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Plan	  

1.  Intro	  
2.  Refs.	  
3.  ATLAS’	  analysis	  
4.  CMS’	  analysis	  
5.  Limits	  

•  Other	  things	  to	  menPon:	  
–  Theory	  uncertainty	  in	  !bb/!jj	  –	  menPon	  Malgorzata’s	  
numbers	  

–  QCD	  background	  (ATLAS/CMS?)	  
–  ConPnuous	  b-‐tagging	  (ATLAS/CMS?)	  
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Why?	  

•  If	  par$cle	  X	  is	  the	  Standard	  Model	  Higgs,	  then	  we	  
need	  to	  see	  fermionic	  couplings	  

•  !H,	  H-‐>bb	  depends	  on	  couplings	  to	  two	  heaviest	  
fermions	  in	  SM	  –	  large	  mass	  =>	  large	  coupling	  	  

•  Clear	  interest	  in	  measuring	  top	  Yukawa	  couplings	  
at	  tree	  level,	  with	  no	  addiPonal	  assumpPons	  

•  Can	  only	  be	  done	  in	  !H	  
•  Can	  access	  !H,	  H→anything	  given	  enough	  lumi	  -‐	  
Foremost	  is	  !H,	  H→bb	  
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Early	  LHC	  !H	  analyses:	  
A	  yes	  we	  can!	  channel	  

•  Very	  difficult	  analysis,	  plagued	  by	  
combinatorial	  “background”,	  in	  addiPon	  to	  
actual	  background	  from	  !bar+X	  ,	  QCD	  etc	  

•  First	  LHC	  results	  shown	  by	  CMS	  at	  ICHEP	  
–  CMS-‐PAS-‐HIG-‐12-‐025:	  

h!ps://cdsweb.cern.ch/record/1460423/	  
–  Single-‐lepton	  and	  di-‐lepton	  modes	  
–  2011	  data	  (5j-‐1)	  

•  ATLAS	  released	  !H	  analysis	  a	  few	  weeks	  ago	  
–  ATLAS-‐CONF-‐2012-‐135:	  

h!ps://cdsweb.cern.ch/record/1478423	  	  	  
–  Single-‐lepton	  mode	  
–  4.7j-‐1	  	  of	  2011	  data	  
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Theory	  input	  and	  uncertainty	  
•  At	  NLO	  (mH=125GeV,	  7TeV):	  

–  σ(!H)	  =	  89.9	  j	  +3.3%-‐9.3%	  (scale)	  +4.3−3.9	  (PDF+αs)	  

•  Preliminary	  numbers	  from	  Malgorozata	  Worek	  &	  
Giuseppe	  Bevilacqua	  
–  σ(!bb)NLO	  =	  458	  j	  +26%-‐27%	  	  (O(90%)	  @	  LO)	  
–  σ(!bb)NLO	  =	  982	  pb	  +15%-‐15%	  (O(80%)	  @	  LO)	  
–  R	  =	  σ(!bb)/σ(!jj)NLO	  =	  0.047+47%-‐15%	  (3-‐200%	  @	  LO)	  
Caveat:	  first	  esPmates	  use	  rather	  different	  condiPons	  for	  !bb	  and	  !jj,	  

from	  PDFs	  to	  jet	  cones…	  

!bb	   	   	   	   	   	   	   	  !jj	  
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e	  or	  μ,	  
ETmiss	  ,	  
MT

W	  

Up	  to	  4	  
b-‐tags	  

2	  light	  
jets	  
(mostly)	  

ATLAS	  Analysis	  –	  lepton+jets	  
•  Cut-‐based	  analysis	  
•  For	  ≥6	  jets	  &	  ≥3	  b-‐tags:	  	  

–  Use	  mbb,	  as	  discriminaPng	  variable	  
–  KinemaPc	  fit	  to	  reconstruct	  !bar	  
–  Use	  le}over	  b-‐jets	  for	  H-‐>bb	  

•  Elsewhere:	  use	  HT
had	  (scalar	  sum	  of	  jet	  pT)	  

•  Fit	  Signal	  and	  Background	  regions	  to	  get	  
limits	  

•  Get	  final	  background	  normalizaPons	  and	  
systemaPc	  uncertainPes	  	  (“nuisance	  
parameters”)	  from	  fit	  to	  data	  –	  profiling	  

•  Use	  control	  regions	  to	  check	  fit	  is	  ok	  
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0	  b-‐tags	   1	  b-‐tag	   2	  b-‐tags	   3	  b-‐tags	   ≥4	  b-‐tags	  	  

4	  jets	   HT
had	   HT

had	   HT
had	  

5	  jets	   HT
had	   HT

had	   HT
had	   HT

had	   HT
had	  

≥6	  jets	   HT
had	   HT

had	   HT
had	   mbb	   mbb	  

Signal	  
Background	  
Control	  regions	  



ATLAS	  Event	  SelecPon	  
•  Trigger:	  	  
•  e:	  20	  /	  22	  GeV	  	  (+45GeVnon-‐isol)	  
•  μ:	  18GeV	  
•  Leptons:	  

–  e:	  pT>25GeV	  |η|<2.5	  
•  Tightest	  electron	  

–  μ:	  	  	  pT>20GeV	  |η|<2.5	  
•  Jets:	  (R=0.4):	  pT>25GeV	  	  
•  B-‐tag:	  70%	  (b)	  20%	  (c)	  0.8%	  (lite)	  
•  e	  ch.:	  	  ETmiss	  >	  30	  GeV;	  MT

W	  >	  30GeV	  
•  μ	  ch.:	  	  

–  ETmiss>	  20GeV	  	  
–  ETmiss+MT

W	  >	  60GeV	  
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Samples	  and	  Yields	  for	  ≥	  6	  jets	  ≥	  4	  b’s	  	  
Signal:	  2.3	  events	  	  
•  PYTHIA	  6.425,	  mt	  =	  172.5	  GeV.	  Charged	  lepton	  filter:	  pT	  >	  5,	  |η|	  <	  5	  

Backgrounds:	  
•  Dominant	  are	  E+jets	  (16.4	  events)	  and	  Ebb	  (26.5	  events):	  

–  ALPGEN	  2.13+HERWIG	  6.520	  HFOR	  overlap	  removal.	  	  
–  !+jets:	  Npartons	  =	  0−5,	  σ=73.08pb,	  K=1.755;	  	  
–  !bb	  :	  σ	  =	  0.856	  pb,	  K=1.687	  (biggest	  sys.)	  	  

•  MulPjets	  (data-‐driven):	  6.22	  events	  (5.67	  e	  channel;	  0.55	  μ	  channel)	  
•  !V:	  2.2	  events	  

–  Madgraph	  4	  +	  PYTHIA	  6.425	  σ!W=	  0.12pb,	  σ!Z	  =	  0.096pb	  
•  Single	  Top:	  1.28	  events	  	  

–  s-‐channel	  (1.5	  pb)	  and	  Wt	  (15.74	  pb):	  MC@NLO	  4.01	  with	  HERWIG	  6.520	  and	  Jimmy	  4.31.	  	  
–  t-‐channel	  (20.92	  pb,	  K=0.866):	  AcerMC	  3.8	  with	  PYTHIA	  6.425	  

•  W+jets:	  0.54	  events	  	  
–  ALPGEN	  2.13+HERWIG	  6.520:	  Wbb,	  Wcc,	  Wc,	  Z	  →	  ll,	  W	  →	  lν;	  HFOR	  overlap	  removal	  
–  Uses	  data	  to	  normalize	  and	  change	  mix	  of	  heavy	  flavours	  

•  Minor	  backgrounds:	  0.2	  events	  	  
–  Dibosons	  and	  Z	  +	  jets;	  	  
–  Dibosons:	  HERWIG	  6.520	  and	  JIMMY	  4.31;	  charged	  lepton	  filter	  pT	  >	  10GeV,	  |η|	  <	  2.8.	  
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KinemaPc	  Fit	  
•  Analysis	  sensiPvity	  hampered	  by	  combinatorial	  background	  
•  Reject	  bad	  combinaPons	  –	  e.g.	  where	  b-‐jet	  used	  in	  W	  

reconstrucion	  –	  to	  reduce	  impact	  
•  SelecPon	  purity	  sPll	  rather	  low	  =>	  reconstructed	  mass	  

spectrum	  in	  signal	  very	  broad	  
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Profiling	  
Parameters	  strongly	  constrained:	  
•  W+jets	  and	  QCD	  normalizaPon,	  !	  ,	  b-‐tag:	  	  

–  4	  jet	  channels	  
•  W+jet	  and	  !:	  	  

–  4	  jet	  0b	  (W+jet),	  4	  jet	  1b	  and	  	  2b	  
•  b	  tagging:	  	  

–  4	  jet	  evoluPon	  across	  the	  number	  of	  b-‐tags	  
•  !	  modelling	  and	  rate	  uncertainPes:	  	  

–  4,	  5	  and	  6	  jets	  with	  	  2	  b-‐tags	  
•  !+HF	  fracPon:	  	  

–  5	  channels	  with	  3	  and	  	  4	  b-‐tags	  
•  Effect	  of	  each	  systemaPc	  

uncertainty	  evaluated	  with	  
“N-‐1”	  test	  (and	  “N-‐m”):	  	  
–  Remove	  one,	  put	  back,	  remove	  

next…	  
–  Largest	  impact:	  freeze	  

(parameter	  set	  to	  the	  best	  
fi!ed	  value)	  and	  repeat	  	  
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Ordered	  nuisance	  parameters:	  
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Pre-‐fit	  

Post-‐fit	  



SystemaPc	  UncertainPes	  
•  E+heavy-‐flavour	  fracPons:	  Vary	  by	  50%	  -‐	  theory	  studies	  

suggest	  cross	  secPon	  uncertainty	  is	  75%	  ;	  should	  be	  weighted	  
down	  by	  the	  fracPon	  of	  this	  background.	  Fit	  puts	  it	  at	  30%.	  

•  E	  modeling	  (Alpgen):	  
–  Qfac:	  (±2.3%)	  The	  factorizaNon	  scale	  for	  the	  hard	  sca!er	  is	  varied	  by	  

a	  factor	  of	  two	  up	  and	  down	  relaPve	  to	  the	  original	  scale,	  Q2	  =	  
Σpartonsm2+	  p2T	  

–  kTfac:	  (±9.2%)	  The	  renormalisaNon	  scale	  associated	  with	  the	  
evaluaPon	  of	  αs	  at	  each	  local	  vertex	  in	  the	  matrix	  element	  
calculaPon	  is	  varied	  by	  a	  factor	  of	  two	  up	  and	  down	  relaPve	  to	  the	  
original	  scale,	  kT	  ,	  between	  two	  partons.	  

–  FuncPonal	  form	  of	  the	  factorizaNon	  scale	  (iqopt2):	  (±	  13%)	  Default	  
choice	  (=1)	  for	  dynamic	  factorizaPon	  scale,	  Q2	  =	  Σpartonsm2+	  p2T,	  
changed	  to	  Q2	  =	  x1x2s.	  This	  has	  an	  order	  of	  magnitude	  larger	  effect	  
than	  Qfac.	  
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•  E	  cross	  secNon:	  +9.9	  -‐10.7%	  using	  NNLO	  Hathor.	  

•  Jet	  Energy	  scale:	  16	  eigenvectors	  recommended	  by	  the	  jet/
ETmiss	  group	  are	  varied.	  

•  b,	  c	  and	  light	  tagging:	  9	  (btag),5(ctag)	  eigenvectors	  
recommended	  by	  b-‐tagging	  group	  are	  varied	  for	  heavy	  
flavours	  and	  the	  one	  value	  for	  light	  flavours.	  

•  QCD	  MulNjets:	  Mostly	  in	  the	  electron	  channel.	  Correlated	  
50%	  uncertainty	  plus	  uncorrelated	  staPsPcal	  esPmate	  in	  
each	  channel	  (66%	  in	  	  6	  jet	  	  4	  b-‐tag)	  

•  EH	  parton	  shower	  modelling:	  1-‐5%	  effect	  at	  mH	  =	  120	  GeV	  
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CMS	  Analysis	  
•  Neural	  Network	  analysis	  
•  Lepton+jets	  &	  di-‐lepton	  analyses	  
•  10	  best	  kinemaPc/event	  shape/

b-‐tagging	  variables	  chosen	  from	  
“pool”	  of	  candidate	  variables	  

•  OpPmized	  for	  each	  #jets/#b-‐tags	  
category	  

•  Simultaneous	  fit	  for	  S	  and	  B	  on	  
NN	  output	  distribuPons	  
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✔	  Used	  
✗	  Not	  used	  

0	  b-‐tags	   1	  b-‐tag	   2	  b-‐tags	   3	  b-‐tags	   ≥4	  b-‐tags	  	  

4	  jets	   ✗	   ✗	   ✗	   ✔	   ✔	  

5	  jets	   ✗	   ✗	   ✗	   ✔	   ✔	  

≥6	  jets	   ✗	   ✗	   ✔	   ✔	   ✔	  

2	  b-‐tags	   ≥3	  b-‐tags	  	  

2	  jets	   ✔	   ✗	  

≥3	  jets	   ✗	   ✔	  

Lepton+jets	  

Dilepton	  



CMS	  Event	  SelecPon	  
Trigger:	  	  
•  l+jets:	  l+3	  jet	  trigger	  	  

–  e:	  25	  GeV	  
–  μ:	  18GeV	  
–  Jets:	  30	  GeV	  

•  Dilepton:	  
–  2-‐lepton	  trigger:	  leading	  >17GeV	  sublead	  >8GeV	  

•  Leptons:	  
–  IsolaPon	  raPo	  dR<0.4	  

•  l+jets:	  
–  Tight	  muon	  >30GeV	  |η|<2.1	  
–  Tight	  electron	  >30GeV	  |η|<2.5	  

•  Dilepton:	  
–  Tight	  e	  or	  mu	  >20GeV	  +	  loose	  e	  or	  mu	  >	  10GeV	  |

η|<2.4	  

•  Jets:	  (R=0.5):	  pT>30GeV	  	  
–  For	  l+jets	  3	  leading	  jets	  >40GeV	  (trigger)	  

•  B-‐tag:	  70%	  (b)	  20%	  (c)	  2%	  (lite)	  
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CMS	  Analysis	  
•  Neural-‐net	  based	  analysis	  of	  2011	  data	  
•  Separate	  events	  into	  categories	  of	  #jets	  and	  #b-‐

tagged	  jets	  

•  10	  best	  kinemaPc/event	  shape/b-‐tagging	  
variables	  chosen	  from	  “pool	  of	  candidates”	  

•  OpPmized	  for	  each	  #jets/#b-‐tags	  category	  
•  Simultaneous	  fit	  for	  S	  and	  B	  on	  NN	  output	  

distribuPons	  
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≥6	  jets,	  ≥4	  b-‐tags	  



CMS	  Analysis	  
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4j,	  3b	   5j,	  3b	   6j,	  3b	  

4j,	  4b	   5j,	  ≥4b	   6j,	  ≥4b	  

6j,	  2b	  
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CMS	  

Lepton+jets	  mode	  

ATLAS	  

Very	  big	  difference!...	  



Conclusions	  &	  Outlook	  
Should	  get	  to	  the	  bo!om	  of	  !H	  differences…	  	  	  

–  BUT	  Nice	  problem	  to	  have:	  !H	  can	  be	  done	  at	  LHC!!	  (Yes	  we	  can!)	  
UncertainPes:	  

–  Background	  ma!ers!	  
–  Theory	  uncertainty	  ma!ers!	  
–  Background	  theory	  uncertainty	  ma!ers!	  
–  Discussion	  ongoing	  within	  LHC	  Higgs	  XS	  WG	  

The	  path	  ahead:	  	  
•  Approximate	  expected	  limits	  extrapolaPng	  current	  analysis:	  

–  4.7j-‐1@7TeV	  +	  15j-‐1@8TeV:	  σ/σSM	  	  ≈	  4.9	  (stats);	  	  σ/σSM	  =	  6.0+2.4-‐1.7	  (+syst)	  
–  4.7j-‐1@7TeV	  +	  25j-‐1@8TeV:	  σ/σSM	  	  ≈	  3.8	  (stats);	  σ/σSM	  ≈	  4.6	  (stats+syst)	  

•  But	  we	  can	  do	  be!er!	  
–  Developing	  several	  MV	  analyses	  
–  Improving	  b-‐jet	  resoluPon	  in	  energy	  and	  angle	  

•  Must	  keep	  in	  mind	  goal	  of	  measuring	  top	  Yukawa	  coupling!	  
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Bonus	  slides	  
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Monte	  Carlo	  

•  ATLAS:	  
•  Main	  backgrounds:	  	  

–  !+jets	  (ALPGEN+HERWIG)	  	  
–  !W,	  !Z	  (MADGRAPH+PYTHIA)	  	  
–  Drell-‐Yan	  (ALPGEN+HERWIG)	  	  
–  W+jets	  normalizaPon:	  data-‐

derived,	  shape:	  (ALPGEN
+HERWIG)	  	  

–  single-‐t	  (MC@NLO+HERWIG/
AcerMC+PYTHIA)	  	  

–  diboson	  (HERWIG)	  	  
–  MulPjet:	  Data-‐derived	  model	  

•  Signal:	  	  
–  !H	  with	  H→bb	  (PYTHIA)	  

•  CMS:	  
–  Main	  backgrounds:	  	  
–  !+jets	  (MADGRAPH+PYTHIA)	  	  
–  !W,	  !Z	  (MADGRAPH+PYTHIA)	  	  
–  W+jets,	  Drell-‐Yan	  

(MADGRAPH+PYTHIA)	  	  
–  single-‐t	  (POWHEG+PYTHIA)	  	  
–  diboson	  (PYTHIA)	  

•  Signal:	  	  
–  !H	  with	  H→anything	  

(PYTHIA)	  
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Di-‐lepton	  channel	  

Single-‐lepton	  +	  Di-‐lepton	  channels	  combined	  
(di-‐lepton	  improves	  expected	  limit	  by	  6.5%)	  



ATLAS/CMS	  differences	  
SystemaNcs:	  
•  No	  QCD	  systemaPcs	  (no	  QCD	  background?!)	  
•  No	  !H	  modeling	  
•  No	  W+jets/HF	  systemaPc	  
•  No	  JVF	  systemaPc	  (pileup	  suppression)	  
•  Different	  treatment	  of	  Jet	  Energy	  Scale	  (ATLAS	  

16	  NP),	  b-‐tag	  sys.	  (ATLAS	  9	  NP)	  and	  c-‐tag	  sys	  
(ATLAS	  5	  NP):	  CMS	  one	  Nuis.	  Par.	  

•  b	  and	  c	  tagging	  correlated	  
•  One	  !	  systemaPc	  uncertainty	  (ATLAS	  3	  NP)	  
•  !bar+HF	  20%	  instead	  of	  50%	  uncertainty	  

Cuts:	  
•  Electrons	  and	  muon:	  	  

–  ATLAS	  pT>20/25GeV	  	  
–  CMS	  pT	  >	  30	  GeV	  	  

•  Jets:	  	  
–  ATLAS	  pT>25GeV	  
–  CMS	  3	  leading	  jets	  pt	  >	  40	  GeV	  (otherwise	  30	  GeV)	  

•  More	  signal	  and	  higher	  cuts.	  Not	  clear	  what	  
signal	  sources	  are	  used	  

Summary:	  
•  ATLAS	  using	  CMS	  systemaPcs:	  35%	  be!er	  
•  20%	  improvement	  from	  more	  signal	  
•  Remaining	  improvement	  from	  use	  of	  MulPvariate	  

analysis	  (22%)	  
In	  numbers:	  	  
•  σ/σSM	  =	  10.5	  -‐>	  7.8	  from	  systemaPcs	  
•  Take	  22%	  improvement	  from	  MVA:	  -‐>	  6.1	  
•  Take	  20%	  addiPonal	  signal:	  σ/σSM	  -‐>	  5.1	  (expect)	  
•  CMS:	  4.9	  (expected)	  
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ATLAS	  vs	  CMS	  Comparison	  
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ATLAS	   CMS	  

e:	  pT>25GeV	  |η|<2.5	   e:	  pT>30GeV	  |η|<2.5	  

μ:	  	  	  pT>20GeV	  |η|<2.5	   μ:	  	  	  pT>30GeV	  |η|<2.1	  

jets:	  (0.4):	  pT>25GeV	  	   Jets	  (0.5):	  pT>30/40GeV	  |η|<2.4	  

B-‐tag:	  70%	  (b)	  20%	  (c)	  0.8%	  (lite)	   B-‐tag:	  70%	  (b)	  20%	  (c)	  2%	  (lite)	  

e	  ch.:	  	  	  
ETmiss	  >	  30	  GeV	  MT

W	  >	  30GeV	  

μ	  ch.:	  ETmiss>	  20GeV	  	  
ETmiss+MT

W	  >	  60GeV	  
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Expected	  Reach	  
•  Approximate	  limit	  at	  mH=125GeV	  for	  4.7j-‐1@7TeV	  +	  15j-‐1@8TeV:	  	  

–  Approximated	  all	  cross	  secPons	  scaling	  to	  1.4x	  the	  7TeV	  values	  	  
–  Gives	  factor	  of	  4.5	  (15x1.4/4.7)	  mulPplying	  the	  7TeV	  yields	  
–  StaPsPcs	  only	  should	  give	  expected	  limit	  σ/σSM	  	  ≈	  10.5/√(4.5)	  =	  4.9	  
–  Including	  systemaPcs,	  got	  expected	  limit	  σ/σSM	  =	  6.0+2.4-‐1.7	  	  

•  ExtrapolaPng	  to	  4.7j-‐1@7TeV	  +	  25j-‐1@8TeV:	  
–  Factor	  mulPplying	  yields:	  25x1.4/4.7	  =	  7.45	  
–  Expected	  limit	  (2011+2012)	  ≈	  10.5/√7.45	  =	  3.8	  
–  Penalty	  of	  ≈20%	  with	  respect	  to	  no	  systemaPcs	  gives	  expected	  limit:	  σ/

σSM	  ≈	  4.6	  

•  Even	  assuming	  CMS’	  improvement	  of	  factor	  2	  this	  gives	  ≈2.3	  
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Data-‐driven	  background	  deteminaPon	  
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