
where g(+) is the effective coupling coDS -

tant 

-2 
~ (+) (J) 

for the pure Yang411l.ls theory. 

If the integral ~ _t'Z~>c:H is divergent, 

(2) ~ have a singularity at g o, in 

contrast to Q E J) • This would be a crucial 

difference between Q C j) and 

Note added after the Conference 

Our result (at least fer the virtual diag

rams) was given prior to us, see J.M.Cornwall' 

Confinement and Infra-red Properties of Yang

Mills Theory' (UCLA/76/TEP/10) and also J.M.Corn

wall and G.Tiktopoulos "infra-red properties of 

Non-Abelian Gau~e Theories" (UCLA/76/TEP/2). 
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GAUGE M!D STJPEHGAUGE FIELD THEORIES 
A. SlavnoY 

Steklov Mathematical Institute Of the Academy 
of Sciencee,llloeccw,USSR 

1. Introduction 

The present section was initially supposed 

to include all the reports concerning gauge 

fields. It happened, however, that most of the 

theoretical contributions to this conference 

satisfy this requirement. This fact can be inter

preted as follows: 

Gauge Field Theory Modern Quantum Field 
Theory 

I want to use this comment to apologize for the 

fact that I shall not be able to discuss here 

many interesting investigations. A great part of 

my report will be devoted to the problems which 

I think to be most actual. These are·, first of 

all, the problems concerning the explanation of 

the observed mass spectrum and possible generali

zations of gauge theories (supersymmetric gauge 

theories). 

As the theory of gauge fields was discussed 

in detail at two previous conference I shall 

give only a short historical review. 

The theory of gauge fields began with the 

classical paper by Yang and Mills /1/ where the 

principle of gauge invariance, taken from electro

dynamics, was generalized to the case of nonabe

lian group. The role of gauge invariance as a 

dynamical principle defining the interaction of 

elementary particles was emphasized by Sakurai 

121. A short time later Weinberg /3/ and Salam 

/4/ proposed gauge invariant unified models of 

weak and electromagnetic interactions and the 

possibility of using spontaneous symmetry breaking 

for the creation of the gauge field masses was 

conjectured / 5 , 6/. 

However, all these ideas could not find 

their practical application until the problem 

of quantization and renormalization of gauge 

field theory was solved. The solution of this 

problem encountered serious difficulties and 

possible ways to overcome them were for the first 

time outlined by Feynman / 7/ 



The pioneer paper~1 by Popov and Faddeev/8/ 
and De 'Nitt/9/ opl!ned Bl new period in the deve-

lopment of gauge fieldfl. In these papers the 

coneistent procedure o:l~ Yang-Mills field quanti

zation was oonetruoted and the relativistically 

invariant diagram techrlique wae formulated. In 

papere by SlaYnov/lO/ B•nd Taylor/ll/ the inva

riant renormalization 11rocedure for gauge theories 

was developed and the gauge inYarianoe and unita

ri.t7 of renormalized theory was proved. At last 

'tHo oft extended the fc,rmalism of quantization, 

developed in papere/B, 9/, to gauge theories with 

spor~taneoue sy-etry b;r•eakillg and B.Lee and 

Zinn-Juetin/13( and •t Hoeft and Veltman/14/ ge

neralized the rer~orMH.zation procedure to this 

case. 

As a reeul t ot all. these and ma~ other 

papers, which I h&Ye nc' opportunity to list here 

(the detailed bibliogre.ph,y ca11 be found in rappor

teur talks by B.Leell'/ and J.Illiopoulos/16/ ·), 

the quantum theory ot e:auge field was essentially 

completed and a way for· constructing realistic 

gauge modele of elementary particle interaction 

was opened. 

Before discussing recent results I want to 

remind the main problen:1s of gauge field theory 

before the London Conference in 1974. 

1. Up to now the only observed gauge vector 

particle is photon. The existence of heavy inter

mediate Yector mesons i.s not established. 

2. The renoriD&liza.ble models of weak and 

electromagnetic interactions inqlude, as a rule, 

besides e , r , Vr and Ve the bJ'pothetical heavy 

leptor~s. 

3. The unified models of weak and electromag

netic interactione of hadrons are in a poor agree

merit with the quark st1·ucture of hadrons.The new 

quarks are necessary. 

4. The V-A structu.re of weak interactions is 

brought into the unified models from outside. 

'· Most of the unified models are described 

by noll(-simple Lie grou;'s and therefore are not 

really Ulliversal. 
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6. The gauge models of strong interactions 

have no reliable theoretical foundation yet. The 

popular hypothesis of quark confinement is veri

fied only in nonrealistic models. 

1. The problem of infrared divergences in 

nonabelian theories is not investigated. 

s. The Higgs mechanism on which the unified 

models of weak and electromagnetic interactions 

are based, is not natural from the viewpoint of 

standard gauge theories. The incorporation of the 

Higgs scalar leads to the appearance of new free 

parameters decreasing the predictive power of 

the theory. 

I have not listed here a number of problems 

having more particular character as, for example, 

the rule .11T •1/2, etc. These questions are dis

cussed in parallel sections and I shall not con

sider them. 

II. Modern Status of Gauge Theories 

l· Intermediate Vector Meson. 

I can not say anything essentially new 

on this topic. The intermediate W -bosons, predic

ted by gauge models must be very heavy (~ '0 GeV) 

and, hence, their direct observation lies beyond 

modern experimental possibilities. I would like 

only to note that the observation of an interme

diate meson should not be considered as the only 

reliable test of gauge t~eories.The hypothesis 

about the existence of Yery heavy objects carrying 

the interactions, is equivalent in some sense to 

the conjecture about the structure of space-time 

at small distances, which is hard to check directly. 

One should look for indirect consequences. 

2. Heavy Leptons 

Most of rer~ormalizable models of weak and 

electromagnetic interactions predict the existence 

of heavy leptons which are necessary either from 

group requirements, as in models of the Georgi

Glashow type/l7/, or for the compensation of 

Adler-Bell-Jaokiw/lB/ anomalies, as in Weinberg

$alam model. This fact considered by most of the 



people as thedrawback of gauge models, now after 

the appearance of the data indicating the exis

tence of a lepton with the mass,.., 1,8 GeV may 

transform into an argument in !&Tour of the 

gauge theories. 

J. Weak Interactions of Hadrons. New Quarks. 

The Gauge models of weak interactions of 

hadrons are in poor agreement with the hadron 

SU(J)-structure. The hypothesis about the Cabbibo 

structure of weak current J,.= Prrtt~B-t-prr>-h"9 
leads in the gauge theory to the appearance of 

the strangeness changing neutral currents of the 

type 'fi. r ~ . The difficulty could be aToided if 

one introduces a new "charmed• quar~191. So the 

gauge theories of weak interactions predict the 

existence of charmed states. At the last conferen

ce Illiopoulos betted that the main eTent of the 

next conference will be the discoTery of charmed 

states. It looks like that he has won. 

4. V-A Structure 

In the Salam-Weinberg type models the dis

tinction between the weak and electromagnetic 

interaction ia imposed practically from outside. 

Besides pure esthetical objections this leads to 

difficulties in the renormalization due to the 

existence of axial Teeter anomalies. More natural 

fro• the Tiewpoint of the unified theories are 

the models with pure Teeter interaction where the 

parity Tiolation arises either spontaneously or 

due to mass terms. 

This idea is realized in so called Teeter

like models/201. Up to now mainly the Teeter

like models based on SU(2)xU(l) group were con

sedered (see, ·howeTer/211). The "minimal" model 

containing 6 doublets of two-component leptons 

and 6 doublets of two-component quarks,was widely 

discussed. 
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The characteristic feature of the "minimal" 

model is the nonconserTation of lepton number, 

resulting in the appearance of small but nonzero 

neutrino mass. The nonoonservation of lepton 

charge leads to a characteristic phenomenon of 

neutrino oscillations which was preTiously dis

cussed by PonteoorTo et al./221 as a possible 

explanation of the "deficite" of solar neutrinos. 

I shall not consider the consequences of the 

model (4.1) since recent experiments haTe shown 

that it does not correspond to reality. In this 

model as well as in other Teeter-like models where 

all the fermion• transform according to the same 

representation of SU(2) the neutral weak current 

is a pure Tectorial one. The experiment indicates 

the presence of the axial part of neutral current 

(see the rapporteur talk by S.S.Gerstein).These 

experiments howeTer, do not exclude the Teeter-

like models at all. The vector character of the 

neutral current is not necessary consequence of 

this hypothesis. In particular, the axial part 

of neutral current automatically arises in super

S7mmetric vector-like models which will be dis

cussed later. 

The experimental Situation is well described 

in the framework of the gauge group (SU(2)x 

zU(l))weak+electromagnetio int.xSU(J)color. 
According to the hypothesis of complete universa-

lity this group arises as a result of spontaneous 

breaking of some simple group G. There are many 

models based on this hypothesis. As a group of 

the symmetry of the uni Terse the group SU( 4) .x 

x SU( 4)1231, SU(5)/24 •251, exceptional groups 

E6 , E 126 •27/ were considered. The detailed 

analys~s can be found in paper/281. For lack of 

experimental information all these groups can be 

considered as proper candidates. It is less eTi

dent howeTer, that in the nearest future, we shall 

haTe this experimental information which would 

allow us to make a unique choice. Besides, the 

true inification occurs only for the energies 



?-1018 _GeV when the gravitational effects become is necessary for the classification o! hadron 

essential. Therefore the "superunifieC1" models states • If the quarks possess the fractional char-

should include the gravitation also. such attempts ges the color symmetry can be preserved only in 

b.ave been undertaken al:r:·eady. However, perhaps the models containing an abelian subgroup. In the 

·we should care about, the pbysis1st"s of the future nonabelian models o! quarks wit b. f LCtional charges 

Dillenaium so as not to leave them unemployed" local color symmetry should remain unbroken and 

the co lor gluons s nou.Ld be mass less. In t_his case 
6. Strong Interactions. "Confinement" 

Three main ingredt,en.ts of the· gauge quark 

theories of hadrons are: 

1) The quarks poss,ess the additional degrees 

o! freedom (oolor). Thi:~ hypothesis was put !or

ward by Bogolubo•, Strwuinsky and Tavkhelidze/291 

and by Han and NambufJO/ for the explanation o! 

the hadron state classi:~ication and it happens 

to be Yery useful !or tl!le descri-ption o! strong 

interaction dynamics. 

2) The strong inte:ractions are mediated by 

the ezchange o! color Yllng-Mills mesons ("gluo:~~s") 

interacting with quark c:olor degrees of t:;reedom 

/Jl,J2,2J/ 

J) There exists a rneohanism proYiding the 

unobser•ability o! "colcJr" abjects. 

I shall discuss ma:Lnly the third point, the 

most questionable one. 

There are two princ:ipally different hypo

theses ~bout the nature o! this mechanism. Accord-

ing to the first one, the color symmetry is spon

taneously broken, the cc:lor. gluons obtain big 

masses by the Higgs mecl~nism. There exist the 

real quarks with integeJ~ clui.rge and belongi:~~g to 

the same multiplet with leptonsi2J/, The quarks 

are unstable and decay on leptons+pions with 

the H!e-time-lo-6 -lo··lJ sec., which explains 

the unsucoeaa!ul attemp1cs to find them. It is 

necessary, however, that after the. spontaneous 

symmetry breaking the global color symmetry re

mained valid at least in a good approximation. 

There is the following lLlternative/JJ/. I! the 

quarks possess the integer charge, then in spon

taneously broken theory 1t is possible to pre

serve the a.pproximate cc>lor SU(J) symmetry which 
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only the second way o! explanation o! the unobser

vability of quarks remains, namely, the "con:ri

neme~t" bypothesis/Jl,J2/. 

The hypothesis o! quark confinement is based 

on the proposal that the local color symmetry 

is an exact symmetry· of the universe, Then !ro~ 

the invariance o! the vacuum under the gauge 

transformations ll I o):: I o) 
it !onows that . 

i.e. the Green !unctions o! all co.lor objects 

Yanish identically. 'the observables are only tile 

gauge invariant states, !or example, the singlet 

bound states which can be identified with hadrons. 

The intuitive image o! this picture is the system 

o! particles with the interaction increasing with 

distances. In such a system the quarks are likely 

to be bound with some _elastic strings which do 

not allow them to spread on a macroscopic distance. 

I would like to illustrate how such a situa-

tion can arise in the field theory by an example 

whiCh bas no direct connection with the gauge 

fields but possesses many common features with 

them. I mean the nonlinear ~-model/J4 ,J5,J6/, 

I shall follow the paper by Bresin and Zinn

Justin/J4/, In d-dimensional nonlinear o-model 

the ~-!unction !rom the renormalization group 

equation is 
2 

_)->( 8) "= ( d -2 )~ - ( n-2 ) 2.~ + 0 (a 3 ) } ( 6 • 2) 

where ~ is an order of symmetry group o! the Lag

rangian. For d:~2 there exists the ultraviolet 

fixed point 

·* (d-2)21r 9 = n.. -2 . 
(6.J) 



,. 
For ~ <. 9 the pertur'bat:!,oq. theory ill aeneible, t~e 

symmetry is apontaneousl7 broken and the ~~~•

less field Till a Goldstone boson. The re.ion 

* ~>~ oan not be described in the framework of th• 

perturbation theory. The trana1t1on tbro~h the 
it' 

point 9 corresponds to the plla .. t~anuUon. 
it 

lorg>g the spectrum consists of (n-1) .. eaive 

:f' -particle and the bound state <:J with the same 

..... The spontaneous ayametr7 breaking disap

pears. For d•2, aa it ie eeen from (6.2) the 

model is aeymptotioallJ free and the perturbation 

theory is aenseleas tor any 9 . (Formally it 

._nifeats in the appearance of infrared dive;rgen

oea). 

The four diaenaional tan1•Milla theory in 

nia aapeot reaea\11 .. tlle two d1mul1oftal (!' -•o

del. Xn .-rtioular Ple•en/J7/ gave plausible 

arsv-enta tut 1ft the tana-Mills theory the p
funotion ban no .. roe at fiflite 9. It ifldtoates 

that in this case we bave the ay-.etrio phase as 

well· The effect1ve ~uark interaction increases 

infinitely in the in~ared reaicll, i.e. the con

finement takes pl&oe. 

!s tar as the confinement is related to the 

nonval1d:!,ty ot perturbation theory, up to now 

this etteot was eata'bliahed either in solvable 

,odela (moat11 two-dimenaiona1) or in the models 

where the method of strong ooupl1na is applied. 

The confinement in the two-dimensional model is 

almost triYial for in this case the Coulomb po~ 

tential increases 11nearl7 with distance. NeYer

theleas the two-dimen=~1onal models are a sood 

laboratory as they &llow one to investigate dif

ferent aspects of this phenomenon. The simplest 

model of this kind ia the Shwinaer model, the two

dimensional eleotrondynamios/JS/, In this model 

with .. ssive fermion• the interaction ener~ of 

two external oharses sepa;rated by the distance 
L isjJgj. 

~ = [ t. ( e - 2~<1) ~ E c e) J L + ... , < 6 • 4) 

where E is a pe:~;iodic function. HenQe, for ~.,.-tte 
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the interact1on disappears. As in the massless 
Shwtnger model there arise the screening of 

charge and quark confinement. At the same t~e 

for ~rbitr•ry the lona-diatanoe interaction 

ia preeent and, lienee, contrary to the maa•

leal oa•e, •he eymmetry il ~abroken. 

lnttresting results were obtained while 

investigating the two-dimensional SU(N) Yang -

Mills theor,l40
t
411. In this model there is a 

diaorete set of singlet bound states with fintte 

masses. The model is unttary in a gauge invariant 

(singlet) sector, i.e. the transitions between 

the singlet and color stat" are absent.'J!he 

long-distance i~teraotion between the sinalet 

states ia also abaeat. At tlle saae time the 

bellaviour of the theorr at 1aa11 41etanOel ia 

determined by the noninteraoting quarks. The 

autpo;rs/41/ made an iaport~t obleJTatioa. It 

is a oo~on viewpoint that tlle ooat1ae•tat 11 

e~uivalent to the infinite .. ,1 of oQlor atate1. 

It happens, however, that the propertiel of 

color ~~ge noninv~ant etate1 depend ealent1-

ally on the prooe4ure of infrared reau1arisat1on. 

ln particular such a resularicatio~ can be in• 

dioated/42/ that the q~rks obtain finite aas1ea. 

The crucial point is t~at for any regulariaation 

the transitions between the aing1et ~4 eolor 

states are absent. 

The poss1ble wa, of realization of "intra

red prison" in four d~ensional space-time was 

proposed by Wilson/4)/ who assumed that to oon• 

struot a prison in the real world the lattice 

is necessary. Wilson generalized the principle 

of aau1e invarianoe to the case ot lattice 

Euclidean spaoe~time. With every net of a lattioe 

the field of matter '9(x) 18 associated which 11 

tran1foraed aa follows: 

(6.,) 
and with every link t~e bilooal gauge field 

A (x, ,: ) transformed ae~ 

AtK., x') .... R,(x)Arx, )(') 1(.1.()(1
). (6.6) 



The introduction of a. l11tt ice leads to the ul

trR.violet finite thec•ry and R.t the same time 

removes the divergences connected with the de

generacy of gauge invariant action.The mR.in ad

VMtR.ge which gives a lattice is the possibility 

of R.pplication of approximate methods different 

from perturba.t~ on theory, for instR.noe, the 

R.pproximation of strong coupl:l.ng or meR.n f:leld 

method. A number of papers/44 • 45• 46 •47,48/ wa.s 

devoted to the investigation of gA.ur,e theories 

on a lattice. Their conclusions confirm the 

qualitative picture o,f confinement discussed 

R.bove. 

However, nowada,y·s, it is difficult to Sll.Y 

to what extent all these results are applicable 

to the real nR.ture R.s the introduction of R. 

lattice violates the relativistic (and even 

Euolidian) invariance. The results obtained do 

not admit the limit Q..-~o and the spectrA. of "ob

aervable" states strongly depends on Q... (The 

model could be considered as satisfactory if the 

masses were much smaller thR.n inverse .lattice 

parameter. In fR.ct the situation is reverse, 
-l 

i.e • .M.'?-ll ). It is possible that this situR.tion 

CM be R.Voided using more effective calculation 

methods. 'l'hus, for ex:a,mple, the replacement of 
.. t 

the series in (a~) with the Pade approximation 

in the massive Shwinger model enables to obtain 

a good agreement with the results for the con

tinuous space/491. 

Essentia.lly MOther :possibtl tty which :!.s 

not connected with the limit ll.·-.0 is proposed by 

W 1lson/50/. In general the idea is as follows. 

The propagator of gauge field can be devided 

into a "low-energy" and "high-energy" part in 

such a way 

I 
-2. p 

(6. 7) 

where A- is a cut-off momenta (the inverse 

lattice parameter). First it .ts proposed to 

sum up the contributi,ons of all high energy parts. 

J:o'or A large enough in asymptotically free theori

es, we CA.D. use the usual perturbation theory. 
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As a result of such summation there arise 11.n 

effective Lagrangian containin~ the infinite 

number of vertices with different number of 

"low-energy"legs. ~t the second stage of calcu-

lations it is proposed to use the strong couplinr, 

method where a low-energy propagator should be 

taken as a Green function of a lattice theory. 

In other words the calculation of relattvisti-

cally invariant s-matrix is reduced to the cal-

culation of the S-matrix in a lattice theory 

with some effective action. 

In principle, the proposed program does not 

meet objections, but it seems to me that 'Nhen 

vte really try to put it into practice we again 

would face the violation of relativistic inva-

riance because the two stage calculations can be 

carried out only approximately and the conditions 

of applicability of perturbation theory at the 

first stage (large A ) and of the strong coupling 

method at the second one (small}\_ ) are opposed 

to each other. But of course everything depends 

on the skill and, possibly, professor Wilson 

or somebody else will demonstrate us the vitality 

of this idea. 

It is not excluded that correct formulation 

of lattice theories requires changing the geometry 

of space-time. 

Donkov, Kadyshevsk,y, Mateev, Mir-Kasimov/5l/ 

formulated quantum field theory incorporating a 

fundamental length e and rigorously satisfying 

Poincare invarianoe. The mathematical realization 

of such a theory is possible in curved momentum 

space with radius Yt . This changes drastically 

the spacetime geometry at short distances~[; 
in particular time becomes discrete. The usual 

difficulty which one meets changing the geometry 

is to define properly the invariant time ordered 

product. In the approach/ 5l/ this is achieved 

automatically. A gauge field theory in tht3 

framework is in a certain sence similar to 

gauge theories on a lattice: the zero component 

i.e. the scalar potential of the electromagnetic 

field is necessarLy an angular variable 1\j) 1 ~ ~ T 
~e 



and the charges of the elementary particles are 

integer multiples of e: thus charges are con-

mens urate. 

The attempts are made to obtain some quan

titatiTe consequences from the confinement hy

pothesis. A.A.Migdal/52/ aesumed, that the non-

analyticity of hadron maesee in coupling constant 

has a univereal character. Owing to this the 

ratio of the masses can be determined on the 

baeis of perturbation theory. The Green functions 

of singlet operators are looked for in the form 

of the matrix Pade approximation 

( TO!·OJ) = .:Plitt 
QN 

(6.8) 

For the determination of QN and PM. the con-

dition of sewing at some remote Euclidian point 
2, 2, p =-Ji. is used. lf the renormalized coupling 

oonetant 9r eatisfies some consistenoy co~dition 

then in the limit 1\t, N ,A~ oo the discrete spec-

trum eurvives and the mass ratios can be found 

in the. form of eeries in 9e· Unfortunately, 

it ie very difficult to test the consistency 

condition and in real calculations [/f is used ae 

a fitting parameter. The physical senee of the 

ueed limiting prooedure is also rather obecure. 

1. Infrared divergences in perturbation 

theory. 

Though the statem•nt that the perturbation 

theory for the massless Yang-Mills fields "euf

fere very strong infrared singularities" became 

a •folklore• the real nature of theee singula

ritiee is still unclear. That is why we should 

welcome the appearance of papers/5J-59/ where 

serious attempts have been made to clear up 

this problem. The calculations in the lowest 

orders of pertubation theory for the Yang-Mills 

field/5J, 54/ confirm the theorem by Kinoshita 

and Lee-Nauenber~60 • 611 about the absenoe of 

mass singularity in inclusive cross section. The 

scattering cross section being averaged over 

initial and summed over final degenerate ( color) 

states tends to a definite limit while removing 

infrared cutt-off. It should be noted that the 
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theorem by Kinoshita-Lee-Nauenberg does not 

concern the question of ultraviolet renormali

zations. Unfortunately this question is practi

cally not considered also in papers/53,54/, 

because the calculations are carried out with 

the subtraction at nonphysical Euclidian point. 

The problem of determination of the physical 

charge is open. 

The result of/53 • 54/ does not exclude the 

possibility that beyond the framework of pertur

bation theory or with the proper summation of 

the series in~ the infrared singularities can 

lead to the suppreeeion of the processes with 

the radiation of color objects. In particular 

it is stated that if we sum the contribution 

of the leading (double logarithmic) singularities 

over all orders of perturbation theory the 

amplitude of the process with the radiation 

of a color particle vanishes (exponentially 

in the regularization mass)/55, 561. An analogous 

effect was observed in maseless eleotrodynamios 

by Fomin et al./57/. The difference between th~ 
results of papers/5J,54/ and /55,56/.can be 

interpreted in terms of Bogolubov 1 s qul\sj.ave

rages/621. The objects ca1cula~ed in/55• 56/are 

essentially the quasiaverages while the reeults 

of/53 •54/ refer to the ordinary expectation 

valuee. One should aleo to keep in mind that 

the results/55• 56/ can have no relation to the 

confinement because the contribution of nonlead

ing logarithms in principle can lead to finite 

cross eections. And besides it is not evident 

that the account of infinite number of soft 

colour quanta would not lead to the finite result. 

To m~e these questions clear it is very impor

tant to perform a consistent investigation of 

infrared singularities of arbitrary diagrams. 

Such an investigation was carried out in the 

paper by Kinoshita and Ukawa/58/ contributed 

to this conference, in which the algorithm for 

the determination of infrared singularities in 

the Yang-Mills theory is given for an arbitrary 

order of perturbation theory. Interesting possi-



b ilit ies are also opened. due to the application 

of the renormalization group methods to this 

problem/59/. 

8. Particle-1 tke solutions in gauge theories. 

The characteristic feature of gauge theories 

is the existence of classical particle-like so

lutions with finite energy, the solitons. The 

well-known example of such solutions is the mag

netic monopole in Georg:l-Glashow model/631. 'rhe 

different aspects of solitons were considered 

in the talk by Faddeev/641. So I restrict myself 

to the discussion demonstrating their possible 

role in the structure o:f gauge theories. 

In the formalism o:f continual integral the 

Euclidian Green functio:[ls of the fields At' are 

determined by the products of A (X, )integrated r 
with the weight 

ex p ~ -· cS ( A ) ) "" ex p l- ~ ~ 2 ~ t (A )vlx J ( 8. 1 ) 

2 
For small ~ the main contribution to the 

integral ts given by the fields Arin the neigh

bourhood of classical solutions 

~S=O·~(A)<o<l (8.2) 
~A I ,.. 

The ordinary perturbation theory corresponds 

to the consideration of the trivial minimum ~r'=' 

""0 only. In the presence of long-distance in

teraction it became selltseless due to the infrared 

divergences. A.M.Pclyakov conjectured/65 / that 

nontrivial solutions of (8.2) can lead to the 

existence of finite correlation length, i.e. 

the finite mass of vector fields. (The conside

red system can be reprE!sented as a plasma con-

s 1st ing of magnetic monopoles). He succeeded in 

showing that this effect really takes place in 

electrodynamics in thr~!e-dimensional lattice 

space and in three-dimomsional Euclidian Georgi

Glashow model. 

However, 1 t is not clear whether these 

considerations have something to do with the 

real four-dimensional case because the structure 

of a gauge group crucially depends on the number 

of dimensions. 
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In the natural gauge A
0
""'0 the remaining 

gauge transformations 8(X) depend only on space 

coordinates. For cl~L(, under the condition 

~ (X) ~ 1><3 1 (8.J) 

the gauge group is divided into classes according 

to the values of topological charge 

5 
"3 I~· - _J.. (8 4) q_ ~ c1 x 'i: T ,1, '"' ~ ~ -r: .::'Z>;~lr:)gm. • 

In other words the group transformations 

include, apart from continious infinitesimal 

transformations, shifts I changing the topologi

cal charge by 1. 

Every class of this type nulifies the ac-

tion and therefore generates its own "Vacuum" 

In). Euclidian solutions of four-dimensional 

Yang-Mills equations (instantons), found by 

Belavin et al/66/ describe a tunnel effect bet-

ween two adjacent ''vacua". 

There are two possibilities of interpreta

tion of this fact. According to the first one 

/ 67• 68/ the gauge group consists of only connec

ted transformations, all states 1~) having the 

same energy and real gauge invariant vacuum 

being a coherent superposition 

- ;he. i& I e)= 2_ e In.).,.... Tja)'"e le)(8.5) 
... 

In the other interpretation, proposed by 

Faddeev/691, the gauge group is a group of all 

transformations, including shifts ll . Then only 

periodic states(B=&)are permitted. Note that an 

analogy with a solid state case suggests that 

the states with different should have different 

energies and the minimal one corresponds to e;o. 
Such a structure of the vacuum can be rela

ted to the U(t.)-problem. Indeed, an axial C\lrrent 

(8.6) 

is changed by 2 under the action of the operator 

·T • Therefore, in the space of states with the 
iJr~> 

fixed e only the operator e makes sense, but 
Jd.lt> 

not the operatore for arbitrary d.. , i.e. con-
5 

tinious 0 -transformations are forbidden and 

there is no reason for the existence of isoscalar 

Goldstone bosons ( 7 -probleml70 • 67 ' 681 ,Faddeev 
(private communication)). 



All these considerations assume the asymp

totic condition (8.J). This condition must follow 

from the physics. In my opinion the only possible 

justification of the condition (B.J) is a fixa

tion of a neutral direction at infinity. Such a 

fixation certainly contradicts the "confinement" 

ideology. Thus, confinement in a real world still 

remains an appealing but rather controversial 

hypothesis. 

9. Spontaneous symmetry breaking. 

At present the only reliable method of 

gauge field mass generation is the Higgs mecha

nism. The classical Higgs effect arises in the 

potential 

(9.1) 

For r =0 in the tree approximation the effect is 

absent but nevertheless the radiative corrections 

can result in the symmetry breakingi7l/. The op

posite effect is also possible. In the system, 

consisting of the field c.p, interacting with 

gauge field, under a certain relation between the 

constants 9 and ~ , the effect of spontaneously 

sylll!te.try breaking being present in the tree appro

ximation, can vanish while considering the loop 

corrections in a /72/. The effective potential 

then has the form 

Hence we have the limitation on the me.sses of 

Higgs mesons. In the Sal run-We in berg type models 

the symmetry breaking takes place if 

l11 > 5 GeV (9.2) 

Thus, the possibility of existence of light 

Higgs mesons is excluded. The qualitative pic

ture of Higgs effect can change also under a 

macroscopic influence: heating, density changing, 

external fields. These effects were d:scussed 

in detail in the talk by Kirzhnits/7J/. 
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Ivanov and Ogievetsky/ 74/ investigated a con

nection between the Higgs effect and gauge 

fields. They have shown that gauge theory can 

be considered as a result of spontaneous symmetry 

breaking with respect to some infinite-~aramet

ric group where Yang-Mills field is a Goldstone 

boson realizing a nonlinear representation of 

this group. This observation could have interest

ing applications if one succeeded in constructing 

the corresponding linear representation (infinite

dimensional analog of u-model). Such a theory 

could be referred to dual models. 

The last comment con~erning the Higgs effect 

is related to asymptotically free theories. 

Despite the common opinion/75/ there is an oppor

tunity of spontaneous symmetry breaking resulting 

in the fact that all physical particles acquire 

nonzero masses and at the same time the theory 

remains asymptotically free. This possibility 

is based on the use of unstable solutions of 

renormalization group equations, for the system 
'I 

of Yang-Mills, Ukawa and~ interaction. For 

certain relations between the coupling constants 

ff , ~ and ~ there exist unstable solutions for 

Which all the invariant charges tend to zero 

when the arguments tend to infinity, i.e. cor

responding to the asymptotically free theoryi76{ 

Using this idea Fradkin and Kalashnikov have 

shown that .SUt>)symmetry, unifying weak, electro

magnetic and strong interactions can be broken 

to l/(2) x S U:~c. without loss of asymptotical 

freedom. It seems to me, however, that this 

mechanism can have a relation to reality only in 

the case, when the unstable solution corresponds 

to some symmetr~ group (in this case the notion 

of unstability itself becomes senseless as 

there is only one coupling constant in the 

theory). such a situation takes place, for 

example, in supersymmetric theories. If the 

unstable solution does not correspond to any 

symmetry group, an arbitrary weak external in

fluence can change the situation drastically. 



Summarizing we can say that the Higgs mecha

nism seems to be quite a reasonable method of 

intermediate meson ma$s generation in weak inte

ractions. However, from the point of view of 

gauge fields 1t is pure "external 11 as the appea

rance of Higgs scalars does not follow from the 

original principles. As the parameters of Higgs 

mesons are not fixed by the gauge invariance 

their introduction decreases considerably the 

predictive power of the theory and makes it 

difficult to choose th,e concrete model. There 

arises a natural desiz·e to formulate the theory 

in such a way that the• Higgs mesons arised with 

necessity and did not bring extra arbitrariness. 

This can be achieved tn two ways. The first way 

is the dynamical symme•try breaking where the 

Higgs mesons arise as bound states of basic 

fermions. This idea originates from the classi

cal papers by Bardeen, Cooper and Shriffer and 

N.N.Bogolubov on the 1;heory of superconductivity 

and was used in the Ueld theory in the papers 

/77,78/ • In the frame11ork of gauge theot'ies 

this idea was recently developed in paper/79/. 

Unfortunately in this approach it is difficult 

to obtain anY reliablo quantitative results as 

one has to solve the l!quation for the bound sta

tes of a Bethe-salpett~r type. 

The second way, wh~~re the Higgs mesons are 

described by elementa:ry scalar fields and their 

presence is d:j.otated by symmetry requirements 

seems to me more promising. The corresponding 

transformations should. mix the basic particles 

of gauge theory (fermions and vector fields) 

with the Higgs soa,lar1s. It is the property the 

supersymmetry transfo:['mations possess, and the 

remaining part of my 'talk will be devoted to 

this subject. 

1. The main concepts. 

The algebra of symmetry connecting Fermi and 

Bose fi.elds should contain antioommuting elements, 
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i.e. should be not an ordinary but graduated 

Lie algebra. The minimal algebra incorporating 

anticommuting elements and conta.ining as a su

balgebra the algebra of Poincare group is 

L .Pr, P,] = o, L P,., ~ .. J"' o, LS", S!'j = -(~c)P (l.l) 
· t • r 

where Pr are the generators of four-dimensional 

translations, cS . .~. are those of supersymmetry 

transformations being the Majorana spinors, C 
is a charge conjugation matrix. The algebra (1.1) 

was firstly considered in papers/SO)/ in conne c

tion with the parity nonconservation problem. 

Nonlinear realizations of this algebra were 

investigated in pape~811, where the hypothesis 

that neutrino is a Goldstone fermion was put 

forward. The papers/80• 811 did not get a wide 

resonance as there was not proposed any example 

of renormalizable supersymmetric model. Such a 

model was built by Wess and Zumino/82/ who came 

to the supersymmetry idea independently genera

lizing two-dimensional dual models. The papers 
182 ' 831 initiated a number of investigations 

and I shall try to present their main results 

below. 

Salam and Strathdee introduced a concept of 

"superfield" which allows one to formulate 

supersymmetric theories in an elegant and suit

able wayi84/. It is convenient/84 / to realize 

the representation of algebra (1.1) in space 

of functions of 8 variables (x t) f 8l/ where r) .,. ' 
X("' 11.re the commuting real parameters and (1J. are 

'l.nticommuting Majorana spinors. 

The algebra (1.1) corresponds to the trans

formation of superspace 

x'- L"7,... ;,; .'1 -r - :x..r -~ 2 'i 6 e) od- ::- 17,1. ;-!:: .J,. 
(1.2) 

The scalar with respect to the transformation 

(1.2) is the function /f(><10ltransformed as follows 

II; ' ' ') ~ C x, G)::: l.f C x, 0 (l.J) 

It follows from the antiaommutativity of para

meters G that e~ "U'l.nd, hence, any function of 

t) is a finite polynomial. In particular 



(1.4) 

The superfield of general form ll",4)is equi-

valent to the supermultiplet of ordinary fields 

containing (pseudo) scalars CAN,D, Majorana 

spinorsl, \ and vector field A„. The super—

field 1L0‹,Oprovides invariant expansion into 

the sum of three superfields with smaller num-

ber of components 

(K, 	<11,  (.,G ) + 	 ( „,0,. (1.5) 

The "chiral" superfieldsck are equivalent to 

the multipletspconsisting of (pseudo) 

scalars At, Ft and two—component spinor Ili ,• As 

the fermions and bosons enter into the same 

multiplet some scalar particles acquire nonzero 

fermion number. It imposes severe constraints 

on the possible fermion—number conserving 

models"". 

The action principle can be formulated in 

terms of superfields /88187,88/  if one uses the 

integration over the Grassman algebra introdu-

ced in/891' . 

2. Supersymmetric gauge theories. 

The most interesting for applications are 

the supersymmetric theories invariant under gauge 

transformations. For the description of matter 

fields one can use the chiral superfields 49t  
and the gauge fields can be inoorporated into 

the superfield of general form. 

The generalized gauge transformations depend 

on 8 arbitrary functions. Hence, 8 components 

of the superfield of a general form are non-

physioal and can be excluded. The invariant 

kinetic term for the fields of matter has the 
form/90,91,92/ 

Sct.'2 4 0 (12 ,  

▪  

4 <ID

▪ 	

+ 
cfp* el ik 4D 	(2.1) _ 	. 

As always in gauge invariant theory the action 

is degenerate and when quantizing it is neces-

sary to put an subsidiary condition fixing the 

gauge. Zumino and Wess 1'901' proposed to use the 

gauge freedom to put the components C,X,M,N of 

the field 	equal to zero. This gauge has a 

remarkable property: the series - (2.1) become a 

finite polynomial and after excluding of the 

auxiliary fields F; andTb the action becomes 

(for simplicity it is written for the Abelian 

case): 

COX k A,- 'D,,,tr) 2+ 3n 73̂  A .21  

(2.2) 

+-1 (A++  R +- At k_)1 + 	(A4: - n 11 ) +La A 44 41 + 

A-+ -. AA_)2   
The supersymmetric Abelian gauge theory describes 

the minimal electromagnetic interaction of spinor 

and scalar fields (candidates for Higgs mesons) 

plus contact interactions ,:i7r ,ifry andcecharacte-

rized by the same constant 	. 

In the Zumino—Wess gauge all the "unphysical" 

components are excluded and the interpretation 

is evident. However, the condition 

c = 	= _At - N = 
violates the explicit supersymmetry of the theory 

that makes difficult to carry out the renormali-

zat ion procedure (analogous difficulties arise 

in QED when using the ,Coulomb gauge). The expli-

citly invariant perturbation theory for a super—

symmetric QED was constructed in paper/93/ .In-

stead of noninvariant condition (2.3) the super—

symmetric condition of the type: 

= 0 
	

(2.4) 

was used. 

In this gauge the action remains nonpolynomial 

and the perturbation series contains the infinite 

number of types of primitively divergent diagrams. 

It could be shown, however, that the index of 

divergence is not larger than 2 and because of 

the existence of infinite system of generalized 

Ward identities all the oounterterms are expres-

sed in terms of two independent constants being 

the wave function renormalization of matter and 

gauge fields. An analogous procedure can be 

/94/ applied to nonabelian supersymmetric theories . 
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In this case like the ordinary Yang-Mills theory \'1 ith th~ help of this mechanism arbitrary mass 

there arises some additi,Jnal charge renormaliza.- terms for scalar component of superfields can be 

t ion. An independent matter fields mass renorma- genera.ted in any supersymmetric theory. 

lization is absent. Besides in supersymmetric Let me exemplify this statement. To any super-

theories the sum of all Yacuum diagrams cancel~95{ symmetric action we can add an invariant term of 

J. Spontaneous Breaking of Supersymmetry 

As the mass degeneration of scalar and spinor 

particles is absent in the nature, the super

symmetry should be broken. This problem is non

trivial one as the supersymmetry puts down 

severe constraints on the form of an effective 

potential. ~'he possibility of spontaneous super

symmetry breaking was demonstrated for the first 

time by I<'a,yet and Illiopoulos/9&/. The proposed 

mechanism can be applied to Abelian supersymmetric 

theories. Later it was ~1hown that the spontaneous 

supersymmetry breaking Jls also possible in a 

system of 11 interacting chiral fields for 1'1 ~3 

/97,98/. 

'rbe mentioned mechan:Lsm can be applied to a 

rather restricted class of theories and the 

attempts to use them fo1~ a construction of a 

realistic model/991 wer!! not a success. Besides 

they lead to the difficulties with the physical 

interpretation of Goldstone fermion accompanying 

spontaneous symmetry brE!aking/8l/. For the pro

cesses with the Goldstone fermion there exist 

the low-energy theorems/8l,lOO,lOl/ analogous 

to the Adler theorem for the Goldstone bosons. 

It follows :from them that if the electronic 

neutrino is a Goldstone fermion then the ampli

tude of f'-decay should tend to zero for zero 

momenta of the neutrin/100• lOl/. Such a behaviour 

disagrees with experiment. There is of course the 

opportunity to identify the Goldstone fermion 

with muonic or some new "neutrino n/1021. 

I want to d:!.scuss one more mechanism of super

symmetry breaking which enla:rgc, assent ially the 

admissible class of theories and is free of 

difficulty with the Goldstone neutrino/lOJ,l04/. 
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the form 

where R;: and R are auxi:iary chira.l fields, which 
± 

are the singlets with respect to the 

As far as ( 'RF ),/v the canonical 

t ion R/' RF + C produces the mass term 

which removes the degeneracy. 
'"" 

gauge group. 

trans forma-

(J.2) 

The variation over R leads to the free equa-

tions for R. • So the auxiliary fields R and R 
are completely separated from physical fields and 

their only observable effect is the appearance 

of the mass term (J.2). At the same time the 

explicit supersymmetry of (J.l) enables us to 

apply the renormalization procedure developed 

for the symmetrical theories. Analogously one 

can obtain the mass terms of the form 

(J.J) 

The Goldstone fermion enters into the auxi-

1 iary supermultiplets ( R:s:) and does not take part 

in observable processes/lOJ,l04,l05/. 

The described mechanism can be applied to a 

wide class of theories, in particular, to nonabe

lian supersymmetric ones. The nonabelian super-

symmetric models are an example of the asymp-

totically free theory with scalar particles. The 

spontaneous supersymmetry breaking enables us 

to make all observable vector and scalar partic

les massive and to construct the models which 

are both asymptotically free and infrared con

vergent/lOJ/. At the same time this mechanism 

opens the way for the construction of realistic 

models of weak and electromagnetic interactions. 



4. On the Way to a Realistic Model 

The supersymmetry strongly decreases the 

number of possible candidates for realistic mo

dels. The minimal supersymmetric model of lep

tons/104/ can be constructed on the basis of 

gauge group SU(2)xSU(l). 'rhe fields of matter are 

described by two chiral isonoublets ~ and one 
~ %~~ 

chiral singlet $,~ = .S_ • The gauge fields compose 

an isotriplet fo.. and singlet 1(·. The interaction 

has the form 

:£== l\_1_-r ~V"'T"+~t1(4> +{l+ -atr"-~tlf' ~-
2£"+-'+,e +i _Le <P-.Jn 

(4.1) 

The spectra of observed leptons looks as foolws: 

The charged sector consists of electron, muon 

and heavy lepton E • The neutral sector includes 

ele ctronio, muonic neutrinos, one new "neutrino" 

V_. and two heavy Dirac fermions with masses» ml< 

( k -meson). 'fhe model is a vector-like one but 

the effective neutral current contains both the 

vector and axial parts. 

In spite of the fact that the gauge group is 

not simple one, the mass of the charged inter

mediate meson is uniquely fixed and is equal to 

n1~=J7.J GeV. The mass of heavy charged lepton 

is"' mw• The masses of heavy neutral lepton can 

vary in a wide range. 

The model correctly reproduces the spectrum 

of "light" leptons and includes the standard Y-A 
theory. Another model was proposed recently by 
' /106/ Fayet • In this model, however, electron and 

muon are massless, at least, in the tree appro

ximation. 

The construction of realistic supersymmetric 

models makes its first steps and I hope that in 

the nearest future we shall be the witnesses 

of further progress in this direction. 

5. "Super"Supersymmetry 

There exist more pretentious hopes to construct 

the "superunified" models in the framework of 

T2-t. 

supersymmetry. I mean, on the one hand, the pos

sibility of nontrivial unification of supersym

metry with internal symmetr:l.es and on the other 

hand, the supersymmetrical generalizations of 

gravity. 

Concerning the first possibility, as far as 

the supersymmetry algebra is not a usual Lie 

algebra, the standard "no-go" theorems are not 

applied to it and the nontrivial synthesis of 

supersymmetry and internal symmetry is possibl'1~7/ 
If 1ve supply the generators of supersymmetry by 

"inner" indices i, j. , then in a local theory with 

massive particles the admissible algebra has the 

form/lOS/ 

However, the representation of this algebra 

even in the case of the simplest groups of inter

nal symmetry contains a huge number· of fields 

which are difficult to oonneot with e~eriment 

and the corresponding La.grangians correspond to 

nonrenormalizable theoryf1091. Some possibility 

to avoid these difficulties was proposed in/110 ~ 

but at present it is not clear 1vhether it is pos

sible to construct along these lines a physically 

interesting model. 

Supersymmetric generalizations of gravity were 

1 /111-118/ a so considered • The most direct way is 

to replace a flat superspace by the Riemannian 

superspace Zr(x.,.. tt )with a metric tensor Cl (i!\/112/ 
I ' r QJIIOI • 

Apart from gravitational field this tensor inclu-

des fields with spins J, 5/2 and so on. The super

symmetric "Einstein equations " are inv!l,riant with 

respect to general coordinate transformations. This 

invariance can be broken spontaneously up to the 

global supersymmetry. It appears that the possi

bility of symmetry breaking imposes strong con

straints on a possible internal symmetry group/11?/ 

Although this scheme seems appealing nobody suc

ceeded in demostrating its sel,fconsistenoy and in 

oonstructin~ an acceptable model. The origin of 

these difficulties and possiblP. way out ·.vere dis

cussed in/114 • 115/. 'Phere exist alternative appro-



~ohes t~ supe~~ravtty. The gravitatio~ fiel~ can 

be tnoluded into a vector superi'if!l.d hr ( x, G) 

the ~qurce of which ~s a conse~ed supercurrent 

/llG/, which is a aupel·symmetr1c generalization 

of a mom~ntum-energy te,nso:/ll-91. Another possi .. 

b il,ity whioh seems to l:1e the rnos t prom is :tng :l,s 

based on the obsel'Y'aticm t~at the minimal intera.c

ti!lln of massless R;u-it~r.-Schwinger field wit\1 

gravitation is inva.rta.rtt und11r the l,ocal super

symmetry transformat1orts/ll7/. This model provi

des a cons;l.stent wtzy o~~ describing the interacting 

spin J/2 Held. Das and Freeliman/llS/ quantized 

t!11'1 model and demonstl)ated the absence of aoausal 

affects ill the tree apllroximatton. 

The renormalization problem for supergravity 

!las not been yet seriously considered, but there 

are hopes that such a theory will be lees diver

gent than the u::~ua.l Eifrtein gr~;~.vit'y. 

Conclusio!} 

It is impo~sible to cover in one-h0ur ta.lk 

all interesting resultfr obtained in gauge theories 

dur1ng last t~o years. A considerable work was 

performed, but still much more should be done. 

Gauge theor:tes alreadY provide self consistent 

apparatus for the theol~Y of weak and electromag

netic interactions. Ful~ther p;rogress 1n thi!l 

field demands an accum~Llation of experimental 

data and, on the other halld, improvement of the 

theoretical critel:'ia fc1r lit rea,listio model. I 

think, the supersymmetl~.Y Call sel'Y'e for this pur

Pose. As to the strong interactions here we have 

a lot of data alld a nunLber of ideas but a qon!liS• 

tent gauge models 11till. wait to be discovered. 

ijowevel', :1-f beauty is lndeed a criterion of truth, 

t)len ga,uge theories here also have good cha,noes. 

~'inally, now lYe a;J:"e dotng the :l,'i:rst real steps 

to the U~l goa:t. ...,. unVioat10n ot au intaracU

one. Let us hope that we ~Ye chosen a rtght way. 
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