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ABSTRACT 

Me present a straightforwar.d introduction to theories of the weak 
interactions with dynamical syrnmetry'.breaking-theories of 
"technicolor" or- "hypercolor". Our intent is to inform experimen- 
talists, but s!.so to gcs.i! tl,ieori.sts. We first describe the moti- 
vation for r:cn..;i.deriny .?:.he~l:.les of this type. Vie then outline 
the structure ?.hat s:.lsil a tk~ory must possess, including new 
gauge interactions at mass :,cal.&s of 1-100 TeV. We argue that, 
despite their reLiai?ce on gk..:.:s:qor:~erra at such enoxnous energies, 
these theories cc- jn ta in  new phenorr:ena observable at currently . 

accessible energies, We describx? three such effects which are 
especially likely to be observed - 

RESUME 

Nous dorinona urle prGsentation simple des theories des interactions 
faibles avcc: 5;-.i.s!.ire dynaniqge de la ~ym6tri.e~ l.es theories dites 
de "technicolor" ou "hypercolor". Notre intention est d'informer 
les exp6rimentateurs1 mais c.:~ssi dtaiguillonner les thgoriciens. 
D'abord, nous dscrivons nos motivations pour consid5rer les 
thgories de ce genre. Ensuice, nous esguissons la structure 
qutui1e telle theorie doit possgaer, et qui comprends des inter- 
actions de j.auge nouvelles a des energies de 1-100 TeV. NouS 
montrons que ces thsories, quoiqu'elles dgpendent de ce qui se 
passe 6 des i incrgies tres t5 ,7.e~6e~,  contiennent en fait des 
ph6riom&nes nouveaux observables aux Gnergies accessibles 
actuellement. Nous dgcrivons trois'effets de ce type pour les 
quels la probabilitg de les observer est la plus grande. 

* Work supported in part by the U.S. Department of Energy under 
Contract No. ~ ~ - ~ ~ 0 2 - 7 6 ~ ~ 0 1 5 4 5  

Fellow, Harvard 
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1. INTRODUCTION 

r i .  

During the past few years, the experimental studx of weak inter- . " 
action processes has consolidated our understanding of these 

interactions. It is no longer a contested proposition butt now, 

a commonplace to claim that the weak interactions are mediated 

by vector mesons which are, in fact, gauge mesons of a gauge 

theory built on the group SU(2)xu(l). The coupling of fermions 

to these gauge mesons are well-measured and consistent among 

different reactions. ~ u t  this illumination,, impressive as it 

is, is only a piece of a complete picture. The gauge symmetry 

of the weak interactions must be .a spontaneously broken symmetry; 

otherwise the W-bosons could not be massive. Whatever it is that 

causes this symmetry-breaking, . . whatever it is that gives the W 

bosons masses, is something that stands outside the SU (2) XU (1) 

gauge theory. It is a new fundamental interaction - new in'the 
sense that it has not yet been observed directly and, in fact, 

has not yet become seriously constrained by experiment. \ ,  

What is the natyre of this new,interaction? In the original 

theories of Weinberg and salami) this interactibn was constructed 
as a theory of an elementary scalar particle - the Higgs meson 
- with a self-interaction and 'a coupling to fermions as well as 
its coupling to the SU (2)xu (1) gauge bosons. As the Weinberg- 

-Salam gauge theory became accepted as the correct 'theory of the 

weak interactions, the notion that i t s  gauge symmetry is broken 

by an elementary scalar field also bccame part of the standard 

dogma.' We regard this as unfortunate, for tr:?c? reasons: First, 

we consider it unlikely that the Higgs meson actually is a 

fundamental particle, in the sense that quarks and leptons , - are 

fundamental, for reasons that we will discuss at length in sec- 

tion 2 .  Secondly, the theory of elenientary ~ i g g s  scalars has 

consumed-much effort which might have been better spent trying 

to imagine more interesting alternatives. 

In these lectures, we will review one such alternative, more 
. . 

physical picture of what it is that breaks SU(2)xU(l), .a picture 

in which this ,breaking is accomplished by ,a new strong' interac- 

tion theory of fermions and gauge mesons. The Higgs mesons of 

the Weinberg-Salam model become, in this picture, composites 



I . \  ' ,  -' bound states of the new fermions. we will refer to.this picture 

as "dynamical" symmetry breaking. Because this picture contains 

strong interactions, it i:i much richer than the conventio~al model, 

both in its theoreticzl structure and in its observable implica- 

tions. Our aim in these lectures is to discuss the structure of 

this new picture ill as straightforward a manner as we can, and 

then to detai: its implications which ca'n and should be tested 

in' the near future.. Little that we will say'here is novel; our 

intention is to assemble various pieces of the theoretical under- 

standing of dynamical symmetry breaking into a coherent and 

compelling argument. We warn the reader that a few arguments 

have been oversimplified for the sake of clarity; in each case, 
2 the precise argument may be.found in the original papers cited . 

The plan of these lectures is the following: Sections 2 and 3 

discuss the motivation for postulating a new strong interaction 

just to break SU(2)xU(l): We apologize in advance that our argu- 

ments here will be of a theoretical (as opposed to a phenomenolo- 

gi,cal) nature. We hope, however, that these sections will make 

clear why we feel it important to study models of this type. 

Sections 4 through 6 review more specificall-y the structure of 

models of dynamical symmetry-breaking. Section 4 also completes 

, L our . . explicaticn of a theorist'a appreciation of these models, by 
. . 
showing that the simplest such model gives rather directly the 

symmetry-breaking pattern for SU (2) xu (1) required by weak interac- 
3,4) tion @henomenology 

Sections 7 through 9 review some specific experimental implica- 

tions of these models. In each.case, the effects we discuss are 

not specific to particular .realizations of dynamical symmetry 

breaking but, rather,.should appear in almost any realistic model. 

In section 7, we note that such models contain weak flavor- 

char~c j i~~c j  neutral current interactions which can mediate rare 

proc6sses such as KL + pe and p + ey ' I .  Such processes should 

occur with branching ratios between 1 0 - . l o  and 10"'. In section 

8, we demonstrate a natural mechanism for the appearance of CP 

violation in theories with dynamical symmetry breaking6'. This 

mechanism yields a neutron electric dipole moment of 10 -24 - 10-2 5 

e-crn, just below the present upper limit7). In section 9, we 



a r g u e  t h a t  s e v e r a l  p s e u d e a c a l a r  mc;oi~s b u i l t  of the new f e r m i o n s  a ' , 

- i n c l u d i n g ,  a t  l e a s t ,  an ~lc:: . : . : :-~-ically c h a r g e d  p a i r  and t w o  n e u t r a l  

p a r t i c l e s  - s h o u l d  b e  q u i t e :  l i g h t ,  w i t h  masses  of  a t  most  30 G e V ,  

b u t  p o s s i b l y  as  snlall. e c  5 ( Z e V 5 )  . W e  w i l l  d i s c u s s  t h e  s i g n a t u r e s  
+ - of t h e s e  p a r t i c l e s  i n  e e a n n i h i l a t i o n  e x p e r i m e n t s ,  where t h e y  

m i g h t  b e  m o s t  r e a d i l y  d e t e c t e d .  

2. WHAT'S WRONG WITH ELEMENTARY SCALARS ? 

Why s h o u l d  o n e  i n t r o d u c e  a  new t h e o r y  o f  s t r o n g  i n t e r a c t i o n s  l u s t  

t o  b r e a k  S U ( 2 ) x U ( 1 )  ? I n  t h e  p r e v i o u s  s e c t i o n ,  we had put t h i s  

i d e a  f o r w a r d  as  a n  i n t e r e s t i n g  p o s s i b i l i t y ,  o n e  which  a s k s  to be 

e x p l o r e d .  I n  t h i s  s e c t i o n ,  w e  will e x p l a i n  why it i s  a n e e e 3 s i t y -  

We w i l l  a r g u e  t h a t  s e r i o u s  p rob lems  a r i s e  i n  v i e w i n g  t h e  Higgs 

meson a s  a n  e l e m e n t a r y  s c a l a r  f i e l d .  These  p rob lems  d o  n o t  

impeach t h e  c o n s i s t e n c y  o f  t h e  t h e o r y  a s  a  phenomenolog ica l  de- 

s c r i p t i o n  of t h e  Weinberg-Salam symmetry-breaking,  b u t  t h e y  d o  

i n d i c a t e  t h a t  t h i s  d e s c r i p t i o n  i s  no more t h a n  a phenomenology* 

Arguments  s i m i l a r  t o  t h o s e  g i v e n  h e r e  have  been  o f f e r e d  by 
4 1 weinberg8) ,  ' t  H o o f t 9 )  , and S u s s k i n d  . 

TO u n d e r s t a n d  t h e s e  p rob lems  of t h e  s t a n d a r d  ~ e i . n b e r g - S a l a m  t h e o r y ,  

it 1s w o r t h  compar ing  t h i s  t h e o r y '  t o  a n s t h e r  familiar alld f uklioll-  

a b l e  t h e o r y ,  Quantum Chromodynamics. which of t h e s e  t l~ear ies i  we 

s h o u l d  a s k ,  i s  t h e  more p r e d i c t i v e  ? I n  p r a c t i c e ,  g i v e n  o u r  

c u r r e n t  c o m p u t a t i o n a l  s k i ' l l s ,  t h e  Weinberg-Salm t h e o r y  c l e a r l y  

g i v e s  t h e  more d e t a i l e d  p r e d i c t i o r l s ;  s i n c e ,  i n  t h i s  t h e o r y ,  a l l  

c o u p l i n g  c o n s t a n t s  are  weak, and ,  t h e r e f o r e ,  . t h e  r a t e  o f ' a n y  

P r o c e s s  may b e  d e t e r m i n e d  by- s t r a i g h t f o r w a r d  compu$ation of 

F e ~ I m a n  d i a g r a m s .  I n  QCD, o n l y  a  h a n d f u l  o f  p r o c e s s e s  o f  a v e r y  

s p e c i a l  t y p e  i n v o l v e  s m a l l  c o u p l i n g  c o n s t a n t s ;  f o r  t h e  m o s t . i m p o r -  

t a n t  q u e s t i o n s  - t h e  r a t i o  of t h e  .p-meson and p r o t o n  m a s s e s ,  f o r  

example  - w e  h a v e ,  a t  t h e  moment, no a d e q u a t e  scheme o f  computa- 

t i o n .  T h i s  f a c t  makes t h e  w e i n b e r g - ~ a ' l a m  t h e o r y  much e a s i e r  t o  

u n d e r s t a n d  i n  d e t a i l  and t o  t e s t .  

If o n e  s p e a k s  o f  m a t t e r s  of p r i n c i p l e ,  however ,  t h e  s i t u a t i o n  i s  

e n t i r e l y  r e v e r s e d .  I f  w e  make t h e  a p p r o x i m a t i o n  o f  i g n o r i n g  t h e  
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bare masses of the u and d quarks a;:d the influence of heavier 

, ,  , flavors, QCE has only one ad.ju;stab:.e parameter, its ga~ge-field 

'. coupling constant gC.  B?.:t, further, the value of gC varies with 

the momentum transfer i;;v.olved in a particular process, growing 

, small at large momenta and vice versa. This means that what we 

actually have the '::eedom to adjust is the value of gS at a 

certain momentunr, or, alternatively, the momentum A at which gS 

reaches a certain fixed (large) value Since this momentum 

A is the only adjustable parameter in the theory, all other 

quantities appearing in the theory are, in principle, computable 

in terms of it. But since A carries the dimensions of mass, it 

Can do no more than set the scale of masses. All dimensionless 

quantities appearing in the strong interactions must be simply 

Pure numbers, computable without adjustable input. At the level 

of principle, this is all that one could ask from a physical 

.theory. And, even.if we cannot yet compute these numbers precise- 

ly, we can at least estimate such quantities as m / or ma/% 
P 9 4  

- from little mo're than our intuition about ~OW.QCD behaves. 

In the stipdard Weinberg-Salam theory, the situation is quite 

different. In order to dcf ice +:he theory, it is necessary to 

specify the val,ues of a ~ r e . : i a t , % ~ y  large number of parameters. 

Each of these parameb,ers .;.iia:,. :.i;: <x:,egl..y adjusted without affecting 

the consistency of t .he theory .  ',::rhr:lse pararnet-er s include the 

' , . SU (2)xU (1) gauge meson coup!-ings a and g' , but also the n~asses 

and self-couplings of the elenentary Siggs mesans. This means 
' 11) that the. theory cannot predict the sasses  of the Higgs mesons I 

illdeed, i.t c a r ~ n o t  even predict  nl~rr\per,  of these particles which 

should exist. This set of parameters also includes the couplings 

of Higgs mesons to quarks and leptons. Even in the simplest 

case of one Higgs field, these couplings form a matrix Aij: the 

fermion of flavor i converts to one of flavor j with the emission 

of a Higys meson. The eigenval-ues Xa of this matrix give the 
quark and iepton masses through relations of th6'cform 

where < r $ >  i s  the Higgs fieid vacuum expect.ation value. One of the 

angles in the rotation which diagonalizes the matrix X can be 
identified with the Cabibbo angle OC. None of these quantities 



can be predicted by the theory. 

A possible way of evading this problem of the adjustability of the 

Aij might be to impose symmetry relations among these quantities- 

An example of such a relation is that present in the'S~(5) grand 
12) \ 

unified theory which g$ves a successful prediction of.the ratio 

.of the b-quark and r-lepton masses13) . unfortunately, that one 

successful result of this program remains unique. We know of no 

other substantial progress toward calculating the quark and 

lepton masses since 1972, when Georgi and Glashow failed to 
14) compute the mass of the electron . 

To find a large number o f  adjustable parameters in a theory is 
itself a sign that some ingredient is missing. But a more certain 

sign of this is to find that some parameters must be adjusted to 

excessively small values. In the standard Weinberg-Salam theory, \ .  

one finds several parameters of this type: A first example reflects 

the small size of the u quark and electron masses. Since the 

quantity <$> which appears in '(1) also sets the scale of the 

l~-boson mass p one can determine that c $ >  % 250 GeV. Then the 
wf 

observed values, of MeV order, for the u and e masses require 

A second example concerns the possibi1it.y of an overall complex 

phase 8 for the matrix h i j r  which would become an overall, CP- 

violating phase in the quark mass matrix. The matrix A ij contains 

another CP-violating angle 6 which, in the picture of CP-violation 

(now considered standard) due to ~obayaski and Maskawa"", must be 

of order 1. However, 0 contributes fo the neutron electric dipole 

moment dN a term of magnitude 16) 

dN 2. '(10-I.( e-cm) x 0 
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model contains new vectoti:mesons cf "iarne mass p X ,  such that 

I .  uW/" Q 

To obtain t h i s  large ratio in a theory with elemen- 

tary H i q . 3 ~  mesons, one musf: adjust a niggs meson (mass) in the 

grand unified theory to 2 tolerance of one part in l o 2 ?  

HOW can one obtain these small numbers in a natural way? We have 

stressed that, i::, the Weinberg-Salarn theory with elementary Higgs 

scalars, this question is not merely technically difficult but 

unanswerable as a matter of principle* We must, then, seek out 

.alternatives to that theory. 

3 .  AN OVERVIEW OF DYNAMICAL SYMMETRY BREAKING 
. . 

In the previous section, we attacked the standard model of weak- 

interaction symmetry-brea:king by an.elementary Higgs field. We 

wish that we had, a coniplete, consistent theory which remedies the 

defects of the standard theory which we have displayed. Unfortu- 

nately, we do not. T ~ U S  far,only pieces of such a theory have 
actually.been constructed; these pieces will be reviewed in later 

sections of these lectures. First, however, w e  wish to explain the 

perspectjve from which w e  attempt the resolution of these problems, 

the program which we will use in constructing specific theories. 

It is this program, rather than any specific realization of it, 

which we mean when we speak of dyna;nj.cal symmetry breaking. And, 

to a great extent, it is :this prograrn, rather than specific models, 

which the experiments described later in these lectures test. 

The program is, simply, to build up the Higgs mesorls in just the 

way, that' the hadrons are built in QCD, from a theory of fermions, 

of zero bare mass, bound by a strongly-coupled gauge field. Such 

a theory will have a rich structure, but it will introduce (in 

addition to the weinberg-salam gauge couplings g and g t )  only a 

single parameter - a mass scale A - for each new strong-interac- 
tion gauge group. In the best case, there should be only one such 

parameter A .  This scale could then be determined from any other 

dimensionful weak-interaction quantity, for example, the Fermi 

constant. (.;. all other weak-interaction quantities, including the 
k7 ' 

quark and lepton masses, could then, in principle, be computed. 

Actually, though, the models which have been presented in the 
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literature , 17) are rather less elegant. They contain two- scale' ' 

parameters A : one sets the scale of pW i the other enters in 

determining the scale of quark and lepton masses. 

Before describing what we know of the realization of this program, 

let us answer three questions of a more nature. The first 

question is the following : Our computational ability, in theories 

of strongly interacting gauge fields, is extremely limited. How, 

then, can we expect to make any useful predictions concerning these 

new strong.interactions? To understand the answer to this questio~zr 

recal'l that, in the ordinary strong interactions, many aspects of 

low-energy dynamics can be computed unambiguously using symmetries 

of the theory, despite the presence of strong interactions. For 
. . 

exa'nple, Weinberg showed, a decade ago, how.  t.o compnt-e the low- 

energy scattering of pions from nucleons and from each other by' 

using the methods of current algebra1') . The theoretical apparatus 

of current algebra has a direct analogue in any sttong-interaction 

theory of fermions with small bare masses; hence, it may be used to 

discuss some aspects of the new strong interactions which we intro- 

duce. It will become clear as we proceed that these aspects 

include most of the important effects of these interactions on 

physics at presently access'ible energies. 

The second question is that of clarifying to what extent this 

program has actually been realized concretely. The most basic 

question, how to break the Su(2') xu(1) symmetry of the weak inter- 

actions, has been given an elegant answer, which we will describe 

in the next section. The theory of the spectrum of observable 

Higgs mesons is also well-understood;-in section 5, we will review 

this theory and illustrate it in a simple model. Two ather aspects 

of the weak interactions have been recovered from this viewpoint, 

although only at a semi-quantitative level: In section 6, we 

discuss our understanding of the origin of quark and lepton masses; 

in section 8, we discuss the origin of CP violation. 

The third question, is, to any theorist, the most crucial: ' ~ a v i n ~  

introduced a new gauge interaction, what should one name it? 

Dimopoulos and susskind17) have labelled this new interaction 

"technicolor". Other suggestions have been put forward by a 

variety of notables, including the editor of the physical Review. 
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' ~ h r o u g h o u t  t h e s e  l e c t u r e s  w e  w i l l ,  a g a ' i i ~ s t  t h e  b e t t e r  judgement of  

. , one  o f  u s ,  u s e  the na.ne ''hypercc.3.c!rW 5 )  s u g g e s t e d  by t h e  o t h e r  
. .. 

4 .  A BALL-AND-STRING MMCDEL WHICH BREAKS su ( 2 )  x  u (1) 

I n  t h i s  s e c t i o n ,  1;l.e w i l l .  r e v i e w  a mech,anism by which' a new s t r o n g -  

i n t e r a c t i o n .  ca:, b r e a k  the Weinberg-Salam SU ( 2 )  x u ~ c t u a l l y ,  

w e  w i l l  b e g i n  by p o s i n g  t h e  f o l l o w i n g  more i n n o c e n t - l o o k i n g  

q u e s t i o n :  Given a p a i r  of m a s s l e s s  f e r m i o n s ,  c o u p l e d  s t r o n g l y  t o  

h y p e r c o l o r  and  weak ly ,  i n  t h e  f a s h i o n  s t a n d a r d  f o r  a q u a r k  o r  

l e p t o n  d o u b l e t ,  t o  t h e  Plcinberg-Salam gauge b o s o n s ,  what  h a p p e n s ?  

.The answer  i s  a t h e o r y  o f  ~ ~ ( 2 ) x U ( l )  b r e a k i n g  i n  which t h e  i n p u t  

.is min imal  and  t h e , d i s c o v e r y  maximal .  The d i s c o v e r y  i n  q u e s t i o n  
4 was made, i n d e p e n d e n t l y ,  by Wsinber.g3) and s u s s k i n d  

To  a n a l y z e  t h e  b e h a v i o r  of t h i s  t h e o r y ,  w e  p r o c e e d  i n  two s t a g e s .  

F i r s t ,  w e  t u r n  o f f  t h e  Veinberg-Salam c o u p l i n g  and a s k  what  

s t r u c t u r e  d e v e l o p s  from t h e :  p u r e  s t r o n g - i n t e r a c t i o n  t h e o r y .  Then 

w e . w i l 1  add t h e  e l e c t r o w e a k  i n t e r a c t i o n s  a s  a  p e r t u r b a t i o n  and a s k  

how t h e y  a f  f  ec t  t h a t  struct:::>.re. 

What p h y s i c s  d o  w e  expect ,  t h e n ,  fr'oni 3 set of two m a s s l e s s  

f e r m i o n s  ( c a l l  them U , 9 )  I n  a gauge  t h e o r y  o f  s t r o n g  i n t e r -  

a c t i o n s ?  The f a m i l i a r  s t r o n g  i n t e r a c k i o n s ,  i n v o l v i n g  t h e  a l m o s t  

m a s s l e s s  q u a r k s  u ,  d c o u p l e d  t o  QCD, p-rovide a n  example of such  a 

t h e o r y .  I n  t h a t  e x a n p l e ,  w e  observe t h a t  t h e  q u a r k s  a r e  c o n f i n e d  

i n t o  c o l o r - s i n g l e t  boufid s t a t e s .  The i s o s p i n  s ) ~ m e t r y  l i n k i n g  u ,  d 

r e m a i n s  a good symact ry ,  b u t  a n o t h e r  symmetry of  t h e  t h e o r y ,  

c h i r a l  SU(2), i s  s p o n t a n e o u s l y  b r o k e n .  The s i m p l e s t  e x p e c t a t i o n  

f o r  o u r  h y p e r c o l o r  t h e o r y  i s  t h a t  it m a n i f e s t s  t h e s e  same t h r e e  

f e a t u r e s .  T h i s  i s  a l l  w e  need t o  assume a b o u t  h y p e r c o l o r  dynamics ,  

so a t  t h i s  p o i n t  w e  c o u l d  s i m p l y  g o  on  t o  t h e  second  s t a g e  o f  o u r  

a n a l y s i s .  However, t h e  m o s t  c r u c i a l  o f  o u r  t h r e e  a s s u m p t i o n s  i s  

a l s o  t h e  l ea s t  a p p r e c i a t e d :  Though it i s  well-known t h a t  c h i r a l  

symmetry b r e a k i n g  i s  a  f e a t u r e  o f  QCD, i t  i s  less b r o a d l y  r e c o g n i z -  

ed t h a t  t h i s  i s  a n  e x p e c t e d  o r  n a t u r a l  f e a t u r e  o f  t h i s  t h e o r y .  L e t  

u s  now d i g r e s s  t o  e x p l a i n  why, i n d e e d ,  it i s .  I n  t h e  c o u r s e  of 

t h i s  d i g r e s s i o n  w e  w i l l  i n t r o d u c e  n o t a t i o n s  which  w i l l  b e  u s e f u l  i n  

t h e  n e x t  s e v e r a l  s e c t i o n s .  



In a gauge theory, the' coupling of rl gauge'boson to fermions pre+, . , 

serves the fermion helicity. If the fermions are massless, there 

are.no other terms in their equations of motion which mix different 

helicities. Thus, any symmetry interchanging fermion flavors is an 

equally good symmetry if performed on fermions of one helicity 

only. In QCD, if the u and d quarks had precisely zero bare 

.masses, one would have two separate Su(2) isospin symmetries, One 

rotating only the left-handed components of u ,d , the other only 
the right-handed components. We will use the symbols L , R to 

1abel.helicities. To these two symmetries would be associated 
conserved currents JYa , J'~ : 

L R 

a where q = (u,d) and T = oa /2  is an isospin matrix, and the' 

isos~in index a ='1,2,3 . We will refer to the group of these 

handed 'flavor symmetries, su (2) x SU (2) in this case, as the. chiral 
group. 

Running this argument in the other direction yields some useful 

nomenclature and a distinction which we will apply repeatedly in 
these lectures. The separate symmetries of left-and right-handed 

isospin, if exact, would forbid the appearance in equations,of 

motion of quark mass terms. We may, then, say that the non- 

conservation of the currents (5) is a measure of the u and d 

quark masses. The quark bare masses, defined in this way, enter 

into and may be determined from various predictions of current 

algebra1') . It is these quantities ,* often called current-algebra 

quark masses, that we mean when, in these lectures, we use the term 

"quark masses". With the normalization used in ref. 19, the 

current-algebra masses of the u,d and s quarks are approximately 

5,8 and 165 MeV. In addition to these masses, quarks dlso have a 

so-called dynamical mass, which is about 1/3 of the proton mass. 

We will see in a moment that the dynamical masses of u, d, st etc. 

need not vanish even if t,heir.curreiit-algebra masses a.re z.ero. 

Finally, the term "constituent quark mass!" refers, roughly 

speaking, to the sum of their current-algebra and dynamical masses. 

Thus, the constituent masses' of u, d and s are 1/3, 1/3 and 



. . .  

1/2 GeV, respectively; if we take the constituent mass of the 
. . 

'.charmed quark to be about 1.6 G e V ,  we infer that its current- 

algebra mass is roughly 1.3 Ge'V. 

Having introduced the lianded symmetries (5) of a theory of massless 

quarks, we wish to a.?rg.ue that they are spontaneously broken. By 

this we mean that. these symmetries, though they are invariances of 

the ~amilt'onian H of (massless-quark) QCD , are not respected by 
the vacuum state. To see this, we can attempt to construct the ' 

vacuum, the eigenstate of H of lowest energy2') Split H into 

two pieces: 

in which Hd contains terms which preserve the number of quarks. 

and of antiquarks, including the kinetic energy terms and inter- 
. . 

actionssuch as those of fig. la, and Hc contains terms which 

create and annihilate pairs, such as that shown in Fig. lb. Hc 

has expectation value zero in the vacuum of perturbation theory, 

the state containing no quarks or antiquarks. However, 'it has 

large off-diagonal matrix elements. We can clearly form a lower- 

energy state by t'aking advantage qf these terms, by mixing the . . 

Figure 1. Interaction terms in the QCD ~amilt6nian. 



Figure 2. A qt pair with vacuum. quantum numbers. 

perturbative vacuum'state with states containing a certain number 

0'f quark-antiquark pairs. If .the interaction terms of Fig. 1. are 

weak, this mixing will be'a small effect. However, if the inter- 

action is made'strong, two factors alter this balance: The attrac- 

tive interaction in color-singlet channels. of Fig. la lowers the 

energy Hd of a qq pair, lowering the cost of producing an addi- 

tiqnal pair, and the strength of. Fig. lb increases,, increasing the 

gain from diagonalizing H= . For #a sufficiently strong coupling, 

. H c  becomes the dominanteffect; then the lowest-energy state of 

Hc becomes a state containing a large and indefinite number of qa 

pairs, similar to the pair condensate of a superconductor. 

TO connect this dynamics to chiral symmetry, we need only look at 

one of these pairs. Such a pair must .have vacuum quantum numbers, . 

in particular, zero momentum and zero angular momentum. We have 

shown in Fig, 2 a pair satisfying these constraints. Such a pair 

cannot, obviously, have zero helicity; thus, helicity conservation 

is not respected by the vacuum state. Another way to see this.1~ . . 
to obser.ve that, in Fig. 2, the qR 

has been forced to pair with 

an anti-qL. This means that the two isospin symmetries (5) can no 

longer be separate; they are linked by the.pairing. The ordinary 

isospin symmetry, generated by 



. . .. ..' :' 

i s  s t i l l  p r e s e r v e d ,  b u t  t h e  symmetr ies  g e n e r a t e d  by 

a r e  s p o n t a n e o u s l y  b roken ,  S i n c e  t h e  vacuum does  n o t  r e s p e c t  t h e  

s e p a r a t e  symmetries ( 5 ) ,  t h e  u  , d  q u a r k s  c a n  a c q u i r e  dynamical  

masses  t h rough  t h e i r  i n t e r a c t i o n  w i t h  t h e  p a i r  condensa t e .  

The re  a r e  two ma thema t i ca l  s i g n a l s  of  c h i r a l  symmetry b r e a k i n g  

which w e  w i l l  make ' u se  o f  i n  t h e s e  l e c t u r e s .  The f i r s t  is  t h e  ap- 

p e a r a n c e  o f  a  vacuum e x p e c t a t i o n  v a l u e  of  t h e  mass o p e r a t o r  qq : 

I f  i , j  a r e  i s o s p i n  i n d i c e s  u , d  , 

where A . h a s  t h e  d imens ions  o f  . (mass)  '. The second a r i s e s  from 

t h e  f o l l o w i n g  c o n s i d e r a t i o n s :  W e  are a s s u r e d . t h a t  t o  e v e r y  spon- 

t a n e o u s l y  b roken  symmetry c u r r e n t  t h e r e  c o r r e s p o n d s  a m a s s l e s s  

s c a l a r  p a r t i c l e ,  a  Go lds tone  b o s o n 2 1 ) .  The spon t aneous  b r e a k i n g  

o f  (8) y ie ld ' s , '  then;an i s o s p i n  t r i p l e t  o f  p s e u d o s c a l a r  p a r t i c l e s  
- p i o n s  - which would be  massless i f  t h e  u , d  masses were z e r o .  

An a x i a l  SU(2) c u r r e n t  ( 8 )  may create from t h e  vacuum a s i n g l e  

p i o n  of .momentun p  . We'may w r i t e  t h i s  a s  . ( a , b = 1 , 2 , 3 )  

The p i o n  decay  c o n s t a n t  f n  h a s  d imens ions  o f  mass.  I n  QCD, if 

w e  w r i t e  A = 300 MeV, w e  c a n  d e t e r m i n e  t h a t  19) 

Having now s e e n  t h a t  one  s h o u l d  e x p e c t  c h i r a l  SU(2) t o  be a  span- 
t a n e o u s l y  b roken  symmetry i n  a s t r o n g  i n t e r a c t i o n  t h e o r y  o f  mass- 

less f e r m i o n s  U , D , ,  l e t  u s  now r e t u r n  to' t h e  main c o u r s e  o f  o u r  

a rgument .  What happens  when w e  c o u p l e  t h i s  t h e o r y ,  w i t h  i t s  

: broken-symmetry s t a t e ,  t o  t h e  Weinberg-Salam gauge b o s o n s ?  The 

c r u c i a l  f e a t u r e  o f  t h i s  c o u p l i n g  i s  t h a t  t h e  weak i n t e r a c t i o n s  

i n v o l v e  t h e  handed c u r r e n t s  ( 5 )  and n o t  s imp ly  t h e  v e c t o r  c u r r e n t s  

. T h i s  means t h a t  t h e :  gauge mesons c o u p l e  t o  t h e  p a i r  



condensate, which can communicate to them its symmetry bredking' 

and, as a result, give the g-auge mesons masses. This mass genera- 

tion is easy to understand qualitatively by comparing the pair 

condensate to a plasma, in.which massless modes of oscillation, 

sound.waves, coupled to a massless photon, produce's plasma oscil-. 
lation, a mode with finite frequency at zero momentum. At a deeper 

level, the three examples of a plasma, a gauge theory coupled to an 

elementary Higgs field, and 'a gauge'theory coupled to a pair,con- 

densate, generate gauge boson masses through the s k e  mathematical 
22) mechanism, the Higgs mechanism . . 

We would like to actually compute the masses generated for weak 
gauge bosons in our hypercolor model. This is difficult to do by 
straightforward examination of the condensate, but it can be done 

easily using a more indirect method23) : If a vector boson is to 

acquire a mass 1 - 1  , its self-energy n p V  (p) ' must tend to p 2  as 

P + o . But since ll" is also the vacuum polarization tensor 
(see Fig. 3 ) ; this object mustcbe transverse:. p y J I p V  (P) '= 0 . Thus, . . 

it must have, as .p + 0 , the form 

The term in (12) of the form g v  is difficult to compute. But 

the term with a l/$ is easy to iso-late, since such a term can 

arise from Fig. 3 only if' one current creates and the othe'r anni- 

hilates a massless particle.  he matrix element in Fig. 3 is to be 

computed in the hypercolor theory, and the only massless particzes 

in this theory are thc thrce pions. Hcncc, the . o n l y  pr-ocesses 

,which contribute to this term are those of the form of Fig.4 ., 

TO evaluate these terms for the case at hand, we should write the 

coupling of the doublet . Q = '(u, D) to the su (2) x U (1) gauge 

bosons : 

1-I l+y + g * ~  [ ~ j  y ( ') r Q + (vector. current) 
lJ L I 



. . 

. . . ' Both currents can produce hypercolor pions; to find the amplitudes 

for this production, note that these currents contain the form (8) 

and use (lo), replacing in by a new hypercolor constant Fn . 
We may then evaluate the ccrntribution of Fig.4 explicitly: 

(Fig. 4) = i 
P" $ (-i 

This is of 'the form of the second term in (12) and would yield 

Figure 3. Vector meson self-energy. 

Figure 4. A contribution to JI (p) which 
"V 

contains a l/p2 . 

* = (fg~,)' . However, for the,! a = 3 component of 
"A . . .  . . , .  a t ' .  

A: there is 

a complication: Both :l and . B  ' couple .to, the neutral pion, " : ;' " 
with couplings given in Fig: 5. . Thus, the linear combination 

~. 
of these bosons indicated 'in' Fig. 5, 

. . . .  . 



F i g u r e  5 .  Mixing of Weinberg-SaPam bosons with 
. the hypercolor IT' . 

1 
L- 

:will get a mass equal to I F~ (g2+ ga2) . The orthogonal combina- 

tion will be left massless;, i t -  is the photon. 
. . . , 

TO see how these results accord with the standard picture of the 

weak interactions, let us call the massive doublet of vectors w,,' t .  

the vector (15) Z , and the orthogonal combination A , and 
lJ lJ 

label gO/g = tan O W  . The results of the above paragraph may be 
written: 

- Z,, - -COS BW A 3  + sin 0 B 
P w P 

. , 

These results are exact tb all orders in the -hypercolor inter-. 

actions. The last two lines of (16) give precisely .the relatkons 

among the Z , W and photon which: are the starting p0in.t. f.0r 



. . 
deriving the conventional phenomenn-ogy of the Weinberg-Salam model. 

We have obtained these relations, not by adjusting the theory to 

give but b y  writjnrj the very simplest model of dynamical 

symmetry breaking, arid f(3llowing our noses. ' 

5 .  HYPERCCLOFi'S PSEUDOSCALAR MESONS 

The relations (16).do contain one not-so-innocent feature. To make 

the first line of (16) agree with the W-boson mass required by 

phenomenology, we must .set' 

250 GeV 

Thu's, the new strong interactions,that we postulate must have an 

extremely large characteristic energy. Scaling from (17 1 using 
(111, we would estimate that, for hypercolor,, 

/k - 8 0 0  GeV . 

The.dynamical mass of a hyperfzrmion is of or'der rk . The new 

strong interactihns wouid be ;>;>ected to produce a new family of 

hadrons, but the estimate (101 inc?icates that these hadrons will 

'.have . , masses o f  order several TeV.' T,he lightest scalar meson, the 

analogue in this theory of the neutral Riggs meson of the standard 

'Weinberg-Salam model, would be a broad feature like the E of the 

usual strong interactions, but centered. oc a mass of 2 TeV. Such 

particles will remain inaccessible to experiment in the foreseeable 

future:. If we wish to test this theory of SU(2) x U(1) breaking, 

we 'need to ask what its manifestations are at energies very small 

compared to the enormous scale (18). In this section we will 

examine the question of whether, despite the forbidding size of 

'(18) , some mes'ons built o'f hype.rcolored fermions might, neverthe- 
less, be accessibly light. 

The Weinberg-Susskind model discussed in the previous section has, 

unfortunately, no such particles. The breaking of chiral symmetry 

in this model produced.an isospin triplet of massless Goldstone 

bosons. However,, these were seen to combine with the W' and Z 



through the Higgs mechanism. As a result, these states would not' 

be directly observable; their presence would be felt only through 
. . 

some rather subtle effects on the interactions of W's and Z's 

This situation changes, however, if the weinberg-susskind model is 

at all enlarged. One might imagine writing a model with N . t  

rather than 1 , hyperfermion  doublet.^, that is, with 2N , rather 
than 2 , hyperfermions. In such a n~odel, the chiral symmetry is 

no longer (5) , the handed isospin SU ( 2 )  x SU (2) , but now a group 
SU(2N) x SU(2N). The arguments of the previous section would indi- 

cate'that this large group of chiral symmetries should be spontane- 

ously broken, with only the vector symmetries preserved. Since 

there are more broken symmetry currents, one must find mure . 

Goldstone bosons, no longer 3 but now ( 2 ~ ) ~ - 1  . Of these, only 3 

will combine with the W' and Z ; the rest will be'left as physical 

pseudoscalar mesons. Before we couple the hypercolor theory to the 

weak and electromagnetic interactions, these particles aremassless; 

even after we account for this'coupling, they will be much lighter 

than typical hypercolor hadrons. Relatively light pseudosealars of 

this type, arising in theories of dynamical symmetry breaking, have 

been labeled te~hnions*~). The very lightest of these were first 

discussed, under another name, in ref. 5 . 

We have introduced the idea of enlarging the s1111plCSt hypercolor- 

model as a theoretical possibility. However, we actually expect 

such an extension to be required in realistic hypercolor models. 

The reason for this expectation stems from the fact that the 

mechanism of SU (2) x U (1) symmetry-breaking must do more than give 

masses to the W' and z ; it must also give curren<-algebra 
masses to the quarks and leptons. The mechanism which accomplishes 

this is described in the next section. For now, we mention that it 

works by enlarging the gauge-group structure to include a weak: 

coupling between the hyperfermions, which have acquired dynamics1 

masses through breaking of their chiral synunetries, and the ordi- 

nary fermions. The ..large multiplets that necessaril-y arise, . . 

involving at least thre.e doublets each of quarks and ,leptons to- 

gether with the hyperfermions, invariably le,ad to tw,o or more 

doublets of hyperfermi0ns.d . . 

Such enlarged models are complex and, since'they normally contain. 



the simultaneous action of several different gauge groups, a bit 

' . . difficult to understand. To.ezse the discussion.of these modelst 

'in this and the next section, we will refer to these various groups 

using a standard notaticn, given in Table 1. '~hese groups are the 

essential components of a hypercolor model, and readers should keep 

them in mind as they proceed. In an elegantly constructed model, 

these groups will not all be distinct, but it is useful to separate 

them for the purpose of explanation. The groups gs , 
will be introduced and explained in the next section. 

8, 

Table 1: Groups arising in.hypercolor models 

Gauge Groups 

Weinberg-Salam SU (2) x U (1) 

QCD color 

Hypercolor 

Sideways .interaction 

Higher-level strong interaction 

' . Global Symmetries 

. , G~ C,hiral symmetry of hyper£ ermions 

Chiral symmetry of quarks and 
leptons 

Let us now examine some specific toy. models which enlarge the - - 
Weinberg-Susskind model, due t o  ~ a r h i  and susskindZ6) and 

~ i r n a ~ o u l o s ~ ~ )  . These authors allow some of the hyperfermions to 

carry the ordinary color of Q C D .  ( q C )  as well as hypercolor 

( & I .  They utilize a set of 3 hyperferrnion doublets, 



transforming under as a co1,or tripIet, to give mass to s1.c P-L , - .  
L 

and v , and an.additiona1 hyperfermion doublet, not coupled to 
L! 

QCD, to,give mass to u a.nd d . In all,. one has- 4 doublets and, 

therefore, an SU (8) x SU (8) chiral symmetry. The' spontaneous 

breaking of this symme'try to su(8) produces 63   old stone bosons. 
Three of these combine with the W *  and the Z ; the rest are 

physical pseudoscalars, technions. 

, What are the masses of these particles? In the absence of their 

coupling to qC and gW , they are massless., But the QCD 
and Weinberg-Salam gauge boson exchanges can contribute masses to 

these particles; to lowest order28) , one must compute diagrams of 
the form of Fig. 6 . The magnitude of the mass generated will be 
of order 

Hence, these particles are expected to be an order of magnitude. . 

lighter than the hypercolor p meson, though still extremely heavy 
' 

by ordinary standards. 

Despite the size of the. estimate (19), however, it is worth inves- 
... 

tigating these particles a bit further. They are Goldstone bosons, 

related intimately to the currents of broken symmetries, after the 

fashion of the familiar n and K mesons. .This implies that, just as 

for r: and K , many of their properties may be determined from Cur- 
rent algebra. It is, in particular, known that the purely,electro- 

magnetic contribution to the pion mass, which is of the form of 

Fig. 6 with an exchailged photon and an external n , may be computed 

Figure 6. Leading-order contribution to technion masses. 



29) 
. . . . using current-algebraic methods The contribution of Fig, 6 to 

' 

technion masses may be compuk-ed in t h e  same way 5,8,25.30); The 

result of this computation, for this su(8) x ,Su(8) model, is shown 
in Fig. 7 . (The overa2.i scae of masses shown here assumes that 

. . ' 9 , =  SU(4) ; for a larger group, the..masses will. be lower, but. in 

. . the same ratios.) Dimopoulos points out that this structure, like 

that of other sneculative theories, can be made much richer by 

simple changes in one's assumptions. In this case, the technical 

modification of assigningthe hyperfermions to a real, rather than 

'a complex,. representation of gH converts the spectrum of Fig. 
7 to that of Fig.8 . 

color octets 

f'-7- heptoquarks 
160 GeV --- 8 GeV C~E, UN, BE, EN 

- 0  - class 1 

'Figure Spec trurn 'of technions in a model of Dimopoulos , 
from ref.' 25.' U,D,N,E are hyperfermions with 
the quantum numbers under color and the electro- 
weak interactions of u,d,.v,e, respectively; in 
the .figure they label the quantum numbers of 
bound states. Class 1 contains 4 non-exotic 
mesons, 2 electrically charged, 2 neutral. 



. . 
diquar ks 

260GeV -, h GeV UU, DO, (U D)S . . 
. . . . 

245 5eV - 
tolor octets 

160 GeV - leptoquarks' . .. , . 

DE, EE, (DN +uE), 
UN, fiN, BE ,~N  

88 GeV - EE 
60 GeV - NE dileptons 
50 GeV - NN 

- 0 - class 1 

Figure 8. Spectrum of technions in a second model of 
Dimopoulos. The nota.tian is LhaC 01 Fiy.7. 

The masses of most of the particles displayed in Figs. 7 and 8 are 

large. Still, the qualitative features of the spectra are very 

weird and this weirdness, following as it does f r ~ m  rather plausi- 
ble assumptions, merits some comment. ~ 0 t h  models contain pseudo- 

scalar mesons which are octets under QCD color; these might be Pro- 

duced at observable rates in gluon-gluon collisions at the TeV- 

energy pF collider envisioned at Ferrnilab31). Both models contain 

many pseudoscalars with quark-lepton quantum numbers; in the second 

model these states alone produce, in e+e- annihilation, a step of 5 

units of R at a center-of-mass energy of about 300 GeV. The 

second model also contains a pseudoscalar (EE) of electric charge 

- 2  which decays into two leptons; it is %light enough to be pair- 

produced at the highest LEP energies. 



T h e  most  i n t e r e s t i n g  f e a t u r e  o f  t h e s e  two f i g u r e s ,  however,  l i e s  a t  

t h e  bot tom o f  t h e  s p e c t r u m .  I n  b o t h  v a r i a n t s  o f  t h i s  model ,  t h e r e  

a r e  two n e u t r s L  t e c h n i o n s  a n d  Qne e l e c t r i c a l l - y  c h a r g e d  p a i r ,  a l l  

c o l o r  s i n g l e t s ,  f o r  which t h e  O ( a )  c o n t r i b u t i o n s  shown i n  F i g . 6  

p r e c i s e l y  c a n c e l .  T h i s  c a n c e l l a t i o n  i s  due  t o  t h e  g r o u p - t h e o r e t i c  

and c h i r a l  s t r u c t u r e  o f  t h e  weak SU(2)  x u (1) c u r r e n t s .  For  

example ,  t h e  c o n t r j . b u t i o n  o f  a c h a r g e d  W-boson h a s  'two terms, one  
, . from t h e  v e c t o r  2nd o n e  f rom t h e  a x i a l  v e c t o r  p i e c e  o f  i t s  coup l ing ,  

e q u a l  i n  magni tude  and o p p o s i t e  i n  s i g n .  A l s o ,  t o  O ( a ) ,  w e  s h o u l d ,  

' i g n o r e  mix ing  of and B (see ( 1 3 )  - ( 1 5 )  and F i g .  4 ) , s o  t h a t  
P 1-1 

t h e '  c h i r a l - c a n c e l l a t i o n  argument  s t i l l  h o l d s .  More g e n e r a l l y ,  it 

h a s  been  shown t h a t ,  f o r  t h e  c o l o r - s i n g l e t  t e c h n i o n s ,  t h i s  c a n c e l -  
, . 

l a t i o n  o c c u r s  i n  any  h y p e r c o l o r  t h e o r y ' c o n s t r u c t e d  a l o n g  t h e  l i n e s  

s e t  o u t  h e r e  5 t 2 5 f 3 0 ) .  1; any  s u c h  t h e o r y ,  t h e r e  w i l l  be  a t  l e a s t  

two c h a r g e d  and t w o  n e u t r a l  p s e u d o s c a l a r s ,  and t h e  e l e c t r o w e a k  

c o n t r i b u t i o n  t o  t h e i r  mass w i l l  be a t  mos t  0 ( a 2  2na- l )  , much less 

t h a n  t h e  e s t i m a t e .  ( 1 9 ) .  ... 

Remarkably ,  then . ,  t h e  new s t r o n g  i n t e r a c t i o n  t h e o r y  w e  have  p o s t u -  

l a t e d ,  whose n a t u r a l  scale o f  m a s s e s  i s  1 TeV,  p o s ' s e s s e s  a  few 

mesons which  Gre a c c e s s i b l y  l i g h t .  W e  w i l l  d i s c u s s  t h e  masses and 

'phenomeno1oc;y o f  t h e s e  p a r t i c l e s  i n  some d e t a i l  i n  s e c t i o n  9 .  

. \ . . 

. . 

6 .  HOW TO GIVE'MASSES TO .QC.kRKS AND LEPTONS 

I n  t h e  p r e v i o u s  few s e c t i o n s ,  w e  have  cutlined t h e  b a s i c  s t r u c t u r e  
. , of a weak i n t e r a c t i o n  t h e o r y  w i t h  d y n a m i c a l  symmetry b r e a k i n g .  W e  

h,ave i n t r o d u c e d  a s e t  o f  new f e r m i o n s ,  c o u p l e d  t o  a  new s t r o n g  

i n t e r a c t i o n  g a u g e  g r o u p  h y p e r c o l o r  ( qH) a s  w e l l  a s  t h e  more 

f a m i l i a r .  Weinberg-Salam S U  ( 2 )  ,c U (1) ( qw) a n d ,  p o s s i b l y ,  QCD, 

color ( adC) . 'The h y p e r c o l o r  s t r o n g  i n t e r a c t i o n s  b r e a k  t h e  

c h i r a l  s y m m e t r i e s  of t h e s e  f e r m i o n s ;  t h i s  i n  t u r n  b r e a k s  t h e  gauge 

symmetry qw . W e  have  shown how m a s s e s  a r e  g e n e r a t e d  f o r  t h e  

W ar,d Z b0son.s  and f o r  v a r i o u s  p s e u d o s c a l a r  bound s t a t e s  o f  t h e  

hyper fe rmi .ons .  B u t  s o  f a r  w e  h a v e  n o t  i n c l u d e d  t h e  c o u p l i n g  o f  t h e  

hyp .e rco lo r  sector t o  the: o r d i n a r y  q u a r k s  and l e p t o n s .  ' I n  t h i s  

s e c t i o n  w e  w i l l  c o m p l e t e  o u r  e x p l i c a t i o n  o f  t h e  s t r u c t u r e  o f  a 

d y n a m i c a l l y  b r o k e n  w e a l ; - i n t e r a c t i o n  t h e o r y  by d e s c r i b i n g  t h i s  

c o u p l i n g  a n d  i t s  e f f e c t s .  



'4. 

. . 
In deciding how to introduce quarks and leptons, there is,a special 

.problem that we must confront. The rules for model-building which 

we set ourselves in section 3 insist that all fundamental couplings 

of fermions in a dynamically broken theory must be couplings to 

gauge fields. These couplings conserve fermion helicity and lead 

to separate handed fermion flavor symmetries of the form of ( 5 ) .  

These symmetriea, considered for hyperfermions alone and for ordi- 

nary fermions alone, were labeled 
G~ 

and GQL , respectively, in 
Table 1 . Some component'of these symmetries must be exact, since 

we have coupled the Su(2) x ~ ( 1 )  gauge bosons to chiral currents. 

alone cannot be an exact symmetry, since it,prohib,its the But . G Q ~  
appearance of quark and lepton masses. In such a world,' n o ,  K O ,  rl 

and no are masol'bss, whibe the mas= of n' i s  35 MeV, due to 

electromagnetism alone. In the standard weikberg-~alam theory, 

these unwanted symmetries are broken'by couplings to the elementary 

Higgs mesons, at a price that we have indicated in section 2 .  ,.We 
% \  

must be sure that.the couplings of quarks and leptons to the hyper- 

color theory include some alternative mechanism for breaking GQL * 

The only way to break G in a gauge theory with dynamical symmetry 
QL 

breaking, while maintaining invariance under qW x 9 x a t 

is to allow gauge couplings be,tween the light fermions and the 

hyperfermions. If this. new interaction implies that quarks have 

Strong self-inteiactions at a mas? scale of 1 TeV, the arguments of 

section 4 would indicate that .their chiral symmetries are spdntane- 

ously broken and that they acquire dynamical masses as large as 

those of hyperfermions32). F O ~  this and other good reasons, the 

new gauge couplings must induce only weak transitions between 

hyperfermions and ordinary fermions (Fig. 9 ) . One way to implement 

Figure 9. A transition from a hyperferrnion to an ordi- 
nary fermion.mediated by a sideways boson. 



t h i s  i s  t o  i n t r o d u c e  twc a d d i t i c n a l  new gauge i n t e r a c t i o n s .  The . . 

" f i r s t  r n e d i a t e s ' t h e s e  new (;rap-.  z L s i . t i o n s , .  T h i s  i n t e r a c t i o n  h a s  been 

r e f e r r e d  t o  by v a r i o u s  ant i l i r rs  a s  t h e  s ideways  i n t e r a c t i o n 5 )  o r  

e x t e n d e d  t e c h n i ~ o l c r ~ ~ '  ... W e  y i l l , . u s e  t h e  fo rmer  name h e r e  and 

l a b e l  i t s  gauge g rouy  '9 . T r a n s i t i o n s  between o r d i n a r y  

f e r m i o n s  and hyper f r r ru ions  w i l l  be  weak, i f  gS d e s c r i b e s  a  v e r y  

s t r o n g l y  b roken  gauge i n t e r a c t i o n .  The second  new gauge i n t e r -  

a c t i o n  i s  s t r o n g ,  and  d e s i g n e d  t o  g i v e  v e r y  l a r g e  masses  t o  

' bosons  v i a  d y a m i c a l  symmetry b r e a k i n g .  T h i s  w e  w i l l  l a b e l  
9 s  
C ~ A *  

W e  remarked i n  s e c t i o n  4 t h a t  n o t  a l l  t h e  n e w  gauge i n t e r a c t i o n s  

i n  T a b l e  1 need b e  d i s t i n c t .  I n  f a c t ,  a s  w e  w i l l  see s h o r t l y ,  

t h e y  must  n o t  b e .  

L e t  u s ,  t h e n ,  suppose  a  mechanism s i m i l a r  t o  t h a t  d i s c u s s e d  i n  

' s e c t i o n  4 by which t h e  gA s t r o n g  i n t e r a c t i o n s  b r e a k  qS and 
g i v e  mass t o  a  s e t  o f  qS bosons .  By a n a l o g y  w i t h  (16)  , t h e s e  

masses  w i l l  be o f  o r d e r  

where gk i s  t h e  qS cc,;ipling c o n s t a n t  and Ps i s  t h e  decay  

c o n s t a n t  ( 1 0 )  a s > s o c i a t e d  w i t h  qS b r e a k i n g .  W e  w i l l  s h o r t l y  

d e t e r m i n e  t h a t '  FS 3 0  TeV. .These s ideways  gauge bosons  a p p e a r  

:;to t h e  h y p e r f e r m i o n s  a s  W ~ O S O ~ E  do t o  t h e  o r d i n a r y  f e r m i o n s :  

They a r e  .'heavy on t h e  hypnrfermic::  mass s c a l e  and m e d i a t e  a weak 

c u r r e n t  i n t e r a c t i o n  

H' = 7 1 J a t  Jua 
i, 9; - 2 Q S  bosuns a us ( a )  lJ 

The v a r i o u s  s ideways  c u r r e n t s  J a p roduce  e x o t i c  t r a n s i t i o n s  o f  
lJ 

t h e  form o f  F i g . 9  ; t h e y  may a l s o  c o n n e c t  h y p e r f e r m i o n s  t o  o n e  

a n o t h e r .  

The e ' x i s t e n c e  o f  t r a n s i t i o n s  between h y p e r f e r m i o n s  and o r d i n a r y  

f e r m i o n s  t e l l s  u s  t h a t  
G~ 

and GQL a r e  n o t  s e p a r a t e  i n v a r i a n c e s  

of t h e  t h e o r y  which '  i n c l u d e s  gS: A r o t a t i o n  o f  t h e  h y p e r f e r m i o n s  .- 

( i n  GH ) i s  n o t  a  symmetry of  t h e  f u l l  t h e o r y  u n l e s s  accompanied 

by a r o t a t i o n  o f  t h e  q u a r k s  and l e p t o n s  ( i n  GQL) . B u t  w e  have  



26. . '  .. 
. . . 
seen alre'ady that GH must be spon?.:i:ieously broken; the sideways. 

interactions will propagate this i n t u  a breaking of . This G~~ 
amounts to an explicit breaking of 2 symmetries, and it mani- 

\"!.I.> 

fests itself in the appearance of q u a r k  and lepton masses. 

The specific diagrams which generate misses are those *of the form 
5,17) . of Fig. 10 . The blob which actually creates the mixing of 

left-and right-handed fermions the. dynalnical mass term acquired 

Figure 10. Typical graph producing a mass for a 
quark or lepton. The shaded blob i s  . . 

the dynamical mass of the hyperfermion. 

by the hyperfermions through thei~ chiral symmetry breaking. If 

this were an ordinary fermion mass, the diagram shqwn in Fig; 1.0 

would be infinite. Presumably, it co:.Ld he renormalized, but the 

renormalization condition wou1d:introduce into the theory a new 

adjustable parameter for each such generated mass. This is pre- 

cisely the problem in the standard Weinberg-Salam theory which 

leads to the difficulties described in section 2. But it is known 

that L l ~ r  dynamically-induced dynamical . mass i s  momentum-dependent 
33) and falls off rapidly fpr large momenta . . Thus, in a theory of 

dynamical symmetrybreaking, Fig. 10 is finite and gives a light. 

fermion mass of the order of magnitude 

. .  . 

where A is the measure of the hyperfermion condensate defined in H . , . .. . ,  , 

( 9 )  . In a detailed theory 0.f sidehays interactions, the quark and 



l e p t o n  s p e c t r a  t~o l~ . . ld  b e  computab le  i n  terms o f  t . h e i r  c o u p l i n g s  t o  

' h y p e r f e r m i o n e  ( g r o u p - t h e o r e t i c  f a c t o r s  of 0 (1) and  t h e  p a r m e t e r  

F~ 

W e  have  t h u s  sketch:<! a mechanism by which t h e  a d d i t i o n  t o  a  hyper-  

c o l o r  model o f  a  s ideways  gauge c o u p l i n g  and  a n  a d d i t i o n a l  s t r o n g  

i n t e r a c t i o n  can. g e n e r a t e  q u a r k  and Lep ton  m a s s e s .  To t u r n  t h i s  

mechanism i n t o  a c o n c r e t e  model ,  it i s  o b v i o u , s l y  i m p o r t a n t  t o  

s p e c i f y  wha t  t h e  two new gauge  g r o u p s  a r e .  u n f o r t u n a t e l y ,  t h e  

p rob lem o f  s e t t i n g  u p  t h e  9 b r e a k i n g  t u r n s  o u t  t o  b e  more 

d i f f i c u l t  t h a n  t h e  c o r r e s p o n d i n g  p rob lem f o r  qW , and  w e  have  

n o t  y e t  found  a r e a s o n a b l e  r e z l i s t i c  s o l u t i o n .  S i n c e  t h e  f e r m i o n  

mass  s p e c t r u m  r e s u l t s  f r o m  a  d e l i c a t e  i n t e r p l a y  o f  t h e  qH 
dynamics ,  t h e  gS c o u p l i n g s ;  and t h e  b r e a k i n g ,  t h e  

, s e a r c h  f o r  t h e  c o r r e c t  model w i l l  b e  a d i f f i c u l t  b u t  i n t r i g u i n g  

p rob lem f o r  t h e o r i s t s .  
... 

D e s p i t e  o u r  i n a b i l i t y  t o  s p e c i f y  and qA , w e  c a n  

ex t r ac t  some g e n e r a l  c o n s t r a i n t s  on t h e s e  g r o u p s .  . The mass s c a l e  

a s s o c i a t e d  w i t h  t h e  gA i n t e r a c t i o n s  i s  set by i t s  i n f l u e n c e  on  

t h e  scale of o r d i n a r y  f e r m i o n  masses: I f  w e  assume t h a t  a t y p i c a l  

q u a r k  or l e p t o n . ' m a a s  i.s. of' ori3e1, 1 GeV, w e  f i n d  from (22) : 

/ The a s s o c i a t e d  A would be a few timcs l a r g e r ,  of o r d e r  100 TeV . 
To e x p l a i n  t h c  s m a l l  currei-~C-alr~ttbrd.i:7 masses of u ,  d  and  e , 
it h a s  b e e n  p r o p o s e d  3 4 )  t h a t  t h e r e  i s  a h i e r a r c h y  of  qS - 
b r e a k i n g  s c a l e s ,  A, % 1000 TeV t o  p r o d u c e  t h e  l i g h t e s t  f e r m i o n  

m a s s e s ,  a n d  rh2 % 100 TeV t o  p r o d u c e  t h e  O ( 1 G e V )  m a s s e s .  We 

b e l i e v e  s u c h  h i e r a r c h i e s  a r e  a l s o  needed t o  s u p p r e s s  I A S ~  = 2 

p r o c e s s e s  t o  a c c e p t a b l e  l e v e l s .  

9 is. a c t u a l l y  q u i t e  s t r o n g l y  c o n s t r a i n e d 5 )  : S i n c e  s i d e w a y s  

b o s o n s  c h a n g e  ( g g - s i n g l e t )  q u a r k s  a n d  l e p t o n s  i n t o  h y p e r f e r m i -  

o n s  t o  b r e a k  G~~ 9, c a n n o t c o m m u t e w i t h  % B u t i t  

m u s t  a l so  s p o i l  symmetries i n  GH which ,  when s p o n t a n e o u s l y b r o k e n ,  

would h a v e  a s s o c i a t e d  w i t h  them e i t h e r  e x a c t l y  massless G o l d s t o n e  

b o s o n s  o r  v e r y  l i g h t  bosons  r e s e m b l i n g  t h e  a x i o n 3 ' ) .  Such bosons  

are e a s i l y  g e n e r a t e d  i n  a t h e o r y  o f  h y p e r c o l o r  a l o n e ;  t h e y  a r e  



c e r t a i n l y  n o t  o b s e r v e d .    his r e q u i r e m e n t  mGy b e  s e e n  t o  i f n p l y ' t h a t  

QS commutes n e i t h e r  w i t h  o r d i n a r y  c o l o r  n o r  e l ec t r i c  c h a r g e .  - 
Thus ,  9, must  c o n t a i n  a  s u b g r c u p  which r e m a i n s  unbroken and 

c o n t a i n s  qH x Qc.  ( A S  f a r  as w e  know, gs may commute w i t h  

t h e  w e a k - i n t e r a c t i o n  SU ( 2 )  a n d ,  f o r  s i m p l i c i t , y ,  w e  w i l l  assume t h a t  

i t  d o e s . )  F u r t h e r ,  a l l  q u a r k s ,  l e p t o n s  and h y p e r f e r m i o n s ' . m u s t  b e  

c o n t a i n e d  i n  a t  mos t  f o u r  m u l t i p l e t s  of  qS: a  p a i r . t r a n s f o r m -  

i n g  u n d e r  e q u i v a l e n t  r e p r e s e n t a t i o n s ; f o r m i n g  a  d o u b l e t  u n d e r  weak 

. .  SU(2), and  a t  m o s t  two m u l t i p l e t s  f o r  t h e  weak i s o s i n g l e t  f e r m i o n s -  

TO e n s u r e  t h a t  t h e  u p  a n d  down q u a r k s  have  d i f f e r e n t  m a s s e s ,  t h e s e  

l a s t  two m u l t i p l e t s  mus t  t r a n s f o r m  as i n e q u i v a l e n t  r e p r e s e n t a t i o n s  

of Q s  T h e  r e q u i r e d  s t r u . c t u r e  i s ,  t h e n ,  r e m a r k a b l y  compact .  

9 appedrs  as a large g r o u p ,  b r o k e n  a t  a m a s s  s c a l e  of I U U ' P I V .  

. Some of.  i'ts g a u g e  b o s o n s  get m a s s e s  and m e d i a t e  t h e  s i d e w a y s  i n t e r -  

a c t i o n s .  O t h e r s  r e m a i n  m a s s l e s s ,  and  a t  s m a l l e r  momenta, become 

s t r o n g l y  c o u p l e d  t o  form t h e  h y p e r c o l o r  and  c o l o r  i n t e r a c t i o n s . : ,  

Q u a r k s ,  l e p t o n s  a n d  h y p e r f e r m i o n s  a r e  u n i f i e d  i n t o  m u l t i p l e t s  of  

T h i s  p i c t u r e  o f  new i n t e r a c t i o n s  i s  r i c h  w i t h  new phenomena. A l -  

t h o u g h  t h e  c h a r a c t e r i s t i c  mass scales are v e r y  l a r g e .  1 - 100 TeV, 

s e v e r a l  p r e d i c t i o n s  o f  t h i s  g e n e r a l  p i c t u r e  a p p l y  t o  lower -energy  

p r o c e s s e s  which  a y e  c u r r e n t l y  accessib1:e to s t u d y .  while m a s s e s ,  

cross s e c t i o n s  and  b r a n c h i n g  r a t i o s  may be  c a l c u l a t e d  w i t h  p r e c i -  
. . 

s i o n  o n l y  a f t e r  making s p e c i f i c  r e a l i s t i c  c , h o i c e s  of  gH and 

gs , t h e  o r d e r  o f  m a g n i t u d e  of t h e  e f f e c t s  w e  w i l l  d e s c r i b e  £01- 

l o w  d i r e c t l y  from t h e  h m a d  n ~ ~ t l i n e s  of t h e  thenry set.  o11t hers. 

7 .  TEST * 1: FLAVOR-CHANGING NEUTRAL CURRENTS 

I n  t h e  s t a n d a r d  SU(2)  x ~ ( 1 )  model ,  t h e  p r e s e n c e  o f  n e u t r a l  c u r -  

r e n t s  l s  a c o n s e q u e n c e  of g r o u p  t h e o r y :  commuting two oppo~i.?=ly 

c h a r g e d  weak c u r r e n t s ,  o n e  f i n d s  a  n e u t r a l  c u r r e n t . .  I n  t h e  .same 

W a y , , c ~ m m u t i n g  t w o  s i d e w a y s  c u r r e n t s  l i n k i n g  q u a r k s  o r  l e p t o n s  to 

h y p e r f e r m i o n s  r e v e a l s  t h e  p r e s e n c e  of a d d i t i o n a l  s i d e w a y s  c u r r e n t s  

of t h e  f o r m  . . 

. . 



In (241, we hawr u.sed u,d,e,v as generic labels: u and uO, for 

example, denote any two charge +* /3  quarks. The usual neutral 

current is flavor-conserving. But these new. currents, which couple 

to qs rather than qW bosons, cannot be, if all the 
various flavors reside in only four . LaS multiplets. (Recall 

that, in section 6, this requirement was forced on us by the need 

to avoid axion-like mesons. ) 9 interactions, then, mediate 

flavor-changing neutral current processes5). Rare K O  decays such 

and rare p decays such as 

.provide the best tests for the presence of these unusual neutral 
1. 

" currents. 

These processes are mediated b y  qS gauge bosons whose mass is 
comparable to that (eq.(20)) encountered in quark and lepton mass 

generation. This fact permits the following rough estimates of 

the effective Fermi constants, Geff , for rare X . decays and for 

u -, .eee . (p -, ey will be discussed separately.) The most naive 

guess5) for G~~~ is 

where F S  + 30 TeV and is a factor containing the sines and 

cosines of mixing angles which. inevitably appear. The small masses 

of u,.d, s and e , suggest an. .even 'smaller Ferrni constant 
34/37] 

I 



Thus, we expect branching ratios 

lo-'* (rare K decay), B (p-reee) $ lo-" 

The transition dipole moment d for . p+ey may be'estimated from 

the graphs of Fig.ll.. The blob is, as in Fig.10, the,hyperfermi- 

on's dynamical mass. As in that case, the momentum dependence of 

Figure 11. Contributions tp p-rey . The notation 
is'as in Fig. 10. These graphs assume 
assume that the relevant gs bosons 
and hyperfermions are electrically 
charged. 

. . 

this mass suppresses high momenta.in,the loop integral. The con- 
,.. 

tribution of Fig. lla is then roughly da = egg I$ / p i  x mixing 

angle factors.' Fig.llb seems to give a contribution of order 

egg nH/p; , which is far too large, but a careful analysis shows 



that this graph" contribution to (3. is actually of the order of 

. . da . Thus, we estimate, . .. . .  . 

. , 

We have used (22), noking that the relevant. qS bosohs also 
determine the t! and e masses. The branching ratio for v4ey is 

3nd2 , 5@ 10-11 B ( p  + ey) = -- - 
, Gf. ro2  I 

IJ 

which is to be compared with the present experimental upper 

limit38) of . 1 x lo-'' ., 

All these estimates are crude,,but it is tempting that they lie 

not far below present upper limits. It is worthwhile to push these 

limits down another order of.rnagnitude or so. 

8 .  ' TEST ' 2 :  CP-VIOLATION AF!D THE NEUTRON ELECTRIC DIPOLE MOMENT 

Since the discovery of CP-vioiatio:; in the K'-Z' system39), there 
4 0) 

+ have been many theoretical attemp't.s to explain and understand it . 
8 ', 

1 Many of these proposals are attractive and, indeed, remain viable. 
However, none of them really does explain the origin of CP-viola- 

tion: To some extent, it is always put in by hand, as phases of 

scalar-field coupljngs, for example, in the Kobayashi-Maskawa (KM) 

model, or by an arbitrary choice of parameters that leads' to 

spontaneous CP-violation in the ~igcjs models of Lee and Weinberg. 

Moreover, none of these ~nodels seriously addresses the issue o'f' 

strong  violation^^) : As we recalled in section 2, a CP- 

violating imaginary part of the quark mass.matrix contributes di- 

rectly (eq.(3)) to the neutron electric dipole moment, for which 

there. exist stringent bounds7) . Why shduld this particular para- 

meter be especially small? 

Dynamically-broken weak interaction theories offer a natural 

explanation for the origin of weak CP-violation and, possibly, 
.. . . .  . . . 



6 1 for the absence of strong CP--$lolation . Because the fermion, , ' 

c .,. . Hamiltonian is generated solely by gauge interactions, without . 

elementary scalar couplings or fermion bare mass terms, it is 

natural that it be CP- and T-invariant. The mechanisms of section 

4 do not introduce CP-violation in the breaking of gS Or in the 
spontaneous breaking of GH . By this we mean that the pair con- 

densate vacuum of the hyperfermions and quarks, which we label I Q >  , 
and the perturbation H~ , eq. (21) , are each, considered 
separately, invariant under CP transformations. One possibility, 

however, remains for CP-violation: These two CP transformations 

can be different and, in fact, conflict, so that the full theory 

has no CP-invariance. In this section, we will explain this 

mechanism of CP-violation and its implications. We apologize that 

our discussion here will be slightly more technical than that of 

the other sections of these lectures. 

Let us begin by discussing the Hamiltonian H, of hyperfermions, 

quarks and leptons, in the absence of H'. GH and GQL are 

symmetries of Ho but, because of spontaneous symmetry breaking, 

they are not symmetries of its ground state I R >  . In fact, 

GH x G 
QL transformations will rotate this state into other, 

distinct states of the same energy. More precisely, if W is a 

unitary transformation in GH x G 
QL ' 

wIR> is an equally good 

ground state bf b0 . (The observant reader will note that, since 

lepton chiral symmetries are explicitly, but not dynamically, 

broken, leptons are spectators in this discussion and may be 

ignored. ) 

our unperturbed Hamiltonian H~ has, then, a family of degenerdtr  

. . ground states. The perturbation H',-which explicitly breaks the 

Symmetry GH x G ' 

QL 
., will lift this degelieraey and pick out the 

true ground state of the theory. As Dashen 41).has emphasized, this 

true ground state is the one for which the vacuum expectation value 
of H' is a minimum. That is, if 

I 

is minimized by W.= u , the.txue vacuum is U I R >  . Equivalently, 

we can take the true vacuum to be simply I R >  and regard 

H; = U- ' H- U as the true perturbation. 



' .  

If ! R >  and I-!# have  t h e  same CP-~i : . r sns iormat ion ,  H; w i l l  be  CP- 
* .  i n v a r i a n t  c.;Lo.r;g i ~ i . t . i - i  IS?> i F  ::j.::iCf o n l y  if .U i s  a  r e a l  u n i t a r y  

t r a n s f o r m a t i c n ,  U = U *  ! ' .  T h i s  i s  a ' p o s s i b i l i t y ,  b e c a u s e  t h e  CP- 

i n v a r i a n c e s  o f  R >  an:: R' imply  t h a t  E ( N )  = E ( W * )  , Hence, E 
. . 

h a s  T - i n v a r i a n t  extrerna E ( W o )  w i , t h '  Wo = Wo* . But  i t  i s  a l s o  

p o s s i b l e  t h a t  E '  i s  minim'ized away from s u c h  a  p o i n t ,  a t  U and  

U* s u c h  t h a t  3 # U* .  his c o r r e s p o n d s  t o  a s p o n t a n e o u s  CP- 

a n d  T - v i o l a t i o n ;  i n d e e d ,  t h i s  v i o l a t i o n  d i s a p p e a r s  f o r  e n e r g i e s  w e l l  

a b o v e  100 TkV where gS - symmetry i s  r e s t o r e d .  W e  see now t h a t  

t h e  o r i g i n  of C P - v i o l a t i o n  l i e s  i n  t h e  p a t t e r n  o f  9 S-break ing :  

T h i s  p a t t e r n  i s ,  i n  p r i n c i p l e ,  u n i q u e ,  g i v e n  qA ; it d e t e r m i n e s  

Ho and He , a n d  t h e r e f o r e  i t  u l t i r c a t e l y  d e t e r m i n e s  w h e t h e r  or  n o t  

s p o n t a n e o u s  C P - v i o l a t i o n .  o c c u r s .  

I t  i s  u s e f u l  t o  p a r a m e t r i z e  W more e x p l i c i t l y .  A set  o f  f e r m i o n s  

w i t h  t h e  same quantum numbers u n d e r  qH x qC w i l l  be mixed by 

s u c h  a . c h i r a 1  symmetry. L e t  u s  l a b e l  e a c h  s u c h  set of f e r m i o n s  by 

a n  i n d e x  p . All t h e  q u a r k s  b e l o n g  t o ' a  s i n g l e  set; t h e  hyper -  

f e r m i o n s  mus t  b e l o n g  t o  .at leas t  one d i f f e r e n t  set. W e  may t h e n  
P P l a b e l  t h e  q u a r k  and h y p e r f e r m i o n  f i e l d s  by $ , q R r  , where r 

i s  a  f l a v o r  i n d e x .  To g u a r a n t e e  t h a t  pW / uZ = cos OW and  t h a t  

e l ec t r i c  c h a r g e  i s  conserve& after gW i s  s p o n t a n e o u s l y  b r o k e n ,  

it is assumed , that t i i e  f 2 a ~ q r  symuetry Gii x .G does n o t .  t r a n s -  

, form .weak d o u b i e t s  :b P into weak s i n g l e t s  
QL p 

' L  r $R r A t r a n s -  

f o r m a t i o n  W i n  GH x GQI, t h e n  t . r ans fo ims  

wL , W: are u n i t a r y  matrices. The o v e r a l l  p h a s e s  o f  t h e s e  
P 

m a t r i c e s  a r e  c o n s t r a i n e d  by t h e  r e q u j r e m e n t  t h a t  t h e  c u r r e n t s  

g e n e r a t i n g  t h e s e  symmetries are f r e e  o f ' a x i a l  v e c t o r  a n o m a l i e s  

a ~ i s i n g  f rom e i t h e r  t h e  gH or  Cd, g a u g e  i n t e r a c t i o n s .  I f  

t h e  v e c t o r  f l a v o r  symnmetrie,~ . ( t h o s e  w i t h  c u r r e n t s  o f  t h e  form ( 7 )  ) 

a r e  r e s p e c t e d  by t h e  c o n d e n s a t i o n ,  E(W)  d e p e n d s  o n l y  on  t h e  
1- 

c o m b i n a t i o n s  W = W R  WL' and  W . 
P P P P 

The c o n d i t i o n  t h a t  .U = W is  a n  extremum o f  E(W)  i s  t h e  
6). f o l l o w i n g  . . 3 .  . . 



Here v is a real quan-kity of dimension (mass)', the same for 

all sets p . T is a dimensionless group-theory factor, 
P 

is the unit matrix in the flavor space. 
%. .  

. 
* 

is the condensate 

defined in (9); this will be different for each fermion species 0 : 

AP = o((~G~v) ') for quarks .aid o((1 T~v)~) for hyperfermions. 

The "mass" M is defined by 
P. 

A< =,. 1 [<:, aE(W)  .Mprr 
. .  sts0 a w Wps*r,* 

ps's 
" 3 1 .  

W = U  

. . The right-hand side of (34) arises from the phase constraint on the 

W ; the quantity v is the same for all p because gH and 
are both contained in a single larger group With ' 

Y 

U = {U 1 chosen to minimize E , the remaining arbitrariness in P 
U: and U: is removed by requiring that 

M~ 
be diagonal. Then 

(vTp/2Ap) % is the imaginary part of 
MP 

For the set p of quarks ( p  = q), M is almost the quark mass 

matrix m . It is possible to show G I  that M differs frbm m 
B q q 

by terms of relative order ( A / A or: ( a S (  $)/2n) . (  A/AH) 

where A is the QCD scale; both ter~ns are 2, 10" . This has 

important consequences for CP-violation. There are three Pas- 
sibilities for the solution of 434): 

(1) U = U* . In this case, CP is not spontaneously broken; in 

particular, v = 0 . 
(2) U f U* v # 0 - In this case,. strong CP-~rioLatJ.on occurs. ----..., ' ...-- - 

The natural scale of v/Aq is m u so we expect a neutron 
- 

electric dipole moment = lo-'.' e-cm 16) , nine orders of magni- 
tude larger than the experimental upper bound. 

b 

( 3 )  U # U* , v = 0 . This case occurs if E is minimizedl.by a 

complex U in GH G~~ even if the phase constraint is removed. 

In this.case, there is no strong CP problem. 

The last of these cases is the only realistic one. Let us ask 

first its implication for the size of the neutron electric dipole 



. , 

moment dN . Tin ( m  ) i s  a t  rn0s.i .\. ~ O - ~ r n  and  c o n t r i b u t e s  
. 9  u 

- .  'L .10*-~" e - c n i  ke dN . C:I'--.aiolating ' o f  o r d e r  1 i n  b r o k e n .  
. . ' 

i n t e r o c t i d n s  invo1:~:ing f o u r  q u a r k s  w i l l  c o n t r i b u t e  

. . 
'L eMN mu/  /I; % l o - "  ": - c m  t o  dN.  Rough e s t i m a t e s  o f  o t h e r  con- 

t r i b u t i o n s  a r e  comparab le  t o  t h e s e , t w o .  T o g e t h e r ,  t h e y  imply  

j u s t  beiow t h e  p r e s e n t  u p p e r  l i m i t  o f  2x10'~" e -  c m  ' I 0  AS a .  

c o m p a r i s o n ,  t h e  s t a n d a r d  KM model  p r e d i c t s  a  v a l u e  of 
4 2 )  d N : ?  10' t i m e s  s m a l l e r  t h a n  t h i s  

,What a b o u t  C P . - v i o l a t i o n . . i n  t h e  e l e c t r o w e a k  i n t e r a c t i o n s ?  S i n c e  

t h e  q u a r k  matrices U L' commute w i t h  e l ec t r i c  c h a r g e ,  t h e y  w i l l  
9 

b e  b l o c k - d i a g o n a l  - i n t o  b l o c k s  f o r  up-and down-quarks,  u i f R  and 

U: . The uL a p p e a r  i n  t h e  c h a r g e d  weak c u r r e n t s ,  and the  
r t  

~ a b i b b o - ~ u b a ~ a s h i - ~ a s k a w a  m i x i n g  m a t r i x  i s  ..(u; $1 . I f  t h i s  

matr ix  c o n t a i n s  p h a s e s  which  c a n n o t  b e  removed by a n  a l l o w e d  

r e d e f i n i t i o n  o f  t h e  f e r r j . o n  f i e l d s ,  t h e r e ' i s  c P - v i o l a t i o n  i n  t h e  
. . 

e l e c t r o w e a k  i n t e r a c t i o n s ,  ard it z p p e a r s  e x a c t . 1 ~  a s  i n  t h e  KM model. 

I n  p a r t i c u l a r ,  t h e  e lkc t rowea l r  c o n t r i b u t i o n  t o  dN i s  l o - "  e-Cm. 

I n  t h e  sanle way, C P - v i o l a t i n g  phases appear i n  t h e  e f f e c t i v e  

I - q u a r k  t e r m s  generated by t h e  sideways i n t e r a c t i o n s .  ' A p a r t  from 

dN , t h e i r  most n o t a b l e  e f f e c t  i.s i n  tho K O -  R O '  s y s t e m .  I f  
. . 

I AS 1 = 2 terms, s u c h  a s  5 y, ,d s yb , a p p e a r ,  t h e n  a n a i v e  e s t i m a t e  
CI 

o f  t h e i r  s t r e n g t h  would b e  as i n  ( 2 8 )  : G e f f  z 
- ~ o - ' ) G ~ R  I 

w i t h  t h e  p h a s e  of (jL of o r d e r  o n e .  , A PCAC c a l c u l a t i o n  of  t h e  

c o n t r i b u t i o n  o f  s u c h  t e r m s  t o  t h e  C P - v i o l a t i o n  p a r a m e t e r ' €  g i v e s  

c z 1 , 1 0 0 0  t i m e s  too l a r g e .  I t  i s  n o t  c l e a r  what  mechanism 

m i g h t  g i v e  t h e  r e q u i r e d  s u p p r e s s i o n .  The na ' ive  qS c o n t r i b u t i o n  

t o  t h e  p a r a m e t e r  c i s  <, . A s  w i t h  m o s t  o f  t h e  r a t e  es t i -  . 

m a t e s  p r e s e n t e d  h e r e ,  a n ' e x p l i c i t  r e a l i s t i c  model i s  needed t o  p i n  

down t h e  d e t a i l s .  

9. TEST ' 3. ACCESSIBLE HIGGS MESONS 

W e  s a w  i n  s e c t i o n  5 t h a t  a t  l ea s t i  two c h a r g e d  and t w o  n e u t r a l  
. . . . 



' . pseudoscalar bound states of hyperferrtiions escape. acquiring the . 

large masses which characterize t!le hypercolor theory. They are, ,: 

in fact, sufficiently light that they will be produced at currently 

.planned accelerators; it i.s likely, in fact, that they are already 

being produced at PETRA and PEP energies. The appearance of these 

particles is the most obvious and most characteristic manifestation 

of dynamical symmetry breaking. We devote this section to a dis- 

cussion of their phenomenology.' We will refer to these particles 
5 as the P' , PO, P'O 

Our first task is to estimate the masses of these particles. We 

explained in section 5 that the order - a ,effects which give mass 
to these mesons (Fig. 6 ) cancel. Thus, these mesons will receive 

mass only from order'- a 2  electroweak effects and from sideways 

interactions. Let us consider first the higher-order electroweak 

effects: If one includes in Fig. 6 the effect of the z 0  mass, 

one finds a contribution to the mass rn of the P' 5,25,30). . 
. . 

5 
.. . ' I  

This effect is of order a' , since u i  z . It can be shown 

that, if the hypercolor chiral symmetry. GH is simply a handed 

SU(N) x S U ( N )  symmetry, this is the on.ly contribution of this 

order25) . (In more complex models, orie m i g h t  find additional 

terms.) The uncertainty in (37) arises only from the ambiguity of 

AH . The electroweak interactions may be seen to contribute 

nothing at all to the masses of P O  and P - O  . 

Since we lack a detailed theory of the sideways interactions, we 

cannot compute the ys contribution to these masses in the same 
precise manner. However, it is possible to make a reliable esti- 

mate of this contribution. The effect of the interaction' H ' r  

eq.(21), in producing P masses may be related, using curren't 

algebra, to a- vacuum expectation value of another operator of the 

form of H' , actually a commutator of H' with chiral charges. 

This allows us to estimate any one m 2  of the four masses by 



The 1.argest cont.ributj.on comes when all foux fel-mion fields corre- 

- - spond tc: hyixr f iz r~~ic~ l r s ;  then i.le may estimate (38) using (9) and 
' f i.nd 

A model which accounts for the small masses of u , d ,  e might 

introduce into (39) a large valu,e o f  
FS 

and so produce a smaller 

(m2)$ . 

Using m = [ (m2 ) + (m' S]'' we conclude that the P-meson masses 
are , 

- m - 5 - 8  GeV ; nl = mi - 2 - 5  GeV , 
It 0 

.. 2 1 
' iE (rn:jp c (  ;TC; ,~>~  -- 3 .I )I  

, .As far as we know, no rrociel with e ln icen ta ry  Higgs bosons requires 
' ', 
charged Higgs mes0r.s in this m r t s s  r a n q e .  If such mesons are found, 

the case for dynamicai sjmusetry b t r ak i , ng  will be particuLarly 

compelline. Moreover, the relative inasses of. P' and P O  , P'' 
will give important info,rmation on the scale FS appearing in 

(39). 
.. . 

I! . 

The P' is produced copiousl$ in e+e- annihilation. Since this' 

particle is composite, one might expect its coupling to the photon 

to contain a form factor; however, effects of this form factor 

become noticeabl~, oniy for ph.oton Q~ . ,, > (1 T ~ v ) ~  . At ordinary 

energies, the P' couples to the photon like an elementary spinless 
+ - meson. Its contribution to R in e e annihilation is 



It is produced with an angular distribution 

Since this distribution peaks at 8 % .go0 , the fraction of:' racon- 
structable events may be greatly increased 4 3 

The P' decays primarily into pairs of quarks or leptons. Since 

the P' contains a combination of' hyperfermions orthogonal to those 

of the hypercolor pion, the particle which appears in Fig.4 and 

combines with the wf , this particle cannot decay through a single 
w' ( ~ i g .  12a)'. It can decay, however, by exchanging a sideways 
boson betweewits hyperfermion constituents, allowing them to turn 

into ordinary fermions (Fig. 12b). (Theorists should note that 

Fig. 12b is intimately related to Fig: 10 through current algebra.) 

The process of Fig. 12b yields a.. ..decay rate of the form 

where p is the momentum of a final-state fermion and X is a 

dimensionless~amplitude, computed from figure 12b , of order 

.here t.o be the larger pf where we have used (22) . We expect mf 

forbidden allowed 

Figure 12. Possible contributions to P+ + fze- 



the masses of the product ferrnio:;~, but this estimate is sensitive 

- - to effects of:nixi.ng angles. 'ihe implitude ( 4 ' 4 )  depends on the . . 2 'L.. 
hypercolor scale as ( p W )  .2 this process is, 'then, semi-weak, 

like the decay of  an e :  ... zcentary Higgs scalar in the standard 

Weinberg-Salam model, 

A specific theory of the sideways interactions would predict 'the 

amplitudes. X for various final'states. Lacking such a theory, we 

'can stiil ofzer some general comments on the decay modes of the P' . 
These general comments a.1~0 apply to decay ,modes of elementary 

charged Higgs scalars, which, in the standard model, might, but, 

need not, exist. Conversely, signatures for elementary charged 

Higgs are, equally well, signatures for the P' . 
. . 

The ampiitude (44) favofs decay into high-mass fermions. Thus, we 

expect the major decay modes 0f.a P+ which might be found at PETRA 

or PEP to be 

P+ + T+ v (branching fraction = x) 
( 4 5 )  

P+ -r 6c , i;u (branching fraction = (1 - x) ) 

Naively, 'one wkuld. e x p e c t  x i. , {aT /mb ) '  % 0 1) , though mixing 
angles in the amp.li.tude (44) nig.hC alter this result drastically. 

:. Fortunately, the direct production of P k  in e'e- annihi.lation 

leads to three different types of distinctive events., depending on 

, . the decay channels: 

(1) The process e+e" -, P'P" 4 (~c)(bc)'produce~ nonplanar, high 

sphericity events, a class of events to which experiments. at PETRA 

are already very sensitive. 

(2) The process e'e- -, P'P- -, (T'v) (T- G) produces an excess. of ' 

pe events, enhancing'the signal from direct' -r production, 

concentrated at large missing energy. 

( 3 )  The process e+e- 4 PcP- 4 (Gc) (T- G) produces a distinctive 

signal of a high multiplicity jet recoiling'against a lepton. 

Experiments collecting data at 30 GeV might, if we are unlucky, 

produce a plot similar to Fig. 13, enabling.them to rule out P', I 

within a fixed mass range, independently of the value of x. 



We s h o u l d  n o t e ,  however,  t h a t  w h i l e  t h e  d e c a y  p a t t e r n  (45)  i s  t h e  . . - .  
most  l i k e l y  s i t u a t i o n ,  u n u s u a l  s i r c u m s t a n c e s  c o u l d  l e a d  t o  s t r a n g e r  

p o s s i b i l i t i e s .  s ere are twa s u c h  p o s s i b i l i t i e s 4 ~ 5 )  : F i r s t  I if 

15 GeV 
, . 

F i g u r e  1 3 .  R e s u l t  o f  a  h y p o t h e t i c a l  u n s u c c e s s f u l  
s e a r c h  f o r  P'. Each shaded  r e g i o n  de-  
n o t e s  t h e  r e g i o n  e x c l u d e d  by t h e  non- 
o b s e r v a t i o n  o f  a  p a r t i c u l a r  t y p e  o f  
u n u s u a l  e v e n t .  

m < m . , t h e  s e c o n d  d e c a y  p a t h  o f  ( 4 5 )  w i l l  b e  f o r b i d d e n .  . ,  1.t . w i l l  5 b  
b e ' r e p l a c e d  by d e c a y s  t o  charmed f i n a l  s t a t e s ,  which a l s o  y i e l d  . :  . . 

n o n p l a n a r  e v e n t s .  I n  t h i s  c a s e ,  however ,  6 .+ P-u s h o u l d  b e - a  '. ., 

t . .b m a j o r  d e c a y  mode o f  t h e  b cguark'. S e c o n d l y ,  i f ,  f o r  some r e a s o n ,  
......... + &::. 

..;. :.. , 
b o t h  d e c a y s  ( 4 5 )  o f  P- were  s u p p r e s s e d ,  o n e  'might  see t h e  second-  

. ,  o r d e r - e l e c t r o w e a k  d e c a y  . . . ,.. 
.. , . ,  

, 

, . . . .,. . 
where I+ i e  a l e p t u ~ l .  T h i t :  I r d d b  LU u p .  event s  c o n t a i n i n g .  

' .:L 
. . 

2 h a r d  p h o t o n s ,  a m o s t  u n u s u a l  s i g n a t u r e .  . . . .  
. . ' .  , 

I (  . ' 

. . . . 
. . 

The. P O  nnd p c O  a r e  less c o n s p i c u o u s ,  Here we w,i 1.1. s a y  o n l y  . . . , 

. . . .  t h a t  t h e y  a p p e a r  q u a l i t a t i v e l y  l i k e  t h e  n e u t r a l  Higgs  meson o f  t.he. :: 

s t a n d a r d  Weinberg-Salam t h e o r y ;  t h e  m o s t  i m p o r t a n t  d i f f e r e n c e s  a r e  

t h a t  P O ,  P'O d o  n o t  c o u p l e  t o  fzO e x a c t l y  a s  G ~ *  ( m f + m f O )  and 

t h a t  t h e  P O  ' s  are p s e u d o s c a l a r  and n o t  s c a l a r  p a r t i c l e s .  S i g n a -  

t u r e s  o f  t h e  n e u t r a l  H i g g s  meson 4 6 )  a p p l y  a l so  t o  t h e  P O  ' s  . 
. . . . .  ' .  . I  . . .  The m o s t  p r o m i s i n g  way t o  f i n d  P O  and  I p r o ~ o s @ d  by . ' '  
.- ' . .  . . 

, . 



Wilczek 4 7 )  f o r  the standard H i y g s ,  i s  t o  s e a r c h  for t h e  decay 

where V i s  t h e  T :::zsonance o r  t h e  ana logous  ( k t )  s t a t e  

(once  it i s  f o u n d ) .  The s i g n a t u r e  i s  t h e  monochromat.ic photon 

a g a i n s t  which t h e  P O  r e c o i l s .  The branching  r a t i o  f o r  (47)  is 

. . 

where M i s  the .  mass of  t h e  V, and (iL i s  a f a c t o r  c o n t a i n i n g  

mixing a n g l e s .  Some v a l u e s  of  ( 4 8 )  are g i v e n  i n  T a b l e  2 . 

Tab le  2: Branching r a t i o s  f o r  V +  ypO 

T h i s  t a b l e  i g n o r e s  phase  s p a c e  suppres -  
s i o n  and s e t s  @'= 1. 5 i s  a hypotile- 
t i c a l  ( t E )  . r e s o n a n c e  a t  3 6  GeV. 

Shou ld ,  t h e  P  mesons be t o o  heavy t o  be produced a t  PETRA and PEP, 

t h e y  c a n  be  produced a t  t h e  Z 0  r e sonance .  The. p a t t e r n  . . of  P , 

c o u p l i n g s  t o  t h e  Z O  i s  s i m p l e  and independen t  of  assumpt ions  

a b o u t  t h e  s ideways   interaction^^^') . T O  d i s c u s s  z c o u p l i n g s ,  . . 
it i s ' u s e f u l  t o  no rma l i ze  t o  r ( z O  + . .  v3 )  . ; though this i s  n o t  . 

d i r e c t l y  o b s e r v a b l e ,  it i s  . . r e l a t i v e l ;  independent  of  t h e  v a l u e  o f  

s i n i  OW . For comparison,,  , 



..For the P+ , 

where 0 is .as in (:41). The branching ratio to P-"P-' if there 

are only 6 quarks and no new leptons, should be 
. . 

The angular distribution is, again, (42). In general, for any of 

the technions of section 5 whose pair-production thresholds lie 

be'low the z O, 

where and Q denote the isospin and electric charge. TWO 

processes expected for a theory wi,th elementary charged Higgs 

mesons : 

. , 

do not occur in a dynamically broken theory; hence Z 0  physics 

allows one to discriminate a more standaxd picture of charged 

Higgs mesons from the one given by:d$namical synmetry breaking 

We, have presented a physical mechanism for understanding the 
. . 

pattern of weak-interaction gauge symmetry breaking. It also . 

offers  a natural explanation for CP-violation, and for the. absence 

of strong CP-violation.. The.price we must pay is a'hierarchy of 

new gauge interactions whose characteristic scales are 1 TeV and 

100 TeV. Remembering that new physics at higher energy scales has 

always been a fact of life, we feel this is not too great nor 

surprising a price. 



.. Although a  r e a l i s t i c  model incorpo:ri~.t:ing- d y r l a n i c a l  symmetry b r e a k -  - \. 
" i n g A i s  y e t  t o  bc c o n s t r u c t e d ,  exlough i s  known a b o u t  i t s  g e n e r a l  

s t r u c t u r e  and consequences  t:~ t e s t  t h e s e  i d e a s  now. W e  have  p r e -  

d i c t e d :  F l a v o r - c h a n g i n g  n e u t r a l  c u r r e n t s  m e d i a t i n g  r a r e  K and 11 

d e c a y s  a t  r a t e s  which. :cay b e  measured  w i t h  a modest improvement i r l  

s e n s i t i v i t y ;  a  n e u t r o n  e l ec t r i c  d i p o l e  moment Q (10  - 2 4  - 10-25) e - ~ m ;  

and n o v e l  p s e u d o s c a l a r  mesons, w i t h  masses  be tween 5 and 30 GeV,  
+ - 

r e a d i l y  detect:-..i>le i n  e e a n n i h i l a t i o n .  By t h e m s e l v e s ,  p o s i t i v e  

r e s u l t s  i n  any  o f  t h e s e  e x p e r i m e n t s  would b e  v e r y  e x c i t i n g .  More 

e x c i t i n g  s t i l l ,  t h e y  would g i v e  u s  a  good l o o k  i n t o  t h e  wor ld  

above  1 T e V .  
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