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Abstract

A search for the Standard Model neutral Higgs boson is described. Data collected during 1990
and 1991, corresponding to 408,000 hadronic decays of the Z°, were used. At the 95% confidence
level we exclude the existence of the Minimal Standard Model Higgs boson in the mass range

0 < Mpo < 52 GeV.

Dedicated to the memory of Professor Prince K. Malhotra

(Submitted to Physics Letters B)






1 Introduction

In the Minimal Standard Model, the Higgs mechanism is responsible for the mass generation
of the W* and Z° vector bosons [1, 2] and the existence of a neutral spinless Higgs particle H°
is predicted. In this model the couplings of the H® boson to the fermions and the vector bosons
are known but its mass is not specified.

At centre of mass energies near the Z° peak the main Higgs boson production mode is
predicted to be through the Z° boson decay into a H° and a virtual Z°* [3]

ete™ = 79 5 HO 4+ 79% — H° + ff.

We have previously reported on searches for the Standard Model Higgs boson using the
1990 data sample, corresponding to 5.3 pb™! integrated luminosity around the Z° pole [4, 5].
These searches allowed us to exclude the presence of the Higgs boson in the mass range 0 <
Mpo < 41.8 GeV at the 95% confidence level. Searches have also been performed by the other
LEP experiments [6, 7, 8].

We have expanded the search for the H® by including our 1991 data sample, corresponding
to 292,000 Z° hadronic decays. Combined with the 1990 data this totals 408,000 Z° hadronic
decays and 17.5 pb™! integrated luminosity at centre of mass energies between 88.2 and 94.3
GeV.

Here we report on our search for the Higgs boson in the mass range from 30 to 60 GeV.
We have searched in the channels: Hovu, H%%e™, Houtp=, (H® — 7+77)(Z%* — qq) and
(H® — q@)(Z°* — 7+77).

2 The L3 Detector

The L3 detector consists of a central tracking chamber, a high resolution electromagnetic
calorimeter composed of BGO crystals, a ring of scintillation counters, a uranium and brass
hadron calorimeter with proportional wire chamber readout, and an accurate muon chamber
system. These detectors are installed in a 12 m diameter magnet which provides a uniform
field of 0.5 T along the beam direction. For hadronic jets the fiducial coverage is 99% of 4r.

The central tracking chamber (TEC) is a time expansion chamber which consists of two
cylindrical layers of 12 (inner) and 24 (outer) sectors, with 62 wires measuring the R—¢ coor-
dinate. The single wire resolution is 58 pum averaged over the entire cell. The double-track
resolution is 640 pm. The BGO electromagnetic calorimeter, which now includes endcaps in-
stalled in 1991, covers 85% of the solid angle. The fine segmentation of the BGO detector and
hadron calorimeter allows us to measure the direction of jets with an angular resolution of 2.1°,
and to measure the total energy of hadronic events from Z° decay with a resolution of 10.2%.
The muon detector consists of 3 layers of precise drift chambers, which measure 56 points on
the muon trajectory in the bending plane, and 8 points in the non-bending direction.

We have previously described the detector and its performance in detail [9, 10].

3 Simulation and Data Analysis

In order to establish the selection criteria and to evaluate the selection efficiency a Monte Carlo
simulation of different processes has been carried out.



Hadronisation and decays were simulated using the program JETSET 7.3 [11] with parton
shower fragmentation. The response of the detector was simulated using the L3 detector sim-
ulation program [12] which takes into account the effects of energy loss, multiple scattering,
interactions and decays and includes the detector efficiency and resolution.

Higgs events were generated in the Hvv, H%%*e™ , HuTpu~ and both 7777qq channels
in the HY mass range from 30 to 60 GeV. The event generator program includes initial state
photon radiation and final state radiation of photons from leptons and gluons from quarks. In
this mass range the Higgs boson predominantly decays into a bb pair. The branching ratios
into cc and 777~ are not negligible [13] and were included. With QCD corrections [14] the
branching ratio into 777~ for a 50 GeV Higgs boson is approximately 5.5%.

The samples of Monte Carlo events used in the present analysis are: 647,000 Z° hadronic
decays including 165,000 for the 1990 setup, 85,000 77~ events, 1,000 H° events at different
masses for each decay channel and 500 four fermion events [15] of the types qqf*{~ for each
combination of the different quarks and leptons.

As the selections described below extensively use the information coming from the calori-
metric part of the detector, we briefly describe the related reconstruction algorithm. Jets are
reconstructed using a two step procedure [10]: firstly neighbouring calorimetric hits are com-
bined into clusters, then jets are formed merging neighbouring clusters and muon tracks. Each
charged track measured in the tracking chamber is assigned to the nearest jet. The algorithm
normally reconstructs one such ‘jet’ for a single isolated electron, photon, muon, high energy 7
or a hadronic jet. Unless otherwise stated in the following jets are defined by this algorithm.

The trigger efficiency for the studied signal is in excess of 99.9% for all the channels in the
Higgs boson mass range under study.

4 H% > Event Selection

H°v v events are characterized by large missing energy and momentum imbalance due to the
undetected neutrinos from the Z°* decay. The heavy quarks from the Higgs decay receive a
Lorentz boost leading to two acoplanar jets which mainly populate one hemisphere with a
rather low energy deposit in the other. The direction of the missing energy, being mainly that
of the Z°*, is far from the quark jets. In contrast, in the ete™ — qq events (the main source
of background in this mass range), the two jets from the qq system are typically coplanar with
the beam axis, seldom leading to low energy deposits in any one hemisphere. The relatively
small missing energy is mostly due to the undetected neutrinos within the jets or to the jet
energy resolution, as a consequence the missing energy direction is close to one of the jet axes.

The search for Higgs candidates is carried out taking advantage of the above signatures.

In the preselection a set of cuts is applied to eliminate a large fraction of the background
due to the qq, 7777, two photon processes, cosmic rays and beam gas interactions. We require
that:

e The invariant mass of all the calorimetric clusters (assumed to be massless), My, is within

the range 2565 GeV.

e The energy imbalance transverse to the beam axis is larger than 15% and that parallel to
the beam axis is less than 45% of the visible energy. The direction of the energy imbalance
is more than 0.4 rad away from the beam axis.



e There are more than 4 charged tracks with transverse momenta larger than 0.3 GeV and
with distances of closest approach to the beam axis less than 5 mm. There are more than
12 calorimetric clusters.

The acceptance of the above cuts for Hovv events with Mo of 50 GeV is 79% and we are left
with 0.85% of the Z° hadronic decays, the background from all other sources being negligible.
The visible mass distribution for the remaining events is shown in Figure 1.

For the final selection we use a set of cuts which are designed to reject all events from the
background channels in the existing Monte Carlo samples while maintaining a high detection
efficiency for the Higgs boson. All these cuts are based on topological variables which are mostly
related to the jet axis measurement. The jet directions are usually well defined even for events
with large missing energy. The jet reconstruction starts by identifying the two calorimetric
clusters that have the largest invariant mass. The plane perpendicular to that containing the
direction vectors of the two clusters and bisecting the angle defined by them divides the event
into two hemispheres. All the clusters in each hemisphere are combined to form a jet whose
direction is determined by adding the momentum vectors of the clusters. Hence we obtain
exactly two jets for each event, corresponding to the primary qq pair. Finally we define a unit
vector b which is opposite to the sum of the unit vectors along the two jet directions.

An event is accepted if it satisfies the following criteria:

1) Ego < 10 GeV and Egg < 3 GeV, where Egg and Ego are the ener;gies deposited in the
cones with half opening angles of 90° and 60° respectively around b.

2) The largest angular region, in the R—¢ plane, where no tracks are present must be greater
than 1.1 rad.

3) E1 <1 GeV, where Ej is the energy deposited in a cone of 20° half opening angle around
the missing energy direction.

4) € < 160° and ¢ < 170°, where £ and ( are the angles between the two jets in space and
in the R—¢ plane respectively.

Figures 2(a—c) show the distributions of Egg, Er and ( respectively, for the 50 GeV Higgs
Monte Carlo events, qq Monte Carlo and the data before the cut in that variable is applied.

The detection efficiency for the Higgs signal as a function of the H® mass is shown in Table 1.

The uncertainty in the selection efficiency has been studied by changing the detector cal-
ibration constants within their errors and by using two different hadronisation models in the
Monte Carlo. The effect of the changes in the calibration were found to be less than 1.5% of the
detection efficiency for a 50 GeV Higgs mass. The selection efficiencies for the same mass using
JETSET 7.3 and HERWIG 5.3 [16] agree well within the statistical errors. We also repeated
the study of qqy events which have a similar topology to the H»v signal after eliminating the ~
from the reconstruction [5]. For these events we compared all the variables used in the analysis
and found good agreement between data and Monte Carlo. From these studies we conclude
that our efficiencies are affected by a relative uncertainty of less than 1.5%.

No events pass our selection cuts.

Using the 1991 data sample we also repeated the Hvi analysis that had been performed
for the 1990 data [5]; the analysis was slightly modified [17] in order to increase the efficiency
for higher Higgs boson masses. This analysis also found no candidates in the mass range from

30 to 60 GeV with an efficiency for the signal of 54% at 50 GeV.
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5 H%te  Event Selection

The distinctive signature of this process is the presence of two energetic and well separated
electrons coming from the virtual Z° isolated from the H® decay products. The main sources
of background are the four fermion process ete™ — ete™qq and the double semileptonic decay
7% = bb — ete X.

In our selection low multiplicity events, such as e

e~ and 777~ final states, are removed by
requiring at least 15 clusters in the electromagnetic calorimeter.

To reduce the hadronic background in our sample we require that the two most energetic
clusters have energies greater than 3 GeV and that the sum of their energies exceeds 15 GeV;
in addition the opening angle between these two clusters must be larger than 40°.

The identification of electromagnetic particles is mainly based on the energy deposition
pattern in the electromagnetic calorimeter. We consider the ratio of the energy deposited in
a 3 X 3 crystal array and the energy deposited in a 5 x 5 array both centred on the most
energetic crystal in the cluster. After applying a position-dependent leakage correction to both
measurements the distribution of this ratio is approximately gaussian, centred at 1.0 with a
width of 1%. Electromagnetic candidates are identified by requiring that this ratio is less than
3o away from the above mean value.

The isolation of the electron candidates is further ensured by imposing the following condi-
tions:

e The additional energy deposited in the electromagnetic calorimeter in a cone of 15° open-
ing angle around the direction of the highest energy cluster must not exceed 5% of the
cluster energy and the energy measured in the hadron calorimeter in the same cone must

be less than 3 GeV.

e The additional energy deposited in the electromagnetic calorimeter in a cone of 15° open-
ing angle around the second most energetic cluster must not exceed 7% of its energy.

To complete the identification of the electrons we require the most energetic cluster to match
in azimuthal angle with exactly one track and the second most energetic cluster with at least
one track. For both clusters the matching has to be within a 4 o cut where o depends on the
energies and on the polar angles of the clusters.

To identify the Higgs boson decay products we examine the non-electron jets in the event.
Indicating with P, the transverse momentum of each electron with respect to the nearest jet,
we require the sum of the two P, to be larger than 10 GeV. If only one jet is present we require
the sum of the two P to be larger than 30 GeV.

The selection efficiencies for the signal are shown in Table 1 for the 1990 and 1991 setup.
The efficiency for the 1990 data is lower due to the lower geometrical acceptance of the BGO
calorimeter which did not include the endcaps.

One event passed the above selection criteria; the missing mass recoiling against the electron
pair is 31.4 £ 1.5 GeV. The event is shown in Figure 3 and its main parameters are given in
Table 2. This event is consistent with the four fermion background from which we expect
1.6+£0.3 events.

No events pass our selection in samples of 340,000 qq and 70,000 777~ Monte Carlo events.
We have also simulated Z° — bb — ete~X events corresponding to 1.6x10% eTe™ — hadrons
and no events passed our selection.



6 H’°4"u~ Event Selection

This analysis is based on the selection of events with well isolated muons together with other
charged particles present in the fragmentation of the heavy quark pair from the Higgs decay.

The selection is based on tracks in the muon spectrometer that when extrapolated back
towards the beam line pass within 3.50 from the interaction point, both in the R—¢ and z
directions; in the following we refer to these muon tracks simply as muons.

We require the presence of at least one muon satistying these criteria. Furthermore, we
require at least 5 tracks to be reconstructed in the TEC in order to remove cosmic ray, u*u~,
rTr, eteuTp™ and wta~uTp~ events. In order to reduce the background from 7Z° — qq
events, we require the event thrust to be less than 0.92.

Two sets of cuts are applied: set (i) to recognize a single well isolated muon and set (ii) to
select the muon pair from the Z°* decay. An event passes the selection if it has at least one
muon surviving the first set of cuts (i) or at least one muon pair surviving the second set of
cuts (ii). This allows us to recover the events in which one of the two muons coming from the
decay of the virtual Z° is not detected in the muon spectrometer.

To measure the isolation of a muon we define the quantity D:

Ejeti — Pu
P

D, =

where Ej, is the energy of the jet which includes the i*" muon and p,, is the value of the muon
momentum.

The two sets of cuts are:

Set (i)

In order to reduce the large background due to the semileptonic decays of hadrons into
low momentum muons, the muon must have a momentum larger than 10 GeV. To ensure the
isolation, we require less than 6 calorimetric clusters and at most one additional charged track
in the jet which includes the muon. The isolation parameter D must have a value of less than

0.3.
Set (i)

To identify a muon pair from the decay of the Z°* the following isolation cuts are applied:

e There should be at least one muon with less than 6 calorimetric clusters in the associated
jet.

o There should be at least one muon with less than 5 charged tracks in the associated jet.

o There should be at least one muon separated by more than 0.4 rad from the axis of the
nearest jet which does not include any of the muons.

e DDy < 1.5.

To reduce the background from the semileptonic decays of hadrons the following cuts are
used:

e Min(p,,,pu,) > 3.4 GeV and p,, + p,, > 12 GeV.

e The invariant mass of the muon pair must be larger than 1 GeV.



The selection efficiencies for the Higgs signal are shown in Table 1.

One event passed the above selection criteria; the missing mass recoiling against the two
well isolated muons is 70.4 £ 0.7 GeV. The event is shown in Figure 4 and its main parameters
are given in Table 3. This event is consistent with the four fermion background from which we
expect 1.740.2 events.

No events pass our selection in samples of 340,000 qq and 70,000 777~ Monte Carlo events.

7 71'77qq Event Selection

The search for the Higgs signal with 7 leptons in the final state was performed using the two
channels: (H® — 7+77)(Z%* — qq) and (H° — qq)(Z°* — 7777). The selection was optimized
for a 55 GeV Higgs boson in the configuration (H° — 7777)(Z°* — qq), which is predicted to
have the highest cross section among all the possible Higgs channels with 7 leptons.

As the 7777 qq final state produces mostly four jets we require the presence of at least 3
and at most 5 jets.

In order to remove most g, 777~ events, two photon processes and beam gas interactions,
we require that:

o The visible energy is between 30 and 65 GeV and the most energetic jet has an energy
less than 35 GeV.

e The energy imbalance transverse to the beam axis is larger than 5% and that parallel to
the beam axis is less than 30% of the visible energy.

e The major is greater than 0.3, where the major is defined as the maximum value of the
quantity (Ziﬁi ‘7)/(21|E1|) when the versor v is contained in the plane perpendicular to
the thrust axis. Ej indicates the energy and the direction of each calorimetric cluster and
the index i1 runs over all the clusters in the event.

o There are at least 14 calorimetric clusters and at most 21 tracks.
In order to identify the 7 decay products we require:

o At least two ‘tau’ jets, defined as narrow jets (jet thrust greater than 0.99) which form an
angle of at least 10° with the beam direction and contain less than 6 tracks and less than
10 calorimetric clusters each. For 1990 data, due to the lower acceptance of the BGO
calorimeter, we require the ’tau’ jet directions to be at least 45° away from the beam
direction.

o At least one isolated track, defined as a track with a momentum greater than 3 GeV,
matched with a calorimetric cluster of energy larger than 1 GeV within a 6° half opening
angle cone around the track direction and with no other tracks in a 15° half opening angle
cone. The isolated track can be one of the above required ‘tau’ jets.

Finally we require that the energy outside the two most energetic ‘tau’ jets is less than 40
GeV.

No events survive this selection both in the data and in samples of 340,000 qq and 40,000
777~ Monte Carlo events. Less than 0.1 events are expected from e*t *t77qq processes.

The detection efficiencies corresponding to the 1990 and 1991 data for different Higgs masses

e — T

are shown in Table 1.



8 Systematic Uncertainties

The sources of systematic errors on the number of expected Higgs events are the following:

e Theoretical uncertainty of less than 1% on the ratio between the Higgs boson production
cross section and the ete™ — qq cross section. [18].

e Experimental uncertainty of 0.5% on the corrected number of Z° hadronic decays used
for the normalization [19].

o Theoretical uncertainty on the Higgs decay branching ratios which contributes an error
of 1% to the detection efficiency.

e Error on the Higgs detection efficiency of 1.5% due to the uncertainties in the Monte Carlo
fragmentation parameters, estimated by changing the fragmentation model and varying
the detector calibration constants.

e Error on the Higgs detection efficiency of 1.5% due to Monte Carlo statistics.

Combining all these errors in quadrature we obtain an overall systematic uncertainty of

2.6%.

9 Mass Limit

From a total of 408,000 hadronic events, we have observed one ete™ hadrons and one p*tpu~
hadrons event that pass our selection criteria. From Monte Carlo studies, we expect the back-
ground in the Higgs search from four fermion processes to be 1.6 & 0.3 ete™qq events for the
HPete~channel and 1.7 & 0.2 pu* = qq events for the HYuT p~ channel. Neither event is consis-
tent with a Higgs boson mass in the vicinity of 50 GeV. Therefore we take the 95% confidence
level limit on the Higgs boson mass corresponding to 3 events. Taking into account the 2.6%
systematic error on the number of expected events we obtain a 95% C.L. lower limit on the
mass of the Higgs boson of 52 GeV.

Figure 5 shows the number of expected events in the mass range from 30 to 60 GeV. The
95% C.L. line, also shown in the figure, was obtained with the likelihood function of the two
candidates, taking into account the number of expected events from the background and from
the signal and the experimental mass measurement errors.
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Tables

Higgs mass (GeV) 30 | 40 | 50 | 55 | 60
H°» v channel 36.4 | 60.6 | 59.0 | 50.3 | 37.4
HY%"e~ channel (1991) 58.2 | 55.2 | 52.2 | 50.5 | 49.4
H%*te™ channel (1990) 45.5 1 38.0 | 35.0 | 32.0 | 29.0
H°u* pu~ channel 62.6 | 61.2 | 61.6 | 60.6 | 55.4
(0 — 7777)(Z°F — qq) (1991) | 3.8 | 10.2 | 15.8 | 17.6 | 15.0
(0 — qq)(Z%F — 7777) (1991) | 14.6 | 8.6 | 4.0 | 2.2 | 1.4
(M0 — 7577 )(Z% — qq) (1990) | 24 | 5.4 | 94 | 124 | 8.8
(0 — qq)(Z%F — 7777) (1990) | 8.0 | 42 | 22 | 1.4 | 1.2

Table 1: Selection efficiencies (in %) for Higgs events in the different channels. The efficiencies
for the H» and Hu* p~ channels are the same for 1990 and 1991 data.

E (GeV) | 8 (deg.) | ¢ (deg.)
jety 23.8 152.8 47.5
jety 9.4 101.4 173.4
et 2595+ 1.0 35.8 59.9
e” | 25.13+£0.35 99.6 258.5

Table 2: The energies (E), the polar angles with respect to the beam line () and the azimuthal
angles (¢) of the main constituents of the H%e*e™ candidate are indicated. The main parameters
of the event are: 4/s = 88.4 GeV, missing mass recoiling against the final state ete™ = 31.4£1.5
GeV, mass(ete™ )= 46.8 + 1.9 GeV, measured mass of the hadronic system = 23 GeV; this last
value is consistent with the Monte Carlo expectation of 28.7 + 4.3 GeV for a Higgs boson with
mass 31.4 GeV.
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E (GeV) | 0 (deg.) | ¢ (deg.)
jety 25.7 128.8 354.6
jety 23.6 34.9 189.3
jets 8.6 84.5 212.8
jety 4.9 127.9 261.8
ut 14.940.55 50.5 128.7
w 3.8040.15 98.0 107.6
ptin jety | 14.64£0.59 | 126.7 355.4

Table 3: The energies (E), the polar angles with respect to the beam line () and the azimuthal
angles (¢) of the main constituents of the H°u* = candidate are indicated. The main param-
eters of the event are: /s = 91.3 GeV, missing mass recoiling against p*u~ = 70.4 £0.7 GeV,
mass(pp”)=6.540.2 GeV, measured mass of the hadronic system = 61.6 GeV; this last value
is consistent with the Monte Carlo expectation of 65.7 £ 6.2 GeV for a Higgs boson with mass
70.4 GeV.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Visible mass distribution for the data, simulated qq background and Higgs signal (Mpo =
50 GeV) which pass the preselection for the Hvv search. Background Monte Carlo events
are normalized to the total integrated luminosity. The Higgs signal has been multipled

by 1,000 for visibility.

Distributions of three of the variables used in the final H»v selection for the data, sim-
ulated qq background and the Higgs signal (Mo = 50 GeV): Egq after the preselection
(a), Er after the preselection, cuts 1 and 2 (b) and ( after all other cuts (c). The arrows
indicate the position of the cuts: Egy < 10 GeV, Er <1 GeV and ( < 170°.

The 31.4 GeV mass candidate found in the H%Te™ channel shown in the plane perpendic-
ular to the beam line. The lines in the TEC represent the reconstructed charged tracks.
The size of the symbols indicating individual calorimetric hits (towers in the BGO elec-
tromagnetic calorimeter and boxes in the hadron calorimeter) corresponds to the energy
deposition in that hit. The towers which appear in the TEC region in this projection
belong to the BGO endcaps.

The 70.4 GeV mass candidate found in the H°u*u~ channel shown in the plane per-
pendicular to the beam line. Figure a) shows the whole detector, including the muon
chambers, Figure b) shows the central region. The lines in the TEC represent the recon-
structed charged tracks. The size of the symbols indicating individual calorimetric hits
(towers in the BGO electromagnetic calorimeter and boxes in the hadron calorimeter)
corresponds to the energy deposition in that hit. The towers which appear in the TEC
region in this projection belong to the BGO endcaps. In a) the muon tracks can be seen
as reconstructed in the three layers of chambers. The track in the muon chambers which,
when extrapolated back (dashed line), passes far away from the interaction point is most
likely due to a ‘punch through’ particle.

Number of events expected in the different channels. The 95% confidence level line is
shown and the Higgs mass limit at the 95% C.L. is indicated.
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Figure 3
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