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Higgs	  produc/on	  and	  decay	  
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•  Higgs	  boson	  property	  
measurements	  are	  an	  
essenEal	  test	  of	  SM	  validity	  

•  Search	  for	  evidence	  of	  more	  
rare	  producEon	  modes	  

	  
•  In	  parallel	  search	  for	  

addiEonal	  high	  mass	  states	  

•  WW*	  decay	  channel	  plays	  
an	  important	  role:	  
	  

-  Large	  branching	  raEo	  
	  

-  Good	  S/B	  in	  the	  	  
di-‐lepton	  final	  state	  
HàWW*àlvlv	  

31/8/2016	  

Phys.	  Rev.	  LeR.	  	  
114,	  191803	  



HàWW*	  Signature	  
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•  All	  channels:	  
2	  leptons	  from	  Higgs	  
tend	  to	  have	  small	  
angular	  separaEon	  	  

ggF	  channel	  
	  

•  2	  leptons	  
	  

•  Large	  ETmiss	  (2v)	  
	  

•  Low	  jet	  mulEplicity	  

VBF	  channel	  
	  

•  2	  leptons	  
	  

•  Large	  ETmiss	  (2v)	  
	  

•  2	  forward	  jets	  

WH/ZH	  channels	  
	  

•  3/4	  leptons	  
	  

•  Large	  ETmiss	  (3/2v)	  
	  

•  Low	  jet	  mulEplicity	  

31/8/2016	  

•  HàWW*àlvlv	  final	  state	  cannot	  be	  fully	  
reconstructed	  due	  to	  presence	  of	  neutrinos	  
	  

Ø  The	  transverse	  mass	  (mT)	  can	  be	  calculated	  
without	  the	  unknown	  longitudinal	  neutrino	  
momenta	  

2	  

Phys.	  Rev,	  D	  92,	  	  
012006	  (2015)	  
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•  	  Categorize	  events	  according	  to	  jet	  mulEplicity	  and	  lepton	  flavour	  
-  0-‐jet	  and	  1-‐jet	  are	  ggF	  dominated,	  while	  >2-‐jet	  is	  VBF	  dominated	  
-  eµ	  channel	  is	  cleanest	  and	  most	  sensiEve,	  while	  ee	  and	  µµ	  have	  large	  Z/Drell-‐Yan	  background	  

•  	  Reduce	  backgrounds	  with	  selecEons	  opEmized	  for	  each	  category	  

•  	  ggF-‐enriched	  analysis	  is	  cut-‐based,	  while	  VBF-‐enriched	  is	  BDT-‐based	  

ggF/VBF	  analysis	  strategy	  
Njets	  @	  pre-‐selecEons	  (eµ)	  

Phys.	  Rev,	  D	  92,	  
012006	  (2015)	  



ggF/VBF	  Backgrounds	  
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W+jets	  and	  mul/-‐jet	  
-‐	  	  EsEmated	  via	  a	  “fake	  factor”	  method	  

-‐	  	  Fake	  factors	  are	  esEmated	  primarily	  	  	  
	  	  	  from	  a	  Z+jets	  data	  sample	  

Z/Drell-‐Yan	  
-‐	  	  Z/DYà𝛕𝛕	  esEmated	  using	  CRs	  
-‐	  	  Z/DYàee/µµ	  esEmated	  via	  data	  	  	  
	  	  	  driven	  methods	  (Pacman,	  ABCD)	  

Other	  Diboson	  
-‐	  	  Wɣ,	  Wɣ*,	  WZ	  and	  ZZ	  
-‐	  	  Same-‐sign	  CR	  used	  for	  eµ	  
-‐	  	  Several	  validaEon	  regions	  

Phys.	  Rev,	  D	  92,	  
012006	  (2015)	  

WW	  
-‐	  	  Dominant	  background	  in	  0	  and	  1	  jet	  categories	  
-‐	  	  Almost	  irreducible	  (larger	  Δɸll	  then	  signal	  process)	  
-‐	  	  mll	  used	  to	  define	  CRs	  for	  both	  0	  and	  1	  jet	  

Top	  
-‐	  	  Large	  contribuEon,	  especially	  in	  >	  2	  jet	  categories	  
-‐	  	  Entering	  via	  unidenEfied	  b-‐quark	  
-‐	  	  Extrapolated	  using	  several	  CRs	  with	  Nb-‐jet

	  >	  1	  
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ggF	  signal	  region	   VBF	  signal	  region	  

4.2σ	  evidence	  for	  
ggF	  producEon	  

	  	  

(4.4σ	  expected)	  

3.2σ	  evidence	  for	  
VBF	  producEon	  

	  	  

(2.6σ	  expected)	  

ggF/VBF	  Signal	  Strength	  

(3.3	  ±	  0.4	  pb	  predicted)	   (4.2	  ±	  0.5	  pb	  predicted)	   (0.35	  ±	  0.02	  pb	  predicted)	  

JHEP	  08	  (2015)	  137	  

Phys.	  Rev,	  D	  92,	  
012006	  (2015)	  
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Combining	  all	  VH	  channels	  (including	  also	  DFOS	  +	  SS	  di-‐lepton	  channels):	  
Significance	  of	  VH	  produc/on	  is	  2.5σ	  (0.93σ	  expected)	  

Z-‐depleted	  SR	  (0	  SFOS)	  
ΔRll	  of	  Higgs	  candidate	  leptons	  

Z-‐enriched	  SR	  (1	  SFOS)	  
BDT	  score	  

1	  SFOS	  SR	  	  
Δɸll	  of	  Higgs	  candidate	  leptons	  

2	  SFOS	  SR	  	  
Δɸll	  of	  Higgs	  candidate	  leptons	  

WHà	  3	  leptons	  channel	  
	  

•  Major	  backgrounds	  are	  WZ/Wɣ*,	  ZZ*,	  
top	  and	  VVV	  
	  

•  6	  CRs	  to	  address	  bkg	  normalizaEon	  
	  

•  Analysis	  split	  into	  two	  regions:	  	  
	  -‐	  	  Z-‐depleted	  (ΔRll	  shape	  analysis)	  
	  -‐	  	  Z-‐enriched	  (BDT	  shape	  analysis)	  

ZHà	  4	  leptons	  channel	  
	  

•  ZZ*	  is	  the	  major	  background	  
	  

•  CR	  used	  to	  address	  ZZ*	  normalizaEon	  
	  

•  Analysis	  split	  into	  two	  regions:	  
	  -‐	  	  1	  SFOS	  (cut-‐and-‐count	  analysis)	  
	  -‐	  	  2	  SFOS	  (cut-‐and-‐count	  analysis)	  

VH	  Signal	  Strength	   JHEP	  08	  (2015)	  137	  
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6.5σ	  significance	  for	  HàWW*	  (5.9σ	  expected)	  

Signal	  strength	  for	  ggF+VBF+VH:	   Vector	  boson	  and	  fermion	  couplings:	  

JHEP	  08	  (2015)	  137	  Combined	  Results	  

Not	  shown	  here	  are	  the	  run-‐1	  spin/CP	  inputs	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  and	  differenEal	  fiducial	  cross-‐secEon	  
	  

	  measurements	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ).	  More	  details	  on	  these	  can	  be	  found	  in	  the	  backup.	  
Eur.	  Phys.	  J.	  C	  (2015)	  

arXiv:1604.02997	  
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High	  Mass	  HàWW*	  Search	  
•  MoEvaEon:	  search	  for	  a	  potenEal	  extension	  of	  the	  SM	  with	  an	  extended	  Higgs	  Sector	  

	  

•  Signal	  scenarios:	  	  	  
-  “NWA”	  :	  	  	  SM-‐like	  Higgs	  with	  narrow	  width	  (4	  MeV)	  
-  “LWA”	  	  :	  	  	  with	  large	  width	  (5,	  10,	  15%	  of	  mH)	  	  

	  

•  Consider	  both	  ggF	  and	  VBF	  producEon	  modes,	  and	  HàWW*àevµv	  final	  state	  
	  

•  Using	  Run	  2	  data	  with	  integrated	  luminosity	  of	  13.2	  \-‐1	  at	  13	  TeV	  

ggF	  WW	  CR	   VBF	  Top	  CR	  Backgrounds:	  
	  

•  Largest	  are	  Top	  and	  WW:	  
normalizaEon	  factors	  derived	  
from	  control	  regions	  
(except	  VBF	  WW	  2J)	  

	  

•  W+jets:	  from	  data	  using	  “fake	  
factor”	  method	  	  
(from	  SM	  HàWW*	  analysis)	  

•  Z+jets,	  other	  diboson,	  H125:	  
small,	  predicted	  from	  simulaEon	  

ATLAS-‐CONF-‐	  
2016-‐074	  

Signal	  regions:	  

•  For	  first	  Eme	  use	  two	  VBF	  SRs:	  	  	  	  	  	  	  >2	  jets	  SR	  with	  large	  mjj	  and	  |Δyjj|(standard),	  	  	  	  	  	  and	  1-‐jet	  SR	  (new)	  
•  ggF	  SR	  is	  then	  the	  quasi-‐inclusive	  rest	  
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13	  TeV	  High	  Mass	  Results	  
ggF	  SR	   VBF	  1J	  SR	   VBF	  2J	  SR	  •  No	  significant	  

excess	  is	  found	  
between	  300	  GeV	  
and	  3	  TeV	  

	  

•  Set	  95%	  CL	  upper	  
limits	  on:	  

NWA,	  ggF	   LWA,	  ggF	  NWA,	  VBF	  

NWA:	  upper	  exclusion	  limits	  range	  from	  4.3	  pb	  (1.1	  pb)	  at	  300	  GeV	  	  
	  	  	  	  	  	  	  	  	  	  	  	  to	  0.051	  pb	  (0.03	  pb)	  at	  3	  TeV	  for	  the	  ggF	  (VBF)	  analyses	  

LWA	  (15%):	  from	  1.4pb	  at	  400	  GeV	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  to	  0.071	  pb	  at	  3	  TeV	  

ATLAS-‐CONF-‐	  
2016-‐074	  
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Summary	  
•  HàWW*	  plays	  an	  important	  role	  in	  Higgs	  boson	  property	  measurements,	  and	  

searches	  for	  possible	  extended	  Higgs	  sectors	  
	  
-  4.2σ,	  3.2σ	  and	  2.5σ	  significance	  of	  ggF,	  VBF	  and	  VH	  producEon	  (6.5σ	  overall)	  

-  Rates	  and	  couplings	  consistent	  with	  SM	  expectaEon:	  

	  
-  Spin/CP	  and	  differenEal	  cross	  secEons	  measurements	  are	  also	  consistent	  with	  SM	  

(more	  info	  in	  the	  backup)	  

-  13	  TeV	  high-‐mass	  search	  with	  no	  significant	  excess	  observed	  from	  300	  GeV	  –	  3	  TeV	  

	  
•  Future	  results	  with	  the	  Run	  2	  data	  will	  allow	  for	  more	  precise	  measurements	  and	  

therefore	  more	  stringent	  tests	  of	  the	  SM	  predicEons	  

•  So	  stay	  tuned!	  



BACKUP	  
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•  Follows	  closely	  the	  main	  ggF	  HàWW*àevµv	  analysis	  
	  

•  Main	  spin/CP	  sensiEve	  variables:	  	  mll,	  pTll,	  Δɸll,	  mT	  

•  Different	  BDTs	  trained	  for	  different	  spin/CP	  models	  
	  

•  Construct	  test	  staEsEc	  (q)	  to	  test	  parEcular	  JP	  
hypothesis	  against	  SM	  spin/CP	  assignment	  (0+)	  

0+	  vs	  0-‐	   0+	  vs	  0+	  BSM	  0+	  vs	  2+	  

2+	  disfavored	  at	  84.5%	  CL	  
(92.5-‐99.4%	  for	  kg	  ≠	  kq)	  

0-‐	  disfavored	  at	  96.5%	  CL	   0+	  BSM	  disfavored	  at	  70.8%	  CL	  

Ajer	  combining	  WW*	  with	  the	  other	  channels	  (ZZ,	  ɣɣ),	  the	  alterna/ve	  spin/CP	  	  
models	  are	  excluded	  at	  above	  99%	  CL	  in	  favor	  of	  the	  0+	  hypothesis.	  

	  

However	  a	  mixed	  state	  of	  CP-‐even	  and	  CP-‐odd	  is	  sEll	  allowed,	  with	  up	  to	  30%	  mixing.	  

Spin	  and	  CP	  with	  HàWW*	   Eur.	  Phys.	  J.	  C	  (2015)	  
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•  Possible	  to	  directly	  measure	  several	  kinemaEc	  distribuEons	  in	  a	  close	  to	  model	  independent	  way	  
	  

•  Analysis	  follows	  closely	  the	  main	  ggF	  HàWW*àevµv	  analysis	  
	  

•  Unfolding	  corrects	  measured	  distribuEon	  for	  	  
detector	  effects	  and	  brings	  it	  from	  the	  signal	  	  
(reconstructed)	  to	  the	  fiducial	  (truth	  level)	  volume	  	  

Differen/al	  Cross	  Sec/on	   arXiv:1604.02997	  
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Produc/on/decay	  rates	  and	  couplings	  
•  CombinaEon	  includes	  results	  from	  Hàɣɣ,	  ZZ*,	  WW*,	  𝛕𝛕,	  bƃ,	  µµ,	  Zɣ	  analyses,	  and	  ,	  bƃ,	  µµ,	  Zɣ	  analyses,	  and	  

constraints	  on	  pH	  and	  off-‐shell	  Higgs	  producEon.	  
	  

	  	  	  	  Parameters	  of	  interest:	  
	  

Ø  Signal	  strength	  µ	  =	  σ×BR	  /	  (σ×BR	  )SM	  
-  the	  mulEplier	  for	  total	  yield	  (can	  be	  defined	  for	  each	  producEon	  mode	  and	  decay	  channel)	  

	  

Ø Mul/pliers	  𝛋	  for	  a	  given	  coupling	  
-  Different	  models	  tested	  by	  imposing	  different	  relaEons	  between	  mulEpliers	  
-  𝛋	  allows	  more	  direct	  access	  to	  coupling	  than	  µ	  (complex	  interplay	  between	  prod./decay)	  

	  

Ø  In	  both	  cases,	  SM	  has	  μ	  =	  1.0	  and	  𝛋	  =	  1.0	  

•  𝛋-‐framework:	  search	  for	  deviaEons	  of	  SM	  Higgs	  coupling	  	  
to	  other	  parEcles	  by	  introducing	  mulEpliers	  using	  tree-‐level	  	  
mo2vated	  benchmark	  model	  following	  the	  LHC	  Higgs	  	  
WG	  recommendaEons	  (arXiv:1307.1347)	  	  	  

•  AssumpEons:	  
	  

Ø  Single,	  narrow,	  CP-‐even	  scalar	  resonance	  
(tensor	  structure	  of	  couplings	  assumed	  to	  be	  those	  of	  SM)	  
	  

Ø  Narrow	  width	  approximaEon	  is	  valid:	  

-‐	  

arXiv:1507.04548	  (2015)	  

SM	   SM	  

SM	  
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Benchmark	  Coupling	  Models	  

arXiv:1507.04548	  (2015)	  

•  Many	  test	  are	  possible,	  under	  different	  assump/ons:	  
Ø  Allow/don’t	  allow	  invisible	  decays	  (contribu/on	  to	  total	  width)	  
Ø  Allow/don’t	  allow	  BSM	  par/cles	  in	  loops	  

31/8/2016	   B4	  



Triggers	  
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MC	  samples	  
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TABLE IV. Event selection summary. Selection requirements specific to the eμ and ee=μμ lepton-flavor samples are noted as such (otherwise, they apply to both); a dash (-)
indicates no selection. For the nj ≥ 2 VBF-enriched category, MET denotes all types of missing transverse momentum observables. Values are given for the analysis of 8 TeV data
for mH ¼ 125 GeV; the modifications for 7 TeV are given in Sec. IV E. All energy-related values are in GeV.

ggF-enriched VBF-enriched

Objective nj ¼ 0 nj ¼ 1 nj ≥ 2 ggF nj ≥ 2 VBF

Preselection

All nj

8
>>>>>><

>>>>>>:

pl1
T > 22 for the leading lepton l1

pl2
T > 10 for the subleading lepton l2

Opposite-charge leptons
mll > 10 for the eμ sample
mll > 12 for the ee=μμ sample
jmll −mZj > 15 for the ee=μμ sample
pmiss
T > 20 for eμ pmiss

T > 20 for eμ pmiss
T > 20 for eμ No MET requirement for eμ

Emiss
T;rel > 40 for ee=μμ Emiss

T;rel > 40 for ee=μμ - -

Reject backgrounds

DY

8
>>>><

>>>>:

pmiss ðtrkÞ
T;rel > 40 for ee=μμ

frecoil < 0.1 for ee=μμ

pll
T > 30

Δϕll;MET > π=2

pmiss ðtrkÞ
T;rel > 35 for ee=μμ

frecoil < 0.1 for ee=μμ

mττ < mZ − 25

-

-

-

mττ < mZ − 25

-

pmiss
T > 40 for ee=μμ

Emiss
T > 45 for ee=μμ

mττ < mZ − 25

-

Misid - ml
T > 50 for eμ - -

Top

( nj ¼ 0
-
-

nb ¼ 0
-
-

nb ¼ 0
-
-

nb ¼ 0
psum
T inputs to BDT

Σmlj inputs to BDT

VBF topology

- -

See Sec. IV D for
rejection of VBF &
VH (W;Z → jj),
where H → WW$

mjj inputs to BDT
Δyjj inputs to BDT
ΣCl inputs to BDT
Cl1 < 1 and Cl2 < 1

Cj3 > 1 for j3 with pj3
T > 20

OBDT ≥ −0.48

H → WW$ → lνlν
decay topology

mll < 55 mll < 55 mll < 55 mll inputs to BDT
Δϕll < 1.8 Δϕll < 1.8 Δϕll < 1.8 Δϕll inputs to BDT
No mT requirement No mT requirement No mT requirement mT inputs to BDT
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SR	  event	  selec/ons	  
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mT	  in	  >2	  jet	  ggF	  SR	  
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SR	  plots	  for	  VBF	  BDT	  analysis	  
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VBF	  cross-‐check	  analysis	  
•  Note:	  for	  VBF	  a	  cross-‐check	  analyses	  is	  performed	  in	  parallel	  to	  the	  BDT,	  using	  

sequenEal	  selecEons	  (cut-‐based)	  on	  some	  of	  the	  variables	  used	  as	  inputs	  to	  the	  BDT.	  
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VH	  channels	  
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VH	  event	  selec/ons	  
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BDT	  output	  in	  3SF	  and	  1SFOS	  SRs	  
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Variable	  defini/ons	  

edge	  at	  mH,	  but	  in	  pracEce	  can	  exceed	  it	  because	  of	  
detector	  resoluEon.	  
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WW	  background	  
•  Same	  selecEons	  as	  SR	  but	  without	  Δɸll	  cut	  
•  For	  Nj

	  =	  0:	  	  	  CR	  with	  55	  <	  mll	  <	  110	  GeV	  
•  For	  Nj	  =	  1:	  	  	  CR	  with	  mll	  >	  80	  GeV	  
•  For	  Nj	  >	  2:	  	  	  taken	  from	  MC	  (with	  validaEon	  region)	  

•  WW	  theory	  uncert.	  on	  extrapolaEon	  factor	  

•  NFs	  from	  the	  fit:	  
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Top	  background	  (1)	  
•  For	  Nj

	  =	  0:	  	  	  using	  CR	  (jet	  inclusive)	  
	  

-  Extrapolated	  factor	  from	  MC	  (SR	  and	  jet	  inclusive	  CR)	  corrected	  using	  data	  in	  
sample	  with	  Nb	  >	  1	  	  

	  
correcEon	  factor	  

•  UncertainEes	  on	  extrapolaEon	  procedure:	   •  ResulEng	  NFs	  and	  correcEon	  
factor:	  
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Top	  background	  (2)	  
•  For	  Nj	  =	  1:	  	  	  normalized	  using	  CR	  (Nb	  =	  1)	  

	  
-  In	  order	  to	  reduce	  large	  b-‐tagging	  uncertainEes,	  the	  b-‐tagging	  efficiency	  is	  

esEmated	  from	  data	  (𝜀1j)	  

	  

ExtrapolaEon	  factor	  from	  Top	  CR	  à	  SR	  	  

ExtrapolaEon	  factor	  from	  Top	  CR	  à	  WW	  CR	  

•  Theory	  uncert.	  on	  extrapolaEon	  procedure:	  

•  ResulEng	  NF:	  
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Top	  background	  (3)	  
•  For	  Nj	  >	  2	  (VBF-‐enriched):	  	  	  normalized	  using	  CR	  (Nb	  =	  1)	  

-  1	  b-‐jet	  CR	  mimcs	  top	  in	  SR	  (light-‐quark	  jet	  from	  ISR,	  and	  misidenEfied	  b-‐jet)	  

-  normalizaEon	  (β)	  and	  extrapolaEon	  (α)	  	  
factors	  evaluated	  for	  each	  BDT	  bin	  

-  UncertainEes	  below:	  

•  For	  Nj	  >	  2	  (ggF-‐enriched):	  	  	  normalized	  using	  CR	  
(Nb

	  =	  0,	  mll	  >	  80	  GeV)	  

-  To	  reduce	  b-‐tagging	  systemaEcs	  CR	  defined	  
instead	  for	  Nb	  =	  0,	  with	  large	  mll	  (to	  keep	  
orthogonal	  to	  SR	  and	  minimize	  signal)	  

-  ResulEng	  NF:	  
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Misiden/fied	  leptons	  background	  

fake	  factor	  

•  W+jets	  (one	  mis-‐id	  lepton)	  or	  mulEjet	  (two	  mis-‐id	  lepton)	  

•  EsEmated	  using	  fake-‐factor	  method	  (data-‐driven)	  

	  

•  ExtrapolaEon	  factor	  (“fake	  factor”)	  measured	  in	  data	  	  
from	  Z+jets	  enriched	  region.	  	  

•  Extrapolate	  to	  SR	  from	  a	  W+jets	  CR	  (both	  OS	  and	  SS)	  

	  

•  ComposiEon	  of	  associated	  jets	  (fracEon	  of	  heavy	  flavour	  quark,	  light	  flavour	  quark,	  
gluon	  iniEated)	  may	  be	  different	  from	  Z+jets	  to	  W+jets	  sample.	  
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Other	  diboson	  background	  
•  ‘VV’	  background	  include	  W𝛾,	  W𝛾*,	  WZ	  and	  ZZ	  

•  For	  eµ:	  	  one	  NF	  from	  data	  (same-‐sign	  CR)	  for	  all	  VV	  
•  For	  ee/µµ:	  taken	  from	  simulaEon	  

•  W𝛾	  validated	  in	  region	  with	  reversed	  𝛾0conversion	  criteria	  
•  W𝛾*	  validated	  in	  the	  3-‐lepton	  region	  
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Z/DY	  background	  (1)	  
•  Z/DYà𝜏𝜏	  

-  NormalizaEon	  from	  CRs	  
	  

-  0j	  CR:	  	  	  eµ,	  mll	  <	  80	  GeV,	  Δɸll	  >	  2.8	  
	  

-  1j	  CR:	  	  	  eµ,	  m𝜏𝜏	  >	  mZ	  –	  25	  GeV,	  mll	  <	  80	  GeV	  
	  

-  2j	  CR	  ggF:	  	  	  eµ,	  mll	  <	  70	  GeV,	  Δɸll	  >	  2.8	  
	  

-  2j	  CR	  VBF:	  	  eµ(+ee+µµ),	  mll	  <	  80	  (75)	  GeV,	  	  
	   	  	  	  	  	  	  	  	  	  |m𝜏𝜏	  	  -‐	  mZ|	  <	  25	  GeV	  
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Z/DY	  background	  (2)	  
•  Z/DYàee/µµ	  in	  0/1j:	  

-  Data-‐driven	  via	  so-‐called	  “Pacman”	  method	  
-  frecoil	  has	  clear	  shape	  difference	  with	  signal	  	  

and	  Z/DYà𝜏𝜏	  
-  Method	  is	  based	  on	  measurement	  of	  	  

selecEon	  efficiency	  of	  cut	  on	  frecoil	  from	  	  
data,	  and	  then	  esEmaEng	  the	  remaining	  	  
DYàee/µµ	  a�er	  such	  a	  cut	  

	  
-  AnalyEcally	  equivalent	  to	  inverEng	  the	  matrix:	  

	  

-  𝜀DY	  mesured	  in	  the	  ee/µµ	  sample,	  while	  𝜀non-‐DY	  measured	  in	  eµ	  sample	  that	  followins	  the	  
selecEons	  of	  the	  ee/µµ	  analysis	  

-  Solving	  for	  BDY	  gives	  the	  fully	  data-‐driven	  yield	  for	  DYàee/µµ	  in	  the	  SR	  

•  Z/DYàee/µµ	  in	  2	  jet:	  
-  Data-‐driven	  ABCD	  method	  
-  A,	  B,	  C	  and	  D	  regions	  defined	  in	  MET-‐mll	  plane	  
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VH	  Control	  Regions	  
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VH	  NFs	  and	  CRs	  

4lep	  ZZ	  CR	  

3lep	  CRs	  
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Signal	  theory	  uncertain/es	  
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Systema/c	  uncertain/es:	  signal	  

•  Dominant	  uncertainEes	  on	  the	  signal	  yield	  are	  theoreEcal	  
•  Dominant	  experimental	  uncertainEes	  are	  jet	  energy	  scale	  and	  resoluEon,	  and	  b-‐tagging	  efficiency.	  	  
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Systema/c	  uncertain/es:	  bkg	  

•  Dominant	  experimental	  uncertainEes	  are	  jet	  energy	  scale	  and	  resoluEon,	  and	  b-‐tagging	  efficiency.	  	  
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Systema/c	  uncertain/es:	  VH	  channels	  
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Fit	  procedure	  (1)	  
•  Regions	  that	  enter	  the	  fit:	  

1.   Signal	  regions	  catagories	  
-  7	  and	  8	  TeV	  
-  Nj	  =	  0,	  1,	  and	  >2	  jets	  VBF/ggF	  
-  ee,	  µµ,	  eµ,	  µe	  
-  mll	  slices	  (typically	  1	  or	  2	  depending	  on	  category)	  
-  pTl2	  slices	  (typically	  1,	  2	  or	  3	  depending	  on	  category)	  

	  
2.   Control	  regions	  

-  See	  next	  slide	  for	  exact	  profiled	  regions	  /	  non-‐profiled	  regions	  
-  Profiled	  CRs	  determine	  the	  normalizaEon	  of	  corresponding	  backgrounds	  

through	  Poisson	  term	  in	  the	  likelihood	  
-  Nonprofieled	  CRs	  do	  not	  have	  explicit	  termins	  in	  the	  likelihood,	  and	  enter	  

the	  fit	  in	  other	  ways	  
	  
•  Fit	  variables	  are	  mT	  in	  the	  ggF-‐enriched	  categories,	  and	  BDT	  output	  in	  VBF-‐enriched	  category.	  	  
	  
•  Exact	  binning	  schemes	  in	  above	  two	  variables	  chosen	  to	  maximize	  expected	  significance	  while	  

stabilizing	  the	  stat	  fluctuaEons	  associated	  to	  subtracEon	  of	  backgrounds.	  
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Fit	  procedure	  (2)	  
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Fit	  procedure	  (3)	  
•  Likelihood	  funcEon	  is	  defined	  to	  simultaneously	  model	  or	  ‘fit’	  the	  yields	  of	  the	  

various	  subsample,	  and	  is	  maximized	  

•  Profile	  likelihood-‐raEo	  test	  staEsEcs	  used	  to	  test	  the	  background-‐only	  or	  
background-‐and-‐signal	  hypothesis	  
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Impact	  of	  nuisance	  parameters	  on	  µ	  
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Impact	  on	  µ:	  VH	  channels	  
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Significance	  and	  µ	  measurements	  
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Significance	  and	  µ:	  VH	  channels	  
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Likelihood	  curves	  for	  signal	  strength	  
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BACKUP - object reconstruction
n Primary vertex (PV) = 1

u ≥ 2 associated tracks with pT > 400 MeV
u  if > 1 vertex meet the requirement above, the largest track           chosen as PV

n Electron
u MediumLH for pT > 25 GeV    or    TightLH for 15 < pT < 25GeV
u |η| < 2.47, except for 1.37 < |η| < 1.52

n Muon
u Medium for pT > 25 GeV    or    Tight for 15 < pT < 25GeV
u |η| < 2.5

n Jet
u pT > 30 GeV, |η| < 4.5
u JVT  > 0.59  for pT < 60 GeV
u Overlap removal with electrons and muons

n B-tagged jet
u Identified using the MV2c10 b-tagging algorithm, with an efficiency of 85%
u pT > 20 GeV, |η| < 2.5

2/8/2016 HWW high mass lvlv approval talk 16
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High-‐mass:	  object	  defini/ons	  
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BACKUP - object reconstruction
n MET: missing transverse momentum

uET
miss: calorimeter-based

Negative vectorial sum of the transverse momenta of all calibrated selected objects

Tracks compatible with the primary vertex but not matched to the objects also 
included

upT
miss:  track-based 

 negative sum of the momenta of ID tracks, satisfying:

Ø d0 < 1.5mm, d0/σ(d0) < 3

Ø |η|< 2.5, pT > 500 MeV

Calorimeter electron pT used instead of track pT

2/8/2016 HWW high mass lvlv approval talk 17

High-‐mass:	  object	  defini/ons	  
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Transverse mass

Yongke Zhao HWW high mass lvlv search 4

n Transverse invariant mass:

2

22

||

||)(

ll
ll
T

ll
T

miss
T

ll
T

miss
T

ll
TT

mEwhere

EEM

� 

��� 

p

Ep

n Transverse missing momentum:

Negative vectorial sum of the transverse momenta

Ø ET
miss: based on calorimeter objects 

Ø pT
miss: based on charged tracks

→    Discriminating variable

High-‐mass:	  transverse	  mass	  
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Event selection optimization

2/8/2016 HWW high mass lvlv approval talk 5

n Developed a simple and general optimization procedure
1.    Select the most discriminating variables from the BDT training

Remove duplicated variables that highly correlated

2.    Choose cut values for each variable by maximizing the signal significance

n Scanning on leading lepton pT

N-1 scanning: also other cuts applied

n Naming on this plot:

»
¼

º
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¬

ª
��� 
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S
B

S
BS

i
i

n
n
nnnSgn

SgnRSS

)1ln()(2

binsN
2

High-‐mass:	  event	  selec/on	  op/miza/on	  
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Event selection

2/8/2016 HWW high mass lvlv approval talk 6

u VBF 1J phase space:

u VBF 2J phase space:

751)Δmin( and 4.2  :1jet .|η|||ηN jj !! A

4Δ and GeV 500  :2jet !!t |y|mN jjjj

n Event selection in signal regions(SRs) :

High-‐mass:	  SR	  event	  selec/ons	  
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BACKUP - acceptance*efficiency
n Selection efficiency (not including pre-selection cuts)

2/8/2016 HWW high mass lvlv approval talk 18

n Acceptane*efficiency (namely the overall efficiency after all selections in SR)

High-‐mass:	  acceptance	  *	  efficiency	  
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Event selection

2/8/2016 HWW high mass lvlv approval talk 7

n Event selection in control regions(CRs) :

u VBF 1J phase space:

u VBF 2J phase space:

751)Δmin( and 4.2  :1jet .|η|||ηN jj !! A

4Δ and GeV 500  :2jet !!t |y|mN jjjj

High-‐mass:	  CR	  event	  selec/ons	  
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Results: plots in Top CRs

2/8/2016 HWW high mass lvlv approval talk 10

ggF Top CR VBF Top CR

High-‐mass:	  top	  CR	  plots	  
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Results: plots in WW CRs

2/8/2016 HWW high mass lvlv approval talk 11

ggF WW CR VBF WW 1J CR

High-‐mass:	  WW	  CR	  plots	  
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BACKUP - fake-factor method
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High-‐mass:	  fake	  factor	  method	  
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Results: event yields

2/8/2016 HWW high mass lvlv approval talk 9

n Normalization factors(NFs)

n Event yields 

5.0
3.0

WW
CR 1J VBF

1.0
1.0

WW
CR ggF

12.0
14.0

Top
CR VBF

09.0
08.0

Top
CR ggF

2.1NF        3.1NF

96.0NF    96.0NF
�
�

�
�

�
�

�
�

  

  

(statistical and systematic uncertainties combined)

High-‐mass:	  NFs	  and	  event	  yields	  
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Fitting
n Likelihood function defined using MT distributions, as a product of 

Poisson functions over following 7 regions:

uggF SR: 26 bins

uVBF 1J, 2J SRs: 10 bins

uggF Top, WW and VBF Top, WW 1J CRs: 1 bin 

n Profiled likelihood method was used

n For the observed limits for ggF(VBF), VBF(ggF) cross section treated 

as a nuisance parameter, and profiled using a flat prior

2/8/2016 HWW high mass lvlv approval talk 25

High-‐mass:	  fiwng	  procedure	  
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Dominant systematics
n Main experimental uncertainties

Yongke Zhao HWW high mass lvlv search 8

Ø Dominant Top uncertainties from generator modelling: 17%, 48% in VBF 1J, 2J 
SRs. Also 35%, 48% for WW uncertainties

Ø Similar in CRs, so the extrapolation uncertainties from CRs to SRs remain small

Ø Dominant Top uncertainties from jets: 9.8%, 12% for VBF1J, 2J SRs

Ø Dominant WW uncertainties from jets: 16%, 23% for VBF1J, 2J SRs

Ø Dominant scale uncertainties on category migration: 30% increased to 90% 
from 300 GeV to 3 TeV for VBF 1J, 25% increased to 40% from 300 GeV to 3 TeV

n Main theoretical uncertainties on signals

n Main theoretical uncertainties on backgrounds

High-‐mass:	  dominant	  systema/cs	  
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Systematic uncertainties
n Total luminosity uncertainty: 2.9% (data15: 2.1%, data16: 3.7%)
n Main experimental uncertainties (in %):

2/8/2016 HWW high mass lvlv approval talk 20

Ø Dominating uncertainties from ME: 17%, 48% 
for VBF 1J, 2J SRs

Ø Similar in CRs, so the extrapolation 
uncertainties from CRs to SRs remain small

n Top background theoretical uncertainties

High-‐mass:	  systema/cs	  (1)	  
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Systematic uncertainties

2/8/2016 HWW high mass lvlv approval talk 21

n WW background theoretical uncertainties

Ø Dominating uncertainties from ME+PS: 35%, 48% for VBF 1J, 2J SRs

Ø Extrapolation uncertainties still small 

Ø NLO EW correction in the dominant qq→WW 

process was considered as normalization and shape 

uncertainty

Ø Addtional k-factor of 1.7 as higher order correction 

in gg→(h*)→WW process with 60% uncertainty

n For both Top and WW, shape uncertainties also considered

High-‐mass:	  systema/cs	  (2)	  
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Systematic uncertainties
n Dominating W+jets fake-factor estimation uncertainties

u EW contribution: 15% for both e and μ in VBF 1J and 2J SR
u Sample composition uncertainties, in ggF SR, VBF 1J and 2J SR respectively:

Ø e: 26%, 21% and 21%
Ø μ: 12%, 16% and 16%

u  Statistical uncertainty: < 1%

2/8/2016 HWW high mass lvlv approval talk 22

n Dominating signal theory uncertainties
u Scale uncertainties on category migration

Ø ggF: 10% over full mass range

Ø VBF 1J: 30% increased to 90% from 300 GeV to 3 TeV

Ø VBF 2J: 25% increased to 40% from 300 GeV to 3 TeV

u Scale uncertainties on acceptance: relatively small

u  PS, underlying event and PDF uncertainties: relatively small

n For signal, we also have a correction on VBF due to PowHeg mismodelling

High-‐mass:	  systema/cs	  (3)	  
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Top leading lepton pT shape correction
n Mis-modelling found in ggF inclusive Top CR

2/8/2016 HWW high mass lvlv approval talk 23

leading lepton pT

Ø This mis-modelling was less pronounced with DS1 data samples, and consistent 

with the NNLO QCD correction.

Ø No such mis-modelling observed in the VBF categories

mT

High-‐mass:	  top	  pTlead	  shape	  correc/on	  
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Top leading lepton pT shape correction

2/8/2016 HWW high mass lvlv approval talk 24

Ø No discrepency between em and me

Ø DEtall cut has no effect on the correction

Ø Applied to ggF SR, WW and Top CRs

Ø Shape uncertainties also considered

n The correction used a reweighting with linear fit function in ggF 
Top CR

High-‐mass:	  top	  pTlead	  shape	  correc/on	  
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