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IntroducMon	  

•  July	  2012:	  	  Discovery	  of	  new	  Higgs-‐like	  boson	  with	  mh	  ∼125	  GeV	  by	  ATLAS	  
and	  CMS	  experiments	  

•  Wonderful	  new	  era	  in	  parMcle	  physics	  
•  Precision	  tests	  of	  the	  SM	  Higgs	  boson:	  	  mass	  scaling	  of	  couplings,	  etc.	  
•  Indirectly	  probe	  new	  physics:	  	  composite	  Higgs,	  SUSY,	  dark	  ma[er,	  etc.	  

•  Project	  coupling	  precision	  at	  14	  TeV	  assuming	  mh=125.0	  GeV	  
•  Same	  κ	  framework	  as	  described	  earlier	  by	  N.	  Wardle	  &	  K.	  Schmieden	  
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LHC	  schedule	  
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•  Current	  LHC	  /	  HL-‐LHC	  schedule	  
•  300	  a-‐1	  by	  2022	  will	  give	  20	  Mmes	  current	  Higgs	  boson	  producMon	  

•  However	  Phase	  1	  upgrade	  required	  to	  trigger	  on	  them	  
•  Acer	  LS2	  (LS3):	  	  ∼50	  (140	  lumi-‐leveled)	  pp	  interacMons/bunch	  crossing	  

•  Phase	  1	  (2)	  upgrades	  required	  for	  radiaMon	  hardness	  and	  pileup	  



HL-‐LHC	  as	  a	  Higgs	  factory	  
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Process	  at	  
14	  TeV	  

Higgs	  bosons	  
with	  3000	  7-‐1	  

All	  prod.	  &	  
decay	  modes	  

170M	  

VBF	  
(all	  decays)	  

13M	  

[h	  
(all	  decays)	  

1.8M	  

h-‐>Zγ	
 230k	  

h-‐>µµ	
 37k	  

hh	   121k	  

•  Rate	  per	  experiment	  



Detector	  performance	  assumpMons	  

•  Complementary	  approaches	  based	  on	  different	  performance	  assumpMons	  
•  ATLAS:	  

•  Efficiency	  and	  resoluMon	  funcMons	  applied	  to	  physics	  objects	  
•  Based	  on	  full	  simulaMon	  of	  IBL	  and	  LAr	  trigger	  upgrades	  (300	  a-‐1);	  

full	  ITK,	  pileup	  in	  calorimeter	  (3000	  a-‐1)	  
•  Concrete	  demonstraMon	  of	  performance	  with	  current	  knowledge	  
•  Two	  scenarios	  for	  theoreMcal	  uncertainMes	  

•  Scenario	  1:	  	  Same	  as	  now	  
•  Scenario	  2:	  	  None	  i.e.	  negligible	  

•  CMS:	  
•  Scale	  signal	  and	  background	  yields	  of	  current	  analyses	  
•  Assume	  detector	  upgrades	  maintain	  at	  least	  Run	  1	  performance	  

•  Augmented	  by	  full-‐simulaMon	  studies	  
•  CharacterizaMon	  of	  potenMal	  performance	  with	  future	  knowledge	  
•  Two	  scenarios	  for	  systemaMc	  uncertainMes	  

•  Scenario	  1:	  	  All	  systemaMc	  uncertainMes	  same	  as	  now	  
•  Scenario	  2:	  	  Scale	  theory	  unc.	  by	  ½,	  experimental	  syst.	  by	  1/sqrt(L)	  
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ProjecMons	  of	  performance	  
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M.	  Klute	  

•  W	  and	  top	  mass	  measurements	  at	  Tevatron	  show	  experimentalists	  (and	  
theorists)	  improve	  systemaMcs	  significantly	  over	  Mme	  
•  Experiment:	  	  More	  data	  allows	  more	  sophisMcated	  in-‐situ	  calibraMons	  

and	  data-‐driven	  background	  esMmates	  
•  Theory:	  	  Higher	  order	  predicMons,	  tune	  to	  measurements,	  etc	  

•  Ceiling	  on	  performance	  is	  uncertainMes	  α	  1/sqrt(L)	  



Many	  new	  results	  
•  Many	  updated/new	  results	  shown	  at	  ECFA	  HL-‐LHC	  workshop	  2	  weeks	  ago	  	  
•  ATLAS	  

•  5	  main	  channels	  (γγ,	  ZZ,	  WW,	  bb,	  ττ)	  	  
•  New	  VH(bb):	  	  ATL-‐PHYS-‐PUB-‐2014-‐011	  
•  Improved	  [H/VH(γγ):	  	  ATL-‐PHYS-‐PUB-‐2014-‐012	  

•  Also	  H-‐>µµ	  and	  H-‐>Zγ	  
•  Improved	  H-‐>Zγ:	  	  ATL-‐PHYS-‐PUB-‐2014-‐006	  

•  Updated	  combinaMon:	  	  ATL-‐PHYS-‐PUB-‐2014-‐016	  
•  CMS:	  

•  Same	  input	  channels	  as	  above	  
•  Mature	  results	  already	  last	  year	  with	  rescaling	  procedure:	  

arXiv:1307.7135	  (CMS-‐NOTE-‐13-‐002)	  
•  Also	  new	  results	  for	  di-‐Higgs	  producMon	  HH	  (bbγγ,	  bbWW):	  

h[ps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP	  
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Precision	  on	  Higgs	  signal	  strengths	  
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arXiv:1307.7135	  
(CMS-‐NOTE-‐13-‐002)	  

•  UncertainMes	  on	  inclusive	  µ	  can	  be	  driven	  below	  5%	  
•  SystemaMcs	  play	  important	  role	  



Precision	  on	  Higgs	  signal	  strengths	  
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ATL-‐PHYS-‐PUB-‐2014-‐016	  

NEW	  

•  SeparaMon	  by	  producMon	  
mode	  vital	  for	  coupling	  
measurements	  
•  Exploit	  correlaMons	  

from	  e.g.	  jet	  migraMon	  
•  Large	  impact	  from	  theory	  

uncertainMes	  (dashed)	  i.e.	  
QCD	  scale,	  jet	  binning,	  etc	  
in	  some	  cases	  



Precision	  on	  Higgs	  couplings	  

•  Comparable	  precision	  for	  most	  couplings	  between	  experiments	  
•  For	  CMS	  scenario	  2,	  many	  couplings	  (γ,	  W,	  Z,	  g,	  τ)	  determined	  to	  4-‐6%	  level	  

with	  300	  a-‐1	  assuming	  not	  limited	  by	  theory	  systemaMcs	  
•  Bo[om	  and	  top	  quark	  couplings	  probed	  at	  10-‐14%	  

•  Then	  with	  3000	  a-‐1,	  these	  uncertainMes	  go	  down	  to	  2-‐3%	  and	  4-‐7%	  
respecMvely	  
•  StaMsMcally-‐limited	  κµ	  and	  κZγ	  measured	  to	  8-‐10%	  
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Lumi	   Exp.	   κγ	
 κW	   κZ	   κg	   κb	   κt	   κτ	
 κZg	   κµ	


300	  a-‐1	   ATLAS	   9%	   9%	   8%	   11-‐14%	   22-‐23%	   20-‐22%	   13-‐14%	   24%	   21%	  

CMS	   5-‐7%	   4-‐6%	   4-‐6%	   6-‐8%	   10-‐13%	   14-‐15%	   6-‐8%	   41%	   23%	  

3000	  a-‐1	   ATLAS	   4-‐5%	   4-‐5%	   4%	   5-‐9%	   10-‐12%	   8-‐11%	   9-‐10%	   14%	   7-‐8%	  

CMS	   2-‐5%	   2-‐5%	   2-‐4%	   3-‐5%	   4-‐7%	   7-‐10%	   2-‐5%	   10-‐12%	   8%	  

NEW	  
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Mass	  scaling	  of	  Higgs	  couplings	  
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SM:	  	  ε =	  0,	  	  M	  =	  v	  =	  246	  GeV	  

•  Test	  mass	  scaling	  deviaMon	  
ε	  to	  0.03	  (0.01)	  with	  300	  (3000)	  a-‐1	  

•  Probe	  “vev”	  to	  5	  GeV	  level	  at	  HL-‐LHC	  

ATL-‐PHYS-‐PUB-‐2014-‐016	  

ATL-‐PHYS-‐PUB-‐2014-‐017	  

NEW	  



RaMos	  of	  Higgs	  couplings	  

Nov	  3,	  2014	   E.	  Feng	  (ANL)	  -‐	  Higgs	  Coupling	  Prospects	  in	  LHC	  Run	  2	  &	  Beyond	   12	  

ATL-‐PHYS-‐PUB-‐2014-‐016	  

NEW	  •  In	  raMos	  of	  couplings,	  Higgs	  total	  
width	  cancels	  out	  along	  with	  many	  
systemaMcs	  

•  Can	  be	  determined	  down	  to	  ~5%	  
level	  with	  300	  a-‐1	  

•  Improve	  by	  up	  to	  factor	  2-‐3	  at	  HL-‐LHC	  
without	  theory	  unc.	  (no	  hash)	  

•  Model-‐independent	  probe	  of	  NP	  
•  κγ	  /	  κZ	  constrains	  new	  physics	  in	  
H-‐>γγ	  loop	  at	  2-‐3%	  level	  



RaMos	  of	  Higgs	  couplings	  
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ATL-‐PHYS-‐PUB-‐2014-‐016	  

Lumi	   Exp.	   κg	  κZ / κH	   κγ	  /	  κZ	   κW	  /	  κZ	   κb	  /	  κZ	   κτ	  /	  κZ	   κg	  /	  κZ	   κt/	  κg	   κµ/	  κZ	   κZγ	  /	  κZ	  

300	  a-‐1	   ATLAS	   4-‐6%	   5-‐6%	   5%	   17-‐18%	   11-‐12%	   10-‐13%	   15-‐17%	   20%	   23%	  

CMS	   4-‐6%	   5-‐8%	   4-‐7%	   8-‐11%	   6-‐9%	   6-‐9%	   13-‐14%	   22-‐23%	   40-‐42%	  

3000	  a-‐1	   ATLAS	   2-‐6%	   2-‐3%	   2-‐3%	   7-‐10%	   8-‐9%	   5-‐9%	   5-‐9%	   6%	   14%	  

CMS	   2-‐5%	   2-‐5%	   2-‐3%	   3-‐5%	   2-‐4%	   3-‐5%	   6-‐8%	   7-‐8%	   12%	  

NEW	  •  Without	  assumpMon	  on	  Higgs	  total	  
width,	  only	  raMos	  of	  couplings	  can	  be	  
determined	  at	  LHC	  

•  Can	  be	  determined	  down	  to	  ~5%	  
level	  with	  300	  a-‐1	  

•  Improve	  by	  up	  to	  factor	  2-‐3	  at	  HL-‐LHC	  
without	  theory	  unc.	  (no	  hash)	  

•  Model-‐independent	  probe	  of	  NP	  
•  κγ	  /	  κZ	  constrains	  new	  physics	  in	  
H-‐>γγ	  loop	  at	  2-‐3%	  level	  



Theory	  uncertainMes	  in	  couplings	  
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•  CMS:	  
•  Current	  uncertainMes	  
•  No	  theory	  uncertainty	  



Theory	  uncertainMes	  in	  coupling	  raMos	  
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•  Deduced	  size	  of	  theory	  uncertainty	  to	  increase	  total	  uncertainty	  by	  <10%	  for	  
given	  lumi	  
•  Requires	  each	  source	  of	  theory	  unc.	  to	  be	  less	  than	  ∼1/3	  of	  total	  

uncertainty	   ATL-‐PHYS-‐PUB-‐2014-‐016	  

NEW	  



Higgs	  boson	  compositeness	  
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•  Pseudo-‐Nambu-‐Goldstone	  boson	  
instead	  of	  elementary	  parMcle	  
•  Modified	  couplings	  as	  funcMon	  

of	  scaling	  parameter	  ξ	  =	  v2/f2	  
•  MCHM4	  i.e.	  SO(4):	  

	  
	  

•  MCHM5	  i.e.	  SO(5):	  	  	  

Lower	  limit	  on	  Higgs	  compositeness	  scale,	  f	  (460-‐550	  GeV	  exp.	  now):	  

(SM:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  	  

ATL-‐PHYS-‐PUB-‐2014-‐017	  

NEW	  



Simplified	  MSSM	  
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•  Second	  Higgs	  doublet	  present	  in	  many	  BSM	  models,	  such	  as	  MSSM	  
•  More	  general	  2HDMs,	  or	  extra	  EW	  singlet	  e.g.	  in	  NMSSM,	  in	  backup	  slides	  

•  Light	  Higgs	  mass	  &	  couplings	  constrain	  heavy	  Higgses,	  depending	  on	  assumpMons	  
•  For	  tan	  β>2,	  expected	  limit	  of	  mA>500	  GeV	  (650	  GeV)	  with	  300	  (3000)	  a-‐1	  if	  not	  

limited	  by	  theory	  uncertainMes	  
•  Improve	  wrt	  expected	  limit	  of	  290	  GeV	  in	  current	  data	  
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300	  a-‐1	  

NEW	  



Simplified	  MSSM	  
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•  Second	  Higgs	  doublet	  present	  in	  many	  BSM	  models,	  such	  as	  MSSM	  
•  More	  general	  2HDMs,	  or	  extra	  EW	  singlet	  e.g.	  in	  NMSSM,	  in	  backup	  slides	  

•  Light	  Higgs	  mass	  &	  couplings	  constrain	  heavy	  Higgses,	  depending	  on	  assumpMons	  
•  For	  tan	  β>2,	  expected	  limit	  of	  mA>500	  GeV	  (650	  GeV)	  with	  300	  (3000)	  a-‐1	  if	  not	  

limited	  by	  theory	  uncertainMes	  
•  Improve	  wrt	  expected	  limit	  of	  290	  GeV	  in	  current	  data	  
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3000	  a-‐1	  

NEW	  
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Invisible	  Higgs	  decays	  &	  dark	  ma[er	  
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•  Higgs	  decays	  to	  invisible	  final	  states	  at	  300	  a-‐1	  

•  ATLAS:	  	  BRinv	  <	  0.20-‐0.22	  
•  CMS:	  	  BRinv	  <	  0.14-‐0.18	  

•  With	  3000	  a-‐1:	  
•  ATLAS:	  	  BRinv	  <	  0.10-‐0.14	  
•  CMS:	  	  BRinv	  <	  0.07-‐0.11	  

•  Higgs	  decays	  to	  coupling	  of	  
WIMP	  to	  Higgs	  boson	  taken	  as	  
free	  parameter	  

•  Translate	  limit	  on	  BR	  into	  
coupling	  of	  Higgs	  to	  wimp,	  and	  
into	  cross-‐secMon	  for	  WIMP-‐
nucleon	  sca[ering	  
•  Improve	  by	  up	  to	  a	  factor	  

of	  4	  wrt	  current	  data	  

NEW	  



Di-‐Higgs	  producMon	  at	  the	  HL-‐LHC	  
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•  HH	  producMon	  with	  destrucMve	  interference	  between	  processes:	  	  
	  
	  
	  
	  
•  Holy	  grail:	  	  Probe	  Higgs	  self-‐coupling	  λHHH,	  and	  therefore	  vacuum	  potenMal	  

of	  universe	  
•  Challenging	  measurement:	  	  SM	  cross-‐secMon	  at	  14	  TeV	  is	  40.8	  a	  (NNLO)	  

•  Very	  large	  enhancements	  can	  be	  possible	  with	  BSM	  physics	  like	  Higgs	  
compositeness	  

•  Final	  states	  give	  yields	  per	  experiment,	  before	  selecMon:	  
•  bbγγ	  (clean):	  	  320	  expected	  events	  with	  3000	  a-‐1	  
•  bbWW	  (large	  backgrounds):	  	  30k	  expected	  events	  at	  3000	  a-‐1	  
•  bbbb	  and	  bbττ	  final	  states	  under	  study	  

•  No	  silver	  bullet	  –	  will	  need	  combinaMon	  of	  all	  final	  states	  for	  max	  sensiMvity	  



HH-‐>bbγγ	  analysis	  
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•  CMS:	  	  2D	  fit	  of	  mbb	  &	  mγγ,	  with	  parametrized	  object	  performance	  for	  µ=140	  
•  ATLAS	  (ATL-‐PHYS-‐PUB-‐2014-‐019):	  	  Cut-‐based	  analysis	  
•  Both	  are	  discussing	  analyses	  to	  be[er	  understand	  differences	  and	  opMmizaMon	  

•  CMS	  event	  yield:	  

•  Could	  observe	  
evidence	  of	  
signal	  with	  
µ∼2.8	  

•  µ<2.2	  at	  95%	  CL	  
expected	


NEW	  



Higgs	  self-‐coupling	  
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•  ATLAS	  and	  CMS	  are	  discussing	  analysis	  to	  
understand	  differences	  in	  event	  yields	  and	  opMmize	  

•  Values	  of	  Higgs	  self-‐coupling	  outside	  	  
-‐1.3	  <	  λ/λSM	  <	  8.7	  can	  be	  rejected	  with	  3000	  a-‐1	  
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HH-‐>bbWW	  analysis	  
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•  CMS	  uses	  neural	  network	  discriminant	  to	  suppress	  main	  [bar	  background	  
•  Rest	  of	  SM	  processes	  are	  negligible	  and	  not	  considered	  

•  NN	  output	  >	  0.97	  gives	  40%	  signal	  (HH)	  efficiency	  with	  99.73%	  background	  
rejecMon	  

NEW	  



HH-‐>bbWW	  sensiMvity	  
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•  Data-‐driven	  techniques	  likely	  will	  constrain	  uncertainMes	  on	  [bar	  
background	  to	  percent	  level	  in	  CMS	  

•  1%	  systemaMc	  on	  background	  would	  produce	  200%	  uncertainty	  on	  di-‐Higgs	  
rate	  
•  µ<4	  at	  95%	  CL	  

NEW	  



Conclusions	
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•  FantasMc	  new	  era	  of	  Higgs	  coupling	  measurements	  and	  indirect	  
probes	  of	  new	  physics	  will	  be	  extended	  in	  Run	  2	  

•  UncertainMes	  on	  couplings	  can	  be	  driven	  as	  low	  as	  5%	  (2%)	  with	  300	  
a-‐1	  (3000	  a-‐1)	  of	  14	  TeV	  data	  
•  Precise	  tests	  of	  mass	  scaling	  of	  couplings	  to	  8	  parMcles,	  and	  

their	  coupling	  raMos	  
•  Measure	  rare	  decays	  like	  µµ,	  Zγ,	  HH	  not	  easily	  accessible	  at	  a	  LC	  
•  HL-‐LHC	  may	  offer	  sensiMvity	  to	  Higgs	  self-‐coupling	  via	  di-‐Higgs	  

•  Corresponding	  improvement	  in	  discovery	  potenMal	  for	  Higgs	  
compositeness,	  MSSM,	  Higgs	  portal	  to	  dark	  ma[er,	  and	  other	  new	  
physics	  

•  LHC	  13	  TeV	  data	  in	  2015	  will	  already	  bring	  big	  improvements,	  
especially	  top	  Yukawa	  coupling	  via	  [H	  (P.	  Onyisi’s	  talk	  tomorrow)	  

•  Run	  1	  is	  only	  the	  beginning	  of	  an	  exci4ng,	  long-‐term	  program	  of	  
Higgs	  coupling	  measurements!	  



ADDITIONAL	  INFORMATION	  



Coupling	  fit	  framework	  

•  Leading-‐order	  tree-‐level	  moMvated	  framework	  
	  
	  
	  

•  Signal	  cross-‐secMon	  rescaled	  using	  couplings	  
•  QuanMfy	  possible	  small	  deviaMons	  from	  SM	  

•  AssumpMons	  
•  Single	  resonance	  of	  mass	  125.0	  GeV	  
•  Narrow-‐width	  approximaMon	  
•  SM	  tensor	  structure	  of	  Lagrangian	  (0+)	  

•  Possible	  effecMve	  couplings	  for	  loop-‐induced	  processes	  
•  H-‐>γγ,	  H-‐>Zγ,	  gg-‐>H	  
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Coupling	  framework	  
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Coupling	  observables	  measured	  

•  Physical	  parameters	  of	  interest	  are	  (strengths	  of)	  couplings,	  width,	  etc	  
•  Signal	  cross-‐secMon	  (Mmes	  branching	  raMo):	  	  μ	  =	  (σ*BR)/(σ*BR)SM	  
•  Tree-‐level	  couplings	  to	  SM	  parMcles:	  	  κW,	  κZ	  ,	  κt,	  κb,	  κτ,	  …	  
•  EffecMve	  loop	  couplings:	  	  κγ,	  κg	  
•  Total	  width:	  	  (κH)2	  =	  Γ	  /	  ΓSM	  or	  equivalently	  BRinv	  

•  Defined	  in	  analogy	  to	  rates	  (scaled	  with	  squared	  couplings)	  
•  But	  current	  measurements	  insufficient	  to	  simultaneously	  fit	  all	  couplings	  

with	  high	  precision	  
•  Universality:	  	  Define	  variables	  under	  simplifying	  assumpMons	  that	  certain	  

couplings	  have	  same	  strength	  κi	  wrt	  SM	  values,	  e.g.	  
•  κV	  =	  κW	  =	  κZ	  
•  κf	  =	  κt	  =	  κb	  =	  κτ	  =	  …	  

•  Note	  that	  the	  actual	  couplings	  gi	  are	  sMll	  different	  for	  various	  parMcles	  
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Benchmark	  models	  
•  Probe	  symmetries,	  each	  with	  and	  without	  Higgs	  
total	  width	  fixed:	  
•  Fewer	  DOF's	  gives	  greater	  staMsMcal	  

precision	  in	  combined	  fit	  
•  Primary	  goal	  is	  to	  test	  SM	  (null	  hypothesis)	  

•  Possible	  bias	  from	  model	  assumpMons	  
not	  important	  

•  Benchmark	  models	  defined	  by	  LHC	  Higgs	  XS	  WG:	  
arXiv:1209.0040	  
•  κ	  =	  sqrt(μ):	  	  Universal	  scaling	  of	  couplings	  to	  all	  parMcles	  
•  κV	  vs.	  κF:	  	  Spin,	  vector	  bosons	  vs.	  fermions	  
•  κW	  vs.	  κZ:	  	  Custodial	  symmetry,	  W	  vs.	  Z	  boson	  
•  κq	  vs.	  κl:	  	  Fermion	  flavor,	  quarks	  vs.	  leptons	  
•  κu	  vs.	  κd:	  	  Fermion	  type,	  up	  vs.	  down	  
•  κg	  vs.	  κγ:	  	  EffecMve	  loop	  couplings	  for	  effects	  of	  heavy	  BSM	  parMcles	  
•  κH	  &	  BRinv:	  	  Allow	  decays	  to	  light	  invisible	  BSM	  parMcles	  
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Precision	  on	  category	  signal	  strengths	  (ATLAS)	  
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Precision	  on	  couplings	  and	  raMos	  (ATLAS)	  
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Invisible	  Higgs	  decays	  (ATLAS)	  
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•  In	  BSM	  scenarios,	  Higgs	  can	  decay	  to	  (light)	  invisible	  or	  undetected	  parMcles	  
•  Parameterize	  width	  ΓH	  as:	  
	  
	  
	  
where:	  
•  ΓH,SM	  =	  SM	  width	  
•  κH2(κi)	  =	  expected	  strength	  of	  width	  from	  the	  coupling	  strengths	  
•  BRinv	  =	  branching	  raMo	  to	  invisible/undetected	  BSM	  parMcles	  

•  CMS	  derives	  upper	  limit	  on	  BRinv	  by	  assuming	  kV<1	  
•  ATLAS	  assumes	  tree-‐level	  couplings	  to	  be	  1	  (SM),	  then	  can	  extract	  upper	  limit:	  
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AddiMonal	  electroweak	  singlet	  

•  AddiMonal	  EW	  singlet	  predicted	  in	  NMSSM	  (1	  singlet	  +	  2	  doublets)	  
•  Singlet	  mixes	  with	  h,	  resulMng	  in	  heavy	  higgs	  H	  

•  Couplings	  of	  h	  (H)	  are	  decreased	  by	  a	  factor	  of	  κ	  (κ’)	  such	  that:	  
	  

•  New	  decay	  modes	  of	  H	  are	  denoted	  by	  BRH,new	  
•  Signal	  strengths	  are	  normalized	  wrt	  those	  of	  a	  SM	  Higgs	  at	  corresponding	  

mass:	  
	  
	  
	  
	  
	  
	  

•  Note	  that	  	  κ’2	  =	  1	  -‐	  µh	  



EW	  singlet	  
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Couplings	  in	  2HDM	  Type	  I	  
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Couplings	  in	  2HDM	  Type	  II	  
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Couplings	  in	  2HDM	  Type	  III	  
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Couplings	  in	  2HDM	  Type	  IV	  
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Limits	  on	  2HDM	  Types	  I	  and	  II	  
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Limits	  on	  2HDM	  Types	  I	  and	  II	  (zoomed	  out)	  
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Limits	  on	  2HDM	  Types	  III	  and	  IV	  (zoomed	  out)	  
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hh-‐>bbγγ	  
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•  CMS	  search	  for	  non-‐resonant	  HH-‐>bbγγ	  	  	  
–  Cross	  secMon	  at	  √s=14	  TeV	  is	  40.2	  a	  [NNLO]	  	  

•  Event	  selecMon	  
–  2	  photons:	  pT>40GeV	  and	  pT>20GeV,	  |η|<2.5	  
–  2	  b-‐tagged	  jets,	  CSV	  medium	  WP,	  pT>30GeV,	  |η|<2.4	  

•  KinemaMc	  selecMon	  
–  AddiMonal	  lepton	  veto	  
–  Less	  than	  4	  jets	  with	  |η|<2.4	  and	  pT>30GeV	  
–  ΔRbb	  and	  ΔRγγ	  less	  than	  2.0,	  min	  of	  ΔRγb>1.5	  

•  Two	  categories	  considered	  
–  Both	  photons	  in	  barrel	  
–  At	  least	  one	  photon	  in	  endcap	  

•  Likelihood	  fit	  signal	  extracMon	  
–  2D	  fit	  of	  Mbb	  and	  Mγγ	  
– Mass	  fit	  window	  of	  100GeV<Mγγ<150GeV	  and	  70GeV<Mbb<200GeV	  is	  used	  	  

•  Parameterized	  object	  performance	  tuned	  to	  Phase	  II	  detector	  
–  Preliminary	  tune	  as	  the	  final	  tuning	  need	  to	  be	  obtained	  from	  final	  Phase	  II	  samples	  	  



bbγγ	  event	  yields	  
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•  ATLAS	  and	  CMS	  are	  discussing	  analyses	  to	  be[er	  understand	  remaining	  
differences	  and	  further	  opMmizaMon	  

•  CMS:	  
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Process	  at	  14	  TeV	   Expected	  events	  with	  3000	  7-‐1	  

SM	  hh-‐>bbγγ	
 8.4	  ±	  0.1	  

bbγγ	   9.7	  ±	  1.5	  

ccγγ,	  bbγj,	  bbjj,	  jjγγ	   24.1	  ±	  2.2	  

Top	  background	   3.4	  ±	  2.2	  

[h(γγ)	   6.1	  ±	  0.5	  

Z(bb)h(γγ)	   2.7	  ±	  0.1	  

bbh(γγ)	   1.2	  ±	  0.1	  

Total	  background	   47.1	  ±	  3.5	  

S/√(B)	  (barrel+endcap)	   1.2	  

S/√(B)	  (split	  barrel	  and	  endcap	   1.3	  

•  ATLAS:	  

bbγγ	  event	  yields	  



HH-‐>bbγγ performance	  
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•  Average	  expected	  uncertainty	  on	  CMS	  di-‐Higgs	  cross	  secMon	  measurement	  



bb	  and	  γγ	  mass	  distribuMons	  
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hh-‐>bbWW	  
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•  CMS	  search	  for	  HH	  →	  bb	  W̄W	  →	  bb	  l̄νlν	  	  
	  
•  Event	  preselecMon:	  	  

–  2	  b-‐jets	  Medium	  WP,	  pT	  >	  30	  GeV	  
2	  leptons,	  muons:	  pT	  >	  20	  GeV,	  electrons:	  pT	  >	  25	  GeV	  	  

–  MET	  >20GeV	  
Clean	  up	  cuts	  (mjj	  ,	  mll	  ,	  ∆Rjj	  ,	  ∆Rll	  ,	  ∆φjj,ll	  )	  	  

	  
•  Analysis	  OpMmizaMon:	  	  

–  Neural	  network	  discriminant	  from	  kinemaMc	  variables	  	  
–  Variables:	  Mll,	  Mjj,	  ∆Rll,	  ∆Rjj,	  ∆Rjl,	  MET,	  ∆φll,jj,	  pjj	  ,	  and	  MT	  	  

•  Analysis	  Setup:	  	  
–  Phase	  II	  scenario	  assuming	  3000/a	  	  
–  Based	  on	  Delphes	  reconstrucMon	  
–  Considering	  only	  the	  main	  background:	  t	  t̄	  	  
–  The	  rest	  of	  the	  SM	  processes	  are	  negligible	  	  



hh-‐>bbWW	  OpMmizaMon	  
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•  CMS	  
•  (Lec)	  pTjj	  distribuMon	  comparing	  the	  HH	  and	  t	   t̄	  shape	  differences.	  Variable	  used	  

as	  input	  for	  the	  Neural	  Network	  discriminator.	  	  
•  (Right)	   min(∆Rjl)	   distribuMon	   comparing	   the	   HH	   and	   t	   ̄t	   shape	   differences.	  

Variable	  used	  as	  input	  for	  the	  Neural	  Network	  discriminator.	  	  


