P� � �

/��3URFHVVLQJ �

/��*7�6HU'HV��7[�5[�� ���

/��*7�6HU'HV�$OLJQ�'DWD �

/��*7�FDEOH ���

'H�PXOWLSOH[ �

727$/ ��
��

���$OJRULWKPV

$�VHW�RI�DOJRULWKPV�WR�WHVW�WKH�707�DUFKLWHFWXUH�KDV�EHHQ�SUHSDUHG���WKHVH�LQFOXGH�OLQN�WR�WRZHU�
FRQYHUVLRQ��WRZHU�WR�FOXVWHU�FRQYHUVLRQ��D�FRPSDFW�REMHFW�VRUWHU��MHW�ILQGHUV��7KH�WHVWLQJ�RI�WKH�
DOJRULWKPV�LV�VSOLW�LQWR�WKUHH�VWDJHV��OLQHDULVDWLRQ�RI�WKH�LQFRPLQJ�GDWD��707�VW\OH�DOJRULWKPV�IRU�
REMHFW�ILQGLQJ��DQG�VRUWLQJ�DQG�VXPPDWLRQ��
,Q�WKLV�WHVW�ZH�SODQ�WR�WHVW�DOO�WKHVH�VWDJHV��WKH�VHFRQG�VWDJH�ZLOO�EH�DFFRPSOLVKHG�ZLWK�RQH�RI�
WKH�VHYHUDO�DOJRULWKPV�WKDW�KDV�EHHQ�SUHSDUHG��

���7HVW�FULWHULD�

$�3DVV�RI�WKH�707�WHVW�UHTXLUHV�WKH�IROORZLQJ�REMHFWLYHV�WR�EH�PHW�
Ɣ 5HOLDEOH�WUDQVPLVVLRQ�RI�GDWD�#���*ESV�DV\QFK�EHWZHHQ�33�DQG�03�����OLQNV�ZLWK�IXOO�

HUURU�FKHFNLQJ����³UHOLDEOH´�WR�PHDQ�UXQQLQJ�IRU�D�VHULHV�RI�DW�OHDVW���KRXU�UXQV�ZLWK�]HUR�
DOLJQPHQW�HUURUV

Ɣ 6XFFHVVIXO�DOLJQPHQW�RI�DOO�OLQNV�
Ɣ ,PSOHPHQWDWLRQ�RI�DQ�DOJRULWKP�DQG�VXFFHVVIXO�WUDQVPLVVLRQ�RI�GDWD�WKURXJK�LW
Ɣ 9HULILFDWLRQ�RI�ODWHQF\�DQG�KRZ�LW�FRPSDUHV�WR�7'5�YDOXH��LQ�SDUWLFXODU�WKH�6HU'HV�OLQN•  Random	
  data	
  passed	
  through	
  an	
  emulator	
  was	
  used	
  in	
  the	
  testing	
  of	
  the	
  algorithms	
  

Data	
  injected	
  
into	
  PP	
  	
  

Time-­‐
multiplexed	
  

Optical	
  
Fibre	
  

Circle	
  jet	
  
algorithm	
  

(8x8)	
  
Sort	
   Capture	
  

Compared	
  emulated	
  results	
  
(solid	
  line)	
  with	
  those	
  from	
  

the	
  MP7	
  (markers)	
  
	
  

C++	
  emulator	
  and	
  hardware	
  
match	
  precisely	
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Results	
  –	
  Latency	
  Measurement	
  

6RXUFH�RI�/DWHQF\ %;��7'5� %;���PHDVXUHG�LQ�6HSW�����

/��SURFHVVLQJ���70 ��

/��/��6HU'HV��7[�5[��#�
��*ESV

�

/��/��6HU'HV�$OLJQ�'DWD ��

/��/��FDEOH����P� �

/��3URFHVVLQJ �

/��*7�6HU'HV��7[�5[�� ���

/��*7�6HU'HV�$OLJQ�'DWD �

/��*7�FDEOH ���

'H�PXOWLSOH[ �

727$/ ��
��

���$OJRULWKPV

$�VHW�RI�DOJRULWKPV�WR�WHVW�WKH�707�DUFKLWHFWXUH�KDV�EHHQ�SUHSDUHG���WKHVH�LQFOXGH�OLQN�WR�WRZHU�
FRQYHUVLRQ��WRZHU�WR�FOXVWHU�FRQYHUVLRQ��D�FRPSDFW�REMHFW�VRUWHU��MHW�ILQGHUV��7KH�WHVWLQJ�RI�WKH�
DOJRULWKPV�LV�VSOLW�LQWR�WKUHH�VWDJHV��OLQHDULVDWLRQ�RI�WKH�LQFRPLQJ�GDWD��707�VW\OH�DOJRULWKPV�IRU�
REMHFW�ILQGLQJ��DQG�VRUWLQJ�DQG�VXPPDWLRQ��
,Q�WKLV�WHVW�ZH�SODQ�WR�WHVW�DOO�WKHVH�VWDJHV��WKH�VHFRQG�VWDJH�ZLOO�EH�DFFRPSOLVKHG�ZLWK�RQH�RI�
WKH�VHYHUDO�DOJRULWKPV�WKDW�KDV�EHHQ�SUHSDUHG��

���7HVW�FULWHULD�

$�3DVV�RI�WKH�707�WHVW�UHTXLUHV�WKH�IROORZLQJ�REMHFWLYHV�WR�EH�PHW�
Ɣ 5HOLDEOH�WUDQVPLVVLRQ�RI�GDWD�#���*ESV�DV\QFK�EHWZHHQ�33�DQG�03�����OLQNV�ZLWK�IXOO�

HUURU�FKHFNLQJ����³UHOLDEOH´�WR�PHDQ�UXQQLQJ�IRU�D�VHULHV�RI�DW�OHDVW���KRXU�UXQV�ZLWK�]HUR�
DOLJQPHQW�HUURUV

Ɣ 6XFFHVVIXO�DOLJQPHQW�RI�DOO�OLQNV�
Ɣ ,PSOHPHQWDWLRQ�RI�DQ�DOJRULWKP�DQG�VXFFHVVIXO�WUDQVPLVVLRQ�RI�GDWD�WKURXJK�LW
Ɣ 9HULILFDWLRQ�RI�ODWHQF\�DQG�KRZ�LW�FRPSDUHV�WR�7'5�YDOXH��LQ�SDUWLFXODU�WKH�6HU'HV�OLQNof  the  system  that  can  be  measured  in  September.  The  TPG/L1  links  do  not  form  part  of  the  test.

Source  of  Latency BX  (TDR) BX  -­  measured  in  Sept

2013

L1  processing  +  TM 10 7

L1/L2  SerDes  (Tx+Rx)  @

10Gbps

5 5

L1/L2  SerDes  Align  Data 1 1

L1/L2  cable  (20m) 4 4

L2  Processing 8 5.5  (clustering,  jets,  ring

sums)

L2/GT  SerDes  (Tx+Rx) 5.5 5  (identical  link  to  L1/L2

above)

L2/GT  SerDes  Align  Data 1 1  (identical  link  to  L1/L2

above)

L2/GT  cable 0.5 0.5

De-­multiplex 6 7

TOTAL 41

6.  Algorithms

A  set  of  algorithms  to  test  the  TMT  architecture  has  been  prepared  -­  these  include  link  to  tower

conversion,  tower  to  cluster  conversion,  a  compact  object  sorter,  jet  finders.  The  testing  of  the

algorithms  is  split  into  three  stages,  linearisation  of  the  incoming  data,  TMT-­style  algorithms  for

object  finding,  and  sorting  and  summation.

In  this  test  we  plan  to  test  all  these  stages,  the  second  stage  will  be  accomplished  with  one  of

the  several  algorithms  that  has  been  prepared.

7.  Test  criteria:

A  Pass  of  the  TMT  test  requires  the  following  objectives  to  be  met:

● Reliable  transmission  of  data  @  10Gbps  asynch  between  PP  and  MP  (36  links  with  full

error  checking)  -­  “reliable”  to  mean  running  for  a  series  of  at  least  6  hour  runs  with  zero

alignment  errors
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A	
  simple	
  example	
  of	
  RouEng	
  CongesEon:	
  1	
  	
  

•  (G	
  Iles)	
  Created	
  simple	
  design	
  to	
  find	
  rouEng	
  limit	
  
–  30x36	
  2x2	
  tower	
  clusters	
  (“electrons”)	
  with	
  10bit	
  energy	
  
–  432	
  Gb/s	
  (without	
  8B/10B)	
  

•  Approximately	
  	
  ¾	
  of	
  CMS	
  
–  Sum	
  16	
  clusters	
  to	
  create	
  “pseudojets”	
  
–  No	
  other	
  firmware	
  (e.g.	
  no	
  sort,	
  no	
  transceivers,	
  no	
  DAQ,	
  etc)	
  
–  XC7VX485T	
  –	
  Place	
  &	
  Route	
  fails	
  even	
  though	
  LUT	
  usage	
  only	
  at	
  29%	
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but number of LUTs is not the whole story… 
 
A bigger FPGA may not solve all the problems… 

Bare minimum 
“physics” algorithm 



•  (G	
  Iles)	
  Implemented	
  a	
  proposed	
  
circular	
  isolaEon	
  algorithm	
  
–  using	
  pipelined	
  design	
  

•  Searches	
  every	
  tower	
  locaEon	
  in	
  
56	
  x	
  72	
  region	
  
–  4032	
  sites	
  

•  Counts	
  the	
  number	
  of	
  objects	
  
above	
  threshold	
  within	
  a	
  circular	
  
ring	
  of	
  diameter	
  9	
  towers	
  or	
  
clusters	
  	
  
–  Result	
  passed	
  into	
  LUT	
  with	
  the	
  

energy	
  to	
  determine	
  object	
  status	
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RouEng	
  CongesEon	
  2	
  :	
  A	
  nasty	
  example..	
  	
  

φ
72 towers 

η
56 towers 

Operates up to 400MHz  
Compact: < 1% of the FPGA 

Low latency - 9 clks (no overlap)  
1.5 BX @ 240 MHz  

* Only synthesised 36 towers in eta, rather than 56, but in the small FPGA 

…… 

…… 



Why	
  was	
  Time	
  MulEplexed	
  Trigger	
  not	
  already	
  used?	
  

•  Mainly	
  technology	
  limitaEons	
  
–  It	
  is	
  reliant	
  on	
  high	
  performance	
  hardware	
  

•  large	
  &	
  powerful	
  FPGAs	
  
•  many	
  high	
  speed	
  (opEcal)	
  links	
  

•  More	
  recent	
  objecEons	
  to	
  latency	
  penalty	
  in	
  L1-­‐L2	
  transmission	
  
–  but	
  this	
  is	
  mostly	
  a	
  myth!	
  
–  If	
  properly	
  organised,	
  data	
  processing	
  does	
  not	
  need	
  to	
  wait	
  for	
  enEre	
  

event	
  data.	
  	
  
–  It	
  can	
  begin	
  as	
  soon	
  as	
  first	
  cycle’s	
  worth	
  of	
  data	
  arrive	
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The	
  track-­‐trigger	
  challenge	
  

•  Impossible	
  to	
  transfer	
  all	
  data	
  off-­‐detector	
  for	
  decision	
  logic	
  
so	
  on-­‐detector	
  data	
  reducEon	
  (or	
  selecEve	
  readout)	
  essenEal	
  
–  The	
  hit	
  density	
  means	
  high	
  combinatorial	
  background	
  
–  99%	
  tracks	
  <	
  2	
  GeV/c	
  
–  afer	
  ~2	
  GeV/c	
  cut,	
  
	
  	
  	
  	
  	
  	
  	
  ~60-­‐70%	
  hits	
  associated	
  with	
  real	
  track	
  

•  What	
  are	
  track-­‐trigger	
  requirements?	
  
–  original	
  assumpEon:	
  a	
  few	
  points	
  would	
  help	
  
–  but	
  simulaEons	
  did	
  not	
  show	
  big	
  rate	
  reducEons	
  
–  hence	
  quasi-­‐full	
  track	
  reconstrucEon	
  for	
  pT	
  >~3	
  GeV/c	
  	
  
–  separaEon	
  of	
  primary	
  verEces	
  is	
  required	
  

•  applicaEon	
  in	
  trigger	
  based	
  on	
  plausible	
  simulaEons	
  
–  i.e.	
  2025	
  trigger	
  not	
  well	
  defined	
  
–  isolaEon,	
  pileup	
  subtracEon,	
  vertex	
  associaEon,	
  object	
  poinEng,….	
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Possible	
  layout	
  of	
  CMS	
  TM	
  Track-­‐Trigger	
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trigger	
  regions	
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split	
  tracker	
  into	
  phi	
  regions	
  
	
  	
  

constrained	
  problem	
  by	
  looking	
  at	
  minimum	
  number	
  of	
  trigger	
  regions	
  (TRs)	
  required,	
  
and	
  imposed	
  constraint	
  that	
  one	
  module	
  cannot	
  be	
  shared	
  across	
  more	
  than	
  two	
  TRs	
  
	
  
	
   -­‐	
  5	
  TRs	
  in	
  phi	
  only	
  

	
  
-­‐	
  1	
  GeV/c	
  boundary	
  region	
  
assumed	
  
	
  
-­‐	
  e.g.	
  could	
  allow	
  for	
  be>er	
  reco	
  
@	
  2GeV/c	
  in	
  case	
  of	
  e+/e-­‐,	
  brem,	
  
low	
  pT,	
  mul#ple	
  sca>ering	
  etc.	
  

Geoff	
  Hall	
  

1	
  GeV/c	
  



time	
  multiplex	
  period	
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the	
  Hme	
  mulHplex	
  period	
  is	
  not	
  a	
  completely	
  free	
  parameter	
  
	
  
	
  

small	
  TM	
  period	
   large	
  TM	
  period	
  

full	
  event	
  must	
  be	
  quickly	
  assembled	
  into	
  one	
  
MP	
  

could	
  allow	
  more	
  efficient	
  processing	
  of	
  
pipelined	
  data	
  into	
  MP	
  

reduces	
  data	
  volume	
  per	
  event	
  from	
  PP	
  to	
  MP	
  	
  
(or	
  requires	
  increased	
  number	
  of	
  links)	
  

increases	
  data	
  volume	
  per	
  event	
  from	
  PP	
  to	
  MP	
  	
  
(or	
  reduces	
  number	
  of	
  links)	
  

reduces	
  latency	
   increases	
  latency	
  

reduces	
  number	
  of	
  MPs	
   increases	
  number	
  of	
  MPs	
  

min	
  ~15bx	
  	
  
(PP	
  output	
  bandwidth	
  without	
  more	
  Trigger	
  

Regions)	
  

max	
  ~34bx	
  	
  
(68	
  links/2	
  Trigger	
  Regions)	
  

preferred	
  direcEon	
  

TM	
  period	
  of	
  24BX	
  chosen	
  for	
  case	
  study	
  (could	
  be	
  opHmised	
  in	
  future)	
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PP/FEDs	
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PP/FED	
  

68	
  FE	
  links	
  
3.2Gbps	
  per	
  link	
  

4	
  bidirecEonal	
  DAQ	
  links	
  
10Gbps	
  per	
  link	
  

24	
  TRG	
  links	
  
10Gbps	
  per	
  link	
  

to	
  one	
  TR	
  

from	
  non-­‐shared	
  modules	
  

PP/FED	
  

68	
  FE	
  links	
  
3.2Gbps	
  per	
  link	
  

48	
  TRG	
  links	
  
10Gbps	
  per	
  link	
  

to	
  two	
  TRs	
  -­‐	
  
24	
  TRG	
  links	
  
to	
  each	
  

from	
  shared	
  (boundary)	
  modules	
  

4	
  bidirecEonal	
  DAQ	
  links	
  
10Gbps	
  per	
  link	
  

4	
  DAQ	
  links	
  per	
  PP/FED	
  allows	
  a	
  
maximum	
  bandwidth	
  of	
  40Gbps	
  
(~588Mbps	
  available	
  per	
  tracker	
  module)	
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Organisation	
  for	
  5	
  TRs	
  in	
  Phi	
  &	
  	
  24BX	
  TM	
  Period	
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28	
   18	
   29	
   17	
   29	
   17	
   29	
   18	
   28	
   20	
  

66	
   64	
   63	
   64	
   66	
  

24	
   24	
   24	
   24	
   24	
  

1865	
   1194	
   1930	
   1156	
   1944	
   1102	
   1954	
   1170	
   1865	
   1328	
  

672	
   696	
   696	
   696	
   672	
  
432	
   432	
   408	
   408	
   408	
   408	
   432	
   432	
   480	
  

1584	
   1536	
   1512	
   1536	
   1584	
  

#	
  FE	
  links	
  

#	
  PP/FEDs	
  

#	
  PP-­‐>MP	
  
links	
  

#	
  PP	
  links/	
  
MP	
  

#	
  PP-­‐>MP	
  
links	
  total	
  

#	
  TM	
  
nodes	
  

480	
  

φ1	
   φ2	
   φ3	
   φ4	
   φ5	
  
(numbers	
  from	
  
tkLayout…)	
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Summary	
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full	
  tracker	
  L1	
  and	
  trigger	
  
data	
  can	
  be	
  read	
  out	
  with	
  a	
  
total	
  of	
  353	
  MP7s	
  

afer	
  24BX,	
  all	
  trigger	
  data	
  from	
  tracker	
  from	
  first	
  event	
  are	
  assembled	
  into	
  5	
  MPs	
  
	
  each	
  MP	
  corresponds	
  to	
  a	
  trigger	
  region	
  in	
  phi	
  
	
  But	
  processing	
  should	
  have	
  started	
  earlier	
  than	
  BX	
  25	
  

	
  
subsequent	
  events	
  are	
  available	
  in	
  next	
  set	
  of	
  5	
  MPs	
  afer	
  one	
  extra	
  BX	
  
	
  
no	
  boundary	
  sharing	
  is	
  required	
  afer	
  duplicaEon	
  in	
  PP;	
  	
  

	
  no	
  post-­‐TM	
  removal	
  of	
  duplicates	
  necessary	
  
	
  
What	
  processing	
  is	
  possible	
  in	
  MPs?	
  	
  	
  

	
  track-­‐finding?	
  track	
  fi|ng?	
  data	
  processing	
  before	
  an	
  AM	
  stage?	
  	
  

φ1	
   φ2	
   φ3	
   φ4	
   φ5	
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even	
  simpler	
  demonstrator	
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2	
  MP7s	
  emulate	
  event	
  data	
  from	
  1	
  out	
  of	
  5	
  regions,	
  one	
  out	
  of	
  every	
  24BX	
  

46	
   46	
  

64	
  

1	
  

46	
  

64	
  

#	
  emulated	
  
PP/FEDs	
  

#	
  PP-­‐>MP	
  
links	
  

#	
  PP	
  links/	
  
MP	
  

#	
  PP-­‐>MP	
  
links	
  total	
  

#	
  TM	
  
nodes	
  

18	
  

φ1	
   φ2	
   φ3	
   φ4	
   φ5	
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•  This demonstrator already exists 
§  just need to program source data 

to be ready to try algorithms 



Firmware	
  design	
  

•  SEll	
  to	
  establish	
  the	
  best	
  way	
  of	
  finding	
  tracks	
  at	
  HL-­‐LHC	
  
–  latency	
  and	
  efficiency,	
  as	
  well	
  as	
  (firmware)	
  programming	
  challenges	
  
–  we	
  know	
  from	
  MP7	
  that	
  large	
  FPGAs	
  present	
  serious	
  challenges,	
  e.g.:	
  

•  exceeding	
  RAM	
  resources	
  	
  
•  logic	
  fails	
  to	
  synthesize	
  within	
  Eming	
  constraints	
  afer	
  many	
  hours	
  

•  Possible	
  approach	
  based	
  on	
  Hough	
  transform	
  
–  locate	
  series	
  of	
  hits	
  on	
  a	
  trajectory,	
  for	
  which	
  y	
  =	
  mx	
  +	
  c	
  

•  For	
  fixed	
  (m,c):	
  	
  every	
  “y”	
  corresponds	
  to	
  single	
  “x”	
  
•  For	
  fixed	
  (x,y):	
  	
  every	
  “c”	
  corresponds	
  to	
  single	
  “m”	
  

–  point	
  (m,c)	
  -­‐>	
  line	
  (x,y)	
  	
  	
  	
  	
  	
  point	
  (x,y)	
  -­‐>	
  line	
  (m,c)	
  
•  All	
  hits	
  from	
  a	
  real	
  track	
  have	
  same	
  (m,c)	
  

–  For	
  each	
  data	
  point	
  (x,y),	
  hypothesize	
  “m”	
  and	
  calculate	
  “c”	
  
•  When	
  mulEple	
  hits	
  have	
  same	
  (m,c),	
  send	
  for	
  fi|ng	
  
•  idenEfy	
  by	
  histogramming	
  entries	
  into	
  array	
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Possible	
  implementation	
  

53	
   |	
  	
  	
  	
  Dataflow	
  SimulaEon	
  	
  	
  	
  |	
  	
  	
  	
  Mark	
  Pesaresi	
  	
  	
  	
  |	
  	
  	
  	
  UK	
  Track	
  Trigger	
  	
  	
  	
  14.11.14	
  

pipelined	
  systolic	
  array	
  as	
  proposed	
  by	
  Andy	
  Rose	
  

stub	
  enters	
  
array,	
  close	
  to	
  
entry	
  row	
  and	
  
finds	
  its	
  way	
  



Summary	
  

•  The	
  TMT	
  is	
  now	
  a	
  proven	
  architecture	
  in	
  CMS	
  
–  which	
  will	
  operate	
  in	
  the	
  CMS	
  calorimeter	
  trigger	
  from	
  2016	
  

•  The	
  hardware	
  is	
  very	
  flexible	
  and	
  can	
  be	
  deployed	
  for	
  a	
  TMTT	
  
–  only	
  a	
  fracEon	
  of	
  the	
  system	
  is	
  required	
  to	
  validate	
  the	
  concept	
  
–  installing	
  and	
  building	
  should	
  only	
  require	
  replicaEng	
  idenEcal	
  nodes	
  

•  a	
  track-­‐trigger	
  could	
  be	
  built	
  using	
  present	
  technology	
  
–  safe	
  to	
  assume	
  further	
  technological	
  progress	
  in	
  next	
  decade	
  	
  

•  The	
  next	
  challenge	
  is	
  to	
  prove	
  algorithms	
  can	
  be	
  implemented	
  
–  under	
  way	
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Backup	
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SynchronisaEon	
  &	
  Structure	
  

•  SynchronizaEon	
  is	
  only	
  required	
  per-­‐Eme-­‐node,	
  not	
  across	
  the	
  
whole	
  trigger	
  
–  De-­‐synchronizaEon	
  of	
  a	
  node	
  only	
  affects	
  that	
  node.	
  	
  
–  A	
  Eming	
  glitch	
  in	
  a	
  CT	
  disrupts	
  the	
  whole	
  trigger.	
  

•  The	
  efficient	
  pipelined	
  logic	
  should	
  lead	
  to	
  lower	
  latency,	
  and	
  
the	
  eventual	
  clock	
  speed	
  can	
  be	
  as	
  fast	
  as	
  the	
  FPGA	
  allows.	
  

	
  
•  Firmware	
  build	
  Emes	
  should	
  be	
  significantly	
  shorter	
  due	
  to	
  the	
  
pipelined,	
  as	
  opposed	
  to	
  combinatorial,	
  nature	
  of	
  the	
  
architecture.	
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59 

first wafer probed manually 
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