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Abstract

Large radiative corrections modify the predictions of the Minimal Supersymmetric exten-
sion of the Standard model (MSSM) sufficiently for the constraints on this model, formerly
derived from the searches for the (' P-even A and for the €' P-odd A neutral Higgs bosons,
to be invalidated. In particular, the new » — 44 decay mode has to be considered. The
results presented here have been obtained from a data sample corresponding to about
185 000 hadronic Z decays collected by the ALEPH experiment at LEP. No indication
for any signal of the reactions ete™ — hZ* or ete™ — hA4 was found. A domain in the
(mh, ma) plane is thus excluded at 95% CL in a large class of two-Higgs-doublet models.
More restrictive results are derived in the MSSM, with one loop radiative corrections to the
Higgs potential taken into account. It is found that mj > 41 GeV/c? and m4 > 20 GeV/c?
at 95% CL when the other parameters of the model are varied in their allowed ranges.
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1. Introduction

With the data collected in 1989 and corresponding to ~ 25000 hadronic Z decays,
a search for the neutral Higgs bosons of the Minimal Supersymmetric Extension of the

Standard Model (MSSM) had been performed by ALEPH, 8 leading to the exclusion of
a large fraction of the domain kinematically accessible in Z decays. Similar results were

subsequently reported by the other LEP experiments. 2l

In the derivation of these limits, it was assumed that the tree-level approximation to the
full Higgs potential was adequate. Recently, however, it has been realized that substantial

radiative corrections occur at the one-loop level if the top quark mass is large,m thus
making a reassessment of these results necessary. In addition, new features arise in the
phenomenology of the Higgs bosons of the MSSM, among which a prominent one is the
possibility that the (' P-odd A boson be less massive than A, the lighter of the two (! P-even
neutral Higgs bosons. It is therefore necessary to consider, for a complete investigation, a
new h decay mode: h — AA.

The analyses presented here were applied to the full data sample, corresponding to
~ 185 000 hadronic 7 decays, collected by ALEPH in 1989 and 1990. The results obtained
are valid in a large class of two-Higgs-doublet models and are further interpreted in the
framework of the MSSM, with one-loop radiative corrections taken into account.

1.1. The class of two-Higgs-doublet models considered

The only class of two-Higgs-doublet models ¥ considered here is that in which the wup-
type quarks couple to one of the Higgs doublets, H», and thus receive masses proportional
to vz, while the down-type quarks and the charged leptons couple to the other doublet, Hy,
and receive masses proportional to vy; here v, and v; are the vacuum expectation values
developed by the neutral components of the two Higgs doublets. The large top quark mass
value leads to the expectation that vs/v; > 1. However, this will not be systematically
assumed in the following.

The physical spectrum consists of three neutral bosons, the ' P-even b and H and the
C'P-odd A, and of a pair of charged bosons H=. If no further specification of the model
is made, six parameters are needed to describe the Higgs sector: four Higgs-boson masses,
the ratio tan 4 = vy /vy, and @, the mixing angle in the € P-even sector.

1.2. Production and decay of neutral Higgs bosons

The phenomenoclogy of the neutral Higgs bosons of two-doublet models in eTe™ colli-
sions near the Z peak can be casily inferred from their couplings to the Z and to the matter
fermions. ™! The Z2Z4 coupling vanishes if C'P is conserved while the Zhh and ZA4A
couplings are forbidden by Bose statistics. The ZZh coupling is the same as the minimal
Standard Model ZZ Hgps coupling, except that it is reduced by a factor sin(3 — a). The

1



(' P-even h can therefore be searched for just like the minimal Standard Model Hgys in
the process eTe™ — Hgp Z* , but with reduced sensitivity:

UWZ —hZ") 5 o
T(Z = HmZ') sin= (/3 ).

However, when this reduction is strong, the ZhA coupling, proportional to cos(8 — a),
becomes substantial. This makes a search for the Z — hA decay promising since the
partial width is large:

1 , . 2 2
D(Z — hd) = = cos®(8 — ) -Tyy - A3 (1, 2k T4
2 % m?
V4 Z
where Az, y,2) = (2% + y? + 2% — 22y — 2yz — 22z). Therefore, the searches for 7 — hZ"
and for Z — hA are to be considered as complementary.

The h decay widths into fermion pairs are deduced from the corresponding ones for
Hgsyr by applying factors fy = sin® a/ cos® 3 for down-type quarks and charged leptons,
and f, = cos® o/ sin® 3 for up-type quarks. The A decay widths are obtained similarly, but
with f; = tan? 8 and f, = cot? 3. For masses-well above the bb threshold, the A decays
mainly to ¢z pairs if tan3 < 1, and to bb pairs (but also to 7777 in ~ 6% of the cases)
if tang3 2 1. Model building, particularly within the supersymmetric framework, suggests

that the same holds for h decays in spite of the additional dependence on a,[4] and this
will be assumed in the following. For very light A and A, below the %™ threshold, the
main decay to eTe” remains dominant if tan 3 > 1, but the A lifetime is reduced compared
to the Hgpr lifetime; if tan 3 < 1, the v+ decay mode is reinforced, and the lifetime is also
modified. '

Furthermore, if my > 2m 4, the ¢’ P-even k may decay into a pair of ' P-odd 4 bosons.
Indeed, except for some fortuitous choices of parameters such as tan 3 = 1, this decay mode
even tends to be dominant.

1.3. Higgs bosons in the MSSM

More detailed predictions can only be made in specific models, of which the most

popular is the Minimal Supersymmetric extension of the Standard Model (MSSM).[E] In
this model, the number of parameters is greatly reduced with respect to a general two-
doublet model: only one Higgs boson mass, say ma, and tan @ (or alternatively another
mass, say mp ) suflice. The other Higgs boson masses and the mixing angle o are then all
determined.

When the Higgs potential is considered at the tree-level, interesting mass relations
arise in the MSSM.™* In particular, the charged Higgs bosons are always heavier than the
W. One of the neutral ' P-even states, h, is always lighter than the Z, while the other,

H, is heavier than the Z. The mass of the (' P-odd state, m 4, is bound to lie between mp,
and mg.




However, this simple picture is modified when the radiative corrections, which are
substantial at the one-loop level if the top quark mass is large, are taken into account. The

main n:.orl."en:'.tions7[2"J typically of order

affect principally the ("P-even squared mass matrix (and thus m, my and a), whereas
the charged Higgs boson and the A masses are much less affected ™

(8]

and the couplings

very little,” " except through the modification of a. In the above expression, m; is the
mass of the supersymmetric partners of the top quark, assumed to be mass degenerate. As
a consequence of these corrections, the tree-level mass relations are deeply modified. In

particular, the lighter ("P-even state A can even become heavier than the (" P-odd A.

1.4. Erperimental framework

The results of the searches for neutral Higgs bosons of two-doublet models reported here
have been obtained using a sample of ~ 185 000 hadronic Z decays, collected by ALEPH in
1989 and 1990 during a scan of the Z peak and corresponding to an integrated luminosity

of 8.6 pb™!. In this sample, all major components of the detector[g} were required to be
simultaneously operational and all major trigger logics enabled.

The backgrounds to the searches presented here have been studied using a sample of
265 000 fully simulated Z — hadrons Monte-Carlo events. In this simulation and in those
performed for the Higgs-boson production and decay processes, the Lund Parton Shower

algorithmm] has been used for the fragmentation of the ¢7 systems. In addition, Monte-
Carlo samples corresponding to at least three times the recorded integrated luminosity
have been used to study the backgrounds from eTe™ — [T17, eTe™ — (eTe )T~ (I = e,
por7)and ete” -» (ete” )hadrons. The signal processes have been simulated with due
account taken of the luminosities accumulated at the various energies of the scan and of
the effect of initial state radiation. This is particularly relevant when the mass domain
studied is close to the kinematic limit.

In all the analyses performed to derive the results presented here, a standard ALEPH
algorithmlll} has been used to reconstruct the energy flow. The algorithm classifies the
components of the final state as charged particles, photons and neutral hadrons, and the

energy resolution obtained for well contained hadronic events is ~ 9%.
2. Searches for ete™ — R Z"

The ALEPH searches for the minimal Standard Model Higgs boson Hgys in the reaction

[

eTe” — HgpZ* have been described previously. 2 The final state topologies which have

been investigated are:




acoplanar lepton pairs,
four leptons,
monojets,

acoplanar jets,

e & & o o

energetic lepton pairs in hadronic events,

1solated charged particle pairs in hadronic events,
e isolated charged particles in hadronic events.

No candidate events were found in any of these analyses, which excludes at 95% CL
a Standard Model Higgs boson with a mass smaller than 48 GeV/c?. These searches,
hereafter called “standard searches,” have been optimized for the detection of a Higgs
boson with mass ~ 50 GeV/c?, either decaying into a tau pair and produced in association
with a vD, {71~ or ¢ pair, or decaying hadronically and produced in association with a
v or {71 pair (I = e, i or 7). For the last four of the topologies in the above list, the
charged multiplicities are required to exceed 5, 7, 7 and 6, respectively, corresponding to
a minimum detected charged multiplicity of 5 in the Higgs boson decay.

The standard searches for eTe~ — HspZ* can be reinterpreted in the context of
two-Higgs-doublet models as searches for & in e*e~ — hZ*. Assuming the selection
efliciencies to be similar for the two processes, the only difference comes from the cross-
section reduction by the factor sin®(3—«). Then, if Nfﬂﬂ;‘r 1s the number of events expected
to be observed in the Standard Model case for a Higgs boson with mass my,,,, a 95% CL
upper limit on sin*(# — a) can be set at the value 3.0/N£:¥ for mp = mp,,, (3.0 is the
95% CL upper limit on any signal when no events were observed). Indeed, the detection
efficiencies are in general the same for h and Hgps because the standard searches are
sufficiently inclusive not to be affected, for instance, by the proportion of Higgs boson
decays into ¢ or bb . This is not the case, however, when m; < 2m,, since the results
of the Hgspr searches performed in this mass range are affected by the Hgps lifetime.

Therefore, no general limit on sin®(3 — «) can be derived when m; < 2m,,.

In addition, if the decay A — AA can take place, the standard searches have to be
reexamined according to the A decay modes. When my4 > 2m,, their efficiencies are
at least as large as if the » — AA channel were closed. On the other hand, for lighter
A bosons, some of those searches, developed for a high mass Hgpr, which is expected to
decay to large multiplicity final states, may not apply efficiently since a substantial fraction

of the Higgs boson decay final states then contains only four charged particles.[w] This
is particularly true for 2m, < m4 < 2m; and tan3 > 1, a case where the decay mode
A — tt77 dominates. These searches have therefore been slightly modified in order to
cope with this specific configuration:

For the Z* — vo final state, the event is required to contain exactly four charged
particle tracks originating from the beam crossing point, each making an angle § with
the beam axis such that | cos 8| < 0.95. In order to avoid energy losses in the beam pipe
region, the total energy measured within 12° of the beam axis should not exceed 1 GeV.
The event is then divided into two hemispheres by a plane perpendicular to the thrust
axis. Each hemisphere has to contain a total energy of at least 2 GeV and exactly

4



two charged particle tracks, with total electric charge zero. To remove low charged
multiplicity hadronic Z decays, the acoplanarity angle between the directions of the
total momenta of the two hemispheres is required to be smaller than 175°. Finally, to
remove events from v+ interactions, the total momentum transverse to the beam axis
should exceed 5% of the centre-of-mass energy unless the total mass of the event is
larger than 25 GeV/c>.

For the Z* — [T{~ final state, with [ = ¢ or g, the search for energetic lepton pairs
in hadronic events has been repeated, but now requiring a multiplicity of exactly six
charged particle tracks.

No events were found in either of these searches, while 0.3 are expected from the
background processes. When combined with the standard searches, these analyses provide
a 21% efficiency for the detection of a 48 GeV/¢? h boson produced in the reaction ete™ —
hZ* and decaying into a pair of 6 GeV/c* A bosons.

The upper limit on sin*(3 — «) as a function of my obtained when combining all these
searches is presented in Fig. 1.

3. Results inferred from the Z partial width measurements

The cases not excluded by the searches for eT e~ — hZ* correspond to my too large
or to sin’( — «) much smaller than unity. In the latter instance, however, it is expected
that Z — hA occurs at a substantial rate if kinematically allowed. Hence the Z width
measurements provide constraints on this process.

ALEPH has measured'"® By =Ty/Tz = (3.34 £ 0.02)%, where T'; is the Z leptonic
width and 'z the Z total width, from which it can be inferred that any contribution to
the Z width from non-standard processes is limited to less than 0.26 I',; at 95% CL, with
I',; the Z decay width into a neutrino pair. To obtain this limit, {i) it has been assumed
that no non-standard processes contaminate the selection of lepton pairs; (i) the Standard
Model expectation for B; has been conservatively decreased by its theoretical uncertainty
(which is dominated by the uncertainty in o,); and (i) the probability distribution for
B, has been conservatively restricted to the physically acceptable domain (bounded from

above by the Standard Model expectation) and normalized to unity therein. "

A 95% CL upper limit on cos?(8 — a) can thus be derived for any (mp, my). Taking
into account the upper limit on sin®(3 — ) obtained for the same m2, from the searches
for Z — hZ" reported above, this (m4, ma) is excluded if the sum of these limits is less
than unity. The resultant excluded region in the (mp, m4) plane is shown by curve (A)
in Fig. 5.

More stringent limits can be obtained when the hA final state has a topology such that

it cannot contribute to the hadronic standard Selectionh‘il

which requires, in particular,
U4 g0 = (4144 +

18] that the contribution

at least five charged particle tracks. From the ALEPH measurement
[

0.36) nb, where o} _ is the peak hadronic cross-section, one infers

5]




of such final states is limited to less than 0.13 I',; at 95% CL. The corresponding upper
limit on cos®(3 — «) is 0.27 for mp and m 4 <€ mz. Within the MSSM, this excludes the
delicate region mp < 2m, since, for such small values of my, A is predicted to be lighter
than h and cos®(3 — «) close to unity when one-loop radiative corrections are taken into
account.

4., Searches for 7 — h4

Even for sin?(3 — «) substa.ntia.ﬂy smaller than unity, it is not possible to obtain any
limitation from the Z width measurements when m, or m s are sufliciently large. Direct
searches for Z — hA must therefore be performed.

4.1. Search in four-jet final states

For sufficiently massive Higgs bosons, a search in the 4-jet topology is relevant, the
final state being predominantly c@e? when tan @ < 1, or bbbb when tan3 = 1. A search
for a localized excess in the jet-jet mass distribution in 4-jet events therefore has been
performed. This was optimized to differentiate the signal from high mass ( 2 35 GeV/c?)
Higgs bosons from standard hadronic 7 decays.

Events with at least five charged particle tracks originating from the beam crossing
point and carrying more than 10% of the centre-of-mass energy are clustered into jets using
the JADE algorithm,m] with a y.y: value of 0.03 corresponding to a maximum jet mass
of about 16 GeV/c?. Only events with at least four jets are kept, and those with five jets
or more are further reduced by merging into a single jet the jet pair with the smallest
invariant mass until only four jets are left. To ensure that the four jets are well separated,
it is required in addition that no jet-jet angle be less than 50°. To improve the jet energy
resolution, the energies of the four jets are recalculated from their directions, imposing
energy-momentum conservation and keeping fixed the jet velocities. * It is then required
that all jet energies be greater than 0.25Fp.qm and smaller than 0.70F.qm.

For each of the three possible pairings in the four-jet system, the following angles are

defined:

(i) the production angle 4% formed by the common direction of the pairs with the beam
axis,
(ii) the decay angles 8¢ (with i = 1 or 2 labelling the jet pairs) between the direction

of one of the jets of pair ¢ and the direction of the pair itself, measured in the pair rest
frame.

An accepted pairing has to fulfil the following conditions:

(1) 50° < 87 < 130°, which takes advantage of the sin? 7 distribution expected for the
signal, in contrast to the 1 4 cos? #? distribution of the standard hadronic Z decays,

(1) 50° < 6% < 130° for at least one of the pairs, which takes advantage of the isotropic
angular distribution of the decay of spin-0 particles, in contrast to the QCD background
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in which daughter jets tend to be emitted -at small angles with respect to their parent
jets.

At this point, 1495 events are selected in the data while 1443 are expected from standard

hadronic Z decays.

For each of the retained pairings, the sum M = m,; + ms and the difference m =
[y — m2| of the two pair masses are calculated. Because of the overall encrgy-momentum
conservation constraint imposed in the determination of the jet energies, these variables
are much less correlated than m; and m,, and the resolution is substantially better for M
than for m. The (M, m) plane is divided into overlapping bins of size 4 x 10 (GeV/c?)?,
corresponding to about twice the resolution, and scanned in steps of 250 MeV/¢? in M
and 625 MeV/¢? in m. The probability for a céeé event induced by the pair production of
Higgs bosons with masses mp = m4 = 41 GeV/c? to lead to at least one combination in
the bin (JM — 2 x 41 GeV/c*| < 2 GeV/c?, m < 10 GeV/c?) is 19%.

A polynomial fit to the distibution in M and m expected from standard hadronic Z
decays is performed in order to smooth out the fluctuations induced by the limited Monte-
Carlo statistics. A local excess is then sought in the data by comparing in each bin the
number of events observed to the expectation from the polynomial. The result of this
comparison, measured in each bin as a signed number of standard deviations, is shown in
Fig. 2. The distribution is well described by a normalized Gaussian, showing that data
and simulation are in good agreement. In particular, no excess, which would be signalled
by large positive fluctuations, is observed in the data.

For a given pair of values for the Higgs boson masses, the content N,;, of the ap-
propriate bin is compared to the expectation p.., from standard hadronic Z decays. A
95% CL upper limit for the expectation value of any contribution additional to Hezp 18

then derived,m] giving an upper limit on cos’(3 — «) for that pair of mass values. In
order to obtain a conservative upper limit, N,;, has been used in the calculation instead
of iz, whenever N,;; had fluctuated below Hezp. In addition, a systematic error of 10%
has been subtracted from the expected number of signal events to account for the limited
Monte-Carlo statistics and for uncertainties in the modelling of quark hadronization.

The 95% CL upper limit on cos?(3 — a) resulting from this search is shown in Figs. 3a
and 4 as a function of my and m 4 for tan 3 < 1, the case in which the céecé final state is
dominant. The results for tan 2 1 are not shown because, in that case, more stringent
limits can be obtained from the search in the 777 7bb final state.

4.2. Search in the 777~ — hadrons final state

Some of the standard searches for e?e™ — Hgp Z* had been developed to be parti-
cularly sensitive to the 777~ hadrons final state. The standard searches can therefore be
efficiently applied to the 777 7bb final state resulting from e*e~ -+ hA which contributes
~ 12% when tan3 2 1, at least when my > my/2. For mj = my = 42 GeV/c?, the
resulting eficiency is 25%. The 95% CL upper limit on cos?(# — «) thus obtained for
tang = 1 is shown in Figs. 3b and 4 as a function of m, and m4.
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However, if either h or A becomes light enough to decay predominantly to < 4 charged
particles, the latter search becomes less efficient (with an efficiency of 15% for m, =
48 GeV/c? and m 4 = 6 GeV/c?). Therefore a specific analysis has been developed for this

casce:

The events are required to contain four or six charged particle tracks originating from
the beam crossing point, with total electric charge zero, each making an angle 8 with
the beam axis such that |cos 8| < 0.95. The total energy measured within 12° of the

beam axis should not exceed 1 GeV. The JADE algorithm[li] 1s then used to form jets,
with a y.u; value of 0.01 corresponding to a maximum jet mass of about 9 GeV/c2.
Events are selected with exactly three such jeis, one of which should contain a single
positively charged particle and another a single negatively charged particle. Fach of
these two “fau-jets” is required to have a mass smaller than 1.8 GeV/c?. To remove the
background from low multiplicity hadronic Z decays which tend to exhibit a back-to-
back topology, the maximum angle between two jet directions should not exceed 165°.
To take advantage of the missing energy carried away by the neutrinos in tau decays,
the total energy has to be less than 85% of the centre-of-mass energy. Only two events
survived at this stage, both identified as 7777 v final states with the photon converting
into an eTe™ pair in the detector material. Both of these events are eliminated using
an algorithm designed to identify such converted pairs. No candidate event was found
in any of the background Monte-Carlo samples.

With this analysis taken into account, the overall efficiency becomes 30% for m; =
48 GeV/c* and m4 = 6 GeV/c? (or viee versa), when h {or A) decays to a tau pair.

4.3. Search in the AAA final state

If my < mp/2, the decay h — AA can take place, leading to a final state consisting
of three A bosons. The ultimate topology then depends on m 4. If tan3 2 1, the search
for 777~ hadrons final states is applicable without any modification as long as m 4 > 2ms,
but a new search had to be developed specifically for topologies consisting of three low
multiplicity jets in order to cope with lower mass A bosons: if 2mj > my > 2m,, each
jet contains two faus, and thus two (four) charged particles in 72% (26%) of the cases;
if my < 2m,, the A-decay charged particle multiplicity is two (two or four) in 2 20%

( 2 70%) of the cases. '

The events are required to contain six or eight charged particle tracks originating from
the beam crossing point, with total electric charge zero, each making an angle § with
the beam axis such that |cosf| < 0.95. The total energy measured within 12° of
the beam axis should not exceed 1 GeV. The JADE algorithm is again used to form
jets, with y.,: = 0.01. Exactly three such jets are required, each electrically neutral
and containing two or four charged particles. The maximum angle between two jet
directions should not exceed 165°. Finally, the total energy has to be smaller than $5%
of the centre-of-mass energy. However, in order to retain efficiency if m 4 < 2m., this
last criterion is not applied if the three jet masses are smaller than 4.5 GeV/c>.
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No events satisfied these criteria, either in the data or in any of the background Monte-
Carlo samples, while the efficiency of this selection is 16% for mj, = 48 GeV/c® and
ma =6 GeV/c?, when h decays to an A pair and tan 3 = 1. Except for m4 < 2m,, this
analysis does not apply for tand < 1 because the typical A-decay multiplicity is too large
when A — cc.

5. Results and conclusions

5.1. Results valid in general two-Higgs-doublet models

[n any two-Higgs-doublet model of the class considered here, the 95% CL upper limit
on cos®(8 — a), obtained as a function of my and m 4 from the Z width measurements and
from the direct searches for Z — hA, can be combined with the 95% CL upper limit on
sin®(3 — a) obtained for the same mj from the searches for ete™ — AZ*: a given (my,
my) pair is excluded at the 95% confidence level if the sum of these two upper limits is
smaller than unity,

The domain thus excluded for tan 8 2 1 is limited by curve (B) in Fig. 5. In particular,
mp, =ma < 43.4 GeV/c? is excluded at 95% CL.

For tan 3 < 1, the excluded domain is limited by a curve similar to (B) in Fig. 5, but
extending only to my = m4 = 42.9 GeV/c?. In addition, as explained in Section 4.3, the
limit obtained using the Z width measurements, indicated by curve {A) in Fig. 5, is the
only one appropriate when m4 < mp/2.

5.2. Hesults valid in the framework of the MSSM

Within the MSSM, larger excluded domains can be inferred. For instance, my = my <
44.1 GeV/c? (< 44.2 GeV/c?) would be excluded at 95% C.L for tan3 > 1 (< 1) if the
tree-level relations were valid. When one-loop radiative corrections are taken into account,
the situation is more complicated as the prediction depends on a number of unknown

(3.7]

parameters, with a particularly large sensitivity to the fop quark mass. As an example,

the domain excluded for tan 3 > 1, the only case considered in the literature,[s} is shown
in Fig. 5 for m; = 140 GeV/c?, for m; = 1 TeV/c? and for negligible mixing among
the supersymmetric partners of the top quark. The same result is shown in Fig. 6 as an
excluded domain in the (tan 3 vs m4) plane. This presentation has the advantage that
the occasional twofold ambiguity in the values of tan 3 corresponding to a given (mp,ma)
couple is removed.

For the above choice of parameters, m, < 41 GeV/c? and mas < 31 GeV/e? are
excluded at 95% CL. It can also be seen that tan 3 = 1 remains allowed when m4 >
31 GeV/¢?. Similarly constraining limits are obtained when the top quark mass is varied.
For instance, still with m; = 1 TeV/c?, m,, and m 4 have to exceed 41 and 44 GeV/c2,
respectively, when m; = 90 GeV/c%, or 44 and 25 GeV/c?, respectively, when m, =
190 GeV/c*. If my is further allowed to vary from m, to a few TeV/c? and m, up to a
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few hundred GeV/¢?, 95% CL lower limits of 41 GeV/¢? on my and of 20 GeV/c? on m 4

remain valid.

In conclusion, lower mass limits for the (/ P-even h and for the (" P-odd 4 neutral Higgs
bosons of the MSSM have been established taking into account the one-loop radiative
corrections to the Higgs potential.
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Figure Captions

1. 95% CL upper limit on sin®*(3—c), as a function of m,, inferred from the searches for ete™ —h2".

2. In the analysis of {our-jet final states, distribution of the normalized fluctuation ( N,y —p..y )/\/ﬁ(_w,
where N,., and p.., are the numbers of events observed in the data and expected from standard
hadrenic Z decays, respectively, in 4x10{GeV/c®)? bins in the (M,m) plane. There are 6336 entries.
A Gausslan fit yields a mean of 0.04 and a o of .99,

3. In the (ma vs m,) plane, equal value contours for the 95% CL upper limit on cos®(8—a), inferred
from the direct searches for Z—ha 4.
In (a), tan 31 and the limits were obtained {from the search in four-jet final states.
In (b}, tan 3 2 1 and the limits were obtained from the search in +¥+~ hadrons final states.
In both cases, the innerinost contour corresponds to a value of 0.2, and this value is to be increased
by 0.2 for each new contour encountered whenr moving outwards. The heavy line is the kinematic

limit in Z decays.

4. 95% CL upper limit on cos®(3—a) when m,=m, for tanj 2 1 (heavy line) and for tan 31 (light

line).

5. In the (m 4 »s m,) plane and for tan 3>1, domains excluded by the searches for ete™ —42* combined
with the Z width measurements (A) and with the direct searches for Z—#4 (B). The region theore-
tically forbidden in the MS3M when one-loop radiative corrections are taken into account is shown
in light grey. The following choice of unknown parameters has been made: m,=140 GeV/c? and
m;=1 TeV/c? negligible mixing among the supersymmetric partners of the fop quark has been
assumed. Under these assumptions, the dark region is also excluded by the searches reported here,

and the hatched area is excluded for the lower of the two possible values of tan 8 allowed therein.

8. In the {tanB vs ma) plane, domains excluded by the searches for ete™ —hZ* and by the direct
searches for Z—h A, Here the MSSM is assumed, and one-loop radiative corrections are taken into

account with the same choice of parameters as in Fig. 5.
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