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Outline

 The  2011-‐2012  CMS’  Path  to  the  “Higgs”

  The  Search
  The  “big  five”  :  H￫γγ,  H￫ZZ,  H￫WW,  H￫bb,  H￫ττ
  Updated  combined  results  

  The  Measurements
  Mass,  Compatibilities  with  the  SM,  Spin&Parity
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Where CMS stood at ICHEP
H->γγH->ZZ->4l 5.1  %-‐1  7TeV  data  +

5.3  %-‐1  8TeV  data

Observation  of  a  new  boson
Local  significance  of  excess:  5.0  σ

[expected  for  a  SM  Higgs  signal  6.0  σ]
Mx  =  125.3  ±  0.4(stat)  ±  0.5  (syst.)
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The CMS Detector
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The CMS Detector

  Cristina  Botta  -‐  Updated  results-‐  27.05.2011

Overall  length  28.7  m

Overall  diameter  15  m

Total  weight  14000  t
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The CMS Detector
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All  silicon  tracker
(Pixels-‐  Microstrips)

Lead  tungstate  
E/M  Calorimeter  
(ECAL)

3.8T  Superconducting  
Solenoid

Redundant  Muon  System  
(RPCs,  Drift  Tubes,  Cathode  
Strip  Chambers)

Hermetic  (|η|<5.2)  Hadron  
Calorimeter  (HCAL)  
[scintillators  &  brass]
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The Luminosity challenge
Instantaneous  luminosity  up  to  ~7·∙1033  
20-‐30  pile-‐up  interactions  per  bunch  crossing

CMS  Recorded  luminosity  as  
of  today  (8TeV):  20  %-‐1

Data  analyzed  up  to  now:
5  #-‐1  @  7  TeV
12  #-‐1  @  8  TeV

7



  Cristina  Botta  -‐  Updated  results  on  Higgs  searches  at  CMS-‐  16.11.2012

The CMS Global Event Description

HCAL

CO
NE

ECAL

µ µ

neutral 
hadron

photon

charged 
hadrons

CO
NE

ECAL
Clusters

HCAL
Clusters

• Rely  on  high  granularity  of  CMS  detector  to  identify  and  
reconstruct  each  individual  particle  in  the  event:  classified  into  
mutually  exclusive  categories  (charged  hadrons,  neutral  hadrons,  
photons,  muons,  electrons)

• Allows  tagging  of  charged  particles  from  pile-‐up:  minimize  impact  
of  PU  on  jet  reconstruction,  and  lepton  or  photon  isolation.
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Objects: Grand Summary

Raw ΣET~2 TeV
14 jets with ET>40
Estimated  PU~50

Lepton Reconstruction and Identification
Lepton Energy Scale and Resolution

Pile Up Jet ID
MET Performances
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Leptons Identification
Efficiency  to
select  prompt  
isolated  leptons
-‐  reconstruction
-‐  identification
-‐  isolation
-‐  IP  requirement

computed  with  TnP  techniques

efficiency  correction  factor  
muons:  0.98  -‐  1.03
electrons:  0.84  -‐  1.01

Muons

Electrons

J/ψ￫μμ Z￫μμ Z￫μμ

Z￫ee

reco+ID+iso+IP

Iso  vs  IDreco+ID
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Lepton Energy Scale and Resolution

Muons
Electrons

Scale  corrections  on  muon  
momentum  obtained  with  
a  calibration  procedure
on  Z-‐>mm  /  J/psi  -‐>  mm  
events  in  data  are  applied
MC  is  smeared  to  match  
the  resolution  in  data

residual  DATA/MC  difference:  ~  0.1%  in  scale,  20%  in  resolution  
The  ECAL  contribution  to  
the  electron  momentum  and  
its  uncert  is  from  an  MVA  
regression  approach:

10-‐15%  improvements  on
resolution

Energy  scale  and  MC  
smearing  obtained  from  
calibration  with  Z-‐>ee  events  
are  then  applied

residual  DATA/MC  difference:  ~  0.4%  in  scale,  20%  in  resolution  [conservative] 11
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PileUP Jet tagging
PF  reconstruction  allows  to  reject  
charged  particles  from  PU  in  jet  building.
Additional:  rejection  of  jets  from  PU  also  
outside  the  tracker  coverage,  relying  on  
jet  shape  variables.

Important  in  VBF  searches.

Pileup  jetTypical  jet

Validation  on  data:  
jet  counting  in    
Z  →  μμ  events  vs  vertex  multeplicity.
Stable  to  <1%  for  jet  pT  >  20  GeV
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MET Performances

13

• Instead  of  using  PF  MET  (  from  all  PF  candidates)  different  flavour  
of  MET  variables  (  TK  MET,  NoPU  MET,  PU  MET,  PU  corrected  
MET  -‐  in  each  one  some  component  of  the  response  of  the  event  
are  removed)  are  included  in  a    multivariate  regression  which  is  
trained  to  measure  a  correction  to  the  PF  MET  recoil  

• MVA  MET  in  output:  better  resolution

11/8/12 

Joshua Swanson University of Wisconsin - Madison 13 

MET 
"  Upgraded MET to MVA MET 

"  Concept:  

"  Recoil here => defined as MET – leptons   

Z 
pT 

U from PF MET 

Feed them into a BDT regression : Correct Recoil 
                 https://twiki.cern.ch/twiki/bin/viewauth/CMS/MVAMet  

Corrected U 
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The Channels:
- High Resolution channels

H->γγ [ICHEP results] 

   H->ZZ [ minor changes in the analysis + LUMI UPDATE ]

- Low Resolution channels 
    H-> bb [analysis improved + LUMI UPDATE]

    H->ττ [analysis improved + LUMI UPDATE]

     H->WW [analysis improved + LUMI UPDATE]

      
  
 

The Search
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SM Higgs boson with M=125GeV 
an excellent mass for us

Decay of the SM Higgs

Higgs decay width and branching fractions within the SM
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SM predictions for relevant mH = 126 GeV branching ratios have typical uncertainties of ≈ 5%

Highly correlated since driven by error on H→b̄b partial width and hence Γtot

h125
  @8TeV  >20K  of  h125  /  i  
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5  decay  modes  exploited:
γγ,  bb,ττ,WW,  ZZ
(High  Mass:  WW,  ZZ)

bb,  ττ  favoured  by  BR  but  
challenging  channels  in  huge  
background  environment
(bb  only  from  WH,ZH,ttH)

γγ,  ZZ-‐>4l  provide  very  good  mass  
resolution  (1-‐2%)

-‐  ZZ-‐>4l  no  bkg  but  very  low  rate
                -‐  γγ  low  S/B

WW  no  good  mass  resolution  but  
good  S/B  also  in  the  low  mass  
region  with  the  leptonic  final  state
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The Big Five: details
H  decay H  prod Exclusive  Final  States No.  of  

chan
mH  range  
[GeV]

mH  
resolution  

Lumi  (i-‐1)  
[7/8  TeV]

H￫γγ
untagged

VBF-‐tag

γγ(4  diphoton  classes)

γγ  +  (jj)VBF(low  or  high  mjj  for  8TeV)

4

1  0r  2

110-‐150

110-‐150

1-‐2%

1-‐2%

5.1  -‐  5.3

5.1  -‐  5.3

H￫bb
VH-‐tag

tt-‐H  tag

(υυ,  ee,  μμ,  eυ,  with  2-‐bjets)  ⊗  (low  
or  high  pTV  or  low  b-‐tag)

(l  with  4,5,  ≥  6  jets)  ⊗  (3,  ≥4  b-‐tags)
(l  with  6  jets  with  2  b-‐tags)
(ll  with  2  or  ≥3  b-‐tagged  jets)

10  or  13

9

110-‐135

110-‐140
10%

5.0  -‐  12.1

5.0  -‐  5.1

H￫ττ

1-‐jets

VBF-‐tag
ZH-‐tag
WH-‐tag

(eτh,  μτh,  eμ,  μμ)  ×  
(low  or  high  pTττ)  

(l  with  4,5,  ≥  6  jets)  ⊗  (3,  ≥4  b-‐tags)
(l  with  6  jets  with  2  b-‐tags)
(ll  with  2  or  ≥3  b-‐tagged  jets)

8

4
8
3

110-‐145

110-‐145
110-‐160
110-‐140

20%

20%

4.9  -‐  12.1

4.9  -‐  12.1
5.0  -‐  /
4.9  -‐  /

H￫WW￫lυqq
H￫WW￫lυlυ
H￫WW￫lυlυ
H￫WW￫lυlυ

untagged
0/1-‐jets
VBF-‐tag
WH-‐tag

(eυ,  μυ)  ⊗  ((jj)W  with  0  or  1  jets)

(DF  or  SF  dileptons)  ⊗  (0  or  1jets)

lυlυ  +  (jj)VBF  (DF  or  SF  dileptons  8TeV)

3l3υ

4
4

1    or  2
1

170-‐600
110-‐600
110-‐600
110-‐200

20%

5.0  -‐  12.1
4.9  -‐  12.1
4.9  -‐  12.1
4.9  -‐  5.1

H￫ZZ￫4l
H￫ZZ￫2l2τ

inclusive
inclusive

4e,  4μ,  2e2μ
(ee,  μμ)  ×  (τh  τh,  eτh,  μτh,  eμ)

3  
8

110-‐1000
180-‐1000

1-‐2%
10-‐15%

5.0-‐12.1
5.0-‐12.1
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Expected Discovery Potential

HCP

ICHEP

>  7σ  for  mH  ~  125  
steeply  falling

Local  p-‐value:  Probability  for  a  background  fluctuation  to  give  an  excess  as  large  as  the  
(average)  signal  size  expected  for  a  SM  Higgs
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Expected Discovery Potential

HCP

Extended  up  to  1TeV

For  mH  >  120  GeV  
driven  by  ZZ  and  WW

>  5σ  up  to  500  GeV
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Expected Exclusion Potential

Extended  up  to  1TeV
For  mH  >  120  GeV  
driven  by  ZZ  and  WW

<  0.3XSM  up  to  ~500  GeV  (1XSM  up  to  ~700  GeV)

Around  mH  ~  125  GeV  
driven  by  ZZ,  WW,  γγ

The  95%  CL  upper  limits  on  the  cross  section  ratio  σ/σSM  for  the  SM  Higgs  as  function  of  mH
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The Channels:
- High Resolution channels

H->γγ [ICHEP results] 
   H->ZZ [ minor changes in the analysis + LUMI UPDATE ]

- Low Resolution channels 
    H-> bb [analysis improved + LUMI UPDATE]

    H->ττ [analysis improved + LUMI UPDATE]

     H->WW [analysis improved + LUMI UPDATE]
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H → γγ
candidate

pTγ=89.8 GeV

pTγ=46.5 GeV

mγγ=125.9 GeV
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     H->γγ analysis in a nut shell
Search  for  a  narrow  peak  with  two  isolated  high  ET  photons  on  a  smoothly  
falling  background.

High  resolution:  ΔM/M  ~  1-‐2%

Analysis  optimized  categorizing  events  according  to  purity  and  mass  resolution
specific  di-‐jet  tag  categories  targeting  VBF  production  mode  (  Higher  S/B  )

Main  analysis:  
                  -‐  uses  MVA  techniques  for  both  photon  identification  and  event  classification  
                        background  model  derived  from  a  fit  to  the  data  di-‐photon  mass  spectrum  
Independent  cross  checks  analysis:  
                 -‐  cut-‐based  analysis  with  same  background  model  
                -‐  same  MVA  techniques  but  background  estimated  from  side-‐band

      
  
 

  5.1  %-‐1  @  7  TeV  (2011)  +  5.3  %  -‐1  @  8  TeV  (2012):  HIG-‐12-‐015  
analysis  not  updated  since  ICHEP
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Event Classification
The  γγ  MVA  -‐  Event  classifier  variable  trained  on  signal  and  bkg  MC  with  
input  variables:
kinematic  variables  (  pT  and  η  of  each  γ,  and  cosΔφ  between  the  2Υ)
photon  ID  MVA  output  for  each  Υ
per-‐event  mass  resolution
vertex  probability  (from  another  MVA)

C
at

 0

C
at

 1
 

C
at

 2

C
at

 3 C
at

 0

C
at

 1
 

C
at

 2

C
at

 3

23



  Cristina  Botta  -‐  Updated  results  on  Higgs  searches  at  CMS-‐  16.11.2012

Mass distributions in categories
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Results
With  a  simultaneous  maximum-‐likelihood  fit  of  all  the  categories  the  statistical  interpretation  
is  obtained:  
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SMσ×1

Observed (Asymptotic)
Median Expected (Asymptotic)

 Expectedσ 1±

 Expectedσ 2±
-1 = 8 TeV, L = 5.3 fbs
-1 = 7 TeV, L = 5.1 fbs

CMS Preliminary

Largest  excess  at  125  GeV
            -‐  expected  95%  CL  exclusion  0.76xSM  @  125
            

Minimum  p-‐value  at  125  GeV  with
local  significance  4.1  σ
            -‐  global  significance  in  full  search  range  

110-‐150  GeV  is  3.2  σ
            -‐  fitted  signal  strength  μ(125)=  1.56±0.43

            
Similar  excess  in  2011  &  2012

25



  Cristina  Botta  -‐  Updated  results  on  Higgs  searches  at  CMS-‐  16.11.2012

The Channels:
- High Resolution channels

H->γγ [ICHEP results] 

   H->ZZ [ minor changes in the analysis + LUMI UPDATE ]

- Low Resolution channels 
    H-> bb [analysis improved + LUMI UPDATE]

    H->ττ [analysis improved + LUMI UPDATE]

     H->WW [analysis improved + LUMI UPDATE]
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!"#$%&'()'*'+,'-./'

!0#$1&'()'*'11'-./'

!0#$%&'()'*'22'-./'
!"#$1&'()'*'%3'-./'

405.(678'9:;;'*'%1+<1'-./'

H →ZZ→μμμμ
candidate
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HZZ4l analysis in a nut shell
Search  for  a  narrow  peak  in  the  4l  mass  spectrum  on  top  of  a  flat  and  small  bkg

Number  of  events  small
Requires  maximum  signal  efficiency:  4  isolated  leptons  from  primary  vertex

  THE  MUSTS:  Excellent  lepton  reconstruction+identification
                                                    and  energy-‐momentum  measurement

Inclusive  search;  signal  yield  dominated  by  gg-‐>H  
High  resolution:  ΔM/M  ~  1%

Backgrounds  include
  SM  ZZ  [irreducible]  
  Z/  tt  +  fake  leptons  or  leptons  from  HF  [reducible]

      
  
 

  5.1  %-‐1  @  7  TeV  (2011)  +  12.2  %  -‐1  @  8  TeV  (2012):  HIG-‐12-‐041  
analysis  updated  since  ICHEP:  minimal  changes

2/3%  higher  efficiency  and  lower  systematic  on  energy  scale
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Event Selection

μ  pT  >  5,  η<2.4
e  pT  >  7,  η<2.5
Any  2  leptons
with  pT>20,10  GeV
All  leptons  after  isolation
and  IP  cut  

OS/SF
Nearest  to  the  Z  Mass
40  <  mZ1  <  120  GeV

OS/SF
Highest  Sum  pT

12  <  mZ1  <  120  GeV

γ -‐  Any  OS/SF  lepton  pair  must  
have  Mll>4  GeV  
[to  suppress  QCD]
-‐  FSR  Recovery
[photons  added  to  the  Z  
candidates  before  cuts]

Adding  tri-‐lepton  trigger
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M4l spectrumZ-‐>4l  peak
good  DATA/MC  
agreement

127  expec/115  obs

h125    excess  
still  there!  

ZZ  Continuum  
from  theoretical  Xsection  
qqZZ  modeled  by  POWHEG
ggZZ  modeled  by  GG2ZZ  

Data/MC  scale  factors  
[lepton  reco/id/
isolation/vertexing]  
applied

Irreducible  bkg  
from  data-‐driven  technique  (fake  rate  method)

In  region  m4l  [140-‐300]
expected  222  events
observed  224  events
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M4l spectrum @ ~125
In  region  m4l  [121.5-‐130.5]
expected  19  S+B  events
observed  17

Exp. Bkg mH=126 Obs

4e 1.25 2.20 3

4μ 2.09 4.26 6

2e2μ 3.14 5.97 8

TOT 6.48 12.43 17
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Matrix Element Likelihood Approach
A  kinematic  discriminant  (KD    or  MELA)  is  
constructed  based  on  the  probability  ratio  
of  the  signal  and  background  hypotheses

KD

Background like Signal like

Moved  to  fully  analytical  approach  (signal  and  background)
1%  better  significance  @  125  and  5%  better  limits  at  high  mass
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2D Fit for the statistical analysis
The  likelihood  used  in  the  test  statistic  to  extract  limits  and  p-‐values  
is  for  the  4l  analysis  a  2D  PDF  obtained  as:  

 25

Combined Fit
● Using a 2D model fitting the mass and the 

Kinematic Discriminant (K
D
)

Unbinned mass model Binned 2D model of KD 
in slices of m4l

● All shape and normalization systematics introduced 
as nuisance parameters 

Unbinned  mass  model  

[  all  shape  and  normalization  systematics  are  introduced  as  nuisance  parameters  ]

Binned  2D  model  of  
KD  in  slices  of  m4l

Signal  shape  modeling:  using  convolution  of  double-‐sided  crystal  
ball  convoluted  with  Relativistic  Breit  Wigner

Background  shape  modeling:  empirical  parametrization  
distributions  for  qq-‐>ZZ  and  gg-‐>ZZ
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limits
The  95%  CL  upper  limits  on  the  cross  section  ratio  σ/σSM  for  the  SM  Higgs  as  function  of  mH

The  95%  CL  upper  limits  on  the  cross  section  σ·∙BR

Excluding  other  “SM-‐Higgs”  like  
bosons  up  to  700  GeV
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m4l  after  KD  >  0.3  cut  

 p-values
No  sign  of  another  signal  at  high  mass

Minimum  p-‐value  at  125.9  GeV
            -‐  significance  of  4.5  σ  (5.o  expected)
            -‐  fitted  signal  strength  μ(125.9)=  0.80-‐0.28+0.35
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The Channels:
- High Resolution channels

H->γγ [ICHEP results] 

   H->ZZ [ minor changes in the analysis + LUMI UPDATE ]

- Low Resolution channels 

   H->WW [analysis improved + LUMI UPDATE]

    H-> bb [analysis improved + LUMI UPDATE]

   H->ττ [analysis improved + LUMI UPDATE]
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32 GeV

34 GeV

47 GeV

e
μ

ΔΦ

ETmiss

H →WW→νeνμ
candidate
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H->WW: Channels
Three  decay  channels  that  probe  three  different  decay  mechanisms:

-‐  Gluon  Fusion:    WW-‐>2l2v  /  WW-‐>  2l2q  
                  -‐  VBF:    WW-‐>2l2v  
                -‐  Associated  production:    WH-‐>3W-‐>3l3v  

Nov. 14, 2012 3 

Channel Comparison 

H→WW→2l2 H→WW→lqq WH→WWW→3l3

Reconstructible 
Mass Peak? 

No (2 neutrinos) Yes No (3 neutrinos) 

Lepton 
categories 

ee, 
(Same Flavor - SF), 
e
(Different Flavor - DF) 

e or  Opposite sign SF (OSSF) 
Same sign SF (SSSF) 

Jet categories 0j, 1j, 2j (VBF) 2j or 3j 0j 

Dominant 
background 

gg->WW (0j), top (1,2j) 
(est. from data) 

W+Jets 
(est. from data) 

WZ (OSSF) 
Top, Z/→ll (SSSF) 

Search range 120-600 GeV 170-600 GeV 110-200 GeV 

Sensitive range 120-200 GeV (~2MW) 200-400 GeV 150-180 GeV (~2MW) 

2l2v 2l2q 3l3v

  5.1  %-‐1  @  7  TeV  (2011)  +  12.2  %  -‐1  @  8  TeV  (2012):  HIG-‐12-‐042
analysis  updated  since  ICHEP,  important  changes:  

-‐  2D  shape  analysis  (Mll,  MT)  for  most  sensitive  category
-‐  VBF  selection  optimization
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H→WW→ℓνℓν&&approval
Alessandro&Thea&

November&the&5th&2012



Analysis(in(a(nutshell
OpDmisaDon(for(different(categories(of(events

• Different(lepton(flavour(pairs(SF((ee/μμ)(and(DF((eμ)

• Exclusive(jet(mulDplicity((0,(1,(2Ojet)

Two(analysis(approaches

• CutFbased(counDng(experiment

• Shape(analysis

5

0Ojet 1Ojet 2Ojet((VBF)

DF
WW

W+jets,(V+ɣ(*)((low(mH)
WW,(Top WW,(Top

SF WW
Z/ɣ*((low(mH)

WW,(Top WW,(Top
Z/ɣ*(

Dominant&backgrounds

Most(sensi.ve(
in(low(mH(search

HWW analysis in a nut shell
Search  for  an  excess  of  events  with  2  opposite  sign  prompt  isolated  
leptons  (μ,  e)  and  missing  ET

                                  No  mass  peak,  basically  a  counting  analysis

Analysis  challenge:  understanding  the  backgrounds
                                DATA  DRIVEN  methods  for  reducible  bkg:  W+jets,  tt/tW,  Z/Υ*-‐>ll,  Z/γ*-‐>ττ
                                    WZ/ZZ,  V+γ(*)  from  MC
                                    WW  fit  to  data  in  sidebands  after  subtracting  all  other  backgrounds
Events  splitted  in  categories  with  different  S/B  and  B  composition

      
  
 Almost  common  preselection  for  all  the  events  based  on  background  rejection  cuts  

(inverted  to  define  control  regions):  mll  cut,  pT(ll),  Z-‐peak  veto,  extra-‐lepton  veto,  
B-‐veto,  Z/Υ*  rejection  MVA  based  on  MET
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MH dependent cut-and-count Analysis 

H→WW→ℓνℓν&&approval
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CutFbased(Analysis

CutFandFcount(approach(with(massFdependent(
selecDon(opDmised(at(each(massFpoint

• Common(0(and(1Fjet(bin(selecDon

๏ lepton(pT,(Δɸℓℓ,(mT,(mℓℓ

๏ ICHEP(2012(selec.on

• Updated(VBF(selec.on

๏ MJJ(>(500(GeV(according(to(the(VBF(task(
force(recipe

๏ AddiDonal(massFdependent(cuts(on(
lepton(pT,(Δɸℓℓ,(mℓℓ(
(as(in(the(0/1Fjet(bin(except(for(mT>30(GeV(at(
all(masses)

24

cutObased((mass(dependent(selec.on

improvement(with(the(updated(VBF(selec.on

mH p`,max

T p`,min

T m
``

��
``

mT

[GeV] [GeV] [GeV] [GeV] [�] [GeV]
> > < < [,]

120 20 10 40 115 [80,120]
125 23 10 43 100 [80,123]
130 25 10 45 90 [80,125]
160 30 25 50 60 [90,160]
200 40 25 90 100 [120,200]
250 55 25 150 140 [120,250]
300 70 25 200 175 [120,300]
400 90 25 300 175 [120,400]

MH((GeV) signal(loss background(
suppression

125 30% 70%

600 40% 90%

H#WW#l!l!: Separating Irreducible Background

12

W- W+H

e� e+�̄e �e

momentum direction

angular momentum direction

Preselection (0-jet)

ee/"e/e"/""

• Dominant irreducible background is non-resonant WW decay

• Conservation of spin angular momentum and the weak interaction on left 
(right) handed particles (anti-particles) leads to a correlation between the 
directions of the observable leptons 

• Expect small dilepton &' and invariant mass if standard model Higgs boson

Next  step:  
mH  dependent  cuts  common  to  0,  1    jets
slightly  different  +  VBF  tags  for  the  2  jets
Variables:
Δφ(ll),  pT(lmax),  pT(lmin),  mll,  mT

         

DF  0-‐jets
Preselection

H→WW→ℓνℓν&&approval
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November&the&5th&2012



Exploits(the(correlaDon(of(two(kinemaDc(variables(in(2D

• Easier(interpretaDon(than(mulDvariate(discriminants

• Use(of(massOlike(variables

๏ mT:(higgs(transverse(mass

๏ mℓℓ:(diOlepton(invariant(mass

• Different(backgrounds(peaking(at(different(loca.on

Relaxed(selecDon(with(respect(to(cutFbased

• Exploit(the(full(range(of(the(variables

• Improved(sensiDvity(at(low(mH(from(addiDonal(sideband(constraint(
of(backgrounds

• Mass(independent(selecDon(for(low/high(mass(searches

Applied(to(DF(0/1Ojet(channels

• Most(sensiDve(channels(with(sufficient(staDsDcs(for(a(2D(analysis

mT =

r
2p``T Emiss

T

⇣
1� cos��Emiss

T ``

⌘

2D(Shape(Analysis(MT:Mℓℓ(

27

[1](Y.(Gao:(Review(of(the(2D(Analysis(in(HWW→(lνlν)(Channel

H→WW→2l2ν pre-approval 10/16/2012

Shape analysis : 2D [MT, Mll] (4)

28

• 2D templates for MH < 300 GeV in 0 jet bin in DF final state

MH=125GeV MH=160GeV MH=200GeV MH=250GeV

qqWW Top W+jets Wγ(*)

H→WW→2l2ν pre-approval 10/16/2012

Shape analysis : 2D [MT, Mll] (4)

28

• 2D templates for MH < 300 GeV in 0 jet bin in DF final state

MH=125GeV MH=160GeV MH=200GeV MH=250GeV

qqWW Top W+jets Wγ(*)

ggH,(mH=125

H→WW→2l2ν pre-approval 10/16/2012

Shape analysis : 2D [MT, Mll] (4)

28

• 2D templates for MH < 300 GeV in 0 jet bin in DF final state

MH=125GeV MH=160GeV MH=200GeV MH=250GeV

qqWW Top W+jets Wγ(*)

qqWW

Wjet

DF  0-‐jets
Full  Selection

N-‐1
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2D Shape Analysis Mll:MT
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Exploits(the(correlaDon(of(two(kinemaDc(variables(in(2D

• Easier(interpretaDon(than(mulDvariate(discriminants

• Use(of(massOlike(variables

๏ mT:(higgs(transverse(mass

๏ mℓℓ:(diOlepton(invariant(mass

• Different(backgrounds(peaking(at(different(loca.on

Relaxed(selecDon(with(respect(to(cutFbased

• Exploit(the(full(range(of(the(variables

• Improved(sensiDvity(at(low(mH(from(addiDonal(sideband(constraint(
of(backgrounds

• Mass(independent(selecDon(for(low/high(mass(searches

Applied(to(DF(0/1Ojet(channels

• Most(sensiDve(channels(with(sufficient(staDsDcs(for(a(2D(analysis

mT =

r
2p``T Emiss

T

⇣
1� cos��Emiss

T ``

⌘

2D(Shape(Analysis(MT:Mℓℓ(

27

[1](Y.(Gao:(Review(of(the(2D(Analysis(in(HWW→(lνlν)(Channel

H→WW→2l2ν pre-approval 10/16/2012

Shape analysis : 2D [MT, Mll] (4)

28

• 2D templates for MH < 300 GeV in 0 jet bin in DF final state
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Shape analysis : 2D [MT, Mll] (4)

28

• 2D templates for MH < 300 GeV in 0 jet bin in DF final state
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Shape analysis : 2D [MT, Mll] (4)

28

• 2D templates for MH < 300 GeV in 0 jet bin in DF final state
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qqWW

Wjet

Exploit  the  correlation  of  two  kinematic  variables  in  2D
-‐  mass-‐like  variables  mll  and  mT

Different  background  peaking  at  different  location

Relaxed  selection  with  respect  to  cut-‐based
-‐  Exploit  the  full  range  of  the  variables
-‐  Mass  independent  selection  for  low-‐high  mass  searches

Applied  only  for  DF  0,1  jets
most  sensitive  categories

2D  shape  used  as  PDF  in  
building  the  likelihood  ratio  

  

projection  of  mll-‐mT  in  
mll<50  GeV  for  DF  0  jets
after  the  CLs  fit  for  the  
mH=125  hypothesis  
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Results7+8TeV  analyses  result:
8TeV  analysis  with  shape  based  approach  (combine  the  analysis  in  DF  0,1  jets  
categories  with  the  cut  based  analysis  in  other  categories)

Excluding  other  “SM-‐Higgs”  like  
bosons  in  range  128-‐600  GeV
Broad  excess  at  low  mass
[110-‐160]  GeV  compatible  with  a  SM
Higgs  at  mH  =  125GeV  
with  statistical  significance  of  3.1σ

14 8 Summary
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Figure 8: Two-dimensional distribution, shown in a smaller range, in the 0-jet bin (left) and
1-jet bin (right) of data minus background after the CLs fit for the mH = 125 GeV Higgs signal
hypothesis.

performed at 7 TeV, excludes a Higgs boson in the mass in the range 128–600 GeV at 95% CL.351

The expected exclusion range for the background only hypothesis is 118–565 GeV. An excess of352

events is observed for hypothetical low Higgs boson masses, which makes the observed limits353

weaker than the expected ones. Due to the poor mass resolution of this channel the excess354

extends over a large mass range.355

The expected and observed significance and best fit value of s/sSM for a SM Higgs with a356

mass of 125 GeV are summarized in Table 4. The significance of the excess with respect to357

the background only hypothesis at this mass is 3.1 standard deviations for the 7+8 TeV shape-358

based analysis. The best fit value of s/sSM in the mass range 110 < mH < 600 GeV is shown359

in Figure 12, as well as the observed significance together with the expected one for the mH =360

125 GeV Higgs signal hypothesis. Figure 13 shows the confidence intervals in the (s/sSM,mH)361

plane for the different-flavor final states shape analysis at 8 TeV in the 0-jet and 1-jet categories.362

Table 4: Expected and observed significance and best fit value of s/sSM for a SM Higgs with a
mass of 125 GeV. Results are reported for the cut-based approach using the 8 TeV data only, for
the shape-based approach using the 8 TeV data only and for the combined 8 TeV shape-based
analysis together with the analysis performed at 7 TeV.

expected/observed significance
8 TeV cut-based 8 TeV shape-based 7+8 TeV shape-based

2.4/1.7 3.7/2.9 4.1/3.1
best fit value

8 TeV cut-based 8 TeV shape-based 7+8 TeV shape-based
0.80 ± 0.45 0.77 ± 0.28 0.74 ± 0.25

8 Summary363

A search for the SM Higgs boson decaying to W+W� in pp collisions at
p

s = 8 TeV is per-364

formed by the CMS experiment using a data sample corresponding to an integrated luminosity365

of 12.1 fb�1. For a SM Higgs boson mass of 125 GeV, the significance of the excess with respect366
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The Channels:
- High Resolution channels

H->γγ [ICHEP results] 

   H->ZZ [ minor changes in the analysis + LUMI UPDATE ]

- Low Resolution channels 
    H->WW [analysis improved + LUMI UPDATE]

    H-> bb [analysis improved + LUMI UPDATE]

      H->ττ [analysis improved + LUMI UPDATE]
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● M(jj) = 120.0 GeV

● pT(jj) = 248.4 GeV

● Jets:

– pT = 209.5 GeV, 

CSV = 0.889

– pT = 46.2 GeV, 

CSV = 0.957

● MET:

– 243.2 GeV

PD: /MET/Run2011B
Run: 177183
Lumi: 183
Event: 305295270

b-jet
pT = 209.5 GeV

b-jet
pT = 46.2GeV

243.2 GeV

ZH →Zbb→ννbb
candidate

ETmiss
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H->bb analysis in a nut shell
but  σbb(QCD)  ~  107  x  σH  x  BR(H→bb)

⇒Search  in  associated  
production  with  W  or  Z  
final  states  with  isolated  
leptons,  MET,  
b-‐tagged  jets  

The  largest  BR  for  mH<130  GeV

5 topologies
Z(ll)H(bb)
Z(νν)H(bb)
W(lν)H(bb)
l=e,μ

each  mode  splitted
into  high/low  pT(V)  
categories.
The  high  pT(V)  is  splitted  
in  low/high  b-‐tag

General  strategy:        
High  boosted  vector  boson  and  dijet
back-‐to-‐back  V  &  H  
b-‐jet  energy  regression  (15%  improve  in  mass  resolution  mbb  -‐  10-‐20%  in  sensitivity)
BDT  shape  analysis  (BDT  output  final  discriminant  for  the  fitting  procedure)
Main  backgrounds  →  V+jets,  ttbar  estimated  from  data  in  control  regions

  5.1  %-‐1  @  7  TeV  (2011)  +  12.2  %  -‐1  @  8  TeV  (2012):  HIG-‐12-‐044  
analysis  updated  since  ICHEP:

new  categories  +  improved  BDT  regression  for  b-‐jet  energy  (new  variables  added) 45
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Results
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 H125 injectedSCL
 ExpectedSCL

σ 1 ± Expected SCL
σ 2 ± Expected SCL

CMS Preliminary
-1 = 7 TeV, L = 5 fbs

-1 = 8 TeV, L = 12.1 fbs
VH(bb), combined

In  the  analyzed  range  [110-‐135]:  
observed  upper  limits  from  1.0  to  4.2  
expected  upper  limits  from  0.9  to  1.9

At  mH  =  125GeV:
observed  limit  =  2.5  -‐  expected  =  1.2
an  excess  of  events  is  observed  with  
a  local  significance  of  2.2σ

With  more  data  and  improvements
20-‐30%  more  sensitivity  wrt  ICHEP  
results

All  consistent  with  the  expectation  from  the  production  
of  the  standard  model  Higgs  boson

The  7TeV  data  ICHEP  ttH,H-‐>bb  analysis  is  also  included  in  the  combination
It  directly  probes  the  ttH  vertex.  Sensitivity  in  [110-‐140]  is  from  3-‐7  SM  
No  evidence  of  an  excess.   5.1  %-‐1  @  7  TeV  (2011):  HIG-‐12-‐044  
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The Channels:
- High Resolution channels

H->γγ [ICHEP results] 

   H->ZZ [ minor changes in the analysis + LUMI UPDATE ]

- Low Resolution channels 
   H->WW [analysis improved + LUMI UPDATE]

    H-> bb [analysis improved + LUMI UPDATE]

   H->ττ [analysis improved + LUMI UPDATE]
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7

Reconstruction of Di-τ System

● Determine invariant mass of di-τ system with maximum likelihood 
method.

L= x
MET

X M
E
T Y

Phasespace 
of τ-decays

Expected E
T
 

Resolution

● Estimate for di-τ system, to be real 
for given value of m

ττ
.

● Inputs: four-vector information of 
visible leptons, x- and y- component 
of E

T
.

● Full integration of kernel. Scan of 
m

ττ
 fron m

τ
 up to 2TeV.

● 15-20% resolution of the 
reconstructed m

ττ 
mass.

Separation of Z/H→ττ

General  strategy:        
-‐  reconstruct  hadronic  τ  decays  with  the  hadron+strip  algorithm

channels  included  in  the  search:  τeτμ  τμτh  τμτμ  τeτh  τhτh
-‐  likelihood  method  to  reconstruct  the  mττ  (SVFit)
-‐  maximum  likelihood  fit  to  the  mττ  distributions  in  
5/2  categories  with  different  S/B  ratio  
[enhance  specific  higgs  production  mechanisms]

H->ττ analysis in a nut shell
The  only  handle  we  have  to  study  Higgs  coupling  to  leptons.
High  σ·∙BR  at  low  mass:  sensitive  to  all  production  modes.
BUT:                  

    -‐  taus  decays  hadronically  65%  of  the  times:  experimental  challenge  
                      -‐  2-‐4  neutrinos  in  the  tau  decay

degrade  mass  resolution
                      -‐  dominated  by  Z-‐>ττ  decay

  5.1  %-‐1  @  7  TeV  (2011)  +  12.2  %  -‐1  @  8  TeV  (2012):  HIG-‐12-‐043  
analysis  updated  since  ICHEP,  big  improvements:

new  categories  +  MVA  MET  +  simplified  VBF  selection  +  0jet  category  for  bkg  constrain  only48
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Event categorization

9

Event Categorization

0-Jet

● Large statistics.

Increasing p
T
(τ/μ)

1-Jet

2-Jet/VBF

1-Jet, p
T
(lep.)>30 GeV1-Jet, p

T
(lep.)≤30 GeV

● Cut based: mjj>XXX, |Δη|>XXX, central jet veto.

2-Jet, VBF

0-Jet, p
T
(lep.)>30 GeV0-Jet, p

T
(lep.)≤30 GeV

No attempt to extract signal from these categories.

Suppression of  
backgr. from Z→ττ

In situ calbration 
of backgrounds

Most sensitive 
single event 
category.

● Improved resolution 
of m

ττ
.

● Less background 
from Z→ττ.

● Apply template fit to m
ττ
 with B and S+B model. Determine limit 

following prescritption of asymptotic CLs method.
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Search for H → ττ in Pictures
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0-jets, high p
T
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T

VH
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T
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T
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T
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 used to reconstruct a tau

categories enhance sensitivity
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Search for H → ττ in Pictures
Standard Model

Inclusive VBFBoosted

0-jets, low p
T

0-jets, high p
T

0-jets, low p
T

1-jets, low p
T

1-jets, high p
T

VBF

1-jets, high p
T

VH

jets with p
T
 > 30 GeV

re
c

o
n

s
tru

c
te

d
 ta

u
 

p
T

e, μ, τ
had

 used to reconstruct a tau

categories enhance sensitivity

jet

later

  additional  leptons  from  V  decay
  ·∙  less  bkg  from  Z-‐>ττ
  ·∙  main  background  from  dibosons

+  VH,  H-‐>ττ
analysis
less  sensitive  with
respect  to  1  and  2jets  
due  to  low  cross  
section

Associated
  5.1  %-‐1  @  7  TeV  (2011)  +  12.2  %  -‐1  @  8  TeV  (2012):  HIG-‐12-‐051  

Suppression  of  
bkg  from  Z-‐>ττ
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2jet VBF category

10

2-Jet VBF Category

τ
μ
τ
μ

τ
μ
τ
e

τ
μ
τ
had

τ
e
τ
had

τ
had
τ
had

● After template fit 
has been applied 
(S+B hypothesis).

● Uncertainties after 
fit.
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Sensitivity 

VBF  and  1jet  category  roughly  at  equal  strenght  @  mH=125  GeV
Strongest  channel  is  μτ  (eτ,eμ  of  equal  strenght)
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Results

With  more  data  and  improvements  the  SM  sensitivity  is  reached
Observed  95%  CL  exclusion  limit  for  mH=125  GeV  =  1.63  (expected  1.00)
An  mild  excess  is  found,  and  it  is  compatible  with  the  
expectation  from  the  production  of  the  standard  model  Higgs  boson
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Combination
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Combining the results: Limit on σ/σSM  
The  95%  CL  upper  limits  on  the  cross  section  ratio  σ/σSM  for  the  SM  Higgs  as  function  of  mH

In  absence  of  signal  we  expect  to  exclude  the  entire  range  from  110-‐650  GeV  at  95%  CL
For  mH  >  200  GeV  the  differences  with  obs  and  exp  limits  are  consistent  with  statistical  fluctuations

The  broad  excess  for  mH<200  GeV  is  attributed  to  the  new  boson  with  m~125GeV  
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Combining the results: significance of the excess

With  the  analyzed  data  the  peak  significance  is  6.9  σ  
Other  than  the  ‘125-‐GeV  boson’,  we  see  no  evidence  for  a  significant  excess  of  
events  that  could  be  attributed  to  either  an  additional  particle  or  particles

Local  p-‐value:  Probability  for  a  background  fluctuation  to  give  an  excess  as  large  as  the  
(average)  signal  size  expected  for  a  SM  Higgs

55



  Cristina  Botta  -‐  Updated  results  on  Higgs  searches  at  CMS-‐  16.11.2012

Local  p-‐value:  Probability  that  background  fluctuates  to  give  an  excess  as  large  as  the  
(average)  signal  size  expected  for  a  SM  Higgs

Combining the results: significance of the excess

5.8  σ  

Incompa/bility$with$background$

November$8,$2012$ A.$David$(LIP$6$Lisboa)$ 15$
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1. For the SM Higgs we expect 7.8σ significance

2.Something observed 6.9σ away from the BG only hypothesis

maximum significance flat for mH in [125.1-125.9] GeV

3.Mass Measurements with the high resolution channels

      
  
 

The Measurements
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2D  68%  CL  regions  for  the  two  parameters  that  are  let  free  in  the  likelihood  
-‐  signal  strenght  modifier  μ  (σ/σSM)  -‐  mass  mX

for  the  2  high-‐resolution  channels  →  the  channels  give  consistent  results  and  thus  can  be  combined

Mass of the observed state

Model-‐dependent  2D  
combination:  
relative  event  yields  between  the  
two  channels  fixed  to  the  SM

Model  independent  combination  used  for  nominal  result,
with  unconstrained  normalization  for  HZZ,  gg  Hγγ,  VBF  Hγγ

68%  CL  interval  
mX  =  125.8±  0.5  GeV
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Mass of the observed state
To  evaluate  the  statistical  component  of  the  error:
perform  a  scan  of  the  test  statistic  with  all  nuisance  parameters  
fixed  to  their  best-‐fit  values

68%  CL  interval:
mX  =  125.8±  0.4  (stat)  ±  0.4  (syst)  GeV

Systematic  part  obtained  subtracting  in  quadrature  stat.  uncert.
from  the  total  one

Systematic  uncertainty  :
As  coming  from  [H-‐>γγ  and  H-‐>ZZ],  dominant  contribution  is  
from  the  knowledge  of  the  energy  scales  for  photons  and  
leptons:  

-‐  extrapolation  from  the  standard  candles  (J/ψ￫μμ,  Z￫μμ/ee)  
to  the  kinematic  of  a  H125  signal  (pT,  η)
-‐  extrapolation  from  electrons  to  photons

The  control  of  the  energy  resolution  on  data  is  also  important
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The Measurements
1. For the SM Higgs we expect 7.8σ significance

2.Something observed 6.9σ away from the BG only hypothesis

maximum significance flat for mH in [125.1-125.9] GeV

3.Mass Measurements with the high resolution channels

ZZ and γγ measures mx = 125.8 ± 0.4(stat) ± 0.4(syst)

This mass is used to fix mH for the measurement of properties

4.Compatibility of the observed state with the SM Higgs

Signal strenght in channel combinations and sub-combinations
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Signal Strenght at mH=125.8 GeV
First  compatibility  test:
best  fit  value  for  the  common  μ  
(signal  strength  modifier)  obtained  
in  the  combination  of  all  channels
The  observed  μ  for  mH  =  125.8
is  consistent  within  1σ  with  SM:
0.88  ±  0.21  
  

The  sum  q(μ=1)  for  any  of  the  N  sub-‐
combinations  can  be  used  as  Χ2    
(with  ndof  =N)  to  test  the  
compatibility  of  each  sub-‐combination  
to  the  SM

Χ2/n.d.f.  =  8.7/11  
-‐  asymptotic  p-‐value  =  0.65%
    [from  toys  =  0.46%]
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Signal Strenght at mH=125.8 GeV
μ  values  obtained  in  different  sub-‐combinations  of  search  channels  organized  by

decay  mode additional  tags

Χ2/n.d.f.  =  4.3/5  
-‐  asymptotic  p-‐value  =  0.51%
    [from  toys  =  0.54%]

Χ2/n.d.f.  =  1.3/4  
-‐  asymptotic  p-‐value  =  0.86%
    [from  toys  =  0.87%]
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Signal Strenght at mH=125.8 GeV
A  combination  of  channels  
associated  with  a  particular
decay  mode  and  explicitly  targeting  
different  production  mechanisms  
can  be  used  to  test  the  relative  
strengths  of  the  couplings  to  the  
vector  bosons  [μqqH+VH]  and  top  
quarks  [μggH+ttH]

ZZ  analysis:  the  different  
production  mechanisms  are  
not  yet  explicitely  separated
[diagonal  band  corresponding  
to  same  values  of  total  cross  
section]

Other  analyses:  different  
production  mechanisms  are  
explicitely  exploited
[elliptical  allowed  regions]
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1. For the SM Higgs we expect 7.8σ significance

2.Something observed 6.9σ away from the BG only hypothesis

maximum significance flat for mH in [125.1-125.9] GeV

3.Mass Measurements with the high resolution channels

ZZ and γγ measures mx = 125.8 ± 0.4(stat) ± 0.4(syst)

This mass is used to fix mH for the properties measurements

4.Compatibility of the observed state with the SM Higgs

Signal strenght in channel combinations and sub-combinations

- at mH = 125.8 combined σx/σSM = 0.88 ± 0.21 (different ways of splitting 

contributions fully compatible, with min(pValue) ~ 45%)

Test of the Couplings
      
  
 

The Measurements
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The Coupling scaling factors
1.    The  event  yield  in  any  mode  is  related  to  partial  and  total  Higgs  boson  
decay  widths

2.  Eight  parameters  (ΓWWΓttΓZZΓbbΓττΓggΓγγΓtot)  are  relevant  for  the  following
-‐  ΓggΓγγ  are  generated  by  loop  diagrams  and  are  directly  sensitive  to  the  presence  
of  new  physics
-‐  Γtot  is  kept  as  an  independent  parameter  to  accommodate  the  possibility  of  a    
ΓBSM  

3.  Current  limited  dataset  allows  only  to  fit  for  a  few  of  them  at  a  time

4.  The  Γi    are  proportional  to  the  square  of  the  Higgs  boson  couplings.  To  test  
for  possible  deviations  in  the  data  from  the  SM  rates,  modified  couplings  
[denoted  by  scale  factors  ki]  are  introduced  according  to  the  LHC  HXSWG  
prescriptions  arxiv:1209.0040

5.  We  fit  the  data  and  the  allowed  regions  of  {ki},  or  the  allowed  region  for  
one  k,  allowing  all  the  others  k’s  to  take  arbitrary  values

N(xx→H→yy) ~ σ(xx→H)*B(H→yy) ~ Γxx Γyy / Γtot
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1. For the SM Higgs we expect 7.8σ significance

2.Something observed 6.9σ away from the BG only hypothesis

maximum significance flat for mH in [125.1-125.9] GeV

3.Mass Measurements with the high resolution channels

ZZ and γγ measures mx = 125.8 ± 0.4(stat) ± 0.4(syst)

This mass is used to fix mH for the properties measurements

4.Compatibility of the observed state with the SM Higgs

Signal strenght in channel combinations and sub-combinations

- at mH = 125.8 combined σx/σSM = 0.88 ± 0.21 (different ways of splitting contributions fully 

compatible with min(pValue) ~ 45%)

Test of the Couplings 
           ✔ Test fermions vs vector boson couplings

       

  
 

The Measurements
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Universal vector and fermion couplings
Rescale  universally  the  Higgs  boson  couplings  to  fermions  by  kF  
and  coupling  to  vector  bosons  by  kV

-‐  σVBF,  σVH,  ΓWW,  ΓZZ  scale  as  (kv)2
-‐  σttH,  Γff,  scale  as  (kF)2
-‐  σggH,  Γgg,  scale  as  (kF)2  
[assume  they’re  just  the  SM  quarks  in  the  loop]
-‐  Γγγ,  scale  as  |α·∙kv  +β·∙kF  |2    
[assume  W,  t,  b  in  the  loop,  as  in  the  SM]
-‐  Γtot  =    ∑ΓX    for  all  X  decays  in  SM  
[assume  no  other  BSM  decay  mode]
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Universal vector and fermion couplings
Prod. Decay Signal yield scale Approx

VH bb κV
2 κF

2 / [¾ κF
2 + ¼ κV

2] κV
2

ttH bb κF
2 κF

2 / [¾ κF
2 + ¼ κV

2] κF
2 

VBF ττ κV
2 κF

2 / [¾ κF
2 + ¼ κV

2] κV
2

ggH ττ κF
2 κF

2 / [¾ κF
2 + ¼ κV

2] κF
2 

ggH WW, ZZ κF
2 κV

2 / [¾ κF
2 + ¼ κV

2] κV
2

VBF WW κV
2 κV

2 / [¾ κF
2 + ¼ κV

2] κV
4 / κF

2 

ggH γγ κF
2  |κV

 – 0.21 κF |2 / [...] κV
2

VBF γγ κV
2  |κV

 – 0.21 κF |2 / [...] κV
4 / κF

2 

κF

κV

κF

κV

κF

κV
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Universal vector and fermion couplings
  
2D  likelihood  scan  of  the  test  statistic  q(kv,  kf)  vs  the  (kv,  kf)  parameters

Solid,  dotted,  dashed  contours  show  the  68%,  95%,  99.7%  CL  ranges
Yellow  diamond  shows  the  SM  point  (kv,  kf)  =  (1,1)

Likelihood  scan  in  two  
quadrants  (++),  (+-‐)

Likelihood  scan  constrained  
to  the  (++)  quadrant
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Universal vector and fermion couplings
  
2D  likelihood  scan  of  the  test  statistic  q(kv,  kf)  vs  the  (kv,  kf)  parameters:
interplay  of  different  decay  modes

The  1D  95%  confidence  level  intervals  for  kv  and  kf  while  the  other  
parameter  is  fixed  to  unity,  are  obtained  from  a  1D-‐scans  and  are:
                                                              kv  [0.78  -‐  1.19]  kf  [0.40  -‐  1.12] The  data  agree  with  

the  SM  expectations
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1. For the SM Higgs we expect 7.8σ significance

2.Something observed 6.9σ away from the BG only hypothesis

maximum significance flat for mH in [125.1-125.9] GeV

3.Mass Measurements with the high resolution channels

ZZ and γγ measures mx = 125.8 ± 0.4(stat) ± 0.4(syst)

This mass is used to set mH (no profiling) for the properties measurements

4.Compatibility of the observed state with the SM Higgs

Signal strenght in combination and sub-combination

- at mH = 125.8 combined σx/σSM = 0.88 ± 0.21 (different ways of splitting contributions fully 

compatible with min(pValue) ~ 45%)

Test of the Couplings 
✔ Test fermions vs vector boson couplings

        ✔ Test Custodial simmetry 

      

       
  
 

The Measurements

71



  Cristina  Botta  -‐  Updated  results  on  Higgs  searches  at  CMS-‐  16.11.2012

Testing Custodial Simmetry
Test  that  the  coupling  to  W  and  Z  bosons  scale  together  
from  a  fit  to  the  full  dataset,  as  in  (kv,  kf)  but  with  
independent  parameters  for  W  and  Z

Parametrization:  kF,  kZ,  λWZ  =  kW/kZ  

[assume  no  other  BSM  decay  mode]
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1D  likelihood  scan  vs  λWZ  when  kF,  kZ  are  profiled  together  with  all  the  other  
nuisance  parameters

λWZ  is  in  the  interval  
[0.67  -‐  1.55]  at  95%  CL.

The  data  agree  with  
the  SM  expectations

Testing Custodial Simmetry
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1. For the SM Higgs we expect 7.8σ significance

2.Something observed 6.9σ away from the BG only hypothesis

maximum significance flat for mH in [125.1-125.9] GeV

3.Mass Measurements with the high resolution channels

ZZ and γγ measures mx = 125.8 ± 0.4(stat) ± 0.4(syst)

This mass is used to set mH (no profiling) for the properties measurements

4.Compatibility of the observed state with the SM Higgs

Signal strenght in combination and sub-combination

- at mH = 125.8 combined σx/σSM = 0.88 ± 0.21 (different ways of splitting contributions fully 

compatible with min(pValue) ~ 45%)

Test of the Couplings 
        ✔ Test Custodial simmetry 

        ✔ Test fermions vs vector boson couplings

        ✔ Test no BSM physics in Loops or Total Width

     

            - all coupling tests within one sigma from SMH (2 sigma when H->γγ drives)

  
 

The Measurements
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BSM Physics in loops
Processes  induced  by  loop  diagrams  (H￫γγ,  gg￫H)  can  be  
particularly  susceptible  to  the  presence  of  new  particles  

Combine  and  fit  data  for  scaling  factors  kγ    and  kg  for  
these  two  processes

                      σggH ~ κg
2 Γgg ~ κg

2 Γγγ ~ κγ2

            (assume  the  tree-‐level  couplings  between  Higgs  and  the  other  
      particles    as  they  are  in  the  SM)
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BSM Physics in loops  
2D  likelihood  scan  of  the  test  statistic  q(kγ,  kg)  vs  the  (kγ,  kg)  parameters:
interplay  of  different  decay  modes

Solid,  dotted,  dashed  contours  show  the  68%,  95%,  99.7%  CL  ranges
Yellow  diamond  shows  the  SM  point  (kγ,  kg)  =  (1,1)

gg￫H￫γγ  
drives  the  elliptical  shape

The  best  fit  value  is  (kγ,  kg)  =  (1.43,  0.81),
while  the  95%  CL  intervals  for  these  
coupling  separately  are:
kγ  [0.98  -‐  1.92]  kg  [0.55  -‐  1.07]
The  data  agree  with  
the  SM  expectations
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BSM Physics in Γtot  
1D  likelihood  scan  vs  BRBSM    =  ΓBSM  /  Γtot  when  kγ,  kg  are  profiled  together  
with  all  the  other  nuisance  parameters

BRBSM  is  in  the  interval  
[0.00  -‐  0.62]  at  95%  CL.
The  data  agree  with  
the  SM  expectations
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1. For the SM Higgs we expect 7.8σ significance

2.Something observed 6.9σ away from the BG only hypothesis

maximum significance flat for mH in [125.1-125.9] GeV

3.Mass Measurements with the high resolution channels

ZZ and γγ measures mx = 125.8 ± 0.4(stat) ± 0.4(syst)

This mass is used to set mH (no profiling) for the properties measurements

4.Compatibility of the observed state with the SM Higgs

Signal strenght in combination and sub-combination

- at mH = 125.8 combined σx/σSM = 0.88 ± 0.21 (different ways of splitting contributions fully 

compatible with min(pValue) ~ 45%)

Test of the Couplings 
        ✔ Test Custodial simmetry 

        ✔ Test fermions vs vector boson couplings

        ✔ Test no BSM physics in Loops or Total Width

        ✔ Test of fermion universality

            - all coupling tests within one sigma from SMH (2 sigma when H->γγ drives)

  
 

The Measurements
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Fermion Universality 
Several  BSM  models  predict  different  couplings  for  the  
Higgs  to  different  fermion  kinds

Two  benchmark  models  devised  to  probe  this:
-‐  allow  separate  couplings  for  up-‐type  and  down-‐type  
fermions:  separate  t  from  b,  τ

        -‐  allow  separate  couplings  for  quarks  and  leptons

In  particular  define:  
λdu  =  kd/ku  (ratio  of  the  coupling  to  down/up  fermions)

λlq  =  kl/kq  (ratio  of  the  coupling  to  leptons  and  quarks)

[assume  no  other  BSM  decay  mode]
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Fermion Universality   
1D  likelihood  scan  vs  λdu  and  λlq  

(while  the  other  free  coupling  modifiers  (kv,ku)/(kv,kq)  
are  profiled  together  with  the  other  nuisance  paramenters)

λdu    is  in  the  interval  
[0.45  -‐  1.66]  at  95%  CL.

λlq  is  in  the  interval  
[0.00  -‐  2.11]  at  95%  CL.

The  data  agree  with  
the  SM  expectations
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1. For the SM Higgs we expect 7.8σ significance

2.Something observed 6.9σ away from the BG only hypothesis

maximum significance flat for mH in [125.1-125.9] GeV

3.Mass Measurements with the high resolution channels

ZZ and γγ measures mx = 125.8 ± 0.4(stat) ± 0.4(syst)

This mass is used to set mH (no profiling) for the properties measurements

4.Compatibility of the observed state with the SM Higgs

Signal strenght in combination and sub-combination

- at mH = 125.8 combined σx/σSM = 0.88 ± 0.21 (different ways of splitting contributions fully 

compatible with min(pValue) ~ 45%)

Test of the Couplings 
            - all coupling tests within one sigma from SMH 

              (2 sigma when H->γγ drives)

5. Spin and parity

The Measurements

81



  Cristina  Botta  -‐  Updated  results  on  Higgs  searches  at  CMS-‐  16.11.2012

Spin and Parity

“MELA”  methodology:  

(2D  PFD  (MELA,  m4l))  -‐-‐-‐>  (2D  PFD  (pseudoMELA,  superMELA))

Signal(0+)  to  Signal(0-‐)  prob  ratio  
as  a  function  of  m1,m2,angles

Signal  to  Bkg  prob  ratio
as  a  function  of  
m1,m2,angles,  m4l

Signal  to  Bkg  prob  ratio
as  a  function  of  m1,m2,angles

The  new  state  decays  in  γγ  -‐>  SPIN  1  Hypothesis  ruled  out
The  H-‐>ZZ-‐>4l  channel  can  exploit  the  angular  information  using  the  “MELA”  
methodology  to  test  the  hypothesis  JP=  0+  vs  JP=  0-‐
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Spin and Parity
Distribution  of  the  test  statistic  (likelihood  ratio)  built  with  the  2D  PDF:  
(pseudoMELA,  superMELA)  with  generated  bkg  and  signal  of  two  types,  for  mH=126  
Expected  distributions  are  obtained  with  cross  section  equal  to  SM  for  both  signal  hypothesis

assuming  JP=  0-‐  

the  observed  value  of  q  is  consistent  
with  expectation  within  2.5  standard  
deviations

assuming  JP=  0+  

the  observed  value  of  q  is  consistent  
with  expectation  within  0.53  standard  
deviations

CLs  criterion:    ~  3%  disfavouring  JP=  0-‐1.93σ  from  0-‐1.99σ  from  0+
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Conclusions
  New  results  consistent  with  publications

  significance  of  the  signal  now  at  6.8  standard  deviations
  mass  of  the  particle:  mX  =  125.8  ±  0.4  (stat)  ±  0.4  (syst)  

  Particle  behave  even  more  like  the  Higgs  compared  to  ICHEP
  fermionic  final  states  starting  to  build  up  excess
  2.5  standard  deviations  disfavoring  particle  to  be  pseudoscalar  
  couplings  are  well  within  2  standard  deviations  of  SM
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Combining the results: Exclusion CLs
  
The  CLs  value  for  the  SM  Higgs  boson  hypothesis  as  a  function  of  mH
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Higgs Production
CERN-‐2011-‐002  arXiv:1101.0593!(pp"H+X) !pb"
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Higgs Production

KNNLO/NLO

(KNLO/LO)
Scale PDF+aS Total  error

ggF +25%
(+100%)

+12%  -‐7% ±8% +20  -‐15%

VBF <1%
(+5-‐10%)

±1% ±4% ±5%

WH/ZH +2-‐6%
(+30%)

±1% ±4% ±5%

ttH -‐
(+5-‐20%)

+4%  -‐10% ±8% +12  -‐18%

CERN-‐2011-‐002  arXiv:1101.0593
The  LHC  H  XS  WG
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Higgs Decay
The  LHC  H  XS  WG

HD=HDecay  NLO QCD +NLO EW
Proph = Prophecy4f   NLO QCD+NLO EW

MH Decay THU PU Total

120 
GeV

Hγγ ±2.9% ±2.5% ±5.4%

Hbb ±1.3% ±1.5% ±2.8%

Hττ ±3.6% ±2.5% ±6.1%

150 
GeV

HWW ±0.3% ±0.6% ±0.9%

HZZ ±0.3% ±0.6% ±0.9%
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HZZ4l systematics
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HZZ4l blobs
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To remember tags

8 2 Search channels

Table 2: Summary of production mechanisms and decay channels explicitly targeted in the
searches for a low mass Higgs boson (mH < 145 GeV). Untagged searches include gluon-
gluon fusion gg ! H plus any phase space not covered by searches with explicit tags for
enriching datasets with events from VBF, VH, and ttH production. V stands for W or Z. None
of the analyses targeting a particular production mechanism are 100% pure and all have an
admixture, sometimes very substantial, of other production mechanisms.

untagged VBF-tag VH-tag ttH-tag
H ! gg X X
H ! bb X X
H ! tt X X X
H ! WW X X X
H ! ZZ X
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H->gg Event Selection
γ  Preselection:    ETγ1/mγγ  >  3  and    ETγ2/mγγ  >  4
                                                                  electron  veto,  isolation  and  shower  width  criteria
[preselection  efficiency  [no  ele  veto]  from  93-‐100%  from  Z-‐>ee  tnp]
[ele  veto  efficiency  97-‐100%  from  Z-‐>μμγ  events]                  
                                      

γ  ID  MVA  (BDT)  BASED:  to  separate  prompt-‐γ  from  π0 emerging  from  jets
requirement  on  γ  ID  BDT  output  99%  on  preselected  signal  events,  removing  27%  of  data-‐event  
in  100-‐180  GeV  region.
Inputs  variables:  isolation,  shower  shape,  pre-‐  shower  energy,
per  event  energy  density,    and    pseudorapidity    
                                                           
VERTEX  ID  MVA  (BDT)  BASED:  
-‐  if  the  vertex  is  within  ~10  mm  from  the  nominal  
interaction  point  mass  resolution  is  not  degraded
-‐  choose  the  vertex  among  the  reconstructed  ones
BDT  variable  to  select  the  right  vertex  
Inputs  variables:  Σpt

2,  Σpt  projected  onto  the  γγ  transverse  
direction,    pt  asymmetry,  and  conversions
BDT  variable  to  define  the  EBE  probability  the  choosen  vertex  is  within  10mm  
from  the  nominal  interaction  [used  with  energy  resolution,  to  estimate  mass  resolution]

Efficiency to identify 
correct vertex
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H->gg categories
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H->ττ @ ICHEP

32

Compatibility with ICHEP Result

● Due to these changes the event overlap in this event category is 
O(20%). 

Restricted to ICHEP 
dataset

● Underfluctuation by ICHEP driven 
by VBF category.

● Since ICHEP several changes 
applied to improve and simplfy 
analysis:

● Re-reconstruction of 2012 
dataset.

● Improved E
T
 reconstruction.

● Simplification of VBF selection 
(unification across all channels).

● Estimated compatibility of the two observed limits after re-
analysis ~12%
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H->ττ  Background

8

Z→ττ: Z→ee(/μμ):

Diboson/W+jets:
QCD:

● Embedding: in 
Z→μμ, replace μ by 
sim. τ decay.

● Normalized from 
Z→μμ events.

● From powheg.
● Corrected for jet→τ, 
e/μ→τ fakerate.

● From madgraph.
● Normalization from 

sideband.

● Normalization & 
shape taken from 
LS/OS or fakerate.

Analysis Strategy & Dominant Backgrounds

Sid
eband

ttbar:
● From madgraph.
● Normalization from 

sideband.

● Select isolated leptons.

● Discriminate signal from 
background based on m

ττ
.

● Restrict E
T
 (supp. W+jets, ttbar).

S
ig

n
a

l

τ
e
τ
had
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H->ττ  Signal Strength
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BSM Physics in Γtot
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Summary Coupling
4.5

Tests
ofdifferentspin-parity

hypotheses
27

Table 4: Tests of the compatibility of the data with the SM Higgs boson couplings and the 95% CL intervals for evaluated scaling factors
k’s. The different compatibility tests discussed in the text are separated by horizontal lines. When one of the scaling factors in a group is
evaluated, others are treated as nuisance parameters. Scaling factors not listed explicitly in a group are taken to be unity.

Model parameters Assessed scaling factors Comments
(95% CL intervals)

lwz, kz lwz [0.57–1.65] Ratio of couplings to W and Z; ZZ and WW(0/1jet) channels only
lwz, kz, k f lwz [0.67–1.55] Ratio of couplings to W and Z
kv kv [0.78–1.19] Couplings to W/Z-bosons (V); k f = 1
k f k f [0.40–1.12] Couplings to fermions ( f ); kv = 1
kg, kg kg [0.98–1.92] Couplings to photons (g) and gluons (g)

kg [0.55–1.07] (loop-induced couplings)
B(H ! BSM), kg, kg B(H ! BSM) [0.00–0.62] Branching ratio for decays to BSM particles
ldu, kv, ku ldu [0.45–1.66] Ratio of couplings to down and up-type fermions
l`q, kv, kq l`q [0.00–2.11] Ratio of couplings to leptons and quarks

kv [0.58–1.41] Couplings to W/Z-bosons (V)
kb [not constrained] Couplings to down-type quarks (b)

kv, kb, kt, kt, kg, kg kt [0.00–1.80] Couplings to charged leptons (t)
kt [not constrained] Couplings to top-type quarks (t)
kg [0.43–1.92] Effective couplings to gluons (g)
kg [0.81–2.27] Effective couplings to photons (g)
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