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Introduction

“Dimidium facti qui coepit habet”
Quintus Horatius Flaccus (65 - 8 B.C.)

The forthcoming decade is widely expected to be another exciting era of modern high
energy physics. While Run II at the Fermi National Accelerator Laboratory is now
underway and is going to produce more than fifty times the amount of data used in
discovering the top quark, the Large Hadron Collider (LHC) construction comes to its
end and the first events are expected for the last months of 2008.
The end of the twentieth century has seen the success of the Standard Model (SM) of
electroweak and strong interactions. Despite its original name (and maybe aim), this
phenomenological model imposed itself over the years as a mathematically consistent
theory describing all observed high-energy phenomena. This distinctive predictive
power was first demonstrated by the observation of neutral weak currents in the late
seventies, before being confirmed both by a huge amount of well understood experimental data and the incredible level of accuracy of several agreements, never reached
in any other field of Science.
The reticence of the high-energy community to consider the Standard Model as the
ultimate theory is mainly based on three classes of arguments. First, its mathematical
consistency calls for the existence of a heavy scalar particle, the Brout-Englert-Higgs
boson1 , which has so far escaped all direct detection attempts. The actual presence of
1 In the present work, the short name “Higgs boson” is often used, following the common usage in high
energy physics publications. The contribution of Robert Brout and François Englert to the discovery of the
spontaneous symmetry breaking mechanism should nevertheless be strongly underlined.
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this new particle appears as more and more challenged over time, since the light mass
region favoured by precision data is already excluded by the LEP experiment. Second,
while being perfectly consistent, the SM may appear as unnatural, or at best heavily
fine-tuned, for various reasons such as the stability of the Fermi scale and the lack of
explanation for the fermion mass spectrum, in particular when considering the very
small but non-zero neutrino masses. Finally, the quantum gauge field theory which
is the mathematical ground of the Standard Model is ill-defined when applied to the
classical theory of gravitation. Interestingly, these arguments are strongly dependent
upon each other. For example, the hierarchy problem is related at the same time to
the physical meaning of a very high scale where unknown quantum gravity effects are
supposed to be non-negligible and to the presence of a fundamental scalar particle.
These various reasons lead the large majority of high energy physicists to contemplate
the possibility of “Beyond the Standard Model” physics effects, which could arguably
show up at the TeV scale in order to stabilise the Higgs boson mass and/or unitarise
the gauge bosons scattering amplitudes at high energy. Several theories have been
proposed among which the quite popular Supersymmetry and, more recently, Extra
Dimensions, Little Higgs and Walking Technicolor theories are typical examples. In
the Minimal Supersymmetric SM (MSSM), the Higgs mass is stabilized by compensating the SM loop contributions by opposite sign loops containing the new supersymmetric particles. In Little Higgs theories, the Higgs mass is protected by multiple
approximate symmetries in a way similar to the pion mass. In technicolor-inspired
theories, the Higgs boson appears as composite and, finally, in theories with extra dimensions the hierarchy between the weak scale and the Planck scale is explained by
the geometry of the 4D branes arrangement along the new dimensions.
All these BSM theories are, in general, characterized by a set of new physical states interacting weakly and possibly strongly with the known SM particles. If their couplings
are sizable and their masses are in the kinematical reach of the LHC, these particles
are expected to be produced and to decay in the detectors (or to escape them), giving
visible signatures (or missing transverse energy). Extracting these new physics imprints from the huge amount of data to be collected is going to be a real challenge,
both from theoretical and experimental points of view. Indeed, compared to the situation in other experimental environments, e.g., electron-positron collisions at LEP, the
data flow describing events resulting from the head-on collision of two 7 TeV proton
beams at LHC will be extremely complex. This is due to several effects: the space
extended structure of the proton, the total amount of energy available in the rest frame
of the collision and, last but not least, the high luminosity at which the machine has
been designed to work.
This high luminosity is of course a necessity to probe New Physics characterized by
rare events, but it has, however, two major drawbacks. First, the background rate is
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in general orders of magnitude larger than the genuine signal. Even processes considered as rare at machines working at lower energies, such as top quark pair production
at the Tevatron, will occur at relatively high rates (one every second) and will sometimes overwhelm interesting signals. Very strong cuts on kinematical variables will
then be applied in order to reach discovery significance. This will require a detailed
knowledge of Standard Model backgrounds in underpopulated regions of the phase
space. Second, at high luminosity, several protons are expected to collide in a time
scale smaller than the typical detector response delay. This phenomenon known as
“pile-up” can only be described at the very last stage of the event simulation (i.e. at
the detector level) and can sometimes play a non-trivial role in the sensitivity of a
given analysis.
Considering the above difficulties together with the number of proposed BSM theories, the number of different scenarios for each of them, and the number of accessible points in the parameter spaces, it is hard to think about a systematic approach
which can be managed by a scientific community with limited resources. The solutions usually proposed to face this situation can be classified into two distinctive
categories. Top-down approaches focus on a particular theory and try to use the maximal amount of available theoretical, indirect and direct constraints in order to define
specific benchmark points. The possible signatures of the theory for these particular
benchmark points are then investigated in great detail. The hope is of course that the
New Physics to be discovered is similar enough to one of these benchmark scenarios. Studies dedicated to MSSM are typical examples of such approach. The other
possibility is to consider several signatures (“inspired” by realistic theories) from a
model independent point of view and to scan the whole free parameter space to identify winning search strategies. Looking at particularly sensitive physical quantities,
for example the top anti-top quark pair invariant mass distribution, in order to find
deviations from the SM prediction is usually referred to as a “bottom-up” approach.
A third way, partially sharing the advantages of these two “extremes” approaches,
could also be followed. Using the knowledge of the anatomy of various BSM theories, or of certain types of BSM theories, one can first identify recurring structures
and define interesting generic SM extensions. Work along this line has been done, for
example, in the “strongly-interacting light Higgs” approach by Giudice et al. where
the typical structures common to Little Higgs and Technicolor theories are identified and studied from a model independent perspective. These generic extensions are
however usually strongly constrained by precision constraints naturally satisfied in the
Standard Model. In order to avoid unacceptably large fine-tuning, the (approximate)
hidden global symmetries present in the SM and responsible for the suppression of
particular rare effects should be implemented in the considered scenarios. This procedure has been, for example, followed by Isidori et al. to define the “Minimal Flavour
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Violation” scheme which can be implemented in various BSM theories to naturally
suppress the effects of unwanted flavour changing neutral currents.
The present work falls into this third approach of High Energy Physics phenomenology. The generic two-Higgs-doublet model is first identified as a recurring and common structure for the scalar sector of various BSM theories. The custodial, CP and Z2
symmetries are then isolated as important features of the SM Higgs sector, before being generalised and implemented in the 2HDM. The phenomenology of the resulting
model is finally studied, from the perspective of precision tests and for its signatures
at high energy colliders.
This thesis is divided into four main parts. The first chapter is dedicated to a brief
overview of the Standard Model, focusing in particular on the minimal implementation
of the spontaneous symmetry breaking mechanism and on the associated accidental
global symmetries. In the second chapter, various motivations for generic extensions
of the SM scalar sector are reviewed and the two-Higgs-doublet model is introduced as
an archetypal scenario. The custodial, CP and Z2 symmetries accidentally present in
the SM are generalised to the 2HDM case, and the possibility for a unusual “twisted”
realisation of these symmetries is considered. The third chapter is devoted to an extensive study of the principal theoretical, indirect and direct constraints which may affect
this exotic scenario. These constraints are used to restrict the model parameter space
and to define various benchmark points in the beginning of the fourth chapter, where
the most promising signatures at the LHC are examined. Three appendices complete
this work, dedicated respectively to an exhaustive list of the model Feynman rules,
to the generic 2HDM implementation in the MadGraph/MadEvent v4 Monte-Carlo
event generator and to a study of the single top associated production of neutral Higgs
boson(s).

Chapter

1

The Standard Model Way
“We can’t define anything precisely.”
Richard P. Feynman (1918 - 1988)
This first chapter is dedicated to an overview of the Standard Model for electroweak
interactions, with a particular emphasis on the Brout-Englert-Higgs mechanism and on
the Higgs boson phenomenology. This presentation is not supposed to be exhaustive
but to introduce the concepts and notations used in the forthcoming chapters. The
interested reader looking for more details is invited to consult other references like [1]
or [2] on which part of the following is based.

1.1 From the Fermi interaction to the electroweak
scale
Using the Fermi theory with four fermions interactions [3], one can describe the muon
weak decay µ− → e− νe νµ with the effective Lagrangian
GF
LF = − √ J µ Jµ†
2

(1.1)

where Jµ is the V − A leptonic current
Jρ (x) = ψe γρ (1 − γ5 )ψνe + ψµ γρ (1 − γ5 )ψνµ
15

.

(1.2)
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The Fermi constant GF appearing in (1.1) is extracted from the muon lifetime τµ
through the relation


 α 2 
G2F m5µ
1
8m2e
α
(1.3)
1− 2
1 + 1.810 + (6.701 ± 0.002)
=
τµ
192π 3
mµ
π
π
where higher order QED corrections have been included [4]. This leads to the precise
value [5]
GF = (1.16637 ± 0.00001) × 10−5 GeV−2

.

(1.4)

The very same constant appears in the description of other processes, like the neutron
decay, hence the postulate of the universality of the weak interactions.
Nevertheless, the Fermi theory is unsatisfactory due to the nonrenormalizable1 nature
of the effective four-point interaction (1.1). Indeed, the coupling constant GF has
a negative canonical dimension such that the superficial degree of divergence grows
with order of perturbation theory. Following a naive dimensional analysis argument,
this description of the weak interaction is expected to be valid only up to scales much
lower than the natural cutoff
1
ΛEW ≃ √
≃ 250 GeV .
( 2GF )1/2

(1.5)

1.2 Electroweak interactions before symmetry
breaking
The successful renormalizable theory proposed by Glashow, Weinberg and Salam[6,
7, 8] to describe electroweak phenomena at scales of order ΛEW is a Yang-Mills
theory [9] based on the gauge symmetry group SU (2)L × U (1)Y . Vectorial fields
are associated with each generator of the electroweak gauge group and mediate the
corresponding interaction. The field Bµ is related to the generator Y of U (1)Y and
the fields Wµ1,2,3 are related to the three generators T 1,2,3 of SU (2)L , defined such as
[T a , T b ] = iǫabc Tc

.

(1.6)

The strength tensors of these fields can be written
a
Wµν

Bµν

≡ ∂µ Wνa − ∂ν Wµa + gL ǫabc Wµb Wνc

≡ ∂µ Bν − ∂ν Bµ

(1.7)
(1.8)

1 Here, the nonrenomalizable adjective is used to qualify a theory containing an unacceptably high number of divergences which would require an unnatural, infinite number of unrelated counterterms to be renormalized.
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where gL is the coupling constant of SU (2)L . The purely gauge part of the Lagrangian
reads
1 a µν 1
LG = − Wµν
Wa − Bµν B µν
4
4

.

(1.9)

Regarding matter fields, the theory contains three generations of left and right-handed
chiral quarks and leptons with ψL,R ≡ 1/2(1 ∓ γ5 )ψ. Left-handed fermions transform as SU (2)L doublets (generically noted QL = (uL , dL )T for quarks and LL =
(νL , eL )T for leptons) and right-handed fermions transform as SU (2)L singlets (generically noted uR and dR for up-type and down-type quarks and eR for charged leptons).
The hypercharge Y associated with the gauge group U (1)Y is related to the third component I 3 of SU (2)L and to the electric charge Q through
Y = 2(Q − I 3 ) .

(1.10)

Gauge and matter sectors are minimally coupled through the Dirac kinetic terms
i

i

LD = iQL Dµ γ µ QiL + iuiR Dµ γ µ uiR + idR Dµ γ µ diL

(1.11)

where i stands for the three generations of quarks and leptons and the covariant derivative Dµ is defined as


Y
a
Dµ ψ ≡ ∂µ − igL Ta Wµ − igY Bµ ψ
(1.12)
2
with gY the coupling constant of U (1)Y .
The Lagrangian LG +LD is not sufficient by itself to completely describe electroweak
interactions since it cannot account for the observed mass of fermions and W ± and Z 0
gauge bosons, the later being in turn also responsible for the limited range of the weak
force and the smallness of the Fermi constant GF . However, it is straightforward to
show that adding a direct mass term for any of the associated fields would explicitly
break the gauge invariance of the theory. As explained in the following section, this
puzzling issue can be addressed, among others, in a simple and elegant way by the
Brout-Englert-Higgs mechanism [10, 11, 12].

1.3 The Brout-Englert-Higgs mechanism
1.3.1

The abelian case

Let us first consider the simplified case of an abelian model with a single vector boson
Aµ associated with a U (1) local symmetry and a complex scalar field φ. Let us also
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assume that the dynamic of this system is described by the Lagrangian
1
L = − Fµν F µν + Dµ φ∗ Dµ φ + µ2 φ∗ φ − λ(φ∗ φ)2
4

(1.13)

where µ2 and λ are real and positive parameters by hypothesis. The field strength F µν
and the covariant derivative Dµ are defined in terms of Aµ with a coupling constant e
as in (1.8) and (1.12). The complex field φ can be conveniently parameterized as
1
φ(x) ≡ √ eiξ(x)/v (ρ(x) + v)
(1.14)
2
p
where v = µ2 /λ corresponds to the classical minimum of potential (1.13). Any
U (1) local gauge transformation of the fields reads
φ′ (x) = eiα(x) φ(x)

,

1
A′µ (x) = Aµ (x) − ∂µ α(x)
e

(1.15)

where α(x) is an arbitrary function of space-time. Since the system is invariant under
this transformation, one can always fix the gauge function to be
1
α(x) = − ξ(x)
v

.

(1.16)

With this particular choice, called the unitary gauge, the fields φ(x) and Aµ (x) now
read
1
φ′ (x) = √ (ρ(x) + v)
2

,

A′µ (x) = Aµ (x) −

1
∂µ ξ(x)
ve

(1.17)

and the degree of freedom associated with the would-be Goldstone field ξ(x) can
now be seen as a longitudinal degree of freedom of the field Aµ (x). After replacing
expressions (1.17) in (1.13), one can see that ξ(x) disappears from L and Aµ acquires
a non zero mass:
m2A = e2 v 2

(1.18)

while the mode ρ(x) appears as a physical scalar of positive mass
m2ρ = 2µ2

.

(1.19)

In summary, the Brout-Englert-Higgs (BEH) mechanism allows the gauge bosons to
get a non zero mass at scales below v without explicitly breaking the gauge invariance
of the theory. For each massive gauge boson, one Goldstone scalar must disappear
from the physical spectrum in order to conserve the number of degrees of freedom.
The “price to pay” for this mechanism to occur is the appearance of, at least, one
physical scalar state called the Higgs boson.
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The BEH mechanism in the Standard Model

In the Standard Model, three of the four electroweak gauge bosons have to be massive.
This requires at least the presence of three scalars (to be absorbed as the longitudinal
degrees of freedom of these vector fields) in addition to the extra scalar needed to
trigger the BEH mechanism. The minimal solution is to group these four fields into
one Y = 1 SU (2)L complex doublet


 + 
1
H
i(π 1 + iπ 2 )
≡ √
.
(1.20)
H≡
H0
σ + iπ 3
2
The Higgs doublet couples to the gauge sector of the SM introduced in the previous
section through the kinetic term of the most general gauge invariant renormalizable
scalar Lagrangian
LH = (Dµ H)† Dµ H + µ2 H † H − λ(H † H)2

.

The minimum of the potential in LS can always be rotated to


1
0
hHi = √
v
2

(1.21)

(1.22)

using a SU (2)L × U (1)Y gauge transformation. The gauge boson mass spectrum is
then determined by
|Dµ hHi|2

(1.23)

where Dµ is the covariant derivative defined in (1.12), such that
√


−iv
2gL Wµ+
Dµ hHi = √
−gL Wµ3 + gY Bµ
2 2

(1.24)

with
1
Wµ± ≡ √ (Wµ1 ∓ iWµ2 ) .
2

(1.25)

The Wµ± bosons are clearly mass eigenstates with
mW =

1
gL v
2

(1.26)

while Wµ3 and Bµ mix to give two physical bosons Aµ and Zµ :
Aµ

=

cos θW Bµ + sin θW Wµ3

Zµ

=

− sin θW Bµ + cos θW Wµ3

(1.27)
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with masses
mA = 0

and mZ =

mW
cos θW

(1.28)

where the weak angle is defined by tan θW = gY /gL . The important role of the
second relation in (1.28) is investigated more deeply in section 1.4.2.
The presence of a Higgs doublet in the Standard Model also allows for the following
Yukawa terms in the Lagrangian
LY = −QL λd HdR − QL λu H̃uR − LL λl HeR + h.c.
where the SU (2)L doublet


(H 0 )†
H̃ ≡ iτ2 H ∗ =
−H −

(1.29)

(1.30)

has an hypercharge Y = −1. After the spontaneous symmetry breaking of the electroweak symmetry, these
diagonal) mass
√ Yukawa interactions provide (non flavor
2
terms mu,d,l = λu,d,l v/ 2 to all fermions except the neutrinos .

1.4 Standard Model Higgs boson phenomenology
In the SM, the mass of the W ± bosons can be related to the Fermi constant GF by
matching the effective four fermions description with the massive propagating W ±
picture (with pW ≪ mW ), i.e.,
GF
gL
1
gL
√ = √ × 2 × √
M
2
2 2
2 2
W

.

(1.31)

The left coupling constant gL and the W ± bosons mass both cancel between (1.26)
and (1.31) so that the vacuum expectation value v can be estimated from the single
low energy quantity GF
1
v= √
≃ 246GeV .
( 2GF )1/2

(1.32)

This parameter is then consistently identified with the natural cutoff scale ΛEW in
(1.5).
2 Here we assume that neutrinos remain massless due to the absence of the associated right-handed
components. Even if this assumption is in contradiction with experimental data, it does not play any role in
the context of the present work.
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After spontaneous symmetry breaking, the Higgs boson h0 , i.e. the particle associated
to the expansion of σ 0 around the vacuum in (1.20), σ 0 ≡ v + h0 , acquires a mass
m2h0 = −µ2 + 3λv 2

(1.33)

which can then be simplified to
m2h0 = 2µ2 = 2λv 2
using the potential minimization condition
r
µ2
∂V
=0 ⇔ v=
.
0
∂σ hσ0 i=v
λ

(1.34)

(1.35)

Since v is precisely fixed by (1.32), the µ2 and λ real parameters are completely fixed
by the knowledge of the Higgs mass mh0 , which in turns can be seen as the only free
scale of the theory.

1.4.1

Theoretical constraints

The first type of constraints on the Higgs boson mass are coming from various requirements related to the self-consistency of the quantum theory.

Unitarity and perturbativity
A significant consequence of the nonrenormalizable nature of the Fermi theory introduced in section 1.1 is the violation of unitarity in interactions occurring at scales of
order ΛEW . In this effective theory the cross section is asymptotically proportional to
the center of mass energy squared s, instead of being bounded by s−1 . The interaction
probability then grows indefinitely with the available energy, and becomes bigger than
unity at scales of order ΛEW .
Even if this unwanted behavior can be cured for some particular processes (e.g. e− νe →
µ− νµ ) by adding massive gauge bosons W ± “by hand” in the theory, it is in fact only
postponed to other processes like e+ e− → W + W − . This issue can be solved in
renormalizable theories by the presence of new particle(s) giving rise to additional
negative interferences in the total amplitude. In the Standard Model, the Higgs boson
plays this unitarizing role but its mass is in turn constrained to be of the order of the
electroweak scale.
A more quantitative estimate of this bound can be extracted by applying the optical
theorem to particular processes like, for example, the W + W − → W + W − scattering
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at very high energies (see Ref. [13] and references therein for a detailed discussion).
The optical theorem relates the total cross section σ and the imaginary part of the
amplitude A in the forward direction θ = 0 through
σ=

1
Im(A(θ = 0)) .
s

(1.36)

The scattering amplitude can be expanded into partial waves al of orbital momentum l
A ≡ 16π

∞
X

(2l + 1)Pl (cos θ)al

(1.37)

l=0

giving, for a 2 → 2 scattering process,
σ=

∞

16π X
π
(2l + 1)|al |2
s

.

(1.38)

l=0

By substituting (1.37) and (1.38) in (1.36), the optical theorem becomes
1
1
Re(al )2 + (Im(al ) − )2 =
2
4

(1.39)

which is nothing else than the equation of circle of radius 12 and center (0, 12 ) in the
(Re(al ), Im(al )) plane. This leads trivially to a condition on the real part of al
|Re(al )| <

1
2

.

(1.40)

The l = 0 partial wave for the amplitude of the W + W − → W + W − process can
easily be estimated in the limit where s ≫ m2W , m2h0 and reads
a0 ≈

−m2h0
8πv 2

.

(1.41)

The optical theorem condition (1.40) then gives the bound
mh0 . 870GeV

(1.42)

for this particular channel. A combined analysis of all 2 → 2 scattering processes
involving gauge and Higgs bosons gives a slightly more stringent bound of about
√
710 GeV. Another approach is to assume that mh0 is much larger than s, then requiring another mechanism to restore unitarity at the electroweak scale. A similar
√
computation leads in this case to an upper bound of order 1.2 TeV on s. Following this argument, if the Higgs boson does not exist or is too heavy to be observed
by forthcoming experiments, BSM Physics signatures are anyway expected below or
around the TeV scale.
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Besides these limits related to unitarity, the requirement that all processes involving
the Higgs boson can be consistently described with a perturbative expansion also leads
to constraints on the λ parameter, hence on mh0 . The Higgs partial decay width into
pairs of gauge bosons, which grows proportionally to the cube of its mass, is a particularly sensible quantity in this context. The one loop corrections [14], for example,
are of the same order as the Born tree-level contribution for mh0 ∼ O(10TeV). And,
even worse, the two-loops corrections can be larger than the one-loop correction already for mh0 ∼ O(1TeV). More complete calculations [15] have led to a definitive
upper limit of about 700 GeV, which appears to be in a surprisingly good agreement
with the naive estimate obtained from a perturbative approach of unitarity.

Triviality
Due to the presence of the λ(H † H)2 term in (1.21), the SM Higgs boson interacts with
itself. The λ coefficient then varies with the energy scale Λ when Higgs loop corrections to the four Higgs vertex are taken into account. The first order Renormalization
Group Equation (RGE) reads [16]
3 2 2
d
λ(Λ2 ) =
λ (Λ ) + O(λ3 )
2
d log Λ
4π 2

(1.43)

and has the simple solution
λ(Λ2 ) =

λ(v 2 )
2
1 − 4π3 2 log Λv2

(1.44)

if the arbitrary reference scale is fixed to v. If Λ → 0, λ goes to zero and the theory is
trivial, i.e. it is not self-interacting anymore. If Λ ≫ v, λ grows up rapidly and reach
a Landau pole for the finite value
 2 2
 2
8π v
4π
= v exp
.
(1.45)
Λ = v exp
3λ
3m2h0
Different upper bounds on the Higgs mass can be obtained by requiring λ to stay finite
below a given scale. If Λ is associated to the Planck scale, the bound is rather low,
approximatively 200 GeV. At the contrary, if Λ is fixed to be the Higgs mass itself, the
bound is much less stringent, of order 700 GeV. Of course, these naive estimates rely
on the first order equation (1.43) which failed to be valid close to the Landau pole, but
numerical simulations on lattice have shown similar results [17].

Vacuum stability
In equation (1.43), only the self interaction term in (1.21) is taken into account. Additional contributions to the λ parameter RGE arise from box diagrams involving heavy
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fermions and gauge bosons. In the limit where the Higgs self coupling at a given scale
is much smaller than the electroweak and Yukawa couplings, (1.43) becomes [16]


d
m4t
1
3
2
4
2
2 2
−12 4 + (2gL + (gL + gY )
(1.46)
λ(Λ ) =
d log Λ2
16π 2
v
16
which has

m4t
Λ2
3
4
2
2 2
λ(Λ ) = λ(v ) + −12 4 + (2gL + (gL + gY ) log 2
v
16
v
2

2



(1.47)

as a solution. Since the right hand side of (1.46) is negative, the parameter λ decreases
monotonically with the energy. If λ(v 2 ) is too small, its sign can change below the
cutoff scale Λ and the potential is not stable anymore since it has no minimum. Depending on the actual value of Λ, a lower bound on mh0 can then be extracted from
the stability requirement. If Λ is associated to the Planck scale, the bound is rather
high, around mh0 & 130 GeV, while for Λ ≈ 1 TeV, one obtains mh0 & 70 GeV.
Note that these bounds are much weaker if the vacuum is required to be metastable
instead of strictly stable (e.g. see [18] and references therein). A summary of triviality
and vacuum stability theoretical bounds on the Higgs boson mass as a function of Λ
can be found on Figure 1.1.

Figure 1.1: Triviality (upper band) and vacuum stability (lower band) bounds on the
Standard Model Higgs boson mass as a function of the cutoff scale, using mt = 175
GeV and αs (mZ ) = 0.118. The shaded areas show theoretical uncertainties and the
cross-hatched area corresponds to the additional uncertainty when varying mt from
150 to 200 GeV. From Ref. [19].
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Indirect constraints from precision measurements

In order to constrain the Higgs boson mass by studying radiative corrections to precision electroweak parameters, one first needs to select a proper renormalization scheme.
Marciano and Sirlin [20], for example, impose the tree-level relation mW = mZ cos θW
to remain valid at all order and introduce radiative corrections in the relation between
GF and mW . In the context of the present work, we prefer the Veltman3 [21] scheme
where the free parameters are gL and sin θ̂W and where the mW = mZ cos θ̂W relation is no longer valid beyond the tree-level. The sin θ̂W parameter is extracted from
Z-pole and neutral current data at the scale µ = mZ .
The ρ parameter is defined as the ratio
ρ≡

m̂2W
m̂2Z cos2 θ̂W

.

(1.48)

As mentioned before, in the Veltman scheme, ρ = 1 only at the lowest order of perturbation theory but ρ 6= 1 in general due to radiative corrections. If the renormalized
squared masses m̂2 differ from the bare masses m2 by an amount δm2 , one has
∆ρ

≡ ρ−1
(m2W + δm2W )
=
−1
(m2Z + δm2Z ) cos2 θ̂W


δm2Z
(m2W + δm2W )
1
−
−1
=
m2W
m2Z
1
=
(δm2W − cos2 θ̂W δm2Z )
m2W

(1.49)

or, if only low energy experiments are considered,
m2W ∆ρ = ΠW W (k 2 = 0) − cos2 θ̂W ΠZZ (k 2 = 0),

(1.50)

where the functions ΠW W,ZZ (k 2 ) are the coefficients of the Minkowski metric in the
gauge bosons propagators, i.e.
2
2 µν
Πµν
W W,ZZ (k ) = ΠW W,ZZ (k )g

.

(1.51)

Custodial symmetry
The minimal Higgs sector of the Standard Model, as described by Lagrangian (1.21)
has a important symmetry property. The simultaneous requirements of gauge invariance and renormalizability constrain (1.21) to be invariant under an “accidental”
global symmetry.
3 Equivalent,

in this framework, to the M S renormalization scheme.
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Considering the definition (1.20) of the SU (2)L Higgs doublet in terms of scalar
fields, the scalar Lagrangian (where only the partial derivative part of Dµ is considered) can be rewritten as a linear σ-model [22]
LS =

1
µ2 2
λ
[(∂µ σ)2 + (∂µ ~π )2 ] +
(σ + ~π 2 ) − (σ 2 + ~π 2 )2
2
2
4

.

(1.52)

Considering (σ, ~π ) as a quadruplet, this Lagrangian is obviously invariant under the
SO(4) symmetry:



 ′ 

σ
σ
σ
~
(1.53)
= O(~
α, β)
→
~π
~π ′
~π
with
h
i
~ ≡ exp −i(~
~·Q
~V + β
~ A)
O(~
α, β)
α·Q

(1.54)

~ V ) and axial (Q
~ A ) generators obey the following commutation
where the vectorial (Q
rules
[QiV , QjV ] = [QiA , QjA ] = iεijk QkV

,

[QiV , QjA ] = iεijk QkA

~ is given (at first order in αi and β i ) by
The matrix O(~
α, β)


1 −β1 −β2 −β3

1
α3 −α2 
~ ≈  β1

O(~
α, β)
 β2 −α3
1
−α1 
β3 α2
α1
1

.

(1.55)

(1.56)

such that transformation(1.53) reads
σ
~π

→ σ ′ ≈ σ − β~ · ~π

~
→ ~π ′ ≈ ~π − α
~ × ~π + βσ

.

(1.57)

From these last relations, it is clear that only axial transformations mix σ and ~π fields.
It follows that the vectorial SO(3) subgroup of the original SO(4) remains unbroken
after the spontaneous breaking of the gauge symmetry by the non vanishing vacuum
expectation value hσi = v.
This remaining SO(3) global symmetry, called the “custodial symmetry” [23], has
an important phenomenological consequence. Indeed, as demonstrated for example
in [24], the ρ parameter defined in (1.48) can be linked in a suitable gauge to the ratio of the renormalization constants of the Goldstone fields π 1 ± iπ 2 and π 3 . Since
these fields are transforming as a triplet under the SO(3) symmetry, these renormalization constants are kept equal such that the ρ = 1 relation is enforced at all order of
perturbation theory when only pure scalar self interactions are present.
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The presence of an accidental custodial symmetry can also be revealed by considering
the 2 × 2 matrix representation of the complex Higgs doublet H, namely


H0
H+
.
(1.58)
M≡
−(H + )∗ (H 0 )∗
Using this representation, the scalar potential can be conveniently rewritten
LS = Tr(∂ µ M † ∂µ M ) − µ2 Tr(M † M ) + λTr2 (M † M )

(1.59)

which is manifestly invariant under a global chiral SU (2)L × SU (2)R transformation
M → M ′ = UL M UR†

,

UL ∈ SU (2)L

and UR ∈ SU (2)R
(1.60)
√
due to the cyclicity of the trace. Since the vacuum hM i = v1l/ 2 is invariant only
if UL = UR , the SU (2)L × SU (2)R symmetry is spontaneously broken to its vectorial subgroup SU (2)V . The link with the real representation case described above
is straightforward to draw by identifying SU (2)L × SU (2)R /Z2 with SO(4) (the
Z2 symmetry corresponding to a simultaneous change of sign for both left and right
unitary matrices) and SU (2)V with SO(3).
Contrary to the pure scalar part of the Lagrangian, both gauge and Yukawa interactions (if up and down-type fermions are not degenerate) break the custodial symmetry. A quadratic dependance in both heavy fermions and gauge bosons masses is then
expected in the one loop corrections to the ρ parameter while the Higgs mass only
appears in a logarithmic contribution. This important feature, i.e. the fact that apparently dominant corrections cancel out in physical observables in the presence of a
custodial symmetry, has been referred by Veltman [25] as the screening phenomenon.
As demonstrated by Einhorn and Wudka [26], this concept can be systematically generalised to higher order corrections. For example, the two-loop corrections to the ρ
parameter only contains terms proportional to m2h0 although there are diagrams proportional to m4h0 .

Top and Higgs contributions to ∆ρ in the SM
For the explicit details of the ∆ρ corrections at one loop in the Standard Model framework, the interested reader is kindly invited to consult the original works [21, 27, 28]
or [29]. The final results for the top quark and Higgs boson contributions, in the large
top and Higgs masses limit, read respectively :
∆ρtop

≈

∆ρHiggs

≈

3GF
√
m2t
8 2π 2
m2 0
3GF
− √
tan2 θ̂W m2W log h2
mW
8 2π 2

(1.61)
(1.62)
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As expected from previous argument, the top contribution behaves quadratically while
the Higgs contribution only grows logarithmically. Equations (1.48), (1.61) and (1.62)
link the mt , mh0 , mW and sin2 θ̂W parameters in a non trivial way. A global fit of all
the available electroweak precision data then allows to constrain the Higgs mass range.
The preferred value is mH = 76+33
−24 GeV, with a 95% CL upper limit mH < 144 GeV,
raised to mH < 182 GeV once the direct LEP limit is included [30].
As emphasized in [31], there are however some mild reasons of concern with this
constraint. The two most precise measurements of sin2 θ̂W do not agree very well,
leading to conflicting predictions for the Higgs mass. The rather large value obtained
from the bb asymmetry at LEP favors a relatively heavy Higgs (mh0 = 420+420
−190 GeV),
while the sin2 θ̂W value extracted from the lepton left-right asymmetry at SLD is much
smaller, leading to very light Higgs prediction (mh0 = 31+33
−19 GeV) in contradiction
with the LEP bound. Moreover, the world average of the W mass is still significantly
larger than the value extracted from a global SM fit, again requiring the Higgs boson
to be lighter than the LEP limit. The current situation is shown on Figure 1.2, where
the predicted values of mh0 from different measurements are shown.

1.4.3

Direct searches at the LEP collider

The main production mechanism for the SM Higgs boson at LEP is the s-channel
Higgs-strahlung, e+ e− → h0 Z, where h0 is radiated from a Z boson. The final state
Z can be either virtual (like at LEPI) or on-shell (like at LEPII). The cross section of
√
this process as a function of s and mh0 is shown on Figure 1.3. The Higgs boson
can also be produced by W + W − fusion, but this process is clearly marginal, except
for masses beyond the Higgs-strahlung reach.
For Higgs masses below 140 GeV, the decay into fermion pairs is dominant and the
h0 → bb mode has the highest branching ratio if mh0 > 2mb . The τ + τ − , cc and
gg decays are also present but contribute to less than 10% of the total rate. In this
region, the decay width is typically of order 1 MeV, well below the best experimental
precision. For higher masses, the W + W − and ZZ modes are dominant and the decay
width grows quickly with mh0 (potentially up to a non perturbative regime, see section
1.4.1). A summary plot of the main branching ratios as a function of the Higgs mass
can be found on Figure 1.3.
Considering the main Higgs boson production and decay modes, the most interesting
final state topologies for a Higgs mass around 100 GeV are:
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Figure 1.2: Values of the Higgs mass extracted from different electroweak observables. The average is shown as the green band. Predictions for which the central value
is below 1 GeV or above 1 TeV with very large errors are not shown. The two extreme
values discussed in the text appear in red. From Ref.[30].
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Figure 1.3: Top: Cross sections of the Higgs-strahlung production mechanism in
√
e+ e− collisions as a function of s and mh0 . The main background processes are
also shown in dashed lines. Bottom: Branching ratios for the SM Higgs boson decay
as a function of mh0 . From Ref. [32].

1.4. Standard Model Higgs boson phenomenology

31

• Four hadronic jets from e+ e− → (h → bb̄)(Z 0 → q q̄). This important channel
represents by itself 60% of the total branching ratio. The Higgs mass can be
reconstructed with a precision of order 2.5 GeV.
• Missing transverse energy topology from e+ e− → (h → bb̄)(Z 0 → ν ν̄). The
“central” resolution is δmh0 ≃ 3 GeV.
• Semi-leptonic topologies e+ e− → (h → bb̄)(Z 0 → e+ e− , µ+ µ− ). This channel has a rather small total branching ratio (≃ 6%) but has also a rather low
background and a good energy resolution (δmh0 ≃ 1.5 GeV).
• Topologies with τ ± leptons: e+ e− → (h → q q̄)(Z 0 → τ + τ − ) or e+ e− →
(h → τ + τ − )(Z 0 → q q̄).
At the LEPI experiment, only topologies with missing transverse energy and semileptonic final states were considered, due to their relatively low background. At the
LEPII experiment, all topologies have been considered. The final result is an exclusion
at a 95% confidence level of a Standard Model Higgs boson with a mass lower than
114.4 GeV [33].

1.4.4

Direct searches at the Tevatron collider

The Tevatron machine being a proton/anti-proton collider, the main production mode
appears to be the the direct production by gluon fusion (through a top quark loop)
(see Figure 1.4). It is followed by the associated production with a gauge boson and
the W + W − fusion process. However, regarding the backgrounds associated with
the decay modes described in the previous section and the expected total integrated
luminosity of the Tevatron (Run II), the Higgs-strahlung production with h0 → bb
(or possibly h0 → W W ∗ ) is the most promising discovery channel for mh0 . 150
GeV. For higher masses, the direct production gg → h0 followed by a h0 → W + W −
decay also appears to be a competitive mode.
At the time of this work, the total integrated luminosity collected at the Tevatron collider is not yet sufficient to exclude a Standard Model Higgs boson at masses higher
than the LEPII limit. Current data are used to put limits on the ratios to the expected
SM cross sections as a function of the Higgs mass. The latest available results are
shown on Figure 1.5. With an expected total luminosity of ∼ 5 fb−1 by the end of
the data acquisition phase, the Tevatron experiments should, in principle, be able to
discover or exclude the SM Higgs in the mh0 ≈ 160 GeV mass region.
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Figure 1.4: Summary of the best available estimations of the Standard Model Higgs
boson production cross section at the Tevatron (Run II) as a function of its mass. From
the TeV4LHC working group [34].

Figure 1.5: Observed and expected (median, for the background-only hypothesis) 95%
C.L. upper limits on the ratios to the SM cross section, as functions of the Higgs test
mass, for the combined CDF and D0 analyses. From Refs. [35]
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Direct searches at the Large Hadron Collider

The principal SM Higgs boson production cross sections at the LHC are summarized
on Figure 1.6. Whereas the main production mode is still the gluon fusion process

Figure 1.6: Summary of the best available estimations of the Standard Model Higgs
boson production cross section at the LHC as a function of its mass. From the
TeV4LHC working group [34].

like for the Tevatron, the gauge boson associated production is suppressed due to the
absence of valence anti-quarks in the proton. The weak boson fusion replaces it as the
second most important production mode on in the whole mass range. Other production
mechanisms, e.g. in association with heavy quarks, have also sizable cross sections
and could play a role in the study of the Higgs boson properties.
Depending on its mass, the Higgs boson first discovery channels at the LHC will be
different. In the very low mass region, i.e. mh0 . 130 GeV, the gg → h0 → γγ process is probably the only viable discovery mode but suffers from a very reduced rate
and a large background. In the mid-range region, i.e. from 130 GeV to 180 GeV, the
gg → h0 → W W ∗ /W W → l+ l− νν channel turns out to be the best alternative by
offering a sizable rate together with good background rejection possibilities. Finally,
above the 2mZ treshold, the “gold-plated” mode gg → h0 → ZZ → 4l should allow
for Higgs detection up to masses of order 1 TeV. On the whole mass range, alternative processes can also play a role. Among others, the tt associated production (for
low masses) and the weak boson fusion can be mentioned. Figure 1.7 summarizes the
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expected significance of each channel in the CMS detector with a 30 fb−1 integrated
luminosity.

Figure 1.7: CMS discovery potential for the SM Higgs boson in the whole mass range.
From Ref. [36].

Chapter

2

Extended scalar sectors
“If you are out to describe the truth, leave elegance to the tailor.”
Albert Einstein (1879-1955)
In this chapter, the theoretical motivations and implications of Standard Model scalar
sector extensions are reviewed. The simplest of these extensions, namely the twoHiggs-doublet model (2HDM), is described into more details. After depicting the most
general realization of this model, the principal aspects related to the custodial, CP and
Z2 symmetries are considered. The interplay between these global symmetries, and
the possibility to define a “twisted” scenario satisfying naturally electroweak precision
constraints are particularly emphasised.

2.1 Motivations
The scalar sector of the Standard Model described in section 1.3.2 is “minimal” in
the sense that the associated Higgs representation (i.e., a single SU (2)L doublet) is
the simplest possibility allowing for non vanishing mass terms for weak bosons and
fermions after spontaneous symmetry breaking. Indeed, it is the smallest representation containing the three would-be Goldstone real fields associated with the three
massive gauge bosons and the Higgs scalar required to trigger the spontaneous symmetry breaking mechanism. Nevertheless, more complex possibilities involving additional and/or larger representations may a priori be considered. Motivations for
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such enlarged Higgs sectors are varied, but in general they fall into two (not mutually exclusive) categories. They can be associated with requirements of higher scale
symmetries, like Supersymmetry or Grand Unification groups, or they can be justified
by phenomenological arguments, like the possibility of new sources of CP violation
needed, for example, to explain the matter predominance over anti-matter.

2.1.1

Higher symmetries

Supersymmetry
Supersymmetric (SUSY) theories are build on the assumption that fermionic and
bosonic fields can be related through a non trivial extension of the Poincaré group.
These theories share different advantages, the most important being undoubtedly their
ability to solve the so-called “naturalness” problem. In the Standard Model, when
radiative corrections to the Higgs mass are computed and the loop integral momenta
cut off at a scale Λ, one has
m2h0 = (m0h0 )2 +

3Λ2
(m2 0 + 2m2W + m2Z − 4m2t )
8π 2 v 2 h

(2.1)

where m0h0 is the Higgs bare mass. The amount of fine tuning required to get a physical Higgs mass of the order of the electroweak scale then grows quadratically1 with Λ.
Though the theory is still perfectly consistent in the absence of any physical meaning
for the higher scale Λ, this provides a strong argument in favor of new Physics beyond
the Standard Model.
In a supersymmetric theory, each SM particle comes with its superpartner of opposite statistic. Since fermions and bosons give loop contributions of opposite signs,
the cutoff dependence in (2.1) exactly vanishes in the limit of exact SUSY. Of course,
in realistic theories, the superpartners cannot be degenerate with their associated SM
particles since they escaped all experimental detection attempts. Nevertheless, SUSY
could be realized at the TeV scale so that the electroweak scale remains stabilized at
higher scales. In the limited context of the present work, the complete theory associated with the supersymmetric extensions of the Standard Model is not detailed and the
interested reader is invited to consult classical reviews like [38] for further references.
In the Minimal Supersymmetric Standard Model (MSSM), a minimum of two Higgs
weak doublets, belonging to two different chiral supermultiplets, are required for the
following reasons:
1 The Higgs mass can be chosen such that the second term of (2.1) exactly vanishes [37], but this cancellation can only be arranged at a fixed order in the perturbative expansion.
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1. Structure of the Yukawa couplings: as seen from (1.30), in usual, non supersymmetric theories, a scalar doublet Y = +1 is equivalent to a Y = −1 doublet
through C conjugation. In a supersymmetric theory, this is not true anymore
since each doublet is forced to belong to a chiral supermultiplet which also includes a fermion multiplet of fixed chirality. Non vanishing mass terms for
the up-type quarks then require the introduction of a new weak doublet with
Y = −1 in the theory2 .
2. Gauge anomaly cancelation: In the SM, the Tr(Y 3 ) = 0 and Tr((I 3 )2 Y ) = 0
conditions3 associated with triangular gauge anomalies cancelation are fulfilled
through a somewhat mysterious conspiracy between quarks and leptons quantum numbers. The fermionic superpartner of the Higgs doublet being also a
Y = 1 weak doublet, it would spoil that cancelation. A minimal solution is to
add a second Higgs supermultiplet with Y = −1, in order to compensate for
this extra contribution.
The explicit form of the MSSM scalar potential for the two Higgs doublets can be
derived from first SUSY principles. It appears to be a special case of the more general
two-Higgs-doublet model and is considered in section 2.5.
Although it provides a natural solution to stabilize the Higgs mass in the Standard
Model, the MSSM also has its own drawbacks. The so called µ-problem, for example,
corresponds to an unnatural fine tuning of the dimensional parameter µ appearing in
F terms of the MSSM superpotential (see section 2.5). Since this parameter appears
in the SUSY conserving part of the Lagrangian, its value is not expected to be related
to the weak scale, contrary to what is required by phenomenological considerations.
Among all the possible scenarios proposed to solve the µ-problem, a particularly interesting and simple one is the Next to Minimal Supersymmetric Standard Model
(NMSSM). In this model, the µ parameter is replaced by a dimensionless coupling λ
multiplied by the vacuum expectation value hSi of a new scalar singlet under SU (2)L .
This new scale is in turn related to the SUSY breaking scale through minimization
conditions, therefore removing the need for fine tuning. This model displays an interesting phenomenology which is not covered in the present work (e.g. see [40] for
a recent overview), except for its light pseudoscalar signature h0 → A0 A0 which is
considered for comparison in section 4.2.
2 An original alternative solution [39] would be to consider a left handed slepton-lepton chiral supermultiplet as the Y = −1 Higgs-Higgsino supermultiplet. Unfortunately, this choice leads to unwanted
phenomenological consequences like lepton number violation and a large mass for at least one neutrino.
3 Here the trace runs over all left handed Weyl fermionic degrees of freedom.
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Grand Unified Theories
Grand Unified Theories (GUTs) achieve by construction the ambitious aim of unifying
strong and electroweak gauge interactions in a non-abelian gauge theory based on a
single compact Lie group G including the Standard Model group SU (3)C ×SU (2)L ×
U (1)Y . Several choices for G have been considered all over the years, from the simplest Georgi-Glashow model [41] based on SU (5) to E6 models which arise naturally,
for example, in the context of the E8 × E8 heterotic string theory.
In general, all GUTs display the same kind of interesting features including gauge couplings unification at very high energy (leading to the well-known value sin2 θW = 3/8
in SU (5) [41]) and predictions for low energy observables like the Georgi-Jarlskog
mass relations [42]. Due to the presence of new very massive gauge bosons, they also
allow, in general, the proton decay. In order to achieve the breaking of G to the SM
group, different and often complicated Higgs representation are required. In general,
this implies the presence of an extended scalar sector at the electroweak scale (e.g., a
two-Higgs-doublet model in SO(10)).
But GUTs have also an important drawback, which is in essence very similar to the
MSSM µ-problem. It arises due to the phenomenological need for a huge hierarchy between the high scale at which the original GUT group is broken down to the
SM group, and the electroweak scale. This technical difficulty is sometimes refereed
to as the “doublet-triplet splitting” fine tuning problem since the GUT Higgs sector
typically contains color singlet (weak doublet) and color triplet scalars. The former
play the role of the SM Higgs and are then associated to the electroweak scale while
the latter are required to fill up the GUT Higgs representation and must be extremely
massive (∼ MGUT ) to satisfy experimental constraints on the proton lifetime.
A potential solution to the doublet-triplet splitting problem in the framework of SO(10)
theories (which are arguably the most natural ones nowadays) is known as the “Dimopoulos-Wilczek” mechanism [43]. It is based on a particular arrangement of the vacuum expectation values directions for the field responsible for the spontaneous breaking of the GUT symmetry, such that the VEV responsible for the color singlet masses
and the one responsible for the color triplet masses are unrelated. The former can then
be safely set to zero to naturally solve the hierarchy problem.

Little Higgs Theories
The essential idea behind Little Higgs (LH) theories [44, 45, 46] is to naturally solve
the Standard Model naturalness problem by considering the Higgs as a pseudo-Goldstone
boson of some approximate (spontaneously broken) global symmetries, exactly like
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the pion in the chiral symmetry approach of QCD. The new particles introduced to
ensure these symmetries are not broken too severely are precisely the states that cut
off the quadratically divergent loop corrections to the Higgs mass.
In the simplest LH model [47], an SU (3) group is broken to its subgroup SU (2)L
and the four degrees of freedom associated with the SM Higgs doublet are part of the
five pseudo-Goldstone bosons associated with the breaking4. The remaining degree of
freedom corresponds to a real scalar field η, singlet under SU (2)L , with a mass of order of the electroweak scale. So, even in the simplest cases, LH theories tend to predict
an extension of the SM scalar sector. For more complex, and more realistic, scenarios,
like the Minimal Moose [48] based on the coset [SU (3)L × SU (3)R /SU (3)V ]4 or
models with an additional custodial symmetry [49], the presence of two light Higgs
doublets is a common feature. In general, these theories also predict a heavy fermionic
state T , required to compensate the top quark loop contribution to the Higgs mass and
to trigger the SSB of the electroweak symmetry via a Coleman-Weinberg mechanism
[50].

2.1.2

Phenomenological aspects

New sources of CP violation
Besides being an interesting phenomenon by itself, due to its theoretical and experimental elusiveness, CP violation (see [51] for a general review) also plays a crucial
role in cosmology. As shown by Sakharov [52], it is indeed a necessary ingredient
to understand the genesis of the observed baryon asymmetry of the Universe, i.e. the
overabundance of matter compare to antimatter. Another interesting consequence of
CP violation would be the possibility for elementary particles to have a sizeable electric dipole moment. Indeed, electric dipole moments violate both P and T symmetries
such that any attempt to introduce them without violating CP would imply a failure
of the CP T theorem.
Even if CP violation arises in the Standard Model through a single non vanishing
complex phase in the CKM matrix, it is by now clear that this mechanism cannot
account by itself for the observed baryon asymmetry. The first reason is the fact
that the electroweak phase transition is not strongly first order and, as a result, any
baryon asymmetry generated during the transition would be subsequently washed out
by B-violating processes in the broken phase [53]. The second reason is that the
4 In fact,

the requirement of SM-like SU (2)L interactions for the Higgs doublet together with vanishing
quadratic divergences from gauge boson loops leads to a more complex picture. The SU (3) global symmetry should be gauged and an additional set of Goldstone bosons has to be introduced to provide longitudinal
degrees of freedom for to the new gauge fields.
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CP violating effects associated with the three generations CKM matrix are too small
[54, 55].
Extensions of the SM scalar sector may provide a solution to this problem. In MultiHiggs-doublet models (MHDMs), for example, the CP symmetry can be violated in
the scalar sector, both explicitly and spontaneously (see for example [56]). It must be
noted, however, that the requirement of Natural Flavour Conservation (NFC) (guaranteed by an additional reflection symmetry) restricts the possibilities for CP violation.
Under this constraint, the two-Higgs-doublet only allows for explicit CP violation
while the spontaneous breaking of this symmetry requires at least three Higgs doublets [57].

Strong CP problem
The strong CP problem is a side effect of the solution proposed by ’t Hooft [58] to
solve the U (1)A problem in QCD trough the inclusion of topological effects called
instantons. As shown by ’t Hooft, the QCD Lagrangian must include a term
Lθ = θQCD

gs2 aµν a
G G̃µν
32π 2

(2.2)

where G̃aµν is the dual of the QCD field strength tensor and θQCD a free parameter.
This term violates both P and T symmetries, and θQCD cannot be set to zero by hand
by imposing the CP symmetry in the strong sector because it receives contribution
from the weak sector, i.e.
θQCD → θ ≡ θQCD + θEW

(2.3)

θEW = arg det(mu md ) .

(2.4)

where

Since θEW is O(1) in the SM, and since there is a priori no link between θQCD and
θEW , the resulting observable θ is also expected to be O(1). However, experimental
data on the neutron electric dipole moment [59] put a very strong constraints on this
parameter, namely
θ . 10−10

.

(2.5)

This serious fine tuning problem in the SM is known as the “strong CP problem”.
Various solutions to this issue have been proposed, e.g. like considering the up quark
to be massless5 such that θ can be rotated out through a chiral transformation. Another
5 This

possibility is however excluded [60, 61] by the value of the mu /md mass ratio extracted using
chiral perturbation theory [62].
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kind of solution, proposed by Peccei and Quinn [63], involves a new global chiral
symmetry U (1)P Q under which the quarks and the Higgs multiplet(s) transform nontrivially. The parameter θ becomes a dynamical variable (i.e. is associated to a field),
and can be set dynamically to zero.
In order to provide this additional degree of freedom, the SM scalar sector must be
extended, e.g. to a two-Higgs-doublet model. One of the new fields, named the axion
a0 , is the Goldstone boson associated with the breaking of the U (1)P Q symmetry. It
acquires a small mass ma0 ≈ fπ mπ /F due to the breaking of U (1)P Q at a high scale
F . Such a very light (pseudo)scalar has been intensively searched without success
by various experiments. The original Peccei-Quinn model (where F ∼ ΛEW and
ma0 ≈ 100 keV) is ruled out most easily by the non observation of the K ± → π ± a0
decay, while higher scales are excluded up to F & 109 GeV by indirect arguments
based on axions emitted by the sun, by HB stars and by supernovae. Note that model
dependent cosmological limits on the axion lifetime also put an upper bound on F ,
around 1012 GeV, if inflation occurs at higher energy.

Fermions mass spectrum
The apparent lack of symmetry in the fermions mass spectrum is definitively one
of the unsatisfying feature of the Standard Model. Since this spectrum is directly
related to the Yukawa couplings between the Higgs field and the fermion multiplets,
and these couplings being in turn completely arbitrary, there are unfortunately not so
much theoretical “handles” in the SM itself to solve this issue.
A pragmatic approach to answer this question is the description of fermion mass “textures” using discrete or continuous underlying horizontal symmetries. Implementing
these symmetries in a natural way at the Lagrangian level often requires extensions of
the SM scalar sector, typically with additional Higgs doublets.
For example, the Koide non-linear mass relation
X
i

2
mi =
3

X√
mi
i

!2

(2.6)

where i is a generation indices, works surprisingly well for charged leptons [64, 65]
but possibly also for quarks and neutrinos when weak mixing parameters are taken
into account [66].
Relation (2.6) is quadratic with respect to the square root of the masses, and it is better
satisfied at energies of the order of the electroweak scale. This suggests (see [67]
and reference therein) that it could be related to the vacuum expectation values vi of
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3 Higgs-doublets φi through a seesaw like mechanism mi ∝ vi2 /V . Relation (2.6)
is then obtained from an internal S3 permutation symmetry of the scalar potential
ensuring
X
i

2
vi2 =
3

X
i

vi

!2

.

(2.7)

Dark matter
All modern astrophysical (galactic halo, . . . ) and cosmological observations use to
agree not only on the presence of a sizable amount of Dark (i.e. non shining) Matter
(DM) in the Universe, but also on the fact this new kind of matter is not made of
ordinary atoms [68, 69]. Over the years, the exact nature of DM has become one of
the most important question at the frontier of contemporary cosmology, astrophysics
and particle physics. A popular hypothesis identifies the Lightest Supersymmetric
Particle (LSP), in most cases a neutralino or a gravitino, as a good DM candidate
since R-parity (which is in fact not predicted by SUSY itself) forbids its decay and
makes it stable.
Recently, a simple, yet interesting, model for DM requiring a two-Higgs-doublet extension of the SM scalar sector has been proposed [70, 71, 72]. The main feature of
this model, called the Inert Doublet Model (IDM), is a Z2 symmetry
H1 → H1

,

H2 → −H2

(2.8)

which remains unbroken after SSB by enforcing hH20 i = 0 thanks to a positive mass
term µ2 > 0. Assuming all the SM particles have an even Z2 parity, the lightest
neutral (pseudo)scalar (either H 0 or A0 ) becomes stable and appears as an archetype
candidate for Dark Matter.
A systematic analysis of the DM abundance and of the potentialities for direct and
gamma indirect detection in this model is presented in [73]. The main conclusion
is that the IDM dark matter candidate fiercely competes with the neutralino. This
Weakly Interacting Massive Particle (WIMP) has a rich phenomenology and has a
true potential for being constrained by DM detection experiments. The observed DM
relic density can be reproduced in two regimes, i.e. for low (. 100 GeV) and high
(≫ 100 GeV) masses. Prospects for direct detection of this kind of particle at the
LHC have also been considered more recently in [74] and a light WIMP scalar (∼ 50
GeV) appears to be detectable in invisible Higgs decays.
The IDM also allows for a slight improvement of the naturalness problem [71] by
rising the SM Higgs mass up to ∼ 600 GeV, i.e. close to the triviality limit (see Figure
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1.1). Such an heavy SM Higgs could remain compatible with electroweak precision
tests thanks to the additional contributions of the new scalars belonging to the inert
doublet. This interesting feature can in fact be shared by many 2HDM scenarios (see
[75, 76]) and is discussed into more details in section 3.2.1.

Neutrino masses
There is now convincing experimental evidence that, at variance with the SM prediction, neutrinos produced in solar, atmospheric and reactor processes change from
one flavor to the other (see [5] for a review). Baring exotic possibilities, this in turns
implies that neutrinos have small but non zero masses and that leptons mix. In the
well known (type-I) seesaw mechanism, heavy right-handed Majorana neutrinos are
introduced to naturally generate small neutrino masses.
Besides the type-I seesaw scenario, the triplet seesaw mechanism (sometimes refer to
as type-II seesaw), which extends the SM with one scalar triplet ξ a (a ∈ {1, 2, 3})
with Y = 2, gives another possible explanation to the smallness of neutrino masses.
If the scalar triplet gets its mass after a SSB mechanism, the associated non zero
VEV is strongly constrained by the ρ parameter (see section 2.2.1) and a massless
Goldstone boson appears, the so-called “Majoron”. The latest being excluded by the
LEP measurement of Z invisible decay, this possibility is not considered here. The
Yukawa potential of the model reads [77]
i
a j a
a
a
L = λij
ξ LL ǫτ LL ξ + λH Mξ Hǫτ Hξ

(2.9)

where ǫ is the permutation matrix and τ a the usual SU (2)L generators. Integrating
out the heavy ξ triplet generates the effective Majorana mass operator (LL LL HH)
ij
2
leading to a Majorana mass term mij
L = λξ λH /Mξ for leptons after electroweak
symmetry breaking. The main interest of this mechanism is that it requires a smaller
number of unknown flavor parameters than models involving extra singlets or triplets
of Majorana fermions.

2.2 Generic extensions
As mentioned in the previous section, there are many well motivated reasons to consider various type of SM scalar sector extensions involving additional doublets, singlets or even triplets. Before describing into more details the most common option,
i.e. the two-Higgs-doublet model, two important consequences of generic extensions
are reviewed.
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2.2.1

Tree-level ρ parameter value

The ρ parameter defined in (1.48) is a sensible quantity with respect to the Higgs sector
structure. As mentioned in section 1.4.2, in the context of the SM Higgs boson phenomenology, the one loop corrections to this parameter value involve the Higgs mass
and can be used to put constraints on it. Yet, even the tree-level value of this parameter
can be modified by the presence of additional scalar fields developing VEVs.
As shown in [78], the tree-level value of ρ can be easily computed for any set of
complex scalar multiplets with neutral VEV vi , SU (2)L isospins Ii , and hypercharges
Yi . Using (1.10) and a development similar to section 1.3.2, one easily obtains the
tree-level values
m2Z

=

2
+ gY2 )
(gL

X

vi2

i

m2W

=

|Yi |2
4



2 X
|Yi |2
gL
vi2 Ii (Ii + 1) −
2 i
4

(2.10)

such that6
ρ=

P

2
i vi

4Ii (Ii + 1) − |Yi |2
P
2 i vi2 |Yi |2



.

(2.11)

Assuming the actual values of the VEVs vi are unrelated, and that each numerator
contribution is compensated by an identical contribution in the denominator, the ρ ≈ 1
requirement translates as
(2Ii + 1)2 − 3Yi2 = 1 ∀i.

(2.12)

Since Ii and Y are respectively half-integer and integer numbers, this equation has
only a discrete set of solutions (Ii , Y ), among which (0, 0) (neutral singlets) and
(1/2, ±1) (SM-like doublets) are the most evident choices. Other possibilities are
generally discarded since the associated representations are rather complicated (the
simplest example is a Y = 4 SU (2)L septuplet).
The previous argument tends to exclude any model involving triplet Higgs representation, like the one required by the type-II seesaw mechanism for neutrino masses (see
section (2.1.2)) or by Left-Right symmetric models [79, 80, 81]. This restriction can
in fact be circumvented by two means. Either the vacuum expectation value of the
additional triplet(s) is very small compare to the usual SM doublet VEV so that the
6 In case of real representations with Y = 0, the denominator of this expression comes with an extra
factor of two.
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associated tree-level contribution to ρ is suppressed7 , either a specific arrangement of
the additional representations together with the associated VEV leads to an exact compensation of the new contributions. A well known example [1] of such an arrangement
is the combination of one Y = 1 complex doublet with VEV vd , one real Y = 0 triplet
and one Y = 2 complex triplet with the same VEV vt (e. g. because of an additionnal
custodial symmetry in the potential). One then has
ρ=

2.2.2

2|vd |2 + 4|vt |2 + 4|vt |2
=1
2|vd |2 + 8|vt |2

.

(2.13)

Gauge coupling constants unification

Since extended scalar sectors contain new heavy particles which may couple to the
SM gauge boson, the RGE associated with the gauge coupling constants αi
α1 (MZ ) =

α(MZ )
5 α(MZ )
, α2 (MZ ) =
3 cos2 (θW )
sin2 (θW )

and α3 (MZ ) = αs (MZ ) (2.14)

are in general modified8. These equations read
µ

dαi (µ)
= β(αi )
dµ

(2.15)

where µ is an arbitrary energy scale and β(αi ) is the Callan-Symanzik function which
can be expanded in the perturbative regime
β(αi ) =

1 X
(bn )i αn+1
i
2π

.

(2.16)

n≥1

At one loop, (2.15) becomes
bi α2i
dαi (µ)
=
dµ
2π µ

(2.17)

and has the solution
−1
α−1
i (µ) = αi (µ0 ) −

bi
µ
ln .
2π µ0

(2.18)

The bi coefficients can be computed using [84]
bi = −

2
1
11
C(Gi ) + T (Rif ) + T (Ris )
3
3
6

(2.19)

where
7 Assuming the presence of only one Higgs triplet, a limit of 0.01 to 0.1 (depending on Y ) for
vtriplet /vdoublet can be derived from experimental data [82, 83].
8 The hypercharge normalization is fixed such that Tr(Y 2 ) = 2.
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• C(G) is the quadratic Casimir associated with the gauge group G, i.e.
X
C(G)δ AB =
f ACD f BCD ,

(2.20)

C,D

where f ABC are the structure constants of the group
• T (R) is associated to the representation R with generators TRA , under which the
fermions (Rf ) and real scalar fields (Rs ) transform, through
T (R)δ AB = Tr(TRA TRB ).

(2.21)

In the case of of a general extension of the SM scalar sector involving scalar singlets,
doublets and triplets (up to Y = 4), these coefficients read
b1

=

b2

=

b3

=

1
(2N0,2 + 8N0,4 + N1/2,1 + 9N1/2,3 + 6N1,2 )
10
10 1
− + (N1/2,1 + N1/2,3 + 4(N1,0 + N1,2 ))
3
6
−7
4+

(2.22)

where NI,Y gives the number of representations with the weak-isospin I and hypercharge Y . The coupling constants evolution in different models is illustrated on Figure
2.1.
It turns out that, for some specific combinations, the poor coupling constant unification observed in the SM can be improved [85, 86]. The typical unification scale MU
obtained in these models is lower than comfortable (to say the least) for the proton
decay (see Table 2.1) but this needs not be a problem if the coupling constant unification is not associated with true group unification. Simple solutions imply the presence
of additional triplets (with small or vanishing VEVs to guarantee ρ = 1 at tree-level,
see previous section) while achieving coupling constant unification in a multi-Higgsdoublet model require at least seven doublets. As noted in [86], this conclusion may
however be circumvented if the number of colors N increases with the energy. For
N = 7, it can even be realized with a single Higgs doublet.

2.3 The general two-Higgs-doublet model
Following the conclusions of sections 2.1 and 2.2.1, the two-Higgs-doublet model
(2HDM) appears as an interesting, simple yet natural, starting point for studying the
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Figure 2.1: Examples of α−1
and α−1
(from top to bottom) evolution with
1 , α2
3
respect to log(µ/mZ ) for different scalar sector contents.

phenomenological impact of extending the SM scalar sector. In this section, the properties of the most general, unconstrained model are reviewed before introducing more
specific realizations.

2.3.1

Potential in a generic basis

Consider a 2HDM based on two SU (2)L doublets φ1 and φ2 with same hypercharge
Y = +1. Gauge invariance allows us to define four hermitian operators
Â

= φ†1 φ1

B̂

= φ†2 φ2
 1


= Re φ†1 φ2 =
φ†1 φ2 + φ†2 φ1
2



i †
†
= Im φ1 φ2 = −
φ1 φ2 − φ†2 φ1
2

Ĉ
D̂

(2.23)
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N0,2

N0,4

N1/2,1

N1,0

N1,2

αs (MZ )

MU (GeV)

0
0
0
0
1
1

0
0
0
1
0
1

1
2
4
3
3
1

0
1
0
1
1
1

2
0
1
0
0
1

0.121
0.117
0.117
0.113
0.122
0.121

0
0
0

0
0
0

1
2
7

0
0
0

0
0
0

0.071
0.117
0.113

1.7 × 1013
1.8 × 1014
2.8 × 1013
4.6 × 1013
1.0 × 1014
1.7 × 1013

1.1 × 1013 (SM)
2.0 × 1016 (MSSM)
4.6 × 1013 (7HDM)

Table 2.1: Models with less than five additional multiplets such that αs (mZ ) ∈
[0.105, 0.125] (extracted from the requirement of exact unification) and MU > 1013
GeV. Here α−1 (mZ ) = 128.91 and sin2 θW (mZ ) = 0.2311. SM, MSSM and a
model with seven doublets are shown for reference.
such that the most general renormalisable scalar potential contains fourteen (four linear and ten quadratic) terms
V (φ1 , φ2 ) =

−m21 Â − m22 B̂ − m23 Ĉ − m24 D̂ + λ1 Â2 + λ2 B̂ 2 + λ3 Ĉ 2 + λ4 D̂2

+λ5 ÂB̂ + λ6 ÂĈ + λ7 ÂD̂ + λ8 B̂ Ĉ + λ9 B̂ D̂ + λ10 Ĉ D̂

(2.24)

The potential being hermitian, the m2i and λi parameters are restricted to be real numbers.
Let us assume from now that the vacuum respects the electromagnetic gauge symmetry, i.e. that the vacuum expectation values of φ1 and φ2 are aligned in the SU (2)L
space such that a single SU (2)L gauge transformation suffices to rotate them to the
neutral components. This phenomenologically motivated assumption is in fact rigorously justified in the context of the restricted CP conserving models to be considered
in the following sections (e.g. see [87, 88]). After a suitable U (1)Y transformation to
set the phase of the vacuum expectation value of φ01 to zero, one has




1
1
0
0
(2.25)
and hφ2 i = √
hφ1 i = √
v1
v2 eiθ
2
2
with v1 and v2 two real parameters such that v 2 = v12 + v22 .
The corresponding potential minimum conditions can be obtained by imposing
∂V
∂ηi

=0
hηi i

(2.26)

2.3. The general two-Higgs-doublet model

49

where ηi are the eight real components of the two doublets. They translate to three
independent equations relating m21 , m22 and m24 to the other parameters of the potential
and to the three VEV parameters v1 , v2 and θ:
m21
v2

=

m22
v2

=

m24
v2

=

(λ3 + λ5 ) 2
λ1 c2β +
sβ
2



c2θ  λ7 2
λ8
m2
tβ
+ cβ s2θ + s2β + λ10 s2β sθ − 23
λ6 c2β 1 +
+
2cθ
2
2
2
v
(λ
+
λ
)
3
5 2
λ2 s2β +
cβ
2



c2θ  λ9 2
λ6 2
m23
1
2
+ sβ s2θ + cβ + λ10 c2β sθ − 2
λ8 sβ 1 +
+
2tβ cθ
2
2
2
v



2
2m3
1
(λ4 − λ3 )sθ s2β +
− λ6 s2β − λ8 c2β tθ
2
v2

λ10 c2θ s2β
2
2
λ7 cβ + λ9 sβ +
(2.27)
2
cθ

where tan β ≡ v2 /v1 and s, c and t are the usual abbreviations for sin, cos and tan.

2.3.2

Basis invariance and the Higgs basis

An important aspect of the 2HDM is the freedom to redefine the two scalar fields φ1
and φ2 using arbitrary U (2) transformations acting in the “flavor” space, i.e.
Ψ → Ψ′ ≡ U Ψ ,

U ∈ U (2) .

where Ψ is the isodoublet


φ1
Ψ≡
φ2

(2.28)

(2.29)

Indeed, transformation (2.28) leaves the canonically normalized, gauge-covariant kinetic energy terms
1 µ 2 1 µ 2 1 µ 2
|D Ψ| = |D φ1 | + |D φ2 |
2
2
2

(2.30)

invariant. In this sense, this global U (2) symmetry appears as a symmetry of the
physics but not of the Lagrangian, i.e. transformation (2.28) modifies in general the
explicit form of (2.24), but cannot alter the value of physical observables. Note however that the diagonal subgroup U (1) of U (2) corresponding to a global phase redefinition can be identified with the gauge group U (1)Y , which corresponds to a true
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internal symmetry of the Lagrangian. This relevant notion of basis invariance has
been first emphasized in [51] and considered into great details more recently in [89]
and [90, 91].
In order to study the meaningful observables associated with the most generic 2HDM
and avoid considering unphysical, basis dependent quantities, two strategies can be
identified. In the first one, the explicit parameters appearing in (2.24) and (2.25) are
considered as basis dependent components of various two- and four-tensors which
transform covariantly under the U (2) flavor transformations [51, 90]. By fully contracting these tensors indices, different basis invariant quantities can be defined and
related to physical predictions. Nevertheless, as shown explicitly in [90], these invariants are linked through trivial relations to the potential parameters in the specific
set of basis, the so-called “Higgs basis”, where one of the two VEV vanishes. So,
a possible, somehow simpler, alternative approach to tensor techniques then consists
in taking advantage of the U (2) reparametrization freedom to fix from the beginning
v2 = 0, and to infer physical results directly from parameters values in this particular
basis, or vice versa.
A possibly sensible issue regarding this procedure is the ambiguous definition of the
Higgs basis. Starting from an arbitrary generic basis (2.25), the Higgs basis can always
be reached using the unitary transformation


H1
H2



=
=


exp(iβτ 2 ) exp −iθ(1l + τ 3 ) Ψ



cos β
− sin β

sin β
cos β



However, any subsequent phase transformation





H1
1 0
H1
→
H2
H2
0 eiξ

1
0

0

e−iθ



φ1
φ2



.

(2.31)

(2.32)

corresponding to a combination of U (1)Y and diagonal SU (2)
√ transformations conserves the Higgs basis defining properties, namely hH1 i = v/ 2 and hH2 i = 0. The
Higgs basis is then defined up to an arbitrary complex phase ξ acting on H2 and all
physical observables should be a priori independent of ξ. As developed in (2.4.1)
and (2.4.2), this remnant U (1) symmetry plays a key role when considering a generic
definition of the CP and custodial symmetries. In the following, the ξ dependence is
explicitly included in order to emphasize the symmetrical nature of the Hi ↔ φi basis
change. The inversion of all forthcoming relations is in particular simply obtained by
making the replacements θ ↔ ξ and β ↔ −β.
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In a Higgs basis, potential (2.24) reads
V (H1 , H2 ) =

−µ21 Â − µ22 B̂ − µ23 Cˆ − µ24 D̂ + Λ1 Â2 + Λ2 B̂ 2 + Λ3 Cˆ2 + Λ4 D̂2
+Λ5 ÂB̂ + Λ6 ÂCˆ + Λ7 ÂD̂ + Λ8 B̂Cˆ + Λ9 B̂D̂ + Λ10 CˆD̂ (2.33)

where Â, B̂, Cˆ and D̂ are defined in terms of H1 and H2 as in (2.23). They are linked
to the Â, B̂, Ĉ and D̂ operators as
Â =
B̂

=

D̂

=

Cˆ =

c2β Â + s2β B̂ + s2β (cθ Ĉ + sθ D̂)
s2β Â + c2β B̂ − s2β (cθ Ĉ + sθ D̂)
s2β
−
cξ (Â − B̂) + (cθ c2β cξ + sθ sξ )Ĉ + (sθ c2β cξ − cθ sξ )D̂
2
s2β
−
sξ (Â − B̂) + (cθ c2β sξ − sθ cξ )Ĉ + (sθ c2β sξ + cθ cξ )D̂ (2.34)
2

while parameters µi and Λi are related the generic basis parameters through
µ21
µ22
µ23
µ24

s2β
2
s2β
2 2
2 2
2
2
= m1 sβ + m2 cβ − (m3 cθ + m4 sθ )
2
2
2
3
2
= (m2 − m1 )s2β cξ + (m3 cθ + m4 sθ )c2β cξ + (m33 sθ − m24 cθ )sξ

= m21 c2β + m22 s2β + (m23 cθ + m24 sθ )

= (m22 − m21 )s2β sξ + (m33 cθ + m24 sθ )c2β sξ − (m33 sθ − m24 cθ )cξ(2.35)

and
Λ1

=

λ1 c4β + λ2 s4β + (λ3 c2θ + λ4 s2θ + λ5 + λ10 sθ cθ )s2β c2β
+(λ6 cθ + λ7 sθ )sβ c3β + (λ8 cθ + λ9 sθ )s3β cβ

Λ2

=

λ1 s4β + λ2 c4β + (λ3 c2θ + λ4 s2θ + λ5 + λ10 sθ cθ )s2β c2β
+(λ6 cθ + λ7 sθ )s3β cβ + (λ8 cθ + λ9 sθ )sβ c3β

Λ3

=

(λ1 + λ2 )c2ξ s22β + (λ3 c2θ + λ4 s2θ + λ10 sθ cθ )c2ξ c22β
1
+(λ3 s2θ + λ4 c2θ − λ10 sθ cθ )s2ξ + ((λ3 − λ4 )s2θ − λ10 c2θ )c2β s2ξ
2

−λ5 c2ξ s22β − (λ68 sθ − λ79 cθ )s2β s2ξ + (λ68 cθ + λ79 sθ )s4β c2ξ
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Λ4

=

(λ1 + λ2 )s2ξ s22β + (λ3 c2θ + λ4 s2θ + λ10 sθ cθ )s2ξ c22β
1
+(λ3 s2θ + λ4 c2θ − λ10 sθ cθ )c2ξ − ((λ3 − λ4 )s2θ − λ10 c2θ )c2β s2ξ
2

−λ5 s2ξ s22β + (λ68 sθ − λ79 cθ )s2β s2ξ − (λ68 cθ + λ79 sθ )s4β s2ξ

Λ5

=

(λ1 + λ2 − λ3 c2θ − λ4 s2θ − λ10 s2θ )s2β c2β + λ5 (c4β + s4β )

+λ68 s2β c2β cθ + λ79 s2β c2β sθ

Λ6

=

1
−4(λ1 c3β sβ − λ2 cβ s3β )cξ + (λ3 c2θ + λ4 s2θ + λ10 sθ cθ )s4β cξ
2
λ5
+(λ3 − λ4 − λ10 )sθ cθ sβ cβ sξ + cξ s4β
2
+(λ6 c2β + λ8 s2β )(2c2β cθ cξ + sθ sξ ) − (λ6 c2β − λ8 s2β )cθ cξ
+(λ7 c2β + λ9 s2β )(2c2β sθ cξ − cθ sξ ) − (λ7 c2β − λ9 s2β )sθ cξ

Λ7

=

1
−4(λ1 c3β sβ − λ2 cβ s3β )sξ + (λ3 c2θ + λ4 s2θ + λ10 sθ cθ )s4β sξ
2
λ5
+(λ3 − λ4 − λ10 )sθ cθ sβ cβ cξ + sξ s4β
2
+(λ6 c2β + λ8 s2β )(2c2β cθ sξ + sθ cξ ) − (λ6 c2β − λ8 s2β )cθ sξ

+(λ7 c2β + λ9 s2β )(2c2β sθ sξ − cθ cξ ) − (λ7 c2β − λ9 s2β )sθ sξ

Λ8

=

1
−4(λ1 s3β cβ − λ2 sβ c3β )cξ − (λ3 c2θ + λ4 s2θ + λ10 sθ cθ )s4β cξ
2
λ5
−(λ3 − λ4 − λ10 )sθ cθ sβ cβ sξ − cξ s4β
2
+(λ6 s2β + λ8 c2β )(2c2β cθ cξ + sθ sξ ) − (λ6 s2β + λ8 c2β )cθ cξ
+(λ7 s2β + λ9 c2β )(2c2β sθ cξ − cθ sξ ) − (λ7 s2β − λ9 c2β )sθ cξ

Λ9

=

1
−4(λ1 s3β cβ − λ2 sβ c3β )sξ − (λ3 c2θ + λ4 s2θ + λ10 sθ cθ )s4β sξ
2
λ5
−(λ3 − λ4 − λ10 )sθ cθ sβ cβ cξ − sξ s4β
2
2
2
+(λ6 sβ + λ8 cβ )(2c2β cθ sξ + sθ cξ ) − (λ6 s2β + λ8 c2β )cθ sξ

+(λ7 s2β + λ9 c2β )(2c2β sθ sξ − cθ cξ ) − (λ7 s2β − λ9 c2β )sθ sξ
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1
= (λ1 + λ2 )s22β s22ξ − ((λ3 − λ4 )s2θ − λ10 c2θ )(c2β c2ξ − (c4β + 3)c2θ ))
4
1
− (λ3 + λ4 )s22β s22ξ − λ5 s22β s2ξ + λ68 (2c2ξ s2β sθ − cθ s4β s2ξ )
2
−λ79 (2c2ξ s2β cθ + sθ s4β s2ξ )
(2.36)

Λ10

where λ68 = (λ6 − λ8 )/2 and λ79 = (λ7 − λ9 )/2.
Since hH2 i vanishes by definition, the potential minimization conditions (2.27) now
reduce to
Λ6 v 2
Λ7 v 2
and µ24 =
.
(2.37)
2
2
Besides the usual three massless would-be Goldstone bosons, the physical spectrum
contains a charged pair with mass
µ21 = Λ1 v 2

,

µ23 =

Λ5 v 2
− µ22
2
and three neutral states with the squared mass matrix


4Λ1 v 2
Λ6 v 2
Λ7 v 2
1

Λ10 v 2
M2 =  Λ6 v 2 (Λ3 + Λ5 )v 2 − 2µ22

2
2
2
Λ10 v
2
2
(Λ
+
Λ
)v
−
2µ
Λ7 v 2
4
5
2
2
mH ± =

(2.38)

. (2.39)

The symmetric matrix M is diagonalized by an orthogonal matrix T . The diagonalization yields masses mi for the three physical neutral scalars S i of the model
M2 ≡ T diag(m21 , m22 , m23 )T T

2.3.3

.

(2.40)

Yukawa couplings

In the most generic model, both Higgs doublets can couple to the SM fermions such
that (1.29) becomes
√
√


2
2
LY = −
QL (∆d φ1 + Γd φ2 ) dR −
QL ∆u φ˜1 + Γu φ˜2 uR
v
√v
2
−
LL (∆l φ1 + Γl φ2 ) eR + h.c.
(2.41)
v
where ∆d,u,l and Γd,u,l are six complex 3 × 3 matrices. The very same terms in a
Higgs basis read
√
√


2
2
LY = −
QL (Md H1 + Yd H2 ) dR −
QL Mu H̃1 + Yu H̃2 uR
v
√v
2
LL (Ml H1 + Yl H2 ) eR + h.c.
(2.42)
−
v
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where Md,u,l are the SM-like mass matrices which can be bi-diagonalized in the usual
way while Yd,u,l are a priori arbitrary 3 × 3 matrices. The two representations are
linked through
Mu

= cβ ∆u + sβ Γu e−iθ

Md,l

= cβ ∆d,l + sβ Γd,l eiθ

(2.43)

and
Yu
Yd,l

= eiξ (−sβ ∆u + cβ Γu e−iθ )
= e−iξ (−sβ ∆d,l + cβ Γd,l eiθ ) .

(2.44)

Contrary to what happens in the Standard Model, the Yukawa interactions of physical
scalars are not necessarily flavor diagonal in the 2HDM. Indeed, since the M and Y
matrices are in principle unrelated, they are not expected to be (bi-)diagonalized by
the same unitary transformations acting on the fermion fields. This leads in general
to the apparition of tree-level Flavour Changing Neutral Currents which are strongly
constrained by low energy experimental data. This issue can be easily addressed by
introducing a Z2 symmetry acting on both the Higgs doublets and the fermion fields.
This parity restricts the allowed couplings, as described in section 2.4.3.

2.4 Global symmetries in the 2HDM
The most general 2HDM described in the previous section is build on the only requirements of gauge invariance and renormalizability. In the Standard Model, these
requirements accidently imply invariance of the scalar potential under larger global
symmetries like the custodial symmetry (see section 1.4.2) or the CP symmetry.
These symmetries, which have important phenomenological consequences, are in general not naturally present in the context of extended scalar sectors. Nevertheless, they
can arise in the limit of particular values of the parameters in the potential or could
be imposed “by hand” and constrain these parameters. In the following, a generic
definition is proposed for each of the most common global symmetries, namely the
custodial, the CP and the Z2 symmetries.
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Custodial symmetry

Similarly to the Standard Model case reviewed in section 1.4.2, let us first introduce
the [1/2, 1/2] representations Mi of the Higgs doublets Hi
Mi ≡



Hi0
−(Hi+ )∗

Hi+
(Hi0 )∗



.

(2.45)

on which a SU (2)L × SU (2)R symmetry may act. As detailed previously, we can
also assume without loss of generality to be in a Higgs basis where only H1 gets a
non zero VEV. From section 1.4.2, we know that the invariance of the vacuum under
the diagonal subgroup SU (2)L+R is necessary to ensure that the relation ρ = 1 does
not suffer from large (i.e., quadratic in the Higgs bosons masses) corrections at the
one-loop level. For the [1/2, 1/2] representation M1 of H1 , we thus impose
M1 → UL M1 UR†

(2.46)

However, at this stage the chiral transformation for the [1/2, 1/2] representation M2 of
H2 is not yet completly fixed [76]. Indeed, only SU (2)L × U (1)Y is a local symmetry
of the Lagrangian. By analogy with Left-Right symmetric models (e.g., see [1]), the
conserved electric charge turns out to be Q = TL3 + TR3 in the bosonic sector of the
theory, with TR3 the diagonal generator of the global SU (2)R . So we still have the
freedom to impose the invariance under
M2 → UL M2 VR†

(2.47)

VR = X † UR X

(2.48)

with

if the two-by-two unitary matrix X commutes with exp(iT3R ), namely
X=



exp(i γ2 )
0

0
exp(−i γ2 )



.

(2.49)

It is straightforward to see that both Â and B̂ operators are invariant under the chiral
transformations (2.46) and (2.47) while Cˆ and D̂ are not if γ is an arbitrary parameter.
Nevertheless the linear combination
Cˆ′

≡
=

1
1
Tr(M1 XM2† ) = Tr(M2 X † M1† )
2  
2
γ 
γ ˆ
C + sin
D̂
cos
2
2

(2.50)

2. Extended scalar sectors

56

is always invariant, no matter the value of γ. Therefore, the most general custodialinvariant potential contains only three linear and six quadratic terms in Â, B̂ and Cˆ′ :
2
′
= −µ21 Â − µ22 B̂ − µ23 Cˆ′ + Λ1 Â2 + Λ2 B̂ 2 + Λ′3 Cˆ′
+Λ5 ÂB̂ + Λ′6 ÂCˆ′ + Λ′8 B̂Cˆ′ .

VCS

(2.51)

The squared mass of the charged pair H ± is given by (2.38). A suitable γ/2 rotation
acting on (Re(H20 ), Im(H20 ) allows us to reduce the full three-by-three mass matrix
for the neutral fields (2.39) into a single mass term
mS 3 = mH ±

(2.52)

for the state
γ 
γ 
S3
√ ≡ − sin
Re(H20 ) + cos
Im(H20 )
2
2
2

(2.53)

and a two-by-two mass matrix
2

M =

2Λ1 v 2
Λ′6 v 2
2

Λ′6 v 2
2
Λ′
m2H ± + 23 v 2

!

(2.54)

for
S1
√
2
S2
√
2

≡
≡

v
Re(H10 ) − √
2
γ 
γ 
cos
Re(H20 ) + sin
Im(H20 ) .
2
2

(2.55)

S3 is thus degenerate with H ± in a triplet of SO(3), a clear signature of the custodial
character of potential (2.51). The S 1,2 scalars are singlet under this symmetry but mix
if Λ′6 6= 0.
At this stage, it is important to note that γ is not physically observable in the framework of the fully generic two-Higgs-doublet model. Indeed, one can always use the
reparametrization freedom of the Higgs basis (2.32) to rotate out this additional phase.
However, this statement is only valid in the absence of any external constrains which
may “freeze” the actual value of the second doublet phase, e.g. by fixing the Λi parameters or the Y Yukawa coupling matrices. In such a case, the misalignment between γ
and the second doublet phase becomes a physical observable which can be measured
in high energy processes. A typical example where such a situation occurs is described
in section 2.6.
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CP symmetry

In the present work, we follow the standard approach advocated in [51] to study CP
invariance and violation. The starting point of this scheme is to require all the gaugekinetic terms to be invariant by definition. This can always be achieved since all pure
gauge Lagrangians are necessarily CP invariant [92] in the absence of topological
effects.
The CP transformation of the photon field Aµ (t, ~x) is fixed by first principles. It
transforms as Aµ (t, ~x) → Aµ (t, −~x) under parity, like all vector fields, and changes
its sign under charge conjugation to ensure invariance of the electromagnetic interaction Aµ j µ . This gives
(CP )Aµ (t, ~x)(CP )† = −Aµ (t, −~x)

.

(2.56)

The CP transformation of an arbitrary (possibly charged) spin-0 field φ is less constrained. Assuming the invariance under P and C transformations of the Klein Gordon
Lagrangian, consistently with electromagnetism, leads to
P φ(t, ~x)P † = eiαP φ(t, −~x)

(2.57)

Cφ(t, ~x)C † = eiαC φ† (t, ~x)

(2.58)

and

where αP and αC are two free phases. It follows that the CP transformation of any
scalar field is a priori defined up to an arbitrary phase α = αP + αC . For example,
the charged components H ± of a Higgs doublet transform as
(CP )H + (t, ~x)(CP )†

=

(CP )H − (t, ~x)(CP )†

=

eiα H − (t, −~x)

e−iα H + (t, −~x)

.

(2.59)

In the SM, it turns out that relations (2.56) and (2.59) together with the requirement
of invariance under CP of the kinetic part of (1.21) completely fix the CP transformation of all other bosonic fields. They read
(CP )Wµ+ (t, ~x)(CP )†

=

(CP )Wµ− (t, ~x)(CP )†

=

−eiα W −µ (t, −~x)

−e−iα W +µ (t, −~x)

(2.60)

and
(CP )Zµ (t, ~x)(CP )†
(CP )σ(t, ~x)(CP )†
3

†

(CP )π (t, ~x)(CP )

= −Z µ (t, −~x)
= σ(t, −~x)

= −π 3 (t, −~x) .

(2.61)
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These relations imply that the SM scalar potential in (1.21) is always CP invariant,
both explicitly and after spontaneous symmetry breaking. Due to this, the only possible sources of CP violation in the Standard Model are the complex coefficients
appearing in the Yukawa sector, the fermionic kinetic terms being conventionally CP
invariant.
In the generic base of the two-Higgs-doublet model, the most generic CP transformation of the Higgs fields reads
(CP )φ+
x)(CP )†
a (t, ~

=

(CP )φ0a (t, ~x)(CP )†

=

CP iα −
Uab
e φb (t, −~x)
∗

CP 0
Uab
φb (t, −~x)

(2.62)

where the two-by-two matrix U CP must satisfy
v1

CP
CP
v1 + U12
v2 e−iθ
= U11

v2 eiθ

CP
CP
= U21
v1 + U22
v2 e−iθ

(2.63)

in order to fulfill the gauge-kinetic terms CP invariance. Since the phase α is not
physically observable, i.e. it cancels in all interaction vertices involving charged
scalar(s), we shall set it to zero from now on without losing generality. The two
equations in (2.62) may then be grouped as
CP
(CP )φa (t, ~x)(CP )† = Uab
φb ∗ (t, −~x) .

(2.64)

In the Higgs basis where v1 = v and v2 = 0, equations (2.63) constrains U CP to be
of the form


1 0
CP
U
=
(2.65)
0 eiδ
which consistently reflects the Higgs basis definition phase ambiguity emphasized in
equation (2.32), as one can see by identifying ξ = 2δ. The diagonal structure of (2.65)
also guarantees that, in the Higgs basis, all the fields belonging to the first doublet H1
transform under CP exactly as the fields belonging to H in the Standard Model, i.e.
like in Eqs. (2.59) and (2.61). The neutral combinations
H0
√
2
A0
√
2

≡
≡

 
 
δ
δ
0
cos
Re(H2 ) + sin
Im(H20 )
2
2
 
 
δ
δ
0
− sin
Re(H2 ) + cos
Im(H20 )
2
2

(2.66)

belonging to the second doublet are respectively CP -even and odd but are not necessarily physical mass eigenstates if the CP symmetry is violated. Assuming the
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Yukawa couplings of H2 in (2.42) are CP -invariant, one can always define the Y matrix in such a way H 0 couples to the CP -even fermionic field bilinear ψξ where ψ
and ξ are two arbitrary Dirac spinors, while A0 couples to the CP -odd ψγ5 ξ.
Starting from relations (2.64) and (2.65), it is straightforward to show that both operators Â and B̂ remain even under the CP symmetry, no matter the value of δ, while
the orthogonal combinations
Cˆ′′

=

D̂′′

=

 
 
δ
δ ˆ
C + sin
D̂
2
2
 
 
δ ˆ
δ
− sin
C + cos
D̂
2
2
cos

(2.67)

are respectively even and odd. Therefore, the most general CP -invariant potential
always reads, in the Higgs basis,
VCP

=

2
2
′′
−µ21 Â − µ22 B̂ − µ23 Cˆ′′ + Λ1 Â2 + Λ2 B̂ 2 + Λ′′3 Cˆ′′ + Λ′′4 Dˆ′′
(2.68)
+Λ5 ÂB̂ + Λ′′6 ÂCˆ′′ + Λ′′8 B̂Cˆ′′ .

The explicit CP (non-)invariance of the potential can be discussed from two distinct
but somehow equivalent points of view. Either the phase δ is fixed by an unknown
mechanism, like a new interaction beyond the SM (technicolor, . . . ), in such a way
that Eq. (2.68) represents the most general CP invariant potential. Either the potential
expression is fixed by additional constraints, like an other unknown symmetry, and it
is said to be CP invariant if and only if there exists a basis change, and in particular
a phase δ, such that it can be written as (2.68). From this point of view, it is easy to
show that, in the 2HDM, invariance under the custodial symmetry implies invariance
under CP , since one can always choose δ = γ in (2.51). This last result is consistent
with the one obtained in [93].
In the second approach, the CP definition may also not be unique if the potential form
(2.68) remains invariant for different values of δ. This is for example the case in the
′′
limit where Λ′′6,8 → 0 (leading to µ23 → 0, from Eq. (2.37)). In this case, the absence
of terms linear in Cˆ′′ allows for a second solution corresponding to the phase shift
δ → δ + π which exchanges the CP parity of Cˆ′′ and Dˆ′′ . Let us emphasize this new
possibility really corresponds to a physically distinguishable configuration. Indeed,
the phase shift δ → δ + π also affects the expressions of the two CP eigenstates H 0
and A0 in terms of Re(H20 ) and Im(H20 ) in (2.66), which are in turn related to the
physical mass eigenstates for a fixed set of parameters.
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2.4.3

Z2 symmetry: type I versus type II scenario

As mentioned in section 2.3.3, and contrary to the SM case, the requirements of gauge
invariance and renormalizability for the Yukawa sector of the 2HDM are not sufficient
to guarantee the absence of tree-level Flavour Changing Neutral Currents (FCNCs).
The later being strongly constrained by current experimental data on heavy hadrons
mixing and decay, a mechanism to naturally suppress them is an essential ingredient
of any viable phenomenological model.
A simple, yet elegant, example of such mechanism has been proposed by Glashow
and Weinberg in [94]. By requiring that fermions of a given charge receive their mass
through the coupling of precisely one Higgs doublet, one ensures that the Yukawa
couplings of the Higgs field are diagonalized simultaneously with the mass matrices.
This condition can be naturally implemented in the two-Higgs-doublet model if there
exists a generic basis where the two doublets transform under an extra Z2 symmetry
as
φ1 → φ1

,

φ2 → −φ2

.

(2.69)

Assuming the right handed fermion fields in (2.41) are even or odd under this symmetry, while the left handed fermion fields are even, the Glashow-Weinberg criterium
is naturally enforced. If all fermions have the same Z2 parity, they receive their mass
through their interaction with a single Higgs field like in the SM and the model is
called “type I”. If the right handed up-type quarks are Z2 -odd, while the right handed
down-type quarks and charged leptons are Z2 -even, they receive their mass through
interactions with different Higgs fields and the model is called “type II”. This last possibility could provide a natural explanation for the heavy fermions mass spectrum, i.e.
by relating the top/bottom mass hierarchy to a VEVs ratio, mt /mb ≈ v2 /v1 .
While the presence of this new symmetry in the Yukawa sector of the theory is required
to suppress tree-level FCNCs, it must also hold in other sectors of the theory in order to
avoid large contributions from higher orders. This restricts the number of parameters
in potential 2.24 from fourteen to eight, by forbidding all terms linear in Ĉ or D̂ which
are both Z2 -odd. However, the so-called “soft-breaking terms”, i.e. quadratic terms
like −m23 Ĉ − m24 D̂, do violates the Z2 symmetry but only in long range interactions,
and their presence may remain compatible with all phenomenological constraints. The
most generic 2HDM potential invariant under a (softly broken) Z2 symmetry then
reads, in a generic basis,
VZ2

=

−m21 Â − m22 B̂ − m23 Ĉ − m24 D̂ + λ1 Â2 + λ2 B̂ 2 + λ3 Ĉ 2 + λ4 D̂2

+λ5 ÂB̂ + λ10 Ĉ D̂

.

(2.70)
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Contrary to the custodial and CP cases, the Z2 symmetry is in general defined in a
generic basis where both VEV are non zero in order to allow for non vanishing mass
terms for all fermions in a type II scenario. Indeed, if the Z2 symmetry is only manifest
in a Higgs basis, the sole remaining option is a type I scenario where all fermions
couples to H1 . All the new physical fields belonging to H2 , this provides a natural
candidate for dark matter, as discussed in section 2.1.2, but restricts considerably the
number of possible phenomenological signatures at colliders.
This apparent limitation can be circumvented if the SO(2) rotation of angle β required
to perform a basis change from a generic basis where both VEV are real to a Higgs
basis (see Eq. 2.31) is promoted to be a (softly broken) symmetry of the potential. In
this case, any (softly broken) Z2 symmetry manifest in a given generic basis would
become manifest in the related Higgs basis, and vice versa. Since the only matrices
to commute with the generator of the SO(2) symmetry, i.e. τ2 , are the identity matrix
and τ2 istself, the only invariants are Â + B̂ and D̂. Imposing invariance of the quartic
part of the potential under this SO(2) (assuming the Z2 symmetry is softly broken)
then reduces the total number of parameters from ten to six, such that the potential in
the Higgs basis now reads
VSO(2)


2
−µ21 Â − µ22 B̂ − µ23 Cˆ − µ24 D̂ + Λ1 Â + B̂ + Λ4 D̂2

=

. (2.71)

Let us finally mention the Z2 symmetry can also be interpreted as a discrete subgroup
of a larger continuous U (1) Peccei-Quinn symmetry acting on the Higgs fields as
φ1 → φ1

,

φ2 → eiζ φ2

(2.72)

where ζ is an arbitrary free phase. In this case, only the quartic form Ĉ 2 + D̂2 remains
invariant besides Â and B̂ such that the number of parameters in potential 2.70 is
further reduced to six.

2.5 The MSSM scalar sector
As seen in section 2.1.1, any Supersymmetric extension of the Standard Model must
contain at least two Higgs doublets with opposite hypercharges. In the simplest cases,
e.g. in the MSSM, the scalar sector appears as a particular constrained 2HDM. The
explicit form of the scalar potential can be obtained by considering three different
types of contributions9 (e.g. see [1]):
9 In order to stick to the convention used in the previous section, i.e. two Y = +1 doublets, an implicit
replacement φ2 ↔ φ†2 has been performed
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1. Fi F i terms, where Fi are the auxiliary fields defined as Fi ≡ ∂W/∂Ai with
W the superpotential and Ai a superfield. These terms give the quadratic mass
terms:
VF = −µ2 (|φ1 |2 + |φ2 |2 ) = −µ2 (Â + B̂)

(2.73)

2. Da Da terms, where Da ≡ gA∗i (T a )ij Aj with T a the generators of the gauge
group, giving the quartic contributions.
VD

=
=
=

i2 1 X h
i2
1 h gY
(|φ1 |2 − |φ2 |2 ) +
gL (φ†1 T a φ2 + φ†2 T a φ1 )
2 2
2 a
i g2 
2 h
2
gL
−4|φ†1 φ2 |2 + 2|φ1 |2 |φ2 |2 + |φ1 |4 + |φ2 |4 + Y (|φ1 |2 − |φ2 |2 )
8
8

2 g 2 
2 g 2 
2 
gL
(2.74)
Â + B̂ + Y Â − B̂ − L Ĉ 2 + D̂2
8
8
2
∗

3. SUSY soft breaking terms like −mAi Ai , giving additional quadratic terms


VSB = −m21 |φ1 |2 − m22 |φ2 |2 − b φ†1 φ2 + h.c.
= −m21 Â − m22 B̂ − 2bĈ

(2.75)

The b coefficient can in principle be complex but, in order to simplify the following notations, we explicitly choose the generic basis in such way it is real.
This implies that both VEVs v1 and v2 are real, from (2.27).
The scalar potential of the MSSM then reads, in a generic basis where v1 and v2 are
real,
VMSSM

=

2 g 2 
2
g2 
−m̃21 Â − m̃22 B̂ − 2bĈ + L Â + B̂ + Y Â − B̂
8
8

2 
gL
(2.76)
Ĉ 2 + D̂2
−
2

with m̃2i ≡ m2i + µ2 , or equivalently, in the Higgs basis where v2 = 0,
VMSSM

=

−(m̃21 c2β + m̃22 s2β + bs2β )Â − (m̃21 s2β + m̃22 c2β − bs2β )B̂

g2
−(−s2β m̃21 + s2β m̃22 + 2bc2β )Cˆ + L (Â2 + B̂ 2 )
8
2
gY2 
+
c2β (Â − B̂) − 2s2β Cˆ
8
2 g 2
g 2  s2β
(Â − B̂) + c2β Cˆ + L D̂2
− L
2
2
2

(2.77)
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According to the definitions reviewed is section (2.4), this potential preserves CP at
tree-level10 with δ = 0, its quartic part is invariant under the Z2 symmetry (2.69)
which is softly broken by quadratic terms and the custodial symmetry is broken due
to the simultaneous presence of Cˆ and D̂ terms in (2.77).
The physical spectrum of the MSSM Higgs sector is easily derived directly from (2.76)
or from (2.77) using (2.38) and (2.39). Besides the three usual would-be Goldstone
bosons, it contains a charged Higgs pair with squared mass
2b
+ m2W
(2.78)
sin(2β)
√
and a pseudoscalar state A0 / 2 ≡ −(sin β)Im(φ01 ) + (cos β)Im(φ02 ) with squared
mass
m2H ± =

m2A0 = m2H ± − m2W

.

(2.79)

The non degeneracy between H ± and A0 is a clear signature of the breaking of the
custodial symmetry in potential (2.77). The squared mass difference is proportional
2
to m2W , i.e. to gL
, as can be guessed from the coefficient the breaking term D̂2 . The
two CP -even eigenstates
H0
√
2
h0
√
2

≡
≡

v1
v2
(Re(φ01 ) − √ ) cos α + (Re(φ02 ) − √ ) sin α
2
2
v
v2
1
−(Re(φ01 ) − √ ) sin α + (Re(φ02 ) − √ ) cos α
2
2

have squared masses


q
1
2
2
2
2
2
2
2
2
2
mA0 + mZ ∓ (mA0 + mZ ) − 4mZ mA0 cos 2β
mh0 ,H 0 =
2
and their mixing angle α is related to β through
 2

mA0 + m2Z
tan 2α = tan 2β
.
m2A0 − m2Z

(2.80)

(2.81)

(2.82)

Expression (2.81) leads to the tree-level mass rule
m2h0 + m2H 0 = m2Z 0 + m2A0

(2.83)

and to a strong tree-level bound on the lightest Higgs boson mass, namely
m2h0 ≤ m2Z

.

(2.84)

10 Loop effects mediated dominantly by third-generation squarks may lead to sizeable violations of the
tree-level CP invariance of the MSSM Higgs potential, giving rise to significant Higgs scalar-pseudoscalar
transitions [95, 96]. See [40] for a recent review of the associated phenomenology.
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In the limit where supersymmetry is restored, i.e. b → 0 and m̃21 = m̃22 , the Higgs
bosons h0 and A0 become massless while the H 0 and the H ± become degenerate in
mass with the Z 0 and W ± gauge bosons.
The tree-level MSSM scalar sector considered here is an archetypal, highly constrained 2HDM. Relations (2.78) to (2.83) are sufficient to fix all model parameters
from the knowledge of mA0 (i.e. the amount of SUSY breaking in the scalar sector) and tan β. The upper bound (2.84) would suffice by itself to exclude the model
when taking into account the LEP exclusion result (see section (1.4.3)). However, it is
known for a long time11 that this bound can be partially relaxed thanks to positive top
and stop tadpoles contributions, leaving a tight, but not empty, window between 114.4
and ∼ 140 GeV for mh0 . Nevertheless, as seen from Figure 2.2, the saturation of

Figure 2.2: The masses of the MSSM Higgs bosons as a function of mA0 for two
values tan β= 3 and 30, in the no mixing (left) and maximal mixing (right) scenarios
with MSUSY = 2 TeV and all the other SUSY parameters set to 1 TeV. The full set of
radiative corrections is included with mt = 178 GeV, mb = 4.88 GeV and αs (mZ )=
0.1172. From Ref. [97].

the upper bound on the lightest Higgs boson mass tends to favor the decoupling limit
and high tan β values. In this region of the parameter space, intensively studied for
its experimental perspectives (see [98] for a recent overview), h0 is light and essen11 E.g.,

see Ref. [97] and reference therein for a full review
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tially SM-like while the other Higgs bosons are much heavier, leading to somewhat
restricted possibilities for the BSM scalar sector phenomenology12.

2.6 A twisted 2HDM
The generic two-Higgs-doublet model described in section 2.3 is not restricted by the
mass relations (2.79) and (2.83), neither it suffers from the tree-level upper bound
(2.84). The associated phenomenology may then be completely different, displaying
unusual scalar spectrum or exotic Higgs to Higgs decays for example. However, the
most general 2HDM contains fourteen parameters, among which eleven are physically
relevant. This renders any global analysis of the entire parameter space much more
complicated, compared for example to the MSSM scalar sector with only two degrees
of freedom at tree-level.
A pragmatic approach to tackle this issue is to impose by hand global symmetries
which are known to be (approximatively) present in the Standard Model or in wellmotivated BSM theories, thus lowering the number of free parameters to consider in
any phenomenological analysis. Even if this procedure may at first forbid interesting
phenomena, like CP -violation which could be a wanted feature of the 2HDM (see
section 2.1.2), it can be seen as a first step which can be further extended by introducing breaking terms as small perturbations, or as a consequence of new interactions.
Like demonstrated in section 2.4.1, implementing a generic custodial symmetry in
the 2HDM restricts the number of free parameters to seven. As seen in 2.4.2, such a
restricted potential is always CP invariant since the phase δ defining the CP transformation of the fields can always be aligned with the phase γ used to define the custodial
transformation. From a phenomenological point of view, this leads to the degeneracy
between the charged and pseudoscalar Higgs bosons, i.e. m2H ± = m2A0 . Since the
charged bosons are usually assumed to be rather heavy due to direct, and, even more,
indirect constraints, this implies a relatively high mass for the A0 . Typical experimental signatures in this case tend to be similar to these observed in the decoupling limit
favored in the MSSM.
However, as advocated in [76], this alignment between the CP and custodial definition phases is not the only solution when the potential is further restricted. Or, by
reversing the same argument, imposing simultaneously the invariance under both the
CP and custodial symmetry may lead to further restrictions on potential parameters
if the definition phases δ and γ are misaligned.
12 This conclusion becomes slightly milder when higher order CP violating effects are included. They
may allow, for example, the lightest Higgs boson to be lighter than the LEP bound by altering its coupling
to the Z 0 boson.
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A particularly interesting possibility is a “twisted” 2HDM where δ and γ are in maximal opposition, i.e. δ = γ − π. The custodial invariant mixing operator Cˆ′ defined
in Eq. 2.50 is then CP -odd (see Eq. 2.67) instead of being CP -even like in the
δ = γ case. In order to restore the CP invariance of the potential, all terms linear in
Cˆ′ in potential (2.51) must vanish, i.e. Λ′6 and Λ′8 must be set to zero. From a phenomenological point of view, this scenario is characterized by the degeneracy between
charged and scalar Higgs bosons, i.e. m2H ± = m2H 0 , by opposition to the “usual” case
described previously.
If δ 6= γ, γ − π, Cˆ′ is not a CP eigenstate anymore such that Λ′3 must vanish to restore
the CP invariance. The resulting potential is invariant under a larger SO(4) × SO(4)
symmetry which is spontaneously broken to SO(3) × SO(4). As a consequence the
four components of H2 are degenerate in mass, as seen from equations (2.52) and
(2.54).
Let us emphasize that the existence of the twisted scenario in the 2HDM, and more
generically the interpretation of the possible interplay between the custodial and CP
symmetries in terms of aligned/misaligned phases, is a non trivial result. Phenomenological studies of the ρ ≈ 1 constraint have emphasized vanishing contributions in the
m2H ± ≈ m2H 0 limit (see [99] or more recently [75] and [71]) but did not interpret this
result in terms of symmetries. The interplay between the CP and custodial symmetry
in 2HDM has also been discussed in [93], but the second CP conserving custodial
scenario found by the authors is in fact physically indistinguishable from the “usual”
case since, according to their own conclusion, H 0 is redefined as CP odd.
One genuine feature of the twisted potential (2.87) is the presence of an accidental Z2
symmetry acting in the Higgs basis where δ = 0 as
H1 → H1

,

H2 → −H2

.

(2.85)

In the Higgs basis where hH2 i = 0, this discrete symmetry is left unbroken and could
advantageously supersede the CP invariance required to distinguish the different custodial symmetry realizations, i.e. the different values of γ. For illustration, it would
nicely reconcile two apparent features of the electroweak interactions, namely natural flavor conservation and explicit CP -violation in the Yukawa sector [100], if all
fermionic fields are even under Z2 . Where this is the case, the lightest neutral component of H2 would be a candidate for cold dark matter, as mentioned in section 2.1.2.
In the present work, we further assume the presence of an additional softly-broken
SO(2) symmetry which generalize the Z2 symmetry accidentally present in the Higgs
basis to all generic basis with real VEVs (see section 2.4.3). The full scalar potential
of our “twisted model” then reads, in the Higgs basis
Vtwisted = −µ21 Â − µ22 B̂ + ΛS (Â + B̂)2 + ΛAS D̂2

(2.86)
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when the phase convention for H2 is fixed such that δ = 0 in (2.65). In a generic basic
where both doublets have real VEVs, the same potential reads
Vtwisted = −m21 Â − m22 B̂ − m23 Ĉ + ΛS (Â + B̂)2 + ΛAS D̂2

.

(2.87)

The physical spectrum
√ is straightforward
√ to determine. It contains a CP -even SM-like
Higgs boson h0 ≡ 2(Re(H1 ) − v/ 2) with squared mass
m2h0 = 2ΛS v 2

,

a pair of charged Higgs bosons and a CP -even scalar
a triplet under the twisted custodial symmetry

13

(2.88)
√
H ≡ − 2Re(H2 ) forming
0

m23
(2.89)
sin(2β)
√
and pseudoscalar state A0 = 2Im(H2 ), singlet under the custodial symmetry
m2T ≡ m2H ± = m2H 0 =

ΛAS v 2
.
(2.90)
2
Since h0 remains the only massive Higgs boson in the limit of an exact SO(8) symmetry (ΛAS , m3 → 0), one may expect the unusual hierarchy mA0 , mH 0 , mH ± ≪
mh0 . The pseudoscalar state A0 may be much lighter than the degenerate triplet (if
ΛAS < 0), but its mass is not protected by any additional approximate symmetry, such
that mA0 ≈ 0 is not a natural feature of this model.
m2A0 = m2H ± +

Regarding Yukawa couplings, the presence of a softly-broken Z2 symmetry allows
to define type I and type II models, each of them displaying completely different
phenomenologies as detailed in the next chapters. As already mentioned in section
2.4.3, in a type I model, all right handed fermions are defined as even under the new
parity, such that only φ1 can couple to them. In a type II model, the right handed
up-type quarks are Z2 -odd and get their mass through their Yukawa interactions with
φ2 , while the other Yukawa couplings remain identical to the type I case.
A complete list of Feynman rules for the twisted 2HDM (type I and type II) is available in Appendix A. All bosonic couplings are expressed in terms of the three free
parameters of the potential which are conveniently chosen to be mh0 , mT and mA0 ,
while all the Yukawa couplings are expressed in term of tan β. A genuine feature of
the model appearing in these expressions is that h0 shares all the SM Higgs coupling
to SM particles, and, contrary to what happen in more general 2HDMs, the couplings
of H 0 to a pair of SM gauge bosons exactly vanish14 . Because of the presence of an
13 The minus sign here is conventional. It corresponds to an unphysical γ → γ + 2π and δ → δ + 2π
redefinition of one of the custodial and CP symmetries eigenstates in (2.55) and (2.66). This specific choice
allows us to recover definitions of h0 and H 0 similar to those obtained in the MSSM when β − α = π/2,
regarding the particular definition of α in (2.80).
14 This is related to the existence of two equivalent definitions of the CP transformation of the fields in
some limit of the potential parameter, like explained in section 2.4.2
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accidental Z2 symmetry in the potential, the new bosons belonging to H2 , i.e. H ± ,
H 0 and A0 , also always come in pairs in all three- and four-bosons vertices.

Chapter

3

Constraints on the twisted
2HDM
“We live on an island surrounded by a sea of
ignorance. As our island of knowledge grows,
so does the shore of our ignorance.”
John A. Wheeler (1911 - 2008)
This chapter is dedicated to an overview of the theoretical, indirect and direct constraints which may restrict the parameter space of the twisted 2HDM introduced in
section 2.6. Since in this scenario, the CP -even Higgs boson h0 displays exactly the
same couplings to the SM particles as the SM Higgs boson, most of these constraints
come from the phenomenological implications of the presence of the new scalar states,
A0 , H 0 and H ± .

3.1 Theoretical constraints
3.1.1

Vacuum stability and minimum constraints

The vacuum stability constraints come from the requirement of a positive potential for
large classical values of the fields in an arbitrary direction in the (φ1 , φ2 ) plane. These
constraints can be obtained by considering only the quartic terms of the potential [101,
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89]. If one defines the classical combinations x1 ≡ φ†1 φ1 and x2 ≡ φ†2 φ2 , then
√
φ†1 φ2 = c x1 x2 eiα with c < 0 thanks to the Cauchy-Schwartz inequality.
From x1 , x2 > 0 one can trivially derive
ΛS > 0

(3.1)

while the condition
4ΛS > |ΛAS | if

ΛAS < 0

(3.2)

is obtained in the limit where c = ±1. In terms of masses, these conditions are
equivalent to
m2h0 > 0 and m2h0 > m2T − m2A0

.

(3.3)

Since condition (2.26) describes extrema of the potential, but not necessarily minima,
an additional constraint should hold on the matrix of second derivatives of the potential. The eigenvalues of this matrix being directly related to the squared masses of
physical fields, the minimum hypothesis is enforced by requiring
m2h0 ,H 0 ,A0 ,H ± > 0

.

(3.4)

Finally, the minimum found with the local conditions mentioned above is also global
as can be derived explicitly by considering equations 2.27 together with the expression of the twisted 2HDM potential 2.87. More generally, this may be related to the
simultaneous presence of the CP and Z2 symmetries in the Higgs basis, e.g. see
[102].

3.1.2

Unitarity and perturbativity constraints

The unitarity constraints arising in a two-Higgs-doublet model due to the presence
of additional scalar-scalar scattering amplitudes have been worked out for both CP
conserving and CP violating potentials [103, 104]. They can be advantageously summarised as
|ΛZY2I 3 | < 8π

(3.5)

where |ΛZY2I 3 | are the eigenvalues of the high energy scattering matrix for different
quantum numbers of the initial state: total hypercharge Y , weak isospin I 3 and Z2
parity.
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In the twisted scenario (2.87), the relevant contributions are
ΛAS
2

Λeven
21

=

2ΛS ±

Λeven
00

=

6ΛS ± (4ΛS +

Λodd
00

=

2ΛS + ΛAS

ΛAS
)
2
3
± ΛAS
2

(3.6)

Using relations (2.88) and (2.90), constraints (3.5) restrict the possible values of the
scalar masses. In particular, in the limit where all scalar masses are small except one,
namely mS , one has
mS . 550 GeV .

(3.7)

If all masses are non negligible, the unitarity requirement may help to restrict, for
example, the allowed region in the (mA0 , mT ) plane for different values of mh0 , see
Figure 3.1.
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Figure 3.1: Unitarity and perturbativity constraints in the (mA0 , mT ) plane for the
twisted 2HDM scenario. Dotted red lines are limits for mh0 = 120 GeV, dashed
green lines for mh0 = 300 GeV and plain blue lines for mh0 = 500 GeV. The allowed
regions lie between these lines.

Perturbativity constraints may be much stronger than unitarity limits and should in
general be taken into account. In the present work, we assume the theory satisfies the
perturbative requirement if all the dimensionless combinations of parameters appearing in the three- and four- scalar vertices of Appendix A are bounded by 4π, such that
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the effective parameter of perturbation theory is smaller than one. In terms of scalar
masses, the resulting bounds are shown on Figure 3.1.
The perturbativity requirement also restricts the allowed values for the Yukawa couplings to fermions, but it is in general a much weaker restriction than precision electroweak tests. In the context of the present work, we restrict the Yukawa coupling of
all physical scalar bosons to be smaller or equal to the top Yukawa coupling in the
SM, i.e. tan β . 1 in type I models and tan β . mt /mb in type II models.
Let us emphasize that our treatment of the perturbativity constraint is not necessarily the most generic one. As advocated in [105], a more robust limit could be, for
example, obtained by imposing that the perturbative expansion of the β-functions appearing in the model parameters RGEs remains consistent, i.e. that any higher loop
order contribution remains smaller than any lower loop contribution.
Nevertheless, this method implies the complex calculation of a large set of higher
order corrections and gives anyway results similar to those obtained with a simple 4π
bound for well-known models like the SM or the MSSM. From a more pragmatic point
of view, the perturbativity bound should also be seen more as a somewhat fuzzy limit
for our perturbative approach, above which non-perturbative effects due for example
to the presence of very large resonances play a non negligible role, than as a strict
theoretical restriction.

3.2 Indirect constraints
3.2.1

Electroweak precision parameters

The ρ parameter introduced in section 1.4.2 is a good measurement of the breaking
of the vectorial part of the SU (2)L symmetry. In particular, it is highly sensible
to the presence of heavy non-degenerate doublets transforming under this symmetry. Nevertheless, it is also important to quantify the effects due to the presence of
heavy degenerate doublets contributing for example to the breaking of the axial part
of SU (2)L .
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The following three parameters are necessary1 to describe all the one-loop BSM electroweak effects [108]:
αT

=

αS

=

α (S + U ) =


1
ΠW W (0) − c2W ΠZZ (0) = ∆ρ ,
m2W


c2W − s2W
4s2W c2W
ZZ
2
γZ
2
γγ
2
∆Π (mZ ) −
∆Π (mZ ) − ∆Π (mZ ) ,
m2Z
sW cW


∆ΠW W (m2W ) cW ∆ΠγZ (m2Z ) ∆Πγγ (m2Z )
4s2W
−
−
m2W
sW
m2Z
m2Z

where ∆Π(k 2 ) ≡ Π(k 2 ) − Π(0). The T parameter is a simple redefinition of ρ, i.e.
it is proportional to the breaking of the vectorial part of SU (2)L . The S parameter is
associated to the difference between the self-energy of the Z 0 boson at k 2 = m2Z and
k 2 = 0. The S + U parameter is defined in the same way for the W ± bosons. These
two last parameters reflect the breaking of the axial part of SU (2)L by mass terms.
S, T and U are defined with an α factor factorized, and with all SM contributions
(including those associated with a Higgs boson) explicitly removed. They are then
expected to be of order of unity in the presence of new physics and zero otherwise.
The current experimental situation for these parameters is partially summarised on
Figure 3.2 and the SM Higgs boson contribution is visible on Figure 3.3.

The T parameter
The total contribution of new scalar states to the T parameter in the context of the
most generic multi-Higgs-doublet model has been computed recently in [109]. In the
context of the present work, we are only interested in the restricted expression of these
corrections in the framework of a simple CP conserving 2HDM. The result is known
for a long time in the limit where all scalar squared masses are bigger than m2Z (see
[99, 24] or [29] for a review of the calculation). If one of the scalar is lighter than mZ ,
however, the exact expression obtained in [110] and reported in [111] gives a more
1 But they

may be not sufficient. Strictly speaking, three additional parameters, namely V , W and X,are
needed if the new physics scale is comparable with mZ [106]. However, the explicit expressions obtained
in [107] for these parameters in the generic 2HDM show that they only contain subleading contributions
and that they are in general dominated by at least one of the usual oblique parameters.
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Figure 3.2: Current experimental constraints on the S and T precision electroweak
parameters (assuming U = 0) from [30]. All limits are at 1 σ and the (S, T ) = (0, 0)
SM reference point corresponds to αs =0.118, mZ =91.1875 GeV, mt =175 GeV and
mh0 =150 GeV. Since the reference top quark mass does not belong to the experimental
interval anymore, the yellow band does not include (0, 0).
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Figure 3.3: Contribution of the SM Higgs boson to the S (dotted red), T (dashed
green) and U (plain blue) electroweak oblique parameters. The reference point is set
as on Fig. 3.2.

precise prediction. It reads
∆T

=


1
F (m2H ± , m2A0 )
2
16π sin θW mW


+ sin2 (β − α) F (m2H ± , m2H 0 ) − F (m2A0 , m2H 0 )

+ cos2 (β − α) F (m2H ± , m2h0 ) − F (m2A0 , m2h0 ) + F (m2W , m2H 0 )
2

−F (m2W , m2h0 ) − F (m2Z , m2H 0 ) + F (m2Z , m2h0 )

where


+4m2Z B0 (m2Z , m2H 0 , m2h0 ) − 4m2W B0 (m2W , m2H 0 , m2h0 )

F (m21 , m22 ) =

m21 + m22
m2
m2 m2
− 2 1 2 2 ln 21
2
m1 − m2 m2

.

(3.8)

(3.9)

and
B0 (m21 , m22 , m23 ) =

m21 log m21 − m23 log m23 m21 log m21 − m22 log m22
−
(3.10)
m21 − m23
m21 − m22

In this expression (and in all the forthcoming ones), the SM Higgs correction with
reference choice (mSM
h0 )ref = mh0 has been explicitly subtracted.
The numerical result of this calculation is shown on Figure 3.4 as a function of mH ±
for different values of (β − α) and for fixed values of all other scalar masses. One can
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Figure 3.4: ∆T correction in a CP conserving 2HDM as defined in (3.8) with respect
to the charged Higgs pair mass (in GeV), for different values of (β − α): 0 (dotted
red), π/4 (dashed green) and π/2 (plain blue). The other scalars masses are fixed to
mh0 = 150 GeV, mH 0 = 400 GeV and mA0 = 1 TeV. The thin horizontal black lines
shows the 2σ limits on ∆T (assuming ∆S = 0) from [30].

easily distinguish four situations where ∆T is close to zero:
1. When mH ± ≈ mA0 , whatever the value of the other parameters
2. When mH ± ≈ mH 0 and β − α = π/2
3. When mH ± ≈ mh0 and β − α = 0
4. A continuum of solutions where mH ± ∈ ]mh0 , mH 0 [ and β − α ∈ ]0, π/2[
The first possibility corresponds to the “usual” custodial scenario while the following
ones correspond to the “twisted” situation described in the previous chapter. The
presence of two realisations of this last possibility, mH ± = mh0 and mH ± = mH 0 ,
is easily understood as an interchange in the definition of h0 and H 0 (equivalent to a
π/2 shift in α), see Eq. (2.80). The existence of a continuum of solutions between
these two extreme possibilities corresponds to cases where the state S 3 belonging to
the custodial triplet (see Eq. 2.53) is not a mass eigenstate but a mixture of h0 and
H 0 . These results can also be verified directly by considering the analytic expression
(3.8) and the symmetry properties of the function F (m21 , m22 ), namely F (m21 , m22 ) =
F (m22 , m21 ) and F (m2 , m2 ) = 0.
An interesting possibility in the framework of the twisted 2HDM arises when the
pseudoscalar state A0 is (moderately) light while all the other scalars are heavy (≫
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100 GeV). In this case, a slight deviation from the degeneracy mH ± = mH 0 , due
to either loop corrections2 or to the presence of small custodial breaking terms in
the potential, could compensate for large logarithmic contributions involving mh0 .
As shown in [75], this can be seen directly from the expression of the first order
approximation of ∆T in the mH ± ≈ mH 0 region:
∆T

≈


m2H ± − m2H 0
1
2
×
cot
θ
W
16πm2W cos2 θW
2


2
2
mh0
1
1
mW
2
−3mW log 2 +
log 2 +
mW
mZ
6
sin2 θW

.

(3.11)

An estimate of the amount of breaking required for a vanishing T as a function of the
h0 Higgs mass can be found on Fig. 3.5.
mH + - mH o
mH o

0.20
0.10
0.05

0.02
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200
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800

1000
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Figure 3.5: Relative mass difference (mH ± −mH 0 )/mH 0 required to achieve ∆T = 0
with respect to the SM-like Higgs boson mass mh0 (in GeV) in the twisted 2HDM
scenario. The dotted red, dashed green and plain blue lines correspond respectively
to mH 0 =200, 300 and 400 GeV. The A0 mass is fixed at 100 GeV but does not affect
sizeably the results if mA0 ≪ mh0 , mT .

The S and U parameter
Contrary to the T parameter, the S and U parameters can only depend logarithmically
on the mass of the new scalar particles. The exact one loop additional contributions in
2A

naive estimation involving only bosonic corrections gives the right sign for the mass difference.
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a generic CP conserving 2HDM read [110, 111]
∆S

1  2
sin (β − α)B22 (m2Z ; m2H 0 , m2A0 ) − B22 (m2Z ; m2H ± , m2H ± )
πm2Z

+ cos2 (β − α) B22 (m2Z ; m2h0 , m2A0 ) + B22 (m2Z ; m2Z , m2H 0 )

=

∆U


−B22 (m2Z ; m2Z , m2h0 ) − m2Z B0 (m2Z ; m2Z , m2H 0 ) + m2Z B0 (m2Z ; m2Z , m2h0 )
1 
B22 (m2W ; m2A0 , m2H ± ) − 2B22 (m2W ; m2H ± , m2H ± )
−∆S +
πm2Z

+ sin2 (β − α)B22 (m2W ; m2H 0 , m2H ± ) + cos2 (β − α) B22 (m2W ; m2h0 , m2H ± )

=

+B22 (m2W ; m2W , m2H 0 ) − B22 (m2W ; m2W , m2h0 )


−m2W B0 (m2W ; m2W , m2H 0 ) + m2W B0 (m2W ; m2W , m2h0 )

where
B0 (q

2

; m21 , m22 )

(3.12)



1 x1 + x2
x1 1
= 1+
− (x1 − x2 ) log
+ f (x1 , x2 ) , (3.13)
2 x1 − x2
x2 2

B22 (q 2 ; m21 , m22 ) =


q2 
2 log q 2 + log(x1 x2 ) + (x1 − x2 )3 − 3(x21 − x22 )
24



x1
10
− 2(x1 − x2 )2 − 8(x1 + x2 ) +
+ 3(x1 − x2 )2 log
x2
3


2
− (x1 − x2 ) − 2(x1 + x2 ) + 1 f (x1 , x2 )
−6F (x1 , x2 )}

,

(3.14)


i
√ h
x1 −x2 −1
x1 −x2 +1


, ∆>0
 −2 ∆ arctan √∆ − arctan √∆
f (x1 , x2 ) =
0
∆=0
√


 √−∆ log x1 +x2 −1+√−∆
∆<0
x +x −1− −∆
1

(3.15)

2

∆ ≡ 2(x1 + x2 ) − (x1 − x2 )2 − 1

,

(3.16)

and xi ≡ m2i /q 2 .

The numerical results for these contributions are shown on Figure 3.6. By comparing
these results with the SM contribution shown on Figure 3.3, one can easily see that scenarios with a light pseudoscalar and a heavy degenerate triplet are favoured by both S
and U parameters. Indeed, in this region of the parameter space, the 2HDM contribution has an opposite sign compare to the SM one. For sufficiently small pseudoscalar
masses (and large triplet masses), this extra contribution could even partially compensate for a large positive contribution to the S parameter due to an heavy (≈ 300 GeV)
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Figure 3.6: ∆S and ∆U parameters in a twisted 2HDM (β −α = π/2, mH 0 ≈ mH ± )
as a function of mA0 and mT (in GeV). The reference point is fixed as on Fig. 3.2.

SM Higgs. A contrario, scenarios with a very heavy pseudoscalar and a light triplet
are disfavoured or even excluded (depending on the actual value of the T parameter)
by the upper experimental bounds on S.

3.2.2

Bottom quark physics

The B → Xs γ decay
The B → Xs γ branching rate was early found to put stringent bound on the charged
Higgs boson masses. In the generic 2HDM, and at leading logarithmic order (LO), it
is given by (in units of the branching ratio for the semileptonic b decay) [112]:
h 16
i2
14
16
8
23 A +
23 − η 23 )A + C
η
(η
γ
g
3
BR(b → sγ)
6α


=
2
BR(b → ceν)
π I(mc /mb ) 1 − 3π
αs (mb )f (mc /mb )

(3.17)

where η = αs (mZ )/αs (mb ), I is a phase factor, f is a QCD correction factor for the
semileptonic process (f (mc /mb ) = 2.41), and C is a coefficient coming from operator mixing in the leading logarithmic QCD corrections (C ≃ −0.177). Finally Aγ and
Ag are the coefficients of the effective operators sL σ µν bR Fµν and sL σ µν T a bR Gaµν .
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The contributions to Aγ , g from W and charged Higgs bosons have been computed
respectively in [113] and [114, 115]. They read
AW
γ,g

=

AH
γ,g

=



3 m2t (1) m2t
f
2 m2W γ,g m2W
 2 
 2 

1 m2t
mt
mt
2 (1)
∗ (2)
|Y | fγ,g
+ XY fγ,g
2
2
2 mH ±
mH ±
m2H ±

(3.18)

where X and Y are the couplings of the positively charged Higgs boson to the uL dR
and uR dL leptonic currents (discarding additional mass and CKM factors). In the type
I and type II models considered here (see Appendix A), one has
Type I :
Type II :

X = − tan β

X = tan β

Y = tan β
Y = cot β

(3.19)
.

(3.20)

The Inami-Lim functions f appearing in (3.18) read
fγ(1)

=

fγ(2)

=

fg(1)

=

fg(2)

=

(7 − 5x − 8x2 ) x(3x − 2)
+
log x
36(x − 1)3
6(x − 1)4
(3x − 2)
(3 − 5x)
+
log x
6(x − 1)2
3(x − 1)3
(2 + 5x − x2 )
x
−
log x
12(x − 1)3
2(x − 1)4
1
(3 − x)
−
log x
2(x − 1)2
(x − 1)3

(3.21)

The numerical results for the LO contributions are displayed on Figure 3.7 as exclusion limits in the (tan β, mH ± ) plane, both for type I and type II models, taking into
account the world average of the experimental value by the Heavy Flavor Averaging
Group [116]:
+0.09
BR(B → Xs γ) = (3.55 ± 0.24 −0.10
± 0.03) × 10−4

.

(3.22)

On these plots, the LO contribution is scaled to fit the NNLO SM prediction [117]
BR(B → Xs γ) = (3.15 ± 0.23) × 10−4

(3.23)

in the decoupling limit mH ± → ∞ and the theoretical error associated to this value
is added in quadrature to the experimental error. As expected, the small tan β region
for a type I 2HDM is left unconstrained since, in this case, the charged Higgs bosons
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Figure 3.7: Leading order b → sγ bounds on the charged Higgs mass (in GeV) with
respect to tan β in (a) type I and (b) type II scenarios, at one (dotted red), two (dashed
green) and three (plain blue) standard deviations.

decouple from fermions. For larger values of tan β, only a very small region of the
parameter space survives the constraint. In type II models, the lower bound on the
charged Higgs mass (& 500 GeV at 95% CL) is essentially independent of tan β as
soon as tan β > 2, due to the identity XY ∗ = 1.
The SM leading order prediction of the B → Xs γ branching suffers from large uncertainties which can be partially reduced by computing the main NLO and NNLO
corrections. For the 2HDM, an estimation of the NLO corrections in Ref. [118]
shows a sizeable effect (see Figure 3.8) which is sufficient to drastically reduce the
lower bound obtained at LO. The current status for a type II model is summarised
in [117]. The 95% (99%) lower bound amounts to around 295 (230) GeV and stays
practically constant down to tan β ≃ 2. Experimental results may even be interpreted
as favouring a charged Higgs mass of around 650 GeV. Type I scenarios at low tan β
values are close to the decoupling limit, such that the new physics corrections are
generally small in magnitude (but of opposite sign compare to type II) and the NLO
effects are not relevant (e.g. see Ref. [119] for a discussion). At higher tan β values,
the strong coupling regime is quickly reached and even the NLO prediction are, at
times, ill-defined (i.e. highly scale dependent) in this region. In the following we only
consider the tan β . 0.5 region and discard the open possibility for high tan β values.
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(a)

(b)

Figure 3.8: (a) Comparison of the LO and NLO predictions for the B → Xs γ branching rate as a function of the charged Higgs mass in a type II model (tan β = 4),
adapted from Ref. [119]. (b) Same figure for tan β = 2, compared to the best SM
NNLO prediction (dashed lines) and experimental measurement (dotted lines), from
Ref. [117].

The B → τ ντ and B → Dτ ντ decays
If the charged Higgs bosons couple strongly enough to the bc or bu quark currents,
and at the same time to the τ ντ leptonic current (i.e., in type II scenarios with large
tan β), they could sizeably affect the B → τ ντ and B → Dτ ντ branching ratios.
The normalised3 branching ratio
Rexp ≡

BR(B → Dτ ντ )
= (41.6 ± 11.7 ± 5.2)%
BR(B → Dlνl )

(3.24)

recently measured by the BaBar collaboration [120] depends on the effective coupling
constant gS ≡ m2B tan β 2 /m2H ± as on Figure 3.9. Translating the 2σ conservative
bound gS . 1.5 extracted from this plot as a bound on the 2HDM type II parameter
space, one gets
tan β . 0.23 GeV−1 × mH ±

.

(3.25)

Regarding the lower bound on mH ± from the b → sγ process, this last constraint can
only be relevant in the very high tan β region (tan β & 70) which is already discarded
by the requirement of perturbativity for the Yukawa couplings.
3 The normalization reduces the dependence on the vector form factor and thus tames the main theoretical
uncertainties.
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Figure 3.9: R as a function of gS . The light gray band shows the experimental value
(with one sigma errors). The gray and dark gray bands show the theoretical prediction,
with and without systematic uncertainties on the form factors. From Ref. [121].

A similar bound can be obtained from the rare process B → τ ντ . Considering the
relative importance of the recent experimental result from Belle [122] compared to the
best SM prediction
BR(B → τ ντ )
= 1.13 ± 0.44
BR(B → τ ντ )SM

(3.26)

where only the experimental error has been considered, and the theoretical prediction
for this ratio in a 2HDM type II model (e.g. see [123] for a review of the calculation
in the Minimal Flavour Violation hypothesis framework):
BR(B → τ ντ )
= (1 − gS2 )2
BR(B → τ ντ )SM

(3.27)

one gets
tan β . 0.13 GeV−1 × mH ±

.

(3.28)

Assuming mH ± & 300, this constrain may restrict significantly the tan β & 40 region.
Let us however emphasise that this bound should be considered very carefully: the
B → τ ντ signal “evidence” in the BaBar experiment [124] is still statistically lower
than then one obtained by the Belle collaboration, and the large uncertainties associated with the theoretical result from lattice calculations could be highly underestimated.
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The B0 − B0 mixing
The virtual effects of the charged Higgs bosons on the Bd − Bd oscillations4 are
described at leading order using the expression
∆mB ≡ |MBL − MBs | =

fB2 BB mB |Vtd |2 |Vtb |2 m2t
(IW W + IW H + IHH ) (3.29)
48π 2 v 4

obtained in [126]. The mass, decay constant and bag parameter of the B meson are
denoted by mB , fB and BB , respectively. The Inami-Lim functions read
IW W

=

IW H

=

IHH

=



9
6
6
yW
1+
−
−
log yW
1 − yW
(1 − yW )2
yW 1 − yW

6x log yW
(2x − 8) log yH
+
|Y |2 yH
2
(1 − x)(1 − yH )
(1 − x)(1 − yW )2

8 − 2yW
−
(1 − yW )(1 − yH )


1 + yH
2yH log yH
4
|Y | yH
+
(1 − yH )2
(1 − yH )3

(3.30)

with yW,H ≡ m2t /m2W,H ± , x ≡ m2H ± /m2W and where IW H and IHH correspond to
the contributions proportional to diagrams with the exchange of one or two charged
Higgs bosons.
Like for b → sγ, and in order to avoid discussing the actual choice of the SM parameters values entering this expression (some of them being actually poorly known),
we normalise the overall factor to recover the most recent SM prediction from lattice
simulations [127]
= 0.69 ± 0.15 ps−1
∆mSM
B

(3.31)

in the limit where IW H , IHH → 0, corresponding to mH ± → ∞. Let us however
stress that the error associated to this indirect SM prediction is likely to be optimistic,
leading to an overestimation of the actual constraints.
The numerical results for the LO contributions are displayed on Figure 3.10. The
central value is fixed to the world average [5]
∆MBexp = 0.507 ± 0.005 ps−1

(3.32)

4 The B − B mixing could also be considered here, but the high degree of correlation between the
s
s
theoretical errors associated to these two quantities lowers its interest to constrain New Physics, e.g. see
Ref. [125].
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Figure 3.10: Leading order bounds on the charged Higgs mass (in GeV) from the
B0 − B0 mixing measurement, with respect to tan β in (a) type I and (b) type II
scenarios, at two (dashed green) and three (plain blue) standard deviations. There are
no 1σ limits on these figures due to the slight discrepancy between the SM prediction
(3.31) and the current experimental measurement (3.32).

and, regarding the impressive experimental precision associated to this measurement,
the quoted error is largely dominated by the theoretical uncertainty in (3.31). For type
I scenarios, the tan β . 0.5 − 1 constraint obtained on the whole range of charged
Higgs masses is similar to the one obtained from the b → sγ process (see Figure 3.7).
In case of type II 2HDMs, the tan β < 2 region is excluded at more than 95% CL,
almost independently of mH ± .
The NLO QCD corrections to (3.29) have been discussed in [128]. They modify both
the overall coefficient, making it dependent on Y and mH ± , and the functions I. Like
in the b → sγ case, inclusion of O(αs ) QCD corrections reduces the sensitivity of
∆mB to charged Higgs contributions and slightly weakens the above constraints.

The Zbb vertex
Radiative loop corrections to the Z → bb process involving new charged and neutral
scalars (see Figure 3.11) may gives sizeable contributions to the observable hadronic
branching ratio of Z bosons to bb
Rb ≡

Γ(Z → bb)
Γ(Z → hadrons)

(3.33)
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and to the b quark asymmetry
Ab =

2
2
gL
− gR
2 + g2
gL
R

(3.34)

where gL and gR are the left and right handed couplings of Z to b quarks.

b
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Figure 3.11: Four types of one scalar loop contributions to the Zbb vertex. S may
stand for a neutral or a charged scalar.
The corrections to gL and gR defined as
SM
true
δgL,R = gL,R
− gL,R

(3.35)

have been derived in great detail in [129] in the context of CP conserving 2HDMs.
They can be related at first order to the corrections to Rb and Ab through
δRb

=

δAb

=

−0.7788 δgL + 0.1410 δgR
−0.2984 δgL − 1.623 δgR

(3.36)

such that δRb (δAb ) is mainly dominated by the δgL (δgR ) correction. The latest
experimental values [5]
Rb

=

Ab

=

0.21629 ± 0.00066

0.923 ± 0.020

(3.37)
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agree at less than one standard deviation with the SM prediction
Rb

=

Ab

=

0.21578 ± 0.00010

0.9347 ± 0.0001

(3.38)

for which the theoretical error is nearly one order of magnitude smaller than the experimental one and can be safely neglected.
The contributions of diagrams 3.11(a), 3.11(b) and 3.11(c) for the neutral scalar states
read, in a twisted 2HDM,

δgR,L (a) =

δgR,L (b) =

δgR,L (c) =

where

√

!2
2mb tan β
C24 (m2b , m2H 0 , m2A0 ) (3.39)
v
!2
√

2mb
1 L,R
C234 (m2h0 , m2b , m2b )
g
−
16π 2 Zbb
v

+ tan2 β(C234 (m2H 0 , m2b , m2b ) + C234 (m2A0 , m2b , m2b )) (3.40)
!2
√

2mb
1 L,R
B1 (m2b ; m2b , m2h0 )
g
−
16π 2 Zbb
v

(3.41)
+ tan2 β(B1 (m2b ; m2b , m2H 0 ) + B1 (m2b ; m2b , m2A0 ))

1
e
±
16π 2 sW cW

C234 ≡ −2C24 +

1
− m2Z (C22 − C23 ) .
2

(3.42)

The Bi and Cij functions correspond respectively to the two- and three-point ’t HooftPassarino-Veltman one-loop integrals and are defined like in Appendix F of Ref.
[129]. The Zbb SM tree-level couplings are given by
L
gZbb

=

R
gZbb

=



e
1 1 2
− + sW
sW cW
2 3


1 2
e
s
.
sW cW 3 W

(3.43)
(3.44)

We neglect the contribution associated to the diagrams 3.11(d) which is suppressed by
a factor mb /mZ compare to the other ones.
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The same contributions, but for the charged scalar states, can be simplified to

δgL

=

1
16π 2

δgR

=

1
16π 2

!2
√


R log R
R
e
2mt
Y
−
v
2sW cW R − 1 (R − 1)2
!2
√


R log R
R
e
2mb
X
−
v
2sW cW R − 1 (R − 1)2

(3.45)

(3.46)

where R ≡ m2t /m2H ± . Summing all these contributions with the SM predictions
(3.38), and requiring the result to be compatible with the experimental measurements
(3.38) allows us to put constraints on the twisted 2HDM parameter space.
Since all coefficients in (3.36) are O(1), corrections to Rb and Ab are typically expected to have similar magnitudes. However, the high experimental precision associated with the Rb measurement makes it much more discriminating than Ab on the
whole parameter space, as shown by an explicit numerical analysis. In type I models,
the only relevant contribution is the charged Higgs correction to δgL since all the other
ones are suppressed by mb /v. But the typical bound extracted in this case, tan β . 1,
is not relevant when compared to the one coming from the B0 − B0 measurement.
The situation is more interesting in type II models where the neutral scalar contributions are potentially sizeable. The corrections associated to diagrams 3.11(b) and
3.11(c) are similar to those involving the SM Higgs boson, but scaled by tan2 β. Despite this additional factor, they only become relevant for tan β & 50, i.e. above the
perturbativity limit. The amplitude of diagram 3.11(a) vanishes if S1 = S2 because of
the CP symmetry. But if S1 and S2 are different particles (with opposite CP parities),
it grows with the mass difference (mS1 − mS2 ).
In the type II twisted 2HDM, this restricts the allowed region in the (mA0 , mH 0 ) plane
as illustrated on Figure 3.12. Since the (H 0 , H ± ) triplet is forced to be rather heavy
by the B physics constraints previously reviewed, the mass of the pseudoscalar A0 is
bounded from below. For tan β = 50 and mH ± > 300 GeV, for example, this bound
is approximatively mA0 > 60 GeV at 95% CL. Note that this bound is somewhat
lower than the one obtained in [129] (mA0 > 100 GeV). At the time of this work, the
experimental value of Rb was indeed sizeably bigger, leaving less room for negative
contributions from new physics.
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Figure 3.12: Constraints at 1σ (dotted red), 2σ (dashed green) and 3σ (plain blue) on
the twisted 2HDM type II parameter space from the Rb measurement, for two tan β
hypothesis.

3.2.3

The muon anomalous magnetic moment

The anomalous magnetic moment of the muon
aµ ≡

g−2
2

(3.47)

is known to be a particularly sensible quantity when trying to detect indirectly the
presence of specific types of Beyond the Standard Model new physics. A recent prediction, incorporating the e+ e− → ππ data obtained by CMD-2, KLOE and SND,
gives [130]
ath,SM
= (11659180.4 ± 5.1) × 10−10
µ

(3.48)

which must be compared to the latest experimental measurement from the Brookhaven
experiment [131]
aexp
= (11659208.0 ± 6.3) × 10−10
µ

.

(3.49)

The 3.4σ deviation between these two values
th,SM
∆aµ ≡ aexp
= (276 ± 81) × 10−11
µ − aµ

(3.50)

may be optimistically interpreted as a signal of new physics, or, at least, as a valuable
constraint. Due to the small mass of the muon, this constraint is only relevant for
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Higgs physics when the coupling of the Higgs field to leptons is increased compare
to its SM value. In the twisted 2HDM considered here, this corresponds to the type
II scenario for Yukawa couplings, for which the one- and two-loops contributions are
reported in [132].
The relevant one-loop diagrams are presented in Figure 3.13(a) and 3.13(b). The
γ
µ

γ
µ

H 0 , A0

µ

H−
µ

µ
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νµ
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γ
H +, W +

f
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Figure 3.13: One-loop contribution to aµ due to (a) neutral (pseudo-)scalars and (b)
charged Higgs boson exchange. Two-loop contributions to aµ from (c) a light (pseudo) scalar with a fermionic loop or (d) from a light scalar with a charged boson loop.

associated contributions are
aSµ |1−loop

g 2 m2µ tan2 β
=
LS
32π 2 m2W

m2µ
m2S

!

(3.51)

where the loop integrals LS are given by
LH 0 (z) =

z

Z

1

dx

0

LA0 (z) =

z

Z

1

dx

0

LH ± (z) =

z

Z

0

1

dx

x2 (2 − x)
x2 z + (1 − x)
−x3
x2 z + (1 − x)
−x(1 − x)
(x − 1)z + 1

.

(3.52)
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0

At one loop, the scalar contribution aH
µ is positive whereas the pseudoscalar and
the charged Higgs boson give negative contributions. Each contribution reaches its
extremum at small masses and vanishes like m2µ /m2S log(m2S /m2µ ) at large masses.
The absolute magnitude of each type of contribution is shown on Figure 3.14(a) for
tan β = 1. The total one loop correction is dominated by the neutral contributions
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Figure 3.14: (a) Absolute value of the one loop contribution to aµ from a neutral scalar
H 0 (dotted red), a pseudoscalar A0 (dashed green) and a charged Higgs boson (plain
blue). The neutral scalars contribution is positive while the other ones are negative.
tan β is fixed to 1. (b) Same for the two loops contributions from a neutral scalar H 0
(dotted red) and a pseudoscalar A0 (dashed green). At two loops, the neutral scalars
contribution is negative while the pseudoscalar one is positive. Only the b, τ and µ
fermion loops are included.

for masses above 0.2 GeV. Solving at one loop the aµ theory/experiment discrepancy within the twisted 2HDM with a moderate tan β would require a very light
(. 10 GeV) scalar H 0 . We discard this open possibility in the forthcoming analysis since the coupling of such a very light (pseudo-)scalar to the bottom quark is
strongly constrained (i.e. tan β . 1) by the measurement of the Wilczek process
Υ → H 0 γ → τ + τ − γ in low energy e+ e− experiments like CLEO [133].
The situation is quite different when considering the principal two-loop contributions
shown in Figure 3.13(c) (the correction involving a W ± /H ± loop, shown on Figure
3.13(d) is not relevant in the twisted 2HDM due to the reduced coupling of h0 to
muons). The associated formulae is5
!
m2f
g 2 m2µ tan2 β e2 X
S
(3.53)
ξf L̃S
aµ |2−loop =
32π 2 m2W 2π 2
m2S
f

5 We

[134].

corrected a missing factor 2π in Eq. (7) of Ref. [132] compared to the original calculation in Ref.
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where the sum over f runs over b, τ and µ. The up-type quarks contributions are
suppressed by an additional factor 1/ tan2 β in type II models and can only contribute
significantly for mS ≈ mt . The additional charge/color factor ξf is given by ξb =
3×(−1/3)2 for the bottom quark and ξτ,µ = 1 for the leptons. The two-loops integrals
L̃S read
L̃H 0 (z) =

z
2

L̃A0 (z) =

z
2

Z

1

dx

0

Z

0

1

dx

x(1 − x)
−(1 − 2x(1 − x))
log
x(1 − x) − z
z

x(1 − x)
1
log
x(1 − x) − z
z

(3.54)

and the scalar contribution is now negative whereas the pseudoscalar one is positive.
The total two-loop contributions can be seen in Figure 3.14(b). By comparing with
Figure 3.14(a), one sees that these two-loops corrections are dominant for mS & 10
GeV (they cancel against the one-loop part for mS ≈ 5 GeV). Due to the opposite
sign in the scalar and pseudoscalar contributions, solving the aµ theory/experiment
discrepancy within the twisted 2HDM with a moderate tan β in this region would
require a light pseudoscalar (20 . mA0 . 100 GeV). If tan β ≈ 30, a perfect
agreement can even be reached for mA0 ≈ 20 GeV. A larger tan β value would require
an heavier pseudoscalar and vice versa.

3.3 Direct constraints from collider experiments
3.3.1

The LEP experiment

Searches for h0
The LEP searches for a SM Higgs boson in the standard decay modes h0 → bb and
h0 → τ + τ − and the associated limit have been already reviewed in section 1.4.3.
In the context of models with an extended scalar sector, h0 may also decay, possibly
dominantly, in a pair of lighter Higgs bosons. Since such a light object has escaped
the LEP searches, it must either have a reduced coupling to ZZ or unusual decay
properties. In the context of the twisted 2HDM, both A0 and H 0 could satisfy this
requirement thanks to the vanishing ZZA0 and ZZH 0 vertices. However, H 0 is
degenerate in mass with H ± and the possibility of a light (i.e. . 100 GeV) charged
Higgs boson is strongly disfavoured by both direct and indirect measurements. We
then focus on the light A0 hypothesis in the following.
Constraints on the h0 → A0 A0 decay mode from LEP data have been considered
in the framework of the NMSSM (see [40] and reference therein). If mA0 > 2mb
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(like assumed to avoid Υ constraints and any unnatural fine tuning of relation (2.90)),
it has been first thought that this decay could explain the simultaneous excesses observed in the Z2b [33] and Z4b [135] final states by adjusting mh0 , BR(h0 → A0 A0 ),
BR(h0 → bb) and BR(A0 → bb). However, the Z4b excess tends to favour slightly
higher masses for h0 (in the 105-110 GeV region) compare to the main Z2b excess
(in the 100 GeV region), decreasing the significance of a global fit. Even if this issue
could be investigated more deeply, especially using a model independent approach,
we stick to the conservative SM bound mh0 > 114.4 GeV for the forthcoming phenomenological analysis.

Searches for H 0 and A0
The model independent searches for the e+ e− → Z ∗ → H 0 A0 pair production process at LEP, in the 4b, 2b2τ and 4τ channels, put the tightest constraint on the twisted
2HDM mass spectrum, in particular for type I models where indirect constraints from
B physics are less relevant and a light triplet (H ± , H 0 ) is allowed. The final result
from [135] is shown on Figure 3.15.
Taking into account the approximate values for BR(H 0 , A0 → bb) and BR(H 0 , A0 →
τ + τ − ) quoted in section 4.1, the limit can be fixed to mA0 + mH 0 & 170 GeV for
mA0 ≈ mH 0 . If A0 is very light, mA0 . 30 GeV, a slight loss of efficiency in the 4b
and 2b2τ analysis allows for a lighter H 0 , mH 0 & 130 GeV.
If mH 0 & mZ + mA0 , the scalar boson H 0 could also decay to ZA0 (see section
4.3 for a more in-depth review), thus reducing dramatically the branching ratio of
H 0 → τ + τ − , bb. The final state signatures associated to this possibility (namely
Zbbbb, Zbbτ + τ − and Zτ + τ − τ + τ − ) would mimic the h0 → A0 A0 process described
previously, but with a different kinematical structure6 . In the absence of any dedicated
experimental study (to our knowledge) for this open possibility, we adopt a conservative approach and restrict the model using the (mH 0 , mA0 ) limits already mentioned.
Another strong constraint in the low mA0 region for type II models can be deduced
from searches for the Yukawa process e+ e− → bbA0 with A0 → τ + τ − , bb. The
result for each mode is shown on Figure 3.16. Due to the reduced branching ratio for
A0 → τ + τ − , the A0 → bb mode is the more restrictive in the mA0 > 2mb region.
The limit is tan β . 20 for mA0 ≃ 10 GeV and becomes quickly less relevant for
higher masses due to the smaller production cross section.
6 In this case, the decay products of the Z boson and the two softer b-jets should be used to reconstruct
the H 0 mass.
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Figure 3.15: Largest relative cross section for e+ e− → Z ∗ → H 0 A0 compatible with
data, at the 95% CL, projected on the (mH 0 , mA0 ) plane (H2 = H 0 and H1 = A0 ).
The reference cross section is equal to the twisted 2HDM prediction for the production
of the H 0 , A0 pair. In plot (a) both Higgs bosons are assumed to decay exclusively to
bb and in plot (b) exclusively to τ + τ − . In plot (c) the H 0 boson is assumed to decay
exclusively to bb and the A0 boson exclusively to τ + τ − and in plot (d) the A0 boson
is assumed to decay exclusively to bb and the H 0 boson exclusively to τ + τ − . The
dashed lines represent the approximative kinematic limits of the processes. From Ref.
[135].
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(a)
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(b)

q
Figure 3.16: (a) Observed upper limit (in red) on Cbb(A→bb) ≡ tan β BR(A0 → bb)
compare to the SM expectation at 68.3% (green) and 95.0% (yellow) CL. The excess
observed in the data translates into an exclusion slightly weaker than expected. (b)
Same for A0 → τ + τ − . From the DELPHI collaboration note [136].

Finally, the loop decay Z → A0 γ (through a t quark loop in type I models, or through
b and τ loops in type II models) can also be used to constrain the A0 mass. However, an extensive analysis of this channel [137] has shown that the LEP measurement
sensitivity (of order 10−6 for the associated branching ratio) was not sufficient to
put a tighter lower bound on mA0 than the one obtained using the Yukawa process
e+ e− → bbA0 in type II models, see Figure 3.17. This type II model result can easily
be extrapolated to type I models, which appear to be even less constrained.

Searches for H ±
Results for charged Higgs boson searches at LEP in the general 2HDM (type I and
type II) by the DELPHI collaboration are available in Ref. [138]. In addition to the
usual fermionic decays H + → τ + ντ and H + → cs, the possibility for a charged
Higgs boson produced in pair in e+ e− → Z ∗ → H + H − to decay into W +(∗) A0 has
also been taken into account. The existence of a charged Higgs boson with mass lower
than 76.7 GeV (type I) or 74.4 GeV (type II) is excluded at the 95% CL, for a wide
range of the model parameter.
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Figure 3.17: Constraint on the (mA0 , tan β) parameter space from the Z → A0 γ
decay in type II models (lower and upper dashed line). The same limits for a CP even Higgs boson (plain lines) and those obtained from the Yukawa process and the
(g − 2) measurement (labelled upper dashed lines) are shown for comparison. From
Ref. [137].

3.3.2

The Tevatron experiment

Searches for h0
As for the LEP limit, searches for a SM Higgs boson h0 at the Tevatron are already
described in 1.4.4 and we focus here on the h0 → A0 A0 exotic decay, with A0 →
bb, τ + τ − .
The case of direct production of h0 through its effective coupling to gluons, followed
by the decays h0 → A0 A0 → bbbb has been covered in Ref. [139]. As expected,
the 4b QCD background overwhelms the signal and a discovery can only be achieved
if the h0 production is enhanced by one order of magnitude (e.g. in the large tan β
limit). The same process where one of the A0 decays into τ + τ − instead of bb would
provide a cleaner signature but with a reduced cross section due to the small A0 →
τ + τ − branching ratio. The conclusion regarding the feasibility of this analysis at the
Tevatron is then expected to be also negative, but, to our knowledge, this naive guess
has not yet been confirmed by a real analysis.
The associated production of h0 with a vector boson V = W, Z being the second
strongest production mechanism at the Tevatron, it is also natural to consider the exotic
decay h0 → A0 A0 in this framework. Detailed studies (see [140], [141] and the
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references therein for a complete overview) of both the V bbτ + τ − and V bbbb final
states have shown their potential interest in the future, but the associated statistical
significance is too small to constrain the model parameters with the currently available
integrated luminosity.

Searches for H 0 and A0
Searches for the H 0 and A0 bosons at the Tevatron experiment take place for production in association with b quarks, or in gluon fusion involving a b quark loop, and decays to bb and τ + τ − final states. Since most analysis are oriented towards the MSSM
Higgs bosons discovery, they focus (to our knowledge) exclusively on the mS & 70
GeV mass region. Exclusion regions for Run I and Run II are visible in Figure 3.18
for specific MSSM scenarios. We translate them as a conservative tan β > 35 bound
on the whole mA0 ,H 0 > 70 GeV mass range.

MSSM Higgs
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Figure 3.18: (a) 95% CL bounds on tan β with respects to mA0 from the bbA0 → bbbb
process at Tevatron, Run I. From Ref. [142]. (b) Same for the bbA0 → bbτ + τ −
process at Tevatron, Run II. From Ref. [143].

Another interesting possibility to produce a light A0 boson at the Tevatron is the
charged Higgs associated production pp → W ±∗ → H ± A0 proposed in [144], where
the charged Higgs may further decay to W ± A0 . For the most favourable mass scenarios (mA0 < 20 GeV, mH ± < 90 GeV), the associated cross sections can be larger
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than 500 fb and this mechanism could be detected in the W 4b final state. However, to
our knowledge, this hypothesis has not yet been tested experimentally.

Searches for H ±
If mH ± < mt , a top quark could decay significantly often to H + b. This possibility
has been considered by the Tevatron experiments for various charged Higgs decay
hypothesis, namely τ + ντ , cs, t∗ b and W + A0 . The result is shown on Figure 3.19 as a
95% CL upper bound on the t → H + b branching ratio (. 0.5 for the whole H + mass
range) and as an excluded region in the MSSM (mH ± , tan β) parameter space.
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Figure 3.19: (a) Observed 95% CL upper bound on the t → H + b branching ratio with
respect to the charged Higgs mass hypothesis and the ±1σ SM expectation. A small
excess observed in the data translates into an exclusion weaker than expected. From
Ref. [145]. (b) The same bound translated onto the MSSM (mH ± , tan β) parameter
space. From Ref. [146]

3.4 Summary
All the relevant constraints introduced in the previous sections are summarised in Table 3.1. Only the most stringent bounds are presented, and some of them could be
strongly correlated with the others. Like already emphasised in the introduction of
this work, let us again stress these constraints have been derived with the implicit assumption that all BSM contribution beyond the minimal twisted 2HDM are negligible.
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mh0 < 500 GeV
m2T − m2A < (400 GeV)2
mH ± = mH 0 + ǫ
m A0 ≪ m T
mh0 > 114.4 GeV

Type I

mT & 130 GeV
mT & 170 GeV − mA0
mA0 > 10 GeV
tan β . 0.4

Type II

mT > 295 GeV
mA0 & 30 GeV
mA0 . 100 GeV
tan β & 5
tan β . 35

Unitarity
Perturbativity
∆T ≈ 0, if mh0 > 250 GeV
∆S ≈ 0, if mh0 > 250 GeV
LEP bound on the SM Higgs
LEP Z → H 0 A0 (mA0 < 30 GeV)
LEP Z → H 0 A0 (mA0 > 30 GeV)
No fine tuning in (2.90)
b → sγ and B0 − B0 mixing
b → sγ
Rb (correlated with mT )
Favoured by aµ
B0 − B0 mixing
B → τ ντ and LEP bbA → 4b

Table 3.1: Summary of the relevant constraints for the twisted 2HDM.

They appear more as reasonable choices when trying to restrict the parameter space
for the phenomenological study of collider signatures presented in Chapter 4, than as
really strict bounds.
Typical spectra for the MSSM scalar sector (SPS 1a, see [147]), the type I and type II
twisted 2HDMs are shown in Figure 3.20. One can clearly foresee qualitative differences for the typical phenomenology associated with these models. The (constrained)
MSSM Higgs phenomenology in the low mass region is very similar to what can be
expected in the SM. The proof of the existence of enlarged scalar sector at the LHC
will have to rely on the direct detection of the heavy states H ± , H 0 and A0 , which
may require a high luminosity (∼ 100 fb−1 , depending on tan β). The same conclusion also holds for most of the “usual” 2HDM scenarios considered in the literature,
where the nearly degenerate custodial triplet (H ± , A0 ) is forced to be relatively heavy
by strong B physics constraints.
The situation could be completely different in a twisted 2HDM due to an inverted
spectrum. In type I scenarios, namely when only one Higgs doublet gives their mass
to all fermions, the reduced Yukawa coupling of the charged Higgs allows for a moderately light custodial triplet (H ± , H 0 ). A small mass splitting inside this triplet and
the presence of a light pseudoscalar A0 can help a rather heavy SM Higgs (mh0 ≈ 300
GeV) to pass the electroweak precision tests (see section 3.2.1). If mh0 > 2mT , many
exotic scalar decays can be kinematically allowed (h0 → H + H − , h0 → H 0 H 0 , . . . )
giving rise to interesting new possibilities of collider signatures.
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Figure 3.20: Illustrative spectra for the MSSM scalar sector (Snowmass Points and
Slopes 1a [147]) and the type I and type II twisted 2HDMs. The different decay
possibilities (e.g. h0 → A0 A0 , H ± → W ± A0 , . . . ) are symbolised by arrows.

In type II scenarios, namely when the first Higgs doublet couples to up-type right
handed fermions and the second one couples to down-type right handed fermions,
the custodial triplet mass is constrained to be larger due to the b → sγ bound on
the charged Higgs mass. A reduced mass splitting inside this heavy triplet can then
suffice to allow for a very heavy SM Higgs (mh0 ≈ 400 GeV). The electroweak
oblique parameter S together with the available data for the muon anomalous magnetic
moment favour the presence of light pseudoscalar in this case but its mass is bounded
by below (mA0 > 30 GeV) due to the LEP direct searches and the Rb measurement.
Even if the mh0 > 2mT condition is hardly satisfied in this context due to unitarity
and perturbativity constraints on mh0 , unusual decays for H 0 and H ± remain an
interesting open possibility.
To conclude, it should be noted that none of the two types of scenarios considered here
is clearly favoured compared to the other. Type I scenarios can almost trivially satisfy
all the reviewed constraints since, besides the possibility of invisible decays of the h0
boson, they display almost the same phenomenology as the Standard Model in the decoupling regime tan β ≈ 0 (which is formally equivalent to an Inert Doublet Model).
On the other hand, in type II scenarios, the new scalar particles never completely decouple from the Standard Model fermions since both the tan β → 0 and tan β → ∞
limits correspond to large Yukawa couplings. This implies strong constraints from
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precision B physics measurements, in particular on the charged Higgs mass. But this
apparently more restricted aspect of type II scenarios is tempered by the possibility
to explain the measured aµ value, which remains one of the rare experimental hint in
favour of BSM physics, and by a potentially greater theoretical interest when trying to
interpret the observed fermion mass hierarchy.
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Chapter

4

Phenomenology at the LHC
“The true method of knowledge is experiment.”
William Blake (1757-1827)
This last chapter is dedicated to an overview of the genuine signatures for the twisted
2HDM at the Large Hadron Collider. We emphasise the most important signals (and
the main associated backgrounds) to provide a phenomenological basis to future, more
in-depth, experimental analysis. The principal production mechanisms of the Higgs
bosons are first examined (most of them being similar to those encountered in the SM
or in the MSSM), together with their decay properties where most of the characteristic
features of the twisted 2HDM arise. Particularly relevant signatures for the exotic
scalar decays h0 → A0 A0 , H ± → W ± A0 and H 0 → ZA0 are then considered
in the context of LHC. As for the content of chapter 3, a large part of the material
presented here will appear in [148].
Unless mentioned otherwise, all the decay widths and branching ratios have been
computed using TwoHiggsCalc, a tree-level 2HDM parameter calculator described in
Appendix B. Tree-level cross sections and parton-level Monte-Carlo events have been
obtained using the MadGraph/MadEvent v4.2 event generator [149] based on exact
matrix elements calculations, and the “simplified 2HDM” model. The default SM
input parameters for all simulations are: α−1 (mZ ) = 127.934, GF = 1.16637 ×
10−5 GeV−2 , αs (mZ ) = 0.1172, mZ (pole) = 91.1876 GeV, mτ = 1.777 GeV,
mb (pole) = 4.2 GeV and mt (pole) = 174.3 GeV. The quark masses appearing in
the Yukawa couplings are the running masses at the scalar mass scale. By default,
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the selected set of Parton Distribution Functions (PDFs) is CTEQ6L1 and the renormalisation/factorisation scales are fixed on an event by event basis to the mass of the
heaviest final state particle plus the sum of the massless particles transverse momenta.
No cuts are applied on the final state objects except when mentioned explicitly.

4.1 Decays and production modes
4.1.1

Type I models

Production mechanisms
The type I twisted 2HDM is characterised by the reduced couplings of H 0 , A0 , and
H ± to the SM fermions (all of them being scaled by tan β < 1), while the h0 couplings are identical to the SM case due to the presence of the twisted symmetry introduced in section 2.6. As a matter of fact, the only relevant production mechanisms for
H 0 , A0 , H ± involve heavy fermions (e.g., gg → ttH 0 /A0 ) and/or gauge interactions
(e.g., qq → Z ∗ → H 0 A0 ), while all the production modes described in 1.4.5 for the
SM Higgs boson are also pertinent for h0 (see Figure 4.1(a)).
Cross sections of the scalar pair production mechanisms, which mainly involve the
decay of an off-shell s-channel vector boson, are summarized on Figures 4.1(b), (c)
and (d). In the most optimistic situations, the total cross sections barely reach the 1 pb
level, or even less for the H + H − and H 0 H 0 pairs production where both scalars have
to satisfy mS & 130 GeV. If H ± is light, a potentially more interesting possibility is
the t → H + b exotic decay. Due to the very large tt production cross section at the
LHC, the resulting W ± H ∓ bb final state may emerge from the background (depending
on the actual H ± decay modes), despite the reduced t → H + b branching ratio (see
Figure 4.2(a)).
If mH ± & 150 GeV, the associated production of the charged Higgs boson with a
single top quark becomes dominant compared to the t → H + b decay which goes
down quickly when mH ± gets closer to the mt − mb mass threshold. The corrected
LO cross section for the gb → tH − process is shown on figure 4.2(b) for two different
tan β hypothesis. The gg → tH − b process (which is part of the NLO corrections to
the previous one), where the initial state b quarks comes from a gluon splitting instead
of the proton sea, gives also a sizeable (≃ 50%) contribution to the total production
rate and should be taken into account, e.g. see Ref. [97] for a review.
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Figure 4.1: Type independent production cross sections. (a) Main h0 production cross
sections, with respect to mh0 (data from Ref. [34]). (b) H + H − and H + H 0 pairs production cross section with respect to mT . H + A0 (c) and H 0 A0 (d) pairs production
cross section, with respect to mT and for two different values of mA0 .
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Figure 4.2: (a) Branching ratio of the top decay into charged Higgs t → H + b, as a
function of the charged Higgs mass and for two different values of tan β (type I). (b)
Corrected LO cross sections of the charged Higgs production in association with top
quark, gb → tH − , as a function of the triplet mass and for different Yukawa couplings.
The renormalization and factorisation scale are fixed to µF = µR = 13 (mt + mT ),
the running b quark mass is set to 3.0 GeV and an overall K-factor of 1.45 (1.25)
is applied for type I (type II) couplings. The sizeable difference between these two
K-factors is explained by the fact that the running bottom Yukawa coupling, which is
dominant in type II models, absorbs a larger correction than the running top Yukawa
coupling, see Ref. [150].

4.1. Decays and production modes

107

Finally, the tt associated production of the neutral Higgs bosons, which has been
demonstrated to be challenging for most decay modes in the Standard Model, does
not offer a viable alternative to the other channels for discovery, and is not considered
in the following.

Decay modes
The principal decay modes of h0 , which are shown in Figure 4.3 for two different
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Figure 4.3: Branching ratio of h0 into fermions (dotted lines), vector bosons (dashed
lines) and scalars (plain lines), with respect to its mass and for two different values of
m A0 .
values of the A0 mass, can be qualitatively very different from those observed in the
Standard Model, or even in the MSSM. In the low mass region, i.e. if mh0 < 2mA0 ,
the h0 Higgs boson primarily decays to b, τ and c pairs (in order of importance) like
in the Standard Model. When 2mA0 < mh0 < 2mW , the main decay is h0 → A0 A0
thanks to the large trilinear
scalar coupling. Note however that this coupling goes to
q

zero when mh0 = 2(m2T − m2A0 ) (see Appendix A), such that the h0 → A0 A0
branching ratio vanishes in the narrow mass window containing this critical value. If
mh0 > 2mW and, at the same time, mh0 < 2mT , the decay into a pair of gauge
bosons dominates with BRs similar to the SM ones. Above the 2mT threshold, both
the h0 → H 0 H 0 and the h0 → H + H − decays are kinematically allowed. For large
mh0 , the H + H − and W + W − decays account for half of the total decay width, while
the other half is divided between the H 0 H 0 , A0 A0 , ZZ and tt pair decays. As can be
seen in Figure 4.4(a), the total decay width of h0 is sizeably bigger than in the Standard
Model at low masses (around 1 GeV for mh0 = 100 GeV), due to the h0 → A0 A0
exotic decay mode, but remains of the same order of magnitude at higher masses.
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Figure 4.4: Total decay width of h0 (left), H 0 (right, in green) and H ± (right, in blue),
in GeV (type I, mA0 = 30 GeV, tan β = 0.2).

For the other Higgs bosons, A0 , H 0 and H ± , the situation is somehow simpler. On
the whole mass range, or below the ZA0 and W ± A0 mass threshold for H 0 and H ± ,
the only possible decays are into SM particles. Since the coupling of these scalars are
identical to those of the SM Higgs boson, up to an overall tan β scaling factor, their
decay patterns are straightforward to determine. The A0 and H 0 bosons decay mainly
into bb pairs (∼ 85%), τ + τ − pairs (∼ 10%) and cc pairs (∼ 3%). The H + boson
decays mainly into τ + ντ (∼ 75%) and cs (∼ 25%), or into tb if mH ± > mt + mb .
If H 0 (respectively H ± ) is heavier than the ZA0 (respectively W ± A0 ) threshold, the
H 0 → ZA0 bosonic decay (respectively H ± → W ± A0 ) clearly dominates over all
fermionic modes and has a branching ratio equal to unity. Like for h0 , the H 0 and
H ± decay widths remain however at most of the order of the SM Higgs one, as seen
in Figure 4.4(b).

4.1.2

Type II models

Production mechanisms
All production mechanisms for h0 , and those involving only gauge and scalar interactions for H 0 , A0 and H ± , are identical to those described in section 4.1.1. The main
difference with type I models is the enhanced coupling of the extra Higgs bosons to
down-type quarks and to charged leptons. The associated production with b quarks, or
the direct production through a b quark loop in the low mass region, becomes by far
the principal production mechanism at the LHC, see Figure 4.5.
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Figure 4.5: NLO cross sections for the direct production (through a b quark loop) and
for the associated production of H 0 (A0 ) with a b quarks pair as a function of mT
(mA0 ). Type II, tan β = 30. Data from Ref. [34]

Decay modes
The h0 couplings being the same in type II as in type I model, the branching ratio
patterns shown on Figure 4.3 remain valid. The total decay width is shown in Figure
4.6(a) for mA0 = 50 GeV.
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Figure 4.6: Total decay width of h0 (left), H 0 (right, in green) and H ± (right, in blue),
in GeV (type II, mA0 = 50 GeV, tan β = 30).

The H 0 and H ± decays are dominated by the ZA0 and W ± A0 at high masses, as
seen in Figure 4.7. But, contrary to what happens for type I models, the associated
branching ratio is no longer equal to unity above the kinematical threshold. The bb
and tb decays are indeed non negligible anymore, in particular in the moderate mass
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Figure 4.7: Branching ratio of H 0 (top) and H + (bottom) into fermions (dotted lines),
and scalar plus vector boson (plain line), with respect to their mass and for two different values of mA0 (type II, tan β = 30).
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regime mT < 300 GeV. The effect of these enhanced fermionic modes on the total
width of H 0 and H ± can be seen in Figure 4.6(b).

4.1.3

Benchmark points

Our choice of benchmark points in the twisted 2HDM parameter space is summarised
in Table 4.1. These points are chosen in order to cover the different possibilities of

BP0
BP1
BP2
BP3

Type

mh0

m A0

mT

tan β

Type I
Type I
Type I
Type II

120 GeV
300 GeV
450 GeV
400 GeV

50 GeV
30 GeV
60 GeV
30 GeV

300 GeV
140 GeV
200 GeV
300 GeV

0.2
0.2
0.2
30

Table 4.1: Set of benchmark points for the phenomenological analysis of the twisted
2HDM.
unusual signatures at the LHC. Even if they satisfy all the direct and indirect constraints displayed in Table 3.1, they do not necessarily correspond to the regions of the
parameter space most favoured by a global fit of model parameters.
The benchmark point 0 (BP0) is characterised by a relatively light SM Higgs boson
which decays predominantly into a pair of light pseudoscalars A0 . The typical signatures, i.e. h0 → A0 A0 → bbbb or h0 → A0 A0 → bbτ + τ − , are considered in section
4.2. The triplet mass being relatively high, and the couplings of the associated scalars
to fermions suppressed by a low tan β factor, experimental evidences for the presence
of H 0 and H ± will require an important integrated luminosity.
In benchmarks BP1 and BP2, the h0 mass is larger than the 2mT threshold. The
SM Higgs boson can then decay into H 0 H 0 and H + H − pairs. For each case, the
pseudoscalar mass mA0 is low enough to ensure that the exotic decays H 0 → ZA0
and H ± → W ± A0 are kinematically allowed. The typical signatures associated to
these benchmarks are gg → h0 → H 0 H 0 → ZA0 ZA0 and gg → h0 → H + H − →
W + A0 W − A0 , both with A0 → bb or A0 → τ + τ − (see sections 4.3 and 4.4). The
mass of A0 (and those of all other scalars) is lower in BP1 than in BP2.
Finally, BP3 is the only type II benchmark point. The triplet mass being strongly
constrained by the b → sγ measurement, the h0 decay to H 0 H 0 and H + H + pairs is
not longer possible due to unitarity constraints. Nevertheless, the presence of a light
A0 favoured by the aµ data still allows for the H 0 → ZA0 and H + → W + A0 decays.
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Regarding the main production modes in the large tan β case, the main signatures are
gg → H 0 → ZA0 and bbH 0 → bbZA0 with A0 → bb or A0 → τ + τ − , see section
4.3.

4.2 Signals with h0 → A0 A0
Taking into account the branching ratios for h0 → A0 A0 (∼ 100%), A0 → bb (∼
85%) and A0 → τ + τ − (∼ 10%) for the benchmark BP0, the total branching ratio
of h0 → A0 A0 → 4b is ∼ 72%, ∼ 17% for h0 → A0 A0 → 2b2τ and around one
percent for h0 → A0 A0 → 4τ . Since the four τ final state signal is suppressed at
least by a factor of a hundred compared to the mA0 < 2mb scenarios studied in the
framework of the NMSSM (e.g., see [40] and [151] for recent overviews), the LHC
discovery of h0 and A0 in this channel is probably difficult. On the other hand, the
four b final state has a large BR, but suffers from important QCD backgrounds. This
final state has been investigated in direct production mode at the Tevatron (where it
is overwhelmed by the backgrounds [139]) and in W/Z associated production [140,
141]. At the LHC, a discovery significance may still be reached in this last mode
[141, 152].
In the context of the present work, we focus on the intermediate 2b2τ final state, which
has a smaller (but still sizable) BR than the 4b final state, together with a much lower
background. This final state has been considered in the framework of the associated
production of h0 with a W/Z boson at the Tevatron in [141, 34]. However, in this
case, only a few events could be observed (at best) after a few fb−1 due to the cuts and
b/τ tagging necessary to remove the large reducible background. Similar difficulties
with the reducible background are also expected at LHC [141]. In the present study1
[151], we focus on the Vector Boson Fusion (VBF) production mode for h0 , which has
been shown to be a promising channel at the LHC for the SM decay h0 → τ + τ − both
in parton-level analysis [153, 154] and after full detector simulation [155, 156, 157].
After the end of the redaction of [151], it has been brought to our knowledge that
a study on similar lines in the context of the NMSSM, using parton shower based
simulations, can be found in [158, 159]. A short comparison of the results from both
approaches, underlying a possible difference, can be found at the end of the section.
1 The

author wishes to acknowledge and thank Nadia Adam and Valerie Halyo from Princeton University, and Sergei Gleyzer from Florida State University, for collaboration on this study.
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Signal and background
In order to improve efficiency, some production cuts have been applied already at the
parton level. To ensure a possibility for tagging/reconstruction, a minimal pT of 20
GeV is required for all (non b) jets and 10 GeV for b-jets2 and leptons. For the same
reason, a maximal pseudorapidity of 5 is required for jets and of 2.5 for b-jets and
leptons, and a minimal separation cut, i.e. ∆R > 0.3, is also imposed on all objects
pairs. Furthermore, regarding the particular kinematic configuration of signal events,
standard VBF cuts are applied, i.e. |∆η| > 4 and mjj > 700 GeV for the two forward
jets.
The signal is characterized by a populated final state with two central b jets, two central
τ ’s and two forward jets. To avoid triggering issues, we focus on the leptonic decays
of both τ ’s. The associated tree level cross section (after τ ’s decays and cuts) is rather
low, around 9 fb, mainly due to the low average pT of b’s and τ ’s from A0 decays.
The irreducible background where the τ pair is coming from an off shell photon or Z,
and the b pair from a gluon splitting is rather low, with a 1fb cross section. The same
process with a e or µ pair replacing the τ pair has a more sizable cross section, around
8.7 fb, due to the absence of the τ branching ratio. The most dangerous reducible
background is the tt pairs produced by gluon fusion in the VBF kinematic configuration and fully leptonic top decays (through an intermediate τ or not). Even if the total
cross section is almost three order of magnitude larger than the signal (3.2 pb), the
associated distributions (in particular the invariant mass of b’s and τ ’s) and the total
amount of missing transverse energy are different.

Results
Regarding the expected kinematic distributions of the signal and background samples,
it is evident that a cut based technique can be defined to achieve a first separation. The
chosen selection criteria are:
Mll ≤ 30,

40 ≤ Mbb ≤ 60,

∆Rll ≤ 2,

and

∆Rbb ≤ 2.

(4.1)

Figure 4.8 shows the invariant mass Mbbll , of the four body final state after these
simple cuts. The signal and the background considered are stacked and normalized by
cross-section.
A crude estimate
of the significance around Mbbll , in the region 50 ≤ Mbbll ≤ 110,
√
yields S/ B = 4 for an integrated luminosity of 100 fb−1 , with approximatively
2 This

rather optimistic choice does not affect our final (pessimistic) conclusion regarding the feasibility
of this study.
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Figure 4.8: Invariant mass Mbbll of the four-body final state after selection cuts 4.1.
The signal and background histograms are stacked and normalized by their corresponding cross-sections. From Ref. [151].

100 signal events. B-tagging efficiency will impact the number of both signal and
background events, and reduces this significance by a factor of ∼ 2 if an optimistic btagging efficiency of 50% is assumed. From this naive cut based parton-level analysis,
one can conclude that the h0 → A0 A0 → bbτ + τ − channel in VBF at the LHC is (at
best) very challenging, at least for our specific choice of masses and couplings.
Our conclusion regarding the feasibility of this signal is significantly more pessimistic
than the one first obtained in [158, 159], where an approximate significance above
20 is claimed at the parton-level. The main reason for this discrepancy is the difference between the m2τ 2b invariant mass distribution of the ttjj background obtained
by these authors using a parton shower event generator, and the one obtained using
MadGraph/MadEvent, see Figure 4.9. Even in the presence of additional production
cuts (which may explain partially the difference between the two distribution shapes
at high invariant masses), our exact matrix element calculation shows a non negligible
tail (when compared to the signal) in the region 80 . m2τ 2b . 150 GeV which is
apparently not reproduced in the original simulation.
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Figure 4.9: Differential cross section of the ttjj background with respect to the invariant mass of the four-body bbτ + τ − final state from (a) our simulation (normalised,
with all the production cuts on b quarks described in the text applied) and (b) Refs.
[158, 159] (without cuts). Notice in particular the slight discrepancy between the two
shapes in the low invariant mass region, where the signal stands. The signal distributions on Figure (b) are not relevant in the context of this comparison.
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4.3 Signals with H 0 → A0 Z 0
4.3.1

Process gg → h0 → H 0 H 0 → ZA0 ZA0

Due to both the relatively high gluon fusion cross section (see Figure 4.1(a)) and the
sizeable h0 → H 0 H 0 branching ratio (see Figure 4.3), the gg → h0 → H 0 H 0
process offers an interesting possibility for the H 0 boson production in type I models.
Considering that H 0 decays almost exclusively to ZA0 in these models, the decay
chain gg → h0 → H 0 H 0 → ZA0 ZA0 (see Figure 4.10(a)) has a total cross section
of order 1 pb at the LHC. In the following, the production cross section of MonteCarlo signal events is scaled to fit the NLO theoretical prediction from [34].

Z, W ±
A0

b

H 0, H ±
h0

H 0, H ±

b

A0

A0
H0

b

Z

b
Z, W ±
(a)

(b)

Figure 4.10: Sample Feynman diagrams for (a) the gg → h0 → H 0 H 0 → ZA0 ZA0
process and (b) the gg → bbH 0 → bbZA0 process.

Signal and background
In order to allow for a maximal rejection of the possible backgrounds, we require that
both Z gauge bosons decay into light leptons. Since this last requirement decreases
significantly the signal cross section, we focus only on the main A0 decay mode, i.e.
A0 → bb. The signal final state is then l+ l− ˜l+ l̃− bbbb, with l± = e± , µ±
Signal events have been first produced without any cut on the final state partons, except an acceptance η < 2.5 cut on the b-quarks. Thanks to the kinematic of the Z
decay, the four leptons have generally sizeable transverse momenta (pT > 20 GeV),
are well separated (∆R > 1) and mainly distributed in the central region (η < 3). The
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Figure 4.11: (a) Normalized ∆R distributions for the b-quark pairs coming from A0
for the gg → h0 → H 0 H 0 → ZA0 ZA0 → ZZ4b signal, for the benchmarks BP1
(in black) and BP2 (in red). (b) pT distributions of the third (plain lines) and fourth
(dotted lines) b-quarks (ordered in pT ), for the same signal and benchmark points.

same is not necessarily true for b-quarks, as shown in Figure 4.11. The ∆R distribution displays a fairly good angular separation between the b-quarks coming from the
same A0 decay, especially for the benchmark point BP2, thanks to a higher A0 mass.
However, Figure 4.11(b) clearly shows that the same b-quarks are mainly distributed
in the low pT region. Indeed, A0 is not only light, but also produced with a relatively
low momentum since both the h0 → H 0 H 0 and H 0 → ZA0 decays occur close to
their kinematic thresholds, especially in the BP1 case.
Because of this particular feature of the signal, the signal isolation strategy will be
different for the benchmark points BP1 and BP2. In the BP1 scenario, the average pT
of the b-quarks coming from the A0 is clearly not sufficient to envisage the reconstruction and the tagging of the resulting single jet. Since, in this case, the minimal angular
separation between the two b-quarks is of order ∆R ∼ 1, a possible solution is to
group the closest jets two-by-two and to tag the two resulting “super” b-jets. The only
Standard Model irreducible background is then ZZbb which appears to be relatively
low (∼ 10% of the signal before any isolation cut).
In the BP2 scenario, the average pT of the b-quarks is slightly higher than BP1 case,
and the simultaneous reconstruction (and potentially tagging) of the resulting four
jets could be envisaged for pT > 15 GeV without loosing too much signal events.
Assuming two B-tagging, the irreducible SM backgrounds are ZZbbjj and ZZbbbb
but both of them have cross sections two order of magnitude smaller the signal one,
even after considering the signal loss due to acceptance cuts.
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Figure 4.12: (a) Distribution of the reconstructed mass for the candidate H 0 boson
after full simulation of the signal gg → h0 → H 0 H 0 → ZA0 ZA0 (red) and the main
background (ZZjj in green). There are two entries per event, and the total integrated
luminosity is 100 fb−1 . (b) Same for the candidate h0 boson mass (with one entry per
event), normalised to the total cross section. From Ref. [160].

Results
Any quantitative result obtained at the parton-level would reveal itself partially meaningless due to the very low contribution of SM backgrounds and to the expected importance of additional soft radiations and pile-up effects. We only report here the results
obtained recently in [160] after parton showering and hadronization with Pythia [161]
and fast detector simulation with PGS [162].
The scenario considered in this work corresponds to mh0 = 400 GeV, mT = 150 GeV
and mA0 = 20 GeV. Since h0 is significantly heavier than 2mT , and H 0 significantly
heavier than mA0 + mZ , the A0 bosons turn out to be notably more boosted and the
associated b-quarks are more colinear than in the benchmarks BP1 and BP2. In order
to avoid possible technical issues related to B-tagging the resulting “super” b-jets, no
tagging is assumed in this preliminary analysis and the relevant background is then
ZZjj. The Z bosons decay into muon pairs which are forced to be located inside
the active region of the detector. To achieve the best possible background rejection,
a minimum pT of 40 GeV (20 GeV) is required for highest (lowest) pT jet. The
reconstructed h0 (ZZbb) and H 0 (Zb) masses after the complete simulation chain are
shown on Figure 4.12.
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Figure 4.13: (a) Normalized ∆R distributions for the b-quark pairs coming from A0
for the gg → bbH 0 → bbZA0 signal, for the benchmark point BP3. (b) (η, pT )
distribution of the the b-quarks produced in association with A0 , for the same signal
and benchmark point (the area of the boxes are proportional to the bin heights).

4.3.2

Process gg → bbH 0 → bbZA0

The bb associated production of A0 or H 0 in a type II 2HDM (like the MSSM scalar
sector) has been shown to be a promising discovery channel at the LHC when the
Higgs boson decays into a τ + τ − pair (e.g. see Ref. [97] and references therein)
mainly thanks its very large cross section. As seen in Figure 4.5, this associated
production mechanism dominates over the gluon fusion production through a b-quark
loop for large scalar masses. In the context of a type II twisted 2HDM, a particularly
interesting signature is the gg → bbH 0 → bbZA0 channel (see Figure 4.10(b)).

Signal and background
As shown in Figure 4.13(a) for the benchmark BP3, the decay products of A0 in
gg → bbH 0 → bbZA0 are very close from each other, due to high H 0 mass. For the
A0 → bb main decay mode, the corresponding (large) SM backgrounds would then
be Zj and/or Zb, depending on the actual efficiency of the B-tagging method applied
on the super b-jet. Regarding the typically low pT distributions of the two “spectator”
b’s produced in association with H 0 (see Figure 4.13(b)), they are assumed to be hard
to reconstruct and are not taken into account in the signal final state.
Regarding the large bbZA0 production cross section (∼ 20pb for BP3), the secondary
A0 → τ + τ − decay could also be considered. When only the leptonic decays of Z and
τ ’s are taken into account, the resulting final state l+ l− ˜l+ l̃− (bb) + ET miss is cleaner
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Figure 4.14: (a) Signal (BP3, in red) and background (in green) stacked invariant mass
distributions for the candidate lepton pair coming from A0 (see text) in the gg →
bbH 0 → bbZA0 → bbZτ + τ − signal (with both τ ’s decaying into leptons). (b) Same
for the four leptons invariant mass (taking into account the total missing transverse
energy).

than for the b decay mode. The main SM irreducible background is Z(Z/γ)∗ where
a Z decays into e’s or µ’s and the τ pair originates from a photon or an off-shell Z.
The same process with two e/µ pairs can also be considered as a background when
the total missing transverse energy of the signal is too small to conclude about the
presence of τ leptons.

Results
For reasonable acceptance cuts on all leptons in the final state (pT > 20 GeV and
η < 2.5), the signal cross section is 3.1 fb while the the Z(Z/γ)∗ backgrounds have a
total cross section of approximatively 34 fb.
The proposed parton-level analysis method is straightforward. The lepton pair reconstructing the closest invariant mass to the real Z mass (used as an input) is “removed”
from the event and the other one is used to reconstruct the invariant mass distribution
shown in Figure 4.14(a). As seen on this Figure, the background is only important in
the very low invariant mass region (due to the γ tail) and in the intermediate region
mZ /3 around which the Z → 2τ → 2l4ν process stands (and, of course, also in the
mZ region which is not shown). In the signal region ∼ mA0 /3, it is rather low and a
good significance could probably be achieved.
Since both τ ’s are coming from the same scalar, the total missing transverse energy
of the event can be used to reconstruct the invariant mass of the l+ l− τ + τ − four-body
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final state. The result is shown in Figure 4.14(b). Since the background is mainly
distributed around 2mZ , the signal should be clearly visible in the mH 0 region.

4.4 Signals with H ± → A0W ±
4.4.1

Process gg → h0 → H + H − → W + A0 W − A0

The gg → h0 → H + H − → W + A0 W − A0 process (see Figure 4.10(a)) is very
similar to the gg → h0 → H 0 H 0 → ZA0 ZA0 channel. The major difference is an
higher cross section, due to the higher h0 → H + H − branching ratio compared to
h0 → H 0 H 0 , and the presence of W bosons in the final state. Since BR(W ± →
l± νl ) > BR(Z → l+ l− ), the leptonic and semi-leptonic final states have larger
cross sections but suffer from the presence of very large tt backgrounds and are more
difficult to reconstruct due to the presence of various sources of missing transverse
energy.

Signal and background
The first considered final state is l+ l− bbbb+ET,miss where both A0 scalars decay into
bb and both W bosons decay leptonically. The kinematic distributions of the signal bquarks are shown in Figure 4.15. Like already emphasised for the ZA0 ZA0 channel,
the b-quarks coming from light A0 boson are very soft and close to be collinear for
the benchmark BP1. This renders any B-tagging attempt for the third and fourth jets
(ordered in pT ) very difficult, to say the least. The resulting final state is W + W − bb
where the four b-quarks have been paired up into two super b-jets, and the main background, i.e. tt, is three orders of magnitude larger than the signal.
The situation is slightly more favourable for the benchmark BP2. As seen in Figure
4.15, the good angular separation of the four b-quarks, together with an higher pT
distributions may allow for the reconstruction of four jets and the B-tagging of three
of them. The main backgrounds, i.e. ttbb and ttjj (where one of the jets is mistagged
as coming from a b), have cross section only one order of magnitude larger than the
signal.
Another potentially interesting final state is l± jjτ + τ − (bb) + ET,miss where one of
the A0 scalars decays into a soft bb pair and the other one into τ + τ − , while one of
the W boson decays leptonically and the other one hadronically. To have a cleaner
signature, we focus on the leptonic decays of both τ ’s. Since the b-quark pair is likely
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Figure 4.15: (a) Normalized ∆R distributions for the b-quark pairs coming from A0
for the gg → h0 → H + H − → W + A0 W − A0 → W + W − 4b signal, for the benchmarks BP1 (in black) and BP2 (in red). (b) pT distributions of the third (plain lines)
and fourth (dotted lines) b-quarks (ordered in pT ), for the same signal and benchmark
points.

to be hard to reconstruct, the main backgrounds are W ± Zjj with W ± → l± νl and
Z → l+ l− , and ttl+ l− where the lepton pair originates from a photon or an off-shell
Z boson radiated from a top quark or an initial state quark.

Results
For the benchmark BP2 and the final state W + W − 4b, the signal cross section (before
any acceptance cut) is 36.1 fb. After requiring pT > 15 GeV for b-quarks, pT > 10
GeV for leptons from the W ’s decays and |η| < 2.5 for all objects, it drops down to
6.5 fb for a B-tagging efficiency of 40%. This should be compared to the background
cross sections under the same hypothesis: 25 fb for ttbb and 120 fb (taking into account a 2% mistagging probability) for ttjj. As seen in Figure 4.16(a), inclusive
quantities like the total invariant mass of all final states object do not allow for a good
separation of the signal over the main background leading to a pessimistic preliminary
conclusion regarding the feasibility of this analysis.
The situation is clearer for the benchmark BP1 and the final state l± jjτ + τ − (bb) +
ET,miss . After imposing acceptance cuts on all leptons (pT > 5 GeV, |η| < 2.5),
including those coming from τ decays, and on all jets (pT > 20 GeV, |η| < 2.5), the
main background (i.e., W Z/γjj) can be further reduced by imposing 70 < mjj < 90
GeV for the two leading jets. The signal and background can be separated in kinematical distributions like the total invariant mass of all three leptons, as seen in Figure
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Figure 4.16: (a) Total invariant mass of all visible final states objects for the gg →
h0 → H + H − → W + A0 W − → l+ l− bbbb + ET,miss signal and the main backgrounds (stacked) after acceptance cuts (see text). (b) Invariant mass of the three
leptons for the gg → h0 → H + H − → W + A0 W − A0 → l± jjτ + τ − (bb) + ET,miss
signal and the main backgrounds (stacked) after acceptance and isolation cuts (see
text).

4.16(b). A discovery significance could probably be reached after a total integrated
luminosity of a few tens of fb−1 . This already encouraging result could even be improved in a straightforward way by requiring that the two lowest pT leptons have
different flavours, thus reducing dramatically the main W γjj background where they
are most likely to originate from the photon.

4.4.2

Process pp → tt → W ± H ∓ bb → W + W − A0 bb

As mentioned previously, if the charged Higgs boson is light enough it could be produced through the top decay t → H + b. In the benchmark BP1, the charged Higgs
subsequently decays into W ± A0 (see Figure 4.17(a)), giving a W + W − bbbb or a
W + W − bbτ + τ − signature depending on the considered A0 decay mode.

Signal and background
The l+ l− 4b + ET,miss final state, where A0 → bb and both W ’s decay leptonically,
has been investigated in [163] in the specific context of the CP violating MSSM and
NMSSM. Preliminary studies of this signal in ATLAS [164] and CMS [151] collaborations show that this signal may emerge significantly from the main QCD background,
i.e., ttbb, when heavy mass reconstruction and B-tagging techniques are used.
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Figure 4.17: Sample Feynman diagrams for (a) the gg → tt → W + W − bbA0 process
and (b) the gg(b) → tH + → W + W − (b)bA0 process.

In the present work, we focus only on the somehow simpler final state l± l+ l− 2b +
ET,miss for the benchmark BP1, where A0 → τ + τ − → l+ l− + ET,miss , one W
boson decays leptonically and the other one hadronically. The main issue regarding
this process is the relatively low momenta of the two leptons produced in τ decay due
to the low A0 mass and the small amount of boost available. Assuming the B-tagging
of at least one of the two b-jets coming from tops, the only relevant background is the
ttl+ l− process with semileptonic decays3 .

Results
With loose but reasonable acceptance cuts on leptons (pT > 5 GeV and |η| < 2.5)
and jets (pT > 20 GeV and |η| < 2.5) and one B-tag (with a 40% efficiency), the
total cross section is 2.2 fb for the signal (with a 23% acceptance) and 5.2 fb for the
background (with a 62% acceptance). As shown in Figure 4.18(a), a clean kinematical
variable like the reconstructed invariant mass of the three final state leptons allows for
a good separation of signal and background events. The reconstruction of the A0
and H 0 masses seems however challenging due to the various sources of missing
transverse energy.
3 All the quoted acceptance for this background refers to a “bare” generation cross section where only
an invariant mass cut mll > 5 GeV has been applied to avoid the γ soft divergence.
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Figure 4.18: Invariant mass distributions of the three final state leptons for the t →
H + b (a) and tH + signals (b), together with the ttl+ l− background (stacked).

4.4.3

Process pp → tH ± (b) → W − bW + A0 (b)

The cross section for the charged Higgs production in top decays drops down rapidly
for increasing charged Higgs masses. For mH ± & (mt − mb ), the charged Higgs
associated production with a single top (see Figure 4.17(b)) is by far a more promising
channel, especially with type II Yukawa couplings like in the benchmark scenario BP3
considered here.

Signal and background
For the same decay hypothesis for A0 and the W ’s as in the previous section, the signal
final state is l± l+ l− b(b) + ET,miss where the presence of the extra b quark between
parenthesis depends on the considered initial state (gg or gb). In the following, both
possibilities are treated inclusively. Compared to the previous process t → H + b, the
leptons coming the A0 decay are considerably more boosted due to the higher charged
Higgs mass, and a simple minimum pT cut on all final state leptons may be already
sufficient to achieve an impressive separation of the signal events.

Results
With simple acceptance cuts on leptons (pT > 15 GeV and |η| < 2.5) and jets (pT >
20 GeV and |η| < 2.5), together with one B-tag (with a 40% efficiency) and a simple
selection cut 60 < mjj < 100 on the two hardest jets (which affects mainly the
background where the b-jets are often harder than those coming from the W ), the
total cross section is 2.4 fb for the signal (with a 26% acceptance) and 0.6 fb for the
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background (with a 7.3% acceptance). As seen in 4.18(b), there is no clear separation
between signal and background events in the invariant mass distribution of the final
state leptons, but the overall S/B ratio looks large enough to envisage a discovery
significance after approximatively 5 fb−1 of integrated luminosity.

4.5 Summary
The constrained twisted two-Higgs-doublet introduced in Chapters 2 and 3 clearly
offers opportunities for interesting and unusual signatures at the LHC.
The h0 → A0 A0 decay favoured in the mh0 > 2mT region of the model parameter
space may be studied when h0 is produced in association with a W/Z boson, as argued
in [141, 152]. The same process could also be studied for a VBF production of h0 ,
but the original optimistic conclusion [158, 159] about the feasibility of this channel
when one A0 decays into a b-quark pair and the other one into a τ pair is tempered by
our matrix-element based simulation of the ttjj background.
The H 0 → ZA0 decay appears as one of the most striking signature of the model,
in particular due to the presence of a Z boson in the final state. The gg → h0 →
H 0 H 0 → ZA0 ZA0 process, with both Z bosons decaying into charged leptons and
both A0 into b-quarks, is almost free of SM background. A complete fast-simulation
study of the signal [160] for a specific benchmark has shown promising results, and
our parton-level kinematic analysis emphasises the possible importance of soft “super”
b-jets tagging techniques, in particular for light and/or mildly boosted A0 configurations. The bbH 0 → bbZA0 process where A0 decays into a τ pair may also offer
good detection opportunities for type II models, in particular thanks to the very large
signal cross section (around 100 signal events with a significance above 10 for a total
integrated luminosity of 30 fb−1 ).
The H ± → W ± A0 decay, finally, may also gives genuine signatures despite the
presence of larger backgrounds like tt and the difficulties associated to mass reconstruction due to the presence of large amount of missing transverse energy. The
gg → h0 → H + H − → W + A0 W − A0 may be detectable even for a rather light A0
if at least one A0 boson decays into a τ pair. But the detection will rely crucially on
the detector performance for low pT leptons identification. When the charged Higgs
is produced in association with top quarks, the H ± → W ± A0 → W ± τ + τ − decay
chain also offers good detection opportunities, in particular in the high mH ± region,
mainly due to the low cross section of the ttl+ l− background.

Conclusion

In the course of this thesis we have examined the possibility for an extension of the
Standard Model scalar sector which can, simultaneously, be justified on the basis of
natural symmetries, satisfy existing theoretical and experimental constraints and give
rise to unexpected phenomenology at forthcoming high energy colliders.
Our starting point, the generic two-Higgs-doublet model, is a simple yet rich framework which may arise naturally in the context of various BSM theories. On the other
hand, genuine SM properties give grounds for specific symmetries, like the custodial
and CP symmetries, which may or may not be satisfied by new interactions. The
extension of these symmetries in the context of the 2HDM sheds new light on their
possible interplay and allows us to naturally introduce a new “twisted” scenario. In
this scenario, the successful ρ ≈ 1 phenomenological relation is ensured by the degeneracy of a pair of charged scalars with a scalar (H 0 ), and not with a pseudoscalar
(A0 ) as it is usually done in the literature.
Surprisingly enough, this seemly mild difference opens in fact a window to novel and,
to a large extent, unexplored phenomenology for the Higgs sector. Indeed, due to
its vanishing coupling to pairs of gauge bosons, a light pseudoscalar, say A0 , may
escape the LEP II direct bound while the same is not true for a charged Higgs boson,
whose mass is already strongly constrained by indirect measurements. The twisted
scenario we proposed allows us to naturally reconcile a large mass splitting between
(H ± , H 0 ) and A0 with tight electroweak precision constraints. In this scenario, a SM
Higgs boson mass larger than ∼ 200 GeV may also be accommodated through small
breaking of the custodial symmetry, driven for example by loop corrections.
An “inverted” mass spectrum mA0 < mH 0 ,H ± < mh0 , as compared for example to
the typical MSSM scenario, with a relatively light A0 (e.g., mA0 ≈ 30 GeV) is still
allowed by all the theoretical, indirect and direct constraints we extensively reviewed
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and applied to the specific twisted 2HDM case. This particular mass spectrum leads
to interesting new signal opportunities, mainly related to the presence of new exotic
decay channels like h0 → H 0 H 0 , H + H − , H ± → W ± A0 or H 0 → ZA0 . These
signals are covered only very partially (to say the least) by analysis in the context of
more restricted BSM models. This motivated us to implement the generic 2HDM in
the framework of the MadGraph/MadEvent matrix-element based Monte-Carlo event
generator. Incidentally, this implementation triggered extensive modifications of the
original code structure towards larger flexibility. The parton-level analysis of the most
important twisted 2HDM signals together with their main backgrounds, for different
representative benchmark points, allowed us to conclude positively regarding their
possible experimental interest.
The perspectives for extending the present work are likely to be numerous but can be
categorised along two main directions. On the theoretical side, the twisted version
of the custodial and CP symmetries can probably be generalised to other sectors of
the theory, like the Yukawa sector, or to more complex scalar sector extensions, i.e.,
models with more than two Higgs doublets or involving higher representations. Applications to more “realistic” BSM scenarios like Technicolor-inspired models could
also be envisaged. The additional degrees of freedom emphasised by our approach
may indeed offer an appreciable latitude when considering the impact of the presence
of low-scale approximate symmetries on higher scale structures.
On the experimental side, our limited phenomenological analysis clearly highlights
the feasibility of more detailed studies. Beyond this pragmatic conclusion, it also
reveals some unusual and specific challenges which may be encountered in such studies. Among others, let us quote the identification of “super b-jets” which appears as a
recurrent requirement for several processes, or the resolution of overconstrained systems of several kinematical variables. Various innovative solutions to these problems
may exist, or have already been proven to exist, and some of them are expected to be
applied to the twisted 2HDM in a near future.
In summary, the generic approach advocated in our introduction, where recurrent
structures in BSM theories are considered from the point of view of specific symmetries motivated by low energy constraints, has been successfully followed in the
present work. From our point of view, this alternative investigation method between
“pure” top-down and bottom-up strategies offers interesting insights for our neverending quest towards a unified physical interpretation of high energy phenomena.
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Appendix

Higgs boson Feynman rules in
the twisted 2HDM
The first value is for type I models, and the second one for type II models.
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B

The 2HDM implementation into
MadGraph/MadEvent v4
The MadGraph/MadEvent package [165, 166] is a multi-purpose Monte Carlo event
generator based on exact matrix elements calculations at tree-level using the helicity
amplitude formalism implemented in the HELAS library [167].
The first versions of MadGraph/MadEvent where dedicated to SM processes and, even
if the MSSM was also available in the independent package SMadGraph [168], the
implementation of new physics models was not a straightforward task. Starting from
version 4 [149], the MadGraph/MadEvent code structure has been redesigned in order to simplify this step, and the fully generic 2HDM has been implemented as a first
application of this new framework. The current version of the code includes various
additional improvements, like interfaces for matching the matrix element description
with parton showers, implementation of the Les Houches standards, decay chains syntax, analysis platforms, and a user-friendly web interface for online event generation
on computer farms. Recent developments also include FeynRules, a Mathematica
module to automatically derives Feynman rules from a given Lagrangian, and a specific version of the code optimised to run over the Grid.
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B.1

The implementation of the 2HDM into MadGraph

In the so called “general” version of the model, we do not have put any further restrictions on the interactions allowed by gauge invariance. Many diagrams involving
tree-level FCNCs and violating the CP symmetry are thus present. The user who has
no interest in these phenomena should use the “simplified” version of the model where
the number of generated diagrams (and thus the computing time) is much smaller in
many cases. We use the following naming convention: h+ and h- stand for the positively and negatively charged Higgs bosons, while h1, h2 and h3 stand for the neutral
ones. Since we do not assume CP invariance of the potential, the neutral bosons are
not necessarily CP eigenstates and we are thus using the standard naming convention
in this case, h1 being the lightest one and h3 the heavier one.
TwoHiggsCalc is a 2HDM parameters calculator written in C and is accessible from a
web interface. It has been designed to compute input values for the 2HDM extension
of MadGraph/MadEvent but it can also be used as an independent tool. Starting from
parameters of the Lagrangian, such as the v.e.v. or the Yukawa couplings, the program
computes useful physical quantities at leading order such as the mass spectrum, the
mixing matrix, the total decay widths and the branching ratios.

Basis conventions
In the general 2HDM, one has the freedom to choose a specific basis for entering
parameters. All the possible choices should be physically equivalent. TwoHiggsCalc
works with parameters given in a particular basis, called the “Higgs basis” where
only one Higgs doublet gets a vev. An independent software called Gen2HB has
been written to allow the user to first convert the parameters given in an arbitrary
basis, called the “generic basis” where both Higgs doublet get a vev, to parameters
in the Higgs basis. See [90] for more information on basis invariance and for more
information on our notations.

Input/output format
The program reads input and writes out results in a specific format close to the "SUSY
Les Houches Accord" [169, 170] convention for SUSY parameters. This format can
later be read by MadGraph/MadEvent to perform numerical computations of 2HDM
processes. If the program is downloaded as a stand alone application, you should read
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the README file which describe the modified version of LHA used as input convention. To facilitate online use of TwoHiggsCalc, a web form has been designed to
simplify the input file writing process. In this form, you can enter numerical values
for the parameters, the units being fixed when needed. Some simple algebraic expressions can also be used. The +,-,*,/ operators and the PI reserved keyword, e.g. in
PI/2+3*PI/2, are correctly interpreted.

Lagrangian convention for the Higgs basis
The scalar potential is written
V

=



µ1 H1† H1 + µ2 H2† H2 − µ3 H1† H2 + h.c.
2

2

λ1 H1† H1 + λ2 H2† H2






+λ3 H1† H1 H2† H2 + λ4 H1† H2 H2† H1

i

h
+ λ5 H1† H2 + λ6 H1† H1 + λ7 H2† H2 H1† H2 + h.c.

All quartic terms parameters (in red) must be input, all the masses terms parameters
(µ1 , µ2 and µ3 ) being fixed by the minimization constraints. λ1 to λ4 are real parameters. λ5 could be in general a complex parameter but since only the phase differences
between λ5 , λ6 , λ7 and µ3 matters, the phase of λ5 can always be rotated out. We will
thus consider it as a real parameter here while λ6 and λ7 are a priori complex.
The Yukawa interactions read
LY

=

√
i
QL 2 h
(Md H1 + Yd H2 )dR + (Mu H̃1 + Yu H̃2 )uR
v √
EL 2
+
[(Me H1 + Ye H2 )eR ]
v

Yukawa couplings must be given in the physical basis, i.e. in the basis where the mass
matrix is diagonal. Since in the Higgs basis only the first Higgs doublet gets a non
zero vev, the M matrix is completely fixed by the observed fermion masses while the
Y matrix (giving the couplings of the second Higgs doublet) is a priori free. For this
matrix, the first indice refers to doublet generation while the second one refers to the
singlet generation. For example, Y2B stands for the complex Yukawa couplings of the
second Higgs doublet to the second generation quark left doublet and to the bottom
singlet.
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Lagrangian convention for the generic basis
The scalar potential is written
V

=



µ1 φ†1 φ1 + µ2 φ†2 φ2 − µ3 φ†1 φ2 + h.c.


2
2
λ1 φ†1 φ1 + λ2 φ†2 φ2






+λ3 φ†1 φ1 φ†2 φ2 + λ4 φ†1 φ2 φ†2 φ1

i

h
+ λ5 φ†1 φ2 + λ6 φ†1 φ1 + λ7 φ†2 φ2 φ†1 φ2 + h.c.

All quartic terms parameters must be given as well as tan(β), the µ3 norm and the
phase of v2 . Additional parameters are computed automatically. The overall v.e.v. is
extracted from SM parameters while masses terms parameters like mu1 , mu2 and the
phase of mu3 are fixed by the minimization constraints. λ1 to λ4 are real parameters, λ5 , λ6 and λ7 are a priori complex. The accuracy value at wich minimization
equations in terms of invariants are going to be checked can also be provided, the web
interface use the default value 1e-10.
The Yukawa interactions read
LY

=

√
i
QL 2 h
(∆d H1 + Γd H2 )dR + (∆u H̃1 + Γu H̃2 )uR
v √
EL 2
[(∆e H1 + Γe H2 )eR ]
+
v

Yukawa couplings must be given in the physical basis, i.e. in the basis where the
mass matrix is diagonal. Since the mass matrix is fixed, only the Γ matrix, i.e. the
Yukawa couplings of the second Higgs doublet, is required. The other one (∆) is
going to be automatically evaluated to match observed fermion masses. For the Γ
matrix, the first indice refers to doublet generation while the second one refers to the
singlet generation. For example, G2B stands for the complex Yukawa couplings of the
second Higgs doublet to the second generation quark left doublet and to the bottom
singlet.

TwoHiggsCalc output
Given the above parameters plus some SM parameters as an input, TwoHiggsCalc
computes the following quantities
• Scalar particles mass spectrum
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Block
SMINPUTS
MGSMPARAM
MGYUKAWA
MGCKM
BASIS
MINPAR
YUKAWA2
MASS
TMIX
DECAY
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Comment
From 1 to 4, SM parameters, see the SM section for more details
Extra block with sin θW and MW , see the SM section for more details
“Yukawa” masses used in the Yukawa couplings evaluation
The full CKM matrix
Basis choice, must be 1 (Higgs basis) for MadEvent !
Scalar potential parameters in the Higgs basis
Yukawa couplings of the second Higgs doublet
All SM particles masses, plus the five new Higgs boson masses
The scalar mixing matrix
For all the Higgs bosons, top, W ± and Z
Table B.1: LHA blocks used by 2HDM MadEvent

• Mixing matrix of neutral scalars (called T in [51])
• Decay widths for all scalars as well as for W and Z bosons and the top quark.
All widths are evaluated at tree-level using the same couplings as in MadEvent.
Under threshold formula are included for the scalar into two vector bosons decays and the one loop driven scalar into two gluons decay is also computed.

B.2

The implementation of the 2HDM into MadEvent

The LHA blocks and parameters used by MadEvent are given in table B.1. All blocks
in the table are provided by TwoHiggsCalc. Note that if parton density functions
(PDFs) are used in the MadEvent run, the value for αs at MZ and the order of its running is given by the PDF. Otherwise αs (MZ ) is given by block SMINPUTS, parameter
3, and the order of running is taken to be 2-loop. The scale where αs is evaluated is
however always given by the “scale” parameter in the run_card.dat.
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C

Higgs bosons production in
association with single top
The tt associated Higgs boson production is known to have a non negligible (≃ 1 pb)
cross section at LHC for moderate value of mh (mh ≃ 100 GeV). This is in great part
due to the very large tt pair production cross section. Since the single top production
has also a sizeable rate at LHC (more or less half of the tt production), in particular
in the t-channel, one could naively expect that the single top associated production of
the Higgs boson is still competitive. Nevertheless it has been shown in [171] that this
naive guess is false.
The single top associated production of the SM Higgs boson appears to be relatively
small, of order 100 fb for mh ≃ 100 GeV instead of the 500 fb that one could have
expected. The main raison for this is a particulary strong destructive interference
between the two dominant amplitudes associated with the diagrams shown on figure
C.1.
Even though the sign of this interference can be guessed from unitarity requirement,
its absolute magnitude at moderate energy compared to the masses involved (e.g. the
top mass) is surprising. The integrated squared amplitude for each of these diagram
is indeed three to five times larger than the total cross section. The total SM cross
section at LHC as a function of mh is shown on figure C.2.
If one considers the MSSM instead of the SM, this negative result still holds. To
illustrate this, let’s consider the decoupling regime where the mixing between h0 and
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Figure C.1: Top and bottom left: Diagrams contributing to single-top and Higgs associated production in the SM. Bottom right: Extra diagram contributing to single-top
and Higgs associated production in the 2HDM.
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Figure C.2: Cross sections of single top associated production of different Higgs
bosons. On the left, the SM Higgs boson production cross section is shown together
with the 2HDM type II pseudoscalar A0 production cross section for two different
tan β values, both as a function of their mass. On the right, the MSSM pseudoscalar
A0 production cross section is shown as a function of mH ± both for type I and type II.
For all these cross sections, a minimal pT of 20 GeV and a maximal rapidity of 2.5 is
assumed for the (non b) jet. The factorisation and renormalisation scales are both set
equal to mφ . The b quark mass involved in the Yukawa coupling is the running mass
at mφ . The PDF is CTEQ6L1.

H 0 is small. For the lightest Higgs boson, the situation is similar to the SM. The
W W h0 coupling is close to the SM value and even if h0 is coupling mainly to b,
the bb coupling is close to the tt one in the SM in the limit of large tan β. For the
heaviest scalar H 0 the coupling W W H 0 almost vanishes and one could then expect
an enhancement of the total cross section. But an additional diagram involving a
charged Higgs boson (see figure C.1) should also be taken into account due to the large
W ± H ∓ H 0 coupling. This diagram leads to a amplitude of the same order and the
same sign as the one involving only the W boson and thus no particular enhancement
is observed [171]. The situation is similar for the pseudoscalar A0 but in this case the
W W A0 coupling is strictly zero due to CP invariance.
The last hope one could have to get a sizeable cross section for this process is to
consider a 2HDM where the pseudoscalar A0 is relatively light and where the charged
Higgs pair is much heavier so that the negative interference cannot occur (i.e., the
amplitudes associated with the SM like diagrams on figure C.1 are dominant). This of
course cannot be considered in the MSSM case since the masses of H ± and A0 are
linked through the mass relation m2H ± = m2A0 +m2W ± . The resulting cross section for
mA0 = 40 GeV is plotted on figure C.2 as a function of the charged Higgs mass both
in case of type I and of type II 2HDM. A small enhancement at high mH ± is well
observed in the 2HDM type I case but the overall cross section is expected to stay
much smaller than the SM one due to the reduced top quark Yukawa coupling. In type
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II models, the effect of varying mH ± is almost invisible. At low mH ± , the diagram
involving the charged Higgs boson should contribute but its squared amplitude is more
or less of the order of magnitude of the negative interference it creates so that its total
contribution is negligible.
To conclude we propose a “no hope” conjecture stating that the associated production
of Higgs bosons and single top in any realistic extension of the scalar sector will
always have a cross section at best of order of the SM one, the latter appearing to be
itself probably too small to be successfuly exploited at LHC.
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