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Abstract

We discuss theoretical and phenomenological aspects of two-Higgs-doublet ex-
tensions of the Standard Model. In general, these extensions have scalar mediated
flavour changing neutral currents which are strongly constrained by experiment.
Various strategies are discussed to control these flavour changing scalar currents
and their phenomenological consequences are analysed. In particular, scenarios with
natural flavour conservation are investigated, including the so-called type I and type
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IT models as well as lepton-specific and inert models. Type III models are then dis-
cussed, where scalar flavour changing neutral currents are present at tree level, but
are suppressed by either specific ansatze for the Yukawa couplings or by the intro-
duction of family symmetries leading to a natural suppression mechanism. We also
consider the phenomenology of charged scalars in these models. Next we turn to the
role of symmetries in the scalar sector. We discuss the six symmetry-constrained
scalar potentials and their extension into the fermion sector. The vacuum struc-
ture of the scalar potential is analysed, including a study of the vacuum stability
conditions on the potential and the renormalization-group improvement of these
conditions is also presented. The stability of the tree level minimum of the scalar
potential in connection with electric charge conservation and its behaviour under
CP is analysed. The question of CP violation is addressed in detail, including the
cases of explicit CP violation and spontaneous CP violation. We present a detailed
study of weak basis invariants which are odd under CP. These invariants allow for
the possibility of studying the CP properties of any two-Higgs-doublet model in an
arbitrary Higgs basis. A careful study of spontaneous CP violation is presented, in-
cluding an analysis of the conditions which have to be satisfied in order for a vacuum
to violate CP. We present minimal models of CP violation where the vacuum phase
is sufficient to generate a complex CKM matrix, which is at present a requirement
for any realistic model of spontaneous CP violation.
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1 Introduction

The gauge boson and fermion sectors of the Standard Model of the electroweak inter-
actions have been extremely well probed phenomenologically; yet, its scalar sector has
not yet been directly explored. In the Standard Model (SM) the simplest possible scalar
structure—just one SU(2) doublet—is assumed [, 2} [3, 4] [5]; on the contrary, the fermion
structure, with more than one family and with family mixing, is not simple at all.

One critical piece of evidence about the scalar structure is the parameter p. In the
SU(2)xU(1) gauge theory, if there are n scalar multiplets ¢;, with weak isospin I;, weak
hypercharge Y;, and vacuum expectation value (vev) of the neutral components v;, then
the parameter p is, at tree level [6],

n

S LI+1) =12 v
p="= : (1)

n

1v2,,.
>3 Y
1=1

Experimentally [7] p is very close to one. According to eq. ([Il), both SU(2) singlets with
Y =0 and SU(2) doublets with Y = +1 give p = 1, since they both have I (I +1) = 3 Y.
Other scalars with vevs in much larger SU(2) multiplets, scalars with small or null vevs,
and models with triplets and a custodial SU(2) global symmetry [8], are compatible with
p = 1; but such scalar sectors tend to be large and complex—the simplest extension of
the SM consists in simply adding scalar doublets and singlets.

In this review we focus on one of the simplest possible extensions of the SM—the
two-Higgs-doublet model (2HDM) [9]. There are many motivations for 2HDMs. The best
known motivation is supersymmetry [10]. In supersymmetric theories the scalars belong
to chiral multiplets and their complex conjugates belong to multiplets of the opposite chi-
rality; since multiplets of different chiralities cannot couple together in the Lagrangian, a
single Higgs doublet is unable to give mass simultaneously to the charge 2/3 and charge
—1/3 quarks. Moreover, since scalars sit in chiral multiplets together with chiral spin-1/2
fields, the cancellation of anomalies also requires that an additional doublet be added.
Thus, the Minimal Supersymmetric Standard Model (MSSM) contains two Higgs dou-
blets.

Another motivation for 2HDMs comes from axion models [I1]. Peccei and Quinn [12]
noted that a possible CP-violating term in the QCD Lagrangian, which is phenomenolog-
ically known to be very small, can be rotated away if the Lagrangian contains a global
U(1) symmetry. However, imposing this symmetry is only possible if there are two Higgs
doublets. While the simplest versions of the Peccei-Quinn model (in which all the New
Physics was at the TeV scale) are experimentally ruled out, there are variations with sin-
glets at a higher scale that are acceptable, and the effective low-energy theory for those
models still requires two Higgs doublets [11].

Still another motivation for 2HDMs is the fact that the SM is unable [13] to generate
a baryon asymmetry of the Universe of sufficient size. Two-Higgs-doublet models can do
so, due to the flexibility of their scalar mass spectrum [13] and the existence of additional
sources of CP violation. There have been many works on baryogenesis in the 2HDM [14]
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15 16l 17, 18 19, 20, 21, |. Exciting new possibilities for explicit or spontaneous CP
violation constitute one of the attractive features of 2HDMs.

With the Large Hadron Collider (LHC) starting to produce data, time seems appro-
priate for a review of 2HDMs. The Higgs sector of the Standard Model is very predictive,
with the Higgs mass being the only free parameter, and it will be tested at the LHC over
the entire theoretically preferred mass ranges within the next few months. In contrast,
due to the larger number of free parameters in the 2HDM, it will take much longer to
probe the entire parameter space of the various models. Should the Higgs not be seen at
the LHC in the next few months, the 2HDM will be one of the simplest alternatives. With
charged Higgs bosons, pseudoscalars and different decay modes and branching ratios, the
experimental challenges will be quite different than in the Standard Model. While it may
not be possible to completely probe the entire parameter space of the various 2HDMs at
the LHC, most of the parameter space can be probed, and this is further incentive for a
review of the various forms of the 2HDM and their experimental signatures.

We shall explicitly exclude supersymmetric models from this review. The Higgs sec-
tor of supersymmetric models is extremely well-studied and Djouadi [24] has written a
very comprehensive review of it. We shall also not include models with scalar SU(2) sin-
glets in addition to the two doublets, since those models usually include many additional
parameters.

In general, the vacuum structure of 2HDMs is very rich. The most general scalar
potential contains 14 parameters and can have CP-conserving, CP-violating, and charge-
violating minima. In writing that potential one must be careful in defining the various
bases and in distinguishing parameters which can be rotated away from those which
have physical implications. However, most phenomenological studies of 2HDMs make
several simplifying assumptions. It is usually assumed that CP is conserved in the Higgs
sector (only then can one distinguish between scalars and pseudoscalars), that CP is
not spontaneously broken, and that discrete symmetries eliminate from the potential all
quartic terms odd in either of the doublets; however, usually one considers all possible real
quadratic coefficients, including a term which softly breaks these symmetries. We shall
also make those assumptions in the early chapters of this report but will subsequently
discuss relaxing them. Under those assumptions, the most general scalar potential for
two doublets ®; and ®, with hypercharge +1 is

A 2\ 2
Vo= m? &b, +m2, dld, — m, (cb}cbz n <1>;<1>1) 71 (@{@1) n ?2 (@5%)
A 2 2
g BLD, Bhdy + Ny DD, DL, + 75 [(@{%) i (cbgcbl> } , 2)

where all the parameters are real. For a region of parameter space, the minimization of

this potential gives
0 0
(‘I’1>0=(£>> <‘P2>0=<2>- (3)
V2 V2

With two complex scalar SU(2) doublets there are eight fields:

bo = ( (ve + Pa (fma) V3 ) a=12 )
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Three of those get ‘eaten’ to give mass to the W* and Z° gauge bosons; the remaining
five are physical scalar (‘Higgs’) fields. There is a charged scalar, two neutral scalars, and
one pseudoscalar. With the above minimum, the mass terms for the charged scalars are
given by
U2
2 o
E(ﬁimass = [m%2 o (>\4 + )‘5)U1U2:| ( ¢1_7 ¢2_ ) Ull (%1 ( gb}i- ) : (5)
-1 - 5
There is a zero eigenvalue corresponding to the charged Goldstone boson G* which
gets eaten by the W¥. The mass-squared of the ‘charged Higgs’ is
m?% = [mi,/(vive) — Ay — Xs] (07 + v3). The mass terms for the pseudoscalars are given by

m? vi —vw n
L mass — ——2— ) 2 5 ' . 6
K v? + v3 ( G ) ( —vvy v} 2 ©)

This gives a pseudoscalar Goldstone mode together with the mass-squared of the physical
pseudoscalar, m?% = [m3,/(viv2) — 2Xs] (v 4+ v3). Note that, when m?, = 0 and A5 = 0,
the pseudoscalar becomes massless. This is due to the existence, in that limit, of an
additional global U(1) symmetry which is spontaneously broken. Finally, the mass terms
for the scalars are given by

(%

2 2 2
mis— + Av]  —miy + Asa50102
£pmass = _( P1, P2 ) 9 U1 5 U1 9 < P ) ) (7)
—Mmiy -+ >\345U1’02 mlzv— + )\21)2 P2
2

with Ass5 = A3 + Ay + A5. The mass-squared matrix of the scalars can be diagonalized
and the angle « is defined to be the rotation angle that performs that diagonalization.
Perhaps the single most important parameter in studies of 2HDMs is

tan § = e (8)
U1

The angle (8 is the rotation angle which diagonalizes the mass-squared matrices of the
charged scalars and of the pseudoscalars. If one redefines the doublets as H; = cos § ®; +
sin 8 ®y and Hy = —sin 1 + cos 3 P, one finds that the lower component of H; has
a (real and positive) vev v /v/2, where v = (v} +02)'? while H, has null vev. The
two parameters a and [ determine the interactions of the various Higgs fields with the
vector bosons and (given the fermion masses) with the fermions; they are thus crucial
in discussing phenomenology. Still, one should keep in mind the assumptions that were
made in defining them.

In this review, we shall begin by discussing the phenomenology of the above restricted
version of the 2HDM. A feature of general 2HDMs is the existence of tree-level flavour-
changing neutral currents (FCNC). One can avoid these potentially dangerous interactions
by imposing discrete symmetries in several possible ways. In chapter 2 the phenomeno-
logical analyses of 2HDMs without tree-level FCNCs are presented, including decays and
production of neutral scalars and pseudoscalars, bounds from LEP and the Tevatron, and
expectations for the LHC.



If one does not impose discrete symmetries, then there are tree-level FCNCs in the
2HDM. A prototype model of this kind, the so-called type III 2HDM, is discussed in
chapter [, along with other such models, such as the Branco—Grimus—Lavoura (BGL)
model and models of Minimal Flavour Violation.

All 2HDMs have charged scalar bosons (‘charged Higgses’). An analysis of charged-
Higgs production and decay, for all the 2HDMs of chapter 2] is presented in chapter [4}
this is followed by a discussion of charged-Higgs phenomenology in models with tree-level
FCNC.

In chapter 5 we relax the rather strict assumptions made in this Introduction and in
chapters 2 to[d. An analysis of the full scalar potential, including the vacuum structure
with or without CP violation and the possible symmetries one can impose on the potential,
is presented.

As noted earlier, the 2HDM offers possibilities for new sources of CP violation. This
is analysed in some detail in chapter [6l In particular we discuss the weak-basis invariant
conditions for the 2HDM Lagrangian to be CP invariant and we present a minimal realistic
extension of the Standard Model, with spontaneous CP violation.

In chapter [§ we briefly summarize some of our conclusions. Some isolated topics
that the reader may want to consult separately—constraints on the parameters of the
potential from unitarity, renormalization-group running of the parameters of 2HDMs,
and contributions to the oblique parameters from the scalar sector of 2HDMs—are left to
appendices.



2 Models with natural flavour conservation

The most serious potential problem facing all 9HDM4] is the possibility of tree level
flavour-changing neutral currents(FCNC). For example, the Yukawa couplings of the Q) =
—1/3 quarks will, in general, be

Ly = yihih; Py + yi ik O, 9)
where 7, 7 are generation indices. The mass matrix is then

1 un 9 U2
M;; —yij% +yij%'

In the Standard Model, diagonalizing the mass matrix automatically diagonalizes the
Yukawa interactions, therefore there are no tree-level FCNC. In 2HDMs, however, in
general y* and y? will not be simultaneously diagonalizable, and thus the Yukawa couplings
will not be flavour diagonal. Neutral Higgs scalars ¢ will mediate FCNC of the form, for
example, dso.

These FCNC can cause severe phenomenological difficulties. The ds¢ interaction, for
example, will lead to KK mixing at tree level. If the coupling is as large as the b-quark
Yukawa coupling, the mass of the exchanged scalar would have to exceed 10 TeV [25] 26].
Nonetheless, under reasonable assumptions, models with these FCNC may still be viable.
They will be discussed in the next chapter. In this chapter, however, we will assume that
tree level FCNC are completely absent, due to a discrete or continuous symmetry.

It is easy to see that if all fermions with the same quantum numbers (which are thus
capable of mixing) couple to the same Higgs multiplet, then FCNC will be absent. This
was formalized by the Paschos-Glashow—Weinberg theorem [27, 28] which states that a
necessary and sufficient condition for the absence of FCNC at tree level is that all fermions
of a given charge and helicity transform according to the same irreducible representation
of SU(2), correspond to the same eigenvalue of 73 and that a basis exists in which they
receive their contributions in the mass matrix from a single source. In the Standard Model
with left-handed doublets and right-handed singlets, this theorem implies that all right-
handed quarks of a given charge must couple to a single Higgs multiplet. In the 2HDM,
this can only be ensured by the introduction of discrete or continuous symmetries.

Looking at the quark sector of the 2HDM, there are only two possibilities. In the
type I 2HDM, all quarks couple to just one of the Higgs doublets (conventionally chosen
to be ®5). In the type II 2HDM, the @) = 2/3 right-handed (RH) quarks couple to one
Higgs doublet (conventionally chosen to be ®,) and the @ = —1/3 RH quarks couple to
the other (®1). The type I 2HDM can be enforced with a simple ®; — —®; discrete
symmetry, whereas the type IT 2HDM is enforced with a ®; — —®;, d% — —d discrete
symmetry. Note that the original Peccei-Quinn models as well as supersymmetric models
give the same Yukawa couplings as in a type II 2HDM, but do it by using continuous
symmetries.

We will in this chapter consider that there is no CP violation in the vacuum expectation
values (vevs) of the scalar doublets ®, 5. This means that vy » will be assumed to be both

(10)

LAll multi-Higgs-doublet models in general face this potential problem.



real and (without loss of generality) non-negative. Thus

b= ( (v; + p; iﬁ'ﬁj) /\/§ ) 7 "

with v; = vcos 8 and v, = vsin 3. Then, the neutral Goldstone boson is G° = 1, cos 3 +
nasin 8. The linear combination of the n; orthogonal to G° is the physical pseudoscalar

A = sin 8 — ng cos f. (12)

The physical scalars are a lighter h and a heavier H, which are orthogonal combinations
of p; and po:

h = pisina — pycosa, (13)
H = —pjcosa — pysina. (14)

Notice that the Standard-Model Higgs boson would be

H™ = picosfB+ pysinfs
= hsin(a— ) — Hcos (a — ). (15)

As shown by Carena and Haber [29], one can, without loss of generality, assume that
[ is in the first quadrant, i.e. that both v; and vy are non-negative real; also, one can add
T to «, i.e. invert the sign of both the h and H fields, without affecting any physics. In
the tree-level MSSM, « is in the fourth quadrant, but this is not the case in the general
2HDM, therefore we will choose a to be either in the first or the fourth quadrant. We
will choose our independent variables to be tan f and «, which are single valued over the
allowed range.

It is conventionally assumed, in discussions of type I and type II 2HDMs, that the right-
handed leptons satisfy the same discrete symmetry as the d% and thus the leptons couple to
the same Higgs boson as the Q = —1/3 quarks. However, the Glashow—Weinberg theorem
does not require this, and there are two other possibilities. In the “lepton-specific” model,
the RH quarks all couple to ®, and the RH leptons couple to ®;. In the “flipped” model,
one has the @ = 2/3 RH quarks coupling to ®3 and the @ = —1/3 RH quarks coupling to
®q, as in the type II 2HDM, but now the RH leptons couple to ®,. The phenomenology
of these models is, as we will see, quite different. In one of the earliest papers [30], the
names “Model IIT” and “Model IV” were used for the flipped and lepton-specific models,
respectively. The term “Model II1”, however, has become associated with the 2HDM
with tree-level FCNCs (the subject of Chapter III). In other early papers [31], 32, [33],
the terms “Model I” and “Model II” were used for the lepton-specific and flipped models
respectively, and in even earlier works [34] 35], the terms ITA and IIB were used. More
recently [36], the terms type X and type Y were used for the lepton-specific and flipped
models. The four models which lead to natural flavour conservation are presented in
Table [l It is straightforward to find a Zs symmetry which will ensure that only these
interactions exist.

In a somewhat related work, Pich and Tuzén [37, [38] simply assumed that the Yukawa
coupling matrices of ®; and ®, in flavour space are proportional. This then eliminates

10



Model u'y A e
Type I P, P, P,
Type 11 P, D, D,
Lepton-specific | &, P, d,
Flipped P, P, P,

Table 1: Models which lead to natural flavour conservation. The superscript ¢ is a gener-
ation index. By convention, the u’ always couple to @s.

all tree-level FCNC, and gives three arbitrary proportionality constants. Note that this
assumption is ad hoc and, in general, is not radiatively stable [39] - one would obtain FCNC
couplings being generated radiatively, as was analysed recently in Ref. [40]. However,
Serodio has recently proposed a UV completion of the Pich-Tuzén model [41]. And
Varzielas [42] has studied how family symmetries in multi-Higgs doublet models may give
a justification for the alignment hypothesis. Each of the four models (as well as the
Inert Doublet model discussed later) then arises as a specific choice of the proportionality
constant (and only these choices allow for a symmetry [39]). Another recent, very general,
formulation in which the various models are special cases is shown in Ref. [43]. One
should keep in mind that even if a 2HDM without FCNC is correct, it will take some
time to determine all of the couplings to determine which 2HDM it is, and the Pich-
Tuzon parametrization might be a valuable guide for phenomenologists. In addition, the
Pich-Tuzon parametrization might arise in other models; for example, the three doublet
model of Cree and Logan [44] reproduces the Pich-Tuzon model in its charged Higgs
Yukawa couplings. Of particular interest is the fact that if the proportionality constants
are complex, one has CP violating effects. It has been noted [38] [45] that loop corrections
induce flavour changing currents of the Minimal Flavour Violation form, and bounds
on the charged-Higgs mass were discussed. A similar approach was recently used by
Mahmoudi and Stal [46], who studied the constraints on the charged-Higgs mass from
meson decays and FCNC transitions, using a more general model-independent approach,
getting results in the four models as special cases.

The Yukawa couplings can now be determined. In the Standard Model, the coupling
of the fermion f to the Higgs boson is my/v. Following the notation of Aoki et al. [36],
we define the parameters & }:, 5};, & f; through the Yukawa Lagrangian

CERN, = = Y ZL(elTh+ T H — i€l TrafA)

f=u,d,l

_{ﬂmi

2 l
7 (m,&4Pr +mal4Pr) dH + % v lpH + H.c.}(16)

where Py g are projection operators for left-/right-handed fermions, and the factors £ are
presented in Table

In all models, the coupling of the neutral Higgs bosons to the W and Z are the same:
the coupling of the light Higgs, h, to either WW or ZZ is the same as the Standard-Model
coupling times sin(f — a/) and the coupling of the heavier Higgs, H, is the same as the

11



Type I Type 11 Lepton-specific Flipped

&' | cosa/sinf cosa/ sin (8 cos o/ sin 3 cos a/ sin 3
41 cosa/sin —sina/ cos cosa/ sin (3 —sina/ cos

& | cosa/sin B —sina/ cos 8 —sina/ cos 8 cos v/ sin 8
&4 | sina/ sin B sin a/ sin 3 sin o/ sin 3 sin a/ sin 3
€4 | sina/sin 3 cos o/ cos 8 sin o/ sin 3 cos a/ cos 3
€5 | sina/sin B cos v/ cos 8 cos v/ cos 8 sin a/ sin 3
€% | cot B cot 3 cot 3 cot 3
¢4 | —cot B tan 3 —cot 3 tan 3
¢4 | —cot B tan 3 tan 3 —cot 3

Table 2: Yukawa couplings of u,d, ¢ to the neutral Higgs bosons h, H, A in the four
different models. The couplings to the charged Higgs bosons follow Eq. [16l

Standard-Model coupling times cos(a— ). The coupling of the pseudoscalar, A, to vector
bosons vanishes.

In this section, we will summarize some of the work done on these four models, and
will follow with a more detailed discussion in the following sections.

There are relatively few studies which directly compare all four models. One of the
earliest papers to mention all four models was by Barger, Hewett and Phillips [30], who
studied the charged-Higgs phenomenology but assumed fairly light top quarks. The fa-
mous Higgs Hunter’s Guide [47] mentions all four, but concentrates only on the type I and
type II 2HDMs. Grossman [31] also discusses all four models, but focuses on models with
more than two doublets, and concentrates on the on the charged Higgs sector. Akeroyd
has several papers in which all four models are discussed. In an early paper with Stir-
ling [32], the phenomenology of the charged Higgs boson at LEP2 was analysed in each
model, and this was followed [33] by a study of the neutral sector at LEP2. In addition,
he looked [49] at LHC phenomenology in all four models, focusing in particular on the
Higgs branching ratios to vy and 77. More recently, Barger, Logan and Shaughnessy [50]
performed a comprehensive analysis of the couplings in all models with natural flavour
conservation, including doublets and singlets; the four models appear as special cases.

There are two recent papers comparing Higgs decays in all four models. Aoki et al. [36]
study the decays of the Higgs bosons in each model, summarize current phenomenological
constraints and look at methods of distinguishing the models at colliders, although they
focus on the type II and lepton-specific models and assume that the heavy Higgs bosons
are not too heavy (typically with masses below 200 GeV). Arhrib et al. [51] study the
decays of the light Higgs in each model, although the main point of their work concerns
double-Higgs production at the LHC.

Recently, a new computer code was written by Eriksson et al. [52]. The code allows one
to input any of the different Z5 symmetries, or even more general couplings, and calculates
all two-body and some three-body Higgs boson decays, and the oblique parameters .S, T’
and U and other collider constraints.

The least studied model is the flipped model (the word was coined in Ref. [50]); even
works that discuss all four models generally focus less on this structure than the others.
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The only paper dedicated entirely to the flipped model was the very recent article of
Logan and MacLennan [53]. They studied the charged-Higgs phenomenology in that
model, including branching ratios and indirect constraints and analyse prospects at the
LHC.

The lepton-specific model was first discussed in two papers by Barnett et al. [34]
35] in the context of extremely light Higgs scalars. The model was recently analysed
extensively by Su and Thomas [54]. They studied theoretical and experimental constraints
on the model and showed that there can be substantial enhancement of the couplings
between the charged leptons and the neutral Higgs scalar. Logan and MacLennan [55]
considered the constraints on the charged-Higgs mass, with bounds arising from lepton
flavour universality and direct searches, and discuss prospects at the LHC. Goh, Hall and
Kumar [56] discussed whether a lepton-specific model could explain the leptonic cosmic-
ray signals seen by PAMELA and ATIC, and studied the implications for the LHC. A
very recent analysis of this possibility, including analyses of astrophysical results and
direct dark matter detection, can be found in the work of Boucenna and Profumo [57].
In another analysis, Cao et al. [58] assumed that the 30 discrepancy [59] between theory
and experiment in the g — 2 of the muon is primarily due to the lepton-specific model—
this requirement substantially reduces the available parameter space, forcing the model
to have a very light pseudoscalar and very large values of tan 3, and they analysed this
parameter space. Finally, Aoki et al. [60] looked at neutrino masses and dark matter in
the lepton-specific model, but did add singlets.

The type I 2HDM [61] is the second most studied B In the quark sector, it is identical
to the lepton-specific model, thus many results from studies of the type I 2HDM apply
to the lepton-specific as well. A special limit of the type I 2HDM is a = 7/2, in which
case the fermions all completely decouple from the lightest Higgs; this limit is referred
to as the fermiophobic limit. Note that even in this limit, the coupling does reappear at
the one-loop level, but it will in any event be very small. Later in this chapter, it will be
shown that in the inert doublet models, this limit can be obtained exactly. The earliest
discussions of the fermiophobic limit in the context of imminent Tevatron data were those
of Stange et al. [63], of Diaz and Weiler [64] and of Barger et al. [65], who looked at Higgs
production and decay through photon loops. Shortly thereafter, Akeroyd [66] studied
the other phenomenological implications during the early Tevatron runs. Briicher and
Santos [67] mentioned all four models, but then focused on the fermiophobic limit of the
type I 2HDM, studying the decays of the various Higgs bosons and the constraints on the
model from LEP 2. The same authors together with Barroso [68] [69] used the possibility
of a fermiophobic Higgs to look at h — v in two different versions of the type I 2HDM,
showing that this decay could distinguish between them.

Moving away from the fermiophobic limit, there are many papers looking at the type I
2HDM. A very early discussion of the fermiophobic, gauge-phobic and fermiophilic limits
was given by Pois, Weiler and Yuan [70], who studied top production below the ¢t threshold
in Higgs decays. The Higgs Hunter’s Guide [47] contains some analysis (although they
focus on the type II 2HDM and the MSSM), but this was before the top mass was known
to be very heavy. In a series of papers, Akeroyd and collaborators [71], [72, [73, 48, [74]

2Recent developments in string phenomenology [62] suggest that a type I 2HDM is generic among the
vacua of the heterotic string, providing new motivation for study of this model.
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considered Higgs decays into lighter Higgs bosons, charged-Higgs decays into a W and
a pseudoscalar, double-Higgs production, Higgs decays to vy, 777~ at the LHC, and the
possibility of a very light Higgs, respectively, all in the context of the type I 2HDM. There
have also been studies of the contribution to the anomalous magnetic moment of the muon
in the type I 2HDM [75], [76].

The type II 2HDM is by far the most studied, since it is the structure present in super-
symmetric models. A voluminous Physics Reports review article in 2008 by Djouadi [24]
analyses the Higgs bosons of the MSSM in great detail. We will not discuss the MSSM
Higgs structure and phenomenology in this work, and refer the reader to Djouadi’s review
article. Here, we will only focus on the differences between the general type I 2HDM and
the MSSM.

The most crucial difference is that the general type II 2HDM does not have a strict
upper bound on the mass of the lightest Higgs boson, which is an important characteristic
of the MSSM. In addition, the scalar self-couplings are now arbitrary. Another important
difference is that the mixing parameter «, which in the MSSM is given in terms of tan (8
and the scalar and pseudoscalar masses, is now arbitrary. Finally, in the MSSM the
charged-scalar and pseudoscalar masses are so close that the decay of the charged Higgs
into a pseudoscalar and a real W is kinematically forbidden, while it is generally allowed
in the type II 2HDM (although see Ref. [77, 78] for possible exceptions).

The Higgs Hunter’s Guide has numerous phenomenological bounds on the type II
2HDM, but they have become quite outdated. There have been several more recent
works [79], 80, 81] on B — X,v; the work by Misiak [81] would also apply to the lepton-
specific model. A recent summary of bounds on the charged-Higgs mass in the type II
2HDM is by Krawczyk and Sokolowska [82], and detailed analyses of charged-Higgs pro-
duction at hadron colliders can be found in Refs. [83] [84] [85]. Asakawa, Brein and Kane-
mura [86] compare associated W plus charged Higgs production in the type II 2HDM with
that in the MSSM. As noted above, the decay of the charged Higgs into a pseudoscalar
and a W is forbidden in the MSSM, but not in the more general type II 2HDM, and a
detailed study of that decay is found in Ref. [72], which also discusses the type I 2HDM.
Krawczyk and Temes [87] studied constraints from leptonic tau decays. Finally, a very
recent study by Kaffas, Osland and Ogreid [88] looked at all these (and other) processes
in a very comprehensive analysis of the type II 2HDM parameter space. There are many
additional papers on the type II 2HDM; their results will be discussed in subsequent
sections.

In addition, there is another model which has natural flavour conservation, in which
the quarks and charged leptons all couple to ®5, but the right-handed neutrino couples
to ®1. In this model, there are Dirac neutrino masses, and the vacuum expectation value
of ®; must be O(eV). The only way to have such a small vev is through an approximate
symmetry. The model originally used a Z; symmetry which was softly [89] or sponta-
neously [90] broken, but this allows for right-handed neutrino masses. Extending the
symmetry to a U(1) and breaking it softly (to avoid a Goldstone boson) gives the model
of Davidson and Logan [91]. An interesting question concerns the effects of quantum
corrections to the small vacuum expectation value and that is discussed in Ref. [92]. The
phenomenology of this model (which is basically the type I 2HDM with a right-handed
neutrino added) is quite interesting, especially in the charged-Higgs sector, and will be
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discussed subsequently.

In this Chapter, we will first discuss the decays of the neutral Higgs bosons in the
various models, followed by an analysis of the production of the neutral Higgs. Then
the constraints due to both collider bounds as well as lower energy processes (such as
B decays, b production, the anomalous magnetic moment of the muon, etc.) will be
presented. Finally, the “inert” doublet model will be discussed.
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2.1 Higgs decays

The key methods of distinguishing the various 2HDMs from each other and from the
Standard Model involve the branching ratios in Higgs decays. In this section, we will
focus on the decays of the neutral scalars (h, H, A) of the 2HDM. In the Standard Model,
the Tevatron is sensitive to the bb, WW, ZZ Higgs decays, whereas at the LHC the decays
vy, WW, ZZ are more important. The branching ratios and total width of the Standard
Model Higgs are very well studied; the most comprehensive analysis is found in the recent
review of Djouadi [93]. The results are in Fig.[[l One can see that the W and ZZ decays
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Figure 1: The branching ratios for the decay of the SM Higgs boson as a function of its
mass.

are dominant for Higgs masses above 160 GeV; they would provide the best signature at
either the Tevatron or the LHC. Below 160 GeV, the bb branching ratio is more important
at the Tevatron, but that decay mode is swamped by large backgrounds at the LHC, which
must rely on the vy mode in the low-mass range.

We now must look at branching ratios in 2HDMSs. As shown in the last section, the
branching ratios will not depend exclusively on the masses, but also on o and . This
makes plots of the various branching ratios necessarily incomplete. Ignoring, for now,
the possibility of heavy Higgs bosons decaying into lighter ones, one has branching ratios
depending on my, a and [ for each Higgs (h, H, A) and for each model. This makes a
comprehensive analysis difficult.

How have other authors dealt with this previously? In the comprehensive review of all
four models by Aoki et al. [36], they plotted the branching ratios of H and A for each of the
four models as a function of tan 3, setting the mass to 150 GeV and cos(a— ) = 0. In this
limit, the decays of the H and A to WW and ZZ vanish. While certainly an interesting
and important limit, this does correspond to a single point in the two-dimensional mass—
cos(aw — ) parameter space. Akeroyd [49] plotted the branching ratio of the light Higgs
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as a function of tan 3, but also chose only a few points in the parameter space. In their
analysis of the lepton-specific model, Su and Thomas chose a specific benchmark point
for a and f and plotted the branching ratios as a function of the mass. These are just
some examples.

In order to cut down on the complexity of the graphs, we will not display decay modes
which can never be seen at the LHC and Tevatron (at least within the next decade),
although they will be included in the computation of the branching ratios. Long before
these modes could be measured, many of the parameters of the 2HDM will be known,
and more comprehensive analyses will be done. Thus, we will only consider decays into
tt, bb, WW, 77 and v (and possibly into other Higgs bosons). In fact,

e In the type I and type II 2HDMs the ratio of the 77 to bb modes is fixed at m?/3m?.
Using the fact that one must use the running b-quark mass at the 100 GeV scale
(which is approximately 3.0 GeV) and including radiative corrections, this ratio is
fixed at approximately 10%, and thus we will not explicitly include the 77 mode in
the figures.

e The decay width into ZZ is related to the one into WW by only the weak mixing
angle and phase-space factors, and thus will have the same ratio as in the Standard
Model. As a result, the branching ratio into ZZ will not be directly displayed.

e The decay into gluons (while important in production) can’t be directly measured
due to very large backgrounds.

e Other decay modes, such as c¢, Zv and pp, have either too small branching ratios
or too large backgrounds.

Again, only neutral Higgs fields will be discussed in this Chapter.

In all four of the 2HDMSs, a lower bound on tan /3 of roughly 0.3 can be obtained
from the requirement that the top-quark Yukawa coupling be perturbative. Since large
Yukawa couplings have positive beta functions, if they start out large then they will ex-
ceed the perturbative limit (as well as unitarity) at a relatively low scale (see section [5.7]
and appendix [Al). Tt is hard to see how a tan 8 near or below 0.3 can be accommodated.
At the other extreme, in the type II 2HDM, the bottom-quark Yukawa coupling will be
nonperturbative if tan § exceeds roughly 100. In the context of the MSSM, Barger et
al. [94] and Carena et al. [95] showed that perturbative unification could be achieved for
tan 8 < 60, but the MSSM has beta functions very different from those of the 2HDM.
Kanemura and collaborators [96] 97] looked at bounds on tan 5 from perturbative unifi-
cation in the non-supersymmetric 2HDM, and Akeroyd, Arhrib and Naimi [98] 99] looked
for violations of tree-level unitarity in a large number of processes and concluded that
values of tan 3 greater than 30 are disfavored, although there are some regions of pa-
rameter space in which they are allowed. More recently, Arhrib et al. [51] argued that
perturbative and unitarity constraints, in all four models, require that tan 5 < 6 for all
but a very small region of parameter space, and this is confirmed in the work of Kaffas,
Osland and Ogreid [88]. Thus, we will focus on values of tan 8 between 1 and 6, but will
mention the effects of larger tan S in a few instances.
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One region of interest is the decoupling region. This is the region of parameter space in
which the H, A and charged Higgs all are much heavier than the h, and it is thus possible
to integrate out the heavy fields. The resulting effective theory is then like the Standard-
Model Higgs sector, with corrections to the various couplings due to the heavy sector.
This was discussed in detail by Gunion and Haber [100]. Later, Mantry et al. [101] and
Randall [102] examined Higgs decays in the decoupling region and showed how one could
obtain a measurable sensitivity to the high scale even if the heavy scalars are inaccessible
at the LHC, pointing out the importance of accurate measurements of the branching
fractions.

2.1.1 Higgs decays in the type I 2HDM

The type I 2HDM has the simplest discrete symmetry and its couplings can be easily
described. The coupling of the light neutral Higgs, h, to fermions is the same as in the
Standard Model but multiplied by cos«/sin § while its couplings to WW and ZZ are
multiplied by sin(a — ). For the heavy neutral Higgs, H, these factors are sin «/ sin 3
and cos(a — (), respectively. Thus one can determine the widths of the various decays
by simple multiplication, with the exception of the v decay, in which the contribution
of the W loop and that of the fermion loops are multiplied by their respective factors.

There are a few interesting limits. If sin(a — §) (cos(aw — [3)) vanishes, then the h
(H) field is gauge-phobic, i.e. it does not couple to WW and ZZ, radically changing the
phenomenology of Higgs decays. If cos v (sin o) vanishes, then the h (H) is fermiophobic.
This is a particularly interesting limit, since then the vy decay can become dominant well
below the WW threshold. Although there is no symmetry that can enforce this limit (and
a nonzero sin(« — ) would be generated at one-loop if it is set equal to zero at tree levelé,
the phenomenological implications are so dramatic that study of the limit is warranted .

For tan § = 1, the branching ratios of the light Higgs have been plotted in Fig. 2] for
various values of the Higgs mass. One can clearly see that & = +m/2 is the fermiophobic
limit, where the branching ratio to fermions vanishes, and that a = [ is the gauge-phobic
limit, where the branching ratios to WW and to ZZ vanish. Note that the branching ratio
to vy at the gauge-phobic point does not quite vanish since there is a small contribution
from top-quark loops.

For the light Higgs h we have considered masses ranging from 100 GeV to 190 GeV.
An h heavier than 190 GeV may have problems with electroweak precision results [103],
although in the 2HDM, such a heavy Higgs could be made compatible with these results,
as discussed in Ref. [I04]. An h lighter than 100 GeV might be allowed by the LEP
data [105] if its coupling to ZZ were suppressed by a sufficiently small value of sin(a — f3);
for instance, a 70 GeV h would be allowed [106] if sin?(a — 3) were no larger than 3%.
For a recent discussion, see the work of Gupta and Wells [107]. Since phenomenological
consistency is obtained only for a narrow range of o around the gauge-phobic point, we
will not allow for m;, < 100 GeV in the plots, but any interesting physics of a lighter h
will be discussed in the text.

In the Standard Model, for a Higgs mass of 100 GeV, the decay to WW is heavily

3Notice, though, that this limit corresponds to the inert model, in which only one of the doublets
gains a vev.
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Figure 2: The type-I 2HDM light-Higgs branching ratios into W pairs, diphotons and bb
are plotted as a function of « for tan 5 = 1 and for various values of the Higgs mass (in
GeV). In the left figure, the solid lines correspond to h — WW and the dashed lines to
h — vy.

suppressed since at least one of the Ws must be far off-shell, and the bb mode is dominant.
Thus, as seen in Fig. 2] one must be very close to the fermiophobic limit in order for the
bb branching ratio to be small. As the Higgs becomes heavier, the W decay mode
is less suppressed and eventually dominates; for larger Higgs masses, the decay into bb
is very small except very close to the gauge-phobic point. Note that the bb branching
ratio never reaches unity, even at the gauge-phobic point, due to the contribution of the
gluonic decay (which depends on the coupling of the Higgs to the top quark). Comparing
with the Standard Model decays, one can see that the relative branching ratios can differ
substantially.

For larger values of tan 3, the results look very similar, with slightly different slopes.
The main difference is that the gauge-phobic point is at @ = § and thus moves to the
right. In the case of tanf = 30, the gauge-phobic and fermiophobic points are only
two degrees apart, leading to very steep slopes in the curves (since the gauge-phobic and
fermiophobic points cannot coincide, the Higgs will certainly decay, but in this case its
width will be quite narrow).

The diphoton decay, h — v+, has contributions from both W loops and ¢ loops, there-
fore it does not vanish in either the gauge-phobic or fermiophobic limit (the contribution
of W loops in the Standard Model is substantially larger than that of top-quark loops, so
the gauge-phobic limit does cause a suppression). An analysis of this mode in the type-I
2HDM was carried out by Posch [108], who found that an enhancement over the Standard
Model branching ratio of as much as 70% was possible.

The fermiophobic limit is of special interest. Although the mass limit on the Standard-
Model Higgs boson is 114.4 GeV [109], this assumes that the coupling of the Higgs boson
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to ZZ is not suppressed, and the bound can be much weaker if one is fairly close to the
gauge-phobic limit. Many studies have been done concerning the possibility of a Higgs
much lighter than 100 GeV in the fermiophobic limit. Note that the decay into WW
drops off dramatically as the Higgs mass is below the W mass, therefore the fermiophobic
limit leads to a dominant decay into v for these masses. CDF [110] and DO [I11] have
published bounds on a fermiophobic Higgs (by looking for the diphoton mode) which are
slightly over 100 GeV, but they still assume that the coupling to ZZ is not suppressed,
which may not be the case (note that if & = +m/2, then sin(a — 5) = + cos § which can
be quite small in the large tan 8 limit).

In a comprehensive analysis, Akeroyd and Diaz [74] noted that if the coupling to gauge
bosons is suppressed, then the coupling of the light Higgs to a charged Higgs and a W
is not suppressed (one scales as sin(a — 3) and the other as cos(a — 3)) thus one can
pair-produce the charged Higgs and from there a pair of light Higgs bosons. D0 [112] has
looked at this and found a lower bound on the light-Higgs mass, which is approximately 80
GeV for a charged-Higgs mass below 100 GeV and approximately 50 GeV for a charged-
Higgs mass below 150 GeV. This is based on less than a single fb=!, and will be improved
substantially in the near future. Subsequently, Akeroyd, Diaz and Pacheco [73] looked
at this process at the LHC, which would be particularly relevant if the charged Higgs
boson were heavier. Finally, it was shown [I13] 67, 68] that charged-Higgs loops can
substantially alter the diphoton branching ratio in 2HDMs, although this depends on
unknown scalar self-couplings, viz. on the coupling hH*H~. Since one can see from
Fig. 2 that the dominance of the diphoton decay mode (especially for a very light Higgs)
will only occur if « is extremely close to £7/2, the region of parameter space is very
small, but the signature is sufficiently dramatic that searches should continue. Note that
the fermiophobic limit is only relevant for the type I 2HDM.

Throughout the above we have neglected the possibility that the light Higgs can decay
into other Higgs. In fact, in both the type I and type II 2HDMs there is a decay that could
be important for a range of parameter space, and yet it has not, to our knowledge, been
explored substantially. The range of parameter space will occur if the pseudoscalar mass
M4 is less then my;, — myz. Specifically, one can look for h — ZA. This could occur if the
pseudoscalar is very light (a few GeV) and the Higgs is near the current bound (this would
fit electroweak precision tests better), or else if the pseudoscalar mass is comparable to the
gauge-boson masses and the lightest Higgs scalar is considerably heavier. The h — ZA
decay has generally not been mentioned, and we know of no experimental searches for
this mode (although it has been mentioned by DELPHI [114]). The primary reason for
this lack of attention is that the rate is proportional to cos?(a — f3), which is very small
in the MSSM. But in the general 2HDM there is no reason that cos(a — () is small. The
width is given byH

2,3 (02
g°m3 cos*(a — ()
I'(h— ZA) = h647rm2 A3/ (17)
W

where A = (1 — (m% — m?)/m3)* — 4m%m? /mj}. One can compare this with the more

4Throughout this work, 7 refers to the mathematical constant [I15], not the pion field.
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well-known decay of the light Higgs to WW, which is (for decays into real gauge bosons)

2,3 oin2
g'mysin*(a — )
L(h— WW) = A (18)
647 M2,

where N = /1 — 4x(1 — 4z + 122?), with x = M2, /m3. For cos*(a — 3) > 1/2, h — ZA
will actually dominate Higgs decays. The branching ratio is plotted in Fig. 3], for a range
of h masses, choosing tan 3 = 1 and m4 = 5 GeV. One can see the dip at cos(a — ) = 0;

Branching Ratio (h --> AZ)

02 0o 02 0.4
o/

Figure 3: Branching ratios of the light Higgs boson h into a Z and a pseudoscalar, for
various values of the mass (in GeV) of h. The value of tan 5 is chosen to be 1 and the
mass of the pseudoscalar is chosen to be 5 GeV.

this is the region expected in supersymmetric models. At a = 3, one has the gauge-phobic
limit, and thus the h — Z A decay dominates (except at a Higgs mass of 100 GeV, where
the bb decay is still substantial). For larger tan 3, as before, the maxima and minima
simply shift to the right. For larger m 4, the only change will be in A, but as long as the
light Higgs is reasonably heavier than myz +m 4, there will be a range of parameters where
this decay is large.

One sees that there is a substantial range of parameters for which this relatively
unstudied decay mode could be substantial, and even dominate. The only discussion of
it that we are aware of is the analysis, in the type I 2HDM, by Akeroyd [71], who looked
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at the decay of a neutral scalar into a virtual Z and a pseudoscalar. There has been no
analysis of detector capabilities. Even if the Z is real, the decay may be challenging [116].
At a hadron collider, the h longitudinal boost will not be known, so the Z will not be
monoenergetic; moreover, the decays of the pseudoscalar may not be easy to observe
(especially if it decays into b quarks). But if this is the dominant decay, further analysis
is needed. As we will see below, the decay involving the heavier of the neutral scalars,
H — Z A has been discussed in detail, since this can also be substantial in supersymmetric
models.

What about Higgs decays into pairs of scalars? By definition, the H is heavier, but the
pseudoscalar could be lighter, leading to h — AA. There has been substantial discussion
of the possibility of a very light A, especially in a series of papers by Dermisek and
Gunion [117, 118, 119, 120, 121]. One motivation is that precision electroweak fits prefer
the light Higgs to be lighter than the 114 GeV bound, and this could be allowed if the
h — AA — 47 or 4 jet signature exists. LEP has published [122] a bound of 82 GeV for
the light Higgs, independent of decay modes (assuming one is not near the gauge-phobic
limit), but there is still a substantial allowed window. If the A is heavier than twice the
b quark mass, then bb decays will dominate. So bounds generally can be found for A
masses between 4 and 10 GeV and Higgs masses between 80 and 115 GeV. The bounds
are generally expressed in terms of £, where

SM

&= (i:;;)z BR (h — AA) [BR (A — 7+77)]7, (19)

and in the bounds the range [0.1,1] is typically [123] considered for £2. In the type I
2HDM, however, £2? will generally be smaller. The reason is that the A can, in the type I
2HDM, decay into cc. Since the running c-quark mass at the 10 GeV scale isn’t that much
smaller than the 7 mass, the rates of ¢¢ and 777~ will be similar. Thus BR (A — 7777)
and, consequently, & will be smaller. This will not be the case in the type II 2HDM. We
will not have much to say about this mode here, since it will depend on the completely
arbitrary quartic couplings of the scalar potential (unlike the MSSM or NMSSM, where
those couplings are specified). The experimental possibility of measuring these quartic
couplings in the context of the four models discussed in this section was considered by
Arhrib et al. [51]. The possibility that this decay mode could suppress the other ones
should be kept in mind.

We now look at the other neutral Higgs bosons. The heavier neutral scalar, H, has
a coupling to fermions proportional to sin«/sin 8 and a coupling to vector bosons pro-
portional to cos(aw — 3). These are identical to the couplings of the light Higgs, h, if one
shifts o to a — 7/2. As a result, for the decay modes of H one may still use Fig. 2] after
shifting the graph to the left by /2 (recall that a shift by 7 in a does not affect any
physics). So the fermiophobic point will be &« = 0 and, for tan 5 = 1, the gauge-phobic
point will be at @« = —7/4. As tan 3 increases, just as in the case for h, the gauge-phobic
point moves towards the fermiophobic point. It should be emphasised that if there is a
detection of a single scalar field with a mass of, say, 190 GeV, then it will be impossible
to determine if it is an h or an H by looking at the decays, since they are identical after
a redefinition of a.
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Unlike the light Higgs field, however, the H can be substantially heavier. As can be
seen from Fig. 2] the branching ratio into W W will be fairly constant for heavier masses,
with a very sharp dip at the gauge-phobic point (which is now at « = —7/4 for tan 5 = 1).
But, the branching ratio into fermions will change as the top-quark threshold is reached.
In Fig. @ we have plotted the branching ratio of the H into bb and ¢f. Note that the curve
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Figure 4: Branching ratios of the heavy Higgs boson into bb (solid lines) and ¢ (dashed
lines), for various values of the heavy-Higgs mass. We have chosen tan 5 = 1.

for H decays into bb at a Higgs mass at 200 GeV is identical to that for A decays in Fig. ]
shifted by 7/2. As the Higgs mass increases, the branching ratio to bb decreases (except
at the gauge phobic point) until the top-quark threshold is reached. As the threshold is
reached, top quarks dominate (with a branching ratio of nearly 100% at the gauge-phobic
point).

Our previous discussion about Higgs bosons decaying into other Higgs bosons still
applies. In this case, one can also have H — hh if h is light enough. Since this depends
on unknown scalar self-couplings, we will not have much to say about this mode. The
same is true for the H — AA mode if the pseudoscalar is very light.

It was noted above that the decay of the light Higgs into a Z and a light pseudoscalar
has not been studied, primarily because it is small in the MSSM. However, the decay of
the heavy Higgs into ZA has been discussed in detail by Dermisek and Gunion [124] and
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by Kao et al. [125], who note that it can, for a reasonable range of parameters, dominate
the decays of the H.

An interesting scenario that has, to our knowledge, not been studied is that the h
and H could be very close in mass (a few GeV mass difference would be within the
LHC experimental resolution). While fine-tuned, this possibility leads to the question of
whether this could be distinguished from the Standard Model Higgs. If the decays into
WW or ZZ are considered, then the h (H) will have a cos?(a — 3) (sin?(a — 3)) factor in
the decay rate, leading to a Standard Model decay rate if both are added. However, the
production rate will depend on the top-quark coupling (since gluon fusion dominates), as
will the vy decay rate, leading to a more complicated and model dependent picture. This
possibility deserves further analysis.

Finally, one can look at the decays of the pseudoscalar. Here, all fermion couplings
are multiplied by cot 5, and there are no couplings to a pair of vector bosons. Thus, the
branching ratios will be independent of & and 3, and are just given by fermion mass ratios
and phase space. It should be remembered that all fermions are accessible (in the type I
2HDM) and thus the branching ratio into 777~ will always be similar (within a factor of
two) to the one into cc. If the A is heavier than 10 GeV, then decays into bb will dominate
(until the top-quark threshold is reached). Since it is difficult to detect bb at a hadron
collider, one can look at other decays, such as 77—, W*HT, Zh, ZH, gq, vy, Zv. A
very comprehensive analysis of all these decays in the type I 2HDM can be found in the
article by Kominis [126].

If the mass of the pseudoscalar is above my,+ Mz, but below 350 GeV (when the decays
into t¢ will start to dominate), a possible decay mode is A — hZ. Given that there are
no decays to a pair of vector bosons, and the decay into bottom quarks is suppressed by
m7, this decay could be dominant over the region [126] 127, [128]. The decay width is
given in the Higgs Hunter’s Guide [47]. It does depend on cos(a — 3)? and one would
expect the decay to dominate if it is kinematically accessible and if that quantity is not
small. A recent discussion about detection at the LHC is in Ref. [107]. The other decays
mentioned above are loop effects and will generally be small, but may be experimentally
easier to detect.

Kominis [126] has studied the diphoton decay channel and the Zh channel in the type I
and type II 2HDMs and compared it with the results of the MSSM. He found that in the
lower end of the mass range, due to the difficulty in seeing bb pairs at a hadron collider,
the diphoton mode would be the most promising one. The process A — hZ provides a
very clear signature in the intermediate mass range in which the A is between 40 and 160
GeV. These two modes are thus complementary. This work was done in 1994, and an
updated analysis would be welcome.

Recently, Bar-Shalom, Nandi and Soni [129] studied 2HDMs in which dynamical elec-
troweak symmetry breaking is triggered by condensation of 4th generation fermions. Their
models have one “heavy” doublet with a large vev and a “light” doublet with a much
smaller vev. The heavy doublet couples to the 4th generation fermions and, in one of
the models to the 3rd generation of fermions, in another to the top quark only, and in
another to only the 4th generation fermions. The phenomenology is similar to the type
I 2HDM. They study the phenomenology of the models, including precision electroweak
measurements, rare decays and collider implications.
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2.1.2 Higgs decays in the type II 2HDM

The type II 2HDM is the most studied one, since the couplings of the MSSM are a subset
of the couplings of the type II 2HDM. The coupling of the light neutral Higgs, A, to
fermions depends on the fermion charge. The coupling of the ) = 2/3 quarks is the same
as in the type I 2HDM, i.e. it is the Standard-Model coupling times cos o/ sin 5. On the
other hand, the coupling of the @) = —1/3 quarks and of the leptons is the Standard-Model
coupling times — sin v/ cos 8. In the large tan  scenario, this means that the couplings
of the @ = —1/3 quarks and of the leptons are much larger than in the type I 2HDM. In
fact, one can see that the ratio of the bottom quark Yukawa coupling to that of the top
quark is approximately tan atan 8 times the same ratio for the type I 2HDM, and this
can drastically affect the phenomenology. The couplings to gauge bosons are the same as
in the type I 2HDM. Therefore, one still has the gauge-phobic limit for A if sin(a— ) = 0,
but there is no fully fermiophobic limit. If & = £7/2 (o = 0), then the h won’t couple to
the Q) = 2/3 quarks () = —1/3 quarks and leptons), but no choice of « will eliminate all
couplings to fermions.

The branching ratios of the light neutral Higgs are plotted in Fig. Bl for tan § = 1 and
tan 8 = 6. Note that, as expected, the curves for tan § = 1 are very similar to those in
Fig. 2 if one shifts a by /2 and flips the sign. The b-phobic value of « is zero in the
type II 2HDM. At the b-phobic point, say for a Higgs mass of 100 GeV, neither the bb nor
the WW, ZZ modes are substantial. In this case, the c¢ and gluon-gluon decays dominate.
Since neither can be seen at the LHC, we have not included them here, although a very
similar figure with these modes included appears in Arhrib et al. [51] for my, = 110 GeV
and tan 5 = 1.

Unlike the type I 2HDM, however, there is in this case a strong dependence on tan [3.
In Fig. Bl we also show the decays for tan § = 6. One sees that, as expected, the gauge-
phobic point a =  moves to the right, and the b-phobic point remains at a« = 0. For a
relatively light h, with a mass of 100 GeV, the enhanced coupling of the b quark when
tan = 6 causes the phase-space suppression of the W decay mode to be quite dramatic,
with virtually no WW pairs except at the b-phobic point. Even at that point, the WW
branching ratio is only around 10%, since the gluon-gluon decay goes through a top-quark
loop which is not suppressed at the b-phobic point, and thus becomes dominant. Still,
slightly away from the b-phobic point, the bb mode already dominates again although, for
a light h, the diphoton mode is not negligible. It is interesting to note that this model
contains a sizable region of parameter space in which a light Higgs with a mass of 160
GeV will still predominantly decay into b quarks rather than W pairs.

For tan 8 = 30, the gauge-phobic point is extremely close to a = 7/2, and the trend
becomes even more dramatic, with the m;, = 190 GeV curve becoming close to the
my, = 130 GeV curve of the tan § = 6 plot. At this point, even a relatively heavy h will
have negligible couplings to WW or ZZ for most values of a.

It should be kept in mind that the branching ratio into 77~ is approximately 10% of
the one into bb. The backgrounds for the bb mode are huge at the LHC, rendering that
decay mode very difficult to observe, while the backgrounds for 777~ are much less severe
and therefore, even if the bb mode cannot be seen at the LHC, h could still be detected
through its decay to 777.
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Figure 5: The type II 2HDM light-Higgs branching ratios into W pairs, diphotons and bb
are plotted as a function of « for tan 8 = 1 and tan 8 = 6 and for various values of the
Higgs mass (in GeV). In the left-hand figures, the solid lines correspond to h — WW and
the dashed lines to h — ~7. The branching ratio into Z pairs has the same ratio to the
one into W pairs as in the Standard Model.
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As noted earlier, the recent review article by Djouadi [24] studies the Higgs phe-
nomenology of the MSSM in great detail, and that is a special case of the type II 2HDM.
Much of the analysis in that article will be relevant here. In the general case, there are
some differences. In the MSSM, the light Higgs cannot be much heavier than 130 GeV,
as it can here. In addition, « is determined in terms of other Higgs masses and  and
is thus much more restricted. Nonetheless, the basic features shown in Fig. [l are, for h
masses at 130 GeV and below, also present in the MSSM. For large tan 3, the bb decay
mode dominates for most of parameter space. However, the MSSM (at tree level) does
not allow o« = 0, and thus the b-phobic region does not occur. The major differences,
then, are that the general type II 2HDM allows for a heavier h and that it also allows for
the possibility that a fairly light A could still predominantely decay into W pairs.

In the discussion of the type I 2HDM, we also discussed the decays of the light Higgs
into a Z plus a pseudoscalar and of a light Higgs into two pseudoscalars. Nothing much
changes in the type II 2HDM. One still has a region of parameter space in which h — ZA
can be substantial, and h — AA can be significant if A is light. The only difference is
that if the A has a mass between 4 and 10 GeV, then its branching ratio into 777~ will
be larger for large tan (3, facilitating detection.

Turning to the other neutral Higgs bosons, one can see that the couplings of the heavier
scalar H are identical to those of the h if one replaces o by a — /2. Thus the decay
modes of the H, if it is lighter than 200 GeV, will be identical to those in Fig. Bl after « is
shifted to the left by /2. For heavier H fields, however, there is a substantial difference
between the type I and type II 2HDMs. This is because in the type II 2HDM, the ratio
of the branching fraction into bottom quarks compared to the one into top quarks varies
as tan? B tan? a compared with the type I 2HDM. In addition, the b-phobic and #-phobic
points do not coincide. For tan 3 = 1, the results for the ¢ mode are identical to those in
Fig. @, and the results for the bb are the same but with « shifted by 7/2 (so the b-phobic
points are at « = +x/2). In Fig. [6] we plot the branching ratios of the heavy Higgs into
fermions for tan § = 6 and tan § = 30. Again, one sees that the ¢-phobic and b-phobic
points are now different. There is here a striking difference between the type I and type I1
2HDMs.

The pseudoscalar does not decay into gauge bosons, and thus it will decay into the
heaviest fermions accessible, as in the type I 2HDM. However, now the decay to @ = —1/3
quarks (Q = 2/3 quarks) will be multiplied by tan? 3 (cot? 3), and for large tan 3 this
will strongly suppress the coupling to top quarks. In fact, for tan g greater than about
6-7, the decay into bottom quarks will always exceed that into top quarks.

Thus, for tan 8 near 1, the results for pseudoscalar decay are identical to those of
the type I 2HDM. For a pseudoscalar mass in between 4 and 10 GeV, the main decay
mode is 7777, with a comparable branching ratio into cé. Above 10 GeV, the principal
decay is into bb (with 777~ being approximately 10% of bb). As discussed in detail by
Kominis [126], it might be easier, in this mass range, to look for the one-loop diphoton
mode. Once the mass exceeds 200 GeV, A — hZ becomes possible, and then above 350
GeV, decays into top quarks dominate.

For tan 8 much larger, say larger than 10, the decay of a 4-10 GeV pseudoscalar
is almost entirely into 7777, due to the absence of charm decays. Above 10 GeV, bb
dominates, and this domination continues for all masses; since the bb mode is difficult
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Figure 6: Branching ratios of the heavy Higgs boson into fermions for tan 8 = 6, 30.
The solid (dashed) lines are the branching ratios into bb (¢t) for various values of the
heavy-scalar mass.

to observe at the LHC, it may be necessary to look at the diphoton mode to find the
pseudoscalar. Kominis [126] discusses these possibilities in detail.

It is straightforward to see (as discussed above) how the results of this section can
be expanded to larger values of tan f—the results do not change substantially, except for
the ratio of h decays into bottom quarks relative to top quarks. For a much more recent
discussion with many references, which look at both the CP-conserving and CP-violating
models, see the papers of Kaffas, Osland and Ogreid [130, [88].

There is a class of models in which the electroweak symmetry is broken by the con-
densation of a strongly coupled fermion sector. Although this sector could come from
a fourth generation, it need not. As noted originally by Luty [131], if this strongly in-
teracting sector respects isospin invariance, then the resulting low energy theory is a
two-Higgs doublet model. Using an RG-improved Nambu-Jona-Lasinio model, Burdman
and Haluch [I32] studied the effective low-energy scalar sector. They found that, not
surprisingly, the scalars are all fairly heavy (in the 600-800 GeV region), but also found
that the pseudo-scalar is light, with a mass ranging from 10 to 120 GeV. They discuss
the phenomenology of the model, including precision electroweak fits, and find it similar
to a type II 2HDM with an unusual mass spectrum and with tan g ~ 1.

2.1.3 Higgs decays in the lepton-specific 2ZHDM

The couplings of the quarks to the Higgs bosons in the lepton-specific (LS) 2HDM are
identical to those in the type I 2HDM, but the couplings of the leptons are quite different.
In the previous models, the branching ratio into 777~ was roughly 10% of the branching
ratio into bb for all values of the parameters. This is not the case in the LS 2HDM.
There are two major differences between the LS 2HDM and the type I 2HDM. Firstly,
the branching ratio of the h into 777~ can be much larger and, compared with the
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Figure 7: Branching ratios of the light Higgs boson in the lepton-specific 2HDM. We have
taken tan § = 1. In the left figure, the solid (dashed) lines are the branching ratios into
WW (vy); in the right figure, the solid (dashed) lines are the branching ratios into bb
(7777) for various values of the Higgs-boson mass.

branching ratio into bb, grows as tan? 3 cot? a. Secondly, the b-phobic value of a is £ /2,
whereas in the LS 2HDM, the 7-phobic value of « is 0. This can dramatically affect the
phenomenology—the 77~ branching ratio can exceed that of bb even for values of tan /3
near unity.

As in the type I 2HDM, the h field (H field) will be gauge-phobic if sin(a — f3)
(cos(ac — B)) vanishes.

In Fig. [7, we have plotted the branching ratios of the light Higgs, h, into WW, ~~,
bb and 7F7~ for various h masses, assuming tan3 = 1. With such a low tan/}, one
might expect that there would be relatively little contribution from the 777~ mode.
However, since the T-phobic and b-phobic points are different, one can see that near the
b-phobic point, the 777~ mode dominates the decays of the h for m; = 100 GeV. This
is understandable, since the WW mode is phase-space suppressed and one is near the
b-phobic point. Thus, near o = +x/2, the 777~ mode supersedes the other branching
ratios. Note that away from this point, the curves look virtually identical to those in the
type I 2HDM, Fig. [ as expected. Su and Thomas [54] have pointed out that the region
of parameter space near the b-phobic point will violate perturbativity or vacuum stability
in the limit where the H and A fields are quite heavy. They studied the LHC discovery
potential of the LS 2HDM in the case where the low-energy spectrum only contained one
light Higgs boson.

One can also look at larger values of tan 3, where the coupling to 7s will increase
substantially. We have plotted the branching ratios into fermions for tan § = 6 in Fig.
One sees a dramatic increase in the 777~ mode away from the 7-phobic point. In fact,
even for a Higgs mass of 160 GeV, there is a range of « [33] for which the 777~ mode is the
dominant decay. The fact that the curves do not add up to 100% is due to our not having
included the gluon-gluon and c¢ decay modes in the figure; these cannot be measured
easily at the LHC. The paper of Arhrib et al. [51] has very similar figures which (for a
specific h mass of 110 GeV) show these decays as well. By comparing this figure with

29



0.1

Branching Ratio

0.01 |

0.001

Figure 8: Branching ratios of the light Higgs boson into fermions in the LS 2HDM with
tan 8 = 6. The solid (dashed) lines are the branching ratios into bb (7+77) for various
values of the Higgs-boson mass.

Fig. [0 one can see the pattern for very large tan 5. For tan 8 = 100, for example, which
is still allowed by perturbation theory (although, as noted earlier, may have difficulties
with tree-level unitarity), the 777~ mode would completely dominate the h decays for all
masses for all masses of h, except very close to a = 0. A comprehensive analysis of the
7777 decay mode at the LHC can be found in the papers of Belyaev et al. [133] 134].
They note that if decays to gauge bosons are kinematically forbidden, and decays to other
Higgs bosons are not allowed, then one can write a simple formula:

.2
"~ 2 BR (hsu — 777
BR(h—77717) = — cos2 b —. (20)
sin“a cf)s2 @\ gR (hewt — 777 + cf)s2 o
cos?3  sin®f3 sin” 8

This equation works well for Higgs masses below 130 GeV. Above that mass, WW* decays
can become important. A recent study of multi-tau-lepton signatures can be found in the
work of Kanemura, et al. [135].

A decay mode of the h that may be important and is one of the easiest to detect is
h — ptp~. The branching ratio is 0.0035 times that of the 777~ mode. If the latter
does dominate, then the decay into muons should be clearly detectable. Discussions of
this mode can be found in Refs. [136} 137, 13§].

The previous discussion of h — ZA and h — AA in the type I 2HDM also applies
here. If the coupling to 7s is large, this will suppress the branching ratios somewhat from
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Figure 9: Branching ratios of the heavy Higgs boson into fermions for tan 8 = 6. The
solid (dashed, dotted) lines, which are red (blue, black) are the branching ratios into bb
(777, tt) for various values of the Higgs-boson mass.

the discussion there, but the general character of the analysis will not change.

What about the other neutral Higgs? Just as in the type I 2HDM, the couplings of
the heavier neutral scalar, H, are identical to that of the lighter Higgs, h, if one shifts «
to a — 7/2. In Fig. @ we have plotted the decays of H into top quarks, bottom quarks,
and tau leptons for tan 5 = 6. We see that for H masses below the top threshold, the
decays into 777~ dominate as soon as one moves away from the 7-phobic point (now at
o = +m/2 for the H coupling). For heavier masses, the ¥ mode dominates the bb mode.
For larger tan 3, the curves for the 777~ mode widen and can eventually dominate for
most values of a.

The discussion of other decays, such as H — ZA or H — AA, is the same as for the
type I 2HDM.

We finally turn to the decays of the pseudoscalar A. Here, there are no decays into
WW or ZZ, and thus the pseudoscalar decays primarily into fermions. This provides
a remarkable opportunity for discovery of the pseudoscalar. The ratio of the branching
fraction into 777~ to the one into bb is proportional to tan* 3, which can easily exceed
unity. In fact, including the mass effects, one can show that

FA—r7tr7) <tan5)4
I'(A— bb) 176 )’

(21)

and therefore, even for relatively small tan 8, the 777~ mode will dominate. In fact, for
tan 5 > 3, the branching ratio exceeds 90%. This is independent of the A mass, as long
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Figure 10: Branching ratios of the light Higgs boson in the flipped model. We have taken
tan 8 = 1. In the left figure, the solid (dashed) lines are the branching ratios into WW,
(77); in the right figure, the solid (dashed) lines are the branching ratios into bb (7+77)
for various values of the Higgs-boson mass.

as it is below the ¢¢ threshold. As before, the branching ratio into u* ™ is 0.0035 times
the one into 7777, and if the latter dominates, this gives a sizable branching ratio into
an easily observed signature.

2.1.4 Higgs decays in the flipped 2HDM

In the flipped 2HDM, the RH leptons couple to the same Higgs doublet as the RH up
quarks. As in the lepton-specific model, the 7-phobic point is different from the b-phobic
point, leading to a region of parameter space in which the 7t7~ branching ratio can
exceed the bb branching ratio. But unlike the lepton-specific model, the flipped model
cannot have a huge enhancement of the 7 coupling to any of the scalars. This is because
any enhancement of the 7 coupling would also enhance the top-quark coupling, and a
large enhancement of the latter would cause serious problems with perturbation theory
and unitarity. One does not expect an enhancement of the 777~ mode in the flipped
model as one changes tan 3, like the one observed in the lepton-specific model, cf. Figs. [7]
and [8

The branching ratios of the light scalar h are presented in Fig. [I0l for tan 5 = 1. One
sees a region of parameter space in which the 7t7~ mode dominates bb decays, but it
never reaches branching ratios as high as in the lepton-specific case (the remainder of
the decays in the @ = 0 region is a mix of gg and c¢). All other branching ratios are
very similar to those from the type IT 2HDM. If tan 3 is increased, the region of 77~
dominance narrows, and the region in which the bb mode dominates grows, as in the larger
tan 8 curves in the type II 2HDM. The « range for which the 777~ decay is dominant
can grow if one takes tan § < 1, but perturbation theory breaks down for tan g < 0.3.

We have plotted the branching ratios of the decays into fermions for tan 8 = 0.3 and
tan § = 6 and my, = 100 GeV in Fig. [[1] (for such a low my, the decays into vector bosons
are very small). As expected, for tan 3 = 6, the bb mode completely dominates except
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Figure 11: Branching ratios of a Higgs boson with mass 100 GeV into fermions for tan § =
0.3 and tan 8 = 6 in the flipped model. The solid (dashed) lines, which are red (blue) are
the branching ratios into bb (7177).

for a very narrow region around the b-phobic point. On the other hand, for tan 8 = 0.3,
777 decays dominate over bb decays for most values of a (although they never exceed
a 40% branching ratio due to c¢¢ and gluon-gluon decays). The fact that in this model
there is a region of parameters in which the c¢, gluon-gluon and 777~ decay modes all
contribute equally was first noted in Ref. [33]. Although charm pairs will be very difficult
to observe at either the LHC or Tevatron, one can see plots of the branching ratios into
charm pairs for this model in Ref. [51]. For the other modes, the discussion is not much
different from that of the type II 2HDM. In the region where the 777~ decay dominates
one can look at u*pu~ decays, which occur at a rate 0.0035 times the one of 7777

The couplings of the heavy Higgs, H, are identical to those of the light Higgs, when
« is shifted by 7/2. The difference is that the H can, if heavy enough, decay into top
quarks. For tan 8 = 0.3, the decays into t¢ and 777~ are both enhanced, whereas for
tan 3 = 6, the decay into bb is substantially enhanced, similar to Fig. Bl A discussion for
fairly light H and A bosons can be found in Ref. [36].

The pseudoscalar Higgs does not decay into vector bosons, therefore its primary decays
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are into 777~ and bb. One has, in the flipped 2HDM,

(A= 71h7r7)  [cotfs 4.
I'(A— bb) _<1.76> ’ (22)

for tan 8 > 1, this is 10% or less. For tan 8 = 0.3, this would be roughly 10, leading to
dominance of the 777~ decay, as in the lepton-specific model, but for a different region
of parameter space.

2.1.5 Higgs decays in the neutrino-specific 2ZHDM

In the neutrino-specific (NS) 2HDM the RH quarks and charged leptons all couple to
®,, but the right-handed neutrino couples to ®,. In this model, there are Dirac neutrino
masses, and the vacuum expectation value of ®; must be O(eV). As a result, the Yukawa
coupling of ®; to neutrinos can be O(1). The model originally used a Z5 symmetry which
was softly [89] or spontaneously [90], [139] broken, in order to have such a small vev, but
this allows for right-handed neutrino masses. The latter model, by Gabriel et al [90] and
Wang [139], also has a very light scalar, with mass of O(eV). Extending the symmetry to
a U(1) and breaking it softly (to avoid a Goldstone boson) gives the model of Davidson
and Logan [91]. This model is much less fine-tuned, since it requires that the soft U(1)
breaking term be of the same order as the electron mass (the small O(eV) vev arises in a
see-saw like pattern). Thus, there are several versions of the model-those with a ®; vev
of O(eV) and a very light scalar, those with a similar vev and no light scalar, and those
that use a see-saw type mechanism and have a ®; vev of O(MeV).

The first of these models, with a light scalar, which was the original proposal of Gabriel
et al [90] and Wang, et al [139], has very recently been excluded. Following work on the
astrophysics of the model [140], Zhou [141] pointed out that there are serious problems
with the model. In particular, the neutrinos emitted by SN1987a would, if there is a light
scalar, interact strongly with the relic neutrino background and would not reach Earth.
In addition, the effects of the neutrinos in the early universe would cause problems with
the WMAP data. Thus, these models are excluded.

Because of the small vev, mixing between the Higgs doublets is negligible, and thus one
scalar behaves just as the Standard Model Higgs. In the spontaneously broken version,
they can also decay into the very light scalars, but these are invisible and thus the Standard
Model Higgs would decay invisibly. In the Davidson-Logan model [91], the light Higgs
decays as in the Standard Model. The phenomenology of the charged Higgs, which decays
into charged leptons and a right-handed neutrino, is interesting and discussed there. The
phenomenology of the new neutral scalars in the model, however, is much less interesting,
since they will only decay into neutrinos, and thus appear as invisible Higgs decays.

In another version [142] [143], there is relatively little fine-tuning in the potential, and
the (IDI ®, term has a coefficient as large as 10 GeV2. Through a see-saw type mechanism,
the vev of @, is O(MeV), and a further see-saw gives the light neutrino masses. The
vacuum stability of the model is discussed by Haba and Norita in Ref. [144]. A recent
comprehensive analysis of this model, including precision constraints, can be found in

Ref. [I45]. There are also interesting leptogenesis effects, which can be found in works of
Haba and Seto [146), [147]
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2.2 Higgs production

The production of the Higgs boson of the Standard Model at hadron colliders is very
well studied. Calculations of two-loop corrections, including next-to-next-to-leading order
calculations and soft-gluon resummations, have all been carried out in detail. A very
extensive discussion, with hundreds of references, is in the review by Djouadi [93].

The leading channel at the Tevatron and at the LHC is gluon fusion, in which two
gluons and the Higgs are at the vertices of a triangle with a top quark going round the
loop. The bottom quark plays little role since its coupling to the Higgs is so small (note
that this may not hold in a 2HDM).

The next leading channel, at the LHC, is W fusion or Z fusion. At the Tevatron,
Higgsstrahlung off a W or a Z is the second leading channel. Higgsstrahlung off a top
quark might also be observable.

The production cross sections, from Djouadi’s review, are in Figs. and [3  Al-
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Figure 12: Production cross sections for the Standard-Model Higgs at the Tevatron. This
figure is from Djouadi’s review article [24].

though gluon fusion dominates, it may not always provide the best signature. For example,
in order to detect a Higgs H of mass 120 GeV at the Tevatron. One must look for decays
H — bb. If the Higgs is produced via gluon fusion, then the background of bb will be
much too large. Instead, Higgsstrahlung from a W or Z will help tag the bb with the
decay of the W or Z. Thus, the searches for a low-mass Higgs at the Tevatron focus on
W H and ZH production, while the searches for a high-mass Higgs focus on gluon fusion.
In practice, of course, all production modes must be considered.

In the following, we will look at each of these processes, and discuss how they are
modified in the 2HDMs explored in this Chapter. In most cases we will determine the
ratio of the production cross section in the 2HDM at hand to the one in the Standard
Model, and then one can use Djouadi’s figures to determine the absolute cross section.

35



100 .
. o(pp — H + X) [pb]

V/s=14 TeV
MRST/NLO

100 1000
My [GeV]

Figure 13: Production cross sections for the Standard-Model Higgs at the LHC. This
figure is from Djouadi’s review article [24].

2.2.1 Gluon fusion

In the Standard Model, at the parton level, the cross section for gluon fusion to a Higgs
of mass my, is m? 6 (§ — m2) o,, where

2
_ Guag

Op = ———F——
512427

Z A?/z (7q)

q

(23)

Here, G, is the Fermi constant from muon decay, o is the strong coupling constant,
7y =mj, [(4m7), and A}, (1) = 2[7 + (1 — 1) f (7)] /7%, where

arcsin? (1/7) < 7<1,

_ 2
)= -1 (log %\/—% — iw) <= 7> 1. (24)

This can be substantially simplified in the limits of large or small 7, which apply in most
cases that we will consider. In the limit m, > my, i.e. when 7, < 1, A}f/z (1) — 4/3,
whereas in the limit m, < my, i.e. when 7, > 1, A’f/2 (1,) — — [log (47,) — ix]* /(27,).
In the 2HDM, one’s first thought is that the change in the cross section would be trivial.
If only top-quark loops contribute, then the only difference is in the coupling of the Higgs
to the top quark, and so one would multiply the SM cross section by (cos «/ sin 5)2 in the
case of h production, or (sina/sin)? in the case of H production, in all four 2HDMs.
In the case of gluon-fusion production of the pseudoscalar A, the form factor is instead
A‘l“/2 (r,) = 2f (7,) /74, and moreover one must multiply the whole cross section by cot? 3.
While the reasoning above indeed applies in models without a substantially enhanced
b-quark Yukawa coupling, such as the type I 2HDM or the lepton-specific 2HDM, it does
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not necessarily apply in the cases of the type II and flipped 2HDMs (the behavior of the
lepton couplings has no effect on gluon fusion). This is because the b-quark loops can
become crucial, and for large tan § can actually dominate the cross section.

In the type I or lepton-specific 2HDM, the production cross section of a light Higgs, h,
through gluon fusion is simply multiplied by the factor (cos/sin 8)°. In the decoupling
limit, 7.e. when cos(a — ) is small, this is near unity, but in general it is quite smaller.
This factor is somewhat discouraging for the 717~ signature of the lepton-specific model.
As one can see from Fig. [, h — 777~ is dominant (when tanf = 1) near a = £7/2,
precisely where the factor (cosa/sin 6)2 strongly suppresses the production rate. For
larger tan 3, however, as seen in Fig. 8, the region in which the 777~ decays dominate
does extend a substantial distance away from o« = £7/2, and then the suppression would
not be that severe.

In the type II or flipped 2HDM, the contribution of the top quark is also multiplied by
(cos a/ sin ﬁ)2, but now the diagram with a b-quark loop can contribute for large tan j,
since then the b Yukawa coupling becomes large. The b-loop contribution to the amplitude
is multiplied by —tanatan relative to the t-loop contribution. Using the limits of
small 7, (when ¢ = t) and large 7, (when ¢ = b) above, we find that the cross section
increases over the type I 2HDM cross section by a factor of |1+ (5 — 8i) tan a tan 5/100|
for mj, = 100 GeV, and that this correction roughly scales as m; ? for other values of my,.
Note that tana can be of either sign in the type II 2HDM; in the MSSM it is always
negative. Numerically, for positive «, this is 1.1 (1.4, 2.9, 12.0) for tanatan g = 1 (3,
10, 30). For negative «, this is 0.9 (0.8, 0.9, 6.0) for tanatan = —1 (=3, —10, —30).
We see that for large tan 3, one can get an increase of almost an order of magnitude in
the production rate relative to the type I 2HDM. However, one should keep in mind the
discussion of the last section in which it is noted that values of tan 3 larger than 6 are
allowed (by unitarity and perturbation theory) only for a very small region of parameter
space, so very large enhancements are unlikely.

For the heavy neutral Higgs, H, the results are similar. In the type I or lepton-specific
2HDM, one must multiply the SM production cross section by the factor (sin«/sin ﬁ)z.
As before, this is small in the region where the 777~ branching ratio is large. In the
type II or flipped 2HDM, the factor —tanatan in the previous paragraph becomes
cot atan 8. The results of the previous paragraph are thus qualitatively unchanged. Note
that when the mass of the H mass rises beyond the mass of the top quark, the rate of
gg-fusion production of H drops quickly, just as in the Standard Model.

For gg-fusion production of the pseudoscalar A, the form factor A‘l“/2 is simply 2f(7) /T,
which in the limit m; > my is 2 instead of 4/3. There is also a factor £% = cot 3 in the
amplitude. This yields a total factor (9/4) cot® 8 in the production cross section of an A
in the type I 2HDM compared to the production cross section of an SM Higgs of identical
mass. This will be substantial for small tan 5. For the type II or flipped 2HDM, the
ratio of production cross section relative to the type I 2HDM is, for my = 100 GeV,
11— (3.5 — 4i) tan? 3/100|>. Numerically, this is 0.93 (0.82, 0.59, 1.44) for tan 8 = 1 (3,
10, 30). The difference of production cross sections between the various 2HDMs is thus
much less dramatic.
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2.2.2 WH and ZH production, WW and ZZ fusion, and bbH and ttH produc-
tion

It is straightforward to see how these production rates are affected in 2HDMs. First
consider the production processes involving vector bosons (W* — WH, Z* — ZH,
WW toH or ZZ — H where H is a neutral Higgs ). In all four 2HDMs, for the light
Higgs h the SM rate is multiplied by sin? (o — 3), and for the heavy Higgs H it is multiplied
by cos? (o« — ). The pseudoscalar A cannot be produced via this mode, since there are
no W+tW~-A and ZZ A vertices.

For ttH production, one simply multiplies the SM rate by the appropriate coupling-
constant factor. In all four models, this is (cos o/ sin 3)* for the light scalar A, (sin o/ sin 5)*
for the heavy scalar H, and cot? 3 for the pseudoscalar.

Contrary to what happens in the Standard Model, there is in some 2HDMs the pos-
sibility of substantial bbH production. The rate, well above the threshold, is, compared
to the SM #tH production cross section, negligible for the type I and lepton-specific
2HDMs, but for the type II and flipped 2HDMs it is (sina/ cos3) (my/my)* for the
light h. A detailed study, with numerous references, of this mode in the MSSM by
Schaarschmidt [148] [149] [150], showed that an h in the 120-200 GeV mass range can be
discovered at the LHC through this process, if tan 8 > 6, by looking for the signature
h — 7t7~. In fact, for a large tan 8, which is not unnatural in the MSSM, this can
become the primary discovery mode, especially for a relatively light Higgs h. One would
expect a similar result in the type II 2HDM (the flipped model would have less enhance-
ment in the h — 777~ decay mode), although, as noted earlier, large values of tan 3 are
not favored in the type II 2HDM.

2.2.3 Other production mechanisms

With several neutral scalars, another production mechanism can become important. One
can produce two Higgs bosons (either the same one or different ones). (This can also
occur in the Standard Model, of course.) In any diagram in which a scalar is produced,
that scalar can then convert itself into two scalars via a trilinear coupling. In addition,
one can have double-Higgsstrahlung off a W or Z, or one can have a gluon fusion into
two scalars via a box diagram with a heavy quark in the loop; the latter mechanisms are
independent of the trilinear coupling. An analysis of all these mechanisms was done in
Ref. [I51]. Total cross sections for the LHC were given in Djouadi’s review [93], and are
dominated by gluon fusion, giving cross sections of order 10 fb over the low-mass range for
the scalars. Although detection is much more difficult due to large backgrounds [152] [153],
analyses [154] indicate that it might be possible to distinguish the trilinear coupling from
zero with an integrated luminosity of 300 fb~!, for scalar masses in the 150-200 GeV
range; a higher luminosity is needed for lighter scalars.

In the MSSM there are many more possibilities involving neutral scalars. One can have
qq — Z* — hA, HA or, through triangle and box graphs, gg — hh, HH,hH, AA, hA, HA.
In addition, one can have double Higgsstrahlung. These are discussed in Refs. [155]
156] and summarized in Djouadi’s review [24]. For the quark annihilation process, cross
sections range from 10 to 100 fb as m 4 varies from 100 to 170 GeV, and for gluon fusion
the cross sections (for tan § = 30) are a little more than an order of magnitude larger.
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Detection is difficult, but possible, and is summarized in Ref. [24].

In the general 2HDM, one has the same processes as in the MSSM, but there is now
a much larger parameter space. The quark-annihilation process has precisely the same
form as in the MSSM, but now one need no longer have a small cos(av — ), and thus the
ZhA coupling can be larger than in the MSSM. This is encouraging and leads to some
interesting possibilities. For example, in the lepton-specific model and for tan g > 2,
the dominant decay of the A is into 7777, and for much of parameter space the decay
of the light Higgs is also into 777~. Thus one might have four-r events with branching
ratios as high as tens of femtobarns. This signature needs further investigation. A study
of pair production of the lightest Higgs bosons in the type II model was carried out in
Refs. [157, 158, [159]. They showed that while pair production in the Standard Model is
very difficult to observe at the LHC, it can be bigger in the type II model, and they also
show that there can be sensitivity to the quartic couplings, which could help distinguish
the model from the MSSM.

For the gluon-initiated process, triangle diagrams produce a single h/H/A, real or
virtual, which then converts into a pair of scalars. Alas, this process is proportional to
trilinear scalar couplings and, while these are known in the MSSM, they are unknown
in the general 2HDM. The box diagrams which give gluon fusion into two scalars will
be similar to those of the MSSM. Thus all one can really say is that the rate could be
substantially larger than in the MSSM, but accurate predictions are impossible.

2.3 The inert Higgs model

The inert Higgs model is a 2HDM with an unbroken Z5 symmetry under which one of the
doublets transforms non-trivially, viz. &3 — —®,, and all other SM fields are invariant.
This ‘parity’ imposes natural flavour conservation. Initially a similar model [160] was
introduced to explain neutrino masses. More recently such a model was proposed in the
context of radiative neutrino masses [I61] and also to attack the naturalness problem
of the SM by allowing for a larger mass (between 400 and 600 GeV) for the SM Higgs
while keeping full consistency with electroweak precision tests [162], thus solving the ‘little
hierarchy’ problem [163]. Even more recently, an inert doublet was introduced to allow
for the possibility of several mirror families of fermions [164].

In the inert Higgs model the Higgs doublet ®3—the inert doublet—does not couple
to matter and acquires no vacuum expectation value, leaving the Z, symmetry unbroken.
The scalar spectrum consists of the SM-like Higgs obtained from ®; and one charged and
two neutral states from ®,. Since the Z; is unbroken the lightest inert particle will be
stable and will contribute to the dark matter density [161} [162]. This possibility has been
analysed by several authors [165, [166] 167, 168, 169, 170} 171, 172]. The early cosmological
evolution of the model has been discussed by Ginzburg et all in [173].

The scalar potential is the one in eq. (2) but with m2, = 0. The asymmetric phase,
where

<¢?>=ﬁ and  (¢9) =0, (25)

corresponds to a sizeable region of parameter space [161], [162] and the scalar masses are
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given by

A3z 4+ Mg+ As) 02
m% = o2, m?g = m§2+( & 42 ) v ) (26)
26

A302 A3+ A — \s) 02

mi = m§2+—3; S m§2+( 3 42 )V ;

where h is the usual Higgs boson obtained from ®1, (S +iA4) /v/2 is the neutral component
of the inert Higgs doublet, and H™ is the charged inert Higgs field. The doublet ®; gives
mass to the gauge bosons W* and Z°. In the limit of Peccei-Quinn symmetry, A5 — 0,
the neutral inert scalars become degenerate. Direct detection of halo dark matter places
a limit on this degeneracy [174].

The inert scalars can be produced at colliders through their couplings to the elec-
troweak gauge bosons subject to the constraint of the Z, symmetry [175,[176]. In addition,
they also participate in cubic and quartic Higgs couplings:

A S? 4 A%\ * h? S? + A2
‘/interactions - _2 <H+H_ + _|2_ ) + )\3 (Uh+ ?) <H+H_ + _|2— )

2

2 o 2
+A4‘2M5 (vh+ %) g2 4 M 5 As <vh+ %) A2, (27)

As pointed out in Ref. [I75], assuming the mass hierarchy m2 > m?% > m3%, the stable
scalar S appears as missing energy in the decays of H* and A. Since there is no linear
term in A or S in eq. (27)), the decay of A must occur through the gauge interaction

7, (50" A — ADS) . (28)
QCw
Hence [I75] the dominant decay of A is into Sf f, where f is a fermion, either a lepton or
a quark, and S appears as missing energy. Concerning H*, the gauge interactions with
S and A are given by:

J/— [(—
> WL (SorH* — HT9"S) + s W (Ao"H* — H*9"A) + H.c. (29)

Hence the dominant decays of H* are into W*S and W*A, with, in the second case,
subsequent decay of A into ZS.

There are also trilinear gauge interactions among H*, Z, and v, as well as the quadri-
linear terms required by gauge invariance.

The LEP I data on the width of the Z° gauge boson force the sum of the masses of the
S and A to be larger than the mass of the Z° [169, [175], thus preventing Z° — AS. The
electroweak precision tests put constraints on the inert-scalar mass splittings as a function
of the h mass [162]. If the Zs-odd scalars are much lighter than the SM Higgs boson,
they may have a great impact on the direct search for the latter, because h — SS and
h — AA may become the dominant decay channels. In particular, the h — SS channel
is invisible. The lower limit m, > 114.4 GeV, obtained by LEP II, was based on a direct
search via h — bb, which is dominant for a light Higgs boson in the SM. In the present
case this limit can be relaxed down to about 106 GeV, assuming the mass splitting of the
new neutral scalars to be my — mg = 10 GeV, due to the fact that in this model the
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invisible decay of the Higgs boson may be dominant and, as a result, the decay branching
ratio into bb is highly suppressed.

A scan over the parameter space was performed in [I75], assuming the charged-Higgs
mass to be much larger than mj, the mass splitting of the new neutral scalars to be
ma —mg = 10 GeV, and also taking into account relevant constraints including the Z°-
decay constraint mentioned above and the vacuum stability bound. The invisible decay
mode h — SS is found to dominate in the light- and intermediate-mass region of my,
i.e. when 100 < my, < 160 GeV. The 10 GeV mass gap between A and S implies that
the contribution of the SS mode to the decay of the SM-like Higgs boson h is much
larger than that of the AA mode. In particular, the branching ratio for the invisible
mode is 50-65% in the mass region 100 < m; < 150GeV and for mg ~ 40-60 GeV.
As a result, the usual decay modes of the SM Higgs boson are highly suppressed. This
fact, together with the strong suppression of the vy mode, will make it very difficult, in
this framework, to use this mode to detect the SM-like Higgs boson at the LHC in the
mass range 100 < my, < 150 GeV [175]. However, it was also shown there that it is very
promising to look for the SM-like Higgs boson through its invisible decay in the so-called
weak-boson-fusion process [I77]. This process is of the form ¢¢ — ¢'¢VV — ¢'¢h (V
denotes a gauge boson), with the subsequent decay of h to undetectable particles. The
decay mode h — WTW~ dominates over the invisible one for h heavier than 160 GeV,
where it starts behaving as in the SM. The decay pattern and decay branching ratios
of the new neutral scalars have also been examined in Ref. [I75]. They conclude that
an S with mass ~ 50 GeV should be observable at the LHC and, at the same time, it
would constitute a good dark-matter candidate. A complementary analysis of collider
phenomenology of the inert Higgs model was performed in Ref. [176].

The possibility of extending the inert Higgs model in order to introduce CP-violation
in the scalar sector was considered in Refs. [I178, [I79]. In another extension of the inert
doublet model, Barr and Kephart [I80] pointed out that a difficulty with generic multi-
doublet models is that many fine-tunings are necessary to alleviate the hierarchy problem,
and thus, if one believes that the hierarchy problem of the Standard Model is solved
via anthropic fine-tuning, then having more than one Higgs doublet becomes exceedingly
unlikely. They looked for the conditions under which an N doublet model only has a single
fine-tuning, and found that if the N doublets formed a representation of a global symmetry
group, then only one fine-tuning is necessary, and classified all possible symmetry groups
with N < 6. They found that in some models, such as SU(N) with an N-plet, the
extra Higgs doublets become completely inert, and the scalars and pseudoscalars are all
degenerate in mass. Different mass relations arise from different representations.

A different version of the inert Higgs model, which has recently received increasing
attention, is the Lee-Wick Standard Model (LWSM) [181], 182} [183], whose neutral sector
is similar to the inert Higgs model but whose charged sector is similar to a type II model
with tan 5 = 1. In this model, for every SM field, a higher-derivative kinetic term is
introduced; for a Higgs scalar, this term is quartic in the derivatives. These terms lead
to the presence of additional poles in the propagators. By introducing auxiliary fields,
the model can be written as one without higher-derivative terms, but with additional
fields corresponding to Lee-Wick partners (one for each field of the SM). The signs of the
kinetic and mass terms of these partners are opposite to those of normal particles, i.e.
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the states have negative norm.

A major attractiveness of the LWSM is the elimination of quadratic divergences in the
Higgs sector. In supersymmetry, the minus sign which cancels those divergences arises
from the different statistics of the partners; in the LWSM, it arises from a sign difference
in the propagator due to the negative-norm states. If those states are not stable, then
they do not appear as ‘out’ states in the S matrix and unitarity is preserved. While one
does have microcausality violation, no logical paradoxes arise macroscopically [182 [184].
There is now an extensive literature on the LWSM [I85], [186), 187, 188, 189, 190, 191], 192]
193], 194], (195, (196, [197] .

A comprehensive analysis of the Higgs sector of the LWSM was recently carried out
by Carone and Primulando [I98]. They were motivated by the realization [189] that
electroweak precision constraints do not severely constrain the Lee-Wick mass scale for
the Higgs sector. The Higgs doublet and its Lee-Wick partner form a 2HDM, but the
mixing between the neutral states is symplectic rather than orthogonal. The neutral-
scalar sector is very similar to the one of the inert Higgs model, but with some differences
in signs. The primary focus of Ref. [198] was on the charged Higgs sector (which will
be discussed in Chapter 4), but they did find bounds from LEP, showed that constraints
in the charged sector also constrain the neutral sector, and have plotted bounds in the
neutral-Higgs-boson plane. The effects of the model on electroweak parameters and on
the Zbb coupling were studied by Chivukula et al. [I99] A more detailed analysis of the
neutral sector, including bounds from direct searches at LEP and the Tevatron, as well
as prospects at the LHC, was very recently published by Alvarez et al. [200]; they find
interesting differences in the usual sum rules in the neutral sector; for example, the usual
relation g2, _v + g25__y = 1 has a different sign between the two terms. They used
the HiggsBounds code to study implications at colliders.

Another 2HDM, called the “quasi-inert” model, was recently introduced by Cao et
al.  [201]. In that model, motivated by the possible observation of W plus dijets at
the Tevatron [202], there is a second doublet whose tree-level vev vanishes, and which
couples primarily to the first generation of quarks. They set to zero the CDI ®; + H.c. term
in the potential, which can be accomplished by a Z, symmetry in which both ®; and
upr change sign. This symmetry must be weakly broken to allow the up quark to get a
mass, and this results in a small vev for ®;. Cao et al. calculate electroweak precision
effects and flavour constraints on their model. The primary motivation for the model is
that the Tevatron can produce the charged Higgs (pp — H?), which subsequently decays
into HOW=* or A°W=, leading to £*vjj or to W¥ plus dijets. Since the charged Higgs
is produced resonantly, the signal can be large. Cao et al. show that a reasonable region
of parameter space exists which can explain the recent observation of W plus dijets at
the Tevatron [202]. Even if this observation is not confirmed, the model is interesting in
its own right and leads to other unique signatures. Another scenario by Chen et al. [203]
switched the role of the neutral and charged scalars, and then the dijet comes directly
from the charged scalar. This can be produced non-resonantly by W*HT production,
and can also explain the non-observation of a resonance in frjj by CDF (although the
bounds on that are much weaker and a resonance could still exist). Similar models, which
focus more on explaining the By, — up rate but also discuss the W plus dijet signature,
can be found in Refs. [203] 204].
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3 Models with tree-level flavour-changing neutral cur-
rents

3.1 The type III 2HDM

In the previous chapter it was shown that one can eliminate the potentially dangerous
tree-level FCNC through a discrete symmetry. Suppose, however, that we reject any such
symmetry. The tree-level FCNC can certainly be suppressed by making the neutral scalars
extremely heavy, but scalar masses in the multi-TeV range (or higher) seem unnatural. In
this section, we examine the constraints from FCNC and show that a reasonable Ansatz
for the neutral flavour-changing couplings allows for scalar masses well below the TeV
scale.

It is easiest to discuss the tree-level FCNC in the Higgs basis described in chapter 5.
In that basis, the scalar doublets are rotated so that the vev is entirely in the first doublet,
while the second doublet has zero vev. The general Yukawa couplings can be written as

Lyuiawa = Ny QitHhUjr+n}) Qi H\Djr +nf;Li H1 Ejr
+€gQiLH2UjR + ngiLHszR + éiLjI/iLH2EjR + H.c., (30)

where H; and H, are the two scalar doublets. In the Higgs basis those doublets have been
rotated so that only H; has a vev, i.e.

o= (s ) = (o) 1)

where v is real. In this basis, only the Yukawa couplings of the doublet H;, viz. the 7,
generate fermion masses; those 7;; may be bi-diagonalized and do not lead to tree-level
FCNC. When that bi-diagonalization is performed, the neutral flavour-changing couplings
become ) B B

Lrone = EGUiLHY Ujp + €8 Di HYDjp + & Li HY LR, (32)

where .
gU,D,L _ VLU’D’L gU,D,L VIZEJ,D,L' (33>

Since Vjy is completely unknown and the & are arbitrary, these £U"P-L coefficients are
arbitrary; in order to look at specific processes, some assumptions must be made about
their magnitudes.

One of the earliest papers discussing tree-level FCNC was the one of Bjorken and
Weinberg [205], who considered radiative muon decay and chose 5,55 to be the Yukawa
coupling of the muon. Later, in 1980, McWilliams and Li [25] and Shanker [26] considered
K- K mixing, as well as many processes involving kaon and muon decays. They argued
that the heaviest fermion sets the scale for the entire Yukawa-coupling matrix. The
flavour-changing vertex should be the product of the largest Yukawa coupling and a mixing
angle factor. Since they did not know the mixing angle factors, they set them equal to
one. Thus, the ¢Y'PL were set equal to the top, bottom, and tau Yukawa couplings,
respectively. The most stringent bound came from KK mixing and led to a lower bound
of 150 TeV on the mass of Hy. For most of the 1980’s, this led most authors to assume
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that there must be a discrete symmetry which prohibits the FCNC, and attention focused
on the type I and type II 2HDMs.

Cheng and Sher [206] argued that this estimate of the lower bound is not reasonable.
They argued that the most conspicuous feature of the fermion mass structure is its hierar-
chical structure and that, therefore, setting all the flavour-changing couplings to be equal
to the heaviest-fermion Yukawa coupling was not reliable. They proposed what has since
become known as the Cheng—Sher Ansatz: that the flavour-changing couplings should be
of the order of the geometric mean of the Yukawa couplings of the two fermions. In other

words,
V2
5z'j = )\ij AL 77 (34)

where the );; are of order one. Since the most severe bounds on FCNC arise from the
first two generations and this Ansatz especially suppresses the Yukawa couplings of those
generations, it will reduce the lower bound on the Higgs mass.

More specifically, Cheng and Sher’s argument was as follows. Consider a model with
n Higgs doublts ®; (i = 1..n) and call X\, the matrix of Yukawa couplings to, say, the
charge —1/3 quarks. First suppose that the fermion mass matrix is of the Fritzsch
form%

0 A 0
M=|4 0 B |. (35)
0 B C

In this case, calling the eigenvalues m, —ms, and mg, one has A ~ /mimy, B ~ \/moms,
and C' ~ mgs. Cheng and Sher then simply assumed that the Yukawa-coupling matrices
were given by
0 A 0
2 (]
V2 A 0 B |, (36)
\o B G

and that their matrix elements had the same structure as the full mass matrix, namely
A; = a;/mims, B; = b;y/mams, and C; = ¢;mg3, with coefficients a;, b;, ¢; of order unity.
In other words, the requirements, obtained by comparing the X, with M,

Zai:Zbi:ZCizl (37)

are not satisfied through any fine-tuned cancellations among the different couplings. Es-
sentially, the Ansatz states that mass matrix zeros are not obtained through any can-
cellations among non-zero matrix elements, and that non-zero mass matrix elements are
also not obtained through precise cancellations among larger terms. Cheng and Sher then
pointed out that this argument does not apply only to mass matrices with the Fritzsch
structure, but to any other structure in which one requires that the hierarchy of eigen-
values does not arise through delicate cancellations. It was later noted [208] that, if the
hierarchical structure is due to approximate flavour symmetries, then the Cheng—Sher
Ansatz will be satisfied. The Ansatz is thus quite general.

o=

At the time of Cheng and Sher’s paper the Fritzsch Ansatz gave acceptable mixing angles. A gener-
alization of it was proposed, and its phenomenology discussed in detail, in Ref. [207].
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In the type 111 [ model the Cheng—Sher Ansatz is assumed and its implications are
explored. Many papers focused on a few specific processes, including Ampg [210], t — ch,
and h — tc+ ¢t [209], rare u, 7, and B decays (emphasising B — Kpur) [211], p — ey
(at two-loop level) [212], t — ¢y and t — ¢Z° [213], muon—electron conversion [214], and
b — sy [215]. In 1996, an extremely comprehensive analysis of the model by Atwood,
Reina, and Soni [216] looked at many of these processes as well as at implications for
7% — bb and Z° — b5 + sb.

Over the years, the various bounds have steadily improved. If the type III model
is correct, then one would expect the \;; in eq. (34) to be all of order unity, but this
is a fairly loose requirement since there are unknown mixing angles. Scalar masses will
enter in all specific processes. In the Higgs basis, the imaginary part of HY is the usual
pseudoscalar, A, whereas the real part of HY is a linear combination of h and H. Since
HY has no vev, its coupling to W W~ vanishes, and thus the relevant mixing angle which
rotates (HY, HY) into (h, H) is a — 3. In a model with tree-level scalar exchange one has
an effective mass in the matrix element given by

2 2
i (39)

Meg M My
where s = sin(a— ) and ¢ = cos(a— ). Henceforth, we shall refer to the scalar mass meg
and to the pseudoscalar mass m,4 as free parameters. Some processes, such as By — ur,
proceed only through pseudoscalar exchange, while other processes, such as By, — Kur,
proceed only through scalar exchange. The most stringent bounds in the quark sector
come from meson—antimeson mixing, to which both scalars and pseudoscalar contribute.

The most recent analysis of FO—F° mixing, where F = K, D, By, or B,, was by Gupta
and Wells [107], who considered the tree-level exchange of scalars and pseudoscalar and

found that
2
i f S P,
mE \Meg My
B f2m2 I 2 i
Sp — FfFmp 14 mg s (40)
6 i (mz—l—m]) ]
B f2m2 I 11m2 i
pe = Befemp gy Mmp | (41)
6 i (mz—l—m]) ]

In these expressions, mp is the meson mass, fr is the pseudoscalar decay constant, and
Bp is the vacuum insertion parameter defined in Ref. [216]. Adding in quadrature the
theoretical and experimental errors to the SM prediction, Gupta and Wells demanded
that the sum of the SM value and the new contribution not exceed the experimental
value by more than two standard deviations for the B; and By systems; for the D and
K systems, they demanded that the new contribution not exceed the experimental value
by more than two standard deviations. The results, using the Cheng—Sher Ansatz and
assuming that meg = my = 120 GeV, are

(Ads» Aues Apds Avs) < (0.1,0.2,0.06,0.06). (42)

6The model was first referred to as type III in Ref. [209].
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This might seem problematic for the type III model, where one expects A;; ~ 1. But, the
pseudoscalar contribution is typically a factor of 7-10 larger than the scalar contribution,
therefore, increasing my to, say, 400 GeV increases all the bounds in eq. (42) by more
than a factor of three. This was illustrated more explicitly by Golowich et al. [217], who
have shown that the bound is increased substantially as the pseudoscalar mass increases
In addition, as pointed out in Ref. [216], there are additional diagrams, involving boxes
and triangle graphs, some of them with a charged Higgs, and a mild cancellation involving
these contributions would also weaken the bounds. Finally, it has been argued [218] that
it might be more appropriate to use A;j/tan J rather than \;;, which for large tan 5 would
also decrease the bounds.

Golowich et al. [217] also studied the effects of Ay and A\, on D—D mixing. For
scalar masses between 100 and 400 GeV, they found that /A, A must be less than,
approximately, 8-10. Thus, bounds on top-quark flavour-changing neutral currents are
much weaker. Direct bounds on A;. can be obtained from ¢t — ch, which was first discussed
by Hou [209] and much more recently in Refs. [219, 220, 221]. For a Higgs mass of
120 GeV, the branching ratio is roughly 0.005\2%. The fact that the SM decay ¢t — bW
fits its prediction implies that the branching ratio for ¢ — ch cannot be very large, and
thus one would expect A\ to be less than 10 or so, but we know of no current experimental
bounds on this process. The signature for t — ch is quite different from that of t — H™b,
as discussed in Chapter 4.

Other processes will bound products of the );; instead of the individual );;. For exam-
ple, the processes B, — ut ™, with tree-level pseudoscalar exchange, and B — Kutu™,
with tree-level scalar exchange, will bound the product ApsA,,; it has been shown [107, 222]
that data will be obtained at the Tevatron and LHC which will bound the product to
approximately 0.6 (for scalar or pseudoscalar masses of 120 GeV). One of the most inter-
esting decays, since it vanishes in the SM, is B — Kpu7. This process was searched for
by BABAR [223] and, while the bounds only give /Ay, to be less than O(10), the
absence of an SM rate makes this promising for future B factories.

In the above we have focused on quarks. Bounds for leptons in the type III model
have also been discussed extensively—with large mixing angles in the leptonic charged
weak current, one imagines that mixing in the neutral current might be large. The
anomalous magnetic moment of the muon, with neutral-scalar exchange, is proportional
to )\,2” and does not depend on any other couplings. This was first used in Ref. [224]
to obtain a bound A,; < 50. Later, the experimental precision improved and there is
now a significant discrepancy, of approximately 3o, between that observable and its SM
prediction (the precise discrepancy depends on the dataset used in determining hadronic
corrections [225] 226]). Diaz et al. [227, 228] assumed that the discrepancy arises from
flavour-changing neutral-Higgs exchange and obtained a lower bound on A, with 10 <
Aur < 80.

In the same work, Diaz et al. [227] considered p — e7, in which a scalar is exchanged
and the internal fermion is a 7. Taking a range of values for the scalar mass, and a
heavy pseudoscalar, they obtained A.;A,; < 0.04. This might be marginally acceptable
for the type III model, similar to the bounds on F—F mixing discussed above. In this

"The reader is cautioned that the parameter A;; in Ref. [217] differs from our A;; by Ay = Ay /V/2.
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case, however, a very recent analysis by Hou, Lee, and Ma [229] has a different expression
for the © — ey width and they find that @ — ey is acceptable for A\, = A\, = 1 if
the scalar mass is above 150 GeV. They also note that the contribution of the scalar and
pseudoscalar to i — ey have opposite signs, hence some cancellation might be possible.
In any event, failure to observe a signal in u — ey within the next three years at the
MEG experiment—which will be sensitive to an additional two orders of magnitude in
the rate—would be a serious problem for the type III model. Diaz et al. then used the
lower bound on A, discussed in the previous paragraph to obtain \., < 1073. Although
their work did not explicitly use the Ansatz of the type III model, their conclusion—if the
discrepancy in the anomalous magnetic moment of the muon is due to scalar exchange
then there must be a substantial hierarchy between A, and A.,—is robust, and the size
of that hierarchy would rule out the type III model.

Other bounds may be obtained by mixing leptons and quarks. In Ref. [230] the
process T — P, where P is a pseudoscalar meson, was studied. It was claimed that this
process gives \,; < 1073, which is stronger than the previous bounds by several orders of
magnitude. However, in Ref. [230] it was assumed that Ay, Adg, Ass, Aps, and Ay, are all
larger than 100, and that the light scalar and pseudoscalar have mass 120 GeV, leading
to this stringent bound. Subsequently [231], in a study of 7 — pPP, these assumptions
were relaxed and A, g5 < 200 was found.

Other bounds on the );; do not involve flavour-changing neutral currents. If one
assumes that only Ay and Ay, are nonzero, then neutral scalars play no role, and one can
bound A and Ay, by considering the charged-Higgs contributions to b — sv [232] 233, 234];
one obtains a bound on A\ of approximately 1.7, for a charged-Higgs mass below 300 GeV.
More recently, Mahmoudi and Stal [46] analysed b — sy and Amp, as well as B, K, and
D, decays, and obtained bounds on all the second- and third-generation diagonal A;;
(including for the leptons). Huang and Li [235] showed the Ampg, can also be used to
bound A.. and A,. Since we are focusing here on the FCNC, we shall not discuss these
bounds further, but refer the reader to Ref. [46] for a detailed analysis. The type III model
says nothing about the flavour hierarchy problem. Blechman et al. [236], within a type
ITI model scenario, looked for a basis independent constraint on the Yukawa couplings
that would generate a mass hierarchy with the Yukawa couplings being of the same order.
Their constraint was that the determinant of the Yukawa couplings of ®5 vanish. They
require a fairly large, but not unreasonable, value of tan3. The values of the \;; in
their model depend on the pseudoscalar and heavy scalar masses. The phenomenological
constraints are discussed in Ref. [236].

Over the past twenty years, bounds on the \;; have steadily improved, and the type III
model is now facing challenges. In the leptonic sector, a negative result in the MEG
experiment would essentially rule out the model (unless there is a cancellation between
the scalar and pseudoscalar contributions). In the quark sector, a pseudoscalar in the 100—
200 GeV mass range would cause problems for B-B and B, B, mixing, and one might
expect an observable signal in B, — pt . With the large top-quark sample at the LHC,
the most promising signature is likely to be t — ch; if h is light (as expected) and the
branching ratio is below 1073, then the type III model would be in serious difficulty.
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3.2 BGL models

All the tree-level flavour-changing transitions in the SM are mediated by the charged
weak current, with the flavour mixing controlled by the CKM (quark mixing) matrix.
Branco, Grimus, and Lavoura [237] have built explicitly a class of 2HDMs (that we call
BGL models) in which the tree-level flavour-changing couplings of the neutral scalars are
related in an exact way to elements of the CKM matrix. In BGL models the required
suppression of the scalar-mediated FCNC is obtained through relations involving the small
off-diagonal elements of the CKM matrix V. Some variants of the BGL models fall into
a wider category, which was coined later on [238] as models of Minimal Flavour Violation
(MFV) [239, 240, 241].

The Standard Model with three families, consisting of SU(2) doublets (@ and L)
and SU(2) singlets (Ug, Dg, and Eg) has a large flavour group of unitary transforma-
tions Gr = U(3)® which commutes with the gauge group. The gauge group G can be
decomposed as

Gp=5SU@3); x SUB)} x U(L)p x U(L)p x U(L)y x U(1)pg x U(\)E,,  (43)

where
SU(3); = SU(3)q, x SUB)u, x SU3)py, (44)
SU@); = SU3)wL, x SU(3) . (45)

The notation is borrowed from Ref. [238]. The Yukawa couplings break the flavour group
Gr. One can formally recover this flavour invariance by treating the Yukawa couplings as
dimensionless fields (spurions), transforming in such a way that the Yukawa interactions
become G p-invariant. The MFV hypothesis consists of assuming that, even if New Physics
exists, G is only broken by the Yukawa couplings, with dominance of the Yukawa coupling
of the top quark. The most general scalar potential under the MFV hypothesis was
recently derived [242].

The relevant question for BGL models is: under what conditions the neutral-scalar
couplings in 2HDMs are only functions of the CKM matrix V7 Namely, in BGL models
these exact functions result from the imposition of discrete symmetries. Similar functions
had been considered previously as an ad hoc assumption [208] 243| 244], 245] B

Let us write down the Yukawa interactions:

Ly = —QY (V& + Y3'®,) df — QY (Yf@l + Y2“<i>2) u% + H.c. (46)
After spontaneous symmetry breaking the quark mass matrices are

where o a general phase for the vev of ®; and v; and vy are, without loss of generality,
real. These matrices are bi-diagonalized as

U;LMdUdR = Dy = diag (mg, ms, my) (48)
UiLMuUuR = D, = diag (m., m¢, my) . (49)

8 Another proposal for the structure of the scalar couplings to fermions is the suggestion that the two
Yukawa couplings are aligned in flavour space [38] [246], 247].
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In terms of the quark mass eigenstates u and d, the Yukawa couplings are:

b - [

u (VNgyr — NiVy) d+Hee.

(%

0
A (@Dyu+ dDy d)

v
—g [TL (Nuvr+ Niyp)u+d (NCNR + Ng%) d]
+i [0 (Nuvn — Niw) u—d (Nava — Nje) d]. (50)

where v = \/m = (V2Gp) /% =~ 246 GeV (G is the Fermi constant), v, = (1 —
v5)/2, Y = (1 4+ 75)/2, and

1

H = " (vip1 + vap2), (51)
1

R = ; (Uzpl - Ulpz) ) (52)
1

[ = ; (U2771 — UlT]g) . (53)

The fields p;, n; (j = 1,2) arise when one expands [J] the neutral scalar fields around
their vevs: ®) = (e /v/2) (vj + p; +in;). The physical neutral-scalar fields are linear
combinations of H°, R, and I.

The flavour-changing neutral currents are controlled by the matrices Ny and N,, which
are given by:

1 (1o

N, = 7 Ul (0aY{ — 01€Yy") Ugg, (54)
1 T u —iayu

N, = —=Ul; (Y —vie"Y3") Uur. (55)

V2

In general these matrices are not diagonal, hence there are FCNC. Let us consider, for
example, Ny and rewrite it as [248]:

v v ,
Ny = U—?Dd -7 (U_1 + U—;) UlLeYs Uyp; (56)
clearly, the first term in the right-hand side conserves flavour, but the second one leads,
in general, to FCNC. The CKM matrix is given by V = UJLUdL, therefore, if we want N,
to be entirely controlled by V', we need, on the one hand, to get rid of its dependence on
Uyr and, on the other hand, to relate U;L to V. A solution to these two requirements by
means of symmetries was found in Ref. [237] and corresponds to the BGL models.

In Ref. [237] a flavour symmetry is imposed which constrains U,y to be of the form

x x 0
UuL = x x 0 , (57)
0 0 1



where X denotes an arbitrary entry. This leads, from the definition of V, to:

Véj = (UdL)gj . (58>

In addition, the flavour symmetry imposes the following condition

YiUgr = (59)

X o O
X O O
X © O

This guarantees that only the third row of U,y appears in N4, as can be easily checked
from eq. (BE). This row is exactly the one that coincides with the third row of V.
To get rid of Uyr in N4, the flavour symmetry also enforces the relation

Uy eia
V2

where P is a projection matrix. In order to be consistent with eq. (59), the matrix P
must be given by:

Y = PM,, (60)

000
000
0 01

P= : (61)

immediately leading to texture-zeros for Y,! such that eq. (59) is verified. Furthermore,
the appearance of My in eq. (60) allows to absorb Uyg.
Branco, Grimus, and Lavoura have imposed the following symmetry S on the 2HDM:

0 i 0 0 241, 0 i

where ¢ # 0, 7 and all other fields are invariant under S. The Yukawa couplings consistent
with this symmetry have the structure

X X X 0 0 O x x 0 0 0 O
Vi=[ x x x |, ¥¥=10 0 0|, V=[x x 0],Y=100 0 |.
0 0 0 X X X 0 0 0 00 x
(63

Notice that the matrices Y* are block diagonal; this is crucial in order for U, to be as
in eq. (57). Furthermore, these four matrices satisfy

PY{ =0, PYy'=Y{, PY" =0, PY =Y}" (64)

The structure of zeros in the matrix Y leads to the important relation:
(UchrLde> i = (UchrL)ig (Y2d)3j = Vi3 (Y2d)3j‘ (65)
Together with eq. (60) inserted in eq. (B6]), one then obtains [237]

(% V2

U1 1
2 (D) - (24 2) ViV (D), (66

V2

(Nd>ij =
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whereas

N, = — L diag (0,0,m,) + -2 diag (mu, me, 0). (67)
(%) U1
In this example there are scalar-mediated FCNC in the down sector but no FCNC in the

up sector.

In general, BGL models are six different models, as was emphasised in [237]. Three
of these models have FCNC only in the down sector, and are obtained from the three
different projection matrices similar to the matrix P introduced above, but, in each case,
with the diagonal unit entry in one of the other two alternative positions. Another three
models are obtained by exchanging the patterns of zeros of the Y, and Y* matrices, i.e.
by exchanging the up and down quarks. From eq. (62)) it is straightforward to write
down the flavour symmetries corresponding to each of the six cases. The relations given
in eq. (64) result from the imposed symmetry. All BGL models obey relations of this
type for the corresponding projection matrices. These relations guarantee that the scalar
flavour-changing neutral couplings can be written in terms of quark masses and CKM-
matrix entries [249]. The stability of these equations under renormalization is crucial;
this feature was analysed in [250], with the help of the one-loop renormalization-group
equations for the Yukawa couplings generalized from Ref. [39].

In each of the six models, one can study the phenomenological constraints by compar-
ison with the type III model. For the specific model discussed in the last paragraph, for
example, one can compare the FCNC coupling bsH in the two models directly:

2mpm my [ 01
- H JE— -
v v\ Vs

+ —) ViV (68)
U1

which numerically gives Ay = 0.14 (f}—; + Z—f), as compared to \ps = 1 in the type III

model. Similar expressions can be found for the other FCNC couplings, as well as for
the other five models. Thus, the bounds in the previous section can be used to find the
phenomenological bounds in the BGL model as well .

In the example given here the scalar-mediated FCNC are suppressed by the matrix
elements of the third row of the CKM matrix; this is due to the fact that P is the pro-
jection matrix with unit (33) entry. In the alternative cases, corresponding to a different
projection matrix P, the suppression is given by the row indicated by the non-zero entry
in the corresponding matrix P. In these additional cases the suppression of the scalar-
mediated FCNC is not as strong as in the example above. From the point of view of the
authors of Ref. [238], these additional cases do not qualify as MFV models, since they do
not comply with the ingredients imposed by their definition of MFV. In the next section
we generalize BGL models and compare them with the MF'V definition of Ref. [238].

3.3 MFYV generalized

In Ref. [249] the question was addressed of how to find a general expansion for NJ and
N? which conforms with the requirement of having all the flavour-changing couplings of

°In Ref. [251] a specific analysis of BGL models, especially their consequences for neutral-meson—
antimeson mixing, has been performed.
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the neutral scalars related in an exact way to elements of the quark mixing matrix. Here,
N? and N? denote Ny and N, when still in a weak basis:

1 o

Ni = UnNaUie = 75 (0a¥f' = 0¥ (69)
1 |

N =UuNUly = —= (027" — v1e7 Y5 (70)

V2

The strategy was imposing that N? and N? be only functions of M and M, with no
other flavour dependence. Furthermore, N? and N? should transform appropriately under
weak-basis (WB) transformations.

Weak-basis transformations are defined by:

QL WrQp,  dp — Widh,  uf — Wi, (71)
Under this transformation, the quark mass matrices My and M, transform like
My — WiMWE. M, — W] MW, (72)
and the matrices Uyp,, Uyr, Uy, and U,g defined in egs. ([@8)) and ([@9) transform as:
Ui, = WiUi, U = WU, Usp = WlUsn, Usp — WelUur.  (73)

Under a WB transformation N7 and N transform in the same way as My and M,
respectively. Furthermore, the Hermitian matrices Hy, = Md,uMch,u transform under a
WB as:

Hy— WIHW,, H,— W HW,. (74)

From eqgs. (A8) and (49) it follows that
Ul HyUy, = D2, U, H,U,, = D> (75)
It is convenient, for our propose, to write Hy, H, in terms of projection operators [252):
Hy =Y my P, (76)
where
P =Uy PUY,, (P = 010 (77)

Analogous expressions hold for H,.
Based on the above considerations, the following expansion for N9 and N, with the
correct transformation properties under WB transformations, was proposed [249]:

N = MM+ MUy BUS, My + \iUy L BUT, My + . . ., (78)
N° = 7 M, + 17Uy, PUS, M, + 75;Ug, BUS, M, + . . .. (79)

In the quark mass eigenstate basis these equations become

Ny = MDg+ X iPDg+ X;VIPVDy+ ..., (80)
N, = 7Dy +mPD, + 1, VPVID, +.... (81)
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This meets the requirement of having all the flavour-changing couplings related in an
exact way to the quark mixing matrix, with no additional flavour dependence.

In egs. (78) and (79) the lambda and tau coefficients are dimensionless. The building
blocks of the expansion are given explicitly in eq. (77)) for the index d; they are of the same
form for the index u. Notice that, in addition, there is the possibility of having different
coefficients for difference values of the index ¢ (ranging from 1 to 3), corresponding to
different projectors P;.

In Ref. [238] a different expansion is used. There, the building blocks are YdeT and
YuYuT , where Yy and Y, are the Yukawa-coupling matrices. These matrices are also di-
mensionless. Such an expansion can be accommodated in egs. (78]) and (79)), however,
but in that case the lambdas and taus would become dimensionless functions of the quark
masses.

In theories where the MFV requirement results from the imposition of a symmetry
there are constraints on the coefficients lambda and tau appearing in eqs. (80) and (T)).
This is the case for the BGL example presented in the previous subsection, which corre-
sponds to the truncation

NY = 2o, - <9 + ﬁ) Uu PsUT, My, (82)
(%1 U1 (%)

N = g, - (9 + ﬂ) U, PUT, M, (83)
U1 U1 V2

with lambdas and taus fully determined as functions of tan 5 = vy /vy.

More details about different aspects of this MFV generalization can be found in
Ref. [249].

A study on the effectiveness of the two different hypothesis, Natural Flavour Conser-
vation and Minimal Flavour Violation, in suppressing the strength of flavour-changing
neutral currents in models with more than one Higgs doublet was performed in Ref. [253].

3.4 Two-Higgs Leptonic Minimal Flavour Violation

In order to study the phenomenological implications of models with an extended Higgs sec-
tor it is necessary to specify the lepton sector in addition to the quark sector. Furthermore,
the analysis of stability under renormalization requires the entire set of renormalization-
group equations both in the quark and lepton sectors. In Ref. [250] the extension to the
lepton sector of models of BGL type was considered. In particular the minimal discrete
symmetry required in order to implement the models in a natural way was given and
stability was analysed. Different extensions of the MFV principle to the leptonic sector
were considered previously in Refs. [254] 255 256].

The case of Dirac-type neutrinos is straightforward. The Yukawa couplings for both
the quark and the lepton sectors are given by:

Ly = —QF (V{0 +Yg0s) dy — QF (Vb + V3D ) uf

—I0 (YEDy + YD) 19 — L (chﬁl + Y;cig) VY + He., (84)
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where Y and Y} denote the couplings of the left-handed leptonic doublets LY to the
right-handed charged leptons [% and neutrinos v%. If there are no additional Majorana
mass terms, the parallel between the quark and leptoni sectors allows to apply similar
discussions to both sectors.

In the case of Majorana-type neutrinos there is no lepton-number conservation. In the
seesaw framework with three right-handed neutrinos, an additional invariant mass term
of Majorana type for right-handed neutrinos, i.e. (1/2)1%" C~ Mz, must be included in
the Lagrangian. As a result there will be three light neutrinos v; and three heavy neutrinos
N;. In order to obtain FCNC in the charged-lepton sector completely controlled by the
lepton mixing (PMNS) matrix, together with no FCNC in the light-neutrino sector, a Z,
symmetry is required. An example is [250]:

L9, — VLY, U — 20 Dy — ey, (85)
with ¢ = 7/2; all other fields are invarant under Z,;. The most general matrices Y, Y},
and Mg consistent with this Z, symmetry have the following structure:

0 0 O
Y= 0 0 0 |, (86)
X X X

O X X © X X
O X X © X X
O OO o X X

00 0 x x 0
,Yy=10 0 0 |, Mpg=1| x x 0 |, (87)
0 0 x 0 0 x

where x denotes an arbitrary entry while the zeros are enforced by the symmetry Z,.
Note that the choice of Z; is crucial in order to guarantee (Mg)ss # 0 and, thus, a
non-vanishing det Mp.

The scalar couplings to the neutrinos are more involved than those to the charged
leptons, since they include couplings to two light neutrinos, two heavy neutrinos, or one
light and one heavy neutrino. They are explicitly given in Ref. [250].

As a result of the Z; symmetry, the scalar potential acquires an exact ungauged
accidental continuous symmetry, which is not, though, a symmetry of the full Lagrangian.
The simplest way of avoiding the ensuing pseudo-Goldstone boson after spontaneous
symmetry breaking is through the introduction of a soft symmetry-breaking term of the
form m2,®! ®, + H.c.
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4 Charged Higgs bosons

One of the most important features of all 2HDMs is the existence of a charged scalar H*.
This state is orthogonal to the longitudinal component G* of the gauge boson W*. The
study of the properties of H* will be essential to understand which 2HDM—if any—has
been chosen by nature. Most of the phenomenological studies of 2HDMs have indeed
focused on the charged scalar. The H* can be readily pair-produced through Drell-Yan
processes and—unlike the neutral scalars—can never decay “invisibly”. In addition to
direct production, it can have sizable indirect effects in B physics and is a major topic of
analysis in studies of rare B decays.

The first paper to include the words “charged Higgs” in its title was the one by
Tomozawa [258], in which the charged scalar in a vector-like model has been studied.
In the context of a 2HDM, the phenomenology of charged scalars was first discussed in
detail by Donoghue and Li [259]. Following that there was an explosion of interest in the
charged Higgs. This interest is sufficiently great that a series of three conferences studying
the properties of charged scalars—CHarged 2006, CHarged 2008, and CHarged 2010—
have been held in Uppsala; the proceedings of those conferences are readily available
[260, 261, 262] and provide an enormous source of information on both the theory and
phenomenology of charged Higgs bosons.

For all four models without tree-level FCNC discussed in Chapter 3, the most general
Yukawa couplings were written in [30] as

2V, 2
V2Vig i (muX Py, +mqY Pg)d+ v2my
v v

,CH:Q: = —H+ ( ZVL€R> —|—HC (88)

where V4 is the element of the CKM matrix corresponding to the charge 2/3 quark u
and the charge —1/3 quark d. The values of X, Y, and Z depend on the particular model
and are given in Tabledl In the type I model the couplings to all fermions are suppressed

Type I | Type II | Lepton-specific | Flipped
X | cotp cot 3 cot 8 cot 3
Y | cotg | —tanp cot 8 —tan 3
Z | cotfp | —tanp —tan 3 cot 8

Table 3: The parameters X, Y, and Z in eq. (88) for the four models without FCNC.

if tan § > 1, meaning a fermiophobic charged Higgs. In the same limit tan 8 > 1 one
has in the lepton-specific model a quark-phobic but leptophilic model, which could lead
to a huge branching ratio for H* — 7%v. In both cases, the quark-phobic nature of the

10As emphasised by Georgi [257], the phrase “charged Higgs” is misleading. If the Higgs is defined to
be the field that acquires a vev, then the Higgs cannot be charged since electromagnetism is unbroken.
If the charged Higgs is defined to be the charged member of an SU(2) doublet whose neutral component
acquires a vev, then the charged Higgs is the longitudinal component G* of the W*. The phrase “charged
scalar” is thus preferable, yet the nomenclature “charged Higgs” is by now so common that we shall adopt
it here.
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model eliminates constraints from rare B decays. The type II model is the most studied
one; large contributions to rare B decays are possible in it. The flipped model has only
recently been studied. In the next section we shall review the properties of the charged
Higgs in each of these models.

In models with tree-level FCNC, discussed in Chapter 3, it is much more convenient
to use the Higgs basis, in which one doublet has a vev and the other doublet is vev-less
(see the discussion in Chapter 5). In the models without tree-level FCNC, this basis is a
disadvantage, since the Yukawa couplings and discrete symmetry adequately specify the
basis; with FCNC this disadvantage vanishes. This was pointed out by Atwood, Reina,
and Soni [216]. As shown there, in the Higgs basis, the H; field (which acquires vev)
has diagonal couplings to fermions, which are identical to those in the Standard Model,
whereas the couplings of Hs to quarks are given by

L=0y, (égﬁgum + égﬂzde) +He. (89)

where the quark fields are mass eigenstates and the matrices éU’D are in general not
diagonal. Defining the rotation matrices VLI{ }?, the neutral flavour-changing couplings are

related to the original ones by V7 and Vg. Since the definition of the fZ’D is arbitrary,
one can, without loss of generality, replace the rotated couplings by the original ones. For
the charged flavour changing couplings, we then have

glarged = gUVCKMa gglarged = VCKMgD’ (9())

The Cheng—Sher Ansatz discussed in Chapter 3 gives the matrices §Z’D as a constant of
O(1) times the geometric mean of the respective Yukawa couplings. Similar results are
found for the leptonic sector, with Vg replaced by the Vpyrvs matrix. In the third
section of this Chapter we shall review the phenomenology of the charged Higgs in these
models.

4.1 Models without tree-level FCNC

The differences among the various 2HDMs concern the Yukawa couplings to fermions.
At the recent CHarged 2010 meeting there have been many discussions of benchmarks
for these various 2HDMs [262]. They were summarized, in the context of LHC searches,
by Guedes et al. [263]. More details, together with numerous plots, are in the talk by
Santos at that meeting [262]. A large group has studied specific benchmarks for each of
the various models; that work is summarized in the reports by Krawczyk et al and by
Osland et al at the meeting. Some of the models, other than the type II model, have
been discussed in the talk by Akeroyd [262]. A very comprehensive analysis of charged
Higgs phenomenology for all four models can be found in the recent article of Aoki et
al. [36]. Jung, Pich, and Tuzén [246] have considered many processes within their general
“aligned two Higgs doublet model”—in which it is assumed that the Yukawa-coupling
matrices are proportional, hence FCNC are absent at tree level. Since that model has
many parameters, we shall not go through their analysis explicitly. However, a valuable
feature of that analysis is that, from its results, one can explore the limits from indirect
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processes in all four models, which are all limiting cases of the aligned two Higgs doublet
model. A discussion of the decay of the top quark into H*b in a very general 2HDM can
be found in Ref. [264].

We shall summarize in the following the production and decay of the charged Higgs
in each of the four models, and discuss various constraints. In the type II model and in
the flipped model there is a lower bound of about 300 GeV for the mass of H* stemming
from b — sv; this bound comes from charged Higgs bosons in the loop. However, this
bound is only valid if there is no additional New Physics. If there is New Physics, even a
relatively mild cancelation can weaken the bound substantially. Therefore, we shall also
examine other, somewhat weaker bounds.

4.1.1 The type II model

Since supersymmetric and Peccei-Quinn models are all of type II, the type II model is
the most studied one. The Yukawa couplings are given in Table 3; one can see that the
coupling of the charged Higgs to the top and bottom quarks is governed by either the
bottom-quark mass times tan 5, which may be large, or by the top-quark mass times cot .
As a result, one expects potentially large virtual effects in b-quark decays and mixing. In
fact, one of the major motivations for the B factories was the possibility of New Physics
coupling strongly to the third generation; the type II 2HDM is the simplest example of
this.

A very strong bound on the mass of the charged Higgs comes from studies of B — X 7.
The charged Higgs appears in the loop. A nice review with a comprehensive list of
references is in the article of El Kaffaset al. [88]. Early analyses can be found in Refs. [265]
260, 267, 268]. An explosion of interest occurred after the realization that the top quark
was heavy and after QCD corrections were considered [269, 270, 271, 272 273 274].
These models were shown to be quite scale dependent [275], 276] and this has led to a
calculation of the next-to-leading (NLO) order, where the scale dependence is substantially
reduced [277, 278, 279, 280]. Discussions can be found in the reviews of Haisch [281]
and of Hurth and Nakao [282], and more recent results on all B decays in the recent
talks of Rozanska [262] and Hurth [283]. The effects of the charged Higgs in the loop
add constructively [284 [79] [80, 285, 286]. The most detailed calculation is the O(a?)
calculation by Misiak [81] and gives my+ > 295 GeV for virtually all values of tan 5 (the
bound increases slightly for low values of tan g, see [281]). A more recent measurement
of the rate by BELLE [287] does not change this bound.

Other bounds are even more severe, but only at large tan 5. The process B — 7v has
been studied. This is not a loop process and proceeds instead through tree-level virtual
H# exchange. The rate is given by [288] 289]

BR(B* = *1y) (1 _my tan2ﬁ)2. (1)

BR (Bt — (t1y)g, 2

mHi

Combining the BELLE [290, 291] and BABAR [292] results, the Heavy flavour Averaging
Group found [293] the branching fraction to be (1.64 £ 0.34) x 10~%. The ratio of this
measured value to the Standard Model prediction [294] is 1.37 £ 0.39. This gives a lower
bound which, at 95% confidence level, excludes a region which rises from 300 GeV for
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tan § = 40 to 1100 GeV for tan S = 100. However, there is a small window in this region
which is still allowed. The reason for that window is shown in Fig. 4] where one can see

7= 1.37+0.39 (LQCD)
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Figure 14: On the left one has the prediction for ry—the ratio between the value of
BR (Bt — 7%v;) in the type II 2HDM to that in the Standard Model—as a function
of tan f/my+. Given the experimental value, one has on the right the ensuing con-
straints in the my+—tan [ plane; the narrow window corresponds to the allowed region
near tan $/mg+ = 0.2 and the yellow band corresponds to the region of my+ already
excluded by direct searches at LEP. Figure from the talk by Rozanska at the CHarged
2010 workshop [262].

a narrow region of tan 8 which is still allowed.

That window can be closed by considering the process B — D™ 7y, In that process
the CKM angles are better known; also, many of the experimental and theoretical uncer-
tainties cancel out in the ratio [295, 296] in which the 7 is replaced by a lighter lepton—in
which case the contribution from H* exchange is negligible. It is found (see Ref. [295] for
details) that the window is completely closed by this process—which does have its own
window, but that is closed by BT — 7Fu,.

For small values of tan (3, the value of R,, which is the ratio of I" (Z — bB) to the total
hadronic width of the Z, can be affected at one loop through the exchange of H*. Haber
and Logan found [297] that the ensuing constraints will be more severe than those from
b — sv for values of tan f < 1.4; radiative corrections to their results are in Ref. [29§].
Very similar bounds were obtained [299] by considering Amp and Ampg,. Other bounds,
which tend to be weaker, can be found from rare K, D, and 7 decays; a comprehensive
analysis is found in the recent paper of Deschamps et al. [300]. Such a comprehensive
analysis can be very valuable since it is possible that New Physics might weaken some,
but not all, of the bounds.

The results are shown in Fig. There one clearly sees the various contributions.
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Figure 15: Bounds in the myz+—tan [ plane from various B-physics constraints. This
figure was extracted from the article by Haisch [28]1].

Note that the direct bound from LEP is substantially weaker than the indirect bounds.

It is still important to look at bounds from direct production of H*, because it is
always possible that New Physics weakens the bounds from b — sv. In fact, that is
precisely what occurs in supersymmetric models. It can be seen that a weakening of this
bound would allow, for smaller values of tan 3, charged-Higgs masses somewhat below
100 GeV.

To study direct production bounds, and to explore prospects for the LHC, the produc-
tion rates and branching ratios of the charged Higgs are needed. The branching ratios have
been studied quite thoroughly—Ref. [47] contains an extensive review of the literature.
A recent analysis [53] used the FORTRAN code HDECAY [301]. The program includes
final-state mass effects, full one-loop QCD corrections and running masses, and off-shell
decays to tb below threshold. In principle, decays to SW® are also possible, where S°
is a neutral scalar. However, the masses of these scalars are unknown and, moreover, the
branching ratios in most of the parameter space are much smaller than 1%; thus, they
are neglected in much of this discussion. We shall, however, discuss these possibilities
at the end, since there could be a substantial rate in the type II model-—but not in the
MSSM—for part of the parameter space, as emphasised by Kanemura et al. [302]. Note
that there is no Z°W*HT vertex in the 2HDM.

The results are shown in Fig. We see that, above the kinematic limit, the de-
cays into tb are completely dominant, but, for lower masses mp+, the decays into 7+ v,
dominate. The decay into ¢§ can also be significant for small values of tan 5. Now, all
the current direct searches are sensitive only to charged-Higgs masses below the kine-
matic threshold for decays into tb. Therefore, the main decay modes in the present
direct searches are into 7", and ¢5. The LEP combined limit on my=+ is 78.6 GeV and
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Figure 16: The branching ratios of the charged Higgs in the type-II 2HDM. Decays into
SOW# (59 is a neutral Higgs boson) are not included. This figure is from Ref. [53].

has been calculated [303] assuming the existence of only those two decay modes (in the
flipped model the decay into cb is more significant than the decay into v, [53]).

Searches have also been performed at the Tevatron. The CDF Collaboration [304] has
assumed that BR (H' — ¢3) = 1 and has therefrom found bounds on the branching ratio
of t - H"b. Logan and MacLennan [53] noted that the CDF analysis also applies to
decays into cb and therefore also applies to the flipped model. However, in the type II
model the CDF assumption is valid only for small (less than 1) values of tan 5 and only
for charged-Higgs masses near the LEP bound. The DO Collaboration [305], on the other
hand, has considered both scenarios in which BR (H™ — ¢§) = 1 and BR(HT — 77v,) =
1; the latter scenario is certainly valid at large tan 5 in the type II model. DO [306] and
CDF [307] have also looked for associated production of a charged Higgs with a W.

These papers give upper limits on the branching ratio of the top quark into a charged
Higgs and a bottom quark. This can be converted into a bound in the my+—tan 5 plane.
We use the well-known expressions for the branching ratio (see the appendix of Ref. [53]
for a simple expression) and find the results in Fig. [T As expected, the present bounds
only exclude regions of parameter space for either large or small tan §; a charged-Higgs
mass of about 100 GeV is thus still allowed. Recall that one is assuming that some New
Physics cancels the contribution to b — sv, and it is possible that this New Physics could
also lead to alternative production and decay mechanisms.

In the future much of this parameter space will be probed at LHC. The ATLAS [308]
and CMS [309] Collaborations have studied top-quark pair production in which one of the
tops decays into H*b. They have assumed that the charged Higgs H* subsequently decays
into 71, as is the case in the type IT model except for very small tan 5 of O(1). Techniques
to improve these studies have been discussed in Ref. [310]. Also shown in fig. [I7]is the
expected reach of LHC, as found in the ATLAS analysis for a collision energy of 14 TeV
and with 30 fb~" of data; ATLAS gave the expected reach in the ¢ — H*b branching ratio
and we have converted this into a bound in the my+—tan g plane. The CMS analysis
was explicitly model dependent by using the MSSM, and in that particular case it could
partially close the allowed window at intermediate tan 5. Again, for intermediate values
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Figure 17: Current Tevatron bounds on the mass My of the charged Higgs as a function
of tan 5. The small sliver near the lower-right corner is excluded by CDF but not by DO.
The dashed lines are the bounds which are projected for the ATLAS experiment with
30fb™! of data; the regions that would then be excluded are those outside the dashed
lines.

of tan 3 there is in general a large window that can be closed neither at the Tevatron nor
at the LHC. The ILC, on the other hand, will readily be able to produce charged-Higgs
pairs and thus to cover the entire parameter space for Higgs masses lower the mass of the
top. There has also been a discussion of the possibility of detecting the H* — u*v, after
300 fb~! in Ref. [311].

For larger Higgs masses the decay of H™ is overwhelmingly into tb. This will be subject
to very large backgrounds [ and is thus quite challenging. For moderately large tan 8
the branching ratio of H* — 77 v, is approximately 10% and this might be sufficient to
pick out the signal. In fact, most search strategies must study the latter decay mode.

The primary production mechanisms at the LHC are single charged-Higgs produc-
tion and pair production. The single charged-Higgs production processes include gluon
fusion [313], quark fusion [314] 315, 316l B17], quark-gluon fusion [83, [85], associated

HUTf the charged Higgs is produced in associated with a top quark, it has been argued [312] that one
might be able to detect the decay into tb.
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W*HT production [318, 319, 320 321], 322 [323] 324] and AH*, HH*, hH* produc-
tion [325], 3206, 327, 328, [329]. Most of these works have focused on the MSSM, although
enhancement in the general type II model is referred to in Ref. [86]. Pair production has
also been calculated: the Drell-Yan and bb — H* H~ processes most recently in [330], and
weak-boson fusion in [331]. Another production mechanism is associated production of a
charged Higgs with a top quark, which can lead to interesting consequences for the top
quark polarization and the angular correlations of its decay products [332], and also in the
left-right asymmetry in the polarized top quark production cross section [333]. Although
strictly a type II model, associated W*HT production in a model with spontaneous CP
violation (i.e. a relative phase between the vevs) was studied in Ref. [334]. They found
no observable effects from associated production, but did note that the model allows the
charged Higgs mass to be substantially smaller than the conventional type II model.

The ATLAS [308] and CMS [335] Collaborations have used the production cross sec-
tions to explore the reach of the LHC. Their conclusions are that detection of the charged
Higgs boson through its decay into tb will be swamped by large backgrounds, hence the
decay mode 77v, is the most promising one. Both analyses use various versions of the
MSSM but one would not expect the results in the type-11 2HDM to differ substantially. In
each case, the reach on the branching ratio is give, and we have converted this into a reach
in the my+—tan 8 plane. The ATLAS Collaboration finds a discovery (i.e. , 50) reach
which ranges (for an integrated luminosity of 30 fb~') from tan 8 = 28 for my+ = 200 GeV
to tan § = 65 for my+ = 350 GeV (these values of tan 8 are lower bounds). The CMS
Collaboration, in a slightly different MSSM scenario, finds a discovery reach, for the same
integrated luminosity, which varies from tan g = 28 for my+ = 200 GeV to tan = 65
for my+ = 450 GeV. The exclusion bounds correspond to much lower values of tan (3,
of course—ATLAS, for example, can exclude tan 5 > 12 (50) for charged-Higgs masses
of 200 (600) GeV. The main production mode is gb — tH~. For associated W*HT
production, a signal can be found [321] for large tan 8 in the 150-300 GeV mass region.

Since most of the above analyses were done in the context of the MSSM, it is important
to focus on the differences in the type II 2HDM. As noted in Ref. [321], if the mass of
a neutral scalar is larger than mpy+ 4+ myy, then one can resonantly produce this neutral
scalar in the s-channel, leading to a huge enhancement in the cross section for associated
production. It is difficult to make a plot of the expected reach, though, since the rate is
very sensitive to the neutral-scalar couplings and mass, but one should keep in mind the
possibility that the rate for associated H¥WT production might be considerably larger
than expected.

A detailed analysis of the way in which the phenomenology of the type 11 2HDM may
differ from the one of the MSSM was recently carried out by Kanemura et al. [302]. Their
main point is that the Higgs masses are very tightly constrained in the MSSM, therefore
certain decays that would otherwise be allowed cannot occur there. For example, for
much of parameter space in the MSSM the charged Higgs, the heavy neutral scalar H,
and the pseudoscalar A are very close in mass, therefore decays such as H* — W*A or
H* — W*H are kinematically forbidden, and H* — W*h is suppressed by phase space.
In the general type II 2HDM, on the contrary, those decays are allowed.

To be specific, Kanemura et al. [302] have considered tanf = 1-3 and mpy+ >
250 GeV—as noted above, the LHC will be insensitive to such masses in all the MSSM
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scenarios. They also consider the case my = my+, my = 150 GeV, and m;, = 50 GeV
as an illustrative example. For sin (8 — ) = 0.1, they find that, for tan 5 = 3 the dom-
inant decay mode (over 90% branching ratio) of the charged Higgs is into W=*h and for
tan 5 = 1 the branching ratio of that mode rises from 40% to 80% as the charged-Higgs
mass goes from 250 to 600 GeV. They obtained similar results for sin (8 — a) = 0.9 (now
with m;, = 120 GeV in order to avoid LEP bounds), except that the dominant decay
mode then is W*H. Note that, for the charged-Higgs mass region that they consider the
dominant branching ratio is into ¢b in the MSSM.

This has a huge effect on the phenomenology. By the time the LHC has been running
for a few years, the neutral Higgs bosons will presumably have been discovered and, once
their masses are known, the decay H* — W*(h, H) should be quite straightforward to
detect. Thus, for a substantial part of the parameter space, the charged Higgs will be
easier to detect in the type II 2HDM than in the MSSM.

Borzumati and Djouadi [336] have studied the observation of the decays H* —
W#(h,H) at LEP and the Tevatron. It should be noted that their rate can be sub-
ject to large radiative corrections [72] 337]. Searches for the charged Higgs by using the
decay mode H* — bbIW* have been performed at the Tevatron [338] and will be studied
at the LHC [339, 340].

The production and decay of the charged Higgs in the “Complex two Higgs doublet
model” was studied in Ref. [334]. In this model, one violates CP invariance by making
the my, term in Eq. 2 complex. They calculate CP violating asymmetries for H™ and H~
production and decays, including one loop effects. They modified the codes for FeynArts
and FormCalc to incorporate this model. It is found that CP violating asymmetries are
substantially smaller than in the MSSM, and do not exceed 3%.

4.1.2 The type I model

Since both supersymmetric models and Peccei-Quinn models require a type 11 2HDM,
there has been substantially less discussion of the type I model. Nonetheless, many of
the early works on 2HDMs discuss that model and it is often considered in more general
analyses. The seminal paper of Barger, Hewett, and Phillips [30] analysed numerous
constraints on the charged Higgs in the type I 2HDM, but this was before LEP and a
relatively light top quark was assumed. There have been numerous studies since then, as
will be seen in this section.

There are several key features of the type I model [341]. The relative branching ratios
of the charged Higgs decaying into fermions are independent of tan 3. Assuming that
there are no decays into lighter scalars—such as H* — AW™ hW* HWT—the decay
into 77v, will have a branching ratio of 70% and the decay into ¢5 will have branching
ratio equal to 30%, when mpy=+ is below the top threshold. Above that threshold, H*
decays almost always into ¢b. Since the couplings to fermions are proportional to cot 3, the
charged Higgs becomes fermiophobic in the large tan £ limit. This might avoid constraints
from flavour physics, allowing for the possibility of a charged Higgs in the 100 GeV mass
range.

If kinematically possible, one may consider the decays Ht — SW™, where S may be
either h, H, or A. In this case, the W+ may even be virtual, since in the large tan /3

63



(fermiophobic) limit a three-body decay can still dominate decays into two fermions [71].
In fact, it was pointed out in that paper that a three-body decay can dominate even if
tan 3 is not so large, since the Yukawa couplings of the H™ are small if its mass is below
the one of the top quark.

As in the type-I1 2HDM, we shall begin by considering the constraints from indirect
processes. Since all of these involve Yukawa couplings, which vanish in the large tan 8
limit, they will provide bounds only in the low-tan 5 region. As noted earlier, a recent
comprehensive review by Jung, Pich, and Tuzdén [246] has considered many processes
within their general “aligned 2HDM”. One may use their results to explore the limits
from indirect processes in all four 2HDMs, which are all limiting cases of the general
approach of Pich et al.; they give bounds in each of the four 2HDMs that we discuss
explicitly (the bounds for the type I model agree with those in the last subsection).

In the type I 2HDM the strongest bounds come from the process Z — bb, from e,
and from Ampg, . The value of Ry, the ratio of the width Z — bb to the total hadronic
width of the Z, has been calculated in 2HDMs [79, 297, 342], most recently in Ref. [29§].
Comparing it with the experimental result one obtains bounds with vary from tan § > 2
to tan 8 > 1 when the charged-Higgs mass varies from 80 to 400 GeV. The value of the
mass difference between the B, and the B, was calculated in [343] (some minor but not
insignificant errors in the calculation were pointed out in [88]), and this also provides
bounds. Recent calculations by Buras et al. [344], 345] of €x also give constraints.

Putting all of these together leads to the excluded region in fig. [I8 There, the solid
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Figure 18: Lower bounds on tan § in the type I 2HDM as a function of the charged-Higgs
mass Mpy. The solid line is the bound from Ref. [246] and comes from consideration of
7 — bb, ex, and Amp,. The dashed line is the bound in Refs. [46] and [107], which arises
from B — X,y and is very sensitive to assumptions and to input parameters.

line corresponds to the bounds of Jung, Pich, and Tuzén [246] for the processes in the
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previous paragraph. As they note, other bounds from B — Drv followed by 7 — (v
are weaker. In Ref. [246] the bound from B — X,y is also weaker, but Ref. [46]—which
is primarily concerned with models with tree-level FCNC and will be discussed in the
next section—obtains a stronger bound from that process, shown as the dotted line in
fig. =87 The precise value for radiative b decays is very sensitive to input parameters
and to theoretical errors, so this is not necessarily a disagreement between [46] and [246]
(one should also note that tan 8 is not directly measurable). In any event, one can see
that there are no substantive bounds on my+ for moderate and large tan 4, which is in
sharp contrast to what happens in the type II 2HDM.

We next proceed to the direct bounds. For the type II 2HDM it was necessary to
discuss the branching ratios as a function of tan 8. That is not needed for the type I
2HDM, since the relative fermionic branching ratios are in this case independent of tan (8
and are, approximately, 65% into 77, and 35% into ¢s (below the top threshold, which
is the relevant case for the current direct bounds). The combined LEP bound [303] is
78.7 GeV. However, this assumes that there are no non-fermionic decays such as H* —
AW# (where the W= is virtual). The DELPHI Collaboration [346] also searched for a
charged Higgs that decays into either 7Fv,, ¢35, or AW™*; it found a bound of 76.7 GeV by
assuming that the A was heavier than 12 GeV, similar results were also reported by the
OPAL Collaboration [347].

As for the type II model, the Tevatron also has bounds from Drell-Yan pair production
of a charged Higgs. The CDF bounds in Ref. [304] have assumed that BR (Ht — ¢5) = 1,
which is never the case in the type I 2HDM, so those bounds do not apply. The DO
bound [305] has considered the case in which the sum of BR (H* — ¢5) and
BR(H*™ — 7%v;) is 1, which applies here unless there are light scalars. The result is the
lower line in fig. [I7] This bound, however, is slightly weaker than the one derived by
Jung, Pich, and Tuzén from indirect processes. Thus, no stronger bounds, as of yet, have
been obtained by the Tevatron on the type I 2HDM.

The ATLAS study of a light charged Higgs possibly being produced in top-quark
decays [308] was explicitly focussed on the type II 2HDM. However, the primary difference
between the type I and type II models is in the coupling to tb. In the type II model that
coupling is large at large tan 3, whereas it is always small for large tan 3 in the type I
model; both models give similar results for small tan 8. As a result, the discovery bound
at the LHC would correspond to the lower dashed line in Fig. 7 For large tan /3, the
top-quark branching ratio into a charged Higgs is too small to detect in the type I 2HDM.

A study by Aoki et al. [348] of the light charged Higgs at the LHC explicitly focused
on the type I and Lepton-Specific models has very recently appeared. They analyse
production rates from top pair production (in which one top decays into H*b), single
top production, and direct production through cs — H*+ jet. They plot the reach of
the LHC for 10 and 30 inverse femtobarns at /s = 14 TeV and find that over the range
of charged Higgs masses up to 150 GeV, upper bounds on tan 3 between 6 and 10 can
be obtained (recall that the very large tan § limit is fermiophobic in the type I model).
Charged Higgs pair production is also considered, and it is shown that constraints are more
parameter-dependent, but the process might also be detected at the LHC. An analysis at

12 A separate analysis by Gupta and Wells [I07] found results similar to those of Ref. [46].
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7 TeV is currently under investigation by the same authors.

For larger charged-Higgs masses the decay into tb will be swamped by background.
The 77v, decay, which has a branching ratio as high as 10% in the type II 2HDM, is
much less important in the type I 2HDM and typically has a branching ratio of order
m2/m? ~ 10~*. This makes detection at the LHC impossible if the primary decay is
fermionic.

However, there are also neutral scalars S (which may be h, H, or A in the 2HDM) and
one may consider H* — SW=. In the large tan 3 limit the charged Higgs is fermiophobic
and H* — SW= would be the leading decay mode if kinematically accessible (and it
might still be the leading decay mode even if the W is virtual [336]). We thus see
that in the large tan 8 limit the most promising decay modes are—unlike what occurs
in the type II model—into a neutral scalar and a W. As noted in the last subsection,
searches of a charged Higgs through the decay mode H* — bbWW* have been studied at
the Tevatron [338] and LHC [339, 340]. A plot of the results is premature since there are
several additional parameters (such as o and the scalar mass) but the decay H* — bbW*
offers the best hope. An updated analysis of this mode would be welcome.

4.1.3 The lepton-specific model

In the lepton-specific (LS) 2HDM the same Higgs doublet couples to both the up-type and
the down-type (right-handed) quarks, just as in the type I 2HDM, therefore the charged
Higgs is quark-phobic for large tan 5. Indirect bounds arising from hadronic decays will
thus be identical to those in the type I model. But, in contrast to what happens in
the type I 2HDM, at large tan 8 the charged Higgs becomes strongly leptophilic in the
LS 2HDM, hence the 77v, decay mode of the H can be dominant. In fact, as we shall
see, that decay can be dominant even above the tb threshold, leading to quite dramatic
experimental signatures.

Some early discussions of the charged Higgs in the LS 2HDM can be found in Refs. [30]
32, [349]. It has also been discussed recently in the context of dark-matter models [56] and
of neutrino mass models [60]. The most recent comprehensive analyses of the phenomenol-
ogy of the charged Higgs in the LS 2HDM are the articles by Su and Thomas [54], by Aoki
et al. [36], and by Logan and MacLennan [55]; we shall follow those analyses closely. The
branching ratio of the charged Higgs into 71, is given in Table LT.3] (branching ratios
below 5% are not shown). Decays into W=*(h, H, A) are not included in the branching

Charged Higgs mass | tanf =1 |tanf =5 | tanf = 10 | tan 8 = 20
100 0.70 0.95 0.99 1.00
200 0.05 0.20 0.80 0.97
300 0.00 0.05 0.40 0.92

Table 4: Branching ratio of the charged Higgs into 7v for various values of the charged
Higgs mass (in GeV) and of tan 5. For my+ = 100 GeV and tan 8 = 1 the remaining 30%
branching ratio is into ¢§; for all the other entries the remaining branching ratio is almost
entirely into tb.
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ratio computations; by using MSSM values for the mixing angles and for the light-scalar
masses, Logan and MacLennan have shown that the branching ratios never exceed 10%,
rendering irrelevant for the LS 2HDM some detection strategies involving decays into
scalars which have been discussed for the type I and type II 2HDMs.

We see that, for tan 5 = 1, the branching ratios are identical to those in the type I
model. But, the 77, decay rapidly becomes dominant as tan 3 increases and is significant—
and sometimes dominant—even above the tb threshold. Another important feature is that
the total width of the charged Higgs is much lower than in other models, remaining below
1 GeV over the entire mass range for tan 5 < 40. Thus one would expect very monochro-
matic 7s in the decay.

The indirect bounds from B decays are very similar in the LS and type I 2HDMs, since
they are only relevant for tan 8 close to 1, where the Yukawa couplings are identical in
both models [246]. The decay B — X gives precisely the same bound as shown in Fig.
1] for the type I 2HDM. The decays B — ¢/~ and b — c7v do not give useful bounds
[55]. Ome can get an effect from Bt — 77, since the charged Higgs can mediate this
decay, but that effect also turns out to be negligible for charged-Higgs masses which are
not yet excluded by the direct searches. Logan and MacLennan [55] have also considered
deviations from flavour universality in 7 decays, finding an exclusion region for a fairly
light charged Higgs that begins at tan = 65 for my+ = 100 GeV, and rises linearly to
tan f = 200 for my+ = 250 GeV.

The LEP direct-search limit of 78.6 GeV for the type I 2HDM still applies here.
OPAL [350] has presented a stronger bound of 92.0 GeV under the assumption that the
branching ratio into 77 v, is 100%. This assumption is valid for large tan 8 and thus,
over the entire range of tan , the lower bound will vary from 78.6 to 92.0 GeV. At the
Tevatron, the DO bound discussed for the type I 2HDM also applies in the LS 2HDM,
but (as in the former case) it is not stronger than the bounds already imposed by indirect
searches. Similarly, the ATLAS bound discussed in the previous section, for a charged
Higgs to be produced in top decays, applies indifferently in the type I and LS 2HDMs.

There is an additional possibility at the LHC. In all other 2HDMs, detection of the
charged Higgs above the tb threshold is very difficult due to the huge backgrounds; the
analyses have had to rely on the small branching fraction of the H™ into 7" v,. In the LS
model, however, that branching fraction is very large and will (provided tan /3 is not too
small) dominate. This sounds promising but, unfortunately, the production rate of H*
through gg — tbH* scales like cot? 3 and that will suppress the result. Still, a sufficient
enhancement at intermediate tan 8 may occur. As noted by Aoki et al. [36], one could
readily distinguish the type II and LS 2HDMs through the decay rates into leptons as
opposed to quark, if the charged Higgs could be detected.

One can also look for pair production of H"H~ proceeding to 7tv,7 .. A similar
phenomenon was studied by Davidson and Logan [351, 9] in the neutrino-specific 2HDM,
to be discussed shortly. They looked at charged-Higgs pair production at the LHC but,
in their case, the decays of the charged Higgs studied were into uv and ev. It is clear that
7v will be much more difficult and the missing energy in the 7 decay will render irrelevant
some of the cuts that Davidson and Logan used. The possibility of pair production of
charged Higgs above the top threshold with the charged Higgs decaying entirely into 7v
had not yet, to our knowledge, been studied.
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One could look at associated production of the charged Higgs with a neutral Higgs,
proceeding to three 7s and missing energy. The only detailed analysis of this possibility
that we are aware of is the one of Aoki et al. [36]; at the LHC with 300 fb™" of accumulated
luminosity, they have found—for scalar masses of 150 GeV—that the signal is compara-
ble to the background—which originates primarily from W=*Z-—and they have discussed
possible cuts. They note that 7 misidentification (hadrons being identified as 7s) may be
a serious problem; realistic simulations are necessary. They also study putv events; the
rate is much smaller, since the branching ratio of neutral scalars into muons is much less
than the one into 7s, but the resolution of the muon pair is much better. If the neutral
scalar has already been identified, this could provide a very useful tag for the charged
Higgs. Once again, realistic simulations are needed.

Of course, at an eventual ILC, signatures will be very clean and backgrounds negligible,
and all of the various 2HDMs will be readily distinguishable [36].

4.1.4 The flipped 2ZHDM

In the flipped 2HDM the Yukawa couplings to the quarks are the same as in the type II
2HDM but the Yukawa couplings to the leptons are proportional to cot 3 instead of tan 3.
As a result, the various bounds from hadronic processes such as B — X v are identical
in the flipped and type II 2HDMs. Without a cancellation due to New Physics, the lower
bound on the charged-Higgs mass is close to 300 GeV. Although the flipped model has
been discussed in several recent general studies of the four 2HDMs [50), 36], 246], 262], the
only paper explicitly dedicated to the phenomenology of the charged Higgs in the flipped
2HDM that we are aware of is the one by Logan and MacLennan [53].

For moderately large tan 8, branching ratios in the flipped and type II 2HDMs are
quite different. For tan 8 = 1 the branching ratios are identical, see the left panel of
fig. But as tan 3 increases the branching ratios to leptons become suppressed, as
shown in fig. One can see that, below the tb threshold, the dominant decay of H* is
into 77 v, for tan 3 ~ 1 and into cb or ¢5 for larger tan 5.

As stated above, the indirect bounds on my+ from b — sv, from Ampg, and from R,
are identical in the flipped and type II 2HDMs. The first process yields a lower bound
of 295 GeV on my+ and the other two processes exclude the region tan f < 1 for higher
masses—see Jung et al. [246] for plots of these bounds. As noted earlier, though, it is
possible that New Physics cancels out the effects of the charged Higgs in the loop—even
a fairly mild cancellation would weaken the bounds.

The bound on my+ from LEP [303] explicitly assumed that H* decays into either 77 v,
or ¢5. While this is true in the type II 2HDM, it is not true for the flipped 2HDM, since the
decay into cb may dominate for large or moderate tan 3. The ALEPH Collaboration [352]
produced bounds independent of the quark flavours and one thus knows that mpy+ >
79.3 GeV.

At the Tevatron, the bounds discussed earlier also assume that the charged Higgs
decays into either ¢s or 77r,. Logan and MacLennan [53] have analysed these experiments
in the context of the flipped 2HDM. Their conclusions are somewhat similar to fig. [I'7]
with a lower bound in the low-tan 8 region and an upper bound in the high-tan 8 region,
cf. [53] for the detailed plots. Just as in the type II 2HDM, there is a large window at
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Figure 19: Branching ratios of the charged Higgs in the flipped 2HDM, from Ref. [53].
Decays into W and a neutral Higgs boson are not considered. The ratio of the domi-
nant channels depends quadratically on the strange quark mass, and thus has a sizable
uncertainty.

intermediate tan 8 where the Tevatron is unable to produce bounds on my+.

The prospects of detection of the H* at the LHC are less promising than in the type
IT 2HDM. Firstly, suppose that mg+ is above the top threshold. Then one can study
associated production of a charged Higgs with a top. This is similar to what happens
in the type II model. There, some hope was obtained by looking at the relatively rare
decay H* — 7%v,.. In the flipped 2HDM, however, that decay mode is negligible for
moderate or large tan . Thus, there is no advantage to the flipped 2HDM over the
type II 2HDM. Secondly, suppose that mpy+ is below the top threshold. The ATLAS
and CMS studies looking for top decays into a charged Higgs assumed that the latter
primarily decays into 77v,. This is generally not the case in the flipped 2HDM and it is
unlikely that one can get better bounds than the Tevatron. However, an ATLAS study
1353, 354] of t — H*b, H" — c5 shows that the sensitivity (at 1 fb~! at 7 TeV) is better
than the Tevatron. As shown in Refs. [53] and [355], b-tagging could be used to enhance
the detection prospects of t — H*b, HT — cb and distinguish between Ht — ¢b and
H* — ¢5. Such a b-tag would provide sensitivity in the region around the W mass which
can’t be probed at the Tevatron due to backgrounds.

What about charged-Higgs pair production? For my+ < m; the dominant decay
mode [31, B2] is (for moderate tan 3) into cb, leading to cbcb final states which will be
impossible to detect due to large QCD backgrounds; for a heavier charged Higgs the tbtb
signal will also be impossible to pick out. Thus, Logan and MacLennan [53] concluded
that the prospects for detection of the charged Higgs at LHC are not bright in the flipped
2HDM (at the ILC, of course, signatures would be easy to pick out).
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4.1.5 Other models

An interesting model that has a potentially exciting charged-Higgs phenomenology is
the neutrino-specific model [91]. In it, the second Higgs doublet only couples to right-
handed neutrinos and has an extremely small vacuum expectation value, of order eV.
Then, the only decay modes of the charged Higgs are into a charged lepton and a right-
handed neutrino, the coupling constant being proportional to the neutrino mass times
the appropriate lepton-mixing-matrix element. With the normal neutrino mass hierarchy,
the decay of H' would be primarily into v and 77 v, with a branching ratio of roughly
50% into each; for an inverted mass hierarchy, the decays are primarily into e*v (roughly
50%), with the remainder into pu*v and 77v. Thus, the most dramatic signatures would
be H" — etvand H™ — putv.

Davidson and Logan [91] have considered the process pp — HYH~ — (Tvl'"v. Back-
grounds to this process come from the production of WYW =, ZZ, Z~, or tt (in which
the b quarks in the decay of the tops are missed). For my+ = 100 (300) GeV, the produc-
tion cross section is 300 (5) fb. They have looked at various cuts in order to increase the
signal-to-background ratio. In the my+ = 100 GeV case, the luminosity needed for a 5o
discovery is 10 to 70 fb~! for normal neutrino mass hierarchy and 8 to 15fb™" for inverted
hierarchy (the range depends on the allowed range of neutrino masses and mixings). In
the mpy+ = 300GeV case, the luminosity in the normal-hierarchy case is 55 to 450 fb~*
and, in the inverted-hierarchy case, 25 to 55fb™" (these calculations assumed a 14 TeV
LHC). Thus, the signatures in this model are dramatic and within reach of the upgraded
LHC.

The primary interest in the Inert Doublet (ID) model is dark matter and not the
charged Higgs, since a candidate for that matter naturally arises in the model; most phe-
nomenological studies of the ID model have focussed on its neutral sector, and especially
on the possibility that the Standard-Model Higgs particle decays into the dark-matter
particle. Since the charged Higgs in the ID model does not couple to fermions, it will
only decay into HW® or AW#, where the W is either real or virtual, depending on the
masses. Cao et al. [I75] have considered the associated production of the charged Higgs
and a pseudoscalar at LHC and have found cross sections (which are very sensitive to the
masses of both the charged Higgs and the pseudoscalar) of several hundred fb for masses
below 200 GeV. They have also considered charged-Higgs pair production and concluded
that, even for relatively low values of the charged-Higgs mass, the backgrounds overwhelm
the signals. Later, Miao et al. [350], B57] found results for the production cross section
similar to those of Cao et al. and performed a detailed analysis of possible cuts. They
considered eight different benchmark points and tailored the cuts to each of those points.
For two of the points a 50 discovery of the charged Higgs is possible with a luminosity of
300 fb~'; in both of these points my= is only 110 GeV—a heavier charged Higgs probably
cannot be discovered. Huitu et al. [358] have shown that, if one extends the ID model
by including a scalar singlet, then the charged Higgs could be long-lived, leading to other
detection possibilities. Finally, as noted by Ginzburg [262], the ILC will easily be able to
detect and study the charged Higgs up to its kinematic limit.

As pointed out in Chapter 3, the Lee-Wick Standard Model is a very unusual 2HDM,
in which the second doublet states have wrong sign kinetic terms and masses and negative
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norms. The neutral sector of the theory is similar to an inert model, but the charged sector
is identical [198] to a type II 2HDM with tan 8 = 1 and with the sign differences for the
three point Higgs-Higgs-v, Z and the Yukawa couplings, as well as a factor of —1 for
each charged Higgs propagator. Carone and Primulando [198] analysed B, — B, mixing,
B — X,v, Ry from Z-decay, Generally, the effects are of opposite sign to the conventional
2HDM, but the constraints turn out to be similar. They found that the lower bound on
the charged Higgs mass from By — By, B, — B, and b — X, are given by 303, 354 and
463 GeV, respectively, and that no further bounds can be found from R,,.

4.2 Models with tree-level flavour-changing neutral currents
4.2.1 The type III model
The most general Yukawa couplings of two Higgs doublets are given by [359] B60]

QL”f]gUR(i)l + QLTIIDDR(IH + QLﬁgUR(i)Q —+ QanDDRq)Q + H.c., (92)

where the n; (k = 1,2) are 3 x 3 matrices; we have not included leptonic Yukawa couplings
for simplicity. With our standard definitions and assuming real vevs, the fermion mass

matrices are v

ME = % (nf cos B+ ny sin ), (93)
with I = U, D. Defining [40]
k' =nf cos B+ nd sin 3 (94)
and the orthogonal combination
pt" = —nfsin B+ nf cos B, (95)

one can move to the (“Higgs”) basis where only one doublet, called Hy, has a vev, thus
generating fermion mass matrices and coupling with x*. The other doublet, H», has zero
vev and couples with pf’. The coupling of the charged Higgs boson then is

H*U (VpPPr — p"VP) D+ Hec., (96)

where V is the CKM matrix, and the p¥" matrices have been rotated by the same unitary
matrices that diagonalize k¥'P. Of course, all the charged-Higgs couplings are flavour-
changing, but the neutral sector will have tree-level FCNC couplings unless pV and p”
are diagonal. This occurs if either nV = nP = 0 (the type I model) or nP = nY = 0
(the type II model); these relations translate into p” = k cot 8 and p’ = —x tan 3,
respectively, and, since the x" are diagonal, the p!" then are diagonal too.

In the type IIT 2HDM, neither of these assumptions is made. The Cheng—Sher [200]
Ansatz, discussed in Chapter 4, is

A/ 2m;m;
pl = A ——, (97)

(Y
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with the A" of O(1). In Chapter 3 we have shown how this Ansatz is being challenged by
current experiments.

Other versions of the 2HDM include the aligned 2HDM [37], in which it is assumed
that the Yukawa-coupling matrices 775 o are proportional. That model has no tree-level
FCNC and was discussed in the last section (see [246] for a detailed analysis of the charged-
Higgs phenomenology of the aligned 2HDM). In another 2HDM, Mahmoudi and Stal [46]
used the Cheng-Sher parametrization and noted that, if one assumes that the );; are
diagonal, then both the aligned 2HDM and the various Z; models arise as special cases;
we shall include that model in this section. One can also find interesting phenomenological
possibilities by considering specific Yukawa textures [361] 362].

We first discuss direct searches. The LEP bounds on charged-Higgs masses will still
apply, but the relative branching ratios to 77v, vs. ¢s are parameter-dependent. Still, a
bound of around 75 to 80 GeV is expected based on the energy scale. Hadronic colliders
can extend the reach. In 1999, He and Yuan [316] discussed a new method of detecting
charged Higgs in models with tree-level FCNC. The idea is that, if a model has a large
tcH coupling (H is a neutral Higgs), then, from isospin symmetry, there will be a large
bcH* coupling and one can produce a charged Higgs through the s channel, since the b
and ¢ content of the proton is not negligible. Although this process can exist in standard
2HDMs, it is suppressed by the small V,;, CKM-matrix element.

In the type III 2HDM, (p"V) e & pUViy + pUViy = pY, whereas (VpP)s ~ ph. The
latter is, in the Cheng—Sher Ansatz, much smaller, therefore the dominant vertex involves
crbr, and not—as in the standard Type I or Type Il 2HDM—c¢br. With the Cheng—Sher
Ansatz this vertex will be quite large, O(y/m.mp/v?) ~ 1%. He and Yuan [316] find that,
for a 14 TeV LHC with 100fb~! luminosity, one would get, for my+ = 300 (800) GeV,
over 130,000 (380) single-top events from the charged-Higgs decay and (if kinematically
accessible) about 180,000 (4,000) events H* — W+h — W+ (bb, 7+7~). With appropri-
ate cuts, this can by seen over the Standard-Model rate (from W*) up to charged Higgs
masses below 350 GeV, whereas for heavier masses, the signature is not observable.

A study of this process H* — tb at the Tevatron, where the rates are of course
smaller, was carried out by the DO Collaboration [363], which was however unable to set
bounds on my+ unless the coupling of the charged Higgs to ¢;¢; was substantially higher
than expected in the type IIT 2HDM. Further analysis of the DO results was carried out by
Cardenas and Rodriguez [364]. They looked at a charged Higgs above the tb threshold and
found that, if A\yy = M. = 2.8(5.0), then mpy+ must be above 230 (264) GeV. Below the tb
threshold, they found from top decays that the lower bound on my+ is 145 (160) GeV for
At = Aie = 2.8(5.0) (the value 2.8 is the perturbative validity upper bound [365]). For
At = M = 1, no substantive bound could be found on mg+. Single-top production at
the LHC will provide a good probe of the model.

As in the type I and type II models, one can set bounds on the parameters of the
type III 2HDM from indirect processes. The first discussion of bounds on mpy+ from
B — X7 in the type III 2HDM was Ref. [216], but this was long before NLO corrections,
which are important, had been calculated. A comprehensive study is difficult because of
the large number of parameters in the type IIT 2HDM. A simplified analysis, in which only
Ay and Ay, are nonzero, was performed by Bowser-Chaoet al. [232]. This has the advantage
of a smaller parameter space and of the fact that only charged-Higgs loops are relevant—
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unlike the general case, where neutral-Higgs loops are important too. They allowed for the
possibility that those two couplings are complex—the relative phase determines whether
the charged-Higgs loops interfere destructively or constructively, and can also give rise
to a non-zero neutron electric dipole moment (EDM). Their results are shown in fig. 201
for three different values of |[AyAw|. On the x axis is the phase angle, which is 180° in
the type I and type II models. The type II model corresponds to the middle figure at
6 = 180°; and one can see the bound of roughly 300 GeV of that model. The shaded
region is excluded by the experimental upper bound on the neutron EDM. Note that,
for a reduction by a factor of two of |[AyAw|, the lower bound on my+ drops almost to
the observed lower bound from LEP (this work was done in 1999 and the experimental
constraints are much tighter now, but NLO effects have been calculated and lower the
curves only a little, resulting in similar results). They also gave bounds from B-B mixing
and Ry, but the experimental results have changed a bit since then and the results are
rather sensitive to those changes. The important aspect of the paper by Bowser-Chao et
al. is that, through slightly lower values of | A\;;Ap|, one can substantially lower the bound
on my+ in the type 111 2HDM.

The most comprehensive analysis of B — X,v and of B~B mixing in the type III
2HDM was the one by Xiao and Guo [233] and also, with a specific focus on B — (K*, p)~,
the study of Xiao and Zhuang [366]. There are numerous plots in these two papers. From
the B—B mass difference, and assuming that only Ay, and Ay are nonzero, they [233, [366]
find that Ay < 1.7 for any my+ < 300 GeV; moreover, even for such small values of Ay,
there is an excluded region: from 0.75 to 1.6 for mg+ = 200 GeV, from 0.95 to 1.4 for
mpg+ = 300 GeV, and from 1.15 to 1.25 for my+ = 400 GeV. They also present results
similar to those of Bowser-Chao et al. for B — X7, although they use a different set
of parameters and also improved, updated data. They provide a comprehensive set of
formulae which can easily be employed for other parameter choices.

Of course, if additional \;; are taken to be non-zero the parameter space becomes quite
large. Some recent analyses that discuss other \;; include the work of Diaz et al. [367], in
which the effects of non-zero Ay, and A, were discussed (Ag was found to be unbounded,
At was found to be smaller than 1), and of Idarraga et al. [36§], who also considered
bounds from leptonic B decays but chose very large A,, and A... Also note that, if
neutral fields are allowed in the loop, one could get an effect proportional to A?,, which
is, however, negligible.

The possibility of s-channel charged-Higgs production at the LHC may provide the
best method of detection, and detailed simulations would be welcomed.

As discussed in Chapter [3] the BGL and MFV couplings can be obtained from the type
IIT model with the Cheng-Sher ansatz replaced by another ansatz (which may depend on
parameters and which will vary for different models). Thus, everything in this section
would apply to these models, but with \;; not being of O(1).
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Figure 20: Contours of the branching ratio of b — sv as a function of the charged-
Higgs mass and of the phase 6 between \; and Ay, for three different values of |y
The shaded areas are excluded by the experimental bound on the neutron electric dipole
moment. This figure is from Ref. [232].
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5 The scalar sector of the 2HDM

The scalar sector of the 2HDM has many interesting features. In its most general form,
the potential apparently has 14 independent parameters. However, the fact that the Higgs
doublets ®; and ®, are not physical observables—only the scalar mass eigenstates are
physical particles—means that we have the freedom to re-define those doublets, provided
we preserve the form of their kinetic terms. These basis changes of the Higgs doublets
allow one to absorb some of the parameters in the potential and are essential to understand
the number of physical parameters really present in it.

For several good reasons—the most usual of which is preventing the occurrence of
FCNC in the 2HDM—it is common to impose a variety of global symmetries on the
2HDM, thus reducing the number of free parameters. In a highly non-intuitive result, it
has been proven that there are only siz such symmetries which have distinct effects on the
scalar potential. The six models resulting from each of those symmetries have different
physical implications: different spectra of scalars, different interactions with gauge bosons,
and, in some cases, predictions of massless axions or potential dark matter candidates.

It is the scalar potential that determines the vacuum of the 2HDM, and that vacuum,
unlike what happens in the SM, is not unique: with two doublets the possibility arises
that the vacuum of the model spontaneously breaks the CP symmetry—which in fact is
precisely the reason why T. D. Lee first proposed the 2HDM in 1973 [9]. However, for
certain values of the parameters in the potential, vacua which violate the electromagnetic
symmetry, giving mass to the photon, are also possible. Those have, of course, to be
avoided. Even if one considers only vacua which preserve both CP and the usual gauge
symmetries of the SM, the 2HDM has a rich vacuum structure: some of the possible 2HDM
potentials can display so-called “inert vacua”, in which one of the neutral scalars does not
couple to gauge bosons at all (and can easily be made to decouple from fermions as well).
Some other potentials may have two different electromagnetism-preserving minima, with
different predictions for the masses of the gauge bosons, for instance. The 2HDM has
however a feature which distinguishes it from other multi-Higgs models, such as SUSY,
the Zee model, or the 3SHDM: its vacua are stable and no tunneling from a neutral,
CP-conserving vacuum to a deeper, CP- or charge-breaking vaccuum, is possible. And
vice-versa: any CP- or charge-breaking minimum that one finds is guaranteed to be the
global minimum of the model.

However, not all values of the parameters of the 2HDM potential ensure that there
is a stable minimum, unless one can be sure that the potential is bounded from below.
This basic requirement allows one to impose constraints on the quartic scalar couplings.
A renormalization-group improvement of those constraints translates in possibly severe
bounds on the masses of the physical scalar particles. In the following we shall analyse
these questions. We shall discuss the vacuum structure of the potential, derive general
formulae for the scalar masses, present bounds on quartic couplings obtained from the
requirement that the potential is bounded from below, and discuss the symmetries of the
scalar potential and their extension to the Yukawa sector.
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5.1 The scalar potential, notation 1

The most general renormalizable, i.e. quartic, scalar potential may be written [369]
Vi = m30l®, +m,old, (mfchicbz + H.c.)
o) TRE i i i i
1 (q>1<1>1) + 10 (@2%) TP (q>1<1>1) (®2q>2) + A (@1%) (¢2q>1>
2
+ {%Ag, (cb{@g) + X (cb}cbl> (@{cbg) +Ar <q>;<1>2) (cb}cm) +H.c.] . (98)

where “H.c.” stands for the Hermitian conjugate. The parameters m?;, m3,, and A\ 234
are real. In general, m}, and A\s¢; are complex. Thus, the Higgs potential in eq. (98]
depends on six real and four complex parameters, i.e. a total of fourteen degrees of
freedom. However, as we shall see below, the freedom to redefine the basis means that in
reality only eleven degrees of freedom are physical.

In eq. ([O8) we are following the definitions of Davidson and Haber [359]; often other
definitions are used, in which the same symbol may be employed for quantities which
differ from ours in sign, a factor of two, or complex conjugation.

5.2 The scalar potential, notation 2

An alternative notation for the scalar potential, which has been championed by Botella
and Silva [370], is

2 2
Vi = Y @01 ST Aupea (0105) (€]04) . (99)

a,b=1 a,b,c,d=1

where, by definition,
)\ab,cd = )\cd,ab~ (100)

In eq. ([@9) hermiticity implies
Hab = :uZa and )\ab,cd = )\Zmdc‘ (]‘0]‘)

The notation of eq. ([@9) is useful for the study of invariants, basis transformations, and
symmetries. The correspondence between notations 1 and 2 is given by

_ 2 9
H11 = My, Ha2 = My,
_ 2 _ 2 *
H12 = —Mqs, Ho1 = —My
A111 = A1, A2222 = Ag,
Al1,22 = Aaa 11 = A3, Ai221 = 2112 = A4, (102)
*
A2,12 = As, Ao121 = AS,
*
Al112 = Aig11 = e, A121 = A2111 = g,
*
A2212 = A12.22 = A7, A2221 = o122 = AL

Once again, one must be careful when confronting eq. ([@9]) to similar equations written
in other papers, since the same symbol may be used in different papers for quantities which
differ in sign, a factor of two, or complex conjugation.
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5.3 The scalar potential, notation 3

The previous two notations consider the scalar doublets @, (a = 1,2) individually. A third
notation emphasises the presence of field bilinears ®!®, in the scalar potential. An early
use of bilinears is due to Velhinho, Santos, and Barroso [371]; the notation has later been
much employed by Nagel [372], by Maniatis et al. [373] 374, 375], by Nishi [376, 377, 378],
and by Ivanov [379, 380, [381]. Following Nishi [376] we write:

Vy = Z M7, + Z AT, (103)
w,v=0
where
A=Ay, (104)
and
o = % (q)J{(I)l + @;@2) y
o= b(0e,+ 8la)) = Re (a]a,),

(105)

s = (oo - ala,).

ro = —3% <<I>T<I>2 (I)T(I)l) = Im (‘I)T(I)2>

In eq. (I03]) we have adopted an Euclidean metric. It differs from the notation of Ivanov
[380], who pointed out that r, parametrizes the gauge orbits of the Higgs fields in a space
equipped with a Minkowski metric.

Notation 3 is convenient for studies of features such as the existence and number of
minima of the scalar potential. Since the Yukawa couplings involve the Higgs doublets
individually rather than bilinears, notation 3 cannot be applied for studies of the full
theory with both scalars and fermions.

The correspondence between notations 1 and 3 is given by

M, = (mfl +m3,, —2Re (mé) , 2Im (mé) , miy — m§2) , (106)
()\1 + )\2)/2 + )\3 Re ()\6 + )\7) —Im ()\6 + )\7) ()\1 — )\2)/2
A Re (A¢ + A7) Ay + Re(Xs5) —Im (X5) Re (A — A7) (107)
me —Im ()\6 + )\7) —Im ()\5) )\4 — Re ()\5) —Im ()‘6 - )\7)
()\1 - )\2)/2 Re ()\6 - )\7) —Im ()‘6 - )\7) ()\1 + )\2)/2 - )\3
The correspondence between notations 2 and 3 is given by
2
Mu = Z (Uu)ab Hba, (108)
a,b=1
2
Aw = 5 D (00)0 (00) g Mbade: (109)
a,b,c,d=1

where oy is the 2 x 2 identity matrix and o0y 23 are the three Pauli matrices.
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5.4 Basis transformations

The doublets @, are not physical-—only the scalar mass eigenstates, corresponding to par-
ticles, are physical. Thus, any combination of the doublets which respects the symmetries
of the theory will produce the same physical predictions. We call any combination of
(®1, Py) a basis for the doublets. We may rewrite the potential in terms of new doublets
®’ . obtained from the original ones by a (global) basis transformation

2
O, = UuPs, (110)
b=1

where U is a 2 X 2 unitary matrix. Under this unitary basis transformation the gauge-
kinetic terms are unchanged, but the coefficients of the potential in notation 2 transform
as

2
Wy = Y UwpeaUpy = UpUY), . (111)
c,d=1
2
:zb,cd = Z Uae Ueg Aef gh Ugf Ush- (112)
e,f,g,h=1

The basis transformation of eq. (II0) induces a transformation of the 4-vector in

eq. (I0%) given by

re =ro, Ti= ZRU (U)r; (113)
j=1
where [370]

The matrix R belongs to SO(3) and the transformation of U into R (U) is the SU(2)—SO(3)
two-to-ond' mapping. Under this rotation of the 3-vector r;, the parameters of the scalar
potential in notation 3 transform as

e scalars,
My = My, Ay = Aoo, (115)
e vectors,
3 3
j=1 j=1
e and a symmetric tensor
3
Aj; = Z Rip Rj A (117)
k=1

13Note that R(U) = R(=U).
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We see in eqs. (I11) and (I12)) that the overall phase of U does not impact the change
of the parameters of the potential. As a result, one may consider U € SU(2). We then

parametrize
eZXCw el(X—f)de
- ( ey, ). (118)

where ¢, = cos®y and s, = sin®); a similar notation will be used below for multiples of
the angle v. Then, in notation 1, the parameters m?j and \; of eq. (O8) transform as

mfll = mflc?p + m%zsfb — Re (mfzeig) S, (119)
mi, = misi, + m3ycl, + Re (m7,e") s2y, (120)
m2, = &9 [1 (M3, — m3,) say + Re (miye™) oy + ilm (mi,e™)] (121)
A= Aic) + Aasy 4 2haus85, + 282y [c)Re (Aee™) + s5Re (A7e™)] (122)
Ay = )xlsf; + )\gcfp + %)\345s§w — 289, [siRe ()\Ge’f) + ciRe ()\7ei5)} , (123)
Ny = Ag+ 155, (A1 + A — 2X35) — saycagRe [(As — A7) €7 (124)
N, = M+ isgw (A1 4+ A2 — 2X345) — S2pcayRe [()\6 — A7) eig] , (125)
A= B9 is%w (A1 + A2 — 2A\345) + Re ()\562i5> + icoyIm ()\562i5)
—sapcapRe [(As — A7) €] —isaplm [(Ag — A7) €]}, (126)

)‘é = ei(2x—§) {—%Sgw [)\103} — )\283 - >\345CQ¢ —iIm ()\562i5>}

+cyesyRe ()\Geis) + sys34Re (>\7ei§) + icilm (>\6ei5) + isilm (>\7ei5)} (127)
Ay = el 8) {—%Szw [)\1812/, - )\zci, + Asa5Coy + tIm ()\562i5)}

+sy53,Re ()\Geis) + cyczyRe (>\7ei§) + isilm (>\6ei5) + icilm (>\7ei5)} (128)

where .
)\345 = )\3 + )\4 + Re ()\56226) . (129)

A basis transformation may be utilized to eliminate some of the degrees of freedom
in the scalar potential. This implies that not all the parameters in that potential have
physical significance. Thus, the three parameters in eq. (II8) may be used to absorb three
out of the 14 parameters in the scalar potential. As a result, there are only 11 physical
degrees of freedom in the potential and, thus, only eleven independent observables. Note,
though, that we are still discussing the most general potential; when one imposes a global
symmetry (see section [0.6l ahead) on the 2HDM, the number of parameters which may be
eliminated through basis transformations may be less than three.

5.5 GCP transformations
The standard CP transformation for a Higgs doublet reads
d (t,7) — OF (t,7) = ®* (t, —7). (130)
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The reference to the time (t) and space (Z) coordinates will henceforth be suppressed.
However, in the presence of several identical doublets, the possibility of arbitrary basis
transformations should be included in the definition of the CP transformation. Let us
illustrate this problem with a simple example. We start from the basis (®1, ®,) and the
usual definition of CP:
P = @, OSF = @3 (131)

Now we perform a basis transformation

O = 5 (P DY),
By = L (—e D 4 DY) (132)
/2 1 2
Substituting eqgs. (I32) into eqs. (I3]), we obtain
U5 (@) e @) ] = g (@) e (@))]
L [ @) 4 (@) ] = L [~ (@) + ()]
which leads to m
i i
@) = () ﬁ@’)
op i 11— / (133)
(@) = —— (@) + o (B))"

NG 2

This is clearly not the usual CP transformation, which means that eq. (I31]) is too re-
strictive as a definition of CP. Even the usual CP transformation may look different from
eq. (I31) in a different basis.

As a result, we must consider a more general version of the CP transformation, which
we denote with the superscript ‘GCP’ 14,

2
O, — OFP = "X,
(134)

2
where X is an arbitrary unitary matrix. GCP transformations were first discussed by
Lee and Wick [399]. Their explicit use for quarks is due to Bernabéu, Branco, and
Gronau [400]. GCP transformations in the scalar sector were developed by the Vienna
group [4011, 402} [383], 1382]. Note that, unlike the standard CP transformation of eq. (I30),
GCP transformations are such that the square of the transformation is not, in general,
equal to unity (see section [5.6.3)—as we already see in the practical example of eqs. (I33)).

4These are known in the literature by many authors as Generalized CP transformations [382]— [398].

80



Under the GCP transformation in eq. (I34)), the gauge-kinetic terms stay invariant
but the coefficients p,, and g cq transform as

2
Pt = Y XeepiyXoy = (X XT) (135)
c,d=1
2
)‘Sbc,jclc)l = Z Xa@XCf)‘:g,thggX;h‘ (136>
e,f,g,h=1

We next turn to the interplay between GCP transformations and basis transforma-
tions. If the GCP transformation is given by eq. (I34), then ®/ = ", U, ®, has a GCP
transformation given by

¥, > (30 zmg*, (137)

where
X' =UXU". (138)

The fact that UT, rather than UT, appears in eq. (I38) is crucial. If one had UT, then one
would be able to find a basis such that X was diagonal. Because one has U7 in eq. (I38)
it is not possible to reduce, through a basis transformation, all GCP transformations to
the standard CP transformation of eq. (I30). However, Ecker, Grimus, and Neufeld [383]
have proved that for every matrix X there exists a unitary matrix U such that

cosf sind )

! T
X =UXU _<—sin9 cos 6

(139)

with 0 < 6 < 7/2. The value of § may be determined through either one of two ways: (i)
the (twice degenerate) eigenvalue of (X 4+ X7) (X* 4+ XT) is 4 cos® 6; (ii) the eigenvalues
of X X* are e*2?,

The GCP transformation in eq. (I34) induces the following transformation of the
four-vector in eq. (I05):

3
re® =ro, ¢ =Y Ry (X)r (140)

where [375]
R(X) = R(X)R,,
Rw(X) = %tr(XTaiXaj), (141)
Ry, = diag(1,-1,1).

Both R, and R (X) are improper rotations, i.e. O(3) matrices with determinant —1. For
the simplified form of X in eq. (I39) one has

cos (20) 0 —sin(20)
R(X) = 0 —1 0 : (142)
sin(20) 0  cos(20)
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5.6 The six classes of symmetry-constrained scalar potentials

The large number of free parameters in the scalar potential of the 2HDM reduces the
theory’s predictive power. Any symmetry that we may impose on the 2HDM to constrain
its scalar potential is therefore welcome. Also, as we discussed in previous sections, the
2HDM is in general plagued by flavour-changing neutral currents; these, however, may be
eliminated—or strongly suppressed—by imposing an internal symmetry on the 2HDM.
Symmetries leaving the kinetic terms unchanged may be of either one of two types:

1. One may relate ®, to some unitary transformation of ®,,
2
O, = Dy = Sud, (143)
b=1

where S is a unitary matrix. We then require the potential to be invariant under
this transformation. As a result of this invariance,

2
Hap = ZSacﬂcdS;da (144)
c,d=1
2
)\ab,cd = Z SaeScf)‘eg,thl;kgS;lkh' (145>
e, f,g,h=1

These are known as Higgs Family (HF) symmetries

2. One may relate ¢, with some unitary transformation of ®;:
2
0, — BT = " X, 9, (146)
b=1

where X is an arbitrary unitary matrix. We then require that the potential be
invariant under this symmetry:

2

* *

Hab = E XactogXpas
c,d=1

2
Mabed = > XaeXep Ny 1 Xio Xin- (147)

e7f7g7h:1
These are known as GCP symmetries.

Under the basis transformation ®, — ®/ = U, P, of eq. (1) the specific forms of the
HF and GCP symmetries get altered, respectively, into:
S = USUT, (148)
X' = UxXUT. (149)

5Notice that this is not the situation considered in eqs. (II0)—(II1Z). There, the coefficients of the
Lagrangian do change under the transformation. In contrast, eqs. (I43)—([I40) imply the existence of a
HF symmetry of the scalar potential because the coefficients of Vi are unchanged.
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Therefore, a symmetry relation among the coefficients of the scalar potential will, in
general, appear as a different relation if the coefficients of the potential are written using
a different basis for the Higgs doublets.

One may, of course, impose on a theory several HF symmetries and/or GCP symme-
tries simultaneously. Ivanov [380] has proved that, no matter what combination of HF
and/or GCP symmetries one imposes on the scalar potential of the 2HDM, one always
ends up with one of six distinct classes of potentials. This issue was studied further by
Ferreira, Haber, and Silva [386]. In table [§l we present an example of a symmetry in each

Table 5:  The six classes of symmetries (I-VI) of the scalar potential and a practical
example of a symmetry in each of those classes. The number in the last column is the
minimal number of parameters (n) in the scalar potential, obtainable in a specific basis.

2 2

class symmetry | m3;, m3, mi [ A1 A2 A3 A4 A5 A6 A7 | n
I U(2) mi, 0 A1 A — A3 0 0 0 |3
11 CP3 m%l 0 )\1 )\1 — )\3 — )\4 0 0 4
111 CP2 mi, 0 A1 —X¢ | D
IV U(1) 0 0 0 0 |6
\Y Zo 0 0 0 |7
VI CP1 real real real real | 8

of the six classes of symmetries found by Ivanov, and the constraints on the parameters of
the potential following from that specific symmetry. The number of physical parameters
in the potential may in general, within each one of Ivanov’s classes, be further reduced
by choosing a specific basis for the scalar doublets, much in the same way as the gen-
eral 2HDM potential has 14 parameters which may, however, be reduced to 11 through a
suitable basis choice; the number of physical parameters for each class is given in the last
column of table [Bl
The six specific symmetries given as examples in table [B] are the following:

e U(2) is the strongest (most general) HF symmetry,

—i€ —it) o
g < e % cos e ¥sinb )7 (150)

—e¥sinf € cosf
where &, 0, and v are arbitrary.

e CP3 is a GCP symmetry with

¥ ( cosf sind )’ (151)

—sinf cos®

the first-quadrant angle 6 being generic, i.e. different from the two specific values 0
and /2.
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CP2 is the GCP symmetry of eq. (I5Il) but with § = 7/2, i.e.

X:(flé). (152)

e U(1) is a restricted version of the HF symmetry of eq. (I50) with

e 0
S—( 0 eiﬁ)’ (153)

where £ is arbitrary

Z is the symmetry under ¢ — —¢o,

S:(é_ﬂ). (154)

CP1 is the standard CP symmetry, with

X:(é?). (155)

Some of these models may be further simplified by choosing an appropriate basis for
the Higgs doublets:

e A specific basis may be chosen in the CP2 model [359] such that A5 is real and
X = A7 = 0, hence that model only has five parameters.

e In the U(1) model one may render A5 real through a rephasing of the doublets, so
that that model only has seven parameters.

e One may perform a real rotation of the doublets in the CP1 model such that m2,
becomes zero [9], hence that model only has nine parameters.

It should be noted that the scalar potential of the minimal supersymmetric Standard
Model (MSSM) does not fall into any of Ivanov’s symmetry classes. In fact, in the tree-
level scalar potential of the MSSM one has [47, 403, 373]

2 2 2 _
U A W ey S VI

)\1:)\2: 4 ) 4 )

As = Ao = Ay = 0, (156)

where g and ¢’ are the gauge coupling constants of SU(2) and U(1), respectively. This
is much similar to the U(2)-symmetric 2HDM, with the crucial difference that the latter
has A3 + Ay, = A1, while in the MSSM A3 + A\, = —\;. It is often stated that the scalar
sector of the MSSM is a particular case of a 2HDM, but that statement is potentially

16See, though, the discussion after eq. (I62)).
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misleading: the relations among the quartic couplings in egs. (I56) are renormalization-
group (RG) invariant in the MSSM, but only due to the presence of extra particles—
namely the gauginos; analogous relations among the couplings of a 2HDM are not RG-
protected if the 2HDM is not supersymmetrized [403392]. An RG analysis of the relations
between couplings shown in table [l was undertaken in [393] [394]. The list of possible
potential symmetries increases when one considers field transformations which do not
leave the gauge-kinetic terms invariant, as was shown recently by Battye et al. [395] and
by Pilaftsis [396]; of course, those extra symmetries lead to relations among the parameters
of the potential which are not RG-invariant. See also the discussion on custodial symmetry
in Appendix [ElL

The remainder of this section is devoted to a careful explanation of table [5l following
the presentation in [386].

5.6.1 Higgs Family symmetries

Higgs Family symmetries have a long history in the 2HDM. Glashow and Weinberg [27]
and, separately, Paschos [28] have introduced the discrete Z5 symmetry

Z2 : (I)l — (I)l, (I)Q — —(I)Q, (157)

and extended it to the quark sector in order to avoid flavour-changing neutral currents.
This symmetry enforces m?, = 0 and \¢ = A7 = 0.
We may consider the Z; symmetry in a different scalar basis,

(I)ll = 2_1/2 ((I)l + (I)g) ,

158
(I)/2 = 2_1/2 ((I)l - (I)g) . ( )

obtaining the interchange symmetry
I : @)+ . (159)

This is equivalent to applying eq. (I4]]) in the form

)G )G A=) o

The II, symmetry enforces m3, = m?i;, Im (miy) = 0, Ay = A1, Ay = A, and Im (\5) = 0.
Thus,

e the constraints obtained by applying Z, are apparently different from those obtained
by applying II;

e however, the two symmetries are equivalent, since applying Z, in a given basis
is the same as applying Il in a basis obtained from the first one through the
transformation (I58));

e the Zy-symmetric and Il;-symmetric potentials must lead to exactly the same phys-
ical predictions—we say that they are in the same class—because physical observ-
ables cannot depend on the basis in which we choose to write the Higgs doublets.
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Equation (I48) constitutes a conjugacy relation within the group U(2). Thus, HF
symmetries associated with matrices S and S” which are in the same conjugacy class of
U(2) correspond to the same model. Moreover, symmetries S and S’ related by an overall
phase transformation (S’ = ¢%S) also lead to the same physics, since that overall phase
transformation does not affect the bilinears ®; ®y,.

Ferreira and Silva [404] have shown that there are only two classes of HEF' symmetries
generated by one single generator in the scalar potential of the 2HDM: the discrete Z
symmetry and a continuous U(1) symmetry

¢, — €_i0q)1, ) — ewfbg, (].6].)

for an arbitrary ¢. This U(1) symmetry (suitably extended to the quark sector) was first
introduced by Peccei and Quinn [12] in connection with the strong-CP problem. The
Higgs potential invariant under U(1) has m?, = 0 and A5 = A\¢ = A\; = 0 and is therefore
also invariant under Zs.

It is important to note that, for instance, a potential invariant under

e—i27r/3 0
Sajs = ( 0 pi2n/3 ) (162)

is automatically invariant under the full Peccei-Quinn U(1) group. Even though we
only want to enforce a symmetry group Zs = {Su3, 522/3, 53/3 = 1}, we automatically
obtain a potential with full U(1) symmetry. In fact, invariance under any Z,, group, with
n > 2, will lead us to a U(1)-invariant potential. Another possibility of obtaining the
same result is to choose an irrational multiple of 7 for the angle 6 in eq. (I61). This is
an important point because continuous symmetries, when broken, may lead to massless
scalars (Goldstone bosons). An innocent-looking discrete symmetry may have the same
effect on the scalar potential as a continuous symmetry and therefrom arises the possibility
of undesired massless scalars.

We must however point out two caveats to the discussion in the preceding paragraph.
The first caveat is that we are assuming a renormalizable theory, from which we exclude all
terms in the potential with dimension larger than four. If, however, we take the reasonable
view that the 2HDM is just the low-energy limit of a larger theory, and decide to include
effective operators of dimensions five, six, or above, then the equivalence between different
symmetries (such as the Z,, with n > 2, all of them leading to the same U(1)-invariant
scalar potential) might no longer be verified. The second caveat pertains to the fermionic
sector: given a specific symmetry of the scalar sector, there are in general many ways of
extending that symmetry to the fermion sector, often with completely different effects on
the Yukawa terms. We shall return to this issue in more detail in section .12l

One may also impose a symmetry with multiple generators on the scalar potential.
For example, the scalar potential invariant under both Z, and Ily in the same basis has
m2, = m3y, mi, =0, \; = Ay, and A\¢ = A\; = Im ()\;) = 0. Thus, the potential invariant
under Zy x Il only has five parameters (m?;, A1, A3, Ay, and Re ()\;)) and, indeed, one
may show [359, [386] that it is equivalent, in a different basis, to a potential with CP2
symmetry:

Zy x 1l < CP2 < Class 111 (163)
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The U(2)-invariant potential may similarly be obtained [386] through the imposition of
the CP3 and U(1) symmetries in the same basis, as can easily be seen in table

One can also prove [397] that the existence of either the Zy (or, equivalently, Il,),
U(1), or U(2) symmetries is sufficient to guarantee the existence of a basis choice in which
all the parameters of the scalar potential are real. That is, the corresponding scalar Higgs
sectors are explicitly CP-conserving. Therefore, all models belonging to the classes in
table Bl have CP-conserving scalar potentials.

5.6.2 CP symmetries

We now want to discuss the potentials obtained by imposing one single GCP symmetry.
Writing X as in eq. (I39)), Ferreira, Haber, and Silva [386] have shown that there are only
three classes of potentials obtainable by imposing a single GCP symmetry: CP1 (class
VI), CP2 (class III), and CP3 (class II). The potential CP1 results from applying the
GCP symmetry with the matrix X in eq. (I39) with 6 = 0:

this is the standard CP symmetry, which forces all coefficients in the potential to be
real. The potential CP2 results from applying the GCP symmetry with the matrix X in

eq. (I39) with 0 = 7/2:
Dy — D), By — —D. (165)

The potential CP3 results from applying the GCP symmetry with any other (arbitrary)
angle 6 # 0,7/2. The theories with symmetry CP2 and CP3 are (of course) CP conserv-
ing, but they have potentials more restrictive than CP1.

In the CP3 symmetry, any single angle  different from 0 or 7/2 in eq. (I39) leads to
the same potential. However, if one wants to extend the CP symmetry to the Yukawa
sector, different values of 6 will have different consequences for the quark masses—only
6 = 7/3 allows for six massive quarks [391].

As mentioned regarding eq. (IG3), we may reach class III of 2HDM scalar potentials
either by requiring symmetry under the GCP transformation of eq. (I52]) or, alternatively,
by requiring joint symmetry under Zs and Il,. There are, indeed, many other ways to
obtain the class III scalar potential. Similarly [386]

U(1) x II, = CP3 = Class IV. (166)

In general, there are many possible symmetries leading into any of the six classes of
symmetry-constrained 2HDM potentials. The different symmetries are equivalent with
respect to the scalar potential, but they may differ when one tries to extend them to the
Yukawa sector. Ferreira, Haber, and Silva [386] have proved that i) except for the class VI
potential, all other five classes of potentials can be obtained through multiple applications
of HF symmetries; ii) one can obtain all six classes of scalar potentials through multiple
applications of the standard CP symmetry in different bases. An interesting geometric
interpretation of these properties is presented in [398].
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5.6.3 The square of the GCP transformation

Applying the GCP transformation twice to the scalar fields,

2
(7)Y = 3 X, (25C7)" Z X X5, P, (167)
b=1 b,c=1

one obtains a HF symmetry with S = X X*. Thus, (GCP)? provides a distinction among
the three GCP symmetries:

(CP1)?* = 1,
(CP2)? = -1,

2 cos 20 sin 26
(CP3)° = ( —sin20  cos 26

While (CP2)2 is reduced to the identity transformation through a global hypercharge
transformation [375], (CP3)? is a non-trivial HF symmetry of the class II scalar potential
[336].

(168)

5.6.4 Symmetries and bilinears

Ivanov’s description of the possible classes of scalar potentials in the 2HDM is most
conveniently summarized by looking at the corresponding vectors and tensor of eqs. (I16])
and ([I7). We start by looking at the implications of the symmetries we have studied so
far on the vector 7= {ry, ry,r3}, whose components were introduced in eq. (I05]). Notice
that a unitary transformation U on the fields ®, induces an orthogonal transformation R
on the vector of bilinears 7, given by eq. ([14]). For every pair of unitary transformations
+U of SU(2), one can find some corresponding transformation R of SO(3), in a two-
to-one correspondence. We then see what these symmetries imply for the coefficients of
eq. (I03) (recall the A, is a symmetric matrix). Below, we list the transformation of
under which the scalar potential is invariant, followed by the corresponding constraints
on the quadratic and quartic scalar potential parameters, M, and A, .

e The class I symmetry implies

M, Aoo 0 0 0

5 . 0 0 A 0 0

7 — RT, E 0 0 A 0 , (169)
0 0 0 0 Ay

where R is an arbitrary 3 x 3 orthogonal matrix of unit determinant. Thus the
vectors M; and Ay; vanish while the tensor A;; is proportional to the unit matrix.
It is evident that class I has only three parameters in the scalar potential.

e For class II, the vectors M; and A, once again vanish while the tensor A;; has two—
instead of three, as in class [-——degenerate eigenvalues. For instance, if one applies
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the GCP transformation of eq. (I

- — 11
T — _SO —(1) CO T, R 0 0 Ay 0 . (170)
2 2 0 0 0 0 Ay

It is evident that for this symmetry class there are four parameters in the scalar
potential.

In class III, the vectors M; and A, vanish and the eigenvalues of the tensor A;; are
all different. For instance, if one applies the GCP transformation of eq. (I52)

. M, Aoo 0 0 0
—T1
. B 0 0 An Aip Ay
TR 01" |0 Aw Am A | (TY
0 0 Az Aoz Asg
but the 3 x 3 real symmetric matrix
A A A
Ao Ay Ags
Az Agg Asz

may be diagonalized and has in general three distinct eigenvalues. Therefore, in this
symmetry class the scalar potential has five parameters.

For class IV, the vectors M; and Ay are parallel and, moreover, in the subspace
orthogonal to those vectors the tensor A;; has degenerate eigenvalues. For instance,
with the U(1) symmetry of eq. (I53)), we have

¢ =5 0 0 0 A 0 0

T — S9 Co 0 ’F: , - , (172)
0 0 1 0 0 0 A 0
Ms Aos 0 0 Ass

It is evident that there are six independent parameters in this scalar potential.

For class V, the vectors M; and Ag; are parallel and the tensor A;; has three non-
degenerate eigenvalues. For instance, with the Zy symmetry of eq. (I54),

. M, Ap 0 0  Ag

. _ 0 0 An Ap O
e Co 0 | 0 Aw Ap 0 |’ (173)

3 Ms Aoz 0 0 As

but the 2 x 2 real symmetric matrix

A A

Az Ag
may be diagonalized and has in general distinct eigenvalues. Therefore, the class V
scalar potential has seven parameters.
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e For class VI, the vectors M, and Ay, lie on the same plane and the tensor A has
one eigenvector orthogonal to that plane. For instance, with the CP1 symmetry of

eq. (I53),

- My Ao  An 0 Ap3

- _ M, Aot An 0 Ay3
7 — :2 , 0 , 0 0 Ao 0 , (174)

’ M; Aoz Az 0 As3

but the 2 x 2 real symmetric matrix

A A

Az Asg
may be diagonalized and has in general distinct eigenvalues. Therefore, in this
symmetry class the scalar potential has nine parameters.

Since each unitary transformation of the fields ®, induces an SO(3) transformation
on the vector of bilinears 7, and since the standard CP transformation corresponds to an
inversion of 79, i.e. to a Z, transformation on the vector 7, Ivanov [380] actually considered
all possible O(3) transformations acting on 7. He has identified the following six classes
of transformations: (i) Zy; (i) (Z2)?%; (iii) (Z9)3; (iv) O(2); (v) O(2) ® Zy; and (vi) full
O(3). No other independent symmetry transformations are possible.

5.7 Bounded from below limits

Stability of the 2HDM potential requires that it be bounded from below, i.e. that there
is no direction in field space along which the potential tends to minus infinity. This is
a basic requirement for any physical theory - the existence of a stable minimum, around
which one can perform perturbative calculations - which is satisfied by the scalar potential
of the SM through the trivial condition A > 0, where A is the quartic coupling of the SM
scalar potential.

The 2HDM scalar potential of eq. (98] is much more complicated than the SM’s, and
ensuring its stability requires that one studies all possible directions along which the fields
®; and P, (or rather, their respective eight component fields) tend to arbitrarily large
values. In general, the existence of a non-trivial minimum - by which we mean the fields ®;
acquiring non-zero vacuum expectation values - implies two conditions on the potential’s
parameters. They have to be such that: the quartic part of the scalar potential, Vj, is
positive for arbitrarily large values of the component fields, but the quadratic part of the
scalar potential, V5, can take negative values for at least some values of the fields.

The restrictions on V; need to be handled carefully:

e Demanding that V; > 0 for all ®; — oo is a strong stability requirement. This may,
however, be too strong, since several interesting models are excluded by it. For
instance, in tree-level SUSY potentials there is a direction ((®;) = (®,)) for which
Vy=0.
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e We can also demand stability in a marginal sense, by requiring V, > 0, for any
direction in field space tending to infinity.

e The equality in the marginal stability bound comes at a price: if there is a given
direction in field space such that V; — 0, it is necessary to demand that, along that
specific direction, one has V5 > 0.

A simple way to obtain necessary conditions on the quartic parameters of the potential is
to study its behaviour along specific field directions. Considering for instance the direction
|®1| — oo and |Py] = 0, the expression (O8] for the potential renders it obvious that one
can have positive values for Vj if and only if \; > 0. Likewise, the direction |®;| = 0 and
|®5| — oo gives us the condition Ay > 0. And if one takes |®;|*> = rcosf, |®3|> = rsinf
(with 0 < # < 7/2 and 7 — +00) but such that ®{®, = 0 (for instance considering
only non-zero upper components for ®; and lower ones for ®5), the bounded-from-below
condition becomes

A A
li:in 7 <El cos 0 + ?2 sin? 6 + A3 sin 6 cos 9) =7r2f(0) >0, VY. (175)
T—100

Minimizing f(#) with respect to 6 to obtain its smallest value and demanding that it be
larger or equal to zero, one finds that the coefficients A\; need to obey A3 > —v/A1Ag. By
studying several such directions, it is possible to reach other conditions on the couplings,
and we can gather all as

AM>0 , A>0,

A3 > =V A, As+ M — A5 > =V A, (176)

where we've taken A5 to be real. In [406] 373] it was proven that, in potentials where
one has \¢ = A7 = 0, these are actually necessary and sufficient conditions to ensure the
positivity of the quartic potential along all directions. As we can see from the discussion in
section [5.6] most of the possible symmetry-constrained 2HDM scalar potentials fall unto
this category - there is at least a basis where A\¢ = A\; = 0 holds, for the Z5, U(1), CP2,
CP3 and U(2) models. For the remaining possibilities - a model with CP1 symmetry,
or a model with no symmetry at all (other than the gauge ones), one can find necessary
and sufficient conditions for boundedness, involving A¢ and A7 in the work of [373] -
unfortunately, they do not have a simple analytical expression, like those of eq. (I'f@)), but
they can be handled numerically. In [373], all possible cases - strong stability, marginal
stability, analysis of the quadratic terms - were considered. Equivalent conditions, for the
strong stability requirements, were found in [380]. Again, they are not easily translated
into analytical bounds. It is not difficult, though, to find necessary conditions involving
A¢ and A;7. For the case they are real [405] 407)], one finds
2|)\6+>\7|<¥+>\3+>\4+>\5 . (177)
As mentioned earlier, the requirement of strong stability is too constraining, in the
sense that it actually excludes potentially interesting models. The obvious example is
the SUSY potential, for which the quartic couplings are related to the gauge coupling
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constants, and they are given by eq. (I56). With these couplings, the last bound in
eq. (@) is saturated. Likewise, in the CP3 model, for which A\s = A3 + Ay — A\; and
A1 = Mg, the last bound in eq. (IT0) gives us A\ + A3 + Ay > 0 and \; > Aq, the latter
clearly demanding the equality, lest the model be excluded.

For most cases, the conditions (I70) are all we need. They become specially important
if one wishes to analyse the stability of the potential including higher order corrections.
Clearly they were obtained through tree-level analysis, requiring that the tree-level po-
tential always be convex. But one may wonder whether those conditions ensure that the
one-loop corrected effective potential is also bounded from below. The one-loop correc-
tions to the tree-level potential are of the form

V(9i) = Viree(r) + & 417T2 ;mi(@) [1og (%) - g} : (178)

where the sum runs over all helicity states of the particles of masses m, present in the
theory, and p is the renormalization scale. We have kept the dependence on the fields
¢; explicit. Unbounded from below limits are found analysing the behaviour of the po-
tential for very large values of the fields ¢;, at which point one should worry about the
appearance of potentially large contributions from the logarithms in the expression above.
A renormalization group (RG) improvement of the bounds then amounts to considering
only the tree-level expressions we have already discussed, but considering the values of
the couplings which appear in those expressions at different renormalization scales. In
other words, we take the bounds from Eqs. (I70) and run the couplings therein, using
the S-functions of the model (see Appendix [El), along a range of scales u - from the weak
scale Mz to an upper scale A; at all scales in the interval chosen, the bounds must hold,
and in this way combinations of parameters which at one scale might be acceptable would
violate the bounds at another scale.

This type of analysis was performed in the SM [408, [409} 410], 4111, [412} [4T3]. There, the
Higgs potential quartic coupling A has a S-function with a sizeable negative contribution
from the top quark Yukawa. The top being so heavy, this term tends to decrease the
value of A at higher renormalization scales. Thus, if the starting value (at the weak scale,
say) of A is small, the coupling may well become negative at some higher scale, and the
potential would suddenly be unbounded from below. In this manner we can thus put a
lower bound on A and thus on the Higgs mass. On the other hand, if the starting value
of A is too large, the RG evolution of the coupling will increase its value immensely and
eventually the theory becomes non-perturbative. We will return to this when we consider
another class of theoretical bounds, in which one requires unitarity of all 2HDM processes
involving scalars, which we’ll look into in Appendix [Al Thus, the RG analysis allows us
to impose both higher and lower bound on the mass of the Higgs particles.

In the 2HDM the same type of phenomena can occur, and was treated in, for instance,
[400, [414] (415 416, 417, 97, 407). If for instance the ®; is made to couple to the up
quarks, the g-function for the A\; quartic coupling will have a large negative top Yukawa
contribution, and a similar analysis to the SM case will hold. Now, however, many other
quartic couplings are present and more bounds need to be obeyed. Nonetheless, the main
conclusions hold: smaller values for some of the A; at the weak scale are disfavoured as
they lead to unbounded from below potentials at higher scales; and large values of those
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couplings lead to Landau poles at high scales, thus a breakdown of perturbation theory.
These translate into bounds on the several Higgs masses. Several observations are in
order:

e (learly the bounds obtained will depend on what the upper renormalization scale
A is. Usually this is taken to be the gauge unification scale, ~ 10'® GeV. Varying
this scale will change (mostly) the upper bounds on the masses - the upper bound
on the lightest CP-even scalar can change from about 300 to about 100 GeV, if one
varies A from 103 to 10'® GeV [97].

e The precise values for the bounds have a noticeable dependence on the value of the
top pole mass. This is to expected since the top quark Yukawa is what drives most
of the quartic coupling RG evolution. Typically, at most some of the bounds can
change by roughly ~ 10 GeV for a 5 GeV change in the top pole mass [97, [407].

e Most of the analysis performed considered a 2HDM with an intact Z; symmetry.
However, as shown in [97], the soft breaking term mj, has a crucial importance in
the bounds obtained, which are increasingly relaxed the more the magnitude of m;,
increases. Roughly speaking, with A = 10'® GeV, the exact Z, model gives us an
upper bound on the lightest CP-even Higgs mass of roughly 100 GeV, which is easily
raised to about 185 GeV for the soft broken model [97, [407]. For some cases, like
the charged Higgs mass, large values of the soft breaking term eliminate the upper
bound obtained for the exact symmetry (roughly 160 GeV).

e In [407] other 2HDM theories were considered, namely the inert vacua (see sec-
tion [5.8)) of the Zy potential, the Peccei-Quinn U(1) model and the model without
Zy symmetry (dubbed the C'P1 model in section 5.6l The Peccei-Quinn and CP1
model bounds obtained do not differ significantly from the Z5 case. The inert model
has quite restrictive bounds on the two CP-even scalars.

e In [407] these bounds were also applied to theories in which the vaccum of the theory
spontaneously breaks CP (again, see section[5.8)). Such theories always have the m
term, which can be quite large. However, it was found that the lightest Higgs scalar
has a very low upper bound, roughly 85 GeV.

e These analyses only take into account the top Yukawa coupling, coupled to only one
of doublets. Even for a theory with flavour changing neutral interactions, this can
be considered a good approximation.

The general conclusion is that requiring that the potential be bounded from below in
the range of scales from My to A can severely limit the parameters of the theory, namely
the masses of the scalar eigenstates. However, such bounds are heavily model-dependent
- they depend on whether the 2HDM considered has a symmetry, or if that symmetry
is softly broken, and they depend immensely on what the upper scale A is taken to be.
Notice, for instance, that we simply do not know what the value of A should be; if one
thinks of the 2HDM as an effective theory A should be taken as the scale above which new
fields have to be considered, and it could be as low as 1 TeV. Hence, great care must be
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exercised when applying such bounds, lest one exclude regions of parameter space which
may well be important.

5.8 Spontaneous symmetry breaking

If the scalar potential of the 2HDM is bounded from below, being a quartic polynomial
function it will certainly have a global minimum somewhere. This same argument applies
to the SM, but there we can only have two types of minima: the “trivial” one, for which
the Higgs acquires zero vevs, and the usual one, where electroweak symmetry breaking
occurs, away from the origin, for (®) = v/+/2. In particular, vacua which break electric
charge or CP conservation are impossible in the SM. In what follows, we consider a vacuum
any stationary point of the potential, regardless of whether it is a minimum or not.

In the 2HDM, the vacuum structure is much richer. We can have three types of vacua
(other than the trivial case, (®1) = ($9) = 0):

e “Normal” (N) vacua, with vevs which do not have any complex relative phase and
can thus be trivially rendered real:

0 0
on-(8) w-(8) m
V2 V2

where v = \/v? +v3 = 246 GeV [1] and one defines tan 8 = vy/v;. This solution,
of course, is the 2HDM equivalent of the SM vacuum. We can distinguish a special
case here, in which the minimization conditions allow for one of the vevs vy, vy to
be zero. These are called “inert models”, already discussed in section 2.3l Notice
that, unlike the passage to the Higgs basis (in which only one of the doublets has a
vev, as well), the inert vacua are found in the basis where a Z, (or U(1), or other)
symmetry is manifest.

e CP breaking vacua, where the vevs do have a relative complex phase, that is

0 0
(Pr)op = | Lo | o (P2)or = | P2 |, (180)

V2 V2
with real values for v; and 5. The moniker “CP breaking” is not the most appro-
priate, since such vacua are possible even in potentials where the CP symmetry is
not defined (due to it being explicitly broken) - see for instance [418]. Also, the
presence of a phase in (I80) is not a guarantee of spontaneous CP breaking (see

section [G).

e Charge breaking (CB) vacua, in which one of the vevs carries electric charge,
o
V2 y
(P1)cB = v | (Pr)ep = v3 |, (181)

NG V2

"Notice, however, that certain 2HDM potentials can have more than one solution of this type, with
different values for v. See the discussion for eq. (202).
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with real numbers v, v}, a. Due to the presence of a non-zero vev in an upper
component (charged) of the fields, this vacuum breaks electrical charge conservation,
causing the photon to acquire a mass. Thus, they are to be avoided at all costs.

Given our definition for the charge (such that the lower components of fields are neutral),
the vacuum will break the charge and lead to a massive photon if and only if

(@) (w2) = avh #0. (182)

One can give a definition for a charge breaking vacuum which does not depend on our
definition of charge or on our basis choice [419],

(o) (@3) |7+ [@D) (03) |* — 2Re ({1 ) (£9), (%) (p3™)) # 0. (183)

Charge preserving vacua (many times called “ aligned vacua”) for the 2HDM and for
models with additional singlets or triplets were studied in Ref. [420].

That all possible vacua in the 2HDM reduce to one of the three forms of eqs. (I79),
(IR0) and (IRT)) can be seen using the freedom to choose a particular gauge in SU(2)p x
U(1)y. Let us write the two doublets in the following simplified manner:

+ ,i0F +1 ,i6F
P, = ‘@10\6'9(1) Dy = |9020‘e‘€(2) . (184)
7] et |5 e

The complex phases above will, in general, be functions of the space-time coordinates.
Then, the local gauge transformation Uy, given by the SU(2), matrix

U, = (““ “12) (185)

—Ujy Uy
with
0
uy = 0‘;P2| —
V 512 + |3 |
+
Uy = — |S02 ‘ ei(@;—@g)’ (186)

VIgsl? + les 2

eliminates the upper components of ®5. A combined hypercharge and SU(2), gauge trans-
formation can then be used to eliminate the phases of the upper and lower components

of ®;, through the matrix
e—i@fL 0
U2 = O e_w(l) . (187)

Of course, these phases 6" and 6 are not the same that appear in eq. (I84)) (they have
been changed by the gauge transformation U;), but that is irrelevant for the argument.
The final form of the doublets is thus

- () - (3)
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This is almost of the form of eq. (I81]), but it has a complex lower component in ®, [409].
However, that phase is physically irrelevant, since it can always be absorbed through a
trivial basis transformation - a re-phasing of ®5, &3 — e ®,. As such, the form of
the vevs in eq. (I8]) is indeed the most general one we need: there exists always a basis
for which the most generic vacuum will have that form. This conclusion could also have
been reached through a series of basis changes, plus a gauge transformation [419]. That
method has the advantage of being easily generalized for an N-Higgs doublet model.

Let us now look in more detail at the solutions of the minimization conditions. Writing
the potential in terms of the vevs 7; (for any of the three sets (I79) to (I81]), a stationary
point of the potential is found if the set of equations dV/00; = 0 has solutions. In terms
of the notation introduced in section 5.2l and for completely general vacuum expectation
values such that (®,) = 9,/v/2 18 1, the extremum conditions may be written as

2 2
> bt + 3D NaveaUie| =0 (for a = 1,2). (189)

b=1 c,d=1
Multiplying by v} leads to

2

Z Hab (U5 0) i Z Aab,ed (U300) (T30c).- (190)

a,b=1 c,d=1

If one performs a basis transformation such as the one presented in (II0), the vevs are
transformed as

2
o= Uy =Y Unb. (191)

b=1
And, for a GCP transformation like in (I34]), the vevs transform as

2
o = 00 = X0 Y _ 05 (192)

The different CB and CP stationary points are determined by a set of three equations,
a normal one by only two. In fact, since the 2HDM potential depends on eight real
component fields, any stationary point ought to be the solution of a set of eight equations
on eight unknowns which arise from (I89). However, given that one can always choose
the simplified forms of the vevs in eqs. (I79) to (I8T]), most of those equations are trivially
satisfied.

As was shown in [405] (and later in [373] [380} 377]), the CB vevs can always be
obtained analytically, and are given by

-1

Ull + Oé )\1 )\3 QRG()\G) m%l
' =2 A3 Ao 2Re()\7) m3, . (193)
vy Uh 2Re(Xg) 2Re(A7) 2(M\s + Re(Xs)) —2Re(mi,)

18 Notice that we are using 7,/v/2 for the complex vev (®,), while v, = |7,] is real.
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This expression has an important consequence: if eq. (I93)) admits a solution, it is unique,
up to trivial sign changes (o« — —a, v; — —v} and v}, — —v}) with no physical impact.
Charge breaking is in fact impossible in several symmetry-constrained 2HDM.

Likewise, the CP vacua vevs can always be obtained analytically in terms of the
potential’s parameters. Restricting ourselves to potentials where the CP symmetry is
defined - i.e., where it isn’t explicitly broken, see section [0l - we obtain

-1

@% A1 A3+ Mg — Re()\5)) QRG()\G) m%l
’(_Jg =2 )\3 + >\4 — Re()\5) >\2 2Re()\7) m%z
V10 cos 6 2Re(Ng) 2Re(A7) 4Re(As5) —2Re(m3,)

(194)
Again, up to physically irrelevant sign changes, the CP vacuum is unique.
The normal vacuum turns out to be the most difficult to solve. In fact, for many

potentials, the minimization conditions cannot be solved analytically. The equations
OV/0v; = 0 and 0V /vy = 0 give, for the most general 2HDM potential,

A A 1
m2 v — Re(m?,)vs + 210 + 2220102 + 5 [3Re(Ag)vivs + Re(A7)v3] =0

2 2
A A 1
m§21)2 - Re(mé)vl + ?2’03 + %UQ’U% + 5 [Re(Aﬁ)vi’ + 3R6(>\7)U2U%] = O, (195)

where A345 = A3 + Ay + Re(A5). A few important observations about these equations:

e For some models (unbroken Zs, U(1), CP2, CP3 and U(2)) these equations can be
solved analytically. However, the presence of soft breaking terms may prevent that.

e For any models in which m%, = X\¢ = A\; = 0 (for instance, models with a Z,
symmetry or higher), eqs. (I95) may admit solutions of the form v; # 0, vy = 0 and
vy = 0,v3 # 0. In the first case we have

2 2
0= — Tl”, (196)

in the second o2
vl =— 7;222, (197)

as long that, of course, m?, < 0 or m3, < 0 . These lead to the so-called Inert

models [160, 162]. The name derives from the fact that, unlike solutions of eq. (193])
which have v; # 0, v, # 0, these vacua lead to scalar particles which do not couple
to gauge bosons, and can easily be made to decouple from fermions. As such, these
models provide excellent candidates for dark matter.

e The equations (193] do not, in general, have a unique solution. Even when they do
not admit inert vacua they can lead, depending on the values of the parameters,
to several sets of vevs {vy, vy} which are not related by trivial sign changes [418].
In [421] it was however proven that there can be no more than two such solutions
which are simultaneously minima of the potential.
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5.9 Vacuum stability

In the SM there is only one possible type of vacuum, other than the trivial one. Indeed, in
that theory the scalar potential is such that one can only have one minimum. In theories
with more than one scalar, however, there is the possibility that minima of different
natures occur, and thus that the theory may allow for tunneling from one minimum to
another. An example of this behaviour occurs in SUSY models, where the existence of
many charged and/or coloured scalar fields gives rise to possible charge and/or colour
breaking minima [422]. These minima would imply massive photons and/or gluons, and
as such one wishes to avoid them. Hence, it is desirable to impose bounds on the theory’s
parameters to ensure that the global minimum preserves the SM’s symmetries.

Colour breaking is impossible in the 2HDM, but we have already seen, in section 5.8
that charged vevs are possible. Also, one may have CP breaking vevs. Thus, the question
arises: can these vacua of different natures coexist with one another? Could one tunnel,
for instance, from a normal minimum to a deeper charge-breaking one? In other words,
given a minimum in the 2HDM), is it stable? The limited number of scalars, and the
inexistence of cubic terms in the potential, in the 2HDM allows us to treat this question
in a fully analytical way. It has been possible to show that [405], 423 [418]:

e For a potential where a normal stationary point and a charge breaking one exist,
with vevs as given by eqgs. (I93) and (I93)), the difference in the values of the scalar
potential at both those vacua (respectively Vi and Vi) is given by

2
Mz .

492

VC’B — VN = ( ) [(Ui’l)g — ’Uévl)2 + 042123] s (198)
N

where (M7, /4v?)y is the ratio of the squared mass of the charged scalar to the sum
of the square of vevs, v? = v} + v2, as computed in the normal stationary point.

The significance of (I98) is plain: if the normal stationary point is a minimum (which
implies that Mfli > 0) then one will necessarily have Vo — Viy > 0. That is, if there is a
normal minimum, any CB stationary point will lie above it - the normal minimum is stable
against charge breaking. In [405] it was also proven that in that case the CB stationary
point is necessarily a saddle point. Thus, normal and CB minima cannot coexist in the
2HDM. Of course, it is possible to choose sets of parameters of the potential such that
the global minimum of the potential breaks charge - but in that case no normal minima
will exist.

e For a potential where a normal stationary point and a CP breaking one exist, with
vevs as given by eqs. (I93) and (I94)), the difference in the values of the scalar
potential at both those vacua (respectively Viy and Vip) is given by

_ _ %ﬁ - N2 22,2 2
Vep — Vy = 102 [(U1U2 cos f — vy )” + V{v; sin 6’} , (199)
v N
where (M3 /4v?)y is the ratio of the squared mass of the pseudoscalar to the sum
of the square of vevs, v? = v} + v3, as computed in the normal stationary point.
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The significance of (I99) is plain: if the normal stationary point is a minimum (which
implies that M3 > 0) then one will necessarily have Vop — Viy > 0. That is, if there is
a normal minimum, any CP stationary point will lie above it - the normal minimum is
stable against CP breaking. In [421] it was also proven that in that case the CP stationary
point is necessarily a saddle point. Thus, normal and CP minima cannot coexist in the
2HDM. Of course, it is possible to choose sets of parameters of the potential such that
the global minimum of the potential breaks CP - but in that case no normal minima will
exist.

e No CB and CP minima can coexist either. This derives from the fact that for the
CP vacuum the square of the charged Higgs mass is given by

1
(Mps)op =~ = Re(As)] (03 +73), (200)
whereas in a CB vacuum one of the squared mass matrix eigenvalues is
1
MEy = 5[)\4 — Re(Xs)] (v} + v} + a?). (201)

As we see, the sign of Ay — Re(\s) determines that both these vacua cannot be
simultaneously minima. Thus, if a CP minimum exists the (unique) CB stationary
point, if it exists, cannot be a minimum as well, and vice-versa.

e Unlike the CB and CP cases, the normal minimization conditions allow for multiple
solutions, so that one can have an N; vacuum with vevs {v;;, vo1} and an N,
vacuum with different vevs {v; o, v22}. In that case, the difference in the values of
the potential in those two vacua (respectively, Vy, and Vy,) is given by

1 M? M?
Ve, = VN, = 1 [( Hi) — ( Hi) ] (V11022 — V21012)?, (202)
N1 N2

V2 v?

where (M7 /v?)n, is the ratio of the squared mass of the charged scalar to the sum
of the square of vevs, (v?)y, = v11% + 0912, as computed in the N; stationary point,
and analogously for (M7 /v?)y,.

Equation (202]) shows us that there is nothing favouring N; over N», the deepest stationary
point will be determined by the values of the parameters - as it should be, since both
vacua have the same symmetries.

In Ref. [421] it was proven that it is possible to have two coexisting normal minima.
Numerical examples of this were found in [4I8] for the particular case of a softly broken
U(1) model, where it was shown that one may have a curious situation: a minimum N;

with |/vf, +v3; = 246 GeV, and all particles having their known masses; and a deeper

N, minimum, for which /vf, +v3, # 246 GeV (possibly much larger or smaller). The

Ny minimum would have the same unbroken symmetries as Ny but with a completely
different mass spectrum of scalars, fermions and gauge bosons. This was seen to happen
only for a very small portion of the parameter space. Of course, it is very easy to pick
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sets of parameters for which N; would be the global minimum, with Ny above it or not
even existing.
The main consequences of this vacuum analysis are:

e Minima of different natures cannot coexist in the 2HDM.

e Whenever a normal minimum exists in the 2HDM, the global minimum of the
potential is normal. No tunneling to a deeper CB or CP minimum is possible.

e If a CP (CB) violating minimum exists, it is the global minimum of the theory, and
thouroughly stable. No tunnelling to a deeper normal or CB (CP) minimum can
occur.

5.10 Mass matrices for neutral minima

In order to determine whether a given stationary point is a minimum, one needs to analyse
the second derivatives of the potential, meaning the scalar mass matrices. For the sake of
completeness, we include here the expressions for these matrices for neutral minima. The
mass matrices for CB stationary points can be found in [405]. A discussion in the MSSM
with explicit CP violation, which approaches the 2HDM in a given limit, can be found in
Ref. [424].

e Normal minima

With vevs given by (I93) and determined by (I'79), the squared mass for the charged
scalar is given by the eigenvalues of a 2 x 2 matrix whose entries are

0?Vy
MZ.),;, = ———. 2

This matrix has a zero eigenvalue (corresponding to the Goldstone boson which gives
mass to the W) so that the charged scalar squared mass is

v _
Mps = — 1% 204
H=* 2'[117)2 ) ( )
where we have defined the quantity
V = —2Re(m?,) + [As + Re(As)]vivs + Re(Ag)vi 4+ Re(Ay)vs. (205)

Let us now assume for a moment the potential is explicitly CP conserving (i.e. we will
work in a basis without imaginary couplings). The pseudoscalar mass matrix is the 2 x 2
matrix of the second derivatives of the imaginary parts of the neutral components,

V2

1 82VH V1V2 —1
M2 o= = — M2 U1 2
Vg
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where the entries of this matrix have been simplified through the minimization conditions.
It has one zero eigenvalue (corresponding to the Goldstone boson which gives mass to the
Z), so that the pseudoscalar squared mass is found to be

M3 = Mze + %[M — Re(Xs)] v*. (207)
As for the CP-even scalars, they are the eigenvalues of the symmetric 2 x 2 matrix, given
by
2
s = aRe(sf9>g§e<so9> - (6 3) (208)
where the matrix’s entries are given by
A = mi + 37)\121% + %v% + 3Re(Ag)v1v2,
B = mi+ 37)\221% + %v% + 3Re(A7)v1v2,
C = —Re(mi,)+ g [Re(X6)vi + Re(A7)v3] + Asasvrva, (209)

where we have defined A3q5 = A3 + Ay + Re(\5). The mass eigenstates of this matrix are
traditionally represented as h and H, respectively the lightest and heaviest state. The
diagonalization angle « of the matrix (208)) is defined [ as

H = —cosaRe(y)) —sinaRe(p))
h = sinaRe(¢)) — cosaRe(p)) (210)

so that one gets, after trivial calculations,

2C

iyt (211)

tan 2a =

If we are dealing with the most general 2HDM potential with complex couplings, then
there will be mixing between the CP even and odd scalar particles. The neutral scalars
will be the eigenvalues of a 4 x 4 matrix,

oy [Mi][M]]
[MN]Z] - ([M?]T [MEX])’ (212)

composed of three 2 x 2 blocks. [M?] and [M3] are as given in eqs. (208) and (206),
respectively, whereas [M?] is given by the matrix

[M7] = <é§ gj), (213)

19Clearly this is a basis-dependent definition, as is that of tan 8. None of these angles are basis invariant
quantities, though their difference is [359].
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whose entries are
1
AI = 5’[}2 [Im()\5)v2 + QIm()\G)Ul] )

3 1
Br = Im(m2,) — Im(\s)vivy — =Im(Xg)v] — §Im()\7)v§,

2
1
C; = —Im(m2,) + Im(Xs)vivy + §Im()\6)vf - glm()w)vg,
1
D[ = —51)1 [Im(>\5)’01 + 2III1(>\7)’UQ] . (214)

Obviously, one of the eigenvalues of [MZ%] will be zero.
e Inert minima

Recall that one needs m2, = \¢ = A; = 0 to obtain inert vacua, and they obey the
minimization conditions (I96]) or (I97). Considering, for example, the case vy = 0 and
v; = v/v/2, the scalar mass spectrum is greatly simplified. The CP-even mass matrix is
diagonal (so that in this basis one may consider « = = 0), and the expressions for the
masses are:

1

M?{:t == m§2 + 5)\31)2

1
Mi = Méi + 5[)\4 —Re()\5)] U2

Mp = M3 + Re(Xs)?
M} = M\o* (215)

In inert models where we further have A5 = 0 (those arising from a U(1) symmetry,
for instance) A and H will be degenerate. Also, notice that though we maintained the
notation A and H, it is now not guaranteed that they correspond to the lightest and
heaviest CP-even states - that will depend on the specific values for the parameters.
In fact, notice that the state ‘h’ can be made much heavier or much lighter than the
remaining three - it is the only one depending on the coupling A\;. It can be shown that
the H and A states do not couple to the Z or to the fermions, hence the name “inert”.

e CP breaking minima

It only makes sense to speak of minima with spontaneous CP violation if that sym-
metry is defined - i.e. if it is not explicitly broken by the potential. As explained in
section [, that corresponds to the existence of a basis where all parameters are real. We
now write all masses in such a basis, for a vacuum with vevs such as (I80). The charged
scalar mass is now, as was mentioned before,

1
Mps = —§[>\4 — As)(0] +03). (216)

Given that the vevs now have an imaginary component, there will be a mixing between
the real and imaginary components of ¢?. The neutral Higgs squared masses are thus the

102



eigenvalues of a 4 x 4 symmetric matrix M2 p. Using the minimization conditions (I94)
to simplify, the entries of this matrix are given by:

M(%P(l, 1) = Alﬂf cos? 6 + 20,75 cos 6 + )\51’)%

MZp(1,2) = X¥; cos® 0 + (A3 + \y) 010 cos O + \r05

MZp(1,3) = (Agla + Ay cos 0)v; sin @

MZp(1,4) = (Atycosf + \svy)v; sin 6

MZp(2,2) = X507 cos? O + 2\, 05 cos O + Aot

MZp(2,3) = [Mo1cost+ (A3 + Ag + X)) 0y sin 6

MZp(2,4) = (A¥y + As0p cos @)y sin 6

MZp(3,3) = \oisin®é

MZp(3,4) = X¥:sin?6

MZ5(3,4) As07 sin? 6. (217)

This matrix has a zero eigenvalue, corresponding to the Z Goldstone boson.

5.11 The Higgs basis

After spontaneous electroweak symmetry breaking with neutral vacua, the fields acquire
the vacuum expectation values vy/v/2 and vye® /v/2; where v; and v, are real, without
loss of generality. It is convenient to rotate into a new basis of scalar fields such that the
vev is all in the first field, while the second field has no vev. This is known as the Higgs
basis {H1, Hy}, obtained through H, = Zi:l Uay®p, where [425]

1 —id
U — _[ v U2 6_2.6} (218)

v —Vgy V1 €

B e—i6/2 [ vy ei5/2 Uy e—i6/2 :|
- )

” oy 012 g, e=ib2 (219)

is unitary, and v = \/v? + v} = (V2Gr)""/? = 246 GeV. This rotates the vev into H,
allowing us to parametrize

Hy = [ (v+HfZG°)/\/§]’ e = [ (ng)/ﬂ}’ (220)

where Gt and G° are the Goldstone bosons, which, in the unitary gauge, become the
longitudinal components of the W7 and of the Z°, and H, R and I are real neutral fields.
Notice that there are infinitely many Higgs basis. Indeed, we may change the phase

of Hy,
Hy — ¢ H, (221)

while keeping the vev in H;. Under this phase transformation, the fields R and [ are

rotated by
R cosé  siné R 999
1) 7\ —sin & cosé ) (222)
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In going from a generic basis to the Higgs basis, the couplings in the scalar potential
get rotated. Comparing eq. (II8) with eq. (ZI9) without the overall phase e*/2, we find

tan = 2,
U1
X = 6/2

& = 0. (223)

Thus, the potential coefficients in the Higgs basis are obtained from those in the generic

basis, through Eqs. (IT9)-(128)), with 3, x, and £ as defined in eq. (223]). The quadratic

(quartic) coefficients of the scalar potential in the Higgs basis are denoted by mZ; (\;).
In the Higgs basis, the stationarity conditions are simply given by

N o2
)\1'U>

V2. (224)

N[ =

my = -

>~

My =

N[

Let us count the parameters in the Higgs basis: the complex parameter m?, is determined
by m2,, A1, and Ag. Thus, we would seem to have 12 parameters for the most general
2HDM potential. However, the fact that one may rephase H; implies that only the
relative phases of the complex parameters s, \g, and \; have physical significance. We
are thus left with 11 physical parameters, as expected (we can view m?; as determining
v?). However, as observed earlier, potentials to which symmetries have been imposed
will display, in the Higgs basis, a smaller number of parameters. As first pointed out
by Lavoura [426] and subsequently greatly expanded by Davidson and Haber [359], the
coefficients of the potential in the Higgs basis are observable, up to the overall phase of
the complex parameters. The only physically meaningful phases are Im(A:A2), Im(AZ\2),
and Im(AgA%). These are proportional to the quantities .J;, J,, and Js (respectively),
introduced by Lavoura and Silva [425] as basis-invariant signals of the CP violation in the
2HDM present after spontaneous electroweak symmetry breaking. Notice that only two
are independent; for example, .J; and J;. However, since in a given theory \g may vanish
while Im(A:)\2) does not, all three must be considered when searching for CP violation.

5.12 Yukawa couplings in the Higgs basis

The most generic Yukawa interactions that one can write with two doublets and the
fermionic content of the SM are given by

2
Ly == |@u (®Y)nn + ®;;pr) + Li®;Yftr| + He. (225)
j=1

In this equation, éj =11®%; Qr, L1, nr, pr and Lg are 3-vectors in flavour space - the
ng correspond to the negative-charged quarks, and pg to the positive-charged ones ;
L;, and (g are the leptonic fields; and Y}d, Y and Y are generic 3 X 3 complex matrices
containing the Yukawa couplings for, respectively, the down, up and leptonic sector. In

29Which, after diagonalization, will yield the down and up type quarks.
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the initial basis (®;, ®5), the doublet ®; has vacuum expectation value (vev) #; /v/2 and
the doublet ®, has vev vy / V2, where ¥, and ¥, are allowed to be complex. We define

v=1/|01]" + |52 (226)

Experimentally, v &~ 246 GeV. Notice that v is, by definition, real and positive.
Let us define the Higgs basis (H;, H) by H; having vev v / V2 while H, has vanishing
vev R, The transformation from one basis to the other is

1

(I)l == ; (’(71H1 + @;HQ) 5 (227)
1 ~ ~ %

o, = p (0o Hy — 07 Hy) . (228)

Let us define the matrices

1
M, = — (0, Y2+ 5,Y4), 229
\/5( 14 2 2) ( )
1

N, = — (Y —ovs). 230
\/5( 2°1 1 2) ( )

Then )

2

S @y = % (M, Hy + N, Hy). (231)

j=1

The matrix M,, in equation (229) is the mass matrix of the down-type quarks. Notice
that NV, in equation (230) may be written as

~ 2
05 v
2 7\[

- n -

N, =
01 \/5’(71

}/2d

(232)
~ % 2
0N v
()] \/5{)2
It is convenient to pass to the mass basis of the quarks, in which the mass matrices are
diagonal. To do so, we bi-diagonalize M,,, via a simultaneous rotation on the left-handed
and right-handed quark fields:

Y (233)

U M UR = My, (234)
UINUR = Ny, (235)

where M, = diag (mg, ms,my) is diagonal with real and positive diagonal elements. In
the sector of the up-type quarks,

1 ~%V U ~xV U
M, = ﬁ(”ﬂﬂ +0;Y5'), (236)
1

Ny = ﬁ(@ﬁﬁ“—@ﬂé“), (237)

2IThe definition used in eq. ([ZI8) was useful for comparison with the basis-change formulae of
eqs. (II9)- (I28)). This definition differs from the first by an irrelevant phase such as in eq. (221]).
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and

N . V2 N -
> dy; = = [My (imH}) + N, (im H3)] (238)
j=1
The bi-diagonalization proceeds as
Ut M,UL = M,, (239)
ULIN, UL = N, (240)

where M, = diag (m,, m., m;) is diagonal with real and positive diagonal elements. Notice
that the Uy, matrix has to be the same in eqgs. (235) and (240).

If, after the bi-diagonalization, the matrix Ny (N,) is not diagonal, then there are
scalar tree-level flavour-changing neutral interactions in the down (up) sector, and the
FCNC couplings for those interactions are obtained from the entries of N; (N,). In the
generic basis of eq. (22H), the condition for non-existence of FCNC is also quite simple:
if the matrices Y¢ and Yy (Y and Y}*) commute, there is no tree-level FCNC in the
down-quark (up-quark) sector [383]. This, of course, is trivial if, for instance, Y3 is zero,

as is obtained in models with Natural Flavour Conservation, which were discussed in
Chapter 2

5.13 Basis transformations and Yukawa couplings

We start from the Lagrangian

L=Lyg+ Ly, (241)
where
2 2
- 'CH = = Z ,Uab(qﬁlq)b) + % Z )\ab,cd(q)lq)b)(q)iq)d)a (242)
a,b=1 a,b,c,d=1
Ly = q [(Yld(bl +YB,) np + (Yf‘él n Y;‘ég) pR} Y He,  (243)

The Lagrangian can be rewritten in terms of new fields obtained from the original
ones by simple basis transformations

2
O, = = Ui Pa.
a=1

a — q,=UL q,
ng — an = UnR ng,
pr — Dr=Upr Dr, (244)

where U € U(2) is a 2 X 2 unitary matrix, while {Ur,U,g,Uyr} € U(3) are 3 x 3
unitary matrices. Under these unitary basis transformations, the gauge-kinetic terms
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are unchanged, but the coefficients fi,, and A oq are transformed as

2

flab = flgy = Z Uaa pap Upg, (245)
a,B=1
2
Aabed —* )‘:zb,cd = Z Usa Uey Aaprs Upg Ugs, (246)
a,B,v,0=1

while the Yukawa matrices change as

YW+W'ZWWW am

a

Y oo VM= ZUL Yr UL (UT),, (247)

a
a=1

Notice that we have kept the notation of showing explicitly the indices in scalar-space,
while using matrix formulation for the quark flavour spaces. The basis transformations
may be utilized in order to absorb some of the degrees of freedom of p, A, Y¢, and/or Y,
which implies that not all parameters in the Lagrangian have physical significance.

5.14 Symmetries and Yukawa couplings

The symmetries we have discussed in section were imposed on the scalar sector, but
they have to be extended to the full lagrangian. By their definition, they leave the gauge
kinetic terms invariant, but will affect the Yukawa terms, where the scalars are coupled
to the fermions. As such, one needs to consider how the fermion fields transform under
such symmetries, and whether or not their impact on the Yukawa sector leads to viable
models.

5.14.1 Family symmetries

We will now assume that the Lagrangian in eq. (241)) is invariant under the symmetry

2
(I)“ — (I)g = Zsaa (I)o”

qr  — QE:SL qr,

s
ngp = Snr MR,

1

ngr

pr — D% = Spr PR, (248)
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where S € U(2), while {S, Sur, Spr} € U(3). As a result of this symmetry, the parame-

ters in the lagrangian have to obey the following equations:

2
Hab = Z Saa Hop Sf,kg,

a,B=1

)\ab,cd —

2
Y SuaSey Aagas S Sis

a7/67776:1

2
Yad = ZSL Yoii SILR (ST)aa7

a=1

2
ve = ZSL Yr Sy (ST,

a=1

(249)

(250)

(251)

(252)

Under the basis transformation of eq. (244]), the specific form of the symmetry in

eq. ([249) is altered as
Sl
St
Sur
!

PR

5.14.2 CP symmetries

USuUT,
= U, S, U},
= Unr Sur Ulp,
= Upr Spr Ulp.

We will now assume that the Lagrangian in eq. (241) is invariant under the CP symmetry

Dq

qL

nR

PRr

108

(257)



As a result of this symmetry , the parameters of the lagrangian need to obey

2
pa = Y XiattasXan, (258)
a,B=1
2
abed = Z XX Aap A6 X ppXsd, (259)
a,B,7v,0=1
2
v = ZXaaXL Y X:LRu (260)
a=1
2
Yo = Y Xn XL VXD (261)
a=1

Under the basis transformation of eq. (244]), the specific form of the symmetry in
eq. ([257) is altered as

X = UXUT, (262)
X, = Uy Xy U], (263)
X'p = Uuwr Xor Ulp, (264)
' = Upr Xpr UJp. (265)

5.14.3 Symmetries of the scalar-scalar and scalar-fermion interactions

We may now ask whether the six symmetry classes of the Higgs potential shown in table
can be extended to the fermion sector in a way consistent with experiment. This issue
is complicated by the fact that the fermion fields can transform, for a given scalar sym-
metry, under infinitely many ways, as detailed in eqgs. (251) and (252) for Higgs-family
symmetries, and egs. ([260) and (261 for GCP symmetries. Let us deal with those two
types of symmetries separately.

e Higgs family symmetries extended to the Yukawa sector

As an example of how complex this issue can become, consider that even for a simple
Z5 symmetry in the scalars, for which the ®, doublet flips its sign, we can choose an
extremely elaborate transformation law for the quark fields, with arbitrary unitary 3x3
matrices Sz, S,r and Spr. To further complicate matters, the field transformation laws
can correspond to an Abelian symmetry (with a single generator, or a set of generators
which commute amongst themselves), or a more general and complex non-Abelian one
(with several non-commuting generators). In the scalar sector, all but the class I models
(with a full U(2) symmetry) can be obtained via an Abelian symmetry.

As such, extensions of scalar symmetries to the Yukawa sector are usually specific
examples, where one chooses a particular form for the fermion transformation matrices.

22Eq. [259) can be written in Higgs-family matrix form as u* = X' X, in an obvious notation. This
is equivalent to p* = X*p X '. Similar rewritings are also possible for eqs. ([259)-(261), sometimes
complicating comparisons.
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There are many such examples. For instance, the various implementations of the Z,
symmetry (or the U(1) one) which preclude the occurrence of tree-level FCNC [27, 28] -
the so-called type I, II, X (lepton specific) and Y (flipped) 2HDMs. Such models are said
to have “Natural Flavour Conservation”, and their phenomenology was already discussed
in chapter 2l Another example would be the BGL model [237], which does contain
FCNC which are naturally small due to a flavour-dependent fermionic symmetry. A third
example would be a recent application of a Z3 symmetry to the 2HDM lagrangian, with
interesting consequences regarding the origin of CP violation [427].

The extension of generic Abelian symmetries into the quark sector was only fully
mapped recently by Ferreira and Silva [428]. That calculation was greatly simplified by the
usage of the full freedom of choosing a basis of both scalar and fermionic fields, as explained
in the previous sections: it turns out that it is always possible, for a transformation
involving a single transformation matrix S, to go to a basis of fields for which all such
matrices are diagonal, containing, in general, only complex phases. Meaning, it is always
possible to choose a basis of fields such that the fermionic transformation matrices of

egs. ([251) and (252) are reduced, through transformations like (254)- (256), to the form

SL — diag(eial ’ 67La2 ’ eiag) ’
Snp = diag(eiﬁl’ 6i62a eiﬁg) ’
S,p = diag(e™, e €M), (266)

Thus, all the freedom in choosing the fermions’ transformation laws is reduced to the
choice of the arbitrary (real) phases «;, ; and 7;. Even this immense simplification,
though, yields millions of possible specific symmetry implementations - that is, of possible
different models.

However, as explained in detail in [42§], it turns out that the simultaneous require-
ments of six massive quarks[*l and an acceptable CKM matrix are extremely powerful and
curtail immensely the number of allowed models. The reason for that is that the effect of
the phases a; on the CKM matrix, or in the quark squared-mass matrices, is tantamount
to setting many of their entries to zero. Very easily, for arbitrary choices of the «;, one
obtains a line or column of zeros in the mass matrices, or a diagonal block on the CKM
matrix. Surprisingly, then, the transformation laws of the quark fields are extremely con-
strained. The authors of [428] have shown that there are only 246 possible forms for the
Yukawa matrices for both the up and down quarks. Up to physically unimportant per-
mutations, these involve only 34 forms of Yukawa matrices. As such, there is effectively
a maximum of only 34 possible ways of extending the Abelian Higgs-family symmetries
(that is, the models like classes IV and V, with symmetries like Z5 or the Peccei-Quinn
U(1)) to the quark sector. Most of these symmetry-constrained Yukawa matrices lead to
tree-level scalar FCNC. However some of them have already been shown to have naturally
small FCNC, which are CKM suppressed, the aforementioned BGL models; or to be such
that one can easily find values of parameters which satisfy all experimental constraints,
such as the mass differences of neutral kaons and B-mesons, which typically are difficult
to accommodate when tree-level FCNC are present.

20r three massive charged leptons, for the argument is trivially extended to the leptonic sector.
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In addition, the general analysis of these Abelian symmetries leads to some wide-
reaching conclusions:

e Imposing Z5 on the scalars does not imply a continuous symmetry in the Higgs sec-
tor, but it may or not imply a continuous symmetry in the Yukawa sector, depending
on how the symmetry is extended into the fermions.

e Imposing Z3 on the scalars does imply a continuous symmetry in the Higgs sector,
but it may or not imply a continuous symmetry in the Yukawa sector,depending on
how the symmetry is extended into the fermions.

e Imposing Z,, with n > 4, on the scalars implies always a continuous symmetry,
both in the Higgs sector and in the Yukawa sector.

This analysis also permits us to qualify the statement we made in section [5.6.1] following
eq. ([I62): the imposition on the scalar potential of any discrete symmetry Z,, with
n > 2, always leads to the same potential, the Peccei-Quinn one of class IV. However,
as we mentioned there, the extension of those symmetries to the fermion sector might be
able to “lift the degeneracy” of these symmetries - and in fact it does. The results of [42§]
show very clearly that: (a) imposing Z5 on the Yukawa terms is different from imposing
Zn, with n > 2; (b) imposing Z3 on the Yukawa terms is different from imposing any
other Z,, n > 3; and (c), that imposing any Z,, with n > 4, always leads to the same
form of Yukawa matrices. As such, in terms of Z,, symmetries, the 2HDM lagrangian falls
under three classes: lagrangians with a Zs symmetry; lagrangians with a Z3 symmetry;
and lagrangians with any other Z,, n > 4, which always lead to the same symmetry
constraints, regardless of the value of n.

Also, notice that, since any finite discrete group has an abelian sub-group, the classi-
fication of [428] is important even when considering non-Abelian family symmetries. The
discussion above concerns extensions of the Z, and U(1) scalar symmetries to the fermion
sector. That leaves out, of the three possible Higgs-family symmetries, the models invari-
ant under the full U(2) group - dubbed class I in section 5.6l However, up until now it
has been impossible to extend the U(2) symmetry in a satisfactory way to the Yukawa
sector - all attempts to do so have lead to zero mass quarks, for instance. A proof of
impossibility has not yet been obtained, and the question remains open.

e GCP symmetries extended to the Yukawa sector

By comparison with Higgs-family symmetries, it is much simpler to extend the three
possible scalar GCP symmetries to the Yukawa sector. In fact, as we discussed in sec-
tion £.6.2] any GCP transformation on the doublets can be reduced to a simple rotation
matrix of the form of eq. (I39). As it turns out, the Vienna group has also shown [383]
that a similar result is attained for the generic 3 x 3 transformation matrices of the quark
fields in eqs. (260) and (261)). That is, it is always possible, through a judicious choice of
basis of quark fields, to reduce the transformation matrix of the left doublets to the form

cosae sina 0
X, = | —sina cosa 0 |, (267)
0 0 1
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with some angle 0 < o < w/2. A similar form is obtained for the matrices X,z and X,z
in eqs. (260) and (261]), with independent angles /5 and 7 in the same range as «. The
extremely simple form of the fermion transformation matrices imposes severe constraints
on the Yukawa couplings. In fact, the constraints are so serious that no ambiguity occurs
in the fermionic sector when one extends the scalar GCP symmetries to it: each of the
three GCP models have only one possible implementation on the fermion sector. Recalling
that the three GCP scalar models can be parameterized in terms of the angle 6 in the
simplified GCP transformation of eq. (I39), it was concluded that [391]:

e For the CP1 symmetry (class VI), with § = 0, there is only one way to extend
the scalar symmetry to the fermion sector which does not entail massless quarks
or charged leptons: by forcing all Yukawa couplings to be real. We are thus left
with a lagrangian with generic real matrices Y, Y, Y* and Y3 - as such the model
has tree-level scalar FCNC, which are not in any way “naturally suppressed”. In
this model, CP violation must needs arise spontaneously, through a relative phase
between the two vevs.

e For the CP2 symmetry (class III), with 6§ = 7/2, there is no way to extend the
symmetry to the Yukawa sector without obtaining at least one massless charged
fermion. As such, the CP2 model may be considered ruled out by experiment.
However, one might also take the point of view that the CP2 symmetry is an ap-
prorimate one, broken by some manner of mechanism, and as such the massless
fermions it predicts will gain a (small) mass somehow, corresponding to the first
generations of particles. The phenomenology of such models was explored in great
detail in [429] 387, [388] [389).

e For the CP3 model (class IT), with any 0 < € < 7/2, a remarkable thing happens: all
values of 0 # /3 lead to a massless quark or charged lepton. Only § = 7/3 leads to
an acceptable fermion mass spectrum. The Yukawa matrices which result from such
a symmetry are extremely constrained - the quark sector ends up depending only
on ten independent parameters (seven moduli and three phases). Nonetheless, this
model is capable of fitting all quark masses and the elements of the CKM matrix
with relative ease. The model does possess tree-level FCNC, but they end up being
quite suppressed, in a “natural” way. The model also possesses a unique feature, in
the sense that CP violation arises in a completely novel way - we will return to this
point in section However, the value of the Jarlskog invariant predicted by this
model is several orders of magnitude below its SM value, which leads to values of
the unitarity triangle angles o and (8 practically equal - a prediction of the model
in contradiction with the most recent experimental data [293].

In conclusion, when one extends the three GCP scalar symmetries to the Yukawa
sector, one obtains: arbitrary FCNC for the CP1 case; massless quarks and charged
leptons for the CP2 case; a single CP3 symmetry leading to three massive generations
of fermions, with naturally small FCNC but predictions for heavy meson phenomenology
which do not agree with experiment.
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6 CP violation

6.1 CP invariance and CP violation at the Lagrangian level:
Scalar potential

6.1.1 Two Higgs doublets

The scalar potential for ny SU(2) doublets is the most general renormalizable polynomial
consistent with the gauge invariance and can be written

V= Z 112y ®F Py + 1 Z Aap,ed (103 (@1D,) . (268)
a,b=1 a,b,c,d=1
Hermiticity of V' implies:
lu:;b = Hba, >\Zb,cd = )‘ba,dc- (269)

One may redefine the ngy doublets through unitary transformations without changing the
physics. Those transformations are called Higgs-basis transformations (HBT), defined by:

a

ng
HBT Z Vab(I)b, T HBT (I)/ t Z va*bq)z’ (270)

where V' is an ng X ng unitary matrix acting in the space of the Higgs doublets. Under a
HBT the couplings p and A transform as:

ng
HBT
[ab —> floy, = Z Var tmn Vi
m,n=1
HBT
)\“bvcd ;b ed — Vam‘/cp)\mn,pqvnbv (271)
m,n,p,q=1

The most general CP transformation that leaves the kinetic energy invariant is:
CP. CP.
O, Y Un®p, Of =) Us0T, (272)
b=1 b=1

where U is an ng X ng unitary matrix operating in the space of the Higgs doublets. This is
the definition of a CP transformation for the scalar doublets in models with several such
doublets. It combines what would be the CP transformation for a single Higgs doublet
with a Higgs basis transformation, due to the existence of several doublets with the same
quantum numbers.

For two Higgs doublets the most general Higgs potential is explicitly written in eq. (O8]).
Hermiticity only allows for four of the coefficients—m?,, A5, A¢, and A\7—to be complex.
However, that potential contains an excess of parameters. There is no loss of generality in
redefining the two Higgs doublets in such a way that the quadratic terms are diagonal, thus
eliminating m?2,. Furthermore, one of the remaining three phases can still be eliminated
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through a rephasing of one of the doublets. Thus, there are (at most) only two independent
CP-violating phases in the potential of a 2HDM.

In this section we address the question of what are the necessary and sufficient condi-
tions for the potential V' to be CP-invariant. At this stage we analyse the potential prior
to gauge-symmetry breaking. We want to derive HBT-invariant conditions following the
general method proposed in [400] and described in detail in [430]. We investigate what
restrictions for the couplings p and A are implied by CP invariance [431].

From the potential of eq. (268) and the definition of the CP transformation given by
eq. [272)), it is clear that the necessary and sufficient condition for V' to conserve CP is
the existence of an ng X ng unitary matrix U satisfying the following relations:

ng
:U“:;b = Z U;[mlu“annb’ ab ed = Z U:z[m Ucp)\mn,qunqud- (273)
m,n=1 m,n,p,q=1

From eq. (273)), using the the property of invariance of the trace under similarity transfor-
mations, one can derive necessary conditions for CP invariance fully expressed in terms
of the couplings p and A. Examples of such relations are:

L =Tr (,uny _ EZYM) — 0, (274)
L =Tr (uZQZ ZZQM) ~ 0, (275)
where we have introduced the following ng x ngy Hermitian matrices:
d
Z\ab = Z )\ab,mma (276)
R a
Zab = Z >\am,mb7 (277>
_d
(Zy)ab = Z Aab,nm,ulmna (278)
m,n=1
d
(ZQ)ab = Z )\ap,nm)\mn,pb~ (279)
m,n=1

It is clear that the eqs. (274) and ([275) are HBT invariant. These two conditions have
the remarkable property of being necessary and sufficient conditions for V' to conserve CP
in the case of two Higgs doublets, barring the consideration of special isolated points such
as m3; = m3, in the basis where m?, = 0, or the special isolated point where \g = —\7
with generic A\; and Ay [431]. It should be emphasised that these isolated points are of
measure zero and are unstable under renormalization, since they do not correspond to
any symmetry. In order to check that these two conditions are sufficient let us express [
and Iy in terms of the parameters of the potential after diagonalization of the quadratic
terms, i.e. when m?, = 0:

l
I = 2 (m% m22) Im (AsA7) , (280)
IQ = 1 (mfl — m22) Im [)\5)\2 + )\5)\;2 + 2)\5)\2)\; + )\2)\7 ()\2 — )\1)} . (281)
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Choosing A5 to be real, which can be done without loss of generality, from I; = 0 we obtain
that Ag and \; have either equal phases of phases differing by 7. Then the condition I, = 0
implies

Im [As (A + A3)%] = 0. (282)
In the case where A\¢ and \; have equal phases, we find from eq. (282)) that that phase is
either 0 or /2. The case arg A\¢ = arg A\; = 0 obviously corresponds to a CP-invariant V/,

with the matrix U in eq. (272) being the 2 x 2 identity matrix. It can be easily checked
that the case arg \¢ = arg A\ = 7/2 also corresponds to a CP-invariant V' with

U:(é_ﬂ). (283)

Notice that at this stage we are assuming m?, # m3, and |\g| # |Mz].

Let us now consider the singular points which are unstable under renormalization and,
therefore, of limited interest. It is clear from the explicit form of I; and Iy that in the
special cases m?; = m3, or \¢ = —\; both conditions I} = I, = 0 are trivially verified
irrespective of the values of the phases. Yet, it is still possible to have CP violation in
this region of parameters. In these cases, barring again cases of special isolated points,
the following basis-invariant necessary condition for CP conservation is useful:

L =Tr (22232 - 22322) —0, (284)

where Z3 is one further ngy x ng; Hermitian matrix given by

nd
(Z3)ab = Z >\am,rp>\mr,ns>\pn,sb- (285)

m,n,p,r,s=1

An important characteristic of I3 is the fact that, unlike I; and I, it is built exclusively
from the quartic couplings A. Therefore, non-vanishing of this invariant necessarily signals
hard CP violation.

Let us consider the case where m%, = 0, \; = Ao, and A\ = \7. In that case the quartic
couplings by themselves conserve CP, provided one chooses

U:(?é). (286)

This CP symmetry is only broken by m?, # m3,, i.e. by the quadratic terms, and there-
fore one may say that this potential corresponds to “hidden” soft CP breaking. In this
example, both I; and I; vanish identically, whilst I, = 4i (m?; — m3,) Im (AsA§7).

Another interesting example of soft symmetry breaking with two Higgs doublets is
obtained by taking Ay = Ay and A\¢ = —\;. In this case the quartic couplings by themselves
conserve CP, provided one now chooses U

U:(flé). (287)
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Once again we have an example of hidden soft CP breaking for m?, # m3,. In this example
all three CP-odd invariants defined above vanish and an additional CP-odd invariant is
necessary. In Ref. [432] the following condition was provided:

]4 =Im Z ac bd)\ce dg eh fz,uga,uhb,uzf) (288)
ab,...i=1

It was pointed out in [359] that, under Higgs basis transformations, the given relations
A1 = Ay and \¢ = —A; remain invariant, this case being a special isolated point in the
2HDM scalar-potential parameter space. In the language of Ref. [379] this corresponds
to the absence of the triplet in the decomposition of the quartic Higgs potential into
irreducible representations of the SU(2) Higgs basis transformation for two Higgs doublets.

More examples of hidden soft symmetry breaking can be written, based on different

U matrices, such as
0 ¢ 0 —i
U_<10) or U_(l 0). (289)

In both these cases I; does not automatically vanish.
Under a HBT the specific form of U for a given CP transformation changes in the
following way:
U =vuvT. (290)
Invariance under CP of the 2HDM potential for U given by eq. (286]) will therefore look
different in a different Higgs basis. Taking V as

V:%<1i), (201)

wz(éi). (202)

This two Higgs doublet model with the reflection symmetry ®; — —®, softly broken by
the quadratic terms proportional to m?, in eq. ([@8) was considered in Refs. [433], [434],
35,

one obtains:

6.1.2 Three Higgs Doublets

In this subsection we briefly mention the case of three Higgs doublets. The total number
of independent CP-violating phases in the scalar potential is given by [431]:

Nphases = 7 [3(022 = 1)] = (na = 1), (293)

the second term corresponds to the number of phases one can eliminate by rephasing the
Higgs fields. In general there are sixteen independent phases for ny = 3. Models with
three Higgs doublets are much more involved than those with only two. Three Higgs
doublets were considered [436] in an attempt to introduce CP violation in an extension
of the SM with NFC [27, 28]. Natural flavour conservation means that the Higgs neutral
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currents conserve all quark flavours for all values of the parameters of the theory, i.e.,
this conservation is a consequence of the group structure and the representation content
of the theory and not of a special choice of parameters. NFC with several Higgs doublets
was implemented in Ref. [436] by requiring invariance of the Lagrangian under separate
reflections under which any one of the doublets (and perhaps some fermions) change
sign. Discrete symmetries of this kind were used to insure that only one Higgs couples
to the right-handed up quarks and another to the right-handed down quarks. It was
pointed out in Ref. [436] that for three or more Higgs doublets the scalar potential that is
invariant under these reflections need not conserve CP. On the other hand it was shown in
[437, 1438, 439] that with three Higgs doublets it is possible to violate CP spontaneously
while having NFC. In the three Higgs doublets model proposed by Weinberg [436], a
Zy X Zoy X Zo symmetry, under separate reflections of the Higgs doublets of the form
¢; — —¢;, together with an appropriately chosen transformation for the quark fields,
ensures NFC and leads to a strong reduction in the number of parameters. The Higgs
potential is given by:

=3 ol o (s0)7] < 5 o, (ol0) (o50)+

i=1 1<j

(204)
+20; (@@;) (@fe:) + [dij it (cpjcpj)Q +h.c.] }

There are three different d;; €™ terms, and only these can be complex. It was pointed
out by Weinberg that in general one cannot rotate away simultaneously the three phases
0;;. A relevant CP-odd invariant relevant to this model is:

ng
[QVV =Im Z [Zabcd YE)e Zefgh Zfz Zicha] . (295>
i=1

Its explicit form is:

I2W = dyod;3das [( ms3 — m2)(a11 - 523) - ( ms — ml)(a22 - b13)+
(296)
+( mo — ml)(agg — 612)] sin(é’lg — 913 + 923) .

Assuming non-degenerate values for the m;, a non-vanishing I3 indicates a non-vanishing
(612 — 013 + Ba3).

In the general case of three Higgs doublets it is possible to build relevant simpler CP-
odd invariants [431], which are irrelevant for the case of two Higgs, since they trivially
vanish in that case.

The softly broken three Higgs doublets model of Weinberg and relevant CP-odd in-
variant in this case is also discussed in Ref. [431].
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6.2 CP Violation after Spontaneous Symmetry Breaking
6.2.1 Spontaneous CP violation

The idea of spontaneous CP breaking was suggested by T. D. Lee [9] in the early stages
of unified gauge theories. In order to have spontaneous CP violation, one must have a
Lagrangian which is CP invariant but after spontaneous gauge symmetry breaking the
vacuum is not CP invariant. One has to be careful in correctly identifying a vacuum as
CP violating. This has to do with the fact that often a CP invariant Lagrangian allows
not only for a single CP transformation, but for a whole class of CP transformations. In
order to have a genuine spontaneous CP violation, the following two conditions have to
be satisfied:

(i) The Lagrangian is invariant under a CP transformation which may be physically in-
terpreted as CP.

(ii) There is no transformation which can be physically interpreted as CP which leaves
both the vacuum and the Lagrangian invariant.

In the Standard Model there is only one Higgs doublet. Hermiticity requires that the
parameters of the scalar potential be real and, as a result the scalar potential of the
Standard Model cannot violate CP. Furthermore, spontaneous CP violation is also ruled
out, in this case, due to the possibility of using a U(1) gauge transformation to make the
vacuum expectation value of the neutral Higgs real and positive.

Since we are working in the framework of relativistic quantum field theory, the CPT
theorem applies [440, 441, 1442, [443], so spontaneous CP breaking also implies spontaneous
T breaking and vice-versa.

For definiteness, let us consider an extension of the SM where n SU(2)xU(1) scalar
doublets are introduced. In order to include the possible existence of symmetries of the
Lagrangian under which the scalar doublets transform non-trivially, one has to consider
the most general CP transformation which leaves invariant the kinetic energy terms of
the scalar potential. Thus, we consider the following CP transformation for the scalar
doublets:

CP®;(CP)' =Y U;®; (297)

J=0
j=1

corresponding to eq. (272). Assuming that the vacuum is CP invariant, meaning that:
CP|0) = |0) (298)

one can readily derive from eqs. (297) and (298) the following relation [444]:
D Ui 0]@;]0)" = {0]:[0) (209)
j=1

If the vacuum is such that none of the CP symmetries allowed by the Lagrangian satisfy
eq. (299), then this means that the vacuum is not CP invariant and we say that CP is
spontaneously broken.

118



From the previous discussion, one concludes that in the presence of extra symmetries
imposed on the Lagrangian, one has to be specially careful in analysing whether a partic-
ular vacuum violates CP or not. The point is that the presence of an extra symmetry in
the Lagrangian may allow for non-trivial possibilities for the matrix U in eq. (297), which
may satisfy eq. (299), even in the case of complex minimae. This can be best understood
through a simple example:

6.2.2 An example

Let us consider an extension of the SM with two Higgs doublets, where a Zy symmetry is
introduced, with the scalars transforming as:

(I)l—) — (I)l , @2—)@2 (300)

A possible motivation for the introduction of a Z5 symmetry, is the requirement of natural
flavour conservation (NFC) in the Higgs sector [27, 28]. Indeed, if the right-handed down
quarks are odd under Z,,

dR — —dR (301)

while all other fields are even, then down quarks receive mass only from ®;, while up
quarks receive mass only from ®,, thus satisfying the NFC principle.

The most general gauge symmetry invariant Higgs potential, consistent with the Z,
symmetry, can be written as

V=Vo+ 3 (@]0,) (9]®,) +he] (302)

where V denotes the part of the potential which does not depend on the relative phase
of the ®;. It is clear that for A5 > 0, the minimum of the potential is at:

(@) =vie'2; (@) = vy (303)

One could be tempted to think that this vacuum violates CP “maximally”. This is
not the case, as it can be seen from eq. (299)). Indeed, the presence of the Z; symmetry
allows for various choices of matrix U which defines the CP properties of ®;, 5. Apart
from the trivial one, one may choose:

U:<_01 (1)) (304)

It is clear that with this choice of U , eq. (299)) is satisfied,

-1 0 vie's 17 [ we's
o) )= %)

thus proving that the vacuum of eq. (B03) is CP invariant. At this stage, it is worth
noting that one encounters an entirely analogous situation in the Minimal Supersymmet-
ric Standard Model (MSSM) where one of the possible minima also has a relative phase
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of w/2, which does not lead to spontaneous CP violation. It has been shown [445] [446]
that one may achieve spontaneous CP violation in an extension of the MSSM where one
introduces a singlet scalar.

Coming back to the previous discussion, one may wonder whether this is a generic
feature of vacua with “calculable” vacuum phases. This question was addressed in detail
by Branco, Gérard and Grimus in Ref. [444]. It was shown that indeed this is the case for
most vacua with calculable phases arising from the presence of extra symmetries in the
Higgs potential. Another interesting example is the case of S3 symmetry introduced in a
Higgs potential with three Higgs doublets, transforming as a three dimensional reducible
representation of S3. The most general renormalizable Higgs potential can be written
[447]:

Vo= Vot d (@fa;) + 0 | (@]e) (@fe;+he )
s | (0l@) (@l@r+he)|+ ] (ola)) (@l@)) +he]+ (300

2 [ (@12;) (@[®:) +he]+ {(cbjcbj)z + h.c.]

where 1V denotes the part of the potential with no phase dependence. In each square
bracket a sum is understood over all independent permutation of ¢, 7, k with ¢ # j # k.
It can be readily verified that there is a region of parameter space where the vacuum has
the following phase structure:

(69) = vexp [%% _ 1)} k=123 () = (307)
It can be easily shown using an argument analogous to the one used in the Z, example
that, contrary to naive intuition, the vacuum of eq. (807) is CP and T invariant. One may
wonder whether this is a universal feature. Namely, one may ask whether calculability of
vacuua phases necessarily implies CP invariant vacuua. In Ref. [444] it was shown that
this is not the case. A counterexample was found [444] based on the group A(27) which
is a dyhedral-like subgroup of SU(3) with 27 elements. In this example, a CP-violating
vacuum with calculable phases was found.

6.2.3 A Survey of Models with Spontaneous CP Violation

At this stage, the following question is in order: What is the minimal extension of the
SM where one may achieve spontaneous CP violation while at the same time not entering
in conflict with experiment? In order for a given model to be a candidate for a realistic
example of spontaneous CP violation, it should satisfy the following conditions:

i) The CP violating phase arising from the vacuum should be able to create a complex
CKM matrix, leading to CP violation through W-mediated weak currents.

ii) The model should be able to avoid in a plausible way, i.e. without unreasonable
fine tuning, the stringent experimental constraints arising from FCNC processes, as well
as from the knowledge of the location of the upper vertex of the Unitarity Triangle [7].
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First let us explain why the model should satisfy the condition (i). At present, there
is strong evidence for a complex CKM matrix even if one allows for the presence of New
Physics beyond the SM [448]. The best evidence arises from the non-vanishing of the
rephasing invariant angle v [7] which does not receive important contributions from New
Physics. It is non-trivial for a model with spontaneous CP violation to satisfy at the same
time both constraints (i) and (ii). The reason has to do with the fact that in order to
have spontaneous CP violation, the Lagrangian has to be CP invariant, which requires
real Yukawa couplings. Then the phase arising from the vacuum expectation value must
give rise to complex quark mass matrices M,, My, in such a way that the weak basis
invariant Iop defined by

Icp = Tr[H,, Hy? (308)

does not vanish [400], with H, = M, M} and Hy = MM ;. The non-vanishing of Iop has
to be achieved without generating too large FCNC, so that condition (ii) is satisfied. This
is the source of the difficulty in constructing realistic models of spontaneous CP violation.
In the sequel we shall present a simple model which satisfies both conditions in an elegant
way. We consider next some of the minimal models with spontaneous CP violation which
have been considered in the literature.

A. Lee’s Model [9]

As previously mentioned, this is the first model of spontaneous CP violation proposed in
the literature. Lee introduced two doublets but no extra symmetry in the Higgs potential.
In this case it was shown by Lee that there is a non-singular region of the Higgs param-
eter space where the vacuum conserves electric charge but violates CP. At the time Lee
suggested his model, there were only two incomplete generations, since charm had not
been discovered. Therefore in Lee’s model with only two generations CP arises exclusively
from Higgs exchange. If we implement Lee’s model in the framework of three generations,
it turns out that although there is only one phase (@) arising from the vacuum, one can
generate a non-trivial CP violating phase in Vg . This can be seen by noting that the
two quark mass matrices can be written

1 . 1 .
My = — (0 Y+ 0eYY), M, = —(v1Y* + vee YY), 309
4 ﬁ(ll 2e""Yy) \/5(11 2 %) (309)

where Y4, Y;* are real matrices. From eq. [809) it follows that one generates a complex
H,, with its imaginary part given by:

ImH, = vy YY) — vy | sing (310)

with an analogous expression for H,. It is clear from eq. (BI0) that in spite of having only
one phase 6 arising from the vacuum, the structure of Hy, H, is such that the invariant
Icp, given in eq. ([B08), does not vanish, which is sufficient to have a non-trivially complex
CKM matrix. One concludes that in Lee’s model with three generations, there are two
sources of CP violation, Higgs exchange plus CKM mechanism. Therefore, the Lee model
satisfies condition (i). However, the model has difficulty in satisfying condition (ii), since
it leads, in general, to too large FCNC, unless one assumes very large Higgs masses, in
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the range 1-10 TeV, or invokes some suppression mechanism [433].

B. Models with Natural Flavour Conservation in the Higgs sector

We have seen in the previous section that in the case of two Higgs doublets, the imposition
of NFC in the Higgs sector eliminates the possibility of generating spontaneous CP vio-
lation. However, this is no longer true for three Higgs doublets, where it was shown [436]
that one can generate genuine spontaneous CP violation. However, it was also shown [437]
that in this model Vi gy is real, which is in disagreement with present experiment [7], [448].

C. A Minimal Realistic Model with Spontaneous CP Violation

Now we present what we consider to be the minimal extension of the SM where one can
generate spontaneous CP violation, leading to a complex CKM matrix, having no conflict
with the experimentally suppressed FCNC processes.

Let us consider an extension of the SM which consists of the addition of a vector-
like singlet quark D and a complex scalar singlet S. The vector-like quark may be the
down-type or the up-type. For definiteness, we consider that it is of the down-type with
electrical charge Q = —1/3. For simplicity, we introduce a Z; symmetry, under which the
new fields are odd,

Zg : DL — —DL, DR — —DR, S — =8 (311)

while all the SM fields are even. Strictly speaking, the introduction of the Z5 symmetry
is not necessary. However, its presence in the model provides a simple solution [449] to
the strong CP problem [450] 451], [452] 453 [454) [455]. As a result of the Z5 symmetry, the
couplings d; Dr® are forbidden but the mass term and couplings:

MDpDg+ (f;S + fS*)Drd% + h.c. (312)

are allowed by gauge and Z5 invariance. As a result the 4 x 4 quark mass matrix has the

form:
. mq 0
Ma=( 3 ) (313)

where my stands for the 3 x 3 mass matrix connecting standard quarks, the zero reflects
the presence of the Z, symmetry and Mp is a 1 x 3 matrix given by:

(Mp); = (f;Vexp (i) + f;'V exp (—ic)) . (314)
We have assumed that CP is broken by the vacuum with:
(S) = Vexp(ia) (315)

It can be shown [456] that the presence in the scalar potential of terms like (S? + 5*2),
(S*+ S*1), implies that there is a region of parameters where the minimum is at the (S)
of eq. (B13), with o a non-trivial phase. This vacuum breaks CP spontaneously. Note
that although one has only one phase « arising from the vacuum, due to the arbitrariness
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of the real couplings f;, f;’, My is an arbitrary 1 x 3 complex matrix. The matrix My is
diagonalized by the usual bi-unitary transformation:

d 0
Ul MUp = < 0D ) (316)

where d = diag.(mg, ms, mp) and D denotes the mass of the physical () = —1/3 vector-like
quark. The unitary matrix Uy, can be written in block form:

UL:([S( ?) (317)

The matrix K stands for the usual 3 x 3 CKM matrix, which is determined by the relation:

K_l(meffmineff) K=d (318)
where i i
mdMD MD mq

meffmineff = mMmagmqg — M2 (319)

where M? = MpMp' + M2 The crucial point is that the two terms contributing to
meffmjmff are of the same order of magnitude, since both Mp and M are SU(2) x U(1)
invariant mass terms which are expected to be of the same large mass scale. As a re-
sult, a nontrivial complex CKM matrix is generated and the CP violating phase is not

suppressed by the large scale of Mp and M . Of course, this can be explicitly checked
3

by evaluating Tr [Hu, meffmjmff} . It is worth summarizing the main features of this

class of models, where spontaneous CP violation is achieved through the introduction of
at least one vector-like isosinglet quark and a complex singlet scalar:

(i) They provide a simple framework for having spontaneous CP violation, while at the
same time generating a complex CKM matrix.

(ii) The 3 x 3 quark mixing matrix connecting standard quarks is not unitary. However,
deviations from unitarity are naturally suppressed by the ratio m?/M? where m and M
denote the mass of the standard quarks and the mass of the heavy isosinglet quark(s),
respectively. These deviations from unitarity lead to Z—mediated flavour changing neutral
currents, (FCNC) which are again naturally suppressed by the ratio m?/M?. This is a
general feature of models with vector-like quarks [457, 458 459] 460, 461, 462, 463, [464]
465, [466]. If the mass of the new quark is of order 1 TeV, the FCNC are sufficiently
suppressed so that they do not enter in conflict with the stringent limits on AS = 2
tree level transitions. Yet, one may have significant contributions to B;~By mixing [467,
468, 469, 470, 471, 472, 473] and B,~B, mixing which could be detected at LHCb and in
super—B factories.

6.3 CP-violating quantities from the scalar potential

As shown in section [5.17] in the 2HDM one may define the ‘Higgs basis’ as a basis (H;, Hs)
for the scalar SU(2) doublets such that the neutral component of H; has real and positive
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vacuum expectation value v / V2 while H, has vanishing vev. In the Higgs basis the
doublets are given by eqs. (220), where G* and G° are the three ‘would-be Goldstone
bosons’ while H* are the two physical charged scalars. The three physical neutral scalars
S1.2. are the linear combinations of H, R, and I given by eq. (373), where T" is a matrix
of SO(3).

However, as was also stressed in section [5.11] the Higgs basis is not uniquely defined,
because, when one rotates Hj as in eq. (221]), the conditions for the Higgs basis, viz. the
vev of Hy being zero and the vev of H; being real and positive, remain satisfied. The

rotation (221]) implies
R R
([)%o([), (320)
where O € SO(2), cf. eq. (222).
Under a CP transformation, besides the change in the sign of the space coordinates,

H, transforms to its complex conjugat while H, transforms to its complex conjugate
apart from an arbitrary phase:

Hy (t,7) S Hy (t,—7), Ha(t,7) = eHj (t, —7). (321)

<];)C—f>’0’(1f), (322)

where O’ € O(2) but det O’ = —1.

Our task in this section consists in finding quantities which depend solely on the scalar
potential and are tnvariant under basis transformations but change sign under CP. The
solution to this problem [425] hinges on the matrix

e:<_01 (1)) (323)

OeO” =edet O (324)

Thus, in a CP transformation,

which has the property

for any O € O(2).

The scalar potential of a general 2HDM in the Higgs basis is in eq. (870). The quan-
tities m?, and m?2, are functions of the vev v and of the quartic couplings A; and g,
respectively, through egs. (224]). When one expands the scalar potential as a function of
the component fields of H; and H,, one finds terms of the following forms{

a®S, where a® is a real coefficient and S is a neutral combination of fields which is in-

variant under both the basis transformation of eq. (820) and the CP transformation
in eq. (322). For instance, S may be H2, H3, G, H-H*, G-G*, R*+ I?, and so
on.

24n second-quantized field theory one must employ, instead of the complex conjugate, the transpose
of the Hermitian conjugate.
25We do not consider terms containing G* HF, which are trickier to handle.
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(bYR+b51) S, where bf and b5 are real coefficients.

[\ R? + 5,17 + (cfy + ¢3,) RI| S, where the ¢ (a,b = 1,2) are real coefficients and,
without loss of generality, c3; = c7,.

Considering for instance V5 in eqs. (B78)—(B80), we see that b = v2 Re \g, b = —v? Im X,
and that c¢;; = —cpo = (vV2/4)Re)s, c12 = cz1 = — (v2/4)Im A5 (in V5, there are also
terms m2 H-H™, (v?/2) \{H?, and (m? /2 + v®*Ay/4) (R* + I?), which are of the form
a®S). If we also consider V5 in eq. ([B33f), we find for instance b #" = v Re); and

b§7H+ = —vIm )\7.
It is clear that, under the basis transformation of eq. (820),
bf) (bs) (cs cs) et o
Sof ), ) o ‘w ) or 395
(3% i) e (329
and similarly, under the CP transformation of eq. (322]),
bf)cp ,(bs) (cs CS)CP (cs cs) T
5 1) 1 Ci2 )\ 90 o [ i G2\ T 396
(3% i) e c (320

Using the matrix € of eq. (323]), it is then easy to construct basis-invariant, CP-violating
quantities like

by’ & e by
by, by e( 1,) or by, by < 4 1%)6( ! )
Lon el g S RAVE I DAY

For instance, from the tensors explicitly given above one obtains

H H Ci1 Ci12 b{{ _ _U_6 Y27 *
(off, bf) ( P )e( bl ) = —;m (NGAE) (327)
- - €1 cC b HY v 9Ty
(b, H*)(C; Cz)g(bzﬂﬁ) = Cmwy). e)
H H b{{7H+ 3 SR Y
(b, b )E( me) — o m () (329)
2

One easily sees that, indeed,
JiocIm (AZAE),  JoocIm (A3A]),  Js o< Im (XA | (330)

are the only basis-invariant CP-violating quantities in the potential of eq. (B370]).
By taking into account eq. (B8I) and 7" € SO(3), the quantity in eq. (327) may be
written [474]

6
v e
Y Im (AAY) = Mas [(M13)2 - (M12)2} + (May — Mzz) Mia M3

This shows that there is CP violation in the 2HDM if all the matrix elements in the
first row of the mixing matrix 7" are nonzero and, moreover, the three physical neutral
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scalars are non—degenerate This can be confirmed by considering, for instance, the
interactions in eq. (B75L). They tell us that, for j = 1,2,3, if T;; # 0, then S; is a scalar;
therefore, 111112113 # 0 implies that all three physical neutral spin-0 fields are scalars,
contrary to our knowledge that in the CP-conserving 2HDM one of those fields must be
a pseudoscalar.

If we then consider the interactions in line (B83€]) and take into account eq. (B84), we
find that

3
v Im ()\6)\;) = Z eimiy Tipe; Ty (332)
jik =1
Indeed, the interactions in line (383€) indicate that, if ¢; # 0, then S; is a scalar. CP
conservation would then require either Sy or S; (7 # k # [ # j) to be a pseudoscalar;
correspondingly, either Ti; or Ty, respectively, ought to vanish.

One should note that in the generic 2HDM .J;, J5, and J3 are not all independent. One
might in principle choose only J; and J, as the two independent basis-invariant signals
of CP violation. However, J; = J, = 0 in a particular 2HDM with \; = 0, yet there
might still be CP violation through J; # 0. Different particular cases of the 2HDM may
require different choices for a minimum set of independent J-invariant and, to cover all
the particular cases, we need .J;, Jo, and J3, even though they are not all independent.

An important point made in Refs. [475, 431], 432] concerns spontaneous symmetry
breaking (SSB). Quantities like J;, Jy, and J3 involve the vev v and therefore refer to
CP violation after SSB; the Lagrangian before SSB does not involve v. Of course, all
laboratory CP-violating observables concern CP violation after SSB, but early Universe
phenomena, such as leptogenesis, involve CP violation before SSB. The quantities Ji, Js,
and J; are the only ones needed to study CP violation in the scalar potential after SSB.
In an earlier section, we found that one needs the four invariants /5 234 in order to study
CP violation before SSB. Interestingly, four quantities are needed in order to study CP
violation in the generic 2HDM before SSB, but only three quantities are required after
SSB.

The comparison between the I’s and the J’s is also of theoretical interest. If some [
is non-vanishing, then there is CP violation at the Lagrangian level. If all the I’s vanish
but some J do not, then there is spontaneous CP violation. The theory is CP conserving
only when all the I’s and J’s vanish. For discussions see, for instance, [376, 375, 476, [397].

We end this section with an open problem. Through the minimization conditions, one
can determine (at least implicitly, or numerically) the vevs in terms of the couplings of the
scalar potential. Therefore, one should be able to write .J; 23 in terms of [; 534 together
with, possibly, some CP-conserving quantities. As far as we know, this has not yet been
achieved.

26Tf two of the physical neutral spin-0 fields, say S; and Sk, are degenerate, then the matrix 7 may be
redefined in such a way that either T7; or 11 becomes zero, which is a CP-conserving situation.
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6.4 CP-violating quantities with scalars and fermions
6.4.1 The general method

In this section we discuss a systematic method for the construction of basis-invariant
quantities which was developed by Botella and Silva [370]. The main focus of their work
was on basis-invariant signals of CP violation, which we designate by J-invariants. Yet,
they pointed out that their strategy applies to any other property; for example, their
method has later been applied [477] to R-parity in supersymmetric models. The method
applies with any gauge group G and can also be used in an effective field theory including
nonrenormalizable interactions.
To illustrate the main idea, we start with a generic Lagrangian of the form

L= <Z 9ij6 B + Z hkzak%) ¢+ H.c, (333)

ij k.l

where the g; ; and hy; are coupling constants and the «, 3, and 7 are field operators with
their respective U(a), U(B), and U(~) flavour spaces, and also transforming like some
multiplet of the gauge group G. As an example, in the SM we have, after SSB,

L= zj:( ar, dp ), [(Mu)ij ( ; ) wny + (My),, ( ; ) de] +He, (334)

and the flavour spaces are U(3)r, U(3)ur, and U(3)ar, respectively. In perturbation
theory, one can generate interactions mediated by any power of L£;. For example, to
second order in perturbation theory, we will find interactions mediated by

(9:j0:3;®) (haurn®) . (335)

Hence, a given property of the theory (say CP violation) may show up at some order of
perturbation theory as a suitable product of couplings.
Under a basis transformation the couplings transform as,

Gij — ZU(a)ki g U(B)y; ,
¥

hij = > U@ b U(y) - (336)

The strategy in looking for basis invariant quantities consists in taking products of cou-
plings (as in the perturbative expansion), contracting over the internal flavour spaces and
taking a trace at the end. For example, the quantities

H,=M,M! | Hy= MM |, H,Hy, (337)

are tensors in the U(3), space and their traces are weak-basis invariants. The same is
true for the trace of the U(3),x tensor M| M,,.

In so doing, we have already traced over the basis transformations that could lead to
the spurious phases brought about by basis transformations. Therefore, the imaginary
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parts of such traces are unequivocal signs of CP violation [478]. For example, the J-
invariant of the three-family SM is

J oc Im [tr (H,HyH2HZ)] . (338)

A detail concerns spontaneous symmetry breaking (SSB). After SSB, the physical
degrees of freedom of the neutral scalars are shifted fields 7;, related to the original ones
(¢;) by the vevs (v;) as

Gi = vi + ;. (339)

This reparametrizes a Lagrangian term; for instance,
pigblo; = pigvivy + pagoing + pignlvy + pgning. (340)

In this way, v; becomes an integral part of new couplings like (p;;07)n;. Thus, in the
construction of basis invariants involving the scalar sector, one must consider combinations
of couplings both with and without vevs. This greatly simplifies the study of the scalar
sector over the analysis in the previous section. In addition, the minimization conditions
provide relations between the couplings in the scalar potential which must be used in
identifying the correct number of independent CP-violating invariants.

This discussion motivates the following prescription for the construction of J-invariants:

e identify all the scalar and fermion flavour spaces in the theory;

e make a list of all the couplings according to their transformation properties un-
der weak basis transformations, including the vacuum expectation values (which
transform as vectors under the scalar basis change); make use of the stationarity
conditions of the scalar potential to reduce the number of parameters;

e construct invariants by contracting over internal flavour spaces in all possible ways,
taking traces at the end (in order to be systematic it is advisable to do this firstly
in the fermion sector, using this to define new scalar tensors, and then perform the
analysis of the scalar sector);

e take the imaginary part to obtain a basis-invariant signal of CP violation.

In general, a minimal set of CP-violating quantities is not easy to find, since one could
in principle go to arbitrary order in perturbation theory. The identification of the number
of independent J-invariants may, at best, be done in a case-by-case way through a careful
study of the sources of CP violation in the model. Moreover, different particular cases of
a model may require different choices for the minimum set of fundamental J-invariants.
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6.4.2 Invariants with scalars

We can use the technique of the previous section to reproduce the CP-violating invariants
of the scalar sector after SSB. One finds [370, [432],

2
Ji x Im Z Uy Yoo Uy Yo Zecd Ve vd> (341)
a,...f=1
Jg x Im Z ’U U Zbgge chhf Zeafd Va Ud>, (342)
a,...h=1
J5 o Im Z Vi Yab Ziade ’Uc>. (343)
a,b,c,d=1

These, it may be shown, are equivalent to the J invariants defined in eqs. (B30).

6.4.3 Invariants with scalars and fermions

In looking for invariants probing CP violation and involving both scalars and fermions
we follow Botella and Silva [370]. We start from the Yukawa Lagrangian in eq. (225]).
The Yukawa-coupling matrices Y4 (a = 1,2) are 3 x 3 complex matrices. Their rows
(columns) are acted upon by unitary U(3), (U(3)4r) transformations on the space of left-
handed quark doublets (right-handed down-type quark singlets). Similarly, the Yukawa
matrices Y* are 3 x 3 complex matrices. Its rows (columns) are acted upon by unitary
U(3)L (U(3)ur) transformations on the space of left-handed quark doublets (right-handed,
up-type singlets). Combinations such as YaddeT and Y*Y;*" have both indices in the left-
handed-doublet space. As a result, in

T = (v, (344a)
Ty = tr (Vv (344b)
all quark spaces have been traced over. These quantities depend only on the scalar indices
a and b. As a result, they can be combined with the v,, Yy, and Z,,.q4 to construct weak-

basis invariants depending on both scalars and fermions. The lowest order basis-invariant
measures of CP violation involving both scalars and fermions are [370]

2
J¢ = Im ( > vavchgg> (345a)

a,b,c=1

2
J* = Im < > vavch:a). (345b)

a,b,c=1
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Expressing these invariants in the quark mass basis, we find

ng

J' o« Im m%QZmdi (Nd);] , (346a)
I
C

J* o Im mf22mm (Nu);], (346b)
I

where ng is the number of generations and mgy; (m,;) is the mass of the i-th down-type
(up-type) quark. In the simplest case of ng = 1, there is no CP violation in the CKM
matrix, there are only two independent CP-violating invariants—which we may take to
be J; and Js—in the scalar sector, and there are only two independent invariants—.J¢
and J"—involving both the scalars and the fermions. For ng = 2, there is still no CP
violation in the CKM matrix, J; and J3 apply to the scalar sector, and there are a total
of eight invariants in the scalar—fermion interactions, which were explicitly constructed in
Ref. [370]. For ng = 3, J; and J; apply to the scalar sector, there are 18 invariants in the
scalar—fermion interactions, and there is now also one CP-violating invariant in the CKM

matrix, given by eq. (338).

6.5 CP basis invariants and the bilinear formalism

The basis invariant quantities of eqs. ([274), (275), (284) and (288)) determine whether
or not a given 2HDM scalar potential is explicitly CP-conserving. They have extremely
simplified expressions in terms of the bilinear formalism introduced in section [£.3] as was
shown in refs. [376, B75]. We follow the notation of the Heidelberg group [372, 373, B75]

and introduce the vectors £ and 17 and the matrix F, given, in terms of the parameters of
the 2HDM potential defined in eq. (98]), as

1 —2Re(m3,) 1 [ Re(As+ A7)
£ = 3 2Im(m2,) , n=-| —Im(As+X\7) |,
mi; —mi, T = A)

)\4 + Re()\5) —Im()\g,) Re()\G — )\7)
EF = - —Im()\g,) )\4 — Re()\5) —Im()\6 — )\7) . (347)
Re(Ag — A7) —Im(A — Ar) (A + Ag) — Xg

]

Then, the I invariants of section may be written as

I = (Exm)" . EE, (348)
L = ((§xn)" . En, (349)
Iy = (£x(BE)" . E% (350)
Iy = (nx(En)" .E. (351)

2TIn fact, these four invariants are linear combinations of those in section B.I.1, but their usage is
equivalent.
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The extremely simple form of these equations, and the appearance of external prod-
ucts between vectors in them, leads to meaningful geometrical interpretations for CP-
violating/preserving potentials [376, 375]. See also [380, 421].

As for the basis invariant quantities J; of eqs. (B41)— (343]), which determine whether a
given vacuum preserves or breaks CP, they too can be written, in an extremely simplified
manner, in terms of the bilinear formalism. Let us introduce the vector r = (ry,ro,73)7,

with the r; defined in eq. (I05). Then [375],

Jio= (Exn)t (), (352)
Jo = (&x(BE)T . (r), (353)
Js = (mx(En)" . (x), (354)

where (r) corresponds to the vector r evaluated at some stationary point of the theory Z

6.6 CP violation and symmetries

As discussed in section [5.6] there are six classes of 2HDM symmetry-constrained poten-
tials. Those symmetries, and their impact on the parameters of the potential, were shown
in Table[dl Leaving aside the extension of these symmetries to the Yukawa sector - where,
as we have seen in section [5.14.3, each symmetry has very different consequences - each
of those models corresponds to a very specific and different type of scalar physics. For
instance, a model with a Peccei-Quinn [12] U(1) symmetry (class IV) can have a vacuum
with a massless scalar, an axion. That is not possible, whatever the vacuum, for models
with the Z; or CP1 symmetries (classes V and VI).

Another aspect for which the six classes behave very differently concerns the possibility
of CP breaking - explicitly or spontaneously - for each potential. This question is better
handled using the bilinear formalism formulae presented in section [G.5. A systematic
analysis of all possible potentials was carried out in [397]. Briefly, this consists of:

e One may wish to consider models with an exact symmetry, out of the six considered,
or to softly-break that symmetry via the inclusion of generic dimension-two terms
(real or, in the case of m2,, even complex).

e Prior to spontaneous symmetry breaking, it is necessary to determine whether CP is
a valid symmetry of the potential, or if it is explicitly broken. This is best achieved
computing the four I invariants of eqs. (348)— (B51).

e For any given model, the extremum conditions need to be solved, to prove that a
certain vacuum, which might break CP spontaneously, is possible.

e Having proved that a given sets of vevs is a possible solution of the extremum
conditions, one must verify whether that vacuum effectively breaks CP. This is best
achieved through the calculation of the three invariant quantities of eqs. (B52])—

(354).

Z8These, too, are linear combinations of the invariants of (B41)- (343)).
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If any of the I; invariants is different from zero, the potential is not CP-conserving, and
CP is not a defined symmetry of the potential (for all possible CP definitions of the form
of eq. (I34)). If all I; = 0 then the potential is CP-conserving; a given vacuum is CP-
conserving if and only if all invariants J; = 0. A CP-conserving scalar sector has some
very distinct physical properties: there is a well-defined pseudoscalar state A, and there
are two well-defined CP-even states h and H; as a result, though triple vertices of the
form ZZh and ZZ H are possible, no vertex like ZZ A is allowed.

In [397] the bilinear formalism of refs. [373], 374} B75] was used to compute all invariant
quantities. As shown in the previous section, the formulae for the I and J CP basis
invariants are extremely simple in the bilinear formalism, and that allowed a general
analysis of all possible models, without even an explicit calculation of the vevs (a major
simplification, since solving the extremum conditions can be analytically impossible in
some models). The conclusions of the study of [397] are summarised in Table [6. Some

Table 6: CP properties of the six symmetry-constrained classes of 2HDM scalar potentials.
We consider both the case of exact symmetries and their soft breaking via dimension-two
terms. In this table, “Yes” means that it is possible to choose the parameters of the
potential such as to enable that particular form of CP wviolation.

exact softly-broken
symmetry | explicit | spontaneous | explicit | spontaneous

class CPV CPV CPV CPV
[-U(2) - - - -
IT- CP3 - - - -

IIT - CP2 - - Yes Yes
IV -U(1) - - - -

V-2, — — Yes Yes

VI - CP1 - Yes Yes Yes

obvious observations are drawn from this table:

e Any scalar potential with an exact symmetry is CP-conserving.

o If the symmetry of the potential is continuous (i.e., classes I, II and IV) no CP
violation is possible, be it explicitly or spontaneously, even with generic soft-breaking
terms.

e Discrete symmetries allow for the possibility of spontaneous symmetry breaking;
however, with the exception of the class VI model, that is only possible via the
inclusion of a soft-breaking term e,

Though a general analysis of CP breaking in the scalar sector is achievable, the study of
the CP properties of the theory requires that one takes into account the Yukawa terms.
And some of the models of Table [6l may well end up having CP conserved in the scalar
sector but violated by the fermion-scalar interactions, much like the SM.

29For the potential with a Zo symmetry this was well-known for a long time [433].
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6.7 Two models with an original source of CP violation

In the SM, the source of CP violation is explicit breaking, via Yukawa matrices which
are complex. This leads to a complex CKM matrix, and in turn to a non-zero Jarlskog
invariant. In such models, then, CP is not defined a priori, since it is not a symmetry of
the lagrangian - it is broken by hard, dimension four, Yukawa terms. The MSSM can be
another example: in [479] it was shown that radiative Higgs-sector CP violation can be
quite large in the MSSM. In effect, after quantum effects are included, one obtains, as a
limit, the potential of a general CP-violating 2HDM.

In the 2HDM, as has been explained in previous sections, there is the possibility of
spontaneous breaking of CP. A complex phase can appear in the vacuum of the theory and
lead to CP breaking. The presence of such a phase, however, is not sufficient to guarantee
CP violation - one needs to calculate the J invariants of eqs. (B41)- (B43) and verify
whether at least one of them is non-zero. An example of a model where this happens is
the classic paper by Branco and Rebelo [433] - they considered a scalar potential with a
Zy symmetry, extended to the fermion sector in a particular way, and also required CP
conservation at the lagrangian level. Hence, all of the model’s parameters are real. Since
the exact symmetry forbids any CP-breaking vacuum, they added a real soft breaking
term to the scalar potential, and thus generated a complex CKM matrix. In such a model
some (or all) of the J; invariants are non-zero, and there is CP violation in the scalar-scalar
interactions, as well as in the fermion sector.

In this section we will briefly describe two versions of the 2HDM in which CP violation
arises in ways which are different from the two usual ones described above.

6.7.1 The CP3 model

In [391] a 2HDM was built with the CP3 symmetry extended to the fermion sector. We
recall (see eq. (I5]])) that this corresponds to a transformation on the scalar fields of the

form . .
o\ cos sin o7
<<I>2)_<—sin9 cos@) (@’2‘) (355)

In [391] it was shown that the only value of the angle 6 which leads to six massive quarks
(and three massive charged leptons) is § = 7/3. Also, the transformation laws of the
quark fields under this symmetry are uniquely determined (again, by the requirement of
six massive quarks). One finds that the Yukawa coupling matrices for the down quarks
have a very simple form,

ap; G2 a3 12 —apix; —asz
d d
YP= 1| a2 —an ags , Yy =1 —an —ai2 a3z |, (356)
agr  azgx 0 —asy  as 0

in a special basis where all the a;; coefficients are real. Indeed, in that basis all the
parameters of the potential are real. An analogous form is found for the Y* matrices for
the up quarks, with different coefficients b;;.

The scalar potential of the CP3 model (class II of table [{]) has a continuous symmetry
which will be broken if both scalar fields acquire a vev - which then implies the appearance
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of a massless axion. As such, one needs to add real soft breaking terms to the potential,
which give mass to the would-be axion. One then finds that, with such a soft breaking
term, a vacuum with a complex relative phase between the vevs is possible - of the form
(@) = vy, (®y) = v1e®. However, as shown in table [6] even such a vacuum does not
provoke CP breaking in the scalar sector - all J; invariants are equal to zero, even if § # 0.
Still, it was shown in [391] that the Jarlskog invariant is directly proportional to sind.
As such, in this model a vacuum with a complex relative phase is possible and does lead
to CP violation, even if its scalar sector preserves CP. This then, is a new type of CP
violation:

e The lagrangian does preserve CP because there is a basis for which all of its param-
eters are real. Thus, no explicit CP breaking occurs, as in the SM.

e The scalar sector preserves CP because, even for a vacuum with a complex phase
0, all of the basis-invariant quantities J; which measure CP violation in the scalar-
scalar interactions are zero.

e However, CP breaking does occur, and it is spontaneous, since d # 0 implies a
non-zero Jarlskog invariant.

It is interesting that the scalar sector does the deed (spontaneously break the symmetry)
but it is the fermion sector which pays the consequences (providing CP violation). To the
best of our knowledge, this type of CP violation is unheard of in the literature - it arises
spontaneously, but the scalar sector remains CP-conserving.

The model’s interest is increased by the limited number of free parameters it contains
- 12 independent Yukawa couplings, and 6 scalar potential parameters (counting the soft
breaking terms). It is easy to fit the six quark masses and a quartet of moduli of CKM
matrix elements (in theory all one needs to fit the entire CKM matrix [430]). This model
has FCNC (the matrices Y and Y3 do not in general commute with one another), so
care must be taken to ensure that it is in agreement with the stringent FCNC bounds
which arise from meson physics. Remarkably, the model does manage to fit the mass
differences of the K, By and B; mesons, as well as the ex parameters and the unitarity
triangle angle [, as obtained from B meson decays. However, the fits performed lead to
a value of the Jarlskog invariant at least three orders of magnitude smaller than the SM
value; this would seem to indicate a relation between the unitarity triangle angles, o >~ £,
which goes against observational data [293].

6.7.2 A specific Z; model

Recently [427] a model was proposed wherein one extended a Z3 symmetry in the scalar
sector to the Yukawa terms, in a particular way. The scalar sector therein resulting
is identical to that of the Peccei-Quinn model; the Yukawa matrices one obtains are
extremely simple, having the form

VLY~

X © O

0 0
0 x |, Yo~
x 0

o O X
o O X
o X O
o O X
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where the symbol x denotes a non-zero matrix entry, in general complex. These Yukawa
matrices were first found in [42§].

If, on top of the Z3 symmetry, we apply the standard CP transformation, all terms in
the lagrangian are forced to be real. Again, since the matrices Y and Y3 (and Y;* and
Y;") do not in general commute, this model has FCNC.

Once more, the Peccei-Quinn model has an axion if both scalar fields acquire a non-
zero vev. Thus, it is necessary to add a soft-breaking m?, term to the potential. However,
unlike what happened for the CP3 model of the previous section, it is impossible to obtain
a vacuum of the form (®;) = vy, (®,) = v, with § # 0, unless the soft breaking term
m2, is itself complex (and has phase —§) PY. However, even despite the introduction of
a complex soft breaking term, the scalar potential remains CP-conserving, before of after
spontaneous symmetry breaking - check tablelfl As such, this too is an unusual source of
CP violation:

e The model has a scalar sector which is CP-conserving.

e CP violation occurs due to an explicit breaking of the CP symmetry, via a complex
coefficient in the scalar potential.

e However, unlike the case of the SM, this CP breaking is soft, not hard, since the
complex coefficient is a dimension-two term of the lagrangian.

The FCNC which arise in this model have an extra surprise: it is easy to show that all
FCNC couplings are real, so that no CP violation occurs in FCNC interactions. Indeed,
this model reproduces perfectly the type of CP violation one obtains in the SM - all quark
masses, CKM matrix elements, meson mass differences and CP-violating quantities can
be fitted with the model’s eleven parameters (see [427]). Remarkably, one is capable of
fitting all observables with some of the scalar masses as low as ~ 150 GeV, even in the
presence of FCNC. Further, the model’s scalar sector also satisfies constraints on New
Physics arising from the oblique parameters of section [D], as well as the LEP2 constraints
on the lightest Higgs mass [7].

As such, this model suggests that even though the CKM mechanism for CP violation is
well established experimentally, the origin for a complex CKM matrix need not necessarily
be that of the SM - a hard breaking of CP through dimension-four terms. In the 2HDM
with a Z3 symmetry, the possibility exists that the origin of all CP violation is a soft,
dimension-two, term.

30The reason for this drastic difference in behaviour is the fact that in the CP3 model the A5 quartic
coupling is non-zero, unlike what happens for the Peccei-Quinn potential.
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7 Recent results from the LHC

The 35 inverse picobarns of the 2010 Large Hadron Collider (LHC) run were not useful in
constraining the Higgs sector. Over the summer of 2011, the LHC collected more than one
inverse femtobarn of data, and at the Hadron Collider Workshop in November 2011 the
ATLAS and CMS Collaborations presented [480] the combined results for that summer
run. They presented upper bounds on the cross section for Standard Model Higgs boson
production as a function of the Higgs boson mass. The main plot, the so-called “Brazil
bands” plot, is shown in Fig. Il The solid line in this plot gives the upper bound, at
95% confidence level, on the measured cross section for Higgs boson production relative
to the Standard Model cross section, assuming Standard Model decay signatures. One

ATLAS + CMS Prellmlnary, \s =7 TeV | —— Observed
L= 1.0-23fb Jexperiment |mmm Expected + 16

—h
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1
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©
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Figure 21: Combined results of the ATLAS and CMS Collaborations presented at the
Hadron Collider Workshop in November 2011. The solid line is the experimental upper
bound, at 95% confidence level, on the cross section for Higgs boson production divided
by the cross section of the Standard Model. The dashed line is the expected 95% exclusion
bound, and the green and yellow bands are the one- and two-standard deviation bands
around that expected bound.

can’t quickly draw conclusions about 2HDMs from this plot, which is meaningful only for
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Standard Model Higgs boson decays. As seen throughout this report, in many 2HDMs,
and for a substantial region of the parameter space, one expects very different branching
ratios from those of the Standard Model.

Nonetheless, there is one circumstance in which the plot can directly lead to infor-
mation about 2HDMs. That is when the primary decay modes of the h and H of the
(CP-conserving) 2HDM are into W*TW ™ and ZZ. In the Standard Model, these decays
dominate for Higgs boson masses above 130 GeV, and thus the branching ratios into
W*W~ and ZZ would be the same, since the total branching ratio is 100% and the only
difference between the W*W~ and ZZ branching ratios would be the SU(2) couplings
and phase space.

If the primary decays are into W*W ™ and ZZ, then the only differences in the event
rate between the Standard Model Higgs boson and the h and H scalars of the 2HDM would
occur in the production cross section, which proceeds through top-quark loops. For the h
(H), this is equal to the Standard Model cross section times cos? o/ sin? 3 (sin® ./ sin? 3).
Clearly, one can adjust a such as to make either one or the other of the neutral scalars
h or H invisible, but the sum of the cross sections of h and H is independent of o. Note
that the one exception would be in the type II model with large tan 3, since then bottom-
quark loops can affect the production cross section of h and H. Including this possibility
would add an additional parameter and, for illustrative purposes, we shall not include
those loops here. One should keep in mind that, as noted in Chapter 2, large tan [ has
difficulties with perturbativity and unitarity, and requires fine-tuning.

Consider the case tan 8 = 1. Then, the sum of the cross sections for h and H pro-
duction, where both the h and H decay into WTW ™~ and ZZ, is twice the cross section
for the Higgs boson of the Standard Model. That means that at least one of those cross
sections must be larger than the one of the Standard Model. From the plot in Fig. 211
one can see that if both the h and H have masses in between 140 GeV and 480 GeV, then
the production cross section for each of them is below the Standard Model; therefore,
this case is experimentally excluded. Suppose instead that tan g is very large. Then,
sin? B ~ 1 and the sum of the cross sections for h and H production is similar to the one
of the Standard Model.

We can thus exclude the regions shown in Fig. 22l For tan 8 = 1, the entire parameter
space in between 140 GeV and 480 GeV is excluded, as well as some regions beyond.
For tan = 10 a much smaller region is excluded. It is a rather complicated shape due
to the complex structure of the lines in Fig. 21l As more data is collected, the islands
are expected to gradually merge and move outwards, eventually excluding most of the
region—unless, of course, a signal is found, in which case a region will remain. It must
be once again emphasized that these exclusion regions are only valid if the primary decay
of both the h and H are into WTW ™~ and ZZ—and, as can be seen from Chapter 2, this
is not the case for a substantial part of the parameter space in various 2HDMs.

In general, for each of the four models described in Chapter 2 it is possible to find
bounds analogous to those depicted in Fig. 22 but for various values of . However, these
bounds will often be quite weak, since a value of o can always be found that makes either
h or H gauge-phobic, thereby eliminating all LHC bounds.

All of this may have changed due to LHC experimenters presenting, in December
2011 4871, 482], evidence for a peak in the vy channel at a mass of approximately 125 GeV.
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Figure 22: For tan § = 1 and tan § = 10, and assuming that both h and H decay primarily
into WTW ™~ and ZZ. the excluded regions are those inside the contours.

If this evidence is confirmed, then Fig. will become irrelevant. What would such a
discovery mean for 2HDMs?

The cross section for pp — h — 7 is consistent with the Standard Model, but
substantial discrepancies are still allowed. In the Standard Model, a Higgs boson with
mass 125 GeV has a branching ratio of approximately 0.002 to yy. In the 2HDM, the
branching ratios can differ, as seen in many of the plots in Chapter 2, although there is
usually a region of parameter space in which the branching ratio is similar. The production
cross sections will also be different. It is clear that one will usually be able to find a set
of parameters in which the recent results can be accommodated. If the branching ratios
into WHW =, ZZ, bb, and 77~ can also be observed, then these will correspond to other
regions of parameter space, which might be mutually exclusive. Thus it might be possible
to rule out some of the 2HDMs in Chapter 2—or else, if the Standard Model predictions
are not verified, these 2HDMs might constitute viable alternatives. This possibility has
recently been discussed [483]. Note that failure to find a heavy Higgs boson at the LHC
is not necessarily a problem; the more Standard-Model-like is the h field, the more gauge-
phobic will the H be, and thus it could easily evade detection.

Clearly, one will need information about the other decay modes of this 125 GeV state,
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and such information should be forthcoming shortly.
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8 Conclusions

The Large Hadron Collider has begun taking data, and a flood of information is imminent.
Within a short time, the deepest question in particle physics in a generation, the nature
of electroweak symmetry breaking, will definitively be addressed. In the Standard Model,
one assumes the simplest possible scalar sector, and the properties of the Higgs boson in
that model have been studied extensively.

The simplest extension of the electroweak Higgs sector is the addition of another
scalar doublet. The purpose of this review article is to discuss this extension in detail.
The phenomenology of Two-Higgs-Doublet models is extremely rich, since it contains a
charged Higgs, a pseudoscalar and two neutral scalars, flavour-changing neutral currents,
and more possibilities for CP violation and baryogenesis.

The most general 2HDM has tree level flavour changing neutral currents, which can be
phenomenologically problematic. The most studied versions of the 2HDM use a discrete
symmetry to avoid tree level FCNCs, and the phenomenology of the neutral sector of
these versions was studied in Chapter 2, focusing on the bounds from the Tevatron and
expectations from the LHC. In Chapter 3, we studied models that do contain FCNC at
tree level. In Chapter 4, the phenomenology of the charged Higgs in these models was
analysed.

The theoretical structure of 2HDMs is quite complex. One can have CP-violating,
CP-conserving and charge breaking minima, there are several bases that one can choose,
as well as a number of invariants. The theoretical structure is discussed in Chapter 5, in-
cluding renormalization group analyses, vacuum stability bounds, symmetry-constrained
lagrangians, etc. In Chapter 6, CP violation in the Higgs sector is studied in detail.

Many important topics have not been included. The most important is supersym-
metry, which automatically requires at least two Higgs doublets. There are extremely
comprehensive reviews of the Higgs sector of supersymmetric models, and we referred the
reader to those reviews. Other than a brief discussion in Chapter 6, we have not included
models with three or more Higgs doublets, and we have, for simplicity, not considered
models with singlets. In addition, the phenomenological focus has been on the Tevatron
and the LHC. While a linear collider would be enormously helpful in a detailed study of
the scalar sector, it is sufficiently far in the future that we did not discuss it here; the
questions that a linear collider would answer will likely be very different within a couple
of years.

While the LHC will help elucidate the nature of the Higgs sector, it will be several
years before the various couplings can be measured precisely enough to test many of
the models in this review, although some will be tested sooner. Of course, paraphrasing
Sidney Coleman, it is possible that the entire structure will be swept into the dustbin of
history by a thunderbolt from Geneva. We may know very shortly.
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A Unitarity limits

The theoretical bounds discussed in section [5.7] arise from the condition that the potential
must have a minimum, viz. they prevent the existence of directions in field space along
which the potential is unbounded from below. There are other theoretical bounds that
one must impose on the potential, namely, all the (tree-level) scalar—scalar scattering
amplitudes must respect unitarity. This is equivalent to requiring that the J = 0 partial
waves (usually denoted ag) for scalar—scalar scattering satisfy |ag| < 1/2 in the high-
energy limit!”] In the SM, this requirement is equivalent to ensuring that the quartic
coupling in the scalar potential is not too large; in the original work by Lee, Quigg,

and Thacker [484] 485] the bound my < 1/87v2/ (3Gr) ~ 1TeV was thus obtained.
Extending this bound to the 2HDM is complicated, due to the richer scalar spectrum
and, consequently, to the need to take into account many scattering amplitudes; the
existence of many quartic couplings also complicates matters. This leads to an analysis
of the eigenvalues of the S matrix in the scalar sector.

Early work on the unitarity bounds in the 2HDM was undertaken in [486, [487, 48§].
A comprehensive study of all the scattering amplitudes and of their relevance for a CP-
conserving scalar potential with a Z, symmetry was presented in [489]. That work was
later generalized in [98] [490] by allowing the presence the following quantities:

1 in 2
L, = 52 {mi] cos o + mi sin? v + QSItI;nOZ_; (mi - m%)}
2
mM7s 2
—= _(1—t
v?sin 23 ( o B)’
1 in2at
2
Mo 2
t - 1 9
+v2 sin 2/3 tan? 3 ( an” )
1 sin2a , 4 2 2
L3 = ,U2 Sin 25 |: 5 (mH mh) - m12 )
2m2 m2 2M2
L, = =% Ls = ——2— Lg = —5~ 357
4 02 v?sin28 0 0 v’ 50

which are functions of the masses of the physical scalars, of the angles o and (3, and the
soft-breaking parameter m?, (notice that we are assuming a CP-conserving vacuum). The
unitarity bounds can be, and usually are, expressed in terms of these quantities. We shall
however, for consistency, express them in the notation adopted in this review. The L; are

31The same condition must be satisfied by the amplitudes for gauge boson—scalar scattering, but we
need not worry about those, since they yield no new bounds.
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written, in terms of the couplings of the scalar potential in Eq. (98], as

A= 2(Ly + L), (358)

Ao = 2(Ly+ Ly), (359)

As = 2(Ls+ Ly), (360)
1

Moo= 5 (Ls+ Lo~ 2La), (361)
1

s = 5 (Ls— Lo). (362)

The computation of the S matrix for scalar—scalar scatterinamplitudes allows the de-
termination of its eigenvalues; the relevant ones are given by

3 9
o = S(utA)E \/ 7 - ) 4 (223 + M2, (363)
1 1
by = s (Mt X)Eg \/()\1 — ho)® 14X, (364)
1 1
T LT VO =)+ 402 (365)
€ = >\3 + 2)\4 - 3)\5 (366)
€y = >\3 — >\5, (367)
f+ = A3+ 22X+ 3, (368)
f- = A+ s, (369)
fi = M+ (370)
P1o= Az — A (371)
The requirement of tree-level perturbative unitarity translates as
lax], |bxl, lexl, [fe]s lera], [fil, [pi] < 8. (372)

From all these conditions, the one on |a+| is the most restrictive one, but all others also
contribute to place severe upper bounds on the scalar masses. Under the assumption that
the Z5 symmetry is unbroken and for small values of tan 8 ~ 0.5, Akeroyd et al. have
thus found that m, < 691 GeV, m4 < 695 GeV, m;, < 435 GeV, and my < 638 GeV; for
larger values of tan # the bound on m;, becomes quite stronger, dropping below 100 GeV
for tan 5 ~ 6. Despite the constraints from LEP data [7], such low values for m, are
not forbidden, since the production cross section of a Zh pair at LEP is suppressed by a
factor of sin?(a — 3).

However, the presence of the soft-breaking term m?, greatly relaxes these bounds—for
large enough values of m?, the bound on m;, becomes independent of 3 and approximately
equal to 670 GeV. The unitarity bounds of the 2HDM thus are quite dependent on the
values of some parameters, but may in some cases be quite constraining, even ruling out
entire sections of parameter space due to conflicts with experimental findings.

32For a CP-violating potential, in which the A5 coupling is complex, just replace A5 by |As| [491].
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B Gauge interactions

In the Higgs basis of Eq. (220), the charged field H* is physical and has mass m, the
neutral fields H, R, I are linear combinations of the physical neutral fields Sy, Sy, Ss:

big S
R|l=1|85 |, (373)
I Ss

where the 3 x 3 matrix T is orthogonal. Without loss of generality we shall assume T to
have determinant +1. The field S; (j = 1,2, 3) has mass m;.
The gauge-kinetic Lagrangian

Ly = i (D" Hy)" (D, Hy) (374)

k=1
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may be developed as [492]

DG (9,G°) o (9"5;)(D,S;
L, = ("G7)(0,G") + ("H)(0,H™) + % +y w (375a)
j=1
VAV
+ miy WH W +m3 5 & (375b)
+my Z,0" G + imy (W, 0"GT — W o'G™) (375¢)
— (emw A" + gsyymzZ*) (W, G+ W, G™) (375d)
)
+i {eAM + w ZM} [(GTo"G™ — GTO*GT)
w

+(H+5WH— — H 0"H")] (375€)

+E Z, Z Ty (S;04G° — G9"S;) + T3 (510" 5 — S20"S5y)
+Th9 (S30MS; — S10"S3) + Tiy (S20"S3 — S30MSy) (375¢)

3 3
+1 g{W: D Ty (G708, = 8;0'G7) + W, Y Ty (8;0"GH — GHors)
=1 =1

+iWF (GG — GY9"G™) + W, (G°9"G* — GFo"GP)

3
+W,EY (T + iTy;) (H0"S; — S;0"H”)
j=1
3

+ W, Y (T — iTy;) (S;0"HT — HTOS)) } (375g)
j=1
Z, 2"
+g (mWW:WM— mz ) ZT” (375h)

2.2 3
— <@ Ary 0w Z“) (WihG™+ W, G T8 +i (WG =W, G") G°

2 QCW

j=1
3 3
HWIHTY (Ty; +iT3;) Sy + W HY Y (Ty; — iT3))S; (3751)
j=1 Jj=1
2 2 guyg (G0)2 392
wew + 2 u 25 i
( 23, 2 ) 5 ; 2 (3753)
2
9_2 WH W+ + 2¢2 ArA, i 9° (siy — civ)” 2"Z,
2 " 2 23, 2
€qg _ _
— 2 _A"Z + .
+CW ERn H} (G"GT+H HY) (375k)
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C Scalar—scalar interactions

The scalar potential in the Higgs basis is given by
Vo= md HH, +m2,HH, — (m§2H1H2 + H.c.)

Yy 2 )\ 2 -
+5 (HITH1> +2 (H;H2) + Ns H Hy HYHy + Ny H} Hy HYH,

2 2 _ _
+ [35 (H1H2) + <>\6 HiH, + M\ HgH2> HiH, + H.c.] , (376)

where, as before, the parameters in the Higgs basis are denoted by m;; and A;. The
vacuum expectation value of the potential is

v? - vl
Vo = (0[V]0) = mn 7= My (377)
We now present general expressions for masses and couplings written in the Higgs basis,
for any neutral vacuum. These are, of course, written in a different basis from the results
of section and as such cannot be trivially compared. The mass terms for the scalars
are given by the part of the potential which is bilinear in the fields:

H
1
%zmiH‘H++§(H R I)M R |. (378)
I
The mass of the charged Higgs is given by
— ’U2
m2 = 1ma, + A3 5 (379)
while
;\LU2 7Re 5\6 U27 —II'IE 5‘6 ’02
M= Relv® mi+ (A+Reks)v?/2 —Im A5 v?/ 2 . (380)
—Im Ag v —Im A5 0%/ 2 m% + (A — Re X5) v?/2

The symmetric matrix M is diagonalized by the orthogonal matrix 7"

TT™™MT = diag (m7, m3, m3) (381)
so that
3 52
Vo=m2H H +> m 5 (382)
j=1

Like we said before, we assume det ' = +1 without loss of generality.
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The part of V which is trilinear in the fields may be written

O O R
‘/3 = G G+ + ? ;SJTUTJ (383&)
3 m2 —m?
+GTHTY 8 (Ty; +iTy;) ————= (383h)
j=1
3 m? —m?
+GTHTY 8 (Ty; — iTy;) — . i (383¢)
j=1
2 2 2 2
—I—GO <5152T13 w + 5351T12 w
m3 —m3
+5253T1 g) (383d)
v
3
+vH H* chSj (383e)
j=1
> v
+ Y 5SS |5 0 (Gu = TuTw)
ok, l=1
1 m?2 m2 —m?
+- <m2+ — TJ) Ty T Ty + % T10m | - (383f)
where [425] ) B B
C; = le)\g + ng Re )\7 - ng Im )\7. (384)

A thorough analysis of the trilinear Higgs couplings for the most general 2HDM potential,
considering one-loop corrections, was undertaken in [493].

D The oblique parameters

D.1 Definition

Let the vacuum polarization tensors be written

. (@) = " Avyr (%) + ¢"¢"Bvyv: (¢%) (385)

where V'V’ may be either vy, vZ° Z°Z° or WTW~, and q = (q%) is the four-momentum
of the gauge bosons. Let us moreover define

Ayyr (q2) = Avyr (qz) }ZHDM — Avpr (q2) ‘SM’ (386)
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where SM denotes the Standard Model with a Higgs particle of mass mpyg. Then, the
oblique parameters of the 2HDM are defined [494]

g 167cd, [ Agozo (m%) — Agogo (0)
9 my
1 2 2 .2 1 0 (o2
— a‘4’Y’Y 2(q ) Cw Sw aA”/Z 2((] ) , (387&)
dq 42=0 CwSw dq 42=0
r- {AWWZ W _ Az (0)} : (387D)
9°Sw L Mw Mz B -
U — 167 AW+W* (m%,[,) - AW+W* (O) _ 02 AZOZO (m2Z) - AZOZO (O)
7 miy v my
0A,, (¢?) OA, 70 (%)
2 Y 9 s At 387
w aqz q2:0 + CWSW 8q2 q2:0 ? ( C)
4 _814 070 q2 Agogo (m —A 0z0 (0
v = n_|2drn ) 2o (m) - zz<>]’ (3874)
9" Sw L q q2:m2Z my
47 _814 +W— q2 Aw+w- m2 - 121 +w— (0
W = 9282 ‘/Va‘/V2 ( ) w+w ( Wlni2 wW+w ( ) 7 (3876)
W q q2=m? w
4 A, 70 (¢? A
X — ;TCW ’yaZOz(q ) ’yZO (2mZ) (387f)
g sw q 42=0 my

These parameters are finite and, in principle, observable. In practice, they will be mea-
surable in practical electroweak experiments on the 2HDM provided

the measurements are performed at one of the energy scales ¢*> ~ 0, ¢*> = m¥,, or

q* = m%, and
the measurements are performed with light fermions which couple mainly to the gauge

bosons v, Z°, and W*, but couple only very weakly to the scalar particles.

D.2 Formulae

The expressions for the oblique parameters in multi-Higgs-doublet models have been de-
rived in [492 [495]. We give here those expressions in the particular case of the 2HDM.
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For T one has [492]

T

where

1 3
= W{ > (=T F (mi, m3)

Tty xy T
— In— <=x+#y,
F(z,y) = 2 -y oy
0 z=y.

(388a)
(388b)

(388c¢)

(388d)

(389)

Line (B88al) is a positive definite contribution to 7' coming from the neutral scalars not
having the same mass as the charged scalar, while line (388D is a negative definite contri-
bution to T resulting from the neutral scalars not all having the same mass. Line (388d)
is the subtraction of the SM equivalent of line (388d).

The expressions for S, U, and X involve the following two functions:

G(z,y) =

o

—

&
Il

where

16
—§+5(:L'—|—y)—2(at—y)2
2 2 N3
TS st T et ) P
r—y 3 (0

+t1-2@+y)+@—y)°’]fe+y—1,1-2(x+y)+ (& —y)*) (390)

79 1
-—§+9x—%¥+<—H%%Bx—6ﬁ+ﬂ§—9x+1)mx
l’_

—|—(12—4:)3—|—:172)f(:£,x2—4x),

2 —Jw
vw In ‘ <= w >0,
Z+w

f(Z,’LU): 0 <w=0,

2v/—w arctan

w
<= w < 0.

149

(391)

(392)



One has

1 2
S = LY. {(S%/V - 012/1/) G (24, 24)
—I—T121 G (2’2, 23) + T122 G (Zg, Zl) + T123 G (Zl, 22)
3 2 2
. ms .
+> [T@G(zj) +1In m—g} — G (zn) — m%}, (393)
j=1 + +
1 3
2
U = 2n {Z (1 - T12j) G (wy,w;) — (5%/[/ - C%/V) G (24, 24)
j=1
_T121G 29, Z3) - T122G (23, Zl) - T123G (Zl, ZQ)
3
+> T [G (w;) — G (zj)] — G (wy) + G (zH)} , (394)
j=1
ik — st
X = MWWz, (395)
481
where
m? m?
Ze=—5 and w, = — (396)
ms, miy

fora=+,1,2,3, H.
The expressions for the oblique parameters V' and W involve the following two func-
tions:

H(z,y) = 2—9(:)3+y)+6(:)3—y)2

2 | 2
+3[_m Ty +2(x2—y2)—(:c—y)3]ln£
)

+3 [:c+y—(a:—y)2]f(x+y—1,1—2(a:+y)+(a:—y)2), (397)

1
H(z) = 47—21£E+6£E2+3(7—121’+5l’2—$3—|—3x—+1) Inx
x‘_

2
—4
+3 (28 — 202 + Ta? — 2%) %. (398)
One has
V - # |:(S2 - C2 )2H(Z+ Z+)
96mcz, sz, LW ’
+TEH (29, 23) + THH (23, 21) + THH (21, 22)
3
+Y THH () - H (ZH)] : (399)
j=1
1 3
_ 2
W = 9652, [Z (1-T%) H (wy, w))
7=1
3 A~ A~
+> TEH (wy) — H (wH)] . (400)
j=1
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E Renormalization-group equations

The one-loop renormalization-group (RG) equations for a general gauge theory were pre-
sented in 496, [497]. For the specific case of the multi-Higgs-doublet SU(2) x U(1) gauge
theory, they were given in [403], 498 [39].

Let u be the mass parameter used in the regularization of ultraviolet divergences
in loop integrals. Let D denote the dimensionless differential operator 1672 (d/dInpu) =
1672 (d/du). Let gs, g, and ¢’ denote the gauge coupling constants of SU(3)colour, SU(2),
and U(1), respectively. The normalization of ¢’ is such that the U(1) charge of the Higgs
doublets is +1/2. The one-loop RG equations for the gauge coupling constants do not
depend of the Yukawa and scalar couplings and are

4
22 4 1
Dg = (—= += - 3 402
g ( 3+3np+6nH)g, (402)
20 1
Dg/ = (5 neg + 6 nH) g/?,’ (403)

where np is the number of fermion generations and ng is the number of Higgs doublets.
In the 2HDM with three families of fermions this is therefore

Dg, = —Tg, (404)
Dg = -3¢’ (405)
Dy = 74°. (406)

The one-loop RG equations for the Yukawa-coupling matrices defined in eq. (225]) do
not depend on the scalar couplings and are

nH
DY! = ai¥i'+ > TpYy
k=1

% 1 1
+ Z (_2 quY}uTka + 5 ququTY;-d + Y}dkaTka + 5 kakaTY}d) 7 (407)
k=1

nH
DY} = Y]+ TRy

k=1

X 1 1
+> <—2 kadeTYk“ +5 kakaTYj“ + Yy 5 Yy Yj“) . (408)
k=1

e e — e — eye e 1 ey e €
DYf = aYf+ ) TpYi+ ). (YJ Yelyye + 3 Vi i "Y; ) ’ (409)
k=1 k=1
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where

9 o
g = _895_192_5 /2>
9 17
. = _8 2__ 2 /
@ 9s =739 — 199
9, 15 p
ae - 49 49 Y

and
Ty =3t (VY v + o (V).

(410)
(411)

(412)

(413)

Of course, in the context of the 2HDM we should set ny = 2 in equations (407)—(@09).

Let the scalar potential be

V= Zu;qﬂcbﬁ > AL, 010, B,

]klm

with Afjm = Agk The one-loop RG equations for the quartic couplings are
DA = 2 Z (QA?j;Agl,n AJPNS, + ARAS, + AL AT+ A9 AT )
p,q=1
2\ 4l
~ (992 +3¢%) AL,
9 692 12 + 39/4

+ | 5101+ 3929”00 ot

+ ZH (TkpAg]m + TpAy,, + Th AL + CQ’;A%)

—4tr (VY YY)

_12+r <deTkaYldTYn¢i + Yy Yy 4 deTYluYnziTka

_i_quTYntindTY}u _ Y#LTkaY}dTY}u _ Y}dTKquuTYni) .
The one-loop RG equations for the quadratic couplings are

nH
Dy, = 2 Z ph (2/\{; + A;Z) :
pg=1

In the specific case of the 2HDM, with the notation of eq. (O8], one has

*

1 2 2 9 1_ 2 2
M1 = M1y, o = Mgy, Hg = —Myy, [ = m12 )

11 22 12 _ A21 12 _ A21 _
A11 - )‘1’ A22 - )‘27 A12 - A21 - )‘3’ A21 - A12 - )‘47

(414)

(415)

(416)

(417)

(418)

33 The correspondence with the notation of eq. ([@9) is Afclm = Ajk,im; using the tensor A allows for a

more compact writing of the formulae below.
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Ap =2, Al =X, (419)
A=A =X, A=AT=X, Aj=Ap=>X AR=AT=XN.  (420)
Therefore, from equation (410]),

Dmi, = 6\mi, + (4Xs + 2\) m3, — 12Re (miyAg) | (421)
Dm3, = (43 +2\)mi, + 6Aam3, — 12Re (miyA7) | (422)
Dmi, = —6(Aemi; + Armd,) + (23 + 4Ay) mi, + 6Asmi, (423)

For the quartic couplings, in a 2HDM where the up-type quarks couple only to the doublet
®q, and if we only consider the contribution from the top-quark Yukawa coupling A\, (with
the normalization m, = \v/v/2, with v = 246 GeV), the one-loop RG equations are

DA = 1202 4402 4+ Ahghy + 202+ 2|5 )P 4 24 |\

+ 2(394 +9" +29%97) = 3\ (3¢ + g — 4N)) — 12X, (424a)

DXy = 12024402 + Ahghy + 202+ 2| \s)* 4 24 |\
3

+ 139" + 9" +25°9"%) = 30(3¢° + "), (424b)
DA = (A +Aa) (63 + 2X0) + 403 + 275 + 2| As)* + 4 (|As|* + [A7[°) + 16 Re (AeA3)

+ 2(394 +¢"* = 2¢°¢"%) = 3X\3(39% + g% — 2))), (424c)
DA = 2(A1 + o) A+ 83 A +4A2 + 8| As)2 + 10 (|As|* + [A7]?) + 4Re (AsA3)

+3¢%9” = 3M(39% + g7 — 277), (424d)
DXs = (2A1 4 222 + 83 + 12X4) A5 + 10 (A§ + A2) + 4A6)s

— 3X:(3¢% + g7 — 2)7), (424e)
DXs = (12X +6A3 4 8Xy) Ag + (63 + 4Xs) A7 + 10As0G + 2X50;

— 3X6(39° + ¢ — 3\)), (424f)
DA = (12X3 + 6A3 4+ 8Xg) A7 + (63 + 4Xy) Ag + L0A AT + 2X505

— 3M(3¢° + g% = N)). (424g)

F Custodial symmetry

The experimentally measured value for the observable p = m3, /(m?% cos? fy,) is extremely
close to one [7]. In the SM, the tree-level prediction for that observable is exactly one.
The fundamental reason for that prediction is an approximate symmetry that the SM
p1 + i )
3+ ips )’
then the SM scalar potential only depends on ®T® = ©? + 3 + 2 + 2. Therefore,
the potential automatically has SO(4) symmetry. The group SO(4) is isomorphic to
SU(2) x SU(2), which is larger than the SM gauge group SU(2), x U(1)y. On the
other hand, this symmetry SO(4) is respected neither by the scalar gauge-kinetic terms—
specifically, those involving the weak-hypercharge coupling ¢’—nor by the Yukawa terms,

Lagrangian possesses. Indeed, if one writes the SM Higgs doublet as & = (
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linear in @, since the up-type and down-type quarks have different masses. Thus, SO(4) is
not a symmetry of the full SM Lagrangian, rather a symmetry only of the scalar potential;
it is usually regarded as an approrimate symmetry, since in the scalar sector it is only
broken by (small) ¢’ terms in the kinetic energy, and dubbed ‘custodial symmetry’ [499, [§].

In the 2HDM, there is no SO(4) symmetry in the most general scalar potential, thus
the possibility of large contributions to p from that sector alone arises. If one wants to
avoid them, one may impose custodial symmetry on the 2HDM potential. Following the
work of Pomarol and Vega [500], we first define the 2 x 2 matrices

0* L+
Mz=<(i>z (I)):( 902'_ i ) 425
= (@)= 2% (425)
We further define an SU(2) x SU(2)g group under which these matrices transform as
M;; — LM;;RY, (426)

with L, R € SU(2). The quantities tl"(MiTijl) are invariant under this SO(4) = SU(2) x
SU(2)g. This corresponds to the same SO(4) custodial symmetry of the SM scalar
potential.

Pomarol and Vega have considered two separate situations. In case 1 they have used
only My; and Msy. The most general scalar potential invariant under SO(4) is then

Vi = %mfltr(MLMll) + %mgztr(M2T2M22) - m%ztr(Mfle)
2 2
1N [tr(MlTlMll)] + 1 [tr(Mgsz)} + Igtr(M], My )tr(My May)
2
+1, [tr(Mf1M22)] +1 [Aﬁtr(MLMH) + >\7tr(M2TzM22)] tr( M, May). (427)

Notice that tr(M}M;;) = ®Id; + CD}(I)Z-. This allows us to identify, in eq. (d21), the
relations that one obtains for the usual parameters of the 2HDM potential in eq. (OF).
We find

e Case 1: all the parameters are real, and Ay = 5.

At a neutral vacuum (p?) = v;, one has

*

vy 0
= (45 0. (128)
This vacuum is not invariant under the full group SU(2);, x SU(2)z. However, if v} = v;,
then (M;;) is proportional to the 2 x 2 identity matrix and the vacuum preserves a group
SU(2)y (the “V” stands for “vectorial”), corresponding to identical matrices, i.e. L = R,
in eq. (426). This remaining group preserved by the vacuum is the custodial-symmetry
group. However, most authors refer to the potential invariant under SU(2), x SU(2)g as
displaying a custodial symmetry, and we shall also employ that terminology.
In case 2 of Pomarol and Vega the potential is built only with Mj,. It reads

Vo = m2te(M],M) —m2, (det My, + h.c.)
2
‘l‘%)\l |:t1"(M£L2M12)1| + )\4 det(MszMlg) + % [)\5 det(M12)2 + th|

+ [AG det Mya tr(My M) + h.c.] . (429)
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The following constraints on the parameters of the 2HDM scalar potential ensue:
o Case 2: m3; = m3y, A1 = Ay = A3, and \g = 7.

Notice that m?2,, A5, X¢, and A; remain complex in this case. The vacuum preserves
SU(2)y if and only if v; = vj.

In both cases, there is a dramatic prediction for the scalar masses: the charged Higgs
H? is degenerate with the pseudoscalar A. This is easy to see from eq. (207) in the Case
1 model. In both cases of Pomarol and Vega, the potential conserves CP, even with the
complex couplings of case 2. There is thus a well-defined pseudoscalar particle.

Gérard and Herquet [501] have proposed a twisted custodial symmetry which gener-
alizes the formalism presented above. They observed that the transformation matrix R
need not be the same for My, and My, namely

My — LMy RY, My — LMy R (430)

This extra freedom has a limitation, though: since the hypercharge is proportional to
the diagonal generator of SU(2)g, the matrices R and R’ must be related through R’ =
XTRX, with X = diag (¢"/2,e7/2). A specific choice for the phase 7 yields the custodial
mass relation m% = m?%; but a different choice imposes degeneracy between the charged
Higgs and one of the CP-even scalars, m% = mj.

As we know, in the general 2HDM the masses of the H*, H, A, and h are arbitrary,
since they depend on arbitrary quartic terms in the potential. In the MSSM, the quartic
terms are constrained to be gauge couplings, and one finds the relationship m7,. = m?% +
m3,. This would rule out decays H* — W=*A. The twisted symmetry allows for a
scenario where the pseudoscalar is light (leading to possible decays h — AA, as discussed
in Chapter [2). A mass spectrum with my < mpy+,my < my, leads to the possibility
of the Standard Model-like Higgs decaying into charged Higgs. Any of the four flavour
conserving models can be accommodated in this scenario. A detailed discussion of the
phenomenology of the model can be found in Ref. [502].

One might wonder about the apparent ambiguity that one has in constructing the
2HDM custodial-symmetric potential in the manner displayed above. For instance,
tr(M{, M) is also invariant under SU(2), x SU(2)g, and we might insert one such term
in the potential, together with many others. So there would seem to be many more models
to be considered. Grzadkowski et al. [503], Haber and O’Neil [390], and Nishi [504] have
shown that the models Case 1 and Case 2 are indeed related by a basis change—they
are not different models, rather they have the same physical predictions. Furthermore,
basis-invariant methods were developed to identify whether a given potential has custodial
symmetry or not. Grzadkowski et al. and Nishi have used the bilinear formalism to find
such conditions for the scalar sector alone. Haber and O’Neil used a different formulation
and analysed the Yukawa sector as well. The basis-invariant conditions of Grzadkowski et
al. are particularly simple: a necessary and sufficient condition for a potential to possess
custodial symmetry is the existence of a three-vector v such that

Ev=0, £&v=0  n-v=0, (431)

with E, &, and n defined in section [6.5 Still regarding the twisted symmetry, Haber and
O’Neil [390] argued that the choice of the phase 7 discussed above is tantamount to a
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basis choice. They also showed that in the region of parameter space where the twisted
scenario arises there is a fundamental indefinition on what constitutes CP, and thus the
distinction between scalar and pseudoscalar particles is not clear.

Extending the custodial symmetry to the Yukawa sector [505] [390] requires the equality
of the up-type and down-type-quark mass matrices. Thus, the custodial symmetry is
broken by the hypercharge interactions and also by the mass differences amongst quarks.

Notice that, even though we refer to the custodial symmetry as being a symmetry,
it does not correspond to any of the six proper symmetries of the 2HDM potential dis-
cussed in section For instance, the renormalization-group (RG) running preserves
the relations among parameters of the potential following from any of the six symmetries
of table B, whereas it does not preserve the relations following from custodial symmetry.
It is easy to see, by using the [-functions of eqs. (424d)-([@24d), that the Case 1 rela-
tion A\y = A5 is unstable under the RG, i.e. (), # 5,21 The fundamental reason why
custodial symmetry cannot appear in table [l is that those symmetries were obtained by
requiring invariance of the scalar gauge-kinetic terms, while the custodial transformations
do not leave them invariant. In fact, the largest symmetry group of the 2HDM scalar
gauge-kinetic terms was identified in [506] as U(2) x SU(2), promoted to Sp(2) x SO(4)
in the limit ¢’ — 0. If one relaxes the requirement of invariance of the gauge-kinetic terms,
then the list of possible symmetries of the potential increases, as shown in [395] 396], and
includes custodial symmetry.

34This occurs even when one sets the Yukawa couplings to zero, due to the g?¢’ % ferm in By
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