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1 Introduction
The discovery of the mechanism for electroweak symmetry breaking is one of the key parts
of the Large Hadron Collider (LHC) physics program. In the standard model (SM), this can
be achieved by invoking what has become known as the Higgs mechanism, leading to the
prediction of the Higgs boson. The Higgs boson mass is essentially the only unknown in the
model, all other parameters being reasonably well constrained by existing measurements. To
date, the experimental searches for this elusive particle have yielded negative results and limits
on its mass have been placed by experiments at LEP, mH > 114.4 GeV/c2 [1], and the Tevatron,
mH < 158 or mH > 173 GeV/c2 [2]. Fits of the electroweak precision measurements, not
taking into account the direct search results, constrain indirectly the SM Higgs boson mass to
be relatively light, mH < 158 GeV/c2 [3]. All limits quoted in this note are at 95% C.L. unless
explicitly stated otherwise.

The CMS Experiment [4] was designed to be able to detect a Higgs boson with a mass rang-
ing from the LEP lower mass bound up to roughly 1 TeV/c2. Depending on the Higgs boson
mass various production mechanisms and decay channels are possible and are actively be-
ing pursued. In this note, we report the overall combination of the search results obtained in
the following six analyses, grouped by the Higgs decay modes: H → γγ [5], H → ττ [6],
H → WW → 2`2ν [7], H → ZZ → 4` [8], H → ZZ → 2`2ν [9], and H → ZZ → 2`2q [10].
Each of these analyses has a number of sub-channels that add up to a total of 30 independent
signatures entering the overall combination. The choice of the Higgs boson mass points used
in the analyses and the overall combination is driven by either instrumental γγ/4` mass reso-
lutions (for mH < 250 GeV/c2) or by the expected standard model Higgs boson width at higher
masses.

The cross sections, together with their uncertainties, for each Higgs boson production mech-
anism and decay branching ratios are taken from the CERN Yellow Report prepared by the
LHC Higgs Cross Section Group [11]. The gg-fusion cross section is calculated at NNLOQCD
+ NNLLQCD + NLOEWK precision, the vector boson fusion (VBF) and the associated WH and
ZH cross sections—at NNLOQCD + NLOEWK precision, while tt̄H—at NLOQCD precision. The
errors on the branching ratios are generally very small and have been neglected in most of the
analyses presented in this note. Uncertainties on the Higgs boson mass lineshape and its im-
pact on the cross section for a Higgs boson with very large mass (mH > 400 GeV/c2) are not
yet included.

In Section 2, we briefly outline the overall statistical model used in this work. In Section 3,
we give a brief overview of each analysis entering the overall combination. And finally, in
Section 4, we present our main results.

2 Statistical Analysis
A statistical combination of results of multiple searches furthers the overall experimental sen-
sitivity to the presence or absence of new physics in comparison to what otherwise could be
inferred from each analysis on its own. The challenge of such an undertaking is to put all anal-
yses in the same framework and understand the role of different systematic errors, including
their inter-channel correlations. In this section, we describe our choices for modeling system-
atic errors in general and which ones we would treat as correlated, in particular. We also give a
brief summary of the statistical methods and software tools we use for quantifying the search
results presented in this note.
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Notations

In the following, the expected SM Higgs event yields are generically denoted as s, and back-
grounds as b. These stand for event counts in one or multiple bins or for probability density
functions, whichever is used in an analysis. Predictions for both signal and background yields,
prior to the scrutiny of the data entering the statistical analysis, are subject to multiple uncer-
tainties that are handled by introducing nuisance parameters θ, so that signal and background
expectations become functions of the nuisance parameters: s(θ) and b(θ). The events actually
observed are denoted as an observation. It has become customary to represent the negative SM
Higgs search results as limits on a common signal strength modifier µ that is taken to change the
cross sections of all production mechanisms by exactly the same scale.

Modeling of systematic errors

We follow the procedure detailed in Ref. [12]. All systematic errors are treated as either 100%
correlated (positively or negatively) or independent. Partially correlated errors are broken
further down to independent sources or declared to be correlated/uncorrelated, whichever is
judged to be a better approximation or more conservative. Each independent source of uncer-
tainties is associated to a nuisance parameter θ. Correlated errors driven by the same nuisance
parameter need not have the same scale.

For the calculations described below, we need to model the sources of uncertainty. This is
done with the help of priors in Bayesian calculations, and measurement pdf s in frequentist
ones. Below are the types of priors ρ(θ | θ̃) used in combination presented in this note. Their
frequentist counterpart pdf s are introduced in the next sub-section.

• Nuisance parameters, unconstrained by any a priori considerations and/or mea-
surements, are assigned flat priors.

• Nuisance parameters that can take both positive and negative values are generally
described by Gaussian distributions with some mean value θ̃ and width parameter σ.

• Systematic errors on observables that can take only positive values (cross sections,
luminosity, selection efficiencies, etc.) are generally described by log-normal distribu-
tions. They are characterized by the parameter κ, a factor by which the true value
of an observable can be larger or smaller than its default. Technically, log-normal
errors are modeled by writing an observable A in the following form A = A0 · κθ ,
where θ is a nuisance with the normal pd f . In other words, log-normal errors can be
and are handled via normal pd f constraints.

• Uncertainties of statistical nature (e.g., statistical error associated with a number of
events simulated in MC or a number of observed events in a control region) are de-
scribed with gamma distributions. The width of the gamma distribution is determined
by the number of simulated or observed events.

Modified frequentist limits (CLs)

As the prime method for reporting limits in this note, we use the modified frequentist construc-
tion (often referred to as CLs) [13, 14]. To fully define the method, one needs to make a choice
of the test statistic and how one would treat nuisance parameters in the construction of the test
statistic and in generating pseudo-data. In this note, we follow the prescription prepared by
the LHC Higgs Combination Group [12]. Below is a brief outline of the procedure.

The first step is to re-interpret systematic error pd f s ρ(θ|θ̃) as posteriors arising from some
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“real” or “imaginary” measurements θ̃, as given by the Bayes’ theorem:

ρ(θ|θ̃) ∼ p(θ̃ | θ) · πθ(θ), (1)

where πθ(θ) functions are hyper-priors for those “measurements”. These hyper-priors are cho-
sen to be uniform (flat) distributions. With this choice, ρ(θ | θ̃) will be a gamma distribution, if
p(θ̃ | θ) is Poisson, and normal or log-normal if p(θ̃ | θ) is normal. This approach allows sam-
pling distributions for the test statistic to be constructed in a purely frequentist manner.

The likelihood L(data | µ, θ) to be used in constructing the test statistic is defined as follows:

L(data | µ, θ) = Poisson ( data | µ · s(θ) + b(θ) ) · p(θ̃|θ) , (2)

where Poisson ( data | µs(θ) + b(θ) ) is the Poisson probability to observe data, assuming signal
and background models, s(θ) and b(θ), that depend on some nuisance parameters θ.

The test statistic is then defined as the profile likelihood ratio:

qµ = −2 ln
L(data|µ, θ̂µ)

L(data|µ̂, θ̂)
, with a constraint 0 ≤ µ̂ ≤ µ (3)

where “data” can be the actual observation or pseudo-data. Both the denominator and numer-
ator are maximized. In the numerator, µ remains fixed and only the nuisance parameters θ
are allowed to float. Their values at which L reaches the maximum are denoted as θ̂µ. In the
denominator, both µ and θ are allowed to float in the fit, and µ̂ and θ̂ are parameters at which
L reaches its global maximum. The lower constraint on µ̂ (0 ≤ µ̂) is imposed by hand as the
signal rate cannot be negative. The upper constraint (µ̂ ≤ µ) forces the limit to be one-sided.
For observations preferring the best-fit values of µ̂ > µ, the test statistic collapses to zero. The
value of the test statistic for the actual observation will be denoted as qobs

µ .

Next, we find the values of nuisance parameters θ̂obs
0 and θ̂obs

µ best describing the experimen-
tally observed data (i.e. maximizing L), for the background-only and signal+background hypothe-
ses, respectively. Using these best-fit values of nuisance parameters, we generate toy Monte
Carlo pseudo-data to construct the test statistic pdf s assuming a signal with strength µ and for
the background-only hypothesis (µ = 0). The “measurements” θ̃ are also randomized in each
pseudo-data, using the pdf s p(θ̃|θ) from Eq. (1). Note, that for the purposes of pseudo-data
generation, the nuisance parameters are fixed to their data-driven best-fit values θ̂obs

µ or θ̂obs
0 ,

but are allowed to float in fits needed to evaluate the test statistic. An example of two such
sampling pdf s is given in Fig. 1 (left). These sampling distributions are obtained for the actual
combination for a Higgs boson mass mH = 250 GeV/c2.

Having constructed two such pd f s, we find two p-values to be associated with the actual ob-
servation for the signal+background and background-only hypotheses, pµ and p0:

pµ = P
(

qµ ≥ qobs
µ | µs(θ̂obs

µ ) + b(θ̂obs
µ )
)

, (4)

p0 = P
(

qµ ≥ qobs
µ | b(θ̂obs

0 )
)

, (5)

and calculate CLs(µ) as a ratio of these two p-values,

CLs(µ) =
pµ

p0
. (6)
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If for µ = 1 CLs = α , we say that the SM Higgs boson is excluded at the (1− α) Confidence
Level (C.L.). It is known that the CLs method gives conservative limits, i.e. the actual confi-
dence level is higher than (1− α).

To quote the 95% Confidence Level upper limit on µ, to be further denoted as µ95%CL, we adjust
µ until we reach CLs = 0.05.

The detailed discussion of differences between the three flavors of CLs, LEP-type [15] , Tevatron-
type [16–18], and the one defined by the LHC Higgs Combination group (and briefly outlined
above), can be found elsewhere [12]. In brief, the main differences are:

• Both LEP and Tevatron used the test statistic with fixed µ = 0 in the denominator
(cf. Eq. 3), which does not guarantee the desired asymptotic behavior allowing to
approximately evaluate p-values from the value of the observed test statistic itself,
without having to generate large amounts of pseudo-data.

• LEP did not profile systematic errors in the test statistic, which does not allow one
to take advantage of the constraints arising from the data used in the statistical anal-
ysis. Tevatron does profile systematic errors as we do.

• Both LEP and Tevatron used a Bayesian-frequentist approach to handling system-
atic errors in generating sampling distributions, while we use a pure frequentist
approach.

Numerically, results derived from the Tevatron-type and LHC-type CLs definitions are found
to be very similar.
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Figure 1: (Left) Frequentist tests statistic qµ for distributions for ensembles of pseudo-data gen-
erated for background-only and signal+background hypotheses. The signal strength assumed in
this example is µ = 2. The observed value of the test statistic qobs

µ is indicated by the ar-
row. Probabilities to find an observation above this value for the background-only and sig-
nal+background hypotheses are p0 = 0.868 ± 0.005 and pµ = 0.040 ± 0.002, respectively, re-
sulting in CLs = pµ/p0 = 0.046± 0.002 . (Right) Bayesian posterior L(µ | data). The value of
µ95%CL is indicated by the arrow.
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Bayesian limits

As an alternative to the CLs method, we also use the Bayesian approach. In this method, Bayes’
theorem [19] is invoked to assign a degree of belief to the Higgs hypothesis by calculating the
posterior “probability density function” p(µ |data) on the signal strength µ:

p(µ |data) =
1
C

∫
θ

p (data | µs(θ) + b(θ)) ρθ(θ) πµ(µ) dθ. (7)

Functions ρθ(θ) are pd f s describing our prior belief on the scale and description of uncertain-
ties, or systematic errors. The function πµ(µ) is the prior on the signal strength, which we take
to be flat for µ ≥ 0 and zero otherwise. The constant C is set to normalize the overall posterior
function p(µ |data) to unity. An example of the posterior p(µ | data) for the actual combina-
tion at the mass point mH = 250 GeV/c2 is showin in Fig. 1 (right). Integration over nuisance
parameters in the above equation is called marginalization. The Bayesian one-sided 95% C.L.
limits on µ are extracted from the following equation:∫ µ95%CL

0
p(µ |data) dµ = 0.95 (8)

Quantifying significance of an excess of events

In anticipation of the eventual Higgs boson discovery, we produce a scan of an approximate
local p̃-value characterizing a scale of all observed excesses vs hypothized Higgs boson mass
mH. The approximate p̃-value is derived from the asymptotic properties of the test statistic
based on the profile likelihood ratio [20]:

p̃ =
1
2

[
1− erf

(√
qobs

0 /2
)]

(9)

where qobs
0 is the observed test statistic calculated for µ = 0 and with only one constraint 0 ≤ µ̂,

which ensures that data deficits are not counted on an equal footing with data excesses. The
approximation has been tested and works well for the range of expected background and signal
yields expected. Figure 2 gives an example of the distribution of the test statistic q0. One can
see that the test statistic sampling distribution agrees well with the approximation shown as
a curve. This sampling distribution is obtained for the actual combination for a Higgs boson
mass mH = 250 GeV/c2.

To quote significance, we choose a “one-sided Gaussian” convention for associating p-value
and significance Z as follows:

p =
∫ ∞

Z

1√
2π

exp(−x2/2) dx. (10)

Should we start seeing the build-up of a significant excess of events at any particular Higgs
boson mass, procedures exist for more accurate characterization of local p-values and assessing
the look-elsewhere effect. They are defined in the LHC Higgs Combination Group Report [12]
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Figure 2: Frequentist tests statistic q0 for distributions for ensemble of pseudo-data generated
for background-only hypotheses. The curve is the asymptotic χ2 distribution for one degree of
freedom. The observed value of the test statistic qobs

0 is indicated by the arrow. The true p-value
of such an observation, i.e. probability P(q0 ≥ qobs

0 ), as obtained form the sampling distribution
is 0.180± 0.004, while the approximate p̃-value, as given by Eq. (9), is 0.218.

Statistical analysis tools

All results quoted in this paper are validated by using two independent sets of software tools,
RooStats [21] and L&S [22]. Both have been made to run off the same input information pro-
vided by the individual analyses for each channel. The agreement of numbers obtained with
two very different software implementations is indicative of their computational robustness.
In addition, many cross checks were done between the independent combination tools of CMS
and ATLAS in terms of reproducibility for a large set of test scenarios [12]. The computational
precision on all results reported in this note is at the level of O(1%) of the quoted numbers,
unless stated otherwise.
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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/c2) (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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Table 2: Correlated systematic errors in the analyses contributing to the combination. Uncer-
tainties associated with the photon reconstruction are not in the table as they appear only in
one analysis.

group nuisance comments
cross section gg gg→ H, tt̄H, VQQ, tt̄, tW, tb (s-channel), gg→ VV

(pd f ) qqbar VBF H, VH, V, VV, γγ
ggH total inclusive gg→ H
ggH1in inclusive gg/qg→ H+ ≥ 1 jets
ggH2in inclusive gg/qg→ H+ ≥ 2 jets
qqH VBF H

cross section VH associate VH
(QCD scales) ttH tt̄H

VV WW, WZ, and ZZ up to NLO
ggVV gg→WW and gg→ ZZ

phenomenology UE & PS modeling of underlying event (UE) and parton showering (PS)
luminosity lumi uncertainties in luminosity

muon prompt muon efficiency (includes reconstruction, isolation)
efficiencies electron prompt electron efficiency (includes reconstruction, isolation)

tau reconstruction efficiency of prompt hadronicly decaying tau
b-tag b-tag efficiency for b-jets (anti-correlated with b-jet veto)
muon prompt muon pT-scale error

pT scales electron prompt electron pT-scale error
tau pT scale error for prompt hadronicly decaying tau
jets jet energy scale error

pT resolutions electron prompt electron pT-resolution error
fake rates lepton systematic errors associated with determination of fake lepton rates in data

trigger muon prompt muon efficiency (includes trigger, reconstruction, isolation)
efficiencies electron prompt electron efficiency (includes trigger, reconstruction, isolation)
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3.1 H → γγ channel [5]

In this channel, the signal of a standard model Higgs boson is a narrow peak in the diphoton
invariant mass distribution (mγγ), dominated by experimental resolutions, on a large falling
background spectrum.

Events are first selected by requiring a diphoton trigger to have fired. Photon candidates, iso-
lated in the tracking detectors and calorimeters, are required to pass a set of tight identification
and quality cuts, reducing the background contributions from events with fake photons. Pho-
ton candidates must have a pseudorapidity, within the acceptance of the detector: |η| < 2.5 and
outside the transition region between the barrel and endcap detectors: 1.4442 < |η| < 1.566.
The two photon candidates with the highest transverse momenta, ET are selected to form the
Higgs candidate and are required to satisfy, Elead

T > 40 GeV and Esub−lead
T > 30 GeV for the

leading and sub-leading candidate respectively.

For the data set under consideration, about six interactions per beam crossing, on average, are
expected. The choice of reconstructed primary vertex has an impact on the mass resolution
and hence on the sensitivity of the analysis. The reconstructed primary vertices are ranked
according to the kinematic properties of the relevant charged tracks and the diphoton Higgs
candidate. Where there is evidence for a photon having undergone pair production, the asso-
ciated charged tracks are used to further refine the vertex choice.

The data are split into eight categories based on the eight permutations of whether or not:

• the transverse momentum of the diphoton system pHiggs
T > 40 GeV/c;

• both photon candidates are in the barrel detector;

• both photons pass a cut on a discriminant loosely describing the shower shape that
will reject photons likely to have undergone a conversion.

Simulated signal events are produced using the next-to-leading-order (NLO) matrix-element
generator POWHEG [23] interfaced to PYTHIA [24] for parton showering. Reweighting of the
Higgs pT spectrum is carried out using the NLO+NNLL distribution computed by the HqT
program [25]. Smearing of the photon energies is applied to account for differences between
data and simulation. These are derived from detailed studies of Z → e+e− events. The best
category di-photons give a peak with FWHM/mH = 2.4% (full width at half maximum), the
worst category—FWHM/mH = 6.5% The signal is modelled in the statistical analysis based
on a parameterized fit to the smeared and reweighted simulated events, consisting of a sum of
two or three Gaussian distributions.

The dominant source of background comes from events containing two real prompt photons or
one prompt and a fake from a jet. The contribution from double-fakes is estimated to be small.
The background is modelled parametrically directly from unbinned fits to the data using a
second order Bernstein [26] polynomials constrained to be positive definite. There is no Monte
Carlo input to these fits. Figures 3 and 4 show the binned data, the result of the unbinned fit for
the background model (under the null background-only hypothesis), and the parameterized
signal distribution (at 5×SM) for a hypothesized Higgs mass mH = 120 GeV/c2.

Systematic uncertainties on the signal model affecting both the yield and the shape are consid-
ered. The largest sources of uncertainty on the event yield arise from the uncertainty on the
luminosity (6% ).
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Figure 3: Binned mγγ distributions for four event categories for di-photons with pT(γγ) >
40 GeV/c: (a) Both photons likely unconverted and in the barrel, (b) At least one photon likely
to have undergone pair production, both are in the barrel, (c) Both photons likely unconverted
and at least one photon in in the endcap, (d) At least one photon likely to have undergone pair
production and at least one photon in the endcap. The Monte-Carlo prediction and parameter-
ized signal model for a Higgs boson mass mH = 120 GeV/c2 (5×SM) are also shown together
with the result of the unbinned fit to the background model. The yellow/green bands indicate
±1σ and ±2σ errors on the background fit.
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Figure 4: Binned mγγ distributions for four event categories for di-photons with pT(γγ) <
40 GeV/c: (a) Both photons likely unconverted and in the barrel, (b) At least one photon likely
to have undergone pair production, both are in the barrel, (c) Both photons likely unconverted
and at least one photon in in the endcap, (d) At least one photon likely to have undergone pair
production and at least one photon in the endcap. The Monte-Carlo prediction and parameter-
ized signal model for a Higgs boson mass mH = 120 GeV/c2 (5×SM) are also shown together
with the result of the unbinned fit for the background model. The yellow/green bands indicate
±1σ and ±2σ errors on the background fit.
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3.2 H → ττ channel [6]

In this analysis, we search for an excess of events in the visible mass mvis distributions of e +
τhad, µ + τhad and e + µ final states 2 , each of which further subdivided in two: with two VBF-
like jets or not. Therefore, the search has in total 6 sub-channels. The visible mass is built
from measured momenta of electrons, muons, and taus and does not attempt to recover the
momentum carried away by neutrinos. The six mass distributions are binned and the entire
shape is used in the statistical analysis.

Triggers requiring the presence of both a lepton and an isolated jet consistent with a τ decaying
hadronically were adopted for the e + τhad, µ + τhad channels. The eµ events were collected
using the di-lepton eµ trigger. For e+ τhad, µ+ τhad final states, we select events with an isolated
electron with pT > 20 GeV/c or isolated muon with pT > 15 GeV/c and |η| < 2.1, and
an oppositely charged τhad with pT > 20 GeV/c and |η| < 2.3. For the eµ final state, we
select events with an isolated electron with |η| < 2.5 and an oppositely charged isolated muon
with|η| < 2.1, both with pT > 15 GeV/c. We reject events with more than one e or µ. A
toplogical cut based on the pT vectors of the two leptons and the missing transverse energy Emis

T
is applied to exploit the fact that visible τ-decay products and neutrinos tend to be colinear.

Motivated by the prominent vector boson fusion component in the Higgs boson production,
we split the sample of selected events into two sub-categories as follows:

• VBF: exactly 2 jets with pT > 30 GeV/c, mjj > 350 GeV/c2, |∆ηjj| > 3.5, η1 · η2 < 0.

• Non-VBF: ≤ 1 jet with pT > 30 GeV/c, or exactly 2 jets that fail VBF requirements.

The final distribution to discriminate signal from background in each of the six sub-channels
is the visible mass mvis. The visible mass distributions for the VBF and non-VBF categories for
the e + τhad, µ + τhad and e + µ, after all the selection cuts, are shown in Figure 5. The visible
mass resolution is about 20%.

The dominant irreducible background in this analysis is Z → ττ production. The other three
main backgrounds are Electroweak (W(`ν)+jets, Z(``)+jets), tt̄, and QCD, in which one or both
leptons are fakes.

The Z → ττ shape is taken from Monte Carlo, while its normalization (total event yield) is
constrained by Z → `` measurements and by the fit of the mvis mass shape distribution. The
W(`ν)+jets and QCD backgrounds are dealt with by using two control samples: one with the
topological cut inveretd and another with same-sign di-lepton events. The normalizations for
Z(``)+jets (important for eτ-channel), tt̄, and di-bosons are taken from corresponding control
samples without τ-leptons and scaling them by probabilities for electrons, muons, and jets to
fake τ-leptons as measured directly from data.

The largest uncertainties on the signal yield include cross section (12% for ggH and 4% for
VBF), luminosity (6%), τ-identification (6%), and jet energy scale (5%). Other errors are O(1%).
The largest background uncertainties for VBF categories come from statistical uncertainties for
the number of events observed in control samples (up to 40%). For non-VBF selection, the
largest background uncertainties are due to extrapolation factors from measurements done in
control regions into the signal region: fake rates for electrons (8%) and jets (12%) for Z(``)+jets
background, opposite-sign to same-sign ratios for W(`ν)+jets (6%) and QCD (6%), and tt̄ exrap-
olation (11%). The mass shape uncertainties arising from variations in tau, electron, and muon
energy scales—3%, 2%, and 1%, respectively—are also included.

2τhad stands for τ-leptons decaying hadronically
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Figure 5: Input information from the H → ττ analysis for a SM Higgs boson with mH =
120 GeV/c2: visible mass distributions for (a) eτhad and non-VBF selection, (b) eτhad plus VBF
selection, (c) µτhad and non-VBF selection, (d) µτhad plus VBF selection, (e) eµ and non-VBF
selection, (f) eµ plus VBF selection. The observed events are shown with points, while the
expected background and signal rates are represented by histograms. Signal is multiplied by a
factor of 10, to be better visible. Normalizations for all backgrounds are obtained using data-
driven techniques.
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3.3 H → WW → 2`2ν channel [7]

In this channel, we search for events with two oppositely charged leptons and large missing
energy arising from neutrinos in W-decays. In addition to the angular separation between the
leptons which distinguishes the scalar H → WW → 2`2ν decay from the WW → 2`2ν back-
ground, we rely on the multivariate analysis (MVA) techniques that consolidate all discrimi-
nating information from multiple observables and their correlations into one final observable,
called MVA-output. The search is based on the analysis of the MVA-output distribuitions.

Events are collected using single and di-lepton triggers. In the offline analysis of recorded data,
we consider muons with pT > 10 GeV/c and |η| < 2.4 and electrons with pT > 10 GeV/c and
|η| < 2.5. We require there to be two oppositely-charged, isolated leptons, in three final states:
e+e−, µ+µ−, or e±µ∓. Both leptons are required to be isolated. Electrons originating from
photon conversions are suppressed requiring no missing hits along their trajectory in the pixel
detector and a low probability of the conversion vertex fit. Events with more than two high-pT
leptons are rejected in order to reduce the WZ and ZZ backgrounds.

To help suppress the tt̄ background, events with additional soft muons are vetoed. We also
veto events with b-tagged jets. Events with two same-flavor leptons forming an invariant mass
within ±15 GeV/c2 around the pole Z-boson mass are rejected (Z-veto). To further suppress
the Drell-Yan background, we require that the projection of the missing tranverse energy onto
the direction transverse to the nearest lepton must be greater than 40 (20) GeV for same-flavor
(opposite-flavor) di-lepton events. We also veto events where the di-lepton system is found to
approximately against a leading jet with ET > 15 GeV, i.e. events with ∆φ``,jet > 165◦.

Finally, events are classified by the presence of 0, 1, or 2 jets with pT > 30 GeV/c and |η| < 5.0.
The 0- and 1-jet bin categories are further split into same-flavor (SF) and opposite-flavor (OF)
groups. Hence, the current analysis is based on 5 independent sub-channels.

To make maximal use of the event information, we have performed a multivariate analysis,
here using a multivariate classifier based on the Boosted Decision Tree (BDT) technique for the
zero-jet and one-jet bins. The following variables are used in MVA training: flavor of leptons,
the transverse momenta of the harder and the softer leptons; the di-lepton mass; the distance
between the two selected leptons in ∆φ, ∆η, ∆R; and three transverse masses built from pairing
the missing transverse energy separately with the hard lepton, the soft lepton, and the di-lepton
system. The training is performed using Monte Carlo Higgs events as a signal and Monte Carlo
W+W− continuum as background.

For the two-jet bin, the analysis is based on the cut-and-count approach. In addition to the basic
selection described earlier, we require the two jets have VBF-like kinematics: exactly 2 jets with
mjj > 450 GeV/c2 and |∆ηjj| > 3.5.

The BDT-classifier outputs for mH = 160 GeV/c2 analysis in the zero-jet and one-jet bins, to-
gether the |∆ηjj | distribution for the 2-jet bin, are shown in Figure 6 and 7.

After all selection cuts applied, the main backgrounds are: W+W− continuum, tt̄, Drell-Yan,
W+jets, and WZ/ZZ. All the main backgrounds are evaluated using the following data-driven
techniques.
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Figure 6: Input information from the H → WW → 2`2ν analysis for a SM Higgs boson with
mH = 160 GeV/c2: (a) MVA output distributions for eµ events with no jets, (b) MVA output
distributions for ee and µµ events with no jets, (c) MVA output distributions for eµ events with 1
jet, (d) MVA output distributions for ee and µµ events with 1 jet. The observed data (points) and
expected background and signal rates (histograms) are shown. Normalizations for the WW, tt̄,
W+jets, and Drell-Yan background predictions are obtained using data-driven techniques.
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The tt̄ background is estimated by extrapolation from the observed number of events with the
b-tagging cut inverted. The Drell-Yan background measurement is based on extrapolation from
the observed number of e+e−, µ+µ− events with the Z-veto cut inverted. The background W+
jets and QCD multi-jet events is derived from measuring the number of events with one lepton
passing a loose cut on isolation. The probabilities for such loosely-isolated fake leptons to pass
tight isolation cut are measured in data using multi-jets and γ-jet events.

The non-resonant WW contribution for low mass signal region, mH < 200 GeV/c2, is esti-
mated using events with a di-lepton mass larger than 100 GeV/c2, where there is a negligible
contamination from the Higgs boson signal. For larger Higgs boson masses there is a large
overlap between the non-resonant WW background and a Higgs boson signal and we thus use
simulation.

The largest uncertainties on the signal yield include theoretical errors on total cross sections (5-
15%), acceptance for exclusive 0/1/2-jet final states (7-20%), and luminosity (6%). The largest
background systematic errors come from statistical uncertainties in the number of events ob-
served in the control samples (20-60%), Monte Carlo statistical errors limiting the accuracy with
which we can validate the data-driven techniques (10-20%), and from application of the lepton
fake rate estimation to W+jets control sample .
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Figure 7: Input information from the H → WW → 2`2ν analysis for a SM Higgs boson with
mH = 160 GeV/c2: |∆ηjj | distributions for 2` events with 2 jets (events with low values of |∆η|,
hatched out in the plot, are not used). The observed data (points) and expected background
and signal rates (histograms) are shown.
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3.4 H → ZZ → 4` channel [8]

In this channel, we search for a narrow resonance peaked over the continuum four-lepton mass
m4` distribution. The number of observed events is very low and we use the unbinned ap-
proach. The analysis is performed in three sub-channels: 4e, 4µ, 2e2µ.

Events used in the analysis have been collected by di-lepton triggers at low and high lumi-
nosities, respectively. To be considered in the offline analysis, electrons are required to have
pT > 7 GeV/c and |η| < 2.5 and muons must have pT > 5 GeV/c and |η| < 2.4. Also, such
leptons must be isolated in the tracking and calorimeter detectors and must not have large
significance of the 3D impact parameters with respect to the common vertex. In events with
four or more leptons, we ask for at least one pair of same-flavor opposite-charge di-leptons
satisfying the following cuts: pmax

T > 20 GeV/c, pmin
T > 10 GeV/c, 60 < m`` < 120 GeV/c2.

If more than one pair satisfies this requirement, the one with the invariant mass closest to the
Z-boson mass is picked. The second pair of same-flavor, opposite-charge leptons must form an
invariant mass 20 < m`` < 120 GeV/c2. If more than one four-lepton combination satisfies all
the criteria, then the one with the highest pT leptons is chosen. Four leptons selected in such a
process form a ZZ event candidate with a mass m4`.

Fig. 8 shows observed events as well as parametric density functions for the expected back-
grounds and signal for a Higgs boson mass of mH = 300 GeV/c2.

The signal shape fS(m4`) is constructed as the Breit-Wigner function convoluted with the detec-
tor four-lepton mass resolution emulated with the crystal ball function. Default parameters are
derived from fitting simulated Higgs events, which were generated using the next-to-leading-
order (NLO) matrix-element generator POWHEG [23] interfaced to PYTHIA [24] for parton show-
ering and passed through the full detector simulation.

The dominant irreducible background is the electroweak ZZ-production. The mass shape
for this background is known at NLO and further corrected to include the contribution of
gg → ZZ → 4`. Both the NLO m4` shape and an additional gg-correction were evaluated
with MCFM [27]. To reduce systematic errors associated with luminosity and lepton recon-
struction/identification efficiencies, the overall event yield of the ZZ-background is obtained
by scaling the observed numbers of Z-events in the 2e- and 2µ-channels by the theoretical ratio
of ZZ of Z cross sections. The reducible backgrounds Z + jets (including heavy flavor jets) and
tt̄ are evaluated from the data, relying on the inversion of the isolation and impact parameter
cuts—their contribution is estimated to be almost negligible.

The main sources of systematic errors on signal and irreducible backgrounds are due to theo-
retical uncertainties on their cross sections: 6% (QCD scales) and 8% (PDF) for Higgs and 7%
(combined) for ZZ. For Higgs boson masses mH > 300 GeV/c2, theoretical uncertainties on the
virtual Higgs mass lineshape may become large; however, for a lack of a model for such uncer-
tainties, they are not included in these preliminary results. Trigger, lepton reconstruction, and
isolation cut efficiencies for prompt leptons are derived from data using Z → ee and Z → µµ
events (tag-and-probe method) with the net uncertainty on the event yields of about 1-3%.
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Figure 8: Input information from the H → ZZ → 4` analysis for a SM Higgs boson with mH =
300 GeV/c2: m4` mass distributions for (a) 4e, (b) 4µ, and (c) 2e2µ final states. The observed
events are indicated by square symbols. The curves show parametric density functions for the
expected background and signal rates. Normalization for reducible backgrounds is obtained
using data-driven techniques.
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3.5 H → ZZ → 2`2ν channel [9]

In this channel, the search is performed using a cut-and-count approach and two sub-channels:
2e2ν, 2µ2ν.

Events are selected using double-lepton triggers. The two leptons are required to pass all
prompt lepton identification cuts (basic id, isolation, impact parameter), satisfy kinematic cuts
and form an invariant mass in a ±15 GeV/c2 mass window around mZ, and have pT(``) >
25 GeV/c. Furthermre, cuts on the missing transverse energy MET, MT (defined in footnote 3),
and ∆φ(MET, Jet) are applied to suppress a huge reducible background of Z + jets. MET, MT,
and dφ(MET, Jet) cuts depend on the Higgs boson mass being searched for. To help suppress
the tt̄ and single-top -backgrounds, events with b-tagged jets are vetoed. Figure 9 shows the
final MT distributions for the two sub-channels before the MT cut is applied.

The ZZ and WZ backgrounds are taken from Monte Carlo simulation. The WZ background
cross section is calculated at NLO. The ZZ background is a combination of NLO ZZ and gg→
ZZ, known at LO.

The Z+jets background has a very large cross section and is suppressed by the analysis cuts
with an efficiency O(10−5). To estimate the remaining rate of Z+jets events, we rely on the
data-driven technique taking advantage that Z(``)+jets and γ+jets are very closely related,
while the latter has a much higher observable event yield.

The non-resonant backgrounds, i.e. those without Z-boson (mostly, tt̄ and WW), are also derived
from data, taking advantage that non-resonant backgrounds, in addition to e+e− and µ+µ−,
also, give e±µ∓ events.

The main sources of systematic errors on signal and irreducible backgrounds are due to theo-
retical uncertainties on their cross sections (up to 15% for Higgs, 7.8% for qq → ZZ and 20%
for gg → ZZ). The main uncertainties for backgrounds are coming from the methods used to
measure the backgrounds from data - the channel is characterized by tight cuts and little popu-
lated phase space, therefore methods as of now are limited by statistics available (with typical
uncertainty 50%).

3 MT is defined as follows: MT
2 = (

√
PTZ

2 + MZ
2 +

√
MET2 + MZ

2)2 − ( ~PTZ + ~MET)2.
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(a) (b)

Figure 9: MT distributions for (a) Zee + MET and (b) Zµµ + MET events with cuts optimized
for a search of the standard model Higgs boson with mass mH = 350 GeV/c2. The observed
data (points) and expected background and signal rates (histograms) are shown. Some of the
backgrounds are obtained using data-driven techniques as indicated on the plots. Only the bin
not covered by the hatched area was used in the statistical analysis of data for the given Higgs
boson mass.
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3.6 H → ZZ → 2`2q channel [10]

The Higgs boson search in the channel H → ZZ → 2`2q proceeds by searching for a peak
in the invariant mass of the dilepton plus dijet system mZZ. The width of the peak is affected
by the jet energy resolution and is improved by constraining the dijet invariant mass to the Z
boson mass.

The main sources of background are Z + jets and a small contribution of tt and electroweak
diboson production. Leptons are required to be isolated and to pass quality requirements.
The leading lepton must have pT > 40 GeV/c and the other one pT > 20 GeV/c. All jets
are required to have pT > 30 GeV/c. In order to further reduce the amount of background,
requirements on dijet and dilepton invariant masses are applied: 75< mjj < 105 GeV/c2 and
70< m`` < 110 GeV/c2. Events are categorized in different exclusive channels according to the
lepton flavour (2e2q and 2µ2q) and according to the number of b-tagged jets (zero, one, or two
b-tagged jets). Further background rejection is achieved by exploiting the different angular
distribution of Higgs boson signal with respect to background and applying a quark-gluon
discriminator in the category with no b-tagged jets, which is the most affected by Z + jets
background. To help suppress tt̄ background in the category with 2 b-tagged jets, a cut missing
transverse enery significance is also used.

The statistical analysis is based on the mZZ distribution. The background shape and normal-
ization are determined from data using the mZZ distribution in the sidebands obtained by in-
verting the mjj requirement using an unbinned maximum likelihood fit. The signal shape is
described by a relativistic Breit–Wigner convoluted with a Crystal-Ball function determined
from simulation. The signal reconstruction efficiency and the resolution function are parame-
terized as a function of the hypothetical Higgs boson mass.

Figure 10 shows the observed data, the expected background, as derived from an independent
data control sample, and an example of the expected signal.

The main sources of systematic uncertainty affecting the signal yield are the uncertainties on
the total cross section and branching ratio, ∼17%, and the integrated luminosity, ∼6%. The un-
certainty on b-tag efficiency can vary from 1% to 20% depending on the category. Effects from
lepton energy scale, muon and electron reconstruction efficiency, jet resolution and efficiency,
pile-up, quark-gluon discrimination, Emiss

T and production mechanism are considered as well.
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Figure 10: Binned m2`2j distributions for: (a) 2`+2 jets, with 0 b-tags, (b) 2`+2 jets, with 1 b-tag,
(c) 2`+2 jets, with 2 b-tag. The 2e and 2µ final states are combined together here, but in the
overall statistical analysis they are treated separately. The line corresponds to the background
model, whose shape and normalization are derived from independent control samples. Monte
Carlo generated background distributions are shown only for comparison,—they are not used
directly in the statistical analysis. The expected SM Higgs boson signal, multiplied by a factor
of 3, for mH = 400 GeV/c2 is also shown. Although the data are shown as binned distributions,
the actual analysis is carried out in the unbinned manner.
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4 Higgs search results
4.1 Summary and discussion of results obtained in the individual analyses

None of the searches performed in the six channels entering the overall combination shows
a significant excess of events. Limits on the signal strength modifier µ = σ/σSM, as obtained
individually in each of these searches are shown in left panels of Figs. 11- 16. As to be expected,
some fluctuations are observed. The corresponding p-values and best-fit µ̂ values are shown in
the right hand panels of Figs. 11-16, and discussed further below.

The left hand plots in Figs. 11-16 show the limits on the signal strength modifier, with the solid
lines denoting the experimentally observed limits and the dashed lines the median expected
limits for the background-only hypothesis. The solid color bands indicate the possible varia-
tion in the expected limit in the background-only hypothesis, given the current statistical and
systematic errors. The green (yellow) bands are expected to contain 68% (95%) of all excursions
of the expected limit.

The lower panel on the right hand side of Figs. 11-16 shows the observed p-values, indicat-
ing how incompatible an observed excess is with the background-only hypothesis. However,
p-values by themselves do not provide any information on whether an observed excess is con-
sistent with the SM Higgs boson hypothesis or not. The best fit value of µ̂ indicates what signal
strength would be most consistent with an observed excess, and is shown in the upper right
panels with a solid line. The light blue band indicates the ±1σ range is obtained in the fit.

The expected limits for the H → γγ channel are fairly flat in the chosen range, but then de-
teriorate for mH < 110 GeV/c2 and mH > 140 GeV/c2 mostly due to the decrease in the
branching ratio BR(H → γγ) outside the 110-140 GeV/c2 mass range and larger background
at low masses. The observed limits exhibit some fluctuations with a correlation length char-
acteristic of the average γγ mass resolution. The p-value of the largest excess is just below
2σ-level. Taking into account the look-elsewhere effect, evaluated by generating pseudo-data
for the background-only hypothesis, the chance of observing a maximum excess as large as
seen in the data is about 60%, giving a trials factor O(20).

The H → ττ channel is rather featureless, which stems from the ττ mass resolution being
comparable to the explored range of Higgs boson masses. The degradation in the expected
limit at higher masses results from the decrease in the branching ratio BR(H → ττ) and the
decreasing signal cross section. The observed limits are consistent with the expectation.

The H → WW → 2`2ν channel has a pronounced strong sensitivity (low expected limit on µ)
around mH = 160 GeV/c2, where BR(H → WW) ∼ 100%. At lower masses, the branching
ratio falls very quickly. At higher masses, while the branching ratio remains fairly high, the
signal cross section falls and the expected limits deteriorate. The observed limits in the low
mass range below 180 GeV/c2 show a broad ∼ 2σ upward deviation. This observed excess
weakens the limits that we set in this mass range. Since in this analysis one does not have a
direct measure of the Higgs boson mass, the correlation length for excursions of the observed
limit curve is large and estimated to be ±30 GeV/c2 in the low mass range by injecting signal
Monte Carlo events into pseudo-data, which resulted in broad excesses over a 50-80 GeV/c2

mass range. Fluctuations of the number of background events would also appear as similarly
broad “low frequency” excursions of the observed limit curve away from the median expected.
The overall look-elsewhere effect is small. For the full mass range used in the search, the trial
factor is estimated to be of the order of three. The values of µ̂ well above (below) µ̂ = 1 in the
< 120 GeV/c2 (> 140 GeV/c2) range indicate that the excess is too large (too low) for the SM
Higgs boson. More data will confirm whether the observed excess is a statistical background
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fluctuation or not.

The H → ZZ → 4` channel has a very characteristic structure in the expected limits that
mirrors the dependence of the branching ratio BR(H → ZZ) on the Higgs boson mass. The
worsening limits at high masses come from the decreasing signal cross section. The reduced
sensitivity around mH = 160 GeV/c2 and for low masses comes from the very small H → ZZ
branching ratio in these regions. The overall background rate, dominated by the electroweak
ZZ di-boson production, is very low. The four-lepton mass resolution is very good. Therefore,
the structure in the observed limits basically follows the distribution of the observed events (see
Fig. 8). The total number of events with m4` > 100 GeV/c2 is 15, while 14.4± 0.6 events are
expected from standard model background processes. Six of the events are below the kinematic
threshold of two on-shell Zs (mH < 180 GeV/c2), which is higher than the expected 1.9 ±
0.1. These six events form roughly three pairs around 120, 140, and 160 GeV/c2, rulling out
a common narrow source such as a SM-like signal. The µ̂ scan shows that the two dips of p-
value around mH ∼ 120 and 160 GeV/c2 would require a much stronger signal than the SM
Higgs boson, while the two events around 140 GeV/c2 are not inconsistent with the SM Higgs.
The look-elsewhere effect in this analysis is of the order of O(100) as estimated by repeatedly
generating pseudo-data for the background-only hypothesis and performing pseudo-searches
for a signal [28]. The overall trial factor is approximately driven by the mass range used in the
analysis and the width of the resonant peak being searched for. The minimal p-value observed
∼0.01, is thus not unlikely with such a large trial factor. Overall, the look-elsewhere effect
washes out the level of significance of the dips we see in the p-value scan, and, currently, we
set limits on the SM Higgs boson signal strength modifier µ.

The expected limits for H → ZZ → 2`2ν and H → ZZ → 2`2q channels have a typical concave
structure. As one moves toward the lower masses, the Z+jets background quickly overwhelms
a potential signal. Cuts optimized for a higher Higgs boson mass allow one to suppress this
formidable background, but eventually the signal cross section becomes too small and limits
worsen. The observed limits in these two channels fluctuate, as expected, with an absolute
scale and “correlation length” consistent with expectations.
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Figure 11: Search results in the H → γγ analysis. (Left) Limits on the signal strength modifier
µ = σ/σSM. (Right) p-values characterizing how unlikely the observed “local” excesses are
(bottom sub-panel) and what best-fit signal strength modifier µ̂ they would correspond to (top
sub-panel). See the discussion of the results in the text.
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Figure 12: Search results in the H → ττ analysis. (Left) Limits on the signal strength modifier
µ = σ/σSM. (Right) p-values characterizing how unlikely the observed “local” excesses are
(bottom sub-panel) and what best-fit signal strength modifier µ̂ they would correspond to (top
sub-panel). See the discussion of the results in the text.
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Figure 13: Search results in the H → WW → 2`2ν analysis. (Left) Limits on the signal strength
modifier µ = σ/σSM. (Right) p-values characterizing how unlikely the observed “local” ex-
cesses are (bottom sub-panel) and what best-fit signal strength modifier µ̂ they would corre-
spond to (top sub-panel). See the discussion of the results in the text.
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Figure 14: Search results in the H → ZZ → 4` analysis. (Left) Limits on the signal strength
modifier µ = σ/σSM. (Right) p-values characterizing how unlikely the observed “local” ex-
cesses are (bottom sub-panel) and what best-fit signal strength modifier µ̂ they would corre-
spond to (top sub-panel). See the discussion of the results in the text.
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Figure 15: Search results in the H → ZZ → 2`2ν analysis. (Left) Limits on the signal strength
modifier µ = σ/σSM. (Right) p-values characterizing how unlikely the observed “local” ex-
cesses are (bottom sub-panel) and what best-fit signal strength modifier µ̂ they would corre-
spond to (top sub-panel). See the discussion of the results in the text.
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Figure 16: Search results in the H → ZZ → 2`2q analysis. (Left) Limits on the signal strength
modifier µ = σ/σSM. (Right) p-values characterizing how unlikely the observed “local” ex-
cesses are (bottom sub-panel) and what best-fit signal strength modifier µ̂ they would corre-
spond to (top sub-panel). See the discussion of the results in the text.
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4.2 Combination results: search for the SM Higgs boson

The results of combining all six analyses discussed in the previous section into one grand search
for the SM Higgs boson are presented in Figs. 17, 18, and 19.

Figure 17 shows the CLs value for the SM Higgs boson as a function of its mass. The observed
values are shown by the solid line. The dashed line indicates the median expected value of
CLs, while the green/yellow bands indicate the ±1σ (68%) and ±2σ (95%) ranges in which
the observed results are expected to reside for the background-only hypothesis. We exclude
the SM Higgs boson at 95% C.L. in the two mass ranges 149-206 and 300-440 GeV/c2 and a
number of short segments in between. This substantially extends the exclusion limits estab-
lished by LEP and Tevatron to date. The expected exclusion, in the absence of a signal, is from
127-420 GeV/c2. The difference between the observed and expected limits is consistent with
statistical fluctuations. At the 90% C.L., the observed exclusion range is from 145-480 GeV/c2,
without interruptions.

The observed CLs values are about 2σ larger than expectation in the mass range of 130-170 GeV/c2,
which is largely driven by the broad excess in the H → WW → 2`2ν channel discussed in the
previous section. Therefore, the observed exclusion in this mass range is not as strong as ex-
pected. At high masses, on the other hand, we see somewhat fewer events than expected, but
still consistent with the expected level of statistical fluctuations. Such downward fluctuations
make observed limits stronger than expected. The noticeable step-like structure of both ob-
served and expected limits is a direct consequence of the H → WW → 2`2ν analysis strategy,
where the search is performed in small ranges of Higgs boson masses using an MVA technique,
with independent trainings for each mass range. Therefore, discrete transitions from one mass
range to the next cause abrupt changes in both observed and expected limits. The smoother
fluctuations up and down are manifestations of the excesses / deficits seen in the other chan-
nels.

The combined 95% C.L. upper limits on the ratio of the excluded to the standard model cross
sections µ95%CL as a function of the Higgs boson mass are presented in Fig. 18. This plot shows
by what factor the SM Higgs boson cross section must be scaled to be excluded at 95% C.L.
The exclusion range for the SM Higgs boson (µ = 1) is identical to that shown in Fig. 17.
Filled points show the observed CLs-based limits. Open symbols are the limits obtained with
the Bayesian approach. Although the two methodologies need not give identical results, the
observed self-consistency of limits obtained with the two very different techniques is certainly
reassuring. The CLs and Bayesian limits on µ are remarkably consistent for all mass points in
the scan; the relative differences are 0.3± 4.7%. Naturally, the plots in Figs. 17 and 18 exhibit
the same structure as they are basically different “representations” of intrinsically the same
information.

Figure 19 shows the observed limits in the six individual analyses and their combination. At
high masses, the combination of the four analyses considerably improves the observed exclu-
sion over the results obtained in each analysis separately. At very low mass, at and just above
mH = 110 GeV/c2, the combination gives a less stringent limit than the results obtained in the
H → γγ analysis. This is due to an excess seen in the H →WW → 2`2ν analysis.

Figures 20 and 21 show a scan of the observed combined p̃-value as given by Eq. (9) vs. Higgs
boson mass mH . This scan characterizes how unlikely the upward departures in the observed
values of the test statistic qobs

0 approximately are 4 One can see that the p-value curve dips

4It is important to mention that the combined p-value cannot be evaluated from p-values as obtained for the
individual channels for two main reasons. First, the best-fit values of µ̂ in different channels may be very different
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downward over a broad range of low masses, driven by the excess seen in the WW-analysis,
with three narrower features corresponding to the ZZ → 4` events and the modest excess seen
in the H → γγ channel.

However, one has to bear in mind that the look-elsewhere effect has not yet been evaluated for
this combination. Individual channels going into the combination have their trials factors rang-
ing from O(1)-O(100), as discussed earlier. The overall trials factor in the combination depends
strongly on the relative sensitivities of individual channels. Therefore, the actual significance of
the observed low p-values is smaller, potentially much smaller, than the “local” p-values may
imply.

As discussed before, while a small p-value does characterize the chance for an upward fluctu-
ation of the background to be as large as observed, it does not tell us whether such an excess is
actually consistent with the signal or not. Therefore, in addition, we show the best-fit µ̂ value
that represents the factor by which the SM Higgs boson cross section has to be rescaled to agree
with the observed excess. For example, the excess seen at mH ∼ 160 GeV/c2, although giving
formally a low “local” p-value, actually is not too consistent with the SM Higgs as the best-fit
µ̂ is too small. Similarly, the mH ∼ 120 GeV/c2 excess does not seem to fit the standard model
Higgs either as it requires an about two times larger cross section.

Overall, in the high mass region, above 200 GeV/c2, the data agree well with the expectations
for the background-only hypothesis. The few excesses observed in the low mass region are
rather modest. Background fluctuations are assessed to have fair chances to be responsible
for them. Hence, the only solid conclusion we can derive from the present search results are
exclusion limits as reported above. More data, now rapidly coming, will increase the statistical
accuracy of the existing analyses and allow us to introduce further improvements in search
strategies. Both will help understand the nature of the observed excesses (if they remain after
adding more data) and substantially improve the sensitivity of our SM Higgs searches.

4.3 Combination results: search for the SM4 Higgs boson

Finally, we perform the combination of the six analyses in the context of the standard model
with four generations of fermions (SM4). In such a scenario, the gg→ H cross section receives a
large boost due to the presence of the 2 additional heavy quarks. The benchmark masses for the
4th generation fermions, and corresponding changes in Higgs production cross sections and
branching ratios, are provided by the LHC Higgs Cross Section Group [29]. Figure 22 shows
the observed 95% C.L. upper limits on the signal strength modifier µ95%CL as a function of the
SM4 Higgs boson mass, where µ is now defined with respect to the SM4 Higgs cross section,
namely: µ = σ/σSM4. One can see that the Higgs boson hypothesis in the 4-generation standard
model is excluded in the mass range from 120 GeV/c2 to 600 GeV/c2 (maximum Higgs boson
mass covered by the current analyses). Making the 4th generation fermions heavier results
in somewhat smaller cross sections at high masses [30], but not sufficiently low to affect the
exclusion range.

between each other and from the combined fit µ̂. Second, there are many correlated systematic errors between
channels that can be accounted for only in the proper combination with access to the full information.
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Figure 17: The CLs value for the standard model Higgs hypothesis as a function of the Higgs
boson mass in the range 110-600 GeV/c2. The observed values are shown by a solid line. The
dashed black line indicates the median expected CLs value for the background-only hypothesis,
while the green/yellow bands indicate the ranges that are expected to contain 68%/95% of all
observed limit excursions from the median. The three red horizontal lines show confidence
levels of 90%, 95%, and 99% defined as (1−CLs).
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Figure 18: The combined 95% C.L. upper limits on the signal strength modifier µ95%CL, where
µ = σ/σSM, as a function of the SM Higgs boson mass in the range 110-600 GeV/c2. The ob-
served limits are shown by solid symbols and black line. The observed limits inferred from the
Bayesian approach are shown as open circles. The dashed line indicates the median expected
µ95%CL value for the background-only hypothesis, while the green/yellow bands indicate the
ranges that are expected to contain 68%/95% of all observed limit excursions from the median.
Both bands and the median are shown for the CLs method.
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Figure 19: The observed 95% C.L. upper limits on the ratio of the excluded to standard model
cross sections µ = σ95%CL

H /σSM
H as a function of the SM Higgs boson mass in the range 110-

600 GeV/c2 for the six major analyses and their combination. The limits are obtained with the
CLs method as described in Sec. 2.
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Figure 20: The observed best-fit signal strength µ̂ = σ/σSM (top) and an estimate of “local”
p̃-values (bottom) vs Higgs boson mass. The p̃-value is an estimated probability of upward
background fluctuations as high or higher than the excesses observed in data. It has to be fur-
ther de-rated by the trial factor of a yet undetermined scale (analyses used in the combination
have been shown to have the trial factors ranging from O(1)-O(100). The µ̂ value indicates by
what factor the SM Higgs cross section would have to be rescaled to best match the observed
data.
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Figure 21: Estimated “local” p̃-values vs Higgs boson mass. The p̃-value is an estimated proba-
bility of upward background fluctuations as high or higher than the excesses observed in data.
It has to be further de-rated by the trial factor of yet not determined scale (analyses used in the
combination have been shown to have the trial factors ranging from O(1)-O(100).
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Figure 22: The combined 95% C.L. upper limits on the signal strength modifier µ95%CL, where
µ = σ/σSM4, as a function of the SM4 Higgs boson mass in the range 110-600 GeV/c2. The
observed CLs-based limits are shown by the solid symbols and black line and exclude the SM4
Higgs with a mass from 120 GeV/c2 to 600 GeV/c2 (maximum Higgs boson mass covered by
the current analyses). The Bayesian limits are shown with open symbolds and give nearly
identical results.
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5 Conclusions
The CMS Collaboration has searched for the SM Higgs boson in pp collisions at a center-of-
mass energy of 7 TeV in six distinct Higgs decay final states: H → γγ, H → ττ, H → WW →
2`2ν, H → ZZ → 4`, H → ZZ → 2`2ν, and H → ZZ → 2`2q. The amount of data used
in these searches corresponds to 1.0-1.1 fb−1. The Higgs boson mass range covered by these
analyses spans from 110 to 600 GeV/c2. To increase the overall experimental sensitivity to
the presence of the signal, the search results obtained in these six analyses have been further
combined. The conclusion of this combination is that the SM Higgs boson is excluded at 95%
C.L. in two mass ranges 149-206 and 300-440 GeV/c2, as well as several narrower intervals in
between. The expected exclusion in the absence of a signal is 127-420 GeV/c2. At 90% C.L., we
exclude the SM Higgs boson in the mass range from 145-480 GeV/c2.

The same experimental search results, reinterpreted in the context of the standard model with 4
fermion generations (SM4), allow us to exclude the SM4 Higgs boson with a mass in the range
120-600 GeV/c2 at 95% C.L.
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