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l\BSTRACT 

T.1e uni f i cation of QCD and f l avour dynam i c s  of  
quarks and leptons within a un i f i ed the ory based on a 
s im p l e  gauge group i s  d i s cu s sed . Two pos s ib i l i t ies 
( " or thogonal11 unif i ca t i on, 1 1  ex cep t i onal." unif i c a t i on) 
are espe c ia l ly stu d i ed . 
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1 .  INTRODUCTION 

2 1 6  

Now it is  almost ten years s ince the f ir s t  resu l t s  of the electroproduct ion 
experiments at SLAG became available for theoret icians to think about . Those ex­
perimental resul t s , and the results  of the subsequent neutrino production experi­
men t s ,  have made it cl ear that quarks do not only p l ay a fundamental role in hadron 
spectroscopy but that they also behave as nearly po int-l ike obj ects  inside hadron s ,  
j u s t  l ike leptons ins ide atoms . Thus quarks and leptons are very much al ike , and 
one might speculate if in some sense quarks and leptons are different edit ions of 
the s ame bas ic ent ity . In this talk I sha l l  di scuss some of the ideas theoreticians 
have d iscus sed in order to real ize such a universal ity of leptons and quarks . 

Let me first descr ibe the present pictur e  of par t ic l e  physics which has emerged 
during the last few years . We have reasons to believe that a l l  interact ions ob served 
thus far belong to the following three clases of gauge interact ions : 

I Gravity (gauge group : Poincare group) 
II QCD [gauge group : SU(J) co lour] 

III QFD (quantum f l avourdynamic s : weak, electromagnetic and pos s ibly 
other interac tions , gauge group yet unknown) . 

In part icular we are deal ing with three types of unbroken gauge interact ions 
(gravity,  QCD , and electromagne t ism) . On the other hand , QFD is descr ibed by a 
spontaneously broken gauge theory . The smallest  pos s ible gauge group of QFD is  
SU ( 2 )  x U ( l ) , and the minimal s et-up of e l ementary fermions is  described by the 
following scheme : 

(:� 
u g 
d g 

( 1 . 1 )  

where the 1nd 1ces r ,  g ,  b refer t o  the quark colour (red , green , and b lue) . The 
e ight basic fermions denoted above are those fermions which cons t i tute the ob served 
stab l e  particles in the wor ld . The scheme ( 1 . 1 )  is not self-cons istent , due to the 
existence of the Cabibbo angle .  The latter provides a br idge to the next l ayer of 
heavier basic fermions , and the minimal set-up of elementary fermions cons i s tent 
with present observat ions is g iven by the f amil iar four-quark/four-lepton scheme 
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Unt il recently it looked as if this scheme describes all  basic fermions in 
the wor l d .  Howeve r ,  as w e  hear d ,  for example , i n  l a s t  week ' s  session o n  lepton 
phy s ic s ,  the exis tence of another heavy charged lepton with mas s j u s t  below 2 GeV 
seems rather certain ; thus one should be prepared to expand the syst em of elemen­
tary fermions even further . 

2 .  QUESTIONS 

What are the puzzl ing que s tions theori s t s  come acros s  by looking at the emerg­
ing p ic ture of basic interactions? One ques tion which came up f irs t ,  with the 
d iscovery of the proton, is the question of charge quantization .  Within the con­
ventional SU (2)  x U ( l) framework the experimental fact that the proton and pos itron 
charge are equal , or the charges of the u and d quarks are 2h and - 1h respectively, 
is  a complete mys tery .  

Another puzzl ing que s tion i s  the que s t ion which constraint d i c t ates the colour 
and f l avour s tructure of the elementary fermions . Why SU ( 3 ) colour , and not 
SU ( Z) colour , or SU (4 ) colour? 

In the conventional p icture ( see above) the gauge groups of the three basic 
interactions commut e  with each other , certainly not a very appealing s i tuation. 
Can we envisage a s i tuation where those three group s emerge as subgroups of a 
large s imple group? 

Another important que s tion i s :  What kind of phys i c s  d ic tates the mas s  pattern 
of l eptons , quarks , and bosons? In the conventional gauge theory framework all 
masses are generated by spontaneous symmetry breaking . However , in all s chemes 
discussed thus far by theori s t s  the number of free parameters is comparable to 
the number of mas s parameter s ;  no mas s  relations exi s t .  The various masses have 
to be adj u sted ; clearly a highly unsatisfactory s ituation. Who can do better? 

3 .  ATTEMPTS TO QUANTIZE ELECTRICITY 

3 . 1  quantization within QFD 

The mos t  attrac t iv e  way to obtain charge quantization would be to real ize i t  
within QFD , for example within the system of the observed weak and electromagnet i c  
interac t ions . Unfortunately the pattern of those interactions as obs erved in nature 
does not al low us to real ize such a pos s ib i lity : The weak and elec tromagnetic  in­
teractions observed seem to follow an SU ( 2 )  x U ( l )  pattern. Can we embed the group 
SU (2)  x U ( l )  in a larger s impl e  group , in which case the charges would be quantized? 
The s implest way to do i t  i s  to u s e  the group SU ( 3 ) . However , in the conventional 
picture of QFD based on the scheme ( 1 . 2 )  the fermions do transform under SU (2)  x U ( l )  
a s  SU ( 2)-doublets  o r  SU ( 2 ) - s ingle t s  i n  a way which does not al low an extension to 
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SU ( 3 ) . An expansion of the fermion system i s  neces sary . In Ref . 1 the minimal , 
expansion of the fermion sys tem was d iscussed . What is needed are two new quark 
f l avours of charge - 1h (b , h ) , two new charged leptons (E- ,�) , and four new neutral 
leptons .  The s cheme is vector- l ike , the SU ( 2 )weak representations are :  

(b" d ' )  ( h" ' ) L ' R ' -L ' SR 
( 3 . 1 )  

(b11 = b cos 811 + h s in 811 ,  h11 = -1 ,  8 11 :  right-handed analog o f  the Cabibbo angle)  
(L : left-handed , R :  r ight-handed) 

N '  oL (.'. ,�\ (:;1 
\e µ JR E JR 

N" oR 

(N� = Ne cos a + Nµ sin a, N� = .L; a :  leptonic weak mixing ang l e ,  Ne , Nµ : massive 
neutral leptons , mNe •mNµ <: mK; N: = N3 cos fl '  + N0 sin S ' ,  Ni = -1; N� = N 3 cos S" + 

+ No s in S";: 6 1 , S" ;  triplet-s inglet weak .mixing angles , N 3 , N0 : neutral leptons , 
masses unconstrained . )  

The fermion scheme ( 3 . 1 )  can b e  arranged in an SU ( 3 )  scheme as fol l ows : 

N'  µ µ• Vµ µ• 
I \ I \ 

I \ I \ 
I \ I 

N" \ 
I N ' \ I \ 
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The gauge group of the observed weak and electromagnetic interactions i s  re­

garded as the subgroup SU (2) x U(l )  of SU (3) ; the fermions transform under 

SU (3) colour x SU(3)
flavour as follows : 

quarks 

leptons 
(3 . 3) 

Within the SU (3)  scheme the charges are quantized : The integral charges of 

the leptons and the fractional charges of the quarks are obtained as a consequence 

of the octet structure of l eptons and the triplet structure of the quarks . The 

SU (2) x U (l )  mixing angle 8w (unrenormal ized) is 60° ( s in2 8 = 
3£ ) , i . e .  the neutral 

current is a pure axial vector . This is excluded by experiment ; thus s izeable re­

normalization effects must  exist such as to give s in2 8w $ 0 . 6  which is required 

by experiment ( for a detailed discussion of the phenomenological constraints see 

Ref .  2) . The masses of the SU (3) flavour octet bo?ons,  except the ones belonging 

to the SU (2) x U(l )  subgroup of the conventional weak and e lectromagnetic inter­

actions , must  be very heavy implying that the interactions caused by them are negli­

gible for present day phenomenology . 

3 . 2  Leptons as the fourth colour 

Another way to obtain charge quantization is to enlarge QCD by including 

leptons as "the fourth colour" ,  following an idea of Pati and Salam3 ) . [Note , 

however , that those authors base themselves on unconfined colour [sU(3) colour is  

a broken gauge group] , and the quarks are assumed to have integral charges . I 
shall follow the route described in Ref . 4 .] Of course,  the leptons are not really 

a fourth colour , in which case they would be conf ined l ike the quarks .  What is 

meant is  that SU (3) colour is  an unbroken subgroup of SU (4) c , the latter being a 

broken gauge group . The fermion scheme can be described as follows : 

c� 
u ub :�Jo;""' g 

d '  d '  g b 
.. "V"" 

(3 . 4 )  

su4 
[and an analogous set-up for the (c-s ' ; Vµ-µ-) system] . 

Suppose we start out from the gauge group SU (4) c x SU(2)
1

x SU (2)
R

, where 

SU (2) L (R) are groups under which the quark and lepton flavours (left-handed , 

right-handed respectively) transform as doublets . (Since no right-handed charged 
+ 

weak currents are observed , the boson WR must  aquire relatively high masses) . The 

electric charge can be written as 
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3 ( 3 . 5 )  

where Y i s  the so-cal led lepton-quark hypercharge [i t  i s  the 1 5-generator o f  SU (4).] . 
The interest ing feature of Eq . ( 3 . 5 )  is that the electric charge is the sum of two 
generators of non-Abel ian group s ;  thus the charges are quant ized . Not e ,  however ,  
that there i s  s t i l l  one f law in Eq . (3 . 5 ) . S ince we are deal ing with the semi­
s impl e  group SU (4)  x SU ( 2 ) 1 x SU ( 2 ) R , which allows two independent coupl ing con­
stants , if we impose 11par ity invariance" of the Lagrangian, there is in general 
an arbitrary parameter in the expression of the electric charge . In general we 
have 

TL+R 
3 + a . Y (3 . 6 )  

the ratio Qe (u-quark) /Qe (e- ) i s  no t ( 2h ) /-l , but [ ( 3  + a ) / (3 + 3a)]/-l , and the neu­
trino charge is not zero , but 1h ( 1  - a ) . Thus within the SU ( 4 )  x SU ( 2 ) 1 x SU ( 2 ) R 

scheme the charges come out correctly only i f  we impose in add i t ion Q ( Ve) 
= 0 (a 1 ) . 

The f i f teen gauge bosons belonging to SU ( 4 ) c trans form under SU ( 3 ) colour as 
( !5 )  = (§ )  + (2) + (2) + l;  (§) : gluons , (� ) , (�) : leptoquark bosons , (� ) : Y. 

The present phenomeno logical constraints on the l eptoquark boson masses are not 
very s t rong (� 100 GeV) . Leptoquark exchange can lead to proton decay 3 ) , in which 
case they have to be sl ightly more mas s ive as ind icated above . However ,  proton 
decay is not a necessary consequence of the SU ( 4 ) c scheme . There exist ways to 
break the gauge symmetry such that baryon number is  exactly conserved ( see Ref . 4 
and Ref . 5 ) . 

4 .  UNIFICATION OF QCD AND QFD 

The u l t imate goal of physics would be to unify all  interact ions by some per­
haps relatively large s imple gauge group . Today not even an ansatz in this direc­
tion exists ; al l attempts made in this direct ion have failed due to the enormous 
conceptual diff icu l t ies to incorporate gravity .  Thus the best we can do a t  the 
moment is to leave out the gravitat ional interact ion, reserving to include it at some 
later time , and try to construct theories which unite QCD and QFD within a s imple 
group . Many models  have already been constructed . There is no point to review a l l  
of them here . What I will d o  ins t ead is  t o  describe two canonical ways to achieve 
a unif icat ion, both based on the two dif ferent schemes discussed in the previous 
section. 
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Let me f ir s t  mention one feature of unified theories wh ich i s  of phenomeno­
logical importance and does not depend on the spec if ic group . If we choose a sub­
group SU ( 2 )  x U ( l )  of a s imple group and declar e  i t  to be the gauge group of the 
observed weak and electromagnet ic interact ions , the SU ( 2 )  x U ( l) mixing angle i s  
f ixed to 4 )  

s i n2 8 w (4 . 1 )  

where the summat ion i s  to b e  carried out over a l l  left-handed and right-handed 
fermion f ields ( inc luding colour) . For example,  in the scheme ( 1 . 1 )  and ( 1 . 2) one 
obtains s i n2 8w = 3� . The resul t ( 4 . 1 )  describes the SU ( 2 )  x U ( l )  mixing angle 
in the energy region where the uni fication becomes relevant . Thus i t  cannot be 
applied b l indly for phenomeno logical purposes , s ince rela t ively big renorma l i za­
t ion effects  can occur . There exist theori e s  where the latter are real ly sub s tan-

. 1 h ' l  . h h . . 1 1  l '  . . 4 • 5 ) t ia , w 1 e 1n ot er t eor1es es sent 1a y no renorma 1zat1on 1s present • 

4 . 1  Orthogonal uni f ication 

Let u s  return to the SU ( 4 ) c 
x SU ( 2 ) L x SU ( 2 ) R s cheme d i s cussed in Sect ion 3 .  

How can we unify this d irect product o f  three groups such that the correct fermion 
pattern resu l t s ?  

L e t  m e  use the identi ficat ion SU ( 4 )  � S 0 (6 ) ; SU ( 2 )  x S U ( 2 )  � 80(4 ) .  Thus we 
real ize one way of embedding SU ( 4 )  x SU ( 2 ) 2 in a s impl e  group4 ) 

x x x c: so10 ( 4 .  2)  

Do we obtain the des ired fermion conten t ?  Yes , if  we choose the complex ( 1 6 )  re-
c -L R presentat ion of SO ( lO ) , which decomposes under the subgroup SU ( 4 )  x SU ( 2 )  x SU ( 2 )  

as fol lows 

( 1 6 )  ( 4 ,  2 ,  1 )  + (4, 1 ,  2 )  

These are one quark-lepton doublet and the corresponding antipart icles . The 
fermion scheme ( 1 . 2) can be described by two (16)  representations of SO (lO)  

( 4 .  3) 
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Note that right-handed neutrinos ( l eft-handed antineutrinos) have to be added . 

The breaking of the SO ( lO)  gauge synnnetry can proceed in two different ways , 

given by the following diagram 

SO (lO) 

SU (4) c x SU ( 2 )1 x SU (2 )R SU (S)  

SU (3 ) c x SU (2 )  x U ( l ) . 

The subgroup SU (S)  results , if we go along the chain on the right-handed 

s ide ; the (16) decomposes under SU (S)  into :  (!6) = C!O )  + (� )  + (!) . In this 

way we arrive at the SU (S)  theory of Ref . 7 as a subtheory of the SO ( lO)  scheme . 

4 . 2  Exceptional unification 

What kind of unification can one discuss for the SU (3 ) c x SU (3) flavour 

scheme discussed in Section 3 ?  We must look for gauge groups which provide 

"natural " embeddings of SU (3 )  groups . Such groups are the exceptional groups , 

and we shall study below various lepton-quark schemes based on the exceptional 

groups (G2 ,F4 , E6 , E7 , E 9 ) . The pioneering work in this direct ion has been done by 

the Yale groups ) . For details on the group theory aspects we refer to the mathe­

matical l iterature
9 ) . 

The group G2 

This group being of rank 2 i s ,  of course ,  too small  in order to be useful 

as a gauge group for a unified theory of the strong , electromagnetic , and weak 

interact ions . Nevertheless a gauge theory based on G2 is an interesting example 
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since one can display here in a s implified manner some of the problems one is 

dealing with in case of the other exceptional groups . 

The group G2 has as its  maximal subgroup of maximal rank the group SU (3) . 

Let us identify this group with the colour group SU (3) c . We suppose that the gauge 

group G2 is broken such that SU (3) c is left as an unbroken subgroup 

sue 3 
The basic representation 7 transforms under SU (3)c as 7 = 3 + 3 + 1 ,  i . e .  it con-

sists of a quark triplet q ,  antiquark triplet q and a lepton . (Maj orana lepton . ) .  

The adjoint representation decomposes as 1 4  = 8 + 3 + 3 .  Besides the colour genera­

tors (coupled to the gluons) one has six generators which have both the quantum 

numbers of a diquark (qq) and a leptoquark (qi) , i .e .  a diquark can annihilate 

into an antiquark and a lepton via the d iagram displayed below :  

b 

�>---< __ : __ 

b 

b 

This feature (which is a general feature of the exceptional groups )  implies 

not only that there exists no baryon number generator in the G2 scheme , but that 

a three quark colour singlet system l ike the proton can decay in second order of 

the gauge coupling . The only way to suppress this decay is to choose a very high 

mass  M for the corresponding gauge boson ;  the experimental l imit on  the proton 

l ifetime of � 10 3 0 years implies M > 10 1 8  GeV. 

Higher exceptional groups 

All exceptional groups contain the subgroup G2 , and therefore the colour group 

SU (3) c . In the following table we display the decompos itions of the various ex­

ceptional groups into SU (3) c x flavour group as well as indicate the transforma­

tion properties of the basic and adj oint representations . 

In the previous section we have argued that a possible description of the 

strong , electromagnetic and weak interactions is one based on the group SU (3) c x 
SU(3) flavour . Needed for such a descr iption were s ix quark flavours and eight 

leptons : 
2 x (3c , 3) + ( 1 , 8) + 2 x (3" , 3) + ( 1 , 8 ) 
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Group G 

G2 

F, 

E5 

E1 

Ea 

G :o SU ( 3 ) c x ? 

SU (3) c 

SU (3) c 
x SU(3)  

SU ( 3 )  x SU(3)  x SU (3)  

SU  ( 3 )  c x SU ( 6 )  

SU ( 3 ) c x E ( 6 )  

Table 1 

Bas ic representat ion 
and decomposit ion under 
subgroup 

c -c 7 = 3 + 3 + 1 

26 = ( 3c , 3 )  + c3c , 3 )  + ( lc , 8 )  

c -c -
27 = (3 , 3 , 1) + (3 , 1 , 3 )  + 

c -
+ ( 1  , 3 , 3) 

56 = ( 3c , 6 )  + c3c ,6)  + ( lc , 20 )  

Adj o int representat ion and 
decompo s i t ion under subgroup 

14 = Sc + 3 c + 3c 

52 = ( 8c , l )  + ( lc , 8 )  + ( 3c , 6 )  + ( 3c , 6 )  

78 = (8c , l , l )  + ( lc , 8 , 1 )  + 
+ ( lc , 1 , 8 )  + (3c , 3 ,3)  

-c + (3 , 3 , 3 )  

133  = ( l c , 35 )  + (8c , l )  + ( 3c , 1 5 )  + c3c , 15 )  

2 4 8  = ( lc , 78)  + (8c , l )  + ( 3c , 27 )  + ( 3c , 27 )  



Below we shall discuss the embedding of the SU (3) x SU (3)  scheme into the 

various schemes based on the exceptional groups . We emphasize that all gauge 

theories based on the exceptional groups are anomaly free . This is easy to see 

for all exceptional groups except E6 , since those have only real representations . 

Some of the representations of E6 are complex ( e . g .  27 , 351) ; however , also if 

these representations are involved as fermion representation s ,  the corresponding 

theory is  anomaly free
1 0 ) . 

The group F4 : F4 is the smallest exceptional group which contains the desired 

flavour group SU (3) . Since the basic representation 26 contains three quarks and 

antiquarks and a lepton octet ,  we need two 26 representat ions for a minimal real i­

stic scheme (altogether s ix quarks and antiquarks , one lepton and one antilepton 

octet) . Thus we obtain just the fermion content as required 

26 + 26 
'\, '\, 

(3c , 3) + (3c , 3) + 1 , 8  + antiparticles 

(u,  d ' , b")  + (c , s ' ,  h") + leptons 

+ antiparticles 

( 4 . 4 )  

A s  i n  the G2 scheme , the unifying interactions i n  the F 4  scheme cause the 

decay of the proton into leptons in second order of the gauge coupling , thus 

superheavy bosons are necessary . 

The group E6 : Here the basic representation is 27 dimensiona l .  The minimal 

scheme one can construct is essentially equivalent to the F4 scheme d iscussed above , 

if we interpret the direct sum SU (3)  of the two SU(3) groups in the flavour group 

SU (3) x SU (3) as the gauge group for the weak and electromagnet ic interactions . In 

this case the 27 representation decomposes into ( lc , 8) + ( lc , l ) + (3c , 3 )  + (3c ,3c ) ;  

{one new neutral lepton [SU (3 )-singlet] has to be added to the fermion content of 

the F 4 scheme} . Two 27 representations of E6 provide us with six quarks and one 

lepton octe t .  

The group E7 : The fermion representat ion is 56 dimensional , the flavour group 

is SU (6) . We interpret the group SU(3) flavour as the SU (3)  subgroup of the flavour 

group , in which case the 56 representation decomposes under SU (3) c x SU (3) flavour 

as folllJwS : 

1-:e obtain the desired fermion content ( s ix quarks , one lepton octet) plus four 

neutral lepton state s .  The remarkable  feature o f  the E7  scheme is  that here we  need 

only one irreducible fermion representation . Of course ,  within this s cheme super­

heavy gauge bosons are required in order to cure the problems of proton decay . 
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The group Ea : Ea is the only s imple group , for which the basic and the ad­

j o int representation coinc ide . Thus i t  is required that the bo son and fermion 

representation of the Ea gauge theory have the same s t ructure with respect t o  

the internal symmetry group,  and Za is  therefore especially suited for the formu­

lation of a supei•symmetric theory of quarks and leptons . 

In case of Ea the f l avour group is E 5 • The fermion representation decomposes 

under SU ( 3 ) c x E(6) as follows : 

2 48 7 8 ) + ( Sc , 1) + ( 3 c 
, 27 ) + (3 , 2 7 )  

thus the fermion content o f  the theory consi s t s  o f  78  leptons , 2 7  quark flavours 

and eight co lour octet "quarks " .  The lat ter are the fermion counterpart s  of the 

colour octet g luons . Note that these colour octet quarks are s inglets under the 

flavour group , i . e .  they would not part icipate in the electromagnet i c  and weak 

interact ions . 

The colour octet quarks as wel l  as 23 of the "normal "  quark f l avours must be 

relat ively heavy : the ob served hadron spectrum can be descr ibed in terms of only 

four quark f lavours . 

S ince the flavour group E5 is of rank 6 ,  there are many pos s ib i l ities to as­

soc iate the generators of the electric charge with one of the self-ad j oint genera­

tors of E6 • Consequently there exi s t s  a cons iderable amount of freedom to a s s ign 

the electric charges to the various quarks and l eptons . In order to be spec ific , 

l e t  us consider a part icular scheme for the elec tromagnetic and weak interact ions . 

We start from the subgroup SU ( 6 )  x SU ( 2 )  of E5 • The decompos i t ion of the bas ic 

representation of Ea under the subgroup SU ( 3 )  x SU ( 6 )  x SU ( 2 )  is 

24S ( 3c , 6 , 2 )  + o·c , 6 , 2) + ( le , 1 ,  3) + ( le , 3 5 ,  1 )  

( Sc , 1 ,  1 )  + ( l e , 20 , 2 )  + ( 3c , 15 , 1 )  + CJ" , TS ,  1 ) 

Let us further as sume that the SU ( 3 ) flavour subgroup needed for the descrip­

t ion of the weak and electromagnetic interactions is an SU ( 3 )  subgroup of SU ( 6 ) . 

The 24S representation can be decomposed under SU ( 3 ) c x SU ( 3 ) f l avour as f o l l ows 

-24S 7 . [_ ( 3 c , 3) + (ic , 3>] + S ( le , �) +  14  ( l e , 1 )  

+ ( Sc , 1 )  + ( 3c , 6) + (3c , 6 )  

Thus we obtain : 

21 quark f l avours with the charges 2h , -1;, , - 1/g 1  
6 quark f l avours transforming a s  the 6 representation o f  SU ( 3 ) flavour . These 

quarks have unconventional electromagnet i c  and weak charges -- in particular 

the charge 4h appears .  



14 SU (3)-singlet leptons : they are neutral and uncoupled from the "normal "  

weak interaction. 

8 SU(3) flavour octets of leptons , among those 32 leptons of charge -1 . 

Obviously the Ea scheme is a very complex system, containing about eight 

t imes more fermions as the 32 fermions needed for the contemporary phenomenology 

of hadrons and leptons . At the present t ime it might look rid iculous to view 

such a scheme as a real istic one . However , if future experiments should reveal 

the existence of many new quark f lavours and leptons as well as of new interac­

tions , the E 8 scheme might have to be regarded as a serious possib i l ity to describe 

the pattern of  leptons and quarks in nature .  

5 .  OUTLOOK 

In this  lecture I could only discuss a few aspects of a possible understanding 

of QCD and QFD within a larger scheme of interactions . One of those aspects I tried 

to emphasize was the proliferation of the number of quarks and leptons , which is  

a feature of many schemes . How can a physicist who is trying to reduce the number 

of elementary constituents of nature to a minimal number l ive with this fact?  One 

way to understand the large number of leptons and quarks would be to interpret them 

in some sense as composite obj ects .  However at present there exists  no evidence 

for a substructure of the fermions : no excitations of leptons and quarks with 

higher angular momenta and different parity have been observed . The fact that the 

anomalous magnetic moment s  of the electron and muon agree to very high accuracy 

with the values predicted in QED suggests that the electron and muon have no in­

ternal structure . If a substructure of quarks and leptons exists , it is presum­

ably one occurring at a more sophisticated level than the kind of substructures 

s tudied in atomic , nuclear and hadron physics . 

Another , and perhaps more convincing way to l ive with a large number of 

"elementary" fermions is to change our att i tude towards the physics of leptons 

and quarks . It could well be,  as emphasized by Abdus Salam, that even on the 

level of the "elementary" constituents nature does the same as anywhere else : 

· rt is rich in s tructure,  but based on very few princ iples . Thus ,  if we regard 

principles ,  e . g .  the gauge princ iple , a particular gauge group , etc . as the "ele­

mentary" constituents of nature ,  we need not worry about how many leptons and 

quarks exist -- be it  32 or 248 . 
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APPENDIX 

BASIC PROPERTIES OF THE EXCEPTIONAL GROUPS 

Group G2 : The group G2 is the group o f  a l l  automorphisms of  the octonion algebra 

( see,  for examp l e ,  Ref . 9 ) .  Below we summarize some proper ties of  G2 • 

Fundamental representation s :  7 ,  14 (adj o int representation 14) . 
Rank : 2 

7 x 7 1 + 7 + 7 + 14 + 20 

The other exceptional groups (F4 , E 5 , E 7 , E 8 )  are the automorphism groups 

of the Jordan algebras one can cons truct us ing the matr ices of  the type 

We ment ion the f o l lowing properties of  these groups . 

Group F 4 : Fundamental representat ions : 26 , 5 2 ,  273 ,  1274 (adj o int representa­

t ion 52) . 
Rank : 4 

26 x 26 = + 26 + 52 + 2 7 3  + 324 . 

Group E5 : Fundamental r epresentat i on 27 , 7 8 ,  351 , 35 1 1 ,  2925 (adj o int re-

presentation : 78 ) .  Note : E 6  i s  the only exceptional group which has 

complex representat ions , e . g .  27 , 351  
Rank : 6 

27 x 27 27 + 351  + 35 1 1  
2 7  x 27 = 1 + 7 8  + 650 

Group E 7 : Fundamental representat ions : 56 , 133 , 9 1 2 ,  1539 , 8645 , 27664 , 355750 
( adj o int representat ion : 1 33 ) . 
Rank : 7 

56 x 56 1 + 133 + 1539 + 1463 
1 + 1 + 27 + 27 
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Group Es : Fundamental representations : 248 , 387 5 , 30 , 380 , 147 , 250 , 2 450 240 , 
6 696 000 , 1 46 325 2 7 0 ,  6 899 079 264 (adj oint representat ion: 248 ) .  
Not e :  Basic and adj o int repre s entation coincide . 

Rank : 8 

248 x 248 = 1 + 248 + 3875 + 30 380 + 27 000 
Es ::i E7 x SU ( 2 ) : 248 = (56 , 2 )  + ( 1 3 3 , 1 )  + ( 1 , 3 )  
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