
Higgs searches with CMS

Roberto Salerno



Roberto Salerno18th April 2011, Lyon, GDR 

Outline

2

✓ CMS’s path to the Higgs 

✓ Hunting the Higgs with the 2010 data 
    ✓ status of CMS searches

✓ Higgs projections
    ✓ how we can discover the (“SM”) Higgs 
       (or prove it doesn’t exist)
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Outline
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✓ CMS’s path to the Higgs 

✓ Hunting the Higgs with the 2010 data 
    ✓ status of CMS searches

✓ Higgs projections
    ✓ how we can discover the (“SM”) Higgs 
       (or prove it doesn’t exist)

CMS’s path to the Higgs with the 2010 data
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CMS detector

4
M. Chiorboli - SUSY searches in CMS Moriond QCD and High Energy Interactions - La Thuile, March 20-27 2011

Compact Muon Solenoid - CMS

1027 cm-2  s-1

2x1032 cm-2  s-1

20

bunch trains 
commissioned

Luminosity uncertainty < 4% already!
Good understanding of machine

≈100M channels each 
≈98% channels operational
Makes event reconstruction and 
comparison with simulations much 
easier

CMS transverse view
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CMS’s path to Higgs 

36 pb-1 at √s = 7 TeV
leptonic final states (l=e,μ)

Theory
CMS±errexp

CMS±errexp±errtheo 

CMS preliminary 2010
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CMS’s path to Higgs 
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36 pb-1 at √s = 7 TeV
leptonic final states (l=e,μ)

Theory
CMS±errexp

CMS±errexp±errtheo 

CMS preliminary 2010

FSR→

ISR
→

Zɣ

The first di-boson 
observation

W/Z + gamma 
production 
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36 pb-1 at √s = 7 TeV
leptonic final states (l=e,μ)

Theory
CMS±errexp

CMS±errexp±errtheo 

CMS preliminary 2010

FSR→

ISR
→

Zɣ

An example of finding tiny signal 
with leptons, MET, b-tag & jets

The first di-boson 
observation

W/Z + gamma 
production 

Single top
production
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36 pb-1 at √s = 7 TeV
leptonic final states (l=e,μ)

Theory
CMS±errexp

CMS±errexp±errtheo 

CMS preliminary 2010

FSR→

ISR
→

Zɣ

An example of finding tiny signal 
with leptons, MET, b-tag & jets

The hunt is starting ...

The first di-boson 
observation

W/Z + gamma 
production 

Single top
production

WW
production
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CMS’s path to Higgs 

36 pb-1 at √s = 7 TeV
leptonic final states (l=e,μ)

Theory
CMS±errexp

CMS±errexp±errtheo 

CMS preliminary 2010

Probability of observing a pp→ ZZ →4μ event 
in 36 pb-1 is ~ 20%  

A beautiful event
observed in data
(walked in early !)

PTμ1 = 48.1GeV/c
PTμ2 = 43.4GeV/c
PTμ3 = 25.9GeV/c
PTμ4 = 19.6GeV/c

Mμ1μ2 = 92.15 GeV/c2

Mμ3μ4 = 92.15 GeV/c2 

M4μ = 201 GeV/c2 

μ1

μ2

μ3

μ4

ZZ
observation
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✓ CMS’s path to the Higgs 

✓ Hunting the Higgs with the 2010 data 
    ✓ status of CMS searches

✓ Higgs projections
    ✓ how we can discover the (“SM”) Higgs 
       (or prove it doesn’t exist)

Outline

Hunting the Higgs with the 2010 data

10
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gg→H→WW*→lνlν

11

✓ The signature
✓ 2 opposite charged isolated leptons 
✓ high missing energy
✓ no jet activity

✓ The backgrounds
     real or fake sources of leptons and MET:
       ttbar, tW, DY, W+jets
     irreducible: 
        WW 

✓ Use spin correlation

✓ No narrow mass peak can be reconstructed

✓ Count excess 
    ✓ cut based analysis 
    ✓ multivariate approach 

proton

W–

ν

e+

W+

H0

ν

e–

antiproton

g

g

Among various channels for the Standard Model Higgs searches, 
CMS only published Higgs to WW in di-lepton final state.

arXiv:1102.5429, accepted by PLB for publication

Higgs to WW Searches - Dmytro Kovalskyi (UCSB)April 11, 2011

CMS SM Higgs Results

• Among various channels for the Standard 
Model Higgs searches, CMS only published 
Higgs to WW in dilepton final state.

• arXiv:1102.5429, accepted by PLB for 
publication

• Other channels don’t have enough 
sensitivity with 36/pb of data at 7 TeV

• In this talk only Higgs to WW searches are 
presented

4

Other channels don’t have enough sensitivity with 36 pb-1 of data at 7 TeV
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Higgs to WW Searches - Dmytro Kovalskyi (UCSB)April 11, 2011

Event Selection Overview

• Key selection requirements:

• two energetic isolated leptons 
(electron or muon), pt>20GeV  - 

QCD, Wjets

• large missing transverse energy (MET) 
and Z veto - Drell-Yan

• jet veto (no jets above 25GeV Pt) - 
Top

• kinematics (mll, d!) - WW 

• Final step selection requirements are 
optimized for different Higgs mass 
hypotheses

7
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Selections
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proton

W–

ν

e+

W+

H0

ν

e–

antiproton

g

g

gg→H→WW*

Di-boson WW
selection

13 selected 
SM-WW candidates

✓ 2 OS leptons, pT > 20 GeV/c  

✓ ml+l- > 12 GeV/c2  

✓ projected MET cut & Z-veto

✓ jet-veto & b-jet tag 
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Selections

13

Higgs WW
selection

proton

W–

ν

e+

W+

H0

ν

e–
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g

gg→H→WW*

Di-boson WW
selection
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13 selected 
SM-WW candidates

✓ 2 OS leptons, pT > 20 GeV/c  

✓ ml+l- > 12 GeV/c2  

✓ projected MET cut & Z-veto

✓ jet-veto & b-jet tag 

✓ optimize cuts as a function of mH

✓ cut based approach  
     variables: mll, pT,lmax, pT,lmin, Δφll

✓ multivariate approach
     BDT 
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Background estimation

14

Irreducible WW

✓ gg→WW:  from MC
✓ ∼50% uncertainty from PDFs, QCD 
renormalization and scale

proton

W–

ν

e+

W+

H0

ν

e–

antiproton

g

g

gg→H→WW*

✓ pp→WW: data-driven
✓ depending on mH hypothesis, mll can be inverted 
to obtain a signal-free region, dominated by WW
✓ WW extrapolated in the signal region 
(cancelation of systematics in the ratio)
✓ ∼50% uncertainty with L=36pb-1
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Background estimation

15

Irreducible WW

✓ gg→WW:  from MC
✓ ∼50% uncertainty from PDFs, QCD 
renormalization and scale

proton

W–

ν

e+

W+

H0

ν

e–

antiproton

g

g

gg→H→WW*

Reducible backgrounds

✓ W+jets background (W+fake lepton)
✓ estimated from fake rate on a jet dominated 
sample, systematics from jet composition in control 
and signal sample

✓ Top background in the 0th jet bin
✓ estimated from MC due to lack of statistics 
(100% systematic) 
strategy on top-enriched sample for the future

✓ DY/γ* background 
✓ extrapolation from Z peak region in the signal 
region

Background Estimate Source

W+jets 1.7±0.4(stat)±0.7(syst) data-driven

top 0.77±0.05(stat)±0.77(syst) from MC

DY/γ* 0.2±0.2(stat)±0.3(syst) data-driven

others 0.62±0.07(stat) from MC

✓ pp→WW: data-driven
✓ depending on mH hypothesis, mll can be inverted 
to obtain a signal-free region, dominated by WW
✓ WW extrapolated in the signal region 
(cancelation of systematics in the ratio)
✓ ∼50% uncertainty with L=36pb-1
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Systematics
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proton

W–

ν

e+

W+

H0

ν

e–

antiproton

g

g

gg→H→WW*

12 6 Signal Efficiencies & Systematics Uncertainties

(a) Powheg reweighted to NNLO+NNLL Higgs pT spectrum

(b) MC@NLO reweighted to NNLO+NNLL Higgs pT spectrum

Figure 7: Scale variation bands for the H → W+W− cross section after a GenJet veto, as pre-
dicted by the NNLO calculation, Powheg reweighted to the NNLO+NNLL Higgs transverse
momentum spectrum (a), and MC@NLO reweighted to the NNLO+NNLL Higgs transverse
momentum spectrum (b).

Due to several factors, the energy scale for electrons and the momentum scale for muons, have241

a large uncertainty for the current data reconstruction version [12]. Hence, we have assigned242

an additional systematic uncertainty by varying the transverse momentum of the muons by243

1%, and 2% and 4% for electrons in the barrel and the endcap, respectively. The contribution to244

the uncertainty on the signal efficiency is about 1.3% only.245

The effect of the pile-up has also been evaluated by reweighting the Monte Carlo simulation to246

match the number of reconstructed vertices found in data. The effect for events with real E
miss
T247

is relatively small, just about 0.5%.248

Uncertainties on PDFs, are considered and contribute to the signal efficiency uncertainty on249

about 3%. We have also computed the change of the acceptance of having two lepton in the250

✓ the most delicate ingredient of the analysis
✓ estimate from data as a ratio:

                         εdataH→WW = εMCH→WW  (εdataZ/εMCZ)

- ratio εMCH→WW/εMCZ is known theoretically
- experimental uncertainties cancel out 
✓ Estimate of uncertainties using different generators

Jet Veto

Source
Relative uncertainty 

(%)

Luminosity 11

Trigger ε 1.5

Muon ε 1.9

Electron ε 2.4

Momentum scale 1.4

MET 1.0

Jet veto ε 6.9

PDF 3.0

Dominating uncertainties: 
luminosity, jet veto
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Event yields

BDT Output
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 int
 = 7 TeV, LsCMS, 

data
 WW→H(200) 

WW
Z+jets

, tWtt
di-boson
W+jets

proton

W–

ν

e+

W+

H0

ν

e–

antiproton

g

g

gg→H→WW*

Mass (GeV/c2) SM Higgs 4th Gen Background DATA

130 0.3 ± 0.01 1.73 ± 0.04 1.67 ± 0.10 1

160 1.23 ± 0.02 10.35 ± 0.16 0.91 ± 0.05 0

200 0.47 ± 0.01 3.94 ± 0.07 1.47 ± 0.09 0

250 0.26 ± 0.01 1.98 ± 0.04 1.64 ± 0.08 1

Mass (GeV/c2) SM Higgs 4th Gen Background DATA

130 0.34 ± 0.01 1.98 ± 0.04 1.32 ± 0.18 1

160 1.47 ± 0.02 12.31 ± 0.17 0.92 ± 0.10 0

200 0.57 ± 0.01 4.76 ± 0.07 1.47 ± 0.07 0

250 0.30 ± 0.01 2.30 ± 0.04 1.67 ± 0.10 0

Cut based analysis

Boosted decision tree

4th Gen. case: mH=200 GeV/c2

BDT output

SM case: mH=160 GeV/c2

Δφll one of the 4 selection variables

MVA gives roughly ~20% better sensitivity
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Results

18

proton

W–

ν

e+

W+

H0
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e–

antiproton

g

g

gg→H→WW*

✓ Not yet sensitivity to SM Higgs (factor 2.1 @ mH =160 GeV/c2)
✓ In a 4th generation model with infinite quark masses (conservative), 
Higgs mass excluded in the range [144-207] GeV/c2 at 95% C.L.
✓ Competitive with TeVatron limits (mH = [131-204] GeV/c2 with 4.8+5.4 fb-1)
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gg→ (bb)φ→ττ

19

+ associated bbφ production

✓ Three decay channels considered:
✓ φ(bb)→ττ→μ+τh (τh=hadronic decay) 
✓ φ(bb)→ττ→e+τh  (τh=hadronic decay) 
✓ φ(bb)→ττ→e+μ 

✓ Search for gg→φ(bb)→ττ
     φ = h,H,A masses are degenerate depending on regime

Looking beyond the Standard Model the Higgs sector becomes much richer
✓ in the MSSM 2 doublet of Higgs fields → 5 physical Higgs bosons 
           h,H,A,H+,H−

✓ couplings of Higgs to down-type quarks enhanced at high tanβ
    cross-section increases and BR(φ→ττ) are enhanced by (tanβ)2 
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Selection

20

gg→φ(bb)→ττ

Z→ττ
selection

✓ close to WW electron and muon selections 

✓ particle flow based electron and muon isolations  

✓ identified taus

✓ MT(e/μ,MET)
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Selection

21

gg→φ(bb)→ττ

Higgs ττ
selection

Z→ττ
selection

✓ close to WW electron and muon selections 

✓ particle flow based electron and muon isolations  

✓ identified taus

✓ MT(e/μ,MET)

✓ SVFIT mass: likelihood fit of tau momenta
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τ identification (HPS)

22

gg→φ(bb)→ττ

Search for Neutral MSSM Higgs Boson Production via

Decays to Tau Pairs in pp Collisions at
√

s = 7 TeV

Joshua Swanson on behalf of the CMS Collaboration

University of Wisconsin – Madison

Introduction

The production of pairs of oppositely-charged tau leptons are

studied in pp collisions at the LHC at a center-of-mass en-

ergy of 7 TeV are presented, based on a data sample corre-

sponding to an integrated luminosity of 36 pb−1
. Events are

selected in a combination of different ττ final states includ-

ing µτhad, eτhad, eµ, and µµ. The Z to tau tau cross section

is measured. The mass spectrum observed in data is used

to derive upper bounds on the production cross section times

branching ratio to tau pairs as a function of the Higgs boson

mass in the Minimal Supersymmetric Extension of the Stan-

dard Model (MSSM).

Identification of Hadronic τ Decays
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-1=7 TeV, 36 pbsCMS Preliminary 2010, High performance of τ iden-

tification (ID) in CMS is

achieved using the hadron

plus strips algorithm (HPS).

HPS reconstructs the indi-

vidual resonances of the τhad

decays. The jet fake rate

for HPS observed with CMS

data is shown to be approx-

imately 1% while achieving

an efficiency of 50%, which

is demonstrated in the figure

to the left [1].

Event Selection
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Lepton Kinematics

Agreement of the lepton kinematic variables is observed comparing data to an appropriate mix of signal and background MC, which is demonstrated

in the plots below with transverse momentum of the individual leptons: τhad (left), µ (middle), e (right)

Fit Method

A simultaneous fit was performed us-

ing shape information. The shapes for

the QCD and Z → ll backgrounds are

extracted from data, while MC sim-

ulation was used for the other back-

ground contributions. The event yield

for all background sources was al-

lowed to float in the fit within their

uncertainties. The fit result was then

used to constrain the Z → ττ signal

contribution allowing us to derive an

upper limit on the Higgs production

cross section.

Mass Distributions

Invariant mass of the ττ system is plotted using a novel method that uses a likelihood technique taking into

account the tau decay phase space and probability density in order to reconstruct the full mass. The results

can be seen below in the µτhad(left) and eτhad(right) final states.

Event Display

An event display for a typical ττ event. The event shown is in the µτhad final state with the τhad decaying

through a ρ−
to a π−

and a π0
.

φ → ττ 95 % C.L. Upper Limits

For φ → ττ a fit used the µτhad, eτhad, and eµ channels. An upper limit on

the cross section times branching ratio was obtained using Bayesian limits. These

results, translated into the MSSM parameter space allows us to exclude a region

reaching as low as tan(β) = 23 at MA = 130 GeV [2].

The expected and

observed 95 % C.L.

upper limits on

σφ × Bττ as a

function of MA

(right). The

expected is

displayed in bands

for one and two

standard deviations

from the median

respectively.

!"#$%&$'
()*+,-.-+/00$%+"1/2'#

344

344

34

3
544 644 )44

78+++9:$;<!5=

90
0

>=
?
9

=++
90
"=

@44

,AB+C%$DE7E2F%G
6H+0"I3+++J+K$;

A$'EF2+$L0$MN$'
3 +$L0$MN$'+%F2O$
5 +$L0$MN$'+%F2O$

Region in the

parameter space of

tan(β) vs. MA

excluded at the 95

% C.L. in the

context of the

MSSM mmax
h

scenario (left). For

comparison the

excluded regions

from LEP and the

Tevatron

experiments.
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A decay mode algorithm
✓ High performance of τ identification (ID) 
using the hadron plus strips algorithm (HPS) 
✓ HPS reconstructs the individual resonances 
of the τ decays, based on Particle Flow
✓ The jet fake rate is 1% while achieving an 
efficiency of 50%

Fake rate: dijets pT>15 GeV/c, tau pT>15 GeV/c (data)
Signal Efficiency: visible taus pT >15 GeV/c (Z→ττ  MC)
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ττ mass reconstruction

23

gg→φ(bb)→ττ

✓ Likelihood fit of momenta of visible decay products and 
of neutrinos produced in τ decays (SVFIT)
✓ Improvement in resolution w.r.t. previous techniques 
and not events loss due to unphysical solution

ττ→μ+τh ττ→e+τh ττ→e+μ
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gg→φ(bb)→ττ(bb)φ→ττ cross section limit

The observed and the expected 95% C.L.  upper limit on σ x BR computed 
for different mass hypotheses mA

φ:  Sum of (pseudo-scalar + scalar) Higgs of about same mass

The expected 95% C.L. upper 
limits on σ x Br for each final 
state μ+τh, e+τh,e+μ and in 
combination

No evidence for signal, observed limit agrees with expected sensitivity
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CMS  Preliminary      36  pb-1      7  TeV
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Limit on tanβ vs. mA

25

gg→φ(bb)→ττ

✓ 95% C.L.  upper limit on σ x BR converted into limit on MSSM Parameter tanβ vs. mA  

✓ CMS limit more stringent than TeVatron limit over whole mass range
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t→H+→τ+bν

26

✓ Two di-lepton channels considered: eτ and μτ

✓ Backgrounds in two categories:
    ✓ Fake hadronic τ: use fake rate method to estimate from data 
    ✓ Real hadronic τ: use simulation to estimate background

✓ Selection as for ttbar cross section measurement 
✓ One electron (muon) with pT > 30 (20) GeV/c 
✓ Hadronic τ with pT > 20 GeV/c, HPS identification
✓ At least two jets pT > 30 GeV/c 
✓ MET > 40 GeV 

Substitute H± for W± in 
ttbar decays to τ

Charged MSSM Higgs bosons may contribute to ttbar decays 
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Limit

27

t→H+→τ+bν

No signal observed
✓ Set 95% C.L on BR (t→H+b) assuming BR(H+→τ+ν)=1 

✓ Limit ~0.25-0.30 for 80 GeV/c2 < mH+ < 140 GeV/c2 

✓ Limits comparable with TeVatron
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✓ CMS’s path to the Higgs 

✓ Hunting the Higgs with the 2010 data 
    ✓ status of CMS searches

✓ Higgs projections
    ✓ how we can discover the (“SM”) Higgs 
       (or prove it doesn’t exist)

Outline

Higgs projections

28
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Higgs projections

29

✓ Used state of the art cross-sections
✓ signal NNLO for gg,  NLO for VBF,VH 
✓ background processes at NLO 

✓ Full GEANT based detector simulation

✓ Simple cut-based analysis, mostly counting events:
✓ no SHAPE analysis used (can improve sensitivity by ~(20-100)%)

✓ Validation from 2010 data:
✓ excellent agreement between data and detector simulation
✓ detector performance close to design in most cases
✓ measured production rates of background processes in good agreement with 
expectations (5-30 % uncertainties)

✓ In general, analyses with data more sensitive than the simulation based 
studies used in the projections...and will continue to improve!

✓ as CDF & D0 have already shown

Projections are indicative not predictive !

for 2011-2012
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SM-Higgs Exclusions: 1 fb-1 @ 7 TeV

30

a possible 2011 scenario
M

ai
n 

ch
an

ne
l 

co
nt

ri
bu

tio
ns WW→lνlν 

ɣɣ
ZZ→llll
ZZ→llνν 



Roberto Salerno18th April 2011, Lyon, GDR 

SM-Higgs Exclusions: 1 fb-1 @ 7 TeV
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a possible 2011 scenario

WW→lνlν 
ɣɣ

ZZ→llll
ZZ→llνν M

ai
n 

ch
an

ne
l 

co
nt

ri
bu

tio
ns

mH 115-135 GeV/c2

NO exclusion
ɣɣ WW(lνlν) cooperative
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SM-Higgs Exclusions: 1 fb-1 @ 7 TeV
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a possible 2011 scenario

WW→lνlν 
ɣɣ

ZZ→llll
ZZ→llνν M

ai
n 

ch
an

ne
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co
nt

ri
bu

tio
ns

mH 135-200 GeV/c2

exclusion
 WW(lνlν) alone all job
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SM-Higgs Exclusions: 1 fb-1 @ 7 TeV
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a possible 2011 scenario

WW→lνlν 
ɣɣ

ZZ→llll
ZZ→llνν M

ai
n 

ch
an

ne
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ri
bu

tio
ns

mH 200-250 GeV/c2

exclusion
ZZ(llll) WW(lνlν) cooperative
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SM-Higgs Exclusions: 1 fb-1 @ 7 TeV
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a possible 2011 scenario

WW→lνlν 
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ZZ(llll) ZZ(llνν) WW(lνlν) 
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SM-Higgs Exclusions: 1 fb-1 @ 7 TeV
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a possible 2011 scenario

WW→lνlν 
ɣɣ

ZZ→llll
ZZ→llνν M
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mH > 450 GeV/c2

NO exclusion
ZZ(llll) ZZ(llνν) WW(lνlν) 

cooperative
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Significance of Observation 5 fb-1 @ 7 TeV

36C
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SM-Higgs Sensitivity 1/2/5/10 fb-1 @ 7 TeV

Integrate 
luminosity

3σ 
sensitivity 

5σ 
sensitivity 

1 fb-1 140-190 none

2 fb-1 130-475 150-170

5 fb-1 120-550 140-220

10 fb-1 115-600 130-475

3σ

5σ
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Conclusion

38

✓ The CMS experiment has revisited the Standard Model in a new regime at record centre-of-mass energy 
of 7 TeV for p-p collisions 

✓ A solid ground has been established, with EWK boson candles, first di-bosons, di-top and single top 
measurements, on the route towards the Higgs boson(s)  

✓ A SM-Higgs boson with mass in 144-207 GeV/c2 range in an extension of the Standard Model with 
4-fermion generations is excluded 

✓ New territories are being explored for extending Higgs sector (e.g. from mSUSY theories)

✓ An exclusion of the SM-Higgs is possible at the 95% CL for and integrated luminosity of 1fb-1 for 
masses between 135-450 GeV/c2

✓ A 5σ discovery for the SM-Higgs bosons is possible for integrated luminosity of 10 fb-1  and  masses 
above 130 GeV/c2

✓ Very low masses 115 < MH < 130 GeV/c2 will require the highest integrated luminosity and relay for 
a discovery mostly on H in 2 gamma and H in ZZ* (+possibly boosted Higgs in bb)

Very exciting physics in the years to come at the LHC
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Higgs boson(s) spectrum

40

✓ Minimal Supersymmetric Standard Model:
2 doublet of Higgs fields (effective 2HDM model) → 5 physical Higgs bosons 
           2CP-even: h, H  1Pseudoscalar: A  2Charged: H+,H−
At tree level the Higgs sector in mSUSY is determined by two parameters 
            e.g. MA and tanβ
Including radiative corrections in mSUSY:  Mh ≤ 140 GeV/c2

✓ Standard Model:
1 doublet of Higgs fields → 1 physical Higgs boson 
           CP-even H

What is good about it?
   ✓ exact unitary cancellation (WLWL scattering)
   ✓ coherent solution for origin of EWK masses
   ✓ nature tends to be economic: only one additional particle
   ✓ model makes very precise predictions: decay kinematics, couplings, cross section...
   ✓ direct search or indirect constraints (via radiative corrections)

What is not good about it?
   ✓ Higgs boson mass and fermion masses are not predicted by the theory 
   ✓ Higgs boson mass is sensitive of radiative corrections (unstable)
   ✓ Standard Model still unsatisfactory
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SM-Higgs production @ LHC
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SM-Higgs decay modes

42
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Low mass regime:
mH < 140 GeV/c2

✓ H➞bb
      ✓ associated production, VBF
✓ H➞ττ 
      ✓ VBF

✓ H➞ƔƔ
      ✓ extremely low B.R.

‾

Intermediate-High mass regime:
mH > 130 GeV/c2

✓ H➞WW
    ✓ no mass peak
✓ H➞ZZ
    ✓ discovery channel
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Search for SM-Higgs

43

✓ TeVatron excludes SM-Higgs at 95% CL for 158 < mH < 173 GeV/c2 

✓ Sensitive to exclude SM-Higgs at 95% CL  for 153 < mH < 179 GeV/c2
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TeVatron excludes SM-Higgs at 99.5% CL 
for 162 < mH < 166 GeV/c2
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After WW selection

45Variables used in the cut based selection

13 selected SM-WW candidates

proton

W–

ν

e+

W+

H0

ν

e–

antiproton

g

g

gg→H→WW*

 2 ee / 1 μμ / 10 eμ
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ττ event yields

46

gg→φ(bb)→ττ

ττ→μ+τh ττ→e+τh ττ→e+μ
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4FS vs 5FS

47

5

correspond to the DGLAP-evolution of these densities. Their DGLAP-evolution resums them.124

This leads to an approximate approach starting from the process bb̄ → h/H/A at LO, where125

the transverse momenta of the incoming bottom quarks, their masses and their off-shellness126

are neglected at LO.127
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Figure 3: Comparison of the 4-flavour NLO and 5-flavour NNLO bbHiggs cross section for a
pseudo-scalar Higgs.

The NLO and NNLO QCD corrections to these bottom-initiated processes are known and of128

moderate size, if the running bottom Yukawa coupling is introduced at the scale of the corre-129

sponding Higgs boson mass. At NNLO the full process gg → bb̄ → h/H/A contributes to the130

real corrections for the first time. The fully exclusive process, calculated with four active parton131

flavours in a four-flavour scheme (4FS), and the result, calculated with 5 active parton flavours132

in the five-flavour scheme (5FS), will converge against the same value at higher perturbative133

orders. Reasonable agreement between the NLO 4FS and NNLO 5FS is achieved, if the factor-134

ization scale of the bottom quark densities is chosen as about a quarter of the Higgs mass. If135

both bottom jets accompanying the Higgs boson in the final state are tagged, one has to rely on136

the fully exclusive calculation.137

A comparison of the 4FS and 5FS cross section for the pseudo-scalar higgs can be seen in Fig. 3.138

The blue bands shows the combined scale and 68% CL PDF+αs uncertainties of the 5FS calcu-139

lation, while the red bands include the scale uncertainties of the 4FS only.140

Typical uncertainties on the bbHiggs cross section of the pseudo-scalar Higgs for different val-141

ues of tan β and MA can be seen in Table 2.

σ(bbA): Theoretical Uncertainties
4FS calculation 5FS calculation

MA (GeV) scale PDF+αs MA (GeV) scale PDF+αs

100 24% - 100 5% 3%
300 24% - 300 2% 6%
500 26% - 500 2% 8%

1000 30% - 1000 1% 2%
Table 2: Renormalization/Factorization scale uncertainty and PDF (MSTW)+αs uncertainty on
the bbA cross section in the 4-flavour NLO QCD and the 5-flavour NNLO QCD calculation

142

A summary of the cross sections obtained for gluon fusion and associated b production in the143

Comparison of the 4-flavour NLO and 5-flavour NNLO bbHiggs cross section for a 
pseudo-scalar Higgs.
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gg→φ(bb)→ττ
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gg→φ(bb)→ττ
16.1 Likelihood function of the model 41

Table 16: Nuisance parameters entering the likelihood for the cross section fit, for the various
channels and mass reconstruction algorithms. The following notations have been used for the
probability distributions: G(µ, σ) for Gaussian, Γ(γ, θ) for Gamma and Ln(median, κ) for Log-
normal

Parameter Channels Distribution Output
Luminosity all Ln(1.0, 1.11) 0.99+0.11

−0.10

Z → �� all Ln(0.96, 1.04) 0.957+0.035
−0.028

Tau id. efficiency eτ, µτ Ln(1.0, 1.23) 0.917+0.064
−0.062

Elecron id. efficiency eτ, eµ Ln(0.968, 1.036) 0.971+0.024
−0.023

Elecron trigg. efficiency eτ Ln(0.959, 1.02) 0.961+0.019
−0.019

Muon efficiency µτ, eµ Ln(0.963, 1.005) 0.963+0.003
−0.003

Electron energy scale eτ, eµ G(0, 1) −0.1+0.8
−0.7

Hadronic tau energy scale eτ, µτ G(0, 1) +0.3+0.6
−0.9

Non-tau jet energy scale all (SVfit) G(0, 1) −0.2+0.9
−0.7

Unclusteded candidates energy scale all (SVfit) G(0, 1) −0.1+0.6
−0.6

QCD background µτ Γ(107, 1.45) 148+13
−12

W background µτ Γ(132, 0.52) 66+6
−5

Z → µµ, µ → τ background µτ Γ(13.4, 0.98) 11.1+3.4
−2.8

Z → µµ, jet→ τ background µτ Γ(7.1, 0.90) 5.2+2.4
−1.8

tt̄ µτ Ln(6, 1.5) 4.6+2.1
−1.5

di-boson µτ Ln(1.6, 1.5) 1.3+0.7
−0.4

QCD background eτ Γ(61.9, 2.92) 214+18
−17

W background eτ Γ(90.3, 0.42) 38+4
−4

Z → ee, e → τ background eτ Ln(109.3, 1.26) 80+12
−11

Z → ee, jet→ τ background eτ Γ(5.9, 2.6) 14+7
−5

tt̄ and di-boson background eτ Ln(3.4, 1.5) 3.1+1.6
−1.0

QCD, W and Z → �� background eµ Ln(3.9, 1.31) 3.6+1.1
−0.9

tt̄ background eµ Ln(7.1, 1.18) 6.9+1.2
−1.1

Di-boson background eµ Ln(3.0, 1.13) 3.0+0.4
−0.3

A full list of the nuisance parameters is in table 16638

The cross section limits are computed using as signal the templates of the two higgs production639

channels, mixed together in fractions corresponding to the MSSM predictions for tan β = 30,640

and the average signal efficiency is likewise computed. In order to simplify the fit, the follow-641

ing approximation is used: for MA ≤ 120 GeV/c
2, the two ligher Higgs bosons h, A are taken642

to be exactly denegerate, and their cross sections times are added up weighted with the corre-643

sponding branching ratios into τ pairs, while the small contribution from the heavier H boson644

is neglected. Likewise, for MA ≥ 140 GeV/c
2, only the two heavier bosons A, H are consid-645

ered. At the intermediate benchmark point MA = 130 GeV/c
2, all three bosons are considered646

to be degenerate. The improvement in sensitivity by including the contribution from the third647

boson for MA �= 130 GeV/c
2 has been evaluated in a few benchmark points, and found to be648

only a few percent.649
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pp→φ++→ll

49

✓ Extend Standard Model adding scalar triplet: Φ±±,Φ±,Φ0

✓ Triplet  Yukawa couplings are responsible for neutrino masses

✓ Consider model where BR(Φ±± → ll)=100%

✓ Final states with three or four isolated leptons 
(earlier multi-lepton search)

✓ Look for resonance peaks in dilepton mass distributions

✓ BRs for a different l1l2 pairs depend on the neutrino mass 
hierarchy and phase
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Limit

50

pp→φ++→ll

No peak observed → set limit extending
reach of previous experiments

Example for μ+τ+ final state 
(one of many considered)
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SM-Higgs Exclusions: 5 fb-1 @ 7 TeV

51

C
ha

nn
el

s 
th

at
 c

an
 

ex
cl

ud
e 

al
on

e

WW→lνlν 
ɣɣ

ZZ→llll
ZZ→llνν 

mH 115-600 GeV/c2

exclusion 
over all mass range
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