N\
90§ - Zéﬂ
NN ELS EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
AN

CERN-EP/90-44

4 April 1990

SEARCH FOR LIGHT NEUTRAL HIGGS PARTICLES
PRODUCED

IN Z° DECAYS

- DELPHI Collaboration

Abstract

A search for the neutral Higgs boson in Z° decays has been performed us-
ing the DELPHI detector at the Large Electron Positron collider (LEP) at
CERN. We looked for the decay of Z° into a neutral Higgs particle and a pair of
fermions. No events fulfilled the criteria for H® production. Qur results, which
are based on an integrated luminosity of 530 nb~!, exclude a minimal Standard
Model Higgs boson with a mass in the range 210 MeV/c? to 14 GeV/c? at 95%

confidence level.
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1 Introduction

The Higgs mechanism [1], which is still not established, is an essential ingre-
dient of the Standard Model [2]. In its minimal version the Standard Model
predicts the existence of a neutral scalar Higgs particle, H°, and its couplings
but the model gives no limits on its mass.

The coupling of the H° to fermions is proportional to their mass and
that to bosons to their mass squared. Searches for the H® in the decay of
relatively light bosons like 7, K, B and T [3,4,5] are rather dependent on the
assumptions used but tend to exclude a very light Higgs boson. Searches in
Z° decays at LEP can determine a lower mass bound for the Higgs particle
without using any limiting assumptions. Indeed the first results from LEP
6,7] support the exclusion of a light Higgs particle. In this note we report
the first limits from the DELPHI detector on the Bjorken bremsstrahlung
process [8):

ete” — H® 4+ Z° - HO + fF (1)
where the off mass shell Z*° decays into a pair of fermions.

Qur search covers final states with Z*° —ete™, ptu™, 7577, T and (at
low H® masses) ¢g.

For H® masses above 20 GeV/c? the production cross section is too small

to be detectable in these data. The present search is therefore optimized and
restricted to the H® mass region below 20 GeV/c2.

2 The DELPHI Detector

DELPHI is a general purpose detector equipped with track detectors, elec-
tromagnetic and hadron calorimeters and muon detectors. Details of the

detector can be found in Refs. [9,10]. In the present analysis we use the
following main components of DELPHI:

® The Inner Detector (ID), the Time Projection Chamber (TPC) and
the Guter Detector (OD) for reconstruction of charged tracks.

o The High density Projection Chamber (HPC) to distinguish electrons

from minimum ionizing particles. Each HPC module is equipped with
one layer of trigger scintillators.

® The Barrel Muon Chambers (MUB) and the Hadron Calorimeter
(HAC) for muon identification.



® The Time Of Flight counters (TOF) for triggering.

¢ The Small Angle Tagger (SAT) to veto large energy depositions at
small angles.

The trigger is based on information from ID, OD, HPC and TOF. For trigger
purposes the HPC, TOF and OD are each split into four quadrants around
the beams and the the HPC and TOF are further split longitudinally into
two halves on either side of the interaction point. Thus there are eight HPC
sectors, eight TOF sectors, four OD sectors and one ID sector. The relevant
trigger for this analysis was an OR of the following trigger components

¢ 2 or more HPC sectors,

¢ 3 or more TOF sectors,

® 1 or more HPC sector and 1 or more TOF sector,

back to back TOF sectors and

back to back ID and OD sectors in coincidence.

3 Monte Carlo Simulations and Standard
Model Predictions

Samples of Monte Carlo events due to reaction (1) and to potential back-
ground processes were used to optimize the selection criteria and determine
their efficiencies. The efficiencies for triggering the events were also deter-
mined by the same method.

The H® production processes were simulated using the DELPHI simu-
lation program [11] with an H°Z*® generator [12]. For H® masses above 2
GeV/c?, the quark fragmentation was simulated using the LUND parton
shower model (version 6.3) [13). The same LUND parton shower model was
used for simulating ordinary qg events to evaluate the backgrounds. For
H® masses below 2 GeV/c?, exclusive 2-body channels were generated with
relative weights following reference [14]. The simulated events were Tecon-
structed with the standard DELPHI reconstruction program which was also
used for the real events.

The expected cross sections for Z°—~H°Z*® within the Standard Model
were estimated using the formalism of references [8,15]. Initial state radiative
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corrections to first order were included and the effect of running coupling con-
stants [16] was taken into account by using a = 1/128 and sin? 8y = 0.2337.
The Z° mass and width were set at 91.2 GeV/c? and 2.5 GeV/c? respec-
tively. Using the estimated cross section for ete- —7Z°%-—hadrons, the ratio
o(e*e”—Z°—H’Z"%)/o(e* e > 7°—hadrons) was determined as a function of
the H® mass and the total center of mass energy. Summing over the number
of hadronic Z° events at each LEP energy point, these cross section ratios
were used to determine the expected number of H® events. The radiative
corrections reduce the cross section ratio by 8% and 2% for H® masses of 3
GeV/c? and 10 GeV/c? respectively. Higher order radiative corrections are

likely to decrease this effect, making our estimated number of events slightly
conservative.

4 Data Sample

This analysis is based on some 13000 Z° decays, corresponding to a total
integrated luminosity of about 650 nb~!, provided by the LEP machine and
recorded in DELPHI during the energy scans around the Z° peak. The overall
efficiency to trigger and to reconstruct a hadronic Z° decay was found to be
(92.1+1.1)% [10]. In these initial periods of running, some of the detector
components were not always working properly. The data for a given channel
have been selected so that the detector meets the minimurg requirement for
that channel, thus reducing the used luminosity to about 530 nb~!. For the
inclusive charged lepton and H°u*pu~ channels we used 10467 events with
TPC and OD fully working. For the exclusive H’e*e~ channel we used 9705
events with TPC and HPC fully working. For the H°»% and H%g channels
we used 10948 events with full TPC data. In the first part of running,
corresponding to about one third of the data, the magnetic field was 0.7 T.
In the remainder it was 1.2 T. In the present analysis only the barrel region

of the DELPHI detector was used, covering polar angles, 8, between 40° and
140°.

5 H° and Z** »Neutrino Pairs

The Z° decay into a pair of neutrinos has about a factor of three larger

branching ratio than the electron and muon pair branching ratios together.

The characteristic signature for the H%,% channel is a large amount of missing

energy and, particularly for relatively small H? mass (below 10 GeV/c?), a
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monojet topology. The main background processes, having a large fraction
of undetected energy, are the beam-gas or beam-wall interactions and the
two-photon process with undetected e*e™. Ordinary efe”—Z°— ¢7 events
contribute to the background when energy is lost because of semileptonic
decays or inefliciencies.

The simulated total trigger efficiency versus H° mass is presented on Fig,.
1. The errors take into account the possible variations of the HPC trigger
threshold and the TOF counter inefficiencies. The trigger components most
sensitive to the neutrino channel are (a) one or more HPC sectors with one or
more TOF sectors and (b) back to back OD sectors with ID in coincidence.
The low trigger efficiency for low H° masses is due to the relatively high
energy threshold in HPC (about 2 GeV) and the lack of back to back event
topology in the signal.

The event selection relies exclusively on charged particles, the main em-
phasis being on the topological characteristics of the event, such as sphericity,
monojet-type etc. Some of the cuts varied with the total invariant mass of

the observed charged particles. The selection criteria, optimized for an H°
mass in the interval 1 to 20 GeV/c? were:

¢ The total multiplicity of charged particles should be 2 or more.
The |cos 8] of the total event sphericity axis should be below 0.8.

e The sphericity calculated in the rest frame of the charged particles

should exceed a value between 0.025 and 0.1, depending on the total
invariant mass of the charged particles.

The cosine of the angle of any charged particle in the event with respect
to the total momentum vector should be above a value between -0.5
and 0.4, depending on the total invariant mass of the charged particles.

The total transverse momentum of charged particles should be above

a value between 1.5 and 6.5 GeV/c, depending on the total invariant
mass of the charged particles.

Clustered energy depositions in each SAT calorimeter should be below
10 GeV.

The simulated detection efficiency (trigger times selection efficiency) for the
H°.% channel is shown in Fig. 2 as a function of the H? mass.
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Applying these selection criteria to our data sample 3 events remained all
having a total mass of charged particles above 40 GeV/c?. This is compatible
with results from Monte Carlo studies of background from hadronic Z° decays
which predict between one and two events one of them above 40 GeV/c?.
Thus no events were found in the data tulfilling the selection criteria with
masses below 20 GeV/c?, the region to which this study is restricted.

6 H’ and Z*° —Charged Leptons

The reaction Z —Z° H® with a subsequent Z-° decay to a fermion pair
presents a simple and characteristic signature for the two cases:

ete” — HO efe- (2)

efe” — H® prp- (3)

They give rise to distinct topologies with two high energy almost back to
back electrons or muons isolated from the H® decay products.

Two approaches have been used to search for He*+e- and H°u" 1~ events.
One approach (section 6.1) relies on measured angles and momenta without
requiring any lepton identification. This method also detects a fraction of
the channel ete~—H%*7~ which is also included in our analysis. The other
approach (section 6.2) requires the identification of one electron or muon and

a second high energy particle compatible with being of the same type as the
identified lepton, but of opposite charge.

6.1 Inclusive Method

The first approach relies on the isolation of the leptons from the Z*°
rather than on their identification. At least four charged particles are re-
quired, at least two of them having momenta above 5 GeV/c and at least
one of these making an angle larger than 20° with any other particle above
0.1 GeV/c (isolation angle). The isolated particle is further required to have
an opening angle of more than 90° with another particle with momentum

above 5 GeV/c.
This tagging yielded a sample of 398 events. We then further

decay

* required the two particles with momentum above 5 GeV/c to have: one
an isolation angle above 30° and the other above 10°,

* required the total energy in the event to be greater than 30 GeV and
the longitudinal momentum balance to be better than 20 GeV/c and
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¢ rejected events with a single particle opposite to a 40° cone containing
all the other particles.

The last two of these cuts reject beam gas, radiative lepton pair and 7-
pair events. After these cuts 12 events remained, compatible with 18 events
expected from the background. In all these events, the invariant mass of
the system excluding the two isolated particles was greater than 50 GeV/c?,
These events are therefore not of interest for the H® mass range below 20
GeV/c? to which this study is restricted.

Simulated events for different values of the H® mass were passed through
the same selection criteria. The combined trigger, tagging and selection
efficiency for this method is shown in Fig. 3.

No HZ*® candidates with H° mass below 20 GeV/c? remained after ap-
plying the cuts described in this section.

6.2 Exclusive Method

The second approach looks for channels with identified leptons. Candidates
for the the electron channel (2) are tagged by demanding an electromagnetic
energy deposition above 20 GeV and at least four charged particles detected
in the TPC. This tagging yielded a sample of 457 events. Next we require at
least one identified electron. An electron is identified by a charged particle
spatially correlated to an electromagnetic shower with energy above 5 GeV.
In addition there should either be a second identified electron of opposite
charge, or a particle with momentum above 5 GeV/c pointing towards a
dead region in the electromagnetic calorimeter (HPC), or an electromagnetic
deposition above 5 GeV matching a dead region in the TPC. Allowing for
dead regions increases the selection efficiency by about a factor 1.25. One of
the two selected electrons must be associated with the tagging shower. For
events with charged multiplicity above five, the two electrons are required
to be separated by at least 20° from the axes of all the jets reconstructed in
the rest of the event. The jets were reconstructed using the LUND cluster
algorithm [13] with default parameters. For events with four or five charged
particles the two electrons are required to be separated from all the other
charged particles by at least 25°.

For the exclusive muon channel (3) we used the same sample of events
tagged for the inclusive lepton channel described above. A particle is assumed
to be a muon if it is associated with at least two hits in different muon
chamber layers or if it is minimum ionizing in the hadronic calorimeters.
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The efficiency for this identification is found to be about 80% from studies of
real and simulated events. The events with two identified muons are further
required to have an angle between the muons larger than 90°.

After applying these cuts, two events with four charged particles were
left having a charged particle pair compatible with being due to photon
conversion. This is compatible with an estimated background of three such
events from radiative leptonic Z° decays. A cut removing very small opening

angle charged particle pairs was introduced and included in the efficiency
calculations,

- Fig. 2 shows the combined trigger, tagging and selection efficiency for
reactions (2) and (3) as a function of H-mass. The relative errors indicated
are the statistic and systematic errors added in quadrature. They amount to
about 5% in the centre of the mass range considered and 10% at the lower
end.

No H°Z*® candidates were left in the data samples after applying the
selections described in this section.

7 H’ and Z*° Shadrons

For the leptonic channels discussed above the efficiencies become low for an
H° mass below | GeV/c? due to the cuts imposed and the trigger perfor-
mance. In the mass region below 2 GeV/c? the H° total branching ratio
into a pair of muons, charged pions and kaons is substantial, which leads to
the possibility of identifying the H%Gg channel. For this mass region there
are considerable theoretical uncertainties in the prediction of H® branching
ratios [17] for which we use ref. [14]. However, we are only sensitive to the
total branching into two charged particles for which the mosi conservative
estimate is always taken. In particular, for masses between threshold and 1
GeV/c?, the two pions channel is assumed to dominate over the two muons
one. A light H° decaying into two particles would lead to an event topology
with at least three jets. Two of these come from the decay of the off mass

shell Z*° and a third jet from the H°. The abundant background coming
from normal hadronic events is reduced by requiring:

® The total charged particle energy must be larger than 40 GeV.

* At least three jets, using the LUND cluster algorithm (13] with default
parameters,



The angle between the two most populated jets must exceed 120°.

The least populated jet must have two to four charged particles, of
which two and only two have momentum above 1 GeV/c.

¢ The ratio of the energies of these two candidate H® decay products
must be below 5.5. This is equivalent to accepting a H® rest frame
helicity angle from about 30° to 150°.

e The transverse momenta of the H® candidate with respect to all other
jets must exceed 7 GeV/c.

o The angle between the H® candidate and any charged particle with an
energy above 1 GeV must be larger than 40°.

After all cuts no candidate was left.

To calculate the H® detection efficiency, the selection criteria were applied
to Monte Carlo samples of H%gg generated with H° in the mass range 0.2 to
2.0 GeV/c? and decaying into p*p~, #tm~ or K*K~. Using the branching
ratios and the efficiencies for the different channels a global efficiency was
calculated as a function of the H® mass. The results are shown in Fig. 4.
The errors are the systematic and statistical errors added in quadrature.
Systematic errors were estimated to be of the order 5%, smaller than the
statistical ones. The detection efficiencies for the channels H® — uv =, vt
and K* K~ (when kinematically allowed) were found to be almost the same
thus making the global efficiency insensitive to their relative branching ratios.

8 Results and Conclusions

The number of detected H® events expected within the minimal Standard
Model (SM) as a function of the H® mass are shown in Fig. 5 for the hadronic
channel and in Fig. 6 for the leptonic channels. They are calculated from the
numbers of hadronic Z° events recorded at each LEP energy , the correspond-
ing relative cross sections for H°Z** production, and the detection efficiencies,
as described above. Lines corresponding to 95% confidence level for the ex-
clusion of a signal are also included. The error bars represent the systematic
and statistical errors added in quadrature. In order to take systematic errors
into account in a conservative way we have subtracted one standard deviation
as indicated by the curves. For the H%u*p~ and H% 7~ channels we used
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the detection efficiency from the inclusive method and for the H%*e~ chan-
nel that from the exclusive method, ignoring the small increase in detection
efficiency arising from combining the inclusive and exclusive method. Using
the results from the hadronic Z° channels for H® masses below 1 GeV/c? and
the results from leptonic channels for higher masses, we exclude a minimal

Standard Model Higgs boson in the mass region between 210 MeV/c? and
14 GeV/c2,
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Figure Caption

Figure 1: Trigger efficiency for H°»% channel. The errors indicated are sta-
tistical.

Figure 2: Overall detection efficiencies for charged and neutral lepton chan-
nels determined by the exclusive method. The error bars represent the sys-
tematic and statistical errors added in quadrature.

Figure 3: Overall detection efficiencies for charged lepton channels deter-

mined by the inclusive method. The error bars represent the systematic and
statistical errors added in quadrature.

Figure 4: Overall detection efficiency for the H%¢g channel. The error bars
represent the systematic and statistical errors added in quadrature.

Figure 5: Expected number of observed events in the H%¢g channel as pre-
dicted by the Standard Model (SM). The error bars represent the systematic
and statistical errors added in quadrature. The 95% confidence level for the
exclusion of a signal is indicated by the dashed line. The full line is drawn

subtracting one standard deviation in order to make a conservative estimate
of the excluded H® mass range.

Figure 6: Expected numbers of observed events in the H%*e~, H'u* = and
H°7*7~ channels as predicted by the Standard Model (SM). The error bars
represent the systematic and statistical errors added in quadrature. The 95%
confidence level for the exclusion of a signal is indicated by the dashed line.
The full line for the total number of expected events is drawn subtracting one

standard deviation in order to make a conservative estimate of the exciuded
H® mass range.
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