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Why	
  Couplings?	
  

BUT	
  there	
  are	
  s+ll	
  some	
  open	
  ques+ons:	
  	
  
•  Is	
  the	
  observed	
  Higgs	
  boson	
  compa+ble	
  with	
  the	
  one	
  predicted	
  by	
  the	
  SM?	
  
•  Can	
  one	
  detect	
  BSM	
  physics	
  through	
  Higgs	
  proper+es	
  measurements?	
  

Need	
  to	
  measure	
  its	
  proper+es	
  to	
  posi+vely	
  iden+fy	
  it	
  -­‐>	
  COUPLINGS	
  

Nobel	
  prize	
  has	
  been	
  awarded.	
  	
  

Discovery	
  of	
  neutral,	
  Higgs-­‐like	
  boson	
  reported	
  in	
  
July	
  2012	
  primarily	
  in	
  ZZ,	
  γγ,	
  and	
  WW	
  final	
  states	
  by	
  
the	
  ATLAS	
  and	
  CMS	
  experiments.	
  Currently	
  >>5σ	
  
combined	
  significance	
  in	
  each	
  experiment.	
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•  How	
  well	
  do	
  the	
  proper+es	
  of	
  the	
  new	
  boson	
  agree	
  with	
  the	
  Standard	
  
Model	
  predic+ons?	
  	
  

	
  	
  	
  	
  	
  	
  -­‐	
  Produc+on	
  and	
  decay	
  strengths	
  rela+ve	
  to	
  SM	
  predic+on;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Coupling	
  Measurements:	
  Fermion	
  vs	
  vector	
  coupling;	
  

	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  Tests	
  of	
  custodial	
  symmetry.	
  
	
  
•  Can	
  one	
  detect	
  BSM	
  physics	
  through	
  Higgs	
  proper+es	
  measurements?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  in	
  produc+on	
  loops;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  contribu+ng	
  to	
  Higgs	
  width.	
  

Outline	
  

References:	
  	
  
	
  
ATLAS-­‐CONF-­‐2013-­‐034	
  	
  
ATLAS-­‐CONF-­‐2014-­‐009	
  
Phys.	
  Le`.	
  B	
  726	
  (2013)	
  88	
  	
  

ATLAS	
  
CMS	
  CMS	
  PAS	
  HIG-­‐13-­‐005	
  

CMS	
  PAS	
  HIG-­‐13-­‐004	
  
	
  
PRD	
  88	
  052014	
  (2013)	
   Tevatron	
  (CDF+D0)	
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Higgs	
  Boson	
  ProducBon/Decay	
  

Produc+on	
  processes:	
  	
  
gluon-­‐gluon	
  fusion	
  (ggF:	
  gg-­‐>H),	
  vector-­‐boson	
  fusion	
  	
  
(VBF:	
  qq’-­‐>qq’H),	
  Higgs-­‐strahlung	
  (VH:	
  qq’-­‐>WH/ZH).	
  	
  
Small	
  contribu+on	
  from	
  produc+on	
  associated	
  with	
  a	
  top-­‐an+top	
  pair	
  (`H:	
  gg/qq’-­‐>`H)	
  	
  	
  	
  4	
  

LHC	
   Tevatron	
  

σ(pb)	
   7	
  TeV	
   8	
  TeV	
   1.96	
  TeV	
  

ggH	
   15	
   19	
   0.83	
  

VBF	
   1.2	
   1.6	
  

WH	
   0.57	
   0.70	
   0.13	
  

ZH	
   0.33	
   0.41	
   0.08	
  

`H	
   0.09	
   0.31	
  

Higgs	
  Decay	
   BR	
  	
  

bb	
   57%	
  

WW	
   22%	
  

ττ	
   6.2%	
  

ZZ	
   2.8%	
  

γγ	
   0.23%	
  

Zγ	
   0.154%	
  

Theor.	
  unc.	
  	
  
from	
  5%	
  to	
  	
  
15%	
  

Theor.	
  unc.	
  from	
  3%	
  to	
  6%	
  



Disentangle	
  ProducBon	
  Modes	
  

VH	
  
Leptons,	
  missing	
  ET	
  or	
  	
  
low-­‐mass	
  dijets	
  from	
  
W	
  or	
  Z	
  decays	
  

VBF	
  
Two	
  high	
  pT	
  jets	
  with	
  	
  
high-­‐mass	
  	
  and	
  large	
  	
  
pseudorapidity	
  separa+on	
  

`H	
  
Two	
  top	
  quarks:	
  
leptons,	
  missing	
  ET,	
  
mul+jets	
  or	
  b-­‐tagged	
  
jets	
  

ggF	
  
the	
  rest	
  

Produc+on	
  processes	
  naturally	
  fall	
  into	
  two	
  groups	
  	
  

Strong	
  Produc+on	
  -­‐>	
  	
  
Fermion	
  Coupling	
  through	
  top	
  loop	
  	
  

Electroweak	
  Produc+on	
  -­‐>	
  	
  
Vector	
  Boson	
  Coupling	
  	
  

Higgs	
  candidate	
  events	
  are	
  selected	
  from	
  their	
  
decay	
  signatures,	
  independent	
  of	
  produc+on.	
  	
  
Need	
  to	
  disentangle	
  the	
  produc+on	
  processes	
  
using	
  the	
  produc+on	
  signatures	
  (independent	
  of	
  
decay)	
  to	
  study	
  couplings.	
  	
  
Ex:	
  BDT	
  to	
  isolate	
  VBF	
  to	
  dominant	
  ggF	
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Summary	
  of	
  ContribuBng	
  Channels	
  
Almost	
  full	
  luminosity	
  recorded	
  during	
  LHC	
  Run	
  I	
  	
  (~5p-­‐1@7TeV	
  +	
  ~20p-­‐1@8TeV)	
  
analysed	
  in	
  all	
  channels	
  for	
  both	
  experiments	
  CMS	
  and	
  ATLAS	
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Higgs	
  
Decay	
  

Subsequent	
  
Decay	
  

Lumi	
  7	
  TeV	
  	
  
2011	
  (\-­‐1)	
  

Lumi	
  8	
  Tev	
  	
  
2012	
  (\-­‐1)	
  

H-­‐>γγ	
   -­‐	
   4.8	
   20.3	
  

H-­‐>ZZ*	
   4l	
   4.6	
   20.3	
  

H-­‐>WW*	
   lνlν	
   4.6	
   20.3	
  

VH-­‐>Vbb	
   Z-­‐>νν	
  
W-­‐>lν	
  
Z-­‐>ll	
  

4.6	
  
4.7	
  
4.7	
  

20.3	
  
20.3	
  
20.3	
  

H-­‐>ττ	
   τlep	
  τlep	
  
τlep	
  τhad	
  
τhad	
  τhad	
  

-­‐	
  
-­‐	
  
-­‐	
  

20.3	
  
20.3	
  
20.3	
  

Higgs	
  
Decay	
  

Subsequent	
  
Decay	
  

Lumi	
  7	
  TeV	
  	
  
2011	
  (\-­‐1)	
  

Lumi	
  8	
  Tev	
  	
  
2012	
  (\-­‐1)	
  

H-­‐>γγ	
   Untagged	
  
VBF-­‐tag	
  
VH-­‐tag	
  

5.1	
  
5.1	
  
-­‐	
  

19.6	
  
19.6	
  
19.6	
  

H-­‐>ZZ*	
   4l	
  	
  	
  	
  	
  Njet<2	
  
	
  	
  	
  	
  	
  	
  	
  	
  Njet>=2	
  

5.1	
  
5.1	
  

19.6	
  
19.6	
  

H-­‐>WW*	
   lνlν	
  	
  	
  	
  0/1	
  jet	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  VBF-­‐tag	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  VH-­‐tag	
  

4.9	
  
4.9	
  
4.9	
  

19.5	
  
12.2	
  
19.5	
  

bb	
   VH-­‐tag	
  
WH-­‐tag	
  

5.0	
  
5.0	
  

12.1	
  
5.1	
  

H-­‐>ττ	
   0/1	
  jet	
  
1	
  jet	
  
VBF-­‐tag	
  
ZH-­‐tag	
  
WH-­‐tag	
  

4.9	
  
4.9	
  
4.9	
  
5.0	
  
5.0	
  

19.6	
  
19.6	
  
19.6	
  
19.5	
  
19.5	
  



Tevatron	
  Run	
  II	
  :	
  ~9.5\-­‐1	
  @1.96TeV	
  

CDF	
  

D0	
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•  How	
  well	
  do	
  the	
  proper+es	
  of	
  the	
  new	
  boson	
  agree	
  with	
  the	
  Standard	
  
Model	
  predic+ons?	
  	
  

	
  	
  	
  	
  	
  	
  -­‐	
  Produc+on	
  and	
  decay	
  strengths	
  rela+ve	
  to	
  SM	
  predic+on;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Coupling	
  Measurements:	
  Fermion	
  vs	
  vector	
  coupling;	
  

	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  Tests	
  of	
  custodial	
  symmetry.	
  
	
  
•  Can	
  one	
  detect	
  BSM	
  physics	
  through	
  Higgs	
  proper+es	
  measurements?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  in	
  produc+on	
  loops;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  contribu+ng	
  to	
  Higgs	
  width.	
  

Outline	
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Overall	
  Signal	
  Strength	
  
•  Single	
  scale	
  parameter	
  for	
  all	
  produc+on	
  and	
  decay	
  combina+ons:	
  	
  
	
  	
  	
  	
  	
  	
  	
  global	
  signal	
  strength	
  μ=σ/σSM.	
  
•  Determined	
  with	
  a	
  profile	
  likelihood	
  ra+o	
  fit	
  with	
  a	
  fixed	
  mass	
  hypothesis	
  (mH=125	
  GeV)	
  
•  μ=1	
  SM	
  Higgs	
  signal,	
  μ=0	
  background-­‐only	
  hypothesis	
  

ATLAS	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CMS	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tevatron	
  	
  

SM	
  expectaBon	
  consistent	
  with	
  measurements	
   9	
  

µ =1.33−0.18
+0.21 µ = 0.80±0.14 µ =1.44−0.56

+0.59



Signal	
  Strength	
  ProducBon	
  Modes	
  
•  Global	
  strength	
  does	
  not	
  provide	
  informa+on	
  on	
  rela+ve	
  contribu+on	
  of	
  

different	
  produc+on	
  mechanisms.	
  	
  
•  Data	
  fi`ed	
  separately	
  for	
  the	
  ra+o	
  vector-­‐boson-­‐mediated	
  processes	
  (VBF+VH)	
  
	
  	
  	
  	
  
	
  	
  	
  	
  	
  to	
  gluon-­‐mediated	
  processes	
  (ggF+`H)	
  to	
  be	
  model	
  independent:	
  

ATLAS:	
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CMS:	
  (1,1)	
  SM	
  within	
  68%CL	
  for	
   	
  	
  	
  
	
  	
  	
  each	
  channel	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

µVBF+VH
µggF+ttH

SM	
  expectaBon	
  consistent	
  with	
  measurements	
  

SM	
   SM	
  



Evidence of VBF production at 4.1@â level.



Evidence	
  for	
  the	
  VBF	
  ProducBon	
  
Probe	
  of	
  electroweak	
  produc+on	
  mechanism:	
  independent	
  measurement	
  of	
  the	
  signal	
  
strength	
  of	
  μVBF	
  and	
  μVH	
  -­‐>ra+o	
  to	
  gluon-­‐mediated	
  processes	
  to	
  be	
  model	
  independent.	
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CMS:	
  	
  
Performed	
  likelihood	
  scans	
  
on	
  μVBF	
  and	
  μVH.	
  	
  
Good	
  agreement	
  with	
  SM	
  
Higgs	
  boson	
  expecta+on.	
  

ATLAS:	
  
Signal	
  strength	
  of	
  the	
  VBF	
  processes	
  extracted	
  
by	
  profiling	
  (factor	
  out)	
  the	
  contribu+on	
  from	
  
VH	
   µVBF

µggF+ttH

=1.4−0.4
+0.5 (stat)−0.3

+0.4 (sys)



•  How	
  well	
  do	
  the	
  proper+es	
  of	
  the	
  new	
  boson	
  agree	
  with	
  the	
  Standard	
  
Model	
  predic+ons?	
  	
  

	
  	
  	
  	
  	
  	
  -­‐	
  Produc+on	
  and	
  decay	
  strengths	
  rela+ve	
  to	
  SM	
  predic+on;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Coupling	
  Measurements:	
  Fermion	
  vs	
  vector	
  coupling;	
  

	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  Tests	
  of	
  custodial	
  symmetry.	
  
	
  
•  Can	
  one	
  detect	
  BSM	
  physics	
  through	
  Higgs	
  proper+es	
  measurements?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  in	
  produc+on	
  loops;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  contribu+ng	
  to	
  Higgs	
  width.	
  

Outline	
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Framework	
  for	
  Coupling	
  Measurements	
  
Signal	
  strength	
  mixes	
  different	
  produc+on	
  processes,	
  produc+on	
  and	
  decay	
  tree-­‐	
  and	
  
loop-­‐level	
  Higgs	
  couplings	
  -­‐>	
  it	
  could	
  obscure	
  poten+al	
  new	
  physics.	
  	
  
Poten+al	
  devia+ons	
  from	
  SM	
  studied	
  from	
  couplings	
  to	
  fermions	
  and	
  vector	
  bosons	
  
(SM	
  expecta+on:	
  coupling	
  scale	
  factors	
  =	
  1).	
  	
  
	
  
•  Framework	
  developed	
  by	
  LHCXSWG	
  (arxiv:1307.1347),	
  based	
  on:	
  
	
  	
  	
  	
  -­‐	
  Signal	
  in	
  different	
  channels	
  originated	
  from	
  single	
  resonance;	
  
	
  	
  	
  	
  -­‐	
  Lagrangian	
  tensor	
  structure	
  is	
  the	
  same	
  as	
  SM	
  (0+)	
  
	
  	
  	
  	
  -­‐	
  Narrow	
  Higgs	
  width,	
  which	
  jus+fies	
  zero-­‐width	
  approxima+on:	
  
	
  	
  	
  	
  	
  	
  
•  Coupling	
  scale	
  factors	
  ki	
  defined	
  so	
  that	
  cross	
  sec+on	
  σi	
  and	
  par+al	
  width	
  Γi	
  

associated	
  to	
  SM	
  par+cle	
  i	
  scale	
  with	
  ki2	
  compared	
  to	
  SM	
  predic+ons	
  
	
  
	
  
	
  
	
  
	
  
•  Total	
  Higgs	
  width	
  can	
  not	
  be	
  directly	
  measured	
  	
  -­‐>	
  assump+on	
  need	
  to	
  be	
  made	
  to	
  

perform	
  fits	
  on	
  data	
  (different	
  benchmark	
  under	
  test)	
  
13	
  

! ⋅B(i→H→ f )=
! iΓ f

ΓH

ΓH = kH
2ΓH

SM

Γ f = kf
2Γ f

SM

σ i = ki
2σ i

SM

σ ⋅B(i→H→ f ) =σ SM (i→H ) ⋅BSM (H→ f )
ki

2k f
2

kH
2



•  Universality	
  of	
  k’s	
  for	
  fermions	
  and	
  gauge	
  bosons	
  	
  
	
  	
  	
  	
  	
  	
  	
  kF=	
  kb=	
  kt=	
  kτ,	
  kV=	
  kW=	
  kZ	
  ;	
  	
  
•  Scale	
  factors	
  of	
  loop	
  induced	
  couplings	
  (kg,	
  kγ)	
  and	
  the	
  total	
  width	
  	
  

kH	
  treated	
  effec+vely	
  (allowing	
  for	
  possible	
  addi+onal	
  par+cles	
  to	
  
test	
  BSM	
  physics)	
  or	
  expressed	
  in	
  terms	
  of	
  fundamental	
  factors	
  	
  kW,	
  
kZ,	
  kt	
  (to	
  probe	
  the	
  SM	
  compa+bility);	
  	
  

•  Photon	
  vertex	
  loop	
  	
  H! γγ	
  mediated	
  by	
  W	
  and	
  fermions	
  (mainly	
  
top)	
  sensi+ve	
  to	
  rela+ve	
  sign	
  between	
  kV	
  and	
  kF	
  from	
  the	
  
interference	
  kVkF	
  term	
  ! 	
  two	
  minima,	
  kV	
  assumed	
  posi+ve	
  

Strategy:	
  Choose	
  a	
  model.	
  More	
  accurate	
  with	
  higher	
  order	
  correc+ons	
  and	
  
external	
  constraints.	
  Test	
  small	
  devia+ons	
  from	
  the	
  SM	
  predic+on	
  (ki=1).	
  

14	
  

Summary	
  of	
  	
  benchmarks:	
  
kV=kW=kZ	
  
kF=kt=kb=kτ	
  
kg=kg(kb,kt)	
  
kγ=kγ(kb,kt,kτ,kW)	
  
kH=kH(ki)	
  

Benchmarks	
  for	
  Coupling	
  Measurement	
  



•  How	
  well	
  do	
  the	
  proper+es	
  of	
  the	
  new	
  boson	
  agree	
  with	
  the	
  Standard	
  
Model	
  predic+ons?	
  	
  

	
  	
  	
  	
  	
  	
  -­‐	
  Produc+on	
  and	
  decay	
  strengths	
  rela+ve	
  to	
  SM	
  predic+on;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Coupling	
  Measurements:	
  Fermion	
  vs	
  vector	
  coupling;	
  

	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  Tests	
  of	
  custodial	
  symmetry.	
  
	
  
•  Can	
  one	
  detect	
  BSM	
  physics	
  through	
  Higgs	
  proper+es	
  measurements?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  in	
  produc+on	
  loops;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  contribu+ng	
  to	
  Higgs	
  width.	
  

Outline	
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Fermion	
  vs	
  Boson	
  Coupling	
  (kF,kV)	
  
Assump+on:	
  	
  
•  kF=	
  kb=	
  kt=	
  kτ,	
  and	
  kV=	
  kW=	
  kZ	
  ;	
  	
  
•  only	
  SM	
  par+cles	
  contribute	
  to	
  photon/gluon	
  vertex	
  loop.	
  Any	
  modifica+on	
  of	
  coupling	
  

factors	
  propagated	
  through	
  the	
  loop	
  calcula+on	
  -­‐>kg=kg(kb,kt)	
  kγ=kγ(kb,kt,kτ,kW);	
  
•  only	
  SM	
  par+cles	
  contribute	
  to	
  the	
  width	
  of	
  the	
  Higgs	
  boson.	
  
	
  

Best	
  fit	
  prefers	
  posi+ve	
  couplings	
  but	
  also	
  local	
  minimum	
  with	
  nega+ve	
  value	
  
compa+ble	
  with	
  SM	
  predic+ons.	
  

κF	
  C�[0.71,1.11]@68%C.L.	
  
κVC�[0.81,0.97]@68%C.L	
  

(κV,κF)1	
  =	
  (1.05;-­‐2.40)	
  
(κV,κF)2	
  =	
  (1.05;	
  2.30)	
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Fermion	
  vs	
  Boson	
  Coupling	
  RaBo	
  (λFV)	
  
No	
  assump+on	
  on	
  the	
  total	
  width	
  -­‐>	
  no	
  strong	
  
constraint	
  the	
  fermion	
  coupling	
  
•  Coupling	
  scale	
  factor	
  (model	
  independent):	
  
	
  
	
  
	
  
	
  
	
  
•  Nega+ve	
  curve	
  due	
  to	
  sign	
  ambiguity.	
  

No	
  assump+on	
  on	
  the	
  total	
  width	
  and	
  on	
  H-­‐>γγ	
  loop	
  
content	
  since	
  can	
  be	
  a	
  sensi+ve	
  probe	
  of	
  BSM	
  	
  
	
  
	
  
	
  
•  Coupling	
  scale	
  factor:	
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H! !!  free"

! FV =
kF
kV

= 0.86! 0.12
+0.14

kVV =
kVkV
kH

=1.28! 0.15
+0.16

λFV =
kF
kV

= 0.85! 0.13
+0.23

λγV =
kγ
kV

=1.22! 0.14
+0.18

kVV =
kVkV
kH

=1.15±0.21



•  How	
  well	
  do	
  the	
  proper+es	
  of	
  the	
  new	
  boson	
  agree	
  with	
  the	
  Standard	
  
Model	
  predic+ons?	
  	
  

	
  	
  	
  	
  	
  	
  -­‐	
  Produc+on	
  and	
  decay	
  strengths	
  rela+ve	
  to	
  SM	
  predic+on;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Coupling	
  Measurements:	
  Fermion	
  vs	
  vector	
  coupling;	
  

	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  Tests	
  of	
  custodial	
  symmetry.	
  
	
  
•  Can	
  one	
  detect	
  BSM	
  physics	
  through	
  Higgs	
  proper+es	
  measurements?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  in	
  produc+on	
  loops;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  contribu+ng	
  to	
  Higgs	
  width.	
  

Outline	
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Probing	
  the	
  Custodial	
  Symmetry	
  

CMS	
  assump+ons:	
  kF=kt=kb=kτ	
  
	
  	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  kg=kg(kb,kt)	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  kγ=kγ(kb,kt,kτ,kW)	
  
	
  
Coupling	
  scale	
  factors	
  (model	
  independent):



Two	
  analysis	
  categories:	
  
1)	
  	
  only	
  H-­‐>ZZ,	
  WW	
  in	
  0/1	
  jet	
  	
  
•  Ra+o	
  λWZ=kW/kZ	
  model	
  independent,	
  produc+on	
  

dominated	
  by	
  gg! H.	
  	
  
•  Account	
  small	
  VBF	
  contribu+on	
  ! 	
  kZ	
  	
  treated	
  as	
  

nuisance	
  parameter,	
  kF=1	
  
	
  	
  	
  	
  	
  	
  	
  λWZ	
  =	
  [0.60,1.40]	
  @95%	
  CL	
  
2)	
  	
  All	
  channels	
  
•  Assuming	
  SM	
  content	
  in	
  the	
  gg	
  loop	
  and	
  using	
  VBF+VH	
  

produc+on,	
  κF	
  profiled	
  
    λWZ	
  =	
  [0.61,1.19]	
  @95%	
  CL



λWZ = kW / kZ

λFZ = kF / kZ

kZZ = kZkZ / kH

Iden+cal	
  coupling	
  scale	
  factors	
  for	
  W	
  and	
  Z	
  boson	
  is	
  required	
  by	
  the	
  SU(2)L	
  
custodial	
  symmetry	
  proved	
  by	
  LEP	
  measurements:	
  kW=kZ.	
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Probing	
  the	
  Custodial	
  Symmetry	
  	
  
ATLAS	
  assump+ons:	
  	
  
-­‐	
  	
  	
  kF=kt=kb=kτ	
  
-­‐  λϒZ	
  absorbs	
  BSM	
  effects	
  in	
  H! gg	
  loop	
  
	
  	
  	
  	
  	
  kg=kg(kb,kt)	
  and	
  kγ=kγ(kb,kt,kτ,kW)	
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Only	
  SM	
  par+cles	
  contribute	
  to	
  the	
  
width	
  of	
  the	
  Higgs	
  boson.	
  

No	
  assump+on	
  on	
  the	
  total	
  width	
  	
  

Measurements	
  on	
  λWZ	
  in	
  agreement	
  between	
  CMS	
  and	
  ATLAS	
  experiments.	
  
No	
  devia+on	
  from	
  SM	
  expecta+on	
  observed	
  

kZZ = kZkZ / kH

! WZ = kW / kZ

! " Z = k" / kZ

! FZ = kF / kZ

kZZ =1.5! 0.4
+0.5

! WZ = 0.80±0.15

! "Z =1.10±0.18

! FZ = 0.74! 0.17
+0.21

3	
  or	
  4	
  params.	
  
according	
  to	
  
assump+on	
  on	
  
total	
  width	
  

Allowing	
  for	
  
devia+ons	
  in	
  H! ΥΥ	
  



Probing	
  up-­‐	
  and	
  down-­‐type	
  Symmetry	
  
Extensions	
  of	
  the	
  SM	
  contain	
  different	
  couplings	
  of	
  the	
  Higgs	
  boson	
  to	
  up-­‐type	
  and	
  
down-­‐type	
  fermions	
  (ex:	
  Two-­‐Higgs-­‐Doublet	
  Models	
  as	
  the	
  MSSM).	
  	
  
Probed	
  the	
  ra+o	
  λdu	
  between	
  down-­‐	
  and	
  up-­‐type	
  fermions	
  with	
  unified	
  vector	
  boson	
  
couplings	
  kV.	
  
	
  
Assump+ons:	
  	
  kV=kW=kZ	
  
	
  	
   	
   	
   	
  kg=kg(kb,kt)	
  

	
   	
   	
  kγ=kγ(kb,kt,kτ,kW)	
  

Constrained	
  to	
  be	
  posi+ve	
  	
  
λdu	
  =	
  [0.74,1.95]	
  @95%	
  CL	
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3	
  parameters:	
  
(model	
  independent)	
  

λdu = kd / ku
λVu = kV / ku
kuu = kuku / kH

At	
  68%CL	
  



Probed	
  the	
  ra+o	
  λlq	
  between	
  leptons	
  and	
  quarks	
  with	
  unified	
  vector	
  boson	
  couplings	
  kV.	
  
	
  	
  
Assump+ons:	
  	
  kV=kW=kZ	
  
	
  	
   	
   	
   	
  kg=kg(kb,kt)	
  

	
   	
   	
  kγ=kγ(kb,kt,kτ,kW)	
  

Probing	
  Quark	
  and	
  Lepton	
  Symmetry	
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λlq = kl / kq

λVq = kV / kq

kqq = kqkq / kH

3	
  parameters:	
  
(model	
  independent)	
  

NB:	
  no	
  sensi+vity	
  to	
  signal	
  -­‐>	
  only	
  conven+onal	
  decision	
  to	
  plot	
  posi+ve	
  one	
  only	
  for	
  CMS	
  

Constrained	
  to	
  be	
  posi+ve	
  	
  
λlq	
  =	
  [0.57,2.05]	
  @95%	
  CL	
  

At	
  68%CL	
  



•  How	
  well	
  do	
  the	
  proper+es	
  of	
  the	
  new	
  boson	
  agree	
  with	
  the	
  Standard	
  Model	
  
predic+ons?	
  	
  

	
  	
  	
  	
  	
  	
  -­‐	
  Produc+on	
  and	
  decay	
  strengths	
  rela+ve	
  to	
  SM	
  predic+on;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Coupling	
  Measurements:	
  Fermion	
  vs	
  vector	
  coupling;	
  

	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  Tests	
  of	
  custodial	
  symmetry.	
  
	
  
•  Can	
  one	
  detect	
  BSM	
  physics	
  through	
  Higgs	
  proper+es	
  measurements?	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  in	
  produc+on	
  loops;	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Non-­‐SM	
  par+cles	
  contribu+ng	
  to	
  Higgs	
  width.	
  

Outline	
  

23	
  



Probing	
  Beyond	
  the	
  SM	
  ContribuBon	
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•  H-­‐>γγ	
  and	
  gg-­‐>H	
  loop	
  may	
  poten+ally	
  contain	
  new	
  par+cles	
  -­‐>	
  release	
  assump+on	
  of	
  only	
  
SM	
  content	
  in	
  Higgs	
  produc+on	
  loop	
  (kγ	
  and	
  kg);	
  

•  New	
  par+cles	
  may	
  or	
  may	
  not	
  contribute	
  to	
  ΓH	
  via	
  direct	
  invisible	
  decays	
  or	
  decays	
  into	
  final	
  
states	
  indis+nguishable	
  from	
  background	
  -­‐>	
  varia+on	
  in	
  ΓH	
  parameterized	
  with	
  BRinv,undet;	
  

•  kV	
  =1,	
  kF	
  =1.	
  

Only	
  SM	
  parBcles	
  contribute	
  to	
  ΓH	
   No	
  assumpBon	
  in	
  the	
  total	
  width	
  

@68%CL
kγ =1.19−0.12

+0.15

kg =1.08−0.13
+0.15

@95%CL
kγ ∈ [0.59;1.30]
kg ∈ [0.63;1.05]

@68%CL
kγ =1.17−0.13

+0.16

kg =1.00−0.16
+0.23

BRi.u. = −0.16−0.30
+0.29

@95%CL BRi.u. < 0.41

@95%CL
kγ ∈ [0.59;1.30]
BRi.u. ∈ [0.00;0.52]



Conclusions	
  
•  fundamental	
  proper+es	
  of	
  the	
  discovered	
  Higgs	
  boson	
  tested	
  with	
  LHC	
  and	
  Tevatron	
  

data;	
  
•  compa+bility	
  of	
  the	
  measurements	
  to	
  the	
  SM	
  predic+on	
  tested	
  under	
  various	
  

benchmark	
  assump+ons	
  probing	
  salient	
  features	
  of	
  the	
  coupling	
  (couplings	
  vs	
  masses,	
  
fermion	
  universality…);	
  

No	
  significant	
  devia)on	
  from	
  the	
  SM	
  predic)on	
  is	
  observed	
  in	
  any	
  of	
  the	
  performed	
  fits	
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Tevatron	
  

Next	
  steps:	
  
•  LHC	
  Run	
  I:	
  `H	
  combined	
  results	
  expected	
  for	
  summer	
  2014;	
  
•  LHC	
  Run-­‐II	
  and	
  HL-­‐LHC:	
  more	
  sta+s+cs	
  to	
  improve	
  the	
  current	
  measurement	
  

(direct	
  measurement	
  on	
  ΓH	
  through	
  interference	
  measurements	
  arxiv:1208.1533)	
  
but	
  also	
  new	
  channels	
  (Top	
  Yukawa	
  direct	
  measurement	
  through	
  `H	
  channel,	
  
couplings	
  to	
  2nd	
  genera+on	
  fermions,	
  Higgs	
  self-­‐couplings)	
  



BACK UP
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Statistical Procedure


Construct likelihood from Poisson probabilities with parameter of interest 
(for ex: signal strength ! )











Hypothesized value of !  is


tested with a test statistic:


Profile Likelihood Ratio





Systematic uncertainties are included as nuisance parameters 


constrained by chosen pdfs (Gaussian, log-normal, …)





Combination amounts to taking product of likelihoods from different 


channels:





The choice of the parameter of interest depend on the test under 
consideration, with the remaining parameters being profiled (set to 
the values that maximise the likelihood for the given fixed values of 
the parameters of interest)



L data |µ,θ( ) =Poisson data |µ ⋅ s θ( )+b θ( )( )× p !θ |θ( )
µ : )signal)strength;)θ:)'nuisance')parameters)(efficiencies...)

( )
( )( )

( )

ˆ̂,
2ln 2ln ˆˆ,

µ

µ θ µ
µ

µ θ

⎡ ⎤
⎢ ⎥

= − Λ = − ⎢ ⎥
⎢ ⎥
⎣ ⎦

L
q

L

( ) ( )| ,data| , 	
   dataµ θ µ θ=Πi i i iL L

Unconditional maximum likelihood 
estimate of a parameter 



Conditional maximum likelihood 
estimate of a parameter for a 
given fixed value of ! 
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Statistical Procedure
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Formulae for Various Measurements



24	
  



30	
  

Fermions vs Gauge Bosons





 CMS: Couplings vs mass


•  the Higgs boson 


    couplings are 


    proportional to the 


    masses of the particles





•  Perform fit to full CMS combination, 

resolving gluon and photon loops in 
terms of tree-level couplings



•  Top coupling from ggF


•  Redefine couplings with scale factors



31	
  



 CMS: Summary
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ATLAS: Uncertainties



Overall experimental


MC generator



H->gamma gamma


H->ZZ

 H->WW
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ATLAS: Uncertainties


•  Systematic uncertainties handled introducing nuisances parameters with 

a pdf associated with the estimate of the correspondent systematic;


•  Nuisance parameters in particular instrumental uncertainties or 

background estimates assessed from auxiliary measurements (control 
region, sidebands…);



•  Pdf described by either a Gaussian or a log-normal distribution, to avoid 
the truncation of a pdf bounded to a restricted range, or a gamma 
function;



•  For nuisance parameters unconstrained by considerations or 
measurements, pdf not known a priori (ex: theory uncertainties on cross 
section or branching ratio) -> rectangular pdf can cause fit instabilities -
> theory systematic uncertainties with log-normal pdf;



•  Theoretical uncertainties on signal cross section and exclusive jet 
multiplicity requirements relevant in coupling measurements;



•  Systematic uncertainties fully correlated across channels;


•  Theoretical uncertainties on branching ratio small compare to  

experimental and on cross section ones;


•  Uncertainties on acceptance due to pdf and renormalization and 

factorization scale choices included.  





ATLAS: Benchmark Models


Several models can be tested:


•  couplings to fermions and bosons


• custodial symmetry:


– in the SM: @ÚWZ=@ÙW/@ÙZ=1, extract @ÚWZ from measured inclusive rates of 
H! WW and H! ZZ (including VBF and VH production)


• production and decay loops (testing BSM heavy particles):


– couplings of the known particles to the Higgs have SM strength (kj=1)


– new particles can contribute to loop-induced 


processes (scale factors kg and k@Ò)


– new particles do not contribute to the Higgs width
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ATLAS: Summary
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Tevatron	
  :	
  
allow	
  both	
  kW	
  and	
  kZ	
  to	
  vary	
  independently	
  	
  
λWZ	
  =1.24+2.34-­‐0.42	
  @68%	
  CL	
  	
  	
  
ϑWZ=	
  tan-­‐1(1/λWZ)	
  
|ϑWZ|=0.68+0.21-­‐0.41	
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Probing	
  the	
  Custodial	
  Symmetry	
  (I)	
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High-­‐mass	
  two-­‐jet	
  category	
  used	
  to	
  
select	
  events	
  produced	
  through	
  VBF	
  
processes.	
  
Two	
  forward	
  jets	
  +	
  li`le	
  hadronic	
  
ac+vity	
  in	
  the	
  central	
  part	
  of	
  the	
  
detector.	
  
BDT	
  output	
  used	
  to	
  define	
  two	
  high-­‐
mass	
  two-­‐jet	
  categories:	
  
-­‐  Tight	
  BDT>=0.74	
  
-­‐  Loose	
  0.44<BDT<0.74	
  



ContribuBng	
  Channels:	
  ATLAS	
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ContribuBng	
  Channels:	
  CMS	
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Generic	
  Models:	
  ATLAS	
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Generic	
  Models:	
  
CMS	
  


