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1. Introduction 

The discovery of charm has brought to an end a beautiful and 

exciting chapter in the development of particle physics. The next 

chapter promises to be equally exciting, although wo have no way of 

guessing how long it will take or what name will be finally given to 

it. A good temporary name is, obviously, "beyond charm". These 

lecture notes are devoted to the first glimpses that ui: have had into 

this new chapter. Like all historical processes, the new chapter 

actually began before the previous one ended. Speculations about 

leptons, quarks and weak currents beyond the now "standard" four 

leptons, four quarks and V-A currents, have been advanced by many 

authors over the last few years. The fascinating problems of relating 

the quarks and leptons to each other, and of unifying the weak, 

electromagnetic and strong interactions, attracted some (not enough!) 

attention. These topics are the main subject of our discussion. 

We start by reviewing many "truths" and few "dogmas" which we 

have learned in the years before 1974. Section 2 is devoted to a 

brief description of leptons, hadrons and their quark constituents, 

gluons, weak currents and strong interactions. We mention the 

experimental evidence for each "truth" and the motivation for each 

"dogma". We also stress many consequences as well as problems which 

will become crucial in our discussion of the "New Physics". 

Section 3 is a very brief discussion of charm. Why was it 

predicted? How necessary is it? What is the experimental evidence 

for it? The section ends with a definition (hardly necessary, by now) 



of the "standard" Glashow-Iliopoulos-Maiani-Salam-Weinberg model and 

with a list of options for "beyond charm" model-architects. 

Sections 4, 5, 6 include a detailed discussion of several 

theoretical and/or experimental reasons which encourage us to go 

"beyond charm". 

The first of these (Section 4) is the possibility of incorporat

ing a CP-violating interaction into a gauge theory of the weak 

interactions. This necessitates additional quarks and/or additional 

weak currents and/or additional Higgs particles, beyond the minimum 

required by the "standard model". Since several different reasons 

point toward additional quarks, we emphasize a CP-violating theory 

based on six quarks. 

Section 5 deals with three unrelated subjects which converge into 

one conclusion: Mere leptons and more quarks are needed. The three 

subjects are the triangle anomalies and the conditions for their 

removal in a renormalizable gauge theory; the observed value of 

R = o(e e •*• hadrons)/a(e e -*• u u~) above charm threshold, and its 

implication for the existence of additional fundamental fermions; the 

e~u events observed in e e collisions and the possibility that they 

reflect the existence of a heavy lepton. 

Section 6 is devoted to the possible existence of V+A currents, 

he discuss the so-called y-anomaly and the increasing charged current 

ratio of CIONJ/ a(v>N), and the observed violation of parity in 

neutral current processes. We review the phenomenological necessity 

for introducing additional (V+A) weak currents and additional quarks. 

"Old-fashioned" nonleptonic weak processes such as K •*• 2TT, K •* 3n 



provide us with interesting constraints in this context. Pome 

theoretical aspects of "vector-like" theories are also discussed. 

In Section 7 we move into even more speculative grounds. Leptons 

and quarks are fundamental, J = -^ , pointlike objects which respond 

in the same way to weak currents. They differ, of course, by their 

strong interaction properties. One cannot escape thy feeling that a 

deep relation between leptons and quarks exists. We review several 

of the motivations that led to the exploration of such relstions and 

set the stage for a search for a unifying gauge group of the weak, 

electromagnetic and strong interactions. 

Section 8 is devoted to a discussion of such "grand unification 

schemes". Two specific models, the Georgi-Glashow SU(S) scheme and 

the E(7) scheme of Gursey and his collaborators are singled out as 

instructive examples of a "minimaItstic" and a "maximalistic" model. 

The shortcomings of such models and their various features are 

discussed. 

The same logic that led us to name the present section 

"Introduction", tells us that the last section must be devoted to 

"What Next?". Whether our "What Next?" of today will become the 

"Introduction" to one of the next Les Houches sumraerschools, only 

time will tell. 
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Leptons, Quarks and their Currents: Truths and Dogmas 

2.1 Why bother? 

All present models of the particles and their interactions are 

based on a large body of facts, hypotheses and speculations which 

mostly stem from the last two decades of experimental and theoretical 

work. Many of these basic ingredients are well-known and do not need 

reviewing. However, the specific, pieces of evidence for a given 

"truth" or "dogma" are not always appreciated, and we often find 

physicists who accept (or use) such principles without realizing how 

strong tor how weak) is the evidence for them. We therefore believe 

that a brief review of the basic principles and facts might be 

appropriate, especially if it emphasizes the experimental evidence 

for each item as well as the open possibilities for future ejttensions 

and modifications. That is why we bother. 

2.2 Leptons 

Four leptons are well-established: The electron and its neutrino, 

the muon and its neutrino. They have J = — and they are "pointlike" 

in the sense of a minimal coupling in weak and electromagnetic 

processes. Only the left-handed helicity states of the leptons 

participate in the known charged weak currents. The two neutrinos 

are consistent with being massless. In an SU(2) x U{1) Weinberg-

Salam gauge theory of the weak and electromagnetic interactions 

the left n mded leptons form two SU(2) doublets: 

fv 1 (v 
e u 
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All the above statments are well-established. However, the 

world of leptons leaves a surprisingly large area of speculations, 

extensions and modifications: 

(i) The neutrinos might have a mass. The v may even have a 

mass of the order of magnitude of the electron mass. Right-handed 

neutrinos might exist . 

(ii) The neutral weak leptonic current need not be a pure V-A 

current. At the time of this writing even a pure vector neutral weak 

leptonic current is still possible, although unlikely. "V+A components 

are certainly possible. 

(iii) Additional leptons may exist [see Section 5.3). No 

reason was ever provided for the muon, and nothing prevents the 

existence of more charged leptons, provided that their masses are above 

1.5 GeV or more. Many additional neutrinos may, of course, exist. 

(iv) V+A charged currents are possible, provided that they do 

not connect the four known leptons to each other. In other words, 

any one of the four leptons might combine with a new lepton in a 

charged right handed weak coupling. 

(v) All known interactions of the electron and the muon are 

identical, and yet - sometfu.ig must be different. In the conventional 

gauge theory the only difference is (naturally) in the coupling to the 

Higgs particles. The amazing agreement between experiment and the 

QED prediction for the muon g-factor puts severe limits on any new 

proposed interaction for the muon. 

In summary: everything we know (except for the SPEAR eu 

events ; see Section 5.3) is consistent with two left handed 



^u•_'-ujuniets oi J = y pointlike leptons. More leptons and more 

currents are possible. 

2.5 Hadrons Contain Pointlike Constituents 

Deep inelastic electron and neutrino experiments (in the space

like region} and e e experiments (in the timelike region) exhibit 

scaling properties. 

The structure functions W andvW for ep and en scattering are 

2 
approximately described by a function of x = q /2Mu ; the total 

neutrino (charged current) cross section is linearly rising ' and the 

structure functions are consistent with scaling; the ratio 

R = a(e e •* hadrons)/a(e e •*• u u ) is constant both below and 

above the charm threshold^ (i.e. for 2.5<W < 3.5 and a .5 < W < 7.5 GeV) ; 

the inclusive distribution for e +e -*• Ti~+anything obey? approximate 

To the extent that scaling is exact, it indicates that the proton 

and neutron (in the stationary target experiments) and thu pion (in 

e e collisions) behave as if they contain charged pointlike 

constituents. No such constituents were ever seen, of course. 

Houever, if such constituents were to exist, their interactions might 

prjduce the observed scaling behaviour. 

The connection between staling and pointlike constituents is not 

very convincing. However, all "explanations" of scaling (light cone 

approach, asymptotic freedom! represent more sophisticated (and 

possibly more correct) descriptions of essentially the same picture. 

No other explanarion for scaling is known. 



Significant violations of scaling have been reported in the last 

two years. Three types of violations should be mentioned: 
2 

(ij A q"-dependence of ep and up structure functions, at fixed x, 

was observed both at SI.AC and at the Fermi Laboratory . The 

deviations are not dramatic, but they seem to exist. 

( i i) The rat io ep/en for the yfc, structure function seems to 

decrease significantly as a function of q", at x ^ 0.5. This is 

unlikely to be due to new par t ic les , and i t demands an explanation 

(.see Section 2.9). 

( i i i ) The rat io a(C'N)/o(\)N) for charged current reactions 

increases significantly from 0.3S-0.4 to 0.6-0.7, over the Fermilab 

energy region . This is probably related to the so-called 

f 81 y-anomaly (see Section 6). This violation of scaling may or may 

not be related to the production of new particles and to the existence 

of new currents. 

It is crucial to identify the source of this violation of scaling 

in neutrino processes. If i t has the same source as the other 

violations l is ted above, i t would perhaps change our understanding of 

the scaling phenomenon i tself , but i t would not imply the existence 

of new quarks and currents. If, however, the neutrino scaling-

violation turns out tc be larger and more significant, it may indeed 

require physics "beyond charm". This is an extremely important issue, 

and we return to it in Section 6. 
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2.4 Hadrons are Made of Quarks. Ordinary Hadrons Contain 

Three Quark Flavors 

All hadrons behave as if they are made of quarks. M l mesons are 

qq states. AH baryons are qqq states. All hadrons known before 

Nov. 11, 1974, can be accounted for by three flavors of quarks: 

u, d, s forming an SU(3) triplet . The experimental evidence for 

this hypothesis is overwhelming, it consists of the simple statement 

that all knoi.n mesons fit in SU(3) octets and singlets and all known 

baryons fit in decimets, octets and singlets. With well over a 

hundred hadrons, this cannot be an accident. Searches for mesons 

and baryons with exotic quantum number (of the 1st kind, i.e. charge, 

isospin, strangeness, Sll(3)) failed again and again. 

With the discovery of charm, new kinds of exotic particles are 

defined. These include states such as C = S = 1 ne\:.-al mesons (F°), 

charmed (C = +1) Q = 2 or Q = -1 mesons, C = -S = 1 states, etc. 

It is important to search for such states, and to find cut whether 

they exist or not. 

2.5 The Quark Charges are Q = + y, Q = - j, Qs = - ~ 

The structure of SU(3) dictates that the electric charges of the 

u, d, s quarks are, respectively, Q, Q-1, Q-l. By studying the mernnp 

and their strong interactions, there is no way to determine the 

value of Q. It can be determined, however, in several different ways: 

(i) With quark charges Q, Q-l the baryon charges are predicted 

to be 3Q. 3Q-1, 3Q-2, 3Q-3. Experimentally, all baryons have charges 

•> 

*-. +1, 0, -1. Consequently: Q = f • 



(ii) The coupling of the photon to the quark is measured by the 

direct photon-vector meson couplings. Since: 

p = — (uu-dd) ; oj = — (uu-'-dd) t = ss 

r(p-^ee):rC(u-*eeT:r(iti-cp) = 1: (2Q-1)~:2(Q-1T 

Experimentally , the ratios are consistent with 1 :̂  

(iii) The ratio between the structure functions for deep 

inelastic electron scattering and neutrino scattering provides us 

with a measurement of Q. Within the usual Parton model assumptions 

we have , i u > . 

T IQ2*(Q-i)2l 

For 0 = — we predict a ratio of r-z- . The experimental value 
3 1 r> 

is in good agreement with this value. 

Ke find it very impressive tbat three completely different s"ts 

of experimental facts lead to the same conclusion: Q = ̂ , Q = - •=•, 

2.6 Qjark< have J = ~ 

Two j ndependt-nt source ^ t e l l us tha t quarks arc .1 = ^ o b j e c t : 

( i l i'he observed spectrum of mesons and baryons agrees with tin1 

expected <pectri»3i for .) = -n quarks . The low lying mesons a re 

l " followed by J1 ' ' •- o" . I**. 1*" . 2* 



No .J J = 0 , 0 ,1 mesons are allowed (exotic mesons of the 2nd 

PC kind). Experimentally, none of the forbidden J values seem to 

PC 
ex; s t ivhi le a l l the "recommended" J values correspond to observed 

p a r t i c l e s . The baryon spectrum follows an SU(b) p a t t e r n basnd on t h r e e 

I 
f lavors of J = ~ quarks . The lowest lying baryons a re in a p o s i t i v e 

p a r i t y , L = 0, 5 d - m u l t i p l e t . Thi next s t a t e s f i l l a nega t ive p a r i t y , 

I. = 1 , "O-mul t i p l e t . rioth the meson spectrum and the baryon spectrum 

ind i ca t e not only that quarks have J - - , but a l s o that we do not 

have p a r i t y double ts of qunrki- ( i . e . i f the u-quark i s defined to have-

p o s i t i v e p a r i t y , t h e r e i s no nega t ive p a r i t y quark with the same i n t e r n a l 

quantum number.-;, e t c . ) . 

f i i l Meep i n e l a s t i c ep s c a t t e r i n g experiments as well as e e 

experiments i n d i c a t e t h a t qimrks have J = j . In both cases the 

v i r t u a l photon could couple to the quarks through i t s l ong i tud ina l 

and/or t r a n s v e r s e components. In both c a s e s , one can def ine two 

independent measurable c ross s e c t i o n s : o and O . In both cases 

J = - quarks couple only to a_ while J = 0 pa r tons would couple 

only to -"\ . In both cases experiments y i e ld a . / n ^ x 0 , 

implying - J = - quarks . Note tha t ep s c a t t e r i n g experiments probe 

the c o n s t i t u e n t s of the pnuon while the e e r e a c t i o n s probe mainly 

the c o n s t i t u e n t s of the p ion. In both cases the c o n s t i t u e n t s are 

fHind to have J = ^ . 

It i s . a\>a in, remari.-ible that tuo unre la ted s e t s of exper ' im^ts 

•̂ uch i- the "•nccf rns.Mpy data and the deep i n e l a s t i c data lead 

i:u;.-- -i ••»dent U to the same conclusion concerning the p r o p e r t i e s of t he 
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2." Quarks Come in "Ihree Colors 

We be l i eve tha t quark* come in t h r e e co io r s (or more formally: 

transform l ike a t r i p l e t of a coIor-5(J{ J ) group t h i c b commutes n i t h 

o rd inary SU (3! ar»d r e p r e s e n t s an e.-.act symmetry). Th •> t u l o r hypoth

e s i s ^ is c l e a r l y one of the most c o n t r o v e r s i a l ideas in p a r t i c l e 

phys i c s . Three experimental .-arguments support i t , a l l of then; 

i n d i r e c t : 

( i ) The wave function of the t h r e e .(uarks in the Ion- ly ing 

baryons seems to be completely symmetric in the sp in , space and 

SU(3) degrees of freedom. The fu l l y symmetric 5b(L ?•• 01 m u l t i p l e t 

of SU(6) i s t he lowes t - ly ing baryon r e p r e s e n t a t i o n . A fu l ly 

i 
symmetric wave-function of J = •$ quarks c o n t r a d i c t s the usual 

sacred connect ion between spin and s t a t i s t i c s . If we p o s t u l a t e , 

however, t h a t quarks come in t h r e e co lo r s ;md tha t a l l hadrcms a r e 

co lo r s i n g l e t s , we find tha t the 3q-wavefunction must be i u l l y 

ant isymmetr ic in i t s co lo r degrees of freedom and the co r r ec t sp in-

s t a t i s t i c s connection i s r e s t o r e d . 

( i i ) The decay TT -* 2v is forbidden in the sof t pion l i m i t , 

except for the c o n t r i b u t i o n of the anomaLous t r i a n g l e diagram 

( f i g . I). The c o n t r i b u t i o n of t h i s diagram involves a summation 

over quark c o l o r s ( i f any) . The measurement of the n l i f e t i m e 

may then serve as an ( i n d i r e c t ) measurement of the number of c o l o r s . 

The observed l i f e t ime is c o n s i s t e n t with the e x i s t e n c e of t h r e e co lo r s 

(and i s , uf course , too shor t by a f ac to r « in comparison u i t h a 

model i»ith c o l o r l e s s q u a r k s . 



1 -n-° 
l ' 

u,d/ \ u . d 

l-igure 1: The anomaly diagram in TT -* in

f i l l 1 The value of" » = al_e c -*• had runs ) / a (e + e~ -* u u ) 

measures The .•.urn of squared quark-charges . Belo* the charm threshold 

i t pratumnbly r e f l e c t s the u, d. s f l a v o r s . In the absence of co lo r 

we expect : 

i = u . d . s 

If each quark can be produced in three different colors we expect 

R = 2 . [.xperimental ly .in the region 2.5 < H < 3.5 GeV. we have: 

R ^ 2.5 ± ft. S 

consistent with the existence of three colors and inconsistent with 

colorless quarks. 

In addition to these three arguments we might menvion one other 

arrractiie feature of the color hypothesis. If we assume (without 

proof or just i fic.it ion) that alt hadrons are colorless, we 

immediately understand why three quarks produce a hadron while two or 

four quarks do nor combine to create any observed object. This does 

not -ol\e anvTiiiiiH, -si nee we did not explain wh> all hadron-- ire 

http://fic.it
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color 1 ess. However, the s i ngl>* assimpt icn of co lor 1 cs- hadr.'n-; -eem> 

to fit tntu several different pu;:t«"* and th..<t 1- em .ujr.jjj Lilt;. 

The existence nt the i\ilor degree .if freedom i - therefore mure of 

;i "do^ma" than a "truth". We believe in ;t and find it atr ract 1 ve. 

but we should remember that on one hand color ha< not been exper i menra 1 i y 

observed, while on the other hand ru> convincing e.xp lana f i on exists 

for the confinement of all colored objects. Th<^ confinement problem 

is, of course, one ct~ the most interesting open problems of particle 

physics, 

For completeness we must ment ion those mode I< in uh i ch coi or is 

not confined ' , heavy hadrons mav be colored, the el ectmmagiuT i e 

current carries a colored component and the quarks have i nt eger 

charges (although the average charge of the three cotor"d u-quarks is 

still ™ , etc.). We are convinced that,at present, there is no 

evidence for colored hadrons. We believe (without proof) that they do 

not exist. However, they may exist and may be discovered one day. 

Assuming that the co lor idea i s correct, an extreme ly puz z I i nj; 

question still remains: Why SU(3)? What fundamental principle 

selects St)(") as the color group, rather than Sll{2) or some other 

group? IVe will return to this question very briefly in Section S. 

2. S Color is the "Strong Charge". U U Med ui_t_ctl hy_ GUions. 

Quarks differ from leptons by the fact that they possess color 

Quarks are allegedly confined b.. their color property. Ir is there

fore natural to suspect that the color property i < what provide-- th.-

quark with its strong interact i or. rotor i s_ the "-=t nan; •'hart'e'". 
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The quark-quark interaction is presumably mediated by a vector particle 

which couples to the ^:olor degree of freedom - the gluon. Since 

color is generated by the nonabelian SU(3) group, the gluons themselves 

posses? color and transform like a color octet. Since color is 

presumably exactly conserved, the eight gluons are probably massless. 

If color is always confined, gluons will never be seen. 

The hadron is colorless, it has no "strong charge" and in the 

zeroth approximation it has no strong interaction (in the same way 

that a neutral atom has no electromagnetic interaction in such an 

approximation}. The strong interactions ami^g hadrons are presumably 

residual effects of the gluon exchange forces among the quarks [in the 

snnc way that interactions between neutral atoms are residual electro

magnetic effects). 

Thus we have an interesting analogy: 

color •«-*• electric charge 

gluon •*-*• photon 

colored quark •*-+ charged particle (e fp) 

hadron •*-*• atom 

q-q interaction (gluon exchange) *-* e -p interaction (photon exchange) 

hadron-hadron interaction •*-*• atom-atom interaction 

However, like all analogies, it holds only up to a point: 

gluons are colored •*-*• photons are not charged 

hadron^ are always colorless •>-+ atoms are not always neutral (ions) 

colored particles are confined «-* charged particles are not confined 

\ popular, unproven, conjecture states that the last three 

statements are related to each other. In other words, the nonabelian 
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na ture of the theory which force? us co have colored gluons, is a l s o 

r e spons ib le for the confinement p rope r ty . This remains to be 

understood. 

2.9 Probing the Hadron 

Hadrons conta in p o i n t l i k e quarks which provide them with t h e i r 

quantum numbers. These a re the qqq t r i p l e t s in the baryun and the 

qq p a i r s in the meson. These are the "valence quarks" . In a d d i t i o n . 

a hadron probed by a high momentum weak o r e l ec t romagne t i c cur ren t may 

appear to con ta in a d d i t i o n a l qua rk -an t iqua rk p a i r s . Such p a i r s produce 

the s o - c a l l e d qq "sea" whi.li c a r r i e s n o i n t e r n a l quantum numbers, but 

con ta ins J = j p o i n t l i k e charged o b j e c t s . In add i t i on to the 

"valence quarks" and the "sea quarks" the hadron should , of cour se , 

conta in g luons . The gluons car ry no i n t e r n a l quantum numbers (except 

co lor ) and they do not respond to the weak and e lec t romagne t ic i n t e r 

a c t i o n s . 

Deep i n e l a s t i c e l e c t r o n and n e u t r i n o experiments t?ach us t h a t : 

(!) Thv high momentum components ui the iuiuiun {uea* x -: i) 

are u s u a l l y a s s o c i a t e d with valence quarks . Near > -* 1 we find the 

l a rges t r a t i o for F., (ep) /F (en) , r e f l e c t i n g the d i f f e r e n t quantum 

numbers of the proton and neut ron . 

( i i ) Near x ^ 0 t he qq " sea" i s dominant. In f a c t , i t seems 

tha t as x -*• 0 , F-,(x) •* cons t . This would mean tha t the qq "sea" 

i s i n f i n i t e . The r a t i o F_ (ep)/F. ,(en} approaches one as x - 0 , 

cons i s t en t with the expec ta t ion from a n e u t r a l qq " s e a " . 

( i i i ) ^1ost of the t o t a l momentum of the quarks is c a r r i e d by the 

. . i l n c e quarks . The low energy charged cur ren t r a t i o "(vN)/o(vN) ^ -
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indurates that approximately 90% of the quark momentum is deposited 

Mth the three valence quarks in the nucleon. 

(iv) The total quark momentum ("valence" and "sea" quarks) 

accounts for approximately 50% of the hadron momentum. The other 50% 

are presumably carried by the gluons. This is deduced from a sum rule 

for the mean squared charge of the constituents. The sum rule is: 

1 

J F2(ep)dx = <Q2> 
o 

2 1 2 2 

For valence quarks <Q > = — ; for the "sea": <Q > = ^ 

(assuming equal numbers of uu, dd, ss). Since most of the quark 

momentum is carried by the valence quarks, we therefore expect: 

1 

The measured experimental value is approximately 0.1b, implying 

that only half of tba overall momentum of the proton is associated with 

the quarks while the other half is associated with neutral constitutents 

which do not interact with the electromagnetic current. These are, 

presumably, the gluons. 

A similar conclusion is reached when we study the same sum rule 

for en scattering. 

The overall picture leads us to the conclusion that, at least at 

tow energies (SLAC, CERN) the qq "sea" carries S%-10% of the nucleon's 

momentum while the rest is divided more or less equally between the 

valence quarks on one hand and the gluon3 on the other hand. 
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The observed deviation from scaling at Fermi lab energies may imply 

that the share of the momentum carried by the qq "sea" is increasing 

with energy. Alternatively, such violation may be due to new currents 

and new quarks. A careful evaluation of the relative contributions of 

the "valence" and "sea" quarks as a function of energy will be extremely 

important. 

2.10 Weak Currents and Quarks 

All observed weak processes involving the three "traditional" 

quarks u, d, s can be described by the following assertions: 

(i) The charged weak quark-current is a V-A current. 

(ii) The weak currents "select" linear combination;; of the d, s 

quarks such th^t: 

d1 = d cos8 + s sin6 

s' = -d sin6 + s cose 

and 6 'v 15° is the Cabibbo angle. 

(iii) The quarks (u,d') transform as a doublet under the Salam-

Weinberg SU(2) x U(l) gauge group. 

This theory is incomplete in three aspects: 

(a} No explanation is provided for the absence of strangeness 

changing, neutral currents. Charm cures that. 

(b) The CP violating weak interaction is an additional independent 

interaction. This is not cured by charm and will be discussed in 

Section 4. 

(c) No convincing explanation is provided for the strong 

enhancement of 61 = T nonleptonic transitions. Charm and/or other 
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additional quarks may be related to this problem. 

The conventional weak currents mentioned above do not exclude 

the possibility of significant V+A charged currents, as long as they 

do not have a substantial matrix element between the three quarks 

u, d, s. Such currents could connect any one of these three quarks 

to a new type of quark. 

2.11 Summary 

The overall prc-charm picture is that of a satisfactory 

phenomenological picture based on a gauge theory for weak and 

electromagnetic interactions and on a theory of colored gluons for the 

strong interactions. All matter is made out of three types of tri-

colored quarks, tour leptons and several vector gauge particles 

mediating all interactions. 

The only two experimental difficulties prior to November 1974 

were the absence of straiigeness changing neutral currents and the 

peculiar high energy behaviour of R - T(e e -fiadrons)/a(e e -"-u u~) . 
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3- Charm and the Standard Model 

3.1 P r e h i s t o r y : Cham: May Exis t 

The e a r l i e s t motivat ion for in t roduc ing an a d d i t i v e quantum 

number beyond Strangeness were bas td on some kind of lepton-hadron 

analogy As soon as the fourt ' i lepton (v ) was d i scovered , 

specu l a t i ons concerning a four th "fundamental baryon" beyond 

p , n , A, were e n t e r t a i n e d . The b r i l l i a n t conf i rmat ion of SU(.3) 

symmetry [with the 1964 discovery of fl ) immediately led t o severa l 

( 18) 
p roposa l s of an extended SU(4) symmetry invo lv ing one more 

quantum number - "charm". 

All of these a t tempts were based e i t h e r on a "Why n o t ? " 

phi losophy or on an a e s t h e t i c analogy between leptons and hadrons . 

There was no compelling t h e o r e t i c a l reason for the new quantum 

number and no exper imental need for i t . 

The e s s e n t i a l i n g r e d i e n t s which were p r e d i c t e d at t ^ a t time 

were the ex i s t ence of a new spect roscopy of charmed p a r t i c l e s and 

( i m p l i c i t l y ) t h e weak i n t e r a c t i o n connection between charmed hadrons 

and s t r ange hadrons . 

5.2 H i s to ry : Charm Mu.st Exist 

The h i s t o r y of charm begins when p r e h i s t o r y ends : in 1970. 

(19) 
The GIM paper e s t a b l i s h e d , for the f i r s t t ime , a r ea l reason 

for charm. GIM showed tha t a simple and reasonable (gauge) theory 

of weak inr .e rac t ions must have n e u t r a l c u r r e n t s and t ha t the absence 

of s t rangeness changing n e u t r a l c u r r e n t s can be r econc i l ed with the 

presence of s t rangeness conserving n e u t r a l c u r r e n t s only i f a four th 
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quark is added. The c-quark then belongs to a weak SU(2) doublet 

(c,s'). Charmed particles must exist and they mostly decay into 

strange particles. Neutral weak currents conserve all additive 

quantum numbers [charge, strangeness, charm). 

The importance of the GIM paper is in providing the first serious 

theoretical framework as well as the first experimental reason for 

charm. It transformed the prediction from a pure speculation into a 

necessity (within a specific theoretical framework). 

ille second reason for the existence of the charmed quark came two 

(20) 
years later. It was noted that the cancellation of the divergences 

of the triangle anomalies In a gauge theory of V-A currents, requires 

the existence of a fourth quark. We will discuss the question of 

anomalies in more detail in Section 5.1. Here it suffices to say 

that the anomaly argument was entirely independent of the GIM 

argument, and both were necessary within the simplest gauge theory 

framework. The anomaly argument also provided, for the first time, a 

constraint connecting the world of leptons and the world of quarks. 

Thus we reach November 11, 1974 equipped with four "motivations" 

for charm: 

1. Why Not? 

2. Four leptons exist. It would be nice to have four quarks. 

5. |AS| = 1 neutral currents are not observed. 

4. Triangle anomalies must cancel. 



3.3 Charm Ex i s t s 

The value of R = o (e e -*hadrons)/0"(e e -+u y j goes through a 

c l e a r t h re sho ld around E ^ 4 GeV *• 
c m , 

(21) 
The IJJ and i|T p a r t i c l e s behave l i k e bound s t a t e s of a new quark 

and i t s an t i qua rk . 

(221 Two muon events in nem - ino r e a c t i o n s prove the ex i s t ence 

of a new a d d i t i v e ouantum number which i s conserve-l by the s t rong 

i n t e r a c t i o n s and i s not conserved by the weak in t e r ac t i on? : . 

All of t he se d i s c o v e r i e s wp.-e announced wi th in a two months 

per iod (Nov. 1974 - -Jan. 1975). Each one of them, by i t s e l f , has 

provided an i n d i r e c t proof *hat a new quark and a new quantum number 

e x i s t . Addi t ional i n d i c a t i o n s came from o the r n e u t r i n o da ta such as 

the candida te for charmed baryon found at Brookhaven and the so -

(81 
c a l l e d y-anomaly . 

However, t he f ina l d e f i n i t e proof came only in May-June 1976 

decays t o f i n a l s t a t e s involv ing K-mesons were e s t a b l i s h e d . 

By now t h e r e cannot be any doubt t h a t charm i s found and tha t 

i t possesses a l l t he e s s e n t i a l i n g r e d i e n t s p r e d i c t e d by GIM •" ami by 

(251 l a t e r au thors 

Many open problems concerning charm spect roscopy s t i l l remain, 

of cou r se , but most of them are of secondary importance. We w i l l 

now d i scuss some of these q u e s t i o n s . 



3.4 Spectroscopy of the ^-Family: A Few Problems 

Tlic specLruni ut tnc 'Jj-family includes 
( 2 0 ) . 

( i i ) Five C = +1 s t a t e s at 2 . 8 5 , 3 . 4 1 , 3 .45 , 3.50, 5.55 GeV 

with di f fe rent degrees of experiment a 1 r e l i a b i 1 i t y . 

! i I i) -\ compl icated st ruc tu re i "e luding severa 1 broad 

J " = I s t a t e s as hul l as pos s ib l e t h re sho lds and i n t e r f e r e n c e 

p a t t e r n s in the ranee F = 3 .3-4 .5 OcV. 

The >;i'uss fea tures of th is spectrum are in remarkable agreement 

with ThoM- expected from a cc system *" . All s t a t e s below the charmed 

meson threshold {['. , = 2m(P) = 3.73 GcV) are narrow ai.d t h e i r decays 

are suppressed by *Tie 3weig-[izuka r u l e All s t a t e s ibove the UD 

th resho ld a re broad (say , T > 10 McV). 

The d e t a i l e d p r o p e r t i e s of the 41-spectrum have been d i scussed by 

f T9} many au thors "" Here we focus our a t t e n t i o n on a few d i f f i c u l t i e s 

which requ i re n,ore experimental work and t h e o r e t i c a l a n a l y s i s : 

fa) The s t a t e x(2.85) provides us with severa l puzz le s . I t s 

most na tu ra l assignment is as the 1 S companion of <K3 . l ) . 

However, the ij'-x mass s p l i t t i n g of 250 McV is s u b s t a n t i a l l y l a rge r 

reasonable "exp lana t ion" for t h i s large mass d i f f e rence is the 

assumption that x(2.35) con ta ins a small but s i g n i f i c a n t component 

of non-charmed quarks l (a few p e r c e n t ) , while ^ (3 .1 ) i s a much 

more pure cc s t a t e . The pos s ib l e mixing of " l i g h t " quarks in to the 

\ C SM wave function implies that the n ano n ' mesons contain cc 



components. This n.ay explain the unusually large decay widths for 

1> - n ' y . v •* n y . ty' •* 1 " ! 

Another problem eonc^Tiing x(2.8.rO is the small decay r a t e for 

ty -*• yx . Experimental ly , i t sc.-ms to be smal ler than 3 kev'. The 

t h e o r e t i c a l p r e d i c t i o n is around 20 k«.-V. 'nw> i' i m- repniv-y i •; >> 

'lot so se r ious in view of the- ambigui t ies in the t h e o r e t i c a l e s t i m a t e . 

However, if the ac tua l ty - yx width is even smal ler than the present 

upper l i m i t , a se r ious problem may develop. 

I " ( > ) 
Exper imenta l \ y , wc have ' : 

rw - . n ) r(x •* a i n ' * 

T(4i -• a l l ) 

We conclude: 

I I 1 J 1 Y Y ) - > 0 . J1 
T(x - a l l ) 

Various estimates of I*(x " yy) range between 1 - Id keV. Accepting 

these, we then find: 

?[x •* all) < 2 MeV 

jiKh a small t o t a l width is bare ly cons i s t en t with e s t i m a t e s based on 

the two-gluon decay p i c t u r e of" a S s t a t e It is probably too 

smalt i f we assume that x(2.8S^ conta ins a few percent mixture of 

( V l 1 ijiht quarks 



The overall picture is therefore that the ty-x splitting is too 

large, the ifi -*• yx rate is too small and the total x-width is too small. 

Better experiments are needed i" nrder to sharpen these statements. 

If the> uo become sharper, we may have a serious problem. 

(b) Four C »-+i states are observed^ J between ^'(3.68) and 

ijj(3.1). Four C = +1 states are predicted by the simple Charmonium 

(271 3 3 3 

picture -! three P-state? ( P Q, P , P.) and one excited S-stato 

rved st 

3.55 GeV with the four predicted states, only one assignment is 

possible: 

X(3.41) E 3 P Q ; XC3.45) E 2
J S Q ; X(3.S0) = ^ j X(3.55) = 3 P 2 

This assignment immediately leads \-j serious trouble } 

concerning the identification of X(3.45) as a 2 S stai-**. The 

X(3.45) - tfj'(3.68) splitting is, again, much larger than the expected 

S - Js. splitting and the absolute decay width of ty' •*• YX(3.45) 

is, again, somewhat too small. These difficulties are very similar 

to those mentioned above in our discussion of x(2.85J . The third 

difficulty concerning x(3.45) is also similar to the third difficulty 

of x(2.85) , but it is quantitatively much .Tiore serious. Experimentally 

(26) 
we have : 

r(X(3.45) ~ y * ) . 2 5 % 

r(X(3.45) * all) 

A reasonable estimate for I'(x(3.<15) •* yty) gives approximately 

1 keV. Consequently, the total width of x«.3.4S) is a few keV. 

This is totally unacceptable for an S-state. The expected total width 

should probably be a few MoV, and it certainly cannot be a few keV. 



A possible solution to the problem may be the association of 

X(3.50) or xC3.45) with a D_ state anu he assumption that the 

2 S has not yet beei. iiscovered. Better data are needed to resolve 
o 

this issue, 

(c) The energy range 3.7 < E < 4.5 CeV shows many peaks 

of different shapes and widths. Theoretically, the following structures 

are expected in this region : 

3 3 
(\) The first and second D. stares as well as the 3 S and, 

3 3 3 
possibly, 4 S. states. Mixing between D -states and S -states 

is allowed, and is not easily estimated. 

_* *.* + _ _* 
(ii) Thresholds for DD, DD , D D , F F , FF , etc. Among 

these, the D D and (probably) F F thresholds should be prominent, 

in view of the relatively l**rge production cross sections which are 

expected. 

(iii) Interference effects between resonant states, "cusp" 

effect5 and various other complications could arise from an accidental 

proximity or from a more fundamental relation between different vector 

particles and/or new threshold. 

At present, experiment indicates a small structure aroun-1 

3.85 GeV (DD threshold?), another structure at 3.95 GeV (a *"?), a 

shaTp edge at 4.03 GeV (D 5 threshold?), a broad bump around 

4.10-4.15 GeV W " ?) and a clear bump at 4.41 GeV (another *?). 

Additional structures are possible and more accurate data are needed. 

According to the Charmonium picture, the tofal number of vector 

particles in the 3.7-4.5 GeV region should be three or, at most, 

four. It is particularly important to verify that no additional 
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vector particles exist in the same region. The existence of such 

states might provide an indication for the existence of additional 

quarks, beyond the charmed quark 

The overall picture of the 0-spectrum is in remarkable accord with 

details fall into place, time will tell. 

3.5 Spectroscopy of Charmed Mesons and Baryons: Brief Remarks 

Wc already know that: 

o (24) 

(a) D exists . Its mass is 1865 MeV. It decays into 

K TT , K TT IT 7i and probably K u u . Its branching ratio into each of 

these modes is a few pevcent. Consequently, its total branching Tatio 

into K+anything is large. It is definitely much larger than the 5% 

expected for a Cabibbo-suppressed decay, Whether it is well above 

50?«, as expected for the GIM mechanism, we will know soon. 

(b) D+ exists . Its mass is 1875 MeV. It decays into 

* f 241 

fc) D exists . Its mass is approximately 2010 MeV. 

(d) A charmed baryon (A. = cud) probably exists around 

2250 MeV. 

(e) Semileptonic decays of charmed particles are seen in e e 

collisions . Semileptonic decays of (the same?) charmed particles 

(f) An unusually large number of K-mesons (too many?) are 

associated with semileptonic decays of charmed particles in neutrino 

(56] , ... , + - ,, . . (37) 
reactions and, possibly, also in e e collisions 
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Ail of these facts are consistent with the general expectation 

of the charm scheme. What remains to be done in the very near future 

is: 

(i) Find the F . Its mass should be somewhere around 2 GeV. 

(ii) Search for "exotic" charmed particles such as F , D , 

D (with C = +1), etc. Such states should not exist if only one new 

quark (with charge +2/3) is present. 

(iii) Discover other low-lying charmed baryons, such as 

zf\ i\ z° . 
c c c 

fiv) Determine the spin of D, D . Establish parity violation 

in D-decays. 

(v) Establish the K/TT ratio in nonleptonic and semileptonic 

decays of charmed particles. 

(vi) Study the space-time structure of semileptonic D-decays. 

Is it pure V-A? 

Needless to say, all of these points represent the tip of the 

charm-spectroscopy iceberg. However, it is the tip of the iceberg 

which is most interesting. 

3.6 The Standard Model 

We are now in a position to define the "standard model" in which 

we must all believe, and from which we embark on our "beyond charm" 

excursion. 

The standard model assumes the existence of four leptons and 

four quarks. Their left handed components transform as doublets under 

rn 511(2] x U(l) gauge algebra of the weak and electromagnetic inter-
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actions. The doublets are: 

M 
e ' i 

where 

The right-handed components of the same eight fundamental ferraions 

trims form as SU(2) singlets. Hence, the charged weak currents are 

\ - \ currents. 

Ml quarks are color t r ip l e t s . All leptons are colorless. 

The free parameters of the theory are the quark and lepton masses, 

the Cabibbo angle and the Weinberg angle. 

This is the standard model based on the Weinberg-Salam 

SU(2) x 11(1) gauge group and the Glashow-Iliopoulos-Maiani 

v (19) 

scheme 

fhe model must include Higgs mesons (which we do net specify) 

as well as colored gluons and a theory of the strong interactions 

(Quantum Chromo-Dynamics?). 

The model does not allow much freedom as far as the weak and 

electromagnetic interactions of the four quarks and four leptons 

are concerned. However, there is a lot of freedom to add ingreidents 

such as additional quarks, additional leptons, V*A currents (not 

connecting the original 4+4 fermions), new interactions, etc. Such 

additional ingredients may be required by theoretical considerations 

or by experimental facts. The next three sections are devoted to them. 

cosG sin9 

-sine cos6 
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4_. CP-VioIation: New Quarks or New Currents? 

4.1 How to Break CP in a Gauge Theory? 

The charged weak current of the "standard model" can be written 

as: 

J = [u c) Y pOY s) A^j 

where A is a unitary 2 x 2 matrix. In principle, such a unitary 

matrix can be fully parametrized in terras of four real parameters. 

However, three of these parameters can be "absorbed" into the 

definitions of the quark states u, d, c, s. In other words, we can 

redefine u an ue without suffering any observable consequences. 

Four quark states can absorb only three phase parameters - one for 

each quark except for one overall phase. We therefore remain with an 

A-matrix which is fully determined by one real parameter. A is then 

necessarily an orthogonal matrix and the single parameter can be 

chosen as the Cabibbo angle 6 : 

i cos6 sin0 

-sine cos9 

All weak transition matrix elements involving the four quarks and 

the four vector gauge particles fW , W , Z , y) dill be relatively 

real in such a theory. Consequently, CP is necessarily conserved in a 

gauge theory based on the "standard model". 

One might suggest that the interaction responsible for CP violation 

is not an integral part of the gauge theory of weak and electromagnetic 

interactions. In that case, all the fundamental questions which were 

solved by the introduction of gauge thecricr must be reopened. It is 
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not clear, for instance, that a gauge theory with an external CP-

violating piece, remains renormalizable, etc. 

It would be much more attractive to be able to account for CP-

violation within the framework of the gauge theory, in a fashion that 

preserves all the beautiful features of the theory. This could be 

achieved if the transition matrix elements would contain a complex 

phase which cannot be eliminated by redefining the physical states, 

and which is, therefore, experimentally observable. 

There are, at least, three ways to achieve this within the 

standard framework of gauge theories (but not within the simplest 

version of the "Standard Model"). We now discuss them briefly. 

4.2 More Higgs Particles 

We may remain with the "Standard Model" [four quarks, V-A 

currents) but introduce the complex phase parameter into the 

interactions of the Higgs particles . So far, we have refrained 

from specifying the properties or even the number of Higgs particles. 

For any given set of quarks, leptons and currents there is a "minimal" 

set of Higgs particles which are necessary. In the case of the 

simplest SU(2) x U(l) Weinberg-Salam model at least four Higgs 

particles are needed. Three of them are "eaten up" by the three 

m.ipsive vector gauge bosons and one remains as a physical particle. 

It is clear, however, that we can also introduce a larger set of Higgs 

particles. Such an assumption is neither elegant nor necessary, 

but it is perfectly consistent with all the requirements of the 

theory. Weinberg has recently pointed out that the (otherwise 

ugly) possibility of doubling the number of Higgs particles, enables 
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us to in t roduce an a r b i t r a r y r e l a t i v e phase parameter between the 

i n t e r a c t i o n s of d i f f e r e n t Higgs p a r t i c l e s . Such a phase h i l l produce 

CP-vio la t ion through the i n t e r f e r e n c e of diagrams involving d i f f e r e n t 

v i r t u a l Higgs p a r t i c l e s . The a t t r a c t i v e par t of t h i s scheme i s i t s 

a b i l i t y to incorpora te CP-vio la t ion in to the "Standard Model" 

without in t roduc ing new quarks or new c u r r e n t s . The u n a t t r a c t i v e 

fea ture i s the e x p l i c i t dependence on the p r o p e r t i e s of the Higgs 

p a r t i c l e s , and the requi red non-miniiral set of such p a r t i c l e s . 

4.5 More Currents 

If we do not appeal to the Higgs p a r t i c l e s , we may s t i l l i n t r o 

duce CP-vio la t ion i n t o the four-quark model. This can be done by the 

in t roduc t ion of a d d i t i o n a l weak c u r r e n t s , beyond the V-A c u r r e n t s of 

the "Standard Model". The idea i s s imple : The 2x2 mat r ix A has 

" l o s t " th ree of i t s a r b i t r a r y parameters through a r e d e f i n i t i o n of 

the quark s t a t e s . This could be done only if the four quarks 

p a r t i c i p a t e only in the V-A charged weak cur ren t of Sect ion 4 . 1 . 

If, however, the same quarks a l s o p a r t i c i p a t e in a V+A c u r r e n t , we do 

not have the freedom t o absorb the phase parameters of the a d d i t i o n a l 

cur ren t i n t o the redef ined quark s t a t e s . In oLher words, a r e l a t i v e 

phase between the V-A t r a n s i t i o n s and the V+A matr ix elements cannot 

be , in g e n e r a l , e l i m i n a t e d . 

This method of v i o l a t i n g CP was f i r s t suggested by Mohapatra 

severa l years ago. [t was, s ince then, d i scussed by many au thors 

It depa r t s from the "Standard Model" by the i n t roduc t ion of new 

cu r r en t s and, consequent ly , by the assignment of some of the r igh t 

handed q-iarks in to double ts of SU(2) < U| 1 1 . 
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4.4 More Quarks 

The t h i r d p o s s i b i l i t y of in t roduc ing CP-v io la t ion i n t o the frame

work of gauge theory i s t o inc rease the number of quarks while remaining 

with V-A c u r r e n t s and with a minimal s e t of Higgs p a r t i c l e s . 

Let us cons ide r a model with N SU(2) doub le t s of l e f t -handed 

quarks (All r igh t -handed quarks a r e assumed t o be in SU(2) s i n g l e t s . 

No V+A c u r r e n t s . ) . The charged weak cu - ren t would be s i m i l a r t o t h a t 

of Sect ion 4.1 except t h a t the A-matrix w i l l now be a u n i t a r y N x N 

matr ix (N = 2 for the Standard Model). 

A u n i t a r y N x N matr ix i s c h a r a c t e r i z e d , in g e n e r a l , by N r e a l 

numbers. Of t h e s e , 2N-1 can be absorbed i n t o t he redef ined quark 

s t a t e s (we have 2N qua rks ) . We remain with (N-l)1" r ea l pa rame te r s . 

An orthogonal 's x N matr ix r e q u i r e s j N(N-l) r ea l parameters 

(genera l i zed Euler a n g l e s ) . Consequently, our (N-l) r e a l parameters 

can be chosen a s : 

f i ) ^ N ( N - l ) r ea l r o t a t i o n angles 

( i i ) y(N-l ) (N-2) phase parameters 

For the "Standard Model" (N=2) we,obvious ly , have one ro t a t i on 

angle ( the Cabibbo angle) and no phase pa ramete r s . Hence - no 

C P - v i o l a t i o n . 

The next s imples t case i s a s ix -quark model with N = 3 . Here 

we have three gene ra l i s ed Cabibbo angles and one phase . Hence - the 

theory does not conserve CP. Seedless t o say , with s t i l l l a r g e r 

numbers of quarks , the number of phase parameters i nc reases r a p i d l y . 



We, therefore, see that the minimal number of quarks needed in 

order to violate CP in a pure V-A theory is six. This was f i rs t 

f41) observed by Kobayashi and Maskawa . 

4.5 A Six-Quark Model for CP-Violation 

We consider an extension of the "Standard Model" involving three, 

rather than two, left handed doublets: 

The t and b quarks have electr ic charges + •7 , respectively 142) 

The d', s1 and br states are linear combinations of d, s, b defined by 

a 3 x 3 unitary matrix A which can be chosen as [41). 

"1 
-s.c, 1-2 -S253 e l 6* c lC2C3 c.c-s +s_c_e 

S l s 2 -C2S3 e l 6-C lS2C3 

are additional Cabibbo-like angles; 6 is a phase parameter, responsible 

for CP-violation. The charged weak current is 

'd' 
s 
b # 

It is clear that al l CP-violation effects in such a theory will be 

proportional to sin6 . 

If we r e s f ' c t our attention to CP-violating phenomena involving the 

three "light" quarks (u, d, s), we immediately see that al l such CP-

violating amplitudes are also proportional to s_ (since in the A-



and A,_ elements of the A-matrix, e i s always accompanied by s ) . 

What can we say about 6 ? The angle o_ and the parameter s must 

be smal l . They can be es t imated by observing tha t the o r i g i n a l Cabibbo 

theory agrees well with both s t rangeness conserving and s t r angeness 

changing weak p roces se s . The value of A.. - cos6 can be determined 

hy comparing neutron and muon be ta -decay . The value of 

A = s in9 c o s 8 , i s deduced tram K-decays and hyperon decays . 

Exper imental ly^ 4 3 ^ \ 2 + A^ = 1.001 + u.004 . Hence: 
n 12 

,\" < 0.003 o r : 

Since ' sinfl "•>• 0.23 , we conclude s i n 8 , < 0.24 . In o the r 

words, the angle fl _ i s at l eas t as small as the Cabibbo a n g l e , and 

poss ib ly much sma l l e r . Also, to a good approximation : 

As long as we are i n t e r e s t e d only in CP-v io la t ing processes 

involving the u, d, s qua rks , we can a l s o show tha t a l l CP-v io la t ing 

amplitude must vanish in the l imit ra = m . The proof i s s imple : 

i f m = m and i f the c and t quarks do not appear in the i n i t i a l 

or final s t a t e of the considered t r a n s i t i o n , we may always choose one 

lino,ir com!'ination of c and t which decouples from both the d and s 

quarks . Consequently; no i n t e r f e r ence between ampli tudes of d i f f e r e n t 

phase i s p o s s i b l e . IVe the re fo re conclude that a l l CP-v io la t ing 

t r a n s i t inns involving only u, d, s quarks must be p ropor t iona l to 

m"_ - nT • 

The ove ra l l conclusion of our d i s cus s ion in t h i s sec t ion is 

that a V-A s ix-quark model allows CP-v io l a t i on , and that a l l CP-



v i o l a t i n g ampli tudes among s t a t e s con ta in ing only u, d, s quarks 

must be p ropo r t i ona l t o : 

This holds for a l l CP-v io la t ing K-decays as well as for the 

e l e c t r i c d ipo le moment of tne neu t ron . 

Why i s CP-vio la t ion a small e f f e c t ? The present theory does not 

answer t h i s q u e s t i o n . The parameters o , and 6 may be extremely smal l , 

but they do not have to be . All we know i s : 0 ^ smfi <_ 1, 

0 _< s inO, <_ 0 .24! This i s , of cour se , c o n s i s t e n t wi th , but does not 

e x p l a i n , the magnitude of CP-v io l a t i on . The c- t mass d i f f e rence may

be a very small parameter . In tha t case the ij>-family should rep resen t 

combinations of cc and t t s t a t e s . This i s an i n t r i g u i n g p o s s i b i l i t y 

which i s not yet ruled ou t . 

4.6 CP-Violat ion in K -*• 2TT and the Six Quark Model 

Following the d i scuss ion of the previous s e c t i o n we may now 

proceed to c a l c u l a t e the parameters of the CP-v io la t ing amplitudes 

in K° •*• 2TI . 

(44) 
This was f i r s t done by Pakvasa and Sugawara and, 

(45) 
independent ly , by Maiani . The s tandard formalism s t a r t s from the 

( k |H | x ) ( x | H | l ) 

V„ • Vfk lHj l l * P * V E " 

-'" I ( k | M w | x ) ( x | H j U <(E I !-Mo l 



If CP i s v i o l a t e d the M-matrix i s not symmetric and i t s e igenvalues 

are p ropor t iona l t o : 

( l-e)K +(l+e)K ; U+e)K - ( l - e ) K o o o o 

The e-parameter which characterises the magnitude of CP violation 

in the K eigenstates is given by: 

Iff! M, 
"12 

^H 

CP-values in the K - s t a t e ( c h a r a c t e r i s e d by € \ or t o CP-v io la t ion 

in the decay amplitude i t s e l f . The l a t t e r i s c h a r a c t e r i z e d by the 

parameter e1 , where: 

<^. 6 are the 1 - 2 , 0 inr S-wave phase s h i f t s a t 
2 o 

v's" = M and A.,, A are the corresponding K -»• 2n ampl i tudes : 

if 

<K°| ( inO [ = ,> = A, e " 

I n M 1 2 
The c a l c u l a t i o n of e r e q u i r e s a c a l c u l a t i o n of ——— . 

AM 

The numerator is given by the diagram in figure 2, where x = c, t 

The denominator is given by the same diagram, but is dominated by 



ind assuming: 

n,2-m2 

t c 

we oDtain 
( 4 6 ) . 

n M l l -A(c*-s?) 

—S55—f * i S i n 6 S 2 C 2 S 3 " , . , " 2 
1*As2 

If A £ 1 the expression is similar but involves many log(i+l] 

terms . Using this expression we realize that, as explained in 

Section 4.5, the order of magnitude of the e-parameter s given by: 

e ̂  A* sin6*s_ 

and the small absolute magnitude of c remains unexplained (but not 

inconsistent with the theory). 

s W 

v X 

d 

w 

Figure 2: Con t r ibu t ion to K° - R° 

The 1,'parameter i s exper imenta l ly c o n s i s t e n t with ze ro , and is 

d e f i n i t e l y smal le r than c . In the s ix-quark model t h i s i s a c t u a l l y 

p red ic t ed . There a re two c l a s s e s of diagrams which c o n t r i b u t e 

to -'' ( f i gu re , 0 . The diagram of f igure Sa involves the conversion 



of a cc or tt system into dd. This is strongly suppressed by the Zweig-

Iizuka ru.e . The suppression factor cannot be determined accurately 

but is probably of the order of 1%-1Q%. The second diagram (fig. 3b) 

For m £ 5-10 GeV this gives us 

(46). 

invoLves a term of order w/vf 
q w 

another factor of 1$-10%. The estimates of e' are given by 

Cfig- 3a) 
A^i 

2 
A 
°1 

• 0 
f ^ 

- 4 
2 

m 

le -1 nnS s2c2s3 «c-€t) (fig. 3b) 

where £ , £ a i t n e c c a n ^ "^ Zweig-lizuka suppression factors, 

respectively. We therefore conclude that: 

' ' o 

This prediction is consistent with the experimental situation and 

represents a nontrivial success of the model. 

(b) 

Figure 3: Diagrams contributing to c' 



Pred i c t i ons of the model for o the r CP-v io la t ing K-decays have been 

d iscussed by E l l i s e t a l . J In a l l cases the p r e d i c t i o n s of the model a re 

exper imenta l ly i n d i s t i n g u i s h a b l e from the p r e d i c t i o n s of t he superweak 

theory . 

J 7 Neutron E l e c t r i c Dipole Moment and the Six Quark Model 

The e l e c t r i c d ipo le moment of the neutron i s due, in the s ix 

(45) 
quark mc^?l to the diagram of f igure A . I t i s easy to see t ha t 

h e r e , aga in , the CP-v io la t ing e f fec t would d i sappear i f e i t h e r ©. 

or 6 would van ish ; i t would a l s o vanish i f m = m or m = m, 
c t s o 

(Since here the s-quark does not appear in the i n i t i a l or f ina l s t a t e ) . 

Maiani and L I l i s e t a l . have d i scussed t h i s p r o c e s s . The 

p r ed i c t ed d ipo le moment i s : 

I D| Ga . . 2 „ , t V - c ' " V \ ) 
1 ' • s inS s s c_s_ 

3 J i " u - 1 -2"2 J 3 4 
IT n ^ 

\ ^ 5-10 GeV we f ind : 

This p r e d i c t i o n i s , aga in , not very d i f fereni from the p r e d i c t i o n s of 

the superweak theory , and i s , aga in , c o n s i s t e n t with (but far below) 

the p resen t experimental l i m i t . 
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Figure A: Diagram contributing to the neutron's electr ic dipole 

4.8 Summary 

The "standard model" with four quarks, V-A currents and a 

minimal set of Higgs part ic les , conserves CP. More quarks or 

additional currents pjr additional Higgs part icles introduce 

CP-violation in a natural way. Except, possibly, for the Higgs 

particle scheme' , no direct explanation is given to the "miliwi ik" 

magnitude of CP-violating amplitudes. However, al l CP-violating 

gauge theories are consistent with the observed magnitude. There is 

no difficulty in predicting the small E ' / E ra t io . The six quark 

model does it in a natural and direct way. The four quark model with 

V+A currents can be arranged to give the same result . All three 

CP-violating extensions of the standard model are, sc far, consistent 

with the few available data. 

Thus, the inclusion of CP-violation within the gauge theory 

framework must take us beyond the minimal standard model. It may lead 

us to a larger number of quarks, bjt this is not necessary. However, 

if a six quark model becomes a theoretical or an experimental necessity 
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due to other reasons, the violation of CP win be an immediate 

consequence of the theory. 



42 

5. Anomalies, R-values and eu Events : New Leptons and New Quarks? 

5.1 Tr iang le Anomalies 

(141 
The t r i a n g l e anomaly diagram ( f igu re 5) i s bad for gauge t h e o r i e s . 

I t i s l i n e a r l y d ivergen t and i t leads to a modif ica t ion of t he usual 

Ward i d e n t i t y for the a x i a l vec tor v e r t e x , thus p reven t ing the 

renormal iza t ion of the theory . The l i n e a r l y d ivergent pa r t of the 

diagram docs not depend on the masses of the fermion line*, which form 

the t r i a n g l e . I t depends only on the coupl ings of these fermions t o 

the th ree ex t e rna l c u r r e n t s . Since these coupl ings are p r o p o r t i o n a l 

t o the var ious charges of the fermions,we may hope t o c r e a t e a 

s i t u a t i o n in which the sum of a l l anomaly diagrams, summed over a l l 

p o s s i b l e fermion l oops ,w i l l van ish . That would save the 

r c n o r m a l i z a b i l i t y of the theory . 

Pigure 5: The t r i a n g l e a.iomaly diagram 

The c a n c e l l a t i o n of the "bad" pa r t of the anomaly diagram i s , 

t h e r e f o r e , a necessary condi t ion in any gauge theory . 
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There are two basic cancellation mechanisms. One is the simple 

observation that in a pure vector theory [with no axial currents) , 

no anomalies occur. Hence, if the weak current includes V-A and V+A 

pieces of equal strength, the full current would be a pure vector 

current and no anomalies will be present. Even if the V-A currents 

and the V+A currents connect different pairs of fermions, the same 

conclusion remains true as long as for each left handed SU(2) x U[l) 

multiplet of fermions there is a similar right handed multiplct 

containing fermions of the same electric charges. This simple 

observation follows from the mass independence of the "bad" part of 

the diagram. 

This cancellation mechanism was first proposed by Georgi and 

Clashow^ . It operates in all "vector-like" theories 'see 

Section 6) and it does not require any connection between quarks aiul 

leptons or even between different multiplets of quarks. 

The second mechanism looks, at first, more artificial. 

However, if true, it must have a profound influence on theories of 

quarks and leptons. If all weak currents are of the V-A variety, 

each fermion (quark or lepton) may contribute to an anomaly diagram. 

Let us consider the diagram for A -* y+y where A is the third 

weak isospin component of the axial vector current. The "bad" part 

2 
of the diagram is proportional to Q. I . where Q., I,, are, 

respectively, the electric charge and the third weak isospin 

component of the fermion f. circulating in the triangle. The sum of 

.ill such anomaly diagrams becomes harmless if and only if: 

J «i 'si • ° 
l 
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where the summation is over all fundamental fermions (quarks and 

leptons). In the specific case in which all left handed fermions are 

in doublets or singlets of SU(2) x U(l), this condition can be 

simplified into: 

i 

where the summation is now over all fermions in SU(2) doublets. 

2 1 
For each doublet of left handed quarks with Q = + —, - — 

ve have: £ Q. = 1 (counting all three colors). For each doublet 

of left handed leptons with Q = 0, -1 we have: £ Q. = -1 . Hence, 

a model containing only left handed quarks or only left handed leptons 

of the usual electric charges, cannot be accepted • Moreover, the pre-

charm model of three quarks (M, d, s) and four leptons (u , e, v U) 

is unacceptable. The number of left handed quark and lepton doublets 

in a V-A theory must be equal. This was the second argument which 

(20) 
necessitated charm , and which we mentioned in Section 3.2. 

Note that the quark-lepton cancellation may have far-reaching 

consequences. It is the first indication that we have for a definite 

connection between quarks and leptons. The existence of a given 

set of lepton5 dictates certain constraints on the world of quarks 

and vice versa. We will return to this subject in Section 7. 

Returning to our cancellation mechanisms, we conclude that the 

vector-like mechanism as well as the quark-lepton mechanism are both 

possible, and any combination of them is obviously allowed. 

Tn u pure V-A theory the cancellation of anomalies and the 

existence of four leptons implied the existence of the fourth (charmed) 
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quark. In such a theory, the existence of an additional (heavy) lepton, 

would, again, lead to the necessary existence of additional quarks. 

The anomalies, by themselves, do not take us beyond charm. 

However, once we find a nsw fermion (such as a heavy lepton), new 

currents or other new fermions are needed. This observation acquires 

immediate practical importance in the next two sections. 

5.2 The value of R 

The value of R = a ( e e -+hadrons)/c(e e -+u u~) provides us 

with a measure of the sum of the squared charges of a l l t he fundamental 

p o i n t l i k e fermions which are produced at a given energy. In the range 

4 , 5 — E .5. ** ^ e V t n e v a ^ u e ° f R * s approximately cons tant and i s 

given by 

R % S - 5 .5 

with a 20% error in absolute normalization. The standard model 

predicts: R = 3 •=• . Approximately 2 ± 1 units of R remain un

explained. They may be due to additional quarks and/or additional 

leptons. The absolute minimum would be one charged lepton 0£ one 

quark with Q = + ? • A heavy lepton could be of the sequential 

type, accompanied by its own neutrino and forming a third SU(2) 

doublet of left handed leptons. It could also be associated with the 

electron or the muon, forming an SU(2) triplet with e, v or with 

u, \)t_. In both cases, Lhe anomaly argument requires that either 

V+A currents or new quarks should exist. 

The simplest possibility would, of course, be a pure V-A theory 

with a third doublet of leptons (v , U ). This *ould necessitate 
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a t h i r d doublet of quarks ( t , b ) of the same type d iscussed in 

connection with CP-vio la t ion in Sect ion 4. If the new lepton U has a 

mass around 2 GeV, i t might be respons ib le for an e x t r a un i t of R. 

The t and b quarks may then appear only above present ene rg ies . 

Note t ha t the mass independence of the anomaly term prevents us from 

p r e d i c t i n g the masses of the missing fermions. They can he 

a r b i t r a r i l y heavy. 

I t i s a l so poss ib le t h a t the observed e x t r a u n i t s of U are 

e n t i r e l y due to one or more new quarks (t and poss ib ly o t h e r s ) . In 

that ca se , aga in , the anomaly argument r e q u i r e s V+A cu r r en t s or heavy 

lop tons . 

The ove ra l l conclusion i s , t h e r e f o r e , t ha t the measured value of 

It in the 4-S GeV range n e c e s s i t a t e s fermions beyond the s tandard 

model, E-'utUermore, i f we remain only with V-A c u r r e n t s , both new 

quarks and new leptons are necessary . Only one new fermion must be 

produced a t present e n e r g i e s . The o the r s may be postponed to h igher 

e n e r g i e s . 

5.5 The eu events 

Events of the type: 

+ - ± + 
e +e -*• e +u + no other observed particle 

have been detected at SPEAR''" . By now, more than 100 events are 

available and they appear to represent the production and decay of a 

pair of new fermions. Tt is unlikely that these events are due to 

decays of charmed particles. The only "conventional" explanation 

uhich is consistent with the data is the production and decay of 
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a new heavy lepton of mass around 2 GeV. Such a heavy lepton could be 

a sequential lepton U forming with Its neutrino a (v , U } left-

handed '.U{2) doublet. The observed events are, therefore, presumably 

due to: 

e
+
+ e " -* u++U" 

fol lowed b y 

U f e
++v +v • u" -*• u"+v +v 

e U y U 

If this interpretation of the eu events is correct, the large value of 

R is partly (perhaps fully) explained. In that case, however, the 

anomalies require another pair of quarks, possibly at higher energy. 

No matter how we look at it, the value of R, the eu events and 

the cancellation of anomalies tell us that substantial physics beyond 

charm is already found. This new physics must include at least two 

of the following ingredients which go beyond the standard model: 

(i) New leptons beyond v , e, v , u. 

(ii) New quarks beyond u, d, s, c . 

(iil') New weak currents beyond the \'-k current. j 

i 
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b . Neutrino Processes : New Quarks and New Curren ts? 

6.1 The Rat io o ( v ) / o ( v ) , the y-Anomaly and V+A Currents 

The simple minded partem model for deep i n e l a s t i c n e u t r i n o 

p roces ses , assuming V-A charged weak c u r r e n t s , and ignor ing the 

" i n f i n i t e sea" of qq p a i r s , p r e d i c t s : 

q(vN •» u ^anything) _ ]_ 

O(\JN •+ u +anything) 

I.OK energy r e s u l t s from CERN have confirmed t h i s p r e d i c t i o n , 

providing support ing evidence for the var ious assumptions involved. 

Early r e s u l t s from the Fermi l abora tory have confirmed t ha t a t r e l a t i v e l y 

low neu t r ino ene rg ies the v/v r a t i o i s , indeed, approximately 1/3. 

However, data at h igher energies revealed two new, r e l a t e d , s t r i k i n g 

r e s u l t s : 

( i ) The a ( v ) / o ( v ) r a t i o i n c r e a s e s d r a m a t i c a l l y as a funct ion 

of energy. I t reaches 0 . 6 - 0 . 7 at 150 GeV or so . 

( i i ) The y - d i s t r i b u t i o n of the v-events changes with energy 

More high-y events a re observed at high ene rg i e s and the y - d i s t r i b u t i o n 

at these energ ies i s i nc ons i s t e n t with the (1-y) shape which i s 

observed at low energ ies and p red ic t ed by the V'-A cur ren t assumption. 

Both of these experimental obse rva t ions could be expla ined i f , 

above a c e r t a i n th reshold iwhich must be around E "v 30 GeV) , 

new weak c u r r e n t s of the V+A type come in to p lay . The a s s o c i a t i o n of 

these new c u r r e n t s with a th reshold phenomenon h i n t s that they are 

r e l a t e d to the product ion of a new quark. In f a c t , if we con t inue 

to neglec t the " i n f i n i t e qq sea" , and a l i o * only quarks with 
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7 1 
Q = T , - -T- , we note that in the charged current uN reaction, the 

struck quark must be a u-quark. The transition: 

v+u •+ u +x 

must y i e l d a s t a t e x with e l e c t r i c charge - = . For a V-A c u r r e n t , x 

would normally be the d-quark, and r a r e l y (with p r o b a b i l i t y 

sin 6 % 5%) an s-quark. If t he u-quark i s a l s o involved with a V+A 

c u r r e n t , the produced quark x can be n e i t h e r d nor s . Hence, a new 

quark LS needed, with t he quantum numbers of the b ouark [see Sect ion 4 ) . 

The theory must then inc lude a r igh t -handed SU(2) x U(l) doublet 

(u, b) , in add i t ion to the usual lef t -harmed double t s (u, d ' ) . , 

( c , s r ) . The mass of the b-quark could be anywhere in the 3-10 GeV 

range and the o(v)/a{v) r a t i o should even tua l l y reach 4 / 5 . 

I t i s , o f cour se , p o s s i b l e t ha t a d d i t i o n a l r i g h t handed and/or 

l e f t handed double t s e x i s t . In tha t case the asymptotic value of 

a ( v ) / a ( v ) may be d i f f e r e n t . However, the cross s e c t i o n s : 

v+d -* u +u ( l e f t handed) 

v+u -* u +b ( r i g h t handed) 

are a sympto t i ca l ly equa l , thus guaran tee ing that the r a t i o O ( \ J ) / O ( \ J ) 

i s much l a r g e r than 1/3. 

We must emphasize,a t t h i s p o i n t , tha t the vN s c a t t e r i n g data 

i s , at p r e s e n t , the only experimental evidence for V+A c u r r e n t s . It 

su f fe r s from two obvious drawbacks, one experimental and one t h e o r e t i c a l : 

(a) The da ta come from one exper iment . So independent confirma

t ion is a v a i l a b l e . The experiment is d i f f i c u l t . The de te rmina t ion 

of the y-uependence involves s e r i o u s experimental c o r r e c t i o n s while 
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the measurement of o(v)/a(v) depends on difficult auestions of 

absolute normalization. We have no reason to doubt the experimental 

result, but so much hangs on it, that we would feel more comfortable 

with an independent confirmation. 

(b) The changing y-distribution, as well as the increasing 

o(v)/o(v) ratio,could be due to a scaling violation which reflects 

the much increased significance of qq pairs at high energies. If at 

high energies, the qq pairs carry, say, 30% of the nucleon momentum, 

instead of 5% at low energies, we would expect a similar experimental 

effect, without any V+A currents or new quarks. Such a shift in the 

momentum distribution would represent an enormous violation of scaling. 

It would lead to strong scaling violation in deep inelastic ep and up 

scattering at the same energy and q . On the other hand, V+A weak 

currents uould have no relevant influence on ep and up scattering. 

Thus, before we convince ourselves that V+A currents are 

necessary, it is important to settle these two questions. 

For the rest of this section, however, we will assume that the 

v-datn does tell us that V+A currents are necessary, and we will study 

the implications of this nossibility. 

b.2 Vcctorlike Theories 

The most satisfactory theoretical framework for introducing V+A 

(47) 
weak currents is the hypothesis of a vectorlike theory . A 

vectorlike theory is a theory which includes V-A and V+A currents of 

equal strength, and which, in ;he limit of nassless fundamental 

fermions, becomes a pure vector theory. 
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The s tandard V-A c u r r e n t can be w r i t t e n a s : 

q YuU+Y5)Aq 

where q is a vector of quaxk states and A is a matrix of Cabibbo-

like angles (and, possibly, phases). If, in addition, we have V+A 

currents we will have an extra term of the form: 

q Yy(l-Y5)Bq 

where the matrix B is, in genera], different from A. If the strengths 

of the two currents are identical and if A = b we clearly have ;i pure 

vector current of the form qy Aq . 'f A t B but both matrices are 

unitary, we can find a unitary transformation U such that B = UAU 

We can then rewrite the current as: 

q- Y U A q' 

where 

q' = [C1*V5J
 + d-Y 5)Ulq 

(47) 
The theory' is vector-like in the sense that it conserves parity 

and contains only a vector current in the limit of massless quarks. 

If we introduce the quark mass terra, parity violation as well as 

axial vector terms are reinstated. 

The vectorlike theory has several attractive features: 

(471 
(ij There are no anomalies . This follows from the absence 

of axial currents in the massless limit and from the mass independence 

of the linearly divergent term of the triangle graph. 

(ill Ttic violation of parity is introduced in the same way as 

.my oth.*r symmetry breaking. We hnve an "ideal" world with masslcss 
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fermions in which strong, electromagnetic and weak interactions are 

all parity conserving vector interactions, obeying a gauge theory. 

We then have a mysterious mechanism of (presumably spontaneous) 

symmetry breaking, i" which: 

Fermions acquire masses 

Cabibbo angles are determined 

Parity violation is introduced 

CP violation is introduced 

It is clear that such a theory is very appealing, although we do not 

ki : how the symmetry breaking operates. 

On the pbenomenological level, a vectorlike tneory of this type 

necessitates tne introduction of, at least, six quarks. It leads to 

several i.itertscing predictions. The next few sections are devoted 

to a discussion of these predictions. 

6.3 Vector-Like Theories Require Six Quarks 

We consider a charged weak current of the form: 

where q is a vector of N quark "tates with charge + — and q_ is a 

vector of N quarks with charge - — . The matrices A, B are unitary 

N x N matrices. The known four qjarks u, d, s, c dictate N _> 2 . 

Can we construct such a theory with N = 2 ? The answer is clearly 

no. The matrix B would connect the u-quark to a combination 

d" = dcosQ + ssine , where BR is an unknown Cabibbo-ltke angle for 

right handed quarks, which determines the parameters of the B-rntrix. 
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We know from neutron and hypero:i beta decays that no substantial 

V+A terms contribute either to the ud transition or to the us 

transition. Since, at least, one of these transitions should he 'iirge 

for any value of 8 , we conclude that a four-quark vector-like 

model is excluded by experiment. 

The next possible model is a six-quark model (N = ?•) . It is 

immediately clear that the B-matrix will connect the u-quark mostly to 

the b-quark, th'us avoiding the V+A transitions u *--*• d and u —- s . 

(49-5?i 
The right handed doublets would then ^c : 

u 

b 

fc 

R 

where s, d are orthogonal linear combinations of s, d determined 

by yet another Cabibbo-like angle x : 

d = d cos* + s sin* 

s = -d sinx + s cos\ 

The two limits x ^ 0 and X ^ 90 are quite interesting. If X % 0 . 

the right handed pairs are (c, s) and ft, d) . We then have (c, s) 

pairs both for left-handed and right-handed quarks. The c -—> s 

transition is then, to a good approximation, a parity conserving, 

pure vector transition. On the other hand, if x % 9(1 , the 

right-handed pairs are (c, dl and ft, si. Consequently, the 

decays ot charmed particles should yield strange particles only in 

JO'I, of .ill decays, instead of the standard prediction of "O'V-ROV 
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In the next section we argue that the X ^ 0 solution is 

actually favored. 

b.A The Complete Assignment of Right-Handed Doublets in a Six-Quark 

Vector-Like Model 

Two independent arguments exclude the existence of a significant 

cd V'+A transition. 

The first argument is due to Wilczek et al. and is based on 

the calculation of the Kc-K| mass difference. In the standard model, 

(with only V-A currents), the Kc-K. mass difference can be computed 

in terms of the mass difference between the c-quark and the u-quark. 

In the limit of c-u degeneracy, the K -K transition vanishes. In 

the realistic case of different c, u masses the mass difference AM is 

proportional to: 

AM tt (m -m")cos 9 sin"6 
c u c c 

This calculation was, in fact, used in order to predict the effective 

mass of the charmed quark before the discovery of charmed particles. 

Note that the mass difference is proportional to sin 8 . This 

follows from the simple fact that each one of the intermediate quarks 

tu and el couple to cither s or d with a sin9 coefficient. 

If we now consider a vector-like theory, we immediately see that 

the diagram involving an intermediate c-quark will contribute a term 

proportional to cos"0 sin"x where cos6 represents the left handed 

cs transition and sin* represents a -ight handed cd transition. Tor 

i ^ 0 thi* term is irrelevant and the original successful estimate 



of AM remains unchanged. For x ̂  90 we obtain an extra factor of 

sin x/sin 6. ̂  20 . In fact, the right-handed coupling induces a few 

additional corrections and the overall estimate^ ' is too large by a 

factor 100. This can be rectified only if we set m ^ 100-200 MeV , 

which is totally unacceptable. We, therefore, conclude that the 

X ̂  0 solution is favored. 

Another argument agaiirst a right handed cd current is due to 

(54) Golowich and Holstein , They have studied the transformation 

under chiral SU(2) x SU(2) . In a V-A theory, the AI = ~, ~ 

pieces of Hw transform like the (r-, 0), (—, 0) representations of 

SU(2) x SU(2). Consequently: 

[ V Q+Q5] = ° and [HW* Q S ] = " lV Ql 

where Q( Q,. are, respectively, the vector and axial vector charges. 

In a vector-like theory with a substantial V+A current connecting 

c •*-*• d (namely x ̂  90 ), the AI = •=- piece of K. will contain a 

SYlJ(l+V5)c*cYu(l-Y5)d 

Such a term belongs to the £0, -) representation of SU(2) x SU(2) 

and obeys: 

\n\U, Q-Q5] = 0 and [HJ / 2. Q S] = IHJ/
2, Q] . 

If the AI = y piece of H is dominated by this term, as suggested by-

several authors, we have the following situation: 
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( i ) Tn the s tandard model: 

u3/2 
I«S". <U U V 2 1,1/2 u l / 2 ••w . ^ , - - [ H j " , Q] i [ H ^ . Q5] - - [ H i " . Ql 

( i i ) In a model with a V+A c u r r e n t of the form cd : 

[H; 
3/2 3/2 1/2 Hl/2 Qsl = - K . Q) ; Dy'. Q5] = [H^". Q] 

We can decide between the two models by measuring the relative 

sijin of the I = •=• and I = - amplitudes in K-decays. These 

amplitudes are related by PCAC to the corresponding [fL, Q-] 

f54] 
commutators, and their measured vilues clearly favour the case (i), 

again ruling out the x ̂  9 0 version of the vectorlike theory. 

The general result of both arguments can be stated in the following 

way: No quark is allowed to have transitions of order 1, to both s 

and d. If a given quark (c or any otheT quark) is paired with s in 

a left-handed doublet, it cannot be paired with d in a right-handed 

doublet, and vice versa. In the framework of the six-quark vector-

like model, this yields x "" 0 • However, the result is much more 

general, and it remains an important constraint in any theory. 

The complete, unique, SU(2) x U(l) assignments in a six-quark 

C49-S2) 
vector-like theory are then1, * : 

where all small Cabibbo-like angles have been neglected. The A-matrix 

is approximately diagonal. The B-mntrix has elements of order unity 

L," the second diagonal. 



6.5 Phenomenoiogical Predictions: The Rise and Fall of 

Vectorlike Theories 

The six-quark vectorlike theory leads to several phenomenological 

predictions. Among them we mention: 

(i) Above the b-threshold, a substantial cross section for 

v+u -+• y +b should be observed, leading to a larger O(V)/O(\J) ratio 

and to a flat y-distribution. This is confirmed by experiment and 

constitutes the only evidence for V+A currents. 

(ii) The cs charged current approximately conserves parity. 

This can be studied in charmed particle decays , but was not yet 

tested. 

(iii) Many interesting phenomena are expected in the leptonic 

C52"1 
sector of the model '. Neutrinos are predicted to have masses; 

weak decay of the form U -*• e +Y are expected , neutrino 

oscillations may exist ; etc. None of these pehnomena have been 

observed, but no contradiction with experiment have been established. 

(iv) Last but not least: the neutral current is predicted to 

conserve parity. This follows from the simple fact that the GIM 

mechanism guarantees a diagonal neutral weak current, regardless of 

the parameters of the A and 8 matrices. Hence, the V-A as well 

as the V+A pieces of the weak isovector neutral current must have 

the form: uu+cc+tt-dd-ss-bb . The full neutral weak current is 

therefore a pure vector current and parity is predicted to be conserved 

in all neutral current transitions. In particular, we expect: 

?(v*N * v+N) = 0{\)+N * v+N) 

o(0+N - O+anything) = o(v+N * v+anything) 



Several independent measurement:"' have recently shown that both of these 

relations disagree with experiment , and that the neutral hadronic 

current is probably parity-violating. Assuming that these experiments 

are correct the fulI vector-1 ike theory is ruled out. 

(>.() Other Models with V+A Currents 

If the full vector-like theory (and, in particular, the vector-

like six-quark scheme) are ruled out, what are the remaining 

possibilities? One possibility is that no V+A currents exist and that 

the y-annmaly and the a(v)/o(v) ratio are due to some kind of scaling 

violation. If, however, we insist on the V+A explanation of these 

effects, we have the following minimal set of SU(2) x 'J(l) 

._..u,_* J 5 9 ) . 

L 

This r e q u i r e s f ive quarks and s u f f e r s from n o n - c a n c e l l i n g 

anomal ies . We may add only one more r igh t -handed doublet without 

in t roduce a s i x t h quark, h with charge Q = The theory then 

This s t r u c t u r e emerges in a scheme based on an SU(3) gauge a lgebra of 

ihc weak and e lec t romagne t i c i n t e r a c t i o n s 
(60) 

and also in the E(7) 

uni fied scheme 
(61) 

(see Sect ion 8 ) . This type of s ix-quark scheme 
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was first introduced by Barnett . 

Many other schemes are possible but they should all avoid the 

right-handed doublets (u, d); (u, s); (c, d) and lead to a parity-

violating neutral current. Some of the features of the vector-like 

model may be true, but the full scheme as exemplified by the six-quark 

scheme of sections 6.3 and 6.4 is probably incorrect. 
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7. The Quark-Lepton Connection 

7.1 The First Generation of Fermions (1935) 

As early as 1935, a certain degree of quark-lepton analogy could 

have been established. The known hadrons were p, n (made out of u, d 

quarks). The known (or predicted) leptons were v , e . With a 

certain degree of hindsight we can reformulate the 1935 version of 

elementary particle physics by saying that we have a doublet of quarks 

and a doublet of leptons, with similar electromagnetic and weak 

interactions. Taking into account the V-A structure and the three 

colors of the (u, d) quarks we .:ote that even the anomalies are 

cancelled (£ Q. = 0) . 

We may therefore formulate a self-consistent gauge theory of 

weak and electromagnetic interactions based on an SU(2) x U(l) gauge 

algebra, and including two left-handed doublets: 

y 1 fu 
e 

and three right handed singlets: 

This is, essentially, the "old half" of the "standard model", 

and we will refer to the fcrmions u. dt v . e as "first generation 

fermions". 

Using these fcrmions we can already formulate most of the 

questions which lead us to an investigation of the quark-lepton 
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connection: 

(i) The quarks and leptons respond to the weak current in a very 

similar way. Are they related? 

(ii) Why are the electric charges of quarks and leptons quantized 

in a related way (Q(d) = ~ Q(e) , etc.)? 

(iii) The required absence of anomalies tells us that we could 

not have a V-A model of quarks without leptons or leptons without 

quarks. How do the quarks "know" about leptons and vice versa? 

(iv) Both quarks and leptons are "pointlike". Why? 

These questions already lead us to suspect a deep connection 

between quarks and leptons. The suspicion grows when we proceed to 

the ferraions of 1975. 

7.2 The Second Generation of Ferraions (1975) 

The "second half" of the "standard model" is almost identical to 

the first half. We now have two left-handed quark doublets and two 

left-handed lepton doublets. All the questions of Section 7.1 remain 

valid, and the fact that the entire structure repeats itself, while 

maintaining the close analogy between quarks and leptons, provides 

further reasons to suspect that we cannot have quarks without leptons 

or leptons without quarks. 

The new features of the 1975 fermions are the presence of s-d 

mixing and a Cabibbo angle as well as the unexplained large masses 

and large mass splittings among the "second generation" fermions. 

Here we face an extremely puzzling question: 

Given chat the (v , e") and (v , u") doublets respond in an 

identical way to all known interactions, what creates the different 
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mass scale of the two lepton doublets? Similarly, given that (u, d) 

and (c, s) respond in an identical way to all known interactions, 

what creates the different mass scale of the LWO quark doublets? 

Both questions are totally unanswered, but it is interesting that, 

again, the problem appears to be the same for leptons and quarks. 

It is, therefore, clear that a striking quark-lepton 

similarity exists both in the first generation and in the second 

generation of fundamental fermions. The possible third generation, 

including (v , U ) and (t, b) appears to possess the same similarity. 

What is the source of the quark-lepton connection? 

".3 Grand Unification 

If quarks and leptons have the same space-'cime structure 

(pointlike J = — fermions), perhaps they belong to one large 

multiplet of fundamental fermions ' ' . If the weak and electro-

marnetic interactions are described, by a (Weinberg-Salam) vector 

gauge theory and the strong interactions are described by a (QCD) 

vector gauge theory, perhaps there is one large gauge group incorporating 

both theories, and one large representation including all gauge bosons. 

This is the most simple-minded approach to both the problem of 

quark-lepton connection and the desire to unify all fundamental 

interactions. 

How can it be done technically? 

The weak and electromagnetic gauge group is, at least, 

SU f -1.. x Ufll. The color gauge group is Sllf 31 ,. The weak bosons are 

colorless. The colored gluons have no weak or electromagnetic 



couplings. Hence, our starting point is the direct product: 

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

We must search for a group G such that QZ> SU(3) x SU(2) x U(l). 

The group G must be, at least, of rank four. If we want a true and 

complete unification of all interactions, leaving no arbitrary 

parameters, we would prefer to exclude the possibility that G is a 

direct product of two different groups. (Such a possibility would lead 

to an arbitrary Weinberg-like angle in the same way that SU(2) x U(l) 

leaves 6 undetermined and is not a truly unified scheme.) The 

smallest possible group obeying these requirements is SU(5) , 

but many other possibilities exist. 

The rank of the group G determines the numDer of conserved 

additive quantum numbers. The minimal rank (four) includes the two 

additive quantum numbers of SU(3) , the electric charge and a "weak" 

charge which can be chosen as the charge coupled to the Z -boson. 

Of these, the first three are exactly conserved and are coupled to 

ma- jless vector particles [gluons and photon). The fourth represent 

a spontaneously broken symmetry and the Z is, of course, massive. 

If G has a rank larger than four, additional quantum numbers are 

introduced. Since no other massless bosons seem to exist, nil of 

these quantum numbers must correspond to broken symmetries and 

massive bosons. In particular, we cannot include an exactly conserved 

haryon number or lepton number operator as a generator of G. On the 

other hand, the fcrmion representation of C must include particles of 

different haryon number and lepton number (quarks and leptons). 

Hence, these quantum numbers cannot commute with all generators of l'>. 
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We therefore conclude that in such a unified scheme, we cannot have 

exact conservation of both baryon number B and Iepton number L ~ . 

We may have exact fermion number conservation, if all particles in a 

given multiplet are fermions (and the antifermions are in a different 

multiplet). In that case the fermion number operator F may lie 

outside G and be exactly conserved. We then have P = B + L , 

where F is conserved and B and L are not. 

Alternatively we can invent schemes in which D is conserved, 

hut not F and !.. At most one of these three quantum numbers can he 

exactly conserved in such unification schemes . 

Many different models have been proposed for the "grand unification 

scheme". They can be divit'ed into two main classes: 

[al "Minimal" schemes. These are models which do not extend the 

w#ak_ gauge group beyond SU(2) x U(l). As a result, the total number of 

colorless weak bosons remain three: W , W , Z . The full SUi,N, 

group acting on the N quark-flavors is not a subgroup of G. No gauge 

bosons connect quarks which are in different SU(2) x U[l") doublets 

and the weak neutral current conserves all flavors, in such models, 

quarks and leptons are assigned to the same multiplet of G, but not 

al 1 quarks and al1 leptons are in one irreducible representation. 

A typical example of such a scheme is the SU(5) model of Georgi and 

Glashow , which we discuss in some detail in Section 8.1. In this 

model all "first generation fermions" are related to each other; all 

"second generation fermions" are related to each other; no relation 

is established between fermions in the two generations. Any number 

of generations of fermions may exist. 
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(b) "Ma.\ iinal" schen.es. These are models in which a l l quarks and 

all l ep tons a re assigned to one i r r e d u c i b l e r e p r e s e n t a t i o n of 'J>. The 

fu l l SU(N)c f l avor group is conta ined in C. In f a c t , 

O SU(N) f x SU{31 

There are many colorless weak bosons, including bosons which connect 

any given quark to any other quark. Flavor-changing weak neutral 

currents are allowed and the G1M mechanism is not an integral pavt 

of the theory. The suppression of strangeness changing neutral 

currents is artificial. On the other hand, the scheme achieve:, the 

maximal degree of unification by relating ail the fundamental femuons 

to each other. Schemes such as K(7) of Gursey et a 1. (sec 

Section 8.2) and SU(4) x SU(4) of Pati and SaJam*6"*1 are typical 

examples of a maximal scheme. 

7.4 Common Features of Unification Schemes: Hopes and 

Difficulties 

All unification schemes which are based on a large gaugf.- gr^up 

G, and which are constructed along the lines mentioned in the previous 

section, have many common features; 

(i) New gauge bosons which convert quarks into leptons nr 

leptons into quarks are predicted. The adjoint representation of G 

must include eight colored gluons, at least three (possiblv many more) 

colorless weak bosons,as well as the photon. These are the gauge 

hosor.s which arc coupled to the generators of Sl)(3) x SU(J) h x 11(11 

nr to SIM31 x SLUM... In addition to these, the same representation 

of ii mu*t alway* include i.omc bisons which carry the quantum numbers 

http://schen.es
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of both SU(31 and SU[2}... The simplest set of such bosons would 

belong to a [3, 2) representation of SU(5) x SU(2) . TP'JS^ 

peculiar bosons must possess color, respond to both strong and weal^ 

interactions, carry baryon n'imber and lepton number, ha.e third integer 

charge and be capable of converting a colored quark intc a colorless 

lepton. They are sometime referred to as "leptoquarks". Each 

unification scheme must have such bosons. Some schemes have large 

numbers of them, but the minimal number is twelve: A (3, 2) and 

a (3, 2) multiplets. The mass of each "leptoquark" is probably very 

large. At the same time, they may be confined [if all calored objects 

arc confined). 

(ii) All unification ;>:; hemes lead to a violation of baryon number 

and/or lepton number conservation. We have explained the reason for 

this in the previous section. The phenomenological implications of 

such a violation depend on the model. Whenever wc have baryon number 

nonconservation, the proton becomes unstable. Its allowed decay 

moues depend nn the detailed selection i.-.les of the group G. In some 

models a second order weak process such as: 

is allowed . In other schemes, only sixth order transitions such 

as: 

p -*• v + 3\J 

are possible ' . The present upper limit on the proton decay rate 

dictates, in each case, a lower 'mit oil the masses of the gauge 

bosons v-hich are responsible for the proton's decay. In models 



(such as SU(51) in which a second order de:ay is allowed, we are led 

to bosons with masses such as 10 gram . Such a mass scale 

essentially tells us that the full symmetry limit of the group G is a 

matter for science fiction rather than science. On the other hand, 

if the proton decays only via a iixth order transition, bosons of the 

mass range around 1000 GeV or less, are sufficient. This is only one 

order of magnitude above the expected masses of IV" and Z 

(iii) The relative strengths of all interactions in the 

syiimetrical, high energy, limit are essentially given by Clchsch-

(Jordan coefficients. This can happen, of course, only if the order of 

magnitude of thr weak, electromagnetic and strong couplings becomes 

the same at such energies. The weak interactions are presumably 

comparable to electromagnetic interactions at energies above the 

h'-maises. The gauge theory of colored quarks and gluons is 

asymptotically tree. At sufficiently high energy its (running] 

coupling constant may decrease to the level of the weak and electro

magnetic couplings. It is difficult to envisage ho* these explicit 

high energy relations between the strengths of the different intcr-

actions, can be experimentally tested in the foreseeable future. 

(iv) Any theory which incorporates the foir generators of 

SU(2^ x U(U into an irreducible representation of a larger group, 

leads to a determination of the Weinberg angle 5 The heinberg 

angle is defined by the relation: 

J = J, sin'),, * ) costju 
em .> * o ft 

vihcrc .1 i s the e lec t romagnet ic cur ren t and ' , . ' a rc the 
em 5 o 
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currents transforming like the third component of SU(21 and the U(l) 

generator, respectively. Tn a unification scheme based on a group G, 

the operators J , J are generators of G. Using the Wigner-Eckart 

5 o 

arem, the matrix el 

can he written as: 

< g j „ i v = - = • <fii jiif> 

i . . 
i f i l - ' J V = - = = i f l l - ' l ln 

V . 

( f i l J
0 i f i ) = - = = : (fl I'M In 

/ y Y2 

isospin and weak hypercharge of f. and (f||Ji|n is the reduced 

matrix element. We may select, for example, a fermion f. with 

> = 0 . We then have: 

/ ^ 

Since V. = 0 , it follows that Q. = I,. . Hence^66': 
i l 3i 

..... . LS 
" I Qf 

Wf see that the Weinberg angle is fully determined if wc have a 

complete list of all the Q and I, values of all fcrmions in one 

irreducible representation of G. furthermore, we do not need to know 
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nuch about the group G itself o' abouc its Clebsch-Gordan coefficients. 

If we consider a pure V-A theory based on the first generation 

fermions (see Section 7.1) we have: 

Hence: 

sin\ = I • 
The standard model or a V-A model with six-quarks and six leptons 

clearly leads to the same value of P . Consequently, any unification 

scheme which accommodates such a set of fermions will yield the same 

value of 8 W . 

In a pure vectorlike theory (see Section b) , £ QT remains unchanged 

but £ I'l. is doubled. (All right-handed fermions have the same I 

values as their left-handed counterparts.) We then find: 

This value is common to all vector-like models. 

This calculated value of the Weinberg angle may, in principle, 

be drastically changed by renormalization corrections. The group 

theoretical calculation presumably applies only to the symmetry 

limit. But the symmetry is broken in many different steps, 

corresponding to tfauge bosons of wiucly different masses. There is 

no guarantee thut the above values of y arc related to experimentally 

measured quantities. 

(-1) '}• 
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It is, however, amusing, that the value sin 9 = — , i 

corresponding to pure V-A theories, is consistent with all present 

data from neutral current experiments . Whether this is an 

accident we do not know. 
v, 

The overall list of "benefits" obtained from the various 

F 
unification schemes is not very impressive. It includes the presence 

e 
of unwanted heavy ^ sons (leptoquarks), the unwanted nonconservation 

S 
of baryon and lepton number, and an untestable relation between strong 

i 
and weak coupling constants. The only prediction which may be 

testable (but only if we ignore renormalization effects or if we learn 
I 

how to compute them) is the value of 9 . However, we have showed that 
W 

this value does not depend in a crucial way on the detailed properties 

of G, and it is common to many different models based on different 

groups G. 

re 

mi 

PT 

fe 
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S. Examples of Grand Unification Schemes 

8.1 A "Minimal" Example: SU[5) 

The smallest group which contains SU{3) x SU(2)K x U(l) and 

which is not a direct product, is SU(51. Ceorgi and Glashow (Lave 

proposed a unification scheme of quarks and leptons and of weak, 

electromagnetic and strong interactions, based on this algebra. 

Since it is the simplest unification scheme we will describe it hwv 

in some detai1. 

The fundamental spinor representation of SU(5) is 3-dimensionaI. 

Its SU(3) x SU(2) decomposition is given by. 

5 = (3, 1) • (1, 2) 

The product of two such quintets gives: 

1 x I = ii + !£ 
1S_ = (6, 1) - (1, 3) + [3, 2] 

10 = (3, 1) + 0 , 1) + (3, 2) 

The product of a quintet and its conjugate gives: 

I + I = i£ + 1 
24_ = (8, 1) + (1, 3) + (3, 2) • (3, 2} * (1, 1) 

I•• ie gauge vec to r bosons in an SU(S) scheme are in the 24_ ad jo in t 

r e p r e s e n t a t i o n . They include y, K , W , : , e igh t gluons and the 

minimal set of 12 leptoquark bosons. the SU{3) x SU(2)h 

p r o p e r t i e s of t he f i r s t gene ra t ion le f t -handed fermions and a n t i -

fcrmions (sec Sect ion ? . l ) a r e : 
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( v c , e " ) L in ( 1 , 2) 

e* in ( 1 , 1) 

(u, d ) L in ( 3 , 2) 

uL in {5. 1) 

\ in (5 , 1) 

These 15 s t a t e s f a l l n e a t l y in to a r educ ib l e lS-dimensional 

r e p r e s e n t a t i o n which decomposes i n t o : 

III = 13, 1) * 11, 1) • ( 3 , 2) = (G), * ( e* ) L • (u, d ) L 

I = ( 3 , 1) * ( 1 , 2) = (d) L * ( v e , e " ) L 

Baryon and lepton number are, obviously, not conserved. The 

Weinberg angle obeys (see Section 7.4]: 

s i n A = f 
The decay: p - e *v is allowed. Some of the leptoquarks must be of 

-O 

masses around 10 gram, in order to sufficiently suppress the proton 

decay rate. 

The second generation fermions and antifermions are, again, 

assigned to a 5 - j_0 pair of SU(S1 multiplets. No connection between 

first generation and se~ond generation fermions is established. The 

GIM mechanism is a natrual part of the theory. The Cabihbo angle 

mixes different SUlM multiplcts. There is no obvious limit on the 

number of quarks and icptons. A third or fourth generation of fcrmions 

and antifcrmions can easily he accommodated, as ion^ as they follow 

the pattern of the first t^o ^.-nerat ions. 
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An attractive extension of the SU(S1 scheme is a model based on 

the group S0(10). This group has an irreducible 16 dimensional 

representation which decomposes into JJD + S_ * 1 when we consider 

the SU(5) subgroup . This would enable us to accommodate all left-

handed fermions and antifermions of a given generation in one 

irreducible representation. 

8.2 A "Maximal" Example: E(7) 

The exceptional lie algebra E(7} has also been proposed as a 

unifying algebra1 . The E(7) algebra contains SU(6) x SU(3) as a 

maximal subgroup. Consequently, it may be viewed as a unification 

of the SU{3) color gauge group and an SU{6)^gauge group acting on 

flavors and containing SU(2) x U(l) as a subgroup. 

The smallest ("spinor") representation of E(7) is 56-dimensional. 

Its SU(6) x SU(3) decomposition is given by: 

i£. = ($.. 1) + (£• I) * tio, D 

The 56 states contain six tricolored quarks in the (6_, l) multiplct, 

six antiquarks in (6, 3} and twenty colorless leptons and antilepton 

in (_20, JJ. Note that the ^-representation of 5U(6) is self-

conjugate. It may, therefore, contain a set of lcptons together hith 

all their antileptons. 

The electric charge operator is a generator of the SU(6) flavor 

gnuge group. Consequently, the sum of all quark charges must vanish. 

\ssuming that four of the six quarks arc the usual u, d, s, c, the 

two remaining quarks must have Q = - ̂  • This six-quark set is not 

the one discussed in Sections >l or b. It contains the b-quark hut the 

file:///ssuming


t-i|uarl>" iQ = + T ) *S replaced by another Q = - — quark, denoted by 

h . 

The E(7) model necessarily includes equal sets of V-A and V+A 

currents, since all E(7) representations are self-conjugate. One 

possible assignment of the si* quarks under SU{2)j„. x U(|) is the 

folloh ing : 

( b i , ( h i , w ( j ) D (»)„ 

The C1M mechanism is "accidental" and there is no guarantee 

that all neutral currents conserve all flavors. The Weinberg angle 

The 20 leptons and antileptons include four positively charged, 

four negatively charged and twelve neutral states. The four Q - -1 

leptons are, presumably, e , u , U and one additional charged heavy 

lepton .x . The four Q = *1 states are e , u , U , x The 

twelve neutral states include the two known neutrinos and their 

antiparticles, plus eight additional neutral leptons and anti leptons. 

The SU{2] x U(l) nssingment of the leptons includes two SU(2) -

triplets, four SU(2) -doublets and six SU(2). .-singlets. 

As in all unified schemes, baryon and lepton numbers are not 

conserved in EC"). 

The dimensionality of the adjoint representation of E(7) is 133. 

Its 511(6') x SUf3} decomposition is given by: 

135 - (35_, 1_) • 0 , 8) * (15_. I) * (IT, 3) 



Thus we have 133 gauge bosons. They include eight colored gluons in 

(1, 8), 35 colorless weak bosons in (35 ,̂ lj and 9U leptoquark bosons. 

The 35 colorless weak bosons include y, K , W , Z and 31 additional 

bosons which connect every quark-flavor to every other flavor. Thus we 

have a neutral boson which couples to ds . Such a boson must, of 

course, be extremely heavy. 

The I";(7)-scheme is maximal in the sense that i t incorporates all 

quarks and all leptons in one multiplet. Its main predictive power 

Ls based on the explicit set of fermions which cannot be extended. 

The model predicts, for instance, that the t-quark does not exist ; i t 

does not allow more than four charged leptons. Such predictions are 

testable. 

Another interesting feature of E(7) is the peculiar relation 

between the exceptional groups and the octonionic matrices. This 

relation was studied by Gursey who suggested that the color 

group SU(3] is actually selected by nature as a result of a 

generalization of quantum mechanics from the domain of complex numbers 

to that of octonions. The automorphism group of octonions in the 

exceptional algebra G , and the subgroup of Ĝ  which leaves one 

octonxonic unit invariant is SU(3) . According to Gursey, this may be 

the reason behind the selection of SU(3) as the color group, and this 

might lead us to consider the five exceptional groups G-,, F , £ , 

E , E as candidates for a unifying symmetry. 
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S_._5 Unanswered Questions 

We have d iscussed some general a spec t s of the grand u n i f i c a t i o n 

schemes, and ou t l i ned some of the moTe t echn ica l f ea tu re s of two 

s p e c i f i c models. One cannot escape t he f e e l i n g t h a t , a t p r e s e n t , a l l 

unifying schemes gain us very l i t t l e , at a very expensive p r i c e . The 

t est all le p r e d i c t i o n s of each model a re very few. They e s s e n t i a l l y 

include a p r e d i c t e d l i s t of fundamental fermions (with varying degree 

of f l e x i b i l i t y , depending on the model) and a de te rmina t ion of the 

lU'inherg angle (which is probably subject to major r enormal iza t ion 

cor rec t i o n s ] . 

On the o the r hand, the re i- a long l i s t of s t r i k i n g ques t ions 

uhich are not yet answered, and vhich must be answered by any 

s a t i s f a c t o r y theory . We would l ike t o l i s t some of these q u e s t i o n s : 

[ i ] Why is the n e u t r i n o massless? This must come from some 

symmetry p r i n c i p l e , but we do not fcnow of any such p r i n c i p l e . I t i s , 

pi-rliaps, r e l evan t t o note tha t rh^ n n n t r i n a s a re the only n e u t r a l 

•Vrrr.imis . Is it t r u e tha t a l l fundamental n e u t r a l fermions a r e 

massle^s? i f s o , why? If the neu t r i no is not e x a c t l y m a s s l e s s , or 

if •. i s massless and \> i s no t , we s t i l l need a reason for the small 
e u 

masses, 

(ii} Are the v -e and u-d mass differences of pure electromagnetic 

origin' If so, whv are t'ie v -u and c-s mass differences so much 
• v 

larger' In fact, the mass pattern of the first generation fermions 

can be qualitatively "understood" if we claim that u, d acquire some 

mass because of their strong interactions; the u-d difference is small 

because they only Jiffrr by elect ric charge; the v -e ui ffcrence is 



small for the same reason. This naive "explanation" sounds good until 

we note that al1 interact ions of the se;ond generat ion fermions are 

identical to those of 'he first generation, while the mass pattern is 

completely different. 

(iii) What is the origin of isospin symmetry? Why arc two of 

the quarks approximately degenerate, while all others have different 

ma s s e s ? 

(iv) What determines the Cabibbo angle and all additional 

Cilubho-1 ike angles and phases which are needed in all extensions 

of the standard model'' 

(v) How many mass scales exist among the fundament;i 1 form urns.' 

In the standard model one might argue that there is one mass scale 

which somehow determines the masses of the second generation fermions, 

while the first generation fermians are approximately mass less. This 

approach would be in trouble if a third generation of fcrmions is found 

ar.d if its mass scale is substantially Ingher. Is theie un additional 

new interaction which is responsible only for the different mass ranges 

of different generations of fermions? 

These questions (and others) must he answered by a convincing 

unifying theory. It follows that all present th .'ories are far from 

convincing. However, the search for such a theory should he 

regarded as one of the most exciting subjects in pl^u--; today. 
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9. What Next' 

the incredible sequence of experimental discoveries in the last 

two years transformed several respectable theories (such as charmj into 

facts; it transformed some wild speculations (such as color} into 

respectable theories; it transformed unthinkable topics (such as grand 

unification) into a subject o vild speculation. 

What next? 

We first have to establish some additional facts about charm: 

t\mip U-rc the spec i rum of low-lying charmed mesons and baryons; under

stand the open experimental and phenomcnological features of the 

.-family; establish the space-time nature of charm-changing weak 

t ransitions. 

The possible existence of a heavy lepton is the most immediate 

.did direct element which goes beyond the standard model. This issue 

must be settled soon. If the U-lepton is there, we must learn 

vshi-rhi.M- it is :.' sequential lepton, whet he i it has a mass less neutrino, 

and whether it decays via a V-A interact i-jr.. 

The possible V*A currents in vN scattering is the next item on 

The "beyond charm" list. Here both new currents and a new quark (b) 

are involved. The issue can he resolved by more O N experiments, as well 

a-.. b> tie* deep inelastic eN or uN experiments which can help 

ik'ternine whether the y-anomaly is a "harmless" scaling violation or 

a new .h.ipter tn weak interaction physics. 

the rlit-oretual problems of QCD, including the cardinal 

Unfit ion of --onfinement , remain among the most important topic* in 

p.i rt i c le phvs ic* . Hon ever , these proh Icm* are on !y tiurj; i na 1 ly re 1 a l ed 



to the new physics which we discussed in these lectures. The only-

items which have some bearing on QCD are the low energy value of R 

which provides us with a new argument for color, and the phenomenology 

of the Zweig-lizuka rule which touches on the question of asymptotic 

freedom. The confinement issue itself remains unrelated to the number 

of quark flavors or to their weak and electromagnetic properties. 

Finally, the convincing evidence for the existence of at least 

sixteen fundamental fermions, [e,v ,u,v , tricolored u.d.s.c) rind the 

e u 

possible existence of more (!) ?v '.' ,b?, t'.".' ,h'.".') tell us that it is 

extremely unlikely that these arc indeed the ultima;..- fundamental 

building blocks of matter. There are simply too many of them! We 

believe that the chapter of physics which goes beyond quarks and leptons 

is not far ahead. 

The simplest attitude would be to i nstruct quarks and leptonj 

from yet another set of more fundamentrI objects. This idea has 

suggested hy several authors t b 9 ), but it appears re be too nan-e rc 

be true. 

The next simplest approach is to assign quarks and lentous to one 

multiplct of a unifying gauge theory . he have discussed here some of 

the pioneering az*. .ipts in this direction, but, again, we feel that 

nature is more subtle and more rich than implied by these models. 

How the quarks and leptons are related is one quest ion wh ich 

must be answered in the next few years. We believe that the answer 

will come and will be more profound than all present attempts. 

In many respects, the situation reminds us of the early 19th 

century, Ilcitric charges and magnetic charges were known. 1 hey 



possessed similar (Coulomb) interaction. They were "pointlike". 

Electric charges were free. Magnetic charges were confined and 

always came in pairs. In most daily experience?. magnetic charges 

tvere 'stronger". It was rlear that the two may be related. 

Electric and magnetic charges are related. They are not made out 

of more fundamental charges. They are not simply related by residing 

together in some multiplet. The relation is more profound, an^. yet 

it is elegant and simple. In fact, the relation tells us that the 

magnetic charges do not really exist, but that certain manifestations 

of electric charge phenomena appear to behave like pairs of magnetic 

charges. 

Kill the understanding of the quark-lepton relation solve the 

mystery of the nonexistence of quarks, in the same way that the under

standing of the connection between electricity and magnetism explained 

the mystery of the missing magnetic poles? 

It is a pleasure to thank Professors logcr Balian and 

Chris Llewellyn Smith for their hospitality in Les Douches. 
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