UNIVERSITY OF AMSTERDAM
X

UVA-DARE (Digital Academic Repository)

Combined search for the Standard Model Higgs boson in pp collisions ats =7 TeV
with the ATLAS detector

Aad, G.; et al., [Unknown]; Aben, R.; Beemster, L.J.; Bentvelsen, S.C.M.; Berglund, E.;
Bobbink, G.J.; Bos, K.; Boterenbrood, H.; Colijn, A.P.; de Jong, P.J.; de Nooij, L.; Deluca, C.;
Deviveiros, P.O.; Doxiadis, A.; Ferrari, P.; Garitaonandia, H.; Geerts, D.A.A.; Gosselink, M.;
Hartjes, F.G.; Hessey, N.P.; Igonkina, O.; Kayl, M.S.; Klous, S.; Kluit, P.M.; Koffeman, E.N.;
Lee, H.C.; Lenz, T.; Linde, F.L.; Luijckx, G.; Massaro, G.G.G.; Mechnich, J.; Mussche, |.;
Ottersbach, J.P.; Pani, P.; Rijpstra, M.; Ruckstuhl, N.M.; Ta, D.; Tsiakiris, M.; Turlay, E.; van
der Deijl, P.C.; van der Geer, R.; van der Graaf, H.; van der Leeuw, R.; van der Poel, E.F.;
van Vulpen, 1.B.; Verkerke, W.; Vermeulen, J.C.; Vranjes Milosavljevic, M.; Vreeswijk, M.

Published in:
Physical Review D. Particles, Fields, Gravitation, and Cosmology

DOI:
10.1103/PhysRevD.86.032003

Link to publication

Citation for published version (APA):

Aad, G, etal., . U., Aben, R., Beemster, L. J., Bentvelsen, S., Berglund, E., ... Vreeswijk, M. (2012). Combined
search for the Standard Model Higgs boson in pp collisions at s = 7 TeV with the ATLAS detector. Physical
Review D. Particles, Fields, Gravitation, and Cosmology, 86(3), [032003]. DOI: 10.1103/PhysRevD.86.032003

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or copyright holder(s),
other than for strictly personal, individual use, unless the work is under an open content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please let the Library know, stating
your reasons. In case of a legitimate complaint, the Library will make the material inaccessible and/or remove it from the website. Please Ask
the Library: http://uba.uva.nl/en/contact, or a letter to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam,
The Netherlands. You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (http.//dare.uva.nl)
Download date: 19 Jul 2018


https://doi.org/10.1103/PhysRevD.86.032003
http://dare.uva.nl/personal/pure/en/publications/combined-search-for-the-standard-model-higgs-boson-in-pp-collisions-at-s--7-tev-with-the-atlas-detector(f8b407d1-311a-4684-a95d-aa41ace70ed8).html

PHYSICAL REVIEW D 86, 032003 (2012)

Combined search for the Standard Model Higgs boson in pp collisions
at /s =7 TeV with the ATLAS detector

G. Aad et al.*
(ATLAS Collaboration)
(Received 2 July 2012; published 2 August 2012)

A combined search for the Standard Model Higgs boson with the ATLAS detector at the LHC is
presented. The data sets used correspond to integrated luminosities from 4.6 fb~! to 4.9 fb~! of proton-
proton collisions collected at /s =7 TeV in 2011. The Higgs boson mass ranges of 111.4 GeV to
116.6 GeV, 119.4 GeV to 122.1 GeV, and 129.2 GeV to 541 GeV are excluded at the 95% confidence level,
while the range 120 GeV to 560 GeV is expected to be excluded in the absence of a signal. An excess of
events is observed at Higgs boson mass hypotheses around 126 GeV with a local significance of 2.9
standard deviations (o). The global probability for the background to produce an excess at least as
significant anywhere in the entire explored Higgs boson mass range of 110-600 GeV is estimated to be
~15%, corresponding to a significance of approximately 1o
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L. INTRODUCTION

Probing the mechanism for electroweak symmetry
breaking (EWSB) is one of the prime objectives of the
Large Hadron Collider (LHC). In the Standard Model (SM)
[1-3], the electroweak interaction is described by a local
gauge field theory with an SU(2); ® U(1)y symmetry, and
EWSB is achieved via the Higgs mechanism with a single
SU(2); doublet of complex scalar fields [4-9]. After
EWSB the electroweak sector has massive W* and Z
bosons, a massless photon, and a massive CP-even, scalar
boson, referred to as the Higgs boson. Fermion masses are
generated from Yukawa interactions with couplings
proportional to the masses of fermions. The mass of
the Higgs boson, my, is a free parameter in the SM.
However, for a given my hypothesis the cross sections
of the various Higgs boson production processes and the
branching fractions of the decay modes can be predicted,
allowing a combined search with data from several search
channels.

Combined searches at the CERN LEP e*e™ collider
excluded the production of a SM Higgs boson with mass
below 114.4 GeV at 95% confidence level (CL) [10]. The
combined searches at the Fermilab Tevatron pp collider
excluded the production of a SM Higgs boson with a mass
between 147 GeV and 179 GeV, and between 100 GeV and
106 GeV at 95% CL [11]. Precision electroweak measure-
ments are sensitive to my via radiative corrections and
indirectly constrain the SM Higgs boson mass to be less
than 158 GeV [12] at 95% CL.
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In 2011, the LHC delivered an integrated luminosity of
5.6 fb~! of proton-proton (pp) collisions at a center-of-
mass energy of 7 TeV to the ATLAS detector [13]. Of the
4.9 fb~! collected, the integrated luminosity used in the
individual Higgs search channels is between 4.6 fb~! and
4.6 fb~!, depending on the data quality requirements
specific to each channel.

This paper presents a combined search for the SM
Higgs boson in the decay modes H — yy, H — ZZ",
H— WW%®, H— 7577, and H — bb, with subsequent
decays of the W, Z, and 7 leading to different final states.
Some searches are designed to exploit the features of the
production modes pp — H (gluon fusion), pp — qqH
(vector boson fusion), and pp — VH with V.= W= or Z
(associated production with a gauge boson). In order to
enhance the search sensitivity, the various decay modes are
further subdivided into subchannels with different signal
and background contributions and different sensitivities to
systematic uncertainties. While the selection requirements
for individual search channels are disjoint, each selection
is, in general, populated by more than one combination of
Higgs boson production and decay. For instance, Higgs
boson production initiated by vector boson fusion (VBF)
can contribute significantly to a search channel optimized
for gluon fusion production.

The ATLAS Collaboration has previously published
a similar but less extensive combined search for the
Higgs boson [14] in data taken at the LHC in 2011. The
CMS Collaboration has also performed a combined analy-
sis of Higgs searches with data collected in 2011 and has
obtained similar results [15]. In comparison to the analysis
of Ref. [14], the H — 777~ and H — bb channels have
been added, the H— WW® — ¢*pf~p analysis has
been updated and extended to cover the mass range of
110-600 GeV, and the H — WW — €vqq’', H — ZZ —
€€ vp, and H— ZZ — {"{ qg analyses have been

© 2012 CERN, for the ATLAS Collaboration
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Summary of the individual channels entering the combination. The transition points between separately optimized my

regions are indicated when applicable. The symbols ® and @ represent direct products or sums over sets of selection requirements. The

details of the subchannels are given in Sec. III.

Higgs Subsequent mpy range
decay decay Subchannels (GeV) [ Ldt (fb~1) Reference
H—yy e 9 subchannels {pr, ® 1, ® conversion} 110-150 4.9 [16]
H— 77 o0 {de, 2e2, 21u2e, 41} 110-600 4.8 [17]
oo {ee, wu} ® {low, high pileup periods} 200-280-600 4.7 [18]
lqg {b-tagged, untagged} 200-300-600 4.7 [19]
H— Ww® Cvly {ee, e, pu} ® {0-jet, 1-jet, 2-jet} ® 110-200-300-600 4.7 [20]
{low, high pileup periods}
tvqq {e, u} ® {0-jet, 1-jet, 2-jet} 300-600 4.7 [21]
H— 157" Tiep Tlep {eu} ® {0-jet} & {€€} ® {1-jet, 2-jet, VH} 110-150 4.7
TipThad 1€ p} ® {O-jet} ® {ETi <20 GeV, EFiss = 20 GeV} @ 110-150 4.7 [22]
{e, u} ® {1-jet} ® {€} ® {2-jet}
Thad Thad {1-jet} 110-150 47
VH — bb Z— vy E%“i“ € {120-160, 160-200, = 200 GeV} GeV } 110-130 4.6
W— Ly p-‘fy e {<50, 50-100, 100-200, = 200 GeV} 110-130 4.7 [23]
Z— €L p% € {<50, 50-100, 100-200, = 200 GeV} 110-130 4.7

updated to use the full 2011 data set. Both the H —
WW® — €T p0~ 5 and H— WW — €{vqqg’ analyses in-
clude a specific treatment of the 2-jet final state, which is
targeted at the VBF production process.

The different channels entering the combination are
summarized in Table I. After describing the general
approach to statistical modeling in Sec. II, the individual
channels and the specific systematic uncertainties are
described in Secs. III and IV, respectively. The statistical
procedure is described in Sec. V and the resulting exclusion
limits and compatibility with the background-only hypothe-
sis are presented in Secs. VI and VII, respectively.

II. STATISTICAL MODELING

In this combined analysis, a given search channel, in-
dexed by c, is defined by its associated event selection
criteria, which may select events from various physical
processes. In addition to the number of selected events,
n, each channel may make use of an invariant or transverse
mass distribution of the Higgs boson candidates. The dis-
criminating variable is denoted x and its probability density
function (pdf) is written as f(x|a), where a represents
both theoretical parameters such as my and nuisance
parameters associated with various systematic effects.
These distributions are normalized to unit probability. The
predicted number of events satisfying the selection require-
ments is parametrized as v(«). For a channel with n selected
events, the data consist of the values of the discriminating
variables for each event D = {x,, ..., x,,}. The probability
model for these types of data is referred to as an unbinned
extended likelihood or marked Poisson model f, given by

£(Dla) = Poistal (@) [ [ ferde). (1)
e=1

For each channel several signal and background scatter-
ing processes contribute to the total rate v and the overall
pdf f(x|a). Here, the term process is used for any set of
scattering processes that can be added incoherently. The
total rate is the sum of the individual rates

va) = Y wla) 2)

kEprocesses

and the total pdf is the weighted sum

feda)=—— %

V(a) kEprocesses

vi(@)fi(xle). 3

Using e as the index over the n,. events in the cth channel,
X.. 18 the value of the observable x for the eth event in
channels 1 to ¢™®. The total data are a collection of data
from individual channels: Do, ={D;,..., D, }. The

combined model can then be written as follows:

Cmax

fcon( Deomlat) = [][ Poistrnlve(@) [T 1etrcele) |
e=1

c=1
4)

A. Parametrization of the model

The parameter of interest is the overall signal strength
factor w, which acts as a scale factor to the total rate of
signal events. This global factor is used for all pairings of
production cross sections and branching ratios. The signal
strength is defined such that w = 0 corresponds to the
background-only model and u = 1 corresponds to the
SM Higgs boson signal. It is convenient to separate
the full list of parameters « into the parameter of interest
M, the Higgs boson mass my, and the nuisance parameters
0,ie. a = (u my0).

032003-2



COMBINED SEARCH FOR THE STANDARD MODEL HIGGS ...

Each channel in the combined model uses either the
reconstructed transverse mass or the invariant mass of
the Higgs candidate as a discriminating variable. Two
approaches are adopted to model the signal pdfs at inter-
mediate values of my where full simulation has not been
performed. The first, used in the H — vy channel, is based
on a continuous parametrization of the signal as a function
of my using an analytical expression for the pdf validated
with simulated Monte Carlo (MC) samples. The second,
used in channels where pdfs are modeled with histograms,
is based on an interpolation procedure using the algorithm
of Ref. [24].

B. Auxiliary measurements

The nuisance parameters represent uncertain aspects
of the model, such as the background normalization,
reconstruction efficiencies, energy scale and resolution,
luminosity, and theoretical predictions. These nuisance
parameters are often estimated from auxiliary measure-
ments, such as control regions, sidebands, or dedicated
calibration measurements. A detailed account of these
measurements is beyond the scope of this paper and is
given in the references for the individual channels [16-23].

Each parameter @, with a dedicated auxiliary measure-
ment £, (D,yxl @)y, o) provides a maximum likelihood
estimate for «, a,, and a standard error o,. Thus, the
detailed probability model for an auxiliary measurement is
approximated as

faux(@auxla'p’ aother) - fp(apla/p! a-p)~ (5)

The f,(a,la,, o,) are referred to as constraint terms.

The fully frequentist procedure applied for the present
analysis includes randomizing the a, when constructing
the ensemble of possible experiment outcomes. In the
hybrid frequentist-Bayesian procedures used at LEP and
the Tevatron, the a, are held constant and the nuisance
parameters «, are randomized according to the prior
probability density

m(a,la,) = fla,la, o,)n(a,), (6)

where n(a,) is an original prior, usually taken to be
constant.

The set of nuisance parameters constrained by auxiliary
measurements is denoted S and the set of estimates of
those parameters, also referred to as global observables,
which augments Dy, is denoted G = {a,} with p € S.
Including the constraint terms explicitly, the model can be
rewritten as

ftot(@com’ gl a)

= ﬁ[Pois(nclvc(a))ﬁfc(xcela)]- l_[fp(aplap, T,
c=1

e=1 PES

(7
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The use of a Gaussian constraint term fp(aplap, a'p) =
Gauss(a,|a,, o,) is problematic if the parameter is
intrinsically non-negative, as is the case for event yields
and energy scale uncertainties. This is particularly impor-
tant when the relative uncertainty is large. An alternative
constraint term defined only for positive parameter values
is the log-normal distribution, which is given by

1 1 _(In(a,/a ))?
folayla,) = ma GXP[ z(an);’] )

The conventional choice k = 1 + o, is made, where
Oy is the relative uncertainty o ,/a, from the observed
auxiliary measurement [25].

Using the log-normal distribution for a,, is equivalent to
having a Gaussian constraint for the transformed parameter
aj, =Ina, and o), = Ina,,.

For channels that use histograms based on simulated
MC samples, the parametric pdf f(x|a) is formed by
interpolating between histogram variations evaluated at
a, = a, * o,. Since the variations need not be symmet-
ric, the function is treated in a piecewise way using a
sixth-order polynomial to interpolate in the range «, €
la, — o), a, + o,] with coefficients chosen to match the
first and second derivatives [26]. Henceforth, the prime
will be suppressed and a, will refer to the transformed
nuisance parameter.

Not all systematic uncertainties have an associated aux-
iliary measurement. For example, uncertainties associated
with the choice of renormalization and factorization scales
and missing higher-order corrections in a theoretical
calculation are not statistical in nature. In these cases, the
frequentist form of the constraint term is derived assuming,
by convention, a log-normal prior probability density on
these parameters and inverting Eq. (6).

III. INDIVIDUAL SEARCH CHANNELS

All the channels combined to search for the SM Higgs
boson use the complete 2011 data set passing the relevant
quality requirements. The Higgs boson decays considered
are H— yy, H— WW®Y, H— zZ" H— 7777, and
H — bb. In modes with a W or Z boson, an electron or
muon is required for triggering. In the H — 7% 7~ channel,
almost all combinations of subsequent 7 decays are con-
sidered. The results in the yy and €t €~ €T€~ modes are
the same as in the previously published combination [14],
but all other channels have been updated. A summary of
the individual channels contributing to this combination is
given in Table L.

The invariant and transverse mass distributions for the
individual channels are shown in Figs. 1 and 2, with several
subchannels merged.

(1) H — 7v: This analysis is unchanged with respect to

the previous combined search [14,16] and is carried
out for my hypotheses between 110 GeV and

032003-3
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FIG. 1 (color online). Invariant or transverse mass distributions for the selected candidate events, the total background and the signal
expected in the following channels: (a) H — yv, (b) H — ZZ" — £*{~£*{~ in the entire mass range, (c) H — ZZ® — ¢t ¢~ € ¢~
in the low mass range, (d) H— ZZ — £*€{ v, (e) b-tagged selection and (f) untagged selection for H — ZZ — £* €~ qg,
(@) H— WW® — €5 p0~ 5 + O-jet, (h) H— WW® — £* vl 5 + l-jet, (i) H— WW® — £ vl 5 + 2-jet, (j) H— WW —
Cvqq' + O-jet, (k) H— WW — €vqq’ + 1-jet, and (1) H — WW — €vqg’ + 2-jet. The H — WW® — £+ 1€~ 5 + 2-jet distribution
is shown before the final selection requirements are applied.

150 GeV. Events are separated into nine indepen- or unconverted photon, and the momentum
dent categories of varying sensitivity. The categori- component of the diphoton system transverse to
zation is based on the pseudorapidity of each the diphoton thrust axis (pr, ). The mass resolution
photon, whether it was reconstructed as a converted is approximately 1.7% for my ~ 120 GeV.
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FIG. 2 (color online).

Invariant or transverse mass distributions for the selected candidate events, the total background and

the signal expected in the following channels: (a) H — TigpTiep + 0-jet, (b) H — Tip7ye, 1-jet, (¢) H — 7ip Ty, + 2-je,
(d) H— TiepThag + 0-jet and 1-jet, (&) H — TjepThag + 2-jet, and (f) H — TyoqThaa- The bb invariant mass for (g) the ZH —
€*¢"bb, (h) the WH — €vbb, and (i) the ZH — vvbb channels. The vertical dashed lines illustrate the separation between the
mass spectra of the subcategories in pZ, p¥, and ERss, respectively. The signal distributions are lightly shaded where they have been
scaled by a factor of 5 or 10 for illustration purposes.

(2) H— ZZ™: Inthe ZZ™ decay mode at least one Z is

(@)

required to decay to charged leptons, while the other
decays to either leptons, neutrinos, or jets.

H— ZZ" — ¢*¢~€"¢: This analysis, described
in Ref. [17], is performed for my hypotheses in the
110 GeV to 600 GeV mass range and is unchanged
with respect to the previous combined search [14].
The main irreducible ZZ™ background is estimated
using a combination of Monte Carlo simulation and
the observed data. The reducible Z + jets back-
ground, which mostly impacts the low four-lepton
invariant mass region, is estimated from control
regions in the data. The top-quark (¢7) background
normalization is validated using a dedicated control

sample. Four categories of events are defined by the
lepton flavor combinations and the four-lepton
invariant mass is used as a discriminating variable.
The mass resolution is approximately 1.5% in the
four-muon channel and 2% in the four-electron
channel for my ~ 120 GeV.

(i) H— ZZ — €€~ vv: This analysis [18] is split into
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two regimes according to the level of pileup, i.e. the
average number of pp collisions per bunch cross-
ing. The first 2.3 fb~! of data had an average of
about six pileup collisions per event and the subse-
quent 2.4 fb~! had an average of about 12. The
search is performed for mp hypotheses ranging
from 200 GeV to 600 GeV. The analysis is further
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categorized by the flavor of the leptons from the Z
decay. The selection is optimized separately for
Higgs boson masses above and below 280 GeV.
The €€~ invariant mass is required to be within
15 GeV of the Z boson mass. The inverted require-
ment is applied to same-flavor leptons in the H —
WW® — £+ €~ 5 channel to avoid overlap in the
selection. The transverse mass (mr), computed from
the dilepton transverse momentum and the missing
transverse momentum, is used as a discriminating
variable.

(iii) H — ZZ — €€~ qq: This search is performed for

my hypotheses ranging from 200 GeV to 600 GeV
and is separated into search regions above and
below my = 300 GeV, for which the event selec-
tions are independently optimized. The dominant
background arises from Z + jets production, which
is estimated using sidebands of the dijet invariant
mass distribution in data. To profit from the rela-
tively large rate of b-jets from Z boson decays
present in the signal compared to the rate of
b-jets found in the Z + jets background, the analy-
sis is divided into two categories. The first category
contains events in which the two jets are b-tagged
and the second uses events with less than two
b-tags. The analysis [19] takes advantage of a
highly efficient b-tagging algorithm [27] and the
sideband to constrain the background yield. Using
the Z boson mass constraint improves the mass
resolution of the £* €~ ¢g system by more than a
factor of 2. The invariant mass of the €T€ gg
system is used as a discriminating variable.

(3) H— WW®: Two sets of channels are devoted to

@

the decay of the Higgs boson into a pair of W
bosons, namely, the €* v€~ » and €vqg’ channels.
H— WW® — ¢*p¢~ p: The updated analysis [20]
is performed for my values from 110 GeV up to
600 GeV. Events with two leptons are classified by
the number of associated jets (0, 1 or 2), where the
2-jet category has selection criteria designed to
enhance sensitivity to the VBF production process.
The events are further divided by the flavors of the
charged leptons, ee, ew, and up, where the mixed
mode (ew) has a much smaller background from the
Drell-Yan process. As in the case of H — ZZ —
€€ vy, the samples are split according to the
pileup conditions and analyzed separately. Each sub-
channel uses the WW transverse mass distribution,
except for the 2-jet category, which does not use a
discriminating variable.

(i) H — WW — {vqg’: This analysis is performed for

mpy hypotheses ranging from 300 GeV to 600 GeV.
A leptonically decaying W boson is tagged with an
isolated lepton and missing transverse momentum
(E’%‘i“). Additionally, two jets with an invariant mass
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compatible with a second W boson [21] are re-
quired. The W boson mass constraint allows the
reconstruction of the Higgs boson candidate mass
on an event-by-event basis by using a quadratic
equation to solve for the component of the neutrino
momentum along the beam axis. Events where this
equation has imaginary solutions are discarded in
order to reduce tails in the mass distribution. The
analysis searches for a peak in the reconstructed
{vqg’ mass distribution. The background is mod-
eled with a smooth function. The analysis is further
divided by lepton flavor and by the number of addi-
tional jets (0, 1 or 2), where the 2-jet channel is
optimized for the VBF production process.

H — 7" 77: The analyses [22] are categorized by
the decay modes of the two 7 leptons, for my
hypotheses ranging from 110 GeV to 150 GeV
(the leptonically decaying 7 leptons are denoted
Tiep and the hadronically decaying 7 leptons are
denoted 7},4). Most of these subchannels are trig-
gered using leptons, except for the fully hadronic
channel H — Ty,qTha, Which is triggered with
specific double hadronic 7 decay selections. All
the searches using 7 decay modes have a significant
background from Z— 777~ decays, which are
modeled using an embedding technique where Z —
utu~ candidates selected in the data have the
muons replaced by simulated 7 decays [22]. These
embedded events are used to describe this back-
ground process.

H — 7y, Tiep: In this channel events are separately
analyzed in four disjoint categories based on the
number of reconstructed jets in the event [22].
There are two categories specifically aimed towards
the gluon fusion production process, with or without
a jet, one for the VBF production process and one for
the Higgs boson production in association with a
hadronically decaying vector boson. Each jet cate-
gory requires at least one jet with pr above 40 GeV.
The collinear approximation [28] is used to recon-
struct the 77 invariant mass, which is used as the
discriminating variable. All three combinations of e
and u are used, except in the O-jet category, which
uses only the eu candidate events where the effec-
tive mass is used as a discriminating variable.

(i) H — TiepThaa: There are seven separate categories

in this subchannel. The selection of VBF-like events
requires two jets with oppositely signed pseudora-
pidities 7, |A77jj| > 3.0 and a dijet invariant mass
larger than 300 GeV, in which events with electrons
and muons are combined due to the limited number
of candidates. In the other subchannels, electron and
muon final states are considered separately. The
remaining candidate events are categorized accord-
ing to the number of jets with transverse momenta in
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excess of 25 GeV, the O-jet category being further
subdivided based on whether the EMS exceeds
20 GeV or not. The missing mass calculator (MMC)
technique [29] is used to estimate the 77 invariant
mass, which is used as a discriminating variable.

(i) H + jet — T.qThaa T jet: Events are triggered us-

ing a selection of two hadronically decaying 7
leptons with transverse energy thresholds varying
according to the running conditions [22]. Two
oppositely charged hadronically decaying 7 candi-
dates are required along with one jet with transverse
momentum larger than 40 GeV, E%‘iss > 20 GeV,
and a reconstructed invariant mass of the two 7
leptons and the jet greater than 225 GeV. In addition
to the Z background there is a significant multijet
background which is estimated using data-driven
methods. The 77 invariant mass is estimated via
the collinear approximation and is used as a dis-
criminating variable after further selections on the
momentum fractions carried away by visible 7 de-
cay products.

(5) H— bb: The ZH — €€~ bb, ZH — vvbb, and
WH — {vbb analyses [23] are performed for my,
ranging from 110 GeV to 130 GeV. All three
analyses require two b-tagged jets (one with pp >
45 GeV and the other with pt > 25 GeV) and the
invariant mass of the two b-jets, m,,, is used as a
discriminating variable. The ZH — ¢* €~ bb analy-
sis requires a dilepton invariant mass in the range
83 GeV < my <99 GeV and EM <50 GeV to
suppress the t7 background. The WH — €vbb
analysis requires ET > 25 GeV, the transverse
mass of the lepton-E™!sS system to be in excess of
40 GeV, and no additional leptons with pr >
20 GeV. The ZH — vobb analysis requires
EMiss > 120 GeV, as well as piss > 30 GeV, where
pMiss is the missing transverse momentum determined
from the tracks associated with the primary vertex. To
increase the sensitivity of the search, the m,,; distri-
bution is examined in subchannels with different
signal-to-background ratios. In the searches with
one or two charged leptons, the division is made
according to four bins in transverse momentum pJ
of the reconstructed vector boson V: p¥ <50GeV,
50GeV = pY<100GeV, 100GeV = p¥ <200GeV,
and p¥ = 200 GeV. In the ZH — vbb search the
E™iss s used to define three subchannels correspond-
ing to 120 GeV < E%“SS < 160 GeV, 160 GeV =
EMiss <200 GeV, and ETS = 200 GeV. No cate-
gorization is made based on lepton flavor.

IV. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties and their effects
on the signal and background rates v;(a) and discriminat-
ing variable distributions f(x|a) are described in detail for
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each channel in Refs. [16-23]. The sources of systematic
uncertainty are decomposed into uncorrelated components,
such that the constraint terms factorize as in Eq. (7). The
main focus of the combination of channels is the correlated
effect of given sources of uncertainties across channels.
Typically, the correlated effects arise from the ingredients
common to several channels, for example the simulation,
the lepton and photon identification, and the integrated
luminosity. The sources of systematic uncertainty affecting
the signal model are frequently different from those affect-
ing the backgrounds, which are often estimated from con-
trol regions in the data. The dominant uncertainties giving
rise to correlated effects are those associated with theoreti-
cal predictions for the signal production cross sections
and decay branching fractions, as well as those related to
detector response affecting the reconstruction of electrons,
photons, muons, jets, EX*, and b-tagging. The log-normal
constraint terms are used for uncertainties in the signal and
background normalizations, while Gaussian constraints are
used for uncertainties affecting the shapes of the pdfs.

A. Theoretical uncertainties affecting the signal

The Higgs boson production cross sections are
computed up to next-to-next-to-leading order (NNLO)
[30-35] in QCD for the gluon fusion (gg — H) process,
including soft-gluon resummation up to next-to-next-to-
leading log (NNLL) [36] and next-to-leading-order (NLO)
electroweak corrections [37,38]. These predictions are
compiled in Refs. [39—41]. The cross section for the VBF
process is estimated at NLO [42-44] and approximate
NNLO QCD [45]. The cross sections for the associated
production processes (qg — WH/ZH) are computed at
NLO [46,47], NNLO [48] QCD, and NLO electroweak
[47]. The cross sections for the associated production
with a ¢f pair (qg/gg — ttH) are estimated at NLO
[49-53]. The Higgs boson production cross sections and
decay branching ratios [54-58], as well as their related
uncertainties, are compiled in Ref. [59]. The QCD scale
uncertainties for my = 120 GeV amount to *'Z % for the
gg — H process, = 1% for the gqg' — gq’'H and associated
WH/ZH processes, and 3 % for the qg/gg — tiH pro-
cess. The uncertainties related to the parton distribution
functions (PDF) amount to =8% for the predominantly
gluon-initiated processes gg — H and gg — tfH, and
*4% for the predominantly quark-initiated processes
qq' — qq'H and WH /ZH [60]. The theoretical uncertainty
associated with the exclusive Higgs boson production pro-
cess with one additional jet in the H — WW™ — €T pf~ b
channel amounts to =20% and is treated according to the
prescription of Refs. [25,61]. An additional theoretical un-
certainty on the signal normalization, to account for effects
related to off-shell Higgs boson production and interference
with other SM processes, is assigned at high Higgs boson
masses (my > 300 GeV) and estimated as *=150% X
(my/TeV)3 [61-64].
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B. Theoretical uncertainties affecting the background

In the H— yy and H — WW — fvqq’ channels the
backgrounds are estimated from a fit to the data. This
removes almost all sensitivity to the corresponding theo-
retical uncertainties. In the case of the H — 7y analysis an
additional uncertainty is assigned to take into account
possible inadequacies of the analytical background model
chosen. Theoretical uncertainties enter in all other chan-
nels where theoretical calculations are used for background
estimates. In particular, both signal and background pro-
cesses are sensitive to the parton distribution functions, the
underlying event simulation, and the parton shower model.

The ZZ™ continuum process is the main background for
the H—ZZ" — "€ €¢*¢" and H—ZZ— ("€ v
analyses and is also part of the backgrounds in the H —
Z7Z — €€~ qq channel. A NLO prediction [65] is used for
the normalization. The QCD scale uncertainty has a £5%
effect on the expected ZZ™ background, and the effects
due to the PDF and «ag uncertainties are =4% and *=8% for
quark-initiated and gluon-initiated processes, respectively.
An additional theoretical uncertainty of *10% on the
inclusive ZZ® cross section is conservatively included
due to the missing higher-order QCD corrections for the
gluon-initiated process. This theoretical uncertainty is
treated as uncorrelated for the different channels due to
the different acceptance in the H — ZZ") — ¢* ¢ ¢+ €~
and H — ZZ — €* €~ v channels and because its contri-
bution to the H — ZZ — €* €~ qg channel is small.

In most other channels the overall normalization of the
main backgrounds is not estimated from theoretical pre-
dictions; however, simulations are used to model the
pdfs f(x|a) or the scale factors used to extrapolate from
the control regions to the signal regions. For example,
in the H— WW® — ¢*p¢~ 7 channel the main back-
grounds are continnum WW®) and 7 production. Their
normalizations are estimated in control regions; however,
the factors used to extrapolate to the signal region are
estimated with the NLO simulation [66].

C. Experimental uncertainties

The uncertainty on the integrated luminosity is consid-
ered as being fully correlated among channels and amounts
to =3.9% [67,68].

The detector-related sources of systematic uncertainty
can affect various aspects of the analysis: (a) the overall
normalization of the signal or background, (b) the migra-
tion of events between categories, and (c) the shape of
the discriminating variable distributions f(x|a). Similarly
to the theoretical uncertainties, experimental uncertainties
on the event yields (a) are treated using a log-normal
f ,,(a,,la ») constraint pdf. In cases (b) and (c) a Gaussian
constraint is applied.

The experimental sources of systematic uncertainty are
modeled using the classification detailed below. Their
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effect on the signal and background yields in each channel
is reported separately in Table II. The various sources of
systematic uncertainty have in some cases been grouped
for a concise presentation (e.g. the jet energy scale and
b-tagging efficiencies), while the full statistical model of
the data provides a more detailed account of the various
systematic effects including the effect on the pdfs f(x|a).
The assumptions made in the treatment of systematics are
outlined below.

(i) The uncertainties in the trigger and identification
efficiencies are treated as fully correlated for elec-
trons and photons. The energy scale and resolution
for photons and electrons are treated as uncorrelated
sources of uncertainty.

(i) The uncertainties affecting muons are separated into
those related to the inner detector (ID) and the muon
spectrometer (MS) in order to provide a better
description of the correlated effect among channels
using different muon identification criteria and dif-
ferent ranges of muon transverse momenta.

(iii) The jet energy scale (JES) and jet energy resolution
(JER) are sensitive to a number of uncertain quan-
tities, which depend on pr, 1, and flavor of the jet.
Measurements of the JES and JER result in com-
plicated correlations among these components.
Building a complete model of the response to these
correlated sources of uncertainty is intricate. Here,
a simplified scheme is used in which independent
JES and JER nuisance parameters are associated
to channels with significantly different kinematic
requirements and scattering processes with differ-
ent kinematic distributions or flavor composition.
This scheme includes a specific treatment for
b-jets. The sensitivity of the results to various
assumptions in the correlation between these
sources of uncertainty has been found to be negli-
gible. Furthermore, an additional component to the
uncertainty in ET5, which is uncorrelated with the
JES uncertainty, is included.

(iv) While the 7 energy scale uncertainty is expected to
be partially correlated with the JES, here it is
treated as an uncorrelated source of uncertainty.
This choice is based on the largely degenerate
effect due to the uncertainty associated with the
embedding procedure, in which the simulated de-
tector response to hadronic 7 decays is merged with
a sample of Z — u* u~ data events. Furthermore,
the uncertainty of this embedding procedure is
treated separately for signal and background pro-
cesses, which is a conservative approach given that
the Z — 77 sideband effectively constrains this
nuisance parameter.

(v) The b-tagging systematic uncertainty is decomposed

into five fundamental sources in the H — bb chan-
nels, while a simplified model with a single source is
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TABLE II.
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A summary of the main correlated experimental systematic uncertainties. The uncorrelated systematic uncertainties are

summarized in a single combined number. The uncertainties indicate the * 10 relative variation in the signal and background yields in
(%). The signal corresponds to a Higgs boson mass hypothesis of 125 GeV except for H — ZZ — ¢* € qg, H — ZZ — ¢*{~ vp, and
H— WW — €vqq’, which are quoted at 350 GeV.

H— ZZ% H— Ww® H— 11" H— bb
H— yy €eee vy  Llqq 1924% €vqq  TipThad  TiepTlep  Thad Thad ZH WH
Relative uncertainty on signal yields
Luminosity *3.9 +39 *39 =*39 +3.9 +3.9 +3.9 *39 +3.9 +39 £39
e/y efficiency f{?g *32 *1.3 s *1.5 *0.9 *29 *2.0 cee *1.2 s
e/y energy scale e e 204 07 - s 0.3 03 x02
e/ resolution , +0.1 +0.1 e . o2 e 02
w efficiency +0.2 =04 *0.1 +0.3 +1.0 *2.0 *0.4 cee
4 resolution (ID) - +0.1 +0.1 ‘e ‘e oz +0.1
w resolution (MS) *0.1 .- *0.1 . "o “e "o 02 ..
Jet/EF™ energy scale 25 5 5 0 oo 09 IRs I I
Jet energy resolution L1 +42 %11 8 . *0.3 +24  *29 *26
b-tag efficiency £09 002 *002  *&! e e +95 +94
T efficiency +4.0 +8.0 ..
Uncorrelated 02 +50 I8 RO 434 aps . %o 37 =17 28
uncertainties
Relative uncertainty on background yields
S . 8 . .

Luminosity 3 s +0.2 +0.5 e 32
e/ efficiency +1.8 %09 *1.4 +0.9 +2.0 s
e/y energy scale i ros o8 +0.7 +0.1 =03
e/ resolution s +0.2 - e e 01
o efficiency - *0.1 *0.3 *0.12 %03 *0.7 f?zg
4 resolution (ID) +0.2 +0.2 e +0.1
um resolution (MS) *0.2 s *0.2 .- *0.1 s
Jet/EP'SS energy scale el +0.4 49 00 e
Jet energy resolution *1.7 *0.1 *1.2 cee *0.3 *09
b-tag efficiency fi:ﬁ e tH e +0.1 +1 +1
7 efficiency +3.0
Uncorrelated *100 *49 23 *120 +10.2 2 +£103 55 128
uncertainties

used in the H — ZZ — €* €~ gg channel. The un-
certainty in the b-veto is considered uncorrelated
with the uncertainty in the b-tagging efficiency.

The effect of these systematic uncertainties depends
on the final state, but is typically small compared
to the theoretical uncertainty of the production cross
section.

The electron and muon energy scales are directly con-
strained by Z — e*e” and Z — u* u~ events; the impact
of the resulting systematic uncertainty on the four-lepton
invariant mass is of the order of *0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant mass
is approximately +0.6%.

D. Background measurement uncertainty

The estimates of background normalizations and model
parameters from control regions or sidebands are the

main remaining sources of uncertainty. Because of the
differences in control regions these uncertainties are not
correlated across channels.

In the case of the H — bb channels the background
normalizations are constrained both from sideband fits
and from auxiliary measurements based on the MC
prediction of the main background processes (Z + jets,
W + jets and 7).

The uncorrelated sources of systematic uncertainties are
summarized as a single combined number in Table II for
each channel.

E. Summary of the combined model

To cover the search range efficiently between my =
110 GeV and my = 600 GeV, the signal and backgrounds
are modeled and the combination performed in my steps
that reflect the interplay between the invariant mass reso-
lution and the natural width of the Higgs boson. In the low
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TABLE III. Step sizes in Higgs boson mass hypotheses at
which the signal and backgrounds are modeled.

my (GeV) Step size
110-120 1 GeV
120-130 0.5 GeV
130-150 1 GeV
150-290 2 GeV
290-350 5 GeV
350-400 10 GeV
400-600 20 GeV

mass range, where the high mass-resolution H — vy and
H— ZZ" — €T¢~€" ¢~ channels dominate, the signal
is modeled in steps from 500 MeV to 2 GeV. For higher
masses the combination is performed with step sizes
ranging from 2 GeV to 20 GeV. The my step sizes are
given in Table III.

The combined model and statistical procedure are im-
plemented within the ROOFIT, HISTFACTORY, and ROOSTATS
software framework [26,69,70]. As shown in Table I, the
number of channels included in the combination depends
on the hypothesized value of my. The details for the
number of channels, nuisance parameters, and constraint
terms for various my ranges are shown in Table IV. For
my = 125 GeV there are 70 channels included in the
combined statistical model and the associated data set is
comprised of more than 22 000 unbinned events and 8000
bins. For my = 350 GeV there are 46 channels included in
the combined statistical model and the associated data set is
comprised only of binned distributions, for which there are
more than 4000 bins. Because of the limited size of the MC
samples, additional nuisance parameters and constraint
terms are included in the model to account for the statistical
uncertainty in the MC templates. The difference between the
number of nuisance parameters and the number of con-
straints reported in Table IV corresponds to the number of
nuisance parameters without external constraints, which are
estimated in data control regions or sidebands.

TABLE IV. Details of the combined model for different my
ranges. The table shows the number of channels, nuisance
parameters associated with systematic uncertainties, number of
constraint terms, and number of additional nuisance parameters
and constraints associated to limited MC sample sizes.

my (GeV)  Channels  Nuisance  Constraints  MC stat
110-130 70 287 159 180
131-150 67 210 119 140
152-198 46 83 80 78
200-278 52 199 119 120
280-295 52 208 118 119
300 58 281 120 121
305-400 46 269 111 112
420-480 46 238 111 112
500-600 46 201 111 112
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V. STATISTICAL PROCEDURES

The procedures for computing frequentist p-values
used for quantifying the agreement of the data with the
background-only hypothesis and for determining exclusion
limits are based on the profile likelihood ratio test statistic.

For a given data set D, and values for the global
observables G there is an associated likelihood function
of u and @ derived from the combined model over all
channels including all constraint terms in Eq. (7),

L(Iu’ 0; mgy, Dcorn’ g) = ftot(Dcomr glﬂ’ my, 0) (9)

The notation L(u, @) leaves the dependence on the data
implicit.

A. The test statistics and estimators of u and 6

The statistics used to test different values of the strength
parameter u are defined in terms of a likelihood function
L(, 8). The maximum likelihood estimates £ and @ are
the values of the parameters that maximize the likelihood
function L(u, @). The conditional maximum likelihood

estimate () is the value of @ that maximizes the like-
lihood function with w fixed. The tests are based on the
profile likelihood ratio A(w), which reflects the level of
compatibility between the data and u. It is defined as

_ L, 6(n))
L(4 0)

Physically, the rate of signal events is non-negative;
thus, u = 0. However, it is convenient to define the esti-
mator [ as the value of u that maximizes the likelihood,
even if it is negative [as long as the pdf f.(x.|u, 8) =0
everywhere]. In particular, & <O indicates a deficit of
events with respect to the background in the signal region.
Following Ref. [71] a treatment equivalent to requiring
p# = 0 is to allow o < 0 and impose the constraint in the
test statistic itself, i.e.

Alp) (10)

L(p.6(p)

=2 4 =0,
~ L(4,0)
AMu) = 5 (11)
L(,U«,?(,U«)) /& <0
L(0,6(0))

To quantify the significance of an excess, the test statis-
tic g is used to test the background-only hypothesis 4 = 0
against the alternative hypothesis p > 0. It is defined as

—21nA(0) >0,

= (12)
+21nA(0) 4 =O.

4o

Instead of defining the test statistic to be identically zero
for ft = 0 asin Ref. [71], this sign change is introduced in
order to probe p-values larger than 50%.

For setting an upper limit on w, the test statistic G, is
used to test the hypothesis of signal events being produced
at a rate u against the alternative hypothesis of signal
events being produced at a lesser rate u' < u:
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[ 2mA(w) a=p,

= - (13)
2InA(w) 4> p

'm

Again, a sign change is introduced in order to probe
p-values larger than 50%. The test statistic —21InA(u) is
used to differentiate signal events being produced at a rate
p from the alternative hypothesis of signal events being
produced at a different rate u' # w.

Tests of w are carried out with the Higgs mass my fixed
to a particular value, and the entire procedure is repeated
for values of my spaced in small steps.

B. The distribution of the test statistic and p-values

When calculating upper limits, a range of values of u is
explored using the test statistic G, . The value of the test
statistic for the observed data is denoted G, - One can
construct the distribution of g, assuming a different value
of the signal strength w’, which is denoted

F@ulu', my, 0). (14)

The distribution depends explicitly on my and @. The
p-value is given by the tail probability of this distribution,
and thus the p-value will also depend on my and 6. The
reason for choosing the test statistic based on the profile
likelihood ratio is that, with sufficiently large numbers of
events, the distribution of the profile likelihood ratio
with u = w’ is independent of the values of the nuisance
parameters and, thus, also the associated p-values.

In practice, there is generally some residual dependence
of the p-values on the value of #. The values of the
nuisance parameters that maximize the p-value are there-
fore sought. Following Refs. [25,72-75], the p-values for
testing a particular value of u are based on the distribution

constructed at @(u, obs), the conditional maximum likeli-
hood estimate with the observed data, as follows:

f(q,u,l#’ mgy, 5(:“” ObS))qu- (15)

q ,0bs

Pu =

The ensemble includes randomizing both D and G.

Here the distribution of G, assumes that the data D as
well as the global observables G are treated as measured
quantities; i.e., they fluctuate upon repetition of the experi-
ment according to the model fo((Deom, Glu, my, 0).

Upper limits for the strength parameter w are calculated
using the CL, procedure [76]. To calculate this limit, the
quantity CL; is defined as the ratio

Pu
1—py
where p,, is the p-value derived from the same test statistic
under the background-only hypothesis,

CL (u) =

(16)

£(G,10, my, @(u = 0,0bs))dG,. (17)

‘7#,ubs

py=1-
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The CL, upper limit on w is denoted u,;, and obtained
by solving for CL(u,,) = 5%. A value of u is regarded as
excluded at the 95% confidence level if u > .

The significance of an excess is based on the compati-
bility of the data with the background-only hypothesis.
This compatibility is quantified by the following p-value:

Po = . f(60|0’ mgy, 0(1“ = 0’ ObS))qu- (18)
q0,0bs
Note that p, and p,, are both p-values of the background-
only hypothesis, but the test statistic g, in Eq. (18) is
optimized for discovery while the test statistic g, in
Eq. (17) is optimized for upper limits.
It is customary to convert the background-only p-value
into an equivalent Gaussian significance Z (often written
Zo). The conversion is defined as

Z=a7'(1 - po), 19)

where ®~! is the inverse of the cumulative distribution for
a standard Gaussian.

C. Experimental sensitivity and bands

It is useful to quantify the experimental sensitivity by
means of the significance one would expect to find if a
given signal hypothesis were true. Similarly, the expected
upper limit is the median upper limit one would expect to
find if the background-only hypothesis were true. Although
these are useful quantities, they are subject to a certain
degree of ambiguity because the median values depend on
the assumed values of all of the parameters of the model,
including the nuisance parameters.

Here, the expected upper limit is defined as the median

of the distribution f(u,,l0, my, é(p, = 0, 0bs)) and the
expected significance is based on the median of the distri-

bution f(pol1, my, @( = 1, obs)). The expected limit and
significance thus have a small residual dependence on the

observed data through @(u, obs).

These distributions are also used to define bands around
the median upper limit. The standard presentation of upper
limits includes the observed limit, the expected limit, and a
*10 and a =20 band. More precisely, the edges of these
bands, denoted wp+; and pp+o, are defined by

S $tapl0. . B0t = 0,068 d = BN,
(20)

D. Asymptotic formalism

For large data samples, the asymptotic distributions
f(Gu ', my, @) and f(Golu', my, @) are known and de-
scribed in Ref. [71]. These formulas require the variance of
the maximum likelihood estimate of w, given w’ is the true
value:
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o = varlalu’) @)

One result of Ref. [71] is that o,/ can be estimated with
an artificial data set referred to as the Asimov data set. This
data set is defined as a binned data set, where the number of
events in bin b is exactly the number of events expected
in bin b. The value of the test statistic evaluated on the
Asimov data is denoted g, 4 , where the subscript A,
denotes that this is the Asimov data set associated with
a«. A convenient way to estimate the variance of f is

p—
g, =

M ~
VQ/L,AM/

In the asymptotic limit, g, is parabolic; thus o, is
independent of w. In Ref. [71], the bands around the
expected limit are given by

fapry = (@11 — 0.05B(N)) + N).  (23)

. (22)

Animproved procedure is used here in order to capture the
leading deviations of g, from a parabola, corresponding to
departures in the distribution of & from a Gaussian distribu-
tion centered at wu’ with variance o-i,. The upper limit

Myp for an Asimov data set constructed with ay =

(. my, @(wy, obs)) (using the formulas in Ref. [71]) is
found to be more accurate than Eq. (23) in reproducing the
bands obtained with ensembles of pseudo-experiments,
where uy is the value of u corresponding to the edges of
the g+ y band. The value of uy used for the +No band is

the value of w that satisfies /g, 4, = N. The choice of

O(wy, obs) is more indicative of @ for the pseudoexperi-
ments that have w,, near the corresponding band.

E. Bayesian methods

A posterior distribution for the signal strength parameter
A can be obtained, via Bayes’s theorem, with (D, G|a)
and a prior n(a). The information about the nuisance
parameters from auxiliary measurements is incorporated
into fi, (D, Gla) through the constraint terms f,(a,|a,).
As in Eq. (6), the prior on n(«,) is taken as a uniform
distribution. The upper limits are calculated for a given
value of my, so no prior on my is needed. The prior on
the signal strength parameter u is taken to be uniform, as
this choice leads to one-sided Bayesian credible intervals
that correspond numerically to the CL; upper limits in the
frequentist formalism for the simple Gaussian and Poisson
cases, and have been observed to coincide in more complex
situations. The one-sided, 95% Bayesian credible region is
defined as

ﬁ " (D Glis, my, 0)1(1)7(8)dpsd® = 0.95.
(24)

PHYSICAL REVIEW D 86, 032003 (2012)

The integration over nuisance parameters is carried out
with Markov chain Monte Carlo using the Metropolis-
Hastings algorithm in the ROOSTATS package [26].

F. Correction for the look-elsewhere effect

By scanning over my and repeatedly testing the
background-only hypothesis, the procedure is subject to
effects of multiple testing referred to as the look-elsewhere
effect. In principle, the confidence intervals can be con-
structed in the w — my plane using the profile likelihood
ratio A(u, my). For w = 0 there is no signal present;
thus, the model is independent of my. This leads to a
background-only distribution for —2InA(0, my) that
departs from a chi-square distribution, thus complicating
the calculation of a global p, when my is not specified.
The global test statistic is the supremum of gq(my) with
respect to my,

qo(igr) = migo(mp). (25)

In the asymptotic regime and for very small p-values,
a procedure [77], based on the result of Ref. [78],
exists to estimate the tail probability for gq(#iy). The
procedure requires an estimate for the average number of
up-crossings of gq(my) above some threshold. Due to the
mpy-dependence in the model, changes in cuts, and the
list of channels included, it is technically difficult to esti-
mate this quantity with ensembles of pseudoexperiments.
Instead, a simple alternative method is used in which the
average number of up-crossings is estimated by counting
the number of up-crossings with the observed data. When
the trials factor is large, the number of up-crossings at low
thresholds is also large and thus a satisfactory estimate of
the average [25]. This procedure has been checked using a
large number of pseudoexperiments in a simplified test
case, where it provided a good estimate of the trials factor.

VI. EXCLUSION LIMITS

The model discussed in Sec. II is used for all channels
described in Sec. III and the systematic uncertainties sum-
marized in Sec. IV. The statistical methods described in
Sec. V are used to set limits on the signal strength as a
function of my.

The expected and observed limits from the individual
channels entering this combination are shown in Fig. 3.
The combined 95% CL exclusion limits on w are shown in
Fig. 4 as a function of my. These results are based on the
asymptotic approximation. The £1¢ and =20 variation
bands around the median background expectation are cal-
culated using the improved procedure described in
Sec. VD, which yields slightly larger bands compared to
those in Ref. [14]. Typically the increase in the bands is of
the order of ~5% for the =10 band and 10%—15% for the
*20 band. This procedure has been validated using en-
semble tests and the Bayesian calculation of the exclusion
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FIG. 3 (color online). The observed (solid lines) and expected
(dashed lines) 95% CL cross section upper limits for the indi-
vidual search channels and the combination, normalized to the
SM Higgs boson production cross section, as a function of the
Higgs boson mass, (a) for the full Higgs boson mass hypotheses
range and (b) in the low mass range. The expected limits are
those for the background-only hypothesis i.e. in the absence of a
Higgs boson signal.

limits with a uniform prior on the signal strength described
in Sec. VE. These approaches yield limits on p which
typically agree with the asymptotic results within a few
percent.

The expected 95% CL exclusion region for the SM
(u = 1) hypothesis covers the my range from 120 GeV
to 560 GeV. The addition of the H — 777~ and H — bb
channels, as well as the update of the H — WW®*) —
€*v€~ b channel, brings a significant gain in sensitivity
in the low mass region with respect to the previous
combined search. For Higgs boson mass hypotheses below
approximately 122 GeV the dominant channel is H — y7y.
For mass hypotheses larger than 122 GeV but smaller than
200 GeV the H — WW® — ¢ €~ 7 channel is the most
sensitive. In the mass range between ~200 GeV and
~300 GeV the H — ZZ® — €7¢~¢* ¢~ dominates. For
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FIG. 4 (color online). The observed (solid line) and expected
(dashed line) 95% CL combined upper limits on the SM Higgs
boson production cross section divided by the SM expectation as
a function of my, (a) in the full mass range considered in this
analysis and (b) in the low mass range. The dotted curves show
the median expected limit in the absence of a signal and the
green and yellow bands indicate the corresponding *1o and
*20 intervals.

higher mass hypotheses, the H — ZZ — €* €~ v channel
leads the search sensitivity. The updates of the H —
WW® — ¢t vl 5, H— WW—Lvqg, H—ZZ—
€€ vp, and H— ZZ — €€ qg channels improve the
sensitivity in the high mass region.

The observed exclusion regions range from 111.4 GeV
to 116.6 GeV, from 119.4 GeV to 122.1 GeV, and from
129.2 GeV to 541 GeV at 95% CL under the SM (u = 1)
hypothesis. The mass range 122.1 GeV to 129.2 GeV is not
excluded due to the observation of an excess of events
above the expected background. This excess and its
significance are discussed in detail in Sec. VIIL.

Two mass regions where the observed exclusion is
stronger than expected can be seen in Fig. 4. In the low
mass range, Higgs mass hypotheses in the 111.4 GeV to
116.6 GeV range are excluded due mainly to a local deficit
of events in the diphoton channel with respect to the
expected background. A similar deficit is observed in the
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FIG. 5 (color online). The value of the combined CL, for
m =1 (testing the SM Higgs boson hypothesis) as a function
of my, (a) in the full mass range of this analysis and (b) in the
low mass range. The regions with CL; < « are excluded at the
(1-a)CL.

high mass region in the range 360 GeV to 420 GeV, resulting
from deficits in the H — ZZ® — €7 ¢ ¢*¢~ and H —
ZZ — €€~ v channels. Both fluctuations correspond to
approximately 2 standard deviations in the distribution of
upper limits expected from background only.

A small mass region near my ~ 245 GeV was not ex-
cluded at the 95% CL in the combined search of Ref. [14],
mainly due to a slight excess in the H — ZZ®*) —
€€ €1 €~ channel. This mass region is now excluded.
The CL; values for . = 1 as a function of the Higgs boson
are shown in Fig. 5, where it can also be seen that the
region between 130.7 GeV and 506 GeV is excluded at
the 99% CL. The observed exclusion covers a large part of
the expected exclusion range.

VII. SIGNIFICANCE OF THE EXCESS

The observed local p-values, calculated using the
asymptotic approximation, as a function of my and the
expected value in the presence of a SM Higgs boson signal
at that mass are shown in Fig. 6 in the entire search mass
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FIG. 6 (color online). The local probability p, for a
background-only experiment to be more signal-like than the
observation, for individual channels and the combination,
(a) in the full mass range of 110-600 GeV and (b) in the low
mass range of 110-150 GeV. The solid curves give the observed
individual and combined p,. The dashed curves show the
median expected value under the hypothesis of a SM Higgs
boson signal at that mass. The combined observed local p,
estimated using ensemble tests and taking into account energy
scale systematic (ESS) uncertainties is illustrated in (c); the
observed and expected combined results using asymptotic
formulas are also shown. The horizontal dashed lines indicate
the p, corresponding to significances of lo, 20, and 30
for (a), (b), and (c).
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FIG. 7 (color online). The ratio of profile likelihoods for
m =0 and w =1 as a function of the Higgs boson mass
hypothesis. The solid line shows the observed ratio, the lower
dashed line shows the median value expected under the signal-
plus-background hypothesis, and the upper dashed line shows the
median expected under the background-only hypothesis, (a) for
the full mass range and (b) for the low mass range. The =10 and
*20 intervals around the median background-only expectation
are given by the green and yellow bands, respectively.

range and in the low mass range. The asymptotic approxi-
mation has been verified using ensemble tests which yield
numerically consistent results.

The largest significance for the combination is observed
for my = 126 GeV, where it reaches 3.0 with an
expected value in the presence of a signal at that mass of
2.90. The observed (expected) local significances for
my = 126 GeV are 2.80 (1.40) in the H — 7 channel
and 2.10 (1.40) in the H — ZZ") — €7 €~ €* ¢~ channel.
In the H— WW®" — ¢+ p¢~ b channel, which has been
updated and includes additional data, the observed (ex-
pected) local significance for my = 126 GeV is 0.80
(1.90); the observed significance was previously 1.40 [14].

The significance of the excess is not very sensitive
to energy scale and resolution systematic uncertainties
for photons and electrons; however, the presence of
these uncertainties leads to a small deviation from the

PHYSICAL REVIEW D 86, 032003 (2012)

asymptotic approximation. The observed p, including
these effects is therefore estimated using ensemble tests.
The results are displayed in Fig. 6 as a function of my. The
effect of the energy scale systematic uncertainties is an
increase of approximately 30% of the corresponding local
Po- The maximum local significance decreases slightly to
2.9¢. The muon momentum scale systematic uncertainties
are smaller and therefore neglected.

The global p-values for the largest excess depend on the
range of my and the channels considered. The global p
associated with a 2.80 excess anywhere in the H — yvy
search domain of 110-150 GeV is approximately 7%. A
2.10 excess anywhere in the H — ZZ") — ¢ ¢~ ¢¢~
search range of 110-600 GeV corresponds to a global p
of approximately 30%.

The global probability for a 2.90 excess in the combined
search to occur anywhere in the mass range 110-600 GeV
is estimated to be approximately 15%, decreasing to
5%—T7% in the range 110-146 GeV, which is not excluded
at the 99% CL by the LHC combined SM Higgs boson
search [62]. The data are observed to be consistent with the
background-only hypothesis except for the region around
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FIG. 8 (color online). The combined best-fit signal strength w
as a function of the Higgs boson mass hypothesis (a) in the full
mass range of this analysis and (b) in the low mass range. The
interval around f& corresponds to a variation of —21InA(w) < 1.
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FIG. 9 (color online). The best-fit signal strength w as a function of the Higgs boson mass hypothesis for the channels
(@) H— vy, (b) H—ZZ® — ¢ ¢ ¢*¢~ in the low mass region, (¢) H— ZZ®) — €*¢~€*¢~ across the full search
range, (d) H— ZZ— € € vp, (6) H— ZZ— £ € qg, (f) H— ZZ" for all subchannels across the full search range,
(@ H—WW® — ¢ p¢~ 5 in the low mass region, (h) H— WW® — €*p€~ 5 across the full search range,
(i) H— WW — €vqq', (j) H— WW® for all subchannels in the full mass range, (k) H — 77, and (1) H — bb. The band shows
the interval around 2 corresponding to a variation of —2InA(u) < 1.

032003-16



COMBINED SEARCH FOR THE STANDARD MODEL HIGGS ...

-2InA(u)<1 Intervals

rTrrr171rr1rrrrT T T T T T T T T T T T T T T T

ATLAS m, =119 GeV m, =126 GeV m,, = 130 GeV

W,ZH — bb

H- 1t ———

H- vy —— e —e—

HoWW vy e o o

H — 4-leptons ot ! —e— o

Combined 4 =007 | G =TT B w=017

T T T T T TN T T N IO O M I
40 1 10 1 10 1

Signal Strength (u)

FIG. 10 (color online). Summary of the individual and com-
bined best-fit values of the strength parameter for three sample
Higgs boson mass hypotheses 119 GeV, 126 GeV (where the
maximum observed significance is reached), and 130 GeV.

my = 126 GeV. The observed and expected ratio
—21n(A(1)/A(0)) is shown in Fig. 7, which indicates a
departure from the background-only hypothesis similar to
the signal-plus-background expectation.

The best-fit value of w, denoted i, is displayed for the
combination of all channels in Fig. 8 and for individual
channels in Fig. 9 as a function of the my hypothesis.
A summary of —21InA(u) <1 intervals at three specific
Higgs boson mass hypotheses (my = 119 GeV, 126 GeV,
and 130 GeV) for each Higgs decay mode and the combi-
nation is given in Fig. 10. The bands around 4 illustrate the
w interval corresponding to —21InA(w) < 1 and represent
an approximate * 1o variation. While the estimator [ is
allowed to be negative in Figs. 8 and 9 in order to illustrate
the presence and extent of downward fluctuations, the u
parameter is bounded to ensure non-negative values of the
probability density functions in the individual channels.
Hence, for negative f values close to the boundary, the
—21InA(u) <1 region does not reflect a calibrated 68%
confidence interval. It should be noted that the & does
not directly provide information on the relative strength
of the production modes. The excess observed for my =
126 GeV corresponds to a & of 1.1 = 0.4, which is com-
patible with the signal strength expected from a SM Higgs
boson at that mass (u = 1).

VIII. CONCLUSION

A combined search for the Standard Model Higgs boson
has been performed with the ATLAS detector in the
Js =7 TeV pp collision data collected in 2011, corre-
sponding to an integrated luminosity of 4.6-4.9 fb~!. The
channels used in this combination are H — yy, H — bb,
H—o1tr, H-oZZW ¢ te, H—ZZ—
€0 qq, H— ZZ— (¢ v, H— WW® — T vl 7,
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and H— WW — €vqg’. The observed exclusion
ranges at the 95% CL are 111.4 GeV to 116.6 GeV,
119.4 GeV to 122.1 GeV, and 129.2 GeV to 541 GeV, while
Higgs boson masses between 120 GeV and 560 GeV
are expected to be excluded at the 95% CL. The mass
region between 130.7 GeV and 506 GeV is excluded at the
99% CL.

The local significance of the observed excess when all
channels are combined is 2.90, in good agreement with the
expected significance in the presence of a SM Higgs boson
with my = 126 GeV of 2.90. An estimate of the global
probability for such an excess to occur anywhere in the full
explored Higgs boson mass region (from 110 GeV to
600 GeV) is approximately 15%. The global p, in the
range not excluded at the 99% CL by the LHC combined
Higgs boson search results [62] (from 110 GeV to
146 GeV) is approximately 5%—7%.
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