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Abstract

A search for neutral Higgs bosons A, H, & in the Minimal Supersymmetric Standard
Model with the ATLAS detector at the LHC is presented. The analysis is based on proton-
proton collisions at a center-of-mass energy of 7 TeV, corresponding to an integrated lumi-
nosity of 36 pb~!, and focuses on Higgs decays into two 7 leptons, A/H/h — 777, where
one 7 lepton decays leptonically and the other hadronically. After signal selection, 206
events are observed in this data sample. The observed number of events is consistent with
the total background estimate of 195 +33 events, where the most important background con-
tributions are obtained from data control samples. A 95% confidence-level exclusion limit
for MSSM A/H/h production is derived as a function of the parameters m4 and tan 3.



1 Introduction

Discovering the mechanism responsible for electroweak symmetry breaking and the origin of mass for
elementary particles [1, 2, 3, 4] is one of the major goals of the physics program at the Large Hadron
Collider (LHC) [5]. In the Standard Model this mechanism requires the existence of a scalar particle, the
Higgs boson. Extending the Standard Model to the Minimal Supersymmetric Standard Model (MSSM),
two Higgs doublets of opposite hypercharge are required, resulting in five observable Higgs bosons.
Three of these Higgs bosons are electrically neutral (h, H, and A) while two are charged (H*). At tree
level and in the absence of CP-violating phases their properties such as masses, widths, and branching
ratios can be predicted in terms of only two parameters, often chosen to be the mass of the CP-odd Higgs
boson, my, and the ratio of the vacuum expectation values of the two Higgs doublets, tan .

In the MSSM, the couplings of the Higgs bosons to fermions and bosons are different from those in
the Standard Model, resulting in different production cross sections and decay rates. While decays into
ZZ or WW are dominant in the Standard Model for Higgs boson masses above ~ 140 GeV, in the MSSM
these decay modes are either suppressed by cos(8 — «) for the H boson, where « is the mixing angle
of the two CP-even Higgs bosons, or even absent for the A boson. However, the coupling of the Higgs
boson to third-generation fermions is strongly enhanced for large regions of the MSSM parameter space.
The decay of the neutral Higgs bosons into a pair of 7 leptons is one of the most promising channels
for Higgs-boson searches at the LHC. In the MSSM, the Higgs-boson production can proceed via gluon
fusion or in association with b quarks. In particular the latter becomes more important for large values
of tan 8. Searches for MSSM Higgs bosons have been performed at LEP [6] and the Tevatron [7].

In this note, a search for neutral MSSM Higgs bosons in the decay mode A/H/h — 77~ with the
ATLAS experiment at CERN is presented. The analyzed data were recorded in proton-proton collisions
at a center-of-mass energy of 7 TeV at the LHC up to the end of 2010. The data sample corresponds to
an integrated luminosity of (36.1 + 1.2) pb™! [8].

Forthe A/H/h — vt~ decays only final states with a charged light lepton (electron or muon) from a
leptonic 7 decay (t~ — e /u”" V., v;) and a hadronic decay of the other 7 lepton are considered (“lepton-
hadron channel”). This decay channel of the 7#7~ pair has a branching ratio of 46%.

Methods to estimate the contributions of the most important background processes from control re-
gions in data have been developed. An exclusion limit on A/H/h production is set in the m;"** scenario [9]
as a function of my and tan g.

2 The ATLAS Detector

The ATLAS detector is described in detail elsewhere [10]. The inner tracking detector is immersed in a
2-Tesla magnetic field provided by a superconducting solenoid. Charged-particle tracking measurements
are made by silicon pixel and microstrip detectors in the pseudorapidity range || < 2.5 and by a straw-
tube tracking chamber in the range || < 2.0 which enhances electron identification by the detection of
transition-radiation photons. The calorimeters instrument the range || < 4.9, using a variety of detector
technologies. The lead-liquid argon (LAr) electromagnetic calorimeter is divided into a barrel component
(In] < 1.475) and two endcap components (1.375 < |n| < 3.2). The hadronic tile calorimeter is placed
directly outside the barrel electromagnetic calorimeter envelope. This steel-scintillating tile detector
consists of a barrel covering the region || < 1.0 and two extended barrels in the range 0.8 < || < 1.7. The
copper-LAr hadronic endcap calorimeter consists of two independent wheels per endcap (1.5 < || < 3.2)
located directly behind the endcap electromagnetic calorimeter. Larger values of || (up to || < 4.9) are
covered by the forward calorimeters which consist of three modules in each endcap: the first made of
copper-LAr is optimized for electromagnetic measurements while the other two made of tungsten-LAr
measure primarily the energy of hadronic interactions. The muon spectrometer measures the deflection



of muon tracks in the field of three large superconducting air-core toroid magnets. It is instrumented
with separate trigger and high-precision tracking chambers. The trigger is provided by resistive plate
chambers in the barrel (Jp| < 1.05) and thin gap chambers in the endcap regions (up to || < 2.4). Over
most of the pseudorapidity range, precision measurements in the principal bending direction are made
with monitored drift tubes. The range 2.0 < || < 2.7 of the innermost of the three layers is covered by
higher granularity cathode strip chambers.

3 Signal and background processes and data samples

3.1 Higgs boson production

In the MSSM, Higgs bosons are produced via gluon-fusion, which is dominant for low Higgs boson
masses and small values of tan g, or in association with b quarks. The cross sections for Higgs boson
production have been calculated using HIGLU [11] and ggh@nnlo [12] for gluon-fusion process. For
the cross section of the bbA/H/h process the four-flavor scheme [13, 14] is used. The masses, couplings
and branching ratios of the Higgs bosons have been computed with FeynHiggs [15]. Details of the
calculations and associated scale, ag and PDF uncertainties can be found in Ref. [13].

The direct gg — A/H/h production via gluon fusion was simulated with MC@NLO [16] and the
associated bbA/H/h production with SHERPA [17]. The pseudoscalar A-boson samples for both pro-
duction processes are generated for 11 masses my4 in the range from 90 to 300 GeV and tang = 20.
These samples are also employed for H and /4 assuming the m}"** MSSM benchmark scenario [9] and
the same kinematics for the decay products. The signal sample with my4 closest to the computed mass of
the H and / are used for H and & production, respectively. For other tan 8 values the simulated samples
for tan 8 = 20 are used and the cross section is scaled according to the cross-section ratio. The increase
of the Higgs-boson natural width with tan 8 is neglected compared to the experimental mass resolution.
Table 1 shows the values of cross section times branching ratio for selected values of m.

Table 1: Cross sections (multiplied by the relevant branching ratios (BR)) used in this note; NNLO cal-
culation for W/Z+jets and bbA/H/h — t"1~, NLO+NNLL for ¢, NLO for single-¢ and di-boson produc-
tion (MC@NLO samples), NNLO for gg —» WW (gg2WW samples) and NNLO (top loop)+NLO (bot-
tom loop and top/bottom-loop interference) for direct g9 — A/H/h — v"1v~. The signal cross sections
are given for tan 5 = 20 and the three values correspond to A/H/h production.

Process Cross section X BR [pb]
bbA/H/h, AJH/h — 51 — C1), my = 120 GeV 3.57/0.33/3.43
bbA/H/h, AJH/h — 71t~ = €13, my = 200 GeV 0.56/0.56/0.03

gg — A/H/h — vt = f1),, my = 120 GeV 2.25/1.01/1.87
gg — A/H/h — 51 > {1}, my = 200 GeV 0.14/0.17/0.50
W — (+jets (€ = e, 1, T) 10.46 x 10°
Z/y* — 1 +jets (mge > 10 GeV) 4.96 x 103
tt 164.6
Single-t (t—, s— and Wt-channels) 58.7,3.9, 13.1
Di-boson (WW, WZ and ZZ) 46.2, 18.0, 5.6




3.2 Background processes

The following processes are backgrounds to the A/H/h — 77~ signal in the lepton-hadron channel and
have been considered in this analysis:

o W(— {v)+jets production: W + jets production provides a significant source of background due
to its relatively large cross section and the combination of a charged lepton and missing transverse
energy from a leptonic decay of the W boson in the final state. Hadronic jets accompanying the W
boson can be misidentified as hadronic 7 decays.

o Z/y*(— €*¢)+jets production: With a di-7 final state and similar event kinematics, Z — 777~
decays and Drell-Yan events ¢gg — y* — t+7~ are largely irreducible and therefore provide
a significant source of background. They are particularly important for low Higgs boson masses
where the signal falls on the tail of the Z mass peak in the 747~ visible mass distribution. Z — e*e”
and Z — u*u~ decays and Drell-Yan events with electron or muon pairs also contribute if one of
the charged leptons or an accompanying hadronic jet is misidentified as 7 lepton.

e Di-boson production: The electroweak production of pairs of vector bosons (WW, WZ, ZZ) can
lead to final states with two or more charged leptons from the leptonic decays of the W and Z
bosons.

e QCD jet processes: Because of the large cross sections for QCD di-jet or multi-jet processes,
they provide an important background if one of the jets is misidentified as a hadronic T decay and
another jet as an electron or muon.

e 17 production: Due to the decays of the two ¢ quarks (tf — W*bW~b), this process can create real
electrons, muons or 7 leptons as well as missing transverse energy in the final state if the W bosons
decay leptonically. In addition, the decays of B hadrons or a hadronic decay of a W boson bear a
potential for misidentification as hadronic T decays.

e Single-t production: The production of single ¢ quarks via ¢ or s-channel production or in associ-
ation with a W boson contributes to the background if one W boson decays leptonically and the 7
lepton is either due to a misidentified hadronic jet or, for W¢ production, comes from the decay of
the second W boson.

The production of W and Z bosons in association with jets is simulated with the ALPGEN [18]
generator, which uses MLM matching [19] between the hard process, calculated with leading-order ma-
trix elements for up to 5 jets, and parton showers. The 7, single-¢ (#/s-channels, Wt) and electroweak
di-boson (WW, WZ, ZZ) production processes are generated with MC@NLO. For all event samples
described above, parton showers and hadronization are simulated with HERWIG [20] and the activity
of the underlying event with JIMMY [21]. The loop-induced gg — WW processes are generated using
gg2WW [22]. QCD jet production is generated with PYTHIA [23]. The following parton distribu-
tion function sets are used: CTEQ6.6 [24] for MC@NLO, CTEQ6L1 [25] for ALPGEN and SHERPA
and modified leading-order MRST2007 [26] for PYTHIA samples. The programs TAUOLA [27] and
PHOTOS [28] are used to model the decay of 7 leptons and additional photon radiation from charged
leptons in the leading-log approximation, respectively. The cross sections for the above processes used
in this analysis are summarized in Table 1, except for the QCD jet samples which are normalized to
data as described in Section 5. All simulated samples include pile-up produced with the default AT-
LAS MCI10 tunes [29, 30] and are passed through a full simulation of the ATLAS detector based on
GEANT4 [31, 32]. The simulated events are reweighted so that the distribution of the number of vertices
per bunch crossing matches the data.



3.3 Data Sample

The results presented in this note are based on proton-proton collision data collected with the ATLAS
experiment at the LHC at a center-of-mass energy of +/s = 7 TeV. The integrated luminosity of the data
sample, considering only data-taking periods where all subsystems of the ATLAS detector relevant for
this analysis were fully operational, corresponds to (36.1 + 1.2) pb~! [8].

4 Object reconstruction and trigger

In this section, the reconstruction and identification of the objects relevant for the MSSM Higgs search,
namely electrons, muons, hadronic 7 decays and jets, are discussed. Also the reconstruction of the
missing transverse energy in the event and the trigger requirements used in this analysis are presented.

4.1 Electrons

Electron candidates are reconstructed from a cluster of energy deposits in the electromagnetic calorimeter
that is matched to a track in the inner detector. For electron identification, also the shower shape in
the calorimenter is used [33]. Electrons are required to have a transverse momentum above 20 GeV
and to be in the fiducial volume of the detector barrel or endcaps, 1.52 < || < 2.47 or || < 1.32.
Identified electrons are required to be isolated. The additional transverse energy in the electromagnetic
and hadronic calorimeters in a cone of radius AR = 0.3 around the electron direction must be less than
10% of the electron transverse energy. The radius AR is defined by AR = +/(An)? + (A¢)?, where A and
A¢ are the differences in pseudorapidity and azimuthal angle, respectively. The transverse momentum
sum of all tracks within a cone of radius AR = 0.4 around the electron direction and with transverse
momenta above 1 GeV must be less than 6% of the electron track transverse momentum.

4.2 Muons

Muon candidates are reconstructed by combining tracks in the muon spectrometer with tracks in the
inner detector [33]. Muon candidates are required to have a transverse momentum above 10 GeV and a
pseudorapidity || < 2.5. In addition, muons are required to be isolated. For isolation, the calorimeter
transverse energy in a cone of radius AR = 0.4 around the muon direction must be less than 6% of
the muon transverse momentum. In addition, track isolation requirements are applied. The transverse
momentum sum of all tracks within a cone of radius AR = 0.4 around the muon direction and with
transverse momenta above 1 GeV must be less than 6% of the muon track transverse momentum.

4.3 Hadronic 7 decays

Candidates for hadronic 7 decays are reconstructed with an algorithm that uses clusters in the electromag-
netic and hadronic calorimeters as seeds. Candidates must have a transverse momentum above 20 GeV
and a pseudorapidity || < 2.5. The number of charged tracks associated with the T candidate must be
1 or 3 and a 7-candidate charge of +1, determined from the associated track(s), is required. It has been
checked with simulated signal events that the charge misidentification probability for 1-prong and 3-
prong 7 candidates that have been geometrically matched to generated 7 leptons amounts to significantly
less than 1% in both cases. The identification of hadronic 7 decays, including vetoes against electrons
and muons, is based on observables that describe the shape of the calorimeter shower and on tracking
information, which are combined in a likelihood discriminator [34]. For the 7 identification used in this
analysis, the efficiency for p;m > 20 GeV is about 65% (60%) and the probability to misidentify a jet as
tau lepton, determined from a di-jet control sample, is about 10% (5%) for 1-prong (3-prong) tau decays.



4.4 Jets

Hadronic jets are reconstructed with the anti-ky algorithm [35, 36, 37], an infrared and collinear-safe
jet clustering algorithm, with distance parameter AR = 0.4. The jet algorithm is run on topological
clusters [38] in the calorimeters. A simple pt- and n-dependent calibration scheme based on Monte
Carlo simulation is used to convert the electromagnetic calibration of the ATLAS calorimeters to the
calibrated hadronic scale [39]. The energies of the calorimeter clusters are also corrected for losses due
to dead material and out-of-cluster losses [40].

Jets are required to have transverse momenta above 20 GeV and pseudorapidities || < 4.5. They
are not explicitly used in the event selection but are needed to estimate the systematic uncertainty of the
missing-transverse-energy reconstruction due to the uncertainty on the jet energy scale (Section 7).

When candidates fulfilling the above criteria overlap with each other geometrically (AR < 0.2), only
one of them is selected. The overlap is resolved by selecting muons, electrons, taus and then jets in this
order of priority.

4.5 Missing transverse energy

The reconstruction of the missing transverse energy is based on the energy deposited in the calorimeters
in all cells in the region || < 4.5. A cell-based algorithm is used which handles the calorimeter response
in the same way as it is done for jets. The sum of the transverse momenta of all reconstructed muons in
the event is added to the total transverse momentum vector from the calorimeter information [41].

4.6 Trigger

An electron or muon trigger is used to trigger the events in the electron and muon channels, respectively.
Events in the electron channel are selected by triggering on a cluster in the electromagnetic calorimeter
and associated track with E > 10 — 15 GeV. Events in the muon channel are triggered by a muon
candidate with pt > 10 — 13 GeV. Only unprescaled triggers are used and the trigger thresholds are
adjusted for the different data-taking periods according to the instantaneous luminosity of the LHC. The
total trigger efficiencies are 99% and 82% for electrons and muons, respectively. They are well modeled
by simulation and have an uncertainty of 0.5 — 1%.

5 Event Selection

Collision events that pass the trigger conditions discussed in Section 4.6 are selected if they have a vertex
formed by at least three tracks. To reduce non-collision events, e.g. cosmic or beam-halo events, the
reconstructed vertex position along the beam axis must be within 15 cm of the nominal vertex position.
Several quality criteria are applied to suppress sources of fake missing transverse energy [42], such as
poorly reconstructed jets or electrons with mis-measured energy due to inefficient regions of the LAr
calorimeter.

The signatures of A/H/h — 77~ signal events, where one 7 lepton decays leptonically, the other
hadronically, are an isolated electron or muon, a narrow jet from the hadronic T decay and missing
transverse energy due to the undetected neutrinos from the two 7 decays. The following requirements
using the objects defined in Section 4 are imposed:

e N+ N, =1, p; > 20GeV or p*T' > 15 GeV: Exactly one electron or muon is required with
transverse momentum above 20 GeV or 15 GeV, respectively. Events with more than one elec-
tron/muon, using the lepton pr threshold used in the object definition in Section 4, are rejected to
suppress events from Z — e*e” and Z — u*u~ decays and from 7 and single-¢ production.
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e N: =1, pi > 20 GeV: Exactly one identified hadronically decaying 7 candidate with visible
transverse momentum above 20 GeV is required.

e O;- Q. = —1: Since neutral Higgs bosons decay into a pair of oppositely-charged 7 leptons the
charge Q. of the electron/muon and Q., the total charge of the hadronic 7 decay products, must
have opposite signs.

° EIT’fliss > 20 GeV: The missing transverse energy requirement rejects events with jets from QCD
processes as well as Z — e*e™ and Z — u*u~ decays, for which no significant missing transverse
energy is expected.

e Mt < 30 GeV: The transverse mass, Mr, of the lepton and the missing transverse energy is defined
as

My = \/2p?r/“E$iSS(1 — cos Ag), (1)

where p,er/ " s the transverse momentum of the electron/muon and A¢ is the angle between the elec-
tron/muon and the ET"* vector in the plane perpendicular to the beam direction. The requirement
of low My reduces background contributions from W + jets and #f production with a real W boson
in the final state which lead to Mt values around the W mass.

No requirements are imposed on the number of identified b-quark jets or the total number of jets in the
event to keep the analysis as inclusive as possible.

After the full selection, the signal efficiency is 3% for msy = 120 GeV and 8% for my = 200 GeV
(not including the Higgs and 7 branching ratios). Table 2 summarizes the numbers of events that pass
each selection requirement, for the electron and muon channel separately. Here, the expected numbers of
signal and background events from simulation are normalized according to the theoretical cross-section
predictions in Table 1, except for the QCD jet sample for which the normalization is derived from data
in a region of EITIliss < 15 GeV after the N; = 1 requirement has been applied. After the full selection, a
total number of 74 and 132 events are observed in data in the electron and muon channel, respectively.
No significant deviations between the observed and expected event yields are observed.

Due to the large statistical uncertainties of some of the simulated samples, especially for the QCD
jet background, a reasonable comparison between data and expected background distributions is only
possible after an estimation of some of the backgrounds based on data control samples.

After the selection described in this section, the invariant mass of the visible decay products of both 7
decays, i.e., the electron or muon from the leptonic T decay and the hadron(s) from the hadronic 7 decay,
MYisPle (“visible mass”), is used as the discriminating variable to search for a potential Higgs signal.

6 Background Estimation

It is desirable to estimate the background contributions as much as possible from data control samples
to reduce the dependence on Monte Carlo simulations. The goal is to obtain the normalization and
shape of the MY distribution used as discriminating observable in the Higgs search for the sum of
all background contributions. The most relevant background sources to be determined with data are
W + jets, Z + jets, and QCD jet production, and methods for estimating these backgrounds have been
developed in this analysis. First the data-driven Z — 7+7~ background estimation method is presented,
then two methods to estimate the QCD and W + jets backgrounds are discussed; one is used to obtain
the results of this analysis, the other as a cross-check. The remaining backgrounds from #7, single-z,
Z — "¢ (€ = e, p) and electroweak di-boson production make up less than 5% of the total background
and are estimated solely from simulation.



Table 2: Selected number of events in data and expected from simulation for a data sample corresponding
to 36 pb~!. Only the Monte Carlo (MC) statistical errrors are quoted.

Electron channel
N-=1 E >20GeV My <30 GeV

Observed data 1413 581 74
Total MC expectation (w/o QCD) 1350+10 70010 7043
W+jets 71010 590+10 26+2
Di-boson 3.61+0.05 2.68+0.05 0.26+0.01
Single-¢ 4.4+0.1 3.9+0.1 0.40+0.06
1 26.3+0.4 23.8+0.4 2.8+0.1
Z/y* > ete ,utu” 451+7 412 9.8+0.9
Zly* -ttt 150+4 4042 30+2
A/H/h signal (my = 120 GeV, tan 8 =40) 62+1 23.4+0.6 17.9+0.5
A/H/h signal (my = 200 GeV, tang8 =40) 16.4+0.2 9.7+0.2 7.3+0.2

Muon channel
N:=1  EP®>20GeV My <30GeV

Observed data 1627 841 132
Total MC expectation (w/o QCD) 1680+20 1050+10 137+4
W+jets 1030+10 860+10 41+£2
Di-boson 4.88+0.07 3.93+0.06 0.42+0.02
Single-t 5.7+0.1 5.1+0.1 0.65+0.05
tt 33.2+0.4 30.0+£0.4 3.9+0.1
Z/y* > ete ,utu” 253+5 48+2 11+1
Zly* -ttt 350+20 97+3 81+3
A/H/h signal (m4q = 120 GeV, tan 8 = 40) 103+1 42.9+0.9 35.4+0.8
A/H/h signal (my =200 GeV, tang = 40) 23.8+0.3 14.6+0.2 11.4+0.2




6.1 Estimation of Z + jets background

The shape of the MY*® distribution from the irreducible Z — 77~ background, in particular the tail
towards larger MY*® values, has been determined with a data-driven method based on a so-called em-
bedding technique. This method starts from a high-purity Z — u*u~ sample selected in data. The muons
in these events are subsequently replaced by simulated 7 leptons according to the following procedure:

e muon tracks and associated calorimeter cells are removed from the event;

e a mini event containing only two 7 leptons that replace the two muons and whose decays are
generated by TAUOLA [27] is passed through the ATLAS detector simulation;

e the original data event, from which the muons have been removed, and the simulated mini event
are combined and a full reconstruction of the resulting new event is performed.

Thus, only the T decays and the corresponding detector response are taken from simulation while the
underlying Z kinematics and all other properties of the event are obtained from the Z — u*u~ data.

The performance of the embedding is illustrated in Fig. 1. The distributions of the transverse mass
and the visible mass are compared between Z — 7+7~ simulation and the event sample obtained from
the embedding procedure applied to the whole data set corresponding to 36 pb~!. For a statistically
more significant comparison, the plots are not only shown after the full selection (Section 5) but also
for a looser selection without Mt and E?iss requirements. A good agreement between the simulated
Z — t*1~ sample and the t-embedded Z — u*u~ data sample is observed. Since it could be shown
that the Z — 7+7~ simulation reproduces the data well, the estimate of the Z — 7+7~ background in this
analysis is taken from simulation and is normalized according to the theoretical cross sections given in
Table 1.

6.2 Estimation of QCD and W + jets background

The estimation of the QCD and W + jets backgrounds [43] is based on both ATLAS data and simulation
and uses events with same-sign charges of the electron/muon and the hadronically decaying 7 candidate.
It relies on the assumptions that the shape of the MYSP®® distribution for these backgrounds is the same for
opposite-sign (OS) and same-sign (SS) events and that their ratio is the same in the signal region, defined
by the nominal selection described in Section 5, and in background-enhanced control regions. These
assumptions have been verified with simulated events; the OS/SS ratios and the shapes of the MYisitle
distributions for opposite-sign and same-sign events agree within statistical uncertainties for both QCD
and W + jets backgrounds. Two control regions are defined, a QCD-dominated control region at small

E?iss and with a relaxed isolation for the electron/muon, and a W-dominated control region at large Mr.
The total number of estimated opposite-sign background events in the signal region, ng];g(mvis), in
each bin of the MYS®!® distribution can be expressed as

Bk CD W+jets Z+jets th
nosg(mvis) =rQcp - ngS (myis) + T'Wiijets * Ngg ! (myis) + nosJ (myis) + n(())ser(mvis)’ 2

where rqocp and ry4jers are the ratios of opposite-sign and same-sign events and ngsc b (my;s) and ngvsﬂets (myis)
are the numbers of same-sign events in the signal region for the QCD and W + jets backgrounds;
n(Z);Jets (myis) and nootger(mvis) are the numbers of opposite-sign events in the signal region for Z — 77~
and the remaining background denoted by “other” (i.e., the sum of all backgrounds apart from Z — 7+ 77,
W + jets and QCD jet production).

The ratio rqcp is expected to be rather close to unity. The fact that the charges of the electron/muon
candidate and the 7 candidate from a misidentified jet in QCD processes are approximately uncorrelated

is more evident for gluon-initiated jets than for quark-initiated jets. However, since the jet momenta
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Figure 1: Comparison of the transverse mass (top) and visible mass (bottom) distributions for Z — 77
simulation and the 7-embedded Z — u*u~ sample at two stages of the selection: prior to the ET'*
requirement (left) and after the full event selection (right).



in this analysis are relatively moderate, the jets are expected to be mostly due to gluons. For ryjes a
significant deviation from unity is expected since W + jets production is dominated by gu/gd-processes
that often give rise to a jet originating from a quark whose charge is anti-correlated with the charge
of the W boson. From simulation, the following OS/SS ratios are obtained: rocp = 1.06 + 0.13 and
Fwijets = 2.24 £0.13.

Using the deviation of the OS/SS ratio for W + jets from unity, kwjes = w+jers — 1, and assuming
rqoep = 1, Eq. 2 can be written as

Bk W +jets Z+jets Z+jets th thy
g(mvm)_nss (mvm)"'kWﬂets SS (mv1s)+n ! (myis)— ng J (m v1s)"'n0 er(’nvm) no er( vis), (3)

where nglgg(mvig) is the sum of all same-sign backgrounds in the signal region. Each of the terms in
Eq. 3 is estimated separately and for each bin in the MYSiP distribution, thus not only an estimation of
the background normalization but also of the MYS®® shape is obtained. The opposite- and same-sign
contributions from the Z — 7777, nZ+Jet§ (myis) and nZ+Jet§ (myis), and the other backgrounds, nOther(mVls)
and n°ther (myis), are taken from s1rnu1at10n The remaining terms in Eq. 3 are related to the W + jets and

QCD backgrounds and are determined as follows:

o Determination of n°*/: The total number of same- sign events ”sg is determined for the selection
described in Section 5 except for changing the opposite-sign charge requirement to same-sign. In

the full MYSPle range, a total of 36 same-sign events are selected in data.

e Verification of the consistency of rocp with unity: To check the assumption rocp ~ 1, a data
control region is selected which is dominated by relatively low-Et jets from QCD processes, as
expected for the signal region. This is achieved by replacing the requirement EITIliss > 20 GeV
with E7™ < 15 GeV and by relaxing the isolation requirement for the electron/muon candidate.
The contribution from other backgrounds is estimated from simulation and subtracted. A value of
rocp = 1.16 £ 0.04 + 0.09 is obtained, where the first error is due to the statistical uncertainty of
the events in the EIT’rliSS < 15 GeV control region and the second error is systematic. All systematic
uncertainties described in Section 7 have been propagated to the error of rocp. Since the method
described in Eq. 3 assumes rocp = 1, but the measured central value is larger than one, the error on
rqcp is increased by an additional systematic uncertainty of 0.16, corresponding to the observed
deviation from unity, and propagated to the error on the estimated number of background events
in the signal region. The observed slight deviation of rgcp from unity does not have a significant
effect on the results of the background-estimation method since the QCD background contribution
is very small, as discussed in Section 6.3. It has been verified with simulated QCD jet events that
the value of rqcp is approximately the same in the control and the signal regions.

. Wtjet
e Determination of ky.jes and nSS+Je *: The quantity kw-jets = "'wajers — 1 is determined in a W +

jets-dominated data control region which is obtained by requiring Mt > 50 GeV. The contribution
from backgrounds other than W + jets is subtracted based on simulation. A value of kyyjers =
1.43+£0.15 is determined, where the error is statistical. It has been checked with simulated W + jets
events that this ratio is independent of the Mt range considered and stays constant as a function
of M;’fible within uncertainties. The measured value of ky et is consistent with the one obtained
from simulation and is assumed to be the same in the W + jets control region and the signal
region. The number of same-sign W + jets events, ngvsﬂets, after the full selection is determined
from the number of events in the W + jets control region after subtraction of the other backgrounds
based on simulation. The difference in W + jets event yields between the nominal selection with
Mt < 30 GeV and the one with the Mt > 50 GeV requirement is corrected for with a correction
factor obtained from simulation. The resulting number of W +jets events is Ky 4 jets 72 piHes _ 3q +5,

N
where the error contains both statistical and systematic errors. In the current study, the shape of this
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Figure 2: Visible mass distribution for data and the data-driven background estimate for the selection
without a requirement on Mt (left) and the full selection (right). The last bin is used as overflow bin for
all events with MYl > 290 GeV.

contribution, referred to as “W + jets add-on”, is taken from the MY distribution for opposite-
sign events, after subtracting that from same-sign events in W+jets simulation. It has been verified
in simulation that the shape of the MYiP'® distribution is the same for opposite-sign and same-sign
events.

. Bk W+jet . . .
The estimated values for ”ssg’ kw siets “Ngg 1% and the numbers of same-sign and opposite-sign events

for Z — ttr~ (nzﬂetg( vis) — nZﬂetS(mVls) = 105 + 32) and for the other backgrounds (n"ther(mvm)

Other(m\,ls) = 24 + 5) from simulation yield a total of n = 195 + 33 background events which agrees

well with the observation of 206 events in data for the full selection. The quoted errors on ng]; include
all statistical and systematic uncertainties. The systematic uncertainties associated with this method are
discussed in Section 7. Figure 2 shows the visible mass distribution for the full selection (right) and for a
looser selection without the requirement on Mt (left). For the looser selection, the distributions of some
of the variables used in the selection are shown in Fig. 3. The shapes of the data distribution and the total
background distribution obtained from the background estimation method are in good agreement. The
method discussed in this section serves as the default method for the estimation of backgrounds to derive

the results of this analysis.

6.3 Alternative QCD and W + jets background estimation

A second data-driven QCD and W + jets background estimation method has been developed to cross-
check the results obtained from the method described in Section 6.2. While the latter method estimates
the QCD and W + jets backgrounds simultaneously, this method provides a separate estimate of the QCD
and W + jets backgrounds from data.

The shape of the W + jets background is taken from simulation and its normalization is derived from
a W-dominated data control sample obtained by replacing the Mt < 30 GeV requirement in the nominal
selection by 70 < Mt < 120 GeV. The estimated W + jets background after the full selection amounts to
58.5 + 2.3 events.
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For the estimation of the QCD background, selection criteria on two variables, the isolation of the
electron/muon and the charge product of the electron/muon and the 7 candidate, are used to define four
independent event samples, corresponding to four regions in the plane of the two variables. One of these
four regions, the signal region, contains the events that pass the nominal event selection. The other three
are control regions that are dominated by QCD background. Table 3 illustrates the definition of the four
regions.

Table 3: Definition of signal and control regions for the alternative QCD background estimation method,
defined by two variables: the charge product of the electron/muon and the 7 candidate (OS or SS) and
the isolation of the electron/muon (isolation or inverted isolation).

Isolation Inverted Isolation
OS | Signal region A Control region B
SS | Control region C  Conrol region D

The shape of the visible mass distribution in control region C (same-sign events) is used as an esti-
mate for the shape of the QCD background in the signal region A. To obtain the correct normalization
for the signal region, this distribution is scaled by the ratio of events in control regions B and D. This
method relies on two assumptions:

o the two variables used to define the four regions are uncorrelated;
o the selected QCD-dominated control samples contain, to a good approximation, no signal events.

Table 4 shows the number of observed data events and the expected numbers of events for the various
signal and background processes for all four regions. The signal contribution in the control regions B, C
and D is negligible for all m4 values considered. While the control regions B and D are clearly dominated
by QCD events, region C contains a significant fraction of other backgrounds; these backgrounds are
subtracted using the estimate for W + jets discussed above, and Z + jets and the other backgrounds from
simulation.

Due to the stringent electron and muon isolation criteria used in this analysis only 33 data events
are seen in control region C. The ratio of the number of data events in regions B and D is rg/;p =
1.14 + 0.05, where the error is statistical. Using this ratio and the number of data events from region C

after subtraction of non-QCD backgrounds, ngm_QCD, the estimated number of QCD background events
in signal region A is
nSP = rgip x (e — " 9Py = 12.1 £ 7.1. 4)

To check the assumption that the two variables used in this method are uncorrelated for QCD pro-
cesses, the MYSIP distribution is compared for the data in the combined regions AB and CD and for
the data in AC and BD, after subtraction of the non-QCD backgrounds and neglecting the small signal
contributions. In the uncorrelated case, the distributions in the two combined regions should be the same.
Figure 4 shows the results of this comparison. The shapes of the distributions agree well which supports
the assumption that the two variables are to a good approximation uncorrelated.

Figure 5 shows the MY and E?iss distributions for data compared with the ones for the total
background obtained from the alternative background estimation method. A good agreement is observed.
The results of this method are consistent with the ones obtained from the method discussed in Section 6.2
and thus give confidence that the backgrounds in this analysis are well understood.
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Table 4: Observed data events and expected numbers of events from simulation in the four regions used
in the QCD background estimation. The full event selection is applied. For the simulated signal, a value
of tan 8 = 40 is used. The quoted errors are statistical. The number of data events in region A selected in
the alternative background estimation method differs by about 1% from the number of data events after
the full selection shown in Table 2. This difference is small compared to the statistical and systematic

uncertainties.
A B D

Data 203 1372 1195
Signal (my = 120 GeV) 552 +1.0 22+02 0.6 +0.1 0.11 +0.03
W — €v+ jets 36.8 +1.8 3.0+0.5 13.5+1.1 0.8+0.3
W — v+ jets 21.7+14 2.8+0.6 5.7+0.7 05+0.2
Z — (" + jets 18.7+1.3 1.8+04 2.4 +0.5 0.3+0.1
Z - 17+ jets 103 +3 44 +£0.6 3.8+0.6 0.2+0.1

it 0.0070 + 0.0002  0.0050 + 0.0002  0.0020 + 0.0001  0.0049 + 0.0002
4(2 r L T T T L T T ‘ L ‘ T T T ‘ ] 4(2 C L T T ‘ L ‘ T T T ‘ ]
S4000- 3 S ; ]
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Figure 4: Comparison of the MY distributions in the combined regions AB and CD (left) and AC
and BD (right) for data after subtraction of non-QCD backgrounds. The distributions are shown for the
selection just before the ET"™* requirement to provide a statistically significant comparison.
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Figure 5: E?iss and MY distributions after the event selection for data compared with the total
background obtained from the alternative background estimation method. The signal is shown for
my = 120 GeV and tan 8 = 40.

7 Systematic Uncertainties

The systematic uncertainties on the event yields obtained from the event selection have been evaluated.
They are discussed separately for two categories, the uncertainties related to the simulation, i.e. re-
construction effects and event generation, and the uncertainties related to the data-driven background
estimation.

7.1 Systematic uncertainties for simulation

For the assessment of systematic uncertainties related to the simulation, a variation of each of the sources
of systematic uncertainty listed below is performed and its impact on the signal and background event
yields obtained from the event selection is evaluated.

e For electrons, an uncertainty on the energy scale of +1% (+3%) in the central (forward) detector
region is used. In addition, n-dependent scale factors of 0.87 — 0.99 with uncertainties of 3 — 6%
are needed to correct the electron reconstruction and identification efficiency in simulation. The
relatively large deviation from unity and the sizable error are due to mismodeling of the electron
isolation condition used in this analysis. The electron energy resolution is not correctly modeled in
simulation, therefore a 1 — 4% smearing of the constant term of the resolution is performed using
a Gaussian function.

e For muons, the scale factor for the reconstruction and identification efficiency is consistent with
unity and has an uncertainty of 1.8%. Since the momentum scale uncertainty is negligible, a 2%
relative uncertainty is assigned as combined uncertainty for muon pr scale and smearing and muon
identification.

e Differences in trigger efficiencies between data and simulation have been corrected for with a
scale factor of (99.5 + 1.0)% for the electron trigger and (99.2 + 0.5)% for the muon trigger. The
uncertainties on the trigger efficiency scale factors are included as uncertainties on the event yields.
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e For jets, a py and n-dependent uncertainty on the jet energy scale with an average of +5% is used.

e For 7 candidates, an uncertainty on the energy scale of +5% is assumed. The 7 and jet energy-
scale uncertainties are treated as fully correlated. An uncertainty of 6% on the T reconstruction
and identification efficiency is used.

e The above variations applied to the individual objects are propagated to the EITIliss vector.

The uncertainties from the jet and 7 energy scales for each simulated sample are summarized in Ta-
ble 5. The largest relative uncertainty (32%) is seen for the Z + jets sample because the 7 transverse
momentum distribution peaks at small values around 20 GeV. The uncertainties due to electron energy
scale and resolution are 0.7% — 2.5%, depending on the sample. The uncertainties due to the reconstruc-
tion and identification efficiencies for electron, muons and 7 candidates are approximately 8%, 2% and
4%, respectively, on all samples. Since the Z — e*e™ background is due to misidentification of electrons
as T candidates, a 20% uncertainty is included on the misidentification rate.

No separate systematic uncertainty is assumed for E?ifs reconstruction. For QCD processes, where
fake ET™* contributions dominate and the reconstructed ET™* is not well described by the simulation, the
background normalization and shape is estimated purely from data. For W+jets and other backgrounds
with real E?iss, the uncertainty on E?iss is taken into account by the variation of the electron, jet and T
energy scales.

All systematic variations except for the one due to the jet and 7 energy scales have a very small
impact on the shape of the MYSP!® distribution, therefore only changes in acceptance are considered for
these error sources. The jet and 7 energy scale variations have a non-negligible impact on the shape of
the MYiSP'® distribution for signal and background. The change in the MYSP'® shape that results from a
variation of the jet and T energy scales is included as additional uncertainty in the derivation of the Higgs
exclusion limit in Section 8.

Uncertainties in the range of 4 —13% are assigned to the cross sections of background processes. The
uncertainties on the signal cross sections depend on my4 and tan 8 and lie in the range of 10 — 20% for
both gg — A/H/h and bbA/H/h production. They include the uncertainties due to the parton distribution
fuctions (PDF’s) and the renormalization and factorization scales. Systematic uncertainties related to the
parameters used in the event generation of background samples are evaluated by varying the relevant
scale parameters, PDF choices and MLM matching conditions for the ALPGEN generator (Z + jets) and
the MC@NLO generator (7).

The total uncertainty on the signal efficiency, including all reconstruction, generator and cross-section
uncertainties, amounts to 24.2% and 15.4% for my = 120 GeV and m4 = 200 GeV, respectively. The
dominant uncertainty of the signal comes from the jet and 7 energy scale uncertainty.

7.2 Systematic uncertainties for background estimation from data

The systematic uncertainties for the data-driven QCD and W+jets background estimation are summarized
in Table 6. The dominant sources of uncertainties are the statistical uncertainty of the same-sign events
in the signal region (17%) and of the opposite-sign and same-sign events used to verify the relation

rocp = 1 (19%) in the region of EITIliss < 15 GeV and to estimate Ky jers (11%). Since the number

. . . W+iet: . . . . . ..
of same-sign events for the “add-on contribution”, Ngg 18 " is obtained from simulation, its statistical

uncertainty is assigned as a systematic error (4%). An additional contribution of 10% is derived from
the dependence of kyw.jes on Mr, i.e., for the extrapolation from control to signal region. Since the
background estimation method is not purely based on data but also uses information from simulation,
the previously discussed reconstruction and generator uncertainties need to be taken into account for the
background estimation, as well as the statistical uncertainty of the simulated W+jets, Z+jets, #7, single-¢
and di-boson samples.
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Table 5: Relative systematic uncertainties on the event yields due to 7 and jet energy scale variations for
the signal and background samples.

Jet/T energy scale

plus minus
A/H/h — 51~ (my = 120GeV) 17.0% -14.0%
Z — 1ttt +jets 31.7%  -21.0%
Z — e*e” or utu +jets 232%  -8.0%
tt 1.0% -1.4%
Single-t 1.3% -1.8%
Di-boson 1.9% 0.6%

Table 6: Relative systematic uncertainties on the estimated background yields for the QCD and W + jets
background estimation.

Sources Uncertainty
Same-sign component (nglgg)

Same-sign statistics 17%
QCD OS/SS ratio rocp 19%
Add-on component (K 4jets - ngvsﬂets)

Add-on statistics ngvsﬂets 4%
kw jets statistical error 11%
Mr dependence of ky yjets 10%
Acceptance from simulation
Renormalization and factorization scales for ¢7 1.7%
Scales, PDF and MLLM matching scheme for Z+jets 12.5%
Electron efficiency 1.8-7.8%
Muon efficiency 2%
7 efficiency 4.1%
Electron energy scale 0.7-2.5%
Electron energy resolution <1.2%
7 and jet energy scale 1.4-31%
Luminosity 3.4%
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8 Exclusion limits

Since no excess of events above expectation is oberved, exclusion limits for the production of neu-
tral MSSM Higgs bosons are determined as a function of the parameters m4 and tan. A point in the
(tan B, my) plane is excluded if the signal hypothesis is rejected at the 95% confidence level. The profile
likelihood method [44] is used with the visible mass as the discriminating observable. The exclusion
limits are derived from a shape analysis of the MYSi®® distribution in Fig. 2 (right) obtained from the
background estimation method described in Section 6.2. Systematic uncertainties are included as nui-
sance parameters. Two kinds of systematic uncertainties are considered, the common ones, which we
assume to be fully correlated, and the channel-specific ones. The common correlated systematic uncer-
tainties include uncertainties on the luminosity, energy scale and acceptance. Systematic uncertainties
influence both the expected event yield (normalization) and the shape of the visible mass distribution.
The systematic uncertainties on the shapes of the visible mass distribution due to variation of jet and 7
energy scales for the backgrounds taken from simulation are included.

The likelihood, for each bin of the MY5P'® distribution, is given by

L(u, Bocp, b, 65, gglobal) = Pois(nlur) Pois(nss |Bocp) LB, Oy, gglobal), 5)

where n is the number of events in the signal region, Socp is the unknown number of QCD events in the
QCD control region, measured to be ngg, é)s,;, are the specific nuisance parameters related to the signal
and the background (such as efficiency and cross section uncertainties), gglobal represent the common
nuisance parameters which are correlated between channels, such as the luminosity uncertainty. ur is
the total number of expected events given by

4
pr = Y uLoi(an B, ma) f500) fy Giona) + D LB o) fy @ytona) ©)

=1 F

where L is the nominal integrated luminosity, u is the one parameter of interest, the scaling factor for
the expected signal rate (signal strength), o (tan B, m,) is the effective cross section (in pb) for signal
events in channel [ (bbA/H, bbh,gg — A/H,gg — h), B; is the nominal effective cross section (in pb) for
background j (including Bocp) and fp, giobar represent the dependence of the expected number of events
on the various nuisance parameters.

The likelihood is used to construct a test statistic based on the profile-likelihood ratio and asymptotic
formulas [44] are used when appropriate. The test statistic is given by

9 I M)

A <0,
L(0,6(0)) K
Gu=" ) _omBede) o <p<y )
L(@.0) -eon
0 o>pu.

Here, g represent the nuisance parameters, [, 5, and 5(;1) are the Maximum Likelihood Estimators (MLE)
of u, 6, and the nuisance parameters evaluated at u, repectively.

Toy MC experiments are generated to construct the PDF f(cjﬂl,u,@(y)) under an assumed signal
strength u. From this, the p-value for u is calculated using

00

pe= | f@Gu 0w dq, 8)

qu,ubs
By iteration, the value p,), is found which satisfies p,,, = 5%. Similarly, background-only toy
MC experiments are used to find the expected median .4 along with the +10 and +20 bands. To
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Figure 6: Expected and observed exclusion limits for neutral Higgs boson production in the MSSM as
a function of m4 and tan g in the 4-flavor scheme. The region above the drawn limit curve is excluded
at the 95% confidence level. The exclusion limits from LEP and Tevatron are also shown. For a direct
comparison with the Tevatron limit, the observed limit based on CLg is shown in addition to the one
based on CLg,. The power constraint in the PCL is invoked at my = 110 GeV, where the limit is at
tan 8 = 24 not tan S = 22 as it would have been without. The green and yellow bands correspond to the
1o and 20 error bands, respectively. The observed limit is shown up to tan8 ~ 70 while it should be
noted that the region tan 8 > 65 is widely considered to be theoretically not well under control.

protect against excluding the signal hypothesis in cases of downward fluctuations of the background,
we do not allow the observed limit to fluctuate below the —1o expected limit. This is equivalent to
restricting the statistical power of the analysis not to go below 16%. We therefore refer to this method as
power-constrained limit (PCL). If the observed limit fluctuates below the 16% power, the quoted limit is
Hmed — 10,

For each point in the parameter space (tan S, my), pyp(tan 8, my) is found. If p,,(tanB, my) < 1 the
point (tan 8, m,) is excluded at the 95% CL.

Figure 6 shows the resulting exclusion limit for MSSM neutral Higgs boson production in the tan 8 —
my plane for the mj'* scenario and u > 0. The expected and observed 95% confidence-level limits are
shown as solid and dashed black lines, respectively. The green and yellow bands correspond to the 1o
and 20 error bands. The obtained limit excludes regions of parameters space beyond the existing limits
from previous experiments at LEP [6] and the Tevatron [7]. It should be noted that the LEP and Tevatron
limits were derived using different statistical methods.

9 Conclusions

In this note, a search for neutral MSSM Higgs bosons A/H/h in proton-proton collisions at a center-of-
mass energy of 7 TeV with the ATLAS experiment is presented. The study is based on a data sample that
corresponds to an integrated luminosity of 36 pb~!. The Higgs boson production proceeds via gluon-
fusion or in association with b quarks. Candidates for Higgs decays into two 7 leptons where one of
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the 7 leptons decays leptonically, the other hadronically are selected. A total of 206 candidate events
are observed in data. The most important backgrounds to this search have been estimated with data
control samples. The results of two different background-estimation methods are compared and found
to be consistent with each other. The total background estimate amounts to 195 + 33 events, in good
agreement with the observed data events. Since no excess of events over the expected background is
observed, exclusion limits on A/H/h production are set as a function of m4 and tan 8 by using a profile-
likelihood analysis of the visible 777~ invariant mass spectrum. The obtained limits extend to regions of
parameter space beyond the existing limits from other experiments.
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