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! ! SM Higgs Boson Production 
and Decay!

! ! Analysis Methods!
" ! general search strategy!
" ! all feasible Þnal states!

! ! Higgs Searches!
" ! H #  WW  #  l+$l" $Aû%
"! Trileptons,  Same-sign dileptons!
" ! H #  WW  #  l$jj!
" ! V(=W, Z)H #  VWW  #  l$ jjjj!

! ! Limits !

! ! Summary!

Results with up to the full 9.7 fb-1 of data will be reported hereÉ!
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!

! ! Higgs production cross sections "
for pp  collisions at " s=1.96 TeV !
" ! gluon fusion:   & !  0.2 Ð 1 pb!
" ! associated production:  & !  0.01 Ð 0.3 pb!
" ! Vector Boson Fusion:  & !  0.01 Ð 0.1 pb!

! ! Direct LEP searches!
" ! mH �Ë 114.4 GeV  at 95% C.L.!

!
! ! Precision EWK measurements !

" ! mH < 152 GeV  at 95% C.L.  !

!
! ! ÒHigh-MassÓ Higgs program !

" ! primary decay mode is  WW!
"! searches optimized for mH �Ë 125 GeV!

Higgs Mass, mH [GeV] 
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 !
! ! LHC experiments (ATLAS, CMS)!

" ! limit mH to 122"127 GeV  at 95% C.L.!
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Higgs Search Strategy 
!

! ! Explore as many Þnal states as possible !
!

! ! Separate into sub-channels based on Þnal state topologies!
" ! different signal-to-background composition!
" ! maximize acceptance in each channel!

!

! ! Very low S/B ~ (0.1 Ð 0.7)%  for m H = 125 GeV  at Þnal selection!
" ! motivates use of multivariate analysis (MVA) techniques per mH hypothesis!

# ! enhance signal to background separation!
# ! Boosted Decision Trees (BDT),  Neural Networks (NN) !

" ! output of MVA used as input for limit setting!

!

! ! Put it all back together!
" ! properly account for systematic correlations between channels!
" ! absence of any observed excess!

# ! determine signal scaling factor '  data is incompatible at 95% C.L.!

!

! ! Kinematic control samples to check background modeling !
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H# WW:  Final States 
!

! ! Hadron collider environment motivates 
at least one W to decay leptonically  !

!

! ! Dilepton  (e, µ):  BR ~ 6.4%!
"! most sensitive Þnal state!
" ! three channels with ET:   ee,  µµ,  and eµ%
"! lowest background rate!

!

! ! Lepton (e, µ) + (had :  BR ~ 4%!
"! provides additional sensitivity!
" ! larger background rate due to (had!

" ! discussed in talk by P. Grannis on SM Higgs #
to tau Þnal states,  this conference !

!

! ! e, µ + Hadrons:  BR ~ 34.3%   and  All- hadronic :  BR ~ 46%!
"! larger BRs,  yielding at least  x ~ 5 more signal compared to dilepton mode!
" ! suffer from larger multijet background production!

W Branching Ratios (BR) 



H #  WW #  l+$l−$’  
!

! ! Select two opposite-sign (OS), high- pT isolated leptons !

!

! ! Final state topology due to spin-0 
Higgs distinguishes from backgrounds !

" ! leads to angular correlated WÕs!
# ! two leptons emitted at small opening #

angles for Higgs decays !
" ! exploit spin correlations in BDTs!

# ! in addition to kinematic variables, use 
variables such as:   ) R(l1,l2),  )* (l1, l2), 
min{)* (ET, l1), )* (ET, l2)}!

!

! ! Missing energy from neutrinos !
" ! distinguishes from large Z/+*# ll backgrounds!
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H #  WW #  l+$l−$’ (l = e, µ) 
!

! ! 9.7 fb -1 :  split into sub-channels!
" ! lepton ßavor / quality:  e±e ,  µ±µ ,  e±µ !

# ! loosen kinematic selections to gain 
sensitivity at mH < 135 GeV!

" ! optimize different S/B compositions #
by jet multiplicity bins!
# ! 0 jet:  WW ;     1	
  jet:   Z/+*,  WW;   #

" 2 jets:  tt ��!

±	
   ±	
   ±	
  

!

! ! MVA discriminant per jet bin!
" ! DY-BDT:  separate dominant Z/+* bckgnd!

# ! add ET-related variables as inputs!
# ! select events in high DT region!

!

! ! Updates since Moriond  2012 in ee 
and µµ channels '  O(10-15%) gain!
" ! ee:   8.6 fb-1 #  9.7 fb-1;   #

improved [MVA-based] electron-ID!
" ! ee,  µµ:   2nd BDT:  categorize 0, 1 jet bins 

into  WW-enriched/depleted regions #
'   constrain WW background !
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H #  WW #  l+$l−$’ (l = e, µ) 
!

! ! Extract signal for each jet bin, mass !
" ! construct Final-BDT Discriminant !

# ! use DY-BDT based variables and #
add lepton quality info!

# ! include b-tagging info as input variable 
in 1, 2 jet bins against tt !

!

! ! ee, µµ:  Final Discriminants for each "
WW-enriched/depleted regions!
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!

! ! Two same-sign (SS) leptons in Þnal state!
" ! dominant signal:   WH# WWW # l±$l±$ + X  !
" ! early 2012:   9.7 fb-1 search in most sensitive eµ channel using 2-stage MVA!

# ! BDT to suppress multijet  and  W+jets events!
# ! Final-BDT to discriminate signal from backgrounds!

!

! ! Trilepton  Þnal states with E T!
" ! signal contribution from VH# VWW!
"! background from electroweak  WZ!
" ! 2012:  new search channels!

# ! eeµ  and  µµe  [9.7 fb-1];   µ( had(had  [7.0 fb-1]!

!

! ! Exploit low-background channels that contribute at intermediate "
and low masses  !

Same-Sign Dileptons and Trileptons 

!

! ! ICHEP 2012:    update in µµe yielding "
~ +15% gain in sensitivity at m H  = 125 GeV  !
" ! add jet-related variables into kinematic-based #

BDT discriminant!
" ! split into sub-channels based on  µµ  paired #

out / in of Z mass window (+ high / low ET
signif)!

# ! WH# WWW  vs.  ZH# ZWW  vs.  H# ZZ!

D¯ Preliminary   
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!

" ! select  W# e$  or  µ$ events with leptons#
isolated from jets!

" ! primary background from W+jets!

~! e, µ!

jet 

jet 

jet 

jet 
"!W!

W!

W!

W!

H!

proton!

anti-proton!

H# WW# l$jj,  VH# VWW# l$jjjj   (l = e, µ) 

!

! ! H # WW # l$jj ,  5.4 fb -1 :   PRL 106, 171802 (2011)!

~!

!

" ! categorize events by jet multiplicity and quality of b-tag!

D¯ Preliminary, 9.7 fb -1 

V(# l$)+4 jets,  0 b-tag 

!

! ! Searches gain sensitivity from WH # l$bb  for m H < 140 GeV  
by capitalizing on 0 and :  b-tag events!
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!

" ! control top quark background by removing #
events with b-tags!

!

! ! New search: VH # VWW # l$jjjj ,  9.7 fb -1  !

" ! challenging jet combinatorics in pairing 
hadronic W decays !
# ! for Higgs mass reconstruction!

!

! ! For m H > 160 GeV !
" ! possible to reconstruct pz of neutrino using #

W mass constraint up to a two-fold ambiguity!
# ! extract mass of Higgs decaying to WW!
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95% C.L. Limits (I) 
!

! ! Trileptons , SS Dilepton  (eµ), H # WW # l$jj , VH # VWW # l$jjjj   modes!

VH # VWW:  e±µ± + X 	
  

H # WW # l$jj  	
  

VH # VWW:  eeµ + µµe	
  

D¯, 5.4 fb -1 

VH # VWW # l$jjjj  	
  

!

! ! Channels increase acceptance and included in full combination!
" ! see K. HernerÕs talk on D¯ combination,  this conference !
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95% C.L. Limits (II) 
!

! ! OS Dilepton :  H # WW  (ee, µµ, eµ),  SS Dilepton  (eµ),  Trileptons , 
H # WW # l$ jj  and VH # VWW # l$ jjjj   search modes!

June 2012 

D¯ exclusion (95% C.L.)!
159 < mH < 170 GeV obs.   !

(156 < mH < 173 GeV exp.)!

 D¯ sensitivity (95% C.L.)!
~3.2 x SM exp. !

for mH=125 GeV!
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! ! OS Dilepton :  H # WW  (ee, µµ, eµ),  SS Dilepton  (eµ),  Trileptons , 
H # WW # l$ jj  and VH # VWW # l$ jjjj   search modes!

!

! ! General  (~1"1.5 &)  excess of data larger than background 
prediction for m H # 140 GeV  !

June 2012 

13 
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Summary 
!

! ! D¯ Higgs searches decaying to W boson pairs using up to "
9.7 fb -1 data!
" ! optimized for different background compositions by splitting analyses #

into sub-channels!
" ! applying sophisticated signal-to-background MVA discriminants !

!

! ! H # WW Þnal state searches focusing on optimizing 
performance for m H < 135 GeV !
" ! reach exp. sensitivity of  ~3.2 x SM for 125 GeV  (at 95% C.L.)!

# ! similar sensitivities as a single major low mass channel  (WH or ZH)!
" ! contribute to overall D¯ and Tevatron Higgs combinations!

!

! ! Additional efforts for improvement and publications "
planned for this year !
" ! WW-enriched/depleted categorization in H# WW # e$µ$ Þnal state!
" ! further extend trilepton searches to new channels:  eee,  µµµ,  and  eµ( had!



Reference  
Slides 
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! ! OS Dilepton  search channel:  H # WW  ( ee, µµ, eµ)!

D¯ OS Dilepton search exclusion (95% C.L.):!
161 < mH < 166 GeV obs.   (159 < mH < 170 GeV exp.)!

(ee, µµ, eµ) Combined 



Validation of Technique 
!

! ! Validate methodology of H # WW search by independent 
measurement of pp  #  WW production cross section  %

!

" ! measured per  WW decay channel!
" ! dedicated BDT using same input 

variables as that in Higgs search but 
trained using  WW production as signal! !

" ! same categorization of jet multiplicities!
" ! similar treatment of systematic 

uncertainties !

WW Cross Section  (8.6 fb -1 )!
Submitted H# WW search to PRD (July 2012)!

[arXiv:1207.1041]!

Channel % &WW  [ pb ] %

eµ% 10.6 ± 0.6 (stat) ± 0.6 (sys)%

ee! 12.4 ± 1.2 (stat) ± 0.9 (sys)%

µµ% 11.0 ± 0.9 (stat) ± 0.7 (sys)%

Combined! 11.1 ± 0.5 (stat) ± 0.6 (sys)%

!
! ! Measured cross section of 

11.1 ± 0.8 pb  in agreement 
with NNLO calculation of 
11.7 ± 0.8 pb !
" ! Campbell and Ellis,  Phys. Rev. 

D 60, 113006 (1999)!



! ! H  #  WW OS dilepton  search!

DY-BDT,  Final-BDT Discriminant!

leading- and sub-leading lepton pT 
l1, l2!

lepton invariant mass, Mll!

lepton azimuthal angle, )* [l1, l2]!

lepton separation, ) R[l1, l2]!

min transverse mass for leptons,  MT
min!

extended transverse mass, MT2
!

missing transverse energy,  MET!

small, largest azimuthal angle, )* [MET, 11or l2]!

transverse mass with MET, MT(MET, 11l2)!

METspecial= MET  (if )* [MET,  lep;jet] < , /2)   !
METspecial= MET x sin()* [MET,  lep;jet]) else!

jet pT!

azimuthal angle, )* [MET, jet]!

rapidity difference, )- [j1, j2]!

dijet invariant mass, Mjj!

and Final-BDT Discrim:  lepton qual. + b-tag!

Multivariate Methods:  Variables 
! ! VH  #  VWW Trilepton  search!

Final-BDT Discriminant !

eeµ% µµe!

invariant mass, Mee! invariant mass, Mµµ%

pT
e1 ,  pT

e2! electron pT
e!

total ee-pair pT! total µµ-pair pT!

total trilepton pT! )- [µ1, µ2]!

full inv. mass, Me,e,µ,MET! full inv. mass, Mµµe!

METspecial! METspecial!

METsigniÞcance! METsigniÞcance!

)* [e1, e2]! min trans. mass MT
min!

)* [e1e2, µ]! MT2!

min{) R[e1, e2]}! min{) R[µ1, µ2]}!

medium{) R[l1, l2]}! medium{) R[l1, l2]}!

"! . [pT
leptons] + MET!

"! )* [µ1, µ2]!

"! charge prod: qµ1 x qµ2!

"! Jets:  Njet , pT
j1, - j1 
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! ! Final Discriminants:  WW-depleted/enriched;  0, 1, ! 2 jet channels %
D¯ Preliminary   
9.7 fb -1, ee + ET, 0-jet 
WW-depleted   

DATA 
 

Z+jets %
 

Diboson  
  

W+jets  

 
 

Multijet  
 

ttbar  
 

Sig Tot 
(165 GeV) 
 

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

 PreliminaryOD

ee + MET

-1L = 9.7 fb
D¯ Preliminary   
9.7 fb -1, ee + ET, 0-jet 
WW-enriched  

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-210

-110

1

10

210

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-210

-110

1

10

210

data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-210

-110

1

10

210

 PreliminaryOD

ee + MET

-1L = 9.7 fb
D¯ Preliminary   
9.7 fb -1, ee + ET, 1-jet, WW-depleted   

Final Discriminant
0 0.2 0.4 0.6 0.8 1

Ev
en

ts

-110

1

10

210

Final Discriminant
0 0.2 0.4 0.6 0.8 1

Ev
en

ts

-110

1

10

210 data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0 0.2 0.4 0.6 0.8 1

Ev
en

ts

-110

1

10

210  PreliminaryOD

ee + MET
-1L = 9.7 fb

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-210

-110

1

10

210

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-210

-110

1

10

210

data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s

-210

-110

1

10

210

 PreliminaryOD

ee + MET

-1L = 9.7 fb
D¯ Preliminary   
9.7 fb -1, ee + ET, 1-jet, WW-enriched   

D¯ Preliminary   
9.7 fb -1, ee + ET, !2-jet   

Final Discriminant  
Final Discriminant  

Final Discriminant  Final Discriminant  Final Discriminant  

E
ve

nt
s/

0.
02

 

E
ve

nt
s/

0.
02

 

E
ve

nt
s/

0.
02

 

E
ve

nt
s/

0.
04

 

E
ve

nt
s/

0.
04

 

DATA 
 

Z+jets %
 

Diboson  
  

W+jets  

 
 

Multijet  
 

ttbar  
 

Sig Tot 
(165 GeV) 
 



Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

 PreliminaryOD

 + METµµ

-1L = 9.7 fb

H# WW Final Discriminants:  µ+µ−%

D¯ Run II Preliminary   
9.7 fb -1, µµ + ET, 0-jet, WW-depleted   

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

310

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

310 data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

310  PreliminaryOD

 + METµµ

-1L = 9.7 fb
D¯ Run II Preliminary   
9.7 fb -1, µµ + ET, 0-jet 
WW-enriched   

DATA 
 

Z+jets %
 

Diboson  
  

W+jets  

 
 

Multijet  
 

ttbar  
 

Sig Tot 
(165 GeV) 
 

Final Discriminant  Final Discriminant  

E
ve

nt
s/

0.
06

 

E
ve

nt
s/

0.
05

 

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210
data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210
 PreliminaryOD

 + METµµ

-1L = 9.7 fb

Final Discriminant
0.2 0.4 0.6 0.8 1

Ev
en

ts

-210

-110

1

10

210

310

Final Discriminant
0.2 0.4 0.6 0.8 1

Ev
en

ts

-210

-110

1

10

210

310 data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0.2 0.4 0.6 0.8 1

Ev
en

ts

-210

-110

1

10

210

310  PreliminaryOD

 + METµµ

-1L = 9.7 fb

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

310

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

310 data

Z+jets

Diboson

W+jets

Multijet

ttbar

Sig Tot

 = 165 GeVHM

Final Discriminant
0.2 0.4 0.6 0.8 1

E
ve

nt
s

-110

1

10

210

310  PreliminaryOD

 + METµµ

-1L = 9.7 fb
D¯ Preliminary   
9.7 fb -1, µµ + ET, 1-jet, WW-depleted   

D¯ Preliminary   
9.7 fb -1, µµ + ET, 1-jet, WW-enriched   

D¯ Preliminary   
9.7 fb -1, µµ + ET, !2-jet   

Final Discriminant  Final Discriminant  Final Discriminant  

E
ve

nt
s/

0.
05

 

E
ve

nt
s/

0.
07

 

E
ve

nt
s/

0.
12

 

!

! ! Final Discriminants:  WW-depleted/enriched;  0, 1, ! 2 jet channels %



H# WW Final Discriminants:  e+µ−%
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!

! ! Final Discriminants:  0,  1, and  ! 2 jet channels %



H# WW Search Signal, Backgrounds 

!

! ! Z/ +*  + jets!
" ! MC-based,  NNLO cross sections!
" ! re-weighting on Z pT based on data!

!

! ! W + jets/ +%
"! background modeling based on data-driven methods and/or MC with correction 

based on data !
!

! ! Diboson :  WW, WZ, ZZ %
"! MC-based,  NLO cross section!
" ! NLO pT

WW  distribution!
!

! ! tt  production %
"! MC-based,  approximate NNLO cross section!

!

! ! Multijet  production %
"! data-driven methods used for modeling!

!

! ! Higgs signal %
"! MC-based,  highest-order cross section available for production process!

# ! gluon fusion:  NNLO cross section with soft-gluon resummation at NNLL!
# ! VH and VBF:   NNLO cross section !

" ! Higgs branching fraction calculated using HDECAY (Djouadi, Kalinowski, Spira)!
" ! Higgs pT reweighted to match pT calculated by HQT at NNLO+NNLL  (Bozzi et al.) !



Systematic Uncertainties 
!

! ! Systematics affecting:  a) normalization or b) shape of "
signal and backgrounds %

!

! ! Correlated %
"! luminosity:  total 6.1%;  Correlated:  4% !
" ! theory cross sections between channels!

!

! ! Shape uncertainties !
" ! quoted here:  fractional average change 

across bins of Þnal discriminant 
distributions!

!

! ! &ggH            scale variation !
" ! jet multiplicity bin dependent!

!

! ! &ggH            PDF uncertainty !
" ! 7.6"30%,  dependent on jet multiplicity!

!

! ! ee, µµ:  WW-enriched/depleted !
" ! 2"4% in splitting 0, 1 jet bins into #

WW-control regions!

NNLO+NNLL!

NNLO+NNLL!

Systematics  (H # WW) !

Source% Uncertainty (%)%

W+jets normalization! 15.0" 30.0%

Z+jets normalization! 4.0!

W+jets cross section! 6.0!

Diboson cross section! 6.0!

ttbar cross section! 7.0!

Multijet normalization! 30.0!

Z+jets jet-bin norm! 2.0"15.0!

Z+jets jet bin model, MET! 5.0"19.0!

Jet Energy Scale! 1.0"4.0!

Jet Resolution! 0.5!

Jet ID! 2.0!

Lepton ID! 2.0"4.0!

Jet PV association! 2.0!

b-tagging discriminant! 1.0"4.0!

PDF (background)! 2.0!

!

! ! Signal cross section !
" ! VH:  6.0%;    qqH:  5.0%!



VH# VWW# l$jjjj   (l = e, µ) 
!

! ! VH # VWW # l$jjjj  search,  9.7 fb -1  !

" ! challenging jet combinatorics for Higgs mass reconstruction!
# ! 3 ways to pair hadronic W decays:    j1 j2 + j3 j4    or   j1 j3 + j2 j4    or  j1 j4 + j2 j3	
  
# ! 3 ways to pair WÕs into a Higgs:    one fully-hadronic,  two semileptonic!

!

" ! minimize jet-pairing error metric for each jet-pair mass with W-mass:   . |Mjj Ð MW| !
" ! assign highest pT jet pair as W1 , #  
" ! choose W-pair for Higgs decay that forms minimized ) R  !

D¯ Preliminary, V(# l$)+4 jets; MC-based Studies 
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D¯ Preliminary, V(# l$)+4 jets; MC-based Studies 


