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The	
  4-­‐lepton	
  channel	
  
•  Decay	
  channel:	
  HàZZ*àl1+l1-­‐l2+l2-­‐ 	
  li	
  =	
  μ,e	
  
•  Experimental	
  signature:	
  	
  

4	
  isolated	
  leptons	
  coming	
  from	
  the	
  Primary	
  
Interac/on	
  Vertex	
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The	
  4-­‐lepton	
  channel	
  
•  Rela/vely	
  small	
  signal	
  cross	
  sec/on:	
  0.5	
  –	
  7	
  ^	
  

•  Very	
  clean	
  signature	
  and	
  a	
  resonance	
  peak	
  in	
  the	
  4-­‐lepton	
  mass	
  
distribu/on	
  with	
  excellent	
  resolu/on	
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m4L	
  	
  [GeV/c2]	
  

MC	
  simulated	
  



The	
  4-­‐lepton	
  channel	
  
•  Ra/o	
  signal:background	
  almost	
  1:1	
  

–  Irreducible	
  background:	
  the	
  ZZ	
  con/nuum	
   	
  yield:	
  ~14	
  ^	
  
–  Reducible	
  backgrounds:	
  Z+jets,	
  8,	
  WZ,	
  QCD 	
  yield:	
  ~1.1	
  ^	
  

•  Good	
  sensi/vity	
  for	
  a	
  wide	
  mass	
  range	
  110	
  <	
  mH	
  <	
  600	
  GeV/c2	
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MC	
  simulated	
  

qq	
  àZZà4L	
  



Experimental	
  Data	
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•  Available	
  sta/s/cs:	
  4.7	
  B-­‐1	
  collected	
  during	
  	
  2010	
  and	
  2011	
  



Montecarlo	
  samples	
  

•  Signal:	
  
–  ggàHàZZà4l	
  	
  [mH	
  =	
  100	
  –	
  600	
  GeV/c2]	
   	
  powheg 	
   	
  	
  

•  Backgrounds:	
  
–  qqàZZà4l 	
   	
   	
   	
  powheg	
  
–  ggàZZà4l	
  	
   	
   	
   	
  gg2zz	
  
–  8	
  à2l2nu2b 	
   	
   	
  powheg	
  
–  Z+jets	
   	
   	
   	
   	
   	
  madgraph	
  
– W+jets	
   	
   	
   	
   	
   	
  madgraph	
  
– WZ	
  ,	
  WW	
   	
   	
   	
   	
  powheg	
  
–  QCD	
  	
   	
   	
   	
   	
   	
  pythia	
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Event	
  selec/on	
  
•  Trigger	
  

–  iden/fica/on	
  of	
  same-­‐flavor	
  lepton	
  pairs	
  passing	
  thresholds	
  in	
  pt	
  
•  Skim	
  

–  2	
  reconstructed	
  leptons	
  above	
  a	
  given	
  pt,	
  with	
  an	
  invariant	
  mass	
  >	
  40	
  GeV/c2	
  

•  Pre-­‐selecFon	
  
–  iden/fica/on	
  of	
  a	
  first,	
  on	
  shell,	
  Z	
  boson	
  (a	
  opposite-­‐sign,	
  same-­‐flavor	
  lepton	
  pair	
  with	
  

mass	
  close	
  to	
  91	
  GeV/c2)	
  
–  a	
  third	
  lepton	
  passing	
  quality	
  cuts	
  
–  a	
  fourth	
  lepton	
  passing	
  quality	
  cuts,	
  with	
  same-­‐flavor	
  opposite-­‐sign	
  wrt	
  the	
  third	
  
–  choice	
  of	
  the	
  best	
  Z2	
  as	
  the	
  opposite-­‐sign	
  same-­‐flavor	
  lepton	
  pair	
  with	
  the	
  highest	
  pt	
  

•  SelecFon	
  
–  Cut	
  on	
  lepton	
  isola/on	
  	
  
–  Cut	
  on	
  significance	
  of	
  impact	
  parameter	
  
–  Cuts	
  on	
  kinema/cs	
  

8	
  



Lepton	
  iden/fica/on	
  -­‐	
  Muons	
  
•  Algorithm:	
  Global	
  muon	
  reconstruc/on	
  

–  fit	
  hits	
  in	
  the	
  muon	
  system	
  and	
  in	
  the	
  silicon	
  central	
  tracker	
  
–  four-­‐momentum	
  is	
  derived	
  	
  from	
  the	
  inner	
  track	
  

•  ID	
  cuts:	
  
–  pt	
  >	
  5	
  GeV/c	
  	
  	
  ,	
  	
  	
  |	
  eta	
  |	
  <	
  2.4	
  
–  tracker	
  hits	
  >	
  10	
  

•  Efficiencies	
  are	
  evaluated	
  with	
  Tag&Probe	
  technique	
  at	
  the	
  Z	
  and	
  J/ψ	
  peaks	
  
–  this	
  technique	
  exploits	
  the	
  known	
  presence	
  of	
  two	
  leptons	
  in	
  a	
  resonance	
  to	
  computed	
  

almost-­‐unbiased	
  efficiencies	
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Lepton	
  iden/fica/on	
  -­‐	
  Electrons	
  
•  Algorithm:	
  Gaussian-­‐Sum-­‐Filter	
  (gsf)	
  electron	
  

–  combines	
  ECAL	
  and	
  tracker	
  informa/on,	
  matching	
  (super)	
  clusters	
  of	
  energy	
  in	
  the	
  ECAL	
  
with	
  hits	
  in	
  the	
  inner	
  tracker	
  

–  four	
  momentum	
  is	
  given	
  by	
  the	
  combina/on	
  of	
  ECAL	
  and	
  tracker	
  info	
  

•  ID	
  cuts:	
  
–  pt	
  >	
  7	
  GeV/c	
  	
  	
  ,	
  	
  	
  |	
  eta	
  |	
  <	
  2.5	
  
–  /ght	
  electron	
  selec/on	
  to	
  enhance	
  purity	
  à	
  best	
  s/b	
  
–  conversions	
  rejected	
  cuung	
  on	
  expected	
  missing	
  inner	
  hits	
  

•  Efficiencies	
  are	
  evaluated	
  with	
  Tag&Probe	
  technique	
  at	
  the	
  Z	
  peak	
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Lepton	
  isola/on	
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•  The	
  leptons	
  used	
  in	
  the	
  analysis	
  are	
  required	
  to	
  be	
  isolated,	
  i.e.	
  non	
  contained	
  in	
  a	
  
jet,	
  in	
  order	
  to	
  discriminate	
  against	
  QCD	
  processes	
  

•  Lepton	
  isola/on	
  is	
  evaluated	
  looking	
  at	
  the	
  pt	
  of	
  tracks	
  or	
  energy	
  deposits	
  in	
  a	
  
geometrical	
  cone	
  around	
  the	
  track	
  of	
  each	
  lepton:	
  
–  lepton	
  track	
  isola/on	
  Isotrack:	
  sum	
  of	
  pt	
  of	
  tracks	
  within	
  a	
  ΔR	
  <	
  0.3	
  cone	
  
–  lepton	
  ECAL/HCAL	
  isola/on	
  IsoECAL	
  IsoHCAL:	
  sum	
  of	
  ET	
  from	
  energy	
  deposits	
  within	
  a	
  ΔR	
  <	
  0.3	
  cone	
  
–  a	
  small	
  “veto”	
  cone	
  around	
  the	
  lepton	
  is	
  excluded	
  from	
  the	
  computa/on	
  
–  IsoECAL	
  IsoHCAL	
  are	
  corrected	
  for	
  the	
  effect	
  of	
  pile-­‐up	
  increasing	
  
–  normaliza/on	
  to	
  pt	
  	
  à	
  Final	
  variable	
  Riso	
  =	
  (	
  Isotrack	
  +	
  IsoECAL	
  +	
  IsoHCAL	
  )/pt	
  

•  Final	
  cut	
  is	
  on	
  the	
  sum	
  Riiso	
  +	
  Rjiso	
  (	
  <	
  0.35	
  )	
  over	
  all	
  the	
  lepton	
  couples	
  ij	
  

electrons	
   muons	
  



Primary	
  leptons	
  choice	
  &	
  Kinema/cs	
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•  All	
  the	
  leptons	
  are	
  required	
  to	
  come	
  from	
  a	
  common	
  primary	
  vertex	
  
•  This	
   allows	
   to	
   discriminate	
   against	
   reducible	
   background	
   (Zbb,Zcc,8)	
   by	
  

rejec/ng	
  leptons	
  coming	
  from	
  secondary	
  ver/ces	
  (b-­‐jets)	
  
•  Cut	
  on	
  the	
  significance	
  of	
  impact	
  parameter	
  (the	
  distance	
  of	
  closest	
  approach	
  

of	
   lepton	
   track	
  with	
   respect	
   to	
   the	
   primary	
   interac/on	
   vertex,	
   normalized	
   to	
   its	
  
uncertainty): 	
  |SIP3D|	
  =	
  |IP3D/sIP|	
  <	
  4	
  

•  Kinema/cal	
  cuts	
  are	
  posed	
  to	
  
	
  	
  	
  	
  	
  	
  discriminate	
  against	
  QCD	
  resonances:	
  

–  50	
  <	
  mZ1	
  <	
  120	
  GeV/c2	
  

–  12	
  <	
  mZ2	
  <	
  120	
  GeV/c2	
  
–  m4l	
  >	
  100	
  GeV/c2	
  



Event	
  selec/on	
  
•  A	
   comparison	
  done	
   at	
   the	
   early	
   stage	
   of	
   selec/on,	
  with	
   relaxed	
   cuts	
   on	
  

flavor/sign,	
   allow	
   to	
   see	
   the	
   difference	
   between	
   signal-­‐like	
   events	
   and	
  
reducible	
  background	
  ones	
  

•  Cuts	
  on	
  isolaFon	
  and	
  significance	
  of	
  IP	
  are	
  crucial	
  to	
  discriminate	
  signal	
  
against	
  reducible	
  background	
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Background	
  control:	
  irreducible	
  	
  	
  
•  ZZ	
  con/nuum	
  yield	
  is	
  directly	
  es/mated	
  from	
  MC	
  

•  A	
  data-­‐driven	
  cross	
  check	
  has	
  been	
  done	
  by	
  normalizing	
  to	
  the	
  measured	
  
Z	
  rate.	
  With	
  this	
  procedure	
  the	
  uncertainty	
  on	
  luminosity	
  is	
  canceled	
  out	
  
by	
  the	
  ra/o:	
  

•  The	
  number	
  of	
  expected	
  events,	
  for	
  the	
  available	
  integrated	
  luminosity,	
  is:	
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Background	
  control:	
  reducible	
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•  A	
  signal-­‐free	
  control	
  region	
  CR	
  is	
  defined	
  as	
  Z1	
  +	
  2	
  loose	
  SS-­‐SF	
  leptons	
  
(Same	
  Sign	
  –	
  Same	
  Flavor)	
  

•  Every	
  event	
  in	
  the	
  CR	
  is	
  weighted	
  with	
  the	
  probability	
  for	
  it	
  to	
  pass	
  the	
  
/ght	
  selec/on,	
  using	
  a	
  single-­‐lepton	
  fake	
  rate.	
  The	
  fake	
  rate	
  is	
  es/mated	
  
from	
  data,	
  using	
  a	
  Z+1	
  lepton	
  sample	
  

•  More	
  direct	
  methods	
  are	
  limited	
  by	
  the	
  sta/s/cs	
  available	
  in	
  Z+jets	
  MC	
  
sample	
  

•  A	
  closure	
  test	
  on	
  MCs	
  has	
  been	
  done,	
  
resul/ng	
   in	
   a	
   fair	
   agreement	
   with	
  
expecta/ons	
  

•  The	
   number	
   of	
   expected	
   events,	
   for	
  
the	
  available	
  integrated	
  luminosity,	
  is:	
  

Channel	
   Events	
  expected	
  (4.7	
  /B)	
  

4e	
   1.67	
  ±	
  0.05	
  ±	
  0.5	
  

4μ	
   1.13	
  ±	
  0.09	
  ±	
  0.46	
  

2e2μ	
   2.71	
  ±	
  0.08	
  ±	
  0.88	
  
m4L	
  [GeV/c2]	
  



Systema/cs	
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•  TheoreFcal	
   uncertainFes	
  on	
  Higgs	
   produc/on	
   and	
   ZZ	
   cross	
   sec/ons	
   are	
  
considered.	
  They	
  come	
  from	
  PDF	
  systema/c	
  errors	
  and	
  from	
  uncertain/es	
  
on	
  QCD	
  scale	
  and	
  renormaliza/on	
  factors	
  μR	
  and	
  μF	
  

•  Uncertainty	
  on	
  integrated	
  luminosity	
  is	
  4.5	
  %	
  
•  A	
  1.5	
  %	
  uncertainty	
  is	
  assigned	
  to	
  Trigger	
  
•  Tag&Probe	
   techniques,	
   applied	
  both	
  on	
  data	
  and	
  MC,	
  allow	
   to	
   compute	
  

data-­‐to-­‐simulaFon	
  scale	
  factors,	
  to	
  be	
  used	
  as	
  systema/c	
  uncertain/es:	
  
–  Lepton	
  reconstruc/on/iden/fica/on:	
  0.5	
  –	
  3.8	
  %	
  
–  Lepton	
  isola/on:	
  1	
  –	
  2	
  %	
  

Source	
   Uncertainty	
  on	
  XSH	
   Uncertainty	
  on	
  XSZZ	
  
	
  

gg	
  partonic	
  luminosity	
   8	
  %	
   10	
  %	
  

qq	
  partonic	
  luminosity	
   3	
  –	
  5	
  %	
   5	
  %	
  

QCD	
  scale	
   5	
  –	
  12	
  %	
   2	
  –	
  40	
  %	
  

Branching	
  Ra/o	
   2	
  %	
  



Fit	
  to	
  mass	
  distribu/ons	
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•  Signal	
  distribu/on	
  is	
  fi8ed	
  with	
  a	
  Breit-­‐Wigner	
  func/on	
  convoluted	
  with	
  a	
  
Crystall-­‐ball	
  func/on	
  

•  Irreducible	
  ZZ	
  con/nuum	
  is	
  fi8ed	
  with	
  an	
  “empirical”	
  p.d.f.	
  
•  Reducible	
  background	
  is	
  modeled	
  with	
  a	
  Landau	
  func/on	
  

Higgs	
  mH	
  =	
  140	
  GeV/c2	
   con/nuum	
  ZZ	
  
Z+X	
  



Results	
  –	
  Mass	
  distribu/on	
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•  Final	
  mass	
  distribu/on	
  for	
  events	
  passing	
  the	
  full	
  selec/on	
  
•  Expected	
  distribu/ons	
  for	
  background	
  and	
  (some)	
  signals	
  are	
  shown	
  

4mu+4e+2e2mu	
  
	
  

Observed	
  events:	
  72	
  
Expected	
  events:	
  67.1	
  ±	
  6.0	
  



Results	
  –	
  Low	
  mass	
  region	
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•  Final	
  mass	
  distribu/on	
  for	
  events	
  passing	
  the	
  full	
  selec/on	
  
–  	
  m4L	
  <	
  160	
  GeV/c2	
  

•  Expected	
  distribu/ons	
  for	
  background	
  and	
  (some)	
  signals	
  are	
  shown	
  

4mu+4e+2e2mu	
  
	
  

Observed	
  events:	
  13	
  
Expected	
  events:	
  9.5	
  ±	
  1.3	
  



Results	
  –	
  Local	
  p-­‐values	
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•  To	
  quanFfy	
  an	
  excess	
  the	
  p-­‐value	
  of	
  q0	
  ,	
  the	
  (unbinned)	
  profile	
  likelihood	
  
discriminator	
  is	
  used:	
  

–  μ	
  is	
  the	
  “cross	
  sec/on	
  modifier”	
  XS/XSSM	
  

–  θ	
  are	
  the	
  nuisance	
  parameters,	
  used	
  to	
  model	
  systema/cs	
  

•  Local	
  excesses	
  are	
  observed,	
  up	
  to	
  ~3	
  sigma	
  for	
  mH	
  =	
  119	
  GeV	
  /c2	
  
compaFble	
  with	
  background	
  only	
  hypothesis	
  

with	
  ev	
  by	
  ev	
  mass	
  errors	
  
without	
  ev	
  by	
  ev	
  mass	
  errors	
  

with	
  ev	
  by	
  ev	
  mass	
  errors	
  
without	
  ev	
  by	
  ev	
  mass	
  errors	
  



Results	
  –	
  Limits	
  and	
  exclusion	
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•  Limits	
  on	
  μ	
  are	
  computed	
  with	
  the	
  (frequen/st)	
  CLs	
  method	
  
–  this	
  method	
  uses	
  the	
  profile	
  likelihood	
  ra/o	
  qμ	
  as	
  a	
  discriminant	
  between	
  signal

+background	
  (SB)	
  and	
  background	
  only	
  (B)	
  hypotheses,	
  and	
  it	
  is	
  designed	
  to	
  exclude	
  the	
  
signal	
  presence	
  only	
  if	
  the	
  analysis	
  is	
  able	
  to	
  dis/nguish	
  it	
  from	
  the	
  background	
  

–  the	
  signal	
  presence	
  is	
  excluded	
  at	
  the	
  95%	
  CL	
  limit	
  on	
  signal	
  cross-­‐sec/on	
  goes	
  below	
  
Standard	
  Model	
  predicted-­‐value	
  

•  Within	
  the	
  4-­‐lepton	
  channel	
  the	
  Standard	
  Model	
  Higgs	
  boson	
  is	
  excluded	
  
at	
  the	
  95%	
  CL	
  in	
  the	
  mass	
  range:	
  	
  

[134-­‐158],	
  [180-­‐305],	
  [340-­‐460]	
  GeV/c2	
  	
  



Conclusions	
  
•  The	
  results	
  for	
  the	
  SM	
  Higgs	
  search	
  at	
  CMS	
  in	
  the	
  4-­‐lepton	
  channel	
  

with	
  4.7	
  ^-­‐1	
  have	
  been	
  presented	
  
•  The	
  channel	
  is	
  sensi/ve	
  to	
  the	
  Higgs	
  search	
  over	
  a	
  wide	
  mass	
  range	
  
•  72	
   events	
   have	
   been	
   observed,	
   while	
   67.1	
   ±	
   6.0	
   were	
   expected	
  

from	
  SM	
  background	
  
•  The	
  results	
  are	
  consistent	
  with	
  the	
  background-­‐only	
  hypothesis	
  
•  A	
  local	
  excess	
  below	
  3-­‐sigma	
  is	
  observed	
  for	
  mH	
  ~	
  119	
  GeV/c2	
  

•  The	
  SM	
  Higgs	
  boson	
  is	
  excluded	
  at	
  the	
  95%	
  CL	
  in	
  the	
  mass	
  range:	
  
[134-­‐158],	
  [180-­‐305],	
  [340-­‐460]	
  GeV/c2	
  	
  

•  With	
  data	
  expected	
  by	
  the	
  end	
  of	
  2012	
  (20	
  ^-­‐1)	
  a	
  local	
  excess	
  up	
  to	
  
4-­‐sigma	
  is	
  expected	
  in	
  the	
  4-­‐lepton	
  channel	
  for	
  a	
  ~120	
  GeV/c2	
  Higgs	
  
mass,	
   while	
   the	
   5-­‐sigma	
   discovery	
   will	
   be	
   accessible	
   by	
   the	
  
combina/on	
  of	
  the	
  various	
  analysis	
  of	
  CMS	
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Backup	
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Pile-­‐up	
  correc/on	
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•  Isola/on	
  variables	
  are	
  the	
  most	
  sensi/ve	
  to	
  pile-­‐up.	
  In	
  par/cular	
  ECAL/HCAL	
  
•  The	
  correc/on	
  uses	
  the	
  median	
  of	
  Jet	
  energy	
  deposit	
  in	
  the	
  event:	
  ρ	
  
•  The	
  effec/ve	
  cone-­‐areas	
  Ai	
  are	
  computed	
  from	
  data,	
  both	
  in	
  barrel	
  and	
  endcap	
  region	
  



Ev	
  by	
  Ev	
  mass	
  errors	
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•  An	
  uncertainty	
  on	
  each	
  m4L	
  entry	
  can	
  be	
  assigned	
  by	
  propaga/ng	
  errors	
  on	
  
track	
  fit	
  

•  This	
  allows	
  a	
  more	
  accurate	
  descrip/on	
  of	
  the	
  oscilla/ons	
  in	
  the	
  p-­‐value	
  	
  


