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The	
  ATLAS	
  Calorimeter	
  System	
  

•  A	
  complex	
  system	
  

•  Before	
  going	
  into	
  details	
  let’s	
  look	
  to	
  general	
  and	
  basic	
  concepts	
  of	
  calorimetry	
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Intoduc?on:	
  calorimeters	
  in	
  a	
  nutshell	
  
•  Calorimeters	
  in	
  HEP	
  experiments	
  are	
  designed	
  to	
  measure	
  energy	
  

of	
  incoming	
  par=cles	
  
–  Par=cles	
  to	
  be	
  measured	
  must	
  be	
  fully	
  absorbed:	
  disrup=ve	
  

measurement	
  
–  Calorimeters	
  measure	
  energy	
  of	
  charged	
  as	
  well	
  as	
  neutral	
  par=cles	
  

(n,γ,π0…)	
  
–  They	
  can	
  provide	
  informa=on	
  on	
  the	
  direc=on	
  of	
  the	
  par=cle:	
  

segmenta=on	
  
–  They	
  can	
  measure	
  ‘missing’	
  energy,	
  i.e.	
  energy	
  carried	
  by	
  not	
  interac=ng	
  

par=cles	
  like	
  neutrinos:	
  hermi=city	
  	
  
–  Classifica=on	
  of	
  calorimeters:	
  
–  Depending	
  on	
  par=cles	
  measured:	
  

•  Electromagne=c	
  (EM)	
  –	
  measure	
  electrons	
  and	
  photons	
  through	
  their	
  
electromagne=c	
  interac=ons	
  

•  Hadronic	
  (HCAL)	
  –	
  measure	
  mainly	
  hadrons	
  through	
  their	
  strong	
  and	
  
electromagne=c	
  interac=ons	
  

–  According	
  to	
  the	
  construc=on	
  technique:	
  
•  Sampling	
  –	
  consis=ng	
  of	
  alterna=ng	
  layers	
  of	
  absorbers	
  and	
  ac=ve	
  materials	
  
•  Homogeneous	
  –	
  consis=ng	
  of	
  a	
  single	
  type	
  of	
  material	
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Par?cle	
  showers	
  

•  EM	
  shower	
  ini=ated	
  by	
  e+,	
  e-­‐	
  or	
  γ	
  
•  Shower	
  development	
  based	
  on	
  two	
  

processes	
  
•  Bremsstrahlung	
  

•  Pair	
  crea=on	
  

•  e+,	
  e-­‐	
  and	
  γ	
  are	
  the	
  sole	
  components	
  of	
  the	
  
shower	
  

Calorimeters	
  measure	
  energy	
  of	
  charged	
  secondary	
  par=cles	
  created	
  by	
  the	
  
interac=on	
  of	
  the	
  incoming	
  par=cle	
  with	
  a	
  block	
  of	
  material	
  	
  	
  

•  Hadronic	
  shower	
  ini=ated	
  by	
  hadrons	
  (p,n,π…)	
  
•  Hadronic	
  showers	
  have	
  always	
  an	
  EM	
  

component	
  too	
  
•  Shower	
  development	
  based	
  on	
  hadronic	
  

interacion	
  and	
  on	
  electromagne=c	
  one	
  (for	
  the	
  
EM	
  part)	
  

•  Large	
  variety	
  of	
  par=cle	
  components	
  

EM	
  Calorimeter	
   Hadronic	
  Calorimeter	
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EM	
  showers	
  –	
  Basic	
  concepts	
  
•  Above	
  ~1GeV	
  energy	
  loss	
  by	
  e/γ	
  is	
  

dominated	
  by	
  radia=ve	
  processes	
  	
  
we	
  focus	
  on	
  these	
  

•  At	
  lower	
  energy	
  other	
  processes	
  contribute	
  
–  Ioniza=on	
  for	
  electrons	
  

–  Compton	
  sca\ering	
  and	
  photoelectric	
  effect	
  
for	
  photons	
  	
  

•  EM	
  showers	
  develop:	
  
–  Longitudinally:	
  direc=on	
  of	
  primary	
  par=cle	
  

–  Transversally:	
  in	
  the	
  transverse	
  plane	
  

•  Few	
  parameters	
  can	
  discribe	
  the	
  
development	
  
–  We	
  won’t	
  go	
  to	
  a	
  detailed	
  descrip=on	
  	
  

Pair	
  crea=on	
   Bremsstrahlung	
  

Z	
  

γ	
  

e+	
  

e-­‐	
  
Z	
  

γ	
  e-­‐	
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EM	
  showers	
  –	
  Basic	
  concepts	
  
Radia?on	
  length	
   • 	
  Material	
  badget	
  that	
  reduces	
  on	
  average	
  the	
  

energy	
  of	
  an	
  electror	
  by	
  a	
  factor	
  e	
  
• 	
  In	
  1	
  X0	
  1	
  electron	
  loses	
  ~2/3	
  of	
  its	
  energy	
  by	
  
emiOng	
  a	
  photon	
  
• 	
  In	
  1	
  X0	
  a	
  photon	
  has	
  a	
  probability	
  of	
  ~7/9	
  to	
  
undergo	
  a	
  pair	
  conversion	
  	
  

X0	
  can	
  be	
  (approximately)	
  assumed	
  as	
  genera?on	
  length:	
  at	
  each	
  genera?on	
  (step)	
  
the	
  number	
  of	
  par?cles	
  in	
  the	
  shower	
  doubles	
  and	
  the	
  energy	
  of	
  the	
  par?cles	
  halves	
  

Cri?cal	
  Energy	
  

Is	
  the	
  energy	
  at	
  which	
  electrons	
  start	
  irradia?ng	
  
photons.	
  At	
  energy	
  below	
  Ec	
  ioniza?on	
  dominates	
  

Moliere	
  radius	
  

Measures	
  the	
  transverse	
  shower	
  size:	
  average	
  
lateral	
  deflec?on	
  of	
  electron	
  with	
  E=Ec	
  aYer	
  1X0	
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EM	
  showers	
  

•  EM	
  showers	
  are	
  contained	
  
(>99%)	
  in	
  20	
  X0	
  regardless	
  the	
  
material	
  (X0	
  depends	
  on	
  ρ)	
  

Lateral	
  shower	
  developmen:	
  
EM	
  showers	
  contained	
  in	
  
	
   1	
  RM:	
  ~87%	
  
	
   2	
  RM:	
  ~96%	
  
	
   5	
  RM:	
  >99%	
  	
  

Material	
  =chness	
  for	
  containement	
  ~	
  Ln(E)	
  

13/06/11	
   8	
  



Some	
  numbers	
  

•  25X0	
  =	
  	
  
Lead-­‐glass:	
  25*25.1	
  =	
  627.5	
  mm	
  	
  	
   	
  homogeneous?	
  
Liquid	
  Ar:	
  25*140	
  =	
  3500	
  mm	
  	
   	
  sampling	
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Energy	
  resolu?on	
  

•  Measured	
  energy	
  in	
  EM	
  calorimeters	
  is	
  the	
  
energy	
  of	
  electrons	
  and	
  positrons	
  interac?ng	
  
with	
  the	
  ac?ve	
  detector	
  material	
  

Mul?plica?on	
  process	
  is	
  stocas?c	
  
Poisson	
  distribu?on	
  

Intrinsic	
  energy	
  resolu=on	
  improve	
  with	
  E	
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Energy	
  resolu?on	
  

•  a:	
  	
  Stocas?c	
  term	
  
–  intrinsic	
  limit	
  due	
  to	
  sta?s?cal	
  	
  

processes	
  

•  b:	
  noise	
  term	
  
–  important	
  at	
  low	
  energy	
  

–  Electronic	
  noise,	
  pileup	
  etc.	
  
•  c:	
  constant	
  term	
  

–  Dominates	
  at	
  high	
  energy	
  

–  Due	
  to	
  inhomogenei?es	
  in	
  materials,	
  calibra?on	
  imperfec?ons,	
  leakage	
  	
  	
  

Generic	
  parametriza?on	
  of	
  
calorimeter	
  energy	
  resolu?on:	
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Sampling	
  vs	
  homogeneous	
  
•  Homogeneous	
   •  Sampling	
  

Ac?ve	
  medium	
  (with	
  high	
  X0)	
  coincides	
  
with	
  absorber	
  
Very	
  good	
  energy	
  resolu?on	
  (small	
  a)	
  
No	
  informa?on	
  on	
  longitudinal	
  
development	
  of	
  the	
  shower	
  
Cost	
  effec?ve	
  

Alterna?ng	
  layers	
  of	
  ac?ve	
  medium	
  
(smaller	
  X0)	
  and	
  absorber	
  (larger	
  X0:	
  Pb,	
  
Cu,	
  Fe)	
  	
  
Energy	
  is	
  sampled:	
  sampling	
  frac?on	
  
introduces	
  an	
  addi?onal	
  contribu?on	
  to	
  
the	
  stocas?c	
  term	
  
Shower	
  shape	
  informa?on	
  
Normally	
  cheaper	
  than	
  homogeneous	
  	
  	
  

a	
  ~	
  1-­‐10	
  %	
   a	
  ~	
  10-­‐20	
  %	
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Hadron	
  shower	
  
•  Descrip?on	
  of	
  hadron	
  shower	
  development	
  is	
  rather	
  

complicated	
  
•  It	
  preceeds	
  via	
  strong	
  and	
  EM	
  interac?ons	
  

•  Strong	
  interac?on	
  of	
  a	
  single	
  hadron	
  with	
  majer	
  can	
  
lead	
  to	
  produc?on	
  of	
  many	
  secondaries	
  

•  π0γγ	
  generate	
  EM	
  component	
  of	
  the	
  shower	
  

•  Nuclei	
  can	
  breakup	
  leading	
  to	
  spalla?on	
  of	
  n	
  and	
  p	
  

•  Energy	
  threshold	
  is	
  the	
  produc?on	
  of	
  π:	
  	
  
Eth~2mπ	
  =2	
  80	
  MeV	
  	
  

Energy	
  deposited	
  by	
  hadron	
  components:	
  

Ionizing	
  par?cle	
  (p,	
  pi+-­‐,	
  etc)	
   	
   ~60%	
  
Neutron	
   	
   	
   	
   	
   	
   ~10%	
  
Invisible	
  energy	
  (nuclear	
  binding)	
   ~30%	
  	
  

Huge	
  fluctua?ons	
  	
  poor	
  energy	
  resol.	
  
a	
  ~	
  20-­‐40%	
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Hadron	
  shower	
  
•  Hadron	
  showers	
  development	
  is	
  

parametrized	
  with	
  interac?on	
  length	
  	
  

Longitudinal	
  

Lateral	
  

~10	
  λint	
  to	
  contain	
  a	
  shower	
  ~	
  1-­‐2	
  m	
  (heavy	
  
absorber)	
  	
  HCAL	
  always	
  sampling	
  	
  

Moreover:	
  response	
  of	
  ac?ve	
  layer	
  to	
  HAD	
  and	
  
EM	
  shower	
  components	
  is	
  different	
  (e/h	
  ≠	
  1)	
  	
  

Concept	
  of	
  calorimeter	
  compensa?on,	
  
not	
  described	
  here.	
  
ATLAS	
  calorimeter	
  is	
  not	
  compensa?ng	
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Recap	
  

•  Calorimeters	
  
ElectroMagne?c	
  
Hadronic	
  

Homogeneous	
  
Sampling	
  

Resolu?on	
  increase	
  with	
  E	
  
Sower	
  size	
  (containement)	
  ~	
  Ln(E)	
  

Calorimeters	
  can	
  be	
  based	
  on	
  different	
  detec=on	
  techniques	
  

Scin=llators,	
  ioniza=on,	
  cerenkov	
  etc.	
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The	
  ATLAS	
  Calorimeter	
  System	
  

Liquid	
  Argon	
  (LAr)	
  sampling	
  
	
   EM	
  Barrel	
  (|η|<1.475	
  -­‐	
  Pb)	
  
	
   EM	
  EndCap	
  (1.4<|η|<3.2	
  -­‐	
  Pb)	
  
	
   HAD	
  EndCap	
  (1.5<|η|<3.2	
  -­‐	
  Cu)	
  
	
   Forward	
  (3.2<|η|<4.9	
  –	
  Cu/W)	
  

Scin=llator	
  Tiles/Steel	
  sampling	
  
	
   HAD	
  Barrel	
  (||<1.0)	
  
	
   HAD	
  Extended	
  Barrel	
  (0.8<||<1.7)	
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ATLAS	
  LAr	
  Calorimeter	
  
Ac=ve	
  material:	
  Liquid	
  Argon	
  
Absorber:	
  Pb	
  (EMB)	
   To	
  keep	
  argon	
  in	
  liquid	
  phase	
  the	
  detector	
  

is	
  kept	
  at	
  88K	
  by	
  three	
  big	
  cryostats	
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Principle	
  of	
  LAr/Pb	
  calorimeter	
  
•  Interac?ons	
  mainly	
  in	
  lead	
  absorber	
  
•  Charged	
  par?cles	
  ionize	
  Ar	
  atoms	
  
•  Elecrons	
  driY	
  in	
  the	
  LAr	
  gap	
  where	
  an	
  electric	
  field	
  is	
  

applied	
  
•  Signal	
  is	
  induced	
  on	
  the	
  read-­‐out	
  electrodes	
  by	
  the	
  

moving	
  electrons	
  
•  Induced	
  signals	
  have	
  a	
  caracteris?c	
  triangular	
  shape	
  

current	
  peak	
  ~	
  energy	
  lost	
  by	
  par?cles	
  	
  	
  

E 

tdriY	
  ~	
  450	
  ns	
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ATLAS	
  LAr	
  EM	
  Calorimeter	
  
•  Advantages	
  of	
  LAr	
  as	
  ac?ve	
  material	
  

–  Detector	
  uniformity	
  (easier	
  calibra?on)	
  
–  Linearity	
  of	
  the	
  response	
  (LAr	
  high	
  density	
  

	
  no	
  electron	
  amplifica?on	
  needed)	
  
–  Stability	
  with	
  ?me	
  
–  Radia?on	
  hard	
  
–  High	
  granularity	
  possible	
  (shaping)	
  	
  

•  Drawbacks	
  
–  Sampling	
  (but	
  longitudinal	
  

segmenta?on	
  possible)	
  

–  Criogenics	
  	
  difficult	
  opera?on,	
  
addi?onal	
  dead	
  material	
  

–  ‘Slow’	
  charge	
  collec?on:	
  
450ns	
  >>	
  25ns	
  =	
  LHC	
  BC	
  frequency	
  	
  

td	
  >>	
  τBC	
  but	
  the	
  energy	
  informa?on	
  is	
  given	
  by	
  the	
  current	
  peak	
  
	
  intergra?on	
  of	
  the	
  signal	
  over	
  ~	
  50ns	
  
	
   	
  degrada?on	
  of	
  S/N	
  
	
   	
  fast	
  signal	
  extrac?on	
  (from	
  RO	
  electrode	
  to	
  FE	
  elx)	
  needed	
  
Solu?on:	
  the	
  accordion	
  geometry	
  	
  

Addi?onal	
  advantages:	
  
Ermi?city	
  in	
  phi:	
  no	
  cracks	
  
High	
  granularity	
  
Capacitance	
  reduc?on	
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ATLAS	
  LAr	
  EM	
  calorimeter	
  

Energy	
  resolu?on:	
  

Segmenta?on	
  in	
  (eta,	
  phi)	
  
Segmenta?on	
  in	
  depth,	
  3	
  layers:	
  
	
   Strips,	
  Middle,	
  Back	
  
	
   Strips	
  highly	
  segmented:	
  
	
   good	
  rejec?on	
  π0/γ	
  
24	
  X0	
  in	
  total	
  
Presampler	
  up	
  to	
  |eta|	
  =1.8	
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EM	
  calo	
  benchmarg:	
  Hgg	
  
•  BR(Hgg)	
  ≈	
  210-­‐3at	
  mH=120GeV	
  

•  But	
  a	
  very	
  clean	
  channel	
  (and	
  possibly	
  the	
  best	
  one	
  at	
  small	
  masses)	
  

To	
  achieve	
  a	
  good	
  invariant	
  mass	
  
resolu?on	
  on	
  mγγ	
  good	
  energy	
  and	
  
angular	
  resolu?ons	
  are	
  needed	
  

H	
  
γ	
  

γ	
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Lar	
  HCAL	
  and	
  FCAL	
  
•  Same	
  principle	
  as	
  EM	
  but	
  different	
  geometries	
  and	
  absorbers	
  

HEC	
  

FCAL	
  

FCAL:	
  important	
  for	
  detec?on	
  
of	
  forward	
  ‘jets’,	
  e.g.	
  in	
  VBF	
  
higgs	
  produc?on	
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ATLAS	
  Tile	
  Calorimeter	
  
Unconven?onal	
  geometry:	
  absorber	
  plates	
  (steel)	
  
and	
  scin?lla?ng	
  ?les	
  oriented	
  along	
  the	
  direc?on	
  
of	
  the	
  incident	
  par?cles:	
  
 	
  homogeneous	
  sensi?vity	
  
 	
  hermi?city	
  in	
  phi	
  
 	
  economic	
  construc?on	
  

Scin?llators	
  (crystals):	
  
• 	
  incident	
  charged	
  par?cles	
  create	
  electron-­‐hole	
  pairs	
  
• 	
  photons	
  are	
  emijed	
  when	
  electrons	
  return	
  to	
  the	
  valence	
  band	
  
• 	
  the	
  incident	
  electron	
  or	
  photon	
  is	
  completely	
  absorbed	
  
• 	
  the	
  produced	
  amount	
  of	
  light,	
  which	
  is	
  reflected	
  through	
  the	
  transparent	
  	
  
	
  	
  	
  crystal,	
  is	
  measured	
  by	
  photomul?pliers	
  or	
  solid	
  state	
  photon	
  detectors	
  

Exciton	
  band	
  

Valence	
  band	
  

Forbidden	
  	
  
band	
  

Conduc=on	
  	
  band	
  

Other	
  (forbidden	
  or	
  filled)	
  bands	
  

Ex
ci
to
n	
   Traps	
  

e-­‐	
  

h	
  

γ	
  

En
er
gy
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Measured	
  objects	
  
•  So	
  far	
  we	
  have	
  discussed	
  about	
  e+,	
  e-­‐,	
  γ,	
  n,	
  p,	
  π…	
  	
  

•  From	
  the	
  point	
  of	
  view	
  of	
  the	
  detected	
  quan??es	
  we	
  should	
  rather	
  talk	
  of	
  
measured	
  objects	
  

Electromagne?c	
  objects:	
  

Measured	
  by	
  EM	
  calo	
  
Electrons	
  or	
  photon	
  
EM	
  calo	
  cannot	
  dis?nguish	
  electrons	
  from	
  photons	
  
Need	
  a	
  match	
  with	
  ID	
  charged	
  tracks	
  	
  	
  

EM	
  objects	
  

Electromagne?c	
  objects	
  	
  	
   	
   Jets	
  	
  	
   	
   MET	
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Ze+e-­‐	
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Z(e+e-­‐)	
  +	
  γ	
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Jets	
  
•  Cluster	
  of	
  mul?par?cles	
  generated	
  by	
  a	
  quark	
  or	
  gluon	
  

•  Measured	
  by	
  HAD	
  calo	
  

•  Hadrons	
  are	
  formed	
  from	
  quarks	
  or	
  gluons	
  via:	
  

Fragmenta=on	
  

QCD	
  radia?on	
  qgq,	
  ggg	
  	
  and	
  gqq	
  
Almost	
  collinear	
  

Hadroniza=on	
  

Final	
  step	
  of	
  hardons	
  (colorless)	
  forma?on	
  
Real	
  QCD	
  radia?on	
  becomes	
  disfavuored	
  	
  

Hadrons	
  created	
  from	
  single	
  q	
  or	
  g	
  are	
  
almost	
  collinear	
  	
  jet	
  
Jets	
  are	
  reconstructed	
  as	
  energy	
  
deposit	
  in	
  a	
  ‘small’	
  cone	
  

Jet	
  

Jet	
  

Beam	
  
remnant	
  

Beam	
  
remnant	
  

H
ad
ro
ni
za
?o

n	
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2	
  symmetric	
  jets	
  in	
  Pb-­‐Pb	
  collision	
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2-­‐jet	
  event	
  in	
  p-­‐p	
  collision	
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MET	
  (Missing	
  ET)	
  
•  By	
  measuring	
  the	
  ‘visible’	
  energy	
  of	
  the	
  event	
  one	
  can	
  reconstruct	
  the	
  energy	
  carried	
  by	
  

invisible	
  objects	
  (neutrinos,	
  but	
  also	
  LSP	
  in	
  SUSY	
  etc.)	
  
•  In	
  hadron	
  colliders	
  we	
  don’t	
  know	
  the	
  ini?al	
  energy	
  of	
  the	
  interac?ng	
  partons	
  

•  We	
  do	
  know	
  that	
  in	
  transverse	
  plane	
  (to	
  the	
  protons	
  momentum)	
  the	
  ini?al	
  energy	
  is	
  
negligible	
  (on	
  average	
  pTparton	
  <	
  ~300MeV)	
  

•  We	
  can	
  balance	
  the	
  energy	
  of	
  the	
  event	
  in	
  the	
  transverse	
  plane	
  (x-­‐y	
  in	
  ATLAS	
  conven?on)	
  

Exmiss	
  and	
  Eymiss	
  are	
  normally	
  distributed	
  
ETmiss	
  follows	
  a	
  Rayleigh	
  distribu?on:	
  	
  

x	
  

z	
  
y	
  

P	
   P	
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Weν	
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From	
  digit	
  to	
  raw	
  cell	
  energy	
  
•  Signal	
  pulse	
  of	
  the	
  ATLAS	
  calormeters	
  are	
  sampled	
  every	
  25ns	
  (LHC	
  bunch	
  crossing	
  frequency)	
  
•  Normally	
  5	
  samples	
  around	
  the	
  peak	
  are	
  stored	
  

•  Peak	
  is	
  reconstructed	
  from	
  ADC	
  value	
  of	
  the	
  samples	
  	
  Op?mal	
  Filtering	
  

•  From	
  peak	
  value	
  to	
  current	
  induced	
  in	
  the	
  detector	
  	
  calibra?on	
  

•  From	
  measured	
  current	
  to	
  deposited	
  energy	
  	
  sampling	
  frac?on	
  

Physics	
  pulse	
  ≠	
  
Calibra?on	
  Pulse	
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Trigger	
  
•  Calorimeters	
  provide	
  a	
  fast	
  and	
  precise	
  signal	
  
•  Suited	
  to	
  be	
  used	
  for	
  trigger	
  informa?on	
  
•  Time	
  resolu?on	
  of	
  ATLAS	
  LAr	
  calo:	
  O(100ps)	
  

LVL1	
  Calo	
  trigger	
  based	
  on	
  the	
  energy	
  sum	
  of	
  cells	
  
belonging	
  to	
  a	
  trigger	
  tower	
  reconstructed	
  online	
  
1TT	
  =	
  0.1×0.1	
  η×ϕ	
  	
  

EL1T	
  resolu?on	
  as	
  func?on	
  of	
  ELArT	
  
Requirement	
  of	
  <5%	
  resolu?on	
  at	
  E>10	
  GeV	
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Calo	
  cell	
  energy	
  distribu?on	
  

•  Good	
  agreement	
  between	
  data	
  and	
  MC	
  

•  No	
  correc?on	
  for	
  dead	
  material	
  applied	
  on	
  
the	
  individual	
  cells	
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π0	
  signal	
  	
  
π0	
  	
  γγ	
  

ET(EM	
  cluster)	
  >	
  300	
  MeV	
  

ET(π0	
  candidate)	
  >	
  900	
  MeV	
  

No	
  correc?on	
  for	
  dead	
  material	
  

Resolu?on	
  19	
  MeV	
  as	
  expected	
  from	
  MC	
  
LAr	
  performs	
  well	
  in	
  separa?ng	
  γ/π0	
  

First	
  EM	
  layer	
  highly	
  segmented	
  
important	
  for	
  γ/π0	
  separa?on	
  	
  

photon	
   π0γγ	
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Jets	
  
Jet	
  transverse	
  momentum	
  distribu?on	
  

E/p	
  for	
  isolated	
  track	
  (cone	
  R<0.4)	
  
With	
  0.5<pt<10	
  GeV	
  
Only	
  cells	
  in	
  clusters	
  are	
  used	
  (noise	
  
suppression)	
  

Jet	
  reconstructed	
  from	
  clusters	
  using	
  	
  An?Kt	
  alg.	
  
No	
  calibra?on	
  applied	
  
Only	
  cells	
  in	
  clusters	
  are	
  used	
  (noise	
  suppression)	
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Missing	
  ET	
  
Missing	
  x-­‐component	
  transverse	
  
energy	
  in	
  collision	
  data	
  

MET	
  resolu?on	
  vs	
  ∑Et	
  

No	
  calibra?on	
  applied	
  
Only	
  cells	
  in	
  clusters	
  are	
  used	
  
(noise	
  suppression)	
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