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Abstract

This thesis concerns the properties of two particles, the top quark and the tau lepton, the
heaviest of the quarks and leptons, respectively, in the standard model of elementary particle
physics.

After a chapter introducing the standard model, the second concerns the tau lepton.
Amongst all the quarks and leptons, the tau has the unique property that its polarisation
can readily be measured at high energy colliders. We propose and develop new methods of
using this unique property to search for new physics, such as Higgs bosons. and also for
making an accurate measurement of the polarisation of taus produced via Z decay leading
to a precision determination of the electroweak coupling.

The third chapter of this thesis concerns the top quark. We perform the complete one-
loop radiative corrections to the helicity amplitudes within the standard model. Even though
the radiative corrections to top quark production and decay have already been calculated
separately, our work makes it possible to combine the sequence of events by keeping full

information on the correlations among final state particles.
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Chapter 1

Introduction

In this introduction I give a brief summary of current knowledge in elementary particle physics

, and how the material of this thesis relates to it.

Elémentary particlé physics is the branch of physicé concerned with the interactions of the
fundamental particles of which we believe all material ijeéts are cofnpoéed. The progress
of fundamental physics can in part be regarded as the discovery of smaller and smaller
levels of structure. At one time the atom was believed to be a fundamental particle of
which all other materials were formed. Later the nucleus and electrons were believed to
be fundamental. With the discovery of the'photoelectric effect and Planck’s explanation of
black body radiation, the “electromagnetic field” came to be seen as cémposed of particles,
photons. As more careful and ingenious experiments were performed, yet more particles were
discovered, such as the neutrino observed in the beta decay of the nucleus, and the neutrons
and protons from which the nucleus is composed. At even smaller scales, or equivalently, at
higher energies, the W and Z bosons which mediate beta decay, and the quarks and gluons
which comprise the proton and neutron, were observed. Also, particles which mysteriously
duplicated the known particles, the muon, the tau lepton, the muon neutrino, and the tau

neutrino, and the strange, charm and bottom quarks appeared.

In the standard model these particles are grouped into generations, with the first gen-
eration comprising the electron, electron neutrino, and up and down quarks, the second
generation comprising the muon, the muon neutrino, and the charm and strange quarks, and
the third generation, from which this thesis takes its title, comprising the tau lepton, the tau

neutrino, and the top and bottom quarks.




generation 1 2 3
charge +% quatk u ¢
charge —% quark d s b
lepton e pu T
neutrino Ve V, Vg

We now have a theory which encompasses all the interactions of these particles except
the gravitational ones. However, the theory is not complete. For its consistency it requires
two particles which are as yet unobserved, the top quark and the Higgs boson. Also, the
model contains various input parameters, such as masses of the particles and strengths of
couplings which cannot be predicted but can only be determined from experiment. It can be
speculated, based on past experience, where simple structures revealed themselves as the scale
of investigation became smaller, that these apparently arbitrary numbers may be predicted

by some deeper theory.

~ The standard model of particle physics models electromagnetism, weak interactions and
strong interactions. Electromagnetic interactions are responsible for most of the everyday
phenomena that surround us. Therefore it is not surprising that we have a complete theory,
called quantum electrodynamiics, of the electromagnetic interaction. This is one of the most
accurately tested of all physics models. The weak interaction was first observed less than one
hundred years ago, in the beta decay of nuclear matter. The strong force was first observed
as the force that holds neutrons and protons together in the nucleus. There exists both a
theory of weak interactions, which combines them with electromagnetic interactions, known
as the electroweak standard model, and a theory of strong interactions, known as Quantum
Chromodynamics, or QCD, which binds together hadrons. Unfortunately the nature of the
strong interaction makes comparison of QCD with experiment difficult, since no-one has
solved the theory from first principles for even the simplest cases of bound states of quarks,
the only state in which the strong interaction has been observed. The best hope at present
seems to be the attempt to solve numerically the QCD problem using the lattice method,
where the interior of a hadron is modeled as a lattice of points in four dimensional space.
Comparison of the weak interaction with experiment is also difficult for the opposite reason.
Because of their weakness, weak interactions can be calculated using perturbation theory,
but are hard to test in experiment since at low energies the force is so weak in comparison

to the electromagnetic and strong forces that its interactions are difficult to discern.

In a framework of relativistic quantum field theory, the notion of gauge fields has been
imposed to model the electromagnetic and weak fields. Originally an observation regarding

the theory of the classical electromagnetic force, that an absolute electromagnetic potential
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could not be measured, and that the only meaningful notion was of a difference in potential,
the notion of gauge symmetry was found to have deep consequences for the quantum theory of
electromagnetism. The freedom to choose an arbitrary “gauge” or basic potential, was found
to correspond to the invariance of the quantum electrodynamic Lagrangian under a shift of
the vector potential A* by the derivative of an arbitrary function §*x without changing the
physical consequences. This in turn is related to the local conservation of charge, that is,
charge cannot disappear from one location and appear at another location without making
a continuous journey from one location to the other.

This gauge property was found to be related to the renormalisability properties of the
theory, which is the property that the theory contains dimensionless couplings and can be
dealt with in a way that is consistent in perturbation theory.

We now believe that the weak and strong interactions can also be modeled by a gauge
theory. In the case of the strong interactions the field is described by a symmetry group
called SU(3), the group of 3 x 3 unitary matrices with determinant one. The gauge bosons
which carry the QCD force are spin one bosons denoted gluons. .

The weak interaction is unified with electromagnetism in an SU(2) x U(1) gauge group,
the direct product of the group of 2 x 2 unitary matrices with determinant one, SU(2), and the
group of complex numbers with modulus 1, U(1), which is broken by the “Higgs mechanism”.

The standard model Higgs field consists of an SU(2) doublet of fields which gains a vacuum

A+t L X+’ (1)
V2 \ H+ix® V2\v+H+i® )’ o

where v 1s the vacuum expectation value that the field H acquires. The component of the

expectation value.

field that has this expectation value interacts with the electroweak bosons. This breaks the -
SU(2) x U(1) symmetry into a residual U(1) gauge symmetry. The residual U(1) symmetry
is not the same as the one we started out with. This residual symmetry is the gauge group
of the massless photon. The other three degrees of freedom in SU(2) x U(1) become the
" massive gauge bosons, the charged W and the neutral Z boson. From this mechanism, the
gauge bosons acquire a mass, thus making the force weak at energies far below their mass,
where the weak gauge bosons can only be produced in virtual states.

The SU(2) component of the weak boson field interacts only with the negative helicity
states of the fermions. In order for consistency we must assume that initially the fermions
are all massless, since only for massless fermions is helicity conserved. Therefore the fermion
mass is also generated by the Higgs mechanism.

This model can be criticised for a number of reasons. It does not tell us anything about
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why the masses of the fermions have the value they do, and in effect we are just reparametris-
ing the masses of the fermions as couplings to the Higgs field. The model itself is inconsistent
within quantum field theory, since the contribution of self-energy graphs to the vacuum ex-
pectation value of the Higgs field is not renormalisable - the corrections caused by tadpole
graphs create quadratic divergences which cannot be consistently reabsorbed into measured
values in perturbation theory.

The other major question that faces fundamental physics is that of the unification of all
the forces. Since so many different phenomena have gradually been reduced to such a small
set of fundamental laws, it is widely believed that further unification of the forces of nature
must come about somehow. This is because of the similarity between the electromagnetic,
weak and strong forces, which all interact via spin-one gauge bosons. No-one yet has any
evidence for any such unification, but many speculative theories exist. Since the scale of
any unification is so far beyond what can possibly be achieved at current experiments, each
piece of experimental information that we have, in particular highly accurate measurements
of coupling constants, must be exhaustively scrutinised for clues.

The only remaining part of fundamental physics that has not been mentioned here is
gravity. This has been successfully described to the limits of experimental measurement
by Einstein’s theory of General Relativity. However it is theoretically inconsistent with the
other theories of the forces of nature, since it predicts absolute motion with no quantum
uncertainty, and it is speculated that it cannot be possible to have this kind of unquantised
force which could in principle be used to deduce the absolute position and momentum of
a particle, contradicting quantum theory. Therefore efforts have been made to formulate a
quantum theory of gravity, and to unify the gravitational force with the other three forces of
nature. With little possibility of experimental inputs due to the extremely weak nature of the
gravitational field, and intractable mathematics even within unquantised General Relativity,
the problems of quantised models are formidable and so far no success whatsoever has been
achieved in testing any models of quantum gravity against experiments.

We concentrate here on what can be achieved experimentally to test the standard model.
In particular, this thesis concentrates on two members of the third generation of fermions,
the tau lepton and the top quark, and how their behaviour can be used to probe beyond the
standard model for new physics.

In the first part of the thesis, we examine how the tau can be used to probe both the Higgs
sector of the theory, and the unification of electroweak and strong forces through accurate
measurements of the electroweak coupling. The tau is the heaviest of the leptons, and because

its mass is sufficient for it to decay into hadrons, its decay can serve as a polarimeter. Also
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its couplings to Higgs bosons will be much greater than the electron or muon, and thus it
may be possible to use the tau for detecting Higgs bosons.

In the second part of the thesis we give complete analytic formulae for the electroweak
radiative corrections to tf production at an e*e~ linear collider and top quark and anti-top
quark decay within the standard model. This will serve as a background for future studies

on the effect of new physics on these radiative corrections.
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Chapter 2

Decay of polarised tau leptons

2.1 Introduction

The electron, muon and tau are believed to have identical properties, apart from their mass. .
Indeed why nature chooses to have two “identical” copies of itself is one of the great unsolved
problems. We speak of e, 4 and 7 universality; and experiment has confirmed the equality
of their couplings to the gauge bosons to a considerable degree of accuracy. However for
practical purposes the 7, as a consequence of its much greater mass; behaves differently from
the e and u. First the 7 has hadronic decay modes (e.g. 7 — 7wy, pv, ayv...) which allow
- an efficient measurement of its polarization, and second its coupling to the Higgs boson is
expected to dominate those of the e and p. We shall see that. these two distinctive features
allow the 7 to be a rather special experimental probe of new physics.

The first property is being exploited at LEP to make a precision measurement of sin®fy
by studying the tau polarization P, in the process e"et — 7-7%. For example if we retain

only the e"et — Z — 7777 contribution we have

P, = o(rr) — o) ~ —2(1 — 4sin’fy)

"7 o(rr) + o(rL)

where o(7p,) are the cross sections for producing 7~ with right- and left-handed helicities
respectively. A measurement of P, therefore determines sin?fy with an accuracy §(sin®fy) ~
ééPT. The electron distribution from the purely leptonic decay mode, 77 — e vv;, is not
very sensitive to whether the parent is 7g or 7, because of the two missing neutrinos in this
decay. However the distributions of the final state hadrons in the hadronic decay modes allow

a much better determination of P,. For 7* — 7%y, for example, the pion energy distributions

are of the form [1]
1 dT',

F_sz

= B, [1 F P(22 — 1)]
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where B, = B(7 — wv) is the decay branching fraction and z = Er/FEp.qn is the energy
fraction carried by the pion in the laboratory frame of the e~e® collider. Moreover, as we

shall discuss in detail, the distributions of the outgoing pions in the decays (2, 3, 4]
T — pv — (27)v
T — ayv — (3m)v

allow comparably sensitive measurements of P, [5, 6, 7).

We shall see that it is the possibility of measuring its polarisation which best allows the 7
to probe new physics beyond the standard model. Recall that the most unsatisfactory feature
of the standard model, which is so successful in other respects, is our lack of knowledge of the
actual mechanism that breaks the electroweak gauge symmetry and generates the particle
masses. In the minimal model the breaking is accomplished by a complex Higgs doublet,
three components of which become the longitudinal polarisation states of the massive vector
gauge bosons, while the remaining component manifests itself as a neutral massive scalar
Higgs particle, H°. On the other hand the minimal supersymmetric model contains two
Higgs doublets; again three of the fields are taken by the vector bosons and the remaining
five components become physical particles: a pair of charged bosons H*, two scalars H?,
and one pseudoscalar A. More complicated models of mass generation have been proposed
(including composite Higgs scalar particles), but a common feature of all models is that the
couplings of the “Higgs” particles to fermions increase with the mass of the fermion. Thus
the 7 couples preferentially in comparison with either the y or the e. There are two different
ways in which measurements of the polarisation of the 7 can help-to probe the Higgs sector;
first they offer a distinctive signal for charged Higgs bosons via H* — 7%v [7, 8, 9] and
second they provide a way to identify the decay H® — 7=7% [10]. We discuss the two cases
in turn.

Although the charged Higgs bosons, H*, exist in most extensions of the minimal model,
there are surprisingly few viable ways in which they may be detected [11, 12]. However,
due to the massiveness of the top quark, it is quite possible that m(H%*) < m,. In this
circumstance Ht (or H™) can be produced via t — H*b (or £ — H~b) and, as we shall
see, it may then be detected via the subsequent decays H*¥ — 7v. The event rate [11, 13]
depends on the branching fractions of these decays, which in turn depend on the magnitude of
the Yukawa couplings. The main background is W* — 7%y, where, in addition to t — W+b
(and t — W™b), the W boson can also be produced by the Drell-Yan mechanism. To identify
H — 7v simply from an excess of 7v events over the known W — 7v event rate would

require high statistics and a good control of the experimental systematic errors. However
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a measurement of the 7 polarisation can give a much cleaner separation of the H — rv
signal from the W — 7v background. To be specific we discuss the 7~ channel. The
crucial observation (7] is that the 7~ leptons arising from H~ — 7~ decays are almost
all purely right-handed in contrast with the left-handed 7’s which arise from W~ decays,
W~ — 7 vg. This is a consequence of the helicity flip nature of the Yukawa couplings of
the Higgs fields, and, indeed, the distinctive H~ — 7z g character of the decay is true in
all models containing only left-handed neutrinos (and right-handed antineutrinos). Since the
pion distributions resulting from the 7= — 7~ v, (27)~ v, (37) v differ significantly depending
on whether the 7 is left- or right-handed, we should be able to identify H= — 750 decays
amongst the W~ — 777 events. It has been shown [9] that 7 polarisation can be used to
improve the charged Higgs boson signal by a factor of ~ 3 in hadron collider experiments.

The polarisation of the 7 can also be exploited to identify a neutral Higgs boson via
the decay H® — 7-7%. Any experimental observation which- breaks e, 4, universality, by
favouring 77 7% events, could be an indication of the presence of a neutral Higgs scalar.
Here the background is-Z (or v) — 77771 events.- Whenever such a departure from lepton
universality is observed; there exists a simple helicity correlation test which, in principle, will
clearly indicate the presence of 7 pairs of Higgs origin among the background Z — 7~ 7%
events. The crucial observation [10] is that vector bosons, Z or 7, decay into either 7/ 73 or
TRTi, whereas the scalar Higgs boson decays into either 77 7} or 7z 7. Thus a polarization
correlation test can be performed, using the distributions of the final decay products, which
is sensitive to the admixture of the H® and (Z,v) parentage of the 7 pairs.

In addition, 7 polarisation measurements are essential in identifying the quantum numbers
of a new heavy W boson or a Z boson [14, 15]. The use of the 27 and 37 decay modes of
7’s will significantly improve experimental sensitivity, especially at hadron colliders.

In this chapter, we present details of our studies [7, 10] of the use of 7 — pv, and 7 — a,v,
decay modes at collider energies. In Section 2.2 we present the distributions of the final state
particles from polarized 7 decays. We are particularly concerned with fast taus which arise
from a “heavy” parent (a gauge boson or Higgs scalar), and so accurate final state angular
distributions are not accessible experimentally. It is more useful, therefore, to present the
decay distributions in the collinear approximation. We have carefully treated the effects of
the large widths of the p and a;. Section 2.3 is devoted to a detailed study of the p and
a; decay modes of polarised 7 leptons. In particular we examine the model dependence of
the description of the 7 — (37)v decay. In section 2.4 we discuss how 7 polarisation can be
used for detecting a charged Higgs boson. In section 2.5 we present the 7 pair polarization

correlations for the various decay combinations. In section 2.6 we compare quantitatively
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errors in measuring tau polarisation using the lepton, 7, p and a; modes of 7 decay, and
the subsequent decay to pions of the a; and the p. In particular, we demonstrate that
the 7 polarisation measurement can be improved significantly, even if a single 7° cannot be
distinguished from multiple 7%’s (for instance p* — 7%7° from af — 7*7%2°). The effect
of using the 7= 77 polarisation correlation in the P, measurements at LEP is also studied

quantitatively. Section 2.7 contains our conclusions.

2.2 Polarised tau decay distributions

In this section we present the distributions of the charged particles which arise from the
various (primary) decay modes of polarised 7 leptons. First we give the decay distributions
in the 7 rest frame, although the frame is not accessible experimentally on account of the
missing neutrinos. Since we are primarily concerned with the decay of fast moving taus (with
energy E, > m,) it is sufficient to obtain the distributions in the limit in which the tau and

its decay products are moving collinearly:

dr

—((rT = A7vs

e Gl )

where z is the fraction of the tau’s energy which is carried by the observable decay particle
‘A, that is 2 = E4/E,. To be precise we present distributions for A = e,r,p,a; arising
respectively from the 7= — e D.v,, 77 v,, p~v,, ajv, decay modes. For 7% decays, due
to CP invariance, we need simply replace P, by —P,.

The simplest mode is the decay 7= — 7~ v,. In the 7 rest frame we have

1 dr 1 A
— T =B,— |14+ P, cosf 2.1
I'; dcosé 2[ ' (21)

where B, is the branching fraction of 7 — 7v,, P; is the polarisation of the 7 and g is the
angle between the direction of motion of the outgoing pion and the tau spin quantisation
axis, which is chosen so as to coincide with the 7 momentum direction when we boost to the

laboratory frame. In terms of the variable z = E, /E. we have

s 2z2—1-a?

0= ——— 2.2
0= @) 22
where a = m,/m, and f is the velocity of the 7. Hence we obtain
1dl’ 1 22 —1—a?
——2 = Bp——— |1+ P, ———— 2.3
T, 4z - | T B (2:3)
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which can also be applied to other spin zero decay modes such as 7~ — 7'~ v with a = M [T
The collinear limit is found by taking the § = 1 limit. The polarisation P, = 41 and —1
for a 77 lepton with right- and left-handed helicity respectively. For the pion decay mode it
is reasonable to make the further approximation that @ = 0, and so we obtain the familiar

result

I%j—l;(ri - r*y,) = B,[1FP,(22-1)]. (2.4)

For the purely leptonic decay process 7= — e~ Dv, the polarisation of the outgoing
electron (or muon) is essentially unmeasurable at high energies and so we sum over the two
polarisation states. In the 7 rest frame the energy-angle distribution of the outgoing lepton

1s

dl m? AP mj
— (7 Ty ) ~ Emax - - £ T - max : .
dEdcosH(T — 0" p,) ~pE |3 —2F 7 + P, cos0E (E x 2E+m¢)J (2.5)

where E = (p* + mg)% is the energy of the decay lepton and E,,,, is its maximum value

2 2
m;+my

Emax =
2m.,

(2.6)
As before, 0 is the angle between the lepton momentum and the tau spin quantisation axis.

The energy fraction E,;/E, in the frame where the 7 velocity is 8 is expressed-as

E,y _ E +ﬁpcosﬂ. (2.7)

E, m,

z

This enables us to obtain the z distribution from (2.5). In the limits 8 =1 and m; = 0 we
find

1 dl', _ - _ 1 2 2
(o) = Bg(l-9)[(645 -4 4 R4z -80)],  (28)

where B, is the branching fraction of 7 — £v,v,, which yields a relatively weak dependence
of the electron distribution on P,.

We now turn to the vector meson decay modes, 7= — wvv, where v = p or a;. Since
the subsequent p — 27 and a; — 37 decay distributions differ according to whether the
vector mesons are transversely (T') or longitudinally (L) polarised we study the  — v(T)
and 7 — v(L) decay distributions separately. In the 7 rest frame, the amplitudes, M, (),

describing the 7; — vy, decay are of the form

7 M_o = g, (2.9)

1 1
2 my, 2

M__ =+/2 cos
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and for 75 — vv, are

14 m,

M++ = —v2 sin 50, M+0 = m—COS é (210)

where A, is the vector meson helicity and where the 7 subscripts R,L refer respectively to
helicity A, = —}-% and —% in the laboratory frame. We note that 7, cannot decay into a
Ay = +1 state (and 75 cannot decay into A, = —1) due to angular momentum conservation.
It follows directly that the angular distributions of transversely (T') and longitudinally (L)
polarised vector mesons are

1 drf m?

— - = B,——~— (1-P, cos § .

I dcosé m2 + 2m? ( o8 ) (2.11)
1 dre zm? .

- v - — v T 1 . 0 .
I'; dcos m2 + 2m? ( + £y cos ) (2.12)

where v = p or a; and B, is the branching fraction of the 7 — vv, decay mode.

As expected, the form of the P, dependence shown in (2.12) for the A, = 0 longitudinal
state is the same as that of (2.1) for the 7= — 7~ v, decay, whereas P, enters with the
opposite sign for the | A, | = 1 vector meson decay modes. Thus, from (2.11) and (2.12), we
see that the 7 — vv, decay events should be equally good at determining the 7 polarisation
as the 7 — v, events, provided that we can distinguish longitudinally from transversely
polarised vector mesons. If no attempt is made to measure the polarisation of the vector
-mesons then we must average (2.11) and (2.12) and the sensitivity to P, is suppressed by a
factor (m2 —2m?2)/(m?2 +2m?) which is about 0.46 for v = p, and almost vanishes for v = a;.

Since we do not sum over the polarisation states of the vector meson the boost to the
collinear frame is not as straightforward as it was for the single pion or purely leptonic decay
mode. We must first perform a Wigner rotation [16] of the vector meson spin quantisation

axis,

oy = Zd}\gAv(w)M/\T/\.,; (2.13)
Av

which relates the 7 — vv, helicity amplitudes M’ in the collinear frame to the amplitudes
M of (2.9) and (2.10). The angle of rotation is given by

1—a?+ (1 +a? 0
Cos w = a+(1+a)Beos (2.14)

\/(cos2 0+ y=2sin?0)(1 — a2)? + 2(1 — a*)Bcos b + B2(1 + a?)?

which in the collinear limit (8 = 1) becomes

1—a?+ (1 +a?)cos 0
cos w = a +(1+a)cos - (2.15)
1+a?4+ (1 —a?)cos 0
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where @ = m,/m, and v = (1 — §%)"Y% = E./m, is the boost factor. Using the rotated

amplitudes M’ we find the collinear decay distributions

2 . 2
HT 5 _ a sinw 5
. (z,m%) -0 t2a) | @ + 14 cos®w
. 2 .
+ P,cos 8 (sn{;w — sma2w tand — 1 — cos? w)] (2.16)
2 2,
HE 9 _ a cos’w .,
J(z,m,) (1 — a?)(1 + 2a2) [ a? + 8w

4+ P,cos 8

~ [cos’w  sin2w
3 +
a a

tan § — sin’ w)] (2.17)

where z = E,/E, and where cos g is given by (2.2) with ¢ = m,/m,. These distributions
are shown in Fig. 2.1 normalised such that in the zero-width limit of the p and a; mesons,

the z distributions of vr and vy, are given by

FLT %(T — v,0,) = B,H*(z,m?) (2.18)
where B, is the branching fraction B(r — vv,) and where o = T (tranverse) or L (longitu-
dinal). It can be clearly seen that the leading vector bosons arising from 77 (7z) decays are
predominantly transversely (longitudinally) polarised.

. To obtain realistic distributions we must include the widths of the vector meson states.
To do this we average the above distributions over the vector resonance shapes F,(m?) for

the unpolarised 7 — v, decays, where

R = (1= 22) (1425 1Dutm (219)

Here m is the invariant mass of the off-shell v (27 for v = p, 37 for v = a;), and

D,(m?) = ! (2.20)

m?2 — m? 4 imD',(m?)

is the vector boson propagator with the running width

r,(m*) =T i fu_(77_12_) (2.21)

Yy fo(m?)
In this way we obtain the collinear decay distributions for the 27 (‘p’) and 37 (‘a,’) states

1 dl(7 = v 4+ vg") B 1 fem?
FT dz N UNU (nmax)?

F,(m*)H? (z,m?)dm? (2.22)
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Figure 2.1: The fractional energy distributions of polarised p and a; vector mesons arising
from (a) 77 or 73 decays, (b) 77 or 7} decays. The energy fraction z = E,/E,, where E,
is the vector meson laboratory energy in the collinear limit (£, 3> m;). The masses of the
p, a; mesons are taken to be 0.77 GeV, 1.22 GeV respectively and the widths are set to zero.
In each plot the sum of the vy and vy distributions are normalised to the 7 — vv branching
fractions. The L and T subscripts refer to longitudinally and transversely polarized vector

mesons respectively. o1




where o = T or L, and the normalisation factor

mZ

N, = , F,(m?)dm?>. (2.23)

(nmx)

The p meson line shape factor in (2.21) is

fo(m?) = (1 - 4m’2’>3/2, (2.24)

m2

which takes account of the P-wave threshold behaviour of the p — w7 decay. For the q,

meson we use the parameterisation of Kiihn and Santamaria {17]

r 4.1
W(m2 — 9m2)%[1 — 3.3(m? — 9m?2) + 5.8(m? — 9m2)?]
it m? < (m, +m,)?,
fulm) = 10.38  9.32  0.65 (229
1623+ — — — + —
m m m
{ if m?> > (m, + m,)?,

where the masses are in GeV units.

The collinear distributions, (2.22), which include the effects of the vector meson widths,
are shown in Fig. 2.2. It is interesting to contrast these distributions with the zero-width.
approximation of Fig. 2:1. For completeness, we also include the 7 — 7v, vy decay distribu-
tions in Fig. 2.2. Fig. 2.3 shows the decay distributions for 7 to unpolarised p and a; mesons.
The insensitivity of 7 — a;v to the polarisation of the 7 is apparent; it is crucial to measure
the polarisation of the a; to obtain information on P, from this decay mode.

We see that the energy distributions from the 7/ events are significantly different from
those of the 7z events. In particular, the most energetic particles from 7, decays are trans-
versely polarized p and a; mesons, whereas the energetic particles arising from 75 decays
are 7~ and longitudinally polarized p and a; mesons. Therefore the polarisation measure-
ment can be considerably enhanced if we can use the subsequent p — 27 and a7 — 37
decay distributions to distinguish between transversely and longitudinally polarized p and a,

mesons.

2.3 The ™ — p— 27 and 7 — a; — 37 polarimeters.
In this section we discuss how the pion spectra arising from the two-stage decays
T — pv — (21)v
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Figure 2.2: As Fig. 2.1, but with the p and a; widths taken to be 0.15 GeV and 0.42 GeV
respectively. We also show the fractional energy distributions for 7 decays to muons (or
electrons) and pions normalised to the respective branching fractions. We have assumed that
the electron and muon are massless, and so the electron distribution is identical to that of

the muon.

0.4

0.3

0.2

0.1

a—

23

— (b) T4 e
= // —
| ~ - / 1
| ~ e / —
- \\LLJ pL // |
N . 21 e, S
— N d —
| \\ 7/ =
— AN / ///___.
| N ’ ;- ]
- e 7
B L O<” S ]
— T/’ ‘7 /ﬁ/\/ A Q __
| / 7 - ~ 1

_ 7 N L
— / - NN —
- /////// \\\\\ —
AL Lo Lo TN
0 0.2 0.4 0.6 0.8 1




I
—
—

- i
0.4 —
1dr ¢ N
[t dz - ]
0.3 —
0.2 =
- |
0.1 —
o ]
T 1 1 | T 1 1 | T 1 1 l 11 I | T -

0.4

=y |l
aa -
N5

0.3

0.2

0.1

IIII’IIII‘IIIIIIIIIIT
Illlllllllllll|llll\1\l

()
(o
N
()
Nl
o
o
(@)
(@ o]
—a

Figure 2.3: The 7, r — vv distributions assuming no information on the vector meson
polarisation. That is the sum vr + v of the distributions of I'ig. 2.2 for v = p and a;.

24




T — ayv — (37)v

can be used to determine the polarisation of the vector mesons, which in turn act as polari-

sation analyzers of the parent 7.

2.3.1 The p decay mode

The mode of decay 7 — pv, accounts for approximately 22% of all 7 decays. The p decays via
pt — wEx°. Treatment of p — 2r is straightforward. By the conserved vector current (CVC)

hypothesis, the p mode of decay can be completely described by the four-vector current
T (p — 1E1°) = f,(m3)(prt — pro)”. (226)

The most general current [18] should include an additional term proportional to (p;+ + pgo)”
when the p meson is off-shell, but it gives a negligible effect. Previous studies [5] of the p
mode concluded that there would be a dramatic improvement in the measurement of P, if
measurements were made, not just of the p energy, but also that of the produced pions.
The matrix elements 4
M = EL(p)J*(p = 7¥19), (2.27)
where €I and € are the polarisation vectors of pr and pj, respectively, then lead to the decay

angular distributions

dlpr=2m) | Lieg (2.28)
dcos 8 2 ' -
dl’ 2 .
M "~ cos? 0, (2.29)
dcos
in the p rest frame about the p polarisation axis. In the laboratory frame, we obtain [5]
dl'(pr — 27) . 2m?2
— 2¢(1 — z) — w2 (2.30)
dr 2
J_Lzl:’__”_) ~ (22— 1) (2.31)
T

where z is the energy fraction E,/E,, in the collinear limit.

2.3.2 The a; decay mode

Approximately 14% of all 7 decays are believed to go through an intermediate a; resonant
state, which itself subsequently decays dominantly via an intermediate p which then decays

to 2m;

ay — Tp — 3.
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The decay of the charged a¢; meson must always produce one distinguishable and two identical
pions, since either af — 7%p® — 7¥27% or af — 7%* — 7270, The branching fractions
for these two final states are equal. We denote the two identical pions as 7;, 7, and the
distinguishable pion as =3.

If the widths of the a; (and p) mesons could be neglected in the decay chain
T = aWw — pwv — 37y,

then the parameterisation of the decay would be relatively straightforward. Problems arise,
however, from the ambiguities of taking the vector mesons off their mass-shells. The most
exhaustive discussion of this decay process is given by Isgur et al. [18]. From the results
given in the appendices to their paper we find that the current describing the a; — 37 decay

has the approximate form

S21 — 823

J' ~ Dal_(S)Dp(513)fp7r7'r(313) [famr(s’sw)(pg — DY) = Gapn (s, S13) ) (pl:; + plll)}
+ 12, (2.32)

where s13 = (p1 + pa)?, 523 = (p2 + p3)%, s = (p1 + p2 +p3)? = Q? and the vertex form factors
forns faprs Yaprn are listed in Appendix B of [18]. D, is the vector meson propagator

1
s —m2+iy/s0,(s)

" A simpler parameterisation of a; — 37 decay current can be found in Kihn and Santamaria

D,(s) (2.33)

[17]. Making use of the chiral limit (conserved axial vector current) approximation, they find
J" ~ Doy (5) [Dy(s18) (B3 — p1)” + Dy(s23)(Bs — D2)"], (2.34)

where p; = p; — Qi(p; - @)/Q*. Kihn and Santamaria parameterise the energy dependence
of the widths I',(s) occurring in the Breit-Wigner forms, D,, as described in Section 2.2 (see
(2.21) onwards), while Isgur et al. use more involved expressions, see [18].

We compare the predictions of these two models in Fig. 2.4. These scatter plots show
the s13 — s23 invariant mass squared distributions of pion pairs which result from on-shell a;
decays; “13” and “23” are the two possible p meson channels. The two orthogonal p bands
are clearly visible in each of these plots. The agreement between Fig. 2.4(a) and 2.4(b) is
good. There are slight differences, which originate from the additional g,,, terms in the Isgur
et al. model, (2.32), which give small contributions near the edges of the plot of Fig. 2.4(b).

We are now ready to discuss the experimental determination of the polarisation of the a,

(and hence of the 7). The polarisation of the a; is measured by observing the a; — 37 decay

26



(m

IMesonn.

2
_.mn:)

23

23

B

III}IIIIII!’llllli—

------------------ L IR |
.................. ans
= ¢ e s ¢ ce e evearsessnaan LR 2 ]|
.................. sEEEN
f—— % 2 0 s 0o a2 s ecoscsaavecaam sEEREN

SEEEsSsssacsanansw SEassanuns
T esssececssecscncscssaEEBNENENEENaws Sesusas
----------------------------
[ "6 edosereseccnsssaENEBEORERsas0ccsosoas.
.................. FE RSB EEEE 0o
F——— et s st s s e st ccsnnsun B E DN EE SR a et s,
.................. LI I I T
F——  t s e s 2 s 4 s s s . s s e o e mB LR N I R R
.......... LI I T O R
— « e« e s e nens BEREE NS o o 0.,
LI N N I
b 7 a4 s s mamem SR EUER B0 e s s,
llllllll LN N IR R R R S Y
--------- L N I R
........ sESEwSs
| s+ ecrsvaa B EUEHERNEEY L e oo v v s o
........ S EBNEEGR s et
....... SENNENEEEOe0 60 oo oo
L. ees TNWEBR Y e e

27

Figure 2.4: The Dalitz plots for a; — 37 using the (a) Kuhn and Santamaria [17] and (b)
Isgur et al. [18] models for the decay. The variables are s13 = (p; + p3)? and sq3 = (py + p3)?
where p; i1s the four-momentum of pion :. These are the two channels that contain the p




angular distribution. A natural polarisation observable is the angle 1) between the direction
of the normal to the plane defined by the 3-momenta of the three pions in the 37 rest frame
and the laboratory direction of the 37 system [19]. Rougé [6] has given an expression for

cos ) in terms of the laboratory 3-momenta p; of the three pions;

8sp1 - (P2 X p3)/|p1 + P2 + p3
\/_A (A (S’ S12, m12r) ) A (S, S13, m12r) ) A (5’ 523, m72r))

cosy = (2.35)

where s and s;; are the invariant mass squared of the 37 and 27 systems, and A(a,b,c) =
a® + b* + ¢ — 2ab — 2bc — 2ac. A polarised spin one boson decaying to three pions has cos 1

angular distributions in the laboratory frame of the form [19]

1 dl.,, _ 3 2

T deosy 8(cos ¥+ 1), ' (2.36)
1 db,, 3 ., o

T —_dcos¢ = Zsm p. (2.37)

The cost distribution is therefore an excellent ay polarimeter if we are able to measure the
three-momenta of each of the three outgoing pions accurately. However, measurement of
such an angular distribution is difficult when the a; .meson energy (zE,) greatly exceeds its
- mass. In such configurations, all three pion momenta are essentially collinear and only the
-collinear energy fractions z; = E;/(E; + E; + F3) may be measured accurately. We should
therefore look for an a; polarimeter in the collinear limit.

First we consider the decays of polarised on-shell a; mesons. Our method is to perform

numerical simulations of polarised a; decay to 3 pions. The aflr‘L — 37 amplitudes
M = & (ay)JY (aq — 37) (2.38)

are squared and integrated over phase space with the usual symmetry and flux factors using
Monte Carlo techniques. Unlike the cos distributions, these collinear decay distributions
depend on specific dynamical assumptions about the a; — 37 decay. We examined the above
two models, (2.32) and (2.34), for the a; — 37 current J¥. The results for the scatter plot

1 dl(air,p — m17am3)
dzdy

. (2.39)

a7,L
for the collinear energy fractions z; of the pions are shown in Fig. 2.5. The z variable is z3 and
y = min(zy, z7), the minimum of the two fractions of a; energy carried by the two identical
pions. The results shown in Fig. 2.5 are for the Kuhn and Santamaria parameterisation

(2.34). However the model of Isgur et al., [18], gives essentially identical distributions.
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Figure 2.5: The scatter plots for (a) transversely and (b) longitudinally polarized a; —
decays, where z; are the energy {ractions carried by three pions (with pions 1 and 2
identical charges) in the laboratory frame. The z-variable is z3, the energy fraction of the
distinguishable pion 73 (see section 2.3) and the y variable is min(z,, z,) the minimum of the
two energy fractions of the two identical pions. It is assumed that ms, = m,, = 1.22 GeV.



The difference between the scatter plots for the aiz, and air decays is striking. For a1
decays, Fig. 2.5(a), all three pions have a tendency to share equally the energy. On the
contrary for ay;, decays, Fig. 2.5(b), the favoured configurations are those in which one or
two of the three pions are soft; the upper densely populated corner of the plot 'corr'esponds
to m3 being soft and my, T, sharing all the energy, whereas the right-hand populated corner
corresponds to both 7, 7, being soft and 73 energetic.

Our numerical results are consistent with the cos result proposed by Rougé. For a
transverse ay, the distribution (2.36) has a maximum when the decay plane is perpendicular
to the a; polarisation axis and so the pion momenta will tend to be transverse to this axis.
Thus, after a boost into the laboratory frame, an equal distribution of energy of the three
pions will be most favoured. On the other hand for a longitudinal a;, the distribution (2.37)
has a maximum when the polarisation axis is coincident with the decay plane. This suggests
that a longitudinal a; will prefer to decay to pions whose direction in the a; rest frame has a
large component along the polarisation axis. On boosting along this axis, larger differences
between the pion energies are therefore to be expected. However, the energy distributions of
Fig. 2.5(a) and (b) cannot be determined simply by (2.36) and (2.37) respectively, since the
cos ¢ distribution says nothing about the distribution of the three pions of a; — 37 in the
decay plane.

It is remarkable, and fortunate, that the energetic n7 systems from 77 and 7r decays are
predicted to be so very different. For the 7;, decays the leading particle is either p7 or a;r
(see Fig. 2.5(a)), both of which prefer their energy to be equally shared between the outgoing
pions; whereas the leading particle resulting from 7r decays is either 7, pr, or a;, where the
subsequent p;, decay gives rise to one energetic pion and the a;;, decay contains either a single
energetic pion or two energetic identical pions. We notice in passing that these characteristic
differences in the multiparticle distributions of polarized 7 decays will affect the efficiency
of detectors to isolate the 7 decay signal from the low multiplicity hadronic background in
hadronic collisions.

We cannot, of course, distinguish p7 from py (or a;7 from a;7) on an event-by-event
basis. Rather, in. a quantitative study we can measure the probability Pj, of a 27 (or 37)
event arising from the decay of a longitudinally polarized meson as a function of the kinematic
variables of the decay. For example, the “polarimeter”, P, of a 7~ 7° system of momentum
fraction z (= E,./E;) may be readily determined by comparing the observed z (= E,-/E;)

distribution with the form

dl'(pr)
dz

dl'(pr)
de

+ Pp(z) (2.40)

(1 — Pr(z)]
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Similarly the polarization of a 37 system may be extracted by comparing the observed scatter

plot distribution with

dl'(a17) dl'(a1r)
wdy T dy

In fact, it is a good approximation to simply take dI'/dz in (2.40) to be (2.30), (2.31)

evaluated at my, = m,, and dI'/dz dy in (2.41) to be those of Fig. 2.5 (which were obtained

using ma, = m,, = 1.22 GeV), for all values of z, except those at low z (2 < m2/m?) where

[1 - Pr(2)]

(241)

the nm system is forced off the vector-meson mass shell.

2.4 Detecting the charged Higgs

As noted in the introduction, the charged Higgs boson may be produced at hadron colliders
at a significant rate if its mass is lower than the mass of the top quark. Its decay branching
ratio to Ti(lj)f is then expected to be appreciable, providing an opportunity for its detection
[8, 11, 13, 9]. In this case, the major background comes from the decays of W* produced in
the decay t — bW, or directly with associated jet activities.

In ete~ colliéions, H#?* would be produced in pairs, which may possibly be identified from
their Ti(;)T decdys. The major background is again from W* — Ti(D)T, which is produced
" copiously in ete~ — W+W -, or via cascade decays from e*e~ — ti.

The successful detection of W* — 7% decays [20] at pp colliders [22] encourages us
to seriously pursue this search strategy. All the 7’s that have been observed at pp colliders
are left-handed due to the left-handedness of the charged current, whereas the 7’s from H~
decays should be right-handed as-long as the decay is associated with the standard right-
handed antineutrino [7]. This is a consequence of the helicity-flip (-conserving) nature of the
standard model Higgs (vector boson) couplings and holds quite generally.

We should therefore expect that 7 signals resulting from H¥* decays will be different
to those arising from the standard W decay, as will those from the decay of a new heavy
charged weak boson Wg that couples to a right handed current [14]. There is a striking
contrast between the 77 signal (from W~ or W) and the 75 signal (from H~ or W) when
the topology of the final state 27 and 37 systems is considered [7]. Previous studies [14, 15]
did not find these striking differences because they studied only the simplest decay mode into
a single .

At hadron colliders, a clean 7 signal is obtained only when the 7 decay products carry

away a large fraction z of the parent 7’s energy, that is for z in the interval z,, < 2 < 1

where typically zy, > 0.5. The signature is therefore a large missing transverse momentum
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with an energetic, very narrow jet of small (1 to 3) charged multiplicity. Figs. 2.2(a) and (b)
show that the leading particles of the collinear 7 decay distributions are

TL — a1, PT from W=, W, ",

TR 7 a1L, PL, T from H—, Wﬁ, (242)

Furthermore, the p — 27 decay distributions (2.30) and (2.31) and the @; — 37 decay
distributions of Fig. 2.5 show that the leading particles from 7; decay are

symmetric (7~ 7%x%), (2.43)

symmetric (7~ 7°),
T, —
symmetric (7tr 7).
where the decay pions share equally the energy of the tau. In contrast the leading particles

from 15 are

™ ?
7~ hard, and 7% or 7970 soft,
77 — {4 70 or 7°7° hard, and 7~ soft, (2.44)

7+ hard and 77 soft,
7~ 7~ hard and 7t soft,

where there is a strong tendency for either a single 7 or two identical 7’s (7°7° or 7=77) to

dominate the jet energy. These qualitative differences between the W (or.-W}) signals from
r; and the H* (or W3) signals from 75 should be taken into account in the search for new
physics.
In order to show the quantitative differences in the leading particle spectra of 7; and 73
decays, we list in Table 2.1 the fraction,
ST, Znin) (2.45)
Y4 fa(Tas Zmin)

of 7 decays with leading particle with z > z,;, which go through each particular decay mode

7o — A. Here we assume that the A = ¢, 7, p, a; modes account for all the 7 decays.
The fraction f4(7a, Zmin) In (2.45) is given by
1 1 dTl
fa(Tas Zmin) = zmindz I‘_T_(—TEJ,;—Q’ (2.46)
where oo = L or R. Clearly for very large z, the dominance of the leading particles as given in
(2.42) is overwhelming. Choosing zmin = 0.9, the sum of the leading modes of (2.42) account

for about 88% of 7, and 96% of 75 decays.

The last column in Table 2.1 gives the total fraction,

f(TOta Zmin) = ; fA(Ta> ijn)a (247)
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Zmin | parent | £ T air | air | prL pT || f(Tay Zmin)
0.9 T 0.1310.02]0.01 ]0.49]0.02]0.33 0.05
TR 0.01 [ 0.2310.29(0.03]0.43]0.01 0.09
0.8 L 0.21 1 0.04 | 0.01 { 0.42 ] 0.03 | 0.29 0.12
TR 0.03 { 0.22 |1 0.26 | 0.06 | 0.41 | 0.02 0.18
0.7 L 0.26 | 0.05 | 0.02 | 0.36 | 0.03 | 0.28 0.20
TR 0.06 | 0.21 { 0.23 | 0.08 | 0.38 | 0.04 0.26

Table 2.1: Fraction of the leading ‘particles’ in the decays of 7; and T for different values
of minimum detectable particle energy fraction zy;, as defined by (2.45). The final column is
the total fraction of 7 decay events in which the observed particles (¢, 7, p, a1) have energy
fraction z > znin as defined by (2.47).

of 7, decays to particles (A = £, m, p, a;) with energy fraction z > z_;,. Thus the fraction
fa(Tay Zmin) of any particular 7, — A decays with z > z, is found simply by multiplying
the appropriate 7, — A entry in Table 2.1 by the number in the end column.

We note in passing that these quantitative predictions can be used to measure the mean
polarisation P, of  in the decay of a new neutral vector boson Z'. This will give us essential
information on the Z'¢¢ couplings [14, 15]. By fitting the observed 7, 27 and 37 distributions
in the large z region to formulae like (2.40) and (2.41), the tau polarisation can be efficiently
determined. Attempts to measure P, in standard model Z or W decays at the Tevatron could
provide valuable experience for the use of the 7 polarimeter as a means of identifying new
physics in future experiments. For these analyses it is important to note that, in principle,

we can measure the energy fraction z even in hadron collider experiments [15].

2.5 Detecting the neutral Higgs using decay correla-
tions
In this section, we examine the use of the tau spin correlations in the decays
H—-7 1" and 2,7,y -7 7t (2.48)

as a signal to distinguish the neutral Higgs boson from a new neutral vector boson Z’ or
other vector bosons (including the standard Z and virtual 7). In particular we study the

polarisation correlation in various tau decay modes
X - TG_TE_ — ABt 4 s

where X denotes either V(Z,Z',v*) or H and where «, f are either L or R. We use A

and B to each denote one of e, u, 7, p, a; arising from 7 — Liw,, Tv,, 27v,, 37V,, Where
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the 27 and 37 states are well approximated by the p and a; mesons respectively [17, 18].
It is appropriate to work in the collinear limit since m,/my < 1, and so the appropriate

kinematic variables are the energy fractions
z:2EA/mX , EZZEB/mx, (249)

in the X rest frame. We note in passing that the X rest frame can usually be reconstructed
in e*¥e™ production processes (ete™ — ZH, e*e™ — Z'), and also in hadron collisions if my
is known a priori, as should be the case for Z' — =7+ [15)].

The 7 pair joint decay distribution is of the form

dI'(X — A=Bt +u’s

T, — A7) dF(TE — B+)
dzdz z

) dl’
=Zﬁc§ﬁ ( = T (2.50)

where the only non-zero correlation coeflicients C,p for the parity conserving H — 7%7~
decay are
1
CI{IL = C}?R = 9 (2.51)

and for vector boson V — r¥7~ decay are

Clp = %(1 ~P), Cp = %(1 + P;). (2.52)
Here non-zero tau polarisation, P, arises for V.= Z since the Z decay is not parity-
conserving. On the Z boson pole (V = Z) we have P, = —2va/(a? 4 v?) where v =
—% +2sin? 0w and a = —% are the vector and axial-vector couplings of the Z to the 7 pair.

We now study the H — 777+ and Z — 777% decay correlations for all the 7 decay
modes listed above. Figures 2.6-2.11 compare the correlations, d?I'/dz dz, arising from the
Higgs with those for the Z boson for all possible combinations of the 6 major 7 decay modes,
i.e. for the (6 x 6)/2 different 7-7+ — A~B*u’s decays. Apart from the P, dependence
(P, = —0.135 for V = Z with sin® @y = 0.233), the correlation patterns are similar for any
vector boson V. We present the correlation figures for all combinations, since they are needed
to obtain an overall understanding of the expected correlation patterns.

The distributions of the #~7% system, Fig. 2.6(a), are readily anticipated from the in-
dividual pion distributions of Fig. 2.2. The energy distribution of the pion arising from 7,
(or 74) has the form f ~ 1 — 2, while from 75 (or 7;) it is f ~ z. Hence in Z — TLTH or
TR7i decays an energetic (a soft) 7* is most likely to be associated with an energetic (a soft)
7F, whereas precisely the opposite is favoured for H — 777} or 757 decays. Therefore,

if a possible excess of 77~ events over ete™ or utu~ events arises from Higgs decay, the
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Figure 2.6: Plots of the correlation d*I'/dz dZ in energy fractions in X' — 777+ — A~ B*y’s,
where X is either a spin-one or spin-zero boson and z = E, /L, and 2 = [g/ls,. U A# B
then the graphs with A & B can be obtained by reflection in the line z = 2. The first column
shows the correlation when X is a Z boson and the second shows the correlation when X is
a Higgs boson. In descending order the three pairs of plots are for the (#~, 7%) pair decaying
into (7=, o %), (£7, £*) and finally ({7, 7%) with £ = e or p.
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Figure 2.7: As Fig. 2.6 except where now, in descending order, the (7=, 7%) pair decays into
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, in descending order, the (77, 7%) pair decays into

respectively.

Iigure 2.8: As Fig. 2.6 except where now
(7= p7), (77, PE), (77, afy), (r=, afy)
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Figure 2.11: As I'ig. 2.6 except where now, in descending order, the (77, 7%) pair decays into
(pi_‘) a’i*_T)) (p;a a‘l*_L)’ (piv ai’[‘), (pZa a_l*_L) respeCtiVCIY-
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