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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 anothetiegara of modern high
energy physics. While Run Il at the Fermi National Accelerdtaboratory is now
underway and is going to produce more than fifty times the arhofidata used in
discovering the top quark, the Large Hadron Collider (LHG)struction comes to its
end and the first events are expected for the last months & 200

The end of the twentieth century has seen the success ofahd&t Model (SM) of
electroweak and strong interactions. Despite its origiaathe (and maybe aim), this
phenomenological model imposed itself over the years aglhamatically consistent
theory describing all observed high-energy phenomena. Thisndiste predictive
power was first demonstrated by the observation of neutrakwerrents in the late
seventies, before being confirmed both by a huge amount dfunderstood experi-
mental data and the incredible level of accuracy of sevep@ements, never reached
in any other field of Science.

The reticence of the high-energy community to consider tam@&rd Model as the
ultimate theory is mainly based on three classes of arguisnéist, its mathematical
consistency calls for the existence of a heavy scalar payrtiee Brout-Englert-Higgs
bosoﬂ, which has so far escaped all direct detection attemptsachel presence of

1In the present work, the short name “Higgs boson” is ofterip®lowing the common usage in high
energy physics publications. The contribution of RobedBrand Frangois Englert to the discovery of the
spontaneous symmetry breaking mechanism should newestheé strongly underlined.
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this new particle appears as more and more challenged aversince the light mass
region favoured by precision data is already excluded by BEfe experiment. Second,
while being perfectly consistent, the SM may appean@satural or at best heavily
fine-tuned, for various reasons such as the stability of #renFscale and the lack of
explanation for the fermion mass spectrum, in particulaenvhonsidering the very
small but non-zero neutrino masses. Finally, the quantunggdield theory which
is the mathematical ground of the Standard Model is ill-d=fiwhen applied to the
classical theory of gravitation. Interestingly, theseuangnts are strongly dependent
upon each other. For example, the hierarchy problem isectlat the same time to
the physical meaning of a very high scale where unknown gumagtravity effects are
supposed to be non-negligible and to the presence of a fuenlairscalar particle.

These various reasons lead the large majority of high ensrgsicists to contemplate
the possibility of “Beyond the Standard Model” physics effe which could arguably
show up at the TeV scale in order to stabilise the Higgs bosassmand/or unitarise
the gauge bosons scattering amplitudes at high energy.réelieories have been
proposed among which the quite popular Supersymmetry ance necently, Extra

Dimensions, Little Higgs and Walking Technicolor theorégs typical examples. In
the Minimal Supersymmetric SM (MSSM), the Higgs mass isiizaal by compen-

sating the SM loop contributions by opposite sign loops amriig the new super-
symmetric particles. In Little Higgs theories, the Higgsasiés protected by multiple
approximate symmetries in a way similar to the pion mass.etinicolor-inspired

theories, the Higgs boson appears as composite and, fimathgories with extra di-

mensions the hierarchy between the weak scale and the Pdaalkis explained by
the geometry of the 4D branes arrangement along the new dioren

All these BSM theories are, in general, characterized by afseew physical states in-
teracting weakly and possibly strongly with the known SMtjates. If their couplings
are sizable and their masses are in the kinematical readtedfHiC, these particles
are expected to be produced and to decay in the detectors ¢scape them), giving
visible signatures (or missing transverse energy). Etirgd¢hese new physics im-
prints from the huge amount of data to be collected is goinget@ real challenge,
both from theoretical and experimental points of view. edilecompared to the situa-
tion in other experimental environmenésg, electron-positron collisions at LEP, the
data flow describing events resulting from the head-onsioli of two 7 TeV proton
beams at LHC will be extremely complex. This is due to seveffacts: the space
extended structure of the proton, the total amount of enavgilable in the rest frame
of the collision and, last but not least, the high luminositywhich the machine has
been designed to work.

This high luminosity is of course a necessity to probe NewsRisycharacterized by
rare events, but it has, however, two major drawbacks. ,Rhistbackground rate is
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in general orders of magnitude larger than the genuine kigwan processes consid-
ered as rare at machines working at lower energies, suclpagitok pair production
at the Tevatron, will occur at relatively high rates (onerg\aecond) and will some-
times overwhelm interesting signals. Very strong cuts arekiatical variables will
then be applied in order to reach discovery significances Wil require a detailed
knowledge of Standard Model backgrounds in underpopulagitns of the phase
space. Second, at high luminosity, several protons arecesghéo collide in a time
scale smaller than the typical detector response delays gienomenon known as
“pile-up” can only be described at the very last stage of thenesimulation (i.e. at
the detector level) and can sometimes play a non-trivia@ molthe sensitivity of a
given analysis.

Considering the above difficulties together with the numtfguroposed BSM theo-
ries, the number of different scenarios for each of them, taedhumber of acces-
sible points in the parameter spaces, it is hard to think eamystematic approach
which can be managed by a scientific community with limitesbotegces. The so-
lutions usually proposed to face this situation can be ifladsinto two distinctive
categories. Top-down approaches focus on a particulanttal try to use the max-
imal amount of available theoretical, indirect and diremtstraints in order to define
specific benchmark points. The possible signatures of theryhfor these particular
benchmark points are then investigated in great detail. Hidpe is of course that the
New Physics to be discovered is similar enough to one of thesehmark scenar-
ios. Studies dedicated to MSSM are typical examples of spphaach. The other
possibility is to consider several signatures (“inspirég’realistic theories) from a
model independent point of view and to scan the whole frearpater space to iden-
tify winning search strategies. Looking at particulariysigive physical quantities,
for example the top anti-top quark pair invariant mass itlistion, in order to find
deviations from the SM prediction is usually referred to ds@tom-up” approach.

A third way, partially sharing the advantages of these twxtreames” approaches,
could also be followed. Using the knowledge of the anatomyasfous BSM the-
ories, or of certain types of BSM theories, one can first idgmnécurring structures
and define interesting generic SM extensions. Work alorgjlithe has been done, for
example, in the “strongly-interacting light Higgs” appobaby Giudiceet al. where
the typical structures common to Little Higgs and Techricdheories are identi-
fied and studied from a model independent perspective. Tdseric extensions are
however usually strongly constrained by precision coirgsanaturally satisfied in the
Standard Model. In order to avoid unacceptably large fiméaty, the (approximate)
hidden global symmetries present in the SM and responsibléhé suppression of
particular rare effects should be implemented in the camsiiscenarios. This proce-
dure has been, for example, followed by Isidetral. to define the “Minimal Flavour
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Violation” scheme which can be implemented in various BSMkotties to naturally
suppress the effects of unwanted flavour changing neutregis.

The present work falls into this third approach of High Eneipysics phenomenol-
ogy. The generic two-Higgs-doublet model is first identiféeda recurring and com-
mon structure for the scalar sector of various BSM theofibg custodialC' P andZ,
symmetries are then isolated as important features of thélggls sector, before be-
ing generalised and implemented in the 2HDM. The phenonogiyalf the resulting
model is finally studied, from the perspective of precisiests and for its signatures
at high energy colliders.

This thesis is divided into four main parts. The first chaj¢ededicated to a brief
overview of the Standard Model, focusing in particular omithinimal implementation
of the spontaneous symmetry breaking mechanism and on soeiated accidental
global symmetries. In the second chapter, various motiatfor generic extensions
of the SM scalar sector are reviewed and the two-Higgs-aaibdel is introduced as
an archetypal scenario. The custod@E andZ,; symmetries accidentally presentin
the SM are generalised to the 2HDM case, and the possitulits finusual “twisted”
realisation of these symmetries is considered. The thiagteh is devoted to an exten-
sive study of the principal theoretical, indirect and direanstraints which may affect
this exotic scenario. These constraints are used to regtaenodel parameter space
and to define various benchmark points in the beginning ofdheth chapter, where
the most promising signatures at the LHC are examined. Tappendices complete
this work, dedicated respectively to an exhaustive listhef model Feynman rules,
to the generic 2HDM implementation in the MadGraph/MadBEwehMonte-Carlo
event generator and to a study of the single top associabeiption of neutral Higgs
boson(s).



Chapter

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 Standéwdel for electroweak

interactions, with a particular emphasis on the Brout-ErtgHiggs mechanism and on
the Higgs boson phenomenology. This presentation is nqiaaga to be exhaustive
but to introduce the concepts and notations used in thedoming chapters. The
interested reader looking for more details is invited tostdhother references lik&l[1]
or [2] on which part of the following is based.

1.1 From the Fermiinteraction to the electroweak
scale

Using the Fermi theory with four fermions interactionss [@he can describe the muon
weak decay.~ — e~ T.v, with the effective Lagrangian

Lp= _%m; (1.1)

whereJ, is thel” — A leptonic current
To(@) = Pep(L = ¥5) v + Yuvp(L = 75) 0, - (12)

15
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The Fermi constant'r appearing in[{Il1) is extracted from the muon lifetimge
through the relation

1 Gim), 8m?2 2

2m3 ( _ mQ) [1+1.8109+(6.701io.002) (9) } (1.3)

mu ™ ™

T, 19273

where higher order QED corrections have been included [is [Bads to the precise
value [5]

Gr = (1.16637 +0.00001) x 1075 GeV~2 (1.4)

The very same constant appears in the description of otbeepses, like the neutron
decay, hence the postulate of tn@versalityof the weak interactions.

Nevertheless, the Fermi theory is unsatisfactory due t@dmenormalizabﬂmature
of the effective four-point interactiofi{1.1). Indeed, th@upling constanGr has
a negative canonical dimension such that the superficiakdegf divergence grows
with order of perturbation theory. Following a naive dimensil analysis argument,
this description of the weak interaction is expected to Bielwmly up to scales much
lower than the natural cutoff

1
A ~——— ~250GeV . 15
bW e (15)

1.2 Electroweak interactions before symmetry
breaking

The successful renormalizable theory proposed by GlastWainberg and Salam[6,
4,[8] to describe electroweak phenomena at scales of drgdegr is a Yang-Mills
theory [9] based on the gauge symmetry gréiip(2);, x U(1)y. Vectorial fields
are associated with each generator of the electroweak ggoge and mediate the
corresponding interaction. The field, is related to the generataf of U(1)y and
the fieldsiV}>? are related to the three generat®r's®® of SU(2), defined such as

[T, T = ievteT, . (1.6)

The strength tensors of these fields can be written

Wi, = 0.We—0,Wi+ gre®™ Wiwys (1.7)

ng

BNV = a;LBV - BIJB;,L (18)

1Here, the nonrenomalizable adjective is used to qualifiearthcontaining an unacceptably high num-
ber of divergences which would require an unnatural, irdiniimber of unrelated counterterms to be renor-
malized.
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wheregy, is the coupling constant &fU (2) ;.. The purely gauge part of the Lagrangian
reads

1 a v 1 Nz
£G = _ZW‘W’W# - ZBPWBl . (19)

Regarding matter fields, the theory contains three genestf left and right-handed
chiral quarks and leptons with;, = 1/2(1 & v5)1. Left-handed fermions trans-
form asSU(2), doublets (generically note@;, = (ur,dr)” for quarks and.; =
(v, er)? forleptons) and right-handed fermions transforn$ag2) 1, singlets (gener-
ically notedu z andd g, for up-type and down-type quarks angd for charged leptons).
The hypercharg¥ associated with the gauge grolipl )y is related to the third com-
ponent/® of SU(2),, and to the electric chargg through

Y =20Q-1I% . (1.10)

Gauge and matter sectors are minimally coupled through ttee Rinetic terms
Lp = iQy Duy" QY + iy Dy uly + idp Dy di; (1.11)

wherei stands for the three generations of quarks and leptons arbthariant deriva-
tive D,, is defined as

. « . Y
D= (QL —igrLTeWy — zgygBﬂ) P (1.12)

with gy the coupling constant df (1)y .

The Lagrangiaif + L p is not sufficient by itself to completely describe electrake
interactions since it cannot account for the observed nfdssmions and? + and Z°
gauge bosons, the later being in turn also responsibleédirttited range of the weak
force and the smallness of the Fermi constampt However, it is straightforward to
show that adding a direct mass term for any of the associakts fivould explicitly
break the gauge invariance of the theory. As explained irfdb@wing section, this
puzzling issue can be addressed, among others, in a simglelegant way by the
Brout-Englert-Higgs mechanisin 10,111 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 a/single vector boson
A,, associated with & (1) local symmetry and a complex scalar field Let us also
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assume that the dynamic of this system is described by theahg@an
1
L=— FuF™ + D" Do + 1o o — A" 9)° (1.13)

wherep? and) are real and positive parameters by hypothesis. The fieldgtinF+~
and the covariant derivative* are defined in terms od* with a coupling constart
as in [I.8) and{1.12). The complex fielccan be conveniently parameterized as

@) = e (ofa) + ) (1.14)
wherev = /u2/X corresponds to the classical minimum of potenfial{lL.13hy A
U (1) local gauge transformation of the fields reads

(2) = °Dg(z) AL(x):AH(x)—éaua(x) (1.15)

wherea(x) is an arbitrary function of space-time. Since the systemvarant under
this transformation, one can alwafysthe gauge function to be

alz) = —%5(1‘) . (1.16)

With this particular choice, called thenitary gaugethe fieldsg(z) and A, (x) now
read

T ') _1
@)= T3 (@) +0) AL = Au(e) = - 0uE() (1.17)
and the degree of freedom associated with the would-be @uldgield{(x) can
now be seen as a longitudinal degree of freedom of the flgltr). After replacing
expressiond(I17) il (I 3), one can see {ka} disappears fronf and A* acquires
anon zero mass:

m?% = e*v? (1.18)
while the modep(z) appears as a physical scalar of positive mass

mi =2u° . (1.19)

In summary, the Brout-Englert-Higgs (BEH) mechanism afidive gauge bosons to
get a non zero mass at scales belowithout explicitly breaking the gauge invariance
of the theory. For each massive gauge boson, one Goldstata seust disappear

from the physical spectrum in order to conserve the numbelegfees of freedom.

The “price to pay” for this mechanism to occur is the appeeeani, at least, one

physical scalar state called the Higgs boson.
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1.3.2 The BEH mechanism in the Standard Model

In the Standard Model, three of the four electroweak gaugem®have to be massive.
This requires at least the presence of three scalars (todwelsdd as the longitudinal
degrees of freedom of these vector fields) in addition to ttteaescalar needed to
trigger the BEH mechanism. The minimal solution is to grolugse four fields into
oneY = 15U (2)r complex doublet

H= ( ? ) - % ( i(’::i:f) ) . (1.20)

The Higgs doublet couples to the gauge sector of the SM intred in the previous
section through the kinetic term of the most general gaugari@ant renormalizable
scalar Lagrangian

Ly = (D'H)'D,H + p*H'H - N(H'H)? . (1.21)

The minimum of the potential if s can always be rotated to

(H) = = ( 0 ) (1.22)

using aSU(2);, x U(1)y gauge transformation. The gauge boson mass spectrum is
then determined by

|DH(H)|? (1.23)

whereD* is the covariant derivative defined [D{1112), such that

—iv V2gL Wi )
D,/ (H)=—+= # 1.24
wH) 22 ( —9L W3 + gv B, (1.24)
with
1 .
Wi = E(W,} TiWD) . (1.25)
Ther bosons are clearly mass eigenstates with
1
mw = 5grv (1.26)

while W? and B,, mix to give two physical bosond,, andZ,:

A, = cos@WB#—i—sinHWWB
Z, = —sinfwB, + costw W, (1.27)
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with masses

mw

(1.28)

mag =0 and myz =
cos Oy

where the weak angle is defined byn 6y = gy /gr. The important role of the
second relation il I.28) is investigated more deeply iticed Z2.

The presence of a Higgs doublet in the Standard Model alswsifor the following
Yukawa terms in the Lagrangian

Ly = —Qr aHdr — QA Hur — L\ Heg + hec. (1.29)

where theSU (2), doublet

S HO)
= irH* = ( (_HZ > (1.30)
has an hyperchargé = —1. After the spontaneous symmetry breaking of the elec-

troweak symmetry, these Yukawa interactions provide (nawofl diagonal) mass
termsmy, 4, = /\u,d,lv/\/i to all fermions except the neutrirtbs

1.4 Standard Model Higgs boson phenomenol-
ogy

In the SM, the mass of thB’* bosons can be related to the Fermi cons@Giptby
matching the effective four fermions description with thagsive propagatingy/*
picture (withpy < my), i.e.,

Gr _ 9L 1 gr (1.31)

= X X
V2 o2v2 o MR 22
The left coupling constan;, and thelW* bosons mass both cancel between{1.26)
and [I.311) so that the vacuum expectation valumn be estimated from the single
low energy quantity

v = __r ~ 246GeV . (1.32)

(V2GF)1/2

This parameter is then consistently identified with the redtautoff scaleA gy in
(@ 3).

2Here we assume that neutrinos remain massless due to thecabskthe associated right-handed
components. Even if this assumption is in contradictiorhwitperimental data, it does not play any role in
the context of the present work.
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After spontaneous symmetry breaking, the Higgs bdshme. the particle associated
to the expansion af’ around the vacuum il TR0y = v + h°, acquires a mass

mio = —p* + 3\0? (1.33)
which can then be simplified to
mie = 2u% = 2\v? (1.34)

using the potential minimization condition

oV 1
- =0 =4/5 . 1.35
90 (0%)=v < v \ ( )

Sincew is precisely fixed by[[1.32), the’ and\ real parameters are completely fixed
by the knowledge of the Higgs mass,o, 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 gpfnim various re-
quirements related to the self-consistency of the quanieory.

Unitarity and perturbativity

A significant consequence of the nonrenormalizable natutteeo-ermi theory intro-
duced in sectiof 111 is the violation of unitarity in intetiaas occurring at scales of
orderA gy . In this effective theory the cross section is asymptdiiqaloportional to
the center of mass energy squasethstead of being bounded by !. The interaction
probability then grows indefinitely with the available egggrand becomes bigger than
unity at scales of ordek gy .

Even if this unwanted behavior can be cured for some paatiqubcesses (e.g- 7, —
1~ 7,;) by adding massive gauge bosd#is™ “by hand” in the theory, it is in fact only
postponed to other processes likee™ — WTW~. This issue can be solved in
renormalizable theories by the presence of new particti(@)g rise to additional
negative interferences in the total amplitude. In the Sdathélodel, the Higgs boson
plays this unitarizing role but its mass is in turn constedino be of the order of the
electroweak scale.

A more quantitative estimate of this bound can be extracyedfplying the optical
theorem to particular processes like, for exampleJifieW — — W+ W ~ scattering
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at very high energies (see Ref. [13] and references theoeia dletailed discussion).
The optical theorem relates the total cross secticand the imaginary part of the
amplitudeA in the forward directio = 0 through

o= élm(A(@ =0)) . (1.36)

The scattering amplitude can be expanded into partial wavelsorbital momentuna

A =167 2(21 + 1)P(cosb)ay (1.37)
1=0

giving, for a2 — 2 scattering process,

o0

o 20T (20 + D)|ag|* . (1.38)
S

=0

By substituting[1.37) and{1.B8) ib{1136), the opticaldteam becomes

Re(a;)* + (Im(a;) — %)2 = i (1.39)

which is nothing else than the equation of circle of racguand centex0, %) in the
(Re(a;), Im(a;)) plane. This leads trivially to a condition on the real partpf

IRe(ar)| < % . (1.40)

The! = 0 partial wave for the amplitude of the/ "W~ — W¥W~ process can
easily be estimated in the limit wheses> m§,, m?, and reads

—m2,
~ 1.41
ao ~ <3 (1.41)

The optical theorem conditioR {T140) then gives the bound
mpo < 870GeV (1.42)

for this particular channel. A combined analysis of all- 2 scattering processes
involving gauge and Higgs bosons gives a slightly more géimt bound of about
710 GeV. Another approach is to assume that is much larger thar/s, then re-
quiring another mechanism to restore unitarity at the steetak scale. A similar
computation leads in this case to an upper bound of order d\20h /s. Follow-
ing this argument, if the Higgs boson does not exist or is teavig to be observed
by forthcoming experiments, BSM Physics signatures arevapyexpected below or
around the TeV scale.
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Besides these limits related to unitarity, the requirentleat all processes involving
the Higgs boson can be consistently described with a pextivebexpansion also leads
to constraints on th& parameter, hence an;o. The Higgs partial decay width into
pairs of gauge bosons, which grows proportionally to thesaaftits mass, is a partic-
ularly sensible quantity in this context. The one loop cctioas [14], for example,
are of the same order as the Born tree-level contributiondfipr ~ O(10TeV). And,
even worse, the two-loops corrections can be larger thaorkedoop correction al-
ready form;o ~ O(1TeV). More complete calculationsTlL5] have led to a definitive
upper limit of about 700 GeV, which appears to be in a sunpglgi good agreement
with the naive estimate obtained from a perturbative apgr@d unitarity.

Triviality

Due to the presence of thé¢ H T /)2 term in [T2Z1), the SM Higgs boson interacts with
itself. The\ coefficient then varies with the energy scalevhen Higgs loop correc-
tions to the four Higgs vertex are taken into account. Thé dirder Renormalization
Group Equation (RGE) reads J16]

d 3

2\ 2 2 3
dlogAQ)\(A ) = —47T2)\ (A%) 4+ O(N°) (1.43)
and has the simple solution
A(v?)
AA2) = — 1.44
()= 5 (1.44)

if the arbitrary reference scale is fixeddolf A — 0, A goes to zero and the theory is
trivial, i.e. it is not self-interacting anymore. Af > v, A grows up rapidly and reach
a Landau pole for the finite value

472 822
A =vexp <§) = vexp (3m,%0 ) . (1.45)

Different upper bounds on the Higgs mass can be obtainedjoyrileg A to stay finite
below a given scale. I\ is associated to the Planck scale, the bound is rather low,
approximatively 200 GeV. At the contrary,Afis fixed to be the Higgs mass itself, the
bound is much less stringent, of order 700 GeV. Of courssgthaive estimates rely
on the first order equatiof {TJ43) which failed to be validselto the Landau pole, but
numerical simulations on lattice have shown similar ress[l#].

Vacuum stability

In equation[[T-413), only the self interaction termlin.(1.&laken into account. Addi-
tional contributions to the parameter RGE arise from box diagrams involving heavy
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fermions and gauge bosons. In the limit where the Higgs selpting at a given scale
is much smaller than the electroweak and Yukawa couplifigg3} become$T16]

d 2=t LpMi 3 (20 + (42 + g2 )2 (1.46)
dlog A2 1672 vt 16 L T VWETIY '
which has
A(A2) = (02 12 3 90t 4 (2 4+ 202 | tog o 1.47
(A%) =A%) + | —12-F + 72 (297 + (91 + 9v)7| log (1.47)

as a solution. Since the right hand sidelof{l.46) is negatiegparametex decreases
monotonically with the energy. Ik(v?) is too small, its sign can change below the
cutoff scaleA and the potential is not stable anymore since it has no miminiDe-
pending on the actual value df, a lower bound onn;,0 can then be extracted from
the stability requirement. I\ is associated to the Planck scale, the bound is rather
high, aroundmn;,o 2> 130 GeV, while forA ~ 1 TeV, one obtainsn;,o > 70 GeV.
Note that these bounds are much weaker if the vacuum is exfjtorbe metastable
instead of strictly stable (e.g. s€e][18] and referencagihe A summary of triviality

and vacuum stability theoretical bounds on the Higgs bosassnas a function of

can be found on Figuie.1.
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Figure 1.1: Triviality (upper band) and vacuum stabilitgvfler band) bounds on the
Standard Model Higgs boson mass as a function of the cutafésasingn; = 175

GeV anda,(mz) = 0.118. The shaded areas show theoretical uncertainties and the
cross-hatched area corresponds to the additional untgrighen varyingmn, from

150 to 200 GeV. From Refi_[19].
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1.4.2 Indirect constraints from precision measurements

In order to constrain the Higgs boson mass by studying riadiabrrections to preci-
sion electroweak parameters, one first needs to select aremrmalization scheme.
Marciano and Sirlin[[20], for example, impose the tree-leglationmy, = my cos Oy
to remain valid at all order and introduce radiative colicets in the relation between
Gr andmy . In the context of the present work, we prefer the VeIlH{m] scheme
where the free parameters are andsin Oy and where theny, = m cos Oy rela-
tion is no longer valid beyond the tree-level. Tdia Ay parameter is extracted from
Z-pole and neutral current data at the sgale m ;.

Thep parameter is defined as the ratio

£ 9
myy

P (1.48)

Mm% cos? O
As mentioned before, in the Veltman schemes 1 only at the lowest order of per-
turbation theory bup # 1 in general due to radiative corrections. If the renormalize

squared masses? differ from the bare masses? by an amouném?, one has

Ap = p-1
(miy + Imiy)

(m% 4 0m%) cos? Oy
_ (miy +omiy) (1_ 5m%> 1

2

My mz
1 A
= m—2(5m%,v — cos? Oy dm%) (1.49)
w

or, if only low energy experiments are considered,
m%,VAp = wa(kQ = 0) - COS2 éwnzz(/{2 = O), (150)

where the functionslyw, 2z (k?) are the coefficients of the Minkowski metric in the
gauge bosons propagators, i.e.

w22 (k%) = Mww,zz(k*)g" . (1.51)

Custodial symmetry

The minimal Higgs sector of the Standard Model, as desctlilyedagrangian[(1.21)
has a important symmetry property. The simultaneous remeénts of gauge in-
variance and renormalizability constrain{1.21) to be iram@ under an “accidental”
global symmetry.

3Equivalent, in this framework, to th&l'S renormalization scheme.
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Considering the definitior{I.P0) of th&U (2); Higgs doublet in terms of scalar
fields, the scalar Lagrangian (where only the partial déxggpart of D* is con-
sidered) can be rewritten as a lineamodel [22]

2
L5 = 5[0u0) + 0,77) + 0>+ 7) ~ 20>+ 7). (152)

N =

Considering(o, 7) as a quadruplet, this Lagrangian is obviously invarianteuritle
SO(4) symmetry:

(2) - (%)-o0ma(2)

0@.f) = exp |=i(@- Qv + 8- Qa)| (1.54)

where the vectoria@v) and axial (;jA) generators obey the following commutation
rules

Qv Q1] = (@4, Q%) = ieV* QY . [Q1, Q%] =i Ql . (1.55)
The matrixO(&@, 3) is given (at first order im’ and ) by

1 =B =B B

| B 1 a3 —Q2
O@O~1 5 0 1 _a (1.56)
Bz as o 1

such that transformatidn{I]53) reads

/ -
- T

x 7+ fo . (1.57)

2
Q

@

g — O
—

!

QL

2
=l

7

Al

From these last relations, it is clear that only axial transfations mixs and7 fields.
It follows that the vectoriabO(3) subgroup of the originadO(4) remains unbroken
after the spontaneous breaking of the gauge symmetry byah&anishing vacuum
expectation valués) = v.

This remainingSO(3) global symmetry, called the “custodial symmetry”[23], has
an important phenomenological consequence. Indeed, asrdgrated for example
in [24], the p parameter defined il {T18) can be linked in a suitable gauteetra-
tio of the renormalization constants of the Goldstone fieltls- i7? and=3. Since
these fields are transforming as a triplet underSlig3) symmetry, these renormal-
ization constants are kept equal such thatihe 1 relation is enforced at all order of
perturbation theory when only pure scalar self interactiare present.
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The presence of an accidental custodial symmetry can alsgvbaled by considering
the2 x 2 matrix representation of the complex Higgs doubilethamely

B HO H*
V= oy ) (1:59)

Using this representation, the scalar potential can beastantly rewritten
Ls = Tr(0" M9, M) — > Tr(MTM) + XTr?(MTM) (1.59)
which is manifestly invariant under a global chitlV (2);, x SU(2) r transformation
M — M' =UMU}, , U,€SU@2), and Ug€ SU(2)r (1.60)

due to the cyclicity of the trace. Since the vacu(bf) = v1/+/2 is invariant only

if Up, = Ug, theSU(2) x SU(2)r symmetry is spontaneously broken to its vec-
torial subgroupSU (2)y. The link with the real representation case described above
is straightforward to draw by identifyingU (2)r. x SU(2)r/Zs with SO(4) (the

Zo symmetry corresponding to a simultaneous change of sighdtr left and right
unitary matrices) andU (2)y with SO(3).

Contrary to the pure scalar part of the Lagrangian, both gaungl Yukawa interac-
tions (if up and down-type fermions are not degenerate)kbttea custodial symme-
try. A quadratic dependance in both heavy fermions and ghagens masses is then
expected in the one loop corrections to fhearameter while the Higgs mass only
appears in a logarithmic contribution. This important teeaf i.e. the fact that ap-
parently dominant corrections cancel out in physical olzggles in the presence of a
custodial symmetry, has been referred by Veltmai [25] as¢heening phenomenon.
As demonstrated by Einhorn and Wudkal[26], this concept easybtematically gen-
eralised to higher order corrections. For example, thelbep-corrections to the
parameter only contains terms proportionahtg, although there are diagrams pro-
portional tom},.

Top and Higgs contributions to Ap in the SM

For the explicit details of thé\p corrections at one loop in the Standard Model frame-
work, the interested reader is kindly invited to consult dhiginal works [211[ 217,_28]

or [29]. The final results for the top quark and Higgs bosortgbutions, in the large
top and Higgs masses limit, read respectively :

3G

Aprop = w—ﬁmf (1.61)
3GF A m2

ApHiges = . tan? fyym?;, log mgv (1.62)
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As expected from previous argument, the top contributidralbes quadratically while
the Higgs contribution only grows logarithmically. Equats [1.4B),[1.91) an@{112)
link the my, mpo, my andsin® Oy, parameters in a non trivial way. A global fit of all
the available electroweak precision data then allows tgiraim the Higgs mass range.
The preferred value isi; = 76753 GeV, with a 95% CL upper limitvy < 144 GeV,
raised tomy < 182 GeV once the direct LEP limit is included [30].

As emphasized in_[31], there are however some mild reasomsmfern with this
constraint. The two most precise measurementsiofdy, do not agree very well,
leading to conflicting predictions for the Higgs mass. Thbealarge value obtained
from thebb asymmetry at LEP favors a relatively heavy Higgs,¢ = 4201“1%8 GeV),
while thesin? fy value extracted from the lepton left-right asymmetry at S&Buch
smaller, leading to very light Higgs predictiomgo = 31’_?3 GeV) in contradiction
with the LEP bound. Moreover, the world average of tiemass is still significantly
larger than the value extracted from a global SM fit, agaiwiritg the Higgs boson
to be lighter than the LEP limit. The current situation iswhan Figurd_LR, where

the predicted values ofi;,0 from different measurements are shown.

1.4.3 Direct searches at the LEP collider

The main production mechanism for the SM Higgs boson at LEfRdss-channel
Higgs-strahlungete~ — h° Z, whereh? is radiated from & boson. The final state
Z can be either virtual (like at LEPI) or on-shell (like at LERIThe cross section of
this process as a function @fs andm,o is shown on FigurgJl3. The Higgs boson
can also be produced By 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 pgid®minant and the
h® — bb mode has the highest branching ratiorifo > 2m,;. Ther™ 7, ¢ and

gg decays are also present but contribute to less than 10% dbthlerate. In this
region, the decay width is typically of order 1 MeV, well belthe best experimental
precision. For higher masses, thé" W~ andZ Z modes are dominant and the decay
width grows quickly withm o (potentially up to a non perturbative regime, see section
Z1). A summary plot of the main branching ratios as a fionadf the Higgs mass
can be found on Figuie.3.

Considering the main Higgs boson production and decay mdaesnost 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 diffesdactroweak observ-
ables. The average is shown as the green band. Predictiomkifdh the central value
is below 1 GeV or above 1 TeV with very large errors are not sholihe two extreme
values discussed in the text appear in red. From|[Réf.[30].
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Figure 1.3: Top: Cross sections of the Higgs-strahlung petdn mechanism in
ete— collisions as a function of/s andm,0. The main background processes are
also shown in dashed lines. Bottom: Branching ratios foiSheHiggs boson decay

as a function ofn;,0. From Ref. [32].
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e Four hadronic jets fromte™ — (h — bb)(Z° — ¢q). This important channel
represents by itself 60% of the total branching ratio. Thgddimass can be
reconstructed with a precision of order 2.5 GeV.

e Missing transverse energy topology frame~ — (h — bb)(Z° — vi). The
“central” resolution i9Smo ~ 3 GeV.

¢ Semi-leptonic topologieste™ — (h — bb)(Z° — ete~, ut ™). This chan-
nel has a rather small total branching ratie §%) but has also a rather low
background and a good energy resolutidmfo ~ 1.5 GeV).

e Topologies withr* leptons:ete™ — (h — ¢q)(Z° — 7t ) orete” —
(h — 7777)(2° = q9).

At the LEPI experiment, only topologies with missing traese energy and semi-
leptonic final states were considered, due to their religtiesv background. At the

LEPII experiment, all topologies have been considered .fila¢result is an exclusion
at a 95% confidence level of a Standard Model Higgs boson wittass lower than

114.4 GeV|[38].

1.4.4 Direct searches at the Tevatron collider

The Tevatron machine being a proton/anti-proton collither,main production mode
appears to be the the direct production by gluon fusion (inca top quark loop)
(see Figur€Tl4). Itis followed by the associated productiith a gauge boson and
the W+W — fusion process. However, regarding the backgrounds asdcivith
the decay modes described in the previous section and thextedptotal integrated
luminosity of the Tevatron (Run 11), the Higgs-strahlungguction withh® — bb
(or possiblyr® — WWW*) is the most promising discovery channel fafo < 150
GeV. For higher masses, the direct productjgn— h° followed by ah® — WHW -
decay also appears to be a competitive mode.

At the time of this work, the total integrated luminosity leated at the Tevatron col-
lider is not yet sufficient to exclude a Standard Model Higgsdn at masses higher
than the LEPII limit. Current data are used to put limits oa thtios to the expected
SM cross sections as a function of the Higgs mass. The latadable results are
shown on Figur&ZIl5. With an expected total luminosity~of fb—! by the end of
the data acquisition phase, the Tevatron experiments ghiwuprinciple, be able to
discover or exclude the SM Higgs in the,o ~ 160 GeV mass region.
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Figure 1.4: Summary of the best available estimations oStamdard Model Higgs
boson production cross section at the Tevatron (Run II) agetibn of its mass. From
the TeV4LHC working groud[34].
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Figure 1.5: Observed and expected (median, for the backgdrounly hypothesis) 95%
C.L. upper limits on the ratios to the SM cross section, astfons of the Higgs test
mass, for the combined CDF and DO analyses. From Hefs. [35]
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1.4.5 Direct searches at the Large Hadron Collider

The principal SM Higgs boson production cross sectionset thC are summarized
on FigurelIh. Whereas the main production mode is still thergfusion process

105 e OMHiges production —
g LHC]
G [fb] ]
104 E
10° .
r qq — Wh
F bb—h
102
E gb — qth
[ TeVALHC Higes working group |

100 200 300 400 500
m, [GeV]

Figure 1.6: Summary of the best available estimations oStamdard Model Higgs
boson production cross section at the LHC as a function ofmigss. From the
TeV4LHC working groupl[34].

like for the Tevatron, the gauge boson associated produigisuppressed due to the
absence of valence anti-quarks in the proton. The weak fas@m replaces it as the
second mostimportant production mode on in the whole masggeraOther production

mechanisms, e.g. in association with heavy quarks, haeesiable cross sections
and could play a role in the study of the Higgs boson propertie

Depending on its mass, the Higgs boson first discovery chauam¢he LHC will be
different. In the very low mass region, i.e,0 < 130 GeV, thegg — h® — ~~ pro-
cess is probably the only viable discovery mode but suffensifa very reduced rate
and a large background. In the mid-range region, i.e. fromG8V to 180 GeV, the
gg — h® — WW*/WW — [T1~vv channel turns out to be the best alternative by
offering a sizable rate together with good background tejagossibilities. Finally,
above the@m treshold, the “gold-plated” modgy — h°® — ZZ — 4l should allow
for Higgs detection up to masses of order 1 TeV. On the wholssmange, alterna-
tive processes can also play a role. Among otherst#tlassociated production (for
low masses) and the weak boson fusion can be mentioned eBiglisummarizes the
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expected significance of each channel in the CMS detectbrav®0 flo ! integrated
luminosity.
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Figure 1.7: CMS discovery potential for the SM Higgs bosothawhole mass range.
From Ref. [36].



Chapter

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 implizasi of Standard Model scalar
sector extensions are reviewed. The simplest of these @&tes) namely the two-
Higgs-doublet model (2HDM), is described into more detaMfter depicting the most
general realization of this model, the principal aspedtted to the custodial, P and
Z5 symmetries are considered. The interplay between thebalgggmmetries, and
the possibility to define a “twisted” scenario satisfyingurally electroweak precision
constraints are particularly emphasised.

2.1 Motivations

The scalar sector of the Standard Model described in seff®2 is “minimal” in
the sense that the associated Higgs representation (smgle SU(2)., doublet) is
the simplest possibility allowing for non vanishing massrte for weak bosons and
fermions after spontaneous symmetry breaking. Indeed,thd smallest represen-
tation containing the three would-be Goldstone real fiekseiated with the three
massive gauge bosons and the Higgs scalar required torttiggjspontaneous sym-
metry breaking mechanism. Nevertheless, more complexiplitsss involving ad-
ditional and/or larger representations mapriori be considered. Motivations for

35
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such enlarged Higgs sectors are varied, but in general #ieinfo two (not mutu-
ally exclusive) categories. They can be associated withireapents of higher scale
symmetries, like Supersymmetry or Grand Unification groopshey can be justified
by phenomenological arguments, like the possibility of mewrces of” P violation
needed, for example, to explain the matter predominanceamtematter.

2.1.1 Higher symmetries
Supersymmetry

Supersymmetric (SUSY) theories are build on the assumptiah fermionic and

bosonic fields can be related through a non trivial extensiothe Poincaré group.
These theories share different advantages, the most isrgditing undoubtedly their
ability to solve the so-called “naturalness” problem. le tBtandard Model, when
radiative corrections to the Higgs mass are computed anbéipeintegral momenta
cut off at a scalé\, one has

3A2

n <o
822

mio = (mho)? + mio + 2myy, +m3 — 4m?) (2.1)
wherem), is the Higgs bare mass. The amount of fine tuning requiredtta ghysi-
cal Higgs mass of the order of the electroweak scale thensgqmdraticalﬂwith A.
Though the theory is still perfectly consistent in the alesenf any physical meaning
for the higher scald,, this provides a strong argument in favor of new Physics bdyo
the Standard Model.

In a supersymmetric theory, each SM particle comes withufsegartner of oppo-
site statistic. Since fermions and bosons give loop coutibs of opposite signs,
the cutoff dependence ii{2.1) exactly vanishes in the lihétxact SUSY. Of course,
in realistic theories, the superpartners cannot be degtneith their associated SM
particles since they escaped all experimental detecttemats. Nevertheless, SUSY
could be realized at the TeV scale so that the electrowed& semains stabilized at
higher scales. In the limited context of the present wor&,abmplete theory associ-
ated with the supersymmetric extensions of the StandarceMsdot detailed and the
interested reader is invited to consult classical reviékes[BE] for further references.

In the Minimal Supersymmetric Standard Model (MSSM), a minm of two Higgs
weak doublets, belonging to two different chiral superipléts, are required for the
following reasons:

1The Higgs mass can be chosen such that the second tefMloéf@dt)y vanished137], but this can-
cellation can only be arranged at a fixed order in the pertidbaxpansion.



2.1. Motivations 37

1. Structure of the Yukawa couplingss seen fron{Z.B0), in usual, non supersym-
metric theories, a scalar doublgt = +1 is equivalent to & = —1 doublet
throughC conjugation. In a supersymmetric theory, this is not trugnaore
since each doublet is forced to belong to a chiral superpiettivhich also in-
cludes a fermion multiplet of fixed chirality. Non vanishingass terms for
the up-type quarks then require the introduction of a newkwdgaublet with
Y = —1linthe theorE.

2. Gauge anomaly cancelation the SM, theTr(Y3) = 0 andTr((13)?Y) = 0
conditionE associated with triangular gauge anomalies cancelatefu#filled
through a somewhat mysterious conspiracy between quatkkptons quan-
tum numbers. The fermionic superpartner of the Higgs dauiség also a
Y = 1 weak doublet, it would spoil that cancelation. A minimalgan is to
add a second Higgs supermultiplet with= —1, in order to compensate for
this extra contribution.

The explicit form of the MSSM scalar potential for the two ggdoublets can be
derived from first SUSY principles. It appears to be a spexziak of the more general
two-Higgs-doublet model and is considered in sedfioh 2.5.

Although it provides a natural solution to stabilize the gigmass in the Standard
Model, the MSSM also has its own drawbacks. The so callpdoblem, for example,
corresponds to an unnatural fine tuning of the dimensionamater,. appearing in
I terms of the MSSM superpotential (see seclioh 2.5). Sinsepdrameter appears
in the SUSY conserving part of the Lagrangian, its value tsexpected to be related
to the weak scale, contrary to what is required by phenonogiicdl considerations.

Among all the possible scenarios proposed to solveutpeoblem, a particularly in-
teresting and simple one is the Next to Minimal Supersymim&tandard Model
(NMSSM). In this model, the: parameter is replaced by a dimensionless coupling
multiplied by the vacuum expectation val(i&) of a new scalar singlet und8iU (2) ..
This new scale is in turn related to the SUSY breaking scateutth minimization
conditions, therefore removing the need for fine tuning.sThidel displays an in-
teresting phenomenology which is not covered in the preserk (e.g. seel140] for
a recent overview), except for its light pseudoscalar dignesh® — A°A° which is
considered for comparison in sectlonl4.2.

2An original alternative solution{T39] would be to considefet handed slepton-lepton chiral super-
multiplet as theY” = —1 Higgs-Higgsino supermultiplet. Unfortunately, this otmileads to unwanted
phenomenological consequences like lepton number ol@nd a large mass for at least one neutrino.
SHere the trace runs over all left handed Wey! fermionic degief freedom.
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Grand Unified Theories

Grand Unified Theories (GUTSs) achieve by construction theiious aim of unifying
strong and electroweak gauge interactions in a non-abgiage theory based on a
single compact Lie grou@ including the Standard Model gro{i/ (3)c x SU (2) 1, x
U(1)y. Several choices faf have been considered all over the years, from the sim-
plest Georgi-Glashow modél[41] based®ti (5) to Es models which arise naturally,
for example, in the context of thBg x Fg heterotic string theory.

In general, all GUTs display the same kind of interestindufesss including gauge cou-
plings unification at very high energy (leading to the welbkvn valuesin® 0y = 3/8

in SU(5) [410]) and predictions for low energy observables like the@eJarlskog
mass relationg [42]. Due to the presence of new very masaivgegbosons, they also
allow, in general, the proton decay. In order to achieve teaking ofG to the SM
group, different and often complicated Higgs represenmtedire required. In general,
this implies the presence of an extended scalar sector atébroweak scale (e.g., a
two-Higgs-doublet model it O(10)).

But GUTs have also an important drawback, which is in essgapgsimilar to the
MSSM p-problem. It arises due to the phenomenological need forge thierar-
chy between the high scale at which the original GUT grouprigén down to the
SM group, and the electroweak scale. This technical ditfydglsometimes refereed
to as the “doublet-triplet splitting” fine tuning problemrmse the GUT Higgs sector
typically contains color singlet (weak doublet) and coldplet scalars. The former
play the role of the SM Higgs and are then associated to tlotrelecak scale while
the latter are required to fill up the GUT Higgs representaind must be extremely
massive £ Mgyr) to satisfy experimental constraints on the proton lifetim

A potential solution to the doublet-triplet splitting pileim in the framework o5 O(10)
theories (which are arguably the most natural ones nowadaksown as the “Dimo-
poulos-Wilczek” mechanism [43]. It is based on a particalaangement of the vac-
uum expectation values directions for the field responsdléhe spontaneous break-
ing of the GUT symmetry, such that the VEV responsible fordbler singlet masses
and the one responsible for the color triplet masses ardatade The former can then
be safely set to zero to naturally solve the hierarchy proble

Little Higgs Theories

The essential idea behind Little Higgs (LH) theories [44,/4€] is to naturally solve
the Standard Model naturalness problem by consideringithgshs a pseudo-Goldstone
boson of some approximate (spontaneously broken) glolmairstries, exactly like
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the pion in the chiral symmetry approach of QCD. The new pladiintroduced to
ensure these symmetries are not broken too severely arsqlyeihe states that cut
off the quadratically divergent loop corrections to the ¢gignass.

In the simplest LH model47], asU(3) group is broken to its subgrouplU (2),
and the four degrees of freedom associated with the SM Higgbldt are part of the
five pseudo-Goldstone bosons associated with the br&ﬁh@ remaining degree of
freedom corresponds to a real scalar figldinglet undeiSU (2) 1., with a mass of or-
der of the electroweak scale. So, even in the simplest cakldbgeories tend to predict
an extension of the SM scalar sector. For more complex, amd malistic, scenarios,
like the Minimal Moose[[4B] based on the co$8U (3);, x SU(3)r/SU(3)v]* or
models with an additional custodial symmetryl[49], the prez of two light Higgs
doubletsis a common feature. In general, these theoriepedslict a heavy fermionic
stateT’, required to compensate the top quark loop contributioheédtiggs mass and
to trigger the SSB of the electroweak symmatig a Coleman-Weinberg mechanism
[50].

2.1.2 Phenomenological aspects

New sources of C'P violation

Besides being an interesting phenomenon by itself, dues tihé@oretical and experi-
mental elusiveness; P violation (see[l51] for a general review) also plays a crucia
role in cosmology. As shown by Sakharavl[52], it is indeed aessary ingredient
to understand the genesis of the observed baryon asymnidhg Oniverse, i.e. the
overabundance of matter compare to antimatter. Anotherasting consequence of
C'P violation would be the possibility for elementary partiEte have a sizeable elec-
tric dipole moment. Indeed, electric dipole moments vieladthP andT symmetries
such that any attempt to introduce them without violating would imply a failure

of theC PT theorem.

Even if CP violation arises in the Standard Model through a single namishing
complex phase in the CKM matrix, it is by now clear that thischemism cannot
account by itself for the observed baryon asymmetry. The fdggson is the fact
that the electroweak phase transition is not strongly firdenand, as a result, any
baryon asymmetry generated during the transition wouldibsexjuently washed out
by B-violating processes in the broken phase [53]. The secoasbreis that the

4In fact, the requirement of SM-lik8TU (2) 1, interactions for the Higgs doublet together with vanishing
quadratic divergences from gauge boson loops leads to acooglex picture. Th&U (3) global symme-
try should be gauged and an additional set of Goldstone lsdsamsto be introduced to provide longitudinal
degrees of freedom for to the new gauge fields.
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C'P violating effects associated with the three generationMCHKatrix are too small
[54,155].

Extensions of the SM scalar sector may provide a solutiohitogroblem. In Multi-
Higgs-doublet models (MHDMSs), for example, the”? symmetry can be violated in
the scalar sector, both explicitly and spontaneously (seeXamplel[55]). It must be
noted, however, that the requirement of Natural Flavourgeoration (NFC) (guaran-
teed by an additional reflection symmetry) restricts thesitilities for C' P violation.
Under this constraint, the two-Higgs-doublet only allows éxplicit C'P violation
while the spontaneous breaking of this symmetry requirdsaat three Higgs dou-
blets [57].

Strong C' P problem

The strongC P problem is a side effect of the solution proposed by 't HoB#][to
solve theU/ (1) 4 problem in QCD trough the inclusion of topological effectdled
instantons. As shown by 't Hooft, the QCD Lagrangian musitide a term

2

s apv Fa
Lo = Ooon gy G G, 2.2)

whereéfw is the dual of the QCD field strength tensor &hstp a free parameter.
This term violates botl#* andT" symmetries, anégcp cannot be set to zero by hand
by imposing theC'P symmetry in the strong sector because it receives coniwibut
from the weak sector, i.e.

GQCD —0= GQCD+9EW (23)
where
Opw = arg det(mumd) . (24)

Sincefgw is O(1) in the SM, and since there &spriori no link betweerfocp and
Oew, the resulting observableis also expected to b@(1). However, experimental
data on the neutron electric dipole moment [59] put a veryrgtrconstraints on this
parameter, namely

9 <1070 . (2.5)
This serious fine tuning problem in the SM is known as the fs§r6 P problem”.

Various solutions to this issue have been proposed, egctksidering the up quark
to be masslessuch tha® can be rotated out through a chiral transformation. Another

5This possibility is however excludel[60.161] by the valughw m., /m, mass ratio extracted using
chiral perturbation theory 16:2].
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kind of solution, proposed by Peccei and Quihnl [63], inveleenew global chiral
symmetryU (1) pq under which the quarks and the Higgs multiplet(s) transfooom-
trivially. The parametef 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 &¥dlar sector must be
extended, e.g. to a two-Higgs-doublet model. One of the neddsj named the axion
a®, is the Goldstone boson associated with the breaking of/tieép symmetry. It
acquires a small mass,o ~ f.m,./F due to the breaking df(1) pg at a high scale
F. Such a very light (pseudo)scalar has been intensivelyckedrwithout success
by various experiments. The original Peccei-Quinn moddiefe ' ~ Agy and
mgo =~ 100 keV) is ruled out most easily by the non observation of fie¢ — 7+a°
decay, while higher scales are excluded ugtg> 10° GeV by indirect arguments
based on axions emitted by the sun, by HB stars and by supsnbdiote that model
dependent cosmological limits on the axion lifetime alsb guupperbound onF',
around10'? GeyV, if inflation occurs at higher energy.

Fermions mass spectrum

The apparent lack of symmetry in the fermions mass spectsudefinitively one
of the unsatisfying feature of the Standard Model. Since fipiectrum is directly
related to the Yukawa couplings between the Higgs field ardde¢tmion multiplets,
and these couplings being in turn completely arbitraryselage unfortunately not so
much theoretical “handles” in the SM itself to solve thisliss

A pragmatic approach to answer this question is the degmmipf fermion mass “tex-
tures” using discrete or continuous underlying horizosyethmetries. Implementing
these symmetries in a natural way at the Lagrangian levehaéquires extensions of
the SM scalar sector, typically with additional Higgs daeibl

For example, the Koide non-linear mass relation

Somi=2 (Z W) (2.6)

wherei is a generation indices, works surprisingly well for chatdgptons[[64] 65]
but possibly also for quarks and neutrinos when weak mixiagmeters are taken
into account([6B].

Relation [ZB) is quadratic with respect to the square rbthtemasses, and it is better
satisfied at energies of the order of the electroweak scales Suggests (se€ [67]
and reference therein) that it could be related to the vacexyectation values; of
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3 Higgs-doublets); through a seesaw like mechanism o v?/V. Relation [ZF)
is then obtained from an intern&k permutation symmetry of the scalar potential
ensuring

2
va = % (Z 111) . (2.7)

Dark matter

All modern astrophysical (galactic halo, ...) and cosmmabobservations use to
agree not only on the presence of a sizable amount of Darkn@e shining) Matter

(DM) in the Universe, but also on the fact this new kind of raais not made of

ordinary atoms[[6€. 69]. Over the years, the exact natureMfiias become one of
the most important question at the frontier of contempocasgmology, astrophysics
and particle physics. A popular hypothesis identifies thghtést Supersymmetric
Particle (LSP), in most cases a neutralino or a gravitinoa @®od DM candidate
since R-parity (which is in fact not predicted by SUSY itself) fodsiits decay and

makes it stable.

Recently, a simple, yet interesting, model for DM requirantyvo-Higgs-doublet ex-
tension of the SM scalar sector has been propdsed [T0, 71;Th2]main feature of
this model, called the Inert Doublet Model (IDM), isZa symmetry

Hl — H1 ) H2 — —H2 (28)

which remains unbroken after SSB by enforciiig)) = 0 thanks to a positive mass
term ue > 0. Assuming all the SM particles have an evBp parity, the lightest
neutral (pseudo)scalar (eith&° or A%) becomes stable and appears as an archetype
candidate for Dark Matter.

A systematic analysis of the DM abundance and of the potémafor direct and
gamma indirect detection in this model is presented_in [7Bhe main conclusion
is that the IDM dark matter candidate fiercely competes whth neutralino. This
Weakly Interacting Massive Particle (WIMP) has a rich phaeaology and has a
true potential for being constrained by DM detection experits. The observed DM
relic density can be reproduced in two regimes, i.e. for Igwl00 GeV) and high
(> 100 GeV) masses. Prospects for direct detection of this kindanfigle at the
LHC have also been considered more recentliZin [74] and aWJMP scalar & 50
GeV) appears to be detectable in invisible Higgs decays.

The IDM also allows for a slight improvement of the naturas@roblem[[711] by
rising the SM Higgs mass up te 600 GeV, i.e. close to the triviality limit (see Figure
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[L3). Such an heavy SM Higgs could remain compatible withtedeveak precision
tests thanks to the additional contributions of the newassadbelonging to the inert
doublet. This interesting feature can in fact be shared byy2&lDM scenarios (see
[[75,[786]) and is discussed into more details in sediionB.2.1

Neutrino masses

There is now convincing experimental evidence that, atavené with the SM pre-
diction, neutrinos produced in solar, atmospheric andtoggrocesses change from
one flavor to the other (se€l[5] for a review). Baring exotisgbilities, this in turns
implies that neutrinos have small but non zero masses andegitans mix. In the
well known (type-1) seesaw mechanism, heavy right-handegbhna neutrinos are
introduced to naturally generate small neutrino masses.

Besides the type-l seesaw scenario, the triplet seesawamisah (sometimes refer to

as type-ll seesaw), which extends the SM with one scaldetr§ (a € {1,2,3})

with Y = 2, gives another possible explanation to the smallness dfineunasses.

If the scalar triplet gets its mass after a SSB mechanismasiseciated non zero
VEV is strongly constrained by the parameter (see secti@n 2J2.1) and a massless
Goldstone boson appears, the so-called “Majoron”. Thestdieing excluded by the
LEP measurement of invisible decay, this possibility is not considered herdeT
Yukawa potential of the model reads]77]

L=NLyer® L& + ApMcHer HE® (2.9)

wheree is the permutation matrix ang? the usualSU (2);, generators. Integrating
out the heavy triplet generates the effective Majorana mass operdiod , H H)
leading to a Majorana mass temm; = A\ /MZ for leptons after electroweak
symmetry breaking. The main interest of this mechanismasithrequires a smaller
number of unknown flavor parameters than models involviritgpesinglets or triplets
of Majorana fermions.

2.2 Generic extensions

As mentioned in the previous section, there are many wellvatetd reasons to con-
sider various type of SM scalar sector extensions involadditional doublets, sin-
glets or even triplets. Before describing into more dethiesmost common option,
i.e. the two-Higgs-doublet model, two important conse@esrof generic extensions
are reviewed.
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2.2.1 Tree-level p parameter value

Thep parameter defined iEETTU8) is a sensible quantity with retspehe Higgs sector
structure. As mentioned in sectibn1]4.2, in the contexhef$M Higgs boson phe-
nomenology, the one loop corrections to this parametereviakolve the Higgs mass
and can be used to put constraints on it. Yet, even the txetyalue of this parameter
can be modified by the presence of additional scalar fieldsldping VEVs.

As shown in [78], the tree-level value @f can be easily computed for any set of
complex scalar multiplets with neutral VEY, SU (2) 1, isospinsl;, and hypercharges
Y;. Using [I.ID) and a development similar to secfion1.3.2, easily obtains the
tree-level values

2 2 2 2|Yi|2
myz = (91 +9y) E Vi Ty
2 2
2 9L 2: 2 Vi
such thﬁ
v (AL(L +1) — [V
p= ( IETAT] ) (2.12)
2> v lYil

Assuming the actual values of the VEVs are unrelated, and that each numerator
contribution is compensated by an identical contributiotihe denominator, the~ 1
requirement translates as

(2L; +1)* =3Y2 =1 Vi. (2.12)

Sincel; andY are respectively half-integer and integer numbers, thisatgn has
only a discrete set of solutiond;,Y), among which(0,0) (neutral singlets) and
(1/2,+£1) (SM-like doublets) are the most evident choices. Otheripdises are
generally discarded since the associated representatiensther complicated (the
simplest example is 5 = 4 SU(2), septuplet).

The previous argument tends to exclude any model involviptet Higgs representa-
tion, like the one required by the type-1l seesaw mechan@méutrino masses (see
section [ZT12)) or by Left-Right symmetric modélsl[iF9, [B{]. This restriction can
in fact be circumvented by two means. Either the vacuum dagien value of the
additional triplet(s) is very small compare to the usual Shlildet VEV so that the

6In case of real representations with = 0, the denominator of this expression comes with an extra
factor of two.
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associated tree-level contributiongas suppress&l either a specific arrangement of
the additional representations together with the assxtMEV leads to an exact com-
pensation of the new contributions. A well known exampledfi§uch an arrangement
is the combination of on¥ = 1 complex doublet with VEW,4, one real” = 0 triplet
and oneY” = 2 complex triplet withthe same&/EV v, (e. g. because of an additionnal
custodial symmetry in the potential). One then has

20va|? + 4|ve]? + 4|vg|?
_ Zval Aol A, (2.13)
2leaP + 8ol

2.2.2 Gauge coupling constants unification

Since extended scalar sectors contain new heavy partitiehwnay couple to the
SM gauge boson, the RGE associated with the gauge couplirsjardsy;
5 OL(Mz)

Oél(Mz)* — OLQ(Mz):

5 a(Mz)
~ 3cos?(w)’

0y 2 es(Mz) = (M) (2.14)

are in general modifid These equations read

p 22— p(a (2.15)

wherey is an arbitrary energy scale afiy; ) is the Callan-Symanzik function which
can be expanded in the perturbative regime

Blai) = % Z;l(bn)ia?“ : (2.16)

At one loop, [ZIb) becomes
dai(p) b a?

= = 2.17
dp 21 ( )
and has the solution
o (1) = a7 o) — St L2 (2.18)
2r po
Theb; coefficients can be computed usingl[84]
11 2 1
bi = =5 C(Gi) + gT(Rg‘) + TR (2.19)

where

7Assuming the presence of only one Higgs triplet, a limit0of1 to 0.1 (depending onY’) for
Utriplet/Vdoublet CAN be derived from experimental d&fal[82, 83].
8The hypercharge normalization is fixed such fiiaty 2) = 2.
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e C(@) is the quadratic Casimir associated with the gauge géouire.

C(G)&AB — Z fACDfBCD’ (220)
C,D

wheref45¢ are the structure constants of the group

e T(R) is associated to the representatiowith generatord, under which the
fermions k') and real scalar fields®) transform, through

T(R)6AP = Tr(TATE). (2.21)

In the case of of a general extension of the SM scalar sectolving scalar singlets,
doublets and triplets (up t6 = 4), these coefficients read

1
by = 4+1—0(2N072+8N074+N1/271+9N1/273+6N172)
10 1
by = —34‘6(1\71/2,1+N1/2,3+4(N1,0+N1,2))
by — 7 (2.22)

whereN; y gives the number of representations with the weak-isos@ind hyper-
chargeY'. The coupling constants evolution in different modelslisstrated on Figure

2.

It turns out that, for some specific combinations, the poaiptiog constant unifica-
tion observed in the SM can be improvedI[85, 86]. The typicafication scaleM,
obtained in these models is lower than comfortable (to saylahst) for the proton
decay (see Tab[e2.1) but this needs not be a problem if thaiaglconstant unifica-
tion is not associated with true group unification. Simplieigsons imply the presence
of additional triplets (with small or vanishing VEVs to gaateep = 1 at tree-level,
see previous section) while achieving coupling constaiftoation in a multi-Higgs-
doublet model require at least seven doublets. As notedg]y {Bis conclusion may
however be circumvented if the number of cold¥sincreases 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 sectiofsR.1 dnd 4.2.1, the-iHiggs-doublet model
(2HDM) appears as an interesting, simple yet natural,isgapoint for studying the
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Figure 2.1: Examples ofi; ', oy

(c) 2 doubletsy” = 1, 1 tripletY =0

1

(d) 1 doublety” = 1, 2 tripletsY = 2

respect tdog(u/mz) for different scalar sector contents.

and ag ! (from top to bottom) evolution with

phenomenological impact of extending the SM scalar selrtdhis section, the prop-
erties of the most general, unconstrained model are rediéefore introducing more
specific realizations.

2.3.1 Potential in a generic basis

Consider a 2HDM based on twglJ (2) ;, doubletsp; and¢, with same hypercharge
Y = +1. Gauge invariance allows us to define four hermitian opesato

Q> bd’ D>>

(ol

101

v

Re (6]¢2) = 5 (6162 + 61
i (6]02) = —2 (6162 — o}n)

(2.23)
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| Noz | Noa [ Nijoa [ Nio | Mg | as(My) | My (GeV) |
0 0 1 0 2 0.121 1.7 x 10%3
0.117 1.8 x 10™
0.117 2.8 x 1013
0.113 4.6 x 1013
0.122 1.0 x 10™
0.121 1.7 x 103

0.071 | 1.1x 10" (SM)
0.117 | 2.0 x 10'6 (MSSM)
0.113 | 4.6 x 10'3 (7HDM)

o|lo|o|r|r|lololo
o|o|o|r|o|lr|lolo
~| N R Rlw|w| NN
o|lo|o|r|r|lr|lolr
o|lo|o|r|olo|lr|o

Table 2.1: Models with less than five additional multipletels thata,(mz) €
[0.105,0.125] (extracted from the requirement of exact unification) aid > 1013
GeV. Herea~!(myz) = 128.91 andsin® 0y (mz) = 0.2311. SM, MSSM and a
model with seven doublets are shown for reference.

such that the most general renormalisable scalar poteotihins fourteen (four lin-
ear and ten quadratic) terms

V(¢1, ¢2) = —m%fl — mgé — mgé — miD + )\11212 + )\232 + )\362 + )\4D2
+A5AB + NAC + M\rAD + AsBC + X\ BD 4+ \oCD  (2.24)

The potential being hermitian, the? and\; parameters are restricted to be real num-
bers.

Let us assume from now that the vacuum respects the elegr@tiagauge symme-
try, i.e. that the vacuum expectation valuespefand¢. are aligned in the&sU (2),
space such that a singl/(2),, gauge transformation suffices to rotate them to the
neutral components. This phenomenologically motivatsdimption is in fact rigor-
ously justified in the context of the restrictét conserving models to be considered
in the following sections (e.g. sele [87]188]). After a suligali(1)y transformation to
set the phase of the vacuum expectation valugdb zero, one has

<¢1>=¢i§( 01) and <¢2>=%(U;w) (2.25)

with v; andv, two real parameters such thét = v? + v2.
The corresponding potential minimum conditions can beinbthby imposing

oV
oni

=0 (2.26)
(i)
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wheren, are the eight real components of the two doublets. Theylatnto three
independent equations relating, m3 andm? to the other parameters of the potential
and to the three VEV parametars v, ando:

m? A3 + A5
il R )\10%4—7(32 )s%

c A A8 m2
[/\6 3 (1 + 29) + —705820 + sﬁ + A1082850 — 0—3}

2 2 D)
7:_2% = Aesh+ (/\LQ)\S)C%
+2t; [Assﬁ (1 + C;o) + %s%sw + )\2 3+ Moc2pse — TZ_g]
T_g B ; {(/\4 — A3)sos2p + <2m2 X6s% — )\gc%) to

)\706 + )\986 +

Ao 020825} 2.27)

2 Cop

wheretan 8 = v9/v1 ands, c andt are the usual abbreviations f@n, cos andtan.

2.3.2 Basis invariance and the Higgs basis

An important aspect of the 2HDM is the freedom to redefine Weedcalar fields,
andg, using arbitraryU (2) transformations acting in the “flavor” space, i.e.

VoW =0V |, UeU(?2) . (2.28)

whereV is the isodoublet

_( &
U= ( o ) (2.29)

Indeed, transformatiofi{ZP8) leaves the canonically mdimed, gauge-covariant ki-
netic energy terms

1 1 1
5|D“\I/|2 = 5|D“¢1|2 + 5|D“¢>2|2 (2.30)

invariant. In this sense, this glob&l(2) symmetry appears assymmetry of the
physicsbut not of the Lagrangian, i.e. transformatido{2.28) modifies ineyal the
explicit form of (Z2Z4), but cannot alter the value of phydiobservables. Note how-
ever that the diagonal subgrotUji1) of U(2) corresponding to a global phase redef-
inition can be identified with the gauge grodf{1)y, which corresponds to a true
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internal symmetry of the Lagrangian. This relevant notidérbasis invariancehas
been first emphasized in[51] and considered into greatldetaire recently in[[89]
and [90/91].

In order to study the meaningful observables associatdutivit most generic 2HDM
and avoid considering unphysical, basis dependent qigmtitvo strategies can be
identified. In the first one, the explicit parameters appegin (Z2%) and[[Z25) are
considered as basis dependent components of various twicfoantensors which
transform covariantly under thg(2) flavor transformations [$1,90]. By fully con-
tracting these tensors indices, different basis invamgmntities can be defined and
related to physical predictions. Nevertheless, as showptioitky in [80], these in-
variants are linked through trivial relations to the potginparameters in the specific
set of basis, the so-called “Higgs basis”, where one of the WiV vanishes. So,
a possible, somehow simpler, alternative approach to tgashniques then consists
in taking advantage of th€ (2) reparametrization freedom to fix from the beginning
vy = 0, and to infer physical results directly from parametersigalin this particular
basis, owvice versa

A possibly sensible issue regarding this procedure is th@iguous definition of the
Higgs basis. Starting from an arbitrary generic bdsis21h8& Higgs basis can always
be reached using the unitary transformation

(Hl) = exp(ifr*) exp (—if(1 + %)) ¥

H,
cosB sinf 1 0 b1
< —sinf3 cosp > ( 0 e ) ( o ) ’ (2:31)

However, any subsequent phase transformation

Hy 1 0 H,

()=o) () e32
corresponding to a combination bf(1)y and diagonabU (2) transformations con-
serves the Higgs basis defining properties, naméhy) = v/+/2 and(H,) = 0. The
Higgs basis is thedefined up to an arbitrary complex phasacting onH, and all
physical observables should be a priori independent.ofAs developed in[[Z.Z11)
and [ZZD), this remnant(1) symmetry plays a key role when considering a generic
definition of theC P and custodial symmetries. In the following, thelependence is
explicitly included in order to emphasize the symmetricgtlme of theli; « ¢; basis

change. The inversion of all forthcoming relations is intigatar simply obtained by
making the replacementis— £ andg «— —£.
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In a Higgs basis, potentid[{Z124) reads

V(H\, Hy) = —p2A— 2B — p2C — 12D + A A? + AoBB? + A3C? + A,D?
+A5AB 4 A6 AC + A7 AD + AsBC + AgBD + A1oCD (2.33)

whereA, B, C andD are defined in terms off; and H as in [ZZB). They are linked
tothe A, B, C' andD operators as

A = c%fl + S%B + sm(c(,é + S(;[))

B = S%A + C%B — 525(090 + seﬁ)

é = —S%Cg(/i — B) + (0902505 + 8955)0 + (SQCQﬁCE — CgSg)D

D = —S%ﬁrs&(fl — B) + (cocapse — soce)C + (socapse + coce)D  (2.34)

while parameterg,; andA; are related the generic basis parameters through

52

pi = mich+ m%s% + (mico + mise)Tﬁ

2 _ 2 2 22 2 2. \528
py = misg+macg — (mico + m459)7
py = (m3—mi)sapce + (mico +misg)capce + (misg — micy)se
pi = (mi—mi)sapse + (mico + mise)capse — (m3sp — micq)ce(2.35)

and

Al = )\1045 + )\25% + (N3ch 4+ Aas + X5 + )\103909)3%%

+(Xgco + )\739)sﬁc% + (Asco + /\959)3%05

Ay = )\15?, + /\gc‘é + (N3¢h 4+ \s2 + X5 + )\103909)s%c%
+(X6co + Arsg)shes + (Asco + Aosg)spc

As = (M + /\g)cgsgﬁ + (A3¢h + \asg + /\105909)052035
1
+(N382 + Mach — /\108909)85 + 5((/\3 — A1)S20 — AM0C2g)CapS2¢e

—/\502835 — ((Nesso — Aroco)s2ps2¢ + (Nesco + )\7980)84502)
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A4

As

Ag

A7

Asg

Ag

(M + /\2)552553 + (N3¢ 4+ \ysh + )\105909)52035

1
+(N382 + Mach — )\108900)02 - 5(()\3 — A\1)S26 — A10C20)C2852¢
—Assgs55 + ((Aesso — Araco)sapsae — (Assco + Ar9s9)sa3s7)

()\1 + Ao — /\303 — /\483 — /\10529)8%62 + A5 (C% + S%)
+MX68523C23C0 + A79523C2350

1
—4(/\10%55 — )\2055%)05 + 5()\303 + \gsg + A1050Co)Sa3Ce

A
+(/\3 — A4 — /\10)5969550585 + 7565845
—|—(/\Gc% + /\85%)(20250905 + sgse) — (/\Gc% — /\85%)0905
—|—(/\7c% + /\95%)(20255905 —cpSe) — (/\702 — /\95%)5905

1
—4(/\10%55 — )\20552)55 + 5(/\303 + Agsg + A1050Co)SapSe

A
—|—(/\3 — A4 — /\10)5969550565 + 7555845
—|—(/\Gc% + /\85%)(20250955 + sgce) — (/\Gc% - /\85%)0955
—|—(/\7c% + /\95%)(20255955 —cpce) — (/\702 — /\95%)5955

1
—4(/\15%05 — )\2550%)05 — 5()\303 + Aysa + A1086Cg)Sa3Ce

A
—(/\3 — )\4 — /\10)5969550585 — 7565845

—|—(/\65% + )\80%)(20250905 + sgse) — (/\65% + )\80%)0905
+(A7s% + Xoch)(2copsgce — cose) — (Arsh — Aoch)sace

1
—4(/\15%05 — )\2556%)55 — 5(/\303 + /\483 + /\105909)54585

A
—(/\3 — )\4 — /\10)5969550565 — 7555845
—|—(/\65% + )\86%)(20250955 + sgce) — (/\65% + )\80%)0955
—|—(/\7s% + )\96%)(20255985 —cpce) — (/\75% - )\90%)5985
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1
Ao = (A1+X2)s3g3c — (A3 — Aa)s20 — A1oca)(capcae — 1(045 +3)c29))

1
—5()\3 + )\4)8%5835 — )\58%5825 + /\68(202582589 - 09845825)
—A79(2coe825CH + S9Sa552¢) (2.36)

Where/\gg = ()\6 — /\8)/2 and)\7g = (/\7 — /\9)/2

Since(H,) vanishes by definition, the potential minimization coratis [Z2F) now
reduce to

Agv? A7v?
2
Besides the usual three massless would-be Goldstone hdkerghysical spectrum

contains a charged pair with mass

1= Aw?, pd = and  pf =

(2.37)

A5’U2
and three neutral states with the squared mass matrix
1 4A1’02 AG’U2 A71}2
M=o A (Mgt Ash? — 243 fage - (2.39)
A7v? A%”z (Ag + As5)v? — 243

The symmetric matrixM is diagonalized by an orthogonal matfix The diagonal-
ization yields masses; for the three physical neutral scalsisof the model

M? = Tdiag(m?3, m3, m3)TT . (2.40)

2.3.3 Yukawa couplings

In the most generic model, both Higgs doublets can couplead®M fermions such
that [T.29) becomes

Ly = ﬁ@(ﬁd% +Tap2)dr — ?@ (Au¢~1 + Fu¢~2) UR

v

\/iL_L (A1p1 +Td2) er + hec. (2.41)

v

whereAg ,,; andl'y ,,; are six compled x 3 matrices. The very same terms in a
Higgs basis read

Vi Vi
Ly = Qr (MygHy + YqHs) dr — TQL (Mqu + Yqu) UR

v

2
\/_LL (MlHl +Y2H2) er + h.c. (242)

v
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whereM, ,, ; are the SM-like mass matrices which can be bi-diagonalizéiud usual
way while Y, ; area priori arbitrary3 x 3 matrices. The two representations are
linked through

M, = cgA,+ sﬁl"ue*w
My = cgAay+sglae (2.43)
and
Y = e®(—spA, +calue )
Yd,l = eiig(—SﬁAdyl + Cﬁrdylew) . (244)

Contrary to what happens in the Standard Model, the Yukateadnotions of physical
scalars are not necessarily flavor diagonal in the 2HDM. éddsince thélf andY
matrices are in principle unrelated, they are not expedasdukt(bi-)diagonalized by
the same unitary transformations acting on the fermiondielthis leads in general
to the apparition of tree-level Flavour Changing Neutrafr€ats which are strongly
constrained by low energy experimental data. This issuebeagasily addressed by
introducing aZ, symmetry acting on both the Higgs doublets and the fermidddfie
This parity restricts the allowed couplings, as descrilmeskictiorZ.413.

2.4 Global symmetries in the 2HDM

The most general 2HDM described in the previous section iil laun the only re-
quirements of gauge invariance and renormalizability.hka $tandard Model, these
requirements accidently imply invariance of the scalaeptial under larger global
symmetries like the custodial symmetry (see sedfionll.d:Zhe CP symmetry.
These symmetries, which have important phenomenologiceslequences, are in gen-
eral not naturally present in the context of extended scaletors. Nevertheless, they
can arise in the limit of particular values of the parameterthe potential or could
be imposed “by hand” and constrain these parameters. Inoft@ving, a generic
definition is proposed for each of the most common global sgiries, namely the
custodial, theC' P and theZ, symmetries.
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2.4.1 Custodial symmetry

Similarly to the Standard Model case reviewed in sediion?] 4t us first introduce
the[1/2,1/2] representations/; of the Higgs doublet#l;

_( H  H
= eyt ) (249

on which aSU(2);, x SU(2)r symmetry may act. As detailed previously, we can
also assume without loss of generality to be in a Higgs baberevonlyH; gets a
non zero VEV. From sectidn 1.4.2, we know that the invariasfdde vacuum under
the diagonal subgroufU (2) 1.+ r is necessary to ensure that the relatios 1 does
not suffer from large (i.e., quadratic in the Higgs bosonssea) corrections at the
one-loop level. For thél /2, 1/2] representatiod/, of H;, we thus impose

M, — U MUL (2.46)

However, at this stage the chiral transformation forth@, 1 /2] representatiod/, of
H, is notyet completly fixed[76]. Indeed, onBU (2), x U(1)y is alocal symmetry
of the Lagrangian. By analogy with Left-Right symmetric retsl(e.g., see[1]), the
conserved electric charge turns out to®e= T + T in the bosonic sector of the
theory, withT the diagonal generator of the glob8l/(2)z. So we still have the
freedom to impose the invariance under

My — UMV, (2.47)
with
Ve = X'UrX (2.48)

if the two-by-two unitary matrixX commutes withexp(i75%), namely

[ exp(i3) 0

It is straightforward to see that bogh and 3 operators are invariant under the chiral
transformationd{2.46) anf(2147) whileandD are not ify is an arbitrary parameter.
Nevertheless the linear combination

1

; 1
¢’ 5Tr(MlXM;) = —Tr(M, X M)

2
= cos (%) C + sin (%) D (2.50)
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is always invariant, no matter the value-af Therefore, the most general custodial-
invariant potential contains only three linear and six qatid terms in4, B andC’:

Vos = —piA—p3B— 3¢+ MA? + AB? + Aéé/Q
+AAB 4+ AGAC + ABCT . (2.51)

The squared mass of the charged éif is given by [Z23B). A suitable /2 rotation
acting on(Re(HY), Im(HY) allows us to reduce the full three-by-three mass matrix
for the neutral fielddT72:39) into a single mass term

Mg, = M+ (2.52)

for the state

SB

5= e (%) Re(HY) + cos (%) Im(HY) (2.53)
and a two-by-two mass matrix

2 Aév2
M2 = < 2By RV ) (2.54)
5 Mpr T U

for

St v

— = Re(H) - —

\/5 e( 1) \/5

SQ

7 = cos (%) Re(HY) + sin (%) Im(HY) . (2.55)

Ss is thus degenerate witH * in a triplet of SO(3), a clear signature of the custodial
character of potentid[{Zb1). Tt 2 scalars are singlet under this symmetry but mix
if A # 0.

At this stage, it is important to note thatis not physically observabia the frame-
work of the fully generic two-Higgs-doublet model. Indeedge can always use the
reparametrization freedom of the Higgs baBIS{R.32) taeaiat this additional phase.
However, this statement is only valid in the absence of abgraal constrains which
may “freeze” the actual value of the second doublet phagebg fixing theA; param-
eters or th&” Yukawa coupling matrices. In such a case, the misalignmemtdeny
and the second doublet phase becomes a physical observ@blecan be measured
in high energy processes. A typical example where suchatgituoccurs is described
in sectiofZb.



2.4. Global symmetries in the 2HDM 57

2.4.2 CP symmetry

In the present work, we follow the standard approach adeaddat [51] to studyC' P
invariance and violation. The starting point of this schest® require all the gauge-
kinetic terms to be invariarty definition This can always be achieved since all pure
gauge Lagrangians are necessafili invariant [92] in the absence of topological
effects.

The C'P transformation of the photon field“ (¢, Z) is fixed by first principles. It
transforms asi, (t,¥) — A*(t, —) under parity, like all vector fields, and changes
its sign under charge conjugation to ensure invarianceeétbctromagnetic interac-
tion A, j#. This gives

(CP)A,(t,Z)(CP)t = —AF(t,—T) . (2.56)
The C P transformation of an arbitrary (possibly charged) spineldfiy is less con-
strained. Assuming the invariance und®andC transformations of the Klein Gordon
Lagrangian, consistently with electromagnetism, leads to

Po(t, )Pt = P ¢(t, — ) (2.57)
and

Co(t, Z)CT = e’ ¢l (t, 7) (2.58)

whereap andac are two free phases. It follows that tli&P transformation of any
scalar field isa priori defined up to an arbitrary phase= ap + a¢. For example,
the charged components® of a Higgs doublet transform as

(CPYH* (t,Z)(CP)! = ¢e“H(t,—)
(CP)H™ (t,Z)(CP)! = e "““HT(t,-Z) . (2.59)

In the SM, it turns out that relationE{2]156) afd (2.59) tbgetwith the requirement
of invariance unde€ P of the kinetic part of[[T.21) completely fix th@P transfor-
mation of all other bosonic fields. They read

(CPYWH(t,B)(CP)T = —e“W H(t,—Z)

(CPYW, (t,Z)(CP)T = —e "“WTH(t,—7) (2.60)
and

(CP)Z,(t,%)(CP) = —ZMt,—7)

(CP)o(t,®)(CP)T = o(t,—%)

(CP)r3(t,7)(CP)T = —n3(t,—%) . (2.61)
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These relations imply that the SM scalar potentiadn (Il i2 BlwaysC P invariant,
both explicitly and after spontaneous symmetry breakinge b this, the only pos-
sible sources o P violation in the Standard Model are the complex coefficients
appearing in the Yukawa sector, the fermionic kinetic tebmisig conventionally’' P
invariant.

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

(CP)oL (1, Z)(CP)t = UGFeg, (t,~7)
(CP)(t,Z)(CP) = USSP (t, %) (2.62)

where the two-by-two matrik’ ©F must satisfy

P P, —if
U vy + UL vge™

vee?? = Uzcipvl + Uzgpvgefw (2.63)

U1

in order to fulfill the gauge-kinetic term&' P invariance. Since the phaseis not

physically observable, i.e. it cancels in all interacticgrtices involving charged
scalar(s), we shall set it to zero from now on without losirenerality. The two
equations in[[Z82) may then be grouped as

(CP)¢a(tvf)(CP)T = U5;P¢b*(t7 _f) : (264)

In the Higgs basis where, = v andv, = 0, equations[{Z.83) constraif& " to be
of the form

cp (1 0
U _(o Jio (2.65)

which consistently reflects the Higgs basis definition ptambiguity emphasized in
equation[Z3P2), as one can see by identifying 26. The diagonal structure di{ZI65)
also guarantees that, in the Higgs basis, all the fields gaigrto the first doublef;
transform under CP exactly as the fields belongingitin the Standard Model, i.e.
like in Eqgs. [Z5PR) and{Z®1). The neutral combinations

HT;) = cos<g> Re(HS) + sin <g>1m(H§)
% = —sin (g) Re(HS3) + cos (g)lm(Hg) (2.66)

belonging to the second doublet are respectivély-even and odd but are not nec-
essarily physical mass eigenstates if th& symmetry is violated. Assuming the
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Yukawa couplings off, in Z42) areC P-invariant, one can always define thiema-
trix in such a wayH° couples to the” P-even fermionic field bilineaf)¢ wherey
and¢ are two arbitrary Dirac spinors, whilé® couples to the?' P-odd)ys¢.

Starting from relationd(Z.64) and{2165), it is straightfard to show that both oper-
ators.A and B remain even under thé P symmetry, no matter the value 6f while
the orthogonal combinations

¢’ = cos <g) C + sin (g) D
N/ . J 5 J a
D —sin{ 5 C + cos 3 D (2.67)

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

Verp = —/L%A - /L%B - /Lgllél/ + AlAQ + AQBQ + AgCANQ + AZDAHQ
+AsAB + AJACT + AJBC (2.68)

The explicitC' P (non-)invariance of the potential can be discussed fromdistnct
but somehow equivalent points of view. Either the phase fixed by an unknown
mechanism, like a new interaction beyond the SM (techni¢olo), in such a way
that Eq. [Z8B) represents the most gené€tBlinvariant potential. Either the potential
expression is fixed by additional constraints, like an otirdnown symmetry, and it
is said to beC P invariant if and only if there exists a basis change, and intipalar

a phased, such that it can be written a@68). From this point of view, it is easy to
show that, in the 2HDMinvariance under the custodial symmetry implies invar@anc
underC P, since one can always choase- «y in (Z&1). This last result is consistent
with the one obtained in193].

In the second approach, th&P definition may also not beniqueif the potential form
(Z€8) remains invariant for different values &f This is for example the case in the
limit where Ag ¢ — 0 (leading toug” — 0, from Eq. [Z3F)). In this case, the absence
of terms linear inC"” allows for a second solution corresponding to the phasé shif
§ — & + 7 which exchanges thé P parity of C” andD”. Let us emphasize this new
possibility really corresponds to a physically distindusible configuration. Indeed,
the phase shiff — & + 7 also affects the expressions of the ti/@ eigenstate$®

and A° in terms ofRe(HY) andIm(HY) in [Z&8), which are in turn related to the
physical mass eigenstates for a fixed set of parameters.
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2.4.3 7, symmetry: type | versus type Il scenario

As mentioned in sectidn Z.3.3, and contrary to the SM casegtuirements of gauge
invariance and renormalizability for the Yukawa sectorha&f 2HDM are not sufficient
to guarantee the absence of tree-level Flavour Changingréleturrents (FCNCs).
The later being strongly constrained by current experialetdta on heavy hadrons
mixing and decay, a mechanism to naturally suppress theméssential ingredient
of any viable phenomenological model.

A simple, yet elegant, example of such mechanism has begroged by Glashow
and Weinberg in[[94]. By requiring thérmions of a given charge receive their mass
through the coupling of precisely one Higgs douplete ensures that the Yukawa
couplings of the Higgs field are diagonalized simultanepuéth the mass matrices.
This condition can be naturally implemented in the two-Highpublet model if there
exists a generic basis where the two doublets transformruamdextraZ, symmetry
as

1= Q1 , P2 — —¢P2 . (2.69)

Assuming the right handed fermion fields [0.(2.41) are eveadut under this sym-
metry, while the left handed fermion fields are even, the BlasWeinberg criterium
is naturally enforced. If all fermions have the safheparity, they receive their mass
through their interaction with a single Higgs field like inetlsM and the model is
called “type I". If the right handed up-type quarks &g-odd, while the right handed
down-type quarks and charged leptons Z&geeven, they receive their mass through
interactions with different Higgs fields and the model idexl'type II”. This last pos-
sibility could provide a natural explanation for the heaggiions mass spectrum, i.e.
by relating the top/bottom mass hierarchy to a VEVs ratig/m;, =~ vz /v1.

While the presence of this new symmetry in the Yukawa sedtivetheory is required
to suppress tree-level FCNCs, it must also hold in othepsgcf the theory in order to
avoid large contributions from higher orders. This resértbe number of parameters
in potentialZZl from fourteen to eight, by forbidding @ltns linear inC' or D which
are bothZ,-odd. However, the so-called “soft-breaking terms”, i.@adratic terms
like —m§é — mﬁD, do violates th&Z, symmetry but only in long range interactions,
and their presence may remain compatible with all phenotogiwal constraints. The
most generic 2HDM potential invariant under a (softly bnok&, symmetry then
reads, in a generic basis,

Vi, = —m%fl — m%B — m%CA — miD + )\11212 + )\232 + )\302 + /\4D2
+A5AB + A\ oCD . (2.70)
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Contrary to the custodial and P cases, th&, symmetry is in general defined in a
generic basis where both VEV are non zero in order to allownéor vanishing mass
terms for all fermions in a type Il scenario. Indeed, if tresymmetry is only manifest
in a Higgs basis, the sole remaining option is a type | scenahere all fermions
couples toH;. All the new physical fields belonging tH, this provides a natural
candidate for dark matter, as discussed in se€fion]2.1t2ebtricts considerably the
number of possible phenomenological signhatures at codlide

This apparent limitation can be circumvented if $1@(2) rotation of angle5 required

to perform a basis change from a generic basis where both \fEVeal to a Higgs
basis (see Eq_ZB1) is promoted to be a (softly broken) sytinyroéthe potential. In
this case, any (softly brokefd), symmetry manifest in a given generic basis would
become manifest in the related Higgs basis, eicd versa Since the only matrices
to commute with the generator of tl$)(2) symmetry, i.er, are the identity matrix
andr, istself, the only invariants aré + B andD. Imposing invariance of the quartic
part of the potential under thiSO(2) (assuming th&Z,; symmetry is softly broken)
then reduces the total number of parameters from ten touwstk, that the potential in
the Higgs basis now reads

~ ~ ~ ~ ~ A\ 2 ~
Vsom = —piA—pdB— 3 — 12D+ A (A + B) FAD? L (270)

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

pr— b1, 2 — e (2.72)

where( is an arbitrary free phase. In this case, only the quartm{o? + D? remains
invariant besidesA and B such that the number of parameters in potefifiall2.70 is
further reduced to six.

2.5 The MSSM scalar sector

As seen in sectiof 2.1, any Supersymmetric extensioneotAndard Model must
contain at least two Higgs doublets with opposite hypemgbsrin the simplest cases,
e.g. in the MSSM, the scalar sector appears as a particutatrained 2HDM. The
explicit form of the scalar potential can be obtained by abersng three different
types of contributionﬁs(e.g. seelll]):

%In order to stick to the convention used in the previous eaciie. twoY = +1 doublets, an implicit
replacementy «— ¢£ has been performed
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1. F;F"" terms, where; are the auxiliary fields defined @ = 9WW/dA" with
W the superpotential and’ a superfield. These terms give the quadratic mass
terms:

Vi = —p2(|¢1)? + |¢2]?) = (A + B) (2.73)

2. D,D* terms, whereD® = gA;(T)" A; with T* the generators of the gauge
group, giving the quartic contributions.

Vo = %[%(|¢1|2—|¢2|2)]2+§Z[gL(sbIT%zw;T%l)f

91 o2 2] 4,12 4 A% 2 2112
= L [ lgl el + 21610 + 01 + 10| + L [(I1* = [2/)]
92 R N2 92 R N2 gQ R )
- ?L(AJ“B) +§Y(A‘B) ‘7L(02+D2) (2.74)

3. SUSY soft breaking terms likemA; A", giving additional quadratic terms

Vsp = —milof - m3loaf* — b (6]62 +hoc.)
= —m2A—m2B-2C (2.75)
Theb coefficient can in principle be complex but, in order to siifypthe fol-

lowing notations, we explicitly choose the generic basisunh way it is real.
This implies that both VEV®; andv are real, from[[Z27).

The scalar potential of the MSSM then reads, in a generishaserev; andwv, are
real,
N N N 92 N A\ 2 92 N N\ 2
Virssy = —miA—m3B —2bC + gL (A + B) + % (A — B)
9i (e 7
— (02 + D?) (2.76)
with m? = m? + u2, or equivalently, in the Higgs basis wherg= 0,
Vissu = —(mich+m3sh+ bsap)A — (mish + mach — bsap) BB
A 2 A~ A
—(— 52512 + 5252 + 2beag)C + %(A2 +B?)

2

+9Y (czﬁ(/t _B) - 25256)2

8
2 2 2

_gL Szﬁ ~ _ A~ A~ gL A2
= (—2 (A B)+c%c) + 24D 2.77)
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According to the definitions reviewed is sectitn{2.4), hisential preserve§'P at
tree-leval] with § = 0, its quartic part is invariant under ti&, symmetry [Z.€0)
which is softly broken by quadratic terms and the custodiairaetry is broken due
to the simultaneous presencebéndD terms in [ZZ17).

The physical spectrum of the MSSM Higgs sector is easilywedrdirectly from[Z76)
or from {ZZT) using[[Z.38) an@(Z]39). Besides the threalusould-be Goldstone
bosons, it contains a charged Higgs pair with squared mass

2 2b 2

My = Sn(25) +myy (2.78)

and a pseudoscalar staté/\/2 = —(sin 8)Im(#}) + (cos 3)Im(¢9) with squared
mass

mio = mys —my . (2.79)
The non degeneracy betwe&h* and A° is a clear signature of the breaking of the
custodial symmetry in potentid[{2177). The squared maffsrdnce is proportional
tom?,, i.e. tog?, as can be guessed from the coefficient the breaking T&nThe
two C' P-even eigenstates

HO o U1 ) _ (%) in o

N (Re(¢) — E) cosa + (Re(¢3) —\/5) s

o UL L U2

5 = —(Re(¢?) — %) sina + (Re(¢9) — %) cos (2.80)

have squared masses

1
Mo go = 3 [mio +m% F \/(mio +m%)? — d4m%m?, cos? 23 (2.81)

and their mixing anglex is related tq3 through

2 2
tan 2« = tan 23 (mx;oi—i—mg) . (2.82)
Mpo — Mz

Expression[[Z81) leads to the tree-level mass rule
m,%o + m%o = mQZo + mio (283)
and to a strong tree-level bound on the lightest Higgs bosassmmamely

mio <my . (2.84)

10 oop effects mediated dominantly by third-generation sksianay lead to sizeable violations of the
tree-levelC P invariance of the MSSM Higgs potential, giving rise to sfgrant Higgs scalar-pseudoscalar
transitions[[95..96]. Se& [40] for a recent review of the asged phenomenology.
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In the limit where supersymmetry is restored, ite— 0 andm? = m3, the Higgs
bosong:? and A° become massless while t#g’ and thed* become degenerate in
mass with theZz® andW* gauge bosons.

The tree-level MSSM scalar sector considered here is aregygal, highly con-
strained 2HDM. Relation§(ZF78) tb{2183) are sufficient todii model parameters
from the knowledge ofn 40 (i.e. the amount of SUSY breaking in the scalar sec-
tor) andtan 3. The upper bound{Z.84) would suffice by itself to excludertrael
when taking into account the LEP exclusion result (seese¢l.Z.8)). However, it is
known for a long timE that this bound can be partially relaxed thanks to positiyge t
and stop tadpoles contributions, leaving a tight, but ngitgnwindow between 114.4
and~ 140 GeV form;o. Nevertheless, as seen from Figltd 2.2, the saturation of

500 T T T T 500 T T T T
My [GeV] M [GeV]
X; =0 Xy = V6Ms
300 - - 300 F E
tan § =3 —— tan f = 3 ——
tan f =30 ------ tan 3 =30 ------
200 | - 200 | -
150 H 150 ;_H// h -
H h .................... SOCTETPETPET PP PEP PP PP
100 |- 3 100 .
/S gt
50 1 1 1 1 50 1 1 1 1
50 100 150 200 300 500 50 100 150 200 300 500
My [GeV] My [GeV]

Figure 2.2: The masses of the MSSM Higgs bosons as a functiam for two
valuestan §= 3 and 30, in the no mixing (left) and maximal mixing (rightesarios
with Mgy sy =2 TeV and all the other SUSY parameters set to 1 TeV. The éulbs
radiative corrections is included withh,= 178 GeV,m;, = 4.88 GeV andv;(myz)=
0.1172. From Ref[197].

the upper bound on the lightest Higgs boson mass tends totfawaecoupling limit
and hightan  values. In this region of the parameter space, intensivelyied for
its experimental perspectives (s&el[98] for a recent oeaiyih® is light and essen-

11E g., see Ref[197] and reference therein for a full review
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tially SM-like while the other Higgs bosons are much heavieading to somewhat
restricted possibilities for the BSM scalar sector phemmimgﬂ.

2.6 A twisted 2ZHDM

The generic two-Higgs-doublet model described in sedfi@inot restricted by the
mass relationd{2.¥9) and{2183), neither it suffers from ttlee-level upper bound
Z83). The associated phenomenology may then be comptiftdrent, displaying
unusual scalar spectrum or exotic Higgs to Higgs decaysxamele. However, the
most general 2HDM contains fourteen parameters, amongwvettéven are physically
relevant. This renders any global analysis of the entirampater space much more
complicated, compared for example to the MSSM scalar segtbronly two degrees
of freedom at tree-level.

A pragmatic approach to tackle this issue is to impose by holblal symmetries
which are known to be (approximatively) present in the Staddviodel or in well-
motivated BSM theories, thus lowering the number of fre@peaters to consider in
any phenomenological analysis. Even if this procedure néiysaforbid interesting
phenomena, like” P-violation which could be a wanted feature of the 2HDM (see
sectiof2Z.IPR), it can be seen as a first step which can beefietttended by introduc-
ing breaking terms as small perturbations, or as a consegu#mew interactions.

Like demonstrated in sectidn ZK.1, implementing a genesstodial symmetry in
the 2HDM restricts the number of free parameters to severseas iT 2412, such a
restricted potential is always P invariant since the phasgedefining theC P transfor-
mation of the fields can always be aligned with the phassed to define the custodial
transformation. From a phenomenological point of views teads to the degeneracy
between the charged apdeudoscalaHiggs bosons, i.em?,. = m?%,. Since the
charged bosons are usually assumed to be rather heavy dwedp and, even more,
indirect constraints, this implies a relatively high massthe A°. Typical experimen-
tal signatures in this case tend to be similar to these obddrvthe decoupling limit
favored in the MSSM.

However, as advocated in_[76], this alignment betweentieand custodial defini-
tion phases is not the only solution when the potential ishinrestricted. Or, by
reversing the same argument, imposing simultaneouslhyntfegiance under both the
C P and custodial symmetry may lead to further restrictions oteptial parameters
if the definition phases and~ are misaligned.

12This conclusion becomes slightly milder when higher or@d? violating effects are included. They
may allow, for example, the lightest Higgs boson to be ligktian the LEP bound by altering its coupling
to the Z° boson.
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A particularly interesting possibility is a “twisted” 2HDMhere and~ are in max-
imal opposition, i.e.d = v — 7. The custodial invariant mixing operat6ét defined

in EqQ. is therC' P-odd (see Eq[Z®7) instead of beidgP-even like in the

0 = v case. In order to restore tlieP invariance of the potential, all terms linear in
C’ in potential [ZB1) must vanish, i.e\; and A} must be set to zero. From a phe-
nomenological point of view, this scenario is charactetizg the degeneracy between
charged andcalarHiggs bosons, i.em?,. = m?,, by opposition to the “usual” case
described previously.

If § # ~,~v—m, C'is notaC'P eigenstate anymore such thEt must vanish to restore
theC'P invariance. The resulting potential is invariant undergéa.SO(4) x SO(4)
symmetry which is spontaneously broken30(3) x SO(4). As a consequence the
four components off, are degenerate in mass, as seen from equafiond (2.52) and

Z23).

Let us emphasize that the existence of the twisted scematteei2HDM, and more
generically the interpretation of the possible interplayween the custodial ar@dP
symmetries in terms of aligned/misaligned phases, is amadaltresult. Phenomeno-
logical studies of th@ = 1 constraint have emphasized vanishing contributions in the
m?,. ~ m2, limit (see [99] or more recently[75] and[[71]) but did noteénpret this
result in terms of symmetries. The interplay between(dtfzand custodial symmetry

in 2HDM has also been discussed [Inl[93], but the sea@#dconserving custodial
scenario found by the authors is in fact physically indigtiishable from the “usual”
case since, according to their own conclusififf,is redefined ag'P odd.

One genuine feature of the twisted potenflal{R.87) is tles@mnce of aaccidentalZ,
symmetry acting in the Higgs basis where- 0 as

Hl — H1 ) H2 — —H2 . (285)

In the Higgs basis wherfd,) = 0, this discrete symmetry is left unbroken and could
advantageously supersede the invariance required to distinguish the different cus-
todial symmetry realizations, i.e. the different valuesyoffor illustration, it would
nicely reconcile two apparent features of the electrowegdractions, namely natu-
ral flavor conservation and expliait P-violation in the Yukawa sectof [1D0Q], if all
fermionic fields are even und&k. Where this is the case, the lightest neutral compo-
nent of H, would be a candidate for cold dark matter, as mentioned itiosdZ. 1.2.

In the present work, we further assume the presence of atiaudisoftly-broken
SO(2) symmetry which generalize tt#, symmetry accidentally present in the Higgs
basis to all generic basis with real VEVs (see sediionP.4.8¢ full scalar potential
of our “twisted model” then reads, in the Higgs basis

Viwisted = —p2A — 2B + As(A + B)? + A 45D? (2.86)
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when the phase convention ff, is fixed such thad = 0 in Z&3). In a generic basic
where both doublets have real VEVs, the same potential reads

Viwisted = —m%fl — m%B — mgé =+ As(A + B)Q =+ AA5D2 . (287)
The physical spectrum is straightforward to determineotitains aC' P-even SM-like
Higgs bosorh’ = v/2(Re(H;) — v/+/2) with squared mass

mio = 2Agv? | (2.88)

a pair of charged Higgs bosons and'®-even scal& H° = —\/2Re(H>) forming
a triplet under the twisted custodial symmetry

2
2 m3

mi = mpys =mi = Sn20) (2.89)
and pseudoscalar staté = \/2Im(H-), singlet under the custodial symmetry
A 2
m2e = ms + A;” (2.90)

Sinceh? remains the only massive Higgs boson in the limit of an ex#@(s) sym-
metry (A as, m3 — 0), one may expect the unusual hierareghyo, mgo, mg+ <
mpo. The pseudoscalar stat® may be much lighter than the degenerate triplet (if
A as < 0), butits mass is not protected by any additional approxésginmetry, such
thatm 40 ~ 0 is not a natural feature of this model.

Regarding Yukawa couplings, the presence of a softly-brédke symmetry allows

to define type | and type Il models, each of them displaying mletely different
phenomenologies as detailed in the next chapters. As gmadtioned in section
EZZ3, in a type | model, all right handed fermions are defingédven under the new
parity, such that onlyp; can couple to them. In a type Il model, the right handed
up-type quarks arg,-odd and get their mass through their Yukawa interactionls wi
¢2, while the other Yukawa couplings remain identical to theety case.

A complete list of Feynman rules for the twisted 2HDM (typentdaype II) is avail-
able in AppendixXZA. All bosonic couplings are expressed imteof the three free
parameters of the potential which are conveniently chosédr@ino, mr andm 4o,
while all the Yukawa couplings are expressed in termaaf/3. A genuine feature of
the model appearing in these expressions isfifahares all the SM Higgs coupling
to SM particles, and, contrary to what happen in more ger2tBIMs, the couplings
of HY to a pair of SM gauge bosons exactly vaEﬂstBecause of the presence of an

13The minus sign here is conventional. It corresponds to ahysipaly — ~ + 27 andé — § + 27
redefinition of one of the custodial addP symmetries eigenstates [I{255) d0d(P.66). This spetitice
allows us to recover definitions & and H° similar to those obtained in the MSSM whén- o = /2,
regarding the particular definition of in Z80).

14This is related to the existence of two equivalent defingiontheC P transformation of the fields in
some limit of the potential parameter, like explained intisedZZ2
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accidentalZ, symmetry in the potential, the new bosons belongingftoi.e. H,
H and A°, also always come in pairs in all three- and four-bosonsgoest



Chapter

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 theoretiadirect and direct con-
straints which may restrict the parameter space of theeadi8HDM introduced in
sectioZBb. Since in this scenario, ié>-even Higgs bosoh’ displays exactly the
same couplings to the SM particles as the SM Higgs boson, ofidiseése constraints
come from the phenomenologicalimplications of the preserfithe new scalar states,
A, HYandH*.

3.1 Theoretical constraints

3.1.1 Vacuum stability and minimum constraints
The vacuum stability constraints come from the requireroéatpositive potential for

large classical values of the fields in an arbitrary diretiiothe(¢;, ¢2) plane. These
constraints can be obtained by considering only the quiias of the potential [101,

69
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89]. If one defines the classical combinations = ng{ngl andz, = ¢$¢2, then
gf)J{gﬁQ = c\/T122e" With ¢ < 0 thanks to the Cauchy-Schwartz inequality.

Fromzy, zo > 0 one can trivially derive

As >0 (3.1)
while the condition

4As > |Aas] if Aas <O 3.2)

is obtained in the limit where = 41. In terms of masses, these conditions are
equivalentto

mio >0 and mie >mi —mie . (3.3)

Since condition[[Z26) describestremaof the potential, but not necessarityinima
an additional constraint should hold on the matrix of sectedvatives of the poten-
tial. The eigenvalues of this matrix being directly relatedhe squared masses of
physical fields, the minimum hypothesis is enforced by neagi

Mo o a0 g+ >0 . (3.4)

Finally, the minimum found with théocal conditions mentioned above is alglmbal

as can be derived explicitly by considering equationsi2ogjéther with the expres-
sion of the twisted 2HDM potentif 2ZB7. More generallysthiay be related to the
simultaneous presence of tlieP and Z, symmetries in the Higgs basis, e.g. see
[@o2).

3.1.2 Unitarity and perturbativity constraints

The unitarity constraints arising in a two-Higgs-doubleidal due to the presence
of additional scalar-scalar scattering amplitudes hawnheorked out for bottC P
conserving and’ P violating potentials/[103, 104]. They can be advantageosisn-
marised as

|AT2s] < 87 (3.5

where|A§213| are the eigenvalues of the high energy scattering matrixifterent
guantum numbers of the initial state: total hyperchargeveak isospin/® andZ,

parity.
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In the twisted scenari@{ZB7), the relevant contributiares

A = 2Mg A8
even __ AAS
Agh = 6Ag+ (4As+ T)
AGY = 2As+Aas = gAAS (3.6)

Using relations[{2.88) an{Z100), constraihisl(3.5) ietsthe possible values of the
scalar masses. In particular, in the limit where all scalasses are small except one,
namelymg, one has

ms < 550 GeV . (3.7)

If all masses are non negligible, the unitarity requiremmaty help to restrict, for
example, the allowed region in ttie: 40, m) plane for different values afi;0, see

Figure[31.

100CF 100CF
80Ct 800r
600 600"
400+ 4001
200~ 200+
oL ‘ ‘ L ‘ J oL ‘ I ‘ ‘ J
0 200 400 600 80C 100C 0 200 400 60C 80C 100C
Ma Ma
(a) Unitarity (b) Perturbativity

Figure 3.1: Unitarity and perturbativity constraints iretfim 40, my) plane for the
twisted 2HDM scenario. Dotted red lines are limits fas,o = 120 GeV, dashed
greenlines forn,o = 300 GeV and plain blue lines fan ;o = 500 GeV. The allowed
regions lie between these lines.

Perturbativity constraints may be much stronger than titjtimits and should in
general be taken into account. In the present work, we astgrtbeory satisfies the
perturbative requirement if all the dimensionless comtiims of parameters appear-
ing in the three- and four- scalar vertices of Apperidix A azarded byir, such that
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the effective parameter of perturbation theory is smahantone. In terms of scalar
masses, the resulting bounds are shown on Flgule 3.1.

The perturbativity requirement also restricts the allowellies for the Yukawa cou-
plings to fermions, but it is in general a much weaker resitnicthan precision elec-
troweak tests. In the context of the present work, we radtree Yukawa coupling of
all physical scalar bosons to be smaller or equal to the td@aW¥a coupling in the
SM, i.e.tan 3 < 1in type | models andan 5 < m;/my in type 1l models.

Let us emphasize that our treatment of the perturbativitystraint is not necessar-
ily the most generic one. As advocated in_[105], a more robost could be, for
example, obtained by imposing that the perturbative expardf the 5-functions ap-
pearing in the model parameters RGEs remains consistenthiat any higher loop
order contribution remains smaller than any lower loop Gbation.

Nevertheless, this method implies the complex calculatiba large set of higher
order corrections and gives anyway results similar to tlodained with a simpldr
bound for well-known models like the SM or the MSSM. From a enpragmatic point
of view, the perturbativity bound should also be seen moesEmewhat fuzzy limit
for our perturbative approach, above which non-pertuvbadffects due for example
to the presence of very large resonances play a non negligité, than as a strict
theoretical restriction.

3.2 Indirect constraints

3.2.1 Electroweak precision parameters

The p parameter introduced in sectibn114.2 is a good measurenfi¢hé breaking
of the vectorial part of theSU(2);, symmetry. In particular, it is highly sensible
to the presence of heavy non-degenerate doublets transfpumder this symme-
try. Nevertheless, it is also important to quantify the effedue to the presence of
heavy degenerate doublets contributing for example to thakiing of theaxial part
of SU(2)L
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The following three parameters are neces&myjescribe all the one-loop BSM elec-
troweak effects [108]:

1
al = p— (I (0) — ¢, 1177(0)) = Ap ,
w
452 2 Z, — s
as = Wi (AHZZ<m‘2Z> — WA (1) —AHW(m‘ZZ)) ,
my SWew
o (AIMW(m3) oy AIDZ(m3) AL (m3)
w w my my

whereATIl(k?) = I1(k?) — I1(0). TheT parameter is a simple redefinition pfi.e.

it is proportional to the breaking of the vectorial part$i (2),. The S parameter is
associated to the difference between the self-energy of tHeoson at?> = m?% and
k* = 0. TheS + U parameter is defined in the same way for ¢ bosons. These
two last parameters reflect the breaking of the axial pag®@f2), by mass terms.
S, T andU are defined with am factor factorized, and with all SM contributions
(including those associated with a Higgs boson) expligiélsnoved. They are then
expected to be of order of unity in the presence of new phyaicszero otherwise.
The current experimental situation for these parametepaiigally summarised on
Figure[3.2 and the SM Higgs boson contribution is visible @uFe[3.8.

The T parameter

The total contribution of new scalar states to figoarameter in the context of the
most generic multi-Higgs-doublet model has been compugeently in [109]. In the
context of the present work, we are only interested in thigiogsd expression of these
corrections in the framework of a simpléP conserving 2HDM. The result is known
for a long time in the limit where all scalar squared massesbagger thann?, (see
[99,124] or [29] for a review of the calculation). If one of teealar is lighter tham ,
however, the exact expression obtained in [110] and repont§l11] gives a more

1But they may be not sufficient. Strictly speaking, three fioldal parameters, namely, W and X ,are
needed if the new physics scale is comparable with [L0€]. However, the explicit expressions obtained
in [L04] for these parameters in the generic 2HDM show they tnly contain subleading contributions
and that they are in general dominated by at least one of tred ablique parameters.
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Figure 3.2: Current experimental constraints on $hand7 precision electroweak
parameters (assumifig = 0) from [30]. All limits are at 1o and the(S,T) = (0,0)
SM reference point correspondsdg=0.118,m,=91.1875 GeVmn,;=175 GeV and
mpo=150 GeV. Since the reference top quark mass does not belding éxperimental
interval anymore, the yellow band does not inclgdg)).
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Figure 3.3: Contribution of the SM Higgs boson to thg(dotted red),T" (dashed
green) andJ (plain blue) electroweak oblique parameters. The refer@uint is set

as on Fig3R.

precise prediction. It reads

AT = m {F(m%{i,mio)
+sin?(8 — «) [F(m%i ,m20) — F(m%o, m%o)]
+cos2(8 = a) [F(m2ys, mis) — F(mbe, m2s) + Flmy, mé)
—F(myy, myo) — F(mz, mip) + F(mz,mjo)

+4m%Bo(m%, mi, mio) — 4miy, Bo(miyyy,mie,mio)]}  (3.8)

where
2 2 2,2 2
mi+m mim m
F(m2,m2) = — 2 _ 172 In—L . 3.9
(mi,m3) 2 m%—m% m% (3.9)
and
2 2 2 2 2 2 2 2
— m3logmi — m3logm m3logmi — m3logm
Bo(mi,mj,m3) = ——————— - —————=——2 (3.10)

my —m3 my —my

In this expression (and in all the forthcoming ones), the Sidgld correction with
reference choicémn;d’)rer = myo has been explicitly subtracted.

The numerical result of this calculation is shown on Fidu#as a function ofn =+
for different values of 5 — «) and for fixed values of all other scalar masses. One can
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Figure 3.4:AT correction in aC' P conserving 2HDM as defined ib.{B.8) with respect
to the charged Higgs pair mass (in GeV), for different valak&3 — «): 0 (dotted
red),7/4 (dashed green) and/2 (plain blue). The other scalars masses are fixed to
mypo = 150 GeV,mgo = 400 GeV andm 40 = 1 TeV. The thin horizontal black lines
shows the 2 limits on AT (assumingAS = 0) from [30].

easily distinguish four situations whef&l" is close to zero:

1. Whenm g+ = m 40, whatever the value of the other parameters
2. Whenmpg+ =~ mgo andpg — a = 7/2
3. Whenm g+ =~ mpo andf —a =0

4. A continuum of solutions wherm + € Jmpo, myo[ands — a €10, 7 /2]

The first possibility corresponds to the “usual” custoda@@rsario while the following
ones correspond to the “twisted” situation described inghevious chapter. The
presence of two realisations of this last possibility;+ = mpo andmpg= = mpgo,
is easily understood as an interchange in the definitioef gind H° (equivalent to a
/2 shift in ), see Eq. [Z80). The existence of a continuum of soluti@ta/den
these two extreme possibilities corresponds to cases vihesiateS® belonging to
the custodial triplet (see E_2153) is not a mass eigenbtata mixture ofk? and
HY. These results can also be verified directly by considetisgihalytic expression
@3) and the symmetry properties of the functiom?, m3), namelyF(m?, m3) =
F(m3,m?%) andF(m?,m?) = 0.

An interesting possibility in the framework of the twistetHRM arises when the
pseudoscalar statd® is (moderately) light while all the other scalars are heayy (
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100 GeV). In this case, a slight deviation from the degeneragy- = mpgo, due

to either loop correctioEsor to the presence of small custodial breaking terms in
the potential, could compensate for large logarithmic Gbations involvingm,o.

As shown in [75], this can be seen directly from the expressibthe first order
approximation ofAT" in them g+ ~ myo region:

1 2. —
AT = ————— X {cot2 HWmHii
16mmyy, cos? Oy 2

m2 m2 1
—3m32, |log —22 4+ ——  log— X 4 —} } . 3.11

An estimate of the amount of breaking required for a vanigfiiras a function of the
h® Higgs mass can be found on Fig13.5.

My+ — Myo
Mo
0.2C+
0.1C+

0.08

0.02t

0.01}

200 200 600 800 1o0c™

Figure 3.5: Relative mass differen@e g+ —m o) /mgo required to achievAT = 0
with respect to the SM-like Higgs boson masgo (in GeV) in the twisted 2HDM
scenario. The dotted red, dashed green and plain blue loresspond respectively
to m z0=200, 300 and 400 GeV. Th4® mass is fixed at 100 GeV but does not affect
sizeably the results i 4o < mypo, mr.

The S and U parameter

Contrary to thel’ parameter, thé andU parameters can only depend logarithmically
on the mass of the new scalar particles. The exact one lodfyadd contributions in

2A naive estimation involving only bosonic corrections githe right sign for the mass difference.
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a generic” P conserving 2HDM read 110, 111]

1 .
AS = — {s1n2(5 - a)Bzz(mQZ;m%o,mio) — ng(mQZ; m%{iam%i)
Z

+cos?( — @) [Baz(m%;mio, m%o) + Baa(m%;m7, mo)

—Bas(miyim3,miyo) — mzBo(mz:mz, mip) +mzBo(mz;mz,myo)] }

AU = —-AS+ {ng(m%,v; mio, qui) — 2ng(m%,v;m%,i,m§ii)

m%
+sin®(8 — a)Baz (miy; mip, mips ) + cos® (B — a) [Boa(myy;mie, mys)

+Bao (m%/v ; m%/v ) m?qo ) — Baa (m%/v ; m%v ) mio )

—m%,VBO(m%,V; m%,v, m%lo) + m%,VBO(m%,V; m%,v, mio)] } (3.12)
where
1l |x1+2 T 1
Bo(q*; mi, m3) = 1"‘5 961 — xz — (21— 172)] 10%;;4‘ §f(171,172) , (3.13)
2
ng(qQ;mf, m%) iy {210gq2 + log(z122) + [(:cl — :102)3 — 3(95% — :cg)

10
+ 3(z1 — 22)?] log % — [2@1 —29)? — 8(21 4+ x2) + 0
2

[t a2 =21+ 22)+ 1) o2
—6F(z1,22)} (3.14)

—2vVA [arctan “_7\/%2“ — arctan 11—7\/%2—1} . A>0

r1+xo—14+vV—A
VoAlos VR A<O
A=2x; +x2) — (21 —20)® =1, (3.16)

andz; = m?/q¢>.

The numerical results for these contributions are shownigaré[3.6. By comparing
these results with the SM contribution shown on Fidurk 38,aan easily see that sce-
narios with a light pseudoscalar and a heavy degenerakettaige favoured by both
andU parameters. Indeed, in this region of the parameter spae@HDM contribu-
tion has an opposite sign compare to the SM one. For suffigiemtall pseudoscalar
masses (and large triplet masses), this extra contribatiall even partially compen-
sate for a large positive contribution to tigparameter due to an heawy 800 GeV)
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Figure 3.6:AS andAU parameters in a twisted 2HDNBE o« = /2, mpgo &~ mpy+)
as a function ofn 40 andmy (in GeV). The reference point is fixed as on HIgl3.2.

SM Higgs. A contrario, scenarios with a very heavy pseudoscalar and a light triple
are disfavoured or even excluded (depending on the actled @@ theT parameter)
by the upper experimental bounds &n

3.2.2 Bottom quark physics
The B — X,v decay
The B — X,v branching rate was early found to put stringent bound on tizeged

Higgs boson masses. In the generic 2HDM, and at leadingitbgaic order (LO), it
is given by (in units of the branching ratio for the semileptd decay) [11P]:

16 1 16 2
BR(b — s7v) _6_04 [UﬁAv-F%(U% —7723)Ag+0}
BR(b — cev) 7 I(me/mp) [1— Zas(msp)f(me/ms)]

(3.17)

wheren = as(mz)/as(my), I is a phase factorf, is a QCD correction factor for the
semileptonic process (m./m;p) = 2.41), andC is a coefficient coming from opera-
tor mixing in the leading logarithmic QCD correctior ¢~ —0.177). Finally A, and
A, are the coefficients of the effective operatefs*”br F),, andsyo**T"b rG,-



80 3. Constraints on the twisted 2HDM

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

AV 3 ) (m_f
7,9 Qm%v 79 m%/v

qu 1 my Y20 mi L XY ) mi (3.18)
7.9 2m2,, 79\ 2, 79\ m2,, :

whereX andY are the couplings of the positively charged Higgs bosoneaithir
andugdy, leptonic currents (discarding additional mass and CKMdesjt In the type
| and type Il models considered here (see Appehdlix A), one has

Typel X =—tanf Y =tang (3.19)
Typell X=tan8 Y =cotg . (3.20)

The Inami-Lim functionsf appearing in[{3.18) read

2
n (7 =5z —8z%) x(3x —2) 1
5 36z —1)° @ 6@—1) °&F

3—5 3r—2
K= 6((:0 - 196))2 + 3((;_ 1))3 logz

 _ (2 + 5z — 2?) B x
lo" = REoip  2@o1 8T
(3—2)

20 —1)2 (z—1)

5 log (3.21)

The numerical results for the LO contributions are dispthga Figurd3J7 as exclu-
sion limits in the(tan 3, m+) plane, both for type | and type 1l models, taking into
account the world average of the experimental value by threiHElavor Averaging
Group [116]:

BR(B — Xsv) = (3.55£0.24 7009 £0.03) x 107* . (3.22)
On these plots, the LO contribution is scaled to fit the NNLO @idiction [11¥]
BR(B — Xsv) = (3.15+£0.23) x 1074 (3.23)

in the decoupling limitn = — oo and the theoretical error associated to this value
is added in quadrature to the experimental error. As exgdetite smalkan 3 region
for a type | 2HDM is left unconstrained since, in this case,¢harged Higgs bosons
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Figure 3.7: Leading orddr — s+ bounds on the charged Higgs mass (in GeV) with
respect tagan 3 in (a) type | and (b) type Il scenarios, at one (dotted red), shashed
green) and three (plain blue) standard deviations.

decouple from fermions. For larger valuestef 3, only a very small region of the
parameter space survives the constraint. In type Il modeéslower bound on the
charged Higgs mas(500 GeV at 95% CL) is essentially independentafi 5 as
soon agan § > 2, due to the identityX Y* = 1.

The SM leading order prediction of thé — X~ branching suffers from large un-
certainties which can be partially reduced by computingrttaén NLO and NNLO
corrections. For the 2HDM, an estimation of the NLO cormeutsi in Ref. [118]
shows a sizeable effect (see Figlird 3.8) which is sufficiemirastically reduce the
lower bound obtained at LO. The current status for a type lehds summarised
in [L14]. The 95% (99%) lower bound amounts to around 295 Z38V and stays
practically constant down taan 3 ~ 2. Experimental results may even be interpreted
as favouring a charged Higgs mass of around 650 GeV. Typenbsios at lowtan 5
values are close to the decoupling limit, such that the neysiph corrections are
generally small in magnitude (but of opposite sign comparipe Il) and the NLO
effects are not relevant (e.g. see REf._[119] for a discugsiat highertan 5 values,
the strong coupling regime is quickly reached and even th® kediction are, at
times, ill-defined (i.e. highly scale dependent) in thisoeg In the following we only
consider thean 8 < 0.5 region and discard the open possibility for higln 3 values.
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Figure 3.8: (a) Comparison of the LO and NLO predictions k&8 — X,y branch-
ing rate as a function of the charged Higgs mass in a type llah@dn 5 = 4),
adapted from Ref.[1119]. (b) Same figure fam 5 = 2, compared to the best SM
NNLO prediction (dashed lines) and experimental measun¢iatted lines), from
Ref. [111].

The B — 7v, and B — Drtv, decays

If the charged Higgs bosons couple strongly enough tabther bu quark currents,
and at the same time to the; leptonic current (i.e., in type Il scenarios with large
tan ), they could sizeably affect thB — v, andB — Drv, branching ratios.

The normaliseﬂibranching ratio

BR(B — Drv,)

RO =
BR(B — Dll/l)

= (41.6 +£11.7+5.2)% (3.24)
recently measured by the BaBar collaboratlon[120] dependke effective coupling
constantys = m3 tan 5% /m3,. as on Figurg_3]9. Translating te conservative

boundgs < 1.5 extracted from this plot as a bound on the 2HDM type |l par@met
space, one gets

tan3 <0.23GeV™' x mpy+ . (3.25)

Regarding the lower bound on g+ from theb — sv process, this last constraint can
only be relevantin the very higtan 5 region ¢an 8 2 70) which is already discarded
by the requirement of perturbativity for the Yukawa coupgbn

3The normalization reduces the dependence on the vectorféator and thus tames the main theoretical
uncertainties.
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Figure 3.9:R as a function ofjs. The light gray band shows the experimental value
(with one sigma errors). The gray and dark gray bands shoth#weetical prediction,
with and without systematic uncertainties on the form fextérom Ref.[[121].

A similar bound can be obtained from the rare procBss-> 7v,. Considering the
relative importance of the recent experimental result fBetle [122] compared to the
best SM prediction

BR(B — 7v)
BR(B — v )sm

=1.13+0.44 (3.26)

where only the experimental error has been considered henith¢oretical prediction
for this ratio in a 2HDM type Il model (e.g. see [123] for a rewi of the calculation
in the Minimal Flavour Violation hypothesis framework):

BR(B —7v.) 919
BR(B = ron)sm 099 (3:27)
one gets
tan3 < 0.13GeV ! x mps . (3.28)

Assumingm g+ 2 300, this constrain may restrict significantly then 3 > 40 re-
gion.

Let us however emphasise that this bound should be condiderg carefully: the
B — 7v, signal “evidence” in the BaBar experimehi[124] is stilltitdcally lower
than then one obtained by the Belle collaboration, and trgelancertainties asso-
ciated with the theoretical result from lattice calculasacould be highly underesti-
mated.
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The By — By mixing
The virtual effects of the charged Higgs bosons on he— By oscillationE are

described at leading order using the expression

f5Bemp|Via*|Vio|*m7
48724

Amp = |Mp, —Mp,| = (Uww +Iwn+1gn) (3.29)

obtained in[[126]. The mass, decay constant and bag paraofdtee B meson are
denoted byn g, fg andBp, respectively. The Inami-Lim functions read

9 6 6 yw )
I = 1+ — - — log 1
ww L—yw  (I—-yw)* yw (1—yw syw
2x — 8)logyy 6z log yw
I = |Y? ( ( :
wi = Wl \ =0 =g T T= 00— w2
o 8—2yW >
(1 —yw)(1 —ynu)
1 +yn 2yn 1ong)
I = |y ( + 3.30
HH | | Y (1 — yH)Q (1 — yH)?, ( )

with yw, g = m?/m2, o, @ = m3,. /m3, and wherely, i andIyy correspond to
the contributions proportional to diagrams with the exa®of one or two charged
Higgs bosons.

Like for b — s+, and in order to avoid discussing the actual choice of the 3M p
rameters values entering this expression (some of theng aetnally poorly known),
we normalise the overall factor to recover the most recenip®&diction from lattice
simulations|[1217]

AmzM =0.69 +0.15ps™* (3.31)

in the limit wherely g, Igg — 0, corresponding tony+ — oo. Let us however
stress that the error associated to this indirect SM priedid likely to be optimistic,
leading to an overestimation of the actual constraints.

The numerical results for the LO contributions are dispthgpa FigurdZ3.I0. The
central value is fixed to the world avera@é [5]

AMZP = 0.507 £ 0.005ps™~* (3.32)

4The Bs — B, mixing could also be considered here, but the high degre®mélation between the
theoretical errors associated to these two quantitiesrioit® interest to constrain New Physics, e.g. see
Ref. [125].
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Figure 3.10: Leading order bounds on the charged Higgs nirassgV) from the
By — B, mixing measurement, with respect tan 3 in (a) type | and (b) type II
scenarios, at two (dashed green) and three (plain bluejatdnieviations. There are
no 1o limits on these figures due to the slight discrepancy betwlee®M prediction
@31) and the current experimental measurenientl(3.32).

and, regarding the impressive experimental precisioncéssal to this measurement,
the quoted error is largely dominated by the theoreticaguainty in [3:311). For type

| scenarios, thean 5 < 0.5 — 1 constraint obtained on the whole range of charged
Higgs masses is similar to the one obtained frombthe sy process (see FigufeB.7).
In case of type Il 2HDMs, thean 3 < 2 region is excluded at more than 95% CL,
almost independently ofi .

The NLO QCD corrections td{3.P9) have been discussedif] [TI2&y modify both
the overall coefficient, making it dependentBrandm 5+, and the functiong. Like

in theb — sy case, inclusion o®(a,) QCD corrections reduces the sensitivity of
Amp to charged Higgs contributions and slightly weakens thevalsonstraints.

The Zbb vertex

Radiative loop corrections to thé — bb process involving new charged and neutral
scalars (see Figufe—3111) may gives sizeable contributmti®e observable hadronic
branching ratio ofZ bosons tdb

I'(Z — bb)

Ry = I'(Z — hadrons) (3.33)
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and to theb quark asymmetry

2 9
Ay =9L "9 (3.34)
91, + 9%

wheregy, andgg are the left and right handed couplingsfo b quarks.

Si ¢ b

7 /\/\/\/(: b’t
So )
(@)

(d)

Figure 3.11: Four types of one scalar loop contributionsheoAbb vertex. S may
stand for a neutral or a charged scalar.

The corrections tg;, andgg defined as

true

0grL.r = 9rL.R — gff\fz (3.35)
have been derived in great detail in_[129] in the contex€@ conserving 2HDMs.
They can be related at first order to the correctionBj@nd A, through

§R, = —0.778868gs + 0.14108gx
§A, = —0.29846g; — 1.6235gx (3.36)

such thatd R, (6 A4;) is mainly dominated by thég;, (6gr) correction. The latest
experimental value§]5]

R, 0.21629 + 0.00066
A, = 0.923+0.020 (3.37)
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agree at less than one standard deviation with the SM preudlict

Ry 0.21578 = 0.00010
A, = 0.9347 £ 0.0001 (3.38)

for which the theoretical error is nearly one order of magphét smaller than the ex-
perimental one and can be safely neglected.

The contributions of diagranis 3111 (@&}, 3.11(b) Bndl3. Ifbfchhe neutral scalar states
read, in a twisted 2HDM,

2
1 e V2my, tan 3 9 9 9
6gR,L(a) 1672 SWew ( " ) 024(mb, Mo, on) (339)
2
1 , \/§mb
6gr.L(b) = - 167T2g§i7}; < v ) [0234(m}2105m§7m127)
+ tan? 6(0234(171%0, m2, m?) 4 Cazy (mio ,m3, m%))] (3.40)
1 V2 ’
, my
bonste) = =zt () (s ot
+ tan® B(Bi (mj; mi, m¥o) + Bi(mg; mi, m%0))]  (3.41)
where
1
Cozy = —2Co + = — m2z(022 — 023) . (342)

2

The B; andC;; functions correspond respectively to the two- and threetpidHooft-
Passarino-Veltman one-loop integrals and are defined tik&pgpendix F of Ref.
[129]. TheZbb SM tree-level couplings are given by

I e 1 1,

o e 3.43
9zvp - ( 5T 3SW) (3.43)
R _ € L,
L —— (gsw) ' 249

We neglect the contribution associated to the diagfam¥®) Which is suppressed by
a factorm;/mz compare to the other ones.
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The same contributions, but for the charged scalar staaed)e simplified to

1 (V2 ? R Rlog R
_ my e . og
o1 = 1671'2< v Y) DY —— {3—1 (R—l)Q} (3.45)
2
B 1 V2my e R RlogR
09k = g ( v X) DY —— {R—l - (R—1)2] (3.46)

whereR = mj/m3,.. Summing all these contributions with the SM predictions
338), and requiring the result to be compatible with theegimental measurements
(338) allows us to put constraints on the twisted 2HDM patmspace.

Since all coefficients in{3.36) a®(1), corrections taRk;, and A, are typically ex-
pected to have similar magnitudes. However, the high empmrial precision asso-
ciated with theR;, measurement makes it much more discriminating thaon the
whole parameter space, as shown by an explicit numerichigigaln type | models,
the only relevant contribution is the charged Higgs cofoaaib dg;, since all the other
ones are suppressed by, /v. But the typical bound extracted in this casey 5 < 1,

is not relevant when compared to the one coming fromi3he- B, measurement.

The situation is more interesting in type 1l models where rikatral scalar contri-
butions are potentially sizeable. The corrections assedtitn diagramg=311(b) and
BI1(c) are similar to those involving the SM Higgs boson,dmaled bytan? 3. De-
spite this additional factor, they only become relevanttfar 3 > 50, i.e. above the
perturbativity limit. The amplitude of diagram3]11(a) igres ifS; = S, because of
theC P symmetry. ButifS; andS, are different particles (with opposiféP parities),

it grows with the mass differendens, — ms,).

In the type Il twisted 2HDM, this restricts the allowed regia the(m 40, m o) plane

as illustrated on Figufe=312. Since thg®, H*) triplet is forced to be rather heavy
by the B physics constraints previously reviewed, the mass of teegsscalari® is
bounded from below. Fafan 8 = 50 andm g+ > 300 GeV, for example, this bound

is approximativelym 4o > 60 GeV at 95% CL. Note that this bound is somewhat
lower than the one obtained in [129h(;0 > 100 GeV). At the time of this work, the
experimental value oR;, was indeed sizeably bigger, leaving less room for negative
contributions from new physics.
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Figure 3.12: Constraints at (dotted red)20 (dashed green) argt (plain blue) on
the twisted 2HDM type Il parameter space from tRgmeasurement, for twean 3
hypothesis.

3.2.3 The muon anomalous magnetic moment
The anomalous magnetic moment of the muon
a, = —— (3.47)

is known to be a particularly sensible quantity when tryingdetect indirectly the

presence of specific types of Beyond the Standard Model ngsigth A recent pre-

diction, incorporating theTe~ — 77 data obtained by CMD-2, KLOE and SND,
gives [130]

alSM = (11659180.4 £ 5.1) x 107 1° (3.48)

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

a®P = (11659208.0 £ 6.3) x 10710 . (3.49)

“w

The3.40 deviation between these two values

Aay, =aS® — alSM = (276 £ 81) x 107! (3.50)

may be optimistically interpreted as a signal of new physicsat least, as a valuable
constraint. Due to the small mass of the muon, this congtigionly relevant for
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Higgs physics when the coupling of the Higgs field to leptanmcreased compare
to its SM value. In the twisted 2HDM considered here, thigegponds to the type
Il scenario for Yukawa couplings, for which the one- and t@ops contributions are

reported in[[132].

The relevant one-loop diagrams are presented in Figurd(&. BBd3.1B(b). The

(©)

H- /N H-
14
p AN w
(b)
¥
gt Wt
\

(d)

Figure 3.13: One-loop contribution tg, due to (a) neutral (pseudo-)scalars and (b)
charged Higgs boson exchange. Two-loop contributioig toom (c) a light (pseudo-
) scalar with a fermionic loop or (d) from a light scalar witlelsarged boson loop.

associated contributions are

Qsz tan? 3

32m2m3,

2
m
S _ ©
ah|1floop - LS <m25>

where the loop integralés are given by

! ?2-x
Lio(z) = = /0 d‘”#u_)x)
1 B
Lao(z) = Z/o dxa:2z—|—(1—a:)
B ! —z(1 — )
Ly+(2) Z/o dx(:v—l)z—i—l

(3.51)

(3.52)



3.2. Indirect constraints 91

At one loop, the scalar contributicnf0 is positive whereas the pseudoscalar and
the charged Higgs boson give negative contributions. Eadiribution reaches its
extremum at small masses and vanisheslikg/mz log(mz/m?) at large masses.
The absolute magnitude of each type of contribution is showirigure[3TH(a) for
tan 8 = 1. The total one loop correction is dominated by the neutratrdoutions

|Ag,x10™ |Ag,[x10M
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Figure 3.14: (a) Absolute value of the one loop contributimda,, from a neutral scalar
H° (dotted red), a pseudoscald? (dashed green) and a charged Higgs boson (plain
blue). The neutral scalars contribution is positive while bther ones are negative.
tan 3 is fixed to 1. (b) Same for the two loops contributions from atrel scalarH°
(dotted red) and a pseudoscaltlt (dashed green). At two loops, the neutral scalars
contribution is negative while the pseudoscalar one istppesiOnly theb, 7 and i
fermion loops are included.

for masses above 0.2 GeV. Solving at one loop dhetheory/experiment discrep-
ancy within the twisted 2HDM with a moderatean 8 would require a very light
(< 10 GeV) scalar H°. We discard this open possibility in the forthcoming anal-
ysis since the coupling of such a very light (pseudo-)sdalahe bottom quark is
strongly constrained (i.etan 8 < 1) by the measurement of the Wilczek process
YT — H% — 7t77vin low energye e~ experiments like CLEC[133].

The situation is quite different when considering the ppattwo-loop contributions
shown in Figuré-313(c) (the correction involving#a® / H* loop, shown on Figure
BI3(d) is not relevant in the twisted 2HDM due to the reducedpling of ° to
muons). The associated formuldg is

2,,2 2 2 2

s _ g~m;, tan 0 e - my

ila-toor = 55— o 2 4rLs 1 (353)
f

5We corrected a missing fact@rr in Eq. (7) of Ref. [13R] compared to the original calculatiorRef.
[£34).



92 3. Constraints on the twisted 2HDM

where the sum ovef runs overb, 7 and . The up-type quarks contributions are
suppressed by an additional facigrtan? 3 in type 1l models and can only contribute
significantly formg ~ m;. The additional charge/color factgf is given by&, =
3x(—1/3)? for the bottom quark ang}. ,, = 1 for the leptons. The two-loops integrals
Lg read

Vo1 —2x(1 -2 z(l—=z
~ oz [t 1 z(1—x)
Lao(z) = 5/0 dzx(l—x)—zlog . (3.54)

and the scalar contribution is now negative whereas thedosealar one is positive.
The total two-loop contributions can be seen in Fidurelhl4By comparing with
Figure[3Th(a), one sees that these two-loops correctiendaminant formg = 10
GeV (they cancel against the one-loop partdos ~ 5 GeV). Due to the opposite
sign in the scalar and pseudoscalar contributions, solthiag:,, theory/experiment
discrepancy within the twisted 2HDM with a moderaten 3 in this region would
require a lightpseudoscala20 < myo < 100 GeV). If tan3 ~ 30, a perfect
agreement can even be reachedifiof =~ 20 GeV. A largeran (3 value would require
an heavier pseudoscalar avide versa

3.3 Direct constraints from collider experiments

3.3.1 The LEP experiment

Searches for h°

The LEP searches for a SM Higgs boson in the standard decagsh®d— bb and
h® — 7+~ and the associated limit have been already reviewed inoseEIZ.B.
In the context of models with an extended scalar seéfbmay also decay, possibly
dominantly, in a pair of lighter Higgs bosons. Since suchyhtliobject has escaped
the LEP searches, it must either have a reduced couplifitmr unusual decay
properties. In the context of the twisted 2HDM, botA and H° could satisfy this
requirement thanks to the vanishitfyz A° and ZZ H° vertices. HoweverH?° is
degenerate in mass witH* and the possibility of a light (i.e< 100 GeV) charged
Higgs boson is strongly disfavoured by both direct and ectimeasurements. We
then focus on the lightl® hypothesis in the following.

Constraints on thé? — A°A° decay mode from LEP data have been considered
in the framework of the NMSSM (se [40] and reference théreifhm 40 > 2m,
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(like assumed to avoid constraints and any unnatural fine tuning of relatlon {2,90)
it has been first thought that this decay could explain theitgneous excesses ob-
served in theZ2b [33] andZ4b [135] final states by adjustingo, BR(h? — A°A?),
BR(h° — bb) andBR(A® — bb). However, theZ4b excess tends to favour slightly
higher masses fai° (in the 105-110 GeV region) compare to the mai2b excess
(in the 100 GeV region), decreasing the significance of aalfib Even if this issue
could be investigated more deeply, especially using a miodielpendent approach,
we stick to the conservative SM bound,o > 114.4 GeV for the forthcoming phe-
nomenological analysis.

Searches for H? and A°

The model independent searches fordtie~ — Z* — H°A? pair production pro-
cess at LEP, in théb, 2027 and4r channels, put the tightest constraint on the twisted
2HDM mass spectrum, in particular for type | models wheréragal constraints from

B physics are less relevant and a light triplét*, H°) is allowed. The final result
from [135] is shown on FiguieZ31L5.

Taking into account the approximate valuesidt(H°, A° — bb) andBR(H", A° —
7777) quoted in sectiol 4l 1, the limit can be fixedrntoo + myo > 170 GeV for
mao ~ mpo. If A% is very light,m 40 < 30 GeV, a slight loss of efficiency in th&
and2b27 analysis allows for a lighteH°, m o > 130 GeV.

If myo = my + mao, the scalar bosoi/® could also decay t& A° (see section
3 for a more in-depth review), thus reducing dramatictily branching ratio of
H° — 7+t7= bb. The final state signatures associated to this possibiliamely
Zbbbb, Zbbrt 1~ andZ7 7~ 7 7~) would mimic theh® — A° A° process described
previously, but with a different kinematical strucﬂrm the absence of any dedicated
experimental study (to our knowledge) for this open pofigibive adopt a conserva-
tive approach and restrict the model using theyo, m 40) limits already mentioned.

Another strong constraint in the low 40 region for type Il models can be deduced
from searches for the Yukawa processe~ — bbA® with A° — 7+7— bb. The
result for each mode is shown on Figlire"8.16. Due to the rebli@nching ratio for
A% — 77~ the A — bb mode is the more restrictive in the 40 > 2m, region.
The limit istan 5 < 20 for m 40 ~ 10 GeV and becomes quickly less relevant for
higher masses due to the smaller production cross section.

8In this case, the decay products of tAeboson and the tweofterb-jets should be used to reconstruct
the H® mass.
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Figure 3.15: Largest relative cross sectiondoe~ — Z* — H%A° compatible with
data, at the 95% CL, projected on the o, m 40) plane {, = H® andH; = A°).
The reference cross section is equal to the twisted 2HDMigtied for the production
of the H°, A° pair. In plot (a) both Higgs bosons are assumed to decay sixely to

bb and in plot (b) exclusively to+7~. In plot (c) the H° boson is assumed to decay
exclusively tobb and theA® boson exclusively ta+ 7~ and in plot (d) theA® boson

is assumed to decay exclusivelyitb and theH° boson exclusively ta+7—. The
dashed lines represent the approximative kinematic liafitee processes. From Ref.
[35].
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Figure 3.16: (a) Observed upper limit (in red) G, 4—.pp) = tan 3y/BR(A® — bb)
compare to the SM expectation at 68.3% (green) and 95.0%@)eCL. The excess
observed in the data translates into an exclusion slightigiker than expected. (b)
Same forA° — 7+7~. From the DELPHI collaboration not2 [1136].

Finally, the loop decay’ — A%~ (through a quark loop in type | models, or through

b and loops in type Il models) can also be used to constrainAhenass. How-
ever, an extensive analysis of this chanhel[137] has shbatrthie LEP measurement
sensitivity (of order10—¢ for the associated branching ratio) was not sufficient to
put a tighter lower bound om 40 than the one obtained using the Yukawa process
ete™ — bbA in type Il models, see FiguEe=3]17. This type Il model resait easily

be extrapolated to type | models, which appear to be everctesstrained.

Searches for H*

Results for charged Higgs boson searches at LEP in the dexiditaM (type | and
type 1) by the DELPHI collaboration are available in Ref.3€]. In addition to the
usual fermionic decay&f+ — 7Tv. and HT — c¢5, the possibility for a charged
Higgs boson produced in pair ife~ — Z* — HTH~ to decay into +(*) A% has
also been taken into account. The existence of a charged Himgpn with mass lower
than 76.7 GeV (type ) or 74.4 GeV (type Il) is excluded at tB8®OCL, for a wide
range of the model parameter.
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Figure 3.17: Constraint on th@n 40, tan 3) parameter space from the — A%y
decay in type Il models (lower and upper dashed line). Theesimits for aC P-
even Higgs boson (plain lines) and those obtained from tHewa process and the
(g9 — 2) measurement (labelled upper dashed lines) are shown fquandson. From
Ref. [1317].

3.3.2 The Tevatron experiment
Searches for h"

As for the LEP limit, searches for a SM Higgs bosidhat the Tevatron are already
described ifCT414 and we focus here on e— A°A° exotic decay, withA? —
bb, 77,

The case of direct production &f through its effective coupling to gluons, followed
by the decay$’ — A°A° — bbbb has been covered in Refl_[139]. As expected,
the4b QCD background overwhelms the signal and a discovery cantmnachieved

if the h® production is enhanced by one order of magnitude (e.g. inatlyetan 3
limit). The same process where one of th&decays intor ™7~ instead ofbb would
provide a cleaner signature but with a reduced cross sedtierto the small® —
77~ branching ratio. The conclusion regarding the feasibdityhis analysis at the
Tevatron is then expected to be also negative, but, to ounvlatlye, this naive guess
has not yet been confirmed by a real analysis.

The associated production &f with a vector bosoV/ = W, Z being the second
strongest production mechanism at the Tevatron, it is ataral to consider the exotic
decayh? — A°AQ in this framework. Detailed studies (seie [I140],_[141] and th
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references therein for a complete overview) of both ¥iér++— and VVbbbb final
states have shown their potential interest in the futuré thoei associated statistical
significance is too small to constrain the model parametihstiie currently available
integrated luminosity.

Searches for H° and A°

Searches for th&® and A° bosons at the Tevatron experiment take place for produc-
tion in association witlb quarks, or in gluon fusion involving @quark loop, and de-
cays tobb andr" 7~ final states. Since most analysis are oriented towards tHeNVIS
Higgs bosons discovery, they focus (to our knowledge) estedly on themgs = 70
GeV mass region. Exclusion regions for Run | and Run Il aribkdsn Figure[3.IB

for specific MSSM scenarios. We translate them as a conservah 5 > 35 bound

on the wholen 40 yo > 70 GeV mass range.

CDF preliminary (91 pb™")

MSSM Higgs — tt Search, 95% CL Exclusion
0

CDFE Run Il Rreliminary; 1.8 fb:

no mixing

Maximal Stop Mixing
------- Minimal Stop Mixing 40

>0

no mixing

|

N\\\\\\\\\\\\\\\\&\\ 100 120 140 160 180 200 220 240-

o]
75 100 125 150 175 200 225 250 275 300 2!
o (GoV/6) m, (GeV/c?)

(@) (b)

Figure 3.18: (a) 95% CL bounds oan 3 with respects tan 40 from thebbA® — bbbb
process at Tevatron, Run |. From Ref._[142]. (b) Same fortt® — bbr* 7~
process at Tevatron, Run Il. From Réf. T143].

Another interesting possibility to produce a lighf boson at the Tevatron is the
charged Higgs associated productign— W+* — H* A° proposed in[[144], where
the charged Higgs may further decaylio* A°. For the most favourable mass sce-
narios (n 40 < 20 GeV,mpy+ < 90 GeV), the associated cross sections can be larger
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than 500 fb and this mechanism could be detected initdé final state. However, to
our knowledge, this hypothesis has not yet been tested iexgetally.

Searches for H*

If my= < my, atop quark could decay significantly often &5"b. This possibility
has been considered by the Tevatron experiments for vadoagged Higgs decay
hypothesis, namely* v, ¢5, t*b andiW+ A°. The result is shown on Figure3l19 as a
95% CL upper bound on the— H*b branching ratio € 0.5 for the wholeH+ mass
range) and as an excluded region in the MSGMy+ , tan 3) parameter space.

CDF Run Il Preliminary (335 pb™)
e e

-

t ~ H*b search CDF Run Il Preliminary

o Iz =
2 F 3
1 09F 7 10 expected upper limit = Excluded 95 %CL m,= 175 GeVic 2 fLdt=192pb * 160
& osE -+ Measured upper limit at 95% confidence level 3 N
E 3 Excluded CDF Run Il X
07k /* 3 . weludeqBrRn 140
E B
= - */ 7 - § D Excluded LEP 120
E *77 7 3
0.5 777 7777 777 3 () N
E , 3 1) X 100
04 = ~
3 E =
03F- E = 80
osE E LEP (ALEPH, DELPHI, L3 and OPAL)
E El Assuming H “~tv or H*~ c5 only. 60
E 3 L L L
0.1 -
E E| 10" 10 10*
) S S A A - tan(p)
5 80 8 90 95 100/ ,105 110 115 120 125 Mays,=1000 GeV/c 2, p=-500GeVic %, A =A,=2000GeVic %, A =500 GeVic ?
M, (Gevlc’) M=0.498"M 5, M ,=M;=M=M,;=M5=Mc=M =Mgysy
@) (b)

Figure 3.19: (a) Observed 95% CL upper bound ortthe H b branching ratio with

respect to the charged Higgs mass hypothesis and theSM expectation. A small

excess observed in the data translates into an exclusiokewten expected. From
Ref. [145%]. (b) The same bound translated onto the MSBl+ , tan 3) parameter

space. From Ref[ [146]

3.4 Summary

All the relevant constraints introduced in the previougises are summarised in Ta-
ble[33. Only the most stringent bounds are presented, aneé 86 them could be
strongly correlated with the others. Like already empleahis the introduction of
this work, let us again stress these constraints have beamdevith the implicit as-
sumption that all BSM contribution beyond the minimal ted2HDM are negligible.
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mpo < 500 GeV Unitarity
m% —m? < (400 GeV)? | Perturbativity
Type l &I mpy+ = Mmgo + € AT =~ 0, if mpo > 250 GeV
mgo <K mrp AS =0, if mpo > 250 GeV
mpo > 114.4 GeV LEP bound on the SM Higgs
mr 2 130 GeV LEPZ — HYA° (m 40 < 30 GeV)
Type | mr > 170GeV —myo | LEPZ — HYA° (m 40 > 30 GeV)
myo > 10 GeV No fine tuning in[[2.90)
tan 3 < 0.4 b — sy andBy — By mixing
mr > 295 GeV b— sy
mao 2 30 GeV Ry, (correlated withmr)
Type ll mao < 100 GeV Favoured by,
tan 3 > 5 By — By mixing
tan 3 < 35 B — Tv, and LEPbDA — 4b

Table 3.1: Summary of the relevant constraints for the adgHDM.

They appear more as reasonable choices when trying toctetbiei parameter space
for the phenomenological study of collider signatures @né=sd in Chapter 4, than as
really strict bounds.

Typical spectra for the MSSM scalar sector (SPS 1a,[seé)1#he€]type | and type Il
twisted 2HDMs are shown in FiguEe_3]120. One can clearly feeagualitative differ-
ences for the typical phenomenology associated with thegkels. The (constrained)
MSSM Higgs phenomenology in the low mass region is very sintd what can be
expected in the SM. The proof of the existence of enlargelhssactor at the LHC
will have to rely on the direct detection of the heavy statEs, H° and A°, which
may require a high luminosity~ 100 fo~!, depending onan 3). The same conclu-
sion also holds for most of the “usual” 2HDM scenarios coesgd in the literature,
where the nearly degenerate custodial triplét, A°) is forced to be relatively heavy
by strongB physics constraints.

The situation could be completely different in a twisted 2due to an inverted
spectrum. In type | scenarios, namely when only one Higgbldbgives their mass
to all fermions, the reduced Yukawa coupling of the chargagysiallows for a mod-
erately light custodial tripletH*, H°). A small mass splitting inside this triplet and
the presence of a light pseudoscalfrcan help a rather heavy SM Higgafo ~ 300
GeV) to pass the electroweak precision tests (see s€cHal) 3lf myo > 2m7, many
exotic scalar decays can be kinematically allowe HtH—, h® — HOHO, ...)
giving rise to interesting new possibilities of collidegsatures.
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Figure 3.20: lllustrative spectra for the MSSM scalar se¢Bnowmass Points and
Slopes 1all147]) and the type | and type Il twisted 2HDMs. Tiféeent decay
possibilities (e.gh? — A°A%, H+ — W+ A0, . ..) are symbolised by arrows.

In type Il scenarios, namely when the first Higgs doublet ¢esipo up-type right
handed fermions and the second one couples to down-typehégtded fermions,
the custodial triplet mass is constrained to be larger dubéd — s+ bound on
the charged Higgs mass. A reduced mass splitting insidehtfasy triplet can then
suffice to allow for a very heavy SM Higgsn(,o ~ 400 GeV). The electroweak
oblique paramete¥ together with the available data for the muon anomalous etagn
moment favour the presence of light pseudoscalar in this lsasits mass is bounded
by below (n 40 > 30 GeV) due to the LEP direct searches and #yeneasurement.
Even if themyo > 2my condition is hardly satisfied in this context due to unitarit
and perturbativity constraints om0, unusual decays foFf® and H* remain an
interesting open possibility.

To conclude, it should be noted that none of the two typeseriados considered here
is clearly favoured compared to the other. Type | scenaaosatmost trivially satisfy
all the reviewed constraints since, besides the posgibiliinvisible decays of thé®
boson, they display almost the same phenomenology as thde&8thModel in the de-
coupling regimean 8 = 0 (which is formally equivalent to an Inert Doublet Model).
On the other hand, in type Il scenarios, the new scalar pesticever completely de-
couple from the Standard Model fermions since bothtthed — 0 andtan 8 — oo
limits correspond to large Yukawa couplings. This implig®isg constraints from
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precisionB physics measurements, in particular on the charged Higgs.niBat this
apparently more restricted aspect of type |l scenariosnigpézed by the possibility
to explain the measureg, value, which remains one of the rare experimental hint in
favour of BSM physics, and by a potentially greater thecegiinterest when trying to
interpret the observed fermion mass hierarchy.
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Chapter

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 genugreatures for the twisted
2HDM at the Large Hadron Collider. We emphasise the most maposignals (and
the main associated backgrounds) to provide a phenomenalbgsis to future, more
in-depth, experimental analysis. The principal productizechanisms of the Higgs
bosons are first examined (most of them being similar to teoseuntered in the SM
or in the MSSM), together with their decay properties wheostof the characteristic
features of the twisted 2HDM arise. Particularly relevaghatures for the exotic
scalar decays? — A°A°, H* — W+A% and H* — ZA° are then considered
in the context of LHC. As for the content of chaplér 3, a larget pf the material

presented here will appear in148].

Unless mentioned otherwise, all the decay widths and bragatatios have been
computed using TwoHiggsCalc, a tree-level 2HDM parametfnutator described in
AppendiXB. Tree-level cross sections and parton-leveltddbarlo events have been
obtained using the MadGraph/MadEvent v4.2 event genefad&] based on exact
matrix elements calculations, and the “simplified 2HDM” nebd The default SM
input parameters for all simulations are=!(mz) = 127.934, Gr = 1.16637 x
1075 GeV~2, as(myz) = 0.1172, mz(pole) = 91.1876 GeV, m, = 1.777 GeV,
myp(pole) = 4.2 GeV andmy(pole) = 174.3 GeV. The quark masses appearing in
the Yukawa couplings are the running masses at the scalar scate. By default,

103
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the selected set of Parton Distribution Functions (PDF§TIEQ6L1 and the renor-

malisation/factorisation scales are fixed on an event bytevasis to the mass of the
heaviest final state particle plus the sum of the masslesislpartransverse momenta.
No cuts are applied on the final state objects except wheniomeat explicitly.

4.1 Decays and production modes

4.1.1 Type | models
Production mechanisms

The type | twisted 2HDM is characterised by the reduced dogplof H°, A°, and
H#* to the SM fermions (all of them being scaled tayn 3 < 1), while theh® cou-
plings are identical to the SM case due to the presence ohiktetl symmetry intro-
duced in sectiof 216. As a matter of fact, the only relevanatipction mechanisms for
HO, A%, H* involve heavy fermions (e.ggg — ttH°/A°) and/or gauge interactions
(e.9.,qq — Z* — H°AY), while all the production modes describedn1l.4.5 for the
SM Higgs boson are also pertinent fdt (see Figur€Zl1(a)).

Cross sections of the scalar pair production mechanismghwhainly involve the
decay of an off-shels-channel vector boson, are summarized on Figlirds 4.1(b), (c
and (d). In the most optimistic situations, the total crasgisns barely reach the 1 pb
level, or even less for thE+ H— and H° H° pairs production where both scalars have
to satisfymg > 130 GeV. If H* is light, a potentially more interesting possibility is
thet — H™Tb exotic decay. Due to the very largeéproduction cross section at the
LHC, the resultingV * H T bb final state may emerge from the background (depending
on the actua/+ decay modes), despite the redu¢ed- H+b branching ratio (see
Figure[Z2(a)).

If myg+ 2 150 GeV, the associated production of the charged Higgs bostmavi
single top guark becomes dominant compared totthe H b decay which goes
down quickly whenm g+ gets closer to thew, — m; mass threshold. The corrected
LO cross section for thgh — tH~ process is shown on figute#.2(b) for two different
tan 3 hypothesis. Thgg — tH b process (which is part of the NLO corrections to
the previous one), where the initial stdtquarks comes from a gluon splitting instead
of the proton sea, gives also a sizeahle50%) contribution to the total production
rate and should be taken into account, e.g. see Réf. [97]r@riaw.
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Figure 4.1: Type independent production cross sectiofdgin h° production cross
sections, with respect ta;,0 (data from Ref.[[34]). (b) *H— andH*+ H? pairs pro-

duction cross section with respectiior. H+A° (c) andH®A° (d) pairs production
cross section, with respecttor and for two different values ofi 4o.
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Figure 4.2: (a) Branching ratio of the top decay into chargegyjst — H b, as a
function of the charged Higgs mass and for two different @alaftan 5 (type I). (b)
Corrected LO cross sections of the charged Higgs produgtiassociation with top
quark,gb — tH—, as a function of the triplet mass and for different Yukawagimngs.
The renormalization and factorisation scale are fixedto= ur = %(mt + mr),
the runningb quark mass is set to 3.0 GeV and an overéifactor of 1.45 (1.25)
is applied for type | (type Il) couplings. The sizeable diffece between these two
K -factors is explained by the fact that the running bottomatust coupling, which is
dominant in type Il models, absorbs a larger correction tharrunning top Yukawa

coupling, see Ref[1150].
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Finally, thett associated production of the neutral Higgs bosons, whichieen
demonstrated to be challenging for most decay modes in dred8td Model, does
not offer a viable alternative to the other channels foralisty, and is not considered
in the following.

Decay modes

The principal decay modes &, which are shown in Figurie4.3 for two different

BR BR
1.0 1.0C; —

Boe, [\ S

0.5C 0.5C

0.2C

0.1C

0.1C / |I /
0.0¢ / |/

AP0
0.0g]

0.0 0.0z |

H il VA ;
O'OEDC 150 200 250 300 350 40(5“1 O'OfOC 150 200 250 300 350 406“‘

(@) m 40 = 30 GeV (b) m 40 = 70 GeV

Figure 4.3: Branching ratio df® into fermions (dotted lines), vector bosons (dashed
lines) and scalars (plain lines), with respect to its maskfantwo different values of
m po.

values of theA® mass, can be qualitatively very different from those obsein the
Standard Model, or even in the MSSM. In the low mass regien,ifim,o < 2m 4o,
the n° Higgs boson primarily decays tg  andc pairs (in order of importance) like
in the Standard Model. Whelm 40 < mpo < 2myyr, the main decay ig? — A°A°
thanks to the large trilinear scalar coupling. Note howekat this coupling goes to
zero whenmyo = /2(m% —m?,) (see Appendix A), such that th¢’ — A°A°
branching ratio vanishes in the narrow mass window contgithis critical value. If
mp, > 2mw and, at the same timep,o < 2myp, the decay into a pair of gauge
bosons dominates with BRs similar to the SM ones. Abovethe threshold, both
theh® — HYHO and theh® — H* H~ decays are kinematically allowed. For large
mpo, the HTH~ andW W~ decays account for half of the total decay width, while
the other half is divided between tfg’ H°, A° A°, Z Z andtt pair decays. As can be
seen in FigurEZl4(a), the total decay widtth8is sizeably bigger than in the Standard
Model at low masses (around 1 GeV far,o = 100 GeV), due to thei® — A°A°
exotic decay mode, but remains of the same order of magniétuicigher masses.



108 4. Phenomenology at the LHC

I (GeV) I (GeV)
100.¢,

50.0] 10.0¢-
5.00H

10.0

5.0 ho L.oc

0.5C1

1.0 0.1¢ Ho
05 0.05

0, 0.01
ilOO 150 200 250 300 350 AUC'WJ 100 150 200 250 300 350 208

(@) h (b) HO andH=*

Figure 4.4: Total decay width @i (left), ZZ° (right, in green) andi * (right, in blue),
in GeV (type I,m 40 = 30 GeV,tan § = 0.2).

For the other Higgs bosond?, H° and H*, the situation is somehow simpler. On
the whole mass range, or below tAel® andiW* A° mass threshold foH° and H+,
the only possible decays are into SM patrticles. Since thplowyof these scalars are
identical to those of the SM Higgs boson, up to an ovetall3 scaling factor, their
decay patterns are straightforward to determine. Zhand H° bosons decay mainly
into bb pairs (~ 85%), 77~ pairs (v 10%) andcc pairs ¢~ 3%). The H* boson
decays mainly inta-* v, (~ 75%) andcs (~ 25%), or intoth if mpy+ > m; + my,.

If HO (respectivelyH *) is heavier than th& A° (respectivelyii’+ A°) threshold, the
H° — ZA° bosonic decay (respective§* — W= A°) clearly dominates over all
fermionic modes and has a branching ratio equal to unitye lfdt A°, the H° and
H* decay widths remain however at most of the order of the SM $le, as seen
in Figure[Z3(b).

4.1.2 Type Il models
Production mechanisms

All production mechanisms fdt®, and those involving only gauge and scalar interac-
tions for HY, A° and H*, are identical to those described in secfion4.1.1. The main
difference with type | models is the enhanced coupling ofakta Higgs bosons to
down-type quarks and to charged leptons. The associatéldgtion withb quarks, or

the direct production throughtaquark loop in the low mass region, becomes by far
the principal production mechanism at the LHC, see Fifjtie 4.
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Figure 4.5: NLO cross sections for the direct productiondigh ab quark loop) and
for the associated production &f° (A°) with a b quarks pair as a function ofi
(m 40). Type ll,tan 8 = 30. Data from Ref.[[31]

Decay modes

The h° couplings being the same in type Il as in type | model, the thamg ratio
patterns shown on FiguEe.3 remain valid. The total decalghwis shown in Figure
Ed(a) form 40 = 50 GeV.

T (GeV)
100.€,

50.0}

10.0

5.0
o
1.0
0.5

0, 0,
ilOO 150 200 250 300 350 AUCVWJ }00 150 200 250 300 350 208

(@) RO (b) H® andH=*

Figure 4.6: Total decay width @i (left), ZZ° (right, in green) andi * (right, in blue),
in GeV (type ll,m 40 = 50 GeV, tan 8 = 30).

The H° and H* decays are dominated by tt#A° and W+ A° at high masses, as
seen in Figur€4l7. But, contrary to what happens for type defs) the associated
branching ratio is no longer equal to unity above the kinérahthreshold. Theéb

andtb decays are indeed non negligible anymore, in particulanénnoderate mass
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Figure 4.7: Branching ratio dff® (top) andH * (bottom) into fermions (dotted lines),
and scalar plus vector boson (plain line), with respectéirtimass and for two differ-
ent values ofn 4o (type Il, tan 5 = 30).



4.1. Decays and production modes 111

regimemr < 300 GeV. The effect of these enhanced fermionic modes on thé tota
width of H° andH* can be seen in Figuie3.6(b).

4.1.3 Benchmark points

Our choice of benchmark points in the twisted 2HDM paramsparce is summarised
in Table[Z1. These points are chosen in order to cover tlierdift possibilities of

| | Type mpo m 4o mr | tan 3 |
BPO | Typel | 120 GeV| 50 GeV | 300 GeV| 0.2
BP1 | Typel | 300GeV| 30GeV | 140GeV| 0.2
BP2 | Typel | 450 GeV| 60 GeV | 200 GeV| 0.2
BP3 | Typell | 400 GeV| 30 GeV | 300 GeV| 30

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

unusual signatures at the LHC. Even if they satisfy all theaiand indirect con-
straints displayed in Tab[e3.1, they do not necessarilgespond to the regions of the
parameter space most favoured by a global fit of model pasmet

The benchmark point 0 (BPO) is characterised by a relatilgiht SM Higgs boson
which decays predominantly into a pair of light pseudogsald. The typical signa-
tures, i.e.h® — A°A% — bbbb or h® — A°A° — bbrt 7, are considered in section
2. The triplet mass being relatively high, and the cowgdiaf the associated scalars
to fermions suppressed by a laan 5 factor, experimental evidences for the presence
of H° and H* will require an important integrated luminosity.

In benchmarks BP1 and BP2, tih€ mass is larger than th&nr threshold. The
SM Higgs boson can then decay ik’ H° and H+ H~ pairs. For each case, the
pseudoscalar mass 4o is low enough to ensure that the exotic decaffs — ZA°
andH* — W*A° are kinematically allowed. The typical signatures assedio
these benchmarks agg — h° — HH? — ZA°ZA° andgg — h° — HTH- —
W+A W~ A9, both with A° — bb or A° — 7+~ (see sections4.3 afld#.4). The
mass ofA° (and those of all other scalars) is lower in BP1 than in BP2.

Finally, BP3 is the only type Il benchmark point. The tripfatiss being strongly
constrained by thé — sy measurement, the’ decay toH°H° andH+ H™ pairs is
not longer possible due to unitarity constraints. Nevéeth® the presence of a light
A favoured by the:,, data still allows for thed® — ZA% andH+ — W+ A° decays.
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Regarding the main production modes in the latges case, the main signatures are
g9 — H° — ZAY andbbH® — bbZ A° with A° — bb or A° — 77—, see section
E3.

4.2 Signals with h° — A" AY

Taking into account the branching ratios fdt — A°A° (~ 100%), A° — bb (~
85%) andA® — 77~ (~ 10%) for the benchmark BPO, the total branching ratio
of i — A%A° — 4bis ~ 72%, ~ 17% for h® — A°A° — 2b27 and around one
percent forh® — A%A° — 4r. Since the fourr final state signal is suppressed at
least by a factor of a hundred compared to thgo < 2m,; scenarios studied in the
framework of the NMSSM (e.g., see 40] arid [151] for recergreiews), the LHC
discovery ofh? and A° in this channel is probably difficult. On the other hand, the
four b final state has a large BR, but suffers from important QCD gemlnds. This
final state has been investigated in direct production modeeaTevatron (where it
is overwhelmed by the backgroun@ds[l39]) andlfiZ associated production 140,
147]. At the LHC, a discovery significance may still be reatihe this last mode
[141,[152].

In the context of the present work, we focus on the interntedi2r final state, which
has a smaller (but still sizable) BR than thefinal state, together with a much lower
background. This final state has been considered in the frarkeof the associated
production ofh® with a W/Z boson at the Tevatron i [T41,134]. However, in this
case, only a few events could be observed (at best) after fofewdue to the cuts and
b/T tagging necessary to remove the large reducible backgrdsinalar difficulties
with the reducible background are also expected at LIHC|[14ili{he present stu
[151], we focus on the Vector Boson Fusion (VBF) productiad@forh?, which has
been shown to be a promising channel at the LHC for the SM ditay 7+~ both

in parton-level analysis [158, 164] and after full detectionulation [155[ 156, 157].
After the end of the redaction of [151], it has been broughtto knowledge that
a study on similar lines in the context of the NMSSM, usingtparshower based
simulations, can be found ih [158. 159]. A short comparisbiie results from both
approaches, underlying a possible difference, can be fatitiek end of the section.

1The author wishes to acknowledge and thank Nadia Adam aretfi¥afialyo from Princeton Univer-
sity, and Sergei Gleyzer from Florida State University,dollaboration on this study.
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Signal and background

In order to improve efficiency, some production cuts havenlzgmplied already at the
parton level. To ensure a possibility for tagging/recamndion, a minimalpy of 20
GeV is required for all (nom) jets and 10 GeV fob—jetg and leptons. For the same
reason, a maximal pseudorapidity of 5 is required for jets @n2.5 forb-jets and
leptons, and a minimal separation cut, iR > 0.3, is also imposed on all objects
pairs. Furthermore, regarding the particular kinematitfiguration of signal events,
standard VBF cuts are applied, i|j&n| > 4 andm,; > 700 GeV for the two forward
jets.

The signal is characterized by a populated final state withcewntrab jets, two central
7's and two forward jets. To avoid triggering issues, we foeaghe leptonic decays
of both7’s. The associated tree level cross section (afsedecays and cuts) is rather
low, around 9 fb, mainly due to the low average of b’s andr’s from A° decays.

The irreducible background where theair is coming from an off shell photon df,

and theb pair from a gluon splitting is rather low, with a 1fb crossti@e. The same
process with & or . pair replacing the pair has a more sizable cross section, around
8.7 fb, due to the absence of thebranching ratio. The most dangerous reducible
background is thét pairs produced by gluon fusion in the VBF kinematic configura
tion and fully leptonic top decays (through an intermediate not). Even if the total
cross section is almost three order of magnitude larger tharsignal (3.2 pb), the
associated distributions (in particular the invariant snafh’'s and7’s) and the total
amount of missing transverse energy are different.

Results

Regarding the expected kinematic distributions of thealignd background samples,
it is evident that a cut based technique can be defined towachifirst separation. The
chosen selection criteria are:

My < 30, 40 < My, <60, AR; <2, and ARy <2. (4.2)

Figure[ZB shows the invariant mass,,;, of the four body final state after these
simple cuts. The signal and the background consideredackest and normalized by
cross-section.

A crude estimate of the significance arouly;;, in the regiorb0 < My < 110,
yields S/v/B = 4 for an integrated luminosity of 100 fd, with approximatively

2This rather optimistic choice does not affect our final (jregstic) conclusion regarding the feasibility
of this study.
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Figure 4.8: Invariant masafy,; of the four-body final state after selection clifd 4.1.
The signal and background histograms are stacked and ripethddy their corre-
sponding cross-sections. From REf._[151].

100 signal events. B-tagging efficiency will impact the n@mbf both signal and
background events, and reduces this significance by a fatte2 if an optimistico-
tagging efficiency 060% is assumed. From this naive cut based parton-level analysis
one can conclude that thd — A°A° — bbr™ 7~ channel in VBF at the LHC is (at
best) very challenging, at least for our specific choice oésea and couplings.

Our conclusion regarding the feasibility of this signalignificantly more pessimistic
than the one first obtained ih [158. 159], where an approxsainificance above
20 is claimed at the parton-level. The main reason for thésrépancy is the differ-
ence between thau,.o; invariant mass distribution of thi;; background obtained
by these authors using a parton shower event generatorharmhe obtained using
MadGraph/MadEvent, see Figurel4.9. Even in the presencediti@al production
cuts (which may explain partially the difference betweea o distribution shapes
at high invariant masses), our exact matrix element caiomahows a non negligible
tail (when compared to the signal) in the regih < ma,2, < 150 GeV which is
apparently not reproduced in the original simulation.
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Figure 4.9: Differential cross section of tigjj background with respect to the in-
variant mass of the four-bodyr 7~ final state from (a) our simulation (normalised,
with all the production cuts oh quarks described in the text applied) and (b) Refs.
[158,[159] (without cuts). Notice in particular the slighscrepancy between the two
shapes in the low invariant mass region, where the signadistarhe signal distribu-
tions on Figure (b) are not relevant in the context of this parison.
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4.3 Signals with H" — A"Z"

4.3.1 Process g9 — h’ — H'H" — ZAYZA?

Due to both the relatively high gluon fusion cross sectiae(BigurdZ]1(a)) and the
sizeableh® — H°H° branching ratio (see Figufe#.3), thg — h° — HH°
process offers an interesting possibility for tH€ boson production in type | models.
Considering that7® decays almost exclusively t8A° in these models, the decay
chaingg — h° — H°H? — ZA°Z A° (see Figur€Z10(a)) has a total cross section
of order 1 pb at the LHC. In the following, the production g&ection of Monte-
Carlo signal events is scaled to fit the NLO theoretical prigat from [34].

Z,W*

, \\AO
/7 g0 g+
/ HaH

ho \\HO’Hi
\ _ A0
h\‘ 7, W

(a) (b)

Figure 4.10: Sample Feynman diagrams for (a)ghe— h® — HOH® — ZA°Z A
process and (b) they — bbH® — bbZ A° process.

Signal and background

In order to allow for a maximal rejection of the possible bgr@dunds, we require that
both Z gauge bosons decay into light leptons. Since this last reougint decreases
significantly the signal cross section, we focus only on tlaénm® decay mode, i.e.

A° — bb. The signal final state is theéri—I 1 bbbb, with I+ = e+,

Signal events have been first produced without any cut onnlaédtate partons, ex-
cept an acceptaneg < 2.5 cut on theb-quarks. Thanks to the kinematic of tte
decay, the four leptons have generally sizeable transweoseenta - > 20 GeV),
are well separatedYR > 1) and mainly distributed in the central regiop{ 3). The
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Figure 4.11: (a) Normalized R distributions for theb-quark pairs coming fron°
for thegg — h® — HOH® — ZA°ZA° — ZZ4b signal, for the benchmarks BP1
(in black) and BP2 (in red). () distributions of the third (plain lines) and fourth
(dotted linesp-quarks (ordered ipr), for the same signal and benchmark points.

same is not necessarily true fiequarks, as shown in Figute4]11. Th&R distribu-
tion displays a fairly good angular separation betweerbtfaarks coming from the
sameA’ decay, especially for the benchmark point BP2, thanks tgheri4d® mass.
However, Figur€Z11(b) clearly shows that the sdrggiarks are mainly distributed
in the lowp region. IndeedA® is not only light, but also produced with a relatively
low momentum since both the — H°H® and H® — Z A° decays occur close to
their kinematic thresholds, especially in the BP1 case.

Because of this particular feature of the signal, the sigg@htion strategy will be
different for the benchmark points BP1 and BP2. In the BPhaue, the averager

of theb-quarks coming from thel® is clearly not sufficient to envisage the reconstruc-
tion and the tagging of the resulting single jet. Since, ia tase, the minimal angular
separation between the twequarks is of ordelAR ~ 1, a possible solution is to
group the closest jets two-by-two and to tag the two resyltsuper”s-jets. The only
Standard Model irreducible background is theé@bb which appears to be relatively
low (~ 10% of the signal before any isolation cut).

In the BP2 scenario, the averagge of the b-quarks is slightly higher than BP1 case,
and the simultaneous reconstruction (and potentiallyiteggof the resulting four
jets could be envisaged ferr > 15 GeV without loosing too much signal events.
Assuming twoB-tagging, the irreducible SM backgrounds &&bbjj and Z Zbbbb
but both of them have cross sections two order of magnituddlenthe signal one,
even after considering the signal loss due to acceptanse cut
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Figure 4.12: (a) Distribution of the reconstructed masstifier candidatgZ® boson
after full simulation of the signajg — h® — HH? — ZA°Z A° (red) and the main
backgroundZ Z;j in green). There are two entries per event, and the totajiiated
luminosity is 100 fb!. (b) Same for the candidatd boson mass (with one entry per
event), normalised to the total cross section. From Refd][16

Results

Any quantitative result obtained at the parton-level waeleal itself partially mean-
ingless due to the very low contribution of SM backgroundstarthe expected impor-
tance of additional soft radiations and pile-up effects. &y report here the results
obtained recently i [160] after parton showering and hadation with Pythial[16/1]
and fast detector simulation with PGS [162].

The scenario considered in this work corresponds{e = 400 GeV,mp = 150 GeV
andm 40 = 20 GeV. Sinceh? is significantly heavier thamr, andH? significantly
heavier thann 40 + m, the A° bosons turn out to be notably more boosted and the
associated-quarks are more colinear than in the benchmarks BP1 and IBR2der

to avoid possible technical issues relatedtoagging the resulting “supe#b-jets, no
tagging is assumed in this preliminary analysis and thevagliebackground is then
ZZjj. The Z bosons decay into muon pairs which are forced to be locatiddn
the active region of the detector. To achieve the best pleskidrkground rejection,

a minimumpr of 40 GeV (20 GeV) is required for highest (lowest) jet. The
reconstructed’ (Z Zbb) and H® (Zb) masses after the complete simulation chain are
shown on FigurEZ.12.
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Figure 4.13: (a) Normalized R distributions for theb-quark pairs coming frona°
for the gg — bbH® — bbZ A° signal, for the benchmark point BP3. (), pr)
distribution of the thé-quarks produced in association witt?, for the same signal
and benchmark point (the area of the boxes are proportioriaétbin heights).

4.3.2 Process gg — bbH? — bbZ A°

Thebb associated production of® or H° in a type Il 2HDM (like the MSSM scalar
sector) has been shown to be a promising discovery chanieédtHC when the
Higgs boson decays into a7~ pair (e.g. see Ref.[[97] and references therein)
mainly thanks its very large cross section. As seen in Fige this associated
production mechanism dominates over the gluon fusion prisaiuthrough a-quark
loop for large scalar masses. In the context of a type Il ed&HDM, a particularly
interesting signature is thgy — bbH® — bbZ A° channel (see FiguleZ110(b)).

Signal and background

As shown in FigurdZ13(a) for the benchmark BP3, the decagdymts of A° in

g9 — bbH® — bbZ A° are very close from each other, due to high mass. For the

A° — bb main decay mode, the corresponding (large) SM backgroundsvithen

be Zj and/orZb, depending on the actual efficiency of tRetagging method applied

on the supeb-jet. Regarding the typically lowr distributions of the two “spectator”

b's produced in association witH° (see Figur&Z-13(b)), they are assumed to be hard
to reconstruct and are not taken into account in the signall $tate.

Regarding the largehZ A° production cross sectioa{20pb for BP3), the secondary
A® — 7+~ decay could also be considered. When only the leptonic dewfaf and
7's are taken into account, the resulting final state=I+1~(bb) + Er.ss iS Cleaner
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Figure 4.14: (a) Signal (BP3, in red) and background (ingyetacked invariant mass
distributions for the candidate lepton pair coming froth (see text) in thgyg —
bbH® — bbZ A° — bbZ7r T signal (with bothr’s decaying into leptons). (b) Same
for the four leptons invariant mass (taking into accountttital missing transverse
energy).

than for theb decay mode. The main SM irreducible backgroung {&/~v)* where

a Z decays inte@’'s or p’s and ther pair originates from a photon or an off-shéll

The same process with twg/;. pairs can also be considered as a background when
the total missing transverse energy of the signal is too Istmalonclude about the
presence of leptons.

Results

For reasonable acceptance cuts on all leptons in the final Gta > 20 GeV and
n < 2.5), the signal cross section is 3.1 fb while the #gZ/~)* backgrounds have a
total cross section of approximatively 34 fb.

The proposed parton-level analysis method is straighdodwThe lepton pair recon-
structing the closest invariant mass to the téahass (used as an input) is “removed”
from the event and the other one is used to reconstruct tlagiamt mass distribution
shown in FiguréZ14(a). As seen on this Figure, the backgt@ionly important in
the very low invariant mass region (due to théail) and in the intermediate region
mz/3 around which the&Z — 27 — 2l4v process stands (and, of course, also in the
m region which is not shown). In the signal regienm 40 /3, it is rather low and a
good significance could probably be achieved.

Since bothr’s are coming from the same scalar, the total missing trassvenergy
of the event can be used to reconstruct the invariant maseéft— 77~ four-body
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final state. The result is shown in Figure4.14(b). Since thekbround is mainly
distributed aroun@m z, the signal should be clearly visible in thego region.

4.4 Signals with H* — A"W=

4.4.1 Process gg— h’ — HTH- — W+AW—- A0

Thegg — h® — HYH~- — WHTA"W~A° process (see Figuie—4110(a)) is very
similar to thegg — h° — HYH" — ZA°Z A° channel. The major difference is an
higher cross section, due to the higtér — H*H~ branching ratio compared to
h® — H°H°, and the presence & bosons in the final state. Sind@R(W* —
I*v)) > BR(Z — 1%17), the leptonic and semi-leptonic final states have larger
cross sections but suffer from the presence of very larpackgrounds and are more
difficult to reconstruct due to the presence of various sesiaf missing transverse
energy.

Signal and background

The first considered final statel'rél—bBbEjLET,miss where both4° scalars decay into
bb and bothlV bosons decay leptonically. The kinematic distributionthefsignab-
quarks are shown in Figufe4]15. Like already emphasisetthéaf A°Z A° channel,
the b-quarks coming from lightd® boson are very soft and close to be collinear for
the benchmark BP1. This renders aBytagging attempt for the third and fourth jets
(ordered inp7) very difficult, to say the least. The resulting final statélis W ~bb
where the foub-quarks have been paired up into two sulpgets, and the main back-
ground, i.et, is three orders of magnitude larger than the signal.

The situation is slightly more favourable for the benchmB2. As seen in Figure
E13, the good angular separation of the fouquarks, together with an higheg
distributions may allow for the reconstruction of four jeisd theB-tagging of three
of them. The main backgrounds, i#bb andtt;; (where one of the jets is mistagged
as coming from &), have cross section only one order of magnitude larger tian
signal.

Another potentially interesting final stateli§;jjr+ (bl_a) + Er,miss Where one of
the A° scalars decays into a sdfi pair and the other one into~—, while one of
the W boson decays leptonically and the other one hadronicaliyhave a cleaner
signature, we focus on the leptonic decays of bdgh Since theé-quark pair is likely
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Figure 4.15: (a) Normalized R distributions for theb-quark pairs coming frona°
forthegg — h° — HTH- — WHT AW~ A° — WFW ~4b signal, for the bench-
marks BP1 (in black) and BP2 (in red). (b) distributions of the third (plain lines)
and fourth (dotted linedy-quarks (ordered ipr), for the same signal and benchmark
points.

to be hard to reconstruct, the main backgroundg&reZ j;j with W+ — i+, and
Z — I*1~, andttl ™I~ where the lepton pair originates from a photon or an offishel
Z boson radiated from a top quark or an initial state quark.

Results

For the benchmark BP2 and the final stéfe 1V —4b, the signal cross section (before
any acceptance cut) is 36.1 fb. After requirimg > 15 GeV for b-quarks,pr > 10
GeV for leptons from théV’s decays andy| < 2.5 for all objects, it drops down to
6.5 fb for aB-tagging efficiency of 40%. This should be compared to thédpemund
cross sections under the same hypothesis: 25 fiszéérand 120 fb (taking into ac-
count a 2% mistagging probability) farjj. As seen in Figur€Z16(a), inclusive
quantities like the total invariant mass of all final statbgeot do not allow for a good
separation of the signal over the main background leadiagtessimistic preliminary
conclusion regarding the feasibility of this analysis.

The situation is clearer for the benchmark BP1 and the fir€ &t jj7+ 7~ (bb) +
Er.miss. After imposing acceptance cuts on all leptops (> 5 GeV, |n| < 2.5),
including those coming from decays, and on all jetp{ > 20 GeV, |n| < 2.5), the
main background (i.el} Z/~;j) can be further reduced by imposifag < m;; < 90
GeV for the two leading jets. The signal and background casdparated in kine-
matical distributions like the total invariant mass of allde leptons, as seen in Figure
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Figure 4.16: (a) Total invariant mass of all visible finaltetaobjects for thgg —
R — HYH- — WHA'W— — [TI7bbbb + E7.m:ss Signal and the main back-
grounds (stacked) after acceptance cuts (see text). (hyiamt mass of the three
leptons for thegg — h° — HTH~ — WTA'W~A® — 1777 (bb) + Er.miss
signal and the main backgrounds (stacked) after acceptamtésolation cuts (see
text).

ET8(b). A discovery significance could probably be reachfter a total integrated
luminosity of a few tens of fb!. This already encouraging result could even be im-
proved in a straightforward way by requiring that the two éstp, leptons have
different flavours, thus reducing dramatically the méiny;j; background where they
are most likely to originate from the photon.

4.4.2 Process pp — tt — WEHTbb — WTW— A%b

As mentioned previously, if the charged Higgs boson is lgidugh it could be pro-
duced through the top decay— H*b. In the benchmark BP1, the charged Higgs
subsequently decays inid’+A° (see FigurdZ17(a)), giving &+ ~bbbb or a
W+W ~bbrt 1~ signature depending on the considerfddecay mode.

Signal and background

ThelT1=4b + Er miss final state, wheret® — bb and bothl?’s decay leptonically,
has been investigated in[163] in the specific context of@eviolating MSSM and

NMSSM. Preliminary studies of this signal in ATLAS [1164] aB&S [15]1] collabora-

tions show that this signal may emerge significantly fromrtteén QCD background,
i.e.,ttbb, when heavy mass reconstruction @dagging techniques are used.
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Figure 4.17: Sample Feynman diagrams for (a)ghe- tt — W+ W ~bbA° process
and (b) thegg(b) — tHT — WHW~(b)bA° process.

In the present work, we focus only on the somehow simpler Btetel*1+]~2b +

Et miss for the benchmark BP1, whet® — 777~ — IT1™ + Er s, ONEW
boson decays leptonically and the other one hadronicaliy Main issue regarding
this process is the relatively low momenta of the two lepfamegluced in- decay due

to the lowA° mass and the small amount of boost available. Assumingttegging

of at least one of the twb-jets coming from tops, the only relevant background is the
tti 1~ process with semileptonic decEys

Results

With loose but reasonable acceptance cuts on leptens( 5 GeV and|n| < 2.5)
and jets pr > 20 GeV and|n| < 2.5) and oneB-tag (with a 40% efficiency), the
total cross section is 2.2 fb for the signal (with a 23% acaept) and 5.2 fb for the
background (with a 62% acceptance). As shown in Figurd 4)18(clean kinematical
variable like the reconstructed invariant mass of the tfireg state leptons allows for
a good separation of signal and background events. The sgootion of theA°
and H° masses seems however challenging due to the various safrogissing
transverse energy.

3All the quoted acceptance for this background refers to abgeneration cross section where only
an invariant mass cut;; > 5 GeV has been applied to avoid thesoft divergence.
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Figure 4.18: Invariant mass distributions of the three fatate leptons for the —
Hb (a) andtH ™ signals (b), together with thl ™I~ background (stacked).

4.4.3 Process pp — tHT(b) — WbW+A%(b)

The cross section for the charged Higgs production in topgedrops down rapidly
for increasing charged Higgs masses. Fogt+ 2> (m: — m;), the charged Higgs
associated production with a single top (see Fifurd 4.1&by far a more promising

channel, especially with type Il Yukawa couplings like i tenchmark scenario BP3

considered here.

Signal and background

For the same decay hypothesis ffrand thell’s as in the previous section, the signal
final state ig*1+17b(b) + Er miss Where the presence of the extrguark between
parenthesis depends on the considered initial stgt®1(gb). In the following, both
possibilities are treated inclusively. Compared to theviotes process — H'b, the
leptons coming thel® decay are considerably more boosted due to the higher aharge
Higgs mass, and a simple minimusg cut on all final state leptons may be already
sufficient to achieve an impressive separation of the sigvehts.

Results

With simple acceptance cuts on leptops (> 15 GeV and|n| < 2.5) and jets fpr >

20 GeV andjn| < 2.5), together with one3-tag (with a 40% efficiency) and a simple
selection cutt0 < m;; < 100 on the two hardest jets (which affects mainly the
background where thg-jets are often harder than those coming from Wig¢, the
total cross section is 2.4 fb for the signal (with a 26% acaep¢) and 0.6 fb for the
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background (with a 7.3% acceptance). As sedn i 4.18(bk thao clear separation
between signal and background events in the invariant masgdtion of the final
state leptons, but the overal/ B ratio looks large enough to envisage a discovery
significance after approximatively 5B of integrated luminosity.

4.5 Summary

The constrained twisted two-Higgs-doublet introduced magters 2 and 3 clearly
offers opportunities for interesting and unusual sigreguat the LHC.

Theh? — A°A° decay favoured in thei,o > 2my region of the model parameter
space may be studied whafis produced in association with&/Z boson, as argued
in [[41,[152]. The same process could also be studied for a pMBBuction ofh?,
but the original optimistic conclusio 1158, 159] about fhasibility of this channel
when oneA® decays into @-quark pair and the other one inta-gair is tempered by
our matrix-element based simulation of tfig¢; background.

The H® — ZA° decay appears as one of the most striking signature of thelmod
in particular due to the presence ofZaboson in the final state. Thgy — h° —
HYHO — ZAYZ A process, with bottZ bosons decaying into charged leptons and
both A° into b-quarks, is almost free of SM background. A complete fasidtation
study of the signal[160] for a specific benchmark has showmjsing results, and
our parton-level kinematic analysis emphasises the plessilportance of soft “super”
b-jets tagging techniques, in particular for light and/otdiyi boostedA® configura-
tions. ThebbH® — bbZ A° process whered® decays into a pair may also offer
good detection opportunities for type Il models, in paécuhanks to the very large
signal cross section (around 100 signal events with a sigmifie above 10 for a total
integrated luminosity of 30 fb').

The H* — W*A° decay, finally, may also gives genuine signatures despite th
presence of larger backgrounds likeand the difficulties associated to mass recon-
struction due to the presence of large amount of missingstense energy. The
gg — h® — HtYH= — W+ AW~ A° may be detectable even for a rather ligttt

if at least oned® boson decays into a pair. But the detection will rely crucially on
the detector performance for low leptons identification. When the charged Higgs
is produced in association with top quarks, fie — W+A4° — W*r+r— decay
chain also offers good detection opportunities, in paldicin the highm g+ region,
mainly due to the low cross section of thié™/~ background.



Conclusion

In the course of this thesis we have examined the possiliditan extension of the
Standard Model scalar sector which can, simultaneousljudigied on the basis of
natural symmetries, satisfy existing theoretical and expental constraints and give
rise to unexpected phenomenology at forthcoming high gnastiiders.

Our starting point, the generic two-Higgs-doublet modehk isimple yet rich frame-
work which may arise naturally in the context of various B3Mdries. On the other
hand, genuine SM properties give grounds for specific symaselike the custodial
and C P symmetries, which may or may not be satisfied by new intevasti The
extension of these symmetries in the context of the 2HDM shev light on their
possible interplay and allows us to naturally introduce & ftvisted” scenario. In
this scenario, the successjul~ 1 phenomenological relation is ensured by the de-
generacy of a pair of charged scalars with a scalEl)( and not with a pseudoscalar
(A°) as itis usually done in the literature.

Surprisingly enough, this seemly mild difference opensit & window to novel and,
to a large extent, unexplored phenomenology for the Higgtose Indeed, due to
its vanishing coupling to pairs of gauge bosons, a light gescalar, sayd®, may
escape the LEP Il direct bound while the same is not true féraaged Higgs boson,
whose mass is already strongly constrained by indirect ureagents. The twisted
scenario we proposed allows us to naturally reconcile alargss splitting between
(H*, H°) and A° with tight electroweak precision constraints. In this suém a SM
Higgs boson mass larger than200 GeV may also be accommodated through small
breaking of the custodial symmetry, driven for example lploorrections.

An “inverted” mass spectrum 4o < mpo g+ < myo, as compared for example to
the typical MSSM scenario, with a relatively light® (e.g.,m 40 ~ 30 GeV) is still
allowed by all the theoretical, indirect and direct conistiawe extensively reviewed

127
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and applied to the specific twisted 2HDM case. This particoiass spectrum leads
to interesting new signal opportunities, mainly relatedn® presence of new exotic
decay channels like® — HH? HtH—, H* — W+A% or H* — ZA°. These
signals are covered only very partially (to say the leastabglysis in the context of
more restricted BSM models. This motivated us to implemeatgeneric 2HDM in
the framework of the MadGraph/MadEvent matrix-elemenedaddonte-Carlo event
generator. Incidentally, this implementation triggeratkasive modifications of the
original code structure towards larger flexibility. Thefoarlevel analysis of the most
important twisted 2HDM signals together with their main kgwunds, for different
representative benchmark points, allowed us to concludéiypely regarding their
possible experimental interest.

The perspectives for extending the present work are likeelyetnumerous but can be
categorised along two main directions. On the theoretickd, ghe twisted version

of the custodial and’P symmetries can probably be generalised to other sectors of
the theory, like the Yukawa sector, or to more complex scsdator extensions, i.e.,
models with more than two Higgs doublets or involving highegsresentations. Ap-
plications to more “realistic’ BSM scenarios like Techdmsinspired models could
also be envisaged. The additional degrees of freedom ernspldsy our approach
may indeed offer an appreciable latitude when consideliagmpact of the presence

of low-scale approximate symmetries on higher scale sirast

On the experimental side, our limited phenomenologicalyaisclearly highlights
the feasibility of more detailed studies. Beyond this pratmconclusion, it also
reveals some unusual and specific challenges which may beeteced in such stud-
ies. Among others, let us quote the identification of “supfats” which appears as a
recurrent requirement for several processes, or the t@olof overconstrained sys-
tems of several kinematical variables. Various innovagvitions to these problems
may exist, or have already been proven to exist, and some=of #re expected to be
applied to the twisted 2HDM in a near future.

In summary, the generic approach advocated in our intramhyctvhere recurrent
structures in BSM theories are considered from the pointi@f/\of specific sym-
metries motivated by low energy constraints, has been saftdly followed in the
present work. From our point of view, this alternative irigation method between
“pure” top-down and bottom-up strategies offers intergsinsights for our neverend-
ing quest towards a unified physical interpretation of higargy phenomena.
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Higgs boson Feynman rules in
the twisted 2HDM

The first value is for type | models, and the second one for typedels.
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Appendix

The 2HDM implementation into
MadGraph/MadEvent v4

The MadGraph/MadEvent packade [165,1166] is a multi-puepdente Carlo event
generator based on exact matrix elements calculationsedavel using the helicity
amplitude formalism implemented in the HELAS library [167]

The first versions of MadGraph/MadEvent where dedicatedt@f®cesses and, even
if the MSSM was also available in the independent packaged&viaph [168B], the
implementation of new physics models was not a straightiotMask. Starting from
version 4 [[14D], the MadGraph/MadEvent code structure le@s lvedesigned in or-
der to simplify this step, and the fully generic 2HDM has baraplemented as a first
application of this new framework. The current version @& tode includes various
additional improvements, like interfaces for matching mhegrix element description
with parton showers, implementation of the Les Houchegistats, decay chains syn-
tax, analysis platforms, and a user-friendly web interfaceonline event generation
on computer farms. Recent developments also include FdgaRa Mathematica
module to automatically derives Feynman rules from a givagrangian, and a spe-
cific version of the code optimised to run over the Grid.
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B.1 The implementation of the 2ZHDM into Mad-
Graph

In the so called “general” version of the model, we do not hauweany further re-
strictions on the interactions allowed by gauge invariamdany diagrams involving
tree-level FCNCs and violating th@éP symmetry are thus present. The user who has
no interest in these phenomena should use the “simplifiediame of the model where
the number of generated diagrams (and thus the computimg tivmuch smaller in
many cases. We use the following naming conventiohandh- stand for the posi-
tively and negatively charged Higgs bosons, whilg h2 andh3 stand for the neutral
ones. Since we do not assuiié’ invariance of the potential, the neutral bosons are
not necessarily’ P eigenstates and we are thus using the standard naming dimmven
in this caseh1 being the lightest one arft3 the heavier one.

TwoHiggsCalc is a 2HDM parameters calculator written in @ @naccessible from a
web interface. It has been designed to compute input vabrahdé 2HDM extension
of MadGraph/MadEvent but it can also be used as an indepétw#nStarting from
parameters of the Lagrangian, such as the v.e.v. or the Yaikauplings, the program
computes useful physical quantities at leading order ssdihemass spectrum, the
mixing matrix, the total decay widths and the branchingosti

Basis conventions

In the general 2HDM, one has the freedom to choose a spectis @& entering

parameters. All the possible choices should be physicgiljywalent. TwoHiggsCalc

works with parameters given in a particular basis, callezl“tHiggs basis” where

only one Higgs doublet gets a vev. An independent softwallecc&en2HB has

been written to allow the user to first convert the paramegensn in an arbitrary

basis, called the “generic basis” where both Higgs douldétagvev, to parameters
in the Higgs basis. Seg [90] for more information on basigiimnce and for more
information on our notations.

Input/output format

The program reads input and writes out results in a specifiodbclose to the "SUSY
Les Houches Accord[169, 1I70] convention for SUSY paramset€his format can
later be read by MadGraph/MadEvent to perform numericalmaations of 2HDM

processes. If the program is downloaded as a stand alonieatppi, you should read
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the README file which describe the modified version of LHA useslinput con-
vention. To facilitate online use of TwoHiggsCalc, a webnfidnas been designed to
simplify the input file writing process. In this form, you canter numerical values
for the parameters, the units being fixed when needed. Sanpdesalgebraic expres-
sions can also be used. The-, *, / operators and thel reserved keyword, e.g. in
Pl / 2+3* Pl / 2, are correctly interpreted.

Lagrangian convention for the Higgs basis

The scalar potential is written

Vo= wmHIH + poHHy — (M?,HIHQ + h.c.)
2 2
A (HUH) + 0 (1))
s (BT (HiH) + 3 (B1E) (B )

+ {(/\5HIH2 + /\GHIHI + /\7H§H2) (HIHQ) + th|

All quartic terms parameters (in red) must be input, all thesses terms parameters
(1, 1o andpus) being fixed by the minimization constraints, to \, are real parame-
ters. A5 could be in general a complex parameter but since only theepthifferences
betweems, \g, A7 andus matters, the phase af can always be rotated out. We will
thus consider it as a real parameter here whilend; are a priori complex.

The Yukawa interactions read

_\/5 ) )
Ly = QLU |:(MdH1 + YdHQ)dR —+ (Mqu =+ YUHQ)UR:|
E2
(P2 [(MHy + Y. Hs)er]

v

Yukawa couplings must be given in the physical basis, i.¢hérbasis where the mass
matrix is diagonal. Since in the Higgs basis only the firstgsdigloublet gets a non
zero vev, thell matrix is completely fixed by the observed fermion massesethe

Y matrix (giving the couplings of the second Higgs doubleg) jgriori free. For this
matrix, the first indice refers to doublet generation whiile second one refers to the
singlet generation. For exampM? B stands for the complex Yukawa couplings of the
second Higgs doublet to the second generation quark leftldband to the bottom
singlet.



136 B. The 2HDM implementation into MadGraph/MadEvent v4

Lagrangian convention for the generic basis

The scalar potential is written

Vo= juoér+ peeon — (1o + e,
M (66n) + e (6hen)
s (0101) (82 ) + M (o162) (ehon)
+ [ (0162 + Mool o1 + Arolan) (6102) + e

All quartic terms parameters must be given as weltaag ), the us norm and the
phase ofvs. Additional parameters are computed automatically. Trerallv.e.v. is
extracted from SM parameters while masses terms parantiggersu, mus and the
phase ofmus are fixed by the minimization constraintg; to A4 are real parame-
ters, A5, A¢ and\; are a priori complex. The accuracy value at wich minimizatio
equations in terms of invariants are going to be checked lsarba provided, the web
interface use the default valde- 10.

The Yukawa interactions read

— ) )
Ly = Qrv2 [(AdHl + TaHs)dp + (AyHy + Ty Ho)ug

(%

EpV?2

[(AeHl + FeHg)eR]

Yukawa couplings must be given in the physical basis, i.ethenbasis where the
mass matrix is diagonal. Since the mass matrix is fixed, diy'tmatrix, i.e. the
Yukawa couplings of the second Higgs doublet, is requiretle @ther oned) is
going to be automatically evaluated to match observed farmiasses. For thE
matrix, the first indice refers to doublet generation whiile second one refers to the
singlet generation. For exampl& B stands for the complex Yukawa couplings of the
second Higgs doublet to the second generation quark lethldband to the bottom
singlet.

TwoHiggsCalc output

Given the above parameters plus some SM parameters as anlinptl ggsCal c
computes the following quantities

e Scalar particles mass spectrum
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Block Comment
SM NPUTS | From 1 to 4, SM parameters, see the SM section for more details
MGSMPARAM | Extra block withsin 8y, and My, see the SM section for more detajls
MGYUKAWA | “Yukawa” masses used in the Yukawa couplings evaluation
MGCKM The full CKM matrix
BASI S Basis choice, must be 1 (Higgs basis) kadEvent !
M NPAR 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
™ X The scalar mixing matrix
DECAY For all the Higgs bosons, toply * andZ

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

e Mixing matrix of neutral scalars (called in [51])

e Decay widths for all scalars as well as fidf andZ bosons and the top quark.
Allwidths are evaluated at tree-level using the same cagplas invadEvent .
Under threshold formula are included for the scalar into weotor bosons de-
cays and the one loop driven scalar into two gluons decagtsa@mputed.

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

The LHA blocks and parameters used by MadEvent are giverble[E21. All blocks
in the table are provided by TwoHiggsCalc. Note that if partensity functions
(PDFs) are used in the MadEvent run, the valuexfpat Mz and the order of its run-
ning is given by the PDF. Otherwise (Mz) is given by blockSM NPUTS, parameter
3, and the order of running is taken to be 2-loop. The scalaeuhgis evaluated is
however always given by the “scale” parameter intthea_car d. dat .
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Appendix

Higgs bosons production in
association with single top

Thett associated Higgs boson production is known to have a noigilegl(~ 1 pb)
cross section at LHC for moderate valuewf (m; ~ 100 GeV). This is in great part
due to the very largét pair production cross section. Since the single top prodoct
has also a sizeable rate at LHC (more or less half ofthgoduction), in particular
in thet-channel, one could naively expect that the single top éstatproduction of
the Higgs boson is still competitive. Nevertheless it haanbghown inl[171] that this
naive guess is false.

The single top associated production of the SM Higgs bospeans to be relatively
small, of order100 fb for m;, ~ 100 GeV instead of th&00 fb that one could have
expected. The main raison for this is a particulary stronstrdetive interference
between the two dominant amplitudes associated with thgralias shown on figure
C..

Even though the sign of this interference can be guesseddrotarity requirement,

its absolute magnitude at moderate energy compared to thsemavolved (e.g. the
top mass) is surprising. The integrated squared amplitodedch of these diagram
is indeed three to five times larger than the total cross@ectihe total SM cross
section at LHC as a function @, is shown on figurECl2.

If one considers the MSSM instead of the SM, this negativaltesill holds. To
illustrate this, let’s consider the decoupling regime vehlre mixing between® and
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Figure C.1: Top and bottom left: Diagrams contributing tegéé-top and Higgs asso-
ciated production in the SM. Bottom right: Extra diagram cidouting to single-top
and Higgs associated production in the 2HDM.
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Figure C.2: Cross sections of single top associated pramuct different Higgs
bosons. On the left, the SM Higgs boson production crossoseist shown together
with the 2HDM type Il pseudoscalat® production cross section for two different
tan 3 values, both as a function of their mass. On the right, the M$Seudoscalar
AV production cross section is shown as a functiomef: both for type I and type II.
For all these cross sections, a minimalof 20 GeV and a maximal rapidity of 2.5 is
assumed for the (nok) jet. The factorisation and renormalisation scales ark bet
equal tomg. Theb quark mass involved in the Yukawa coupling is the runningsnas
atmg. The PDF is CTEQ6L1.

HY is small. For the lightest Higgs boson, the situation is imio the SM. The
WWHhY coupling is close to the SM value and everhff is coupling mainly tob,

the bb coupling is close to théf one in the SM in the limit of largean 3. For the
heaviest scalafl® the coupling W H° almost vanishes and one could then expect
an enhancement of the total cross section. But an additiiagkam involving a
charged Higgs boson (see figlirtelC.1) should also be takeadntmunt due to the large
W+HTH° coupling. This diagram leads to a amplitude of the same aaddrthe
same sign as the one involving only tHéboson and thus no particular enhancement
is observedI171]. The situation is similar for the pseudtsmcA® but in this case the
WW A° coupling is strictly zero due t@'P invariance.

The last hope one could have to get a sizeable cross sectidhigoprocess is to
consider a 2HDM where the pseudoscaldiis relatively light and where the charged
Higgs pair is much heavier so that the negative interfereagmmot occur (i.e., the
amplitudes associated with the SM like diagrams on figuka@Xdominant). This of
course cannot be considered in the MSSM case since the nafsEes and A° are
linked through the mass relati(mili = mio —l—m%vi. The resulting cross section for
m 40 = 40 GeV is plotted on figurEZCl 2 as a function of the charged Higgssiboth
in case of type | and of type Il 2HDM. A small enhancement ahhigg+ is well
observed in the 2HDM type | case but the overall cross sedti@xpected to stay
much smaller than the SM one due to the reduced top quark Mukawpling. In type
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I models, the effect of varying: 5+ is almost invisible. At lowm+, the diagram
involving the charged Higgs boson should contribute bigdisared amplitude is more
or less of the order of magnitude of the negative interfeggéncreates so that its total
contribution is negligible.

To conclude we propose a “no hope” conjecture stating treaasisociated production
of Higgs bosons and single top in any realistic extensionhef gcalar sector will
always have a cross section at best of order of the SM oneattee Appearing to be
itself probably too small to be successfuly exploited at LHC
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