Search for Higgs in the Two Doublet Models
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Two Higgs Doublet Models are attractive extensions of the Standard Model. The most recent results obtained
by the LEP collaborations on searches for Higgs bosons in the context of Two Higgs Doublet Models are presented.

1. Introduction

In the minimal Standard Model (SM) the Higgs
sector comprises only one complex Higgs dou-
blet [1] resulting in one physical neutral Higgs
scalar whose mass is a free parameter of the the-
ory. However, it is important to study extended
models containing more than one physical Higgs
boson in the spectrum. In particular, Two Higgs
Doublet Models (2HDMs) are attractive exten-
sions of the SM since they add new phenomena
with the fewest new parameters; they satisfy the
constraints of p &~ 1 and the absence of tree-level
flavour changing neutral currents. In the context
of 2HDMs the Higgs sector comprises five phys-
ical Higgs bosons: two neutral CP-even scalars,
h and H® (with my, < mp), one CP-odd scalar,
A% and two charged scalars, H¥. The couplings
between the Higgs bosons and the fermions de-
termine the type of the model considered. In the
Type IT model the first Higgs doublet (¢1) couples
only to down-type fermions and the second Higgs
doublet (¢2) couples only to up—type fermions. In
the Type I model the quarks and leptons do not
couple to the first Higgs doublet (¢1), but cou-
ple to the second Higgs doublet (¢2). The mini-
mal supersymmetric extension of the SM [2] is a
Type II 2HDM, in which the introduction of su-
persymmetry adds new particles and constrains
the parameter space of the Higgs sector of the
model. Therefore 2HDMs of type II (2HDM(II))
are more general than the MSSM. 2HDM(IT) have
6 free parameters:

- the four Higgs masses, namely, ma, my,
muy, My=+;

- the angle 8 (0 < 8 < 7/2), where tang =
vg /vy is defined as the ratio of the vacuum
expectation values of the two scalar fields.

- the angle a defined as the mixing angle
that relates the physical mass eigenstates
with the field doublets. The most general
2HDM(II) is studied by varying the « angle
in a m lenght range.

At the centre-of-mass energies accessed by LEP,
the h® and AY bosons are expected to be pro-
duced predominantly via two processes: the
Higgs—strahlung process ete™—h%Z% and the
pair-production process ete”—hYA%. The cross-
sections for these two processes, onz and opa,
are related at tree-level to the SM cross-sections
through the following relations [2]:

ete”—h070 : onz =sin*(B—a) ofy, (1)
ete™—h0A0 . ona = cos* (B — @) X oy, (2)

where oy is the Higgs-strahlung cross-section

for the SM process ete”—HEZ°, and X\ is a
phase—space factor.

The coefficients sin?(3 —a) and cos?(8 — «)
which appear in Egs. (1) and (2) determine the
production cross-sections. The decay branching
ratios to the various final states are also deter-
mined by a and 8. In the 2HDM(II) the tree-level
couplings of the h” and A° bosons to the up— and
down—type quarks relative to the canonical SM
values are [2]:
oy . sina
h"bb : cos B’
cos

sin 3’

Abb : tan g,

hOce :

A%z cotf3, (3)



indicating the need for a scan over both angles
when considering the different production cross-
section mechanisms and final state topologies.

2. Scan of the Neutral sector of 2HDM (IT)

A detailed scan of the Neutral sector of the
2HDM(II) has been performed by the OPAL col-
laboration [3]. Each of the scanned points is
considered as an independent scenario within the
2HDM(IT), and results are provided for each point
in the (my, ma, tanfs, o) space. The masses my,
and mp are varied such that the kinematically ac-
cessible range at LEP is fully covered: 1 < my, <
120 GeV, 3 GeV < ma < 2.0 TeV. The choice
0 < 8 < 7/2 derives from v1,v2 > 0. Five val-
ues of o (a = 7/2, /4, 0, —7w/4, and —7/2)
have been chosen in the range —7/2 < a < 7/2:
they extend the analysis to the particular cases
of maximal and minimal mixing in the neutral
CP-even sector of the 2HDM(II) (o = £7/4 and
+7/2, respectively). Searches for Neutral Higgs
bosons performed at OPAL at /s = mgz and for
189 < /s < 209 GeV have been interpreted in
the context of the 2HDM(II), i.e., searches for h°
production via the Higgs—strahlung process and
for h® and A° via the pair-production process.
All final state topologies with the Z° decaying into
pairs of quarks and leptons and the h® and A° de-
caying into bb are taken into account. The decay
of h? into A®A°, that is dominant when kinemat-
ically allowed, has also been considered. Higgs
bosons couple to fermions with a strength propor-
tional to the fermion masses, favouring the decays
into pairs of b—quarks and tau leptons at LEP
energies. However, with values of o and tang
close to zero the decays into up—type light quarks
and gluons through quark loops become domi-
nant, motivating the development and inclusion
in this study of analyses of the final states with h®
and AY decaying into qq pairs, so called flavour
independent. The limit on non-standard contri-
butions to the invisible width, ATl';,, < 2 MeV
at 95 % Confidence Level (C.L.) extracted from
the latest LEP combined Z° lineshape results [4]
is used to set upper limits on the cross-section of
79 decays into final states with h® and A° bosons.
In Figure 1 the excluded regions in the (mp, ma)
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Figure 1. Excluded (my, ma ) region independent
of o, together with the expected exclusion limit.
The cross—hatched region is excluded using con-
straints from I'y only. Expected exclusion limits
are shown as a dashed line.

plane independent of a are given together with
the calculated expected exclusion limits. A par-
ticular (my,, ma) point is excluded at 95% C.L. if
it is excluded for all scanned values of tan( and
«. Different domains of tan3 are shown: 0.4 <
tang < 58.0 (darker grey area) and two restricted
ranges, i.e., 0.4 < tanf < 1.0 (lighter grey area)
and 1.0 < tan8 < 58.0 (hatched area), for which
enlarged excluded regions are obtained. A rect-
angular region 1 < my < 58 GeV for 10 < my <
65 GeV is fully excluded at 95% C.L. independent
of a and tanf. The cross-hatched region shows
the exclusion provided by the constraints on the
width of the Z° common to all the scanned values
of o and tang.

The DELPHI collaboration has also studied the
2HDM(II) parameter space [5]. The following fi-
nal states have been analysed at /s = 189-208
GeV:



1. ete™—hYA%—4b,

2. ete”—=hA9—=AYAOAY —bbbbbb,
3. ete™—=Z%h"—Z0A9A%—qgbbbb,
4. ete” =AM —h0Z%hO —bbbbqgq.

For channel number 1. also 1994-1995 data (1/s ~
my) have been analysed.

For each process a global suppression factor is de-
fined as the product of cross-section times branch-
ing ratio suppression in the 2HDM(II) with re-
spect to the SM. Such a procedure allows a model
independent approach: to see whether a given
point in any specific model parameter space is ex-
cluded it is sufficient to calculate the correspond-
ing global suppression factor and to compare it
with the excluded value. This study is specifi-
cally searching for decays of the h® and AY into b
quarks and therefore no exclusion can be obtained
in the most general 2HDM(II) in the parameter
space regions where the h° or Aare not decaying
to bb. Figure 2 shows the countours of suppres-
sion factor excluded at 95% C.L. in the (my,ma)
plane by the 4b final state analysis (channel 1.).

3. Study of Yukawa production mechanism

Another important process for Higgs produc-
tion in addition to the Higgs-strahlung and pair-
production is the Yukawa process shown in Fig-
ure 3. For a sufficiently small sin®(3 — a), the
h° produced through the Higgs-strahlung process
can not be seen in the data collected at LEP due
to the cross-section suppression factor. Under the
assumption that the Higgs-strahlung process is
suppressed and pair-production is kinematically
forbidden, ma + my > +/s, the Yukawa process
becomes the dominant process for Higgs produc-
tion at LEP. This scenario can easily be realised
in the general 2HDM since its parameters are not
constrained theoretically [6,7].

The cross-section of the Yukawa process [§]

OYukawa X m% NC §f2 (4)

is proportional to the squared fermion mass, m?,
the colour factor, N, of the emitting fermion,
and an enhancement factor ffz, which describes
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Figure 2. Region in the (my,ma) plane where
pair-production of h°A° and decay into four b-
quarks is excluded by the present analysis. The
levels of gray correspond to suppression factors of
0.1, 0.3, 0.5, 0.75, and 1, from darker to lighter
gray, respectively.

the coupling between the Higgs boson and the
emitting fermion (see equation 3). The range of
&y and &,, i.e., the coupling to down- and up-
type quarks and leptons for which a detectable
signal would be produced, can be divided into
two cases: (i) &, > 1 and (ii) & > 1, i.e., en-
hancement of the up-type and down-quark and
leptons coupling to the Higgs, respectively. How-
ever, an enhancement of the up-type quarks cou-
pling, sufficient from the production and detec-
tion point of view, is already excluded by a search
for Z9—h°(A%)y process [9]. Searches have been
performed by the LEP experiments in the four
final states : 2b27,4b,272b and 47 [10-12]. Only
data collected at /s ~ mz (LEP1) were analysed
since, although the luminosity collected at 130 <
Vs <209 GeV (LEP2) is a factor five higher than
the luminosity at the Z peak, the number of pro-
duced b-quarks is 100 times smaller. The DEL-
PHI and OPAL collaborations produced the most
recent results performing an analysis in the final
state with 4 b-quarks on 1994-1995 LEP1 data



Figure 3. The Born level Yukawa production pro-
cess Feynmann diagram.

[13] and with 2 b-quarks and 27 on 113.1 pb~!
of LEP1 data [14], respectively. Figure 4 shows
the 95% C.L. exclusion within 2HDM(II) in the
DELPHI 4b channel. The results are greatly im-
proved with respect to the previous analysis [11]
that was based on a reinterpretation of the DEL-
PHI measurement of the gluon splitting into bb.
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Figure 4. The exclusion within the 2HDM(II) in
the 4b channel. The enhancement factor shown
on the vertical axis corresponds to tan( and
sina/ cos 3 for A® and h°, respectively.

Recent measurements of the anomalous mag-
netic moment of the muon, a, = (g — 2)u,
have given a result which deviates from the Stan-
dard Model expectation by ~ 2.6 standard de-

viations [15]. Depending on the estimation of

the hadronic contribution to the muon anoma-
lous magnetic moment, the 90% C.L. ranges for
the contribution of New Physics da,(NP) to the
muon anomalous magnetic moment vary in the
range 112 x 107 < §a, (NP) < 690 x 10~ 11 [16-
18).

Light Higgs bosons AY and h® could contribute
to a, via loop diagrams. A one-loop calcula-
tion [19] predicts positive contributions da/,(h)
> 0 for the h, and negative contributions da/,(A)
< 0 for the A°. The two-loop contributions, due
to the stronger coupling of the Higgs fields to
loops with heavy quarks, turn out to be larger in
magnitude than the one-loop terms, and of oppo-
site sign [20], giving a total positive contribution
das/(A) > 0 for the A°. However, the two-loop
terms gives a total negative contribution dalf(h)
< 0 for the h°, thus suggesting that the hou can
not account for the BNL observation. The 95%
C.L. limits derived within the 2HDM model by
the OPAL 2027 analysis [14] are shown in Fig-
ure 5 (a) and (b) for CP-odd and CP-even Higgs
production, respectively. In the h®and A°mass
range from 9.4 GeV to 11.0 GeV the effect of the
mixing of the Higgs bosons with bb bound states
has been taken into account in the calculation of
the h® and A° branching ratios.

Figure 5 (a) and (b) also show the ISO-
lines of the contribution from the two-loop and
earlier one-loop calculations, respectively. The
OPAL data exclude positive contributions da/, (h)
> 100 x 107! for h® masses between 4.0 and
10.7 GeV at the one-loop level, and da//(A)
> 100 x 10~ for A® masses between 4.0 and
9.9 GeV at the two-loop level. Similar limits
have been derived from radiative T decays [21,22]
for h%/A® masses lighter than about 8 GeV with,
however, large QCD uncertainties.

4. The charged Higgs sector

Charged Higgs bosons are predicted by
2HDMs. At LEP2 energies charged Higgs bosons
are expected to be produced mainly through the
process ete”—HTH™. In the MSSM, at tree-
level, the H* is constrained to be heavier than
the W* bosons, but for specific choices of the
parameters, loop corrections can bring the mass
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Figure 5. Ezpected and Observed excluded values
of €4 at 95% C.L. in the 2HDM(II) with Standard
Model particle content for the Yukawa production
of A° (upper plot) and for the h° (lower plot) with
the mizing to bb bound states taken into account.
The dotted lines are the contours of the predicted
Higgs contribution at one-loop and two-loop for
h® and A°, respectively, to the muon anomalous
magnetic moment, da,, (Higgs).

to lower values. Thus, any signal for HTH™
would indicate either new physics beyond the
MSSM or a rather extreme set of MSSM param-
eter values. In 2HDMs the H* mass is not con-
strained, and the tree-level cross-section is fully
determined by the mass [24]. The searches are
carried out under the assumption that the two
decays H*—c5 and Ht—71v exhaust the HT
decay width, but the relative branching ratio is
free. Thus, the searches encompass the follow-
ing HYH™ final states: (c8)(cs), (t1v)(7~7) and
the mixed mode (c8)(7~7)+(cs)(7Tv). The com-
bined search results are presented as a function
of the branching ratio B(HT—7Tv).

The data collected by the four LEP experi-

Figure 6. The 95% C.L. bounds on my+ as a func-
tion of the branching ratio BT —71v), combining
the data collected by the four LEP experiments at en-
ergies from 189 to 209 GeV. The expected exclusion
limits are indicated by the thin solid line and the ob-
served limits by the thick solid one. The shaded area
is excluded at the 95% C.L.

ments at energies from 189 to 209 GeV have
been analysed and combined [23]. Details of the
searches of the individual experiments can be
found in [25,26]. It should be noted that L3 ob-
serves an excess of events in the pure hadronic
and the semi-leptonic channels in the mass region
around 68 GeV [26]. The compatibility of the L3
and the three other experiments observations in
the vicinity of 68 GeV is under investigation.
The mass limits expected and observed are
shown in Figure 6. To obtain the limits, the
branching ratio B(HT —7%v) has been scanned in
steps of 0.05, and the limit setting procedure re-
peated for each step. In the hadronic channel and
for masses close to myy+, the sensitivity is sup-
pressed by the large ete™ —WTW™ background.
There is a regain of sensitivity at higher masses,
as signalled by the excluded “islands” above 84
GeV. A 95% C.L. lower bound of 78.6 GeV for
the mass of the charged Higgs boson is obtained.



5. Conclusions

The LEP experiments have sought many differ-
ent signatures of Higgs bosons beyond the Stan-
dard Model, in particular in 2HDM scenarios
without observing a compelling evidence of new
physics. Exclusion limits at 95% C.L. have been
extracted. For tan3> 0.4 the region 1 < my, < 58
GeV with 10 < ma < 65 GeV is excluded at
95% C.L. by an OPAL study in the most general
2HDM(II) with no CP-violation in the Higgs sec-
tor. A lower limit on the charged Higgs mass of
78.6 GeV is obtained by the combined searches
of all LEP experiments. Limits on the Yukawa
production of Higgs have been set by the LEP
collaborations, which are interpreted to restrict
the possible contribution from the Higgs sector to
the anomalous magnetic moment of the muon. In
view of the next generation of colliders the LEP
results on 2HDMSs provide a crucial indication on
the parameter space regions where new physics
could be sought and eventually found.
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