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COMPOSITE MODELS OF WEAK GAUGE BOSONS

Neil Alexander Speirs

ABSTRACT

Composite models of quarks, leptons and weak bosons are reviewed.
It 1s shown that they can reproduce the low enerqgy results of the
Standard Weinberg-Salam Model of electroweak interactions. The
consequences of assuming composite W and 7 bosons are examined and
many new particles are predicted, including excited W and Z states and
their pseudoscalar partners. Estimates of the masses and decay widths
of +these particles are given. It is also shown that coloured weak
bosons may exist in the energy range 100-200 GeV.

The decays of a composite Z boson are studied in detail using
both a potential model and an effective Lagrangian approach. It 1is
found that the width 1s likely to be significantly different from that
of the elementary 2 of the Standard Model. In particular there are
additional contributions to the decays Z -> qqg and Z —> ggg which are
likely to affect the total Z width by an appreciable amount. The
decay of the 7 into hypercoloured particles is also examined and it is
found that the width 1is likely to exceed greatly the current
experimental bound.

It 1s concluded that the W and 2 bosons are likely to be
elementary particles because if they were composite their decay widths
would be much greater than is found experimentally, unless of course
their internal dynamics are quite unlike the model which has been

employed.



CHAPTER 1 THE STANDARD MODEL

1.1 Introduction

It has been discovered that all the interactions so far observed
in nature can be explained by four fundamental forces. These are the
strong and weak nuclear forces, electromagnetism and gravity. These
forces act between quarks and leptons which are currently believed to
be the fundamental building blocks of matter. In Table 1.1 a list of
elementary particles together with some of thelr guantum numbers 1s
given. In this chapter the main results of the successful "Standard
Model" of these 1interactions are described as a prelude to the

introduction of composite models in chapter 2.

1.2 Gauge Theories

Recent developments in particle physics have revealed the
relevance of gauge invariance in describing the electromagnetic,
strong and weak interactions. Gauge theories have become important
for two reasons. The first is that gauge theories are renormalizable
- that 1s to say the divergences which occur in higher order
calculations can all be removed in a well defined way. The second
reason 1is the great success of one particular gauge theory, namely
Quantum Electrodynamics (QED) [1.1]. The QED prediction for the
anomalous magnetic moment of the muon is 1n agreement with the
experimental result to within 1 part in 105.

QED describes the electromagnetic interaction of spin 1/2

fermions with a spin 1 photon. The Lagrangian for QED is given by
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Elementary particles and some of theilr Quantum Numbers

Baryon Lepton
Spin Number B Number L Charge @

Quarks
d (down) 1/2 1/3 0 -1/3
u (up) 1/2 1/3 0 +2/3
s (strange) 1/2 1/3 0 -1/3
¢ (charm) 1/2 1/3 0 +2/3
b (bottom) 1/2 1/3 0 ~-1/3
t (top) 1/2 1/3 0 +2/3

Leptons
e (electron) 1/2 0 1 -1
Ve (electron neutrino) 1/2 0 1 0
g (muon) 1/2 0 1 -1
vu (muon neutrino) 1/2 0 1 0
T (tau) 1/2 0 1 -1
v, (tau neutrino) 1/2 0 1 0

Gauge bosons

Y (photon) 1 0 0 0
W*,Z (weak bosons) 1 0 0 +1,0
g. (1i=1,...8 gluons) 1 0 0 0

1
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where ¢ is the fermion field, A” i1s the photon field and Fuv is the

electromagnetic field strength tensor defined by
F =0 A - 02A (1.2)

The Lagrangian (1.1) is invariant under global (position independent)

phase transformations
¢ —> exp (-1a) ¥ {(1.3)

However, it 1s not essential to require that a be fixed uniquely at

£

all points of space and time. In fact the Lagrangian (1.1) 1is

invariant under local (position dependent) transformations
b —> exp (-ia(x)) ¥ (1.4)
where o now depends on position provided that Au transforms as
Au - Au + (1/e) auu(x) (1.5)

which is the usual gauge transformation for the electromagnetic vector
potential.

Requiring local gauge invariance has the consequence of
restricting the coupling of the photon to fermions to be of the above
minimal form i.e. the second term in (1.1) with no form factors or
derivative terms. In addition, local gauge invariance forbids the
inclusion of a mass term for the photon of the type mzAuA”. The
impressive success of QED suggests that this gauge invariance 1s an

important property of the theory so it i1s natural to attempt to

describe the strong and weak interactions in this way too.
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Abelian ut) group {(1.4) with constant generators. Quantum
Chromodynamics (QCD) is the theory of the strong interaction
{1.2, 1.3] and 1s described by an SU(3) group called “colour". The
quarks 1lie in the fundamental triplet representation of this group.
There are eight group generators Té (a=1,8) which lie in the adjoint
representation and can be expressed as traceless 3 x 3 matrices. The

T® form a Lie algebra

[T, 10] = {£8P 4 (1.6)

Cc

where the fabc are the structure constants of the algebra.

The basic Lagrangian of QCD 1is
_ = o M _ _ o a a Hv
L =q (1vy au m) q g (qy Taq) G " 1/4 G uvGa (1.7)

where gq 1s a quark field of mass m, Gap {(a=1,8) 1s an octet of
massless vector gauge bosons called gluons, Ga“V is the gluon field
strength tensor and g is the strong coupling constant. Since SU(3) is
a non-abelian group, the gauge transformations are more complicated.
The QCD Lagrangian (1.7) is invariant under the infinitesimal gauge

transformations

q = (1 + la (x) ™) q
a a a ab c
G " > G " (1/9) ap“ f CubG " (1.8)
1f the field strength tensor is given by
a a a a b c
G av o auG v avG Ny g f bCG uG v (1.9)
It can be seen from (1.9) that the gluon kinetic energy term Ga”VGauv



a consequence of the non-abelian nature of the gauge group and shows
that QCD is very different from the Abelian QED.

The strong coupling g depends upon momentum in a well defined

way. The coupling "constant” ag = g2/4n is said to "run". At two
different momentum scales Q2 and U2 one finds
2
2 us(u )
qS(Q ) = (1.10)

1+ (8y/41) ag(u®) 1n(0?/u?)

where BO =11 - 2/3 N. and NF 1s the number of fermions.

F

In the analogous formula for QED one has

2
5 alu™)
a(Q%) = 5 5 (1.11)
T - (afu7)/3w) log (Q7/u™)

Superficially the formulae (1.10) and (1.11) appear very similar.

However, the signs in the denominators are important since for QCD if

NF ¢ 16 then BO > 0 and uS(Q2) < us(p2) for Q2 > p2. This property of

QCD 1s known as asymptotic freedom since uS(Qz) - 0 as Q2 —» « and

enables sensible perturbative calculations to be performed at high Qz.

However, (1.11) gives u(Qz) > u(uz) for Q2 > u2. Notice that in QED «

does not diverge until Q2 x 1056 (GeV)2 which is not something to

worry about since one expects quantum gravity effects to modify the

theory 1long before these energies are attained. One can also re-
express aq in terms of a momentum scale for the colour force
5 41
aq (Q ) = (1.12)

By Log (0°/A%)



where A o (—4n/a580) iz found to be [1.4, 1.5] in the ranyge
200-400 MeV. Like QED, QCD has been successfully confronted by
experiment though not tc the same sort of accuracy.

It was hoped that weak interactions could also be described by a
gauge theory. However, in the case of the weak force, the postulated
vector bosons have to be massive because of the short range of the
interaction, yet gauge invariance forbids an explicit mass term of the
form mzA“A“. Hence 1if weak interactions are to be described by a

gauge theory, a more subtle method of introducing the vector boson

mass must be found.

1.3 Spontanecus Symmetry Breaking and the Standard Model

The existence of massive vector bosons indicates that 1if weak
interactions have a gauge symmetry, then it must be broken. The
symmetry breaking could be described simply by adding non-gauge
invariant pieces such as a mass term to the Lagrangian.
Unfortunately, this destroys some of the favourable features of the
original gauge theory, notably its unitarity and renormalizability.
Alternatively, the gauge symmetry can be broken by the method of
“spontaneous symmetry breaking" which gives masses to the vector
bosons but maintains the important properties of the theory. The idea
is to construct a theory with a Lagrangian which 1s exactly symmetric
with respect to the group transformations but which gives rise to a
non-invariant ground state. The non-invariance of the ground state
(or vacuum) leads to a well defined pattern of symmetry breaking
effects.

Glashow initially [1.6] and later Weinberg [1.7] and Salam [1.8]



proposed that an SU(2) x U(1) gauge group could describe both the weak
interaction and QED. This theory which uses the Higgs spontaneous
symmetry breakdown mechanism [1.9] was subsequently shown by t Hooft
[1.10] to be renormalizable.

The Lagrangian of the Weinberg-Salam SU(2) x U(1) gauge theory

with four vector bosons coupled to an SU(2) doublet of complex scalar

fields 1is

v

_ LN TR LI a T2 v
L = (Dum) {D"y) Vip @) 1/4 W uvwa 1/4 BuvB (1.13)

where Wa“v (a=1,3) is the field strength tensor for the SU(2) gauge
fields wau and Buv 1s the tensor for the U(1) group. The "covariant

derivative" of the scalar field ¢ 1s defined by

De= (8 +1i 2w +ig” 1/2 B 1.14
u? (u 9T,/ y g 1/ u)m ( )
where Ta are the three Paulli matrices. The coupling constants ¢ and
g’ correspond to the SU(2) and U(1) groups respectively. The scalar

potential V(wTw) 1s taken to be

V(m?w) = u2 wTw + A (me)2 (1.15)

where A > O so that V is bounded below. If u2 > 0 then V has a

minimum at mfw = 0 and the ground state is invariant under the gauge

group. However, 1f u2 < 0 then V has a minimum when wTw = v2/2 where

v2 = —uz/A. When the particle content of the theory is computed with
this vacuum, it 1is found that three of the scalars have become the

longitudinal components of +the gauge bosons which have acquired

masses. One writes



1 { 'e) hl
1 A\
p(x) = — [ J (1.16)
/2 v + h(x)
such that e = v/f2 as ahove Then the covariant derivative in
“vacuum
(1.13) glives

(@ o) (M) = 1/2 (3 M) (B¥h) + 1/2 (gv/2)°w w.h + wl W'y (1.17)
u M po M2
+ 1/2(V/2)2[(9W3U~Q'BU)(gW3u—g'B“)] + higher order terms
Now define
Wt o= (1/02) (W' W’ )
u o "
Zu = cosew W - SLan B (1.18)
el 3 e
Au = blnﬂw W 4 LDbBw B“
where tan8, = g°/g. Equation (1.17) now yields

W

2
W

2
pA

LT H + o -y M p
(D“w) (D7) 1/2(6”h)(6 h) + M (W pW+ + W uW_ ) + M-(2 ZU) (1.19)

+

higher order terms

By comparing (1.17) and (1.19) it can be seen that three of the gauge

bosons have acquired mass whilst the fourth is massless.

M.+ = gv/2 M, = Mw/cose (1.20)

W 2 W

Assoclating the massless boson Au with the photon gives the relations

e = g sinf,_, = g coss (1.21)

W w

The existence of the massless gauge boson indicates the preservation
of an unbroken U(1) symmetry as required by QED.
Fermions are introduced into the Standard Model in left-handed

weak doublets and right-handed singlets of the SU(2) weak isospin



group. For example with leptons Va and e one has

where e_ = 1/2 (1 - Ys)e, eg = 1/2 (1 + ys)e are left and right handed

L
components respectively at momenta »>> me. For this reason the SU(2)
group 15 often labelled with a subscript L. The fermions also have a

U(1) weak hypercharge quantum number Y and after symmetry breaking the

combination

0= 1/2 (2 + 1) (1.22)

remains unbroken where 13/2 is the diagonal generator of the 5sU(2)
group. Q 1s identified with the electric charge - the quantum number
of the unbroken electromagnetic U(1).

The SU(2) x U(1), Lagrangian for quark and lepton interactions

Y

with the gauge bosons 1is
- Y, a . = U, )

L =1L 9 - 2 W - Y/2 B )L + R 19 - Y/2 B )R 1.23
Yy (1 " gv,/ w9 / u) Y ( b 9 / p) ( )

where L denotes a left handed fermion (quark or lepton) doublet and R
denotes a right handed fermion singlet. The charged weak current 1s

of the form

bo_ v }
J+ = VoY 1/2(1 Ys)e (1.24)

The corresponding neutral weak current is of the form

JNC z J3 - sin28 JEM
y M W oo
12 d s ~eine (3 :
= 1/2 vLYuvL 1/2 eL'yueL sin Bw(eLY“eL + eRyueR) (1.25)



From +the vector-axial structure of the charged weak current, one

obtains
2 2
GF//2 =g /8Mw (1.26)

where GF is the Fermi weak coupling constant which is the effective

coupling of a pointlike (low energy) four-Fermi interaction. Using

(1.21), (1.26) and « e2/4n one obtains

o )12 37.3
MW: = GeV (127)
) JZGF 51n8w 51n8w
and consequently
Mw 74.6
M, = = GeV {1.28)
2 cos?9 sin28
- W W

Measurements of sin28w give a world average [1.11]

sinzaw = 0.218 £ 0.010 (1.29)

which leads to MW = 80 GeV and MZ = 90 GeV. Radiative corrections

[1.12] increase these estimates to glve

Mw = 82 + 2.4 GeV MZ = 93 + 1.6 GeV (1.30)

These vector bosons have been discovered at the CERN pp collider

f1.13, 1.14] with the latest values for the masses given by [1.15]

Mw = 81.5 ¢+ 1.0 + 1.5 GeV (1.31)
MZ =92.4 ¢+ 1.1 &+ 1.4 GeV
which are in excellent agreement with theoretical predictions. The

10



parameter ¢ which specifies the relative strengths of the neutral and

charged weak interactions is given by

.

o = M2 ‘sze— {1.32)
7 P Py
and has been measured experimentally [1.16, 1.17, 1.18] to have the
value
¢ = 1.02 + 0.02 (1.33)

In the Lagrangian (1.23), a fermion mass term was excluded by
gauge invariance because the left and right-handed fermions transform
differently under SU(Z)L. One attractive feature of the Weinberg-
Salam Model is that the Higgs doublet which generates the masses of
the weak bosons 1s also sufficient to give masses to the quarks and
leptons. This 1s achieved by introducing into the Lagrangian, Higgs-

fermion couplings of the form

o of

L =-6, [(vg, e)p w(x) ep + ep o (X) [ve] ] (1.34)

e
L

where @(x) 1s given by (1.16). After spontaneous symmetry breaking
one obtains

L = _EEK (eLeR + eReL) - ES (eLeR + eReL) h (1.35)

[2 /2

If Ge is chosen such that m, = Gev/f2 then

L = -meée - (m /v) eeh (1.36)

11



so  that an electron mass term has arisen. The additional Higgs-
fermion coupling must be very small since v = 246 GeV but since Ge is
arbitrary, the mass of the electron is not predicted. Since all
fermion masses are generated in this way, each mass stems from a free
coupling parameter in the theory. Notice that because of the form of
the Higgs doublet with the upper component being zero there i1s no mass
term for the neutrino. When one generates the quark masses the upper

member of the doublet gains its mass from a new Higgs field

*

b, = —irzw (1.37)

which transforms in the same way as ¢ under SU(2).

In conclusion, the Standard Model of weak interactions based on
an SU(3) x SU(2) x U(1) gauge theory 1s in impressive agreement with
low enerqgy experiments. Nevertheless this theory does have some
theoretical difficulties and much arbitrariness. These problems and a

possible solution are discussed in the following chapter.

12



CHAPTER 2 COMPOSITE MODELS

2.1 General Remarks

The Standard Model described in Chapter 1 has been remarkably
successful 1in 1its explanation of low energy experimental results.
However, there are several questions which the Standard Model does not
and cannot answer. There 1s a proliferation of parameters which 1is
theoretically unsatisfactory. The quark and lepton masses are
proportional to the coupling constant between fermions and Higgs
scalars and cannot be calculated a priori. In addition, there is no
convincing explanation for the different orders of magnitude of the
masses 1in different generations. The number of generations 1is
undetermined by the theory and there is no indication why left-handed
particles should be placed 1in SU(2) doublets and right-handed
particles in SU(2) singlets. The quantisation of electric charge in
units of 1/3 e is mysterious if one belleves that the Standard Model
is the fundamental theory.

The Higgs sector which generates the masses of all particles
including the W and 2 bosons is often viewed as being the least
appealing feature of the Standard Model. There 1s no experimental
evidence to support the case for a fundamental Higgs scalar and such a
particle could have a mass anywhere between 10 GeV and 1 TeV.

One final complaint is perhaps the most important. The previous
problems are all either unanswered questions or a matter of
aesthetics. However, the "naturalness" problem does not fall into
either of these categories. This problem occurs because elementary

scalar particles acquire enormous masses due to heavy fermion loops,

13



(see Figure 2.1), unless the parameters of the theory are very finely
tuned.

Attempts to extend the Standard Model in order to answer some of
these questions include Left-Right Symmetric Models {2.1], Grand
Unified Theories [2.2], Technicolour [2.3}, Supersymmetry [2.4] and
Compositeness [2.5]. For example, one way to solve the naturalness
problem 1is to 1invoke supersymmetry. This theory has a symmetry
between bosons and fermions so that every fermion has a supersymmetric
bosonic partner and vice versa. The contribution to the loop diagrams
from a fermion and its superpartner will be proportional to the mass
difference between them and so need not be large.

In composite models, the "naturalness" problem can be solved
either by supposing that W's and Z's are composite and have masses
generated by their bound state dynamics, whereupon elementary Higgs
scalars need not occur, or alternatively by observing that the Higgs
boson may itself be a composite object made of Ffermion-antifermion
constituents.

The aims of composite models are as follows.

a). To explain the charge and colour pattern of the fermions within
each generation. This property will follow from the quantum numbers
of the constituents.

b). The quark and lepton masses and also the Kobayashi-Maskawa mixing
angles [2.6] should be calculable dynamical parameters of the theory.
The pattern of the masses among and between generations should follow
from the dynamics of the bound states.

c). To solve the "naturalness" problem.

It 1is usually supposed that quarks and leptons are bound states

14



Fiqure 2.1

—hl

Contributions to the Higgs mass from heavy fermion loops.
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of several constituents which can eithe
fermions and bosons. Examples of such models are given in Sections
2.4 and 2.5. The constituents must be bound together by a very strong
and presumably confining force. This new force is commonly <called
"hypercolour" and is usually supposed to be a non-abelian confining
gauged force like colour. The constituents carry a new hypercolour
quantum number but composite particles are hypercolour singlets. The
size of the composite bound state gquarks and leptons will be
determined by the hypercolour confinement scale AH. The present
experimental 1limits (see Section 2.3) indicate 1//\H £ 10—18m i.e.
AH : 100 Gev, The hypercolour binding is usually considered to be
analogous to the confining colour force in QCD. Of course this 1s not
the only way to bind the quark and lepton constituents. Indeed it is
not absolutely certain that the laws of ordinary quantum mechanics
hold true at such small distances. However, 1t will be assumed
throughout that such drastic modifications are not needed, even deep
inside quarks and leptons.

If quarks and leptons are composite, one may ask whether any of
the gauge bosons might also be composite. Photons and gluons are
massless which 1s a consequence of their interactions being exactly
gauge invariant. If they were composite, one would expect terms
0(1/AH) to induce a small mass in the corresponding boson. No such
mass 1is observed for the photon and a gluon mass would result in the
breakdown of confinement. This leads one to conclude that photons and
gluons are probably elementary.

However, +the situation with the massive W and Z particles 1s

quite different. In the Standard Model the weak lnteraction symmetry

16



is spontaneously broken by the Higgs mechanism which results 1in the
gauge bosons acquiring a mass. Alternatively, it could be that the
weak interaction is merely a residual effect and the SU(Z) symmetry 1is
only global. The weak bosons would be composite objects and play a
roll analogous to that of the ¢, w mesons in QCD. If this 1s the

case, one expects A, to be of the order of 100 GeV which is the energy

H

scale of the Fermi coupling constant.

2.2 Quark and Lepton Masses and Chiral Symmetry

A theoretical difficulty of compositeness is that the masses of
the quarks and leptons are all very much smaller than the hypercolour
confinement scale AH' This is contrary to the natural view that bound
states should have masses of the order of the scale of the binding
force. For example in QCD the masses of the lightest hadrons are of
the order of a few hundred MeV and the colour confinement scale AC is
about 200 - 400 MeV.

Two mechanisms which use symmetry arguments have been suggested
to explain the near masslessness of composite fermions. The first
scheme requires the introduction of spontaneously broken
supersymmetry. Supersymmetry operators transform bosons into fermions
and the charges which generate the transformations carry fermionic
quantum numbers. Hence spontaneously breaking supersymmetry will
produce massless Goldstone fermions. All the quarks and leptons may
then be interpreted as being massless Goldstone fermions which acquire
masses through breaking of the supersymmetry.

The second mechanism for producing nearly massless composite

fermions does not require supersymmetry but uses chiral symmetry.

17



~

Chiral symmetry 1

gauge invariance and is broken by a mass term in a Lagrangian of the

T A (2.1)

where wL = 1/2 (1 - 75) ¢ and wR =1/2 (1 + 75) P Hence one can
force a set of composite fermions to be massless by 1mposing the
following two conditions on the underlying interactions.

1). The interaction must have a chiral symmetry which prevents mixing
of left and right handed composite fermions.

2). The linteractions do not cause the chiral symmetry to be
spontaneously broken.

The first condition is satisfied if the hypercolour interactions are
gauge invariant and so 1s not a strong constraint. However, the
second condition which requires that the chiral symmetry is not broken
spontaneously 1is non trivial and may impose strong constraints on the
hypercolour interactions.

The most straightforward way to obtain chiral symmetry for
composite states is to impose it at the constituent level. However,
this does not guarantee an unbroken symmetry for the composite quarks
and leptons. For example in QCD with almost massless quarks, chiral
symmetry 1s broken spontaneously leaving massive fermions (the
nucleons) and light pions which are the almost massless Goldstone
bosons. Clearly the dynamics of the hypercolour force must differ
considerably from QCD in this respect.

It has been found by t Hooft [2.7] that to have an unbroken

global chiral symmetry imposes non trivial constraints on the

18



underlying theory. The t+ Hoaft consistency conditions are based upon
the fact that theories possessing global chiral symmetries have
Green's functions with anomalous divergences which could break the
symmetry. The anomaly (2.8, 2.9] arises because of the short distance

behaviour of triangle graphs with fermion loops (see Figqure 2.2).

Defining the three point function

4 4
(2w) 0 ([qi) Fu (x2)Jy(x3)|O>

B 4 19.X.
) = IE d Xjel 1<O|T(Ju(x1)JB

(2.2)
where JU 1s a global symmetry current then it follows that

Y _ e T
q3 FUBY(q1’q2'q3) = AJ EGBQT q1 q2 (2.3)

where AJ 1s a constant determined by the representation of the

fermions to which Jp couples (see Figure 2.2). Writing Ju in terms of
left and right handed components of the fermions in the theory one

obtains

AL = (1/81%) [T {(A§)3

1,3
J : - (AL) } (2.4)

The t Hooft condition which must necessarily be satisfied i1f chirality

is not to be spontaneously broken is that for all currents Ju

(As) = (Ay) (2.5)

bound states preons

where AJ in the preon theory is computed for all possible global

symmetry currents and (AJ) is calculated only in terms of

bound states
the massless excitations which are supposed to result from the
binding.

Some insight into the condition may be obtained [2.10, 2.11] by
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Figure 2.2

The anomaly from the triangle graph between three global currents J“

connected by a fermion loop.
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considering the form of I at q? = qg = qg = q2, At this point T
contains terms with an AJ/q2 singularity which must be reproduced when
calculating r 1in terms of bound states of +the theory. The
singularities must be a consequence of massless particles in the bound
state spectrum. If there 1is spontaneous breakdown of the symmetry

associated with Ju then A, is related to the coupling of the resulting

J
Goldstone boson to the two remaining currents. This is the case in
QCD where one uses the anomaly Lo compute the rate for wo -3 2v.
However, 1if the symmetry associated with Ju remains unbroken, +then
there must be massless fermionic bound states which contribute to the

singularity with the same residue A_ as in the preon case. This 1is

J
precisely the condition given by (2.5). There are three
possibilities:

1). Chiral symmetry is completely broken.

2). Chiral symmetry remains unbroken so composite massless fermions
may be present.

3). Chiral symmetry is partially broken. This allows both massless
fermions and scalars to be formed.

Unfortunately the constraint discussed above is only strong for case 2

and so a particular model cannot be discarded solely becuase 1t fails

to satisfy the t Hooft anomaly conditon.

2.3 Experimental Bounds on Compositeness

One can extract information about the compositeness of quarks and
leptons from low energy data by consideration of precisely measured
parameters, rare processes, anomalous processes and also by looking

for new particles. The effective Lagrangian of quarks and leptons

21



must reproduce the Standard Medel except for terms C(1

my
reprodquce I

Lne
anomalous magnetic moment of the electron has been measured very

accurately by experiment and has been calculated tc high precision 1in

QED. One has [2.12, 2.13]

(g - 2)expt = (g - 2)QED + Ag, (2.6)
-10
and Age <5 x 10 . One expects
2
Me Me
Ag «~ A — + B [——} (2.7)
€ A A
H H
where A and B are constants. However, 1f it is chiral symmetry which

]

causes the electron to be almost massless, then A
2

0 [2.14, 2.15] and

the first correction is of order (me/AH) . If B ~ 1 then one obtains
the bound AH Y 22 GeV. A similar calculation for the muon
[2.12, 2.13] using Ag, < 3 x 107® yields A, > 580 Gev.

If quarks and leptons are composite, a sign of this at 1low

energies (<<AH) is an effective four fermi interaction [2.16]
L = 4uC.E,E £ (2.8)

This effective Lagrangian describes rare processes such as uy —> eee,
+ - + + + - . . .
KL > upe,;, K ->wypuye and N —> eN. Experimental 1limits give
bounds on AH > 100 Tev if c=1 [2.17]. However, without knowledge of
the hypercolour dynamics, no quantitative value of C can be given. It
may be that the small overlap of the fermion wavefunctions causes C to
be very small and removes the above constraint on AH'
Proton decay will be a consequence of compositeness if quarks and

leptons are composed of the same constituents. Processes such as
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uu —> ae+ will result in the proton lifetime
4, 5
T - (AH/mp) (2.9

The experimental limit on the proton lifetime from the decay p —> e+no

is t/Br(p —> e+n0) > 1032 years [2.18] and so one requires either

/\H 3 1015 GeV and C « 1 or that C 1s very small or zero.

Anomalous contact interactions such as e+e— —> e+e , MW, 99
etc. should have values of C of order 1 if the interactions do not
involve a change of flavour. Experimental data from e+e_ annihilation
at PETRA produces the bound /\H > 500 GeVv [2.19].

Perhaps the most convincing way to demonstrate compositeness is
to find new particles which do not fit the Standard Model. If the
weak bosons are composite, 1in addition to the quarks and leptons, one
expects new scalar bosons and possibly also coloured partners for the
W's and Z's. The properties of such particles are discussed in
chapter 4. In addition to these particles one might observe excited
states of quarks and leptons. The current bounds on excited electrons

and muons comes from the e'e annihilation experiments PETRA and PEP

{2.20] and are

a2 + b2 . a2 + b2 s
5 < (330 GevV) , —_——— (58 GeV) (2.10)
m * m2*
u e

*
where a and b are the coupling strengths in the gauge invariant 1 lvy

vertex

L.ox =¢ 10" (a+by.)lF 211
11 v 7 Yg uv (2.11)

2ml*

Recently, excited leptons were used as anh explanation for the large
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number of 1717y events observed during the 1983/84 run of the CERN pp
collider [2.21, 2.22]. In this run, three out of thirteen Z decays
into leptons also emitted a hard photon and the decay 2 —» 1*1 - 1llv
was proposed as a possible mechanism for an excited lepton
[2.23, 2.24]. However, the latest run of the collider has failed to
find any 1lly events [2.25, 2.26] and the ratio (2 —» llvy)/(Z — 11) is
of the order of a few percent in accordance with the prediction of the
Standard Model for +the bremsstrahlung rate. Hence there are no
experimental signs of excited leptons. Signatures for the decay of
excited quarks {starks) have been discussed by De Rujula et al. [2.27]
but again there are no experimental signs of these particles.

In summary, there 1is currently no experimental evidence for
compositeness but bounds on the scale of an underlying force are
somewhat uncertain and not particularly strong. It 1s difficult to
say more than that Ay ? 100 GeV. The remainder of this chapter is
spent discussing some of the simple composite models which have been
proposed. These fall broadly into two classes: models with fermionic
and bosonic constituents are described in section 2.4 and models with
fermionic constituents only in section 2.5. It should be emphasised
that none of these models is very convincing and they are not serious

candidates for a final theory.

2.4 Models with Fermionic and Bosonic Constituents

In models where quarks and leptons are comprised of a fermion and
a boson, these constituents can be combined in a stralghtforward way.
If the hypercolour group is SU(NH) then the fermion can transform as

an N and the boson as an N or vice versa. Hypercolour singlet quarks
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and leptons can then always be made since N x N =1+ (NZ— 1). Hence

the number of hypercolours is undetermined in these models and the
underlying symmetry group 1is taken to be SU(N,) x SU(3)C X U(1)EH‘

0 ¥,

The most simple assignment of quantum numbers to give one family

of fermions 1s that used in the haplon (from the Greek “haplos"

meaning simple) model [2.28] i.e.

Spin Charge Colour Hypercolour
o 1/2 1/2 1 N
B 1/2 -1/2 1 N
X 0 1/6 3 N
y 0 -1/2 1 N

where «, B are Dirac spinors carrying SU(2) quantum numbers and the
scalars x, vy carry colour and lepton number. The first generation of
hypercolour singlet gquarks and leptons are composed of haplons bound

in the following way:

v
e

e

(cxy)1 u (ux)3

(BY)1 d (Bx)3
In this scheme, the fermions do not carry colour. However it is
easy to re-assign the quantum numbers so that most or all of the

constituents are colour triplets 1i.e.

Spin Charge Colour Hypercolour
a 1/2 1/2 3 N
B 1/2 -1/2 3 N
X 0 1/6 1 N
y 0 -1/2 3 N

or
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Spin Charge Colour Hypercolour

a 1/2 1/2 3 N
B 1/2 -1/2 3 N
X 0 1/6 3 N
y 0 -1/2 3 N

Additional generations can be constructed by giving the scalars x and
y a generation index, or they may be interpreted as radially excited
bound states of the first family.

The above class of models i1s particularly convenient for a
composite description of the weak bosons. Weak interactions can be
visualised as proceeding through diagrams of the type shown in TFigure
2.3. Since the QHD Lagrangian is invariant under the interchange of «
and B, one can identify weak isospin with the SU(2) subgroup contained

3 are the bound states af, of

within the U(2) symmetry. The W' and W
and 1//2 (aa - BB). The W3 mixes with the photon to produce a 2 (see
chapter 3). One can also construct an SU(2) isosinglet particle given
by WO = 1//2 (aa + BB) but this has not been observed by experiment
and so presumably must be much heavier than the W and Z. This
particle 1is discussed in more detail in subsequent chapters. It
should bhe emphasised that in this scheme, weak interactions are not
described by a gauge theory but only by an effective theory. The
masses of the weak bosons are not generated by spontaneous symmetry
breaking thus removing the need for Higgs scalars.

One problem in the haplon model, and indeed 1in many other

composite models, 1s the parity violation in weak 1nteractions. If

the hypercolour gauge group is SU(NH) then one would expect parity to
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Figure 2.3

<
ol
Al

The weak interaction e v —» W —> ud in the Haplon model.
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3 ] L~k 4o an AL
n may be related in some way which is not

be conserved. Its vioclatio
yet understood to the fact that the fermions are much lighter than the
hypercolour scale AH. Alternatively it may be that only left handed
fermions bind in the above fashion and right handed objects are either
elementary or are constructed in a different manner.

Other composite models with a fermion and a boson as the
fundamental constituents have much the same general form as the haplon
model described above but with different specific details
{2.29, 2.30, 2.31, 2.32]. The haplon model is very convenient to use
when discussing composite weak bosons since the structure of the weak
force 1s particularly simple in this scheme. For this reason and for

the sake of definiteness, the haplon model will commonly be used as an

example model in subsequent chapters.

2.5 Models with Fermionic Constituents Only

In these models quarks and leptons are made of three constituent
fermions bound by a hypercolour force. The hypercolour gauge group
must be SU(3) since N x N x N will form a hypercolour singlet only for
the value N = 3. Hence the full underlying symmetry is given by
SU(3)H X SU(3)C X U(1)EM. In the rishon (= primary in Hebrew) model
[2.33], all quarks and leptons in a generation can be built from just

two fermionic constituents.

Spin Charge Colour Hypercolour
T 1/2 1/3 3 3
\Y 1/2 0 3 3

The first generation of quarks and leptons are built from these
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e TTT ve VA'AY
u TTV d VT
d TVV u VTT
Vo VvV e TTT

In this scheme, the weak interactions are residual hypercolour
forces operating at short distances between bound state objects. The
force 1s analogous to the residual colour force acting between two
colourless hadrons. The weak bosons can be thought of as bound states
of six rishons - for example WL = TLTLTRVRVRVL' An example of weak

boson exchange in the rishon model is shown in Figure 2.4. It can be

seen that weak boson exchange is much more complicated that in the

haplon model of the previous section. However, this 1s equivalent to
+ + - s .
WL = (eLve), (uLdL), etc., and as the force binding the preons into

quarks and leptons is very strong, the W may be effectively a fermion-
antifermion bound state just as it is in the haplon model.

An entirely different composite model with three fermionic
constituents factorises the colour, flavour and generation number

[2.34, 2.35, 2.36, 2.371. In the Standard Model one can distinguish

three types of symmetry - the weak interaction gauge symmetry
SU(Z)Weak' the colour gauge symmetry SU(3)C and a symmetry between
generations SU(N)F. Thus for three generations one has the symmetry

SU(2)w X SU(3)C X SU(3)F. It is possible to build a model where each

constituent carries one of the above symmetries. The SU(2)w

constituents are called "weakons", the SU(3)C constituents “chromons”
and the SU(3)F constituents “familons". The quarks and leptons of the

first generation are given by
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Figure 2.4
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The weak interaction e v —> W —> ud in the Rishon model.
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e u 0 T u 1 i
e = (Wd, CO’ F1) dr= (Wd, (“i' F1)
where 1 runs over the colours red, green and blue. Notice that

because leptons are colourless, a leptonic chromon CO must Dbe
introduced. The weak bosons are fermion-antifermion (WW) bound states
in this model. Notice that in all the schemes discussed, the weak
bosons can be considered to be made from a fermion-antifermion pair so
that the haplon model [2.28] serves as a general example of composite
weak interactions.

The models which factorise colour, flavour and generation number
have many problems - for example, one has no knowledge of the binding
between the constituents or whether photons and gluons are bound

states. Models of this type cannot be ruled out but they are far from

satisfactory at present and shall not be considered further.
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CHAPTER 3 THE INTERNAL STRUCTURE OF WEAK BOSONS

3.1 Introduction

In the past, short range forces have been found to be a
consequence of the substructure of the interacting particles. For
example, molecular and Van-der-Waals forces are residual
electromagnetic forces arising from the polarisation of the electronic
substructure of neutral atoms. Similarly the short range nuclear
force has turned out to be a remnant of the underlying colour force
between the hadrons’ constituents (the quarks). The colour neutral
hadrons are polarised and the nuclear force is the observed result.
The only short distance interaction which is not known to be due to a
residual force between constituents is the weak interaction. In this
case the force is mediated via elementary gauge bosons (W's and 2°s)
which acquire mass by the Higgs spontaneocus symmetry breakdown
mechanism discussed 1in chapter 1. Because the gauge bosons are
massive, the force only operates at short distances « ﬁ/ch.

Since the W's and Z°s have the masses and decays predicted by the
Weinberg-Salam SU(2) x U(1) theory they are generally supposed to be
elementary structureless, particles. Nevertheless it is possible that
SU(2) x U(1) 1is merely an effective theory which describes only the
low energy properties of some more fundamental hypercolour theory. In
chapter 2 1t was noted that several composite models of quarks and
leptons also contained composite weak bosons. If the radii of quarks

and leptons are related to the Fermi scale of (300 GeV)_1 x 10_17cm,
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h

it is natural to assume that W bosons will have a similar size.
one believes that the weak force is a residual interaction of a
hitherto undetected force, then the short range nature of the weak
interaction would arise because quarks and leptons are hypercolour
singlets but with radii of about (1 TeV)-1. This interpretation of
weak interactions changes the status of the W and 2. They becone
merely the lowest lying JPC = 1 bound states of the quark and lepton
constituents and hypergluons are the new fundamental gauge bosons.
The SU{2) x U{1) electroweak theocry is only an effective theory which
works at distances greater than the hypercolour confinement scale
ﬁ/AHc.

When one describes the weak interactions as an effective theory,
it seems natural to look for parallels with the strong nuclear force
and attempt to apply the ideas used in QCD. One such idea which will

be used extensively 1s the application of ‘vector dominance"

[3.1, 3.2] in weak interactions.

3.2 Vector Dominance and its Applications

In QCD, an interesting and useful feature of photon-hadron
interactions is that they are very much 1like hadron-hadron
interactions. This is because of vector dominance of electromagnetic
interactions, the photon-hadron coupling proceeding through the vector
mesons V = p,w,p etc. (see Figure 3.1). The amplitude for the process

YA —> B can thus be written in the form
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Fiqure 3.1

Vector dominance of the process yA —» B. The photon interacts via the

lightest vector mesons o,w,¢ etc.
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- M ™ PR
where are the on-shell vector meson scattering amplitudes and

7

VA—3B
the coupling constants f;1 can be measured in the annihilation process
of Figure 3.2,

The cross section for the processes of Figure 3.2 into a final

state F, neglecting interference between vector mesons, is given by

2 2

e m FVBV
— o E (3.2)
5 ( 2.2 + 2.V2 )
\

Ly

olete” = F) = 4o I
v

where FZ is the total width and B¥ is the branching fraction to the

final state F. In the narrow width approximation one obtalins

42
e
0(e+e_ —> F) = 4ya [ [———} 8(s - mé) BV (3.3)
v |t F
\Y
so that, given Bg, measuring o enables fv to be deduced. The decay
width into lepton pairs can then be computed using
ma [ e 2
rv - ete’) = - [———] (3.4)
3 tv

The results obtained for the lowest lying vector meson (p) are

fQ = 4.91 £+ 0.20 and hence Fg 7.1 + 0.5 kev [3.3]. This decay
constant 1s often expressed in terms of the dimensional quantity
FV = mV/fV whereupon FQ = 0.16 ¢+ 0.01 GeV.

One can attempt to describe the weak interactions in the same
way. Composite W's and Z's are the lowest mass vector bosons and play
the same role as the p mesons of QCD. Concentrating attention on the

haplon model [2.28] of section 2.4, the weak interaction is carried by

the two fields o and B. These fields form a global SU(2) isovector
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Figure 3.2

Vector dominance in e+e— annihilation. The photon-meson couplings f;1

can be deduced by measuring the cross-section o(e+e_ —-» F).
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triplet

Before

symmetry
requires
somewhat

strength

+ . -

i

1/42 (aa - BB) (3.5)

l W J [ op

mixing, M(W+) = M(W ) = M(W3) as there 1is exact isospin

but since the Z particle has a larger mass than the W, one
that the W3 boson and the photon must mix [3.4, 3.5, 3.6]
in analogy with ¢ - ¥ mixing in QCD (see Figure 3.3). The

of the w3 - 5 transition Aw is directly related to the

electroweak parameter sinzaw by [3.6]

where g

L 2.
sin Hw = (e/g) Aw (3.6)

is the W-fermion coupling constant, which is related to the

Fermi coupling by GF = /292/8M$ so that

and from [3.6]

)\W 1S

M, = 2_5/4G;1/2g = 123g GeV (3.7)
Mg - Mé/(1 - A%) (3.8)

determined by the W decay constant F,, which is defined by

W

analogy with the go decay constant FQ above by

Hence

+ (3) 3 - - S 3
<0 W'y = <0 2 — —
|Ju I [1/ (dYuu BYUB)IW > = euM

If

= — (3.9)

_ 2
WFW = euMw/fw (3.10)
one constructs a non-relativistic bound state model of the
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Figure 3.3

Photon - bound state mixing. In QCD the degree of mixing is given by
Az = 1/260. In composite models W3—Y mixing causes the Z to be
heavier than the W. A% x sin28w = 0.218.
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terms of 1its wave function. One has [3.7]

W’ = — — — I I (&1’°1j  1'~1'-

72 UN, /N, 55 Y )
where 1,3 are hypercolour and colour labels respectively and ¢{x) 13
the co-ordinate space wavefunction describing the haplons in a W

boson. Combining equations (3.10) and (3.11) gives

<0|j3|w3> = o (2NN y1/2

cNgMy p(0) = e“Mwa (3.12)

so that with (3.6), (3.9) and (3.12)

sin28W - (e?/q) NN, (2/M;)1/2 0(0) (3.13)

This important result relating sinze to the bound state wavefunction

W
at the origin will be used extensively in chapters 4 and 5.

In the rest of this chapter, it will be demonstrated that
composite weak bosons, 1in conjunction with other quite natural

assumptions, can reproduce the low energy behaviour of the Standard

Model weak current.

3.3 Universality of the Weak Current

Several aspects of bound state models can be derived from a local
current algebra of weak currents [3.8]. The weak isospin charges F?

(i=1,2,3) obey the algebra
(3.14)

Suppose that these charges can be written as integrals over charge

L. W .
densities FOi(x) il.e.
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F(x0) = | Fg.(x) a’x (3.15)

and suppose 1in addition that these local charge densities obey at

equal times the local current algebra

W W . Wwo_(3)
[ FOi(x)' Foj(y) ]xozyo = leiijOk &

- >

(x - y) (3.16)

This algebra need not be satisfied if quarks and leptons are not
pointlike. However, it 1is satisfied in the haplon model where
currents are bilinear in « and B. Consider now the matrix elements of
the left-handed weak neutral current Fﬁ3(x) between left handed quark
and lepton states. Weak 1isospin algebra requires a universal
normalization at t=0 i.e. Fe(O) = F”(O) = FV(O) = 1 etc. where t 1is
the momentum transfer. Suppose that one uses the W-dominance

approximation where weak boson exchange is dominated by the lowest

lying W pole. One has

2 _ff
M T
2

f Mw -t

Ff(t) = (3.17)

=

where f£t is the W-fermion coupling constant and £ is one of the

fermions e , Ver M v, etc. Using F.(0) = 1, one finds
gzt~ =f (3.18)

so that the W bosons couple with the same strength to all quarks and
leptons. Hence the universality of weak interactions results from W-

dominance of the weak current.
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In order to see how composite models reproduce the low energy
features of the Standard Model (3.4, 3.5, 3.61, such as the structure

of the weak neutral current and the Weinberg mass relations (1.27) and

(1.28), consider first of all a model without electromagnetism. The
lowest mass vector bosons form an isovector triplet (W+, W, W3)
coupled to the left-handed weak isospin current. Neglecting higher

mass excltations, one has the effective Lagrangian

2 gL
= -1/4w WY o+ 1 Mo J i
L R /2 my W W 9.7 (3.19)

1

where m, z M_s, JE = bv,t/2 L= 1/2 (vpvyvy - epve) and W is the
isotriplet vector boson field.

Now switch on electromagnetism and consider photon interactions
with conmposite quarks and leptons. It has been shown in section 3.2
how, 1n QCD, photon-hadron interactions proceed via the lowest mass
vector bosons - g,w,¢p etc. One can repeat this vector dominance for
the hypercolour force and suppose the photon-quark (lepton)
interactions proceed via the lowest lying vector mesons of QHD in what
has come to be called "W-dominance" [3.9]. In the neutral current

3

sector, the 1isovector W~ and the lowest 1lying isoscalar boson

dominate. In the Lagrangian formalism one has

_ B 3pv 3 vy i
L = A1 [ -1/4 (Fuvw + vaF ) g1A“J1 ] (3.20)
. 3 . . M L3
where A1 is the W -photon mixing and J1 = J“ .

In addition to the above terms, one must cater for SU(2)L
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isoscalar bosons which couple to the isodoublet fermions via an
isoscalar «current and also for right-handed bosons. None of these
currents has yvet been observed and it is convenient to describe their
effective 1interactions by a single heavy neutral lsoscalar boson Y of
mass m, > m, . This introduces an additional term into the neutral

current Lagranglan

- 0 . Opv 2.0.0u 0.y
L 1/4 wuvw + 1/2 m2W“W g2qu2 (3.21)
B Oupv 0 vy _ LM
+ Az { 1/4 (Fuvw + W“VF ) 2A“u2 ]

Combining (3.19)-(3.21) and adding an electromagnetic self interaction

kinetic energy term, one has for the neutral current

o uv 3 3pv 2 3,38 K]
L = 1/4 vaF 1/4 WUVW + 1/2 m1 WUW g1W“J1
A - 18 (F WY WS YY) - gag¥ ]
1 Y pv 1T7u 1
_ 0 _Opv 2,000 0_u
1/4 Wuvw + 1/2 m2wuw g2WUJ2
Fa, [ - 174 (F WO + w0 FHY) - g A g¥ (3.22)
2 uv uv 270 2

In order to find the physical masses and couplings arising from
this Lagrangian, one uses the propagator matrix formalism
{3.10, 3.11, 3.12] to diagonalize equation (3.22). Following {3.9]

one obtains
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1
5

- 2 Leff = — (A1g1J1 + A2g2J2) (3.23)
q
1 10 mf mg 12
+ —_— AN, 9, — J, + A,Q. - —~ J
2 .2 2 [ o2 2 272 2 2 72 ]
q M1 b1 m1 M1 m2 M1
1 1 [ m? mg 2
Y2 2 MIG T E T TR T 5
1 2 1 2 2 7 M
with
B N
A =1 A1 Az
2 m? 2 mg Ve
TR I TR R 3 IR B
1 i 2 i
The mass elgenvalues are
M =0
h
2 2 2 2 2 .2,
MZ = M1 = (1/2a8) [ m1(1 A2) + m2(1 A1) r] (3.24)
2 .2 2 2 2 2
MY = M2 = (1/24) [ m1(1 Az) + m2(1 A1) + ]
where
~ 4 .22 4 2,2 2.2 2.2 1/2
rs=| m1(1 AZ) r m2(1 A1) 2m1m2 (A A1A2) ]
Clearly the first term in (3.23) corresponds to photon interactions
and so one must insist that
A1g1 = A292 = e (3.25)
If one identifies the electromagnetic current JEM = J1 + J2 = J3 +
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and supposcs that A, < 1 and m2 {< m2 then
“ MHEE i 1 2
e’ 2 1 2,3 2. _EM,?2
= _ “ H = T 1, S 18 e
¢ Lofs L Y in"8, )
a a - M'i
! 2 Y 2 EM, ?
+ ———= F.. (J° + sinh™8,J ) (3.26)
2wl 2 2
1 2
where
mé = M2 = n2/(1 - A%) + oY (3.27)
2 1 1 1
2 2 2 2 4
MY = M2 = m2/(1 A2) + O(A )
2 2, .2 4 2,2 _
2 2 2 4 2,2
F2 = g2/(1 + Az) + 0(A7, m1/m2)
sin?a. = A% + 0(x%, m?/m?) (3.29)
1 1 1772
L2 2 2, 2,2, .6 4,64
sinh 62 = A2(1 + A1) m1/m2 + O(A, m1/m2)
i.e.
e2 g2 1
2 1 3 2 2
- 2L = — Jo 4+ (I - AJT..,) (3.30)
1 EM
S G IS N CER R AU P
+ higher order terms
e2 g2
2 1 3 2 2 6 2, 2
- 3 JEM + 5 (J~ - A1JEM) + O(A, m1/m2) (3.31)
q m1
as q2 - 0

Hence the 1low energy neutral current behaviour of the Standard

Model has been reproduced by equation (3.31) to leading order in A2
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and mf/mg if one assoclates the Weinberg angle 8., with 8, in (3.29).

W 1

Note that equation (3.27) becomes the Weinberg mass relation (1.28) in
lowest ordexr 1in Az and (m1/m2)2 , and will reproduce the Standard

Model if m, << m

1 27

One can also obtaln these results by the more intuitive approach
of summing Feynman diagrams which will be described in the next

section.

3.5 The Effective Lagrangian from Feynman Diagrams

The Feynman diagrams for the electromagnetic and weak neutral
current are given 1n Figure 3.4, The full Lagrangian for these

interactions 1s then [3.13]

g g .
) . Wi (3)2 YL .(Y)2
Plegr "t 7 Yo )
T 7 My q vi
m2 m2
2 o Wi . (3) « ¥i o . (Y)
PO | Dgihy 7 2 3 T D9y 55 ) (3.32)
. 47 Myj 1 T 7 My

. N v .
where are the wi—fermlon couplings and A the non-renormalized

i Wi

Wi—photon couplings, and similarly for Yi' D(q2) denotes the photon
propagator and represents the diagrams of Figure 3.5. Summing the

contributions from these diagrams yields

1 1 1 1
2, _ . 2 « 2 e 20
D(q") = —5 + —5 L | Kin{ —— Ximf + K;mj 7
q q 1 q - mi q
1 1 1
+ -3 [ ] — L[ 1 — + higher order terms (3.33)
q” 1 a” J q
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Figure 3.4

>1
>

D(q?2)

The weak neutral current between composite quarks and leptons. D(qz)

is the photon propagator.
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Figure 3.5
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~ t)

The full photon propagator D(qz) given by the infinite sum of diagrams

3 0

with W° and W~ insertions.

47



(3.34)

where the index i1 runs over all W's and Y's. Introducing renormalized

couplings Ai = X? (1 + L X?)_1, the neutral mass eigenvalue equation

is obtained by setting the denominator of (3.34) equal to zero i.e.

2 mi
q~ =0 or 1+ L A 5 - 1 =0 (3.35)
1 q
One obtains for (3.32) as q2 - 0
2 2,20 2 3.2 2 2
2 Leff(q > 0) = (e”/q™) JEM + GW [ (J 5y JEM) + Cw JEM 1
Y 2 2 2
+ Gy L (g sY JEM) + CY Jem 1 (3.36)
where JEM = J3 + JY so that
L Agidwi = i Myidyi T @ (3.37)
and
B 2 2
Gy = i Iwi/Mwi
s = (efGu) I gu.hu./m2 (3.38)
W e W Ywitwi/ "wi :
2 2,2 .4
Gy = (e7/Gy) § Aai /i T Sw
and similarly for GY' SY and CY'

Equation (3.36) can now be expressed in terms of Standard Model
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parameters. One has, using the charged current normalisation

Gy = 8Gp//2
2L€ff(q2—90) - —(e2/q2)J§M + o 8G,//2 [(37-sin%e g") 2 CJEM] (3.39)
where
0 = 1+ J26,/8G, = 1 + Gy/Gy
sinfa, = (1/0) [ S+ (e - D(1 - 52) ] (3.40)
0.C =Cy+(e-1)C +lle- N/l (1~ 55 - si)2

If one uses W-dominance in the above equations and considers the

contribution from only one massive 1isovector boson, then GY = 0,

e =1, Sw = 31new and Cw = CY = C = 0. From (3.39) 1t 1s clear that

the Standard Model low energy Lagrangian has been reproduced and the
Weinberg mass relations (1.27) and (1.28) are obtained from (3.38) and

(3.35) respectively i.e.

2 .2 2 2. .2
my = /2g /8GF and m, = mw/(1 sin BW) (3.41)

These relations have been derived independently of the isoscalar
contribution so long as it 1s small. However, since the value of p is
known from experiment to be (see chapter 1) ¢ = 1.02 &+ 0.02, it

follows from (3.40) that G, < 0.04Gw. Approximating to the case of

Y

one isovector and one isoscalar boson and assuming 9y = 9y one obtains

the bound m, > 405 GeV. However,

¥ may be smaller than Iy thereby

9y

relaxing the bound on m,. If Iy = X9y then one has m, > 405/x GeV.

Y Y
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by
' 2 o .2
AL = e Jg7 = e"/f . » sin Bw ~ 0.218 (3.42)

This 1is a very large amount of mixing [3.14] by comparison with the

analogous situation 1n QCD where one has y—@o transitions with

Ai = ez/fg =~ 1/260. However, there are two reasons for thinking that

this sort of value for Aw 1s not unreasonably large.

Firstly consider duality applied to QCD, which is the hypothesis
that the peaks in the cross section for ete” —> hadrons due to vector
meson resonances can be averaged to approximate the annihilation
cross-section into free quark pairs o(e+e— —> I qq ). One obtains the
relation [3.15]

4wu2 5 v(3 - v2)

o = 3eQ (s - 4m”™)
3s 2

It

£ 1202 6(s - ”?’ J r.(ete) (3.43)
j

where e, is the quark charge in units of e, m 15 the quark mass, Mj is

Q
1/2

the mass of resonance j and v = (1 - 4m2/s) Using equations (3.4)

and (3.9) one finds from (3.43)
AS = (a/3m) Amz/Mg (3.44)

where Am = Mé - MQ . In the QHD case one obtalns the corresponding

relation [3.16]
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A2 = (a/3m) NN <O>° am®/m2 (3.45)
W C H w

where <Q>2 is the average value of the charge of +the constituents

which equals 1/2 in the haplon model and Am = M/, - M, is the mass

[0}
L

difference between the W and its first exclited state. Taking for
example NC = NH = 3 and requlring Aé = sinzﬂw = 0.218 yields

Am = 660 GeV, It follows that for a hypercolour force with a large
level spacing compared to MW , one expects the W3—1 coupling to be big
and the large experimental value of sinzaw 1s not so surprising.

Secondly one can use the W wavefunction to define a radius rw for

the particle i.e.

10(0)1° = (4nr/3)”" (3.46)

From equation (3.13) with NC = NH = 3 one obtains M&1 x 1.4 Iy This

sort of correspondence between the size and Compton wavelength of a
particle is just like that found in QCD where for example the pion and

rho mesons have radii « 1fm «» 1/M « 1/AQCD' One can conclude that the

value of sin28W is not abnormally large although this explanation

relies on being able to treat all these particles as non-relativistic

bound states. However, since both of these arguments indicate that

sin28w is expected to be big because of the large mass scale, one need
2 2

not be so unduly concerned that Aw » AQ

3.7 The Z Wavefunction

The (W+, w3, W ) particles form an exact global SU(2) weak

isospin symmetry if one ignores the electromagnetic interaction.
However, when the W3 mixes with the photon to form a %, the symmetry

is no longer exact and the Z is not a pure 1isovector state. The
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extent of the breaking of the SU(2) symmetry is clearly related to the

amount of W3—Y mixing which is determined by A = sian. In order to

W

determine the isovector and isoscalar components within the 2 it can
be seen from (3.31) that at low values of q2, the weak neutral current

Lagrangian 1s of the form

) (3.47)

(3) (Y)

where J and J are isovector and isoscalar currents respectively.

It is straightforward to show that the same result 1is true for

q2 -3 Mg and so in the haplon model the Z-wavefunction may be regarded

as being of the form [3.17]

cos8 _ _ sin8
7 = (aa - BB) +
/2 /2

(o + BB) (3.48)

This result will be exploited in Chapter 5 when calculating decays of

the 7 into 1lsoscalar gauge bosons.

3.8 Conclusions

It has been shown in this chapter that composite models in which
the weak bosons are bound states can be made to emulate the features
of the Standard Model at low energies. If one accepts the W-dominance
hypothesis which claims that weak interactions are governed
predominantly by single W exchange for low q2, then the Weinberg mass
relations, the wuniversal couplings of W's to all fermions and the
structure of the weak neutral current arise quite naturally from a
model with a global SU(2) symmetry. It is necessary in these models

to associate the Standard Model Weinberg angle sin28 with the degree

W
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of w3~photon mixing but, as was seen 1in section 3.6, the magnitude of

this parameter 1s not lmplausible.
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CHAPTER 4 A _SPECTRUM OF COMPOSITE STATES

4.1 Introduction

It has been shown in the previous chapter that it is possible to
construct composite models of quarks and leptons in which the W and 2
bosons are bound states of preons which mimic the Standard Model
behaviour at low energies. One of the expected consequences of
composite W's and Z°s is that there may be a rich spectrum of new
bound states with masses of the order of MZ. If the constituents of
the weak bosons are two charged and hypercoloured fermions, which is
the case in the haplon model [2.28] of Section 2.4, 1t is natural to
expect the W's and 2°s should have isovector spin O partners and
associated neutral isoscalar states. If the scale of the confining
hypercolour force /\H 1s not much greater than MZ' then radially and
orbitally excited states should also be present at energies somewhat
greater than MZ' In addition, if the constituents of the weak bosons
transform as triplets under SU(3) of colour, then one expects colour
octet W's and 2's to be present with masses in the range 100-200 GeV.
In sections 4.2, 4.3 and 4.4, predictions are made for the masses and
leading order decay widths of spin O and excited states 1in various

models. In section 4.5, coloured bosons are discussed and the results

of the chapter are summarized in section 4.6.

4.2 The Masses of Composite Weak Bosons

The masses of mesons and baryons in QCD have been described with

great success by invoking the similarity of the spin interactions 1in
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QCD and electromagnetism [4.1]. Weak bosons are the mesons of QHD and
estimates of the masses of new particles can be made by applying the
same techniques to the hypercolour force. In the calculation of the
masses and widths of new particles it will be assumed that a composite
Z and 1its partners can be treated to a reasonable approximation as
non-relativistic bound states, This 1s not a very accurate
description of the states since the binding energy 1s not necessarily
small compared to the effective mass of the constituent preons.
However, in QCD this sort of approximation has given fairly accurate
results, even for the very light quark bound states such as g, w and o
[4.2] and it seems reasonable to hope that the predictions obtained
here should hold to better than an order of magnitude.

The spectrum of states predicted is shown in Figure 4.1 and has a
similar form to that of the familiar bound states of heavy quarks.
The first prediction concerns the spin O partners of the W's and 2°s
[4.3]. The new charged states have the same mass as the neutral
particle since it «cannot mix with the photon which has spin one.
These particles must be heavier than 15 GeV otherwise the charged
bosons would have been observed in ete” annihilation experiments
[4.4]. They will couple very weakly to quarks and leptons since
chiral symmetry suppresses the vertex to be O(Mf/Mw). In addition,
they cannot decay into gluons and hypergluons which are isosinglets.

The precise form of the hypercolour binding potential VH(r) 1s

unknown but it is required to be confining with V. (r) » r as r —> o

H
and in addition must have the correct asymptotically free behaviour
for r —> 0. The Richardson parameterization [4.5] generalised to an

SU(NH) hypercolour potential has these properties and will be used
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The

Fiqure 4.1

Mas
3
2’S,
2°S,
3PJ T
1°S Isoscalar and
1
(W, Z) Coloured bosons
1
1S,
[sovectors
particles expected in a model where W's and 2°s are

charged, coloured and fermionic constituents (not to scale).
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H H

N -1 6uA Axr - £(A. T)
(4.1)

AT
H

where

o0

dgq e“qt

f(t) =1 -4 — (4.2)
1 4 [ln(qz- 1)]2+ n2

and NF 1s the number of preon flavours which is taken to be two 1in all

calculations. The Richardson potential depends only upon the
hypercolour scale so there are only two free parameters which need to

be determined. These are AH and the effective constituent mass m

attained by the preons. In order to determine them, the radial

Schrodinger equation

1 (a® 24 1(141)
R(r) - Enl - VH(r) -5 R(r) =0 (4.3)

mr

— +
dr2 r dr

m

is solved with 1 = 0 and two constraints are imposed.

1. M, = M

W Spin Averaged + Hyperfine Splitting.

The contribution of the spin-spin hyperfine interactlon to the masses
of the bosons is treated perturbatively and 1s given by

2

H = — < S1.52
3m

y < Vzvs(r) 5 (4.4)

where Vs(r) 1s the short range r_1 term in the potential (4.1). (The
scalar confining part of the potential does not contribute to the

hyperfine splitting). Since
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y = 1/2 ¢ (5%- 5.%- 5.2

¢S5,.5

172

where 5 = §,+ S, is the total spin of the boson, the mass splitting
1 2

between the S = 1 and 5 = 0 states will be

3 1 2 2
AM = M( 51) - M( SO) = - (Vv Vs(r) > (4.6)
3m

where the expectation value of a function g(r) is defined to be

o 2,2

<glr) > = IO dr g{xr) x Rnl(r) (4.7)
The  origin of Lhe poteptial in of course arbitrary and so to fix the
maszs of the lowest state incorporating (1.6} wo have used

2 ‘s

‘ 1 Ny - 1 6w / f (AHr) \
Mw=2m—-E1oa 5 \\ / (4.8)
6m 2NH (11NH - 2NCNF) X

where ~ =z 3/dr. Notice that from (4.2) £°° is always negative.

2). The normalization of the 15 radial wavefunction must glve the

correct amount of W3— Yy mixing (see Section 3.2) i.e.

2 3

4ng Mw
2 _ .4

|R1S(O)| NCNH = 84 sin Bw —;—

(4.9)

Using Mw = 80.9 ¢+ 1.5 GeV, sinzﬁW = 0.218 + 0.010 and e/qg = sinew one

obtains the bounds

6

7.14 x 10° ¢ |R1S(0)|2 NN, ¢ 8.75 x 10° (Gev)®  (4.10)

H

Solving the Schrodinger equation (4.3) for the R1S(r) wavefunction and

E1O eigenvalue and imposing (4.8) and (4.10) determines m and A

H
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Table 4.1. The values of /\H are much lower than the bound AH > 1 TeV
deduced from the four fermi interaction (see section 2.3). However,
it has been suggested by Visnjic [4.6] that the physical scale of
compositeness could well be an order of magnitude lower than this
because the strength of the effective four fermi interaction must be
much less than unity if approximate chiral symmetry is to be preserved
so that the fermions have masses very much less than AH. An

alternative approach is to assume that the fermions and weak bosons

> A . This idea was

have different compositeness scales with Af W

proposed by Renard [4.7] to explain both the weak coupling of W's to
quarks and leptons and also the large degree of mixing between the W3
and the photon which manifests itself in the high value of Aw = sian.

The range of masses of the spin O partners of W and Z are shown
in Table 4.2. It can be seen that the different spin states are
unlikely to be degenerate 1in mass and suggests that perhaps the
effects of such pseudoscalars may soon be evident 1in e+e_ annihilation
experiments.

There are no clear experimental bounds on the mass of a spin 0
isoscalar boson (U). However, the production of such a particle was
offered as an explanation of the radiative decays 2 —> e+e~1 and
2 = uwtu™y [2.21, 2.22] at an anomalously high rate. The idea
involved the radiative decay 7z —> Uy followed by U -> 1717, 1In
[4.8, 4.9] the U had a mass of about 50 GeV whilst in [4.10] MU ~ MZ'
The experimental bound from e+e_ annihilation experiments is
My > 46.7 Gev [4.11].

The experimental determination of the value of p = 1.02 + 0.02
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Table 4.1

Ranges of AH’ m and E1O which give the correct W mass consistent with

equation (4.10).

5 3 Constituent Energy
NH NC IR, (0)]|" (GeV) AH GeV Mass m GeV E10 GeV
2 1 3.57x10% - 4.37x10° 138 - 147 133 - 140 199 - 214
23 1.19x10% - 1.46x10° 67 - 72 78 - 82 97 - 107
31 2.38x10% - 2.91x10% 112 - 121 114 - 122 162 - 177
33 7.92x10° - 9.71x10° 61 - 67 76 - 80 83 - 94
4 1 1.78x10°% - 2. 18x10° 99 - 107 105 - 111 141 - 154
4 3 5.94x10° - 7.28x10° 56 - 61 72 - 76 73 - 82
Table 4.2
Spin averaged masses, Hyperfine splittings and pseudoscalar masses

obtained with the parameter ranges of Table 4.1.

NH N. M?é GeV m, Gev M(11S ) Gev
2 1 65 - 66 60 - 66 15 - 21
2 3 57 - 59 82 - 87 0 -0
3 1 66 - 66 58 - 62 19 - 23
3 3 66 - 68 54 - 59 22 - 28
4 1 67 - 68 52 - 57 24 - 29
4 3 70 - M 41 46 36 - 40
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constrains an S=1 isoscalar to have either a very large mass or a very
small coupling (see section 3.5). There are no entirely satisfactory

explanations of why this particle should be so much heavier than the

Z. In the analogous QCD case, the isovector p and isoscalar w are
almost degenerate 1in mass. The large mass difference 1s usually
attributed to hypergluon annihilation effects. However, there is a

second possibility if the constituents of the W and Z are scalars. In
this case the W particles are P-waves and so have an antisymmetric
spatial wavefunction. Bose statistics requires that the total
wavefunction be symmetric. Hence the isospin wavefunction must be
antisymmetric but an 1isoscalar state has a symmetric isospin
wavefunction and so no such state with a low mass can exist. The
drawback to this idea is that if the boson constituents have spin O
then the value of the W wavefunction at the origin is zero in a non
relativistic approximation since the W is a P-wave. However, the

wavefunction 1s proportional to sinzﬁ and so the large magnitude of

W
this parameter must stem solely from relativistic corrections to the
value of the wavefunction. This seems unlikely and the most common

view is that weak bosons are made from fermionic constituents.

4.3 Excited States

Turning now to radially and orbitally excited states of weak
bosons, one can estimate their masses by extending the method used in
the previous section to predict the pseudoscalar masses. For radial
excitations, since m and AH have been fixed, it 1s straightforward to

compute the energy eigenvalue EZO the spin averaged mass Mgg and the

st(r) wavefunction. The hyperfine splitting is then calculated from
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egqnation (4. 6) +to give values for the 2 SO and 2 S1 states. he
results are shown in Tables 4.3 and 4.4 for various values of NC and
N... It can be seen that in all cases the masses are much heavier than

H

those of the ground state particles.
The masses of the first orbital excitations (P-waves) can be
calculated by noting that for a vectorlike potential one obtains

contributions to the particle masses [4.12, 4.13]

2 2

m, = (2/30°) ¢ VAV (x) > (4.11)

ng, = (3/2m2) < v (x)/x > (4.12)
2 o

m, = (-1/m”) < VH (r) VH(r)/r > (4.13)

m and m, are the mass shifts generated by the hyperfine,

where mH . S0 T

spin orbit and tensor forces respectively. Using the short distance

part of the Richardson Potential one has

A 2 ..
my = - 2¢/3n° < £ (A) /T > (4.14)
) 2 3. 2
mSO = 3c/2m < f(AHr)/r f (AHr)/r > (4.15)
2 , ..
m, = c/m ¢ 3f(AHr)/r3 - 3t (AHr)/r2 +EAT) /T (4.16)

where ~ = 3/dr and

N, - 1 6n
Cc = (4.17)
2N (11NH - 2NCNF)

In addition to these effects there is alsoc a contribution to the spin-
orbit force from the long distance confining scalar potential which is
the hyperchromic analogue of the Thomas precession term 1in atomic

physics. The contribution from this term is [4.12, 4.13, 4.14]
2 .
-1/2m* < VL(r)/r > (4.18)
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Table 4.3
Radially excited wavefunctions and energy eigenvalues obtained using

the parameters of Tabhle 4.1,

Energy

2 3
NH NC IR25(0)| (GeV) E20 GeV
6 6
21 2 90x10% - 3.48x%10 436 - 465
2 3 8.69x10° - 1.05x10° 269 - 292
31 1.87x10% - 2.34x10° 364 - 396
33 5.77%10° - 7.20x10° 218 - 243
PR 1.40x10° - 1.72x10° 321 - 350
4 3 4.17x10° - 5.24x10° 188 - 208
Table 4.4

Predicted hyperfine splittings and masses of radially excited spin O

and spin 1 states.

N, NG M>D Gev m, Gev M(2's)) cev  M(2%s,) Gev
21 301 - 316 43 - 47 269 - 281 312 - 328
23 231 - 242 56 - 62 189 - 196 245 - 257
31 268 - 285 40 - 44 238 - 252 278 - 296
33 203 - 215 35 - 39 177 - 186 212 - 225
41 248 - 263 36 - 40 221 - 233 257 - 273
4 3 186 - 196 26 - 29 167 - 174 192 - 203
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where V_{r) is the linear confining term in the hypercolour potential.

For the Richardson potential (4.1) one has VL(r) = cAzr so that 1in

= 3c/me < f(AHr)/r3 CE(Aur) /e - A%p3r (4.19)

Mso H

The full expression for the particle masses is

25+1L

J) =nm + m, <5,.5,> +m <L.S> + m, <> (4.20)

m( sa T Myt 50 T

where Mop is the spin averaged mass, <S1.52> = 1/2 (5(s+1) - 3/2) and

(Ty = - <L.S>% = 172 <L.S> + 1/3 <L%> <5%> / (2L+3)(2L-1) (4.21)

For the P-wave L=1 states one obtains

n(’By) = mg, + /4 mg - 2w, - 1/3 my (4.22)
m(3P1) = Mg, t 1/4 My - Mgy * 1/6 My, {4.23)
n(’e) = mg, + 1/4mg+  mg - 1/30 my (4.24)
n('p) = mg, - 3/4 my (4.25)

The energy eigenvalues E21, the spin averaged mass Mg? and the
R21(r) wavefunction are calculated in the same way as for the radial
excitations. The results for the P-wave particles are shown in Tables

4.5, 4.6 and 4.7 for various choices of N, and N,,. The pattern of the

Cc H
masses 1S similar to that in the P-wave charmonium states in QCD. A
typical mass spectrum taking N, = N, = 3 is shown 1n Figure 4.2.

c H

These results differ from those of Grosser et.al. [4.15] who obtain an
inverted spectrum of P-states i.e. the 3P2 state is the lightest.
However they assume a very small hyperfine splitting between the §S-

wave states which has the effect of emphasizing the long range scalar
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Table 4.5

Orbitally excited wavefunctions, energy eigenvalues and spin-averaged

masses obtained using the parameters of Table 4.1,

, 2 5 SA
Ny Ne |R2P(O)| (GeV) E,, Gev M, Gev
2 1 1.38x10'9 - 1 .86x10"° 350 - 375 217 - 226
2 3 1.81x10° - 2.53%10° 213 - 232 175 - 182
31 6.64x10° - 9.66x10° 293 - 319 197 - 208
33 9.06x10° - 1.38x10° 173 - 194 158 - 166
4 1 4.05x10° - 5.62x10° 258 - 281 185 - 194
4 3 5.52x10% - 7.96x10° 150 - 166 148 - 154
Table 4.6

Contributions to P-wave mass splittings from hyperfine, spin-orbit and

tensor interactions given by equations (4.11) - (4.19).

NH NC L GeV Mg GeV My, GeV
2 1 4 -5 3 -3 58 - 63
2 3 7 -1 21 - 23 79 -~ 88
3 1 4 -5 6 - 6 55 - 61
3 3 4 -5 1 - 13 48 - 56
4 1 4 - 4 6 - 6 49 - 54
4 3 3 -3 8 -9 37 - 41
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Table 4.7

Predicted masses of orbitally excited states given by equations (4.20)

- (4.25) using the mass splittings of Table 4.6.

NH NC m(3PO) GeV m(3P1) GeV m(3P2) Gev m(1P1) GeV
2 1 192 - 199 225 - 235 219 - 228 214 - 223
2 3 109 - 109 169 - 176 195 - 204 170 - 177
3 1 168 - 177 202 -~ 213 202 - 213 194 - 205
3 3 120 - 123 156 - 163 169 - 178 155 - 163
4 1 158 - 165 188 - 198 190 - 199 182 - 191
4 3 120 - 123 146 - 152 156 - 163 146 - 152
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part of the potential. Hence Moy is negative in their calculations
3

and so they obtain m(3P2) < m(3P1) < m( PO)_

4.4 Decay Widths of New States

The states whose masses were calculated in sections 4.2 and 4.3
were all lsovectors and, in consequence, will not decay 1into pure
isoscalar states because of isospin symmetry. Hence the leading order

decays of these states are 3P — 2y and 3P —> hhy where h is a

J 1

hypergluon. The hypergluons will fragment into quarks and leptons and
will eventually form hadrons. In order to obtain an estimate of the
decay rates, the standard leading order, non relativistic bound state
quarkonia decay formulae are generalised to an SU(NH) hypercolour
force (see [4.16] for the quarkonium non-relativistic bound state
formalism). Although the use of perturbation theory is questionable

for the large values of « it would be very suprising if higher order

HI
contributions were to conspire to change the widths by orders of

magitude. One has for an SU(NH) hypercolour force [4.17]

2

, 1 (N2 - 1) N ala , [ 2348 - 3170
r( P, = hhy) = — 2 'RéP(O)' e (4.26)
m N M 3 4
H
and [4.18]
3 _ 3.2 2
PPy = 2y) = (1/9) aw’sin By |I1| (4.27)
where w is the photon momentum and
I, = [ 12 R,.(r) R, (r) d 4.28
1= 7o 18 1p(¥) dr (4.28)

Notice that the radiative decays to Zy are suppressed by sin28w
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because the 2 has only a small isoscalar component (see section 3.7).
The values of these widths are shown in Tables 4.8 and 4.9. The
decay 3P1 —> hhy contributes appreciably to the width of the axial
vector state. A characteristic feature of all these decays 1s the
emission of a photon. Two events with a photon balanced by missing
energy have been detected by UA1 [4.19] in the 1983/84 run of the CERN
collider. However, these isovector particles cannot be made by gluon
fusion since gluons are isoscalar and so cannot be easily produced.
The situation is entirely different for any isoscalar particle in the
100 - 200 GeV energy range since they can be produced from gluon
fusion. Unfortunately such a particle would also be able to decay

into hypergluons and so would have such a broad width that it could

not be observed as a single particle.

4.5 Coloured Bosons

It is possible that the constituents of W's and Z's carry colour
quantum numbers as well as charge and hypercolour. In this section it
will be assumed that the haplons o and B, which bind to form weak
bosons, are colour triplets under SU(3)Colour' Because the W's and
Z2’s have a large mass and are very tightly bound, QCD, which is an
asymptotically free theory at sufficiently small distances, 1is just a
weak perturbation at ranges of the order of 1/AH which are very much
less than typical QCD distances (O(1/AC)). Hence the haplons can form
colour octet W's [4.20, 4.21]. The mass splitting between these

states can be estimated by considering the colour force between

haplons
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Table 4.8

Radiative decay widths of composite P-wave states given by equations

(4.27) and (4.28). All widths are given in MeV.

2 3 3 3

NH NC |I1| r( PO—‘)ZY) r( P1'—)Z'Y) r( 92—9Z’Y)
2 1 1.21x10°Y - 137107 80 - 94 270 - 320 180 - 220
2 3 2. 64x10™% - 3.10x10™% 0.2 - 0.2 63 - 76 210 - 250
3 1 1.50x10° % - 1.80x10™% 35 - 45 160 - 200 160 - 200
33 3.24x10° % - 3.82x107% 18 - 2.1 38 - 48 78 - 103
4 1 1.99x10"% - 2.17x107% 24 - 33 110 - 150 120 - 150
4 3 3.98x10° % - a.sax107t 2.2 -2.6 25 - 31 48 - 59

Table 4.9

The decay width in MeV for 3P1 — hhy given by equation (4.26).

NH N ay I ( 91 — hhy)
2 1 1.61 - 1.65 24.3 - 29.0
2 3 1.89 - 1.94 41.5 - 51.9
3 1 0.90 - 0.92 10.0 - 12.3
3 3 0.89 - 0.93 11.3 - 15.7
4 1 0.62 ~ 0.63 5.4 - 6.3

4 3 0.57 - 0.60 5.2 - 7.0
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2 2 2 .

Ve(R) = T,.T) ag/R = 1/2 (T7 - Ty - Ty} ag/R (4.29)
= -4/3 ag/R Singlet
= 1/6 ag/R Octet

where T.l are SU(3) generators and R is the radius of the bound state

W's and Z°s. Hence one has

M (Singlet) = MO - 4/3 g <1/R>

M (Octet) = MO + 1/6 GS <1/R>
whereupon

M8 - M= 3/2 ag <1/R> (4.30)
If <1/R> « /\H then for values of AH between 100 and 500 GeV, one
expects coloured weak bosons in the range 100-180 GeV. The W and 2

8 8

are expected to be almost degenerate in mass because the 28 does not
mix with either a photon or a gluon. However, the coloured isoscalar
states can mix with gluons and so are expected to be heavier than WB'
28. The presence of coloured bosons necessarily demands that there be
colour octet leptons [4.21]. This 1s because colour singlet leptons
are made from one constituent of the W (an o or B) and a scalar y (see
section 2.4 for details). If o, PB are SU(3) triplets then y must be
in the conjugate 3 representation and hence octet (ay) and (By) states
can he formed too. The same argument does not hold for the quarks
(ax) and (Bx) since the scalar constituent X need not carry colour.
However if it did there would be exotic colour sextet quarks formed.
Coloured gauge bosons have been used to explain the "monojet" and

“W + Jjet" events detected at the CERN collider [4.19, 4.22]. The

monojets occur when an energetic jet is found in one half of the
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detector with no observed particle balancing its momentum in the other
half. In a coloured boson scenario this could be due to the

production and decay of a 28' i.e. Z8 —> 72q —> vvg so that only one

t

8 - w*g can account for

final state jet will be observed. Similarly W
the W plus jet events. However, there are many other interpretations
and the Standard Model itself can provide possible explanations for at

least some of the events [4.23, 4.24].

4.6 Summary

The hypothesis that the W and Z particles are composite implies
the existence of many more states. A degenerate pseudoscalar
isotriplet 1is predicted at a mass of about 20-40 GeV. Orbital
excitations of W and Z should occur in the 100-200 GeV mass region
and, because they are isovectors, their preferred decays are into
photons. The radial excitations are expected to have higher masses
because the 15 - 25 mass splitting is found to be large. The only
experimental information on the masses of the isoscalars is the bound
on the 351 state from measurements of p. Spin O isoscalars and their
coloured partners have been introduced as a possible explanation for
the anomalous events observed at the CERN collider [4.8, 4.9, 4.10,
4.25]

Coloured constituents of W's and Z's imply coloured partners for
the bosons in the 100-200 GeV mass range and also coloured leptons.
These coloured particles have also been used to try and explain the
strange collider events, However, there is no really convincing
evidence that any of these explanations 1involving new bosons 1is

correct.,

12



In conclusion, although many new states are predicted if the weak
bosons are composlite, there 1s no experimental evidence to indicate

their presence.
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CHAPTER 5 THE WIDTH OF THE Z IN COMPOSITE MODELS

5.1 Introduction

It has been shown in Chapter 4 that one can attempt to find
compositeness by looking for new particles. In addition one might
also be concerned that anomalously large contributions from a
composite 2 may add to the Standard Model decays and might exceed the
present experimental bound on the width. In this chapter this
question 1s examined in detail and a comparison is made between the
theoretical predictions and experimental results. It is necessary to
begin with a summary of the results of 2 decays predicted by the

Standard Weinberg-Salam Model of weak interactions.

5.2 Standard Model Z Decays

The leading order decays of the Z in the Standard Model are into
fermion antifermion pairs qq, 1717 and vv (see Figure 5.1). The width

is given by [5.1]

G M) N, V2 an? /2
re - ff) = ———— | 1 - — (5.1)
12w M
2
m2
x [(a2+b2)[1-(m/MZ)2]+3(a2—b2) ——2]
M
Z
where m 1s the mass of the fermions and NC = 3 for quarks and 1 for
leptons. The parameters a and b are defined by
R .2 a3
a s Tf 2sin ew ¢ b = Tf (5.2)
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Figure 5.1

-hl

Standard Model decay of the Z into fermion-antifermion pairs.
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where Tg is the third component of weak isospin and Q. is the charge
of the fermions 1in units of e. It follows that for left-handed

fermions one obtains

f Qe T: a b T (MeV)
u,c 2/3 1/2 172 - 4/3 sinzew 172 321

£ 2/3 1/2 172 - 4/3 sin28w 12 104
d,s,b 173 172 172 + 2/3 sin28w “1/2 411
VeiVyivy O 172 172 12 182
T -1 “1/2 “1/2 + 2 sinzew ~1/2 93

using a top quark mass of 40 GevV, sin28w = 0.218 and M, = 94 GeV,

2
This gives a total Z width of 2.8 GeV. The most important radiative
correction is Z —> qqg (see Figure 5.2). The width for this decay is

given by [5.2]

2

_ _ 4us 9 € 3 m
r(z—»qaqg) = r(z2—>qq) — log + —(1 - 2¢) - — (5.3)
3n 1 - ¢ 2 6

1 e
+ —(5 + 3€)(1 - 3e) + 2 Li2 ]

4 1 - ¢
_ 4us 2 3 5 n2
=T(Z —> qq) — | log"e - —jlog e} + — - — + elog ¢ + 2¢
3n 2 4 6
+ higher order terms in ¢
where Liz(z) = - IS dt (1/t) log(1 - t) and ¢ is the minimum energy
fraction which can be carried by the gluon. Taking € = 0.1, one

obtains T (2 -> gqg) ~ 150 MeV i.e about 5% of the total 2z width. Z

decays 1into gauge bosons take place only via the loop diagams of
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Figure 5.2
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Leading order Feynman diagrams for the decay Z —> qqg in the Standard

Model.
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[5.3]
rz —» ggg) ~ 3.4 x 107° Gev
r(z = ggy) =~ 1.1 x 1077 Gev (5.4)
F(Z = yyy) » 1.4 x 107° Gev

5.3 Anomalous Decays into Gauge Bosons

It has been pointed out by Renard [5.4] that in models where the
Z 1s made of light , charged and coloured fermionic preons, its decays
into gauge bosons Z —) ggg, 9ggy and yyy could be ancmalously large.
The diagrams giving the additional contributions to the width, which
are shown 1n Figure 5.4, couple the gauge bosons to a preon loop.
Using the haplon model of section 2.4 and the standard quarkonium non-
relativistic bound state decay formulae [4.17] applied to QHD, one

obtains for the decay widths [5.4]

80 2 3 'R1s(°”2 2
r(z -> ggg) = —— NCNH (n° - 9) Gy T 51in“9 (5.5)
2 W
2437 M
Z
2
16 2 2 |Ryg(0)] 2
rez = ggy) = — NCNH (n”™ - 9) usu — cos BW (5.6)
81n M
pA
1 2 3 “‘15(0”2 2
rz —> yyy) = — NCNH (v” - 9) « 5 cos Bw (5.7)
18w MZ

where the preons o and B have charges 1/2 and ~1/2 respectively 1in
units of e. The factors involving sinBw and cosaw arise because the

final states are all purely isoscalar whereas the 2 wavefunction is
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Figure 5.3

w

V=

Leading order Feynman diagrams for the decay Z —> ggg in the Standard

Model.
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Fiqure 5.4

000000 0000ee00Q , 7

yA SEETITITIZITII N

20 0000000000049 , Y

Anomalous contributions to the decays 2 —> 999, ggy, <vYyvy where the 2

is made of coloured fermionic constituents.
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predominantly isovector [3.17]1 as was seen in section 3.7. The
magnitude of these widths are given in Table 5.1 and a comparison with
the Standard Model values of section 5.2 shows that the above
contributions constitute by far the most  important  terms.
Unfortunately the decays still represent only a small fraction of the
total width and so cannot easily be detected by experimental
determination of the Z width. One consequence of the extra diagrams
is that production of Z°s will be enhanced by the mechanisms gg — Zg
and gg —> Zv. These effects have been investigated by Renard {[5.5]
and Leurer et al. [5.6] but without the isospin suppression factors.
In addition to the above decay channels, there are also possible
enhancements in the modes 2 —> 1717y, aqqy and qgg. Renard [5.4] has
suggested that the latter decay 2 —> qqg might substantially increase
the width of the Z. The additional composite model diagram is that of
Figure 5.5 and occurs because parity violation in the 2°s coupling
to preons is assumed to be the same as that in fermion couplings. This
enables it to decay through a 17* component[$4. Of course the Z cannot
decay into two real gluons, the 1++ component being forbidden by Bose
statistics (Yang's theorem [5.7]) and 1 by charge conjugation. The
aim of this section is to try and quantify this observation, using
simple potential models and various rough bounds on the mass of the

next radially excited Z° state [5.8].

One obtains [5.9] for the diagram in Figure 5.5

256ug

2
T ) 2
rez = qqg) = NFNCNH i |R2P(0)| log [

4m
2 2
Z

(5.8)
277M w

Z

] sin23
im~ - M

where NF is the number of quark flavours into which the Z will decay.

It 1is assumed throughout that NF=5 since the decay into ttg is much
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Table 5.1

The widths F(2 —> ggg, 99y, vyyy) for an elementary and composite Z.

Standard Model Composite Model
-5 )
rez — ggg) (GeV) 3.4 x 10 6.1 x 10
r(z —> ggy) (Gev) 1.1 x 1077 6.3 x 1073
F(Z => yyy) (Gev) 1.4 x 1072 4.2 x 107°
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Fiqure 5.5

L

Additional diagram for a composite Z —> qqg coming from the 1t

component of the 2.
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reduced by phase space. Rép(r) is the derivative of the radial
wavefunction in the 1++ state. Again the suppression factor 25in28w
occurs because qqg is a purely isoscalar state. Although this
wavefunction 1s not known, the magnitude of the W3~1 mixing (see
Figure 3.3) relates the S-wave radial wavefunction at the origin to

the Weinberg angle 8., as was shown in chapter 3. Squaring equation

W
(3.13) yields

.4 2.2 3 2
sin Bw = (e“/9) NCNH (2/Mw) |R1S(O)| /4n (5.9)

so one needs to determine the ratio

) 2
1 |R2P(0)|

K = {(5.10)
2 2
4m IR1S(0)|
Combining (5.8) - (5.10) one obtains
) 20480) o° 4, M2
r(z —» qqg) = NF T 7 MW m® Ksin Bwlog 1+ — (5.11)
27MZ e ele + 2MZ)

where m 1s the effective constituent mass of the preons and € is the
binding energy of the bound state: ¢ = 2m - MZ. To estimate ¢ and K,
the results of Tables 4.1 and 4.5 can be used. Values of ' obtained
in thls way are given in Table 5.2.

Alternatively, one can take the effective potential between the

preons to be of the form
v
V{r) = Br (5.12)

with v > -2 to keep r2R(r) non-singular at the origin. Then in the

WKB approximation [5.10] the energy eigenvalues are [5.11]
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Table 5.2

Values of I'(2 —> gqqg) using equation (5.11) and Tables 4.1 and 4.5 to

estimate the binding energy e and K defined by (5.10).

Ny Na X e (GeV) r(z —> qqg) Gev
2 3 0.058 - 0.059 87.9 - 97.5 0.75 - 0.78
3 3 0.047 - 0.050 74.7 - 85.5 0.67 - 0.75
4 3 0.042 - 0.045 66.8 - 75.4 0.63 - 0.72
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= 82109 LA o 1/2 - e 120 v >0 (5.13)

812979 [ K(v) (n - g/2(1 +v - 21)) 1%¥9 2 ¢ v <O

4
|

where q = (2 + v) ' and
2vdm (372 + 1/v) . 20vife T (1 - 1/v)
A(v) = , A(v) = {5.14)
r{1t/v) r(-1/2 - 1/v)

Introducing the mass difference between the 2 and its first radially

excited state,

AM = MZ - MZ = EZO - E1O (5.15)
then ¢ = E1O is given by
(3/4)%v1
e = AM v > 0 (5.16)
(77029 - (3/4)2V0
(1 - py2ve
= AM 2y v -2 <v CO0
(2 - p¥9 - (1 - p)Ve
where p = 1/2(1+v)(2+v)~1. 8 can now be written in terms of v and

AM
g = (a2 02 (a1 [ (02T - (e V2,

(am) 29 V2 k1Y 1 -V - (-pp2¥e TY2e L oy <o

Similarly, to evaluate K one uses [5.11]

a' ? L ?a 1+1/2
-3 Rnl(O) == — | — (mEnl)(mEnl) v >0 (5.17)
dr vl (21 + 1)t ] dn
, a(21 + 1) 2
_ 1t q d q(21 + 1)
=q — (mEnl) (miB}) -2 ¢v <O
rfg(2l + 1) + 17 J dn
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giving

(4v - 6)q
M3 2v 2v -1
K=— —rag L (707 - o7 v o0 (5.18)
AV r ~ g
m 4
2va-1
AM . 2 - q/2(v - 1)
= @O ey 3+ D12 Kv) T2V [ ]
4m 1 - q/2(v + 1)
x [ (2-p29 - (1 -p2a 7t oy <o

Thus ¢ and K depend only upon AM and v.

The nex£ stage of the calculation involves trying to estimate
bounds for AM. The results of Table 4.4 give values for AM ranging
between 114 and 178 GeV. In models where W's and 2°s have right-
handed couplings, it seems likely that Mé 3 MWr the mass of the
lightest right-handed vector boson. The experimental limit from
decay 1is MWr > 400 GeV [5.12], giving AM ) 305 GeV. As a third
alternative, one can use the W-dominance of the weak current.

Demanding that the low energy coupling relations be satisfied by the

W-dominance model with two W bosons gives [3.13]

2 .2
g g
—g + —!5 - _F Charged Current (5.19)

Mw Mw /2

.. .2
A,g A,d 8G_sin" 8
sz + W g = F Neutral Current (5.20)
Mw Mw el2
Awgw + Awgw = e Electromagnetic Current (5.21)
where AW i1s the W - vy mixing and Iy the W-fermion coupling. In
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AWMW = AQMQ (5.22)

) o] o}
Introducing x = g‘;l/gw r = Mw/Mw and ¢ = BGFsin“BwMQ/(e°f2) relations

(5.19) - (5.22) imply

3 - cr + (1-c)/x = O (5.23)

The experimental values Mw = 80.9 + 1.5 GeV , sin28w = 0.218 + 0.010
imply ¢ = 1.062 ¢+ 0.085. Solutions of (5.23) within these bounds are
shown in Figure 5.6, If W and W couple with the same strength i.e.
{x] = 1, then apart from the solution with Mw % M& which 1s rejected
as 1t would mean that there was little binding energy and almost a
continuum of W and Z states, one needs M& > 820 GeV and AM > 725 GeV
if Mé ) Mﬁ. Only if the W' is very weakly coupled can it have a low
mass. Finally, it is noted that no other W or Z particles have been
detected at the CERN collider, though there may possibly be structure
in the 130 - 150 GeV mass region [4.22]. In conclusion, 1t seems
unlikely that AM ¢ 40 GeV. Fortunately, as will be seen, these bounds
are not critical for the decay estimates.

More important is the value of v in the potential. This can be
estimated very approximately by making a comparison of the Z with the

QCD charmonium system. A good description of these states has been

obtained using potentials of the form
V(r) = -a/r + br (5.24)
where a = (4/3)(1S = 0.51 and b = 0.17 (GeV)2 is the string tension,

which is related to the slope of the Regge trajectory o by [5.13]
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The mass of the excited W boson as a function of

(gw =xgw) to satisfy equation (5.23) for various values of c.
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b= 1/(2ma”) (5.25)

Since radial and orbital excitations have comparable masses,

.2 2 I
a = 1/(M - M) giving

2ub » M2 - M? = AM(aM + M) (5.26)

It is thus convenient to introduce the dimensionless ratio of the
potential parameters
b

g = (5.27)
aAM(AM + ZMZ)

It 1is found that for charmonium y = 0.083. For the Z, a and b are
estimated by finding the value of B needed to generate the spectrum of
%2 states with v = -1 and +1 respectively. It is found that y = 0.073
for AM = 100 GeV, 0.108 for AM = 500 GeV and 0.122 for AM = 1 TeV.
Using instead the Richardson Potential [4.5] of (4.1) and the values
for AM from Table 4.4 with NC=3, y ranged between 0.073 and 0.091 (see
Table 5.3). All these values are very similar to those for charmonium
which suggests that with appropriate scaling, the shape of the
effective potential which binds the preons is not very different from
the QCD potential. Furthermore, it is known that for charmonium the
power v, arising from the combination of powers in (5.24) is v = O
[5.11]. This is because confinement precludes the wavefunction
penetrating very far into the large r region where the br term
dominates. This seems likely to be a feature of any model in which
the constituents acquire large effective masses through confinement,

so one expects that probably v ~ O for the Z system too.
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Table 5.3

Values of y defined by equation (5.27) using the values of AM obtained
from Table 4.4. The parameters a and b are the appropriate terms in

the Richardson potential specified by (4.1) and Table 4.1.

Ny Ne y

2 3 0.073 - 0.075
33 0.083 - 0.088
4 3 0.088 - 0.091
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In Figure 5.7 +the results on the width of 2 -3 qqg Vi the

e

jst)

diagrams of Figure 5.5 from equation (5.11) are shown as a function of
AM  for various possible values of v. It can be seen that for any
AM > 40 GeV and v » O one has I » 0.3 GeV. The value of AM 1is of
little importance but I' increases with v. It is hard to see how a
confining potential can have a negative value of v and the comparison
with charmonium suggdests that v = 0 is quite likely. It is possible
however that v > 0 if MZ < AH whereupon the effects of confinement may
be more significant than in charmonium. Notice that the values of T
in Table 5.2 obtained from (5.8) and (5.13) and the data from Tables

4.1 and 4.5 using the Richardson Potential (4.1) correspond to values

of v in the range 0.4 ¢ v ¢ 0.6.

5.4 Experimental Results

The latest experimental bound on the 7 width is [1.15]

Y22 Gev  um2 (5.28)

which is not necessarily 1n disagreement with the results of the last
section although a composite Z would produce an increased fraction of
three jet events. An indirect determination of the Z width using

production rates and assuming a Standard Model width for the W gives

{1.15]
r<3.3+ 1.3 GeV (5.29)

It can be seen from these values that v cannot be close to 1. One may
conclude that 1in decays of the Z, there should be at least a small

rise in the branching ratio into three hadronic jets.
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The decay width r(z —> qqg) via Figure 5.5 predicted by equation

(5.11) as a function of the mass difference AM = Mé - MZ for different

effective potentials. Note the insensitivity of I to the value of AM,
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The corresponding leptonic decay 2 —> ¥ v ~> e e ¥ has a width
+ - _ 3(13
Fr(Z —>eexy) =T(Z2 —> qqq) —3 5 kev {5.30)
16NFuS

so this mechanism certainly could not account for the anomalously high
rate of 2 —> l+l—y events (0(25%)) observed during the 1983/84 run of
the CERN collider [2.21, 2.22]. In fact any model in which the
constituents carry colour as well as charge will find it hard to
explain how these events can provide such a substantial contribution
to the total width (see [5.14] for a summary of the interpretations of
z = l+l-y events). However, more recent runs at CERN suggest that
the 1+1_1 rate may not be such a large fraction after all
[2.25, 2.26]. In this case the Standard Model bremsstrahlung width of

about 1 MeV may be sufficient to explain the data, possibly with a

very small contribution from (5.30) too.

5.5 Effective Interactions

An alternative method of calculating the widths of composite
particles 1is to regard their decays as effective point interactions
(see for example [5.15]). Hence the decay Z —> q*g —» ggg can be
treated as if it proceeded through the diagrams of Figure 5.8 and
72 - g*g -» qqg through Figure 5.9. One is treating these
interactions in the same sort of way that weak interactions were
originally formulated at low energies in terms of a pointlike four
fermion vertex. This is a good approximation for weak interactions
because the masses of the propagating W and 2 bosons are much larger

than the centre of mass energies in the decays. In the case being
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Fiqure 5.8
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Diagrams for the decay Z —> ggg via an effective 299 vertex.
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Fiqure 5.9

r,Y

Diagram for the decay Z — qqg via an effective 2gg vertex.
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considered here this condition 1s not satisfied since one assumes 1in
these models that /\H is of the order of MZ' However, 1t 1s useful to

compare the results obtained from this method with those from non-
relativistic potential models since one can be more confident of the
results 1f the two methods are in agreement.

One requires the interaction term to be invariant under SU(3)C
since this 15 assumed to be an exact gauge sSymmetry. Because the
overall dimension of the Lagrangian is (mass)4 one looks for terms of
lowest dimension n so that the dimensional constant behaves like A4~n
[5.16]. The operator of 1lowest dimension (dimension 6) 1in an
effective Lagranglian to describe such an effective interaction for

x
Z = g g 1s

L=co'vz ¢ ¢ ¥° (5.31)
MV po a

where Zuv and GZO are the usual gauge boson field strength tensors.

One estimates C = gé/Aé by dimensional analysis and since there must

*
be two gluon couplings within the 2g9g  vertex. In the following
calculations it 1is assumed that C = gg/Aé since changing C 1is

equivalent to varying A, so that no generality has been lost. The

H

tensor cuv 1s defined in the usual way to be

Oy = 1/2 [ Yo Yy 1 =1/2 (YUYV - Yva) (5.32)

OUV is selected in preference to momentum operators so that the

dimension of the operator is as low as possible. Using (5.31) one can

*
derive the vertex factor V for Z —» g g via Figure 5.8a

a _ _a Buw w_B

vV = 29§/A§ (B Y p) ((q1.r23)g - q1r23) (5.33)
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itude for the above process can now easily be written down

.....................

using standard Feynman rules [5.17)

* * *
M= e%pre Plae Ylae 2(ay) ¢ a. (#v® - +%p)
i PA J ho]
ab 2 acd Bu _ _w B
x (87//72) (1/r23) £ ((q1.r23)g q1r23)
wy 8 Y6 B w o wd Y
X (g (r23 ) g (q3 9,) g (q3 + 123) ) (5.34)
+ similar terms from Figures 5.8b and 5.8c
Squaring this amplitude in the usual way gives
2 _ 4 4 4
IM]© = 768m U 9g MZ (1/AH) (1/xyz) (5.35%)
2 2
[ 10(x +y + z) + 7/2(xy/z + Xz/y + yz/Xx) + 5(X7/y + 37 /2
v y2 kb yPz ¢ 22 x + 28y) + 2K vz + yixz + 2o/xy) ]
where
Xx = 1- 2E1/MZ . y = 1- 2E2/MZ . z = 1 - 2E3/MZ (5.36)

and Ei are the final state gluon energies. Note that x + y + z = 1 so
that IMI2 is a function of x and y only. The double differential

decay width for three massless final state particles is given by [5.2]

d2r MZ 5
= 3 < IMT > (5.37)
dx dy 256w

In order to prevent infra-red divergences, a cutoff e is imposed on X
and y so that
e ¢ X ¢ 1 - 2¢ (5.38)

e Yy 1 -x-¢
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where ¢ 1s the minimum fraction of the total energy carried by a
gluon, Integrating (5.37) with respect to x and y using the limits

given in (5.38) yields the following expression for T

8a

n w
152}

M2 | 283/24 - 145¢/4 - 29¢2/8 + 75¢°/4

1}

rz — ggg)

A
o = JY
o~

[ - 41/4 + 18e + 15¢2/2 - 5¢° ] log ((1 - 2e)/¢)

-+

-+

12 I;;E ds [ log ((s - e)/e) 1/ s (5.39)

One obtains the values of I' as a function of AH shown in Figure 5.10
for various values of €. It can be seen that if /\H is of the order of
MZ or 1s given by the values obtained in Table 4.1 then I takes large
values in this calculation.

In the calculation of the width for Z —> g*g —> gqg the amplitude

can be written down using (5.31), (5.33) and the usual Feynman rules

M= ula,) gg 0 v(ay (¢°7/r%) 2¢ (8v* - 7B

b

x (ay.0¢"" - aJf) o) e Fray %P2 1h (5.40)

Squaring (5.40), averaging over initial spins and summing over final

states yields

2 2
2 4 X +y

_ 4, 4
IM]© = 128w ag MZ (gs/AH) ———;——— (5.41)
In the same way as the previous calculation using equation (5.37) for

the doubly differential decay width and integrating x and y between

the limits given in (5.38) gives
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Figure 5,10
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(6ev)

10

015 00 B0 200 250 300

A, (GeV)

The decay width r(Z -> ggg) via the diagrams of Figure 5.8 as a
function of the hypercolour scale AH for different values of the

energy cutoff €. C 1s taken to be (gS//\H)2 and ag = 0.14.
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— [ .
F(z > qug) = N_ —*% M) |- 1179 4 19¢/3 - 296273 + 5e°
1"
H
2 3 |
[ 2/3 - 26 + 265 - 47380 ] log((1 - 2e)/€) (5.42)

The results for I' as a function of AH are displayed in Figure 5.11
(with NF=5) and agaln it can be seen that with the assumed value for
C (based on dimensional arguments) the widths are similar to those
obtained from the potential model calculation. This gives one some

confidence to calculate the corresponding decays into hypergluons by

these methods.

5.6 Hypergluon Decays

In addition to the decays of sections 5.3 and 5.5, a composite 2
will have new decay modes into hypergluons - the gauge bosons of the
hypercolour force. These new decays include 2 —> hhh, hhy and hpp
where h is a hypergluon and p is a preon. The hypergluons and preons
will fragment into quarks and leptons and will eventually form
hadrons. The intention of this section is to show that the partial
width of the Z into these channels seems almost certain to be so large
that this type of model can already be ruled out by the current
experimental bound on the 2 width.

In order to estimate hypergluon decay widths, non-relativistic
bound state models are used, with the confining Richardson Potential
given by equation (4.1). This potential has the advantage of having

only one free parameter A, (since N_ is fixed to be 2 in the haplon

H F

model). Clearly this is an inadequate description of the 2 system and




Fiqure 5.11

s A LA
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50 100 0 200 750 300
A, (GeV)

The decay width r(Z —> qqg) via Figure 5.9 as a function of the
hypercolour scale AH for different values of the energy cutoff . ¢

is taken to be (gS/AH)2 and ag = 0.14.
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mav not give a very good approximation. However, one can obtain some
feeling for how close this approach is likely to come to the correct
answer by considering analogous decays in QCD i.e.u;l¢ -~ ggqg . In

thilis case the potential 1s given by

81 f(ACr)
V(r) = ———— AC ACr - —_— (5.43)
33 - 2NF ACI
and the width is given by
2
80 5 3 |R1S(0)|
MNMw —> ggg) = — (17 - 9) Ug ———;7?———— (5.44)
81n M
w
where |R15(O)|2 is the wvalue of the wavefunction at the origin
squared. This 1s obtained by solving the Schrodinger equation (4.3)
with the potential (5.43) with N_ = 3. Note that because of

F

confinement the gluons fragment into hadrons but will not form jets
because +the energy 1is so small. These decays could be quite a
substantial fraction of the 3m width since each gluon can fragment
to form a v meson although thé Zwelg allowed w — 3n "fall apart®
decay shown in Fiqgure 5.12 1s presumably the dominant decay of the w.

The results are shown in Table 5.4 for values of Ao within the
commonly accepted range and are to be compared with the experimental
widths for w, ¢ = e of 10 and 0-6MeV [3.3] so that when allowance is
made for Figure 5.12, the approximation seems to hold to within a
factor of about 2 or 3.

Returning to the Z decays, one uses the non-relativistic bound

state quarkonia decay formulae [4.17, 5.8] generalised to an SU(NH)

hypercolour force and applied to preons with zero current massses +o

cbhtain
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Figure 5.12

.
XL

The “fall apart" decay w — 3n which is expected to be the dominant

contribution to the total w width.
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Table 5.4

The gluon decay width of the w given by equation (%.44) for various

values of A .

C
2 k!
AC MeV ;R1S(0)|“ (GeV)~ Mw —> ggyg) MeV
200 0.0%1 2.8
250 0.076 6.8
300 0.107 15.0
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: (NS - g -1 RO
f(Z — hhh) = — (¢° ~ 9) N o - sin” @
2 C™H 2 W
91 NH MZ
(5.45)
2 CARD , IR (0017
r¢Z — hhy) = — (v~ - 9) ———— N, a « - cos '8 (5.46)
9y N C "H M2 W
H yA
2 . 2 2
i} 32 (Np = 1) IR, (0) ] , 4m
r¢z —> hpp) = — (n2 - 9) R S— NZN q3 2P sinzﬂ log—r——x
] N CFH 4 Wt 22
" H z ‘ z
(5.47)
where
9 12w 1
GH(q ) = ) (5.48)
(11NH - ZNCNF) log(1 + q /AH)
and NF = 2 in the haplon model. The value of the wavefunction 1is

related to the magnitude of W-y mixing by (5.9). Hence, following the
method described in section 4.2 and using the bound (4.10) one can

solve the Schrodinger equation (4.3) and for given values of N, and NC

H

the value of AH in (5.48) is determined. This fixes the coupling «

in (5.48) and hence I can be calculated from (5.45) - (5.47). The

H

results are displayed in Table 5.5. The possible ranges of AH and T

stem from the uncertainty in (4.10). The hypercolour factor (dabc)

automatically ensures that [ {(Z —> hhh) 1is zero for an sU(2)
hypercolour force. However, for all values of the parameters it can
be seen that the sum of the widths F(Zz —> hhh) and r(Z — hpp) is more
than an order of magnitude greater than the amount allowed by
experiment (see (5.28) and (5.29)).

One might query the validity of these results by arguing that the
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The hypergluon

(5.47) for

decay

widths of the

5

7
(3]

various values of NC and NH' o

given by egquations (5.45) -

H

1s given

by equation

(5.48) and the values for are taken from Table 4.1. All widths are
in GeVv,
Ny Ne r(Z —> hhh) r(Z —> hhy) r(z — hpp)

_ . 3 4
2 1 0 0 6.1 - 9.5 6.8 x 107 - 1.2 x 10

N 3 4

2 3 0 -0 2.4 - 5.1 5.2 x 100 - 1.7 x 10
3 204 - 396 1.4 - 2.3 7.0 x 10° - 1.2 x 10°
3 3 44 83 0.5 - 0.8 460 - 820
4 1 87 167 0.5 - 0.9 161 - 285
4 3 19 33 0.2 - 0.3 99 - 169
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large values of My and the limited phase space available for the
hypergluon Jjets make the leading order perturbaticn theory invalid.
However, it would be remarkable i1f higher order contributions
conspired to reduce the magnitude of the width by a substantial
amcunt. Even fixing ay, to be as low as 0.5 leads to very large
contributions to the total Z width (see Table 5.6). In addition there
is the evidence of the QCD result which encourages one to believe
these results to better than an order of magnitude.

Using the effective Lagrangian technigques to evaluate hypergluon
and the colour factor 12 by
NH C é
(5.42) to obtain widths for % —> hhh and Z —> hpp. The results are

decay widths, one simply replaces ag by Ay
2

(NH - 1)/2 1in (5.39) and the colour factor 2 by N_.(N - 1)/4 in

displayed 1in Figures 5.13 and 5.14 with oy = 0.5 and NC = NH = 3 for
various values of the cutoff . The values obtained easily exceed the
experimental bounds on the Z width ((5.28) and (5.29)) if /\H is of the
order of MZ'

It should be stressed that the results obtained in this chapter

can only be valid for A, w O(MZ). In this case one can reasonably

H
expect that the chiral symmetry preserving mechanism (see section 2.2)
only effects the quarks and lepton masses but not that of the 2. This
is not the case when AH > MZ when the mechanism which keeps the
composite particles unnaturally light may also suppress their decay

widths.

5.7 Summary

It has been seen that the decay width of the Z will be enhanced

relative to the Standard Model value of 2.8 GeV in composite models
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Table 5.6

6

The hypergluon decay widths of the Z fixing ay = 0.5 1in equations
(5.45) - (5.47). All widths are in GeV.

Ny Ng F(Z ~> hhh) r(z —> hhy) r(z —> hpp)

2 1 0 -0 0.053 - 0.065 5.1 6.5

2 3 0 -0 0.053 - 0.065 22.7 28.0

3 1 2.0 - 2.5 0.063 - 0.077 6.8 8.6

3 3 2.0 - 2.5 0.063 - 0.077 22.0 28.9

4 1 3.8 - 4.7 0.066 - 0.081 7.1 - 8.7

4 3 3.8 - 4.7 0.066 - 0.081 21.3- 26.7
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The decay width (2 —> hhh) as a function of the hypercolour scale A

for different values of the energy cutoff ¢. C 1s taken to be
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(QS/AH) ;= 0.5 and N, = 3.

H
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Figure 5.14
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The decay width I(Z —> hpp) as a function of the hypercolour scale AH

for different values of the energy cutoff e. C 1is taken to be

2 - - N =
(9g/Ag)” .+ @y = 0.5 and N, = N, = 3.
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where the scale of the hyperceolour force AH is of the order of MZ' In
particular the decays into ggqg and qqg are enhanced and could provide
one of the first signals of compositeness. However, 1n models of this
kind, decays of the Z into hypergluons have such large widths that it

seems likely that they can alrecady be xuled out from the experimental

bounds on the total Z width.
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CHAPTER 6 CONCILUSJIONS

The Standard Weinberg-Salam Model described in Chapter 1 was used
to successfully account for 1low energy (<< 100 GeV) electroweak
ihteractions of particle physics. With the advent of the CERN pp
collider, the model has been tested at higher energies and its correct
prediction of the masses of the W and Z bosons has been verified. The
only events which do not appear to fit this Standard Model are the so
called "monojet" and "isolated like-sign dilepton" events detected by
UA1 although explanations within the Standard Theory have been
postulated and in any case the status of these events 1s uncertain.
The i1nitial excess of 2 —» e+e—x events which encouraged physicists to
explore beyond the Standard Model has not heen confirmed.

Compositeness of quarks, leptons and weak bosons is one possible
way of going beyond the Weinberg-Salam Model both to account for
observations and to answer questions which it cannot explain. These
questions 1include the pattern of charge and colour exhibited by the
fermions, the relationship between their masses and the reason for the
occurrence of three or more generations. However, as yet there is no
experimental evidence in favour of compositeness and as was shown in
Chapter 2 the bound on the scale /\H of any such substructure 1is at
least 100 GeV.

The composite models proposed so far fall into two classes -
those with purely fermionic constituents and those including both
fermions and bosons. In such models the quarks and leptons are
composite whilst gauge bosons 1.e. the photon and the gluons remain

elementary. In many schemes the weak bosons are composite too. In
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Chapter 3 1t was demonstrated that by using the ideas of W-y mixing
and W-dominance of the weak current, one could reproduce the Weinberg
mass relations and the observed structure of the weak neutral current
in agreement with the Standard Model. In addition, the universal
couplings of W's to fermions could arise from the weak isospin current
algebra.

In Chapter 4 some of the consequences of assuming composite W's
and Z°s are examined. Many additional particles are predicted
including excited W and Z bosons and their pseudoscalar partners, and
the dominant decay modes of these states are studied. One cannot rule
out compositeness merely because these particles have not yet been
seen. However, spin O isovector partners of W, 2 ought, if they
exist, to be discovered in e+e— annihilation experiments in the energy
range which will become available at SLC and LEP within the next few
years. If the boson constituents are coloured there should be colour
octet partners of W and Z, colour octet leptons and possibly colour
sextet quarks too. There is at present no experimental evidence to
suggest the existence of any of these particles.

In Chapter 5 the decays of a composite Z boson are examined in
detail. It is found that the width is likely to be significantly
different from that of the Standard Model elementary Z. In particular
the decays 72 — qag and 2 — ggg are likely to affect the total 2
width by an appreciable amount. However, the Z may also decay into
hypergluons (h) which are the gauge bosons of the hypercolour force
binding the constituent preons (p). Although there 1is much

uncertainty in estimating the hypercolour coupling « potential

H i

models and an effective Lagrangian approach both give very large
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widths for Z —> hpp and Z --> hhh. For this reason, composite models
where the scale /\H is of the order of MZ are 1n conflict with
experiment unless the dynamics of the hypercolour force is completely
different from that of the hadronic QCD bound states.

Given that hadronic masses are of order AC (the scale of the QCD
colour force) it is difficult to see why MZ should be very much less
than AH. It 1s of course possible that only the quarks and leptons
are composite but the weak gauge bosons are elementary despite their
finite mass. In this case there are fewer difficulties for thecries
with AH greater than or equal to 1 TeV because the fermions can bhe
light as a result of chiral symmetry.

The conclusion of this analysis 1s that 1t seems more likely that
the W and 2 bosons discovered at the CERN pp collider are elementary
and that the Standard Model unification of electromagnetic and weak
interactions 1s correct. It has been shown that a wide variety of

composite models for the W and Z bosons are incompatible with current

experimental knowledge.

115



1.9

.10

.1

2

13

.14

.15

.16

17

.18

C.

References Chapter 1

Itzykson and J. Zuber, Quantum Field Theory,

McGraw-Hill (1978)

H.

M.

S.

S.

A,

D.

R.

M.

M.

L.

Politzer, Phys. Rep. 14C (1974) 129

Pennington, Rep. on Prog. in Phys. 46 (1983) 393
Barnett and D. Schlatter, Phys. Lett. 112B (1982) 475
Barnett, Phys. Rev. Lett. 48 (1982) 1657

Glashow, Nucl. Phys. 22 (1961) 579

Weinberg, Phys. Rev. Lett. 19 (1967) 1264

Salam, Proc. 8th Nobel Symp. Almgvist and Wiskell,

Stockholm (1968) p.367

P.

G.

M.

L.

Higgs, Phys. Rev. Lett. 12 (1964) 132; 13 (1964) 508

t Hooft, Nucl. Phys. B33 (1971) 173; B35 (1971) 167

Panman, CERN preprint EP/85-35 (1985)

.H.Llewellyn-Smith and J.F.Wheater, Phys.Lett. 105B (1981) 486
. Arnison et al. UA1 Collab., Phys. Lett. 129B (1983) 273

Banner et al. UA2 Collab., Phys. Lett. 122B (1983) 47¢

Mapelli, talk 5th Topical Workshop on pp Collider Physics
Aosta Valley (1985)

J. Kim, P. Langacker, M. Levine and H. Williams, Rev. Mod. Phys.
53 (1980) 211

W.J. Marciano and A. Sirlin, Phys. Rev. D29 (1984) 945

W.J. Marciano, Proc. 4th Topical Workshop on pp Collider
Physics, Berne (1984)

116



References Chapter 2

J.C. Pati and A. Salam, Phys. Rev. Lett. 31 (1973) 661

P. Langacker, Phys. Rep. 72C (1981) 185

L. Susskind, Phys. Rev. D20 (1979) 2619

P. Fayet and S. Ferrara, Phys. Rep. 32C (1977) 249

L. Lyons, Prog. Part. Nucl. Phys. 10 (1983) 227

M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652
G. t 'Hooft, "Recent Developments in Gauge Theories", Cargese
Lectures (1979) (Plenum Press, New York 1980) p.135

S. Adler, Phys. Rev. 177 (1969) 2426

J.5. Bell and R. Jackiw, Nuov. Cim., 60A (1969) 47

S. Coleman and B. Grossman, Nucl. Phys. B203 (1982) 205

Y. Frishman, A. Schwimmer, T. Banks and S. Yankielowicz,

Nucl. Phys. B177 (1981) 157

J. Calmet et al., Rev. Mod. Phys. 49

(1977) 21
T. Konoshita and W. Lindquist, Phys. Rev. Lett. 47 (1981) 1573

R. Barbieri, L. Maiani and R. Petronzio, Phys. Lett. 96B
(1980) 63

S. Brodsky and S. Drell, Phys. Rev. D22 (1980) 2236

E. Eichten, K. Lane and M. Peskin, Phys. Rev. Lett. 50
(1983) 811

M. Abolins et al., Proc. 1982 DPF Summer Study (Snowmass 1982),
Donaldson, Gustafson, Paige eds.

.18

.19

.20

.21

.22

.23

R.M. Bionta et al., Pys.

Rev. Lett. 51 (1983) 27

R. Ruckl, CERN preprint TH3897 (1984)

D.H. Saxon, Rutherford preprint RL-82-096 (1982)

G. Arnison et al. UA1 Collab., Phys. Lett. 126B (1983) 398

P. Bagnaia et al. UA2 Collab., Phys., Lett. 129B (1983) 130

K.E. Engvist and J. Maalampi, Phys.

Lett. 135B (1984)

117

329



N

N

.24

.26

.27

.28

.29

.30

.31

.32

.34

.35

.36

.37

N. Cabibbo, L. Maiani and Y. Srivastava, Phys. Lett. 139B
(1984) 459

C. Rubbia, talk Annual Theory Meeting, Rutherford Appleton Lab.
(1984)

L. Mapelli, talk 5th Topical Workshop on pp Collider Physics,
Aosta Valley (1985)

A. De Rujula, L. Mailani and R. Petronzio, Phys. Lett. 140B
(1984) 253

H. Fritzsch and G. Mandelbaum, Phys. Lett. 102B (1981) 319
0. Greenberg and J. Sucher, Phys. Lett. 99B (1981) 339

R. Barbieri, A. Masiero and R.N. Mohapatra, Phys. Lett. 105B
(1981) 369

L. Abbott and E. Farhi, Phys. Lett. 101B (1981) 69

B. Schremp and F. Schremp, Nucl. Phys. B221 (1984) 109;
B242 (1984) 203

H. Harari and N. Selberg, Phys. Lett. 98B (1981) 269; 102B
(1981) 263

J. Pati and A. Salam, Phys. Rev. D10 (1974) 275
J. Pati, A. Salam and J. Strathdee, Phys. Lett. 59B (1975) 265

H. Terazawa, Y. Chikashige and K. Adama, Phys. Rev. D15
(1977) 480

H. Terazawa, Phys. Rev. D22 (1980) 184

118



3.

10

11

.12

.13

.14

.15

.16

.17

References Chapter 3

J.J. Sakurai, Ann. Phys. N.Y. 11 (1960) f
M. Gell-Mann and F. Zachariasen, Phys. Rev. 124 (1961) 963

Particle Data Group, Rev. Mod. Phys. 56 (1984) 51

J.D. Bjorken, Phys. Rev. D19 (1979) 335

E.H. de Groot and D. Schildknecht, Z. Phys. C10 (1981) 55
P.Q. Hung and J.J. Sakurai, Nucl. Phys. B143 (1978) 81

H. Fritzsch and G. Mandelbaum, Phys. Lett. 109B (1982) 224

H. Fritzsch, D. Schildknecht and R. Kogerler, Phys. Lett. 114B
{1982) 157

R. Kogerler and D. Schildknecht, CERN preprint TH-3231 (1982)

I.Yu. Kobzarev, L.B. Okun and I.Ya. Pomeranchuk, JETP(Sov.Phys.)
14 (1962) 355

G. Feldman and P.T. Matthews, Phys. Rev. 132 (1963) 823
S. Coleman and H.J. Schnitzer, Phys. Rev. 134B (1964) 863
K. Kuroda and D. Schildknecht, Phys. Lett. 121B (1983) 173

G. Gounarls, R. Kogerler and D. Schildknecht, Phys. Lett. 133B
(1983) 118

J.S. Bell and J. Pasupathy, Phys. Lett. 83B (1979) 389
P. Chen and J.J. Sakurai, Phys. Lett. 110B (1982) 481

P.D.B. Collins and N.A. Speirs, Durham preprint DTP/85/4 (1985)

119



4.9

.10

.1

.12

.13

.14

.15

.16

17

.18

.19

.20

.21

.22

References Chapter 4

A. De Rujula, H. Georgi and S.L. Glashow, Phys. Rev. D12
(1975) 147

S. Ono and F. Schoberl, Phys. Lett. 118B (1982) 419
P.D.B. Collins and N.A. Speirs, J. Phys. G 11 (1985) L5
M. Althoff et al., DESY preprint 82-069 (1982)

J.L. Richardson, Phys. Lett. 82B (1979) 272

V. Visnjic, Phys. Lett. 143B (1984) 158

F.M. Renard, Phys. Lett. 144B (1984) 119

U. Baur, H. Fritzsch and H. Faissner, Phys. Lett. 135B
{1984) 313

R.D. Peccei, Phys. Lett. 136B {1984) 121

W.J. Marciano, Phys. Rev. Lett. 53 (1984) 975

M. Althoff et al. TASSO Collab., Phys. Lett. 154B (1985) 236
D. Gromes, Nucl. Phys. B131 (1977) 80

M.G. Olsson, Private Communication

W. Buchmuller, CERN preprint TH-3938/84 (1984)

D. Grosser, P. Falkensteiner and F. Schoberl, Phys. Lett. 153B
(1985) 179

B. Guberina, J.H. Kuhn, R.D. Peccei and R. Ruckl, Nucl. Phys.
B174 (1980) 317 :

R. Barbieri, M. Caffo and E. Remiddi, Nucl. Phys. B162 (1980)
220

V.A. Novikov et al., Phys. Rep. 41C (1978) 1
G. Arnison et al. UA1 Collab., Phys. Lett. 139B (1984) 115
G.J. Gounaris and A. Nicolaidis, Phys. Lett. 148B (1984) 239

U. Baur and K.H. Streng, Munich preprint MPI-PAE/PTh 50/84
(1984)

P. Bagnaia et al. UA2 Collab., Phys. Lett. 139B (1984) 105

120



£

.23

.24

4O ]
(8]

E.W.N. Glover and A.D. Martin,

S.D. Ellis, R. Klelss and W.J.

TH 4096/85

H.

Fritzsch and

(1985)

G.

M

PRS- TN TR T
andelbauim,

121

Durham preprint DTP 85/10 (1985)

Stirling, CERN preprint




.10

11

.12

.13

.14

A5

.16

Y

References Chapter 5

D. Albert, W.J. Marciano, D. Wyler and Z. Parsa, Nucl. Phys.
B166 (1980) 460

T.R. Grose and K.0. Mikaelian, Phys. Rev. D23 (1981) 123

M.L. Laursen, K.0. Mikaelian and M.A. Samuel, Phys. Rev, D23
(1981) 2795

F.M. Renard, Phys. Lett. 116B (1982) 269

F.M. Renard, Phys. Lett. 132

os]

(1983) 450

M. Leurer, H. Hararl and R. Barbieri, Phys. Lett. 141B (1984)
455

C.N. Yang, Phys. Rev. 77 (1950) 242
P.D.B. Collins and N.A. Speirs, Phys. Lett. 144B (1984) 275

R. Barbieri, R. Gatto and E. Remiddi, Phys. Lett. 61B (1976)
465

G. Feldman, T. Fulton and A. Devoto, Nucl. Phys. B154 (1979)
441

C. Quigg and J.L. Rosner, Phys. Rep. 56C (1979) 167

D.P. Stoker et al., Phys. Rev. Lett. 54 (1985) 1887

D.H. Perkins, Introduction to High Energy Physics (2nd edition)

Addison-Wesley (1982)
F.M. Renard, Phys. Lett. 139B (1984) 449

E.W.N. Glover, A.D. Martin and M.R. Pennington, Phys. Lett.
153B (1985) 330

M.E. Peskin, Proc. of the 1981 Int. Symp. on Lepton and Photon
Interactions at High Energies, W. Pfeil ed. Bonn (1981)

I.J.R. Aitchison and J.G. Hey, Gauge Theories in Particle
Physics, Adam Hilger (1982)






