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Abstract

A search has been performed for the Standard Model Higgs boson in the data sample collected with the ALEPH detector at
LEP, at centre-of-mass energies up to 209 GeV. An excess of 3σ beyond the background expectation is found, consistent with
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the production of the Higgs boson with a mass near 114 GeV/c2. Much of this excess is seen in the four-jet analyses, where
three high purity events are selected. 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

This Letter presents results on the search for the
Standard Model Higgs boson [1] using the data col-
lected by ALEPH at LEP in the year 2000. Similar
analyses on previous years’ data, with centre-of-mass
energies up to 202 GeV, have shown no evidence for
a signal [2]. A lower mass limit of 107.7 GeV/c2 was
set at the 95% confidence level.

The ALEPH detector, described fully in Ref. [3],
is a general purpose detector composed of tracking,
vertexing, and calorimetry subdetectors. This search
looks for a Higgs boson produced in association with a
Z boson through the Higgsstrahlung process, e+e−→
HZ [4]. This process is supplemented by a small
contribution from the W and Z vector boson fusion
processes, which produce a Higgs boson and either a
pair of neutrinos or electrons in the final state [5]. The
Feynman diagrams for these processes are shown in
Fig. 1.

The centre-of-mass energies for the 216.1 pb−1 of
data collected in the year 2000 range from 200 GeV
to 209 GeV, with the majority of the data collected
around 205.1GeV(72 pb−1) and 206.7GeV (107
pb−1). Fig. 2 shows the number of Higgs boson events
expected to be produced in this sample as a function
of the Higgs boson mass. For a mass of 114 GeV/c2,
14.4 signal events are expected to be produced. The
Higgs boson at this mass predominantly decays into
bb̄ quark pairs (74%) and tau lepton pairs (7%). The
overall selection efficiency is typically 50%.

The purpose of this Letter is to report the observa-
tion of an excess which is consistent with the produc-
tion of the Standard Model Higgs boson with a mass
near 114 GeV/c2. These results are based upon events
reconstructed using preliminary detector calibrations.
The results obtained after the final event processing, a
possible reoptimization of some analyses, and a more
detailed investigation of systematic effects, will be re-
ported in a forthcoming publication. It has been veri-
fied that the significance of the most signal-like events
is not affected by the final processing.

2. Event selection

The analyses designed to search for the Standard
Model Higgs boson address most of the final states
arising from the reaction e+e− → HZ: the four-jet
final state(Hqq̄), the missing energy final state(Hνν̄),
the lepton pair final state (H̀+`− where ` denotes
an electron or muon), and the tau lepton final state
(Hτ+τ− and H→ τ+τ−, Z→ qq̄). As in Ref. [2],
the Higgs boson search was conducted using both a
neural-network-based stream (denoted “NN”) and a
cut-based stream (“cut”). Alternative analyses are used
in the searches for four-jet and for missing energy
final states, while the searches are identical in both
streams for the lepton pair and tau lepton final states.
All of the analysis selection criteria for the results
presented here were fixed before the data taking period
began.

These analyses follow closely those designed for the
data collected in 1999 [2]. In particular, the b tagging
neural network described in Ref. [6] is used, based
upon the b-hadron lifetime, mass and semi-leptonic
decays. Its output ranges from 0 to 1, where a value
of 1 indicates a well b tagged jet. The four-jet and
tau lepton final state analyses are identical to those of
1999, while the missing energy and lepton pair final
state analyses have had the following improvements:

• The two neural network analyses used in the search
for the missing energy final state in the NN stream
have been replaced by a single neural network with
three output classes. This neural network is trained
to identify three types of events: the signal, the
qq̄ background, and the W+W− background. With
this technique the benefits of the two previous ap-
proaches are merged without any loss in perfor-
mance.
• The missing energy analysis for the cut stream has

an improved rejection of three-jet events from the
qq̄g(γ ) and q̄qγ (γ ) processes. A jet algorithm [7] is
applied to form three jets. Events from qq̄g(γ ) are
removed by cuts on the minimum angle and on the
minimum distance [7] between any two jets. Three-
jet events originating from the qq̄γ (γ ) process with



6 ALEPH Collaboration / Physics Letters B 495 (2000) 1–17

Fig. 1. Feynman diagrams of Higgs boson production at LEP through the (a) Higgsstrahlung and (b) gauge boson fusion processes.

Fig. 2. The expected number of Standard Model Higgs boson events
produced in the year 2000 data as a function of the Higgs boson
mass (solid curve). The dashed curve shows the contribution of
the boson fusion processes, including their interference with the
Higgsstrahlung process.

a photon in the detector are removed if any of
the three jets is predominantly electromagnetic in
origin.
• The analysis for the lepton pair final state has

three improvements: (1) an increased efficiency in
the identification of events in which the Higgs
boson decays toτ leptons, (2) reduced expected
background for events with isolated photons, and
(3) an increased sensitivity above the nominal
kinematic limit, achieved by relaxing requirements
on the measured Z boson mass.

The four-jet NN and cut analyses differ in their
method to choose the best jet pairing. The four-
jet cut analysis chooses the pairing, as described in
Ref. [8], based upon the decay angles of the Z and
Higgs bosons. The NN analysis includes these two
variables in the neural network and selects the jet
pairing with the largest neural network output value,
thereby effectively also using the b tagging and Z
boson mass information.

In the four-jet analysis, a 4C-kinematic fit is per-
formed, in which energy and momentum conserva-
tion are imposed. The reconstructed Higgs boson mass
mREC is calculated asm12+ m34− mZ, wherem12
andm34 are the fitted Z and Higgs boson masses. In
the missing energy final state, the Higgs boson mass is
reconstructed by a rescaling of the hadronic jets such
that the missing mass is the Z boson mass. In the lep-
ton pair final state, it is calculated as the mass recoil-
ing against the pair of leptons. In the tau lepton final
state, it results from a kinematic fit, with the Z mass
constraint imposed either on the tau pair or on the
hadronic system.

Fully simulated samples of signal and background
processes were produced with the same generators
used in Ref. [2]. The sizes of the simulated samples
correspond to at least 50 times the collected luminos-
ity. For each analysis, the expected numbers of signal
and background events and the number of observed
candidates are given in Table 1.

For the NN (cut) searches, a total of 134 (95) events
are selected in the data, while 128.7 (87.6) events are
expected from Standard Model background processes.
Figs. 3(a) (NN) and 3(b) (cut) show the distributions
of the reconstructed Higgs boson mass for the data
and the expected background. Although there is good
agreement between the data (dots) and the expected
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Table 1
The number of signal and background events expected, and the number of candidate events observed in the year 2000 data. For each channel
the systematic error on the background is indicated. The expected background is divided into ZZ (including Ze+e− and Zνν̄), WW (including
Weν), and f̄f (including γ γ → ff̄). The expectation for the signal and its significance (Section 3) are computed for a Higgs boson with a mass
of 114GeV/c2. The numbers from the H̀+`− andτ+τ−qq̄ analyses are included in both the NN and cut totals

Analysis Signal events Background events Events Expected
expected expected obs. significance

ZZ WW ff̄ Total (σ )

Hqq̄ (NN) 4.5 23.0±1.0 8.6±0.6 15.3±1.7 46.9±2.1 52 1.6

Hqq̄ (Cut) 2.9 12.6±0.7 3.2±0.2 7.9±0.7 23.7±1.0 31 1.3

Hνν̄ (NN) 1.4 13.5±0.7 22.0±1.1 2.0±0.4 37.5±1.4 38 0.8

Hνν̄ (Cut) 1.3 9.9±1.1 8.8±1.7 1.0±0.3 19.7±2.0 20 0.7

H`+`− 0.7 26.4±0.3 2.4±0.1 1.8±0.3 30.6±0.4 29 0.8

τ+τ−qq̄ 0.4 6.4±0.3 6.2±0.3 1.0±0.3 13.6±0.5 15 0.4

NN total 7.0 69.3±1.3 39.2±1.3 20.1±1.8 128.7±2.6 134 2.1

Cut total 5.3 55.3±1.4 20.6±1.7 11.7±0.9 87.6±2.4 95 1.8

background (histogram) in the total number of events,
an excess of data events can be seen in both the NN
and cut distributions for large reconstructed Higgs
boson masses.

3. Confidence level results

The mass is not the only information which al-
lows Higgs boson production to be distinguished from
background. Additional information is taken into ac-
count in the likelihood ratioQ= Ls+b/Lb , whereLb
is the likelihood of the background hypothesis, and
Ls+b is the likelihood when a specific Higgs boson
signal is added to the background. The likelihood ra-
tio measures the compatibility of the experiment with
a particular signal mass hypothesis:

Q= Ls+b
Lb
= e
−(s+b)

e−b
nobs∏
i=1

sfs( EXi)+ bfb( EXi)
bfb( EXi)

,

where s and b are the total numbers of signal and
background events expected. Neglecting thefs and
fb terms, this is simply the ratio of the Poisson
probabilities to observenobsevents for the signal-plus-
background and background-only hypotheses. The
functionsfs andfb are the probability densities that

a signal or background event will be found in a
given final state with the set of valuesEXi which
includes the reconstructed mass and possibly a second
discriminant.

The four-jet NN analysis uses the neural network
output as a second discriminant, while the missing
energy NN and lepton pair selections use the sum
of the b tagging neural network output values of
the hadronic jets as a second discriminant. The four-
jet cut, missing energy cut, and tau lepton analyses
use only the reconstructed Higgs boson mass as a
discriminant.

A small correlation between the neural network
output and the reconstructed Higgs boson mass for
both the signal and the background distributions was
observed in the four-jet NN analysis. The effect of this
correlation has been taken into account. No correlation
was found between the b tagging distributions and the
reconstructed Higgs boson mass in the missing energy
NN and lepton pair analyses.

The compatibility of an experiment with a given
hypothesis is determined from the expected distribu-
tion of the likelihood ratio by calculating the proba-
bility of obtaining a likelihood ratio smaller than the
one observed. This probability, called the confidence
level (CL), depends upon the hypothesized Higgs bo-
son mass for both the signal-plus-background and the
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Fig. 3. Distributions of the reconstructed Higgs boson mass for the data collected in 2000 (dots with error bars) and the expected background
(histogram) for the (a) NN and (b) cut streams.

background-only hypotheses. If the hypothesis being
tested is true, then the distribution of possible confi-
dence levels is equally distributed between 0 and 1,
with a median value of 0.5. A signal is expected to
produce an excess relative to the expected background,
which would appear as a dip in 1− cb, wherecb is the
confidence level for the background-only hypothesis.

The 176 pb−1 and 237 pb−1 of data collected in
1998 and 1999 respectively, with centre-of-mass ener-
gies ranging from 188.6GeV to 201.6GeV, were com-
bined with the data collected in the year 2000 to deter-
mine the compatibility of the results with either the
background-only or signal-plus-background hypothe-
ses. The observed distribution of−2 lnQ is shown as
a function of the hypothesized Higgs boson mass in
Figs. 4(a) (NN) and 4(b) (cut). The likelihood ratio
is traditionally shown in the form−2 lnQ (the log-
likelihood estimator) because of the relationship be-
tween the likelihood ratio and chi-squared distribu-
tions, and because when the logarithm is taken, in-
dividual events contribute as a sum of event weights,
ln(1+ sfs

bfb
), which can be examined individually. The

most likely Higgs boson mass corresponds to the min-
imum, observed near 114 GeV/c2.

Figs. 5(a) (NN) and 5(b) (cut) show the expected
and observed distributions of 1− cb as a function

of the Higgs boson mass. A large deviation from
0.5 can be seen, consistent with an excess over the
background hypothesis, which is maximal for a Higgs
boson mass of 116 GeV/c2. The difference between
the position of the likelihood ratio and 1− cb minima
is due to the inclusion of the expected signal cross
section in the likelihood ratio calculation which, as can
be seen in Fig. 2, decreases rapidly with increasing
Higgs boson mass. The probability of having such a
large excess is 1.5 × 10−3 and 1.1 × 10−3 for the
NN and cut streams, respectively. The significance
of this excess is 3.0σ and 3.1σ relative to the
expected background in the NN and cut streams.31

The expected significance of the excess for a Higgs
boson signal with a mass of 114 GeV/c2 is shown for
each analysis in Table 1.

The Signal Estimator method [10] is used to derive
a 95% CL lower limit on the Standard Model Higgs
boson mass of 111.1 GeV/c2 (110.6 GeV/c2) with an
expected limit of 114.2 GeV/c2 (113.8 GeV/c2) for
the NN (cut) stream.

31 The LEP Higgs Working Group has adopted a different
convention, using a double-sided Gaussian distribution, which gives
a significance of 3.2σ instead of 3.0σ for the NN analysis and 3.3σ
instead of 3.1σ for the cut analysis [9].
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Fig. 4. The log-likelihood estimator−2 lnQ for the (a) NN and (b) cut streams as a function of the mass of the Higgs boson for the observation
(solid) and background-only expectation (dashed). The light and dark grey regions around the background expectation represent the one and
two sigma bands, respectively. The dash-dotted curves show the medians of the log-likelihood estimator as a function of the Higgs boson mass
for the signal hypothesis.

Fig. 5. Observed (solid) and expected (dashed) CL curves for the background hypothesis as a function of the hypothesized Higgs boson mass
for the (a) NN and (b) cut streams. The dash-dotted curves indicate the location of the median CL for a Higgs boson signal as a function of the
Higgs boson mass.



10 ALEPH Collaboration / Physics Letters B 495 (2000) 1–17

Fig. 6. Distribution of the b tagging neural network output for jets from (a) radiative Z return events and (b) semileptonic W+W− events, in the
data (dots with error bars) and the simulation (histogram).

4. Systematic uncertainties

Systematic uncertainties in the simulation were
evaluated in a similar manner to Ref. [8] and are
summarized for the expected backgrounds in Table 1.
The systematic uncertainty in the expected number of
signal events is typically less than 5%.

Whenever possible, the systematic uncertainties
were extracted from 3.2 pb−1 of data taken at the Z
peak during the same year. As in previous years, a
slight discrepancy between data and simulation was
observed in the impact-parameter-based b tagging
quantities. To correct for this effect, a smearing of
the track parameters was performed on the simulated
events to bring them into better agreement with the
data. Half of the correction was taken as a systematic
uncertainty. Fig. 6 shows good agreement between the
high energy data and the simulation for both (a) the
radiative Z return events, which in 22% of the cases
contain b quark jets, and (b) the semileptonic W+W−
events containing essentially udsc quarks.

The reconstruction of the jet energies and angles
has also been studied with the Z peak data, using the
method described in Ref. [8]. The small differences
between data and simulation are taken into account by
smearing the jets in the simulated events; half of this
correction is taken as a systematic uncertainty.

Uncertainties in the distributions of the discrimi-
nants used in the likelihood ratio are dominated in
most analyses by the statistical uncertainties of the
simulated samples.

The high mass excess could indicate a possible bias
in the mass reconstruction, not reproduced in the sim-
ulation, which would preferentially select events near
the kinematic limitmH ≈ √s − mZ. The excess is
mainly in the 131 pb−1 of data with centre-of-mass en-
ergies greater than 206 GeV. To investigate the possi-
bility a bias, the number of selected events with re-
constructed masses within 5 GeV/c2 of the kinematic
limit were determined for the four-jet analyses in the
1999 and 2000 data. For 322 pb−1 of data with centre-
of-mass energies below 206 GeV, 11 (4) events were
selected with 8.9 (4.6) background events expected
from the NN (cut) analyses. While for the 131 pb−1 of
data with

√
s > 206 GeV, 7 (6) events are selected with

3.5 (1.8) background events expected. As the four-
jet analyses and the event simulations are unchanged
since 1999, there is no evidence of a bias towards the
kinematic limit.

To illustrate the reliability of the mass reconstruc-
tion, Fig. 7 shows the reconstructed Higgs boson mass
distribution from the four-jet cut analysis after all kine-
matic cuts are applied and also requiring that no jet has
a b tagging neural network output value greater than
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Fig. 7. Reconstructed Higgs boson mass distribution of the four-jet
cut analysis with all kinematic cuts applied and requiring that no
jet has a b tagging neural network output value greater than 0.9.
The data are shown as the dots with error bars and the simulation,
dominated by W+W− events, is the histogram.

0.9. No indication of a non-simulated bias is seen in
the reconstructed mass distribution. The background
is dominated by W+W− events; the lower mass peak
corresponds to 2mW −mZ, while the broad contribu-
tion at high masses is mostly due to W+W− events
with a wrong pairing assignment.

As the systematic effects are still under investiga-
tion, the confidence level calculations reported in this
letter do not include the systematic uncertainties. An
estimate of the impact of these uncertainties has been
made by simultaneously increasing the numbers of ex-
pected background events by their errors (Table 1).
The significance of the excess is then reduced by
0.2σ . The uncertainty on the distribution of the dis-
criminants is estimated to have an even smaller ef-
fect.

5. Impact of individual events

In order to determine the impact of any given
candidate event on the excess, its “weight”, i.e., its
contribution to the logarithm of the likelihood ratio,
is calculated as a function of the Higgs boson mass. In
Fig. 8, the event weights are displayed as a function of

the assumed Higgs boson mass for those events with
weights larger than 0.4 at a mass of 114 GeV/c2.

Details of the five four-jet events with weights
larger than 0.4 in either the NN or cut analysis are
given in Table 2. All of these events were selected
with a centre-of-mass energy greater than 206 GeV.
Eventsa, b, c, and d are retained in both the NN
and cut analyses, while evente has a weight larger
than 0.4 only in the cut analysis. The largest con-
tribution to the excess in the NN stream (Fig. 8(a))
comes from three four-jet events (a, b, andc) which
have neural network output values larger than 0.99.
The four-jet cut analysis uses only the reconstructed
Higgs boson mass as discriminant, which causes the
three 114 GeV/c2 events (c, d , ande) to receive the
same weights. The events with lower reconstructed
Higgs boson masses (a andb) have larger weights be-
cause they are selected in the higher purity 4b final
state.

The set of events with weights larger than 0.4 at
114 GeV/c2 contains two more events, one in the
lepton pair final state and one in the tau pair final
state, which belong to both analysis streams. No such
high weight events are selected by the missing energy
analyses.

The lepton pair final state candidate, recorded at√
s = 205 GeV, is shown as the dashed curve in

Figs. 8(a) and 8(b). It is reconstructed with a Higgs
boson mass of 118 GeV/c2 and a b tagging neural
network sum of 1.4 for the two Higgs boson jets.
The invariant mass of the e+e− pair is 78.8 GeV/c2.
The electron in the event is 6◦ away from one of
the hadronic jets. Because the analysis does not cor-
rect for bremsstrahlung photons for electrons within
10◦ of any jet, 18 GeV of neutral electromagnetic
energy within 2◦ of the electron is not considered
as bremsstrahlung energy. If this energy were added
to the leptonic system, its mass would increase to
93.3 GeV/c2 and the reconstructed Higgs boson mass
would decrease to 99.5 GeV/c2.

The Hτ+τ− candidate, recorded at
√
s = 208 GeV,

is shown as the dotted curve in Figs. 8(a) and 8(b). It
has a reconstructed Higgs boson mass of 115 GeV/c2.
The tau leptons are well isolated and the Higgs boson
jets are well b tagged. The quality of the kinematic
fit is however poor, which is not reflected in the event
weight since only the reconstructed mass is used as
discriminant.
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Fig. 8. Event weight of each candidate as a function of the Higgs boson mass for the four-jet (solid), lepton pair (dashed) and tau pair (dotted)
final state candidates with a weight larger than 0.4 at a mass of 114GeV/c2 in the (a) NN and (b) cut streams.

Table 2
Details of the five four-jet candidates selected with an event weight greater than 0.4 at a Higgs boson mass of 114GeV/c2 in either the NN or
cut streams. The Higgs boson mass is calculated asm12+m34− 91.2GeV/c2, where jets 3 and 4 are the Higgs boson jets

Candidate Higgs mass m12 m34 B tagging 4-Jet

(run/event) (GeV/c2) (GeV/c2) (GeV/c2) Jet 1 Jet 2 Jet 3 Jet 4 NN

a (56698/7455) 110.0 96.3 104.9 0.999 0.836 0.999 0.214 0.999

b (56065/3253) 112.9 94.9 109.2 0.994 0.776 0.993 0.999 0.997

c (54698/4881) 114.3 101.3 104.2 0.136 0.012 0.999 0.999 0.996

d (56366/0955) 114.5 78.8 126.9 0.238 0.052 0.998 0.948 0.935

e (55982/6125) 114.6 79.7 126.1 0.088 0.293 0.895 0.998 0.820

6. High purity candidates

The stability of the excess can be investigated by
increasing the purity of the event selections. The
selection criteria of all analyses are tightened to
give a signal (mH = 114 GeV/c2) to background
ratio (s/b) of 1.5 for events with a reconstructed
Higgs boson mass greater than 109 GeV/c2. Figs. 9(a)
and 9(b) show the high purity distributions of the
reconstructed Higgs boson mass for the NN and cut
streams, respectively. To obtain a high purity selection

in the four-jet NN analysis, the cut on the neural
network output is tightened. The purity of the four-
jet cut selection is increased by tightening cuts on the
b tagging and the fitted Z boson mass,m12. In the
high mass region above 109 GeV/c2, both the NN and
cut streams select the same events, namely the three
four-jet candidatesa, b, andc. Two of the 114 GeV/c2

candidates (d ande) significantly affecting the excess
in the cut stream are removed by the tighter cut onm12.
In this high mass region, 0.9 (0.6) background events
are expected, equally composed of qq̄ and ZZ events,
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Fig. 9. High purity (s/b = 1.5) reconstructed Higgs boson mass distributions for the (a) NN and (b) cut selections for the data (dots with error
bars), the expected background (light histogram), and the expected signal with a Higgs boson mass of 114GeV/c2 (dark histogram).

while 1.3 (0.9) signal events (mH = 114 GeV/c2) are
expected for the NN (cut) stream, all in the four-jet
topology.

The three high purity four-jet candidates were
reprocessed with the event reconstruction program
taking into account all of the final detector calibrations
and alignments. The changes in the reconstructed
Higgs boson masses and neural network values for all
three candidates are insignificant.

Candidatea

The first high purity candidate (a shown in Fig. 10),
at a centre-of-mass energy of 206.6 GeV, is recon-
structed with a Higgs boson mass of 110.0 GeV/c2.

Three of the four jets are well b tagged and the event
is selected as a 4b event [8] with the sum of the four
b tagging neural network output values equal to 3.05.
The lowest b tagged jet with a value of 0.214 is se-
lected as one of the Higgs boson jets. The probability
for any jet in a 4b event to have such a low b tagging
value is 19%.

As the event is identified as a 4b event, any of the
six possible pairing combinations can be considered
in its interpretation. The pairing most compatible with
the ZZ hypothesis, using a fit including the Z boson

width and mass resolutions, gives large fitted Z boson
masses of 98.9 GeV/c2 and 101.6 GeV/c2.

Candidateb

The second high purity candidate (b), shown in
Fig. 11, has a reconstructed Higgs boson mass of
112.9 GeV/c2. All four of the jets in the event are
well b tagged with a b tagging neural network sum
of 3.76. The measured visible energy in this event is
252 GeV, which is much larger than that allowed by
the energy resolution of about 10 GeV for an event
with a centre-of-mass energy of 206.7GeV. A 22 GeV
electromagnetic shower is detected in the small angle
calorimeter (SICAL) in the plane of the accelerator.
As there is too much reconstructed energy and the
momentum imbalance is in the opposite direction to
the 22 GeV energy deposit, this shower is most likely
a beam-related particle, unrelated to the rest of the
event. Although the overlapping of such beam-related
background is not frequent, the 22 GeV of energy is
consistent with the observation in events triggered at
random beam crossings, as can be seen in Fig. 12.

If this low-angle energy deposit is removed from the
event, the reconstructed Higgs boson mass increases
from 112.9 GeV/c2 to 114.5 GeV/c2. The neural net-
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Fig. 10. Four-jet Higgs boson candidate (a) with a reconstructed Higgs boson mass of 110.0GeV/c2. Three of the four jets are well b tagged.
The event is shown in the view transverse to the beam direction, theθ -φ sinθ view, and in a closeup of the charged particles in the vertex region.

Fig. 11. Four-jet Higgs boson candidate (b) with a reconstructed Higgs boson mass of 112.9GeV/c2. All four jets are well b tagged.
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Fig. 12. Energy distribution of the most energetic electromagnetic
particle within 12◦ of the beam in events triggered at random beam
crossings.

work output for this event is stable and changes from
0.997 to 0.998. Because the reconstructed Higgs bo-
son mass shifts closer to the excess, the significance
of the excess would increase by 0.2σ for both the NN
and cut streams.

Even if the 22 GeV particle is removed from the
event, there is still an energy excess of 23.3 GeV in-
dicating a mismeasurement of jet energy. Such a mis-
measurement is often due to fake neutral hadrons, i.e.,
hadronic showers which should have been assigned to
a charged particle. This causes double counting in the
computation of the energy of the jet. Indeed the de-
tailed inspection of one of the jets shows that a 13 GeV
neutral hadron is likely to have been misidentified. If
this object is removed from the jet and the Higgs bo-
son mass recomputed, excluding at the same time the
low angle (SICAL) object, a value of 114.2 GeV/c2 is
obtained. The very small variation in the reconstructed
Higgs boson mass occurs because the fitted masses de-
pend more strongly on the measured jet directions than
on the jet energies.

As for the first high purity 4b candidate (a), the
best background explanation for this event is the ZZ
hypothesis with a different jet pairing. The Z boson
masses from a fit for the most probable ZZ pairing
choice are 94.0 GeV/c2 and 97.3 GeV/c2.

Candidatec

The third high purity four-jet candidate (c), at a
centre-of-mass energy of 206.7 GeV/c2, has a recon-
structed Higgs boson mass of 114.3 GeV/c2. Both of
the Higgs boson jets are very well b tagged with well
measured displaced vertices and b tagging neural net
values of 0.999. The 13.8 GeV/c of missing momen-
tum in the event points to the middle of the Higgs bo-
son jet containing an identified muon coming from the
secondary vertex, as shown in Fig. 13. This is a strong
indication that, except for the unmeasured neutrino
from the semileptonic b quark decay, the rest of the
event is well measured. This is also supported by the
fact that the measured invariant mass of the two non
b tagged jets is 92.1 GeV/c2, consistent with a Z bo-
son. The measured invariant mass of the b tagged jets
and the missing momentum is 114.4 GeV/c2, which
renders unlikely the ZZ hypothesis.

Due to the low value of the smallest angle between
the four jets (37◦), the most likely background expla-
nation for this event is the bb̄gg hypothesis. The min-
imum jet-jet angle for the b̄bgg background peaks at
low values with 42% of the events having angles less
than 37◦, while 11% of the signal events have such a
low angle. The two measured jet energies of the non-b
jets, 43.5 GeV and 49.0 GeV, are typical, however, for
the decay of a Z boson produced nearly at rest.

7. Conclusions

The data collected with the ALEPH detector at
centre-of-mass energies up to 209 GeV have been
analysed to search for the Standard Model Higgs bo-
son. The search was performed using both a neural-
network-based stream and a cut-based stream. Both
analysis streams show a 3σ excess beyond the back-
ground expectation, which is largely due to candidate
events selected in the four-jet analyses at centre-of-
mass energies greater than 206 GeV. The observation
is consistent with the production of a Higgs boson with
a mass near 114 GeV/c2. Reprocessing the most sig-
nificant candidates using the final calibration and vary-
ing the background expectation by the systematic un-
certainties has shown that these results are stable.

Results from the four LEP experiments on the
search for the Standard Model Higgs boson were
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Fig. 13. Four-jet Higgs boson candidate (c) with a reconstructed Higgs boson mass of 114.3GeV/c2. The two Higgs boson jets are well
b tagged.

shown at the LEPC meeting on November 3, 2000
[11]. More data, or results from other experiments,
will be needed to determine whether the observations
reported in this Letter are the result of a statistical
fluctuation or the first sign of direct production of the
Higgs boson.
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