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Abstract 

This thesis concerns the study of extended Higgs sectors at future coUiders. Such studies 

are well motivated since enlarged Higgs models are a necessity in many extensions of the 

Standard Model (SM), although these structures may be considered purely in the context 

of the SM, to be called the 'non-minimal SM'. The continuous theme of the thesis is 

the task of distinguishing between the (many) theoretically sound non-minimal Higgs 

sectors at forthcoming colliders. If a Higgs boson is found i t is imperative to know from 

which model it originates. In particular, the possible differences between the Higgs sectors 

of the Minimal Supersymmetric Standard Model (MSSM) and the non-minimal SM are 

highlighted. 

Considered first are the detection prospects of light charged Higgs scalars (H"^) at 

e+e~ colliders. The discovery of a would provide unambiguous evidence for a non-

minimal Higgs sector. We show that in certain (but not all) non-minimal models a 

light may exist i.e. be within the mass range accessible at LEP2 {Mff± < Mw)-
In particular the MSSM requires MH± > Mw, and thus detection of a at LEP2 is 

strong evidence against the MSSM. We discuss ways of distinguishing between the models 

which may contain a light H"^ by exploiting differences in the decay channels. Attention 

is then given to the neutral Higgs bosons of the non-minimal SM. It is possible that 

these particles may possess a greatly different phenomenology to that of the minimal SM 

and MSSM, and we explore the feasibility of observing these differences at LEP2 and 

the LHC. I t is found that distinct, sometimes spectacular signatures are possible. The 

thesis next considers a more exotic Higgs representation, namely that of Higgs triplets, 

and compares its phenomenology at LEP2 with that of the non-minimal models covered 

thus far. The phenomenon of Higgs bosons decoupling from the fermions (fermiophobia) 

arises naturally in the above triplet model, and this concept is studied in more depth in 

the final chapter. I t is emphasized that such particles are not possible in the MSSM. 
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Chapter 1 

Introduction 

Particle physics is the study of matter at the smallest scale. Chemistry concerns itself 

with molecules and conventional physics deals with the atom, but particle physics delves 

deeper. The subject studies the interactions of the fundamental particles and is therefore 

the building blocks of applied science. The current best theory in particle physics is named 

'The Standard Model'; it postulates the physical world as being formed from 'quarks' and 

'leptons', which interact by the emission and absorption of mediating particles. There 

are three generations of quarks and three generations of leptons, each with their own 

anti-particles (see Tables 1.1 and 1.2). The mediating particles (or force carriers) are 

displayed in Table 1.3. 

The Standard Model is in excellent agreement with current experimental measure­

ments, although there are many aesthetic theoretical deficiencies associated with i t . Al l 

of its particles have been found with the exception of the Higgs boson. This latter particle 

Particle Symbol Charge(e) 
Electron e~ - 1 

e-Neutrino 0 
Muon A*" - 1 

//-Neutrino 0 
Tau T ~ - 1 

T-Neutrino 0 

Table 1.1: The three generations of leptons with associated neutrinos. 
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Particle Symbol Charge(e) 
Down d 1 

3 
Up u 2 

3 
1 
3 

Strange s 

2 
3 

1 
3 Charm c 2 

3 
Bottom b 1 

3 
Top t 2 

3 

Table 1.2: The six flavours of quarks. 

Particle Symbol Spin Charge(e) 
Photon 7 1 0 

Neutral weak boson Z 1 0 
Charged weak boson W 1 ± 1 

Gluons 9i 1 0 
Higgs boson / 0 0 

Table 1.3: The mediating particles of the Standard Model. 

is required theoretically to provide mass for the particles and to correct inconsistences in 

the theory. The theoretical motivation for its existence is compelling, although it has so 

far evaded searches at present particle accelerators. The Higgs boson was predicted in 

1964 and much work has been done on it in the ensuing 32 years. However it is only more 

recently that models with more than one Higgs boson have been studied vehemently, the 

studies being motivated by the fact that favourable extensions of the Standard Model 

often require more than one Higgs boson. This thesis considers a group of non-minimal 

Higgs models and explores their phenomenology at future coUiders. Since there are many 

possible Higgs representations, i t is prudent and necessary to find ways of distinguishing 

among the various models. If a Higgs boson is detected at a future collider it is imperative 

to know from which model it originates. This is the central theme to the thesis. 



Chapter 2 

The Standard Model 

2.1 Introduction 

In this chapter the mathematical foundations of the Standard Model are introduced (2.1) 

and the deficiencies of the unbroken theory are shown. The Higgs mechanism, which 

provides an attractive solution to these problems, is described in (2.2). The interaction of 

the Higgs field with the fermions (2.3) concludes the chapter. We shall not be presenting 

a review of Quantum Chromodynamics (QCD) which concerns the interactions of quarks 

and gluons; QCD is however an integral part of the SM. 

2.2 The Standard Model 

The Standard Model (SM) [1] has proved remarkably successful to date in describing the 

interactions of nature. It is a 'gauge theory' which ensures that it is renormalizable. The 

successes are numerous with many precision measurements at LEP [2] agreeing with the 

SM within experimental error (see Table 2.1). 

There remains one part of the SM which is as yet untested - the Higgs sector - on 

which this thesis focuses. In this section we shall describe the 'unbroken' SM, i.e. the 

theory without a Higgs sector, and show that such a theory is unsatisfactory for a variety 

of reasons. There are many good reviews of the SM in the literature; see e.g. Ref. [3 . 
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Parameter Measurement SM fit Pull 
Mz (GeV) 91.1863 ±0.0020 91.1861 0.1 
Tz (GeV) 
<act (nb) 

2.4946 ± 0.0027 2.4960 -0.5 Tz (GeV) 
<act (nb) 41.506 ± 0.056 41.465 0.8 

Ri 20.778 ± 0.029 20.757 0.7 

^ F B 0.0174 ±0.0010 0.0159 1.4 
0.1401 ±0.0067 0.1458 -0.9 
0.1382 ± 0.0076 0.1455 -1.0 

Rb 0.2179 ±0.0012 0.2158 1.8 
Rc 0.1715 ±0.0056 0.1723 -0.1 

46,0 
^ F B 

0.0979 ± 0.0023 0.1026 -1.8 
4C,0 
^ F B 0.0733 ± 0.0049 0.0730 0.1 

sin^^,^;^ 0.2320 ±0.0010 0.23167 0.3 

Table 2.1: LEP measurements of SM parameters (from Ref. [2]). 

In the SM the fermions (i.e. the quarks and leptons) appear in the Lagrangian as 

Dirac spinors, •0. Left-handed and right-handed fields are defined by 

(2.1) = ^(1 - 7 5 ) ^ , 
1 

= 77(1 + 7 5 ) ^ • 

In the case of massless particles, left-handed particles correspond to helicity states of 

— 1/2 (the spin vector being in the opposite direction to the momentum vector) and 

right-handed particles correspond to helicity +1/2. At high energy colliders the fermion 

masses are usually negligible (with the exception of the t quark) and so all particles can 

be considered as being in definite states of helicity. 

In the SM Lagrangian left-handed fermions are represented as isospin doublets I/^L 

while right-handed fermions are represented as isospin singlets, if)R. For example ui, di, 

e and Ve would appear in the Lagrangian as 

and '^^ . (2.2) 
L \ ^ J L 

Right-handed fermions would appear as u/j , dn and CR. In experiment the neutrino 

appears only in a left-handed state (-ve helicity), or right-handed anti-particle state, 

and so there is no term I/R in the Lagrangian. Left-handed doublets are required to 

transform in the following way: 

^ L - ^ ^ ' L = exp[iga^{x)T, + ig'^ix)Y]^L • (2.3) 
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The right-handed singlets transform as 

0fi ^ V'fl = exp[ig'l3{x)Y]ijjR (2.4) 

The operators T and Y are the generators of the SU{2)i and U{1)Y groups, and g and 

g' are the respective couplings; Ti — Ti/2 where TJ- is a Pauli matrix. Of course, the 

Lagrangian must remain invariant under such transformations. Eqs. (2.3) and (2.4) 

ensure that only left-handed particles couple to W"^, which is observed experimentally. 

The various quantum numbers of the particles are displayed in Tables 2.2 and 2.3, with 

Q signifying electric charge. The quantum numbers are related by the formula 

Lepton T 2-" Q 
1 
2 

1 
2 

1 
2 

0 

H 1 
2 

1 
2 

1 
2 

- 1 
0 0 - 1 - 1 

Table 2.2: The quantum numbers of the leptons. 

Quark T Ts 2^ Q 
UL 

dL 
UR 

dR 

1 
2 1 
2 
0 
0 

1 
2 

1 
2 

0 
0 

1 
6 1 
6 

2/3 
-1/3 

2/3 
-1/3 
2/3 

-1/3 

Table 2.3: The quantum numbers of the quarks. 

Y 

Mass terms for fermions must be of the form 

(2.5) 

(2.6) 

although this term is not invariant under the gauge transformations since and / R 

transform differently. Hence such a term is not allowed by gauge invariance, leaving us 

with massless fermions. Similarly, all the gauge bosons are massless in this theory, again 

in direct conflict with experimental results which show that and Z both possess 
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mass. In addition, when the amplitude for the scattering process H^+PK" W'^W~ is 
evaluated, one finds 

- iM{W+W- ^~W+W-) - s/M^ (2.7) 

as 5 oo. Thus at large enough collider energy this process is predicted to violate 

unitarity. The Lagrangian for the unbroken theory is: 

- ^ W , , . W ^ ' ' - \B,,B'''' + LY (id, - g ^ T M , - g'^B^ L 

+Rj^(id,-g'jB,^R. (2.8) 

Here n denotes a Pauli matrix. The first two terms are the W"^, Z, 7 kinetic energies 

and self-interactions. The last two terms are the lepton and quark kinetic energies and 

their interactions with W^, Z, 7 . As mentioned above there are no particle mass terms, 

and thus this cannot be the complete Lagrangian. Our aim is to find a gauge invariant 

way of providing mass and this is made possible by 'the Higgs mechanism'. 

2.3 The Higgs Mechanism 

The Higgs mechanism [4] was first proposed in 1964 and solves the problems caused by 

the unbroken SM. To the SM Lagrangian one adds the term Cniggs defined by 

= Cpot + ^Yuk + ^Kin • (2-9) "Higgs 

Here Cmk is the Yukawa coupHng of the Higgs boson to the fermions which will be 

discussed later; Cxin is the kinetic energy term of the Higgs bosons, (£>^$)t(Z)^$), and 

Cpot is the Higgs potential. The scalar doublet field is defined by 

^=(t], (2-10) 

where and (/)̂  are complex fields with quantum numbers displayed in Table 2.4. 

The potential is defined by: 

F($) = + A($^$)2 . (2.11) 



CHAPTER 2. THE STANDARD MODEL 11 

T Ts 2-* 
<f>+ 1 

2 
1 
2 

1 
2 

1 
I 2 1 

2 
I 
2 

0 

Table 2.4: The quantum numbers of (f)+ and <̂ °. 

If > 0 and A > 0 then the minimum of V{^) is at = 0. However, if we choose 

< 0 the minimum now lies at = -\p?jX. This can be interpreted as $ possessing 

a non-vanishing vacuum expectation value (VEV). The VEV is denoted by v and defined 

as 
^ = ( - . V 2 A ) l . (2.12) 

The presence of a non-zero VEV enables the problems of the unbroken model to be solved. 

We can choose a particular vacuum to be 

$ 0 = 
0 
V 

(2.13) 

which is a very special choice. It is chosen so that the vacuum does not break the L!{\)Q 

symmetry. We stress that the above choice can always be obtained under global SU(2) 

transformations. The real Higgs field can be expanded around the vacuum, while the 

other three degrees of freedom can be removed by a gauge transformation (Eq. (2.14)), 

thus ensuring that no Goldstone bosons remain in the Lagrangian. This is due to the 

equality: 
'tax).r\ ( 0 \ 

\, V + h{x) ) • 
$ = exp 

2v 
(2.14) 

(2.15) 

Therefore it is sufficient to substitute the scalar doublet 

^ 1̂  v + h{x) J 

into the Lagrangian, and this will generate the masses for the vector bosons from the 

Higgs kinetic energy term: 

I V 1 / n 
{D,^)\D'^cl>) = 

g^v^ {wiwr+w^wn + v'ig' + g") W^g - g'B, 

8 Vg' + 9" 

(2.16) 

(2.17) 
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+interaction term 

^ IM^W;^WI^ + \MIZ'^Z, + \M\A'^A, (2.18) 

-(-interaction term. 

with the fields defined by 

w;:-~iwi-zwi), (2.19) 

= ~iWl + , (2.20) 

W^a — a'B 
Z, = f = Wl cos K - B, sin , (2.21) 

yif + 5") 

= ^^^^ = Wl sin + cos 9^ . (2.22) 

The following masses are generated: 
= f , (2.23) 

Mz = ~y/7T7', (2.24) 

ikCi = 0 . (2.25) 

The result that = 0 (i.e. the photon remains massless) is due to the fact that the 
U{1)Q symmetry is intact after SSB and any gauge symmetry must have an associated 
massless gauge boson, in this case the field A^. One finds that 

e = sin = r̂'cos . (2.26) 

and the Weinberg angle 9^ is defined as 

tan^. = ^ . (2.27) 
9 

The three basic parameters of the SM are g, g' and although it is more favourable 
to use Mz-, Gp - v^^f^/SM^ and aem = e /̂47r since the latter can be measured with 
considerable accuracy. The interaction terms are 

gMwhW^^Wt + {g' + g'')^hZ,Z'^ + ^jh'W^^W!^ 
2 ' 4 

ii9' + 9") 
8 

h^Z^Z'' . (2.28) 
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which are interpreted as the triple and quartic vertices for h interacting with the massive 
gauge bosons. 

2.4 Masses of the Fermions 

So far we have obtained mass terms for the massive gauge bosons. The other massive 
particles in the SM are, of course, the fermions. The mass term for fermions must be 
of the form m¥#; this term is forbidden by gauge invariance since it can be written as 
m(^L^R+^R^L), and the left and right components transform differently under the gauge 
groups. The Higgs boson can provide masses for the fermions by introducing couplings of 
the form: 

(2.29) = 9d (u, d)A'^l ]dR + dR{r. ̂ °)( ! 
V ^ / \ ^ / Li 

Here g^i is the down-type fermion Yukawa coupling, and u{d) represents the up-type 
(down-type) fermion. The Higgs boson has the correct quantum numbers to allow this 
term to be gauge invariant. When the Higgs doublet is replaced by its VEV one finds: 

Cy = -^v{dLdn + dndL) - ^(dLdn + dRdr.)h . (2.30) 

The first term is a Dirac mass term, in which can be chosen to satisfy 

(2.31) 

and so generates the required mass for the down-type fermions (i.e. leptons and down-

type quarks): 
- mdd - —ddh . (2.32) 

V 
Since g^ is arbitrary the mass of the fermions is not actually predicted, although mass 
has been accommodated in a gauge invariant way. The second term in Eq. (2.32) is an 
interaction term between the Higgs field h and the fermions. Note that the coupling for 
this interaction is proportional to the mass of the fermion, and for all but the heaviest 
fermions this coupling {iJid/v) is very small. 
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The masses for the up-type quarks are generated in a similar way. The only difference 
is that we must form a new Higgs doublet {(f>c) from ^: 

(2.33) 

The neutral component ^° is now the upper member of the doublet, and due to the special 
properties of SU{2), (j)c transforms identically to (j). To give mass to the up-type quarks 
the gauge invariant contribution to the Lagrangian is 

9u (u, d)L ( J_ \uR + h.c (2.34) 

which provides the mass and interaction terms 

m. muUU •uuh . (2.35) 

This mechanism can be extended to give masses to the three generations of quarks and 
leptons. One finds that the couphngs would take the form 

9l {Ui, li)L ( \o djR {Ui, %)L I ^1 I UjR + h.c (2.36) 

where the </• refers to a weak eigenstate composed of a linear combination of mass eigen-

states from the three generations. 

This leads to the following Lagrangian: 

h 
- m'Jidi 1 + - - m^UiUi 1 + - (2.37) 

The Higgs-fermion interaction conserves flavour, and thus is in agreement with the re­
quirement that flavour changing neutral currents must be suppressed. Theoretically this 
can be explained due to the results: 

(2.38) 

Hence the diagonalization of the mass matrix causes the Yukawa couplings to be automat­
ically diagonahzed, and hence there are no tree-level flavour changing neutral currents. 



Chapter 3 

Properties of the Higgs boson 

3.1 Introduction 

In this section we shall describe the properties of the minimal SM Higgs boson. Our 
convention now is to label the particle as (fP^ since this nomenclature is frequently used in 
the literature. In Chapter 2 was taken as a neutral complex field in the column vector 

and h represented the physical Higgs field. 

As mentioned several times already M ô is not predicted by the theory although various 
loose upper bounds (3.2) on its value can be obtained from considering internal consistency 
conditions in perturbation theory. Section (3.3) displays the most useful Feynman rules of 
the Higgs boson, from which the partial decay widths and thus the branching ratos (BRs) 
of (jp can be evaluated (3.4). Next the phenomenology at LEP2 (3.5 and 3.6) and at the 
Large Hadron Collider (LHC) are studied (3.7 and 3.8). The predicted event numbers 
will be displayed in later chapters when the question of distinguishing between (jp and 
Higgs bosons of non-minimal models becomes a.n important issue. 

3.2 Mass bounds 

Three ways to indirectly constrain M ô are reviewed. The first is obtained from requiring 
that unitarity is preserved in vector boson scattering processes; the second demands that 

15 
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the Higgs self-coupling constant (A) remains perturbative up to a certain scale where 
new physics then enters. Both these methods produce upper bounds on M^o. The third 
analysis enables a lower bound on M^o to be obtained by requiring that the Higgs vacuum 
remains stable. 

We shall start with the unitarity considerations [5], [6]. Let us consider WW elastic 
scattering. 

VV VV / V W V W N A / V N A A A A A A A / ^ ' ' ' 

' W N A A A A A A A A A A A A A A / ^ 

Figure 3.1: The contribution of ^° to VF+VF scattering. 

Using the SM Feynman rules for the tree-level diagrams, but omitting any diagrams 
involving the Higgs boson, it can be shown that the amphtude grows hnearly in s (Eq. 
(2.7)), thus violating unitarity. The inclusion of ^° cures this problem (see Figure 3.1), 
although since (jP can be removed from the spectrum by taking M^o —> cx) it follows that 
tree-level unitarity must break down for some large value of M^o. It can be shown that 
the scattering of the longitudinally polarized M̂ s (WL) gives the most serious bad high 
energy behaviour (this is because the polarization vector of WL in the large energy Hmit 
is approximated by e£(p) p^/Mw)- The amplitude for W^W[ W^W£ in the limit 
where s, Mjo > M^, M | is 

AiW^WE ^ W^WE) = -V2GFMIO + s-Mlo t-M% 
(3.1) 

As mentioned earlier the amplitude grows linearly in s if we take M^o —» oo. The presence 
of a finite M^a cause the amplitude to tend to a constant value as s —>̂ oo. However, even 
at finite M ô this ampHtude may violate unitarity. To show this expHcitly we can show 
that the contribution to the J = 0 partial wave from Eq. (3.1) is given by 

1 yo ^ _ L -GpMlo 
«0 (3.2) 
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in the limit of s ^ M^o • Partial wave unitarity requires 

|Re aj\<^. (3.3) 

Applying Eq. (3.3) to Eq. (3.2) produces the bound M^o < 850 GeV. Further analysis 
which includes other scattering channels {Z^Zi, Z^cfP and <j)°<fP) obtains the stronger 
bound M^o < 700 GeV. How should this bound be interpreted? We have shown that the 
tree-level amplitude violates unitarity at sufficiently large energy if ^° violates the mass 
bound M^o < 700 GeV. If higher order self-interactions among the scalars were included 
then maybe this bound would be weakened, allowing larger values of M^o. However, this 
is not possible in practice since for larger M^o the Higgs self-couphng would also be large 
and so perturbation theory would not be valid. Hence we should interpret the bound 
M^o < 700 GeV as being the largest Higgs mass for which perturbation theory is reliable 
for all s. 

It is useful from a conceptual point of view to consider the unitarity constraints in a 
different limit where M ^ , M | <C -s <C M^o- If we denote by Sc the maximum s allowed 
by tree-level unitarity in the limit of M^o —> oo, then Sc is the scale at which new physics 
must enter. It can be shown that 

5 < 5, = (1.2 TeV)^ , (3.4) 

and so new physics must enter around the 1 TeV scale. The result has important con­
sequences since this scale that will be probed by the LHC. This ends our discussion of 
unitarity constraints on M^o. 

The second method of indirectly constraining M^o can be obtained from considering 
the energy evolution of A. This parameter 'runs' with the energy scale Q. The expression 
for the one-loop corrected couphng A(^) (with t = ln((5^//i^), fJ. is the renormahzation 
scale, and gt is the top quark Yukawa coupUng) can be written as [7]: 

dX 
It " 167r 

{l2A^ + QXg^, - Zgt " \K^9' + f ) + ^ [^9^ + + 9'^]} • (3-5) 

This expression is obtained from evaluating all one -loop diagrams in the process 
0̂̂ 0 ^ 0̂̂ 0̂  ^^^^ internal particles being respectively (f>'^, t, W and Z] fighter 
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fermions also contribute although their Yukawa couplings are suppressed by the factor 
rrif/v, and are hence neghgible compared to the heavier particles mentioned above. The 
above equation can be solved in the large A limit by only keeping the term in Â  on the 
r.h.s. One finds in this approximation: 

Therefore it is apparent that regardless of how small X{v) is, X[Q) will eventually develop 
a pole (the Landau pole) at large Q, if the one-loop beta function remains an adequate 
description of the theory at large A. We must be aware that when X{Q) becomes too 
large the one-loop beta function is no longer a reliable description of the theory. Above a 
certain point it would be necessary to include higher order corrections or non-perturbative 
techniques. 

As Q increases it becomes increasingly likely that the SM is embedded in a more 
complete theory, which takes effect at scales Q = A. Therefore A acts as a cut off for the 
SM, and so presumably A < rupi w 10̂ ^ GeV. Possible values for A may be set by some 
grand unification scale or supersymmetry breaking scale. 

For sufficiently small A(v), which corresponds to a small M^o since M^o = 2v'^X, it is 
possible to keep A(A) in the perturbative regime, thus allowing the one-loop ^ function 
to remain an accurate description of the theory. We can label the scale at which the 
one-loop beta function breaks down as A^rp, and thus our assumption is that A < AATP. 

This means that there is no energy region where it it is necessary to use non-perturbative 
techniques. Of course it is possible that A > A^p, in which case one would have to use 
non-perturbative techniques between the energies AATP and A. We shall not be considering 
this possibility. First let us see what the maximum allowed M^o is for A = rUpi, assuming 
that the one-loop (3 function is exact throughout this range. We impose A(A) = oo as a 
condition, although in practice this leads to almost the same numerical results as imposing 
A(A) = 1. The maximum value for the Higgs mass is given by 

For A = rupi we find M^""" = 140 GeV. Eq. (3.7) is plotted in Figure 3.2 and we can see 
that Af^^" quickly asymptotes to fairly low values. The lower the scale of new physics, the 



CHAPTER 3. PROPERTIES OF THE HIGGS BOSON 19 

larger the allowed mass of M^o. Is there a lowest A that we should allow? If we allowed 
A = V then the phenomenology and detection of the Higgs boson would be influenced 
and possibly preceded by the new physics itself. This new physics may not possess a 
fundamental scalar as the source of the electroweak symmetry breaking, and so the value 
of the Higgs boson mass may not be meaningful. Alternatively one could demand that 
the Higgs boson mass is less than the energy scale of new physics, which means that one 
can safely evolve the coupling up to the scale A, and the phenomenology of the Higgs 
boson would not be influenced by the new physics. Thus imposing M^"^ < A one can 
see from the graph that M^o"'' < 800 GeV. 

100000 

10000 

> 
p. 

1000 

10000 100000 
A (GeV) 

Figure 3.2: Maximum value of M^o as a function of A, for which we may apply the pure 
renormalization group equations, and assuming A(A) = oo. 

We have so far discussed two ways of obtaining an upper bound on M^o. A lower bound 
on M^o can be obtained from considerations of the one-loop potential. It is desirable to 
have X{Q) > 0, otherwise the Higgs vacuum becomes unstable and the potential becomes 
unbounded from below [8]. The one-loop potential can be obtained by replacing the bare 
coupfing A in the tree-level potential with the running coupUng X{Q). One can see that 
for a large enough value of m<, the rate of change of A with energy ( ^ ) is negative, and 
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so X{Q) will eventually be driven negative, thus destabilizing the vacuum. Demanding 
X{Q) > 0 up to a certain scale A, with A(A) = 0 as a boundary condition, imposes a 
relationship between rut and M^o. This can be seen from the fact that including the gt 
terms in Eq. (3.5) one would find 

XiQ) = f{X{v), m„ Q) • (3.8) 

and after imposing A(A) = 0 it has been shown that [9 

M ô > 130.5 GeV + 2.1{mt - 174 GeV), (3.9) 

with A = nipi. For A = 1 TeV one finds 

M<̂o > 7lGeV + 0.9(m,-174GeV). (3.10) 

It can be shown that the discovery of at LEP2, i.e. M^o < 100 GeV would imply that 
new physics occurs below a scale of around 5 TeV. A precise measurement of rut and M^o 
enables information to be obtained on A. 

This ends our discussion on indirect methods of constraining the Higgs mass. Although 
all make various assumptions the general conclusion is that we would expect a Higgs boson 
to have a mass of less than 0(1 TeV). 

3.3 Feynman rules of the Higgs boson ( 0 ° ) 

Having obtained various upper and lower bounds on M^o we now wish to consider the 
couplings of ^° to fermions and gauge bosons, in order to investigate its phenomenology. 
In Figures 3.3 to 3.5 we list the principle Feynman rules for (f)° which are used to evaluate 
the production cross-sections and BRs of We shall be using these throughout the 
thesis, even when considering extended Higgs models. 

The corresponding Feynman rule for each diagram is given in the caption. As we 
shall see in later chapters the Feynman rules for non-minimal neutral Higgs bosons will 
be related to these rules, differing only by a scahng parameter particular to that model. 
Therefore studying the phenomenology of provides an important benchmark for the 
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analogous phenomenology of a non-minimal Higgs model. In the next few sections we 
will describe the decays and production processes of (fP at LEP2 and at the LHC, two 
approved colliders. This review follows the work of the LEP2 workshop [10] and the most 
recent ATLAS reports [11]—»-[14], and the results given will be built upon later in the 
thesis when non-minimal Higgs models are considered. 

3.4 Decays of the Higgs boson (0'^) 

To search for (f>^ one must have accurate predictions for its decays i.e. its BRs. The main 
decay modes for Higgs masses relevant at LEP2 are: 

quark decays : (jP —> bb ,cc. (3-11) 

lepton decays : (f)^ T + T " , (3.12) 

gluon decays : (jP gg . (3.13) 

vector boson decay : (jPWW* . (3-14) 

All the BRs are predicted once M^o is known; deviations from these values would 
suggest a Higgs boson of a non-minimal nature. The partial width for T^T~ is 
given by [15]: 

and electro weak corrections are small. For the decays to hb and cc quarks the QCD 
corrections must be included [16]. The corrected width is given by (in the MS scheme): 

r ( / qq) = ^ m ^ ( M , o ) M ^ o 1 + + (35.94 - IMNp + 5, 8[)^ (3.16) 

Here 6t accounts for the top quark triangle coupled in second order by 2-gluon s channel 
exchange [17], with value 8t = 1.57 - |log(M^o/m^) -f |log^(m^(M0o)/M|o), while 8[ 
accounts for the Higgs decay to two gluons with one gluon splitting into a qq pair [18 . 
The strong coupling is to be evaluated at the scale M<̂ o, and A'p = 5 is the number of 
active flavours. 
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The gluon-gluon decays are primarily mediated by top quark loops and the partial 
width is: 

(3.17) r(<^° -> gg{g), gqg) = -^^M% V 4 6 J IT 
The QCD corrections are sizeable, nearly doubhng the tree-level result. Figures 3.6 and 
3.7 show the BRs as a function of M^o, for M ô < 200 GeV. We can see that bb decays are 
the strongest up to M^o = 150 GeV, being an order of magnitude greater than the rest. 
Decays to vector bosons become strong for the mass range outside the range of LEP2 (see 
Figure 3.8), and these channels will be exploited at the LHC. All the figures are taken 
from Ref. [19] with mt = 175 GeV 

0.1 

0.01 

0.001 

60 80 100 120 140 160 180 200 
M^(GeV) 

Figure 3.6: BRs of (from Ref. [19]). 

3.5 Production Processes at L E P 2 

LEP2 is an e+e~ collider at CERN, Geneva, and is expected to attain a centre of mass 
energy of = 192 GeV in 1998. An integrated luminosity of £ = 500 pb"^ is anticipated. 
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Figure 3.7: BRs of / (from Ref. [19]). 
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Figure 3.8: BRs of (from ReL [19]). 
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The coUider is an upgraded version of LEP which has been taking data since 1987. In 
this section we shall consider the various production channels for ^° at LEP2. 

The main mechanism for the production of at LEP2 will be the Higgs-strahlung 

process [20 
^ Z* ̂  Z f . (3.18) e' e 

The WW fusion process [21], 

e' e l^el^ef, (3-19) 

has a much smaller cross-section at LEP2 energies, mainly due to the extra suppression 

of an additional power of the electroweak coupling. 

The cross-section for the Higgs-strahlung process can be written as 

where ^/s is the centre of mass energy, and ae = —l,̂ ê = —1+ 4s^ are the Z couplings 
to the electron; A = (1 - M^o/s - Mf/s)^ - 4M|oM | /5^ is the usual two-particle phase 
space function. The genuine electroweak corrections [22] are small at the LEP2 energy, 
being less than 1.5%. Photon radiation [23] affects the cross-section more. The variation 
of the cross-section with M^o is shown in Figure 3.9 for two values of the coUider energy 

lo;. 

3.6 Experimental Search at L E P 2 

Experimental simulations have been carried out for four channels, which together account 
for more than 90% of the possible final states for (f>° in the range of LEP2. 

(i) The 'missing mass' or leptonic channel: Z e+e~; /J.'^fJ.~, ̂ ° —>• anything. 

(ii) The r'^r'qq channel: Z —> T + T ~ , (j)^ hadrons and vice versa. 

(iii) The missing energy channel: Z i/F, (f)° hadrons. 

(iv) The four-jet channel: Z —hadrons, (fP bb. 
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Figure 3.9: Production cross-section of the process e+e Z* ̂  ZtjP (from Ref. [19]). 

All important backgrounds have been considered in the analysis, and whose magni­
tudes before cuts are displayed in Table 3.1 [10 . 

^ = 175 GeV ^ = 192 GeV = 205 GeV 
e+e- / / 173.4 135.5 116.5 

e+e- WW 14.63 17.74 18.07 
e+e- ZZ 0.45 1.20 1.43 

e+e" —> Ze+e- 2.75 2.93 3.05 
e+e" —> Wev 0.68 0.90 1.10 
e'^e~ —> ZvV 0.011 0.015 0.020 

77 f f 22.3 24.9 26.3 

Table 3.1: Principal backgrounds (in pb) for (fP searches at LEP2 (from Ref. [10]. 

We shall now consider in turn the aforementioned channels for which simulations have 
been carried out. The event numbers in the specific channels will be given in later chapters, 
when the signals for non-minimal Higgs bosons will be compared with the signal for (fP. 
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(a) The four jet topology arises when the Z decays into quarks (70% of the time) and 
(?!>° decays into quarks (90% of the time). This is the most common final state for 
the Higgs-strahlung process, occurring 65% of the time. Unfortunately the 4-jet 
signal is plagued by backgrounds from multijet events originating from e+e" qq, 
WW and ZZ production e.g. see Table 3.1. 

Only events with an invariant mass of one pair of jets consistent with Mz are kept. 
Events consistent with e'^e~ —> VF+iy~ are rejected, i.e. two pairs of jets consistent 
with the W mass. These requirements are not sufficient to bring the background 
to a manageable level. It is necessary to exploit the bb decays of (fP with fe-tagging 
methods in order to substantially reduce this background. This is possible by using a 
microvertex detector which enables secondary vertices and large impact parameters 
to be resolved. By requiring identified b jets in the final state the background can 
be reduced below the signal, resulting in good detection chances for this channel. 

(b) The missing energy channel occurs in 18% of the cases, the topology being an 
acoplanar pair of b jets with invariant mass M^o, accompanied by large missing 
energy and missing mass, close to the Mz- These requirements strongly suppress 
any 4-jet backgrounds from e+e~ qq, WW or ZZ (no missing px), backgrounds 
from qq(j), WW —> 1^+ 2 jets, Ze+e~ (no missing mass and isolated particles) 
etc. The main background comes from the processes ZZ —> bbvu and Zi/V with 
subsequent decay Z —>• bb. With 6-tagging requirements a reasonable signal to 
background ratio can be obtained. 

(c) The leptonic channel occurs in only 6.7% of the cases, although the backgrounds 
(both reducible and irreducible are smaller than in the above cases). The event' 
selection criteria are a high mass pair of energetic, isolated and thus well identifiable 
leptons (e or /j,), in conjunction with a high multiplicity hadron system. There are 
two irreducible backgrounds: e+e" —> ZZ, with ZZ Uqq, and e+e~ —> Ze+e~. If 
M ô « Mz then a mild b-tagging requirement can be imposed to improve the signal 
to background ratio. The Higgs would manifest itself as a missing mass recoifing to 
the lepton pair. A clear peak would be obtainable unless M^o w Mz, in which the 
aforementioned 6-tagging may be apphed. 
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(d) The rrqq channel occurs in 9% of the cases. It proceeds in two ways: Z r + r , 

(j)^ qq (3% of the time) and (fP T^T', Z ^ qq (6% of the time). The topology 

is two energetic, isolated tau leptons, which are defined as 1- or 3 prong slim jets 

with masses comparable to mi-, not identified as an electron or muon pair, and 

associated with a high multiphcity hadron system. The only irreducible background 

is e^e~ ZZ rrqq. The Higgs boson would be observed as an accumulation 

around (Mz, M^o) in a two-dimensional distribution of these masses. A reasonable 

signal to background ratio can be obtained even when ^ Mz, which can be 

improved if a fe-tagging requirement is imposed although with the result of a large 

loss in signal size. 

In conclusion we display in Table 3.2 [10] the minimum luminosity needed to discover (So-

signal) or exclude (95% C.L.) ^° for given values of ^/s and M^o. 

Exclusion: Discovery: 
^ / i (GeV) M^o (GeV) Cmin (pb-^) M Ô (GeV) Crmn (pb"^) 

175 83 75. 82 150 
192 98 150 95 150 
205 112 200 108 300 

Table 3.2: The minimum luminosity needed to discover (5(7 signal) or exclude (95% C.L.) 
for given values of and M^o (from Ref. [10]). 

3.7 Production Processes at the L H C 

The LHC is a pp collider with expected centre of mass energy y/s = 14 TeV, and inte­

grated luminosity 10 —> 100 fb~^. The production processes at hadron colliders [24] are 

considerably different to those at an e+e~ collider, and the backgrounds to searches for 

the Higgs are more severe. As we shall see the quark decays of although sometimes 

the dominant decays, do not present statistically significant signals, and i t is necessary to 

exploit rare decay channels which allow superior signal to background ratios. The main 

production processes are [24] : 
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(i) Gluon-gluon fusion: gg —> 

(ii) Vector boson fusion: qq —(l>°qq. 

(iii) Associated W, Z production: qq —> W(fP, Z(^^. 

(iv) Associated production with it: gg, qq —> it^P. 
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Figure 3.10: Production cross-sections of (jP at the LHC. 

Al l cross-sections are displayed in Figure 3.10 as a function of M^o for ^/s = 14 TeV. 

Gluon-gluon fusion [25] proceeds via a top quark loop and the cross-section increases with 

increasing m^. I t is the dominant process mainly due to the large value of mj . Vector 

boson fusion [26] is the next largest channel, becoming roughly equal to the gg fusion 

process for larger values of M^o. The cross-sections for the associated production with 

W and Z bosons [27] are not large but may be useful for detecting an intermediate mass 

Higgs if high luminosity is possible, since the Higgs can be tagged by triggering on the 

lepton decay of the vector boson. The cross-section associated with the W is larger than 

that associated with the Z due to the stronger coupling of the former to qq. Associated 
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production with top quarks [28] depends sensitively on m^. Larger is favourable from 
the point of view of the Higgs-top quark coupling, although there will be some kinematical 
suppression from producing a heavier final state. 

3.8 Experimental Search at the L H C 

The three channels that offer the best chance of discovery are: 

(i) gg (/>° ^ 77-

(ii) g g ^ f ZZW ^ ////. 

(iii) qq WcfP gg, qq ^ itcfP ̂  /77^-

These channels will be considered again in later chapters in the context of non-minimal 

Higgs sectors. Therefore we shall delay displaying the expected event numbers for and 

present them later in order to give a direct comparison with the signal from non-minimal 

Higgs sectors). For now we shall give an outline of the selection process. The following 

analysis is taken from the ATLAS studies [11]^ [14], [29]. which have simulated the 

above three channels. 

3.8.1 gg^4>^ ^ 77 

This process [11], [12], [29] is to be used for the range 100 GeV< M^o < 150 GeV. 

It exploits the rare decay (jP 77 and despite the low branching ratio (BR=0.1% —> 

0.2%) i t has the advantage of a strongly suppressed QCD background. The irreducible 

backgrounds consist of the Born {qq —> 77), box {gg 77) and bremsstrahlung {qg 

97 ~* 977) processes. Reducible backgrounds include jet-jet and 7-jet events in which 

one or both jets are mistaken as photons, as well as Z e'^e~ decays which fake photons. 

The cross-sections of these reducible backgrounds are many orders of magnitude larger 

than than the signal cross-sections and so excellent photon identification is required. 
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Signal events were counted in a mass bin of m ± Lia^ (defined in Eq. (3.21)), 

(Tm = y(r^o/2.36)2 + (0.02M^o)2, (3.21) 

which contains approximately 80% of the total signal. The criteria for the signal are two 

photons, satisfying respectively px > 40 GeV and px > 25 GeV, < 2.5. Additional 

contributions to the signal will come from the other Higgs production processes (with 

'̂ ^ ~^ 77) although the dominant contribution is from gluon-gluon fusion. The reducible 

background is potentially dangerous. The ATLAS reports study jet events faking photons 

which pass the same cuts as those applied to the signal. The ratio of the jet-jet and 7-

jet cross-sections to the irreducible 77 cross-section was found to be 2 x 10^ and 10^ 

respectively. Therefore rejection powers of up to 2 x 10^ and 10^ respectively are needed 

to bring the reducible background to less than 20% of the irreducible background. 

The background from Z —> e'^e~ decays, with the electrons faking photons must also 

be considered. An electron veto efficiency of 99.8% is needed to bring this background to 

less than 10% of the signal size. 

3.8.2 gg^^^^ ZZW ^ ////. 

This channel is often dubbed the 'gold plated' channel [11], [12]. The signal appears 

as a peak in the invariant 4-lepton mass distribution above a background that is small. 

The dominant backgrounds are the irreducible ZZ^*^/Z'y* and the reducible tt and Zbb. 

The process qq, gg —> ZZ^*^jZ^* —>• //// has a small cross-section but is irreducible. 

The reducible backgrounds have very large cross-sections. This channel can be used if 

M^o > 2M2 (in which case both Z bosons will be on-shell) and also if M^o < 2Mz (one 

Z boson being off-shell). For the latter case the irreducible continuum is dominated in 

the 4-electron channel by the contributions from the virtual photons, Z^*, which can be 

greatly reduced by requiring that the dilepton mass corresponding to the off-shell particle 

{Z* or 7*) be larger than a certain threshold. Al l the signal and background events are 

collected in a mass bin of ±2(7^ around M^o. The reducible background is expected to be 

at a level well below that of the irreducible background. A statistically significant signal 

is possible for Af^o > 130 GeV, and we shall present the detailed event table in a later 

chapter. 
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For 180 GeV< M^o < 800 GeV the <f>" IIU channel is most promising way of 
searching for (jP at the LHC. As M^o increases, the width grows rapidly and so does 
the momenta of the leptons to be detected. Two lepton candidates are required to have 
PT > 20 GeV, and the remaining two are requested to satisfy pr > 7 GeV, and to be 
within I?; I < 2.5. The variable Higgs mass bin (Eq. (3.21)) is used because the Higgs width 
changes rapidly over the range being considered. A signal acceptance of 95%(90%) was 
assumed for a mass bin M^o ± 2(Tm(±l-64<Tm)- Due to the Z bosons from (fP decay being 
produced by the 2-body decay of a heavy object, one can achieve a significant background 
rejection by requiring that the transverse momentum of the Z bosons is larger than a given 
threshold. 

3.8.3 qq W(f)^ -> /77X; gg, qq tt(f)^ I j j X . 

Selected here is a 77 event with an isolated lepton [11],, [29]. Smaller backgrounds are 

present than in the 77 channel, although the production cross-section is also smaller since 

the gg fusion is not relevant. The lepton originates either from W"^ decay in the process 

pp W* —W^°, or from t —> Wb Ivih in the process pp —>• tt(jP. For the signal it is 

demanded that pT(lepton) > 25 GeV, PT{I) > 25 GeV < 2.0. The size of the mass 

bin is taken as the same as in the 77 channel. 

For the background there are irreducible contributions from 1^77 and tt'^^. Reducible 

backgrounds originate from a variety of sources and include: 

(a) 6^7 with hb -> IX. 

(b) it with two jets faking photons and it IX. 

(c) W'^ with W Ivi'y. 

(d) Z7 with Z /I7. 

Other backgrounds, which include jets faking photons and leptons, were shown to 

be negligible by the ATLAS studies i f one assumes rejection factors of 1000 for a jet 
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faking a photon, 7 for an isolated lepton from b decay and 10^ for a jet faking lep­
ton. The backgrounds from processes c) and d) can be reduced by demanding that 
M(lepton,photon) — M{Z)\ > 10 GeV for each photon, and M(lepton,photon) > 25 

GeV for each photon. A reasonable signal to background ratio can be obtained in this 
channel although the signal number is not large. 



Chapter 4 

Non-minimal Higgs Sectors 

4.1 Introduction 

Thus far we have described the properties and phenomenology of (fP, the single neutral 

Higgs boson predicted by the minimal SM. Such a particle is a remnant of the electroweak-

symmetry breaking mechanism of adding a T = 1/2, F = 1 scalar doublet to the La-

grangian with the neutral Higgs field chosen to have a VEV of magnitude v/ \ /2 . So far 

no such Higgs particle has been discovered, and this null-result is usually attributed to 

the fact that (jP is too heavy to be produced in sufficient quantities. Due to the lack of 

experimental evidence for (fP it is clearly prudent to explore other ways in which Higgs 

scalars can break the electroweak symmetry [30]; such studies will be of importance to 

experimentalists; 

When constructing an extended Higgs sector one must not violate current experimental 

precision measurements. The two major experimental constraints on any Higgs sector are: 

(i) The measured value of the p parameter, p = M j y / M | coŝ  ^^v, must be very close 

to 1. 

(ii) There must be strong suppression of flavour changing neutral currents (FCNCs). 

In the minimal SM both these requirements are obeyed. The p parameter is found 

to be exactly equal to 1 at tree-level (see Eqs. (2.23), (2.24) and (2.27)). Radiative 

34 
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corrections are usually small and will be discussed shortly. The suppression of FCNCs 
is also predicted since the operations that diagonalize the mass matrix automatically 
diagonalize Higgs-fermion couplings (Eq. (2.38)). Any non-minimal Higgs sector will 
also be required to break the SU{2)L X U{1)Y symmetry down to U{1)Q, to provide 
masses for fermions, and to preserve unitarity in vector boson scattering at high energies. 
We shall see that all these requirements can be fulfilled in non-minimal models, and thus 
such models are both theoretically and experimentally viable. The only 'criticism' would 
be that they enlarge the Higgs sector and thus introduce new unknown parameters such as 
Higgs masses and mixing angles. However, this 'criticism' is in my opinion rather hollow 
and unfair. It is true that one should strive for the simplest theory, with the least number 
of arbitrary parameters, but nature may not be in accordance with this conjecture. The 
SM is the current most compatible theory and this contains many arbitrary parameters; 
well-motivated extensions (such as supersymmetry, left-right symmetric models) nearly 
always require enlarged Higgs sectors, extra gauge particles etc, and so it would seem that 
introducing new particles/parameters is not so unaesthetic. Such introductions cancel 
divergences, keep theories self-consistent, and also enable other desirable features to be 
realized (e.g. extra CP violating phases). In this thesis we shall be advocating the study of 
non-minimal Higgs sectors since we believe that such a structure will be present if/when 
an improved version of the SM is found. 

4.2 The Structure of Non-minimal Higgs Models 

Thus far we have referred to 'non-minimal Higgs sectors'. What structure would these 

models take? What quantum numbers would the new particles possess? The main con­

straint on the possible quantum numbers of a non-minimal Higgs representation comes 

from the p parameter. The general formula at tree level is given by: 

= = E r , y [ 4 r ( T + l ) - m ^ T , r | V , y , . 
^ M | C 0 S 2 ^ H ^ ET,Y'^y'\VT,Y? ' 

Here VT,Y is the vacuum expectation value of the neutral Higgs field member of the 

particular representation with total isospin T and hypercharge Y. The parameter CT,Y is 

1 (1/2) for a complex (real) representation. This formula is derived from considering the 
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Higgs boson interaction with the gauge bosons which is given by the kinetic energy part 
of the Lagrangian. The relevant term is: 

^{T+W+ + T-W-)cf>l + {gT'W'^ + ^YBM • (4-2) 

The symbols are defined in Chapter 2, with (f>}j defined by 

(4.3) 

i.e. Vi is the VEV of the particular representation (ji*. From Eq. (4.2) one can obtain the 

relationship in Eq. (4.1), noting that for a neutral scalar T^ = Y/2. 

One can see that p = I requires (assuming c = 1) 

{2T + I f - 3 y ' = 1 . (4.4) 

The simplest non-trivial solution to this equation is provided by F = ± 1 , T = 1/2 

doublets. Note that any number of doublets with these quantum numbers will satisfy 

p = 1, with the minimal SM possessing one such doublet. The trivial solution (T = F = 0) 

is also possible (together with at least one doublet representation) and corresponds to 

neutral Higgs isospin singlet fields; these representations will not be discussed in this 

thesis. The next highest representation that satisfies Eq. (4.4) possesses T = 3 and 

F = ± 4 , although this possibility is not usually pursued due to its complexity. 

Thus far we have considered the tree-level prediction of p. One-loop corrections orig­

inate from virtual fermion loops affecting the gauge boson propagators. The contribution 

of a fermion doublet {U, D) to p is given by [31]: 

^P g'N, 
p 64ir^M^ 

2 , ^ 2 2 m > l , (ml (4.5) 

This correction is always positive and grows in magnitude with increasing mass splitting. 

If rriu = mu then A/9 = 0. We recall that the current measured value is p = 1.0004 ± 

0.0022 ±0.002 [32], and so constraints on the mass splitting of any heavy fermion doublet 

can be obtained. With the current values of = 174 GeV and = 4.5 GeV we find 

^ = 0.0094. This is a 3cr deviation, although it is possible that extra Higgs bosons 
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and/or new physics would contribute with negative Ap. For <f)° the contribution to Ap in 
the limit of a large Higgs mass is of the form [33 

lU-2 

A / - ~ h - ^ , . (4.6) 

and thus being a logarithmic dependence Ap^'^^^ is not sizeable. Corrections to p from 

extended Higgs models will be discussed later. 

One can see from Eq. (4.4) that Higgs representations other than doublets and singlets 

would cause deviations from yo = 1 at tree-level. To show this let us consider the next 

simplest representation which is a triplet (T - 1). In order to have a neutral member, 

one is only allowed to have hypercharge values of F = 0, ± 2 , and from Eq. (4.4) i t is 

clear that p — 1 is not satisfied. However, it is still possible to avoid this problem by a 

number of means. Consider the case of a doublet together with a triplet. The requirement 

of p ^ 1 can be obtained if the vacuum expectation value (VEV) of the triplet is very 

small compared to that of the doublet. Given the above experimental measurement of p, 

we find that 
| ^ i , y | / | V i / 2 , i | < 0 . 0 3 , (4.7) 

with F = 0, ±2 . Therefore the triplet would play a very minor role in electroweak 

symmetry breaking. An alternative idea would be to combine two or more triplet rep­

resentations with a doublet, so arranged that the contributions to p from the triplets 

cancel, preserving p = 1 at tree-level. We shall be discussing a model of this nature in 

more detail in Chapter 7. 

The conclusion of the above analysis is that extended models which include only 

combinations of doublets and singlets (with at least one doublet representation) most 

naturally keep p = 1 a.t tree-level, although higher representations are also possible. 

With this in mind, the bulk of this thesis considers extensions of the Higgs sector which 

only include doublets. 

We have studied the restrictions on the nature of the Higgs representation from consid­

ering the p parameter. Another constraint with which we must comply is the experimental 

fact that flavour changing neutral currents (FCNCs) are rare, and a sensible theory should 

provide a way of suppressing these interactions. In the minimal SM the GIM mechanism 
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eHminates FCNCs at tree-level mediated by Z bosons. In the minimal SM Higgs sector, 
FCNCs mediated by ^° are also absent at tree-level due to the fact that the operations 
which diagonalize the fermion mass matrix simultaneously diagonalize the Higgs-fermion 
couplings. This was shown expHcitly in Eq. (2.38). However, this result ceases to be 
true for a non-minimal model of k Higgs doublets. In this case the Eq. (2.38) must be 
changed to 

W? = i : & ^ . = (4.8) 

Clearly when Mij is diagonal, gijk need not be. Therefore in general one would expect 

FCNCs in a non-minimal Higgs model with k doublets. An elegant way of keeping FCNCs 

suppressed is to request that a given fermion type (either up or down) must not couple 

to more than one Higgs doublet [34]. After imposing this condition the Yukawa couplings 

are constrained but not unique. We shall see that in a model with two Higgs doublets 

there exist four distinct versions which only differ in their Yukawa couplings [35 . 

The final constraint is that of unitarity. We saw earher that (jP cancels the bad high 

energy behaviour in vector boson scattering and so any non-minimal Higgs model is 

required to reproduce these results. This is possible if the following sum rules are obeyed, 

with denoting a neutral Higgs boson [36]: 

J29h°vv = glow (4-9) 
i 

and 
9h°vv9hP. f j = 9^°vv9^o/J • (4-10) 

i 

The above equations originate from considering the scattering processes VLVL VLVC 

and / + / + respectively. These sum rules are only appropriate for representations consisting 

of doublets or singlets. For higher isospin representations there are no simple sum rules. 

This is because the spectrum of Higgs particles will be more exotic in nature and extra 

Feynman diagrams will contribute to the above scattering processes, and thus the Higgs 

bosons will not all contribute in the same channels. Insisting that the unitarity bound is 

not violated constrains M^o < 700 GeV. One would expect a mass bound to be obtained 

in a non-minimal model as well. It can be shown that at least one neutral scalar must 

have a mass less than 700 GeV, otherwise unitarity will be violated. If the mass of a 



CHAPTER 4. NON-MINIMAL HIGGS SECTORS 39 

neutral scalar is close to this value then this particle must approximately saturate the 
sum rules above. The remaining neutral Higgs bosons may be much heavier than 1 TeV, 
and very weakly coupled to vector bosons. 

In this section we have discussed that non-minimal Higgs models may certainly be 

considered. They reproduce all the desirable properties of differing only in the Higgs 

particle spectrum. In the the next section we shall focus on the two-Higgs-doublet model 

(2HDM) which is the minimal extension of the Higgs sector. 

4.3 The Two-Higgs-Doublet Model 

The 2HDM consists of two complex SU{2)L doublet scalar fields, and ^2- The Higgs 

potential is still required to spontaneously break SU{2)L X U{1)Y down to U{1)Q, and its 

most general form can be written as [30]: 

v{cj>u h) = ^i{'t>\<t>i - vlf + H't>\h - vlf 

As [{<i>\'l>l~vl) + {<i>\<i>2~vl)]' 

A4 [(<^I<^l)(<^^^2) - {<t>\<t>2){<i>\<t>l)] (4.11) 
2 

-I-A5 Re{(j)\(f)2) - V1V2 
1 2 

-l-Ae Im{(l)\(j)2) . 

Here A, are all real, non-negative parameters. This potential is the most general one 

subject to gauge invariance and a discrete symmetry, (?i>i —> — w h i c h is only softly 

violated (by terms of dimension two). This latter symmetry ensures that there is a strong 

suppression of Higgs mediated FCNCs. The minimum of this potential is at 

Thus we have the equivalent of a 'Mexican hat' potential, but now as a function of two 

complex fields, ^1 and ^2, each possessing a VEV. An important parameter is the ratio 

of the VEVs 
t a n ^ = — , (4.13) 
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We shall see that tan P plays a significant role in the phenomenology of the 2HDM, and 
in principle can take any value from 0 ^ oo. Eight scalar degrees of freedom have been 
input by introducing two complex Higgs doublets; four carry charge and four are neutral. 
Three degrees of freedom are required to provide mass for the W'^, W~ and Z. Therefore 
five remain and manifest themselves as physical particles. The charged goldstone boson 
is 

G"^ = (l>^ cos P + (f>f sin/3 , (4.14) 

and the physical charged Higgs particle is 

H"^ =-(f)fsmp + ^fcos^ , (4.15) 

with mass Mfj± = \4(vl + vj). Since we are assuming CP-invariance the imaginary and 

neutral parts of the neutral scalar fields decouple. The neutral Goldstone boson is 

G° = y/2{Im4P^ cos /? + Imf^ sin ̂ ) , (4.16) 

and the neutral physical state is 

= V2{-Im<tP^smp + Im(tP^cosp), (4.17) 

with mass M\o = \e,{vl + vl). The real (CP-even) sector contains two physical Higgs 

scalars which mix through the following mass-squared matrix: 

_ / 4vl{\, + Xs) + vjX, (4A3 + Xs)viV2^ \ 2 u 
^ ~ 1, (4A3 + \)v^V2 ivl{\^ + As) + v\\, ) ^ ^ 

Therefore the 2HDM contains five physical Higgs bosons. A charged pair (H^); two 

neutral CP-even scalars {H° and h° with M^o > M/,o); a neutral, CP-odd scalar (A°), 

frequently labelled as the 'pseudoscalar'. The four masses are all free parameters, being 

linked to the A parameters in the Higgs potential. Also arbitrary are 0 and a. The VEVs 

Vl and V2 satisfy 
vl + vl ^v^ = (246 GeV)2. (4.19) 

This latter relationship is required since M^ = 9^(^1 + ^1)12 in this model; by comparison 

with = g'^v^/2, which is the result from the minimal SM, Eq. (4.19) follows easily. 

We now investigate the C and P quantum numbers of the Higgs bosons. These quan­

tum numbers will explain the absence of certain couplings. The bosonic sector conserves 
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C and P separately if the fermions are not included, and thus unique values for these 

quantum numbers can be assigned. With the inclusion of the fermions CP is still a good 

symmetry but C and P are not separately conserved. The assignments are shown in Table 

4.1. 

7 1-- 1- 1+ 
Z 1 - - , 1+ + H^ 0+ 0-

o - - , o + + 
o - - , o + + 
0+- , 0+-

Table 4.1: The C and P values of the bosons. 

The quantum number assignments for A^ explain why there is no tree-level coupling to 

vector boson pairs. 

The couplings of the neutral Higgs bosons to and ZZ are automatically forced 

to obey the sum rule given in Eq. (4.9). Therefore we require 

dlovv + 9H°VV = 9l«vv (4.20) 

for both V = W and Z. By expanding out the covariant derivative, Y.i{D^<j)i)\D^(j)i), 

one finds the following couplings: 

ghpvv 
g4>°vv 
gH°vv 
g4>ovv 

= sin(/?-a) , 

cos(^ — a), (4.21) 

and so the sum rule is obeyed. 

Next we analyse the Higgs-fermion couplings. These are not unique in the 2HDM 

since there is some freedom in how the Higgs doublets are coupled to the fermions. Even 

after demanding natural flavour conservation, which involves the imposition of discrete 

symmetries such as (^i ——(/>i, (l>2 —̂  (l>2, there still exist four distinct versions of the 

2HDM. 

Table 4.2 shows the four different ways with which the 2HDM can be coupled to the 

fermions (the Yukawa couplings) [35]. The numbers (1 or 2) show which Higgs doublet 
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Model I Model r Model I I Model I I ' 
u (up-type quarks) 2 2 2 2 

d (down-type quarks) 2 2 1 1 
e (charged leptons) 2 1 1 2 

Table 4.2: The four distinct structures of the 2HDM (from Ref. [35 . 

couples to which fermion type, with at most one Higgs doublet coupling to a particular 

fermion type. In Model I , one of the Higgs doublets decouples from the fermions. For 

Model I I type couplings the Higgs-fermion part of the Lagrangian can be written as: 

9 'DMDD{H° cos a-h' sin a) + '-i^:^DMDisDA' 
2Mw 

n., • ^UMuU{H°sma + h'cosa)+'-^^UMujsUA' 
2MwsmP 2Mw 

^ -{H+U[cotl3MuK{l - 75) + UnlSKMoil + 7 5 ) ] ^ + h.c). 

2Mw cos /? 
9 

2 \ /2M i^^" r^'-^u-^'' \^ la/ I ..^..f^^^.-^i^y^ , . (4.22) 

Here U and D are column matrices consisting of the three generations of quarks, and K 

is the CKM matrix. The Higgs-lepton coupHngs may be obtained by replacing IJ and 

B by the corresponding lepton fields, changing the quark mass matrices to lepton mass 

matrices, and setting K — \. Note that the mass matrices are diagonal and thus the 

neutral Higgs interactions do not cause FCNCs. The charged Higgs interactions involve 

the CKM matrix, as is the case for the W charged current interaction. The couplings of 

the non-minimal neutral Higgs bosons are scaled relative to those of by trigonometric 

factors. Table 4.3 shows the coupHngs for /i°: 

Model I Model I ' Model I I Model i r 

huu cos a/ sin^ cos a/sin/? cos a/ sin ^ cos a/ sinP 
hdd cos a/ sin ^ cos a/ sinP — sina/ cos 0 — sina/ cos /3 
hee cos a/ sin ^ — sina/ cos /? — sina/ cos /? cos a/ sin /3 

Table 4.3: The fermion couplings of h° in the 2HDM relative to those for the minimal SM 
Higgs boson {(jP). 

For the heavier neutral CP-even one must replace sina by - cos a, and cos a 

by sina. Therefore there exists the possibility of significantly different couplings for h° 

and H° compared to those of (^°. Note that once M^o is fixed its cross-sections and 
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BRs are fixed. This is not the case for the 2HDM, whose couplings also depend on the 
extra parameters a and /3. We shall be considering these possibihties in later chapters, 
and examining the differences in phenomenology will be a recurring theme of this thesis. 
Chapter 5 focuses on and so its couplings/phenomenology are discussed there. We 
shall not be considering the phenomenology of .4°. Its couphngs to the fermions are 
scaled relative to (fP by a factor of tan/? or cot ^ (depending on the model in question), 
although there is also an extra multiplicative 75 in the coupling. We note that all these 
Higgs-fermion couplings obey the unitarity sum rules quoted earher. 

4.3.1 One-loop corrections to p in the 2HDM 

It was mentioned earlier that a major constraint on any non-minimal Higgs model is the 

experimental fact that p ^ 1. In the minimal SM, one loop corrections from (fP are small 

since they are logarithmic ( ^^ In^ - ) [37]. Additional contributions to the gauge boson 

propagators arise in the 2HDM from diagrams of the form displayed in Figure 4.1, where 

the internal loop is entirely of a scalar nature: 

\ / 
\ / 

Figure 4.1: 2HDM corrections to the W and Z propagators. 

For the the additional scalar loops will consist of H^A°, H^h° and H^H°, in 

addition to the minimal SM type loops consisting of W^h'^ and W^H^. For the Z the 

purely scalar internal loop consists of H^H~, hPA^ and and the minimal SM type 

loops contain hPZ and H^Z. The contribution to p is labelled Ap and is found to be [38]: 

A/> = £ ^ [sm\a - ^)F(M^±, Mjo, Ml) + cos\a - ^)F(M^±, M^c, Ml) . 

(4.23) 

where 
, - , / , X be b ab . a ac , a / . .^.\ 

Fia, b,c) = a- In - I n - I n - . (4.24) 
0 — c c a — b b a — c c 
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This contribution can be either positive or negative depending on the values of the Higgs 
boson masses. If the Higgs masses are ordered as 

MH,h < MH± < MAO or M^o < M//± < MH,h (4.25) 

then Ap < 0. If the charged Higgs is heavier or Hghter than all of the neutral scalars then 

A/9 > 0. Due to the top quark contribution to p being quite large, Ap must be either 

small (if it is positive) or negative. The discovery of the top quark with mass of order 175 

GeV means that the top quark correction to p is quite sizeable and so the contribution 

from a 2HDM is preferred to be negative. 

4.4 The Minimal Supersymmetric SM 

We mentioned at the beginning of this chapter that many extensions/improvements of 

the SM require an extended Higgs sector. The model of this type which has received the 

most attention in the literature is the minimal supersymmetric SM (MSSM) [39]. There 

are various good reasons for its popularity, one of which we now explain. It is desirable 

to embed the SM in a Grand-Unified Theory (GUT), but once this is done the one-loop 

corrections to the propagator of mediated by heavy Higgs bosons which break the 

GUT symmetry, grow quadratically with the GUT scale: 

SM^o = g^Ml ^ 10̂ ^ (GeV)' , (4.26) 

where Mx is the mass of the heavy Higgs bosons. Thus to keep M^o < 1 TeV (which is 

required from various indirect constraints on M^o explained in Chapter 3) the bare mass 

of (jP must be tuned to one part in 10^ ,̂ and this is very unnatural. In the supersymmetric 

SM one introduces a new super-particle (sparticle) for each particle. The sparticles have 

the same gauge quantum numbers as their partners but differ by | a unit of spin. A 

consequence of these extra particles is that the aforementioned fine-tuning problem can 

be solved. To every fermion loop in the Higgs propagator one has an analogous boson 

(sparticle) loop, and vice versa. Thus one can show 

A + 0{ml) - (A + (9(mJ))] = ^ml-m) , (4.27) 8Ml. = -
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and the one-loop corrections will be small if 

m j ' - m} | < 0(1 TeV)^ (4.28) 

i.e. the masses of the supersymmetric particles should be of order 1 TeV. Thus the MSSM 

is a well motivated extension of the SM, and in addition to solving the fine-tuning problem 

i t also allows for gauge coupling constant unification in SUSY-GUTS, and provides an 

attractive Dark Matter candidate - the lightest sparticle which is expected to be stable. 

4.5 The Higgs structure of the MSSM 

Supersymmetric theories keep Higgs bosons as elementary spin-0 particles [30], [39]. In 

this subsection we briefly review the Higgs sector of the MSSM and show that i t is a 

constrained version of the general 2HDM described previously. 

In the minimal SM one Higgs doublet is sufficient to provide the mass for the quarks 

and leptons. Down-type fermions are given mass by coupling to $ while up-type quarks 

couple to i(j2$*. Supersymmetric theories forbid the appearance of $* and so one must 

use a second Higgs doublet ($2) to give mass to the up-type quarks. The presence of a 

second Higgs doublet also eliminates anomalies in the theory. It is sufficient to require 

that the sum of all fermion charges vanishes, and so the fermionic partners of one Higgs 

doublet (H°^ H{) must have their charges balanced by the partners of a second Higgs 

doublet {H^, H^). Therefore the Higgs sector of the MSSM is a 2HDM with the additional 

constraint of supersymmetry. In this thesis we are concerned with the phenomenology of 

the Higgs sector of the MSSM, and how it may differ from that of a general, non-SUSY 

2HDM. Therefore we shall go into detail concerning the exact structure of the ful l MSSM 

Lagrangian. We shall see that the results derived earlier for the non-SUSY 2HDM are 

fully applicable for use in the MSSM, although there are new constraints which arise from 

imposing supersymmetry. 

The Higgs potential for the MSSM can be written in terms of the general 2HDM 

potential displayed in Eq. (4.11), with the following constraints: 

^2 = A i , 



CHAPTER 4. NON-MINIMAL HIGGS SECTORS 46 

A3 = ^ ( ^ ^ + / ) - A i , 

A5 = A 6 - 2 A i - ^ ( ^ 2 + / ) , 

ml = -\fi\^ + 2X,vl-^Ml, 

ml = -\fi\' + 2Xivl-^Ml, 

(4.29) 

1 
m 12 = - - ^ ^ i V 2 ( / + 5 ' '^-4Ai) 

Here mi2 , m i and m2 are soft SUSY breaking parameters. Thus one arrives at the 

following potential. 

V = {ml + \ti\')Hl*Hi + {ml + \ix\')Hl*Hi - ml,{t,,H{Hi + h.c) 

+ ^ ( / + / ) [HTH\ - Hi*m\' + \\HTH\\' . (4.30) 

Using these relations and the expressions for the mass eigenstates of the general 2HDM 

one can obtain the following mass relations: 

Mlo + M | ± 7(Mlo) + M | ) 2 - 4 M | M l o cos^^ 

The mixing angles are found to be: 

cos 2oL •• 
. c o s 2 / ^ - - ^ ^ 

sm 2a = - sm 2^ — f . 

From the equations one can derive the following important relations: 

MH^ > Mw, 

MHO > Mz, 

MAO > Mho, 

MhO < M cos 2^ <Mz ( M = min(Mz, M^o)). 

(4.31) 

(4.32) 

(4.33) 

(4.34) 

(4.35) 
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The last relationship is phenomenologically very important since i t imphes that h° must be 
of order Mz which would make it accessible at LEP2. We notice from the above equations 
that only two of the parameters (/?, a, MAO, M^O, MH±, and M f f o ) are independent. The 
literature usually chooses tan (3 and M40 as being independent variables, from which the 
values of a, M^o, Mu± and M^o may be inferred. We note that in the general 2HDM five 
of these six parameters are independent variables. Returning to the MSSM, as M^o 00 
all the Higgs masses except M^P Hkewise grow large and effectively decouple. Thus one is 
left with a Higgs sector that closely resembles that of the minimal SM (the couplings of 
/ i ^ are identical to those of (f)^ in this limit). 

Up until now all the quoted mass relations are at the tree-level only. It is important to 

check if radiative corrections can cause significant enhancements. In this thesis we shall 

be concerned with these corrections for the case of h° and H"^. For H"^ it has been shown 

that the 1-loop corrections to Eq. (4.31) are small over most of the parameter space and 

thus the tree-level relation remains a very good approximation [40]. For h° the situation 

is very different and the diagrams of the form in Figure 4.2 cause a correction SM^o [41 . 

Figure 4.2: Fermion and sfermion corrections to the h'^ propagator. 

This correction can be written as (the dominating term only): 

S M l ^ ^ ^ U m . (4.36) 

Here is the mass of the stop particle. This 1-loop correction can significantly increase 

M/jO, thus violating the bound M^o < Mz- The phenomenological consequence is that h° 

may not be within the discovery range of LEP2, this collider being able to search up to 

M/iO 95 —> 100 GeV. The radiatively corrected Mh,o depends on the exact value of tan ^ 

and various SUSY parameters such as the squark masses and mixings. 
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We now turn our attention to the couplings of the Higgs bosons in the MSSM to the 
fermions and gauge bosons. In this thesis we shall be concerned with Higgs decays to non-
SUSY particles, since the predictive power is greater. The Yukawa coupHngs are of Model 
11 type and so from Table 4.3 we can automatically read off values relative to those of 
As we have already mentioned the Higgs sector of the MSSM is a constrained version of 
the general 2HDM and so the couplings (which are functions of MAO and tan are likely 
to be constrained. Turning our attention first to the couplings to gauge bosons one finds 
a dramatic suppression in the predicted value of cos (̂/9 — a) (i.e. the couphng of H'^ to 
the gauge bosons). Over the vast majority of the experimentally allowed (M^o, tan^) 
parameter space one find cos (̂/? —a) < 0.1. This implies that the corresponding coupling 
of /i° will be very close to </>° strength. Moreover, in this scenario the fermion couplings of 

will also be close to strength, resulting in h° and being very difficult to distinguish. 
This problem is discussed in Ref. [42]. We shall not be addressing this topic, but instead 
will be comparing the phenomenological properties of non-SUSY, non-minimal Higgs 
bosons to those of ^° and assuming that the latter two have very similar signatures. 

I t is worth mentioning here that the presence of the sparticle spectrum must be taken 

into account when one considers the phenomenology of the Higgs sector of the MSSM. 

In particular, virtual sparticles must be included in one-loop diagrams; this is of impor­

tance when one considers rare one-loop mediated decays, or production processes that 

proceed via loops. Examples include the gg —> fusion production process at hadron 

colliders which proceeds predominantly via a top quark loop although squark loops must 

be considered. This has been considered in Ref. [43] and the squarks loop contributions 

were found to be small. This is because the squark masses are expected to be large ( « 1 

TeV) and thus they decouple, their coupHng not behaving as myMw The 77 decay 

mode of will be important to enable detection at hadron colliders, and additional con­

tributions in the this loop mediated decay originate from H^, squarks and charginos, the 

latter being the SUSY partners of and H^. Contributions from the latter particles 

are the most sizeable. The chargino coupling grows weaker as its mass increases, and so 

a light chargino would be needed to cause a reasonable contribution. Effects from the 

scalar loops are smaller. In many studies (e.g. the ATLAS studies) various assumptions 

are made concerning the the SUSY parameters, e.g. squark mixing and the masses of the 
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sparticles. Often squark mixing is assumed to be zero and decays involving sparticles are 
assumed to have little contribution to overall decay widths. Some studies instead consider 
the whole SUSY parameter space, showing that significant deviations from the above sce­
nario are possible [44]. In this thesis we shall not be considering Higgs boson decays to 
SUSY particles, and we generally assume that has a very similar phenomenology to 
(f)°. If there is a possibility of a significantly different signal in a particular channel then 
this will be mentioned at the appropriate time. 

4.6 The aims of this Thesis 

This concludes our account of the Higgs sector of the MSSM. Of all of the extensions of the 

SM which require an extended Higgs sector the MSSM is the model which receives most 

phenomenological attention in the literature. It is sometimes suggested that searching for 

the Higgs bosons of the MSSM is a good way to find supersymmetry, whose sparticles 

may be rather heavy. However we have shown the Higgs sector of the MSSM is merely 

a constrained version of the general 2HDM. If a Higgs boson(s) is found in the future 

(charged or uncharged) with properties roughly corresponding to those of a Higgs boson 

of the MSSM it would be imprudent to assume that the MSSM is the correct theory. 

Higgs bosons from the general 2HDM can mimic those from the MSSM since the latter is 

a constrained version of the former. One should wait for harder evidence of the MSSM, 

that is the detection of the sparticles, whether from direct production or via decays from 

Higgs bosons. One can naively infer that the general 2HDM should possess properties 

that cannot be mimicked by the Higgs sector of the MSSM, since there are no tree-

level mass relations and the couplings will not be as constrained. This thesis sets out 

to find these distinct signatures and to ascertain whether they are phenomenologically 

observable. The coUiders considered are LEP2 and the LHC; the former is already taking 

data at a lower centre of mass energy, with the latter having been approved and expected 

to operate early next century. Since the phenomenology of h° is expected to be very 

similar to that of (/>°, any conclusions concerning one of these bosons will be applicable to 

the other. The Higgs sector of the MSSM and (f)° have received the most attention in the 

literature with relatively little given to the general 2HDM; we shall show that the latter 
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may possess distinct and sometimes spectacular phenomenological signatures not possible 
in the MSSM or for </>°. 

Our work is organized as follows: 

(i) In Chapter 5 we consider the charged Higgs sector of the general 2HDM and its 

phenomenology at LEP2 and higher energy e+e~ colliders. The motivation here 

is that a charged Higgs is unambiguous proof of physics beyond the minimal SM. 

Moreover, the mass relationships in the MSSM practically forbid the detection of 

H"^ of the MSSM at LEP2. This may not be the case for the H^ of the general 

2HDM. 

(ii) In Chapter 6 the phenomenology of the neutral Higgs sector of the non-minimal 

SM is studied, first in the context of LEP2 and then at the LHC. The couplings 

of to matter, and thus its production cross-sections and BRs, can be precisely 

calculated once M^o is known. Any serious deviations from these predictions will 

be indicative of an extended Higgs. sector, and this chapter explores the regions of 

parameter space that may present phenomenologically distinct signatures. 

(iii) Chapter 7 considers a higher Higgs representation, namely those with isospin triplets 

( / = 1). We study one such model in the context of LEP2 and show that i t predicts 

exotic Higgs bosons, some of which are not possible in extended models with only 

doublets. 

(iv) Chapter 8 continues a theme introduced in Chapter 7 - 'fermiophobia' - and explores 

the phenomenology of fermiophobic Higgs bosons at the Fermilab Tevatron and at 

the LHC. 



Chapter 5 

Light charged Higgs scalars at e^e 
coUiders 

5.1 Introduction 

This chapter concerns the detection of light charged Higgs scalars {H^) at high energy 

e+e" colliders. In Chapter 4 we showed that extended Higgs models may be considered 

and one prediction of the 2HDM is the existence of charged Higgs bosons. 

One particular form of the 2HDM has received substantial attention in the hterature, 

mainly due to the fact that i t is the structure of the MSSM. However, there are four 

variants of the 2HDM, differing in their couplings to the fermions (see Table 4.2). These 

are referred to as Models I , I ' , I I and IF with Model I I appropriate for the MSSM. The 

phenomenology of these four types of models can be quite different. We will show, for 

example, that the charged Higgs bosons H"^ of Models I and V can be within the reach 

of the LEP2 e+e" collider ( y ^ ~ 200 GeV), while those of Models I I and 11' cannot. 

In this chapter we shall study the phenomenology of non-minimal Higgs models con­

taining doublet representations in the context of high-energy e^e" colliders. The analysis 

only considers models with the following important assumptions: 

(i) natural flavour conservation [34] is imposed at all times. 

51 
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(ii) when studying decay channels we assume no other new particles apart from Higgs 
bosons (i.e. non-minimal SM), cf. MSSM with extra SUSY particles. 

In particular we give emphasis to the general Multi-Higgs-Doublet-Model (MHDM), 

which has received relatively little attention in the literature. It has been shown that 

there are significant phenomenological differences between the MHDM and the 2HDM 

46]. Particularly important in this respect is the detection of the lightest charged scalar 

of the MHDM, a theme which we shall cover in this chapter. We note that detection 

of a charged Higgs boson would provide unambiguous evidence of a non-minimal Higgs 

sector. In contrast to the 2HDM of, for example, the MSSM, the Hghtest charged scalar 

of the M H D M has essentially no theoretical constraint on its mass (Eq. (4.31)) and could 

therefore be in the discovery range of LEP2. 

For all the charged scalars that we will consider there exists an experimental lower 

bound from LEP of 41.7 GeV [32], obtained from a lack of signal in the processes e'^e~ —*• 

7*, Z* —> f f + H~ T VT-T Vr, csTVr and cscs. With higher energy colliders, distinguishing 

between the various models and the special cases of MH ~ Mw or MH ~ Mz pose 

potential problems. We shall show that the possibility of a large branching ratio for the 

decay channel H^ cb (which is possible in the MHDM but not in the 2HDM that is 

relevant at LEP2) goes some way to overcoming these difficulties. 

This chapter is organized as follows. In (5.2) we describe the general features of the 

charged Higgs sector of the 2HDM and MHDM. In (5.3) we discuss existing constraints 

on the various models and compute some relevant branching ratios. Sections (5.4) and 

(5.5) discuss the production of charged Higgs scalars at LEP2 and higher energy e+e" 

colliders respectively. Finally, (5.6) contains our conclusions. 

5.2 The Models 

The theoretical structure of the 2HDM was described in Chapter 4. Eq. (4.22) showed 

the charged Higgs interaction Lagrangian for Model I I type couphngs. For the MHDM 

i t has been shown [45] that the couplings of the charged scalars to the fermions depend 

on the three complex parameters X, Y and Z. These originate from the mixing matrix 



CHAPTER 5. LIGHT CHARGED HIGGS SCALARS AT E+E' COLLIDERS 53 

for the charged scalar sector. We will assume, as is conventionally done in the literature, 
that one of the charged scalars is much lighter than the others and thus dominates the 
low-energy phenomenology. The relevant part of the Lagrangian is [46]: 

£ = {2V2GF){XULVMDDR + YURVMUDL + ZNLMEEn)H+ + h.c. (5.1) 

Here UL, UR {DL, DR) denote lef t- and right-handed up (down) type quark fields, Ni, 

is the left-handed neutrino field, and ER the right-handed charged lepton field. MD, 

Mu, ME are the diagonal mass matrices of the down-type quarks, up-type quarks and 

charged leptons respectively. V is the CKM matrix. For the 2HDM the charged Higgs 

interaction Lagrangian has the same form Eq. (5.1) with the replacements for X, Y and 

Z shown in Table 5.1 [35]. In the MHDM X, Y and Z are arbitrary complex numbers. 

Model I Model I ' Model I I Model i r 
X - c o t ^ -cot/3 tan-^ tan /3 
Y cot/3 cot^ cot^ cot/3 
Z -cot/3 tan /3 tan /3 -cot/3 

Table 5.1: The values of X, Y and Z in the 2HDM. 

It follows that combinations of parameters like XY* have different values depending on 

the model under consideration. In particular, we will see in the following section that 

such a combination appears in loop corrections involving charged scalars, giving rise to 

important phenomenological differences between the models. For a ful l review see for 

example Ref. [46]. 

5.3 Constraints and Branching Ratios 

Precision measurements of the process 6 37 impose the severest constraints on the 

mass of the charged scalar of the 2HDM (Models I I and IV). For a general review of how 

new physics affects this decay see Ref. [47]. The diagrams which contribute to the process 

are essentially the same as those for the SM with the replaced by H"^, see Figure 5.1. 

The photon may be attached to any charged line. 
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/ ^ 

Y 

Figure 5.1: Contribution to 6 —> 57 from H^. 

I t has been shown [48, 49, 50, 51] that 

BR(6 ^ 37) = C r/2 + Gw{xt) + ( Y 'lZ)Gw{yt) + {XY*)GH{yt) 

where 
C = 

Sai]lBR{B ^ XJiy) 
27rFps(m2/mn 

3 X 10 -4 

(5.2) 

(5.3) 

Here Fp, ^ 0.5 is a phase space factor, rjr « 0.66 and rj^ ^ 0.57 are QCD correction 

factors, and the G functions are positive increasing: 

Gwix) = 

Gnix) = 

12(1 - a;) 
(̂7 -bx- Sx^){l - x ) + 6x{2 - 3x) ln(x) 

[ ( 3 - 5 x ) ( l - x ) + 2 (2 -3x) ln (x ) ] , 

ps 

6 ( 1 - x ) 
l-8x + 8x^-x'- 12x^ Hx) (5.4) 

The dimensionless parameters a;< and yt are defined by Xt = m^/M^ and yt — m^Mfj 

with MH being the mass of the charged Higgs. This calculation is purely 'SM + charged 

Higgs' and so assumes no SUSY particles in the loops. The CLEO collaboration has 

recently obtained the value [52 

BR(6 ^ 57) = (2.32 ± 0.51 ± 0.29 ± 0.32) x 10 ^ 

which corresponds to 

. 1 X 10-^ < BR(6 ^ 57) < 4 X 10-'* (95% d) 

Now in the 2HDM (Models I I and II ' ) we have 

Xr* = tan^(cot^)* = l , 

(5.5) 

(5.6) 

(5.7) 
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and so there is a Gniyt) contribution to the branching ratio which does not depend on 
tan /3. Hence to keep the theoretical branching ratio below the bounds from experiment, 
the Higgs mass MH (which appears in GR) niust be constrained. We therefore obtain a 
lower bound of MR > 260 GeV for the i f ± of the 2HDM (Models I I and I I ' ) . However 
this is not the case in 2HDM (Models I and I ') . Here XY* = - cot^ /3, and so the 2HDM 
contribution to the decay is [Gvv(2/t)/3 — GH{yt)] cot^ ^ . This is negative for all values of 
yt and so no bound on MR independent of tan /3 can be found. Hence this H^ could be 
in the range of LEP2. 

In the MHDM, the combination XY* which appears in Eq. (5.2) is an arbitrary com­

plex number. Hence there is the possibility of cancellation between the terms that depend 

on the MHDM parameters, and therefore no bound on MR. With the expected energy 

of LEP2 (Vs = 180 -> 200 GeV), H"^ of the conventional version of the 2HDM (i.e. 

Model I I ) as well as H^ of Model I I ' are both inaccessible, while the lightest H^ of the 

M H D M and the charged scalars of the 2HDM (Models I and I') could possibly be found. 

The parameter tan /3 is ubiquitous in the phenomenology of the 2HDM, and therefore 

we must be aware of any experimental bounds. The most stringent bound can be obtained 

from considering the effects of H"^ on the Z ^ bb vertex. One-loop corrections mediated 

by charged Higgs exchange are shown in Figures 5.2 and 5.3: 

IP/ 
'WWWVX 

Figure 5.2: Virtual H"^ corrections to Z —> bb. 

The contribution (^F) to the minimal SM decay width can be expressed as [53]: 

= , f ^ ; f ' k cot^ /3F, + ml tan^ ^^2] • (5.8) 

Here Fi and F2 are functions of m< and MH± . The cross terms are neghgible and only the 

potentially dominant terms are shown. This contribution is always negative and the term 
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Figure 5.3: Virtual H"^ corrections to Z bb. 

proportional to cot^ /? dominates for tan /3 < 5. One can therefore constrain cot /? and. 

obtain the bound for MH < 200 GeV [46]: 

t an^>1 .25 . (5.9) 

We next consider the branching ratios for the decays of the H^, which will differ from 

model to model, and are displayed in Table 5.2 (with BRs for W"^ shown for comparison) 

In the 2HDM (Models I and I ' ) , for Higgs masses in the range of LEP2, the dominant 

decay modes are to ri/r or cs [30, 35]. In Model I the branching ratios are independent of 

tan/?. In Model F, rvr starts to dominate for tan/? > 1.2. Given the current constraint 

cs cb 
i7± (Model I) 66% 1% 33% 
H^ (Model V) <45% < 1 % > 54% 
H^ (MHDM) 0 -> 100% 0 100% 0% 100% 

67% ^ 0.05% 11% 

Table 5.2: The branching ratios for H"^ and W"^. 

that tan /? > 1.25 [46] we find the TV^ rate is > 54%. The cb channel never exceeds a few 

percent 1% in Model I and < 0.9% in Model F) due to heavy CKM matrix suppression, 

although in the MHDM it can be significantly enhanced due to the greater freedom in 

X, Y and Z. Such an enhancement could have two important uses. It could increase the 

chance of detection if MH ~ Mw (when decays form a large background),^ and also 

indicate that any detected H"^ is from the MHDM rather than from the 2HDM. Also, we 

note that another distinctive signature of the MHDM is a lack of TVr decays (<C 33%). 

^This was first observed in [46], but we will perform a full analysis of detection prospects in this 

difficult mass region. 
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The actual calculation of the decay widths for the three channels H^ 71/^., H^ —> cb 
and —> cs is straightforward. Note that these are the only channels we need consider 
for Higgs masses in the energy range of LEP2; decays to fighter fermions are negligible 
because the charged Higgs-fermion coupling is in proportion to mass. The decay channels 
H"^ tb and H^ W'^h (where h is a. light neutral Higgs boson) would dominate for 
much heavier charged scalars'. 

The Feynman rule for the H'^ud vertex is given by [30, 46 

^ ^ ^ [ m , X ( l + 75) + m „ y ( l - 75)] , (5.10) 

and that for the H'^T'^VT vertex is 

Wi th these rules we can readily construct the invariant amplitude —iM and the corre­

sponding decay width. For the lepton decay channel we obtain 

and for the quark decay channels one has 

^ ' 47r\/2 AirV2 

Here we have used the approximations M f j > , mj , m^. The decay widths for the 

2HDM are obtained by replacing X, Y and Z with the corresponding values in Table 5.1. 

The next step is to study the variation of the decay widths with the parameters X, Y, 

Z. Before doing so, however, we note that in the MHDM there are various experimental 

bounds on these parameters which we must respect: 

(i) for a top quark mass of 180 GeV and a charged scalar mass of below 200 GeV, there 

is a bound | y | < 0.8 from considering the Z ^ bb vertex (Eq. (5.9)); 

(ii) the strictest bound on \XY*\ comes from the aforementioned process b 57, see 

Eq. (5.2). The weakest upper bound is obtained for arg {XY*) = tt, and Ref. [46 
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shows that in this case \XY\ < 4, again for m< = 180 GeV and MH < 80 GeV. As 

MH grows the constraint lessens;̂  

(iii) there are very weak bounds on the other MHDM parameters \X\ and \Z\ and com­

binations of them such as \XZ\ and \YZ\ [46], and none are relevant for the analysis 

which follows. 

For the calculation of the decay widths we use the following mass values: rris = 

180 MeV, = 1.5 GeV, m(, = 5 GeV, = 180 GeV, = 1.8 GeV. For the CKM 

matrix elements we take [32]: IK̂ I = 0.975 and \Vcb\ = 0.040. Figures 5.4 and 5.5 show 
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Figure 5.4: Lines of constant branching ratio for the decay H^ -> ch with \Z\ - 0. The 
experimentally allowed region hes beneath the curve = 4. 

lines of constant BR in the \X\, | y | plane for the H^ -> cb channel, in the range 20% 

to 50%. For MH - 80 GeV (which suffers from large backgrounds), regions below 

the curve \XY\ - 4 are allowed by current experimental data. In Figure 5.4 we have 

^This bound is based on a previous (95%d) upper limit for b s j (5.4 x 10~^) since superseded by 

the new measurement from Eq. (5.5). 
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Figure 5.5: Same as Figure 5.4 but with \Z\ = 0.5. 

set \Z\ = 0, and in Figure 5.5 \Z\ = 0.5. We see that there is a significant parameter 

space for large BR {H^ cb), with low values of |F1 and \Z\ being more favourable. 

Table 5.3 shows the maximum obtainable B R ( i / * cb) using input values for | y | and 

\Z\, and taking X ten times larger than the smallest of these.^ The important point 

| y | = 0.2 | y | = 0.5 Y\ = 0.8 
| Z [ = 0.2 39% 19% 10% 
\Z\ = 0.6 21% 37% 28% 
\Z\ = 1.0 11% 30% 24% 

Table 5.3: Maximum values of the branching ratio for H"^ -> cb assuming \X\ = 
10min( |y | , |Z | ) . 

here is that sizeable BRs for the decay H^ —> cb are obtainable, whether we impose 

'naturalness' or not. This is in contrast to the charged scalars of the 2HDM (Models I 

and F) which never reach more than BR~1% in the cb channel (Table 5.2). Thus a 

significant BR {H^ cb) signal would be a signature of the MHDM. Furthermore, 

^We assume that 'naturalness' requires the parameters to be of the same order of magnitude. 
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because the ^ cb decay is negligible (BR~0.05%), there is more chance in the 
MHDM of overcoming the background when MH ~ Mw There is also a sizeable 

parameter space for a low BR {H^ -> TPr) in the MHDM. We find using Eqs. (5.12) and 
(5.13) and that this branching ratio is (not including cb decays for the moment) 

(5.14) 
" |Z2 + 2 | rp • 

Therefore if | y | > 2|Z|, the BR is < 11%. The inclusion of the cb channel would decrease 
this further, and so we conclude that it is very possible to have a low number of H"^ —> rvr 
decays in the MHDM i.e. leptophobia. Recalling that the same BR for Model I and 
Model I ' must be greater than 33% and 54% respectively (Table 5.2), this is in principle 
another way of distinguishing the MHDM from the other models. 

5.4 Production of H"^ at LEP2 

If for any of the above models MH does lie in the discovery range of LEP2, how would one 
search for it? Production in top decay, i.e. e+e" ^ 7* , ^ -> H+H-bb, is obviously 
kinematically forbidden at LEP2. Therefore we must rely on the annihilation process 
e+e" Y , Z* H+H~. This has been studied extensively in the hterature for the case 
of the 2HDM. It is straightforward to show that the ZH+H' and ^H+H' couplings 
have the same strength in both the 2HDM and MHDM, with respective Feynman rules 
30] 

Zil^21^^p' _ and - ^eip' - pf , (5-15) 
Z cos V\Y 

where are the 4-momenta of the H+,H''. Therefore the analysis of Ref. [54] is 

relevant for the MHDM. The production cross section is 

<^mH- = \ao^'F{s,Mz,Tz,ew) , (5.16) 

where ao = ATra'/Ss, /? = ^ ' ( l - iMfj/s) and F{s, M^, P^, Ow) is given by 
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The couplings C are 

CA = ~ A sin Ow cos6w' ^ ~ 2 sin dw cos Ow 
. „ . . (5.18) 

4 sin 9w cos 6w 
In the calculations which follow we use the parameter values: Mz = 91.18 GeV, Mw = 
80.30 GeV, a = 1/128, Tz = 2.49 GeV, sin^̂ ^y = 0.225. From Eqs. (5.16)-(5.18) we 
can compute the expected total number of H+H~ events. This is shown in Figure 5.6 

350 

g 200 

o 

80 GeV 

\ 2 0 0 GeV 

70 80 90 
MH(GeV) 

100 

Figure 5.6: Expected number of H+H~ pairs produced with / £ = 500 pb ^ at LEP2 as 
a function of MH, for ̂  = 180 and 200 GeV. 

as a function of MH, where we have assumed an integrated luminosity of 500 pb~^ and 
two values for the coUider energy. For ^/s = 180 GeV we expect approximately 350 
events for Mj^=45 GeV, decreasing to 51 events for M^r=80 GeV. Ref. [55] studies the 
production of at LEP2, using L3 detector simulations. Although this analysis only 
considers the 2HDM (Model II) , the results can be extended to the other models. We 
shall now summarize the detection channels and backgrounds [55]. For H"^ of Model I I 
the main decay channels are to cs and rz/^, with the latter process becoming dominant 
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for tan ^ > 3. Hence Ref. [55] considers three detection channels, although we stress that 
H^ of Model I I is out of the discovery range of LEP2. The channels are: 

(i) H+H- cscs. 

(ii) H+H- csTv^. 

(iii) H+H- T + VrT'Vr. 

5.4.1 H^H- cscs 

The signal here is a 4-jet event, with the main backgrounds being qq^ WW and ZZ. The 
qq background is removed by a cut on the thrust (T < 0.9), followed by a cut on |M^̂ + -
Mlfl\ = AM''^''. The parameter Aikf^" is minimized for each 4-jet event combination, 
and events with AM''^'' > 5 GeV are rejected. The WW background is removed by a cut 
on the invariant mass of the jets, although this cut will remove the signal if MH w MW 
For MH < Mw a reasonable signal is expected with event numbers/efficiencies given 
in Table 5.4. The product of the signal efficiency and the number of H+H~ events in a 
particular channel determines the number of events surviving the selection and acceptance 
cuts. 

Process Eff. or No. of backg. evts 
if± (60 GeV) 7% 
if± (70 GeV) 7% 

2 
w+w- 3 
zz 0 

Table 5.4: Expected signal efficiency and background event numbers in the cscs channel 
for V i = 175 GeV (from Ref. [55]). 

5.4.2 H^H- CSTVr 

The signature here is an isolated r and missing energy recoiling against a hadronic system. 
Demanding a very spherical event removes most of the qq background. To remove the 
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W+W- background the invariant masses of the cs and ri/^ systems are reconstructed, 
thus significantly reducing the background if M„ < Mw The expected event num­
bers/efficiencies are given in Table 5.5. 

Process Eff. or No. of backg. evts 
H^ (60 GeV) 5.6% 

0 
w+w- 2 
zz 0 

0 

Table 5.5: Expected signal efficiency and background event numbers in the csru, channel 
for = 175 GeV (from Ref. [55]). 

5.4.3 H+H-

In this channel one searches for two low-multiplicity r jets, associated with large missing 
energy. The main backgrounds are from T + T ~ , qq^ W'^W" and ZZ. Demanding low 
particle multiplicity removes most hadronic events. The T"*'T~ background is reduced by 
acoplanarity cuts. The W^+VF" background is strongly suppressed by a imposing a cut 
on the most energetic r. In the simulations a cut of E^ < 25 GeV removed most of the 
H^+PF" background. The expected event numbers and efficiencies are given in Table 5.6. 

Process Eff. or No. of backg. evts 
i7± (60 GeV) 12% 
H^ (70 GeV) 12% 

0 
1 

zz 0 
0 

Table 5.6: Expected signal efficiency and background event numbers in the TUrTi/j channel 
for = 175 GeV (from Ref. [55]). 

To conclude this analysis, with 500 pb~^ of luminosity a 3a signal should be obtainable 
for MH < 70 GeV, independent of the decay channel. The rurrvr channel is capable of 
probing close to MH = 80 GeV, if BR(iJ^ ^ ri/^) 100%. The potential problem arises 
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when MH ~ Mw The W+W' production cross-section 20 pb) is considerably larger 
than that for H-^H', see Figure 5.7, and so the H+ cs, rur decays will be overwhehned 

M„=80 

0.01 1000 

Figure 5.7: Cross sections for the pair production of Z and H^ at e+e" coUiders, as 
a function of 

Tv-r. Table 5.7 shows the expected number of by the much more numerous VF± -> cs, 
events for 500 pb"^ integrated luminosity and two different values of the coUider energy 
[^s)} Clearly detection of a H+ will be very difficult in the region MH ^ Mw, partly due 

= 180 GeV = 200 GeV 

w+w- 9727 10191 
zz 0 397 
H+H-{MH = 80 GeV) 51 91 
i f + f f - ( M H = 90 GeVj 0 35 

Table 5.7: The expected number of W+W', ZZ and H+H' events for 500 pb ^ integrated 
luminosity at LEP2. 

to the lack H'^H' pair production events for this mass region, and partly due to the fact 

^We ignore below-threshold ZZ production at the lower energy. 
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that invariant mass cuts which reduce the WW background also remove the signal. We 
must search for another way of reducing the WW background for the region MH ~ Miy 
which keeps sufficient signal events. To start we therefore consider the number of events 
before cuts in particular channels for both signal and background, in order to find the 
channel with the least background. Using the SM branching ratios for Z decay [32]: 

3 
bb = 15.1%, cc = 12.0%, ss = 15.4%, TT = 3.4%, ^ i^iu, = 20.1% , (5.19) 

t=i 

and for [32]: 
C5 = 31.8%, cfe=0.05%, Tz/ , = 10.8% (5.20) 

we show in Table 5.8 the expected numbers of events for the various decay channels. The 
H+H- numbers are the maximum and minimum values. The actual numbers depend on 
the parameters of the particular model. We see that exploiting the cbru^ channel has 

cbcb cbcs cbrvr cscs CSTUr rVrTUr 

w+w- 0.0 3.1 1.1 983.6 668.1 113.5 
H+H- 0 ^ 51 0 ^ 51 0 51 0 51 0 ^ 51 0 51 

Table 5.8: The expected number of W^W' and H^R- {MH = 80 GeV) induced events 
for 500 pb-^ integrated luminosity at LEP2 (y/s = 180 GeV). 

the advantage of almost negligible background from WW and ZZ events. In addition 
we will be able to use the selection criteria as for the csTi/r channel. For the 2HDM 
(Model I and I'), this is not an option since BR(H'^ cb) < 1%, and so the signal would 
be negligible. For the MHDM the prospects are much better due to the possibihty of a 
significant branching ratio for the cb decay channel. The number of signal events (before 
cuts) in the cbruT- channel is given by: 

iVH+/f- x / ( B R ) , (5.21) 

where NH+H- is the number of pair produced H^ events, and /(BR) is defined by 

/(BR) = 2 X BR(H± ^ cb) x BR(H± r i ^ , ) . (5.22) 

In order to isolate these final states 6-tagging will be necessary. Since this a standard 
technique for searching for the SM Higgs at LEP2, the efficiency, ej, will be quite high 
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(f^ 70%) in practice, see for example Ref. [56]. For the cbrvr channel we shall use the 
optimistic values BR(^* ch) =BR{H^ -> TU^) = 50% which maximizes /(BR). We 
note that in the csrvT channel (5.4.2) the invariant mass cut was the last cut applied, 
and all other non-H^M^ backgrounds had already been removed. When it is applied for 
the mass region MH ~ Mw it will remove the signal as well. Our aim is to replace this 
latter cut with a b tag requirement, which will reduce the WW background to negligible 
proportions while preserving most of the signal. One can infer from the figures in Ref. 
55] that the invariant mass cut reduces the Higgs signal by w 2/3. Therefore we shall 

assume a selection efficiency (en) of 8.4% for the Higgs signaP, obtained by scaling the 
value of 5.6% in Table 5.5. One can obtain the following formula for the number of signal 
events (Nsig) in the cbrvr channel. 

NH-^H- X e n X ei X / (BR). (5.23) 

The background from WW is 1.1 event (Table 5.8) before any cuts have been applied. 
Before the b tag requirement the cuts have a selection efficiency considerably below 100% 

10% —>• 20%) and therefore the background is entirely negligible (if one ignores false 
tags due to c quarks from the H^"*"!^" background). We then require 3 or more signal 
events for detection, and we see from the Eq. (5.2.3) that the number of events for 
MH = 80 GeV and y/s = 180 GeV is equal to 2.1. Therefore detection is certainly 
marginal. At the higher collider energy, y/s = 200 GeV, ZZ production becomes a 
background. The corresponding number of events in the various channels is given in 
Table 5.9.̂  Due to the greater NH+H- we find that Nsig = 3.8. 

All this analysis is with optimistic choices for et and /(BR). With greater luminosity, 
which would be available at a next generation collider (see (5.5)), one could probe a 
greater parameter space of /(BR). For MH ~ Mz one may still use the above detection 
channel, but with the reduced number of events (35 for -y/i = 200 GeV) we would find 
1.4 events and so detection is not possible at LEP2. 

Although the cbri/r channel is promising and provides a chance of overcoming the 
difficult Mw ~ MH region in the MHDM, it only probes a small parameter space of 

^Ref. [57] shows that the efficiency varies little with different values of MH-
^The ZZ TUTTUT number corresponds to Z TT and Z —>-J2i ^i^i-
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/(BR) at LEP2 since NH+H- is rather small. BR{H^ ^ cb) > 30% is needed, although 
this is certainly possible - see Figures 5.4 and 5.5. With greater luminosity, which would 
be available at a next generation collider one could probe a lower values of /(BR). 

cbcb cbcs cbrUr cscs CSTI/T 

w+w- 0.0 3.2 1.1 1030.6 700.0 118.9 
zz 14.4 0 0 14.7 0 5.4 
H+H- (80) 0 ^ 91 0 -> 91 0 91 0 ^ 91 0 91 0 ^ 91 
H+H- (90) 0 35 0 ^ 35 0 -> 35 0 ^ 35 0 ^ 35 0 35 

Table 5.9: The expected number of W^W', ZZ and H+H- {MH = 80, 90 GeV) induced 
events for 500 pb~^ integrated luminosity at LEP2 {\/s = 200 GeV). 

If a is found then can we infer the underlying Higgs model? As mentioned before, 
a sizeable iJ^ cb signal would be a signature of the MHDM. For a mass comfortably 
below MW a reasonable number of H^ pairs will be produced and we shall require three 
tagged cbTv^ events to conclude that a detected H"^ originates from the MHDM. From 
Eq. (5.22) we can obtain Eq. (5.24), from'which the values of /(BR) needed to produce 
the distinctive signature of three tagged cbrvT events can be found. 

/(BR) X NH^H- = 36. (5.24) 

Thus for NH+H- = 100 (corresponding to MH = 75 GeV at = 180 GeV), one finds 
/(BR) = 0.36, and thus BR(^± -> cb) > 20% is required. For lower masses BR(if± ^ 
cb) ^ 10% (or even less) would be sufl&cient. We note that for the 2HDM Eq. (5.24) 
shows that the above values would predict < 0.1 events, which is unobservable. 

In addition, we recall that a lack of H^ —>• TPT decays i.e. leptophobia with BR{H'^ 

jets 100%, is in principle another indicator of the MHDM. Eq. (5.14) shows that quite 
a large region of parameter space is available for a BR < 10% and this could be a good 
discriminator. For the extreme case of BR(^='' —> jets) 100% one would find a twofold 
increase in the number of events in the cscs channel compared to Model I , and a fourfold 
increase compared to Model I ' ; this would be distinctive. Thus we see that when NH+H-

is larger it is possible to exploit the distinctive signatures of H"^ of the MHDM. In the 
next section we turn our attention to higher energy e+e~ colliders. 
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5.5 High—Energy e + e ~ Colliders 

Prospects for a very high energy e+e~ linear collider have recently been discussed, see 
for example Ref. [57], with collision energy ^/s = 500 1000 GeV, and integrated 
luminosity of the order 1 —+ 10 fb~^. The increased centre-of-mass energy would of 
course enable heavier H+H~ pairs to be created, should MH be beyond the reach of 
LEP2. The charged scalars of the 2HDM (Model I I and IF) may also be in range now, 
with MH > 260 GeV from the b constraint (Eq. (5.2)). We will again focus on 
the pair production process, although if y/s > 2mt « 350 GeV and mt > MH + nib, an 
additional production mechanism becomes available, viz. t H'^b. The phenomenology 
of the 2HDM at these colliders has been studied [57]. The backgrounds for the LEP2 will 
still be relevant although the magnitudes of the cross-sections will differ; in particular 
the main backgrounds {qq and WW) are smaller in magnitude. One new background is 
the production of tt pairs. This may cause difficulties if MH ~ mt and this scenario is 
discussed later. This background can usually be removed by an invariant mass cut on the 
tt jets. For MH > rut + mi, the channel H+ —>• tb is open. Very large hadronic activity 
is required for the signal, and the tt background is substantially reduced by demanding 
events with large b quark content; the signal consists of W'^W'bbbb final states compared 
to the tt final state of W^W'bb. A charged Higgs with MH < 0.4^5 may be detected 
straightforwardly with a luminosity of 10 fb~^ if its decays are dominated by SM fermion 
or W^h^ channels [57]. 

Figure 5.8 shows the expected number of events for y/s = 500 GeV and y/s = 1000 
GeV, corresponding to an integrated luminosity of 3 fb~^. Is it possible to detect the 
charged Higgs when MH ~ Mw or MH ~ Mz at these colliders? Table 5.10 shows the 
expected number of charged scalar pairs for the two coUider energies and an integrated 
luminosity of 3 fb~^ Using the TUrTi/r channel it is possible [57], [58] to detect a charged 

^ = 500 GeV = 1000 GeV 

H+H- {MH = 80 GeV) 317 89 

H+H- ( M H = 90 GeV) 303 88 

Table 5.10: Number of e+e" H+H' pairs for / £ = 3 fb - 1 
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Figure 5.8: As for Figure 5.6, but for = 500 and 1000 GeV with / £ = 3 f b - ^ 

Higgs of MH ^ Mw with £ = 10fb"^ provided that BR (^± TV^) is at least 30%. 
From Table 5.2 this is certainly the case for the 2HDM (Models I and I'). For the MHDM 
this may not be the case due to the possibility of suppressed lepton decays. Enhanced 
H^ —> cb decays would again allow detection and, as we have already stressed, provides 
a way of distinguishing between the 2HDM and MHDM.^ 

There are however two caveats to this discussion. First, if a light h exists then the 
decay H^" W^h needs also to be considered. In 2HDM models the W^H^h coupling 
depends on cos(/S — of), where a is a mixing angle arising from the diagonalization of the 
CP-even sector of the Higgs mass matrix. If this factor is not small, the Wh channel can 
dominate the fermion decay modes [30] (assuming that the tb channel is kinematically 
forbidden). With the expectation that h bb, this would lead to a new source of b 
quarks feigning the signal coming from an enhanced MHDM cb channel. However this 

''We note that in the 2HDM (Model I I ' ) a large cb decay is also possible i f t a n ^ is large, see Table 
5.1. However, due to the constraint Mjj > 260 GeV, the H"^ —»tb channel wil l always be available and 
thus becomes the dominant quark decay mode. 
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should not be a problem in practice, since the W^h final state has a very different topology 
(dominantly.4-jet) from that of H+ cb (dominantly 2-jet). Note that the mere presence 
of H+ W+h inevitably reduces BR {H+ —»• cb) somewhat. 

The second caveat is that when H"^ tb is allowed, it usually dominates over all 
fermion decay modes in both 2HDM and MHDM. The decay H+ —> W+h can compete 
depending on the value of the suppression factor from the Higgs sector mixing angles 
(which is cos(^ —a) in the 2HDM), and the mass of the neutral h boson; see Ref. [30]. Can 
we distinguish between the MHDM and 2HDM for this higher mass region, MH > rrit+ini,? 
In the MHDM, large values of \Z\ and small values of \X\, \Y\ could enhance ri/r decays 
sufficiently so that they compete with the tb channel. However, asymmetric choices such 
as \X\ — 0.1, |F | = 0.1, \Z\ = 10 would be needed and this seems somewhat unnatural. 
The enhancement is also possible in Model I ' for tan /? > 10, a condition perhaps more 
natural than that needed for the MHDM. Of course, the discovery of a second charged 
scalar would provide conclusive proof of a MHDM (notwithstanding the existence of more 
exotic Higgs sectors containing triplets - see Chapter 7). 

A suppressed H+ —> TPr decay mode would still be a signature of the MHDM, in 
principle. However, this method requires the Model I and T branching ratios to have a 
lower bound. This is the case (see earher) for MH in the range of LEP2, but for heavier 
Higgs bosons the W+h and/or tb channels must be included. Hence no lower bound is 
possible and the Ti^r decays are usually negligible. This distinguishing method is therefore 
only relevant before the W+h and/or tb channels open up. 

Table 5.11 shows the various backgrounds to the H+H' signal from VK+VK" and ZZ 
production at ^ = 500 GeV, assuming an integrated luminosity of 3 fb~^ Using the 

cbcb cbcs cbrPr C5C5 CSTPr TUrTVT 

w+w- 0.0 7.2 2.4 2284.0 1551.4 263.4 
zz 27.3 0.0 0.0 27.9 0.0 10.3 
H+H-{80) 0 ^ 317 0 317 0 317 0 -y 317 0 ^ 317 0 317 
H+H-{90) 0 303 0 303 0 303 0 ^ 303 0 ^ 303 0 303 

Table 5.11: The expected number of W+W', ZZ and H+H- {MH = 80, 90 GeV) 
induced events for 3 fb"^ integrated luminosity at 500 GeV. 
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formulae from the previous section, Eqs. (5.21) (5.24), and with en staying roughly 
the same as the LEP2 case [57], we can see that the increased NH+H- enables a greater 
parameter space of /(BR) to be covered, i.e. for Nsig = 3 at MH = 80 GeV one requires 
/(BR) > 0.11. The background is again well below 1 event. The same channel also allows 

of the MHDM to be distinguished, and using Eq. (5.24) we see that the coverage 
of /(BR) is better than at LEP2, as is expected due to the increased values of NH-^H-

over a wider range of masses. For example, with MH = 150 GeV (corresponding to 
NH+H- = 200) one finds that BR(^± cb) > 10% is sufl5cient. 

The region MH ~ Mz is not a problem at the higher energy colhder due to the tenfold 

increase in event number, and the ZZ cross-section being an order of magnitude smaller 

than the WW cross-section. 

The situation when MH ^ rrit 180 GeV needs special consideration. Here there 
exists a background from e+e" Z* ,7* —> tt. The literature has dealt with this case for 
the 2HDM (see for example Ref. [57]) and the analysis holds again for the MHDM. The 
best chance of eliminating the it background is by exploiting the H+H" —> cess channel. 
Because the ti decays primarily to W+W~bb, the process of anti-6-tagging can single out 
the Higgs bosons. This idea will in general work better for the 2HDM where the 
rarely decays to b quarks. 

5.6 Conclusions 

In this chapter we have studied the detection prospects of fight charged Higgs scalars of 
the MHDM and 2HDM (Models I , T, I I , II') at e+e" coUiders. It is theoretically possible 
that the masses of these particles for the MHDM and 2HDM (Model I and I') lie within 
the discovery range of LEP2. For H+ of the above models, with y/s = 180 GeV, masses 
from 41.7 GeV (current LEP lower bound) to MH < Mw will be covered successfully. 
The region MH ~ Mw is problematic, partly due to the lower number of H+H~ events, 
and partly due to the fact that a invariant mass cut on reconstructed jets will efiminate 
the signal as well as the background. A possible way of obtaining a signal in this difl&cult 
region is to use the cbrVr channel which is almost totally free of background. A significant 
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BR {H+ cb) is required and this is only possible in the MHDM. For y/s = 200 GeV, a 
BR (i^"*" cb) of 30% would be sufficient if MH ~ Mw-, but for MH ~ Mz too few charged 
scalars are produced. We showed that branching ratios of these magnitudes (or greater) 
are allowed, which is in contrast to the 2HDM. Away from this mass region, a distinctive 
signature of H+ from the MHDM would be BR {H+ cb) > 10%(20%) for MH = 75 GeV 
(60 GeV). Another distinct signature of the MHDM would be BR{H+ TU^) < 10%, 
i.e. leptophobia. In the case of BR(i?* jets) 100%, the signal in the 4-jet channel 
would be double that possible in the 2HDM. 

For the H+ of the various 2HDM considered (Model I and I') the mass regions MH ~ 
Mw and MH ~ Mz are inaccessible as there is no significant H+ —̂  cb decay to exploit. 

We have also considered higher energy e+e" colliders with increased luminosity. These 
would enable heavier charged scalars to be produced, including those of the 2HDM 
(Model I I and IT), and create more events for the difficult MH ~ Mw and MH ~ 
Mz regions. For both the 2HDM and MHDM detection is fairly straightforward for 
2MH < 0.8y/s. The only potential problem would be for MH ~ Mw, but Ref. [58] has 
shown that a sizeable TPT branching ratio would be sufficient for detection. A significant 
H^" cb channel in the MHDM would provide an alternative signal for this region and 
would again provide a way of distinguishing between the 2HDM and the MHDM as long 
as MH < mt + rUb. If H+ tb is allowed then this channel (along with a possible 
H"^ —> W+h) generally dominates for both models and thus they would be virtually in­
distinguishable. However, there does exist a small region of parameter space (tan^ > 10 
or equivalent in MHDM which would produce a higher BR {H+ —»• Ti/r) for the MHDM 
and 2HDM (Model I') than is ever possible in the other models. 



Chapter 6 

Non-minimal neutral Higgs bosons 

6.1 Introduction 

This chapter considers the neutral Higgs sectors of the 2HDM and the MHDM, and 
their phenomenology at LEP2 and the LHC. As was described in Chapter 4, the 2HDM 
predicts two CP-even neutral scalars, and our aim now is to ascertain whether it may 
be possible to distinguish between (fP and the neutral bosons of extended models. We 
note that the coupHngs of (jP to matter, and thus its production cross-sections and BRs, 
are fixed theoretically once M^o is known. Therefore if a Higgs signal is found with 
strong deviations from the phenomenology of <jP, this may suggest a non-minimal Higgs 
model. We shall explore the parameter space of ^ and a to see if such deviations are 
indeed possible. Of interest to us is the lightest CP-even Higgs boson of the 2HDM and 
MHDM, labelled as hi, and we will consider in turn its phenomenology at LEP2 and at 
the LHC. We stress that if a neutral Higgs boson is detected at a future collider it is 
important to ascertain from which model it originates. Our convention is that hP labels 
the lightest CP-even Higgs boson in the MSSM. The chapter is organized as follows. In 
(6.2) we introduce the relevant non-minimal Higgs models and investigate their couplings. 
Section (6.3) examines their phenomenology at LEP2 in the case of distinctive branching 
ratios not possible for (jp and h^, with the conclusions given in (6.4). Section (6.5) studies 
the analogous phenomenology at the LHC, with its conclusions given in (6.6). 

73 
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6.2 Couplings of the Models 

We shall focus on the hghtest CP-even neutral scalar {hi); for the analysis at LEP2 we 
assume that this Higgs particle is the only one in range at this collider. Our analysis at 
the LHC will again only consider hi, although it is quite possible that this collider will 
detect the other Higgs bosons of the model. 

The theoretical structure of the 2HDM is well known [30], and was reviewed in Chapter 
4. The MHDM [46], [59], has received substantially less attention. In particular, when 
the MHDM is considered in the literature the focus is nearly always on the charged Higgs 
sector, see Chapter 5. We shall be investigating the properties of hi of the MHDM, and 
for simplicity assume no mixing between CP-even and CP-odd scalars. It has been shown 
in Chapter 5 and in Ref. [46] that significant differences can exist between the 2HDM and 
MHDM in the case of the charged Higgs sector, and we anticipate an analogous result in 
the neutral Higgs sector. We shall focus on the 2HDM and give mention to the MHDM 
where appropriate. 

Table 4.2 shows the four different ways with which the 2HDM can be coupled to the 
fermions (the Yukawa couplings). The numbers (1 or 2) show which Higgs doublet couples 
to which fermion type. The Higgs sector of the MSSM requires Model I I type couplings 
and thus the phenomenology of Model I I has received the most attention of the four. 
Models I ' and IT are rarely mentioned, and only then in the context of the charged Higgs 
sector [35]. For a MHDM there are more permutations of the Yukawa couplings, although 
it is conventional to couple each fermion type to a distinct doublet, e.g. in a 3HDM 
doublets 1, 2, 3 would couple to d, u, e respectively. We shall be considering the lightest 
CP-even Higgs scalar {hi) of the above models, and for the 2HDM its couplings to the 
fermions are given in Table 6.1.^ 

We recall that a is the mixing angle used to diagonalize the CP-even mass matrix and ^ 
is defined by tan /3 = v^/vi {vi is the VEV of the i*'* doublet and + = 246̂  GeV^). 
In the MSSM, which is a constrained version of the 2HDM (Model II) , the angles a and 
13 are related (see (4.5)). For the models that we shall consider a and are independent. 

^For Higgs masses in the range of LEP2, branching ratios to vector bosons are negligible. 
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Model I Model r Model I I Model I I ' 
huu cos a/ sin 13 cos a/ sin^ cos a/ sin ^ cos a/ sin^ 
hdd cos a/ sin ^ cos a/ sin/? — sin a/ cos f3 — sin a/ cos ^ 
hee cos a/ sin ̂  — sin a/ cos ^ — sin a/ cos 13 cos a/ sin^ 

Table 6.1: The fermion couplings of hi in the 2HDM relative to those for the minimal SM 
Higgs boson {(f)^). 

From Eq. (5.9) there exists the bound of 

tan^>1.25, (6.1) 

obtained from considering the effects of the charged Higgs scalar on the Z -+ bb decay 

46 . 

For the MHDM there exist doublets with the VEVs {vi) obeying the relationship 

v' = j:vl. (6.2) 

The lightest CP-even mass eigenstate is a linear combination of the Lagrangian eigen-

states, and can be written as 

hr=f:x:i<jPt. (6.3) 

The parameters X*i originate from the mixing matrix for the CP-even neutral Higgs 

sector defined by 

?̂° = E^«A- (6-4) 

They are therefore analogous to sino; and cos a in the 2HDM. Our convention is that 4>i 
is the real part of the neutral Higgs field of the doublet; hj are the mass eigenstates 
with hi taken to be the lightest. The unitarity of the matrix forces the relationship 

iV 
(6.5) 

The Yukawa coupfings in the MHDM are not as correlated as in the 2HDM. Therefore 
a MHDM can always feign a 2HDM but might possibly possess a distinctive signature. 
We shall now quantify the above statement. In the 2HDM there exists the relation 
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= ^2 _j_ ^2 gjj^ce the strength of a Yukawa couphng is proportional to for small Vi 
the coupling is significantly enhanced relative to the minimal SM Higgs boson ((^°). We 
see that if Vi (say) is small, then U2 ~ u is automatic. Therefore any Yukawa coupling 
which is proportional to V2 cannot be enhanced significantly compared to (fP. However 
in the MHDM one has the relation in Eq. (6.2). This is a weaker constraint on the v,-
and therefore it is entirely possible that several Vi are simultaneously small and hence 
a significantly difi"erent phenomenology may be possible. The Yukawa couplings for a 
MHDM (relative to ^°) are of the form 

VX:JV,, (6.6) 

and so the enhancements possible in the 2HDM are attainable if Vi <^v. 

6.3 Phenomenology at LEP2 

As a prerequisite to studying the phenomenology of hi at LEP2 we must next study its 
BRs for the range Mh, < 100 GeV (i.e. the LEP2 discovery range). The important decays 
are to 66, T + T ~ , C C and gg. For (f>° with M^o = 50 GeV the ratios of the respective BRs 
(from Figures 3.6 and 3.7) are approximately: 

66 : T + T - :cc:gg = 0.87 : 0.08 : 0.03 : 0.02 . (6.7) 

For M^o = 100 GeV one has: 

66 : T+T- : cc:gg^ 0.80 : 0.09 : 0.03 : 0.07 . (6.8) 

Here the BRs for 66 and cc are evaluated by summing the Feynman diagrams in Figure 
6.1, with the replacements g = 6 and q = c respectively. The virtual QCD corrections 
have not been displayed in the figures although they are included in Eqs. (6.7) and (6.8). 
The BR for gg represents the summation of all diagrams which give light quark jets i.e. 
all diagrams in Figure 6.1 with q = u, d, s, and both diagrams in Figure 6.2. We note 
that decays via a quark loop proceed predominantly by a top quark loop. 

In Eq. (6.8) decays to WW* (where * denotes an off-shell particle) are at the 1% level. 
It is apparent from Eqs. (6.7) and (6.8) that decays to 66 dominate, and this property 
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Figure 6.1: Decays of h q q , qqg. 
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Figure 6.2: Decays of hi —*• gg{g). 

allows light quark backgrounds to the Higgs signal to be reduced by 6-tagging. For hP 
one has very similar BRs for masses in the LEP2 range [11]. Distinguishing (fP from hP 
provides a challenge for future colliders and is discussed elsewhere [42]. It is the aim 
of this section to study the phenomenology of the 2HDM and MHDM at LEP2, in the 
case of extreme BRs not possible for 4>^ and hP. The phenomenology at the LHC will be 
discussed later (6.5). From Table 6.1 one can vary the angles a and ^ independently to 
see if parameter spaces exist for such extreme BRs. We can summarize as follows: 

(i) Model l ' : BR {hi r+r" ) large if tan^ > 1 and sin a moderate^ to maximal. 

(ii) Model I I ' : BR [hi r + r " ) , BR {hi cc) and BR ( ^ i —> gg) share domination 

for small sin a and tan jS moderate. 

(iii) Model I I : BR {hi —> cc) and BR {hi gg) share domination for small sin a and 

tan 13 moderate. 

2We take 'moderate' to mean the angle is approximately 7r/4. 
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(iv) Model I : Has exactly the same BRs as unless cosa —>• 0 (fermiophobia) which 
will be discussed in Chapter 8. ' 

One must be aware of the bound tan/? > 1.25 from Eq. (6.1) when varying the angles. 
It is apparent that distinctive BRs are possible in the 2HDM, the general requirement 
being that one of the angles has an extreme value. Most noticeably the hb decays can be 
suppressed and/or made negligible^. This is in contrast to (jP and / i ° which will decay 
predominantly to hb for masses in range at LEP2 - see Eqs. (6.7) and (6.8). It is our 
aim to exploit these enhanced BRs at LEP2. On first viewing it seems that BR {hi 
r+r~) > 10% would provide a clear signal of Model I ' , since searching for (fP T+r~ 
in conjunction with Z hadrons is one of the proposed techniques at LEP2 and gives 
a reasonable signal [10]. However, the production cross-section (j{e^e~ —> Z* Zhi) is 
suppressed relative to that of (jP by a factor of sin (̂/3 - a). Therefore we must investigate 
whether the parameter choices needed to obtain a distinctive BR simultaneously decrease 
the production cross-section at LEP2. We shall now address this problem, as well as 
applying the proposed search techniques for (fP to hi of the 2HDM and MHDM. 

The phenomenology of (fP^ at LEP2 has been extensively covered in the literature, 

most recently in Ref. [10], and was reviewed in Chapter 3. The dominant production 

mechanism for (jP if M^o is in the range of LEP2 (M^o < ^ - Mz GeV) is the Higgs-

strahlung process [20 
, (6.9) e+e-

in which (fP is emitted from a virtual Z boson. This cross-section is shown in Figure 3.9. 
We shall be interested in the case of ^/s = 192 GeV, since it is at this energy that the 
computer simulations in Ref. [10] have been carried out. The cross-section for (jP is 
a = 1.06 (0.51) pb for M^o = 60 (90) GeV. For M^o = 99 GeV, which is the mass 
generally considered to be at the limit of the LEP2 range for ^/s = 192 GeV, a = 0.21 
pb. Experimental simulations have been performed for the following event types: 

(i) Z —>• e+e"; /U"*"/^", (fP —> anything. 
^We note that the width of the third diagram in Figure 6.1 (with q — b) would be boosted if the 

coupling to up-type quarks is enhanced. However, this diagram has a very small width [63] and so 
heavily suppressed hi —> bh decays are still possible. 
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(ii) Z —> T + T ~ , (f)^ —> hadrons and vice versa. 

(iii) Z VP, (fP —> hadrons. 

(iv) Z hadrons, (/>° 66. 

Events (iii) and (iv) require 6-tagging to reduce the light quark background, and since 
we shall be considering Higgs bosons with suppressed 66 decays these will not be relevant 
to our analysis. Events of the form (i) are independent of the Higgs BRs, and require a pair 
of energetic leptons with an invariant mass compatible with Mz- The Higgs signal appears 
as a peak in the missing mass distribution. Events of the form (ii) are characterized by 
two energetic, isolated T ' S associated with two hadronic jets. The existence of a Higgs 
boson would then be observed as an accumulation around (M^o, Mz) in the invariant 
mass distributions of the r's and jets. Table 6.2 (from Ref. [10]) shows the simulated 
effective cross-sections in the four channels for M^o = 90 GeV and ^/s = 192 GeV: 

<jPl+l- T+T qq f q q 

ALEPH 12:12 8:5 24:13 58:33 
DELPHI 6:2 4:6 25:18 46:36 

L3 13:7 - 28:21 36:23 
OPAL 8:30 - 17:13 34:36 

Table 6.2: Effective cross-sections for signal (first number) and background (second num­
ber) in fb, at LEP2 for M^o = 90 GeV and ^/s ~ 192 GeV, taking into account acceptances 
and efficiencies (from Ref. [10]). 

All the above analysis has been for with BRs given by Figures 3.6 and 3.7. It is our 
aim now to extrapolate these results for use in the 2HDM and MHDM. As shown earlier 
these models may possess vastly different BRs to those of (jp. However, the production 
cross-section for h\ is suppressed relative to that for <fP (denoted by cr̂ o) by sin (̂/3 — a). 
A possible consequence of this suppression is that a very light h-^ [Mh^ ?a 10 GeV) would 
have escaped detection at LEPl if sin (̂/? - a) < 0.1. This possibility has recently been 
considered in Refs. [60], [61] and these papers consider making use of non-suppressed 
production channels. For h° of the MSSM the relations between the masses and mixing 
angles, enables one to obtain the lower bound Mh° > 44 GeV [62]. Therefore the detection 
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of a neutral CP-even Higgs boson with a mass between 10 GeV and 40 GeV would indicate 
hi. However, it would be impossible to infer from which specific model it originates unless 
it displays a distinctive BR. 

To start our analysis let us now take the case of Model I ' with a dominant BR {hi 
T'^'T"). One would therefore use detection channel (ii), and the event cross-section (before 
applying efficiencies and acceptances) would be given by a^o x sin^(^ — a) multiplied by: 

BR{Z -> qq) X BR{hi ^ r + T - ) + BR{hi ^ qq) X BR{Z r+r")] . (6.10) 

Eq. (6.10) shows that for hi the dominant term is the first term since BR {Z qq) = 70%, 

while BR {Z r+r~) = 3.4%. After inputting the values for the BRs one finds for (fP a 

cross-section equal to 

0.086 X a^o . (6.11) 

For Model V this may be greatly enhanced, e.g. for BR {hi T + T " ) = 80% and BR {hi 

jets)=20% we have the following cross-section: 
0.57 X cT̂ o X sin (̂/? - a) . (6.12) 

Hence there could be a considerable increase in the signal size for this channel, as much 
as an order of magnitude. It is now necessary to see if the values of ^ and a needed 
to give a large BR {hi r+r" ) cause a suppression in the sin (̂/? — a) term. We note 
from the couplings in Table 6.1 that a 7r/2 would further enhance r+r" decays while 
suppressing the bb channel. However, from Eq. (6.12) we see that allowing both a - > 7r/2 
and ^ 7r/2 would cause strong suppression from sin^(^ - a) in the cross-section. We 
shall now derive the value of a that maximizes the number of events. 

To obtain a large BR {hi —> r+r" ) we showed earlier that tan^ must be large and 
sin a must be moderate to maximal. In Eq. (6.10) the dominant term is the first one and 
so we shall neglect the second. The first term is proportional to sin^ a/ coŝ  /3, and so we 
wish to maximize /(/?, a) defined by: 

/(/?, a) = s in ' ( / ? - a )xs in2a / cosV. . (6.13) 

In Figure 6.3 we plot f{(3, a) with /3 = 1.5 rads (86°) since large BR {hi T + T " ) requires 

small cos /?. 
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Figure 6.3: /(/?, a) as a function of a for /3 = 1.5 rads. 

It is apparent from Figure 6.3 that moderate values of a ( P S IT/A) allow the largest 
values of /(/?, a). We see that a = 7r/4 and P « T/2 would give s'm'^{/3 - Q;)=0.5. 
Therefore the suppression of the cross-section in Eq. (6.12) is not so severe, and the 
distinctive signature of a large number of T+T~ plus 2 jet events is certainly possible in 
Model r . Moreover, a large T+T~ peak will be centered at M/^ with almost no peak at 
Mz, which is in contrast to the case which will have small T+T~ peaks centered at 
M^ and Mz (since the two terms in Eq. (6.10) are of roughly equal magnitude). Hence, 
even if there is significant suppression from the sin (̂/9 — a) term, the relative heights of 
the peaks will be diff"erent for hi. However there may not be enough events to notice 
this pattern unless M/^ is considerably lighter than 90 GeV, i.e. when the cross-section 
is larger. Table 6.2 shows that for the ALEPH detector with 500 pb~^ of integrated 
luminosity one would expect the number of signal (background) events to be 4 (2). This 
is for (j)^ with M^o = 90 GeV. For M^o = 60 GeV (say) the improved cross-section would 
double the number of events. 

For hi of Model I , Table 6.1 shows that its couplings to the fermions are scaled by the 
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same factor and so will be identical to those of if this scaling is not too small; the special 
case of fermiophobia (cos a —> 0) will be covered in Chapter 8. Hence no distinct BR is 
possible. We recall that h^ of the MSSM also feigns over a large parameter space, but 
hi of Model I could have a suppressed production rate due to the factor sin^(^ —a); hence 
a neutral CP-even Higgs boson with identical BRs to ^° but a suppressed cross-section 
and/or M/^ < 44 GeV would be indirect evidence"* for Model I ' . Alternative distinctive 
signatures of Model I would be a fermiophobic Higgs (Chapter 8) and/or a fight charged 
scalar {MH± < 80 GeV) - see Chapter 5. 

For Model I I ' we stated earlier that the decays hi —> T + T ~ , hi gg and hi —̂  cc 
would share the domination for small sin a and tan/5 moderate, i.e. hi —> 66 may be 
heavily suppressed. The decay hi gg proceeds via a top quark loop and so is boosted 
since the above parameter choices enhance couplings to up-type quarks. From Eqs. (6.7) 
and (6.8) we see that the ratio of the T+T' partial width to the jet (cc and gg) partial 
width would be 8:5 for Mh, = 50 GeV, and 9:10 for Mh, = 100 GeV. Therefore in contrast 
to Model I ' the T+T~ decays can never saturate the total width (i.e. BR 100%). Hence 
it would appear that Model I I ' could be mimicked by Model I ' , although in this case 
Model I ' would have accompanying 66 decays while Model I I ' would be accompanied by 
cc and gg. If the 66 decays are of suflScient magnitude then Model I ' would also register a 
signal in detection methods (iii) and (iv) (which require 6-tagging), while Model I I ' would 
not. Therefore it is possible that hi of Model I I ' has a distinct signature. 

Model I I is the structure that is most considered in the literature since it is the form 
required for the MSSM. For suitable parameter choices (see earher) the 66 channel may 
be suppressed and the decays hi gg and hi —> cc could dominate. We do not believe 
that this scenario has been considered before, and any detection technique that requires 
6-tagging or T+T~ decays will fail. However, the missing mass technique is Higgs BR 
independent and so there is still a chance of a signal, provided that the cross-section 
suppression is not too great. Figure 6.4 plots the suppression sm^{0 — a) as a function of 
Q; for /3 = TT/A (moderate tan /? is required for an enhancement of cc and gg decays) and 
shows that for very small a (i.e. sin a w 0, which is of interest to us) the cross-section 
suppression is only of order 0.5. Therefore we anticipate that a reasonable signal could be 

^Of course, another 2HDM or a MHDM could mimic the BRs of 4>° for carefully chosen couplings. 
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Figure 6.4: sm^{P — a) as a function of a for ̂  = 7r/4 rads. 

obtained for the scenario of cc and gg decays dominating; see Table 6.2 for an indication 
of event numbers. We stress that the non-observance of a Higgs signal in the other three 
detection channels (which make use of bb and r+r~ decays), but a positive signal using 
the missing mass technique would be evidence for hi of Model I I with hi cc, gg decays 
dominating. Moreover, if such a signal is observed there would then be motivation to 
search for charm rich jets originating from hi. We conclude that Model 11 does possess a 
distinctive signature. 

Having completed our account of the 2HDM at LEP2 we now address the MHDM. 
As mentioned earlier, a MHDM can always feign a 2HDM but there may be a chance of 
it possessing a distinctive signature. Concerning decay channels, the 2HDM can exhibit 
extreme BRs for the decays to up-type quarks, down-type quarks and leptons. Of course 
the MHDM can possess identical enhancements (Eq. (6.6)) but this is not distinctive. 
However, if the production cross-section of hi from the MHDM has less suppression than 
hi from the 2HDM, as well as having an extreme BR, then this would be a distinguishing 
trait. The coupling of the MHDM neutral scalars to Z (which is sin^(^-a) in the 2HDM) 
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is given by 
^ = . (6.14) 

We recall that the scenario of an extreme BR in the 2HDM is often accompanied by a 
cross-section suppression of < 0.5. From Eq. (6.14) one can show that the suppression in 
the MHDM could be less. This is the case if a particular vf is much larger than the others 
{vf —>• 246̂  GeV^), as well as possessing \Xf^\ close to 1. Therefore there exist parameter 
spaces for 

0.5 < ^ < 1. (6.15) 

6.4 Conclusions for LEP2 

We have studied the phenomenology of the lightest CP-even neutral Higgs boson {hi) of 
the 2HDM and MHDM at LEP2. We considered the four versions of the 2HDM and a 
general MHDM, and showed that hi could possess branching ratios (BRs) significantly 
different to those of the minimal SM Higgs boson {^P) and A° of the MSSM. For masses 
in the range of LEP2 and h° decay predominantly to 66. It is assumed that hi is the 
only Higgs boson in range at LEP2. The production cross-section of e'^e~ —* Zhi is 
suppressed relative to that of by a factor sin (̂/9 - a) in the 2HDM and an analogous 
factor in the MHDM; a consequence of this suppression is that a very Hght hi with 10 
GeV < M/ij < 44 GeV may have escaped detection at LEPl. We showed that Model I ' 
may exhibit a large BR {hi —> r+r") which would register a clear signal. Model I I may 
decay predominantly to cc and gg; this would provide a distinctive signature since it could 
only be observed as missing mass recoiling against a lepton pair (from Z —^ l'^{~), with 
no signal in the other detection channels. For Model I , hi possesses the same BRs as (jP 
and so does not have a distinctive signature. Model I I ' may decay predominantly to a 
mixture of T + T ~ , cc and gg; the enhanced r+r~ channel could be mimicked by Model I ' , 
but these latter decays would be accompanied by 6 quark jets, in contrast to the light 
quark/charm rich jets which would accompany the enhanced T + T " channel in Model I I ' . 
Therefore it is possible that Model I I ' possesses a distinct signature. In the MHDM, hi 
can feign any of the above extreme BRs but may be distinguished in this scenario from 
hi of the 2HDM if its production cross-section is close to that of 
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6.5 Phenomenology at the L H C 

We now consider the phenomenology of hi at the LHC in order to ascertain whether 
detection/distinctive signatures are possible, assuming that hi escaped detection at LEP2 
and therefore its mass is constrained, Mk^ > 100 GeV; this bound is for hi with couplings 
to vector bosons of ^° strength. However, we must remember that a relatively light hi 
may escape detection at LEPl and LEP2 if the vector boson (hiVV) coupling is very 
suppressed, and we shall mention this possibility. We shall again focus on the 2HDM, 
with mention given to the MHDM where appropriate. We recall from (6.2) that hi from 
the MHDM may mimic hi from the 2HDM. 

At the LHC one must consider the range 100 GeV< Mh, < 800 GeV. Before we 
consider its BRs we first recall the decays of and h°. Figures 3.6 3.8 show that 
for the decays to vector bosons dominate over most of the parameter space i.e. for 
M^o > 150 GeV. One can see that ^° ti decays peak at around 20% and then fall as M̂ o 
increases (in the figures we take rut = 175 GeV). For h° (which is expected to be lighter 
than 150 GeV) one has almost exactly the same BRs, although production processes 
involving the 6 quark coupling may be enhanced for large values of tan^. In addition 
decays and production processes that proceed via loops receive extra contributions from 
SUSY particles, although over the bulk of the SUSY parameter space the effects are 
small [30]. The ATLAS reports assume rrig = 1 TeV and zero squark mixing {q denotes a 
squark), for which the squark contributions are small. For a review of how SUSY particles 
may alter the phenomenology of h° see Ref. [44]. Throughout this chapter, and indeed 
this thesis, we shall be assuming that 6,° has roughly similar properties to We now 
turn our attention to the BRs of hi. There are differences here from the LEP2 scenario 
due to the rapid strengthening of the VV* channel for Mh^ > 100 GeV, these decays 
being negfigible at LEP2. 

One must be aware of the bound on tan^ from Eq. (6.1) when varying the angles. 
Distinctive BRs are still possible in the 2HDM for the heavier mass region, the general 
requirement again being that one of the angles has an extreme value. The T+T~ decays 
may be boosted as before in Model I ' , although for Mhy > 150 GeV this enhanced channel 
will have strong competition from vector boson decays. As in the LEP2 case, the 66 decays 
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of hi can be suppressed in contrast to those of and h°, the latter two particles decaying 
predominantly to 66 for masses up to 140 GeV, at which stage the VV^*^ channel takes 
over. Conversely, 66 decays can be enhanced over the VV^*^ decays in some models for 
the heavier Higgs mass region {Mh^ > 150 GeV). It is also possible to suppress the vector 
boson decay channels for a ^ /3, i.e. sin (̂/3 — a) —> 0. This would allow hi tt decays 
to dominate (unless another channel hke r+r" or 66 was sufficiently enhanced). The 
rare decay hi 77 is an important process at hadron colliders and this may have a 
larger BR if the 66 decays are sufliciently suppressed. In conclusion, there is scope for 
enhanced/suppressed BRs for hi with respect to ^° and h° at the LHC. It is our aim 
to study these distinct BRs, in order to see whether such distinct signatures could be 
observable. Again we must investigate whether the parameter choices needed to obtain 
a distinctive BR for hi also cause a strong suppression in its production cross-section at 
the LHC. We shall address this problem, as well as applying to hi the proposed search 
techniques for ̂ ° (which were reviewed in Chapter 3). 

At the LHC the dominant production process for ^° is that of gg fusion (see Figure 
3.10), which proceeds via a top quark loop [24], [25], [63]. Other production channels 
are considerably smaller, with the next largest being WW fusion. Vector boson fusion 
26] is always suppressed in a 2HDM by a factor sin^(^ - a), while gg fusion can be 

enhanced by up to a factor of two. If the gg fusion process is absent then the cross-
section a{pp hiX) is heavily diminished, and this is the case for a fermiophobic Higgs 
(Chapter 8). The Higgs bremsstrahlung off a 6 quark is small for but in Model I I and 
I I ' it can be boosted for large values of tan /3 and may become the dominant production 

channel. 

We note that the LHC is capable of probing Higgs masses up to 800 GeV [11], [24]. 
Therefore there is a reasonable chance of detecting more than one if not all of the Higgs 
bosons at the LHC; we must be aware of this whenever hi is shown to be hidden due to 
suppressed production processes, since the other Higgs bosons may have enhanced or 
strength couplings which enable detection. 

•The most studied channels in the literature for detecting (jP are [11], [24]: 

(i) 4>^ 77 for 80 GeV< M^o < 130 GeV. 
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(ii) (j)^ ^ //// for 130 GeV< M^o < 800 GeV. 

Other channels are considered to give a lesser chance of detection, e.g. channels which 
make use of cfP —> 66 decays are swamped by backgrounds. For the models that we shall 
consider there are four possible ways which could distinguish hi from (̂"̂  or / i ° : 

(i) An enhanced signal in the channel hi 77 for 80 GeV< M^j < 130 GeV. 

(ii) An enhanced or suppressed signal in the decay hi ZZ^*^ llll for 130 GeV< 

Mh, <m GeV. 

(iii) An enhancement of the decay hi it 01 bb. 

(iv) An enhancement of the decay hi —>• T+T~ . 

In the subsections that follow we shall see that some of the above signatures are 
exclusive to a particular extended model, while others only suggest that a detected neutral 
Higgs boson would be of a non-minimal nature. Each of the above event types will be 
examined in the context oipp collisions at ^/s = 14 TeV and £ = 30 or 100 fb~^. We shall 
focus on the four distinct versions of the 2HDM, remembering that hi from the MHDM 
can mimic any hi from the 2HDM. However, a feature of the 2HDM is the fact that 
once a and ^ have been chosen to obtain a distinctive BR, the production cross-section is 
constrained and often suppressed compared to <fP. This is due to the fact that a large tan ^ 
automatically forces a coupling proportional to cot ^ to be reduced, or cos o: —s- 1 forces 
sin a ^ 0 (see Table 6.1). In the MHDM this correlation is relaxed, as explained earlier in 
(6.2). Hence it is possible to have a larger production cross-section in the MHDM than in 
the 2HDM, together with an enhanced BR, resulting in more signal events overall. This 
result was shown in (6.3) for the LEP2 case. 

We now discuss four ways with which hi of a 2HDM can distinguish itself from (fP 
and / i ° of the MSSM. Figure 3.10 shows the production cross-sections of (jp at the LHC 
for ^/s = 14 TeV. As mentioned earlier, the gg fusion process dominates, and since this 
proceeds via a top quark loop the action of decreasing the hiti coupling is unfavourable 
for the total cross-section. When one varies a and ^, all the individual production cross-
sections (i.e. gg fusion, WW fusion etc) and BRs will be altered with respect to <fP. The 
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overall event number will be proportional to the product of the total cross-section and 

the BR. 

6.5.1 hi 77 

For (jP, the decay to 77 proceeds via charged particle loops (Figure 6.5), i.e. fermions 
and W bosons. For / i ° there are additional contributions from squarks, charged Higgs 
bosons and charginos. Contributions from charginos may be sizeable in certain regions 
of parameter space. The ATLAS reports [11] assume no squark mixing and that the 
sparticles do not contribute significantly to the phenomenology of It is shown there 
that the signal for ( / i ° 77) is suppressed considerably compared to that of over the 
vast majority of the parameter space. Other studies [44] show that over the full SUSY 
parameter space there can be significant deviations from the results in the ATLAS reports. 
We shall not consider this possibihty and instead we shall use the assumptions and results 
of the ATLAS reports. Therefore any enhanced signal in this channel for hi compared to 

is to be interpreted as an indication of the 2HDM or MHDM. 

W „Y ^ f w w w v - Y 

Figure 6.5: Decays of (fP —> 77. 

We thus concentrate on the decay 4>° ^ 77 and look for ways of enhancing hi 77. 
For 4P the vector boson loops dominate and contribute with opposite sign to the fermion 
loops. One-loop corrections are small [63], and the tree-level width can be written as 
[30]: 

r(^° - 77) = + A^{r^)\\ (6.16) 

where Nc is the colour factor, Qf is the electric charge of the fermion, and the r variables 
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are defined by 

r , = ^ and - ^ • (6-l0 
The amplitudes Af and Aw can be expressed as 

A^(r) = 2[T + ( r - l ) / ( r ) ] / r ^ 

Ay,{T) = -[2r2 + 3r + 3(2T - 1 ) / ( T ) ] / T 2 ^ (g ig) 

with the function / ( r ) given by 

/ ( r ) = (arcsin ̂ /Tf r < I , 

/ ( - ) = i 
1 + 

log . - «7f 1 - 1 
r > 1. (6.19) 

The above equations show that the dominant fermion loop is that of the t quark (i.e. 
f = t). Since we are considering M/^ < 130 GeV ̂  we are therefore interested in the region 
r < 1. In this region the amplitudes [A) are real and vary as follows: Aw = —7(—12) for 
T = 0(1), Af = 4/3(2) for r = 0(1). Hence the W loops are dominant. For the minimal 
SM Higgs, BR (^° 77) « 0.1% 0.2% for 80 GeV < M^o < 130 GeV (Figure 3.7). 
To increase this BR for hi one would naively wish to enhance T(hi 77) significantly, 
but this is not an option since: 

(i) The W loop contributes the most, and the hiWW vertex is suppressed relative to 

4>^WW by a factor sin^,{^ -a). 

(ii) It is possible to reduce the ti vertex, and so cause less destructive interference. 
However, since the t loop is not the dominant contribution to r(6i —> 77), this 
does not increase the width much, and the corresponding reduction in a{gg —> hi) 
markedly diminishes the total cross-section. 

A better way of increasing BR {hi - 4 77) is to suppress other decay channels such as 
66 (which dominates in the relevant mass region). This suppression can be achieved in 

^For > 130 GeV the 77 channel becomes less important since VV* decays are becoming stronger 

and usually give a better signature. 
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Models I I and IF for small sino; and tan/? moderate, although in Model I I the above 
parameter choices suppress 66 and T + T " ' " decays simultaneously, thus further enhancing 
BR {hi 77). In the extreme case of BR {hi 66) 0 {sina 0), one finds that 
enhancements of a factor two (relative to (jP) are possible for BR {hi —> 77). With the 
main production cross-section gg hi at twice ^i*" strength (since cos'^ a/ sin^ P 2) 
one would find sizeable enhancements in the number of 77 events relative to the process 
pp <fp ^ 77. The detection methods and selection criteria were described in Chapter 
3. 

Table 6.3 (from Ref. [12]) shows the expected signal for for £=30 fb"^ with the 
significance being rather low in the range 80 GeV< M ô < 100 GeV. For hi the enhance­
ment of 77 events by a factor up to 5 would provide a spectacular signature, and Table 6.4 
shows the signal numbers for Model I I with a — 0 and ^ = n/4. 

M^o (GeV) 80 100 120 
BR (<̂ " ̂  77) 0.09% 0.15% 0.23% 

S/VB 1.5 2.7 4.1 

Table 6.3: Signals for process pp / X , / ^ 77, for £=30 fb'^ (from Ref. [12]). 

M , , (GeV) 80 100 120 
BR {hi 77) 0.22% 0.37% 0.40% 

S/VB 8.3 13.7 15.8 

Table 6.4: Signals for process pp hiX, hi —>• 77, with maximum enhancement, for 
£=30 f b - ^ 

In Model I ' it is not possible to simultaneously suppress the hibb coupHng and keep 
the hitt coupling near (f>° strength. A consequence of this is that although similar en­
hancements of BR {hi —> 77) are again possible, the production mechanism {gg hi) 
will be heavily suppressed. Despite this, a chance of detection remains in the associated 
production channel qq Whi with subsequent decays W —> Ivi and hi —y 77. The 
event selection criteria were given in (3.8.3). Enhancing hi —> 77 would require a 7r/2, 
/? w 7r/4, and hence sin^(/?-a) « 0.5; thus the associated production cross-section would 
be suppressed relative to (jP by a factor of 0.5. However, with the higher hi 77 one 
would expect a comparable number of events, and since a reasonable statistical signal in 
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the associated production channel is possible for / with high lunoinosity, an analogous 
signal for hi may be obtainable. Table 6.5 uses the results of the simulation done in 
Ref. [29]. The event numbers for / include contributions from the associated process 

M^o (GeV) Signal (S) Background (B) 
80 13.5 10.5 4.2 
110 18.3 7.0 6.9 

Table 6.5: Signals for process pp f l X , f ^ 77, for C = 100 fb-^ (from Ref. [29]). 

pp —>• tt(jp, (fp —>• 77, with the lepton trigger originating from i —* Wh Z1//6. This 
process contains about 60% of the signal in Table 5. For the above mentioned case of 
hi, the contribution in this channel would be negligible (since the parameter choice for 
a larger BR {hi 77) require suppression of the hibb and hiit coupling). Therefore we 
would expect around half the number of events shown in Table 5, giving a small signal 
between 2.5cr and 3.5(7. A null search in the gg hi 77 channel but a signal in the 
associated channel would then be evidence for Model I ' . 

We recall that a fermiophobic Higgs will possess a sizeable BR {Hp —> 77), and would 
give a clear, distinct signal in the above channel. BR {Hp 77) has values 20% (1%) for 
M^o = 100 GeV (130 GeV) and this would provide a very strong signal. For example if 
Mp = 110 GeV and cos'̂  = 0.39 (the latter gives the least cross-section suppression) one 
would find S/y/B ^ 40; this is due to BR {Hp 77) being 40 times greater than that for 
(;/)° for the same mass. For Mp > 130 GeV there will not be much difference between the 
signal for (f)° and for Hp in this channel since the BRs to two photons become comparable. 

6.5.2 hi 

The next channel we wish to consider is / i i —> r + r . In the mass region of interest this 
decay falls from BR=8% ^ 2% for M^o = 100 ^ 150 GeV. BR ( / i ° r+r" ) is similarly 
small. We showed in (6.3) that large values of BR {hi T+T~) are possible in Models 
I ' and I I ' , and this property can be exploited at LEP2. In this subsection it is our aim 
to consider the detection prospects of this channel at the LHC, to see if this distinctive 
signature can be identified. At LEP2 the main production process is e+e~ Z* Zhi. 



CHAPTER 6. NON-MINIMAL NEUTRAL HIGGS BOSONS. 92 

This relies on the ZZhi vertex which is always suppressed by the factor s'm^(l3 — a). 
Section (6.3) showed that after choosing j3 and a to obtain a very large BR ( ^ i —> r + T ~ ) 
this suppression is not so severe 0.5) at LEP2. A t the LHC the dominant production 
process is by gluon-gluon fusion and so one must check i f the choices of a and ^ needed 
to enhance B R [hi —> r + r ~ ) simultaneously reduce the ithi vertex which is crucial to 
the mechanism gg hi. One can see f rom Table 6.1 that the choice of large tan/? 
(thus 1/cos^ large) w i l l enhance the hiU vertex, while cos^ a = 0.5 —> 1 would keep the 
tthi vertex near strength. As Mh^ increases the production cross-section obviously 
decreases, and competition f rom VV^*^ channels is stronger unless we suppress these 
decays. For example, for (f)° one finds B R (<^° -> r + r " ) f» 0.1% for M^o = 170 GeV. For 
i t is possible to suppress the VV^*^ decays by considering sin^(/?-a:) 0. However, since 
we require 9̂ —> 7r /2, obtaining the suppression of the VV^*^ decays requires a n/2, and 
this choice of a causes a strong reduction in the production cross-section cr{gg —> hi). 
We wish to maximize the event number (cross-section times branching ratio) which is 
proportional to f { ^ , a) defined by 

where 
nl^- =sm'aTlt^-/cos'l3, (6-21) 

and 

Tl^ = s m ' { ^ - a ) T y . (6.22) 

Contributions f r o m other channels are neghgible i n Eq. (6.20). We can see that lower 

values of a (i.e. cos a 1) are favourable f r o m the point of view of the cross-section (the 

first factor in Eq. 6.20), although the effect on T'"'*"''' is that a smaller cos/? is needed to 

overcome the suppression f rom sin a (Eq. (6.21)). In the analysis that follows we shall 

choose /3 = 89° and a = 7r/4 which provides for Model I ' : 

( i ) Enhancement of 1640 for the wid th of the r + r " channel. 

( i i ) Some suppression of the WW channel, since sin^(;5 - a) — 0.5. 

( i i i ) The coupling hitt is not so suppressed (cos^ a/sin^/? « 0.5). Therefore no large 

reduction of a{gg hi). 
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Choosing cos a 1 in order to maximize the cross-section would require cos ^ —> 0 to 
enable the T'^T~ channel to be enhanced over the VV* channel. We note that a large 
B R (hi -> r + r ~ ) i n only possible i n Model I'. I n Model 11' the partial wid th r{hi r + r " ) 
cannot be enhanced significantly since the / i r + r " vertex is proportional to 1 / s i n ^ (see 
Table 6.1), and sin/3 1 as ^ 7r/2. However, as stated in (6.3), for masses of hy in 
range at LEP2 one could suppress the hibb coupHng while keeping hiTT near (f)^ strength, 
w i t h the result of increasing BR [hi —> r ' ' " T ~ ) substantially. This is not the case for 
hi i n the mass range relevant at the LHC (M/j j > 100 GeV), since decays to VV'^*^ are 
important and the only way to have a large B R (hi —> r + r " ) i n Model IF would be to 
heavily suppress hi VV^*\ This would /3, conflicting wi th the requirements 

for the suppression of hi bb, which are Of —> 0 and ^ ^ 7r/4. Hence i t is not possible 

in Model I I ' to simultaneously suppress hi bb and hi VV'^*\ Therefore a large 

B R [hi r + r ~ ) in the mass region of interest here (M/j j > 100 GeV) is only possible in 

Model I ' . 

However, obtaining a large B R (hi —> r + r " ) w i l l require an increasingly small pa­

rameter space as M / ^ increases over the threshold of real VV decays; over this threshold 

B R {hi —> r + T " ) decreases as M ^ ^ , and therefore the parameter space for a sizeable 

B R (hi —>• r + r " ) is confined to large values of t a n ^ . We shall now consider in detail the 

detection prospects of hi f r o m Model I ' i n the context of a large B R (hi r + r " ) , wi th 

the aim of ascertaining up to what value of M / ^ this distinct signature can be probed. 

We shall be using the analysis of the ATLAS reports [11], [13] which consider A° and 

H° (the heavier CP-even scalar) of the MSSM and their decays to r + r ~ . For large tan/? 

these particles do not possess a large BR (hi —̂  r + r " ) but instead have enhanced produc­

t ion cross-sections due to the Higgs bremsstrahlung olf a b quark being strongly boosted 

(proportional to tan,3). The / i i T + r " coupHng is also boosted by the same amount but 

B R (hi r + r " ) w i l l always be an order of magnitude (Ncml/ml) less than the bb chan­

nel (10% at best). I t can be shown that ^° T + T ~ decays cannot be observed at the 

L H C , given the rather low BR. For Model T one can have a roughly (/P strength gg —> hi 

cross-section and a large BR (hi T + T " ) , thus providing significantly more events. 

The aforementioned A° and H° have greatly boosted cross-sections for large tan /3 and 

so even w i t h their relatively small BRs to r + r " they can produce a strong signal. We 
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shall show that comparable signals are possible in Model I ' as well. A n important way of 
distinguishing a r + r " signal f rom hi f r om the combined signal of and A° (which are 
degenerate for MH^ a > 150 GeV) is the fact that h° in the MSSM (which should have a 
mass less than 150 GeV) could be observable, having SM-like decays and so is possibly 
detectable i n the channel h° —> 77. Hence the discovery of a neutral Higgs particle w i th 
large B R to r + r ~ , and no sign of ^° would be some evidence for Model I ' . I n addition, 
there w i l l be a lack of ZZ decays for the combined H° and A° signal, since A° ZZ is 
forbidden and —> bb w i l l be the accompanying (and dominant) decay for the MSSM 
case. A n accompanying signal in the / / / / channel is possible for hi in Model I ' but not for 
the combined A° and H° signal in the MSSM (see (6.5.4) for a study of the //// channel). 

The trigger for the channel is the leptonic decay f rom one of the r-leptons; the other 

T is decayed to hadrons. The main backgrounds consist of [13]: 

( i ) tt production, followed by tt —> WWbb, and W li/;, W —y hadrons. 

( i i ) W plus jets production, wi th W —> hi. 

( i i i ) bb production, w i th b —> jets, b I + X. 

( iv) Single Z° production, w i th Z° r + r " , and r -> had i/r, r li/ri^i-

The backgrounds are suppressed by the following cuts: 

(1) A n isolated lepton is required wi th px > 24 GeV (reduces ( i i i ) ) . 

(2) E'j.'* > 40 GeV. 

(3) p^''' > 18 GeV (reduces ( i i i ) ) . 

(4) nirr = Mh, ± AM (reduces ( iv) for Mk, > 120 GeV). 

(5) ruTih PT"') < 25 GeV (reduces(i) and ( i i ) ) . 

I n the analysis that follows we shall use the values a = ir/i and /9 = 89° (which 

corresponds to tan/9 = 57). A l l individual production cross-sections (i.e. gg fusion. 
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WW fusion etc) w i th this choice of parameters are essentially half those for ^6°, (smce 

cos^a/sin^ (3 ^ 0.5, sm^(l3 - a) ^ 0.5), resulting in a total cross-section half the mag­

nitude of that for The BR (hi 

BRs for (f)°. 

'T~) is obtained f rom appropriate scahng of the 

M,, (GeV) 100 120 150 200 300 

B R (hi T + r - ) ft; 100% f« 100% 98.5% 49.7% 30.5% 

a(pp hiX) (pb) 13.17 10.03 7.57 5.13 3.13 

Signal (BR x a ) (pb) 13.17 10.03 7.45 2.55 0.95 

Signal Events (S) 111 249 541 462 241 

Background (B) 810 500 660 540 530 

Significance (Sjy/B) 3.9 11.1 21.1 19.9 10.5 

Table 6.6: Signals for process pp h X , hi ^ r + r " , wi th £ = 30 fb ^ ( f rom R e f . [ l l ] , 

w i t h rescaling). 

Table 6.6 shows the expected number of events at the LHC and the significance of the 

signal. Our numbers for the backgrounds and acceptances are taken f rom the ATLAS 

report [11]. We can see f r o m the table that for Mh^ = 300 GeV there is s t i l l a large 

signal. Therefore this corner of parameter space (89° < P < 90°) provides a strong signal 

in Model I ' i n the T'^T~ channel, even for relatively large values of M ^ j , and is exclusive 

to this particular model. For smaller M ^ j there is a larger parameter space of tan /9 for a 

strong, distinct signal of Model I ' . For example, i t can be shown that for 80° < /3 < 90° 

(or tan ^ > 5.7) one would find B R (hi —> r + r " ) 40%, which would give a 8.6c7- signal 

for Mh, = 150 GeV. The ATLAS report considers masses below 120 GeV difficult to 

detect i n this channel due to the strong Z r + r ~ background. 

We note that the enhancement of the Higgs bremsstrahlung off a 6 quark at high tan j3 

is possible in the non-SUSY Model I I . As i n the case of H° and A° of the MSSM, the 

B R (hi r + r ~ ) can never be more than 10%, since BR (hi —> bb) decays are similarly 

enhanced. W i t h values of tan /? 57 one can obtain a r + r " signal considerably larger than 

is obtained for hi of Model I ' using the same tan ^ value. However, as mentioned before, 

the accompanying decays for Model I I w i l l be to bb w i th the process hi ZZ* —> //// 

suppressed. For Model I ' the accompanying decays are hi —> H/^H^*, ZZ* and so a signal 

in the / / / / channel is s t i l l likely, unless BR (hi —>• r + r " ) is very large. A positive signal in 
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bo th channels would therefore be distinctive of Model I ' . 

6.5 .3 hi it, hi —s- bb 

Decays of a Higgs boson to quark pairs, although usually dominant for the intermediate 

mass Higgs boson (i.e. M^o < 2Mw)-, are considered difficult at a hadron collider and 

other channels usually give better chances of detection. For ^° the most promising signals 

are rare 77 decays for Af^o < 130 GeV, and ZZ^*) -> //// for M^o > 130 GeV. However, 

in the 2 H D M i t is possible that the quark decays {it or hb) dominate the vector boson 

channels over a wider range of Higgs masses and therefore i t is important to infer whether 

these quark decays can indeed present a signature, or i f hi would be hidden. 

I n any 2 H D M i t is possible for 1̂ tt decays to dominate (for M^i > 2mt) i f the 

VV decays are sufficiently suppressed i.e. sin^(/? — a) —> 0. In the extreme case of 

sin^(/? — a ) = 0 (i.e. j5 = a), tt decays would saturate the wid th unless /? o; —> 7r/2, 

i n which case bb decays can be strong in Models I I and I I ' ; we shall discuss this latter 

possibility below. For now let us consider the case of hi tt decays dominating, w i th 

a reasonable production cross-section. The ATLAS report [11] studies this process for 

and A° of the MSSM, both of which may possess BR to tt -> 100%. We aim to 

extrapolate these results for use wi th hi. 

We must first mention a caveat that i f sm^{P-a) —> 0 then a light hi may have escaped 

detection at LEP. This is the first t ime in the chapter that we have implemented /? fa a. 

Previous to this the conditions for extreme BRs have required sin^(^ - a) 0.5 and so 

a very l ight hi would certainly have been found at LEP by the standard e+e~ —> 

process. The BRs of the light hi can be inferred fo rm Table 6.7 where we have set 

a = /?; for Models I , I I , and IF decays to hb would all dominate (recall tan/? > 1.25 

when considering the couplings i n Table 6.7), while in Model F, decays to r + r " would 

dominate for tan /5 > 3. We shall not be considering the case of a very light hi and refer 

the reader to Refs. [60], [48] for production channels at LEP which do not make use of 

the suppressed e+e" Z4>° process. We note that these papers only consider Model I I . 

Returning to the case of hi tt., the ATLAS report [11] considers the detection 
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Model I Model I ' Model I I Model IT 

huu cot 13 co t^ co t^ cot 13 

hdd cot 13 co t^ — tan ^ — tan 13 

hee cot 13 — tan/? — tan /? cot 13 

Table 6.7: The fermion couplings of hi i n the 2 H D M relative to those for the minimal SM 

Higgs boson (<?i>°), w i t h (3 = a. 

prospects i n the it channel for A^ and i7° of the MSSM, which may have BR (H^. 

A^ —> ti) —> 100%. The signal is extracted by searching for W'^W'bb final states, w i t h 

one W Iv decay providing the trigger, and one hadronic W j j decay. The lepton is 

required to possess px > 20 GeV, w i t h all jets satisfying pT > 40 GeV. Both b jets must 

be tagged, w i t h efficiency assumed to be around 60%. W i t h these cuts the continuum 

tt production is by far the dominant background. The top masses are reconstructed, 

using a algorithm for reducing the combinatorial background for li/b and jjb. The mass 

resolution for M / ^ is quite large and varies f rom 35 GeV to 80 GeV as M^, increases 

f r o m 330 GeV to 500 GeV. Large mass bins are needed to collect the signal. We present 

the event numbers for hi in Table 6.8 by rescaling the ATLAS numbers; we take a = /3, 

B R (hi tt) = 100%, and = 175 GeV. 

Mh, (GeV) Signal (S) Background (B) S/^^B 

370 1800 68600 6.9 

400 1980 85700 6.8 

500 1670 127400 4.7 

Table 6.8: Statistical signal in the hi 
rescaling). 

tt channel for £ = 30 fb"^ ( f rom Ref. [11] wi th 

The statistical significance of the signal is large but is only meaningful i f the theoretical 

error on (T(pp —> tt) is less than 1%, which is not the case at the present. I f the error 

is reduced then there would be some chance of detection in this channel. I t does not 

seem possible to distinguish hi —y tt decays f r o m the combined signal of H° and A^ in 

the MSSM due to roughly equal event numbers, although the MSSM predicts M^o < 150 

GeV and detection of h° along wi th a signal i n the tt channel f r o m H° and A° would be 

some indication of the MSSM. 
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The other quark decay that could dominate is that of hi bb i n Models I I and IF 
for t a n ^ > 5 (see Table 6.7). However, i t seems that this particle would be hard to find 
at hadron colliders since the main production processes are gg fusion or radiation off a 6 
quark, these processes giving jet signatures which have large backgrounds. Producing hi 
i n association w i t h a W boson via qq —> W* —> Whi, w i th W hi (a lepton trigger) 
and hi —> i6 only probes M^^ < 120 GeV [11], [14]. Therefore we conclude that the quark 
decays of hi would be diff icul t to observe at the LHC; prospects are much better in other 
channels, unless the quark decays saturate the width i n which case one has no choice but 
to study the decays hi tt or hi —> bb. 

6.5 .4 hi Z Z W 

The Higgs decay to two Z bosons, w i t h the subsequent decay ZZ —> llll is the 'gold-

plated' channel, since i t gives a large signal throughout the range 130 GeV< < 800 

GeV. Below the real ZZ threshold one of the vector bosons must be off-shell. I n the 

2 H D M , r{hi —> VV^*^) is suppressed by sin^(/? - a) and therefore the wid th cannot 

be increased. However, for M / ^ > 150 GeV these decays usually dominate, unless the 

suppression is large and/or another channel is greatly boosted. Table 6.9 shows the 

expected signal and background ratio for which is very large over much of the mass 

interval 200 G e V < M^o < 800 GeV, reaching as high as 40 standard deviations. The event 

selection criteria were given i n (3.8). Therefore any strong suppression in this channel, 

either of the cross-section or branching ratio or both would certainly be noticed. This 

would indicate an extended Higgs model, although would not provide any information as 

to which particular model. 

For the mass region 100 G e V < M^o < 130 GeV the ZZ* llll channel does not 

provide a strong enough signature since the BR {(fP —> ZZ*) is small. The same is true 

for h^. I n a 2 H D M i t is possible to suppress the bb channel which may enable the //// 

signal to be used for lower masses of hi than is possible for 4>^. 

To have a reasonable signal for Mh^ < 130 GeV in the //// channel one needs to find 

a model which can suppress the bb decays (so as to make B R (Ai ZZ*) larger), and 

keep a reasonable cross-section i.e. the tt couphng near (jP strength. Model I cannot 
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M , , (GeV) Signal (S) Background (B) S/y/B 

120 5.2 4.7 2.4 

130 . 24.8 8.2 8.5 

150 68.5 10.0 21.7 

170 19.9 9.5 6.5 

180 51.9 9.0 17.3 

200 189 29 35.3 

300 314 68 38.2 

400 267 56 35.7 

500 137 29 25.6 

600 70 25 14.1 

700 38 21 8.3 

800 22 17 5.4 

Table 6.9: Statistical signal in the / 
ReL[12 . 

ZZ(*) ^ //// channel for C = 100 f b - ^ ( f rom 

do this, and nor can Model I ' . The required couplings are possible in Models I I and I I ' , 

although Model I I has the possibility of a larger signal since both bb and r"^r~ can be 

simultaneously suppressed. The choice of cos^ a —> 1 and moderate sin^ 0 ( « 0.5) would 

boost the tt coupling and so enhance the gg —>• hi cross-section; these parameter choices 

would also cause the required suppression of the bb and T + T ~ decays ( in Model 11' the 

r + r " cannot be simultaneously suppressed, and so the B R to ZZ* would be less). This 

means that although cc and gg decays would dominate, B R (hi —> Z*Z) = 1% is possible 

(compare B R (^° Z*Z) = 0.3% for M^o = 110 GeV), and combined wi th the enhanced 

cross-section one would find an increase of order 4 for the //// signal. This analysis is 

for Mhj = 1 1 0 GeV, although i t requires sufficiently good Higgs mass resolution to be 

sure that one has found a Higgs of 110 GeV wi th an enhanced //// signature instead of 

nil w i t h M^o = 130 GeV (say), the latter giving a similar number of events. I n 

practice sufficient mass resolution should be obtainable. 

For the heavier Higgs masses, M/ j j > 2Mz, the decay to two real Z bosons hi ZZ 

is possible. For the decay process ^° —> ZZ —> IIU provides a 'gold plated' signal 

above the background for M^o < 700 GeV (see Table 6.9). In the 2 H D M i t is not possible 

to enhance these couplings, as .the ZZ and WW channels are both scaled by the same 

sin^(^ — a) suppression. Two signatures remain which could suggest a 2 H D M in this 
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channel: 

(i) A n enhanced cross-section. Since gg —> (fP gives the largest rate, i f one enhances 

the hitt coupling i t is possible to have more //// events than for the <f>° case. 

( i i ) A suppression of the llll signal relative to would be very noticeable, since the 

signal can be as large as 40(7. 

Case (i) is possible in all 2 H D M , for parameter choices such as cos^ a 1 and moderate 

sin^ /? (si 0.5). This would cause an enhancement of 2 for the gg fusion cross-section, and 

the overall cross-section would be enhanced by roughly the same factor (since gg fusion 

gives the largest contribution). Case ( i i ) is also possible in any 2 H D M and therefore the 

above scenarios do not give any information on which particular model would be present. 

There are two ways for case ( i i ) to be reahzed. 

(a) The choice of /? a forces sin^(/? - a) ^ 0 and so the hi -> ZZ, WW decays 

are heavily suppressed. Instead the tt channel dominates for the heavy Higgs mass 

region, M / ^ > 2Mz, unless another channel is significantly boosted. 

(b) The BRs to ZZ and WW may be kept dominant, but the production cross-section 

could be heavily suppressed, i.e. a reduced hitt coupling would heavily suppress the 

fusion process gg ^ hi. 

Case (b) is true for a fermiophobic Higgs (Hp) which shall be discussed in Chapter 8. 

6.6 Conclusions at the L H C 

We have studied the phenomenology of the lightest CP-even neutral Higgs boson (hi) of 

the 2 H D M and M H D M at the LHC. Emphasis is given to the problem of distinguishing hi 

f r o m the SM Higgs boson (^°) and the MSSM Higgs boson (/i°). This is complementary 

to our earlier conclusions (6.4) which considered prospects at LEP2. We studied four 

different decay channels and showed that the following distinct signals are possible: 
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(i) A n enhanced signal i n the pp hiX, hi —> 77 channel would be evidence for Model 
I I or I I ' , although Model I I can produce the greater number of events. A signal in 
the associated production channel pp hiW, hi —> 77 and W Ivi but no signal 
in the above channel would be evidence for Model I ' or a fermiophobic Higgs (wi th 
the latter capable of more signal events - see Chapter 8). 

( i i ) A large signal f r o m hi —> r '^ ' r" decays is possible in Model I ' , and the accompanying 

signature would be Ull, unless the former has a very large BR. In Models I I and I I ' i t 

is possible to have a comparable enhancement of r + r " events but the accompanying 

decays would be to hadrons, which could not be separated f rom the backgrounds. 

( i i i ) Enhanced hi —> tt, bb decays in the heavy Higgs region are possible although they are 

very dif f icul t to detect at the LHC due to the large jet background. A reasonable 

signal is more Hkely i n the ti channel i f the theoretical error on the background 

pp —y tt cross-section can be reduced to below 1%. 

( iv) A suppressed or enhanced signal in the gold plated Ull channel is indicative of a non-

min imal Higgs sector, although there would be no information as to the model f rom 

which i t originates, unless there exists another enhanced B R such as hi —> r + r " , 

which would indicate Model I ' . 

I n the M H D M , hi may mimic the above signatures, although i t has the possibility 

of larger cross-sections as well as an enhanced BR, thus resulting in more signal 

events overall. 



Chapter 7 

A Model with Higgs Triplets 

7.1 Introduction 

Thus far only extended Higgs models wi th doublet representations have been considered. 

These preserve p = 1 at tree-level, and one-loop corrections f rom the Higgs sector are 

small - see Chapter 4. However i t is possible that higher Higgs representations exist, and 

in this chapter we shall study a model w i th Higgs isospin triplets. We note that many 

extensions of the SM require triplet Higgs representations (e.g. lef t - r ight symmetric 

models), although triplets can be considered purely in the context of the non-minimal 

SM, i.e. no other new particles apart f rom Higgs bosons. The general formula for p i n the 

context of general Higgs representations wi th isospin T and hypercharge Y was displayed 

i n Eq. (4.1), f r o m which i t can be shown that a tr iplet representation on its own cannot 

maintain = 1 at tree-level. A tr iplet together w i th a doublet can keep p « 1 i f the V E V 

of the tr iplet is very small, of order 0.03 that of the doublet V E V (Eq. (4.7)). This is 

of course possible but leads one to wonder why nature chose such a representation at all; 

we recall that one of the motivations for the existence of Higgs bosons in the SM is for 

them to have a non-zero V E V , and so introducing Higgs bosons wi th very small VEVs 

seems contradictory and unnatural (this reasoning would not be vaHd for models which 

are specifically constructed to produce a small mass for neutrinos). 

A more attractive option which has found favour in the literature [30], [64], [65], 

102 
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66] is to combine one doublet wi th one real ( T = 1, F = 0) triplet and one complex 
[T = 1, Y = 2) tr iplet . From Eq. (4.1) i t is easily shown that p = 1 can be maintained 
at tree level i f the VEVs of the triplet fields are equal. Denoting Vifi = Vi^2 = b and 
^1/2,1 = a/V2, 1 we find that M^ = \g^v^ w i th = a^ + 8b^ = (246 GeV)\ There 
is no constraint on b (apart f r o m 86^ < v'^) which is i n contrast to the previous case of 
one tr iplet and a doublet. Therefore i t is possible that the triplets play a major role in 
symmetry breaking and this model (henceforth to be called H T M ) seems theoretically 
more favourable. The rest of the chapter is organized as follows. In (7.2) we present a 
review of the H T M while (7.3) deals w i th current constraints on its parameters. In (7.4) 
we study the prospects for detection at LEP2, using the most natural values for arbitrary 
parameters. Distinguishing this model f r o m other Higgs representations is an important 
issue and is thus covered in detail. Finally, (7.5) contains our conclusions. 

7.2 The Higgs Triplet Model (HTM) 

The H T M in question was first proposed by Georgi and collaborators [64] and a detailed 

phenomenological account can be found in Ref. [65]. The Higgs fields take the form 

V X - r x°* 

i.e. one complex doublet (Y = I), one real tr iplet {Y = 0), and one complex triplet 

( F = 2). The value p = 1 is maintained at tree-level by giving the x° and fields the 

. same V E V , (x°) = = b, and = a/V2. The phase conventions are <!>- = -{(f>^)\ 
X- = - (X+)* , X - = (X++)*, r = - i n * and f = (^°)*. 

The kinetic energy term is given by: 

>Ckin = ^ T r [iD,mD^<f>)] + \TV [{D,x)\D-x)] • (7-2) 

Here, 

D'^fj) = d^(f> + ig(W.T/2)(l> - ig'(j)BTzl2, (7.3) 

^ Where Vr.y is the VEV of a given representation. 
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and 

D'^X = d'x + ^ ^ ( W . t / 2 ) x - ig<i>Btz • (7-4) 

where the r i / 2 are the usual 2 x 2 representation matrices of SU(2) and the ti are a 3 x 3 

representation of Til2. I t is convenient to introduce a doublet tr iplet mixing angle defined 

We w i l l also use the following combinations of fields: 

The gauge boson masses are obtained by expanding out the kinetic energy term (Eq. 

(7.2)). One finds: 

M',, = Mlcos'e^='^g'v\ (7.6) 

w i t h = -H 86^. Thus p = 1 is predicted at tree-level. There exists a fiveplet 

^++,+,0 , - , ^ ^ threeplet H^'°~ and two singlets, H° and i ^ f , w i t h each member of a 

particular mul t iple t being degenerate i n mass at tree level. Their respective compositions 

are (wi th CH = COS6H, SH = sinOff) 

H+= CH^P-" - SH<f>+, H",=CHx"i + s„<f>"j; (7.8) 

H'i=<i>l, < = y f ( v ^ x U n - (7.9) 

According to the phase conventions H^~ = (H^"^)*, = -(H^)*, and H^ = -(H^)*. 

M i x i n g is possible between and i f f , varying f r o m zero to maximal depending on the 

parameters i n the Higgs potential. I t is conventional in the literature [65] to adopt the 

language of zero mixing purely for the sake of simplicity. However i n this chapter we show 
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that by assuming naturaP values for the parameters in the Higgs potential, and using the 
bound on sindn ( f rom considering the Z bb vertex), this mixing is neghgible. Hence 
results w i l l be presented using and as mass eigenstates. We wi l l decouple the 
t r iplet fields ( in the matr ix x) f r om the fermions i n the H T M . The only possible coupling 
(by gauge invariance) to the fermions would be the F = 2 triplet field to the lepton-lepton 
channel, via couphngs of the fo rm [65 

C = i/i.,(V',xCT2AV ' ,x) + h.c. (7.10) 

Here i, j are family indices and is the usual two-component leptonic doublet field, 

= ( J ] (7.11) 

and A is a 2 X 2 representation of the F = 2 complex triplet field, 

x'* -x'l^r ^'-''^ 
However, when Eq. (7.10) is expanded one finds a mass for neutrinos 

m,j = --j=- . (7.13) 

Assuming that the matr ix hij is diagonal, using the current constraints on neutrino masses 

one finds that hee < 5.75 x 10~^^/s//, and h^r < x iO''^/sff. Therefore such couphngs 

are only significant phenomenologically for very small values of sin 6^ (much less than 

0.1) [65]. Recalling that the motivation for this model is that sinOu should be significant 

(i.e. the tr iplet fields play a sizeable role in electroweak symmetry breaking) i t seems 

contradictory to consider the case of a very small sindn- Hence our point of view is that 

even i f a Higgs-lepton-lepton coupling exists i t w i l l have no phehomenological impact. 

Therefore we w i l l not consider i t and decouple the triplet fields f rom all fermions. I t 

follows that all members of the 5-plet and Hi are 'fermiophobic' at tree level, because 

they consist purely of tr iplet fields. They w i l l s t i l l couple to gauge bosons (f rom the kinetic 

energy t e rm i n the Lagrangian) and to other Higgs bosons ( f rom the scalar potential). 

The 3-plet members, and H^, are respectively equivalent to H"^ and A° of the 2 H D M 

^Here we take 'natural' to mean equal. 
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(Model I ) w i t h the replacement cot/3 tan0H i n the Feynman rules. The H^ plays the 
role of the minimal SM Higgs in the l imi t of s i n ^ ^ —> 0. A f u l l list of Feynman rules for 
this model appears in Ref. [65]. 

I t is instructive to see how unitari ty is preserved in the H T M . I t was explained in 

(4.2) that for a model w i t h Higgs doublets unitari ty is preserved if various sum rules 

are respected (see Eqs. (4.9, 4.10)). In the H T M there are no simple analogous rules; 

due to the more exotic spectrum of Higgs bosons one finds that the Higgs contribution 

to a given scattering process may proceed in various different channels, although the 

net efi'ect must but the same as the cf)^ contribution. For example, let us consider the 

process ZW~ ZW~. In the min imum SM the Higgs contribution is a t-channel graph 

involving w i t h effective strength proportional to g'^M\ (i.e. f r o m the ZZ^^ and WW 

coupling). I n the H T M there are three ^-channel graphs for the neutral bosons, and a 

3-channel and a u-channel for H^. The s- and u-channel graphs combine to give the 

same result as a t-channel graph except for an overall sign difference. Thus the four 

contributions have effective strengths proportional to 

Hi: g\\Ml. 

< : \9's\Ml. 

HI-- ^9's\Ml. 

HI: - g \ \ M l . (7.14) 

The sum of al l four terms gives the original i ? ^ M | of the f-channel graph in the 

m i n i m u m SM. I n H/+H^+ scattering, Et"^. contributes in the ^-channel and 

again the sum of the H T M contributions is equivalent to that of 

Thus i t appears that the H T M can reproduce all the desirable properties of (^°, that 

is, i t preserves unitarity, gives masses to the fermions and bosons, and maintains p — \ at 

tree-level. However we must mention a naturalness problem that arises in the H T M at 

the one-loop level. Ref. [65] shows that there are quadratically divergent contributions to 

the p parameter. These can be cancelled by counterterms originating f rom the one-loop 

Higgs potential, although a certain amount of fine-tuning is required. However, the level 

of fine-tuning is no more serious than that required in the minimal SM to keep M^o < 1 
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TeV. 

7.3 Constraints on Parameters 

Precision measurements of the process Z ^ bb impose the strongest bound on sinOff. 

V i r t u a l charged scalars w i t h tree level fermion coupHngs contribute to this decay i.e. H"^ 

in the 2 H D M and H^ in the H T M . Ref. [46] shows that this vertex constrains | cot ^ | < 0.8 

i n the 2 H D M , which corresponds to | tan^7/| < 0.8 (or | smen] < 0.63) in the H T M . This 

constraint is for a top quark mass of 180 GeV and MH^ < 200 GeV. We are not aware 

that this bound is considered in the literature, and recent papers sti l l consider the case of 

sinOff] —»• 1. We note that | sm9ff \ < 0.06 is equivalent to |Krip|/|Kioub| < 0.03 (see Eq. 

(4.7)). Therefore i t is i n the spirit of the model to only consider | s i n^^ l > 0.1 (say). The 

max imum value of | s i n ^ H | = 0.63 allows |Krip|/|Vdoub| = 0.4, showing that the triplets 

could s t i l l play a significant role i n electroweak symmetry breaking. 

The other arbitrary parameters i n the model are of course the masses of the Higgs 

bosons. From the Higgs potential we can write down the following tree level values [65] , 

w i t h \i being a Higgs self coupling constant and v'^ = (246 GeV)^: 

= 3(A54 + A4C^)^' , = X,v' . (7.15) 

As mentioned earlier, all members of a particular multiplet are degenerate in mass. In 

general, H^ and H^' can mix according to the mass-squared matr ix 

- [ 2V6SHCHXS 3 4 ( A 2 + A3) ^ 

There exists two mass eigenstates denoted by ipi and 2̂ w i th M^^ > M^^ '• 

K,^2 = \ l ^ n + M22 ± ^l{Mii-M22y + mi^ . (7.17) 

I t is clear that the mixing vanishes in the Hmit of A3 0 and this scenario is usually 

considered i n the literature. However, i t is our aim to keep natural values for A, and we 

w i l l present results for the case of them all being equal (we see these as being the most 
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Figure 7.1: The squared masses of i/^i and ^ 2 in units of = (246 GeV)^ as a funct ion of 
Ofj (Ai = 1 is assumed). The experimentally allowed region lies to the left of the vertical 
line OH = 0.67 rads. 

natural values). From now on we w i l l employ a set of units in which A, = 1. Figure 

7.1 shows the masses of ipi and •02 in this unit system as a function of 6H. From the 

constraint on sin 6*//, one finds 9^ < 0.67 rads (or 38.7°). From Figure 7.1 i t is apparent 

that lOv^ < M^^ < 16?;^ and 0 < M^^ < l .Su^ Hence there exists a natural, tree level 

hierarchy of masses: 

M i = 0 

The compositions of ipi and ip2 are given by: 

•01 = -ffi ' sin ax + cos ax , 

^ 2 = H°' cos ax — H^ sin ax , 

w i t h the mixing angle obtained f r o m 

2Mi2 
sin2ay = 

(7.18) 

(7.19) 

(7.20) 

(7.21) 
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Figure 7.2: The mixing angle s in2ar as a function of OH- The experimentally allowed 
region lies to the left of the vertical line 6H = 0.67 rads. 

Figure 7.2 shows how sin 2aT varies w i th 9H- I t is clear that the bound 6H < 0.67 rads 

forces the value of s in2ar to be < 0.1. This strongly constrains ax to the region < 2.9° 

or > 87.1°. In the former case sinax < 0.05 and cosar = 0.999 - * 1. From Eqs. (7.19, 

7.20) i t is then clear that ipi is effectively H^ w i th rp2 equal to H^'. The converse is true 

for OiT > 87.1°. Therefore very l i t t l e mixing is present and so we can treat H°' and 

as mass eigenstates to a very good approximation. 

Now that we know the composition of all the mass eigenstates and their Feynman 

rules, could some of the Higgs bosons be Hght enough to lie in the energy range of LEP2 

(i.e. an e+e~ collider w i t h ^/s - 175 200 GeV)? We must first consider the current 

lower bounds on their masses f r o m both direct/indirect searches. By 'indirect' searches 

we mean measuring processes that are sensitive to the Higgs sector. The most important 

process of this k ind is the decay 6 —> 57 which can proceed by emitt ing a vir tual (for 
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a general review of how this decay is sensitive to new physics see Ref. [47]). Recently the 
first measurement of its branching ratio was announced by the CLEO collaboration, wi th 
the value [52 

BR(6 -> 67) = (2.32 ± 0.57 ± 0.35) x 10"^ . (7.22) 

This measurement sets a lower l im i t ( M ^ > 260 GeV) on the mass of H^ ( 2 H D M , Model 

I I ) , taking i t out of the range of LEP2. However, f rom Chapter 5 we recall that no lower 

bound can be obtained for the H"^ ( 2 H D M , Model I ) . Recalling that obeys the same 

phenomenology as this latter charged scalar wi th the substitution c o t ^ —> tan^H, then 

may also be in the range of LEP2. 

The other charged scalars i n this model {Hf^ and H f ) are fermiophobic at tree level 

and so do not contribute to this decay. Hence no indirect mass bound can found for 

them. For neutral scalars, direct bounds f r o m e+e~ coUiders are stronger. The current 

LEP l imits on these particles are as follows [32]: 

Mfj±± > 45.6 G e V , (7.23) 

M ^ ± , Mfj± > 41.7 GeV . (7.24) 

Eqs. (7.23, 7.24) are obtained by searching for e+e" ^ 7*, Z* H+H', H++H—. 

Limits for H^, H^' and (which can couple to vector bosons) are best obtained by 

searching for e+e" Z* ZH^ (at higher collider energy VF+VK" and ZZ fusion 

become impor tant ) . From Ref. [65] we have the following ratios for this cross section, 

w i t h being the minimal SM Higgs: 

The bound on M^o is > 63.5 GeV [32], and so the bounds on H^, H^' and w i l l tend 

to be less due to SH < 0.63 (sjj < 0.39). Ref. [32] states that for a cross-section > 0.1 

times that of the the bound is > 40 GeV. 

There is one caveat to the lower l im i t for H f ^ . The current searches have assumed 

//•±± ^ /±/± [67]^ [68] which is the decay for a doubly charged scalar of a lef t-r ight sym­

metric theory. The H^^ i n the model we are studying would decay via W*W* to l^l^vv 

(for masses i n the range of LEP2) [65], [69]. This would provide a way of distinguishing 
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between the two models, but also suggests that the > 45.6 GeV l imi t (Eq. (7.23)) may 
not be relevant for our analysis. However, we expect H^"^ and H^ to have very similar 
masses (equal at tree level) and so the > 41.7 GeV bound (Eq. (7.24)) could loosely be 
used for both. 

7.4 Phenomenology at L E P 2 

We next investigate the prospects for detection of the Higgs bosons at LEP2, for which we 

w i l l assume ^/s = 175 —> 200 GeV. Using the mass hierarchy (Eq. (7.18)) as a guide, we 

w i l l consider i n tu rn the possible combinations of Higgs bosons in range at this collider. 

Distinguishing the H T M f r o m other models is an important issue and is discussed below. 

Measuring the value of sin 9H is also desirable, in order to see to what extent the triplets 

contribute to electroweak symmetry breaking. 

Case 1: Here we consider only ip2 to be in the discovery range, i.e. M^^ < y/s — 100 

GeV ^. As mentioned in (7.3), ip2 w i l l be (to a good approximation) entirely or 

depending on the value of the mixing angle (ax)-

a) V2 = H°: The production process here would be Z* ZH°. From Eq. (7.25) 

we see that the rate would be quite large {cjj > 0.61) and so detection should not be a 

problem {H^ —> bb is expected to be the strongest decay channel for M f f o < 100 GeV). 

The detection techniques in this channel were covered in (3.6). Its suppressed production 

rate could be a way of distinguishing i t f rom 0° , although we must remember that a light 

/i° f r o m a 2 H D M [30] would also have the same signature. However, some evidence that 

we have a non-minimal Higgs sector could be obtained. 

b) V2 = H°': Again one uses the Higgs bremsstrahlung process Z* —> ZH° . The 

rate (see Eqi (7.25)) is sinOn dependent but could be slightly above that for 0° when 

s j j = 0.39 (its maximum value). I f produced in sufficient quantities then we must search 

for the decays of this fermiophobic Higgs. Ref. [70] analyses such decays and concludes 

^Assuming the production mechanism e'^e~ —* Z* 
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that the dominant channel for masses below 90 GeV would be to 77 induced at one loop. 
We shall be covering the phenomenology of ferraiophobic Higgs bosons in more depth in 
Chapter 8 and so do not attempt to give a rigorous explanation here. The 77 channel 
would provide an excellent signature and should have a large branching ratio. One would 
search for j j ' y j events; the main background would come f r o m ini t ia l state and final state 
radiation, and can be removed by demanding energetic photons. 

However, a fermiophobic Higgs is also possible in the 2 H D M (Model I ) [71] w i th 

the mixing angle a f ine-tuned to equal 7r/2. I n principle, there st i l l exists a parameter 

space that could distinguish between the two. The Z-Z-Higgs coupling for this latter 

boson is Z-Z-(f)° strength w i t h a suppression factor of sin(^ — a). W i t h a = 7r/2 one has 

sin(/? — a) = — cos and f r o m the constraint | cot ^ \ < 0.8, one finds a production cross 

section < 0.39 that of the From Eq. (7.25) we see that this cross section for H^' is 

sinOff dependent and so could be significantly greater than 0.39. This could distinguish 

although one could postulate that i f such a fermiophobic Higgs is found, i t is more 

likely to be f r o m the H T M (as the 2 H D M requires fine-tuning for fermiophobia). 

Case 2: Here we consider only the 3-plet to be in range. The H^ would be produced 

by pair production, e+e~ —> 7*, Z* H'^H~. Singly charged scalars f rom the 2 H D M 

(Model I and V) and general multi-doublet model ( M H D M ) are also possible at this 

collider and a f u l l phenomenological study appeared in Chapter 5. Distinguishing Hf 

f r o m ( 2 H D M , Model I ) is impossible due to their identical couplings. However, 

detection would be proof of a non-minimal Higgs sector. The cannot be produced 

by Z* ZHl, being equivalent to A° in the 2 H D M (Model I ) . Its production at e+e" 

coUiders must wait un t i l the Z* H^H^, H°H°' processes become available (see Case 

3). 

Case 3: This case combines the above analyses, considering both the 3-plet and ijj2 to 

be accessible. 

a) •02 = H f : A new production channel is now available, that of Z* —> H^H^- The 

cross-section is well known [30], [65] and a review of the detection techniques appears 

i n Ref. [55]. One searches for a signal of bbhb (which is the dominant decay of the Hi 
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and H^), and a 6-tag requirement heavily reduces the main four jet backgrounds f rom 
qq, WW and ZZ. A good signal is present over a small background i f the cross-section 
is not too suppressed ( i t is proportional to s j j ) . Detection in this channel would suggest 
the tr iplet model i.e. a pair of degenerate Higgs bosons, and H^. Without this option 
one would observe just H^ and which would look like a 2 H D M (Model I or I ' ) (as 
mentioned earlier). 

b) 7^2 = H°': Again the presence of Z* —>• H^H^ is useful in suggesting the tr iplet 

model, due to the presence of a pair of degenerate Higgs bosons. The signal wi l l be 

different to that of case 3(a) due to the 77 decays of H^'. Hence one would search for 

6677 events. This would add to the signal in the Z* —> ZH^ channel, although a 6-tag 

requirement would make the Z* H^H^ signal more prominent. The cross-section is 

proportional to and therefore would possess a reasonable rate. Without this option 

of Higgs pair production, Hf and H°' could look hke the 2 H D M (Model I ) w i th a fine-

tuned mixing angle. However, case 1(b) explains that we could perhaps infer the H T M is 

present. 

Case 4: Now we include the members of the 5-plet. This situation has rich phe­

nomenology and should readily identify the H T M . The most spectacular evidence would 

be that of Hf"^. The pair production cross-section would be four times that of the singly 

charged Higgs bosons, yielding > 350 events for MH^ < 80 GeV at ^/J = 200 GeV. The 

dominant decay channel would be to W*W* [65], [69], (the 5-plet members are fermiopho­

bic) yielding a four fermion final state. The cleanest signature would lluv and this decay 

could distinguish Hf"^ f r o m the doubly charged scalar of a lef t - r ight symmetric model, 

the latter decaying to II. A review of the detection techniques can be found in Refs. [67], 

68], although these searches were for the decay H^^H Ull. The backgrounds to the 

nil channel are very small, and the signal number is large due to the sizeable production 

cross-section. 

Many other production processes become available w i th the introduction of the 5-

plet. These are HtH^, H f H ^ , H^Hl ZH^ and Hi'W'^. The would be produced in 

pairs (standard process for charged scalars), singly by the exotic vertex H^ W^Z, and by 

Z* ^ HtH^. Ref. [72] shows that the dominant decay of would be to W^*Z*. This 
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vertex is exclusive to higher Higgs representations and is not present in models w i th just 
doublets. The H° would be produced by Z* ^ ZH^, H°H°. Being fermiophobic also, its 
decays are similar to those of H^'. 

The best processes for measuring the contribution of the triplets to electroweak sym­

metry breaking w i l l be cos 6H dependent (recalling that cjj > 0.61). The ones hkely to give 

most events are Z* —> ZH° (which is proportional to c f f ) and Z* —> H^H^' (proportional 

to 1 4 ) . 

7.5 Conclusions 

We have studied the most popular model containing Higgs triplets ( H T M ) in the context 

of the non-minimal Standard Model. Such a representation is possible, not being in 

conflict w i t h current experimental data (most notably the measurement of /9 ?s 1). 

Various exotic Higgs bosons wi th reasonable cross-sections are predicted (i.e. doubly 

charged and fermiophobic bosons), all of which escape the mass bounds f rom b 57. 

Therefore they can be searched for at LEP2. Making use of a natural mass hierarchy 

obtained f r o m the Higgs potential, we considered in tu rn the possible combinations of 

Higgs bosons in range at this coUider. I f Hght enough ( < 80 GeV), detection of H f ^ 

would be straightforward and a strong signature of the H T M . Otherwise, distinguishing 

this model f r o m other non-minimal representations is not so easy. The discovery of one 

of the fermiophobic Higgs bosons (the lightest likely to be •4>2 composed mainly of ) , 

and/or a pair of bosons roughly degenerate i n mass {H° and H f ) would be indicators but 

not conclusive evidence. 

A Next Linear Collider (NLC) wi th = 500 ^ 1000 GeV would enable heavier Higgs 

bosons to be produced, should LEP2 be insufficiently energetic. Decays to lighter Higgs 

bosons would no longer be neghgible and so detection methods must change accordingly. 

However, all the production processes mentioned above would be relevant, wi th new 

ones also becoming significant (such as vector boson fusion for both neutral and charged 

scalars). A general outline of detection prospects at such a collider appears in Ref. [65]. 

Ref. [73] examines production processes using the exotic HfW^Z vertex as an alternative 
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way of distinguishing the H T M . However, sjj 1 is required to detect this vertex, and 
given the constraint sjj < 0.39 this method seems difficult . 

Prospects at high energy hadron colliders have also been discussed, see for example 

Ref. [65]. Usually such work focuses on H^"^ [74], w i th relatively l i t t le attention given 

to the fermiophobic neutral Higgs bosons ( i J f , H^). We recall that discovery of one of 

these latter scalars would suggest the H T M , though the main production process of gluon 

fusion via a fermion loop would be absent. The topic of fermiophobia is coverered in more 

depth i n the next chapter. 



Chapter 8 

Fermiophobic Higgs bosons 

8.1 Introduction 

I n Chapter 7 the concept of a fermiophobic Higgs boson {Hp) was introduced, and we 

discussed how such particles are required (due to experimental data) i n the H T M . I t was 

also mentioned that a Hp is possible in the 2 H D M for values of a ~ 7r/2. We concluded 

in Chapter 7 that the phenomenology of Hp is rarely covered in the literature, although 

i t may possess very distinct signatures; i n addition, the discovery of such a particle would 

shed important light on the underlying Higgs representation. In particular, fermiophobia 

is not possible in the MSSM, and hence searching for Hp is well motivated. I n this chapter 

we aim to provide a f u l l analysis of the phenomenology of Hp at hadron colliders (Tevatron 

and L H C ) , w i t h mention given to its phenomenology at LEP2. The fermiophobic Higgs 

bosons that we shall cover are H^' and H^ of the H T M , and the lightest CP-even scalar 

of the 2 H D M (Model I ) which was referred to as in Chapter 6. Our nomenclature i n 

this chapter is such that Hp refers to general fermiophobic Higgs of mass Mp, while h( 

refers to the Hp of the 2 H D M (Model I ) i.e. w i th a = 7r /2. 

116 
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8.2 Fermiophobia 

Fermiophobia can arise naturally i n models w i th Higgs triplets. In the H T M the hyper-

charge values of the triplets {Y = 2 and Y = 0) together w i th the requirement of gauge 

invariance severely restrict their couplings to the fermions. As explained in Chapter 7, 

the only possible t r iplet - fermion coupling would be to the lepton-lepton channel, but the 

current l imi ts on neutrino masses render this interaction phenomenologically irrelevant 

(see Eq. (7.13)) For the 2 H D M one can see f rom the coupHngs in Table 6.1 that Model 

I is the only structure which can display fermiophobia, the requirement being cos a —* 0. 

The heavier CP-even Higgs boson (H) would itself be fermiophobic i f cos a ^ 1, although 

since this particle may be much heavier than / i f we shall concentrate on the latter. Of 

course, a Hp may also be possible in the M H D M i f a mixing angle is tuned to zero (see Eq. 

(6.6)). I t is clear that the discovery of a Hp imposes strong constraints on the structure of 

the underlying Higgs model, since fermiophobia requires either a fine-tuned mixing angle 

or a Higgs t r iplet representation. In this chapter we shall not consider a charged Hp; for 

recent studies we refer the reader to Refs. [72], [73]. 

I n Chapter 7 we analysed the H T M using a natural argument of equating all Higgs self 

couplings (Ai) to 1; i t was shown that H^' can be taken as a physical mass eigenstate and 

we also obtained the natural mass hierarchy given by Eq. (7.18). This natural argument 

predicts H°' to be either the lightest or the heaviest of the bosons in the H T M , depending 

on the exact value of the mixing angle ay . We shall be concentrating on the scenario 

of i t being the lightest but detection prospects w i l l be mentioned i f this is not the case. 

Chapter 7 constrains ax by using the bound sinBn < 0.63. This result is for MH^ < 200 

GeV which we see as being justified i f one wishes to search for H°' at the Tevatron; f rom 

the mass ratios i n Eq. (7.18) we see that MH^ < 200 GeV would imply 0 < M^^ < 245 

GeV, which is the mass range that is relevant at the Tevatron. The other neutral Hp in 

the H T M is H°, and we shall see that i t is harder to produce at the Tevatron due its more 

suppressed couplings to vector bosons. In this chapter we shall apply the above natural 

argument to the 2 H D M in order to find the analogous mass hierarchy, and to ascertain 

the dependence of sin a on tan (3. The analysis utilizes the results of (3.3) wi th all Higgs 

self couplings set equal to 1. Plotted in Figure 8.1 is the squared mass of hi and H (the 
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Figure 8.1: The squared masses of H and hi as a function of V2. 
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Figure 8.2: sin2Q; as a function of V2. 
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two CP-even Higgs bosons) as a function of V2. From this we see that Iv'^ < M f j < Sv'^ 
and < M | < 2v^. Therefore the mass hierarchy reads as 

M f j = 7v'-^8v\ M l = v ^ ^ 2 v \ M^^ = v \ M% = v \ (8.1) 

Eq. (8.1) suggests that is likely to be of comparable mass to MH± and so justifies 

the use of the bound tan/? > 1.25 for M//± < 200 GeV, i f one wishes to search for 

hy at the Tevatron. Plotted in Figure 8.2 is sin2Q; as a function of V2. We see that 

maximal mixing (sin2Q; = 1, o; = 7r/4) occurs when V2 = Vi 17A GeV. For Vi < 174 

GeV (i.e. tan/9 > 1), the two a solutions for sin2Q; approach 0 and 7r/2. Hence for 

fermiophobia (7r/2) this argument would require larger tan/?, a result consistent wi th 

the bound tan/? > 1.25 for MH± < 200 GeV. I t is our aim now study the BRs of Hp. 

Figure 8.3: Decays of Hp —> 77. 

Tree-level decays to fermions are obviously not allowed, and so i f Mp < 80 GeV the only 

possible tree-level channels are Hp W*W*, Z*Z*, w i th denoting an off-shell vector 

boson^. Since these latter decays are not very strong (the vector bosons being considerably 

off-shell) the one-loop mediated decay. Hp —> 77, w i l l certainly have a larger BR than 

for (f)'^, and its Feynman diagrams are displayed in Figure 8.3. There are no diagrams 

w i t h fermion loops, although we recall that these diagrams interfere destructively wi th 

the dominating W mediated decays - see (6.5.1). The BRs predicted by Refs.[70] and [75] 

agree and imply that the channel Hp 77 dominates for Mp < 80 GeV; at Mp 95 

GeV the tree-level process Hp WW* is equally likely as Hp —> 77, each having 

BR=45%; see Figure 8.4 (taken f rom Ref. [75]). 

I t is of interest to note that the BRs to W and Z are an order of magnitude higher 

than those for in the region Mp < 120 GeV, and this w i l l be beneficial for detection 

^ Not including decays to other Higgs bosons which will be heavily ofF-shell. 
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Figure 8.4: The BRs of Hp ( f rom ReL [75]). 

i n the Hp ZZ* llll channel (see later). I n contrast, for (fP and hP of the MSSM 

the branching ratio to two photons is of the order 0 .1%. For higher Mp the vector boson 

channels dominate along w i t h decays to other Higgs bosons [Hp tt is not allowed at 

tree-level). Therefore the distinctive fermiophobic signature of Hp 77 is disappearing 

for M f > 1 3 0 GeV. 

The BRs used in Ref. [75] are for a Hp w i th strength (i.e. minimal SM strength) 

couplings to vector bosons. This is not the case for the Hp that we are considering, as 

can be seen f r o m Eqs. ( 8 . 2 —> 8 . 4 ) . The couplings here are expressed relative to those of 

the min imal SM Higgs boson (wi th Sf{ = smO^) [65]: 

2V2 
H'l'W+W- : ^-^SH , H'l'ZZ : ^-^^SH 

2y/2 

V3 
( 8 . 2 ) 
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H°W+W- : -y=s„ , H'.ZZ : -^SH , (8.3) , HlZZ : - J . 
^/3 V3 

A f W ^ + I ^ - : - c o s ^ , h{ZZ:-cosp. (8.4) 

Eqs. (8.2) and (8.4) show that both the HpW+W' and HpZZ couplings for H^' and 

/ i f are scaled by the same amount, and so the BRs displayed in Fig. 8.4 can be used. 

This is not true for H^ which has an enhanced H°ZZ coupling compared to H^W^W'. 

However, i n the region of Mp < 80 GeV (which is of interest at the Tevatron) the 

channel H^ Z^*^Z* is small and so we may use the BRs in Fig. 8.4 to a very good 

approximation. Explici t ly we can show that BR (H^ —* 77) would be between 0.9 and 

0.8 times the values in Figure 8.4 for 60 GeV< M5 < 100 GeV. For M5 > 100 GeV the 

enhanced B R (^^5° Z*Z) (reaching B R ^ 30% unt i l a sudden dip due to the real WW 

threshold) relative to B R {H^ —> 1V+M^~) would aid detection in the //// channel. Once 

the real ZZ threshold is reached the ratio of the partial widths of ZZ and WW tends to 

2 : 1 , being vice versa for (f)^, H^' and . These channels saturate the width in the heavy 

Higgs region unless the decays to other Higgs bosons become strong. 

8.3 Phenomenology at the Tevatron 

The production cross-sections for (jP at the Tevatron are shown in Figure 8.5. Gluon-

gluon fusion again dominates, although i t is relatively less important than at the LHC 

due to the decreased gluon luminosity at the Tevatron. For Hp the relevant processes 

are associated production wi th a vector boson and vector boson fusion, since the other 

mechanisms require a Higgs-fermion coupling. Vector boson fusion has a smaller cross-

section and i t was shown in Ref. [75] that the detection prospects for Hp are worse. 

Therefore we shall focus on the associated production process whose Feynman diagram is 

displayed i n Figure 8.6. As mentioned in the previous section, Ref. [75] assumed minimal 

SM strength couplings to vector bosons for Hp and so the production cross-sections for 

H^\ H° and / i f relative to those for ^° w i l l scale by the squares of the couplings given 

i n Eqs. (8.2 8.4). Thus for the process qq W* WHp we find the following 
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Figure 8.5: The production cross-

cross-section ratios: 

-sections of Hp at the Tevatron (f rom Ref. [75]). 

i ^ ° : < : / i f : / = ^ 4 : | 4 : c o s ^ / 5 : l , 

and for qq Z* ZHp 

i y ° : < : / i f : ^ ° = 4̂ 44:cos^^:l. 

(8.5) 

(8.6) 

Due to the bounds sin^ < 0.39 and cos'13 < 0.39 we see that H^' may be produced 

w i t h strength i n both channels, while / i f has at best a cross-section 0.39 that of (fP. 

m has very weak couplings to W^W' (at best 0.13 that of / H ^ + H ^ - ) , but better to 
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>W(Z) 

Figure 8.6: The main production mechanism of Hp at the Tevatron. 

ZZ. We note that a Hp w i t h ^° strength couplings to ZZ would have been seen at LEP i f 

Mp < 60 GeV [76]. Eq. (8.2 8.4) show that this lower bound w i l l in general be weaker 

for H^\ h and H^. The method of searching for Hp at the Tevatron is described in Ref. 

75] and we shall briefly review i t here. The photons f r o m Hp act as a trigger for the 

events, and then one may use either the hadronic or leptonic decay of the vector bosons. 

For the leptonic decay there are two detection channels. One can exploit production in 

association w i t h a W"^, and demand two photons plus an isolated lepton and missing 

energy {W —>• lui); alternatively one can use the Z channel and demand two photons wi th 

two leptons (Z —> / + / " ) or missing energy {Z — > i/V). The main background {W-yy and 

.^.77) is caused by qq annihilation wi th 7 emission f rom any charged line i.e. f rom the 

quark line or W line, or one f r o m each. The background is integrated over an invariant 

mass bin of Ri 3 GeV centered on Mp, which contains nearly all the signal events; i t is 

found that the background is far below one event (of order 10~^) for Mp > 60 GeV. Hence 

the signal is effectively background free and so one only requires a reasonable number of 

events ( > 3) in this channel for detection. For the hadronic decays of the vector bosons 

there is a background ( i j 7 7 ) f r om the processes[77]: 

gq-*-fjgq, 

gg-^^-fqq, (8.7) 

and f r o m the quark scattering processes 

qq yjqq. 
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qq ^^qq ^ 

m-^llW- (8-8) 

For the hadronic channel the WHp and ZHp signals are combined due to the invariant 

mass distribution being unable to separate the W and Z peaks. The invariant mass bin 

for the signal is taken to be between 65 GeV and 105 GeV, while the photon mass bin is 

the same as in the leptonic channel. Table 8.1 shows the expected number of signal and 

background events^ for 67 pb~^ of data, which is the current data sample at the Tevatron. 

The numbers are for with s]j = 0.39, its maximum value. From Table 8.1 we see 

MF (GeV) WH/ZH (leptonic) WH/ZH (jets) i i 7 7 
60 9.8/7.7 50.9 3.5 
80 3.7/3.5 20.2 1.9 
100 0.6/0.5 3.1 1.0 

Table 8.1: Number of signal (columns 2 and 3) and background events (column 4) for the 
process qq W*(Z*) H^'W(Z), with H°' 7 7 and W ^ li^, Z ^ U, uv, or W, 
Z ^ JJ. 

that the region Mp < 80 GeV can be covered with > 3 events in the background free 

leptonic channel, and a > 4.3(T signal {SI^{S + B)) in the hadronic channel. With 140 

pb~^ available by the end of 1995 the event numbers in Table 8.1 will be increased by a 

factor of approximately 2.1. This should enable the region Mp < 90 GeV to be covered, 

i.e. the mass at which the 7 7 decay starts to fall rapidly. It is very possible that sjj is 

considerably less than 0.39, and if this is the case then the signal becomes weaker. With 

140 pb~^ of luminosity and Mp = 60 (80) GeV one can obtain > 3 events in the leptonic 

channel i f sjj > 0.06 (sjj > 0.16). 

For the case of hf the maximum number of signal events is less due to the cross-

section being proportional to cos^/?. Table 8.2 is the analogy of Table 8.1 for with 

coŝ  IS = 0.39. 

We see that Mp < 60 GeV can be probed (> 3 events in the leptonic channel and a 

> 4(7 signal in the hadronic channel). The coverage increases to Mp < 80 GeV with 140 

^The event numbers in all our tables are obtained from Ref. [75] with appropriate scaling for a 
particular Higgs model. 
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MF (GeV) WH/ZH (leptonic) WH/ZH (jets) i i 7 7 
60 3.7/2.9 19.1 3.5 
80 1.4/1.3 7.6 1.9 
100 0.2/0.2 1.2 1.0 

Table 8.2: Equivalent of Table 8.1 for the process qq W*{Z*) h(W{Z). 

Would it be possible to distinguish between H]' and /if? If sjj is near its maximum 

of 0.39 then the cross-section for a given Mp is considerably larger for H^ than that for 

Af (see Eqs. (8.5) and (8.6)). Once the mass of Hp is measured one can estimate the 

cross-section and thus distinguish between the two models. Of course a sufficient number 

of 7 7 events will be needed to reconstruct the mass and so one should use the hadronic 

channel. Sufficient events should be present, certainly up to Mp ^ 80 GeV. 

The above analysis has assumed that the lighter mass eigenstate ?/'2 is composed 

dominantly of HQ (see Eqs. (7.19, 7.20)). If this is not the case then ^ 2 ~ -^^i and the 

heavier eigenstate ipi will be equal to HQ . Therefore H^ will be the lighter Hp in the 

H T M . I f Mfjo < 90 GeV then one may search for the 7 7 decays at the Tevatron, and 

the mass hierarchy (Eq. (7.18.)) would suggest that H^, H f , and H^ would also be 

light. However, Ref. [75] shows that at least 1000 pb~^ of luminosity would be needed to 

search for the SM Higgs (^°), and so more would be needed for H^ which has ^° strength 

couplings only in the limit oi SH —> 0. The threeplet bosons ( i / 3 and H f ) would be 

difficult to detect at the Tevatron. The former decays primarily to quarks, and its 7 7 

channel is reduced relative to (jp due to there being no W loops; Hf is best searched for 

at an e+e" collider where the backgrounds are less (see Chapter 5). The doubly charged 

Higgs [ H f ^ ) is likely to have a similar mass to H^ (the fiveplet members are degenerate 

at tree-level) and would offer the best signature of the HTM. I t can be easily searched for 

at LEP2 (see Chapter 7). Returning to H^, we find that i f s]j = 0.39 then > 3 events are 

predicted in the Z* ZH^ leptonic channel for Mp < 60 (80) GeV with a data sample 

of 67 pb~^ (140 pb"^). Prospects for detection are therefore approximately the same as 

for h; its ZZHQ coupling is slightly larger than that for / i f while its WWHQ coupling is 

substantially weaker. 

I t is probable that the Tevatron will be upgraded in luminosity with 2 fb~^ being 
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possible by the year 2000. The increased number of events would allow heavier Mp to 
be probed. For H^ with sjj = 0.39 one would expect > 3 events in the leptonic channel 
if Mp < 110 GeV. To probe beyond this mass region in the 7 7 channel requires another 
large increase in luminosity due to the rapid weakening of BR {Hp —> 7 7 ) . In Chapter 
7 we suggested that the theoretical motivation for the HTM would require SH > 0.1 
i^H — 0.01). For this 'minimum' value the upgraded Tevatron would produce > 3 events 
in the leptonic channel if Mp. < 80 GeV. Therefore the coverage would be superior to 
that of LEP2, the latter being hkely to probe the region Mp < y/s — 100 GeV at best 
(if Hp has (f)° strength couplings). For previous searches at LEP see Refs. [76], [78], [79]. 
Here one searches for the event e'^e" Z*Hp, Hp —> 7 7 and Z —> j j . The simulations 
obtained a good selection efficiency for the signal between 16% and 34%; the background 
is from initial state radiation, final state radiation and neutral hadrons faking photons. 
Demanding both photons to possess E^ > 10 GeV removes most of the background for 
Mp > 15 GeV. 

8.4 Phenomenology at the L H C 

We now consider prospects at the LHC. From Figure 8.4 we see that the BR {Hp 7 7 ) 

BR is falling rapidly for Mp > 90 GeV, and this channel will become unobservable as one 

approaches the real WW threshold. We are interested in the region Mp > 110 GeV, in 

order to search beyond the mass range of the upgraded Tevatron. If the BR {Hp 7 7 ) 

is still reasonable (i.e. > 1%) one could again exploit the associated production channel. 

Here we use the results of Chapter 6. Table 6.5 is for and so for Hp the enhanced 

BR {Hp ^ 7 7 ) , with values 20% (7%) for Mp = 100 (110) GeV, would provide a 

very strong signal. For example for Mp -110 GeV and sjj = 0.39 one would find 

S/y/B > 100; this is due to the BR {Hp 7 7 ) being 40 times larger than that for (j)^ for 

this mass. Hence a very large parameter space of sjj and coŝ  ^ would be covered. When 

BR {Hp 7 7 ) < 1% (for Mp > 130 GeV) there will not be much difference between the 

signal for ^° and the signal for Hp. 

For Mp > 130 GeV the vector boson channels dominate and thus one must rely on 

the 'gold plated' channel. Hp ZZ^*^ lUl For Mp < 2Mz one Z boson must be 



CHAPTERS. FERMIOPHOBIC HIGGS BOSONS 127 

off-shell. This detection channel has been described in Chapters 3 and 6. However, due to 
the lack of gluon-gluon fusion the production cross-section of Hp is markedly diminished 
compared to that of In addition, VV fusion will be suppressed by at least a factor of 0.5 
for i / g and h(, although H°' may be produced with the same rate as The associated 
production process contributes to the cross-section for Hp, although for Mp > 150 GeV 
this contribution is significantly smaller than the vector boson fusion process. The overall 
cross-sections, a{pp —> HpX) for / i f , H°' and H^ are scaled relative to the cross-section 
for (jP by approximately 0.10, 0.27 and 0.05 respectively in the range 80 GeV< Mp < 120 
GeV; these results are the optimal values with coŝ  /3 = sin^ 6ff = 0.39. Hence i t would 
seem that a reasonable signal in the //// channel would be very unlikely for this mass 
range. However, BR {Hp —*• ZZ*) is larger than that for ^° and this will help save some 
of the signal. For / i f and H^' in the region 80 GeV< Mp < 120 GeV BR {Hp ZZ') 
varies from 6% 9%, while for H^ the the respective values are 20% —> 29%. This is 
in contrast to BR ( / -> ZZ*) which varies from 0.01% ^ 1.3%. Therefore the signal 
event number may be considerably greater (an order of magnitude) for Hp in the region 
Mp < 100 GeV than for this is due to BR (Hp ZZ*) being up to two orders of 
magnitude greater than BR {(jP ZZ*). In fact, a signal for in this channel is unlikely 
for M^o < 120 GeV (see Table 6.9), but may be possible for Hp with a few events over 
a small background. For Mp > 120 GeV the signal for Hp becomes weaker than that 
for since BR (^° ZZ*) is increasing rapidly, and coupled with the latter's superior 
cross-section produces more events overall. 

For heavier Higgs masses, Mp > 2Mz, Hp decays to on-shell vector bosons. Again we 

can use the analysis of Chapter 6. For / i f the cross-section is roughly 10 times less than for 

(/.o throughout the range 2Mz < Mp < 800 GeV, with BR ( / i f ^ ZZ) ^ BR {(jP ^ ZZ), 

and thus we would find that a 4(7 signal is only possible up to Mp — 400 GeV, in contrast 

to a 40(7 signal for (fP of the same mass. Therefore it transpires that there is a very large 

parameter space for a hidden ^ f at the LHC i.e. sin^(^ - a) <€. 0.39 and/or Mp > 500 

GeV. We stress that the distinctive signature of a fermiophobic Higgs (Hp —> 7 7 ) is lost in 

this heavier mass region, and the suppressed Ull signal could be mimicked by another h-^ 

with suppressed ZZ decays and/or production cross-section. Prospects for H^ are better 

since i t possesses exactly the same BRs as h( but a production cross-section improved 
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by a factor 8/3. Therefore one would obtain a good signal {4a) with sjj = 0.39 up to 
Mp 600 GeV. Of course if sjj < 0.39 then H°' would also be hidden over a large 
parameter space. For H^ there is the added complication of its couphngs to vector bosons 
being scaled by different amounts relative to From the couplings in Eq. (8.3) we see 
that the WW fusion channel will be heavily suppressed. The effect of this is that the 
overall production cross-section is approximately 20 times less that of throughout the 
relevant mass range. However, BR ( ^ 5 ZZ) is twice that of BR {(j) ZZ) and so the 
overall //// events number will be very similar to that of h f . 

As a final note we wish to mention that in the scenario of fermiophobia (cos a ^ 0) the 

gg fusion cross-section for the heavier CP-even Higgs boson {H) will be of ^° strength 

or greater {it coupling proportional to sina/cos^), and may have a better chance of 

detection. Since one of the requirements for a hidden Hp is sm'^{0 — a) —> 0, this would 

cause cos^(^ - a) ^ 1 and so the H boson of the 2HDM would have unsuppressed 

couplings to VV. Therefore we would expect a very good signature in the //// channel for 

masses up to 800 GeV, with the result that Hp may be mistaken for H. In the MSSM 

this misidentity would not arise since one expects M^o < 150 GeV and a possible signal 

in the 7 7 channel, and H° —> it or hh. 

8.5 Conclusions 

We have studied the detection prospects of fermiophobic Higgs bosons {Hp) at the Fer-

milab Tevatron and at the LHC. Such particles do not possess a tree-level coupling to 

fermions and can arise in various non-minimal Higgs models. Importantly, fermiophobia 

is not possible in the minimal supersymmetric model (MSSM) and thus searching for Hp 

is well motivated. We considered the 2HDM (Model I) and the HTM in which can arise 

the fermiophobic bosons H°\ h and H^. The dominant decay channel for Mp < 80 GeV 

is Hp 7 7 , and backgrounds are small at the Tevatron. Such a decay has a branching 

ratio of the order 0.1% for the minimal SM Higgs {(jP) and the lightest CP-even Higgs 

of the MSSM {h^^^^). I f the HpVV {V = W 01 Z) couphng is close to its maximum 

value then with 140 pb~^ of data at the Tevatron a strong signal would be present for H°' 

{h, H^) i f MHF < 90 (80) GeV. It is possible to distinguish H^' from h and H^ due to 
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the possibility of a significantly larger cross section, although we suggested that the mere 
detection of a Hp would indicate the HTM. 

Prospects are improved at an upgraded Tevatron (2 fb~^). For H°' with maximum 

HpVV coupling detection is possible i f MR^ < 110 GeV. This coUider covers more pa­

rameter ( M f f p , SH) space than is possible at LEP2. For larger Mp the decay channel 

Hp —> 7 7 weakens rapidly and thus the distinctive signature of Hp becomes increasingly 

difficult to extract. 

I f the Tevatron is not upgraded then the Large Hadron Collider should cover the 

range inaccessible at LEP2 (i.e. M^p > 80 GeV). The associated production channel 

with Hp —>• 7 7 will provide a distinct signature for Mp < 130 GeV. Above this mass 

BR (Hp —> 7 7 ) is of comparable magnitude to BR (cfP —» 7 7 ) , and does not produce a 

good signal. The alternative is to use the Hp ZZ^*^ -> //// channel. For the low Higgs 

mass range, 90 GeV< Mp < 120 GeV, a signal is possible for Hp as long as the cross-

section suppression is not too great; this is in contrast to ^° which can only be detected 

in this channel for M^o > 120 GeV. For the heavier Higgs mass region, Mp > 130 GeV 

the domination of vector bosons decays means that utilizing the //// channel is the only 

chance of detection. A strong signal is possible for (f>°, but for Hp the lack of gg fusion 

diminishes the signal markedly. For the most favourable values of SH and tan/? a 4(7 

signal could be obtained for / i f and H° for Mp < 400 GeV, while for H^' prospects are 

better with the range Mp < 600 GeV being covered. The relative smallness of this signal 

compared to the signal from (fP would be a good discriminator, but this property could 

be mimicked by any other non-minimal Higgs sector. 
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Conclusions 

This thesis has studied the phenomenology of various non-minimal Higgs models at future 

colliders. Considered were the 2HDM, the MHDM and the HTM in the context of the 

non-minimal SM, that is, assuming no other new particles apart from Higgs bosons. The 

recurring aim was to ascertain distinct signatures for each model considered. 

I t was shown in Chapter 5 that light charged Higgs scalars (Mff± < Mw) are possible 

in the 2HDM (Models I and I') and MHDM, since they avoid the mass constraints from 

b —> S'y. In contrast, H"^ of the MSSM is predicted to be out of the LEP2 discovery range. 

Charged scalars with mass below the W mass would register a statistically significant 

signal, although the scenario of MH± ~ Mw is problematic. By exploiting the possibiHty 

of an enhanced H^ cb, which is exclusive to the MHDM, we showed that detection may 

be possible in this region. Prospects are good at higher energy colliders with increased 

luminosity. 

Chapter 6 covered the phenomenology of the neutral Higgs sector of the non-minimal 

SM. Although the Higgs boson of the minimal SM ((jP) is also neutral, its branching ratios 

and production cross-sections are fixed for a given Higgs mass. The greater freedom in 

the couplings for the neutral Higgs bosons in the 2HDM and MHDM allow regions of 

parameter space for a significantly different phenomenology. We showed that distinct sig­

natures included enhanced signals (relative to (f)^) of 7 7 , r + r " , ti and ////, and suppressed 

signals are always possible. Indeed, it unlikely that a neutral Higgs boson from these 

130 
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models would possess the same phenomenology as <f>°. The analysis showed that these 

distinct signatures (if present) may be observed at LEP2 and at the LHC, by comparison 

to the expected signal for 4'^. 

Chapter 7 considered a non-minimal model containing Higgs triplets. Using a natural 

argument and the latest experimental bounds on the Higgs parameters we derived some 

new results concerning the masses and mixings of the neutral mass eigenstates. Using 

a natural mass hierarchy obtained from the Higgs potential we then considered in turn 

the possible combinations of Higgs bosons in range at LEP2. In addition to the strong 

signature of the doubly charged H"^"^ (already considered in the hterature) we show that 

an alternative distinctive signature of the model would be the discovery of a 'fermiophobic' 

Higgs i.e. a Higgs with negligible coupling to fermions. The natural argument shows that 

this particle has a large chance of being the lightest. 

In the final chapter the phenomenon of fermiophobia was explored in more detail, and 

we presented a ful l analysis of the detection prospects at the Fermilab Tevatron and at 

the LHC. At the Tevatron the enhanced 7 7 would provide a good signal for masses below 

80 GeV, while the LHC may probe this signature up to masses of 130 GeV. Above 130 

GeV one must exploit the //// channel, in which the fermiophobic Higgs would give a much 

weaker signal compared to (fP. 

To conclude, this thesis has shown that the Higgs sector of the non-minimal SM con­

tains a more flexible parameter space than the Higgs sectors of the minimal SM and 

MSSM; thus significant differences, in its phenomenology are possible which may be ex­

ploited at future colliders. Throughout we emphasized that one must be aware of the 

many theoretically sound Higgs models, and if a Higgs boson is detected i t is imperative 

to know from which model it originates. Observing signatures which are exclusive to 

particular Higgs representations is one way of achieving this. 
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