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Abstract

In the “intense–coupling” regime all Higgs bosons of the Minimal Supersymmet-
ric extension of the Standard Model (MSSM) are rather light and have comparable
masses of O(100 GeV). They couple maximally to electroweak gauge bosons, and for
large ratios of the vacuum expectation values of the two Higgs doublet fields, tan β,
they interact strongly with the standard third generation fermions. We present in
this note a comprehensive study of this scenario. We summarize the main phe-
nomenological features, and the accordance with the direct constraints from Higgs
boson searches at LEP2 and the Tevatron as well as the indirect constraints from
precision measurements will be checked. After the presentation of the decay branch-
ing ratios, we discuss the production cross sections of the neutral Higgs particles in
this regime at future colliders, the Tevatron Run II, the LHC and a 500 GeV e+e−

linear collider.
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1 Introduction

The Higgs sector of the MSSM consists of five physical Higgs states, two CP–even Higgs
bosons, h and H , a CP–odd A and two charged H± bosons [2]. Supersymmetric relations
imply that at least the lightest one, h, has a mass below ∼ 130 GeV after including
radiative corrections [3] and will therefore be accessible at future pp and e+e− colliders.
In the decoupling regime [4], the H,A and H± bosons are very heavy and degenerate,
and the light h state behaves Standard Model (SM) like. Being of O(1 TeV) the heavy
Higgs particles might escape detection so that the MSSM cannot be disentangled from
the SM. A much more interesting scenario would be the opposite non–decoupling regime
where all Higgs bosons are rather light and have comparable masses. In the case of large
values of tanβ one of the CP–even bosons will be almost degenerate in mass with A and
have almost the same couplings as the pseudoscalar Higgs boson, while the other CP–
even Higgs boson behaves SM–like. In this situation all Higgs bosons will be accessible
at the next generation of colliders in a plethora of production and decay processes with
rates that can be very different from the SM case. Since the Higgs bosons are almost
degenerate, several production channels have to be considered at the same time in order
to detect the particles individually.

In the following, we discuss this intense–coupling regime taking into account direct and
indirect experimental constraints. The various decay branching ratios will be presented,
and the production at future colliders, the Tevatron Run II [5, 6], the LHC [6, 7] and
e+e− machines [8], will be analyzed.

2 The MSSM Higgs sector in the intense–coupling regime

The properties of the MSSM Higgs bosons are defined by their four masses, the ratio tan β
and the mixing angle α, introduced to diagonalize the Higgs boson mass matrix in the CP–
even sector. Due to supersymmetry (SUSY), at tree level there are only two independent
parameters, in general taken to be the A boson mass,MA, and tan β. Radiative corrections
introduce a further dependence on other soft SUSY breaking parameters [3]. The intense–
coupling regime is characterized by rather light, almost degenerate Higgs bosons and large
values of tan β. Taking into account the leading radiative corrections in the case of large
tan β for the Higgs boson masses and the couplings to fermions and gauge bosons, rather
simple and accurate formulae can be derived, from which the features of the Higgs boson
sector in this non-decoupling scenario can be read off [1]: The Higgs states are almost
degenerate in mass, with

90 <∼ MΦ <∼ 130 GeV, Φ = h,H,A

MH± <∼ 150 GeV (1)

For large values of tanβ one of the CP–even Higgs bosons, denoted by ΦA in the following,
is degenerate in mass with A and has large couplings to b quarks and τ leptons, i.e. it
behaves like a A boson, whereas the other CP–even Higgs boson, denoted by ΦH , behaves
SM–like with maximal couplings to gauge bosons and strong couplings to top quarks.
Depending on whether the A boson mass value is below or above a critical mass value
MC , the respective role is taken over by h or H :

MA ≥ MC : MH = MA and H = ΦA Mh =MC and h = ΦH
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MA ≤ MC : Mh =MA and h = ΦA MH = MC and H = ΦH (2)

The critical mass MC is approximatively given by
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GF denotes the Fermi constant, mt the running MS top quark mass at the scale Mt =
175 GeV, to account for the leading QCD corrections, αs the strong coupling constant at
Mt, At the stop trilinear coupling and MS the common SUSY breaking mass scale. For
MA � MC , the decoupling limit is reached and h behaves SM–like, cf. (2).

3 Experimental constraints on the intense–coupling regime

3.1 Direct constraints

The search for Higgs bosons at LEP2 in the Higgs–strahlung process, e+e− → ZH0, has
set a lower bound on the SM Higgs boson mass, MH0 > 114.4 GeV at the 95% confidence
level [9]. In the MSSM, this bound is valid for the lighter CP–even Higgs boson h if its
coupling to Z bosons is SM–like, g2

ZZh/g
2
ZZH0 ≡ sin2(β − α) ≈ 1, or for the heavier CP–

even state H in the case of a SM–like ZZH coupling, g2
ZZH/g

2
ZZH0 ≡ cos2(β −α) ≈ 1. In

addition, the search for Higgs bosons in the associated production process e+e− → Ah sets
the limits Mh > 91.0 GeV and MA > 91.9 GeV at the 95% confidence level [9]. In order
to derive a bound onMh for arbitrary values ofMA and tanβ we have fitted the exclusion
plots for sin2(β−α) and cos2(β−α) versusMh andMA+Mh, respectively, given in [9], and
delineated the regions allowed by the LEP2 data up to

√
s = 209 GeV in the [MA, tanβ]

and [Mh, tanβ] planes [1]. Fig. 1 shows the domains allowed by the LEP2 constraints for
the no–mixing scenario, i.e. the trilinear soft SUSY breaking coupling in the stop sector
At = 0 TeV, and the maximal mixing scenario, At ≈ √

6 TeV. In the maximal mixing
scenario, the allowed region is larger, since the large stop mixing increases the maximal
Mh value to the level where it exceeds the discovery limit, Mh >∼ 114 GeV.

The red and the green regions show the implication of the 2.1σ evidence for a SM–
like Higgs boson with a mass MΦH

= 115.6 GeV [9]. Considering the theoretical and
experimental uncertainties, this result has been interpreted as favoring the mass range
114 GeV <∼ MΦH

<∼ 117 GeV. Since this Higgs boson should be SM–like, the additional
constraint g2

ZZΦH
/g2

ZZH0 ≥ 0.9 has been imposed. As can be seen in Fig. 1, the H boson
can be the “observed” Higgs boson only in the case of zero mixing. For large stop mixing,
the H boson mass always exceeds 117 GeV.

Fig. 1 demonstrates that the intense–coupling regime, where 90 GeV <∼ MΦ <∼ 130 GeV
[Φ = h,H,A] and tanβ � 1, is still allowed by the LEP2 searches.

Further constraints can be obtained from the Higgs boson searches at the Tevatron [6].
The search for the top decay mode into a b-quark and a charged Higgs boson, t → bH+,
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Figure 1: The allowed regions for MA [left] and Mh [right] from LEP2 searches as a
function of tan β (colored regions) in the case of no mixing (up) and maximal mixing
(down). The red regions indicate where 114 GeV < Mh < 117 GeV and g2

ZZh/g
2
ZZH0 > 0.9,

and the green regions indicate where 114 GeV < MH < 117 GeV and g2
ZZH/g

2
ZZH0 > 0.9.

sets the limits tanβ <∼ 50 forMH± <∼ 150 GeV (i.e. MA <∼ 130 GeV). The data on τ+τ−+2
jets can be exploited to derive limits from the process pp → bb̄A, leading to tan β <∼ 80 for
MA <∼ 130 GeV. In summary, the intense–coupling regime is not excluded by the Tevatron
data.

3.2 Indirect constraints

Indirect constraints on the parameters of the MSSM Higgs sector come from high precision
data [10]. We examined the contributions of the MSSM Higgs sector in the intense–
coupling regime [1] and found that they do not violate the experimental constraints on the
ρ parameter (the new physics contribution is limited to ∆NP

ρ
<∼ 1.1·10−3), the anomalous

magnetic moment (aµ = 11659202(20) · 10−10), the Zbb̄ vertex (the forward-backward
asymmetry of the decay Z → bb̄ is Ab

FB = 0.099 ± 0.002) and the b → sγ decay (the
branching ratio is given by BR(b → sγ) = (3.37± 0.37± 0.34± 0.24+0.35

−0.16 ± 0.38)·10−4).

4 Branching ratios and total widths

Fig. 2 shows the branching ratios of the neutral Higgs bosons A, h,H as a function of
their respective mass for 90 <∼ MA <∼ 130 GeV and tanβ = 30. As can be inferred from
the figure, the A boson decays with a ratio of 90% into bb̄ and of 10% into τ+τ−, the
other branching ratios being below ∼ 10−3. The pattern for the branching ratios of the
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Figure 2: The branching ratios of the neutral Higgs bosons A (left), h (middle), H (right)
as a function of their masses for tan β = 30 and µ = M2 = 1 TeV, MS = 1 TeV ,
At = 2.6 TeV.

CP–even Higgs bosons is similar to that of the A boson if their masses are close to MA

and tan β � 1, unless h and H have masses close to MC , where they behave SM–like. In
practice, however, this limit is not reached, especially for h with tanβ <∼ 50. As can be
seen in Fig. 2, the h branching ratios are all below ∼ 10−3 except for the bb̄ and τ+τ− final
states. This is because the h coupling to gauge bosons does not reach the SM limit, while
the hbb̄ coupling is still enhanced for large tan β. In the case of H and MH >∼ 125 GeV the
branching ratios into γγ, WW and gg are much smaller than in the SM. They approach
the SM values near the critical mass. For larger values of tan β, however, a new feature
occurs. The H coupling to down type fermions becomes strongly suppressed and at some
stage nearly vanishes, so that the branching ratios into WW, gg and γγ become larger
than in the SM case in this pathological region [11], cf. Fig. 3.

Figure 3: The branching ratios of the H boson into γγ, gg, W+W−, τ+τ− final states as
a function of tanβ for MA = 90, 110, 130 GeV.

Finally, the total decay widths of h,H are SM–like for masses near MC and therefore
rather small. Otherwise, the total width of the ΦA–like boson, dominated by the decays
in b and τ , being proportional to tan2 β, can become rather large for large tan β values
[e.g. ΓH

tot ≈ 7 GeV for tanβ = 50, MA = 130 GeV], cf. Fig. 4.

5 Production at Future Colliders

5.1 Production at pp colliders.

The neutral MSSM Higgs bosons can be produced in a plethora of processes at Tevatron
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Figure 4: The total decay widths of the
neutral Higgs bosons h,H,A as a func-
tion of their masses for tan β = 30.

Run II and the LHC. Fig. 5 shows the main production processes at the LHC for tanβ =
30, i.e. gluon–gluon fusion, gg → Φ [Φ = h,H,A], associated production, gg, qq̄ →
Φ + bb̄/tt̄, and WW/ZZ fusion, V V → h,H [V = W,Z]. For large tan β the gg fusion
process is dominated by the b quark loop contributions, which are enhanced by tan2 β
factors, leading to cross sections of up to 1500 pb for the ΦA–like bosons. Due to the
large QCD backgrounds, only the γγ final states can be probed. In the intense–coupling

Figure 5: Production processes at the LHC for the gluon-gluon fusion process, associated
production with b quarks and with top quarks, and the WW/ZZ fusion processes (from
left to right) as a function of MA for tan β = 30 with the same SUSY parameters as in
Fig. 2. The next-to-leading order QCD corrections have been taken into account, where
available [12].

regime there can be situations, however, where the rates σ(gg → Φ) × BR(Φ → γγ) are
small for all three Higgs bosons, due to small cross sections, cf. Fig. 5, or small branching
ratios into γγ in the case, where the SM limit is not yet reached, cf. Fig. 2. The A,ΦA

production processes in association with b quarks are strongly enhanced by tan2 β factors,
reaching rates similar to the gg fusion process, whereas the ΦHbb̄ cross section is much
smaller due to a tiny Yukawa coupling. The detection of A and ΦA, however, is promising,
since the additional two b quarks in the final state can be exploited to reduce the QCD
backgrounds and one does not have to rely on the decays into photons or massive gauge
bosons. The associated production cross sections with t quark pairs are suppressed due
to the smaller phase space and a not enhanced Higgs–tt̄ coupling. To the contrary, the
A/ΦAtt̄ process is strongly suppressed by tan

2 β factors. Only the ΦHtt̄ production reaches
cross sections at the level of ∼ 0.3 pb. For the detection, the γγ and the bb̄ final states
can be exploited. The latter being more promising due to slightly enhanced branching
ratios compared to the SM case, cf. Fig. 2. The vector boson fusion processes are two to
three orders of magnitude smaller than the gg → Φ and bb̄Φ processes, reaching ∼ 5 pb
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only for the SM–like Higgs boson with maximal coupling to the gauge bosons. In this case
the τ+τ− final states would allow for the detection by taking advantage of the energetic
quark jets in the forward and backward directions [13]. The corresponding cross sections
at the Tevatron show the same pattern being a factor 30 to 150 smaller depending on the
process [1].

5.2 Production at e+e− colliders.

The main production processes at e+e− colliders [14] are the bremsstrahlung process,
e+e− → Z + h,H , the associated production process, e+e− → A+ h,H , the vector boson
fusion, e+e− → ν̄eνe/e

+e− + h,H , and the radiation off top and b quarks, respectively,
e+e− → tt̄/bb̄ + Φ, cf. Fig. 6. Since the cross sections for Higgs-strahlung and Higgs
pair production as well as the cross sections for the h and H production are mutually
complementary to each other, and in view of the high luminosity that can be reached
at an e+e− collider [8] as well as the efficient b-quark tagging, all neutral Higgs bosons
can be discovered at e+e− machines in the intense–coupling regime. Furthermore, in the
associated production processes with quark pairs, the tt̄ΦH and for large enough tanβ,
the bb̄A, bb̄ΦA Yukawa couplings can be measured.

Figure 6: Higgs production cross sections at a 500 GeV e+e− linear collider in the
bremsstrahlung and associated Higgs production processes (left), the vector boson fusion
processes (middle) and the associated production with top and bottom quarks (right) as a
function of MA for tan β = 30. The SUSY parameters have been chosen as in Fig. 2.

6 Summary

The preceding discussion has demonstrated that the phenomenology of the MSSM Higgs
bosons in the intense–coupling regime is extremely rich. Being rather light, all Higgs
bosons will be accessible at future colliders in various and complementary production
channels. New features occurring in this scenario demand in some cases other techniques
for the search of these particles than in the SM case and in the MSSM case close to
the decoupling limit. Since the Higgs bosons are close in mass, it might be difficult to
separate them, and several production channels have be to considered at the same time. In
addition, the large total widths for the pseudoscalar and pseudoscalar–like Higgs boson
lead to broader signals. Finally, the clean γγ final state signatures used for the Higgs
boson searches at the LHC, might be much less frequent than in the SM case. Having
summarized the main features of the intense–coupling regime in this note, more detailed
Monte-Carlo studies are needed to assess at which extent these Higgs particles can be
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discovered and their properties can be measured at future colliders.
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