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Abstract

The light scalar Higgs boson A and the pseudoscalar Higgs boson A4 of the Minimal
Supersymmetric Standard Model have been searched for in the processes ete™ — hff
and ete” — hA using data collected by ALEPH at the LEP ete™ collider, with center of
mass energies at and near the Z peak. Using a variety of signatures adapted to various
mass ranges for h and A, we have excluded a large domain in the parameter space. For
large values of v2/v;, the ratio of the vacuum expectation values of the two Higgs fields,
the whole range from 0 to 38.8 GeV is excluded for M}, and M4 at 95% CL.



1.- Introduction.

In the Standard Model of electroweak interactions,[l] the spontaneous breakdown of
the SU(2)r xU(1)y symmetry to U(1)gps is achieved at the expense of the introduction of

new scalar fields. One doublet of such complex fields is sufficient for the Higgs mechanism”
to operate: the W and Z bosons acquire masses and, out of the four initial degrees of
freedom, one survives in the form of a physical state, “the” Higgs boson H. This model
has received impressive experimental confirmation, the most striking of which are the

discoveries of the weak neutral currents[a] and of the W and Z bosons. " But its essential
ingredient, the Higgs boson, has escaped detection until now, and a lower mass limit of

15 GeV has recently been set at LEP by ALEPH from the analysis of et e~ collisions at

and near the Z° peak.m

In spite of its successes, the Standard Model suffers from a number of theoretical
difficulties which make it commonly believed to be only a low energy approximation of
a more fundamental theory. The Higgs boson mass, for instance, receives quadratically
divergent contributions (this is known as the “hierarchy problem”), and the only known

way to stabilize it is to introduce supersymmetry. tel This, however, has consequences in
the Higgs sector: at least two doublets of Higgs fields are necessary in order to obtain

the anomaly cancellations, and also to give masses to both up and down type qua,rks.[7]
Two doublets are also sufficient, and it is in this framework, the Minimal Supersymmetric
Standard Model (MSSM), that we will place ourselves for the remainder of this letter.

With two complex doublets, five physical states are predicted to exist, with masses and

(8]

couplings highly constrained by supersymmetry ¥ two charged Higgs bosons, with mass
larger than Mw, one neutral scalar heavier than the Z, one neutral scalar h lighter than
the Z, and one pseudoscalar A with mass larger than M. It is of course with the two latter
states that we will be concerned. The only two parameters needed to completely describe
the Higgs sector in the MSSM can conveniently be chosen as M4 and tan 8 = vy /v; (v1 and
vy are the vacuum expectation values of the two Higgs doublets), or alternatively M} and
M. In particular, the mixing angle o between the two neutral scalars is then determined.

If vz and v, are very close to each other, the k scalar behaves essentially like a standard
Higgs boson H in its coupling to the Z° and in its decay modes. Such decay modes are
dominated by the highest mass fermion pair which is kinematically accessible. However,
as vy /v; becomes different from unity, the RZZ coupling is reduced with respect to HZZ
by a factor sin(a — ), and therefore

I(Z — hZ*)

N7 - HZ") = sin®(a — ). (1)

The hff couplings are modified as well: if vo/v; > 1, the hdd and hIl couplings are
enhanced, and the hu# one reduced, by roughly a factor v, /vy; the reverse occurs if
va/v1 < 1. Taking these features into account, excluded domains in the (My,v2/v1) plane
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can be inferred from the mass limits previously obtained for a standard Higgs boson. Such
an analysis will be presented in Section 3. The sensitivity of this method, however, is
limited to vs/v; values close to 1 where sin(a ~ ) is maximum.

Fortunately, as v2/v; gets very different from unity, two phenomena occur simulta-
neously ), the A mass decreases to approach M}y, and the ZAh coupling becomes large.
Therefore, the Z — hA decay channel becomes substantial with a partial width, for light
h and A4, of

I(Z — hA)

NZ =07) = 0.5cos’ (e — ). (2)

From (1) and (2) one can see that the processes Z — hZ* and Z — hA are complementary.
The decays of the A can be determined from the Aff couplings which turn out to be very
close to the hff ones. The ratio vy/v;, is usually expected to lie in the range 1 to 20,

depending on the top quark mass."”) With the recent bounds obtained on the latter, [r2.22]
values of vz /v; substantially greater than one are favoured.

It is the purpose of the analyses presented in Sections 4 to 8 to search for signals of the
Z% — hA decay. These have been performed using data collected by ALEPH at the Z°
peak (91.3 GeV) and in a region within =3 GeV of it during the months of September to
November 1989, in which a total of 18610 Z° decays to multihadrons have been identified
as explained in Ref.13.

All the results reported in this letter have been obtained using the HODECAY pro-
gram[m] to compute and simulate the decays of 2 and 4. The main ingredients of this
program have been described in Ref.5 in the standard Higgs boson case. For the present

analyses, the appropriate modifications of the various h and A couplings have been made
to comply with the constraints of the MSSM.“SJ

2.- The ALEPH detector.

A detailed description of ALEPH can be found in Ref.16. The parts of the detector
relevant for the analyses reported in this letter are:

¢ an inner tracking chamber (ITC), providing up to 8 coordinates in azimuth and in
radius from 13 to 29 ¢m of the beam axis, '

e a large time projection chamber (TPC), extending to a radius of 180 ¢m, and pro-
viding up to 21 three-dimensional coordinates, ' ' '

e the electromagnetic calorimeter (ECAL), the barrel part of which is located between
the TPC and the solencidal superconducting coil which delivers a 1.5 T magnetic field,
e the hadronic calorimeter (HCAL), the iron return yoke of the magnet which has been
instrumented. :



The apparatus was triggered independently by several conditions, of which the ones
relevant here are:

* an energy deposit of at least 6.5 GeV in the barrel part of ECAL, or at least 3.8 GeV
in one of the ECAL end caps, or at least 1.6 GeV in both of these end caps,

e an ITC track in coincidence in azimuth with an energy deposit of at least 1.3 GeV
in ECAL,

e an ITC track in coincidence in azimuth with a signal of penetration of at least 40 cm
of iron in HCAL.

The data were processed through a chain of reconstruction programs, the output of
which is a set of charged tracks, of calorimeter clusters, and of relations between those.

3.- Results inferred from the standard Higgs boson search.

The ALEPH Collaboration has recently reported a search for the standard neutral
Higgs boson H in which a mass range extending from 32 MeV to 15 GeV was excluded.

For short lived Higgs bosons (Mg > 2M,), the number of events expected in this
search decreases from around 40 to 3.6 as My increases from 2M,, to 15 GeV (see Table I
in Ref.5). With a 95% CL upper limit of 3.45 (which incorporates a 15% systematic error)
on any standard Higgs signal, this means that the expected production cross section may
be reduced by as much as a factor of 11, extending down to 1 depending on My, with
this mass range still being excluded at 95% CL. As the cross section for h production in
ete™ — Aff is reduced by a factor sin’(a — B3) with respect to that of the equivalent
process for H production, this means in turn that sin?(a — @) can be restricted to have a
value less than 0.1 to 1, depending on M}. This translates into the excluded domain in the
(Mp,v2/v1) plane shown as A in Fig.1. This inference however relies one the assumption
that the Higgs decay pattern is not modified in a way which would invalidate the Higgs
search reported in Ref.5. We have verified that this assumption is indeed correct in the
range of M} and vy /vy values that are of interest here.

This assumption does not remain true for My < 2M,. The Higgs decay width to
electrons is enhanced for v;/v; > 1, and decreased for vy/v; < 1. Furthermore, the
decay width into <+, which turns out to be minute for the standard Higgs because of a

fortuitous cancellation between bosonic and fermionic loops,[”] becomes non negligible
when v, /v; is different from unity. These two effects modify the lifetime and the electronic
branching ratio of & with respect to those of H. We have therefore reinterpreted the
analysis presented in Ref.5 and in which an e*e™ pair emerging from a detached vertex
was used as the signature of a long lived Higgs, taking into account the modifications in
the h decay pattern discussed above. This results in the excluded domain shown as A in
Fig.2.



4.- Search strategy for the Z° — h4 decay.

The characteristic signatures of the process Z° -+ hA strongly depend on the values of
My, and v3/v;. This can be seen in Fig.1a where regions are defined in the plane of these
parameters, corresponding to various dominant final states. We have optimized the search
strategy to be most efficient in the domain not yet excluded in Section 3.

Let us first consider the theoretically favoured side v /v; > 1:

In Region I, h decays exclusively to e*e™ or 4 with a typical lifetime of a few tens
of picoseconds. This leads to a decay length in the meter range, and the characteristic
signature is thus an ete™ pair emerging from a vertex well detached from the collision
point. This search is presented in Section 5.

In Region II, both k& and A have masses less than 2M; and decay to low-multiplicity
final states. The signature is back-to-back very low-multiplicity jets. In Region IV, both
h and A have masses less than 2Mp and decay preferentially to 7 pairs (decays to cc are
suppressed for v;/v; > 1). The signature therefore remains the same as in Region II. This
also applies to Region III where only A decays to 7 pairs. This analysis is described in
Section 6.

In Region V, k still decays to 7 pairs while, as M4 > 2Mp, A decays preferentially
to bb. The final state here is r+7~ jet-jet. In Region VI, both h and 4 have masses
greater than 2Mp. They therefore decay preferentially to bb pairs, leading to 4-jet final
states. However, the branching ratio to T pairs always remains substantial (more than
5%). It is therefore worth looking for %7~ jet-jet final states in this region too, with
a background substantially reduced with respect to the general 4-jet final state. These
searches are reported in Sections 7 and 8.

For v5 /vy < 1, the same argument holds up to the DD threshold. However, from there
on (Region VII), c¢ decays dominate over v+, and only the 4-jet signature remains.
This search is particularly difficult in the mass range 4 to 15 GeV where the jets from the
same Higgs are not well separated, and we have not performed it.

The simulation program we have used is a simple Z° — hA decay generator, with
cross section and angular distribution as given in Refs.8 and 17. In all cases, we have
processed the generated events in the standard ALEPH detailed detector simulation and
reconstruction programs to measure the signal detection efficiency. The trigger simulation
has been tuned to reproduce the measured efficiencies for Bhabha, p*p™, 717~ and ¢g
events. For the topologies with which we are concerned, the trigger efficiency is always well
above 95%. The normalization is obtained from the number of multihadronic Z® decays
observed in the data samples on which the present analyses were performed.



5.- Very light Higgs searches.

For 2M, < My < 2M,, h decays to ete™ or to vy with a lifetime such that the decay
vertex may be well separated from the collision point. For instance, for M; = 100 MeV and
va/v1 = 3, the h lifetime is 4.6 ps, leading to a decay length of 63 cm, with an electronic
branching ratio of 96%. In Region I, the 4 mass is such that it decays either also to eTe™
or vy with some non negligible lifetime (a mass of 125 MeV, a lifetime of 1.5 ps, a decay
length of 16 cm and an electronic branching ratio of 39% in our example), or exclusively to
pT ™. We have therefore searched for events containing an energetic et e~ pair emerging
from a vertex well separated from the main interaction point, with no further constraint
on the topology of the rest of the event.

The criteria to select such detached ete™ pairs are given in detail in Ref.5. No event
remains within the fiducial volume of the TPC for this search, that is with a vertex more
than 40 cm away from the beam axis, and with an energy of the et e~ pair above 20 GeV.
This leads to the excluded domains shown as B in Fig.2, with no gap left between them
and the domain A excluded in Section 3.

Finally, if both & and A lifetimes become so long that they escape the detector without
decaying, or if either decays to 4+ while the other escapes the detector, or decays to
vv, to eTe™, or to utp~, these final states will not contribute to the total hadronic
cross section as measured by ALEPH in Ref.13, and they will therefore be incorporated
in the effective number of neutrinos deduced thereof. As outlined in Ref.12, from the

ALEPH measurement N, = 3.01 £+ 0.16,[18] one can exclude any abnormal non hadronic

contribution of more than 0.27 neutrinos at 95% CL. This translates into the excluded
domains shown as C in Fig.2.

Our low mass Higgs searches lose their sensitivity when M, <~ 30 MeV together with
v2/v1 <~ 1.2 to 2.7 and >~ 0.8 to 0.37. However, this domain is unambiguously excluded,
for My > 2M,, by the result of an electron beam dump experiment.[m] This is shown
in Fig.2. The small windows around M) = 5 and 35 MeV and v;/v; = 0.4 are actually
excluded at 95% CL when one properly combines the results of the two experiments, and
the small elongated domain at 0.37 < vy/vy < 2.7 and My < 2M, is excluded by the
combined “axion searches” of Ref.20.

6.- Search in low-multiplicity final states.

For 2M, < Myuca) < 2M., h (A) decays to low-multiplicity fina] states. Final states
containing two charged particles contribute from 100% to 25% of the total as My(a) in-
creases in this range, while final states containing two or four charged particles represent
at least 60% of the total in all of the range. The rest is mostly due to purely neutral final
states. Requiring a two-prong decay for h or A, and a two or four-prong decay for the
other retains at least 25% of all hA final states. This leads to an expectation of more than
a hundred events with such a topology in all of Region II.
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For vz/vi > 1 and 2M, < My < 2Mpg, h (A) decays preferentially to 7+r~ in
Region IV (III and IV). Taking into account the known topological branching ratios of the
7',[21} we infer that the topology used for the search in Region II retains more than 50%
of the events in all of regions IIl and IV, leading to an expectation of hundreds of events

therein.

To select events having the aforementioned topology, we applied the following proce-
dure to our data sample.

First “good tracks” are defined as tracks such that

e their dy < 2.5 cm and their 2y < 5 cm.
Here dj is the distance of closest approach to the interaction vertex of the track ex-
trapolation in the plane perpendicular to the beam axis, and zp is the distance of the
track extrapolation to the interaction vertex, measured parallel to the beam axis at
the point where dy is defined.
e they have at least 4 coordinates in the TPC and

at least 1 coordinate in the ITC and a momentum above 500 MeV /e,

or at least 7 coordinates in the ITC and TPC taken together.

The analysis is restricted to such “good tracks” and a charged track multiplicity of
4 or 6 is required. These tracks are used to calculate the event sphericity axis which is
required to be more than 25.8° away from the beam axis. The event is divided into two
hemispheres with respect to the sphericity axis. In each of these hemispheres, the electric
charge is required to be zero and the total energy of the charged tracks to be larger than
5 GeV. Finally, each charged track is required to have a momentum larger than 1 GeV/c.

Only one event survives, restricting any potential signal in our data sample to con-
tribute fewer than 4.74 events at 95% CL. With an efficiency close to unity for all the
topologies considered in this analysis, all of regions II, III and IV are unambiguously
excluded.

In Region V and, to a lesser extent, in Region VI, 4-7 final states still represent a
significant fraction of all h4 decays. Using these 4-7 final states only, we have extended
the analysis performed for Region IV into these regions, and have thus excluded all of
Region V and some of Region VI. This excluded domain is shown as E in Fig.1b.

For vy /v, < 1, the results obtained in Region II remain valid. Those obtained in
Region III and IV do not apply for M4 > 2Mp since ¢€ becomes the dominant A decay
mode, thereby spoiling the low multiplicity signature.

For My < 2M,, the search for detached vertices decribed in Section 5 had become
inefficient for too short lifetimes. However, in such a case, the tracks from the A decay
tend to behave like “good tracks” coming from the main vertex, given the finite tolerance
in our dy and zg cuts. The h4 final state, with A — e*e” and 4 — ete™ or putpu~,
depending on the A mass, may then exhibit a topology of the kind searched during the
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analysis of Region II. We can therefore extrapolate the results obtained in that search into
Region I, with appropriate care being taken of the finite A and A lifetimes and of their
branching ratios to the unused 4+ final state. This results in the excluded domains shown
as D in Fig.2. It can be seen that, after this analysis has been included, no gap remains
between Region II and the domains in Region I already excluded in Sections 3 and 5.

7.- Search in the r*7~ jet-jet topology.

This topology is well adapted to the search in Region VI, the only one remaining for
va/v1 > 1. Indeed, although bbb is the dominant final state therein, the branching ratio
into 7¥r~ always remains larger than 5%, both for A and A, and the r*r~ jet-jet final
state has a rather characteristic signature if the dominant one-prong = decays are used.

To select events potentially coming from this final state, we have applied the following
procedure, using only “good tracks” as defined in Section 6. The total charged track energy
is required to exceed 25% of the center of mass energy.

A cluster algorithm is applied to define jets, in which particles or jets are merged if
the invariant mass squared of their system, normalized to the square of the visible energy,
is less than 0.002. This corresponds to an effective mass cut of about 4 GeV. A minimum
of four jets, two of them at least containing only one track, is required. Let the two most
energetic single track jets be called “r’s”. These “r’s” are required to have opposite electric
charges, their momenta to be larger than 2 GeV/e, and their directions to be more than
25.8° away from the beam axis.

These two “r’s” are removed, and the remaining system is boosted into its center of

mass. The sphericity axis is calculated therein, two hemispheres are defined with respect
to this axis, and all particles in one of these hemispheres are said to form a “jet”. These
two “jets” are boosted back into the overall center of mass. Their directions are required

to be more than 25.8° away from the beam axis, and all “r”-“jet” angles are required to
exceed 25.8°.

From the directions of the two “r's”

and of the two “jets”, and from the “jet” velocities,
all 4-momenta are recalculated by imposing the overall energy-momentum conservation. (22}
[ 19 |

If any of the measured “r” or “jet” energies is reduced by more than 30% in this process,
the event is rejected. At least one of the “r’s” and at least one of the “jets” rmust have
recalculated momenta larger than 20 GeV/c while the other “r” and the other “jet” must

both have recalculated momenta larger than 2.5 GeV/c.

At this point, we are left with 12 events, of which 8 have a “r1” mass M,, < 10 GeV.
There is no reason to keep such events as they would lie within Region V which we have
already excluded in Section 6. The cut M, >'10 GeV (C;) has therefore been applied.
The 4 remaining events have a “jet-jet” mass M;; large with respect to M,,, as can be
seen in Fig.3. Indeed, this feature is expected from the QCD background whereas, for
h and A masses well above 2Mp, there are essentially as many “chances” a priori that
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M., > Mj; as the reverse. We have thus required in addition M;; — M., < 15 GeV (Ca).

Using a sample of hadronic events simulated with the program JETSET 6.3 3] which has

been shown to reproduce ALEPH data accurately, 24 e find that, in the amount of data

used for this search, we should expect 5.4 events after (C;) and 1.8 £ 1.0 after (.

No event survives in the data sample, while the typical efficiency of the whole procedure
is 25% for events from Z° — hA — 7T+~ X, with both 7’s decaying to one prong. This
allows us to exclude a large domain of Region VI, shown as F in Fig.1b. An alternate
presentation of this result in terms of Mj and M4 is given in Fig.4 for va/vi > 1.

8.- Search in the 4-jet topology.

For h or A masses well above 2Mp and for va/v; > 1, bb is the dominant decay mode
with a branching ratio of almost 95%. Four-jet final states will therefore dominate in
Z% — hA decays when both h and A masses are large as in Region VI. However, the draw-
back of a search based on this topology comes from the large background of four-jet events
from standard QCD production. Therefore, this method should be considered comple-
mentary to that described in Section 7 in which the expected signal rate was substantially
lower but the background negligible.

For this analysis, we have used the class of events selected as Z° multihadronic decays
as described in Ref.13. Such events must contain at least five “good tracks”, and have a
total energy in “good tracks” exceeding 10% of the center-of-mass energy. Here a “good
track” is defined as one having do < 2 cm and zy < 10 cm, making an angle with the beam
axis greater than 18.2°, and having at least four coordinates in the TPC.

Events with a sphericity less than 0.03 or with an aplanarity less than 0.01 are removed
first. A clustering a.lgorithm[zsz is then used to group the charged particles into four and
only four jets. Events containing a jet with an energy less than 4 GeV or with a direction
within 10° of the beam axis are removed. From the measured velocities of the four jets,

the 4-momenta are then recalculated in the same way as in Section 7.

For each of the three possible jet-jet pairings, let ¢, j, k, I denote the four jet ordering,
and let {17} and {k{} form two jet pair systems (JPSs). The following quantities are then
calculated:

e the invariant masses M;; and My, of the two JPSs,

e the production angle, defined as the smaller of the two angles between the JPS
directions and the beam axis,

e the two decay angles (one per JPS), each defined, in the JPS center of mass, as the
angle between the common jet direction and the JPS direction,

e the two opening angles (one per JPS), each defined, in the overall center of mass, as
the angle between the two jets of the JPS.

9



The Z® — hA decays obey a sin? 8 angular distribution. This is in contrast to standard
qq production and we therefore required that the production angle be greater than 60°.
The h(A) decays are also expected to be isotropic in the h{A) rest frame. This is in
contrast to gluon radiation from quarks. We therefore required that both decay angles be
greater than 53.1°.

With four b quarks in the final state, the signal should show an abundance of leptons
from semi-leptonic decays. We have therefore required the presence of at least one lepton
with momentum greater than 3 GeV/c to enrich our sample. Electrons are identified with
90% efficiency over all of the “good track” acceptance using their characteristic shower pat-
tern in ECAL. Muons are identified with 85% efficiency from their penetration in the iron
of HCAL (only the barrel part was used for this analysis). These identification efficiencies
have been measured in events from Z° decays.

In the region of interest in the (M 4, My} plane, the event topology can vary widely
from essentially two-jet-like for low {M 4,My} combinations to nearly isotropic for high
{Ma, My} combinations. For this reason, points distant in the (M4, M) plane cannot
be treated identically, but neighboring points are similar enough to permit the following
procedure.

For a given {M4, M} combination, a region R in the mass plane is defined by
{Ma £ 5 GeV, My + 5 GeV}. All cuts are applied and, in addition, both opening
angles are required to lie within a range of values defined by a parametrization linear
in {Ma, M} and optimized to discriminate simulated signal events against the standard
QCD background, as shown in Fig.5.

In the data, one then counts how many events N, are observed in R. From events
simulated using the same QCD Monte Carlo as in Section 7, one obtains p;, the expected
number of background events in R. From events simulated according to Z° — hA, one
estimates u,, the expected number of signal events in R. From N, and Hp, one can then
calculate the 95% CL upper limit 4; on a signal, and compare it to u,. The {M4, M}
combination considered is excluded if g, > p;. For instance, for M4 = M) = 30 GeV,
fts = 25.6 (corresponding to an overall efficiency of the procedure of 8%) while N, = 9 and
pb = 4.3, leading to p; = 11.4; this mass combination is thus excluded.

If the (M 4, M} ) plane is divided into a suitably large number of sufficiently overlapping
regions (0.5 GeV steps were chosen here), one can construct a smooth contour delineating
a 95% CL excluded domain. This is shown as G in Fig.1b and 4. This contour has been
obtained taking into account a conservative 20% systematic uncertainty on the values of
ts, and has been verified insensitive to reasonable variations of the various cut values used
in this analysis.
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9.- Summary and conclusions.

In this letter, we have searched for signals for the production of the light scalar k and of
the pseudoscalar A neutral Higgs bosons of the Minimal Supersymmetric Standard Model.
Within the space of the parameters of the model (M}, and vz /v, or M} and My), we have
used a variety of methods, each adapted to a specific region, and in this way we exclude a
large domain of the range kinematically accessible in Z° — hA decays.

For very light h, we have taken advantage of the long A lifetime in a search for ete”
pairs emerging from a detached vertex. For intermediate mass h and A, we have used
the low charged multiplicity characteristic of Higgs decays up to the bb or cé threshold,
depending whether vz /v; > or < 1. For higher masses, we have looked for events consistent
with either & or A decaying to bb with the opposite one decaying to v+ 7~ or bb (this applies
only for va /vy > 1).

These negative searches, taken together with the results inferred from our previous
limits on the standard Higgs boson production and from our measurement of the total
hadronic cross section, lead to excluded domains as shown in Figs.1, 2 and 4. In particular,
M, < 3.1 GeV is excluded for any value of vs/v; ; and, for va/v; substantially greater
than unity as presently theoretically favoured, My = M4 is excluded up to 38.8 GeV.

To our knowledge, besides Refs.19 and 20 which deal with very low Higgs masses,
the only previous result related to the subject discussed in this letter is that in Ref.26
which describes a search for T — k7, a process which is known to be subject to serious
uncertainties in the QCD radiative corrections. Our present results fill the gap between
those of Refs.19 and 26, and considerably extend the excluded domain to higher Higgs
masses.
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Figure Captions.

1, (a) In the (vz/v1,My) plane:

(A) : domain excluded by the searches for ete™ —hff (see Section 3 and Ref.5),
(K) : the domain kinematically accessible in Z%-—+h A decays.

In the domain complementary to (A), the various search regions defined according to characteristic
final states in the process Z°—hA (see Section 4):

(I) : My <2M,,

(II) : 2M,, <My M4 <2M,(2Mp) for vs /v, >1(<1),

(I1I) : 2M, <M, <2M, and 2M, <M, <2Mjg,

(IV) : 2M, <My ,Ms<2Mp,

(V) r2M. <My <2Mp and 2Mp<M,,

(VI) : 2Mp <My My,

(VII) : 2Mp <M,.

(b) Excluded domains in the (v;/v,,M3) plane from:

{A) : searches for et e~ —+h ff (see Section 3),

(B) : final states with detached vertices in Z°—h A (see Section 6},
{C) : the total hadronic cross section at the Z° peak (see Section 6),
(D) : low multiplicity final states in Z°—h4 (see Section 6),

(E) : low multiplicity final states in Z°~—hA (see Section 6),

(F) : #T+~ jet-jet final states in Z° —~hA (see Section 7),

(G) : 4-jet final states in 2°—hr A (see Section 8),

(K) is the domain kinematically accessible in Z° decays.

Altogether, ALEPH exclude the hatched region.

2. For very light Higgs bosons, excluded domains in the (vy/v;,My) plane.
The various domains are defined as in Fig.1b.
Altogether, ALEPH exclude the hatched region. Also indicated, the domain excluded in Ref.19,

3. In the rT7~ jet-jet final state, the jet-jet mass M;; vs. the rr mass M., after all cuts but C, and
C; (see Section T).

4. For v;/v,>1, excluded domains in the (M, M, ) plane from:

(A) : searches for ete™ —hff (see Section 3),

(E) : low multiplicity final states in Z®°—h A4 (see Section 6),
(F) : 771~ jet-jet final states in Z°—+h A (see Section T},
(G) : 4-jet final states in Z°—rA (see Section 8).

Altogether, ALEPH exclude the hatched region. The region M4 <M; is forbidden theoretically.
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5. In the 4-jet final state, the jet-jet opening angle for all events such that M;; and My, fall within
30 + 5 GeV (see Section 8) for:

(a) the data,
(b) events simulated using a QCD Monte Carlo,
(¢) events simulated using a Z°-—+AA— bbbl Monte Carlo for My =M,=30 GeV.

The arrows indicate the cut positions.
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