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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 originalname (and maybe aim), this
phenomenological model imposed itself over the years as a mathematically consistent
theorydescribing 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 experi-
mental 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. Theactual presence of

1In 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 theLEP experiment. Second,
while being perfectly consistent, the SM may appear asunnatural, 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 energyphysicists 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 theoriesare typical examples. In
the Minimal Supersymmetric SM (MSSM), the Higgs mass is stabilized by compen-
sating the SM loop contributions by opposite sign loops containing the new super-
symmetric 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 di-
mensions the hierarchy between the weak scale and the Planckscale 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 in-
teracting 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 im-
prints from the huge amount of data to be collected is going tobe a real challenge,
both from theoretical and experimental points of view. Indeed, compared to the situa-
tion 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 severaleffects: the space
extended structure of the proton, the total amount of energyavailable in the rest frame
of the collision and, last but not least, the high luminosityat 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 consid-
ered 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 some-
times 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 underpopulatedregions 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 numberof proposed BSM theo-
ries, the number of different scenarios for each of them, andthe number of acces-
sible 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 so-
lutions 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 max-
imal 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. Thehope is of course that the
New Physics to be discovered is similar enough to one of thesebenchmark scenar-
ios. 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 iden-
tify 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 ofvarious BSM the-
ories, 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 Giudiceet al. where
the typical structures common to Little Higgs and Technicolor theories are identi-
fied and studied from a model independent perspective. Thesegeneric 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 proce-
dure has been, for example, followed by Isidoriet 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 phenomenol-
ogy. The generic two-Higgs-doublet model is first identifiedas a recurring and com-
mon structure for the scalar sector of various BSM theories.The custodial,CP andZ2

symmetries are then isolated as important features of the SMHiggs sector, before be-
ing 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 chapteris 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 andZ2 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 exten-
sive 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 thefourth chapter, where
the most promising signatures at the LHC are examined. Threeappendices 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 StandardModel 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 decayµ− → e−νeνµ with the effective Lagrangian

LF = −GF√
2
JµJ†

µ (1.1)

whereJµ is theV −A leptonic current

Jρ(x) = ψeγρ(1 − γ5)ψνe
+ ψµγρ(1 − γ5)ψνµ

. (1.2)

15
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The Fermi constantGF appearing in (1.1) is extracted from the muon lifetimeτµ
through the relation

1

τµ
=
G2

Fm
5
µ

192π3

(

1 − 8m2
e

m2
µ

)[

1 + 1.810
α

π
+ (6.701 ± 0.002)

(α

π

)2
]

(1.3)

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 theuniversalityof the weak interactions.

Nevertheless, the Fermi theory is unsatisfactory due to thenonrenormalizable1 nature
of the effective four-point interaction (1.1). Indeed, thecoupling constantGF 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

ΛEW ≃ 1

(
√

2GF )1/2
≃ 250 GeV . (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 orderΛEW is a Yang-Mills
theory [9] based on the gauge symmetry groupSU(2)L × U(1)Y . Vectorial fields
are associated with each generator of the electroweak gaugegroup and mediate the
corresponding interaction. The fieldBµ is related to the generatorY of U(1)Y and
the fieldsW 1,2,3

µ are related to the three generatorsT 1,2,3 of SU(2)L, defined such as

[T a, T b] = iǫabcTc . (1.6)

The strength tensors of these fields can be written

W a
µν ≡ ∂µW

a
ν − ∂νW

a
µ + gLǫ

abcW b
µW

c
ν (1.7)

Bµν ≡ ∂µBν − ∂νBµ (1.8)

1Here, the nonrenomalizable adjective is used to qualify a theory containing an unacceptably high num-
ber of divergences which would require an unnatural, infinite number of unrelated counterterms to be renor-
malized.



1.3. The Brout-Englert-Higgs mechanism 17

wheregL is the coupling constant ofSU(2)L. The purely gauge part of the Lagrangian
reads

LG = −1

4
W a

µνW
µν
a − 1

4
BµνB

µν . (1.9)

Regarding matter fields, the theory contains three generations of left and right-handed
chiral quarks and leptons withψL,R ≡ 1/2(1 ∓ γ5)ψ. Left-handed fermions trans-
form asSU(2)L doublets (generically notedQL = (uL, dL)T for quarks andLL =

(νL, eL)T for leptons) and right-handed fermions transform asSU(2)L singlets (gener-
ically noteduR anddR for up-type and down-type quarks andeR for charged leptons).
The hyperchargeY associated with the gauge groupU(1)Y is related to the third com-
ponentI3 of SU(2)L and to the electric chargeQ through

Y = 2(Q− I3) . (1.10)

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

LD = iQ
i

LDµγ
µQi

L + iui
RDµγ

µui
R + id

i

RDµγ
µdi

L (1.11)

wherei stands for the three generations of quarks and leptons and the covariant deriva-
tiveDµ is defined as

Dµψ ≡
(

∂µ − igLTaW
a
µ − igY

Y

2
Bµ

)

ψ (1.12)

with gY the coupling constant ofU(1)Y .

The LagrangianLG+LD is not sufficient by itself to completely describe electroweak
interactions since it cannot account for the observed mass of fermions andW± andZ0

gauge bosons, the later being in turn also responsible for the limited range of the weak
force and the smallness of the Fermi constantGF . 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 thefollowing 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 aU(1) local symmetry and a complex scalar fieldφ. Let us also
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assume that the dynamic of this system is described by the Lagrangian

L = −1

4
FµνF

µν +Dµφ∗Dµφ+ µ2φ∗φ− λ(φ∗φ)2 (1.13)

whereµ2 andλ are real and positive parameters by hypothesis. The field strengthFµν

and the covariant derivativeDµ are defined in terms ofAµ with a coupling constante
as in (1.8) and (1.12). The complex fieldφ can be conveniently parameterized as

φ(x) ≡ 1√
2
eiξ(x)/v (ρ(x) + v) (1.14)

wherev =
√

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) , A′
µ(x) = Aµ(x) − 1

e
∂µα(x) (1.15)

whereα(x) is an arbitrary function of space-time. Since the system is invariant under
this transformation, one can alwaysfix the gauge function to be

α(x) = −1

v
ξ(x) . (1.16)

With this particular choice, called theunitary gauge, the fieldsφ(x) andAµ(x) now
read

φ′(x) =
1√
2

(ρ(x) + v) , A′
µ(x) = Aµ(x) − 1

ve
∂µξ(x) (1.17)

and the degree of freedom associated with the would-be Goldstone fieldξ(x) can
now be seen as a longitudinal degree of freedom of the fieldAµ(x). After replacing
expressions (1.17) in (1.13), one can see thatξ(x) disappears fromL andAµ acquires
a non zero mass:

m2
A = e2v2 (1.18)

while the modeρ(x) appears as a physical scalar of positive mass

m2
ρ = 2µ2 . (1.19)

In summary, the Brout-Englert-Higgs (BEH) mechanism allows the gauge bosons to
get a non zero mass at scales belowv 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 ofdegrees 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.



1.3. The Brout-Englert-Higgs mechanism 19

1.3.2 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
oneY = 1 SU(2)L complex doublet

H ≡
(

H+

H0

)

≡ 1√
2

(

i(π1 + iπ2)

σ + iπ3

)

. (1.20)

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 = (DµH)†DµH + µ2H†H − λ(H†H)2 . (1.21)

The minimum of the potential inLS can always be rotated to

〈H〉 =
1√
2

(

0

v

)

(1.22)

using aSU(2)L × U(1)Y gauge transformation. The gauge boson mass spectrum is
then determined by

|Dµ〈H〉|2 (1.23)

whereDµ is the covariant derivative defined in (1.12), such that

Dµ〈H〉 =
−iv
2
√

2

(
√

2gLW
+
µ

−gLW
3
µ + gYBµ

)

(1.24)

with

W±
µ ≡ 1√

2
(W 1

µ ∓ iW 2
µ) . (1.25)

TheW±
µ bosons are clearly mass eigenstates with

mW =
1

2
gLv (1.26)

whileW 3
µ andBµ mix to give two physical bosonsAµ andZµ:

Aµ = cos θWBµ + sin θWW 3
µ

Zµ = − sin θWBµ + cos θWW 3
µ (1.27)
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with masses

mA = 0 and mZ =
mW

cos θW
(1.28)

where the weak angle is defined bytan 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 = −QLλdHdR −QLλuH̃uR − LLλlHeR + h.c. (1.29)

where theSU(2)L doublet

H̃ ≡ iτ2H
∗ =

(

(H0)†

−H−

)

(1.30)

has an hyperchargeY = −1. After the spontaneous symmetry breaking of the elec-
troweak symmetry, these Yukawa interactions provide (non flavor diagonal) mass
termsmu,d,l = λu,d,lv/

√
2 to all fermions except the neutrinos2.

1.4 Standard Model Higgs boson phenomenol-
ogy

In the SM, the mass of theW± bosons can be related to the Fermi constantGF by
matching the effective four fermions description with the massive propagatingW±

picture (withpW ≪ mW ), i.e.,

GF√
2

=
gL

2
√

2
× 1

M2
W

× gL

2
√

2
. (1.31)

The left coupling constantgL and theW± bosons mass both cancel between (1.26)
and (1.31) so that the vacuum expectation valuev can be estimated from the single
low energy quantityGF

v =
1

(
√

2GF )1/2
≃ 246GeV . (1.32)

This parameter is then consistently identified with the natural cutoff scaleΛEW in
(1.5).

2Here 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 bosonh0, i.e. the particle associated
to the expansion ofσ0 around the vacuum in (1.20),σ0 ≡ v + h0, acquires a mass

m2
h0 = −µ2 + 3λv2 (1.33)

which can then be simplified to

m2
h0 = 2µ2 = 2λv2 (1.34)

using the potential minimization condition

∂V

∂σ0

∣

∣

∣

∣

〈σ0〉=v

= 0 ⇔ v =

√

µ2

λ
. (1.35)

Sincev is precisely fixed by (1.32), theµ2 andλ real parameters are completely fixed
by the knowledge of the Higgs massmh0 , 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 re-
quirements related to the self-consistency of the quantum theory.

Unitarity and perturbativity

A significant consequence of the nonrenormalizable nature of the Fermi theory intro-
duced in section 1.1 is the violation of unitarity in interactions occurring at scales of
orderΛEW . In this effective theory the cross section is asymptotically proportional to
the center of mass energy squareds, instead of being bounded bys−1. The interaction
probability then grows indefinitely with the available energy, and becomes bigger than
unity at scales of orderΛEW .

Even if this unwanted behavior can be cured for some particular processes (e.g.e−νe →
µ−νµ) by adding massive gauge bosonsW± “by hand” in the theory, it is in fact only
postponed to other processes likee+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, theW+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 sectionσ and the imaginary part of the
amplitudeA in the forward directionθ = 0 through

σ =
1

s
Im(A(θ = 0)) . (1.36)

The scattering amplitude can be expanded into partial wavesal of orbital momentuml

A ≡ 16π

∞
∑

l=0

(2l+ 1)Pl(cos θ)al (1.37)

giving, for a2 → 2 scattering process,

σ =
16π

s
π

∞
∑

l=0

(2l + 1)|al|2 . (1.38)

By substituting (1.37) and (1.38) in (1.36), the optical theorem becomes

Re(al)
2 + (Im(al) −

1

2
)2 =

1

4
(1.39)

which is nothing else than the equation of circle of radius1
2 and center(0, 1

2 ) in the
(Re(al), Im(al)) plane. This leads trivially to a condition on the real part ofal

|Re(al)| <
1

2
. (1.40)

The l = 0 partial wave for the amplitude of theW+W− → W+W− process can
easily be estimated in the limit wheres≫ m2

W ,m2
h0 and reads

a0 ≈ −m2
h0

8πv2
. (1.41)

The optical theorem condition (1.40) then gives the bound

mh0 . 870GeV (1.42)

for this particular channel. A combined analysis of all2 → 2 scattering processes
involving gauge and Higgs bosons gives a slightly more stringent bound of about
710 GeV. Another approach is to assume thatmh0 is much larger than

√
s, then re-

quiring 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. Follow-

ing 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 requirementthat all processes involving
the Higgs boson can be consistently described with a perturbative expansion also leads
to constraints on theλ parameter, hence onmh0 . The Higgs partial decay width into
pairs of gauge bosons, which grows proportionally to the cube of its mass, is a partic-
ularly sensible quantity in this context. The one loop corrections [14], for example,
are of the same order as the Born tree-level contribution formh0 ∼ O(10TeV). And,
even worse, the two-loops corrections can be larger than theone-loop correction al-
ready formh0 ∼ 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 theλ(H†H)2 term in (1.21), the SM Higgs boson interacts with
itself. Theλ coefficient then varies with the energy scaleΛ when Higgs loop correc-
tions to the four Higgs vertex are taken into account. The first order Renormalization
Group Equation (RGE) reads [16]

d

d log Λ2
λ(Λ2) =

3

4π2
λ2(Λ2) + O(λ3) (1.43)

and has the simple solution

λ(Λ2) =
λ(v2)

1 − 3
4π2 log Λ2

v2

(1.44)

if the arbitrary reference scale is fixed tov. If Λ → 0, λ goes to zero and the theory is
trivial , i.e. it is not self-interacting anymore. IfΛ ≫ v, λ grows up rapidly and reach
a Landau pole for the finite value

Λ = v exp

(

4π2

3λ

)

= v exp

(

8π2v2

3m2
h0

)

. (1.45)

Different upper bounds on the Higgs mass can be obtained by requiringλ to stay finite
below a given scale. IfΛ is associated to the Planck scale, the bound is rather low,
approximatively 200 GeV. At the contrary, ifΛ 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. Addi-
tional contributions to theλ 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

d log Λ2
λ(Λ2) =

1

16π2

[

−12
m4

t

v4
+

3

16
(2g4

L + (g2
L + g2

Y )2
]

(1.46)

which has

λ(Λ2) = λ(v2) +

[

−12
m4

t

v4
+

3

16
(2g4

L + (g2
L + g2

Y )2
]

log
Λ2

v2
(1.47)

as a solution. Since the right hand side of (1.46) is negative, the parameterλ decreases
monotonically with the energy. Ifλ(v2) is too small, its sign can change below the
cutoff scaleΛ and the potential is not stable anymore since it has no minimum. De-
pending on the actual value ofΛ, a lower bound onmh0 can then be extracted from
the stability requirement. IfΛ is associated to the Planck scale, the bound is rather
high, aroundmh0 & 130 GeV, while forΛ ≈ 1 TeV, one obtainsmh0 & 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 ofΛ
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, usingmt = 175

GeV andαs(mZ) = 0.118. The shaded areas show theoretical uncertainties and the
cross-hatched area corresponds to the additional uncertainty when varyingmt from
150 to 200 GeV. From Ref. [19].
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1.4.2 Indirect constraints from precision measurements

In order to constrain the Higgs boson mass by studying radiative corrections to preci-
sion electroweak parameters, one first needs to select a proper renormalization scheme.
Marciano and Sirlin [20], for example, impose the tree-level relationmW = mZ cos θW

to remain valid at all order and introduce radiative corrections in the relation between
GF andmW . In the context of the present work, we prefer the Veltman3 [21] scheme
where the free parameters aregL andsin θ̂W and where themW = mZ cos θ̂W rela-
tion is no longer valid beyond the tree-level. Thesin θ̂W parameter is extracted from
Z-pole and neutral current data at the scaleµ = mZ .

Theρ parameter is defined as the ratio

ρ ≡ m̂2
W

m̂2
Z cos2 θ̂W

. (1.48)

As mentioned before, in the Veltman scheme,ρ = 1 only at the lowest order of per-
turbation theory butρ 6= 1 in general due to radiative corrections. If the renormalized
squared masseŝm2 differ from the bare massesm2 by an amountδm2, one has

∆ρ ≡ ρ− 1

=
(m2

W + δm2
W )

(m2
Z + δm2

Z) cos2 θ̂W

− 1

=
(m2

W + δm2
W )

m2
W

(

1 − δm2
Z

m2
Z

)

− 1

=
1

m2
W

(δm2
W − cos2 θ̂W δm2

Z) (1.49)

or, if only low energy experiments are considered,

m2
W ∆ρ = ΠWW (k2 = 0) − cos2 θ̂W ΠZZ(k2 = 0), (1.50)

where the functionsΠWW,ZZ(k2) are the coefficients of the Minkowski metric in the
gauge bosons propagators, i.e.

Πµν
WW,ZZ(k2) = ΠWW,ZZ(k2)gµν . (1.51)

Custodial symmetry

The minimal Higgs sector of the Standard Model, as describedby Lagrangian (1.21)
has a important symmetry property. The simultaneous requirements of gauge in-
variance and renormalizability constrain (1.21) to be invariant under an “accidental”
global symmetry.

3Equivalent, in this framework, to theMS renormalization scheme.
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Considering the definition (1.20) of theSU(2)L Higgs doublet in terms of scalar
fields, the scalar Lagrangian (where only the partial derivative part ofDµ is con-
sidered) can be rewritten as a linearσ-model [22]

LS =
1

2
[(∂µσ)2 + (∂µ~π)2] +

µ2

2
(σ2 + ~π2) − λ

4
(σ2 + ~π2)2 . (1.52)

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

(

σ

~π

)

→
(

σ′

~π′

)

= O(~α, ~β)

(

σ

~π

)

(1.53)

with

O(~α, ~β) ≡ exp
[

−i(~α · ~QV + ~β · ~QA)
]

(1.54)

where the vectorial (~QV ) and axial (~QA) generators obey the following commutation
rules

[Qi
V , Q

j
V ] = [Qi

A, Q
j
A] = iεijkQk

V , [Qi
V , Q

j
A] = iεijkQk

A . (1.55)

The matrixO(~α, ~β) is given (at first order inαi andβi) by

O(~α, ~β) ≈









1 −β1 −β2 −β3

β1 1 α3 −α2

β2 −α3 1 −α1

β3 α2 α1 1









(1.56)

such that transformation(1.53) reads

σ → σ′ ≈ σ − ~β · ~π
~π → ~π′ ≈ ~π − ~α× ~π + ~βσ . (1.57)

From these last relations, it is clear that only axial transformations mixσ and~π fields.
It follows that the vectorialSO(3) subgroup of the originalSO(4) remains unbroken
after the spontaneous breaking of the gauge symmetry by the non vanishing vacuum
expectation value〈σ〉 = v.

This remainingSO(3) global symmetry, called the “custodial symmetry” [23], has
an important phenomenological consequence. Indeed, as demonstrated for example
in [24], theρ parameter defined in (1.48) can be linked in a suitable gauge to the ra-
tio of the renormalization constants of the Goldstone fieldsπ1 ± iπ2 andπ3. Since
these fields are transforming as a triplet under theSO(3) symmetry, these renormal-
ization constants are kept equal such that theρ = 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 berevealed by considering
the2 × 2 matrix representation of the complex Higgs doubletH , namely

M ≡
(

H0 H+

−(H+)∗ (H0)∗

)

. (1.58)

Using this representation, the scalar potential can be conveniently rewritten

LS = Tr(∂µM †∂µM) − µ2Tr(M †M) + λTr2(M †M) (1.59)

which is manifestly invariant under a global chiralSU(2)L ×SU(2)R transformation

M →M ′ = ULMU †
R , UL ∈ SU(2)L and UR ∈ SU(2)R (1.60)

due to the cyclicity of the trace. Since the vacuum〈M〉 = v1l/
√

2 is invariant only
if UL = UR, theSU(2)L × SU(2)R symmetry is spontaneously broken to its vec-
torial subgroupSU(2)V . The link with the real representation case described above
is straightforward to draw by identifyingSU(2)L × SU(2)R/Z2 with SO(4) (the
Z2 symmetry corresponding to a simultaneous change of sign forboth left and right
unitary matrices) andSU(2)V with SO(3).

Contrary to the pure scalar part of the Lagrangian, both gauge and Yukawa interac-
tions (if up and down-type fermions are not degenerate) break the custodial symme-
try. A quadratic dependance in both heavy fermions and gaugebosons masses is then
expected in the one loop corrections to theρ parameter while the Higgs mass only
appears in a logarithmic contribution. This important feature, i.e. the fact that ap-
parently dominant corrections cancel out in physical observables in the presence of a
custodial symmetry, has been referred by Veltman [25] as thescreening phenomenon.
As demonstrated by Einhorn and Wudka [26], this concept can be systematically gen-
eralised to higher order corrections. For example, the two-loop corrections to theρ
parameter only contains terms proportional tom2

h0 although there are diagrams pro-
portional tom4

h0 .

Top and Higgs contributions to ∆ρ in the SM

For the explicit details of the∆ρ corrections at one loop in the Standard Model frame-
work, the interested reader is kindly invited to consult theoriginal 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 ≈ 3GF

8
√

2π2
m2

t (1.61)

∆ρHiggs ≈ − 3GF

8
√

2π2
tan2 θ̂Wm2

W log
m2

h0

m2
W

(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 themt,mh0 ,mW andsin2 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 ismH = 76+33

−24 GeV, with a 95% CL upper limitmH < 144 GeV,
raised tomH < 182 GeV once the direct LEP limit is included [30].

As emphasized in [31], there are however some mild reasons ofconcern with this
constraint. The two most precise measurements ofsin2 θ̂W do not agree very well,
leading to conflicting predictions for the Higgs mass. The rather large value obtained
from thebb asymmetry at LEP favors a relatively heavy Higgs (mh0 = 420+420

−190 GeV),
while thesin2 θ̂W value extracted from the lepton left-right asymmetry at SLDis much
smaller, leading to very light Higgs prediction (mh0 = 31+33

−19 GeV) in contradiction
with the LEP bound. Moreover, the world average of theW 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 ofmh0 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 isthe s-channel
Higgs-strahlung,e+e− → h0 Z, whereh0 is radiated from aZ 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 andmh0 is shown on Figure 1.3. The Higgs boson

can also be produced byW+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 ifmh0 > 2mb. Theτ+τ−, cc and
gg decays are also present but contribute to less than 10% of thetotal rate. In this
region, the decay width is typically of order 1 MeV, well below the best experimental
precision. For higher masses, theW+W− andZZ modes are dominant and the decay
width grows quickly withmh0 (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 observ-
ables. 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 andmh0 . The main background processes are

also shown in dashed lines. Bottom: Branching ratios for theSM Higgs boson decay
as a function ofmh0 . From Ref. [32].
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• Four hadronic jets frome+e− → (h→ bb̄)(Z0 → qq̄). 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 frome+e− → (h → bb̄)(Z0 → νν̄). The
“central” resolution isδmh0 ≃ 3 GeV.

• Semi-leptonic topologiese+e− → (h → bb̄)(Z0 → e+e−, µ+µ−). This chan-
nel 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 withτ± leptons:e+e− → (h → qq̄)(Z0 → τ+τ−) or e+e− →
(h→ τ+τ−)(Z0 → qq̄).

At the LEPI experiment, only topologies with missing transverse energy and semi-
leptonic final states were considered, due to their relatively low background. At the
LEPII experiment, all topologies have been considered. Thefinal result is an exclusion
at a 95% confidence level of a Standard Model Higgs boson with amass 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
theW+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 withh0 → bb

(or possiblyh0 → WW ∗) is the most promising discovery channel formh0 . 150

GeV. For higher masses, the direct productiongg → h0 followed by ah0 →W+W−

decay also appears to be a competitive mode.

At the time of this work, the total integrated luminosity collected at the Tevatron col-
lider 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 themh0 ≈ 160 GeV mass region.
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Figure 1.4: Summary of the best available estimations of theStandard 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-onlyhypothesis) 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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1.4.5 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 theStandard Model Higgs
boson production cross section at the LHC as a function of itsmass. 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 bosonfusion 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, thegg → h0 → γγ pro-
cess 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 → WW ∗/WW → l+l−νν channel turns out to be the best alternative by
offering a sizable rate together with good background rejection possibilities. Finally,
above the2mZ treshold, the “gold-plated” modegg → h0 → ZZ → 4l should allow
for Higgs detection up to masses of order 1 TeV. On the whole mass range, alterna-
tive processes can also play a role. Among others, thett 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 inthe whole mass range.
From Ref. [36].



Chapter 2
Extended scalar sectors

“If you are out to describe the truth, leave ele-
gance 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 two-
Higgs-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 section1.3.2 is “minimal” in
the sense that the associated Higgs representation (i.e., asingleSU(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 represen-
tation containing the three would-be Goldstone real fields associated with the three
massive gauge bosons and the Higgs scalar required to trigger the spontaneous sym-
metry breaking mechanism. Nevertheless, more complex possibilities involving ad-
ditional and/or larger representations maya priori be considered. Motivations for

35
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such enlarged Higgs sectors are varied, but in general they fall into two (not mutu-
ally 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 newsources ofCP 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 assumptionthat fermionic and
bosonic fields can be related through a non trivial extensionof 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 theloop integral momenta
cut off at a scaleΛ, one has

m2
h0 = (m0

h0)2 +
3Λ2

8π2v2
(m2

h0 + 2m2
W +m2

Z − 4m2
t ) (2.1)

wherem0
h0 is the Higgs bare mass. The amount of fine tuning required to get a physi-

cal 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 scaleΛ, 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 oppo-
site statistic. Since fermions and bosons give loop contributions of opposite signs,
the cutoff dependence in (2.1) exactly vanishes in the limitof 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 associ-
ated 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:

1The Higgs mass can be chosen such that the second term of (2.1)exactly vanishes [37], but this can-
cellation can only be arranged at a fixed order in the perturbative expansion.



2.1. Motivations 37

1. Structure of the Yukawa couplings: as seen from (1.30), in usual, non supersym-
metric theories, a scalar doubletY = +1 is equivalent to aY = −1 doublet
throughC conjugation. In a supersymmetric theory, this is not true anymore
since each doublet is forced to belong to a chiral supermultiplet which also in-
cludes a fermion multiplet of fixed chirality. Non vanishingmass 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, theTr(Y 3) = 0 andTr((I3)2Y ) = 0

conditions3 associated with triangular gauge anomalies cancelation are fulfilled
through a somewhat mysterious conspiracy between quarks and leptons quan-
tum 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 withY = −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 specialcase 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 calledµ-problem, for example,
corresponds to an unnatural fine tuning of the dimensional parameterµ 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 theµ-problem, a particularly in-
teresting and simple one is the Next to Minimal Supersymmetric Standard Model
(NMSSM). In this model, theµ parameter is replaced by a dimensionless couplingλ

multiplied by the vacuum expectation value〈S〉 of a new scalar singlet underSU(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 in-
teresting phenomenology which is not covered in the presentwork (e.g. see [40] for
a recent overview), except for its light pseudoscalar signatureh0 → A0A0 which is
considered for comparison in section 4.2.

2An original alternative solution [39] would be to consider aleft handed slepton-lepton chiral super-
multiplet as theY = −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.

3Here 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-abeliangauge theory based on a
single compact Lie groupG including the Standard Model groupSU(3)C×SU(2)L×
U(1)Y . Several choices forG have been considered all over the years, from the sim-
plest Georgi-Glashow model [41] based onSU(5) toE6 models which arise naturally,
for example, in the context of theE8 × E8 heterotic string theory.

In general, all GUTs display the same kind of interesting features including gauge cou-
plings unification at very high energy (leading to the well-known valuesin2 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 ofG to the SM
group, different and often complicated Higgs representation are required. In general,
this implies the presence of an extended scalar sector at theelectroweak scale (e.g., a
two-Higgs-doublet model inSO(10)).

But GUTs have also an important drawback, which is in essencevery similar to the
MSSM µ-problem. It arises due to the phenomenological need for a huge hierar-
chy 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 ofSO(10)

theories (which are arguably the most natural ones nowadays) is known as the “Dimo-
poulos-Wilczek” mechanism [43]. It is based on a particulararrangement of the vac-
uum expectation values directions for the field responsiblefor the spontaneous break-
ing of the GUT symmetry, such that the VEV responsible for thecolor 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], anSU(3) group is broken to its subgroupSU(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 fieldη, singlet underSU(2)L, with a mass of or-
der 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
stateT , required to compensate the top quark loop contribution to the Higgs mass and
to trigger the SSB of the electroweak symmetryvia 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 experi-
mental 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 elec-
tric dipole moment. Indeed, electric dipole moments violate bothP andT symmetries
such that any attempt to introduce them without violatingCP would imply a failure
of theCPT 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

4In fact, the requirement of SM-likeSU(2)L interactions for the Higgs doublet together with vanishing
quadratic divergences from gauge boson loops leads to a morecomplex picture. TheSU(3) global symme-
try 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 Multi-
Higgs-doublet models (MHDMs), for example, theCP 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) (guaran-
teed by an additional reflection symmetry) restricts the possibilities forCP violation.
Under this constraint, the two-Higgs-doublet only allows for explicit CP violation
while the spontaneous breaking of this symmetry requires atleast three Higgs dou-
blets [57].

Strong CP problem

The strongCP problem is a side effect of the solution proposed by ’t Hooft [58] to
solve theU(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
g2

s

32π2
GaµνG̃a

µν (2.2)

whereG̃a
µν is the dual of the QCD field strength tensor andθQCD a free parameter.

This term violates bothP andT symmetries, andθQCD cannot be set to zero by hand
by imposing theCP symmetry in the strong sector because it receives contribution
from the weak sector, i.e.

θQCD → θ ≡ θQCD + θEW (2.3)

where

θEW = arg det(mumd) . (2.4)

SinceθEW is O(1) in the SM, and since there isa priori no link betweenθQCD and
θEW , the resulting observableθ is also expected to beO(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 “strongCP problem”.

Various solutions to this issue have been proposed, e.g. like considering the up quark
to be massless5 such thatθ can be rotated out through a chiral transformation. Another

5This possibility is however excluded [60, 61] by the value ofthemu/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
symmetryU(1)PQ under which the quarks and the Higgs multiplet(s) transformnon-
trivially. The parameterθ 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 SMscalar 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 theU(1)PQ symmetry. It
acquires a small massma0 ≈ fπmπ/F due to the breaking ofU(1)PQ 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 (whereF ∼ ΛEW and
ma0 ≈ 100 keV) is ruled out most easily by the non observation of theK± → π±a0

decay, while higher scales are excluded up toF & 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 anupperbound onF ,
around1012 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 “tex-
tures” using discrete or continuous underlying horizontalsymmetries. 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

∑

i

mi =
2

3

(

∑

i

√
mi

)2

(2.6)

wherei 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 vacuumexpectation valuesvi of
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3 Higgs-doubletsφi through a seesaw like mechanismmi ∝ v2
i /V . Relation (2.6)

is then obtained from an internalS3 permutation symmetry of the scalar potential
ensuring

∑

i

v2
i =

2

3

(

∑

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 contemporarycosmology, astrophysics
and particle physics. A popular hypothesis identifies the Lightest Supersymmetric
Particle (LSP), in most cases a neutralino or a gravitino, asa good DM candidate
sinceR-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 requiringa two-Higgs-doublet ex-
tension of the SM scalar sector has been proposed [70, 71, 72]. The main feature of
this model, called the Inert Doublet Model (IDM), is aZ2 symmetry

H1 → H1 , H2 → −H2 (2.8)

which remains unbroken after SSB by enforcing〈H0
2 〉 = 0 thanks to a positive mass

term µ2 > 0. Assuming all the SM particles have an evenZ2 parity, the lightest
neutral (pseudo)scalar (eitherH0 orA0) 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



2.2. Generic extensions 43

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 pre-
diction, 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 ξa (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, theassociated non zero
VEV is strongly constrained by theρ parameter (see section 2.2.1) and a massless
Goldstone boson appears, the so-called “Majoron”. The latest being excluded by the
LEP measurement ofZ invisible decay, this possibility is not considered here. The
Yukawa potential of the model reads [77]

L = λij
ξ L

i
Lǫτ

aLj
Lξ

a + λHMξHǫτ
aHξa (2.9)

whereǫ is the permutation matrix andτa the usualSU(2)L generators. Integrating
out the heavyξ triplet generates the effective Majorana mass operator(LLLLHH)

leading to a Majorana mass termmij
L = λij

ξ λH/M
2
ξ 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 con-
sider various type of SM scalar sector extensions involvingadditional doublets, sin-
glets or even triplets. Before describing into more detailsthe 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

Theρ 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 phe-
nomenology, 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 ofρ can be easily computed for any set of
complex scalar multiplets with neutral VEVvi, SU(2)L isospinsIi, and hypercharges
Yi. Using (1.10) and a development similar to section 1.3.2, one easily obtains the
tree-level values

m2
Z = (g2

L + g2
Y )
∑

i

v2
i

|Yi|2
4

m2
W =

g2
L

2

∑

i

v2
i

(

Ii(Ii + 1) − |Yi|2
4

)

(2.10)

such that6

ρ =

∑

i v
2
i

(

4Ii(Ii + 1) − |Yi|2
)

2
∑

i v
2
i |Yi|2

. (2.11)

Assuming the actual values of the VEVsvi are unrelated, and that each numerator
contribution is compensated by an identical contribution in the denominator, theρ ≈ 1

requirement translates as

(2Ii + 1)2 − 3Y 2
i = 1 ∀i. (2.12)

SinceIi andY 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 representationsare rather complicated (the
simplest example is aY = 4 SU(2)L septuplet).

The previous argument tends to exclude any model involving triplet Higgs representa-
tion, 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

6In case of real representations withY = 0, the denominator of this expression comes with an extra
factor of two.
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associated tree-level contribution toρ is suppressed7, either a specific arrangement of
the additional representations together with the associated VEV leads to an exact com-
pensation of the new contributions. A well known example [1]of such an arrangement
is the combination of oneY = 1 complex doublet with VEVvd, one realY = 0 triplet
and oneY = 2 complex triplet withthe sameVEV vt (e. g. because of an additionnal
custodial symmetry in the potential). One then has

ρ =
2|vd|2 + 4|vt|2 + 4|vt|2

2|vd|2 + 8|vt|2
= 1 . (2.13)

2.2.2 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 constantsαi

α1(MZ) =
5

3

α(MZ)

cos2(θW )
, α2(MZ) =

α(MZ)

sin2(θW )
and α3(MZ) = αs(MZ) (2.14)

are in general modified8. These equations read

µ
dαi(µ)

dµ
= β(αi) (2.15)

whereµ is an arbitrary energy scale andβ(αi) is the Callan-Symanzik function which
can be expanded in the perturbative regime

β(αi) =
1

2π

∑

n≥1

(bn)iα
n+1
i . (2.16)

At one loop, (2.15) becomes

dαi(µ)

dµ
=

bi
2π

α2
i

µ
(2.17)

and has the solution

α−1
i (µ) = α−1

i (µ0) −
bi
2π

ln
µ

µ0
. (2.18)

Thebi coefficients can be computed using [84]

bi = −11

3
C(Gi) +

2

3
T (Rf

i ) +
1

6
T (Rs

i ) (2.19)

where
7Assuming the presence of only one Higgs triplet, a limit of0.01 to 0.1 (depending onY ) for

vtriplet/vdoublet can be derived from experimental data [82, 83].
8The hypercharge normalization is fixed such thatTr(Y 2) = 2.
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• C(G) is the quadratic Casimir associated with the gauge groupG, i.e.

C(G)δAB =
∑

C,D

fACDfBCD, (2.20)

wherefABC are the structure constants of the group

• T (R) is associated to the representationR with generatorsTA
R , under which the

fermions (Rf ) and real scalar fields (Rs) transform, through

T (R)δAB = Tr(TA
R T

B
R ). (2.21)

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

b1 = 4 +
1

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

b2 = −10

3
+

1

6
(N1/2,1 +N1/2,3 + 4(N1,0 +N1,2))

b3 = −7 (2.22)

whereNI,Y gives the number of representations with the weak-isospinI and hyper-
chargeY . 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 unifica-
tion observed in the SM can be improved [85, 86]. The typical unification scaleMU

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 unifica-
tion is not associated with true group unification. Simple solutions imply the presence
of additional triplets (with small or vanishing VEVs to guaranteeρ = 1 at tree-level,
see previous section) while achieving coupling constant unification in a multi-Higgs-
doublet model require at least seven doublets. As noted in [86], this conclusion may
however be circumvented if the number of colorsN 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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(d) 1 doubletY = 1, 2 tripletsY = 2

Figure 2.1: Examples ofα−1
1 , α−1

2 andα−1
3 (from top to bottom) evolution with

respect tolog(µ/mZ) for different scalar sector contents.

phenomenological impact of extending the SM scalar sector.In this section, the prop-
erties 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 twoSU(2)L doubletsφ1 andφ2 with same hypercharge
Y = +1. Gauge invariance allows us to define four hermitian operators

Â = φ†1φ1

B̂ = φ†2φ2

Ĉ = Re
(

φ†1φ2

)

=
1

2

(

φ†1φ2 + φ†2φ1

)

D̂ = Im
(

φ†1φ2

)

= − i

2

(

φ†1φ2 − φ†2φ1

)

(2.23)
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N0,2 N0,4 N1/2,1 N1,0 N1,2 αs(MZ) MU (GeV)

0 0 1 0 2 0.121 1.7 × 1013

0 0 2 1 0 0.117 1.8 × 1014

0 0 4 0 1 0.117 2.8 × 1013

0 1 3 1 0 0.113 4.6 × 1013

1 0 3 1 0 0.122 1.0 × 1014

1 1 1 1 1 0.121 1.7 × 1013

0 0 1 0 0 0.071 1.1 × 1013 (SM)
0 0 2 0 0 0.117 2.0 × 1016 (MSSM)
0 0 7 0 0 0.113 4.6 × 1013 (7HDM)

Table 2.1: Models with less than five additional multiplets such thatαs(mZ) ∈
[0.105, 0.125] (extracted from the requirement of exact unification) andMU > 1013

GeV. Hereα−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 potentialcontains fourteen (four lin-
ear and ten quadratic) terms

V (φ1, φ2) = −m2
1Â−m2

2B̂ −m2
3Ĉ −m2

4D̂ + λ1Â
2 + λ2B̂

2 + λ3Ĉ
2 + λ4D̂

2

+λ5ÂB̂ + λ6ÂĈ + λ7ÂD̂ + λ8B̂Ĉ + λ9B̂D̂ + λ10ĈD̂ (2.24)

The potential being hermitian, them2
i andλi parameters are restricted to be real num-

bers.

Let us assume from now that the vacuum respects the electromagnetic gauge symme-
try, i.e. that the vacuum expectation values ofφ1 andφ2 are aligned in theSU(2)L

space such that a singleSU(2)L gauge transformation suffices to rotate them to the
neutral components. This phenomenologically motivated assumption is in fact rigor-
ously justified in the context of the restrictedCP conserving models to be considered
in the following sections (e.g. see [87, 88]). After a suitableU(1)Y transformation to
set the phase of the vacuum expectation value ofφ0

1 to zero, one has

〈φ1〉 =
1√
2

(

0

v1

)

and 〈φ2〉 =
1√
2

(

0

v2e
iθ

)

(2.25)

with v1 andv2 two real parameters such thatv2 = v2
1 + v2

2 .

The corresponding potential minimum conditions can be obtained by imposing

∂V

∂ηi

∣

∣

∣

∣

〈ηi〉
= 0 (2.26)
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whereηi are the eight real components of the two doublets. They translate to three
independent equations relatingm2

1,m2
2 andm2

4 to the other parameters of the potential
and to the three VEV parametersv1, v2 andθ:

m2
1

v2
= λ1c

2
β +

(λ3 + λ5)

2
s2β

+
tβ
2cθ

[

λ6c
2
β

(

1 +
c2θ

2

)

+
λ7

2
c2βs2θ +

λ8

2
s2β + λ10s2βsθ −

m2
3

v2

]

m2
2

v2
= λ2s

2
β +

(λ3 + λ5)

2
c2β

+
1

2tβcθ

[

λ8s
2
β

(

1 +
c2θ

2

)

+
λ9

2
s2βs2θ +

λ6

2
c2β + λ10c2βsθ −

m2
3

v2

]

m2
4

v2
=

1

2

[

(λ4 − λ3)sθs2β +

(

2m2
3

v2
− λ6s

2
β − λ8c

2
β

)

tθ

λ7c
2
β + λ9s

2
β +

λ10

2

c2θs2β

cθ

]

(2.27)

wheretanβ ≡ v2/v1 ands, c andt are the usual abbreviations forsin, cos andtan.

2.3.2 Basis invariance and the Higgs basis

An important aspect of the 2HDM is the freedom to redefine the two scalar fieldsφ1

andφ2 using arbitraryU(2) transformations acting in the “flavor” space, i.e.

Ψ → Ψ′ ≡ UΨ , U ∈ U(2) . (2.28)

whereΨ is the isodoublet

Ψ ≡
(

φ1

φ2

)

(2.29)

Indeed, transformation (2.28) leaves the canonically normalized, gauge-covariant ki-
netic energy terms

1

2
|DµΨ|2 =

1

2
|Dµφ1|2 +

1

2
|Dµφ2|2 (2.30)

invariant. In this sense, this globalU(2) symmetry appears as asymmetry of the
physicsbut 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 how-
ever that the diagonal subgroupU(1) of U(2) corresponding to a global phase redef-
inition can be identified with the gauge groupU(1)Y , which corresponds to a true
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internal symmetry of the Lagrangian. This relevant notion of basis invariancehas
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 theU(2) flavor transformations [51, 90]. By fully con-
tracting these tensors indices, different basis invariantquantities can be defined and
related to physical predictions. Nevertheless, as shown explicitly in [90], these in-
variants 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 theU(2) reparametrization freedom to fix from the beginning
v2 = 0, and to infer physical results directly from parameters values in this particular
basis, orvice 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(iβτ2) exp
(

−iθ(1l + τ3)
)

Ψ

=

(

cosβ sinβ

− sinβ cosβ

)(

1 0

0 e−iθ

)(

φ1

φ2

)

. (2.31)

However, any subsequent phase transformation

(

H1

H2

)

→
(

1 0

0 eiξ

)(

H1

H2

)

(2.32)

corresponding to a combination ofU(1)Y and diagonalSU(2) transformations con-
serves the Higgs basis defining properties, namely〈H1〉 = v/

√
2 and〈H2〉 = 0. The

Higgs basis is thendefined up to an arbitrary complex phaseξ acting onH2 and all
physical observables should be a priori independent ofξ. As developed in (2.4.1)
and (2.4.2), this remnantU(1) symmetry plays a key role when considering a generic
definition of theCP and custodial symmetries. In the following, theξ dependence is
explicitly included in order to emphasize the symmetrical nature of theHi ↔ φi basis
change. The inversion of all forthcoming relations is in particular simply obtained by
making the replacementsθ ↔ ξ andβ ↔ −β.
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In a Higgs basis, potential (2.24) reads

V (H1, H2) = −µ2
1Â − µ2

2B̂ − µ2
3Ĉ − µ2

4D̂ + Λ1Â2 + Λ2B̂2 + Λ3Ĉ2 + Λ4D̂2

+Λ5ÂB̂ + Λ6ÂĈ + Λ7ÂD̂ + Λ8B̂Ĉ + Λ9B̂D̂ + Λ10ĈD̂ (2.33)

whereÂ, B̂, Ĉ andD̂ are defined in terms ofH1 andH2 as in (2.23). They are linked
to theÂ, B̂, Ĉ andD̂ operators as

Â = c2βÂ+ s2βB̂ + s2β(cθĈ + sθD̂)

B̂ = s2βÂ+ c2βB̂ − s2β(cθĈ + sθD̂)

Ĉ = −s2β

2
cξ(Â− B̂) + (cθc2βcξ + sθsξ)Ĉ + (sθc2βcξ − cθsξ)D̂

D̂ = −s2β

2
sξ(Â− B̂) + (cθc2βsξ − sθcξ)Ĉ + (sθc2βsξ + cθcξ)D̂ (2.34)

while parametersµi andΛi are related the generic basis parameters through

µ2
1 = m2

1c
2
β +m2

2s
2
β + (m2

3cθ +m2
4sθ)

s2β

2

µ2
2 = m2

1s
2
β +m2

2c
2
β − (m2

3cθ +m2
4sθ)

s2β

2

µ2
3 = (m2

2 −m2
1)s2βcξ + (m3

3cθ +m2
4sθ)c2βcξ + (m3

3sθ −m2
4cθ)sξ

µ2
4 = (m2

2 −m2
1)s2βsξ + (m3

3cθ +m2
4sθ)c2βsξ − (m3

3sθ −m2
4cθ)cξ(2.35)

and

Λ1 = λ1c
4
β + λ2s

4
β + (λ3c

2
θ + λ4s

2
θ + λ5 + λ10sθcθ)s

2
βc

2
β

+(λ6cθ + λ7sθ)sβc
3
β + (λ8cθ + λ9sθ)s

3
βcβ

Λ2 = λ1s
4
β + λ2c

4
β + (λ3c

2
θ + λ4s

2
θ + λ5 + λ10sθcθ)s

2
βc

2
β

+(λ6cθ + λ7sθ)s
3
βcβ + (λ8cθ + λ9sθ)sβc

3
β

Λ3 = (λ1 + λ2)c
2
ξs

2
2β + (λ3c

2
θ + λ4s

2
θ + λ10sθcθ)c

2
ξc

2
2β

+(λ3s
2
θ + λ4c

2
θ − λ10sθcθ)s

2
ξ +

1

2
((λ3 − λ4)s2θ − λ10c2θ)c2βs2ξ

−λ5c
2
ξs

2
2β −

(

(λ68sθ − λ79cθ)s2βs2ξ + (λ68cθ + λ79sθ)s4βc
2
ξ

)
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Λ4 = (λ1 + λ2)s
2
ξs

2
2β + (λ3c

2
θ + λ4s

2
θ + λ10sθcθ)s

2
ξc

2
2β

+(λ3s
2
θ + λ4c

2
θ − λ10sθcθ)c

2
ξ −

1

2
((λ3 − λ4)s2θ − λ10c2θ)c2βs2ξ

−λ5s
2
ξs

2
2β +

(

(λ68sθ − λ79cθ)s2βs2ξ − (λ68cθ + λ79sθ)s4βs
2
ξ

)

Λ5 = (λ1 + λ2 − λ3c
2
θ − λ4s

2
θ − λ10s2θ)s

2
βc

2
β + λ5(c

4
β + s4β)

+λ68s2βc2βcθ + λ79s2βc2βsθ

Λ6 = −4(λ1c
3
βsβ − λ2cβs

3
β)cξ +

1

2
(λ3c

2
θ + λ4s

2
θ + λ10sθcθ)s4βcξ

+(λ3 − λ4 − λ10)sθcθsβcβsξ +
λ5

2
cξs4β

+(λ6c
2
β + λ8s

2
β)(2c2βcθcξ + sθsξ) − (λ6c

2
β − λ8s

2
β)cθcξ

+(λ7c
2
β + λ9s

2
β)(2c2βsθcξ − cθsξ) − (λ7c

2
β − λ9s

2
β)sθcξ

Λ7 = −4(λ1c
3
βsβ − λ2cβs

3
β)sξ +

1

2
(λ3c

2
θ + λ4s

2
θ + λ10sθcθ)s4βsξ

+(λ3 − λ4 − λ10)sθcθsβcβcξ +
λ5

2
sξs4β
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2
β + λ8s

2
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2
β − λ8s

2
β)cθsξ

+(λ7c
2
β + λ9s

2
β)(2c2βsθsξ − cθcξ) − (λ7c

2
β − λ9s

2
β)sθsξ

Λ8 = −4(λ1s
3
βcβ − λ2sβc

3
β)cξ −

1

2
(λ3c

2
θ + λ4s

2
θ + λ10sθcθ)s4βcξ

−(λ3 − λ4 − λ10)sθcθsβcβsξ −
λ5

2
cξs4β

+(λ6s
2
β + λ8c

2
β)(2c2βcθcξ + sθsξ) − (λ6s

2
β + λ8c

2
β)cθcξ

+(λ7s
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β + λ9c

2
β)(2c2βsθcξ − cθsξ) − (λ7s

2
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2
β)sθcξ

Λ9 = −4(λ1s
3
βcβ − λ2sβc

3
β)sξ −

1

2
(λ3c

2
θ + λ4s

2
θ + λ10sθcθ)s4βsξ

−(λ3 − λ4 − λ10)sθcθsβcβcξ −
λ5

2
sξs4β

+(λ6s
2
β + λ8c

2
β)(2c2βcθsξ + sθcξ) − (λ6s

2
β + λ8c

2
β)cθsξ

+(λ7s
2
β + λ9c

2
β)(2c2βsθsξ − cθcξ) − (λ7s

2
β − λ9c

2
β)sθsξ
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Λ10 = (λ1 + λ2)s
2
2βs

2
2ξ − ((λ3 − λ4)s2θ − λ10c2θ)(c2βc2ξ −

1

4
(c4β + 3)c2θ))

−1

2
(λ3 + λ4)s

2
2βs

2
2ξ − λ5s

2
2βs2ξ + λ68(2c2ξs2βsθ − cθs4βs2ξ)

−λ79(2c2ξs2βcθ + sθs4βs2ξ) (2.36)

whereλ68 = (λ6 − λ8)/2 andλ79 = (λ7 − λ9)/2.

Since〈H2〉 vanishes by definition, the potential minimization conditions (2.27) now
reduce to

µ2
1 = Λ1v

2 , µ2
3 =

Λ6v
2

2
and µ2

4 =
Λ7v

2

2
. (2.37)

Besides the usual three massless would-be Goldstone bosons, the physical spectrum
contains a charged pair with mass

mH± =
Λ5v

2

2
− µ2

2 (2.38)

and three neutral states with the squared mass matrix

M2 =
1

2







4Λ1v
2 Λ6v

2 Λ7v
2

Λ6v
2 (Λ3 + Λ5)v

2 − 2µ2
2

Λ10v2

2

Λ7v
2 Λ10v2

2 (Λ4 + Λ5)v
2 − 2µ2

2






. (2.39)

The symmetric matrixM is diagonalized by an orthogonal matrixT . The diagonal-
ization yields massesmi for the three physical neutral scalarsSi of the model

M2 ≡ Tdiag(m2
1,m

2
2,m

2
3)T

T . (2.40)

2.3.3 Yukawa couplings

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

LY = −
√

2

v
QL (∆dφ1 + Γdφ2) dR −

√
2

v
QL

(

∆uφ̃1 + Γuφ̃2

)

uR

−
√

2

v
LL (∆lφ1 + Γlφ2) eR + h.c. (2.41)

where∆d,u,l andΓd,u,l are six complex3 × 3 matrices. The very same terms in a
Higgs basis read

LY = −
√

2

v
QL (MdH1 + YdH2) dR −

√
2

v
QL

(

MuH̃1 + YuH̃2

)

uR

−
√

2

v
LL (MlH1 + YlH2) eR + h.c. (2.42)
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whereMd,u,l are the SM-like mass matrices which can be bi-diagonalized in the usual
way whileYd,u,l area priori arbitrary3 × 3 matrices. The two representations are
linked through

Mu = cβ∆u + sβΓue
−iθ

Md,l = cβ∆d,l + sβΓd,le
iθ (2.43)

and

Yu = eiξ(−sβ∆u + cβΓue
−iθ)

Yd,l = e−iξ(−sβ∆d,l + cβΓd,le
iθ) . (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 theM andY
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 canbe easily addressed by
introducing aZ2 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 re-
quirements 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 theCP symmetry.
These symmetries, which have important phenomenological consequences, are in gen-
eral not naturally present in the context of extended scalarsectors. Nevertheless, they
can arise in the limit of particular values of the parametersin 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, theCP and theZ2 symmetries.
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2.4.1 Custodial symmetry

Similarly to the Standard Model case reviewed in section 1.4.2, let us first introduce
the[1/2, 1/2] representationsMi of the Higgs doubletsHi

Mi ≡
(

H0
i H+

i

−(H+
i )∗ (H0

i )∗

)

. (2.45)

on which aSU(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 onlyH1 gets a
non zero VEV. From section 1.4.2, we know that the invarianceof the vacuum under
the diagonal subgroupSU(2)L+R is necessary to ensure that the relationρ = 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] representationM1 of H1, we thus impose

M1 → ULM1U
†
R (2.46)

However, at this stage the chiral transformation for the[1/2, 1/2] representationM2 of
H2 is not yet completly fixed [76]. Indeed, onlySU(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 beQ = T 3

L + T 3
R in the bosonic sector of the

theory, withT 3
R the diagonal generator of the globalSU(2)R. So we still have the

freedom to impose the invariance under

M2 → ULM2V
†
R (2.47)

with

VR = X†URX (2.48)

if the two-by-two unitary matrixX commutes withexp(iTR
3 ), namely

X =

(

exp(iγ
2 ) 0

0 exp(−iγ
2 )

)

. (2.49)

It is straightforward to see that botĥA andB̂ operators are invariant under the chiral
transformations (2.46) and (2.47) whilêC andD̂ are not ifγ is an arbitrary parameter.
Nevertheless the linear combination

Ĉ′ ≡ 1

2
Tr(M1XM

†
2 ) =

1

2
Tr(M2X

†M †
1 )

= cos
(γ

2

)

Ĉ + sin
(γ

2

)

D̂ (2.50)
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is always invariant, no matter the value ofγ. Therefore, the most general custodial-
invariant potential contains only three linear and six quadratic terms inÂ, B̂ andĈ′:

VCS = −µ2
1Â − µ2

2B̂ − µ2
3
′Ĉ′ + Λ1Â2 + Λ2B̂2 + Λ′

3Ĉ′2

+Λ5ÂB̂ + Λ′
6ÂĈ′ + Λ′

8B̂Ĉ′ . (2.51)

The squared mass of the charged pairH± is given by (2.38). A suitableγ/2 rotation
acting on(Re(H0

2 ), Im(H0
2 ) allows us to reduce the full three-by-three mass matrix

for the neutral fields (2.39) into a single mass term

mS3
= mH± (2.52)

for the state

S3

√
2
≡ − sin

(γ

2

)

Re(H0
2 ) + cos

(γ

2

)

Im(H0
2 ) (2.53)

and a two-by-two mass matrix

M2 =

(

2Λ1v
2 Λ′

6
v2

2
Λ′

6
v2

2 m2
H± +

Λ′
3

2 v
2

)

(2.54)

for

S1

√
2

≡ Re(H0
1 ) − v√

2

S2

√
2

≡ cos
(γ

2

)

Re(H0
2 ) + sin

(γ

2

)

Im(H0
2 ) . (2.55)

S3 is thus degenerate withH± in a triplet ofSO(3), a clear signature of the custodial
character of potential (2.51). TheS1,2 scalars are singlet under this symmetry but mix
if Λ′

6 6= 0.

At this stage, it is important to note thatγ is not physically observablein the frame-
work 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 theΛi param-
eters or theY Yukawa coupling matrices. In such a case, the misalignment betweenγ
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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2.4.2 CP symmetry

In the present work, we follow the standard approach advocated in [51] to studyCP
invariance and violation. The starting point of this schemeis to require all the gauge-
kinetic terms to be invariantby definition. This can always be achieved since all pure
gauge Lagrangians are necessarilyCP invariant [92] in the absence of topological
effects.

TheCP transformation of the photon fieldAµ(t, ~x) is fixed by first principles. It
transforms asAµ(t, ~x) → Aµ(t,−~x) under parity, like all vector fields, and changes
its sign under charge conjugation to ensure invariance of the electromagnetic interac-
tionAµj

µ. This gives

(CP )Aµ(t, ~x)(CP )† = −Aµ(t,−~x) . (2.56)

TheCP transformation of an arbitrary (possibly charged) spin-0 field φ is less con-
strained. Assuming the invariance underP andC transformations of the Klein Gordon
Lagrangian, consistently with electromagnetism, leads to

Pφ(t, ~x)P † = eiαP φ(t,−~x) (2.57)

and

Cφ(t, ~x)C† = eiαCφ†(t, ~x) (2.58)

whereαP andαC are two free phases. It follows that theCP transformation of any
scalar field isa priori defined up to an arbitrary phaseα = αP + αC . For example,
the charged componentsH± of a Higgs doublet transform as

(CP )H+(t, ~x)(CP )† = eiαH−(t,−~x)
(CP )H−(t, ~x)(CP )† = e−iαH+(t,−~x) . (2.59)

In the SM, it turns out that relations (2.56) and (2.59) together with the requirement
of invariance underCP of the kinetic part of (1.21) completely fix theCP transfor-
mation of all other bosonic fields. They read

(CP )W+
µ (t, ~x)(CP )† = −eiαW−µ(t,−~x)

(CP )W−
µ (t, ~x)(CP )† = −e−iαW+µ(t,−~x) (2.60)

and

(CP )Zµ(t, ~x)(CP )† = −Zµ(t,−~x)
(CP )σ(t, ~x)(CP )† = σ(t,−~x)

(CP )π3(t, ~x)(CP )† = −π3(t,−~x) . (2.61)
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These relations imply that the SM scalar potential in (1.21)is alwaysCP invariant,
both explicitly and after spontaneous symmetry breaking. Due to this, the only pos-
sible sources ofCP violation in the Standard Model are the complex coefficients
appearing in the Yukawa sector, the fermionic kinetic termsbeing conventionallyCP
invariant.

In the generic base of the two-Higgs-doublet model, the mostgenericCP transforma-
tion of the Higgs fields reads

(CP )φ+
a (t, ~x)(CP )† = UCP

ab eiαφ−b (t,−~x)
(CP )φ0

a(t, ~x)(CP )† = UCP
ab φ0

b
∗
(t,−~x) (2.62)

where the two-by-two matrixUCP must satisfy

v1 = UCP
11 v1 + UCP

12 v2e
−iθ

v2e
iθ = UCP

21 v1 + UCP
22 v2e

−iθ (2.63)

in order to fulfill the gauge-kinetic termsCP invariance. Since the phaseα 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 )φa(t, ~x)(CP )† = UCP
ab φb

∗(t,−~x) . (2.64)

In the Higgs basis wherev1 = v andv2 = 0, equations (2.63) constrainsUCP to be
of the form

UCP =

(

1 0

0 eiδ

)

(2.65)

which consistently reflects the Higgs basis definition phaseambiguity emphasized in
equation (2.32), as one can see by identifyingξ = 2δ. The diagonal structure of (2.65)
also guarantees that, in the Higgs basis, all the fields belonging to the first doubletH1

transform under CP exactly as the fields belonging toH in the Standard Model, i.e.
like in Eqs. (2.59) and (2.61). The neutral combinations

H0

√
2

≡ cos

(

δ

2

)

Re(H0
2 ) + sin

(

δ

2

)

Im(H0
2 )

A0

√
2

≡ − sin

(

δ

2

)

Re(H0
2 ) + cos

(

δ

2

)

Im(H0
2 ) (2.66)

belonging to the second doublet are respectivelyCP -even and odd but are not nec-
essarily physical mass eigenstates if theCP symmetry is violated. Assuming the



2.4. Global symmetries in the 2HDM 59

Yukawa couplings ofH2 in (2.42) areCP -invariant, one can always define theY ma-
trix in such a wayH0 couples to theCP -even fermionic field bilinearψξ whereψ
andξ are two arbitrary Dirac spinors, whileA0 couples to theCP -oddψγ5ξ.

Starting from relations (2.64) and (2.65), it is straightforward to show that both oper-
atorsÂ andB̂ remain even under theCP symmetry, no matter the value ofδ, while
the orthogonal combinations

Ĉ′′ = cos

(

δ

2

)

Ĉ + sin

(

δ

2

)

D̂

D̂′′ = − sin

(

δ

2

)

Ĉ + cos

(

δ

2

)

D̂ (2.67)

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

VCP = −µ2
1Â − µ2

2B̂ − µ2
3
′′Ĉ′′ + Λ1Â2 + Λ2B̂2 + Λ′′

3 Ĉ′′2 + Λ′′
4D̂′′2

+Λ5ÂB̂ + Λ′′
6ÂĈ′′ + Λ′′

8 B̂Ĉ′′ . (2.68)

The explicitCP (non-)invariance of the potential can be discussed from twodistinct
but somehow equivalent points of view. Either the phaseδ 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 generalCP invariant potential. Either the potential
expression is fixed by additional constraints, like an otherunknown symmetry, and it
is said to beCP invariant if and only if there exists a basis change, and in particular
a phaseδ, 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
underCP , since one can always chooseδ = γ in (2.51). This last result is consistent
with the one obtained in [93].

In the second approach, theCP definition may also not beuniqueif the potential form
(2.68) remains invariant for different values ofδ. This is for example the case in the
limit whereΛ′′

6,8 → 0 (leading toµ2
3
′′ → 0, from Eq. (2.37)). In this case, the absence

of terms linear inĈ′′ allows for a second solution corresponding to the phase shift
δ → δ + π which exchanges theCP parity of Ĉ′′ andD̂′′. Let us emphasize this new
possibility really corresponds to a physically distinguishable configuration. Indeed,
the phase shiftδ → δ + π also affects the expressions of the twoCP eigenstatesH0

andA0 in terms ofRe(H0
2 ) andIm(H0

2 ) 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 thatfermions 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 extraZ2 symmetry
as

φ1 → φ1 , φ2 → −φ2 . (2.69)

Assuming the right handed fermion fields in (2.41) are even orodd under this sym-
metry, while the left handed fermion fields are even, the Glashow-Weinberg criterium
is naturally enforced. If all fermions have the sameZ2 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 areZ2-odd, while the right handed
down-type quarks and charged leptons areZ2-even, they receive their mass through
interactions with different Higgs fields and the model is called “type II”. This last pos-
sibility 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 inĈ or D̂ which
are bothZ2-odd. However, the so-called “soft-breaking terms”, i.e. quadratic terms
like −m2

3Ĉ −m2
4D̂, do violates theZ2 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
= −m2

1Â−m2
2B̂ −m2

3Ĉ −m2
4D̂ + λ1Â

2 + λ2B̂
2 + λ3Ĉ

2 + λ4D̂
2

+λ5ÂB̂ + λ10ĈD̂ . (2.70)
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Contrary to the custodial andCP cases, theZ2 symmetry is in general defined in a
generic basis where both VEV are non zero in order to allow fornon vanishing mass
terms for all fermions in a type II scenario. Indeed, if theZ2 symmetry is only manifest
in a Higgs basis, the sole remaining option is a type I scenario where all fermions
couples toH1. All the new physical fields belonging toH2, 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 theSO(2) rotation of angleβ 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, andvice versa. Since the only matrices
to commute with the generator of theSO(2) symmetry, i.e.τ2, are the identity matrix
andτ2 istself, the only invariants arêA+ B̂ andD̂. Imposing invariance of the quartic
part of the potential under thisSO(2) (assuming theZ2 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) = −µ2
1Â − µ2

2B̂ − µ2
3Ĉ − µ2

4D̂ + Λ1

(

Â + B̂
)2

+ Λ4D̂2 . (2.71)

Let us finally mention theZ2 symmetry can also be interpreted as a discrete subgroup
of a larger continuousU(1) Peccei-Quinn symmetry acting on the Higgs fields as

φ1 → φ1 , φ2 → eiζφ2 (2.72)

whereζ is an arbitrary free phase. In this case, only the quartic form Ĉ2 +D̂2 remains
invariant besideŝA 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]):

9In order to stick to the convention used in the previous section, i.e. twoY = +1 doublets, an implicit
replacementφ2 ↔ φ†

2 has been performed
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1. FiF
i∗ terms, whereFi are the auxiliary fields defined asFi ≡ ∂W/∂Ai with

W the superpotential andAi a superfield. These terms give the quadratic mass
terms:

VF = −µ2(|φ1|2 + |φ2|2) = −µ2(Â+ B̂) (2.73)

2. DaD
a terms, whereDa ≡ gA∗

i (T
a)ijAj with T a the generators of the gauge

group, giving the quartic contributions.

VD =
1

2

[gY

2
(|φ1|2 − |φ2|2)

]2

+
1

2

∑

a

[

gL(φ†1T
aφ2 + φ†2T

aφ1)
]2

=
g2

L

8

[

−4|φ†1φ2|2 + 2|φ1|2|φ2|2 + |φ1|4 + |φ2|4
]

+
g2

Y

8

[

(|φ1|2 − |φ2|2)
]2

=
g2

L

8

(

Â+ B̂
)2

+
g2

Y

8

(

Â− B̂
)2

− g2
L

2

(

Ĉ2 + D̂2
)

(2.74)

3. SUSY soft breaking terms like−mAiA
i∗, giving additional quadratic terms

VSB = −m2
1|φ1|2 −m2

2|φ2|2 − b
(

φ†1φ2 + h.c.
)

= −m2
1Â−m2

2B̂ − 2bĈ (2.75)

Theb coefficient can in principle be complex but, in order to simplify the fol-
lowing notations, we explicitly choose the generic basis insuch way it is real.
This implies that both VEVsv1 andv2 are real, from (2.27).

The scalar potential of the MSSM then reads, in a generic basis wherev1 andv2 are
real,

VMSSM = −m̃2
1Â− m̃2

2B̂ − 2bĈ +
g2

L

8

(

Â+ B̂
)2

+
g2

Y

8

(

Â− B̂
)2

−g
2
L

2

(

Ĉ2 + D̂2
)

(2.76)

with m̃2
i ≡ m2

i + µ2, or equivalently, in the Higgs basis wherev2 = 0,

VMSSM = −(m̃2
1c

2
β + m̃2

2s
2
β + bs2β)Â − (m̃2

1s
2
β + m̃2

2c
2
β − bs2β)B̂

−(−s2βm̃
2
1 + s2βm̃

2
2 + 2bc2β)Ĉ +

g2
L

8
(Â2 + B̂2)

+
g2

Y

8

(

c2β(Â − B̂) − 2s2β Ĉ
)2

−g
2
L

2

(s2β

2
(Â − B̂) + c2βĈ

)2

+
g2

L

2
D̂2 (2.77)
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According to the definitions reviewed is section (2.4), thispotential preservesCP at
tree-level10 with δ = 0, its quartic part is invariant under theZ2 symmetry (2.69)
which is softly broken by quadratic terms and the custodial symmetry is broken due
to the simultaneous presence ofĈ andD̂ 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

m2
H± =

2b

sin(2β)
+m2

W (2.78)

and a pseudoscalar stateA0/
√

2 ≡ −(sinβ)Im(φ0
1) + (cos β)Im(φ0

2) with squared
mass

m2
A0 = m2

H± −m2
W . (2.79)

The non degeneracy betweenH± andA0 is a clear signature of the breaking of the
custodial symmetry in potential (2.77). The squared mass difference is proportional
tom2

W , i.e. tog2
L, as can be guessed from the coefficient the breaking termD̂2. The

twoCP -even eigenstates

H0

√
2

≡ (Re(φ0
1) −

v1√
2
) cosα+ (Re(φ0

2) −
v2√
2
) sinα

h0

√
2

≡ −(Re(φ0
1) −

v1√
2
) sinα+ (Re(φ0

2) −
v2√
2
) cosα (2.80)

have squared masses

m2
h0,H0 =

1

2

[

m2
A0 +m2

Z ∓
√

(m2
A0 +m2

Z)2 − 4m2
Zm

2
A0 cos2 2β

]

(2.81)

and their mixing angleα is related toβ through

tan 2α = tan 2β

(

m2
A0 +m2

Z

m2
A0 −m2

Z

)

. (2.82)

Expression (2.81) leads to the tree-level mass rule

m2
h0 +m2

H0 = m2
Z0 +m2

A0 (2.83)

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

m2
h0 ≤ m2

Z . (2.84)

10Loop effects mediated dominantly by third-generation squarks may lead to sizeable violations of the
tree-levelCP 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 andm̃2
1 = m̃2

2, the Higgs
bosonsh0 andA0 become massless while theH0 and theH± become degenerate in
mass with theZ0 andW± gauge bosons.

The tree-level MSSM scalar sector considered here is an archetypal, highly con-
strained 2HDM. Relations (2.78) to (2.83) are sufficient to fix all model parameters
from the knowledge ofmA0 (i.e. the amount of SUSY breaking in the scalar sec-
tor) andtanβ. The upper bound (2.84) would suffice by itself to exclude themodel
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 formh0 . 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
valuestanβ= 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 withmt= 178 GeV,mb = 4.88 GeV andαs(mZ)=
0.1172. From Ref. [97].

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

11E.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 sectorwith only two degrees
of freedom at tree-level.

A pragmatic approach to tackle this issue is to impose by handglobal symmetries
which are known to be (approximatively) present in the Standard Model or in well-
motivated 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, likeCP -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 introduc-
ing breaking terms as small perturbations, or as a consequence of new interactions.

Like demonstrated in section 2.4.1, implementing a genericcustodial symmetry in
the 2HDM restricts the number of free parameters to seven. Asseen in 2.4.2, such a
restricted potential is alwaysCP invariant since the phaseδ defining theCP transfor-
mation of the fields can always be aligned with the phaseγ used to define the custodial
transformation. From a phenomenological point of view, this leads to the degeneracy
between the charged andpseudoscalarHiggs bosons, i.e.m2

H± = m2
A0 . 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 theA0. Typical experimen-
tal 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 theCP and custodial defini-
tion 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 phasesδ andγ are misaligned.

12This conclusion becomes slightly milder when higher orderCP 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 theZ0 boson.
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A particularly interesting possibility is a “twisted” 2HDMwhereδ andγ are in max-
imal opposition, i.e.δ = γ − π. The custodial invariant mixing operator̂C′ defined
in Eq. 2.50 is thenCP -odd (see Eq. 2.67) instead of beingCP -even like in the
δ = γ case. In order to restore theCP invariance of the potential, all terms linear in
Ĉ′ in potential (2.51) must vanish, i.e.Λ′

6 andΛ′
8 must be set to zero. From a phe-

nomenological point of view, this scenario is characterized by the degeneracy between
charged andscalarHiggs bosons, i.e.m2

H± = m2
H0 , by opposition to the “usual” case

described previously.

If δ 6= γ, γ−π, Ĉ′ is not aCP eigenstate anymore such thatΛ′
3 must vanish to restore

theCP invariance. The resulting potential is invariant under a largerSO(4)×SO(4)

symmetry which is spontaneously broken toSO(3) × SO(4). As a consequence the
four components ofH2 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 andCP
symmetries in terms of aligned/misaligned phases, is a non trivial result. Phenomeno-
logical studies of theρ ≈ 1 constraint have emphasized vanishing contributions in the
m2

H± ≈ m2
H0 limit (see [99] or more recently [75] and [71]) but did not interpret this

result in terms of symmetries. The interplay between theCP and custodial symmetry
in 2HDM has also been discussed in [93], but the secondCP conserving custodial
scenario found by the authors is in fact physically indistinguishable from the “usual”
case since, according to their own conclusion,H0 is redefined asCP odd.

One genuine feature of the twisted potential (2.87) is the presence of anaccidentalZ2

symmetry acting in the Higgs basis whereδ = 0 as

H1 → H1 , H2 → −H2 . (2.85)

In the Higgs basis where〈H2〉 = 0, this discrete symmetry is left unbroken and could
advantageously supersede theCP invariance required to distinguish the different cus-
todial symmetry realizations, i.e. the different values ofγ. For illustration, it would
nicely reconcile two apparent features of the electroweak interactions, namely natu-
ral flavor conservation and explicitCP -violation in the Yukawa sector [100], if all
fermionic fields are even underZ2. Where this is the case, the lightest neutral compo-
nent ofH2 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 theZ2 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 = −µ2
1Â − µ2

2B̂ + ΛS(Â + B̂)2 + ΛASD̂2 (2.86)
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when the phase convention forH2 is fixed such thatδ = 0 in (2.65). In a generic basic
where both doublets have real VEVs, the same potential reads

Vtwisted = −m2
1Â−m2

2B̂ −m2
3Ĉ + ΛS(Â+ B̂)2 + ΛASD̂

2 . (2.87)

The physical spectrum is straightforward to determine. It contains aCP -even SM-like
Higgs bosonh0 ≡

√
2(Re(H1) − v/

√
2) with squared mass

m2
h0 = 2ΛSv

2 , (2.88)

a pair of charged Higgs bosons and aCP -even scalar13 H0 ≡ −
√

2Re(H2) forming
a triplet under the twisted custodial symmetry

m2
T ≡ m2

H± = m2
H0 =

m2
3

sin(2β)
(2.89)

and pseudoscalar stateA0 =
√

2Im(H2), singlet under the custodial symmetry

m2
A0 = m2

H± +
ΛASv

2

2
. (2.90)

Sinceh0 remains the only massive Higgs boson in the limit of an exactSO(8) sym-
metry (ΛAS ,m3 → 0), one may expect the unusual hierarchymA0 ,mH0 ,mH± ≪
mh0 . The pseudoscalar stateA0 may be much lighter than the degenerate triplet (if
ΛAS < 0), but its mass is not protected by any additional approximate symmetry, such
thatmA0 ≈ 0 is not a natural feature of this model.

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 definedas even under the new
parity, such that onlyφ1 can couple to them. In a type II model, the right handed
up-type quarks areZ2-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 avail-
able in Appendix A. All bosonic couplings are expressed in terms of the three free
parameters of the potential which are conveniently chosen to bemh0 , mT andmA0 ,
while all the Yukawa couplings are expressed in term oftanβ. A genuine feature of
the model appearing in these expressions is thath0 shares all the SM Higgs coupling
to SM particles, and, contrary to what happen in more general2HDMs, the couplings
of H0 to a pair of SM gauge bosons exactly vanish14. Because of the presence of an

13The minus sign here is conventional. It corresponds to an unphysicalγ → γ + 2π andδ → δ + 2π

redefinition of one of the custodial andCP symmetries eigenstates in (2.55) and (2.66). This specific choice
allows us to recover definitions ofh0 andH0 similar to those obtained in the MSSM whenβ − α = π/2,
regarding the particular definition ofα in (2.80).

14This is related to the existence of two equivalent definitions of theCP transformation of the fields in
some limit of the potential parameter, like explained in section 2.4.2
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accidentalZ2 symmetry in the potential, the new bosons belonging toH2, i.e. H±,
H0 andA0, 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 con-
straints which may restrict the parameter space of the twisted 2HDM introduced in
section 2.6. Since in this scenario, theCP -even Higgs bosonh0 displays exactly the
same couplings to the SM particles as the SM Higgs boson, mostof these constraints
come from the phenomenological implications of the presence of the new scalar states,
A0,H0 andH±.

3.1 Theoretical constraints

3.1.1 Vacuum stability and minimum constraints

The vacuum stability constraints come from the requirementof 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 quarticterms of the potential [101,

69
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89]. If one defines the classical combinationsx1 ≡ φ†1φ1 andx2 ≡ φ†2φ2, then
φ†1φ2 = c

√
x1x2e

iα with c < 0 thanks to the Cauchy-Schwartz inequality.

Fromx1, 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 wherec = ±1. In terms of masses, these conditions are
equivalent to

m2
h0 > 0 and m2

h0 > m2
T −m2

A0 . (3.3)

Since condition (2.26) describesextremaof the potential, but not necessarilyminima,
an additional constraint should hold on the matrix of secondderivatives of the poten-
tial. The eigenvalues of this matrix being directly relatedto the squared masses of
physical fields, the minimum hypothesis is enforced by requiring

m2
h0,H0,A0,H± > 0 . (3.4)

Finally, the minimum found with thelocal conditions mentioned above is alsoglobal
as can be derived explicitly by considering equations 2.27 together with the expres-
sion of the twisted 2HDM potential 2.87. More generally, this may be related to the
simultaneous presence of theCP andZ2 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 bothCP
conserving andCP violating potentials [103, 104]. They can be advantageously sum-
marised as

|ΛZ2

Y I3 | < 8π (3.5)

where|ΛZ2

Y I3 | are the eigenvalues of the high energy scattering matrix fordifferent
quantum numbers of the initial state: total hyperchargeY , weak isospinI3 andZ2

parity.
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In the twisted scenario (2.87), the relevant contributionsare

Λeven
21 = 2ΛS ± ΛAS

2

Λeven
00 = 6ΛS ± (4ΛS +

ΛAS

2
)

Λodd
00 = 2ΛS + ΛAS ± 3

2
ΛAS (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,
namelymS , one has

mS . 550 GeV . (3.7)

If all masses are non negligible, the unitarity requirementmay help to restrict, for
example, the allowed region in the(mA0 ,mT ) plane for different values ofmh0 , 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 formh0 = 120 GeV, dashed
green lines formh0 = 300 GeV and plain blue lines formh0 = 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 assumethe theory satisfies the
perturbative requirement if all the dimensionless combinations of parameters appear-
ing in the three- and four- scalar vertices of Appendix A are bounded by4π, 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 allowedvalues for the Yukawa cou-
plings to fermions, but it is in general a much weaker restriction than precision elec-
troweak 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. tanβ . 1 in type I models andtanβ . mt/mb in type II models.

Let us emphasize that our treatment of the perturbativity constraint is not necessar-
ily the most generic one. As advocated in [105], a more robustlimit could be, for
example, obtained by imposing that the perturbative expansion of theβ-functions ap-
pearing 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 calculationof a large set of higher
order corrections and gives anyway results similar to thoseobtained with a simple4π
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 asa 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

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

α T =
1

m2
W

(

ΠWW (0) − c2W ΠZZ(0)
)

= ∆ρ ,

α S =
4s2W c2W
m2

Z

(

∆ΠZZ(m2
Z) − c2W − s2W

sW cW
∆ΠγZ(m2

Z) − ∆Πγγ(m2
Z)

)

,

α (S + U) = 4s2W

(

∆ΠWW (m2
W )

m2
W

− cW
sW

∆ΠγZ(m2
Z)

m2
Z

− ∆Πγγ(m2
Z)

m2
Z

)

where∆Π(k2) ≡ Π(k2) − Π(0). TheT parameter is a simple redefinition ofρ, i.e.
it is proportional to the breaking of the vectorial part ofSU(2)L. TheS parameter is
associated to the difference between the self-energy of theZ0 boson atk2 = m2

Z and
k2 = 0. TheS + U parameter is defined in the same way for theW± bosons. These
two last parameters reflect the breaking of the axial part ofSU(2)L by mass terms.
S, T andU are defined with anα factor factorized, and with all SM contributions
(including those associated with a Higgs boson) explicitlyremoved. They are then
expected to be of order of unity in the presence of new physicsand zero otherwise.
The current experimental situation for these parameters ispartially 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 theT 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 simpleCP conserving 2HDM. The result is known
for a long time in the limit where all scalar squared masses are bigger thanm2

Z (see
[99, 24] or [29] for a review of the calculation). If one of thescalar is lighter thanmZ ,
however, the exact expression obtained in [110] and reported in [111] gives a more

1But they may be not sufficient. Strictly speaking, three additional parameters, namelyV , W andX,are
needed if the new physics scale is comparable withmZ [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 theS andT precision electroweak
parameters (assumingU = 0) from [30]. All limits are at 1σ and the(S, T ) = (0, 0)

SM reference point corresponds toαs=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 theS (dotted red),T (dashed
green) andU (plain blue) electroweak oblique parameters. The reference point is set
as on Fig. 3.2.

precise prediction. It reads

∆T =
1

16π sin2 θWm2
W

{

F (m2
H± ,m2

A0)

+ sin2(β − α)
[

F (m2
H± ,m2

H0 ) − F (m2
A0 ,m2

H0)
]

+ cos2(β − α)
[

F (m2
H± ,m2

h0) − F (m2
A0 ,m2

h0) + F (m2
W ,m2

H0)

−F (m2
W ,m2

h0) − F (m2
Z ,m

2
H0) + F (m2

Z ,m
2
h0)

+4m2
ZB0(m

2
Z ,m

2
H0 ,m2

h0) − 4m2
WB0(m

2
W ,m2

H0 ,m2
h0)
]}

(3.8)

where

F (m2
1,m

2
2) =

m2
1 +m2

2

2
− m2

1m
2
2

m2
1 −m2

2

ln
m2

1

m2
2

. (3.9)

and

B0(m
2
1,m

2
2,m

2
3) =

m2
1 logm2

1 −m2
3 logm2

3

m2
1 −m2

3

− m2
1 logm2

1 −m2
2 logm2

2

m2
1 −m2

2

(3.10)

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 ofmH±

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 aCP conserving 2HDM as defined in (3.8) with respect
to the charged Higgs pair mass (in GeV), for different valuesof (β − α): 0 (dotted
red),π/4 (dashed green) andπ/2 (plain blue). The other scalars masses are fixed to
mh0 = 150 GeV,mH0 = 400 GeV andmA0 = 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. WhenmH± ≈ mA0 , whatever the value of the other parameters

2. WhenmH± ≈ mH0 andβ − α = π/2

3. WhenmH± ≈ mh0 andβ − α = 0

4. A continuum of solutions wheremH± ∈ ]mh0 ,mH0 [ andβ − α ∈ ]0, π/2[

The first possibility corresponds to the “usual” custodial scenario while the following
ones correspond to the “twisted” situation described in theprevious chapter. The
presence of two realisations of this last possibility,mH± = mh0 andmH± = mH0 ,
is easily understood as an interchange in the definition ofh0 andH0 (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 wherethe stateS3 belonging to
the custodial triplet (see Eq. 2.53) is not a mass eigenstatebut a mixture ofh0 and
H0. These results can also be verified directly by considering the analytic expression
(3.8) and the symmetry properties of the functionF (m2

1,m
2
2), namelyF (m2

1,m
2
2) =

F (m2
2,m

2
1) andF (m2,m2) = 0.

An interesting possibility in the framework of the twisted 2HDM arises when the
pseudoscalar stateA0 is (moderately) light while all the other scalars are heavy (≫
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100 GeV). In this case, a slight deviation from the degeneracymH± = mH0 , due
to either loop corrections2 or to the presence of small custodial breaking terms in
the potential, could compensate for large logarithmic contributions involvingmh0 .
As shown in [75], this can be seen directly from the expression of the first order
approximation of∆T in themH± ≈ mH0 region:

∆T ≈ 1

16πm2
W cos2 θW

×
{

cot2 θW
m2

H± −m2
H0

2

−3m2
W

[

log
m2

h0

m2
W

+
1

sin2 θW

log
m2

W

m2
Z

+
1

6

]}

. (3.11)

An estimate of the amount of breaking required for a vanishingT as a function of the
h0 Higgs mass can be found on Fig. 3.5.
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Figure 3.5: Relative mass difference(mH±−mH0)/mH0 required to achieve∆T = 0

with respect to the SM-like Higgs boson massmh0 (in GeV) in the twisted 2HDM
scenario. The dotted red, dashed green and plain blue lines correspond respectively
tomH0=200, 300 and 400 GeV. TheA0 mass is fixed at 100 GeV but does not affect
sizeably the results ifmA0 ≪ mh0 ,mT .

The S and U parameter

Contrary to theT parameter, theS andU 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 genericCP conserving 2HDM read [110, 111]
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1

πm2
Z

{

B22(m
2
W ;m2

A0 ,m2
H±) − 2B22(m

2
W ;m2

H± ,m2
H±)

+ sin2(β − α)B22(m
2
W ;m2

H0 ,m2
H±) + cos2(β − α)

[

B22(m
2
W ;m2

h0 ,m2
H±)

+B22(m
2
W ;m2

W ,m2
H0) − B22(m

2
W ;m2

W ,m2
h0)

−m2
WB0(m

2
W ;m2

W ,m2
H0) +m2

WB0(m
2
W ;m2

W ,m2
h0)
]}

(3.12)

where

B0(q
2;m2

1,m
2
2) = 1+

1

2

[

x1 + x2

x1 − x2
− (x1 − x2)

]

log
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f(x1, x2) =















−2
√

∆
[

arctan x1−x2+1√
∆

− arctan x1−x2−1√
∆

]
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√
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√
−∆
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(3.15)

∆ ≡ 2(x1 + x2) − (x1 − x2)
2 − 1 , (3.16)

andxi ≡ m2
i /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 sce-
narios with a light pseudoscalar and a heavy degenerate triplet are favoured by bothS
andU parameters. Indeed, in this region of the parameter space, the 2HDM contribu-
tion has an opposite sign compare to the SM one. For sufficiently small pseudoscalar
masses (and large triplet masses), this extra contributioncould even partially compen-
sate for a large positive contribution to theS 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,mH0 ≈ mH± )
as a function ofmA0 andmT (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 theT parameter)
by the upper experimental bounds onS.

3.2.2 Bottom quark physics

The B → Xsγ decay

TheB → Xsγ 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]:

BR(b→ sγ)

BR(b→ ceν)
=

6α

π

[

η
16

23Aγ + 8
3 (η

14

23 − η
16

23 )Ag + C
]2

I(mc/mb)
[

1 − 2
3παs(mb)f(mc/mb)

] (3.17)

whereη = αs(mZ)/αs(mb), I is a phase factor,f is a QCD correction factor for the
semileptonic process (f(mc/mb) = 2.41), andC is a coefficient coming from opera-
tor mixing in the leading logarithmic QCD corrections (C ≃ −0.177). FinallyAγ and
Ag are the coefficients of the effective operatorssLσ

µνbRFµν andsLσ
µνT abRG

a
µν .
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The contributions toAγ , g from W and charged Higgs bosons have been computed
respectively in [113] and [114, 115]. They read

AW
γ,g =

3

2

m2
t

m2
W

f (1)
γ,g

(

m2
t

m2
W

)

AH
γ,g =

1

2

m2
t

m2
H±

[

|Y |2f (1)
γ,g

(

m2
t

m2
H±

)

+XY ∗f (2)
γ,g

(

m2
t

m2
H±

)]

(3.18)

whereX andY are the couplings of the positively charged Higgs boson to theuLdR

anduRdL 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 : X = − tanβ Y = tanβ (3.19)

Type II : X = tanβ Y = cotβ . (3.20)

The Inami-Lim functionsf appearing in (3.18) read

f (1)
γ =

(7 − 5x− 8x2)

36(x− 1)3
+
x(3x − 2)

6(x− 1)4
log x

f (2)
γ =

(3 − 5x)

6(x− 1)2
+

(3x− 2)

3(x− 1)3
log x

f (1)
g =

(2 + 5x− x2)

12(x− 1)3
− x

2(x− 1)4
log x

f (2)
g =

(3 − x)

2(x− 1)2
− 1

(x− 1)3
log x (3.21)

The numerical results for the LO contributions are displayed on Figure 3.7 as exclu-
sion limits in the(tanβ,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]:

BR(B → Xsγ) = (3.55 ± 0.24 +0.09
−0.10 ± 0.03) × 10−4 . (3.22)

On these plots, the LO contribution is scaled to fit the NNLO SMprediction [117]

BR(B → Xsγ) = (3.15 ± 0.23) × 10−4 (3.23)

in the decoupling limitmH± → ∞ and the theoretical error associated to this value
is added in quadrature to the experimental error. As expected, the smalltanβ 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 orderb → sγ bounds on the charged Higgs mass (in GeV) with
respect totanβ 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 oftanβ, 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 oftanβ as
soon astanβ > 2, due to the identityXY ∗ = 1.

The SM leading order prediction of theB → Xsγ branching suffers from large un-
certainties which can be partially reduced by computing themain 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 totanβ ≃ 2. Experimental results may even be interpreted
as favouring a charged Higgs mass of around 650 GeV. Type I scenarios at lowtanβ

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 highertanβ 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 thetanβ . 0.5 region and discard the open possibility for hightanβ values.
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(a) (b)

Figure 3.8: (a) Comparison of the LO and NLO predictions for theB → Xsγ branch-
ing rate as a function of the charged Higgs mass in a type II model (tanβ = 4),
adapted from Ref. [119]. (b) Same figure fortanβ = 2, compared to the best SM
NNLO prediction (dashed lines) and experimental measurement (dotted lines), from
Ref. [117].

The B → τντ and B → Dτντ decays

If the charged Higgs bosons couple strongly enough to thebc or bu quark currents,
and at the same time to theτντ leptonic current (i.e., in type II scenarios with large
tanβ), they could sizeably affect theB → τντ andB → Dτντ branching ratios.

The normalised3 branching ratio

Rexp ≡ BR(B → Dτντ )

BR(B → Dlνl)
= (41.6 ± 11.7 ± 5.2)% (3.24)

recently measured by the BaBar collaboration [120] dependson the effective coupling
constantgS ≡ m2

B tanβ2/m2
H± as on Figure 3.9. Translating the2σ conservative

boundgS . 1.5 extracted from this plot as a bound on the 2HDM type II parameter
space, one gets

tanβ . 0.23 GeV−1 ×mH± . (3.25)

Regarding the lower bound onmH± from theb→ sγ process, this last constraint can
only be relevant in the very hightanβ region (tanβ & 70) which is already discarded
by the requirement of perturbativity for the Yukawa couplings.

3The normalization reduces the dependence on the vector formfactor and thus tames the main theoretical
uncertainties.
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Figure 3.9:R as a function ofgS. The light gray band shows the experimental value
(with one sigma errors). The gray and dark gray bands show thetheoretical prediction,
with and without systematic uncertainties on the form factors. From Ref. [121].

A similar bound can be obtained from the rare processB → τντ . Considering the
relative importance of the recent experimental result fromBelle [122] compared to the
best SM prediction

BR(B → τντ )

BR(B → τντ )SM
= 1.13 ± 0.44 (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 → τντ )

BR(B → τντ )SM
= (1 − g2

S)2 (3.27)

one gets

tanβ . 0.13 GeV−1 ×mH± . (3.28)

AssumingmH± & 300, this constrain may restrict significantly thetanβ & 40 re-
gion.

Let us however emphasise that this bound should be considered very carefully: the
B → τντ signal “evidence” in the BaBar experiment [124] is still statistically lower
than then one obtained by the Belle collaboration, and the large uncertainties asso-
ciated with the theoretical result from lattice calculations could be highly underesti-
mated.
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The B0 −B0 mixing

The virtual effects of the charged Higgs bosons on theBd − Bd oscillations4 are
described at leading order using the expression

∆mB ≡ |MBL
−MBs

| =
f2

BBBmB|Vtd|2|Vtb|2m2
t

48π2v4
(IWW +IWH +IHH) (3.29)

obtained in [126]. The mass, decay constant and bag parameter of theB meson are
denoted bymB, fB andBB, respectively. The Inami-Lim functions read

IWW = 1 +
9

1 − yW
− 6

(1 − yW )2
− 6

yW

(

yW

1 − yW

)

log yW

IWH = |Y |2yH

(

(2x− 8) log yH

(1 − x)(1 − yH)2
+

6x log yW

(1 − x)(1 − yW )2

− 8 − 2yW

(1 − yW )(1 − yH)

)

IHH = |Y |4yH

(

1 + yH

(1 − yH)2
+

2yH log yH

(1 − yH)3

)

(3.30)

with yW,H ≡ m2
t /m

2
W,H± , x ≡ m2

H±/m2
W and whereIWH andIHH 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 pa-
rameters values entering this expression (some of them being actually poorly known),
we normalise the overall factor to recover the most recent SMprediction from lattice
simulations [127]

∆mSM
B = 0.69 ± 0.15 ps−1 (3.31)

in the limit whereIWH , IHH → 0, corresponding tomH± → ∞. 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]

∆M exp
B = 0.507± 0.005 ps−1 (3.32)

4TheBs − Bs mixing could also be considered here, but the high degree of correlation between the
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 totanβ in (a) type I and (b) type II
scenarios, at two (dashed green) and three (plain blue) standard deviations. There are
no1σ limits on these figures due to the slight discrepancy betweenthe 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, thetanβ . 0.5 − 1 constraint obtained on the whole range of charged
Higgs masses is similar to the one obtained from theb→ sγ process (see Figure 3.7).
In case of type II 2HDMs, thetanβ < 2 region is excluded at more than 95% CL,
almost independently ofmH± .

The NLO QCD corrections to (3.29) have been discussed in [128]. They modify both
the overall coefficient, making it dependent onY andmH± , and the functionsI. Like
in the b → sγ case, inclusion ofO(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 theZ → bb process involving new charged and neutral
scalars (see Figure 3.11) may gives sizeable contributionsto the observable hadronic
branching ratio ofZ bosons tobb

Rb ≡
Γ(Z → bb)

Γ(Z → hadrons)
(3.33)
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and to theb quark asymmetry

Ab =
g2

L − g2
R

g2
L + g2

R

(3.34)

wheregL andgR are the left and right handed couplings ofZ to b quarks.
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Figure 3.11: Four types of one scalar loop contributions to theZbb vertex. S may
stand for a neutral or a charged scalar.

The corrections togL andgR defined as

δgL,R = gtrue
L,R − gSM

L,R (3.35)

have been derived in great detail in [129] in the context ofCP conserving 2HDMs.
They can be related at first order to the corrections toRb andAb through

δRb = −0.7788 δgL + 0.1410 δgR

δAb = −0.2984 δgL − 1.623 δgR (3.36)

such thatδRb (δAb) is mainly dominated by theδgL (δgR) correction. The latest
experimental values [5]

Rb = 0.21629± 0.00066

Ab = 0.923± 0.020 (3.37)
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agree at less than one standard deviation with the SM prediction

Rb = 0.21578± 0.00010

Ab = 0.9347± 0.0001 (3.38)

for which the theoretical error is nearly one order of magnitude smaller than the ex-
perimental 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) = ± 1

16π2

e

sW cW

(√
2mb tanβ

v

)2

C24(m
2
b ,m

2
H0 ,m2

A0) (3.39)

δgR,L(b) = − 1

16π2
gL,R

Zbb

(√
2mb

v

)2
[

C234(m
2
h0 ,m2

b ,m
2
b)

+ tan2 β(C234(m
2
H0 ,m2

b ,m
2
b) + C234(m

2
A0 ,m2

b ,m
2
b))
]

(3.40)

δgR,L(c) = − 1

16π2
gL,R

Zbb

(√
2mb

v

)2
[

B1(m
2
b ;m

2
b ,m

2
h0)

+ tan2 β(B1(m
2
b ;m

2
b ,m

2
H0) +B1(m

2
b ;m

2
b ,m

2
A0))

]

(3.41)

where

C234 ≡ −2C24 +
1

2
−m2

Z(C22 − C23) . (3.42)

TheBi andCij functions correspond respectively to the two- and three-point ’t Hooft-
Passarino-Veltman one-loop integrals and are defined like in Appendix F of Ref.
[129]. TheZbb SM tree-level couplings are given by

gL
Zbb

=
e

sW cW

(

−1

2
+

1

3
s2W

)

(3.43)

gR
Zbb

=
e

sW cW

(

1

3
s2W

)

. (3.44)

We neglect the contribution associated to the diagrams 3.11(d) which is suppressed by
a factormb/mZ compare to the other ones.



88 3. Constraints on the twisted 2HDM

The same contributions, but for the charged scalar states, can be simplified to

δgL =
1

16π2

(√
2mt

v
Y

)2
e

2sW cW

[

R

R − 1
− R logR

(R− 1)2

]

(3.45)

δgR =
1

16π2

(√
2mb

v
X

)2
e

2sW cW

[

R

R− 1
− R logR

(R − 1)2

]

(3.46)

whereR ≡ m2
t/m

2
H± . 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) areO(1), corrections toRb andAb are typically ex-
pected to have similar magnitudes. However, the high experimental precision asso-
ciated with theRb measurement makes it much more discriminating thanAb 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 toδgL since all the other
ones are suppressed bymb/v. But the typical bound extracted in this case,tanβ . 1,
is not relevant when compared to the one coming from theB0 −B0 measurement.

The situation is more interesting in type II models where theneutral scalar contri-
butions 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 bytan2 β. De-
spite this additional factor, they only become relevant fortanβ & 50, i.e. above the
perturbativity limit. The amplitude of diagram 3.11(a) vanishes ifS1 = S2 because of
theCP symmetry. But ifS1 andS2 are different particles (with oppositeCP parities),
it grows with the mass difference(mS1

−mS2
).

In the type II twisted 2HDM, this restricts the allowed region in the(mA0 ,mH0) plane
as illustrated on Figure 3.12. Since the(H0, H±) triplet is forced to be rather heavy
by theB physics constraints previously reviewed, the mass of the pseudoscalarA0 is
bounded from below. Fortanβ = 50 andmH± > 300 GeV, for example, this bound
is approximativelymA0 > 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 ofRb was indeed sizeably bigger, leaving less room for negative
contributions from new physics.
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Figure 3.12: Constraints at1σ (dotted red),2σ (dashed green) and3σ (plain blue) on
the twisted 2HDM type II parameter space from theRb measurement, for twotanβ

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 pre-
diction, incorporating thee+e− → ππ data obtained by CMD-2, KLOE and SND,
gives [130]

ath,SM
µ = (11659180.4± 5.1) × 10−10 (3.48)

which must be compared to the latest experimental measurement from the Brookhaven
experiment [131]

aexp
µ = (11659208.0± 6.3) × 10−10 . (3.49)

The3.4σ deviation between these two values

∆aµ ≡ aexp
µ − ath,SM

µ = (276 ± 81) × 10−11 (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

(a)

µ µ

γ

H0, A0
µµ

(b)

H− H−

γ

νµ
µµ

(c)

γ

µ µµ

f

H0, A0 γ

(d)

γ

µ µµ

H+,W+

h0 γ

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

associated contributions are

aS
µ |1−loop =

g2m2
µ tan2 β

32π2m2
W

LS

(

m2
µ

m2
S

)

(3.51)

where the loop integralsLS are given by

LH0(z) = z

∫ 1

0

dx
x2(2 − x)

x2z + (1 − x)

LA0(z) = z

∫ 1

0

dx
−x3

x2z + (1 − x)

LH±(z) = z

∫ 1

0

dx
−x(1 − x)

(x − 1)z + 1
. (3.52)
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At one loop, the scalar contributionaH0

µ is positive whereas the pseudoscalar and
the charged Higgs boson give negative contributions. Each contribution reaches its
extremum at small masses and vanishes likem2

µ/m
2
S log(m2

S/m
2
µ) at large masses.

The absolute magnitude of each type of contribution is shownon Figure 3.14(a) for
tanβ = 1. The total one loop correction is dominated by the neutral contributions

1.00.5 5.0 10.0 50.0
mS

0.001

0.01

0.1

1

10

100

ÈDaΜÈ´1011

(a)

2 5 10 20 50 100
mS

1.00

0.50

2.00

0.20

0.10

0.05

ÈDaΜÈ´1011

(b)

Figure 3.14: (a) Absolute value of the one loop contributiontoaµ from a neutral scalar
H0 (dotted red), a pseudoscalarA0 (dashed green) and a charged Higgs boson (plain
blue). The neutral scalars contribution is positive while the other ones are negative.
tanβ is fixed to 1. (b) Same for the two loops contributions from a neutral scalarH0

(dotted red) and a pseudoscalarA0 (dashed green). At two loops, the neutral scalars
contribution is negative while the pseudoscalar one is positive. Only theb, τ andµ
fermion loops are included.

for masses above 0.2 GeV. Solving at one loop theaµ theory/experiment discrep-
ancy within the twisted 2HDM with a moderatetanβ would require a very light
(. 10 GeV) scalarH0. We discard this open possibility in the forthcoming anal-
ysis since the coupling of such a very light (pseudo-)scalarto the bottom quark is
strongly constrained (i.e.tanβ . 1) by the measurement of the Wilczek process
Υ → H0γ → τ+τ−γ in low energye+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 aW±/H± loop, shown on Figure
3.13(d) is not relevant in the twisted 2HDM due to the reducedcoupling ofh0 to
muons). The associated formulae is5

aS
µ |2−loop =

g2m2
µ tan2 β

32π2m2
W

e2

2π2

∑

f

ξf L̃S

(

m2
f

m2
S

)

(3.53)

5We corrected a missing factor2π in Eq. (7) of Ref. [132] compared to the original calculationin Ref.
[134].
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where the sum overf runs overb, τ andµ. The up-type quarks contributions are
suppressed by an additional factor1/ tan2 β in type II models and can only contribute
significantly formS ≈ mt. The additional charge/color factorξf is given byξb =

3×(−1/3)2 for the bottom quark andξτ,µ = 1 for the leptons. The two-loops integrals
L̃S read

L̃H0(z) =
z

2

∫ 1

0

dx
−(1 − 2x(1 − x))

x(1 − x) − z
log

x(1 − x)

z

L̃A0(z) =
z

2

∫ 1

0

dx
1

x(1 − x) − z
log

x(1 − x)

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 formS & 10

GeV (they cancel against the one-loop part formS ≈ 5 GeV). Due to the opposite
sign in the scalar and pseudoscalar contributions, solvingthe aµ theory/experiment
discrepancy within the twisted 2HDM with a moderatetanβ in this region would
require a lightpseudoscalar(20 . mA0 . 100 GeV). If tanβ ≈ 30, a perfect
agreement can even be reached formA0 ≈ 20 GeV. A largertanβ value would require
an heavier pseudoscalar andvice 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 modesh0 → 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 toZZ or unusual decay
properties. In the context of the twisted 2HDM, bothA0 andH0 could satisfy this
requirement thanks to the vanishingZZA0 andZZH0 vertices. However,H0 is
degenerate in mass withH± 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 lightA0 hypothesis in the following.

Constraints on theh0 → A0A0 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 avoidΥ constraints and any unnatural fine tuning of relation (2.90)),
it has been first thought that this decay could explain the simultaneous excesses ob-
served in theZ2b [33] andZ4b [135] final states by adjustingmh0 , BR(h0 → A0A0),
BR(h0 → bb) andBR(A0 → bb). However, theZ4b excess tends to favour slightly
higher masses forh0 (in the 105-110 GeV region) compare to the mainZ2b 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 modelindependent approach,
we stick to the conservative SM boundmh0 > 114.4 GeV for the forthcoming phe-
nomenological analysis.

Searches for H0 and A0

The model independent searches for thee+e− → Z∗ → H0A0 pair production pro-
cess at LEP, in the4b, 2b2τ and4τ 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±, H0) is allowed. The final result
from [135] is shown on Figure 3.15.

Taking into account the approximate values forBR(H0, A0 → bb) andBR(H0, A0 →
τ+τ−) quoted in section 4.1, the limit can be fixed tomA0 + mH0 & 170 GeV for
mA0 ≈ mH0 . If A0 is very light,mA0 . 30 GeV, a slight loss of efficiency in the4b
and2b2τ analysis allows for a lighterH0,mH0 & 130 GeV.

If mH0 & mZ + mA0 , the scalar bosonH0 could also decay toZA0 (see section
4.3 for a more in-depth review), thus reducing dramaticallythe branching ratio of
H0 → τ+τ−, bb. The final state signatures associated to this possibility (namely
Zbbbb,Zbbτ+τ− andZτ+τ−τ+τ−) would mimic theh0 → A0A0 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 conserva-
tive approach and restrict the model using the(mH0 ,mA0) limits already mentioned.

Another strong constraint in the lowmA0 region for type II models can be deduced
from searches for the Yukawa processe+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−, theA0 → bb mode is the more restrictive in themA0 > 2mb region.
The limit is tanβ . 20 for mA0 ≃ 10 GeV and becomes quickly less relevant for
higher masses due to the smaller production cross section.

6In this case, the decay products of theZ boson and the twosofterb-jets should be used to reconstruct
theH0 mass.
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Figure 3.15: Largest relative cross section fore+e− → Z∗ → H0A0 compatible with
data, at the 95% CL, projected on the(mH0 ,mA0) plane (H2 = H0 andH1 = A0).
The reference cross section is equal to the twisted 2HDM prediction for the production
of theH0, A0 pair. In plot (a) both Higgs bosons are assumed to decay exclusively to
bb and in plot (b) exclusively toτ+τ−. In plot (c) theH0 boson is assumed to decay
exclusively tobb and theA0 boson exclusively toτ+τ− and in plot (d) theA0 boson
is assumed to decay exclusively tobb and theH0 boson exclusively toτ+τ−. The
dashed lines represent the approximative kinematic limitsof the processes. From Ref.
[135].
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(a) (b)

Figure 3.16: (a) Observed upper limit (in red) onCbb(A→bb) ≡ tanβ
√

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 forA0 → τ+τ−. From the DELPHI collaboration note [136].

Finally, the loop decayZ → A0γ (through at quark loop in type I models, or through
b andτ loops in type II models) can also be used to constrain theA0 mass. How-
ever, an extensive analysis of this channel [137] has shown that the LEP measurement
sensitivity (of order10−6 for the associated branching ratio) was not sufficient to
put a tighter lower bound onmA0 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 lessconstrained.

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 decaysH+ → τ+ντ andH+ → cs, the possibility for a charged
Higgs boson produced in pair ine+e− → Z∗ → H+H− to decay intoW+(∗)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 , tanβ) parameter space from theZ → A0γ

decay in type II models (lower and upper dashed line). The same limits for aCP -
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 bosonh0 at the Tevatron are already
described in 1.4.4 and we focus here on theh0 → A0A0 exotic decay, withA0 →
bb, τ+τ−.

The case of direct production ofh0 through its effective coupling to gluons, followed
by the decaysh0 → A0A0 → bbbb has been covered in Ref. [139]. As expected,
the4b 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 thelargetanβ

limit). The same process where one of theA0 decays intoτ+τ− instead ofbb would
provide a cleaner signature but with a reduced cross sectiondue to the smallA0 →
τ+τ− branching ratio. The conclusion regarding the feasibilityof 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 ofh0 with a vector bosonV = W,Z being the second
strongest production mechanism at the Tevatron, it is also natural to consider the exotic
decayh0 → A0A0 in this framework. Detailed studies (see [140], [141] and the



3.3. Direct constraints from collider experiments 97

references therein for a complete overview) of both theV bbτ+τ− andV 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 H0 and A0

Searches for theH0 andA0 bosons at the Tevatron experiment take place for produc-
tion in association withb quarks, or in gluon fusion involving ab quark loop, and de-
cays tobb andτ+τ− final states. Since most analysis are oriented towards the MSSM
Higgs bosons discovery, they focus (to our knowledge) exclusively on themS & 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 tanβ > 35 bound
on the wholemA0,H0 > 70 GeV mass range.
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Figure 3.18: (a) 95% CL bounds ontanβ with respects tomA0 from thebbA0 → bbbb

process at Tevatron, Run I. From Ref. [142]. (b) Same for thebbA0 → bbτ+τ−

process at Tevatron, Run II. From Ref. [143].

Another interesting possibility to produce a lightA0 boson at the Tevatron is the
charged Higgs associated productionpp→W±∗ → H±A0 proposed in [144], where
the charged Higgs may further decay toW±A0. For the most favourable mass sce-
narios (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 theW4b 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 toH+b. This possibility
has been considered by the Tevatron experiments for variouscharged Higgs decay
hypothesis, namelyτ+ντ , cs, t∗b andW+A0. The result is shown on Figure 3.19 as a
95% CL upper bound on thet→ H+b branching ratio (. 0.5 for the wholeH+ mass
range) and as an excluded region in the MSSM(mH± , tanβ) parameter space.
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Figure 3.19: (a) Observed 95% CL upper bound on thet→ 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± , tanβ) parameter
space. From Ref. [146]

3.4 Summary

All the relevant constraints introduced in the previous sections are summarised in Ta-
ble 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 as-
sumption that all BSM contribution beyond the minimal twisted 2HDM are negligible.
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Type I & II

mh0 < 500 GeV Unitarity
m2

T −m2
A < (400 GeV)2 Perturbativity

mH± = mH0 + ǫ ∆T ≈ 0, if mh0 > 250 GeV
mA0 ≪ mT ∆S ≈ 0, if mh0 > 250 GeV

mh0 > 114.4 GeV LEP bound on the SM Higgs

Type I

mT & 130 GeV LEPZ → H0A0 (mA0 < 30 GeV)
mT & 170 GeV −mA0 LEPZ → H0A0 (mA0 > 30 GeV)

mA0 > 10 GeV No fine tuning in (2.90)
tanβ . 0.4 b→ sγ andB0 −B0 mixing

Type II

mT > 295 GeV b→ sγ

mA0 & 30 GeV Rb (correlated withmT )
mA0 . 100 GeV Favoured byaµ

tanβ & 5 B0 −B0 mixing
tanβ . 35 B → τντ and LEPbbA→ 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 differ-
ences 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 statesH±, H0 andA0, which
may require a high luminosity (∼ 100 fb−1, depending ontanβ). The same conclu-
sion 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 strongB 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 mod-
erately light custodial triplet(H±, H0). A small mass splitting inside this triplet and
the presence of a light pseudoscalarA0 can help a rather heavy SM Higgs (mh0 ≈ 300

GeV) to pass the electroweak precision tests (see section 3.2.1). Ifmh0 > 2mT , many
exotic scalar decays can be kinematically allowed (h0 → H+H−, h0 → H0H0, . . . )
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 → A0A0,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 tothe b → sγ bound on
the charged Higgs mass. A reduced mass splitting inside thisheavy triplet can then
suffice to allow for a very heavy SM Higgs (mh0 ≈ 400 GeV). The electroweak
oblique parameterS 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 theRb measurement.
Even if themh0 > 2mT condition is hardly satisfied in this context due to unitarity
and perturbativity constraints onmh0 , unusual decays forH0 andH± 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 theh0

boson, they display almost the same phenomenology as the Standard Model in the de-
coupling regimetanβ ≈ 0 (which is formally equivalent to an Inert Doublet Model).
On the other hand, in type II scenarios, the new scalar particles never completely de-
couple from the Standard Model fermions since both thetanβ → 0 andtanβ → ∞
limits correspond to large Yukawa couplings. This implies strong constraints from
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precisionB 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 measuredaµ 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 thoseencountered 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 decaysh0 → A0A0, H± → W±A0 andH0 → 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 andmt(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) isCTEQ6L1 and the renor-
malisation/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 ofH0, A0, and
H± to the SM fermions (all of them being scaled bytanβ < 1), while theh0 cou-
plings are identical to the SM case due to the presence of the twisted symmetry intro-
duced in section 2.6. As a matter of fact, the only relevant production mechanisms for
H0,A0,H± involve heavy fermions (e.g.,gg → ttH0/A0) and/or gauge interactions
(e.g.,qq → Z∗ → H0A0), while all the production modes described in 1.4.5 for the
SM Higgs boson are also pertinent forh0 (see Figure 4.1(a)).

Cross sections of the scalar pair production mechanisms, which mainly involve the
decay of an off-shells-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 theH+H− andH0H0 pairs production where both scalars have
to satisfymS & 130 GeV. If H± is light, a potentially more interesting possibility is
the t → H+b exotic decay. Due to the very largett production cross section at the
LHC, the resultingW±H∓bb final state may emerge from the background (depending
on the actualH± decay modes), despite the reducedt → 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 thet → H+b decay which goes
down quickly whenmH± gets closer to themt −mb mass threshold. The corrected
LO cross section for thegb→ tH− process is shown on figure 4.2(b) for two different
tanβ hypothesis. Thegg → tH−b process (which is part of the NLO corrections to
the previous one), where the initial stateb 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 areview.
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Figure 4.1: Type independent production cross sections. (a) Mainh0 production cross
sections, with respect tomh0 (data from Ref. [34]). (b)H+H− andH+H0 pairs pro-
duction cross section with respect tomT . H+A0 (c) andH0A0 (d) pairs production
cross section, with respect tomT and for two different values ofmA0 .
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Figure 4.2: (a) Branching ratio of the top decay into chargedHiggs t → H+b, as a
function of the charged Higgs mass and for two different values oftanβ (type I). (b)
Corrected LO cross sections of the charged Higgs productionin 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 toµF = µR = 1

3 (mt + mT ),
the runningb quark mass is set to 3.0 GeV and an overallK-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 thanthe running top Yukawa
coupling, see Ref. [150].
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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 ofh0, which are shown in Figure 4.3 for two different
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Figure 4.3: Branching ratio ofh0 into fermions (dotted lines), vector bosons (dashed
lines) and scalars (plain lines), with respect to its mass and for two different values of
mA0 .

values of theA0 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 ,
theh0 Higgs boson primarily decays tob, τ andc pairs (in order of importance) like
in the Standard Model. When2mA0 < mh0 < 2mW , the main decay ish0 → A0A0

thanks to the large trilinear scalar coupling. Note howeverthat this coupling goes to

zero whenmh0 =
√

2(m2
T −m2

A0) (see Appendix A), such that theh0 → A0A0

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 the2mT threshold, both
theh0 → H0H0 and theh0 → H+H− decays are kinematically allowed. For large
mh0 , theH+H− andW+W− decays account for half of the total decay width, while
the other half is divided between theH0H0,A0A0, ZZ andtt pair decays. As can be
seen in Figure 4.4(a), the total decay width ofh0 is sizeably bigger than in the Standard
Model at low masses (around 1 GeV formh0 = 100 GeV), due to theh0 → A0A0

exotic decay mode, but remains of the same order of magnitudeat higher masses.
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Figure 4.4: Total decay width ofh0 (left),H0 (right, in green) andH± (right, in blue),
in GeV (type I,mA0 = 30 GeV,tanβ = 0.2).

For the other Higgs bosons,A0, H0 andH±, the situation is somehow simpler. On
the whole mass range, or below theZA0 andW±A0 mass threshold forH0 andH±,
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 overalltanβ scaling factor, their
decay patterns are straightforward to determine. TheA0 andH0 bosons decay mainly
into bb pairs (∼ 85%), τ+τ− pairs (∼ 10%) andcc pairs (∼ 3%). TheH+ boson
decays mainly intoτ+ντ (∼ 75%) andcs (∼ 25%), or into tb if mH± > mt + mb.
If H0 (respectivelyH±) is heavier than theZA0 (respectivelyW±A0) threshold, the
H0 → ZA0 bosonic decay (respectivelyH± → W±A0) clearly dominates over all
fermionic modes and has a branching ratio equal to unity. Like for h0, theH0 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 forh0, and those involving only gauge and scalar interac-
tions forH0, A0 andH±, are identical to those described in section 4.1.1. The main
difference with type I models is the enhanced coupling of theextra Higgs bosons to
down-type quarks and to charged leptons. The associated production withb quarks, or
the direct production through ab 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 ab quark loop) and
for the associated production ofH0 (A0) with a b quarks pair as a function ofmT

(mA0). Type II, tanβ = 30. Data from Ref. [34]

Decay modes

Theh0 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) formA0 = 50 GeV.
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Figure 4.6: Total decay width ofh0 (left),H0 (right, in green) andH± (right, in blue),
in GeV (type II,mA0 = 50 GeV,tanβ = 30).

TheH0 andH± decays are dominated by theZA0 andW±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. Thebb
andtb decays are indeed non negligible anymore, in particular in the moderate mass
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Figure 4.7: Branching ratio ofH0 (top) andH+ (bottom) into fermions (dotted lines),
and scalar plus vector boson (plain line), with respect to their mass and for two differ-
ent values ofmA0 (type II, tanβ = 30).
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regimemT < 300 GeV. The effect of these enhanced fermionic modes on the total
width ofH0 andH± can be seen in Figure 4.6(b).

4.1.3 Benchmark points

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

Type mh0 mA0 mT tanβ

BP0 Type I 120 GeV 50 GeV 300 GeV 0.2
BP1 Type I 300 GeV 30 GeV 140 GeV 0.2
BP2 Type I 450 GeV 60 GeV 200 GeV 0.2
BP3 Type II 400 GeV 30 GeV 300 GeV 30

Table 4.1: Set of benchmark points for the phenomenologicalanalysis of the twisted
2HDM.

unusual signatures at the LHC. Even if they satisfy all the direct and indirect con-
straints 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 relativelylight SM Higgs boson
which decays predominantly into a pair of light pseudoscalarsA0. The typical signa-
tures, i.e.h0 → A0A0 → bbbb or h0 → A0A0 → 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 lowtanβ factor, experimental evidences for the presence
of H0 andH± will require an important integrated luminosity.

In benchmarks BP1 and BP2, theh0 mass is larger than the2mT threshold. The
SM Higgs boson can then decay intoH0H0 andH+H− pairs. For each case, the
pseudoscalar massmA0 is low enough to ensure that the exotic decaysH0 → ZA0

andH± → W±A0 are kinematically allowed. The typical signatures associated to
these benchmarks aregg → h0 → H0H0 → ZA0ZA0 andgg → h0 → H+H− →
W+A0W−A0, both withA0 → bb or A0 → τ+τ−(see sections 4.3 and 4.4). The
mass ofA0 (and those of all other scalars) is lower in BP1 than in BP2.

Finally, BP3 is the only type II benchmark point. The tripletmass being strongly
constrained by theb → sγ measurement, theh0 decay toH0H0 andH+H+ pairs is
not longer possible due to unitarity constraints. Nevertheless, the presence of a light
A0 favoured by theaµ data still allows for theH0 → ZA0 andH+ →W+A0 decays.
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Regarding the main production modes in the largetanβ case, the main signatures are
gg → H0 → ZA0 andbbH0 → bbZA0 with A0 → bb or A0 → τ+τ−, see section
4.3.

4.2 Signals with h0 → A0A0

Taking into account the branching ratios forh0 → A0A0 (∼ 100%),A0 → bb (∼
85%) andA0 → τ+τ− (∼ 10%) for the benchmark BP0, the total branching ratio
of h0 → A0A0 → 4b is ∼ 72%, ∼ 17% for h0 → A0A0 → 2b2τ and around one
percent forh0 → A0A0 → 4τ . Since the fourτ final state signal is suppressed at
least by a factor of a hundred compared to themA0 < 2mb scenarios studied in the
framework of the NMSSM (e.g., see [40] and [151] for recent overviews), the LHC
discovery ofh0 andA0 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 inW/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 intermediate2b2τ final state, which
has a smaller (but still sizable) BR than the4b final state, together with a much lower
background. This final state has been considered in the framework of the associated
production ofh0 with aW/Z boson at the Tevatron in [141, 34]. However, in this
case, only a few events could be observed (at best) after a fewfb−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 forh0, which has
been shown to be a promising channel at the LHC for the SM decayh0 → τ+τ− both
in parton-level analysis [153, 154] and after full detectorsimulation [155, 156, 157].
After the end of the redaction of [151], it has been brought toour 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 foundat the end of the section.

1The author wishes to acknowledge and thank Nadia Adam and Valerie Halyo from Princeton Univer-
sity, and Sergei Gleyzer from Florida State University, forcollaboration 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 minimalpT of 20
GeV is required for all (nonb) jets and 10 GeV forb-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 andmjj > 700 GeV for the two forward
jets.

The signal is characterized by a populated final state with two centralb jets, two central
τ ’s and two forward jets. To avoid triggering issues, we focuson the leptonic decays
of bothτ ’s. The associated tree level cross section (afterτ ’s decays and cuts) is rather
low, around 9 fb, mainly due to the low averagepT of b’s andτ ’s fromA0 decays.

The irreducible background where theτ pair is coming from an off shell photon orZ,
and theb pair from a gluon splitting is rather low, with a 1fb cross section. The same
process with ae orµ pair replacing theτ pair has a more sizable cross section, around
8.7 fb, due to the absence of theτ branching ratio. The most dangerous reducible
background is thett pairs produced by gluon fusion in the VBF kinematic configura-
tion and fully leptonic top decays (through an intermediateτ or not). Even if the total
cross section is almost three order of magnitude larger thanthe signal (3.2 pb), the
associated distributions (in particular the invariant mass of b’s andτ ’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 massMbbll, 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 aroundMbbll, in the region50 ≤ Mbbll ≤ 110,
yieldsS/

√
B = 4 for an integrated luminosity of 100 fb−1, with approximatively

2This rather optimistic choice does not affect our final (pessimistic) conclusion regarding the feasibility
of this study.
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Figure 4.8: Invariant massMbbll of the four-body final state after selection cuts 4.1.
The signal and background histograms are stacked and normalized by their corre-
sponding 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 factorof ∼ 2 if an optimisticb-
tagging efficiency of50% is assumed. From this naive cut based parton-level analysis,
one can conclude that theh0 → A0A0 → 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 differ-
ence between them2τ2b invariant mass distribution of thettjj 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 region80 . m2τ2b . 150 GeV which is
apparently not reproduced in the original simulation.
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Figure 4.9: Differential cross section of thettjj background with respect to the in-
variant mass of the four-bodybbτ+τ− final state from (a) our simulation (normalised,
with all the production cuts onb 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 distribu-
tions on Figure (b) are not relevant in the context of this comparison.
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4.3 Signals with H0 → A0Z0

4.3.1 Process gg → h0 → H0H0 → ZA0ZA0

Due to both the relatively high gluon fusion cross section (see Figure 4.1(a)) and the
sizeableh0 → H0H0 branching ratio (see Figure 4.3), thegg → h0 → H0H0

process offers an interesting possibility for theH0 boson production in type I models.
Considering thatH0 decays almost exclusively toZA0 in these models, the decay
chaingg → h0 → H0H0 → ZA0ZA0 (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 Monte-
Carlo signal events is scaled to fit the NLO theoretical prediction from [34].

(a)
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H0, H±

H0, H±

Z,W±

A0

Z,W±

A0

(b)

b

b

b

b

H0
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Figure 4.10: Sample Feynman diagrams for (a) thegg → h0 → H0H0 → ZA0ZA0

process and (b) thegg → bbH0 → bbZA0 process.

Signal and background

In order to allow for a maximal rejection of the possible backgrounds, we require that
bothZ gauge bosons decay into light leptons. Since this last requirement decreases
significantly the signal cross section, we focus only on the mainA0 decay mode, i.e.
A0 → bb. The signal final state is thenl+l−l̃+ l̃−bbbb, with l± = e±, µ±

Signal events have been first produced without any cut on the final state partons, ex-
cept an acceptanceη < 2.5 cut on theb-quarks. Thanks to the kinematic of theZ
decay, the four leptons have generally sizeable transversemomenta (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 theb-quark pairs coming fromA0

for thegg → h0 → H0H0 → ZA0ZA0 → 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 inpT ), for the same signal and benchmark points.

same is not necessarily true forb-quarks, as shown in Figure 4.11. The∆R distribu-
tion displays a fairly good angular separation between theb-quarks coming from the
sameA0 decay, especially for the benchmark point BP2, thanks to a higherA0 mass.
However, Figure 4.11(b) clearly shows that the sameb-quarks are mainly distributed
in the lowpT region. Indeed,A0 is not only light, but also produced with a relatively
low momentum since both theh0 → H0H0 andH0 → ZA0 decays occur close to
their kinematic thresholds, especially in the BP1 case.

Because of this particular feature of the signal, the signalisolation strategy will be
different for the benchmark points BP1 and BP2. In the BP1 scenario, the averagepT

of theb-quarks coming from theA0 is clearly not sufficient to envisage the reconstruc-
tion and the tagging of the resulting single jet. Since, in this case, the minimal angular
separation between the twob-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 thenZZbb which appears to be relatively
low (∼ 10% of the signal before any isolation cut).

In the BP2 scenario, the averagepT of theb-quarks is slightly higher than BP1 case,
and the simultaneous reconstruction (and potentially tagging) of the resulting four
jets could be envisaged forpT > 15 GeV without loosing too much signal events.
Assuming twoB-tagging, the irreducible SM backgrounds areZZbbjj andZZbbbb
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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(a) (b)

Figure 4.12: (a) Distribution of the reconstructed mass forthe candidateH0 boson
after full simulation of the signalgg → h0 → H0H0 → ZA0ZA0 (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 candidateh0 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 wouldreveal itself partially mean-
ingless due to the very low contribution of SM backgrounds and to the expected impor-
tance of additional soft radiations and pile-up effects. Weonly 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 tomh0 = 400 GeV,mT = 150 GeV
andmA0 = 20 GeV. Sinceh0 is significantly heavier than2mT , andH0 significantly
heavier thanmA0 +mZ , theA0 bosons turn out to be notably more boosted and the
associatedb-quarks are more colinear than in the benchmarks BP1 and BP2.In order
to avoid possible technical issues related toB-tagging the resulting “super”b-jets, no
tagging is assumed in this preliminary analysis and the relevant background is then
ZZjj. TheZ 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 minimumpT of 40 GeV (20 GeV) is required for highest (lowest)pT jet. The
reconstructedh0 (ZZbb) andH0 (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 theb-quark pairs coming fromA0

for the gg → bbH0 → bbZA0 signal, for the benchmark point BP3. (b)(η, pT )

distribution of the theb-quarks produced in association withA0, for the same signal
and benchmark point (the area of the boxes are proportional to the bin heights).

4.3.2 Process gg → bbH0 → bbZA0

Thebb associated production ofA0 orH0 in a type II 2HDM (like the MSSM scalar
sector) has been shown to be a promising discovery channel atthe LHC when the
Higgs boson decays into aτ+τ− pair (e.g. see Ref. [97] and references therein)
mainly thanks its very large cross section. As seen in Figure4.5, this associated
production mechanism dominates over the gluon fusion production through ab-quark
loop for large scalar masses. In the context of a type II twisted 2HDM, a particularly
interesting signature is thegg → bbH0 → bbZA0 channel (see Figure 4.10(b)).

Signal and background

As shown in Figure 4.13(a) for the benchmark BP3, the decay products ofA0 in
gg → bbH0 → bbZA0 are very close from each other, due to highH0 mass. For the
A0 → bb main decay mode, the corresponding (large) SM backgrounds would then
beZj and/orZb, depending on the actual efficiency of theB-tagging method applied
on the superb-jet. Regarding the typically lowpT distributions of the two “spectator”
b’s produced in association withH0 (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 largebbZA0 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 statel+l−l̃+ l̃−(bb) + ETmiss 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 fromA0 (see text) in thegg →
bbH0 → bbZA0 → bbZτ+τ− signal (with bothτ ’s decaying into leptons). (b) Same
for the four leptons invariant mass (taking into account thetotal missing transverse
energy).

than for theb decay mode. The main SM irreducible background isZ(Z/γ)∗ where
a Z decays intoe’s or µ’s and theτ pair originates from a photon or an off-shellZ.
The same process with twoe/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 ofτ 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 theZ(Z/γ)∗ backgrounds have a
total cross section of approximatively 34 fb.

The proposed parton-level analysis method is straightforward. The lepton pair recon-
structing the closest invariant mass to the realZ 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 theγ tail) and in the intermediate region
mZ/3 around which theZ → 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 bothτ ’s are coming from the same scalar, the total missing transverse energy
of the event can be used to reconstruct the invariant mass of thel+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 around2mZ, the signal should be clearly visible in themH0 region.

4.4 Signals with H± → A0W±

4.4.1 Process gg → h0 → H+H− → W+A0W−A0

The gg → h0 → H+H− → W+A0W−A0 process (see Figure 4.10(a)) is very
similar to thegg → h0 → H0H0 → ZA0ZA0 channel. The major difference is an
higher cross section, due to the higherh0 → H+H− branching ratio compared to
h0 → H0H0, and the presence ofW bosons in the final state. SinceBR(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 largett 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 isl+l−bbbb+ET,miss where bothA0 scalars decay into
bb and bothW bosons decay leptonically. The kinematic distributions ofthe signalb-
quarks are shown in Figure 4.15. Like already emphasised fortheZA0ZA0 channel,
the b-quarks coming from lightA0 boson are very soft and close to be collinear for
the benchmark BP1. This renders anyB-tagging attempt for the third and fourth jets
(ordered inpT ) very difficult, to say the least. The resulting final state isW+W−bb

where the fourb-quarks have been paired up into two superb-jets, and the main back-
ground, i.e.tt, is three orders of magnitude larger than the signal.

The situation is slightly more favourable for the benchmarkBP2. As seen in Figure
4.15, the good angular separation of the fourb-quarks, together with an higherpT

distributions may allow for the reconstruction of four jetsand theB-tagging of three
of them. The main backgrounds, i.e.ttbb andttjj (where one of the jets is mistagged
as coming from ab), have cross section only one order of magnitude larger thanthe
signal.

Another potentially interesting final state isl±jjτ+τ−(bb) + ET,miss where one of
theA0 scalars decays into a softbb pair and the other one intoτ+τ−, while one of
theW boson decays leptonically and the other one hadronically. To have a cleaner
signature, we focus on the leptonic decays of bothτ ’s. Since theb-quark pair is likely
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Figure 4.15: (a) Normalized∆R distributions for theb-quark pairs coming fromA0

for thegg → h0 → H+H− → W+A0W−A0 → W+W−4b signal, for the bench-
marks BP1 (in black) and BP2 (in red). (b)pT distributions of the third (plain lines)
and fourth (dotted lines)b-quarks (ordered inpT ), for the same signal and benchmark
points.

to be hard to reconstruct, the main backgrounds areW±Zjj with W± → l±νl and
Z → l+l−, andttl+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 stateW+W−4b, the signal cross section (before
any acceptance cut) is 36.1 fb. After requiringpT > 15 GeV for b-quarks,pT > 10

GeV for leptons from theW ’s decays and|η| < 2.5 for all objects, it drops down to
6.5 fb for aB-tagging efficiency of 40%. This should be compared to the background
cross sections under the same hypothesis: 25 fb forttbb and 120 fb (taking into ac-
count a 2% mistagging probability) forttjj. 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 toa 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 fromτ decays, and on all jets (pT > 20 GeV, |η| < 2.5), the
main background (i.e.,WZ/γjj) can be further reduced by imposing70 < mjj < 90

GeV for the two leading jets. The signal and background can beseparated in kine-
matical 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 thegg →
h0 → H+H− → W+A0W− → l+l−bbbb + ET,miss signal and the main back-
grounds (stacked) after acceptance cuts (see text). (b) Invariant mass of the three
leptons for thegg → h0 → H+H− → W+A0W−A0 → l±jjτ+τ−(bb) + ET,miss

signal and the main backgrounds (stacked) after acceptanceand isolation cuts (see
text).

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

4.4.2 Process pp → tt → W±H∓bb → W+W−A0bb

As mentioned previously, if the charged Higgs boson is lightenough it could be pro-
duced through the top decayt → H+b. In the benchmark BP1, the charged Higgs
subsequently decays intoW±A0 (see Figure 4.17(a)), giving aW+W−bbbb or a
W+W−bbτ+τ− signature depending on the consideredA0 decay mode.

Signal and background

The l+l−4b + ET,miss final state, whereA0 → bb and bothW ’s decay leptonically,
has been investigated in [163] in the specific context of theCP violating MSSM and
NMSSM. Preliminary studies of this signal in ATLAS [164] andCMS [151] collabora-
tions show that this signal may emerge significantly from themain QCD background,
i.e.,ttbb, when heavy mass reconstruction andB-tagging techniques are used.
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Figure 4.17: Sample Feynman diagrams for (a) thegg → tt→W+W−bbA0 process
and (b) thegg(b) → tH+ →W+W−(b)bA0 process.

In the present work, we focus only on the somehow simpler finalstatel±l+l−2b +

ET,miss for the benchmark BP1, whereA0 → τ+τ− → l+l− + ET,miss, oneW
boson decays leptonically and the other one hadronically. The main issue regarding
this process is the relatively low momenta of the two leptonsproduced inτ decay due
to the lowA0 mass and the small amount of boost available. Assuming theB-tagging
of at least one of the twob-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 oneB-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 threefinal state leptons allows for
a good separation of signal and background events. The reconstruction of theA0

andH0 masses seems however challenging due to the various sourcesof missing
transverse energy.

3All the quoted acceptance for this background refers to a “bare” generation cross section where only
an invariant mass cutmll > 5 GeV has been applied to avoid theγ soft divergence.
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Figure 4.18: Invariant mass distributions of the three finalstate leptons for thet →
H+b (a) andtH+ signals (b), together with thettl+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. FormH± & (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 forA0 and theW ’s as in the previous section, the signal
final state isl±l+l−b(b) + ET,miss where the presence of the extrab quark between
parenthesis depends on the considered initial state (gg or gb). In the following, both
possibilities are treated inclusively. Compared to the previous processt → H+b, the
leptons coming theA0 decay are considerably more boosted due to the higher charged
Higgs mass, and a simple minimumpT cut on all final state leptons may be already
sufficient to achieve an impressive separation of the signalevents.

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 oneB-tag (with a 40% efficiency) and a simple
selection cut60 < mjj < 100 on the two hardest jets (which affects mainly the
background where theb-jets are often harder than those coming from theW ), 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 overallS/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.

Theh0 → A0A0 decay favoured in themh0 > 2mT region of the model parameter
space may be studied whenh0 is produced in association with aW/Z boson, as argued
in [141, 152]. The same process could also be studied for a VBFproduction ofh0,
but the original optimistic conclusion [158, 159] about thefeasibility of this channel
when oneA0 decays into ab-quark pair and the other one into aτ pair is tempered by
our matrix-element based simulation of thettjj background.

TheH0 → ZA0 decay appears as one of the most striking signature of the model,
in particular due to the presence of aZ boson in the final state. Thegg → h0 →
H0H0 → ZA0ZA0 process, with bothZ bosons decaying into charged leptons and
bothA0 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 boostedA0 configura-
tions. ThebbH0 → bbZA0 process whereA0 decays into aτ 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).

TheH± → W±A0 decay, finally, may also gives genuine signatures despite the
presence of larger backgrounds likett and the difficulties associated to mass recon-
struction due to the presence of large amount of missing transverse energy. The
gg → h0 → H+H− → W+A0W−A0 may be detectable even for a rather lightA0

if at least oneA0 boson decays into aτ pair. But the detection will rely crucially on
the detector performance for lowpT leptons identification. When the charged Higgs
is produced in association with top quarks, theH± → W±A0 → W±τ+τ− decay
chain also offers good detection opportunities, in particular in the highmH± region,
mainly due to the low cross section of thettl+l− background.



Conclusion

In the course of this thesis we have examined the possibilityfor an extension of the
Standard Model scalar sector which can, simultaneously, bejustified 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 frame-
work 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
andCP 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 successfulρ ≈ 1 phenomenological relation is ensured by the de-
generacy of a pair of charged scalars with a scalar (H0), 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, sayA0, 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±, H0) andA0 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 spectrummA0 < mH0,H± < mh0 , as compared for example to
the typical MSSM scenario, with a relatively lightA0 (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 tothe presence of new exotic
decay channels likeh0 → H0H0, H+H−, H± → W±A0 or H0 → ZA0. These
signals are covered only very partially (to say the least) byanalysis 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 andCP symmetries can probably be generalised to other sectors of
the theory, like the Yukawa sector, or to more complex scalarsector extensions, i.e.,
models with more than two Higgs doublets or involving higherrepresentations. Ap-
plications 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 stud-
ies. Among others, let us quote the identification of “superb-jets” which appears as a
recurrent requirement for several processes, or the resolution of overconstrained sys-
tems of several kinematical variables. Various innovativesolutions 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 sym-
metries 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 neverend-
ing quest towards a unified physical interpretation of high energy phenomena.



Appendix A
Higgs boson Feynman rules in
the twisted 2HDM

The first value is for type I models, and the second one for typeII models.
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Appendix 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 or-
der to simplify this step, and the fully generic 2HDM has beenimplemented as a first
application of this new framework. The current version of the code includes various
additional improvements, like interfaces for matching thematrix element description
with parton showers, implementation of the Les Houches standards, decay chains syn-
tax, analysis platforms, and a user-friendly web interfacefor 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 spe-
cific version of the code optimised to run over the Grid.
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B.1 The implementation of the 2HDM into Mad-
Graph

In the so called “general” version of the model, we do not haveput any further re-
strictions on the interactions allowed by gauge invariance. Many diagrams involving
tree-level FCNCs and violating theCP 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+ andh- stand for the posi-
tively and negatively charged Higgs bosons, whileh1,h2 andh3 stand for the neutral
ones. Since we do not assumeCP invariance of the potential, the neutral bosons are
not necessarilyCP eigenstates and we are thus using the standard naming convention
in this case,h1 being the lightest one andh3 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 parametersgiven 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 usedas input con-
vention. To facilitate online use of TwoHiggsCalc, a web form has been designed to
simplify the input file writing process. In this form, you canenter numerical values
for the parameters, the units being fixed when needed. Some simple algebraic expres-
sions can also be used. The+,-,*,/ operators and thePI 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 = µ1H
†
1H1 + µ2H

†
2H2 −

(

µ3H
†
1H2 + h.c.

)

λ1

(

H†
1H1

)2

+ λ2

(

H†
2H2

)2

+λ3

(

H†
1H1

)(

H†
2H2

)

+ λ4

(

H†
1H2

)(

H†
2H1

)

+
[(

λ5H
†
1H2 + λ6H

†
1H1 + λ7H

†
2H2

)(

H†
1H2

)

+ h.c.
]

All quartic terms parameters (in red) must be input, all the masses terms parameters
(µ1, µ2 andµ3) being fixed by the minimization constraints.λ1 toλ4 are real parame-
ters.λ5 could be in general a complex parameter but since only the phase differences
betweenλ5, λ6, λ7 andµ3 matters, the phase ofλ5 can always be rotated out. We will
thus consider it as a real parameter here whileλ6 andλ7 are a priori complex.

The Yukawa interactions read

LY =
QL

√
2

v

[

(MdH1 + YdH2)dR + (MuH̃1 + YuH̃2)uR

]

+
EL

√
2

v
[(MeH1 + YeH2)eR]

Yukawa couplings must be given in the physical basis, i.e. inthe basis where the mass
matrix is diagonal. Since in the Higgs basis only the first Higgs doublet gets a non
zero vev, theM matrix is completely fixed by the observed fermion masses while the
Y matrix (giving the couplings of the second Higgs doublet) isa 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 = µ1φ
†
1φ1 + µ2φ

†
2φ2 −

(

µ3φ
†
1φ2 + h.c.

)

λ1

(

φ†1φ1

)2

+ λ2

(

φ†2φ2

)2

+λ3

(

φ†1φ1

)(
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)(

φ†2φ1
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†
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†
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†
2φ2

)(

φ†1φ2

)

+ h.c.
]

All quartic terms parameters must be given as well astan(β), theµ3 norm and the
phase ofv2. Additional parameters are computed automatically. The overall v.e.v. is
extracted from SM parameters while masses terms parameterslikemu1,mu2 and the
phase ofmu3 are fixed by the minimization constraints.λ1 to λ4 are real parame-
ters,λ5, λ6 andλ7 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 value1e-10.

The Yukawa interactions read

LY =
QL

√
2

v

[

(∆dH1 + ΓdH2)dR + (∆uH̃1 + ΓuH̃2)uR

]

+
EL

√
2

v
[(∆eH1 + ΓeH2)eR]

Yukawa couplings must be given in the physical basis, i.e. inthe basis where the
mass matrix is diagonal. Since the mass matrix is fixed, only theΓ 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 theΓ
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 Comment
SMINPUTS From 1 to 4, SM parameters, see the SM section for more details
MGSMPARAM Extra block withsin θW andMW , see the SM section for more details
MGYUKAWA “Yukawa” masses used in the Yukawa couplings evaluation
MGCKM The full CKM matrix
BASIS Basis choice, must be 1 (Higgs basis) forMadEvent !
MINPAR Scalar potential parameters in the Higgs basis
YUKAWA2 Yukawa couplings of the second Higgs doublet
MASS All SM particles masses, plus the five new Higgs boson masses
TMIX The scalar mixing matrix
DECAY For all the Higgs bosons, top,W± andZ

Table B.1: LHA blocks used by 2HDM MadEvent

• Mixing matrix of neutral scalars (calledT in [51])

• Decay widths for all scalars as well as forW andZ bosons and the top quark.
All widths are evaluated at tree-level using the same couplings as inMadEvent.
Under threshold formula are included for the scalar into twovector bosons de-
cays and the one loop driven scalar into two gluons decay is also computed.

B.2 The implementation of the 2HDM into MadE-
vent

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 forαs atMZ and the order of its run-
ning is given by the PDF. Otherwiseαs(MZ) is given by blockSMINPUTS, parameter
3, and the order of running is taken to be 2-loop. The scale whereαs is evaluated is
however always given by the “scale” parameter in therun_card.dat.
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Appendix C
Higgs bosons production in
association with single top

Thett associated Higgs boson production is known to have a non negligible (≃ 1 pb)
cross section at LHC for moderate value ofmh (mh ≃ 100 GeV). This is in great part
due to the very largett pair production cross section. Since the single top production
has also a sizeable rate at LHC (more or less half of thett production), in particular
in thet-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 order100 fb for mh ≃ 100 GeV instead of the500 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 fromunitarity 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 ofmh 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 betweenh0 and
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Figure C.1: Top and bottom left: Diagrams contributing to single-top and Higgs asso-
ciated 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 pseudoscalarA0 production cross section for two different
tanβ values, both as a function of their mass. On the right, the MSSM pseudoscalar
A0 production cross section is shown as a function ofmH± both for type I and type II.
For all these cross sections, a minimalpT of 20 GeV and a maximal rapidity of 2.5 is
assumed for the (nonb) jet. The factorisation and renormalisation scales are both set
equal tomφ. Theb quark mass involved in the Yukawa coupling is the running mass
atmφ. The PDF is CTEQ6L1.

H0 is small. For the lightest Higgs boson, the situation is similar to the SM. The
WWh0 coupling is close to the SM value and even ifh0 is coupling mainly tob,
the bb coupling is close to thett one in the SM in the limit of largetanβ. For the
heaviest scalarH0 the couplingWWH0 almost vanishes and one could then expect
an enhancement of the total cross section. But an additionaldiagram involving a
charged Higgs boson (see figure C.1) should also be taken intoaccount due to the large
W±H∓H0 coupling. This diagram leads to a amplitude of the same orderand the
same sign as the one involving only theW boson and thus no particular enhancement
is observed [171]. The situation is similar for the pseudoscalarA0 but in this case the
WWA0 coupling is strictly zero due toCP invariance.

The last hope one could have to get a sizeable cross section for this process is to
consider a 2HDM where the pseudoscalarA0 is relatively light and where the charged
Higgs pair is much heavier so that the negative interferencecannot occur (i.e., the
amplitudes associated with the SM like diagrams on figure C.1are dominant). This of
course cannot be considered in the MSSM case since the massesof H± andA0 are
linked through the mass relationm2

H± = m2
A0 +m2

W± . 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 sectionis 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 varyingmH± is almost invisible. At lowmH± , the diagram
involving the charged Higgs boson should contribute but itssquared 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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