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• 	  various	  interes:ng	  channels	  published	  recently	  
(WW,ZZ	  high	  mass;	  VBF	  H-‐>bb,	  GH,	  …	  )	  	  
but	  no	  new	  combina(on	  since	  Moriond	  …	  	  
(CMS-‐HIG-‐13-‐005)	  

• 	  proper(es	  in	  H-‐>cc 
(CMS-‐HIG-‐13-‐016	  see	  dedicated	  talk	  on	  Thursday)	  

• 	  projec(ons	  at	  high	  lumi	  reviewed	  for	  Snowmass	  process	  

 	  Bird’s-‐eye	  view:	  
 	  H-‐>ZZ/WW/cc	  well	  established	  (~7v,3v,4v)	  and	  evidence	  in	  bb,	  xx	  decays	  (~3.5v)	  	  

 	  proper:es	  measurement:	  	  
• 	  looking	  at	  rates	  in	  different	  channel:	  produc(on/decay,	  
detailed	  fit	  to	  couplings	  (SM/BSM	  driven)	  

• 	  shape	  analyses	  -‐>	  spin/parity	  (model	  independence)	  

• 	  SM	  self-‐consistency:	  mass	  and	  self	  couplings	  (…	  not	  covered	  here)	  

 	  Hot	  from	  the	  press:	  
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Produc:on	  and	  decay	  modes	  

Combined	  >	  3σ	  evidence	  for	  
μVBF,VH	  /μggH,UH	  >	  0	  

	  	  	  	  Nature	  has	  chosen	  a	  mass	  such	  that	  plenty	  of	  opportuni:es	  to	  check	  couplings:	  	  
	   	  BR(bb)	  ~	  60%,	  BR(WW)	  ~	  20%,	  BR(gg)	  ~	  9%,	  BR(U)	  ~	  6%,	  BR(ZZ)	  ~	  3%,	  

	  	   	   	  BR(cc)	  ~	  3%,	  BR(cc)	  ~	  0.2%,	  BR(nn)~0.02%	  	  

Overall	  signal	  strenght	  μ	  =	  0.80	  ±	  0.14	  
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SM-‐driven	  benchmark	  for	  couplings	  
 	  Systema:zing	  the	  approach	  (HXSWG	  arXiv:1209.0040):	  

narrow	  width	  approxima(on	   σ i ⋅BRi =
σ i ⋅Γ i

ΓH
SM	  modifiers	  for	  

produc(on	  

ki
2 = σ i

σ SM
i

decay	  

ki
2 = Γ i

ΓSM
i

 	  kW	  kZ	  kt	  present	  in	  produc:on	  and	  decay	  

 	  loop	  induced	  couplings:	  	  
	  	  	  kgg	  (prod)	  and	  kZc	  kcc	  (decay)	  can	  be	  

• 	  lea	  unresolved	  :	  model	  independent	  

• 	  ki	  (kb	  kt	  kW…)	  :	  SM	  driven	  (NLO	  QCD)	  

Total	  width	   ΓH

ΓH
SM

 	  not	  observable	  (~4MeV)	  
-‐>	  1	  overall	  constraint	  missing	  

 	  measure	  ra:os	  or	  impose	  external	  
constraints:	  

• 	  no	  invisible	  decays:	  	  
ΓH = Γ i

i
∑

• 	  custodial	  symmetry	  
and	  EWK	  precision	  data	  

λWZ =
kW
kZ

= 1

 	  kb	  (assumed	  the	  same	  for	  b,s)	  

 	  kx	  (assumed	  the	  same	  for	  x,n)	  
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Is	  it	  a	  Higgs?	  Custodial	  symmetry	  

 = 1)fg (WZh
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Observed

Exp. for SM H

CMS Preliminary -1 19.6 fb) = 8 TeV, L s  -1 5.1 fb) = 7 TeV, L s

 VV (0/1 jet)AH 
fg, Zg, WZh Ra:o	  of	  H-‐>WW	  and	  H-‐>ZZ	  events	  

with	  less	  than	  2	  jets	  (ggH	  dominated)	  
-‐>	  quasi	  model-‐independent	  test	  (kf=1)	  

 	  Higgs	  role	  in	  the	  VV	  unitariza:on	  -‐>	  kV	  may	  be	  modified	  but	  kW/kZ	  (related	  to	  MW/MZ)	  
define	  the	  structure	  of	  EWSB	  mechanism	  
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Door	  to	  NP?	  New	  par:cles	  in	  loop	  
and/or	  decay	  

BSMBR
0.0 0.2 0.4 0.6 0.8 1.0

gg
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3.0 CMS Preliminary -1 19.6 fb) = 8 TeV, L s  -1 5.1 fb) = 7 TeV, L s

BSM, BRgg, ag

Assuming	  tree	  level	  couplings	  as	  in	  SM	  

 	  Degeneracy:	  if	  non-‐SM	  produc:on	  and	  
decay	  into	  non	  visible	  final	  states	  

ag
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6 CMS Preliminary -1 19.6 fb) = 8 TeV, L s  -1 5.1 fb) = 7 TeV, L s

aZg, gg, ag

 	  New	  charged	  par:cles	  in	  the	  loop	  	  
-‐>	  modifica:on	  of	  few	  tens	  of	  %	  possible	  
(Zc/cc	  may	  solve	  degeneracy	  between	  theories)	  
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Invisible	  BR	  and	  width	  

 	  direct	  measurement	  of	  width	  (CSM	  ~4MeV)	  

(95%	  CL)	  	  
C<6.9	  GeV	  

• 	  limited	  by	  detector	  resolu:on	  (~GeV):	  	  

BRinv<75%	  (95%	  CL)	  
• 	  further	  improvement	  
expected	  from	  VBF	  channel	  

 	  Degeneracy	  can	  be	  solved	  with:	  

 	  direct	  search	  of	  H-‐>invisible	  

• 	  new	  technique	  based	  on	  coun:ng	  	  
H-‐>ZZ-‐>4l	  events	  with	  h	  off-‐shell	  	  
(arXiv:1307.4935)	  

now:	  CH<90	  MeV	  -‐>	  BRinv<0.84	  

(CH<5-‐10	  MeV	  at	  high	  lumi)	  

• 	  new	  ZH	  analysis	  (HIG-‐13-‐018)	  	  

new	  cc result	  (HIG-‐13-‐016)	  	  
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BSM	  driven	  benchmarks	  
Beyond	  minimal	  SM:	  mixing	  with	  EW-‐singlet	  (typically	  as	  door	  to	  new	  physics,	  eg	  “hidden	  valley”	  models)	  	  

-‐>	  h126	  +	  second	  resonance	  which	  
unitarize	  the	  theory	  together,	  	  

nH’	  =	  cos2i×nH
SM	  	  

nh’	  =	  sin2i×nh
SM	  	  

• 	  direct	  search	  of	  second	  
heavy	  Higgs 

same	  kinema:c	  as	  SM	  but	  
rescaled	  couplings	  and	  width	  

CH’	  =	  cos2i×CH
SM	  	  

• 	  h126	  observed	  signal	  strenght	  put	  
limits	  on	  i ->	  indirect	  limits	  on	  
second	  resonance	  	  

HIG-‐13-‐014	  
H-‐>ZZ-‐>2l2n	  

nH<0.44	  (95%	  CL)	  
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~sin(b-‐a)	  

~c
os
a
×
si
nb

	  
(T
yp
e1
)	  

2	  Higgs	  Doublet	  Model	  
Next	  step:	  one	  degree	  of	  freedom	  more	  allowing	  coupling	  to	  rescale	  differently	  for	  
leptons/quarks,	  up/down	  fermions	  …	  (Type	  1,2,3,4	  2HDM)	  

• 	  Precision	  measurement	  on	  h126	  

• 	  Direct	  search	  for	  new	  resonances:	  H	  (CP-‐even),	  A	  (CP-‐odd),	  H±	  	  

heavy	  higgs	  into	  VV:	  s:ll	  room	  for	  low	  sin(b-‐a)	  
heavy	  A/H-‐>Gbar	  (most	  important!)	   A-‐>Zh,	  H-‐>hh,	  charged	  Higgses	  …	  

kl/kq	  ~	  tga×tgb	  	  
(Lepton	  Specific)	  

kd/ku	  ~	  tga×tgb	  	  
(Type	  II)	  
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Completely	  general	  interpreta:on	  

parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

BSMBR

ag

gg

tg

og

bg

Vg

 = 0.78  
SM

p

 = 0.88  
SM

p

68% CL
95% CL

-1 19.6 fb) = 8 TeV, L s  -1 5.1 fb) = 7 TeV, L s

CMS Preliminary

 1 ]) Vg[ 

68% CL
95% CL

 	  Model	  independent	  parameteriza:on:	  
all	  couplings	  free	  

 	  Let’s	  set	  the	  scale:	  	  
maximum	  allowed	  devia:on	  assuming	  no	  other	  new	  
EWSB	  states	  observed	  at	  LHC	  

• 	  new	  GH	  combina:on	  (cc,	  bb,	  xx)	  will	  improve	  kt	  

 	  Expecta:ons	  at	  high	  lumi	  
LHC	  and	  ILC	  	  
(look	  at	  CMS	  White	  paper	  for	  details)	  

hGps://indico.fnal.gov/getFile.py/access?contribId=10&sessionId=0&resId=0&materialId=slides&confId=6969	  (J.Olsen	  @	  SeaGle,	  Snowmass)	  

arXiv	  1206.3560	  

LHC	  3000	  y-‐1	  (%)	   [2,5]	  	   [7,10]	   [4,7]	  
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CMS	  PAS	  HIG-‐13-‐015,	  CMS	  PAS	  HIG-‐13-‐019	  and	  arXiv:1303.0763	  



Beyond	  rates…	  
Couplings	  extracted	  from	  rates	  in	  different	  channels	  	  

	   	   	   	  -‐>	  much	  more	  info	  are	  available	  in	  our	  data!	  

 	  Shape	  analysis	  -‐>	  tensor	  structure	  of	  the	  amplitude	  of	  Higgs	  produc:on	  and	  decay	  
(aka	  spin/parity	  analysis)	  

• 	  extrac:on	  of	  ai	  couplings	  from	  shape	  fit	  (more	  dof	  -‐>	  more	  lumi)	  

A X→V1V2( ) = v−1ε1*µε2*ν a1gµνMX
2 + a2q1µq2ν + a3εµναβq1

αq2
β( )

 	  ai	  values	  are	  connected	  to	  observables	  (angles,	  masses)	  through	  analy:cal	  (MELA)	  
or	  Matrix	  Element	  packages	  

(more	  complicated	  amplitudes	  for	  spin1	  and	  spin2	  available	  Phys.Rev.	  D86	  (2012)	  095031)	  

• 	  hypothesis	  tes(ng:	  compare	  data	  to	  kinema:c	  shapes	  expected	  
for	  fixed/given	  set	  of	  ai	  values	  	  
(some	  extreme	  hypothesis	  already	  excluded	  with	  low	  sta:s:cs)	  

 	  analysis:	  

 	  most	  general	  spin	  0	  H-‐VV	  amplitude	  

SM	  (ZZ,WW)	   SM	  (cc)	   0-‐	  
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Spin/parity:	  hypothesis	  tes:ng	  
• 	  H-‐>4l:	  5	  angles	  +	  2	  masses	  collapsed	  into	  a	  single	  likelihood	  kinema:c	  discriminant	  
• 	  H-‐>WW:	  kinema:c	  not	  close	  -‐>	  2D	  mT-‐mll	  analysis	  

• 	  H-‐>cc:	  angle	  between	  2	  photons	  

CLs	  results	   ZZ-‐>4l	   WW-‐>2l2n	   comb	  ZZ-‐
WW	  

cc 

0-‐	   0.16%	   -‐	   -‐	   N/A	  

0h+	   8.1%	   -‐	   -‐	   -‐	  

2m+	  (gg)	   1.5%	   14%	   0.6%	   60.9%	  

2m+	  (qq)	   0.1%	   -‐	   16.9%	  

(spin	  1	  	  excluded	  
by	  ZZ)	  

(HIG-‐13-‐016)	  	  

-‐>	  exclusion	  as	  a	  func:on	  of	  frac:on	  
of	  qqbar	  produc:on	  	  

 (%)qqf
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6 + 0γγ→X
 expectedσ 1±
 expectedσ 2±

m
+ 2γγ→X

Observed

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs 

 	  Produc(on	  mechanism	  (qqbar,	  gg)	  is	  
very	  model	  dependent	  	  

cc	  NEW	  !!	  

(HIG-‐13-‐016)	  	  
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Produc:on	  independence	  
 	  Produc(on	  mechanism	  (qqbar,	  gg)	  
affects	  produc:on	  angles	  

General	  approach	  (valid	  for	  ALL	  possible	  
produc(on	  modes,	  eg	  VH,	  VBF..)	  

• 	  discriminant	  without	  produc:on	  angles	  

• 	  VERY	  general	  results	  (small	  lost	  in	  separa:on	  power)	  
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Model	  independence:	  CP	  mixing	  fit	  

A X→V1V2( ) = v−1ε1*µε2*ν a1gµνMX
2 + a2q1µq2ν + a3εµναβq1

αq2
β( )

 	  Extract	  couplings	  from	  fit	  to	  kinema(cal	  distribu(ons	  	  

• 	  first	  measurement	  in	  H-‐>4l	  

	  fa3	  (frac:on	  of	  a3	  component	  over	  total	  xsec)	  very	  important	  parameter	  which	  
quan:fy	  the	  CP-‐mixing	  of	  the	  resonance,	  as	  predicted	  in	  SUSY	  models	  	  

• 	  (only?)	  alterna:ve	  spin/parity	  hypothesis	  really	  theore:cally	  mo:vated	  

a3f
0 0.2 0.4 0.6 0.8 1

 ln
L

62

0
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10

CMS Data
Expected

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs; -1 = 7 TeV, L = 5.1 fbs 

fa3 = 0.00−0.00
+0.23

fa3 < 0.58 @	  95%	  CL	  

• 	  expected	  very	  small:	  0-‐	  has	  not	  LO	  couplings	  to	  VV	  
-‐>	  CMS	  high	  luminosity	  projec:ons	  
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3000	  y-‐1	  	  
fa3<	  0.04	  @	  95%	  CL	  

300	  y-‐1	  	  
fa3<	  0.13	  @	  95%	  CL	  

improvement	  from	  
VBF	  and	  VH	  expected	  !	  



 	  Mass:	  wonderful	  measurements	  
available	  
(high	  lumi	  dm~150	  MeV)	  	  

 	  Self-‐couplings:	  gg-‐>h*-‐>hh	  

mh
2 = 2λSMv

2

-‐>	  metastability	  of	  the	  universe	  
-‐>	  SM	  self-‐consistency	  	  

(mtop	  uncertainty	  will	  dominate)	  

arXiv:1305.6397	  

 

δλSM

λSM

1.6%δm
m
~ 0.25%
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 	  Plenty	  of	  room	  for	  very	  well	  mo(vated	  BSM	  extensions	  (eg,	  EW-‐singlet,	  2HDM)	  

 	  With	  high	  energy/luminosity	  (and	  a	  well	  done	  upgrade!!)	  we	  can	  improve	  the	  
precision	  of	  couplings	  and	  CP	  viola:on	  down	  to	  1-‐10%	  at	  LHC	  

 	  Not	  just	  about	  precision	  physics	  (yet?)…	  LHC	  is	  a	  discovery	  machine:	  
-‐>	  direct	  searches	  may	  open	  the	  door	  to	  NP	  much	  sooner!!!	  
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 	  Last	  free	  parameter	  
(mh)	  measured	  -‐>	  	  
SM	  is	  over-‐constrained	  
and	  s(ll	  in	  good	  health	  
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Produc:on	  and	  decay	  modes	  
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The	  first	  slide	  of	  any	  respectable	  talk	  about	  Higgs	  proper:es	  2	  years	  ago	  …	  

…	  today	  is	  just	  a	  due	  praise	  to	  the	  
Higgs	  Cross	  Sec(on	  group	  
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Mass:	  ZZ	  ,	  cc 
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Projec:ons	  for	  CP	  viola:on	  

Gen-‐level	  study	  with	  background	  (resolu:on	  smearing,	  acceptance	  cuts	  only	  for	  LHC	  case	  not	  for	  ILC,	  	  
only	  gg	  exploited	  at	  LHC)	  

 	  LHC-‐ILC	  comparison	  (Snowmass	  SeaGle,	  EPS)	  

Y.	  Gao	  talk	  @	  EPS	  2103	  Stockholm	  
hGp://indico.cern.ch/contribu:onDisplay.py?contribId=474&sessionId=15&confId=218030	  
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