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• Introduction

• Neutral Higgs searches in CMS

• H → ττ (MSSM, SM)

• H → WW (SM)

• H → ZZ (SM)

• H → γγ (SM)

• Combined results (SM)

• Summary
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Higgs production at LHC
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Higgs decay modes
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Standard Model
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Higgs production at LHC
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Minimal Supersymmetric Model

associated with b quarks
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gluon fusion

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

(not discussed here)

Parameters: tanβ and MA

BR(ϕ→bb) ≃ 85%–90%
BR(ϕ→ττ) ≃ 10%–15%
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H → ττ

• Standard Model categories

• Vector boson fusion (VBF)

• #jets (pT>30GeV) = 2

• Mjj > 350 GeV

• |Δηjj| > 3.5

• η1.η2 < 0

• Non-VBF

• #jets (pT>30GeV) ≤ 1  .OR.

• 2 jets that fail at least one of 
the VBF requirements

• MSSM categories

• b-tag

• #jets (pT>30GeV) ≤ 1

• #b-jets (pT>20GeV)  > 0

• No b-tag 

• #jets (pT>30GeV) ≤ 1

• #b-jets (pT>20GeV)  = 0

7

categorisation
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• Standard lepton, jet, ETmiss 
reconstruction and selection 

• Events selected with at least one 
muon and/or an electron

• µ+τhad 
• pT,µ > 15 GeV, |ηµ| < 2.1
• pT,τhad > 20 GeV, |ητhad| < 2.3

• e+τhad 
• pT,e > 15 GeV, |ηe| < 2.1

• pT,τhad > 20 GeV, |ητhad| < 2.3

• µ+e 
• pT,µ > 20 (10) GeV, |ηµ| < 2.1
• pT,e > 10 (20) GeV, |ηe| < 2.5

• µ+µ 
• pT,µ1 > 20 GeV, |ηµ1| < 2.1
• pT,µ2 > 10 GeV, |ηµ2| < 2.4

• Suppression of backgrounds with 
topological selections
• e.g. µ+µ analysis uses a 

likelihood discriminant based on 
• pT(2μ)/ ∑ pT(μ)
• DCASig(2μ)
• η(2μ)
• ∆Φ(μ+, pTmiss)
• valid tau pair kinematic 

reconstruction

12 2 Analysis Procedures
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Figure 10: Distributions of discriminating variables used to construct the likelihood discrimi-
nant. The 2011 data (dots) are compared to the MC simulations (filled histograms).
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H → ττ
event selection
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MSSM ϕ → ττ

9

• Maximum likelihood fit 
of the tau pair visible 
mass spectrum

• In the µ+µ mode the fit 
is done in the 2D of the 
visible mass and the 
fitted tau invariant 
mass.

• No evidence for the 
presence of a Higgs 
boson signal… 

b-tag

6 6 MSSM Higgs Results

The parameter representing the tau identification uncertainty affects taus from the Higgs boson

signal and the main background, Z → ττ, equally. This effectively allows the observed Z → ττ
events to provide an in situ calibration of this efficiency, except for Higgs boson masses near

that of the Z.

Figures 1 – 4 show the distributions of the tau-pair visible mass mvis, defined as the invariant

mass of the visible tau decay products, for the four search channels, for each category, com-

pared with the background prediction in each category.

Figure 1: Visible mass, mvis for events in the eτh channel, in the No b-Tag category (upper left),

Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

6 MSSM Higgs Results

The mass spectra show no evidence for the presence of a Higgs boson signal, and we set 95% CL

(confidence level) upper bounds on the Higgs boson cross section times the tau-pair branching

fraction (denoted by σφ · Bττ).

7

Figure 2: Visible mass, mvis for events in the µτh channel, in the No b-Tag category (upper left),

Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

Figure 5 shows the upper bound on σφ · Bττ as a function of mA, where we use as the signal

acceptance model the combined mass spectra from the gg and bb production processes for h,

A, and H, and assuming tan β = 30 [25]. The plot also shows the one- and two-standard-

deviation range of expected upper limits for various potential experimental outcomes. The

observed limits are well within the expected range assuming no signal. The observed and

expected upper limits are shown in Tab. 5.

We can interpret the upper limits on σφ · Bττ in the MSSM parameter space of tan β versus mA

for an example scenario. We use here the m
max

h
[28, 29] benchmark scenario in which MSUSY =

1 TeV; Xt = 2MSUSY; µ = 200 GeV; Mg̃ = 800 GeV; M2 = 200 GeV; and Ab = At, where MSUSY de-

notes the common soft-SUSY-breaking squark mass of the third generation; Xt = At − µ/ tan β
the stop mixing parameter; At and Ab the stop and sbottom trilinear couplings, respectively; µ
the Higgsino mass parameter; Mg̃ the gluino mass; and M2 the SU(2)-gaugino mass parameter.

The value of M1 is fixed via the GUT relation M1 = (5/3)M2 sin θW/ cos θW. In determining

these bounds on tan β, shown in Table 5 and in Fig. 6, we have used the central values of the

8 6 MSSM Higgs Results

Figure 3: Visible mass, mvis for events in the eµ channel, in the No b-Tag category (upper left),
Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

Higgs boson cross sections as a function of tan β reported by the LHC Higgs Cross Section
Working Group [25]. The cross sections have been obtained from the GGH@NNLO [30, 31]
and HIGLU [32] programs for the gluon-fusion process. For the bb → φ process, the 4-flavor
calculation [33, 34] and the 5-flavor calculation as implemented in the BBH@NNLO [35] pro-
gram have been combined using the Santander scheme [36]. Rescaling of the corresponding
Yukawa couplings by the MSSM factors calculated with FeynHiggs [37] has been applied. We
do not quote limits above tan β = 60 as the theoretical relation between cross section and tan β
becomes unreliable.

The present results exclude a region in tan β down to values smaller than those excluded by the
Tevatron experiments [9] for mA � 140 GeV/c2, and significantly extend the excluded region
of MSSM parameter space at larger values of mA. Figure 6 also shows the region excluded by
the LEP experiments [11].
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Figure 4: Visible mass, mvis for events in the µµ channel, in the No b-Tag category (upper left),

Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

7 SM Higgs Results

In the VBF and Non-VBF categories the mass spectra show no evidence for the presence of

a Higgs boson signal. Equivalent to the MSSM search, a maximum likelihood fit to the tau-

pair visible-mass spectrum is used to set a 95% CL upper limit on the cross section ratio to the

nominal SM Higgs cross section. Figure 7 shows the observed and the mean expected 95% CL

upper limits for Higgs mass hypothesis ranging from 110 to 140 GeV/c
2
. The bands represent

the 1 σ and 2 σ probability intervals around the expected limit. Table 6 shows the result for

selected mass values. We set an upper limit on σH · Bττ of 13-21 times the SM value.

8 Conclusion

In conclusion, we have performed a search for neutral MSSM and SM Higgs bosons, using a

sample of CMS data from proton-proton collisions at a center-of-mass energy of 7 TeV at the

visible mass distributions
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MSSM ϕ → ττ

• … 95% CL  upper bounds are set on the Higgs cross section times the 
tau branching ratio.

10

10 8 Conclusion
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Figure 5: The expected one- and two-standard-deviation ranges and observed 95% CL upper

limits on σφ · Bττ as a function of mA. The signal acceptance is based on the MSSM model

described in the text, assuming tan β = 30.

Table 5: Expected range and observed 95% CL upper limits for σφ · Bττ as functions of mA, for

the MSSM search, and 95% CL upper bound on tan β in the mmax

h scenario described in the text.

No bounds on tan β above 60 are quoted.

95% CL Upper Limit

mA Expected σφ · Bττ (pb) Observed Expected Observed

(GeV) −2σ −1σ Median +1σ +2σ (pb) tan β
90 12.2 15.6 21.7 32.3 44.1 52.5 10.6 16.4

100 8.7 12.0 15.8 22.0 31.2 26.3 11.2 14.3

120 3.4 4.8 7.1 9.9 13.5 11.8 11.0 14.2

130 2.9 4.3 5.7 8.0 10.6 9.6 9.8 13.5

140 2.2 2.9 4.2 5.8 7.9 7.7 11.5 15.7

160 1.3 2.1 3.0 4.2 5.6 5.5 12.4 16.9

180 1.1 1.6 2.1 3.0 4.0 3.8 13.4 17.9

200 0.93 1.3 1.7 2.5 3.4 2.9 15.3 19.7

250 0.56 0.78 1.1 1.5 2.1 1.5 19.7 22.9

300 0.36 0.53 0.77 1.1 1.4 0.83 25.4 26.3

400 0.23 0.31 0.43 0.61 0.81 0.51 38.6 41.7

450 0.17 0.25 0.34 0.47 0.65 0.45 46.0 52.6

500 0.14 0.19 0.27 0.37 0.51 0.43 54.2 -
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SM H → ττ
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VBF

• Maximum likelihood fit 
of the tau pair visible 
mass spectrum

• In the µ+µ mode the fit 
is done in the 2D of the 
visible mass and the 
fitted tau invariant 
mass.

• No evidence for the 
presence of a Higgs 
boson signal… 

6 6 MSSM Higgs Results

The parameter representing the tau identification uncertainty affects taus from the Higgs boson

signal and the main background, Z → ττ, equally. This effectively allows the observed Z → ττ
events to provide an in situ calibration of this efficiency, except for Higgs boson masses near

that of the Z.

Figures 1 – 4 show the distributions of the tau-pair visible mass mvis, defined as the invariant

mass of the visible tau decay products, for the four search channels, for each category, com-

pared with the background prediction in each category.

Figure 1: Visible mass, mvis for events in the eτh channel, in the No b-Tag category (upper left),

Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

6 MSSM Higgs Results

The mass spectra show no evidence for the presence of a Higgs boson signal, and we set 95% CL

(confidence level) upper bounds on the Higgs boson cross section times the tau-pair branching

fraction (denoted by σφ · Bττ).

7

Figure 2: Visible mass, mvis for events in the µτh channel, in the No b-Tag category (upper left),

Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

Figure 5 shows the upper bound on σφ · Bττ as a function of mA, where we use as the signal

acceptance model the combined mass spectra from the gg and bb production processes for h,

A, and H, and assuming tan β = 30 [25]. The plot also shows the one- and two-standard-

deviation range of expected upper limits for various potential experimental outcomes. The

observed limits are well within the expected range assuming no signal. The observed and

expected upper limits are shown in Tab. 5.

We can interpret the upper limits on σφ · Bττ in the MSSM parameter space of tan β versus mA

for an example scenario. We use here the m
max

h
[28, 29] benchmark scenario in which MSUSY =

1 TeV; Xt = 2MSUSY; µ = 200 GeV; Mg̃ = 800 GeV; M2 = 200 GeV; and Ab = At, where MSUSY de-

notes the common soft-SUSY-breaking squark mass of the third generation; Xt = At − µ/ tan β
the stop mixing parameter; At and Ab the stop and sbottom trilinear couplings, respectively; µ
the Higgsino mass parameter; Mg̃ the gluino mass; and M2 the SU(2)-gaugino mass parameter.

The value of M1 is fixed via the GUT relation M1 = (5/3)M2 sin θW/ cos θW. In determining

these bounds on tan β, shown in Table 5 and in Fig. 6, we have used the central values of the

8 6 MSSM Higgs Results

Figure 3: Visible mass, mvis for events in the eµ channel, in the No b-Tag category (upper left),
Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

Higgs boson cross sections as a function of tan β reported by the LHC Higgs Cross Section
Working Group [25]. The cross sections have been obtained from the GGH@NNLO [30, 31]
and HIGLU [32] programs for the gluon-fusion process. For the bb → φ process, the 4-flavor
calculation [33, 34] and the 5-flavor calculation as implemented in the BBH@NNLO [35] pro-
gram have been combined using the Santander scheme [36]. Rescaling of the corresponding
Yukawa couplings by the MSSM factors calculated with FeynHiggs [37] has been applied. We
do not quote limits above tan β = 60 as the theoretical relation between cross section and tan β
becomes unreliable.

The present results exclude a region in tan β down to values smaller than those excluded by the
Tevatron experiments [9] for mA � 140 GeV/c2, and significantly extend the excluded region
of MSSM parameter space at larger values of mA. Figure 6 also shows the region excluded by
the LEP experiments [11].
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Figure 4: Visible mass, mvis for events in the µµ channel, in the No b-Tag category (upper left),

Non-VBF (upper right), b-Tag category (lower left) and VBF category (lower right).

7 SM Higgs Results

In the VBF and Non-VBF categories the mass spectra show no evidence for the presence of

a Higgs boson signal. Equivalent to the MSSM search, a maximum likelihood fit to the tau-

pair visible-mass spectrum is used to set a 95% CL upper limit on the cross section ratio to the

nominal SM Higgs cross section. Figure 7 shows the observed and the mean expected 95% CL

upper limits for Higgs mass hypothesis ranging from 110 to 140 GeV/c
2
. The bands represent

the 1 σ and 2 σ probability intervals around the expected limit. Table 6 shows the result for

selected mass values. We set an upper limit on σH · Bττ of 13-21 times the SM value.

8 Conclusion

In conclusion, we have performed a search for neutral MSSM and SM Higgs bosons, using a

sample of CMS data from proton-proton collisions at a center-of-mass energy of 7 TeV at the

visible mass distributions
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SM H → ττ

• … 95% CL  upper bounds are set on the Higgs cross section times the 
tau branching ratio.

12
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Figure 6: Region in the parameter space of tan β versus mA excluded at 95% CL in the context
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shaded regions show the 95% CL excluded regions from the LEP and Tevatron experiments.
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H → WW → 2ℓ2ν 

• 2ℓ= ee, µµ, eµ

• Three categories

• 0-jet, 1-jet, 2-jet

• Boosted Decision Tree for 0-jet 
and 1-jet categories based on 
discriminating variables:

• pTmax, pTmin of leptons, 
mll, mTllEmiss, Δφll, Δη, 
projected MET, ∆Rll, flavour 
of leptons

• One training per mass 
hypothesis

• Shape analysis using the 
binned MVA output comparing 
expected and observed event 
yields.

13

multivariate analysis
0-jet same flavour 1-jet same flavour

0-jet opposite flavour 1-jet opposite flavour
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H → WW → 2ℓ2ν 

• No significant excess 
observed.

• Limits on the cross 
section times the 
branching ratio.

• Higgs with mass in range 
[150-193] GeV/c2 is 
excluded at 95% CL.
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H → ZZ → 4ℓ

• 4ℓ= 4e, 4µ, 2e2µ

• pT(e) > 7 GeV/c and pT(µ) > 5 GeV/c

• pT1(2) > 20 (10) GeV; m12 > 60 GeV/c2; m34 > 12 GeV/c2

• m4l > 100 GeV/c2

15
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H → γγ

16

• Small branching ratio but one of the most significant discovery channel for 
low mass Higgs.

• Two isolated photons with pT,γ1 > 40GeV and pT,γ2 > 30 GeV;
|η| < 2.5 excluding 1.4442 < |η| < 1.566

• Analysis of eight categories to gain sensitivity.

• Good performance of the electromagnetic calorimeter.
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Combined results

• Channels used in the combination

• Method: modified frequentist limit (CLS). Bayesian limits are also 
evaluated for comparison.

17

7

3 Search channels used in the combination
The combination presented in this note is based on six major channels classified by the final
Higgs decay chain signature as shown in Table 1. The mass search regions are specific to each
analysis. The analyzed integrated luminosity varies somewhat from channel to channel and is
typically about 1.1 fb−1.

From Table 1, one can also see that different analysis strategies are employed in different
searches. They include three basic types: cut-and-count analyses, analyses of binned distri-
butions, and unbinned analyses tracking individual events and using parametric models of
signal and background shapes.

The last column in Table 1 shows the number of nuisance parameters (systematic errors) in each
analysis. The total number of independent nuisance parameters in the current combination is
142. All systematic errors can be classified in two main groups: those expected to be correlated
between different searches (24) and remaining ones specific to individual analyses (118) 1. Ta-
ble 2 shows the full list of correlated errors that appear in the current combination. The top
block in the table is a subset of the list prepared by the LHC Higgs Combination Group [12].
The bottom block are correlated errors that are correlated within CMS only. Quantities af-
fected by the uncertainties listed in Table 2 are all positively defined and, hence, modeled as
log-normals.

In the following subsections, we give a brief description of search strategies for the six channels
used in this combination. Detailed information can be found in references provided within each
sub-section.

Table 1: Summary information on the analyses included in the combination. The first number
in the last column gives the number of nuisance parameters correlated across two or more
analyses. The second number refers to the number of nuisance parameters specific to one
analysis only.

channel mass range luminosity number of type number of
(GeV/c

2) (fb−1) sub-channels of analysis nuisances
H → γγ 110-140 1.1 8 mass shape (unbinned) 3+40=43
H → ττ 110-140 1.1 6 mass shape (binned) 10+21=31

H → WW → 2�2ν 110-600 1.1 5 MVA (binned); cut&count 16+36=52
H → ZZ → 4� 110-600 1.1 3 mass shape (unbinned) 12+7=19

H → ZZ → 2�2ν 250-600 1.1 2 cut&count 14+4=18
H → ZZ → 2�2q 226-600 1.0 6 mass shape (unbinned) 13+10=23

TOTAL (6) 110-600 1.0-1.1 30 24+118=142

1The majority of them are actually also correlated between different sub-channels within an analysis.
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95% CL limit on σ/σSM

• Expected Higgs mass 
range excluded
[127–420] GeV/c2

• Excluded range
[149–206] GeV/c2 and
[300–440] GeV/c2

• >2σ excesses at low 
mass compelled by
H->WW, H->ZZ->4l and 
H->γγ
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Local p-value and best-fit σ/σSM

• Small p-value means excess, but no telling whether a signal or not.

• LEE trial factors range from 1–100 for the individual analysis.

• ~2σ excess at low masses

• H->WW with LEE trial factor ~3 and poor mass resolution ~30GeV

• H->ZZ->4l and H->γγ with large trial factors (up to 100!)
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Summary

• A very brief overview of some of the latest results on Higgs 
search in CMS were presented.

• MSSM ϕ → ττ analysis much improved exclusion of
tanβ x MA, with tanβ limit as low as ~14 for low mass values.

• No evidence of Higgs boson found.

• H → WW analysis excludes Higgs in the mass range 
[150-193] GeV/c2 with 95% CL.

• Combined results of six channels exclude Higgs in the mass 
ranges [149–206] GeV/c2 and [300–440] GeV/c2 with 95% CL.

• >2σ excess observed at low mass values driven by channels 
with large look elsewhere effect and poor mass resolution.

20
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Analysis Reference

H → ττ CMS PAS HIG-11-009

H → WW → 2l2ν (0, 1, 2 jets) CMS PAS HIG-11-003

H → ZZ → 4l CMS PAS HIG-11-004

H → ZZ → 2l2ν CMS PAS HIG-11-005

H → ZZ → 2l2q CMS PAS HIG-11-006

H → γγ CMS PAS HIG-11-010

H++ → l+l+ CMS PAS HIG-11-007

H+ → τ+ in top decays CMS PAS HIG-11-008

Combined results CMS PAS HIG-11-011
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Combined results

• Method: modified frequentist limit (CLS). 

• CLS = p0/pµ

• p0 (pµ) = probability to find an observation above the observed test statistic value 
for the background-only (background + signal) hypothesis.

• 95% confidence level: CLs = 0.05
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• total integrated luminosity (6%)

• jet energy scale (5%)

• background normalisation

• Z production cross section (3%)

• lepton identification and isolation efficiency (1.0%)

• trigger (1.0%)

• tau identification efficiency uncertainty (6%)

• SM search theoretical uncertainty on the Higgs production
(12% for ggH and 3.5% for qqH)

• uncertainty on the efficiency to identify a b-jet (10%) - MSSM search

• Uncertainties that contribute to mass spectrum shape variations 
include the tau (3%), muon (1%), and electron (2%) energy scales.

systematic uncertainties
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systematic uncertainties
10 8 Conclusions

Table 3: Summary of all systematic uncertainties (relative). This is just an indicative table, since

the precise values depend on the final state and jet-bin.

Source
H → qq → gg → non-Z resonant top DY W + jets V(W/Z)

W
+

W
−

W
+

W
−

W
+

W
−

WZ/ZZ +γ

Luminosity 6 — — 6 — — — 6

Trigger efficiencies 1.5 1.5 1.5 1.5 — — — 1.5

Muon efficiency 1.5 1.5 1.5 1.5 — — — 1.5

Electron id efficiency 2.5 2.5 2.5 2.5 — — — 2.5

Momentum scale 1.5 1.5 1.5 1.5 — — — 1.5

E
miss

T
resolution 2.0 2.0 2.0 2.0 2.0 3.0 — 1.0

Jet counting 7-20 — 5.5 5.5 — — — 5.5

Higgs cross section 5-15 — — — — — — —

WZ/ZZ cross section — — — 3.0 — — — —

qq → WW norm. — 15 — — — — — —

gg → WW norm. — — 50 — — — — —

W + jets norm. — — — — — — 36 —

top norm. — — — — 25 — — —

Z/γ∗ → �+�− norm. — — — — — 60 — —

Monte Carlo statistics 1 1 1 4 6 20 20 10

of (55.3 ± 3.3 (stat.) ± 6.9 (syst.) ± 3.3 (lumi.)) pb, consistent with the SM expectation of 43 ± 2

pb at the ∼1 σ level.

After applying the Higgs mass-dependent selections, no significant excess is found with re-

spect the expected Standard Model backgrounds, then upper limits are derived on the product

of the Higgs boson production cross section and the H→ W
+

W
−

branching fraction, σH×BR(H

→ W
+

W
− → 2�2ν), with respect to the SM expectation, (σ95%

/σSM
) . Two different statisti-

cal methods are used, both using the same likelihood function from the expected number of

observed events modeled as a Poisson random variable whose mean value is the sum of the

contributions from signal and background processes. The first method, known as CLs, is based

on the hybrid Frequentist-Bayesian approach [36], while the second one is based on Bayesian

inference [37]. Both methods account for systematic uncertainties. Although not identical, the

upper limits obtained from both methods are very similar. Results are reported in the following

using only the CLs approach.

The 95% observed and expected median C.L. upper limits are shown in Figure 3. Results are

reported for both the cut-based and the BDT approach. The bands represent the 1σ and 2σ prob-

ability intervals around the expected limit. The a-posteriori probability intervals on the cross

section are constrained by the a-priori minimal assumption that the signal and background

cross sections are positive definite.

With the multivariate analysis, chosen as the reference one because of the better Higgs sensitiv-

ity, we exclude the presence of a Higgs boson with a mass in [150 - 193] GeV/c
2

range at 95%

C.L. The exclusion range obtained with the cut-based approach is approximatively the same.

The observed (expected) upper limits are about 0.6 (0.3) times larger than the SM expectation

for mH = 160 GeV/c
2
.

8 Conclusions
This document reports a search for Higgs boson decaying to W

+
W

−
in pp collisions at

√
s =

7 TeV, using a data sample corresponding to an integrated luminosity of 1.1 fb
−1

. No significant

excess above the SM background expectation is found, and therefore limits on the Higgs boson
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systematic uncertainties
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5 Systematic uncertainties317

The main sources of systematic uncertainties on the expected yields are summarized in Table 4.318

Systematic uncertainties have been evaluated from data for the trigger efficiency as well as319

for effects from individual lepton reconstruction, identification and isolation efficiencies, and320

from energy-momentum calibration. Additional systematics affecting the derivation of exclu-321

sion limits come from the limited statistics in the background control regions which propagate322

to the background evaluation in the signal region. All major background sources are derived323

from control regions, and the comparison of the data with the background expectation in the324

signal region is independent of the uncertainty on the LHC integrated luminosity for the data325

sample. This uncertainty enters in the calculation of a cross section limit through the normal-326

ization of the signal. Also given for completeness in Table 4 is an evaluation of the systematics327

uncertainties on the Higgs boson cross section and branching ratios.

Table 4: Summary of the magnitude of systematic uncertainties in percent.

Luminosity 6

Trigger efficiency 1.5

Higgs cross section 17-20

Higgs B.R. 2

Lepton reco/ID eff. 2-3

Lepton isolation eff. 2

Electron energy scale 3

328

6 Results329

The reconstructed four-lepton invariant mass distributions obtained in the 4e, 4µ, and 2e2µ330

channels with the baseline selection are shown in Fig. 3, and compared to expectations from331

the SM backgrounds. Three (six, six) event candidates are observed in 4e (4µ, 2e2µ) final states,332

satisfying the baseline selection. The reconstructed four-lepton invariant mass distribution ob-333

tained with the high-mass selection is shown in Fig. 4 for the combination of the three channels.334

The reducible and instrumental backgrounds are very small or negligible. In Fig. 3 and 4, the335

background rates are estimated from data (see below) and the corresponding shapes for the336

m4� distributions are obtained from MC samples. The number of events observed, as well337

as the background rates in the signal region within a mass range from m1 = 100 GeV/c2
to338

m2 = 600 GeV/c2
, are reported for each final state in Table 5 for the baseline and high-mass339

selections.340

The measured distribution is seen to be compatible with the expectation from SM continuum341

production of ZZ
(∗)

pairs. We observe Nbaseline

obs
= 15 events for the baseline selection, in342

good agreement with the expectation of 14.4 ± 0.6 events from SM background evaluation.343

Six of the events are below the kinematic threshold of two on-shell Z’s (mH < 180 GeV/c2
),344

while 1.9 ± 0.1 background events are expected. The probability that the background fluc-345

tuates to the observed number of events is 1.3%. The events are not clustered at a single346

mass excluding interpretation as the standard model Higgs boson. However we note that347

the six events form three mass pairs: two are close to each of the following masses 122, 142348

and 165 GeV/c2
, respectively. We observe Nhighmass

obs
= 8 events for the high-mass selection349

Monday, 25 July 2011



H → γγ

29

systematic uncertainties

16 8 Limit setting

in the 8 classes are combined in the CL calculation to obtain the final result.283

Two statistical approaches are considered in evaluating limits: the modified frequentist ap-284

proach (CLS) using the profile likelihood as a test statistic [16], and a Bayesian approach with285

a flat prior for the signal strength. These two methods are generally expected to give similar286

results and so provide a valuable cross check of the statistical procedures.287

Both a binned and an unbinned evaluation of the likelihood are considered. While most of the288

analysis and determination of systematic uncertainties are common for these two approaches,289

there are differences at the final stages which make a comparison useful. The signal is model290

taken from the MC after applying the corrections determined from data/Monte Carlo compar-291

isons of Z → ee and Z → µµγ mentioned above, and the reweighting of the p
H

T
spectrum. In292

the unbinned evaluation the signal model is parametric, based on analytic functions fitted to293

the Monte Carlo, whereas the binned evaluation uses templates made with Monte Carlo events.294

The comparison of results thus verifies that the parametric model describes the Monte Carlo295

well. For the background, Monte Carlo is not used and the background is evaluated from a fit296

to the data.297

Given the narrowness of the Higgs mass peak which has a resolution approaching 1 GeV/c
2

in298

the classes with best resolution, the search must be carried out in fine steps. At present steps of299

500 MeV/c
2

are used.300

All known sources of relevant systematic uncertainties have been described in the previous sec-301

tions. Table 6 lists systematic uncertainties on the signal applicable to the individual photons,302

and Table 7 lists systematic uncertainties on the signal applicable to diphoton events. Table 8303

lists systematic uncertainties on the signal cross-section and branching ratio. The numbers in304

Tables 6 and 7 show the magnitudes of 1 σ variations of the sources of uncertainty listed in the305

leftmost column.306

Table 6: Summary of systematic uncertainties on the signal applicable to individual photons.

Source Uncertainty
Photon identification efficiency

barrel 1.0%

endcap 2.5%

R9 >0.94 efficiency

(results in class migration) barrel 4%

endcap 6.5%

R9 > 0.94 R9 < 0.94

Energy resolution (∆σ/EMC)

barrel 0.2% 0.4%

endcap 0.5% 0.4%

Energy scale ((Edata − EMC)/EMC)

barrel 0.05% 0.34%

endcap 0.26% 0.26%

The limit set on the cross section of a Higgs boson decaying to 2 photons using both the frequen-307

tist CLS and the Bayesian approach, and an unbinned evaluation of the likelihood, is shown in308

Fig. 9. Figure 10 shows the limit relative to the SM expectation, where the systematic uncertain-309

ties on the expected cross section are included in the limit setting procedure. The fluctuations310

of the observed limit about the expected limit are of a magnitude consistent with statistical311
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Table 7: Summary of systematic uncertainties on the signal applicable to diphoton event. The

uncertainty on p
H

T
>40 GeV/c, causing event class migration, is not applicable in the case of the

fermiophobic model.

Source Uncertainty
Integrated luminosity 6%

Trigger efficiency

both photons in barrel 1.0%

one or more photon in endcap 1.0%

Vertex finding efficiency 0.5%

p
H

T
>40 GeV/c in gluon fusion (class migration) 6%

Table 8: Systematic uncertainties relating to cross section and branching ratio

Source Uncertainty
Standard Model

gg cross section (scale) 12.5%

gg cross section (PDF) 7.9%

Fermiophobic model

VBF cross section (scale) 0.5%

WH cross section (scale) 0.8%

ZH cross section (scale) 1.6%

VBF + VH cross section (PDF) 3.1%

Fermiophobic H → γγ BR 5%
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Table 7: Summary of systematic uncertainties on the signal applicable to diphoton event. The

uncertainty on p
H

T
>40 GeV/c, causing event class migration, is not applicable in the case of the

fermiophobic model.

Source Uncertainty
Integrated luminosity 6%

Trigger efficiency

both photons in barrel 1.0%

one or more photon in endcap 1.0%

Vertex finding efficiency 0.5%

p
H

T
>40 GeV/c in gluon fusion (class migration) 6%
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