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1 Introduction
The mass of the Higgs boson (mH) is the only unknown parameter in the Higgs sector of the
Standard Model (SM). Direct searches at LEP yield lower bounds of mH > 114.4 GeV at
the 95% confidence level [2]. In addition, fits to electroweakprecision measurements from
LEP, SLC and Tevatron lead indirectly to an upper bound ofmH < 207 GeV [1] at the 95%
confidence level.

The dominant production mechanisms for the SM Higgs boson atthe LHC, over the entire mass
range, are gluon fusion gg→H and vector boson fusion qq →qqH as illustrated in Figure 1. The
dominant branching fractions for the decay of the Higgs boson are shown in Figure 2. It can be
seen that formH > 130GeV, the decay is almost entirely through the H→ W+W−and H→
ZZ(⋆) channels.

Figure 1:Main production mechanisms of the Higgs boson at the LHC.

Figure 2:Branching fractions for the SM Higgs boson as a function ofmH calculated using the HDE-
CAY program [3]

The H→ ZZ(⋆) → 4ℓ channel yields a very clean signature with relatively smallbackgrounds
and is therefore an important potential discovery channel for the Higgs boson for a large range of
masses. The channel is also important for the measurement ofthe mass and width of the Higgs
boson. FormH between 130 GeV and 500 GeV, this channel has the highest sensitivity for the
discovery of the Higgs boson at CMS, except in the range 150 GeV< mH <190 GeV, where the
H → W+W−→ 2ℓ2ν channel is more sensitive, due to the branching ratio H→ W+W− being
enhanced while the H→ ZZ(⋆) branching ratio is suppressed (see Figure 2). FormH <130
GeV, the H→ γγ channel should yield the highest sensitivity, though the backgrounds are
much larger than for H→ ZZ(⋆) → 4ℓ.
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This note presents the discovery potential of the Higgs boson at CMS for the2e2µ final state in
H → ZZ(⋆) → 4ℓ. This channel is important since although electron detection efficiencies are
lower than for muons, the branching ratio is twice that in 4µ and 4e final states.

2 Event Generation
All simulated event samples used in the analysis were generated using the PYTHIA 6.152 [4]
event generator, except for theZbb (e+e−bb andµ+µ−bb) background samples which were
generated with CompHEP 4.2 [5].

The effect of final state radiation (internal bremsstrahlung) was simulated in all samples using
the PHOTOS [6] software package.

The Z bosons in the signal and in the ZZ⋆/γ⋆background, and the W bosons in thett back-
ground, were forced to decay to electrons, muons or taus, andin the case of decay to taus,
the taus were forced to decay to electrons or muons. The forcing of taus to decay to elec-
trons or muons has the consequence that events in which one orboth Zs decay to taus are
over-represented in the generated event samples because their suppression due to theτ → e/µ
branching ratio is absent. This is taken into account in the analysis as described in Appendix A.

For all simulated samples, a preselection is applied at generator level with the following re-
quirements:

1. Final state containse+e−µ+µ−;

2. pT (e) > 5 GeV and|η(e)| < 2.7 for both electrons;

3. pT (µ) > 3 GeV and|η(µ)| < 2.4 for both muons.

At analysis level, a tighter requirement is applied to the pseudorapidity of the generated elec-
trons to require that they lie within the fiducial region of the electromagnetic calorimeter (ECAL),
defined as|η| < 2.5. Preselection efficiencies in this note refer to these cuts.

2.1 Higgs Boson Signal

The H→ ZZ(⋆) → 2e2µ signal samples were generated with PYTHIA, including Leading Order
gluon and vector boson fusion processes. Samples of 10000 events each were generated for 18
values ofmH ranging from 115 GeV to 200 GeV in 10 GeV steps, and from 200 GeVto
600 GeV in 50 GeV steps.

The SM Higgs boson production cross-section calculated at Next to Leading Order using the
HIGLU program [9], including production through gluon fusion and vector boson fusion, is
shown as a function of the Higgs boson mass in Figure 3(a). Thebranching ratio of the Higgs
boson to a final state containing four leptons (both e orµ), calculated using the HDECAY
program [3] is shown as a function of the Higgs boson mass in Figure 3(b). This branching
ratio includes decays of the Z(⋆) to τ+τ− with both taus decaying to e orµ.

The cross-section times branching ratio and the cross-section times branching ratio times pres-
election efficiency, are shown as a function of the Higgs boson mass in Figure 4.
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Figure 3:(a) Next to Leading Order production cross-section for the Standard Model Higgs boson, and
(b) Branching ratio of the Standard Model Higgs boson to a final state containing four leptons (both e or
µ).
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Figure 4:Cross-section times branching ratio, and cross-section times branching ratio times preselection
efficiency for H→ ZZ(⋆) → 2e2µ.
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2.2 Background Processes

Three background processes which yield the same signature of two electrons and two muons in
the final state, with significant cross-section times branching ratio, are considered:

1. qq/gg → tt → W+W−bb → e+e−µ+µ−X: 312000 events generated with PYTHIA. No
restrictions on b decays were applied.

2. qq/gg → Zbb → e+e−µ+µ−X: Generated with CompHEP, with|ηb| < 2.5. No restric-
tions on b decays were applied. Events were generated separately for:

(a) qq/gg → e+e−bb → e+e−µ+µ−X (188000 events)

(b) qq/gg → µ+µ−bb → e+e−µ+µ−X (63000 events)

3. qq → ZZ⋆/γ⋆ → e+e−µ+µ−: 10000 events generated with PYTHIA, withmγ⋆ > 5 GeV.
t-channelqq fusion only (gg fusion ands-channelqq fusion not available in PYTHIA).

The potential background contribution fromZcc → e+e−µ+µ−X was also investigated using
fully simulated events and was shown to be negligible.

The leading order cross-section, K-factor, next to leadingorder cross-section and the cross-
section times branching ratio times preselection efficiency are shown for each background pro-
cess in Table 1.

Process σLO (pb) K-factor σNLO (pb) σNLO.BR.ǫ (fb)
tt → W+W−bb → e+e−µ+µ−X - - 840 743

e+e−bb → e+e−µ+µ−X 115 2.4 276 262
µ+µ−bb → e+e−µ+µ−X 116 2.4 279 128
ZZ⋆/γ⋆ → e+e−µ+µ− 18.7 KNLO(m4ℓ) + 0.2 28.9 37.0

Table 1: LO cross-section, K-factor, NLO cross-section and the cross-section times branching ratio
times preselection efficiency for the three background process.

For thett background, the NLO production cross-section is taken from[10]. For thee+e−bb
andµ+µ−bb processes the LO cross-sections are those calculated by CompHEP, and the K-
factor has been calculated [11] using MCFM. In the remainderof this note, thee+e−bb and
µ+µ−bb processes are considered together and are referred to asZbb.

For the ZZ⋆/γ⋆ background, in order to account for contributions from all NLO diagrams and
from the NNLO gluon fusion (gg→ ZZ⋆/γ⋆), all events are re-weighted at analysis level with
anm4ℓ dependent K-factorK(m4ℓ) = KNLO(m4ℓ) + 0.2. The NLO K-factorKNLO(m4ℓ) was
calculated [11][12] with MCFM and is shown in Figure 5. The NNLO gluon fusion process
has been shown using the TOPREX generator to contribute approximately 20% with respect
to leading order. The NLO cross section shown in Table 1 uses the average value of 1.35 for
KNLO(m4ℓ).

3 Detector Simulation and Event Reconstruction
The generated Monte Carlo events for each dataset were processed through a full simulation
of the CMS detector using CMSIM (CMS Simulation) [7]. This was in turn followed by dig-
itization and inclusion of simulated pileup at low luminosity (2 × 1033cm−2s−1) and finally
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Figure 5:Them4ℓ dependent K-factorKNLO(m4ℓ) for the ZZ⋆/γ⋆ process, evaluated [11][12] using
MCFM.

reconstruction of physics objects using ORCA (Object-oriented Reconstruction for CMS Anal-
ysis) [8].

4 Online Selection
A detailed investigation of the choice of trigger events forthe analysis was performed. It was
found that taking the logical OR of the di-muon and di-electron triggers yields high signal
efficiency while suppressing the rate for the largest background,tt, by almost a factor of three.
This is the natural choice of trigger from a physics viewpoint since most events will contain at
least one real Z, so to require a di-electron or di-muon trigger is effectively to trigger on the Z.
It was found that the use of single electron and single muon triggers does not benefit the final
significance obtained from the analysis.

The efficiencies of the Level-1 and High Level Triggers are shown for the signal as a function
of mH in Figure 6. The HLT efficiency is shown for events which have passed the Level-1
trigger. The corresponding trigger efficiencies for background processes are shown in Table 2.
The trigger tables used are those described in Volume 1 of theCMS Physics TDR [16].

tt Zbb ZZ⋆/γ⋆

Level-1 Trigger efficiency (%) 95.1±0.1 92.3±0.1 97.9±0.2
HLT efficiency (%) 39.9±0.1 65.8±0.1 89.6±0.4

Table 2:Efficiency of the Level-1 and High Level Triggers for each of the three background processes.
Statistical errors are shown.

5 Offline Reconstruction
Offline reconstruction of electrons and muons is performed using standard ORCA algorithms.
The most recent developments in electron reconstruction described in [13] are applied here,
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Figure 6:Efficiency of the Level-1 (a) and High Level Triggers (b) for the Higgs boson signal.

which allows electron tracks to be reconstructeds right outto the electromagnetic calorime-
ter (ECAL), optimal combination of information from the ECAL cluster and the track, and
optimized cuts for ECAL and track seeding. The new cuts result in a substantial increase in
reconstruction efficiency for lowpT electrons.

The first step in the offline event selection is to require thatfour leptons of typee+e−µ+µ− are
reconstructed. The efficiency for reconstructinge+e−µ+µ− offline for events selected by the
High Level Trigger is shown for the signal as a function ofmH in Figure 7. The efficiency for
reconstructinge+e−µ+µ− offline for background processes are shown in Table 3.
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Figure 7:Efficiency for reconstructinge+e−µ+µ− offline for the Higgs boson signal.

tt Zbb ZZ⋆/γ⋆

e+e−µ+µ− reconstruction efficiency (%) 46.1±0.2 59.5±0.1 74.2±0.6

Table 3: Efficiency for reconstructinge+e−µ+µ− offline for each of the three background processes.
Statistical errors are shown.

7



5.1 Electron Identification

The number of candidate reconstructed electrons is greaterthan two for a significant fraction of
events due to fakes, arising for example, due toπ+π0 overlap orπ0 conversions from the un-
derlying event. A likelihood approach has been found to provide strong discrimination between
real and fake candidates.

The likelihood combines information from the following variables:

1. Difference in pseudorapidity between the track and the ECAL super-cluster;

2. Ratio of ECAL energy to track momentum;

3. Ratio of HCAL energy to ECAL energy;

4. Ratio of 3×3 to 5×5 crystal energy sums in the ECAL cluster;

5. Shower spread in the longitudinal direction, given by thecovariance matrix element for a
5×5 array of ECAL crystals:σηη =

∑

5×5[(ηi − ηmax)
2Ei/E5×5], whereηi andEi are the

pseudorapidity and energy of theith crystal andηmax is the pseudorapidity of the largest
energy crystal.

The likelihood of a candidate reconstructed electron beingconsistent with hypothesisψ (real
electron or fake electron), given set of valuesx for the discriminating variables is given by:

L(x;ψ) =
5

∏

i=1

Pi(xi;ψ)

wherePi(xi;ψ) is the probability density function for variablei having valuexi, given hypoth-
esisψ. The PDFs are constructed in the form of reference histograms. Those for real electrons
were constructed using electrons matched to generator level electrons in Higgs boson signal
events; those for fakes were constructed using jet background Monte Carlo samples covering a
broad spectrum of jetpT (pT >25GeV). All reference histograms were constructed separately
for barrel and endcaps.

The likelihood ratio used to discriminate between real and fake electrons is then given by:

LR =
L(x; electron)

L(x; electron) + L(x; fake)

Reconstructed electrons are required to haveLR > 0.2. For each event, the electron candidate
with the highest likelihood ratio is selected for each charge. This was found to give significantly
better performance than selecting the highestpT electron candidates for each charge.

5.2 Vertex Fit

The primary vertex is reconstructed by performing a fit to thetracks of the four reconstructed
leptons using the Kalman filter formalism [14]. The lepton tracks are then refitted using the
reconstructed vertex position as an additional point, in order to obtain a more accurate measure-
ment of the momentum at the primary vertex.
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5.3 Reconstructed Z Boson Mass

For a Higgs boson mass of 130 GeV, Figure 8 shows the distributions of the reconstructed
invariant masses of the e+e− andµ+µ− pairs, together with the distribution of the ratio of the
measured to the true invariant mass for each case. Figure 9 shows the reconstructed invariant
mass of theµ+µ− pair plotted against that of the e+e− pair, also formH = 130 GeV. It can be
seen that one of the Z bosons is always on shell, as expected.
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Figure 8:Reconstructed invariant masses of the e+e− (a) andµ+µ− (b) pairs; ratio of measured to true
invariant mass for the e+e− (c) andµ+µ− (d) pairs, formH = 130 GeV.
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5.4 Recovery of Internal Bremsstrahlung

Internal or inner bremsstrahlung refers to the final state QED radiation of a photon at the primary
vertex from one of the final state leptons. At least one such photon is present in 40-45% of
H → ZZ(⋆) → 2e2µ events (depending onmH), and in 10% to 30% asmH increases, there is
at least one such photon withpT >5 GeV. It was shown using generator level information that
around two thirds of internal bremsstrahlung photons in H→ ZZ(⋆) → 2e2µ events are emitted
by an electron and one third emitted by a muon.

Internal bremsstrahlung photons can be distinguished fromother photons from the underlying
event from their strong tendency to be collinear with the direction of the parent lepton, as
illustrated in Figure 10.

R between photon and nearest lepton (radians)∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-210

-110

1

internal bremsstrahlung photons

other photons from primary vertex

Figure 10:Angular separation,∆R =
√

∆η2 + ∆φ2, between generated internal bremsstrahlung pho-
tons withpT > 5 GeV and their parent lepton (solid line), and between other photons from the primary
vertex withpT > 5 GeV and their nearest lepton (dashed line).

For each event, if one or more reconstructed photons are found within a cone of size∆R =√
∆η2 + ∆φ2 < 0.3 radians around any of the four reconstructed leptons, then the reconstructed

photon with the smallest∆R is considered to be a reconstructed internal bremsstrahlung photon.
The four-momentum of this photon is added to that of the corresponding reconstructed Z boson
prior to the Z mass window cuts described in Section 6.3.

Recovery of internal bremsstrahlung photons is found to increase the efficiency of the Z mass
window cuts by around 1 to 2%, depending onmH.

6 Offline Event Selection
The two largest backgrounds after the HLT,tt andZbb, are reducible, since unlike the Higgs
boson signal, two of the leptons are associated with b-jets and therefore they are not isolated,
and they have large impact parameter. These two features canbe used to powerfully reject these
processes. The ZZ background is in contrast irreducible by such means.
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6.1 Vertex and Impact Parameter

An in depth study of how best to use information concerning compatibility of the lepton tracks,
prior to the the four-lepton vertex fit, with originating from the primary event vertex has been
performed. A number of possible discriminating quantitieswere investigated. The following
three variables were chosen because they were found to be largely uncorrelated and have high
background rejection for 95% signal efficiency:

1. Transverse distance from the vertex fitted to theµ+µ− tracks to the nominal beam line
(x=0,y=0): required to be less than 0.011 cm.

2. Three dimensional distance between the vertex fitted to the µ+µ− tracks and the vertex
fitted to thee+e− tracks: required to be less than 0.06 cm.

3. Transverse impact parameter significance of the lepton with the highest transverse impact
parameter significance: required to be less than 7.

The distributions of the above three variables are shown foran example signal and for thett
andZbb backgrounds in Figure 11.
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Figure 11:(a) Transverse distance from the vertex fitted to theµ+µ− tracks to the nominal beam line.
(b) Three dimensionalχ2 compatibility of the vertex fitted to theµ+µ− tracks with the vertex fitted to
thee+e− tracks. (c) Transverse impact parameter significance of thelepton with the highest transverse
impact parameter significance.
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Table 4 shows the combined efficiency of these cuts for the signal and for thett and Zbb
backgrounds. The signal selection efficiency is largely independent ofmH: it ranges from 89%
to 91% for the chosen set of cuts.

Efficiency(%)
Signal 89-91

tt 14.5±0.2
Zbb 13.0±0.1

Table 4:Combined efficiency of the cuts on the three discriminating quantities for signal and for thett
andZbb background processes. Statistical errors are shown for thebackground processes.

6.2 Isolation

The analysis currently considers isolation in the Tracker only. A cut is applied on the sum of
thepT of reconstructed tracks withpT > 0.9 GeV and at least five reconstructed hits, which
additionally satisfy the following requirements:

1. The track lies within the region defined by the sum of cones of size∆R < 0.25 around
each of the four leptons. Defining the isolation region as thesum of the cones around
each lepton prevents double counting of tracks where cones overlap.

2. The track lies outside veto cones of size∆R> 0.015 around each lepton.

3. The track is consistent with originating from the reconstructed primary vertex (see Sec-
tion 5.2) to within∆z < 0.2cm, where∆z is the difference between thez position of the
point of closest approach of the track to the reconstructed vertex, and thez position of the
reconstructed vertex.

The ΣpT distribution of tracks selected as described above, is shown for an example signal
(mH=190 GeV) and for thett andZbb backgrounds in Figure 12.

6.3 Kinematic Cuts

Cuts are applied on the following kinematic quantities:

1. LeptonpT cuts:

(a) p1
T > thr1

(b) p2
T > thr2

(c) p3
T > thr3

(d) p4
T > thr4

wherep1
T to p4

T are the transverse momenta of the four reconstructed leptons in order of
decreasingpT . Figure 13 shows the leptonpT distributions before offline selections, for
four example signal masses, and for the three backgrounds.
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Figure 12: Sum of thepT of reconstructed tracks withpT >0.9 GeV and at least five hits, within
the region defined by the sum of cones of size∆R<0.25 around each of the four leptons, excluding a
veto cone of size∆R>0.015 around each lepton, and consistent with originating from the reconstructed
primary vertex to within∆z <0.1cm, formH=190 GeV, fortt andZbb.

2. Lepton pair invariant mass cuts. In the following,m1
Z andm2

Z are the invariant masses of
thee+e− andµ+µ− pairs, wherem1

Z is defined to be greater thanm2
Z :

(a) m1
Z < thr5

(b) m2
Z > thr6

Neither a lower cut onm1
Z nor an upper cut onm2

Z is applied, since it has been directly
shown that such cuts do not give any additional background rejection when used in com-
bination with the other kinematic cuts. Figure 14 shows the distributions ofm1

Z andm2
Z

before offline selections, for four example signal masses, and for the three backgrounds.

3. Four lepton invariant mass cuts:

(a) thr7 < mH < thr8

wheremH is the invariant mass of the four reconstructed leptons.

The eight thresholds listed above plus the threshold onΣpT for tracker isolation defined in
Section 6.2 are optimized simultaneously using MINUIT [15], such that the log-likelihood ratio

SL =
√

2 lnQ, where Q =
(

1 +
NS

NB

)NS+NB

e−NS (1)

is maximized. The optimization is performed separately foreach Higgs boson mass.

The optimized values for all kinematics cuts are shown as a function ofmH in Figures 15 and
16.
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Figure 13: pT distributions for the four reconstructed leptons, sorted in order of decreasingpT , for
mH= 130, 160, 190 and 250 GeV, and for the three backgrounds.
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Figure 14: Invariant mass distributions for the reconstructed leptonpair (e+e− or µ+µ−) with the
highest (left) and lowest (right) invariant mass, formH = 130, 160, 190 and 250 GeV, and for the three
backgrounds.
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Figure 16:(a) Optimized isolationΣpT threshold (no cut is applied formH > 300 GeV). (b) Optimized
upper threshold on the mass of the highest mass reconstructed Z (thr5). (c) Optimized lower thresholds
on the mass of the lowest mass reconstructed Z (thr6). (d) Optimized upper and lower thresholds on the
reconstructede+e−µ+µ− invariant mass (thr8 and thr9).
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7 Reconstructed Higgs Boson Mass Resolution
The invariant mass of the four reconstructed leptons, for events passing all cuts except for that
around the Higgs boson mass, is shown in Figure 17 for three values ofmH.
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Figure 17: Invariant mass of the four reconstructed leptons, after allcuts except for that around the
Higgs boson mass, formH = 140, 200 and 500 GeV.

The mass resolution achievable is estimated from the width of the distribution mrec

H

mTrue

H

and shown

in Figure 18 as a function ofmTrue
H . It can be seen that the Higgs boson mass is reconstructed

to within 1.2 and 1.35% of the generated value.
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Figure 18:Expected experimental resolution on the Higgs boson mass asa function of the true mass
value.
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8 Results
Tables 5 and 6 summarize the expected cross-sections after each online and offline selection
step, for Higgs boson masses of 140 GeV and 200 GeV, respectively. Values are shown for
signal and for each of the three background processes.

Figure 19 shows the cross-section times branching ratio times efficiency after each stage of the
online and offline event selection, for Higgs boson masses of120 GeV, 150 GeV, 200 GeV and
400 GeV, and for each of the three backgrounds (at assigned Higgs boson mass).

Tables 7 and 8 show the branching ratio to four leptons, the preselection efficiency and the
efficiency of each step in the online and offline selections, for Higgs boson masses of 140 GeV
and 200 GeV, respectively, and for each of the three backgrounds.

The offline selection efficiency for the signal after all selections is shown as a function ofmH

in Figure 20.

Signal tt Zbb ZZ⋆/γ⋆

Production cross-section (NLO) 33.6×103 840×103 555×103 28.9×103

σ·BR(4 lepton final state) 11.6 - - 367.5
Preselection:σ×BR×ǫ 3.29±0.04 743±2 390±1 37.0±0.4

Level-1 trigger 3.24±0.04 707±2 360±1 36.3±0.4
High Level trigger 2.91±0.03 282±1 237±1 32.5±0.4

e+e−µ+µ−reconstructed 2.23±0.03 130±1 141±1 24.1±0.3
Vertex and impact parameter cuts2.01±0.03 18.9±0.3 18.4±0.2 21.5±0.3

Isolation cuts 1.83±0.03 1.34±0.07 5.8±0.1 20.0±0.3
LeptonpT cuts 1.61±0.03 0.40±0.04 0.56±0.03 17.6±0.3

Z mass window cuts 1.35±0.02 0.20±0.03 0.23±0.02 13.8±0.3
Higgs boson mass window cuts 1.17±0.02 0.02±0.01 0.025±0.007 0.15±0.03

Expected events for
∫ L = 10 fb−1 11.7±0.2 0.2±0.1 0.25±0.07 1.5±0.3

Table 5:Summary of cross-sections after each online and offline selection step, formH=140 GeV, for
signal and backgrounds. All values are expressed in fb, except for the expected number of events. Errors
are statistical only.

Figure 21 shows the invariant mass of the four reconstructedleptons before and after the offline
selection, for signal events withmH = 140 GeV (left) andmH = 200 GeV (right), and for the
three background processes. It can be seen that for both low and high Higgs boson masses, the
signal is clearly distinguishable above the background, which is dominated by the irreducible
ZZ background.

Figure 22(a) shows the final cross-section times branching ratio times selection efficiency, for
signal and background, as a function of the Higgs boson mass.The signal to background ratio
is shown in Figure 22(b). The value of this ratio is between 1 and 7 formH > 120 GeV, and
between 1 and 3.5 formH ≥ 170 GeV. The number of expected events passing all selections
for 10 fb−1 of integrated luminosity is shown in Table 9 for several values of the Higgs boson
mass.
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Signal tt Zbb ZZ⋆/γ⋆

Production cross-section (NLO) 17.9×103 840×103 555×103 28.9×103

σ·BR(4 lepton final state) 23.8 - - 367.5
Preselection:σ×BR×ǫ 7.39±0.09 743±2 390±1 37.0±0.4

Level-1 trigger 7.36±0.09 707±2 360±1 36.3±0.4
High Level trigger 6.82±0.08 282±1 237±1 32.5±0.4

e+e−µ+µ−reconstructed 5.51±0.07 130±1 141±1 24.1±0.3
Vertex and impact parameter cuts5.03±0.07 18.9±0.3 18.4±0.2 21.5±0.3

Isolation cuts 4.92±0.07 5.1±0.1 12.3±0.2 21.3±0.3
LeptonpT cuts 4.78±0.07 1.93±0.09 1.78±0.06 18.7±0.3

Z mass window cuts 4.45±0.07 0.15±0.03 0.12±0.02 14.4±0.3
Higgs boson mass window cuts 3.64±0.06 0.006±0.005 0.006±0.003 1.61±0.09

Expected events for
∫ L = 10 fb−1 36.4±0.6 0.06±0.05 0.06±0.03 16.1±0.9

Table 6: Summary of cross-section after each online and offline selection step, formH=200 GeV, for
signal and backgrounds. All values are expressed in fb, except for the expected number of events. Errors
are statistical only.
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Figure 19:Production cross-section times branching ratio times efficiency after each stage of the online
and offline event selection, for Higgs boson masses of 120 GeV, 150 GeV, 200 GeV and 400 GeV, and
for each of the three backgrounds (at assigned Higgs mass).
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Signal tt Zbb ZZ⋆/γ⋆

BR(4 lepton final state) 0.035 - - 1.27
Preselection 27.2 - - 9.41

Level-1 trigger 98.5±0.1 95.1±0.1 92.3±0.1 97.9±0.2
High Level trigger 90±0.3 39.9±0.1 65.8±0.1 89.6±0.4

e+e−µ+µ−reconstructed 76.6±0.5 46.1±0.2 59.5±0.1 74.2±0.6
Vertex and impact parameter cuts90.1±0.4 14.5±0.2 13±0.1 89±0.5

Isolation cuts 91.2±0.4 7.11±0.40 31.6±0.5 92.9±0.4
LeptonpT cuts 87.8±0.5 29.8±2.7 9.57±0.57 88.2±0.5

Z mass window cuts 84.2±0.6 49.3±5.4 40.9±3.1 78.1±0.7
Higgs boson mass window cuts 86.5±0.6 11.6±4.9 10.9±3.0 1.11±0.2

Final efficiency w.r.t. HLT 40.2±0.6 0.0081±0.0036 0.010±0.003 0.469±0.086

Table 7:Branching ratio to four leptons, preselection efficiency and efficiency of each step in the online
and offline selections, for a Higgs boson mass of 140 GeV, and for backgrounds. All values are expressed
in %.

Signal tt Zbb ZZ⋆/γ⋆

BR(4 lepton final state) 0.13 - - 1.27
Preselection 29.6 - - 9.41

Level-1 trigger 99.5±0.1 95.1±0.1 92.3±0.1 97.9±0.2
High Level trigger 92.7±0.3 39.9±0.1 65.8±0.1 89.6±0.4

e+e−µ+µ−reconstructed 80.9±0.5 46.1±0.2 59.5±0.1 74.2±0.6
Vertex and impact parameter cuts91.3±0.4 14.5±0.2 13.0±0.1 89.0±0.5

Isolation cuts 97.8±0.2 26.8±0.7 66.9±0.5 99.2±0.1
LeptonpT cuts 97.2±0.2 38.2±1.5 14.5±0.5 88.0±0.5

Z mass window cuts 93.1±0.4 7.65±1.30 6.47±0.86 76.6±0.7
Higgs boson mass window cuts 81.8±0.6 4.19±3.53 5.03±2.99 11.2±0.6

Final efficiency w.r.t. HLT 53.4±0.6 0.0022±0.0019 0.0025±0.0015 4.95±0.27

Table 8:Branching ratio to four leptons, preselection efficiency and efficiency of each step in the online
and offline selections, for a Higgs boson mass of 200 GeV, and for backgrounds. All values are expressed
in %.

mH (GeV) 120 130 140 150 160 170 180 200 250 300 400 500
N signal for 10 fb−1 1.9 4.6 11.7 14.1 7.8 3.8 8.7 36.4 29.1 19.4 18.0 9.6
N back for 10 fb−1 1.5 0.6 2.0 2.1 2.0 2.9 4.0 16.2 13.6 4.1 3.7 2.6

Table 9: Expected number of events from signal and background processes after all selections for an
integrated luminosity of 10 fb−1.
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Figure 20:Offline selection efficiency after all selections for the signal, as a function ofmH.
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Figure 21: Invariant mass of the four reconstructed leptons before (top) and after (bottom) offline
selection, for signal events withmH = 140 GeV (left) andmH = 200 GeV (right), and for the three
background processes.
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Figure 22:(a) Cross-section times branching ratio times efficiency after all selections, and (b) signal to
background ratio after all selections, as a function of the Higgs boson mass.

8.1 Statistical Significance

The statistical significance of an excess of observed events, Nobs, with respect to the number
of events expected from background processes,µB, is calculated using the estimatorScP . The
number of sigmas of a Gaussian distribution equivalent to the Poisson probability of observing
equal to or greater thanNobs events, givenµB expected events, is calculated:

1√
2π

∫

∞

ScP

e−
x
2

2 dx =
∞
∑

i=Nobs

(µB)ie−µB

i!
(2)

TheScP estimator can be used to calculate the significance taking into account experimental
and theoretical systematic uncertainties.

Figure 23 shows theScP significance after all selection cuts for integrated luminosities of
10 fb−1 and 30 fb−1, with and without taking into account the systematic error on the back-
ground estimation. The systematic error on the background will be discussed in Section 9.
Figure 24 shows the integrated luminosity required to obtain a significance of 5σ using the
H → ZZ(⋆) → 2e2µ channel, with and without the systematic error on the background. It can
be seen that a significance of 5σ can be achieved with less than 30 fb−1 of integrated luminosity
for a Higgs boson with mass in the range130 ≤ mH ≤ 500 GeV, excluding a gap of about
15 GeV close tomH = 170 GeV, for which close to 100 fb−1 are required. If the Higgs boson
mass lies in the range190 ≤ mH ≤ 400 GeV, 5σ significance can be attained with less than
8 fb−1 of integrated luminosity.

The high significance atmH=150 GeV is due to a combination of high signal cross-section
times branching ratio and low background. The low significance atmH=170 GeV is due to
the suppression of theH → ZZ(⋆) branching ratio at theH → WW turn on. Although the
background is large atmH=200 GeV, the significance is high due to the strong enhancement
of theH → ZZ(⋆) branching ratio formH > 2mZ. The drop in significance atmH=250 GeV
results from the reduced signal cross-section whilst the ZZ⋆/γ⋆ background remains high. The
secondary peak atmH=350 GeV corresponds to the maximum of theH → ZZ(⋆) branching
ratio beyond whichH → tt is kinematically allowed and corresponds to the shoulder seen
at this value in Figure 4. The shoulder seen atmH=550 GeV is due to a reduced signal to
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background ratio at this mass due to the large width of the signal peak in a region where the
ZZ⋆/γ⋆ background is still significant.

Table 10 shows the expected number of events from signal and background processes after all
selections, for an integrated luminosity corresponding to5σ significance.

mH (GeV) 120 130 140 150 160 170
N signal at

∫ L for 5σ 28.0±0.7 8.9±0.2 10.7±0.2 10.0±0.2 13.4±0.2 27.5±0.5
N back at

∫

L for 5σ 21.4±3.6 1.1±0.3 1.8±0.3 1.5±0.2 3.5±0.5 20.7±2.6

mH (GeV) 180 200 250 300 400 500
N signal at

∫

L for 5σ 19.6±0.3 21.2±0.4 21.7±0.4 13.1±0.3 14.6±0.3 17.8±0.3
N back at

∫

L for 5σ 9.1±1.0 9.4±0.5 10.1±0.6 2.8±0.3 3.0±0.4 5.3±0.7

Table 10:Expected number of events from signal and background processes after all selections for an
integrated luminosity corresponding to 5σ significance, using the H→ ZZ(⋆) → 2e2µ channel.

9 Evaluation of Background from Data
Since the production cross-section for the irreducible ZZ⋆/γ⋆ background is not known with
high accuracy, it is proposed to measure the size of the background directly from the data, using
the sidebands in the reconstructed four-lepton invariant mass distribution. Figure 25 shows the
number of expected events from simulated signal and background for an integrated luminosity
corresponding to a 5σ discovery significance, for Higgs boson masses of 140 and 200GeV.
The integrated luminosities corresponding to 5σ discovery significance formH =140 GeV and
mH =200 GeV are 9.2 and 5.8fb−1, respectively (Figure 24). Superimposed on Figure 25 is a
toy Monte Carlo simulation of what the LHC data might look like: The total number of events in
the toy Monte Carlo is generated randomly from a Poisson distribution with mean equal to the
total number of expected events from all processes (signal plus background). For each event,
the four lepton invariant mass is generated randomly according to the histogram formed from
the sum of the expected distributions for signal and all backgrounds.
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Figure 25:Number of expected events for signal and background for an integrated luminosity corre-
sponding to a discovery significance of 5σ, for Higgs boson masses of 140 and 200 GeV. A toy Monte
Carlo based on the histograms is superimposed to simulate LHC data.

Measurement of the background from sidebands requires thatthe position of the signal peak is
well defined, and it is clear in Figure 25 that this is the case at luminosities corresponding to the
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discovery significance. It can also be seen that the number ofevents outside the Higgs boson
mass window cuts (signal region) which will be used to measure the size of the background is
of order several tens of events.

The number of background events measured from the data within the signal region,N IN
Data, is

calculated as:

N IN
Data = αMCN

OUT
Data , where αMC =

N IN
MC

NOUT
MC

(3)

NOUT
Data is the number of observed events lying outside the signal region andαMC is the ratio of

the number of background events inside the signal region (N IN
MC) to outside the signal region

(NOUT
MC ), as determined from the background simulated events.

The error on the number of background events in the signal region measured using this method is

given by∆B = ∆Bstat⊕∆BTheory, where∆Bstat = αMC

√

NOUT
Data is the dominant contribution

to the total uncertainty. The relative statistical error onthe background,∆Bstat

Bstat
, can be written

as(NOUT
Data )

−
1

2 and it is shown as a function ofmH in Figure 26, for an integrated luminosity
corresponding to 5σ significance. The value is generally small formH < 2mZ due to the
large amount of data in the side bands relative to within the signal region1), as seen in the left
hand plot in Figure 25. The structure seen at lowmH is due to the variation in the luminosity
corresponding to 5σ significance as a function ofmH seen in Figure 24. For largemH, the
sidebands are suppressed by the hard cuts on the leptonpT (Figure 15)2). The fluctuations for
mH > 400 GeV are a result of limited Monte Carlo statistics in the sidebands.
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Figure 26: Error on measurement from data of the number of background events within the signal
region, as a percentage of the expected number of backgroundevents within the signal region.

1) The sidebands are not suppressed due to the lack of any upper cut applied to the off-shell Z boson
(see Section 6.3).

2) It should be possible to increase the amount of data in the sidebands at highmH with little impact on
the significance by loosening the leptonpT cuts.
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∆BTheory is the theoretical uncertainty on the shape of them4ℓ distribution for the ZZ⋆/γ⋆

background. The value is taken from [11], which takes into account PDF and QCD scale uncer-
tainties in the ZZ⋆/γ⋆ production cross-section at NLO, and varies between 0.5% and 4.5% for
the range of Higgs boson masses considered, with the minimumvalue atmH=250 GeV.

10 Measurement of the properties of the Higgs Boson
The H→ ZZ(⋆) → 4ℓ channel can be used to evaluate the mass, width and production cross-
section of the Higgs boson.

10.1 Mass Measurement

The mass of the Higgs boson can be evaluated by fitting a Gaussian to the mass peak discussed
in Section 7. In the high statistics limit represented by thesimulated signal, the ratio of the mass
obtained from a Gaussian fit to the reconstructedm4ℓ distribution, to the true mass, is found to
be 1 to within±0.3% for allmH (Figure 27).
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Figure 27:Ratio of the mass obtained from a Gaussian fit to the reconstructedm4ℓ distribution, to the
true mass, as a function ofmH, in high statistics limit represented by the simulated signal.

Figure 28 shows the statistical error on the Higgs boson massmeasurement, given by∆mstat
H =

σGauss/
√
NS, whereσGauss is the width of the gaussian fit to the peak from the simulated signal

andNS is the expected number of signal events passing all selections, for integrated luminosities
of 10 and 30 fb−1, and for the integrated luminosity corresponding to 5σ significance, as a
function of the true Higgs boson mass.

10.2 Width Measurement

Figure 29 shows the measured width of the Higgs boson mass peak, obtained from a Gaus-
sian fit to the reconstructede+e−µ+µ− invariant mass peak from the simulated signal, as a
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Figure 28:Statistical error on the Higgs boson mass measurement for integrated luminosities of 10 and
30 fb−1, and for the integrated luminosity corresponding to 5σ significance, as a function ofmH.

function of mH. The true width from theoryΓH is also shown. The measured width is the
sum in quadrature of the natural width and the contribution to the width from the experimental
measurement, arising from inaccuracies in the reconstruction of the lepton momenta. It can
be seen that formH less than around 200 GeV, the measured width is completely dominated
by the experimental width. The statistical uncertainty on the width measurement, given by
(∆Γrec)stat = σGauss/

√
2NS, whereσGauss is the width of Gaussian fit to the peak andNS

is the expected number of signal events passing all selections; Figure 30 shows the relative
statistical uncertainty,(∆Γrec)stat

Γtrue , as a function ofmH. The uncertainty is shown separately for
integrated luminosities of 10 and 30 fb−1, and for the integrated luminosity corresponding to 5σ
significance, as a function ofmH. The direct measurement of the Higgs boson width is possible
with (∆Γrec)stat

Γtrue < 30% for mH ≥200 GeV.

10.3 Production Cross-Section Measurement

The Higgs boson production cross-section can be determinedfrom the number of observed
eventsNobs after all selections, given the efficiencyǫ of the event selection and the integrated
luminosityL: σ = Nobs/Lǫ.
The total uncertainty on the cross-section measurement is given by:

∆σ2 = ∆σ2
stat + ∆σ2

syst + ∆L2 + ∆B2

where∆σstat, ∆σsyst, ∆L and∆B are the statistical error, the systematic uncertainty from the
event selection, the uncertainty on the luminosity measurement and the background systematic
uncertainty, respectively.

The statistical uncertainty∆σstat =
√

Nexp, whereNexp is the expected number of events
(signal plus background) passing all selections, is shown as a fraction of the expected number
of signal events, in Figure 31 for integrated luminosities of 10 and 30 fb−1, and for the integrated
luminosity corresponding to 5σ significance, as a function ofmH.
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Figure 29:Measured width of the Higgs boson mass peak, obtained from a Gaussian fit to the peak, as
a function of the true Higgs boson mass. The true width from theory is also shown.
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Figure 30:Statistical error on the Higgs boson width measurement for integrated luminosities of 10 and
30 fb−1, and for the integrated luminosity corresponding to 5σ significance, as a function ofmH.
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Figure 31:Statistical uncertainty on the Higgs boson production cross-section for integrated luminosi-
ties of 10 and 30 fb−1, and for the integrated luminosity corresponding to 5σ significance, as a function
of mH.

The total systematic error arising from the offline reconstruction and event selection can be
summarized as:

∆σ2
syst = 2∆ǫ2e + 2∆ǫ2µ + ∆ǫ2iso

where∆ǫe is the uncertainty in the reconstruction efficiency for electrons, estimated to be
around 1% per electron [17],∆ǫµ is the uncertainty in the muon reconstruction efficiency, which
has been shown to be measurable to be better than 1% per muon [11], and∆ǫiso is the uncer-
tainty in the efficiency of the isolation cut, estimated in the H→ ZZ(⋆) → 4µ analysis [11] to
be around 2% per event. This gives a total∆σsyst =3%.

The uncertainty on the measurement of the LHC luminosity∆L is expected to be around 3%.
The uncertainty on the background,∆B, was discussed in Section 9 and was shown as a function
of mH in Figure 25.

11 Summary
The Standard Model Higgs boson with mass in the range130 ≤ mH ≤ 500 GeV is observable
at CMS with greater than 5σ significance through the channel H→ ZZ(⋆) → 2e2µ alone with
less than 30 fb−1 of integrated luminosity. For a small mass range close tomH = 170 GeV,
where the branching ratio to ZZ⋆ is suppressed, about 100 fb−1 are required. If the Higgs bo-
son mass lies in the range190 ≤ mH ≤ 400 GeV, 5σ significance can be attained through
this channel with less than 9 fb−1 of integrated luminosity. When the H→ ZZ(⋆) → 2e2µ
channel will be combined with the H→ ZZ(⋆) → 4e and H→ ZZ(⋆) → 4µ channels, the in-
tegrated luminosity required for discovery will be significantly reduced. FormH < 130 GeV
and160 ≤ mH ≤ 180 GeV, the H→ ZZ(⋆) → 4ℓ result will be combined with the H→ γγ and
H → W+W−→ 2ℓ2ν channels, respectively, which are more sensitive channelsin these mass
ranges.
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The signal to background ratio for the H→ ZZ(⋆) → 2e2µ channel is between 1 and 7 for
mH > 120 GeV, and between 1 and 3.5 formH ≥ 170 GeV.

Direct measurement of the mass of the Higgs boson can be performed with the integrated lumi-
nosity corresponding to 5σ significance with statistical error smaller than 0.4% formH < 300 GeV,
and smaller than 1.2% for allmH values. Direct measurement of the Higgs boson width is pos-
sible formH >200 GeV.
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A Correction for Effect of Forcing Leptonic Tau Decay
The forcing of taus to decay to electrons or muons has the consequence that events in which one
or both Zs decay to taus are over-represented in the generated event samples because their sup-
pression due to theτ → e/µ branching ratio is absent. To account for this in the determination
of selection efficiencies, events are counted separately ineach of the three cases:

1. Z1 → ℓℓ, Z2 → ℓℓ (ℓ = e orµ)

2. Z1 → ℓℓ, Z2 → ττ

3. Z1 → ττ , Z2 → ττ

The production cross-section times branching ratio to fourleptons times preselection efficiency
is given by:

σ · BR · ǫ = σ(pp → H) · BR(H → ZZ) · [BR1 · ǫ1 + BR2 · ǫ2 + BR3 · ǫ3]

where BRi is the branching ratio for each case, including BR(τ → e/µ), and

ǫi =
N i

preselected

N i
generated

=
N i

preselected

wi ·N total
generated

wherewi is the fraction of generated events corresponding to each case:

• w1 = (2/3)2 = 4/9

• w2 = 2(2/3)(1/3) = 4/9

• w3 = (1/3)2 = 1/9

These weights are propagated through all stages of the analysis. The above applies to signal
samples and the ZZ⋆/γ⋆ background. Thett background, for which taus from the decay of the
Ws are forced to decay leptonically, is treated similarly. No forcing of Z to leptons or tau to
leptons was applied in theZbb background samples.
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