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Higgs	  Discovery	  
•  More	  than	  one	  year	  ago!	  	  
•  Just	  the	  beginning;	  a	  lot	  of	  work	  
has	  been	  done	  since	  then.	  

•  Will	  try	  to	  summarize	  it	  in	  this	  talk.	  
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Is	  the	  New	  Boson	  the	  SM	  Higgs?	  
•  Does	  it	  couple	  to	  the	  SM	  par@cles	  at	  appropriate	  level?	  
•  Is	  the	  signal	  strength,	  where	  seen,	  at	  the	  correct	  SM	  level?	  
•  Is	  this	  a	  scalar,	  and	  not	  a	  pseudo-‐scalar	  or	  tensor?	  
•  Is	  this	  the	  only	  new	  non-‐vector	  boson,	  and	  not	  one	  of	  several?	  
•  Does	  it	  couple	  to	  itself	  ?	  

•  Luckily,	  the	  mass	  of	  about	  125	  GeV	  allows	  us	  to	  answer	  many	  
of	  these	  ques@ons	  experimentally	  J	  
•  Answers	  began	  to	  emerge	  by	  Moriond2013	  already	  
•  Others	  will,	  with	  ~100	  c–1	  (circa	  2016)	  
•  Self-‐coupling	  needs	  O(1000)	  c–1	  –	  a	  decade	  of	  work	  L	   	  2/21	  



Standard	  Model	  Higgs	  Produc@on	  
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Standard	  Model	  Higgs	  Decay	  
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We	  search	  for	  several	  Higgs	  decay	  channels.	  
	  

H	  →	  bb	  

H	  →	  ττ	  

H	  →	  γγ	  

H	  →	  WW	  

H	  →	  ZZ	  

Cleaner	  Signal	  

BeRer	  M
ass	  Resolu@on	  

(for	  channels	  w
ithout	  neutrinos)	  



Couplings	  to	  Vector	  Bosons	  



Decays	  to	  ZZ	  to	  4-‐light	  leptons	  
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Clearly	  observe	  
produc@on	  of	  Z	  

decay	  to	  4	  
leptons	  

Cluster	  of	  
events	  rising	  
above	  the	  
background	  

consistent	  with	  
SM	  Higgs	  signal	  

ZZ	  produc@on	  
for	  M4l	  >	  2MZ	  

CMS	  HIG-‐13-‐002	  



HàZZà4l	  Results	  
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! SM

= 0.91!0.24
+0.30

Signal	  strength:	  

CLS 0
!

0+( ) = 0.16%,CLS 2+ 0+( ) =1.5%

Build	  log	  likelihood	  discriminator	  for	  
various	  spin	  and	  parity	  hypotheses	  



HàWW	  à	  l+	  l–	  MET	  
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Evidence	  in	  WW	  mode	  
•  CMS	  sees	  broad	  enhancement	  compared	  to	  background	  only	  hypothesis,	  
consistent	  with	  the	  SM	  Higgs	  @	  4σ	  (expecta@on	  @	  5σ)	  

•  Compa@bility	  among	  different	  final	  states	  
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4σ	


CMS	  HIG-‐13-‐003	  



Hàγγ Candidate	  
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Hàγγ	  Results	  
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CMS	  HIG-‐13-‐001	  

0.78!0.26
+0.28

Compa@bility	  results	  from	  Spin-‐Parity	  analysis	  



Rare	  HàZγ	


•  Not	  yet	  sensi@ve	  at	  SM	  level	  
•  Search	  mo@vated	  by	  poten@al	  new	  physics	  contribu@on	  
•  Interes@ng	  mode	  for	  HL-‐LHC	  

11/21	  

CMS	  HIG-‐13-‐006	  
arXiv:1307.5515	  



Couplings	  to	  Fermions	  



Hàbb	  (VH)	  
•  Gluon	  fusion	  signal	  is	  overwhelmed	  by	  QCD	  
•  Associated	  produc@on	  with	  W	  (lν),	  Z(ll,	  νν)	  probed	  
•  Observe	  a	  broad	  excess	  compa@ble	  with	  signal	  at	  low	  mass	  
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CMS	  HIG-‐13-‐012	  



Hàbb	  (VBF)	  
•  Vector	  Boson	  Fusion	  Produc@on	  Tagged	  by	  Forward	  Jets	  
•  Difficult	  to	  trigger	  –	  4	  jets	  (+	  2	  b-‐tags	  at	  Higher	  Levels)	  
•  MVA	  with	  b-‐tag	  sorted	  jets	  
kinema@cs	  
gluon	  likelihood	  
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VH	  +	  VBF	  

CMS	  HIG-‐13-‐011	  



Hàττ Results	  

•  A	  2.9σ	  signal	  @	  125	  GeV	  is	  emerging	  (expected	  2.6σ)	  

•  3.4σ	  evidence	  for	  fermion	  coupling	  combined	  with	  bb.	  
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CMS	  HIG-‐13-‐004	  

Final	  states	  VBF	  +	  GF:	  
	  eµ,	  µµ,	  eτh,	  µτh,	  τhτh 

	  
Also,	  VH	  (WH	  &	  ZH)	  

	  llτh, lτhτh, llτhτh	  



Direct	  Search	  for	  Top	  Coupling	  
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b	  τ	  γ	  
	  
b	  τ	  γ	  	  

Search	  for	  decays	  to	  two	  b-‐jets,	  τ-‐pairs	  or	  γ-‐pairs	  accompanied	  with	  top-‐pair	  

MVA + Classes (lj,  2l,  2! ) with b-tags
ttH (bb)" l + 4b+2 j +#
ttH (bb)" 2l + 4b+2#
ttH (bb)" 2! + 4b+2#
ttH (!! )" 2! + 4 j +2b

Not	  at	  SM	  sensi@vity	  level	  yet,	  but	  
compa@ble	  with	  injected	  signal	  of	  

MH=125	  GeV	  

CMS	  HIG-‐13-‐019	  



Standard	  Model	  Combina@on	  



SM	  Higgs	  Signal	  Strength	  (25	  c–1)	  

•  All	  channels	  compa@ble	  with	  SM	  Higgs	  hypothesis,	  both	  for	  decay	  
and	  produc@on	  modes	  

•  Will	  improve	  sensi@vity	  in	  Run2	
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CMS	  HIG-‐13-‐005	  



Higgs	  Proper@es:	  Mass,	  Couplings,	  Spin	  
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CMS	  HIG-‐13-‐005	  

Preferred	  solu@on:	  0+	  (SM)	  
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Beyond	  the	  Standard	  Model	  
There	  are	  many	  possibili7es	  that	  change	  the	  precise	  predic7ons	  of	  the	  minimal	  

higgs	  sector	  of	  the	  Standard	  Model	  
•  Fourth	  (heavy)	  genera7on	  of	  fermions	  modify	  H	  couplings	  

•  Enhances	  SM4	  higgs	  cross	  sec7on	  over	  SM	  
•  Already	  ruled	  out	  in	  en7re	  parameter	  space	  with	  2011	  data	  

•  Fermiophobic	  –	  fermion	  mass	  of	  different	  origin	  than	  higgs	  
•  Changes	  low	  mass	  higgs	  produc7on	  &	  decays	  drama7cally	  
•  Also	  ruled	  out	  for	  126	  GeV	  object	  

•  Beyond	  minimal	  higgs	  doublet	  field	  
•  Two	  higgs	  doublet	  model	  (2HDM)	  

•  Mul7ple	  higgs	  bosons:	  3	  neutral	  and	  2	  charged	  
•  Minimal	  Supersymmetric	  Model	  (MSSM)	  requires	  2HDM	  

•  NMSSM,	  triplets	  …	  have	  even	  more	  higgses	  
•  Very	  light	  pseudoscalar	  higgs,	  Doubly	  charged	  …	  

•  We	  are	  looking	  for	  addi7onal	  Higgs	  bosons	   18/21	  



HàInvisible:	  VH	  &	  VBF	  
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H	  associate	  produc@on	  with	  Z(ll)	  
•  Requiring	  high	  reduced	  ETMiss	  

	   	  Balance	  of	  PTll	  and	  recoil	  
•  Jet	  and	  addi@onal	  lepton	  veto	  
•  Analyze	  shape	  of	  MT(Z,H)	  

95%	  CL	  upper	  limit	  on	  	  
BF(invisible)	  =	  75%	  (91%	  expected)	  CM

S	  
HI
G-‐
13
-‐0
18
	  

95%	  CL	  upper	  limit	  at	  125	  GeV	  on	  	  
BF(invisible)	  =	  69%	  (53%	  expected)	  

VBF	  associated	  higgs	  produc@on	  
•  Special	  VBF+MET	  triggers	  &	  

big	  effort	  to	  reduce	  QCD	  BG	  
•  Z(νν)+Jets	  background	  

predicted	  using	  Z(µµ)	  

CM
S	  
HI
G-‐
13
-‐0
13
	  



Search	  for	  a	  high	  mass	  higgs	  
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SM:	  HàZZ	  à	  (4l,	  2l2τ,	  2l2ν,	  2l2j)	  

•  Search	  for	  EWK	  singlet	  partner	  of	  H(126)	  
•  Assume	  similar	  gg/qq	  contribu@ons	  to	  total	  
produc@on	  

•  Scan	  different	  rela@ve	  widths	  and	  BR	  

CMS	  HIG-‐13-‐014	  



Summary	  
•  Impressive	  performance	  of	  the	  LHC	  and	  the	  CMS	  detector	  
•  The	  CMS	  Collabora@on	  successfully	  covered	  a	  large	  Higgs	  
program	  over	  the	  past	  years	  

•  The	  observa@on	  of	  the	  new	  boson	  was	  confirmed	  by	  the	  latest	  
data	  

•  Everything	  points	  to	  a	  SM-‐like	  Higgs	  
•  Wai@ng	  for	  new	  data!	  2015	  will	  be	  the	  star@ng	  point	  for	  a	  new	  
era:	  precision	  measurements	  of	  Higgs	  proper@es,	  new	  
channels,	  BSM	  searches…	  

21/21	  
More	  details	  on	  the	  public	  CMS	  web	  page:	  

http://cms.web.cern.ch/org/cms-higgs/results



BACKUP	  
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HàZZ	  
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HàZZà4l	  Kinema@c	  Discriminant	  
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•  Decay	  angles	  carry	  informa@on	  of	  scalar	  
(SM	  H),	  pseudo-‐scalar	  vs	  spin-‐2	  decay	  
versus	  ZZ	  produc@on	  à	  build	  kinema@c	  
discriminant	  KD	  

•  Cut	  on	  KD	  cleans	  up	  signal	  and	  reduces	  
background	  
	  



Use	  Angular	  Information	  

	  	  	  27	  

•  Reduce	  BG	  further	  &	  study	  addi@onal	  proper@es	  of	  these	  
events	  
•  Angles	  shown	  carry	  informa@on	  of	  scalar	  (SM	  H),	  pseudo-‐

scalar	  vs	  spin-‐2	  decay	  versus	  ZZ	  produc@on	  



•  Angular	  analysis	  of	  ZZ	  using	  KDs	  for	  0+,	  0–,	  1	  and	  2+	  
•  Disfavors	  0–	  over	  0+	  by	  CLS	  value	  of	  0.16%	  and	  2+	  by	  1.5%	  

•  Spin	  1	  disfavored	  by	  a	  lot	  

The	  new	  boson	  is	  scalar	  like!	  
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HàWW	  
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VBF	  Produc@on:	  HàWW	  à	  l+	  l’–	  MET	  
•  VBF	  enhanced	  by	  requiring	  tag	  jets	  

•  Is	  the	  signal	  due	  to	  vector	  boson	  fusion?	  
•  Small	  excess	  observed	  
•  More	  data	  are	  required:	  	  ~100	  c–1	  at	  13	  TeV	  for	  observa@on	  exclusively	  in	  

this	  channel	  
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CMS	  HIG-‐13-‐022	  



Search	  for	  VH,	  Vàjj	  &	  HàWW	  à	  l+	  l–	  MET	  

•  Interes@ng	  test	  of	  produc@on	  of	  ggH	  vs	  VH	  
•  Not	  yet	  sensi@ve	  at	  expected	  SM	  level	  

10/23	  

CMS	  HIG-‐13-‐017	  



Hàγγ	
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Combined	  Weighted	  γγ	  
Spectrum	  
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Cuts	  in	  Categories	  combining	  all	  categories	  and	  both	  years	  

Cross-‐check	  Analysis	  with	  lower	  sensi@vity,	  but	  is	  simpler	  in	  some	  respects.	  
The	  best-‐fit	  signal	  strength,	  σ/σSM:	  1.11±0.31	  at	  mH=124.5	  GeV	  

CMS HIG-13-001	
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Signal	  SigniHicance	  &	  Strength	  
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CMS HIG-13-001	




Signal	  Strength	  by	  Event	  Class	  
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CMS HIG-13-001	




Hàττ	


44	  



VBF	  /	  GF	  Event	  Characterization	  
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0	  Jet	  
	  

High	  Background	  
Constrains	  fit	  

	  
Used	  to	  fix	  

normaliza@on	  &	  
tau	  efficiency	  

1	  Jet,	  Low	  pT	  
Enhancement	  from	  Jet	  

Requirement	  

1	  Jet,	  High	  pT	  
Enhancement	  from	  pT	  
and	  Jet	  requirement	  

	  
	  
	  
	  
	  
	  
	  
	  

VBF	  
	  

2	  Jets	  
Rapidity	  Gap	  Veto	  

	  
Δη	  >	  3.5	  

	  
MJJ	  >	  500	  GeV	  

	  
	  
	  
	  
	  
	  
	  
	  
	  

Jets pT > 30 GeV 

pT  τh (τµ) 

Signal	  is	  negligible	   Gluon	  Fusion	  Enhanced	   VBF	  Enhanced	  

Clean	  +	  BeRer	  Mass	  
Resolu@on	  

All categories are fit simultaneously"

BeRer	  Mass	  Resolu@on	  

CMS HIG-13-004	
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Signal	  Strength	  for	  H	  to	  ττ	  	  
•  Breakdown	  by	  category	  &	  by	  channel	  

	  	  37	  



Hàbb	  

48	  



	  	  38	  



ttH	  

50	  



Direct	  Search	  for	  Top	  Coupling	  

	  	  39	  

Hadronic:	  
	  4j,	  2b,	  2γ	


Leptonic:	  
	  2l,	  MET,	  2γ	  	  

Search	  for	  Higgs	  decay	  to	  two	  photons	  with	  top-‐pair	  

CMS	  HIG-‐13-‐015	  



	  	  40	  



	  	  41	  



HàInvisible	  
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Combination	  
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Compatibility	  with	  Being	  SM	  Higgs	  
•  Excesses	  seen	  in	  ZZ,	  WW	  and	  γγ	  in	  both	  experiments	  
•  Signal	  strength	  ~consistent	  with	  SM	  Higgs	  

	  	  43	  

Sta@s@cal	  and	  
systema@c	  errors	  

included	  

68%	  and	  95%	  

CMS	  HIG-‐13-‐005	  



High	  mass	  higgs	  
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MSSM	  Higgs	  
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MSSM Higgs"
•  Higgs sector in SUSY theory is more complicated"

•  Need 2 higgs doublets each with 4 degrees of freedom"
•  Results in the Standard Model like Higgs (h0)"
•  Plus, two neutral higgs (A0, H0) and charged (H±)"
•  However, only 2 parameters (MA, tanβ – ratio of the two doublets)"
•  Masses of higgses and Z related: Search in (MA, tanβ) plane"

•  Neutral Higgs"
•  Look for ϕ=(h0, A0, H0) in decays to tau-leptons"

•  Charged Higgs"
•  Look for H± in top decays"

•  Enhanced φ=(h0, A0, H0) coupling to b-quarks and τ-leptons"
•  Production rate enhanced × tan2β"

•  Gluon fusion with b,t loops + associated b quark production"
•  Decays to b-quark and τ-lepton pairs enhanced at all masses" 	  	  45	  



Implications	  of	  SM	  Like	  H126	  
on	  MHMAX	  scenario	  

62
	  



Mass of ττ : 17 fb–1 Data "
CMS HIG-12-050	


Tau pairs reconstructed in decays to muon + hadrons (1 or 3 prong) ���
Kinematic fit to obtain tau pair mass – used to search for H to ττ contribution	


Two categories: non-b-tagged and b-tagged to enhance bbϕ	


63	


 [GeV]ττm
0 200 400 600 800 1000

 [1
/G

eV
]

ττ
dN

/d
m

-210

-110

1

10

210

310

410
CMS -1 = 7-8 TeV, L = 17 fbsPreliminary, hτµτ

=8β, tanττ→(160 GeV)φ×10
observed

ττ→Z
electroweak
tt

QCD
bkg. uncertainty

 [GeV]ττm
0 100 200 300 400 500

 [1
/G

eV
]

ττ
dN

/d
m

-210

-110

1

10

210
CMS -1 = 7-8 TeV, L = 17 fbsPreliminary, hτµτ

=8β, tanττ→(160 GeV)φ×10
observed

ττ→Z
electroweak
tt

QCD
bkg. uncertainty

	  	  47	  



MSSM Higgs Summary"
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ATLAS CONF 2012-11	


CMS PAS HIG-12-033	

CMS PAS HIG-11-019	

CMS PAS HIG-12-050	


Friis (Wisconsin)"
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CMS	  Higgs	  Projections	  
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