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Procedure	  for	  ATLAS-‐CMS	  Higgs	  Combina2on	  

•  The	  report	  has	  been	  approved	  in	  both	  ATLAS	  and	  
CMS	  
– ATLAS,	  	  ATL-‐PUB-‐PHYS-‐2011-‐11	  
hWp://cdsweb.cern.ch/record/1363354	  

–  CMS	  NOTE-‐2011/005	  
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The	  ATLAS	  and	  CMS	  Collabora2ons	  
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ATLAS-‐CMS	  agreements	  
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•  Using	  RooStat.	  The	  common	  pla:orm	  for	  
exchanging	  informa=on:	  the	  Workspace.	  	  
–  It	  contains	  all	  informa2on	  needed	  for	  sta2s2cal	  
analyses	  and	  simplifies	  the	  logis2cs	  of	  data	  exchange	  
between	  ATLAS	  and	  CMS	  
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Higgs	  mass	  mH	  grid	  	  
(mo$va$on	  for	  the	  choice	  of	  steps	  driven	  by	  	  γγ,	  ZZ	  mass	  resolu$ons)	  

mass range step number of points 
110-140 0.5 61  
140-160 1 20 
160-260 2 50 
260-290 2  15  
290-350 5 12 
350-400 10 5 
400-500 20 5 
550, 600 20 5  

Total number of points 173  
Ini=ally,	  we	  do	  not	  use	  <	  1	  GeV	  binning	  un=l	  we’ve	  tuned	  the	  Hàγγ	  
resolu=on.	  Use	  interpola=on	  for	  the	  mass	  points	  that	  are	  not	  simulated	  



Modeling	  Nuisance	  Parameter	  

•  Gaussian	  pdf’s	  are	  discouraged.	  
They	  are	  not	  well	  suited	  for	  	  
posi2vely	  defined	  observables	  
(cross-‐sec2on,	  efficiency,	  luminosity,	  
etc).	  	  	  Unless	  one	  uses	  the	  "not	  
par2cularly	  elegant"	  truncated	  
Gaussian.	  

•  Use	  log-‐normal	  pdf’s	  for	  modeling	  
systema2c	  errors	  of	  non-‐sta2s2cal	  
nature,	  correlated	  systema2cs.	  

•  Gamma	  pdf	  for	  nuisance	  parameter	  
of	  un-‐correlated	  systema2cs	  (MC	  
sta2s2cs)	  or	  number	  of	  events	  in	  
control	  region	  
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An	  uncertainty	  on	  a	  nuisance	  parameter	  x	  (e.g.	  background,	  efficiency,	  cross	  
sec=on,	  luminosity,	  etc.	  )	  can	  be	  in	  general	  described	  in	  a	  form	  of	  some	  
probability	  density	  func=on	  pdf (x) : 	  



Combina2on	  Procedure	  
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Combina2on	  Procedure	  

•  If	  for	  µ=1,	  CLs	  <	  0.05,	  the	  SM	  Higgs	  with	  the	  nominal	  
produc2on	  rate	  is	  said	  to	  be	  excluded	  at	  95%	  CL.	  

•  We	  also	  quote	  limits	  on	  the	  signal	  strength	  modifier	  µ	  by	  
requiring	  CLs(µ)=0.05	  

•  The	  main	  results	  based	  on	  toy	  MC	  are	  supplemented	  with	  
results	  based	  on	  asympto2c	  approxima2on	  

•  We	  also	  present	  results	  with	  the	  Bayesian	  approach	  based	  on	  
the	  marginaliza2on	  of	  the	  nuisance	  parameters,	  and	  
assuming	  a	  flat	  prior	  on	  µ.	  
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	  In	  genera2on	  pseudo	  datasets,	  nuisance	  parameters	  are	  fixed	  to	  their	  maximum	  	  
Likelihood	  es2mates	  by	  fiGng	  to	  the	  observed	  data	  but	  are	  allowed	  to	  float	  in	  fits	  	  
needed	  to	  evaluate	  the	  test	  sta2s2cs.	  



The	  test	  sta2s2cs	  
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The	  LHC-‐type	  CLs	  has	  some	  advantages:	  
	  	  	  It	  uses	  a	  test	  sta2s2cs	  with	  the	  desired	  asympto2c	  proper2es	  
	  	  	  The	  sampling	  distribu2on	  of	  the	  test	  sta2s2cs	  can	  be	  built	  as	  purely	  frequen2st	  	  
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Signal	  cross	  sec2on	  
Taken	  for	  the	  LHC	  
Higgs	  cross	  sec2on	  group	  



Background	  Cross	  Sec2ons	  
•  Most	  backgrounds	  in	  signal	  regions	  are	  
derived	  from	  control	  region	  measurements	  	  
– Data	  driven	  background	  es2ma2ons	  

•  A	  few	  relied	  on	  theore2cal	  predic2ons,	  
namely	  
– gg/qq	  à	  WW/ZZ	  in	  H	  à	  WW/ZZ	  searches	  
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Correlated	  uncertain2es	  
•  Theore2cal	  uncertain2es	  on	  inclusive	  cross	  sec2ons:	  
PDF	  +	  αS,	  higher	  orders.	  [as	  for	  EPS]	  

•  Higher	  order	  uncertain2es	  on	  acceptance	  when	  
considered	  (H-‐>WW).	  	  

•  Underlying	  event,	  parton	  shower,	  hadroniza2on	  	  
(PYTHIA	  vs	  HERWIG;	  only	  in	  H-‐>WW)	  	  	  

•  Systema2c	  uncertainty	  in	  fake	  rate	  method	  from	  	  
the	  difference	  between	  QCD	  and	  W+jets	  	  
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Theore2cal	  Uncertain2es	  
•  Theore=cal	  errors	  can	  be	  viewed	  from	  3	  different	  
points	  
–  Uncertain=es	  on	  the	  total	  cross-‐sec=on	  σtot.	  This	  is	  the	  
star=ng	  point.	  But	  not	  necessarily	  applicable	  to	  analyzes	  
where	  experimental	  cuts	  	  restrict	  the	  final	  phase	  space	  

–  Uncertain=es	  on	  Acceptance	  (A).	  Needed	  to	  set	  limit	  on	  σ	  
x	  BR	  from	  measurements	  performed	  in	  a	  restricted	  phase	  
space	  

–  Uncertain=es	  on	  the	  cross-‐sec=on	  within	  a	  limited	  
Acceptance:	  σA.	  Needed	  when	  se\ng	  limit	  by	  combining	  
analyzes	  of	  various	  sensi=vi=es	  from	  different	  Higgs	  
produc=on	  mechanisms.	  A	  priori,	  level	  of	  correla=on	  
between	  σ	  and	  A	  not	  known	  
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Systema=c	  Errors	  Correlated	  between	  ATLAS	  
and	  	  CMS	  

•  Un-‐correlated	  systema=c	  errors	  
– e.g.,	  MC	  sta=s=cs	  
– Control	  sample	  measurements,	  …	  
– Detector	  systema=cs	  

•  Correlated	  systema=cs	  uncertain=es	  
– Luminosity	  
– PDF+αs	  

– Theore=cal	  renormaliza=on/factoriza=on	  scales	  
– Underlying	  event	  and	  parton	  showering	  
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•  First,	  we	  group	  all	  processes	  in	  3	  categories	  based	  on	  the	  
prevailing	  produc=on	  source	  

•  Second,	  we	  assume	  PDF+αs	  systema=c	  errors	  between	  all	  
processes	  in	  one	  group	  are	  100%	  posi=vely	  correlated	  and	  not	  
correlated	  between	  processes	  from	  different	  groups	  

•  The	  actual	  level	  of	  correla=ons	  are	  described	  in	  the	  Appendix	  A	  of	  
this	  document:	  hWp://cdsweb.cern.ch/record/1363354	  

•  Our	  assump=on	  of	  100%	  correla=on	  is	  conserva=ve	  
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Systema=c	  Errors	  Associated	  With	  PDF+αs	  
Uncertain=es	  

Group	   Example	  of	  Process	   Naming	  Conven=on	  
gg	   ggF,	  WH,	  Zbb,	  Wbar,	  ggàVV	   pdf_gg	  
qqbar	   VH,	  V,	  VV,	  γγ, VBF H	
 pdf_qqbar	  
qg	   γ+jets	   pdf_qg	  
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Systema=c	  Uncertain=es	  associated	  with	  QCD	  scale	  
•  Assume	  all	  physics	  processes	  have	  uncorrelated	  QCD	  scale	  

uncertain=es,	  except	  closely	  related	  ones	  (W,	  Z	  produc=on;	  
WW,	  WZ,	  ZZ	  produc=on,	  etc)	  that	  we	  take	  to	  be	  100%	  
correlated	  

Process	   Naming	  Conven=on	  
ggF	   QCDscale_ggH	  
VF	   QCDscale_VH	  
VBF	  H	   QCDscale_qqH	  
WH	   QCDscale_WH	  
V	   QCDscale_V	  
V	  +	  heavy	  flavor	  QQ	   QCDscale_VQQ	  
gg	  à	  VV	   QCDscale_ggVV	  
VV	  up	  to	  NLO	   QCDscale_VV	  
Top	  (Wbar+Single	  top)	   QCDscale_Wbar	  



Acceptance	  and	  extrapola=on	  factor	  uncertain=es	  

•  Acceptance:	  to	  set	  limit	  on	  σ	  x	  BR	  of	  a	  par=cular	  
produc=on	  and	  decay	  mode,	  one	  is	  interested	  in	  the	  
uncertainty	  on	  the	  Acceptance	  (A)	  	  
–  A	  =	  (σ	  with	  cuts)	  /	  σtot	  
–  Depending	  on	  the	  cuts,	  some	  uncertain=es	  may	  cancel	  
out	  

•  Extrapola=on	  factor:	  uncertainty	  of	  a	  similar	  type	  
arises	  in	  data-‐driven	  techniques	  
–  For	  evalua=ng	  the	  event	  rate	  n	  of	  some	  par=cular	  
background	  in	  the	  signal	  region	  from	  an	  observa=on	  of	  N	  
events	  in	  a	  control	  region:	  n	  =	  α	  N	  

– When	  the	  extrapola=on	  factor	  a	  is	  obtained	  from	  theory/
MC:	  α	  =	  (σ with	  cuts	  I)	  /	  (σ	  with	  cuts	  II)	  
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•  Uncertain=es	  on	  acceptance	  of	  all	  cuts	  except	  jet	  coun=ng	  are	  treated	  as	  
independent	  from	  the	  total	  cross-‐sec=on.	  	  
–  Most	  of	  the	  =me,	  the	  acceptance	  uncertain=es	  of	  all	  cuts	  (except	  jet	  coun=ng	  

ones)	  are	  smaller	  than	  the	  total	  cross	  sec=on	  uncertain=es	  but	  this	  should	  not	  
be	  neglected	  for	  all	  channels	  …	  

•  However,	  for	  gg	  à	  H	  +	  0/1/2jets,	  the	  frac=ons	  of	  0-‐,	  1-‐	  and	  2-‐jet	  bins	  are	  
sensi=ve	  to	  the	  choice	  of	  the	  QCD	  scales.	  To	  properly	  account	  for	  these	  
correla=ons,	  we	  introduce	  3	  addi=onal	  nuisance	  parameters	  	  
–  In	  fact	  exclusive	  0/1/2j	  σ	  uncertain=es	  are	  larger	  than	  the	  total	  σ	  uncertain=es	  

and	  have	  +	  and	  –	  correla=ons	  
–  LHC	  Higgs	  XS	  Group	  recommends	  that	  ggF	  with	  >	  0j,	  ggF	  with	  >	  1j	  and	  ggF	  with	  

>	  2j,	  have	  independent	  theore=cal	  uncertain=es.	  Hence	  the	  3	  nuisance	  
parameters	  in	  the	  table	  below.	  

–  The	  procedure	  to	  propagate	  the	  inclusive	  σ	  uncertain=es	  into	  the	  exclusive	  
0/1/2j	  σ	  uncertain=es	  is	  in	  the	  Appendix	  B	  of	  this	  document:	  
hWp://cdsweb.cern.ch/record/1363354	  
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Cross-‐Sec=on	  x	  Acceptance	  Uncertain=es	  

Process	   Naming	  Conven=on	  
ggF	  with	  >	  0	  jet	  (inclusive)	   QCDscale_ggH	  
ggF	  with	  >	  1	  jet	  (inclusive)	   QCDscale_ggH1in	  
ggF	  with	  >	  2jets	  (inclusive)	   QCDscale_ggH2in	  



Other	  Uncertain=es	  
•  Systema2c	  errors	  associated	  to	  the	  underlying	  
events.	  100%	  correlated	  between	  ATLAS	  and	  
CMS.	  Naming:	  UE_PS	  

•  Luminosity	  uncertain2es.	  100%	  correlated	  
between	  ATLAS	  and	  CMS.	  Naming:	  lumi	  

•  Uncorrelated	  uncertain2es	  
– Their	  names	  should	  have	  the	  prefix	  ATLAS,	  CMS,	  
e.g.,	  ATLAS_xxxx	  or	  CMS_xxxx,	  etc,	  to	  avoid	  
accidental	  correla2ons	  
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Two	  data-‐driven	  techniques	  used	  by	  ATLAS	  and	  CMS	  to	  es=mate	  	  
WW	  and	  pbar	  backgrounds	  in	  H	  à	  WW	  à	  2l2ν	  +	  0jet.	  Error	  
dominated	  by	  QCD	  scale.	  Associated	  nuisance	  parameters:	  

Given	  that	  the	  cuts	  are	  ever	  evolving,	  calcula=ons	  of	  the	  acceptance	  	  
and	  extrapola=on	  factor	  uncertain=es	  are	  to	  be	  performed	  within	  	  
the	  ATLAS	  and	  CMS	  Higgs	  groups	  according	  to	  the	  prescrip=ons	  	  
from	  the	  LHC	  Higgs	  cross-‐sec=on	  group	  
We	  currently	  assume	  that	  the	  acceptance	  and	  extrapola=on	  factor	  	  
uncertain=es	  are	  independent	  from	  the	  total	  cross-‐sec=on	  	  
uncertain=es,	  except	  for	  the	  acceptance	  associated	  to	  jet	  coun=ng	  in	  	  
H	  +	  0/1/2jets	  

Descrip=on	  of	  the	  extrapola=on	   Naming	  Conven=on	  
WW	  CR	  à	  SR	   QCDscale_WW_EXTRAP	  
Wbar	  CR	  à	  SR	   QCDscale_Wbar_EXTRAP	  

Acceptance	  and	  extrapola=on	  factor	  uncertain=es	  
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Systema2cs	  checks	  
•  Impact	  of	  correla2ng	  the	  systema2cs	  on	  	  
b-‐tagging	  efficiency	  and	  jet	  energy	  scale	  (par2ally	  
driven	  by	  MC	  modelling)	  
Negligible	  effect:	  4%	  or	  smaller	  for	  Higgs	  masses	  up	  
to	  250	  GeV,	  and	  below	  1%	  for	  higher	  masses.	  

•  Impact	  of	  theore=cal	  uncertain=es	  by	  compu2ng	  
expected	  limits	  also	  with	  without	  them.	  
Effect	  on	  σ/σSM	  limit	  3-‐6%	  except	  for	  very	  high	  mass.	  
Expected	  exclusion	  changes	  by	  1	  GeV	  at	  low	  mass,	  	  
20	  GeV	  at	  high	  mass	  
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ATLAS-‐CMS	  Handshakes	  
•  A	  few	  tests	  were	  carried	  out	  to	  check	  the	  agreed	  upon	  procedure	  

for	  combina=on	  
–  Using	  toy	  data	  from	  each	  experiment	  
–  Combining	  toy	  data	  from	  ATLAS	  and	  CMS	  

•  Each	  collabora=on	  prepares	  their	  own	  Workspaces	  	  
–  For	  some	  analyses	  	  
–  For	  their	  combined	  analyses	  
–  Perform	  sta2s2cal	  analysis	  on	  their	  Workspaces	  and	  on	  the	  

Workspaces	  of	  the	  other	  experiment	  
–  Prepare	  ATLAS+CMS	  their	  combined	  Workspace	  

•  The	  results	  obtained	  on	  the	  ATLAS-‐only,	  CMS-‐only	  and	  ATLAS
+CMS	  are	  required	  to	  agreed	  within	  some	  precision	  of	  the	  
calcula=ons	  

•  Various	  sta=s=cal	  methods	  were	  used	  in	  the	  handshake	  
–  Profile	  Likelihood	  Approxima2on	  
–  LEP-‐style	  CLs	  
–  LHC	  style	  CLs	  
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The	  local	  minimum	  p-‐value	  is	  p0min	  =	  2.3	  10-‐5.	  
	  It	  corresponds	  to	  a	  local	  maximum	  significance	  of	  Zmax	  ~	  	  4σ.	  



Es2mate	  of	  the	  Look-‐Elsewhere	  Effect	  
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The	  number	  of	  up-‐crossings	  at	  0	  is	  N0	  =	  3	  	  

The	  local	  p0,	  p0min	  and	  the	  corresponding	  maximum	  significance	  Zmax	  	  
may	  be	  misleading.	  Es2mate	  the	  global	  probability,	  p0gloabal	  to	  observe	  	  
p0min	  by	  coun2ng	  the	  number	  of	  up-‐crossings	  	  

With	  p0min	  =	  2.3	  10-‐5	  and	  Zmax	  ~	  	  4σ,	  	  
p0global	  =	  10-‐3	  corresponding	  to	  Zglobal	  =	  3σ	




Conclusions	  

•  The	  procedure	  for	  ATLAS+CMS	  Higgs	  combina2on	  has	  
been	  agreed	  upon	  and	  tested,	  and	  released	  as	  public	  
documents	  in	  both	  ATLAS	  and	  CMS.	  

•  ATLAS+CMS	  Higgs	  combina2on	  for	  HCP	  (Nov	  14,	  2011)	  
is	  currently	  being	  approved	  by	  both	  collabora2ons	  
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BACKUP	  
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