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Abstract

The decay of the Standard Model Higgs boson td*ZZAvith both Zs decaying
to leptons is one of the most important potential discovéignnels for the Higgs
boson at the LHC. The four lepton state with the highest brengcratio is the
two-electron two-muon final state. This note presents theadiery potential of the
Higgs boson using this channel at CMS for Higgs boson massesebn 115 and
600 GeV. It is found that a Higgs boson with mass in the range@8V< my <
500 GeV, excluding a narrow region closeitg; = 170 GeV is expected to be
observable at CMS with a significance exceedingviith 30 fb! of integrated
luminosity.
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1 Introduction

The mass of the Higgs bosomy) is the only unknown parameter in the Higgs sector of the
Standard Model (SM). Direct searches at LEP yield lower lbguof my > 114.4 GeV at
the 95% confidence level [2]. In addition, fits to electrowga&cision measurements from
LEP, SLC and Tevatron lead indirectly to an upper bounthgf < 207 GeV [1] at the 95%
confidence level.

The dominant production mechanisms for the SM Higgs bostredtHC, over the entire mass
range, are gluon fusion ggH and vector boson fusiorfg—qqH as illustrated in Figure 1. The
dominant branching fractions for the decay of the Higgs bhase shown in Figure 2. It can be
seen that foiny > 130GeV, the decay is almost entirely through the HW*W~and H—
ZZ™ channels.
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Figure 2:Branching fractions for the SM Higgs boson as a functiomef calculated using the HDE-
CAY program [3]

The H— ZZ™® — 4¢ channel yields a very clean signature with relatively srbattkgrounds
and is therefore an important potential discovery charoreéhie Higgs boson for a large range of
masses. The channel is also important for the measuremdre afass and width of the Higgs
boson. Foiny between 130 GeV and 500 GeV, this channel has the highestiggnsor the
discovery of the Higgs boson at CMS, except in the range 130<Geay <190 GeV, where the
H — WTW~— 2/2v channel is more sensitive, due to the branching ratie BV ~W~ being
enhanced while the H- ZZ™ branching ratio is suppressed (see Figure 2). kg@r <130
GeV, the H— ~~ channel should yield the highest sensitivity, though thekgeounds are
much larger than for H» ZZ®*) — 4¢.



This note presents the discovery potential of the Higgs has&€MS for the2e2, final state in
H — zz™ — 4¢. This channel is important since although electron dedactificiencies are
lower than for muons, the branching ratio is twice thatinafhd 4e final states.

2 Event Generation

All simulated event samples used in the analysis were gtetsing the PYTHIA 6.152 [4]
event generator, except for tldb (eTe~bb and 1 ~bb) background samples which were
generated with CompHEP 4.2 [5].

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

The Z bosons in the signal and in the *ZZ*background, and the W bosons in ttieback-
ground, were forced to decay to electrons, muons or tausjratite case of decay to taus,
the taus were forced to decay to electrons or muons. Thenfprai taus to decay to elec-
trons or muons has the consequence that events in which obetloriZs decay to taus are
over-represented in the generated event samples becairssupression due to the— e/u
branching ratio is absent. This is taken into account in tiadyeis as described in Appendix A.

For all simulated samples, a preselection is applied atrgémelevel with the following re-
guirements:

1. Final state containste ™ pu;
2. pr(e) > 5 GeV andn(e)| < 2.7 for both electrons;

3. pr(pn) >3 GeV andn(u)| < 2.4 for both muons.

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

2.1 Higgs Boson Signal

The H— ZZ™® — 224 signal samples were generated with PYTHIA, including Lagddrder
gluon and vector boson fusion processes. Samples of 10@d@sevach were generated for 18
values ofmy ranging from 115 GeV to 200 GeV in 10 GeV steps, and from 200 GeV
600 GeV in 50 GeV steps.

The SM Higgs boson production cross-section calculatedeat b Leading Order using the
HIGLU program [9], including production through gluon fasi and vector boson fusion, is
shown as a function of the Higgs boson mass in Figure 3(a).bféreching ratio of the Higgs
boson to a final state containing four leptons (both e:prcalculated using the HDECAY
program [3] is shown as a function of the Higgs boson massgurei 3(b). This branching
ratio includes decays of thé*Z to 77~ with both taus decaying to e @r.

The cross-section times branching ratio and the crosseseaines branching ratio times pres-
election efficiency, are shown as a function of the Higgs hasass in Figure 4.
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Figure 3:(a) Next to Leading Order production cross-section for tte&ard Model Higgs boson, and
(b) Branching ratio of the Standard Model Higgs boson to d tae containing four leptons (both e or
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efficiency for H— ZZ™) — 2e24.



2.2 Background Processes

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

1. qq/gg — tt — WHFW~-bb — ete T p~X: 312000 events generated with PYTHIA. No
restrictions on b decays were applied.

2. qq/gg — Zbb — ete~ptu~X: Generated with CompHEP, withy,| < 2.5. No restric-
tions on b decays were applied. Events were generated selpdoa:
(a) qq/gg — ete bb — ete~pt X (188000 events)
(b) qq/gg — T bb — eteut X (63000 events)

3. qq — ZZ*/y* — ete” pt 1 10000 events generated with PYTHIA, with, . > 5 GeV.
t-channelkq fusion only (gg fusion and-channekq fusion not available in PYTHIA).

The potential background contribution frofiec — e*e™ ™~ X was also investigated using
fully simulated events and was shown to be negligible.

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

Process oLo (pb) K-factor onLo (Pb) | oxLo-BRe (fb)
tt — WHW-bb — efe put X - - 840 743
efe bb — ete =X 115 2.4 276 262
ut b — et pt X 116 2.4 279 128
7% /v — eTe putu~ 18.7 | Knro(mae) +0.2 28.9 37.0

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

For thett background, the NLO production cross-section is taken fibd). For theete~bb

and .t ~bb processes the LO cross-sections are those calculated bpHBR) and the K-
factor has been calculated [11] using MCFM. In the remairadethis note, theeTe~bb and

ut i~ bb processes are considered together and are referre&tshas

For the ZZ /~* background, in order to account for contributions from allNdiagrams and
from the NNLO gluon fusion (gg~ ZZ*/~*), all events are re-weighted at analysis level with
anmy, dependent K-factoK (m4,) = Kyro(mae) + 0.2. The NLO K-factorK yo(ma,) was
calculated [11][12] with MCFM and is shown in Figure 5. The NN gluon fusion process
has been shown using the TOPREX generator to contributeoxippaitely 20% with respect
to leading order. The NLO cross section shown in Table 1 useswterage value of 1.35 for

Knro(mag).

3 Detector Simulation and Event Reconstruction

The generated Monte Carlo events for each dataset wereggemt¢hrough a full simulation
of the CMS detector using CMSIM (CMS Simulation) [7]. Thissva turn followed by dig-
itization and inclusion of simulated pileup at low luminys{2 x 103*cm~2s~!) and finally
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Figure 5: Themy, dependent K-factoK n 1o (my) for the ZZ* /v* process, evaluated [11][12] using
MCFM.

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

4 Online Selection

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

The efficiencies of the Level-1 and High Level Triggers arevam for the signal as a function
of my in Figure 6. The HLT efficiency is shown for events which haesged the Level-1
trigger. The corresponding trigger efficiencies for backgrd processes are shown in Table 2.
The trigger tables used are those described in Volume 1 a8 Physics TDR [16].

tt Zbb 27 |~*
Level-1 Trigger efficiency (%) 95.14+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 loé three background processes.
Statistical errors are shown.

5 Offline Reconstruction

Offline reconstruction of electrons and muons is performgdgistandard ORCA algorithms.
The most recent developments in electron reconstructisoribed in [13] are applied here,
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Figure 6:Efficiency of the Level-1 (a) and High Level Triggers (b) fbetHiggs boson signal.

which allows electron tracks to be reconstructeds righttouhe electromagnetic calorime-
ter (ECAL), optimal combination of information from the ECAluster and the track, and
optimized cuts for ECAL and track seeding. The new cuts tésuk substantial increase in
reconstruction efficiency for low electrons.

The first step in the offline event selection is to require that leptons of type*te u*u~ are
reconstructed. The efficiency for reconstructing "~ offline for events selected by the
High Level Trigger is shown for the signal as a functiomaf in Figure 7. The efficiency for
reconstructingte™ 1~ offline for background processes are shown in Table 3.
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Figure 7:Efficiency for reconstructing®e™ .+ 1~ offline for the Higgs boson signal.

tt Zbb Z7* /v
ete”utu~ reconstruction efficiency (%)) 46.1+0.2 | 59.5+0.1 | 74.2+0.6

Table 3: Efficiency for reconstructing*e™ "1~ offline for each of the three background processes.
Statistical errors are shown.



5.1 Electron Identification

The number of candidate reconstructed electrons is grimteitwo for a significant fraction of
events due to fakes, arising for example, dueta® overlap orr® conversions from the un-
derlying event. A likelihood approach has been found to jgi®gtrong discrimination between
real and fake candidates.

The likelihood combines information from the following vevles:

Difference in pseudorapidity between the track and thAIE€uper-cluster;

Ratio of ECAL energy to track momentum,;

1.

2.

3. Ratio of HCAL energy to ECAL energy;

4. Ratio of 3x3 to 5x5 crystal energy sums in the ECAL cluster;
5.

Shower spread in the longitudinal direction, given bydbeariance matrix element for a
5x 5 array of ECAL crystalss,,, = Y 5.5[(1i — Nmaz)2Ei/ Esxs], Wheren; andE; are the
pseudorapidity and energy of thi& crystal andy,,.. is the pseudorapidity of the largest
energy crystal.

The likelihood of a candidate reconstructed electron bewmagsistent with hypothesig (real
electron or fake electron), given set of value®r the discriminating variables is given by:

5
L(x;v) = H Pi(xi;1)

i=1
whereP;(x;; v) is the probability density function for variablénaving valuer;, given hypoth-
esisy. The PDFs are constructed in the form of reference histogrdimmose for real electrons
were constructed using electrons matched to generatdrdé&arons in Higgs boson signal
events; those for fakes were constructed using jet backgronte Carlo samples covering a
broad spectrum of jeir (pr >25GeV). All reference histograms were constructed segigrat
for barrel and endcaps.

The likelihood ratio used to discriminate between real ake felectrons is then given by:

L(x; electron)

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

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

5.2 \ertex Fit

The primary vertex is reconstructed by performing a fit tottlaeks of the four reconstructed
leptons using the Kalman filter formalism [14]. The leptoacks are then refitted using the
reconstructed vertex position as an additional point, deoto 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 diswitiof the reconstructed
invariant masses of the'e™ andu ™.~ pairs, together with the distribution of the ratio of the
measured to the true invariant mass for each case. Figurev@sghe reconstructed invariant
mass of the,™ .~ pair plotted against that of the e~ pair, also formy = 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 thee (a) andu™ 1~ (b) pairs; ratio of measured to true

invariant mass for the'ee~ (¢) andu™ .~ (d) pairs, formy = 130 GeV.
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5.4 Recovery of Internal Bremsstrahlung

Internal or inner bremsstrahlung refers to the final stat® @itliation of a photon at the primary
vertex from one of the final state leptons. At least one suaktgrhis present in 40-45% of
H — ZZ™ — 2¢2 events (depending omy), and in 10% to 30% asiy increases, there is
at least one such photon with >5 GeV. It was shown using generator level information that
around two thirds of internal bremsstrahlung photons iH.Z*) — 2e2. events are emitted
by an electron and one third emitted by a muon.

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

internal bremsstrahlung photons

——————— other photons from primary vertex

10?

10

ot by b b b b b b s by

01 02 03 04 05 06 07 08 09 1
AR between photon and nearest lepton (radians)

o

Figure 10:Angular separationA R = /An? + A¢?, between generated internal bremsstrahlung pho-
tons withpr > 5 GeV and their parent lepton (solid line), and between othetgns from the primary
vertex withpy > 5 GeV and their nearest lepton (dashed line).

For each event, if one or more reconstructed photons aralfaithin a cone of sizeAR =
VA2 + A¢? < 0.3 radians around any of the four reconstructed leptons, tieereconstructed
photon with the smallegk R is considered to be a reconstructed internal bremsstrgiplooton.
The four-momentum of this photon is added to that of the spwading reconstructed Z boson
prior to the Z mass window cuts described in Section 6.3.

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

6 Offline Event Selection

The two largest backgrounds after the HET andZbb, are reducible, since unlike the Higgs
boson signal, two of the leptons are associated with b-jatstlaerefore they are not isolated,
and they have large impact parameter. These two featurdseaased to powerfully reject these
processes. The ZZ background is in contrast irreducibleubis smeans.
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6.1 Vertex and Impact Parameter

An in depth study of how best to use information concerninggatibility of the lepton tracks,
prior to the the four-lepton vertex fit, with originating frothe primary event vertex has been
performed. A number of possible discriminating quantitaese investigated. The following

three variables were chosen because they were found todetylamcorrelated and have high
background rejection for 95% signal efficiency:

1. Transverse distance from the vertex fitted to iHe~ tracks to the nominal beam line

(z=0,y=0): required to be less than 0.011 cm.

2. Three dimensional distance between the vertex fitteda@th.~ tracks and the vertex
fitted to thee™e™ tracks: required to be less than 0.06 cm.

3. Transverse impact parameter significance of the lepttntihve highest transverse impact

parameter significance: required to be less than 7.

The distributions of the above three variables are showrmafoexample signal and for the
andZbb backgrounds in Figure 11.
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Table 4 shows the combined efficiency of these cuts for theasignd for thett and Zbb
backgrounds. The signal selection efficiency is largelgpe&hdent ofny: 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 discriminatingrdities for signal and for the
andZbb background processes. Statistical errors are shown fdrattleground processes.

6.2 Isolation

The analysis currently considers isolation in the Trackdy.oA cut is applied on the sum of
the pr of reconstructed tracks withr > 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 corfesze AR < 0.25 around
each of the four leptons. Defining the isolation region assiin@ of the cones around
each lepton prevents double counting of tracks where corertap.

2. The track lies outside veto cones of sixB > 0.015 around each lepton.

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

The Xpr distribution of tracks selected as described above, is sBHowan example signal
(my=190 GeV) and for thet andZbb backgrounds in Figure 12.

6.3 Kinematic Cuts

Cuts are applied on the following kinematic quantities:

1. Leptonpr cuts:

(@) pr > thrl
(b) p3 > thr2
(c) p3 > thr3
(d) pt > thrd
wherep}. to p}. are the transverse momenta of the four reconstructed Igtoorder of

decreasing. Figure 13 shows the leptgn- distributions before offline selections, for
four example signal masses, and for the three backgrounds.

12



T

Events / bin / fb™
=
1

all cut
10 - —_Higgs (mH:190 GeV)
B ot
102? zbb
il lleMHHHHHHHHH gl 1

20 . 30 40 50 60
ZpT within AR<0.25 around any lepton (GeV)

Figure 12: Sum of thepr of reconstructed tracks with;y >0.9 GeV and at least five hits, within
the region defined by the sum of cones of sixR<0.25 around each of the four leptons, excluding a
veto cone of sizé\AR>0.015 around each lepton, and consistent with originatiog the reconstructed
primary vertex to withinAz <0.1cm, formy=190 GeV, fortt andZbb.

2. Lepton pair invariant mass cuts. In the following}, andm? are the invariant masses of
theete™ andu™* i~ pairs, wheren}, is defined to be greater tham,:
(@) mk < thrb
(b) m% > thr6

Neither a lower cut om:}, nor an upper cut om? is applied, since it has been directly
shown that such cuts do not give any additional backgroujedtien when used in com-
bination with the other kinematic cuts. Figure 14 shows fis&rihutions ofm}, andm?
before offline selections, for four example signal massad far the three backgrounds.

3. Four lepton invariant mass cuts:
(@) thr7 < myg < thr8

wheremy is the invariant mass of the four reconstructed leptons.

The eight thresholds listed above plus the thresholdgpn for tracker isolation defined in
Section 6.2 are optimized simultaneously using MINUIT [I&]ch that the log-likelihood ratio

Ns+Np
S =1/2InQ, where Q= <1 + %) e Vs (2)
B

is maximized. The optimization is performed separatelyefach Higgs boson mass.

The optimized values for all kinematics cuts are shown asation of my in Figures 15 and
16.
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Figure 14: Invariant mass distributions for the reconstructed legtair (e*e~ or u™ ™) with the

highest (left) and lowest (right) invariant mass, faf; = 130, 160, 190 and 250 GeV, and for the three
backgrounds.
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7 Reconstructed Higgs Boson Mass Resolution

The invariant mass of the four reconstructed leptons, fents/passing all cuts except for that
around the Higgs boson mass, is shown in Figure 17 for threesafmy.
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Figure 17: Invariant mass of the four reconstructed leptons, aftecials except for that around the
Higgs boson mass, fany = 140, 200 and 500 GeV.

The mass resolution achievable is estimated from the w'rﬂmreodistribution% and shown
H

in Figure 18 as a function afi;’®°. 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 maasfasction of the true mass
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8 Results

Tables 5 and 6 summarize the expected cross-sections aftieromline and offline selection
step, for Higgs boson masses of 140 GeV and 200 GeV, resplctivValues are shown for
signal and for each of the three background processes.

Figure 19 shows the cross-section times branching ratiesiefficiency after each stage of the
online and offline event selection, for Higgs boson massé&20fGeV, 150 GeV, 200 GeV and
400 GeV, and for each of the three backgrounds (at assigrggshioson mass).

Tables 7 and 8 show the branching ratio to four leptons, tlesgbection efficiency and the
efficiency of each step in the online and offline selectioosHiggs boson masses of 140 GeV
and 200 GeV, respectively, and for each of the three backgisu

The offline selection efficiency for the signal after all stiens is shown as a function afy
in Figure 20.

Signal tt Zbb 77 [~
Production cross-section (NLO) 33.6x10° | 840x10° 555x 103 28.9x10°
c-BR(4 lepton final state) 11.6 - - 367.5
Preselections xBRx e 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
ete” 't reconstructed 2.23+0.03| 130+1 14141 24.14+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
Leptonp 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 cutg 1.17+0.02| 0.02+0.01| 0.025+0.007| 0.15+0.03
Expected events fof £ = 10 fb™' | 11.740.2 | 0.24+0.1 0.25+0.07 1.5+0.3

Table 5: Summary of cross-sections after each online and offlinesetestep, formy=140 GeV, for
signal and backgrounds. All values are expressed in fb péXoethe expected number of events. Errors
are statistical only.

Figure 21 shows the invariant mass of the four reconstrdefgdns before and after the offline
selection, for signal events withy; = 140 GeV (left) andny = 200 GeV (right), and for the
three background processes. It can be seen that for bothnidwigh Higgs boson masses, the
signal is clearly distinguishable above the backgroundclvis dominated by the irreducible
ZZ background.

Figure 22(a) shows the final cross-section times branctitig times selection efficiency, for
signal and background, as a function of the Higgs boson nTdsssignal to background ratio

is shown in Figure 22(b). The value of this ratio is betweemd & formy > 120 GeV, and
between 1 and 3.5 fanhy > 170 GeV. The number of expected events passing all selsction
for 10 fb~! of integrated luminosity is shown in Table 9 for several eslof the Higgs boson
mass.
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Signal tt Zbb ZZ* v
Production cross-section (NLO) 17.9x10° 840x10° 555x 103 28.9x10°
o-BR(4 lepton final state) 23.8 - - 367.5
Preselections xBRxe 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
ete T~ 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 5.14+0.1 12.3+0.2 21.3+0.3
Leptonps 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 cutg 3.64+0.06 | 0.006+0.005| 0.006+0.003| 1.61+0.09
Expected events fof £ = 10 fb~' | 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 setestep, formy=200 GeV, for

signal and backgrounds. All values are expressed in fb pgXoethe expected number of events. Errors

are statistical only.
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Signal tt Zbb 7% [~*
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
eTe” T~ reconstructed 76.6+0.5 46.14+0.2 59.5+0.1 74.2+0.6
Vertex and impact parameter cyt90.1+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
Leptonp, cuts 87.8£0.5 29.8+2.7 9.5H40.57 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 | 0.00810.0036| 0.01G+0.003| 0.469+-0.086

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

in %.

Signal tt Zbb ZZ* |~

BR(4 lepton final state) 0.13 - - 1.27

Preselection 29.6 - - 9.41
Level-1 trigger 99.5+0.1 95.140.1 92.3t0.1 97.9+0.2
High Level trigger 92.7+0.3 39.9+0.1 65.8+0.1 89.6+0.4
ete” T p~reconstructed 80.9+0.5 46.1+0.2 59.5+0.1 74.2+0.6
Vertex and impact parameter cyt91.3+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
Leptonpr 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 afficiency of each step in the online
and offline selections, for a Higgs boson mass of 200 GeV, anosickgrounds. All values are expressed

in %.

my (GeV) 120 130

140

150 160 170 180 200

250 300 400

b00

Nsignalfor10fb! | 1.9 4.6

11.7 141 7.8 3.8

N back for10fb! | 1.5 06 2.0 2.1

20 29

87 364 291 194 180 9.6
40 16.2 136 41 37 26

Table 9: Expected number of events from signal and background psesesfter all selections for an

integrated luminosity of 10 fb'.
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Figure 22:(a) Cross-section times branching ratio times efficientgrail selections, and (b) signal to
background ratio after all selections, as a function of tiggkl boson mass.

8.1 Statistical Significance

The statistical significance of an excess of observed evéfts, with respect to the number
of events expected from background procesggsis calculated using the estimat8t,. The
number of sigmas of a Gaussian distribution equivalentédisson probability of observing
equal to or greater thalN,,, events, giveng expected events, is calculated:

Lo a2 & (up)lee
_ dr = § AU — 2
\ 27 \/A;CP c o 1=Nyps Z' ( )

The S.p estimator can be used to calculate the significance takitogaiccount experimental
and theoretical systematic uncertainties.

Figure 23 shows thé&,.p significance after all selection cuts for integrated lursities of
10 fb~! and 30 fo'!, with and without taking into account the systematic ermortioe back-
ground estimation. The systematic error on the backgrouiidow/ discussed in Section 9.
Figure 24 shows the integrated luminosity required to ebgasignificance of & using the

H — ZZ® — 2e2u channel, with and without the systematic error on the bamkga. It can
be seen that a significance af 6an be achieved with less than 30 fiof integrated luminosity
for a Higgs boson with mass in the rant®) < my < 500 GeV, excluding a gap of about
15 GeV close tany = 170 GeV, for which close to 100 ftb are required. If the Higgs boson
mass lies in the rang90 < my < 400 GeV, S significance can be attained with less than
8 fb~! of integrated luminosity.

The high significance aihy=150 GeV is due to a combination of high signal cross-section
times branching ratio and low background. The low signifteaatmy=170 GeV is due to
the suppression of th# — ZZ® branching ratio at thé/ — W W turn on. Although the
background is large ah=200 GeV, the significance is high due to the strong enhangeme
of the H — ZZ™ branching ratio fomy > 2my. The drop in significance at;=250 GeV
results from the reduced signal cross-section whilst the/ZZbackground remains high. The
secondary peak ah;=350 GeV corresponds to the maximum of tHe— ZZ® branching
ratio beyond whichH — ¢t is kinematically allowed and corresponds to the shouldense
at this value in Figure 4. The shoulder seemg{=550 GeV is due to a reduced signal to
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Figure 23: Significance, as defined in Equation 2 after all selectiors ¢oit integrated luminosities
of 10 fb~! and 30 fbr!, with and without taking into account the systematic ernortioe background
estimation.
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Figure 24:Integrated luminosity required to obtain a significance @fsing the H— ZZ*) — 2e2y,
channel, with and without the systematic error on the bamkgd estimation taken into account.
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background ratio at this mass due to the large width of theasigeak in a region where the
ZZ* /~* background is still significant.

Table 10 shows the expected number of events from signal acilhbound processes after all
selections, for an integrated luminosity correspondingst@ignificance.

my (GeV) 120 130 140 150 160 170
N'signal at/ £ for 50 | 28.0:0.7 8.9:0.2 10.70.2 10.0:0.2 13.400.2 27.5:0.5
N back atf £ for 50 | 21.4£3.6 1103 1.8:03 15:0.2 3.5:05 20.72.6

my (GeV) 180 200 250 300 400 500
N signal at[ £ for 50 | 19.6:0.3 21.2:0.4 21.70.4 13.1t0.3 14.6:0.3 17.8:0.3
N back atf £ for50 | 9.141.0 9.4:05 10.10.6 2.8:0.3 3.0:04 5.3:0.7

Table 10:Expected number of events from signal and background pseseafter all selections for an
integrated luminosity corresponding te Significance, using the H> ZZ*) — 2e2; channel.

9 Evaluation of Background from Data

Since the production cross-section for the irreducible /AZ background is not known with
high accuracy, itis proposed to measure the size of the bawid directly from the data, using
the sidebands in the reconstructed four-lepton invariaagswlistribution. Figure 25 shows the
number of expected events from simulated signal and baakgréor an integrated luminosity
corresponding to adbdiscovery significance, for Higgs boson masses of 140 and@&Hd
The integrated luminosities corresponding todiscovery significance fany =140 GeV and
my =200 GeV are 9.2 and 5.8fb, respectively (Figure 24). Superimposed on Figure 25 is a
toy Monte Carlo simulation of what the LHC data might lookdlikT he total number of events in
the toy Monte Carlo is generated randomly from a Poissomibligion with mean equal to the
total number of expected events from all processes (signallgackground). For each event,
the four lepton invariant mass is generated randomly aaugrnd the histogram formed from
the sum of the expected distributions for signal and all baoknds.
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Figure 25:Number of expected events for signal and background for &giated luminosity corre-
sponding to a discovery significance af,5or Higgs boson masses of 140 and 200 GeV. A toy Monte
Carlo based on the histograms is superimposed to simulat@&data.

Measurement of the background from sidebands requiresttbgtosition of the signal peak is
well defined, and it is clear in Figure 25 that this is the cdademinosities corresponding to the
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discovery significance. It can also be seen that the numbevesits outside the Higgs boson
mass window cuts (signal region) which will be used to measioe size of the background is
of order several tens of events.

The number of background events measured from the datanvtttbisignal regionNLY, , is
calculated as:
our Nise
NN = ayneNSOT where aye = W 3)

NYYT is the number of observed events lying outside the signadmegnda, ¢ is the ratio of

the number of background events inside the signal reghofi’() to outside the signal region
(NJYT), as determined from the background simulated events.

The error on the number of background events in the signedmegeasured using this method is
given byAB = A B0t DA Brieory, WhereA By, = aycy/ NSYL is the dominant contribution
to the total uncertainty. The relative statistical errortoa background%, can be written

as(Ngjﬁ)_% and it is shown as a function efiy in Figure 26, for an integrated luminosity
corresponding to & significance. The value is generally small fof; < 2my due to the
large amount of data in the side bands relative to within theas regiort), as seen in the left
hand plot in Figure 25. The structure seen at lay is due to the variation in the luminosity
corresponding to & significance as a function afiy seen in Figure 24. For largey, the
sidebands are suppressed by the hard cuts on the lgpt@figure 15)?. The fluctuations for
my > 400 GeV are a result of limited Monte Carlo statistics in the baleds.
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Figure 26: Error on measurement from data of the number of backgrouedtswvithin the signal
region, as a percentage of the expected number of backgeuamds within the signal region.

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

2) |t should be possible to increase the amount of data in thebaitts at highy with little impact on
the significance by loosening the leptpn cuts.
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ABrneory 1S the theoretical uncertainty on the shape of #hg distribution for the ZZ /~*
background. The value is taken from [11], which takes intmaat PDF and QCD scale uncer-
tainties in the ZZ/~+* production cross-section at NLO, and varies between 0.59# &6 for
the range of Higgs boson masses considered, with the minivalue atm;=250 GeV.

10 Measurement of the properties of the Higgs Boson

The H— ZZ® — 4¢ channel can be used to evaluate the mass, width and prodwrtss-
section of the Higgs boson.

10.1 Mass Measurement

The mass of the Higgs boson can be evaluated by fitting a Gaussthe mass peak discussed
in Section 7. In the high statistics limit represented bydineulated signal, the ratio of the mass
obtained from a Gaussian fit to the reconstrueted distribution, to the true mass, is found to
be 1 to within+0.3% for allmy (Figure 27).
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Figure 27:Ratio of the mass obtained from a Gaussian fit to the recastettun., distribution, to the
true mass, as a function ofyy, in high statistics limit represented by the simulated algn

Figure 28 shows the statistical error on the Higgs boson massurement, given hm* =
OGauss/ V' Ns, Whereocq.ss is the width of the gaussian fit to the peak from the simulaigics
andN; is the expected number of signal events passing all sehe;fior integrated luminosities
of 10 and 30 fb!, and for the integrated luminosity corresponding to $ignificance, as a
function of the true Higgs boson mass.

10.2 Width Measurement

Figure 29 shows the measured width of the Higgs boson mass pbtined from a Gaus-
sian fit to the reconstructed e~ "1~ invariant mass peak from the simulated signal, as a
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Figure 28:Statistical error on the Higgs boson mass measurementtéagrated luminosities of 10 and
30 fb~!, and for the integrated luminosity corresponding #osgnificance, as a function afiy;.

function of my. The true width from theory'y is also shown. The measured width is the
sum in quadrature of the natural width and the contributootihé width from the experimental
measurement, arising from inaccuracies in the recongtructf the lepton momenta. It can
be seen that fomy less than around 200 GeV, the measured width is completehirdded
by the experimental width. The statistical uncertainty ba width measurement, given by
(AT gtat = OGauss/V2Ng, Whereogq,ss is the width of Gaussian fit to the peak ang

is the expected number of signal events passing all setestieigure 30 shows the relative
statistical uncertaint%, as a function ofng. The uncertainty is shown separately for
integrated luminosities of 10 and 30fh and for the integrated luminosity corresponding4o 5
significance, as a function aiy. The direct measurement of the Higgs boson width is possible
with BLet < 30% for my >200 GeV.

10.3 Production Cross-Section Measurement

The Higgs boson production cross-section can be deterniimed the number of observed
eventsN,,, after all selections, given the efficieneyf the event selection and the integrated
luminosity L£: 0 = N5/ Le.

The total uncertainty on the cross-section measurementas @y:

Ac? = Ac?

sta

L+ Ao+ AL+ AB?

sYs

whereAo ., Aoy, AL andAB are the statistical error, the systematic uncertaintynftbe
event selection, the uncertainty on the luminosity measarg and the background systematic
uncertainty, respectively.

The statistical uncertaintos,; = y/Newp, Where N, is the expected number of events
(signal plus background) passing all selections, is shaa faaction of the expected number
of signal events, in Figure 31 for integrated luminositits®and 30 flo *, and for the integrated
luminosity corresponding tadbsignificance, as a function afy.
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Figure 29:Measured width of the Higgs boson mass peak, obtained fromusstan fit to the peak, as
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Figure 31:Statistical uncertainty on the Higgs boson production sisesction for integrated luminosi-
ties of 10 and 30 fb!, and for the integrated luminosity corresponding #osignificance, as a function
of my.

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

syst

= 2Aé + 2Aei + Aé?

180

where Ae¢, is the uncertainty in the reconstruction efficiency for aleacs, estimated to be
around 1% per electron [17M\¢,, is the uncertainty in the muon reconstruction efficiencyiolvh

has been shown to be measurable to be better than 1% per mijoandl Ae;,, is the uncer-

tainty in the efficiency of the isolation cut, estimated ie tH — ZZ*) — 4, analysis [11] to

be around 2% per event. This gives a takal,,;;, =3%.

The uncertainty on the measurement of the LHC lumina&ityis expected to be around 3%.
The uncertainty on the backgroumiB, was discussed in Section 9 and was shown as a function
of my in Figure 25.

11 Summary

The Standard Model Higgs boson with mass in the rarige< my < 500 GeV is observable
at CMS with greater thandssignificance through the channel-H ZZ®*) — 224 alone with
less than 30 fb! of integrated luminosity. For a small mass range closao= 170 GeV,
where the branching ratio to Z4s suppressed, about 100 fbare required. If the Higgs bo-
son mass lies in the rang®0 < my < 400 GeV, & significance can be attained through
this channel with less than 9 1b of integrated luminosity. When the H ZZ®) — 2e2u
channel will be combined with the H» ZZ®*) — 4e and H— ZZ™*) — 4, channels, the in-
tegrated luminosity required for discovery will be sigréfitly reduced. Fomy < 130 GeV
and160 < my < 180 GeV, the H— ZZ™) — 4/ result will be combined with the H- vy~ and
H — WTW~— 2/2v channels, respectively, which are more sensitive channelese mass
ranges.
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The signal to background ratio for the H ZZ®*) — 2¢2 channel is between 1 and 7 for
myg > 120 GeV, and between 1 and 3.5 fof; > 170 GeV.

Direct measurement of the mass of the Higgs boson can berperdiowvith the integrated lumi-
nosity corresponding tasssignificance with statistical error smaller than 0.4%fgy < 300 GeV,
and smaller than 1.2% for athy values. Direct measurement of the Higgs boson width is pos-
sible formy >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 theecuesice that events in which one
or both Zs decay to taus are over-represented in the gederatat samples because their sup-
pression due to the — ¢/u branching ratio is absent. To account for this in the deteatdn

of selection efficiencies, events are counted separat&gch of the three cases:

1. 72y — 0, Zy — 40 (. =eorpu)

2. Zy — U, Zy — 7T

3. 21 > 17,2y — TT

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

0-BR-e=0(pp— H)-BR(H— ZZ)-[BR; - € +BRy- €2+ BRjs - €]

where BR is the branching ratio for each case, including BR¢ e/u), and

% 7
€ — N;m"eselected o Npreselected
T i .. Ntotal
Ngenerated Wi Ngenerated

whereuw; is the fraction of generated events corresponding to eas#t ca

o w; = (2/3)2=4/9

o wy=2(2/3)(1/3) =4/9

o w3 =(1/3)2=1/9
These weights are propagated through all stages of thesasmaljyhe above applies to signal
samples and the ZZ~* background. Thet background, for which taus from the decay of the

Ws are forced to decay leptonically, is treated similarly fidrcing of Z to leptons or tau to
leptons was applied in tHébb background samples.
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