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Abstract

A prospective analysis is presented for the discovery anthéomass and cross-section measurements
of the Standard Model Higgs boson in the CMS experiment alt i€ collider. The analysis focuses
on thepp — H+ X — ZZ® + X — ete~ete™ + X channel for Higgs boson masses in the
rangel120 < my < 300 GeV/c?. It relies on a full simulation of the detector response asaige of
new detailed electron reconstruction tools. Emphasis iopuealistic strategies for the evaluation
of experimental systematics and control of physics baakgglgprocesses. For an integrated LHC
luminosity of 30 fb!, a Standard Model Higgs boson would be observed incthe ete~ chan-
nel with a significance above 3 standard deviations for nsasgein the range from about30 to
160 GeV/c? and above 80 GeV/c?. A discovery with a significance above 5 standard deviatisns
possible for this integrated luminosity around; ~ 150 GeV/c? and in the range from abow$0 to
300 GeV/c2. The mass (cross-section) of the Higgs boson can be detedmaiith a precision better
than 0.5% (30%).



1 Introduction

The Standard Model (SM) of electroweak interactions caorstai unique physical Higgs boson of mass.

One of the most promising channel for the search of this petstti boson at the future LH@p collider is the
single production mode followed by a decay iA&™) pair. This inclusive processp — H + X — ZZ(*) + X is
on the critical path of a discovery at the LHC, over an exteimdmge of possible:y values.

The value ofny is a free parameter of the SM which must be constrained byrewpats. The range ofiy val-
ues at or below the Fermi scale, a scale characteristic aitlieation of electromagnetic and weak interactions, is
found to be of particular interest. The Higgs boson contabin radiative corrections to electroweak observables.
A consistency fit of electroweak precision data carried auhe SM framework yields an indirect constraint of
myu < 237 GeV/c? (95% CL)[1]. Direct searches for the SM Higgs particle atltk# e *e~ collider have lead to
a strict lower mass bound o14.4 GeV/c? (95% CL) [1]. Ongoing direct searches at the Tevatrgspltollider by
the DO and CDF experiments could allow to further constrajn to values above: 120 GeV/c? [2], before the
commissioning of the LHC. In this note, the discovery patmtf the CMS experiment for the SM Higgs boson is
discussed in the mass rangel@f < my < 300 GeV/c?, focusing on the decay chaih — ZZ*) — ete~ete.

The analysis relies on a detailed simulation of the deteetsponse in the experimental conditions of the first
years of low luminosity LHC running. The CMS detector hasrbdescribed elsewhere [3]. The simulation of
the signal and background processes used for this progpéstiescribed in Section 2. The detailed High Level
Trigger and reconstruction algorithms used at each stepisfanalysis have been presented in Ref. [4]. The
electron reconstruction plays a special role in the evgmiagiire and is discussed here in more detail in Section 3.
Basic, and in part compulsory, triggering and pre-selecsieps for data reduction are described in Section 4.
The optimization of a simple sequential set of requiremémtprimary electrons and for the event kinematics
is presented in Section 5. The selection is optimized togmwesa best signal detection efficiency and highest
significance for a discovery, while allowing for a controlperimental systematics and of systematics on physics
background rates. Realistic strategies for the taming agaborements of systematics are described in Section 6.
Results on the expected discovery reach of the SM Higgs biaohS in theH — ZZ(*) — ete~ete~ channel
and for the measurement of its mass, width and cross-seantiofinally presented in Section 7.

2 Signal and Background Processes

2.1 General Description

The inclusive single Higgs boson production benefits froriga production cross-section at the LHC of about
40 x 102 fb (NLO) atmy = 130 GeV/c?, decreasing monotically to abolft x 10% fo aroundmny = 300 GeV/c?.
The production cross-section is dominated(%) in this mass range by gluon-gluon fusion processes via tri-
angular loops involving heavy quark (mostly the top quariydurs. The branching ratio in the SM for the
H — 77 decay is sizeablex(%) for anymy; value above aboutl5s GeV/c?. It rises to a peak value above
8% aroundmy ~ 150 GeV/c? and is suppressed around; ~ 2 x my. Formy > 2 x my, it reaches a plateau
of 20 to 30%. TheZZ*) contribution, i.e. with at least one Z boson on its mass sigljreater than 50% for
my 2 115 GeV/c?, and greater than 85% fany > 150 GeV/c?. Thus, thell — ZZ(*) — ete~ete™ (in short
H — 4e) channel offers a possibly significant, very clean and stnmplilti-lepton final state signature.

A main background source of four electrons final states aifieen non-resonant SM continuum production of
7*) /~*7*) /* and the production of relZ pairs which proceeds dominantly via quark-antiquark aitation.
This constitutes an irreducible background which will bedadter referred to as th&Z*)” background. Other
4e background sources come from pair production of heavy gtlavlurs such as the production and the
7*) /~*bb associated production mediated by QCD, and which procesihgmtly via gluon-gluon fusion. These
will be hereafter referred to as thet" and “Zbb” background processes.

Additional contributions could in principle come from ndeintified4e events in which “fake primary elec-
trons” are reconstructed due to early photon conversiotisdftCMS detector, or are produced in QCD jets from
leptonic and semi-leptonic meson and baryon decays or ffdmt hadron overlaps. A potentially dangerous
misidentified background comes frdfa-jet(s) Drell-Yan production at NLO in which thg boson recoils against
the jet(s). This kind of misidentified backgrounds have bstadied more extensively in Ref. [5]. The suppression
of theZ + jet(s) background via electron identification and kinematics réhfer discussed here in Section 5.1.



2.2 Simulation

All signal and background processes are simulategfocollisions at the LHC at a centre-of-mass energy
V/Spp = 14 TeV with pile-up conditions from multiple collisions as eegied in the low luminosity collider ma-
chine configuration o x 10%* cm~2s~! (of 9(10) fo~'/year). The non-perturbative parton density functions
(PDFs) in the proton are taken from the so-called CTEQ6iligions [6] which were obtained in 2002 from a
global QCD analysis combining all existing relevant deeglastic and jet cross-section measurement results. For
the analysis, all event sample cross-sections are noradaliznext-to-leading-order (NLO) calculations. Signal,
ZZ) and Zbb background event generators are interfaced with PHOTO®{The simulation of QED final state
radiations.

TheH — 4e signal samples are generated with PYTHIA [8] (version 6)2@&g the CMS interface CMKIN [9]
(version 3.1.0). The Higgs boson is produced via eithermgfusion or weak boson fusion processes, and forced
to decay into a Z boson pair. The Z bosons are subsequentigddo undergo a decay in an electron-positron
pair. A set of 12 different samples is used in this analysigh wiggs boson masses ranging from5 to
300 GeV/c2. These are listed in Table 1. The generated signal samptesoamalized to the value of the to-
tal cross-section at NLO [10], including all Higgs boson guwotion processes and multiplied by the branching
ratiosBR(H — ZZ)) [11] and BR(Z — ete~) [12]. An additional enhancement of the signal is considered
which is due to the constructive final state interferenceben like-sign electrons originating from differerit Z
bosons [13]. This enhancement has been re-evaluated witipB&P [14] and amounts to a factbd 3 + 0.01 at
mpu = 115 GeV/c?, slowly decreasing to a negligible value when approaching~ 2mz [15].

mu (GeV/c?) | onzo (Pb) onro X BR X €pres ((b)  Neimulated
115 47.73 0.27 10000
120 44.30 0.48 10000
130 38.44 1.11 10000
140 33.69 1.78 10000
150 29.81 1.94 10000
160 26.56 0.92 10000
170 23.89 0.43 10000
180 21.59 0.98 10000
190 19.67 3.58 10000
200 17.96 3.94 10000
250 12.37 3.07 10000
300 9.58 2.60 10000
77 29.0 20.2 150 000
Zbb 276.3 120.4 87 000
tt 840 194.0 500 000

Table 1: Cross-sections at NLO (pb), cross-sections migitifipy branching ratios and by generator pre-selection
efficiency (fb), and number of events in data samples afteegeor pre-selection.

TheZZ*) background is generated with PYTHIA (version 6.227) ushmginterface CMKIN (version 4.4.0).
This includes only the-channel contribution witlgg in the initial state. The missing.channel might contribute
up to10% for low Higgs boson masses and can be neglected for higheran§k6]. The differential cross-section
is re-weighted usingn,. dependent NLOK -factors obtained with MCFM [17], with an averadé-factor of
< Knyro >= 1.35. BothZ bosons are constrained to have a mass within 50 GeV/c? and are forced to decay
into charged lepton pairs, with theleptons forced subsequently intcand . decay channels. The missigg
contribution is estimated to be of the order20f% at LO [13], with --8% uncertainties and with unknown NLO
K-factors. Recent calculations with TopREX [18] of the protion via gluon fusion of two redl confirm the
above estimation. Theg contribution has been shown to remain stable after kinencatis in an analysis of the
H — 7ZZ®) — 2¢2u channel [19]. In the following, it is treated as a simple iddito the PYTHIA cross-section.

The tt background sample is generated with PYTHIA (version 6.2851)g the interface CMKIN (version
4.4.0), withW bosons forced to leptonic decays)eptons forced to leptonic channels, and witlquarks left
to decay freely. Both gluon fusion and quark annihilatioitiah states are simulated and the cross-section is
normalized to the NLO value oB{0 + 5%(scale) + 3%(PDF)) pb [20].

TheZbb background is generated using all lowest orgler— ete~bb andqg — ete~bb diagrams (exclud-
ing diagrams involving the SM Higgs boson) calculated witn@HEP (version 4.2) and interfaced with PYTHIA
(version 6.227) for parton showering and hadronizatiohpAssible combinations of quarks are considered in the



initial state. The total LO cross-section for,+,- > 5 GeV/c? is 115 pb of which about 89% originate frogy
processes, 7.7% involvelike quarks and 3.2% involvé-like quarks in the initial state. The hadronization and
decay of thé quarks are left free. A NLQ(-factor of2.4 £ 0.3 is applied [19].

Signal and background events are pre-selected at genkenagbior further analysis if they satisfy the following
acceptance requirements:2e™ and> 2e~ with a transverse momentupf). > 5 GeV/cin |n| < 2.7. In addition
for the Zbb background at least twe*e~ pairs with invariant masses betwegn- 400 GeV/c? are required.
The cross-sections at NLO and after generator pre-sefe@®well as the number of events in the data samples
available for analysis after generator pre-selectiongaren in Table 1.

The detailed simulation of the detector is performed usimg@MS simulation OSCAR [21] (version 3.6.5)
based on GEANT4 [22]. The reconstruction of physics objecterformed in ORCA [23] (version 8.7.3 which
includes the new electron reconstruction [24] of versid88al).

3 Electron Reconstruction

For Higgs bosons with a mass in the rangg < 300 GeV/c?, the 77(*) — ete~eTe™ final state always
involves at least one lowt. electron, i.e. an electron with. well belowmy /2 ~ 45 GeV/c?. In themy range
below theZ pair production threshold, where tifleand Z* bosons themselves receive in general only a small
transverse momentum, the magnof the softest electron falls in a range where a full combamesf tracking and
calorimetry information becomes important. This softést&on, which couples to the off-sh&lk, typically has
p5 < 10 GeV/c for massesny < 140 GeV/c?, as can be inferred from Fig. 1.
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Figure 1: Generated transverse momentum of final staterefectvithp$. > 5 GeV/c from single Higgs boson
production at the LHC in the decay chani®l— ZZ*) — ete~ete™, in two cases: a) for a Higgs mass of
120 GeV/c?, b) for a Higgs mass af50 GeV/c?.

Hence, an excellent electron reconstruction is essentiahdo very lowp?. values, well below the range
for which the reconstruction will be best controlled in CM& wmeasurements with SM singleand singleW
production. The control of systematic uncertainties froqpegimental data is a major issue for such electrons and
this will be discussed in detail in Section 6.2. This anaysakes use of the elaborate reconstruction procedures
which have been introduced very recently in CMS and have Hesaribed in detail in Ref. [24].

The electron identification and momentum measurements argéred by the amount of tracker material
which is distributed in front of the electromagnetic catoeter (ECAL) [25], and by the presence of a strong
magnetic field aligned with the collider bearaxis. Electrons traversing the silicon layers of the trackediate
bremsstrahlung photons and the energy reaches the ECAlavgignificant spread in the azimuthal direction
The bremsstrahlung emission introduces, in general, nauns&an contributions to the event-by-event fluctuations
of the calorimetry and tracking measurements. Additiofedteon tracks from conversion of secondary photons,
actually the first stages of an “electromagnetic showeriagfitribute to the energy lost in front of the ECAL. The
procedures introduced in Ref. [24] provide new useful olegles that allow to better deal with these detector
effects, combining information from the pixel detector]26e silicon strip tracker [27] and the ECAL.

With respect to the previously available electron recartsion tools developed in the context of applications
for the CMS High Level Trigger (HLT) [28][29], the new eleotr reconstruction uses a lower threshdl@3eV) to
initiate cluster building and an extended roadifor a better collection of bremsstrahlung. The ECAL supesigr
is used to drive the seeding of the tracks in the tracker tatewith hits positions in the pixel layers predicted

4



by the propagation of the energy weighted mean positionestipercluster backward through the magnetic field
under both charge hypotheses. The requirements for thehsetthe first and second pixel hits have been loosened
with respect to those of the HLT. Starting from the seed, j@dtary is created. The track building relies on the
Bethe-Heitler modelling of the electron energy losses a®hassian Sum Filter (GSF) is used for the forward
and backward fits. The track momentum is taken from the madighle value of the mixture of the Gaussian
distributions available for each hit position. The relatdifference between the momenta measured at both track
ends,fbrem = (Pin — Pout ) /Pin IS @ measure of the fraction of the electron initial energiteeah via bremsstrahlung

in the tracker.

The quantityf,..m together with other observables sensitive to the amounterhbstrahlung radiated along
the electron trajectory and to the pattern of photon emisaia conversions, are used to classify electrons. Class-
dependent electron energy measurement errors and idatitifigoerformances are considered. The tracker and
ECAL information are combined for the electron energy measient at lowps. and an error estimate is available
for each reconstructed electron [24].

4 Data Reduction

The events of interest for the Higgs boson search inHhe» 4e channel must satisfy a minimal set of re-
quirements. A first and compulsory condition for the eventtoi satisfy the CMS Level 1 (hardware) trigger
(L1) conditions and the filtering of the High Level (softwategger (HLT). This triggering step is described in
Section 4.1. The basic electron triggers are expected tatoeated by SM processes such as the sidgénd
W production. Further data reduction is obtained with a maliset of additional electron requirements for a
multi-lepton final state as described in Section 4.2. Thesesplection requirements are designed to tame possible
background sources involving “fake” electron contamimatirom QCD jets. They must preserve the signal ac-
ceptance, and especially the electron reconstructionesffig, until later stages where the analysis can best profit
from more evolved algorithms applied to reduced event sasapl

4.1 Triggering

The events must have satisfied the L1 and HLT trigger requirgscorresponding tosingle eor adouble eor
adouble relaxed gas defined in Refs. [28][29]. Th&ngle etrigger requires one isolated (charged) “electromag-
netic” candidate with a threshold set at a reconstructetsterse energy in the ECAL & = 26.0 GeV. The
double @rigger requires two isolated (charged) “electromagrieandidates above thresholdsiBf = 14.5 GeV.

In contrast, thelouble relaxed érigger does not impose isolation for the (charged) “elmognetic” candidates
and the increased rate is compensated by a higher threshélg e= 21.8 GeV. The trigger efficiency for the
Higgs boson signal as a functionwifi and for the main SM backgrounds is shown in Fig. 2.
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The efficiency is above 95% fony > 130 GeV/c2. Here, only the background sources which are susceptible
to fulfill the 4e channel requirements are shown. More details on absoletéreh and photon trigger rates can be
found in Ref. [30].



4.2 Pre-selection of Four Electron Candidates

Following the L1 and HLT filtering steps, the event candidateist satisfy basic electron pre-selection require-
ments.

The pre-selection of the signal event candidates relieb@mptesence of at leaste2 and 2e~ reconstructed
candidates within the acceptarigé < 2.5 and withpr > 5 GeV/¢, satisfying the following criteria:

e F./pin < 3, WhereFE,. is the supercluster energy apgl the track momentum at the interaction vertex,

extra

o |Anin| = |nse — i P7| < 0.02, wheren. is the energy weighted position ipof the supercluster and
fn*“ap- is the position iy extrapolated to the ECAL from the track position at vertesd assuming a perfect

helix,
o |Adin| = s — ¢S < 0.1, whereAdy, is a similar quantity in azimuthal coordinates,

e H/E < 0.2, whereH is the energy deposited in the HCAL tower just behind thetedetagnetic seed
cluster andZ’ the energy of the electromagnetic seed cluster,

e and > piacks /pe. < 0.5, a loose track isolation requirement, whose calculatiodeiscribed in detail in
Section 5.1.2.

The electron pre-selection efficiency is shown in Fig. 3 astion ofp. andn® for the electrons from Higgs bo-
son events aty = 150 GeV/c?. The efficiency steeply rises and reaches a plateau arogdd6:. = 20 GeV/c,

is above 90% fofn°| < 1.1 and decreases towards the edge of the tracker acceptanneapachingn®| ~

2.5. The pre-selection efficiency for electrons from the sannepa is represented in Fig. 3c as a two-dimensional
map in thep$. versus)© plane.
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4.3 Data After Triggering and Pre-selection

The global efficiencies after triggering and multi-electpre-selection steps are shown in Fig. 4 for the Higgs
boson signal at differentiy; values and for the various: backgrounds.
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The acceptance for the Higgs boson signal is maintainedeab@¥% in the full relevant mass range, while the
reduciblett andZbb backgrounds are suppressed by a fagta.

The reconstructed invariant mass,. spectrum for signal and background events fulfilling the gkection is
shown in Fig. 5.
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Figure 5: Higgs boson signal and dominant backgrounds ibotisns to the reconstructed invariant mass.
spectrum, after the triggering and pre-selection steps.

A Higgs boson signal could be visible above the backgrourehdly after data reduction from triggering and
pre-selection steps, for massesg aroundl50 GeV/c? or above~ 2my. More background suppression is clearly
required elsewhere.

5 Selection and Kinematics

The next steps of the event selection rely on a more detdilachcterization of the electron candidates and on
basic kinematic properties of the — ZZ(*) — 4e decay chain.

The sequence of cuts and the choice of observables desdnitibd following for the event selection are
largely dictated by the implicit strategy for the discovaryCMS. If the SM Higgs boson is first observed in the
41* channels, then the discovery will have to rely on a staistibservation, involving a small number of events.
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Once the existence of a new resonance in4Hechannel will have been established at a givep, the next
question will be that of the compatibility with SM expectats, in a first stage by measuring its cross-section,
and in a second stage by evaluating its spin & quantum numbers. The cuts are chosen here to maximize
the significance for an early discovery while preservingghase space for more involved characterization, e.g.
via angular correlations, of the Higgs boson. For the Higgsolm channel in consideration here, this strategy is
concomitant with the further suppression of the backgramdces which involves secondary (or fake) electrons.

5.1 Electron Selection
5.1.1 Vertex Requirements

The electrons from the Higgs boson signal originate fromraroen primary vertex in contrast to the electrons
from at least onete~ pair reconstructed itt andZbb background events. This information is exploited to furthe
improve the separation of the signal and background ev&gguirements are imposed on both the longitudinal
(IPp) and the transversd Pr) electron impact parameters.

A loose vertex constraintis firstly imposed on the longinadimpact parameter for the four electron candidates
in each event. Each electron is required to satigty /o, < 13, whereo, is the uncertainty (typically20 pm for
primary tracks) o Pr,.

A more stringent requirement is imposed on the transvergadmparameter to further suppress electrons
coming from secondary vertices. Secondary electrons comim$tance from semi-leptonic decays subsequent
to the hadronization of thie quarks inZbb andtt background events. For both of these background souraees, th
displaced vertices will most likely appear in the softest pareconstructed electrons. The individual transverse
impact parameter significancé®r /o (Whereor is the uncertainty od Pr) are summed up withia™e™ pairs.
The first (second) pair has its invariant mass the closegt-{peclosest) to the nominal Z boson masg. These
IPT/U%+ + IPr/o% sums are shown separately in Fig. 6.
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Figure 6: Sum of the transverse impact parameter signifesad@r /or) of e*e™ pairs for a Higgs boson at
mu = 150 GeV/c?, for ZZ*), and forZbb andtt; a) > I Pr/or from theete™ pair with a reconstructed mass
Mete— DESt Matching th& boson mass; bY" I Pr/or from the second*e™ pair.

Theete™ pair withm.+.- =~ my is requested to have. I Pr/or < 30 while for the other pair the cut is set
at 15.

The vertex requirements suppress #id andtt reducible backgrounds by about a fac2ofor an efficiency
loss belows% for the Higgs boson signal art¥.*) background.

5.1.2 Isolation

Electrons from decays of or Z* in the signal are isolated, while electrons coming friedecays in thet or
Zbb backgrounds, located inside a jet, are not isolated. Twilypesmplementary observables can be best used
for the isolation of electrons. These rely either on measerés of primary tracks or on the energy flow in the
hadronic calorimeter (HCAL). Both observables are ingesgsto the eventual electron-induced electromagnetic
showering in the tracker material.



Track Isolation

An isolation cone of siz&..ne = v/ An? + A¢? is defined around the electron direction. Within this isolat
cone, reconstructed tracks, other than the candidate@beicack, originating from the same vertex as the candidate
electron and satisfyingr > 1.5 GeV/c are considered. Other electron tracks inside the cone amonsidered
if they have a charge opposite to the leading electron chamdef the resulting invariant mass satisfies+,- >
10 GeV/c%. The isolation requirement is imposed on the transverse entum sum of the considered tracks
divided by the electron transverse momentynptiacks /pe..

Figure 7a shows the isolation efficiency for the Higgs bosgna atmy = 150 GeV/c? as a function ot
rejection for different cone sizel3.pc-

=

Signal efficiency
—T
L ‘
Fraction of events
T

I R am m
1g H_ZZ*_ 4e — Higgs signal
yvid
m,, = 150 GeV/c? < 7bB
-t

- Reone=0.15 B
Reone=0.20

0 Reone=0.25

T\ Reone=0-30
‘\

S v Rene=0.35

10'2 -
R\ Reone=0.40

o
©
T
g

10° jv' e

i
| i
10"

5 30 35 40
Rejection

0.85 S

PRI 2R ATRTIT AT v o |

ogle Lol il

0T 05 0 O 02 05 63 055 64 045 05
Track isolation
(@) (b)

Figure 7: a) Signal efficiency as a function of ttterejection for different cone sizes, for event samples at pre
selection level; b) track isolatiop, piracks /ps., for the signal atny = 150 GeV/c? and for the backgrounds for a
cone sizeR ., = 0.2, for event samples after triggering, pre-selection antexerequirements.

A value R..n,. = 0.2 is chosen as the working point. This value gives a bestjection for signal efficiency
between 90 and 95%. Figure 7b shows the distribution of ekiisolation observablg piacks /ps. for the signal
atmy = 150 GeV/c? and for the backgrounds.

All the four electrons must satisfy” piiacks /pS, < 0.1. This electron isolation provides a further suppression,
at this stage of the event selection sequence, of more thact@ £ on theZbb background and about a facter
on thett background.

Hadronic Isolation

Within the chosen track isolation cone of siRg,,. = \/An? + A¢? = 0.2, all hadronic calorimeter towers
satisfyingEr > 0.5 GeV are considered. The hadronic isolation requirememhmBsed on the transverse mo-
mentum sum of the considered HCAL towers divided by the sdadransverse momentum. Figure 8a shows the
distributions of the hadronic isolation, EX“AL /pe.. for the electron which is found to be the least isolated, for
the Higgs boson signal aty = 150 GeV/c? and for the backgrounds. Figure 8b shows similar distrdmstifor
the next-to-least isolated electron.

The selection requires that at least three electrons waiisFH AL /ps. < 0.05, while the least isolated
electron is allowed to satisfy a relaxed cutof EHCAL /pe. < 0.2. This hadronic isolation further suppresses
the Zbb background by abo@2% and thett background by about0%, for a signal acceptance 95%.

5.1.3 Identification
Further electron identification requirements must be iredds suppress the possible background, involving

“fake” electrons, from Drell-Yan processes at NLO whe#d recoils against jet(s). The following discriminating
variables are used:
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e H/E,

crystal of the seed cluster,

layer.

Yo/ > 95 the ratio of the energy sums ovex 3 and5 x 5 crystal matrices centered on the highest energy

Esced /Pout, the ratio of the electromagnetic seed cluster energy dnetrick momentum at the outermost

Different electron identification cuts are used dependimghe distinct classes of track-supercluster electron
patterns in order to preserve the electron detection effigiat alln), and optimize the rejection of fake electrons.
The proportions of electrons classes are almost the san®fot, tt, Zbb backgrounds and for signal, as shown
in Table 2, and do not change significantly with cuts. Thisue tb the fact that these backgrounds have real
electrons. On the opposite, a jet faking an electron willehsimilar characteristics as a showering electron [24].
Therefore class-dependent electron identification cetspplied to reject fake electrons. They are listed in Table 3
for goldenandshoweringelectrons, separately for the barrel and the endcaps.

Table 2: Proportion of electron classes for signal eventaat=

Golden Narrow BigBrem Showering
Signal | 22.0% 4.4% 8.7% 54.5%
77 | 21.2%  5.1% 8.5% 55.4%
tt 15.4% 2.8% 5.5% 65.5%
Zbb 18.2% 3.1% 6.7% 62.4%

150 GeV/c? and for the backgrounds, after

triggering and pre-selection. The missing proportiongegpond to electrons in the cracks and in the barrel-
endcap transition region.

ECAL barrel ECAL endcaps

Cut Golden | Showering| Golden | Showering
Anin 0.008 0.009 0.008 0.009
Aoin 0.06 0.08 0.06 0.09
H/E 0.09 0.12 0.09 0.12
3o /325 0.70 0.50 0.80 0.50
Feced/Pout | 0.6-2.5|  0.50-/ 0.6-25| 0.50-/

Table 3: Definition of cuts for electron identification basedclasses for electrons in the barrel and in the endcap

parts of the ECAL.
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5.2 Kinematic Requirements

Taking advantage of the expectation of a narrow resonarttein,. spectrum, and of the likely presence of a
real Z boson in the final state, the selection can be furthprawed using mass dependent kinematic requirements.
First, the electrons of theTe~ pair with the lowest invariant mass have a much haggespectrum for the
Higgs boson signal than for the andZbb backgrounds. Second, the mass spectrum of the Z bosonmgisties

the Higgs boson signal from the £Z background. These kinematic requirements are discussbd following.

5.2.1 Electronpr Cuts

The cascad® — ZZ*) — 4e for a Higgs boson, mostly produced at small transverse mamereads to
very characteristic orderegg}. spectra for the four final state electrons. Moreover,thespectra of the softest
electrons for the Higgs boson signal are harder than the exmscted from secondary electrons from H#ieb
or tt backgrounds. Thus, it is advantageous to profit from the kedge of the expectegs. distributions for
the Higgs boson signal. An optimum set@f cuts as a function ofny is given in Table 4. The cut on the
softest electron is maintained to a low and constant valusifioplicity and to preserve the signal efficiency at low
mu. Otherwise the$. cuts are slowly evolving for as long asy < 2myz and then rise faster above the Z pair
production threshold.

mu (GeV/c®) | pr (GeV/e) p7(GeV/e) pr(GeV/e) pr(GeV/c)
115 7 10 10 15
120-150 7 12 15 15
160 7 15 15 15
170-180 7 15 15 20
190 7 15 20 30
200 7 15 25 30
250 7 20 40 50
300 7 30 40 60

Table 4: Electromr cuts for different Higgs mass hypothesis, from the lowesh&highespr electron.

5.2.2 Invariant Mass Requirements

LabellingZ; (Z>) thee™e™ pair reconstructed with an invariant mass: .- the closest (next-to-closest) to the
nominalZ mass, one expects fot,, < 2my in the case of the Higgs boson signal thaf, ~ myz, + mz, with
most often the presence of a Z boson on its mass shgll,~ myz. The Z boson masses saturate the phase space
and the vector bosons are dominantly produced with smaikitglin the Higgs boson rest frame. The requirement
of one realZ boson further suppresses théackgrounds for lowng. The cut orZs, is powerful against th&Zz (*)
continuum and further suppresses #ish andtt backgrounds. A set of optimal, andZ, mass cuts is given in
Table 5.

mu (GeV/c?) mz," (GeV/c?) my (GeV/c?) mz," (GeV/c?) my (GeV/c?)
115-120 51 101 10 50
130 61 101 10 60
140 71 101 10 65
150 71 101 15 65
160 71 101 15 70
170 81 101 20 80
180 81 101 30 90
190 81 101 40 100
200 81 101 40 110
250 51 131 20 200
300 51 131 15 300

Table 5: Invariant mass cuts on the reconstruétedndZ, bosons.

The lower bound on th&; mass acceptance window decreases at smgllvalues to take into account the
development of a low mass tail due to the increa&itig* contribution. The width of the acceptance mass windows
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for both Z; andZ, is increased towards largey values where the reducible backgrounds have contributions
already negligible after thgf. cuts.

5.3 Event Selection Summary

A summary of the selection efficiencies for the Higgs bosgnal and backgrounds after each sequential step
of the analysis is presented in Tables 6 and 7.

mpu (GeV/c®) : 115 120 130 140 150 160 170 180 190 200 250 300

L1 and High Level Trigger
Signal 925 933 950 96.2 974 98.0 985 987 988 99.1 996 99.7
77 — 942 —
Zbb «~— 789 —
tt — 827 —

Pre-selection

Signal 532 546 548 560 552 56.2 544 552 544 559 557 556
WA — 500 —
Zbb — 126 —
tt — 80 —

Vertex Impact Parameter
Signal 940 935 945 946 940 938 939 941 938 928 93.2 930
77 — 936 —
Zbb «— 549 —
tt — 426 —

Track Isolation
Signal 915 91.2 91.7 919 923 932 935 941 939 943 948 949
WA — 934 —
Zbb — 448 —
tt — 214 —
Hadronic Isolation

Signal 954 953 952 951 955 957 953 957 96.0 96.1 96.2 956
7.7.(*) «~— 959 —
Zbb «— 784 —
tt «~— 596 —

Electron Identification
Signal 924 927 93.1 946 958 957 957 957 96.0 96.1 957 958
WA — 951 —
7Zbb ~— 808 —
tt — 776 —

Table 6: Summary of event selection efficiencies (in %) fa thiggering, pre-selection and electron selection
steps of the analysis; the efficiencies are given at eachrekajive to the previous selection step in the sequence,
for the different signal samples and for the SM backgrounds.

For any of the Higgs boson mass hypotheses, the dominanin@gdackground after all the cuts is the
ZZ™*) continuum which amounts to- 75% of the total background over the full mass range and-t®7%
for my > 2 x myz. The Zbb background contribution decreases from 20-15% at low nsase 2% for
myu > 2 x myz. Thett background remains small for the whole mass rarg&% for my = 115,120 GeV/c?,
< 5% for 130 GeV/c?> < mp < 170 GeV/c? and< 0.6% for mpg > 2 x myz. Figure 9 presents theu,,
invariant mass distributions for the signakat; = 150 GeV/c? and for the backgrounds just after the trigger and
pre-selection requirements, and after all cuts.

5.4 Measurements and Control of Background Rates

Following the electron selection (Section 5.1) and theiappibn of basic kinematic requirements (Section 5.2),
the ZZ(*) background remains as the dominant or sole background bedull mass range in consideration for
the SM Higgs boson search in this channel. The requiremahbthe of theete™ pairs gives an invariant mass
me+o— COmpatible with the presence of a réaboson in the final state together with electron isolationtelped
to considerably suppress thiebackground. The primary vertex requirements for the seedied pair of isolated
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mu (GeV/c?) 115 120 130 140 150 160 170 180 190 200 250 300
Electronpr cuts
Signal 75.1 752 848 90.2 932 933 9.0 977 975 978 916 86.1
77 91.5 90.1 90.1 901 901 875 874 874 865 854 611 377
Zbb 269 19.0 190 190 190 108 108 10.8 10.0 8.3 0.98 0.08
tt 375 296 206 296 296 201 201 201 184 156 4.9 2.1
InvariantZ; mass
Signal 96.0 98.3 96.3 943 965 970 980 966 987 99.1 100 100
77 985 986 983 977 977 980 980 965 969 97.2 999 999
7Zbb 91.8 93.1 909 909 909 939 939 871 902 911 100 100
tt 80.8 833 728 547 547 578 578 394 413 437 99.2 98.1
InvariantZs mass
Signal 90.4 915 957 981 938 937 943 957 974 978 99.7 100
77 155 14.8 17.1 180 155 162 213 562 796 840 97.1 985
Zbb 56.3 59.7 63.0 649 602 645 613 461 264 261 833 100
tt 63.6 63.6 724 734 703 683 663 50.7 371 416 97.7 100
Global Efficiency
Signal 243 26.0 312 352 360 374 380 399 409 425 412 386
77 524 4.94 568 595 514 523 687 178 251 262 223 139
Zbb 0.22 0.16 0.17 0.17 016 0.10 0.097 0.068 0.037 0.031 0.01®010.
tt 0.054 0.044 0.043 0.033 0.032 0.022 0.021 0.011 0.008 0.008130 0.006

Table 7: Summary of event selection efficiencies (in %) ferkinematic requirements; the efficiencies are given
at each step relative to the previous selection step in tipgesee, for a Higgs boson signal at a mass and for
the SM backgrounds. Global efficiency with respect to theegator pre-selection is also shown.
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Figure 9: Distributions of the reconstructed invariant smas,, for the SM Higgs boson signal aby =
150 GeV/c? and for the SM backgrounds a) after the trigger and pre-8efecequirements and b) after all cuts.
The distributions are normalized in cross-section.

electrons has helped rejecting thisb background. Thus, the determination of the mean expectetauofzZz*)
background events in the signal region, defined e.g. by alsisliging window in them,, spectrum, remains as

the key issue.

There are three methods for the estimation ofZH&") contribution to the background in the signal region:

e adirect simulation of th&z*)

e a normalization to th& — eTe™ data,

e a normalization to the sidebands.

— 4e process,

The first method entirely relies on existing SM constraimtd the theoretical knowledge, with uncertainties
coming from the PDFs used to describe the colliding protoasfeom QCD scale variations. It furthermore relies
on the LHC luminosity measurements, and on the Monte CarlG)(Modelling of the acceptance and detector
response for what concerns the uncertainties arising flestren reconstruction and selection. Otherwise, the
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method benefits from the fact that the statistical precisiothe mean background expectation is only limited by
the MC statistics, and can therefore be assumed negligibleei context of a prospective for an analysis to be
carried in the CMS experiment.

The second method (henceforward referred to as the ZZ/Zodgtims at profiting from the fact that the SM
singleZ production cross-sections will have been measured witteatgrecision by the time the LHC reaches
an integrated luminosity af(10) fo~'. As a figure of merit, the CDF experiment at the Tevatspreollider has
measured the ., x BR(y*/Z — 1717) with statistical and systematic uncertainties of 1.3% aBddrespec-
tively, at72.0 & 4.3 pb™ ' integrated luminosity [31]. Using a ratio @Z*) — eTe"ete™ to Z — ete™ rates
allows one to profit from a full cancelation pfy luminosity uncertainties, while providing a partial calatin of
PDF and QCD scale variations uncertainties (due to thenetations in a part of the initial state phase space) and
a partial cancelation of experimental uncertainties.

In the third method, the normalization to the sidebandsntivaber of background events in the signal region
(Vi) is determined from the number of observed background evartside the signal regiodVg*) multiplied
by the fractionn(M C) of these two values obtained from MC simulation:

. Nin M
Nll)n _ b ( C)

—WXNEUt:Oé(MC)XNZ?Ht. (1)

Using the sidebands one also expects to fully cancel luritinasicertainties, to reduce PDF and QCD scale
variation uncertainties and also to substantially redupeemental uncertainties. Statistical errors with swlets
normalization come from the statistics of the backgrounel catside the signal region and can be a limiting factor
for the method. By relaxing some of the kinematic cuts, suekthaZ invariant mass cut, the background rate
outside the signal region increases, reducing thereferstttistical errors for this method. The price to pay is an
increased background rate in the signal region too. This@udsed in more details in Section 6.3.

6 Systematics

In this section we discuss systematic errors and distihditiieeoretical” and “experimental” errors. These are
discussed here in the context of a discovery via a simpletaayumethod. The theoretical uncertainties concern
the estimation of the background rates within the cuts defitine acceptance of the Higgs boson signal. The
experimental uncertainties take into account the limitedvidledge of the detector responses and efficiencies, and
of the corresponding MC modelling.

6.1 Theoretical Errors

The uncertainty on the number of background events in theasiggion from PDFs and QCD scales variations
has been estimated using the MCFM [17] program. CTEQ6M PIefused and 20 eigenvector parameters have
been varied byt1o. Both QCD normalization and factorization scales have begied independently up and
down by a factor two with respect to their nominal value of myz. The resulting uncertainties from PDF and
QCD scale are of the order of 6% for a direct estimation of the Zbackground, from 2 to 8% for a normalization
to singleZ — e™e™ (ZZ/Z method) and from 0.5 to 4% for a normalization to sideds[32]. A 8% uncertainty on
the gluon fusion cross-section in tA&(*) background is also considered as a part of the theoreticaftainties.

The uncertainty on the normalization of the measuremenketey luminosity of the LHC collider is estimated
to be of the order 08% for an integrated luminosity abou® fb~.

6.2 Experimental Errors

An uncertainty ot:1% is estimated on the L1/HLT trigger efficiency. Other souraesxperimental systemat-
ics are the uncertainties on the tracker material budget)exiron energy and momentum scales and resolutions,
and on electron reconstruction efficiencies.

The strategy adopted consists in using singlendZ production which provides electrons Wd — ev and
Z — eTe™ decays, to control the energy measurements and reconstredficiencies, and then rely on the MC
modelling for the extrapolation over the fulf. andn® ranges relevant for this analysis.

6.2.1 Material Budget

A possibly important source of systematics on electronmstaction comes from the limited knowledge of the
material budget. A change of the integral amount of the &ankaterial traversed by electrons before reaching the
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ECAL is susceptible to affect the electron selection andtidieation efficiencies, as well as the energy measure-
ment and resolution. The uncertainty on the material buddgklimit the precision of the acceptance calculations
when using the MC model to extrapolate away from the kinecrddimain best constrained via singleand W
measurements.

There are many observables that are directly or indireethgitive to the amount of tracker material, and which
have been used in collider experiments. Examples are thébdison of converted photon vertices, or the shape
of the E'/p distribution comparing for electrons the tracker momenineasurement to the energyy measured
in the calorimeter within a finite cluster volume, or a conipan of data and MC for th& mass resolution, etc.

A new technique can be used based on the electron GSF traokioduced recently in CMS [24]. The mean
fraction fi,.em (introduced in Section 3) of the energy radiated along tmepdete trajectory is roughly proportional
to the integral amount of traversed material. Hence, oneelate f,., to the material thicknes&/ X, where
X is the characteristic radiation length, via the formulaX > /Xy ~ —In(1 — furem). The amount of tracker
material measured in this way for single electron data isvehia Fig. 10a.
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Figure 10: Sensitivity to variations of the tracker matebadget from electron measurements based on GSF
tracks; a) measured amount of material as a functidn|dér the nominal tracker configuration and for an integral
material budget changed hy10%; b) ratio of the measured amount of material as a functiopft) measured
versus true thickness iX of the tracker material; d) effect of a change29% of the material budget on the
electron reconstruction efficiency.

The results obtained in the configuration correspondingembminal tracker material coincide very well with
the known material distribution as given in Ref. [4]. Figd@b shows the ratio of the material thickness obtained
by the above method to the measurement results in the noweasal for configurations where the amount of
material was changed hiy10%. The ratio is found to be remarkably stable as a function afespite the fact that
the integral amount of material has a strondependence. Thus, single electrons can be used in CMS tatteine
MC model of the tracker material perslice.

Figure 10c shows that in a givenslice the material thickness is linearly correlated (asteeithin a range of
+10%) to the true material thickness. Similar results are olethiwhen considering various restricted ranges of
PS5 within a sample of uniformly distributed electrons in thg range from 5 tol00 GeV/c. With the electron
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statistics expected from singfeproduction for an integrated LHC luminosity 6{10) fo™*, it should be possible
to determine the tracker material thickness to a precisattebthan 2% over the full acceptancejin

Figure 10d shows that such a 2% uncertainty on the materifgdiwill have almost no effect on the electron
reconstruction efficiency uncertainty. A residual effefcth@ material budget uncertainty is expected in signal and
background acceptance, e.g. through fluctuations inducedbservables used in the kinematic requirement cuts.
As a figure of merit, CDF has estimated an acceptance unegrtsiabout 1% in theZz — eTe™ decay channel
from a 1.5% (16.5%) uncertainty in material budget desimnipfior the central (forward) part of their detector [31].

6.2.2 Control from Data

The electron reconstruction efficiency and energy scaldeaontrolled by using tagged electrons frévn—
ev andZ — ete” decays. The huge cross-sections for the sifgkend W production at the LHC promise
a very significant reduction of reconstruction uncertastlready after an integrated luminosity of a few'fb
Electrons fromZ — ete™ are produced centrally with a characteristic Jacobian peakhe pS$. distributions
around45 GeV/c. It is therefore expected that the best control of (i.e. &s8l experimental systematics is
obtained in the central part of the detector, and for elestwithp$. aroundmy /2.

The electron reconstruction relies on a classification @ftebns sharing common types of observable features
and improved (class-dependent) electron identificatinargy measurement and error estimations are obtained. A
control and fine tuning of the classification can also be parénl usingZ — ete™ data [33], as demonstrated in
Fig. 11a and in Fig. 11b showing the distribution of electrorrsus) andp for different classes, together with
statistical errors afte.15 fo~* of collected data.
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Figure 11: Fraction of electron population in the classesw®a)n| and b)pr, with statistical errors, for electrons
fromZ — eTe™ decay. Reconstruction, isolation and identification edfficies with associated errors as a function
of ¢) |n| and d)pz. Results are for an integrated luminosityof5 fo ™.

The strategy proposed for the control of the reconstruafticiencies and of the associated systematic uncer-
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tainties consists of selecting — ete™ events having at least one leg reconstructed gsldenelectron. The
second leg is then used to estimate reconstruction effieigand uncertainties. The electron reconstruction, iso-
lation and identification efficiencies with associated evias a function ofy andpr are shown in in the range of

the ECAL barrel in Fig. 11c and in Fig. 11d.

The uncertainties on the measurements of the electron s&aation, isolation, and identification efficiencies
are given as a function of andpr in Fig. 12, together with the evolution of the error on theamstruction
efficiency with the integrated luminosity. In all plots, le@sed uncertainties are observed when moving away
from the Jacobian peak. Uncertaintiegjiremain constant over the whole range of the ECAL barrel, gdfoe an
increase towards ~ 1.5 caused by a drop in the reconstruction efficiency near timsitian region. From the size
of reconstruction, isolation and identification errors déimeir evolution with the integrated luminosity, all shown
in Fig. 12, one can safely absorb all reconstruction effyjaimcertainties in a single factor of 1% per electron.
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Figure 12: Uncertainties on the measurements of electrmonstruction, isolation and identification efficiencies
as a function of aJn| and b)pr. Evolution of the reconstruction uncertainties with theegrated luminosity in
two slices of c)n| and three slices of d)r.

The second important systematic effect is the uncertaintyye energy scale determination. In Ref. [33] it has
been shown that the average uncertainty on the electrogyeseale is expected using single— eTe™ data to
be of about 0.04% for an integrated luminosily.2 fo~'. Since electrons from thE — 4e¢ decay have different
D Spectra, it remains necessary to estimate the systemagiested as a function of the integrated luminosity and
over the relevanp$. range. For this analysis, a loose constraint on the Z bosas isa&combined with stringent
electron identification requirements on one decay leg, deoto tag the second leg as a candidate electron. This
second leg is then used as a probe to estimate the systematioe the energy scale. The uncertainties versus
n andpr and their evolution as a function of the expected integratednosity are shown in Fig 13. From these
results, one can safely estimate the uncertainty on theygiseale to 0.5% in the ECAL barrel region, and 1% in
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the ECAL endcaps.
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Figure 13: Uncertainties on the energy scale measured #rom e*e~ for golden and showering electrons as
a function of a)|n| and b)pr and their evolution, for the golden electrons, with the gnéged luminosity in two
slices of c)|n| and three slices of d)r.

6.3 Comparison of Background Systematics

In this section, the full systematic and statistical uraiettes are evaluated for two methods of background
estimation: normalization to theé — e*e™ measurements and normalization to the sidebands. Theetiwir
uncertainties from PDF and QCD scale variations have besussed in the Section 6.1 and results are taken from
Ref. [32].

The experimental uncertainties are evaluated by combupiragiratically the effects obtained with varying the
energy scale, trigger and reconstruction efficiencies leyuthcertainties from the previous section. From this,
a total uncertainty from the direct simulation on the humdsiebackground events in the signal region is about
5%. As expected the uncertainty is reduced when normalizirtge sidebands, to about 2%. As experimental
uncertainty for th& — ete™ normalization the mean value of these two uncertaintieactt enass point is taken.

Both theoretical and experimental systematic unceresrftr the background normalization to single—
ete™ measurements are shown in Fig. 14a. The overall systenrat@riainty obtained with this method is about
5%.

The computed uncertainties for the sidebands normalizatie shown in Fig. 14b. Statistical uncertainties
scale as the square root of the number of background evetsisi@the signal region and are shown for an inte-
grated luminosity 080 fob~* and for two analysis scenarios: after all analysis cuts elaemaximal significance
is the main goal, and without cuts on the mass of tfbtiosons where statistical errors are reduced by increasing
the number of background events. The second method resaltsdmewhat lower nominal significance (by about
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8%) while the statistical errors decrease by a factor of 8Bdu

Based on these results full significance calculations withwaithout systematics are presented in the following

section.
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Figure 14: Theoretical and experimental uncertaintieZBt) background, using two different methods to eval-

uate background from data: a) normalization to the siifgler ete™ measurement and b) normalization to the
sidebands. Expected statistical errors for sidebandshaxersfor an integrated luminosity 6f) fo~*.

7 Results

7.1 Observability

A simple counting experiment is used here to quantify thesigigity of the experiment to the presence of a
Higgs boson signal. The expected number of signgl) (@nd backgroundX,) events are evaluated in a sliding
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window whose central position varies between 100 and 320/€3eV
The counting experiment significanSep is defined as the probability from a Poisson distributiorhviitean
N, to observe a number of events equal or greater fiigr- N, converted in equivalent number of sigmas of a
Gaussian distribution. The systematic errors due to thbahitity density function knowledge contain in general
a contribution from absolute systematic errors and a dauttiin from statistics (as in the case of the estimation of
the background from the sidebands described in SectioR)&@d the significance is evaluated following Ref. [34].
As a comparison, the significance results are also givergubia widely used log-likelihood ratio (LLR)
significanceS,.r, as proposed in Ref. [35]. This significance estimate isinbthforming the statistical test of
the signal+background hypothesis against the backgroalydhypothesis using a likelihood ratio. Assuming a
Poisson statistics, the counting LLR significance is defaeed

Ser. = \/2((Ns 4+ Np) In(1 4+ N,/Ny) — Ny). 2)

The observed width of the Higgs boson signal is the convariutif the natural width and of the experimental
resolution. For low masses, the latter dominates while #taral width of the Higgs boson becomes significant
at masses abovex my. In order to match the width of the expected signal distidntthe width of the sliding
window is optimized as a function of the Higgs boson massleTalpresents the values of the optimized width as a
function of the Higgs boson mass. The significance is theluated for each central position of the (symmetrical)
window, and the position which maximizes the significanaesisd for the determination of the expected number of
background and signal events. Table 9 presents the numbimafl and background events in this mass window,
for each Higgs mass hypothesis.

mu (GGV/CZ) 115-130 140-170 180-200 250 300
window size GeV/c?) 6 8 10 16 24

Table 8: Optimized window size as a function of the Higgs Imos@ass.

my (GeV/c®) | 115 120 130 140 150 160 170 180 190 200 250 300
N 1.52 2.97 8.18 15.80 17.19 8.38 3.76 9.95 34.05 38.20 27.68.6921
Ny 2.26 1.94 3.71 4.31 3.68 3.10 3.37 6.42 1462 17.29 1340 7.63
0Ny (exp.) 0.063 0.089 0.126 0.167 0.105 0.148 0.145 0.187 0.551 0.508660 0.187
ONy(th.) 0.039 0.049 0.079 0.098 0.095 0.084 0.100 0.191 0.440 0.548020 0.417

Table 9: Expected number of Higgs boson sigiél)(and background{;) events in the optimized window, for
an integrated luminosity of 30 fid; systematic uncertainty on the background expectatiam fexperimental
sourcesd N, (exp.)) and theoretical sourceé{,(th.)); the systematic errors are given for an analysis where the
77*) continuum is normalized to the measurement of sifigheoduction.

Figure 15 shows the statistical significangg- as a function of the Higgs boson mass for a luminosity of
30 fb~!. Similar results are obtained with the significance estimét; and are also shown in Fig. 15. Foiy
values below2 x my, the significance follows the signal cross-section with @pdaroun® x mw due to the
opening of theVW ) channel. For Higgs mass values greater thanm, the significance evolves very slowly.
The significance level expected for; 2 2 x myz is comparable to the one at 150 G&¥ as the larger branching
ratio H — ZZ is compensated by the increasgd*) background. Also shown in Fig. 15 is the significance
evaluated including the systematic uncertainties desdrib Section 6 for the “ZZ/Z” and “sidebands” methods.

Figure 16 shows the possible outcome of two MC experimemtsechout for an integrated luminosity of
30 fb~!. The examples given correspond to a “favorable” and a “legsrble” fluctuation.

Finally, Fig. 17 shows the integrated luminosity neededafés and3o discovery of the SM Higgs boson in
the 4e decay channel as a function of the Higgs boson mass, withysteraatic errors included using the 2z2/Z
normalization method.

An extension of this analysis has been performed for Higgebanasses above 300 G&¥ and thelH — 4e
results have been combined with— 2e2, andH — 44 decay channels in Ref. [19]. The most significant feature
in this very high mass region is the increase of the Higgs beosdural width, which translates into a necessary
increase of the mass window size for event counting. Otlserthie production cross-section times branching
ratio is subject to a slow evolution. A significance of 6.5 flee Higgs boson observationsaty = 400 GeV/c?
is obtained for an integrated luminosity of 30 fbwith systematics extrapolated using the ZZ/Z method. The
significance reduces to 2.5 forg = 600 GeV/c?.
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Figure 15: Significance of the SM Higgs boson observationtwégal — 4e channel in the CMS experiment
at the LHC.S..p significance estimator as a functioniaf; of the SM Higgs boson observation for an integrated
luminosity of 30 fo !; the S, significance estimator is also shown for comparison. Thaifiignces, p is shown

as obtained without and with systematic errors included, fan systematic errors obtained either by controling
backgrounds using sidebands, or in an analysis whe#f@ continuum is normalized to the singlgproduction.
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Figure 16: Example of single MC experiments correspondingrtintegrated luminosity of 30 fd; a) example
of a “favorable” case; b) example of an “unfavorable” caséne Poisson probabilities to observe in a single
experiment a Higgs boson signal more significant than in apsar less significant than in case b), are about 5%.

7.2 Mass and Cross-Section Measurements

The precision on the estimation of the Higgs boson mass dispamthe quality of the reconstructed electrons
and can, in general, be improved using event-by-eventeamthe electron momentum estimation [24].

A fit of the my4. mass distribution can be used to extract simultaneousiyntss and cross-section observables.
The estimate of the total cross-section is obtained fronfitteel number of signal events corrected for the overall
acceptance. The width measurement is possible only fordHiggon masses aboxe2 x myz where the natural
width becomes the dominant factor.

As an alternative to the fit procedure, the Higgs boson masbeastimated by computing the mean of the
measurements inside the signal window. It is expected ihahe early stage of a Higgs boson discovery, such
a mass estimate will be more robust, and, for low statistfes,only possible method for the Higgs boson mass
measurement.
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Figure 17: The integrated luminosity needed fdisaand a3 discovery via thél — 4e channel including the
systematic errors as obtained in the analysis method getyira normalization of thBZ(*) to singleZ production.

7.2.1 Mass Reconstruction and the 4e Event Topologies

The reconstruction provides for each electron an evergdayt error on the momentum estimation [24]. These
momentum errors are propagated to an error omtheestimation, neglecting the contribution from the error on
electron tracks direction. In order to account for the nomga&n part of the reconstructed electron momentum
distributions, a small scaling is applied on the resulting error estimation, depending on the classifications of
the four electrons. The computed 4 electron invariant mass & presented for Higgs boson signal events in
Fig. 18a for the different possible event topologies résglfrom combinations of electrons of various classes. A
projection for two specific event topologies is shown in Higb.
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Figure 18: Mass measurement errors for the signahfar= 150 GeV/c?. a) Error dependence on the electron
classes; the integers on the abscissa give for da@vent topology the number of contributing electrons clas-
sified asi = non-showering barrelj = entering cracks k = non-showering endcap = showering barre] and

m = showering endcapb) Example ofie reconstructed mass distribution for two differdntevent topologies.

Event candidates built for instance from fawon-showeringlectrons in the ECAL barrel (76% of the event
candidates) clearly allow for a much better, measurement (smallest errors on average and least d@perfsi
the mass measurement errors) than candidates built fraa drmoreshoweringelectrons in the ECAL endcaps.
Over the full acceptance, abdift.7% of the event candidates contain three or meireweringelectrons.
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7.2.2 Fit and Mean Methods

In the fit method, the signal contribution is modelled witrot@aussians, describing respectively the core and
the low mass tail of the signab.,, distribution. The relative fraction of events in the taihtobution as well as its
mean and dispersion are determined by fitting the expentiiithe "signal only” distribution, and are then fixed.
The density of background events, in a sufficiently narrowgsirange around the signal region, is taken as constant
for anymy hypothesis up teny ~ 2 x mz, and modelled with a linear function for higher Higgs boscesses.

A likelihood fit is performed to determine the backgrounerabm sidebands and to extract the parameters of the
the signal contribution. Three measured parameters aractadl for the signal: the mean and standard deviation
of the core Gaussian contribution, and the total numbergrfadievents.

In order to estimate the precision that could be reachedypiadl experiment, the likelihood fit is performed
on each of a large number of MC experiments, for each Higgsrbosass hypothesis and for several values of the
integrated luminosity. The distributions of each of theethmeasured parameters are then fitted by Gaussians. For
a givenmy and integrated luminosity, the mean expected Higgs bos@s meonstructed and the corresponding
uncertainty are obtained from the distribution of the cameeédn” values. The mean expected mass resolution
and the associated uncertainty are obtained from the laistvh of the core "standard deviation” values. The
mean expected Higgs boson production cross-section mexasut and associated uncertainty is derived from the
distribution of the total number of signal events from ead bkperiment.

As an alternative for the determination of the Higgs bosossna simple mean of the,. distribution for
events inside the signal window can be computed. The acgarat precision that could be reached in a typical
experiment is obtained here again considering a large nuafhC experiments.

The results for the mass measurements are presented inigTHis figure shows the relative difference
between the measured mass, determined via either the fiean#dan method, and the generated Higgs boson
mass, for an integrated LHC luminosity of 30fh In the cases where the expected statistics is too low for the
fit to be stable, only the results from the mean method are shdwe fit method provides an accurate estimation
of my. A systematic bias on the mass estimate for low masses isvaustor the estimate via the mean method
and is caused by the asymmetric shape of the reconstrugpeal.siOver the considered mass range the fit gives
a precision on the Higgs mass ranging from 0.5% to about 1% riidan method provides a precision ranging
from 0.2% to about 0.6%. The evolution of the mass measureprenision with the integrated luminosity for a
150 GeV/¢? Higgs boson is also shown. The precision improves to ab@300 for 60 fo .
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Figure 19: a) Relative difference between the fitted massa(®s) or the weighted mean (dots) and the generated
Higgs boson mass as a function of the generated Higgs bosss anal for a 30 fb' integrated luminosity. b)
Precision of the Higgs boson mass measurement from the fitfasction of the integrated luminosity for a
150 GeV/c? generated Higgs boson mass.

The relative difference between the measured and the gederess-section is shown in Fig. 20 for an in-
tegrated luminosity of 30 fb'. An accurate measurement of the cross-section is obtainedtbe full mass
range considered here, with a bias below 5% for Higgs bosmsesaup to~ 200 GeV and below 10% for
200 < my < 300 GeV/c2. The precision of the cross-section measurement is bet@@amd 30%. In view of
this statistical precision, the influence of detector systtics (about 5%) and of the uncertainty on the luminosity
measurement (about 3% for 307Th is expected to be marginal. The evolution of the crossi@echeasurement
precision with the integrated luminosity and for a 150 GelHiggs boson is also shown. The precision improves
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to about 15% for 60 fb'.
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Figure 20: a) Relative difference between the cross-seetitimation and the true cross-section as a function of
the Higgs boson mass for a 30 fhintegrated luminosity. b) Precision of the Higgs boson piihn cross-section
measurement as a function of the integrated luminosity and 150 GeV ¢? Higgs boson mass.

The natural width of the Higgs boson foty <2 x mgz is well below the detector resolution. Above this
threshold, a measured width of 2.3 Ge¥ for my = 200 GeV/c? and 4.2 GeY¢? for my = 300 GeV/c? is
obtained from the fit for an integrated luminosity of 60 b

8 Conclusions

A prospective analysis has been performed for the searctsiofgdy produced Standard Model Higgs boson
decaying in aZZ™) pair. The presented analysis focuses ondhe ete~ final state making use of detailed
electron reconstruction algorithms. A special attent®given to an efficient reconstruction of Igw. electrons
and to the propagation of electron momentum errors dep¢ndebserved track-supercluster patterns. The usage
of electrons from Standard Model single Z production fokaldbyZ — eTe™ decay is shown to allow to control
with precision the sources of systematic errors associattidthe electron measurements. A novel technique
relying on a Gaussian Sum Filter electron tracks is intreduo control the integral amount of tracker material in
front of the CMS electromagnetic calorimeter, which afeitte pattern of bremsstrahlung emission in the tracker
volume. An optimized strategy based on a simple cut tecleisjypresented for the search and discovery of the
Standard Model Higgs boson in a low luminosity configuratbthe LHC collider. Different means of controlling
the amount of background are compared.

For an integrated LHC luminosity of 3013, a Standard Model Higgs boson would be observed in the
ete~eTe™ channel with a significance above 3 standard deviations &msesny in the range from abouit30 to
160 GeV/c? and above 80 GeV/c?. A significance of 5 standard deviations is reached arougd~ 150 GeV/c?
and in the range from aboud0 to 300 GeV/c?. An accurate measurementf is obtained from a fit to the
measured mass distribution. A bias below 1%, and a preciaioging from 0.2% to about 0.6% is obtained from
a simple mean over the events in the signal region. The ptmstiucross-section is measured with an accuracy
better than 10% and a precision between 20 and 30%.
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