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in the Higgs mass range between 11 and 24 GeV
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ABSTRACT

A search for the neutral Higgs boson in the mass range above 10
GeV (above the H°— bb threshold), using the processes Z°—H°ete-,
Z°—He°utu~ and Z° - H°vv, is performed on data collected by the ALEPH
detector corresponding to about 25,000 events of Z°-—hadrons.
Combining all these processes, the mass range excluded is 11 GeV to
24 GeV at 95% C.L. Together with a previously published result from
ALEPH, the mass range excluded is 32 MeV to 24 GeV at 95% C.L.
This result also extends the excluded mass region for neutral Higgs
bosons from supersymmetry.



1. INTRODUCTION

The proposed neutral Higgs boson [1] of the Electroweak Theory of
Glashow, Weinberg and Salam [2] so far remains undetected
experimentally. Recently limits on its mass have been reported at LEP,
excluding the range from 32 MeV to 15 GeV by the ALEPH Collaboration
[3], and from 3 GeV to 19.3 GeV by the OPAL Collaboration [4], thereby
significantly extending the mass range of those limits previously
reported [5]. It is the purpose of this paper to extend the search of
Ref. [3] to a mass range up to about 24 GeV for the neutral Higgs boson
resulting from doubling the event statistics and a modified analysis
procedure. We use the data collected during the early running of LEP,
from September 19 to December 19, 1989, which correspond to about
25,000 Z°—hadrons. These data were taken over a range of the center-
of-mass energies from 88.3 GeV to 95.0 GeV, corresponding to a total
integrated luminosity of 1.2 pb-1. The decay modes of Z°—-H°vV and
Z°—>H°LZ (£ = ¢ and u) are used. Event selection criteria are similar to
those given in Ref. [3] but are modified to optimize the detection
efficiency of a Higgs with mass in the range between 11 GeV and
24 GeV. In this paper, we also extend the search for neutral Higgs
bosons from supersymmetry.

2. THE ALEPH DETECTOR

The ALEPH detector is described in detail elsewhere [6]. The parts
of the detector relevant to this analysis are the inner tracking chamber
(ITC), the large time-projection chamber (TPC), the electromagnetic
calorimeter (ECAL) and the hadronic calorimeter (HCAL). A 15 T
solenoidal magnetic field is provided by the superconducting coil
surrounding the TPC and ECAL. The luminosity calorimeter (LCAL)
provides energy and position measurements of the showers produced
by the small angle Bhabha scattering ete-—ete . The trigger conditions

are the same as described in Ref. [3].



3. SEARCH FOR Z°—H°Z* (Z*—ete, ptu-, vv)

We present here the method of a search for a Higgs boson from
11 GeV (above H°-»bb threshold) to about 24 GeV by using the
processes Z°—H°Z*. A description of the simulation of Z°>H°Z* (Z*—ete-,
wrp—, t+t—, vv) is given in Ref. [3]. For the Higgs mass region above 10
GeV, H°—bb(g) dominates. Sections 3.1 to 3.2 give the descriptions of
how to identify events of the type Z°—>H°Z* and to reject background
events from photon-photon interactions, beam-gas interactions and Z°
decays. At least 3 pb-l of simulated data have been produced for the
background processes Z°—ete-, utpu-, 7tt— as well as the two-photon
interactions (yy—ete-, ptu—, tt1~ and hadrons) and 10 pb-l for Z°— qq(g),
using the full detector simulation. They are used as an important guide
to devise the event selection criteria as listed below.

Throughout this section, a charged particle is required to have 4
TPC coordinates, |dol smaller than 4 cm and |zo|l smaller than 7 cm, where_

Idol is defined as the distance of closest approach to the interaction point

in the plane perpendicular to the beam axis and z. is defined as the

coordinate along the beam with respect to the interaction point.

3.1 SELECTION OF EVENTS FOR Z°->H°vv

The decay channel Z°—>H°vv provides the best means to search for
a Higgs over a wide range of Higgs masses. For the mass range
considered here, where H°— bb(g) dominates, the signal is mostly two-
jet events with large missing energy and momentum. The event
selection criteria are as follows:

(1) The event is required to have a minimum of six charged particles
and no single charged particle with energy greater than 45% of
the total charged energy. The total charge of the event should not
exceed *4, The LUND cluster algorithm [7] is applied to these
charged particles and only events with two jets are accepted.

(2) The angle between the beam direction and the sphericity axis of
the event, calculated with charged particles only, must be greater
than 40°,



(3) The magnitude of the vector sum of the transverse momenta of all
charged particles with respect to the beam axis must be greater
than 3 GeV.

(4) The total energy from the ECAL wire planes and the total energy
of the charged particles are required to be smaller than 25 GeV
and 35 GeV respectively.

(5) cosBmax >—-075 (Omax < 138.6°).
Omax is the maximum angle between any charged particle with
momentum greater than 0.3 GeV/c and the direction of the vector
sum of the momenta of all charged particles.

(6) Events are rejected if the total energy in LCAL exceeds 3 GeV.
From a study of the randomly triggered events, this requirement
on the LCAL energy introduces a 1.6% inefficiency for the
acceptance of the Higgs events.

Selection criteria (2) and (3) remove background from two-photon
and beam-gas interactions, while (4) to (6) primarily remove the
background from Z°-»qd(g). Applying the selection criterion (1) to (6)
to the data, no event survives. Fig. 1 shows the distribution of cos@max
for (a) data and (b) the Monte Carlo simulation of a 25 GeV Higgs mass
after all other selection criteria have been applied. Fig. 2 shows the
two-dimensional distribution of the total ECAL energy versus the total
charged energy after all other selection criteria have been applied for
(a) data and (b) the Monte Carlo simulation of a 25 GeV Higgs mass.

3.2 SELECTION OF EVENTS FOR Z°—»H°ete and Z°—>H utu -

The topologies of the decay modes Z°—»H°Z* (Z¥—e'er, ptu- ) are
simple. However, the production rates of these decay modes are low.
The selection criteria are as follows:

(1) The event is required to have a minimum of five charged particles
and no charged particles with energy greater than the beam

energy.



(2) To form a Z* candidate, two oppositely-charged particles are
required, each with at least 7 GeV momentum; the cosine of the
angle 6, between them is required to be smaller than 0.5
(812 > 60°). If more than one pair of charged particles satisfies
this criterion, the pair with the highest energy is chosen. The
remaining charged particles are assigned to the Higgs candidate.

(3) For the H°e*e- search, a positive electron identification is required
on one of the two Z* particles. Electrons are identified with 85%
efficiency using their characteristic shower in the ECAL. For the
Heu+u- search, pion rejection is done on the two charged particles
forming the Z* candidates using the ECAL information. For each p
candidate, the associated ECAL cluster, if there is any, is required
to have only this charged track associated to it. If each of the two
p candidates has an associated ECAL cluster, then the maximum
and minimum energies of these two clusters are required to be
less than 7 GeV and 1 GeV respectively. If only one of the two
candidates is associated to an ECAL cluster, its ECAL energy is
required to be less than 1 GeV, consistent with a minimum
ionizing particle. The efficiency of this method for identifying
muon pairs from Z°-—->H°u+tu- is 90%.

(4) To reject backgrounds of the types Z°—qq(g) and Z°—t+t-, the
cosine of the angle O between the most energetic charged particle
of the Higgs candidate and either of the charged particles of the Z*
candidate is required to be less than 0.9 (8 > 25.8°).

With the above event selection” criteria, 19 events survive, two
being H°ete- candidates and 17 H°utu- candidates. The preponderance
of H°u*pu- candidates in the data is due to the fact that the ECAL is better
suited for identifying electrons than for identifying muons. In this
analysis, the muon detection system has not yet been used for muon
identification. The Higgs candidate mass is estimated from the recoil
mass to the Z*. For the Hfete- candidates the lepton momenta are
taken from the ECAL cluster measurements, for the H°utp- candidates
the lepton momenta are taken from the TPC measurement. The recoil
mass of these surviving events exceeds 68 GeV amongst the 2 Hete-



candidates and 46 GeV amongst the 17 Hep+p- candidates. Since the
resolution of the recoil mass is 5 GeV from Monte Carlo, these events
are at least 4 standard deviations from a 25 GeV Higgs mass. From the
Monte Carlo simulation, 16+2 events from the background process
Z°—qq(g)(2+1 from Heete- candidates and 14+2 from H°p+u- candidates)
are expected. Hence, no event survives in the mass range of this search.
Fig.3 shows the distribution of the recoil mass to the Z* candidates for
(a) the data, (b) for the Monte Carlo simulated events from qq(g) and (c)
for the Monte Carlo simulation of a 25 GeV Higgs mass.

3.3 ESTIMATION OF THE NUMBER OF EVENTS EXPECTED
FROM Z°—H°Z* AND SYSTEMATIC ERRORS

Events at different Higgs masses have been simulated for this
analysis. Table 1 gives the detection efficiencies and the expected event
numbers at different Higgs masses. The corrections due to different
production cross-sections at different total center-of-mass energies are
taken into account. The systematic errors on the expected number of
Z°—>H°Z* events are estimated to be: less than 2% from the integrated
luminosity, less than 4% corresponding to  uncertainties in the cross
section calculation and less than 1% for trigger efficiencies. In addition,
by varying the values of variables used in the event selection criteria
over a reasonable range, we find that the uncertainty in the efficiency
due to the event selection criteria is less than 7%. Combining all errors
in quadrature, we find that the maximum systematic error for the
expected number of events for the combined processes Z° > H°Z*
(Z*—>ete-, utu-, vv) is less than 9%.

3.4 RESULTS ON THE SEARCH FOR THE NEUTRAL
HIGGS BOSON

After applying the selection criteria given in sections 3.1 and 3.2,
we find that no event survives in our data sample in the range of this
search. Fig.4 shows the number of events expected from the sum, as
well as the individual processes, for Z°—»H%ete-, Z°—>H°u*u~ and Z°—H°vv
as a function of the Higgs masses. To set a mass limit conservatively,
we teduce the number of expected events by 9% to take into account
the systematic error. The mass range from 11 GeV to 24 GeV for the



neutral Higgs boson is excluded at 95% C.L. from this analysis. Fig.4
also presents the number of events expected from the sum of all
processes as a function of the Higgs boson mass from the results in Ref.
[3], giving a combined excluded mass range from 32 MeV to 24 GeV at
95% C.L. limit.

4. LIMITS FOR THE NEUTRAL HIGGS BOSON FROM
SUPERSYMMETRY.

In the minimal supersymmetric extension of the Standard Model,
two doublets of Higgs fields are needed, leading to five physical states:
two charged scalar bosons heavier than the W; two neutral scalar
bosons, one heavier than the Z°, the other, denoted h, lighter than the
Z°; one neutral pseudoscalar boson, denoted A, heavier than h. All
masses and couplings depend on only two parameters, here chosen as
Mp and either Ma or va/v;, the ratio of the vacuum expectation values
of the two Higgs doublets [8].

The scalar h behaves very similarly to the standard Higgs boson
He°. Limits on the latter can therefore be used to reduce the allowed
domain in the space of parameters (Mp, va/vy) or (Mp, Ma), but the
sensitivity of this method is reduced when vy/v; is different from
unity. However, in this case, the rate of the process Z°—>hA may
become substantial, and a complementary search is to be done [9].
Such an analysis has been reported by the ALEPH Collaboration [10].
Here we use the result of our extended search for the standard Higgs
boson H°, and we update the analysis presented in Ref. [10] of the
search for associate hA production in Z° decays, using all of the data

collected by ALEPH in 1989.

The excluded domains, in the (Mp, v2/vy) plane, are presented in
Fig.5a with the same notations as for Fig.1b of Ref. [10]: curve (A) limits
the domain excluded by our standard Higgs searches; curve (F) limits
the domain excluded by the dedicated search for Z°—hA, with at least
one of h or A decaying into a t pair (no candidate is found with the
selection described in Section 7 of Ref. [10]). For va/vi>1, an alternate
presentation of the same results in the (Mp, Ma) plane is given 1n



Fig.5b. If, as theoretically expected [11], va/vy is substantially greater
than unity, the range Mp=Mx <39.2 GeV is excluded.

5. CONCLUSION

A search for the neutral Higgs boson has been performed based on
the processes Z°—»Hc°e*te-, H°u*+u- and H°vv using 1.2 pb-1 of data
collected by the ALEPH detector. While the process Z°—H°vv provides
the most powerful means for this search, the result of combining all the
processes, together with the result given in Ref. [3], excludes the
neutral Higgs boson over the mass range from 32 MeV to 24 GeV at
95% C.L. This result is obtained within the context of the Standard
Model with no further assumption. This result also extends the
excluded mass region for neutral Higgs bosons from supersymmetry.
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TABLE 1

Detection Efficiency (Eff.) and Number of Expected Events (N)
as a Function of Higgs Mass

Mpg-
(GeV) Hevv Hep+pu- Hee+e Total
Eff. N Eff. N Eff. N N
11 0.433 6.1 0.625 1.5 0.599 1.4 9.0
12 0.530 6.7 0.640 1.4 0.607 1.3 9.4
13 0.588 6.8 0.653 1.3 0.614 1.2 9.2
14 0.618 6.5 0.664 1.2 0.619 1.1 8.7
15 0.628 6.0 0.674 1.1 0.623 1.0 8.0
16 0.624 5.4 0.682 1.0 0.627 0.9 7.3
17 0.615 4.8 0.689 0.9 0.629 0.8 6.6
18 0.603 4.3 0.693 0.8 0.630 0.8 5.9
19 0.592 3.9 0.696 0.8 0.629 0.7 5.3
20 0.584 3.5 0.697 0.7 0.628 0.6 4.8
21 0.580 3.2 0.696 0.6 0.626 0.6 4.4
22 0.579 2.9 0.694 0.6 0.622 0.5 4.0
23 0.580 2.7 0.690 0.5 0.617 0.5 3.7
24 0.578 2.4 0.684 0.5 0.611 0.4 3.3
25 0.569 2.2 0.676 0.4 0.604 0.4 3.0
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FIGURE CAPTIONS

Fig.1 cosBmax distribution for (a) data (b) Monte Carlo simulation of
7Z° >He°vv for a 25 GeV Higgs mass, both after applying all other
selection criteria. The Monte Carlo distribution is normalized to
the total number of hadronic events in the data.

Fig.2 Total ECAL energy versus total charged energy after all other
selection criteria have been applied for (a) data and (b) the
Monte Carlo simulation of a 25 GeV Higgs mass (not
normalized).

Fig.3 Distribution of recoil mass to the Z* for (a) data, (b) Z°—> qq(g)
Monte Carlo simulation and (¢) the Monte Carlo simulation of
Z°—Heu+pu- and Z°—H+e- for a 25 GeV Higgs mass. The shaded
area of (a)-(c) is the H°ete- candidates, while the non-shaded
area is the H°u+p- candidates. The Monte Carlo distributions are
normalized to the total number of hadronic events in the data.

Fig.4 The number of events expected for Z°—H° L+ L (L =e¢, }),
7Z°—H°vv and the sum of all the above channels as a function of
the Higgs mass for Mye>10GeV. The 95% C.L. limit at 3
expected events is indicated, corresponding to zero observed
candidates. Below 15 GeV the sum of Z°—H°Lt4L- (L =¢, L O1 1),
7° >Hevv, and Z°—H°qq is shown for the results of the search in

Ref. [3]).

Fig.5 Excluded domains (a) in the (Mp, v2/v1) plane, (b) in the
(Mhn, Ma) plane for va/vi>1, from:

(A): the search for H° (see section 4 of this paper)

(E): low multiplicity final states in Z°— hA (see section 6 of
Ref. [8])

F): t+1- jet-jet final states in Z°— hA (updated from section
7 of Ref. [8])

(G): 4 -jet final states in Z°-> hA (see section 8 of Ref. [8]).
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