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Introduction

• H(125) discovery summer 2012:
5 fb-1 (7 TeV) + 5 fb-1 (8 TeV).

• Confirmation with full 7+8 TeV 
datasets: 5 fb-1 (7 TeV) +
19.4 fb-1 (8 TeV).

• Observation driven by the high-
resolution channels γγ and ZZ.

• Does it couple to fermions directly*? 
How?
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* H→γγ gives indirect evidence that H couples to quarks, but not to leptons.
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CMS searches for SM Higgs into fermions
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 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→
pp 

Decay modeDecay mode Production Channels
LuminosityLuminosity

DocumentsProduction Channels
7 TeV 8 TeV

Documents

bbbb

ττττττ

VH 13 5 fb-1 12.1 fb-1 CMS PAS HIG-12-044
ttH 20 5 fb-1 5.1 fb-1 arXiv:1303.0763

gluon fusion 9 (+8)
4.9 fb-1 19.4 fb-1 CMS PAS HIG-13-004

VBF 5
4.9 fb-1 19.4 fb-1 CMS PAS HIG-13-004

VH 12 5 fb-1 19.5 fb-1 CMS PAS HIG-12-053
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SM H→bb searches
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Nov 5, 2012Matthew Fisher

Analysis Strategy
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BDT Input Variables:

b-tagging
Kinematics

VH, H→bb  :  Analysis strategy

• Search in associated production with W or Z:
final states with leptons, MET and b-jets.

• Topologies: Z(νν)H(bb), W(lν)H(bb), Z(ll)H(bb)
l = e,µ

• General strategy:
• Boosted vector boson (V) and di-jet (H)
• b-jet energy regression
• Boosted decision tree (BDT) shape analysis

• Main backgrounds: V+jets, tt, VV, single top
• V+jets, tt normalisation estimated from data in control regions
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CMS PAS HIG-12-044

7 TeV (2011) 8 TeV (2012)
5 fb-1 12 fb-1

(last updated for HCP 2012)
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VH, H→bb  :  Event pre-selection and MVA

• Pre-selection for the BDT 
training.

• Categorisation:
[low-pT] (high-pT) and
(high-pT) with loose b-tag
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• BDT inputs  
• Results obtained from fits of the 

shape of the BDT output.
• ~20% improvement wrt to 

cut & count

6 6 Background Control Regions

Table 1: Variables used in the BDT training.

Variable
pT j: transverse momentum of each Higgs daughter
m(jj): dijet invariant mass
pT(jj): dijet transverse momentum
pT(V): vector boson transverse momentum (or Emiss

T )
CSVmax: value of CSV for the Higgs daughter with largest CSV value
CSVmin: value of CSV for the Higgs daughter with second largest CSV value
Df(V, H): azimuthal angle between V (or Emiss

T ) and dijet
|Dh(jj)|: difference in h between Higgs daughters
DR(jj): distance in h–f between Higgs daughters
Naj: number of additional jets
Df(Emiss

T , jet): azimuthal angle between Emiss
T and the closest jet (only for Z(nn)H)

Dqpull: color pull angle [35]

Table 2: Selection criteria for the samples used in the BDT training in each channel. Entries
marked with “–” indicate that the variable is not used in the given channel. Entries in paren-
thesis indicate the selection for the high pT(V) region. The second and third rows refer to the
pT thresholds on the leading (j1) and sub-leading (j2) jets. CSVloose

min is the requirement for the
loose b-tag category. The values listed for kinematical variables are in units of GeV.

Variable W(`n)H Z(``)H Z(nn)H
m`` – [75 � 105] –

pT(j1) > 30 > 20 > 60
pT(j2) > 30 > 20 > 30
pT(jj) > 120 – > 130
m(jj) < 250 [80 � 150] (< 250) < 250
pT(V) [120 � 170] (> 170) [50 � 100] (> 100) –

CSVmax > 0.40 > 0.50 (> 0.244) > 0.679
CSVmin > 0.40 > 0.244 > 0.244
CSVloose

min – (< 0.40) – – (< 0.244)
Nal = 0 – = 0

Emiss
T > 45 (elec) – [130 � 170] (> 170)

Df(Emiss
T , jet) – – > 0.5

Df(Emiss
T , Emiss

T
(trks)

) – – < 0.5
Df(V, H) – – > 2.0

6 6 Background Control Regions

Table 1: Variables used in the BDT training.

Variable
pT j: transverse momentum of each Higgs daughter
m(jj): dijet invariant mass
pT(jj): dijet transverse momentum
pT(V): vector boson transverse momentum (or Emiss

T )
CSVmax: value of CSV for the Higgs daughter with largest CSV value
CSVmin: value of CSV for the Higgs daughter with second largest CSV value
Df(V, H): azimuthal angle between V (or Emiss

T ) and dijet
|Dh(jj)|: difference in h between Higgs daughters
DR(jj): distance in h–f between Higgs daughters
Naj: number of additional jets
Df(Emiss

T , jet): azimuthal angle between Emiss
T and the closest jet (only for Z(nn)H)

Dqpull: color pull angle [35]

Table 2: Selection criteria for the samples used in the BDT training in each channel. Entries
marked with “–” indicate that the variable is not used in the given channel. Entries in paren-
thesis indicate the selection for the high pT(V) region. The second and third rows refer to the
pT thresholds on the leading (j1) and sub-leading (j2) jets. CSVloose

min is the requirement for the
loose b-tag category. The values listed for kinematical variables are in units of GeV.

Variable W(`n)H Z(``)H Z(nn)H
m`` – [75 � 105] –

pT(j1) > 30 > 20 > 60
pT(j2) > 30 > 20 > 30
pT(jj) > 120 – > 130
m(jj) < 250 [80 � 150] (< 250) < 250
pT(V) [120 � 170] (> 170) [50 � 100] (> 100) –

CSVmax > 0.40 > 0.50 (> 0.244) > 0.679
CSVmin > 0.40 > 0.244 > 0.244
CSVloose

min – (< 0.40) – – (< 0.244)
Nal = 0 – = 0

Emiss
T > 45 (elec) – [130 � 170] (> 170)

Df(Emiss
T , jet) – – > 0.5

Df(Emiss
T , Emiss

T
(trks)

) – – < 0.5
Df(V, H) – – > 2.0

Event pre-selection
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VH, H→bb  :  b-jet energy regression

• BDT regression trained on VH signal 
events using various jet + soft lepton 
variables.

• Better mass resolution (~15%)
→ 10-20% improvement in 
sensitivity.

• Extensive validation on data and MC, 
e.g., pT balance in Z(ll)+bb and 
reconstructed top quark mass
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Nov 5, 2012Matthew Fisher
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Regresion Improvements
 Dijet mass is a key ingredient in the analysis.

 Each jet is independently regressed  
   targeting the true b-jet energy

 The effect is a clear improvement in the dijet 
   mass resolution

 Better signal/background separation
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VH, H→bb  :  Background estimates

• V+jets and tt Monte Carlo yields corrected by scale factors (SF) from data control regions.

• SF obtained from simultaneous fits to the distributions of discriminating variables.

• Good agreement observed in calibration regions.
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Z+ light jets enriched control region
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      VH, H→bb  :  BDT analysis

• Examples of final BDT distributions at high 
pT(V), 8 TeV

• Excess of events observed for all channels in 
the BDT fit.
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W(eν)H(bb)

Z(νν)H(bb)

Z(ee)H(bb)
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 VH, H→bb  :  Results

• Reached SM sensitivity < 120 GeV.
• Significance of the excess at mH = 125 GeV

• Observed = 2.2σ, Expected = 2.1σ
• [Tevatron 2.8σ and 1.5σ, respectively]
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SMσ/σBest fit 
-4 -2 0 2 4 6

)b)H(bνW(l

)b)H(bννZ(

)b)H(b+l-Z(l

-1 = 8 TeV, L = 12.1 fbs -1 = 7 TeV, L = 5.0 fbs

CMS Preliminary  = 125 GeVHm

Signal strength MH(125) = 1.3+0.7
–0.6
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VH, H→bb  :  Mbb distribution

• Tighter cut-based selection for Mbb.
• Small excess in the signal region observed in the Mbb distribution
• Vector boson pair (VV) is showing up and is well described!
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• Main opportunity to directly probe the ttH vertex.
• Challenging!

• Categorisation
• di-lepton (ll) and lepton+jet (l+jets), l = e,µ
• number of jets (≥2) and b-tags (≥2)

• Data

• Main backgrounds from tt+light jets/cc/bb.

• Signal extraction
• Simultaneous fit of neural network (ANN) shape.
• Main inputs to ANN: b-tag, kinematic and angular correlations.

ttH, H→bb  analysis
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2 1 Introduction
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Figure 1: A typical Feynman diagram for tt̄H production, including the subsequent decays of
the top quarks and Higgs boson.

for both channels are used as control regions to check the modeling of the backgrounds. By49

far, the dominant background contribution is tt̄+jets production, including tt̄+ light flavor jets50

where one or more of the jets is mistagged, as well as tt̄ + cc̄ and tt̄ + bb̄ backgrounds. Smaller51

background contributions come from W+jets, Z+jets, single top quark, diboson, and tt̄+W/Z52

production.53

Because the backgrounds occur at a much larger rate than the tt̄H signal, additional separation54

between signal and background must be achieved using one or more discriminating variables.55

In the VH analyses, the most powerful discriminating variable is the invariant mass of the bb̄56

pair, which peaks near the Higgs mass for signal. By contrast, for tt̄H production, the presence57

of two additional b-quarks in the event creates combinatoric issues that prevents the reconstruc-58

tion of a clear resonant peak. This difficulty is illustrated in Fig. 2: The additional b-quarks from59

the top quark decays make it difficult to identify which tagged jets belong to the Higgs boson60

decay. Because most of the combinations are incorrect, the distribution of b-tagged jet pair61

invariant masses is smeared out, and is not significantly different from the tt̄+jets background.62

Despite the difficulty in resolving the Higgs boson resonant peak in the b-quark dijet mass63

distribution, there are still kinematic variables that show separation between the tt̄+jets back-64

ground and the tt̄H signal. These variables tends to fall into two categories: Variables that dis-65

criminate between events containing four b-quarks and those containing fewer and variables66

that distinguish between events containing top quark pairs plus an additional heavy object67

versus those that do not contain an additional heavy object. Although none of these variables68

separately is as powerful as the dijet invariant mass would be if the Higgs peak could be re-69

solved, combining the variables using a multivariate analysis technique (MVA) yields sufficient70

separation to set competitive limits in this channel.71

In the sections below, the full analysis is described in detail, from sample definition and event72

selection through MVA techniques, systematics, and limit setting.73

CMS PAS HIG-12-035 
arXiv:1303.0763

7 TeV (2011) 8 TeV (2012)

5 fb-1 5.1 fb-1

http://arxiv.org/abs/arXiv:1303.0763
http://arxiv.org/abs/arXiv:1303.0763


Roberval Walsh (DESY) LISHEP2013, H → bb,ττ in CMS

ttH, H→bb  :  ANN analysis

• Good agreement between data and background.
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l + 5 jets + 3 b-tags ll + ≥3 jets + ≥3 b-tagsl + ≥ 6 jets + 3 b-tags
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ttH, H→bb  :  Results

• Lepton+jet channel is the most 
sensitive, di-lepton improves by 
5-10%.

• No evidence of an excess.

• 95% CL upper limits on cross 
section at mH(125):
• Expected = 5.2 × σSM

• Observed = 5.8 × σSM

14
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SM H→ττ searches
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H → ττ  :  Analysis strategy
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• Inclusive H→ττ decay patterns
CMS PAS HIG-13-004

• Associated production with vector bosons, VH
CMS PAS HIG-12-053

• Data

• Selection (inclusive search)
• Isolated and well-identified e, µ and τh

• Topological cuts (MVA in µµ channel) to suppress backgrounds
• Categorisation based on number of jets and pT(τ)
• Template fit to mττ shape ( mττ × mµµ in the µµ channel )

)ĺ WW Search

22-25 Jan 2013 R. Mankel, MSSM Higgs Searches at CMS 7

only in SM 

search

z Good compromise between relatively 
large BR and manageable backgrounds

z Recent CMS analysis covers four of six 
possible WW decay patterns

Production mechanisms & event categories
B-Tag t1 b-tagged jet with

pT > 20 GeV

d 1 jet with 
pT > 30 GeV

No B-Tag no b-tagged jet with 
pT > 20 GeV

associated production

gluon-gluon fusion

• τh + τh• µ + τh• e + τh• e + µ• µ + µ• e + e

→ included in
CMS analysis

• WH: llτh, τhτhl

• ZH: llττ｛

7 TeV (2011) 8 TeV (2012)

5 fb-1 19 fb-1

l = e,µ

(τh : hadronic decay)
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H → ττ  :  Event categories

17

• Event classification according to the number of jets and the pT of … 
• the visible τh (µτh, eτh)    or
• the hardest lepton (µµ, eµ)

0 jets 1 jet 2 jets (VBF)

eµ
µµ
µτh

eτh

eµ
µµ
µτh

eτh

τhτh

Low pT

• background calibration
• no signal extracted

Low pT

• Large statistics eµ, µτh, eτh: minimum mjj and 
|Δηjj| requirements,
central jet veto

µµ: MVA selection
High pT

• background calibration
• no signal extracted

High pT

• Better mττ resolution
• Suppressed Z→ττ 
background

eµ, µτh, eτh: minimum mjj and 
|Δηjj| requirements,
central jet veto

µµ: MVA selection

× Minimum Higgs candidate pT

Minimum mjj and |Δηjj| 
requirements.

Minimum Higgs candidate pT
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µµ

H→ττ  :  Background estimation

18

Z→ττ: Embedding, 
replace µ in Z→µµ 
events by simulated 
τ decays; normalised 
by Z→µµ events.

QCD: Normalisation 
and shape from
SS/OS

ttbar: shape from 
simulation; 
normalisation from 
sideband

Z→ee/µµ: from 
simulation, corrected 
for jet→τ, e/µ→τ fake 
rate

Di-boson/W+jets: 
shape from 
simulation; 
normalisation from 
sideband

Z→µµ for the µµ 
channel:
shape from MC; 
normalisation from 
template fits to DCA 
significance

Background estimation 
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fake rate 

Diboson/ 
W+Jets: Shape from 
simulation ; normalisation 
from side band 

ttbar: Shape from 
simulation ; 
normalisation from 
side band 

QCD: Normalisation and 
shape taken from SS/OS 

�їʅʅ for the ʅʅ�
channel: Shape from MC, 
normalisation from 
template fits to DCA 
significance 

Meanwhile in the ʅʅ�ĐŚĂŶŶĞů͙  
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H → ττ  :  Reconstruction of τ-pair mass

19

• Invariant mass of ττ determined using a maximum 
likelihood fit.

• Estimated on event-by-event basis using four-
momenta of visible decay products, Exmiss, Eymiss, 
expected ETmiss resolution

Reconstruction of ɒ�pair 
• The invariant mass of the two ʏ�is determined with maximum likelihood method 

• Inputs: four-vector information of visible leptons, x- and y- component of MET 

on event by event basis 

• Free parameters: 

•  ʔ of the ʏ�in the lab frame 

•  x, fraction of the ʏ�energy in the lab frame 

carried by the visible products 

•  mʆʆ  in the case of leptonic decay 

• Scan of mʏʏ up to 2TeV 

• 15-20% resolution of the reconstructed mʏʏ mass. 
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H → ττ  :  mττ distributions

• In the µµ final state, 
results from statistical 
inference on the 2D 
distribution of the mττ 
and mvis.

20

2-Jet (VBF) category

µτh eτheµ

µµτhτh



Roberval Walsh (DESY) LISHEP2013, H → bb,ττ in CMS

H → ττ  :  combined mττ distribution

• Signal-like excess seen!

• Compatible with H(125)!

• Inset: background 
subtracted.

21
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H → ττ  :  VH analysis

• Small background compared to 
inclusive H→ττ.

• Channels: llτh, τhτhl, llττ
(l=e,µ; τ→e,µ,τh)

• Signal extracted from mass of visible 
decay products.

22

llττ lτhτh

llτh
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H→ττ  :  95% CL upper limits on σ/σSM

• Broad excess observed compatible with
SM Higgs with mH = 125 GeV.

• 95% CL upper limits on cross section at mH(125)
• Expected = 0.77 × σSM

• Observed = 1.80 × σSM

23

signal as background

signal injected

Include VH, H→ττ
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H→ττ  :  Signal strength

• All channels combined:                             at mH = 125 GeV.
• Compatible with the SM expectations.
• Consistent across channels and categories. 

24

µ = 1.1 ± 0.4ˆ
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H→ττ  :  Significance

• Expected (observed) 
significance at mH = 125 GeV:
2.62 σ (2.85 σ)

• Minimum p-value (2.93 σ) at
mH=120 GeV

25

Evidence of direct coupling of Higgs to taus!
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Higgs searches in the context of the
Minimal Supersymmetric Model

26
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MSSM Higgs bosons

27

• The MSSM features two Higgs 
doublets.

• Symmetry spontaneously broken twice
• Higgs sector: Five Higgs particles

• Three neutral: φ = h, H, A 
• Two charged: H±

• Observed 126 GeV state often identified 
as the lightest Higgs (h)

• At tree level, two independent 
parameters:
• mA

• tan β (ratio of v.e.v. of the two Higgs 
doublets)

• The mass of the CP-odd Higgs boson 
A is usually ~degenerate with one of 
the CP-even bosons

g

g

Hϕ
gluon fusion

associated with b quarks

g

g

H

t

t̄

ϕ
b

b
_

Neutral Higgs bosons production
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MSSM Higgs searches in CMS

28

ModeMode Production Channels
LuminosityLuminosity

DocumentsProduction Channels
7 TeV 8 TeV

Documents

φ → bb

φ → ττφ → ττ

φ → µµφ → µµ

H± → τ±ν 

bbφ 2 4.8 fb-1 – CMS PAS HIG-12-033
gg→φ 4

4.9 fb-1 12.1 fb-1 CMS PAS HIG-12-050
bbφ 4

4.9 fb-1 12.1 fb-1 CMS PAS HIG-12-050

gg→φ 1
4.9 fb-1 – CMS PAS HIG-12-011

bbφ 2
4.9 fb-1 – CMS PAS HIG-12-011

t → H+b 1 4.9 fb-1 – CMS PAS HIG-12-052
*
*

Not discussed in this presentation*

http://cds.cern.ch/record/1514641
http://cds.cern.ch/record/1514641
http://cds.cern.ch/record/1493521
http://cds.cern.ch/record/1493521
http://cds.cern.ch/record/1453716
http://cds.cern.ch/record/1453716
http://cds.cern.ch/record/1502246
http://cds.cern.ch/record/1502246
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MSSM φ → bb searches

29
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MSSM φ → bb searches

• MSSM neutral Higgs boson decaying to b quakrs
and produced in association with b quark(s)
• Enhancement wrt SM for tan β > 1
• Large BR(φ→bb) even at large masses

• Only b-jets (and radiation) in the final state:
• Challenging triggers at the LHC

• Two complementary approaches:
• “All-hadronic” trigger: requiring up to 3 jets; ≥ 2 b-tags (3 offline b-tags)
• “Semileptonic” trigger: requiring 2 jets; ≥ 1 or 2 b-tags (3 offline b-tags);

≥ 1 muon from B-hadron decay
• Almost independent samples (2–3% overlap)

• Data: 2.7 fb-1 – 4.8 fb-1 at 7 TeV (2011)

• Background: heavy flavour multi-jet, derived from the data.

• Signal would appear as a peak in the di-jet mass distribution in triple-btag sample.

30

Yes, we can!

associated with b quarks
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MSSM φ → bb  :  Signal templates

• Pythia in the 4-flavour scheme.
• Invariant mass M12 of the two leading jets. 
• Variable X123 computed from the secondary vertex mass of the three leading jets, 

reflects the b-tag content of the event → further signal / background separation.

31

(all-hadronic)

X123
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MSSM φ → bb  :  Background model

32

• Data-driven background modelling 
from double b-tag sample.

• Untagged jet is weighted according to 
the b-tag probability and the 
corresponding SV mass index 
probability of assumed flavour.

• Almost identical templates merged 
• bbX = bbC + bbQ
• (Fb)b = Fbb+bFb, where F=B,C,Q

• X123 gives further distinction between 
different flavour compositions.

• Five 2D templates: M12 vs. X123 

• Normalisation from fit to data 
spectrum.
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• Fit with background only templates with shapes obtained with double b-tag sample.
• About 73% contribution of real triple b jets.
• Excellent agreement with triple b-tag data

MSSM Φ → bb  :  Fit to data

33
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MSSM Φ → bb  :  Fit to data

• Signal + background templates fits

• Mass range 90 – 350 GeV

• No significant excess observed 
at any mass

34
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Semileptonic Analysis
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• Background normalisation and shape 
obtained from data in control regions.
• Two independent methods using single

and double b-tag data samples.
• Mass range 90 – 350 GeV.
• No significant excess observed at any mass.

MSSM Φ → bb  :  Semileptonic analysis
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MSSM Φ → bb  :  Limits
• All-hadronic and semileptonic analysis are almost orthogonal, 2-3% overlap (removed from 

all-hadronic dataset)
• Upper limits for σ×BR and tanβ vs mA (NNLO 5-flavour scheme cross sections - Higgs XS WG)
• CMS convention: SUSY parameter µ = + 200 GeV

• For comparison with Tevatron, we also give results for µ = –200 GeV (nex
36
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MSSM φ → bb  :  Comparison with Tevatron

• CDF–D0 +2σ excess at low mass not confirmed.
• First time done at the LHC!
• World’s best sensitivity in the bb channel, with 2011 data alone.

37
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MSSM φ→ττ searches

38
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• Good compromise between
relatively large BR also at high
masses and manageable
backgrounds.

• Triggers, lepton selection, τ mass reconstruction, background treatment:
same as in the SM H→ττ searches

φ → ττ  :  Analysis strategy

39

)ĺ WW Search

22-25 Jan 2013 R. Mankel, MSSM Higgs Searches at CMS 7

only in SM 

search

z Good compromise between relatively 
large BR and manageable backgrounds

z Recent CMS analysis covers four of six 
possible WW decay patterns

Production mechanisms & event categories
B-Tag t1 b-tagged jet with

pT > 20 GeV

d 1 jet with 
pT > 30 GeV

No B-Tag no b-tagged jet with 
pT > 20 GeV

associated production

gluon-gluon fusion

• τh + τh• µ + τh• e + τh• e + µ• µ + µ• e + e

→included in CMS
MSSM analysis

associated with b quarks

g

g

H

t

t̄

ϕ
b

b
_

g

g

Hϕ
gluon fusion

Production mechanisms & event categoriesProduction mechanisms & event categoriesProduction mechanisms & event categories

b-tag category ≥ 1 b-tagged jet with pT > 20 GeV
≤ 1 jet with pT < 30 GeV

no b-tag category NO b-tagged jet with pT > 20 GeV
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φ → ττ  :  mττ distributions

40

• No excess observed.

• All distributions well 
described by 
background-only 
hypothesis.

b-tag category

µτh eτh

eµ µµ
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MSSM φ → ττ  channels sensitivity

• Sensitivity driven by
• single lepton channel
• No b-tag category

41
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φ → ττ  :  MSSM limits

• Interpretation in the mhmax scenario

• 95% CL exclusion limit in mA–tanβ 
parameter space
• tanβ < 5 for mA ≤ 250 GeV
• Touching LEP constraint at low mA
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SMσ/σBest fit 
-4 -2 0 2 4 6

)b)H(bνW(l

)b)H(bννZ(

)b)H(b+l-Z(l

-1 = 8 TeV, L = 12.1 fbs -1 = 7 TeV, L = 5.0 fbs

CMS Preliminary  = 125 GeVHm

Summary
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• Evidence of new 125 GeV 
particle direct coupling to 
fermions: τ leptons and
b quarks.

• No excess observed in 
MSSM Higgs searches.

• Most analyses still to add 
the full 2012 dataset.

• Further improvements in the 
analyses are possible.

• Stay tuned!
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additional material

44
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How CMS detects particles

45
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VH, H→bb  trigger

46

Triggers 7 TeV (2011) 8 TeV (2012)

W(µν)H
Z(µµ)H

≥ 1 (isolated) muon
pTµ > 17–40 GeV/c

≥ 1 (isolated) muon
pTµ > 24–40 GeV/c

W(eν)H
≥ 1 isolated electron
pTe > 17–30 GeV/c
(≥ 2 jets for lower threshold)

≥ 1 isolated electron
pTe > 27 GeV/c

Z(ee)H
≥ 2 isolated electrons
pTe,1st > 17 GeV/c
pTe,2nd > 8 GeV/c

≥ 2 isolated electrons
pTe,1st > 17 GeV/c
pTe,2nd > 8 GeV/c

Z(νν)H
MET > 150 GeV OR
≥ 2 central jets pT > 20 GeV
MET > 80-100 GeV

MET > 150 GeV OR
≥ 2 central jets pT > 30 GeV,
MET > 80 GeV
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• Extensive validation on data and MC
• E.g., pT balance in Z(ll)+bb and reconstructed top quark mass

VH, H→bb  regression validation
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VH, H→bb  Systematics

48

10 8 Results

Table 7: Uncertainties in the signal and background yields due to the systematic uncertainty
in the sources listed. The ranges quoted are due to variations from 7 to 8 TeV data, different
modes, specific processes, and Higgs boson mass hypothesis. See text for details.

Source Range
Luminosity 2.2-4.4%

Lepton efficiency and trigger (per lepton) 3%
Z(nn)H triggers 3%
Jet energy scale 2–3%

Jet energy resolution 3–6%
Missing transverse energy 3%

b-tagging 3–15%
Signal cross section (scale and PDF) 4%

Signal cross section (pT boost, EWK/QCD) 5–10% / 10%
Signal Monte Carlo statistics 1-5%
Backgrounds (data estimate) ⇡ 10%

Single-top (simulation estimate) 15–30%
Dibosons (simulation estimate) 30%

8 Results287

The results are obtained from combined signal and background fits to the shape of the output288

distributions of the BDT algorithms trained separately for each channel and for each Higgs289

boson mass hypothesis in the 110–135 GeV range examined. In the fit the BDT shape and290

normalization, for signal and for each background component, are allowed to vary within the291

systematic and statistical uncertainties described in Section 7. These uncertainties are treated292

as nuisance parameters in the fit, with appropriate correlations taken into account. All nui-293

sance parameters, including the scale factors described in Section 6 get adjusted by the fit.294

Figs. 1–5 show examples of these BDT distributions, using the adjusted scale factors, for the295

mH= 125 GeV training for both pT(V) bins, each channel, for the 8 TeV data.296

The results of all channels, for the two pT(V) bins and for both the 7 TeV and the 8 TeV data,297

are combined to obtain 95% confidence level upper limits on the product of the VH production298

cross section times the H ! bb branching ratio, with respect to the expectations for a standard299

model Higgs boson (s/sSM). The observed limits at each mass point, the median expected300

limits, and the 1s and 2s bands are calculated using the modified frequentist method CLs [49–301

51]. Table 8 lists these limits, and Fig. 6 displays the results. In the mass range studied, the302

observed 95% CL upper limits vary from 1.0 to 4.2 times the standard model prediction, and303

the corresponding expected limits vary from 0.9 to 1.9. At a Higgs boson mass of 125 GeV304

the observed limit is 2.5 and the expected limit is 1.2. The maximum excess is observed near a305

Higgs boson mass of 130 GeV. Given that the resolution for the reconstructed Higgs boson mass306

is ⇡ 10%, the results are very compatible with a Higgs mass of 125 GeV. This is demonstrated307

by the red dashed line in the figure, which is the the observed limits obtained from replacing the308

data with the sum of expected background and signal for a Higgs boson at a mass of 125 GeV.309

For all channels an excess of events over the expected background contributions is indicated310

by the fits of the BDT output distributions. Fig. 7 shows the probabilities (p-values) that the311

observed excess is due to background fluctuations alone, as a function of the Higgs boson mass312

hypothesis. For a mass of 125 GeV the excess of observed events is 2.2 standard deviations, and313

is consistent with the standard model prediction for Higgs boson production. The fit also re-314

turns the most likely value of the production cross section for a 125 GeV Higgs boson, relative315
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ttH, H→bb  Systematics
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H→ττ  :  Embedding

• Z→ττ is the main irreducible background.
• Estimated from embedded sample: µ in Z→µµ events replaced by simulated τ.
• Normalised from Z→µµ events.

50

Background estimation 
• �їʏʏ: most important irreducible background estimated from an embedded 

sample.  
• dŚŝƐ�ƐĂŵƉůĞ�ŝƐ�ĚĞƌŝǀĞĚ�ĨƌŽŵ��їʅʅ�events in data where each muon has been replaced by 

a simulated ʏ�lepton decay. 
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• �їʏʏ: most important irreducible background estimated from an embedded 
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Event selection All-hadronic Semi-leptonic

Triggers ≥ 2 or 3 Jets
≥ 2 b-tagged Jets

≥ 1 Muon
≥ 1 or 2 Jets
≥ 1 or 2 b-tagged Jets

Jets

≥ 3 Jets 
pT1st > 46 (60) GeV
pT2nd > 38 (53) GeV
pT3rd > 20 GeV
3 leading Jets b-tagged

≥ 3 Jets
pT1st,2nd > 30 GeV
pT3rd > 20 GeV
3 leading Jets b-tagged

Muon – ≥ 1 Muon, pT > 15 GeV

MSSM Φ → bb
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MSSM Φ → bb (semileptonic)

• Background estimation – semi-leptonic

• BTagMatrix
• B-tag probability matrices (bbj sample).
• B-tag eff from MC, flavour fractions from 

data
•  

• Hyperball (nearest neighbour)
• Sample bjj (excl bbj sample)
• Compute the fraction f of similar events 

passing full selection.
•  

• The two methods are combined
• Use bin-per-bin weighted average

of B-tag Matrix and Hyperball prediction
to get background shape.

52

Introduction All-hadronic Semi-leptonic Combination Combined Results Conclusion Backup

Background: B-tag Matrix

Build B-tagging probability matrices P3rd jet
b�tag (. . .) in control region for

third jet, as a function of 3rd jet and event parameters;

P3rd jet
b�tag (. . .) = ✏b · fb + ✏c · fc + ✏l · 1� fb � fc

I b-tagging e�ciencies ✏0s from MC ✏ = ✏(ET , |⌘|,Ntrk )

I flavour fractions fb,c,l from Data
F Fit Mass@Vertex and JetBProbability for third jet with templates built

from MC;

Estimate any bbb distribution F (x ; bbb) for variable x in signal
region starting from same distribution for bbj ;

F (x ; bbb) = F (x ; bbj)⌦ P3rd jet
b�tag (. . .)

S. Lacaprara (INFN Padova) Hbb CERN 31/08/2012 17 / 60

Introduction All-hadronic Semi-leptonic Combination Combined Results Conclusion Backup

Hyper Ball
Second approach, independent background estimation.

Start from bjj sample, control region;

For each event in (bjj)CR select a set of similar events O(100) from
a large training sample O(500 000)

Compute the fraction f of these events passing full selection (bbb)
(weighted with distance);

similarity is defined by distance between events in hyperspace
D2 =

PnV
i=1 w

2
i (x

test
i � x trainingi )2

I with xi jets or event variables (pT , ⌘, ��ij , . . . ): total of 14 variables
used;

I wi weight to account for di↵erent variable values and for variability of
f vs a given variable;

F (x ; bbb) = F (x ; bjj)⌦ f

S. Lacaprara (INFN Padova) Hbb CERN 31/08/2012 18 / 60
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MSSM φ → bb Systematics

• Systematic uncertainties on the signal yield

53

9

Table 1: Systematic uncertainties on the signal yield from the various sources listed in the first
column. The following two columns list the resulting uncertainties in the all-hadronic and
semileptonic analyses. The upper group is for the signal, the lower for the model-dependent
limits. A range indicates the variation across the probed Higgs boson mass values. The source
with † also affects the background, while those with ? only affect the model-dependent results
in the space of the MSSM parameters MA and tan b. The sources labeled with “rate” affect only
the total signal yield, those with “shape” also the shape of the signal.

Source All-hadronic Semileptonic Type
Trigger efficiency 10% 3 � 5% rate
Online b-tagging efficiency 32% – rate
Offline b-tagging efficiency 10–13%† 12% shape/rate
b-tagging efficiency dependence on topology 6% – rate
Jet energy scale 1.4–6.8% 3.1% shape/rate
Jet energy resolution 0.6–1.3% 1.9% shape/rate
Muon momentum scale and resolution – 1% rate
Signal Monte Carlo statistics 1.1–2.6% rate
Integrated luminosity 2.2% rate
PDF and as uncertainties 3–6%? 2.7–4.7%? rate
Factorization and renormalization QCD scale 6–28%? rate
Underlying event and parton showering 4%? rate

their results. This is done by performing a weighted average of their bin-by-bin predictions, us-
ing the statistical uncertainties si as weights (w = 1/s2

i ). In case the c2 of the average is greater
than 1, (

p
c2 � 1) · si is used, bin-by-bin, as an additional systematic uncertainty, following the

Particle Data Group prescription [32].

6 Systematic uncertainties

Various systematic uncertainties on the expected signal and background estimates affect the
cross section estimation and, consequently, its interpretation within the MSSM. In both analy-
ses the main source of systematic uncertainty on the estimated signal yield comes from uncer-
tainties related to jet reconstruction and b tagging. The second source is the turn-on behavior of
the trigger efficiency, given the rather low thresholds used in the event selection. Other sources
include uncertainties on the integrated luminosity and lepton identification. The theoretical
cross sections used for the MSSM interpretation are subject to factorization and renormaliza-
tion scale uncertainties, uncertainties due to the choice of parton distribution functions and as,
and uncertainties from the underlying event and parton shower modelling [33]. These uncer-
tainties affect only the computation of the upper limits for the MSSM parameter tan b from the
cross section results. The systematic effects directly affecting the signal efficiency, hence the
cross section and MSSM interpretation, are summarized in Table 1.

There are systematic uncertainties that affect only the all-hadronic or semileptonic analyses. In
the all-hadronic analysis, Table 1 includes systematic uncertainties related to the efficiency of
the online b-tag selection relative to that applied offline, and to a slight dependence of the b-
tagging efficiency on the jet topology. Various uncertainties also affect the shapes of the signal
and background templates used in the fit. Shape-altering effects from uncertainties on the jet
energy scale, jet energy resolution, b-tagging efficiency and mistag rates are accounted for in the
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MSSM φ → bb Limits
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Semileptonic All-hadronic
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φ → bb Tevatron

55

)Æ bb Search:
Comparison with Tevatron

Î Not confirming ~2V-plus excesses seen by CDF + DZero
Î First time this is done at the LHC
Î Already with 2011 data, CMS has much higher sensitivity

22-25 Jan 2013 R. Mankel, MSSM Higgs Searches at CMS 19


