
Chapter 10

Standard Model Higgs Bosons

10.1 Introduction
The Higgs mechanism is a cornerstone of the Standard Model (SM) and its supersymmetric
extensions. The introduction of the fundamental Higgs field [355–358] renders the standard
electroweak theory weakly interacting up to high energy scales without violating the unitar-
ity bounds of scattering amplitudes [359–362]. Due to spontaneous symmetry breaking in
the Higgs sector the electroweak gauge bosons W,Z as well as the fermions acquire masses
through the interaction with the Higgs fields. Since the gauge symmetry, though hidden,
is still preserved, the theory of electroweak interactions is renormalisable [363–367]. In the
Standard Model one weak isospin Higgs doublet is introduced and leads to the existence of
one elementary Higgs particle after electroweak symmetry breaking. The Higgs couplings to
the electroweak gauge bosons and all fermions grow with their masses. The only unknown
parameter of the Higgs boson itself is the value of its mass MH . Once this is known, all pro-
duction and decay properties of the SM Higgs boson will be fixed [20, 368, 369]. The search
for the Higgs boson is a crucial endeavour for establishing the standard formulation of the
electroweak theory.

Although the Higgs mass cannot be predicted in the Standard Model, there are several con-
straints deduced from consistency conditions on the model [370–380]. Upper bounds can be
derived from the requirement that the Standard Model can be extended up to a scale Λ, be-
fore perturbation theory breaks down and new non-perturbative phenomena dominate the
predictions of the theory. If the SM is required to be weakly interacting up to the scale of
grand unified theories (GUTs), which is of O(1016 GeV), the Higgs mass has to be less than
∼ 190 GeV/c2. For a minimal cut-off Λ ∼ 1 TeV/c2 a universal upper bound of ∼ 700 GeV/c2

can be obtained from renormalisation group analyses [370–377] and lattice simulations of the
SM Higgs sector [378–380]. This issue can be rephrased by stating that the Higgs sector has
to be trivial, if the cut-off is extended to arbitrary magnitudes. Triviality means the absence
of Higgs self-interactions.

If the top quark mass is large, the Higgs self-coupling can become negative and the Higgs
potential deeply negative, thus rendering the SM vacuum unstable. The negative contri-
bution of the top quark, however, can be compensated by a positive contribution due to
the Higgs self-interaction, which is proportional to the Higgs mass. For a given top mass
mt = 175 GeV/c2 a lower bound of∼ 60 GeV/c2 can be obtained for the Higgs mass, if the SM
remains weakly interacting up to scales Λ ∼ 1 TeV/c2. For Λ ∼MGUT this lower bound is en-
hanced to MH & 130 GeV/c2. However, the assumption that the vacuum is metastable, with
a lifetime larger than the age of the Universe, decreases these lower bounds significantly for
Λ ∼ 1 TeV/c2, but only slightly for Λ ∼MGUT [377].
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The direct search in the LEP2 experiments via the process e+e− → ZH yields a lower bound
of 114.4 GeV/c2 on the Higgs mass [61]. After LEP2 the search for the SM Higgs particle is
continued at the Tevatron for Higgs masses up to ∼ 130 GeV/c2 [381] and the LHC for Higgs
masses up to the theoretical upper limit [382, 383].

The Higgs decay modes can be divided into two different mass ranges. ForMH . 135 GeV/c2

the Higgs boson mainly decays into bb̄ and τ+τ− pairs with branching ratios of about 85%
and 8% respectively (see Fig. 10.1, right plot). The decay modes into cc̄ and gluon pairs,
with the latter mediated by top and bottom quark loops, accumulate a branching ratio of
up to about 10%, but do not play a relevant role at the LHC. The QCD corrections to the
Higgs decays into quarks are known up to three-loop order [384–390] and the electroweak
corrections up to NLO [391–394]. The latter are also valid for leptonic decay modes. One
of the most important Higgs decays in this mass range at the LHC is the decay into photon
pairs, which is mediated by W , top and bottom quark loops. It reaches a branching fraction
of up to 2×10−3. The NLO QCD [395–401] and electroweak [402–404] corrections are known.
They are small in the Higgs mass range relevant for the LHC.

For Higgs masses above 135 GeV/c2 the main decay modes are those intoWW and ZZ pairs,
where one of the vector bosons is off-shell below the corresponding kinematical threshold.
These decay modes dominate over the decay into tt̄ pairs, the branching ratio of which does
not exceed ∼ 20% as can be inferred from Fig. 10.1 (right plot). The electroweak corrections
to the WW,ZZ decays are of moderate size [391, 392, 405, 406]. The total decay width of
the Higgs boson, shown in Fig. 10.1 (left plot), does not exceed about 1 GeV/c2 below the
WW threshold. For very large Higgs masses the total decay width grows up to the order of
the Higgs mass itself so that the interpretation of the Higgs boson as a resonance becomes
questionable. This Higgs mass range coincides with the upper bound of the Higgs mass from
triviality.
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Figure 10.1: Left plot: total decay width (in GeV/c2) of the SM Higgs boson as a function of
its mass. Right plot: Branching ratios of the dominant decay modes of the SM Higgs particle.
All relevant higher-order corrections are taken into account

The dominant Higgs production mechanism at the LHC will be the gluon-fusion process
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[407]
pp→ gg → H ,

which provides the largest production cross section for the whole Higgs mass range of inter-
est. This process is mediated by top and bottom quark loops (Fig. 10.2a). Due to the large size
of the top Yukawa couplings and the gluon densities gluon fusion comprises the dominant
Higgs boson production mechanism for the whole Higgs mass range.
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Figure 1: Typical diagrams for all relevant Higgs boson production mecha-
nisms at leading order: (a) gluon fusion, (b) vector boson fusion, (c) Higgs-
strahlung, (d) Higgs bremsstrahlung off top quarks.

1

Figure 10.2: Typical diagrams for all relevant Higgs boson production mechanisms at
leading order: (a) gluon fusion, (b) vector boson fusion, (c) Higgs-strahlung, (d) Higgs
bremsstrahlung off top quarks.

The QCD corrections to the top and bottom quark loops have been known a long time in-
cluding the full Higgs and quark mass dependences [408–410]. They increase the total cross
section by 50− 100%. The limit of very heavy top quarks provides an approximation within
∼ 10% for all Higgs masses [20, 368, 369, 408–411]. In this limit the NLO QCD corrections
have been calculated before [408–410, 412–415] and recently the NNLO QCD corrections
[416–419] with the latter increasing the total cross section further by ∼ 20%. A full massive
NNLO calculation is not available, so that the NNLO results can only be trusted for small
and intermediate Higgs masses. The approximate NNLO results have been improved by
a soft-gluon resummation at the next-to-next-to-leading log (NNLL) level, which yields an-
other increase of the total cross section by ∼ 10% [420]. Electroweak corrections have been
computed, too, and turn out to be small [402, 421–424]. The theoretical uncertainties of the
total cross section can be estimated as∼ 20% at NNLO due to the residual scale dependence,
the uncertainties of the parton densities and due to neglected quark mass effects.

At LO the Higgs boson does not acquire any transverse momentum in the gluon fusion
process, so that Higgs bosons with non-vanishing transverse momentum can only be pro-
duced in the gluon fusion process, if an additional gluon is radiated. This contribution is
part of the real NLO corrections to the total gluon fusion cross section. The LO pT distribu-
tion of the Higgs boson is known including the full quark mass dependence [425, 426]. The
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NLO corrections, however, are only known in the heavy quark limit, so that they can only be
trusted for small and moderate Higgs masses and pT [427–431]. In this limit a NLL soft gluon
resummation has been performed [432–442], which has recently been extended to the NNLL
level [443–447] thus yielding a reliable description of the small pT range. It should be noted
that these results are only reliable, if the top quark loops provide the dominant contribution
and pT is not too large. In the regions where the NLO and resummed results are valid the
theoretical uncertainties have been reduced to O(20%).

For large Higgs masses the W and Z boson-fusion processes [448–450] (see Fig. 10.2b)

pp→ qq → qq +WW/ZZ → qqH

become competitive. These processes are relevant in the intermediate Higgs mass range, too,
since the additional forward jets offer the opportunity to reduce the background processes
significantly. Since at NLO there is no colour exchange between the two quark lines, the
NLO QCD corrections can be derived from the NLO corrections to deep inelastic lepton-
nucleon scattering. They turn out to be O(10%) for the total cross section [20, 368, 369, 451].
Quite recently the NLO corrections to the differential cross sections have been computed, too,
resulting in modifications of the relevant distributions by up to ∼ 30% [452]. The residual
uncertainties are of O(5%).

In the intermediate mass rangeMH . 2MZ Higgs-strahlung offW,Z gauge bosons [453, 454]
(see Fig. 10.2c)

pp→ qq̄ → Z∗/W ∗ → H + Z/W

provides alternative signatures for the Higgs boson search. Since only the initial state quarks
are strongly interacting at LO, the NLO QCD corrections can be inferred from the Drell–
Yan process. They increase the total cross section by O(30%) [20, 368, 369, 455]. Recently
this calculation has been extended up to NNLO [456]. The NNLO corrections are small.
Moreover, the full electroweak corrections have been obtained in Ref. [457] resulting in a
decrease of the total cross sections by 5− 10%. The total theoretical uncertainty is of O(5%).

Higgs radiation off top quarks (see Fig. 10.2d)

pp→ qq̄/gg → Htt̄

plays a significant role for smaller Higgs masses below ∼ 150 GeV/c2. The LO cross sec-
tion has been computed a long time ago [458–462]. During the last years the full NLO QCD
corrections have been calculated resulting in a moderate increase of the total cross section
by ∼ 20% at the LHC [161, 463, 464]. These results confirm former estimates based on an
effective Higgs approximation [465]. The effects on the relevant parts of final state parti-
cle distribution shapes are of moderate size, i.e. O(10%), too, so that former experimental
analyses are not expected to alter much due to these results. All SM Higgs production cross
sections including NLO QCD corrections are shown in Fig. 10.3.

In the following Standard Model Higgs boson analyses the NLO cross sections and branch-
ing ratios for the Higgs boson calculated with the programs HDECAY [41], HIGLU [40], VV2H,
V2HV and HQQ [20] are used, as well as the NLO cross sections for the background processes,
when available.
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Figure 10.3: Higgs production cross sections at the LHC for the various production mech-
anisms as a function of the Higgs mass. The full QCD-corrected results for the gluon fu-
sion gg → H , vector-boson fusion qq → V V qq → Hqq, vector-boson bremsstrahlung
qq̄ → V ∗ → HV and associated production gg, qq̄ → Htt̄ are shown.

10.2 Higgs boson channels
10.2.1 Inclusive Higgs boson production with H → ZZ(∗) → e+e−µ+µ−

10.2.1.1 Introduction

The H → ZZ(?) → 4` channel has a very clean signature with relatively small backgrounds
and is therefore an important discovery channel for the Higgs boson for a large range of
masses. This channel is also important for the measurement of the mass and width of the
Higgs boson.

A detailed description of the analysis can be found in [466].

10.2.1.2 Event generation

All Monte Carlo event samples used in the analysis were generated using the PYTHIA [68]
event generator, except for the Zbb̄ (e+e−bb and µ+µ−bb) background samples which were
generated with COMPHEP [354].

Higgs-boson production was simulated through leading order gluon-gluon scattering and
vector-boson fusion. Monte Carlo samples were produced for 18 values of the Higgs boson
mass mH ranging from 115 GeV/c2 to 200 GeV/c2 in 10 GeV/c2 steps, and from 200 GeV/c2 to
600 GeV/c2 in 50 GeV/c2 steps.

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−

2. qq/gg → Zbb̄→ e+e−µ+µ−

3. qq → ZZ?/γ? → e+e−µ+µ−
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For the tt and Zbb̄ backgrounds, no restrictions are applied on b decays prior to the pre-
selection. Only events with |ηb| < 2.5 were generated for the Zbb̄ background. For the Zbb̄
and ZZ?/γ? backgrounds, mγ? is required to be greater 5 GeV/c2.

For the ZZ?/γ? background, only the t-channel production through qq fusion is simulated.
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 an m4` dependent
K-factor, calculated [467][468] using MCFM.

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

For all Monte Carlo samples, a pre-selection is applied at generator level with the following
requirements:

1. Final state contains e+e−µ+µ−.

2. pT (e) > 5 GeV/c and |η(e)| < 2.5 for both electrons

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

The cross-section times branching ratio and the cross-section times branching ratio times
pre-selection efficiency, are shown for the signal as a function ofmH in Figure 10.4. The NLO
cross-section and the cross-section times branching ratio times pre-selection efficiency are
shown for each background process in Table 10.1.
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Figure 10.4: Cross-section times branching ratio, and cross-section times branching ratio times pre-selection
efficiency for H → ZZ(?) → 2e2µ.

10.2.1.3 Online selection

Events selected by the dimuon or the dielectron triggers are considered. This choice fol-
lows from the presence of an on-shell Z-boson in most events. The additional use of single-
electron and single-muon triggers does not increase the significance of the results.
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Table 10.1: NLO cross-section and the cross-section times branching ratio times pre-selection efficiency for the
three background process.

Process σNLO (pb) σNLO×BR×ε (fb)
tt→ W+W−bb → e+e−µ+µ− 840 744

e+e−bb→ e+e−µ+µ− 276 262
µ+µ−bb→ e+e−µ+µ− 279 128
ZZ?/γ? → e+e−µ+µ− 28.9 37.0

The efficiencies of the Level-1 and High Level Triggers are shown for the signal as a function
of mH in Figure 10.5. The corresponding trigger efficiencies for background processes are
shown in Table 10.2.
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Figure 10.5: Efficiency of the Level-1 and High Level Triggers for the Higgs signal. Monte Carlo Statistical
uncertainties are shown.

Table 10.2: Efficiency of the Level-1 and High Level Triggers for each of the three background processes. Monte
Carlo Statistical uncertainties are shown.

tt Zbb̄ 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

10.2.1.4 Offline event selection

Offline reconstruction of electrons and muons is performed using standard algorithms. It is
required that four leptons of type e+e−µ+µ− are reconstructed.

The two largest backgrounds after the HLT, tt and Zbb̄, are reducible, since unlike the Higgs
signal, two of the leptons will be associated with b-jets and will therefore be displaced rel-
ative to the primary vertex and will not be isolated. These two considerations can be used
to powerfully cut against these processes, whereas the ZZ?/γ? background is irreducible by
such means. Kinematic cuts are then applied, which further reduce all three backgrounds.

Vertex and Impact Parameter

Three criteria are applied:

1. The transverse distance of the µ+µ− vertex from the beam line is required to be less
than 0.011 cm.

2. The three-dimensional distance between the µ+µ− vertex and the e+e− vertex is re-
quired to be less than 0.06 cm.

3. The transverse impact parameter significance of all leptons required to be less than 7.
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For events passing this selection, the primary vertex is reconstructed by performing a fit
to the tracks of the four reconstructed leptons. The lepton tracks are then refitted using
the reconstructed vertex position as an additional point, in order to obtain a more accurate
measurement of the momentum at the primary vertex.

Isolation

A cut is applied on the sum of the pT of reconstructed tracks with pT >0.9 GeV/c and at least
five hits, which satisfy the following conditions:

1. The track lies within the region defined by the sum of cones of size ∆R = 0.25 around
each of the four leptons and lies outside veto cones of size ∆R = 0.015 around each
lepton.

2. The track is consistent with originating from the reconstructed primary vertex to within
|∆z| < 0.2cm, where ∆z is the difference between the z position of the point of clos-
est approach of the track to the reconstructed vertex, and the z position of the recon-
structed vertex.

Kinematic Cuts

The following kinematic cuts are applied:

1. Lower thresholds on the transverse momenta of each of the four reconstructed leptons.

2. Upper and lower thresholds on the invariant masses of the reconstructed e+e− and
µ+µ− pairs.

3. Upper and lower thresholds on the invariant mass of the four reconstructed leptons.

These kinematic thresholds, together with the threshold on ΣpT for tracker isolation are op-
timised simultaneously using MINUIT, such that the log-likelihood ratio:

SL =
√

2 lnQ, where Q =
(

1 +
NS

NB

)NS+NB

e−NS (10.1)

is maximised. The optimisation is performed separately for each Higgs mass.

10.2.1.5 Results

Tables 10.3 and 10.4 show the production cross-section, cross-section times branching ratio,
cross-section times branching ratio times pre-selection efficiency and the cross-section times
branching ratio times efficiency after each stage of the online and offline event selection, for
Higgs masses of 140 GeV/c2 and 200 GeV/c2, respectively. Values are shown for signal and
for each of the three background processes. For all values of mH , the background after all
selections is strongly dominated by ZZ?/γ?. For low mH tt and Zbb̄ each contribute around
10-15% to the total residual background, whereas for mH > 200 GeV/c2, ZZ?/γ? constitutes
more than 99%.

Figure 10.6 shows the invariant mass of the four reconstructed leptons before and after the
application of the offline selection, for signal events for mH = 140 GeV/c2 (left) and mH =
200 GeV/c2 (right), and for the three background processes.
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Table 10.3: Production cross-section (NLO), cross-section times branching ratio, cross-section
times branching ratio times pre-selection efficiency and cross-section times branching ratio
times efficiency after each stage of the online and offline event selection, for mH=140 GeV/c2,
for signal and backgrounds. All values in fb, except for expected number of events. Uncer-
tainties are statistical only.

Signal tt Zbb̄ 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
Pre-selection: σ×BR×ε 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 cuts 2.01±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
Lepton pT 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 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 10.4: Production cross-section (NLO), cross-section times branching ratio, cross-section
times branching ratio times pre-selection efficiency and cross-section times branching ratio
times efficiency after each stage of the online and offline event selection, for mH=200 GeV/c2,
for signal and backgrounds. All values in fb, except for expected number of events. Uncer-
tainties are statistical only.

Signal tt Zbb̄ 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
Pre-selection: σ×BR×ε 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 cuts 5.03±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
Lepton pT 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 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
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Figure 10.6: Invariant mass of the four reconstructed leptons before (top) and after (bottom) the application of
the offline selection, for signal events for mH = 140 GeV/c2 (left) and mH = 200 GeV/c2 (right), and for the three
background processes.

Figure 10.7 shows the final cross-section times branching ratio times efficiency for selected
events, for signal and background, as a function of the Higgs boson mass. The number
of expected events passing all selections for 10 fb−1 of integrated luminosity is shown in
Table 10.5 for several values of the Higgs boson mass.

Significance

Figure 10.8 shows the ScP significance after all selection cuts for integrated luminosities of
10 fb−1 and 30 fb−1, with and without the systematic uncertainty on the background estima-
tion taken into account. The background systematic uncertainty will be discussed in sec-
tion 10.2.1.6. Figure 10.9 shows the integrated luminosity required to obtain a significance of
5σ using the H → ZZ(?) → 2e2µ channel alone, with and without the background systematic
uncertainty. 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 range 130 ≤ mH ≤ 500 GeV/c2,
excluding a gap of about 15 GeV/c2 close to mH = 170 GeV/c2 for which close to 100 fb−1 is
required. If the Higgs boson mass lies in the range 190 ≤ mH ≤ 400 GeV/c2, 5σ significance
can be attained with less than 8 fb−1 of integrated luminosity.

10.2.1.6 Evaluation of background from data

The background normalisation can be estimated from data by using the sidebands in the
reconstructed four-lepton invariant mass distribution. Figure 10.10 shows the number of ex-
pected events from the signal and background Monte Carlo simulations for an integrated
luminosity corresponding to a discovery significance of 5σ, for Higgs boson masses of 140
and 200 GeV/c2: 9.2 and 5.8 fb−1, respectively. Figure 10.10 also shows the results of a simu-
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Figure 10.7: Cross-section times branching ratio times efficiency after all selections
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Figure 10.8: The ScP significance after all selection cuts for integrated luminosities of 10 fb−1 and
30 fb−1, with and without the systematic uncertainty on the background estimation taken into ac-
count.

lated experiments with these luminosities.

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

(10.2)

NOUT
Data is the number observed events lying outside the signal region and αMC 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 Monte Carlos.

The uncertainty on the number of background events in the signal region measured using
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Table 10.5: Expected number of events from signal and background processes after all selections for an inte-
grated luminosity of 10 fb−1

mH (GeV/c2) 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
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Figure 10.9: Integrated luminosity required to obtain a significance of 5σ using the
H → ZZ(?) → 2e2µ channel, with and without the systematic uncertainty on the background esti-
mation taken into account.
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Figure 10.10: Number of expected events for signal and background for an integrated luminosity
corresponding to a discovery significance of 5σ, for Higgs boson masses of 140 and 200 GeV/c2. The
results of a simulated experiment are also shown to illustrate the statistical power of the analysis and
the determination of the background normalisation from data.
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this method is given by:

∆B = ∆BStat ⊕∆BTheory, where ∆BStat = α
√
NOUT
Data

∆BStat provides the dominant contribution to the uncertainty. Taking NOUT
Data as the expected

number of events outside the signal region for an integrated luminosity corresponding to 5σ
significance, the value ∆BStat varies between 2% and 13% formH <200 GeV/c2 and increases
to around 30% for high mH where the statistics in the sidebands are low.

∆BTheory is the theoretical uncertainty on the shape of the m4` distribution for the ZZ?/γ?

background. The value is taken from [467], which takes into account PDF and QCD scale
uncertainties in the ZZ?/γ? production cross-section at NLO, and varies between 0.5 and
4.5% for the range Higgs boson masses considered.

10.2.1.7 Measurement of the properties of the Higgs boson

The H → ZZ(?) → 4` channel can be used to evaluate the mass, width and production cross-
section of the Higgs boson.

Mass Measurement

The statistical uncertainty on the Higgs boson mass measurement is given by ∆stat = σGauss/
√
NS ,

where σGauss is the measured Gaussian width of the four lepton invariant mass peak from
the signal Monte Carlo andNS is the expected number of signal events passing all selections.
The value, as a fraction of the true mass, is shown in Table 10.6, for an integrated luminosity
and 30 fb−1, as a function of mH .

Width Measurement

Figure 10.11 shows the measured width of the Higgs boson mass peak, obtained from the
Gaussian fit, as a function of mH . The true width from theory ΓH is also shown. The mea-
sured width is a convolution of the natural width and the experimental resolution. It can
be seen that for mH less than around 200 GeV/c2, the measured width is completely domi-
nated by the experimental resolution. The statistical uncertainty on the width measurement
is given by ∆stat = σGauss/

√
2NS , where σGauss is the measured Gaussian width of the peak

andNS is the expected number of signal events passing all selections. The value, as a fraction
of the true width, is shown in Table 10.6, for an integrated luminosity and 30 fb−1, as a func-
tion of mH . The direct measurement the Higgs boson width is possible with ∆stat <30% for
mH ≥200 GeV/c2.

Production Cross-Section Measurement

The Higgs boson production cross-section can be determined from the number of observed
events Nobs after all selections, given the efficiency ε of the event selection and the integrated
luminosity L:

σ =
Nobs

Lε

The total uncertainty on the cross-section measurement is given by:

∆σ2 = ∆stat2 + ∆syst2 + ∆L2 + ∆B2
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Figure 10.11: Measured width of the Higgs boson mass peak, obtained from a Gaussian fit to the
peak, as a function of the true Higgs mass. The true width from theory is also shown.

where ∆stat, ∆syst, ∆L and ∆B are the statistical uncertainty, the systematic uncertainty
from the event selection, the uncertainty on the luminosity measurement and the back-
ground systematic uncertainty, respectively.

The statistical uncertainty ∆stat is shown in Table 10.6 for an integrated luminosity 30 fb−1,
as a function of mH .

The total systematic uncertainty arising from the offline reconstruction and event selection
can be summarised as:

∆syst2 = 2∆ε2e + 2∆ε2µ + ∆ε2iso

where ∆εe is the uncertainty in the reconstruction efficiency for electrons, estimated to be
around 1% per electron [469], ∆εµ is the uncertainty in the muon reconstruction efficiency,
which has been shown to be measurable to be better than 1% per muon [467], and ∆εiso
is the uncertainty in the efficiency of the isolation cut, estimated in the H → ZZ(?) → 4µ
analysis [467] to be around 2% per event. This gives a total uncertainly ∆syst =3%.

The uncertainty on the measurement of the LHC luminosity ∆L is expected to be around 3%
at the 30 fb−1. The background uncertainty ∆B is discussed in Section 10.2.1.6.

Table 10.6: Statistical uncertainty on the measurement of the mass, width and production cross-
section of the Higgs boson.

mH (GeV/c2) 115 120 130 140 150 160 170 180 190
∆Stat(mH)(%) 0.722 0.512 0.335 0.206 0.193 0.256 0.388 0.27 0.134
∆Stat(ΓH)(%) - - - - - - - 54.8 17.6
∆Stat(σH)(%) 75 55.6 28.6 18.2 16.5 23.1 39.2 23.7 11.5
mH (GeV/c2) 200 250 300 350 400 450 500 550 600
∆Stat(mH)(%) 0.145 0.207 0.328 0.408 0.588 0.896 1.25 1.62 2.43
∆Stat(ΓH)(%) 14.4 7.38 8.2 5.43 5.8 5.91 6.52 6.61 8.36
∆Stat(σH)(%) 11.5 13 14.4 13.8 14.9 18 21.2 25.9 32.3
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10.2.2 Inclusive Higgs boson production with H → WW(∗) → 2`2ν

The Higgs decay into two Ws and subsequently into two leptons (H → WW → `ν`ν) is the
discovery channel for Higgs boson masses between 2mW and 2mZ [470]. In this mass range,
the Higgs to WW branching ratio is close to one, leading to large number of events. The
signature of this decay is characterised by two leptons and missing energy. However, since
no narrow mass peak can be reconstructed, good understanding of the background together
with a high signal to background ratio is needed. The most important backgrounds, which
give similar signature as the signal (i.e. two leptons and missing energy), are the continuum
WW production and the tt̄ production. To reduce these backgrounds, one has to require a
small opening angle between the leptons in the transverse plane and apply a jet veto.

A detailed description of the analysis can be found in [471].

10.2.2.1 Signal and background generation

The signal samples were generated using PYTHIA. The two major Higgs production modes
for the mass range studied, gluon and vector boson fusion were generated. The pt(H) spec-
trum predicted by PYTHIA was reweighted to the MC@NLO prediction, defining pt dependent
k-factors, as proposed in [472].

For the backgrounds, continuum vector boson production (WW, ZZ, WZ) was generated
using PYTHIA. The pt(WW) spectrum was reweighted using the same technique than for
the signal. A NLO cross section of respectively 16 pb, 50 pb and 114 pb was taken for ZZ,
WZ and WW. WW production via gluon box diagram, ggWW, was generated using a parton
Monte Carlo provided by N. Kauer and linked to PYTHIA for the parton shower [69]. Top
production (tt̄ and tWb) was generated using TOPREX. NLO cross sections of respectively
840 pb and 33.4 pb were used for tt̄ and tWb [473].

10.2.2.2 Signal reconstruction

The signal signature is characterised by two leptons in the final state with opposite charge,
missing energy and no jet. The leptons, either electrons or muons, are required to have pt >
20 GeV/c and |η| < 2.

Muons candidates are asked to be isolated: The energy left in the calorimeters around the
muon candidate within a ∆R = 0.3 cone must be smaller than 5 GeV and the sum of the pt of
the tracks within a ∆R = 0.25 cone around the muon candidate must be smaller than 2 GeV.

Electrons candidates are reconstructed combining tracks and ECAL clusters. They must ful-
fill in addition the following identification requirements:

• The electron must deposit small energy in the HCAL: Ehcal/Eecal < 0.05

• The electron track and cluster must be precisely matched:
in direction: |ηtrack − ηSC corr| < 0.005 and |φtrack prop − φSC| < 0.02∗

in magnitude: E/p > 0.8 and |1/E− 1/p| < 0.02

The electron candidate must be also isolated by requiring,
∑

tracks pt(track)/Et(SC) < 0.05,
where the sum runs on all the tracks (excluding electron) which have:

• ∆RSC−track < 0.2 (at vertex)

• ptrack
t > 0.9 GeV/c

∗Where φtrack prop is the track angle propagated in the magnetic field up to the ECAL cluster position
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• |ztrack − zelectron| < 0.2 cm

Finally a cut on the impact parameter significance in the transverse plane is applied in order
to reduce the bb̄ background. Each lepton is required to have σIP < 3 where σIP is the impact
parameter significance. The two leptons are also required to come from the same vertex by
asking |zlep1 − zlep2| < 0.2 cm.

With this lepton selection, the contribution of reducible backgrounds like W+jet where one
jet is misidentified as a lepton or bb̄ is expected to be less than 5 fb after all cuts applied.

Missing energy is reconstructed by summing the raw energy of all ECAL and HCAL towers,
and correcting for muons. Since a jet veto is applied in the signal selection, further correction
on the missing energy did not bring a significant improvement.

Jets are reconstructed using a Cone algorithm of size ∆R = 0.5 and requiring its component
calorimeter towers to have Etow

T > 0.5 GeV and Etow > 0.8 GeV. Since jets are reconstructed
to be vetoed, no energy calibration was applied. For the events studied, ET(jet) ≈ (1.5 −
2) · ET(raw). To veto electrons and Bremsstrahlung photons, the jets are also required to be
away from the leptons (∆Rjet−lepton > 0.5).

For jets with a raw energy between 15 and 20 GeV an additional cut on their track content
was applied in order to reduce the contamination from fake jets coming from the underlying
event. For this, the so-called alpha parameter is defined, as the ratio of the sum of pt of tracks
from the signal vertex inside the jet over the transverse jet energy in the calorimeter. For a
perfect detector, the alpha parameter of a jet would be around 0.66, as in mean two third of a
jet are charged particles. This ratio is smeared and reduced by the detector energy resolution
and not 100 % efficiency of the charged particle reconstruction in the tracker. In a fake jet,
the sum of pt of tracks from the signal vertex inside the fake jet is small, leading to an alpha
parameter around zero.

Alpha is determined using only tracks that are ’inside’ the jet, i.e. with ∆Rtrack−jet < 0.5 and
coming from the event vertex †, fulfilling |ztrk − zvtx| <0.4 cm. Finally, these tracks should
have more than 5 hits and pt > 2 GeV/c. Alpha is then defined as alpha =

P
pt(tracks)
ET(jet) . If its

raw energy lies between 15 and 20 GeV a jet is then required to have alpha > 0.2 to be kept.

10.2.2.3 Event selection and results

Events are first required to pass globally the Level-1 trigger and at least one of the following
HLT triggers: single electron, double electron, single muon or double muon trigger.

Figure 10.12 shows the Level-1 trigger efficiency (blue dashed curve) and the combined
L1+HLT trigger efficiencies (red dotted curve) as a function of the Higgs mass. To estimate
the numbers of ’useful events’ rejected by the trigger it is interesting to look at the trigger
efficiency on events having exactly two leptons which fulfill the lepton selection cuts de-
fined before. This is shown by the solid black curve on Figure 10.12. In this case, the trigger
efficiency is higher than 95% on the full mass range and is around 100% for µµ final state,
whereas for ee final state it is around 96%.

Then each event has to contain exactly two opposite charge leptons with pt >20 GeV/c and
|η| < 2 passing the cuts described before. The following kinematic selections were applied:

• Emiss
t >50 GeV

†The event vertex is defined as the mean z position of the two leptons.
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events with exactly two leptons passing the lepton selection cuts (solid line).

• φ`` < 45◦ (angle between the leptons in the transverse plane)

• 12 GeV/c2 < m`` < 40 GeV/c2 (the invariant mass of the two leptons)

• No jet with Eraw
t > 15 GeV and |η| <2.5

• 30 GeV/c < p`max
t < 55 GeV/c (lepton with the maximal pt)

• p`min
t > 25 GeV/c (lepton with the minimal pt)

These cuts were optimised for a Higgs mass of 165 GeV/c2. The expected number of events
for the signal for three different Higgs masses and the different backgrounds in fb are given
in Table 10.7. The first column shows the signal times branching ratio for the different
processes, the second one shows the number of events passing the trigger requirement, the
third one the number of events with two opposite charge leptons passing the lepton selection
cuts and the last one the number of events after all selection cuts are applied. Figure 10.13,
left shows the φ`` distribution for the signal plotted on the top of the sum of all background
when all selection cuts are applied except the one on φ``.

10.2.2.4 Background normalisation and systematics

The following procedure for background normalisation is proposed.

• Top background normalisation: Two procedures are proposed. A first possibility is to
define a sample with the same lepton and missing energy cuts as for the signal se-
lection but requiring two b-tagged jets with Et > 20 GeV. A second possibility is to
apply the same kinematic cuts on the leptons and require two additional jets with
respectively Eraw

T > 50 GeV and Eraw
T > 30 GeV. In this case, only eµ final states

are considered in order to avoid a contamination from Drell-Yan. Both methods
are expected to give an error of about 16% on ttbar estimate for a luminosity of
5 fb−1.

• WW background normalisation: A normalisation region can be defined for WW
by keeping the same cuts than the signal but requiring φ`` < 140 and m`` >
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Table 10.7: The expected number of events for the signal for three different Higgs masses and
the different backgrounds given in fb. The first column shows the number of expected events
after HLT requirement, the second one after having found two opposite charge leptons and
the last one the number of events after all selection cuts are applied.

Reaction pp → X σNLO × BR L1+HLT 2 leptons All cuts
` = e, µ, τ pb Expected event rate in fb

H → WW → ``, mH = 160 GeV/c2 2.34 1353 (58%) 359 (27%) 42 (12%)
H → WW → ``, mH = 165 GeV/c2 2.36 1390 (59%) 393 (28%) 46 (12%)
H → WW → ``, mH = 170 GeV/c2 2.26 1350 (60%) 376 (28%) 33 (8.8%)
qq → WW → `` 11.7 6040 (52%) 1400 (23%) 12 (0.9%)
gg → WW → `` 0.48 286 (60%) 73 (26%) 3.7 (5.1%)
tt → WWbb → `` 86.2 57400 (67%) 15700 (27%) 9.8 (0.06%)
tWb → WWb(b) → `` 3.4 2320 (68%) 676 (29%) 1.4 (0.2%)
ZW → ``` 1.6 1062 (66%) 247 (23%) 0.50 (0.2%)
ZZ → ``, νν 1.5 485 (32%) 163 (34%) 0.35 (0.2%)
Sum backgrounds 105 67600 (64%) 18300 (27%) 28 (0.2%)
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Figure 10.13: The angle between the leptons in the transverse plane for the signal and the
different background and a luminosity of 10fb−1, (Left) For the signal cuts taking out the
one on φ``. (Right) For the WW background normalisation region where all signal cuts are
applied except the one on the lepton invariant mass, which was set to m`` > 60 GeV/c2 and
only electron-muon final states are kept.
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Table 10.8: The signal to background ratio for the different Higgs masses together with the
luminosity needed for a 5σ discovery, with and without the inclusion of background uncer-
tainties. Also the statistical errors due to the restricted Monte Carlo statistics are taken into
account.

mH [ GeV ] S/B Significance for 5 fb−1 Ldisc [fb] Ldisc [fb]
no bkg syst with bkg syst no bkg syst with bkg syst

150 0.61 6.6 4.0 3.0 8.2
160 1.51 14 7.7 0.58 1.1
165 1.66 15 8.3 0.50 0.90
170 1.19 11 6.3 0.88 1.7
180 0.65 6.7 3.7 2.7 7.3

60 GeV/c2. Moreover only opposite flavour leptons are considered in order to
reduce the Drell-Yan and WZ contribution. A systematic error of about 17% is
expected with a luminosity of 5 fb−1, dominated by statistical uncertainty. Fig-
ure 10.13 right shows the φ`` distribution for the different process in this normali-
sation region.

• WZ background normalisation: WZ can be normalised by keeping the same signal
cut and requiring an additional lepton in the final state. The cuts on φ`` and m`` are
removed. An accuracy of about 20% is expected on this background with 5 fb−1.

• ggWW and tWb normalisation: The contribution of these backgrounds will be esti-
mated using Monte Carlo prediction, since they represent only a small fraction of
signal events. The error on ggWW is about 30% whereas the one on tWb is about
22%, both largely dominated by theoretical errors.

Taking into account the sum of the different backgrounds, an overall error of 13% is found
on the total background. These results are calculated for a luminosity of 5 fb−1. For lumi-
nosities of 1,2 and 10 fb−1, the total systematic errors scale to 19%, 16% and 11% respectively.
Table 10.8 show the signal to background ratio for the different Higgs masses together with
the luminosity needed for a 5σ discovery, with and without the inclusion of background un-
certainties. For Higgs masses of 120-140 GeV/c2 and 190-200 GeV/c2, the background errors
are too high to get a significant signal.

Figure 10.14 shows the signal to background ratio (left) and the luminosity needed for a 5σ
discovery (right) as a function of the Higgs mass. A signal of more than 5σ significance
could be already observed with a luminosity of 7 fb−1 for a Higgs mass between 150 and
180 GeV/c2. For a Higgs mass of 165 GeV/c2 the luminosity needed for a 5σ discovery is
expected to be less than 1 fb−1.

10.2.2.5 Selection optimisation for MH in the 130-150 GeV/c2 mass range with e+e−νν
final state.

A dedicated optimisation for the e+e−νν final state in the mass range of 130 ≤ MH ≤
150 GeV/c2 has been performed [474]. The largest significance is searched assuming a known
MH. The latest developments in detailed electron reconstruction are used and allow a good
rejection of the W+jets background which is characterised by the misidentification of a jet as
an electron. New kinematical variables have been designed to reduce the W+jets background
as well as the contribution from Drell-Yan events with recoiling jets (Z+jets). For instance,
in the signal, the two electrons tend to be close to each other, and the dielectron system is
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Figure 10.14: Signal to background ratio for a luminosity of 5 fb−1 (left) and the luminosity
needed for a 5σ discovery (right) as a function of different Higgs masses for the H → WW
channel.

essentially emitted in the central region. On the contrary, in the Z + jets background, the
dielectron pair is emitted uniformly in η, and the electrons candidates in the W + jets back-
grounds are well separated. Other selection criteria relying on the absence of a true source of
missing transverse energy in the Z+jets events have been introduced: in the events where the
missing transverse energy is mis-measured, it is usually in the same direction as the leading
jet. Similarly, the imbalance of the missing energy and the dilepton system in the transverse
plane is exploited.

Both W+jets and Z+jets backgrounds are thus explicitly reduced to a manageable level. Fig-
ure 10.15 (left) shows the reconstructed WW transverse mass for the 140 GeV Higgs signal
selection with 10 fb−1. Figure 10.15(right) shows the signal significance as function of the
Standard Model Higgs mass for the integrated luminosity of 30 fb−1 with and without sys-
tematics taken into account. A 3σ observation is possible for Higgs masses from 135 GeV. A
5σ discovery is reached with 60 fb−1.

10.2.3 The vector boson fusion production with H → ττ → `+ τ jet + Emiss
T

In the early parton level simulation studies [475, 476] and fast detector simulation studies of
ATLAS and CMS [477] it was shown that the Higgs boson production in the vector boson
fusion qq→qqH (qqH or VBF) and decay into τ lepton pair could be the discovery channel
with ∼ 30 fb−1. The cross section measurement of qqH, H→ ττ, WW, γγ channels will
significantly extend the possibility of the Higgs boson coupling measurement [478, 479] and
provide the possibility of the indirect measurement of the light Higgs boson width [478]. In
the MSSM the qqH(h), H(h)→ ττ channel could be discovered in the largest region of the
MA − tanβ parameter plane [475, 480]. The forward jet tagging and the central jet veto are
the key selections of the VBF Higgs boson channels. The study of the observability of the
VBF Higgs boson production and H→ ττ → ` + jet decay with the full detector simulation
is presented in the following. A detailed description of the analysis can be found in [481].
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10.2.3.1 Signal and background generation and pre-selections

The signal events were generated using PYTHIA for four different values of the Higgs boson
mass: 115, 125, 135 and 145 GeV/c2. The Higgs boson was forced to decay to two τ leptons
with one τ decaying to leptons and the other τ to hadrons. The TAUOLA package was used
to simulate the τ polarisation.

For background events, following processes are considered:

QCD 2τ+2/3j
The QCD production of 2τ+2jet and +3jet events with the invariant mass of two τ leptons,
Mττ > 70 GeV/c2, was generated using ALPGEN with CTEQ5L PDF. Given the limit of the
detector acceptance and requirements in the course of the event reconstruction, all jets were
required to satisfy pTj > 20 GeV, |ηj| < 5.0 and |∆Rjj| > 0.5. Further pre-selections were ap-
plied on the two highest pT jets (j1 and j2) reflecting the offline VBF selection cuts: |∆ηj1j2| >
4.0, Mj1j2 > 600 GeV/c2. Then the events 2τ+2j and 2τ+3j were added together with the MLM
prescription in PYTHIA to avoid double counting of the jets. The TAUOLA package was used
in PYTHIA to force one τ lepton to decay leptonically and the other hadronically.

Electro Weak (EW) production of 2τ+2j
The EW production of two τ ’s with Mττ > 70 GeV/c2 and two jets in the final state was gen-
erated using MADGRAPH with CTEQ5L PDF. Soft pre-selections were applied during gener-
ation with MADGRAPH on the kinematics of the jets: pTj > 20 GeV/c and Mjj > 500 GeV/c2.
Further pre-selection cuts were applied on jets and τ ’s given the limit of the detector accep-
tance and requirements of the event reconstruction: |ηj| < 5.2, |∆Rjj| > 0.5, |∆Rττ | > 0.4. The
showering and hadronisation of the MADGRAPH parton level events were carried out using
PYTHIA where all decay modes of the τ lepton were open.

W+jets
The W+3j and W+4j events with W→ µν decays were generated using ALPGEN with CTEQ5M
PDF. In addition to the kinematical cuts on jets used for the QCD Z+jets production described
above, further pre-selections were made based on the lepton properties with |η`| < 3 and
pT` > 10 GeV/c. The MLM prescription was applied in PYTHIA.
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t̄t → WbWb
The tt̄ background was generated using PYTHIA, TOPREX, ALPGEN, COMPHEP and MAD-
GRAPH. All leptonic W decays were included and no kinematical pre-selection was applied.

10.2.3.2 Event reconstruction and selection

Events are triggered at Level 1 by the single isolated e, single µ and combined e-τ triggers.
At the High Level the following triggers are used: the single isolated e, single µ, combined
e-τ and combined µ-τ triggers.

In the off-line analysis the electron and muon candidates were selected and for the elec-
tron candidates three additional requirements are applied: E/p > 0.9, tracker isolation,
(
∑trk

0.01<∆R<0.2p)/E < 0.05, and ET of the hottest HCAL tower, EHtow
T < 2 GeV. The high-

est pT off-line lepton candidate with pT >15 GeV/c is then selected. The lepton track is used
to identify tracks originating from the signal vertex. The tracks are used for the electron
isolation, τ tagging and in central jet veto. A track is associated to the signal vertex if its z
impact parameter lies within |∆z| <0.2cm from that of the lepton track.

The τ -jet identification is seeded from the L1/HLT τ candidates. A jet is formed around each
candidate which does not coincide with the identified electron, and the jet is passed through
a series of τ -tagging criteria. The τ tagging used in HLT (Ref. [75]) has been adapted to
offline use with parameters Rm = 0.1, Rs = 0.07, Ri = 0.45, pltr

T = 6 GeV/c and pi
T = 1 GeV/c.

The charge of the τ -jet is required to be opposite of the lepton charge, and EHtow
T > 2 GeV is

required if the jet coincides with any of the electron candidates. A further cut is applied on
the transverse energy of the τ -jet, ET >30 GeV.

The jets from the VBF process are identified as the two highest ET calorimeter jets with
ETj > 40 GeV, excluding the electron and the τ -jet. The jets are required to satisfy: |ηj| < 4.5,
ηj1 × ηj2 < 0, ∆ηj1j2 > 4.5, ∆φj1j2 < 2.2, and the invariant mass, Mj1j2 > 1 TeV. The jets after
these selections will be referred to as tagging jets.

A cut is applied on the transverse mass of the lepton-Emiss
T system, MT(lep,Emiss

T ) < 40 GeV,
in order to reject backgrounds with W→ `ν decays.

The central jet veto was applied. An event is vetoed if there is an additional jet (j3) with
Eraw

Tj3 > 10 GeV in the rapidity gap between the two tagging jets, satisfying the following:

• (ηmin + 0.5) < ηj3 < (ηmax − 0.5)
where ηmin and ηmax correspond to the tagging jets which has smaller and larger
value of η respectively.

• αj3 =
∑

pTtrk/Eraw
Tj3 > 0.1

where pTtrk is the pT of the track originating from the signal vertex, which lie
within the 0.5 cone around the jet axis, and Eraw

Tj3 is the raw ET of the jet measured
in the calorimeter.

αj3 is defined for each additional jet, and the one which satisfies the first criteria and has the
highest αj3 is considered for the veto.

The invariant mass of the two reconstructed τ ’s is calculated as described in the MSSM
H(A)→ττ analysis (Section 5.2) using the collinear approximation of the visible part of τ ’s
and neutrinos. The Emiss

T is reconstructed by summing the ET of the calorimeter towers and
the muon candidates, and applying the jet energy corrections (Type 1 Emiss

T ). The events were
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accepted if Eν1,ν2 >0.

10.2.3.3 Expected number of events

The efficiency of each reconstruction and selection step and the cumulative cross section
expected at the LHC are given in Table 10.9. The total selection efficiencies are, 0.32%, 0.34%,
0.42%, 0.39%, for the signal events with the Higgs boson masses, MH = 115, 125, 135 and
145 GeV/c2 respectively.

For the W+3/4j background, the efficiencies of some selection cuts have been obtained from
factorisation of cuts. The trigger and the lepton identification are carried out as other sam-
ples, and the remaining steps are carried out in two uncorrelated parallel streams – A:
VBF and MT(lep,Emiss

T ) cuts, B: central jet veto, τ tagging and mass calculation – after pre-
selections of forward jets and τ -jet candidates.

Table 10.9: Cumulative cross sections in fb after successive selection cuts. The efficiency
(%) of each cut is listed inside the brackets. The entry, “valid mass”, corresponds to the
fraction remained after the calculation of the diτ mass when some events are lost due to the
negative reconstructed neutrino energies. For the W+3/4j samples, efficiencies are obtained
from factorisation of cuts and the τ -jet ID efficiency includes the pT cut, and the number of
events at 30 fb−1 (indicated by *) is calculated for all leptonic decay modes of W.

cross section, σ [fb] (% from previous cut)
Selection signal background

MH=135 EW 2τ+2j QCD ττ+2/3j W+3/4j t̄t →WbWb
Starting σ 82.38 299. 1615. 14.45×103 86×103

Level-1 46.50 (56.5) 179.8 (60.1) 543.8 (33.7) 9186. (63.6) 71.39×103 (83.0)
L1+HLT 24.60 (52.9) 58.81 (32.7) 201.3 (37.0) 6610. (71.9) 55.42×103 (77.6)
lepton ID 23.34 (94.9) 50.67 (86.2) 187.4 (93.1) 6549. (99.1) 54.08×103 (97.6)
lepton pT 23.16 (99.3) 49.13 (97.0) 185.6 (99.0) 6543. (99.9) 53.54×103 (99.0)
τ -jet ID 8.276 (35.7) 10.49 (21.3) 39.64 (21.4) (0.21) 5.056×103 (9.4)
τ -jet pT 6.422 (77.6) 7.360 (70.2) 24.25 (61.2) - 3.215×103 (63.6)
Valid mass 4.461 (69.5) 4.232 (57.5) 14.49 (59.8) (17.4) 848.6 (26.4)
VBF cuts 0.545 (12.2) 0.391 (9.2) 1.666 (11.5) (11.0) 2.738 (0.3)
MT(lep,Emiss

T ) 0.423 (77.6) 0.322 (82.4) 1.382 (83.0) (30.5) 0.942 (34.4)
Central Jet Veto 0.344 (81.3) 0.230 (71.4) 0.555 (39.7) (28.9) 0.224 (23.8)

N events at 30 fb−1 10.3 6.9 16.6 1.5* 6.7

10.2.3.4 Reconstructed mass and fit

The distribution of the invariant mass of two reconstructed τ ’s for different samples is shown
in Figure 10.16, where the signal sample with the Highs boson mass, MH = 135 GeV/c2 is
used. A Gaussian function is used to fit the signal distribution, a Breit-Wigner function for
the 2τ+jets background from EW and QCD processes, and a second order polynomial for the
reducible background from W+jets and t̄t events. The Higgs boson mass resolution is 9.1%.

10.2.3.5 Signal significance

The significance is calculated using a window with a fixed width of 40 GeV/c2, which slides
in 5 GeV/c2 steps. An optimum window position which maximises the significance is chosen
for each of the four different masses of Higgs boson. The numbers of signal and background
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Figure 10.16: The invariant mass of two reconstructed τ ’s. The number of entries in each
histogram is normalised to the expected number of events at an integrated luminosity of
30 fb−1.

events within the window, NS and NB, are estimated from the fits to individual samples. The
method ScP (Ref. [78]) is used for calculating the significance, including the systematic un-
certainty of 7.8% for 30 fb−1 and 5.9% for 60 fb−1. The results are summarised in Table 10.10.

It is envisaged that the shapes of the two background distributions will be extracted exper-
imentally from the LHC data in a region unaffected by the signal contribution, using some
relaxation of selection cuts. Since the number of background events in the signal region will
be estimated using real data, the fitting procedure is the only contribution to the uncertainty
in the significance estimate. The fit uncertainty has been evaluated by performing MC tri-
als, randomly generating a mass distribution from the original fit functions and re-fitting the
distribution at each trial. With the data, the Higgs boson mass will be estimated by repeating
the fitting procedure for different mass hypotheses and finding the value where the χ2 of the
fit is minimised.

10.2.4 Searching for standard model Higgs via vector boson fusion in H →
W+W− → `±νjj with mH from 120 to 250 GeV/c2

The signal topology of Higgs boson with H → W+W− → `νjj via vector boson fusion has
been shown as a good potential discovery channel for the medium-high mass range (mH >
300 GeV/c2). The final state is characterised as two forward jets, two central jets from W
hadronic decay, and one high pT lepton and missing transverse energy (Emiss

T ) from the W
leptonic decay. Extending the use of this channel to the low mass range (mH < 300 GeV/c2)
makes valuable physics analysis possible and is complementary to the Higgs boson search
using H → W+W− → `ν`ν, especially for 160 < mH < 180 GeV/c2, where H → ZZ∗ branch-
ing ratio is highly suppressed due to the opening of H → W+W− decay with two on-shell W
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Table 10.10: The production cross section and significance of the expected number of signal
events within the optimum mass window for each of the four different simulated masses of
the Higgs boson.

MH [ GeV ] 115 125 135 145
Production σ [fb] 4.65×103 4.30×103 3.98×103 3.70×103

σ×BR(H→ττ→lj) [fb] 157.3 112.9 82.38 45.37
NS at 30 fb−1 10.5 7.8 7.9 3.6
NB at 30 fb−1 3.7 2.2 1.8 1.4
Significance at 30 fb−1 (σB = 7.8%) 3.97 3.67 3.94 2.18
Significance at 60 fb−1 (σB = 5.9%) 5.67 5.26 5.64 3.19

bosons.

The result of this section shows that in the Higgs boson mass range between 140 and 200 GeV/c2,
a significance of ∼ 5 σ can be achieved with integrated luminosity of 30 fb−1. Major back-
grounds include tt̄+jets, W+tb̄(̄tb), W+jets, Z+jets, WW/WZ/ZZ+jets, and QCD events. For
WW+jets, the QCD and Electroweak (EW) processes are generated separately. A detailed
description of the analysis can be found in [482].

10.2.4.1 Event selection strategy

Major difficulties concerning the low mass Higgs analysis using `νjj final state include: many
background processes of very large cross section have one lepton and multiple jets in the fi-
nal states; simulating the requisite huge number of background events is both a computing
and analysis challenge; hard selection cuts and heavy exploitation of physics signal char-
acteristics are necessary to suppress backgrounds and enhance the statistical significance of
the signal, which can lead to large systematic uncertainties; the relatively low Higgs boson
mass domain limits the application of high jet ET thresholds that would normally be used
to suppress backgrounds, in contrast to the situation at high mass; low Emiss

T and low ET jets
affect the resolution of Higgs mass. To meet these challenges, a robust reconstruction and
selection strategy is developed.

Low pT objects are ignored (e.g. leptons with pT < 10 GeV/c and jets with ET < 25 GeV). The
jet ET threshold is chosen around 25 GeV where there is a stable signal to background ratio
(S/B), so that the systematic uncertainty of jet energy scale is minimised (Fig. 10.17). Due to
a number of soft jets in the central detector region, the hadronic W reconstruction looks for
a dijet mass with the smallest deviation from the true W boson mass. The extra jet veto after
forward jet tagging and hadronic W reconstruction is applied. Two schemes are studied: full
extra jet veto (Nextra < 1) and loose extra jet veto (Nextra < 2). The full extra jet veto is very
powerful in reducing the tt̄+jets and W+jets background.

The selection chain is divided into two major steps: basic selection (Table 10.11) and opti-
mised selection. This strategy helps optimise the selection cuts and factorise the selection
efficiency to evaluate the systematic uncertainty and QCD background efficiency.

The optimised selection for mH ≥ 160 GeV/c2 (mH < 160 GeV/c2) includes 3 steps:

• EFH
T > 45 (40) GeV, EFL

T > 35 (30) GeV, ∆η > 4.2, and mjj > 1000 GeV/c2. EFH
T

(EFL
T ) is the high (low) jet ET threshold for forward jets.

• ECH
T > 30 GeV, ECL

T > 25 GeV, ∆mW < 20 GeV/c2 (30 < mW < 90 GeV/c2), and
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Figure 10.17: Multiple jet selection efficiency (requiring at least 4 jets in an event) as a function of jet ET

threshold. The efficiency is normalised to the rate with jet ET threshold of 16 GeV for each sample. The physics
channels include: tt̄ + jets (solid square), W + 3jets (open circle), W + 4 jets (solid triangle), and VBF Higgs with
mH = 170 GeV/c2 (open square)

Nextra < 1. ECH
T (ECL

T ) is the high (low) jet ET threshold for central jets that are
used for hadronic-W reconstruction.

• Emiss
T (qqWW)< 40 GeV, ∆R(lepton,Hadronic-W)< 2.0, and ∆R(Leptonic-W, Hadronic-

W) < 1.0. Emiss
T (qqWW) is the Emiss

T of qqWW system that includes reconstructed
Higgs boson and two forward jets.

The efficiency of basic selection and three steps of optimised selection is summarised in Ta-
ble 10.12 and 10.13 for mH ≥ 160 GeV/c2 and mH < 160 GeV/c2 respectively. Loose extra
jet veto with tightening cuts: mjj > 1200 GeV/c2 and ∆R(lepton,Hadronic-W) < 1.6, gives a
conservative result.

The reconstructed Higgs boson mass distributions for signal plus background and back-
ground are shown in Fig. 10.18 for MH=160 GeV/c2 (left) and MH=170 GeV/c2 (right) for
60 fb−1.

The overall QCD multi-jet contamination is estimated with the factorisation of the selections
as 2-5 events for an upper limit with 60 fb−1, which causes possible 2-4% increase of back-
ground, which has almost no change in the significance.

10.2.4.2 Detector systematic uncertainties and control

Several calorimeter level systematic uncertainties have significant impact on this channel
including: jet energy scale and resolution, Emiss

T scale and resolution, and calorimeter-based
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Table 10.11: Summary of basic event selection cuts

Selection Configuration
Lepton selection calorimeter-based e/µ isolation

30 < pT < 120 GeV/c
∆R`,j > 0.5

Jet selection Njet ≥ 4 jets with ET > 25 GeV
Emiss

T > 30 GeV
Forward jet tagging ET > 30 GeV

η1 · η2 < 0
|η1 − η2| > 3.8
mjj > 800 GeV/c2

Hadronic-W ∆mW < 25 GeV/c2 (mH ≥ 160 GeV/c2)
30 < mW < 90 GeV/c2 (mH < 160 GeV/c2)
select dijet with the least ∆mW

Leptonic-W using lepton and Emiss
T

select Leptonic-W candidates of
smaller ∆R(Leptonic−W,Hadronic−W)
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Figure 10.18: The Higgs boson mass reconstruction of signal plus background (grey) and background (black)
for MH=160 GeV/c2 (left) and MH=170 GeV/c2 (right)

lepton isolation cut. Their impacts on the rate of signal (S), background (B) and S/B are
summarised in Table. 10.14. The total detector level systematic uncertainty is about 16% in
the absolute rate of background in the final result.

The data driven technique is able to significantly reduce the detector level systematic uncer-
tainties. For example, the largest uncertainty comes from the selection efficiency with respect
to lowest jet ET threshold. The event rate of the background near this threshold can be mea-
sured from data and used to tune the MC prediction, which leaves much less uncertainty
due to the systematic bias of jet energy scale. Ignoring the uncertainty in the rate for from
lowest jet ET threshold, the uncertainty of jet energy scale only causes about 5.5% error in
the rest of the selection chain which immediately reduces the total detector level systematic
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Table 10.12: Cross section (fb) of the signal and background in optimised selection with mH ≥
160 GeV/c2 for full extra jet veto

Channels Basic Selection Step 1 Step 2 Step 3
VBF Higgs (mH=160) 16.15 9.531 4.580 2.989
VBF Higgs (mH=170) 15.99 9.814 4.828 3.006
VBF Higgs (mH=180) 16.28 9.916 4.711 2.738
VBF Higgs (mH=190) 14.16 9.363 4.294 2.340
VBF Higgs (mH=200) 13.78 8.626 4.341 1.983
VBF Higgs (mH=210) 13.43 8.211 4.080 1.571
VBF Higgs (mH=220) 13.35 8.227 4.128 1.259
VBF Higgs (mH=250) 10.71 6.900 3.426 0.810
tt̄ + jets 1494.2 626.5 16.751 1.232
WW + jets (QCD) 9.27 1.265 0.422 < 0.008
WW + jets (EW) 7.88 9.683 4.454 < 0.0277
ZZ + jets 1.00 0.269 0.0245 < 0.001
ZW + jets 7.23 2.335 0.223 < 0.001
W + tb̄(̄tb) 92.8 35.21 4.427 < 0.05787
W + 4j (W → e/µ/τ + ν) 1110.8 583.0 72.066 0.323
Z + 4j (Z → ee/µµ) 82.3 3.713 0.141 0.0104
Z + 3j (Z → ee/µµ) 72.4 2.313 0.233 < 0.0067
Sum of Background 3579.7 1492.5 167.38 1.565

uncertainty down to 10% level.

10.2.4.3 Discovery potential

The signal significance for 30 fb−1 after optimised selection cuts is shown in Fig. 10.19 for the
Higgs boson masses between 120 and 250 GeV/c2. The background systematic uncertainty of
16% as discussed in the previous section is included.

10.2.5 Vector boson fusion production with H → γγ

A detailed description of the analysis can be found in [483].

10.2.5.1 Signal and background generation and simulation

The Higgs boson production from the vector boson fusion qq → qqH and H → γγ decay was
generated by PYTHIA for the Higgs boson masses, MH=115, 120, 130, 140 and 150 GeV/c2.

The backgrounds considered are:

• QCD multi-jet production, where an electromagnetic energy deposit results from
the decay of neutral hadrons (especially isolated π0s) in a jet. It was generated by
PYTHIA with p̂T > 50 GeV/c.

• Drell Yan e−e+ production (generated with PYTHIA) which could mimic photons
when correspondent electron tracks will not be assigned to the clusters in the
ECAL during the reconstruction.

• diphoton production from the gluon fusion (box diagram) when two additional
jets from the initial state radiation are presented in the event. It was generated by
PYTHIA with p̂T > 20 GeV/c.
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Table 10.13: Cross section (fb) of signal and background in optimised selection with mH <
160 GeV/c2 for full extra jet veto

Channels Basic Selection Step 1 Step 2 Step 3
VBF Higgs (mH=120) 1.28 0.951 0.363 0.231
VBF Higgs (mH=130) 4.03 3.004 1.125 0.664
VBF Higgs (mH=140) 7.12 5.520 2.369 1.656
VBF Higgs (mH=150) 11.01 8.345 3.505 2.317
tt̄ + jets 1483.0 859.5 20.94 0.493
WW + jets (QCD) 9.70 4.215 0.422 < 0.004
WW + jets (EW) 7.94 11.21 5.395 < 0.0277
ZZ + jets 0.96 0.465 0.0979 < 0.001
ZW + jets 7.45 3.781 0.334 < 0.01
W + tb̄(̄tb) 101.5 54.37 6.799 < 0.0289
W + 4j (W → e/µ/τ + ν) 1110.7 778.5 118.9 0.667
Z + 4j (Z → ee/µµ) 81.3 4.700 0.152 0.00522
Z + 3j (Z → ee/µµ) 70.0 3.160 0.353 < 0.01333
Sum of Background 3630.6 2066.5 267.2 1.164

Table 10.14: Systematic Uncertainties due to Jet and Emiss
T

Source S B S/B
Jet energy scale 10.6% 14.5% 5.2%
Jet energy resolution 0.1% 2.0% 2.0%
Emiss

T 2.5% 1.2% 1.7%
Lepton isolation 1.4% 1.3% 0.5%

• QCD and Electro Weak (EW) pp → γγ+2 jets process generated with COMPHEP.

• QCD and EW pp → γ+3 jets generated with COMPHEP.

Table 10.15 shows the cross sections of different types of backgrounds

Table 10.15: Cross sections of different types of background.

Background process Cross section (pb)
QCD hadronic jets 2.8*107

Gluon fusion 83
Drell Yan 4.1 × 103

γγ + 2jets, QCD 47.24
γγ + 2jets, EW 0.33
γ + 3 jets, QCD 5970
γ + 3 jets, EW 5.15

Generator level pre-selections for QCD multi-jet background

Selection based on the generated particles was devised, aimed at selecting events which
could produce in the detector two electromagnetic showers consistent with isolated photons.
In order to apply cuts on the invariant mass of the two candidates an attempt to estimate
lower and upper limits to the energy of the candidates that will be reconstructed after the
simulation was done.
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Figure 10.19: The signal significance for 30 fb−1. The high (low) curves correspond to full (loose) extra jet veto

The idea of this pre-selection, is to pick up events that will give rise to energy depositions
in ECAL large enough and isolated enough to be important for this analysis. Pre-selection
algorithm is getting all particles which might deposit electromagnetic energy in ECAL, and
looking around each particle in a narrow cone, to find another, may be less energetic particles
which will make deposits in ECAL as well, and will potentially be reconstructed as one
cluster. In addition to that, a very loose tracker isolation was applied: three charged particles
were required in a cone ∆R = 0.2 around the “cluster candidate”, described above, per one
“cluster candidate”, and no more than 6 per two first most energetic candidates.

After that some other cuts were applied for the “cluster candidates” as well - pT > 37.5 GeV/c
for most energetic one and pT > 22.5 GeV/c for the second most energetic one. The invariant
mass of the first most energetic and second most energetic “cluster candidates” should be
more than 90 GeV/c2 for the purpose of this analysis.

Generator level pre-selections for γ + 3jets and γγ + 2jets backgrounds

At COMPHEP partonic level event generation the following cuts were applied:

- pγT > 20 GeV/c

- pjT > 20 GeV/c

- ∆Rij > 0.4

- at least one pair of jets must exist with the jets in the opposite hemispheres with
the rapidity gap greater than 3.5

The CTEQ5L PDF set was used; the factorisation and renormalisation scales were set to
50 GeV. Hadronisation was done by PYTHIA and the same pre-selections were applied as
it was described above for QCD multi-jet background. Rejection factors of PYTHIA pre-
selections are 2.5 for γγ + 2jets dataset and 7.8 for γ + 3jets dataset.

The signal and background events passed the full detector simulation and digitisation with
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pile-up for luminosity 2×1033cm−2s−1. The numbers of generated and fully simulated events
are shown in Table 10.16 for different types of background. In the last column the corre-
sponding equivalent integrated luminosity is shown.

Table 10.16: Number of generated and simulated events for different types of background.

Background Number of Rejection with Number of Lintg

process generated events pre-selections simulated events ( fb−1)
QCD multi-jets 31.2 × 109 6048 4.5M ∼ 1
Gluon fusion 2.25 × 106 2 1M ∼ 52

Drell Yan e+e− 1.0 × 106 1 1M 0.25
γγ + 2jets, QCD 0.5 × 106 2.56 200k 6
γγ + 2jets, EW 41 × 103 1 41k 120
γ + 3jets, QCD 0.3 × 106 7.8 40k 0.05

10.2.5.2 Event reconstruction and selection

The events were triggered by the double-isolated electron trigger at Level 1 and HLT.

Photons are reconstructed with the hybrid algorithm in the ECAL barrel and with the island
algorithm in the ECAL endcap. Both photon candidates had to match Level 1 trigger photon
candidates, such that, the distance R (R=

√
δη2 + δφ2) between the photon candidate and

trigger object be less than 0.5. The transverse energies of the two photon candidates were
required to be greater than 40 GeV and 25 GeV respectively. The fiducial volume in rapidity
was restricted to |η|< 1.4442 in the barrel and 1.566 < |η|< 2.5 in the endcap for both photon
candidates.

Three different algorithms were studied for the Higgs boson vertex reconstruction:

• PT balance - the PT balance for charged particle tracks along the reconstructed
Higgs boson direction is defined as PBT = -ΣPTi cos θi, where θi is the angle between
the Higgs boson and track i direction in the transverse plane

• Maximal PT: the primary vertex is selected as the vertex with the track of highest
PT

• Number of charged particle tracks above PT cutoff in pixel vertex. The primary
vertex is selected as the vertex with a largest number of tracks.

To compare different vertex reconstruction algorithms, the number of events reconstructed
in a 5 GeV/c2 mass window are determined. The PT balance and Maximal PT algorithms
give exactly the same number of events, while track counting algorithm gives a few percent
less efficiency. The Higgs boson efficiency in 5 GeV/c2 mass window is improved by 15%.

The photon candidates were required to be isolated in the tracker and calorimeter. The
tracker isolation criteria are based on the number of charged particle tracks with pT greater
than a pT threshold, pthresh

T , calculated in a cone R (R=
√
δη2 + δφ2) around the photon can-

didate. The algorithm contains three parameters:

• The size of the cone R around the photon candidate, wherein the number of
charged tracks is counted.

• The pT threshold, pthresh
T . Only charged particle tracks with pT greater than pthresh

T

are considered in isolation calculations.
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• The ‘number of tracks’ threshold Nthresh. If the number of charged particle tracks
in cone R with pT greater than the chosen pthresh

T is greater than Nthresh, then the
photon candidate is considered non-isolated, otherwise isolated.

The jet rejection factor is very sensitive to the ‘number of tracks’ threshold, Nthresh. By in-
creasing Nthresh from 0 to 1, the Higgs boson signal efficiency is improved by 6-10%, but the
jet rejection factor drops by a factor of ∼ 2. Therefore, the parameter Nthresh was fixed to
zero. The cone size R = 0.30 and pthresh

T = 1.5 GeV/c were used in this study.

The isolation of the photon candidates in the electromagnetic calorimeter is also required.
The isolation criteria is based on the sum of transverse energies deposited in basic clusters
in some cone R (R=

√
δη2 + δφ2) around the photon candidate. The basic clusters that belong

to the photon candidate’s supercluster are not counted as part of the sum. The algorithm
contains four parameters:

• The size of the cone R around the photon candidate wherein the transverse ener-
gies deposited in the basic clusters are summed.

• The transverse energy sum threshold Ethresh
T . If the sum of transverse energies

is below this threshold, the photon candidate is considered isolated, otherwise
non-isolated.

• The ratio, r, of the transverse energy sum in all surrounded basic clusters to the
transverse energy of the most energetic super cluster.

• The ratio (H/E) of the energy deposited in the HCAL behind the super-cluster to
the energy of the super-cluster.

There is no strong dependence of the jet rejection factor on the cone size R, though slightly
better rejection factors are empirically obtained for a cone size R = 0.30 - 0.35. The cone size
R = 0.30 is used in this study. The transverse energy sum thresholds, Ethresh

T , were chosen to
be 1.2 GeV in the barrel and 1.6 GeV in the endcap. Finally, the photon candidate must pass
the cuts: r < 0.01 and H/E<0.1.

Jet tagging was done based on the jets reconstructed with the iterative cone algorithm using
cone size 0.7. The two highest ET jets were chosen and an initial selection cuts were applied:

Ejet
T > 20 GeV, |ηjet| ≤ 4.5, ∆Rγjet ≥ 0.5

∆ηjets = |ηjet1 − ηjet2| ≥ 4.0, ηjet1 × ηjet2 < 0

Two additional cuts were applied to the already selected two forward jets in order to reduce
the background even more than it was done with forward jet tagging procedure:

- Ejet1
T > 50 GeV, where Ejet1

T is the transverse momentum of the first most energetic
forward jet, selected by forward jet tagging procedure, described above.

- Ejet2
T > 35 GeV, where pjet2t is the transverse momentum of the second most ener-

getic forward jet, selected by forward jet tagging procedure, described above.

- mj1j2 > 500 GeV/c2, where mj1j2 is the invariant mass of the two most energetic
forward jets, selected by forward jet tagging procedure, described above.

- two photons must in the η region between the two forward jets: min(ηjet1, ηjet2) +
0.7 < ηγ1,2 < max(ηjet1, ηjet2)− 0.7.
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Table 10.17: The number of signal and background events and signal significance after all
selections within the 5 GeV/c2 mass window around the considered Higgs boson masses for
60 fb−1. The ∆Nb is the background uncertainty estimated from the side bands.

mH = 115 mH = 120 mH = 130 mH = 140 mH = 150
GeV/c2 GeV/c2 GeV/c2 GeV/c2 GeV/c2

Ns 20.2 21.1 19.1 15.7 11.2
γ+3jets (QCD) 2.7 4.7 3.5 2.0 5.8
γ+3jets (EW) 2.5 2.5 2.5 2.5 2.5

γγ + 2jets (QCD) 11.2 13.2 9.85 8.9 4.6
γγ + 2jets (EW) 10 7.0 7.0 11.0 2.0

Drell Yan 0 0 0 0 0
Nb 26.0 26.2 21.4 28.2 14.9

∆Nb 2.8 3.2 2.4 3.0 1.8
S 3.07 3.15 3.21 2.32 2.30

10.2.5.3 Results

After all selections the contribution of the QCD multi-jet events and diphoton events from
gluon fusion was found to be negligible. Due to the lack of Monte Carlo statistics only upper
limits were estimated conservatively for the contribution from QCD and EW γ+3 jets back-
grounds. Table 10.17 shows the number of signal and background events after all selections
within 5 GeV/c2 mass window around the considered Higgs boson masses for 60 fb−1. The
∆Nb shown in the Table is the background uncertainty estimated from the side bands around
the Higgs boson mass peak.

The signal significance with the background uncertainty taken into account is shown in Fig-
ure 10.20 for 30 and 60 fb−1.
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Figure 10.20: Signal significance for 30 and 60 fb−1
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Table 10.18: Background processes considered into the present analysis. The cross-section includes
the decay of W and Z bosons into leptons. The generator and the number of events processed are also
shown together with the corresponding weight for a luminosity of 1 fb−1.

Background Cross-section Generator MC statistic weight (1 fb−1)
WWW(3l±) 4.95 fb COMPHEP 10000 5.19× 10−4

WZ(3l±) 1.71 pb PYTHIA 50000 3.46× 10−2

ZZ(4l±) 0.17 pb PYTHIA 50000 3.67× 10−3

tt̄(l+l−bb̄) 90.9 pb TOPREX 100000 0.93
Wt(l+l−b) 5.25 pb TOPREX 50000 0.11

10.2.6 Associated WH production with H → WW(∗) → 2`2ν

The cross-section for this process exhibits a maximum near the Higgs boson mass of 160-
180 GeV/c2 due to the combined behaviour of the production cross-section and the Higgs
boson branching ratio. The intermediate mass region between 120 GeV/c2 and 190 GeV/c2,
where the cross-section exceeds 300 fb was investigated using the events containing three
leptons, electrons and muons (including leptonic tau decays), in the final state.

A detailed description of the analysis can be found in [484].

10.2.6.1 Signal and background generation

The Higgs boson with masses of 115, 125, 130, 140, 150, 160, 170, 180 and 190 GeV/c2 has been
considered. Events were generated with PYTHIA for each of the nine Higgs boson masses,
without any kinematical cut. W bosons are forced to decay leptonically (e, µ, τ ).

All Standard-Model processes likely to produce three leptons must be considered as back-
ground for this analysis. This includes events where three leptons are actually produced in
the hard process but also events with a fake or missed lepton. One particular case is the
production of leptons in the semi-leptonic decay of a B meson. In the present analysis, we
considered the production of WWW, WZ, ZZ, tt̄, and Wt. Most of the processes are simu-
lated with PYTHIA, except for WWW, which is generated with COMPHEP, and Wt generated
with TOPREX. In all cases, PYTHIA is used for the hadronisation step. Table 10.18 shows the
cross-section, the generator used and the number of events produced.

10.2.6.2 Selection streams at Level-1 and HLT

The global (cumulative) trigger efficiency after Level-1 and HLT is found to reach 72% for
a 140 GeV/c2 Higgs boson using the full trigger table. Main contributions come from single
and double leptonic (e and µ) triggers (65%). There is a small contribution from the missing
transverse energy trigger (Emiss

T ) and from combined (e ∧ τ ) and (µ ∧ τ ) triggers, further
reduced by the event selection, which favours multi-leptonic patterns. For this analysis,
events are selected by the triggers known to have the highest impact on the total efficiency:
single- and double-electron and muon triggers. Figure 10.21(a) shows the efficiency for each
(exclusive) trigger pattern, given the above choice of interesting bits.

Details about the efficiency for each type of event (defined from the number of muons, elec-
trons and taus in the event) are given in Figure 10.21(b). Events containing one or more
muons are more easily retained (efficiency reaches 85% for events with three muons) while
tau events are only marginally selected (efficiency: 12%). Efficiency rises slightly with the
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Figure 10.21: (a) Trigger efficiency by trigger pattern, for the signal. Efficiency is calculated as
Nx/NHLT , where x is one of the 24 exclusive trigger classes. “Others” stands for unconsidered trigger
patterns; (b) Trigger efficiency for each class of Monte-Carlo events. Results are given after Level-1
and after HLT. Efficiency is computed as the ratio between the number of triggered events and the
total number of generated events.

Table 10.19: Trigger efficiency for each source of background. Efficiency at HLT with the restricted
trigger set (e, ee, µ, µµ) used in the present analysis is also shown.

Background Level-1 efficiency HLT efficiency e, ee, µ, µµ HLT efficiency

WWW(3l±) 0.87 0.79 0.73
Wt(l+l−b) 0.88 0.78 0.67
WZ(3l±) 0.8 0.72 0.65
ZZ(4l±) 0.78 0.69 0.64

tt̄(l+l−bb̄) 0.91 0.79 0.65

Higgs boson mass, from 58% at 115 GeV/c2 to 74% at 190 GeV/c2.

Table 10.19 shows the trigger efficiency for each source of background. Efficiency of the
single- and double-electron and muon triggers, varies from 64% to 73%, which is the same
magnitude as the trigger efficiency for signal events. It is 15% (for tt̄) to 5% (for ZZ) less
efficient than the inclusive High-Level trigger.

10.2.6.3 Off-line selection

Electrons and muons are reconstructed using default offline reconstruction algorithms. For
electrons, additional quality cuts are applied: the energy measured by ECAL and the mo-
mentum obtained by the tracker must agree within 50%, and the ratio of energy measured
by HCAL and ECAL must be lower than 0.15. Only leptons with p`T >14 GeV/c are retained.
A first set of selection criteria is applied to select signal-like topologies, requiring three and
only three leptons, for a total charge of either +1 or -1. A cut on the distance in the z direction
between the points of closest approach of lepton tracks to the beam is applied to ensure that
all of the three leptons are coming from the same interaction. The two closest (in the η − φ
plane) opposite-sign leptons are then assigned to the Higgs boson decay. The angle between
leptons attributed to the Higgs boson can be used to distinguish signal and background.
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The acollinearity between two leptons is defined as the angle between the two leptons, in
the space, and their acoplanarity is defined as the same angle projected onto the transverse
plane. Both the acollinearity (θaco < 1.75 rad) and the acoplanarity (0.1 rad < φaco < 0.75 rad)
between the leptons are used, as they provide complementary information. Leptons required
to be isolated in the tracker, i.e. the angle between the lepton’s track and the closest track with
pT above 3 GeV/c must be more than 0.2.

A jet veto is applied rejecting events with a jet, reconstructed with the iterative cone algo-
rithm (using cone size of 0.7) with raw ET above 25 GeV in the central region, |η| < 2.1. An
additional B veto is applied, imposing that no single B-jet is reconstructed by the default
combined B-tag algorithm. This removes low-energy b jets passing the jet veto.

A cut on the invariant mass of any pair of leptons compatible with the Z hypothesis (via
charge flavour and invariant mass constraints, MZ /∈ [65, 115] GeV/c2) is used to reject ZZ
and WZ events. Finally, kinematical cuts are used: p/T >50 GeV/c, MT (W3) > 40 GeV/c2 and∑
~p`T >40 GeV/c, where

∑
~p`T is the transverse momentum of the vector sum of momenta

of all three leptons, and MT (W3) is the reconstructed transverse mass of the associated W
boson:

MT (W3) =
√

2 ∗ pl3T p/T(1− cos ∆φl3p/T), (10.3)

with pl3T being the transverse momentum of the lepton not associated to the Higgs boson, p/T

the missing transverse momentum, and ∆φl3p/T the polar angle between the lepton and the
missing transverse momentum. Optimised cuts are summarised in Table 10.20.

The Higgs boson transverse mass is computed from the two chosen leptons and from the
missing transverse momentum:

MT (H) =
√
M ll
T

2 + 2EllT p/T − 2P llT p/T cos ∆φllp/T , (10.4)

Figure 10.22 shows the distribution of MT(H) for the signal, on top of remaining background,
after all cuts for a Higgs boson mass of 140 GeV/c2 and an integrated luminosity of 100 fb−1.
The cumulated efficiency (including trigger and event selection) depends on the Higgs boson
mass hypothesis. Starting at 0.5% for a mass hypothesis of 115 GeV/c2, the efficiency rises to a
maximum at the “WW resonance” (1.3%). Beyond the WW production threshold, efficiency
drops since W bosons start to be boosted in the Higgs boson frame, which influences the
angular distribution of leptons. Efficiency in that region could certainly be improved by
optimising the analysis for a Higgs boson mass of 190 GeV/c2.

10.2.6.4 Systematic uncertainties

Systematic sources considered in this study are related to the normalisation of backgrounds,
to the reconstruction, the event selection, the luminosity and the structure functions of pro-
tons.

Background will be normalised to signal-free regions of the phase-space. By looking at the
acoplanarity distribution when the angular cuts are not applied, data can be fitted to a sum
of signal and background shapes. For that purpose, the signal is described by a sigmoid dis-
tribution, while the background remains constant. The Monte Carlo distribution for signal
and background are first fitted independently, and the shapes obtained that way are used to
fit data from pseudo-experiments (Figure 10.23). The uncertainty on the background normal-
isation is then related to the uncertainty on the background level in that fit. The uncertainty
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Table 10.20: Summary of the optimised selection cuts. The cross-section for the signal and back-
grounds, for each step in the selection, is given in fb. An upper limit for the Wt and tt̄ cross-sections
is given when no simulated event remains.

Cut Signal (fb) Background (fb)

Id. Type 140 GeV/c2 tt̄ Wt ZW ZZ WWW
0 Level-1 and HLT 12.24 72067 4115.8 1238.4 118.438 3.91
1 Nlept = 3,Σ Q` = ±1 3.81 16432.7 680.0 339.4 34.65 1.05
2 Lepton cuts 2.67 5629.1 245.3 245.9 23.53 0.70
3 Angular cuts 0.87 400.6 15.0 18.3 2.29 0.11
4 B veto 0.43 3.85 0.42 9.77 1.19 0.06
5 Jet veto 0.27 < 1.93 0.31 7.26 0.58 0.04
6 Z veto 0.21 < 1.93 0.21 0.40 0.08 0.03

7-9 Topological 0.13 < 1.93 < 0.11 0.06 0.01 0.02

Figure 10.22: Reconstructed transverse mass from Equation 10.4 for a 140 GeV/c2 Higgs boson and
an integrated luminosity of 100 fb−1.
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Figure 10.23: Distribution of the acoplanarity for pseudo-experiments, fitted by a sig-
nal+background shape, as described in the text.

on the background level is found to be 15% for an integrated luminosity of 100 fb−1, and rises
up to 20% for 30 fb−1. That value will be used in the following.

Reconstruction and selection uncertainties arise from the jet veto, the b veto and lepton
reconstruction. Experience from Tevatron tells that a typical 2% uncertainty on lepton re-
construction efficiency has to be considered, while 5% uncertainty comes from lepton iso-
lation [485] Since three leptons are present in our analysis, a 12% uncertainty from lepton
reconstruction and selection has been taken. The additional uncertainties from the jet veto
and the b veto will be assumed to be 5% each.

To take into account other uncertainties related to the event selection, cuts are varied within
the resolution of the associated quantity. The signal efficiency and background rejection
are found to be stable with respect to such variations. A conservative value of 3% for the
associated uncertainty is considered in the following.

The last uncertainty considered comes from the product of the luminosity and the proton
structure functions, known as the parton luminosity. Considering these two quantities sepa-
rately, a 5% uncertainty on the luminosity is assumed, while the uncertainty from the proton
parton distribution function (PDF) is taken to be 4% [486]. This latter uncertainty is reduced
for the process considered, for which the mid-x region (where uncertainties are small) dom-
inates.

The additional source of systematic uncertainties arising from the limited Monte Carlo sta-
tistics is also considered in the following result. With the Likelihood ratio method used in
the analysis, this is done bin per bin in the distributions of signal and background, so that a
single value cannot be quoted. For the time being, this has a large impact on the results, but
this effect will easily be reduced in the future, as more events become available.

10.2.6.5 Signal significance

In order to integrate the effect of systematic uncertainties and to exploit the discriminative
power from the transverse mass distribution, the likelihood-ratio method (SCL) is used. Fig-
ure 10.24(a) shows the luminosity needed to obtain a 5σ significance using this method, with
systematics only, with Monte-Carlo statistical uncertainties, or with both effects considered.
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Figure 10.24: (a) Luminosity needed to obtain a 5σ significance using the likelihood-ratio method,
with systematics only, Monte-Carlo statistical uncertainties only, or with both effects considered; (b)
luminosity needed to exclude a Higgs boson at 95%C.L. if no excess is observed, using the same
method.

Figure 10.24(b) shows the luminosity needed to exclude a Higgs boson at 95%C.L. if no ex-
cess is observed, using the same method. Less than 50 fb−1 are required in most of the mass
range, while only 20 fb−1 are needed at 170 GeV/c2.

One important motivation for studying this channel is also that it is one of the only allowed
signatures for a fermiophobic Higgs boson model. If the Higgs boson does not couple to
fermions, the usual gluon-fusion diagrams are indeed forbidden, as well as bb̄ decays. A
fermiophobic Higgs boson will present a large cross-section at low mass, as the branching
ratio does not drop down as in the Standard Model. Figure 10.25(a) shows the luminos-
ity needed to obtain a 5σ significance for a fermiophobic Higgs boson. Compared to Fig-
ure 10.24, the needed luminosity is found to be similar in the most favourable mass region
for the Standard Model (around 170 GeV/c2) and above, but far better results are obtained in
the low mass region. After 100 fb−1, all masses between the LEP limit and 175 GeV/c2 will
be covered by this analysis alone. Figure 10.25(b) shows the luminosity needed to exclude a
fermiophobic Higgs boson at 95%C.L. if no excess is observed. In the absence of signal, less
than 30 fb−1 are required to reject any fermiophobic Higgs boson up to 175 GeV/c2.

10.2.7 Associated tt̄H production with H → γγ

10.2.7.1 Introduction

A Higgs boson produced in association with a tt̄ pair, with an H → γγ decay would share a
fully reconstructible mass peak with the inclusive H → γγ signature. But like the WH and ZH
channels [487], the signature could contain an isolated high-transverse- momentum charged
lepton which can be used both to discriminate against QCD background and reconstruct the
primary vertex; the associated production channels could hence be less dependent on photon
energy resolution. In particular, the presence of two top quarks would tend to produce high-
multiplicity events, which could offer additional discriminating power against light jet QCD
background. In the case of the two-Higgs-doublet MSSM, the gluon fusion Higgs boson
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Figure 10.25: Results obtained using the benchmark fermiophobic model; (a) Luminosity needed
to obtain a 5σ significance using the likelihood-ratio method, with systematics only, Monte-Carlo
statistical uncertainties only, or with both effects considered; (b) luminosity needed to exclude a Higgs
boson at 95%C.L. if no excess is observed, using the same method.

production channel could in fact be subject to suppression with respect to the associated
production channels in the case of top-stop degeneracy (”maximal mixing”) [488]. Prior
generator-level studies for the detection of the SM [489] and MSSM [490] Higgs bosons in
CMS via this channel have indicated a signal-to-background ratio of approximately 1. A
full simulation study in the ATLAS Physics Technical Design Report [491] has predicted a
signal significance of S/

√
B =4.3-2.8 for mH = 100-140 GeV/c2 with a signal efficiency of

∼30%. A more recent, related ATLAS study involving a 2-photon signature accompanied
by missing energy [492] has indicated, for 100 fb−1, a signal-to-background ratio of ∼2 for
mH =120 GeV/c2.

10.2.7.2 Signal production cross-sections, event rates and event generation

Production cross-sections for tt̄H have been calculated at next-to-leading order [161, 463,
464]. Taking the branching ratio for H → γγ from HDECAY [21] and assuming in addition that
the decay of exactly one of the top quarks yields a lepton (electron or muon) from W± → l+νl

(including the possibility of tau lepton decays to muons or electrons), we estimate for several
Higgs boson masses the number of signal events for 30 and 100 fb−1 (Table 10.21):

Table 10.21: Estimated number of signal events for tt̄H,H → γγ, assuming NLO production
cross sections [161], Higgs boson branching ratios to two photons [21], and one electron or
muon from top decay (including from tau lepton decays).

Higgs Boson Mass ( GeV/c2) After 30 fb−1 After 100 fb−1

115 20.80 69.33
120 19.61 65.36
130 15.96 53.20
140 11.20 37.33

Signal events were generated with both the MADGRAPH [80, 493, 494] and ALPGEN [160, 495,
496] LO exact matrix element generators, for each of the Higgs boson masses shown in Table
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10.21. Events from both generators were found to yield comparable LO cross-section and
kinematical distributions. The LO cross-sections were also found to agree with those from
the program HQQ [20] at the percent level. The samples analysed were those generated with
ALPGEN. For the current study all signal events have been generated such that exactly one
of the two W bosons from the two top quarks decays leptonically.

10.2.7.3 Background processes considered and event generation

Standard Model processes resulting in both irreducible and reducible backgrounds have
been identified. A background is called irreducible if it is capable of giving rise to the same
signature on the particle level as that searched for in a signal event, that is to say, a lepton and
two photons (lγγ). Special care has been taken to properly treat the irreducible tt̄γγ back-
ground. Feynman diagrams of three possible types of tt̄γγ processes considered are shown
in Figure 10.26. In the first case, called “Type 1”, both photons are radiated from either out-
going top quarks or incoming partons. In the third case, called “Type 3”, both are radiated
from top quark decay products. The second case, “Type 2” combines one photon radiated ac-
cording to “Type 1” with the second radiated according to “Type 3”. (A fourth process arises
from both photons being radiated from different decay products of the same top quark; for
the relevant event selection (see pertinent section below) with mγγ >70 GeV/c2 we have ver-
ified that this contribution is completely negligible). The Types 2 and 3 processes, as well as
the process Wγγ+ 4 jets, previously unavailable in any matrix element generator, have been
specifically added to ALPGEN for this and future studies. Where applicable in the ALPGEN

samples, top quarks and W bosons are decayed within ALPGEN which assures preservation
of spin correlation information which could impact kinematical distributions.
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Figure 10.26: A sub-sample of the relative Feynman graphs illustrating the three types of
tt̄γγ processes.

Table 10.22 lists the considered irreducible background processes, the generators used to ei-
ther generate or cross-check event samples, the LO cross-section with statistical errors, the
number of events expected for 30 (100) fb−1 of integrated luminosity, the number of events
generated, simulated, reconstructed and analysed as well as the equivalent integrated lu-
minosity, which ranges from 400 to over 6000 fb−1. The cross-sections reflect pre-selection
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criteria imposed at generator-level which are described in the next section. In the processes
involving real top quarks as well as in the Wγγ+ 4j process, one top quark/the W boson was
forced to decay leptonically, and the stated cross-section therefore implicitly includes the
relevant branching ratio. The effect of the inclusion of background Types 2 and 3 is to aug-
ment the total initial contribution (before selection) from tt̄γγ by approximately one order of
magnitude.

Table 10.22: Cross-sections at leading order (statistical errors in parentheses), number of
events generated, simulated and reconstructed, and equivalent integrated luminosity for the
irreducible backgrounds considered.

Process σ× BR [fb] N simul./ Anal. Eq. Int.
(1 W→ lν) Ngen N 30 fb−1 N 100 fb−1 Generator reconstr. N Anal. Lumi. [ fb−1 ]

ttγγ 1 1.6 (≤ 1/mil) 52202 48 160 AL,MG 10000 4695 6250
ttγγ 2 6.1 (≤ 1%) 6238 183 610 AL 6000 5109 1000
ttγγ 3 4.9 (≤ 1%) 2967 147 490 AL 2500 2250 510

Wγγ 4j 11.5 (1.2%) 4587 345 1150 AL 4500 3957 400

A background is called reducible if at least one element of the final-state signature is mistak-
enly identified due to incomplete detector coverage or other instrumental effects. This could
arise if one or more electrons or jets are misidentified as photons, or a jet as an electron or a
muon. It has been heretofore possible to evaluate only the irreducible backgrounds discussed
above with acceptable statistics, so only these will be presented here. Low-statistics tests on
most of the reducible background processes have been performed, and strong requirements
have been implemented in the following selection in order to veto them.

10.2.7.4 Event simulation and reconstruction

All generated signal and background events were fragmented and hadronised with PYTHIA [68,
245] version 6.227, using the CTEQ5L [12] PDFs. They were then simulated, digitised and re-
constructed using the standard CMS tools. All samples were digitised with high-luminosity
(1034 cm−2s−1) pile-up.

10.2.7.5 Description of generator-level pre-selections

No generator-level pre-selections were made on signal events. For the irreducible back-
ground events, the following pre-selection was made:

• mγγ ≥80 GeV/c2 for all four processes;

• pTγ ≥ 20 GeV/c, |ηγ | ≤ 2.5 (MADGRAPH) or pTγ ≥ 15 GeV/c, |ηγ | ≤ 2.7 (ALPGEN)
for all four processes;

• pT l ≥ 15 GeV/c for all processes except ttγγ 1;

• pTj ≥ 15 GeV/c, |ηj,l| ≤ 2.7, ∆R(l,j or j,j or γ,j or γ, γ) ≥ 0.3 for the process Wγγ 4j,
where ’j’ refers to one of the four additional light quark jets;

where pT refers to the transverse momentum of the particle, η its pseudorapidity and ∆R =√
(∆η2 + ∆φ2) where φ is the azimuthal angle.

The intersection (most restrictive set) of the above generator-level criteria except that pertain-
ing to the additional light quark jets was then imposed on all signal and background event
samples at the particle level.
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10.2.7.6 Event selections

The events are selected by the single and diphoton triggers at Level-1 and High Level Trig-
gers (HLT) configured for high luminosity (1034cm−2s−1).

A prior study of this channel at particle-level [497] found that reliance on pT alone to iden-
tify the two Higgs boson photon candidates results in considerable sidebands (at approxi-
mately the 10% level) in the two-photon invariant mass distribution in signal events. It is the
choice of the second (lower in pT ) photon which is overwhelmingly contaminated by these
combinatorial photons, which originate approximately 80% from π0s, 10% from ηs, a few
percent from ωs, and the remainder from other particles. Fully 80% of these fake Higgs pho-
ton ’mother’ particles appear to come from parton showers whose origin is one of the two
final-state top quarks, and as such are peculiar to the tt̄H process. The other 20% come from
showering from the initial-state partons and hence are common to all the associated produc-
tion channels. For reconstructed signal events, the misidentification percentage grows to ∼
30% (see the pertinent curve in Figure 10.28(left)).

To improve the Higgs photon selection procedure, we have evaluated the performance of
the photon isolation variables investigated and used by the H → γγ inclusive analysis [7].
We obtain the best results by considering linear combinations of the variables ‘ECALIso’(the
sum of ET of ECAL basic clusters within a cone after removing the ET of those basic clusters
constructed with the Island algorithm included in the supercluster matched (∆R <0.2) with
the offline photon itself) and ‘HCALIso’(the sum of ET of HCAL calorimeter towers within
a cone centred on the photon candidate ), as illustrated in Figure 10.27 (right).
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Figure 10.27: Left: Efficiency for true Higgs photons vs. that for combinatorial photons in
the ECAL barrel for the ECAL isolation variable, for different isolation cone sizes. Right:
Efficiency for true Higgs photons vs. that for combinatorial photons in the ECAL endcap,
for several linear combinations of isolation variables.

For this study, the two highest-pT Offline Photons satisfying the following requirement on
the isolation energy Iso=HCALIso + (2.*ECALIso) were retained as Higgs photon candidates:

• For photons in the barrel: Iso<25 GeV

• For photons in the endcap: Iso<22 GeV

with ∆R < 0.25 for ECALIso and ∆R < 0.3 for HCALIso (see comparison of performance
with different isolation cone radii in Figure 10.27 (left). These values yield approximately
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95% efficiency for true Higgs photons‡ and less than 40% for combinatorial photons. This
strategy successfully restores approximately one-half of the true Higgs photon pairs previ-
ously lost to misidentification when selection based on only photon pT is used, as is demon-
strated by Figure 10.28.
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Figure 10.28: Left: Invariant mass of the two Higgs photon candidates selected according to
pT alone (dark grey curve), pT and isolation (light grey curve), and where both candidates
are geometrically matched to particle-level Higgs photons (medium grey curve). Right: Dis-
tribution of the pT of jets from pile-up events. Jets not matched to generated particle jets
from the signal are considered to be pile-up jets.

A similar technique is employed for the selection of candidate leptons from top quark decays
(via a W boson). We obtain the best performance in selecting ’true’ W leptons§ with the
previously-defined ECALIso variable for OfflineElectrons and with transverse momentum
of tracks in a cone of radius ∆R < 0.25 (’IsoByTkPt025’) for GlobalMuons. We retain as the
W-decay (top) lepton candidate the highest-ET OfflineElectron or highest-pT GlobalMuon
satisfying the following requirement:

• For electrons, ECALIso<5 GeV,

• For muons, IsoByTkPt02<9 GeV

These values yield ∼92% efficiency for ’true’ W leptons and approximately 35% for combi-
natorial leptons. In the selection criteria involving photons described below, as well as those
involving leptons described thereafter, the pertinent distributions are constructed using the
Higgs photon and W lepton candidates selected according to the procedure combining pT
and isolation described above.

After selection of the two Higgs photon and one W lepton candidates, the remainder of the
selection aims for a signal efficiency of between 85 and 95% per selection criterion. Five vari-
ables involving the Higgs photon candidates have demonstrated effective performance: the
pT of each of the two OfflinePhoton candidates (pTγ1, pTγ2), the sum of their pT (pTγ1+pTγ2),
the angular distance between them (∆Rγ1,γ2), and cos θ∗, where tan θ∗ = |~pi| sin θi

γ(|~pi| cos θi−βEi)
, and

~pi and θi refer respectively to the momentum of and the 3-space angle between either of the

‡”True Higgs photons” are considered to be those Offline Photons lying within a cone of radius ∆R <0.1 of
one of the two particle-level photons coming from the Higgs boson decay.

§as for Higgs photons, considered to be those OfflineElectrons or GlobalMuons lying within a cone of radius
∆R <0.1 of a particle-level electron or muon from a W boson which itself is a decay product of one of the
final-state top quarks
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two Higgs photon candidate directions and the direction of their joint 4-vector, in the lab-
oratory frame (the scalar nature of the Higgs boson should assure a flat distribution of this
variable for signal events, and one peaked in the forward and backward directions for back-
ground events). We have established the following eventwise selection involving the two
Higgs photon candidates:

• pTγ1,γ2 ≥50,18 GeV/c

• pTγ1 + pTγ2 ≥85 GeV/c

• ∆Rγ1,γ2 ≤ 3.2

• cos θ∗ ≤ 0.85

Three variables involving the W lepton candidates have demonstrated effective performance:
the ET (OfflineElectron) or pT (OfflineMuon) of the candidate, and the angular distances be-
tween the candidate and each of the two Higgs photon candidates (∆Rγ1,lepton,∆Rγ2,lepton).
We have established the following eventwise selection involving the W lepton candidate:

• pT lepton ≥15 GeV/c

• ∆Rγ1,lepton,∆Rγ2,lepton ≥ 0.3, 1.0

In order to remove part of the irreducible backgrounds studied here and also eventually to
remove backgrounds from QCD processes, we take advantage of the high jet multiplicity of
our signal events as well as the presence of two real top quarks yielding b-quark jets as de-
cay products. Jets including those possibly corresponding to b-quarks are constructed with
the iterative cone algorithm [7] with a cone radius of ∆R =0.5. A discriminant (BtagDisc) is
then calculated for each candidate b-quark jet with the Combined BTag [7] b-quark-tagging
algorithm. We require the presence of a minimum number of jets having a value of pT
greater than 60 GeV/c, which permits the removal of jets from pile-up from consideration
(we consider a reconstructed jet to be from pile-up if it is not geometrically matched with a
particle-level jet, which has been constructed using the same algorithm and parameters as
the reconstruction-level jets). Figure 10.28 (right) shows the pT distribution of the jets thus
attributed to pile-up in a signal sample with mH =115 GeV/c2. We require ≥ 4 jets with
pT >60 GeV.

To specifically target the W+2γ+ jets background (and eventually other non-b-quark re-
ducible backgrounds), we make limited use of tagging of b-quark jets. We require that at
least one candidate jet having pT >60 GeV have BtagDisc>0.8.

10.2.7.7 Performance of off-line selection

Tables 10.23 and 10.24 show the progression of the signal (mH =115 GeV/c2) and background
samples through the selection. Prior to checking for the Level-1 and HLT decision, we apply
the pre-selection at particle-level described in Section 10.2.7.5 to all signal and background
samples. The number of surviving events is expressed as an effective cross-section in fb. The
final results are also expressed as numbers of surviving signal and total background events
with statistical errors, for both 30 and 100 fb−1.

10.2.7.8 Uncertainties, systematic errors, and strategy for background measurement
from data

To estimate the systematic error on the surviving signal cross-section, the following global
source of error is applied directly to the estimated number of signal events:
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Table 10.23: Progression of the signal (mH =115 GeV/c2) and background samples through
the trigger portion of the selection, expressed as an effective cross-section in fb. Efficiencies
with respect to the previous sequential requirement are expressed as percentages.

Requirement MH= 115 GeV/c2 ttγγ1 ttγγ2 ttγγ3 W2γ4j
Before selection 0.693 (100.0) 1.59 (100.0) 6.12 (100.0) 4.95 (100.0) 11.4 (100.0)

Pre-selection 0.533 (76.8) 1.4 (87.9) 5.05 (82.5) 3.94 (79.6) 11.3 (98.9)
L1 + HLT Accept 0.517 (97.0) 1.34 (95.4) 4.71 (93.4) 3.36 (85.7) 10.5 (93.0)
HLT γγ, γ accept 0.508 (98.3) 1.30 (96.9) 4.57 (96.9) 3.25 (96.6) 10.0 (96.0)

Table 10.24: Progression of the signal (MH =115 GeV/c2) and background samples through
the offline portion of the selection, expressed as an effective cross-section in fb. Efficiencies
with respect to the previous sequential requirement are expressed as percentages.

Requirement Criterion MH=115 GeV/c2 ttγγ1 ttγγ2 ttγγ3 W2γ4j
Number of γ’s ≥2 0.506 (100.0) 1.29 (100.0) 4.56 (100.0) 3.24 (100.0) 10.0 (100.0)

Number isolated γ’s ≥2 0.482 (95.2) 1.22 (94.0) 3.96 (86.8) 2.53 (78.2) 9.58 (95.7)
pTγ1 (GeV/c) > 50 0.432 (90.0) 1.04 (85.3) 3.14 (79.4) 1.48 (58.5) 7.90 (82.5)
pTγ2 (GeV/c) > 18 0.386 (89.2) 0.88 (84.7) 2.25 (71.6) 1.03 (69.7) 6.72 (85.0)

pTγ1+pTγ2 (GeV/c) > 85 0.379 (98.2) 0.847 (96.3) 2.17 (96.5) 0.926 (89.8) 6.40 (95.3)
∆R(γ1γ2) (GeV/c) < 3.2 0.364 (96.4) 0.738 (87.2) 1.86 (85.9) 0.719 (77.7) 5.30 (82.8)

cos θ∗ < 0.85 0.332 (91.4) 0.589 (79.8) 1.48 (79.5) 0.583 (81.0) 4.36 (82.3)
pTlep isolated (GeV) >15 0.238 (72.2) 0.443 (75.2) 0.984 (66.4) 0.387(66.4) 3.15 (72.3)

∆R(γ1l) >0.3 0.236 (99.0) 0.441 (99.5) 0.925 (94.0) 0.321 (83.0) 3.14 (99.6)
∆R(γ2l) >1.0 0.208 (87.4) 0.389 (88.2) 0.607 (65.7) 0.163 (50.7) 2.34 (74.6)

N jets pT >60 GeV ≥4 0.179 (86.2) 0.338 (87.0) 0.455 (74.9) 0.110 (67.6) 1.79 (76.6)
Btag Disc for ≥1 jet >0.8 0.110 (61.6) 0.217 (64.0) 0.276 (60.7) 0.051 (46.0) 0.294 (16.4)
MH +/- 1.5 GeV/c2 0.074 (67.1) 0.005 (2.51) 0.011 (3.86) <0.002 (3.92) <0.003 (1.02)

Nevts at 30 fb−1 2.22+/-0.10 0.483 +/-0.158
Nevts at 100 fb−1 7.42+/-0.334 1.61+/-0.53
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• Luminosity <3%

The error due to the inclusion/non-inclusion of initial and final-state photon radiation at the
fragmentation/hadronisation level as well as that due to the matrix element generator used
(ALPGEN or MADGRAPH) was found to be insignificant.

We have also considered the following sources of uncertainty relevant to the detector:

• Electron/Photon/Muon identification: 1% per identified object

• Efficiency to tag jets containing b quarks: 5% per identified b-quark jet

• Uncertainty on the jet energy scale: 3%

Only the effect of the uncertainty on the jet energy scale is evaluated by propagation through
the selection, and yields a net uncertainty of +1.6/-3.9% for a Higgs boson mass of 115 GeV/c2.
All the above contributions are summed in quadrature and a systematic error of +6.3/-7.2%
is obtained for the number of signal events for a Higgs boson mass of 115 GeV/c2. The uncer-
tainty on the number of surviving background events, calculated below and amounting to
an average of ±15%, is finally added to the above quadratic sum yielding an error of +16.3/-
16.6% on the number of events in a peak containing both signal and background events,
corresponding to the case of a signal cross-section measurement.

The background spectrum can be obtained from the sidebands surrounding the positions
of the putative Higgs boson masses and fit to a decreasing exponential function (shown by
the grey curve in Figure 10.29 (left)). The bin width has been chosen to be large enough
(20 GeV/c2) to have a sufficient number of events for an integrated luminosity of 100 fb−1

(The bin centred around the generated Higgs boson mass is not used for the fitting proce-
dure). The number of background events and its error are estimated by fitting test distri-
butions obtained with the average of the bin contents according to a Poisson distribution
(gedanken experiments corresponding to possible future real data sets). One such fit is
shown in the black curve in figure 10.29 (left). The mean and width of the gaussian fit of
the distribution thus obtained (Figure 10.29 (right)) yield respectively estimates of the num-
ber of background events and its systematic error, which are used to compute the signal
significance.
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Figure 10.29: Left: Background estimation from the fit of the sidebands: Example of a
gedanken experiment giving a possible set of real data points consistent with the Poisson
distribution of the simulated number of surviving background events. The fit through these
points is superimposed on the original fit. Right: Distribution of the estimated number of
background events from the fit of the gedanken experiments.
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10.2.7.9 Results

Table 10.25 shows, for each of the four Standard Model Higgs boson mass values considered,
the signal selection efficiency, the total number of surviving signal and background events at
100 fb−1 with statistical errors (from the number of generated events), the number of back-
ground events estimated from the fit with the fit error, and the signal significance calculated
using the ScP estimator [498] with and without the background uncertainty evaluated from
the fit.
Table 10.25: The signal selection efficiency, the total number of surviving signal and back-
ground events at 100 fb−1 with statistical errors (from the number of generated events), the
number of background events estimated from the fit with the fit error, and the signal sig-
nificance calculated using the ScP estimator without and with the background uncertainty
evaluated from the fit.

Higgs Boson Mass (GeV) 115 120 130 140
Sig. Selection Eff. (%) 10.7 11.2 11.3 11.3

Number Signal 7.42 ±0.33 7.33 ± 0.33 5.96±0.27 4.21±0.19
Total Number Bcgkd 1.61 ±0.53 2.79 ±0.62 1.98±0.66 1.10± 0.51

Total Number Bcgkd from fit w. syst. 2.23±0.34 1.94±0.32 1.60±0.22 1.39±0.22
Signal Significance (ScP) 3.541 3.662 3.257 2.510

Signal Significance (ScP) w. syst. 3.414 3.523 3.184 2.453

Figure 10.30 shows the diphoton mass distribution of the signal added to the background
after all selections for Higgs boson masses 115 GeV/c2 (left) and 140 GeV/c2 (right).
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Figure 10.30: The diphoton mass after all selections for signal of MH =115 GeV/c2 (left) and
140 GeV/c2 (right) added to the surviving backgrounds.

10.2.7.10 Conclusion

A full-reconstruction-level sequential study has been performed for the channel tt̄H, with
H → γγ, taking into account irreducible backgrounds not previously studied. The ratio of
signal to background events is approximately 4:1 representing a factor of 2 improvement
over prior CMS and ATLAS studies. Signal observability in excess of 3σ is indicated for
masses up to 130 GeV/c2 with full simulation and reconstruction and with estimated system-
atic errors taken into account for 100 fb−1 of integrated luminosity.

10.2.8 Associated WH, ZH production with H → γγ

Compared to the gluon-gluon fusion channel gg → H → γγ, the associated production chan-
nels WH/ZH [499, 500] suffer from a much lower production cross section. Several advan-
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tages, however, make these channels attractive when the decay of the gauge boson results
in a charged lepton: requiring an additional relatively high transverse-momentum lepton
greatly reduces the significant QCD background in the γγ topology and improves the pri-
mary vertex reconstruction [501]. In the context of supersymmetric models, maximal mixing
in the stop sector could result in a strong suppression of the gg → h signal, which the as-
sociated production channels would not be subject to [502]. The searched-for final state is
therefore comprised of 2 isolated photons and at least one isolated electron or muon. Prior
generator-level or fast simulation studies [489, 490, 503, 504] conclude to the possibility of a
discovery at the LHC in this channel.

A detailed description of the analysis can be found in [505].

10.2.8.1 Event generation and reconstruction

All the process considered in this study have been simulated at the leading order. Signal
events were generated by the matrix element generator COMPHEP [43] for Higgs boson
masses ranging from 90 to 150 GeV/c2, in steps of 5 GeV/c2. Total cross-sections have been
rescaled accordingly to the NLO calculation [20]. K-factors from 1.15 to 1.16 are obtained on
the whole mass range. Branching ratios for H → γγ were taken from HDECAY program [21].
The irreducible backgrounds from the processes Wγγ et Zγγ were also generated with COM-
PHEP, with the same K-factors applied as those pertinent to the signal. Fragmentation and
hadronisation was performed by PYTHIA [245].

The reducible background processes γγ, γ-jet, Wγ, bb, and tt, retained due to their ca-
pacity to mimic the lγγ signal, have been generated with PYTHIA and leading order cross-
sections were considered, except for the tt production where a NLO cross section of 840 pb
is used [277].

To ensure an efficient generation and preserve sufficient statistics of the most signal like
events, a pre-selection is applied at generator level. Three electromagnetic candidates or two
electromagnetic candidates and one muon candidate with ET > 20 GeV and |η| < 2.7 are
required. An electromagnetic candidate is obtained by clustering electrons and photons in a
∆η = 0.09,∆φ = 0.09 window. Muon candidates are either µ, τ , π, or K particles.

The generated events were passed through the GEANT 3 simulation of CMS [25]. The events
were then digitised and reconstructed with the standard CMS software [10] with the addition
of pile-up event corresponding to the high luminosity phase (L = 1034 cm−2s−1).

10.2.8.2 Trigger selection

Events are required to pass the global Level 1 trigger [506] and the double photon High
Level Trigger (HLT) [75] configured for the high luminosity phase. The trigger efficiencies
for the preselected signal events are higher than 95% on the whole Higgs boson mass range
(90-150 GeV/c2) as shown in Table 10.26 and 10.27.

10.2.8.3 Offline event selection

To suppress the reducible backgrounds, four discriminant combined variables are first con-
structed using a likelihood ratio method to estimate the isolation of the photons, the quality
of the lepton reconstruction, the isolation of the lepton and the QCD / multi-jets nature of
the event. The reference histograms for the four likelihoods are all produced on independent
simulated event samples after a very loose pre-selection requiring two offline photons and



320 Chapter 10. Standard Model Higgs Bosons

one electron or muon reconstructed by the standard algorithms. Photon candidates with a
matching seed in the pixel detector are rejected. The two photons with the highest transverse
energy are assigned to the Higgs boson decay. Several isolation variables [507] were tested
in the likelihood and the best performance is obtained with the sum of the transverse energy
of the basic clusters within a cone ∆R < 0.3 around the photon, excluding the basic clusters
belonging to the photon supercluster and the sum of the transverse energy of the HCAL
towers within a cone ∆R < 0.3 around the photon.

Then the offline lepton with the highest ET is selected. The reconstruction quality of the
electron is carefully checked. The four variables yielding the most significant discriminating
power are the ratio E/p between the electron energy as measured in the calorimeter and its
momentum measured by the tracker, the hadronic energy fraction Ehad/E, the distance ∆η
between the track and the associated supercluster and the ratio R9 between the sum of the
energies of 9 crystals (3x3 matrix centred on the maximum-energy crystal) and the energy
of the corresponding supercluster. In the case of muons the purity obtained by the stan-
dard CMS reconstruction algorithms has already proven sufficient; therefore, no additional
criteria are applied.

For the lepton isolation, similar calorimeter variables as for photons are used. In addition, the
number of pixel lines within a cone ∆R < 0.3 around the lepton improves the discriminative
power of the likelihood.

Finally a global discriminant variable against multi-jet background is constructed. The re-
jection of π0 faking signal photons, effective against QCD backgrounds, has been accom-
plished by a neural network procedure exploiting the information on the lateral profile of
the electromagnetic shower. Variables involving the multiplicity of reconstructed objects in
the electromagnetic calorimeter improve the discriminating power.

Table 10.26: Expected rates (in fb) after each stage of the event selection for signals (mH = 120 GeV/c2) and
irreducible backgrounds. Errors are statistical only.

WH ZH Wγγ Zγγ

σ.BR 0.810 0.137 - -
Pre-selection: σ.BR.ε 0.460 0.0440 13.58 18.92
Double photons HLT 0.439 ± 0.005 0.0423 ± 0.0004 8.80 ± 0.04 12.13 ± 0.07

2 isolated photons 0.387 ± 0.005 0.0370 ± 0.0004 7.14 ± 0.04 6.51 ± 0.04
1 good quality lepton 0.331 ± 0.004 0.0350 ± 0.0003 5.56 ± 0.04 4.58 ± 0.03

Lepton isolation 0.299 ± 0.004 0.0318 ± 0.0003 4.83 ± 0.04 4.11 ± 0.03
QCD rejection 0.281 ± 0.004 0.0273 ± 0.0003 4.50 ± 0.04 3.53 ± 0.03

80 < mγγ < 160 0.271 ± 0.004 0.0259 ± 0.0003 2.04 ± 0.02 1.42 ± 0.02

Table 10.27: Expected rates (in fb) after each stage of the event selection for reducible backgrounds. Contri-
butions of the different p̂T bins are summed. Errors are statistical only.

γγ Wγ bb tt γ-jet (jet)
σ.BR 1.1×105 5.79×103 1.78×109 86.2×103 1.21×108

Pre-selection: σ.BR.ε 270.1 26.5 2.96×105 6.00×103 7.16×104

Double photons HLT 197.7 ± 1.0 16.8 ± 0.1 77120 ± 764 1948 ± 17 35045 ± 256
2 isolated photons 161.6 ± 0.8 9.97 ± 0.07 682 ± 72 31.2 ± 2.2 7235 ± 115

1 good quality lepton 27.3 ± 0.3 7.98 ± 0.07 311 ± 49 23.5 ± 1.9 2552 ± 68
Lepton isolation 9.8 ± 0.2 6.59 ± 0.06 (0.87) 14.2 ± 1.5 209 ± 20
QCD rejection 7.6 ± 0.2 5.74 ± 0.06 (0.003) (0.35) (6.6)

80 < mγγ < 160 3.2 ± 0.1 2.40 ± 0.04 (0.001) (0.26) (3.7)

The results of the selection applied on the four combined variables are presented in Ta-
bles 10.26 and 10.27. The multi-jet backgrounds are entirely suppressed. To obtain a more
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precise estimation of these backgrounds, the cut factorisation method has been applied and
the result is given between parentheses in Table 10.27. After rejecting events outside the 80-
160 GeV/c2 diphoton mass window, the expected rate of events is 0.297 ± 0.003 fb for signal
and 13.1 ± 2.6 fb for background. Some simple kinematical variables are then used to form
a final likelihood. The best discrimination was obtained with the transverse energy of the
photons and of the lepton, the ∆R distances between lepton and each photon, the missing
transverse energy, and the ∆Φ angle between the directions of the missing transverse energy
and of the highestET photon. The distribution of the resulting combined variable y is shown
in Figure 10.31 for a Higgs boson mass of 120 GeV/c2.
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Figure 10.31: Distribution of the final combined variable for the signal (mH = 120 GeV/c2)
and for the background. The optimal working point is obtained with a cut log(y) > 0.35.

10.2.8.4 Statistical method and optimisation

The statistical methods developed by the LEP Higgs working group [508, 509] are used in
this analysis to optimise the selection criteria and determine the statistical significance of
the final results. To form the test-statistic, the three obvious variables to be used are the
counting rates, the γγ invariant mass and the kinematic likelihood variable y. The limited
statistics of the MC events prohibit however the use of a two-dimensional method for the
determination of the Higgs boson discovery potential. So, only the counting rates and shape
of the reconstructed γγ mass distribution will be used along with a cut on the combined
likelihood variable y. The optimal working point is the y cut value which maximises the
discovery potential as shown in Figure 10.32.

The list of the optimal working points obtained for the different Higgs boson mass hypothe-
ses is given in Table 10.28. The significance and the expected number of signal and back-
ground events are given for a luminosity of 100 fb−1. For the γ-jet, tt and bb backgrounds,
the rates are estimated by the method of cut factorisation.

10.2.8.5 Use of real data in sidebands - systematic uncertainties

The signal is characterised by a strongly peaked diphoton mass and the mγγ distribution of
the background is quite smooth at the considered working points. Therefore, when real data
will be available, the data taken in mγγ sidebands will be used to optimise the likelihood
analysis and to estimate the background.
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Figure 10.32: Left: Reconstructed γγ mass for different selection values on the final combined variable y for an
integrated luminosity of 100 fb−1. Right: Statistical significance as a function of the cut on the combined variable
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a cut log(y) > 0.35.

Table 10.28: Optimal working points for different Higgs boson mass hypotheses. The significance and the
expected number of signal and background events are given for an integrated luminosity of 100 fb−1.

mH working point
( GeV/c2) log(y) > significance WH ZH Wγγ Zγγ Wγ γγ γ-jet tt bb

115 0.41 4.30 σ 22.1 1.8 49.3 30.9 33.0 10.2 1.7 0.16 10× 10−5

120 0.35 4.09 σ 20.7 1.6 51.2 36.2 34.5 12.4 1.9 0.15 10× 10−5

130 0.68 3.64 σ 14.6 1.3 30.7 16.9 18.7 6.0 1.4 0.10 4× 10−5

140 0.99 3.35 σ 11.4 1.0 18.9 10.3 10.6 3.7 1.0 0.04 1× 10−5

150 0.83 2.87 σ 10.4 0.9 20.2 11.7 12.3 5.4 1.1 0.03 3× 10−5

Likelihood optimisation with sideband events - No kinematic observables were used to
construct the four primary likelihoods aimed at rejecting multi-jet events to avoid correla-
tions with the diphoton mass. If the shapes of the distributions of the variables used in the
likelihoods are sufficiently similar for different diphoton mass regions, then data taken out-
side the signal region can be used to optimise the likelihoods. To test the feasibility of the
method, a sample of “fake real data” (the number of MC events for each background is equal
to the expected number of events for a given luminosity) taken in the 20 < mγγ < 80 GeV/c2

sideband is used to produce the reference S/B histograms of the likelihoods. The equivalent
luminosity of the sample is limited to 132 pb−1 by the available statistics and is composed
of 4682 bb, 465 γ-jet, 222 tt, 2 γγ, 1 Wγ and 1 Zγγ events. The performance obtained with
the likelihood on the events in the 80-160 GeV/c2 band is compared to the results obtained
by the standard analysis optimised with the full MC statistics available. For the four global
discriminant variables, up to 20% loss of efficiency is observed for the same rejection power.
The degradation of the performance is mainly due to the insufficient statistics of γ-jet and
tt events in 132 pb−1 of data. To increase the size of the “fake data sample”, gedanken ex-
periments were generated using the fitted shapes of the variables used in the likelihoods
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(correlations between the variables are neglected). The results are presented in Figure 10.33
for the photon isolation likelihood. An integrated luminosity of 5 fb−1 will be sufficient to
optimise the four primary likelihoods with the real data taken in the mγγ sideband and to
reproduce the results obtained when using the full MC statistics.
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Figure 10.33: Comparison of the performance obtained when optimising the photon isolation likelihood with
a sample of 132 fb−1 of “fake real data” taken in the 20 < mγγ < 80 GeV/c2 sideband (dash-dotted line) with the
performance obtained by the standard analysis using the full MC statistics (solid line). To increase the available
statistics in the sideband, gedanken experiments were generated for an equivalent luminosity of 5 fb−1. The
results of the optimisation on these sideband events is represented by the dotted line.

Background measurement from Data - The mγγ distribution of the background is smooth
enough to be easily fit in the sideband to estimate the background in the signal region. To op-
timise the method (size and position of the window, bin width, choice of the fit function) and
to estimate the uncertainty on background, 10000 signal+background pseudo-experiments
were generated for each Higgs boson mass and luminosity hypothesis, as illustrated in Fig-
ure 10.34. For a luminosity of 100 fb−1 and a Higgs boson mass of 120 GeV/c2, the background
is measured with a precision of 11%, and with a precision of 6.6% for 300 fb−1.

Systematic uncertainties for signal and cross-section measurement - The theoretical cross-
section error due to the scale variation are estimated to ±3% for WH and ZH production for
all considered Higgs boson masses [20]. The uncertainty on the parton density function of
the CTEQ collaboration [12] is almost constant for the associated production qq → VH at the
LHC and of the order of 4% over a Higgs boson mass range between 100 and 200 GeV/c2 [510].
The error on the measured luminosity is expected to be 3% for luminosity above 30 fb−1. The
error on the lepton or photon reconstruction and identification has been estimated to 1% for
each photon and lepton. An error of 5% on the missing transverse energy, see appendix B,
propagated in the final likelihood gives a -1.08% +0.49% variation of the final signal rate for
mH = 120 GeV/c2. The quadratic sum of all these errors gives a 6% total error on the expected
signal rate.
In the case of a Higgs boson discovery, this channel will be used to measure the cross-section
times the branching ratio:

σs ×BR =
Ns

εsel L
=
N −Nfit

b

εsel L
where Ns is the number of signal events given by the difference between the total number
N of observed events and the number Nfit

b of background events measured by the sideband
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Figure 10.34: Left: Background measurement in the signal region with a fit on the mγγ sideband. The
fit of the full MC statistics is represented by the solid light gray line. The fit of the fake data (dark grey) is
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gedanken experiments are represented for an integrated luminosity of 300 fb−1 and a 120 GeV/c2 Higgs boson
mass hypothesis. Right: Relative uncertainty on the background estimation by the sideband fit method as a
function of the integrated luminosity with LHC running at high luminosity for a Higgs boson mass of 120 GeV/c2.

fit. The total uncertainty on the measure is given by:

(
∆(σs ×BR)
σs ×BR

)2

=

(
∆N

N −Nfit
b

)2

+

(
∆Nfit

b

N −Nfit
b

)2

+
(

∆L
L

)2

+
(

∆εsel
εsel

)2

The expected precision on the σ × BR measurement is represented as a function of the in-
tegrated luminosity in Figure 10.35. For a 120 GeV/c2 Higgs boson, the product of the cross-
section and branching ratio will be measured with a precision of 35% after one year of LHC
running at high luminosity, and with a precision of 19% after three years of high luminosity
running.

10.2.8.6 Results for the Standard Model Higgs boson

The statistical significance is represented as a function of the luminosity in Figure 10.35 for
differentmH hypothesis. The statistical significance and the luminosity needed for a 5σ or 3σ
observation are represented as a function of mH in Figure 10.36. One year of high luminosity
running allows the observation at 3σ of the SM Higgs boson up to mH = 150 GeV/c2, and
three years of running at high luminosity are required to reach a 5σ discovery.

10.3 Discovery reach
10.3.1 Accuracy of the Higgs boson mass measurement

Figure 10.37 shows the statistical precision of the Higgs boson mass measurement for the
30 fb−1 using inclusive Higgs boson production pp → H+X and the H → γγ and H → ZZ →
4` decay modes.
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Figure 10.35: Left: Precision on the measurement of the product of cross-section and branch-
ing ratio as a function of the integrated luminosity with LHC running at high luminosity
for a 120 GeV/c2 Higgs boson. Right: Statistical significance for different Higgs boson mass
hypotheses as a function of the integrated luminosity with LHC running at high luminosity.
The 1σ systematic uncertainty is represented by the grey band.
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Figure 10.36: Statistical significance (left) and luminosity needed for a 5σ or 3σ observation
(right) as a function of mH. The 1σ systematic uncertainty is represented by the grey band.

10.3.2 Discovery reach for the Standard Model Higgs boson

This section summarises the discovery reach for the Standard Model Higgs boson. The NLO
cross sections and branching ratios for the Higgs boson calculated with the programs HDE-
CAY [41], HIGLU [40], VV2H, V2HV and HQQ [20] are used, as well as the NLO cross sections
for the background processes, when available.

Figure 10.38 shows the integrated luminosity needed for the 5σ discovery of the inclusive
Higgs boson production pp → H + X with the Higgs boson decay modes H → γγ, H →
ZZ → 4`, and H → WW → 2`2ν.

Figure 10.39 shows the signal significance as a function of the Higgs boson mass for 30 fb−1

of the integrated luminosity for the different Higgs boson production and decay channels.
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Figure 10.37: The statistical precision of the Higgs boson mass measurement for the 30 fb−1

using inclusive Higgs boson production pp → H + X and the H → γγ and H → ZZ → 4`
decay modes.
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Figure 10.39: The signal significance as a function of the Higgs boson mass for 30 fb−1 of the
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10.3.3 Study of CP properties of the Higgs boson using angle correlation in
the Φ → ZZ → e+e−µ+µ− process

The most general ΦV V coupling (V =W±,Z0) for spin-0 Higgs boson Φ (Φ means the Higgs
particle with unspecified CP -parity, while H (h) and A mean the scalar and pseudoscalar
Higgs particles, respectively) looks as follows [511–514]:

CJ=0
ΦV V = κ · gµν +

ζ

m2
V

· pµpν +
η

m2
V

· εµνρσk1ρk2σ, (10.5)

where k1, k2 are four-momenta of vector bosons V and p≡ k1+k2 is four-momentum of the
Higgs boson. In the present analysis a simplified version of above ΦV V coupling (Eq. 10.5)
is studied with a Standard-Model-like scalar and a pseudoscalar contributions (i.e. κ, η 6= 0
and ζ = 0). To study deviations from the Standard Model ΦZZ coupling we take κ=1¶. The
decay width for the Φ→ZZ→(`1 ¯̀

1)(`2 ¯̀
2) process consists now of three terms: a scalar one

(denoted by H), a pseudoscalar one ∼η2 (denoted by A) and the interference term violating
CP ∼η (denoted by I):

dΓ(η) ∼ H + η I + η2A. (10.6)

This way the Standard-Model scalar (η=0) and the pseudoscalar (in the limit |η|→∞) con-
tributions could be recovered. It is convenient to introduce a new parameter ξ, defined by
tan ξ≡ η, which is finite and has values between −π/2 and π/2. Expressions for H , A and I
can be found in article [512].

In study of the CP-parity of the Higgs boson two angular distributions were used. The first
one is a distribution of the angle ϕ (called plane or azimuthal angle) between the planes
of two decaying Zs in the Higgs boson rest frame. The negatively charged leptons were
used to fix plane orientations. The second one is a distribution of the polar angle θ, in the Z

¶The ΦV V coupling with κ=1 and arbitrary η is implemented in the PYTHIA generator.



328 Chapter 10. Standard Model Higgs Bosons

ZZ

e

e−

+µ+

µ−

θ1

θ 221

Φ

ϕ

Figure 10.40: Definitions of the angles in the Φ → ZZ → e+e−µ+µ− process.

rest frame, between momentum of negatively charged lepton and the direction of motion of
Z boson in the Higgs boson rest frame (Figure 10.40).

The analysis was performed for scalar, pseudoscalar and CP-violating Higgs boson states,
the latter for tan ξ=±0.1,±0.4,±1 and ±4.

A detailed description of the analysis can be found in [515].

10.3.3.1 Generation and event selections

The production and decay of the scalar, pseudoscalar and CP-violating Higgs boson states
were generated using PYTHIA [68] for three masses of the Higgs boson, MΦ = 200, 300 and
400 GeV/c2. Backgrounds and event selections are the same as in the analysis of the Standard
Model Higgs boson H → ZZ → e+e−µ+µ− described in Section 10.2.1. The reconstructed
angular distributions after all selections for the signal with mass MΦ=300 GeV/c2 for various
values of the parameter ξ, and for the background are shown in Figure 10.41 at 60 fb−1. The
Standard-Model signal cross-section and branching ratio were used for the signal normali-
sation in Figure 10.41.
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Figure 10.41: Theϕ-distributions (left) and the θ-distributions (right) for various values of the
parameter ξ after final selections at 60 fb−1. Empty histograms - the signal for MΦ=300 GeV/c2

and ξ=0 (scalar), ξ = −π/4, ξ = +π/4 and |ξ| = π/2 (pseudoscalar). The filled histogram -
the ZZ background. The Standard-Model signal cross-section and branching ratio were used
for the signal normalisation.
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10.3.3.2 Determination of the parameter ξ

The parameter ξ was determined by maximisation of the likelihood function L(ξ,R), which
was constructed from angular distributions and invariant mass distribution of four leptons,
for the signal and the background. The function depends on two parameters: ξ describing
CP property of the signal, and R describing fraction of the signal in the data sample. The
function has the following form:

L(ξ,R)≡ 2
∑

xi∈data
logQ(ξ,R; xi), where Q(ξ,R; xi) ≡ R · PDFS(ξ; xi) + (1−R) · PDFB(xi).

(10.7)
PDFB(xi) and PDFS(ξ; xi) are probability density functions for background and signal
respectively; {xi} are values of the measured quantities (angles and invariant mass) in the
event i. PDFs are products of probability densitiesPM , Pϕ, Pcos θ1,2 of four leptons invariant
mass and angles ϕ and cos θ1,2: PDF ≡ PM · Pϕ · Pcos θ1 · Pcos θ2 . The PM , Pϕ, Pcos θ1,2 are
obtained by the Monte Carlo technique, using normalised histograms of given quantities
after the final selection.
A part of the function Q which describes angular distributions of signal depends on the
parameter ξ, namely from Eq. (10.6) we obtain:

P(ξ) ≡ PϕS (ξ) · Pcos θ1
S (ξ)· Pcos θ2

S (ξ) ≡ (H+ tan ξ · I + tan2 ξ · a2A)/(1 + a2 tan2 ξ), (10.8)

where: H≡PϕH · P
cos θ1
H · Pcos θ2

H and A≡PϕA · P
cos θ1
A · Pcos θ2

A are probability densities obtained
by the Monte Carlo technique for the scalar (H) and the pseudoscalar (A) Higgs boson, re-
spectively. The parameter a2 is a (mass dependent) relative strength of the pseudoscalar
and scalar couplings. For example a2=0.51, 1.65, 1.79 for MΦ=200, 300, 400 GeV/c2, respec-
tively. The I is a normalised product of angular distributions for the CP-violating term. The
I is not always positive, and its integral is equal to zero, so it is not possible to simulate
it separately. The I contribution can be obtained indirectly from the combined probability
density for the signal with non-zero value of the parameter ξ. For example by introducing
P+ ≡ P(π/4) = (H+I+a2A)/(1+a2) and P− ≡ P(−π/4) = (H−I+a2A)/(1+a2) we have
I=(1+a2)/2 · (P+−P−). Finally we obtain:

P(ξ) ≡ [H+ tan ξ · 1 + a2

2
· (P+ − P−) + tan2 ξ · a2A]/(1 + a2 tan2 ξ). (10.9)

10.3.3.3 Results

After selection all background contributions, but ZZ → e+e−µ+µ−, are negligible, therefore
only these events were used to construct probability density function for the background.
Signal probability density functions were constructed using samples of scalar Higgs bo-
son (H), pseudoscalar (A) and P+, P− samples (ξ = ±π/4).

For each value of the parameter ξ and for each Higgs-boson mass we made 200 pseudo-
experiments for the integrated luminosity L = 60 fb−1. For each pseudo-experiment we
randomly selected events from the signal and background samples to form a test sample.
The number of selected events was given by a Poisson probability distribution with mean
defined by the process cross-section, selection efficiency and the examined luminosity. Then
we performed a maximisation of the likelihood function L(ξ,R) for the test sample to obtain
a value of the parameter ξ. The generated and reconstructed values of the parameter ξ with
its uncertainty, obtained for three masses of the Higgs boson are shown in Figure 10.42. The
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Figure 10.42: Reconstructed value of the parameter ξ as function of the generated value of
the parameter ξ for L=60 fb−1 and Higgs boson masses MΦ=200, 300, 400 GeV/c2. Uncer-
tainties correspond to one standard deviation. The Standard-Model signal cross-section and
branching ratio were used.

Standard-Model signal cross-section and branching ratio were used to normalise signal for
each value of the parameter ξ.

An influence of enhancement (or suppression) factor C2 of the Higgs boson production cross
section times branching ratio, in respect to the Standard Model

C2 = (σ ×Br)/(σSM ×BrSM ) (10.10)

on the accuracy of the ξ measurement and thus, on possibility to exclude the Standard Model,
scalar Higgs boson was studied. It was found that the precision of ξ measurement is approx-
imately proportional to 1/C (i.e. it depends on square-root of number of events, as one can
expect):

∆ξ(ξ, C2) ≡ ∆ξSM (ξ)√
C2

. (10.11)

A value of ∆ξSM(ξ) corresponds to the precision of the parameter ξ measurement assuming
the Standard Model Higgs boson production cross section times branching ratio. It is shown
as the error bars in Figure 10.42. Figure 10.43 shows the minimal value of the factor C2

needed to exclude the SM Higgs boson at Nσ level (N=1, 3), where N=ξ/∆ξ, as a function of
the parameter ξ.



10.3. Discovery reach 331

ξ
-1.5 -1 -0.5 0 0.5 1 1.5

ξ
-1.5 -1 -0.5 0 0.5 1 1.5

2
en

ha
nc

em
en

t C

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
-1, L = 60 fb2 = 200 GeV/cΦM

  contourσ 1

 contourσ1×3

ξ
-1.5 -1 -0.5 0 0.5 1 1.5

ξ
-1.5 -1 -0.5 0 0.5 1 1.5

2
en

ha
nc

em
en

t C

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
-1, L = 60 fb2 = 300 GeV/cΦM

  contourσ 1

 contourσ1×3

ξ
-1.5 -1 -0.5 0 0.5 1 1.5

ξ
-1.5 -1 -0.5 0 0.5 1 1.5

2
en

ha
nc

em
en

t C

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
-1, L = 60 fb2 = 400 GeV/cΦM

  contourσ 1

 contourσ1×3

Figure 10.43: The minimal value of the factor C2 needed to exclude the Standard Model,
scalar Higgs boson at Nσ level (N=1, 3) as a function of the parameter ξ for the Higgs boson
masses MΦ=200, 300 and 400 GeV/c2 (from left to right) at 60 fb−1.
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