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vacuum expectation

fluctuations

Goldstone modes
(become longitudinal 
polarizations of massive W,Z)

V (φ) = µ2|φ|2 + λ|φ|4
Introduction
Understanding of electroweak symmetry breaking is a 
major goal of the LHC physics program
‣ Initial focus: search for the Standard Model Higgs 

● drove the design of both the ATLAS and CMS detectors
● stresses every major sub-system

ATLAS and LHC are running great!
‣ Analyses here are based on up to 1.2 fb-1 
‣ High pile-up environment 
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New Heavy Gauge Bosons:
Lepton+ET

Miss

Dileptons
Compositeness: dimuons  
Extra Dimensions

Same-sign dimuons (ADD)   
Dileptons (RS)
Diphotons (RS)
Diphotons+ET

Miss (UED)
Leptoquarks
Highly Ionising Particles
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.

 [GeV] HM
100 200 300 400 500 1000

 H
+X

) [
pb

]  
  

!
(p

p 
"

-110

1

10

210
= 14 TeVs

LH
C 

HI
G

G
S 

XS
 W

G
 2

01
0

 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 

Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.

82

Channels Included in the Combination
Enhance sensitivity by combining all 
available searches channels in the context 
of the SM Higgs hypothesis

‣ some channels are composed of sub-
channels and include control samples
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ChannelChannel
btag

(veto)
Jets

MET

(GeV)
Shape

Mass Range

(GeV/c2)
Main  backgrounds

γγγγ Mgg 110-150 γγ (from sidebands)

WHWH ✓ 2 Mbb 110-130 Top (3j - high Mbb) and W+jets (low Mbb) 

ZHZH ✓ 2 Mbb 110-130 Z+jets (low Mbb) 

WW 
(lνlν)

0-jet 0 >30 110-240 WW (control region Mll)WW 
(lνlν) 1-jet veto 1 >30 110-240 Top (from reverse btag) and WW (Mll CR) 

WW
(lνqq)

0-jet 0 >30 MWW 200-600 W+jets (sidebands)WW
(lνqq) 1-jet veto 1 >30 MWW 200-600 W+jets (sidebands)

ZZ (llνν)ZZ (llνν) ✓ >30 MT 200-600 VV(from MC) and top (MC and checks)

ZZ (llqq)ZZ (llqq) ✓ 2 <50 Mllqq 200-600 Z+jets (from MC) and top (from MC)

ZZ (4l)ZZ (4l) IP M4l 110-600 ZZ (from MC),  Z+jets (MC) and top (CR)
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Figure 1: The invariant mass distribution for the candidate events selected, the total background and

the signal expected in the H → γγ , H → ZZ(∗) → !!!! the WH (lνbb̄) and ZH (!+!−bb̄), and the H →
WW (∗) → !ν!ν channels. For the H → γγ channel the signal is multiplied by factor of 5 and is illustrated

for a Higgs boson mass hypothesis of mH = 120 GeV. For the H → bb̄ associated production channels,

the Higgs boson mass hypothesis is also mH = 120 GeV, but the multilicative factor is 20. For the

H → ZZ(∗) → !!!! the Higgs boson mass hypothesis is mH = 210 GeV and no multiplicative factor is

applied. For the H → WW (∗) → !ν!ν channel the Higs boson mass hypothesis is mH = 150 GeV and

no multiplicative factor is applied.

4 Systematic Uncertainties189

The combination of Higgs boson search channels is not only useful to optimally take advantage of the190

full statistical discrimination of the signal from the background in various independent channels, but191
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Figure 1: The invariant mass distribution for the candidate events selected, the total background and

the signal expected in the H → γγ , H → ZZ(∗) → !!!! the WH (lνbb̄) and ZH (!+!−bb̄), and the H →
WW (∗) → !ν!ν channels. For the H → γγ channel the signal is multiplied by factor of 5 and is illustrated

for a Higgs boson mass hypothesis of mH = 120 GeV. For the H → bb̄ associated production channels,

the Higgs boson mass hypothesis is also mH = 120 GeV, but the multilicative factor is 20. For the

H → ZZ(∗) → !!!! the Higgs boson mass hypothesis is mH = 210 GeV and no multiplicative factor is

applied. For the H → WW (∗) → !ν!ν channel the Higs boson mass hypothesis is mH = 150 GeV and

no multiplicative factor is applied.
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Figure 1: The invariant mass distribution for the candidate events selected, the total background and

the signal expected in the H → γγ , H → ZZ(∗) → !!!! the WH (lνbb̄) and ZH (!+!−bb̄), and the H →
WW (∗) → !ν!ν channels. For the H → γγ channel the signal is multiplied by factor of 5 and is illustrated

for a Higgs boson mass hypothesis of mH = 120 GeV. For the H → bb̄ associated production channels,

the Higgs boson mass hypothesis is also mH = 120 GeV, but the multilicative factor is 20. For the

H → ZZ(∗) → !!!! the Higgs boson mass hypothesis is mH = 210 GeV and no multiplicative factor is

applied. For the H → WW (∗) → !ν!ν channel the Higs boson mass hypothesis is mH = 150 GeV and

no multiplicative factor is applied.

4 Systematic Uncertainties189

The combination of Higgs boson search channels is not only useful to optimally take advantage of the190

full statistical discrimination of the signal from the background in various independent channels, but191

 [GeV]HM
110 115 120 125 130 135 140 145 150

)/S
M

 @
 9

5%
 C

L
BR

(H
×

1

10

210  limitsObserved CL
 limitsExpected CL

 1±
 2±

ATLAS Preliminary
 = 7 TeVsData 2011,  
-1Ldt = 1.08 fb



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

EPS-HEP 2011 - ATLAS Higgs Combination

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

July 20, 2011 – 18 : 59 DRAFT 31

 [GeV]HM
120 140 160 180 200 220 240

S
ta

tis
tic

a
l s

ig
n

ifi
ca

n
ce

0

2

4

6

8

10
Observed
Expected

σ 1 ±
σ 2 ±

-1
 Ldt = 1.04 fb∫

 = 7 TeVs

ATLAS Preliminary νlνl→(*)
WW→H

Figure 15: The expected and observed signal significances for various Higgs boson mass hypotheses,
with an integrated luminosity of 1.04 fb−1 at 7 TeV. The observed significances at neighboring mass
points are highly correlated due to the limited mass resolution resulting from the two neutrinos in the
H→WW(∗)→ !ν!ν decay.

10 Conclusion421

A search for the Standard Model Higgs boson has been performed in the H→WW(∗)→ !ν!ν channel422

using 1.04 fb−1 of pp collisions recorded by the ATLAS detector. No significant excess of events over423

the expected background has been observed. A Higgs boson with a mass in the range from 158 GeV424

to 186 GeV is excluded at 95% confidence level, while the expected Higgs boson mass exclusion range425

is 142 ≤ mH ≤ 186 GeV. An excess of events in data corresponding to more than 2σ significance is426

observed for the Higgs boson mass range from 126 GeV to 158 GeV, with the largest deviation being427

2.7σ for a Higgs boson mass of 130 GeV.428
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Figure 1: The invariant mass distribution for the candidate events selected, the total background and

the signal expected in the H → γγ , H → ZZ(∗) → !!!! the WH (lνbb̄) and ZH (!+!−bb̄), and the H →
WW (∗) → !ν!ν channels. For the H → γγ channel the signal is multiplied by factor of 5 and is illustrated

for a Higgs boson mass hypothesis of mH = 120 GeV. For the H → bb̄ associated production channels,

the Higgs boson mass hypothesis is also mH = 120 GeV, but the multilicative factor is 20. For the

H → ZZ(∗) → !!!! the Higgs boson mass hypothesis is mH = 210 GeV and no multiplicative factor is

applied. For the H → WW (∗) → !ν!ν channel the Higs boson mass hypothesis is mH = 150 GeV and

no multiplicative factor is applied.
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Figure 1: The invariant mass distribution for the candidate events selected, the total background and

the signal expected in the H → γγ , H → ZZ(∗) → !!!! the WH (lνbb̄) and ZH (!+!−bb̄), and the H →
WW (∗) → !ν!ν channels. For the H → γγ channel the signal is multiplied by factor of 5 and is illustrated

for a Higgs boson mass hypothesis of mH = 120 GeV. For the H → bb̄ associated production channels,

the Higgs boson mass hypothesis is also mH = 120 GeV, but the multilicative factor is 20. For the

H → ZZ(∗) → !!!! the Higgs boson mass hypothesis is mH = 210 GeV and no multiplicative factor is

applied. For the H → WW (∗) → !ν!ν channel the Higs boson mass hypothesis is mH = 150 GeV and

no multiplicative factor is applied.

4 Systematic Uncertainties189

The combination of Higgs boson search channels is not only useful to optimally take advantage of the190

full statistical discrimination of the signal from the background in various independent channels, but191 6
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6 Selection and Background Estimates for H+0 jet208

Events which contain two leptons, high Emiss
T,rel, and no jets with pT > 25 GeV and |η| < 4.5 are considered209

for the H + 0 jet analysis and required to satisfy the following additional cuts:210

• The transverse momentum of the dilepton system, |P""T |, is required to be at least 30 GeV.211

• The dilepton invariant mass is required to satisfy m"" < 50 GeV or m"" < 65 GeV for predicted212

Higgs boson masses in the regions mH < 170 GeV and mH ≥ 170 GeV, respectively.213

• The two leptons from the Higgs boson decay tend to emerge from the interaction point in a similar214

direction due to the spin correlation present in the WW system due to the spin zero nature of the215

Higgs boson. The dilepton opening angle in the transverse plane, ∆φ"", is required to be less than216

1.3 (1.8) radians for mH < 170 GeV (mH ≥ 170 GeV).217

• The transverse mass, mT, is required to satisfy 0.75 × mH < mT < mH , where transverse mass is218

defined as [63]219

mT =

√

(E""T + Emiss
T )2 − (P""T + Pmiss

T )2, (2)

where E""T =
√

(P""T )2 + m2
"", |P

miss
T | = Emiss

T and P""T is the transverse momentum of the dilepton220

system.221

Table 4 shows the expected numbers of signal and background events after applying each cut, for a222

Higgs mass of 150 GeV, in 1.04 fb−1 of integrated luminosity. The rightmost column shows the observed223

numbers of events in the data. The dominant background after all cuts in the H + 0 jet channel comes224

from continuum WW production, with a smaller contribution from top events (tt̄ and single top). The225

distributions of the variables used for the topological selections are compared between data and MC after226

the jet veto has been applied in Fig 6. The large uncertainties on the Z/γ∗+jets background is mainly227

coming from the Emiss
T,rel uncertainties. The shape of the data is in good agreement with what is predicted228

from the MC. The distributions of the invariant dilepton mass of the two selected leptons after the cut229

on the transverse momentum p""T of the two selected leptons is shown in Fig. 7 on the left side. The230

distributions of the azimuthal opening angle ∆Φ"", after the invariant mass cut, is shown in Fig. 7 on the231

right side. Figure 8 shows the transverse mass distribution in the H + 0 jet analysis after all cuts except232

that on the transverse mass.233

The backgrounds are normalized using control samples selected in the data with similar selections as234

those used in the signal region. The control sample selections are aimed at minimizing the contamination235

from the expected signal and to keep the contamination from other background sources low.236

• The WW control region is defined using the same selections as in the signal region, except that237

the upper selection on m"" is replaced with a lower bound m"" > 80 GeV. The ∆φ"" and the mT238

selections are also removed. Since the Z mass veto is also applied in the ee and µµ channels, the239

m"" cut in these two channels is effectively m"" > mZ + 15 GeV. Table 5 shows the expected and240

observed event yields in this region.241

• The Z/γ∗+jets background is determined by scaling the yield in MC by an Emiss
T mismodelling fac-242

tor determined from two control regions in both data and MC. Following the procedure described243

in Ref. [21], the mismodelling factor for the ee channel is determined to be 1.01 ± 0.09 and the244

mismodelling factor for the µµ channel is determined to be 0.92 ± 0.06. The correction factors for245

the Z/γ∗+jets background estimates are applied in the likelihood function and are not reflected in246

the Tables 4 and 5.247
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Figure 2: The invariant mass distribution for the candidate events selected, the total background and the

signal expected in the H → ZZ → !!νν , the H → ZZ → !!qq in the tagged and untagged categories, and

H →WW → !νqq.

also allows proper account to be taken of the correlation of systematic uncertainties between channels.192

Because all channels rely on a limited number of reconstructed objects in the detector (electrons, photons,193

muons, jets, missing transverse energy and b-tagging) and on the same Monte Carlo simulation, most194

of the signal-related systematic uncertainties are correlated. Since in most channels the backgrounds195

are estimated in control samples of data, the background-related systematic uncertainties are typically196

uncorrelated. For instance the systematic uncertainty on the luminosity, which is fully correlated among197

all channels and amounts to ±4.5%, affects almost only the signal estimates, except in channels where198

contributions to the background are directly estimated in Monte Carlo simulation, such as the H → ZZ199

modes.200

4.1 Detector-related systematic uncertainties201

All detector related systematic uncertainties can be grouped in the four generic categories listed below.202

These categories have been designed to group correlated effects together and allow to minimize the203

number of nuisance parameters in the model. These sources are considered as 100% correlated among204

channels which are affected by them.205

• The electron and photon-related systematic uncertainties are treated as fully correlated with those206

on the photon identification since the identification criteria are very similar and the differences207
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Figure 2: The invariant mass distribution for the candidate events selected, the total background and the

signal expected in the H → ZZ → !!νν , the H → ZZ → !!qq in the tagged and untagged categories, and

H →WW → !νqq.

also allows proper account to be taken of the correlation of systematic uncertainties between channels.192

Because all channels rely on a limited number of reconstructed objects in the detector (electrons, photons,193

muons, jets, missing transverse energy and b-tagging) and on the same Monte Carlo simulation, most194

of the signal-related systematic uncertainties are correlated. Since in most channels the backgrounds195

are estimated in control samples of data, the background-related systematic uncertainties are typically196

uncorrelated. For instance the systematic uncertainty on the luminosity, which is fully correlated among197

all channels and amounts to ±4.5%, affects almost only the signal estimates, except in channels where198

contributions to the background are directly estimated in Monte Carlo simulation, such as the H → ZZ199

modes.200

4.1 Detector-related systematic uncertainties201

All detector related systematic uncertainties can be grouped in the four generic categories listed below.202

These categories have been designed to group correlated effects together and allow to minimize the203

number of nuisance parameters in the model. These sources are considered as 100% correlated among204

channels which are affected by them.205

• The electron and photon-related systematic uncertainties are treated as fully correlated with those206

on the photon identification since the identification criteria are very similar and the differences207
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Figure 2: The invariant mass distribution for the candidate events selected, the total background and the

signal expected in the H → ZZ → !!νν , the H → ZZ → !!qq in the tagged and untagged categories, and

H →WW → !νqq.

also allows proper account to be taken of the correlation of systematic uncertainties between channels.192

Because all channels rely on a limited number of reconstructed objects in the detector (electrons, photons,193

muons, jets, missing transverse energy and b-tagging) and on the same Monte Carlo simulation, most194

of the signal-related systematic uncertainties are correlated. Since in most channels the backgrounds195

are estimated in control samples of data, the background-related systematic uncertainties are typically196

uncorrelated. For instance the systematic uncertainty on the luminosity, which is fully correlated among197

all channels and amounts to ±4.5%, affects almost only the signal estimates, except in channels where198

contributions to the background are directly estimated in Monte Carlo simulation, such as the H → ZZ199

modes.200

4.1 Detector-related systematic uncertainties201

All detector related systematic uncertainties can be grouped in the four generic categories listed below.202

These categories have been designed to group correlated effects together and allow to minimize the203

number of nuisance parameters in the model. These sources are considered as 100% correlated among204

channels which are affected by them.205

• The electron and photon-related systematic uncertainties are treated as fully correlated with those206

on the photon identification since the identification criteria are very similar and the differences207
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Figure 1: The invariant mass distribution for the candidate events selected, the total background and

the signal expected in the H → γγ , H → ZZ(∗) → !!!! the WH (lνbb̄) and ZH (!+!−bb̄), and the H →
WW (∗) → !ν!ν channels. For the H → γγ channel the signal is multiplied by factor of 5 and is illustrated

for a Higgs boson mass hypothesis of mH = 120 GeV. For the H → bb̄ associated production channels,

the Higgs boson mass hypothesis is also mH = 120 GeV, but the multilicative factor is 20. For the

H → ZZ(∗) → !!!! the Higgs boson mass hypothesis is mH = 210 GeV and no multiplicative factor is

applied. For the H → WW (∗) → !ν!ν channel the Higs boson mass hypothesis is mH = 150 GeV and

no multiplicative factor is applied.

4 Systematic Uncertainties189

The combination of Higgs boson search channels is not only useful to optimally take advantage of the190

full statistical discrimination of the signal from the background in various independent channels, but191
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for luminosity L, Standard Model cross sections σl (including efficiencies and acceptances), and ex-302

pected backgrounds b jl . Background estimates b jl may come either from Monte Carlo simulations303

or from control regions j. Systematic uncertainties are considered either fully or non-correlated and304

are described by the ε and δ parameters [10]. Monte Carlo pseudo-experiments are generated to305

construct the probability density functions f (q̃µ |µ, ˆ̂θ(µ)) under an assumed signal signal strength µ ,306

f (q̃µ |µ = 0, ˆ̂θ(0)) and f (q0|µ = 0, ˆ̂θ(0)), giving the corresponding p-values, pµ ,1− pb and p0, from307

which the CLs+b = pµ ,CLs =
pµ

1−pb
and discovery significance (p0) were derived. The results shown in308

this note are derived using three different approaches. The first is the asymptotic approximation fol-309

lowing the prescriptions given in Ref. [52]. This method has the advantage of reducing immensely the310

computing time consumption, but needs to be thoroughly validated in order to be applied. The second311

is the usual Monte Carlo experiments approach where each experiment involves a fit with a very large312

number of degrees of freedom and therefore requires both a large computing time and a thorough ver-313

ification of the convergence of the fits. Finally the third is a Bayesian approach which assumes a flat314

prior in strength parameter, based on the marginalisation of nuisance parameters and fits. It implies less315

computing time and provides an independent check of the result. The asymptotic limit was found to be316

reached in most of the mass range, excepted in the very high mass range as described in Appendix A.317

The interpretation in terms of limits is then given both using the CLs method [53] and in the Power318

Constrained Limits [10, 54] (PCL). The former should be taken as the actual result. In contrast to the319

analysis of Ref. [10], the uncertainties on the cross section are included in the profile likelihood con-320

struction.321

The limits set by the individual channels used for the combination are shown in Fig. 3. Only the322

H →WW (∗) → !ν!ν channel has a median result which is sensitive to the Standard Model Higgs boson,323

but the H → ZZ → !!νν excludes a larger mass range. The relative importance of the different channels324

and whether they bring excesses or deficits is illustrated in this figure.325
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Systematics
The channels utilize three main strategies for addressing systematic uncertainties:

‣ data-driven techniques: eliminates dominant impact of uncertainty leaving 
uncertainties associated with extrapolation from control to signal region

‣ implicit parametrization: parametrized functions flexible enough to describe 
effect of uncertainty on distribution (eg. exponential + Crystal ball in H→γγ)

‣ explicit parametrization: variational histograms obtained from modifying 
simulated samples according to variations the source of uncertainty (eg. H→ZZ)

Uncertainties in normalization described by log-normal distributions
The combination requires relations between rates of different channels, thus it is 
subject to theoretical uncertainties.  Prescription agreed upon by LHC-HCG & Higgs 
cross-section working group.
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
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Table 2: Main correlated systematic uncertainties used in the analysis. These relative uncertainties (%)
correspond to the overall effect on the per-event signal efficiency of the ±1σ variation of the source of
systematic uncertainty. Some systematic errors, such as energy scale in the H → γγ search, are included
but are not apparent in this table as they do not affect event rates.

H → γγ H → bb̄
H →WW

(∗)
H → ZZ

(∗)

�ν�ν �νqq ���� ��νν ��qq

Luminosity ±3.7 ±3.7 ±3.7 ±3.7 ±3.7 ±3.7 ±3.7
e/γ efficiency +11.6

−10.4 ±2.3 ±1.4 +0.9
−0.8 ±1.9 ±1.2 ±1.1

e/γ energy scale - +1.5
−1.6

+0.1
−0.4 - - +0.8

−1.1
e/γ resolution - +2.1

−1.5
+0.0
−0.5 - - -

µ efficiency - +1.1
−2.0

+0.6
−0.6 ±0.3 ±1.2 +0.8

−0.7 ±0.6
µ resolution - ±5.8 +4.2

−4.5 - - -
Jet/MET energy scale - +21

−17
+4.6
−7.9

+15
−18 - +5.9

−4.0
+3.7
−10.4

Jet resolution - ±2.5 - +8.2
−9.0 - - +2.1

−0.0
MET - +5.5

−6.1 - - - +6.6
−4.2 -

b-tag efficiency - +37
−33 - - - +4.3

−4.4 -
Theory +15.0

−20.0 ±5 +15.0
−20.0

+15.0
−20.0

+15.0
−20.0

+15.0
−20.0

+15.0
−20.0

such as systematic uncertainties, which can alter the tension between a signal strength hypothesis µ and296

its best-fit-value. The maximum likelihood estimates or best-fit-values of µ and θ are denoted µ̂ and297

θ̂ , while ˆ̂θ(µ) denotes the conditional maximum likelihood estimate of all nuisance parameters with298

µ fixed. In this analysis the range of µ is restricted to the physically meaningful regime, i.e. it is not299

allowed to be negative. N
exp

l
is given by300

N
exp

l
= µL σl ∏

i

(1+ εs

li
δi)+

∑
j

b jl ∏
i

(1+ εb

jl i
δi) (1)

for luminosity L, Standard Model cross sections σl (including efficiencies and acceptances), and ex-301

pected backgrounds b jl . Background estimates b jl may come either from Monte Carlo simulations302

or from control regions j. Systematic uncertainties are considered either fully or non-correlated and303

are described by the ε and δ parameters [10]. Monte Carlo pseudo-experiments are generated to304

construct the probability density functions f (q̃µ |µ, ˆ̂θ(µ)) under an assumed signal signal strength µ ,305

f (q̃µ |µ = 0, ˆ̂θ(0)) and f (q0|µ = 0, ˆ̂θ(0)), giving the corresponding p-values, pµ ,1− pb and p0, from306

which the CLs+b = pµ ,CLs =
pµ

1−pb

and discovery significance (p0) were derived. The results shown in307

this note are derived using three different approaches. The first is the asymptotic approximation fol-308

lowing the prescriptions given in Ref. [52]. This method has the advantage of reducing immensely the309

computing time consumption, but needs to be thoroughly validated in order to be applied. The second310

is the usual Monte Carlo experiments approach where each experiment involves a fit with a very large311

number of degrees of freedom and therefore requires both a large computing time and a thorough ver-312

ification of the convergence of the fits. Finally the third is a Bayesian approach which assumes a flat313

prior in strength parameter, based on the marginalisation of nuisance parameters and fits. It implies less314

computing time and provides an independent check of the result. The asymptotic limit was found to be315

reached in most of the mass range, excepted in the very high mass range as described in Appendix A.316
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Statistical Procedure
The full complexity of individual channels’ likelihood functions are packaged using 
RooFit/RooStats workspaces, and a combined probability model is formed by 
identifying nuisance parameters ν associated to common systematic effects

‣ the common parameter of interest is a cross-section scale factor: µ = σ / σSM

The profile likelihood ratio is used as a test statistic:
‣ nuisance parameters are “profiled” based on the data 
‣ one-sided variants of the test statistic are used for upper-limits and discovery

The distribution of the test statistic is obtained in two ways:
‣ Ensemble tests with toy Monte Carlo using a fully frequentist procedure

● randomize auxiliary measurements instead of randomizing nuisance parameters

‣ Using asymptotic distribution of likelihood ratio
● used for primary result

Primary result based CLs, conservatism introduced to protect against downward fluctuations

‣ results based on power-constrained CLs+b (“PCL”) in backup
‣ Additional comparisons with Bayesian procedure with a uniform prior on µ

11

Cowan, Cranmer, Gross, Vitells 
Eur.Phys.J. C71 (2011)
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In addition, we provide in Figure 9 (and listed in Table VIII) the values for the observed 1-CLs+b and its expected
distribution as a function of mH . The value CLs+b is the p-value for the signal-plus-background hypothesis. These
values can be used to obtain alternative upper limits that are more constraining compared to those obtained via the
CLs method. In such a formulation, the power of the search is limited at a level chosen a priori to avoid setting limits
when the background model grossly overpredicts the data or the data exhibit a large background-like fluctuation (e.g.,
limit at the -1σ background fluctuation level.). Within Figure 9, 95% C.L. power-constrained limits can be found
at the points for which 1-CLs+b exceeds 95%. The expected range of exclusion is ∼40% larger using PCL than the
Bayesian and CLs limits quoted here. We continue our convention of quoting Bayesian and CLs limits however.
In summary, we combine CDF and D0 results on SM Higgs boson searches, based on luminosities up to 8.2 fb−1.

Compared to our previous combination, more data have been added to the existing channels, additional channels
have been included, and analyses have been further optimized to gain sensitivity. We use the recommendation of the
PDF4LHC working group for the central value of the parton distribution functions and uncertainties [32]. We use the
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FIG. 7: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the ratios to the SM
cross section, as functions of the Higgs boson mass for the combined CDF and D0 analyses. The limits are expressed as a
multiple of the SM prediction for test masses (every 5 GeV/c2) for which both experiments have performed dedicated searches
in different channels. The points are joined by straight lines for better readability. The bands indicate the 68% and 95%
probability regions where the limits can fluctuate, in the absence of signal. The limits displayed in this figure are obtained with
the Bayesian calculation. 155<mH<190 GeV/c2 
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Cross-checks
The full limit procedure was performed with toys to confirm the 
asymptotic distributions of the profile likelihood ratio
‣ Toy Monte Carlo is significantly more computationally intensive and 

sensitive to fit failures etc.  Asymptotic results are robust
In addition, a Bayesian procedure, which is known to reproduce the CLs 
limit in simple problems, also yielded consistent results.
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Conclusions
Thanks to the excellent LHC operations, ATLAS has collected more than   
1 fb-1 of 7 TeV data leading to substantial gains in sensitivity to the 
Standard Model Higgs
‣ In the low-mass range  (120 − 140 GeV) an excess of events with a 

significance of approximately 2.8σ is observed.

ATLAS has extended the 95% CL excluded region around 2MW to 
155<MH<190 GeV and excluded a new range from 295<MH<450 GeV

We congratulate the LHC for terrific performance and look forward to more 
successful running in 2011!

We also look forward to the results from CMS and the upcoming       
ATLAS+CMS Higgs combination
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Backup
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Results with PCL

20

While CLs is well a established technique in our field, it is considered a non-
standard procedure by statistician mixing notions of power and coverage
‣ it intentionally over-covers to protect against setting limits beyond the 

experiments sensitivity due to downward fluctuations
An alternative approach (PCL) is based on purely frequentist CLs+b together 
with a “power-constraint” at the experiments sensitivity achieves the same 
protection without mixing the notions of coverage and power
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Figure 5: The combined upper limits on the Standard Model Higgs boson production cross section

normalized to the Standard Model value as a function of mH using the PCL 50% method is shown in the

entire mass range (upper figure) and in the low mass range (lower figure).
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Figure 5: The combined upper limits on the Standard Model Higgs boson production cross section

normalized to the Standard Model value as a function of mH using the PCL 50% method is shown in the

entire mass range (upper figure) and in the low mass range (lower figure).


