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Abstract

This note describes a study of the discovery potential ferdhpersymmetric Higgs
bosonsh/H /A in proton-proton collisions at a center-of-mass energy 4f&V in final
states witht lepton pairs with the ATLAS detector at the LHC. The Higgsdosare pro-
duced in association with quarks and decay into ar final state where both leptons
decay leptonically. The signature of Higgs bosons with msggetween 110 and 450 GeV
is analyzed and the discovery potential is assessed. Tigseng based on an integrated
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luminosity of 30fb L.
All results are obtained using full simulation of the ATLAStdctor. No pile-up or cav-
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ern background has been considered in this analysis. Iti@u@d procedure for estimating
the shape and the normalization of the irreducible: "1~ background from data is inves-
tigated. The discovery potential as a functiomafand tar3 is shown for then® MSSM
benchmark scenario.
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1 Introduction

In the Minimal Supersymmetric Standard Model (MSSM), theimial extension of the Standard Model,
two Higgs doublets are required, resulting in five obseétijgs bosons. Three of them are electrically
neutral f° , HY , andA®) while two of them are charged(*). At tree level their properties like masses,
widths and branching fractions can be predicted in termsyf tvo parameters, typically chosen to be
the mass of the CP-odd Higgs bosom, and the tangent of the ratio of the vacuum expectation galue
of the two Higgs doublets, tgh

In the MSSM the couplings of the Higgs bosons to fermions amsbhs are different from those
in the Standard Model resulting in different productionssr@ections and decay rates. While decays
into ZZ or WW are dominant in the Standard Model for Higgs boson massesahe ~ 160 GeV, in
the MSSM these decay modes are either suppressed lik8 eos) in the case of thé4® (wherea
is the mixing angle of the two CP-even Higgs bosons) or eveserathin case of th&l. Instead, the
coupling of the Higgs bosons to third generation fermionstriengly enhanced for large regions of the
parameter space. The decay of the neutral Higgs bosons imair af T leptons therefore constitutes
an important discovery channel at the LHC. The productiothefHiggs bosons can proceed via two
different processes: gluon-fusion or production in asgam withb quarks.

In this note, the discovery potential of neutral MSSM Higgsdns, produced via associated produc-
tion with b quarks and decaying into a pair ofeptons in ATLAS at the LHC is discussed. Omniyepton
decays into electrons and muons are considered here. Higgs$ in the mass range between 110 and
450 GeV are analyzed for an integrated luminosity of 38fbBoth the shape and the normalization of
theZ — 11 background which is dominant for low Higgs boson massessimated fronZ — pu and
Z — eeevents in data. The results are interpreted imiy& scenario as a function of the two parameter
of the modelma and targB [1]. Studies concerning the semileptonic and the fully badr final state are
not included in this note. These studies are ongoing andowippublished separately.

This note is organized as follows. In Section 2 the signal lzarckground processes are introduced
and their cross-sections are discussed. In Section 3 tHgsen& discussed. After a description of
the selection, a procedure to estimate the shape and thealimation of the irreducibleZ — 1717~
background from data is detailed before the discovery piaien the my — tang plane is assessed. In
Section 4 the results are summarized.

2 Signal and background processes

2.1 Higgs boson production

The production mechanism of Higgs bosons in the MSSM is disediin the introductory section of this
chapter. The Higgs boson masses, their production crasisisend their branching fraction into a pair
of T leptons are summarized in Table 1.

The theoretical uncertainty on the inclusive productiomssrsection, i.e. without imposing any re-
quirements on th@r of theb jets at generator level, is estimated taking into accountritiutions from
the scale uncertainty and from the uncertainty on the palitgribution functions. The scale uncertainty
is obtained from Ref. [2] as a function of the mass of the Higgson. The contribution from the Parton
Density Functions (PDFs) is estimated by exchanging MR®2Z0r MRST2004 parton distribution
functions. Since the cross-sections obtained with MRS#206 smaller than that with MRST2002 they
are considered conservative. Therefore, half of the diffee observed with this variation is taken as a
systematic uncertainty.

The total uncertainty on the cross-section, obtained byngdthe PDF and scale uncertainties in
quadrature, is displayed in Fig. 1 as a function of the Higmsoh massna. For Higgs boson masses as



Table 1: Masses, cross-sections esssociated production, and branching fractions intarthe final
state for Higgs bosons in thg]'® scenario and for tafi = 20.

Mass / GeV oﬁf,ﬁ‘/’ﬂate?fb Bh/H/A—T1717)/%
A H h A H h A H h
110 129.8 109.0 314810 7579 310707 89 9.1 8.9
130 134.2 1247 189602 92897 99992 9.1 9.2 9.0
160 160.8 128.0 97480 93102 6650 94 95 84
200 200.5 1284 45685 45095 2188 9.6 9.7 7.5
300 300.4 128.6 10312 10253 979 8.2 95 6.3
450 449.8 128.6 2019 2035 723 6.1 6.2 57

low asma = 100 GeV the total theoretical uncertainty is of the order@¥2 This uncertainty decreases
to values below 10% foms = 400 GeV. For low Higgs boson masses the contribution fromstae
uncertainty dominates over that from the parton distrdoufunctions while for high Higgs boson masses

the situation is reversed.
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Figure 1. Systematic uncertainty on the signal cross-@edtr associated Higgs boson production as
a function ofma. The dashed line corresponds to the contribution from thé&eamcertainty, the dash-
dotted line to that introduced by the uncertainty on theguadistribution functions, and the solid line is
the sum of both contributions added in quadrature.

2.2 Background processes

The following background processes are relevant and hage te@nsidered in this analysis (for details
see Ref. [3]).

e Z — /(. The Drell-Yan production o bosons and their subsequent decay into a pair of leptons
constitutes an important source of background. The pramlucross-section has been calculated

to NNLO accuracy and was found to be_,,, = (2015+ 60)pb2> .
Events with theZ boson decaying to a pair afleptons constitute an irreducible background. In

particular for low Higgs boson masses, due to the limite@iiiant mass resolution in the" 7~
final state this background is problematic and needs theréddbe estimated directly from data.

2)The cross-section is given for a cut on the invariant maskeofepton pair ofny, > 60 GeV.



e tt production: The cross-section for this process has beenlasd at NLO+NLL accuracy and
was found to begi = (833+ 100)pb. This background is dominant for Higgs boson masses
beyondma = 200 GeV.

e W+jets production: The production cross-section for thiscpss has been calculated at NNLO
accuracy and was found to gy je;s= 20510pb. This dataset was complemented bW ldb
sample whose cross-section has been calculated to NLOeaycior, ., = 1769 pb).

2.3 Event generation

The Monte Carlo samples have been generated usingtber [4], PYTHIA [5], HERWIG [6], ALP-
GEN [7], and MC@NLO [8] Monte Carlo generators. Except fo1ERPA, all external matrix element
generators are interfaced t&RwIG to produce the parton shower. Théeptons are decayed using ei-
ther SHERPA Or TAUOLA [9]. Initial and final state radiation of photons is simuthtesing RioTOS[10].
Event filters have been applied for all processes in ordendcease the event generation efficiency.
Details on Monte Carlo simulation are given in Ref. [3].

3 Analysis of the exclusive lepton lepton final state

The experimental signature consists of two leptons frontttlecays and missing transverse enekgy,
due to the neutrinos from thedecays. At least one jet tagged as coming frocuark is required in
the event and therefore theaquark associated production is dominant here.

3.1 Preselection

The preselection cuts are grouped into ‘Trigger SelectitimTagging’, ‘Lepton Selection’, and cuts
related to the reconstruction of the invariant mass of trggblboson.

Trigger selection: Anisolated muon (electron) with transverse momentum afagti 20 GeV (25 GeV)
or two isolated electrons witlpr > 15 GeV, or one electron witlpr > 15 GeV and a muon with
pr > 10 GeV are required.

b-Tagging: Since the Higgs boson is produced in association Wwitjuarks, at least one jet has to be
identified as coming from & quark in order to suppress backgrounds from processesvingolight
quarks. Jets are reconstructed using a cone algorithm adibsAR = 0.4%, and ab-tagging weight of

> 3is required in order for the jet to be labeled as coming frdngaark [11].

Lepton selection: Electrons are required to hayg > 10 GeV, be within|n| < 2.5 and pass the
medium electron selection [12]. No isolation criteria appleed. Muons are reconstructed using the
algorithm described in Ref. [13]. A minimumpy of 10 GeV and|n| < 2.5 are required. An isolation
cone of opening anglAR = 0.2 around the muon track is used with a maximbgmof 6 GeV deposited

in the calorimeters. Two leptons of opposite charge areired|if the event is to be considered for further
analysis. In case more than two leptons fulfill the above irequents the lepton pair with the highest
scalar sum opr is selected.

3)The radiusAR of the cone is defined @R = /A2 + An2



Collinear approximation:  The invariant mass of the Higgs boson candidate is recanetfwsing the
collinear approximation [14]. In this approximation thesras of the particles involved in the decay of
the T lepton are small compared to their momenta, so that thetitireof the t lepton can be approxi-
mated by the direction of its observed visible decay pragluthe method assumes furthermore that the
missing energy observed in the event is entirely due to mastfrom thet lepton decays. In addition
the Higgs boson is required to have some amount of transuersgentum. If that is not the case the two
T leptons from the Higgs boson decay are back-to-back. Anratzuweconstruction of the transverse
momenta of the leptons is not possible in that case and the resolution aghtlagiant mass of the pair

will be poor. Neglecting the masses of all leptons, the iavdarmass of the Higgs boson candidate can

be reconstructed via
My

ey
The quantityx = pr,, /pr is the fraction of the lepton momentum carried by its visible decay products.
They are calculated frorir in the event and the transverse momentum of the visible teptd-or
this calculationir is decomposed into two components, each of them pointinggaloe direction of
the charged decay products of tindepton. This fraction is required to be within physical bdan
(0 < x < 1). In order for the solution to be numerically stable a cutttos angle between the visible
decay products of the lepton ofAgy, < 3 is imposed. This also improves the invariamt resolution.

The accepted cross-section for the above preselectiontafiedkin Table 2 for the signal and the
dominant background contributions.

M- =

(1)

Table 2: Cross-section in fb passing the preselectionri@ites described in the text. The numbers for
the signal samples are given assuming3an20.

Process Trigger Lepton Selection 1 or2jets- 0 b-tags Coll. Approx
ma=110GeV 1837.6 1154.8 628.6 175.7 118.4
ma=130GeV 1511.8 971.6 544.6 172.1 115.7
ma=160GeV  987.4 656.4 374.9 119.1 80.8
ma=200GeV  497.9 340 199.3 63.9 44.9
ma=300GeV 1394 98.8 60.2 20.4 13.9
ma = 450 GeV 25.3 18.3 11.2 3.7 2.4

tt 255114 48045.9 7804.8 5479 1096.2

Z— 1T 47026.8 27654.4 14053.2 665.1 440.6

Z—ee 1.4E6 797747 421393 16197.8 2848 .4

Z— Uy 1.3E6 704275 345491 16811.5 3228.4

W+Jets 17.2E6 91042.8 44612.4 1537.5 1%92.4

3.2 Event selection

Cuts on kinematic variables have been optimized in an iergirocedure in order to maximize the
statistical significanc&/+/B for a potential Higgs boson signal. Since the compositiah@background
depends on the signal mass hypothesis, this has been darategpfor each mass point. In addition,
the optimization has been done separately foreeiu, and for the mixedtu final states.

The following variables are considered: To suppress backgt fromtt production only events
with less than three jets are selected. The invariant diteptassn,, has to be well belown, in order
to suppresZ — eeandZ — uu events. Since there are neutrinos from thdecays in the event,
missing transverse energy is required in the event. Thevesige momentum of the jet tagged as coming
from ab quark has to be above a certain value which depends on thes Himgpn mass under study.

3)Results were obtained using cut factorization.



aFE N LS B r 8
= r H- 11 (130 GeV) A C ]

5 d ATLAS E o Bl
C — Gaussian fit 1 - ]
E\; B C 116

9 C ] - ]
=F ] E i P
or 0=246GeV C ]
— N L i
<k 3 3 4
- = - 15
- ] - i &
2 E B ATLAS 1B
Cia v b v b v by 1 ] C | P Nt | I RO RN 0
00 50 100 150 200 250 300 00 20 40 60 80 100 120 140
GeV
m, [GeV] P iggs [GeV]

Figure 2: Invarianm;+,- distribution for a Higgs boson of mags = 130 GeV (left) after preselection
cuts. The width has been determined by a fit of a single Gaussitne peak region of the distribution.
The right-hand plot shows the;- ;- distribution as a function of thpr of the Higgs boson.

Requirements on the maximupt of the leading lepton as well as on that of the lepton-leptgsiesn
pr ¢ are imposed. In addition, the anglep between the two leptons is restricted. The cut values and
the accepted cross-section for a Higgs boson massg, ef 130 GeV are given in Table 3.

The resolution of then;+ - distribution using the collinear approximation for a Hidgsson of mass
ma = 130 GeV is illustrated in Fig. 2 (left) after applying presetion cuts. The width as extracted from a
fit of a single Gaussian to the peak regiowis- 25 GeV compared to the natural width of a Higgs boson
of that mass between less than 100 MeV up to a few GeV depermdirign3. The m;+,- distribution
versus thepr of the Higgs boson is illustrated on the right-hand side gf Bi showing that the invariant
mass resolution improves withr of the Higgs boson.

3.3 Selection results

The accepted cross-sections after all cuts for differeggklboson masses and the various backgrounds
are summarized in Table 4 for tBn= 20. The reconstructedr invariant mass distributions are dis-
played in Fig. 3 for all masses considered. The verticadsaties mark the mass window defined as
m—1.650 < m;+;- < m+ 20 whereo denotes the invariamh;. - resolution for a given mass hypoth-
esis as determined from Monte Carlo simulations. All caatgtidevents falling inside this mass window
are used to calculate the significances for a Higgs bosomlsign

In the low mass range, the invariant mass resolution is obtter of 25 GeV. A potential signal for
a Higgs boson is nearly indistinguishable from the irrediec¥ — 11~ background which dominates
in this mass range over the contribution fréinprocesses, which contribute at fi®— 20)% level. This
makes it necessary to estimate the shape and the normalizzttheZ — 771~ background directly
from data. A procedure has been developed and will be disdusgletail in Section 3.5.

In the medium mass range, the contributions fidm: 7+ 7~ events and frontt processes become
equally important. The mass resolution for signal event®is of the order of 30— 40) GeV leading to
a broad structure which is indistinguishable from that afldggound events.

In the high mass rangana = 300 to 450 GeV), the cross-section for the signal proceseedses
rapidly. The invariant mass resolution for signal eventbasveen(50— 80) GeV so that a discovery
with an integrated luminosity of” = 30fb~?1 in this channel will not be possible.



Table 3: Accepted cross-section in fb for optimized cutsnfigr= 130 GeV and taf§ = 20. The values
of the cuts applied are stated for tee/ it (upper row) andeu (lower row) subchannels. In case only
one number is given it applies to all leptonic subchannels.

Variable Selection H—r1r tt Z— 1T Z—ee Z— Uy W+lets
Precuts 115#5.1 1096t35 44116  3223t123 2848108 122+40
pr b-jet (15— 66) GeV 90.0t4.5  443t22 33A14  2756:113 2481101 9135
My, %7 7?)()))GC:\3/V 72.6+4.1  138t12 326t14 134+25 92+19 60+28
X1 - X2 58 84 005;1) 64.1+3.8  108t11 25112 47t15 36+12 40+23
p?‘ss gg Z% ggx 52.2+3.5 102t11 17110 4.3+4.5 5.14.6 33t21
pH 58 0703)%2(/ 47.7+3.3 57.9:7.9 159.4:9.8 4.3t45 4.6t4.3 28+19
PT. 20 58 gg; ggx 46.5+3.3 38.2:6.5 155.8:9.6 3.9+4.3 2.5£3.2 23+17
ADy, EZ 24) 3) 43.3+3.1 32.8:6.0 107.5:8.0 3.6t4.1 3.8t4.0 21417
pr leading/ (10— 80) GeV 43.3t3.1 32.86.0 107.5:8.0 3.6:4.1 3.8t4.0 21417
(

Mass Window (111—198) GeV  28.4:2.6 19.A44.6 22.143.6 1.8£2.9 2.0t2.8 12+12

Table 4: Accepted cross-section for all Higgs boson massthgses analyzed. The cross-section in fb
for signal and background after all selection cuts is givexcépt for the cut on the mass window) for
tanf = 20.

H—1T1" tt Z—-1'1 Z—ete Z—-utu-  W+ets
ma=110GeV 34429 24.0+5.1 62.1+6.1 1.9+ 3.0 2.7+ 3.3 8+11
ma=130GeV 28426 19.7+4.6 22.1+3.6 1.8+42.9 2.0+ 2.8 12+ 12
mya=160GeV 18 A 1.2 39.3+6.6 8.4+22 14425 2.0+ 2.9 1.8+4.9
mya=200GeV 10.9+06 284+56 54+1.8 2.0+ 3.1 21+29 3.7+7.0
ma = 300 GeV 2.+t 01 32.8+6.0 3.0+1.3 04+ 14 17426 5.84+8.8
ma=450GeV 0.50£0.03 50274 1.8+1.0 0.4+ 14 0.3+11 4.1+7.3
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Figure 3: Invarianim;.,- distribution for signal and background events. The distidns are shown
after all selection cuts with the nominal masses an@Btaalues as indicated in the plots. The vertical
lines indicate the mass window used for calculating theaigignificance.



3.4 Systematic uncertainties

Table 5: Effects of systematic uncertainties as describettie text for different Higgs boson masses
for tanf3 = 20. The effects of the systematic uncertainties considaredisted in percent. The total
uncertainty is obtained by adding the individual contribag in quadrature.

ma = 110 GeV ma = 130 GeV mp = 160 GeV
Uncertainty / % Signal tt Bkg W-+jets Signal tt Bkg W-+jets Signal tt Bkg W-+jets
b-tagging efficiency 2.8 3.9 0.8 4.0 4.1 0.7 6.6 3.3 0.5
Jet energy scale 0.3 6.0 0.9<0.1 5.3 1.6 1.1 4.0 15
Jet resolution 8.3 0.8 0.3 <01 0.2 1.2 6.1 0.4 1.2
Electron energy scale 0.7 0.5 1.0 0.4 0.1 1.0 0.4 0.5 0.9
Electron resolution 0.7 0.6 1.0 1.6 0.2 1.0 0.4 0.2 0.4
Muon energy scale 0.7 0.9 0.7 1.2 0.6 0.7 0.4 0.4 0.7
Muon resolution 1.4 0.6 2.5 0.8 1.1 2.4 1.7 0.4 2.4
Electron efficiency <0.1 0.5 04 <01 0.5 04 <01 0.4 0.4
Muon efficiency <01 0.8 0.7 0.8 0.2 0.7 <01 0.9 0.7
Light jet rejection <01l «<o01 3.4 04 <01 3.4 0.7 <01 3.4
Total exp. uncertainty 9 7.4 4.7 4.6 6.8 4.9 9.2 5.3 4.8

mp = 200 GeV mp = 300 GeV mp = 450 GeV
Uncertainty / % Signal tt Bkg W-+jets Signal tt Bkg W-+jets Signal tt Bkg W-+jets
b-tagging efficiency 4.8 3.2 0.5 4.2 3.1 0.3 4.8 3.8 0.1
Jet energy scale 0.6 3.6 15 0.9 3.1 0.6 0.4 2.1 0.7
Jet resolution 8.0 1.6 2.7 0.8 0.4 2.7 0.7 0.5 2.4
Electron energy scale 0.5 0.5 0.9<0.1 0.2 0.8 04 0.2 1.2
Electron resolution 0.3 0.1 04 <01 <01 03 <01 0.4 0.3
Muon energy scale 0.5 0.4 0.7 0.5 0.4 0.7 0.9 0.3 0.9
Muon resolution 0.3 0.1 2.4 0.8 0.3 2.3 0.4 0.7 2.2
Electron efficiency 0.3 0.3 0.4 0.8 <0.1 0.4 0.4 0.1 0.4
Muon efficiency 0.3 1.0 0.7 0.8 1.3 0.7 1.1 1.0 0.7
Light jet rejection 08 <01 3.4 04 <01 34 04 <01 34
Total exp. uncertainty 9.4 5.3 54 4.6 4.7 5.1 5.1 4.6 51

In order to assess the impact of systematic uncertaintees) ef these has been applied in turn
and the impact on the result of the analysis is evaluated. ufkertainties assumed on the energy and
momentum resolution of muons, electrons, photons, andijetgonservative estimates assuming non-
optimal performance of the corresponding algorithms ab#ginning of data taking.

1. For muons the uncertainty on the reconstrugteds o(1/pr) = (0.011/pr ® 0.000179 with pr
given in GeV. The uncertainty on the energy scale is estidatde+1%, and that on the recon-

struction efficiency is assumed to be 1% and flgpin

2. For electrons and photons the uncertainty on the reeatsttEr is o(Er) = 0.0073 Er. The
uncertainty on the energy scale is estimated ta-Bé%, and that on the reconstruction efficiency
is assumed to be.P% and being flat ifet.

3. For jets with|n| < 3.2 (jn| > 3.2) the uncertainty on the jet energy scale is taken tat-B8&6
(£10%) and the jet energy resolution is assumed to be\vAB%63%y/E).

4. For theb-tagging a degradation of the tagging efficiencies of 5%kertiaas systematic uncertainty.
For theZ+light jets background an uncertainty on the rejection rét¢ D0% is assumed.



A detailed description of the sources of systematic uniceigg can be found in [3]. The impact of
the systematic uncertainties on the number of signatBbdckground eventsinside the mass window
is summarized in Table 5 for Higgs boson masses betwgea 110 and 450 GeV. A sample of A8tt
events from fast simulation has been used for these stutliesZ — 117 background in this analysis is
estimated from sidebands in data as described in the netibGethe number of events frold — up
andZ — eeprocesses after all selection cuts is small compared tdrtvattt. Their contribution to the
total systematic uncertainty is small compared to that froprocesses.

3.5 Estimation ofZ — 11~ shape and normalization from data
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Figure 4: Distribution of the invariant dilepton masg (left). The shaded area illustrates the distribution
from Z — pu events, and the solid line that from signal events. The dmrtton fromZ — 1717~ and

tt events is illustrated by the dashed and dotted lines, résplgc The cut on the invariant/ mass

is indicated by the solid vertical lines. The distributioh @S in the calorimeter foiZ — uu and

Z — 1T — Ul + X events (right). All plots shown are after preselection cuts

As discussed above the estimation of the shape and the ripatiai of the irreducibleZ — 171~
events from data is of great importance in particular for kbggs boson masses where this background
is dominant. Procedures to estimate both the shape and timaliwation ofZ — 1717~ events from data
are needed. This procedure is basedZor uu andZ — eeevents selected from a sideband region
which is free of Higgs boson events, in contrast to the sigeibn. The method proceeds in three steps:

1. As afirst step, a pure sampledf— uu or Z — eeevents is selected from a sideband region as
described below.

2. The shape of the;; spectrum is estimated by adapting the four-momenta of thensiguch that
they appear like coming frod — 1T events.

3. The normalization of th& — 117 background is estimated from a double-ratio comparing the
number events found in data and in Monte Carlo in the sidebegidn as well as in the signal
region.

This procedure is described in detail below.

5 The impact on the number &— 11~ events is not listed here since this background is estinfetetdata.
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3.5.1 Definition of signal and sideband regions

Events of the typ& — eeandZ — uu are selected from a sideband region (called region B) witi ve
high purity and with an event topology similar to that fr@m— 177~ events in the signal region (called
region A). The following cuts are applied in order to seléct> eeandZ — upu events in region B:

e The invariant mass of the lepton-lepton system is requivdzbtwithin 75 GeV< my, < 100 GeV,
where// is either aeeor auu final state.

e Atleast one jet identified as coming fronbajuark has to be found in the event.

e The number of jets allowed in the event has to be less thae.thre

The main cut defining region B is that on the invariant lepgpton mass. A distribution illustrating
the cut onmy, is displayed in Fig. 4 (left) showing the large amountZof- uu events selected by
the cuts above that only have a small contamination of evemsing fromtt processes and events
containing Higgs boson decays. The number of events #omeeandZ — pu is around 500000 for
an integrated luminosity of 30f3 and thus much larger than the numbeZof> 1T events expected in
the signal region. The purity of the— pu (Z — eé control sample in region B after all cuts mentioned
above is 991% (97.9%) with a contribution of M4% (Q05%) of events from the signal proc&swith
the remainder coming froitt processes.

3.5.2 Estimation of theZ — 171~ shape from data

The method of estimating the shapezof- 11~ events from data is based on the assumption that in
the calorimeter this type of events is indistinguishabtefithat of typeZ — uu. This method has been
proven to work in a vector boson fusith— 117~ analysis [15].

The muons are minimum ionizing particles and their energyodi in the calorimeter only weakly
depends on their momentum. Therefore, the missing eneggatsires of both types of events in this
detector component are very similar as illustrated on thlet#nand side of Fig. 4. Altering the energy
of muons inZ — uu events so that they correspond to those fdm: 1717~ — uu + 4v events leads
to identical distributions ofr ;;, Pt missandmg+,- for both classes of events. The following procedure
is adopted:

e Three dimensional reference histograms fidm: T+1~ — pu +4v events from Monte Carlo in
region A are created. The following variables calculatetheZ rest frame are used:

1. The absolute value of the Gottfried-Jackson aggtetween theZ boson and the negatively
charged muon.

2. The energy of the muon with cés> 0.
3. The energy of the muon with cés< 0.

e The components of the momentum vector of the muo@sin L events from region B are altered
in a way that they match those froth— 1771~ — ppu + 4v events using the above reference
histogram:

pi7a|tered: % . Emaltered (2)
For each event, the angleis calculated and then new energies for the muons are chasdamly

from the reference histogram. After applying this procedtine muon momenta are boosted back
into the lab frame.

6 A Higgs boson mass afiy = 130 GeV and taf§ = 20 is assumed here. The contamination of Higgs boson eveat@h
smaller for the other signal masses considered in this sisaly

11



e The missing energy in the event is re-calculated accordirigeg new muon momenta:

Br, missaltered= PT,miss— Z PT.altered+ Z PT,0ld- (3)
a m

A comparison ofor miss, Of X1 - X2 from the collinear approximation and of the invariant. .- mass
from alteredZ — pu in comparison withiZ — 1717~ — pu +4v events is shown on the left-hand side,
middle and right-hand side of Fig. 5, respectively. Goodagrent within the statistical uncertainties of

the samples used is observed.
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Figure 5: Comparison of thpr miss, X1 - X1, andmy; spectra for events of typg — pyuy andZ — 1.
Good agreement within the statistical uncertainties i®ohe.

The same shape as extracted from region B uZirg uu events to estimaté — 117 — uu + X
events in region A is also used fd@r— 17 — ee+ X andZ — 117 — pe+ X events. As shown in Figure
6, them;; shapes are identical within statistical uncertaintietifing this procedure.
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Figure 6: Comparison of the;; shape foZ — 171 — uu+X,Z — 171 — eet+ X, andZ — 17 — pe+ X
events. Good agreement is observed within the statistizantainties of the samples used.

3.5.3 Estimation of the background normalization from data

In order to estimate the number of background events fronZthe " 7~ background process for this
analysis, the same definition of the sideband region has imshas described above.
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The number oZ — 171~ background events in the signal region A can then be obtdiyeck-
weighting the number of events found in data in region B byptteglicted ratio of the number of events
found in Monte Carlo in region A relative to that found in regiB. In order for this method to be valid,
the following two conditions have to hold:

(Z—0)By  (Z—TTT > U+W)E 4
Z—fe  (Z—TTT = U+4Av)B, @
(Z— M)Bata _ (Zotht -+ 4V)éata (5)
(Z—)fe  (Z—TTT = U+

where the first condition means that— ¢¢ events behave lik& — 171~ — ¢/ + 4v events, and when
combined with the second it implies that— 117~ — ¢/+4v events in region A and in region B behave
identically.

The calculation of the number of events from the» 717~ process in data is performed in bins of
pr of the leading lepton vs. thpr of the subleading lepton with a bin size o&k2 GeV? which was
found to give unbiased results in previous Monte Carlo basedies [16]. This ensures that the method
is less dependent on the differenceginin the signal and the sideband region. Once events from real
data are available the method has to be validated and themcfuof a possible difference between data
and the Monte Carlo prediction on the results has to be cldecke

This procedure also allows to easily take into account diffees in acceptance and trigger ef-
ficiencies by simply applying the appropriate factors to teeeighting procedure. The number of
Z— 171" — (f+4v events in region A is then given by

(Z—TrT = U+4AV)he).
( ey (Z— 08y ()

(Z =TT = U+av) A=
o Z ((Z - M)E/lc)ij

wherei andj indicate the corresponding bin py. The statistical uncertainty on this method is calculated
according to Gaussian error propagation. The method has tested using two independent Monte

Carlo samples, one to fill the reference histogram and onedbthe reweighting procedure. Good

agreement within statistical uncertainties between theeted number of events in region A and that
actually found was observed.

The application of this method is straight forward for teeand theuyu final state. For thesu
final state the procedure has to be adapted since there afe-w@u decays. In order to estimate
the number of background events in that case, events #FemeeandZ — pu processes are used.
Additional correction factors are applied to account fer differences in trigger efficiencies and selection
efficiencies in that case.

3.5.4 Systematic uncertainties of the background estimaiin procedure

The impact of the systematic uncertainties on the estimatfdhe number of background events from
Z — 11~ processes as described in Section 3.4 has been evaluateduntértainties on jet energy
scale and jet resolution, as well as on thtegging efficiency are expected to be negligible since theesa
effects would apply to the signal region as well as to thelsdd region. The remaining contributions
to the systematic uncertainty on the background estimgtiooedure are coming from the energy scale,
efficiency and resolution connected with the electrons andnms in the final state. These contributions
as expected in 30ft} of data are summarized in Table 6.

In addition, systematic uncertainties due to the diffemateptances and trigger efficiencies for the
Z — ee/uu samples from the sideband region compared te 11 — ee/uu/eu + X samples in the
signal region need to be taken into account. Since the réegyof events is done as a function of the
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Table 6: The effects of systematic uncertainties on theutation of the normalization.

Uncertainty Effect Value Systematic Uncertainty
2

Muon resoluion o (L) = \/ (°211)"+0.00012 0.16 %

Muon energy scale +1% 1.35%

Muon efficiency +1% 0.7%

Electron resolution o (Er) =0.0073 Ey 1.9%

Electron energy scale +0.5% 0.85%

Electron efficiency +0.2% 0.1%

pr of the leading and the subleading lepton, these are easypty. &pince this analysis is aimed at an
integrated luminosity of 30fbt, it is assumed that by then these uncertainties are evelt@te very
high precision.

The overall systematic uncertainty has been evaluated2d8 by dividing the available MC events
into two independent samples. This uncertainty has beemtiako account for the final results.

3.5.5 Summary of the background estimate from data

Both methods described above are now combined to estima@-th 71 background and thereby the
significance of a possible Higgs boson signal in the low mag#on. First, the number of events of
typeZ — 171 is estimated using the method described in Section 3.5.8n,Tthe shape of this back-
ground is determined as described in Section 3.5.2. Thegbawhkd is then subtracted from thg- -
distribution.

3.6 Results and discovery potential
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Figure 7: The fivas discovery potential (left) and the 95% exclusion limit {rigas a function o, and
tanf. The solid line represents the main result of the analysie dashed lines indicate the discovery
potential and exclusion limit including an addition 10% artainty on thett cross-section. The bands
represent the influence of the systematic uncertainty ositmal cross-section.

The discovery potential for the/H /A — 171~ — ¢¢4v channel is now assessed. All sub-channels,
i.e.ee ey anduu are combined to calculate the significance of a Higgs boggmaki A mass window
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m— 1.650 < my+- < m+ 20 is applied to calculate the final significance whardenotes the invariant
mass resolution of the Higgs boson signal of the correspgnefiass.

The shape and the normalization of the- T 1~ background is estimated from the sideband region
in data as described in Section 3.5. There is no correspgrtincedure available yet for theback-
ground so that all experimental systematic uncertaintiesaden into account for all calculations below.
Theoretical uncertainties are treated separately. Tmdfisignce of a potential Higgs boson signal in the
given mass window is calculated as

Sign = > ; (7)

\/Ntt_+ (Ag;s)z +Nz_rr + (Agy_s‘”)z + Nw_¢v + (A\é\)lg%v)Z +Nz_eet+ Nz pp

whereSis the number of signal eventishi andAsys(tt) are the statistical and systematic uncertainties
on thett background. The quantiti€¥; .+, and Asy(Z — 1t17) are the statistical and systematic
uncertainties on th& — 171~ background, respectively. The term in the denominator isidated
by the contribution frontt events; the contributions froMz_.ee and Nz_ . and their corresponding
systematic uncertainties are negligible.

The discovery potential and the 95% exclusion limit in thE*> scenario as a function of tgand
ma and for an integrated luminosity of 30fh is displayed in Fig. 7 on the left-hand side and right-
hand side, respectively. The uncertainty on the signalsesestion is indicated as bands in the plots.
The calculation of the significance includes both staéétand experimental systematic uncertainties
on the background. The uncertainties on the background-g@gions are not taken into account in
the main results since they are assumed to be measured wgfittptecision at the time of the analysis.
However, since the cross-section for thdackground might not be measured at high precision in the
region of phase space relevant to this analysis, the disg@aential including a 10% uncertainty on
that background is displayed in addition (dashed line).

The discovery potential for Higgs bosons is shown in Fig. &disnction of tar3 for variousmy
values, and in Fig. 9 as a function i for various tarB values.

4 Conclusion

In this note a study of the discovery potential for the suarsetric Higgs bosonk/H /A in proton-
proton collisions at a center-of-mass energy of 14 TeV with ATLAS detector at the LHC has been
presented. The final statgH /A — 1771~ in b quark associated production has been investigated with
at least one jet identified as coming fronb guark and with bothr leptons decaying leptonically.

A significant improvement for the discovery potential candolieved if this channel is combined
with the /-had and had-had channel, where ankepton decays leptonically (either electron or muon)
and one hadronically, or bothleptons decay hadronically [17].
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