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19  Higgs Bosons

19.1 Introduction

The experimental observation of one or several Higgs bosons [19-1] will be fundamental for a

better understanding of the mechanism of electroweak symmetry-breaking. In the Standard

Model [19-2], one doublet of scalar fields is assumed, leading to the existence of one neutral sca-

lar particle H. On the basis of present theoretical knowledge, the Higgs sector in the Standard

Model remains largely unconstrained. The Higgs-boson mass, mH, is not theoretically predict-

ed. From unitarity arguments an upper limit of ∼1 TeV can be derived [19-3]. The requirements

of the stability of the electroweak vacuum and the perturbative validity of the Standard Model

allow to set upper and lower bounds depending on the cutoff value chosen for the energy scale

Λ up to which the Standard Model is assumed to be valid [19-4]. Such analyses exist at the two-

loop level for both lower [19-5] and upper [19-6] Higgs mass bounds. If the cutoff value is cho-

sen at the Planck mass, which means that no new physics appears up to that scale, the Higgs-

boson mass is required to be in the range between 130 < mH < 190 GeV. This bound becomes

weaker if new physics appears at lower mass scales. If the cutoff is chosen to be 1 TeV, the

Higgs-boson mass is constrained to be in the range 50 GeV < mH < 800 GeV. Experimentally,

constraints on the Standard Model Higgs-boson mass are derived directly from searches at

LEP2, which presently lead to mH > 90 GeV [19-7]. It is expected that the sensitivity of LEP2 will

be extended to ∼105 GeV over the coming years [19-8], if the centre of mass energy of the LEP

collider is raised to 200 GeV. Indirectly, high precision electroweak data constrain the Higgs-bo-

son mass via their sensitivity to loop corrections. Assuming the overall validity of the Standard

Model, a global fit to all electroweak data leads to mH = 76+85
-47

GeV  [19-9].

In supersymmetric theories, the Higgs sector is extended to contain at least two doublets of sca-

lar fields. In the minimal version, the so-called MSSM model [19-10], there are five physical

Higgs particles: two CP-even Higgs bosons h and H, one CP-odd Higgs boson A, and two

charged Higgs bosons H±. Two parameters, which are generally chosen to be mA and tanβ, the

ratio between the vacuum expectation values of the two Higgs doublets, determine the struc-

ture of the Higgs sector at tree level. However, large radiative corrections affect the Higgs mass-

es and couplings. The lightest neutral scalar Higgs-boson mass, mh, is theoretically constrained

to be smaller than ~150 GeV [19-11].

Alternative manifestations of electroweak symmetry-breaking mechanisms would probably in-

volve a strongly interacting electroweak sector [19-12]. In this case, significant deviations from

the Standard Model predictions would be observable in final states consisting of gauge boson

pairs.

The aim of this Chapter is to review and assess the performance of the ATLAS detector in the

search for a Standard Model Higgs boson, for the various supersymmetric Higgs bosons, and

for alternative signals of electroweak symmetry breaking. Many results are based on studies

which have been presented in earlier documents [19-13][19-14][19-15][19-16]. The main differ-

ences with respect to previous studies are:

• The significance of a Higgs discovery is evaluated for the final ATLAS detector configura-

tion, as presented in the various Technical Design Reports.

• Improvements on theoretical calculations of cross-sections, branching ratios etc., which

have appeared since the Technical Proposal, are taken into account.



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

674 19   Higgs Bosons

• The study of the MSSM Higgs sector is extended by several channels, which had not been

considered in the Technical Proposal. In addition, cases where SUSY particles are light

and appear in Higgs decays and cases where Higgs bosons are produced in decays of

SUSY particles are considered in some detail here.

• Finally, it is discussed how accurately Higgs boson parameters, such as mass, width, spin,

and couplings to fermions and bosons, can be measured in the ATLAS detector.

The results presented in this Chapter are obtained predominantly from fast detector simulations

[19-17] (see Section 2.5), where the detector response and resolution functions have been taken

into account. However, the crucial detector-dependent performance parameters such as the

mass resolutions, reconstruction and identification efficiencies for the signal events and the

most important background rejections, were obtained from a detailed GEANT simulation of the

ATLAS detector. Many of them have already been presented in the corresponding performance

chapters of this document. Wherever relevant, they have been used for the evaluation of the sig-

nal significance.

Physics processes have been simulated with the PYTHIA Monte Carlo program, including ini-

tial- and final-state radiation, hadronisation and decays. The signal and background production

cross-sections are affected by uncertainties due to higher-order corrections, structure function

parametrisations and event generation. Over the recent years, there has been considerable

progress in the calculation of higher-order QCD corrections to the cross-sections for the Higgs-

boson production [19-18]. However, the higher-order QCD corrections to the production cross-

sections are not known for all signal and background processes. Therefore, the present Higgs

studies have consistently and conservatively refrained from using K-factors, resorting to Born-

level predictions for both signal and backgrounds.

This Chapter begins with a discussion of the discovery potential of the ATLAS detector for the

Standard Model Higgs boson (Section 19.2), followed by the discussion of the Higgs boson

searches in the MSSM (Section 19.3). Searches in the framework of a strongly interacting Higgs

sector are described in Section 19.4. A short summary and conclusions are given in Section 19.5.

19.2 Standard Model Higgs boson

19.2.1 Introduction

In this Section, the expected performance in the search for the Standard Model Higgs boson

with ATLAS is discussed over the mass range from 80 GeV to 1000 GeV. Although the present

LEP2 mass limit for a Standard Model Higgs boson is already higher than 90 GeV [19-7], masses

as low as 80 GeV have been considered in the studies reported here in order to assess the detec-

tion capabilities in these difficult conditions. Such low masses remain relevant in some regions

of the MSSM parameter space, where the same final state topologies from Higgs boson decays

occur as in the Standard Model case. The Standard Model Higgs boson is searched for at the

LHC in various decay channels, the choice of which is given by the signal rates and the signal-

to-background ratios in the various mass regions.
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These channels are:

• H → γγ direct production;

• H → γγ from the associated production WH, ZH and ttH, using a lepton (e, µ) tag from the

vector boson or top quark decay;

• H → bb from the associated production WH, ZH and ttH, using a lepton (e, µ) tag and b-

tagging;

• H → ZZ∗ → 4l;

• H → ZZ → 4l and H → ZZ → llνν;

• H → WW → lνjj and H → ZZ → lljj.

The search strategies and background rejection methods have been established through many

studies over the past years. In addition to the well established channels listed above, the discov-

ery potential is also reported for less promising channels, such as H → Zγ. The associated pro-

duction of a Higgs boson with QCD jets, where the Higgs boson decays to γγ, has been also

investigated. In addition, the discovery potential of the Higgs boson in the recently suggested

H → WW∗ → lνlν channel [19-19] has been studied.

The total Higgs-boson production cross-section has contributions from various subprocesses, of

which gg fusion and WW fusion are the most important ones. The WW fusion process is signifi-

cant only in the high-mass region. The processes of qq and ZZ fusion also contribute to the total

cross-section. For all Higgs studies reported here, the CTEQ2L structure function parametrisa-

tion has been used. The variation in the cross-section has been estimated [19-15] using four dif-

ferent sets of structure function parametrisations (namely the CTEQ2L, CTEQ2MS, CTEQ2M

and MRSD sets); in the low-mass region (mH < 180 GeV), a spread of only ∼5% in the Higgs-bo-

son production rates has been found. The decay branching ratios have been calculated using the

program of Ref. [19-20], which includes all higher-order corrections presently available.

19.2.2 H → γγ

The decay H → γγ is a rare decay mode, only observable over a limited Higgs boson mass re-

gion, where the production cross-section and the decay branching ratio are both relatively large.

It is a promising channel for Higgs searches in the mass range 100 < mH < 150 GeV and places

severe requirements on the performance of the EM Calorimeter. Excellent energy and angular

resolution are needed to observe the narrow mass peak above the irreducible prompt γγ contin-

uum. Powerful particle identification capability is also required to reject the large QCD jet back-

ground as well as the potentially dangerous resonant background from Z → ee decays, in the

case where mH ≈ mZ.

In the following, the search for H → γγ decays is described separately for direct production of

the Higgs boson (Section 19.2.2.1), for associated production of a Higgs boson with a W or Z bo-

son or a tt pair (Section 19.2.2.2), and for production of a Higgs boson in association with QCD

jets (Section 19.2.2.3). In each case, the signal reconstruction, the reducible and irreducible back-

grounds and the signal observability are discussed.
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19.2.2.1 Direct production

The direct production of a low-mass Higgs boson is dominated by the gg fusion process. The

production cross-sections and the branching ratios for the H → γγ decay are listed in Table 19-1

for 80 < mH < 150 GeV.

Signal Reconstruction

Very detailed and complete simulations have been performed to evaluate the reconstruction of

photons in the ATLAS detector [19-21]. In the simulations done for this TDR, the most relevant

changes and up-to-date details of the Inner Detector and of the calorimeters (e.g. the barrel cry-

ostat) have been included. The impact of photon conversions on the mass resolution and on the

signal reconstruction efficiency has thus been realistically evaluated.

Isolated photons have been reconstructed by applying the standard photon identification crite-

ria, as described in Section 7.5.1. Both unconverted and converted photons have been used and

the electromagnetic shower energy has been reconstructed using the procedures described in

Chapter 7. The photon identification efficiency has been found to be 80%, approximately inde-

pendent of pT in the region of interest.

Simple kinematic cuts, which optimise approximately the significance of the H → γγ signal over

the mass range considered, have been applied:

• The photon candidates, ordered in pT, were required to have transverse momenta in ex-

cess of 40 and 25 GeV (pT
1 > 40 GeV and pT

2 > 25 GeV).

• Both photon candidates were required to be in the pseudorapidity interval |η| < 2.4.

Events with one or more photons in the region of the electromagnetic barrel/end-cap

transition in an interval of ∆η = 0.15, were rejected.

The acceptance of these kinematic cuts increases with mH and ranges from 29% for mH = 80 GeV

to 58% for mH = 150 GeV. It should be noted that, in comparison to the study presented in [19-

14], the cut on the pT-balance between the two photons has been removed [19-22]. This increases

the signal acceptance by ~16% and the irreducible background by ~9%. The acceptance of the

kinematic cuts is given in Table 19-1 as a function of mH. In order to compute signal event rates,

these numbers still have to be multiplied by the photon reconstruction efficiency. For

mH = 90 GeV, the photon reconstruction efficiency is somewhat lower than the nominal 80% be-

cause of the stringent cuts applied to remove the background from Z → ee decays (see the dis-

cussion of the Z → ee background below).

Table 19-1 Cross-sections (σ), branching ratios (BR), cross-sections times branching ratios (σ × BR), accept-
ances and expected mass resolutions at high luminosity for H → γγ decays as a function of mH.

Higgs mass (GeV) 80 90 100 110 120 130 140 150

Cross-section (pb) 38.4 32.4 27.8 24.2 21.2 18.8 17.0 15.4

Branching ratio (%) 0.089 0.119 0.153 0.190 0.219 0.222 0.193 0.138

σ × BR (fb) 34.2 38.6 42.5 46.0 46.4 41.8 32.8 21.2

Acceptance 0.29 0.38 0.44 0.48 0.51 0.53 0.55 0.58

Mass resolution (GeV) 1.11 1.20 1.31 1.37 1.43 1.55 1.66 1.74
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The invariant mass of the two photons is re-

constructed using the combined information

of the EM Calorimeter and the Inner Detector,

as discussed in Section 7.8.1.

An example of a reconstructed Higgs mass

distribution, obtained after applying the kine-

matic and photon identification cuts as well as

the photon conversion and primary vertex re-

construction algorithms, is shown in

Figure 19-1. It has been obtained from a fully

simulated sample of H → γγ decays with

mH = 100 GeV, including the minimum-bias

pile-up expected at high luminosity. The over-

all mass resolution, σ, is found to be 1.31 GeV.

The various contributions to the total mass

resolution are discussed in detail in

Section 7.8.1. The interval of ±1.4σ around the

nominal Higgs mass, which is used for the

evaluation of the signal significance, contains

79% of the fully simulated H → γγ events. For

a Gaussian distribution, this fraction is expected to be 83.8%. At low luminosity, the γγ mass res-

olution can be improved, since the pile-up contribution to the energy resolution of the calorime-

ter is largely reduced and the vertex can be reconstructed from the associated tracks. For

example, for mH = 100 GeV the mass resolution improves from 1.31 GeV to 1.10 GeV.

Irreducible background

The irreducible background consists of genuine photon pairs produced via the following three

processes: Born (qq → γγ ), box (gg→ γγ), and quark bremsstrahlung (qg → qγ → qγγ). The produc-

tion cross-section for the sum of the Born and box processes is of the order of 1 pb/GeV in the

two-photon mass range around 100 GeV. In the bremsstrahlung process, only the small fraction

of events with isolated photons in the final state pass the selection criteria. It has been demon-

strated [19-23] that their contribution, as generated using PYTHIA, is in good agreement with

semi-analytical calculations [19-24]. After isolation cuts, this background amounts to about 50%

of the combined Born plus box contribution, and has been included in the simulations by corre-

spondingly scaling these backgrounds. The expected numbers of γγ background events in the

relevant mass windows are given in Table 19-2.

Reducible background

In addition to the irreducible γγ background, other potentially large background sources have to

be considered. These include jet-jet and γ-jet events in which one or both jets are misidentified

as photons, as well as Z → ee decays, where both electrons are mistaken as photons. Since the

production cross-sections for these processes are many orders of magnitude larger than the sig-

nal cross-sections, excellent photon/jet and photon/electron discrimination are required.

For pairs of calorimeter clusters which pass the kinematic cuts and have an invariant mass in

the range from 70 GeV to 170 GeV, the ratios of the jet-jet and γ-jet cross-sections to the irreduci-

ble γγ cross-section are 2×106 and 8×102 respectively. There are large uncertainties on these ratios

and on the fraction of jets which are expected to satisfy the photon identification criteria, arising
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Figure 19-1 Reconstructed two-photon invariant
mass for H → γγ decays with mH = 100 GeV at high
luminosity. The shaded histogram represents events
containing at least one converted photon.
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from higher-order corrections and from uncertainties in jet fragmentation. In order to reduce

these backgrounds to a level well below that of the irreducible γγ continuum, rejection factors of

2x107 and 8x103 are required.

These rejection factors have been realistically

evaluated by using large samples of fully sim-

ulated two-jet events, as described in

Section 7.6. The rejection factors were then ap-

plied to estimate the cross-sections for the re-

ducible jet-jet and γ-jet backgrounds relative to

the irreducible γγ-background. The results are

shown in Figure 19-2 as a function of the two-

photon invariant mass mγγ. After applying the

full photon identification cuts from the calo-

rimeter and the Inner Detector, the residual

jet-jet and γ-jet backgrounds are found to be at

the level of approximately 15% and 20%, re-

spectively, of the irreducible γγ background

over the mass range relevant to the

H → γγ search.

Z → ee background

For Higgs boson masses close to mZ, the reso-

nant background from Z → ee decays is potentially very dangerous. This background has a pro-

duction cross-section roughly 25 000 times larger than that of the H → γγ signal. Therefore, a

rejection of ~ 500 per electron is needed to reduce it to a level below 10% of the expected H → γγ
signal. This requires that the Inner Detector vetoes electron tracks with very high efficiency.

Two classes of Z-decays have been studied

with particular care in order to evaluate the

expected veto efficiency. The first class consists

of Z → ee (or µµ) radiative decays with one or

two photons in the final state. A careful study

of these decays, which included initial- and fi-

nal-state photon radiation [19-25], has shown

that they produce final states for which the in-

variant mass of the γγ (or γe pair) is no longer

resonant, as shown by the dashed histogram

in Figure 19-3. If an electron veto efficiency of

99.8% is assumed, approximately equal contri-

butions from γγ and γe radiative pairs are

found. The contribution from Z → µµγγ decays

corresponds to about 20% of the total contri-

bution from Z → ee radiative decays. Since the

Z radiative decay background is smooth

above 80 GeV, and is much smaller than the ir-

reducible γγ background, it can be neglected.

Figure 19-2 Expected ratios of the residual reducible
jet-jet and γ-jet backgrounds to the irreducible γγ-con-
tinuum background as a function of the invariant mass
of the pair of photon candidates at high luminosity.
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Figure 19-3 Reconstructed two-photon invariant
mass for H → γγ decays with mH = 90 GeV (full histo-
gram), for Z → eeγ (γ) and Z → µµγγ decays (dashed
histogram) and for Z → ee decays (black area) after
electron veto cuts.
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The second class of background from Z → ee decays consists of events where both electrons are

misidentified as photons after undergoing very hard bremsstrahlung in the material of the In-

ner Detector at small radius (beam pipe and vertexing layers). As discussed in Section 7.7, de-

tailed studies on the reconstruction of electrons with a pT of 40 GeV over the full pseudorapidity

coverage have been performed. Using an electron/photon separation algorithm based on two

complementary pattern recognition programs and a photon conversion finder, an electron veto

inefficiency as low as 0.19% can be reached for Z → ee events at the expense of an additional in-

efficiency for photon identification. The efficiency loss for photons depends on the luminosity.

For a sample of H → γγ events, it has been estimated to be 3.3% at low luminosity and 5.6% at

high luminosity. The loss of signal efficiency has been included in the calculation of the expect-

ed event rates for mH = 90 GeV. Figure 19-3 shows the expected γγ mass distribution for the re-

maining Z → ee events after applying the track veto described above. The rms width of the peak

is found to be 4.4 GeV, which is therefore significantly larger than the expected one for normal

Z → ee events and for H → γγ events in this mass range. Although the residual Z → ee back-

ground remains resonant, its contribution to the H → γγ signal for mH = mZ is less than 10%.

Signal Observability

The expected H → γγ signal significances, defined for each mass point as where S and B
are the numbers of accepted signal and background events in the chosen mass window of

±1.4σm, are given in Table 19-2 for an integrated luminosity of 100 fb-1. The contributions from

the irreducible and reducible backgrounds are accounted for in these estimates. In addition to

the signal events from direct production, events from the associated production of a Higgs bos-

on with a W or Z boson or a tt-pair have been included in the signal. Due to the larger hadronic

activity in the events arising from associated production, the efficiency of the photon isolation

cuts is slightly lower than the values found for the direct production (see Section 19.2.2.2).

Table 19-2 Observability of the H → γγ signal (direct and associated production) for 80 < mH < 150 GeV. The
expected numbers of signal and background events in the mass window, chosen to be mH ± 1.4σ, are given for
an integrated luminosity of 100 fb-1. The signal significances are given for integrated luminosities of 100 fb-1

(high luminosity) and 30 fb-1 (low luminosity).

Higgs mass (GeV) 80 90 100 110 120 130 140 150

Signal events

(direct production)

502 655 947 1110 1190 1110 915 617

Signal events

(WH, ZH, ttH production)

85 76 98 97 93 76 58 35

γγ background 41 700 41 000 41 400 35 000 29 000 24 700 20 600 16 900

Jet-jet background 5400 5600 5950 5300 4600 4100 3550 3050

γ-jet background 12500 10600 9100 7000 5800 4900 4100 3400

Z → ee background - < 70 - - - - -

Stat. significance for 100 fb−1 2.4 3.1 4.4 5.6 6.5 6.5 5.8 4.3

Stat. significance for 30 fb-1 1.5 1.9 2.7 3.4 3.9 4.0 3.5 2.6

S B⁄
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For an integrated luminosity of 100 fb−1, a Standard Model Higgs boson in the mass range be-

tween 105 GeV and 145 GeV can be observed with a significance of more than 5σ by using the

H → γγ channel alone. Table 19-2 also contains the estimated significances of the H → γγ channel

for an integrated luminosity of 30 fb-1, corresponding to the first three years of LHC operation.

The significances at low luminosity have been evaluated by taking the resulting improvements

in mass resolution and background rejection into account. A signal in the γγ channel can only be

seen in this case with a significance of ∼ 4σ over a narrow mass range between 120 and 130 GeV.

The significances quoted in Table 19-2 are slightly higher than the ones given in the Technical

Proposal. The main reason for this is the removal of the so called pT-balance cut, which was ap-

plied in order to suppress bremsstrahlung background. Although without this cut the back-

ground increases, there is a net gain in the significance. Another reason is the slightly improved

mass resolution which is mainly due to a more sophisticated photon energy reconstruction, sep-

arating converted and non-converted photons. These gains are somewhat offset by the higher

reducible background.

As an example of signal reconstruction above background, Figure 19-4 shows the expected sig-

nal from a Higgs boson with mH = 120 GeV for an integrated luminosity of 100 fb-1. The H → γγ
signal is clearly visible above the smooth γγ background, which is dominated by the irreducible

continuum of real photon pairs.

19.2.2.2 Associated production: WH, ZH and ttH

The production of the Higgs boson in association with a W or a Z boson or with a tt pair can also

be used to search for a low-mass Higgs boson. The production cross-section for the associated

production is almost a factor 50 lower than for the direct production, leading to much smaller

signal rates. If the associated W/Z boson or one of the top quarks is required to decay leptoni-

cally, thereby leading to final states containing one isolated lepton and two isolated photons, the

signal-to-background ratio can nevertheless be substantially improved with respect to the direct

production. In addition, the vertex position can be unambiguously determined by the lepton

charged track, resulting in better mass resolution at high luminosity than for the case of direct

H → γγ production.

Figure 19-4 Expected H → γγ signal for mH = 120 GeV and for an integrated luminosity of 100 fb-1. The signal
is shown on top of the irreducible background (left) and after subtraction of this background (right).
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There are many sources of reducible and irreducible backgrounds, which have been evaluated

in a recent study [19-26]. The signal reconstruction proceeds along similar lines to the case of di-

rect production. Two isolated photons and one lepton are searched for over |η| < 2.4. Simple

kinematic cuts are applied, requiring that the transverse momenta of the photons and of the lep-

ton exceed 25 GeV. As for direct H → γγ production, events with one or more photons or the lep-

ton in the crack region between the barrel and the end-cap calorimeter, in a region of ∆η = 0.15,

are rejected. In order to suppress the reducible background from QCD jet and tt production and

from final-state photon radiation, additional isolation criteria are applied: the distance ∆R be-

tween each photon and each reconstructed jet cluster is required to be larger than 0.4. This sepa-

ration criterion is also applied to the γγ and γl separation, i.e. ∆Rγγ > 0.4 and ∆Rγl > 0.4. After

applying these cuts, the signal acceptance for mH = 100 GeV is found to be 31% for WH and ZH
events and 29% for ttH events. The slightly lower acceptance for ttH events is due to the larger

jet activity in these events, which affects the efficiency of the separation criteria described above.

These acceptances have to be multiplied by the reconstruction efficiencies for the photons and

leptons. These have been estimated using fully simulated signal events and found to be compat-

ible with those assumed for direct H → γγ production, thereby indicating that the separation cri-

teria quoted above lead to reconstructed final states with well isolated photons and leptons. The

mass dependence of the acceptance is given in Table 19-3 for Higgs boson masses in the range

between 80 and 140 GeV.

The irreducible background has been evaluated by considering the Wγγ, Zγγ, ttγγ and bbγγ proc-

esses. In particular, radiation of photons from the leptons in the final state has been found to be

important. They have been evaluated using the PYTHIA event generator in conjuction with the

PHOTOS program [19-27]. After the kinematic cuts described above, the Zγγ background,

where one photon is radiated from a final-state lepton, is dominant. This background has been

further suppressed by requiring the lepton-photon mass, mγl, to be above a given threshold,

mγl > 25 GeV, for any lepton-photon combination and to be outside a mass window of ±8 GeV

around the Z-boson mass. To further improve this rejection, events with a second lepton of the

same flavour and opposite charge with pT > 10 GeV are vetoed. These additional cuts reject the

dominant Zγγ background by a factor 3.6, whereas the signal efficiency for mH = 100 GeV is

found to be 74%. The efficiency values as a function of mH are given in Table 19-3.

There are also many sources of reducible backgrounds. Final states containing one, two or three

jets in association with a lepton or a photon, such as γγ-jet, γl-jet, γ-jet-jet, l-jet-jet and jet-jet-jet,

have been considered [19-26]. In each case, the γ/jet or lepton/jet rejection factors, as deter-

mined from the full detector simulation (see Sections 7.4 and 7.6), have been applied. The total

reducible background is estimated to be at the level of 20 - 30% of the irreducible one over the

mass range considered, as shown in Table 19-3. The main contributions to the remaining reduc-

ible background arise from tt → γl-jet final states, from associated γγ-jet production, and from as-

sociated Wγ+jet → lγ+jet final states.

For the determination of the signal significance, only events in the mass window mH ± 1.4σ are

considered. Compared to direct H → γγ production, the mass resolution at high luminosity is

slightly improved, due to the precise determination of the z-position of the vertex by the lepton

track. As an example, for mH = 100 GeV, the mass resolution improves from 1.31 GeV to

1.23 GeV. Results from full simulation described in Section 19.2.2 show that, the acceptance in

the mass window is 79%.
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Using Poisson statistics, the probability to observe a statistical fluctuation in the background

such that the total number of observed events would be larger than the sum of signal and back-

ground events, has been evaluated. The results, expressed in the usual units of Gaussian stand-

ard deviations, are given in the last row of Table 19-3. The statistical significances in this channel

are found to be around 4.3σ for masses in the range between 100 and 120 GeV. The observation

of this channel therefore represents an independent confirmation of a possible Higgs boson dis-

covery for integrated luminosities above 100 fb-1. It would also provide valuable information

for the determination of the Higgs couplings to vector bosons and to the top quark. Because of

the very small signal rate, this channel is not believed to have any discovery potential at low lu-

minosity.

19.2.2.3 Associated production: H + jet → γγ + jet

It has been argued that the observability of a Higgs boson in the γγ decay mode can be im-

proved at the LHC by considering the associated production of a Higgs boson with one or two

hard jets [19-28][19-29].

In addition to higher-order corrections to direct Higgs production (e.g. gg → Hg), there are other

production mechanisms which lead to the associated production of a Higgs boson with high-pT
jets. First there is the WW fusion process, which produces Higgs bosons in association with two

jets which appear as tag jets in the forward regions of the detector (see Section 19.2.10). For a

low-mass Higgs boson, this contribution to the total production cross-section is, however, only

∼ 10%. Secondly, there is the associated production (WH, ZH, and ttH), where jets from hadronic

decays of the vector bosons or the top quarks are present in the final state. For these processes,

jets appear in association with the Higgs boson already at the Born level, whereas they appear

as a result of the higher-order QCD corrections for the dominant gg fusion process. Given the

large contribution of the gg fusion to the total Higgs production cross-section, these higher-or-

der QCD contributions are nevertheless expected to give a large contribution to inclusive H+jet

production.

A study of the observability of H+jet with H → γγ production has been recently carried out for

the ATLAS detector [19-30]. The cross-sections for the associated production of a Higgs boson

with a W/Z and a tt pair as well as for the WW fusion process have been obtained from the

standard PYTHIA event generator. For the gg fusion process, the available first-order QCD ma-

Table 19-3 Cross-sections times branching ratios, σ x BR, (sum of WH, ZH and ttH), acceptances and expected
numbers of signal and background events for associated Higgs production with H → γγ decay and for
80 < mH < 140 GeV at high luminosity. The expected numbers of events and the statistical significances are
given for an integrated luminosity of 100 fb-1.

Higgs mass (GeV) 80 100 120 140

σ × BR (fb) 1.55 1.44 1.22 0.65

Acceptance of kin. cuts 0.24 0.30 0.31 0.32

Acceptance of mass cuts 0.70 0.74 0.78 0.79

Signal events 12.2 14.7 13.2 7.5

Irreducible background 6.0 5.7 4.4 3.2

Reducible background 1.3 1.4 1.3 1.3

Statistical significance 3.7 4.3 4.3 2.8
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trix-element calculation, i.e. at order αs
3, [19-31] has been used. Unfortunately, such calculations

are not available now for the dominant irreducible γγ background. A calculation exists for the qq
subprocess, but not for the gg box-contribution. Due to the lack of a complete calculation for the

γγ background, any such study would suffer at present from large uncertainties in the back-

ground estimates. A consistent treatment of the signal and the background can only be done

when appropriate higher-order calculations will be available for both. In the analysis presented

below, the signal contribution from direct H → γγ+jet production is estimated by using both the

parton-shower approach and the available first-order matrix-element calculation. The results

from both these approaches are used to estimate the uncertainties on the signal significance in

this channel.

In the analysis, H+jet → γγ+jet final states are selected by applying the following criteria:

• Two isolated photons with pT
1 > 60 GeV and pT

2 > 40 GeV, within |η|< 2.4. As for the di-

rect γγ analysis, events with photons in the barrel/end-cap transition region (∆η = 0.15)

are rejected. In addition, a threshold on the transverse momenta of the photon system is

also required pT
(γ1+γ2) > 50 GeV.

• At least two reconstructed jets with:

ET > 40 GeV over |η| < 2.4 or E > 800 GeV over 2.4 < |η|< 4.6.

• The distance ∆R between the jet and each photon is required to be ∆R > 1.5. This cut is in-

troduced to suppress bremsstrahlung contributions, where photons are radiated from the

final-state quarks.

The expected numbers of signal and background events after applying this selection are given

in Table 19-4 for an integrated luminosity of 100 fb-1. The numbers shown in Table 19-4 for the

expected signal rates demonstrate clearly that they depend strongly on the method chosen to

generate the events. If the matrix-element approach is used, the gg fusion process accounts for

most of the signal rate. The respective contributions of WW fusion and associated production

amount to 35% and 10% of the total signal rate. In contrast, if the parton-shower approach is

used, the contribution to the signal from direct H+jet production via gg fusion is decreased by a

factor of 10, resulting in a total signal which is lower by a factor of two.

The dominant background contribution arises from quark bremsstrahlung. It should, however,

be noted that, due to the lack of a complete higher-order calculation, the contribution from the

γγ irreducible background has been estimated using the parton-shower approach, which most

likely leads to an underestimate of the real contribution, as indicated by the results obtained for

the signal.

Estimates of the signal significance are given in Table 19-4 for both approaches (matrix-element

and parton-shower). In the absence of an appropriate γγ background calculation in the case of

the matrix-element approach, the parton-shower estimate for this background has been scaled

up by the same factor of 10 as found for the signal. In all cases, the significances shown in

Table 19-4 are lower than those obtained for the inclusive direct H → γγ signal, in addition to be-

ing affected by large theoretical uncertainties.

In summary, it might be possible to enhance the significance of a low-mass Higgs boson discov-

ery in the γγ channel at the LHC, by looking for the associated production of H → γγ decays with

two jets. The simulated signal rate itself is very sensitive to the method used to generate the

events. Given the large uncertainties reported here, this channel may be of interest as a confir-
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mation of a potential signal, but cannot at present be considered as a discovery channel. More

solid conclusions may be drawn when higher-order calculations for all background processes

and/or measurements from the Tevatron become available.

In a similar analysis, the associated production of a Higgs boson with a single jet, as suggested

in [19-29], has also been investigated and the details are reported in [19-30]. In this case also, a

better theoretical understanding is needed before large signal significances can be claimed.

19.2.3 H → Zγ

H → Zγ is another rare decay mode of the Standard Model Higgs boson. As in the case of the γγ
decay, the branching ratio for this channel is only significant in the limited mass range between

100 and 160 GeV. In addition, it has to be multiplied by the Z → ll branching ratio, which is

about 6.6% (electrons and muons). The production cross-section times branching ratio is below

2.6 fb in the mass range 120 - 160 GeV. Both the signal and the backgrounds have been evaluat-

ed using the fast simulation, and the sensitivity is found to be below 1.4 σ with a signal-to-back-

ground ratio of 2.5% [19-32].

Table 19-4 Expected rates for signal and background processes contributing to γγ + two jet final states for an
integrated luminosity of 100 fb-1. The signal contributions and statistical significances are given separately for
the matrix-element and the parton-shower calculations of direct production of Higgs bosons associated with
jets.

Higgs mass (GeV) 100 120 140

gg, qg, qq → H + g (q) (matrix-element) 36 56 52

gg, qq → H (parton-shower) 3 6 9

WW fusion (qq → qq H) 24 35 30

Associated production (WH/ZH, ttH) 9 10 8

Total signal (matrix-element) 70 101 90

Total signal (parton-shower) 36 51 47

γγ irreducible background 16 30 39

Bremsstrahlung: qq → g γ, qg → q γ 113 67 100

Total background 129 97 139

Total background (scaled, see text) 273 367 490

Statistical significance

(matrix-element and scaled background, see text)

4.2 5.3 4.1

Statistical significance (parton-shower) 3.2 5.2 4.0



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

19   Higgs Bosons 685

19.2.4 H → bb

19.2.4.1 General considerations

If the mass of the Standard Model Higgs boson is lighter than 2 mW, the H → bb decay mode is

dominant with a branching ratio of ∼ 90 %. The observation of such a characteristic signature

would be important for both the Higgs discovery and for the determination of the nature of any

resonance observed in this mass region. Since the direct production, gg → H with H → bb, can-

not be efficiently triggered nor extracted as a signal above the huge QCD two-jet background,

the associated production with a W or Z boson or a tt pair remains as the only possible process

to observe a signal from H → bb decays. The leptonic decays of the W boson or semi-leptonic

decays of one of the top quarks provide an isolated high-pT lepton for triggering. In addition,

requiring this high-pT lepton provides a large rejection against background from QCD jet pro-

duction. The Higgs-boson signal might thus be reconstructed as a peak in the invariant jet-jet

mass spectrum of tagged b-jets.

Both the WH and the ttH channels have already been studied for the ATLAS Technical Proposal

[19-14]. The analysis was complex and it became clear that excellent b-tagging capabilities are

needed. The major difficulties in extracting a reliable signal from either of these two channels

are the combination of a small signal and the need for an accurate control of all the background

sources. The analyses have been repeated for this document, using the expected performance of

the final ATLAS detector configuration. In the case of the ttH channel, the analysis has also been

significantly improved. In the new analysis presented here, both top-quark decays are com-

pletely reconstructed. This provides a significantly better signal-to-background ratio and a re-

duction of the combinatorial problem in the b-jet assignment to the Higgs boson decay.

Other channels involving H → bb decays have been suggested in the literature [19-33]. They

have so far not been considered by ATLAS for the following reasons:

• ZH production with Z → ll: this channel would provide a rate about six times lower than

the WH channel. In addition, although tt production does not contribute significantly to

the background in this channel, gg → Zbb production with Z → ll is only a factor 1.8

smaller in rate than the Wbb background with W → lν, and the signal-to-background ratio

would therefore not be significantly improved with respect to the WH channel.

• ZH production with Z → νν: it would be difficult to trigger efficiently on such final states.

In addition, this channel suffers from potentially very large experimental backgrounds,

given the rather low ET
miss expected for the signal.

• bbH production: this process is also difficult to trigger on with high efficiency. However,

bbH production may be significantly enhanced in supersymmetric extensions of the

Standard Model and a detailed study has been carried out in the MSSM framework (see

Section 19.3.2.8). This study has shown that, even if the trigger problem is ignored, a sig-

nal can only be extracted for large values of tanβ, where the enhancement is large. There-

fore, this channel does not provide any discovery potential for the Standard Model Higgs

boson.

In the following, the main features of the analyses of the WH (search for lνbb final states [19-34])

and ttH (search for lνjjbbbb final states [19-35]) channels are summarised. These analyses have

been performed using the fast simulation (see Section 2.5). Crucial aspects of the b-tagging per-

formance (see Section 10.6) and of the invariant mass reconstruction of b-jet pairs (see

Section 9.3) are in agreement with the results obtained from the full detector simulation.
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Table 19-5 shows the production cross-sections

for the signal with mH = 100 GeV and for some

important background processes. The signal

cross-sections for lνbb (WH production) and

lνjjbbbb (ttH production) final states are of the

same order. The reducible backgrounds from

W+jet and tt production are huge, with cross-

sections orders of magnitudes larger than the

signal cross-sections. In addition to the large

non-resonant backgrounds, there is also WZ
production, which constitutes a dangerous

resonant background for the WH signal.

Some of the features of the event topology are

common to both channels:

• One trigger lepton with pT > 20 GeV

(electron) or pT > 6 GeV (muon) within

|η|< 2.5. At high luminosity, these re-

spective pT-thresholds are raised to

30 GeV and 20 GeV.

• Jets from H → bb decay with

pT > 15 GeV and within |η| < 2.5. Re-

constructed jet energies are recalibrated

on average back to the original parton energies. After recalibration, the jet-jet mass peak

from H → bb decays is positioned at the nominal Higgs-boson mass. About 85% of the

events are reconstructed inside a mass window of ±22 GeV around the nominal Higgs-bo-

son mass. The b-tagging performance is simulated assuming the nominal efficiencies of

respectively 60% and 50% at low and high luminosity. It should be noted, that the expect-

ed numbers of signal and background events, and, in particular, the ratio of reducible to

irreducible background, depend on the optimisation of the b-tagging efficiency versus the

rejection of non-b jets. A detailed study of this important issue is presented in Chapter 10.

Because of the quite different final-state topologies and of the different backgrounds in the WH
and ttH channels, the final selection criteria are different for each channel and are described in

the following.

19.2.4.2 WH channel

The background to the WH channel can be divided into three classes.

• Irreducible background from WZ → lνbb and from Wbb production. The former produces

a peak at mZ in the bb mass distribution, and is therefore of special concern. The latter is

dominated by qq → Wg → Wbb, and also has a small contribution from

qq → W∗ → tb → Wbb.

• Reducible background with at least two b-quarks in the final state, which arises predomi-

nantly from tt → WWbb and, to a lesser extent, from single top production through

gq → tbq → lνbb + q.

• Reducible background containing jets misidentified as b-jets, which arises mainly from

W+jet production. Its magnitude depends critically on the quality of the b-tagging.

Table 19-5 Cross-sections times branching ratios for
WH and ttH production and for various background
processes. All relevant branching ratios (W → lν,
W → jj, H → bb and Z → bb) are included.

Final state: lνbb + X σ (pb)

WH (mH = 100 GeV) 0.40

WZ 0.86

Wbb 70

tt 247

W* → tb 1.4

 qg → tbq 45

Wjj (two jets with pT > 15GeV, |η|< 3.2) 4640

Final state:  lν jj b b bb + X

ttH (mH = 100 GeV) 0.29

ttZ 0.02
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In order to reduce these large backgrounds, the following selection criteria are applied:

• At least one isolated trigger lepton, fulfilling the pre-selection requirements described

above.

• Two tagged b-jets fulfilling the pre-selection requirements described above.

• Lepton veto: no additional lepton is reconstructed with pT > 6 GeV and within |η|< 2.5.

• Jet veto: no additional jets are reconstructed with pT > 15 GeV within |η|< 5.0. This veto

is applied mostly to reject the large tt background.

• Mass cut: events are kept if the invariant mass of the two tagged b-jets is reconstructed in

a mass window of ±22 GeV (i.e. around ±2σm) around the nominal Higgs-boson mass.

The total expected kinematic acceptances, excluding the b-tagging and lepton identification and

reconstruction efficiencies, are 12.5% for signal, 1.4% for Wjj and 0.2% for tt. The jet veto alone

reduces the tt background by a factor of 30. The signal acceptance has been estimated to be 82%

in a mass window of ±20 GeV from full simulation studies (see Section 9.3.2).

The expected numbers of signal and back-

ground events in the chosen mass window are

given in Table 19-6 for three different Higgs-

boson masses and for an integrated luminosi-

ty of 30 fb-1. The background is dominated by

Wjj events and decreases rapidly with increas-

ing mass. Over the mass range considered

here, the ratio between the reducible and irre-

ducible background is about 70 %. With in-

creasing mH, the signal production cross-

section decreases, but the backgrounds from

Wbb, Wjj and Wjb are also about a factor of

two lower for mH = 120 GeV than for

mH = 80 GeV.

The invariant bb mass distributions for the sig-

nal and background events passing the selec-

tion criteria are shown in Figure 19-5. The

residual tt and Wjj background distributions

are reasonably flat. The Wbb background

peaks however around 60 GeV and the WZ
resonant background obviously peaks around

mZ.

The expected WZ background contribution is

shown above the sum of the non-resonant con-

tinuum backgrounds in Figure 19-6, for an integrated luminosity of 30 fb-1. An example of the

expected H → bb signal is shown in Figure 19-7 for mH = 100 GeV. These figures illustrate the

difficulty of extracting a resonant signal from bb pairs in this mass range, due to the low expect-

ed signal-to-background ratios and the rapidly varying shape of the summed background,

which for the present selection is peaked around 80 GeV. For more details see [19-36].

Table 19-6 Expected WH, H → bb signal and back-
ground rates inside the mass window for three differ-
ent Higgs-boson masses, assuming the nominal
b-tagging performance and an integrated luminosity of
30 fb-1.

Higgs mass (GeV) 80  100 120

WH, H → bb  650 416 250

WZ, Z → bb  540 545 220

Wbb  3400 3650 2000

tt → WWbb 2500  3700 3700

tb, tbq 500 740 740

Wbj, Wjj 12500 7600 4160

Rred/irred 0.75 0.70 0.65

Total background 19440 16235 10820

S/B 3.3% 2.5%  2.3%

4.7 3.3 2.4

 incl. syst.

(see text)

3.0 1.9 1.7

S B⁄

S B⁄
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Figure 19-5 Invariant bb mass distributions for the WH signal and background events, after applying all selec-
tion criteria and for an integrated luminosity of 30 fb-1: a) WH signal with mH = 100 GeV (solid line) and resonant
WZ background (dashed line), (b) Wbb background, (c) tt background, and (d) Wjj background.

Figure 19-6 Expected WZ signal with Z → bb above
the summed background, for an integrated luminosity
of 30 fb-1. The dashed line represents the shape of the
background.

Figure 19-7 Expected WH signal with H → bb above
the summed background for mH = 100 GeV and for an
integrated luminosity of 30 fb-1. The dashed line repre-
sents the shape of the background.
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As shown in Table 19-6, a WH signal might be extracted if one assumes that the various back-

ground distributions are all perfectly known. Even in this optimistic scenario, the signal signifi-

cance is at best 4.7σ for mH = 80 GeV and is below 3σ for values of mH above the ultimate

sensitivity expected for LEP2. These numbers correspond to an integrated luminosity of 30 fb-1

expected to be reached over three years of initial operation at low luminosity. It is not clear in all

cases how to achieve an accurate knowledge of the various backgrounds from the data.

• The most dangerous background from WZ production will be rather precisely measured

through the background-free WZ → lνll final states. Clearly, the observation of the WZ,

Z → bb final state above the continuum backgrounds would be an important first step in

demonstrating the feasibility of extracting a WH signal at larger values of mbb.

• The shape and magnitude of the Wjj background can be constrained by varying the b-tag-

ging cuts, assuming that this does not bias the bb mass distribution.

• The shape and magnitude of the tt background can be constrained by varying the jet-veto

cuts, since it has by far the largest sensitivity to these cuts.

• The shape and magnitude of the Wbb background cannot be obtained directly from the

experimental data and one will have to rely on Monte Carlo simulations, which can to

some extent be normalised to the experimental data in the mass regions where no signal

from H → bb decays is expected. If a systematic uncertainty of ±5% on the shape of the

Wbb background is assumed in the H → bb signal region, the statistical significances are

reduced considerably, as shown in Table 19-6.

Searches for WH, H → bb final states at high luminosity will be further complicated by the im-

possibility of applying the tight jet-veto cuts described here (this would result in a substantial

increase of the tt background) and by the need to increase the jet pT threshold from 15 GeV to

30 GeV. In addition, the H → bb mass resolution will be also somewhat degraded and this chan-

nel is not considered promising for searches at high luminosity.

In conclusion, the extraction of a signal from H → bb decays in the WH channel will be very dif-

ficult at the LHC, even under the most optimistic assumptions for the b-tagging performance

and calibration of the shape and magnitude of the various background sources from the data it-

self.

19.2.4.3 ttH channel

The cross-section for associated ttH production [19-34][19-35] is about the same as for WH pro-

duction (see Table 19-5). The final state is however considerably more complex, since it consists

of two W bosons and four b-jets. The W bosons and two b-jets come from the top-quark decays,

and the other two b-jets from the Higgs boson decay. For trigger purposes, one of the W bosons

is required to decay leptonically, whereas the other one is assumed to decay into a qq pair. In or-

der to reliably extract the signal, the analysis requires that both top quarks be fully reconstruct-

ed. This method reduces considerably the large combinatorial background in the signal events

themselves, since two of the b-jets are associated to the top decays, and therefore the remaining

two should come from the Higgs boson decay. The signal should appear as a peak in the mbb
distribution, above the various background processes, which are classified as follows:

• Irreducible backgrounds, such as resonant ttZ and continuum ttbb production. Since the

ttZ cross-section is much smaller than the signal cross-section (see Table 19-5), the reso-

nant background is not a problem in this channel.
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• Reducible backgrounds containing jets misidentified as b-jets, such as ttjj, Wjjjjjj, WWbbjj,
etc. The Wjjjjjj and WWbbjj backgrounds are suppressed to a large extent by the recon-

struction of both top decays.

The following basic selection is applied before the W and top decay reconstruction are per-

formed:

• One trigger lepton, fulfilling the pre-selection requirements described above.

• At least six jets with pT > 15 GeV. The pT threshold is raised to 30 GeV at high luminosity.

• Exactly four jets tagged as b-jets.

The W bosons are reconstructed from the jets not tagged as b-jets and from the reconstructed

lepton and the neutrino. In the case of the leptonic decay, the W mass constraint is used to deter-

mine the longitudinal component of the neutrino. In order to improve the mass resolution for

the reconstructed top quarks, the jet-jet invariant mass (within a ±25 GeV window around mW)

is also corrected to the nominal W mass, by scaling the corresponding four-vectors. Ambiguities

arise in the pairing of the two W bosons with two of the four b-jets. These ambiguities are re-

solved by selecting from all lνb-jjb combinations the one which minimises

. It has been checked using the background samples [19-35], that

this procedure does not introduce artificial peaks in the reconstructed mass spectrum of the two

remaining b-jets. It should be noted that the reconstruction of the top signal is used to suppress

background from W+jet events, but mainly to minimise the combinatorial background from the

signal events themselves.

Most of the results presented below come from fast simulation of signal and background events.

The quoted resolutions and acceptances have been confirmed with the full simulation of signal

events for low-luminosity operation, see Section 9.3.4 and Section 2.5.

Figure 19-8 For fully simulated and reconstructed
events (the W → lν reconstructed with fast simulation)
the reconstructed top mass from t → lνb decays in ttH
signal events with mH = 100 GeV and for low-luminos-
ity performance after the χ2 selection (see text).

Figure 19-9 Same as Figure 19-8, but for the recon-
struction of t → jjb decays.
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The distributions of the reconstructed top masses (mlνb and mjjb) for fully simulated events are

shown in Figures 19-8 and 19-9 for ttH signal events with mH = 100 GeV (see also Section 9.3.4).

It should be noted that, due to the χ2 selection, the mass distributions are somewhat biased to-

wards the nominal top mass and therefore do not represent a true measure of the mass resolu-

tion. To further reject wrongly reconstructed top decays, only those events are kept, for which

both top masses have been reconstructed to lie within ±20 GeV (i.e. ∼ ±2σ) around the nominal

top mass. This requirement is fulfilled by 66% of the reconstructed events. This acceptance must

be convoluted with the acceptance of the kinematic cuts, which is 21.9%. This has still to be mul-

tiplied by the lepton and b-tagging efficiencies, for which the nominal values of 90% and 60% at

low luminosity have been assumed. Multiplying these numbers leads to a total acceptance of

1.7% for ttH → lν jj bb bb events at low luminosity.

At high luminosity, the pT thresholds for the lepton and the jets are raised to 30 GeV. This results

in a decrease of the acceptance of the kinematic cuts to 88% of their low luminosity value. In ad-

dition, the b-tagging efficiency is reduced from 60% to 50%. The top reconstruction efficiency is

not significantly affected, and the total acceptance for ttH → lν jj bb bb events is reduced to 0.7%

at high luminosity.

For events passing all cuts, the bb invariant

mass, mbb, is computed and a final cut is ap-

plied to select events in a mass window

around the nominal Higgs-boson mass. The

mbb distribution of reconstructed fully simu-

lated signal events is shown in Figure 19-10

for a Higgs-boson mass of 100 GeV at low lu-

minosity. In the fast simulation used in this

analysis, the Higgs-boson mass is reconstruct-

ed with a resolution of σ = 19 GeV, in good

agreement with the results obtained from full

simulation, σ = 20 GeV, which are discussed in

Section 9.3.4 . For a significant fraction of the

signal events, the assignment of the various

jets is not correct, and results in the presence

of non-negligible combinatorial background

from the signal itself as shown in Figure 19-10.

The shaded histogram represents those events

for which the jet assignments in the Higgs bos-

on reconstruction are correct.

At low luminosity, the mass window cut is

chosen to be ±30 GeV, and has an efficiency of

41% for signal events. For 64% of the events in

this mass window, the jet assignment is correct. At high luminosity, the mass resolution is de-

graded from 19 GeV to 22 GeV. In this case, a mass window of ±45 GeV around the nominal

Higgs-boson mass has been used, resulting in an acceptance of about 50%. At high luminosity,

the fraction of events in the mass window, for which the jet assignments are correct, is reduced

to about 50%. Detailed numbers for the fraction of correctly reconstructed H → bb events in the

signal are included in Tables 19-7 and 19-8, where the expected numbers of signal and back-

ground events are given at low and high luminosity, respectively.

Figure 19-10 For fully simulated events, the recon-
structed mbb distribution for ttH with H → bb signal
events with both top-quarks being reconstructed
inside a mass window mjjb, mlνb = mt ± 20 GeV and for
low-luminosity performance. The shaded area
denotes those events for which the jet assignment in
the Higgs boson reconstruction is correct.
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The mbb distributions for the summed signal and background events are shown in Figures 19-11

and 19-12, respectively for Higgs-boson masses of 100 and 120 GeV and for an integrated lumi-

nosity of 100 fb-1 (30 fb-1 with low-luminosity operation and 70 fb-1 with high-luminosity oper-

ation). The summed background is shown by the dashed line, and the points with error bars

represent the result of a single experiment.

The expected numbers of signal and back-

ground events accepted by the full reconstruc-

tion chain are given in Tables 19-7 and 19-8,

for Higgs-boson masses of 80, 100 and

120 GeV, and for integrated luminosities of 30

and 100 fb-1 respectively. The dominant back-

ground after these selection and reconstruc-

tion criteria is the irreducible, non-resonant ttjj
background. Since top-quark production will

be studied extensively in ATLAS (see

Section 18.1), the shape of this background

will be measured. To reject any potential con-

tribution of a Higgs-boson signal in the deter-

mination of the background shape, a b-jet veto

will most likely have to be used. Assuming

that the shape of this background is known,

the significance for the Higgs boson discovery

in this channel exceeds 5σ in the low-mass

range up to about 100 GeV for an integrated

luminosity of 30 fb-1.

The numbers given in Table 19-8 assume high

luminosity performance. If the significance for

an integrated luminosity of 100 fb-1 is comput-

ed from a combination of the significances

reached for 30 fb-1 at low luminosity and for

70 fb-1 at high luminosity, the discovery win-

dow for a Standard Model Higgs boson,

where the significance exceeds 5σ can be ex-

tended up to about 120 GeV. An ultimate inte-

grated luminosity of 300 fb-1 at the LHC

would extent the Higgs boson discovery win-

dow in this channel by another 10 GeV to

about 130 GeV.

It should be stressed that, due to the complete

reconstruction of both top decays, the signal-

to-background ratio has improved significant-

ly compared to earlier studies [19-14], and lies in the range between 32% and 56% at low lumi-

nosity and between 24% and 47% at high luminosity.

In conclusion, the extraction of a Higgs-boson signal in the ttH, H → bb channel appears to be

feasible over a wide range in the low Higgs-boson mass region, provided that the two top-

quark decays are reconstructed completely with a reasonably high efficiency. This calls for ex-

cellent b-tagging capabilities of the detector. Another crucial item is the knowledge of the shape

of the main residual background from ttjj production. If the shape can be accurately determined

Table 19-7 Expected ttH signal and background rates
for three different Higgs-boson masses and for an inte-
grated luminosity of 30 fb-1. The numbers of events
are given after all cuts, including the mbb mass window
cuts. The fraction of true H → bb events
(SH → bb/Stotal) in the signal peak is also given.

Higgs mass (GeV) 80 100 120

 Signal S 81 61 40

ttZ 7 8 2

Wjjjjjj 17 12  5

ttjj 121 130 120

Total background B 145 150 127

S/B 0.56 0.41 0.32

6.7 5.0 3.6

SH → bb/Stotal 0.67 0.64 0.59

S B⁄

Table 19-8 Same as Table 19-7 for an integrated
luminosity of 100 fb-1 (high luminosity operation).

Higgs mass (GeV) 80 100 120

Signal S 140 107 62

ttZ 13 13 5

Wjjjj 35 15  10

ttjj 247 250 242

Total background B 295 278 257

S/B 0.47 0.38 0.24

8.2 6.4 3.9

SH → bb/Stotal 0.57 0.53 0.50

S B⁄
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using real data from tt production, a Higgs-boson signal could be extracted with a significance

of more than 5σ in the mass range from 80 to 130 GeV, assuming an integrated luminosity of

300 fb-1. For an uncertainty of ±5% on the absolute normalisation of the background shape, the

discovery window would be reduced to the range between 80 and 125 GeV.

19.2.5 H → ZZ* → 4l

The decay channel H → ZZ∗ → 4l provides a rather clean signature in the mass range between

∼120 GeV and 2 mZ, above which the gold-plated channel with two real Z bosons in the final

state opens up. The branching ratio is larger than for the γγ channel and increases with increas-

ing mH up to mH ~ 150 GeV. A pronounced dip appears, however, for 150 < mH < 180 GeV, be-

cause of the opening of the H → WW channel. In addition to the irreducible background from

ZZ* and Ζγ* continuum production, there are large reducible backgrounds from tt and Zbb pro-

duction. Because of the large top production cross-section, the tt events dominate at production

level; the Zbb events contain, however, a genuine Z in the final state, which makes their rejection

more difficult. In addition, there is a background from ZZ continuum production, where one of

the Z bosons decays into a τ−pair, with subsequent leptonic decays of the τ−leptons, and the

other Z decays into an electron or a muon pair.

In this Section, the potential for a Higgs boson discovery in the H → ZZ∗ → 4l channel is pre-

sented. Both electrons and muons are considered in the final state, thus yielding eeee, eeµµ and

µµµµ event topologies. Since the detector performance is expected to be somewhat different for

these various final states, they have been treated separately in the following. All results on the

lepton and Higgs-boson mass reconstruction have been obtained from a full detector simula-

Figure 19-11 Invariant mass distribution, mbb, of
tagged b-jet pairs in fully reconstructed ttH signal
events with a Higgs-boson mass of 100 GeV above
the summed background (see text), for an integrated
luminosity of 100 fb-1 (30 fb-1 with low-luminosity oper-
ation and 70 fb-1 with high-luminosity operation). The
points with error bars represent the result of a single
experiment and the dashed line represents the back-
ground distribution.

Figure 19-12 Same as Figure 19-11, but for a Higgs-
boson mass of 120 GeV.
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tion. Bremsstrahlung effects have also been taken into account, by using PYTHIA together with

the PHOTOS package [19-27]. Background events have been generated using the exact matrix-

element calculation [19-37] for the process gg → Zbb, which accounts for about 90% of the total

Zbb cross-section. For both the tt and Zbb reducible backgrounds, leptons from cascade decays

of b-quarks, i.e. not directly produced through W-boson or b-quark semi-leptonic decays, also

contribute significantly to the background and have therefore been included in the event gener-

ation.

19.2.5.1 First stage of event selection

The signal reconstruction proceeds by selecting four leptons which pass the standard electron

and muon identification criteria, as described in Sections 7.2 and 8.1, followed by the simple

kinematic cuts:

• Two leptons with pT > 20 GeV and |η| < 2.5 are required to trigger the experiment.

• Two additional leptons with pT > 7 GeV and |η| < 2.5 are required.

• One pair of leptons of appropriate charge and flavour is required to have an invariant

mass in a window around the Z mass, defined as mZ ± m12. This cut rejects most of the

non-resonant tt background.

• The other pair of leptons is required to have an invariant mass, above a certain threshold,

defined as m34 threshold. This cut considerably reduces both the contributions from tt
and Zbb cascade decays and from the Ζγ* background.

The pT thresholds for the leptons have been optimised to maintain a good acceptance for the

signal at low mH. By optimising the size of the m12 window as a function of the Higgs-boson

mass, it is possible to recover partially acceptance losses due to H → ZZ∗ → 4l decays, which

contribute significantly at the low end of the mass range [19-38]. The optimised values of m12
window and m34 threshold, used for the various Higgs-boson masses, are given in Table 19-9,

together with the acceptance of the kinematic cuts, which is found to vary between ∼27% and

∼54% for masses between 120 and 180 GeV. The acceptance numbers are averaged over the

three possible final-state topologies.

The Higgs-boson production cross-section times branching ratio to four leptons is given in

Table 19-10 as a function of mH, together with the cross-sections for the irreducible and reduci-

ble background contributions. The background cross-sections are given after the kinematic cuts

have been applied and are integrated over a mass window of ±5 GeV around the corresponding

Higgs-boson mass. Without further cuts, the reducible background is dominant, and a signifi-

Table 19-9 For H → ZZ∗ → 4l final states, mass window, m12, used around the Z mass and threshold, m34,
applied to the mass of the other lepton pair, together with the acceptance of the kinematic cuts as a function
of mH. The statistical error on the acceptances is ±0.003.

Higgs mass (GeV) 120 130 150 170 180

m12 window (GeV) ± 20 ± 15 ± 10 ± 6 ± 6

m34 threshold (GeV) 15 20 30 45 60

Acceptance of kinematic cuts 0.265 0.335 0.415 0.466 0.535
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cant fraction of these background events comes from cascade decays [19-39]. They can be fur-

ther rejected by exploiting lepton isolation and vertexing criteria, as described in

Section 19.2.5.3.

19.2.5.2 Higgs-boson mass reconstruction

The results obtained from the full detector simulation and reconstruction of four-lepton final

states are presented below. The reconstruction is based on the algorithms presented in

Section 7.8.2 for electrons and Section 8.6.3 for muons. The following effects have been included

in the evaluation of the mass resolution:

• Inner bremsstrahlung, i.e. radiative photon emission in Z decays, is included in the event

generation; high-pT photons (pT > 5 GeV), which are identified and reconstructed, are in-

cluded in the calculation of the four-lepton mass.

• Since the contribution from the experimental mass resolution is larger than that from the

intrinsic width of the Z boson, a Z-mass constraint is applied, if the mass of the lepton

pair is inside a window of ±6 GeV around the nominal Z-mass (see Section 7.8.2).

• Unlike the case of the H → γγ analysis, where events are rejected if one or more photons

are in the transition region between the barrel and end-cap calorimeters, events are not re-

jected for the H → ZZ∗ → 4l analysis (in the H → γγ case, the quality of the γ/jet separa-

tion is crucial and tighter fiducial cuts are applied). Electrons in the transition region are

measured with a somewhat worse energy resolution, and therefore they increase the non-

Gaussian tails in the mass distributions.

The results are determined from full simulation at low and high luminosity for Higgs-boson

masses of 130 GeV and 170 GeV. Based on these results, those for other masses are obtained by

appropriate scaling of the results from the fast simulation. The results are discussed separately

for the various final-state configurations, and a summary of all mass resolutions and of the rele-

vant acceptances is given in Tables 19-11 and 19-12.

H → ZZ* → eeee

An example of a reconstructed four-electron invariant mass distribution is shown for a Higgs-

boson mass of 130 GeV in Figure 19-13. The mass resolution, obtained from a Gaussian fit in a

window from -1.5σ to +2.5σ around the peak, is found to be (1.54 ± 0.06) GeV at low luminosity

and (1.81 ± 0.07) GeV at high luminosity. Inner bremsstrahlung leads to a degradation of the

mass resolution by about 0.1 GeV.

Table 19-10 Cross-section (σ) times branching ratio (BR) for H → ZZ∗ → 4l decays and for the various back-
ground processes (integrated over a mass window of ±5 GeV around the Higgs-boson mass) as a function
of mH. The acceptance of the kinematic cuts is included for all background processes.

Higgs mass (GeV) 120 130 150 170 180

σ × BR for Higgs signal (fb) 1.29 2.97 5.53 1.40 3.26

σ × BR for ZZ* → 4l (fb) 0.16 0.28 0.28 0.26 0.24

σ × BR for ZZ → ττ ll → 4l (fb) 0.04 0.03 0.03 0.02 0.01

σ × BR for tt → WbWb → 4l (fb) 1.2 1.9 2.5 1.9 1.7

σ × BR for Zbb → 4l (fb) 0.9 1.3 1.7 1.3 1.2



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

696 19   Higgs Bosons

Within a mass window of ±2σ around mH,

(83.3 ± 0.6)% and (84.7 ± 0.6)% of the events

are retained at low and high luminosity re-

spectively. This acceptance is about 12% lower

than what is expected from a Gaussian distri-

bution. The additional acceptance losses arise

from inner bremsstrahlung (3%), from exter-

nal bremsstrahlung in the Inner Detector (3%),

from events for which no Z-mass constraint

could be applied (5%), and from events for

which one or more electrons are in the transi-

tion region between the barrel and end-cap

calorimeters (1%). These individual fractions

have been determined from the full detector

simulation and reconstruction for

mH = 130 GeV. Most of these acceptance losses

decrease as mH increases.

The efficiency for the four-electron identifica-

tion and reconstruction is found to be 69%,

corresponding to an average of about 91% per

electron.

H → ZZ∗ → µµµµ

The muon reconstruction is performed both in

the Muon Spectrometer and in the Inner De-

tector. Details on the mass resolution obtained

for the reconstruction in these two independ-

ent systems are given in Section 8.6.3. For the

analysis presented here, the combination of

the muon reconstruction in both systems has

been used. In this case, the four-muon mass

resolution is found to be (1.42 ± 0.04) GeV for

a Higgs-boson mass of 130 GeV. The accept-

ance in the mass window of ±2σ around mH is

about 83%. The individual contributions to the

non-Gaussian part of the acceptance losses

have been determined from full simulation

and reconstruction: 4% of the events are lost

due to inner bremsstrahlung, 5% are lost due

to events for which no Z-mass constraint

could be applied, and the remaining 3% are

lost mainly due to non-Gaussian tails in the

muon-momentum reconstruction. The effect

of the inner bremsstrahlung is found to be

slightly larger than in the four electron case, since low-energy photons, which are often recov-

ered in the electron energy measurement in the EM Calorimeter, cannot be recovered in the

track momentum measurement. For four-muon final states, the mass resolution is not affected

by pile-up and is therefore identical at high luminosity.

Figure 19-13 For fully simulated and reconstructed
H → ZZ∗ → eeee decays with mH = 130 GeV, four-
electron invariant mass distribution at low luminosity
(a Z mass constraint is applied).
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Figure 19-14 For fully simulated and reconstructed
Η → ZZ∗ → µµµµ decays with mH = 130 GeV, four-
muon invariant mass distribution at low luminosity (a Z
mass constraint is applied).
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An example of a reconstructed mass peak for a Higgs-boson mass of 130 GeV is shown in

Figure 19-14. The efficiency for the four-muon reconstruction is found to be 83.7%.

H → ZZ* → ee µµ

The eeµµ final state occurs in about one half of the total H → ZZ∗ → 4l event sample. The four-

lepton mass resolution is found to be (1.39 ± 0.06) GeV for events where the on-shell Z decays to

electrons, and (1.74 ± 0.07) GeV for events where it decays to muons. The difference between

these two cases comes from the fact that the leptons from the on-shell Z have a harder pT spec-

trum and that for the EM Calorimeter electron energy measurements, the relative resolution im-

proves with increasing pT, whereas it degrades for the magnetic muon-momentum

measurements.

The average mass resolution at low luminosity

is found to be (1.51 ± 0.06) GeV. The corre-

sponding reconstructed four-lepton mass is

shown in Figure 19-15 for a Higgs-boson mass

of 130 GeV. In this case, (85.4 ± 0.6)% and

(85.3 ± 0.6)% of the events are reconstructed

within mH ± 2σ at low and high luminosity, re-

spectively. The non-Gaussian acceptance loss-

es arise from inner bremsstrahlung (3%), from

external bremsstrahlung in the Inner Detector

(2%), from events for which no Z-mass con-

straint could be applied (4%), and from events

for which one or more electrons are in the

transition region between the barrel and end-

cap calorimeters (0.5%).

Summary of results

The results for the mass resolutions obtained for the various four lepton final states, for the

overall efficiency for identifying and reconstructing them, and for the acceptances in the chosen

mass windows, are summarised in Tables 19-11 and 19-12. As an example, for a Higgs-boson

mass of 130 GeV, mass resolutions in the range between 1.42 GeV (in the case of four-muon final

states) and 1.81 GeV (in the case of four-electron final states at high luminosity) are obtained.

Electrons are more affected by pile-up effects than muons. In the four-muon final states, nearly

all high-pT photons from inner bremsstrahlung can be recovered and included in the four-muon

invariant mass. In the electron case, this is only possible if the photons can be identified as sepa-

rate clusters in the EM Calorimeter. Soft bremsstrahlung is, however, mostly recovered for elec-

trons, since it is most often collinear and therefore automatically included in the EM

Calorimeter energy measurement.

Figure 19-15 For fully simulated and reconstructed
Η → ZZ* → eeµµ decays with mH = 130 GeV, four-
muon invariant mass distribution at low luminosity (a Z
mass constraint is applied).
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As discussed above, the lepton identification and reconstruction efficiencies have been evaluat-

ed from the full simulation and reconstruction. Although higher efficiencies of 91% per electron

and 96% per muon have been obtained, the nominal value of 90% per lepton is used in

Section 19.2.5.4 for the evaluation of the signal significances, for reasons of consistency with the

other physics analyses in this document.

19.2.5.3 Rejection of reducible backgrounds

After the kinematic cuts are applied, the reducible backgrounds from tt and Zbb production are

ten times higher than the irreducible one [19-40]. Since the overall uncertainties on these back-

grounds are large, it is desirable to bring them well below the irreducible background from ZZ*

continuum production. To achieve this requires an additional rejection of 100, which can be ob-

tained using lepton isolation and vertexing measurements, as described in this Section. All the

results presented are based on the reconstruction of fully simulated large statistics samples of

four-muon and four-electron final states from H → ZZ∗ → 4l events with mH = 130 GeV and

from tt and Zbb production.

Table 19-11 Mass resolutions for the various four-lepton final states from H → ZZ∗ → 4l decays at low and high
luminosity as a function of mH. Bremsstrahlung effects are taken into account and a Z mass constraint is
applied. The mass resolutions are obtained from full simulation and reconstruction for the events passing the
kinematic cuts described in the text. The statistical error on the quoted resolution values is about ± 0.06 GeV.

Higgs mass (GeV) Luminosity 120 130 150 170 180

σ(4e) (GeV) Low 1.50 1.54 1.71 1.97 2.21

σ(4e) (GeV) High 1.81 1.81 1.98 2.17 2.37

σ(4µ) (GeV) Low/High 1.32 1.42 1.62 2.00 2.20

σ(2e2µ) (GeV) Low 1.43 1.51 1.64 1.99 2.20

σ(2e2µ) (GeV) High 1.64 1.68 1.84 2.10 2.28

Table 19-12 Overall efficiencies for identification and reconstruction of the various four-lepton final states from
H → ZZ∗ → 4l decays with mH = 130 GeV, together with the acceptances in the selected mass window (see
text). The results are obtained from full simulation and reconstruction of events passing the kinematic cuts
described in the text. The statistical error on the quoted acceptance numbers is about ± 0.006.

4e 4µ 2e2µ

Low
luminosity

High
luminosity

Low
luminosity

High
luminosity

Low
luminosity

High
luminosity

Overall lepton efficiency 0.69 0.69 0.84 0.84 0.76 0.76

Acceptance in mass win-

dow

0.833 0.847 0.837 0.837 0.854 0.853
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Isolation cuts

In contrast to the Higgs-boson signal and the irreducible ΖΖ* continuum background, at least

two of the selected leptons are non-isolated in the tt and Zbb backgrounds, since they originate

from a b-quark decay. Isolation cuts are expected to reduce these backgrounds considerably.

These cuts are applied to all four leptons in the final state and combine the information from:

• the calorimeter, where the summed

transverse energy in a cone around the

lepton can be required to be smaller

than a given threshold ET
cut;

• the Inner Detector, where one may re-

quire that no charged track with pT larg-

er than a given threshold be

reconstructed in a cone around the lep-

ton.

These isolation criteria have been studied in

detail in [19-40]. They are strongly correlated

and the gain in combining them is small. The

distribution of the maximal transverse mo-

mentum of all charged tracks reconstructed in

the Inner Detector in a cone of radius ∆R = 0.2

around the leptons is shown in Figure 19-16,

for the Higgs-boson signal and the reducible

backgrounds. A significant background rejec-

tion can be achieved by this cut alone.

The pT spectrum of b’s (and therefore of the

leptons from b-decay) is softer in Zbb events

than in tt events, leading to a less effective re-

jection of the non-isolated leptons using isola-

tion cuts.

For the four-muon final state, the results for

the background rejections as function of the ef-

ficiency for signal events with mH = 130 GeV

are shown separately for tt and Zbb events in

Figure 19-17 both for low and high luminosity.

At low luminosity, for a signal efficiency of

90%, a rejection of ∼110 (∼30) against tt (Zbb)

can be obtained. At high luminosity, similar

rejections are obtained for an efficiency of 65%

(75%) against the tt (Zbb) backgrounds. For the

four-electron final states, the results obtained

are presented in Figures 19-18 and 19-19, re-

spectively for the tt and Zbb backgrounds.

The results are shown for track isolation at low

luminosity and for calorimeter isolation at low

and high luminosity.

Figure 19-16 Distribution of the maximal transverse
momentum, pT

max, of all charged tracks reconstructed
in the Inner Detector in a cone of radius ∆R = 0.2
around the leptons for the H → ZZ∗ → 4l signal and
the reducible backgrounds.
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Figure 19-17 Rejection using track isolation of reduc-
ible backgrounds versus overall efficiency for
H → ZZ∗ → µµµµ final states with mH =130 GeV. The
results are shown for tt and Zbb as black and open
symbols respectively and for both low (circles) and
high (squares) luminosity.
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• Compared to the results shown in Figure 19-17 for the four-muon final states, those for

the four-electron final states using track isolation at low luminosity provide similar rejec-

tions at a somewhat lower efficiency. This is most likely due to the extra track multiplicity

arising from conversions of bremsstrahlung photons in the four-electron case. The use of

explicit electron-veto algorithms should improve the results of Figures 19-18 and 19-19

and bring them closer to the values of Figure 19-17.

• The calorimeter isolation at low luminosity is as effective as the track isolation for tt
events. As mentioned above, the isolation cuts are much less effective for Zbb events be-

cause of the softer pT spectrum of the b’s.

• Finally, at high luminosity, the rejection using the calorimeter isolation is degraded in

both cases because of the large fluctuations induced by pile-up noise in the energy depo-

sitions measured in the calorimeter towers.

Impact parameter cuts

Further rejection against the reducible backgrounds can be obtained by using impact parameter

cuts, since two of the leptons originate from b-decays. The largest of the normalised impact pa-

rameters (in the transverse plane) of the four reconstructed lepton tracks, is used as a discrimi-

nant variable. The distribution of this variable is shown in Figure 19-20 for four-muon final

states from signal events and from the tt and Zbb reducible backgrounds. The long tails due to

leptons from b-decays are clearly visible for both backgrounds.

Figure 19-18 Rejection of tt background versus over-
all efficiency for H → ZZ∗ → eeee final states with
mH =130 GeV. The results are shown for track isola-
tion at low luminosity (black circles), calorimeter isola-
tion at low luminosity (black squares) and calorimeter
isolation at high luminosity (open circles).

Figure 19-19 Same as Figure 19-18 for the Zbb back-
ground.
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For electrons, both inner and external bremsstrahlung induce tails in the impact parameter dis-

tributions. Figure 19-21 shows that these tails are significantly reduced by the bremsstrahlung

recovery procedure of xKalman [19-41], see Section 7.2.1.1. The largest (in absolute value) of the

impact parameters of the four reconstructed electron tracks is shown in Figure 19-21 before and

after the recovery procedure is applied.

The spread of the primary vertex in x and y (in the transverse plane) induces a loss of impact pa-

rameter resolution. For four-muon final states, for example, the impact parameter resolution de-

grades from 19 µm to 29 µm if this spread is taken into account without correcting for it. This

loss can be recovered by introducing the following kinematic variable [19-40]:

where are the coordinates in the transverse plane of the intersection point of two lepton

tracks. Given the four tracks, there are six possible such intersection points. For signal events,

for which all leptons come from the primary vertex, the intersection points of all lepton pairs

should coincide, and hence the value of SUMDI is expected to be small. This is illustrated in

Figure 19-22 for signal events and for tt and Zbb background events.

The rejection power of the lepton impact parameter information, as obtained from full simula-

tion and reconstruction, is shown in Figure 19-23, for both tt and Zbb events as a function of the

efficiency for the signal events. The results are shown for the normalised impact parameter

method, both without and with vertex spread. The observed loss of rejection due to the vertex

spread can be nearly fully recovered if the SUMDI variable is used. For the four-muon final

states, a rejection of 12 against the tt background and of 5.5 against the Zbb background is ob-

Figure 19-20 Largest of normalised impact parame-
ters of the four muons, as reconstructed for fully simu-
lated events from H → ZZ∗ → µµµµ decays (solid
histogram) and from the tt (dashed histogram) and
Zbb (shaded histogram) backgrounds.

Figure 19-21 Distribution of largest (in absolute
value) of the impact parameters of the four electrons
as reconstructed for fully simulated events from
H → ZZ∗ → eeee decays, before (shaded) and after
(white) bremsstrahlung recovery.
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tained, for a signal efficiency of 90%. For the same rejection factors, the signal efficiency is de-

graded by about 20% for the four-electron final states. The rejection is significantly lower for Ζbb
events because of the lower average pT of the leptons, which results in a worse impact parame-

ter resolution, dominated by multiple scattering effects.

At high luminosity, the rejection of the impact parameter cuts is conservatively assumed to be

degraded by about 35% (this was estimated by removing the information from the pixel B-layer

when reconstructing the fully simulated events).

Combined rejection of reducible backgrounds

The results of the isolation and impact parameter studies reported above are combined together

to provide estimates of the overall rejection against tt and Zbb backgrounds, which can be

achieved as function of the efficiency for the H → ZZ∗ → 4l signal events and as a function of lu-

minosity. The combined results are shown in Table 19-13, separately for the various four-lepton

final states (the values for H → ZZ* → eeµµ decays are derived by interpolation from the re-

sults obtained for the four-muon and four-electron final states). It is important to note that:

• The correlation between the isolation and impact parameter rejections (obtained separate-

ly in the studies reported above) is taken into account, since it is large, namely -10% for tt
and -40% for Zbb events. This correlation is highest for Zbb events, since the isolation cuts

soften the lepton pT spectrum, which is in a range where the impact parameter resolution

is limited by multiple scattering and therefore also dependent on pT.

• The efficiency for four-electron final states is significantly lower than for four-muon final

states (10% loss for isolation cuts and 20% loss for impact parameter cuts). The difference

decreases at high luminosity because pile-up effects systematically degrade the isolation.

Figure 19-22 Distribution of SUMDI variable (cm) for
H → ZZ∗ → µµµµ signal events (solid) and for tt
(dashed) and Zbb (dotted) background events (see
text).

Figure 19-23 Rejection using impact parameter cuts
of tt (open symbols) and Zbb (black symbols) back-
grounds versus efficiency for Η → ZZ∗ → µµµµ final
states with mH = 130 GeV. The results are shown for
the normalised impact parameter method without (tri-
angles) and with (squares) vertex spread and for the
method (circles) using the SUMDI variable (see text).
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• The overall goal of a factor 100 rejection can be achieved, easily for the higher-pT leptons

from tt events, and also for the more difficult case of Zbb events (except for final states

containing electrons at high luminosity).

It has also been investigated whether the background rejection could be further increased by us-

ing the missing transverse energy, ET
miss. Although an ET

miss cut would provide extra rejection,

it would require the use of a very low cut, typically ET
miss < 20 GeV. As shown in

Section 19.2.5.4, the reducible backgrounds are rejected to a level well below the irreducible

backgrounds, and this additional cut has therefore not been used. It could be used in future

studies, however, to further optimise the signal efficiency with respect to the rejection of the re-

ducible backgrounds.

19.2.5.4 Results

The numbers of signal and residual background events have been estimated for various Higgs

masses in the range between 120 and 180 GeV. In order to compute the signal event rates, the

cross-sections and kinematic cut efficiencies (Tables 19-9 and 19-10), the mass window accept-

ances (Table 19-12), the lepton identification and reconstruction efficiencies, and the isolation

and impact parameter cut efficiencies (Table 19-13) are taken into account. For the evaluation of

the signal significances, a lepton identification and reconstruction efficiency of 90% has been

used to be consistent with the other results presented in this document. For this channel, this is

conservative, given the results from the full simulation and reconstruction. The background

numbers are computed from the cross-sections (Table 19-10), the mass windows (Table 19-11)

the lepton identification and reconstruction efficiencies and the rejection factors obtained with

the isolation and impact parameter cuts against the reducible backgrounds (Table 19-13).

The results are shown in Tables 19-14 and 19-15, respectively for integrated luminosities of

30 fb-1 and 100 fb-1:

• the signal rates decrease very rapidly for mH < 130 GeV and appear marginal for a Higgs

boson discovery in this channel in this mass region;

• the dominant background is the irreducible continuum background from ZZ*/Zγ* pro-

duction;

• the reducible background is well below the irreducible background, thanks to the isola-

tion and impact parameter cuts, and the dominant residual background remains the Zbb
background;

Table 19-13 Combined rejections (using isolation and impact parameter cuts) against the tt and Zbb reducible
backgrounds and efficiencies for the H → ZZ∗ → 4l final states with mH =130 GeV. The results are given sepa-
rately for the various four-lepton final states and for low and high luminosity.

4e 4µ 2e2µ

Low
luminosity

High
luminosity

Low
luminosity

High
luminosity

Low
luminosity

High
luminosity

Signal efficiency 0.57 0.47 0.81 0.58 0.69 0.52

Rejection of tt 1200 800 1200 800 1200 800

Rejection of Zbb 130 50 110 90 120 70
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• the significances have been evaluated using the Gaussian approximation, but, giv-

en the small event rates, have also been calculated assuming Poisson statistics for both

signal and background.

In conclusion, the H → ZZ∗ → 4l signal can be observed with a better than 5σ significance over

most of the range 130 < mH < 180 GeV (except for a narrow region around 170 GeV) for an inte-

grated luminosity of 30 fb-1. For an integrated luminosity of 100 fb-1, the signal can be observed

with a better than 5σ significance over the complete mass range 125 < mH < 180 GeV.

19.2.6 H → WW(*)→ lνlν

For Higgs-boson masses close to 170 GeV, the signal significance in the H → ZZ∗ → 4l channel is

reduced, due to the suppression of the ZZ* branching ratio as the WW decay mode opens up

(see Section 19.2.5). For mH = 170 GeV, the H → WW∗ → lνlν branching ratio is approximately

100 times larger than that of the H → ZZ∗ → 4l channel. In the case of H → WW∗ → lνlν decays,

however, it is not possible to reconstruct the Higgs-boson mass peak. Instead, an excess of

events may be observed, and then used to identify the presence of a Higgs-boson signal and to

extract information on its mass.

Table 19-14 Signal and background rates after all cuts and signal significances as a function of mH, for
H → ZZ∗ → 4l events and for an integrated luminosity of 30 fb-1 (low luminosity performance).

Higgs mass (GeV) 120 130 150 170 180

Signal 4.1 11.4 26.8 7.6 19.7

tt 0.01 0.02 0.03 0.02 0.02

Zbb 0.08 0.12 0.19 0.17 0.19

ZZ* 1.23 2.27 2.51 2.83 2.87

ZZ → τ τ ll 0.13 0.20 0.25 0.08 0.02

Significance ( ) 3.4 7.0 15.5 4.3 11.2

Significance (Poisson) 2.4 4.8 15.5 3.2 11.2

Table 19-15 Same as Table 19-14, but for an integrated luminosity of 100 fb-1 (high luminosity performance).

Higgs mass (GeV) 120 130 150 170 180

Signal 10.3 28.7 67.6 19.1 49.7

tt 0.05 0.10 0.13 0.12 0.12

Zbb 0.53 0.79 1.14 1.01 1.02

ZZ* 3.53 6.36 7.03 7.54 7.61

ZZ → ττll 0.33 0.51 0.62 0.20 0.06

Significance ( ) 4.9 10.3 22.6 6.4 16.7

Significance (Poisson) 3.8 10.3 22.6 5.3 16.7

S B⁄

S B⁄

S B⁄
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Based on the method suggested in [19-19], the

potential for a discovery of the Higgs boson in

the H → WW∗ → lνlν decay mode has been in-

vestigated for Higgs-boson masses in the

range between 150 and 190 GeV [19-42]. The

analysis presented here is based on fast detec-

tor simulation for final states containing elec-

trons and muons. The signal cross-section

times leptonic branching ratio for the

H → WW∗ → lνlν decay is found to be be-

tween 0.55 and 0.80 pb over the mass range

considered. Decays into τ-leptons, where the

τ-leptons decay leptonically into electrons or

muons have been taken into account in the

analysis.

There are many irreducible and reducible

background contributions, and the most im-

portant ones are listed in Table 19-16:

• The dominant irreducible background arises from WW continuum production, which has

a cross-section times branching ratio between six and nine times larger than that of the

Higgs-boson signal.

• WZ production with W → lν, Z → ll and ZZ production with Z → ll and Z → νν also con-

stitute a source of potentially irreducible background;

• tt and Wt production are the source of the largest reducible backgrounds with isolated

leptons in the final state;

• Wbb and direct bb production, containing one or two leptons from semileptonic b-decays,

are the dominant sources of reducible background with non-isolated leptons in the final

state. These are considerably suppressed by the lepton pT-threshold cuts and by isolation

cuts.

• Finally, W+jet production, where a jet is mistaken as an electron, may also be a source of

significant background.

In order to discriminate the signal from the most dangerous background processes, the follow-

ing selection cuts are applied:

• Two isolated leptons with opposite sign are required within |η| < 2.5 and with trans-

verse momenta, pT
1 > 20 GeV and pT

2 > 10 GeV. At high luminosity, the cut on the leading

lepton is raised to 30 GeV for trigger purposes.

• Significant missing transverse momentum is required, ET
miss > 40 GeV.

• The dilepton invariant mass is required to be smaller than 80 GeV.

• The opening angle (∆φ) between the two leptons in the transverse plane is required to be

smaller than 1.0 (measured in rad).

• The absolute value of the polar angle Θll of the di-lepton system is required to be smaller

than 0.9.

• The absolute value of the pseudorapidity difference (∆η) between the two leptons is re-

quired to be smaller than 1.5.

Table 19-16 Cross-sections for the most important
background processes to the decay H → WW∗ → lνlν
(leptonic τ-decays are included). The W → lν and the
τ → eνν, µνν branching ratios are included (leptonic
branching ratios for b-decays are not included).

Process σ × BR (pb)

WW* → lνlν 4.8

WZ/ZZ → llν + X 1.1

tt → WWbb → lνlν + X 38.6

q g → W t → WW b → lνlν + X 4.8

Wbb → lνbb + X 82.3

W+jet(s), pT > 10 GeV 19300

bb inclusive (BR not included) 500x106
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• Events with one or more jets with pT > 15 GeV and |η|< 3.2 are rejected. At high lumi-

nosity, the pT-threshold of this jet-veto cut is raised to 30 GeV.

• The transverse mass computed from the leptons and the missing transverse momentum,

is required to fall in the mass window mH - 30 GeV < mT < mH. Since the WW* back-

ground is falling with increasing transverse mass, the lower cut value is reduced to

mH - 40 GeV for Higgs-boson masses above 170 GeV, in order to recover signal efficiency.

The dilepton invariant-mass cut mainly rejects background events where the lepton pair origi-

nates from a Z-boson. This cut has a large rejection against the WZ and ZZ background. The jet-

veto cut is introduced to reject the tt and Wt backgrounds, which are characterised by large

hadronic activity. The pT-threshold of this jet-veto cut has unfortunately to be raised at high lu-

minosity, which makes it much less effective and results in an increased residual tt background.

The dominant irreducible background from WW* production is reduced by the angular cuts on

the di-lepton system. The small angular separation between leptons in signal events results

from the opposite spin orientation of the W pair originating from the decay of the scalar Higgs

boson [19-43].

The discrimination between the signal and the most important backgrounds is shown for the

pseudorapidity difference, |∆η|, and the azimuthal difference, ∆φ, between the two leptons, re-

spectively in Figures 19-24 and 19-25.

In Table 19-17, the cross-sections times branching ratios, the acceptances and the numbers of ex-

pected H → WW∗ → lνlν signal events are given as a function of mH and for an integrated lumi-

nosity of 30 fb-1. Over the mass range considered, the signal acceptance varies between 0.9 and

2.1%. In addition to this kinematic acceptance, a nominal identification and reconstruction effi-

ciency of 90% per lepton has been assumed to obtain the signal event rates.

Figure 19-24 Difference in pseudorapidity between
the two leptons for H → WW∗ → lνlν signal events with
mH = 170 GeV, and for the WW*, tt and Wt back-
ground events. All distributions are normalised to unity.

Figure 19-25 Difference in azimuth between the two
leptons for H → WW∗ → lνlν signal events with
mH = 170 GeV and for the WW*, tt and Wt background
events. All distributions are normalised to unity.
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The numbers of expected background events in the selected transverse mass range are also giv-

en in Table 19-17, after all cuts are applied, for an integrated luminosity of 30 fb-1. Due to the

sliding window cut as a function of the Higgs-boson mass, also the background contribution is

mass dependent. Thanks to the strict jet-veto cut applied at low luminosity, the tt background is

at a level between 8 and 20 % of the irreducible WW* background over the mass range consid-

ered. Single top production is found to be the dominant reducible background. A good signal-

to-background ratio is obtained over this Higgs-boson mass range, with a maximum value of

0.7 for mH = 170 GeV. At high luminosity, the tt and Wt background rejection is reduced and tt
production is a significant reducible background, at the same level as the irreducible WW* back-

ground.

The distribution of the transverse mass is shown in Figures 19-26 and 19-27 for the sum of sig-

nal plus background and for the background alone. The contribution from single top produc-

tion and from tt production is also shown separately by the shaded histogram. The results are

shown for mH = 150 and 170 GeV and for an integrated luminosity of 30 fb-1. Since there is no

mass peak reconstructed in this channel, evidence for a Higgs-boson signal has to be deduced

from an excess of events in the regions of transverse mass defined above. These regions are indi-

cated by the two dotted lines.

The signal significance in this channel depends critically on the absolute knowledge of the vari-

ous backgrounds. The cuts applied can be relaxed to some extent and a normalisation between

the Monte Carlo prediction and the data can then be performed in regions, where only a small

fraction of the signal is expected.

Figure 19-26 Transverse mass distribution for the
summed H → WW∗ → lνlν signal (mH = 150 GeV) and
total background, for an integrated luminosity of
30 fb-1. The distribution for the background alone is
also shown separately. The shaded histogram repre-
sents the contributions from the Wt and tt background.
The dashed lines indicate the selected signal region.

Figure 19-27 Same as Figure 19-26, but for
mH = 170 GeV.
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To evaluate the significance, it has been optimistically assumed that such a normalisation can be

performed to an overall accuracy of ±5%, i.e. that the summed WW*, tt, and Wt background is

known with a systematic uncertainty of ±5%. This uncertainty is larger than the statistical un-

certainty on the background. Taking this into account, the signal significance estimated for an

integrated luminosity of 30 fb-1 is above 5σ for ∼150 < mH < 190 GeV. Because of the less effec-

tive jet veto the residual tt and Wt backgrounds increase considerably at high luminosity. The

numbers of expected signal and background events are given in Table 19-18, assuming high-lu-

minosity running and an integrated luminosity of 100 fb-1. Due to the strong increase of the tt

Table 19-17 Cross-sections times branching ratios, acceptances and numbers of expected signal and back-
ground events for H → WW∗ → lνlν decays and for an integrated luminosity of 30 fb-1. The signal significances
are computed assuming a systematic uncertainty of ±5% on the background.

Higgs mass (GeV) 150 160 170 180 190

σ × BR (fb) 610 790 800 705 550

Acceptance 0.016 0.021 0.017 0.016 0.009

Signal 240 400 337 276 124

WW* background 548 392 277 297 167

tt background 46 42 39 49 33

Wt background 215 195 149 163 85

WZ/ZZ background 25 17 9 10 6

W+jet background < 10 < 10 < 10 < 10 < 10

Total background 844 656 484 529 301

Significance

(including 5% systematic uncertainty)

4.7 9.6 10.3 7.8 5.4

Table 19-18 Same as Table 19-18, but for an integrated luminosity of 100 fb-1.

Higgs mass (GeV) 150 160 170 180 190

Acceptance 0.024 0.032 0.027 0.026 0.016

Signal 1180 2050 1730 1490 700

WW* background 2320 1760 1200 1290 740

tt background 1010 960 850 1030 830

Wt background 2050 1890 1450 1590 920

WZ/ZZ background 105 75 45 50 35

W+jet background 25 25 25 25 25

Total background 5510 4710 3570 3985 2550

Significance

(including 5% systematic uncertainty)

4.1 8.4 9.2 7.2 5.1

Significance

(combined: 30 fb-1 + 70 fb-1, including

5% systematic uncertainty)

5.4 11.4 12.7 9.7 7.2
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and Wt background, the statistical significance does not improve compared to the low-luminos-

ity running. The final signal significance which can be obtained with an integrated luminosity

of 100 fb-1, is computed from a combination of the significance achieved after low-luminosity

operation over 30 fb-1 and high-luminosity operation over 70 fb-1, assuming a fully correlated

systematic error on the background.

The comparison of Tables 19-14 and 19-17 shows that the H → WW∗ → lνlν channel may have

better sensitivity than the H → ZZ∗ → 4l channel for 160 < mH < 175 GeV, provided the small

systematic uncertainty of ±5% Figure 19-28on the total background can be achieved.

Finally, it is important to note that constraints

on the Higgs-boson mass can be extracted

from the transverse mass distribution. As an

example, the transverse mass distributions for

mH = 160 and 170 GeV are compared for the

summed signal plus background in Figure 19-

28. A sensitivity to the Higgs-boson mass is

obtained from the upper edge of the distribu-

tion. The experimental resolution on the miss-

ing transverse energy defines the shape of this

upper edge.

The distributions in Figure 19-28 can be sepa-

rated with a purely statistical significance of

6σ [19-42]. Systematic uncertainties have not

been studied yet, but the Higgs-boson mass

can hopefully be constrained to better than

±5 GeV in this channel.

19.2.7 WH with H→ WW* → lνlν and W → lν

It has been suggested recently [19-44], that the associated production of a Higgs boson with a

W boson, with W → lν and H → WW∗ → lνlν provides an additional discovery channel at the

LHC. The three-lepton final state appears as promising, since low background levels are expect-

ed. This channel is the associated production channel to the inclusive H → WW∗ → lνlν channel

discussed in Section 19.2.6. Hence, the same general arguments about the signal extraction ap-

ply, and, in particular, evidence for a Higgs-boson signal has also in this case to be extracted

from an excess of events above the expected background from Standard Model processes.

This channel is also interesting for the determination of the coupling parameters of the Higgs

boson, since in its production and decay chain, only the couplings to gauge bosons appear. In

almost all production and/or decay processes considered so far, Yukawa couplings of the Higgs

boson to fermions are involved. In an extreme scenario, where there would appear only weak

couplings of the Higgs boson to fermion pairs, this channel would remain unaffected, whereas

all the others, except WH with H → γγ, would be suppressed.

Figure 19-28 Transverse mass distributions of the
summed signal plus background for mH = 160 GeV
(dashed histogram) and mH = 170 GeV (full histo-
gram).
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A first study has been carried out [19-45], in which the ATLAS sensitivity in this channel has

been investigated using fast simulation for Higgs-boson masses between 150 and 190 GeV. The

signal cross-sections times leptonic branching ratios for this associated production channel are

small, at the level of 4 fb. The values are given as a function of the Higgs-boson mass in

Table 19-20.

There are two important backgrounds to this channel: WZ production, with a cross-section

times leptonic branching ratio of 380 fb, and tt production with a cross-section times W → lν
branching ratio of 28 pb. In the case of the tt background, the third lepton originates from semi-

leptonic b-decays. In addition to these two major backgrounds, also the contributions from all

other background sources studied for H → WW∗ → lνlν decays have been estimated. In order to

achieve the necessary rejection against these backgrounds, the following cuts have been ap-

plied:

• Three isolated leptons (electrons or muons) with pT > 30 GeV in the pseudorapidity inter-

val |η| < 2.5.

• Same-flavour lepton veto: events which contain at least one pair of opposite-charge same-

flavour leptons with an invariant mass between 60 and 120 GeV are rejected.

• H → WW tag: out of the three possible lepton pairs at least one should fulfil the tight an-

gular cuts as used in the H → WW∗ → lνlν analysis (see Section 19.2.6). It is required that

there is at least one pair with opposite charge, ∆φ < 1.00, ∆η < 1.5 and an invariant dilep-

ton mass smaller than 80 GeV. If none of the three possible lepton pairs fulfils these re-

quirements the event is rejected.

• Jet veto: events with one or more jets with pT > 30 GeV and |η|< 3.2 are rejected.

The second and third cut have a large rejection

against the WZ background. The same flavour

lepton veto rejects events containing Z → ll
decays: this cut alone rejects the WZ back-

ground by about a factor 100 for a signal effi-

ciency of about 70%. The residual WZ

background contains either an off-shell Z or a

Z → ττ → lν lν + X decay. Since the signal

events contain two W bosons which originate

from the decay of the scalar Higgs boson, the

arguments on the angular separation between

the decay leptons are still valid. The H → WW
tag, based on this angular separation, there-

fore leads to another significant rejection of

both the WZ and tt backgrounds for a reasona-

ble signal efficiency. For the cuts applied, a re-

jection of about 3 is obtained for a signal

efficiency of 85%. The large tt background can

be further rejected in two different ways. A

strict jet veto can be applied, where it is re-

quired that there be no jets with pT > 15 GeV

over |η| <3.2. This jet veto can be applied at

low luminosity, whereas at high luminosity the pT-threshold has to be raised to 30 GeV. Since for

tt events the third lepton originates from a semileptonic b-decay, the pT-spectrum of the third

lepton is more steeply falling for leptons from tt events than the one from signal events. There-

Table 19-19 Cross-sections times W → lν and Z → ll
branching ratios and expected background rates for
WH → WWW* → 3l decays. The rates are given for an
integrated luminosity of 100 fb-1 and for various com-
binations of lepton and jet veto cuts. All other cuts are
applied in addition, as described in the text.

Background
process

WZ tt Wt

σ x BR (fb) 380 28000 3500

Expected background

events:

pT(l) > 30 GeV,

Jet veto: 30 GeV

pT(l) > 20 GeV,

Jet veto: 15 GeV

pT(l) > 20 GeV,

Jet veto: 30 GeV

8.9

4.7

20.8

3.8

8.1

135

< 0.1

10.0

48.5
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fore, a high pT-threshold on the three leptons largely rejects the tt background, while keeping

still a significant fraction of the signal. Both methods have been applied in the present study

and the results are summarised in Table 19-19, where the expected background event rates are

given for an integrated luminosity of 100 fb-1. It should be noted that on top of the jet veto and

lepton pT-cuts indicated in the Table the same flavour lepton veto and the H → WW tag, as de-

scribed above, have also been applied. As can be seen from these numbers, the largest back-

ground rejection is obtained if strict lepton pT cuts are applied. For looser lepton cuts, the tt and

Wt backgrounds are significant, in particular if a loose jet veto has to be applied, which is the

case for high-luminosity operation. Since for these backgrounds the third lepton comes from a

b-decay, an additional background rejection could be achieved using impact parameter and iso-

lation criteria. An accurate estimation of these rejections requires a full simulation of the events.

Since this has not yet been done, results based on the strict lepton cuts are quoted in the follow-

ing.

The signal acceptance and the expected rates for signal and background events are summarised

in Table 19-20 for Higgs boson masses in the range between 150 and 190 GeV and for an inte-

grated luminosity of 100 fb-1. For the cuts listed above, a total background of 12.7 events is

found, which is dominated by the irreducible WZ background. The signal rate is largest for

mH =160 GeV, for which 28.5 signal events are expected. Therefore, a good signal-to-back-

ground ratio can be achieved in this channel for Higgs boson masses around 160 GeV. In the

evaluation of the signal rates a lepton identification efficiency of 90% per lepton has been as-

sumed.

The signal significance has been evaluated using Poisson statistics and assuming, as in the

search for H → WW∗ → lνlν decays, a systematic uncertainty of ±5% on the total background.

Due to the small background, however, this systematic uncertainty does not strongly degrade

the significance. At high luminosity, a 5σ discovery of a SM Higgs boson in this channel seems

to be possible in the mass range between ∼155 GeV < mH < 175 GeV, assuming an integrated lu-

minosity of 100 fb-1. For an ultimate integrated luminosity of 300 fb-1 the full range between

150 GeV and 190 GeV can be covered. For an integrated luminosity of 30 fb-1, this channel is still

rate-limited and a signal significance at the level of 3σ is obtained for mH in the range between

160 and 170 GeV.

Table 19-20 Cross-sections times branching ratios, acceptances and numbers of expected signal and back-
ground events for WH, H → WW∗ → lνlν and W → lν decays and for an integrated luminosity of 100 fb-1. The
signal significances are computed assuming a systematic uncertainty of ±5% on the background and Poisson
statistics.

Higgs mass (GeV) 150 160 170 180 190

σ × BR (fb) 3.95 4.60 4.10 3.30 2.35

Acceptance 0.063 0.085 0.084 0.077 0.067

Signal 18.1 28.5 25.2 18.5 11.5

Total background 12.7 12.7 12.7 12.7 12.7

Statistical significance (100 fb-1) 4.3 6.4 5.7 4.5 3.0

Statistical significance (30 fb-1) 2.2 3.3 3.0 2.3 1.5
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Like for H → WW∗ → lνlν decays discussed in

Section 19.2.6, the transverse mass of the

ET
miss and di-lepton system can be recon-

structed for those di-lepton pairs fulfilling the

angular separation and di-lepton mass cuts

(H → WW tag). Although the ET
miss is affected

by the decay neutrino from the associated W

boson, it is still peaked in the mass range be-

tween 100 and 200 GeV. As an example, the re-

constructed transverse mass distribution is

shown in Figure 19-29. The signal to back-

ground ratio can still be improved if appropri-

ate transverse mass cuts are applied.

In conclusion, the three-lepton channel repre-

sents an interesting possibility to enhance the

observability of a Higgs-boson signal in the

mass region between 150 and 190 GeV. It

should finally be mentioned that, in addition

to the three-lepton channel discussed here, the

WH → WWW → lljj channel with like-sign-

leptons in the final state should also be considered. Although it suffers potentially from much

larger backgrounds than the three-lepton channel, this channel is considered as interesting for

Higgs-boson searches at the upgraded TeVatron collider [19-46].

19.2.8 Sensitivity to the SM Higgs boson in the intermediate mass range

The potential of the ATLAS experiment for the discovery of a SM Higgs boson in the intermedi-

ate mass range, 80 GeV < mH < 2mZ, is summarised in Figure 19-30 for integrated luminosities

of 30 and 100 fb-1. The signal significances are shown for individual channels, as well as for the

combination of all channels.

For an integrated luminosity of 100 fb-1, a SM Higgs boson can be discovered with a high signif-

icance over the full intermediate mass range. For all masses, the Higgs boson would be discov-

ered in at least two different decay channels. A Higgs boson discovery with the ATLAS detector

is already possible over the full intermediate mass range after a few years of running at low lu-

minosity. It should be noted once again that no K-factors are included in the estimates of the sig-

nal significance, since these K-factors are generally not known for most background processes.

This approach is conservative as long as the K-factor for the signal is larger than the square root

of the K-factor for the background.

The most important channels in the intermediate mass region, for which a mass peak would be

reconstructed, are the four-lepton channel, H → ZZ∗ → 4l, the direct two-photon channel,

H → γγ, as well as the associated production channels, where the Higgs boson is produced in as-

sociation with a vector boson or a tt pair. In these channels, both the γγ and bb decay modes can

be discovered at the LHC. For Higgs-boson masses around 170 GeV, for which the ZZ* branch-

ing ratio is suppressed, the discovery potential can be enhanced by searching for the

H → WW∗ → lνlν decay. In this case, the Higgs-boson signal would only be observed as an ex-

cess of events.

Figure 19-29 Transverse mass distributions of the
summed signal plus background (histogram) for
mH = 160 GeV and for the background (shaded area).
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Most of the decay channels studied in the intermediate mass range are challenging in terms of

detector performance. Even though the natural width of the Standard Model Higgs boson in

this mass range is narrow, the backgrounds are relatively large and thus, an excellent detector

performance in terms of energy resolution and background rejection is required. The H → γγ de-

cay mode requires high performance of the electromagnetic calorimetry in terms of photon en-

ergy resolution, photon direction measurements, and γ/jet separation. Impact parameter

measurements in the Inner Detector are crucial for the discovery of the bb decay mode: efficient

tagging of b-jets with a high rejection against light-quark and gluon jets allows a rather clean

and complete reconstruction of tt final states together with the bb mass peak from Higgs boson

decays. Finally, excellent performance in terms of the identification, reconstruction and meas-

urement of isolated leptons with pT > 7 GeV is required to discover the Higgs boson in the

H → ZZ∗ → 4l channel. Due to the low expected rates over most of the mass range of interest,

the Higgs boson cannot be discovered separately in the H → ZZ∗ → eeee or H → ZZ∗ → µµµµ
decay modes.

Figure 19-30 Sensitivity for the discovery of a Standard Model Higgs boson in the intermediate mass range.
The statistical significances are plotted for individual channels as well as for the combination of all channels,
assuming integrated luminosities of 30 fb-1 (left) and 100 fb-1 (right). Depending on the numbers of signal and
background events, the statistical significance has been computed as or using Poisson statistics. In the
case of the H → WW∗ → lνlν channel, a systematic uncertainty of ±5% on the total number of background
events has been included (see Section 19.2.6).
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The performance of the ATLAS detector in its final optimised layout has been simulated in de-

tail to assess whether it is able to meet the demanding requirements for the search for a Stand-

ard Model Higgs boson in the intermediate mass range. All the key performance characteristics

have been evaluated with full GEANT simulation, both at low and high luminosity. These in-

clude the mass resolutions for the H → γγ, H → bb and H → ZZ∗ → 4l channels, the performance

of the b-tagging algorithms, and the rejections of many reducible backgrounds from various

abundant Standard Model processes.

In conclusion, the ATLAS detector performance is adequate to guarantee that, if a Standard

Model Higgs boson exists with a mass in the intermediate range, it will be discovered after only

a few years of operation at low luminosity. Such a discovery would be confirmed and consoli-

dated with better statistical significance at high luminosity. The results presented in the preced-

ing Sections and summarised in Figure 19-30 could be compared to recent estimates based on

work done in the context of studies performed for the future Tevatron runs [19-47]. Work is in

progress to assess in a consistent way within ATLAS the comparative potentials of the detector

to discover a SM Higgs boson in the intermediate mass range, in pp collisions at = 14 TeV

versus pp collisions at = 2 TeV for an integrated luminosity of 30 fb-1 [19-48].

19.2.9 H → ZZ → 4l

For Higgs-boson masses in the range 180 GeV < mH < ∼700 GeV, the H → ZZ → 4l decay mode

is the most reliable channel for the discovery of a Standard Model Higgs boson at the LHC. The

expected background, which is dominated by the continuum production of Z boson pairs, is

smaller than the signal. In this mass range, the natural width of the Higgs boson grows rapidly

with increasing mH, and dominates the experimental mass resolution for mH > 300 GeV. The

momenta of the final-state leptons are high and their measurement does not put severe require-

ments on the detector performance. Therefore, the discovery potential in this channel is prima-

rily determined by the available integrated luminosity.

The signal is reconstructed by requiring four identified leptons in the pseudorapidity range

|η| < 2.5. The two leading leptons are required to have transverse momenta above 20 GeV,

whereas the other two are required to have pT > 7 GeV. For the lepton identification, an efficien-

cy of 90% per lepton is assumed. The continuum Z(γ*) Z(γ*) → 4l production is the dominant

background source in this mass range and its total production cross-section times branching ra-

tio is 44 fb for mZZ > 200 GeV.

Since the Higgs-boson width varies rapidly over the mass range considered in this Section, a

variable mass window of width σm, given by the convolution of the Higgs decay width and of

the experimental resolution, σm= ((ΓH/2.36)2 + (0.02 mH)2)1/2, was used to evaluate the observ-

ability of the signal. The acceptance was assumed to be 90% in a mass window of ±1.64 σm
around mH. Better estimates would require taking into account the correct line-shape for a

broad Higgs boson, as well as interference effects between the resonant signal and the non-reso-

nant background [19-49]. Given the very large sensitivity expected in this channel, these effects

are not deemed critical for the evaluation of the signal observability, but would have to be in-

cluded for e.g. a measurement of mH.

The signal and background events expected in the mass window after applying only the simple

kinematic cuts listed above are given in Table 19-21 (see [19-15] for more details). These num-

bers demonstrate that the signal can be easily identified above a small background over the full

mass range from 200 to 600 GeV.

s
s
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Since the Z-bosons from Higgs-boson decays are produced through the two-body decay of a

heavy object, a significant rejection of the continuum ZZ background can be achieved by requir-

ing that the transverse momentum of the harder of the two Z-bosons, pT
max(Z1, Z2), be larger

than a given threshold value. As can be seen from the numbers in Table 19-21, the significance

improves substantially if a moderate requirement, pT
max(Z1, Z2) > mH/3, is applied. Harder cuts

on this maximum pT would improve even further the signal significance. The efficiency of these

harder cuts for the signal events is, however, subject to possibly significant theoretical uncer-

tainties on the pT distribution of the Higgs boson. In addition, the ZZ continuum background is

known to be subject to higher-order QCD corrections [19-49], which increase substantially the

background for high values of pT
Z.

In conclusion, the H → ZZ → 4l signal would be observed easily above the ZZ → 4l continuum

background after less than one year of low luminosity operation for 200 < mH < 600 GeV. As an

example of signal reconstruction above background, Figure 19-31 shows the expected signal

from a Higgs boson with mH = 300 GeV for an integrated luminosity of only 10 fb-1. The signal

is shown before (left) and after (right) the pT
max cut is applied, and is clearly visible above the

background from ZZ continuum production.

For larger values of mH, the Higgs-boson signal becomes very broad and the signal rate drops

rapidly, but a signal in the H → ZZ → 4l channel could be observed up to mH ∼ 800 GeV, possi-

bly even through the WW/ZZ fusion process if jet tagging in the forward regions is required

[19-13].

Table 19-21 Branching ratios and production cross-sections times branching ratios for the H → ZZ → 4l decay
mode, and expected numbers of signal and background events as a function of mH. The expected event rates
are given for an integrated luminosity of 30 fb-1 and for two sets of selection criteria, without and with an addi-
tional cut on the pT of the harder of the two Z-bosons (pT

max(Z1, Z2) > mH/3).

Higgs mass (GeV) 200 240 280 320 360 400 500 600

BR(H → ZZ) 0.26 0.29 0.30 0.31 0.30 0.28 0.27 0.27

σ × BR (fb) 12.4 11.2 9.6 8.9 8.7 6.8 3.2 1.6

Signal (no pT cut) 134 127 110 105 105 86 44 23

Background (no pT cut) 74 57 43 33 29 29 17 15

 (no pT cut) for 30 fb-1 15.6 16.8 16.8 18.2 19.3 15.9 10.7 5.9

Signal (with pT cut) 54 88 90 90 91 76 39 19

Background (with pT cut) 7 15 17 16 13 14 7 6

 (with pT cut) for 30 fb-1 20.4 22.7 21.8 22.5 25.2 20.3 14.7 7.8

(with pT cut) for 100 fb-1 37.3 40.9 40.1 41.2 46.9 37.3 27.1 15.0

S B⁄

S B⁄
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ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

716 19   Higgs Bosons

19.2.10 Heavy Higgs boson

As discussed in Section 19.2.9, the H → ZZ → 4l decay mode can be observed up to

mH ~ 800 GeV, but it becomes rate-limited around mH = 700 GeV. If no Higgs-boson signal were

found for mH < 600 - 800 GeV, searches in the TeV mass range would be essential to understand

the electroweak symmetry-breaking mechanism. To access this mass range, one needs to detect

Higgs-boson decays containing neutrinos or jets in the final state. If a Higgs-boson signal were

found in the H → ZZ → 4l channel, these channels could confirm the discovery and provide ad-

ditional information on the Higgs couplings (WW-fusion production mechanism and H → WW
decays).

The channels considered in this Section are the H → ZZ → llνν mode with a rate six times larger

than the four-lepton mode and with a large ET
miss signature, the H → WW → lνjj mode with a

rate 150 times larger than the four-lepton mode, and the H → ZZ → lljj mode which has a rate

25 times larger than the four-lepton mode (six times smaller than the H → WW → lνjj mode).

To reject the large QCD backgrounds in these channels excellent ET
miss measurements and accu-

rate reconstruction of W/Z → jj decays are needed. In addition, for the large values of mH, a big

fraction of the Higgs bosons are produced via gauge-boson fusion, materialised by forward-

backward jets emitted at large pseudorapidities (|η| > 2). Good jet identification and energy

measurements over 2 < |η| < 5 are therefore essential [19-50].

19.2.10.1 Search for H → ZZ → l l νν

The signal in this channel is characterised by two high-pT leptons from Z → ll decay in the cen-

tral region and a large ET
miss from Z → νν decay. The production cross-section times branching

ratio is a few fb for mH ~ 500 - 700 GeV, with a 25 - 30% contribution from vector boson fusion.

Figure 19-31 Expected H → ZZ → 4l signal for mH = 300 GeV and for an integrated luminosity of 10 fb-1. The
signal is shown on top of the ZZ continuum background before (left) and after (right) the pT

max(Z1, Z2) cut is
applied (see text).
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The largest background arises from reducible Z+jet production, where large ET
miss can be creat-

ed by neutrinos or by badly reconstructed jets due to cracks, dead material and the limited calo-

rimeter pseudorapidity coverage. In addition, the ZZ irreducible continuum background, as

well as the reducible tt and WZ/WW backgrounds have to be considered.

It has been shown in [19-51] and [19-52] (see also Section 9.2.2) that, for ET
miss > 150 GeV, the in-

strumental background from jets mis-measured in the calorimeter or escaping outside the calo-

rimeter coverage is much smaller than the background from Z+jet and ZZ production, where

the ET
miss is genuine (it originates from neutrinos produced in semi-leptonic decays of b-jets in

the case of Z+jet production).

The selection cuts chosen for the H → ZZ → llνν channel are:

• Two same-flavour opposite-sign leptons with pT > 40 GeV and |η| < 2.5 and no other iso-

lated lepton.

• Z mass window: mll = mZ ± 6 GeV.

• Cut on pT of Z → ll: pT
ll >  150 (250) GeV for mH = 500 (700) GeV.

• ET
miss > 150 GeV.

• Forward jet tagging: one or two tag jets with |η| > 2 and pT > 25 GeV.

The cumulative acceptances of these cuts, evaluated with fast simulation, are shown in Table 19-

22. The efficiencies for the reconstruction of the tag jets in the signal events and the probabilities

for fake tags in the background events are taken from fully simulated events [19-53][19-54] (see

also Section 9.1.4).

Figure 19-32 shows the ET
miss distribution for the signal and various backgrounds which satisfy

all the cuts of Table 19-22, including a double jet tag. The results are shown for mH = 600 and

900 GeV. The signal appears as an excess of events with large ET
miss above the backgrounds. Af-

ter all selection cuts, including the double jet tag, the different backgrounds listed in Table 19-22

are all present (with the exception of the WW background) at approximately the same level.

Table 19-22 Cumulative acceptances (in %) of the various selection cuts for the Η → ZZ → llνν signal and
backgrounds.

Process Lepton
cuts

Z mass
window

pT
ll  cut ET

miss cut One
tag jet

Two
tag jets

H → ZZ → llνν
(mH = 500 GeV)

66.8 54.4 38.8 33.0 16.0 2.9

H → ZZ → llνν
(mH = 700 GeV)

70.4 57.4 45.7 41.1 21.6 4.8

ZZ continuum 36.2 29.2 1.9 1.4 0.24 0.016

WZ continuum 35.5 25.6 0.11 0.075 0.016 0.0018

WW continuum 36.7 1.1 0.005 0.002 0.001 << 10-3

tt 3.1 0.09 0.005 3x10-4 < 10-5 << 10-5

Z+jets 64.0 51.6 3.4 1.6x10-5 4x10-6 1.3x10-6
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In order to extract a more convincing signal, the transverse mass of the (ll ET
miss) system, mT, is

calculated and shown in Figure 19-33. For mH = 600 GeV, the width of the Higgs boson is still

narrow enough that the peak of the mT distribution can be observed close to the nominal Higgs-

boson mass, and the signal is large with respect to the background. For mH = 900 GeV, this is no

longer the case, and a clear evidence for the signal would only be obtained if less stringent kine-

matic cuts (to provide a smoothly falling shape of the background as a function of ET
miss or mT)

and variable jet tagging cuts (to vary the signal-to-background ratio) were studied, in a way

similar to that described in more detail for the case of H → WW → lνjj decays (see

Section 19.2.10.2).

In addition, higher-order corrections to gauge-boson pair production (see Section 15.7.5) lead to

significant increases in the background. For example, the ET
miss distribution of the ZZ continu-

um background in Figure 19-32 corresponds to the pT spectrum of the Z-boson decaying to a

neutrino pair; for large values of ET
miss, this spectrum might be underestimated by a factor of

about two, in particular if the jet tagging cuts are assumed to be uncorrelated to the expected in-

crease in rate due to the higher-order corrections.

With these caveats, the signal-to-background ratios and significances have been evaluated for

the selection cuts described above and are shown in Table 19-23 as a function of the jet tagging

cuts for mH = 500 and 700 GeV and for an integrated luminosity of 100 fb-1.

Without any jet tagging, the signal-to-background ratio is somewhat below one and decreases

by a factor two when mH increases from 500 to 700 GeV. The requirement of a single jet tag in-

creases the signal-to-background ratio by a factor of about 2.5, and also increases the signal sig-

nificance. As stated above, this significance does not correspond to a clear observation of a peak

above a well-constrained background and should therefore be taken as an optimistic estimate.

The requirement of a double jet tag further improves the signal-to-background ratio, and may

be sufficient to demonstrate the discovery of a signal from H → ZZ → llνν decays.

Figure 19-32 For an integrated luminosity of 100 fb-1

and for mH = 600 GeV (left) and mH = 900 GeV (right),
reconstructed ET

miss distribution for the H → ZZ → llνν
signal and for the various backgrounds after requiring
a double jet tag.

Figure 19-33 Same as Figure 19-32, but for the dis-
tribution of mT, the transverse mass of the (ll ET

miss)
system.
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The pT
ll and ET

miss cuts have been varied as a function of mH in an attempt to optimise the dis-

covery potential of the H → ZZ → llνν channel over the range 400 < mH < 1000 GeV. The results

in terms of signal-to-background ratio and signal significance are shown in Figures 19-34 and

19-35, respectively, for an integrated luminosity of 100 fb-1. All the results discussed above are

obtained for high luminosity operation in the presence of pile-up, which affects the jet tagging

efficiencies and fake tag rates (see Section 9.1.4). In the case of low luminosity operation, the sig-

nal-to-background ratios are therefore somewhat better than those of Figure 19-34, but the ob-

servability of a signal from H → ZZ → llνν decays would be limited to mH < 600 GeV for an

integrated luminosity of 30 fb-1, due to the low rates expected after requiring a double jet tag.

Table 19-23 For an integrated luminosity of 100 fb-1, expected numbers of H → ZZ → llνν signal and back-
ground events, signal-to-background ratios (S/B) and significances ( ), for mH = 500 and 700 GeV and for
various jet tagging cuts.

Jet tagging Signal Background S/B

mH = 500 GeV

None 707 763 0.9 25.6

Single tag 345 147 2.4 28.5

Double tag 66 12 5.3 18.7

mH = 700 GeV

None 322 763 0.4 11.6

Single tag 168 147 1.1 13.9

Double tag 38 12 2.9 10.8

Figure 19-34 For an integrated luminosity of 100 fb-1

(high luminosity operation) and for the H → ZZ → llνν
channel, optimised signal-to-background (S/B) ratio as
a function of mH for three jet tagging requirements: no
jet tag (open circles), a single jet tag with pT > 25 GeV
(black stars), and a double jet tag with pT > 25 GeV
(open crosses).

Figure 19-35 Same as Figure 19-34, but for the sig-
nal significance  as a function of mH.
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If a signal is observed in this channel, the

transverse mass of the (ll ET
miss) system, mT,

can be used to measure the mass of the Higgs

boson. Figure 19-36 shows as a crude example

the variation of the average value of mT as a

function of mH, including the expected purely

statistical error for an integrated luminosity of

100 fb-1.

In conclusion, the H → ZZ → llνν channel

should be observable over a wide mass range

from 400 to 900 GeV, and thus provide a relia-

ble confirmation of the discovery of the Higgs

boson in the gold-plated H → ZZ → 4l channel

for mH < 700 GeV. For larger values of mH, the

demonstration of the observability of a con-

vincing signal above the background requires

careful studies of the evolution of the back-

ground shape as a function of the kinematic

and jet tagging cuts, as well as a better under-

standing of the theoretical predictions for the

pT spectrum of individual vector bosons in gauge-boson pair production.

19.2.10.2 H → WW → lνjj and H → ZZ → lljj  in qq → qqH production with mH ~ 1TeV

The signal from this channel has a large enough rate to be observed during low luminosity op-

eration and a very distinctive signature [19-55]:

• A high-pT central lepton (|η| < 2).

• Large missing transverse energy from the escaping neutrino.

• Two high-pT jets from the W → jj decay in the central region. Due to the large boost of the

W-boson, the two jets are close-by in space (∆R ~ 0.4) and their energy deposition overlap.

• Two low-pT tag jets in the forward regions (|η| > 2) coming from the WW/ZZ fusion pro-

duction process.

• Small hadronic activity in the central region, except for the jets from W → jj decay.

The main backgrounds, before requiring any tag jets are:

• W+jet production with W → lν. This background is potentially the largest and suffers

from significant theoretical uncertainties due to higher-order corrections (K-factors) and

to the procedure used to generate the events (see [19-56] for a comparison of the matrix-

element and parton-shower approaches).

• tt → lνjjbb production. This background contains a real W → jj decay, but also additional

hadronic activity from the b-jets when they fall in the central region.

• WW → lνjj continuum production, which has much lower rates than the W+jet and tt re-

ducible backgrounds, but which is irreducible in the central region.

Figure 19-36 Average value of the reconstructed
transverse mass, mT, as a function of mH, for the
H → ZZ → llνν signal with a double jet tag and for an
integrated luminosity of 100 fb-1 (the error bars are
purely statistical).
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The main issues linked to the signal reconstruction and the background rejection are therefore

the experimental efficiency and resolution for reconstructing high-pT W → jj decays (see also

Section 9.3.1.3) and the performance of the jet-veto cuts in the central region (see also

Section 9.1.3). All the background processes will be rejected with high efficiency by the addi-

tional requirement of one or two tag jets in the forward region (|η| > 2) [19-50] and a realistic

assessment of the performance of jet tagging has also to be included (see Section 9.1.4).

A set of cuts, called high-pT central cuts, which are optimised exclusively in terms of the statisti-

cal significance of the signal above the background, without any study of the actual visibility of

the signal, is used in the first stage of the analysis:

• Lepton cuts: pT
l, ET

miss > 100 GeV, pT
W → l ν > 350 GeV.

• Jet cuts: two jets reconstructed within ∆R = 0.2 with pT > 50 GeV and pT
W → jj > 350 GeV.

• W mass window: mjj = mW ± 2σ, where σ is the resolution on mjj (see below).

Table 19-24 shows the cumulative efficiencies for H → WW → lνjj decays with mH = 1 TeV, as

obtained for the high-pT central cuts described above, for fast simulation compared to full simu-

lation and reconstruction. The results are in good agreement for all cuts, and the full-simulation

studies without and with pile-up show that these efficiencies are not affected strongly by pile-

up, except possibly for the mass window on the W mass (see below).

The reconstruction of high-pT W → jj decays is described in detail in Section 9.3.1.3. Various

methods to overcome the problems of jet overlap and to optimise the resolution on the recon-

structed W mass have been studied [19-54], and the one chosen for the studies reported here cal-

culates the mass of the two jets, selected within a cone of size ∆R = 0.2 and with pT > 50 GeV, by

using the four-momenta of each calorimeter cell (assumed to have zero mass) in two cones of

size ∆R = 0.4 with barycentres determined by the cones of size ∆R = 0.2. Figure 19-37 shows the

distributions of the reconstructed dijet mass with this method in the case of low luminosity op-

eration (no pile-up) and of high luminosity operation (with pile-up). The distributions are ob-

tained from a sample of fully simulated and reconstructed H → WW → lνjj decays, and have

been corrected as a function of the pT of the dijet system for the systematic bias due to the finite

size of hadronic showers, which results in a linear increase of the measured W mass as a func-

tion of the pT of the W-boson (see Section 9.3.1.3).

Figure 19-37 shows that the resolution σ increases only from 5.0 GeV to 6.9 GeV when pile-up at

high luminosity is added. The fraction of W → jj decays with mjj = mW ± 2σ decreases from 83%

without pile-up to 82% with pile-up. The results for these efficiencies are also in good agree-

ment between the fast and full simulation, as shown in Table 19-24.

Table 19-24 For the H → WW → lνjj channel with mH = 1 TeV, comparison of the cumulative efficiencies of the
high-pT central cuts (see text) for the fast and the full simulation and for low luminosity operation (no pile-up) and
high luminosity operation (with pile-up).

Cuts Fast simulation Full simulation
(no pile-up)

Full simulation
(with pile-up)

Lepton cuts 43.3% 42.6% 42.6%

Jet cuts 29.0% 29.8% 29.8%

W mass window (no pile-up)

W mass window (with pile-up)

25.2%

23.6%

24.8%

24.4%
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Table 19-25 shows the numbers of signal and background events produced for an integrated lu-

minosity of 30 fb-1, the cumulative efficiencies of the high-pT central cuts, and the numbers of

events accepted after these cuts. Additional cuts are clearly needed, as mentioned above (jet

veto in the central region and jet tagging in the forward regions).

Jet profile and asymmetry cuts have been investigated [19-54], to explore whether any signifi-

cant additional rejection can be obtained against the dominant W+jet background. For the latter

background the dijet system reconstructed with mjj = mW ± 2σ does not originate from the de-

cay of a colour singlet and the jets are therefore expected to be broader than in the case of a real

W → jj decay. Unfortunately, efficient cuts against the W+jet background would substantially

bias the final mass distributions used to extract the signal (as described below) and this ap-

proach has not been pursued any further.

Figure 19-37 For fully simulated and reconstructed H → WW → lνjj decays with mH = 1 TeV, distributions of the
dijet mass using the mass reconstruction method described in the text for low-luminosity operation (left) and
high-luminosity operation (right).

Table 19-25 Numbers of events produced for an integrated luminosity of 30 fb-1 and cumulative efficiencies of
the high-pT central cuts (see text), as obtained from fast simulation for the H → WW → lνjj signal with
mH = 1 TeV and for the tt and W+jet backgrounds.

Higgs signal tt
(pT > 300 GeV)

W + jets
(pT > 250 GeV)

Events produced 486 192 000 448 000

Efficiency of lepton cuts 43.3% 6.2% 11.5%

Efficiency of jet cuts 29.0% 3.3% 2.3%

Efficiency of W mass window 25.2% 1.0% 0.52%

Events accepted 122 1900 2300
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The performance of jet-veto cuts in the central region is described in detail in Section 9.1.3 as a

function of the pT threshold. Section 9.1.3 also compares the results from fast simulation to those

from full simulation and reconstruction. The efficiency for signal events is found to be about 5%

higher for fast simulation and is about 60% for a central jet veto (|η| < 2) with a pT threshold of

25 GeV at low luminosity. The rejection of the tt background events is in excellent agreement be-

tween fast and full simulation.

This is illustrated in Figure 19-38 using a fast

simulation, of the H → WW → lνjj signal and

of the tt and W+jet backgrounds. Efficiency

here is defined as the fraction of events with

no additional jet with pT larger than threshold.

The pT thresholds chosen here are 15 GeV at

low luminosity and 25 GeV at high luminosity,

such that the efficiency for the H → WW → lνjj
signal is about 55%. The efficiency for the

W+jet background is significantly lower than

for the Higgs-boson signal because of the larg-

er jet activity in these events. Finally, the cen-

tral jet-veto cut provides a rejection factor

of 10-15, depending on the pT threshold at low

and high luminosity, against the tt back-

ground which always has two additional b-jets

in the final state.

The final step of the event selection requires forward jet tagging (see [19-54] and Section 9.1.4

for details). The study is based on fully simulated and reconstructed events and includes the

most up-to-date geometry of the forward calorimeters and a jet-finding algorithm optimised to

minimise the effects of pile-up in the forward regions. The results presented in Section 9.1.4

Table 19-26 For an integrated luminosity of 30 fb-1 and for the H → WW → lνjj channel with mH = 1 TeV and
800 GeV, expected numbers of produced and accepted signal and background events, signal-to-background
ratios and signal significances. The events are accepted if they pass all cuts, namely the high-pT central cuts,
the central jet veto and a double jet tag Etag > 300 GeV (see text).

Higgs
signal

tt
(pT > 300 GeV)

W+jets
(pT > 250 GeV)

WW
(pT > 50 GeV)

S/B

Events produced

mH = 1 TeV

mH = 800 GeV

486

1000

192 000 448 000 255 000

Events accepted

mH = 1 TeV

mH = 800 GeV

37.9

43.5

3.3

3.3

9.2

9.2

1.0

1.0

2.8

3.2

10.3

11.8

Figure 19-38 Efficiency of the central jet-veto cut as a
function of the pT threshold, as obtained from the fast
simulation after the high-pT central cuts (see text), for
the H → WW → lνjj signal (circles), the tt background
(triangles) and the W+jet background (squares). The
results are shown both without pile-up (black symbols)
and with pile-up (open symbols).
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show that the efficiency for reconstructing the tag jets is in agreement between fast and full sim-

ulation over 2 < |η| < 4. For |η| > 4, the finite size of hadronic showers degrades the efficiency

significantly and this effect has been corrected for in the fast simulation.

For the choice of a double jet tag requiring Etag > 300 GeV for both jets, the results are presented

in Tables 19-26, for an integrated luminosity of 30 fb-1. The expected numbers of produced and

accepted signal events are shown for the H → WW → lνjj signal with mH = 800 and 1000 GeV.

The same numbers are presented for the tt, W+jet and WW backgrounds, which were generated

with appropriate thresholds set on the pT of the hard-scattering process. It is important to note

that at the high luminosity the inclusion of all relevant pile-up effects and the use of a higher pT
threshold for the jet-veto cut reduces the signal-to-background ratio.

Large signal significances with a signal-to-

background ratio around three can be ob-

tained even at low luminosity. These values

are optimistic, since the background rates suf-

fer from significant uncertainties, but most of

all because the broad signal expected from

H → WW → lνjj decays is difficult to separate

clearly from the background. This is illustrat-

ed in Figure 19-39, which shows as an exam-

ple the reconstructed spectrum of the

invariant mass of the (lνjj) system, mlνjj,

summed for the H → WW → lνjj signal with

mH = 1 TeV and for the backgrounds. The dis-

tributions are shown separately for the back-

ground and the summed signal+background,

for an integrated luminosity of 30 fb-1 and for

somewhat looser jet tagging cuts requiring

two tag jets with Etag > 100 GeV. The signal

and background shapes are very similar. This

is due to the very strict central cuts applied to

the reconstructed W → lν and W → jj decays.

The thresholds of 350 GeV applied to pT
W→lν

and pT
W→jj remove most of the background

with mlνjj < 800 - 900 GeV.

For the above reasons, a looser set of kinematic cuts in the central region, called loose central

cuts, is defined:

• Lepton cuts: pT
l, ET

miss > 50 GeV, pT
W → lν > 150 GeV.

• Jet cuts: two jets reconstructed within ∆R = 0.2 with pT > 50 GeV and pT
W → jj > 150 GeV.

• W mass window: mjj = mW ± 2σ, where σ is the resolution on mjj.

The central jet-veto cut is applied with a pT threshold of 20 GeV at low luminosity and two tag

jets are required with Etag > 300 GeV. The results are shown in Table 19-27 for an integrated lu-

minosity of 30 fb-1 and for mH = 1 TeV. Table 19-27 shows the numbers of events produced, the

acceptances of the loose central cuts, of the central jet veto and of the double jet tag, together

with the numbers of events passing the successive sets of cuts for the signal and the various

backgrounds.

Figure 19-39 For an integrated luminosity of 30 fb-1

and for the H → WW → lνjj channel with mH = 1 TeV,
distribution of reconstructed mass of the lνjj system,
mlνjj, for the background (dark shaded histogram) and
for the summed signal and background (light shaded
histogram) after applying the high-pT central cuts (see
text), a central jet veto and a double jet tag
(Etag > 100 GeV).
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Compared to the results shown in Table 19-26 for the high-pT central cuts, the signal-to-back-

ground ratio has degraded from about 3:1 to about 1:2 and the overall signal rate has increased

by a factor 2. The choice of looser central cuts provides nevertheless the possibility to demon-

strate the existence of a Higgs-boson signal from a study of the reconstructed invariant mass of

the (lνjj) system, mlνjj. Figure 19-40 shows the distribution of mlνjj before and after the double jet

tag is required for mH = 1 TeV. The broad signal from H → WW → lνjj decays now clearly

emerges from the background, which is unbiased down to values of mlνjj around 500 GeV.

Table 19-27 For an integrated luminosity of 30 fb-1 and for the H → WW → lνjj channel with mH = 1 TeV,
expected numbers of signal and background events as a function of the cuts applied (see text). The accept-
ances and event rates are given separately for the loose central cuts, the central jet veto and the double jet tag.

Higgs signal
(mH = 1 TeV)

tt
(pT > 120 GeV)

W+jets
(pT > 100 GeV)

WW
(pT > 50 GeV)

Events produced 486 2 250 000 10 400 000 255 000

After loose central cuts:

Acceptance

Events

45.7%

222

1.7%

38,300

0.15%

15,700

0.8%

2070

After central jet veto (pT > 20 GeV):

Acceptance

Events

64.5%

143

7.4%

2800

44.0%

6900

56.4%

1170

After double jet-tag (Etag > 300 GeV):

Acceptance

Events

50.7%

73

3.0%

85

0.9%

62

0.3%

3

Figure 19-40 For an integrated luminosity of 30 fb-1

and for mH = 1 TeV, distribution of mlνjj for the summed
signal+background before jet tagging cuts (top) and
after requiring two tag jets with Etag > 300 GeV (bot-
tom). The results are obtained for the loose central
cuts (see text).

Figure 19-41 For an integrated luminosity of 30 fb-1

and for mH = 800 GeV, distribution of mlνjj for the
summed signal+background after requiring two tag
jets with Etag > 200 GeV (top) and Etag > 400 GeV
(bottom). The results are obtained for the loose central
cuts (see text).
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Figure 19-41 shows for mH = 800 GeV, that the emergence of the signal can be further demon-

strated by varying the energy threshold on the tag jets around its nominal value. As the thresh-

old increases, the ratio between the signal peak around mH and the kinematic peak of the

background around 500 GeV increases significantly, thereby demonstrating the very different

nature of the production mechanisms for the signal and background processes.

Preliminary studies have been done how well one could extract the main parameters of the ob-

served resonance, namely its mass, width and height. A simple exponential fit is used for the

mlνjj distribution of the background and the signal shape is fitted to a Breit-Wigner with a width

proportional to mH
3. The results obtained for an integrated luminosity of 30 fb-1 indicates that

the Higgs-boson mass would be measured with a statistical accuracy of about 5% and the signal

rate would be measured to about 20%. A better description of the line shape of a very heavy

Higgs boson would of course be needed to evaluate the systematic uncertainties on these diffi-

cult measurements of H → WW → lνjj with mH ~ 1 TeV.

The H → ZZ → lljj channel cannot compete with the H → WW → lνjj channel, since its rate is

about six times lower. Nevertheless, it does not suffer from any significant tt background, and

could be used for integrated luminosities above 100 fb-1 to confirm the observation of a signal in

the H → WW → lνjj channel, and thereby to compare the couplings of the Higgs boson to W and

Z bosons.

The extraction of the signal proceeds along exactly the same lines as for the H → WW → lνjj
channel [19-55], except that a narrow mass window around the nominal Z mass is applied to the

invariant mass of the lepton pairs. The only significant background then arises from Z+jet pro-

duction, and the expected event rates before cuts and after all cuts, including a double jet tag

with Etag > 300 GeV and Etag > 600 GeV, are shown in Table 19-28 for an integrated luminosity

of 100 fb-1 and for the high-pT central cuts described in the previous Section.

Since high-luminosity operation is discussed here, Table 19-28 also shows the results obtained

from full simulation and reconstruction including pile-up. The efficiency of the jet-tagging cuts

is 15% lower than that obtained with fast simulation and the background increases by a factor

two due to fake tag jets.

Table 19-28 For an integrated luminosity of 100 fb-1 and for the H → ZZ → lljj channel with mH = 1 TeV and
800 GeV, expected numbers of produced and accepted signal and background events, signal-to-background
ratios and signal significances. The events are accepted if they pass all cuts, namely the high-pT central cuts,
the central jet veto, and a double jet tag with Etag > 600 GeV or Etag > 300 GeV. Also shown are the results from
full simulation and reconstruction for Etag > 300 GeV.

Higgs signal Z+jets
(pT > 100 GeV)

S/B Significance
(Poisson)

Events produced

mH = 1 TeV

mH = 800 GeV

260

540

4 600 000

mH = 1 TeV
Etag > 600 GeV

Etag > 300 GeV

Full simulation with pile-up (Etag > 300 GeV)

9.2

17.3

14.7

2

8

18

4.6

2.2

0.8

4.3

4.7

2.9

mH = 800 GeV
Etag > 600 GeV

Etag > 300 GeV

Full simulation with pile-up (Etag> 300 GeV)

9.4

19.2

16.3

2

8

18

4.7

2.4

0.9

4.3

5.2

3.3
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In conclusion, the H → ZZ → lljj channel with mH ~ 1 TeV can only be observed for the ultimate

integrated luminosity of 300 fb-1 presently envisaged for ATLAS.

19.2.10.3 H → WW → lνjj  for mH < 800 GeV

The results presented in Section 19.2.10.2 naturally call for an extension of the search for

H → WW → lνjj decays for Higgs-boson masses below 800 GeV. A very similar study has there-

fore been performed for mH = 600 GeV [19-57].

• As shown in Table 19-29, central cuts on the reconstructed W → lν and W → jj decays are

applied. These cuts have to be relaxed with respect to the values used for mH = 1 TeV and

the signal-to-background ratio is therefore much worse in this case.

• Although the same method is used for the W → jj reconstruction as that described in the

case of mH ~ 1 TeV, the cone size for the calculation of mjj using the cells has to be in-

creased from ∆R = 0.4 to ∆R = 0.8, since the boost of the W boson decreases as mH decreas-

es (see also Section 9.3.1).

• The central jet-veto cuts are the same as for mH = 1 TeV (threshold of 15 GeV at low lumi-

nosity and of 25 GeV at high luminosity).

• Two forward tag jets are required and the signal observability is studied as a function of

the energy threshold, Etag, applied to these jets.

Tables 19-30 and 19-31 show the expected signal and background rates, before and after the suc-

cessive cuts, respectively for integrated luminosities of 30 fb-1 (low-luminosity operation)

and 100 fb-1 (high-luminosity operation). As already stated, jet tagging in the forward regions is

necessary to achieve a sufficiently high signal-to-background ratio. The signal appears to be ob-

servable even for an integrated luminosity of 30 fb-1.

This is confirmed by studying the shape of the mlνjj spectrum. In contrast to Section 19.2.10.2,

where the Higgs-boson width entirely dominates the quality of the reconstruction of the signal

peak, the experimental resolution on mlνjj begins to play a significant role for mH = 600 GeV. The

experimental resolution is approximately 40 GeV at low luminosity and 46 GeV at high lumi-

nosity, as obtained from full simulation and reconstruction. The dominant contributions to the

experimental resolution arise from the W → jj mass resolution, the ET
miss resolution, and the re-

construction of the longitudinal momentum of the neutrino using the W-mass constraint. The

overall experimental resolution is comparable to the effective rms of the Higgs-boson width,

ΓH
tot ~ 120 GeV. Figures 19-42 and 19-43 show the distribution of mlνjj for the background and

for the summed signal+background, respectively for integrated luminosities of 30 fb-1 and

100 fb-1. In both cases, the signal is clearly visible above the background, which peaks around

500 GeV.

Table 19-29 Efficiencies of the central cuts at low luminosity and numbers of signal and background events
accepted after all cuts, for an integrated luminosity of 30 fb-1 and for the H → WW → lνjj channel with
mH = 600 GeV.

Cuts Higgs signal tt W+jets

Lepton cuts 58% 9.8% 2.7%

Jet cuts 68% 21.2% 4.3%

Events accepted 733 93 000 68 000
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Table 19-30 For an integrated luminosity of 30 fb-1 (low-luminosity operation) and for H → WW → lνjj decay
with mH = 600 GeV, expected numbers of signal and background events before cuts, after central cuts, after jet-
veto cut and after requiring a double jet tag (see text). Also shown are the signal-to-background ratios and the
signal significances.

Cuts Higgs signal tt W+jets S/B

Events produced 1860 4 440 000 56 820 000 0.00003 0.23

After central cuts 733 93 000 68 000 0.005 1.8

After central jet veto (pT > 15 GeV) 466 6 200 29 000 0.013 2.5

After double jet-tag:

Etag > 100 GeV

Etag > 400 GeV

Etag > 600 GeV

323

187

114

680

145

45

1530

570

280

0.06

0.26

0.35

6.9

7.0

6.3

Table 19-31 Same as Table 19-30, but for an integrated luminosity of 100 fb-1 (high-luminosity operation)

Cuts Higgs signal tt W+jets S/B

Events produced 6200 14 800 000 189 400000 0.00003 0.43

After central cuts 2470 340 000 240 000 0.004 3.2

After central jet veto (pT > 25 GeV) 1500 17 000 84 000 0.015 4.7

After double jet-tag:

Etag > 100 GeV

Etag > 400 GeV

Etag > 600 GeV

1060

642

398

3100

1200

460

5900

1470

630

0.11

0.26

0.36

11.0

12.9

12.0

Figure 19-42 For an integrated luminosity of 30 fb-1

and for H → WW → lνjj decays with mH = 600 GeV,
distribution of mlνjj for the background (shaded histo-
gram) and for the summed signal+background (points
with error bars).

Figure 19-43 Same as Figure 19-42, but for an inte-
grated luminosity of 100 fb-1.
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Finally, the study of the H → WW → lνjj chan-

nel has been repeated for mH = 300 GeV [19-

57], to evaluate the overlap of this channel

with the H → ZZ → 4l and H → ZZ → llνν
channels. For mH = 300 GeV, the W → jj decays

can be reconstructed using standard tech-

niques, but the kinematic cuts have to be loos-

ened even further, leading to an even lower

signal-to-background ratio. Nevertheless,

with the help of tight jet-veto and jet-tagging

cuts, the signal can be observed above the

background, as shown in Figure 19-44. The

very similar shapes of the signal and back-

ground lead to the conclusion that this chan-

nel can only be used for confirmation of a

discovery in another channel for

mH = 300 GeV.

19.2.10.4 Conclusions

The studies described above demonstrate that

the SM Higgs boson would be observable in the H → ZZ → llνν, H → ZZ → lljj and

H → WW → lνjj decay modes, over most of the mass range from 300 GeV to 1 TeV. This can be

achieved only through the requirement of two tag jets in the forward regions (2 < |η| < 5),

which selects the qq → qqH production process and strongly reject the backgrounds from tt and

W/Z+jet production.

The critical issues concerning the detector performance in these channels are the reconstruction

of high-pT W → jj decays, the efficiency of tight jet-veto cuts as a function of luminosity, the in-

strumental tails in the ET
miss distribution from mis-measured jets, and the performance of jet

tagging in the forward calorimeters. All these issues have been studied with full simulation and

reconstruction, and the physics performance estimates have been updated to account for the re-

sults of these detailed studies.

The most recent efforts have concentrated on demonstrating the observability of the signal from

H → WW → lνjj decays above the background by using the reconstructed distribution of the

mass of the lνjj system. At the same time, a first study of the sensitivity to the Higgs-boson

mass, width and cross-section has been performed.

19.2.11 Overall sensitivity to the SM Higgs searches

The overall sensitivity for the discovery of a Standard Model Higgs boson over the mass range

from ∼80 GeV to ∼1 TeV is shown in Figure 19-i. The sensitivity is given in units of for the

individual channels as well as for the combination of the various channels, assuming integrated

luminosities of 30 and 100 fb-1. A Standard Model Higgs boson can be discovered in the ATLAS

experiment over the full mass range up to ∼1 TeV with a high significance. A 5σ-discovery can

already be achieved over the full mass range after a few years of running at low luminosity. As

Figure 19-44 Same as Figure 19-42, but for
mH = 300 GeV.
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already mentioned, no K-factors have been included in the evaluation of the signal significance.

This is a conservative assumption, provided the K-factor for the signal process of interest is larg-

er than the square root of the K-factor for the corresponding background process.

The requirements on the detector performance are the most demanding for the discovery of a

Standard Model Higgs boson in the intermediate mass range, 80 < mH < 2mZ, as discussed in

Section 19.2.8. For mH > 2mZ, the dominant discovery channel is the four-lepton channel. In this

case, the background is small and dominated by irreducible ZZ continuum production. For

mH > 300 GeV the requirements on the detector performance are rather modest in this channel,

since the Higgs width is larger than the detector resolution. A high-significance discovery of the

Higgs boson can be achieved for Higgs-boson masses up to 600 GeV over less than one year of

data-taking at low luminosity.

A Standard Model Higgs boson in the mass range between 400 GeV and about 1 TeV would also

be discovered with the H → WW → lνjj mode providing the best discovery potential in this

mass range. The good sensitivity to this channel for lower masses, provides independent and

complementary information to the four-lepton channel. For 400 < mH < 900 GeV, the

H → WW → lνjj channel is complemented by the H → ZZ → lljj and H → ZZ → llνν channels,

which would provide additional robustness to a Higgs-boson discovery in this mass range.

As can be seen from Figure 19-i, at least two discovery channels are available over most of the

Higgs-boson mass range. A comparison of the various production rates would provide valuable

information for the determination of the Higgs-boson parameters, as discussed in the next Sec-

tion.

19.2.12 Determination of the SM Higgs-boson parameters

Assuming that a Standard Model Higgs boson will have been discovered at the LHC, the AT-

LAS potential for the precision measurement of the Higgs parameters (mass, width, production

rates, branching ratios) [19-58] is discussed in this section. Such measurements should give fur-

ther insights into the electroweak symmetry-breaking mechanism and into the way the Higgs

couples to fermions and bosons, and in some cases should allow a distinction between a SM and

a MSSM Higgs boson (see also [19-59]).

The results presented here are limited to the mass region between 80 GeV and 700 GeV. For larg-

er masses, the Higgs resonance becomes very broad (ΓH > 200 GeV) and therefore precision

measurements are meaningless. An integrated luminosity of 300 fb-1 is assumed in the follow-

ing.

19.2.12.1 Measurement of the Higgs-boson mass

The ultimate experimental precision with which ATLAS should be able to measure the Higgs-

boson mass is shown in Figure 19-45. The results obtained in the various decay channels, as

well as the combination of all channels, are given. The quoted precision includes the statistical

error in the determination of the peak position, coming from both the limited number of signal

events and the error on the background subtraction (the background is assumed to be flat under

the peak), and the systematic error on the absolute energy scale. The latter is assumed to be

0.1% for decay channels which contain leptons or photons (e.g. H → γγ, H → ZZ(∗) → 4l) and 1%
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for decay channels containing jets (e.g. H → bb). Although the ATLAS goal is to determine the

lepton energy scale to 0.02% (see Chapter 12 and Section 16.1), a more conservative error of

0.1% has been assumed as a baseline in this study.

For comparison, the precision of the Higgs-bo-

son mass measurement has also been deter-

mined assuming a systematic uncertainty of

0.02% for the electromagnetic energy scale.

Figure 19-45 indicates that the Higgs mass can

be measured with a precision of 0.1% up to

masses of about 400 GeV if a scale uncertainty

of ±0.1% is assumed. This number could be

slightly improved in the mass range between

∼150 and ∼300 GeV if instead a better-scale un-

certainty of ±0.02% could be achieved. For

larger masses, the precision deteriorates be-

cause the Higgs-boson width becomes large

and the statistical error increases. However,

even for masses as large as 700 GeV, the

Higgs-boson mass can be measured with an

accuracy of 1%.

The precision of the measurement is deter-

mined by the four-lepton and two-photon

channels, whereas the H → bb channel contrib-

utes very little. This is due to both the larger

systematic error on the absolute jet scale com-

pared to the absolute lepton/photon scale and

the larger statistical error because of worse

mass resolution (~20 GeV for H → bb, compared to ~1.5 GeV for H → γγ and H → ZZ∗ → 4l).

No theoretical errors are included in the results presented in Figure 19-45. The uncertainty re-

sulting from uncertainties on the structure functions is expected to be much smaller than

10 MeV [19-60]. A potentially larger error may come from the fact that, for mH > 700 GeV, when

the Higgs-boson width becomes large, interference effects between the resonant and the non-

resonant processes tend to shift the position of the Higgs-boson peak towards lower values [19-

49].

19.2.12.2 Measurement of the Higgs-boson width

The Higgs-boson width, ΓH
tot, can be experimentally obtained from a measurement of the

width of the reconstructed Higgs peak, after unfolding the contribution of the detector resolu-

tion. This direct measurement is only possible for Higgs-boson masses larger than 200 GeV,

above which the intrinsic width of the resonance becomes comparable to or larger than the ex-

perimental mass resolution. This is the mass region covered mainly by H → ZZ → 4l decays.

Figure 19-45 Relative precision ∆mH/mH on the
measured Higgs-boson mass as a function of mH,
assuming an integrated luminosity of 300 fb-1. The dif-
ferent open symbols correspond to different individual
channels. The black triangles (black circles) corre-
spond to the combination of all channels for an overall
uncertainty of 0.1% (0.02%) on the absolute scale of
the EM Calorimeter.
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The ultimate precision on ΓH, which can be

achieved by ATLAS, is shown in Figure 19-46.

These results include the statistical uncertain-

ty coming from the number of signal events,

and the systematic uncertainty coming from

the measurement of the peak width and the

knowledge of the detector energy and mo-

mentum resolution. In both cases, the system-

atic error is dominated by the uncertainty on

the radiative decays and has been conserva-

tively assumed to be 1.5% (see Section 16.1).

As discussed in more detail in Section 16.1, the

detector resolution will be obtained from the

measurement of the Z width. The systematic

uncertainty on the background subtraction

has been neglected in this case since the sig-

nal-to-background ratio is large over most of

the mass region relevant for this measure-

ment.

Figure 19-46 shows that the precision im-

proves with the Higgs-boson mass up to mass-

es of ~300 GeV. For the higher masses the intrinsic width becomes larger and its contribution to

the total resolution dominates compared to the detector resolution. Over the range

300 < mH < 700 GeV, the precision of the measurement is approximately constant and of the or-

der of 6%.

19.2.12.3 Measurement of the Higgs-boson
rate

The measurement of the Higgs-boson rate in a

given decay channel provides a measurement

of the production cross-section times the de-

cay branching ratio for that channel. Such

measurement in some cases would help to dis-

entangle between SM and MSSM Higgs sce-

narios as discussed in Section 19.3.2.4.

The statistical error on such measurements is

expected to be smaller than 10% over the mass

region 120 - 600 GeV using the γγ, bb and 4l fi-

nal states. The main systematic error comes

from the knowledge of the luminosity (see

Chapter 13). Two values have been considered

for the luminosity uncertainty: 5%, a some-

what ambitious goal, and 10% (a more con-

servative estimate).

Figure 19-46 Relative precision ∆ΓΗ/ΓΗ οn the meas-
ured Higgs-boson width as a function of mH, assuming
an integrated luminosity of 300 fb-1.
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of the Higgs-boson rate (σ × BR) for various channels,
as a function of mH, for various channels, assuming an
integrated luminosity of 300 fb-1. The luminosity is
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An additional systematic error of 10% has been included to take into account the uncertainty on

the background subtraction for channels where the background is not completely flat under the

peak (e.g. ttH with H → bb).

Figure 19-47 shows the expected experimental uncertainty on the Higgs-boson rates, for various

production and decay channels and for both assumptions on the luminosity uncertainty. Over

the mass region 120 - 600 GeV, the Higgs-boson production rate can be measured with a preci-

sion of 12% (7%) if the luminosity is known to 10% (5%). These results stress the importance of

future experimental and theoretical efforts to achieve a measurement of the absolute luminosity

at the LHC to an accuracy at the level of a few percent.

19.2.12.4 Couplings and branching ratios

Once the Higgs-boson rate in a given decay channel is measured, an accurate theoretical predic-

tion for the Higgs-boson production cross-section would allow a measurement of the branching

ratio for the decay in that channel. Without theoretical assumptions, one can only measure ra-

tios of rates for different channels, which in turn provide ratios of couplings and branching ra-

tios. By performing these measurements for several channels, one can obtain several constraints

on the Higgs-boson couplings to fermions and bosons, which can be used to test the theory.

A few examples of such measurements are given below, together with the expected precision

for an integrated luminosity of 300 fb-1:

• A measurement of the ratio of the H → γγ and H → bb rates in the associated production

of Higgs bosons would provide the ratio between the H → γγ and H → bb branching ra-

tios. Such a measurement can only be performed over the mass range, 80 <mH < 120 GeV,

with an accuracy of about 30%, dominated by the statistical error.

• A measurement of the ratio between the H → γγ and H → ZZ∗ → 4l rates would provide

the ratio of the H → γγ and H → ZZ* branching ratios. Such a measurement can only be

performed over the mass range 120 < mH < 150 GeV, with an accuracy of about 15%, dom-

inated by the statistical error.

• A measurement of the ratio between the rate for ttH production and the rate for WH pro-

duction both followed by H → γγ or H → bb decay, would provide the ratio of the Higgs

couplings to the top quark (Yukawa coupling) and to the W boson. This measurement can

only be performed over the mass range 80 < mH < 120 GeV, with an accuracy of about

25%, dominated by the statistical error.

In all the cases mentioned above, the statistical uncertainty dominates the measurement be-

cause the mass regions where two different channels overlap are at the edges of the sensitivity

of one or the other channel. Furthermore, some systematic errors, such as the uncertainty on the

absolute luminosity, cancel in the ratios.

It should be noted that, in addition to the measurements quoted above, other possibilities will

also be studied. For example, the ratio between the WW(*) and ZZ(*) rates is sensitive to the cou-

plings of the Higgs to the W and Z bosons. This ratio could be measured in the high mass region

(mH > 300 GeV) and, with a somewhat larger systematic uncertainty, in the mass range

around 170 GeV. The WH → WWW(*) → 3l mode could provide additional information on the

couplings of the Higgs boson to vector bosons. Finally, the ratio between the production cross-

section via gg fusion and WW fusion can be measured, e.g. using forward jet tagging for

H → ZZ → 4l. This could provide an indirect constraint on the Higgs-boson couplings to fermi-

ons and bosons.
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19.2.12.5 Towards a determination of the spin and parity of the Higgs boson

The Standard Model predicts the Higgs boson to be a CP-even scalar particle. If the Higgs boson

were discovered, these properties would have to be verified.

Only a few channels can give information on the spin and CP. A priori some general arguments,

based on specific couplings, may be used to determine the spin. If, for example, the Higgs-bos-

on is seen in the H → γγ decay mode, then Yang’s theorem implies that it is not a vector, and it

must have a CP-even component. If the Higgs boson is observed in production and/or decay

channels that require it to have substantial WW and/or ZZ couplings, it is very likely to have a

large CP-even component, given that the WW/ZZ couplings of a pure CP-odd Higgs boson arise

only at the one-loop level. Verifying that it is purely CP-even, as predicted by the Standard

Model, will be much more challenging [19-61][19-62].

From the above, it is clear that a direct measurement of the Higgs-boson spin through the meas-

urement of the angular distributions of its decay products is needed. A first study has therefore

been performed [19-63], in which the sensitivity of the angular distributions to the spin of the

Higgs boson is investigated. In this study, the H → γγ and the H → ZZ → 4l channels are used.

In the H → γγ channel, the expected signal-to-background ratio is small, typically a few percent.

This severely limits the potential to determine the spin structure from the angular distributions

of the two photons. If only signal events are considered, it would be possible to discriminate

with a significance of 10.7σ between the flat distribution, expected for the decay of a spin-zero

particle, and a (1+cos2θ*) distribution, where θ* is the polar angle in the centre-of-mass of the

decaying Higgs boson. The significance has been evaluated using a Kolmogorov-Smirnov test,

assuming an integrated luminosity of 100 fb-1. This sensitivity is substantially reduced, if the

impact of the kinematic cuts, of the detector acceptance, and in particular of the background

events are taken into account. The expected discrimination capability between the two hypothe-

ses described above is reduced to a value below 1.5σ, even for an integrated luminosity of

300 fb-1.

In the H → ZZ → 4l channel, the expected signal-to-background ratio is much more favourable.

For Higgs-boson masses between 200 and 400 GeV, it is about 20 (see Section 19.2.5). In this

channel, in addition to the θ* angular distribution of the Z bosons in the Higgs-boson centre-of-

mass, the azimuthal separation ∆φ between the two reconstructed Z bosons is sensitive to the

spin of the Higgs-boson. For Higgs-boson decays into ZZ the azimuthal separation ∆φ is expect-

ed to be smaller than for the ZZ continuum background. Both the cos(θ*) and the ∆φ distribu-

tions depend on the ratio mH/mZ (particularly the θ* distribution) and on the selection criteria.

The optimisation of the signal-to-background ratio for higher Higgs-boson masses, with the se-

lection cut requiring pT
Z

max > mH/3 causes the ∆φ distribution to be more similar for the select-

ed signal and background events. It can however still be demonstrated that, with a high

significance, these angular distributions are incompatible with those expected for background

events alone [19-63]. A more quantitative analysis of the discrimination between a spin-0 and a

spin-1 particle, using this channel, is currently being carried out.

As suggested in [19-64], the ttH production channel could possibly be used to distinguish a CP-

even from a CP-odd Higgs boson. This channel would however only provide sensitivity in the

Higgs-boson mass window between 80 and 130 GeV. The method proposed requires the recon-

struction of the momenta of both top quarks, which then could be used in a variety of simple

variables. These variables are products of the reconstructed top-quark momenta and should
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have sensitivity to the CP quantum number of the Higgs boson. Although this method looks in-

teresting, its application at the LHC is difficult and might be limited by the available signal

rates:

• For an integrated luminosity of 300 fb-1 and the H → γγ decay mode the expected number

of signal events is 20, before top-quark reconstruction, with a signal-to-background ratio

of 1 (see Section 19.2.2). The expected efficiency for the reconstruction of both top-quarks

(in the jjb and lνb channels) does not exceed 20% [19-35]. If b-tagging efficiencies are in-

cluded, less than five reconstructed signal events are expected, with a signal-to-back-

ground ratio of about one.

• More events can be expected in the H → bb mode, see Section 19.2.4.3. For an integrated

luminosity of 30 fb-1 and mH = 100 GeV, about 61 signal and 150 background events are

expected to be reconstructed within the mass windows.

In addition, the systematic uncertainties linked to the reconstruction of the top-quark momenta

have to be understood.

19.2.12.6 Conclusion

The results presented in the previous Sections demonstrate that ATLAS has a large potential,

not only for the discovery of a Standard Model Higgs boson, but also for precision measure-

ments of the Higgs-boson parameters. In particular, with an integrated luminosity of 300 fb-1

ATLAS would measure the Higgs-boson mass with a precision of 0.1% over the mass range 80 -

400 GeV, the Higgs-boson width with a precision of 6% over the mass range 300 - 700 GeV, the

Higgs-boson production rate with a precision of 10%, and several of the most important cou-

plings and branching ratios with a precisions of the order of 25%.

The determination of the spin and the CP quantum number of the Higgs boson from angular

distributions is not straightforward at the LHC. Most channels suffer from too large back-

grounds or too few events, and hence detailed studies of angular distributions are difficult. The

most promising channel for a meaningful measurement is the H → ZZ(∗) → 4l channel.
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19.3 Minimal Supersymmetric Standard Model Higgs boson

19.3.1 Introduction

The investigation of the Higgs sector of the MSSM [19-10] is complex, since one has to deal with

a rich spectrum of possible signals. The Higgs sector contains two charged (H±) and three neu-

tral (h, H, A) physical states. At the tree level, all Higgs-boson masses and couplings can be ex-

pressed in terms of two parameters only. They are usually chosen to be mA, the mass of the CP-

odd boson, and tanβ, the ratio of the vacuum expectation values of the Higgs doublets. Howev-

er, the radiative corrections from loops containing top quarks or SUSY particles substantially

modify the tree-level formulae for masses and mixing patterns in the Higgs sector [19-65][19-66]

[19-67][19-68]. This has important implications for the strategies of MSSM Higgs-boson search-

es. At three-level the relation mh< mZ cos2β holds, but the radiative corrections increase this up-

per limit to 150 GeV [19-11] in the most general case.

Over the past years, prospects for the detection of MSSM Higgs bosons at the LHC have been

re-evaluated both theoretically [19-69] and experimentally [19-16]. These studies have selected

sets of parameters, for which supersymmetric (SUSY) particle masses are large, so that Higgs-

boson decays to SUSY particles are kinematically forbidden. The interest was focused on the

discovery potential of various decay modes accessible also in the case of the SM Higgs boson:

h → γγ, h → bb, H → ZZ → 4l, and of modes strongly enhanced at large tanβ: H/A → ττ,
H/A → µµ. Much attention was given also to other potentially interesting channels such as:

H/A → tt, A → Zh, H → hh. The conclusions drawn from these studies were that the complete

region of parameter space, mA = 50 - 500 GeV and tanβ = 1 - 50, should be accessible for Higgs-

boson discovery by the ATLAS experiment. Over a large fraction of this parameter space, more

than one Higgs boson and/or more than one decay mode would be accessible. The most diffi-

cult region was identified as the moderate tanβ and moderate mA region, where only the light-

est Higgs boson would be observable. Also, for larger values of mA (mA > 500 GeV), only the

lightest Higgs boson, h, would most likely be observable. A summary of these studies is pre-

sented in Section 19.3.2 and Section 19.3.3.

If SUSY particles are light enough, decays of Higgs bosons to SUSY particles are kinematically

allowed. The SM decay modes are then suppressed, competing in most cases with decays to

charginos and neutralinos. The prospects for the observability of Higgs bosons under these con-

ditions have also been evaluated [19-70] and are presented in Section 19.3.5. These studies have

been performed using the more constrained SUGRA model [19-71]. With the allowed parame-

ters combinations of SUGRA, the (mA, tanβ) plane is still fully covered within the limits dis-

cussed above, but the possibility of discovering heavy Higgs bosons might be more limited.

Some suppression of SM decay modes would occur in the low tanβ range, where, however new

four-lepton signatures from Higgs-boson decays to SUSY particles would appear. Over a large

fraction of the SUGRA parameter space, the possibility to observe the lightest Higgs boson, h, in

SUSY cascade decays has also been systematically explored.

Some MSSM signatures have been investigated, even if the expected sensitivity is rather weak

or if their observability is already almost excluded by searches at LEP2. These studies are never-

theless considered valuable, since they provide model-independent probes of possible Higgs-

boson signatures and since they contribute to the general process of quantifying and optimising

the detector performance for the exploration of new physics signatures.
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Most studies presented below have been performed with the fast detector simulation, in partic-

ular to obtain a careful evaluation of the expected backgrounds. For several channels results ob-

tained for mass resolutions, acceptances or reconstruction efficiencies have been confirmed with

full simulation (see Section 2.5 and Section 9.3).

19.3.2 Scenarios with heavy SUSY particles

19.3.2.1 General considerations

In this study, two-loop equivalent calculations are used for the masses and couplings [19-66]

[19-67][19-68], as well as one-loop calculations for some decay branching ratios [19-66][19-20].

QCD corrections are partially taken into account by including running quark masses in the cal-

culations of branching ratios. As mentioned above, it is assumed that SUSY particles are suffi-

ciently heavy that they do not play an important role in the phenomenology of MSSM Higgs-

boson decays.

In addition, for the benchmark sets of MSSM

parameters [19-11], where MSUSY is fixed to

1 TeV, an extreme configuration of stop mixing

parameters (At, µ) has been chosen, the so-

called minimal mixing scenario

(At, µ << MSUSY). This scenario corresponds to

the most pessimistic discovery scenario at the

LHC, since these choices for the additional

MSSM parameters give the lowest possible

upper limit for mh. This reduces the LHC po-

tential for h-boson discovery in the h → γγ
channel, and also suppresses the

H → ZZ(∗) → 4 l channel.

In the minimal mixing scenario the predicted

upper limit on mh is 115 GeV for a top mass of

175 GeV [19-72]. This upper limit would in-

crease to ~ 122 GeV, if maximal mixing were

assumed. Figure 19-48 shows mh as a function

of mA for three values of tanβ. The value of mh
depends very little on mA for mA > 200 GeV

and reaches its maximum allowed value for

mA > 200 GeV and tanβ > 10. The masses of the charged Higgs-bosons mH
±, and of the heavier

neutral CP-even Higgs boson, mH, vary nearly linearly with mA. For large values of mA all Higgs

bosons except h are heavy and degenerate in mass.

The total decay widths of the MSSM Higgs bosons differ significantly from that of a SM Higgs

boson of the same mass (see e.g. [19-16]). For large values of tanβ, the width of the h-boson is

usually larger than that of a SM Higgs. However, it tends towards the SM value, as the h-boson

mass approaches its maximal value for a given value of tanβ. This is the case for most of the rel-

evant parameter space in the (mA, tanβ) plane. Consequently, in most cases, the h-boson width

is much smaller than the experimental resolutions expected for the decay modes observable at

the LHC. The decay widths of the H- and A- bosons are also in general much smaller than that

Figure 19-48 Two-loop equivalent predictions for mh
as a function of mA and for tanβ = 1.5, 3, 30 in the min-
imal mixing scenario, as used throughout these stud-
ies.
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of the SM Higgs boson of the same mass. However, they become relatively large with increasing

mA and/or tanβ. This has been taken into account whenever relevant for the evaluation of the

significance of a possible signal from the decay of the heavy Higgs bosons.

In the (mA, tanβ) region of parameter space relevant for the LHC searches, both the direct and

associated production cross-sections and the branching ratios h → γγ and h → bb reach asymp-

totically the SM values as mA and/or tanβ increases. In general, they are somewhat suppressed,

except when mh gets close to its maximum allowed value for a given value of tanβ. In this case,

the σ × BR of the h-boson are even larger by 10 - 20% than the corresponding SM values. In this

decoupling limit, the lightest MSSM Higgs-boson h behaves like a SM Higgs.

For the H/A bosons, the expected rates and decay channels vary rapidly with mA and tanβ. As

discussed in the next Sections, the variety of decay channels of interest is much richer than in

the SM case. Typical features of MSSM Higgs decays are:

• the strong suppression of the HZZ and HWW coupling and absence of such couplings for

the A-boson, which enhances the branching ratio of the other decay channels, such as

H/A → ττ, H/A → tt;

• the strong enhancement of the bbH, bbA coupling for large values of tanβ which leads to

the dominance of this production mode;

• and the existence of decays with more than one Higgs boson involved, such as H → hh
and A → Zh.

19.3.2.2 h , H , A → γγ

h , H → γγ

The observability of the inclusive H → γγ channel has been described in detail in Section 19.2.2.1

for the case of a SM Higgs boson. The search for the SM Higgs boson in H → γγ decays can also

be performed using associated WH and ttH production, as described in Section 19.2.2.2. The ex-

pected sensitivity for this channel can be combined with that for the inclusive one to improve

the overall discovery potential for H → γγ decays.

The expected MSSM rates, for both h → γγ and H → γγ, are generally suppressed with respect to

the SM case. However, they could also be slightly enhanced over limited regions of parameter

space, as discussed above. In order to evaluate the overall sensitivity to γγ decays of the MSSM

Higgs bosons, the results of the SM searches have been used. To obtain the 5σ-discovery con-

tour curves in the (mA, tanβ) plane, only h-boson masses above 70 GeV have been considered,

since a proper experimental study of signal acceptance and background rates has not been per-

formed for masses much below 80 GeV, and also since the present experimental limit from LEP2

is already of mh ~ 80 GeV for any MSSM scenario [19-7].

The expected 5σ discovery contour curves in the (mA, tanβ) plane are shown in Figures 19-49

and 19-50, respectively for integrated luminosities of 100 and 300 fb-1. For the inclusive channel,

the observability depends critically on the integrated luminosity. This is a consequence of the

slow variation of mh and σ × BR with increasing mA.
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Figures 19-49 and 19-50 show that a combined 5σ-discovery is possible for all values of tanβ
provided mA is larger than 180 GeV (260 GeV), for an integrated luminosity of 300 fb-1 (100 fb-

1). In the (mA, tanβ) plane, the position of the 5σ-discovery contour curves is uncertain to

~ ± 30 GeV along the mA-axis, due to the rather large theoretical uncertainties still inherent to

the calculation of mh as a function of mA.

The h → γγ branching ratio has been computed here assuming that all SUSY particles have a

mass of 1 TeV. More realistic mass spectra of SUSY particles usually contain lighter stop-quarks

and charginos/neutralinos, and this may significantly decrease the h → γγ branching ratio [19-

73], which can also be affected by possible decays of the h-boson to the lightest neutralinos. In

addition, SUSY particle masses lighter than 1 TeV could affect the gg → h production cross-sec-

tion. For some specific choices of the SUSY model parameters, this cross-section could decrease

by more than one order of magnitude. The h → γγ channel would then only be observable at

the LHC through the associated Wh and tth production. While this would reduce the sensitivity,

a significant fraction of the (mA, tanβ) plane could still be covered with these processes alone.

Since the SM and the MSSM h, H → γγ rates are very similar over the accessible mass range, the

observation of a Higgs boson decaying to γγ will not be sufficient to demonstrate the existence

of a Higgs sector beyond the SM.

The heavy Higgs boson decay, H → γγ, would be observable only in a narrow strip for low mA
value (mA = 70 - 80 GeV) corresponding to mH = 110 - 120 GeV. This range of mA is already al-

most excluded by searches at LEP2 [19-7].

Figure 19-49 For an integrated luminosity of 100 fb-1,
5σ-discovery contour curves for the h → γγ (inclusive,
associated and combined) and A → γγ channels in the
(mA, tanβ) plane. The shaded areas indicate the side
of the contour curves where the corresponding signal
would be observable.

Figure 19-50 Same as Figure 19-49, but for an inte-
grated luminosity of 300 fb-1and including H → γγ.
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A → γγ

The CP-odd Higgs boson A can also be

searched for using the rare γγ decay mode. As

in the case of the SM Higgs boson the A → γγ
decay mode is only observable over a limited

region of parameter space, where the produc-

tion cross-section (dominated by gg fusion)

and the decay branching ratio are both rela-

tively large. This region corresponds to small

values of tanβ and to values of mA between

200 - 350 GeV as shown in Table 19-32. For

mA > 2mt the A → tt channel opens up and

strongly suppresses the A → γγ branching ra-

tio.

The signal reconstruction is performed exactly as for the SM H → γγ decay mode, see

Section 19.2.2. However, the pT thresholds for the two photons can be raised considerably, given

the higher Higgs-boson masses considered here. Thresholds of 125 GeV for the leading photon

and 25 GeV for the second photon were found to give the best signal significance for

200 GeV < mA < 400 GeV.

The acceptances of these simple kinematic cuts over this mass range are given in Table 19-32,

which also includes the cross-sections and expected mass resolutions. Due to the narrow width

of the A-boson in the MSSM, the mass resolution is determined by the experimental resolution

of the EM Calorimeter.

Using a mass window of 1.4 σm and applying

an efficiency factor of 80% for the photon iden-

tification, the expected numbers of signal and

background events are given in Table 19-33 for

an integrated luminosity of 100 fb-1. The back-

ground is dominated by the irreducible γγ con-

tinuum, which itself is dominated by the

qq → γγ Born process. As in the case of the

search for SM H → γγ decays, this background

has been scaled up by a factor 1.5 to account

for the quark-bremsstrahlung contribution.

The reducible background is conservatively

assumed to be 35% of the irreducible one, as

estimated for lower masses in the SM Higgs

case. Under these assumptions, the signal significances shown in Table 19-33 are expected.

The region of MSSM parameter space which can be covered by a search for the A → γγ decay

mode is shown in Figures 19-49 and 19-50 for integrated luminosities 100 fb-1 and 300 fb-1, re-

spectively. This channel is shown here for completeness as it provides coverage only over a lim-

ited range of mA values for mA < 2mt and for very low values of tanβ almost excluded already

by LEP experiments.

Table 19-32 Cross-sections times branching ratios,
acceptances and expected mass resolutions for the
A → γγ channel as a function of mA.

mA (GeV) σ × BR (fb) Accept. σm (GeV)

200 7.3 15% 2.0

250 6.5 41% 3.0

300 10.3 57% 4.6

350 2.3 62% 6.3

400 0.2 66% 11.0

Table 19-33 For the A → γγ channel with tanβ = 1.1,
expected number of reconstructed signal and back-
ground events inside the mass window, for an inte-
grated luminosity of 100 fb-1.

mA (GeV) Signal Background

200 52 210 3.6

250 121 1060 3.7

300 252 1660 6.2

350 68 810 2.4

400 5 130 0.5

S B⁄
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19.3.2.3 h → bb

The SM H → bb channel is discussed in detail in Section 19.2.4.2 for WH production (see also

[19-34]) and in Section 19.2.4.3 for ttH production (see also [19-35]). Only the ttH, H → bb chan-

nel can be observed clearly above the background, provided the complete event is reconstruct-

ed. This requires excellent b-tagging performance (see Chapter 10 for more details), since each

event contains four b-jets in the final state.

In the MSSM case, the rates can be enhanced

by 10 - 20% compared to the SM, as discussed

in [19-16]. The sensitivity to a tth, h → bb signal

has been computed from the results obtained

for the SM search, after accounting for the dif-

ferent production and decay rates. The 5σ-dis-

covery contours in the (mA, tanβ) plane are

shown in Figure 19-51. For an integrated lumi-

nosity of 30 fb-1, the h-boson could be discov-

ered in this channel for mA > 150 GeV and

tanβ < 4. For integrated luminosities above

100 fb-1, the observability of the h-boson in

this channel extends to 90% of the (mA, tanβ)

plane. For completeness, Figure 19-51 shows

also the 5σ-discovery contour curve for the

Wh, h → bb channel for an integrated luminos-

ity of 30 fb-1, without including any systematic

uncertainty on the background (see

Section 19.2.4.2). This clearly demonstrates the

superior discovery potential of the tth, h → bb
channel.

In conclusion, the complete reconstruction of

the tth, h → bb final state has resulted in a very large improvement of the signal observability in

this channel with respect to earlier studies [19-34], and the impact of this improvement is most

striking in the MSSM case, as illustrated by Figure 19-51.

19.3.2.4 H → ZZ(∗) → 4 l

As in the h → γγ and h → bb channels, the observability of the H → ZZ(∗) → 4 l channel in the

MSSM is estimated by extrapolating the detailed studies performed in the SM case (see

Section 19.2.5 and Section 19.2.9). For the intermediate mass range, 120 GeV < mH < 2mZ, the

signal rates are small and the background rates are potentially very large. For the larger masses,

above the ZZ threshold, the expected observability of this channel reaches values as high as

45σ, with a signal-to-background ratio of approximately 20:1. The only significant background

arises from irreducible ZZ continuum production.

In the MSSM, the rates of H → ZZ(∗) → 4 l are strongly suppressed with respect to the SM case

over the full tanβ range, except for values of tanβ smaller than one. This is due to the suppres-

sion of the HZZ coupling, to the opening of the H → hh decay channel, and to the enhancement

of the H → tt channel. These characteristics of the Higgs boson in the MSSM case limit the ob-

servability of this channel to the range 2mh< mH < 2mt and to low values of tanβ.

Figure 19-51 For integrated luminosities of 30 fb-1

and 100 fb-1, the 5σ-discovery contour curves for the
tth and Wh with h → bb channel in the (mA, tanβ)
plane.
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In the SM case the Higgs-boson width increas-

es rapidly with mH, and therefore the chosen

mass window is determined by the intrinsic

Higgs-boson width for mH > 300 GeV. Since

the MSSM H-boson decay width remains

much smaller than the experimental resolu-

tion over the relevant region of parameter

space, the mass window chosen for the

MSSM case is narrower. Since the observabili-

ty in this channel is somewhat limited, cuts on

the maximum pT of the reconstructed Z-boson,

pT
max(Z1, Z2), are used in the mass range

mH > 200 GeV [19-16]. Mass dependent re-

quirements, pT
max(Z1, Z2) > mH/3 or

pT
max(Z1, Z2) > mH/2, are applied to derive the

observability in the MSSM case. The expected

numbers of signal and background events are

given in Table 19-34 for reference values of the

cross-section times branching ratio, σ × BR,
taken from the SM case. The expected 5σ-dis-

covery contour curves are shown in Figure 19-

52 for different values of the integrated luminosity. The highest possible integrated luminosity

is needed to observe this channel in the MSSM case.

If a signal were observed, the measured rate would provide the best information on its origin,

since the H → ZZ(∗) → 4 l MSSM rates are suppressed by an order of magnitude with respect to

the SM case over most of the parameter space. For values of mH larger than ~250 GeV, the meas-

ured signal width would also distinguish between the SM Higgs boson with ΓH
tot ~ 10 GeV and

the MSSM Higgs boson with ΓH
tot << 10 GeV for low values of tanβ.

19.3.2.5 H/A → ττ

Despite rather optimistic recent theoretical estimates [19-74], the H → ττ decay mode is not ex-

pected to be observable at the LHC in the SM case, because the expected signal rates are too low

compared to the large backgrounds from various SM processes [19-75]. However, in the MSSM

case, the H → ττ and A → ττ rates are strongly enhanced over a large region of the parameter

space. For low values of tanβ, the gg → A, A → ττ rates are dominant and significantly larger

than in the SM case for a Higgs boson of the same mass. For large values of tanβ, the production

is dominated by the strongly enhanced associated bbH and bbA production and the H/A → ττ

Table 19-34 Observability of the H → ZZ(∗) → 4 l channels for an integrated luminosity of 30 fb-1. The values
for σ × BR are the ones for the SM Higgs boson and do not correspond to any fixed value of tanβ. For higher
masses the numbers are given for the selection with the additional cut on pT

max(Z1,Z2) [19-16].

mH (GeV) 130 150 170 200 240 300

σ × BR (fb) 3.0 5.5 1.4 12.4 11.2 9.1

Signal events 11.4 26.8 7.6 56 33 39

Background 2.6 3.0 3.2 5.3 1.1 1.2

Significance 4.8 15.5 3.2 24.2 31.8 36.1

Figure 19-52 For integrated luminosities of 30 fb-1,
100 fb-1 and 300 fb-1, 5σ-discovery contour curves for
the H → ZZ(∗) → 4l channel in the (mA, tanβ) plane.
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branching ratio is about 10% in the mass range 200 - 500 GeV. The relative contribution from the

associated production is roughly 50% for tanβ = 5 and about 90% for tanβ = 20.

For mA > 150 GeV, the H and A bosons are almost degenerate in mass, so their signal rates in the

ττ-channel can be summed. A more complicated procedure, depending on the experimental res-

olution and on the mass difference mH - mA, has to be applied for mA < 150 GeV [19-16]. Higgs-

boson masses below 100 GeV have not been considered in this study due to the large resonant

background from Z → ττ decays.

This channel has been extensively used as a benchmark when optimising the detector for τ
identification and ET

miss reconstruction. The possible signal has improved as the detector de-

sign has evolved. Much effort has also gone into understanding in detail the topological fea-

tures of the signal and background events. Since the ATLAS Technical Proposal [19-14] a

combined analysis has been performed, using tagging of the spectator b-jets and a veto on the

presence of other jets in the event. This has resulted in a significant improvement of the overall

sensitivity to this channel.

The trigger for such decay modes is based on the leptonic decay of one of the τ-leptons. The oth-

er τ-lepton may then decay to hadrons (lepton-hadron channel) or to another lepton (lepton-lep-

ton channel). The lepton-hadron channel turns out to provide the best sensitivity to a possible

signal, due to both the larger rate (the fraction of A → ττ resulting in a lepton-hadron final state

is 46%) and to the more favourable kinematics of the τ-decay. This Section therefore only de-

scribes the extraction of the signal in this channel. The contribution from the lepton-lepton

channel to the final observability is rather marginal and details on its analysis can be found in

[19-76].

The backgrounds are a mixture of irreducible Z → ττ background and of tt, bb and W+jet proc-

esses, where a jet is misidentified as a τ−lepton. They can be significantly reduced by applying a

selection based on a reconstructed lepton, τ identification and ET
miss. Excellent τ identification

performance to suppress the huge backgrounds containing hadronic jets from various sources

[19-77], and excellent ET
miss-resolution for the reconstruction of the ττ invariant mass, mττ, are

required to observe the signal [19-76].

A detailed discussion of the τ identification, the ET
miss resolution and the reconstruction of the

ττ invariant mass is presented already in Chapter 9. Only the main ingredients of the selection

procedure are recalled here and only those aspects which are specific to the observability of this

channel are discussed in some detail.

The standard H/A → ττ analysis, as described already in [19-14] and [19-76], is based on a set of

selection criteria, which include τ identification, kinematic cuts, and a mass window cut on the

reconstructed ττ mass, mττ. The energies of the two τ-leptons, used for the mττ calculation are

evaluated from the energies of the τ decay products, which are assumed to have the direction of

the parent τ-lepton, and the neutrino energies are obtained by solving a system of equations

containing the two ET
miss components (see the discussion on Z → ττ mass reconstruction in

Section 9.3.3.1).

This standard H/A → ττ analysis includes the τ identification cuts described in detail in

Section 9.1.5.2. Additional selections are then made:

• One isolated trigger lepton with pT > 24 GeV within |η| < 2.5. The isolation re-

quirement rejects leptons from bb production and decay by a factor of 100 for 90%

efficiency for leptons from τ decays;

• ET
jet > 40 GeV, |η| < 2.5 for the τ-jet;
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• ET
miss > 18 GeV;

• transverse mass mT(lepton-ET
miss) < 25 GeV;

• 1.8 < ∆ φ(jet-lepton) < 2.9 or 3.4 < ∆ φ(jet-lepton) < 4.5. This cut is necessary for the re-

construction of the ττ invariant mass.

Finally, events are accepted if the ττ invariant mass, mττ, is within a mass window of

mA ± 1.5 σm.

The analysis presented above does not exploit the fact that the direct and associated production

processes show substantial kinematic and topological differences. In associated production,

spectator b-quarks are present in the signal events unlike in direct production. The bbH and bbA
production processes can be selected by requiring a single tagged b-jet. This also reduces sub-

stantially the large W+jet and Ζ → ττ backgrounds.

In bbH, bbA events, the average transverse momentum of the Higgs boson is lower than in

events from direct production. This difference increases with increasing Higgs-boson mass,

from 14% to 42%, as mH increases from 150 to 450 GeV. In bbH, bbA events, the τ-leptons from

the Higgs-boson decay are therefore more back-to-back, with the following consequences:

• A narrower ∆φ(jet-lepton) distribution, peaked around π, is observed for associated produc-

tion with respect to direct production; the distribution is very similar to that of the Z → ττ
background.

• The fraction of events for which the neutrino system can be resolved is smaller by 30% for

associated production compared to direct production (see Section 9.3.3.4).

• The ττ invariant mass resolution is degraded by about 50% for associated production

compared to direct production (see Section 9.3.3.4).

Due to these topological features of the associated production the overall efficiency of the stand-

ard reconstruction procedure is reduced by 40 - 50% with respect to direct production.

Figure 19-53 Reconstructed invariant mass, mττ,
from A → ττ decays for direct Higgs-boson production
and for mA = 300 GeV.

Figure 19-54 Same as Figure 19-53, but for associ-
ated Higgs-boson production.
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Figures 19-53 and 19-54 show the ττ invariant masses obtained from fully simulated and recon-

structed events at low luminosity for mA = 300 GeV for events from direct and associated

Higgs-boson production, respectively. Figure 19-55 shows the mass resolution, σm, expected at

low luminosity as a function of mA, separately for direct and associated Higgs-boson produc-

tion. The general tendency of σm to increase with mA is mostly due to the increase of σ(ET
miss)

as mA increases (see Section 9.3.3.4).

Since the direct and associated production processes display substantial differences, both in

their topological features and in the final state (two additional b-quarks in the case of associated

production), a separate analysis for each production process has been performed to optimise

the signal observability in the H/A → ττ channel.

The analysis for direct production requires:

• A veto against b-jets for pT > 15 GeV and

|η| < 2.5 (to reject tt and bb back-

grounds).

• Standard H/A → ττ reconstruction

(τ identification, kinematic and mass

cuts).

The analysis for associated production re-

quires:

• At least one tagged b-jet (to reject Ζ → ττ
and W+jet backgrounds).

• At most two non-b jets with

pT > 15 GeV and |η|< 3.2 (to reject tt
backgrounds);

• Standard H/A → ττ reconstruction

(τ identification, kinematic and mass

cuts), except for the ∆φ(jet-lepton)  cut.

In both analyses, the nominal b-tagging per-

formance at low luminosity has been assumed

(see Chapter 10).

The analysis which enhances the fraction of events from direct production rejects more efficient-

ly the tt and bb backgrounds because of the veto against b-jets. The analysis which selects mostly

events from associated production will improve the sensitivity for moderate and large values of

tanβ. In this case, the somewhat worse efficiency of the analysis is balanced by the improved

W+jet and Z → ττ background rejection.

Since events are accepted either by one analysis or the other, the expected overall signal signifi-

cances are obtained by adding in quadrature the signal significances expected for each analysis

separately. As explained in more detail in [19-78] and indicated in Table 19-35, the combination

of these two analyses improves the overall sensitivity to the H/A → ττ channel for masses in the

range 150 - 450 GeV by 60 - 100% with respect to what would be obtained with the more inclu-

sive analysis following the analysis presented in the ATLAS Technical Proposal.

Figure 19-55 For H/A → ττ decays at low luminosity,
ττ invariant mass resolution, σm, as a function of mA.
The results are obtained from full simulation and
reconstruction, and are shown separately for the direct
(black circles) and associated (black squares) Higgs-
boson production.
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Results at low luminosity

The H/A → ττ reconstruction efficiency was estimated from high-statistics samples of fully sim-

ulated events for three different values of mA (mA = 150, 300 and 450 GeV) and separately for

the direct and associated Higgs-boson production processes. High statistics samples of the vari-

ous background processes (W+jet, tt, bb and Z/γ*) have also been fully simulated and recon-

structed to evaluate the rejections of the two analyses described above as accurately as possible

(see [19-78] for more details). Background from Zbb production has not been simulated in detail,

since it has been shown to be very small in earlier studies [19-37]. The background rejections ob-

tained after all the selection criteria (kinematic and topological cuts, mass window and τ identi-

fication) are very high for the reducible W+jet, tt and bb backgrounds. Therefore, for the

background processes, the acceptance for the τ identification criteria has been factorised from

the rest, since they are essentially uncorrelated to each other (the residual background from

these processes contains only small contributions with real τ-leptons).

Table 19-35 gives the expected H/A → ττ signal rates for three values of mA and for an integrated

luminosity of 30 fb-1. The results are shown for tanβ = 10, separately for the direct and associat-

ed production processes and for each of the selection analyses. The signal from associated pro-

Table 19-35 Expected H/A → ττ signal and background rates as a function of mA for the lepton-hadron chan-
nel with tanβ = 10 and an integrated luminosity of 30 fb-1. The rates are given separately for each production
mechanism: direct (gg → H/A) and associated (bbH, bbA) Higgs-boson production and for the direct/associated
analyses (see text). The signal event rates correspond to the summed H → ττ and A → ττ rates. The expected
signal significances are shown separately for the two analyses and for an integrated luminosity of 30 fb-1. The
overall combined significances are finally shown for integrated luminosities of 30 fb-1 and 300 fb-1, accounting
for the degraded performance expected at high luminosity (see text). For comparison the signal significance
expected from an inclusive analysis, described in [19-76], is also shown.

mA (GeV) 150 300 450

σ × BR for direct production (pb)

σ × BR for associated production (pb)

1.3

2.9

0.05

0.28

0.015

0.04

Mass window (GeV) ± 30 GeV ± 55 GeV ± 75 GeV

Inclusive analysis

Signal significance for 30 fb-1 5.7 1.2 0.6

Direct/associated analysis

Event rates:

Direct production

Associated production

Total signal

49 / 2

56 / 72

105 / 74

9.5 / 0.35

6 / 18

15.5. / 18

1.5 / 0.16

1.3 / 6.3

2.8 / 6.5

W+jet

tt
bb
Ζ/γ∗ → ττ
Total background

530 / 46

7 / 6

14 / 29

163 / 5

714 / 86

740 / 43

9 /8

4 / 21

41 / 2

794 / 74

228 / 22

5 /4

1 / 6

7 / 0.5

241 / 32.5

Signal significance for 30 fb-1 3.9 / 8.0 0.6 / 2.1 0.2 / 1.1

Combined significance for 30 fb-1 8.9 2.2 1.2

Combined significance for 300 fb-1 12.5 3.8 2.1
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duction accounts for 70 - 80% of the total signal rate. The analysis requiring a tagged b-jet selects

almost exclusively signal events from associated production, but a large fraction of these are

also selected by the other analysis for low values of mA, due to the limited acceptance in pT and

|η| of the b-tagging algorithm.

The dominant background selected by the analysis optimised for direct Higgs-boson produc-

tion arises from W+jet events, which have the largest production cross-section of all the back-

ground processes. For low values of mA, the irreducible background from Ζ → ττ is also

significant for events selected with this analysis. In contrast, the analysis optimised for associat-

ed Higgs-boson production rejects much better the W+jet and Ζ → ττ backgrounds, but due to

their large production cross sections the dominant residual backgrounds remain to be W+jet

and bb production.

In conclusion, the direct production analysis contributes significantly only for low values of mA,

but provides a signal-to-background ratio of only 0.15 for mA = 150 GeV, even though it selects

events with better mass resolution. In contrast, the associated production analysis provides a

signal-to-background ratio close to 0.9 for the same values of mA, and above 0.2 for the higher

values of mA.

Table 19-35 also shows the signal significances combined for both analyses for an integrated lu-

minosity of 30 fb-1. For mA = 150 GeV, the inclusion of the direct production analysis improves

the significance obtained with the associated production analysis by ~10%. This improvement

increases as tanβ decreases, since the fraction of events arising from direct production increases.

The combined method therefore improves the signal observability mostly for moderate values

of tanβ. For large values of tanβ, the analysis requiring a tagged b-jet improves considerably the

signal-to-background ratio and hence the signal observability with respect to previous more in-

clusive studies [19-14].

Figure 19-56 For the direct production analysis, for
tanβ = 25 and for an integrated luminosity of 30 fb-1,
distribution of mττ shown for the total background
(dashed shaded curve) and for the sum of the
H/A → ττ signals at mA = 150, 300 and 450 GeV,
and the background (solid curve and points with error
bars).

Figure 19-57 Same as Figure 19-56, but for the asso-
ciated production analysis.

0

200

400

600

200 400 600

mττ (GeV)

E
ve

nt
s/

6.
5 

G
eV

0

50

100

200 400 600

mττ (GeV)

E
ve

nt
s/

6.
5 

G
eV



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

748 19   Higgs Bosons

Table 19-36 shows for three values of mA and

for integrated luminosities of 30 fb-1 and

300 fb-1 the lower limit values of tanβ corre-

sponding to a 5σ discovery for the H/A → ττ
channel. The errors assigned to the tanβ val-

ues are those which would arise if the overall

background were assumed to have a system-

atic uncertainty of ±20%.

Figures 19-56 and 19-57 show the mττ distribu-

tions expected for the summed signal and

background, for three values of mA with

tanβ = 25 and for an integrated luminosity of

30 fb-1, respectively for the direct and associat-

ed analyses. Finally, Figures 19-58, 19-59 and

19-60 show, respectively, for signal events with

mA = 150, 300 and 450 GeV, the mττ distribu-

tion for the appropriate mixture of direct and

associated production events and for the value

of tanβ corresponding to a 5σ-discovery for an

integrated luminosity of 30 fb-1 (first column

of Table 19-36).

Figure 19-58 For the appropriate mixture of H/A → ττ
events from direct and associated production and for
low-luminosity performance, distribution of recon-
structed ττ mass for mA = 150 GeV and tanβ = 7.5 (5σ
discovery limit).

Figure 19-59 Same as Figure 19-58, but for
mA = 300 GeV and tanβ = 15.

Table 19-36 For three values of mA and for integrated
luminosities of 30 fb-1 and 300 fb-1, lower limits of tanβ
corresponding to a 5σ discovery in the H/A → ττ chan-
nel.

mA (GeV) 30 fb-1 300 fb-1

150 7.5 ± 0.5 6.0 ± 0.5

300 14.5 ± 0.7 11.0 ± 0.5

450 19.5 ± 1.0 15.0 ± 0.6
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Figure 19-60 Same as Figure 19-58, but for
mA = 450 GeV and tanβ = 20.
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Results at high luminosity

At high luminosity, the efficiency for τ identifi-

cation and the background rejection can be

maintained at their low-luminosity values, but

the sensitivity to the H/A → ττ channel is sig-

nificantly degraded due to pile-up effects:

• The ET
miss resolution is degraded by a

factor of two at high luminosity and this

directly affects the mττ reconstruction.

The mττ resolution is degraded by a fac-

tor of two as can be seen from

Figures 19-58 and 19-61.

• The acceptance in the mass window,

which has to be twice as wide compared

to its low-luminosity value, nevertheless

decreases by about 30% (20%) for

mA = 150 GeV (mA > 300 GeV).

In addition, the acceptance for the signal is re-

duced at high luminosity due to:

• the reduced b-tagging efficiency (50% instead of 60%) for the same rejection of non-b-jets;

• the higher threshold on the jet pT (30 GeV instead of 15 GeV);

The overall impact of high luminosity opera-

tion on the signal significance arises therefore

mostly from the degradation of the ττ mass re-

construction due to pile-up and the b-tagging

efficiency. The high luminosity signal signifi-

cance is about 50% of the low luminosity sig-

nificance for the same integrated luminosity. A

real improvement on the 5σ discovery curve at

low luminosity can be only expected after col-

lecting the ultimate integrated luminosity of

300 fb-1.

The expected 5σ discovery contour curves in

the (mA, tanβ) plane as a function of integrated

luminosity are shown in Figure 19-62 for the

combined H/A → ττ signal. Even for a moder-

ate integrated luminosity of 30 fb-1, a signal

should be observed over a large region of the

(mA, tanβ) plane. This region can be increased

only for the largest integrated luminosities

achievable with high luminosity operation,

due to the degraded performance at high lu-

minosity discussed above. For an integrated luminosity of 300 fb-1, some sensitivity may also be

achieved for low values of tanβ, in a region where the dominant signal contribution arises from

direct A → ττ production.

Figure 19-61 Same as Figure 19-58, but for tanβ = 6
and for high luminosity performance.
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Figure 19-62 For integrated luminosities of 30 fb-1,
100 fb-1 and 300 fb-1, 5σ-discovery contour curves for
the H/A → ττ channel in the (mA, tanβ) plane.
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19.3.2.6 H/A → µµ

The H → µµ decay channel cannot be observed for a SM Higgs because of both the very small

signal rate and the large backgrounds from several SM processes. However, because of the large

enhancement of rates through bbH and bbA production and of some enhancement of the branch-

ing ratio, both present at large tanβ, it can be observed in the MSSM case. The rates for this

channel are governed by the same couplings as for the ττ channel, but the branching ratio scales

as (mµ/mτ)
2.

This huge reduction in signal rates with respect to the ττ channel is compensated to some extent

by the much better identification efficiency and experimental resolution, which can be achieved

in the µµ channel. Also, in contrast to the H/A → ττ channel, the efficiency of the reconstruction

procedure and the mass resolution are comparable for the direct and associated production.

The final state contains isolated high-pT muons and, for associated production, two additional

spectator b-jets. In the standard event selection two muons with pT > 20 GeV and |η| < 2.5 are

required. This selection has a high acceptance, of 50 - 60%. The expected mass resolution, using

the combined muon reconstruction, is σm/m = 2-3%. The intrinsic width of the Higgs boson in-

creases with mA and tanβ. It is of the order of ~1 GeV for tanβ = 10 and 100 < mH < 500 GeV and

varies between 6 - 25 GeV for tanβ = 50. In the chosen mass window of

mH ± 1.64((ΓH
tot/2.36)2+σm

2)1/2, almost 90% of the signal events are contained, as described in

Section 8.6.2.

The background in this channel is dominated by irreducible Z/γ∗ → µµ Drell-Yan production

and reducible tt production with both top-quarks decaying into muons, t → µνb. The expected

cross-section for Z/γ∗ → µµ Drell-Yan production is 1400 pb for dimuon events with a mass

above ~80 GeV and ~6 pb for tt events with two muons in the final state. A potential back-

ground source is also bb production with a total cross-section of 500 µb. After applying the kine-

matic cuts and muon isolation criteria, this background is found to be a negligible fraction of the

total background. After an inclusive selection (see Table 19-37) the irreducible Z/γ∗ → µµ Drell-

Yan background is dominant, while the tt background contributes only at the level of 20 - 30%

of the total background over the mass range of interest. This fraction increases with increasing

values of mµµ.

Since the direct and associated production result in substantially different final states, analyses,

optimised separately for each production process [19-79], as in the H/A → ττ case (see

Section 19.3.2.5), are used. Moreover, it was found that both the irreducible and reducible back-

grounds can be rejected further by applying cuts on the pT of the dimuon system, pT
µµ, and on

ET
miss.

The optimised analyses require:

• ET
miss < 20 GeV at low luminosity and ET

miss < 40 GeV at high luminosity;

• pT
µµ < 100 GeV ;

• one b-tagged jet for the associated analysis, and a b-jet veto for the direct analysis. For low

luminosity, the threshold on the b-tagged jet is set to 15 GeV, while for high luminosity, it

is raised to 30 GeV.
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Raising the ET
miss threshold reduces the tt re-

jection, and thereby the sensitivity by 10%.

Raising the jet threshold to 30 GeV implies an

additional loss in significance of less than 10%.

For high-luminosity operation, one expects a

degradation of the nominal b-tagging efficien-

cy from 60% to 50%, while the mass resolution

and reconstruction efficiency for muons re-

main essentially the same.

The signal will be observed above the back-

ground as a narrow peak in the invariant

dimuon mass distribution, mµµ, as shown in

Figure 19-63. Table 19-37 gives the expected

numbers of signal and background events in

Table 19-37 Expected H/A → µµ signal and background rates within the chosen mass window as a function of
mA for tanβ = 15 and an integrated luminosity of 30 fb-1. The rates are given separately for each production
mechanism: direct (gg → H/A) and associated (bbH, bbA) Higgs-boson production and for the direct/associated
analyses (see text). The signal event rates correspond to the summed H → µµ and A → µµ rates. The expected
signal significances are shown separately for the two analyses and for an integrated luminosity of 30 fb-1. The
overall combined significances are finally shown for integrated luminosities of 30 fb-1 and 300 fb-1.

mA (GeV) 125 150 200 300 450

σ × BR for direct production (fb)

σ × BR for associated prod. (fb)

9.6 (A only)

26 (A only)

9.1

24

2.3

10.

0.3

2.3

0.05

0.41

Inclusive analysis

Events rates (mµµ = mA ± 2σ)

Total signal 492 430 163 48.5 9.2

Z/γ*→ µµ
tt
Total background

78 240

3 492

81732

22 200

3 600

25 800

8 300

2 460

10 760

2 325

830

3 150

670

220

890

Significance for 30 fb-1 1.7 2.7 1.6 0.9 0.3

Direct/associated analysis

Events rates (mµµ = mA ± 2σ)

Direct production

Associated production

Total signal

121 / 2

297 / 65

418 / 67

116 / 2.8

266 / 74

382 / 77

29 / 0.7

121 / 33

150 / 33

2.7 / 0.07

29.6 / 8.7

32.3 / 8.7

 0.4 / 0.01

4.2 / 1.3

4.6 / 1.3

Z/γ*→ µµ
tt
Total background

60850/1180

57/ 137

60910/1317

15 300/ 430

56 / 174

15 354/ 604

8 840/ 220

41/ 98

8 880 / 318

1 700 / 27.4

12 / 32

1 712 / 59

102 / 7

1 / 4

103 /11

Signal significance 30 fb-1 1.7 / 1.9 3.1 / 3.1 1.6 / 1.9 0.8 / 1.1 0.4 / 0.4

Combined significance for 30 fb-1 2.5

(A only)

4.4 2.4 1.4 0.6

Combined significance for 300 fb-1 6.8

(A only)

11.6 6.4 3.3 1.8

Table 19-38 For five values of mA and for integrated
luminosities of 30 fb-1 and 300 fb-1, lower limits of tanβ
corresponding to a 5σ discovery in the H/A → µµ
channel.

mA (GeV) 30 fb-1 300 fb-1

120 21.0 12.9

150 15.9 9.8

200 21.0 13.1

300 32.3 20.9

450 43.3 25.0
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the appropriate mass window for an integrated luminosity of 30 fb-1 and tanβ = 15. For

mA = 120 GeV, only A-boson production is used, since the H and A masses are not degenerate

and more complicated formulae have to be used for the calculation of the expected significance.

For comparison, results are given for the inclusive analysis as well as for the more exclusive se-

lections. There is a clear gain with the tighter selection, since the more favourable signal-to-

background ratio leads to a better significance. Combining the results of both analyses enhances

the sensitivity to this channel. Unlike in the H/A → ττ case, there is no degradation in the mass

resolution in the case of the associated production. The b-tagging of the spectator b-quark sup-

presses the dominant Ζ/γ∗ → µµ continuum background very effectively.

The expected significances for the inclusive, the associated and direct analyses and the combi-

nation of the latter two are given in Table 19-37 for integrated luminosities of 30 fb-1 and

300 fb-1. The 5σ limit on tanβ for the combined analysis is given in Table 19-38 as a function of

mA. The expected 5σ-discovery contour curves for the combined H/A → µµ signal are shown in

Figure 19-64. The sensitivity to this channel is somewhat weaker than to the ττ channel as can be

seen by comparing Tables 19-38 and 19-36. Nevertheless, the H/A → µµ channel also covers a

substantial fraction of the (mA, tanβ) parameter space and provides a more precise measure-

ment of the Higgs-boson mass (see Section 19.3.4.1).

Figure 19-63 For an integrated luminosity of 30 fb-1

and for tanβ = 30, distribution of mµµ shown for the
reducible tt background (shaded histogram), for the
total summed background (dashed curve) and for the
sum of the H/A → µµ signal with mA = 300 GeV and
the background (solid histogram). The mµµ distribution
is shown for the associated production analysis.

Figure 19-64 For integrated luminosities of 30 fb-1,
100 fb-1 and 300 fb-1, 5σ-discovery contour curves for
the H/A → µµ channel in the (mA, tanβ) plane.
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19.3.2.7 H/A → tt

Due to the strong coupling of the SM Higgs boson to gauge-boson pairs, the H → tt branching

ratio is too small for this channel to be observable in the SM case. In the MSSM case, however,

the H → tt and A → tt branching ratios are close to 100% for mH, mA > 2 mt and for tanβ ~ 1. The

H → tt and A → tt decays cannot be distinguished experimentally from each other, since the H-

and A-bosons are almost degenerate in mass in the relevant region of parameter space.

As discussed in the literature [19-80], a signal from H/A → tt decays would appear as a peak in

the tt invariant mass spectrum above the tt continuum background for values of mH smaller

than 500 GeV. There is an interference between the signal and background amplitudes which

causes an oscillating structure in the differential cross-section around s = mH
2. This leads to a

strong suppression of the observability of the signal at higher masses. As a consequence, for

mH = 500 GeV the total top-quark production cross-section differs very little from the cross-sec-

tion with no Higgs boson being present. This interference effect is much stronger for the A than

for the H boson. From the results presented in [19-80] this suppression of the total H+A rates is

estimated to be roughly 30% for mH = 370 GeV, 50% for mH = 400 GeV and 70% for

mH = 450 GeV. These factors are taken into account in the analysis presented below (see also

Table 19-39).

The signal is extracted [19-81] by searching for WWbb final states, with one W → lν and one

W → jj decay. The lepton is required for the LVL1 trigger and all the jets, i.e. those from W-decay

and the two b-jets, are required to have pT > 40 GeV. It is expected that the experiment could

trigger on such topologies and reconstruct them efficiently at both low and high luminosities.

Both b-jets are required to be tagged, with an efficiency εb = 60 % (50%) at low (high) luminosity.

Both top-quark decays are fully reconstructed (following the algorithm presented in

Section 19.2.4.3) and a constraint on mt is used to improve the resolution on the reconstructed tt
invariant mass, mtt. The expected mass resolution, σm, on mtt increases from 14 to 20 GeV as mH
increases from 370 to 450 GeV. After both top quark have been reconstructed, the background

from continuum tt production is much larger than all other backgrounds (such as W+jet). The

reconstructed mtt distribution for signal and background events is shown in Figure 19-65 for

mA =  370 GeV and tanβ = 1.5.

The signal-to-background ratio varies

between 9% and 1% over the mass range from

370 to 450 GeV. For an integrated luminosity

of 30 fb-1 and tanβ = 1.5 about 2120 signal

events and 4x104 background events are ex-

pected inside a mass windows of ±2σm around

mA for mA = 400 GeV, see Table 19-39. For high

luminosity operation and an integrated lumi-

nosity of 100 fb-1 one expects for a Higgs mass

of 400 GeV about 4900 signal and 9x104 back-

ground events.

The mass resolutions quoted above imply that

the width of a typical mass window for ob-

serving most of the signal would be

between ±30 GeV and ±40 GeV. The extrac-

tion of the signal would only be possible for

Higgs masses away from the kinematic peak

of the background distribution, which is

Table 19-39 Observability of the H/A → tt channel for
an integrated luminosity of 30 fb-1 and for tanβ =1.5.
The signal rates are computed using the rough esti-
mate of the impact of the negative interference
between the H/A → tt signal and tt continuum produc-
tion. For mA = 400 GeV, a systematic uncertainty of
1% was assumed for the background.

mA(GeV) 370 400 450

σ × BR (pb)

(no interference)

11.8 8.4 4.8

σ × BR (pb)

(with interference)

8.3 4.2 1.4

Signal 3190 2120 980

Background 34200 39500 52900

Significance 8.2 5.4 4.3
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around mtt = 400 GeV. Such an extraction assumes that the uncertainty on the shape of the con-

tinuum background is small and that it can be fitted from events outside the assumed Higgs

mass window. Details on the fitting procedure can be found in [19-81]. This leads to the signifi-

cance levels given in Table 19-39.

For masses close to 400 GeV only an excess of events above the continuum background would

be observed. This excess would be statistically significant, as shown in Table 19-39 and

Figure 19-65, but this significance would only be meaningful if the theoretical uncertainties on

the continuum background shape were not larger than about a percent. Although the theoreti-

cal uncertainties on the continuum tt production are much larger today, it is hoped that they

would be reduced with time, and that the experimental data at the LHC would also contribute

to a better understanding of heavy-flavour continuum production.

For the optimistic scenario assuming that the differential spectrum of mtt would be known to

better than 1% from a contribution of theory and experimental data, the signal significances in-

cluding this systematic uncertainty for masses close to 400 GeV are shown in Table 19-39, and

the 5σ-discovery contour curves in the (mA, tanβ) plane for H/A → tt decays are shown in

Figure 19-66. These curves cover at best a limited region in parameter space, namely that corre-

sponding to 2mt < mA < 470 GeV. In conclusion, this channel will be only of very limited use as a

discovery channel.

19.3.2.8 bbH and bbA production with H/A → bb

Final states containing four b-jets have been proposed in the literature [19-82] as signatures with

a substantial discovery potential for heavy Higgs bosons in supersymmetric models. The chan-

nels of interest are:

• bbH, bbA associated production with the subsequent H/A → bb decay;

Figure 19-65 For an integrated luminosity of 30 fb-1

and for tanβ = 1.5, distribution of mtt for the tt back-
ground (dashed histogram) and for the sum of the
H/A → tt signal with mA = 370 GeV and of the sig-
nal+background (points with error bars).

Figure 19-66 For integrated luminosities of 30 fb-1,
100 fb-1 and 300 fb-1, 5σ-discovery contour curves for
the H → tt channel in the (mA, tanβ) plane.
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• H → hh → bbbb (discussed in Section 19.3.2.9).

As described below, both channels have interesting features for the MSSM Higgs search. Their

main drawback is the enormous background from QCD multijet production, and hence the

very small signal-to-background ratio. In addition, triggering on purely hadronic final states is

always a problem at hadron colliders. In order to maintain a LVL1 trigger rate from jets at a low

enough level, rather high ET thresholds have to be set on the individual jets [19-83] (see also

Section 11.7.3). At present, ATLAS foresees three basic jet triggers at LVL1, a single jet trigger

with a pT threshold of 180 GeV, a three-jet trigger with a pT threshold of 75 GeV on each jet, and

a four jet-trigger with a pT threshold of 55 GeV on each jet. These values apply to low-luminosi-

ty running. At high luminosity, they have to be raised to values of 290 GeV for single jet,

130 GeV for three jets and 90 GeV for four jets. These threshold settings limit the LVL1 jet trigger

rate to the few kHz range, since the LVL2 trigger is not expected to reduce them by large factors.

For the particular Higgs-boson channels discussed here, these high thresholds lead to signifi-

cant acceptance losses. If, on the other hand, efficient b-tagging could be performed with the

LVL2 trigger, the LVL1 thresholds could be lowered. The possibility of applying b-tagging at

LVL2 has been investigated already in some detail [19-83][19-84][19-85] and further work is in

progress.

Given the difficulties described above, the analysis of these channels is performed in two steps.

First, no acceptance losses at the trigger level are assumed, in order to determine the optimum

physics coverage. In a second step, the events are subjected to the actual ATLAS LVL1 trigger

thresholds, which represents a more realistic scenario, even if it could be considered pessimistic

in certain cases (see below).

Analysis without trigger requirements

The bbH and bbA associated production with H/A → bb is strongly enhanced for large values of

tanβ and has been reported as a very promising channel [19-82]. This mode would be particu-

larly interesting for large values of mH and mA for which the sensitivity to the H/A → ττ channel

slowly disappears (see Section 19.3.2.5). This channel has been studied carefully and the details

are reported in [19-86].

For large values of mA the final state has a very characteristic topology: the two hardest jets in

the event come from the H/A → bb decay, while the softer ones come predominantly from the

associated bb pair and from initial/final-state radiation. These features can be used for the event

selection, for which at least four reconstructed jets are required in the final state. A more favour-

able signal-to-background ratio is obtained, if the selection requires that the four jets of the

highest transverse energies are tagged as b-jets. The background is dominated by events con-

taining true b-jets. The contribution from events with at least one mis-identified jet is below

10%, if one assumes the default performance of the b-tagging algorithm at low luminosity (see

Chapter 10).
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The two leading jets are required to satisfy

high pT thresholds which are optimised as a

function of mA, as shown in Table 19-40. The

pT of the other two jets is required to be above

50 GeV and 30 GeV, respectively. For

mA = 200 GeV, the pT threshold is lowered to

30 GeV for both jets. For the signal events, the

expected acceptance, is of the order of 10%

when four jets above these thresholds are re-

quired and the three most energetic ones are

true b-jets (b-tagging efficiency is not includ-

ed).

The two highest-pT jets are used for the recon-

struction of the Higgs-boson mass, mbb. The

reconstructed mbb peak, for tanβ = 50 and an integrated luminosity of 300 fb-1 is shown in

Figure 19-67 for mA = 500 GeV. Due to final-state radiation and hadronisation, the peak is rather

broad, with a mass resolution of 50 GeV. About 20% of the bb combinations entering the distri-

bution are incorrect. The acceptance in a mass window of ±80 GeV around mA is about 70%.

This pure multi-b-jet final state will be very difficult to extract from the large QCD reducible and

irreducible multi-jet background containing a variable number of real b-jets. A large sample of

background events was generated using a shower approximation based on the hard-scattering

dijet subprocess in the PYTHIA generator. The hard-scattering process was accompanied by in-

itial- and final-state radiation, which both create additional jets with some fraction of b-jets from

gluon splitting. After event selection but before applying the b-tagging procedure, the inclusive

Figure 19-67 For H/A → bb decays with
mA = 500 GeV from bbH, bbA production with
tanβ = 50 and for an integrated luminosity of 300 fb-1,
mbb distribution obtained from the two leading b-jets in
the event.

Figure 19-68 Same as Figure 19-67, but with the
background included. The cross-hatched histogram
shows the contribution from direct bb production and
the dashed histogram represents the total back-
ground. The crosses show the summed signal and
background. The signal events are clearly seen above
the background (grey histogram).

Table 19-40 pT thresholds required for the two lead-
ing jets as a function of mA for H/A → bb decays from
bbH, bbA production.
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background rates are approximately a factor of 104 to 105 higher than the signal rates in the

mass window of interest. Requiring at least three identified b-jets reduces this factor to about

102 to 103.

Requiring in addition a fourth identified b-jet gains another factor of about two. In the sample

containing at least three identified b-jets, approximately 40% of the background events contain

at least three true b-jets, whereas in the sample containing at least four identified b-jets this frac-

tion increases to 65%. The dominant remaining background arises from gb and gg production

with gluon splitting into a bb pair. The contribution from direct gg → bb production is found to

be only at the level of 10% of the total background, as illustrated in Figure 19-68.

The final signal and background rates and the expected significances for an optimised selection

procedure are given in Table 19-41 as a function of mA, for tanβ = 30 and for integrated luminos-

ities of 30 and 300 fb-1.

As mentioned above, this channel has also been studied by requiring only 3 b-tagged jets [19-

86]. Although the expected rates and significances are higher, the signal-to-background ratio is

below 1%. It is rather unlikely that the systematic uncertainties on the background shape can be

controlled to the precision required in this case. A selection requiring at least four identified b-

jets, as presented in Table 19-41, yields a more favourable signal-to-background ratio (~3%) and

also a more favourable ratio of irreducible-to-total background (~67%).

For a selection requiring four b-tagged jets and for an integrated luminosity of 300 fb-1, a nomi-

nal significance larger than 5σ could be achieved for tanβ > 29 (mH = 500 GeV) and for tanβ > 20

(mH = 300 GeV), as illustrated in Figure 19-69. The overall conclusion is that, even for an inte-

grated luminosity of 300 fb-1 and idealistic trigger conditions, the extraction of a H/A → bb sig-

nal from bbH, bbA production will be very difficult. More detailed results are presented in [19-

86].

The coverage in parameter space is smaller than the coverage of the ττ channel, see

Section 19.3.2.5), which, for an integrated luminosity of 300 fb-1, extends down to tanβ > 11

(mH = 300 GeV) and to tanβ > 15 (mH = 500 GeV). For an integrated luminosity of 30 fb-1, the re-

spective lower limits on tanβ are tanβ > 30 and tanβ > 50 for the bb channel and tanβ > 15 and

tanβ > 20 for the ττ channel.

It should be stressed that the significances quoted in Table 19-41 for the bb channel are rather

optimistic, since the estimates of the QCD background are very uncertain (the background

could be under-estimated by a factor of three) and the assumptions used for b-tagging are rather

optimistic for such high-pT jets. Systematic uncertainties due to the lack of knowledge of the

background shape have not been taken into account in the significance estimates of Table 19-41.
The results are optimistic also because the selection criteria are looser than those specified in the

LVL1/LVL2 trigger menu (see [19-83] and Section 11.7.3).

Acceptance with current trigger menu

If the currently planned LVL1/LVL2 high-luminosity thresholds are applied (see Table 19-41),

the acceptance for signal events is reduced by a factor of 4.7 (1.9) for mA = 300 GeV

(mA = 500 GeV) while the background is reduced by a factor of three. This leads to a reduction

in significance, for an integrated luminosity of 300 fb-1, from 8.5 to 3.2 for mA = 300 GeV and

from 5.3 to 4.8 for mH = 500 GeV. For mA = 200 GeV the high-luminosity LVL1/LVL2 thresholds

reduce the acceptance for signal events by almost a factor of 18.
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Table 19-41 Expected signal and background rates inside the signal mass window as a function of mA, for
H/A → bb decays for bbH and bbA production with tanβ = 30, after applying an optimised selection procedure.
The numbers are given for integrated luminosities of 30 fb-1 and 300 fb-1(without and with the LVL1 trigger
thresholds applied).

mA(GeV) 200 300 500 700 900

σ × BR (pb) 107.0 29.0 3.5 0.9 0.2

 Integrated luminosity of 30 fb -1

Signal 2 550 630 200 50 16

Background 43 000 24000 6100 1800 520

S/B 5.9% 2.6% 2.8% 2.8% 3.0%

12.4 4.1 2.6 1.2 0.7

Integrated luminosity of 300 fb -1

Signal 12 440 3080 960 240 80

Background 230 000 130 000 33 000 10 000 2 800

S/B 5.4% 2.4% 2.9% 2.4% 2.8%

26 8.5 5.3 2.4 1.5

Integrated luminosity of 300 fb -1 including LVL1 trigger thresholds

Signal 710 650 510 240 80

Background 13 000 40 000 11 000 10 000 2 800

S/B 5.5% 1.6% 4.6% 2.4% 2.8%

6.2 3.2 4.8 2.4 1.5

S B⁄

S B⁄

S B⁄
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Figure 19-69 shows the 5σ-discovery contour

curves in the (mA, tanβ) plane before and after

applying the LVL1/LVL2 trigger thresholds.

The curves have not been extended to masses

below mA = 200 GeV since the acceptance of

the LVL1/LVL2 trigger is reduced for

mA = 200 GeV to only 6% of that of the off-line

selection.

In conclusion, the bbH, bbA channel with

H/A → bb decay cannot be observed over most

of the MSSM parameter space. Even for large

values of mA and tanβ, the large uncertainties

on the QCD multijet backgrounds imply that

the results shown in Figure 19-69 are optimis-

tic and that therefore this channel cannot be

considered as a discovery channel at LHC.

19.3.2.9 H → hh

This channel would be particularly interest-

ing, since it would allow the simultaneous ob-

servation of two Higgs bosons. Possible final

states of interest are:

• H → hh → bbbb. It would provide the largest signal rate, but would require a four-jet trig-

ger with as low a pT-threshold as possible and excellent b-tagging performance to control

the overwhelming backgrounds from four-jet events.

• H → hh → bbττ. The presence of at least one lepton from τ-decay would be required as a

trigger, and the mass reconstruction of the ττ-pair would follow that described for

H/A → ττ decays. The dominant backgrounds would be from tt and W+jet production.

This channel is difficult due to the poor mass resolution for the signal and the very large

backgrounds.

• H → hh → bbγγ. This channel can be easily triggered upon and it offers good kinematic

constraints and mass resolution for the reconstruction of mH. The rate is however very

limited.

The observability of the H → hh → bbγγ and H → hh → bbbb channels is discussed in this section.

Similar final states occur from A → Zh decays. If the Z-boson and h-boson were degenerate in

mass, the observability of the H → hh signal could be improved by A → Zh production with

Z → bb and h → γγ or h → bb. The branching ratio BR(A → Zh) × BR(Z → bb) is much smaller

than BR(H → hh) × BR(h → bb), but the cross-section for A production is larger than for H pro-

duction, and therefore the additional contribution from the A → Zh channel would be at the lev-

el of 10 - 15%. This additional contribution has not been included in the studies presented

below.

Figure 19-69 For integrated luminosities of 30 fb-1

and 300 fb-1, 5σ-discovery contour curves in the
(mA, tanβ) plane for the bbH, bbA with H/A → bb chan-
nel. The dotted lines show the expected extension in
coverage if the LVL1/LVL2 trigger thresholds are not
applied.
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The H → hh → bbγγ channel.

To extract a signal in this channel, events were selected to have:

• Two isolated photons, with|η| < 2.5 and pT > 20 GeV which serve as a trigger.

• Two jets with |η| < 2.5 and pT > 15 GeV (pT > 30 GeV) at low (high) luminosity of which

at least one is required to be tagged as a b-jet. The invariant mass of the two-jet system is

denoted mbj in the following.

• No other jet with |η| < 2.5 and pT > 15 GeV (pT > 30 GeV) at low (high) luminosity.

• The masses of the two-photon and dijet systems are required to be in a window of ±2 GeV

and ±26 GeV around mh, respectively. For events passing these cuts, the four-vectors of

the photons and b-jets are rescaled to obtain mγγ = mbj = mh. This rescaling improves the

invariant mass resolution for the bjγγ system, mbjγγ.

• The invariant mass of the bjγγ system is required to be within ±20 GeV of mH. The signal

acceptance in the mass window is 70% after the mh constraints.

Figure 19-70 shows, for mH = 300 GeV and mh = 98 GeV, the reconstructed mass of the γγ, jb, and

γγjb systems (without and with h-boson mass constraints).

At high luminosity, the expected mbjγγ mass resolution increases by ~20% and the b-tagging effi-

ciency decreases from 60% to 50%. In addition, since the pT-thresholds on the jets have to be

raised, the kinematic acceptance for the signal decreases from ~12% at low luminosity to ~6.5%

at high luminosity.

Figure 19-70 For mH = 300 GeV and mh = 98 GeV mass distributions from H → hh → bbγγ decays (signal
events only), shown for mγγ (top left), mbj (top right) and mbjγγ before (bottom left) and after (bottom right) apply-
ing the h-boson mass constraints to mγγ and mbj.
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The estimates for the observability of the

H → bbγγ signal given below can be consid-

ered as conservative at high luminosity, since

a higher pT threshold has been applied before

recalibration of the jet energies.

Several background sources are considered: ir-

reducible bbγγ and reducible bjγγ, ccγγ, cjγγ and

jjγγ, which are all estimated using the parton-

shower approach in PYTHIA. There are large

uncertainties on these background estimates,

due to the poor knowledge of the total bb, cc
and jj cross-sections, and due to the procedure

used to simulate photon bremsstrahlung in

these processes. The various photon bremsst-

rahlung backgrounds were further reduced by

requiring that the larger of the two h-boson

transverse momenta be larger than a threshold

value, typically of 60 - 80 GeV. Even for the re-

quirement of only one tagged b-jet, the expect-

ed signal rates are rather low and they

decrease rapidly with increasing tanβ.

For mH = 320 GeV and an integrated luminosi-

ty of 300 fb-1, about 106 events are expected

for tanβ = 1 and 19 events for tanβ = 3, with a

background of 1.7 and 4.2 events, respectively.

Tables 19-42 and 19-43 give details on the

number of expected signal and background

events for an integrated luminosity of 30 fb-1

and 300 fb-1, respectively. For a given value of

mH, the corresponding value of mh increases as

tanβ increases, and therefore the background

rate varies.

The sensitivity to the H → hh → bbγγ signal for

a given value of mH is estimated for two differ-

ent values of mh, and a simple linear interpola-

tion or extrapolation is performed to obtain

the 5σ-discovery contour curves in the

(mA, tanβ) plane. The result is shown in Figure 19-71. This channel is only observable for low

values of tanβ, tanβ < 4, and for 2 mh < mH < 2mt.

Table 19-42 Observability of the H → hh → bbγγ
channel for an integrated luminosity of 30 fb-1 and for
several values of mH and mh. The expected numbers
of signal and background events are given together
with the statistical significances (computed using Pois-
son statistics). The errors indicate the statistical preci-
sion of the simulation.

mH (GeV) 230 270 320

mh = 72 GeV (tanβ = 1)

σ × BR (fb) 6.0 5.0 4.6

Signal 18.4 ± 0.4 16 ± 0.3 16 ± 0.3

Background 1.7 ± 0.2 0.3 ± 0.05 0.3 ± 0.05

Significance 6.4 > 8.3 > 8.3

mh = 97 GeV (tanβ = 3)

σ × BR (fb) 2.0 1.6 1.2

Signal 6.5 ± 0.1 4.8 ± 0.1 4.5 ± 0.1

Background 4.5 ± 0.4 1.5. ± 0.1 0.8 ± 0.1

Significance 2.1 2.0 2.7

Table 19-43 Same as Table 19-42, but for an inte-
grated luminosity of 300 fb-1.

mH (GeV) 230 270 320

mh = 72 GeV (tanβ = 1)

Signal 58.5 ± 1.2 40 ± 1.2 106 ± 0.3

Background 6.0 ± 0.7 2.1 ± 0.2 1.7 ± 0.3

Significance 23.5 26.1 77.8

mh = 97 GeV (tanβ = 3)

Signal 16.5 ± 0.2 15.5 ± 0.2 18.6 ± 0.2

Background 8.8 ± 0.9 3.4 ± 0.3 4.2 ± 0.3

Significance 4.4 5.5 6.0
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The H → hh → bbbb channel

This channel, similarly to the channels bbA,

bbH, presents another example of a multi-b-jet

channel with no lepton present for triggering.

It has been studied in some detail in [19-86],

and the results of the analysis for

mH = 300 GeV and mh = 80 GeV are presented

below. As in Section 19.3.2.8, the discussion is

split into two parts. First, an optimistic analy-

sis without trigger requirements is presented,

after which the impact of the current

LVL1/LVL2 trigger thresholds is discussed.

Analysis without trigger requirements

The detector response is parametrised using

fast simulation. Pile-up effects are included

and a b-tagging procedure is applied to the re-

constructed jets after recalibrating their four-

momenta. For signal events, the jet spectrum

is relatively hard, with an average pT of

100 GeV for the hardest and 36 GeV for the fourth jet within |η| < 2.5. Requiring at least four

jets reconstructed with pT > 40 GeV (before energy recalibration) yields an acceptance of 25% for

the signal events.

The signal can be extracted by:

• Requiring the four highest-pT jets to be identified as b-jets.

• Finding the best combination of two pairs of b-tagged jets with invariant masses,

mbb = mh ± 20 GeV.

Figure 19-72 For fully simulated H → hh → bbbb
decays with mH = 300 GeV and mh = 80 GeV and for
low-luminosity performance, distribution of mbb for the
best combination of two pairs of b-tagged jets (two
entries per event).

Figure 19-73 Same as Figure 19-72 but for the distri-
bution of mbbbb after applying the h-boson mass con-
straint to both pairs of b-tagged jets.

Figure 19-71 For integrated luminosities of 30 fb-1,
100 fb-1 and 300 fb-1, 5σ-discovery contour curves for
the H → hh → bbγγ channel in the (mA, tanβ) plane.
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• Requiring mbbbb = mH ± 26 GeV after applying the h-boson mass constraint to both pairs

of b-tagged jets.

The results of this procedure for fully simulat-

ed and reconstructed events with mh = 80 GeV

and mH = 300 GeV (see Section 9.3.2 and [19-

87]) are illustrated in Figures 19-72 and 19-73

for the distributions of mbb (two entries per

event) and mbbbb, respectively. At low lumi-

nosity, the acceptance for finding two bb pairs

with mbb = mh ± 20 GeV is 76%, and that for

finding mbbbb = mH ± 26 GeV after applying

the h-boson mass constraint in 82%.

Background events arise predominantly from

QCD multijet production with a mixture of ir-

reducible backgrounds (containing only b-jets)

and reducible backgrounds (containing at

least one non-b-jet in the final state). After re-

quiring four jets within |η| < 2.5 and with

pT > 40 GeV, the expected number of inclusive

four-jet events is 2x108 from direct gg → bb
production, 1.2x109 from gb → gb production

and 1.7x1010 from gg → gg production.

Even though the direct gg → bb production

process contains initially two real b-jets, it

contributes to only about 20% of the total

background after requiring four b-tagged jets.

Due to their much larger initial production

rates, the dominant background arises from

gb → gb and gg → gg production. The back-

ground from four real b-jets amounts to 70%

of the total background.

Before any invariant mass combinations are

selected, the multijet background is huge

compared to the signal. As an example, for

mH = 300 GeV and mh = 97 GeV (tanβ = 3), the

signal-to-background ratio is about 0.1% after

requiring events with four b-tagged jets with

pT > 40 GeV. This ratio increases to 1% after

selecting the two best bb pairs in the mass

window around mh. These numbers show

clearly that this channel cannot be used as a

stand-alone discovery channel. Table 19-44

gives the expected signal and background

rates for an integrated luminosity of 300 fb-1

and for two cases, mH = 300 GeV and mh = 71 GeV (tanβ = 1.5), and mH = 300 GeV and

mh = 97 GeV (tanβ = 3). The signal observability is comparable to than that for H → hh → bbγγ

Table 19-44 For an integrated luminosity of 300 fb-1

and for H → hh → bbbb decays with mH = 300 GeV
and two values of tanβ, tanβ = 1.5 and 3.0, expected
cross-section times branching ratio, numbers of signal
and background events, signal-to-background ratios
and signal significances. No trigger requirements are
imposed.

tanβ = 1.5
(mh = 71 GeV)

tanβ = 3.0
(mh = 97 GeV)

σ × BR (pb) 1.73 0.76

Signal 1360 360

Background 4000 4000

S/B 34% 9.0%

21.5 5.7S B⁄

Table 19-45 For an integrated luminosity of 30 fb-1

and for H → hh → bbbb decays with mH = 300 GeV
and mh = 97 GeV (tanβ = 3.0), expected numbers of
signal and background events, signal-to-background
ratios and signal significances as a function of the pT
threshold for the softest jet.

pT-threshold (GeV) 20 30 40

Signal 231 132 50

Background 48 000 10 000 800

S/B 0.5% 1.3% 6.2%

1.1 1.3 1.8

pT
bb> 60 GeV and pT > 80 GeV

Signal 132 75 30

Background 2 500 1 500 400

S/B 5.3% 5.0% 7.5%

2.6 1.9 1.5

S B⁄

S B⁄
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decays (see Table 19-43) but would be sufficient to confirm a discovery in this latter channel.

However, the results of Table 19-44 are only indicative since they do not yet include any trigger

requirements (see below).

Without optimised cuts, see upper part of Table 19-45, the background increases much faster

than the signal as the pT threshold is lowered and the sensitivity deteriorates rapidly. With opti-

mised cuts, however, it would appear advantageous to lower the jet pT threshold, but the al-

ready large uncertainties of about a factor of three on the modelling of the multijet background

using the parton-shower approach would be even larger in this case. Even with optimised selec-

tion cuts, see lower part of Table 19-45, the sensitivity at low luminosity is weaker than or at

most comparable to that for the H → hh → bbγγ channels (see Section 19.3.2.9 and Table 19-42)

and with much less favourable and more uncertain signal-to-background ratio.

Impact of current trigger menu

The present LVL1 trigger menu (see Section 11.7.3) imposes a pT threshold of 90 GeV for the

four-jet trigger at high luminosity, as compared to the 40 GeV threshold used in the analysis de-

scribed above. The only other possibilities would be to trigger on single jets with pT > 290 GeV

or three jets with pT > 130 GeV. These thresholds are very high compared to the expected pT
spectrum of jets from H → hh → bbbb decays. Fulfilling the present LVL1 requirements would

strongly suppress the possible sensitivity in this channel. A possible trigger on multijet final

states including b-tagging at LVL2 is at present under study [19-83]. This would permit a lower

threshold to be applied at LVL1.

19.3.2.10 A → Zh

The observation of this channel would be particularly interesting, since it would correspond to

the simultaneous discovery of two Higgs bosons. It is the dominant A-boson decay mode for

low values of tanβ and for mZ + mh < mA < 2mt. Possible final states of interest are:

• A → Zh → bbbb. The channel is similar

to H → hh → bbbb, but with smaller

rates, because BR(Z → bb) is much

smaller than BR(h → bb). This would

provide the largest signal rate, but

would require a four-jet trigger with as

low pT-threshold as possible. Such a

trigger is under consideration as dis-

cussed already in Section 19.3.2.9.

• A → Zh → llbb. This channel is the only

one discussed below, because it can be

easily triggered upon and it offers the

largest rates apart from the dominant

four b channel.

• A → Zh → llγγ. This channel would provide better kinematic constraints in the final state

than the preceding one, but the expected rates are too low for it to be observable at

the LHC.

Table 19-46 Expected cross-sections times branching
ratios for background channels to the A → Zh → llbb
searches.

Process
lljj  final state σ × BR (pb)

Zbb 36.0

Zjj with mll > 80 GeV 1880

ZZ with Z → bb
 > 150 GeV

0.22

ZW, with W → jj
 > 150 GeV

1.16

tt 26.0

s'

s'
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The conclusions for the four-b channel are similar to that for the H → hh → bbbb channel de-

scribed previously. Below only the A → Zh → llbb channel is discussed.

The A → Zh → llbb events are selected to have

[19-16]:

• Two isolated leptons, with opposite sign

and same flavour in |η| < 2.5 and

pT > 20 GeV.

• Two additional jets with |η| < 2.5 and

pT > 15 GeV at low and pT > 30 GeV at

high luminosity. Both jets are required

to be tagged as b-jets.

• The dilepton and dijet masses are re-

quired to be within ±6 GeV and

±22 GeV of mZ and mh respectively. For

events in the mass window the four-vec-

tors of the b-jets are rescaled, such that

the peak position in the invariant mass

of the bb-system corresponds to the as-

sumed nominal mass mh.

After rescaling of the jet four-momenta a reso-

lution of ~8 GeV is found for the reconstructed

llbb invariant mass. These resolution has been

confirmed with full simulation of the ATLAS

detector [19-87]. The rescaling reduces signifi-

cantly the non-Gaussian tails, as already illus-

trated in the case of H → hh → bbγγ.

The overall acceptance for the signal with

mA = 300 GeV is ~6.2% (3.0%) at low (high) lu-

minosity including a lepton reconstruction ef-

ficiency of 90%, the b-tagging efficiency

quoted above, and the acceptance of the selec-

tion cuts and mass windows. In this analysis,

the threshold on the jet transverse momenta

was applied, as for the H → hh → bbγγ analy-

sis, before energy recalibration. Since, in this

channel, the average jet pT is relatively low,

such a procedure gives a significant loss of ac-

ceptance at high luminosity.

Several background sources have been consid-

ered: the irreducible Zbb and ZZ as well as the

reducible ZW, Zjj and tt backgrounds. Cross-

sections for these backgrounds are given in

Table 19-46. After the selection cuts are ap-

plied, the Zbb and tt backgrounds are domi-

nant.

Table 19-47 Cross-sections times branching ratios,
expected number of signal and background events
and statistical significance for the A → Zh → llbb
channel for an integrated luminosity of 30 fb-1 and for
several values of mH and mh (two different values of
tanβ).

mH (GeV) 200 250 300

mh = 71 GeV
tanβ = 1

σ × BR (fb) 560 470 340

Signal 675 786 642

Zbb
ZZ, Zjj
tt
Total background

830

50

90

970

315

25

90

430

125

10

45

180

Significance 21.7 37.8 47.6

mh= 97 GeV
tanβ = 3

σ × BR (fb) 9.0 21 17

Signal 15 39 37

Total background 1140 1120 650

Significance 0.5 1.2 1.4

Table 19-48 Same as Table 19-47, but for an inte-
grated luminosity of 300 fb-1, assuming high luminos-
ity performance.

mH (GeV) 200 250 300

mh = 71 GeV
tanβ = 1

Signal 1008 2520 3000

Zbb
ZZ, Zjj
tt
Total background

375

20

210

600

375

20

405

800

60

10

190

260

Significance 40.8 89.0 186

mh= 97 GeV
tanβ = 3

Signal 36 140 170

Total background 1830 2700 2000

Significance 0.8 2.7 3.8
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The background can be further reduced by applying cuts on the transverse momenta of the re-

constructed h → bb or Z → ll and on the missing transverse momentum ET
miss. A cut of

ET
miss < 60 GeV is found to optimise the signal-to-background ratio and leads to the event num-

bers given in Table 19-47. The results are given for two different values of tanβ and for an inte-

grated luminosity of 30 fb-1. The expected signal rates decrease rapidly with increasing tanβ,

even though larger values of mh improve the signal acceptance by nearly a factor of 2 between

mh = 70 GeV and mh = 97 GeV. For tanβ = 1, the signal-to-background ratio increases from ~2:3

for mA = 200 GeV to ~4:1 for mA = 300 GeV. For a given value of mA, the corresponding value of

mh increases with increasing tanβ and so the background rate varies also. At high luminosity, as

presented in Table 19-48, the tt background becomes more important. For low tanβ values a

clear mass peak can be reconstructed on top of the background, as shown in Figure 19-74 for a

300 GeV Higgs boson, tanβ =1  and an integrated luminosity of 30 fb-1.

Given the rapid falling signal rates with increasing tanβ, the A → Zh → llbb channel can only be

observed for low values of tanβ and for 200 GeV < mA < 2 mt. The sensitivity to the signal for a

given value of mA was estimated for two different values of mh, and a simple linear interpola-

tion or extrapolation was performed to obtain the 5σ-discovery contour curves in the (mA, tanβ)

plane which are presented in Figure 19-75.

Figure 19-74 The expected signal+background distri-
bution for mllbb from a reconstruction of A → Zh → llbb
events for mA = 300 GeV and tanβ = 1 (mh = 71 GeV)
and for an integrated luminosity of 30 fb-1.

Figure 19-75 For integrated luminosities of 30 fb-1,
100 fb-1 and 300 fb-1, 5σ-discovery contour curves for
the A → Zh → llbb channel in the (mA, tanβ) plane.
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19.3.2.11 Charged Higgs bosons

The charged Higgs bosons have masses which are almost degenerate with the masses of the H-

and A-bosons. Although several mechanisms can be potential sources for their production, only

a few seem promising for their detection:

• If the charged Higgs boson is lighter than the top quark, top quark decays represent a co-

pious source of its production, via the decay t → H+b. Since top-quarks are expected to be

produced with very large rates at the LHC, σtt ~ 600 pb, a charged Higgs boson can be

searched for in this channel for masses up to the kinematic limit imposed by the top-

quark mass.

• If the charged Higgs boson is heavier than the top quark, it can be produced via the

gluon-b and gluon-gluon fusion processes, pp → tH± and pp → tbH± respectively, in which

the Higgs boson is emitted from a heavy quark [19-88].

The main decay channels of the charged Higgs bosons are the fermionic decays: H± → τν below

the tb-threshold and H± → tb above. Below 150 GeV and for low values of tanβ, the H± → cs and

H± → cb modes are not negligible. In the same mass range, the three-body off-shell decays

H± → hW*, H± → AW* and H± → bt*→ bbW [19-89] have also sizeable branching ratios. When

the phase-space increases, 150 GeV < mH
± < 180 GeV, both the bbW and the hW* mode could be

enhanced with respect to the τν mode. Decays into the lightest chargino and neutralino

or decays into sleptons would dominate whenever kinematically allowed. For large values of

tanβ the importance of these SUSY decay modes would be reduced, however, for values as large

as tanβ = 50, the decay H± → would be enhanced, provided it is kinematically allowed and

would lead to τ's in the final state. Their transverse momentum spectrum is, however, expected

to be softer than that of τ's from the direct H± → τν decays.

Charged Higgs lighter than the top-quark

The experimental strategies for the charged Higgs boson search below the top-quark mass rely

on the t → H+b decays, given the expected production of the 6x106 tt pairs for an integrated lu-

minosity of 10 fb -1. Since the relevant t → H+b branching ratio is proportional to (mt
2 cot2β +

mb
2 tan2β), for a given value of mH

± the branching ratio for such decays is large at small and at

large tanβ, but has a pronounced minimum at tanβ ~ ~ 7.5. The exact position of this

minimum and its depth is sensitive to QCD corrections to the running b-quark mass.

Studies of H± → τν and H± → cs decay modes are presented below. The H± → hW*, H± → AW*
and H± → bt*→ bbW have not been studied so far by ATLAS. With the expected b-tagging effi-

ciency, these multi-b-jets decays modes are very interesting for a more detailed investigation.

H± → τν

When the charged Higgs is produced in top decays, the t → H+b decay competes with the stand-

ard t → Wb decay. The H± → τν leads to an enhanced tau lepton rate in tt decays. The mass of

the charged Higgs boson cannot, however, be directly reconstructed, because several neutrinos

are produced in the final state.

The study was performed at the time of the Technical Proposal [19-14] (see also [19-90]), using a

full detector simulation. Here only the main results are recalled and more details can be found

in [19-90].

χ̃1
± χ̃1

0

τ̃ υ̃

mt mb⁄
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Events are selected to have:

• One isolated high pT lepton within

|η|< 2.5, which triggers the experi-

ment. In signal events this lepton origi-

nates from semi-leptonic decays of the

second top quark.

• One identified hadronic tau, using the

same identification criteria as defined in

Section 9.1.5 for the H/A → ττ decays.

• At least three jets with pT > 20 GeV and

|η| < 2.5, of which two are required to

be tagged as b-jets. This reduces the po-

tentially large backgrounds from W+jet
and bb production to a level well below

the tt signal itself.

The selection cuts enhance the τ-lepton signal from H± decays with respect to that from W de-

cay, and select mostly single-prong τ-decays.

As for the case of the H/A → ττ decays discussed in Section 9.1.5 τ identification is a key element

in extracting a possible signal from the large combinatorial background from jets. After the se-

lection cuts and the τ identification criteria are applied, t → H+b decays appear as final states

with an excess of events with one isolated τ−lepton compared to those with an additional isolat-

ed electron or muon. Details on signal and background rates are given in Table 19-49 for

tanβ = 5 and various H+ masses. For example, for mH
+ = 130 GeV and tanβ = 5, an excess

of ~1500 τ-leptons is expected from a charged Higgs-boson signal, above a background

of ~3000 τ-leptons from W-decay, and of ~4000 fake τ-leptons.

When measuring such an excess, systematic

uncertainties have to be taken into account.

They arise mainly from the imperfect knowl-

edge of the τ-lepton efficiency from fake τ-lep-

tons present in the final sample. They were

assumed to be ~3% from past experience [19-

91], and were added to the statistical uncer-

tainty to obtain the significances presented in

Table 19-49. Since these systematic uncertain-

ties dominate the overall uncertainty, the sen-

sitivity to a charged Higgs-boson signal would

not improve significantly with higher integrat-

ed luminosity unless increased statistics re-

sulted in improved systematic uncertainties.

Figure 19-76 shows the expected 5σ-discovery

contour curve for this channel in the

(mA, tanβ) plane for mt = 175 GeV and for an

integrated luminosity of 30 fb-1. A signal from

charged Higgs-boson production in tt decays

Table 19-49 Observability of the H± → τν channel at
low luminosity. The σ × BR values, the expected
number of signal and background events and the sig-
nal significance are given for the production of one or
two charged Higgs bosons in tt decay and for tanβ = 5.
A systematic uncertainty of 3% on the background is
assumed in the calculation of the signal significance.

mH
+ (GeV) 110 130 150

σ × BR (pb) 23.3 13.1 4.8

Signal 3050 1550 380

Background 7020 7170 9120

Significance 13.1 6.6 1.3

Figure 19-76 The 5σ-discovery contour curve for the
H± → τν channel in the (mA, tanβ) plane for an inte-
grated luminosity of 30 fb-1 and a top-quark mass of
175 GeV.
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would be observed for all values of mH
± below mt - 20 GeV over most of the tanβ-range. For

moderate values of tanβ, for which the expected signal rates are lowest, the accessible values of

mH
± are lower than this value by 20 GeV.

H± → cs

In the ATLAS Letter of Intent [19-13], the

H± → cs decay mode was considered as a com-

plementary one to the H± → τν channel for

searches at low tanβ. Off shell decay modes

such as H± → hW*, H± → AW*, H± → bt* were

not considered in the original study. If these

modes are taken into account, the prospects

for the observability of the H± → cs channel

are reduced by a large factor. According to

present theoretical calculations [19-89], assum-

ing tanβ = 1.5 and mH
± = 110 - 150 GeV, for ex-

ample, the H± → cs branching ratio does not

exceed ~3-6% while a branching ratio of ~26%

is predicted by the default version of PYTHIA5.7, where off-shell decays are not included.

The cross-section times branching ratios for the H± and the W decay modes of the top quark are

compared in Table 19-50 for tanβ = 1.5 and two values of the H± mass. The original ratio of 1:10

of tt → H±bWb to tt → WbWb events is reduced to 1:100 after branching ratios are taken into ac-

count. Given this ratio, the extraction of an H± → cs peak in the mjj distribution seems difficult.

For extracting this decay mode, the events are required to have:

• One isolated high pT lepton within |η|< 2.5, to trigger the experiment. In signal events

this lepton originates from semi-leptonic decays of the second top quark.

• Two b-tagged jet with pT > 15 GeV and |η| < 2.5 and no additional b-jet.

• At least two non-b central jets |η| < 2.0 for the H± → cs reconstruction, and no additional

jets above 15 GeV in this central region.

Evidence for H± is searched for in the two-jet

mass distribution. The mass peak from an H±

decay can be reconstructed with a resolution

of σ = 5 - 8 GeV if the mass of the H± is in the

range between 110 and 130 GeV. In this mass

range, the peak sits on the tail of the recon-

structed W → jj distribution from tt back-

ground events which decay via a Wb instead

of an H+b. Examples are shown in Figures 19-

77 and 19-78 for H± masses of 110 and 130 GeV.

In this mass range the H± peak can be separat-

ed from the dominant W → jj background [19-

92].

Table 19-50 Cross section times branching ratios for
signal and tt → WbWb background at tanβ = 1.5 and
two different values of mH

+ for the production of a sin-
gle charged Higgs boson in tt decays.

tt with
t → Wb, W → lν
t → H+b, H± → cs

tt with
t → Wb, W → lν
t → Wb, W → jj

mH
+ = 110 GeV

σ × BR = 1.7 pb σ × BR = 170 pb

mH
+ = 130 GeV

σ × BR = 0.7 pb σ × BR = 90 pb

Table 19-51 The expected number of signal and
background events for the H± → cs channel for an
integrated luminosity of 30 fb-1 and for mH = 110 and
130 GeV and tanβ = 1.5.

mH
+ (GeV) 110 130

Signal 870 430

Background: 18 000 10 000

S/B 4.8% 4.5%

6.5 4.4S B⁄
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The expected numbers of signal and background events for an integrated luminosity of 30 fb-1

are given in Table 19-51. This channel is complementary to the H± → τν channel for low tanβ
values. Whereas the H± → τν channel allows only the observation of an excess of events, it is

possible to reconstruct a mass peak in the H± → cs decay mode, which makes a determination of

the H± mass possible.

Charged Higgs heavier than the top-quark

The possibility for discovering a charged Higgs heavier than the top-quark produced by gg and

gb fusion [19-93] or by other b-quark initiated processes [19-94], has been investigated. Above

the top-quark mass threshold the charged Higgs decays in almost 100% of the cases to tb. For

charged Higgs bosons produced in gb fusion (bg → H±t) the final state would contain two top-

quarks and a b-quark. The gg fusion with H± bremsstrahlung (gg → H±tb) would lead to two

top-quarks and two b-quarks with the possibility of reconstructing top-quarks pairs. The

bq → bH± process would lead to two b-quarks and a top-quark in the final state. In all cases a

multi-b-jet final state with at least one top-quark characterises the signal events. The only sub-

stantial background is expected to be the tt production.

The expected signal cross-section is driven by the H±tb coupling squared, which is proportional

to (mt
2 cot2β + mb

2 tan2β). The cross-section reaches its minimum, for constant mH
+, at

tanβ ~ ~ 7.5. The branching ratio for H± → tb decays is 100% for tanβ = 1.5 and de-

creases slowly to 80% with increasing tanβ where H± → τν decays become relevant.

Figure 19-77 For the H± → cs decays the expected
mjj distribution of signal+background events (solid line)
and from the expected background (dashed) for
mH

± = 110 GeV and tanβ = 1.5 and for an integrated
luminosity of 30 fb-1. The errors are statistical only.

Figure 19-78 Same as Figure 19-77, but for
mH

+ = 130 GeV.
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In the currently available Monte Carlo gener-

ator, PYTHIA 5.7, the 2 → 2 matrix-element

for the process bg → H±t has been implement-

ed. The predicted rates for single H± produc-

tion, including branching ratio for the semi-

leptonic decay of one top-quark, are given in

Table 19-52. More details on the analysis pre-

sented below can be found in [19-92].

The applied reconstruction procedure re-

quires:

• One isolated high pT lepton within

|η| < 2.5 to trigger the experiment.

Both in signal and background events this lepton originates from semi-leptonic decays of

one of the top quarks.

• Three b-tagged jets with pT > 30 GeV, |η| < 2.5 and no additional b-jet.

• At least two non-b jets, which are used for the W → jj reconstruction of the second top

quark.

• Both top-quarks must be reconstructed inside the mass window, as explained in

Section 19.2.4.3.

• One of the reconstructed top-quarks is to be matched with the remaining b-jet for the re-

construction of the peak in the mtb distribution from H± → tb decay.

Thresholds on pT are applied to improve the resolution of the reconstructed Higgs-boson mass

(pT
t > 60 GeV and pT

H± > 80 GeV).

For a Higgs boson mass of 200 GeV the initial signal-to-background ratio is in the order of 1:100

in the favourable low and high tanβ range. Requiring exactly three b-tagged jets improves this

ratio to 1:20. The acceptance of the initial selection is about 2.5% (5.1%) for Higgs signal events

of mH
± = 200 GeV (500 GeV) and 0.1% for background events. After this selection, the back-

ground consists roughly of 70% ttb events and 30% ttj events. The mass resolution and accept-

ance of the top-pair reconstruction are comparable to those obtained in the ttH, H → bb analysis:

namely, 12.5 GeV for W → jj, ~10 GeV for t → jjb and t → lνb with ~60% acceptance for recon-

structing both top-quarks inside their respective mass windows.

The mass resolution obtained for H± → tb, specified in Table 19-53, is not as good as could be ex-

pected from the reconstruction of other multi-jet multi-resonance channels, e.g. H → hh → bbbb
or A → tt. If only the true H± → tb combinations are considered, the resolution is found to be

σm = 17 GeV, with an acceptance of 86% inside a ±2σm mass window for mH = 300 GeV. When

all combinations of the reconstructed tb events are allowed, including false t → Wb matching

and/or false H± → tb matching, a Gaussian peak with a resolution of σm = 15 GeV (39 GeV) is

obtained, but with large tails. The event fraction inside a ±2σ mass window becomes 42% (73%)

for a Higgs-boson mass of 200 GeV (300 GeV). Nevertheless, the signal peak can be seen on top

of the background as illustrated in Figures 19-79 and 19-80 for Higgs-boson masses of 200 and

300 GeV respectively.

Table 19-52 The expected cross section times
branching ratios (σ × BR) for single charged Higgs
production in bg → H±t process with H± → tb and
one semi-leptonic top-quark decay t → lνb for various
values of mH

+ and tanβ.

mH
± tanβ=1.5 tanβ= 10 tanβ= 30

200 GeV 3.4 pb 0.4 pb 1.6 pb

250 GeV 2.0 pb 0.18 pb 1.2 pb

300 GeV 1.2 pb 0.14 pb 1.0 pb

400 GeV 0.6 pb 0.08pb 0.4 pb
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Figure 19-79 The signal+background (solid) and
background only (dashed) distribution for recon-
structed invariant mass mtb for a Higgs boson mass of
200 GeV, tanβ = 1.5 and an integrated luminosity of
30 fb-1. The errors are statistical only.

Figure 19-80 Same as Figure 19-79, but for a Higgs
boson mass of 300 GeV.

Table 19-53 The mass resolution, acceptance inside the mass window, and the expected number of signal and
background events for H± → tb decays, for tanβ = 1.5 and 30 and for an integrated luminosity of 30 fb-1.

mH
± (GeV) 200 250 300 400

σm (GeV) 15 37 39 49

Acceptance mH
+ ± 2σm 42% 71% 73% 64%

tanβ = 1.5

Signal 300 560 378 152

Background 760 1590 1650 1270

S/B 0.40 0.36 0.22 0.12

10.9 14.0 9.3 4.3

tanβ = 30

Signal 140 336 315 100

S/B 0.18 0.21 0.19 0.08
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The expected number of signal and back-

ground events in the mass window, which

varies from ± 30 GeV for mH± = 200 GeV to ±80

GeV for mH± = 300 GeV, is given in Table 19-53

for an integrated luminosity of 30 fb-1 and for

two different values of tanβ. The 5σ discovery

contour curves in the (mA, tanβ) plane are

shown in Figure 19-81 for integrated luminosi-

ties of 30 fb-1, 100 fb-1 and 300 fb-1 respective-

ly. This channel would be observable for low

and large values of tanβ. The kinematic limit

for the on-shell H± → tb decays is around

mA = 160 GeV.

Since not all the processes contributing to the

single charged Higgs production were availa-

ble for the Monte Carlo simulation, the signal

rates given in Table 19-53 are underestimated.

Therefore, the sensitivity to this channel, as

presented above and shown in Figure 19-81,

should be considered as a conservative esti-

mate.

19.3.3 Overall sensitivity

The 5σ discovery contour curves, as determined in the previous Sections for the various chan-

nels in the (mA, tanβ) plane, are superimposed in Figure 19-ii for integrated luminosities

of 30 fb-1 and of 300 fb-1 and for the minimal mixing scenario (the most difficult case for the

LHC). In Figure 19-82, the same overall picture is presented for the case of maximal mixing and

an integrated luminosity of 300 fb-1.

These Figures also display the present LEP2 limit ( = 189 GeV and 175 pb-1 per experiment),

as well as the ultimate limit expected by the end of LEP2 operation in 2000 ( = 200 GeV and

200 pb-1 per experiment), assuming that no Higgs-boson discovery will be made. The present

experimental limit from LEP2 already excludes values of tanβ below 2 - 3, and the expected ulti-

mate limits will extend these excluded regions to tanβ < 3 (maximal mixing) or even tanβ < 7

(minimal mixing). This makes the prospects for the discovery of several channels presented in

the previous Sections much less promising, since these channels do not provide any discovery

potential for larger values of tanβ (this is the case for e.g. H/A → tt, A → Zh → llbb and

H → hh → bbγγ).

Nevertheless these channels have been studied and presented here in some detail for two rea-

sons.

• The level of detail with which the analyses of individual channels have been optimised at

this stage is far below what has been done with LEP data for obvious reasons. The same is

true for the scan of the (mA, tanβ) parameter space. In addition, as discussed in

Section 14.4, the presently available theoretical predictions for some of the signal process-

Figure 19-81 For integrated luminosities of 30 fb-1,
100 fb-1 and 300 fb-1, 5σ-discovery contour curves for
the H± → tb decays in the (mA, tanβ) plane.

s
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es and most of the background processes still suffer from large uncertainties. For these

reasons, the signal observability reported here can be considered as conservative.

• More importantly, the MSSM scenario has been considered as a benchmark for the evalu-

ation of the physics performance of the detector, given the rich spectrum of possible ex-

perimental signatures. The studies reported here would also be of interest for other

models. Even if the search for a fundamental scalar particle with a mass below 130 GeV is

considered to be the most important test of the MSSM [19-95], recent theoretical calcula-

tions show that this upper limit can be increased to masses of up to 200 GeV if additional

Higgs doublets are introduced into the model [19-96]. The spectrum of possible scenarios

is rather broad, whereas the spectrum of characteristic signatures is limited and the

Standard Model background sources to such signatures are well established by now.

Figure 19-82 Same as Figure 19-ii, but for maximal mixing (see text).
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Therefore, the conclusions concerning the observability of the various Higgs bosons in the

MSSM are not limited by the strict validity of the model itself with respect to present (or expect-

ed) experimental limits. The goal was to evaluate the observability of a spectrum of signatures

above the Standard Model background and to establish a full coverage of the parameter space.

As discussed already, the details of the 5σ-discovery contour curves presented in Figure 19-ii

and Figure 19-82 may be affected by changes in some of the parameters in the MSSM model.

This arises from kinematic shifts in the opening/closing of channels (determined by the value

of mh) or from changes in rates for signals or backgrounds. One of the important parameters

governing such changes is the sensitivity to the mixing parameters At and Ab. As the so-called

mixing varies from minimal to maximal, the predicted mass of the light h-boson rises for given

values of mA and tanβ, thereby increasing in many cases the discovery potential for the h-boson

at the LHC and decreasing it at LEP.

The 5σ−discovery contour curves in the case of maximal mixing are shown in Figure 19-82. The

main changes with respect to Figure 19-ii (bottom) arise from the fact that mh is predicted to be

10 -20 GeV higher for the same values of mA and tanβ. The expected coverage for h → γγ is

slightly degraded for mA ~ 150 GeV and tanβ ~ 2. The coverage of the H → ZZ(∗) → 4l channel is

enhanced for low values of mA, because the H → hh channel is closed for all values of tanβ. As a

consequence, the H → hh and A → Zh channels become open only for higher values of mA. More

detailed differences between minimal and maximal mixing are beyond the precision of the eval-

uation presented here.

In summary, however, the overall picture remains the same:

• With a modest integrated luminosity of 30 fb-1, the discovery potential covers a large frac-

tion of the parameter space. For 80 % to 90 % of the cases, the discovery of a Higgs boson

would allow discrimination between the SM  and MSSM models.

• The overall discovery potential in the (mA, tanβ) plane relies heavily on the H/A → ττ
channel and on the tth with h → bb and on the h → γγ channels.

• For an integrated luminosity of 100 fb-1, corresponding approximately to four years of

LHC operation, the discovery potential covers the whole parameter space. For a very

high integrated luminosity of 300 fb-1 the experiment would be able to distinguish be-

tween the SM and the MSSM models in most cases. In Figure 19-ii, the region with

mA > 250 GeV and 4 < tanβ < 5 - 10 is only covered by the h → γγ and h → bb channels,

and this distinction will be very difficult from these channels alone. However, h → bb de-

cays from SUSY particle decays should be observable above background in this region in

many cases, thus providing a direct evidence for SUSY (see Section 19.3.5.4).

• In the case of the simultaneous discovery of the h- and A-bosons at LEP2, essentially only

the charged Higgs boson would be seen directly in top-quark decays at the LHC. In the

more likely case where only the h-boson was discovered at LEP2, several Higgs bosons

would then be observed at the LHC (low tanβ region of Figure 19-ii).

• More generally, over large regions for mA > 160 GeV, all three neutral Higgs bosons, and

in some cases also the charged Higgs-boson would be discovered with ATLAS. Over most

of this region, the H- and A- bosons are degenerate in mass and would be very difficult to

distinguish. For ~10 % of the parameter space, i.e. for tanβ > 7 and

90 GeV < mA < 130 GeV, the two heavy neutral Higgs bosons and the charged Higgs bos-

on would be discovered with ATLAS.
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• The discovery potential of the heavy Higgs bosons for mA > 500 GeV is limited to very

large values of tanβ. In such cases the coverage of the (mA, tanβ) plane would essentially

be ensured only by the discovery of the h boson in the h → γγ and h → bb channels.

• The overall discovery potential can also be displayed in the (mh, tanβ) plane, as shown in

Figure 19-83 for an integrated luminosity of 300 fb-1. This choice of parameter plane, al-

though relevant for LEP2, where most of the sensitivity is related to the h-boson, is not the

best one for displaying the LHC potential, because the large masses of the other Higgs

bosons all collapse into the line delimiting the maximum allowed value of mh. Figure 19-

83 shows that, for large tanβ and for mh < 110 GeV, a discovery of the h-boson through its

direct production is not possible with ATLAS. However, if cascade decays of SUSY parti-

cles are also considered (see Section 19.3.5.4), the h-boson (produced in SUSY cascade de-

Figure 19-83 Same as Figure 19-ii but in the (mh, tanβ) plane for an integrated luminosity of 300 fb-1. The
region on the right-hand side of the curve with the cross-hatched area is not allowed in the model (it corre-
sponds to values of mh larger than the maximum allowed value in the MSSM).
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cays) would be discovered in the h → bb channel in many SUSY scenarios, even for

mh < 95 GeV.

• The various channels described in the previous sections have also been studied for

tanβ < 1 [19-16]. Even if such values are disfavoured for theoretical reasons, it is impor-

tant to assess the experimental sensitivity in these cases. For this reason, each channel was

studied for 0.3 < tanβ < 2. In contrast to LEP2, which has very little sensitivity to values of

tanβ below ~ 0.8, the sensitivity with ATLAS is quite good for most channels of interest in

this region of very low values of tanβ.

• It is important to recall here that all the SUSY particle masses were set to 1 TeV for this

study. In some specific cases, the exact choice of the SUSY particle mass spectrum does af-

fect the Higgs-boson production cross-sections and/or decay branching ratios, and there-

fore the discovery potential for specific channels. In particular, studies based on Minimal

Supergravity (SUGRA) Models (see Section 19.3.5) indicate that the two heavy neutral

Higgs bosons and the charged Higgs boson will have masses larger than 500 GeV in

many cases and will therefore be outside the parameter space studied here. For given val-

ues of mA and tanβ, different values of mh would be allowed, depending on the exact

mass spectrum of the SUSY particles, but, in most cases, these values would be close to

the unique value allowed in the case of heavy SUSY particles.

19.3.4 Determination of the MSSM Higgs parameters

Assuming that a MSSM Higgs boson would be discovered, this section evaluates the potential

for precision measurements of the model parameters, mA and tanβ, and of the masses of the dis-

covered Higgs bosons themselves (see [19-97] for more details).

The theoretical motivation for precision measurements in the MSSM is even stronger than in the

Standard Model. In the SM, a precise knowledge of the profile of the Higgs boson (mass, width,

branching ratios, couplings) would confirm the correctness of the model itself. However, since

the sensitivity of the electroweak precision measurements to mH through radiative corrections is

only logarithmic, a precise knowledge of the Higgs-boson mass would not substantially over-

constrain the model. The present data (mW = 80.394 ± 0.042 GeV and mt = 174 ± 5 GeV) and the

electroweak precision measurements favour an area which is consistent with both the MSSM

and the SM [19-98].

In the MSSM Higgs sector, the relations between the Higgs-boson masses, tanβ and other pa-

rameters of the SUSY model are strongly constrained. Precise measurements of the Higgs-boson

parameters and of the SUSY particle masses (see Chapter 20), if matched well by the precision

of the theoretical calculations, would allow to overconstrain the SUSY model itself (see e.g. [19-

99]).

If no SUSY particles are found, measurements of the Higgs-boson parameters should allow in

some cases to distinguish between the SM and the MSSM models and to check the consistency

with the relations between Higgs-boson masses predicted by the model. If, for example, the sig-

nal were to be observed in the H → ZZ∗ → 4l channel, the measured signal rate would provide

the best tool to understand its origin, since the MSSM rates are suppressed by an order of mag-

nitude with respect to the SM case over most of the parameter space. For values of mH larger

than ~250 GeV, the measured signal width would also provide a handle to disentangle the SM

case (ΓH
tot ~ 10 GeV) from the MSSM case (ΓH

tot <  1 GeV).
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The Higgs-boson couplings will be measured, but most likely with an accuracy not better than

10 - 20%, since in most cases these measurements will be based on signal rates. A measurement

of obvious interest will be that of the Higgs-boson couplings to the top quark, either through

the observation of tth production with h → bb decay, or through the observation of H/A → tt de-

cays.

As already discussed in Section 19.2.12 for the SM Higgs-boson, ratios of rates from different

channels will also provide ratios of couplings in the MSSM. This would be the case of H/A → ττ
and H/A → µµ for large values of tanβ. Over a very large range of tanβ and mA values this

would also be the case for the associated production with h → γγ and h → bb decay.

19.3.4.1 Measurement of the Higgs-boson masses

The precisions quoted in this section for Higgs-boson mass measurements are estimated with

the same assumptions as already discussed in Section 19.2.12. They include the statistical error

on the determination of the peak position, coming from both the limited number of signal

events and from the error on the background subtraction (the background is assumed to be flat

under the peak), and the systematic error on the absolute energy scale (see Chapter 12). This lat-

ter error is assumed to be 0.1% for decay channels which contain leptons or photons (e.g. h → γγ,

H → ZZ∗ → 4l) and 1% for decay channels containing jets (e.g. h → bb). No theoretical errors are

included in the results presented below and an integrated luminosity of 300 fb-1 is assumed in

the following.

In the MSSM model, the lightest Higgs boson

is searched for over a very small range of mass

values, with an upper limit of mh = 115 -

130 GeV (depending on the model parame-

ters) and a lower limit given by the experi-

mental constraints. Since the present lower

limit from LEP2 [19-11] is about 80 GeV for mh
and mA, only results above these values are

presented below. The couplings of the h-boson

are similar to the couplings of the SM Higgs-

boson over the accessible range of parameter

space for the discovery channels: h → γγ and

h → bb. The precision expected for the mass

measurements is therefore similar.

The heavy neutral Higgs bosons would be ob-

servable in decay channels not accessible oth-

erwise for the SM Higgs-boson. The only

exception is the H → ZZ(∗) → 4l channel, for

which, however, the expected rates are strong-

ly reduced with respect to the SM case.

Table 19-54 summarises the expected preci-

sions on the masses of the MSSM Higgs bosons over the complete set of possible discovery

channels and over the full parameter space for an integrated luminosity of 300 fb-1.

• If the h boson is discovered through the SM production processes (direct or associated

production), the precision of the mass measurement is similar to that discussed already in

Section 19.2.12. Over the range of parameter space covered by both the h → γγ and h → bb

Table 19-54 Expected precision on the measurement
of the MSSM Higgs boson masses for an integrated
luminosity of 300 fb-1 and for the whole discovery
region.

MSSM
Higgs boson

Process Precision
∆m/m

h Inclusive h → γγ 0.1% - 0.5%

Wh, tth with h → γγ 0.1% - 0.5%

Wh, tth with h → bb 1% - 3%

H Inclusive H → γγ 0.1% - 0.5%

H → ZZ∗ → 4l 0.1% - 0.5%

H → hh → bbγγ 1% - 2%

A Inclusive A → γγ 0.1% - 0.5%

A → Zh → llbb 1% - 2%

H/A H/A → ττ 1% - 12%

H/A → µµ 0.1% - 2.0%
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channels, the precision is determined by the h → γγ channel and is ~0.1%. Over the region

where only the h → bb channel is observable the expected precision is 1 - 3%.

• Cascade decays of SUSY particles, discussed in Section 19.3.5.4, might be a source of copi-

ous production of h → bb events. The precision which can be achieved in this channel var-

ies with the rates associated with a given SUGRA parameter point (see Section 19.3.5.4).

This channel is limited by the systematic error of 1% on the jet energy scale for signal rates

above a few hundred events, which would be achieved over a large region of the SUGRA

parameter space, for an integrated luminosity of 30 fb-1.

• For low values of tanβ, the precision of the measurement of the mass of the H-boson will

be determined by the H → ZZ(∗) → 4l channel, if observable. It will vary strongly with

tanβ, from 0.1% to 0.5%, following the rapid variation of rate. It will be worse than that

expected for the SM Higgs-boson of the same mass, since the MSSM rates are strongly

suppressed. If only the H → hh → bbγγ decay mode were to be accessible, the expected

precision would not be better than ~1%.

• The pseudoscalar A can be discovered for low values of tanβ in the A → Zh → llbb and

A → γγ modes with rates varying very rapidly with tanβ. The expected precision of the

mass measurement is not better than 1 - 2% for A → Zh → llbb and 0.1% for the A → γγ
channel.

• For large values of tanβ, heavy Higgs bosons H and A will be discovered in the ττ or µµ
decay mode. They cannot be disentangled from each other, being almost degenerate in

mass and having almost identical decay modes. If both H/A → ττ and H/A → µµ decays

are observable, the precision will be determined by the µµ decay mode, with a much bet-

ter expected resolution and a smaller systematic error. For large values of tanβ where both

channels are accessible, the precision is about 0.1%. For moderate values of tanβ, where

the discovery reach of the ττ channel extends further than that of the µµ channel, the pre-

cision is degraded to 1-12%. For H/A → ττ a systematic uncertainty of 1% coming from

the jet energy scale has been included. The systematic uncertainty from the ET
miss scale

has not been included in the present study, but is expected to be of the same order of mag-

nitude (see Section 12.5.2).

Figures 19-84 and 19-85 illustrate the expected precisions on the Higgs-boson masses discussed

above, for an integrated luminosity of 300 fb-1 and for tanβ = 3 and tanβ = 30, respectively.

19.3.4.2 Measurement of tan β

The measurement of the signal rates for the heavy Higgs bosons provides a good sensitivity to

tanβ. The method proposed in [19-59] was followed for the evaluation of this sensitivity. The

systematic error is dominated by the luminosity and is taken conservatively to be 10%. The ex-

pected precision on the measurement of mA is also taken into account in the evaluation:

• If the signal were to be observed in the H → ZZ(∗) → 4l channel, the measured signal rate

would allow a measurement of tanβ with an accuracy of 10% to 25%, for an integrated lu-

minosity of 300 fb-1. For small tanβ its measurement is possible with the H → ZZ∗ → 4l
channel. However, the precision is limited to 10% at best, since the signal rate for this

channel is low.

• If the signal were to be obtained in the H/A → ττ channel, the measured signal rate would

provide good sensitivity to tanβ. As an example, for mA = 150 GeV and an integrated lu-

minosity of 300 fb-1, tanβ can be measured to an accuracy of ±15 % for tanβ = 5 and

of ±6 % for tanβ = 40.
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• For large values of tanβ, a somewhat better sensitivity can be achieved with the H/A → µµ
channel, ±12 % for tanβ = 10 and ±5 % for tanβ = 40.

Figures 19-86 and 19-87 illustrate the expected precision on tanβ discussed above, for an inte-

grated luminosity of 300 fb-1 and for mA = 150 GeV and mA = 300 GeV, respectively.

Figure 19-84 Expected precision on the measure-
ment of the MSSM Higgs-boson masses for an inte-
grated luminosity of 300 fb-1 and tanβ = 3.0

Figure 19-85 Same as Figure 19-84, but for
tanβ = 30.

Figure 19-86 Expected precision on the measure-
ment of tanβ, for an integrated luminosity of 300 fb-1

and for mA = 150 GeV.

Figure 19-87 Same as Figure 19-84, but for
mA= 300 GeV.
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19.3.5 SUGRA scenarios

19.3.5.1 General considerations

As discussed in Section 19.3.3, the searches in the MSSM Higgs sector have been performed un-

der the assumption that the SUSY mass scale is heavy and the influence of SUSY particles on the

Higgs-boson decays could therefore been ignored. However, for a complete discussion of the

MSSM Higgs sector, the influence of SUSY particles has to be considered [19-100]. In this sec-

tion, other scenarii are discussed, where SUSY particles can appear among the decay products

of supersymmetric Higgs bosons, and where the Higgs bosons themselves appear in the decays

of SUSY particles. In general, the influence of the SUSY particle sector on the Higgs bosons aris-

es from the following effects:

• Due to radiative corrections, the mass spectrum of the Higgs bosons is affected by the

SUSY particle spectrum and the mixing parameters in the stop-sbottom sector [19-11].

• If SUSY particles are not too heavy, their contribution to loops can either enhance or sup-

press the gg → h, H, A production cross-sections and/or the branching ratios for the

γγ channel [19-101].

• There are regions in parameter space, where the rates for Higgs-boson decays to SUSY

particles are large and dominant. These decays reduce the rates for SM signatures, open-

ing new modes for Higgs-boson detection [19-100][19-102]. Higgs-boson decays to

charginos or neutralinos (H→ , ) which lead to multi-lepton final states, are

among the most interesting signatures in this respect.

• There are regions in parameter space, where Higgs bosons are produced in decays of

SUSY particles [19-100]. The most promising channel is the second lightest neutralino de-

cay to the h-boson, followed by an h → bb decay [19-103][19-104].

The many parameters of the MSSM render a

systematic study of the interplay between the

Higgs and SUSY sectors extremely difficult.

Therefore these studies have been performed

in the framework of the more constrained

minimal SUGRA model [19-71]. For a detailed

discussion of the parameters of this model, the

reader is referred to Chapter 20.

Masses

The SUGRA parameters have been scanned

over the ranges m0, m1/2 = 50 - 1000 GeV,

tanβ = 1 - 50, for both signs of µ and for A0 = 0.

These ranges correspond to the region of pa-

rameter space over which SUSY would be dis-

covered at the LHC (see Chapter 20). Parts of

this parameter space are excluded theoretical-

ly or experimentally [19-105]. In the determi-

nation of these excluded parameter regions,

the present experimental limit on mh has not

been included. Curves of constant mh are

χ̃2
0 χ̃2

0 χ̃1
± χ̃1

±

Figure 19-88 Curves of constant mh in the (m0, m1/2)
SUGRA parameter space for A0 = 0, tanβ = 2 and 10,
and for both signs of µ. The hashed and cross-hashed
areas are excluded, respectively theoretically and
experimentally.
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shown over a subset of the SUGRA parameter space in Figure 19-88. For a given value of tanβ,

these curves are almost independent of m0 and increase only slowly with m1/2. For low values

of tanβ and for positive µ the predicted value for mh is about 10 -15 GeV higher than for nega-

tive µ and for the same values of the m0, m1/2 parameters. This splitting disappears for large

values of tanβ for which the mass of the h-boson reaches its upper limit.

The other supersymmetric Higgs bosons are predicted to be heavy in SUGRA models, even for

relatively low values of (m0, m1/2). The H- and A- bosons are degenerate in mass over almost the

whole parameter range. Curves of constant mA are shown in Figures 19-89 and 19-90 for three

values of tanβ (2, 10, 40) and for both signs of µ. For given values of m0 and m1/2, the predicted

masses of the H- and A- bosons decrease with increasing tanβ. Note that the isoline

mA = 500 GeV reaches m1/2 ~ 300 GeV for tanβ = 10 and m1/2 ~ 500 GeV for tanβ = 40. For

mA = 500 GeV, the maximum possible value of m1/2 increases from 250 GeV to 550 GeV when

tanβ increases from 2 to 40. The heavy neutral Higgs bosons are only observable at the LHC for

masses up to about 500 GeV, since their production cross-sections decrease rapidly with increas-

ing mass. As shown in Figures 19-89 and 19-90, the region with mA < 500 GeV represents, how-

ever, only a small fraction of the SUGRA parameter space.

If the excluded regions of the SUGRA parameter space are mapped onto the (mA, tanβ) discov-

ery plane discussed in Section 19.3.3, they correspond to regions with low values of mA, so that

only the region with mA > 225 GeV is allowed. The discovery of a heavy neutral Higgs boson in

SUGRA has therefore to rely on the H/A → ττ and H/A → µµ channels, or as shown in the next

sections, on some of their possible SUSY decay modes [19-106].

Figure 19-89 Same as Figure 19-88, but for curves of
constant mA.

Figure 19-90 Same as Figure 19-89, but for
tanβ = 40.
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Production and decay

For the evolution of the SUGRA parameters from the GUT scale to the weak scale, the ISASUSY

package was used [19-107]. The output parameters were then used as input to the HDECAY

package, which calculates the SUSY particle spectrum and the Higgs-boson branching ratios

[19-20]. This package includes the most important higher-order QCD corrections to the decays

into quark pairs and important decays to off-mass-shell particles. All SUSY particles contribu-

tions to the loop-mediated h → γγ decay mode are included. The package calculates the Higgs-

boson branching ratios in the so-called SUSY-ON and SUSY-OFF scenarios, where the latter

omits SUSY particles in decays and loops but calculates the Higgs-boson masses and couplings

for the chosen SUSY model.

Higgs-boson production via gluon-gluon fusion is a production process which is important to

be estimated consistently in SUSY-ON/OFF scenarios. For this purpose, the decay width of the

Higgs boson to gg pairs is calculated. A comparison of the cross-sections times branching ratios

computed in the two scenarios provides an estimate of the difference between the effect of a

variation of the couplings obtained from the MSSM parameters (mA and tanβ) and the effect of

SUSY loops or SUSY decay modes in the Higgs sector. The SUSY-OFF scenario is used as a refer-

ence model, since it corresponds to the one discussed extensively in Section 19.3.2. More details

on the comparison between these two scenarios in SUGRA can be found in [19-70], where sever-

al plots illustrate the behaviour of σ × BR for different Higgs-boson decay channels in the SUG-

RA parameter space.

19.3.5.2 Standard Model decay modes

Observability of the h-boson

The SM decay modes of the h-boson may be suppressed due to the opening of SUSY decay

modes or due to SUSY contributions to loops. Over the allowed SUGRA parameter space, the

decay of h→ (where denotes the lightest neutralino) is not accessible, and h only de-

cays to SM particles.

The presence of SUSY particles in loops has a significant impact on the observability of the h-

bosons over certain regions of the SUGRA parameter space:

• the gg → h production cross-section is somewhat enhanced;

• the h → γγ branching ratio may be suppressed by up to 30%.

As a consequence, the σ × BR for gg → h → γγ is never below 90% of its SUSY-OFF value. The

σ × BR for the Wh and tth associated production with h → γγ can be reduced to 70% of the SUSY-

OFF values. The reduction of the h → γγ rate occurs for low values of m1/2 and is insensitive to

m0 [19-70]. On the other hand, the discovery potential for the h → bb channel is essentially unaf-

fected by the mass spectrum of the SUSY particles.

Figures 19-91 and 19-92 show how the 5σ-discovery contour curves in the (mA, tanβ) plane for

inclusive and associated h → γγ searches, are modified by the changes in σ × BR from the SUSY-

OFF values. In the SUGRA scenario, the region where mA is less than 225 GeV, is excluded as ex-

plained in Section 19.3.5.1 and illustrated in Figures 19-91 and 19-92. Although the observability

of the h → γγ channel may be somewhat reduced the overall observability of the h- boson re-

mains unchanged since the sensitivity of the tth, h → bb channel is unaffected by SUSY particles.
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0 χ̃1

0 χ̃1
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Observability of the H- and A- bosons

In contrast to the h-boson, the SM decay modes of the heavy neutral Higgs bosons may be sig-

nificantly affected by the opening of decay modes to SUSY particles (see Section 19.3.5.3). In

many cases, the branching ratios to SM particles are strongly suppressed. These suppressions

depend weakly on m0 and are strongest for low values of m1/2 and tanβ: for tanβ > 40, the sup-

pression is always below 20% and for m1/2 > 400 GeV, it is always below 40% (see [19-70] for

more details).

Figure 19-93 illustrates the impact of the opening of H/A SUSY decays modes on the observa-

bility of their SM decay modes in SUGRA. The top plots of Figure 19-93 show the possible re-

gions of parameter space for a 5σ discovery of the heavy neutral Higgs bosons in the SUSY-OFF

scenario (derived directly from the results reported in Section 19.3.2), both in the (m0, m1/2) and

(mA, tanβ) planes. The middle plots of Figure 19-93 indicate that these regions of possible dis-

covery are not directly affected if SUSY decay modes are allowed, but the bottom plots of

Figure 19-93 show that, over a large fraction of these regions, the suppression of the SM decay

modes may be so large that their discovery is no longer possible.

Observability of the H± - boson

The production of a charged Higgs boson at the LHC can occur through tt production followed

by a t → H+b decay or through gg or gb fusion. A signal can be observed in the case of tt produc-

tion in either the H± → τν or H± → cs decays. The decay H± → tb is also observable for low and

large values of tanβ (see Section 19.3.2.11).

Figure 19-91 For an integrated luminosity of 300 fb-1,
5σ-discovery contour curves for the inclusive h → γγ
channel in the (mA, tanβ) plane as a function of σ × BR
with respect to the SUSY-OFF scenario (see text).

Figure 19-92 Same as Figure 19-91, but for the asso-
ciated production of Wh and tth with h → γγ.
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In the SUGRA parameter region m0, m1/2 = 50 - 1000 GeV, the H± is heavier than the top quark,

except at very large tanβ. H± could decay into charginos/neutralinos or squarks but, even above

the top-quark threshold, the branching ratio to chargino/neutralino will not exceed 20 - 30%.

Decay into stop-sbottom also may become important, with a branching ratio of the same order

of magnitude as the branching ratio into SM fermions.

Figure 19-93 For SM decays of the heavy neutral Higgs bosons in SUGRA scenarios and for an integrated
luminosity of 300 fb-1, regions of the (m0, m1/2) plane (left) and of the (mA, tanβ) plane (right), where a 5σ dis-
covery would be possible in the absence of SUSY decay modes (top), in the presence of SUSY decay modes
(middle) and where no discovery in SM decay modes would be possible in the presence of SUSY decay modes
(bottom). The ττ, µµ, tt decays and A → Zh and H → hh modes are used. The shaded areas are excluded by
theoretical and experimental constraints.
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Overall sensitivity

Figure 19-94 shows the 5σ-discovery contour curves for SM decays of the various Higgs bosons

and for an integrated luminosity of 300 fb-1, as taken from the general MSSM studies reported

in Section 19.3.2, but extrapolated to SUGRA scenarios with heavy SUSY particles (SUSY-OFF)

and including the theoretical and experimental constraints described above.

In general, however, the other SUGRA parameters have an impact on these discovery curves

through the opening of Higgs-boson decays to SUSY particles (mostly for H and A) and the

presence of SUSY particles in loops. This impact is illustrated in Figure 19-95, where these ef-

fects are taken into account by reducing the SM decay rates of the heavy neutral Higgs bosons

to 40% of their nominal SUSY-OFF values and by reducing the SM h → γγ rates to their minimal

predicted values (see Figures 19-91 and 19-92). Over most of the relevant region of SUGRA pa-

rameter space, the reduction is smaller so this is a conservative assumption. Despite the reduc-

tion in the decay rates of the Higgs bosons, the difference between Figures 19-94 and 19-95 is

not very large (only the H → ZZ(∗) → 4l channel disappears).

Figure 19-94 For an integrated luminosity of 300 fb-1

5σ discovery contour curves for various SM Higgs-
boson decay modes in the case of SUGRA scenarios
with heavy SUSY particles (SUSY-OFF) and for an
integrated luminosity of 300 fb-1. The shaded area is
excluded by theoretical and experimental constraints.

Figure 19-95 Same as Figure 19-94, but the impact
of SUSY particles on Higgs-boson production and
decay is included (SUSY-ON, see text).
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19.3.5.3 SUSY decay modes

In this section the sensitivity of the ATLAS experiment to decays of the heavy SUSY Higgs bos-

ons via supersymmetric particles is discussed. There is a large branching ratio for neutralino

and chargino decays, H → , or H → , which could decay via cascades into multi-lep-

ton final states. Such multi-lepton final states together with missing transverse energy provide a

clean signature.

The strategy for the detection of these decays is shown first [19-106] for the SUGRA point 3 [19-

108] (see Chapter 20). The method is then applied to other points in the SUGRA parameter

space and the 5σ discovery regions are determined [19-109].

H/Α → at SUGRA point 3

SUGRA point 3 [19-108] is characterised by the following parameters: m0 = 200 GeV,

m1/2 = 100 GeV, A = 0, tanβ = 2 and sgn(µ) = -1. At this point the heavy Higgs bosons H and A
are predicted to have masses of 375 GeV; decays: H/A → , H/A → and H/A →
are kinematically allowed and compete with the tt decay mode. The two lightest neutralinos

have masses of 45 and 97 GeV, and the decay → l+l- has a relatively large branching ratio.

The dominant contribution to the multi-lepton final states comes from the H/Α→ decay,

which leads to two lepton pairs with opposite sign and same flavour in 12% of the cases.

The dominant source of background are leptons produced in the decays of squarks and gluinos

which cascade to charginos and neutralinos. Unlike the charginos/neutralinos from Higgs-bos-

on decays they are however produced in association with quarks and gluons if they appear in

the cascade of squarks/gluinos. This large hadronic activity can be used to suppress this type of

SUSY background. An additional, smaller background source is the direct production of slepton

or gaugino pairs via the Drell-Yan processes. Only a very small hadronic activity is expected in

these events and their rejection is more difficult. The rate of direct production of pairs is

comparable with the H/A → , also the background from the direct production of slep-

ton/sneutrino pairs is non-negligible.

Events are selected as follows.

• Two pairs of isolated leptons with opposite sign and same flavour (OS-SF), with

pT > 20 GeV for the two hardest and pT > 7 GeV for the other two leptons. The mass of the

lepton pairs has to be above 4.5 GeV and outside of mZ ± 10 GeV.

• Jet veto of pT > 40 GeV or 20 GeV in the pseudorapidity interval |η| < 5.

The jet veto acceptance for the signal is ∼35%

for the 40 GeV threshold and ∼19% for the

20 GeV threshold, whereas the acceptance for

the SUSY background is 0.56% and 0.025% re-

spectively. The expected number of signal and

background events passing these cuts are giv-

en in Table 19-55, assuming an integrated lu-

minosity of 30 fb-1. For the final selection a

tight jet veto, 20 GeV for both low and high lu-

minosity is needed. The expected additional

loss in acceptance in the high luminosity case

is 50% [19-110].
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Table 19-55 Expected numbers of signal and back-
ground events with two OS-SF leptonic pairs for an
integrated luminosity of 30 fb-1.

 Selection Signal Backg. S/B

2 OS-SF pairs 493 3.6x105 0.001

Kinematic cuts 333 2.5x105 0.001

Jet veto 40 GeV 115 1545 0.07

Jet veto 20 GeV 80 140 0.57
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With looser isolation criteria than those that were discussed in Section 19.2.5, the lepton recon-

struction+isolation efficiency can be kept at the 66% per event (~90% per lepton) with still suffi-

cient rejection power of 120 (20) against tt background and of 30 (10) against Zbb background

for low (high) luminosity. The SM background (Z∗Z∗, tt, Zbb events) is suppressed to a level be-

low 10% (20%) of the SUSY background for low (high) luminosity.

In Figure 19-96 the invariant mass distribution of the four leptons, mllll, is shown for the

signal + background (black points) and for the background alone (histogram) after applying a

jet-veto cut of 20 GeV and for an integrated luminosity of 300 fb-1. The Higgs signal appears as

an enhancement in the mllll distribution and can be detected with a significance of = 5.2

after 30 fb-1 and = 11.9 after 300 fb-1 if the systematic error on the background is not taken

into account. The shape of the distribution is sensitive to the Higgs-boson mass, as shown in

Figure 19-97; a sensitivity of 10 GeV is expected for an integrated luminosity of 300 fb-1.

Complete reconstruction of the Higgs mass

If in the decay the dilepton pair has an invariant mass near its endpoint, then in the

rest frame of the both the and the ll pair are forced to be at rest. One can then reconstruct

the four-momentum of the if its mass is assumed. More details of this method can be found

Figure 19-96 For H /A→ → 4l+X decays with
mA = 371 GeV distribution of the four-lepton
invariant mass for the background (solid line)
and the summed signal+background (points
with error bars) for an integrated luminosity
of 300 fb-1.

Figure 19-97 For H /A→ → 4l+X and for an
integrated luminosity of 300 fb-1. The distribu-
tion is shown for three different values of mA.
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in Section 20.2.4.1. The previous event selection was refined by requiring both OS-SF pairs to be

in the ( − ) − 10 GeV < mll < ( − ) window. To increase the statistics of the end-point

events the jet veto is raised to 40 GeV.

The invariant mass of pairs of ‘s is formed

and shown in Figure 19-98. The mass distribu-

tions are shown for signal and background for

values of the Higgs boson mass shifted by

±20 GeV around nominal one and for an inte-

grated luminosity of 300 fb-1. For a Higgs bos-

on mass of mA = 370 GeV 18 signal and 65

background events from the eeµµ sample are

found in the mass window ±50 GeV around

the nominal Higgs boson mass. This only cor-

responds to a signal significance = 2.2. If

all events with SF-OS lepton pairs are used

about 33 signal and 132 background events are

expected which give a statistical significance

of = 2.9. Figure 19-98 shows the expect-

ed distribution of the reconstructed Higgs bos-

on mass for all OS-SF pairs and for three

different values of the Higgs boson mass. Al-

though the sensitivity in this particular point

is rather weak for the full reconstruction of the

Higgs boson mass, this method may be suc-

cessfully used in other SUGRA scenarios.

Scan of SUGRA parameter space

The same analysis as described above for the SUGRA point 3 has been applied to other points in

the parameter space. The SUGRA parameter space has been scanned for fixed values of m0 = 50,

100, 150, 200, 250 GeV in the range of m1/2 = 100 - 300 GeV and tanβ = 1.5 - 50. The parameter

A0 had been set to zero. For this scan a dedicated package based on subroutines from ISAJET-

7.37 was used. This calculates cross-sections and branching ratios for the signal and the SUSY

backgrounds. Only the Higgs production via the gg fusion and the bbA, bbH associated produc-

tion gives a substantial contribution. The expected range in the SUGRA parameter space where

the appropriate decay channel is open is determined. As the masses of the neutralinos and

are proportional to m1/2, the kinematic constraint < mZ, which is crucial for

being dominant, gives the upper limit on m1/2 of about 250 GeV for the Higgs

searches in the four lepton channel.

Over most of the SUGRA parameter space the H → decay gives the main contribution to

the four-lepton final state. In a small region of mA in the range between 300 and 400 GeV and

tanβ = 2, there is also a contribution from H → decays. If sleptons are lighter than the sec-

ond lightest neutralinos, or < the decay chain → ( )+ e- with the subse-

quent decay ( )+→ e+ dominates the direct decay .

The SUSY background was simulated including all SUSY production processes and those decay

modes which give measurable contributions to the four lepton final state. For some SUGRA

points the contributions from the neutralino/chargino production from sources other than

-pair production are comparable with -pair production.
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Figure 19-98 Expected reconstructed Higgs boson
mass for all OS-SF pairs (see text) and an integrated
luminosity of 300 fb-1.
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The , and production was included in the SUSY background. For large values of

tanβ the decay to tau-leptons is dominant. For tanβ = 20 for example, the ratio

BR( → ττ)/BR( → ee) is about 30 and the contribution from τ → eν, µν decay is about

10% for the Higgs signal and about 30% for the background.

In some specific SUGRA parameter points the signal and background events were simulated

and analysed with ATLFAST. The detection efficiencies depend on the particular parameters of

the model. For example, the efficiency of the kinematic selection for leptons varies for signal

events from ~40% for large mA to ~10% for mA = 200 GeV. For background events, the lepton cut

efficiency is in the range 30 - 50% for most of the points. The analysis has been performed for

jet-veto cuts, using thresholds of 20 and 40 GeV. At each point of parameter space the analysis

with the higher significance is retained. For many SUGRA points, in contrast to the point 3 case,

the SUSY background is not very high.

The resulting 5σ-discovery contours are shown in Figure 19-99 to 19-102 projected onto the

(mA, tanβ) plane for both signs of µ, and for integrated luminosities of 30 fb-1 and 300 fb-1 [19-

109]. The lines correspond to a 5σ significance. They are shown for fixed value of m0 = 50, 100,

150 and 200 GeV. For positive µ values the significance is found to be slightly higher and a larg-

er fraction of the (mA, tanβ) plane can be covered. For both sgn(µ) the access to the large tanβ re-

gion, tanβ > 20, is restricted by the stau contribution. The complex structure of the significance

region in the (mA, tanβ) plane is mainly determined by the thresholds for the to sleptons de-

cays.

In conclusion, while high luminosity running is required due to the small rate of Higgs produc-

tion, this four lepton is promising for detection of heavy supersymmetric Higgs bosons via their

decays to SUSY particles in the region of the (mA, tanβ) plane which, using SM decay modes,

was only accessible via the discovery of the light Higgs h. The sensitivity to the SUSY decay sce-

narios will be useful in the discrimination between the Standard Model and a supersymmetric

Higgs model and for the investigation of the properties of the MSSM Higgs sector.

Figure 19-99 For an integrated luminosity of 30 fb-1,
5σ-discovery contours for H → → 4l channel in
the (mA, tanβ) plane for fixed m0 = 50, 100, 150 and
200 GeV, and for sgn(µ) = -1.

Figure 19-100 Same as Figure 19-99, but for
sgn(µ) = +1.
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19.3.5.4 Higgs production in SUSY cascade decays

In this section the sensitivity to detect Higgs bosons in cascade decays of heavier SUSY particles

is discussed. In particular, the lightest Higgs often appears at the bottom of cascades. One copi-

ous production source is the decay of the second lightest neutralino into the lightest neutralino,

; the former is produced with a large rate in the decays of squarks or gluinos such as

. In R-parity conserving SUSY models the light Higgs h is always accompa-

nied by missing transverse energy, carried away by the lightest SUSY particle. The presence of

missing transverse energy and several energetic jets can be used to obtain a sample that consists

mainly of the decay products of SUSY particles (see Section 20.2.5.). The discovery of the Higgs

h in its dominant decay mode h → bb without a lepton being present (as required in the Wh with

W → lν, case) then becomes possible.

In the following, the signal extraction is described using SUGRA point 1 as a typical example.

The method established there [19-103] is then used at other points in the SUGRA parameter

space and the discovery region in the SUGRA parameter space is determined [19-111].

→ h ( → bb)  decay at SUGRA point 1

At point 1 (see Section 20.2) the SUSY particles are relatively heavy with squarks and gluinos in

the 1 TeV range. The two lightest neutralinos have masses of 325 GeV and 170 GeV. Since the

mass of the lightest Higgs h is 95 GeV, the decay is open and has a branching ratio of

90%. The Higgs boson h decays with a branching ratio of 80% into a bb pair.

The total cross-section for the production of SUSY particles is 3.6 pb and is dominated by

squark-squark and squark-gluino production. About 25 000 events containing at least one h-bo-

son are expected to be produced for an integrated luminosity of 30 fb-1. About 90 % of them

contain only one h-boson with an average pT of about 200 GeV. In particular the cascade decay

of the leads to a very characteristic signature of multi-jet and multi-b-jet

events associated with large ET
miss. With further selection the reconstruction of the

Figure 19-101 Same as Figure 19-99, but for an inte-
grated luminosity of 300 fb-1.

Figure 19-102 Same as Figure 19-100, but for an
integrated luminosity of 300 fb-1.
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h → bb decays provides an accurate measurement of mh, with a signal sample free of the large

backgrounds from SM processes. Using this clean sample of h → bb decays, a backward partial

reconstruction of the SUSY cascade itself can also be performed (see Section 20.2.4.3).

To select a clean h → bb signal above the SUSY

combinatorial background and the SM back-

ground the following criteria are applied:

• ET
miss > 300 GeV (or 200 GeV in some

cases).

• Two tagged b-jets with pT > 50 GeV,

which are relatively close, Rb, b < 2. (The

separation cut is mainly applied to reject

tt background).

• There should be no additional b-jet with

pT > 50 GeV (or pT > 15 GeV is some cas-

es).

• Lepton-veto for isolated leptons with

pT > 6 GeV.

• Two additional jets with pT > 100 GeV,

one of them should be within|η| < 2.0.

Table 19-56 shows the number of expected

events for the different selection cuts for inte-

grated luminosities of 30 and 300 fb-1. Already

at low luminosity the signal can be clearly

identified with a high significance above the

backgrounds. At high luminosity, there is some degradation due to pile-up effects, and some

degradation of the b-tagging efficiency which explains why the numbers in the Table do not

scale with luminosity. In Figure 19-103 the reconstructed mass distributions mbb of the two se-

lected b-jets is shown after cuts. The contributions of the h → bb signal + background (solid), of

the Standard Model background (black) and of the total SM+SUSY background (dashed) are

shown separately.

Table 19-56 Numbers of expected events for SUSY and SM background events passing the selection cuts dis-
cussed in the text for an integrated luminosity of 30 fb-1 as a function of ET

miss and b-jet-veto cuts. The third and
fourth columns correspond to the choice of the final cuts.

Process
ET

miss  > 200 GeV
Veto p T

b > 15 GeV
30 fb-1

ET
miss  > 300 GeV

Veto p T
b > 15 GeV

30 fb-1

ET
miss  > 300 GeV

Veto p T
b > 50 GeV

Final selection
30 fb-1

ET
miss  > 300 GeV

Veto p T
b > 50 GeV

Final selection
300 fb-1

SUSY: h → bb 1190 920 980 6460

SUSY: other 190 160 180 1200

SM background 220 45 75 420

59 64 61 160S B⁄

Figure 19-103 The reconstructed mbb distribution for
events passing the h → bb selection cuts (see text).
The distributions are shown for the SM background
(shaded), the total SUSY+SM background (dashed)
and the summed h → bb signal and background for
SUGRA point 1. An integrated luminosity of 30 fb-1

has been assumed.
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In the mass window mbb = mh ± 25 GeV, the SM background can be reduced well below 10% of

the h → bb signal. The SUSY combinatorial background is found to be small, at the level of 20%

of the h → bb  signal itself.

Very similar conclusions are drawn from the analysis performed for SUGRA point 5 (see

Section 20.2.5), where the SUSY particles have lower masses (gluino and squarks of 700 GeV)

but similar cascade decay patterns [19-104].

Scan of SUGRA parameter space

The observability of the h→ bb signal was studied in the SUGRA parameter space for m0 up to

2 TeV, m1/2 up to 1 TeV, tanβ = 2, 10, and 30, sgn(µ) = ± 1 and A0 = 0 [19-111]. For several points

in the (m0, m1/2) plane where the channel is open, individual analyses similar to the

one described above, were performed.

In most cases the same selection cuts were imposed. The ET
miss threshold was increased with

m1/2 from 300 GeV for m1/2 = 300 GeV to 600 GeV for m1/2 = 1000 GeV. The ET
miss cut was not

so efficient at large m0 and large m1/2 where the ET
miss results from the decay of rather light ,

and not from decays of heavy , as is the case for the low m0, large m1/2 region. The pT
thresholds for the b and non-b jets were optimised separately for different regions of the (m0,

m1/2) parameter space.

Over a large region of the parameter space, the most important cascade for the h production,

, is open and has a branching ratio of about 90%. Also for 90 ≤ mh ≤ 120 GeV the

branching ratio BR(h → bb) is large and exceeds 75%. The total cross-section for SUSY produc-

tion varies from ∼ 103 pb at (m0, m1/2) ≈ (100 GeV, 100 GeV) to 10-1 pb for m1/2 > 800 GeV. The

cross-section is almost independent of tanβ and sgn(µ).

All SUSY production processes available in PYTHIA 6.115 [19-112] were simulated, with ,

, , , production being the most important ones. For low m0 and large m1/2, the

production is dominant (40%) since > , while at large m0 and low m1/2, where

< , the production is significant (30%). At the lower-left quarter of the (m0, m1/2)

plane, where both the and the masses are low, production contributions are larger than

35% of the total SUSY production. For large and masses, i.e., at the upper-right part of the

parameter space, gauginos lead the SUSY production via electroweak processes (50%). Mixed

production processes, like , , , and production, give contributions of order

1% or less.

In Figures 19-104 and 19-105 the 5σ-observability contours are shown for tanβ = 10, sgn(µ) = +1,

and for integrated luminosity of 30 fb-1 and 300 fb-1 respectively. A line is superimposed which

indicates where the branching ratio BR( ) has a constant value of 50%. There is an obvi-

ous correlation between this branching ratio and the 5σ discovery contours. Once the channel

is open, it quickly becomes dominant and the subsequent decay h → bb becomes de-

tectable. The expected number of h → bb events, after selection cuts have been imposed, is indi-

cated by the dashed and/or dotted lines in the figures. The 5σ discovery region depends only

weakly on tanβ and sgn(µ). Similar plots exist for other values of tanβ and sgn(µ) and can be

found in [19-111].
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Outside the marked regions of the SUGRA pa-

rameter space the h → bb decay will not be ob-

served. Either the Higgs h is not produced in

the SUSY cascade of heavy gaugino decays

into lighter ones or a large bb irreducible back-

ground overwhelms the signal. This bb back-

ground arises from → bb,

→ bb, or → tt→ WWbb decays The

non-observability of the signal in the upper

right corner of the (m0, m1/2) plane is caused

by a drop of the efficiency of the ET
miss cut and

by the lower cross-section for SUSY produc-

tion. The results from the SUGRA parameter

scan for both sgn(µ) were projected onto the

(mA, tanβ) plane. The results are shown in

Figure 19-106 for integrated luminosities of

30 fb-1 and 300 fb-1. In a large fraction of the

(mA, tanβ) parameter space above

mA= 500 GeV (mA = 400 GeV) for tanβ > 5

(tanβ > 30) the h → bb will be observable for an

integrated luminosity of 30 fb-1. It overlaps

with the region where there is no sensitivity to

the heavy Higgs bosons in the MSSM model.

Figure 19-104 For an integrated luminosity of 30 fb-1,
5σ-discovery area (hatched) for the h → bb from
SUSY cascade in the (m0, m1/2) plane for tanβ = 10,
sgn(µ) = +1. The expected numbers of reconstructed
h → bb events are also shown. The dark shaded
areas are excluded theoretically or experimentally.

Figure 19-105 Same as Figure 19-104 but for an inte-
grated luminosity of 300 fb-1.
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Figure 19-106 For integrated luminosities of 30 and
300 fb-1, 5σ-discovery area (hatched) for the h → bb
from SUSY cascade in the (mA, tanβ) plane. The
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19.4 Strongly interacting Higgs sector

In the Standard Model, as the Higgs mass is increased, its coupling to gauge bosons increases,

making the resonance wider and the interaction stronger, eventually leading to a violation of

the unitarity bound ~1 TeV [19-3]. Requirements of vacuum stability and the validity of the run-

ning of the effective coupling, in next-to-leading order, should limit the allowed range for the

mass of the Higgs boson [19-4], [19-5], [19-6].

While the Standard Model is renormalisable and consistent with all precision electroweak

measurements, it has well known shortcomings [19-113]. It makes ad hoc assumptions about the

shape of the potential, responsible for electroweak symmetry breaking, and provides no expla-

nation for the values of the parameters. The theory becomes trivial (or non-interacting) if it is to

remain valid at high energies. Radiative corrections to the Higgs mass diverge, leading to the

naturalness/hierarchy problem. Supersymmetry is an appealing alternative which solves these

problems, but at the cost of more particles and Higgs bosons, including a relatively light scalar

not yet discovered.

It may well be, that no fundamental scalar particle exists. In that case, new physics must exist to

account for the breaking of electroweak symmetry, for the regularisation of the vector boson

coupling, and for generating fermion masses. In the absence of a low mass scalar Higgs particle,

the study of electroweak symmetry breaking will require measurements, in the high energy re-

gime, of the production rate of longitudinal gauge boson pairs since the longitudinal compo-

nents are the Goldstone bosons of the symmetry breaking process. It will also be essential to

search for the presence of new resonances which could exist in theories that regularise the vec-

tor boson scattering cross-section.

It has already been shown, in Section 19.2.10 that VLVL fusion is detectable in the case of a heavy

Higgs resonance, through the processes H → WW or H → Z Z, up to mH ∼ 1 TeV. More generally,

resonances could occur in vector, charged or neutral channels. Narrow resonances, predicted

for example by technicolor models (see Section 21.2), should be detectable up to higher masses.

Various other models exist for a unitarisation of the VLVL coupling and experimental prospects

have been evaluated in several recent reviews [19-114][19-115]. The search for a generic WZ res-

onance is presented below and the feasibility of measuring nonresonant behaviour of the VLVL
fusion process at high mass is assessed.

19.4.1 Detector performance issues

The same techniques are applied in the search for high mass gauge boson pairs as in the case of

the heavy Higgs (see Section 19.2.10). Since the signals derive in large part from VV fusion, for-

ward jet tagging is a powerful method of rejecting backgrounds. Central jet vetoing suppresses

the large background from tt events, which produce pairs of W bosons accompanied by several

jets. Searches which rely on reconstructing the hadronic decay of the W or Z will require optimi-

sation of efficiencies and resolution in jet-jet masses.
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19.4.2 Vector boson scattering in the Chiral Lagrangian model

Assuming an unbroken custodial SU(2)L+R symmetry, the scattering amplitudes for different

VLVL → VLVL processes are related to each other by crossing. Defining a weak isospin I, the

WLWL scattering can be written in terms of isospin amplitudes, exactly as in low energy hadron

physics. The isospin indices are assigned as follows,

WL
a WL

b → WL
c WL

d

where WL denotes either WL or ZL, where WL
± = and ZL = WL

3. The scatter-

ing amplitude is given by

M(WL
a WL

b → WL
c WL

d) ∼ A(s, t, u) δab δcd + A(t, s, u)δacδbd + A(u, t, s)δadδbc

where a, b, c, d =1, 2, 3 and s, t, u are the usual Mandelstam kinematic variables.

Chiral Perturbation Theory (ChPT) [19-116] provides a theoretical framework capable of de-

scribing generically the strong interactions of electroweak gauge bosons [19-117]. In the chiral

approach the low-energy Lagrangian is build as an expansion in derivatives of the Goldstone

bosons fields. The form of the effective chiral Lagrangian, including operators up to dimension

four, is only constrained by symmetry considerations which are common to any strong elec-

troweak symmetry breaking sector [19-118]:

where , , and . At higher-orders

phenomenological parameters, L1 and L2 appear:

The values of L1 and L2 depend on the model, but are expected to be in the range 10-2 to 10-3.

Given these parameters, it is possible to compute the function A(s,t,u) in O(p4) order [19-119]

The chiral Lagrangian approach does not respect unitarity. Among the methods used to unitar-

ise chiral amplitudes, the Inverse Amplitude Method (IAM) [19-120][19-121], used here, has

proved very successful in describing resonances in low energy π-π and πK scattering [19-122]. It

is based on the assumption that the inverse of the amplitude has the same analytic properties as

the amplitude itself.

In analogy to ππ scattering there are three possible isospin channels I = 0, 1, 2. At low energies

states of lowest angular momentum J are most important, and thus only the tI,J = t0,0, t1,1 and t2,0
partial waves are considered here. The IAM is also able to reproduce, with proper choice of pa-

rameters, the broad Higgs-like resonance in the (I = 0, J = 0) channel. It has been shown [19-123]
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that in the (I = 1, J = 1) channel there may exist narrow resonances up to masses of about

2500 GeV. The mass and width of this channel only depend on the combination (L2 - 2L1) in this

model and on ν2:

 and

The WLZL → WLZL process is expected to be dominated by the (I = 1, J = 1) ρ-like resonance.

WL ZL → WL ZL → ll j j

As a reference for this model, the process WLZL → WLZL, with Z→ ll, l = e, µ and W→ jj [19-124]

is used. PYTHIA 5.7 was modified to generate the VLVL scattering processes for any values of L1
and L2. The simulation was done for two values of (L2 - 2L1) = 0.006 and 0.01, which yield

σ × BR of 1.5 fb and 2.8 fb, with mass peaks at 1.5 TeV and 1.2 TeV respectively.

The main features of the signal are:

• Two high-pT leptons in the region |η| < 2.5 with the invariant mass consistent with the

mass of Z-boson.

• Two high-pT jets in the central region with the invariant mass consistent with the mass of

W-boson.

• The presence of energetic jets in forward region (|η| > 2).

Requiring, at generator level, > 1050 GeV and pT
hard > 100 GeV, the σ × BR of the Z+jet pro-

duction, with leptonic decay of the Z boson is 0.276 pb. Irreducible background is from continu-

um WZ production and the main QCD background is from Z+multijet production. Two final-

state jets can fake a W decay if the invariant mass of the jet pair is close to mW. The tt back-

ground with leptonic decays of the W’s is potentially dangerous because of the large cross-sec-

tion, but can be efficiently suppressed by a cut on the invariant mass of the leptons from the W
decay, since the two leptons have large transverse momenta and a wide opening angle.

Figure 19-107 shows the invariant mass of two leptons from W decay for several values of the

minimum lepton pT allowed.

The vector bosons in VLVL scattering are produced mostly in the central region and are charac-

terised by large values of transverse momenta. These properties are used to suppress the back-

ground by selecting high pT decay products. Figure 19-108 shows the pT distribution of the

leptons for the signal and Z+jet background (the background was generated here with a mini-

mal pT for Z of 30 GeV). The events are required to have two isolated and identified leptons of

same flavour and opposite charge (e+e- or µ+µ−) in the region |η|< 2.5 with pT > 100 GeV. The

invariant mass of these two leptons was required to lie in the region |mll − mZ| < 6 GeV. The to-

tal efficiency of this selection criteria was estimated at ∼40% for signal events.

Jets were reconstructed by a cone algorithm with ∆R = 0.2. Due to a large W boost, the cones of

the jets could overlap. In that case, the reconstructed energy in the overlap region was shared

between the jets according to their relative energies. A resolution of 10 GeV in the mass of the

reconstructed W was obtained, consistent with what was found in Section 9.3.1. The events

were required to have two jets with pT > 50 GeV and |η | < 2 and the invariant mass of these

two jets was |mjj − mW| < 15 GeV. Both Z and W bosons were required to have a transverse mo-

mentum larger than 200 GeV.
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Forward jet tagging provides a powerful method of further rejecting background. Jets in the for-

ward regions (2 < |η | < 5) were reconstructed by a cone algorithm with ∆R = 0.5. Events were

accepted if jets with pT > 30 GeV and energy larger than 500 GeV were present in each hemi-

sphere. The total tagging efficiency of 0.25 for the signal process and 0.01 for Z+jet background

was obtained.

The expected number of signal and background events after successively applied cuts and for

an integrated luminosity of 100 fb-1 are presented in Table 19-57.

The mass spectra for WZ candidates after all cuts show a clear peak with width 75 GeV for the

1.2 TeV resonance and 100 GeV for the 1.5 TeV resonance (Figure 19-109). The expected number

of events in the window |mWZ − mV| < 2σ, for an integrated luminosity of 100 fb-1, is 8 for

mV = 1.5 TeV and 14 for mV = 1.2 TeV, with respectively 1.3 and 3 events from Z+jet back-

ground. The contribution from the irreducible continuum WZ background is negligible, below

0.05 events inside the mass window. It can therefore be concluded that such a narrow resonance

process is detectable after a few years of high luminosity data taking.

Figure 19-107 Invariant mass of the two leptons from
the tt background, for the threshold on the leptons
transverse momenta pT = 20, 60 and 100 GeV.

Figure 19-108 Transverse momentum distribution for
leptons from signal (solid line) and from the Z+jet
background (dashed). The histograms are normalised
to a same number of events.

Table 19-57 Number of signal and background WLZL candidate events in a 2σ interval around the mass of the
resonance, for an integrated luminosity of 100 fb−1, for the cases (L2 - 2L1) = 0.01 and (L2 - 2L1) = 0.006, corre-
sponding to Mρ = 1.2 TeV and 1.5 TeV respectively.

Number of events Mρ = 1.2 TeV Mρ = 1.5TeV

WLZL Z+jet WLZL Z+jet

Central jets cut 284 2187 145 1781

mjj = mW ± 15 GeV 101 154 46 82

Leptonic cuts 70 84 36 47

Forward jet tagging 14 3 8 1.3

0

1000

2000

0 200 400 600

pT  (GeV)
E

ve
nt

s 
/ 1

0 
G

eV

0

50

100

150

200

0 100 200 300 400 500



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

19   Higgs Bosons 799

The process of WLZL production can also be well measured in its purely leptonic final states,

without jet tagging if the production by qq fusion dominates [19-14]. It is discussed in

Section 21.2.1.1 in the framework of a multiscale technicolor model.

19.4.2.1 Non-resonant high mass gauge boson pairs

As a complement to measurements of resonances in VLVL scattering, or in the absence thereof,

the measurement of cross-sections at high mass for nonresonant channels will be a challenging

task. It will be essential to understand very well the magnitude and energy dependence of back-

grounds. Here, the observability of like-sign production, followed by leptonic decay (µ
or e) of the W’s is discussed.This process has been considered in the literature as a potentially

sensitive probe because of low background levels [19-125][19-126][19-127]. This channel can be

particularly important since it has been shown that a complementary relationship between res-

onant WZ and nonresonant  exists [19-127].

Figure 19-109 Reconstructed mass distribution for the WZ system for a 1.2 TeV and a 1.5 TeV resonance for
an integrated luminosity of 300 fb-1.
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As processes for the high mass  signal, the following are considered [19-128]:

• A t-channel exchange of a Higgs with mH = 1 TeV, (WLWL only), simulated with PYTHIA:

σ × BR = 1.33 fb.

• A model with a K-matrix unitarised amplitude [19-127][19-129], , with

σ × BR = 1.12 fb.

• The Chiral Lagrangian Model of Section 19.4.2, with the same parameters

L1 = 0 and L2 = 0.006 or 0.01: σ × BR = 0.484 fb and 0.379 fb respectively.

Backgrounds from continuum WW bremsstrahlung of O(α2) in amplitude produce mostly

transverse W‘s. Other backgrounds include processes involving non-Higgs exchange, as well as

QCD processes of order ααs in amplitude, with gluon exchange and W bremsstrahlung from in-

teracting quarks. The effects of Wtt and WZ backgrounds is also considered. The signal is gener-

ated with PYTHIA 6.2 [19-112], and backgrounds have been incorporated into PYTHIA using a

generator code, obtained from [19-115], which takes into account all diagrams. The contribu-

tions from electroweak processes not involving the Higgs are estimated by assuming a low-

mass Higgs (mH = 100 GeV).

The analysis was performed using fast simulation. First, leptonic cuts were applied:

• Two positively charged isolated leptons in the central region (pT > 40 GeV and |η| < 1.75).

• The opening angle between the two leptons, in the transverse plane must satisfy

cos ∆φ < −0.5. Τhis cut selects preferentially events with longitudinal W’s which have

high pT.

• The invariant mass of the two leptons mll > 100 GeV.

At the jet level, backgrounds can be reduced

by requiring that:

• No jet (pT > 50 GeV) be present in the

central region (|η|< 2). This reduces

significantly background from the Wtt
process.

• Two of the jets must fall in the forward

and backward regions: η > 2 and η < -2.

• A lower pT is required from the forward

jets: pT < 150 GeV for the first and

pT < 90 GeV for the second.

The expected number of signal and back-

ground events is shown in Table 19-58, assum-

ing an integrated luminosity of 300 fb-1.

Figure 19-110 displays the expected mass dis-

tribution of the llνν system (accounting only

for transverse missing momentum). The major

remaining background, especially at low val-

ues of mllνν is from continuum transverse W’s.

Potentially large systematic uncertainties asso-
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------------------------------=

Figure 19-110 Distribution of invariant mass of the
two leptons with ET

miss in the → llνν proc-
ess expected for an integrated luminosity of 300 fb-1.
The scenarios are: K-matrix unitarisation (solid line)
and 1 TeV Higgs (dotted histogram), shown on top of
the backgrounds. The backgrounds are (from darkest
to lightest): WZ, gluon exchange diagrams, and WTWT
from electroweak bremsstrahlung.
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ciated with the evaluated cross-section of this background, or of the cut efficiencies, can be esti-

mated by analysing various distributions under different cut conditions.

The K-matrix scenario gives the highest signal, observable after a few years of high luminosity

running, whereas a very low signal would be seen if the ρ resonance itself is clearly observable

(Chiral Lagrangian Model, with L2 = 0.006 or 0.01 and L1 = 0, see Section 19.4.2).

19.5 Conclusions on the Higgs sector

The detailed studies described in this Chapter have demonstrated that the ATLAS detector has

a large potential in the investigation of one of the key physics question at LHC, the origin of

electroweak symmetry-breaking.

If a SM Higgs boson exists, discovery over the full mass range, from the LEP200 lower limit to

the TeV scale will be possible after a few years of running at low luminosity.

• The most important channels in the intermediate mass region, mH < 2mZ, for which a

mass peak would be reconstructed, are the four-lepton channel, H → ZZ∗ → 4l, the direct

two-photon channel, H → γγ, as well as the associated production channels, where the

Higgs boson is produced in association with a vector boson or a tt pair. In these channels,

both the γγ and bb decay modes can be discovered at the LHC. For Higgs-boson masses

around 170 GeV, for which the ZZ* branching ratio is suppressed, the discovery potential

can be enhanced by searching for the H → WW∗ → lνlν decay. In this case, the Higgs-bos-

on signal would only be observed as an excess of events.

• For mH > 2mZ the dominant discovery channel is the four-lepton channel.

• In the mass range between 600 GeV and about 1 TeV, a Higgs boson would be discovered

with the WW → lνjj mode. The sensitivity in this channel can also be extended down to

lower masses, where it provides independent and complementary information to the

four-lepton channel. For 400 < mH < 900 GeV the H → WW → lνjj channel is complement-

ed by the H → ZZ → lljj and H → ZZ → llνν channels, which would provide additional

robustness to a Higgs boson discovery in this mass range.

Table 19-58 The expected number of events for the signal and backgrounds after respective selection
criteria and for an integrated luminosity of 300 fb-1.

Leptonic cuts Jet + leptonic cuts mllνν> 400 GeV

Higgs mH = 1 TeV 116 42.6 21.0

K-matrix 129 50.3 34.8

Chiral Lagrangian, L2 = 0.006 45 17.1 8.2

Chiral Lagrangian, L2 = 0.01 33.8 11.8 5.1

WTWT 648 76 14.5

Gluon exchange 127 1.35 0.54

Wt 281 0 0

WZ 555 1.2 0.3

WL WL
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Over a large fraction of the mass range the discovery of a SM Higgs boson will be possible in

two or more independent channels. It has also been shown that, if discovered, important Higgs-

boson parameters like the mass and the width can be measured. Together with measurements

of the production rates and some couplings and branching ratios they will provide useful con-

straints on the Higgs couplings to fermions and bosons which in turn can be used to test the

Standard Model predictions and to determine the nature of the resonance.

The ATLAS experiment has also a large potential in the investigation of the MSSM Higgs sector.

If the SUSY mass scale is large and supersymmetric particles do not appear in the Higgs decay

products, the full parameter space in the conventional (mA, tanβ) plane can be covered assum-

ing an integrated luminosity of about 100 fb-1.

• The interest was focused on the discovery potential of various decay modes accessible in

the case of the SM Higgs boson: h → γγ, h → bb, H → ZZ → 4l, and of modes strongly en-

hanced at large tanβ: H/A → ττ, H/A → µµ. Much attention was given to other potentially

interesting channels such as: H/A → tt, A → Zh, H → hh, H± → tb.

• The overall discovery potential in the (mA, tanβ) plane relies heavily on the H/A → ττ
channel, on the tth with h → bb and on the direct and associated h → γγ channels.

• Over a large fraction of this parameter space more than one Higgs boson and/or more

than one decay mode would be accessible.

• For almost all cases, the experiment would be able to distinguish between the SM and the

MSSM models.

This complete coverage can also be reached independent on the mixing scenario in the stop-

sbottom sector. The evidence for Higgs-boson signals would not constitute a direct proof of the

existence of supersymmetry, unless supersymmetric particles are discovered themselves.

The interplay between SUSY particles and the Higgs sector has also been addressed. SUSY sce-

narios have an impact on the discovery potential through the opening of Higgs-boson decays to

SUSY particles (mostly for H and A) and through the presence of SUSY particles in loops (most-

ly for production via gg fusion and for h → γγ decays). Scenarios in which SUSY particles are

light and appear as Higgs decay products have been studied in the framework of SUGRA mod-

els. The discovery potential of the lightest neutral Higgs h in the SM production processes

would not be significantly different from what is obtained in the heavy SUSY scenario, since

within the model, given present experimental constraints, the decay of h to the lightest SUSY

particles is kinematically forbidden. Moreover, over a large fraction of the SUGRA parameter

space, the h-boson would appear at the end of the decay cascade of SUSY particles in the chan-

nel which will be observable with the ATLAS detector. The neutral heavy Higgs bos-

ons would be detected in some cases via their decays into neutralinos and charginos, using

multi-lepton final states.

In the absence of a scalar Higgs boson, the principal probe for the mechanism of electroweak

symmetry breaking will be gauge boson scattering at high energies. It has been shown that AT-

LAS will be sensitive to the presence of resonances, such as in the WZ system, up to masses

around 1.5 TeV. Nonresonant processes, such as in the W+W+ production, will require a few

years of high luminosity running and a good understanding of the underlying backgrounds.

Many scenarios discussed in this chapter have served as benchmark processes for optimising

the detector design and performance. This includes the MSSM model, which should be consid-

ered as one theoretical model among many others, but one which provides a variety of signa-

tures to test and to optimise the detector performance. The important detector requirements in

χ̃2
0 χ̃1

0h→
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the investigation of electroweak symmetry breaking include electromagnetic calorimetry, jet-jet

mass resolution in the reconstruction of multijet final states, good measurement of missing

transverse energy, b-tagging, good electron, muon, tau and photon identification as well as for-

ward jet tagging. The ATLAS detector in its final layout and optimisation is well matched to

achieve the necessary requirements. It is also expected that the present design provides a firm

basis for exploring areas of new and unexpected physics.
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