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♦ Introduction

♦ SM VH(bb) Analysis

♦ SM ttH(bb) Analysis

♦ MSSM bΦ(bb) Analysis

♦ Summary
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http://cds.cern.ch/record/1493618/files/HIG-12-044-pas.pdf

http://cds.cern.ch/record/1460423/files/HIG-12-025-pas.pdf

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12033TWiki
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♦ Recent “Higgs-like boson” discovery @ ~125 GeV:  need 
confirmation in all low mass decay modes → “SM Higgs boson”

♦ H → bb:  high BR for low Higgs mass

♦ Gluon-gluon fusion:  high production σ, but too much QCD bkg.

♦ Instead look at VH (“Higgs-strahlung”), ttH, and VBF (“Vector 
Boson Fusion”) production modes – much less background
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♦ Three CMS SM H → bb analyses:
• VH(bb) – HCP (7+8 TeV)

• ttH(bb) – ICHEP (7 TeV)

• qqH(bb) (VBF) – in progress

♦ Also MSSM search, bΦ(bb), at 
CMS (updated for HCP with 7 
TeV data)
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SM VH(bSM VH(bbb) Analysis) Analysis
  

5 fb5 fb-1-1 (7 TeV) + 12 fb (7 TeV) + 12 fb-1-1 (8 TeV) (8 TeV)
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♦ Gluon-gluon fusion H → bb 
analysis is hopeless!  Need handle!

♦ For SM H → bb, best sensitivity is 
obtained with VH(bb)

♦ Advantages/features:
• Negligible QCD (from V tag, cuts)

• Efficient leptonic triggers

• Boost  → obtain gains with jet 
substructure (in progress)

♦ Five unique final states (l = e, μ):
• W(lν)H(bb)

• Z(l+l-)H(bb)

• Z(νν)H(bb)
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Analysis StrategyAnalysis Strategy
♦ Search strategy:

• Triggers:  one/two isolated lepton(s), MHT, or MET + two jets

• Two b-tagged jets (corrected using b-jet energy regression)

– AK5 jets (p
T
 > 30 GeV, |η| < 2.5) using CMS particle-flow

– b-tagging with combined secondary vertex (CSV)

• Boosted W/Z decaying to leptons
– Isolated, central leptons (or large MET)

– p
T
(e) > 30/20 GeV (W/Z),  p

T
(μ) > 20 GeV

♦ Use MVA (TMVA):  fit using BDT shapes 

♦ Blind until approval in CMS Higgs group
• BDT signal region blind

• M(jj) window blind:  90 GeV < M(jj) < 150 GeV

• Use control regions to validate data/MC agreement
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b-jet Energy Regressionb-jet Energy Regression

♦ Use dedicated b-jet energy regression on top of nominal CMS jet 
corrections

♦ Train using VH signal MC (H b-jets), independently for each mode

♦ Common input variables and training parameters across modes
• Only use MET in Z(l+l-)H(bb) (jet mis-measurement, not real MET)

♦ Also use soft lepton variables (semileptonic B decays)
• Soft lepton must pass loose ID cuts
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Variable Category Variable

Jet Kinematics p
T
, η, raw p

T
, E

T
, m

T

Jet-related Properties p
T
(lead track), charged had. energy fraction, charged EM 

energy fraction, N(charged tracks), JEC uncertainty, ρ
25

Vertex p
T
(vtx), m(vtx), L

3D
(vtx), ΔL

3D
(vtx)

Soft Lepton p
T
(lep), p

T,rel
(lep), ΔR(jet,lep)

Z(l+l-)H(bb) Specific MET, Δφ(jet,MET)



Regression ValidationRegression Validation
♦ Gain of ~15% in M(jj) resolution 

and ~15% in analysis sensitivity

♦ Validate regression using data

• p
T
(bb)/p

T
(Z) balance (Z(l+l-)Z(bb) 

enriched CS)

• Top mass (single top enriched CS)
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Z(l+l-)H(bb) Signal MC

Z(l+l-)Z(bb) Selection

Single Top Selection

Data

Data



Control SamplesControl Samples

♦ Define control samples (CS's) to isolate and study backgrounds

♦ Use cuts as close as possible to signal region, but:
• Invert some cuts to ensure orthogonality to signal region

• Loosen some cuts to gain statistics
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♦ Use to find data/MC 
scale factor (SF) for 
background yields in 
signal region

♦ Three CS's:  V+udscg, 
V+bb, tt

♦ Perform simultaneous 
fit to variables in all 
CS's to obtain SF's

Example:
Z(l+l-)H(bb)



CS Data/MC ComparisonCS Data/MC Comparison
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tt CS

W+bb CS

W(μν)
H(bb)

Z(e+e-)
H(bb)

W(eν)
H(bb) Z(μ+μ-)

H(bb)

Z+bb CS

Z+udscg CS

W+udscg CS

tt CS

tt CS

Z(νν)
H(bb)

Z(νν)
H(bb)



Signal Region DefinitionSignal Region Definition

♦ Define signal-enriched region (for BDT shape fit) 
orthogonal to control regions, cutting out background 
primarily via boost, b-tagging, and QCD-targeted cuts

♦ Three different categories per mode (see later slides)
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BDT TrainingBDT Training
♦ Shape analysis using BDT classification output

♦ Train BDT separately for different signal modes, mass points
• But combine e and μ modes for W(lν)H(bb), Z(l+l-)H(bb)

♦ For final BDT shape fit, reshape BDT (binning transformation) 
to avoid too little background MC in any one bin
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BDT ValidationBDT Validation
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W(eν)H(bb)
W+udscg CS

W(μν)H(bb)
tt CS

Z(μ+μ-)H(bb)
Z+bb CS

Z(e+e-)H(bb)
Z+udscg CS

Z(νν)H(bb)
W+bb CS



Event CategoriesEvent Categories

♦ Split events into three categories to increase sensitivity
• Only two categories for Z(l+l-)H(bb) – no sensitivity gain from third category

♦ Example:  W(lν)H(bb)   (note:  CSV2 is lowest CSV of Higgs jets)

• Loose b-tag, High p
T
(V):  0.0 < CSV2 < 0.4,  p

T
(W) > 170 GeV

• Nominal b-tag, Low p
T
(V):  CSV2 > 0.4,  120 GeV < p

T
(W) < 170 GeV

• Nominal b-tag, High p
T
(V):  CSV2 > 0.4,  p

T
(W) > 170 GeV 16

Loose b-tag High p
T
(V) Nominal b-tag Low p

T
(V) Nominal b-tag High p

T
(V)

W(eν)H(bb) W(eν)H(bb) W(eν)H(bb)



SystematicsSystematics

♦ Use up/down shape systematics for MC BDT shapes in fit, obtained 
via propagation of mis-tag, b-tag, JES, JER, and PU uncertainties 

♦ Normalization systematics for other contributions (including 
uncertainty on data/MC scale factors for background estimation)
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Combined M(jj) DistributionCombined M(jj) Distribution

♦ Without optimizing M(jj) plot, can already see VV peak

• Important cross-check for analysis

♦ Suggestive, small excess in 110-140 GeV range
18

High p
T
(V)

High p
T
(V)



ResultsResults
♦ Compute limits and p-values using 

full CL
s
 frequentist calculation

♦ Find broad excess for 115-135 GeV

♦ Expected limit (125 GeV):  1.15*SM

♦ Observed limit (125 GeV):  2.45*SM
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♦ Expected signif. 
(125 GeV):  2.1 σ

♦ Observed signif. 
(125 GeV):  2.2 σ

♦ Next goal is to find 
true “evidence” for 
SM H → bb:  3 σ



SM tSM tttH(bH(bbb) Analysis) Analysis
  

5 fb5 fb-1-1 (7 TeV) (7 TeV)
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♦ Another alternative to gluon-gluon 
fusion H → bb:  ttH(bb)

♦ Advantages/features:
• Leptonic triggers

• Double coupling to fermions 

• Factors out Higgs coupling to V

♦ Difficulties:
• Small production cross-section

• M(jj) resolution poor (combinatorics)

• Indistinguishable from tt+bb 
background

♦ Two categories (based on W decays):
• Lepton+jets (“LJ”)

• Dilepton (“DIL”)



Search StrategySearch Strategy

22

♦ Sub-categories based on number of jets and b-tagged jets (CSV)

♦ Use MVA:  fit ANN shapes (most important training variables:   
b-tagging, kinematics, angular correlations)

• Check training input distributions, ANN shapes with tt+bb CS

♦ Background estimation using tt+jets and V+jets MC, varying 
factorization/renormalization scale as a systematic (factor of two)

♦ Shape syst. for b-tag, mis-tag, JES, tt+jets factorization scale

Low S/B 
Categories

N
j
 = 2

N
b
 = 2

e+e-/μ+μ-

N
j
 = 2

N
b
 = 2

eμ

N
j
 >= 6

N
b
 = 2

DIL DIL LJ



ANN ShapesANN Shapes
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High S/B 
Categories

N
b
 >= 3

N
j
 >= 6

N
b
 >= 4

DIL

e+e-/μ+μ-
DIL eμ

N
j
 = 5

N
b
 >= 4

N
j
 = 4

N
b
 = 4

N
b
 >= 3

LJ LJ LJ



ResultsResults
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LJ + DIL 
Combined

LJ DIL

♦ Sensitivity dominated by 
lepton+jets mode

♦ Dilepton adds 5-10% improvement 
to sensitivity

♦ No excess seen

♦ Expected limit (125 GeV):  4.6*SM

♦ Observed limit (125 GeV):  3.8*SM



MSSM bMSSM bΦΦ(b(bbb) Analysis) Analysis
  

3-5 fb3-5 fb-1-1 (7 TeV) (7 TeV)
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♦ bΦ(bb):  Φ is one of MSSM neutral Higgs particles (h, H, A)

♦ Features:
• One of only two searches for Φ at CMS (also Φ  → τ+τ-)

• Search/limits in 2D parameter space:  M(Φ) and tan(β)

♦ Difficulties:
• Large QCD background

• Triggers CPU-expensive and can be kinematically restricting

♦ Two categories (based on trigger, ~3% overlap):
• All-hadronic:  3 b-jets

• Semi-leptonic:  3 b-jets + muon (no iso.)

♦ Lower p
T
 thresholds for semi-leptonic case

♦ Sub-categories based on Higgs mass
• “Low Mass”:  M(Φ) < 180 GeV;  “Medium Mass”:  M(Φ) > 180 GeV



Background EstimationBackground Estimation
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♦ Background estimation in signal region 
depends on category

• All-hadronic:  extrapolation from 
double b-tag QCD CS

• Semi-leptonic:  two comparable 
methods (b-tag matrix, hyperball)

♦ Main systematics:  b-tag efficiency, QCD 
fact./renorm. scale

♦ Shape systematics for b-tag, JES, JER

Semi-leptonic
QCD CS

QCD CS
All-hadronic All-hadronic

QCD CS



Signal Region FitsSignal Region Fits
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♦ Signal region binned likelihood fit:  2D for all-hadronic 
(M(jj), EventBTag), 1D for semi-leptonic (M(jj) only)

♦ No significant excess seen in either category

All-hadronic

Semi-leptonic



ResultsResults
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♦ Set upper limits at 95% CL on σ*BR and tan(β)

♦ Tevatron 2σ excess at low mass not confirmed by CMS



H → bH → bbb Search Summary Search Summary
♦ CMS has two SM H → bb analyses with public results (VBF 

H → bb in progress, substructure efforts continue)
• VH(bb):  5 fb-1 (7 TeV) + 12 fb-1 (8 TeV)

– 125 GeV limits:  1.15 (expected), 2.45 (observed)

– 125 GeV significance:  2.1 σ (expected), 2.2 σ (observed)

• ttH(bb):  5 fb-1 (7 TeV)
– 125 GeV limits:  4.6 (expected), 3.8 (observed)

– No excess seen

♦ Also MSSM bΦ(bb) analysis at CMS:  3-5 fb-1 (7 TeV)
• No significant excess seen

• High tan(β) region excluded

♦ Looking forward to analyzing the complete 8 TeV dataset for 
all analyses
• Hope to reach 3 σ significance in VH(bb) analysis 30
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b-tagging Performanceb-tagging Performance

32



ICHEP VH(bICHEP VH(bbb) Recap) Recap
♦ Limits @ 125 GeV:  Exp. ~1.6, Obs. ~2.1 

♦ Exp. comparable with CDF, D0 limits

♦ Results compatible with both 125 GeV signal, 
background fluctuation (μ = 0.6 ± 0.5)

♦ VH(bb) increasingly crucial analysis:  does 
new “Higgs” particle couple to b-quarks?
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New for HCP:
    - CMSSW 5.3.X.
    - 12 fb-1 8 TeV data
    - New MC
    - Analysis additions

~10 fb-1



W(eW(eνν)H(b)H(bbb) Event Display) Event Display
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VH(bVH(bbb) Signal) Signal
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♦ Z(l+l-)H(bb):
• Cleanest mode

• Least significant mode

• Main bkg:  Z+jets

♦ Z(νν)H(bb):
• High MET required 

(boosted Z → νν)

• Main bkg:  W/Z+jets, tt

♦ W(lν)H(bb):
• Most significant mode

• Main bkg:  W+jets, tt



VH(bVH(bbb) Backgrounds) Backgrounds

♦ Reducible backgrounds:
• QCD  (isolated leptons, 

Δφ(V,H), MET, b-tagging, 
Δφ(MET, j

nearest
))

• V+udscg  (b-tagging, boost)

• tt  (additional jets)

• Single top  (additional jets)

♦ Irreducible backgrounds:
• V+bb  (boost)

• Z(ll,νν)Z(bb)  (M(jj))

• W(lν)Z(bb)  (M(jj))
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VH(bVH(bbb) SF's) SF's
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VH(bVH(bbb) Triggers) Triggers
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MHT MHT



VH(bVH(bbb) MC) MC
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Process MC Generator

VH Powheg

V+jets Madgraph/Herwig

tt Madgraph, Powheg (7 TeV, 8 TeV)

Single top Powheg

VV Pythia

QCD multijet Pythia



VH(bVH(bbb) CS Definitions) CS Definitions
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Example:   W(lν)H(bb)



VH(bVH(bbb) BDT Plots) BDT Plots
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Loose b-tag High p
T
(V) Nominal b-tag Low p

T
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T
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VH(bVH(bbb) BDT Plots) BDT Plots
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Nominal b-tag Low p
T
(V) Nominal b-tag High p

T
(V)

Z(μ+μ-)H(bb) Z(μ+μ-)H(bb)
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bbΦΦ(b(bbb) Triggers) Triggers
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bbΦΦ(b(bbb) Background Pred.) Background Pred.
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All-hadronic



bbΦΦ(b(bbb) Background Pred.) Background Pred.
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Semi-leptonic
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