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Abstract

The question whether Nature makes use of the Higgs mechanism to generate the observed
particle masses is widely considered to be one of the most fundamental issues in contemp-
orary particle physics. If some candidate for the Higgs particle is detected, it becomes
imperative to establish its properties, in particular determining that kind of Higgs boson
it is.

While the Higgs particle of the Standard Model is a CP-even scalar particle, extended
models may contain Higgs particles that are odd under CP, and also models invoking
Higgs-like particles which are not eigenstates of CP may be considered. In the context
of Higgs production via the Bjorken process and Higgs decay to four fermions, we discuss
distributions which are sensitive to the CP parity. We also discuss observables which may
demonstrate presence of CP violation and identify a phase shift 6 which is a measure of the
strength of CP violation in the Higgs-vector-vector coupling, and which can be measured
directly in the relevant distribution.

In the case of Higgs production via the Bjorken process at a future e+e~ collider, we
present Monte Carlo data on the expected efficiency, and conclude that it is relatively
easy to determine whether the produced particle is even or odd under CP. However,
observation of any CP violation would require a very large amount of data. We argue
that the analogous prospects at LEP2 or at a future hadron collider like the LHC seem
to be less promising.
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Chapter 1

Introduction

This thesis is based on the following three original papers [1, 2, 3], written in collaboration
with P. Osland:

• Paper I:

"Angular and energy correlations in Higgs decay", A. Skjold and P. Osland, Physics
Letters B 311 (1993) 261-265.

• Paper II:

"Signals of CP violation in Higgs decay", A. Skjold and P. Osland, Physics Letters
B 329 (1994) 305-311.

• Paper III:

"Testing CP in the Bjorken process", A. Skjold and P. Osland, University of Bergen,
Department of Physics, Scientific/Technical Report No. 1995-02, hep-ph/9502283;
Nuclear Physics B, in press.

The main contents of papers I and II have been reviewed in the following publi-
cation [4]:

• Paper IV:

"Probing CP in the Higgs sector", A. Skjold, contributed paper, IXth International
Workshop on High Energy Physics and Quantum Field Theory, Zvenigorod, Russia,
Sept. 16-22, 1994, University of Bergen, Department of Physics, Scientific/Technical
Report No. 1994-14, hep-ph/9411223. To be published in the proceedings (World
Scientific).

The papers are enclosed at the end of the thesis.
The search for the Higgs boson is clearly one of the top priorities in contemporary

particle physics. While the Higgs particle in the Standard Model must necessarily be a CP
even scalar particle, alternative and more general models contain Higgs bosons for which
this is not the case. An example of such a theory is the minimal supersymmetric model,
where there is a neutral CP-odd Higgs boson, often denoted 4̂° and sometimes referred to
as a pseudoscalar. This possible non-trivial assignment of CP quantum numbers invites
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the investigation of how to disentangle a scalar Higgs candidate from a pseudoscalar
CP odd one. More generally, one may even consider the possibility that CP violation is
present in the Higgs sector, and discuss some possible signals of such effects. The research
culminating in the above published works was initiated in an attempt to demonstrate how
angular and energy correlations may shed light on the Higgs boson's properties under CP
transformations and in particular how one can use these to determine whether it is even
or odd under CP.

Before addressing the above issues in more detail, we will proceed by giving an informal
and non-technical description of elementary particle physics in general, and the Higgs
mechanism in particular. This review is based upon well known text books [5, 6], review
articles [7, 8], published lecture notes [9], and popular treatments [10, 11]. In so doing,
we hope to provide a glimpse into this fascinating field of study.

1.1 Elementary Particle Physics

The objective of elementary particle physics, or high-energy physics, is to study the
fundamental constituents of matter and the interactions among them. The search for the
smallest building blocks which all matter in Nature is made of, brings us down to length
scales far away from the ones we observe with our naked eyes in our day-to-day lives [10].
Using the height of a 4 year old as our reference, 10 orders of magnitude 'outwards' will
give us a scale comparable with the scale of our solar system, the distance to the sun being
150 million km. On the other hand, 10 orders of magnitude 'inwards' will enable us to
probe atomic scales, the radius of the hydrogen atom being 0.5 • 10~"10 m. Extending our
scope, another 10 orders of magnitude 'outwards' takes us to the dimensions of galaxies,
whereas the corresponding enterprise 'inwards' is still unexploited. However, we know
that quarks and leptons; e.g. the electron, are smaller than 10~18 m, and, as far as we
can tell, they are pointlike. Thus, as a crude estimate, on a logarithmic scale, man can
see equally far 'outwards' as 'inwards'.

Putting our focus 'inwards', we now know that electrons, protons, and neutrons make
up all visible matter around us, but only the electron appears to be a point-like elementary
particle. Protons and neutrons, on the other hand, are considered to be bound states of
more basic constituents, the up and down quarks.

The current paradigm of elementary particle physics is contained in the so called
Standard Model. This theory describes the physics of the weak, strong, and electromag-
netic interactions .and accounts remarkably well for all experimental findings. At present
and not-too-distant-future accessible energy scales, the gravitational interaction is very
weak and will be neglected. The objective of the Standard Model is to describe all the
fundamental constituents of matter and the interactions among them [7]. At the most
fundamental level yet probed, the constituents of matter appear to be in the form of lep-
tons and quarks, pointlike, structureless, spin-1/2 fermions. The leptons interact through
the electroweak interaction which is the unification of the electromagnetic and weak inter-
actions, but not through the strong colour interaction. The quarks interact through the
strong and the electroweak interaction. All of these interactions are described by gauge
theories, and are mediated by spin-1 gauge bosons.

The leptons come in pairs: the electron and its accompanying neutrino, the muon



and its neutrino, and the tau lepton and its neutrino. They may be grouped into three
generations as follows:

(

The neutrino was introduced by Pauli in 1931 in order to maintain energy conservation in
radioactive /?-decay. Only the vT has not yet been directly observed. The muon and the
tau may be considered as 'heavy' electrons, the muon being well known from cosmic radia-
tion, whereas the tau shows up only in the laboratories. To high precision, the accelerator
LEP at CERN has demonstrated that there are no more than three generations [8].

Analogously, the quarks also come in pairs: up and down, charm and strange, and
top and bottom. The "up" type quarks u, c, and t have electric charge +2/3, whereas
the "down" type quarks d, s, and b have electric charge —1/3. Thus,

; ) . ( : ) • ( ; ) •

Apart from the top quark, all these quarks had been discovered by the end of 1977. Last
year, Fermilab reported [12] the first direct evidence for the top quark, and additional
results presented [13, 14] in March this year seem to firmly establish its existence. Each
quark type or flavour comes in three colours. Colour is what distinguishes the quarks
from the leptons. Since the leptons are inert with respect to the strong interaction, it is
natural to interpret colour as a strong interaction charge.

The gauge field theory which describes the strong interactions is named Quantum
Chromodynamics (QCD). Strong interactions are mediated by a colour-octet of coloured
gauge bosons called gluons. They are massless spin-1 particles transmitting the strong
force that holds the quarks together in the nucleus. The gluon was discovered indirectly
at DESY, Hamburg in 1979. The electroweak theory unifies the electromagnetic and the
weak interaction. The long-range electromagnetic force is transmitted by massless spin-1
photons, whereas the massive vector bosons W+, W~, and Z° transmit the short range
weak nuclear force which is responsible for radioactive decay. The W and Z particles
were discovered at SPS at CERN in 1983. The following year C. Rubbia and S. Van der
Meer received the Nobel Prize for their central roles in this experiment.

The simplest version of a theory describing quarks and leptons and their interactions
requires all particles to be massless, including the force-carrying particles. So, on the one
hand, we have a whole variety of masses ranging from possibly tiny neutrino masses all
the way up to the very massive top quark, and, on the other, a theory in which all masses
should be zero. A possible resolution to this problem is provided by the Higgs mechanism.
By breaking the underlying symmetry spontaneously, this mechanism generates massive
intermediate vector bosons W+, W~, and Z°, while leaving the photon and the gluons
massless. A consequence of the spontaneous symmetry breaking is the existence of a
scalar field and an accompanying scalar particle, the Higgs boson. Apart from providing
predictions for the W, and Z° masses, which have been verified to high precision, the
resulting theory can accomodate massive quarks and leptons.

Since this thesis presupposes a future discovery of a Higgs boson candidate, we shall
take the opportunity to try to explain, in readily comprehensible terms [6, 11], what the
Higgs mechanism is and what the Higgs boson is.



1.2 The Origin of Mass

Theoretical physicists always aim for unification. Newton recognized the fall of e.g. an
apple, the tides and the orbits of planets as aspects of a single force, gravity. Maxwell
unified electricity, magnetism and light into electromagnetism. As mentioned above, it
is possible to go one step further and construct a theoretically consistent; i.e. gauge
invariant and renormalizable, unified theory of weak and electromagnetic interactions.
However, all particles have to be massless. In reality, apart from the gluons which, in
this context, are not of interest, only the photon and possibly the neutrinos are massless.
An ad hoc addition of mass terms into the theory for the relevant particles spoils some
fundamental physical principles [5, 9]; i.e. gauge invariance and renormalizability. In
order to obtain an acceptable theory, masses have to be introduced into the theory by
a mechanism which retains its most fundamental features and which, at the same time,
predicts or at least accounts for, the observed particle masses.

This naturally leads us to address the question: What is the origin of mass? Matter is
made of molecules, molecules are made of atoms, atoms are made of a cloud of electrons
and a nucleus. The nucleus is made of protons and neutrons. Each proton, or neutron,
is made of quarks and gluons, the up quark being about ten times as massive as the
electron. In the top quark case, the top is at least 300000 times more massive than the
electron. We know a great deal about the masses of the different particles, but we do
not know how the particles get their masses, nor do we know why the masses are what
they are or why the ratio of masses are what they are. The Higgs mechanism provides a
possible explanation as to how particles acquire mass.

We shall give a more quantitative description of the Higgs mechanism in the next chap-
ter. Now, however, we only intend to give a qualitative introduction to this phenomenon.
The fundamental theory exhibits a beautiful symmetry between W, Z and the photon,
but describes a grey and boring universe with massless and indistinguishable quarks and
leptons. However, if this symmetry is spontaneously broken, the vector bosons W and Z
acquire mass.

In order to illustrate [6] what spontaneous symmetry breaking is we shall, referring
to Fig. 1.1, consider a physical example. We place a thin circular rod vertically on a
table, and push down on it, directly from above. If we push gently, nothing happens.
However, if the strength of the push exceeds a critical value, the rod bends and rests
in a particular position which it chooses at random. This new ground state is clearly
degenerate, exhibiting a 360 degree rotational symmetry. The rod, of course, has to
choose one of them, all the other being related by a rotation. When this choice is made,
the underlying symmetry is hidden, and we say that the symmetry present in the unbent
configuration has been broken. The concept of spontaneous symmetry breaking is at the
core of the Higgs mechanism, and this example may serve as an analogy as to how this
goes about there. However, the rod will not take us further here, so we will proceed by
giving other analogies to illustrate the Higgs field and its associated particle, the Higgs
boson.

We add to the fundamental theory a field penetrating all space-time with the property
of having a non-vanishing vacuum expectation value and providing symmetry breaking.
In other respects, it resembles empty space or the ether of the last century. Associate
with this Higgs field a grain [11], like that of a plank of wood, the direction of the grain



Figure 1.1: A bent rod exhibits spontaneous symmetry breaking.

being undetectable, only becoming important once the Higgs field's interactions with
other particles are taken into account. Vector bosons moving along the grain, in which
case they move easily for large distances, may be interpreted as photons. Vector bosons
moving against the grain have a much shorter effective range, and we identify them with
the W and Z particles. The Higgs field enables us to view these apparently unrelated
phenomena on the same footing, they all have the properties shared by vector bosons.
In the presence of a Higgs field we can now introduce massive quarks and leptons "by
hand", while keeping vital features of the theory intact. As any analogy, this one has
its shortcomings, but more importantly, the Higgs mechanism itself has some undesirable
features. We shall briefly discuss some of them in the next chapter, and just end here
by stating [15] that one should use the historical parallel with the ether carefully when
arguing for the possible non-existence of the Higgs boson. After all, one should recall
that Michelson and Morley were engaged in a dedicated quest to discover the ether and
measure its properties. It was in the wake of their failure to find it that the Theory of
Relativity was developed.

1.3 Outline of our work

The Standard Model has indeed been very successful in describing a large amount of data
over a wide range of energies, from zero momentum transfer up to the Z mass scale.
There are a few discrepancies, that need to be carefully considered, but they are at the
level of 2-3 standard deviations, and certainly not compelling. At present there are no
glaring contradictions with the Standard Model predictions.

On the other hand, there are strong theoretical arguments indicating that there must



be physics beyond the Standard Model, and even within the Standard Model there are
unresolved issues awaiting to be settled. Most of these revolve around the Higgs boson and
the mechanism of symmetry breaking. Now that substantial evidence for the existence
of the top quark has finally been gathered, one standing enigma has been clarified, and
the focus is inevitably going to shift to the issue of the origin and generation of mass, the
other standing enigma of the Standard Model. With this in mind, we will devote the next
chapter to a brief review of the central issues in the physics of Higgs bosons, including
the Higgs mechanism and Higgs searches. We end by pointing to some of the potential
problems concerning the Standard Model Higgs boson.

A presentation of the main papers is given in chapter 3, hereafter referred to as I,
II, and III, respectively. Equations and figures within the three articles will be referred
to by adding the prefix I, II, or III, respectively, to their equation and figure number.
When some candidate for the Higgs particle is discovered, the exploration of its properties
becomes an important endeavor. In fact, even prior to a potential discovery, it is legitimate
to investigate whether the predictions of the Standard Model Higgs boson are sufficiently
unambiguous to allow us, in the future, to verify, or exclude, whether a Higgs candidate
is really the Higgs boson or something else.

In fact, it is feasible that the development in future Higgs physics will parallel the
one seen and expected in Z and W physics. After the initial discovery of only a handful
of Z and W events in 1983, millions of Z decays have now been recorded at LEP. W-
data has also increased dramatically, and the startup of LEP2 next year will further
improve the situation. With reference to to the initial discoveries and mass determinations
at the CERN SPS, LEP and LEP2 may be considered as next-generation experiments,
devoted to precision measurements and studies of predicted properties like the trilinear
gauge boson coupling, expected to be observed at LEP2. Equally important, precision
measurements at LEP have been able to constrain possible new physics, providing handles
for where to go in the future. A similar scenario may take place once the Higgs boson is
discovered, perhaps with LHC playing the role of the SPS and the Next Linear Collider
(NLC) playing the combined role of LEP and LEP2.

The primary objective of paper I is to demonstrate how one may distinguish a scalar
from a pseudoscalar by investigating their decay to four fermions. Another fundamental
issue is the origin of CP violation. In this context, we discuss in paper II the possibility
that CP violation may be related to the Higgs sector, and in particular how it could be
signalled. This is also motivated by the fact that the amount of CP violation accom-
modated in the CKM matrix originating from the Yukawa sector of the Standard Model
does not appear sufficient to explain the observed baryon to photon ratio in the Universe.
Paper III may to some extend be considered as a synthesis of the first two, but deals with
Higgs production via the Bjorken process and not decay. More importantly, we take the
analysis one step further by estimating the number of Higgs events needed in order to
determine the CP eigenstate of a Higgs particle candidate. We end with some conclusions
in chapter 4, including prospects for future work.



Chapter 2

The Physics of Higgs Bosons

The Higgs boson, although not yet discovered, is predicted by the Standard Model of
electroweak interactions and serves to give both the vector bosons and the fermions mass.
In the Standard Model mass is generated via an SU(2) Higgs doublet, associated with the
existence of a Higgs particle, whereas in more general models there are typically several
such Higgs fields, and also more physical particles. Section 1 contains a derivation of the
Higgs mechanism. In section 2 we discuss the prospects for Higgs boson production at
current and planned accelerators and describe the progress already made at LEP. We end
by listing some of the constructive objections that have been put forward in connection
with the single Higgs boson of the minimal Standard Model.

2.1 The Higgs Mechanism

The Standard Model (SM) is embodied in a gauge field theory based on vector fields
associated with the gauge group SU(3)C ® SU(2)L ® U{l)y, on fermions representing
the matter particles quarks and leptons, and finally on at least one scalar Higgs doublet
needed to give the vector bosons and fermions their masses. The subscripts C, L, Y refer
to colour, left-handed doublets, and hypercharge, respectively.

In discussing the Higgs mechanism, we will focus on the electroweak 5£/(2)L ® U(l)y
part of the SM, as that is where spontaneous symmetry breaking occurs; the SU(3) part
of the gauge symmetry is unbroken. The gauge bosons W± and Z in the electroweak
theory are massive, but explicit mass terms in the underlying Lagrangian violate gauge
invariance. The Higgs mechanism provides a solution to this problem by starting out with
a gauge invariant theory having massless gauge bosons, and ending up with a spectrum
of massive gauge bosons after spontaneous symmetry breaking. The main physics is
contained in the original U(l) Higgs model which we now describe [5, 16]. Based on that
model we will outline the electroweak Weinberg-Salam model.

2.1.1 Abelian Higgs Model

We consider a model [17] in which a single neutral vector boson obtains mass through
spontaneous symmetry breakdown. The model describes electromagnetism with a mass-
ive photon, the starting point being a Lagrangian density describing a massless photon



interacting with a complex scalar field,

C (x) = --F^ (x) F"w (x) + [D"tf(x)]' [D^(z) ] - V{<f>(x)), (2.1)

with

Fiiv (x) = dvAp (x) - d^Av (x)

V(ct>(x)) = ti2\<t>(x)\2 + \\<P(x)\4 (2.2)

denoting the electromagnetic field tensor, covariant derivative, and the most general re-
normalizable potential allowed by f/(l) invariance, respectively. This Lagrangian is in-
variant under local U(l) gauge transformations

<t>(x) - e - ^ V t z ) (2.3)
A,(x) - A^(x) + d,A(x). (2.4)

Introducing v2 = -fi2/A, the potential may be rewritten as

V(4>(x)) = A( |0(x) I2 - i t ; 2 ) ' - jAiA (2.5)

In order to have a state of lowest energy, the potential must be bounded from below,
implying A positive, irrespective of the sign of /z2. From the form (2.5) of the potential it
is easily seen that p2 > 0 implies a non-degenerate vacuum ground state corresponding to
<jf>(x) = 0, the Lagrangian (2.1) describing, upon quantization, quantum electrodynamics
with a massless photon and a charged self-interacting scalar field with mass /z.

The alternative scenario is more interesting, with \J? < 0 resulting in a degenerate
ground state corresponding to \cf>(x) \2 — v2/2. Thus, the vacuum state is not unique,
leading to spontaneous symmetry breaking. Since the field <j) is complex we may rewrite it
in terms of two real fields a and T) such that an expansion around the vacuum expectation
value < 0\4>\0 >= v/y/2 gives

j a{x) + in{x)]. (2.6)

An infinitesimal gauge transformation (2.3),

, (2.7)

implies

a(x) -> a(x) + qA(x)ri(x) (2.8)
rj(x) - V(x)-qA(x)[a(x) + v], (2.9)

the latter demonstrating that r\ (x) has been translated as well as rotated in the CT-77-plane.
Choosing unitary gauge, in which r] (x) = 0, we get the Lagrangian

C(x) = C0(x)+CI(x), (2.10)



with

4>(z) = I
F () F*» () \ {fF^ (X) F*» (X) + \ {qvf A, (x) A" (x) (2.11)

and

Cl{x) = \

-l-\az{x)\a{x)+Av\. (2.12)

Upon quantizing, we interpret £ 0 (x) as the free-field Lagrangian density of a real

Klein-Gordon field a(x) describing neutral scalar bosons of mass mo = (2Au2)5 and a
vector field A^ (x) describing neutral vector bosons of mass m^ = \qv\. Li (x) represents
the interactions among the particles involved.

In summary, we started out with the Lagrangian density (2.1) for a complex scalar
field and a massless real vector field and ended up with the Lagrangian density (2.10)
containing a real scalar field and a massive real vector field. The vector field has in this
process taken up one additional degree of freedom and has become massive. At the same
time gauge invariance of the Lagrangian density has been preserved. This phenomenon
is called the Higgs mechanism. The massive scalar boson associated with cr(x) is called
a Higgs boson.

2.1.2 Standard Model Higgs sector

The transition to the Glashow-Weinberg-Salam [18, 19, 20] model of electroweak inter-
actions is now relatively smooth. Here, however, we focus only on the Higgs sector of
that model and give a brief description thereof [5, 9].

The Weinberg-Salam model is an SU(2)L®U{1)Y gauge theory containing three SU(2)
gauge bosons, W*, and one U(l) gauge boson, B^. The Lagrangian for the gauge bosons
is given by

£B = -\B»V (X) B»" (X) --W^ (x) W^ (x), (2.13)
4 4 ^

with

B (T) — d B (x) — f) B (ri

In analogy with the Abelian case in (2.1), the gauge fields are coupled to a complex scalar
doublet field

so that
B H (2.16)



with

C" =

D, =

(2.17)

The rJ are the Pauli matrices and V is the most general 5 U(2) invariant renormalizable
potential allowed. As in the Abelian case, the scalar field develops a non-zero vacuum
expectation value for A > 0 and /i2 < 0. Classically, minimum energy density corresponds
to

(2.18)

with all other fields vanishing, again signalling spontaneous symmetry breaking. The
choice

^ ° j (2.19)

implies < 0|Q$|0 > = 0, with Q the electromagnetic charge. Hence, as desired, electro-
magnetism is unbroken by the scalar vacuum expectation value, yielding the symmetry
breaking scheme SU(2)L ® U(l)y —> J/(1)EM and leaving the photon massless.

In order to see how the Higgs mechanism generates mass for the W and Z bosons, we
once again employ the unitary gauge, in which

(2.20)

Substituting (2.20) into Cn of (2.17) and identifying

K = ̂ =

as the fields associated with W*, Z, and the photon, respectively, the resulting free-field
Lagrangian invites the interpretation

TTU, = 0

mH = V2Xv (2.22)

with raj] the mass of the Higgs boson associated with the scalar field cr{x).
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Apart from giving the W and Z their masses, the Higgs mechanism is capable of,
simultaneously, making the fermions massive. With left-handed fermions in SU(2) doub-
lets, fi, and right-handed fermions in SU(2) singlets, fn, Yukawa-like terms

[ ( ) ] (2.23)

becomes

[ ] (2.24)

when the scalar field gets a vacuum expectation value as in (2.19). With the identification
TO/ = gfv/\/2 this represents a mass term for the fermion. In contrast to the couplings
g and g', gj is arbritrary so that the fermion masses can not be predicted. However, the
Higgs mechanism allows us to consistently implement them into the theory.

2.2 Higgs production and decay
The search for the Higgs boson has become the holy grail of all particle accelerators. In
fact, searching for the Higgs particle was one of the key motivations behind the construct-
ion of the Large Electron Positron collider (LEP) at CERN, which was completed in 1989.
Other present and planned experiments and accelerators will make it possible to continue
this search. We will now discuss the present status of Higgs boson searches and comment
on the expectations for the future. The main focus will be on those aspects of the Higgs
physics relevant for papers I-IV.

2.2.1 Higgs production in e+e~ Colliders
In addition to LEP, the SLAC Linear Collider (SLC) at the Stanford Linear Accelerator
Center facilitates Higgs hunting. After starting up in 1989 it has since 1993 taken advant-
age of the use of longitudinally polarized electron beams. Both accelerators operate at
a center of mass energy at, or in the neighbourhood of, the Z-boson resonance, roughly
Vs = 90 GeV. LEP, in particular, has made much progress in the last five years in
searching for the Higgs boson. Next year, in 1996, LEP will be upgraded, and is expected
to reach the W+ W~ threshold. Soon after LEP2 will operate at a center of mass energy
175 — 200 GeV. Plans for the Next Linear Collider (NLC), operating in the energy range
•/s = 300 - 500 GeV, are on their way.

Since the Higgs boson coupling to fermions is proportional to their mass, the Higgs
couples very weakly to the electron. At e+e~ colliders it is beneficial and mandatory
to take advantage of the relatively strong coupling between the Higgs boson and the
weak gauge bosons. Two production processes are relevant here, the bremsstrahlung
process [21], also called the "Bjorken process",

(2.25)

and vector boson fusion [22],

(2.26)
(2.27)
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Figure 2.1: Higgs production through e+e~ —> Z —» Z H —> / / H.

The corresponding Feynman diagrams are given in Fig. 2.1 and Fig. 2.2. In the former
case (2.25), / /" denotes any fermion-pair. In Fig. 2.2 we have only displayed the ZZ-fusion
case (2.27).

The expected Higgs boson event rate [23] for the bremsstrahlung process is known to
better than 1% including radiative corrections [24]. The corresponding event rate for the
vector boson fusion process is not that well known [25], but, as we shall see shortly, that
is a minor problem. Comparing the two, the former dominates for moderate values of the
ratio mn/^/s, with mH the Higgs mass and A/S the e+e~ center of mass energy. However,
whereas the cross section for the bremsstrahlung process scales as 1/s at high energies,
the fusion processes (2.26) and (2.27) are most important for relatively small values of
T^H/S/S, i.e. high energies where the cross sections are proportional to log s/m2

w and
logs/ml, respectively. Thus, only at the future NLC, the fusion process can possibly
complement or dominate the bremsstrahlung process.

We shall now focus on the relevance of the bremsstrahlung process at LEP. At present
Higgs searches, the primary Z is on mass-shell; see Fig. 2.1. Initially, the "Bjorken
process" referred to this situation, but it has become common usage to use this name
for the more general situation as well. Consequently, operating at the Z-peak, the cross
section will decrease dramatically with increasing Higgs mass, resulting in a saturation
point for Higgs searches at 70 GeV or so [26].

Dedicated analyses at the four detectors at LEP have now excluded a Higgs boson
with mass m# < 65.1 GeV at 95% CL [26]. In this mass region the Higgs boson decays
predominantly to bb. The muon, electron, and neutrino decay channels of the Z boson
are most important due to their distinct signatures, whereas Z decay to qq is not used
due to the large QCD background. From analyzing the invariant mass of the n+p~ and
e+e~ pairs one may deduce the missing mass due to a potential Higgs boson candidate.

At LEP2 the primary Z boson is virtual, while the secondary Z coexisting with the
Higgs boson will be close to its mass shell; see Fig. 2.1. Provided the energy is large
enough, the production cross section will get enhanced when both the Z and the Higgs
boson are on their mass shells. Therefore, the search range from LEP may be extended up
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Figure 2.2: Higgs production through e+e —> e+e ZZ -» e+e H.

to 77i// = 80 — 100 GeV, depending on the available center of mass energy. The expected
Higgs boson cross section is well known as a function of its mass [27], and ref. [26] gives
the discovery limit at LEP2 in the approximate form

mlimit = y/s-mz ±5 GeV, (2.28)

with the positive sign valid for center of mass energy near W+ W threshold and the
negative sign valid for LEP2 with y/s - 210 GeV.

For more massive Higgs particles, a future NLC may be used operating in the 300 —
500 GeV energy range, in particular in the intermediate Higgs boson mass range mz <
mH < 2mz. One expects [28] that at the NLC the Higgs mass range up to 70% of
the total collider energy can be covered, irrespective of the Higgs decay modes. For
an intermediate mass Higgs boson at y/s = 500 GeV WW fusion is comparable to or
dominate bremsstrahlung, whereas the event rate for ZZ fusion is an order of magnitude
smaller. This is due to the smaller Higgs boson coupling to neutral currents as compared
to the corresponding coupling to charged currents. However, this is partly compensated
by the clean e+e~ signature in (2.27) compared to (2.26).

2.2.2 Higgs production in Hadronic Collisions
Recently, the construction of the Large Hadron Collider (LHC) at CERN has been ap-
proved. According to present plans this proton-proton collider will start doing physics
in the year 2004, operating at 10 TeV center of mass energy. After subsequent upgrade
in energy, it will reach 14 TeV by the year 2008. There are reasons to anticipate that
these plans will be accelerated. By omitting the intermediate 10 TeV stage, data taking
at LHC may start directly at 14 TeV prior to 2008, hopefully 10 years from now. In the
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Figure 2.3: Higgs boson production through the gluon fusion mechanism.

context of Higgs boson production in pp or pp collisions, we will only comment on the
LHC option.

In particular, two production processes, suitable for Higgs hunting at the LHC, have
been investigated, the gluon fusion mechanism [29], gg —• H, and the WW vector boson
fusion mechanism [22], qq —> qq H. The former proceeds via a fermion loop containing all
the quarks, the main contribution stemming from the top quark; see Fig. 2.3. The latter
is similar to the vector boson fusion process (2.26); see Fig. 2.2, now involving quarks
instead of electrons and positrons. Prior to the discovery of the very massive top quark,
production through vector boson fusion was believed to dominate production via gluon
fusion for very massive Higgs bosons. However, with the present evidence for a very heavy
top, gluon fusion dominates for any Higgs mass. The recently reported values for the top
quark mass are 176±8±10 GeV [13] from the CDF collaboration and 199t^±22 GeV [14]
from DO, where the first and second errors correspond to the statistical and systematic
uncertainties, respectively. The statistical significance of the CDF top quark signal is at
the level of 4.8a. The top quark signal from DO is of comparable statistical significance,
but their mass estimate is less precise. These latest measurements are consistent with
each other and may be combined to yield rrh = 181 ± 12 GeV [30]. A 5a signal does
not necessarily constitute conclusive evidence for the top quark. However the present
evidence from CDF and DO is supported by indirect measurements, particularly from
LEP, demonstrating that the top quark mass measurements agree surprisingly well with
a recent global fit of experimental precision data, mt = 178 ± ll l if GeV, obtained
including all known radiative corrections of the Standard Model [31, 30]. The same data
favors a Standard Model Higgs mass of the order of mz, ro# = 76+502 GeV [30].

Also associated Higgs boson production with W and Z bosons may be considered,
but their cross-sections are significantly smaller than the cross-section for production of
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Figure 2.4: Higgs boson decay via two Z bosons to four fermions.

a single Higgs boson by gluon fusion. These processes correspond to the bremsstrahlung
process in the previous section, that is qq —> W —* WH and qq—*Z—*ZH, respectively.

The LHC is expected to be capable of covering the entire Higgs mass range from the
upper mass limit at LEP2 to the upper limit of the Standard Model Higgs boson of about
800 GeV [9]. This latter limit is by no means rigorous, but it seems to be an approximate
intersection point for various upper bounds on the Higgs mass, invoking phenomenological
consistency, like unitarity, triviality on the lattice, and bounds from electroweak radiative
corrections at LEP [9, 15, 32], as well as exhausting the experimental sensitivity of the
LHC detectors [33].

The production rate for the Higgs boson at the LHC is quite significant with
a{pp -> H) ~ 0.1 - 10 pb for 200 GeV < mH < 1000 GeV. However, in order to
observe the Higgs boson it must decay into some channel which is not overwhelmed by
background. This leads us to consider rare decay modes of the Higgs boson, and in par-
ticular H —> 77 and H —> ZZ have received much attention. In the intermediate Higgs
mass range, one of the Z bosons is virtual.

For 100 GeV < mH < 130 GeV, the Higgs boson can be searched for using its decay to
two photons, the branching ratio in this region being about 10~3. The detection of such a
Higgs boson indeed represents an experimental challenge, and, in fact, the LHC detectors
are designed so that no way of escape is left for the Higgs particle, in particular in this
difficult low-intermediate region. Whether this will be achieved or whether there will be
holes in the Higgs mass range for other future facilities, like the NLC, to cover, depends on
the exact coverage of LEP2, as given in (2.28), and possibly on other means of extending
the LHC lower-bound downwards. For run < 100 GeV the irreducible background from
qq —* 77 and gg —* 77 is too large and for mg > 130 GeV the cross-section is too small.

Due to the small branching ratio, the channel H —> ZZ is not applicable in the
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above mass domain, but for 130 GeV < run < 180 GeV this decay mode appears to be
sufficient for Higgs searches. In this case the selected channel is Higgs boson decay to four
leptons, namely electrons and muons; see Fig. 2.4. The invariant mass of the lepton pair
stemming from the on-shell Z boson reconstructs to m?, whereas the invariant mass of
the whole four lepton final state system reconstructs the mass of the Higgs boson. Above
ZZ threshold, mH > 180 GeV, Higgs search proceeds via H — ZZ —> l+l~l+l-, I = e,fi,
with both Z bosons on resonance. This "gold-plated" channel can be used all the way up
to the upper bound of 800 GeV, where it will run out of events.

2.3 Problems with the Higgs boson

As we have seen in the first section, the Higgs mechanism gives mass both to the gauge
bosons and the fermions while keeping the photon massless, resulting in a gauge-invariant
and renormalizable theory. Thus, from a pragmatic point of view, the Higgs mechanism
provides a resolution of the problems initially present, at the sole expense of introducing
an associated scalar Higgs boson. As discussed in the previous section, the possible
existence of the Higgs can be tested experimentally by (non-)detection at present and
future colliders. Beyond reach of the LHC, its existence can be excluded from observing
deviations in the predicted behaviour of scattering of longitudinal W bosons for energies
at the TeV scale [9, 32].

However, although the electroweak theory predicted the W and Z masses correctly, it
is not capable of predicting the masses of the fermions nor the mass of the Higgs boson
itself. In fact, apart from the strong and electroweak couplings and the Weinberg angle,
all the parameters in the Standard Model stem from the Higgs sector. These include
the Z and Higgs masses, three (or six, with massive neutrinos) lepton masses, six quark
masses, and four CKM parameters. This number of independent parameters seems to be
rather high in a truly fundamental theory.

Another glaring problem is the quadratic divergences encountered in loop corrections
involving the Higgs boson. To remedy this situation, counterterms must be adjusted order
by order in perturbation theory. This fine tuning is considered unnatural. Supersymmetry
provides a solution to this naturalness problem, thus avoiding quadratic divergences. This
is due to additional Feynman diagrams providing a cancellation between fermionic and
bosonic contributions. Although supersymmetry extends the spectrum of Higgs particles
considerably, the mass of the lightest Higgs boson is predicted to be lighter than the Z
boson, modulo radiative corrections [34]. Hence, in this respect, the predictive power may
increase upon 'supersymmetrization'.

More fundamentally, the Higgs sector of the standard Model is trivial [35] and does
not provide an explanation as to why v in e.g. eq. (2.22) equals 246 GeV. The lack of
predictive power when it comes to fermion masses, makes the Higgs mechanism unable to
provide an explanation as to the origin of these measured masses or to explain the vastly
different masses observed. Thus, there are reasons to belive that the Standard Model
with a single Higgs boson is not the whole story. Alternatives to the simple version of
the Higgs mechanism include the minimal supersymmetric extension [36] of the Standard
Model, as well as dynamical symmetry breaking by the technicolor mechanism [37]. As
of yet, they have no experimental support.
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Although the current paradigm seems to fall short in dealing with these issues, it is
nevertheless appropriate to end by stating that it is the success of the Standard Model
that justifies addressing these fundamental questions.
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Chapter 3

Discussion of papers

We shall now give some details and comments concerning papers I—III, including a few
remarks about paper IV in connection with the treatment of paper II. They are all
attached at the end of the thesis.

Once a candidate for the Higgs boson is found, its properties must be investigated,
including its production cross sections and decay modes, the nature and the strength of
its coupling to ZZ, W+ W~, fermions, and so on. The relative strength of the couplings to
fermions is accessible through the decay branching ratios, whereas the absolute magnitude
is difficult to measure directly.

A central issue will be to verify the scalar nature of the candidate particle, as appro-
priate for the Standard Model Higgs boson. This is the main theme in papers I through
IV. In so doing, one has to distinguish the SM Higgs boson from possible alternatives
such as the Higgs sector of the minimal sypersymmetric standard model [36] (MSSM) or
composite pseudoscalars stemming from technicolor models [37]. In the MSSM there are
two Higgs doublets, resulting in a spectrum of five Higgs particles, two being charged,
two scalars, and one pseudoscalar. Leaving aside the possibility of having CP violation
in the Higgs sector, our general approach is to disentangle a scalar from a pseudoscalar
using angular correlations. This applies to e.g. the SM Higgs boson versus the MSSM
pseudoscalar or the lightest MSSM scalar versus the MSSM pseudoscalar. However, this
approach is not applicable for the problem of distinguishing the SM Higgs boson and the
lightest MSSM scalar. In this latter case other methods, like the ones indicated above,
should be applied.

Let us now explain the concepts of parity, P, and charge conjugation, C. The parity
transformation involves inversion of all spatial coordinates, x -+ — x, thus transforming
a right-handed coordinate system into a left-handed one. The invariance of a physical
system under P implies that it is not possible to distinguish right from left. The charge
conjugation transformation results in the replacement of all particles by their antiparticles.
A third discrete symmetry is time-reversal Tunder which t—* —t, resulting in interchange
of initial and final states.

The combined symmetry operation CPT, or any other permutation of C, P, and
T, has been shown [38] to be respected in fundamental processes. CP is not universally
conserved, but is a symmetry so far known only to be violated in the if-meson system [47].
CP violation was discovered already in 1964 by Cristenson et al. [39] from the observation
that KL had a small branching ratio into TT+TT~. For this achievement, Cronin and Fitch
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received the Nobel Prize in 1980.

3.1 Paper I

In paper I, CP violation is not an issue, and we consider a Standard Model Higgs boson
(H) which is even under CP and a pseudoscalar Higgs particle (A) which is odd under
CP. We then study the decay of H and A, respectively, via W+ W~ or ZZ to two non-
identical fermion-antifermion pairs, as in Fig. 2.4. We denote by 4> the angle between the
planes and investigate the angular distribution of the decay rate F,

both in the case of CP-even and CP-odd Higgs bosons.
This problem was, for Higgs decays into fermion and gauge boson pairs, approached

in a general form quite early [40, 41] . The CP eigenstate of the Higgs particle is reflected
in the form of its coupling to gauge bosons and this characteristic is transmitted into the
correlation between the two planes. In fact, this observation was used a long time ago to
measure the parity P of the 7r° through its decay to two photons,

^ _ 7 7 _ + ( e + e - ) ( e + e - ) , (3.2)

as pointed out in paper I in connection with eqs. (I.l)-(1.3). In this case the distribution
corresponding to (3.1) takes the form 1 + a cos 20, a = ±0.47 for scalar and pseudoscalar
7T°, respectively. In an analysis by Piano et al. [42] in 1959, the observed angular distri-
bution based on sixty events was fitted with QexP. ~ -0.7, excluding an even-parity TT°
by about three standard deviations.

An interaction between a CP-odd A and vector bosons, respecting gauge invariance,
must take the form e""p<7 !£„ VpaA; see (1.2) and (II.1). In order to illustrate how this
comes about, we will use the simpler case of the P-odd TT0, as compared to e.g. the
CP-odd A0 in MSSM where the exact assignment of C and P depends on whether the
fermions are incorporated into the theory or not [32]. The matrix element for the decay
TpO _, ^ must be proportional to

^Pffft,ftto<;(Pi)<(ft), (3.3)

with e£ the photon polarization vector; see (1.2). This combination may be identified
with det(pip2f*(pi)e*(p2))- Under a Lorentz transformation, a four-vector A11 transforms
into A'" = A"aA

a, so that

= det(A)det(Plp2e'(p1)€'(p2)), (3.4)

demonstrating that the matrix element is invariant under proper Lorentz transformations,
det(A) = 1, and changes sign under improper ones, det(A) = —1, like P . Gauge invariance
requires

P2, = 0, (3.5)
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which is automatically satisfied due to antisymmetry in the indices of the Levi-Civita-
tensor.

The pseudoscalar A0 of the MSSM does not couple to ZZ or W+ W~ at tree-level; see
Fig. 2.4, but does at the one-loop level. Consequently, the cross-section e.g.
a(gg —> A0 —» ZZ —* e+e~ii+/j,~) is expected to be small, and the corresponding prospects
for using the present angular correlations to verify its CP eigenstate are equally small.
In order to directly verify the CP odd nature of A0, other methods should be used, like
studying the decays 4̂° —* T+T~ —> ir+ vT TT~VT and, above threshold for tt production,
A0 —> tt —• (bW+) (bW~) [43]. However, the resulting angular correlations are useful for
the verification of a CP-even Higgs, upon confrontation with the predictions of a CP-odd
one.

It is instructive to use the specific realization A0 of the MSSM to demonstrate how the
CP odd coupling (1.2) may be generated. For simplicity, we consider only the contribution
from the triangle-loop of top quarks to the Feynman amplitude for A0 decay to ZZ. The
decay process and the details of calculation are similar to the gluon fusion mechanism;
see Fig. 2.3. Using the Feynman rule [32]

cot (3.6)
2mw

for the axial coupling between A0 and top quarks, with tan /? the ratio of the two vacuum
expectation values, the resulting amplitude reads

M = -e:MC(k2)[£4ArnT»' + (q~-q) (3.7)
J (2?r)

Here k3 refers to the momentum of vector boson j = 1,2, ^r(&j) is the associated polar-
ization vector in the state r = 1,2, and i5f (q) is the top quark propagator; see (1.6) and
e.g. [5] for more details. Evaluation of the trace, introduction of Feynman parameters x
and y, and use of dimensional regularization bring eq. (3.7) to the form

(3.8)

with / denoting a Lorentz invariant integral over x and y. This demonstrates how A° ef-
fectively couples to gauge bosons, and is in accordance with eq. (1.2). The result obtained
in eq. (3.8) is due to the axial coupling in eq. (3.6).

Before discussing the results obtained in paper I, we shall use this opportunity to
correct two misprint's and the associated figures. These errors are also present in paper IV.
The ' + ' in front of the cos </>-terms in eqs. (1.24) and (1.30) should read '-' so that

n) cos 2 (f>, (3.9)

(3.10)
sin(2x1)sin(2x2)
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Figure 3.1: Left: Angular distributions of the planes denned by two fermion pairs for CP-
even Higgs particles decaying via two Ws and two Z's, compared with the corresponding
distribution for the CP-odd case (denoted A). Right : The energy-weighted case of
eq. (3.10) compared with the corresponding uncorrelated distribution for the CP-odd
case (denoted A).

This affects Fig. 1.2 and Fig. 1.4, corrected figures are given here as Fig. 3.1, the right part
of which being trivially related to Fig. 1.4. The conclusions of paper I are unaltered, and
the corrected versions (3.9) and (3.10) of eqs. (1.24) and (1.30) now agree with eqs. (11.17)
and (11.26), respectively, for the special case 77 = 0. There is seen to be a clear differ-
ence between the CP-even and the CP-odd cases, in particular in the energy-weighted
distributions.

The potential applicability of these correlations comes from Higgs boson decay through
ZZ to four leptons produced via the gluon fusion mechanism at LHC, as discussed in sub-
section 2.2.2. Before any measurements of the CP eigenstate can be carried out, the Higgs
mass must be known very well. In contrast to the Bjorken process discussed in paper III,
we face the problem at the LHC of determining the Higgs rest frame accurately. This, in
turn, will make accurate determination of the decay planes more difficult, smearing out
the reconstructed momenta of the final state particles.

Although the Higgs boson production rate is quite significant, the number of signal
events is generally low. The ATLAS collaboration at LHC estimates [44, 9] that for e.g.
mf] = 150 GeV there will be 92 signal events and 38 background events in one year. The
situation is significantly better above threshold, but equally difficult in the heavy-mass
regime. As compared with the discussion of a Higgs boson produced via the Bjorken
process at NLC in paper III, the number of signal events is lower and the presence of
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background, in particular, is much more severe.
Since our method of procedure limits us to decay channels where the decay planes

may be reconstructed unambiguously, we can not apply these correlations to decay modes
involving identical fermion pairs like H —> ZZ —<• e+e~e+e~ or neutrinos. This former
constraint may be circumvented by imposing a cut on the invariant mass of the final-state
electrons, e.g. \me+e- — mz\ < 6 GeV, as discussed prior to eq. (III.2.15) in paper III,
since at least one of the Z bosons is on-shell. These cases may be handled by investi-
gating the energy spectrum of the final state particles in Higgs decay to four fermions
as demonstrated by Arens et al. [45]. This method is applied to the Bjorken process in
paper III.

It should also be noted that we have considered Higgs decay to light fermions where
the massless fermion approximation is valid. Since Higgs search is favourable via its decay
to four leptons this is not a severe restriction. If however final states including e.g. one
or more top quarks are considered, there will be additional diagrams, apart from the one
in Fig. 2.4, contributing to the decay rate. Higgs boson decay to four fermions including
a single top quark has been studied in [46]. In this case there is a Yukawa contribution
in addition to the gauge coupling contribution such that the Higgs couples directly to tt,
the latter radiating off a W, resulting in a fermion-pair from the decaying W and a 6. In
this case the diagram in Fig. 2.4 proceeds via WW, with W+ decaying to tb.

It is encouraging though, that the sin 2x-factors provide an enhancement in the energy-
weighted amplitude function for V = Z —* 21, and not a suppression as in the case of
purely angular correlations, occurring for the so-called "gold-plated mode" H —* ZZ —*
e+e~fi+n~ [32]. In this latter case, the challenge will be to disentangle an uncorrelated
distribution from a strongly correlated one with a restricted number of signal events.

3.2 Paper II

Another important problem in contemporary particle physics is the origin of CP viola-
tion, although it was discovered thirty years ago that CP invariance was violated in K°
decay [47]. In the Standard Model, CP violation is accounted for by the CKM mixing
matrix in the Yukawa sector [48].

In paper II we consider the possibility that CP violation is present in the Higgs
sector of an extended Standard Model. This may occur naturally in two-Higgs-doublet
models [49, 32] with a general Higgs potential or in one-doublet models provided the
Yukawa couplings contain both scalar and pseudoscalar components [50].

Following ref. [51], the most general Higgs potential for a two-doublet model can be
written

) (3.11)

A 2 ( * J * a ) a + A 3 ( I J ) ( I ) (

h . c ]

which should be compared with eq. (2.17). With A5 non-zero and real, CP violation can
arise from non-zero values of one or more of n\2, A6 or A7. If these are real, spontaneous
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CP violation may occur for positive A5 [49] and if one of them is complex, CP is violated
explicitly. The corresponding Higgs potential in MSSM does not violate CP [32].

One may also consider a Higgs sector where the couplings of Higgs bosons to fermions
contain both pseudoscalar and scalar components. In the Standard Model the coupling is
scalar, whereas e.g. eq. (3.6) provides a pseudoscalar one. Since the Higgs boson coupling
to fermions is proportional to the fermion mass, the top quark system is particularly
interesting, as seen in the gluon fusion mechanism as well as in the case of the A°ZZ-
coupling; see eq. (3.7). Interactions of the form [50, 52]

+ A'PR)t (3.12)

introduce CP violation in the Higgs sector within the framework of a one-doublet model.
Here h and t denote the Higgs and top quark fields, A is a complex coupling and PL,R
is left and right projection operators, respectively. This extended coupling leads to CP
violation directly in Higgs decay to tt [43, 53] and generates CP violation into the coupling
between Higgs bosons and gauge bosons via triangle loops, demonstrating how an effective
Lagrangian like

J~ m\ WV^H+^r,^"" V^V^H], (3.13)

in eq. (II.1) could emerge. This expression is the starting point in our discussion on how
signals of CP violation in Higgs decay via gauge bosons to four fermions can be extracted.

The possible connection between the Higgs sector and CP violation has been empha-
sized by Schmidt and Peskin [52] stating that any CP-violating effects may be traced
back to the scalar sector since gauge theories with only gauge bosons and fermions, e.g.
QED, have no useful CP-violating parameters.

Additional motivation is provided by current developments in our understanding of
the baryon asymmetry of the universe. Several recent studies have tried to explain baryo-
genesis as a first order phase transition at the electroweak scale [54]. These approaches
require relatively large amounts of CP violation in order to explain the observed baryon
to photon ratio in the Universe. It does not seem possible that the amount of CP viola-
tion provided by the CKM matrix within the Standard Model is large enough to account
for the observed baryon asymmetry. The most obvious relics from the Big Bang are
the baryons, whereas the present Universe seems to contain relatively few antibaryons.
However, the observed abundance of baryons today implies that when the Universe was
much hotter than a GeV the asymmetry between baryons and antibaryons could only
have been one part in 108 [55]. In 1967 Sakharov proposed a model [56] explaining how
the matter-antimatter asymmetry could have arisen from the Big Bang model, requiring,
in addition to CP violation, baryon number violation, C violation, and a period where
the Universe was out of thermal equilibrium. Sakharov suggested that baryogenesis took
place at GUT scale energies, immediately after the Big Bang, when the Universe was out
of thermal equilibrium. The present excitement [54, 57], however, is due to the fact that
the Glashow-Weinberg-Salam model and extensions thereof satisfy Sakharov's conditions,
perhaps implying that the mechanism generating predominance of matter over antimatter
involves weak scale physics.

24



In paper II we extend the discussion from paper I by considering the possibility that
CP violation is present in the Higgs sector. Specifically, we assume that the CP violation
reside in the couplings between the Higgs boson H and the gauge bosons W and Z as in
eq. (3.13) above.

Prior to the discussion of the results obtained in this paper we will take this op-
portunity to comment on the incorrect statement "However, we assume that CP T is
conserved. This implies that 77 must be real." appearing halfway between eqs. (II. 1) and
(II.2). We do assume the validity of the CTP theorem [38], but this does not imply that
77 must be real. This statement is absent in paper IV, and has been replaced by "The
strength parameter 77 may in general be complex, with the imaginary part arising from
e.g. final state interactions". This point is discussed in more detail in the introduction of
paper III and particularly in ref. [58]. In this context it should be noted that eq. (3.13),
or more correctly eq. (II.4), has been generalized in paper IV, eq. (IV.1.1), and in pa-
per III, eq. (III.1.1), including the possibility of having a dimension-5 CP-even operator
as well. Paper III also mentions the possibility that the V^V^H coupling in eq. (3.13)
has a complex coefficient. We refer to the discussion on these latter points given there,
demonstrating that these terms are less significant. However, the implications of treating
77 as real in paper II must be investigated. This has been commented on in the beginning
of section 3 of paper IV, but explicit results are not given there.

In the following we assume 77 complex. In so doing, we effectively introduce an ad-
ditional parameter, Im 77, resulting in reduced predictive power. Moreover, we can no
longer expect the results to be valid for any value of 77, which was a desirable feature in
the analysis constrained to real 77. In the general case eq. (II.5) reads

,g_ /- Gp [ Re 77 Im 77 ^ I77I ] . . 2d 1 = v2 — N\N2D\ X H »- YH 5- 1 -\ j- Z dLips(Tn ; 91, 92, 93, 94), (3.14)
TTl L TTly my TTly J

with
y = (sin 2xi + sin 2x2) U + (sin 2xi - sin 2X2) Y2 (3.15)

and

Y\ = [(ft • * ) - ( * • 9*)] [(ft -<h){<b- * ) + (ft • 93) (& • 94) - (ft • 94) ( * • * ) ] ,

Yi = [(ft • * ) - (92 • 93)] [(ft • 92) (93 • 94) + (ft • 94) (92 • 93) - (ft • 93) (92 • 94)] •

This should be compared with eqs. (III.3.1)—(III.3.3). Upon integration over energies
u\ and 013, corresponding to particles with four-momentum qi and 93, respectively, the
contribution from Y vanishes. Thus, in the case of purely angular distributions, our
results are still valid to order (Im T7)2. As discussed in the introduction of papers II and
IV, quadratic terms in 77 are expected to be small. Hence, in this case, the results are
hardly affected by the transition to greater generality. Allowing for complex 77, occurrences
of 77 in papers II and IV should be interpreted as Re 77 throughout.

In the case of energy-weighted correlations the situation is less transparent. The
distribution (11.25) becomes

dqidsjdsj 288(4TT)6
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with the modulation function now reading

p = y/l + (Rerj)2 A(m2,s,,sa) /{4m*v). (3.17)

Due to the term A, the additional contribution from Im rj is suppressed near threshold, but
this region is not easily accessible anyway, as discussed in connection with eq. (11.25). For
massive Higgs bosons, well above threshold, this factor provides an enhancement. Thus,
in general, this contribution can not be neglected, demanding one additional parameter
in the description of the energy-weighted distributions. As mentioned above, as well as in
paper IV, the predictivity decreases substantially in this case, making the energy-weighted
distributions less attractive and less interesting.

With these limitations in mind, we return to the discussion of signalling CP violation
when the single parameter Re r? suffices. Focusing on eqs. (11.17) and (11.26), any CP
violation would show up as a "tilt" in these azimuthal distributions, by the amount
6; see eq. (11.14). This amount could be determined from a measurement of either of
the observables A', B', or C in eqs. (11.20), (11.21), and (11.28), respectively. As noted
in the previous section, the special cases t) = 0 and \T}\ » 1 correspond to the CP
even and CP odd eigenstates discussed in paper I, respectively. Hence, the distributions
(11.17) and (11.26) should be interpreted as being intermediate to the two eigenstates,
making it evident that observation of CP violation in the Higgs sector is more difficult
than the corresponding task of disentangling CP eigenstates as discussed in paper I. For
'reasonable' amounts of CP violation this will of course be much harder. We shall attempt
to give a quantitative idea as to the meaning of 'much harder' in the next section.

3.3 Paper III

In paper III the ideas and methods which were developed in paper I and II in the context
of Higgs boson decay are applied to Higgs production via the Bjorken process, previously
discussed in section (2.1). In several aspects, the prospects for these distributions' future
applicability are better in this production process than in the decay process considered
originally.

Generally, the clean environment of a e+ e~ collider is preferable compared to a hadron
collider when it comes to precision measurements. As discussed in the first section, it may
be difficult, in the context of Higgs decay, to define the Higgs rest frame accurately. In the
present case, however, the center of mass system is well defined. Although initial and final
state 7 radiation will to some extent smear out the reconstructed momenta, the resulting
measurement errors are expected to be small, and in particular much smaller than the
corresponding errors expected in the case of Higgs decay. In contrast to the expected
background at LHC, the background may be isolated at e+e~ colliders as demonstrated
in paper III for the NLC and more thoroughly in ref. [59]. The number of signal events
expected at the NLC are relatively high, whereas the corresponding numbers at LEP2
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are quite small, mainly due to much lower luminosity. One further complication at LEP2,
which will operate in a region close to the WWand ZZ thresholds, is that the background
is not easily suppressed here.

In paper III we present an attempt to estimate in advance the amount of data needed
in order to verify the scalar character of the Standard Model Higgs boson at a future
e+e~ collider. This is done using both Monte Carlo data and likelihood ratios. In order
to isolate the background we apply a cut on the angle between the outgoing Z and the
incoming electron, altering the azimuthal angular distributions significantly. Apart from
the, by now, well known angular correlations, we also study the energy spectrum of one
of the final-state fermions in the Bjorken process, motivated by Arens et al. [45]. The
relative usefulness of the two are compared.

Following ref. [60], we shall now briefly review those aspects of the likelihood method
which are relevant in our analysis. The likelihood ratio A may be used for the problem
of choosing between two separate hypotheses, HI and H2, or in our case, CP-even and
CP-odd, denoted H and A, respectively. This ratio is sometimes called the betting odds
for alternative HI against H2, denoting the probability that HI is true divided by the
probability that H2 is true.

First we suppose that the Higgs boson candidate is CP-even. The expectation value
(E) of log A is then given by

(3.18)

h = H,A. (3.19)

The superscript 6 is included in order to explicitly demonstrate that the cut | cos 0z\ < b
has been implemented. Below we employ b = 0.6. The corresponding variance reads

with n denoting number of events and /jj the distributions,

var {log \}H = n Ik log
fb
JH (3.20)

Analogously, if we suppose that the Higgs boson candidate is CP-odd,

f2* (£{logA},j = nl I log
fb
i A

var{logA}x = n
fb

J H

J A

The formulas appropriate for the energy distributions follow trivially from the ones above
by replacing/£ with eqs. (III.2.22) and (III.2.20) for h = H,A, respectively, and integrat-
ing now over x from x_ to x+. The specific cases considered in paper III give

(3.23)

~ 0.47n £{logA}£ ~ -0.45n
var {log A}^ ~ 0.77n var {log A}* ~ 0.68n
E{yoghYH ^ 0.18n £{logA}^ ^ -0.02n

var {log A}^ ~ 0.17n var {log A}^ ~ 0.22n
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We assume that the Higgs boson candidate is CP-even and use a likelihood ratio A = 105,
corresponding to log A ~ 11.5. There is no deep reason for making this particular choice,
except that it is evident that A must be much greater than 1. Due to the logarithm, the
sensitivity to the chosen ratio will be damped.

From the above equation we need n = 25 events in the case of angular distributions and
n = 63 using energy correlations. In the former case this corresponds to a one standard
deviation error \/0.77 • 25 ~ 4.5, demonstrating that the alternative expectation value,
-0.45 • 25 = —11.25, is more than 5a away. In the latter case, a CP-odd Higgs boson is
ruled out at the level of nearly 4a. This serves to indicate that both in terms of number
of events and errors involved the angular distributions are more sensitive than the energy
correlations in discriminating a CP-even Higgs from a CP-odd one.

In the paper we have assumed a total of ~ 60 signal events per year, demonstrating
that, according to the likelihood test, less than the quoted three years of running suffice.
Upon comparison with the Monte Carlo simulation, the likelihood method should be
considered as a tool providing a lower bound on the number of events needed in a future
experiment.

In order to get an idea as to how much harder it will be to probe presence of CP
violation, we apply the test of likelihood ratios to the hypothesis absence of CP viola-
tion in the CP-even eigenstate versus presence of CP violation as given by the angular
distributions of eqs. (III.3.8)—(III.3.9), with 77 = 0 in the former case and e.g. Re 77 = 0.1
in the latter case. A similar analysis demonstrates that almost 30 times more events are
needed, making it very hard to probe CP violation in the Bjorken process experimentally.
In fact, upon comparison with conventional CP violation as observed in the if-system,
it is reasonable to infer that Re 17 = 0.1 corresponds to a fairly big amount of CP vio-
lation [61] since present CP violation is an effect of order 10~3. A priori, however, we
can not impose any rigorous physical constraints on the magnitude of 77. Approximately
another 100 times more events are needed if we consider Re 77 = 0.01, making discrimina-
tion impossible. On the other hand, only n = 26 events are needed if Re 77 = 1, making
discrimination nearly as feasible as in the case of CP eigenstates.

In paper III we consider 77 complex in the treatment of CP violation. Omitting terms
of order (Im r7)2, the angular correlations are only sensitive to real 77, whereas the energy-
weighted differential cross section makes no reference to the CP-even or CP-odd results,
being directly proportional to Im 77. In either case, the distributions depend on only
one parameter describing CP violation. This should be compared with the situation in
paper II discussed in the previous section.

In paper III we have considered unpolarized electron and positron beams. We shall
now outline how presence of polarization may be used to facilitate the discrimination of
CP eigenstates. The Stanford Linear Collider, operating presently at the Z resonance,
has a longitudinal electron polarization of about 62%, and is likely to reach 75% or even
80% in the near future. It is likely that the future NLC will take advantage of polarized
beams as well. In order to make the effect of polarization transparent upon comparison
with the unpolarized results we will consider only the case of longitudinal e~ polarization.
However, longitudinal and transverse polarization for the positron beam as well as the
electron beam may be interesting options in the future.
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Following [62, 63] the polarized cross-section can be written

d5cr£ =—r=— D(s, Si) W^fdLips(s; gi, <&, 93), h = H,A, (3-24)
2v2s

with

Wg = ( l - P i sin 2x) AT++ (P i - sin2x) sin2xi Ar_, (3.25)

WP = M £ i £ l i L | _ 2 ^ p ] - s in 2x) X2_ + - s s i ( Z j -I- (p\ - s i n 2\) sin 2\il

Here P_ denotes the degree of longitudinal e~ polarization, and we note that in the
absence of polarization, Pi = 0, the momentum correlations in eq. (3.25) reduce to the
ones in eq. (III.2.5). Integrating the cross section (3.24) over polar angle, subject to the
cut | cos 6z\ < b, as well as over the way the energy is shared between the two fermions,
as prescribed in the paper, we find

= H>A> ( 3 2 6 )

with azimuthal distributions given by the expressions

= (l - P!sm2x)[t(b)\(s,sl,Tn2) + 12ss1+2£(b)ss1cos2(p]

- (P i - sin2x) sin2xi ( ~ ) y/ss[(s + si - m2)C{b)cos </>,

WP, =

cos2<?il. (3.27)

Integrating over the invariant mass of the final state fermion pair, the distributions take
the form

^ l + abP(s,Tn)cos<t>+f3b(s,m)cos2(j>, (3.28)
^ d(p

6 P (3.29)

so that the cos 2</>-term in the CP-even case is unaffected by any presence of polarization.
In the narrow-width approximation the remaining coefficients are given by

' m ) ' ( 3 - 3 o )- -> ( ' ) '

sui 2\

= j{b) [(1 - Pi sin 2X) A (5, ml, m2) - 4P| sin 2Xsm%\
S' ~ (3 + P) X (s,ml,m2) + Pi sin 2x(^)A(s,m|,m2) + 6sm|)
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with abP(s, m) being subject to simple scaling, whereas '/)P(s, m), contrary to the unpo-
larized case, now depends on both energy and Higgs mass. We notice that abP vanishes
for P][ = sin 2\, corresponding to a polarization of about 14% for leptons, according to
table I.I. Using the present, 62%, and future, 80%, polarizations for SLD, we see that the
CP-even cos (fhterm is amplified by factors of ~ —4 and ~ —5, respectively. Peak amplifi-
cation occurs for 100% polarization, resulting in a multiplicative factor - l / s i n 2 x ~ - 7 .
For the case y/s = 300 GeV and mH = 125 GeV considered in the paper, the 'bare'
prediction for a is 0.019. The cut increases this value slightly to ab = 0.021, but still it
is to small to show up in the Monte Carlo simulation or to effect the likelihood ratios
significantly. However, for a polarization of e.g. 80% abP = —0.1, making the cos^term
comparable with the cos2<£-term, (ib = 0.14. The corresponding value for rybP is 0.29,
being intermediate to the 'bare' prediction 1/4 and the value 0.39 due to the cut in polar
angle. At threshold for producing a real Higgs boson and a real Z boson, where A = 0,
1hP is negative, •ybP = - 2 / 3 £(b), and is given by —0.88 then the above cut is applied. For
very high energies A scales as s2, and •ybp saturates at its unpolarized value, modified by
a multiplicative factor, (l — Pi sin 2^1, as seen from eq. (3.30). 80% polarization gives a
cos 2(^-coefficient of 0.35. In the presence of polarization, T*P vanishes close to threshold,
making the CP-odd distribution uncorrelated. Compared with the situation at threshold,
we see that polarization may have a profound influence on the relevant distributions. The
present treatment of polarization effects should be considered as preliminary, serving to
illustrate that polarization in e+e~ colliders may contribute to disentangling CP-even
and CP-odd distributions. A more dedicated study will be required in order to make
definitive statements about the potential usefulness of polarization in this connection.

Leaving aside polarization, we have demonstrated in the paper that it should be possi-
ble to verify the scalar character of the Standard Model Higgs after a reasonable amount
of time at a future linear collider using angular and energy correlations. However, estab-
lishing presence of CP violation seems to be experimentally feasible for large amounts
of CP violation only. Probing smaller amounts of CP violation may require more data
than the NLC will be able to provide.
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Chapter 4

Summary and Conclusions

We have developed methods which may be used for probing whether a candidate for
the Higgs boson is in a CP eigenstate or not. In the former case we have applied these
methods to demonstrate how one may disentangle a CP-even Higgs boson from a CP-odd

one.
We realize, of course, that angular and energy correlations either in Higgs decay or

in Higgs production via the Bjorken process will be difficult to study experimentally,
particularly if CP violation is involved. However one should recall that these will be
next-generation experiments, carried out after some candidate for the Higgs boson has
been firmly established and its mass has been measured to quite high precision. Moreover,
the implications of resolving these issues are so fundamental that the effort is justified.

Both in the context of Higgs decay via two vector bosons to four fermions and in Higgs
production via bremsstrahlung we have demonstrated that the different CP eigenstates
lead to distributions which are clearly different. In the Bjorken process we have shown
that the background may be isolated, and that the applied cut significantly alters the
distributions. Monte Carlo data, together with an analysis of likelihood ratios, have
shown that it is quite feasible that the CP-parity of the Standard Model Higgs boson
may be verified after only three years of running at a future linear collider.

We have also introduced observables which may be sensitive to CP violation and
identified a phase shift which is a measure of the strength of CP violation in the Higgs
coupling to gauge bosons. In principle, this phase 6 would show up as a "tilt" in the
relevant distribution, providing a direct measurement of CP violation in the Higgs sector.
We have made some attempts in the direction of unravelling how hard it may be to probe
CP violation, compared to the discrimination between CP eigenstates.

Polarization may add insight into these issues, and may possibly boost the applicability
of angular correlations as a means of establishing CP violation in the Higgs sector. The
methods presented here naturally extend to Higgs production via vector boson fusion at
e+e~ colliders as well, and this possibility should and will be pursued.

I NEXT PAQE(S)
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We discuss how correlations among momenta of the decay products may yield information about the CP-parity
of the Higgs particle. These are correlations of decay planes defined by the momenta of pairs of particles as well as
correlations between energy differences. Our study includes finite-width effects. In the narrow-width approximation
the angular correlations coincide with previously reported results. The correlations between energy differences turn
out to be a much better probe for CP determination than the previously suggested angular correlations, especially for
massive Higgs bosons.

When some candidate for the Higgs particle is dis-
covered, it becomes imperative to establish its prop-
erties, other than the mass. While the standard model
Higgs boson is even under CP, alternative and more
general models contain Higgs bosons for which this
is not the case. In specific models, production cross
sections and branching ratios will be different (I ] but
it would clearly be valuable if one could establish its
C/>-parity on more general grounds, independent of
the production mechanism. We shall here discuss how
decay distributions may shed light on its intrinsic par-
ity, in particular, how one can determine whether it
is even or odd under CP.

This situation is similar to the classical one of de-
termining the parity of the n° from the angular corre-
lation of the planes spanned by the momenta of the
two Dalitz pairs [2,3],

yy — )(e*e (1)

In thai case, as pointed out by Yang [2], the correla-
tion of the planes is unambiguously determined by the
parity-conserving n°yy and ye+e~ couplings. Classi-
cally, the tf°)7 coupling is proportional to E-B, where
E and B are the electric and magnetic field strengths,
respectively. In relativistic notation, this corresponds

1 Electronic mail addresses: (skjold,osland}@vsfysl.fi.
uib.no.

to the coupling i f " " F w F M , where FMP is the elec-
tromagnetic field strength tensor. If we describe the
photons by the vector field A11, then, with px and pi
the momenta of the two photons, this n°yy coupling
has the form [ 3 ]

\gcn(p\,pl)f'"'l'°P\pPia. (2)

where gcn is some effective coupling that depends on
the kinematics. For comparison, the coupling of the
standard-model Higgs to vector bosons (of mass me)
is given by

i(2-2[")^mlg"\ (3)

with GF the Fermi constant.
In the electroweak interactions, parity is known to

be violated. However, we shall here assume that par-
ity violation is limited to the couplings between vec-
tor bosons (H' and Z) and fermions (quarks and lep-
tons), as is the case in the standard model. Then it
turns out that correlations similar to those of Dalitz
pairs in n° decay determine the CP-parity of the Higgs
boson.

In non-standard or extended models of the elec-
trowcak interactions, there exist "Higgs-like" parti-
cles having negative CP. An example of such a the-
ory is the minimal supersymmetric model (MSSM)
[4], where there is a neutral CP-odd Higgs boson, of-
ten denoted A0 and sometimes referred to as a pseu-
doscalar.
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We shall consider the decay where a standard-model
Higgs (//) or a "pseudoscalar" Higgs particle (.1) de-
cays via two bosons (H'+ll '~ or ZZ). to two non-
identical fermion-antifermion pairs,

The two vector bosons need not be on mass shell.
If we let the momenta (91,92. 93. and 94) of the two

fermion-antifermion pairs (in the Higgs rest frame)
define two planes, and denote by 4> the angle between
those two planes, then we shall discuss the angular
distribution of the decay rate F,

(5)

and a related quantity, to be defined below, both in
the case of CP-even and CP-odd Higgs bosons.

Related studies have been reported in refs. [5,6] in
the context of correlations between decay planes in-
volving scalar and (technicolor) pseudoscalar Higgs
bosons. It should be noted that the present discussion
is more general, since finite-width effects of the vec-
tor bosons are taken into account. This enables us to
investigate the angular correlations for Higgs masses
below the threshold for decay into real vector bosons.
In addition, we discuss correlations between energy
differences. It turns out that under suitable experi-
mental conditions these correlations provide an even
better signal for CP determination.

We let gi and g,4 denote the vector and axial-vector
parts of the couplings, such that the fermion-fermion-
vector coupling is given by

—?= (6)

In order to parametrize the vector and axial couplings,
we define the couplings involving vector bosons \\
and 12 in terms of angles X\ and Xi as

s g, cos*, = g.sinx,, ( = 1 , 2 . (7)

The only reference to these angles is through sin 2^.
Relevant values are given in table 1 [7]. Furthermore,
gi and g2 contain CKM matrix elements and electric
and weak isospin charges relevant to the fermions in
question. The couplings of A and H to the vector
bosons are given by (2) and (3), respectively. In the
massless fermion approximation, we find

Table I
The factors sin 2/ lhal give the relative importance of Ihe
axial couplings.

V

H
Z
Z
Z

f

any
c.n.x

U.C.I

d.s.b

sin 2x

1
0.1393
0.6641
0.9349

with dLips(m2;9i,92,93,94) denoting the Lorentz-
invariant phase space, in the Higgs mass, and with
the momentum correlations given by

Xll = (<?l <?3)(<72 ' 1*) + (<?l

YH = {q] Q3)(Q2 Qo) ~ (<?i -

XA = ~2[(qlqi)(qiq<)]2

(9 )

(10)

•Qi)iqi-qi)\Uq\ • Qi) +

(11)

y.i = (91 • 12) (9.1 • 94) [(91 - 92) • (93 + 94)]

X I ( 9 J - 9 4 ) • (<?i + 9 2 ) ] . ( 1 2 )

The normalizations are given as

CH =
m

CA = — - — j — —

with

D(sUi

S\ = ((

(s, - m2 )2 + m\.F*

52 = (93 + 94) .

(13 )

(14)

(15)

Here, Nj is a color factor, which is three for quarks
and one for leptons. Finally, »ti and /] denote the
mass and total width of the relevant vector boson,
respectively.
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We first turn lo a discussion of angular correlations.
The relative orientation of the two planes is defined
by the angle 0,

COS0 = -

We find

d3/},

\1\ * i x 9t\
(16)

125(52+ ( j

2 s , 5 2 c o s 2 0 ] , (17)

X5|52(4 -COS 20) , (18)

where X (x,y, z) = .v2 + r2 + r2 - 2 (xy + .v: + yz)
is the usual two-body phase space function. The term
YA of eq. (12) does not contribute in eq. (18).

In order to obtain a more inclusive distribution, we
shall next integrate over the invariant masses of the
two pairs. Thus,

£ - / - J *• (19)

Integrating over 0 sj <t> < In in the standard-model
case, we confirm the result quoted in ref. [8] for Higgs
decay into four fermions including finile-width ef-
fects.

We introduce the ratios

= (m,-/m)2 , y = ( r , / w ) 2 , (20)

and change variables according to ,\"i = Si/m2 and
•*2 = Si/m1. This enables us to define the integrals

d.v2

12.V,.Y2], (21)

.•KIIII =
f d.v,

J (.V| - /

d.v, ^
(.v2 -

X ( 1 - A , - . V 2 ) ,

I

(22)

( v i - ,

x ; d.v2

0

v ,

+ fty
(23)

The dis t r ibut ions of eq. (5) then take the form

(2n/rH)dr,,/d<l>

+ /? (m)cos2<j>,

(2n/rA)drA/d<l> = 1 - \ cos20,

where

a(m) = ( J » ) 2 / 1 ( W ) / F ( ; H ) ,

j5(m) = 2B(m)jF(m).

(24)

(25)

(26)

The functions a and /? depend on the ratios of the
masses of the vector bosons to the Higgs mass. They
are given in fig. 1, for values of m up to 1000 GeV.
In the narrow-width approximation these decay cor-
relations are identical to the ones reported in ref. [5]
and our analysis fully justifies this approximation.

However, our analysis is valid also below the thresh-
old for producing real vector bosons, in < 2mi. A rep-
resentative set of angular distributions are given in fig.
2 for the c a s e s / / - (/ + v, )(bc) and / /— (l*f-)(bb)
for m = 70,150,300 GeV and m = 70.300 GeV,
respectively. (Of course, jet identification is required
for this kind of analysis.) With 0 being defined as the
angle between two oriented planes, it can take on val-
ues 0 < 4> < n. There is seen to be a clear differ-
ence between the C/'-even and the Cf-odd cases. We
observe that the distribution (24) becomes uncorre-
latcd in the heavy Higgs limit, whereas the distribu-
tion (25) is independent of the Higgs mass.
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100 500 1000

m[GeV]

Fig. 1. The coefficients <> and /? of the angular correlations
in eq. (24). for a CP-even Higgs of mass m.

Let us now turn to a discussion of energy dif-
ferences. In order to project out the )'.i-term of
eq. (12). we multiply (8) by the energy differences
(u>\ - w 2 ) ( « 3 - « « ) before integrating over energies.
In analogy with eq. (8), we introduce

sin(2x,)sin(2;(2)f,

with

X, = X,(u>\ -

for / = //, A. The distribution takes the form

K (m)£ £ - • + -* cos</>,

(27)

(28)

(29)

(30)

in the CP-even case, whereas there is no correlation
in the CP-odd case, i.e., K (in) = 0 and in this case
the term XA of eq. (28) does not contribute. Here,

Kim) = { (fan) Kim)/Jim),

264

(31)

2

15

,

0.5

0

3..IJOO.V

J5^70 Ot'v

>l-300G«V \ ' .
w V

m-70G«V z • ^ V '

_m .300 O e V ^ ? ^ ^ ^

_ ^ ^ A

1 —1 1

Fig. 2. Characteristic angular distributions of the planes de-
fined by two Dalitz pairs for CP-even Higgs particles de-
caying via two U s and two Z's. compared with the corre-
sponding distribution for a CP-odd Higgs particle (denoted
.1). Different Higgs masses are considered in the CP-even
case.

with

(.V, - n)~ + m

(32)

+ in

K(m) = >2

0

0-/T)2

x / d
0

X ( 1 - A , - A 2 ) .

+ ti\Yi

(.V2 - •fir

(33)

The function K is given in fig. 3, for values of m up
to 1000 GcV. In the narrow-width approximation
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100 900 1000
m[GeV)

Fig. 3. The coefficient K of the energy-weighled angular
correlation of cq. (30), for a CP-cvcn Higgs of mass m.
For a ('/'-odd Higgs. K = 0.

K{W) = 1Lr (34)

The correlation is significant for any Higgs mass, and
in particular K(IH) -X m2 in the heavy-Higgs limit.
A representative set of distributions (30) arc given
in fig. 4 in the cases // — (/+i'/)(/>F) and // —
U + I~)(bb) for m = 70.300,500 GcV and in =
70. 300 GeV. respectively. We see that the energy-
weighted distribution is a much more sensitive probe
for CP determination than the purely angular distri-
bution of eq. (5). In this latter case, we compare an
uncorrelated distribution with a strongly correlated
one. Moreover, for I' = 7. the sin 2x factors provide
an enhancement in the energy-weighled correlations.

This research has been supported by the Research
Council of Norway.

K/4 3W4

Fig. 4. Characteristic energy-weighted distributions for
('/'-even Higgs particles decaying via two H"s and two Z's.
compared with the corresponding distribution fora ('/'-odd
Higgs particle (.1).
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Abstract

We consider an extension of the Standard Model where some Higgs particle is not an eigenstate of CP, and discuss the
possibility of extracting signals of the resulting CP violation. In the case of Higgs decay to four fermions we study correlations
among momenta of the final-state fermions. We discuss observables which may demonstrate presence of CP violation and
identify a phase shift S, which is a measure of the strength of CP violation in the Higgs-vector-vector coupling, and which
can be measured directly in the decay distribution. In addition to these angular correlations, we consider correlations between
energy differences. The former correlations include some recently reported results, whereas the latter ones appear to provide
a much better probe for revealing CP violation.

The origin of mass and the origin of CP violation
are widely considered to be the most fundamental is-
sues in contemporary particle physics. Perhaps for this
very reason, there has been much speculation on a
possible connection. This is also in part caused by the
fact that the amount of CP violation accommodated in
the CKM matrix does not appear sufficient to explain
the observed baryon to photon ratio [ 1 ] .

We shall here consider the possibility that CP vio-
lation is present in the Higgs sector, and discuss some
possible signals of such effects in decays of Higgs
particles. While the standard model induces CP viola-
tion in the Higgs sector at the one-loop level provided
the Yukawa couplings contain both scalar and pseu-
doscalar components [ 2 ], we actually have in mind an
extended model, such as e.g., the two-Higgs-doublet
model [3] .

Below we postulate an effective Lagrangian which
contains CP violation in the Higgs sector. However,

' Electronic mail addresses: {skjold,osland}@vsfysl.fi.uib.no.

when the source of CP violation is turned off, the
interaction reduces to that of the Standard Model. In
cases considered in the literature, CP violation usually
appears as a one-loop effect. This is due to the fact that
the CP odd coupling introduced below is a higher-
dimensional operator and in renormalizable models
these are induced only at loop level. Consequently we
expect the effects to be small and any observation of
CP violation to be equally difficult.

CP non-conservation has manifested itself so far
only in the neutral kaon system. In the context of the
Standard Model this CP violation originates from the
Yukawa sector via the CKM matrix [4]. Although
there may be several sources of CP violation, includ-
ing the one above, we will here consider a simple
model where the CP violation is restricted to the Higgs
sector and in particular to the coupling between some
Higgs boson and the vector bosons. Specifically, by
assuming that the coupling between the Higgs boson
H and the vector bosons V =W,Z has both scalar and
pseudoscalar components, the effective Lagrangian for

0370-2693/94/J07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDI0370-2693(94)00495-5
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the HW-vertex may be written as [5-7]

LHW = 2 • 2i/4y/Ch[m2
v V"% H

(1)

with Gp the Fermi constant. Furthermore, VMl, =
<?MV,, - dyVp. The parameter 7; is, according to the
discussion above, a small dimensionless quantity that
depends on the kinematics. However, we will keep if
arbitrary and our results are valid for any value of 77.
The first term in CHw is CP even, whereas the second
one is CP odd. Simultaneous presence of both terms
leads to CP violation. However, we assume that CPT
is conserved. This implies that 77 must be real.

We shall consider the decay of a Higgs via
two vector bosons (W+W~ or ZZ), to two non-
identical fermion-antifermion pairs, H —> V1V2 —>
(/1/2M/3/4) . Let the momenta of the two fermion-
antifermion pairs (<?i, qi, q$, and <j4 in the Higgs rest
frame) define two planes, and denote by tf> the angle
between those two planes (see Eq. (9) below). Then
we shall discuss the angular distribution of the decay
rate T,

1 dr
r d^

(2)

and an energy-weighted decay rate, to be defined be-
low.

Related studies have been reported by [5,7,8]. The
present discussion will be more general and in addition
we consider correlations between energy differences.
Under suitable experimental conditions these energy
correlations provide a better signal of CP violation.

The fermion-vector coupling is given by

where gv and g^ denote the vector and axial-vector
parts of the couplings. As a parameterization of these,
we define the angles x\ and Xi by

gy0 = 8{A = ft s i n Xh i= 1,2. (3)

The only reference to these angles is through sin 2x>-
Relevant values are given in Table 1 of Ref. [9]. From
(1), the coupling of H to the vector bosons is given by

( 2 •

(4)

with kj the momentum of vector boson j , j = 1,2.
The decay rate can be written as

— K+ I — I Z

(5)

with m the Higgs mass and dLips(m2;<7i,<72.<?3.<?4)
denoting the Lorentz-invariant phase space. Further-
more, Nj is a colour factor, which is three for quarks,
and one for leptons. The momentum correlations are
in the massless fermion approximation given by

X = X+ +

Y=-€apy

Z = -2X2_

where

X± = (<7i

yT = (<

Z\ = [ (

+ |

Z2 = [(

sin 2xi x-.

(6)

•<74)(<?2

-qi)

(7)

The normalization in Eq. (5) involves the function

2 _2

s2) =m4
v T 7 - Y^ (8)

with

Finally, mv and IV denote the mass and total width of
the relevant vector boson, respectively.

We first consider angular correlations. The relative
orientation of the two planes is defined by the angle tf>.

cos<£ =

We find

(q i (9)
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S = arctan -

x' + -\

( f ) ( i 2 )
\mv/

with

X' = A (m2,5i,s2) + 12j|52

- sin 2 ^ I sin2^2 ( - T - 1

X COS <}>,

Y' =

(10)

(m2 - S] - s2)

- J i - •J2)sin</>,

' = 2sxs2(\ - i cos2fl!.), (11)

and A (x ,y , z ) = x2 + y2 + z1 - 2 (xy + xz + yz)
is the usual two-body phase space function.

The distribution (10) can be written in a more com-
pact form as

d3r

v/2
72(4TT) 6

2m\

-n/2<8< IT/ (14)

describing the relative shift in the spatial distribution
of the two decay planes due to CP violation. We note
that this rotation vanishes at the threshold for produc-
ing vector bosons (where A = 0) and grows with in-
creasing values of the Higgs mass.

This relation (14) can be inverted to give for the
Cf-odd term in the coupling:

2ml
tan 5. ( 15 )

A more inclusive distribution is obtained if we inte-
grate over the invariant masses of the two pairs. Thus,
let us consider

d£ 7*' / d3r
d<j> ds\ ds2

(16)

Due to our ignorance concerning r) = rj(s\,S2)-, we
have to perform the integration over sj and s2 in the
narrow-width approximation. This is of course only
meaningful above threshold for producing real vector
bosons. We introduce the ratio fj. = (2/ny/m) < I.
The distribution of Eq. (2) then takes the compact
form

-^r TT = ' + aim) p2 cos 2 - S)

- S), ( 17 )

with

+ 2Wco.2<*-«>

- sin 2^i sin2^2 I -^~ I \Ai$2 (i

1
x cos(<£ — <5) ,

with a modulation function

_ / . 2 . / 2 \ l t d * )
p y V .si.*2j mv ,

and an angle

n2 — s\ — s2) p

(12)

(13)

0(».

and

5 -

P -

1 p.L

2 4( 1 - ft) (1 + 2T72) + 3/i2

,I) = -iSin2^,sin2^(^Tj

" 4(1 - /x)( l+277 2)+3/ i 2 '

arctan — ,

/ , l - / i

V v n2

(18)

(19)
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Measurement of this rotation 5 of the azimuthal dis-
tributions, would demonstrate CP violation in the cou-
pling between the Higgs boson and the vector bosons.
In order to facilitate such a possibility, we introduce
the following measures of the asymmetry:

A(m)
A'{m)

B'(m)

= pB(m)

o
f cos 25
{ (20)

sin4>
2IT

f co
\ si

cos 5
sin 5

(21)

where the unprimed observables correspond to the SM
prediction (modulo corrections of order r;2) and the
primed ones correspond to the CP violating contribu-
tions. This identification is evident when we note that
(seeEqs. (10) and ( I I ) )

= I + A (m) cos 20 + B (m)cos<f>
I d(p

+ A' (m) sin 2</> + B' (m) sin<£ (22)

for any r\. The introduction of the above asymmetries
requires that we are experimentally in a position where
we can orient <£ from 0 to 2n.

Presence of CP violation will now manifest itself
as a non-zero value for the observables A' and B'; the
magnitude of CP violation may be determined from
the angle S,

tan 25 = and
A(m)

tan 5 =
B'(tn)
B(m) '

(23)

In principle, this allows for consistency checks, since
the two expressions in Eq. (23) are closely related.
However, a possible experimental observation of CP
violation is strongly dependent upon the magnitudes
of the obscrvables A' and B'. A first question in this
direction is: which of them is easier to detect? In order
to answer this question, we may study the ratio

B'(m) /3(m)
A'(m) 2a (m)

(24)

1

o1

102

I 0 3

10"

-p(m) p

\
a(m) p2

w+w -
\

->4f

ri=10 '

1=1

„..<>•' - -

n=io"'

\ n-io-s

200 500 1000

m[GeV]
Fig I. Tlie amplitude functions a[m)p2 and —P(m)p of (17)
in the case H —• W + W~ —> 4 / , for a Higgs of mass m, and for
77 = 1. 1 0 - ' and I O - \

(we have here made use of the fact that p cos 5 = 1 ) .
This ratio is independent ofr/. In the case of H —>
W+W~ —< 4 / , B' is relatively important for any Higgs
mass. In the case of H —> ZZ —> 41, A' is relatively
important for intermediate Higgs bosons, whereas B'
becomes more important for in > 600 GeV. (The case
e.g. H -> ZZ -» 2/2<? is intermediate, cf.Table 1 in
[9].)

The amplitude functions a(m)p2 and 0(m)p of
(17) are given in Figs. 1, 2 for the cases H —>
W+W- - 4 / and H - ZZ -> 41, respectively.
We note that a(m)p2 is independent of the rela-
tive strengths of axial and vector couplings, whereas
B(m)p is proportional to the sin2xi factors. Both
amplitudes arc small in most of the (77, m, sin 2 ^ )
parameter-space, but B(m)p is comparable to unity
for any value of 77, in the intermediate Higgs mass
range in the case H —» W+ W~ —» 4 / . The two ampli-
tudes arc independent of the Higgs mass iffy = ±1.

The angle S is given in Fig. 3 for different val-
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\
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Fig. 3. The angle S (in degrees) for a Higgs particle of mass m.

Fig. 2. The amplitude functions a(m)p2 and -${m)p of (17) for ij = I, 10"', I0"2 , and I0"1 .
in the case H — ZZ —» 4/. for a Higgs of mass m and for r] = 1,
10"' and I O - \ d'f

ues of t). Provided r) is not too small, this angle is
significantly different from zero when the Higgs is
well above threshold. It appears from the previous fig-
ures that an experimental observation of CP violation
would only be possible in restricted ranges of 77 and
Higgs mass values, and only for selected decay chan-
nels.

Let us now turn to a discussion of the decay rate
weighted with energy differences. We multiply (5) by
the energy differences (w\ — a>2)(a>y - ai4) before
integrating over energies. In analogy with Eq. (5), we
introduce

x \2s,s2 si

- ( 7 7 ) s2) p

— S) (25)

Compared with the distribution (12), the energy
weighting has introduced a suppression factor near
threshold, A/m2. However, this region is not easily
accessible to this kind of analysis anyway, according
to (14) the rotation angle S will there be small.

In the narrow-width approximation we obtain

and integrate analytically over kinematic variables to
obtain the distribution

K(m)

r d<f> (26)
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Fig. 4. The ratio C' (in) / /?' (m) for a Higgs of mass m in the
cases of W — W+Vf" - . 4 / and H -* ZZ -* 41. for 77 = 10"',
10"', and I.

with

K(m) = :
1

sin 2^i sin 2^2
I 0(m)

(4 sin 2x\ sin 2*2 )
2 (27)

which is independent of 17. As in Eqs. (20), (21) we
introduce the following measures of asymmetry:

C(m) 1 _ j_ A d j , / c o s * (lE —
C (m) j ~ n J \ sin <l> \ f d<f>

_ (K (m)\ f cos 5

~ \ p ) \ s i n ^

so that

— -rr = 1 +C
r a<p

Consequently

(28)

-fC'(m) sin< .̂ (29)

10'

K(m)

P

102

10

1

n T

., H - >

r H -* v

zz-

/+W"

^41

^ 4 f

n=io3

7)=IO '

1=1

71=10"'

71=10 '

71=1

200 500 1000

m [GeV]
Fig. 5. The amplitude function -K(m)/p in the cases
H -> W+ I f - -» 4 / and H ^ ZZ -* 41. for a Higgs of mass in,
and for >j= 1. ICT1, and 10"' .

tan 5 = ———-.

Hence, this set of observables provides yet another
way of measuring the CP violating phase S. Although
the ratio of these energy-weighted observables coin-
cides with, or is trivially related to the previous ones,
the possibility of demonstrating a presence of CP vi-
olation has increased significantly. The ratio

IC'(m)
B'(m) (4 sin 2*i sin 2*2)2 a (m) P2 (30)

is given in Fig. 4 for t] = IO~\ I0"1 , and I in the
cases of H -* W4 W~ — 4 / and H — ZZ — 4/. We
see that the energy-weighted CP-violating observable
C" is a much more sensitive probe for establishing CP
violation than the former ones. Moreover, the ampli-
tude function K(m)/p of (26) is given in Fig. 5 for
the cases H — W+W -» 4 / and H — ZZ -» 4J.
We observe that this amplitude is comparable to, or
much bigger than unity for arbitrary values of T) and
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for Higgs decay to any observable four-fermion final
state. In addition, for V = Z —> 2/ the sin 2^-factors
provide an enhancement in the energy-weighted am-
plitude function, and particularly in the ratio C/B'. It
is encouraging that this enhancement occurs for the so-
called "gold-plated mode" H —> ZZ —* e+e (JL+/J.
[10].

In conclusion, we have demonstrated that, for an ar-
bitrary amount of CP violation in the HW coupling,
the distribution (2) has the compact and transparent
form (17). As compared with the observables A' and
B', presence of CP violation would be much more eas-
ily measured by using the energy-weighted observable
C'. Finally, having established CP violation, the ac-
tual strength may be determined from measurements
of the observables C and C .

Of course, complete jet identification is required for
this kind of analysis. We hope to present Monte Carlo
data on the expected efficiency elsewhere.

This research has been supported by the Research
Council of Norway.
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Testing CP in the Bjorken process

Arild Skjold
Per Osland
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Abstract
In a more general electroweak theory, there could be Higgs particles that are odd under
CP, and also Higgs-like particles which are not eigenstates of CP. We discuss distributions
which for the Bjorken process are sensitive to the CP parity. Correlations among momenta
of the initial electron and final-state fermions yield this kind of information. We discuss also
observables which may demonstrate presence of CP violation and identify a phase shift 6
which is a measure of the strength of CP violation in the Higgs-vector-vector coupling, and
which can be measured directly in the decay distribution. In the context of discriminating
between CP eigenstates, we present Monte Carlo data on the expected efficiency, and
conclude that at a future linear collider it will be relatively easy to determine whether the
candidate Higgs particle is even or odd under CP. This does not appear possible at LEP2.
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1 Introduction

One of the main purposes of accelerators being planned and built today, is to elucidate the

mechanism of mass generation. In the Standard Model mass is generated via an SU(2)

Higgs doublet, associated with the existence of a Higgs particle, whereas in more general

models there are typically several such Higgs fields, and also more physical particles.

Another fundamental issue is the origin of CP violation. While this question will

be studied in considerable detail at the SLAC B-Factory and at other dedicated 5-physics

experiments, there is of course the possibility that CP violation may be related to the

Higgs sector, as first suggested by Weinberg [1]. Therefore, when some Higgs candidate is

discovered, it will be important to determine its properties under CP.

In the context of Higgs production via the Bjorken mechanism [2], we shall here

consider how angular distributions may serve to disentangle a scalar Higgs candidate from

a pseudoscalar one. In trying to probe the uniqueness of the scalar character of the Higgs

boson as provided by the Standard Model, we have to confront its predictions with those

provided by possible extensions of the Standard Model. Next, by allowing for CP violation

in the Higgs sector, we briefly discuss some possible signals of such effects. While the

Standard Model induces CP violation in the Higgs sector at the one-loop level provided

the Yukawa couplings contain both scalar and pseudoscalar components [3], we actually

have in mind an extended model, such as e.g., the two-Higgs-doublet model [4, 5].

Below we postulate an effective Lagrangian which contains CP violation in the

Higgs sector. In cases considered in the literature, CP violation usually appears as a

one-loop effect. This is due to the fact that the CP-odd coupling introduced below is a

higher-dimensional operator and in renormalizable models these are induced only at loop

level. Consequently we expect the effects to be small and the confirmation of presence of

CP violation to be equally difficult. CP non-conservation has manifested itself so far only

in the neutral kaon system. Within the Standard Model this CP violation originates from

the Yukawa sector via the CKM matrix [6]. Although there may be several sources of CP

violation, including the mixing matrix, we will here consider a simple model where the CP

violation is restricted to the Higgs sector and in particular to the coupling between some



Higgs boson and the vector bosons. Specifically, by assuming that the coupling between

the Higgs boson H and the Z has both scalar and pseudoscalar components, the most

general coupling for the HZZ-vertex relevant for the Bjorken process may be written as

[7,8]

^~{ () () \ (1.1)

with kj the vector boson momentum, j = 1,2. The first term is the familiar CP-even

ZMZM H tree-level Standard Model coupling. The second term stems from the dimension-5

CP-even operator Z^Z^H with ZMI/ = d^Zv - dyZ^. The last term is CP odd and orig-

inates from the dimension-5 operator ttiVf"'ZliUZpoH. Simultaneous presence of CP-even

and CP-odd terms leads to CP violation, whereas presence of only the last term describes

a pseudoscalar coupling to the vector bosons. The higher-dimensional operators could be

radiatively induced and are likely to be small. We therefore neglect the contribution from

the second term. This is due to the fact that CP-violating effects arise from interferences,

and since loops in the Standard Model are already suppressed, we conclude that only new

CP-odd terms that interfere with Standard Model tree amplitudes are potentially signif-

icant [9]. For the same reason we omit the possibility that the Z^Z^H coupling has a

complex coefficient and assume that it takes its real value as predicted by the Standard

Model.

Related studies have been reported by [7-11] on how to discriminate CP eigen-

states. We demonstrate that a cut on the angle between the outgoing Z and the incoming

electron alters the azimuthal angular distributions significantly. Our study also addresses

the problem of separating the signal from the background. Furthermore, we include Monte

Carlo data, exploiting the background study by Barger et. al. [10], and demonstrate that

it should be possible to verify the scalar character of the Standard Model Higgs after three

years of running at a future linear collider. We also study the energy spectrum of one of

the final-state fermions in the Bjorken process, as recently suggested [12] in connection

with Higgs decay via vector bosons to four fermions. We compare the relative usefulness

of the angular and energy distributions.

As concerns CP violation, related studies have been reported by [8, 13, 14]. Our

study is more general, since we allow for the strength parameter r\ being complex. As



pointed out in [13], the interference term proportional to Im 77 is absent in the azimuthal

distribution, but there is an interference term proportional to Re 77 which is present in our

analysis. We are thus able to investigate azimuthal distributions describing CP violation in

the Higgs sector in terms of only one parameter. Also in this case the resulting correlations

are significantly altered by the above cut on polar angle. This correlation is insensitive

to Im 77, but an energy-weighted distribution may be used to probe this source of CP

violation.

2 Distinguishing CP eigenstates

We compare here the production of a Standard-Model Higgs (h = H) with the production

of a 'pseudoscalar' Higgs particle (h = A) via the Bjorken mechanism,

e " ( p i ) e + ( f t ) - * / ( * ) / ( * ) * ( * ) • (2.1)

The couplings of H and A to the vector bosons are given by retaining only the first and

last term in (1.1), respectively.

Let the momenta of the two final-state fermions and the initial electron (in the

overall cm. frame) define two planes, and denote by <f> the angle between those two planes

(see eq. (2.8) below). We shall then discuss the angular distribution of the cross section <r,

both in the case of CP-even and CP-odd Higgs bosons.

The fermion-vector couplings are given by gv and g^. As a parameterization of

these, we define the angles x by

gv = gcosX, gA = gsinx- (2.3)

In the present work, the only reference to these angles is through sin 2% (see table 1 of

ref. [15]). The differential cross section can be written as



with y/s the cm. energy and dLips(s; <ft, <fc, 93) denoting the Lorentz-invariant phase space.

Furthermore, N\ is a colour factor, which is three for quarks, and one for leptons. The

momentum correlations are in the massless fermion approximation given by

WH = X+ — sin2xsin2xi X_,

WA = , -2X2_ + - ssi (Zi - sin2vsin2YiZ2) , (2.5)
m | L 4 J

with sin 2\ and sin 2\\ referring to the initial and final fermions, respectively, and where

X± = (pi -qi)(p2- ft)±(Pi ' «2)(P2-9i),
Z\ = [(Pi • Qi) + iP2 • <h)}2 + [(Pi • ft) + fa • qi)}2 ~ 5

(2.6)

The normalization in eq. (2.4) involves the function
2 2

{ S1 — TTX7 j i~ XtXyY 7 {S — TXXy j ~y~ TTi 7 1 7

with

s = (pi + P2)2, «i = Q2 = (ft + ft)2-

Finally, 771̂  and F^ denote the mass and total width of the Z boson, respectively.

We first consider angular correlations of two planes, one spanned by the incident

electron momentum (pi) and that of the final-state vector boson (Q), and the other one

spanned by the two final-state fermions (qi and q2). Hence, we define the angle 4> by

cos 4> = ¥±— 1,, —-r^- (2-8)
IPI x Qllqi x qsl

Integrating the Higgs production cross section (2.4) over the polar angle of the vector

boson (or Higgs) momentum, as well as over the way the energy is shared between the two

fermions, we find
A2* Mr
Q (Th iVi G

with azimuthal distributions given by the expressions

Wjj = A(s,si,m2) + 12ssi-I-2ssi cos2^

— j y/sS^ (S + Si - TO2) COS <(>,

(2.10)



and where A (x, y, z) = x2 + y2 + z2 - 2 (xy + xz + yz) is the Kallen function. The term Z2

of eq. (2.5) vanishes under the integration over the polar angle referred to above, and does

not contribute in eq. (2.10). It would contribute to the forward-backward (with respect to

the beam axis) asymmetry of the Higgs cross section.

A more inclusive distribution is obtained if we integrate over the invariant mass of

the final state fermion pair. Thus, let us consider

— = / dsj d °h . (2.11)
dtfj Jo dcfidsy

The distributions of eq. (2.2) take the form

— — = l + a{s,m)cos(p+P(s,m)cos2<p, (2.12)

2JL^A = i_IC0S2tf. (2.13)
GA d(fi 4

We shall consider the case when the energy is large enough to allow both the Higgs and

the Z decaying to fermions to be on their mass shells. We may then use the narrow-width

approximation, effectively setting 5j = m^, so that

a(s,m) =

At very high energies, the coefficients a(s,m) and 0(s,m) will vanish as s~1/2 and s~ \

respectively. Therefore, the Standard-Model distribution (2.12) will asymptotically become

flat, whereas the CP-odd distribution in eq. (2.13) is independent of energy and Higgs mass.

A representative set of angular distributions is given in fig. 1 for the case e+e~ —• [i+n~h

for both LEP2 and higher energies, and for different Higgs masses. (With 4> being defined

as the angle between two oriented planes, it can take on values 0 < <f> < 2TT.) Due to the

sin2x-facors in eq. (2.14), a/0 ^ 0.1 for the case of e.g. muons in the final state. This

explains why the cos 4> contribution from eq. (2.12) is strongly suppressed in fig. 1. There

is seen to be a clear difference between the CP-even and the CP-odd cases.

Experimentally, however, one faces the challenge of contrasting two angular distri-

butions with a restricted number of events and allowing also for background. We shall here



focus on the intermediate Higgs mass range; more specifically, we consider m <; 140 GeV

where the Higgs decays dominantly to 66. The main background will then stem from

e+e~ —+ ZZ and also e+e~ —» Z~/, 77. The cleanest channel for isolating the Higgs signal

from the background is provided by the n+n~ and e+e~ decay modes of the Z boson.

Let us next limit consideration to the energy range y/s = 300 — 500 GeV, as ap-

propriate for a linear collider [16], henceforth denoted NLC. We impose reasonable cuts

and constraints as described in [10]; e.g. Im^+ ĵ- — mz\ < 6 GeV and | cos 8z\ < 0.6,

where m^^- denotes the invariant mass of the muon pair and cos 8z is the angle between

Pi and Q given in eq. (2.8). The signal for e+e~ —> ZH —• (i+fi~bb will then be larger

than the background e+e~ -+ ZZ —» n+n~bb by an order of magnitude. In the follow-

ing we shall thus neglect the background in the discussion of (2.12) versus (2.13). With

a(e+e~ -+ ZH) ~ 200 fb and an integrated luminosity of 20 fb"1 a year [10], about 4000

Higgs particles will be produced per year, in this intermediate mass range. However, fol-

lowing [10] we have only ~ 30 signal events e+e~ —> ZH —» n+/j,~bb left per year for e.g. a

NLC operating at ^/s = 300 GeV and a Higgs particle of mass m = 125 GeV. In the case

e+e~ —* ZH —> e+e~bb we also have a t-channel background contribution from the ZZ

fusion process e+e~ —* e+e~(ZZ) —> e+e~H. This contribution may be neglected at LEP

energies, but it is comparable to the s-channel contribution at higher energies. However,

this contribution can be suppressed by imposing a cut on the invariant mass of the final-

state electrons, e.g. \me+e- - mz\ < 6 GeV. Hence, we can effectively treat the electrons

on the same footing as the muons, thereby obtaining a doubling of the event rate.

Imposing the cut |cos#z| < 6, the predictions for the azimuthal correlations of

eqs. (2.12)-(2.13) get modified. For the CP-even case we find

0\s m) = 2£(b)sm|

with

(2.16)



whereas for the CP-odd case

-5 ^ - 3 T F (2'17)

In order to demonstrate the potential of the NLC for determining the CP of the

Higgs particle, we show in fig. 2 the result of a Monte Carlo simulation. For this purpose

we have used PYTHIA [17], suitably modified to allow for the CP-odd case. The statistics

correspond to 3 years of running1 using both the p?[i~ and e+e~ decay modes of the Z

boson. This yields about 200 events in these channels. As already stated, the a in (2.14)

is small, and although the cut b = 0.6 makes a increase as shown in (2.15), the cos cj)

term is still too small to show up in the Monte Carlo simulation. For y/s = 300 GeV and

ran = 125 GeV, the 'bare' prediction (2.14) for 0 is 0.12, but the cut b = 0.6 increases it

slightly to 0.14. Similarly, the '-1/4' of (2.13) changes significantly to -0.39. Consequently,

the cut makes it easier to discriminate between the CP-even distribution and the CP-odd

one. From fig. 2 we see that the individual angular Monte Carlo distributions are consistent

with the predictions, showing that a three-year data sample is large enough to reproduce

the azimuthal distributions. In the Standard-Model case the fit gives 0.92 ± 0.07 and

0.2 ±0.1 for the predictions 1.00 and 0.14, respectively, with x2 = 10. In the CP-odd case

the fit gives 0.94±0.07 and -0.4±0.1 for the predictions 1.00 and -0.39, respectively, with

X2 = 0.7. More importantly, since the cos 2$ terms are more than 4 standard deviations

away, the above data sample is sufficient to verify the scalar nature of the Standard-Model

Higgs. Using likelihood ratios, as described in [18], for choosing between the two hypotheses

of CP even and CP odd, we find that less than 3 years of running suffices using similar

criteria.

An alternative test has recently been suggested by Arens et. al. [12] in the context of

Higgs decaying via vector bosons to four fermions, where one studies the energy spectrum

of one of the final-state fermions. Applying this idea to the Bjorken process one would

study the energy distribution of an outgoing fermion, e.g. \T or e~. Introducing the scaled

lepton energy, x = 4Ei- /i/s, I = fi,e, we shall consider the energy distribution of the cross

lThe event rate is based on the Standard Model, and could be different for a non-standard Higgs sector.



section with respect to this final-fermion energy,

~ £ (2-18)
a dx

both in the case of CP-even and CP-odd Higgs bosons. In the narrow-width approximation

we find

JdaH 3 s 2 U ( ) } (2.19)
oH dx 4v

/A(A+12sm|)

1 daA 3s2

( 2 - + 4m| ] - 2 (s + m | - m2) x + sx2 (2.20)
aA dx 8A3/2

where A = A (s, m2
z, m

2). The range in x is given by i_ < x < x+, with

sx± = s + mz - m2 ± A/A (2.21)

In this case there is a non-trivial dependence on the cm. energy and the Higgs mass, also

for the CP-odd case. A representative set of energy distributions is given in fig. 3 for the

case e+e~ —» n+^i~h for both LEP2 and NLC energies. There is a clear difference between

the CP-even and the CP-odd cases. Before we turn to the Monte-Carlo simulations, we

shall impose the cut | cos 8Z\ < b, as in the case of angular correlations. This cut modifies

eq. (2.19) so that

~ri~dx~ 2A/A[£(&U + 12sm2,ll " M A ^ 1 " ))

( l - 6 2 ) j | , (2.22)

whereas the CP-odd distribution is independent of any cut in cos dz • Of course the total

cross section scales with b.

In fig. 4 we show the result of a Monte-Carlo simulation for the energy distribution

eq. (2.18) analogous to the one in fig. 2. For y/s = 300 GeV and mH = 125 GeV,

the coefficients in (2.19) and (2.20) are 0.3,1.3,-0.7 and 1.5,-2.1,1.1, respectively, for

increasing powers of x. If we impose the cut | cos 9z\ < 0.6, the Standard-Model predictions

are changed to —0.003,2.0, —1.1. Hence, as in the case of angular distributions, the cut

makes it easier to discriminate between the CP-even distribution and the CP-odd one.

In the Standard-Model case the fit gives 1.7 ± 0.2 and —0.9 ± 0.1 for the predictions



2.0 and —1.1, respectively, with \2 = 10. Naturally, the fit is not sensitive to the first

coefficient. In the CP-odd case the fit gives 1.6 ± 0.3, -2.2 ± 0.7, and 1.1 ± 0.4 for the

predictions 1.5,-2.1 and 1.1, respectively, with x2 = 0-6- Also in this case the data

sample reproduces the predicted energy distributions. An analysis of the likelihood ratios

demonstrates that less than 3 years of running is sufficient if we require the correct answer

with a discrimination by four standard deviations, but more events seem to be required

than in the case of angular distributions.

3 CP violation

As previously mentioned, if we allow for both the Standard-Model and the CP-odd term

in the Higgs-vector coupling (1.1), then there will be CP violation. This situation will be

discussed here. It is similar to the case of Higgs decay discussed elsewhere [19]. We discard

the higher-dimensional CP-even term for the reasons stated in the Introduction.

The differential cross section can then be written as [cf. (2.4)-(2.7)]

gi.fc.fc). (3.1)

The new momentum correlations are in the massless-fermion approximation given by

i£4 [ Y. - sin(2X) sin(2Xl)

W2 = (sin 2x + sin 2Xl) Yr - (sin 2X - sin 2*,) Y2, (3.2)

where

Y\ = [(P2 • q\) - (Pi • <h)] [(Pi • Pi) (ft • ft) + (Pi • <h) (P2 • <h) ~ (Pi • ft) (P2 • <h)\ >

Y2 = [(pi - f t ) - (P2- ft)][(Pi 'P2)(ft - f t ) - ( P i • ft) (P2 • ft) + (Pi • ft) (P2 • ft)] (3.3)

The term W2 of eq. (3.1), like Z2 of eq. (2.5), vanishes under integration over the polar

angle.
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The distribution corresponding to (2.9)-(2.10) can be written compactly as

JV, GF r-
! 144\/2(47r)4 s2 v v

2p2) + 2ss! p2

+ si ~ m2) P cos((f>+ 6) + C>((Im T?)2) (3.4)

with a modulation function

and an angle

R e T)(s, i ) ( , i , )
<5 = arctan -*-= , -TT/2 < 6 < n/2, (3.6)

2TT4
describing the relative shift in the angular distribution of the two planes, due to CP

violation. This rotation vanishes at the threshold for producing a real vector boson (where

A = 0) and, even for a fixed value of Re 77, grows with energy (because of the y/X-iactor).

As discussed in the Introduction, the contribution from terms of order (Im rj)2 may safely

be neglected. However, the compact result (3.4) is valid for any Re 77. We will comment

on how to probe Im 77 later.

This relation (3.6) can be inverted to give for the CP-odd term in the coupling:

Re 77 = 2mz tan S. (3.7)
j \ { 2 )

This result (3.4) is completely analogous to the one encountered for the decay of Higgs

particles, eq. (12) of [19], if we interchange <p and ir — 4>.

Above threshold for producing a real vector meson accompanying the Higgs particle,

we may integrate over S\ in the narrow-width approximation. Imposing the cut | cos 6z\ < b,

the distribution of eq. (2.2) takes the compact form

—. — = 1 + ab'(s, m) p cos(4>+ 6) + (3b'{s, m) p2 cos 2 (0 + 6), (3.8)
cr a<p

with

4 , , , _a (s,m) - ^ 4 J

gb>( N = 25 m2
zj{b)

K ' ' X(s,m2
z, m2) [̂ (6) + (3 + b2) s (Re r,)2 /2m| ] + 12a m | ' l ' '

11



and p and 8 given by eqs. (3.5) and (3.6), substituting Si = m2
z.

Any CP violation would thus show up as a "tilt" in the azimuthal distribution, by

the amount 6. The amount could be extracted from a measurement of either of the "odd"

coefficients A' or B' in

-£ -7T = 1 + A (s, m) cos 4>+ B (s, m) cos2<p+ A' (s,m)sin cp+B' (s,m)sin20 (3.10)
cr" a<p

along the lines suggested in [19].

A representative set of angular distributions is given in fig. 5 for a broad range

of Re 77 values. We have considered a Higgs boson of 771 = 200 GeV accompanied by a

/x+jz~-pair in the final state, produced at , / i = 500 GeV. We observe that for Re 77 <> 0.1

and Re 77 ;> 5, the deviations from the CP-even and CP-odd distributions, respectively,

are small. Experimentally it will be very difficult to disentangle two distributions which

differ by such a small phase shift. Thus, observation of a small amount of CP violation

would require a very large amount of data. This should be compared with the situation in

fig. 1 and fig. 2.

We note that the special cases rj = 0 and \T}\ » 1 correspond to the CP even and

CP odd eigenstates, respectively. Hence, the distribution (3.8) should be interpreted as

being intermediate between those for the two eigenstates; see fig.5.

In order to see how one can extract the dependence on the term proportional to

Im 77, let us now turn to a discussion of energy asymmetries. We multiply the differential

cross section eq. (3.1) with the weighted energy difference (wj - o>2)/(u>1 + LJ^) for the

two final fermions before integrating over energies. This energy-weighted differential cross

section corresponding to eq. (3.4) takes the form

O im 77 Lv\ Sin £\\ Lrp A ' (S, Si, 771 ) Sj U(S, Si)

d^ds! TO| 36\/2(47r)4 s s + si — m2

- \ T P } ~—7==~cos<t>\< (3U)
ti \ 16/ v/ssi I

2 sin 2xi

since, in this case, only the W2-term in (3.1) gives a non-vanishing contribution. The

energy-weighted differential cross section makes no reference neither to the CP-even nor

to the CP-odd results, but is proportional to Im 77 which describes the absorptive part of

12



the amplitude. A study of the above asymmetry thus allows us to probe for final state

interactions and CP violation in the Bjorken process.

4 Summary and concluding remarks

We have addressed the problem of estimating the amount of data needed in order to

distinguish a scalar Higgs from a pseudoscalar one at a future linear collider. We have

argued that this is most likely not possible at LEP2. However, we have demonstrated

that one will be able to establish the scalar nature of the Higgs boson at the Next Linear

Collider from an analysis of angular or energy correlations. This study has been carried

out for the case \fs = 300 GeV, m = 125 GeV. Similar results are expected in other cases

as long as the background is small. In cases where the background can not be significantly

suppressed a more dedicated study would be required.

In order to establish or rule out specific models, one will also need to compare

different branching ratios, in particular to fermionic final states. The methods proposed

above instead deal with quite general properties of the models.

It is a pleasure to thank Anne Grete Frodesen, Per Steinar Iversen, Conrad Newton

and Torbjorn Sjostrand for helpful discussions. This research has been supported by the

Research Council of Norway.
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Figure captions

Fig. 1. Angular distributions of the planes defined by incoming e~ and final-state fermi-

ons for a CP-even Higgs particle (solid) compared with the corresponding distri-

bution for a CP-odd one (dashed). Different energies and masses are considered

in the CP-even case. We assume y/s = 200 and 500 GeV at LEP2 and NLC,

respectively. The considered values of the Higgs mass at the LEP2 are 70 and

100 GeV, and at the NLC 125 and 200 GeV. In the CP-odd case there is no

dependence neither on energy nor on Higgs mass.

Fig. 2. Monte Carlo data displaying the angular distribution of events e+e~ —• ZH —>

l+l~bb, I = n,e for a Standard-Model Higgs versus a CP-odd one. We have taken

y/s = 300 GeV, m = 125 GeV, and an angular cut | cos 0\ < b = 0.6.

Fig. 3. Characteristic distributions for the scaled energy of the l~,l = p, e in the Bjorken

process e+e~ —* l+l~h. Different energies and masses are considered.

Fig. 4. Monte Carlo data displaying the lepton energy distribution for events e+e~ —»

ZH —> l+l~bb, I = fi,e for a Standard-Model Higgs versus a CP-odd one. We

have taken y/s = 300 GeV and m = 125 GeV.

Fig. 5. Characteristic angular distributions for different amounts of CP violation, in-

cluding the CP-even (r? = 0) and CP-odd (|T?| » 1) eigenstates. We have used

Re T) = 0.1,0.5,5 for v^i = 500 GeV and TO = 200 GeV.
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1 Introduction

When some candidate for the Higgs particle is discovered, it becomes imperative to estab-

lish its properties, other than the mass. While the standard model Higgs boson is even

under CP, alternative and more general models contain Higgs bosons for which this is not

the case. One may even have CP violation present in the Higgs sector. We shall here dis-

cuss how decay distributions may disentangle a scalar Higgs candidate from a pseudoscalar

one [1], and next, by allowing for CP violation in the Higgs sector, discuss some possible

signals of such effects [2]. This situation is similar to the classical one of determining the

parity of the TT0 from the angular correlation of the planes spanned by the momenta of the

two Dalitz pairs [4], TT° —• 77 —> (e+e~)(e+e~).

In non-standard or extended models of the electroweak interactions, there exist

"Higgs-like" particles having negative CP. An example of such a theory is the minimal

supersymmetric model (MSSM) [3], where there is a neutral CP-odd Higgs boson, often

denoted A0 and sometimes referred to as a pseudoscalar.

The origin of mass and the origin of CP violation are widely considered to be the

most fundamental issues in contemporary particle physics. Perhaps for this very reason,

there has been much speculation on a possible connection. This is also in part caused by

the fact that the amount of CP violation accommodated in the CKM matrix does not

appear sufficient to explain the observed baryon to photon ratio [5].

We shall here consider the possibility that CP violation is present in the Higgs

sector, and discuss some possible signals of such effects in Higgs decay. While the standard

model induces CP violation in the Higgs sector at the one-loop level provided the Yukawa

couplings contain both scalar and pseudoscalar components [6], we actually have in mind

an extended model, such as e.g., the two-Higgs-doublet model [7].

Below we postulate an effective Lagrangian which contains CP violation in the



Higgs sector. In cases considered in the literature, CP violation usually appears as a

one-loop effect. This is due to the fact that the CP-odd coupling introduced below is a

higher-dimensional operator and in renormalizable models these are induced only at loop

level. Consequently we expect the effects to be small and any observation of CP violation

to be equally difficult.

CP non-conservation has manifested itself so far only in the neutral kaon system.

In the context of the Standard Model this CP violation originates from the Yukawa sector

via the CKM matrix [8]. Although there may be several sources of CP violation, including

the one above, we will here consider a simple model where the CP violation is restricted to

the Higgs sector and in particular to the coupling between some Higgs boson and the vector

bosons. Specifically, by assuming that the coupling between the Higgs boson H and the

vector bosons V = W,Z has both scalar and pseudoscalar components, the most general

coupling for the H VV-vertex relevant for decays to massless fermions may be written as

[9, 10]

i ( 2 - 2 1 / 4 ) v ^ [ m 2
v c r + £(fc?,fc2

2) (kl-k2(r-k»l4) + T](klk2
2) <*"">"klpk2a],

(1.1)

with kj the momentum of vector boson j , j — 1,2. The first term is the familiar CP-even

WV^H tree-level SM coupling. The second term stems from the dimension-5 CP-even

operator WV^H with V^ = d^ Vv — dyV^. The last term is CP odd and originates from

the dimension-5 operator ^"/ptr V^Vpa H. Simultaneous presence of CP-even and CP-odd

terms leads to CP violation, whereas presence of only the CP odd term describes a pseu-

doscalar. The higher-dimensional operators are radiatively induced and we may therefore

safely neglect the contribution from the second term. The strength parameter 77 may in

general be complex, with the imaginary part arising from e.g. final state interactions.

Related studies have been reported by [9] in the context of correlations between

decay planes involving scalar and (technicolor) pseudoscalar Higgs bosons. It should be



noted that the present discussion is more general, since finite-width effects of the vector

bosons are taken into account. This enables us to investigate the angular correlations

for Higgs masses below the threshold for decay into real vector bosons. In the context

of CP violation, related studies have been reported by [10]. Recently, Arens et.al. [11]

have investigated the energy spectrum in Higgs decay to four fermions. In doing so, one

does not have to reconstruct the decay planes, and hence one is able to study final states

involving neutrinos and identical fermion pairs. In both cases we discuss correlations

between energy differences. It turns out that under suitable experimental conditions these

correlations provide an even better signal for investigating CP properties.

In the next section we will discuss the possibilities of distinguishing CP-even from

CP-odd eigenstates. In section 3, we will study possible signals of CP violation in Higgs

decay.

2 Signals of CP eigenstates in Higgs decay

We consider here the decay of a standard-model Higgs (H) or a 'pseudoscalar' Higgs

particle (A), via two vector bosons (W+W~ or ZZ), to two non-identical fermion-anti-

fermion pairs,

(H,A)^VlV2^(f1f2)(J3fi). (2.1)

The two vector bosons need not be on mass shell.

If we let the momenta (<&, <&, q^, and g4) of the two fermion-antifermion pairs (in

the Higgs rest frame) define two planes, and denote by <j> the angle between those two

planes, then we shall discuss the angular distribution of the decay rate F,



and a related quantity, to be defined below, both in the case of CP-even and CP-odd

Higgs bosons.

In order to parameterize the vector and axial couplings, we define the couplings

involving vector bosons V{ and V2 in terms of angles Xi and X2 as

gty = g, cos Xi, g(A = 5. sin Xi, i = 1,2. (2.3)

The only reference to these angles is through sin2x- Relevant values are given in table 1

of ref. [1]. The couplings of H and A to the vector bosons are given by retaining only the

first and last term in (1.1), respectively.

We first turn to a discussion of angular correlations. The distributions of eq. (2.2)

take the form

l + a(m)sin(2x)sin(2x)costf> + /3(m)cos24>, (2.4)l + a(m)sin(2xi)sin(2x2)c

p - ^ = l-±cos2* (2.5)
lA dtp 4

The functions a and 0 depend on the ratios of the masses of the vector bosons to the Higgs

mass. They are given in [1]. In the narrow-width approximation these decay correlations

are identical to the ones reported in [9] and our analysis fully justifies this approximation.

However, our analysis is valid also below the threshold for producing real vector

bosons, m < 2 my- A representative set of angular distributions are given in Fig.l (left)

for the cases H -> (l+vi)(bc) and H -* (l+r)(M>) for m = 70,150,300 GeV and m =

70,300 GeV, respectively. (Of course, jet identification is required for this kind of analysis.)

There is seen to be a clear difference between the CP-even and the CP-odd cases.

Let us now turn to a discussion of energy differences. In order to make the difference

between the SM and CP odd distributions more significant, we multiply the differential

cross sections with the energy differences (wi — u>i){uj3 — u>4) before integrating over energies.
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Figure 1: Left : Angular distributions of the planes defined by two fermion pairs for
CP-even Higgs particles decaying via two Ws and two Z's, compared with the corre-
sponding distribution for the CP-odd case (denoted A). Right : The energy-weighted case
ofeq. (2.6).

The corresponding energy-weighted distribution takes the form

K(m)2TT d£ _

f d<t>~ sin(2xi)sin(2x2)
COS (j), (2.6)

in the CP-even case, whereas there is no correlation in the CP-odd case. The function K

is given in [1]. A representative set of distributions (2.6) are given in Fig.l (right) in the

cases H - {l+^i)(bc) and H -» (J+r)(ti5) for m = 70,300,500 GeV and m = 70,300 GeV,

respectively. In this latter case, we compare an uncorrelated distribution with a strongly

correlated one.



3 Signals of CP violation in Higgs decay

The present discussion will be along similar lines as in the preceeding section, now allowing

for both the SM and the CP odd term in (1.1). Although r) may be complex in general,

we shall here assume it to be real. The reasons are threefold: 1) The results turn out to

be valid for any value of TJ. 2) The predictive power increases by introducing one, and not

two, parameters. 3) If we had kept rj complex our results would still have been valid to

order (Im rj] in the case of purely angular distributions and in the energy-weighted case

the imaginary term would have been suppressed by sin 2x-factors.

Due to our ignorance concerning r/, we have to use the narrow-width approximation.

This is of course only meaningful above threshold for producing real vector bosons. The

distribution of eq. (2.2) then takes the compact form

with

^- ^- = I + a'(m)p cos(4>- 6) + 0'(m)p2 cos2(4>- 6), (3.1)

6 = arctan 2T]y/1 ^, p = </l + Arj2 — - ^ , / i = ( 2 m v / m ) 2 < l . (3.2)
H V P-2

Measurement of this rotation 6 of the azimuthal distributions, would demonstrate CP

violation in the coupling between the Higgs boson and the vector bosons. In order to

facilitate such a possibility, we introduce the following measures of the asymmetry:

A(m) 1 _ 1 f2"AA{ cos<f> I^][d£\ _ if \i cos6
A'(m) j ~ K Jo 1 sm<£ I T d(f>) ~ '{ sin6 '

B{m) 1 _ 1 f2*JJ cos2(̂ > (?][dr\= 2 at i \f cos2<5
B' \Tn) J ' TT Jo I ^ ^ 2(f> \ r (jM) \ sin 26 '

where the unprimed observables correspond to the SM prediction (modulo corrections

of order rf) and the primed ones correspond to the CP violating contributions. This



identification is evident when we note that, for any 77,

— —- = 1 + A (m) cos <p + B (m) cos 2<f> + A' (m) sin <p+ B' (m) sin 24>. (3.5)
r dcp

Presence of CP violation will now manifest itself as a non-zero value for the observables

A' and B'\ the magnitude of CP violation may be determined from the angle 6,

t a n 6 = ^ ^ t a n 2 5 = | M . (3.6)
/I (m) S (m)

In principle, this allows for consistency checks, since the two expressions in eq. (3.6) are

closely related. However, a possible experimental observation of CP violation is strongly

dependent upon the magnitudes of the observables B' and A'. A first question in this

direction is: which of them is easier to detect? In order to answer this question, we may

study the ratio
A'{m) a'(m)
B'{m) 2/?'(mY { '

This ratio is independent of 77. In the case of H —• W+ W~ —» 4/ , A' is relatively im-

portant for any Higgs mass. In the case of H —• ZZ —» 41, B' is relatively important for

intermediate Higgs masses, whereas A' becomes more important for m <̂  600 GeV. (The

case H —* ZZ —> 212q is intermediate.)

The amplitude functions a'(m)p and /3'(m)p2 of (3.1) are given in [2] for the cases

H -+ W+ W~ -* 4/ and H -* ZZ —> 41, respectively. We note that P'(m)p2 is independent

of the relative strengths of axial and vector couplings, whereas a'(m)p is proportional to

the sin 2xi factors. Both amplitudes are small in most of the (TJ, m, sin 2\i) parameter

space, but a'(m)p is comparable to unity for any value of r\, in the intermediate Higgs

mass range in the case H —» W+ W~ —* 4/ . The angle 6 is given in Fig. 2 (left) for

different values of 77. Provided 77 is not too small, this angle is significantly different from

zero when the Higgs is well above threshold. It appears that an experimental observation

of CP violation would only be possible in restricted ranges of 77 and Higgs mass values,

and only for selected decay channels.

8



m [GeV]
1000

m [GcV]

Figure 2: Left : The angle 6 (in degrees) for a Higgs particle of mass m, for 7? = 1, 10"1,
10~2, and 10~3. Right : The ratio C (m) jB' (m) for a Higgs of mass m in the cases of
H -> W+ W- -» 4/ and /f -» ZZ -* 4Z, for r) = lO"3, 10"1, and 1.

Let us now turn to a discussion of the decay rate weighted with energy differences.

In the narrow-width approximation we obtain

2 * d f _ , , «'(m) / J t n

with
1 a'(m)

(3.8)

(3.9)

which is independent of r\. As in eqs. (3.4)-(3.3) we introduce the following measures of

asymmetry:

2'
s in^ [f, d<t>)-{ p

cos6



so that
9-rr r i r
- = - — = 1 + C(m) cos <p+ C'(m) sin 4>. (3.11)
T dip

Consequently

""-?$• <3I2>
Hence, this set of observables provides yet another way of measuring the CP violating

phase 6. Although the ratio of these energy-weighted observables coincides with, or is

trivially related to the previous ones, the possibility of demonstrating a presence of CP

violation has increased significantly. The ratio

( 3 1
A'(m)

is given in Fig. 2 (right) for •q = 10~3,10"1, and 1 in the cases of H —* W+ W~ —» 4/

and H —» ZZ —» 41. We see that the energy-weighted CP-violating observable C" is

a much more sensitive probe for establishing CP violation than the former ones. The

amplitude function K,'(m)/p of (3.8) is given in [2] for the cases H —» W+W~ —+ 4/ and

H —> ZZ —* 41. This amplitude turns out to be comparable to, or much bigger than unity

for arbitrary values of r\ and for Higgs decay to any observable four-fermion final state.

4 Summary and conclusions

We notice that the special cases 77 = 0 and 77 » 1 in the former section correspond to the

CP even and CP odd eigenstates, respectively. Hence, the distributions (3.1) and (3.8)

should be interpreted as being intermediate to the two eigenstates; see Fig.l.

We see that the energy-weighted distribution is generally a much more sensitive

probe for CP than the purely angular distribution of eq. (2.2). In addition, for V = Z —*

21 the sin 2x-factors provide an enhancement in the energy-weighted amplitude function,

10



and it is encouraging that this enhancement occurs for the so-called "gold-plated mode"

tf->ZZ-+ e+e-^+AT [3].
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