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Abstract

A combination of searches for the Standard Model Higgs boson by the ATLAS exper-
iment at the LHC is presented. This combination uses a dataset corresponding to an in-
tegrated luminosity ranging from 1.04 to 1.21 fb~! of pp collisions at a centre-of-mass
energy of 7 TeV. It updates the combination of previous searches in the channels H — ¥y,
H—WW® — ¢viv, H—»WW — lvqq, H — ZZ*) — 0000, H — ZZ — (0vv and H —
ZZ — (lqq and includes searches for WH — {vbb and ZH — (¢bb for the first time. No
significant evidence for a signal is observed. The Higgs boson mass ranges 155 GeV to
190 GeV and 295 GeV to 450 GeV are excluded at the 95% CL, which is similar to the
expected exclusion mass ranges in the absence of a signal of 136 GeV to 196 GeV and
327 GeV to 443 GeV. In the low mass range (~ 120 — 140 GeV) an excess of events with a
significance of approximately 2.8c above the background expectation is observed.



1 Introduction

Thanks to the excellent operation of the Large Hadron Collider (LHC) in 2011, the amount of data
delivered has exceeded expectations. By the end of June, data corresponding to an integrated luminosity
of 1.23 tb~! at \/s =7 TeV had been recorded by the ATLAS experiment. With this data set several
channels are beginning to be sensitive to a Standard Model Higgs boson [1-6]. To provide the most
powerful results in the search for the Higgs boson, individual channels need to be statistically combined.
The results of that combination are presented in this note.

Prior to the LHC, the best direct information on the mass of the Standard Model Higgs boson was
a lower limit of 114.4 GeV at the 95% confidence level, set using the combined results of the four LEP
experiments [7] and an excluded band of 158 GeV to 173 GeV from the combined Tevatron experi-
ments [8,9].

All the channels which were combined for the data collected in 2010 [10] (i.e. the H — yy, H —
WW®) — ovev, H — ZZ™) — 0000, H — WW — (vqq, H — ZZ — (0vv, and H — ZZ — ({qq) have
been updated [11-16] and are used again herein. Significant improvements in the analyses with respect
to the combination published in Ref. [10] occurred in the H — yy and H — ZZ — {{qq channels. In
both cases the sensitivity has been enhanced by separating events into independent categories of uneven
sensitivities instead of treating all events inclusively. New analyses with a reduced sensitivity with respect
to the aforementioned ones, that search for WH and ZH production, followed by the H — bb decay, are
considered for the first time.

The data used in the various combination channels were collected in 2011 predominantly with one
LHC bunch pattern corresponding to a 50 ns bunch spacing!. The increase of data delivered by the LHC
came at the cost of an average number of interactions per bunch crossing of up to ~8 at the start of LHC
fills. This change in event environment with respect to the data taken in 2010 required in-depth studies
of the impact of additional inelastic scattering events occurring both in and out-of-time with respect to
the hard scattering process of interest. These effects are included in the ATLAS Monte Carlo simulation.
Their impact on all the search channels presented in this note has been studied and taken into account
and has in most cases led to a modest re-optimisation of the selection criteria to mitigate the effects.

2 The ATLAS detector and data sample

The ATLAS detector [17] is a multipurpose particle physics apparatus with a forward-backward sym-
metric cylindrical geometry and near 47 coverage in solid angle>. The overall layout of the detector
is dominated by its four superconducting magnet systems, which comprise a thin solenoid surrounding
inner tracking detectors and three large toroids with an eightfold azimuthal symmetry.

The inner detector provides precision tracking for charged particles in the pseudorapidity range
In| < 2.5. Tt consists of silicon pixel and strip detectors surrounded by a straw tube tracker that also
provides transition radiation measurements for electron identification. The calorimeter system covers
the pseudorapidity range || < 4.9. For |n| < 3.2, high-granularity liquid-argon (LAr) electromagnetic
sampling calorimeters are used. An iron-scintillator tile calorimeter provides hadronic coverage in the
range || < 1.7. The end-cap and forward regions, spanning 1.5 < |n| < 4.9, use LAr calorimeters
for both electromagnetic and hadronic measurements. The muon spectrometer has separate trigger and
high-precision tracking chambers covering || < 2.7.

'A very small amount (~ 1.4%) of the data were recorded with an inter-bunch spacing of 75 ns. This has a very small
impact on the results.

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle 6 as 1 = —Intan(6/2).



A three-level trigger system selects events to record for offline analysis. Candidate events are selected
using unprescaled combinations of electron, muon and photon triggers with thresholds typically 18 GeV
to 20 GeV. Data are only used if all the subsystems required for a particular analysis are fully operational.
Applying this requirement to pp collision data taken at a centre-of-mass energy of /s = 7 TeV with
stable beam conditions results in data samples with a time-integrated luminosity between 1.04fb~! and
1.21 fb~! depending on the search channel.

3 Search Channels

All search channels are described in detail in their respective references. Only the features relevant to the
combination, such as the background estimation methods, the discriminating variables considered and
the systematic uncertainties are recalled here. For all relevant channels, a lepton ¢ denotes an electron
or a muon. The numbers of observed events and expected signal and background events are summarized
in Table 1. To illustrate the relative strength of each channel these numbers of events are given in an
interval containing ~ 90% of the signal around the most probable value of the invariant or transverse mass
distributions, except for the H — WW () — ¢v/v channels, where the window defined in the analysis is
used. In every case the fit performed uses more information than is presented here, the precise sensitivity
of the analyses can therefore not be deduced from these numbers.

e H — vy : This analysis is carried out for Higgs boson mass hypotheses between 110 GeV and
150 GeV and uses an integrated luminosity of 1.08 fb~! [11]. The diphoton channel has been
improved with respect to the published analysis [10], by separating the selected events into five
independent categories based on the direction in which each photon was emitted (and hence the
detector resolution and different signal-to-background ratio) and its photon to electron-pair conver-
sion status (i.e. whether or not it is reconstructed as a conversion ). These categories are treated as
independent channels with fully correlated systematic uncertainties. The background is estimated
from a combined signal and background fit to the diphoton invariant mass spectrum, which is the
sole discriminant used in the definition of the test statistic. The invariant mass distribution of the
observed candidates, summing over categories, can be seen in Fig. 1(a).

o H — ZZ™) — 0000 - The search for the Higgs boson decaying into £7¢~¢*¢~, often referred to as
the golden channel of Higgs boson searches at the LHC due to its good invariant mass resolution
and clean signature, is described in detail in Ref. [14]. Results are given for Higgs boson mass hy-
potheses in the 110 GeV to 600 GeV range and using data corresponding to integrated luminosities
of 1.07 to 1.21 fb~! for the channels with electrons and for the four-muon channel, respectively.
The lowest transverse momentum requirement on electrons has been lowered to 7 GeV, compared
to the analysis published in Ref. [10], thus matching that of the muon, to improve the sensitivity to
a light Higgs boson. Another important difference is that the main irreducible ZZ*) background
is now estimated with the MCFM V6 program [18]. All detector and luminosity related system-
atic uncertainties are taken to be fully correlated between signal and background. The reducible
Z+jets and top-quark backgrounds, which have a larger impact in the low invariant mass range, are
estimated from data control regions. The invariant mass distribution of the selected events after all
cuts is given in Fig. 1(b). There is a total of two four-electron events, ten four-muon events, and
six mixed, to be compared with 2.6, 5.4 and 6.6 expected background events.

e H — bb: The WH (¢vbb) and ZH (£ ¢~ bb) analyses search for the Higgs boson in the mass range
between 110 GeV and 130 GeV. These searches are based on data corresponding to an integrated
luminosity of 1.04 fb~!. After identifying the vector boson through its leptonic decay, events
are examined for the presence of two b-tagged jets. Higgs boson candidates are searched for by



looking for an excess in the invariant mass distribution of the two b-tagged jets (m,;). The analyses
are described in detail in Ref. [19].

In the /vbb channel, the dominant backgrounds arise from top-quark production and W +jets. The
top background is significantly reduced by requiring exactly two jets. The remaining contribu-
tion from top and W+jets backgrounds is determined by a simultaneous template fit to the m,j
distribution in the signal-free control regions of m,; < 80 GeV, where W+jets dominates, and
140 < myp < 250 GeV which is dominated by top background. The small contribution from other
backgrounds is subtracted from the m,; distribution before the fit. The top and W+jets templates
are determined from Monte Carlo simulation for #f events and un-tagged W+jets events from data.
Only the normalization of the templates is left free to vary in the fit. The systematic uncertainties
on the top and W +jets backgrounds were estimated to be 6% and +14%, respectively, from the
statistical uncertainty in the sideband fit. Relaxing the two-jet requirement to three jets provides a
control sample dominated by top-pair production which is used to check its shape and normaliza-
tion. Both were found to be well described. Finally, the multi-jet background, which contributes
noticeably in this channel, is also determined by fitting to a template obtained by reversing cuts
on the lepton isolation. Due to the limited number of simulated events, a systematic uncertainty of
50% is assigned to this background. The invariant mass distribution of the bb pairs of the selected
candidates is shown Fig. 1(c).

In the ¢*¢~bb channel the requirement for the two electrons or muons to be consistent with a Z
boson decay improves the purity and partially compensates for the lower signal cross section. The
dominant background comes from Z+jets production. Its normalization is estimated in a control
sample in the sidebands defined by m,; < 80 GeV and 140 < m,; < 250 GeV and its shape is
taken from the Monte Carlo simulation. A systematic uncertainty of +11% is assigned to this
background, based on the statistical uncertainty of the method. An additional small uncertainty
is assigned to the shape of the m,; contribution from this background, which is estimated with
the use of different Monte Carlo generators. Other sources of background, among which the
most relevant are top and diboson production, are estimated by Monte Carlo simulation. The
background coming from top was also checked in the sidebands of the dilepton invariant mass
distribution. The invariant mass distribution of the bb pairs of the selected candidates is shown
Fig. 1(d).

H — WW®" — ¢v¢v : This search, described in detail in Ref. [12], is performed as a counting
analysis for Higgs boson mass hypotheses between 110 GeV and 240 GeV, with an event selection
similar to that of Ref. [10] and using an integrated luminosity of 1.04 fb~!. The main background
contributions are estimated from the data using control regions. The analysis is separated in 0- and
1-jet channels (the two or more jets channel is not included in this combination). To suppress the
background from top-quark production in the 1-jet channel, events are rejected if the jet is tagged
as a b-quark jet.

The main background contributions stem from WW and top-quark production. The first back-
ground is measured in a control region defined essentially by a cut on the dilepton invariant mass
myyp, requiring it to exceed 80 GeV. The second background is estimated from control regions where
the b-jet veto is reversed and the kinematic selection is relaxed. For the top control region in the
0-jet channel the jet veto is also removed. The relative fractions of the background contributions
expected in the control and signal regions are taken from Monte Carlo simulation. The systematic
uncertainty on the WW background estimate, which is mainly due to the limited control sample
statistics and to the uncertainty on the extrapolation from theoretical scale variations and jet energy
scale uncertainties, amounts to £7.3% in the O-jet channel and +14.7% in the 1-jet channel. The
systematic uncertainty in the estimate of the top-quark background amounts to +40% in the O-jet



channel and fgg% in the 1-jet channel (the latter is mostly due to the uncertainty on the b-tagging
efficiency). The other backgrounds such as W+jets, Z/y*+jets, albeit significantly smaller, are also
measured in control samples of data. The small WZ and ZZ backgrounds are taken from Monte
Carlo simulation. The transverse mass distributions of the candidates in the O-jet and 1-jet channels
are displayed in Figs. 1(e) and 1(f), respectively.

H — WW — fvqq : This analysis, described in detail in Ref. [13], covers Higgs boson mass
hypotheses in the 240 GeV to 600 GeV range and was carried out using data corresponding to an
integrated luminosity of 1.04 fb~!. This channel is also separated into O-jet and 1-jet categories,
i.e. zero and one jet in addition to the two jets from the W decay. A b-jet veto is applied in the 1-jet
channel. The background originates overwhelmingly from the W+jets process. Using the W mass
constraint on the leptonic W decay allows good reconstruction of the invariant mass of the WW
system. The resolution is sufficient to directly fit the background normalization from the data with
a double exponential model, similar to the approach used in the H — 7Yy channel. The invariant
mass distribution of the selected candidates is illustrated in Fig. 2(a).

H — ZZ — £¢vv : The analysis in this channel, described in detail in Ref. [15], has been slightly
re-optimised with respect to Ref. [10]. It is carried out in the 200 GeV to 600 GeV range of Higgs
boson mass hypotheses using data corresponding to an integrated luminosity of 1.04 fb~!. There
are two search regions, with 280 GeV and upwards considered to be high mass. The event selection
is protected from a potential overlap with the H — WW *) — ¢v/v channel by selecting events for
which the invariant mass of the dilepton system is consistent with the Z boson mass. These events
are specifically excluded in the H — WW ) — ¢v/v analysis. The main irreducible background
in this analysis is the ZZ production process. Similarly to the analysis of the H — ZZ™*) — ¢00¢
channel this background is fully estimated from the Monte Carlo simulation, as are the WW and
WZ backgrounds. The Z+jets and top-quark production backgrounds are also taken from the
Monte Carlo but with further verifications in data control regions. The W+jets normalization is
obtained from a control region. The signal hypothesis is tested by fitting the transverse mass
distribution. This variable is most sensitive for high Higgs boson mass hypotheses and is shown in
Fig. 2(b) for the high Higgs boson mass search.

H — ZZ — llqq : This analysis is sensitive for Higgs boson mass hypotheses in the 200 GeV to
600 GeV range and it is separated into a low and a high mass region where the search criteria are
independently optimized, the separation occurs at 280 GeV. Given the sizable branching fraction
of the Z decaying into a pair of b-quarks (~ 15%, which is much larger than the fraction of b-quark
jets in the background) the analysis is separated into two categories: the fagged analysis where the
two jets are b-tagged and the untagged analysis where at most one of the jets is b-tagged. The
dijet system is scaled to set its invariant mass to that of the Z boson in order to improve the mass
resolution of the £¢gq system. This channel uses data corresponding to an integrated luminosity
of 1.04 fb—! and is described in detail in Ref. [16]. The dominant background in this analysis is
the Z+jets production process. Its normalization is measured in the sidebands of the dijet mass
distribution. The other backgrounds are estimated with the Monte Carlo simulation and verified
with data control samples for the top-quark background. The dilepton-dijet invariant mass is used
as the discriminant and its shape is estimated using Monte Carlo simulation both for the signal and
the backgrounds. The acceptance of this channel overlaps significantly with that of the H — bb
analysis, however as these two channels span different ranges in Higgs boson mass hypotheses
they are disjoined. The mass distributions of the ¢{gq system for events selected in both the ragged
and the untagged categories are shown in Figs. 2(c) and 2(d) respectively.
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Figure 1: The invariant or transverse mass distributions for the candidate events selected, the total back-
ground and the signal expected in the H — yy (a), H — ZZ*) — 0000 (b), the WH — (vbb (c) and ZH —
¢+0~bb (d), and the H — WW ™) — ¢v¢v 0-jet () and 1-jet () channels. For the H — ¥y channel the
signal is multiplied by factor of 5 and is illustrated for a Higgs boson mass hypothesis of my =120 GeV.
For the H — ZZ*) — £¢¢/ channel the Higgs boson mass hypothesis is my =210 GeV and no multiplica-
tive factor is applied. For the H — bb associated production channels, the Higgs boson mass hypothesis
is also my = 120 GeV, but the multiplicative factor is 20. For the H — WW®*) — ¢v/v channels the
Higgs boson mass hypothesis is my = 150 GeV and no multiplicative factor is applied.



Table 1: Numbers of observed events and the expected numbers of signal and background events in
the channels used in the combination. For all channels except H — WW*) — (v/v these numbers are
estimated in an interval containing ~ 90% of the signal around the most probable value of the invariant
or transverse mass distributions. These numbers are for information only as the analyses typically fit the
distributions.
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Figure 2: The invariant or transverse mass distributions for the candidate events selected, the total back-
ground and the signal expected in the H — WW — fvqq (a) and H — ZZ — ¢{vv (b) channels and the
H — ZZ — llqq untagged (c) and tagged (d) categories.

4 Systematic Uncertainties

The combination of Higgs boson search channels is not only useful to optimally take advantage of the
full statistical discrimination of the signal from the background in various independent channels, it also
allows a proper account to be taken of the correlation of systematic uncertainties between channels.
Because all channels rely on a limited number of reconstructed objects in the detector (electrons, photons,
muons, jets, missing transverse energy and b-tagging) and on the same Monte Carlo simulation, most
of the signal-related systematic uncertainties are correlated. Since in most channels the backgrounds
are estimated in control samples of data, the background-related systematic uncertainties are typically
uncorrelated. For instance the systematic uncertainty on the luminosity, which is fully correlated among
all channels and amounts to £3.7%, affects almost only the signal estimates, except in channels where
contributions to the background are directly estimated from Monte Carlo simulation, such as the H —
7Z™*) modes.

4.1 Detector-related systematic uncertainties

All detector-related systematic uncertainties can be classified in the five generic categories listed below.
These categories have been designed to group correlated effects together and thus minimize the number
of nuisance parameters in the model. These sources are considered as 100% correlated among channels



which are affected by them.

e The electron-related identification systematic uncertainties are treated as fully correlated with
those of the photon identification since the selection criteria used are very similar. The partial
correlations between the electron energy resolution and energy scale have been neglected.

e The muon momentum scale is precisely known and its attached uncertainty is thus irrelevant in the
context of these searches. The systematic uncertainty on the resolution are split in two independent
contributions, one due to the inner detector and the other due to the muon system.

e The systematic uncertainty on the jet energy scale (JES) and resolution (JER) may produce signif-
icant discrepancies in the jet reconstruction and jet veto efficiencies. The uncertainties have been
determined in ATLAS for the 2010 dataset [20,21]. The effect of the presence of close-by jets
and the large additional in-time and out-of-time pile-up in 2011 are also taken into account. For
jets at low transverse momentum the JES uncertainties have therefore been increased with respect
to those of Ref. [20]. A specific treatment for b-tagged jets is applied and considered as fully
correlated with the JES.

e The systematic uncertainty on the missing transverse energy has four components. The calorimeter
energy scale, the jets, the unclustered energy in the calorimeter and the muon energy scale uncer-
tainty. Its principal component is the JES uncertainty [12,22], it is therefore treated as correlated
with the JES. A systematic uncertainty to account for the large pile-up conditions is added.

e The use of b-tagging requires a thorough understanding of its efficiency and light-flavour mistag
rate. The b-tag efficiency is defined as the fraction of reconstructed jets originating from b-quarks
which are tagged by the algorithm, whereas the mistag rate is defined as the fraction of jets origi-
nating from light-flavoured quarks similarly tagged. The b-tagging efficiencies are estimated using
tt events with a sample of jets containing muons. Mistag rates are calculated with a sample of in-
clusive jets, following the procedures described in Ref. [23].

Detector-related sources of systematic uncertainties in the event reconstruction are correlated be-
tween all the Higgs boson search channels. The uncertainty in the efficiency ranges between £2.5%
for central high-pr electrons and +16% for low-pr electrons. For muons the efficiency uncertainty lies
between +0.4% and +2% depending on their pT and pseudorapidity. The systematic uncertainties are
typically larger for the channels where jets are required. They are dominated by the jet energy scale as the
resolution affects are smaller and the uncertainties related to the missing transverse energy measurement
are largely by-products of the uncertainties already discussed.

4.2 Systematic uncertainties on the theoretical predictions

The Higgs boson production cross sections and decay branching ratios are compiled in Ref. [24]. Higher-
order corrections have been calculated up to next-to-next-to-leading order (NNLO) in QCD for the gluon
fusion (gg — H) [25-30], vector boson fusion (¢¢' — qq'H) [31] and associated WH/ZH production
processes (9 — WH /ZH) [32], and to next-to-leading order (NLO) for the associated production with
a tf pair (¢qG/gg — ttH) [33,34]. The NLO electroweak (EW) corrections are applied to the gluon fu-
sion [35, 36], vector boson fusion [37,38] and the associated WH/ZH production [39] processes. The
Higgs boson decay branching ratios are calculated with HDECAY [40]. For four-fermion final states the
predictions by Prophecy4f [41,42] are used. The uncertainties in the main Higgs boson production cross
section® [24,43] amount to +(15-20)% for the gg — H process, £(3-9)% for the qq' — qq'H process,

3The uncertainties in Higgs boson production cross sections comply with the recommendations of LHC Higgs cross section
and PDFALHC working groups.



+5% for the associated WH/ZH production process and +(12-18)% for the ¢gG/gg — tfH production
process.

For the H—ZZ Monte Carlo samples, the Higgs boson signal is generated using PYTHIA [44] interfaced
to PHOTOS [45] for final-state radiation or POWHEG [46]. The H — WW ) —s ¢viv events produced
by gluon fusion or vector boson fusion are modelled using the MC@NLO [47,48] and SHERPA [49]
Monte Carlo generators, respectively. The H — WW — fvgq process is modelled by POWHEG [46]
and PYTHIA for both the gluon fusion and the vector boson fusion. The yy signal is simulated with
POWHEG for the gluon fusion and vector boson fusion processes and with PYTHIA for the associated
production processes.

The systematic uncertainty coming from the total theoretical Higgs boson cross section is fully cor-
related among channels and is included in the combination. The width of the Higgs boson signal at high
mass is taken from the POWHEG Monte Carlo. It should be noted that this estimate does not take into
account the higher order electroweak corrections that can affect the Higgs boson width at the level of
+30% for very high Higgs boson masses [50].

The uncertainties on the acceptance of the analyses are small in comparison to those on the total cross
section and are thus in general neglected. The sole exceptions are the theoretical uncertainties associated
to the exclusive production modes where the Higgs boson is associated with additional jets which are
sensitive to the choice of the QCD scale. The procedure adopted was recently agreed upon as described
in detail in Refs. [12,51].

A detailed description of the backgrounds used in the analyses is available in Refs. [10-16, 19]. The
systematic uncertainties related to the background estimates which rely on the Monte Carlo simulation
are taken as fully correlated among channels. The systematic uncertainties arising from the scaling
factors that relate the background control regions to the signal regions in analyses such as the H —
WW®) — fvev, even if estimated using the same Monte Carlo simulation, are not correlated to the
systematic uncertainties on the normalization of these backgrounds.

Systematic uncertainties on the signal shape are accounted for in the H — yy, H — ZZ — {{qq and
H — ZZ — (fvv channels. In the H — Yy channel the effect of the uncertainty in the signal shape is esti-
mated by allowing the photon energy resolution to vary and be fitted as an additional nuisance parameter.
For all the other channels in the combination it is taken into account by considering three distributions
corresponding to the nominal and =10 excursions of the shape and interpolating (extrapolating if neces-
sary) according to the pull of the corresponding nuisance parameter. The systematic uncertainties in the
shapes are considered and treated as fully correlated with the systematic uncertainties in the correspond-
ing normalizations. This is in particular the case for the JES or lepton energy scale uncertainties.

The effect on the signal yield in each channel of the major sources of systematic uncertainty is sum-
marised in Table 2. Uncertainties are treated as either uncorrelated or 100% correlated among channels.
The correlations between signal and background are also taken into account where necessary.

5 Combined Results

The combination procedure follows closely that described in Refs. [10,51]. It is based on the profile
likelihood technique using the gy, test statistic [52]:

2 1n ZB0W) 0<0
£(0.0(0))
du = ZL(1,6(p)) p
H 21n ff(/:hé) 9 0§N§u7
0, a>u.

10



Table 2: Main correlated systematic uncertainties used in the analysis. These relative uncertainties (%)
correspond to the overall effect on the per-event signal efficiency of the 10 variation of the source of
systematic uncertainty. Some of them, such as the energy scale in the H — Yy search, are included but
are not apparent in this table as they do not affect event rates.

. H—-Ww® H — ZZ®
H=yy H=0b i tvag wee tvy  tigq
Luminosity +3.7 +£3.7 £3.7 £37 £37 £37 £3.7
e/y efficiency e +23 0 £14 0 0T £19 £12 0 £1.1
e/y energy scale - i o - - 3
e/y resolution - f%é fg:g - - -
1 efficiency - e e 03 £12 Y +0.6
U resolution - +5.8 in% - - -
Jet/MET energy scale - I BT RE - 20 .
Jet resolution - +2.5 - tg:(z) - - f(z):(l)
53 6.6
MET - 81 - - - i -
b-tag efficiency - t%; - - - ti'i .
150 150 +150 +I150 FI50 5.0
Theory 1200 +5 1200 200 200 200 200

The likelihood is given by the product of the individual likelihoods for each channel

2 =140 N % [T 4(3)

where [ is implicitly an index over the individual histogram bins within the channels that used a binned
distribution of a discriminating variable. The L; are constrained terms in the likelihood associated to
the systematic uncertainties. Nfbs and Nf *P are the observed and expected numbers of events in channel
[ (this symbolic notation is used for illustration purposes only, in practice analyses based on unbinned
likelihood fits are also used in the combination, a more detailed and general description of the method
can be found in Ref. [51]). The signal strength p is the parameter of interest while 6 represents the nui-
sance parameters, such as systematic uncertainties, which can alter the tension between a signal strength
hypothesis p and its best-fit-value. The maximum likelihood estimates or best-fit-values of y and 6

are denoted i and 6, while é( W) denotes the conditional maximum likelihood estimate of all nuisance
parameters with u fixed. In this analysis the range of u is restricted to the physically meaningful regime,
i.e. it is not allowed to be negative. N, is given by

N= uLozH(1+ei5i>+
ZbﬂH L +e}:6) (1)

for luminosity L, Standard Model cross sections o; (including efficiencies and acceptances), and ex-
pected backgrounds bj;. Background estimates b;; may come either from Monte Carlo simulations or
from control regions j. Systematic uncertainties are considered either fully or non-correlated and are
described by the € and 0 parameters [10] Monte Carlo pseudo-experiments are generated to construct

the probability density functions f(gu|u, 9( )) under an assumed signal strength i, f(Gy|u =0, 9(0))
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and f(qo|u = 0,6(0)), giving the corresponding p-values, Pu,1 — pp and po, from which the CLy, ), =
Pu,CLy = lf—‘;b is computed.

The results shown in this note are derived using three different approaches. The first is the asymptotic
approximation following the prescriptions given in Ref. [52]. This method has the advantage of reducing
immensely the computing time consumption, but needs to be thoroughly validated in order to be applied.
The second is the usual Monte Carlo experiments approach where each experiment involves a fit with
a very large number of degrees of freedom and therefore requires both a large computing time and a
thorough verification of the convergence of the fits. Finally, the third is a Bayesian approach based on
the marginalisation of nuisance parameters and fits which assumes a flat prior in strength parameter. It
implies less computing time and provides an independent check of the result. The asymptotic limit was
found to be reached in most of the Higgs boson mass range, except for very high masses, as described in
Appendix A.

The interpretation in terms of limits is then given both using the CL; method [53] and in the Power
Constrained Limits [10,54] (PCL). The former should be taken as the actual result. In contrast to the
analysis of Ref. [10], the uncertainties on the cross section are included in the profile likelihood con-
struction.

The 95% CL cross section limits in units of the Standard Model expectation set by the individual
channels using the CL, prescription are shown in Fig. 3. Only the H — WW ) — ¢v¢v channel has a
median result which is sensitive to the Standard Model Higgs boson, but the H — ZZ — ¢{/vVv excludes
a larger mass range. The relative importance of the different channels and whether they bring excesses
or deficits is illustrated in this figure.

= —,——
b") C Exp. Obs. Exp. Obs. ]
g I T — Hoyy --e — HZZo ]
© cee — HSWWS My e — H> 27 ligq

c -\ \ 5 —— W/ZH,H— bb <= —— H>ZZ> livy n
o L - — Ho WW = vaq

=

- 10

o :

° C

o~ L

Yo}

o L

ATLAS Prelimi'nary JLdt~1.0-1.2fb'1,\E=7TeV CLs limits
my [GeV]

Figure 3: The expected (dashed) and observed (solid) cross-section limits for the individual search chan-
nels, normalized to the Standard Model Higgs boson cross section, as functions of the Higgs boson mass.
These results use the profile likelihood technique with 95% CL limits using the CLg construction.

The combination of all channels is shown in Figs. 4(a) and 4(b) in terms of the observed and the

expected upper limit at a 95% CL on the excluded Higgs boson production cross section, normalized to
the Standard Model value. Full numerical details can be found in Table 6. The limits shown are made
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using the asymptotic approximation [52] which has been verified using Monte Carlo experiments and
a Bayesian calculation which agrees to these results to within a few percent. The median result would
exclude a Standard Model Higgs boson in the mass range from 135 GeV to 197 GeV and 315 GeV to
465 GeV. The observed 95% CL exclusion regions are from 155 GeV to 190 GeV and 295 GeV to
450 GeV. A deficit of events is observed in the excluded mass range and in particular in the 300 to
400 GeV mass range. This deficit is not particularly significant (~ 20) and it is due to the concordance
of various small deficits in several high mass channels.

The combined limits derived using the PCL method [54], with a power constraint at 50%, are shown
in Figs. 5(a) and 5(b). The PCL interpretation of the combined result gives a limit with exact coverage
until the power constraint is invoked, corresponding to the precise 95% Confidence Level obtained from
the p-value, p, = CL,,. When a downward fluctuation of the background is observed it is also reflected
in the p, value, therefore yielding less meaningful limits on the signal. This feature is illustrated in
the downward fluctuation, mentioned above, in the 300 to 400 GeV mass range, which would imply a
signal exclusion of 0 events. To bound observed limits within the analysis sensitivity domain the power
constraint is chosen to be 50%.

The consistency with the background-only hypothesis is computed using the test statistic go from
which the probability that a background-only experiment fluctuates more than a given observation can
be derived. The value of this test statistic being set to zero if the best-fit-value of the strength parameter is
negative, the probability pg is bounded to be equal to 50% for downward fluctuations of the background
and smaller than 50% when an excess of events is observed. The background fluctuation probability pg
is displayed as a function of the Higgs boson mass hypothesis in Figs. 6(a) and 6(b). The presence of
a signal would give rise to a low value of this compatibility probability. Negative signals (1 < 0) are
not considered in the calculation, p-values are therefore truncated at 0.5. Some fluctuations are to be
expected, given the large number of masses tested. The most extreme value is observed at 144 GeV,
where the probability of the observed fluctuation is of the order of 0.3%. The significance of this excess
is mostly due to an excess observed in the H — WW ) — ¢vlv channel and one event observed in the
H — ZZ*) — 000¢ channel. The probability of observing such a fluctuation anywhere in the range studied
(taking into account the look-elsewhere effect) is estimated to be of order 8% following the prescription
described in Refs. [51,55]. Another small excess is observed for Higgs boson mass hypotheses near
128 GeV. This excess is also due to the conjunction of an excess in the H — Yy channel and the H —
WW ) — ¢vev excess. Finally, a less significant excess is observed for Higgs boson mass hypotheses
around 245 GeV. This excess is mainly due to the H — ZZ*) — ££¢¢ channel, with a slight component
from the H — ZZ — {vV excess.

The significance with which the Standard Model Higgs boson is excluded is shown in Fig. 7(a) and
7(b). It can be seen that a signal of the Standard Model strength is excluded at very high confidence for
360 GeV, while the strongest exclusion in the region around 160 GeV is about 99%. At an exclusion
level of 90% the picture is not very different from the 95% level used herein.

6 Conclusions

The outstanding performance of the LHC in 2011 allows for great sensitivity in the combined ATLAS
searches for the Standard Model Higgs boson. The total integrated luminosity accumulated by the end of
June of this year has exceeded the objective of the LHC and amounts to about 1.1 fb~! of data collected
at /s =7 TeV energy. No significant evidence of a signal has yet been observed, although an excess
corresponding to a 2.8¢ fluctuation of the background occurs in the Higgs boson mass range between
130 GeV and 150 GeV. The probability for such an excess to arise from background, for the combination
of all channels and in the range of Higgs boson mass hypotheses searched for, is estimated to be ~ 8%.
The Standard Model Higgs boson is excluded at 95% CL in an unprecedentedly wide range of Higgs
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Figure 4: The combined upper limit on the Standard Model Higgs boson production cross section divided
by the Standard Model expectation as a function of my is indicated by the solid line. This is a 95% CL
limit using the CL; method in the entire mass range (a) and in the low mass range (b). The dotted line
shows the median expected limit in the absence of a signal and the green and yellow bands reflect the
corresponding 68% and 95% expected regions.
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Figure 5: The combined upper limit on the Standard Model Higgs boson production cross section, nor-
malized to the Standard Model value, as a function of mpy, extracted using the PCL 50% method, is
shown in the entire mass range (a) and in the low mass range (b). The dotted line illustrates the observed
exclusion obtained from CLy,,, while the solid line illustrates the effect of the power constraint.
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Figure 6: The consistency of the observed results with the background-only hypothesis is shown in the
entire mass range (a) and in the low mass range (b). There are noticeable excesses at 128 GeV and
144 GeV, both receiving a contribution from the excess observed in the H — WW ) — ¢v/v channel.
The first one at 128 GeV receives an additional contribution from an excess observed in the H — yy
at 145 GeV also receives a contribution from a H — ZZ*) — ¢/ candidate
event. The dashed line shows the median expected significance in the hypothesis of a Standard Model
Higgs boson production signal. The two horizontal dashed lines indicate the p-values corresponding to
significances of 20 and 30.
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boson mass hypotheses in the range from 155 GeV to 190 GeV and 295 GeV to 450 GeV. This is in good
agreement with the sensitivity of this search. The excluded region starts to cover a large fraction of the
allowed mass range of the Standard Model Higgs boson.
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Appendix A - Comparison of Methods

The asymptotic method used to derive the results shown in this note, following the prescription described
in Ref. [52], relies on the assumption of large numbers of events, which is not necessarily the case, even

when combining various channels.
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Figure 8: Comparison of the observed and expected cross section limits for Higgs boson production,
normalized to the Standard Model values, estimated using the asymptotic approach, an ensemble of sim-

ulated pseudo-experiments and a Bayesian method using a

flat prior in signal strength. The comparison

is shown over the full mass range (a) and for the low mass range, up to 200 GeV (b).

To validate the use of the asymptotic formulae, limits on the excluded Higgs boson production cross
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sections, with respect to the Standard Model, were derived with two other methods. The first is the
primary method, on which the asymptotic formulae are based, described in Section 5, where limits are
estimated using pseudo-experiments. The second is a different approach based on Bayesian confidence
intervals assuming a flat prior on the signal strength parameter. A comparison of the results obtained
using these two methods and the asymptotic approach is shown in Figs. 8(a) and 8(b). A very good
agreement is observed in the low to intermediate mass range. A slight discrepancy is observed in the
higher mass range above ~ 300 GeV. It should be noted that the observed Bayesian limit follows very
closely the asymptotic limits in this region.

The results on the probability of a background fluctuation pg were also derived using asymptotic
formulae. These results as well need to be corroborated by pseudo-experiments. As shown in Fig. 9, there
is good agreement between po(my ) calculated with pseudo-experiments and the asymptotic expressions
used for the primary results over most of the mass range. In the highest mass region, however, the
asymptotic expressions are not expected to perform as well due to the very small background and small
hypothetical signal rates.
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Figure 9: The observed p-value and that expected in the presence of a signal. The results of the asymp-
totic approach are compared with those obtained using an ensemble of pseudo-experiments.
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Appendix B - Results Summary

Table 3: The observed and expected CL,; and PCL limits on the cross sections of a Standard Model Higgs
boson production normalized to the Standard Model values for a set of Higgs boson mass hypotheses.

The CLg numbers should be taken as the final result. The pg-values and —2 x In %’g are also given.

my(GeV) CLg limits PCL limits o vln M p-values
Obs. -lo0 Median +1o Obs. Median 2(0,6) Pu=0
110 42 29 4.0 55 3.6 32 0.1 0.43
111 51 2.7 3.8 53 48 3.1 -0.6 0.21
112 58 2.6 3.6 5.1 5.6 3.0 -1.1 0.11
113 56 25 3.5 49 54 2.9 -1.2 0.11
114 53 24 34 47 5.1 2.7 -1.2 0.11
115 50 23 3.1 44 48 2.6 -1.1 0.11
116 48 2.1 3.0 42 4.7 2.4 -1.2 0.11
117 46 2.0 2.8 39 45 2.3 -1.4 0.089
118 42 19 2.7 3.7 4.1 2.2 -14 0.089
119 40 1.8 2.5 35 39 2.1 -1.5 0.11
120 32 1.7 2.4 33 3.0 1.9 -0.5 0.22
121 24 1.6 2.3 3.1 2.0 1.9 0.7 0.47
122 20 1.6 2.1 3.0 1.8 1.8 1.4 0.5
123 1.9 1.5 2.0 2.9 1.7 1.7 1.4 0.49
124 22 14 1.9 27 2.0 1.6 0.1 0.38
125 25 1.3 1.8 26 24 1.5 -1.4 0.11
126 32 1.3 1.7 24 3.2 1.4 -4.0 0.015
127 35 1.2 1.6 23 35 1.3 -5.3 0.0045
128 35 1.1 1.5 2.1 3.5 1.3 -5.7 0.0034
129 33 1.1 1.5 20 33 1.2 -5.5 0.0044
130 31 1.0 1.4 1.9 3.1 1.1 -54 0.0051
131 28 09 1.3 1.8 28 1.1 -4.7 0.011
132 25 09 1.2 1.7 25 1.0 -4.0 0.025
133 22 0.8 1.2 1.6 2.1 1.0 -3.2 0.045
134 20 0.8 1.1 1.5 1.9 0.9 -2.6 0.064
135 20 0.8 1.1 1.5 2.0 0.9 -3.3 0.035
136 1.8 0.7 1.0 1.4 1.8 0.8 -2.6 0.049
137 1.9 0.7 1.0 1.4 1.8 0.8 -3.3 0.04
138 20 0.7 1.0 1.4 20 0.8 -4.4 0.014
139 1.9 0.7 0.9 1.3 1.9 0.8 -4.7 0.015
140 1.8 0.7 0.9 1.3 1.8 0.7 -4.6 0.012
141 1.6 0.6 0.9 1.2 1.6 0.7 -4.0 0.021
142 1.6 0.6 0.8 1.1 1.6 0.7 -5.2 0.012
143 1.7 0.6 0.8 1.1 1.7 0.6 -6.8 0.0044
144 1.7 0.6 0.8 1.1 1.7 0.6 -7.9 0.0028
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Table 4: The observed and expected CL,; and PCL limits on the cross sections of a Standard Model Higgs

boson production normalized to the Standard Model values for a set of Higgs boson mass hypotheses.

The CL; numbers should be taken as the final result. The py-values and —2 X In % are also given.

mp(GeV) CL; limits PCL limits 5 £(1,6) p-values
Obs. -lo Median +lc Obs. Median 20,6)  Pu=o
145 1.6 05 0.7 1.0 1.6 0.6 -6.9 0.0045
146 1.6 0.5 0.7 1.0 1.6 0.6 -6.9 0.0049
147 1.6 05 0.7 1.0 1.6 0.6 -6.1 0.0062
148 1.5 05 0.7 1.0 15 0.6 -54 0.0086
149 14 05 0.7 1.0 14 0.6 -4.4 0.01
150 14 05 0.7 09 14 0.5 -3.8 0.019
152 14 05 0.6 09 14 0.5 -4.8 0.0074
154 1.1 04 0.6 0.8 1.1 0.5 -2.0 0.024
156 09 04 0.5 07 09 0.4 0.5 0.027
158 09 04 0.5 0.7 09 04 1.0 0.023
160 07 03 04 06 07 0.4 3.8 0.059
162 0.7 03 04 0.6 0.7 0.3 5.7 0.1
164 07 03 04 0.6 07 0.3 4.7 0.078
166 0.7 03 04 0.6 0.7 0.4 4.3 0.084
168 0.8 03 0.5 0.6 038 04 3.0 0.072
170 09 04 0.5 0.7 09 0.4 1.4 0.064
172 08 04 0.5 0.8 0.7 04 4.6 0.28
174 07 04 0.6 0.8 0.6 0.5 6.1 0.42
176 07 04 0.6 0.8 06 0.5 5.8 0.45
178 0.8 05 0.6 09 07 0.5 5.0 0.4
180 0.8 0.5 0.7 1.0 0.7 0.6 5.0 0.41
182 09 05 0.7 1.0 038 0.6 4.3 0.4
184 0.8 0.5 0.8 1.1 07 0.6 4.7 0.39
186 0.8 0.6 0.8 1.1 07 0.6 4.7 0.47
188 1.0 0.6 0.8 1.2 09 0.7 34 0.34
190 1.0 0.6 0.9 1.2 09 0.7 3.1 0.34
192 1.1 07 0.9 1.3 09 0.7 3.0 0.36
194 1.1 0.7 1.0 1.3 1.0 0.8 2.8 04
196 1.0 07 1.0 1.4 038 0.8 3.7 0.47
198 1.0 0.8 1.1 1.5 038 0.8 4.1 0.49
200 1.1 0.8 1.1 1.5 09 0.9 35 0.5
202 1.1 0.8 1.1 1.6 09 0.9 32 0.5
204 1.2 09 1.2 1.7 1.0 1.0 2.8 0.5
206 1.3 09 1.2 1.7 1.1 1.0 2.3 0.41
208 1.5 09 1.3 1.8 13 1.0 1.0 0.23
210 1.4 09 1.3 1.8 1.3 1.1 1.2 0.26
212 1.5 1.0 1.3 1.9 14 1.1 1.1 0.28
214 1.5 1.0 1.4 19 1.2 1.1 1.9 0.47
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Table 5: The observed and expected CLy; and PCL limits on the cross sections of a Standard Model Higgs

boson production normalized to the Standard Model values for a set of Higgs boson mass hypotheses.

The CL; numbers should be taken as the final result. The py-values and —2 X In % are also given.

mp(GeV) CL; limits PCL limits 5 £(1,6) p-values
Obs. -lo Median +lc Obs. Median 20,6)  Pu=o
216 1.5 1.0 1.4 20 1.2 1.1 1.9 0.5
218 14 1.0 1.4 20 1.2 1.2 2.3 0.5
220 14 1.0 1.4 20 1.2 1.2 2.3 0.5
222 14 1.1 1.5 2.1 1.2 1.2 2.3 0.49
224 14 1.1 1.5 2.1 1.2 1.2 2.6 0.47
226 1.3 1.1 1.5 2.1 1.2 1.2 2.7 0.5
228 1.3 1.1 1.5 2.1 1.2 1.2 3.0 0.49
230 1.2 1.1 1.5 2.1 1.2 1.2 3.6 0.49
232 1.3 1.1 1.5 2.1 1.2 1.2 3.1 0.5
234 1.5 1.1 1.5 2.1 1.2 1.2 2.3 0.5
236 1.6 1.1 1.5 2.1 1.4 1.2 1.5 0.48
238 1.9 1.1 1.5 20 1.8 1.2 -0.4 0.17
240 2.1 1.0 1.4 20 20 1.1 -1.6 0.093
242 23 1.1 1.5 20 22 1.2 -2.9 0.043
244 24 1.1 1.5 2.1 24 1.2 -3.8 0.025
246 24 1.1 1.5 21 24 1.2 -4.0 0.023
248 26 1.1 1.5 2.1 25 1.2 -4.1 0.021
250 2.8 1.1 1.5 20 27 1.2 -3.0 0.14
252 27 1.1 1.5 20 22 1.2 -2.3 0.063
254 20 1.0 1.4 20 19 1.2 -0.7 0.16
256 1.8 1.0 1.4 20 1.7 1.1 0.5 0.29
258 1.6 1.0 1.4 1.9 15 1.1 1.2 0.41
260 1.5 1.0 1.3 19 1.2 1.1 1.9 0.5
262 1.3 1.0 1.4 1.9 1.1 1.1 2.7 0.5
264 1.2 1.0 1.4 1.9 1.1 1.1 32 0.49
266 1.2 1.0 1.3 1.9 1.1 1.1 33 0.5
268 1.2 09 1.3 1.8 1.1 1.1 3.1 0.49
270 1.2 09 1.3 1.8 1.0 1.0 2.9 0.5
272 1.2 09 1.3 1.8 1.0 1.0 3.2 0.5
274 1.1 09 1.2 1.7 1.0 1.0 33 0.46
276 1.2 09 1.2 1.7 1.0 1.0 2.9 0.41
278 1.0 0.8 1.2 1.6 09 0.9 3.9 0.5
280 1.2 0.8 1.1 1.6 1.0 0.9 2.6 0.45
282 1.3 038 1.2 1.6 1.1 0.9 2.0 0.39
284 1.3 09 1.2 1.6 1.1 0.9 2.2 0.38
286 1.3 09 1.2 1.6 1.1 0.9 2.1 0.36
288 1.2 0.8 1.2 1.6 1.0 0.9 2.6 0.41
290 1.2 038 1.2 1.6 1.0 0.9 2.7 0.45
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Table 6: The observed and expected CL,; and PCL limits on the cross sections of a Standard Model Higgs
boson production normalized to the Standard Model values for a set of Higgs boson mass hypotheses.

The CLg; numbers should be taken as the final result. The pg-values and —2 X In ﬁéégi are also given.

my(GeV) CLg limits PCL limits 5 M p-values
Obs. -lo Median +lo Obs. Median 20,6)  Pu=o
300 09 1.0 1.3 1.9 1.0 1.0 5.8 0.46
305 09 1.0 1.3 1.8 1.0 1.0 5.7 0.5
310 0.7 0.8 1.1 1.6 09 0.9 6.7 0.48
315 0.7 09 1.2 1.6 09 0.9 7.8 0.5
320 0.6 0.7 1.0 1.4 08 0.8 8.7 0.5
325 0.6 0.7 1.0 1.4 038 0.8 8.8 0.48
330 0.6 0.7 1.0 1.4 038 0.8 9.1 0.5
335 0.5 0.7 0.9 1.3 07 0.7 9.8 0.5
340 0.5 0.6 0.9 1.2 07 0.7 10.4 0.5
345 0.5 0.6 0.9 1.2 07 0.7 11.6 0.5
350 04 0.6 0.8 1.2 07 0.7 12.6 0.5
360 03 05 0.7 1.0 0.6 0.6 14.8 0.5
370 04 05 0.8 1.0 06 0.6 14.6 0.49
380 04 0.5 0.7 1.0 05 0.5 13.9 0.5
390 04 05 0.7 1.0 06 0.6 12.6 0.5
400 04 0.6 0.8 1.1 06 0.6 12.3 0.5
420 0.6 0.6 0.9 1.2 07 0.7 8.5 0.5
440 09 0.7 1.0 1.4 07 0.7 4.8 0.47
460 1.1 0.8 1.1 1.5 09 0.8 3.0 0.47
480 1.5 0.8 1.2 1.6 14 0.9 1.1 0.28
500 1.7 1.0 1.3 1.9 15 1.1 0.7 0.27
520 22 1.1 1.5 2.1 2.0 1.2 -0.4 0.18
540 29 1.2 1.7 24 28 1.3 -1.3 0.12
560 39 14 1.9 26 3.8 1.5 2.3 0.063
580 51 1.6 2.2 30 5.0 1.7 -2.8 0.038
600 53 1.8 2.5 35 52 1.9 2.2 0.057
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