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Abstract: I briefly review the theoretical basis and experimental phenomenology of a
number of exotic Higgs scenarios.

1. Introduction
There are so many models of electroweak symmetry breaking (EWSB) that it is impossible
to review more than a few of them. My focus will be on theories in which there are “true”
CP-even Higgs bosons emerging from the EWSB mechanism. I will first consider possible
motivations for and problems associated with simply adding additional singlet, doublet or
triplet Higgs representations to the Standard Model (SM) (i.e. without supersymmetry or
extra dimensions). Next, I will discuss a few issues regarding the inclusion of CP violation
and/or adding singlets to the MSSM. I will make a few remarks regarding Higgs bosons in
the Left-Right Symmetric SUSY (SUSYLR) Model. I will then turn to models with extra
dimensions, focusing on mixing between the Higgs boson and the radion in the simplest
one doublet model with a warped 5th dimension. In all of these extensions, detection and
study of the scalar bosons is complicated by the possibilities that the physical eigenstates:
(a) mix strongly; (b) overlap (within relevant experimental resolutions); and/or (c) decay
into one another. I will not have space to discuss higgsless models or little Higgs models.

2. Extending the SM Higgs sector
There are no particular theoretical problems (or benefits) associated with adding one or
more singlet representations to the SM. However, each additional complex singlet gives
rise to one extra CP-even Higgs boson and one extra CP-odd Higgs boson. Consequently,
discovery would most likely be much more challenging as a result of the possibilities (a)-(c)
listed above.
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MU (GeV)
4 × 1012
7.7 × 1012
1.6 × 1013
1.7 × 1014
4.9 × 1012
1.7 × 1012
1.2 × 1013

Table 1: Representation choices that yield coupling constant unification are shown, where NT,Y
is the number of representations of a given type. The required value of αs (at one loop) and the
unification scale MU are given for each case.

Adding additional doublets to the SM is also entirely possible. Doublets do not destroy
the prediction of ρ = 1, but Higgs sector potential parameters must be chosen so that
m2H ± > 0. Each extra doublet adds one extra CP-even Higgs boson, one extra CP-odd
Higgs boson and a charged Higgs pair. Discovery will generally be more difficult.
On can also consider adding triplet representations of various types to the SM. As
discussed shortly, they could be good for coupling constant unification. If the vev of any
neutral member of the triplet is zero, then this vev will remain zero at higher orders and
the ρ = 1 prediction will be retained. However, if the neutral member vev is non-zero ρ
is infinite at one loop and must be renormalized [1]. This is true even for models such
that ρ = 1 at tree-level. The value of ρ becomes another input parameter to the theory.
(Equivalently, the values of mW and mZ are independently renormalized parameters.)
One should recall that Y 6= 0 triplets are motivated by left-right (LR) symmetric models within which context they can generate neutrino masses via the seesaw mechanism [2].
Aside from the triplet, an L-R model must contain at least one doublet and more are
certainly a possibility.
As already noted, unification of the coupling constants can be achieved without SUSY
by adding additional Higgs representations to the SM (see, for example, Ref. [3]). Some
simple choices are illustrated in Table 1. In all cases, the resulting value of MU is smaller
than is comfortable for proton decay. However, this is not necessarily a problem. For
example, coupling unification need not imply true group unification, as, for example, in
certain types of string models. My favorite model is N 1 ,1 = 2, N1,0 = 1, leading to
2

αs (mZ ) = 0.115 and MU = 1.7 × 1014 GeV. Let me denote the triplet members by ξ +,0,−
and define
vT ≡ hξ 0 i. For the doublet members, we define vu ≡ hHu i, vd ≡ hHd i and
q
vD = vu2 + vd2 . Further, we use the notation tan β = vu /vd and tan γ = vT /vD .
A very interesting observation is that for this (and other) models, precision electroweak
(PEW) constraints do not imply that there must be a discoverable light Higgs boson. For
example, consider the case of vT = 0 [5]. If the triplet Higgs bosons have masses >
∼ 1 TeV,
they will give rise to coupling constant unification but they will not be detectable at the
LHC or LC. Further, for tan β moderate in size and 200 GeV <
∼ mA0 , one is in the LHC
0
“wedge” [6, 7] region, see Fig. 1, for which detection of the A (in the bbA0 final state) will
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not be possible at the LHC. At the LC, the moderate tan β wedge for which A0 detection
in the bbA0 or ttA0 final states is not possible is even larger [8] (see also, [9]); see Fig. 2. We
also note that A0 A0 νν production at most allows detection of the A0 up to mA0 ∼ 285 GeV
√
for s = 800 GeV LC operation [10] (and references therein), as also indicated in Fig. 2.

Figure 1: 5σ discovery contours for MSSM Higgs boson detection in various channels are shown
in the [mA0 , tan β] parameter plane, assuming maximal mixing and an integrated luminosity of
L = 300 fb−1 for the ATLAS detector. The “wedge” region for the A0 alone, i.e. without the
degenerate H 0 , would be somewhat larger.

To complete the scenario [5], we take the h0 to be heavy (e.g. 500 GeV <
∼ 1 TeV)
∼ mh 0 <
and SM-like and choose mH 0 and mH ± still larger (but <
1.2
TeV
in
order
that
that the
∼
Higgs potential quartic couplings are perturbative) with mH ± − mH 0 > 0 but quite small
(e.g. ∼ few GeV). A heavy SM-like h0 leads to large ∆S > 0 and ∆T < 0 contributions,
but these are compensated by a large ∆T > 0 from mH ± − mH 0 > 0:
∆ρ =

α
16πm2W c2W
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(2.1)

The result is to predict S, T values that are well within the usual 90% CL PEW region, as
shown in Fig. 3 (from [11]).
In this model, the LHC would discover a SM-like h0 with mh0 well above the roughly
200 GeV upper limit obtained in the strictly SM context. Such an h0 would be beyond
√
√
the reach of an LC with s <
∼ mh0 + 2mZ . Without much higher LC s, there are only
two options for clarifying the situation. First, Giga-Z PEW measurements (combined with
∆mW = 6M eV from a W W threshold scan) would pinpoint the S, T values. Sample Giga-
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LC 630 GeV, 2yr I + 1yr II combined
LC 800 GeV: 20 ννAA evts/1000 fb

-1

Figure 2: The stars outline the wedge within which A0 detection in e+ e− → ttA0 or bbA0 will not
be possible. The +’s show points with > 4σ signal in γγ → A0 → bb after two years of carefully
√
configured NLC operation in the γγ collider mode at see = 630 GeV. The o’s show additional
points that would give a > 4σ signal after two years of TESLA operation in the γγ collider mode.
(From [12].)

Figure 3: Outer ellipses: 90% CL region for U = 0 and mhSM = 115 GeV. Blobs: S, T predictions
for the model described in text with mh0 = 500 GeV (left) or mh0 = 800 GeV (right) and mH ± −mH 0
chosen to minimize the PEW ∆χ2 . Innermost (middle) ellipse: 90% (99.9%) CL region for mhSM =
115 GeV after Giga-Z PEW measurements and a ∆mW <
∼ 6 MeV threshold scan measurement.
Stars: SM S, T prediction if mhSM = 500 or 800 GeV.

Z error ellipses for S, T are shown in Fig. 3. Second, γγ collisions could allow A0 discovery
in the wedge [12]; see Fig. 2.
Finally, it is amusing to note that for vT = 0, the lightest of the triplet Higgs members
would be stable. It is easily arranged that the lightest is the ξ 0 , thereby providing a viable
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dark matter candidate.
One can also explore the case in which vT 6= 0 [13]. One finds ρ = 1/ cos2 γ at tree-level,
which for small γ means α∆T ∼ +γ 2 . Meanwhile, ∆S = 0 for a Y = 0 triplet. In other
words, this is another source of isospin breaking that (at tree-level) allows a heavier mh0 .
If mh0 ∼ 1 TeV and mH ± = mH 0 , then γ ∼ 0.06 gives acceptable PEW. However, I again
emphasize that this tree-level result is infinitely renormalized at one-loop and there is no
actual prediction for ρ; it becomes another input to the renormalization procedure for the
model for which a value must be specified in terms of, for example, the LEP measurement.
While extending the SM simply by adding to the Higgs sector allows for coupling
constant unification and for the possibility of heavier and more difficult-to-detect Higgs
bosons, such extensions do not provide a solution to the hierarchy and fine-tuning problems.
These difficulties can at most be delayed. For example, if the Higgs mass is adjusted relative
to the top, W , Z, . . . so as to satisfy the Veltman conditions (or perhaps their generalization
to higher orders) the hierarchy problem can be postponed until scales of order 10 TeV [14].
Little Higgs models [15] delay the problems by the introduction of W 0 , Z 0 , t0 , . . ., with
couplings carefully adjusted to cancel the SM quadratic divergences at one loop. The
phenomenology of these scalars (see, for example, Ref. [16]) will not be pursued here.
The only way to solve the hierarchy and fine-tuning problems all the way up to the
Planck scale, while having a true Higgs sector with some CP-even Higgs bosons, is to
consider models that incorporate supersymmetry and/or large-scale extra dimensions.

3. Extensions of the MSSM Higgs sector
The attractive features of the minimal supersymmetric model (MSSM), containing exactly
two Higgs doublets, are well known (see [17] and references therein). In particular, the
MSSM yields nearly exact coupling constant unification and automatic EWSB via radiative
evolution. However, the CP-conserving (CPC) MSSM is being pushed into an uncomfortable corner in several ways. First, the rather substantial lower bound on the mass of the
light h0 from LEP [18] is only easily accommodated in the restrictive part of the MSSM
parameter space characterized by large tan β combined with large top squark masses and
mixing. There are also significant direct lower bounds on the mass of the lightest stop.
The current conclusion is that this part of parameter space cannot be reconciled with that
for which the CP-conserving (CPC) MSSM provides adequate baryogenesis. A brief review
of the situation and references appear in [19, 20, 21]. If the MSSM is to provide adequate
dark matter as well as be consistent with b → sγ and gµ − 2, further constraints are placed
on the MSSM parameter space. An early discussion of the tension between the dark matter
and baryogenesis requirements appears in [22]. Most recently, the most probable portions
of parameter space consistent with Higgs mass limits, dark matter, b → sγ and gµ − 2 have
been delineated within the constrained MSSM (cMSSM) in [23]. One finds an appropriate
amount of dark matter in the coannihilation, rapid-annihilation and focus regions, which
are for the most part at high m0 . However, a more general study is needed to ascertain
the implications of dark matter for baryogenesis since the cMSSM boundary conditions do
not allow for a very light right-handed stop and very heavy left-handed stop, as required
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to have significant baryogenesis. (Of course, any conflict could be evaded if the slepton
masses entering into dark matter calculations and the stop masses entering into baryogenesis were treated differently.) A final problem for the MSSM is that no really attractive
source for the superpotential µ parameter has been proposed. Most explanations involve
some extension of the MSSM.
Keeping to the supersymmetric context, but going beyond the MSSM, the above issues
have led to consideration of: (1) introducing CP-violation (CPV) into the MSSM Higgs
sector (from CP-violating soft-SUSY loops) [24]; (2) the next-to-minimal supersymmetric
model (NMSSM) in which one extra singlet superfield is added to the MSSM [25], thereby
allowing a natural explanation for the µ parameter (see [17] for a discussion and early
references); (3) taking seriously the prediction common to many string models of many
extra SU (2)L × U (1) singlets and/or doublets (see, for example, [26]). More radical extensions, such as the recent ideas of [27], will not be discussed here. A common feature
of all of these extensions is that they lead to possible difficulties for detecting even one
of the supersymmetric Higgs bosons at the LHC. In particular, one can choose parameters so that the following problems arise (which we summarized very briefly earlier in the
non-supersymmetric context).
• The easily produced Higgs boson(s), e.g. those with large W W/ZZ coupling, can
decay dominantly to two lighter Higgs bosons, as first noted in [28] and later examined
by [29, 30, 31] in somewhat more detail. For example, for a CPC Higgs sector, h → aa
and h0 → hh decays are both possible in general. In the case of a CPV Higgs sector,
general decays of the type h → h0 h00 are allowed. In addition, h → h0 V decays are
generically present, although they tend to be much less dangerous than the Higgs to
Higgs-pair decays.
In both the CPC and CPV cases, the Higgs potential can be such that these lighter
Higgs bosons have W W/ZZ couplings that are very weak or zero (e.g. they can be
pseudoscalars in the CPC case) while at the same time their Yukawa couplings to tt
and bb are not very different from SM-like values. In this case, it will typically be
very difficult to detect them directly.
• When there are multiple mixed CP-even Higgs bosons in a CPC Higgs sector or
mixed CP-even and CP-odd Higgs bosons in a CPV Higgs sector, the Higgs bosons
will generically tend to share the W W/ZZ coupling strength. At the LHC, this
leads to a corresponding reduction of the W -loop contribution to the hγγ couplings
which will then strongly cancel against the t-loop contribution resulting in a dramatic
decrease in the rate for the excellent resolution gg → h → γγ channels. In addition,
the gg → h → ZZ ∗ → 4` rate is also suppressed relative to the poorer resolution bb
and tt channel branching ratios (not to mention any possible h → V h0 or h → h0 h00
decays).
• In addition, the Higgs bosons can differ in mass so that signals in, for example,
gg → tth with h → bb or h → τ + τ − are overlapping as well as reduced in magnitude.
Such overlaps obviate many of the standard discovery modes.
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Even in the absence of h decays to other Higgs bosons, the W W → h → τ + τ −
detection channel will take a “double-hit”. First, the production rate for each h is
suppressed due to reduced W W h coupling. Second, the poor mass resolution in the
τ + τ − channel implies that the signals for different h’s (separated in mass by, say,
10 GeV) will overlap and make peak detection impossible. Instead, one must try to
determine the presence of a broad excess in the Mτ τ distribution.
If these problems result in the LHC failing to detect a signal for any of the Higgs bosons,
the LC can still succeed in searching for the h using e+ e− → Zh production by looking for
a bump, or at least a broad enhancement, in the reconstructed MX mass distribution in
the inclusive e+ e− → ZX channel. Even if the signals from different Higgs bosons overlap
somewhat and their strength is maximally shared, the excess in the MX distribution will
be apparent at the LC so long as a reasonable fraction of the overlapping Higgs bosons
√
with good W W/ZZ coupling are not too heavy relative to the LC s. And, of course, the
inclusive MX peak or broad excess is independent of how the Higgs bosons decay.
Even in this very difficult situation, the LHC will have played an important role. If
P
light Higgs bosons more or less saturate the W W/ZZ coupling ( i gh2 i W W = gh2 SM W W ),
WL WL → WL WL scattering will be perturbative at the LHC. Observation of this perturbativity at the LHC will imply that such light Higgs (or some other type of perturbative
EWSB) are present below the TeV scale, implying the absolute need for a linear collider
to observe them.
3.1 CP-violating MSSM
A first case in point is the CP-violating MSSM. If the soft-supersymmetry-breaking parameters (such as the gluino mass, the µ parameter, and the A parameters) are allowed
to be complex, significant CP violation is induced in the Higgs potential at the one-loop
level. Portions of the CPV MSSM parameter space with large phases for the µ parameter
are consistent with adequate baryogenesis [19, 20]. Phenomenology for the CPV MSSM
is studied in [32]. A survey of the allowed possibilities reveals a particularly nasty case,
dubbed the CPX scenario, in which there are points in the (mH ± , tan β) parameter space
for which there are light Higgs bosons that would not have been discovered at LEP and
that will not be detected at the Tevatron or LHC. A linear collider is required for their
detection. They escape LHC and LEP detection by virtue of a combination of the reduced
W W/ZZ coupling, Higgs to Higgs decays, and overlapping of resonances mentioned earlier.
While the CPX scenario allows for adequate baryogenesis (by virtue of more sources of CP
violation and lighter Higgs bosons as compared to the MSSM), the µ parameter remains a
problematic issue.
3.2 The next-to-minimal supersymmetric model
b1H
b 2 in the MSSM is replaced by
In the NMSSM, the MSSM superpotential term µH
b1H
b 2 Sb +
λH
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The superpotential is thus scale invariant and µeff = λhSi. It seems apparent that the
increased freedom in the Higgs and other sectors will allow for adequate baryogenesis and
appropriate dark matter without the necessity to introduce CP violation, either directly
into the Higgs sector or indirectly at the loop-level through CP-violating soft parameter
phases. However, no explicit study has been performed.
That the Higgs bosons of the CPC NMSSM might evade LEP constraints and remain
undiscovered at the Tevatron and LHC was first pointed out at Snowmass96 [28]. By
the time of Snowmass01, improvements had been made in the standard LHC discovery
modes and several additional modes had been developed in detail. In [30] the issue of
Higgs discovery in the NMSSM was reexamined. I give a few details regarding that study.
First, the parameter space was explored without making any assumption regarding the
soft-SUSY-breaking terms. In particular, all five soft supersymmetry breaking terms in
the potential
m2H1 H12 + m2H2 H22 + m2S S 2 + λAλ H1 H2 S +

κ
Aκ S 3
3

(3.2)

were considered as independent. In the stop sector,we chose the softmasses mQ = mT ≡
A2
A2
Msusy = 1 TeV and scanned over Xt ≡ 2 M 2 t+m2 1 − 12(M 2 t +m2 ) . As in the MSSM,
susy
susy
t
t
√
the value Xt = 6 – so called maximal mixing – maximizes the radiative correction to the
light Higgs boson masses. It leads to the most challenging points in NMSSM parameter
space. We required consistency with LEP constraints on Higgs bosons and supersymmetric
particles. We also required mh± > 155 GeV, so that t → h± b would not be seen. Finally,
we examined only parameter space points for which there were no Higgs to SUSY or Higgs
to Higgs decays.
We examined the “usual” LHC discovery modes using the latest experimental simulation results by the ATLAS and CMS collaborations. The modes are:
1) gg → h/a → γγ;
2) associated W h/a or tt̄h/a production with γγ`± in the final state;
3) associated tt̄h/a production with h/a → bb̄;
4) associated bb̄h/a production with h/a → τ + τ − ;
5) gg → h → ZZ (∗) → 4 leptons;
6) gg → h → W W (∗) → `+ `− ν ν̄;
7) W W → h → τ + τ − ;
8) W W → h → W W (∗) .
For each mode and each NMSSM Higgs boson, we estimated the expected statistical significance at the LHC by rescaling results for the SM Higgs boson and/or the the MSSM
h, H and/or A. Note that the tth → ttbb mode was quite important. We had the experimentalists extrapolate this beyond the usual SM mass range of interest. For each mode,
our procedure was to use the results for the “best detector” (e.g. CMS for the tth channel),
assuming L = 300 fb−1 for that one detector. The result is simply stated: at least one of
the NMSSM Higgs bosons will be detected at the LHC.
However, we also found [31] that this optimistic conclusion was no longer valid once
points in the model parameter space were included for which Higgs to Higgs decays are
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Point #

1

2

3

4

5

6

mh (GeV)
ma1 (GeV)
√
LHC S/ B for L = 300 fb−1

115
56
50

119
7
22

123
35
69

118
41
63

134
59
62

130
7
21

Table 2: We give values for ma1 and mh , where the SM-like
√ Higgs is h = h1 for points 1, 2
and 3 and h = h2 for points 4, 5, and 6. The final LHC S/ B results (after all cuts) for each
point are given assuming integrated luminosity of L = 300 fb−1 and integration over the interval
40 GeV ≤ Mjjτ + τ − ≤ 150 GeV.

allowed (but still excluding points for which Higgs decays to superparticles are significant).
In particular, we found cases for which all the modes 1) – 8) give very weak signals for
all Higgs bosons. All such points have certain common properties. First, either the h1
or h2 is SM-like and has a mass between 115 and 135 GeV (i.e. above the LEP limit,
but still quite light). We denote it by h, with the other of the two lighter CP-even Higgs
bosons, h2 or h1 , respectively, denoted by h0 . (The h3 and a2 are always very heavy and
√
not detectable at the LHC nor at a linear collider with s <
∼ 800 GeV, and will not
be discussed further.) Second, the h state decays dominantly to a pair of light CP-odd
states, a1 a1 , with ma1 between 5 and 65 GeV. Third, tan β is moderate in size so that the
tt + (h, h0 , a1 ) rates are somewhat suppressed while the bb + (h, h0 , a1 ) production rates are
insufficiently enhanced to allow Higgs detection. Finally, since the h0 and a1 have small or
no W W/ZZ coupling, detection modes related to this coupling are not viable, including
the gg → h0 , a1 → γγ modes. Detecting any of the Higgs bosons at the LHC would seem to
necessitate the development of techniques for extracting a signal for the W W → h → a1 a1
mode. We have focused on the W W → h → a1 a1 → jjτ + τ − final state (where jj = bb
for ma1 > 10 GeV), with τ + τ − → `+ `− νν. The invariant mass Mτ + τ − is reconstructed
by resolving the missing momentum from the neutrinos along the `+ , `− directions. After
many cuts, including forward / backward jet tagging, requiring approximately equal mass
for the τ + τ − pair and the jj pair, and various vetoes, but without b-tagging, we get the
signals shown in Fig. 4 relative to the backgrounds for 6 typical cases of the type described.
The masses mh and ma1 for each of the 6 cases are tabulated in Table 2.
For all six NMSSM setups, the Higgs resonance produces a bump at low Mjjτ + τ − , well
above the dominant tt background. The potentially difficult τ + τ − +jets DY background
has been more or less eliminated by the strong cuts requiring 2 fast forward / backward
jets + 2 softer jets.
Since the main surviving background is from tt production, b tagging is not helpful.
For points 2 and 6, for which the signal has no b’s in the final state, anti-b-tagging might
be useful, but has not been considered here.
√
To estimate S/ B, we assume L = 300 fb−1 , a K factor of 1.1 for the W W fusion
signal and K factors of 1, 1 and 1.6 for the DY τ + τ − , ZZ production and tt backgrounds,
respectively. (These K factors are not included in the plot of Fig. 4.) We sum events over
the region 40 ≤ Mjjτ +τ − ≤ 150 GeV. (Had we only included masses below 130 GeV, we
√
would have had no tt background, and the S/ B values would be enormous. However, we
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Figure 4: Reconstructed mass of the jjτ + τ − system for signals and backgrounds before b-tagging,
at the LHC. We plot dσ/dMjjτ + τ − [fb/10 GeV] vs Mjjτ + τ − [GeV]. The lines corresponding to
points 4 and 5 are visually indistinguishable. No K factors are included.

are concerned that this absence of tt background below 130 GeV might be a reflection of
limited Monte Carlo statistics. As a result we have taken the more conservative approach
of at least including the first few bins for which our Monte Carlo does predict some tt
background.)
For points 1, 2, 3, 4, 5 and 6, we obtain signal rates of about S = 1636, 702, 2235, 2041,
2013, and 683, respectively. The tt+jets background rate is Btt ∼ 795. The ZZ background
rate is BZZ ∼ 6. The DY τ + τ − background rate is negligible. (We are continuing to
√
increase our statistics to get a fully reliable estimate.) The resulting NSD = S/ B values
for points 1-6 are 50, 22, 69, 63, 62, and 21, respectively. The smaller values for points
2 and 6 are simply a reflection of the difficulty of isolating and reconstructing the two
jets coming from the decay of a very light a1 . Overall, these preliminary results are very
encouraging and suggest that a no-lose theorem for NMSSM Higgs detection at the LHC
is close at hand.
What about the LC? Since the low-Mjjτ + τ − bump would be the only Higgs boson signal at the LHC, the LC will be essential for confirming and clarifying the nature of the LHC
signal. Because the ZZh coupling is nearly full strength in all cases, and because the h mass
+ −
is <
∼ 140 GeV, discovery of the h will be very straightforward via e e → Zh using the
e+ e− → ZX reconstructed MX technique which is independent of the “unexpected” complexity of the h decay to a1 a1 . This will immediately provide a direct measurement of the
ZZh coupling with very small error. The next stage will be to look at rates for the various
h decay final states, F , and extract BR(h → F ) = σ(e+ e− → Zh → ZF )/σ(e+ e− → Zh).
For the NMSSM points considered here, the main channels would be F = bbbb, F = bbτ + τ −
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and F = τ + τ − τ + τ − (or analogues with bb replaced by jj if ma1 < 10 GeV as for points
2 and 6). At the LC, a fairly accurate determination of BR(h → F ) should be possible
in all three cases. This would allow us to check that BR(a1 → bb)/BR(a1 → τ + τ − ) is
as expected based on couplings being proportional to mass, as required for a1 to be a
Higgs boson. We could then also determine BR(h → a1 a1 ). We have also shown that
e+ e− → ννW W followed by W W → h → aa → jjτ + τ − always gives a good signal at the
LC after cuts that essentially eliminate all backgrounds.
Overall, we are very close to establishing a no-lose theorem for NMSSM Higgs detection
at the LHC. What remains is to include points for which h → χ
e01 χ
e01 and / or a1 → χ
e01 χ
e01
(invisible decays) are allowed. Clearly, if SUSY is discovered at the LHC and no Higgs
bosons are detected in the standard MSSM Higgs search modes, a careful search for the
signal we have considered should have a high priority. Eventually, we will need to consider
a CP-violating NMSSM Higgs sector with five mixed Higgs!
3.3 Multiple singlet superfields: a worst-case scenario
Allowing for still more singlet (or doublet) superfields further complicates the possibilities
for Higgs detection. In [33], a worst case scenario was developed. The basic idea is to allow
for a very large number of Higgs fields spread out in a kind of continuum. Models that
produce many extra neutral Higgs fields include fermionic constructions with 3 families
[26]. More generally, there is nothing to forbid a series of mixed Higgs bosons separated
by intervals of ∼ 10 GeV, i.e. of order the experimental mass resolution in the bb, τ + τ − ,
W W , aa and X (meaning the recoil mass MX in the e+ e− → ZX channel) final states. In
the worst case, all the physical eigenstates should share roughly equally the V V coupling
strength.
To assess prospects for detecting such a continuum Higgs scenario, theoretical and
PEW constraints are critical. We use continuum notation. The most important issue is
the value of mC in
Z ∞
Z ∞
2
2
dmK(m)m = mC , where
K(m) = 1
(3.3)
0

0

where K(m)(gmW )2 is the (density in Higgs mass of the) strength of the hW W coupling2
squared. PEW data suggest m2C <
∼ (200 − 250 GeV) . For multiple Higgs representations of any kind in the most general SUSY context, RGE + perturbativity up to
MU ∼ 2 × 1016 GeV implies this same result. Of course, we must remember that many
types of new physics at low scale allow evasion of the m2C magnitude constraint; e.g.
large extra dimensions or appropriate extra Higgs isospin-breaking structure. We ignore this caveat, assume the sum rule and take K(m)=constant from mA = mmin
to
h
max
mB = mh : K(m) = 1/(mB − mA ). LEP constraints do not allow much weight below 70 GeV. For K(m) =constant, mC = 200 GeV and mA = 70 GeV one finds
mB = 300 GeV and mB − mA = 230 GeV. For the e+ e− → ZX process at the LC,
a fraction f = 100 GeV/230 GeV ∼ 0.43 of the continuum Higgs signal would then lie in
the 100 ≤ MX ≤ 200 GeV mass range (which range avoids the Z resonance region with the
√
largest background and has little phase space suppression at s = 500 GeV). Summing
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Z → e+ e− + µ+ µ− , yields signal and background rates of S ∼ 540f and B = 1080, for the
100 ≤ MX ≤ 200 GeV window, assuming L = 200 fb−1 . The result is
S
√ ∼ 16f
B



L
200 fb−1


for m ∈ [100 − 200] GeV .

(3.4)

Detecting such a signal will be straightforward. With L = 500 fb−1 , after a few years
we will be able to determine the signal magnitude with reasonable error (∼ 15%) in each
10 GeV interval.
In contrast, it appears that hadron collider detection of such a continuum signal is
very challenging. In particular, if the Higgs bosons all share the V V coupling, the γγ (and
ZZ → 4`) excellent resolution modes are likely to fail. Further, the Higgs bosons with
some W W/ZZ coupling decay in a manner that cannot be predetermined. If their only
decays were to the usual bb, τ + τ − , W W (∗) , ZZ (∗) , . . . channels, Ref. [34] argues that a
signal would be present in the W W → h → W W channel coming from that part of the
continuum with m ∼ 2mW . However, this argument does not allow for decays of the CPeven h’s to V +Higgs, to Higgs+Higgs (e.g. aa as in the NMSSM), or to SUSY final states,
including the invisible χ
e01 χ
e01 mode. Still, even if some of these latter decays are present
one should not abandon all hope of seeing a signal. For example, the h → aa → jjτ + τ −
signal is quite strong and tends to accumulate in the same Mjjτ +τ − mass region for a
range of m values (roughly, 90 to 150 GeV). Thus, even if it is reduced by the factor of
60/230 appropriate for the K(m)=constant choice from 70 to 300 GeV, it would remain
observable. However, this assumes that only a single aa final state is relevant. If there
are multiple aa and / or h0 h0 final states present in the h decays and the secondary Higgs
are not close in mass, the signal strength for any one would be reduced. Most insidious
would be cases in which the h decays to W W , aa and χ
e01 χ
e01 all had similar branching ratios
implying reduced signals in any one type of mode.
3.4 Left-right symmetric supersymmetric models
Proliferation of Higgs bosons is also typical of left-right symmetric supersymmetric (SUSYLR) models. Such models have substantial motivation [35, 36, 37]. First, using Higgs
fields to break parity at some high scale mR is an attractive idea. A favorite unified group
is SO(10). It automatically includes νR fields for neutrino masses as well as the usual
SU (5) representation structures, and contains the subgroup SU (2)L ×SU (2)R ×U (1)B−L ×
SU (3)C . Second, the SUSYLR context guarantees that R-parity is conserved. Third, the
SUSYLR structure guarantees that there is no strong CP problem and no SUSY-CP problem (i.e. the generic problem of SUSY phases giving large EDM unless cancellations are
carefully arranged) at mR . It is then a matter of making sure that evolution from mR
down does not destroy these two properties.
The Higgs fields required in one prototype model are listed in Table 3. Two bi-doublets
Φ are required in order to avoid predicting that the CKM matrix is the identity matrix.
SU (2)R triplets, ∆c , are employed to break the SU (2)R symmetry. SU (2)L triplets, ∆,
are then required by L-R symmetry.
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Q
Qc
L
Lc
Φ1,2
∆
∆
∆c
c
∆
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SU (2)L × SU (2)R × U (1)B−L representation
(2, 1, 1/3)
(1, 2, −1/3)
(2, 1, −1)
(1, 2, +1)
(2, 2, 0)
(3, 1, +2)
(3, 1, −2)
(1, 3, +2)
(1, 3, −2)
Table 3: Fields of sample model

I briefly summarize how it is that such a model avoids the strong and SUSY CP
problems. The strong CP phase is defined by the combination
Θ = Θ + Argdet(Mu Md ) − 3Arg(meg )

(3.5)

where Θ is the coefficient of the (P-violating) Fµν Feµν term in the Lagrangian, and Θ must
be very small to solve the strong CP problem. P invariance for scales above mR guarantees
that Θ = 0 above mR . Further, L-R transformations imply that meg must be real above mR .
Finally, the Yukawa coupling matrices are required to be hermitian by L-R transformations.
Consequently, if the bi-doublet Higgs vevs. are real then quark mass matrices are hermitian
(not real — reality of the determinant is all that is required) so that the second term above
is zero. Of course, it is necessary to show that the Higgs potential does not spontaneously
break CP, a result that follows in general for two pairs of Higgs doublets. The weakest
point for the model being described is that one must introduce a single non-renormalizable
c
λ
operator M
[Tr(∆c τm ∆ )]2 (∆c ’s are the SU (2)R triplet Higgs fields and M = MP or mR ) in
order that he
νR i = 0 in the vacuum state. Another requirement is imposed on the model in
order that significant Θ 6= 0 does not develop when evolving below mR (where the SU (2)R
gaugino loop no longer cancels the SU (2)L gaugino loop). This is achieved if the theory is
constructed so that SU (2)L gaugino masses are real, as can be motivated in SO(10) with
suitably generalized L-R symmetry. In the end, the strong CP problem can be solved even
if mR is large, as is most natural if the see-saw mechanism is to generate neutrino mass.
Next, consider the SUSY CP problem. Generically speaking, small phases for Ameg
and µvu meg /vd are required. In SUSYLR models, hermiticity of the Au and Ad (soft-SUSYbreaking) terms and of the Yukawa coupling matrices, along with reality of meg , guarantee
that these phases are small at scales above mR . A detailed argument regarding evolution
to scales below mR shows that this is maintained to adequate accuracy.
The result is a model with lots of Higgs fields, both triplets and doublets. If mR is large
(as motivated by see-saw phenomenology), then only the MSSM two-doublet Higgs sector
must necessarily survive at low scales. Still, the only non-MSSM particles of the model are
all the Higgs bosons and their SUSY partners, and there is a possibility that some of them
could be light. In particular, the ∆R doubly-charged Higgs and their higgsino partners
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could be the lightest of the non-MSSM particles. It is even not impossible that mR is of
order a TeV. In this case, neutrino masses require careful adjustment (small values) of the
associated lepton-number violating couplings, but there is very little evolution to possibly
mess up the strong CP and SUSY CP solutions and many Higgs will be observable.

4. Extra Dimensions
The most natural alternative to employing SUSY to cure the hierarchy problem is to
simply lower the Planck scale through the introduction of extra dimensions. There are now
many ideas as to how to accomplish EWSB in the extra dimensional context. EWSB can
occur via a Higgs sector, via the Scherk-Schwartz mechanism, or via appropriate boundary
conditions. Perturbativity for WL WL → WL WL scattering can even be achieved using
Kaluza-Klein excitations instead of Higgs exchanges to cancel the bad high-energy behavior
[38]. (To avoid PEW consistency problems, warping in the extra dimensions is needed in
this model.) The simplest models in which EWSB is accomplished via a Higgs sector are
those in which all SM particles, including the Higgs boson(s), are confined to a 3-brane
(i.e. they are restricted to the usual 3 spatial dimensions and 1 time dimension) and only
gravity propagates in the extra dimensions. One possibility is that there are at least two
extra flat dimensions. Another simple possibility is to allow for a single extra dimension
that is warped. This latter possibility was introduced by Randall and Sundrum [39] and
is the one I consider here. The simplest model is that in which there is one Higgs doublet
on the SM brane. The phenomenology of this model has been extensively studied, both
without Higgs-radion mixing [42, 43, 44, 45, 46] and in the presence of Higgs-radion mixing
[47, 48, 49, 50, 51, 52, 53, 54, 55]. The summary given here is based on Refs. [53, 54, 55].
4.1 The Randall-Sundrum, mixed Higgs-radion scenario
In the RS model, there are two branes, separated in the 5th dimension (y) and y → −y
symmetry is imposed. With appropriate boundary conditions, the 5D Einstein equations
are consistent with the metric
ds2 = e−2σ(y) ηµν dxµ dxν − b20 dy 2 ,

(4.1)

where σ(y) ∼ m0 b0 |y|. Here, e−2σ(y) is the warp factor. Due to this warping, scales at
y = 0 of order MP on the hidden brane are reduced to scales at y = 1/2 of order TeV on the
visible brane. Fluctuations of gµν relative to ηµν are the KK excitations hnµν . Fluctuations
b on the
of b(x) relative to b0 define the radion field. In addition, we place a Higgs doublet H
visible brane. After various rescalings, the properly normalized quantum fluctuation field
is called h0 . The radion is stabilized by introducing a radion mass by hand. A possible
mechanism is to have scalar fields in the bulk [40, 41]. More discussion regarding radion
stabilization will appear later.
In general, the Higgs scalar will mix with the radion via a term of the form
Z
√
b,
b †H
Sξ = ξ d4 x gvis R(gvis )H
(4.2)
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where R(gvis ) is the Ricci scalar for the metric induced on the visible brane. In the end, just
four independent parameters completely fix the mass diagonalization of the scalar sector
when ξ 6= 0. These are:
ξ , γ , mh , m φ ,
(4.3)
where γ ≡ v0 /Λφ , with Λφ (v0 = 246 GeV) being the vacuum expectation value of the
bare radion (Higgs) fields. Observation of the 1st KK excitation resonance spectrum at
the LHC (as very likely possible) will fix Λφ .
After writing out the full quadratic structure of the Lagrangian, including ξ 6= 0
mixing, we obtain a form in which the h0 and φ0 fields for ξ = 0 are mixed (h0 = dh + cφ,
φ0 = aφ + bh) and have complicated kinetic energy normalization. We must diagonalize
the kinetic energy and rescale to get canonical normalization. Given mh and mφ we must
invert the mixing equations. The process of inversion is very critical to the phenomenology
and somewhat delicate. The result found is that the physical mass eigenstates h and φ
cannot be too close to being degenerate in mass, depending on the precise values of ξ and
γ; extreme degeneracy is allowed only for small ξ and/or γ.
The phenomenology of the model is determined by the Higgs and radion couplings.
Those to f f and V V (V = W, Z) are easily related to the SM Higgs couplings:
gZZh =

g mZ
(d + γb) ,
cW

gZZφ =

g mZ
(c + γa) ;
cW

(4.4)

the W W couplings are obtained by replacing gmZ /cW by gmW ; and
gf f¯h = −

g mf
(d + γb) ,
2 mW

gf f¯φ = −

g mf
(c + γa) .
2 mW

(4.5)

Note that the same factors relative to SM couplings appear for the ZZ, W W and f f¯
couplings: we use the notation gf V h ≡ d + γb and gf V φ ≡ c + γa.
Only the gg and γγ couplings are special. First, there are the standard loop contributions, except rescaled by the f f /V V strength factors gf V h or gf V φ . In addition,
there are anomalous couplings for the bare radion field; these are expressed in terms of
the SU (3) × SU (2) × U (1) β function coefficients b3 = 7, b2 = 19/6 and bY = −41/6.
The anomalous couplings of the mass eigenstates h and φ enter only through their radion
admixtures.
For purposes of discussing the phenomenology, I will focus on the specific choices
mh = 120 GeV and Λφ = 5 TeV. The basic hourglass shape that defines the theoretically
allowed region in (ξ, mφ ) parameter space is illustrated in Fig. 5, along with contours of
gf2V h . Observe that gf2V h < 1 if mφ > mh and vice versa. Contours of gf2V h are shown in
Fig. 6. There, we observe that substantial gf2V φ is possible if mφ > mh and ξ is not too
small. However, gf2V φ is generically quite small and even exhibits a line of zeroes.
I now outline the capabilities for Higgs and radion detection at the LHC. The precision
EW studies suggest that some of the larger |ξ| range is excluded, but we studied the whole
range just in case. In [54], we rescaled the statistical significances predicted for the SM
Higgs boson at the LHC using the h and φ couplings predicted relative to the hSM . The most
important modes are gg → h → γγ and gg → φ → ZZ (∗) → 4`. Also useful are tth with
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Figure 5: Contours of gf2 V h (relative to the SM Higgs boson) for Λφ = 5 TeV, mh = 120 GeV.
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Figure 6: Contours of gf2 V φ for Λφ = 5 TeV, mh = 120 GeV.

h → bb and gg → h → ZZ ∗ → 4`. An example of the type of effect that will be observed is
that the h → γγ mode becomes unobservable if |ξ| is large and mφ > mh (which together
imply suppressed hW W coupling and hence suppressed W -loop contribution to the γγh
couplings). Fig. 7 shows that there are regions where the h cannot be detected and that
these regions grow (decrease) as mh decreases (increases). The region of unobservability
diminishes as mh increases since the gg → h → 4` increases in strength at higher mh .
Figure 8 shows the regions of h observability or unobservability in comparison to
regions where φ can be detected. We see that there are regions of (mh , ξ) parameter space
in which both the h and φ mass eigenstates will be detectable. In these regions, the LHC will
observe two scalar bosons somewhat separated in mass, with the lighter (heavier) having
a non-SM-like rate for the gg-induced γγ (ZZ) final state. Additional information will be
required to ascertain whether these two Higgs bosons derive from a multi-doublet or other
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Figure 7: The shaded (cyan) regions are those where h discovery is not possible for the Λφ = 5 TeV
and mh = 120 GeV case assuming LHC luminosity of L = 30 fb−1 (left) or L = 100 fb−1 (right).
Regions outside the outermost hourglass boundary are theoretically excluded.

Figure 8: L = 30 fb−1 illustration of mode complementarity at the LHC for mh = 120 GeV. The
shaded (cyan) regions show the regions where neither the gg → h → γγ mode nor the (not very
important at this mh value) gg → h → 4` mode yields a > 5σ signal. The regions between dark
blue curves define the regions where gg → φ → 4` is > 5σ. The graphs are for Λφ = 2.5 TeV (left),
5.0 TeV (center), and 7.5 TeV (right).

type of extended Higgs sector or from the present type of model with Higgs-radion mixing.
The LHC results can be compared to possibilities at the linear collider. An e+ e−
LC would guarantee observation of both the h and the φ in the region of low mφ , large
ξ > 0 within which detection of either at the LHC might be difficult. This is because,
relative to the SM, the ZZh coupling-squared is always fairly substantial and even the
ZZφ coupling-squared is >
∼ 0.01 relative to the SM for most of this region, as shown in
Fig. 9.
Of course, it is now appearing quite likely that the LC will not be built until after the
LHC has been running for a number of years. Thus, we must ask if there are alternatives
that might allow Higgs and/or radion discovery for parameter regions where the LHC
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signals would be weak or undetectable. One option that might emerge is a γγ collider
built based on the construction of two modules of the CLIC type. Such test modules are
scheduled for relatively earlier completion, and will have sufficient energy to produce a
light Higgs boson or light radion.
In [55], we demonstrated that
the γγ collider will allow h discovery (for mh = 120 GeV) throughout
the entire hourglass, which is something the LHC cannot do. However,
if mφ < 120 GeV then the φ is very
likely to elude discovery at the γγ
collider. (Recall that it also eludes
discovery at the LHC for this region.)
The only exceptions to this latter statement occur at the very largest |ξ|
values for mφ ≥ 55 GeV.
There is a big part of the hourglass where a 120 GeV h will be seen
in γγ → h → bb at the γC and in
gg → h → γγ at the LHC. This is
most of the hourglass when L at the Figure 9: The region in (m , ξ) parameter space with
φ
2
2
LHC is > 100 fb−1 . The ratio of the gφZZ
/gHZZ
< 0.01 (implying that the φ will be difficult
rates gives us Γ(h→gg)
, in terms of to detect at the LC) is indicated by the dark region, for
Γ(h→bb)
mh = 120 GeV and Λφ = 5 TeV. The h can be detected
which we may compute




at the LC for all (mφ , ξ) parameter choices.


Γ(h → gg) −1
Rhgg
.
Γ(h → bb) SM
(4.6)
This is a very interesting number since it directly probes for the presence of the anomalous
ggh coupling. In particular, Rhgg = 1 if the only contributions to Γ(h → gg) come from
quark loops and all quark couplings scale in the same way. A plot of Rhgg as a function of
ξ for mh = 120 GeV and several mφ choices appears in Fig. 10
To assess our ability to determine Rggh from data, we recall that Γ(h → γγ)Γ(h →
bb)/Γhtot can be measured with an accuracy of about ∼ 0.035. The dominant error will
then be from the LHC which will typically measure Γ(h → gg)Γ(h → γγ)/Γhtot with an
accuracy of between 0.1 and 0.2 (depending on parameter choices and available L). From
Fig. 10, we see that 0.2 fractional accuracy will reveal deviations of Rhgg from 1 for all but
the smallest ξ values. Thus, the ability to measure Rhgg may be the strongest reason in
the Higgs context for having the γC as well as the LHC. Almost all non-SM Higgs theories
predict Rhgg 6= 1 for one reason another, unless one is in the decoupling limit.
Depending on L at the LHC, there is a somewhat smaller part of the hourglass (large
|ξ| with mφ > mh ) where only the φ will be seen at the LHC and the h will only be seen
at the γC. (We don’t know for sure about the φ at the γC until W W, ZZ final states
Γ(h → gg)
≡
Γ(h → bb)
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Figure 10: We give the ratios Rhgg and Rφgg of the hgg and φgg couplings-squared including the
anomalous contribution to the corresponding values expected in its absence. Results are shown for
mh = 120 GeV and Λφ = 5 TeV as functions of ξ for mφ = 20, 55 and 200 GeV. (The same type
of line is used for a given mφ in the right-hand figure as is used in the left-hand figure.)

are studied, but I am not all that optimistic.) This is a nice example of complementarity
between the two machines. By having both machines, we maximize the chance of seeing
both the h and φ.
Thus, there is a strong case for the γC in the RS model context, especially if a Higgs
boson is seen at the LHC that has non-SM-like rates in one or more of the standard
detection channels.
4.2 Complications within the RS model
Introduction of a mass for the radion either by hand or via the Goldberger-Wise approach
leads to perturbations of the exact RS metric and/or curvature of the branes. However, if
one introduces a bulk scalar with carefully tuned brane and bulk potential, it is possible
to obtain a mass for the radion while retaining the RS metric as an exact solution [56].
The KK excitations of the bulk scalar then mix with the radion and the Higgs and the
phenomenology could potentially become more difficult. In some limits, one can imagine
getting a “warped” version of the multi-Higgs type of scenarios.

5. An alternative discovery technique: pp → pph (or φ)
It is claimed that doubly-elastic scalar production at the LHC will give a high-resolution
(∆m ∼ 1 GeV) mass peak that may not have too large a background [57, 58]. The
production rates are substantial for lighter Higgs bosons in the CPX scenario. Rates
for the more general Higgs bosons we have considered and for the radion have not been
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computed yet. If a doubly-elastic signal can be established, it would obviously play an
important role in sorting out the type of models we have been discussing.

6. Conclusions
It seems almost certain the the SM and its simple one-doublet Higgs sector will not describe
TeV scale physics. There are strong motivations for extending the model in a variety of
exciting and unusual ways, all of which have dramatic implications. In those extensions
that implement EWSB in the context of a Higgs sector of some sort, the phenomenology
associated with the discovery of the Higgs bosons and possibly mixed radion(s) is both
complex and challenging. Here, I have reviewed just a few of the attractive possibilities
that have been discussed in the literature. They illustrate the need for flexibility in the
analysis procedures and an extensive data set (not only from the LHC, but also from a
future LC and γC) in order to be certain of discovering even one Higgs boson and certainly
in order to fully unravel the complete Higgs sector.
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