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Neue Aspekte von Eichboson-Kopplungen und dem Higgs-Sektor

Das Standard-Modell wird an zukiinftigen e™e~-Linearbeschleunigern auf seine Giiltigkeit
bei hohen Energien und auf mogliche Erweiterungen hin untersucht werden. Als Beispiel un-
tersuchen wir Multi-Higgs-Dublett-Modelle in Bezug auf die Stabilitat ihres Potenzials und
die spontane elektroschwache Symmetriebrechung. Weiter werden zwei Zugéange zur mod-
ellunabhéangigen Parametrisierung von Effekten neuer Physik im Eichboson-Sektor unter-
sucht. In einem Formfaktor-Zugang zu Drei-Eichboson-Kopplungen an Linearbeschleunigern
im Prozess ete™ — WW — 4 Fermionen werden die stirkstmoglichen Schranken an die
28 reellen Parameter mit Hilfe von optimalen Observablen bestimmt. Die Verbesserung der
Sensitivitat durch longitudinale oder transversale Strahlpolarisation wird analysiert. Eine
Linearkombination von Kopplungen kann nur mit transversaler Strahlpolarisation gemessen
werden. Formeln fiir die Anwendung von optimalen Observablen im Falle generischer Am-
biguitaten in der Rekonstruktion der Endzustidnde werden angegeben. In einem Zugang
zum Eichboson-Higgs-Sektor mit einem effektiven Lagrangian werden zehn Operatoren der
Dimension sechs zum Lagrangian des Standard-Modells hinzugezogen. Nach der spontanen
elektroschwachen Symmetriebrechung tragen sie zu den Eichboson-Selbstkopplungen, den
Fichboson-Higgs-Vertizes und den Eichbosonmassen bei. Schranken von LEP-Observablen
an die anomalen Parameter werden hergeleitet. Effektive Drei-Eichboson-Kopplungen wer-
den so definiert, dass die Schranken aus dem Formfaktor-Zugang in den Zugang mit effek-
tivem Lagrangian umgerechnet werden konnen.

New Aspects of Gauge-Boson Couplings and the Higgs Sector

The Standard Model will be probed at future linear eTe™ colliders for its validity at high
energies and for its possible extensions. As an example we investigate Multi-Higgs-Doublet
Models with respect to the stability of their potential and to spontaneous electroweak sym-
metry breaking. Further, two approaches to the model-independent parameterisation of
new-physics effects in the gauge-boson sector are studied. In a form-factor approach to
three-gauge-boson couplings at linear colliders in the process ete™ — WW — 4 fermions
the strongest possible bounds on the 28 parameters are determined by means of optimal
observables. The improvement in sensitivity by longitudinal or transverse beam polarisa-
tion is analysed. One linear combination of couplings can be measured only with transverse
polarisation. Formulae for the application of optimal observables in case of generic ambigu-
ities in the reconstruction of final states are provided. In an effective-Lagrangian approach
to the gauge-boson-Higgs sector ten dimension-six operators are added to the Lagrangian of
the Standard Model. After electroweak symmetry breaking they contribute to gauge-boson
self-couplings, gauge-boson-Higgs vertices and gauge-boson masses. Constraints from LEP
observables on the anomalous parameters are derived. Effective three-gauge-boson cou-
plings are defined such that the bounds from the form-factor approach can be translated to
the effective-Lagrangian approach.
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Chapter 1

Introduction

The Standard Model (SM)! of particle physics has been tested in numerous aspects
with impressive success. This model? contains a large number of particles with spin-
1/2 (fermions), whose masses comprise more than ten orders of magnitude as mea-
sured by experiment [2]. The fermions are sorted in three families. The second and
third family are copies of the first one, with increasing mass. The fundamental forces
between fermions are described by the exchange of spin-one particles (vector bosons).
The bosons that describe the electromagnetic and the strong force, photon and glu-
ons, respectively, are massless, the W and Z bosons, which describe the weak force,
have a large rest mass. Furthermore the photon, the W and Z bosons interact with
each other, the same do the gluons. The SM has one further ingredient, a spin-zero
massive particle (scalar boson), the Higgs boson, which has not been discovered yet.
Gravitational forces between elementary particles are neglected in the SM since they
are extremely weak.

The beauty of the model lies in the simple description of the fundamental forces
based on symmetries and of the mechanism that gives the particles—bosons as well
as fermions—their masses. Furthermore it is technically highly satisfactory for the
following reason: to increase the precision of the calculations quantum corrections
to observable quantities have to be included. In the framework of the SM only a
fixed number of input parameters has to be determined by experiment in order to
predict other measurable quantities, i.e. the SM is renormalisable. These predictions
including the corrections are in good agreement with experiment.

Without vector bosons the model is invariant under global, i.e. spacetime indepen-
dent, symmetry transformations that form the SU(3) x SU(2) x U(1) mathematical
group. The group SU(3) is called colour group, the groups SU(2) and U(1) are called
weak-isospin and weak-hypercharge group, respectively. Following the rationale that
two particle-physics systems that are far away from each other can be described in-
dependently it is reasonable to claim this symmetry to be local, i.e. that the model is

'For a list of abbreviations used in this thesis see Appendix A.
2For an introduction see e.g. [1].
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invariant even under symmetry transformations that may differ from one spacetime
point to another, see [3] concerning electromagnetism. Such a symmetry is called
a gauge symmetry. It implies the existence of massless vector bosons, also called
gauge bosons, whose number is the same as the number of generators of the sym-
metry group. These gauge bosons are the carriers of the fundamental forces. The
gauge group SU(3) describes the strong interactions, the gauge group SU(2) x U(1)
provides a unified description of the electromagnetic and the weak interactions [4],
also called electroweak interactions. Both SU(3) and SU(2) x U(1) are non-Abelian
groups, which naturally leads to self-interactions of the gauge bosons. Since we regard
only electroweak physics in this work we consider only the electroweak gauge group
SU(2) x U(1) from now on and leave aside the group of the strong interactions. In
the SM left-handed and right-handed fermions transform under different representa-
tions of the electroweak gauge group. For this reason also fermion masses are not
allowed by the symmetry—in contrast to experiment.

For the W and Z bosons as well as the fermions to be massive the electroweak sym-
metry has to be spontaneously broken. To this end one introduces a SU(2) x U(1)-
doublet of scalar boson fields ¢, which interact with the gauge bosons and the
fermions. An appropriate potential is chosen such that the energy minimum is taken
for a non-zero constant value v/ V2 of these scalar fields (\/5 is an unimportant nor-
malisation factor here). This vacuum expectation value v is not invariant under the
full SU(2) x U(1) symmetry of the model but breaks it spontaneously; it is invariant
only under a U(1) symmetry, which corresponds to the electromagnetic interactions
and will subsequently be called U(1)ey. This mechanism is called electroweak sym-
metry breaking (EWSB). Looking at the model again after EWSB and taking into
account that the scalar degrees of freedom are not ¢ now but the deviation of ¢
from its vacuum expectation value one finds the following situation: three vector
bosons, the charged W* and W~ bosons and the electrically neutral Z boson are
now massive whereas the photon v is massless—in agreement with experiments. The
W+, W~ and Z bosons correspond to the broken symmetries whereas the photon
corresponds to the unbroken U(1)e, symmetry. It is well-known that massless vector
bosons have two spin degrees of freedom whereas massive ones have three. So after
EWSB the vector bosons have altogether three more spin degrees of freedom than
before. However, after EWSB there is only one physical scalar particle, the Higgs bo-
son H, which is massive and electrically neutral. The four degrees of freedom of the
complex scalar doublet before EWSB are thus conserved as the longitudinal modes of
the massive vector bosons W*, W~ and Z and as the physical scalar boson H. The
massive vector bosons receive their masses from their couplings to ¢ before EWSB.
After EWSB they still couple to the physical Higgs boson H. The strengths of these
couplings are proportional to the squared masses of the respective vector boson due
to the mechanism of EWSB. Furthermore, EWSB renders the fermions massive, too.
Before EWSB the theory contains massless fermions that couple to ¢ via so-called
Yukawa interactions, which are invariant under electroweak gauge transformations

14



and therefore allowed in the model. These couplings account for the fermion masses
after EWSB. Each of the massive fermions still couples to the physical Higgs boson H
with a strength that is proportional to the respective particle’s mass. The mechanism,
by which gauge bosons and fermions acquire masses through the vacuum expectation
value of a scalar field, is called the Higgs mechanism [5]. Finally, also the mass of the
physical Higgs boson H is related to the self-coupling of ¢ before EWSB and to the
vacuum expectation value. Thus a nice feature of this mechanism is that the cou-
pling strengths of the Higgs boson to particles—including the Higgs boson itself—are
related to the respective particles” masses in a simple manner.

The SM is experimentally very successful. A large number of electroweak observ-
ables have been measured with high precision and found to be in agreement with the
SM predictions [6], in particular at LEP? at CERN. However, in two aspects, which
are theoretically very important, present experimental data has not yet fully con-
firmed the SM or not yet lead to results with desired precision. First, a vital feature
of the electroweak gauge group SU(2) x U(1) is that it is non-Abelian such that the
gauge bosons are self-interacting. Due to limited event statistics present experimental
errors on gauge-boson self-couplings are rather large [6]. Moreover, some couplings
have not been measured. Second, at LEP a lower bound on the mass of the Higgs
boson in the framework of the SM has been obtained by direct searches. An upper
bound has been determined indirectly from electroweak precision measurements at
LEP, SLC and from further WW-boson measurements [7]. Bounds have also been ob-
tained for masses of (pseudo)scalar bosons in some extensions of the SM, namely in a
constrained Two-Higgs-doublet model (THDM) [8, 9] and in the minimal supersym-
metric model (MSSM)? [12, 9]. However, no fundamental scalar particle has been dis-
covered yet. Both aspects remain important tasks for the future high-energy hadron
collider LHC at CERN and for a future electron-positron linear collider (LC). For the
latter there are several proposals: TESLA [13, 14, 15, 16] that uses superconducting
cavities, NLC [17] and JLC [18] both using warm technology, and the multi-TeV col-
lider CLIC [19] at CERN. For a wide mass range the Higgs boson can be discovered
at the LHC [20, 21, 22]. For precision measurements like the properties of the Higgs
boson or the gauge-boson self-interactions the clean environment of an ete™ collider
is in general more suitable. At such a machine complementary measurements can
be performed when two electrons collide instead of one electron and one positron.
As a further option laser photons can be scattered off the accelerated electrons to
generate high-energy photons [17, 23, 18, 24]. Apart from the main operation mode
with ete™ collisions this allows for high-energy electron-electron, photon-photon or
photon-electron scattering. Furthermore, at a future LC there is the possibility to
polarise the initial electrons and positrons [25, 26]. Longitudinal polarisation has
shown to give better results than unpolarised beams in many instances [27]. Only
recently interest in studies for transverse beam polarisation has grown [28, 29].

3For a list of abbreviations of the names of past and future colliders see Appendix A.
4For reviews of the MSSM see e.g. [10], for its theoretical foundations see e.g. [11].
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Although the SM is very successful in describing current experimental data, it lacks
the attributes of a truly fundamental theory since it does not predict the number
of families or the large spectrum of fermion masses. Further, it contains a large
number of parameters—viz. particle masses and couplings—that are not predicted
by the model but have to be determined by experiment. Also, the SM provides no
fundamental explanation for EWSB, although the Higgs mechanism gives a consistent
description of how particles acquire masses that is compatible with current data.
It gives no fundamental argument why left- and right-handed fermions transform
under different representations of the electroweak gauge group either. Furthermore it
would be desirable that gauge couplings become equal at high energies such that the
electroweak and the strong interactions are unified. Such a gauge-coupling unification
fails in the SM [30]. Moreover, the SM does not incorporate gravity so that ultimately,
at energies higher than the ones tested at present, a different theory has to replace
the SM. A related problem is why the Planck scale, where gravitational effects become
important at a quantum level according to our present-day understanding, is so much
higher than the EWSB scale set by the vacuum expectation value v of the Higgs boson
(hierarchy problem). And finally, as briefly explained in Section 2.4 below, a rather
unnatural cancellation of terms in the observable Higgs-boson mass at low energies
is required unless new physics exists at a scale of the order TeV. For this reason
it is very likely that new physics is encountered at future high-energy machines.
Given the large variety of proposed particle-physics models that claim to be more
fundamental extensions of the SM it is vital for experiments at a future LC to probe
new-physics effects in a rather general way. Apart from direct searches for the SM
Higgs boson or the test of specific new-physics models, one may therefore perform
precision measurements and analyse the data with respect to deviations from the SM
in a model-independent way.

In this thesis we study the two critical issues mentioned above, the Higgs sector
and the gauge-boson self-interactions. We regard them from two different angles, the
first from a theoretical point of view, the second from a purely phenomenological
one. We consider an enlarged Higgs sector as a possible extension of the SM and
analyse some theoretical properties of such models in Chapter 3. We show the pre-
requisites for EWSB and for the stability of the scalar potential [31]. However, the
phenomenological consequences of an extended Higgs sector require an extensive study
and are only briefly mentioned here. In contrast, the gauge-boson self-interactions
are predicted in the SM, and we need a framework to parameterise deviations in a
model-independent way. This in turn is done in two different approaches, a form-
factor approach and an effective-Lagrangian approach. We extensively study these
two approaches for a future LC in Chapters 4 to 6; so let us now give a more detailed
outline of our procedure there.

In one case we add to the SM after EWSB new interactions between three gauge
bosons, only restricted by Lorentz invariance [32, 33, 34, 35]. To be more precise,
we consider all couplings between a W™ boson, a W~ boson and either a photon
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or a Z boson, called triple gauge couplings (TGCs). We allow these couplings to
be complex numbers such that they become form-factors parameterising the yWW
and ZWW vertices rather than being coupling constants in an effective Lagrangian.
In the other case we add to the SM before EWSB all possible gauge invariant op-
erators that either consist only of gauge bosons or of gauge bosons and the Higgs
doublet [36, 37, 38]. Performing EWSB then leads to the modification of various
quantities compared to the SM. Here not only new gauge-boson self-interactions oc-
cur, but also the fermion-gauge-boson interactions and the gauge-boson masses are
changed by the additional operators. Both in the form-factor and in the effective-
Lagrangian approach deviations from the SM that are due to effects of new physics
at high energies are absorbed in a number of constants, called anomalous couplings.
A measured significant deviation of an anomalous coupling from zero would be a
signal of physics beyond the SM. Here our work is limited in the way that we do
not explicitly calculate the values of anomalous couplings in new-physics models. A
large number of such calculations for some anomalous couplings can be found in the
literature, some of which we list in Section 2.5. Here we rather study how sensitive
various experimentally observable quantities are to the anomalous couplings.

Some couplings are constrained by already existing data, in particular from LEP.
However, we show that the anomalous couplings can be determined with much higher
precision at a future LC. To this end we apply the method of optimal observ-
ables [39, 40, 41]. This minimises the statistical errors and hence allows one to
determine the maximum achievable sensitivity in a certain reaction while taking into
account all statistical correlations. Moreover discrete-symmetry properties of the
differential cross section can be used to simplify the analysis. In the form-factor ap-
proach using optimal observables we study in detail the prospects to measure anoma-
lous TGCs in W-boson-pair production by positron-electron annihilation, i.e. in the
reaction ee” — WTIW~. We analyse the advantages of longitudinal [34] and trans-
verse [35] beam polarisation in this process. In particular, one TGC is found to be
measurable only with transverse polarisation. In many physics reactions one encoun-
ters ambiguities in the reconstruction of the final state. Then the optimal-observable
technique can be more involved, depending on the type of ambiguity. We provide
general formulae for the application of the method in this case. In the effective-
Lagrangian approach where operators are added to the SM Lagrangian before EWSB
the anomalous couplings affect also the gauge-boson-fermion interactions and the
gauge-boson masses [37]. These couplings therefore have an impact on a large num-
ber of observables measured at LEP and SLC, not only on TGCs. We derive bounds
on the anomalous couplings in this case from already existing data. Interestingly,
these bounds depend on the mass mpy of the Higgs boson. A Higgs boson with
my ~ 120 GeV is in agreement with the data for practically vanishing anomalous
couplings. We further find that rather small values of anomalous couplings allow
for a heavy Higgs mpy ~ 500 GeV. Furthermore, for a future LC we calculate the
strongest possible bounds in the reaction ete~™ — WTW ™ by translating the bounds
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obtained in the form-factor approach with optimal observables. Since different ver-
tices and masses are modified by anomalous couplings in the two approaches such a
translation is not straightforward. It requires the definition of new effective TGCs,
that are specific for the process ete™ — WTW ™.

This work is organised as follows: In Chapter 2 we give an overview of the elec-
troweak SM, fix our notation for particle fields and parameters, and briefly review
the experimental status of the model, in particular TGCs and the Higgs boson. In
this context we mention some salient features of present and future accelerators per-
forming Higgs-boson and TGCs measurements. Further, we give an overview of the
parameterisation of new-physics effects with form-factors and effective Lagrangians.
In Chapter 3 we study models with two or more Higgs doublets. This chapter is
nearly independent of the subsequent chapters. In Chapter 4 we describe the method
of optimal observables. The form-factor approach for TGCs is considered in Chap-
ter 5, and the reaction ete™ — WTW ™ at a future LC is studied in this framework.
We present a detailed analysis of how longitudinal and transverse beam polarisation
can improve the sensitivity to the TGCs in this process. In Chapter 6 we analyse an
effective Lagrangian with ten dimension-six operators added to the SM Lagrangian
before EWSB. We derive bounds on the ten anomalous couplings from LEP and SLC
results. It is shown how the results obtained in the form-factor approach of Chapter 5
can be transformed into bounds on the anomalous couplings here, and we give the
corresponding constraints for the reaction ete™ — WHW . In Chapter 7 we present
our conclusions.
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Chapter 2

Standard Model and beyond

We first give our conventions for the SM Lagrangian that are in agreement with [1] in
Section 2.1. In Section 2.2 we list different sets of parameters that are fundamental in
the SM, i.e. that are not predicted but have to be determined by experiment. Some
relations are given that connect other commonly used quantities to these parameters.
We then give an overview of the phenomenology of the SM Higgs boson at hadron
and eTe™ colliders, for reviews see for instance [42, 43, 44]. We first resume the decay
properties of the SM Higgs boson in Section 2.3. In Section 2.4 we then review the
present experimental status of Higgs-boson searches. Afterwards we explain how a
Higgs boson may be found at hadron and ete™ colliders and how a more detailed
profile of the Higgs boson can be established. Although the phenomenology of the
Higgs-boson sector is not our main focus in the subsequent chapters, we discuss
the SM Higgs boson rather extensively here because today the essential topic of
electroweak phenomenology in the SM is the search and the characterisation of the
Higgs boson. Moreover in some models with extended Higgs sectors a large parameter
region corresponds to the so-called decoupling limit, where one neutral Higgs boson
is light and has the same couplings as the SM Higgs boson whereas all other Higgs
bosons are heavy and decouple. Examples are the C'P conserving THDM, see e.g. [45],
and the MSSM, see e.g. [46]. It therefore behaves almost like the SM Higgs boson
in this limit. In Section 2.5 two phenomenological approaches to effects from physics
beyond the SM are considered: a form-factor approach and an effective-Lagrangian
approach. These techniques are applied in Chapters 5 and 6, respectively.

2.1 Standard Model Lagrangian

We denote the SM Lagrangian by .%,. The subscript should remind of the fact that
in an effective Lagrangian with operators of dimension four and higher %} contains
the lowest dimensional operators, see Chapter 6 below. Restricting ourselves to the
electroweak interactions and neglecting neutrino masses the Lagrangian of the SM,

19



Table 2.1: Weak hypercharge of the fermions and the Higgs doublet.

see Chapter 22 of [1], is given by

1 4 Ny 1 v
Ly = =W W = 1BuBY + (D) (D) = Vauly)  (21)

+iLPL +iEPE +iQPQ + iUPU + iDPD
— (ETpe'L+ Uy ¢'Q+ DIpe'Q +He.).

The 3 x 3-Yukawa matrices have the form

'y = diag(ce, ¢y, cr), (2.2)
I'y = diag(cy, ¢, ), :
I'p = Vdiag(cq,cs,cp)VT, (2.4)

where the diagonal elements all obey ¢y > 0 and V' is the CKM matrix. With these
conventions the matrices I'g, I'y, I'p correspond to the matrices Cy, C’;, C, in [1],
respectively. The vector of the three left-handed lepton doublets is denoted by L,
of the right-handed charged leptons by E, of the left-handed quark doublets by @,
and of the right-handed up- and down-type quarks by U and D. The Higgs field is
denoted by ¢ and we define

S 0 1
¢ = ep", e:<_1 0)' (2.5)

The covariant derivative is
D, =8, +igW,T; +1ig'B,Y, (2.6)

where T; and Y are the generating operators of weak-isospin and weak-hypercharge
transformations. For the left-handed fermion fields and the Higgs doublet we have
T; = 0;/2, where o; (i = 1,2, 3) are the Pauli matrices. For the right-handed fermion
fields we have T; = 0. The hypercharges y of the fermions and the Higgs doublet are
listed in Table 2.1. The field strengths are

Wi, =0W, — 0,W, — geg WiW,, B, =0,B, — 0,B,. (2.7)
The Higgs potential is given by

Vam(p) = —p2oto + A (ple) (2.8)
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For A <0 the potential is unstable. For A >0 and p? <0 the minimum lies at
¢(x) =0 so that the electroweak symmetry is not broken. For A =0 there is no
minimum for finite non-zero field ¢ either. In order to obtain a minimum for non-

zero field we assume
p? >0, A > 0. (2.9)

The conditions (2.9) to guarantee stability and EWSB down to U(1)ey are rather
simple in case of one Higgs doublet. However, they become more complicated for two
or more doublets. We consider such potentials in Chapter 3. With the conditions (2.9)
the potential has a minimum for constant field satisfying

V2t = \/% = 0. (2.10)

After EWSB, that is in the unitary gauge, we can choose the Higgs field to have the

o e@ = (s 1) ) (2.11)

where H(z) is the physical Higgs field and in lowest order the vacuum expectation
value of the Higgs field, v, is given by (2.10). The physical Z-boson and photon fields
are given by

Z, = cyW) —syB,, (2.12)
Ay = s W2+ cuBy. (2.13)
Here
/
Sy = sinf, = J : (2.14)
g2 +g12
Cy = cosly = J (2.15)

are the sine and cosine of the weak mixing angle 6, in the SM, determined by the
SU(2) and U(1)y couplings g and ¢’. The positron charge is then

€= gsy = gy (2.16)
The charged gauge-boson fields W* are related to W' and W? by

1 Lo e
W, = ﬁ(WwLWu)v (2.17)
w2 = %(WJ—W;). (2.18)

Now in the SM Lagrangian (2.1) the fields ¢, W and B can be expressed in terms of
the physical fields H, W*, Z and A using (2.11) to (2.13), (2.17) and (2.18) . Then
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the third term on the right-hand side of (2.1) contains a part without H(x). These
are the gauge-boson-mass terms

1
miy W, WH 4 §mQZZuZ“, (2.19)

where 2,2 2 12 2
miy =0y = I (2.20)

As usual we define the p-parameter in terms of the gauge-boson masses and the
cosine (2.15) of the weak mixing angle

= ) 2.21
PE s (2.21)
In the SM we have
p=1, (2.22)
or in other words
m2
s2=1——2. (2.23)
mz
After EWSB the last line of (2.1) contains the following terms without physical Higgs
field H: B
=> mff (2.24)
f
with v
mes = Ct——= (225)

\/57
where f is any charged fermion. Since ¢¢ is also the coupling of the Higgs boson H to
the fermion f, the fermion’s mass my is proportional to its coupling to H. The terms
in the Lagrangian that come from the Higgs potential after EWSB are

H 1H 2)

1
—Voul(p) = —5mi H* (1 ot

— 1 (2.26)

where
my; = 2u°. (2.27)

The first term in (2.26) is the Higgs-boson-mass term, the second and third terms
describe a triple- and a quartic-Higgs-boson self-interaction, respectively.
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param. | P3M scheme — P3M scheme PSM scheme PSM scheme
/
3 ew. 9,9, a(mz), Gr, mz  a(mz), G, my  a(mz), mz, mwy
Higgs My My My My
9 f.m. Muyye - .y My Muyye oo, My Muyye - oy My My, .oy My
4 CKM Vv % Vv V

Table 2.2: Four possible parameter sets of the electroweak SM, each containing 3
electroweak (ew.) parameters, 1 Higgs-boson mass, 9 fermion masses (f.m.) and 4
parameters in the CKM matrix.

2.2 Parameters of the Standard Model

To obtain a complete set of independent parameters for the SM one has to make
a choice from the quantities defined in the preceding section. All other parameters
shall then be expressed on terms of these input parameters. This will be particu-
larly important in Chapter 6 below, where we consider additional operators in the
Lagrangian and the transformation from one parameter set to another depends on
their coefficients, the anomalous couplings. In this section we give the SM relations
between different parameters. The Lagrangian (2.1) contains as free parameters the
gauge couplings ¢g and ¢’. Apart from that it contains two parameters p and A in
the Higgs potential, nine fermion masses and four parameters of the CKM matrix V.
Together with the strong coupling g5 the SM thus has 18 independent parameters (see
also the remark at the end of this section about additional parameters in the SM).
Using (2.10) and (2.27) we can use the parameters my and v instead of p and A. The
original parameters p and A\ are then expressed as

2
my

po= =L (2.28)
mi

We denote by P5M the scheme that uses the three electroweak parameters g, ¢’, v and
the Higgs-boson mass mpy as input parameters. They are listed in the first column
of Table 2.2. We define three more schemes, P3M, PSM and PSM | with different
electroweak parameters, see Table 2.2. All other parameters, in particular my, are
the same as in PM. The Fermi constant G is determined by two charged-current
interactions at energies small compared to myy, i.e. when the W propagator is point-
like. At tree-level it depends only on the vacuum expectation value v of the Higgs

boson, and we have the following relation:

v = (ﬁGF) o (2.30)
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parameter measured

Gr 1.16639(1) x 10~> GeV 2
1/a(mz)  128.95(49)

my 91.1876(21) GeV

my 80.423(39) GeV

Table 2.3: Numerical values used as input in this work unless otherwise stated. Taken
from [2].

Using this equation one can take G’y as input parameter instead of v as done in the
schemes P3™ and P3M. From the measured value [2] of G, see Table 2.3, one obtains

v~ 246 GeV, (2.31)

which sets the energy scale of EWSB. We further use in our analyses below the fine-
structure constant at the Z scale a(my) rather than the more precisely known a(0),
since most of the observables that we consider below refer to a high scale of at
least mz. In the following we will denote by e the positron charge at my,

e =/4ra(myz), (2.32)

and refer to e as the physical positron charge. With (2.14), (2.16), (2.20), (2.30)
and (2.32) the three electroweak parameters of the schemes PSM, PSM and PSM
can be expressed by those of the scheme PEM. In terms of the electroweak input

parameters of the schemes P§M and P3M the squared sine of the weak mixing angle

is respectively given by
1 e?
2
so==(1—4|/1=—————], 2.33
Y2 ( \/ ﬁGFmﬂ) (2:33)

and by
2 ¢ 2.34)
§2 = :
In the scheme PSM it is given by
m2
s, =1——1. (2.35)
myz

The parameter s,, is therefore a derived quantity in the schemes P, P3M and PSM

mass*

The same is true in P3M where s,, is given by (2.14). In P (P5M) the other gauge-
boson mass myy (my) is then predicted through (2.23). In P3M_ the Fermi constant

mass
is given by

2,2
e“my

Gp = . 2.36
P G — ), (230
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The mass of the Higgs boson is not predicted by the SM but has to be measured in
experiment. It remains the only unknown parameter of the SM as long as the Higgs
boson is not found. Here we use it in all four schemes. However, there are several
theoretical constraints, as well as experimental bounds from direct searches at LEP
and indirect bounds from electroweak precision measurements performed at LEP,
SLC and further W-boson measurements. We briefly summarise these constraints in
Section 2.4 below. The couplings of fermions to the Higgs boson are predicted by
the SM according to (2.25). The Yukawa matrices I'g, I'y, I'p, see (2.2) to (2.4),
are not the most general expressions that are consistent with Hermiticity, Lorentz
invariance and gauge invariance. However, they can always be put into the form
presented above by a phase redefinition of the fermion fields [1]. Also the CKM
matrix V' is assumed to be in a standard form here, which is obtained in the same
manner. Thus V' is not a general unitary 3 x 3 matrix but has only four independent
parameters. One possibility is to choose three mixing angles and one phase. The
matrix V' is experimetally close to the 3 x 3-unit matrix, see Section 11 of [2], and
will subsequently be approximated by it. The couplings of two W or Z bosons to one
or two Higgs bosons are predicted by the SM to be proportional to the squared mass
of the respective gauge boson:

gwwr = 2miy /v, gzze = 2my/v, (2.37)

gwwrH = 2miy, [v?, Gzzimn = 2my /v’ (2.38)

To be precise the Feynman rules for the gauge-boson-Higgs vertices in the conventions
of [1] are (ig,,) times the couplings in (2.37) and (2.38). The fact that the interactions
of the Higgs boson with fermions and gauge bosons are proportional to the masses and
squared masses is a direct consequence of the model. These couplings are important
because they determine the production and decay properties of the Higgs boson. Once
the Higgs boson is discovered the relations between particle masses and their couplings
to the Higgs boson have to be checked experimentally for all particles. For a given
Higgs mass also the couplings between three and four Higgs bosons are predicted by
the model:

To obtain the Feynman rules for the three-Higgs-boson and four-Higgs-boson vertices
these couplings have to be multiplied by (—i) [1]. Note that gy gy is a multiple of A.
Also the relations (2.39) have to be probed by experiment.

We remark that the set of parameters listed above is actually not complete. One
may add a term to the Lagrangian that consists of a gluon-field strength and its
dual. This term can be written as a total divergence and therefore leads only to
non-perturbative effects. Experimentally the coefficient of this term, the #-angle, is
very small, viz., less than 107, see p. 334 of [2]. In the last years experiments have
shown that neutrinos have small rest masses, see pp. 380 to 418 of [2]. Therefore
we additionally have three neutrino masses and, similarly to the quark sector, three
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mixing angles and one Dirac phase. In addition to the Dirac phase the neutrino-
mixing matrix contains two Majorana phases if the neutrinos are Majorana fermions.
For the observables we consider in our calculations in Chapters 5 and 6 the neutrino
masses can be neglected. In fact, even charged-lepton and quark masses are neglected
in most cases.

2.3 Decay of the Standard Model Higgs boson

In the framework of the SM the mass of the Higgs boson my is the only unknown
parameter since the Higgs boson has yet to be discovered. It is related to the Higgs
self-coupling A according to (2.29) but this coupling is not known either. In Section 2.4
below we give an overview of the theoretical and experimental constraints for m g but
these bounds are rather weak. In general the production cross sections and the decay
rates of the Higgs boson depend on my. Therefore most quantities in this and in the
following section are plotted as a function of my and discussed for different regions
of my.

A SM Higgs boson decays at the tree-level into any pair of massive gauge bosons
or fermions for which the decay is kinematically allowed, i.e. to any particle species
with mass m, for which 2m, < myg where one particle is virtual below threshold.
So the branching ratios strongly depend on my. Since the coupling to the Higgs
boson increases with the respective particle’s mass decays into heavy particles are
preferred. At threshold for W-pair production the total width [47] becomes large
due to the high decay rate into gauge bosons, see Figure 2.1. It rises rapidly from a
few MeV to about 1 GeV, and then grows fast reaching about 600 GeV for a Higgs
mass of 1 TeV. At next order in perturbation theory the Higgs boson also decays
into a pair of photons (gluons) with all massive particles appearing in the loop that
are charged (strongly interacting). The dominant contribution is the one from the
heaviest particle in the loop, i.e. where the Higgs boson couples to a virtual WW pair
(tt pair). Also the decay into a photon-Z-boson pair is possible [49], which is again
mediated primarily by a W-boson loop. With the Higgs couplings to vy and vZ the
W loop interferes destructively with the fermion loops, see Section 4.3 of [50]. The
vvH coupling is important for the Higgs discovery at the LHC, see Section 2.4, as
well as for s-channel production of SM or heavy MSSM Higgs bosons at a photon
collider [51]. The ggH coupling is important for Higgs-boson production at hadron
colliders, in particular at the LHC, see Section 2.4. The one-loop couplings are also
interesting because they can be sensitive to new heavy particles in the loop that obtain
their masses through the Higgs mechanism but are too heavy to be directly produced.
In the effective-Lagrangian approach that we study in Chapter 6 some dimension-six
operators induce a yyH coupling at tree-level. However, there we place more emphasis
on TGCs. In a future work [38] we study the reaction 4y — W at a photon collider.
Although we consider this process far away from the Higgs resonance the anomalous
vyH coupling plays an important role there.
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Figure 2.1: Total width of the SM Higgs boson as a function of the Higgs-boson mass
based on results obtained with the program HDECAY [48], taken from [47].

For a Higgs mass below 135 GeV where the decay into WW is suppressed the decay
into a bb pair dominantes with a branching ratio of more than 40%, see Figure 2.2.
In fact, for a Higgs mass below 120 GeV it becomes larger than 70%. The branching
ratios for the decays into 7777, ¢¢ and gg are only a few percent for my < 135 GeV
and very small for high my. Though the colour factor enhances the decays into
quarks, the c¢¢ channel is suppressed with respect to the 77~ channel by the running
quark mass. Although occuring only at the one-loop level the branching ratio for the
decay into gg is roughly of the same size as for 777~ because of the large ¢t H coupling
and the colour factor. In contrast, the vy and Z~ decays are rare. Their branching
ratios have maxima of about 0.2 % for Higgs masses between 120 GeV and 150 GeV.
If the Higgs boson is heavier than about 135 GeV it predominantly decays into WW
where one W is virtual below threshold. Above ZZ threshold the branching ratio for
the decay into a pair of Z bosons is considerable, but about a factor 2 smaller than
the decay into WW due to the reduced phase space for indistinguishable particles.
For a Higgs mass around t¢ threshold the branching ratio for the decay into tt rises
rapidly with my and reaches a maximum of about 20 % for a Higgs mass of 450 GeV.
The decay widths into gauge bosons remain larger because they grow with the third
power of my whereas the decay width into ¢f is proportional to mp, see for instance
Section 2.1 of [42].
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Figure 2.2: Branching ratios of the SM Higgs boson as a function of the Higgs-boson
mass based on results obtained with the program HDECAY [48], taken from [47].

2.4 Higgs-boson searches and -parameter measure-
ments at different machines

At LEP energies the dominant Higgs-production mechanism is radiation off a Z boson
produced in the s-channel, the so-called Higgs-strahlung process. The lower bound on
the Higgs mass from these direct searches at LEP is 114.4 GeV at 95% C.L. when the
data from the four LEP collaborations are combined [7]. Furthermore from measure-
ments of electroweak precision observables at LEP, SLC and NuTeV that depend on
the Higgs mass through radiative corrections and from other W-boson measurements,
one obtains (see Table 16.2 in [6]) the prediction my = 81732 GeV, see Figure 2.3.
Since the one-loop corrections depend on the Higgs mass only as log(my/mwy ), see
Section 16 of [6] and [52], the errors are rather large and the upper error is larger than
the lower one. Such an indirect determination of a particle mass is very successful
in case of the top-quark, see Table 16.2 of [6]. However, there the observables have
a quadratic dependence on the mass and are therefore much more predictive. At
two-loop level there are corrections proportional to m? but they are “screened” by
an extra factor g and therefore too small to be important, for this so-called sreen-
ing theorem, see e.g. [53] and Section 2.4 of [42]. The bounds from the direct and
indirect measurements of my are consistent although the indirect determination is

28



somewhat lower; this is mainly due to the observables' A,(SLC) and my in the elec-
troweak fits, see Figure 16.10 in [6]. There only Ag’g has a significant tendency to
higher values of my. Furthermore Figure 2.3 shows that at 95% C.L. the electroweak
precision observables lead to an upper bound on the SM Higgs mass of 193 GeV.
However, in more general models the Higgs boson can be much heavier [54], which
has to be taken into account in future searches. Even doubts have been raised that
the indirect determination of mpy possesses some internal inconsistencies, for further
discussion and references see [43]. In Chapter 6 we show that dimension-six operators
in an effective Lagrangian with rather small anomalous couplings of order 10~ that
account for new-physics effects at a high scale allow my to be up to 500 GeV [37].
From a different point of view, in the SM or in other models a scalar boson can be
regarded as a necessary ingredient to regulate the high-energy behaviour of scattering
amplitudes, independently from its role in particle-mass generation, see e.g. [55] and
Section 1.3 of [42]. For this reason a warning is given in [42] not to limit searches
for a Higgs boson to a too narrow mass range. There exists a variety of theoretical
arguments in the literature of how the Higgs mass mpy can be related to the scale A
where a new theory replaces the SM (such that at energies below A the SM is valid
as an effective theory). From the assumption that the SM is valid up to the scale A
such considerations can then derive bounds on my. Mostly it is found that the Higgs
boson is in the energy range of the future machines mentioned in the Introduction
(or that something else will be found in this energy range). To give a comprehensive
discussion of this topic is beyond the scope of this work. So we only sketch the basic
ideas.

Two types of bounds on my are based on renormalisation group (RG) equations,
i.e. the differential equations that describe the parameter evolution of the electroweak
sector as a function of the energy scale. The RG equations of the SM are no longer
valid above a certain scale A, where either new physics comes into play or where
couplings become too large to allow for a perturbative description. It has been shown
by lattice calculations that the latter is unlikely to happen, such that the perturbative
treatment is allowed, see e.g. Section 2 of [44]. Although these lattice results are less
predictive if the Higgs mass is larger than a certain fraction of the scale set by the
lattice spacing (see e.g. Section 2.5 of [42]), usually the perturbative description is
considered to be correct. Then one can assume that the RG equations are valid up to a
scale A where deviations from the SM become important. From the requirement that
the RG equations are valid up to A a lower and an upper bound on my can be derived.
Naturally both bounds must be stronger with increasing A. For A ~ 10 GeV (Planck
scale) one finds [506]

130 GeV < mpy < 180 GeV, (2.40)

which is slightly stronger than the current 95% C.L. experimental constraints from
direct and indirect measurements, respectively. For A & 1 TeV one obtains a rather

'For the definition of these observables see Chapter 6 below.
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Figure 2.3: Indirect Higgs-mass determination using data from LEP, SLC and
other W-boson measurements with and without data from NuTeV. We show
Ax? = X? = Xmin as a function of the Higgs-boson mass, taken from [6].
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loose upper bound [56]:
mpg S 800 GeV. (2.41)

The corresponding lower bound is below the current experimental limit. The upper
bounds (triviality bounds) in (2.40) and (2.41) result from the fact that my is related
to the self-coupling A via (2.29); for too large my at low scales the RG equations
show that A grows very large at high scales [57] so that a new theory must replace
the SM there. The lower bound (vacuum-stability bound) is obtained from the fact
that the Higgs potential has a global minimum at high field ¢ if my is too small; that
would render the theory unstable [56] and therefore new physics is required. Notice
that if my was known the triviality and vacuum-stability bounds would provide an
upper bound on the scale A where new phenomena should appear on the scene.

A further argument is the one of naturalness. The observable m?;, which we expect
to be of order v2, receives quantum corrections that depend on the high scale A of new
physics as A2. In principle, these corrections could be much larger than v? and cancel
with the squared bare mass so that the difference gives m?% of order v*>. However,
such a fine-tuning is usually considered unnatural, see e.g. [58]. For the corrections
to be of order v? the new-physics scale A is constrained to be of order TeV.

So much for already existing experimental and theoretical bounds on my. Some
remarks on experimental constraints and future perspectives of models with an ex-
tended Higgs sector like the MSSM or the THDM can be found in the introduction
of Chapter 3 below. In the following we review the prospects to find the Higgs boson
of the SM and to measure its properties with present-day and future high-energy
machines.

In Run II at the pp collider Tevatron at Fermilab with a c.m. energy /s = 2 TeV
the strategy to find the Higgs boson is quite different for two regions of the Higgs-
boson mass [59]. As mentioned in Section 2.3 the Higgs boson decays predominantly
into bb if my is below 135 GeV. In this mass range the most promising channels are
the ones where a virtual W or Z boson is produced by ¢g annihilation and the Higgs
boson is then radiated off the vector boson [60]. The sum over the cross section for
W+H and W~ H production is about twice as high as that for ZH production, see
Figure 2.4. The sum over the three strahlung cross sections is about 0.5 pb to 0.2 pb
for a Higgs mass between 100 GeV and 135 GeV. The best signature for a Higgs
boson is obtained for the fvbb final state where ¢ is any charged lepton and v is the
corresponding neutrino, but also the vbb and ¢T¢~bb final states can be included
in experimental analyses. Notice that the cross section for two-gluon fusion [62]
gg — H — bb is actually larger than the strahlung cross sections. However, these
events are covered by the much larger production of bb pairs through the strong
interaction. As discussed in Section 2.3, for a Higgs mass above 135 GeV the decays
into WW and ZZ dominate, where one gauge boson is off-shell below the respective
threshold. In this mass range the most promising production mechanisms are gluon
fusion gg — H, fusion of two virtual W or Z bosons, VV — H, and—as in the lower
mass range—radiation off a W or Z boson. Simulations have shown that the best
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Figure 2.4: Production cross sections of the SM Higgs boson at the Tevatron as a
function of the Higgs-boson mass for a c.m. energy /s = 2 TeV. Taken from [61].

final states are {*¢/~vv and (*(*jjX where j is a hadronic jet and X is a pair of
either charged or neutral leptons. There are proposals to include also the decay mode
H — 7777 [63] and the associated production of the Higgs boson with a ¢t pair [64]
in the Higgs-boson searches at the Tevatron.

The LHC is supposed to take its first data in 2007. One of its main purposes is
to find the SM Higgs boson, and two experiments, ATLAS and CMS, have optimised
their detectors to perform this task. The LHC is being constructed in the LEP tunnel
with a circumference of 26.8 km. The projected c.m. energy for pp collisions is 14 TeV.
Such a hadron collider is an ideal discovery machine since reactions between partons
take place at a full spectrum of parton energies without changing the energy of the
accelerated particles. The high design luminosity [65] of 103 ¢cm™?s™' and more—
compared to 3-4 x10%' cm~2s~! at LEP—corresponds to an integrated luminosity of
100 fb~! for a nominal 107 s year. With a total pp cross section of roughly 100 mbarn,
see [66] and Section 3.1 of [67], a high rate of 10° events per second is expected.
At the LHC the main production mechanisms of the Higgs boson are gg — H and
WW — H, and if the luminosity is sufficient also ¢qg — W H, see Figure 2.5. The cross
section for ZH production is about a factor 2 smaller than that for W= production
(sum over W+ and W) and both processes are less relevant than at the Tevatron, cf.
Figure 2.4. Moreover, the associated production of a Higgs and a tt pair is possible
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in the reactions gg — ttH and qq — ttH [69]. Depending on my different decay
channels are best suitable for the discovery of the Higgs boson. For Higgs masses below
130 GeV the decay mode H — 7 is most promising. For my ~ 2myy the best channel
is H— WW — (vlv. In a wide mass range between 130 GeV and 700 GeV the
favourable channel is the so-called golden channel H — ZZ — 4¢ where one Z boson
is virtual below threshold. At higher Higgs masses from about 300 GeV or 400 GeV
up to 1 TeV there are two more channels: H — WW — (vjj and H — ZZ — llvv.
In the full mass range up to 1 TeV the Higgs boson can be discovered at the LHC
with 100 if the integrated luminosity is about 100 fb~! as stated e.g. for the ATLAS
detector in [21]. For my below 400 GeV this mass can be determined with a fractional
uncertainty of less than 0.1% assuming an integrated luminosity of 300 fb=! [70, 71].
For my between 400 GeV and 700 GeV it is still less than 1% as quoted by the same
references. The expected uncertainty for various partial widths of the Higgs boson as
well as for certain ratios of partial widths is expected to be 10% to 30% [72]. However
these studies are only on parton-level and considered to be “rather optimistic” by [44].
In fact, the errors on some of these quantities turn out to be larger in more recent
analyses as mentioned in the same reference. The total width has a large uncertainty
of more than 20% if my is smaller than 120 GeV [72]. For my between 160 GeV and
200 GeV the uncertainty is about 10%. In contrast to the Tevatron it may be possible
to observe inclusive double-Higgs production pp — HH + X at the LHC [73]. The
cross section is about 40 fb to 10 fb for myg between 100 GeV and 200 GeV. Here
g9 — HH dominates by at least one order of magnitude other contributions and
comprises two distinct classes of diagrams: production of an off-shell Higgs boson,
gg — H* — HH, and production of two virtual t-quarks, gg — t*t* — HH. The
first class of diagrams involves gy ry whereas the second does not. The measurement
of gggg will try the LHC’s capabilities to the limit.

This is different at future e*e™ colliders. The wide c.m. energy range from 90 GeV
to 800 GeV or possibly 1 TeV at TESLA [13, 14, 15, 16] and from 500 GeV to 5 TeV
at CLIC [19], the high integrated luminosities in the inverse attobarn region, the clean
environment of ete™ collisions, and the possibility to use polarised beams allow for
a variety of precision measurements of the eletroweak interactions and of the prop-
erties of the Higgs boson. To be more precise a luminosity of 3.4 x 10** cm™2?s7! is
projected for TESLA for a c.m. energy /s = 500 GeV, which corresponds to an inte-
grated luminosity of 340 fb~! for a nominal 107 s year. At NLC and JLC one expects
about 220 fb~! per year [17, 18]. At /s = 800 GeV the expected luminosity at a fu-
ture LC may be about twice as high. Conventionally physics studies for a future LC
like TESLA assume 500 fb™! at /s = 500 GeV and 1 ab™! at /s = 800 GeV. Then
for instance at 500 GeV without beam polarisation, almost 4 x 105 W W ~pairs and
about 7 x 10* SM Higgs bosons with my ~ 120 GeV can be produced. In the remain-
der of this section we refer to a TESLA like design unless otherwise stated. The main
production mechanisms of the Higgs boson are Higgs-strahlung [50], ete™ — ZH,
and WW fusion [74], ete™ — vwH. The Higgs-strahlung process decreases with the
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Figure 2.5: Production cross sections of the SM Higgs boson at the LHC as a function
of the Higgs-boson mass for a c.m. energy of 14 TeV, taken from [68].

c.m. energy /s as (1/s) and therefore dominates at low energies, whereas the WW-
fusion cross section increases with log(s/m?) thus dominating at high energies, see
Figure 2.6. For /s = 500 GeV the two cross sections have the same size of about 50 fb
for a Higgs mass slightly above 150 GeV. The cross section where the Higgs boson is
produced through ZZ fusion is about ten times smaller than the one for WW fusion
due to the smaller coupling of charged leptons to the Z boson. In the eTe™ mode at
a future LC a SM Higgs boson can be discovered up to the kinematical limit in the
process ete” — ZH with Z — (*¢~ where { = e or ;1 independent of the Higgs bo-
son decay; for instance at TESLA with 500 fb~! of data 50 signal events or more are
expected for my < 410 GeV (640 GeV) at /s = 500 GeV (800 GeV), see Chapter 2
of [14]. Higgs-strahlung is also the most suitable reaction to measure the Higgs-boson
mass [14]. In a study for TESLA [76] where 500 fb~! of data at a c.m. energy of
350 GeV is assumed the accuracy for my = 120 GeV (150 GeV, 180 GeV) is 40 MeV
(70 MeV, 80 MeV). This corresponds to a fractional uncertainty of 0.033% (0.047%,
0.044%). In a more recent study of the same reaction [77] assuming 500 fb~! of data
at a c.m. energy of 500 GeV it has been shown that a relative uncertainty of 0.11%
to 0.36% is achievable for a heavier Higgs boson with a mass between 200 GeV and
320 GeV. Here the decays H — WW and H — ZZ are considered. The uncertainty
in the total width at TESLA is between 4% and 6% for a light Higgs boson with a
mass between 120 GeV and 160 GeV [14] which is more precise than at the LHC.
For a heavier Higgs boson with 200 GeV < mpy < 320 GeV an uncertainty between
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Figure 2.6: Production cross sections of the SM Higgs boson at a future linear
ete” collider as a function of the Higgs-boson mass for c.m. energies /s = 500 GeV
and /s = 800 GeV. Taken from [75].

22% and 34% is obtained in [77]. Also the couplings of the Higgs to other parti-
cles can be measured more precisely at an ete™ machine, viz., most at the per cent
level, see [14]. We give the results for the fractional uncertainties of the branching
ratios in Table 2.4. Most branching ratios and couplings can be extracted from the
production cross sections and decays explained so far. However, to determine the
Hitt coupling one uses the associated production with a ¢t pair [78], ete™ — ttH.
With 1 ab™! of data at a c.m. energy of 800 GeV the top-quark Yukawa coupling can
be measured with an accuracy of 5.5% [14]. The HHH coupling can be measured
in ete” — ZHH [79] with an accuracy of about 20% for an integrated luminosity of
1 ab~! at 500 GeV and a Higgs-boson mass of 120 GeV. The quartic Higgs coupling

WW  bb cc Tt utut g9 vy
0BR/BR 3.6% 1.9% 81% 5.0% 30% 4.8% 35%

Table 2.4: Fractional uncertainties of the branching ratios (BR) for the decay of
the Higgs boson into various particle pairs for my = 120 GeV at a future LC, taken
from [14, 16]. In case several values from different methods are quoted in the references
the smaller one is listed here. These values are computed for an integrated luminosity
of 500 fb~! at a c.m. energy of 350 GeV except for the rare decay into pu*p~ where
1 ab™! of data at 800 GeV is assumed.
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cannot be measured. The spin and parity of the Higgs boson can be determined by
means of the Higgs-strahlung cross section [80].

A further option is to run a future LC at lower c.m. energies /s &~ my and
Vs & 2myy, both loosely called Giga-Z mode [15]. With an integrated luminosity of
50 fb=! each, one can produce more than 10° Z bosons and about 10 W+~ pairs,
respectively. This allows for the measurement of electroweak precision observables
with statistics improved by a factor of about 100 compared to LEP, see Table 2.1
of [6] and Table 1 of [81]. As for LEP the mass of the SM Higgs boson can be de-
termined indirectly, here with an uncertainty of about 7% [82]. Such a measurement
would be a good consistency check for a (possibly) direct observation. A deviation of
the two measured values for my would then be a signal for new physics. As mentioned
in Chapter 1 several other options are projected at a future LC. In the e”e™ mode
ZZ fusion is the dominant production mechanism for the Higgs boson [83] because
production via Higgs-strahlung or W W fusion is not possible there. A further possi-
bility is a high-energy photon collider, where the LC is run in the e“e™ mode and laser
photons are scattered off the electrons by Compton backscattering. Such an option
is considered for TESLA [23], NLC [17], JLC [18] and CLIC [24]. The 4~ luminosity
spectrum is peaked at about 80% of the c.m. energy of the e”e™ system [84]. The
two high-energy photons produced allow to study various processes, e.g. resonant s-
channel Higgs production via the one-loop vyH coupling [51]. Here the Higgs boson
can be produced up to a mass of 0.8/s where /s is the e"e”~ c.m. energy and addi-
tional measurements of Higgs couplings can be performed [51, 85]. Moreover a photon
collider allows to study the C'P nature of the produced Higgs boson in vy — tt [86]
and in yy — WW or ZZ [87]. In the SM the Higgs boson is C'P even but in an
extended Higgs sector there can exist C'P even as well as C'P odd scalar bosons, see
e.g. Chapter 4 of [42].

2.5 Phenomenology beyond the Standard Model

The SM has been tested in numerous aspects with impressive success. However, it
has been mentioned in the Introduction that it is neither a fully satisfactory theory
nor valid at arbitrarily high energies since gravity is not included. One possibility
is that physics beyond the SM will appear at certain energy scale A. From current
electroweak precision fits one estimates, see for instance [88, 89], that A should be at
least of the order of TeV. In fact, as remarked in Section 2.4, it is often considered
to be likely that A is of the order of TeV, but in principle it can be also higher. The
impact of this new high-scale physics on the phenomenology at lower energies can be
taken into account in various ways. Two such possibilities for the particular case of
new-physics effects in the gauge-boson sector are discussed in this work: in Chapter 5
we study a form-factor (FF) approach to the gauge-boson vertices YW W and ZWW
while we keep all other vertices and propagators as in the SM; in Chapter 6 we
use an effective-Lagrangian approach where new operators in the gauge-boson sector
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give rise—after EWSB—to deviations from SM predictions of the gauge-boson self-
interactions and of various other observables.

In the FF approach in Chapter 5 the relevant vertices are parameterised in a
general way. For the reaction ee™ — W this was done in [32, 33] for the three-
gauge-boson vertices YW W and ZWW . There the structure of these two vertices is
only restricted by Lorentz invariance. All other vertices and propagators are as in
the SM. Form factors can and should have imaginary parts. Anomalous contributions
to the yWW- and ZW W -form factors have been studied extensively both for LEP2
energies, see [90] and references therein, and for the energy range of future LCs, see
the study [91] for TESLA where a spin-density-matrix method is applied, the anal-
yses [40, 41] using optimal observables, the beam-polarisation studies [34, 35|, the
study [92] for the v and the ey mode at TESLA; see also Part 3, Chapter 2 of the
NLC report [17] and Chapter 6 of the JLC report [18]. The TGCs yWW and ZWW
are interesting observables for several reasons: Firstly, the most general parameteri-
sation to be introduced in Chapter 5 contains a large number of 28 real parameters
if we allow the form factors to have imaginary parts. The six complex parameters
gy, ky and Av with V =~ or Z violate the combined discrete symmetry C'P of
charge conjugation and parity reversal. In the SM the TGCs are predicted by the
non-Abelian gauge symmetry and only a small number of couplings is non-zero, see
Chapter 5 below. From this it is clear that a large variety of new-physics effects can
manifest itself by deviations from the SM predictions, typically through the effects of
new particles and couplings in radiative corrections. Some examples, where effects of
order 1073 may occur, are supersymmetric models [93, 94], models containing several
Higgs doublets [95, 96], Es vector leptons [97] or Majorana neutrinos [98] and the
minimal 3-3-1 model [99]. For left-right symmetric models [100, 101, 96] and mirror
models [101] the effects are predicted to be much smaller, whereas models containing
composite W bosons [102] or an additional gauge boson Z’ [103] may lead to larger
effects. Also models with noncommutative spacetime contain new three-gauge-boson
interactions that may be observable at a future LC, see e.g. [104]. Secondly, in re-
actions where longitudinal WW-boson states are produced via TGCs the measurement
of these couplings may provide information about the mechanism of EWSB [88, 89].
Thirdly, though no deviation from the SM has been found for the TGCs from LEP
data [105, 106, 107], the bounds obtained are comparatively weak. The tightest
bounds on the anomalous couplings are of order 0.05 for Ag? and )., of order 0.1 for
Ak, and of order 0.1 to 0.6 for the real and imaginary parts of C' and/or P violating
couplings. These numbers correspond to fits where all anomalous couplings except
one are set to zero. Thus it is worth measuring the anomalous couplings at a future LC
where the uncertainties are much smaller due to the high luminosity. Using optimal
observables it is even possible to take into account all statistical correlations between
the errors on the TGCs inspite of the large number of couplings. In Chapter 5 we
analyse in detail the sensitivity to TGCs in the reaction ete™ — WW. In particular
we show how electron- and positron-beam polarisation can improve the sensitivity
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to the couplings in this reaction. In the context of a future LC usually longitudinal
polarisation is discussed in the literature [25, 26, 27]. However, we demonstrate that
with the help of transverse beam polarisation one coupling can be measured that is
neither measurable with unpolarised beams nor with longitudinal polarisation.

Another possibility is to use an effective Lagrangian. Here we have two options.
We can start from the SM Lagrangian after EWSB and add terms of higher dimension
to obtain an effective Lagrangian, which we call ELa approach (FEffective Lagrangian
after EWSB). Alternatively we can start from the SM Lagrangian before EWSB and
add terms of higher dimension there, here called ELb approach (Effective Lagrangian
before EWSB). In Chapter 6 we study the ELb approach to new-physics effects in
the gauge-boson sector. Both in the ELa and in the ELb approaches the anomalous
coupling constants in the effective Lagrangian must be real. Anomalous imaginary
parts in form factors are generated by loop effects using the effective-Lagrangian
techniques familiar from chiral perturbation theory, see for instance [108]. The three
approaches FF, ELa and ELD are related but should not be confused with each other,
see the discussion in [109]. The ELa approach, taking the anomalous terms in leading
order, produces only real parts of anomalous form factors. In the ELb approach the
EWSB has to be performed for the SM and the anomalous parts of the Lagrangian
together. This has drastic consequences for all parts of the Lagrangian as we shall
analyse in detail in Chapter 6 for various electroweak precision observables measured
at LEP and SLC as well as for the reaction ete™ — WW at a future LC. It also has
the consequence that the counting of dimensions of anomalous terms is changed when
Higgs fields are replaced by their vacuum expectation values, see [109] where also the
question of SU(2) x U(1) gauge invariance is discussed. Anomalous couplings from
operators of dimension n in the ELb approach will generate operators of dimension
n’ < n in the ELa approach.

Some advantages and disadvantages of the three approaches are as follows. The
FF approach is the most general one but it has the disadvantage of introducing
many parameters. Also, the anomalous parts of form factors for different reactions
like efe™ — WW and vy — WW are a priori not related. The ELa and ELb ap-
proaches allow to relate anomalous effects in different reactions. Suppose now that
we restrict the anomalous coupling terms to dimension n’ < 6 and n < 6 in the ELa
and ELDb approaches, respectively. Then the ELa approach generates more couplings
than the ELb approach. Thus, in a sense, the ELb approach is the most restrictive
framework if the dimension of the coupling terms is limited. For an application of
the FF approach to the reaction ee™ — 7777 see for instance [110], for an appli-
cation of the ELa approach to Z decays see [111]. In Chapter 6 we add to the SM
Lagrangian—before EWSB—operators of higher dimension that consist of SM fields.
The natural expansion parameter for this series is (v/A), where v & 246 GeV is the
vacuum expectation value of the SM-Higgs-boson field, see (2.31). Such an approach
has been proposed in [36], where all operators up to dimension six are constructed
that respect the SM gauge symmetry SU(3) x SU(2) x U(1). The gauge-boson sec-
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tor of this Lagrangian is particularly interesting because anomalous three-, four- and
higher-gauge-boson self-interactions as well as gauge-boson-Higgs interactions are in-
duced. We have mentioned above that in the SM the structure of the gauge-boson
vertices is highly restricted. There exist triple- as well as quartic-gauge-boson cou-
plings all of which are fixed by the coupling constants of SU(2) and U(1), see for
instance [1]. At tree-level the triple couplings YWW, ZWW and only the quartic
couplings WWWW , AyWW , vZWW and ZZWW occur. Furthermore, as we have
seen in Section 2.2 in the SM the interactions of gauge bosons with the Higgs boson
are determined by the covariant derivative acting on the Higgs field.

In the ELb approach in Chapter 6 we consider the leading order operators of
dimension higher than four, that is of dimension six (cf. [36]), that are built from
electroweak gauge fields or from electroweak gauge fields plus the SM Higgs field.
There are ten such operators, four of them CP violating. This leads to ten new
coupling constants h;, which parameterise deviations from the SM. It is assumed
that the new-physics scale A is large enough such that operators of dimension six
already give a good description of the high-scale effects. To keep the number of
anomalous couplings within reasonable limits we exclude all non-SM operators that a
priori involve fermions. Nevertheless, the purely bosonic anomalous couplings change
the gauge-boson-fermion interactions in the following way: After EWSB the pure
boson operators contribute to the diagonal as well as off-diagonal kinetic terms of the
gauge bosons and to the mass terms of the W and Z bosons. Firstly, this requires a
renormalisation of the W-boson field. Secondly, the kinetic and the mass matrices of
the neutral gauge bosons have to be diagonalised simultaneously to obtain the physical
photon and Z-boson fields as linear combinations of the photon and Z-boson fields
of the effective Lagrangian. This in turn modifies the neutral- and charged-current
interactions. Since all fermion families are affected in the same manner no flavour-
changing neutral currents are induced.

Thus in the ELb approach purely bosonic anomalous couplings influence also the
precision observables from Z decay. In Chapter 6 we exploit this to calculate bounds
on two C'P conserving anomalous couplings from measurements at LEP1 and SLC
and from W-boson measurements. To this end precision observables that are sensitive
to the modified gauge-boson-fermion interactions or to the mass of the W boson are
calculated within the framework of our effective Lagrangian. Less stringent bounds
are obtained from direct measurements of the three-gauge-boson vertices YW W and
ZWW in various processes at LEP2. However, one more C'P conserving coupling
and two C'P violating couplings can be constrained using this data.

In Chapter 6 we also give a detailed comparison of the FF and the ELb approaches
for ete™ — WW. In our ELb approach not only the YWW and ZWW vertices
but also the gauge-boson-fermion vertices and—depending on the scheme used—
the W or Z propagator gets anomalous contributions in this reaction. We show
that nevertheless the results computed in the FF approach in Chapter 5 can be
transformed into bounds on the anomalous couplings used here with ELb. This is
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achieved be defining new effective YW W and ZW W couplings that are specific for the
reaction ete” — WIW. Due to gauge invariance the TGCs [33] Ag{, Ak,, etc. that
refer to the ELb approach and are most commonly used in the literature are related
by well-known gauge relations. These relations change when we use the effective
couplings, which are related to the FF approach.
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Chapter 3

Extended Higgs sectors

Having explained EWSB in the SM and how to search for its essential ingredient,
the Higgs boson, in the preceding chapter we now turn to a class of more general
models, viz., the SM supplemented by one or more additional Higgs doublets. In
its most simple version the fermion content of such a model is assumed to be the
same as in the SM. The same is assumed for the gauge bosons, thereby avoiding to
introduce new fundamental interactions. In principle, EWSB works in these models in
a similar way as in the SM: The Lagrangian contains terms that consist only of scalar
fields. These terms form the scalar potential and are responsible for the symmetry
breaking pattern of the model. Further, with their covariant derivatives the scalars
possess couplings to the gauge bosons, and through Yukawa interactions they couple
to fermions. In EWSB these terms are again responsible for the generation of the
gauge boson and fermion masses, respectively. With increasing number of scalar fields
the number of parameters in the potential becomes soon very large, for instance as
we shall see in Section 3.7 below there are 14 parameters to describe the most general
potential with two Higgs doublets and 54 for three doublets—in contrast to only
two parameters for one doublet. Therefore the characterisation of the symmetry
breaking for different regions in parameter space becomes increasingly complicated,
cf. the simple conditions (2.9) in the SM. We present a formalism for the analysis
of stability and spontaneous symmetry breaking in models with n Higgs doublets
(n > 2) without introducing other non-SM particles. There exists a vast amount of
literature on the THDM where typically the number of parameters of the potential
is restricted by continuous or discrete symmetries. For instance in [112] a detailed
discussion of the symmetry breaking pattern for different regions in parameter space
is given for the THDM where a Zs symmetry is imposed on the Higgs potential.
In contrast, we consider the most general potential here. Our results agree with
those of [112] if we impose the conditions on our parameters such that the potential
is invariant under that discrete symmetry. Moreover, our formulation of the criteria
for EWSB and stability of the potential is more stringent than usually in the literature.
Interestingly, our formalism can be applied for any n > 2 without further complicacies.
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The analyses of this chapter will be considered in a future work [31]. We remark that
the results of this chapter are not required for the subsequent chapters of this thesis.

Given the fact that theoretically the mechanism of EWSB in the SM with one
Higgs doublet is well working, and that experimentally not even one fundamental
scalar particle is known yet, what are the motivations to consider an extended Higgs
sector? Firstly, a promising candidate for a theory that solves the naturalness (or:
fine-tuning) problem, see Section 2.4, and has a higher symmetry than the SM is
the MSSM, for reviews see e.g. [10] and for its theoretical foundations see [11]. Also
the MSSM contains fundamental Higgs particles that are responsible for the gener-
ation of masses. In this model at least two scalar doublets are required to obtain
an analytic superpotential and to avoid triangle anomalies. Supersymmetry imposes
many relations between the parameters of the potential of the most general model
with two doublets. Secondly, the lower bound on the Higgs-boson mass in the SM,
myg > 114.4 GeV, is too high for the electroweak phase transition in the early uni-
verse to provide the thermal instability that is necessary [113] for baryogenesis, for
a review see [114]. Models with additional scalar particles are more promising than
the SM [114]. Thirdly, larger Higgs sectors can improve gauge-coupling unification
at high scales [115]. Last but not least, given the large spectrum of fermion masses
and the fact that the fermion-scalar interactions are responsible for their generation,
the idea does not seem too abstruse that several scalar particles are involved in this
mechanism. There are three known generations of fermions so why shall there exist
only one Higgs boson?

One may therefore consider a general representation x of scalar fields under the
electroweak gauge group SU(2) x U(1). Such a representation may be reducible and
consist of complex unitary and real orthogonal parts. However one can show [116]
that without loss of generality it can be assumed that x carries a real orthogonal
representation of SU(2) x U(1). For the THDM this correspondence is demonstrated
in Appendix B of [117]. The scalar potential is then assumed in [116] to have a
non-zero vacuum expectation value

v = (0]x0) #0 (3.1)

and to leave the electromagnetic subgroup U(1)e, unbroken as usual. We use the
boldface letter here in order to signify that v is a vector. One can then compute
particle masses and couplings for an arbitrary representation y. However, only some
representations are allowed in order to be in agreement with experimental data. The
main restrictions originate from the absence of flavour-changing neutral currents, and
from the accurately measured p-parameter, which relates the masses of the W and
Z bosons to the weak mixing angle, see (2.21). The first condition is guaranteed if all
quarks of a given charge receive their masses from the vacuum expectation value of
the same Higgs boson [118]. Since we analyse only the scalar potential in this work
and do not specify the Yukawa interactions this condition is not relevant here. The
second condition has the following consequences: In the SM we have at leading order
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p =1, see (2.22). For an extended Higgs sector with arbitrary representations under
the electroweak gauge group the gauge-boson masses my, and myz can get further
contributions from other than the SM representation. It is convenient to consider
the real representation y as a unitary representation of the same dimension and to
decompose it into representations (¢, y), where ¢ and y are the weak-isospin and weak-
hypercharge quantum numbers, respectively, cf. Appendix A of [116]. We have

1 3

t=0,-,1, -, ...
727 727 )

ye, (3-2)

where (Q is the set of rational numbers. Then the squared gauge-boson masses,
see (2.43) in [116], are given by

my, = % (i) Z [t(t+1)—y?] (v P(t,y)v), (3.3)

S
W ty

m, = () S0 (Pt 0) (3.49)

where P(, y) is the projector on the subspace with representation (¢, 7). The positron
charge e, and the sine and cosine of the weak mixing angle s, and ¢, are defined in
terms of the gauge couplings g and ¢’ as in the SM, i.e. according to (2.14) to (2.16).
It is shown in [116] that

v P(t,y)v #0 only for y=—t,—t+1,..., ¢ (3.5)

Inserting the expressions for my, and my in the definition (2.21) one obtains [116]

) Tt 1) =] (0"Pty)e) 56
S 20 (0P y)0)

where v is the vector of vacuum expectation values in the product space of all repre-
sentations. To obtain p = 1 one can either fine-tune the parameters of the potential
in order to get the right vacuum expectation values, which seems rather unnatural.
We do not consider this option here. Or one can only allow those representations
in the sums (3.6) that separately lead to p = 1. There are infinitely many such rep-
resentations [119], starting with the singlet with ¢ = 0 and y = 0, the doublet with
t =1/2 and y = £1/2, and the septuplet with ¢ = 3 and y = +2. From each of these
representations one or more copies are allowed in order to be consistent with p = 1.
Further, all representations with

y#£—t,—t+1,...,t (3.7)

can occur because they do not enter the sums (3.6). A rather simple possibility to
extend the Higgs sector of the SM is to include further Higgs doublets. Even in these
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models the shape of the scalar potential depends on many parameters and can be
quite complicated. As mentioned above it is the potential that is responsible for the
scalar self-interactions and—together with the interaction terms of the scalars with
the respective particle—for the generation of the masses. Therefore one is interested
in the conditions that one has to impose on these paramters in order to render the
potential stable and to guarantee symmetry breaking to U(1)ey,. For simplicity we
restrict ourselves to two doublets, i.e. study the THDM, in the first part of this chapter
and then generalise most of our arguments to the case of n doublets. The THDM
is possibly the simplest extension of the SM. We remark that in all cases only three
degrees of freedom re-appear as longitudinal modes of the massive gauge-bosons. All
other degrees of freedom are in general discoverable as physical Higgs bosons, i.e.
with each additional doublet four (real) scalar degrees of freedom are added to the
model. For instance in the THDM, there are altogether five Higgs particles, viz., three
neutral Higgs bosons h, H (where conventionally m;, < my) and A, as well as two
charged Higgs bosons H*. If the Higgs potential is CP conserving the neutral mass
eigenstates can chosen to be also C'P eigenstates, i.e. there are two scalar bosons h
and H, and one pseudoscalar A. As mentioned in the Introduction the exploration of
the phenomenology in a model with n Higgs doublets is beyond the scope of this work.
Note that for this purpose a mere study of the scalar potential is not sufficient; rather
all interactions of the Higgs bosons with gauge bosons and fermions would have to be
included in the analysis in order to determine their production and decay mechanisms.
However for the THDM there exist various studies, for instance for the rare decay
t — ¢y [120]; for an overview and further references see e.g. [121]. For the MSSM
a large number of Feynman rules involving Higgs bosons is derived in [122]. The
phenomenology of the Higgs bosons in the MSSM is further developed in [123]. We
remark that in models that possess an extended Higgs sector (and may also contain
further non-SM particles) for certain regions of the parameter space there often exists
one neutral Higgs boson that behaves somewhat similarly to the SM Higgs boson. For
this particle then many of the results in Sections 2.3 and 2.4 apply. For instance, the
MSSM Higgs sector is described by two parameters, which can chosen to be the mass
of the pseudoscalar boson m 4 and the ratio tan 3 of the vacuum expectation values
of the two Higgs doublets. In the limit my4 > my (decoupling limit)—in practice
ma 2 200 GeV is sufficient [43]—one neutral Higgs boson h is light and has the same
couplings as the SM Higgs boson whereas the other Higgs bosons H, A and H*
are heavy and decouple. If there exist light supersymmetric particles that couple
to h it may be comparatively easy to distinguish A from the SM Higgs boson; this
is because h can decay into these particles if kinematically allowed. Further, if the
light supersymmetric particles couple to photons (gluons) the one-loop yyh (ggh)
coupling is modified by their contribution to the loop. In the first case the branching
ratios of h differ from those of the SM Higgs boson, in the second case even the
corresponding decay rates change. If all heavy Higgses are beyond kinematical reach
in the decoupling limit, such precision measurements are the only way to distinguish h
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from the SM Higgs boson. Notice that at an ete™ collider the heavy Higgs states can
only be produced pairwise in the decoupling limit so that the kinematical limit may
be the more relevant. However, at a v collider resonant H and A production [51]
is possible so that a direct observation is possible for m < 0.8y/s where /s is the
c.m. energy of the two-electron system.

The OPAL collaboration has performed a parameter scan for the C'P conserving
THDM [8] and excluded at 95% C.L. large parts of the region where

1 GeV < my <100 GeV,
5GeV <my <2TeV,
—m/2 <a<0,

0.4 < tanpg < 58.0.

Here « is a mixing angle for the two states h and H. Further, the region where

1 GeV S my, S 44 GeV,
12 GeV < my < 56 GeV

is excluded at 95% C.L. independent of @ and tan § within the scanned parameter
space. In a combined analysis [9] of the four LEP collaborations a lower bound on
the mass of the charged Higgs in models with two Higgs doublets like the THDM or
the MSSM,

at 95% C.L., is determined. In another analysis [12] of the four LEP collaborations
signals for neutral Higgs bosons at different benchmark points of the MSSM were
searched for. Here the limits

mp > 91.0 GeV,
my > 91.9 GeV

at 95% C.L. are obtained. Under the assumption that the stop-quark mixing is
maximal and with “conservative” choices for other MSSM parameters the region
0.5 < tan 3 < 2.4 is excluded at 95% C.L.

In this chapter we procede as follows: In Section 3.1 we present the Lagrangian
for the THDM. We introduce our notation for the Higgs potential, which is expressed
in terms of bilinears in the fields. In Section 3.2 we analyse the conditions for the
stability of the potential. In Section 3.3 we derive expressions for the location of
the stationary points of the potential. The conditions for spontaneous symmetry
breaking down to the electromagnetic gauge group U(1)en are given in Section 3.4.
In Section 3.5 we specify the potential after EWSB in our notation. In Section 3.6 the
results are then applied to various models with two Higgs doublets in the literature,
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where the potential considered is usually not the most general one. In Section 3.7
we present the generalisation to n doublets of the criteria for stability and EWSB.
We present an outlook about the matters of this chapter in Section 3.8. In part this
chapter is based on unpublished notes by O. Nachtmann.

3.1 The general Two-Higgs-doublet model

We denote the two complex Higgs-doublet fields by

os(z) = ( Pj.+1/2() ) (3.9)

(‘Ojvfl/2 ('r)

with 7 =1,2. Hence we have eight real scalar degrees of freedom. We assume
both doublets to have weak hypercharge y = 1/2. The most general SU(2) x U(1)-
invariant Lagrangian for the THDM can be written as

gTHDM = g(p + gyuk -+ gl, (39)

where the pure Higgs-boson Lagrangian is given by

Lo =Y (Dup)' (D'¢)) = Vg1, ¢2). (3.10)

j=1,2

This term replaces the third and fourth terms in the SM Lagrangian (2.1). Further,
Ly are the Yukawa-interaction terms of the Higgs fields with fermions. These
terms replace those of the third line in (2.1). Finally, .2’ contains the terms of the
SM Lagrangian without Higgs fields. We do not specify Zyy and £’ here since
they are not relevant for our analysis. The Higgs potential V' in the THDM will be
specified below and extensively discussed in this chapter. The covariant derivative
acts on the Higgs doublets as in (2.6). We remark that in the MSSM the two Higgs
doublets carry hypercharges y = +1/2 and y = —1/2, respectively, whereas here we
use the conventional definition of the THDM with both doublets carrying y = +1/2.
However, our analysis can be translated to the other case (see e.g. (3.1) in [122]) by
expressing

901]' = Ein{'*, (311)
p2; = Hj, (3.12)

where H; and H, are the Higgs doublets of the MSSM, and ¢ is given in (2.5). The
most general gauge invariant and renormalisable potential V' (¢, ¢2) for the two Higgs
doublets ¢ and ¢, is a Hermitian linear combination of the following terms:

elos,  (ele)) (vler), (3.13)
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where ¢, j, k,l = 1,2. Thus V contains 14 real parameters. To explore the properties
of the potential such as its stability and its spontaneous symmetry breaking it is
convenient to introduce the following gauge invariant expressions:

KO = @;TQOJ'T, Ka = SO;rU?kSOkra (314>

where ¢ are the Pauli matrices and a = 1,2, 3. Here and in the following, summation
over repeated indices is understood unless explicitly specified. We then have

Kl = K,, Kl =K, (3.15)

a

and, using vector notation
Koy >0, K} - K*>0. (3.16)

These two inequalities can e.g. be shown by defining the Hermitian matrix

K=-(Ky+K"'r), (3.17)

1
2
whose components are

Kji = ¢3rpl (3.18)
The matrix K ;; is positive semi-definite, and the inequalities (3.16) follow from the

fact that tr/X > 0 and det K > 0, respectively. The terms (3.13) can be expressed
in Ky and K, through the following relations:

Plor = (Ko+ K3)/2,  @hos = (Ko — K3)/2, (3.19)
Plos = (K +iK3) /2, @hor = (Ky —iK))/2.
Moreover, note that for a given Hermitian and positive semi-definite matrix /&, one
always finds fields ¢; obeying (3.18). Hence for given K, and K with K, > 0 and
K? > K? there always exist fields ¢; obeying (3.14). Therefore the most general

potential can be written in terms of the four Hermitian quantities Ky and K, as
follows:

Ve, p2) = Va4 Vi, (3.20)
Vo = &Ko+ €TK,
Vi = nooK§+2Km" K + K.nuKp,

where the 14 independent parameters &y, &4, Moo, e and 7q(= M) are real. We
subsequently write E := (74,). Under a unitary transformation

©1 UnUs ©1
N 3.21
(@2) (U21U22)(<P2) ( )
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the bilinears (3.14) transform as

Ky — Ko, (3.22)
Ka B— Rab(U>Kb7

where Ry, (U) is defined by UTr?U = R, (U)7°. The matrix R(U) has the properties

RY()R(U) = 1, (3.23)
det R(U) = 1, (3.24)

where 1 denotes the 3 x 3-unit matrix. The form of the Higgs potential (3.20) remains
unchanged under the replacement (3.22) if we perform an appropriate transformation
of the parameters

& — &, (3.25)
¢ — RV,

Moo —— Too,

n — R'(U)n,

E — RYU)ER(U).

Moreover, for every matrix R with the properties (3.23) and (3.24), there is a unitary
transformation (3.21). We can therefore diagonalise F, thereby reducing the number
of parameters of V' by three. The Higgs potential is then determined by only 11 real
parameters.

In the following sections we derive bounds on the parameters of the potential that
result from the condition that

e the potential V is stable,

e we have spontaneous symmetry breaking of SU(2) x U(1) down to U(1)en.

3.2 Stability

According to Section 3.1 we can analyse the properties of the potential (3.20) as a
function of Ky and K on the domain determined by Ky >0 and K > K 2. For
Ky > 0 we define

k=K/K,. (3.26)

In fact, we have Ky = 0 only for ¢ = 0. From (3.20) and (3.26) we obtain for Ky > 0
Vo = Ko(&+E&Tk), (3.27)

Vi = K2(K) (3.25)

J(k) = now+2n"k+k"Ek, (3.29)
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where |k| < 1. For Ky =0 we have V = 0.

The stability of the potential is determined by the behaviour of V' in the limit
Ky — o0, hence by the sign of J(k) in (3.28). If J(k) < 0 for some k the theory
is unstable. If J(k) > 0 for all k and J(k) =0 for at least one k the stability is
determined by the second order terms V5 and loop-corrections to the potential. Here
we assume that

J(k) >0 for all k| <1, (3.30)

which leads to V' — oo for Ky — oo in all directions k and therefore guarantees the
stability of the potential. One immediate conclusion about the parameters of the
potential is

Moo > 0, (331)

which follows from J(0) > 0.

More generally, to assure (3.30) it is sufficient to have J(k) > 0 for all stationary
points of J(k) on the domain |k| < 1, and for all stationary points on the bound-
ary |k| = 1, because among the stationary points there are the minima of J(k). In
addition to (3.31), this leads to further bounds on 79, 1, and 7,5, which parameterise
the quartic term Vj of the potential. For |k| < 1 the stationary points—if there are
any—must fulfil

Ek = —n. (3.32)

If det E' # 0 we explicitly obtain
J<k>|stat = Too — 77TE71"7 if 1- 77TE7277 > 07 (333)

where the inequality follows from the condition |k| < 1. If det E = 0 there can exist
one or more “exceptional” solutions k of (3.32). They, again, have to obey |k| < 1.
For |k| = 1 we must find the stationary points of the function

F(k,u) = J(k)+u(l—k*), (3.34)
where u is a Lagrange multiplier. Those are given by
(u— E)k =mn, k| = 1. (3.35)
For generic values of u such that det(u — E) # 0 the stationary points are given by
k(u) = (u—E)'n, (3.36)
and the Lagrange multiplier is determined from the condition k*k = 1 after insert-

ing (3.36):
1-n"(u—E)?n=0. (3.37)

We thus obtain the (formal) solution
J (k) |stat = w4100 + 1" (u — E) 'y, (3.38)
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where u is a solution of (3.37). Also for |k| =1, depending on the parameters 7,
and 7y, there can be exceptional solutions (k, u) of (3.35) where det(E — u) =0, i.e.
where u is an eigenvalue of F.

For generic values of u the two cases |k| < 1 and |k| =1 can be merged in the
following way: Using (3.34) and (3.36) we define a function

fu) == F(k(u),u), (3.39)

with k(u) as in (3.36). This leads to
flu) = wtnw+n'(u—E)"n, (3.40)
fllu) = 1=m'(u—E)"n. (3.41)

Altogether, the statement (3.30), which guarantees the stability of the potential, is
then equivalent to the three conditions:

(L.1) f(0)>0if f/(0) >0
(I.2) f(u) > 0 for all uw where f'(u) =0,

(I.3) J(Kexcept) > 0 for all exceptional stationary points Kexcept, i-€. for all solutions k
of (3.32) if detE = 0 and for all solutions (k,u) of (3.35) with det(u — E) = 0.

In a basis where F = diag(u1, p2, 113) we obtain:

f(w) = u+ne+ Z ﬁa,u (3.42)
/ o _ na
fllu) = 1 2 e (3.43)

The derivative f’(u) has at least 2 and at most 6 zeros. The shape of f(u) and f'(u)
for a set of parameters where it has 6 zeros can be seen in Figure 3.1. Notice that in
this basis there are no exceptional solutions if all three components of ) are different
from zero.

From the three conditions (I.1) to (I.3) we implicitly obtain bounds on the pa-
rameters 7y, 7, and 7,. However, for the most general quartic term V, of the
potential (3.20) it is not straightforward to write down these bounds ezplicitly. Nev-
ertheless, for more specific models this can be done. As an example we consider
the THDM of [42] with the Higgs potential

Ve, ¢2) = M(elor — U1) + Ao (o2 — U%)Q (3.44)
%%%%w—ﬁ+%w—@)+M«dwﬂ@w%ﬁdwﬂ@wn
2 2
+ A5 (Re(goLpQ) — V13 COS §> + X (Im(gp}pQ) — V1V Sin f)

+ A7 (Re(d@) — U102 COS f) (Im(d%@z) — v102 8in f) ;
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which contains nine real parameters if we do not count the constant. It is the most
general potential that breaks the discrete symmetry

Y1 — —¥1, P2 — P2 (3.45)

only softly. In the specific case where £ =0 C'P is conserved in the Higgs sector. If
As = Ag and A7 = 0 the phase £ can be eliminated by phase transformations of the
doublets such that C'P is conserved as well. For various restrictions on the THDM
by symmetries see e.g. [121]. Dropping the constant term, we put the potential into
the form (3.20) using the relations (3.19). Then,

1
Mo = 7+ A2+ 42+ ), (3.46)
1 0
n = 1 0 )
Al — Ao
1 2(As — Aq) A7 0
E - g )\7 2(/\6 - /\4) O
0 0 2(A1 + A2 — \y)

From (3.40) and (3.41) we obtain

1 (A — Xg)?
= —(A Ao+ 4N+ A 3.47
flu) = ut gt dd+ A+ ey (347

A — Ao)?
fllw) = 1- M = A) 5 (3.48)
(4U - ()\1 + A — /\4))
We introduce the abbreviations
1 2

Ria =5 (de e Vs = 202 +22). (3.49)

Applying the three conditions (I.1) to (I.3) after (3.41) to the functions f(u) and f'(u)
and to the exceptional stationary points we obtain the following conditions for the
stability of the potential:

AL+ A3 > 0, Ao+ A3 > 0, (350)
and, for x = Ay, K1, Ko, either
2 min(A, A2) < z, (3.51)

or
r < 2min(Ag, Aa),
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—2X3 — 20/ (A1 F A3) (A 4 A3) < 2 < =23 + 20/ (A1 + As)(Ag + Ag). (3.52)

In particular, if Ay, A9, A3, A4, K1, k2 > 0 these conditions are fulfilled. They can then
be rewritten as:

)\1, )\2, )\3, Ay > 0, 4 5)g > )\% (353)

That means, if (3.53) holds the conditions (3.50) to (3.52) are fulfilled and the po-
tential is stable. For the case A7 = 0 we can replace k; and k2 by A5 and Ag in (3.50)
to (3.52). Then (3.50) to (3.52) are in particular fulfilled if \; > 0 fori=1,...,6.

The potential in [112] is even more specific since it is invariant under (3.45). Ap-
plying the stability conditions (I.1) to (1.3) after (3.41) to their potential we reproduce
their result, equation (2).

3.3 Location of stationary points

After our stability analysis in the preceding section we now determine the location
of the stationary points of the potential, since among these points there are the local
and global minima. To this end we define

(5) (8 =(31) o

In this notation the potential (3.20) reads

e

V=K §é+K EK, (3.55)
and is defined on the domain o
K ¢K >0, (3.56)
with
N 1 0
g:(o _1). (3.57)

The stability condition (3.30) is equivalent to V; > 0 for all allowed K and K, # 0,
i.e. it is equivalent to
K'EK >0 (3.58)
for all K with K §K > 0 and Ky # 0.
The stationary points of V' for |k| < 1 are given by
1~

EK = —3€ K'GK > 0. (3.59)

For det £ # 0 we obtain the unique solution

~ 1~ ,~
K = —§E‘1£, (3.60)

23



provided that
€ EGEE€ >0, (3.61)

and no solution if (3.61) does not hold. The potential at the stationary point is
1T~ .~
V|stat = _16 E 15' (362)

This does not change if we make the replacement (3.25). The second derivative

% =2F (3.63)

determines whether (3.60) is a local minimum, a local maximum or a saddle. In the
case det £ = 0 we may have exceptional solutions of (3.59).

The stationary points of V' on the boundary |k| = 1 are stationary points of the
function

F(K,u) =V -uK jK, (3.64)
where u is a Lagrange multiplier. The stationary points of F are given by
(ug— B)K = -& K GK =0. (3.65)
For generic values of u with det(uj — E) # 0 we obtain
K(u) = %(ug ~-E)'E (3.66)

The Lagrange multiplier is determined from the second equation of (3.65) by insert-
ing (3.66):

€ (ug—E) 'g(ug— E) '€ =0. (3.67)
Note that the solutions to this equation do not change if we make the replace-
ment (3.25) and leave § unchanged.

There may be up to 4 values u = ji, with a = 1,...,4 for which det(uj — E) = 0.
Depending on the potential some or all of them may lead to exceptional solutions
K eyeept Of (3.65).

Also for the more general case, viz., det(ug — E) = 0 or det(ug — F) # 0, we find
that under the replacement (3.25) the Lagrangian multipliers u belonging to solutions
(u, K ) of (3.65) remain unchanged. Moreover, the same Lagrangian multipliers belong
to the same values of the potential before and after such a replacement.

For all stationary points K with |k| < 1 (whether det E = 0 or det E # 0) and all
stationary points (u, K) with |k| = 1 (whether det(ug — E) = 0 or det(ug — E) # 0)
the potential at the stationary point is given by

—_

Vsas = §I'€T£ - K FK. (3.68)
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From the stability condition (3.58) we therefore have for all stationary points with Ky # 0:
Vstar < 0. (3.69)

Similarly to the stability analysis in Section 3.2 we can reformulate the criteria for
the extrema of V' for both |k| < 1 and |k| =1 in terms of one function

f(u) = F(K(u}, u), (3.70)
where K (u) is the solution (3.66). It follows:

f) = & (wi-B)'E (3.11)

—1. -1z

fw) = 1€ (wi— B)'9(us - B)'E (3.72)
Then we have for the stationary points of V:
(IL1) Vlgar = f(0) if f(0) < 0 and det E # 0,
(IL2) Vlsat = f(u) for all u for which f’(u) = 0 and det(ug — E) # 0,

I1.3) there may exist exceptional solutions K except Of (3.59) if det E = 0, and of (3.65
p
with u = fi,.

If all values fi, . . ., jis are different we can diagonalise the matrix §E in the following
way:

GE =" jiP,, (3.73)
where P, are quasi-projectors. They obey

b, = 1, ]15a115b:{ P for - (3.74)

where a,b=1,...,4. In terms of the P, (3.71) and (3.72) read

flu) = iz %, (3.75)
ry . 1 éTfPagé
fu) = —sz (3.76)
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3.4 Ciriteria for electroweak symmetry breaking

Here we assume J(k) > 0 to guarantee that the potential is stable, see Section 3.2.
We now distinguish two different cases. First consider the case {, > |€|. From (3.27)
we get V =V5+4V,; >0 for Ky > 0. Hence the global minimum is V(K = 0) = 0.
Since Ky = 0 corresponds to ¢ = 0 no symmetry is spontaneously broken. Second
consider

o < |€]. (3.77)
Here we obtain o1
N T
—8K0 ke fixed, = &) + 6 k<0 (378)
Ko=0

for some k, i.e. the global minimum of V' lies at ¢ # 0. Therefore the full gauge group
or a subgroup is spontaneously broken.

In the following we impose the condition (3.77). However, to obtain spontaneous
symmetry breaking down to U(1)., leads to further conditions to be investigated
now. We denote the vacuum expectation values, i.e. the fields at the global minimum
of the potential V| by

v = (). (3.79)
In general the vj, are complex numbers. To exhibit the consequences of electromag-
netic gauge invariance we consider the matrix (3.18) at the global minimum:
Kyl = v, (3.80)
Now we distiguish two cases: First let the global minimum of V' occur at Ky > | K.
Then det K |\, > 0, see Section 3.1. Since we have

2
det K|min = (Ul,+1/2 Vg,-1/2 — V1,-1/2 02,+1/2) ) (3-81)

< U1,41/2 ) : ( V1,-1/2 ) (3.82)
V2,41/2 V2,—-1/2

are linearly independent. Then there is no transformation (3.21) such that both
v1,+1/2 and v, 4172 become zero. This means that the full gauge group SU(2) x U(1) is
broken. Second consider the case where the global minimum of V" occurs at Ky = |K|.
Then the rank of the matrix K|, is 1 and the vectors (3.82) are linearly dependent.
After performing a global SU(2) x U(1) transformation we achieve

U1,+1/2 —0 V1,—1/2 0 3.83

< V2,+1/2 ) ’ ( U2,-1/2 ) 70, ( )

and identify the unbroken U(1) gauge group with the electromagnetic one. By a
transformation (3.21) we can achieve that

( U1,-1/2 ) — ( vo/ V2 ) , vy > 0. (3.84)
Va,—1/2 0
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In a basis where (3.84) holds the matrix £ is in general not diagonal.
In short, the assumption of spontaneous symmetry breaking of SU(2) x U(1)
down to U(1)en in an arbitrary basis of the scalar fields leads to the conditions

(IIL.1) & < €] and
(II1.2) Ky = | K| for the global minimum of V.

The first condition is a direct constraint on the parameters in the quadratic term V5 of

the potential. In the following we want to investigate the bounds on the parameters

in V5 and Vj that result from the second condition. We consider this problem in a

more general way and derive various statements involving two stationary points.
Assume that each of the two points

15:<12’2), dz(‘f;) (3.85)

with pg > |p| and gy > |q| is either a solution of (3.59), i.e. a stationary point of V/,
or, together with an appropriate Lagrange multiplier, a solution of (3.65). We define

§:=p—q. (3.86)
From (3.68) we then find the following implication:
Vip)<V(@ = 3§é<o (3.87)
Assuming pg > |p| and ¢qo > |g| we further find, using (3.59) and (3.68),
Vp)sV(G = §EZO. (3.88)

In particular, the upper inequalities hold if p is the global minimum of V. Thus, if
there is a stationary point of V (K) on the domain |k| < 1, the matrix £ and therefore
the second derivative (3.63) of V' must have at least one negative eigenvalue. This is
true whether or not det £ = 0. Therefore a stationary point of V for |k| < 1 must
be a local maximum or a saddle but it cannot be a local minimum. Furthermore, for
po > |p| and qp > |g| we have ~

s'¢=o. (3.89)

Therefore at two stationary points of V' with |k| < 1 the potential takes the same
value. For pg = |p| and qo > |q| we find

§'¢ = —2up"4q, (3.90)

where u is the Lagrangian multiplier for p. Relation (3.90) holds in particular if p
is the global minimum. Let uy be the corresponding Lagrangian multiplier. In the
following subsection we will see that in a particular basis for the scalar fields the
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positivity of the charged Higgs mass implies a positive Lagrangian multiplier ug for
the global minimum. However, as we have seen in Section 3.3, ug is the Lagrangian
parameter for the global minimum in any basis. We thus have from (3.87) and (3.90)

PG>0, (3.91)

where py = |p| is the global minimum and ¢y > |g| is a stationary point of V. Ac-
cording to our above argument this stationary point cannot be a local minimum.

3.5 Potential after electroweak symmetry break-
ing

Now consider a potential which fulfils the stability conditions (I.1) to (1.3) (see after
(3.41))—and therefore (3.30)—and leads to the desired symmetry breaking pattern,
i.e. obeys (III.1) and (IIL.2) (see after (3.84)). We choose a basis for the scalar fields
such that for the vacuum expectation values relations (3.83) and (3.84) hold. We use
a unitary gauge with the gauge conditions

pr12(2) = 0, (3.92)
Img _1p2(x) = 0, (3.93)
Re @1’_1/2(1') Z 0. (394)

Similarly as in the SM, see (2.11), we introduce a shifted Higgs field
p(x) == V2Re g1 _1/2(x) — vp. (3.95)

Then the two Higgs doublets are

o= 75 (o ) e0=(0mi ) 6w

In addition to p’ there are two more neutral Higgs fields
B = V2Re o _1/2, R :=v/21Im ©a,_1/2, (3.97)
and the charged fields
Hy = 92412, H_ = er- (3.98)

It is convenient to decompose K according to the power of the physical fields they
contain _ ~ _ _
K:K0+K1—|—K2, (399)
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,US/Q pl p12 + 2H_H+ + h/2 + hl/2
~ 0 ~ hy ~ 1 20'h
KO_ 0 7K1_U0 hIOO/ 7K2:§ 2pplh/l
U%/Q p/ p,2—2H,H+—h/2—h”2
(3.100)

By ug we denote again the Lagrange multiplier corresponding to the global minimum

of V. From (3.65) we have
L S

From the explicit expressions (3.100) we further have
~T =~ ~ T ~
K K, =0, K,jK, =0. (3.102)
Using (3.99) to (3.102) we obtain for the potential (3.55)
V= Vio)y + Vig) + Viz) + Vi), (3.103)

where V| are the terms of kth order in the physical Higgs fields

Vip = (& +&)up/4, (3.104)
Vo = K,EK, +2uK,jK,, (3.105)
Vs = 2K, EK,, (3.106)
Vi = K,EK,. (3.107)
From (3.104) and the requirement V{5 < 0 we obtain
o+ &3 <0, (3.108)

to supplement the condition (3.77). From (3.101) and v > 0 we obtain the condition

Moo + 733 + 213 > 0. (3.109)

Two of the four equations (3.101) give the vacuum expectation value and the Lagrange
multiplier in terms of the potential parameters:

vg _ So+&3 o = &3(ns + n00) — o(ns + 7733). (3.110)

oo + s + 213 So+&3

The remaining two equations can be written:

& = —vg(m + ms), & = —v5(n2 + 1m23). (3.111)
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In general there is more than one solution of (3.67) for the Lagrange multiplier. Here
we have assumed that wug corresponds to the global minimum of V' and chosen the
basis of the Higgs fields accordingly, cf. (3.84). Therefore u can be uniquely expressed
in terms of the potential parameters as done in (3.110).

The second order terms (3.105) determine the masses of the physical Higgs fields:

/

1 P
VY(Q) - é(p,’ h,’ h”)M?leutral ' + mghargedH—H-f—a (3112)
B
with
—&0— &3 —& —&
Mieutral = 2 _§1 U§<U0 + 7711) Ugmz s (3113)
—&2 Vg2 0§ (o + 122)
mgharged = QUOUS' (3114)

Generically the mass terms (3.112) contain 7 real parameters. From (3.113) and (3.114)
we see that all 7 parameters are in fact independent in this model. From the condition
that 11%,,.5q 18 POsitive we obtain, using (3.108) and (3.110),

§o(n3 + n33) — &3(03 + 100) > 0. (3.115)

From the fact that the masses of the neutral Higgs particles are all positive we have
three conditions one of which can be chosen to be (3.108). The other two are then

w = (uo 4+ nu1)(uo + 122) — iy > 0, (3.116)

g (e e ) (E) > de@re. G

3.6 Examples

Here we apply the general considerations of Sections 3.3 to 3.5 to some specific models.

3.6.1 Higgs potential of Gunion et al.

We first look again at the potential (3.44) from [42]. Assuming A\; = 0 the potential V'
can be written in the form (3.55) apart from constant terms:

V = M+ davs+As (vf+v§)2+)\5va§ cos? E+A\guivs sin? £+KT£+KTEK. (3.118)
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Here we have
— M7 — Aov3 — 23 (v% + U%)
T

— 50102 COS § = Moo M
—A\gU1 Vg SIn & E= n E )’ (3.119)

—/\11)% + )\21)%

e
I

with 799, m and E as in (3.46) with A; = 0. For the particular case where \; > 0 for
i=1,...,6, we find § < |£]. Then we have spontaneous symmetry breaking.
The four values of u for which det(ug — E) = 0 are
fiz = (A= Xe)/4,
_ 1 1
fza = 1(2)\3 +A\y) £ 5\/()\1 + A3)(A2 + A3),

A solution of (3.65) and (3.67) is given by

. 0 U1 . 1
(vjr) = ( 0 vye ) ;U= 1)\4- (3.121)

To have a vacuum expectation value of the form (3.84) we perform a transformation

/ : 3
(SO} ) :U(‘p1 ) U:( C(?Sﬁ,f sin e ) (3.122)
h V9 —sine cos 3

with tan 3 = vy /v;, and thereby obtain

vo = ¢/ 2(v? + v3). (3.123)

After this transformation we have

& — ( R(%M ) (3.124)
—2(A1 cos? B+ Ay sin? B) — 43

sin 23 cos & [204 + A5(2sin? Bcos? € — 1) + 2)g sin? 3 sin? f}

4 | sin2Fsiné [2& + 2\5 sin? B cos? & + \g(2sin? Bsin? & — 1)} ’
—2acos 23 — sin? 23(As cos? € + Agsin?€)

<
oo

E' = R(U)ER*(U),

where o = \; cos? 3 — Ay sin® 3. For the entries of the neutral mass matrix (3.113) we

61



(M), = %g [4(A1 cos® B+ Agsin? B) 4 43 + sin® 23(A5 cos® € + Agsin® )] (3.125)
(M?), = %g sin 28 cos§ [—2a — A5(2sin’® Bcos® £ — 1) — 2)g sin® Bsin*¢]
(M?),, = %g sin 2@sin & [—2a — 2A5 sin® B cos® £ — Ag(2sin® Fsin* & — 1)) ,

(M), = %g [(A1 4 A2) sin® 23 cos® € + A5(2sin® Beos® € — 1)* + Agsin® Bsin® 2],
(M2)23 = %g sin 2¢ %()\1 + A2) sin? 23 4 A5 sin? 3(2sin? B cos? € — 1)

+ g sin? 3(2sin? Bsin? € — 1) |,

2
(M2)33 = %0 [(A1 + A2) sin® 23sin® € + A5 sin” Bsin® 26 + Ag(2sin® Fsin® £ — 1)°] .

For the special case £ = 0, (3.124) simplify to

—2(A\; cos? B+ Agsin? 3) — 4\

B 2 . _ By 0 Ej
& — vy sin 23(2ac — A5 cos 2(3) = 0 B, 0 ’
4 0 E, 0 E
—2accos 23 — s sin? 23 13 33
(3.126)
with
1
E, = T [sin 28(A1 + A2 — Ag) + (A5 — Ag) cos® 23], (3.127)
1
E£3 = —g sin4ﬁ(/\1 + )\2 — )\5),
1
By = ZO\G — A1),
1
Eé3 = Z [sinZ 2ﬁ()\5 — /\4) + COS2 Qﬁ()\l + )\2 — )\4)} .
This results in the mass matrix
2 (M), (M), 0
Mneutral = (M2)12 (M2)22 0 ) (3128)
0 0 (M?)
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with

2

M) = %O [4(Acos B+ Agsin® B) +4s + Assin® 28], (3.129)
2

(M2)12 = UEO sin Qﬁ(—Q& + A5 cos 2ﬁ)7
2

(M2)22 = %0 [(/\1 + Ag) sin® 23 4 A5 cos? Qﬁ} ,

2 vé
(M )33 = E)\Ga

where again o = \; cos? 3 — Ay sin? 3.

3.6.2 Higgs potential of Bernreuther et al.
In [124] the potential is

V=V, + (mpim +h(ple)” + H.c.) , (3.130)

where V} is the potential (3.44) with A; = 0 and £ = 0 (rendering it C'P conserving),
and k and h are complex parameters in the notation of the authors. We thus have

Vo= Mol ot + a5 (02 402 + A2+ K €+ K EK, (3.131)
—A0f — A3 — 223 (v} + 03)
é _ —Asv102 + Rek
N —Imk ’
—)\11)% + )\22}%
AL+ Ay +4X5 + Ny 0 0 AL — Ay
P 1 0 s — A+ 2Reh —2Imh 0
4 0 —2Imh X¢ — A\ — 2Reh 0
)\1—)\2 0 0 )\1+)\2_)\4

Apart from constant terms the potential is now in the form (3.55) and can be further
analysed similarly to Section 3.6.1.

3.6.3 Higgs potential of Denner et al.
As a third example we consider the model of [125] where the Higgs potential is

2 2
Vo= —plelor — udebos + X (plen) + A2(phes) (3.132)

1 1
+ X (plen) (whea) + Ma(plen) (her) + 525 (ola)” + 5% (pher)’.
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In this case we obtain

V = Ké+K EK, (3.133)
N1+M2 /2
£ = :
,Uz /2
A§+A§+A3 0 0 A2 — )2
E . 1 0 )\4—|—Re)\5 —Im)\5 0
- 4 0 —Im)\5 )\4—Re)\5 0
22— A2 0 0 M+ 23— X3

Again, having obtained the form (3.55) the potential can now be studied along the
lines of Sections 3.3 to 3.5.

3.7 Generalisation to n Higgs doublets

We now generalise some of the arguments of Sections 3.1 to 3.4 to n complex scalar

doublet fields (@)
_ [ Pji+12T

(x) = 3.134

‘P]( ) ( %0]‘,—1/2(1‘) ) ( )

with j =1,...,n. To define quantities similar to those in (3.14) we need an ap-

propriate basis of Hermitian traceless matrices. We call this basis matrices A* with

a=1,...,n? — 1. Let the A\® be defined in the following way: Consider the n x n ”ma-
trix”

1,2 4,5 9,10 16,17

3 6,7 11,12 18,19

8 13,14 20,21

15 22,23 . (3.135)

24

If a is the first (second) number in a non-diagonal element in (3.135), A* con-
tains 1 (—¢) in this element, 1 () in the transposed element and 0 in all other elements.
If a is a diagonal element, i.e. if a = k* — 1 with k = 2,3, ..., n, we define the diagonal
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matrices

A = =D (1—k) . (3.136)

0

The upper left block contains (k — 1) diagonal entries 1. For the A* we have the usual
normalisation condition

tr (A*A?) = 28, (3.137)

We define a second set of basis matrices A\ that differ from the A only by a normal-
isation factor:

~

A= AN, A>0. (3.138)

For this basis matrices we have
tr(A*\) = 245, (3.139)

We shall specify A only below. Similarly to (3.14) we define the gauge invariant
expressions )
Ko=¢hom  Ka=ohA0m, (3.140)

with a =1,...,n% — 1. Of course, (3.15) remains valid also for n scalar doublets.
Analogous to (3.21) we can perform a unitary transformation on the first index of the

scalars
v — (U®1)p (3.141)

with U € U(n). Then defining R,(U) by
UTAU = Ry(U)N° (3.142)

we find that the bilinears Ky and K, transform as in the case n = 2, see (3.22).
Moreover, (3.23) is still valid for n > 2. Similar to (3.17) we may define a Hermitian
n X n matrix

K= (Ko + KTS\) , (3.143)

1
n
whose components are

1 . .
K= - (5]‘%0;«8% + SDZTrAﬁwer?k) : (3.144)
From the definition (3.140) we see that

Ko > 0. (3.145)
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Because of the transformation properties (3.22), the quantites Ko, K and therefore
K? — K? are invariant under (3.141). In contrast ton = 2, for n > 2 not for all R with
the properties (3.23) there exists a matrix U such that (3.142) is fulfilled. However,
we can perform a transformation such that only diagonal generators contribute to K?:

n

K*=) (Kp1). (3.146)

k=2

We obtain (in any basis)

K’ = %Az ((n —1) zn: (90;[7"90]'1“>2 -2 zn: (@LW) (@L%)) : (3.147)

7=1 i<k

From this it follows

n

K- K*=")_ (90}7»903'1«) M (SOLTSOkr> , (3.148)
k=1
with .
We have
trM = n + 2A%(1 —n). (3.150)
This trace is zero for
n
A=,/ ——. 3.151
2(n—1) ( )

A necessary condition for K2 — K? > 0 is thus given by

n

A 2(n—1)

IN

(3.152)

Setting
n

2(n—1)
for n > 2 (such that A =1 for n = 2) we find

1 n
K2 K?= (1 + ﬁ) > (cp}mojr) (@Lr%) > 0. (3.154)

ik

A

(3.153)

Hence the “minimal” definition (3.153) of the normalisation factor is also sufficient to
obtain K2 — K 2> 0. In the following we therefore apply (3.153) because the inequal-
ity K2 — K* >0 is an important ingredient of our analysis of the scalar potential.

Then we have with (3.139)
tr(ATN) = — 5, (3.155)

n—1
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The general potential for n > 2 can be written

V(er, - von) = Vat Vi, (3.156)
Vo = §0K0+€TK7
Vi = nook§ +2Km" K + KK,

where a and b range from 1 to (n? — 1). The number of real parameters is

2 ()2
3
P(n) = % (3.157)
Notice that the number of parameters rises rapidly, e.g. from P(2) = 14 to P(3) = 54.
Under a transformation (3.141) the parameters of the potential transform according
to (3.25) for all n > 2. Therefore we can diagonalise the matrix 7., by such a trans-
formation. Then the potential is specified by

A

P(n) =3n* -1 (3.158)

parameters. We have e.g. P(2) = 11 and P(3) = 26. Now it is straightforward to
extend the arguments of Sections 3.2 and 3.3 to the case n > 2 by consistently let all
vector and matrix indices run from 1 to n. Also regarding the symmetry-breaking
pattern we find that for & > |&| the absolute minimum of V' is at Ky = 0 such that
no symmetry is spontaneously broken. In the case &, < |€| the full gauge group or a
subgroup is broken.

3.8 Outlook

Let us now give a brief outlook regarding the topic of this chapter. The conditions
for the stability of the Higgs potential and for EWSB are comparatively compact
when the potential is written down in terms of the field bilinears (3.140) with a
normalisation factor as in (3.153). Furthermore, in contrast to many examples in
the literature, they hold for the most general potential with n Higgs doublets where
n > 2.

A very interesting aspect of the phenomenology of such models are sum rules
for the Higgs-boson couplings. Since the component fields of a scalar multiplet in
general have to be transformed by unitary or orthogonal transformations to obtain
the mass eigenstates, the couplings of these states are not arbitrary. Rather there
are restrictions arising from the fact that the transformation matrices are unitary
or orthogonal. Such sum rules are for instance given in [126] for the C'P violating
THDM. There also the implications of these sum rules for Higgs-boson searches at
a future LC and the impact of an extra Higgs singlet on the sum rules are studied.
A sum rule for Higgs boson masses in more general models is derived in [127]. From
unitarity constraints of scattering amplitudes the authors of [128] have calculated sum
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rules for Higgs-boson couplings. Unitarity constraints of partial-wave amplitudes lead
to various sum rules for general representations under the electroweak gauge group
as derived in [129].

Further, apart from the experimentally negligible §-angle, the only C'P violating
parameter in the SM, the Jarlskog invariant [130], is measured to be less than 1074,
see e.g. Section 11 of [2]. Extended scalar sectors can lead to additional explicit or to
spontaneous C'P violation [131], for an introduction and a review see also [132]. For
a concise treatment the interplay between the Higgs potential and the Yukawa terms
has to be studied, see e.g. Chapter 22 of [132].

We also remark that in a more detailed study quantum corrections to the Higgs
potential in a Multi-Higgs-Doublet Model should be taken into account. For the
resulting effective Higgs potential the conditions for stability and symmetry breaking
are then in general modified. Some aspects of radiative corrections for the Higgs
potential in constrained n-Higgs-doublet models are discussed in [133]. A careful
study of these effects as well as a detailed analysis of the phenomenology of Multi-
Higgs-Doublet Models require substantial work on their own and are beyond the scope
of this thesis.
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Chapter 4

Optimal observables

To compute the maximum sensitivity of the normalised event distribution to a set of
parameters in a given process optimal observables are a useful tool. In Section 4.1
we give the definition of optimal observables and explain their properties in case
of a linear approximation in the parameters. Some difficulties can arise using this
method if the final state of the reaction cannot be determined without ambiguities.
The general formulae of how optimal observables behave under a transformation of
the phase-space variables that describe the final state are provided in Section 4.2. It
is then explained how to handle final-state ambiguities. With optimal observables
the errors on the extracted parameters are in general correlated. Moreover, in some
reactions the errors may differ by several orders of magnitudes. For these reasons
one may search for a more suitable parameterisation. In Section 4.3 it is shown how,
by a linear but not orthogonal transformation of the old parameters, a complete set
of new parameters is obtained where the errors are uncorrelated and the parame-
ters are appropriately normalised. This transformation is defined in the following
way: one diagonalises the covariance matrix of the original observables and simulta-
neously transforms the part of the integrated cross section that is quadratic in the
anomalous couplings into the unit matrix. In the new parameterisation one can still
use optimal observables to minimise the statistical errors. Finally, in Section 4.4 we
rather extensively discuss how the simultaneous diagonalisation can be implemented
numerically. We will apply this method in Chapter 5 for the analysis of the sensi-
tivity in the process ete™ — WW to anomalous TGCs at a future LC. There the
optimal-observable technique turns out to be particularly useful when studying the
advantages of longitudinal and transverse beam polarisation.

4.1 Definition

In an experiment one measures the differential cross section

S(¢) = do/do, (4.1)
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where ¢ denotes the set of all measured phase space variables, e.g. the five angles that
are needed to describe the final state of the process ete™ — WW without transverse
beam polarisation or the final state of vy — WW with fixed photon energies. We
distinguish between the information from the total cross section o = [ do and from
the normalised distribution S/o of the events. We first investigate how well anoma-
lous TGCs can be extracted from the latter, and then, at the end of Section 4.3
use o to get constraints on those directions in the space of couplings to which the
normalised distribution is not sensitive. Although it might be convenient to have a
specific example in mind, the considerations in this chapter are, of course, not re-
stricted to anomalous TGCs. The optimal-observable method can be used to any
reaction where the differential cross section S(¢) depends on a certain number of
small parameters, which we generically denote by h; in this chapter and which shall
parameterise deviations from the SM cross section. Furthermore, the method can be
generalised to the case where the parameters to extract are not necessarily small [41].
Expanding S in the anomalous couplings one can write

S(6) = So(0) + 3 Sui(0)hs + D Sus(9)hihy + O(h?), (4.2)

where Syp(¢) is the tree-level cross section in the SM. In this section we assume that
the final state can be fully reconstructed. Note that for our analysis of ete™ — WW
in Chapter 5 and of vy — WW with fixed photon energies in [38] we, however, assume
that the jet charges cannot be identified, which results in a two-fold ambiguity. In
addition, if the photons obey a Compton spectrum another ambiguitiy arises due to
the reconstruction of the neutrino momentum in the final state. To take into account
these final-state ambiguities in the framework of optimal observables one can use the
procedure explained in Section 4.2.

One way to extract the anomalous couplings from the measured distribution (4.2)
is to look for a suitable set of observables O;(¢) whose expectation values

B = - / do SO, (4.3)

are sensitive to the dependence of S on the couplings h;. To first order in the anoma-
lous couplings we have

E[Oi] = Eo|Oi] + > cijhj + O(h?), (4.4)

J

70



with

1
Ey[0] = o de So0; , (4.5)
1 A
Cij = 0_—0 d(b Oislj — (;_—102] /d(b SOOz , (46)

op = /dgb SO s (47)

o = /d¢51j- (4.8)

Here Ey[O;] is the expectation value for zero anomalous couplings, and ¢;; gives the
sensitivity of E[O;] to h;. Solving (4.4) for the set of the h; we get estimators for the
anomalous couplings, whose covariance matrix is given by

V(h) = %c—lvw) ()T, (4.9)

where we use matrix notation. Here N is the number of events, and

1

0
is the covariance matrix of the observables, which we have expanded around its value
in the SM. As observables for the case where the final-state variables ¢ can be fully
reconstructed we choose

S1i(¢)
0, = . 411
500 e
From (4.6) and (4.10) one obtains for this specific choice of observables
V(O) = c+ O(h), (4.12)
and therefore )
V(h) = —c ' +0(h). (4.13)

N

The observables (4.11) are “optimal” in the sense that for h; — 0 the errors (4.13) on
the couplings are as small as they can be for a given probability distribution, see [40].
For details on this so-called Rao-Cramér-Fréchet bound, see e.g. [134]. Apart from
being useful for actual experimental analyses, the observables (4.11) thus provide
insight into the sensitivity that is at best attainable by any method, given a certain
process and specified experimental conditions. In case of one parameter this type
of observable was first proposed in [39], the generalisation to several parameters was
made in [40]. Moreover, it has been shown that optimal observables are unique
up to a linear reparameterisation [41]. We further note that phase-space cuts, as
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well as detector efficiency and acceptance have no influence on the observables being
“optimal” in the above sense, since their effects drop out in the ratio (4.11). This is
not the case for detector-resolution effects, but the observables (4.11) are still close
to optimal if such effects do not significantly distort the differential distributions S;
and Sy (or tend to cancel in their ratio). To the extent that they are taken into account
in the data analysis, none of these experimental effects will bias the estimators.

In the present work we use the method of optimal observables in the linear approx-
imation valid for small anomalous couplings. But we emphasise that the method has
been extended to the fully non-linear case where one makes no a priori assumptions
on the size of anomalous couplings in [41].

Given the projected accuracy at a future LC, it will in general be necessary to
take into account radiative corrections to the process e~et — fifofsfa within the
SM, which have been worked out in detail in the literature [135]. One possibility to
include them in searches for non-standard TGCs would be to “deconvolute” these
corrections. For this write the one-loop corrected differential cross section in the SM
as

Sort.con(6) = / A6’ So(#)F (&, 6), (4.14)

where Sy is the tree-level expression, and the integral kernel can e.g. be obtained
from an event generator by generating events according to both Ssum corr and Sp.
Approximating the true physical cross section as

Sona(6) = / a6 S(¢)F(d, 6), (4.15)

with S given as in (4.2), one could invert this convolution bin by bin, and then extract
the couplings h; from the deconvoluted Born-level cross section S as described before.
The error made in (4.15) is that the SM radiative corrections encoded in F' do of course
not apply to the anomalous part (S — Sp) of the cross section, but this error is of order
h; times the weak coupling constant «,. Should effects beyond the SM be found in
such an analysis, one would in a second step have to consider more sophisticated
methods to quantitatively disentangle them from SM radiative corrections.

4.2 Ambiguities of the final state

In principle there are plenty of possibilities to parameterise a final state in a differential
cross section uniquely, e.g. the usage of angles or Cartesian coordinates, different
choices of reference frames etc. In an experiment one may either be able to specify
a final state uniquely or only with certain ambiguities, i.e. for each event one either
knows from the measured coordinates uniquely which final state it is or one only knows
that it belongs to a group of two or more final states. One example is the two-fold
ambiguity of the semileptonic final states in ete™ — WW or in vy — WW with fixed
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c.m. energy of the two-photon system. Here one usually assumes that the two hadronic
jets cannot be associated unambiguously to the quark and antiquark. Another more
involved one is the reaction 7y — WW where the photons each obey a Compton
spectrum. Here, in addition to the ambiguitiy above, another two-fold one arises
from the reconstruction of the neutrino momentum. This case is considered in [38].
The optimal observables (4.11) are the right choice in case of unique reconstruction.
However, in case of ambiguities the definition (4.11) must be carefully refined. We
now show how the optimal observables behave under change of final-state phase-space
variables and how this definition must be modified in the presence of ambiguities.

We start from a particular set of phase-space variables x that specify the final
state uniquely. The differential cross section in terms of these variables we denote
by S(x). The cross section for another choice of variables ¢ is then given by

7€) = [ @ 5(F () - S, (4.16)

The function F' may take the same value for different y, i.e. for a given & there may
be several solutions y; with kK =1,2,... to the equation

Fxx) =& (4.17)

In general, the number of solutions to (4.17) may vary with £. If £ are the coordinates
that can be measured of an event y, the set of final states y, consists of y itself as
well as all final states that cannot be distinguished from y. From (4.16) we have

T(€) =Y 1Tl S (xk(€)) (4.18)

k

where OF
Jr = det ——(xx(€)) (4.19)

Ix
is the Jacobian determinant taken at point xj. If F' is invertible, there is only one
term in the sum for all £ and (4.18) simplifies to

7€) = |90 (FQ)| S (F(©). (4.20)
X
We expand the differential cross section:
SO0 = S0 + D Sulh + O®?). (4.21)
It follows
T() =To(€) + D _Tul®hi + O(h?), (4.22)
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where

To(€) = Y ITl " Solxk(€)), (4.23)
Tu(€) = > 1Tl Sulxk(€), (4.24)
k

Note, again, that the number of terms in the sums (4.23) and (4.24) can vary with &.
If &—but not necessarily y—are coordinates that can be uniquely measured we define
optimal observables from the expansion of T'(¢):

_ T(§)
To(§)

In the specific case where F' is invertible this is a mere change of coordinates and we
obtain the same observables as in (4.11) but expressed in terms of the new variables:

_ Su (F~1())
So (F7H(8))

However, (4.26) only holds if all final states can be uniquely reconstructed. If there
are ambiguities in the reconstruction but if we have the same Jacobian J = J; for all k&
(which may nevertheless depend on ), J cancels in the numerator and denominator

of the observables (4.25):
_ 25 ((9)
N >k So (xn(€)) 427

If this is not the case we must use the general expressions (4.23) to (4.25).
The covariance matrix of the observables (4.25) is now

(&) (4.25)

0;(§) (4.26)

0i(¢)

1 014
V(O); = o /Adf Th0,0; — 0106271j + O(h), (4.28)
0

where
m::/@%@:/m&m, (4.29)
A B
S /A de Tyy(€) = /B dy Sii(), (4.30)

and the full kinematically allowed integration regions in the coordinates £ and x are
denoted by A and B, respectively. The two integrals oy and o; can be performed in
either coordinates. Using y no knowledge about ambiguities in the reconstruction is
necessary. The first term in the expression of V() needs special care. We divide the
integration region A into parts A, with n = 1,2, ..., such that for £ € A,, there are n
solutions i to (4.17). The domains of B corresponding to the A,, we denote by B,,
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Figure 4.1: Definition of integration areas.

see Figure 4.1. We subdivide B,, into n appropriate regions B,; with k =1,2,...,n,
such that x, € B,,. Note that this subdivision is certainly not unique. We have

(E)O.(€) = 1a(§)Th,(8) _ (6T, (€)
Jaen@oie0,e) = [ ae R

T o T
- [ BER  B ot aa
- [ SR - D e g e
where _
Ty (F(x)) = Xk: 7 Ok (F OO So (x(F (X)) (4.33)
Thi (F(x)) = Xk: 7 O (FOODT S (e (F () (4.34)

with J(x) = detd0F/dx. In (4.31) one can choose for each n a number p, with
1 < p, <n. One of the values xx(F(x)) is, of course, identical to y. This integral
may be calculated either in the form (4.31) or (4.32). Notice that the form (4.32) has
the advantage that one only has to know where in the integration region for y there
are how many solutions, but one does not have to specify B,1, B2, etc. In certain
cases the integrals for n > 2 in (4.31) or (4.32) may be simplified. E.g. let A} with
n > 2 be the part of A,, where the Jacobians J(xx(§)) are the same for all k. The
Jacobian in this region may nevertheless depend on £. The region of A,, where they
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are not the same for all k£ we call A”. The corresponding regions of B,, are denoted
by B/, and B;!. We write the integrals in (4.32) as

/dxz/ dx—l—/ dy. (4.35)
n Bl B

Then, in the integrals over B! the Jacobian cancels and we obtain the following
expression for the integral in the covariance matrix (4.28):

/A d¢ T)0,0; = /B dx —Su(go)(%(x) (4.36)
T Sk Oa(F00) S Sy (alF ()
" Zn X > S0 (i (F(X)))

+ Z% / dx 001 (F%ZTT&)()F(X»

with Ty (F(x)) and T1;(F(x)) as in (4.33) and (4.34), respectively.

4.3 Simultaneous diagonalisation

Although the observables (4.11) and (4.25) minimise the statistical errors in the limit
of small anomalous couplings there is no particular restriction on their correlations.
For a large number of couplings with high correlations it is often difficult to get a
feeling for the sensitivity of the measurement to these couplings. In particular, if
there is a parameter that one can vary freely in the experiment as e.g. the polarisa-
tion parameter P defined in Section 5.4 one needs to know for which setting of the
parameter which coupling can be determined best. In the case of the TGCs in our
form-factor approach, see Chapter 5 below, we have 28 real parameters. Although
discrete symmetry properties reduce the 28x28 matrices V' (h), ¢, etc. to blocks of
8x8 and 6x6 matrices as shown in Section 5.3, these blocks still contain many non-
negligible off-diagonal entries. To make explicit how sensitive the process is to each
direction in the space of couplings and to identify the role of polarisation we need
to know directions and lengths of the principal axes of the error ellipsoid defined
by (4.9), i.e. we have to know the eigenvalues and eigenvectors of V' (h). Using opti-
mal observables, to leading order in the h;, the three matrices V(h), ¢ and V(QO) are
automatically diagonalised simultaneously due to (4.12) and (4.13). This means that
after such a transformation each observable is sensitive to exactly one coupling, and
the observables as well as the estimators of the couplings are statistically indepen-
dent. Since V' (h) is symmetric the diagonalisation could be achieved by an orthogonal
transformation. Following the proposal of [41] we take however a different choice and
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transform simultaneously V' (h) into diagonal form and the normalised second-order
part of the total cross section into the unit matrix:

R 1
O'Qij = 0_—0 /dgb SQZ']‘ — 5”‘ . (437)

This can always be done since ¢y is symmetric and positive definite. We therefore
arrive at the following prescription for the transformation of the couplings (using
vector and matrix notation):

h — h'=A'h, (4.38)
V(h)™' = V()" =ATV(h)TA = diag ((6h}) 72, (6R5) 72, ..., (6hbg) ™) , (4.39)
by — 6h=AT6,A=1, (4.40)

where dh) are the one-sigma errors on the new couplings. This transformation exists
and is unique up to permutations and a sign ambiguity for each h;. Note that the ma-
trix A is in general not orthogonal. From (4.2), (4.11) and (4.38) the transformation
of all other quantities follows as

S, — S/ =ATS;,
O - O =470,
c — Jd=ATcA,
V() — V(O)=ATV(0)A. (4.41)

The meaning of (4.40) is that all quadratic terms contribute to the total cross section
with equal strength:

8 28
o =0y <1 + Z o + Z(h;)2> ) (4.42)
i=1 i=1

where 61, = o, [d¢ S}, Thus the anomalous couplings do not mix in o and are
“naturally” normalised for the process which we consider. This is not true in the
conventional basis, where changing different anomalous couplings by the same amount
has completely different effects on the total cross section (see Figure 5.6 in Section 5.2
below).

Moreover, the particularly simple form (4.42) of o easily allows one to use the
information from the total rate: it constrains the couplings to lie between two hyper-
spheres in the space of the A, whose difference in radius depends on the measurement
error on o. Making in addition use of the sign ambiguity in (4.38), one can for all
a1; # 0 choose the sign of b} such that &, > 0. This choice is however not relevant
for the analysis.

We finally note that the presented method of simultaneous diagonalisation is quite
similar to the way one analyses the normal modes of a multi-dimensional harmonic
oscillator in classical mechanics [136]. There the harmonic potential (corresponding
to V') is diagonalised with respect to the scalar product defined by the kinetic energy
(corresponding to d5).
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4.4 Numerical realisation

We now give some details of how the simultaneous diagonalisation can be carried out
numerically. Although the procedure finally aims at the disentanglement of the cou-
plings as achieved in (4.39), the numerical computation of V(h) or V(h)~! from (4.9)
needs the inverse of the matrix ¢ or V(O) and might therefore be unstable, because
before the diagonalisation one cannot single out those directions in parameter space
where the errors are large. However, as V (k') and V(') are simultaneously diagonal
for our observables, we can according to (4.12) equally well compute the diagonal
entries of

V(O = =diag(d], c, ..., ), (4.43)
and extract the errors on the couplings using (4.13):
1
oh; = (4.44)

V/Ne,
Hence, using the shorthand notation V = V(0O) and V' = V(0O’), we have to solve
the n? 4 n equations

AT&QA - ]]_,
ATvA =V (4.45)

for the n? entries of A and the n diagonal elements of V’. Since the multiplication
of S(¢) of (4.2) by a constant changes neither the observables (4.11) nor V nor 75,
the matrices A and V' only depend on the normalised distribution of the events but
not on the total rate N. The latter enters the errors on the transformed couplings
only through the statistical factor N='/2 in (4.44). From (4.45) it follows that

VA=6,AV". (4.46)

This is a generalised eigenvalue problem, with the ¢, being the generalised eigenvalues
and the columns of A being the generalised eigenvectors. The pair (V' A) is called
the “eigensystem” of (4.45). A standard method for solving (4.46) is to first perform
a Cholesky decomposition [137, 138]

6y =MM?T, (4.47)

where M is a lower triangular matrix, i.e. M;; =0 for j > 4. Algorithms for the
computation of M can be found in the same references. Then (4.46) is equivalent to

CX =XV, (4.48)

where
C = M'v(MHT, (4.49)
X = M'A (4.50)
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Equation (4.48) denotes a (usual) eigenvalue problem for the matrix C, whose eigen-
values are the same as the original ones and whose eigenvectors are the columns of X.
Since C' is symmetric, (4.48) can be solved and the eigenvectors are orthogonal with
respect to the standard scalar product (assuming non-degeneracy of the eigenvalues).
Requiring the eigenvectors to be normalised to 1, we have n conditions

X'X =1, (4.51)

which together with the n? equations (4.48) are equivalent to (4.45). The generalised
eigenvectors are obtained by solving (4.50) for A. For a certain high-energy reaction
the procedure has to be followed for each initial-state polarisation and c.m. energy
separately, leading in general to different eigenvalues and transformation matrices;
the dependence of those quantities on polarisation for the process ete™ — WW is
investigated in Section 5.4. For our numerical results we use the procedure itera-
tively for each polarisation setting, i.e. once A is obtained, we compute V and &,
for the transformed observables and couplings, and then diagonalise these—already
approximately diagonal-—matrices again. We found this to be essential to assure the
numerical stability of the results. A stable value was reached in most cases by the
second evaluation and at the latest by the fourth. In all cases at least five evaluation
steps were carried out. The numbers presented in Section 5.6 were obtained by aver-
aging over the results of several subsequent steps where the stable value had already
been reached.

We note that for situations where 5 and V' have the same block diagonal structure,
the diagonalisation can of course be carried out for each block separately. This is
relevant in the presence of discrete symmetries and is further studied in Section 5.3.
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Chapter 5

Anomalous triple-gauge-boson
couplings

In this chapter we study the process ete™ — WW — 4 fermions at a future LC in
the FF approach for the yWW and ZWW couplings. We use the Feynman rules
of the SM where the YWW and ZWW vertices are replaced by the most general
vertices that are consistent with Lorentz invariance. For these vertices we use the
parameterisation of [33] which we give in Section 5.1. Gauge-boson couplings can e.g.
be studied at the LHC [139]. Given the intricacies of a multi-dimensional parameter
space, the full covariance matrix for the errors on the couplings should best be studied.
The high statistics needed for this will for instance be available at TESLA, where the
integrated luminosity is projected to be several hundred fb~! per year at a c.m. energy
Vs = 500 GeV. For unpolarised beams an integrated luminosity of 500 fb~! amounts
to about 3.7 million produced W pairs (without cuts). For a run at /s = 800 GeV
the luminosity is expected to be twice as high, leading to 3.9 million W pairs. In
Section 5.2 we calculate the helicity amplitudes and the differential cross section for
W-pair production with anomalous couplings for generic polarisation. In order to
determine the sensitivity of the differential cross section to the anomalous couplings
we use the optimal-observable technique explained in Chapter 4. To simplify this
analysis one can use the discrete-symmetry properties of the cross section, which is
surveyed in Section 5.3. Regarding the large number of parameters to describe the
three-gauge-boson vertices the simultanous diagonalisation explained in Section 4.3
is necessary to get insight into the sensitivity to different directions in parameter
space. The usefulness of the method becomes particularly evident when considering
imaginary parts of C'P conserving TGCs. In this subspace of couplings we find
one direction to which—in the linear approximation and for longitudinally polarised
beams—there is no sensitivity in the process ete™ — WIV. In [41] this was not taken
into account and led to numerical instabilities. It is therefore essential to disentangle
this measurable TGCs from the hardly measurable one. As a historical motivation one
may think of the electromagnetic nucleon-form-factors F; and F5, where the choice of
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linear combinations Gg and G, leads to a simplification of the Rosenbluth formula
for the differential cross section of electron-nucleon scattering, see e.g. [140]. Since
we deal with 28 couplings here, an appropriate choice of parameters is essential.

For various measurements at a future LC, longitudinal polarisation of one or both
beams is expected to significantly improve the sensitivity, see for instance [27]. Po-
larised beams will be particularly useful to disentangle different TGCs. In fact, certain
directions in the parameter space, the so-called right-handed couplings, are difficult to
measure in W-pair production with unpolarised beams [40]. In this case their effects
are masked by the large contribution from the neutrino exchange. With longitudi-
nal polarisation the strength of the neutrino-exchange contribution can in essence be
varied freely. In Section 5.4 a systematic analysis is performed of how the sensitivity
to different directions in coupling space depends on the degrees of longitudinal beam
polarisation. To this end a suitable polarisation parameter P is introduced. We
then give an analysis of hardly measurable couplings with longitudinal polarisation
in Section 5.5. In particular, we show analytically why the imaginary part of the
C'P conserving coupling mentioned above is not measurable with longitudinal beams.
We then show that this TGC can be measured with transverse beam polarisation. In
Section 5.6 we present our numerical results for the sensitivity of ete™ — WW with
unpolarised beams and with longitudinal polarisation using optimal observables. At
present the physics case for transverse beam polarisation at a future LC is being
discussed [28, 29]. Once the planned degree of longitudinal polarisation is realised in
experiment, viz., about P,- = £80% for the electron and about P," = +60% for the
positron beam, the same degrees of transverse polarisation P* are considered to be
feasible. A precise definition of these parameters is given in Section 5.2. Then the im-
portant question arises of how to distribute the available total luminosity among the
different beam-polarisation modes. Thus, the physics cases for the various modes must
be compared. In Section 5.7 we do this for the TGCs in our form-factor approach.
We determine the gain or loss in sensitivity to all 28 TGCs using transverse instead
of longitudinal beam polarisation in the reaction e"et — W~W* — 4 fermions. To
this end we again consider the full normalised event distribution. This part of our
work is complementary to [141], where the total cross section for different 1W-boson
helicities as well as the left-right and transverse asymmetries—both integrated and
as a function of the W-production angle—were calculated for the same reaction, in-
cluding order-a corrections and bremsstrahlung. The sensitivity of the cross section
and of various angular distributions in the final state was investigated in an early
study of polarisation for LEP2 [142]. Only a restricted number of C'P conserving
form factors without imaginary parts was considered in these works. Here, in con-
trast, we determine the maximum sensitivity to the full set of parameters by means
of optimal observables. The differential cross section for arbitrary polarisation can be
written as a sum where the first term depends on PljE and the second is proportional
to the product (P, - P;"), see Section 5.2 below. Hence, there can be only effects
of transverse polarisation if both beams are polarised and if both the electron- and
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the positron-spin-vectors have a transverse component. In this work we consider only
longitudinal or transverse polarisation, but no hybrid, though it is in general not
excluded that the sensitivity of the differential cross section to some parameters can
improve by considering more generic directions of the electron- and positron-spin-
vectors. Furthermore, in Section 5.7 we quantify the statement of Section 5.5 that
the coupling Im(g® + kg) is measurable with transverse polarisation.

In our analysis we always restrict ourselves to the semileptonic decays of the
W pair, where one W boson decays into a quark-antiquark pair and the other decays
leptonically, but leave aside the decay into 7v, since these events have a completely
different experimental signature. The selected channels have a branching ratio of
altogether 8/27, which is six times larger than that of both Ws decaying into ev,
or pv,. On the other hand, the channels where both Ws decay hadronically are
difficult to reconstruct [143]. The semileptonic channels have only one ambiguity in
the kinematical reconstruction if the charges of the two jets from the hadronically
decaying W are not tagged. Then one cannot associate the jets to the up- and down-
type (anti)quark of the W decay, and therefore has access only to the sum of the
distributions corresponding to the two final states, cf. Section 4.2.

5.1 Parameterisation

In the FF approach all propagators and vertices apart from the yYWW and ZWW ver-
tices are as in the SM. This means that all relations between SM quantities, in par-
ticular those involving the gauge-boson masses and the weak mixing angle 6, of
Sections 2.1 and 2.2 remain valid here. We now define our parameterisation of the
most general YWW and ZWW vertices consistent with Lorentz invariance and Her-
miticity. In general these form-factors have imaginary parts. One can nevertheless
start from an effective Lagrangian with operators of dimension four or higher added
to the SM Lagrangian after EWSB. Naturally the coupling parameters are real in a
Lagrangian. To obtain the complex form-factors one can then in the Feynman rules
derived from that Lagrangian allow these parameters to be complex. A common
parameterisation following this approach is the one of Hagiwara, Peccei, Zeppenfeld
and Hikasa [33]. There the operators of the lowest possible dimension are chosen that
exhaust all possible Lorentz structures of the YW W and ZWW vertices. The TGCs
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part of their Lagrangian is

g\%ﬁle/%/{ _ %4 + - - +p v 11 v
— = g (WWW WWW )V + HVWH W,V (5.1)
tgyww

A
+%ﬂ@w&y”mﬁmmuww+WW)
— igy ere (W;(apW;) — W;(apW,j)) v,

Av
2

+ Ry WIW, v
H mW

W;HW—MVV"A

with V' = or Z. The following abbreviations are used in (5.1):

W, = WS —a,W;/, (5.2)
Viw = 0,V, =0,V,,

~ 1

V/J,l/ = ée,ul/povpo- (54)

The sign of the totally antisymmetric tensor is
€0123 = +1 (55)

The overall constants for the photon and Z vertices are defined as follows:

Jgyww = —€, gzww = —ecot Oy, (5.6)

where e is the positron charge. Then we have in the SM
g =1, Ky =1, (5.7)

and all other couplings equal to zero. We use the conventional notation Ag} = g} — 1
and Ary = ky — 1. Furthermore in (5.1) my is the W-boson mass in the SM and
in (5.6) 6, is the weak mixing angle of the SM, given in terms of the gauge-boson
masses in (2.35). The Lagrangian (5.1) contains operators of dimension four and six.
Factors of ¢ have been adjusted such that ZHF4H is Hermitian for real couplings. We

nevertheless allow the 14 parameters to be complex in Feynman rules.

5.2 Cross section for ete™ — WW

First we briefly recall the differential cross section of the process

et — WW — (fif2)(fs4) (58)

for arbitrary initial-beam polarisations, where the final-state fermions are leptons or
quarks. Our notation for particle momenta and helicities is shown in Figure 5.1.
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bil (91,7'1)/1
W~ () fa (P2, 72)

Figure 5.1: Momenta and helicities of the particles in the e*e™-c.m. frame.

Our coordinate axes are chosen such that the e momentum points in the positive
z-direction and the y-unit vector is given by é, = (k x q)/|k x q.

In the ete -c.m. frame and at a given c.m. energy ./s, a pure initial state of
longitudinally polarised e~ and e is uniquely specified by the e~ and e™ helicities:

177) = |e” (k,7)et (k, 7)) (1,7 = +1). (5.9)

Note that fermion-helicity indices are normalised to 1 throughout this work. A mixed
initial state of arbitrary polarisation is given by a spin-density matrix

p= Z ‘7‘7>p(7-;)(7/;/) <7‘l?,|, (5.10)

where (7) denotes summation over 7, 7, 7/ and 7', and the matrix elements satisfy
Ploryaiy = Prr7)(r7) and ) __ pi7) (-7 = 1. We define the cross-section operator

do = Z [ 7TV do (7 (T (5.11)

by requiring the differential cross section for arbitrary p to be
dO"p = tI‘(dO’p) = Z da(r’?’)(f?) P7)(r'7) - (512)
(1)
The matrix do(7(7) is given by

1 — 1—I/\ *
domen = 52 [ AT UITIR) (ITIPTY, (5.13)
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where we neglect the electron mass in the flux factor. Here 7 is the transition
operator, | ) = |fi (pr, 1) Fa (P2, 72) fs (P, 73) fi (pa, 72)) the final state and

dr' = <11 %) (2m)* 0 (k + k — ;pi) (5.14)

the usual phase-space measure for final states. Using the narrow-width approximation
for the W the result is

AN B
doGryen = RY_APEISY dDyy dDysx (5.15)
)
g
R = . 5.16
2876 (my Ty )?s (5.16)

Here myy is the W-boson mass, 'y, its width and_ﬁ =y 1- 4mi, /s its velocity in
the ete™ c.m. frame. The sum () runs over A, M, X and \'. Furthermore

APCYNY) = d(cos®) AP (AX, O|T|77) (XN, O|T|7'7)" (5.17)
is the differential production tensor for the W pair and

dDyy = d(cos?) de (AITIN) (ALITIN),
dDyx = d(costd) dp (fsfulTIA) (fsfslT|X)* (5.18)

are the tensors of the W~ and W™ decays in their respective c.m. frames. Note
that in the narrow-width approximation the intermediate W's are treated as on-shell.
We define the W helicity states which occur on the right hand side of (5.17) in the
frame of Figure 5.1, i.e. we choose the e et — W W™ scattering plane as the x-z-
plane and define © to be the polar angle between the W~ and e~ momenta. We
choose a fixed direction transverse to the beams in the laboratory. By & we denote
the azimuthal angle between this fixed direction and the e"e™ — W~W™ scattering
plane, see Figure 5.2(a). The respective frames for the decay tensors (5.18) are
defined by a rotation by © about the y-axis of the frame in Figure 5.1 (such that
the W~ momentum points in the positive z-direction) and a subsequent rotation-free
boost into the c.m. system of the corresponding W. The spherical coordinates are
those of the fi- and fi-momentum directions, respectively. In its rest frame, the
quantum state of a W boson is determined by its polarisation. For real W's we take
as basis the eigenstates of the spin operator S, with the three eigenvalues A = £1, 0.
For off-shell Ws a fourth, scalar polarisation occurs but is suppressed by mg/my in
the decay amplitude.
Neglecting the electron mass we have in the SM

do#y7 =0 forr=7or7 =7, (5.19)
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A direction fixed ApT
in laboratory

Figure 5.2: Definition of azimuthal angles.

which we will use in the following (this point is further discussed in Section 5.3). At
a linear collider the initial beams are uncorrelated so that their spin-density matrix
factorises, i.e.

Prr)(r'7) = Prr P77 (520)

where p,. and p-- are the two Hermitian and normalised spin-density matrices of
e~ and e™, respectively. We parameterise these matrices by

—— — — ]‘ — 2k
prr =3 (L+p"-3) .\ Prr = 3 (L—p*-0%)., , (5.21)
with
cos p* 0
pE=pPF| sing* | +PF| 0 |, (5.22)
0 F1

where 0 < p* < 27, and the vector components of & are the Pauli matrices. The
degrees P of transverse and Pli of longitudinal polarisation obey the relations
(PF)? + (PF)? <1 and P > 0. The components of p* in (5.22) refer to the frame
of Figure 5.1. Note that choosing the same reference frame for p’~ and p* while
specifying each spinor in its respective helicity basis results in different forms of the
density matrices in (5.21). The relative azimuthal angle 1) = ¢~ — ¢ between p~
and p* is fixed by the experimental conditions, whereas the azimuthal angle ¢~ of
P~ in the system of Figure 5.1 depends on the final state, see Figure 5.2(b). For the
case where P, # 0 we choose the transverse part of the vector p~ as fixed direction
in the laboratory. Then we have ® = —¢~. Using (5.12) and (5.19) to (5.22), we
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v, Z

Figure 5.3: Feynman diagrams for the process e”et — W~W* with anomalous TGCs
in the FF approach.

obtain the differential cross section for arbitrary polarisation:
doly = {0+ R P doey
+ (1= P )+ B dop-+
— 2P P* [Re do(—y—+) cos (¢ + 2P)

+ Im dO'(Jr,)(,Jr) sin (w + 2@)] } (523)

In the absence of transverse polarisation, (5.23) is independent of ® due to rotational
invariance.

In our analysis we evaluate the matrix elements in (5.17) at tree-level in the SM,
replacing the YWW and ZWW vertices after EWSB by their most general forms
allowed by Lorentz invariance. The corresponding Feynman diagrams are shown in
Figure 5.3. New physics may also lead to deviations from the SM values at the
fermion-boson vertices [144]. For these vertices we however retain the SM expressions
in this chapter. We remark that there are scenarios of physics beyond the SM where
such a treatment is not adequate, since the process e”e™ — W™ can receive non-
standard contributions that cannot be expressed in terms of anomalous fermion-boson
or three-boson couplings (an example are box graph contributions in supersymmetric
theories [145, 93]). Such effects can still be parameterised within a more general form-
factor ansatz [146]. If they are important, an analysis in terms of only TGCs will
not give a correct picture of the underlying physics, but it will still correctly signal
a deviation from the SM. We finally recall that radiative corrections in the SM itself
can be included in the analysis procedure we develop here as explained at the end
of Section 4.1. However, in this chapter we are mainly interested in the pattern of
sensitivity to TGCs and its dependence on beam polarisation, and for this purpose
it should be sufficient to take the SM prediction at tree-level. In Chapter 6 below
where we use the ELb approach, cf. Section 2.5, also anomalous fermion-gauge-boson
and gauge-boson-Higgs couplings occur as well as anomalous contributions to the
gauge-boson masses.
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For the three-boson vertices we use the parameterisation (5.1) introduced in [33]
with the coupling parameters gy, kv, A\v, gy, ¢¥, Ry and Av, where V =+, Z. Al-
though introduced in terms of an effective Lagrangian we understand these parameters
as form-factors of the three-boson vertices, which depend on the boson virtualities
and can take complex values, and not as coupling constants in a Lagrangian, which
by definition are energy independent and real-valued. Thus the approach taken here
is different in two ways from that of Chapter 6 below where we consider an effective
Lagrangian (with real anomalous couplings), and moreover the additional operators
are added to the SM Lagrangian before EWSB.

Since the amplitudes where the electron and the positron have the same helicity
vanish in the SM in the limit m, — 0, see (5.19), we can specify the initial state of a
(non-vanishing) helicity amplitude by giving the electron helicity 7. In the remainder
of this chapter we assume the positron to carry the opposite helicity unless otherwise
stated. For a given e~-beam helicity 7 the process (5.8) is not sensitive to all couplings,
but only to the linear combinations g¥, kp, etc. for left-handed (7 = —1) and g%, kg,
etc. for right-handed (7 = 1) electrons, where

gl = 4sin? 6, g] + (2 — 4sin%y,) 2 g7,
gl = 4sin?0, g] — 4sin?0,, 2 g7, (5.24)

and similarly for the other couplings [33, 40]. Here z = s/(s — m%) denotes the ratio
of the Z and photon propagators. The parameterisation (5.24) will in the following
be called the L(eft)-R(ight)-basis.

The expressions of the helicity amplitudes for the reaction (5.8) can be found
in [33]. For convenience of the reader we rewrite the W~W-production part in
terms of the L-R-basis. The matrix element of (5.17) is given by

(AN, 0|T|77) = —V2e> M(7; A, X; ©) nd2 1,(©), (5.25)

where n = Ar(—1)*, A7 =1L1(r—7), AX=X—, and Jy = max(|A7|,|AN|). The
definition of the d-functions and our spinor conventions, as well as the SM-matrix
elements for the W decays in (5.18) are listed in Appendix B. The production am-
plitude M = MTEC 4 MY consists of two terms given by

TCC A X 0) = B 2
MR (TN 0) TemZg, % (5.26)
V(.. . 1 _ 1 _

The expressions for Al (which contains the left-handed couplings for 7 = —1 and
the right-handed ones for 7 = +1) and for B,y and C,5 are listed in Table 5.1. In
the amplitude MTC an off-shell photon or an off-shell Z boson is produced. The
component of its angular momentum along the beam axis is £1 in the SM in the limit
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Table 5.1: Coefficients A7, B,y and C,y of the matrix elements (5.26) and (5.27). The

indices of the couplings are a = L for 7 = —1 and a = R for 7 = +1. The relativistic
factors are defined by v = /s/2my and 3 = (1 — 4m¥,/s)'/2.

()\)‘) Af\x B,\X C,\X
(+=), (=+) 0 i 0 2V23
(+0)  vlgf + Ko+ A —igi + Bgs +iB T (Ra — )] 2y 2(148)/7
(0=)  vlgf + Ko+ Ao +igi + Bgs —iB (Fa — X)) 27 2014 B8)/7
0+)  v[gf + K+ Ao +igf — Bgg +i0H(Fa— Ad)] 2y 2(1=0)/7
(=0) g+t ratAa zg4 Bgs — Zﬁ HRa= 2] 2y 20-0)/y
(++) gt 27N B R — (BT 2978)As 1 1/~
(__) g?+2’72)‘a _iﬁil"%a+i(ﬁil +272 )S‘a 1 1/’72
(00) gt +29°ka 29 2/

of vanishing electron mass, because the electron and positron helicities in the initial
state are opposite in the non-zero helicity amplitudes. In any case the TGCs do not
contribute to the WW-helicity combinations (+—) and (—+) because this requires a
total angular momentum of at least 2 and is not possible to be produced from a vector
boson. For the other helicity amplitudes, the largest power of v in the coefficients
Al coincides with the number of longitudinal IW's. An exception are the couplings A,
and A, which correspond to dimension-six operators in the effective Lagrangian (5.1)
and occur with an additional factor of 42. Note that the largest kinematical factors
in AT\X behave like 72 at high energies, in contrast to the basis of form-factors f; used
in Table 4 of [33], where huge factors of v* appear.

Figure 5.4 shows the differential cross sections for the production of a W pair with
fixed helicities at different c.m. energies without polarisation of the initial beams in
the SM. The sum over all W helicities has first been calculated in [147]. There special
emphasis has been put on the gauge cancellations in the SM. For our calculations in
this chapter we use the PSM_ scheme, see Table 2.2. For all curves we choose the
numerical values my, = 80.42 GeV and myz = 91.19 GeV from [148], a(mz) = 1/128,
and sin? 6, according to (2.35). A detailed discussion of the differential cross section
for different WW-boson helicities can be found in [33] for the cases /s = 190 GeV and
Vs =500 GeV.! Here we only note that the cross sections with W helicities (+—)
and (—+)—which do not contain TGCs—dominate, in particular at high energies.
Among the cross sections containing TGCs the one of two longitudinally polarised

!The (small) deviation of our curves stems from the slightly different choice for the values of myy
and myz.
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Ws, written as (00) in the figures, dominates more and more with rising energy the
ones containing only one longitudinal W, whereas the (——)- and (++)-amplitudes
are strongly suppressed. This stems from the fact that, in the amplitudes we have one
extra factor v = /s/2myy for each longitudinal W, see Table 5.1. Figure 5.5 shows
the differential cross sections for typical—see [25, 26]—initial beam polarisations at
a future LC.
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Figure 5.4: Differential cross sections of ete”™ — WW in the SM with unpolarised
beams and fixed helicities (AX) of W~ and W™ at various c.m. energies. The sum
is plotted for those helicity states whose cross sections are equal in the SM (though

they are not for all anomalous couplings). The boldface curves give the cross section
summed over all W helicities.
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Figure 5.5: Differential cross sections of eTe™ — WW at /s = 500 GeV for different
longitudinal beam polarisations and fixed W helicities (A\). The numbers in the
brackets denote the degrees of polarisation (P~, P*) for e~ and e*.



We now point out some salient features of the total cross section in the high-
energy limit. In Figure 5.6 we show the total cross section for unpolarised beams as
a function of /s. It rises rapidly from threshold up to a maximum of about 20 pb
at v/s ~ 200 GeV, and in the SM decreases for higher c.m. energies. In the SM each
Z coupling is equal to the corresponding photon coupling. Since z = 1 + O(y~?) the
L-couplings are then of order 1 and the R-couplings of order v~2. For 7 = +1 this leads
to a high-energy behaviour of at most M ~ O(1). For 7 = —1 we have g* = k; = 22
in the SM, and the coefficients 4,5 and B,y only differ by a factor 2+ O(y7?) ac-
cording to Table 5.1. As they occur with different sign in (5.26) and (5.27) this again
results in a high-energy behaviour M ~ O(1), except for very forward W~ momen-
tum where there is an enhancement by the propagator factor (1 + 32 — 28 cos©)~L.
Altogether, these gauge cancellations preserve the unitarity of the SM. We also plot in
Figure 5.6 the total cross section for one anomalous coupling differing from zero. At
high energies each coupling mainly contributes via the W-helicity amplitude where
it occurs with the highest power of v, i.e. either linearly or quadratically according
to Table 5.1. At sufficiently high energy, the square of an anomalous term dominates
over its interference term with the SM amplitude. In the limit 3 — 1 the couplings
g1, 94, g5 and K enter with a factor v, whereas k, A, \ enter with a factor ~%, which
explains their different behaviour in Figure 5.6. Some couplings have equal coeffi-
cients in this limit, which leads to a degeneracy of the curves. We also remark that
even if more than one anomalous coupling differs from zero, anomalous amplitudes
belonging to couplings of different C' or P eigenvalue do not interfere in the total
cross section with unpolarised beams, see Section 5.3.

The measurement of the total cross section of ete™ — WW is an important task
for future LCs. The strong deviation of the SM prediction in the presence of anoma-
lous couplings as shown in Figure 5.6 is a consequence of the non-renormalisable
interaction terms. In the remainder of this chapter we will mainly investigate the
sensitivy of the normalised event distribution to TGCs. To this end we apply the
optimal-observable method. However, after the simultaneous diagonalisation, see
Section 4.3, the total cross section is in a particular convenient form to extract infor-
mation on the anomalous couplings also from there.

5.3 Discrete symmetries

Let us now discuss the special role of the combined symmetry operations C'P and
CPT in the context of our reaction [33, 40, 41]. Here C' denotes charge conjugation, P
parity reversal, and T “naive time reversal”, i.e. the reversal of all particle momenta
and spins without the interchange of initial and final state. Under the condition that
the initial state, as well as phase-space cuts and detector acceptance are invariant
under a C'P transformation, a C'P odd observable gets a non-zero expectation value
only if C'P is violated in the interaction. Similarly, if the initial state, phase-space cuts
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Figure 5.6: Total cross section with unpolarised beams as a function of the c.m. energy
in the SM and for one anomalous coupling differing from zero. Some curves coincide
as explained in the text.
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and acceptance are invariant under CPT followed by a rotation by 180° around an
axis perpendicular to the beam momenta, a non-zero expectation value of a CPT odd
observable implies the interference between absorptive and nonabsorptive amplitudes
in the cross section. In terms of the three-boson couplings one finds that to O(h)
the expectation values of C'P even (odd) observables only involve the C'P conserving
(violating) couplings g1, K, A, g5 (94, &, 5\) Similarly, CPT even (odd) observables are
to first order only sensitive to the real (imaginary) parts of the coupling parameters.
The coefficient matrix ¢ is thus block diagonal in the following groups of observables:

(a): CP and CPT even,
(b): CP even and CPT odd,
(¢c): CP odd and CPT even,
(d): CP and CPT odd.

One further finds that the first-order terms oy; in the integrated cross section can
only be non-zero for couplings of class (a).

Since the interactions are invariant under rotations we can, instead of a pure
CPT transformation, equally well consider R CPT, i.e. CPT followed by a rotation
R by 180 degrees around é,. More detail is given in Appendices C and D. From
Figure 5.7 we see that the ete™ states where the beam helicities are aligned are C'P
eigenstates. But the antialigned (A7 = 0) states are interchanged under C'P and
therefore are not eigenstates. On the other hand, the amplitudes for these helicity
combinations are proportional to the electron mass in the SM (supplemented by the
most general TGCs). They are thus generically suppressed by m./my compared
with the amplitudes for aligned beam helicities (A7 = 41).? With transverse beam
polarisation, the two types of amplitudes can interfere, giving small m,/myy effects in
the cross section. With purely longitudinally polarised beams they do not interfere, so
that effects due to the A7 = 0 combinations of eTe™ are of order (m./my)? and thus
beyond experimental accuracy. We remark that the same holds e.g. in the MSSM,
where left- and right-handed leptons as well as their superpartners only mix with a
strength proportional to the lepton mass. To investigate what can happen in more
generic models is beyond the scope of this work.

With our effective Lagrangian C'P and R CPT violating effects vanish in the limit
me — 0 for an arbitrary spin-density matrix p. This means that, although the initial
state is not invariant under C'P and R CPT), it is effectively invariant for our reaction
in the me — 0 limit. Let us make this more explicit.

Both the CP and the R CPT transformation of the initial state leave the parti-
cle momenta unchanged and correspond to the following transformation of the spin
density matrix:

p(EJ)(E/U/) €7 €or €57 €o'r! (528)

p(T?)(T/?/) CP, RCPT

2To be precise, one must exclude final states et v, e~ 7, where nonresonant graphs contribute in
which the initial e™ and e~ do not annihilate.
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Figure 5.7: Effect of a CP transformation on an ete™ state with helicities aligned
(top) or antialigned (bottom).

where

e:<_(1) (1)) (5.29)

This transformation rule is derived in Appendix D. Thus invariance of the spin
density matrix under either of the two symmetries requires

P7) (7)) = P(oo)(c'a’) €57 €or €57 Eolrl - (5.30)

If the spin density matrix factorises as in (5.20) we find

prr = (€'D€) . (5.31)

In our parameterisation the spin density matrices are explicitly given by

1 (1+P7) Preie
Prr = 3 ( : l_) 6 e ’ (532)
2\ prev (1-F7) )

, _1<<1H?>—HWW> (5.33)

7T 2\ e a-p) )

The requirement (5.31) thus reads
1{ (1-P") Pre v’
Prr = 3 ( : l+) ! ) (534)
2\ Pfe¥ (1+ A
which leads to the following conditions on the polarisation parameters:
P =-pP, P =Pt o =t (5.35)

If we do not demand CP or R CPT invariance of the full spin density matrix but only
consider those matrix entries that give non-vanishing amplitudes we find, instead
of (5.30):

ﬁ(r?)(T’?’) = ﬁ(EU)(E’U’) €57 €or €57 €ol7! (536)
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with a “reduced” spin density matrix

/

(5.37)
0 else.

3 pey7y for T=—7 and 7 = —7

P (r'7!) = {
Inserting this definition into (5.36) we find that the condition for CP or RCPT
invariance is trivially fulfilled. Under the assumption that only amplitudes with
7 = —7 contribute to the differential cross section and that the factorisation (5.20)
is possible, no condition has therefore to be imposed on Pli, PZ or ¢F to guarantee
absence of C'P or R CPT violation in the initial state. Any violation of CP or CPT
is then due to the interaction in the limit m, — 0.

For general beam polarisation, a non-zero mean value of a C'P odd observable
can be generated by genuine C'P violation in the reaction, or by the C'P odd part
of the spin density matrix in the initial state. According to the above estimate, the
latter would require nonstandard physics to be experimentally visible, especially for
longitudinal beam polarisation, and thus be interesting in its own right. Similarly, a
non-zero result for a CPT odd observable can originate from absorptive parts in the
process, or from effects of the amplitudes with zero total helicity of the initial beams.
If any such effects were observed, one could in a next step investigate their dynamical
origin, using their different dependences on the beam polarisation. One possibility is
to use that in the absence of A7 = 0 amplitudes the cross section depends on trans-
verse beam polarisation only via the product (P, - P;), as seen in (5.23). If P, =0,
the cross section is then independent of P, and ¢, whereas the interference between
A7 =0 and A7 = £1 amplitudes leads to terms with (P,” cos¢~) and (P, sing™)
to the cross section, which can experimentally be identified via their angular depen-
dence on ™. A possibility to search for the presence of AT = 0 amplitudes with only
longitudinal beam polarisation will be discussed at the end of Section 5.4.

Returning to purely longitudinal beam polarisation and the assumption that
A7 =0 amplitudes are negligible, we remark that constraints similar to the ones
discussed above cannot be derived for C' and P separately, since neutrino exchange
maximally violates both symmetries. One can however classify the TGCs according
to their C' and P behaviour as shown in Table 5.2. As can be seen from the ampli-
tudes in Section 5.2, terms of distinct P or C' do not mix in the quadratic part of the
total cross section

02i5 = /d(b Sgij y (538)

provided that phase-space cuts are separately invariant under P and C. Under the
same conditions the linear terms oy; in the integrated cross section for the couplings
g, g%, kg and Mg vanish. This is due to the absence of the neutrino-exchange graph
for right-handed electrons and the fact that those couplings differ in their P or C'
eigenvalues from the TGCs in the SM. Finally, real and imaginary parts of couplings
do not mix in oy;;.
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g1, K, A g4\ 9s ’%7 5\
Table 5.2: Properties of TGCs under ¢ + Bl B
parity and charge conjugation. P + | =] —
CP + — |+ -

In the L-R-basis, 09;; has an additional block diagonality, with two separate blocks
for the R- and the L-couplings, which cannot mix in the total cross section. Any block
diagonality of oy;; means that already before the simultaneous diagonalisation (4.41)
the subspaces corresponding to these blocks are perpendicular to each other with re-
spect to the scalar product (a,b) =), ; 025 bj. As a consequence, two row vectors
of A or two column vectors of A~! which correspond to different blocks are perpen-
dicular with respect to the standard scalar product. In the case of A~! this follows
from the first equation of (4.45) by solving for &5, and in the case of A by solving
for 6;'. The comparison of the matrix products AAT and (A~!)TA~! with this ex-
pected orthogonality thus provides a good way to test the numerical results for A
and A~!. Note however that the transformation described in Section 4.3 cannot be
carried out on smaller blocks than those given by the four classes (a) to (d) because
the left-handed couplings mix with the right-handed ones in V(O), ¢ and V' (h).

5.4 Longitudinal polarisation

In this section we explore how the sensitivity of our process to anomalous TGCs
in the reaction ete™ — WW depends on the longitudinal polarisation of the initial
beams. To this end we will introduce an appropriate polarisation parameter P and
analyse how the eigensystem determined by (4.45) depends on it. This may be seen
as a preparation for interpreting the numerical results in Section 5.6, which will be
given in terms of the same parameter.

To start with, we introduce a convenient notation to make explicit the polarisation
dependence of the matrices g5 and V', which have to be diagonalised simultaneously
according to (4.45). In the following we restrict ourselves to the case of longitudinally
polarised beams. Since in the limit m, — 0 only two beam-helicity combinations
contribute to the amplitudes, we can use (5.23) to write the differential cross section
S = do|,/d¢ in terms of the cross sections S* and S* for purely left- and right-handed
e~ beams (and opposite et helicities),

S = pLst 4 pRgk (5.39)
where
1 1
Pt = Z(1—13—)(1+P+), PR = Z(1+P—)(1 — P, (5.40)
SL = dU(,+)(,+)/d¢, SR = d0(+,)(+,)/d¢ (541)
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and d¢ = d(cos©) d(cosv) dy d(cos?) dp. Since we only deal with longitudinal polar-
isation in this section we drop the subscript ’I” in the polarisation parameters. Note
that 0 < P*, PE < 1. Integrating over d¢ one obtains the total cross section as

o = Pto" + PHo". (5.42)

In the L-R-basis we have
St o= Sp+ ) SEhe+ Z Sg.hihe (5.43)
o' = oy + Z oy hi + Z o9 hih (5.44)

We denote again the real or imaginary parts of the anomalous TGCs by h{, but in
contrast to (4.2) we now explicitly write an index a = L, R, so that i and j only run
from 1 to 14. Using vector and matrix notation we can rewrite the total cross section
as

=0o(1 + h'61 + hl6yh), (5.45)

where

oo = Plof + Plolt,

. 1 [ Plof b hL
o1 = oo PRO_{Q ) - hR )

. 1 [ Py, O

0o

with vectors (h®); = h{ and (o¢); = of; and the matrix (72);; = 0%;; = o4 ,;. In the
L-R-basis and for longitudinal polarisation we thus obtain the following expression

for the covariance matrix (4.10):

Sa. Sb a b
Ve — paph < / dp=1 U“Z“) , (5.47)

with a,b = L, R. Let us now investigate in detail how the eigensystem of &5 and V'
depends on P and P. It is useful to express PY and P® by new variables r and P
(to be specified below), so that 5, V' and hence also their eigensystem only depend
on P. For this purpose we introduce PL and PR through

PLE = PLE(P) (5.48)

for some well-behaved rescaling function r(P~L, P%), and define the “r-normalised”
quantities

oy = Plol 4 PR, (5.49)
Sro= PLs§+PRs§. (5.50)
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We then have from (5.46) and (5.47):
1 PL(P) 7
Gy = (P(P)Q ARO) ) (5.51)

0

A 511 51] 011‘7117]
Vi?b — PYP)P ( /(b P) " Tor (P)P), (5.52)

where we have made the dependence on P explicit. Note that the left-hand sides
of (5.51) and (5.52) depend on P but not on r, since ¢, and V' do not change when
S is multiplied by a constant. For the matrix M in (4.47) we get

1 DL\ [
0 0 PR M

where 7y = M M s the Cholesky decomposition of the P independent submatrix
of 65. Then the result for the transformation (4.38) is

R = A'h=X"'M"h

xp) [ VERM 0 ), (5.54)
oy (P) 0 PEM

The factors \/ﬁ and \/ﬁ in the rightmost matrix determine the mutual normalisa-
tion of the blocks of left- and right-handed couplings. They let A~! become singular
in the limits P~ or PR — 0. This is not surprising because with beams of purely
longitudinal polarisation one is sensitive to only half of the couplings. The coefficient
(o5(P))~2 in (5.54) leads to an overall normalisation which strongly depends on the
polarisation. At /s = 500 GeV we have for instance

tir = \Jok)ol ~ 17, o} ~ ok (Pt + PR/17?), (5.55)

whereas at /s = 3 TeV the ratio t1g is about 30. From (4.51) we see that the matrix
X ~tisorthogonal for any P. In case of pure polarisation it is block diagonal in the left-
and right-handed couplings. This is however not the case for general (longitudinal)
polarisation since the diagonalisation cannot be reduced to smaller blocks than those
given by the four discrete symmetry classes introduced in Section 5.3.

We now specify the transformation (5.48) by choosing

r= (VPR VPE) (5.56)

and defining a polarisation parameter

VPR JPT
VPR 4+ /P
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with values —1 < P < +1. We then have
PRE — (14 P)*. (5.58)

In terms of the individual beam polarisations P~ and P* the parameters r and P
are given as

ro= é (1 — Ptp 4+ \/(1 — P+P-)? — (Pt — P‘)Q) ; (5.59)

P~ — P+
P = . (5.60)

1—PtP + \/(1 — PtpP-)? — (Pt — P)?

The reason for this particular choice is as follows. For electron polarisation P,  and
positron polarisation Py" = —P, one simply has P = P, . For general polarisations
P is between P~ and —P*, and the differential cross section S for (P~, P*) equals
the one for (Py =P, P,'=—P) up to a constant. The eigenvalues ¢}, see (4.43), are
hence the same for (P~, P*) and for (Py, P;").

To develop some intuition of how the generalised eigenvalues of (5.51) and (5.52)
depend on P, we consider the case of only one left- and one right-handed coupling.
Moreover, we neglect the second term in (5.52), which appears only in symmetry
class (a). The matrix 7, in (5.46) then reduces to a single number (73),,, the vector
(S1)¢ has only one component s* = (57)9, and the 2x2 matrices which have to be
diagonalised according to (4.45) can be written as

5, = @2 (PL 0 ) (5.61)

ob(P)\ 0 PE
1 PY 0 obb bR P 0

VvV = A A 5.62
aw (o o) G o ) (5 2)o oo

where
L2 LR R)\2
vLL:/dgb ) ULR:/dqs—“ , vRR:/dgb ) (5.63)
So(P) So(P) Sy (P)
As in (4.49) we construct a symmetric matrix
1 \/ PL 0 oL LR \/ PL 0
C e — — = 5 (564)
(@2)11 0 V PR PR RE 0 VPE

whose usual eigenvalues are equal to the generalised eigenvalues of V', i.e. to the
diagonal entries of the transformed matrix V' in (4.45). They are given by

1

Ct+ = —F——~—
2(‘72)11

<pLULL_'_pRURR:|: \/<j3LULL _ ]SRURR)2+4]5LZSR (ULR>2 ) _
(5.65)
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We approximate the matrix entries (5.63) by

@ab

v (P) a,b=L,R, (5.66)

pLo& + pRcréQ’
with constants 9, which should take into account their P dependence sufficiently
well for a qualitative model. In Figure 5.8 we plot the eigenvalues ci in arbitrary
units for of = 1, and oft = o /t2 , = (1/17)?, with the last number taken from (5.55).
The ratios 0LF /o5 ~ 018 /5RE ~ 1 p in our choice of parameters are motivated by
the power of s* in (5.63), which corresponds to the power of the neutrino-exchange
amplitude in the cross section. Omne can show analytically that the slopes of the
curves for ¢y (P) tend to zero for P — +1. For P =1 this cannot be seen in the
plot, since for large t7p (i.e. of > ol') the eigenvalues change rapidly as the e~ beam
becomes purely right-handed. To see the horizontal tangent we plot a second example
in Figure 5.9 with a more moderate value of t;z. Notice that for non-zero v*# the
two curves for ¢y and ¢_ do not touch. If PR or P’ is zero the matrix &, in (5.61)
and hence C' in (5.64) is singular, which leads to a zero eigenvalue c¢_ at P = +1.

As in Section 4.4 let

T11 T12
X=(x_,xq)= ( o1 o ) (5.67)
be the matrix whose columns are the normalised eigenvectors of C. We can see from
Figures 5.8 and 5.9 that for P = —1 the vector x; with large eigenvalue has only an
upper component (corresponding to h%), whereas the vector _ with zero eigenvalue
has only a lower component (corresponding to h¥). For P = +1 the situation is
reversed. This reflects the fact that one is only sensitive to the left-handed couplings
for P = —1 and to the right handed ones for P = +1. We finally plot the elements
of the transformation matrix A~! in (5.54) using the notation

A = ( i ) . (5.68)

Q21 A22

Writing the transformed couplings as

h’z(Zi):Al(ZJL%), (5.69)

we can see that for P = —1 the right-handed contributions to both A’ and A/, vanish,
whereas for P = +1 the same happens to the left-handed ones. This behaviour of
A~! has to be taken into account when carrying out the simultaneous diagonalisation
for high degrees of longitudinal polarisation, because it leads to a singularity of its
inverse in the limit P — =+1.

We have seen that under the condition that only beam helicity combinations
with A7 = 41 contribute to the cross section, the expectation values of normalised
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Figure 5.8: Eigenvalues (5.65) and entries of the matrices (5.67) and (5.68) for o} = 1,
olt = (1/17)2, oF =1, o5 = 0.01, 97% = 0.0025 and (73),, = 1.
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Figure 5.9: Same as Figure 5.8 but using of = 1, oft = 1/10, o't =1, oM = 0.15,
o = 0.1 and (72),; = 1.
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observables only depend on the polarisation parameter P. Such a statement no longer
holds if beams with helicities coupled to AT = 0 contribute as well. This provides a
possibility to disentangle effects from genuine CP violation or absorptive parts from
those due to non-zero A7 = 0 amplitudes. In particular, the CP odd part of the spin
density matrix for longitudinally polarised eTe™ beams is proportional to (P 4+ P™)
and will give different contributions to normalised observables if (P + P~) is varied

for fixed P.

5.5 Hardly measurable couplings

The particular form of the SM amplitudes for the process e" et — W~W™ has con-
sequences on its sensitivity to the couplings in the C'P conserving sector, which we
shall now discuss. To this end we write the TGC part of the transition operator as

7
T 3 S g+ HO T (570

a=L,R i=1

where for simplicity of notation we label the respective couplings g1, k, A, g4, gs,
Ry A by an index ¢ = 1,...,7. Here h§, are the SM couplings in the L-R-basis and
H? = ReH{ +ilmH{ are the complex anomalous couplings (which we write in up-
percase to distinguish them from the real-valued parameters h¢). The non-zero SM
couplings are, see (5.7) and (5.24),

hi1 = hiy =2z +4sin® 0, (1 — 2) , hity = hify = 4sin®0,(1 — 2) . (5.71)

We first consider longitudinal polarisation where the differential cross section S,
see (4.1), is given by (5.39). For S there is no neutrino-exchange contribution, so
that we have from (5.13), (5.41) and (5.70)

ST oo Y (IR =) (AT =)
4,3
x (hi; + ReH[* + i ImH[") (h{}; + ReH —iImH[).  (5.72)

Consider now the following direction in the space of right-handed anomalous cou-

plings:
Re HE 0
(mizn ) = (i) 579

where we assume w < 1 and use the vector notation
HE hiy
R . R .
H™ = : , hy = : . (5.74)
HE hé"j7
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With (5.73) the second line of (5.72) equals
(hdl; + iwhd) (h; — iwhd) = (1 + w?) b he; (5.75)

In the space of the tmaginary parts of right-handed couplings there is hence a direction
in which the differential cross section for unpolarised or longitudinally polarised beams
has no linear term in w, but is only sensitive to order w?. This direction is determined
by the real SM couplings as given by (5.71). Therefore, one of the functions S, and
the corresponding observable O/ in (4.41) are identically zero, and V(O) contains
one (usual as well as generalised) eigenvalue in symmetry class (b) that is zero for all
values of P. This is confirmed by our numerical results shown in Figures 5.12, 5.16
and 5.20. In the tables in Section 5.6 below, the eigenvalues of symmetry class (b),
Cy, - - ., Chg, are given in decreasing order. Using this notation we have

S116(¢) =0, che = 0. (5.76)

From the total rate one can derive constraints on this coupling as explained in Sec-

tion 4.3.
Re HE - u;h(I)2
(ImHR>_( 0 )’ (5.77)

Now consider
which merely “stretches” the right-handed SM couplings by a factor (1 + w). Then
the last line of (5.72) becomes

(1+w)*hi Al . (5.78)

In case of purely right-handed electrons or left-handed positrons, i.e. for PY = 0, we
have S o< ST from (5.39), so that the anomalous coupling (5.77) only increases the
total rate but does not affect the normalised distribution ¢=1S. This holds both to
order w and to order w?. Symmetry class (a) therefore contains a fifth zero eigenvalue
for P = +1, in addition to the four zero eigenvalues from the left-handed couplings
Regl, Reky, ReAr and Re g%, which cannot be measured for PL' = 0. This is again
confirmed by our numerical results (cf. Figures 5.11, 5.15, 5.19). For PL # 0, however,
ST also contributes to S. Since the functions o~1S% are not identical for a = L and
a = R, the enhancement of S® due to (5.78) will not just change S by an overall
factor, but also modify the normalised distribution o=1S. The latter is sensitive to
the anomalous TGC in (5.77) in the linear approximation, since (5.78) contains a
term linear in w. In contrast to symmetry (b), there is thus no eigenvalue which
is identical to zero for all values of P. Note that S contains interference terms of
the left-handed anomalous amplitudes and the SM neutrino exchange, so that the
arguments above do not apply to the subspace of the left-handed couplings. Also for
the symmetries (c) and (d) there is no similar argument because C' P violating TGCs
are absent in the SM at tree-level.
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The direction (5.73) in coupling space becomes measurable in the linear approxi-
mation with eTe™ beams of transverse polarisation. In fact, abbreviating

AT = (1T +-), As™ = (fITol =),
AT = (AT =), AT = (T ), (5.79)
where 7 is the transition operator in the SM at tree-level and 7. is defined in (5.70),

we can write the part of the differential cross section (5.23) that is linear in the
anomalous TGCs as

o o Y (P“ [Re (AT A7) ReH?® — Tm (AT A7) ImHg] (5.80)
PI;PtJr —T* AT a —T% AT a
- cos(1) + 2®) [Re (Ay™AT) ReH{ — Im (Ay ™" A7) ImH{'|

~rsin( + 28) [Im (A; ™ A7) ReH? + Re (Ay™ A7) ImH{] }) ,

where of course a = R implies 7 = 1 and a = L implies 7 = —1. As in Section 5.2 we

denote the degrees longitudinal and transverse polarisation of the e™ and e~ beams
by P and P, and as in Section 5.4 we abbreviate PX = (1 — P,7)(1 + P")/4 and
PR =(1+ P7)(1— P")/4. Note that do[i* depends on the W~ azimuthal angle ®
only via the explicit trigonometric functions in (5.80). One thus only has do[i* = 0 if
the three lines of (5.80) vanish separately. The first line is however the same as what
we had for purely longitudinal polarisation, so that it vanishes for generic polarisations
P® only if condition (5.73) is fulfilled and H* = 0. Then relation (5.80) becomes:

do[in o th{fi(—PRIm(Aj{l*Ajl) (5.81)

— pt
+ ﬂ{ cos(¢) + 2®) Im (Ay " Af") + sin(y + 2@) Re (Ag " A) })
_ BB 1 1) g T

=w— cos(1) + 2®) Im (Ay " AL") +sin(y + 2@) Re (Ag " AJY) ¢,

where for the equality we have used the fact that AJ' = >, hff; AF'. Since A’
contains the neutrino-exchange graph, da\gn no longer vanishes. Transverse beam
polarisation thus allows for the measurement of the anomalous coupling (5.73), which
is hardly possible using only longitudinal polarisation. We will come back to trans-
verse polarisation in Section 5.7 where we compare the numerical results with different
types of beam polarisation and with unpolarised beams.

Before presenting our numerical results for unpolarised and longitudinally po-
larised beams, we must explain how to take into account the zero eigenvector (5.73)
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Im gf Im(gf* — kr)/V2
/ Im(g{c — Kr)/V2
" (a) (b)

Figure 5.10: Schematic view of the constraints in case of symmetry class (b).

of V(O) in the analysis. From (4.13) and (4.41) we obtain for the inverse covariance
matrix of the couplings h

V(h) ' = NA DA (5.82)

where the h; are again 28 real parameters, viz., the real and imaginary parts of gft, g&,
KR, kL, €tc. We number the couplings in the order of their symmetry class (a) to (d),
and within each symmetry class take the L-couplings first. We then have h;3 = Im gF
and hyy = Im kg. Note that V (k)™ always exists, even in our case where one param-
eter is unmeasurable. In this case V(h)™! is a singular matrix with a one-dimensional
zero eigenspace coming from ¢}y = 0. Geometrically speaking, the error ellipsoid de-
fined by V(h)~! is degenerate in such a way that the length of one principal axis is
infinite. Instead of an ellipsoid we have a cylinder whose axis corresponds to the di-
rection of the unmeasurable coupling and whose cross-section (orthogonal to the axis)
is an ellipsoid giving the errors on the couplings in the orthogonal space. We know
from (5.71) and (5.73) that the unmeasurable direction is given by Im ¢gf* = Im kp # 0
with all other couplings being zero. Therefore the projection of the cylinder onto the
(Im g7*)-(Im kg)-plane is a band in the Im(gf* + xp)-direction, see Figure 5.10(a).
This shows that we cannot obtain any constraint on Im gf* or Im kp unless one of
them is known. We can however choose coordinate axes parallel and orthogonal to
the band shown in Figure 5.10(a). In other words, we perform a rotation by —45° in
the (Im ¢gf*)-(Im kg)-plane,

h =Rh, (5.83)

where R is the identity matrix except for the (Im gf*)-(Im xg)-block, which reads

55(}_1). (5.84)
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The new couplings h; are the same as the h;, except for hyy = Im(gF — kg)/v/2 and
his = Im(gf + kg)/v/2, which replace Im g and Im k. The inverse covariance ma-
trix of the new couplings is

V(h)™'=RV(h)'R". (5.85)

All entries in the 14th row and in the 14th column of V' (h)~! are equal to zero: there
is no correlation between the unmeasurable Im(gf* + xr)/v/2-direction and the cou-
plings h; with i # 14. These couplings are hence constrained by a 27-dimensional
ellipsoid, which is drawn schematically in Figure 5.10(b) for one further coupling,
taken to be Im Ag. This ellipsoid is determined by the “reduced” 27 x 27 matrix
V._1(h) obtained from V(h)~! by deleting the 14th row and the 14th column. Its
inverse Vieq(h) is the covariance matrix of Im(gF — kz)/v/2 and the other 26 measur-
able couplings. In particular, the width of the band in Figure 5.10(a) gives the error
on Im(gF — kz)/V/2 in the presence of all other 27 couplings h;, cf. Figure 5.10(b).
We finally mention that because of the discrete symmetries explained in Section 5.3,
the matrix V(h)~! is block diagonal with one block for each symmetry class (a) to
(d), so that the errors on the couplings of class (a), (c¢) and (d) are entirely unaffected
by the previous discussion.

5.6 Sensitivity with unpolarised beams and longi-
tudinal polarisation

In this section we present the results for the generalised eigenvalues ¢ of the covari-
ance matrix V(O) and the corresponding errors §h} = (Nc;)~/2 on the transformed
couplings. The covariance matrix for the couplings in any other parameterisation
is then obtained by conventional error propagation. We discuss its most important
properties in the L-R-basis for /s = 500 GeV and unpolarised beams in Section 5.6.1.
In Section 5.6.2 we investigate the gain in sensitivity by longitudinal e~ as well as
additional e* polarisation. The results for higher c.m. energies are reported in Sec-
tion 5.6.3. In Section 5.6.4 we finally give the constraints which can be obtained from
the total rate according to (4.42). Numerical rounding errors on the results presented
in this section are typically of order 1%.

We apply the PSM scheme and use the values my, = 80.42 GeV, mz = 91.19 GeV
from [148], and the definition sin®6,, = 1 — m¥,/m% for the weak mixing angle,
see (2.35). For the total event rate N of the semileptonic channels with e and p
summed over we use the values listed in Table 5.3. They correspond to an effec-
tive electromagnetic coupling constant o(mz) = 1/128 and integrated luminosities of
500 fb~', 1 ab ! and 3 ab™! at /s = 500 GeV, 800 GeV and 3 TeV, respectively. We
assume full kinematical reconstruction of the final state, except that the jet charges
are not tagged. Due to this two-fold ambiguity we cannot take the zeroth- and first-
order parts of the differential cross section S as the denominator and the numerator of
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Table 5.3: Total event rate N in units of 10® for the semileptonic channels with e
and g summed over. Corresponding luminosities are given in the text. P~ and Pt
respectively denote the degrees of longitudinal polarisation of the e~ and e™ beams,
and P is given in (5.60).

polarisation Vs [GeV]
P~ | P* | P | 500 800 3000
—80% | +60% | —71% | 3280 3410 1280
—80% 0 —50% | 2050 2130 799
0 0 0 1140 1190 444
+80% 0 +50% | 235 242 89.7
+80% | —60% | +71% | 103 103 37

the optimal observables O, but use their respective sums over the two experimentally
undistinguished final states, cf. [40]. This corresponds to the case (4.27) where the
absolute values of the Jacobians at corresponding phase space points are identical
and two terms appear in the sums.

5.6.1 Unpolarised beams at 500 GeV

We first consider the sensitivity at /s = 500 GeV with unpolarised beams. In Ta-
bles 5.4 to 5.7 we list the standard-deviation §h; = [V (h)y]'/? for each coupling h;,
which gives its error in the presence of all other couplings. Notice the difference of
this to (Nc;;)~'/2, which corresponds to the error on h; when all other couplings are
assumed to be zero. We also give the correlation matrix

V(h)i
V(h)ii V(h)j;

W (h); = (5.86)

of the couplings for each symmetry class (a) to (d). In case of symmetry (b) we
use the reduced matrix Vieq(h) introduced at the end of Section 5.5. Since W (h) is
symmetric we only list its upper triangular part.

The values of §h range from about 5 x 107* to 1072 within each symmetry class.
The smallest are those for Ar, x; and A, since at high energies the corresponding
terms in the helicity amplitudes contain a factor 272, see Table 5.1. In all cases the
errors on the R-couplings are larger than those on the respective L-couplings, viz., by
a factor 1.5 to 3.4 for Im x, Re Ax and Re g5, and by a factor between 4 and 7 for the
other couplings. This is because (for unpolarised or longitudinally polarised beams)
the v-exchange interferes with the amplitudes containing the A”, but not with those
containing the h®. In general, the sensitivity to the real part of a specific coupling
is roughly of the same size as the sensitivity to its imaginary part, the errors on the
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latter being rather larger for CP conserving couplings and smaller for the CP violating
ones. To get an accurate picture of the sensitivities, correlations have to be taken into
account. Looking at the 2x2 blocks corresponding to hZ and hZ for a given index i,
i.e. at the diagonal entries of the right upper block in the correlation matrices, we
see that the absolute values of the correlations are smaller than about 0.2, except
for Re Ak, Im xk and Im g5, where they are still smaller than 0.6. The corresponding
correlations would be substantial in the basis of the v- and Z-form factors, which is
hence not a very suitable parameterisation for the present reaction, compared with
the L-R-basis, see [40]. Considering the matrix blocks of correlations among different
L-couplings or among different R-couplings, we find that about half of them have an
absolute value larger than 0.4. Note that there are correlations of order 0.5 between
couplings with different C' or P eigenvalues.

By simultaneous diagonalisation, see Section 4.3, we determine the generalised
eigenvalues ¢, and corresponding errors 6h; given in Tables 5.8 and 5.9. For symme-
try class (b) we give the transformation matrix A and its inverse in Tables 5.10
and 5.11. Further numerical results for unpolarised and longitudinally polarised
beams at various c.m. energies are given in [149]. In our numerical calculation we
find the smallest eigenvalue in symmetry class (b) to be ¢j5 ~ 1071, We can however
use the result of our analytical considerations in Section 5.5 and set ¢j4 to zero. The
same holds for the last column of A except for its Im gf- and Im kx-components,
which determine the corresponding “blind” direction in the L-R-basis. As explained
in Section 5.3 the P odd coupling g5 does not mix with the other couplings in 64, and
the same is true for the left- and right-handed couplings. From this block structure of
5 and the relation 6,4 = (A™1)T it follows that in the last row of A~! we can set all
entries to zero, except for the Im gf*-, Im k- and Im Ag-components. Numerically we
find that the absolute values of those matrix entries which we set to zero are smaller
than 1078 for A and smaller than 10~% for A~!. We remark that we have computed
the matrix A~! by inverting A using singular-value decomposition [138]. As men-

tioned at the end of Section 5.3 we have as a further check evaluated the products
AAT and (A~H)TAL

5.6.2 Polarised beams

At future ete -colliders longitudinal polarisation of both initial beams is envis-
aged [25, 26]. An electron polarisation of P~ = +80% and a positron polarisation
of P* = 460% is considered to be achievable.

In Tables 5.12 and 5.13 we give the errors 6k on the real couplings (in the presence
of all couplings) for /s = 500 GeV and various combinations of beam polarisations.
For all couplings h”* and all couplings A we find roughly the following gain or loss
in sensitivity using always the event rates of Table 5.3. Turning on e~ polarisation
of —80% we gain a factor of 1.4 for h” and loose a factor of 6 for h%. If in addition
P = 460% we gain a factor of 1.8 for h* and loose a factor of 17 for h* compared to
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unpolarised beams. For P~ = +80% we loose a factor of 2.6 for h* and gain a factor
of 3.0 for hf. If furthermore P+ = —60% we loose a factor of 5 for h’ and gain a
factor of 5.5 for hft compared to unpolarised beams. Especially for the right-handed
couplings the gain from having both beams polarised is thus appreciable.

The behaviour of the generalised eigenvalues as a function of the parameter P
introduced in Section 5.4 is shown in Figures 5.11 to 5.22. Although the four largest
eigenvalues are more or less constant for P < 0, the transformation matrix A~ is not.
This can be seen from Tables 5.14, 5.15 and 5.16. For the largest eigenvalue ¢} of sym-
metry (a) we find that the smaller P is, the more the R-components are suppressed,
i.e. the more one purely measures the h*. Going from P =0 to P =1 we become
more and more sensitive to the h. For the fourth lowest curve in Figure 5.11, corre-
sponding to ¢, as well as for the smallest eigenvalue ¢§ of symmetry (a) we find the
opposite tendency. Note that in case of £100% electron or positron polarisation we
can only be sensitive to at most half of the couplings. This is seen for symmetries (c)
and (d) in Figures 5.13, 5.14, 5.17, 5.18, 5.21 and 5.22: half of the curves go to zero at
P = +1. For class (a) (cf. Figures 5.11, 5.15 and 5.19) we find one additional eigen-
value going to zero at P = +1 and for class (b) (cf. Figures 5.12, 5.16 and 5.20) there
is a zero eigenvalue for all P, as explained in Section 5.5. Comparing with Figure 5.8
we see that for symmetries (b) to (d) the shape of the curves is qualitatively well
described by the simple model of Section 5.4. Although the lower and upper curves
for ¢4+ do not intersect in our examples there, an intersection like in Figure 5.13 is not
excluded. In general, it is however not possible to associate a certain pair of couplings
to a pair of curves in Figures 5.11 to 5.22 for the full range of P. This is particularly
obvious from the eigenvalues of symmetry (c) at /s =3 TeV (Figure 5.21), where
some curves alternately play the role of the lower-type and upper-type curves in the
simplified model. Moreover, for symmetry class (a) the description of the shape of
the eigenvalue curves is less obvious due to the second term in the brackets of (5.47).

5.6.3 Energy dependence

The gain in sensitivity when going up from 500 GeV to 800 GeV—using always the
event rates of Table 5.3—lies between 1.4 and 2.7 for all couplings except for Im kg,
where it is 3.6. At 3 TeV we gain a factor of about 25 compared to 800 GeV for this
coupling, and of 1.5 to 8 for all others. For symmetries (a) and (c) we give dh in
Tables 5.17 and 5.18.

Note that this gain is not due to the the total rate, which actually decreases with
energy, see Table 5.3. The largest gains are achieved for x, A and )\, which have a
prefactor 2y2 in the amplitude. We remark that both for real and imaginary parts the
gains in sensitivity for an L-coupling and the corresponding R-coupling are of the same
size, except for Im k. Furthermore, except for Axy, g, gif and &g, the gain is slightly
larger for the imaginary than for the real parts. For the real parts of the couplings we
also give the errors on the transformed couplings §h; in Tables 5.19 and 5.20. Note
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that the transformations (4.38) are not identical at the various c.m. energies, and
neither are the couplings h;. Due to the different normalisation of the h; achieved
by (4.38) their errors dh; may well increase with rising energy although the errors in
a fixed basis as in Tables 5.17 and 5.18 decrease.

5.6.4 Constraints from the total rate

As explained in Section 4.3 the measurement of the total cross section restricts the
anomalous TGCs in the hl-basis to a shell between two hyperspheres in the multi-
dimensional parameter space. For the couplings given in a basis before the transfor-
mation we have hyperellipsoids instead of hyperspheres. With /s = 500 GeV and
unpolarised beams the expansion of the total cross section (4.42) is numerically

o/oo=1—0.026 (5.87)
+ (R} 4 0.16)* + (kb + 0.026)* 4 (hj + 0.0042)* + (R} + 0.0061)
+ (hf — 0.013)% + (hg — 0.022)* + (R}, — 0.0093)? + (hg + 0.00013)? + i(h;)?
=9
At 800 GeV we obtain
o/og=1—-0.016 (5.88)

+ (W +0.13) + (kY + 0.0078)* + (hj + 0.0025)% + (A, + 0.0027)?

28
+ (b — 0.0066) 4 (hy — 0.013)% + (R — 0.0062)* + (hg — 0.00023)? + Z(h;)2,

i=9
and at 3 TeV
/oo =1-0.0071 (5.89)

+ (B +0.084)2 + (B} + 0.00083) + (h} + 4.3 - 107°)2 + (k) 4 0.00060)>

28
+ (hf +0.0030)% + (hy — 0.0052) + (By — 0.0017) + (g + 3.2 107°) + > " (h})*.
=9

We remark again that the couplings A, are not the same at different energies. For
a measurement of the rate N with a (purely statistical) error v/N the thickness of
the shell is 5.8 x 1072 at 500 GeV, 7.2 x 1073 at 800 GeV and 18 x 1073 at 3 TeV,
see Table 5.3. Systematic errors could be more important. The results (5.87) agree
quite well with those of [41] for all couplings except for the smallest term h§ and
for h}. Note that these results strongly depend on a reliable transformation matrix
A. In [41] numerical instabilities occurred in the diagonalisation procedure, whereas
here A is obtained iteratively as explained in Section 4.4 and was found to be stable.
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It has been pointed out [41] that the constraints from the total rate are in general
of the same size as the largest error on the couplings determined from the normalised
distribution, which we confirm.
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Table 5.4: Errors 6k in the presence of all other couplings and correlation matrix
W(h) at /s = 500 GeV with unpolarised beams for the couplings of symmetry (a)
(see Section 5.3), i.e. for the real parts of the CP even couplings.

h dhx10% | ReAgFf ReAkr Relp Regé ReAgf ReAxgr Re \gr Regép”
Re AgF 2.6 1 —-0.60 —-0.35 0.21 | —0.070 0.25 —0.054 0.15
Re Axp 0.85 1 0.096 —0.054 0.20 —0.59 0.13 0.019
Re\p, 0.59 1 —0.034 0.099 —0.080 0.030 0.10
Re g 2.0 1| —0.084 0.11 -0.13 0.075
Re Agf 10 1 -0.70 —0.56 0.65
Re Akg 2.4 1 0.023 —0.34
ReAr 3.6 1 -0.25
Re g¥ 6.7 1

Table 5.5: Same as Table 5.4, but for symmetry (b), i.e. the imaginary parts of
the CP even couplings. As explained in Section 5.5 we have ¢ Im(gf + kg) = oo
and no correlation of this coupling with the others. Thus we only give the reduced
7 X 7 matrix here.

h Shx10® | ImgF Imky ImA, Imgk LQIm(g{2 —kgr) ImAgp Img¥
Im g¥ 2.7 1 -047 —0.50 —0.12 0.028 0.16  0.038
Imkg 1.7 1 0.0070 0.41 0.33 —0.10 0.68
Im Mg 0.48 1 -0.15 —0.00069 —-0.21 —0.22
Im g 2.5 1 0.081 022  0.50
%Im(gf — KR) 11 1 —-0.53 0.60
Im Ag 3.1 1 —0.11
Im gt 17 1

Table 5.6: Same as Table

5.4, but for symmetry (c), i.e. the real parts of the C'P
violating couplings.

h 6hx10% | Regl Rely Reir | RegR Relr Reig
Re gF 2.5 1 —0.055 —0.49| —0.091 —0.18 0.073
Re AL 0.60 1 027| 0073 0.0088 —0.16
Re Ry, 2.7 1| 0036 011 0.14
Re gl 10 1 —024 —047
Re \g 3.8 1 0.65
Refg 11 1
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Table 5.7: Same as Table 5.4, but for symmetry (d), i.e. the imaginary parts of the
C'P violating couplings.

h 6hx10® | Imgl  ImA;, Imir | Imgf ImAz Imig
Im g% 1.9 1 —0.059 0.092 0.20 0.22 -0.017
Im Az 0.46 1 0.53 | =0.15 —0.18 —0.015
Im~kg 2.0 1| -033 —0.099 0.14
Im gft 7.7 1 -0.12 —0.68
ImAg 2.9 1 0.56
Im&g 8.6 1

Table 5.8: Generalised eigenvalues ¢ of the covariance matrix V() and the corre-
sponding errors dh; on the transformed couplings, obtained from (4.44) and Table 5.3
at 500 GeV with unpolarised beams for symmetries (a) and (b).

) ch | ohix103 1 ch | 6h}x103
1 1.44 0.780 9 1.27 0.831
2 1.17 0.866 || 10 1.01 0.931
3| 0.751 1.08 || 11 | 0.791 1.05
4 0.557 1.25 || 12 0.287 1.75
5 0.318 1.66 || 13 | 0.0584 3.88
6 0.108 2.85 || 14 | 0.0221 6.30
7 1 0.0366 4.90 || 15 | 0.0102 9.29
8 | 0.0147 7.72 || 16 0 00

Table 5.9: Same as Table 5.8 but for symmetries (c¢) and (d).

i ¢ | ohlx108 || i ¢, | o) %103
17| 117 0.868 || 23 | 1.40 0.792
18 | 0.585 123 | 24 | 1.02 0.929
19 | 0.320 1.66 || 25 | 0.829 1.03
20 | 0.0645 3.69 | 26 | 0.219 2.00
21 | 0.0262 5.78 || 27 | 0.0316 5.27
22 | 0.0131 8.18 || 28 | 0.0241 6.04
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Table 5.10: Coefficient matrix A x 10? for symmetry (b).

hy o Py Py iy by s Mg
Im g/ 140 -85 —130 97 12 71  0.86 0
Imrky, | —43 34 -13 —64 -15 0.80 12 0
Im\p 6.6 46 10 -6.1 087 —-19 -0.94 0
Im g# 120 —-52 150 -7.9 -16 13 12 0
Im gf? 6.3 —11 82 —23 170 -91 110 =50
Imkg | —0.89 1.7 —14 51 =37 76 —21 =50
Imlg | —-18 23 —1.2 -0.50 0.62 47 —6.5 0
Imgf | —-22 16 1.4 55 —86 24 170 0

Table 5.11: Coefficient matrix A=! x 10? for symmetry (b).

i | Imgl Tmkr, ImA, Imgl | Imgf Imkg ImAg Imgf

9 42 45 110 29 0.49 —0.49 —6.7 —5.3
10 1.5 —12 210 —12 | -1.2 1.2 7.3 3.9
11 -33 —54 —15 37 1.1 —-1.1 —2.6 0.35
12 | —=0.73 —140 20 -19| -50 5.0 —14 13
13 ] —-2.1 —38 72 —4.0 36 —36 87 -21
14 1.3 46 —6.6 3.1 2.2 —2.2 210 5.7
15 4.5 34 -15 2.8 19 —-19 17 41
16 0 0 0 0 -35 —160 —40 0

Table 5.12: Errors 6k x 10% on the couplings of symmetry (a) at 500 GeV for different
initial beam polarisations.

P~ Pt ReAgf ReAr;, Red; Regl | ReAglt ReArxr Relr Regf
—80% | +60% 1.5 0.47 0.34 1.1 169 40 57 112
—80% 0 1.9 0.60 0.43 1.5 62 14 21 41

0 0 2.6 0.85 0.59 2.0 10 2.4 3.6 6.7
+80% 0 6.9 2.3 1.5 5.3 3.5 0.83 1.2 2.3
+80% | —60% 13 4.5 2.8 10 2.0 0.47 0.67 1.3

118



Table 5.13: Same as Table 5.12, but for symmetry (c).

P PT Re g¥ Re);, Rei Regf Relr Refp
—80% | +60% 1.4 0.34 1.5 174 61 193
—80% 0 1.8 0.43 1.9 62 22 69

0 0 2.5 0.60 2.7 10 3.8 11
+80% 0 6.5 1.5 6.9 3.2 1.3 3.7
+80% | —60% 13 2.9 13 1.8 0.70 2.0

Table 5.14: Vector components belonging to the largest eigenvalue ¢} of symmetry (a)
at 500 GeV for different longitudinal polarisations (two digits precision). Each line is
the first row of A~! x 102 in the L-R-basis.

P~ Pt | ReAgt ReArr Relr Regl | ReAglt ReArxr Relr Regf
—80% | +60% —34 —150 —-33 18 —0.19 —1.2  —0.089 0.11
—-80% 0 —34 —150 —-33 17 —0.72 —4.5 —0.36 0.41

0 0 —32 —150 —29 11 -9.0 —48 7.1 4.8
+80% 0 —13 —84 —-10 -3.9 —-91 -390 —110 41
+80% | —60% —5.5 —42 —-49 =26 —190 —840 —240 79

Table 5.15: Same as Table 5.14, but for the eigenvalue ¢} of symmetry (a).

P~ Pt | ReAgt ReArr Relr Regl | ReAgft ReArr Relr Regf
—80% | +60% -1.5 -7.9 1.1 21 7.0 14 83 —5.6
—80% 0 -2.9 —16 2.1 —4.1 13 28 16 —10

0 0 —-9.5 —50 6.9 —14 37 82 44 —27
+80% 0 —-13 —41 150 —20 14 42 —-9.6 -39
+80% | —60% —20 —72 100 —24 26 120 —28 —18

Table 5.16: Same as Table 5.14, but for the smallest eigenvalue ¢ of symmetry (a).

P~ PT | ReAgl ReArr Relr Regl | ReAgff ReArxr Relr Regf
—80% | +60% 0.029 1.0 0.071 -0.16 0.81 —4.1 38 —0.91
—80% 0 0.054 1.8 0.17 —-0.31 1.6 —7.5 73 —-1.7

0 0 0.15 4.8 0.64 —-1.0 5.4 —21 220 —4.8
+80% 0 0.26 14 1.2 —-3.2 17 —61 650 —13
+80% | —60% —-3.2 47 —5.1 —8.5 38 —170 1100 —24
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Table 5.17: Errors §hx 10 on the couplings of symmetry (a) for different c.m. ener-
gies.

\/E[GeVHReAglL ReAkr, Relp Reg§|ReAgf° ReAkr ReAr Regh

500 2.6 0.85 0.59 2.0 10 24 3.6 6.7
800 1.6 0.35 0.24 1.4 6.2 0.92 1.8 4.8
3000 0.93 0.051  0.036 0.88 3.1 0.12 0.36 3.2

Table 5.18: Same as Table 5.17 but for symmetry (c).

Vs [GeV] | Regl Rel;, Reir | Regl! Relr Rekgr
500 2.5 0.60 2.7 10 3.8 11

800 1.7 0.24 1.8 6.5 1.8 6.8
3000 0.90 0.036 0.97 3.4 0.36 3.2

Table 5.19: Errors dh/ x 10° on the transformed couplings of symmetry (a) at different
c.m. energies.

500 GeV 800 GeV 3 TeV

.

1 0.780 0.765 1.26
2 0.866 0.841 1.35
3 1.08 1.16 2.02
4 1.25 1.26 2.39
) 1.66 1.83 4.18
6 2.85 3.07 5.29
7 4.90 4.96 8.54
8 7.72 9.27 20.8

Table 5.20: Same as Table 5.19 but for symmetry (c).

1 | 500 GeV 800 GeV 3 TeV
17 0.868 0.832 1.35
18 1.23 1.22 2.03
19 1.66 1.58 2.52
20 3.69 3.39 5.12
21 5.78 5.54 8.74
22 8.18 9.53 20.9
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Figure 5.11: Generalised eigenvalues ¢; of the correlation matrix V(O) for the cou-
plings of symmetry class (a) (cf. Section 5.3) at /s = 500 GeV. The ¢, do not de-
pend on the total rate N. Errors on the transformed couplings h, (4.38) are ob-
tained as 6h) = (Nc,)~1/2. Vertical lines mark the five cases investigated in detail
in Section 5.6.2, i.e. from left to right (P~, P*) = (—-80%, +60%), (—80%,0), (0, 0),
(+80%,0), (+80%, —60%). P is given in terms of P~ and P* by (5.60).
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Figure 5.12: Same as Figure 5.11 for symmetry class (b).
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Figure 5.13: Same as Figure 5.11 for symmetry class (c).
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Figure 5.14: Same as Figure 5.11 for symmetry class (d).
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Figure 5.15: Same as Figure 5.11 for /s = 800 GeV (symmetry class (a)).
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Figure 5.16: Same as Figure 5.11 for /s = 800 GeV and symmetry class (b).
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Figure 5.17: Same as Figure 5.11 for /s = 800 GeV and symmetry class (c).
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Figure 5.18: Same as Figure 5.11 for /s = 800 GeV and symmetry class (d).
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Figure 5.19: Same as Figure 5.11 for /s = 3 TeV (symmetry class (a)).
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Figure 5.20: Same as Figure 5.11 for y/s = 3 TeV and symmetry class (b).
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Figure 5.21: Same as Figure 5.11 for /s = 3 TeV and symmetry class (c).
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Figure 5.22: Same as Figure 5.11 for y/s = 3 TeV and symmetry class (d).
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5.7 'Transverse polarisation

If the polarisation vectors of both beams have a non-zero transverse component P/ the
last term of the differential cross section for ete™ — WW comes into play, see (5.23).
From this formula we see that a change in ¢ by At is equivalent to a rotation of
the whole event distribution about the beam axis by A® = A /2. It neither changes
the shape of the distribution nor the total event rate. The sensitivity to the TGCs
thus does not depend on . Integrating the differential cross section over ®, the
terms proportional to cos (¢ + 2®) and sin (¢) + 2®) in (5.23) vanish. The total cross
section is hence independent of P,”, P;” and 1. Therefore, in absence of longitudinal
polarisation, the total cross section with transversely polarised beams equals that with
unpolarised beams. This cross section is shown in Figure 5.6 for the SM and with
various anomalous TGCs. Some other quantities required for the optimal-observable
method are also the same for pure transverse polarisation and for unpolarised beams.
These are in particular the total cross section in the SM og, the expectation values
of the optimal observables in the SM FEy[O;], and the normalised second-order part
of the total cross section 6y;;, see (4.5) and (4.37).

As seen in Section 5.3, the initial state is not invariant under the discrete symme-
tries CP and R CPT for generic beam polarisation. It is however effectively invariant
if the electron mass is neglected, because then only a subset of helicity amplitudes is
non-zero. Hence a given optimal observable is sensitive only to couplings of the same
symmetry class (a), (b), (c), or (d), see Section 5.3. Measurement errors on couplings
of different symmetry classes are not correlated to leading order in the anomalous
couplings. Furthermore, the first-order terms in the integrated cross section vanish
except for symmetry (a), where only the gf-term is zero.

We now present our results for the sensitivity to anomalous TGCs in the reac-
tion (5.8) with transverse beam polarisations P;~ = 80% of the electron and P;" = 60%
of the positron beam. As in Section 5.6 for our analysis with longitudinal polarisation
we consider only events where one W boson decays into a quark-antiquark pair and
the other one into erv and pv with a branching ratio of altogether 8/27. As before we
assume that the two jets of the hadronic W decay cannot be identified as originating
from the up- and down-type (anti)quark, which has to be taken into account in the
definition of the optimal observables as noted above. For our numerical input values
we use the same numbers as in Section 5.6. For the total event rate N with trans-
verse beam polarisation we use the values listed in Table 5.3, viz., 1.14 x 10° for a
c.m. energy of 500 GeV and 1.19 x 10° for 800 GeV, because the total cross section
is the same as with unpolarised beams.

In Tables 5.21 to 5.24 we give the standard deviations dh; for the couplings of sym-
metry classes (a) to (d), as well as the correlation matrices W (h),; of the couplings in
the L-R-parameterisation (5.24). W (h) is evaluated with zero anomalous couplings,
and errors on couplings in different symmetry classes are uncorrelated to this accu-
racy. The dh; are the errors obtained without assuming any other anomalous coupling
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to be zero. For symmetry (b) we use the linear combinations hy = Im(¢F + kg)/V/2
instead of Im g% and Im kx to allow for better comparison with the results for unpo-
larised beams and longitudinal polarisation, where the normalised event distribution
is sensitive to A_, but not to 7l+. The range of the dh; within each symmetry class is
from about 5 x 107 to about 5 x 1073, Notice that both k. and h_ are measurable
with an error of about 3.5 x 1072 using transverse polarisation. This confirms and
makes quantitive the result of Section 5.5 that one is indeed sensitive to A, with
transverse polarisation. Also the sensitivity to h_ is significantly better than with
unpolarised beams, where the error is about 1072. The high correlation between 7z+
and h_ however suggests that the parameterisation with Im g and Im kp is prefer-
able in an analysis of the data from transverse polarisation (whereas it is inadequate
with longitudinal polarisation or unpolarised beams).

5.8 Comparison of different kinds of polarisation

As mentioned in the introduction of this chapter the question should be clarified
which beam-polarisation modes are required for the various physics cases and what
fractions of the total available luminosity should be spent on each mode in order to
obtain the best results. Here we consider this question in the context of TGCs. The
gain by different types of polarisation compared to unpolarised beams at a c.m. energy
of 500 GeV can be seen from Tables 5.25 to 5.28 for the four symmetry classes. In
Tables 5.29 to 5.32 the same is shown for 800 GeV. To allow for better comparison
with other studies we use the photon- and Z-couplings for the results of symmetries
(a), (¢) and (d) instead of the L- and R-couplings, although the latter are in general
less correlated as discussed before. We use however the L-R-couplings for symmetry
(b), where only one coupling is unmeasurable without transverse beam polarisation.
In the y-Z-parameterisation, four couplings, Im g{, Im gf, Im ., and Im kz, are not
measurable in the absence of transverse polarisation, because their linear combination
fL+ is not. In the unpolarised case the assumed luminosity is 500 fb=! at 500 GeV
and 1 ab™! at 800 GeV. The same values are used for the results with transverse
polarisation in the fourth row of each table. For the results with longitudinal e~
polarisation in the second row we assume that one half of the luminosity is used
for P~ =+480% and the other half for P, = —80%. Similarly, for the results in
the third row with additional longitudinal et polarisation we assume that the total
luminosity is equally distributed among the settings with (P, P*) = (+80%, —60%)
and (—80%, +60%). For each of rows number two and three, the results from the
two settings are combined in the conventional way, i.e. we take the two covariance
matrices V7 and V5, and compute the matrix

V=t (5.90)

This is the covariance matrix on the couplings if they are determined by a weighted
average from two individual measurements. Vi, V5 and V' are 8x8 matrices for sym-
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metry class (a) and 6x6 matrices for symmetry classes (c¢) and (d), whereas in case
of symmetry class (b) they are 7x7 matrices since the coupling fL+ is excluded. The
square roots of the diagonal elements of V' are then the 1o-errors, which we list in
the second and third rows of Tables 5.25 to 5.32.

For a c.m. energy of 500 GeV the errors with unpolarised beams are between
1073 and 1072 in the v-Z-parameterisation, see Tables 5.25, 5.27, and 5.28. All errors
(with or without polarisation) are smaller at 800 GeV, see Tables 5.29 to 5.32, notably
for Re Ak, and Im Ag. For both c.m. energies the errors on all couplings in the -
Z-parameterisation are about a factor 2 smaller with longitudinal e~ polarisation
and unpolarised e™ beam compared to the case where both beams are unpolarised.
With additional longitudinal e* polarisation this factor is between 3 and 4 for all
couplings, except for Re Axz at 800 GeV where it is 4.7. If both beams have transverse
polarisation, the errors on most couplings are approximately of the same size as in
the situation where only the e~ beam has longitudinal polarisation. Only for Re A,
Re Az, Re 5\7 and Re \; are they smaller, viz., they are of the same size as with both
beams longitudinally polarised. This is true for both energies. If electron as well as
positron polarisation is available we thus conclude that, regarding the lo-standard
deviations on the TGCs (without assuming any coupling to be zero) longitudinal
polarisation is the preferable choice, except for iz+. We emphasize that we are better
with longitudinal polarisation also for the C'P violating couplings Re g, , Re Av and
ReRy with V =~ or Z.

Furthermore, we analyse how correlations between couplings depend on beam
polarisation. Given the large number of parameters, small correlations are highly
desirable. For brevity we do not present the full correlation matrices here for all
different types of polarisation but only give the average over the absolute values of
the off-diagonal elements in the correlation matrices, see Table 5.33. Furthermore,
we restrict ourselves to symmetry (a) and a c.m. energy of 500 GeV.

Apart from the average over all 28 matrix entries we list the averages over the
correlations between L-couplings, between R-couplings and those between one L-
and one R-coupling. We see that no type of polarisation changes the average cor-
relation between two L-couplings significantly. The average correlation between the
R-couplings is most advantageous for transverse polarisation (26%), whereas in the
other cases it ranges from 37% to 42%. On the other hand the L-couplings are hardly
correlated with the R-couplings for longitudinal polarisation of e~ and e™ (2%). This
deteriorates with transverse polarisation, but the correlations remain very small (8%).
Altogether, regarding the size of the correlations there is no strong argument to prefer
one type of polarisation or the other.

Finally, we remark that the sensitivity to TGCs in our reaction has been analysed
in [91] for unpolarised beams and for longitudinal polarisation. A maximum number of
five C'P conserving and four C'P violating couplings was considered, but no imaginary
parts were included, see Tables 5 and 6 of [91]. The author used a spin-density-matrix
method where statistical errors are not necessarily optimal. A direct comparison with
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Table 5.21: Errors dh in units of 1073 on the couplings of symmetry (a) (see Sec-
tion 5.3) in the presence of all anomalous couplings, and correlation matrix W (h) at
v/$ =500 GeV with transverse beam polarisation (P, , P;*) = (80%, 60%).

h Sh x 10° | Re AglL ReArk;, Relp Regé Re Agf’ Re Akp Re g Reg?
Re Agf 2.5 1 —-0.58 —0.36 0.17 | —0.068 0.18 —-0.011 0.11
Re Axp 0.72 1 0.077 0.013 0.075 —0.46 0.023 —0.014
Re )\, 0.58 1 -0.011 0.053 —0.0040 0.029 0.045
Re gé 2.0 1 —-0.14 —-0.0027 —0.038 0.085
Re Agf 4.2 1 —0.56 —0.41 0.35
Re Akgr 1.2 1 0.075 —0.086
ReAr 0.99 1 —-0.066
Regft 3.5 1

Table 5.22: Same as Table 5.21, but for symmetry (b).

hy =Im(gP + kg)/V2.

We use the abbreviations

h Shx10® | ImgF TImkr Im)A, Imgk h_ i~L+ Im Ag Im gf*
Im gF 2.6 1 -0.63 -0.49 —-0.20 0.050 —0.037 0.061 0.028
Imkg, 1.2 1 0.19 0.14 | —0.072 0.051 —0.029 0.22
Im g 0.46 1 0.015 0.024 0.048 —0.063 —0.089
Im gt 2.0 1| —0.063 —0.053 0.10 0.18
h_ 3.7 1 0.81  —0.39 0.16
hy 3.2 1 —0.39 0.11
Im Ag 0.98 1 —0.0041
Im gt 4.4 1

our results is however not possible. On the one hand the multi-parameter analysis
of [91] includes beamstrahlung, initial-state radiation and non-resonant diagrams.
For the single-parameter fits the full background calculated with PYTHIA and also
detector acceptance is included. On the other hand only a restricted number of
couplings is considered. An analysis using optimal observables with a full detector
simulation and all 28 couplings would be desirable for unpolarised beams and both
types of polarisation. This is however beyond the scope of our present work.
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Table 5.23: Same as Table 5.21, but for symmetry (c).

h Sh x 103 | Regk Rel;, Refir | Regl Relr Reigp
Re g 2.4 1 —0.0082 —0.50 | —0.072 —0.079  0.084
Re g 0.58 1 030 0022 0030 -—0.074
Refr, 2.6 1| 009  0.05  0.063
Re gt 3.9 1 -0.013 —0.11
Re g 0.99 1 0.41
Re l%pb 4.1 1

Table 5.24: Same as Table 5.21, but for symmetry (d).

h 5h x 103 Imgf ImS\L Imky Imgf Imj\R Imig
Im gF 1.8 1 00044 0.19| 0.11  0.08 —0.0072
Im Ay, 0.45 1 051]-010 —0.056 —0.022
Im 7y, 1.9 1| —-0.18 —0.047  0.0037
Im gJt 3.6 1 —0.021 —0.32
Im g 0.97 1 0.43
Im#ig 3.7 1

Table 5.25: Errors dh in units of 107> on the couplings of symmetry (a) in the
presence of all anomalous couplings at /s = 500 GeV, with unpolarised beams and
with different beam polarisations.

| ReAg] ReAg#Z ReAw, ReArz Re), Rely Regl Reg?
no polarisation 6.5 5.2 1.3 1.4 2.3 1.8 44 3.3
(P, P = (£80%, 0) 3.2 26 0.6l 058 1.1 08 22 17
(P, P") = (F80%, £60%) 1.9 1.6 0.40 036 062 050 14 11
(P, P) = (80%, 60%) 2.8 2.4 0.69 0.82 069 055 25 19
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Table 5.26: Same as Table 5.25, but for symmetry (b) and with the L-R-
parameterisation. We write again hs = Im(gF + kg)/v/2. Using this parameteri-
sation, a maximum number of couplings can be measured without transverse beam
polarisation. In the y-Z-parameterisation, the four couplings Im g{, Im g7, Im ., and
Im k7 are not measurable without transverse polarisation.

‘ ImgFt TImry, Im)g Imgé ‘ h_ hy ImAg Imgf
no polarisation 2.7 1.7 0.48 25 11 — 3.1 17
(P, PF) = (T80%,0) 26 12 045 20|45 — 14 43
(P, P) = (¥80%,4£60%) | 21 095 037 16|25 — 075 23
(P, P") = (80%,60%) 2.6 1.2 0.46 20(37 32 0098 4.4
Table 5.27: Same as Table 5.25, but for symmetry (c).
| Reg] Reg? Re 5\7 Re)ls Re Ry Rekz
no polarisation 6.2 5.1 24 1.9 7.3 5.4
(P, P) = (¥80%,0) 3.0 2.5 .1 0.90 3.4 2.7
(P, Pt) = (¥80%, £60%) 1.8 1.5 064  0.52 2.1 1.7
(P, P) = (80%, 60%) 27 23 069 055 29 23
Table 5.28: Same as Table 5.25, but for symmetry (d).
| Img] Img{ ImX, Imlz Imi, Im#y
no polarisation 5.1 3.6 1.8 1.4 5.6 4.2
(P, P*) = (£80%,0) 23 1.8 084 068 27 21
(P, P") = (¥80%, £60%) 1.4 1.1 048  0.39 1.6 1.3
(P, P) = (80%, 60%) 25 1.8 063 053 25 20
Table 5.29: Same as Table 5.25, but for /s = 800 GeV.
| ReAg] ReAg?Z ReAx, ReArz Re), Relz Reg] Reg?
no polarisation 4.0 3.2 0.47 0.58 1.1 0.90 3.1 2.5
(P, P*) = (F80%,0) 1.9 1.6 0.21 021 053 043 1.6 13
(P, PF) = (£80%, £60%) 1.1 0.97 0.14 013 029 024 097 082
(P, P = (80%, 60%) 1.8 L5 0.27 035 028 023 1.7 13
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Table 5.30: Same as Table 5.26, but for /s = 800 GeV.

| ImglL Imkrkr, ImAg Imgé | h_ hy ImAg Imgf
no polarisation 1.5 0.74 0.18 15160 — 1.2 9.0
(Pf,PlJr) = (F¥80%, 0) 1.5 0.60 0.17 13124 — 0.54 2.7
(Pf,PlJr) = (F¥80%, £60%) 1.2 0.48 0.14 1013 — 0.29 14
(P, P) = (80%,60%) 1.5 0.60 0.17 1.3 121 20 0.39 2.8

Table 5.31: Same as Table 5.25, but for v/s = 800 GeV and symmetry (c).

| Reg] Reg? Rel, Relz Reiy, Refiy
no polarisation 4.1 3.4 1.1 0.92 4.5 3.3
(P, P%) = (¥80%,0) 2.0 1.7 054 044 2.1 1.6
(P, P) = (F80%, £60%) 1.2 1.0 030 024 1.2 1.0
(P, P = (80%, 60%) 1.8 1.6 028  0.23 1.9 1.5

Table 5.32: Same as Table 5.25, but for v/s = 800 GeV and symmetry (d).

| Img] Img{ ImX, Imlz Imi, Im#y
no polarisation 3.8 2.8 0.72 0.60 4.0 2.9
(P, P") = (¥80%,0) 1.6 1.3 034  0.28 1.8 1.4
(P, P') = (¥80%, £60%) 0.93 0.79 0.19 0.16 1.1 0.86
(P, P) = (80%,60%) 1.7 1.3 0.25 0.21 1.7 1.4

Table 5.33: Averages over the absolute values of the off-diagonal elements in the
correlation matrices (5.86) in %, for symmetry (a) with /s = 500 GeV and different
beam polarisations. Apart from the average over all 28 couplings (last column) we
list the averages over the correlations between L-couplings (LL), between R-couplings
(RR) and those between one L- and one R-coupling (LR).

LL RR LR all
no polarisation 22 42 14 22
(P, P") = (¥80%,0) 22 41 4 16
(P, P") = (¥80%, £60%) | 22 37 2 13
(P, PT) = (80%, 60%) 20 26 8 15
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Chapter 6

Effective-Lagrangian approach to
gauge-boson couplings

As announced in Section 2.5 we now study an effective Lagrangian, where gauge in-
variant operators of dimension six are added to the SM Lagrangian before EWSB—the
ELD approach in the nomenclature of Section 2.5. This chapter is organised as follows:
In Section 6.1 we give an overview of the operators in our effective Lagrangian and
explain which operators contribute to the kinetic and mass terms of gauge bosons and
to the three- and four-gauge-boson couplings. In Section 6.2 we perform the simulta-
neous diagonalisation of the gauge-boson kinetic and mass terms. We then consider
the interactions of gauge bosons with fermions in Section 6.3 and define two different
sets of electroweak parameters, that we use to calculate the observables: one set, Py,
containing the Z mass, the other one, Py, containing the W mass. Although these
schemes are identical to the SM schemes P$M and P3M, see Section 2.2, supplemented
by the anomalous couplings h;, the transformation of parameters between different
schemes here depends on the anomalous couplings and is therefore not as simple
as in the SM. We also give reasons for the introduction of more than one scheme
there. In Section 6.4 we present the bounds on the anomalous couplings from elec-
troweak precision measurements at LEP and SLC, except for direct measurements of
the three-gauge-boson vertices. In this context we use the scheme P;. In Section 6.5
we give the relations of the standard couplings Ag{, Ak, etc. for the yWW and
ZWW vertices (see Chapter 5) to the couplings h; using Pz and, alternatively, us-
ing Py as input parameters. We derive bounds on the anomalous couplings of the
effective Lagrangian from measurements of TGCs at LEP2 using P,. We analyse in
detail the reaction ee™ — WW at a future LC where we define effective yWW and
ZWW couplings using Py. We calculate the bounds obtainable on the anomalous
couplings using the results of Chapter 5 for this reaction. In Section 6.5 we also
mention some properties of the yyWW and yyH vertices that do not occur in the
observables that we consider in this work but play an important role in the reaction
vy — WW at a collider with two high-energy photons in the initial state. The process
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vy — WW will be studied in a forthcoming work [38]. Clearly, for a comparison of
the reactions ee™ — WW and vy — WW the ELb framework is the most suitable
one. This is another motivation for treating ete™ — WW in the ELb approach in this
chapter, since our results here are required for the discussion of vy — WW in [38].
In Section 6.6 we summarise the results of this chapter and give a brief overview of
the advantages of different modes at a future LC for the measurement of anomalous
gauge-boson couplings.

6.1 Effective Lagrangian

Our starting point is a gauge invariant effective Lagrange density Z.g¢ containing all
lepton- and baryon-number-conserving operators that can be built from SM fields,
see [36]. Let A be the scale of new physics and v ~ 246 GeV again be the vacuum
expectation value of the Higgs field. Throughout this paper we assume

A>wv. (6.1)
Then Z.4 can be expanded as
D%ﬁ:%—i-gl—i-gQ—'—..., (62)

where %, contains operators of dimension four, % of dimension five, %5 of dimension
six etc. The terms .4, %, ... give contributions of order (v/A), (v/A)?, ... in the
amplitudes, thus (6.2) represents effectively an expansion in powers of (v/A).

Given the SM particle content, the general form of .7 is fixed as that of the
SM Lagrangian by gauge invariance. In the conventions of [1] it is given in (2.1),
where we have neglected neutrino masses and restricted ourselves to the electroweak
interactions.

The higher-dimensional operators in %, % etc. in (6.2) describe the effects of
new physics at the scale A on the phenomenology at the weak scale v. Following [36],
we assume SU(3) x SU(2) x U(1) gauge invariance also for the new interactions. The
only Lorentz and gauge invariant operator of dimension five that can be constructed
from SM fields violates lepton-number conservation, see [36], and hence is not consid-
ered here. Thus, the leading-order addition to the SM Lagrangian is %5, which should
therefore lead to a good description of the new-physics effects at energies sufficiently
below A.

Out of the 80 dimension-six operators listed in [36] we consider all operators that
either consist only of electroweak gauge-boson fields, or that consist of gauge-boson
and Higgs fields. These are the following operators, see (3.5), (3.6) and (3.41) to
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(3.44) in [36]:

Ow = e WL WA, Oy = € Wi W AW, (6.3)
Opw = 5 (1) Wi, W, O, = (¢'0) WLW™,  (6.4)
Opn = 5 (¢'¢) BuB™, 0,5 = (¢'¢) BuB"™, (6.5)
Owg = (p'r'p) W, B"™, Oy = (p'7'0) W}, B™, (6.6)
0L = (¢'¢) (Dup)' (DMg) 0¥ = (¢'Dup) (¢'D o). (6.7)

The field strengths Wﬁy and B, are defined in (2.7). The covariant derivative D,, is
defined in (2.6). Note that the signs in front of the gauge couplings in (2.6) and (2.7)
differ from the conventions of [36]. This leads to sign changes in some terms of the
operators (6.3) to (6.7) compared to [36]. Also our definition of the physical Higgs-
boson field in (2.11) differs from that of (4.21) in [36] by a factor of v/2. The dual
field strengths are

17t 1 ipo » 1 o

W, = §€“V’MW L7 B, = éeﬂ,,prp ) (6.8)
with the sign definition €123 = +1 as in (5.5). The calculations in this chapter are
therefore based on the effective Lagrangian

Lo = Lo+ 2o, (6.9)

where % is the SM Lagrangian (2.1). The non-SM part with the dimension-six
operators is

L = <hWOW + i Oy + how O + by O i + hoOui + h, 50,5
+ hwnOws + by + WP OD + PO /02, (6.10)

where we have devided by v? in order to obtain dimensionless coupling constants
h;, with ¢+ =W, W,QOVV, .... The h; are subsequently called anomalous couplings.
Nominally we have

h; = O(v*/A?). (6.11)

As in the SM, see Section 2.2, v is given in terms of the parameters from the La-

grangian as follows:

112

T7
because the anomalous operators (6.3) to (6.7) do not contribute to the Higgs-boson
potential.

v = (6.12)
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6.2 Symmetry breaking and diagonalisation in the
gauge-boson sector

Starting from the Lagrangian (6.9) we go now to the unitary gauge, that is we replace
the Higgs field everywhere by the expression (2.11) involving only the Higgs-vacuum-
expectation value v and the physical Higgs field H(x). If this is done for %, we arrive
at the SM Lagrangian in unitary gauge, see (22.123) of [1]. It is convenient to take
this as starting point and consider the necessary changes due to the %5 term in (6.9)
subsequently. Let us, therefore, introduce boson fields A}, Z/, and Wf which would
be the physical gauge-boson fields if we considered only the SM Lagrangian .%,. The
original W;i and B, fields are expressed in terms of these fields as follows:

W= % (Wi W), Wi=d, Z 4 sl AL (6.13)
we = % (Wi — W) Bu=—s, 2+, A, (6.14)
where
s\ = sing, = 929; = (6.15)
¢, = cosb = J (6.16)

are the sine and cosine of the weak mixing angle in the SM, determined by the SU(2)
and U(1)y couplings of .%,. Without loss of generality we can assume g and ¢’ to be
greater than zero and therefore have 0 < ¢ < 7/2. The positron charge ¢’ of % is
given by

¢ =gsl,. (6.17)

Relations (6.13) to (6.17) completely agree with (2.12) to (2.18), except for the fact
that we have here primed the fields Z, A, W¥ and the constants sy, ¢y, e from
there. Here we write Z’, A’, W'* and ¢ because in the framework of .Z.g these are
the physical fields and the physical positron charge only in the limit of vanishing
anomalous couplings h;. For non-zero h; the physical quantities Z, A, W= and e are
modified and (2.12) to (2.18) are no longer valid. The definitions of these physical
quantities in the framework of our effective Lagrangian here are given subsequently in
this chapter. Thus the unprimed quantities are defined such that they denote physical
quantites in both cases; however their relations to the quantities of the Lagrangians %
in Chapter 2 and %, here differ.

Now the next step is to consider the term %% in (6.9), (6.10), and insert for the
Higgs field p(x) everywhere (2.11) and for the gauge-boson fields (6.13), (6.14). We
see then easily that the original dimension-six operators in %5 give now contributions
to dimension-two, -three, -four, -five and -six terms.
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SM hw hy how hyy hes hog hws hyy BY R

kinetic term 4/ V V V

mass term 4/ NV
VARV VAR,
AAWTEW

A'AN'H v VoV vV VY

Table 6.1: Contributions from SM Lagrangian and from operators (6.3) to (6.7) to
terms of the form V'W'tW'—, AAAW'TW'~ and A’A'H with V' = A’ or Z', as well
as to kinetic and mass terms of the gauge bosons. Note that the contributions to the
physical YWW , ZWW and yyH vertices after the simultaneous diagonalisation are
different, see Table 6.5 below.

In Table 6.1 we list from which coupling constants in (6.10) corresponding to the
operators (6.3) to (6.7) we get contributions to the kinetic, the mass and coupling
terms of the gauge bosons in the basis W'*, Z’, A’. The kinetic terms receive con-
tributions only from Og,w, Oy and Owg. The operators Oy, O_p or Oy do not
contribute there since their terms of second order in the boson fields vanish after par-
tial integration. The operators Og) and OS) contribute only to the gauge-boson-mass
terms.

In Table 6.1 we also show how the dimension-six operators contribute to those
gauge-boson and gauge-boson-Higgs vertices that are required for our studies. Note
that in Table 6.1 we show the contributions to the vertices where the operators are
still written in terms of the primed fields W'*, Z’, A’. The operators Oy and Oy,
contribute both to the three- and to the four-gauge-boson couplings. The operators
O,w, Owp and Oy, 5 contribute to the three-gauge-boson vertices with terms propor-
tional to v%. In addition, the operator O,y also induces a four-gauge-boson vertex.
The operator OWW contributes neither to the TGCs, since the corresponding term
can be written as a total divergence, nor to the four-gauge-boson couplings because
the term of the form

e eijpeamWi WL W W (6.18)

vanishes for symmetry reasons. In addition, six operators give rise to a A’A’H vertex.
The dimension-six operators of % induce further vertices, e.g. Z'Z'H and W/'TW'~H,
which are however not relevant for our calculations.

We see that with the inclusion of %5, the kinetic and the mass terms of the gauge
bosons do not have standard form any more due to additional contributions arising ac-
cording to Table 6.1. We have now to diagonalise the mass matrix and simultaneously
transform the kinetic matrix to the unit matrix to identify the physical gauge-boson
fields. The gauge-boson kinetic and mass terms of the effective Lagrangian (6.9) are
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given by

LD+ 28 (6.19)
where
1 1
L = VTV VMV, (6.20)
1
20 = —5 (L= haw) WHW = +mid (14 2D 2) Wirw’=+ (6.21)
T
Vi, = 90V,-0V,, Vi, =(Z,4,)", (6.22)
Wi, = 0w —9,W" (6.23)

Here we have introduced vector notation for the neutral primed gauge fields, and T’
and M’ are given by

T’:(Z Z) M':m§(1+%(hg)+h§§)))(é 8) (6.24)
with
a = 1—2d.8 hwg — c2how — sihyp, (6.25)
b = (& =) hws + sy (hos — how) (6.26)
d = 1+2ds hwg — s2how — c2h,p. (6.27)

2,2

m2 = %, (6.28)
2 12Y,,2

m’ZZ — w (6.29)

4

We see from (2.20) that mj, and m’, would be the gauge-boson masses after EWSB
if we considered only the SM Lagrangian .. Definitions (6.28) and (6.29) are in
accordance with our guideline to prime those quantities that are formally abbrevia-
tions of quantities from %, but whose physical significance changes in the presence
of anomalous couplings, i.e. in the framework of Z.¢. In fact, we see below that the
physical gauge-boson masses my, and my differ from mj;, and m/,, respectively, for
non-zero anomalous couplings. Because of charge conservation there is no mixing
between charged and neutral gauge-boson fields in (6.19). Moreover, the matrix M’
has only one non-zero entry (corresponding to Z'Z’) since terms of second order in
the gauge fields without derivatives can only come from operators with two covariant
derivatives of Higgs fields, that is from those of (6.7). There, due to (2.11), only the
massive gauge bosons contribute.
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We would like to find a basis in the fields such that (6.19) takes the standard form:

1 ) 1
2P = —5 (L 2" + A A )+§mZZZMZ“, (6.30)
1 . R
20 = —g Wl W i Ww e, (6.31)
where
Zpy = 0.7, — 0,2y, (6.32)
A, = 0,4, —0,A,, (6.33)
W, = 0w —a,W;, (6.34)

are the field strengths of the physical gauge-bosons Z, A and W=+, and m, and my,
are (in lowest order) the physical masses of the Z and W bosons, respectively. For
the charged fields this can be easily achieved by a rescaling

1+ hi) /2 1+ 0 /2 g2v?
2 _ 12 — ¥
my = ( = hoay ) my < T hoy 1 (6.35)
W = V1—how W (6.36)

In the case of the neutral fields we perform a linear transformation

V:L =CV, (6.37)
where
V= (Zu, A" (6.38)
Choosing the non-orthogonal matrix
djt 0
C—(_b/m 1/\/3) (6.39)
with ¢ = ad — b?, we obtain the desired form
m% 0
T=C'T'C =1, M=C"MC = ( oZ 0 ) , (6.40)

where 1 denotes the 2x2 unit matrix and the squared physical mass of the Z boson
is

2 1 3 2
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We remark that this kind of diagonalisation has been done in [150], where the mix-
ing term of a W3 and a photon field is studied. A similar procedure is performed
in [151] where operators up to dimension five are considered. We see that the ex-
pressions (2.20) for the squared gauge-boson masses are again obtained in the limit
of vanishing anomalous couplings h;.

To analyse the phenomenology of the effective Lagrangian (6.9) we also have to
express the dimension-six operators (6.3) to (6.7) in terms of the physical fields W=,
Z and A, and substitute the Higgs field according to (2.11). Due to (6.36), (6.37)
and (6.39) the Lagrangian (6.9), and in particular the yWW , ZWW  ~vyWW and
~vvH vertices depend then on the anomalous couplings in a non-linear way. We list
these vertices in Section 6.5 where we treat the triple- and quartic-gauge couplings in
detail.

The diagonalisation has an important consequence concerning the operators O, w
and O,p. Notice that the v2-terms of these operators are proportional to the gauge
invariant kinetic terms of the SM Lagrangian, see the first two terms of (2.1). There-
fore, after the substitution of the physical fields, these operators do not give rise
to anomalous three- or four-gauge-boson couplings, see Section 6.5. However, these
operators contribute to the yyH vertex.

In the next section we shall analyse the consequences of the effective Lagrangian (6.9)
and of the diagonalisation (6.30)ff for the gauge-boson-fermion interactions.

6.3 Gauge-boson-fermion interactions and
electroweak parameters

The Lagrangian (6.9) contains the gauge couplings g and ¢’, and the two parameters p
and A from the Higgs potential. Similarly to the SM p and A can be expressed in
terms of v and mpy. We further have nine fermion masses, four parameters of the
CKM matrix V, and ten anomalous couplings h;. We denote the scheme that uses
these parameters as input by Py, see first column of Table 6.2. It contains the same
parameters as the SM scheme P3M, see Section 2.2, plus the anomalous couplings h;.
The quantities s.,, ¢, and €', which are the sine and cosine of the weak mixing angle
and the positron charge if we set all anomalous couplings to zero, are given in terms
of the electroweak parameters in (6.15), (6.16) and (6.17). This leads to the standard
relations for the electroweak observables, in particular

12
J2=1- W (6.42)
my

analogous to (2.23). However, with non-zero anomalous couplings, that is with the
full Lagrangian (6.9), the relations of the three parameters g, ¢’ and v to observables
depend on the anomalous couplings.
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parameters Py scheme P scheme Py scheme

electroweak 9,9, v a(mz), Gg, mz  a(mz), Gg, my
Higgs-boson mass my my mg

9 fermion masses Muyse - -y My Muyse - -y My Muysye - -y My

4 CKM parameters % % V

10 anomalous couplings  hyw,.. ., hg) hw,. .., hg) hw,..., hfﬁ’)

Table 6.2: Three parameter sets used in the analysis: original ones in Z.¢ (6.9), and
those in the P; and Py schemes.

In this section we take a look at the gauge-boson-fermion interactions and intro-
duce in addition to the original one two more sets of electroweak input parameters,
see Table 6.2. In these schemes, that we call P; and Py, we choose in place of g, ¢’
and v as free parameters the fine structure constant at the Z scale, a(my), Fermi’s
constant G, and the mass of the Z or W boson, respectively. Regarding the choice
of parameters the schemes Py and Py are identical to the schemes P$M and P3M,
respectively, plus the anomalous couplings. However, the relations between Py, Py
and Py involve the anomalous couplings h; and are therefore more complicated than
the relations between PSM, PSM and PSM. They are derived in this section below.
For our numerics in this chapter we again use the values from [2], which are listed in
Table 2.3. The small errors on these quantities are negligible for our purposes and
will be neglected below. We again use as input parameter a(myz) and not the more
precisely known «(0), since most of the observables which we consider below refer
to a high scale of at least mz. We recall that e denotes the positron charge at my,
see (2.32). This is legitimate in tree-level calculations. How we include radiative
corrections in our calculations will be discussed in Section 6.4 below.

We use the scheme Py for all LEP and SLC observables that we consider in
Section 6.4. In the scheme P, one can calculate the SM W-boson mass with a
certain theoretical accuracy. Using the effective Lagrangian (6.9) instead of the SM
Lagrangian gives a different prediction, my . Indeed, as we will see in Section 6.4,
two anomalous couplings have an impact on my, in the Pz scheme. However, for our
analysis of ete™ — W in Section 6.5.2 the use of the P, scheme with my, depending
on the anomalous couplings is very inconvenient. In [34, 35] myy is assumed to be
a fixed parameter—as is legitimate and usually done in the FF approach—and not
expanded in anomalous couplings. This is for good reason: a change of my, changes
the kinematics of ete™ — WW and the reconstruction of the final state. Therefore,
in Section 6.5.2 we use the Py scheme with my, instead of my as input. In this case
the Z mass is a derived quantity that depends on the anomalous couplings h;.

In order to define the input parameters of the two schemes P, and Py we con-
sider the fermion-gauge-boson-interaction part %, of the Lagrangian (6.9). Since
we have not explicitly added any gauge-boson-fermion operators we get—in the orig-
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inal parameters—the SM expression. In terms of the fields A/,, Z, and W,*, (6.13)
and (6.14), we have thus—see (22.77), (22.123) of [1]—

1
Lri = —¢ <A;jg;n +—— Z, T+ ool (W, T +He) ) (6.43)
with the SM currents
Jh = 07" (T3+Y), (6.44)
Rl = V" Tsp — sZTh, (6.45)
T = Uy (Ty +iTy)eb. (6.46)

Here 1) is the spinor for all lepton and quark fields. With the mere SM Lagrangian, ¢’
is the physical positron charge. Including the dimension-six operators we can express
the interaction terms through the physical fields using (6.36) to (6.39):

where the physical positron charge (at the Z scale) is given by

/

e=+4ra(myz) = 77 (6.48)

and the physical neutral current by

Te = VYT — seq T (6.49)
with ;
% = sin? 0P = §/2 1 Esiwc;,. (6.50)

The neutral- and charged-current couplings are

1 d o | Vd
TG Vs, T

The electromagnetic, the neutral- and the charged-current interactions are modi-
fied by the anomalous couplings in a universal way for fermions with the same quan-
tum numbers. With our definition (6.50) of the effective leptonic weak mixing angle
the neutral current (6.49) has the same form as in the SM, cf. (6.45). We write the
neutral current as

Gne (6.51)

1=
Tc=_ 5t (" — gar" ) 1, (6.52)
f

where f denotes any fermion. Then we find for the vector and axial-vector neutral-
current couplings of leptons

1
¢ 2 l
(3% Seff 27 ga 27 ( )
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with ¢ = e, u, 7. Using (6.53), we find the usual expression for s%; [152]

1 J4

.2 plept gv

sin“fz =-1—=|. 6.54

o 4( gf&) (654

Fermi’s constant is given by two charged-current interactions in the low energy

limit where the TW-boson propagator becomes point-like, see e.g. Section 22.3 of [1]:
V2e? 9

It is related to the vacuum expectation value of the Higgs field through

v = (V2Gr) T ) (6.56)

This is obtained by inserting in (6.55) for e, Gce and myy the expressions following
from (6.48), (6.51) and (6.35), respectively. For h3) = 0, (6.56) becomes the tree-level
SM relation (2.30). Using (6.56) and (2.29) the Higgs-boson self-coupling A is given
by

\ = 14+ =AW ) (14 = (AWM 3+ pBY ). .
\/§(+2*")<+2(“’+*") (6.57)

The last factor on the right hand side stems from the renormalisation of the Higgs-
boson field, which is necessary because the two operators (6.7) contribute to the
kinetic terms of the Higgs-boson. This renormalisation can be performed similarly to
that of the W* bosons but has no further consequences for the observables considered
in this thesis. In the following two subsections we determine how the remaining
original parameters of the Lagrangian (6.9) are related to our input parameters in
the P; and Py schemes. Knowing these relations one can express all constants in
the Lagrangian by the anomalous couplings h; and by either of the two electroweak
parameter sets.

6.3.1 Pz scheme

We now show how the original parameters in the effective Lagrangian (6.9), are
expressed by the input parameters of the P, scheme, see Table 6.2. The physical
Z mass myz and a(my) are given in terms of the Py parameters in (6.41) and (6.48),
respectively. In the Pz scheme the W mass myy, is a derived quantity. The relation of
mw to the Py parameters is given in (6.35). We use (6.35), the relation (6.42) and
express m’, by means of (6.41) to obtain the tree-level result for the squared W mass
in the framework of the effective Lagrangian (6.9):

1
E 1 + hSO)/IQ 3 Ci;VQm2Z7
d (1 _ hg,w) (1 i (hfo) ¥ hSﬁ) /2)
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my, =



Inserting (6.51) and (6.58) in (6.55) we obtain an equation for s/ :

o 1 ez 14 (hY) +hd)/2
- {1 1-— e o)
2 V2Grmy t 140l )2

Note that d and t contain s, and ¢, see (6.25) to (6.27). Therefore (6.59) is only an
implicit equation for s/, which is not easy to solve exactly. We denote the right-hand
side of (6.59) for the case where all anomalous couplings are set to zero by s2:

1 e?
P==(1—-/1——, A=1-s2 6.60
0= ( \/ﬁGFmQZ 0 0 ( )

Hence sg and ¢y are not independent parameters but combinations of input parameters
in the P scheme. In the SM, they are identical to the sine and cosine of the weak
mixing angle. To linear order in the anomalous couplings we obtain from (6.59) in
the P scheme

(6.59)

92 =52 (14 @ (how — o) 4 =200 o B g (6.61)
v s Lol ~hon) ¥ gt @) '
Expanding (6.50) to first order in the couplings we find in the Pz scheme
2
2 _ 2 Co Co (3)
= 14+ ————=h ———h . 6.62
o=t (1 g ) (062

2

0 5

Using (6.61) and (6.62) the quantities s, , ¢/, and s% in (6.49) and (6.51) can be
expressed as functions of sy and anomalous couplings in the linear approximation.
The neutral- and charged-current couplings (6.51) read to first order in the anomalous

couplings in the P scheme

1 1
Gxe = — (1=l 6.63
Ne SoCo ( 47 ’ ( )
1 50Co c? 5

For non-zero anomalous couplings an exact result for the W-boson mass is, in prin-
ciple, obtained by inserting the solution for s/ from (6.59) into (6.58). Expanding to
first order in the anomalous couplings we obtain in the P scheme

2
. SoCo CO (3)
mwy = Collyz 1 + 7hWB + ——h ) . (665)
( st — €6 A(s§—ct) ¢

This equation is a relation at tree-level. The way in which radiative corrections are
taken into account in our analysis is explained at the beginning of Section 6.4. For
the vacuum expectation value v of the Higgs field we obtain to linear order in the
anomalous couplings in the P, scheme, expanding in (6.56)

v= <\/§GF>_1/2 (1-hD/4). (6.66)
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6.3.2 Py scheme

Similarly as in the preceding subsection we now express various quantities in the
Py scheme, see Table 6.2. Inserting (6.51) into (6.55) and solving for s'? we obtain

2
/o e d

S — .
Y 42Gem, 1= how

(6.67)

Notice that in this equation d contains s}, and ¢,. Therefore it is only an implicit
equation for s/? like (6.59). For the case where all h; are zero the right-hand side
of (6.67) is given by

2
2 € 2 _ 2

s _ ci=1-—s7. 6.68
'S WGy, ! ! (6.68)

Here s; and ¢; are combinations of input parameters of Py,. Expanding (6.67) to
linear order in the anomalous couplings we obtain in the Py scheme

S;VQ = S% (]_ + C% (hgoW — hgoB) + 28101hWB) . (669)
We expand (6.50) to first order in the h;:

Sgﬁ = 8% <1 + ghv[/B) . (670)

S1

For the neutral-current coupling (6.51) we find to first order in the anomalous cou-
plings in Py

Cno = (1 n ﬂhWB) . (6.71)

S51C1 C1
Here due to (6.55) and (6.68) the charged-current coupling is given exactly by
1
\/581’

and not modified by anomalous couplings. Using the relation m’, = my,, /c,, cf. (6.42),
as well as (6.35) and (6.41) we find for the squared Z mass in Py

o (1 n (hi}) n hf?) /2) (1 _ h¢W> 2,
my = — ) o (6.73)

Goc = (6.72)

where for si, in d and t the solution to (6.67) has to be inserted, and ¢, = /1 — s/2.

So far this is an exact expression for m . To first order in the h; the Z mass is

1
1

C1 4%

For the vacuum expectation value v to linear order in the h; we have the same
expression as in the Py scheme, (6.66).
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6.4 Limits from LEP and SLC

In this section we discuss the impact of the additional operators on precision ob-
servables measured at LEP and SLC. As mentioned before we use the Pz scheme
in the entire Section 6.4. Our procedure is as follows: We calculate the tree-level
prediction Xi,e. of an observable in the framework of the effective Lagrangian (6.9).
Then Xi,. can be expanded to first order in h;

Xtree = thrli <1 + Z th@> y (675)

where XM is the result if we set all anomalous couplings to zero, that is the result
one obtains from the tree-level calculation with the mere SM Lagrangian. At higher
loop-order both Xy and XM receive corrections. We expand the complete result

tree
X as

X = XM (1 +) hX) + AX, (6.76)

where XM is the complete SM result and the X; are the same expressions as in (6.75).
The term AX contains radiative corrections times anomalous couplings and quadratic
terms in anomalous couplings and will be neglected in the following. To get bounds
on the h; we insert the experimental values for X and use the well-known higher-order
results for XM, The linear parts X; are obtained from the tree-level expansion (6.75).
The experimental errors §.X together with the theoretical uncertainties XM of the
SM calculation allow us then to derive bounds on the h;. The theoretical values XM
depend on the unknown Higgs mass my and we shall discuss the bounds as functions
of my.

As first observable we consider the leptonic mixing angle (6.50) for which we get
in the Py scheme (6.62). There we can identify sy from (6.60) as the tree-level SM
result

S | poe = SO- (6.77)

According to (6.76) and (6.62) we set now
2
2 SM 2 o %o (3)
= 1+ ————h — _h
(553 (1 + 3.39hwp + 0.7102)) . (6.78)

Here s3) is the leptonic mixing angle in the SM, including radiative corrections, and

the numerical values are obtained with the numbers from Table 2.3.
The partial widths of the Z into a pair of fermions calculated from the La-
grangian (6.9) on tree-level are

eQmZ

Litliee = 48—7TG12chcfo7 Xt = (gfv)2 + (9&)2, (6.79)

154



where N! = 1 for leptons and N = 3 for quarks. For neutrinos, charged leptons, up-
and down-type quarks we get, respectively,

1 1

Xv =5 Xe =75~ 25% + 4o, (6.80)
1 4 16 1 2 4

Xu= 75~ gsgﬂf + ?nglﬂ“v Xd =5~ gsgﬂf + 5533- (6.81)

In (6.79) we have neglected all fermion masses. Setting all anomalous couplings to
zero we find expressions for the tree-level partial widths in the SM as in Chapter 25
of [1]. The partial widths in (6.79) depend on the anomalous couplings through
Gxc (6.63) and through s?; in x;. Expanding (6.79) to first order in the anomalous
couplings and using our prescription (6.76), we obtain the following results for the
invisible partial width, the width into one pair of charged leptons ete™, pu*u~ or
777, the hadronic and the total widths:

T
iy = Iy [ 1 — R (6.82)

4s0co(4s2 — 1)k —1+4 282 +4sh) Y
Dy = (14 2oocls = Dhws | (Z1+ 25 +45) hy ) (6.83)
e Asoco(44s3 — 20hwss | (=45 + 908} + ds{) h)
had =~ had 45 — 17452 + 25658 — 17655 90 — 34852 + 51252 — 35255 )’
(6.84)

40s0co(855 —3)hws (=63 + 12657 + 40s{) h) )

Iz = FEM L+ 2 4 6 2 4 6
63 — 24655 + 40055 — 320s; 126 — 492s5 + 800s; — 6405

(6.85)
Using (6.60) and the numbers from Table 2.3 we get numerically
Tiny = Tin(1—0.50n%)), (6.86)
Ty = TPN(1—0.4Thyp — 0.60n%)), (6.87)
Thad = Thag(1 — 112hyp — 0.740%)), (6.88)
Iy = I'P(1—0.82hwp — 0.672%). (6.89)

Notice that s%, Ty, Thag and T'z all depend on the couplings hyp and hff ) in a
different way. In contrast, the hadronic pole cross section of, ; as well as R}, R) and
R? [6] depend only on s%; since they are defined in terms of ratios of the partial and
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total widths, such that the anomalous couplings enter only through the quantities g,
see (6.79) to (6.81):
0 127 Fethad

E—— 6.90
ahad mQZ FQZ ) ( )
R) = Thaa/Tr, RY = T,5/Thad, R} =T /Thad- (6.91)

Note the deviating definition of the leptonic ratio where I'y,q appears in the numer-
ator. Also another group of observables, the quantities

Ar = 2949} /Xt, (6.92)

and the fOI' Ward—baCkW&rd asymmetries
Ao’f = —3.,4 A 6.9
FB = et (6.93)

. 2 .
are solely functions of sZ:

1
A, =1, A = (— - 23§H) /Xe, (6.94)

2
1 4 1 2
Ay = <§ - gsiﬂ) /Xu; Ag = (5 - gsiﬂ) /Xa- (6.95)

We thus find that a large number of the observables listed in the summary table 16.1
of [6] with the combined results from LEP1, SLC, LEP2 and further W-boson mea-
surements depend only on the anomalous couplings through s, that is in the linear
combination (6.78). These are the observables

AZUDT)’ A5<SLD)> AOF7]g7 3§H<<QFB>>7 AOFJBov A%}%v (696>
Finv/rﬂa Rg7 R27 Ab7 AC7 (697>
opog, RY. (6.98)

Their functional dependence on s%; is the same as in the SM. From the six observ-
ables (6.96) the following value for s%; is extracted in Table 15.4 of [6]:

s2g = 0.23148 + 0.00017. (6.99)

The errors of the observables (6.97) are much larger than those of the observables (6.96)
and therefore do not affect this result within rounding errors, which we have checked
explicitly using the tree-level expressions of the observables (6.97). Among the ob-
servables (6.96) the leptonic ones tend to give smaller values for s%; than the hadronic
ones. This has recently been mentioned in [153]. We note that this discrepancy can-
not be cured by the anomalous couplings that we consider in this chapter since any
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2 0 0
Sefts 12y Ohaar I

my 120 GeV 200 GeV 500 GeV dh x 103
hwp x108  —026  —0.44  —0.68 0.81
hY %103 038  —024  —2.08 2.81

Table 6.3: Prediction of C'P conserving couplings in units of 102 from the observables
listed in the first row. For s%; the result (6.99) from the observables (6.96) is used.
The results are computed for a Higgs mass of 120 GeV, 200 GeV and 500 GeV,
respectively. The errors 6h on the couplings and the correlation between the two
errors are independent of the Higgs mass within rounding errors. The correlation
is —86%.

choice for hyp and hfﬁ” ) leads to one particular value of s% and the observables de-
pend on s% as in the SM. For the two observables (6.98) results are given in Table 2.3
(“with lepton universality”) of [6], where they are correlated with my, T'; and AYg.
In our scheme P, the Z mass is an input parameter. The forward-backward asym-
metry A% is already included in the result for s% in (6.99). We thus exclude my
and Ag’é from the predictions in Table 2.3 of [6] by projecting the error ellipsoid onto

the subspace of I'z, of,4 and RY. Since 'z depends on the couplings hyp and hg’ )
in a different way than s?; we can in this way extract values on these two couplings
from (6.99) and Table 2.3 of [6]. The SM predictions for o). 4, RY and in particular
for I'; and sgﬂ depend on mpy. Their numerical values are taken from Figures 15.4
and 16.6 of [6]. In Table 6.3 we list the results for the anomalous couplings extracted
from (6.99), T'z, op,4 and R) for a Higgs mass of 120 GeV, 200 GeV and 500 GeV,
respectively. The errors include the uncertainties in the SM predictions, which are
mainly due to the uncertainties in Aa”), (m2), ax(m%) and m;.

We now want to include in the analysis of the anomalous couplings the data of
W-mass and -width measurements. The expansion of my has already been given
in (6.65). For the total width of the W boson we get from (6.47), (6.64) and (6.65)
at tree-level, neglecting fermion masses,

3e2my

Dol = TG?;C (6.100)

SM
1—‘I/V

350¢0 3ct
1 h — =0 3B 6.101
( te-a T imoate ) (G0

where TJ| = 3e?comyz/(16ms?). In the Pz scheme the total width T'y depends
on the same linear combination of anomalous couplings as my,, see (6.65), and is

three times more sensitive to changes of hyp and hfﬁ” ). Now we use again our general
prescription (6.76) and insert numerical values for sg and ¢q following from Table 2.3.
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2 0 0
Seff L'z, Ohad> Rea mw, T'w

mu 120 GeV 200 GeV 500 GeV  6h x 10°
hws x103  —0.04  —020  —0.43 0.79
A x108 —117  -1.88  —3.81 2.39

Table 6.4: Same as Table 6.3, but here my, and I'y, are included as observables. The
correlation of the errors is —88%.

We obtain then
my = mip' (1 — 0.78hwp — 0.36h%)), (6.102)
Ty = TR'(1 — 2.35hyp — 1L.OTAY). (6.103)

We recall that in the presence of anomalous couplings all charged-current interactions
are modified in a universal way. Consequently, we obtain the same relation (6.101)
for all partial widths of the W boson. The branching ratios of the W boson are
therefore not changed by anomalous effects, in contrast to those of the Z boson. We
use the experimental values given in (16.1) and (16.2) of [6] derived from LEP, SLC
and Tevatron data

my = 80.449 + 0.034, (6.104)
Iy = 2.136 =+ 0.069, (6.105)

where the error correlation is —6.7%. Using the SM values shown in Figure 16.9 of [6]
as function of the Higgs mass and combining the bounds from my, and I'y with the
results from Table 6.3 we get the bounds on the couplings hyp and hg ) as listed in
Table 6.4.

6.5 Three- and four-gauge-boson couplings

We now turn to the bounds on the anomalous couplings h; from measurements of
YWW and ZWW couplings at LEP2 [6] and the prospects to measure these couplings
at a future LC. The former is done in Section 6.5.1 using the scheme Py, the latter
in Sections 6.5.2 and 6.5.3 using Py and suitably defined effective TGCs. A general
parameterisation of the two triple-gauge-boson vertices by an effective Lagrangian in
the ELa approach (see Section 5.1) requiring only Lorentz invariance and Hermiticity
consists of 14 real parameters. The parameterisation of Hagiwara et al. is given
in (5.1). The ZWW couplings involve the mixing angle 6, of the SM. In the ELa
approach this 6, is well defined. It is also unique at least at tree-level.
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We recall that in the FF approach the same expression (5.1) is usually written
down but allowing the coupling constants to be complex numbers, as done in Chap-
ter 5. Then ZHEZH should not be considered as an effective Lagrangian but only as a
convenient shorthand description for the yWW- and ZWW- form factors generated
by using (5.1) in Feynman rules to first order.

Here we want to compare the parameters h; of our Lagrangian (6.9)—which is
in the ELb approach—to the parameters in (5.1). From the outset we must make it
clear that such a comparison raises problems. In the ELa approach the dimension < 4
terms in the Lagrangian are exactly the SM ones. In the ELb approach investigated
in this chapter on the other hand the dimension < 4 terms receive anomalous contri-
butions. The relations between the h; and the couplings gy .. ., Ay of (5.1) which we
shall derive below are thus only valid supposing that the anomalous contributions to
dimension < 4 terms are negligible. For a specific process one can take into account
these contributions by defining effective TGCs, as we shall do in Section 6.5.2 below
for the reaction ete™ — WW.

We now derive the relations of the parameters of (5.1) to the h; in the approxima-
tion where terms of the Lagrangian (6.9) that are of second or higher order in h; are
neglected. The sine of the angle 6, in (5.6) will be identified with sq in the Pz scheme
and with s; in the Py, scheme. The fact that we have an ambiguity here reflects again
the differences of the ELa and ELb approaches.

We denote by Zww and Zzww the parts of the Lagrangian (6.9)—expressed in
terms of the physical fields W*, A and Z—that consist of two W boson fields and one
photon or Z-boson field, respectively. Without any approximation the yWW part is
given by

gﬂ/WW _ _ c hW
= (WIWH—W_ W) A+ (14 =B WEW, A"
ey~ o v (e e
6v2Grs,, (1+hY /2 .

W WH, (hw A" + hyy A

6\/3 (]_ — hcp ( w )

, hyp - i
+ 2By AR (6.106)
st (1= hew) *

where A, = (1/2)€,,0A??, and d is defined in (6.27). To obtain the term propor-
tional to Ay, in (6.106) we have used the Shouten identity. Depending on whether we

are in the scheme Py or Py, s, is a solution to (6.59) or (6.67), respectively. The
ZWW part reads

R% h

G = - (W,fyw—ﬂ-W,;W”)Z”*(f— f+g WBW) W, W, 2" (6.107)
go

(141 /2)

+ f (1 — W) W;;W*ﬂy (hwzl/)\ + hWZl/)\> f+ WB W+W Z,ul/
7
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where Z,, = (1/2)€up0 Z"° and

1 b, 1 [dc,
A R

/
Fo= @f. (6.109)
e

Again, for the term in (6.107) proportional to hy the Shouten identity is applied.
Expanding the coefficients of the operators in (6.106) and (6.107) to first order in the
anomalous couplings and comparing with the Lagrangian (5.1) we find the following
relations between the two sets of couplings, in the Pz scheme:

)
S0 he
Ag? = hws + . Ag] =0, 6.110
91 o (Sg — C(Q)) WB 4 (8% — C%) 91 ( )
28000 hi(pB) Co
Aky= 00 pop it — o Ak = L g, 6.111
22T (2 - @) T s P ( )
Az = 650c2V/2GEmLhy /e, A, = 6s9ceV/2GpmZhw e, (6.112)
fz=—2hyy, i = 2y, (6.113)
Co S0
Az = 6s9caV2Grm%hy, /e, Ay = 6502V 2GpmLhy Je,  (6.114)
gl =9 =9=9 =0 (6.115)

Equations (6.110) to (6.112) relate C'P conserving couplings whereas (6.113) and (6.114)
relate C'P violating ones. The couplings g, and g7 are C'P violating whereas gJ and
g% are C'P conserving. From (6.110) to (6.115) we see that in our ELb framework
the anomalous YWW and ZW W vertices depend only on five anomalous parameters,
three of them C'P conserving (hy, hwsz, hfg)), two of them C'P violating (hy, hyig)-
The 14 anomalous couplings in (5.1) thus obey 9 relations. These well known gauge
relations are

Agl = 0, (6.116)
2
Aky = Aglz—%Am/, (6.117)
0
Az = A, (6.118)
2
Ry = —Diy, (6.119)
5o
A o= Az (6.120)
91 = 9 = 97 = g7 =0 (6.121)

However, one has to keep in mind that although the number of TGCs is reduced
in the ELb approach compared to the ELa approach anomalous effects can occur at
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other vertices or propagators, see e.g. our treatment of the reaction e*e™ — WW in
Section 6.5.2 below.

Using the scheme Py, we find in the linear approximation instead of (6.110)
to (6.115)

Agf =0, Ag] =0, (6.122)

AHJZ = —ﬂhWB, AFLV = gh[/VB, (6123)
C1 S1

)\Z = 681\/§Gpm12/vhw/€, /\’y = 681\/§Gpm%/vhw/6, (6124)

fz = — g, R = Lhig, (6.125)
C1 51

P 631\/§Gpm12,vhv~v/e, 5\7 = 681\/§Gpm%[/hw/€, (6.126)

91 =97 =g =97 =0. (6.127)

Notice that hff ) does not enter here in Py such that the number of couplings to
describe the anomalous YW W and ZW W vertices in the Py scheme is one less than
in the Pz scheme. We have here two C'P conserving couplings (hy, hwg) and two
C'P violating ones (hy, hyp). The gauge relations (6.116) to (6.121) also hold in
the scheme Py if we substitute sg and ¢y by s; and ¢;. In the Py scheme we have a
further gauge relation

Ag? =0. (6.128)

Thus we find in our locally SU(2) x U(1) symmetric theory that the number of in-
dependent C'P conserving TGCs is three if we choose the Py scheme. This agrees
with the results of [154]. However, if we choose Py, which is actually the convenient
scheme for the direct measurement of TGCs in W-boson-pair production there is one
TGC less. However, the h; also enter in fermion-boson vertices, Higgs-boson vertices
and boson masses. In fact, we shall see in Section 6.5.2 that the coupling hff ) affects
the differential cross section of ete™ — WW although we use the scheme Py .
Without approximation the yyWW part of (6.9) is

Loyww - v CAn gy
(”_”762) = (WSWHAA —WFW, A*A") (6.129)
65;, th)\“ —+ h‘;[/zzl)\“
ev2vVd (1= hew)
Using the formulae of Section 6.3 it is straightforward to calculate the linear approx-
imation of (6.129) for the two schemes.
The terms containing two photon fields and one Higgs field in the effective La-
grangian (6.9) after diagonalisation are

() — AW w4 He.)

1
vd Loy = 3 (si2hew + d2hop — 2, Shhwp) Ay A H (6.130)
+ (sghww + c;?hsaé — cgvs;VhWB) AWA"”H.
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SM hw hy hew hgw hes hyp hws hgg hY hY

WW VY vV
IWW v VooV Py
W Y
H v VoYV VY

Table 6.5: Contributions of the SM Lagrangian and of the anomalous operators to
different vertices in linear order in the h; after the simultaneous diagonalisation. Only
those vertices are listed that are relevant for our observables. This does not coincide
with the contributions to operators of the respective structure before the simultaneous
diagonalisation, see Table 6.1. The coupling hg’ ) contributes to the ZWW vertex in
the scheme P but not in Py .

Here we have neglected an additional factor that arises due to the renormalisation
of the Higgs-boson field—see the remark below (6.57)—because this gives no con-
tributions to linear order in the h;. In the linear approximation we simply have to
substitute the factor vd on the left hand side by (v/2Gr)~*/? and s/, (c,,) on the right
hand side by sg (¢p) in the Pz scheme, and by s; (¢1) in the Py scheme.

We summarise in Table 6.5 which couplings contribute to the yYWW, ZWW |
YYWW and yvH vertices if we consider only terms that are linear in the h;.

6.5.1 Bounds from LEP2

For the C'P conserving couplings we use the values from Table 11.7 in [6]

AgZ = 0.051 & 0.032, (6.131)
Ak, = —0.067 + 0.061,
A, = —0.067 £ 0.038.

The errors given in [6] are not symmetric. Here we make the conservative choice to
take the larger of the lower and upper errors. The correlations, in the order Ag?Z,
Ak, Ay from the same reference are

1 023 —0.30
1 -027 |. (6.132)
1

The remaining two non-zero C'P conserving couplings Az and Az are not considered
as independent in [6], but are assumed to be given by the gauge relations (6.117)
and (6.118). From the values (6.131) and (6.132) we therefore obtain, using (6.110)
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to (6.112), the following values and errors for our anomalous couplings

hw = —0.069 £ 0.039, (6.133)
hwp = —0.037 £ 0.033,

h¥ = —0.029 +0.112,

and the correlations, in the order hy,, hyg, hg ),
1 —-0.27 0.36
1 —0.80 |. (6.134)
1

We repeat that these constraints are only approximate as in our ELb framework non-
SM effects do not only occur at the three-boson vertices, but also at the fermion-boson
vertices and through my,. The bounds (6.133) on the h; are thus only valid to the
approximation that these effects are negligible.! The constraints on hyys and hg ) de-
rived from TGC measurements are much weaker than the constraints from Table 6.4.
Combining the results from Table 6.4 with (6.133) and (6.134) we find the values
and errors as listed in Table 6.6. These are the final values for the C'P conserving
couplings that we can derive from LEP1, SLC, LEP2 and further W-boson measure-
ments. The value and error of hy is almost independent of my. Electroweak data
predicts a value for Ay of about —0.06. Since the errors on hyp and hfﬁ” ) are almost
uncorrelated with the error on hy,, we can consider the bounds on hyp and hfﬁ” ) sep-
arately. Their error ellipses are shown in Figure 6.1. Interestingly, a large Higgs mass
is allowed by the data if hyp and hg’ ) are of order ~ 1073,

For the C' P violating couplings we use the weighted average of the single parameter
measurements given in [106] and [107]

Az = 0.067 & 0.080, kz = —0.018 £ 0.046. (6.135)

In these analyses the relations (6.119) and (6.120) of the C'P violating photon cou-
plings with the C'P violating Z couplings are assumed to hold. Using the val-
ues (6.135) we get from (6.113) and (6.114) the results listed in Table 6.7. These
results are independent of my. Since—in contrast to the C'P conserving couplings—
the C'P violating couplings do not affect the boson-fermion couplings or the W mass
these bounds are accurate in the sense that no such effects are neglected.

As mentioned above, see (6.11), a natural choice for the coefficients h; in (6.10) is
h; = a;v? /A% where A is the new-physics scale and the «; are of order one. Setting

Tn the following subsection we show that one can take into account the effects from anomalous
fermion-boson couplings and anomalous boson masses by defining effective TGCs. However, to this
end each physics reaction must be considered separately. Here we use the combined results from
various processes and one cannot easily avoid this simplification.
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2 0 0
Seﬁ’ PZ, Uhad’ RZ) mW, PW, TGCS

mur 120 GeV 200 GeV 500 GeV 6k x 10°

hw x103 —624  —625 = —62.8 363 1 —0.007 0.008
hws x10°  —0.06  —022  —0.45 0.79 1 —0.88
B9 x108  -1.15  —1.86  —3.79 2.39 1

Table 6.6: Final results from already existing data for C'P conserving couplings in
units of 1073 for a Higgs mass of 120 GeV, 200 GeV and 500 GeV. The anomalous
couplings are extracted from the observables listed in the first row using (6.99). The
errors 0h and the correlations of the errors are independent of the Higgs mass with
the accuracy given here. The correlation matrix is given on the right.

TGCs

h oh

hy, - 0.068 0.081
hyp 0.033  0.084

Table 6.7: Final results from already existing data for C'P violating couplings. The
anomalous couplings are extracted from TGC measurements at LEP2 in various pro-
cesses.

3
120 GeV hws % 10

200 GeV
my = 500 GeV
A x 10

Figure 6.1: Error ellipses of hyp and hfﬁ” ) for different Higgs masses.
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my [GeV] 120 200 500

hy 0.78 0.78 0.78
hws 84 77 7.0
h) 41 38 3.1
hyi 0.64 0.64 0.64
hyig 0.72 0.72 0.72

Table 6.8: Lower bounds A; on the new-physics scale A in TeV from the values
of different anomalous couplings h; obtained from the results in Tables 6.6 and 6.7
according to (6.136). The numbers are given for a Higgs mass of 120 GeV, 200 GeV
and 500 GeV, respectively.

a; = 1 and using the numbers from Tables 6.6 and 6.7 we find lower bounds A; on
the scale of new physics according to

v

A= —— (6.136)

' \/|hi|+5hi'

These bounds are listed in Table 6.8. New physics that give rise to non-zero hy, hy,

or hyjp may be seen at a LC in the one-TeV-range. Those affecting hg’ ) can lead to
visible effects at a multi-TeV machine like CLIC, whereas hyp will probably be out
of reach in the near future.

To first order in the anomalous couplings none of the observables considered so
far depends on hgw, by, hops h,p or hfal). This does not change when taking into
account optimal observables for eTe™ — WW with the effective couplings, see the fol-
lowing Section 6.5.2. However, four couplings that cannot be determined with present
data orin ete™ — WW at a future LC have an impact on the differential cross section
for W-pair production at a photon collider, which we will study in a future work [38].
To be precise, one linear combination of h,y and h,p and one linear combination of
h,y- and h,p can be measured including data from this reaction. Then only three
anomalous-coupling combinations, that is the other two linear combinations of these
four couplings as well as hg ), cannot be determined. We summarise this result in
Table 6.9 where we show which coupling combinations can be measured by means
of which observables. In the right column we list all observables that we use in this
work or in [38].

6.5.2 Effective couplings for ete™ — WW

Here we would like to derive bounds on the anomalous couplings h; from results calcu-
lated for the reaction e™e~ — WW in Chapter 5. There all 14 complex parameters to
describe the general YWW and ZWW vertices are taken into account, see (5.1), but
the fermion-boson vertices, my and my, are supposed to be as in the SM. Therefore
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Py scheme

hws, h{) s2e, Ty, o0 1 RO, my, Ty

hw, hws, hg) 3 C'P conserving TGCs

by, Mg 2 CP violating TGCs

Py scheme

hw., hwag, hff), b, Mg effective couplings in ete™ — WW
?g;l::ivi C;;VZ;B}L)I:VI(Z %hww N C%hwg) } optimal observables for vy — WW

Table 6.9: Anomalous couplings and observables for their measurement in the respec-
tive schemes, in which they are considered in our studies. With the ensemble of all
these observables five couplings can be measured independently. In addition, of the
two couplings h,w and h,p one linear combination can be extracted. The same is
true for h g and hz.

we have to analyse carefully to which extent bounds on our anomalous couplings h;
can be obtained from the numbers of Chapter 5. Consider the two cases, the ELb
framework using the Lagrangian (6.9) with all anomalous couplings and the ELa
framework of the Lagrangian (5.1) with only anomalous TGCs. In both cases the
process ete” — WW has to be calculated at tree-level from three sorts of diagrams,
t-channel neutrino exchange, s-channel photon and s-channel Z exchange, see Fig-
ures 6.2 to 6.4. The various anomalous contributions in each figure are explained
below. In Chapter 5 to linear order in the anomalous TGCs the errors on their imag-
inary parts are not correlated with the errors on their real parts. This is because
integrated observables are used and the respective anomalous amplitudes obtain dif-
ferent signs under the combined discrete symmetry CPT of C'P and a naive time
reversal f, that is the simultaneous flip of all spins and momenta without interchang-
ing initial and final state. Thus, whether or not the imaginary parts are included in
the analyses of Chapter 5 plays no role when we look at the sensitivity to the real
parts. For the real parts, the errors on the C'P conserving couplings are not corre-
lated with the ones on the C'P violating couplings in the linear approximation, and
the two groups of couplings can be considered separately, see Chapter 5. In principle,
the derivation of the bounds on the h; would require a complete calculation of the
process ete” — WW — 4 fermions in the framework of the Lagrangian (6.9) using
optimal observables. To first order in the couplings the errors on C'P conserving
and C'P violating couplings are not correlated also in this case. However, in such an
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e” w-= e~ w-

et w+ et w+

Figure 6.3: Photon-exchange diagrams. SM diagram (a) and diagram with anomalous
yWW couplings (b).

analysis also anomalous effects from the couplings of the Z boson to fermions, which
modify the s-channel Z exchange as well as anomalous contributions to my, (mz)
must be taken into account if we use the scheme Py (P ), see (6.65) and (6.74). Fur-
thermore, in the scheme P, the anomalous couplings have an impact on the couplings
of the W boson to fermions, whereas in Py they have not due to (6.72). Since my is
treated as a fixed parameter in Chapter 5 it is convenient to choose the Py scheme
for the analysis in this section. Moreover this simplifies the analysis because in Py,
the neutrino-exchange amplitude contains no anomalous effects. The C'P wviolating
couplings appear in the reaction ee™ — WW only at the three-gauge-boson vertices.
Thus the errors and correlations of these couplings can be obtained directly from the
results in Chapter 5 by using (6.125) to (6.127). In contrast, in the CP conserving
case we obtain anomalous contributions to the vertices eeZ, yYWW and ZWW and to
mz from the Lagrangian (6.9). Therefore in the framework of the Lagrangian (6.9),
all diagrams of Figures 6.2 to 6.4 contribute to eTe™ — WW in zeroth or linear order
in the h;. The blob denotes anomalous couplings (without the SM contribution to the
respective vertex), and the diagram (b) in Figure 6.4 with the box denotes s-channel
Z-boson exchange with a modified Z mass in the propagator minus the SM diagram,
which is the diagram (a). Notice that the W-decay amplitudes remain unchanged by
the h; in the Py scheme.

After this discussion of the calculation of the amplitudes for ete™ — WW in our
present ELb approach we compare it to the FF calculation of Chapter 5 which can
be considered as an ELa approach if we set all imaginary parts of coupling constants
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Figure 6.4: Z-boson-exchange diagrams. SM diagram (a) and anomalous contribu-
tions from the modification of the Z mass (b), from anomalous eeZ couplings (c) and
anomalous ZWW couplings (d).

there to zero. In the ELa framework of Chapter 5 the diagrams of Figures 6.2 and 6.3
and only (a) and (d) of Figure 6.4 occur. We will now show that the diagrams
(b) and (c) of Figure 6.4, that is the anomalous effects at the eeZ coupling and
in my, can be completely shifted to diagram (b) in Figure 6.3 and diagram (d) in
Figure 6.4 by defining new effective YWW and ZWW couplings. For given values of
the couplings h;, which modify the TGCs, the fermion-boson couplings and m in the
ELb framework of the Lagrangian (6.9), one can compute values for these effective
anomalous TGCs. Then calculating the process e*e~™ — WW in the ELa framework
using (5.1) with merely (effective) anomalous TGCs leads to the same differential
cross section as calculating it with all anomalous vertices in ELb. This means the
amplitudes for the process are only computed from the diagram in Figure 6.2, both
diagrams in Figure 6.3 and diagrams (a) and (d) in Figure 6.4, but with suitably
defined effective yWW and ZW W couplings.

We start from the Lagrangian (6.9) and denote the parts of the amplitudes for
ete™ — WW obtained from the tree-level diagrams for ¢-channel neutrino exchange,
and s-channel photon and Z exchange by A,, A, and Ay, respectively. First we
assume that these amplitudes are the full expressions without linearisation in the h;.
Thus these amplitudes do not correspond to the sum of the diagrams in Figures 6.2
to 6.4, where we have assumed that all terms of second or higher order in the anoma-
lous couplings are neglected and the diagrams with the various anomalous contribu-
tions can therefore be summed linearly. The linearisation is done in a second step be-
low. The amplitude A, is identical to the neutrino ¢-channel exchange in the SM. The
amplitude A, is affected by the anomalous couplings only at the YW W vertex. How-
ever, we will define effective YW W couplings below because some contributions from
the Z exchange will be carried over to the photon exchange. The amplitude A  is af-
fected by anomalous couplings at the eeZ and ZW W vertices, as well as through m .
Now consider the currents (6.44) and (6.49) for a certain charged lepton species ¢ (in
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our case { is the electron):

T () = (T3 +Y)L, (6.137)
Thcll) = Z’V“ng_sgffxﬁfn(@- (6.138)

Further, we denote the vertex functions for the yWW and ZWW vertices obtained
from the Lagrangian terms £,y and Zzww, see (6.106) and (6.107), by I',w and
Izww, respectively. They include SM as well as anomalous contributions, and no
linear approximation in the h; is performed yet. We have then for the sum of the
amplitudes for photon and Z exchange in the Py scheme:

1 1
A,y + AZ X \Z)‘fn(ﬂ)glﬂvww + GNCJ]GLC(E) s m2 PZWW (6139)
A
1 - 1
= Th(0- Dywwlog + GRE (V' T3l — s1T5(0) ———5 Dawwlen »
s S — (mz )
where we have defined
1 m
GM = sM_ W 6.140
NC 510y my e ( )
and the effective vertex functions
S
PVWW|eff = F’YWW + WGNC (S% — ngf) PZWWa (6141)
A
2
Gne S — (mgM)
FZWW‘e = szw. (6142)
"o -

The squared c.m. energy of the electron-positron system is denoted by s. From (6.139)
we see that the sum of A, and Ay can be calculated from the diagrams in Fig-
ure 6.3 and diagrams (a) and (d) in Figure 6.4 if we use the vertex functions I'ww | g
and I'zwwl|.g instead of I'yyww and I'zww. Expanding the coefficients of I'zyww
in (6.141) and (6.142) to linear order in the h; we have, using (6.70),

S

Dowwleg = Toww — hwsl' zww, (6.143)

s—mhy
S

Towwlg = {1 = (L4 4P(s)) b + P(s)h§§>} Tzww  (6.144)
1

with
miy, /2

2 2 -
s — myy

P(s) = (6.145)

We can now think of I'yyww| s and I'zww|4 as vertex functions emerging from the
Lagrangian terms (6.106), (6.107) and containing couplings Ag{| ¢, AgIZ’eﬁ, ete.
instead of Ag], Ag#, etc. Taking into account the additional factor of (¢;/s;) in the
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SM couplings of I' zyyw compared to the SM couplings of I',yyr we obtain to linear
order in the h; from (6.122) and (6.123)

3
c; 2s

Agllg = T, (s)hwn, (6.146)
201
A/{'Y|eﬂ" = —S—IP(S)hWB, (6147)
S
Agflg = o (L+4P(s)) hwp + P(s)h), (6.148)
481 (3)
A/‘iz|eﬂ = P(S) C—thB+h¢ . (6149)

With all other couplings \,| g, Azl etc. of the vertex functions I'yww|4 and
I'zwwl.g we drop the subscript “eff” and write Ay, Az, etc. as usual since they
are related to the h; as before according to (6.124) to (6.127). In the high-energy
limit s > m¥, we obtain from (6.146) to (6.149)

&1
Y ~
A91|eﬂr ~ _s_thB’

Arylg =~ 0,

S

4 ~ 1
Agl ‘eff ~ C_thB’

AI{,2|€H ~ 0.

The effective couplings do therefore not depend on hg ) in this limit. We recall that
three of the gauge relations in the Py scheme are

Agl = 0, 6.154

1

Agi = 0, (6.155)
2

Arz = Ag? — Ak, (6.156)
551

see (6.116), (6.117) with sy — s; and ¢y — ¢1, and (6.128). Here, instead of these
three relations we obtain two relations among the effective couplings

S
Ag,ly‘eﬂ“ = C% 2 A’%"/|effv (6157)
myy
2
s _
Arzlar = Ag |y = 3 Arslg (F2P()7 (6.158)

Notice the extra factor in the brackets in (6.158) compared to the conventional rela-
tion (6.156). Instead of (6.158) one can also choose a relation, whose coefficients are
energy independent:

2
s
ARzl = Aglzleff - c_% (A“v‘eﬂf - Ag?‘eff) . (6.159)
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However, not both gauge relations between the effective couplings Ag{|.z, Aky| g
Ag? }eﬁ and Aryz| s can be chosen with energy independent coefficients. This can be
seen in the following way: Assume that in addition to (6.159) there is a gauge relation

A NG| g+ BAGY | g+ C ARyl g + D Asiglyg =0, (6.160)

‘eff

where A, B, C' and D are constants. In the limit s > mj,, cf. (6.150) to (6.153), we
obtain from (6.160)
Bst = Aci. (6.161)

Now, assuming (6.160) to be independent from (6.159), we can without loss of gen-
erality set A =0. Due to (6.161) we then have also B =0. The relation (6.160)
is then a relation solely between Ak, |z and Arz| 4, which is not possible because
these couplings are obviously independent, see (6.147) and (6.149). Thus no such re-
lation (6.160) with energy independent coefficients exists. Instead at least one gauge
relation, e.g. (6.157), depends on s. To summarise we obtain the following gauge
relations among the effective couplings (as mentioned above for all but four couplings
we drop the subscript “eff”):

S
Agllyg = A5 ARyl g, (6.162)
myy
2
S _
Arzlg = Agl|g — = Dialg (<2P(s) " (6.163)
1
Az = A (6.164)
C2
oy = ——Fz, (6.165)
51
Moo= Az (6.166)
91 = 9f = 93 = ¢ = 0. (6.167)

Instead of (6.163) one may take the relation (6.159) with energy independent coeffi-
cients.

Numerically, using again the numbers from Table 2.3, we find from (6.124) to (6.127)
that the couplings Az,. .., gZ are expressed as linear combinations of the parameters h;
in the following way:

Az = 0.980hy, Ay = 0.980hyy, (6.168)
Fiy = —0.544h5, Foy = 1.84h75, (6.169)
Az = 0.980h5, A, = 0.980h,;, (6.170)
gi=9{ =93 =97 =0 (6.171)

171



For /s = 500 GeV we further obtain with (6.146) to (6.149)

Ag”eff = _1~90hW37 (6172)
A"{’Y|eff = —OO64hWB, (6173)
Agl| s = 0.582hws +0.017h), (6.174)
Azl = 0.038hyp +0.017hY. (6.175)
For /s = 800 GeV, we have instead of (6.172) to (6.175)
Aglle = —1.86hws, (6.176)
A"{’Y|eff = _0024hWBa (6177)
Agl|.s = 0.558hwp+ 0.007h{Y, (6.178)
Akzlg = 0.014hyp + 0.007h%). (6.179)
In the high-energy limit s > mj, we obtain from (6.150) to (6.153)
Ag,ly|eff ~ —184hWB, (6180)
Akylg =~ 0, (6.181)
Agl| ; =~ 0.544hyp, (6.182)
Azl g ~ 0. (6.183)

From the measurements of Agy| 4, Ak,| , g7 in the reaction ete™ — WW at a

P
future LC, see [34, 35], we can thus get bounds on Ay, hysz, hg’), hy and hyyg if s
is not too large. In the high-energy limit s > mj, the C'P conserving coupling hg )
cannot be measured in this way.

6.5.3 Bounds from ete™ — WW at a linear collider

In this section we discuss the reaction ete™ — WW, to be measured at a future LC,
in view of its sensitivity to the anomalous couplings h;. We assume unpolarised e*
and e~ beams and standard expected values for the integrated luminosities [14, 19]
500 fb~! at /s = 500 GeV, 1 ab™! at \/s = 800 GeV and 3 ab™! at /s = 3 TeV. We
use the errors for all TGCs in the parameterisation (5.1), as given for /s = 500 GeV
and /s = 800 GeV in Tables 5.25 and 5.29, respectively, and take into account their
correlations (which are not listed there). We further use the corresponding results
calculated for y/s = 3 TeV. From these values we can extract the errors obtainable
for the h; using (6.168) to (6.179) by conventional error propagation. We give the
errors and correlations at c.m. energies of 500 GeV, 800 GeV and 3 TeV for the
CP conserving couplings in Tables 6.10 to 6.12 and for the C'P violating ones in
Table 6.13. The errors of hy, hwg, hy and hyy g at 500 GeV are considerably smaller

than the one on hfj’ ). Notice that hfj’ ) becomes unmeasurable in the high-energy limit,
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ho Shx10 hy hys AP

hy 028 1 0.09 —0.23
hyw 1.05 1 0.37
h) 26.8 1

Table 6.10: Errors in units of 107 and correlations of the C'P conserving couplings
at c.m. energy /s = 500 GeV.

ho Shx10 hy hys  AY

hwy 012 1 0.06 —0.10
hws 0.90 1 040
h) 35.8 1

Table 6.11: Same as Table 6.10 but for /s = 800 GeV.

cf. (6.180) to (6.183). At /s = 3 TeV we thus obtain no bound on hfj’). For all other
measurable couplings the errors become much smaller with rising energy. Notice that
the error correlations decrease with rising energy and the four measurable couplings
are almost uncorrelated at /s = 3 TeV.

6.6 Comparison of different linear-collider modes

Now we would like to summarise the results of this chapter and compare the various
modes of a future LC with respect to the sensitivity to the anomalous couplings h;
in the ELb framework. In this chapter we have analysed the phenomenology of
the gauge-boson sector of an electroweak locally SU(2) x U(1) invariant effective
Lagrangian. In addition to the SM Lagrangian we took into account anomalous
coupling terms from the ten operators of dimension six that consist either only of
the SM gauge fields or of SM gauge fields and the SM Higgs-doublet field. We found
that after EWSB some anomalous terms contribute to the diagonal and off-diagonal
kinetic terms of the neutral gauge bosons and to the mass terms of the W and the
Z boson. This made necessary to first identify the physical gauge-boson fields as

h oh X 103 hW hWB

hw 0.018 1 0.02
hwg 0.69 1

Table 6.12: Errors in units of 1072 and correlations of the C'P conserving couplings
in the high-energy limit at c.m. energy /s = 3 TeV.
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\/g 5hVV X 103 5hVVB X 103 COrr.

500 GeV 0.28 22 1™%
800 GeV 0.12 14 9%
3 TeV 0.018 0.77 2%

Table 6.13: Errors in units of 1072 and correlations of the C'P violating couplings at
different c.m. energies.

linear combinations of the fields that originally occur in the Lagrangian. In this way,
in addition to the gauge-boson self-interactions, also the neutral- and charged-current
interactions were modified. We have studied the impact of anomalous couplings onto
LEP and SLC observables. For a large class of observables the anomalous effects only
show up through a modified effective leptonic weak mixing angle, see Section 6.4.
The functional dependence of these observables on the effective mixing angle is the
same as in the SM. Thus the discrepancy between the predictions for this angle
from hadronic and leptonic observables cannot be obtained by non-zero anomalous
couplings from our boson operators. The observables 'z, my, and 'y, depend on the
anomalous couplings in a different way and therefore lead to further constraints. From
all these observables we obtain bounds of order 1073 for the dimensionless couplings
hws and hff ) These bounds depend on my.

Turning then to the TGCs we found that in addition to the two couplings hyp
and hg’ ) one more CP conserving coupling, hy/, and the two C'P violating cou-
plings hy, and hyyz modify the YW W and ZWW vertices in the scheme Py. In the
scheme Py the triple-gauge-boson vertices are parameterised by one coupling less
than in Pz. In other words there is an additional gauge relation in the scheme Py, .
However, both with P, and with Py some C'P conserving couplings also change
the boson-fermion interactions. For the specific reaction ete™ — W and using Py,
we have defined effective TGCs such that all anomalous effects are absorbed into
the three-gauge-boson vertices. The anomalous gauge-boson-fermion interactions are
thus fully taken into account here (in the approximation linear in the h;) though
in the explicit calculation of the differential cross section everything apart from the
TGCs is assumed to be SM like. With the effective couplings one more parameter
re-enters the differential cross-section in the scheme Py,. The gauge relations between
the effective couplings are different from those between standard TGCs. At least one
gauge relation contains the squared c.m. energy s of the electron-positron system, the
other relation can chosen to be energy independent.

For the bounds derived from LEP2 data that include various processes and not
only W-boson-pair production we have used P, and only considered the conventional
TGCs. This gives exact results for the C'P violating couplings, but only approximate
results for the C'P conserving ones, since we have neglected the modified W mass and
boson-fermion interactions there. For the couplings hyp and hfﬁ” ) the direct LEP2
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measurements do not give tighter bounds than the other LEP and SLC observables.
However, we obtain in addition bounds on Ay, hy and hyp of order 0.1.

Our summary of the presently available information on the anomalous couplings h;
is presented in Tables 6.6 and 6.7 and in Figure 6.1. We find that the data is consis-
tent with a light Higgs boson, my = 120 GeV and practically vanishing anomalous
couplings. But also a heavy Higgs boson, my ~ 500 GeV, is in accordance with the
present data if only small anomalous couplings hyp and hff ) of order 103 are intro-
duced in the gauge-boson sector, see Figure 6.1. Moreover the data prefers a value
for hyy of —0.06 over hy, = 0 at the 20 level, see Table 6.6.

We have investigated in detail the effects of our effective Lagrangian on the reac-
tion ete” — W at a future LC. To this end we have used the results from Chapter 5
obtained for solely TGCs in the most general parameterisation. These analyses have
been done with optimal observables and the derived constraints on the h; therefore
give the optimal bounds that one can obtain in this reaction from the normalised
event distribution. Here we have used the scheme Py and our technique with the
effective vertices I'yyww| g and I zww|. For most couplings the bounds obtainable
with standard expected values for the integrated luminosities are dh; around a few
107 to 1073 at a c.m. energy /s = 500 GeV and are greatly improved with rising
energy. Only one coupling, hg’ ), is not measurable in the high-energy limit.

The Giga-Z mode at TESLA, see Section 5.1.4 of [15], will be particularly inter-
esting to accurately measure hypg and hff ). A measurement at the Z pole with an
event rate that is about 100 times that of LEP1, should in essence reduce the errors dh
given in Table 6.3 by a factor 10. Thus hAyp and hg ) can then be measured with an
accuracy of some 107%. However, systematical errors can become more important
there [89].

A very interesting opportunity for the exploration of the electroweak gauge-boson
sector is the measurement of the differential cross section of vy — WW at a photon
collider, which we shall explore in a future work [38]. Here two new coupling combi-
nations can be determined that cannot be measured with the other options that we
have considered.

We have seen that experiments performed in the past as well as the Giga-Z-,
the ete™- and the yy-options at a future LC all provide and will provide useful and
complementary information on the gauge-boson sector. At present a non-zero value
is preferred for hy, at the 20 level, while small hyp and hg ) can make a heavy SM
Higgs boson with my ~ 500 GeV compatible with the data. The present bounds on
the C'P violating couplings are rather loose. In the future, with data from all three
mentioned LLC modes seven out of ten anomalous coupling combinations can be mea-
sured. Our study in this thesis and in the paper to follow on the reaction vy — WW
should make it clear that exploring the electroweak gauge structure needs a compre-
hensive study at a future LC, where all running modes are needed and will reveal
interesting complementary aspects.
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Chapter 7

Conclusions

Now we summarise the results of this thesis and give an outlook. Since a number
of concluding remarks are given at the end of Chapters 3, 5 and 6 these conclusions
are rather brief. As mentioned in the Introduction the SM provides a theoretically
consistent and experimentally successful description of the known particles and their
electroweak interactions. An important ingredient for spontaneous symmetry break-
ing of the electroweak gauge group SU(2) x U(1) down to the electromagnetic gauge
group U(1)en is the Higgs boson, which has yet to be found. In Chapter 2 we have
given a compact overview of Higgs-boson search strategies and of ways to determine
its properties. Further we have presented some common arguments why a discovery
of (at least) one Higgs boson or some alternative scenario is likely at the future hadron
collider LHC and at electron-positron colliders like TESLA, NLC, JLC and CLIC.
Finally, at a high energy scale A the SM is likely to be replaced by a different theory,
of which the SM is a low-energy effective theory valid at energies tested at present.
Going to scales of order TeV at the future accelerators, one may therefore encounter
deviations from the SM. A class of models with comparatively little modifications
of the SM are those with two or more Higgs doublets while no further particles or
fundamental forces are introduced. We have studied some aspects of such a model
in Chapter 3, viz., the conditions that have to be imposed on the parameters of the
Higgs potential in order to result in a stable theory with correct EWSB. These criteria
can be written in terms of rather implicit but very elegant formulae. We have applied
these conditions to different examples of more specific models from the literature.
Within this thesis however we could not attempt the vast field of how to produce and
detect the corresponding Higgs bosons. Certainly, to predict the production and de-
cay rates of these particles one has to take a look at the full Lagrangian, in particular
at the Higgs-gauge-boson couplings and the Yukawa interactions which is beyond the
scope of the present work. As mentioned at the end of Chapter 3 sum rules can help
to relate different vertices to each other. Furthermore, for such models C'P violation
in the Higgs sector is an interesting topic as mentioned in the Introduction.

In Chapters 4 to 6 we have presented two approaches for the parameterisation of
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new physics at a high energy scale A in a model-independent way; a form-factor ap-
proach and an effective-Lagrangian approach. We have thereby restricted ouselves to
the gauge-boson sector and explored observable consequences of anomalous, i.e. non-
SM, interactions at a future LC both in the one-TeV and in the multi-TeV range.
In the effective-Lagrangian approach bounds were also obtained from various LEP
observables. In order to determine the strongest bounds that can be obtained in a
certain reaction at a future LC we applied the optimal-observable technique. Chap-
ter 4 was dedicated to an explanation of this method.

In Chapter 5 we applied a form-factor approach for the yYWW and ZW W vertices
to the reaction ete™ — WW at a future LC. We considered all 28 real parameters
and the correlations of their errors. Using optimal observables the correlations ap-
pear to lowest order in the anomalous couplings only within four different symmetry
classes; these classes are defined according to the behaviour of the different couplings
under C'P and C'PT. However, up to eight anomalous couplings are still correlated.
A simultaneous diagonalisation allowed to get an insight in the sensitivity to different
directions in coupling-constant space. We studied extensively the dependence of the
sensitivity on longitudinal beam polarisation, where the diagonalisation clarified the
situation. We further found one coupling combination that cannot be measured with
unpolarised or longitudinally polarised beams, which was shown from the analytic ex-
pressions of the differential cross section and confirmed numerically using the optimal
observables. To determine this coupling combination it is necessary to spend some
fraction of the total luminosity at a future LC also on the transverse polarisation
mode. Our comparison shows that for the other couplings longitudinal polarisation
is advantageous.

In Chapter 6 a second way was presented of how new physics can be taken into
account in a model-independent study at a future LC. Ten dimension-six operators
were added to the SM Lagrangian before EWSB. Their ten coefficients, the anomalous
couplings, parameterise the new-physics effects. After EWSB also new dimension-two
terms occur such that first the physical gauge-bosons had to be identified. They were
found to be linear combinations of the gauge-boson fields that occur in the effective
Lagrangian. As a result—in addition to the gauge-boson self-interactions—also gauge-
boson-fermion interactions and gauge-boson masses are modified. Thus, in fact, also
measurements at LEP1, SLC and further W-boson measurements deliver constraints
on the anomalous couplings. We reproduced the well-known result that for zero-
anomalous couplings the electroweak measurements are consistent with a light Higgs
boson, my ~ 120 GeV. Interestingly, turning on anomalous couplings of order 1073
allows a heavy Higgs with my =~ 500 GeV. Furthermore a careful translation of the
bounds from the form-factor approach in Chapter 5 to the effective-Lagrangian ap-
proach in Chapter 6 was performed. We found that different modes, ete™, 4y and
Giga-Z, at a future LC all provide complementary information on the anomalous
couplings and are indispensable for a comprehensive study.

Therefore it will be an important and challenging task for experiments at future
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high-energy colliders to precisely determine the interactions among gauge bosons and
to explore in detail the structure of the Higgs sector, both being key issues of the
electroweak Standard Model and certainly both giving rise to plenty of open questions
to date.
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Appendix A

Abbreviations

We use the following abbreviations in this thesis:

ATLAS A toroidal LHC apparatus

CMS Compact muon solenoid

ELa Effective Lagrangian after electroweak symmetry breaking
ELb Effective Lagrangian before electroweak symmetry breaking
EWSB Electroweak symmetry breaking

FF Form-factor

LC Linear collider

MSSM Minimal supersymmetric model

POWER Polarization at work in energetic reactions

RG Renormalisation group

SM Standard Model

TGCs Triple gauge couplings
THDM  Two-Higgs-doublet model

Here a list of the various abbreviations for past and future accelerators referred
to in this work:

CLIC Compact Linear Collider

JLC Japanese Linear Collider

LEP Large Electron Positron Collider

LHC Large Hadron Collider

NLC Next Linear Collider

SLC Slac Linear Collider

TESLA TeV-Energy Superconducting Linear Accelerator
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Appendix B

Conventions for eTe™ — WW

This and the following two appendices refer to Chapter 5. Momenta and helicities
of incoming and outgoing particles are denoted as in Figure 5.1. We evaluate the
production amplitude in the frame obtained from the one in Figure 5.1 by a rotation
of © around the y-axis, so that the new z’-axis points along the W~ momentum. For
the respective polarisation vectors €, and ex of W~ and W we choose in this frame

1
€&+ = ﬁ(oa:‘:17_270)7
1
€ = —<q370707q0)7
mw
_ 1 .
€&+ = ﬁ(07:F17Z70)7
1
E0 = (—9370707410)-
mw

The four-spinors for the initial leptons are expressed through two-spinors y in the
usual way [1], with

© . 6 ) e
Xreit1 = <cos 5> ~sin 5) , Xree1 = <sm 508 5) (B.1)
for the electron and
. 0 ) ©® . 06
X7eil = <sm 508 5) , X7e—] = <— cos o, sin 5) (B.2)

for the positron. The evaluation of the diagrams in Figure 5.3 then leads to (5.25),

where the d-functions are defined in the usual fashion:
T

dl, = ——sin0O, B.3
7,0 \/5 ( )
1
dryy = 5(1 + 7cos ©), (B.4)
1
A2y = i§(1 + 7cos ©) sin O. (B.5)

183



For the W-decay tensors (5.18) one has

dDyy = 24mmy T(W_ — flﬁ) l/\' [ d(cost) dyp
— f3fa) Iy 15 d(cos?) dgp ,

dDxx = 24mmy T(W

where
l* = d+ (,19) 67“07
ZO - _dO (19)7
ly = d_(9) ew,

I
lo

[

with dy () = (1 % cosz)/v/2 and dy(z) = sin z.
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Appendix C

Phase conventions of the helicity
states

To make the discrete-symmetry properties of the initial state (cf. Section 5.3) more
apparent, we present in detail our phase conventions of the helicity states in this
appendix. The resulting criteria for C'P and R CPT invariance of the spin-density
matrix are shown in Appendix D. Our starting point is a Wigner basis of electron
and positron states, see Chapter 16 of [1], defined in the e”e™ c.m. system:

le”(p,o))w, let(p,o))w (0 = +1). (C.1)

Here p is an arbitrary three-momentum in the e“et c.m., given in the coordinate
system fixed by the e”e™ — W~W™ scattering plane (cf. Figure 5.1), and o/2 is the
spin component along the positive z-axis (we recall that all spin and helicity indices
are normalised to 1). We set

1
ki = (0>O7i‘k’)7 ‘k’ = 5 VS — 47712, (CQ>

where /s is the c.m. energy of e"e™. We define the helicity states with momentum
k, to be the Wigner states

e (ks ) = [e* (K, T))w (C.3)

We define the helicity states with momentum k_ by a rotation of +7 around the
y-axis, i.e. we set

R = exp(—imJy), e (k—, 7)) = U(R)]e* (ky, 7)), (C.4)

where J, is the angular momentum along y. The transformation formulae for the
Wigner states (see Appendix J, 16.3 of [1]) give

et (ks )i = —let (ko o)w eor (C.5)
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with

‘= ( ! (1)) (C.6)

Here and in the following summation over repeated indices is understood. Our sign
convention in the exponent of (C.4) together with the prescription to rotate around €,
by +180 degrees is consistent with the spinors (B.1) and (B.2). For the spin-density
matrix p of the e"e™ system in the helicity and Wigner bases we obtain the relation

<e’(k+,7-)e+(k,f)’ p )e*<k+, T')e+(k,,?f)>H

- W<e_(k+,7)e+(k_,5)‘p)e‘(k+,7’)e+(k_,5’)>w eor ey, (C.7)

H

or, in shorthand notation,
Pl ey = Plz) () €07 €a'r (C.8)

where p! is the spin-density matrix in the helicity basis and p" is the one in the
Wigner basis. The matrix p!! is therefore the same as p in (5.10). If the spin-density
matrix in the Wigner basis factorises, i.e. if

pzy?)(ﬂ'/?/) = Py P (C.9)
it also factorises in the helicity basis, with factors
Prot = P s Pre = Dot €o7 Eolz! - (C.10)

We parameterise pV and p% as usual:

(L+p" 7). , (C.11)

T

N —

(]1+ﬁ7'6'))7_7_, ) E;N?l:

N | —

W
Prrt =

where p* are the vectors defined in (5.22). This results in the following form of the
spin-density matrices in the helicity basis:

., (C.12)

pﬂl:IT/ = (]1 +p - 0_:)77/ ) ﬁg?’ =

| —

as given in (5.21).
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Appendix D

CP and R CPT invariance of the
initial state

For a symmetry operation that is defined by a unitary operator U acting on the space
of state vectors, invariance of p under this symmetry is expressed as

p=UlpU. (D.1)

We have to reformulate this matrix equation in component notation in the helicity
basis for the symmetries CP and R CPT. The transformation of the Wigner states
under CP is defined by the unitary operator [1]

U(CP)le*(p, 0))w = Fle (=P, 0))w- (D.2)
Hence, for an e~ e™ state in the helicity basis we have
UCP)le (ky,m)et(k_,7))n = —|e (ki,0)et (k_,0))u €57 €or (D.3)

where the sign due to the interchange of fermions is taken into account. Invariance
of p under CP then corresponds to:

pg—?)(T’F’) = p%o)(&’o’) €57 €or €57 Eolr! <D4)

which leads to the conditions (5.35) on the polarisation parameters.
We define the discrete symmetry T' by a unitary operator that acts on the Wigner
states as follows:

U(D)le(p,o))w = ~1e*(=p, 0 ))w €ora - (D.5)
For the combined symmetry U(CPT) = U(CP)U(T) we then obtain

U(CPT)|e* (ke, 7))u = leT (ke 7))o €y - (D.6)
Together with a subsequent rotation around the y-axis by +180 degrees (C.4) we have

U(RCPT)|e* (ks 7)) = —|e¥ (ke, 7))et €rrr - (D.7)
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The transformation of the combined e~ et state is then
U(RCPT)|e (ky, T)et (ko , 7)) = —|e~ (ky, o)et (k_, 0))u €57 €or (D.8)

where again the interchange of two fermions is taken into account. Invariance of p un-
der R CPT then again leads to (D.4). So, as for CP, fullinvariance of p requires (5.35),
whereas invariance of the reduced matrix p (5.37) is trivially fulfilled.
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