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We present the results from a search for the light neutral scalar Higgs boson h° and the pseudoscalar Higgs boson A° of the
minimal super-symmetric standard model. The analysis is based on a data sample corresponding to 71 000 hadronic Z° decays
recorded with the L3 detector at LEP. No evidence for the existence of the neutral Higgs bosons h® and A° has been found. The
region of h® and A° masses up to 41.5 GeV is excluded at 95% confidence level.

1. Introduction

Although the standard mode! [1] provides a pre-
cise description of existing data on electroweak inter-
actions, the Higgs boson, an essential ingredient of
the model, has remained undetected. The Higgs sec-
tor [2] is crucial to ensure the renormalizability of
the theory and to give masses to the gauge bosons (Z°,
W*). In the standard model one doublet of a com-
plex Higgs field gives rise to a single physical Higgs
boson, H2\u.

The standard model has several theoretical diffi-
culties. For example, scalar particles receive diver-
gent corrections to their masses (hierarchy prob-
lem). The minimal supersymmetric standard model
[3] (MSSM) addresses this and other theoretical

! Supported by the German Bundesministerium fiir Forschung

und Technologie.

problems in a consistent manner [4]. While the stan-
dard model Higgs boson may have a mass as high as
one TeV, the lightest MSSM Higgs boson h° is con-
fined to have a mass lower than the mass of the gauge
boson Z° [5].

In this paper, we present a search for the light neu-
tral Higgs bosons of the MSSM. Previous results on
this subject can be found in ref. [6].

2. The Higgs bosons h°, A°

In the MSSM two doublets of complex Higgs fields
lead to five physical Higgs bosons [4]: two neutral
scalars h?, H® (CP even), one neutral pseudoscalar
A° (CP odd), and two charged scalars H*, H~. At
current LEP energies only the search for h® and A° is
possible due to the following theoretical constraints

{51
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mhn <mZ0 N mho <on Y
Myo>Mzo, My >My- .

The masses and couplings of the Higgs bosons in
this model are highly constrained and can be ex-
pressed in terms of two free parameters such as
(Mo, Mao ) OF (Mo, tan ), where tan f=rv,/v, is the
ratio of the vacuum expectation values of the two
Higgs doublets. Therefore, for a given myo, tan f is
directly related to m,o. If the vacuum expectation v,
becomes much larger than v, (i.e. tanf> 1) then
mao decreases 10 be close to m,0. On the other hand,
when the vacuum expectation values are nearly equal
(i.e.tan f— 1) then m,o becomes large and the h” be-
comes essentially the Higgs boson from the standard
model H2y,. In this analysis we restrict ourselves to
the theoretically favoured case {7] tan 8> 1, where
the constraint comes from recent limits on the mass
of the top quark [8,9].

The lightest Higgs boson h° can be produced either
through the Bjorken process [10]:

Z°-h%Z0* | (1)
or in association with A%
Z0-hOA° . (2)

The h®ZZ coupling is proportional to sin(a— g),
where « is the mixing angle between the two neutral
scalars, so that the partial width for process (1) be-
comes large as the production rate of process (2) de-
creases with decreasing cos?(a— f),

(Z°-h%z%)

c2 _ _ e =he )
Sin (a ﬂ) "/(ZO—'HgMZO.)‘

(3)
and thus limits on the mass of the standard model
Higgs can be translated into restrictions on the masses
of h® and A°. Since there is no A°ZZ coupling (A°CP
odd), at the tree level the A° can only be produced in
association with h®. The partial width for process (2)
is proportional [11] to cos?(a— ) where

mﬁo(m%o—m%o)
m,io(m%o+mio—2m§o) )

cos*(a—f)= (4)
The production rate becomes maximal when m.o =
myo (tan flarge).

The Higgs boson decays predominantly into the
most massive kinematically accessible particle pair.
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In the MSSM one Higgs doublet couples to the up-
type fermions only while the other couples to down-
type fermions. In the case where tan 8> 1 the decay
to up-type fermions is suppressed [11]. The branch-
ing ratios within the MSSM [12,13] are used for cal-
culating the branching ratios of the Higgs bosons h°
and A°. In this paper we present the search for reac-
tion (2) by considering the 3 dominant decay chan-
nels from the pair production of the Higgs bosons h°®
and A%

h®>bb, A°-bb,
h®—17, A%-bb,
h'—1t, A1t

The signatures and the search strategies for these
three processes are quite different from each other and
are described in the subsequent sections. We also give
a limit on the process (1) by translating our standard
model Higgs limits [14,15] to the MSSM.

3. The L3 detector

The L3 detector covers 99% of 4z [16]. The detec-
tor includes a central vertex chamber, a precise elec-
tromagnetic calorimeter composed of bismuth ger-
manium oxide crystals, a uranium and brass hadron
calorimeter with proportional wire chamber readout,
a high accuracy muon chamber system, and a ring of
scintillation trigger counters. These detectors are in-
stalled in a magnet with an inner diameter of 12 m.
The magnet provides a uniform field of 0.5 T along
the beam direction. The luminosity is measured with
two small angle electromagnetic calorimeters.

The fine segmentation of the electromagnetic de-
tector and the hadron calorimeter allows us to mea-
sure the axis of jets with an angular resolution of 2.5°,
and to measure the total energy of hadronic events
from Z° decay with a resolution of 10% [17].

Events are collected at center of mass energies
/5=88.2-94.2 GeV from the 1990 LEP running pe-
riod. For the search in the dimuon data sample, we
use the data from March to August corresponding to
71 000 hadronic events, which leads to the upper mass
limit. The other analysis results are based on data
collected from March to July, which corresponds to
55 000 hadronic events. The simulated distributions
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in the cut quantities and in event shape variables agree
very closely with the corresponding measured distri-
butions [18].

4. Search for h®A°—bbbb

The signature of the decay channel where both
Higgs bosons decay to bb quarks is a hadronic 4-jet
event.

The primary trigger for hadronic events requires a
total energy of 15 GeV in the central region of the
calorimeters (polar angle region |cos 8| <0.74), or
20 GeV in the entire detector. This trigger is in a log-
ical OR with a trigger using the barrel scintillation
counters and with a charged track trigger. The total
trigger efficiency for accepted events of types
e*e~ —qqand e*e~ —»h®A°—bbbb exceeds 99%.

Hadronic events were generated by the parton
shower program JETSET 7.2 [19] with A;; =290
MeV and with string fragmentation. To simulate the
gluon radiation and fragmentation of the b quarks
from the Higgs decays, the same program has been
used. The generated events were passed through the
L3 detector simulation [20] which includes the ef-
fects of energy loss, multiple scattering, interactions
and decays in the detector materials and beam pipe.

The event selection is based on the energy mea-
sured in the electromagnetic and hadron calorimeters:

(1)0.6<le/‘5<1.4,
N

(2) lg—"l <0.40, E. <0.40

(3) Ncluslcr> 12 ’

where E,, is the total energy observed in the detec-
tor, £, is the energy imbalance along the beam direc-
tion, and E, is the transverse energy imbalance.
Neighbouring calorimetric hits which are most likely
to be produced by the same particle are grouped into
clusters. Thus the cut on the number of clusters re-
jects low multiplicity events (Z°—e*e~, ptu-,
t+17). Cuts (1)-(3) select 99% of ete~ -h°A°~
bbbb events.

Jets are reconstructed out of clusters in the calo-
rimeters by using an invariant mass jet algorithm

PHYSICS LETTERS B
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[21]. First the energy of each cluster is scaled by
\/E/ E,,,. For each pair of clusters i and j the scaled
invariant mass squared

vy =2E,E;/s" (1—cos 6;)

is then evaluated. E; and E, are the cluster energies
and ; is the angle between clusters i and j. The clus-
ter pair for which y; is smallest is replaced by a pseu-
docluster k. This procedure is repeated until all scaled
invariant masses squared, y;;, exceeds the jet resolu-
tion paramelter y.,. The remaining pseudoclusters are
called jets. Using this recombination scheme there is
close agreement between jet rates at the parton level,
the rates after hadronization, and the rates after re-
construction in the L3 detector [9,22]. We require
that exactly four jets remain after this procedure for
a jet resolution parameter y ., =0.06. We find a 4-jet
rate of 0.57% in the data and a 4-jet rate of 0.42% in
the simulation of e*e~ —hadrons, where the differ-
ence reflects the limited precision of the parton
shower Monte Carlo and the uncertainty in the
fragmentation.

The Monte Carlo simulations have been per-
formed at 21 h°% A° mass combinations within the
range of 22 GeV <myo <mp0<42 GeV. We choose
the jet-jet combination with the minimal
Am?=(m, —mye)?+ (m, —myo)?, where m, and m,
(m, <m,) are the reconstructed invariant masses, out
of the three possible combinations. We then recon-
struct the kinematics of the Higgs bosons candidates.
The remainder of the cuts are

(4) N =4 for jet resolution parameter y,,=0.06,

( 5 ) cos 6produclion < 049

(6) Am?<22 GeV?,

(7 ) | emeas.opcning_ eexp.opcning (mhoy on) | < 200’

(8) €08 Byecay < 0.6,
where 8,oquction 1S the production angle, Ggpening 1S the
opening angle between jets belonging to the two Higgs
candidates, and 6., is the angle between the recon-
structed Higgs direction and the jet directions in the

restframe of the Higgs. The cut imposed on the pro-
duction angles 6,,cqucion of both Higgs bosons is

315
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shown in fig. 1. Since the event kinematics depend
on the mass pair (0, M40 ), the cut on the opening
angles must also depend on (mye, Mao). The accep-
tance for cuts (4)-(8) as a function of mye and m o
is estimated by performing Monte Carlo simulations.

Fig. 2 shows the invariant mass distributions in the
(m,, m,) plane for (a) data, and for (b) simulated
e*e”— hadrons along with the Higgs signal for
Mo =M a0 =32 GeV after cuts (1)-(5). We see the
dominance of the simulated Higgs signal in the plot
of the three possible jet-jet combinations.

The expected signal and the data are compared in
the matrix of points in the (m,, m,) plane. To set a
conservative limit we have reduced the number of
expected events by 11% which accounts for system-

180
160 |- cut
wr L g
\
w2 LT
% 100 |-
o
5
°
e |
6o r ° data
of i e
_,——\_h°A° MC
20 |
0

L] 1 1 H
0 6.2 0.4 0.6 0.8 1

cos G)productlon

Fig. 1. Cosines of the reconstructed production angles of both
Higgs candidates in the h®A°~bbbb search. The jet-jet combi-
nation with smallest Am is chosen. The simulated mass pair is
Myo =ma0 =32 GeV. Cuts (1)-(4) are applied. The q4 simula-
tion is normalized to the number of data entries, whereas the sig-
nal simulation is normalized with respect to the expected cross
section and branching ratio. Each event contributes twice.
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atic errors from the uncertainty in Monte Carlo sta-
tistics, event selection and production cross section.
The (mypo, mao) region A excluded at =95% confi-
dence level is shown in fig. 3.

An independent search in the bbbb channel has
been performed using hadron events with two muons.
Triggers for inclusive dimuon events are described
elsewhere [23]. They have a combined efficiency of
greater than 99%. To search for h®A°—bbbb decays
in the inclusive dimuon data sample we employ the
following selection criteria:

(1) The event is required to have two muon can-
didates, each of which must satisfy:

(a)d, <30,, and d, <40,

(b) E,>4GeV,

(2) Nousters > 50 .

(3) cos B, <0.65 ,

(4) Eje,, <35GeV and Ej,, <26 GeV,

where d, (4,) is the distance of closest approach to
the vertex in the transverse (longitudinal) plane,
04, (04) 1s the respective measurement error and £,
is the measured energy of the muon. E,.,, and Ej,
are the energies of the two most energetic jets.

From Monte Carlo studies, we find that the accep-
tance of the h®A° production after these cuts is 1.25%
at mpo =myo =40 GeV and it slowly decreases as one
moves away from this point in the (my0, M,40) mass
plane. We expect 4.7 events from the signal and 1.4
events from e *¢ ~ »hadrons. No events survive the
cuts in the entire mass region. The dominant error is
due to Monte Carlo statistics. The total error in the
region of high masses is estimated to be 19%. In fig.
3 the mass region B in the (m1,0, ma0) plane is ex-
cluded by this part of the analysis at the 95% confi-
dence level.

5. Search for h°A°— ttbb

The decay channel of h®— 1t and A°—bb gives two
taus in association with shower activities in the elec-
tromagnetic and hadron calorimeters. The search re-
gion for this process is

4GeVam<30GeV, mu>10GeV.
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Fig. 2. m, (lower invariant mass) versus m, (higher invariant mass) for all three invariant mass combinations in the h®A°—bbbb search.
The plots (normalized as in fig. 1) show (a) data and (b) simulated signal (7,0 =m0 =32 GeV) plus background. Cuts (1)-(5) are

applied.

The lower limits are due to the decay thresholds of

h° A° to 1t and bb, respectively. The trigger effi-
ciency for accepted events of this type exceeds 99%.
We apply the following cuts:

(1) 40 GeV <E,;; <80 GeV,

£ | E,
Evis <050’ Evis

(3) Ncluslerz 12 .

Cut (1) takes into account the fact that in tau de-
cays more energy escapes undetected compared to
hadronic events. The acceptance for the generated
11 bb events after these cuts is about 85%.

Candidate 1t bb events are identified by dividing
events into two hemispheres using the thrust axis as
a normal vector and counting the number of clusters
in each hemisphere. The hemisphere with the lower
number of clusters should contain the 1t candidates
and is required to have less than eight clusters. The
clusters are combined into jets using the algorithm
already described but with a y.,, value of 0.001 which
allows separation of tau pairs down to a mass of 2.9
GeV. We select events in the central region to en-
hance the signal which has a sin?8 distribution (fig.

(2) <0.50,

4). the summary of the remaining cuts is:

(4) N user <8 in the tau hemisphere ,

(5) exactly two jets with y.,, =0.001
in the tau hemisphere ,

(6) cos Oy <0.7,

(7) 0.64<cos ,.,<0.98 ford < mue<12GeV,
0.4 <cos 8,,<0.88 for 12 <m0 <22 GeV,
0.1 <cos 8,<0.6 for 22 <mp <30 GeV ,

(8) 0.95 <Thrust <0.99 for 4 < mye < 12 GeV
0.91 < Thrust <0.96 for 12 <mye <22 GeV ,
0.84 < Thrust <0.92 for 22 <m0 <30 GeV ,

(9) exactly one charged track reconstructed in the

central vertex chamber in the direction of each re-
constructed tau,

where 6., is the angle between the reconstructed
taus. The overall acceptance for cuts 1 to 9 varies in
the range of 6% to 11% depending on the Higgs
masses. Background contributions are estimated by
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Fig. 3. Exclusion plot for the Higgs masses in the MSSM searches
in the mass parameter space (Mo, Myo) at 95% CL. The MSSM
constrains the search area to m,0 > myo. Region A is the excluded
area from the h®A°-bbbb search in the hadronic data sample.
Region B is excluded from the h®A°— bbbb search in the dimuon
data. Region C is excluded from the h®A°— 1ibb search. Region
D is the excluded area from the h°A%. 121t search. Region E is
cxcluded from the inferred limit from the standard model Higgs
search. For all decay channels, we assume tan > 1.

simulating 68 K e*e~ —hadrons events, and by using
the KORALZ generator [24] for simulating 5K %
events. None of these MC events and none of the data
events pass all cuts. A combined statistical and sys-
tematic error of 14% has been calculated. The corre-
sponding excluded mass region is shown as area C in
fig. 3.

6. Search for h°A®— 1117

The signatures of four taus are low visible energy,
a 4-jet topology with low cluster multiplicity, and
cvents preferentially perpendicular to the beam axis
due to the sin2@ distribution of the production angle.
For this analysis we restrict the (m0, M0 ) parame-
ter space to the area of a large branching ratio for the
production of four taus in the final state. The myo
range begins at the 1% threshold at about 4 GeV and
ends at about 11 GeV where the bb decays channel
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Fig. 4. cos B,,..s, for data, qq simulation and signal simulation in
the h’A"— 1tbb search. The peak in the data and in the qg simu-
lation is due to the £,;, <80 GeV cut, which enhances the rate of
events losing energy along the beam direction. Less than eight
clusters in the tau hemisphere leading to exactly two jets is
required.

starts to dominate. The trigger efficiency for ac-
cepted events of this type exceeds 99%. The following
cuts are applied:

(1)40 GeV<E,;<60GeV,

|Ey | E,
(2) E,. <0.50, E.

( 3 ) 12 < }Vcluslcrs < 22 ’

<0.50,

(4) N, =4 for jet resolution parameter
Yeur =0.001,

(5) e >2GeV,

(6) cos B <0.3,

In the region 4 GeV <m0 <mao <11 GeV the ex-
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pected signal after all cuts is typically more than
twelve events. One data event survives the cuts. This
is in agreement with the expected number of back-
ground events from Z°—hadrons and Z°—17 leading
to the exclusion contour D as shown in fig. 3, after
taking into account statistical and systematic errors
of 12%.

7. Limits from the standard model Higgs search

The expected numbers of standard model Higgs
events which would have been detected by L3 has
been reported elsewhere [14,15]. Setting myo=
myy,, in egs. (3) and (4), we can calculate a corre-
sponding lower limit on m,o at the 95% confidence
level, if corrections for the somewhat different MSSM
Higgs decay branching ratios are made. For Higgs
masses larger than 11 GeV the bb decay channel
dominates which results in the same detection effi-
ciency for the standard model Higgs search [ 14] and
the MSSM Higgs search.

Below 11 GeV the 1t decay channel starts to dom-
inate. In our standard model Higgs search, the accep-
tance is 5% for h®— 1t and 36% for h®-hadrons in
the channel Z°— HS,, vv, which leads to a lower detec-
tion efficiency for the MSSM compared to the stan-
dard model. We use the different acceptances of the
modified branching ratios of h? to calculate the num-
ber of expected events in the MSSM. The corre-
sponding limit on m,0 has been calculated by taking
the one Higgs candidate [14] from the standard
model search into account.

For Higgs masses in the range 2m, <myo <2 GeV
we can directly translate the number of expected
events from the standard model search into a lower
limit on m,o. For masses below 2m, the limit on
m a0 is computed taking into account the variation of
the partial width of the h? into electrons and pho-
tons. Fig. 3 shows the corresponding excluded area E.

8. Conclusions

We have searched for the pair production of the
scalar Higgs boson h® and the pseudoscalar Higgs bo-
son A°. Three decay channels of the h°A° bosons have
been studied. The limit inferred from the standard

PHYSICS LETTERS B
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model Higgs search has been combined with the limit
from the direct search for the pair produced Higgs
bosons. No evidence for the existence of the MSSM
Higgs has been found. Nearly the entire mass region
up to 41.5 GeV is excluded.
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