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Abstract. A search for pair production of neutral heavy
Higgs bosons decaying into bb has been carried out in a
study of hadronic decays of the Z boson into four jet fi-
nal states using data taken by DELPHI in 1991 and 1992.
The two production mechanisms present in the two Higgs
doublets scheme, bremsstrahlung production of hZ* and as-
sociated production of hA, may lead to four beauty jets well
recognizable using the precise microvertex detector measure-
ments. No evidence for a signal was found, leading to limits
on BR(Z— hA — 4b) from 3.5 t0 5.5 x 107 at 95% con-
fidence level, depending on the mass of the ligthest Higgs.
When combined with the results of the recent DELPHI stan-
dard Higgs search, this result allows the kinematical limit
to be reached for the masses of h and A in the minimal
supersymmetric extension of the Standard Model (MSSM)
scheme. It also allows the tan3<1 domain to be explored,
and a region above the kinematic limit for direct hA pro-
duction is constrained by considering virtual hA production.
Results are also given in the general two-doublet scheme.

1 Introduction

The most natural extension to the Higgs sector of the Stan-
dard Model (SM) is to add a second Higgs bosons doublet,
Of the eight degrees of freedom contained in the two dou-
biets, three represent Goldstone bosons which, through the
Higgs mechanism of spontaneous symmetry breaking, give
masses to the W* and Z, leaving five physical Higgs bosons
(H*, H—, h H, A%). There are two CP-even scalars h® and
H°, with a mixing angle o, and one CP-odd pseudoscalar
A%, At tree level the model is specified by six parameters:
four Higgs bosons masses, the mixing angle « and tanf =
/vy, the ratio of the vacuum expectation values of the two
doublets. While the decay of the Z into a pair of identical
Higgs bosons is forbidden by Bose-Einstein statistics, the
decay to h® and A® is allowed. In fact, the decay modes
Z—hA and Z—hZ* are complementary in the two-doublet
model: if one decay mode is suppressed by mixing, the other
is enhanced.

Supersymmetry is one of the most promising theoreti-
cal ideas for solving the naturalness and hierarchy problems
of the Standard Model [1]. Its simplest implementation, the
minimal supersymmetric extension of the Standard Model
(MSSM), is a particular case of a two Higgs bosons doublets
model. One doublet couples only to down-type quarks and
charged leptons while the other couples to up-type quarks.
The number of free parameters at tree level is only two
[1]. These can be chosen to be tand and m4 (the mass of
the neutral pseudoscalar). Higher order corrections introduce

dependences on other parameters, mainly the top and top-
squark masses {2] [3]. In contrast to the SM Higgs boson,
the possible mass range for the lightest MSSM Higgs boson
is quite tightly constrained: m;, < 140 GeV/c? 121 [3]. In
addition, it is possible that mp+my < myz.

The relevant formulae for the production and decay ratios
of the lightest neutral Higgs bosons h® and A (from now on
referred as h and A) in the two-doublet and MSSM models
can be found in Sect. 5.1.

Up to now, Higgs boson searches have been carried out
using primarily the missing energy or leptonic signatures
[4] [5]. This is the case for the SM Higgs boson search in
the hZ* mode, as well as the hA channel in the MSSM [1]
where the best limits for heavy h and A bosons are obtained
assuming that one of them has decayed into tau pairs. Since it
is a fundamental property of Higgs bosons that their coupling
to other particles is proportional to the mass of that particle,
the dominant decay mode of heavy h’s and A’s is expected
to be into bb while the branching ratio into 777 is only a
few per cent. The influence of other parameters of the model
on the branching ratios will be discussed in Sect. 5. As the
detection of two isolated 7’s has a low efficiency if the Higgs
bosons are heavy the limits on BR(Z—hA) achieved so far
do not go below the 1072 level.

Exploring the dominant decay mode requires a search
for events with four jets containing beauty particles. Since
this final state is purely hadronic, the QCD background is
very important, while the signal is expected to be small.
This requires a high selectivity while keeping a reasonable
efficiency for the Higgs channel. Since lighter Higgs bosons
have already been excluded, the interesting high mass Higgs
boson decays into bb will produce well separated jets. There-
fore, the needed selectivity can be achieved by applying an
efficient b-tagging method to events with at least four well
separated jets. It should be noted that an irreducible Standard
Model background due to the production of four b quarks
in QCD processes is expected to be at the level of 1073
relative to the production of two b quarks.

If kinematically allowed, h — 2 A may become the dom-
inant decay mode of h, giving rise to topologies different to
those discussed above. This special case is analyzed in Sect.
5.3.

The combination of the hA search with the SM Higgs
boson search, which covers the channel hZ*, allows certain
regions in the (my,m4) plane to be completely excluded.
Within the MSSM, the increase in sensitivity for the hA
channel translates into a significant increase of the mass do-
main which can be explored. If tanf is very large, there ex-
ists the possibility to extend the present searches above the
kinematical limit via hA* production. However the Yukawa
mode, Z —hbb, where an h is radiated from a b quark, re-
mains inaccessible even for the highest allowed values of
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tan3 [6]. If tang is lower than unity (a case not favoured
by the MSSM), the gain in sensitivity allows a wide domain
of masses left uncovered by the previous searches [4] to be
excluded.

In the general two-doublet scheme, the decay branching
ratio of A to bb depends only on tan3, whereas for h it de-
pends also on the mixing angle «. Therefore h may decouple
from bb, which is not the case for the A. To cope with this
possibility, special analyses were needed in both in the hA
and hZ* channels.

The present analyses are limited by the requirement that
both Higgs bosons should be heavy enough to decay to bb
well above threshold. Due to this fact, in the general two-
doublet case the region of the parameter space where the
masses of both Higgs bosons are below 15 GeV/c? is not
covered. In the MSSM case, previous results [4] are used to
complement the present ones in this region.

2 Event analysis
2.1 Apparatus

A summary of the specific properties of the DELPHI detector
[7] relevant to this study follows. Charged particle tracks
were measured in four cylindrical tracking chambers aligned
parallel to the electron beam direction and to that of the 1.2
Tesla magnetic field. These were: the microvertex detector
(VD), described below, the Inner Detector (ID) at radii 12
to 28 cm, the Time Projection Chamber, the main tracking
device, covering radii 30 to 122 cm and the Outer Detector at
radii 197 to 208 cm. In addition, two planes of drift chambers
aligned perpendicular to the beam axis (Forward Chambers
A and B) tracked particles in the forward region, covering
polar angles 10° to 30° and 150° to 170°.

The VD consisted of two independent half-shells inserted
between the beam pipe and the ID. Each half-shell contained
three concentric layers of silicon microstrip detectors located
at radii 6.3, 9 and 11 cm respectively. They measured the r¢
coordinate (where r is the radius and ¢ the azimuthal angle
around the beam axis) and covered polar angles between 43°
and 137°. The average resolution on these r¢ measurements
was 8 pm.

Electromagnetic energy was measured by the High den-
sity Projection Chamber (HPC) in the barrel and by the For-
ward ElectroMagnetic Calorimeter (FEMC) in the endcaps.
The HPC had layers of lead and gas covering polar angles
from 40° to 140°. The FEMC has lead glass blocks covering
polar angles 10° to 36° and 144° to 170°.

2.2 Event samples

The analysis presented hereafter is based on the total statis-
tics collected by the DELPHI experiment during the years
1991 and 1992.

The standard DELPHI analysis to select hadronic Z de-
cays [8] was applied to the data, leaving a total of 950,000
events. The efficiency of this selection was calculated to be
(96.0 £ 0.5) %.

In order to estimate the background from known pro-
cesses, a sample of about 1,350,000 hadronic decays of the
Z was generated using JETSET 7.3 [9], processed through
the full detector simulation program for DELPHI [10], and
reconstructed using the same procedure as for the real data.
A total of 1,286,000 of these events passed the hadronic se-
lection criteria. In addition, three samples of Z decays to hA
at different m4 and my,, were generated and passed through
the same chain as the background simulation. The chosen
masses were m 4(my,) = 40(40), 60(15), and 20(60) GeV/c?.
In all samples, the A decayed into bb, as did the h in the first
two; in the last it decayed into c€. These samples contained
2000 events each, all of which passed the hadronic selection
criteria.

The masses in the first two samples were chosen to rep-
resent extreme conditions (equal and very different masses)
in the region close to the limits of our sensitivity. The ef-
ficiency for intermediate masses was interpolated using a
simplified simulation of the detector response.

For the third sample, h decaying into cC, the range of
variation of both masses is small (see Sect. 5.1). It was also
found using the simplified simulation that the mass depen-
dence of the efficiency was negligible. Thus only one point
was generated.

2.3 Identification of tracks originating
from secondary vertices

The initial step in b-tagging was to define a primary vertex.
As a first approximation, a vertex was formed using all tracks
from the event and including the average interaction point
(calculated from a set of around 100 events recorded in the
same running period). If the global x? of this vertex was
unacceptably high, (probability of the x? lower than 1%)
the track with the highest contribution was removed, and the
fit redone. This was repeated until a consistent vertex was
found. The precision achieved in the vertex position was 60
pm along the horizontal direction in the plane normak to
the beam. The determination of the vertical coordinate was
dominated by the position of the beam spot; to take into
account possible displacements of the beam during the run,
its error was conservatively set to 40 pm.

The impact parameter of a particle was defined as the
minimum distance between its track (projected on the plane
perpendicular to the beam) and the reconstructed primary
vertex. The sign of the impact parameter was taken to be
positive if the projected track intersected the axis of the jet
it belonged to after the point of closest approach (in the
direction of the momentum), and negative otherwise. The
jet reconstruction algorithm is described in Sect. 3 below.

The impact parameter resolution in the simulation was
degraded by approximately 10% to match that observed in
data. This correction was calculated on generic hadronic
events (those kept after the first preselection cited in 2.2)
and mostly affects the central part of the impact parameter
distribution. Figure 1a shows a comparison between simula-
tion and data for the impact parameter distribution after this
correction.

A track was said to have an offset if it was within the
acceptance of the microvertex detector, had hits associated
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Fig. 1. (a) The distribution of the impact parameter of accepted tracks in
a sample of hadronic events. The solid line is the Monte Carlo prediction
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in at least 2 VD layers, and had a positive impact param-
eter smaller than 2 mm (to avoid including decay products
of K3, or photon conversions) and larger than 2.5 standard
deviations (including the error due to the primary vertex re-
construction). Particles with momentum below 0.5 GeV/c
were not considered. A probability cut was applied to elimi-
nate particles with possible errors in the association between
its reconstructed track and VD detector hits.

A satisfactory agreement was observed in the distribution
of the number of offsets between data and simulation, as
shown in Fig. 1b. While the general agreement is good a
certain difference arises for large number of offsets. Note
that the simulated sample is of a size comparable to the
data sample, and hence the errors of the simulated values
are similar to those indicated by the error bars on the data
points.

3 Search for Z—hA

The hA decay mode of the Z is assumed to produce at
least four well separated jets, since low masses of the Higgs
bosons have been excluded by previous searches. To ensure
that the jets were separated, only spherical events were re-
tained before jet-clustering was performed. The criterion to
select such events was that the sum of the two Fox-Wolfram
moments [11] H> and Hy should be less than 0.6. In cal-
culating these moments, only charged particles passing the
quality criteria described in [8] and electromagnetic clus-
ters of energy bigger than 0.5 GeV were used. This cut
selected 9.4% of the real events and 9.2% of the simulated
ones, while retaining 92% of simulated hA events with both
bosons decaying into bb for mp=m4=40 GeV/c2. The latter
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efficiency drops if one of the bosons is lighter; e.g. to 77%
for m,=15 GeV/c? and m 4=60 GeV/c?.

In the sample of events that were classified as spherical,
the particles were grouped into jets using the JADE algo-
rithm with y.,; = 0.01. Events with less than four jets were
rejected while those retained were forced to have four jets
by increasing the value of y.,; until exactly four jets were
left.

To exploit the fact that the A, and in most cases also
the h, decay predominantly into bb, a procedure to select
beauty jets was then applied. The procedure was based on the
fact that the long lifetime and high mass of beauty particles
gives their decay products large positive impact parameters.
In addition, the multiplicity in the beauty decay is large.
Hence, the procedure used the presence of many tracks with
offsets, either in the event as a whole, or in a number of
jets as will be detailed later. This method is well known
to provide a robust selection of beauty particles which is
not very sensitive to various backgrounds such as wrong
associations of hits in the VD to reconstructed tracks, strange
particle decays, or photon conversions [12].

Given the tagging efficiencies egcp and e, 4 for back-
ground and signal, respectively, the limit on the cross-section
for hA production is proportional to ,/€5cp/ena, as long as
the errors on the estimated number of background events are
statistics dominated and can be assumed to be Gaussian. In
the following analysis, it was verified that the various cuts
minimize this ratio or at least keep it almost constant while
significantly improving the purity of the sample.

3.1 Selection of the candidates

Two different analyses were performed on the preselected
sample of four-jet events. In the first, the aim was to search
for an excess of events with a four jet topology and at least
one bb pair. This analysis is sensitive to final states bbbb and
bbct and therefore covers the scenario where h decouples
from bb. It was required that the total number of offsets in
the event should be bigger than four. The sample of events
that passed this criterion is referred to as Sample I in the
following.

The second analysis searched more specifically for an
excess of events with two bb pairs, corresponding to the final
state where both Higgs bosons decay into bb. The simplest
approach is to require four jets with at least two offsets in
each jet. However, the average tagging efficiency per jet is
only approximately 20% due to limited solid angle coverage
by the VD (the probability that at least one jet is outside the
VD acceptance is about 75% in first approximation), and to
the softness of the beauty particles in four jet events.

A looser selection was therefore applied, requiring two
jets with at least two offsets each and a total of at least
two offsets in the remaining two jets. The set of events that
satisfied this criterion is referred to as Sample I1.

3.2 QCD backgrounds

From standard QCD processes, events with 4 b quarks are
expected to be produced in about 0.03 % of the hadronic
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Z decays (this figure was extracted with the JETSET [9]
event generator, using the Parton Shower model). Events
with two b quarks and two ¢ quarks are seven times more
abundant. These two components give rise to an irreducible
background, which, however, had a minor impact on this
analysis. The main background comes from bb events with
at least two additional jets produced by energetic gluons,
the so called bbgg background. Although the probability of
mistaking a gluon jet for a b jet is small, this is compensated
by the much larger cross section for this process.

According to the simulation, the main background in
Sample I consists of bbgg events; a second heavy flavour (b
or ¢) was present in only 10% of the cases. The fraction of
events that did not contain a bb pair was 4%.

In the simulated background classified as belonging to
Sample II, 96% of the events contained a bb pair; the rest had
a ¢ pair. In 13% of the cases a second bb pair was present,
whereas 14% of the events had an additional cC pair.

3.3 Systematic effects in the background estimation

A detailed comparison between data and simulated events
revealed a few significant discrepancies in the b-tagging ef-
ficiency and in the four jet selection.

The fraction of events (with any number of jets) with
more than four offsets was around 10% higher in the sim-
ulated events than in the data. This effect comes from a
slightly better track-microvertex association efficiency in
the simulation, and small differences in the impact parame-
ter resolution. The disagreement does not vary significantly
when the number of demanded offsets increases from four
to six. Therefore an average correction factor of 0.9 was
applied to the selection efficiency of both samples for the
simulated events, with an associated systematic uncertainty
of £ 0.05.

It was also found that the number of events classified as
four jets after the event preselection was 10% larger in the
data than in the simulation. Detailed checks showed that this
effect is uncorrelated with the b-tagging cuts, and hence that
it affects both signal samples in the same way as the overall
sample. The predicted number of background events of each
sample was corrected and a systematic error of half of the
correction, + 5%, was assigned to it.

A further uncertainty arises from the JETSET predic-
tion for 4 b final states which, so far, has never been ex-
perimentally tested. It is relevant mainly for Sample II. A
(13£445)% contribution is expected in the final selection,
where the first error comes from the statistics of simulated
events and the second error from the uncertainty in their
production rate. The assumed systematic errors are purely
based on our confidence in the QCD calculation since the
data do not yet allow such a precise determination.

Comparing the Matrix Element and Parton Shower op-
tions in the JETSET generator [9] the differences observed
were well within the quoted systematic error. It may be con-
cluded that these estimates are conservative [13].

Other possible systematic effects such as those due to
variation of the beauty lifetime and the effects of the cuts
were found to be negligible.

All systematic errors were added in quadrature, giving a
total contribution of 4 7% for Sample I and £ 10% for the
Sample I1.

3.4 Results

The efficiency for the hA channel was estimated using the
simulation program for various values of my and my. A
lifetime of 1.6 ps was assumed for all beauty particles except
Ap, for which the lifetime was set to 1.1 ps.

The signal efficiency for Sample I (i.e. the sample aimed
at the bbcé channel) was estimated to be (8.0+0.5)%. In
the range of h and A masses to which it applies, the result
does not have a significant mass dependence. Taking into
account the corrections discussed above and their associated
systematic errors, 1956 & 38 (stat) = 140 (syst) events were
predicted and 1899 events found. No excess that could be
due to Higgs boson production is found. This allows a limit
to be set on the branching ratio for the channel Z — hA —
bbce of 2.5 x 1073 relative to Z — anything (at the 95%
confidence level) in the region of interest (see the discussion
in Sect. 5.1): my, =~ 40-60 GeV/c?, my ~20 GeV/c?.

For Sample I (i.e. the bbbb sample), the efficiency was
found to be (74+1)% if both bosons had masses above 25
GeV/c?, and to increase smoothly to (8.04+0.5)% if they
had masses above 35 GeV/c?. If one of the bosons had a
mass of 15 GeV/c?, the efficiency was found to decrease
to (5.0+0.5)%. After correction for the systematic effects
discussed above and taking into account the associated er-
rors, 9749 (stat) = 10 (syst) events were predicted while
105 events were observed. It may therefore be concluded
that at this level no significant excess due to Higgs boson
production or other mechanisms is visible in the data. A cor-
responding limit on the branching ratio for Z — hA — 4b of
3.5 x 107* relative to Z — anything was derived at 95%
confidence level for the case when both bosons’ masses are
above 35 GeV/c?. The limit increases to 5.5 x 10™% when
one of the Higgs bosons has a mass of 15 GeV/c?. To com-
pute the limits quoted above, the systematic and statistical
errors where assumed to be Gaussian and added in quadra-
ture. This is justified by the very conservative estimation of
the systematic errors. The efficiency used in the calculation
was the one given in the text minus its error, to account for
the effect of its uncertainty. Furthermore, when the expected
background was higher than the observed one (as in Sample
D) a zero excess was taken.

Among the 105 selected candidates, one had four jets
tagged, i.e. with at least 2 offsets in each jet. This event is
shown in Figs. 2 and 3.

4 Search for Z—hZ*

A general analysis of the two-doublet Higgs bosons model
requires the two processes Z — hA and Z — hZ* to be stud-
ied. For the latter, the results of the Standard Model Higgs
boson search described in [14] were used. Since the analysis
described in [14] partly relies on b-tagging, it was necessary
to perform an additional analysis in order to calculate lim-
its to be applied in the regions where the h may decouple
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Fig. 2. Display of a 4b candidate showing the microvertex information.
Dotted tracks had no associated VD hits (most of them are out of the VD
acceptance). Circles {squares) represent VD hits associated to tracks in the
half detector with z>0 (z<0) and crosses hits which were not associated
to tracks
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Fig. 3. Display of the same candidate as in Fig. 2 on an expanded scale. Only
tracks measured by the micro-vertex detector and with momenta above 0.5
GeV/c are displayed. The central ellipse indicates the beam position. Three
displaced vertices have been reconstructed; the ellipses define the four-
standard-deviation contours around them. A K‘?S candidate is reconstructed
on the right

from bb. The initial selection of the neural network method
used in [14] for the analysis of the hvo channel does not
depend on the b-tagging information; this is used only in
the independent cuts applied as a second step. Therefore it
is straightforward to remove the b-tagging cuts. When this is
done, two candidates are accepted in the final selection with
visible masses (504 7) GeV/c? and (45 +7) GeV/c? respec-
tively. The first candidate has missing momentum pointing
at a polar angle of 90°, where the HPC is insensitive, but
where two lead-scintillator veto counters show a significant
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activity. This event can therefore be removed as a probable
g4~y background, where the photon is missed by the electro-
magnetic calorimeter, with negligible effect on the efficiency
for the signal. The second candidate is retained.

In Sect. 5.1, the limit on hZ* without b-tag is essential
for masses above 45 GeV/c? and therefore the remaining
candidate at 45 + 7 GeV/c? has a significant influence on
the two-doublet limit. Also, the hvo limit is weaker than
that obtained in [14] where the neural network method was
combined with a probabilistic method to increase the effi-
ciency by about 15 %.

5 Application to Higgs bosons searches

In this section, the analysis presented in [4] is extended,
taking into account the recent progress achieved in the hZ*
analysis and the present result on 4 b final states for hA.

5.1 Two-doublet limits

In the two-doublet scheme, the branching ratios of Z to hA
and hZ* depend on mixing effects. Defining the Standard
Model width for hZ* by I'sy(Z—hZ*), one has:

I'(Z — hZ*) = T'su(Z — hZ) sin*(a — )
I'(Z - hA)=0.5I"(Z — vi)\ cos® (o — B) 6}

where o and § are the mixing angles in the two-doublet
scheme, while A\° is a phase space factor (see appendix).
These expressions clearly indicate the complementarity of
the two processes. If one of them is experimentally out of
reach for a given set of masses my, and m4, no exclusion is
possible since mixing angles could always be such that the
other process is suppressed below detectability. The limits on
each channel can be translated into limits on cos?(cx— 3) and
sin?(a— ) and hence to a limit on cos® (o — 3)+sin’(a — ).
A given my and my combination can be excluded if this
last limit is less than unity.

For tan3>1, A always decays dominantly into b quarks,
while the decay rates of h depend on the mixing-angle o

[1]:

I'(A — bb) ~ m’tan®3

(A — cC ) ~ m?/tan®f3

I'(h — bb) ~ mfsin®c/cos®

I'th — ct) ~ micos’a/sin’f 2)

where - varies between 0 and 7/2. For a=0, h decouples
from bb and decays into cc (the decay fraction to 777~
is negligible). Hence, in this case hA will decay into bbct
final states, detectable in Sample I. The corresponding limit
on BR(Z— bbcg) is, on average, 2.5x 1073, As mentioned
in Sect. 4, the hZ* analysis [14] can be performed without
b-tagging.

The exclusion contours given in Fig. 4 are obtained for
the choice of a and 3 leading to the weakest limit at any
given mass combination. Figure 4a shows the limits obtained
when tanf >1. For h heavier than 47 GeV/c? the limits on
sin’(a. — 3) given by the search for hZ* are above 0.5, and
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Fig. 4. m4/my, limit contour (at 95 % confidence level) obtained from
searches for hA and hZ* in the two-doublet case for tan3>1 and tan8 =0.5.
The step in the limit corresponds to the transition to the regime where h
decouples from bb

therefore the case a=0, 8=n/4 is allowed. Thus, the decou-
pling of h from bb cannot be excluded and the searches as-
suming h — bb are ineffective. For h lighter than 47 GeV/c?,
o =0 is excluded by the hZ* analysis in the case h — c¢
and the allowed values for o and 3 give large branching
ratios for both h and A into bb. Hence the results obtained
for h — bb apply, resulting in more stringent limits. Thus
the exclusion region shows a step at my, =47 GeV/c?. The
outcome is a very significant coverage of the heavy mass
sector of h and A. This is true even for tan3 below 1, as
can be seen in Fig. 4b . Here again the step appearing in
the limit, at my = 38 GeV/c?, corresponds to the transi-
tion between the strong limit obtained when h has to decay
into bb (sin*(a — 3)<0.2, which would imply a >0 when
tang = 0.5) and the weaker limit obtained when h can be
decoupled from bb. There is a substantial improvement with
respect to the previously published limits [4] based on the
7*7~ decays of the h or A.

5.2 MSSM limits

In the MSSM Higgs sector, which is a special case of
the two-doublet scheme, the relative production and decay
branching ratios of (1) and (2) apply also, but the allowed
domain for my, and m4 is restricted. Also, sin® (e — 3) and
cos?(a — 3) are restricted to vary within a certain range
for any given m4 and my. In particular o does not vanish
and hence h always couples to bb. The relations between
these parameters depend on the unknown parameters of the
MSSM through radiative corrections. Reference [2] contains
calculations of these corrections including one-loop effects.
Using them and assuming degeneracy of the two top-squark
masses, only the top and top-squark masses dependences re-
mains. The exclusion region obtained is shown in Fig. 5. A
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Fig. 5. m4/my, limit contour (at 95 % confidence level) obtained from
searches for hA and hZ* channels in the MSSM case. A large fraction of
the domain is not allowed by the model (the plot is obtained for tan3>1,
assuming my=170 GeV/c? and mgq=1 TeV/c?). The one-loop formulae of
reference [2] were used

top mass of 170 GeV/c? (which agrees with the direct mea-
surement of CDF [15] and that deduced from the precision
measurements of LEP/SLC [16]), a top-squark mass of 1
TeV/c? and tan3>>1 are assumed. To treat the region below
15 GeV, the bb threshold, the results of [4] have been used.

It is unlikely that tan<1, since in Grand Unified The-
ories this choice is incompatible with a correct description
of electro-weak symmetry breaking [17]. The constraint that
the Yukawa couplings do not develop a Landau-pole at high
energies imposes tan3>0.5 [18]. However, the same proce-
dure to determine limits can also be applied in this case. One
finds that for 0.5<tanf< 1, most of the domain accessible at
LEP100 is unphysical and the present search constrains my,
to be above 55 GeV/c2. There is, however, no lower limit
on my4 when my>60 GeV/c?,

Hence, at 95 % confidence level:

- my,>44 GeV/c? for any tan8
- m4>27 GeV/c? for tan3>1

assuming that m;=170 GeV/c? and mg,= 1 TeV/c?.

The my, limit is almost insensitive to the top and top-
squark masses. The variation of the limit on my4 as a func-
tion of these masses is shown in Fig. 6. A significant de-
pendence of the m 4 mass limit on the top-squark mass is
observed above 550 GeV/c?, which becomes milder above
700 GeV/c?.

Figure 7 shows the same results in the representation
tan vs my4. The limit on my4 is seen to depend on the top
mass only for tang below 4. It should be noted that if tan5 >
1.5, m4 is excluded up to 44 GeV/c?.

These results represent a significant improvement com-
pared to our previous limits [4], in particular that on m4.
The lowest limit on m4 (27 GeV/c?) corresponds to tanF~1
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Fig. 6. (a) the mass limit on ma (at 95 % confidence level) versus the
fop mass assuming Mmsg=1 TeV/c?. (b) the mass limit on mg (at 95 %
confidence level) versus the top-squark mass assuming my=170 GeV/c>.
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(as can be seen in Fig. 7a ) and mj,~58 GeV/c? (see Fig.
5). It can be shown that in this region the dominant con-
tribution to the limit comes from the Z—hZ* search. An
increased sensitivity on this channel would lead to further
progress on the m4 limit,

In a number of recent publications [3], the radiative cor-
rections to the Higgs boson mass have been calculated in-
cluding two-loop effects. Using these calculations, the limit
on my becomes more stringent. With the same values for
m; and m,, (170 GeV/c? and 1 TeV/c?, respectively), and
assuming as=0.11, the branching ratio limits reported here
yield

- my,>44 GeV/c? for any tanf3
— m4>39 GeVic? for tang>1.

On-shell production of hA in Z decays is excluded in this
case. Also tan3 = 1 is excluded if m; is below 150 GeV/c?.
In this case the my, limit is also insensitive to the top and
top-squark masses, while the drop in the my4 limit appears
at higher top-squark masses than in the case of one-loop
radiative corrections; it is observed around 1 TeV/c2. For
0.5<tan@<1, m; must be above 52 GeV/c?: if it is above
63 GeV/c?, no limit can be set on my.

5.3 The h— 2 A decay mode

In the two-doublet model the decay width of h — AA is
simply related to that of h — bb through the expression [1]:
I'th— AA) 1 84 mY cos’ (2B)sin” (B+a)
I'th—bb) 12 8 mim? tan? 3

with the usual meaning for 54 and ;. Except for particular
values of the mixing angles: # =¥ ,5 ora+J=0,h — AA

3
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largely dominates. In the case considered so far, when A is
heavy and decays predominantly into h — bb, the reaction
Z — hA will give a final state containing six b quarks.

The efficiency for the 6b final state has been calculated,
using the full simulation, with the cuts leading to Sample
II (see Sect. 3.2). As expected, the b-tagging efficiency in-
creases and the resulting overall efficiency is approximately
twice as large as for the 4b final state. For example with ma
= 27 GeV/c* and my, = 58 GeV/c? it is g = ( 1742 )%
while €4, = ( 71 }%. Therefore, taking into account this
gain in efficiency, a significant improvement on the hA lim-
its could be expected. However it turns out that, as explained
below, the mass limits are practically unchanged.

In the general two-doublet model, as long as tan 3 > 1,
when o = 0 is allowed by the hZ* limit, 8 can always be
set to 7 so that both the bb and the 2A mode are absent.
Since the mass limits are based on the least favourable decay
mode, they do not change in this case. This does not hold
when tanJ falls below 1, since 5 can no more be fixed
to & to climinate the h — AA mode. As a result, a small
improvement on the mass limits of Fig. 4b would be obtained
for my, > 47 GeV/c>. However this effect is small and has
been neglected.

In the MSSM case, most of the mass domain where mj,
> 2 my4 has already been excluded by the 4b search. The
limit on my4 at 27 GeV/c?, which as can be seen in Fig. 5
corresponds to mp, = 58 GeV/c?, could in principle change
since at this point the mode h — AA is allowed. However,
this point is at the limit of the unphysical region correspond-
ing to tan 3 = 1. From equation 3, it follows that I'th — AA)
= () and therefore the limit remains unchanged.



DELPHI

~~
*
=
<
¥z |
Mm 3
+ 10
%
<
=~
N’
~ L
[}
4
10k
5
107k
-6
L I T ST T
40 42 44 46 48 50 52 54 56 58 60
m, [GeV]
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5.4 Comment on searches for hA*

If tan3 is very large, the Yukawa couplings of A and h to bb
are also large. This assumes that tana=-tang, as predicted by
the MSSM in the mass region considered here, as shown in
the appendix. With such large couplings, it becomes possi-
ble to extend the present search above the kinematical limit
either through the Yukawa mode, h bb, or through virtual
production of one of the Higgs bosons in the processes
e'e” — hA* or et'e” — h*A. In [6], it was shown that
the Yukawa term is very small, while hA* could contribute
to extend the limit somewhat beyond the kinematical limit
of real hA production. Assuming mp=my, and taking into
account both hA* and h*A, the branching ratio for the pro-
cess (see appendix) is displayed in Fig. 8. This figure shows
that only modest progress can be achieved beyond the kine-
matical limit. Even for a branching ratio limit of 10~ and
for tan3=40 the limit on mp (m4) is still around 47 GeV/c?.

6 Summary

Beauty tagging using the DELPHI microvertex detector has
set a stringent limit on the process Z — hA — 4b which,
when combined with results from the latest DELPHI search
for the SM Higgs boson, significantly restricts the allowed
domain for neutral Higgs bosons masses.

For the two-doublet scheme, the mass limits obtained
are close to the kinematical limit for the hA channel up
to my, ~47 GeV/c? for tanf>1 and m; ~38 GeV/c? for
0.5 < tanf3 <1. For larger my, a light A cannot be excluded.

In terms of the MSSM, the limits found are even more
restrictive. The h mass limit of 44 GeV/c? is obtained at
m4 = 45 GeV/c?, close to the kinematical limit for the hA
channel, and is almost insensitive to the assumptions on the

top and top-squark masses. The A mass limit depends on the
theoretical formula used, and also on the top and top-squark
masses. Assuming a top mass of 170 GeV/c? and both top-
squarks masses degenerate with a common value of 1 TeV/c?
this limit is about 27 GeV/c? using radiative corrections cal-
culated including one-loop effects, and 39 GeV/c? if also
two-loop effects are considered. These limits increase to 45
GeV/c? if the top-squark mass is lower, below 550 GeV/c? in
the one-loop case, 900 GeV/c? in the two-loop one. Further
progress on the limit on m4 can be achieved by improving
the sensitivity in the hZ* channel.
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Appendix

In deriving Fig. 8, it is assumed that tan is large and that
A and h have the same mass, just above the kinematical
limit mz/2. The coupling constants of h and A to bb are
proportional to sina/cosf and tanf respectively. For large
tang, it can be shown that:

m% +e—mi

4

tano = —tan 5 5
my +my
where ¢ is the loop correction term [2]. With a top mass of
170 GeV/c?, a top-squark mass of 1 TeV/c? and a large tang,
one finds e= (76 GeV/c?)?. Numerically, tanc and -tang are
found to differ by less than 20 % when m 4 is close to the
kinematic limit.

The matrix element for the process Z—hA* has been
rederived and agrees with [6]. Assuming that A and h have
the same mass and tanf is large, the final formula reads:

a?m? tan® B cos? (a — B)

BW 5
8mmy sin® Oy cos* Oy ©)

T(RA* + h* A) =

with
(mz—mp)
BW = / |25h|3

Zmb

(m/mz)’
(m? —m2)r+ Iom?

dm (6)

where the integration is over the mass of the virtual Higgs
boson, and the momentum is in the centre-of-mass. It can be
verified that with this formula the standard value of equation
1 is recovered when both h and A are on shell. The factor
A3 used here, and in the rest of the paper, is the usual phase
space factor:

P PO AL WL o
- m2 mz m2 m2
A VA Z Z
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