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m Abstract Thelegacy of the LEP program encompasses an extensive investigation
of the electroweak interaction and the most comprehensive search to date for the origin
of spontaneous symmetry breaking. The results comprise a large variety of theoretical
models challenged by dedicated searches and a persistent search for the standard-mode
Higgs boson. The direct search for the standard-model Higgs boson confronted an
excess of signal-like events in the final year. This observation reaches a significance of
approximately two standard deviations for a Higgs boson mass of 115.@GaVAlue
consistent with the mass range indicated by electroweak precision measurements. The
definitive confirmation of the standard-model Higgs boson search and the continued
investigation for a Higgs sector at higher masses await new data from the Tevatron and

LHC colliders.
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1. INTRODUCTION

This review is a comprehensive report on the analyses performed at CERN’s Large
Electron Positron Collider (LEP) to search for Higgs bosons of the standard model
and beyond. It explains why searches for Higgs bosons were an important part
of the LEP physics program, how these searches were performed, and what the
results were. The article consists of three main sections, corresponding to the three
major results of the searches for Higgs bosons at LEP:

1. the lower limit on the mass of the standard-model Higgs boson;

2. the tantalizing hints of the production of a standard-model Higgs boson with
massmy = 115 GeVt?;

3. the close-to-exhaustive analysis of all possible Higgs boson signatures rele-
vant to theories beyond the standard model.

Complementary to methods of data analysis were the techniques for optimizing
the LEP machine performance to gain the highest sensitivity for the Higgs search.
These techniques and efforts are described in detail with particular emphasis on
LEP operation in the year 2000. The article concludes with a critical review of the
outcome of the searches and future prospects.

1.1. The Higgs Boson

The standard model of electroweak and strong interactions at present describes
all the observations remarkably well (1). Its electroweak sector relies on the
gauge symmetry group SU(ZU(1)y. The gauge invariance of the theory
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requires that vector bosons be massless, which is well known not to be the case.
Furthermore, the fact that this symmetry couples differently to left- and right-
handed fermion fields forbids fermion mass terms, which also strongly contradicts
observations.

From another standpoint, several obstacles prevent the massive intermediate
vector boson theory, an extension of the Fermi model, from being a satisfactory
theory of the weak interaction. On the one hand, the prodésg/— — WTW~
is not unitary in perturbation theory (i.e., its cross section decreases too slowly
with respect to the energy), and on the other hand, the presence of massive vector
bosons spoils the renormalizability of the theory.

The Higgs mechanist(3), which consists of a spontaneous breaking of the
electroweak symmetry, is a very elegant solution to these problems. This subtle
mechanism allows gauge bosons to be massive while their interactions are still
described by the SU(®RU(1)y gauge group. The general concept is that the
symmetry is hidden or in other words spontaneously broken, leaving theyJ(1)
symmetry apparent to describe the electromagnetic interaction with a massless
gauge boson: the photon. In this mechanism, the electroweak symmetry is sponta-
neously broken by the introduction of an SU(2)oublet of scalar complex fields
¢ with the potentialV (¢) = —u?¢? + r¢*. The spontaneous breaking occurs
when the vacuum state of the scalar theory falls in a nontrivial minimum of the
Higgs potentiaV (¢). In the fundamental state, the complex scalar doubleas
a nonzero vacuum expectation vahlyeand theW and Z bosons acquire masses
by absorbing three of the four initial degrees of freedom of the complex scalar
doublet. The remaining degree of freedom is an elementary physical scalar state
whose mass is not predicted at tree level by the theory: the Higgs boson. Its pres-
ence not only is a signature of the Higgs mechanism but also ensures the unitarity
of _the WrW~ — W+*W~ process, as long as its mass does not exceed

47+/2/3Gg (approximately 700 GeV). The Higgs mechanism also allows fer-
mion masses through their Yukawa coupling to the Higgs doublet.

The Higgs mechanism is amazingly predictive. It relates the masses of the gauge
bosons to the electromagnet& and SU(2) (g) coupling constants and imposes

This tree-level prediction is verified in the present data, since the measurement of
p = mZ,/(m2 cog hy) is found to be in very good agreement with its expected
value of unity. The couplings of the Higgs boson to fermions are governed by the
same Yukawa couplings that generate fermion mass terms and are thus proportional
to the masses of the fermions. Therefore, the signature of the Higgs mechanism
will be clear once the decay modes of the scalar boson are measured.

IA complete general review of the Higgs mechanism and its physical implication can be
found in Reference (2).
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The mass of the Higgs boson can be expressed as a function of its quartic
couplingx, the mass of th&/ boson, and:
4)myy

9>
Although the Higgs boson mass is a free parameter of the theory (even if the
unitarity of theW*™W~ scattering imposes an upper bound), the running of the
quartic couplingh can allow us to infer both lower and upper bounds on the Higgs
boson mass according to two precepts. The first is the stability of the vacuum,
which requires that > 0 within the domain in which the theory is valid (below a
given energy scald above which new physics appears, superseding the standard
theory) or else the Higgs potential is unstable. The second is directly inferred by
the running of.. For example, in the simple case of a p#feotential, the running
of X is given by

2 _
mé =

1 1 + 3 I A
M) /\(A) v’
which implies that
i) 1672 or m 4v
V)< ——— < .
3In(A /v) " 3 /A )

This argument implies that— 0 asA — oo, referred to as “triviality,” and yields

an upper bound on the Higgs boson mass. The bounds inferred from these two
arguments are shown in Figure 1 (4). In this figure, the contribution of the top
quark to the running of, which is essential to lead toward negative values, is
taken into account.
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Figure1 Lowerand upper limits on the Higgs boson mass as a function of the cut-off
energy scale\, relying on the vacuum stability and triviality arguments.
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Figure 2 One-loop quadratically divergent
corrections to the Higgs boson mass.

Both the arguments of unitarity and triviality tend to indicate that if the Higgs
boson exists, its mass should not be exceedingly high and could thus very well be
within the reach of LEP.

Although the Higgs boson resolves most of the dilemmas of the electroweak
theory, it also creates a serious problem referred to as unnaturalness. Corrections
to the Higgs boson mass, such as those illustrated in Figure 2, are quadratically
divergent. The contribution of these loop diagrams is of the order

Adk 1 A2
(2r)*k2 1672
Assuming that the cut-offX) is large, typically on the Planck scale, the Higgs
boson mass should naturally be of the same scale; otherwise, the bare mass would
need to be fine-tuned to compensate its correctiams? (2). We know from the
unitarity and triviality arguments that the Higgs boson mass should be smaller than
1 TeV/c?; thus, the bare mass must be fine-tuned to a precision of over 16 orders
of magnitude to yield such a low value. The same problem appears at all orders of
perturbation and renders the standard model very unnatural.
The standard model of electroweak interactions would work beautifully with
a low-mass Higgs boson. However, if it does exist, a theory beyond the standard
model is nheeded to solve the naturalness problem.

AM? 1.

1.2. Experimental Situation Before the Start of LEP

Before the LEP started operation in 1989, the Higgs masses below £Gesfle
thought to be unlikely. The uncertainty in this result comes from its reliance on the
combination of numerous experiments that were subject to large theoretical uncer-
tainties on the production cross sections and branching fractions. To illustrate some
of these searches, we offer examples corresponding to the diagrams in Figure 3.
For very low Higgs boson masses, the SINDRUM spectrometer experiment at the
Paul Scherrer Institute (PSI) 590 MeV proton cyclotron has investigated the decay
of the pion to an electron, an electron neutrino, and a Higgs boson that in turn de-
cays to a pair of electrons (Figura)3 This search resulted in an exclusion of the
mass domain 10 Me# < my < 110 MeVk? (5). The CERN-Edinburgh-Mainz-
Orsay-Pisa-Siegen collaboration at the CERN Super Proton Synchrotron (SPS)
also searched for the decay of a Higgs boson into a pair of electrons in the decay of
K — 7°H (Figure 3). These searches severely constrain the Higgs boson mass
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Figure 3 Light Higgs boson production vig&/ bo-
son or flavor-changing neutral currents.

in the domain below 50 Me\¢f by conferring an upper limit on the product of the
branching ratios Bi{? — 7°H) x Br(H — e*e~) of approximately 2 10-8 (6).
Before 1989, the CLEO experiment investigated decays of the Higgs boson into
a pair of muons, pions, and kaons produced through the flavor-changing neutral-
current decay — K°H (Figure ). CLEO found no evidence for a Higgs boson
and succeeded in excluding the mass range 0.2—3.6d5¢8). This exclusion
relied on the evaluation of thB-to-Higgs-boson decay, which is subject to a large
theoretical uncertainty. Finally, the CUSB collaboration investigated the radiative
decay of various states of the(7) into a Higgs boson (Figured3. The search for

a monochromatic photon sample from the de¥ay> y + X led to the exclusion

of the range from 2mup to 5 GeV¢? (9). All these searches were sensitive to
potentially large QCD corrections, thus justifying the importance of unambiguous
searches in the low-mass region.

1.3. Collider Nominal Capabilities and Detector Suitability

1.3.1. THE LEP MACHINE The LEP collider was housed in a 26.7 km tunnel with
eight 2.9-km-long arcs and eight 420-m-long straight sections. The centers of the
straight sections are potential collision points. Four of them hosted LEP experi-
ments: ALEPH, DELPHI, L3 and OPAL. Over 5000 magnets (3400 dipoles, 800
guadrupoles, 500 sextupoles, and over 600 beam orbit correctors) were installed.
The effective bending radius was3 km, although the geometric radius was about
4240 m. The first phase of operation (LEP1) extended from the summer of 1989
until 1995, when LEP operated at energies close tazthesonance. The second
phase (LEP2) started in 1995 and ended in 2000. During this time, the room-
temperature (Cu) radiofrequency (RF) accelerating cavities were progressively re-
placed by superconducting (Nb/Cu) RF cavities able to deliver a nominal gradient
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of 6 MV/m. In 2000, 288 superconducting cavities powered by 36 klystrons, sup-
plemented by 56 Cu cavities, allowed LEP to reach a total accelerating gradient
of 3630 MV/turn and a center-of-mass energy of 209 GeV.

The collider luminosity depended primarily on the beam currents and the trans-
verse beam size&sThe limiting feature for the currents was the available RF power
delivered by the klystrons. Typical currents were of the order of afew mA. At LEP1,
beam-beam effects limited the transverse beam sizes; this problem was overcome
by the practice of running in a multiple bunch mode. From 1989 to 1992, LEP
operated with four-by-four bunches (in this configuration beam crossings occur
every 22us). To gain luminosity, from 1993 to 1995 the number of bunches was
increased to eight with 1is spacing. In 1995, LEP proceeded to a twelve-bunch
mode (four primary bunches in trains of three bunchlets 270 ns apart). As the
center-of-mass energy increased, beam-beam effects decreased, and at LEP2, the
running mode changed to four-by-four bunches.

Section 4 provides a more detailed description of the effort to reach the highest
possible energy and luminosity at LEP2. A summary of the operation of LEP can
be found in Reference (10).

1.3.2. THE DETECTORS AT LEP The four LEP detectors had similar but not identi-

cal capabilities for Higgs boson searches. The two salient features of these searches
are theb-quark tagging and the di-jet mass determination. The di-jet mass mea-
surements are significantly aided by energy and momentum constraints coming
from knowledge of the LEP beam energy and, in most case< theson mass
reconstruction.

All four LEP detectors had silicon microstrip detectors installed around the
beam pipe close to the interaction region to precisely determine secondary vertices.
Table 1 lists the angular coverage of the LEP detectors in terms of the cosine of the
polar angle with respect to the beam. The performances of the tracking systems for
momentum measurements depended on the magnetic field strength, the square of
the radial dimension of the primary tracking chamber, and the position resolution
in the bending plane. These parameters, listed in Table 1, indicate a range of over
a factor of ten in intrinsic momentum resolutions.

The calorimeters used in the LEP detectors were separated into electromagnetic
and hadronic sections; Table 2 lists the calorimeter technologies employed by the
four experiments. The jet energy measurements are calibratedZwittak data
and are studied at high energy witfrmass an@-mass measurements [from pro-
duction via initial-state radiation (ISR)]. The typical, directly measured invariant
mass resolution for a pair bfquark jets is 8—10 Ge\¢f. Resolution effects due to
the detector response and loss of energy due to semile@agécays can be cor-
rected for by using kinematic constraints, such as energy-momentum conservation
and the recoil to th& boson.

For a complete description of the four detectors, see References (11-18).

The luminosity also relied on the beam offsets, but these are neglected in this discussion.
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TABLE 1 The four LEP detectors: the strengths of the longitudinal
magnetic fields, the inner and outer radii of the primary tracking systems
(the DELPHI Outer Detector is denoted OD), their position resolutions

in the bending plane, and the maximum angular coverages of the silicon

vertex detectors

Detector B field (T) I inner— outer (M) o (M) |COSO| s

ALEPH 1.50 030-180 173 0.95

DELPHI  1.23 040-110(TPC) 250 ®1 (strips)
1.97-206 (OD) 110 098 (pixels)

L3 0.50 Q09-Q46 50 0.93

OPAL 0.44 025-185 135 0.89

2. THE LEP1 ERA

Because of the large production cross section for a low-mass Higgs bogon in
decays, LEP provided a very good environment to further exclude small values of

my.

2.1. Production Mechanisms

At LEP1, the Bjorken process e~ — HZ* — Hff, illustrated in Figure 4, was
assumed to be the dominant production mechanism (19). The Wilczek process
(20), proceeding through a top-quark loagd,e” — Hy (shown in Figure 8)

also was expected to contribute to Higgs boson production at LEP. Not only was
the expected production rate through this process much smaller but backgrounds
such az™e™ — gqqy or ete™ — qqg, where one jet hadronizes to an energetic
7°, greatly weakened the search potential of this process. Consequently, only the
Bjorken process has been extensively explored.

2.2. The Nonperturbative QCD Domain (my < 2 GeV/J)

For very small Higgs boson masses, such that< 2ms, the Higgs boson can
only decay to a pair of photons via a loopWfbosons and is thus long-lived. For

TABLE 2 The calorimeter technologies of the four LEP detectors

Detector  Electromagnetic calorimeter

Hadronic calorimeter

ALEPH Lead/wire-chamber
DELPHI  Lead/projection chamber

L3 BGO crystals

Iron/streamer-tube
Iron/streamer-tube

Uranium/gas proportional-chamber

OPAL Lead-glass blocks

Iron/streamer-tube
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(b)

Figure 4 Higgs boson production irZ de-
cays at LEP1: the Bjorkeraj and Wilczek b)
process.

masses belowrd,,, the Higgs boson essentially decays to a pair of electrons, and
below 2n,, and above &, it predominantly decays to a pair of muons. Above the
2m,, threshold, the situation becomes slightly more intricate. For masses below
2-3 GeVt?, the Higgs boson decays to a pair of hadrons via its interaction with two
gluons through a top-quark loop or its interaction with quarks. The hadronization
of these gluons becomes increasingly complex at higher Higgs boson masses.
Figure & depicts the branching ratios of the Higgs boson in this “nonperturbative
QCD” mass range (21).

2.3. The Perturbative QCD Domain (2 < my up to ~20 GeV/c?)

The transition to perturbative QCD is suggested by the smooth variation of the
branching ratios above2 GeVk? (21, 22). Within the “perturbative QCD” domain

Branching Ratio

Higgs Boson Branching Ratio

s & 20 40 60 80 100 120 140 160 180 200
m ; [GeVieT] my (Gev/c)

Figure 5 Higgs boson branching fractions)(in the “nonperturbative QCD” low-mass
range andlf) for heavier mass hypotheses.
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and below théb threshold, the decays into the heaviest available fermion gair (
or r7t~) prevail because of the Higgs boson direct coupling to the fermion pair
or through its coupling to a gluon pair. Above thb threshold and for Higgs
boson masses reachable at LEP (belo®15 GeVt?), the branching fractions
are dominated by the decéy— bb (~85%), as shown in Figurehb

2.4. Searches in the Domain my <20 GeV/c?

For a Higgs boson mass below 20 Ge¥/bver 10,000 events were expected to be
produced at LEP1 from the Higgs-strahlung proced®( — Z* — ZH, which
production cross section rapidly decreases at higher masses). Three topologies
were included in the search:

1. The acoplanar lepton-pair topology, where the leptons originate from the
decay of theZ. The search in this channel is essentially background-free
and covers the mass domain below and aroung &rnere the Higgs boson
is long-lived and thus escapes detection.

2. The acoplanar pair topology, where a pair of charged particles resulting
from the decay of the Higgs boson recoil again&t decaying into a pair of
neutrinos.

3. The mono-jet topology, covering the hadronic decays of the Higgs boson
with an intermediate mass and with a more intricate fragmentation process,
where a single jet recoils againsZa, which decays to a pair of neutrinos.

The last two topologies, in contrast to the first, are slightly affected bg'tke —

y*Z background process with th& boson decaying to a pair of neutrinos. The
number of observed events in these channels was in good agreement with the
standard-model background expectation. The mass damaia 20 GeVt? was
therefore excluded at much more than 95% CL (23).

2.5. Searches in the Domain m ;> 20 GeV/c?

In the higher Higgs boson mass domain, the Higgs boson is expected to decay
dominantly to a pair o quarks. The overwhelming background from the hadronic
decays of theZ on the one hand and the rather small Higgs boson production
rate (formy = 65 GeVE? ~ 40 events are expected) on the other did not allow
the investigation of topologies involving* decays to hadrons art. The only

two channels used at LEP1 in this mass range were those whei& theson
decays to a pair of neutrinos or charged leptons (electrons or muons). These two
topologies represent25% of all final states. The small number of events expected
(altogether- 10 formy = 65 GeVE?) to be found among the 13 million hadronic

Z decays collected at LEP by all four experiments required more sophisticated
analyses. In total, 13 events were observed, a number still compatible with the
20.6 events expected from the standard-model background. The results of these
searches in all four experiments were combined to yield a lower limit on the Higgs
boson mass of 65.6 Ge¥#/ (23-27).
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3. THE LEP2 ERA

3.1. Signal Characteristics

The dominant cross sections for Higgs production at LEP2 follow from the di-
rect coupling of the Higgs scalar to tleand W vector bosons. This means, in
particular, that the production cross sections are directly related to the Higgs mech-
anism for electroweak symmetry breaking and are not strongly dependent on the
couplings of the Higgs field to fermions. Figure 6 shows the tree-level Feynman
diagrams for the Higgs-strahlung and fusion processes (28-30). The cross sections
are calculated taking into account the interference foHthg, andHe"e™ final
states. Figure 7 shows the contributions to the total Higgs production cross sec-
tion at a center-of-mass energy of 206.6 GeV and the total cross sectjé-at
209 GeV. These correspond, respectively, to center-of-mass energies of the highest
statistical significance to the Higgs boson search and to the highest achieved LEP
energy.

The kinematic threshold for Higgs boson production is clearly visible in
Figure 7 where the cross section falls rapidly aroumgles = /s — mz. Above
Mires the Higgs-strahlung process is still dominant because of the width of the
Z, even though the relative contribution of tWfusion increases. The reach
of the LEP Higgs search, therefore, critically depended on the LEP energy and
luminosity.

The Higgs branching ratios are plotted in Figure 5. The dominant branching
ratio continues to be the — bb decay mode in the Higgs mass region accessible
to production at LEP. The uncertainties in the branching ratios come primarily
from uncertainty in the effective quark masses.

The standard-model Higgs boson search was performed for a set of channels,
categorized by the Higgs decay and the pair of fermions either #ahecay or
the fusion processes. Table 3 lists the percentages of Higgs events in the different
channels fomy = 115 GeVt? and,/s = 2065 GeV. The Higgs decay branching
ratios formy = 115 GeVE? add up to 91.1%, with the remaining percentage
primarily producing theH — WW* decay. This decay mode, which contains a
number of search channels, has an insufficient sensitivity to contribute significantly
to the standard-model search at LEP.

)
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Figure 6 Diagrams of the Higgs-strahlung and the gauge boson fusion pro-
cesses of Higgs boson production at LEP2.
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Figure 7 Contributions to the total cross section for Higgs boson productiemnén
collisions at,/s = 206.6 GeV. The total production cross section,& = 209 GeV,
the highest center-of-mass energy achieved at LEP, is also plotted.

3.2. Background Processes

Standard-model processes that occurred at LEP are in general well-modeled and
thus well-simulated. The main uncertainties in the modeling of background pro-
cesses are due to higher-order effects, such as the initial-state radiation (ISR)
of photons or the radiation of gluons in the final state. Figure 8 shows, for
final states containing hadrons, cross-section measurements of standard-model

TABLE 3 Percentage coverage of the channels in the standard-model Higgs search.
Expected percentages of Higgs events, based on the total production cross section, are
listed formy = 115 GeVt? and./s = 2065 GeV

Fermions from production process Higgs decay mode
(o[fb]@ /s= 206.5 GeV) (Br[%6]@ my = 115 GeVt?)
ZDecay Fusion Interference bb g9 () Trr~
70.1fb 3.8fb 2.81fb 74% 6.6% 33% 7.2%
gq (69.9%Z Decay) 4-Jet (53.6%) qqr Tt (4.6%)
Vv + vov; (13.3%Z Decay)
veVe (includesWWfusion) Missing energy (22.8%) 77~ +E (2.0%)
6.7% 92.1% 118%
utu~ (3.4%Z Decay)
ete™ (includeszZ fusion) ete , utu” (4.9%) 4-Lepton (0.6%)
3.4% 7.9% —18%

Tt~ (3.4%Z Decay) Tt~ HqqQ (2.6%)
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Figure 8 Cross section measurements for final states containing hadrons performed
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by the L3 experiment over 11 years of LEP operation.

processes by the L3 experiment over 11 years of LEP operation. The hadronic

peakat,/s ~ Mz is clearly visible. Above thZ peak, only 20% of thiste™ — qq

cross section produces full-enemgyy jets in the detector. The remaining 80% con-

tains one or more high-energy photons radiated in the initial state, aret ¢he

annihilation occurs at th& mass. Figure 9 shows the background processes for

Higgs boson production at LEP.
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Figure 9 Background processes to the Higgs boson production at LEP2. The typical
cross section of these processes for a center-of-mass energy of 200 GeV are given
as a guideline; note that some of those figures depend on acceptance and virtuality
requirements.
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Their relative contribution changes with increasing center-of-mass energy.
Above /s = 161 GeV, the irreducible four-fermion backgrounds freviVpro-
duction resemble the energy flow of the Higgs-strahlung process. Fortunately, the
near absence di-quark production inlW decays reduces this background sub-
stantially. Four-fermion production in the two-photon interactions, although large
in cross section, nearly vanishes for large invariant masses and is easily removed
fromthe data. Above/s = 183 GeV,ZZproduction introduces four-fermion back-
ground withb-quark decays. Because both thedecay properties and tl&& cross
section are very well understood both experimentally and theoretically, the LEP lu-
minosity delivered in 1998 was sufficient to perform the Higgs search id thass
range and beyond. In fact, the measurement of the pretess— ZZ— bb + X
demonstrated the experiments’ ability to detect and measure cross sections with
b-quark tagging at high energy.

Animportant aspect of the LEP cross section measurements is the chronological
order in which they were made, namely in order of increasing center-of-mass
energy. There were many theoretical predictions for enhanced cross sections for
WWandZZ production at threshold, for example, anomalous couplings\far
and extra dimensions in the caseZaf production. Therefore, when the di-boson
production rates were low, the analyses had to rely on the existing measurements
and knowledge of the detector response. Accurate verification of these standard-
model processes was an ideal training ground for the anticipsited — HZ
threshold measurement.

There are a variety of background processes for each channel. Some back-
grounds have the same fermions produced in the final state, and others have similar
characteristics. Experimental effects such as limited resolution, limited efficien-
cies, and particle misidentification, or special kinematic configurations can mimic
a Higgs signature. The contributions from detector calibration and mismeasure-
ment are kept under control by regularly taking calibration data aZthmeak
during each data-taking period. These data samples are primarily used to monitor
theb-tag performance, tracking, and calorimeter alignment and calibrations.

3.3. Analysis Procedures

The analysis for each channel concentrates on quantities with distributions that
differ for the Higgs signal and background processes. The distinguishing power can
vary with Higgs mass and in some cases with the distance to the threshold for Higgs
production. Some variables are used to explicitly remove background regions from
the event selection. Other variables are used to further separate backgrounds and
signal based on the statistical shapes of the distributions, and these are combined
to form a final discriminating variable. To quantify the separation power of a
channel, the bins of the final variable distribution are treated as independent (until
systematic uncertainties are taken into account) Poisson counting experiments.
This leads to the construction of a statistical estimator that distributes differently
for background-only and signal-plus-background hypotheses.
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The statistical estimator used in the LEP combinations is the logarithm of
ratio of likelihood functions for the signal-plus-background hypothesis and the
background-only hypothesis. Numerically, this consists of a weighted sum over
all bins of the distribution, given by

S
—2InQ=2.s[0t—2~ZniIn<l+a). 2.

Herei isthe index ofthe bim;, s, and; are, respectively, the number of observed,
expected signal, and expected background events in the bisgaad) ; s is the
total signal expected. The value @fconstructed in this way is precisely the local
likelihood ratio of the signal-plus-background hypothesis to the background-only
hypothesis. A negative value 6f2In Q indicates a preference for the signal-
plus-background hypothesis. Because the separation power in the final variable
depends logarithmically on the local signal-to-background ratio, the distribution
of the final variable rebinned in lgg(s/b) shows directly the most important
background regions of the search.

A further discussion of the statistical methods used in the LEP2 Higgs analyses
is included in the Appendix.

3.4. Search Channels and Topologies

Of the channels listed in Table 3, only four are used in the standard-model Higgs
search: four-jet, missing energyt ¢~ pairs (e+ u), andt ™t~ (see Figure 10).

The highess/b ratio achieved in a search channel depends on the level of analysis
optimization and the detector performance. The highest signal-to-background
(s/b) ratio achieved in a search channel depends on the level of analysis optimiza-
tion and the detector performance. A comparison of the aveségeatio versus

the number of expected signal events shows that the four-jet analyses of ALEPH
and DELPHI are the most powerful in the highy search (close to 115 Ged?).

In particular, these analyses achieve an avesdheatio greater than unity for a
combined expectation of one signal eventrat = 115 GeV(2.

et I q q q ><@1
b b T+ T~ b b

b b
Figure 10 Topologies involved in the search for the standard-model Higgs
boson at LEP2, missing energy, lepton pairsy —, fan-jets.
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3.4.1. FOURJET CHANNEL AtLEP1, signatures with charged leptons and neutrinos
were essential, owing to the overwhelming background in events with hadronic
Z decays. At LEP2, at center-of-mass energies well abové& tresonance, this
particular background was reduced by more than two orders of magnitude. The
four-jet channel, because of its higher branching fraction, thus became the most
sensitive topology.

Higgs-strahlung is the only signal process that contributes to the four-jet chan-
nel. The resulting topology is two di-jets, one from the decay of the Higgs boson
and the other from the decay ofZ&aboson. In this channel, the Higgs boson is
assumed to decay to a pair lofquarks; the resulting jets are therefore expected
to be b-tagged. The steric configuration of the jets relies heavily on the Higgs
boson mass hypothesis. For low Higgs boson masses (i.e., significantly below the
kinematic threshold), each of the di-jets forms a plane, and these two planes do not
necessarily coincide. However, when the Higgs boson mass is near the kinematic
threshold, theZ and theH are produced almost at rest and the two jets in each
di-jet are produced back-to-back, and all jets are in a plane by construction. These
geometrical considerations are important for the Higgs boson mass reconstruction.

The three main background processese™ — ZZ ete” — W*TW~, and
ete” — qq, have cross sections of orders 1 pb, 8 pb, and 100 pb, respectively. The
four-fermion background process does not necessarily lead to a planar topology,
whereas the so-called QCD processes, in which a pair of quarks is produced and a
pair of gluons is radiated in the final state (or a hard gluon splits to a pair of quarks
or gluons), tend to be planar because of QCD dynamics.

When theZ boson decays to a pair df quarks (referred to as thd&ase),
greater signal purity is expected, but so are more jet pairing ambiguities in the
case where th& decays to a light-flavor quark pair (referred to as thecase).

To profit from the specific features of these two cases, they are treated as indepen-
dent channels within the four-jet analysis. Independent of the Higgs boson mass
hypothesis, for theldsubchannel th&Z process is the predominant background,;
there is also a small contribution froete~ — bbg, where the hard gluon splits

to a pair ofb quarks (Figure 11). In the case of the Qubchannel, théZ process

is the predominant background contribution for low Higgs mass hypotheses, but
it is only the next-to-highest background near the kinematic threshold. Although

it requires either two hard FSR gluons or a FSR gluon splitting (Figure 11), the

Figure 11 QCD background processes yielding four jets owing to the ra-
diation in the final state of one or more gluons.
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ete” — bbis the dominant background to the¢hannel for Higgs boson mass hy-
potheses close to the kinematic threshold; these events tend to yield reconstructed
Higgs masses close to the threshold because of their planar topology. The cross
section of theW "W~ process is larger, but it contributes only througlquark
misidentification and even more rarely via CKM suppreséédecays tdoc or

bu. Four-jet events, especially in thb 2hannel, offer various handles that help re-
construct the Higgs boson mass. Typically at LEP experiments jet directions were
well-measured, whereas their energy measurement suffered from detector effects.
In the case of the four-jet channel, assuming the jet directions are well-measured,
it is possible to correct for detector effects by rescaling the energies of the jets
based on energy-momentum conservation. However, for Higgs boson masses near
the kinematic threshold, where events are planar, a kinematic fit is necessary. The
further constraint on the recoil to the can be either used in the fit or inserted
afterward by subtractingn; from the sum of the two fitted di-jet invariant masses.
These two procedures yield similar results. The typical mass resolution in the
four-jet events is~3 GeVk?2.

Although the analysis relies mostly on the taggingafuark jets and on the
mass reconstruction to reach the highest possible sensitivity, event shape variables
are also helpful to separate signal and background. All four collaborations use
them with multivariate methods such as likelihood ratios or neural networks to
exploit the discriminating power of correlations between variables.

3.4.2. MISSING ENERGY CHANNEL The Higgs-strahlung process, in which tée
boson decays to a pair of neutrinos and the Higgs boson to a phigoérks,
generates two distinct signatures: a large missing mass compatible with the
mass and twdp-tagged jets. This signature also receives contributions from the
fusion of W bosons (Figure 6). Although there is constructive interference of the
fusion process with Higgs-strahlung, in the final state wherezth®son decays
to a pair of electron neutrinos, the contribution from the fusion-plus-interference
term is very small. Nevertheless, its role is not negligible, especially for Higgs
boson mass hypotheses close to the kinematic threshold.

The missing-energy channel receives background contributions from many pro-
cesses, but only a few affect this channel seriously. The process bb is not
a significant background to the missing-energy channel because of its kinematic
characteristics (e.g., its missing mass spectrum is peaked toward very high val-
ues). However, thete™ — ZZ process, in which on& decays to a pair of neu-
trinos and the other to a pair bfquarks, is an irreducible and large background
to the search for a Higgs boson with mass closento The ete™ — WTW~—
process contributes to the background only when\hboson decays semilep-
tonically to at and the other decays to a pair of quarks that are mistaggbd as
jets. Thetr decay gives the event a nonzero missing mass, but this background
does not heavily affect this channel. Tétee~ — W ev process could be a serious
background, since the spectator electron is usually lost along the beam pipe, but
the b-jet tagging requirement strongly reduces the small rate because of its rela-
tively small cross section. In the"e™ — Zeeprocess, the spectator electron also
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(a)

Figure 12 Background processes to the missing-energy final state where one or more
photons are radiated in the initial state and escape undetected along the beam line.

escapes detection in the beam pipe; the second electron has low momentum, and
the system then resemblesZaproduction by initial-state radiation (ISR). The
processte” — Zvv is also irreducible when th& boson decays intb-quark

jets, for Higgs boson masses neag, but this process has an almost vanishing
cross section. As in the four-jet channel, the most tedious background near the
kinematic threshold is not of the four-fermion type, but rathee~ — qq where

the missing mass is due to two ISR photons emitted at low angle and lost along the
beamline (as shown in Figure B2 one ISR photon (as illustrated in Figurea)2

and a mismeasurement in the jet energy, or simply two mismeasured jet energies.
Furthermore, this background tends to peak near the threshold in reconstructed
mass, which is an artifact of the mass reconstruction algorithm. In the missing-
energy channel, the two jet energies cannot be rescaled independently because of
the lack of kinematic constraints. In this case, only the recoil toAzhmass can

be used. The visible mass is rescaled with a single parameter, which is equiv-
alent to applying a unique rescaling coefficient to the four-momentum of both
jets. The typical peak resolution is of the order of 3 Ge&ytomparable to the
four-jet channel. But in this channel and especially for Higgs boson masses near
threshold, where the fusion-plus-interference contribution can add up to almost
half of the total signal cross section, this resolution is degraded by large and wide
tails.

3.4.3. £T¢~ CHANNEL The topology of the lepton channel is a pair of electrons or
muons and a pair di-quark jets. This is a very distinctive signature, but it has a
very small rate because of the small branching ofzbeelectrons and muons, and,
to a much lesser extent, because of the interference between the Higgs-strahlung
production ancZZ fusion, which is destructive.

The backgrounds to this channel originate almost exclusively from'tee —
ZZ process. Practically none of the other processes can yield a similar topology. Its
rejection relies greatly on the mass reconstruction and on the taggimgusrk
jets. The Higgs boson mass is reconstructed from the recoil to the two-lepton
system.

3.4.4. Tt~ CHANNEL The topology in ther ™z~ channel is a pair of tau leptons
and a pair of jets. This channel is separated from¢thie” channel for two main
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reasons. First, the invariant mass of ther ~ pair cannot be accurately measured
because of the unmeasured energy carried by the neutrinos oftldecays;

the mass reconstruction procedure is thus very different from that used in the
lepton channel but is actually very similar to that used in the four-jet channel. The
second reason is that this channel also receives contributions frafnthbb and

H— ZtZ™ events.

3.5. Lower Limit on the Higgs Mass Before 2000

The data collected through the end of 1999 were recorded up to a maximum
center-of-mass energy qfs = 2016 GeV and yielded no indication of the
production of a Higgs boson. Figure 13 shows the consistency of the data with
the expected distribution for the background hypothesis. The data are in good
agreement with the background-only expectation, which indicates an accurate
understanding of the background rates. The exclusion of the Higgs boson in the
confidence level for signal (Gl.is also shown in Figure 13, where the lower limit
on the Higgs boson mass is setraj = 1086 GeVk? at the 95% confidence level
for a median expected limit ofiy = 109.1 GeVk? (31-34). The drop-off of CL
is dramatic below 107 Ge#, showing that the observed 95% exclusion limit at
108.6 GeVe? for a median expected limit of 109.1 Ge¥is a reference point for
a very rapid, unambiguous exclusion for lower masses. The search data continue
to yield no preference for a signal up to and beyond the production threshold
my ~ /S — 912~ 1104 GeVkZ.

The LEP Higgs search program, having substantially surpasse&@ fiveduc-
tion threshold in 1999, looked to the LEP machine group for the continued increase
in beam energy and luminosity performance in 2000.
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Figure 13 LEP data up to 2000: as a function of the Higgs boson mmass,
the confidence level fora] the background andj the signal.
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4. PUSHING LEP TOWARD AND BEYOND ITS LIMITS

Because 2000 was announced to be the final year of LEP operation, a special effort
was made to push the machine toward its limits to obtain a significant amount of
luminosity at the highest possible energy, thereby extending the sensitivity to a
higher Higgs boson mass.

Most of the ideas to increase the energy or luminosity of the machine presented
inthis section were presented atthe Chamonix Workshop (35). Amazingly, all these
improvements proved to be effective and LEP not only reached but surpassed the
initial goals.

4.1. Strive to Reach the Highest Energies

The center-of-mass energy of a circuédie™ collider is limited by the magnetic
field of the dipole magnets and the RF power available to compensate for the
synchrotron radiation losses. The synchrotron radiation energy loss, which is pro-
portional to the fourth power of the beam energy, is the limiting factor. Within its
effective radius of~3 km and with the dipole field strength ranging between 0.01
and 0.2 Tesla, the maximum center-of-mass energy relies mainly on the accelerat-
ing gradient. Four of the eight straight sections were instrumented with accelerating
devices. The total number of accelerating RF cavities available was 288 (36).
The design accelerating gradient of each superconducting RF cavity was
6 MV/m. Running at this nominal gradient with the entire batch of RF cavities
allowed LEP to reach a center-of-mass energy of 192 GeV. At this energy, the
sensitivity of Higgs boson searches at LEP was about 100 €e¥/series of
upgrades and ingenious ideas allowed LEP to surpass the design capabilities.

= The cryogenic facilities were upgraded, allowing the cavities to be condi-
tioned at up to 7.5 MV/m. The overall gain in gradient obtained from this
change was 650 MV. The upgrade also improved the stability of the cryo-
genic system. This improvement allowed the center-of-mass energy to reach
204 GeV and enabled LEP to be sensitive to a Higgs boson with a mass of
112 GeV£2.

= The average time between klystron trips at LEP was about one hour. To main-
tain stable beams, it was therefore necessary to operate with a margin of at
least two klystrons (200 MV), i.e., allowing two Kklystrons to trip simulta-
neously without losing the beam. However, with the improved stability, it
appeared to be possible to run with a margin of only one klystron (100 MV)
without greatly increasing the beam losses. The margin mode of one klystron
gained 1.5 GeV in center-of-mass energy and about 1 €éNkensitivity
to the Higgs boson.

= Reducing the nominal 350 MHz RF by 100 Hz resulted in a small shift of
the beam orbit. As a result, the beams were exposed to the dipole component
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of the focusing quadrupole magnets. The smaller frequency also allowed
shorter bunches and therefore increased the available RF margin. The use of
a lower frequency allowed a gain of 1.4 GeV in center-of-mass energy and
600 MeV£? in sensitivity to a Higgs boson.

= Unused orbit correctors were powered in series to act as dipoles, so as to
increase the effective bending length. This change allowed an increase in
center-of-mass energy of 400 MeV and improved the Higgs boson mass
sensitivity by 250 Me\#?.

= Eight copper cavities from LEP1 were reinstalled for an additional gain in
RF gradient of 30 MV, which resulted in an increase of 400 MeV in center-
of-mass energy and 250 Med#/in sensitivity to a Higgs boson.

All these improvements led to an increase in energy ©5.7 GeV. LEP was
able to run in quite stable conditions at a center-of-mass energ2@7 GeV.

4.2. Strive to Reach the Highest Luminosities

Whenthetotal currentreaches a certain threshold, the RF system becomes unstable,
resulting in an exponential increase of the number of trips per hour.

At LEP2, the strong radiation damping left the beams very stable, and the
coast duration was no longer limited by beam-beam interactions as was the case
at LEP1. Instead, the stability of the beams was mainly governed by the available
RF margin. Reaching the highest possible luminosity was therefore a trade-off
between the higher center-of-mass energy and the stability of the beams and the fill
time.

During the last day of operation in 1999, it was proven that the beam energy
could be increased within afill, in a short period of time (typically a few minutes),
without increasing the background in the detectors. This “mini-ramp” technique
allowed the machine to run at the highest energy, with no RF margin. As shown in
the following subsection, this technique had an important impact on the sensitivity
to a heavy Higgs boson.

The smaller the margin, the smaller the coast lifetime, and the more important
it was to minimize the turnaround time. After each beam loss, a great effort was
made to accelerate all the inter-fill steps, such as the setup (e.g., degaussing less),
the injection, the energy ramp, and the beam adjustment.

4.3. Optimizing LEP for the Highest Sensitivity
to the Higgs Boson

It was concluded at the®™Chamonix Workshop (35) that the best scheme was to
operate LEP with one klystron margin for about one hour and then mini-ramp to
no margin until the first klystron tripped.

This scheme was optimal not only for the Higgs search but also for the search
for charginos, which is essentially driven by the largest possible center-of-mass
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Figure 14 (a) Total number of coasts, mean coast duration (MCD; in minutes), and
average turnaround time (TA; in minutes) for each running y&xT¢tal integrated
luminosity collected at each center-of-mass energy in 2000. The corresponding increase
in 30 (points) and & (triangles) sensitivity to the standard-model Higgs boson is also
indicated.

energy and for which only a small amount of data (of the order of 1 jpler
experiment) was required.

4.4. Synopsis of the Running of LEP in 2000

The performance of LEP had been constantly improving over the years. The total
delivered luminosity and the peak luminosities have increased almost every year.
The total luminosity in 2000 was slightly smaller than in 1999 as a result of
the optimization. Figure Is&temphasizes the changes in the LEP operations in
2000, showing the number of coasts, the average coast duration, and the average
turnaround time. In 2000, there were 1377 fills of an average coast duration of
98 min; the record fill time was 59 min.

Figure 14 shows the distribution of luminosities delivered at each center-of-
mass energy in 2000. The corresponding effect on thar®l & sensitivities of
the Higgs boson search are also indicated therein. It should be noted that the small
amount of data accumulated at the highest center-of-mass energy allowed the 3
sensitivity to increase by1 GeVik?. This effort ultimately allowed the searches
for the Higgs boson to reach a sensitivity of 115 GeV/

5. HINTS FOR THE PRODUCTION OF THE
STANDARD-MODEL HIGGS BOSON AT LEP

5.1. Chronology

Inthe year 2000, the LEP machine extended the reach of the Higgs boson search by
roughly 6 GeV. By midsummer, 30 pbof data had been collected per experiment
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at.,/s ~ 206.6 GeV. One high-mass candidate [called candidate (c)] was observed
in the four-jet channel with reconstructed mass 114 @&\However, since no
other candidates were observed in this range, the rate was consistent with the
background-only hypothests.

By September 5, 2000, two more candidates were recorded by ALEPH in the
four-jet channel. The ALEPH data, combined with those of DELPHI, L3, and
OPAL, favored the signal-plus-background hypothesis with a best estimate for the
Higgs mass ofny = 1149 GeV (38). The exclusion limit from the DELPHI-L3-
OPAL combination could rule out Higgs masses below 114.2 Gevibt a 114.9
GeV/c? signal. Similarly, a combination of all the search channels excluding the
four-jet channel was limited in sensitivity toy < 1133 GeVk?. A comparison
of the search-channel expected performances across experiments showed that the
ALEPH four-jet channel had the greatest sensitivity to high-mass signals. Based
on the excess observed with 70 plof data at,/s ~ 2066 GeV, estimates were
computed on the expected significance with two additional months of LEP run-
ning# A doubling of the data was sufficient to test whether other experiments
and other channels observed high-mass candidates. Complementary to the selec-
tion of high-mass candidates was the expected observation of an overall excess of
12 events or more in the intermediaté region of the search. By November 3,
2000, the closure date of the LEP2 program, the LEP machine delivered 70% more
data at,/s ~ 2066 GeV to the four experiments. With the additional data, L3
and OPAL showed moderate increases in Glat high mass, with a significant
high-mass Higgs candidate recorded by the L3 experiment in the missing energy
channel. Figure 15 shows the lsgb) distribution of the LEP data ahy =
1156 GeVk2. Table 4 shows the number of events selected after sesralts
for my = 1156 GeVk? compared with expectations for background-only and
signal-plus-background, showing a data excess in the high- and/lowegions
of the search.

The LEP data establish a 95% exclusion limit uprtg = 1140 GeVk? and a
hintof an excess ay = 1156 GeVLk?. Figure 1@&-b compares the LEP exclusion
limit in CL s with the 1999 resul®.Figure 17 compares the2 In Q distribution of
the data to the expected observation from@a= 1156 GeVik? signal. An excess
of two standard deviations from background is found for this mass hypothesis.
The data show an excess over a broad range of mass hypotheses, as is predicted
by the curve for the fixed mass signal. The expected distributions of observations
for my = 1156 GeVk? for background-only and signal-plus-background are also
indicated in Figure 17. There is a 3.4% probability that the observed data are

3The recommendation given to the scientific board (LEPC) of the LEP program at the July
meeting was to reoptimize the LEP running for the chargino search because the Higgs
search was negative.

“In the presence of mmy = 115 GeV{? signal, the observed 4 CLy, significance was
predicted to be in the 68% interval [0.003%, 5.3%)] for a doubling of the luminosity.

5The LEP data are still preliminary awaiting final publications from the experiments.
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Figure 15 (a) The log &/b) distribution of the combined LEP datamaf; = 1156
GeV/c?. (b) The cumulative distribution integrating from higiib to lower values.

compatible with the background-only hypothesis and a 44% confidence level for
signal-plus-background (39).

The search data can be decomposed into contributions by experiment and by
channel. Figure 18shows that, for the background-only hypothesis, ALEPH is
the only individual experiment with a significant excess. Similarly, comparing the
data by channel, the four-jet channel, as shown in Figule déntains the most

TABLE 4 The number of events and the likelihood estimator values in data compared with
expected numbers for the background-only and signal-plus-background hypotheses for

my = 1156 GeVk®

Search Number of events —2In Q values [68% interval]
sample

selection Data Bkgd. Sig+Bkgd. Data Bkgd. Sig.+ Bkgd.
AllEvents 1117 1143.8 1158.7 -3.2 3.3[6.6,0.1] —4.2[0.4,—8.8]
s/b>0.05 80 60.1 70.3 -3.3 3.2[6.4,0.0] —-4.1[0.4,—8.7]
s/b>0.3 10 7.5 12.1 -0.5 2.6[5.3-0.2] —-3.4[0.8,—7.6]
s/b>1.0 2 0.8 23 -11 1.3[2.9-0.6] -1.9[1.3,-5.2]

aThe search sample ranges from the full selected sample to a restricted set of high-signal-over-background analysis regions.
Thes/b > 1.0 sample has slightly less search sensitivity than the complemesitary 1.0 set of search data.
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Figure 16 The expected and observed confidence levels for signa|,f@lLthe 2000
data compared to the 1999 data. The observedaimy, = 1154 GeVk? is eight
times higher than the median expectation from background events.

significant excess. On the other hand, with regard to a signal-plus-background
hypothesis, the data from the experiments show a balancing of the ALEPH excess
with that of DELPHI. Figu