where

tant

gf%) 18 the effective coupling cons -

Tt g2 [4- A Cugt ] o

for the pure Yang-Mills theory.
If the integral Sg; Zordt
(2) may have a singularity at g = 0, 1in
contrast to QE D . This would be a crucial
difference between QCD ana QED .

is divergent,

Note added after the Conference

our result (at least for the virtual diag-
rams) was given prior to us, see J.M.Cormwall’
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
Nom—Abelian Gauge Theories" (UCLA/76/TEP/2).
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PLENARY REPORT
CAUGE AND SUPERGAUGE FIELD THEORIE3
A. 3lavnoy
Steklov Mathematical Institute of the Academy

of Sciences,Moscow,USSR

1. Introduction

The present sectlion 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 Fileld 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/l/ where the
principle of gauge invariance, taken from electro-
dynamics, was generallzed 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
/2/. 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 practieal 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 ploneer papers by Popov and Faddeev/a/
and De Witt/g/ opened & new period in the deve-

lopment of gauge filelds. In these papers the
consistent prooedure of Yang-M1lls fileld quanti-
zation was oonstruoted and the relativistically
invariant diagram technique was formulated. Ia
papers by Slavnov/lo/ &and Taylor/ll/ the inva-
riant renormalization procedure for gauge theoriles
was developed and the gauge invarianoe and unita-
rity of renormalized theory was proved, At last
'tHooft extended the formallsm of quantization,

/8’9/, to gauge theories with

developed in papers
spontaneous symmetry breaking and B.Lee and
Zinn—Jultin/13{ and 't Hooft and Veltman/l‘/ ge-
neralized the renormalization procedure to this
case,

As a result of all these and mamy other
papers, which I have nc opportunity to 1ist here
(the detailed biblilography can be found in rappor-
teur talks by B.Leo/15/ and J.Illiopoulos/16/'),
the quantum theory of gauge fleld was essentially
oompleted and a way for constructing realistic
gauge models of elementary partiole interaction
was opened.

Before disoussing recent results I want to
remind the main problems 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-
medlate vector mesons is not established.

2. The renormalizable models of weak and
eleotromagnetic interactions 1nclude, as a rule,
besides € , rl( , Vf‘ and )V, the hypothetical heavy
leptons.

3. The unified models of weak and electromag-
netio interactions of hadrons are in a poor agree-
ment with the quark structure of hadrons.The new
quarks are necessary.

4. The V-A structure of weak interactions is
brought into the unified models from outside.

5. Most of the unified models are described
by nom=-simple Lie groups and therefore are not

really universal.
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6. The gauge models of strong 1nteractions
have no rellable theoretical foundation yet. The
popular hypothesls of quark coanfinement 1s veri-
filed only in nonrealistic medels.

7. The problem of infrared divergences in
nonabelian theories is not investigated.

8. The Higgs mechanism on whiéh the unified
models of weak and electromagnetic interactilons
are based, 1s not natural from the viewpoint of
standard gauge theories. The incorporation of the
Higgs scalar leads to the appeaiance of new free
parameters deoreasing the predictive power of
the theory.

I have not listed here a number of problems
having more particular character as, for example,
the rule[ﬂ"-l/z, etc. These questions are dis-
cussed in parallel sections and I shall not con-

sider them.

II. Modern Status of Gauge Theories

1. 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 (> 50 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 theories.The hypothesis
about the existence of very heavy objects carrying
the i1nteractions, 1s equivalent in some sense to
the conjecture about the structure of space—time
at small distances, which 1s hard to check direotly,

Orze should look for indirect conseguences,

2. Heavy Leptons

Most of renormalizable models of weak and
electromagnetic intermotilons predict the existence
of heavy leptons which are necessary elther from
group requirements, as in models of the Georgi-
Glashow type/17/, or for the compensatlion of

/18/

Adler-Bell-Jaokiw anomalies, as 1n Welnberg-

Salam model. Thils fact consldered 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

tranaform - into an argument in favour of the

gauge theories.

3. Weak Interactions of Hadrons. New Quarks.

The Gauge models of weak interactions of
hadrons are in poor agreement with the hadron
SU(3)~structure. The hypothesis about the Cabbibo
structure of weak ocurrent Ir= Fr‘.n(b«9+Frr.x fin®
leads in the gauge theory to the appearance of
the strangeness changing neutral currents of the
type AT A
one introduces a new "charmed" quark/lg/. So the

. The difficulty could be avoided if

gauge theories of weak interactions predict the
existence of charmed states. At the last conferen-
ce Illiopoulos betted that the main event of the
next oonference will be the discovery of charmed

states. It looks like that he has won.

4., V=-A Structure

In the Salam-Weinberg type models the dis-
tinotion between the weak and electromagnetic
interaction is imposed practically from outside.
Besides pure esthetical objeotions this leads to
difficulties in the renormaligation due to the
existence of axial vector anomalies. More natural
from the viewpoint of the unified theories are
the models with pure vector interaotion where the
parity violation arises either spontaneously or

due to mass terms.

This idea is realized in so called vector-
like models/ZO/. Up to now mainly the veotor-
like models based on SU(2)xU(1) group were con-
sedered (see,‘however/ZI/). The "minimal® model

containing 6 doublets of two-component leptons
Ve Nu v, N, 'V N,
(e) (M) ( /") ( n) ( e> ( ")(4.1)
L, L, /A L,\ €& - M AP R

and 6 doublets of two—-component quarks,was widely

discussed.
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The characteristic feature of the "minimal"
model is the nonconservation of lepton number,
resulting in the appearance of small but nonzero
neutrino mass. The nonconservation of lepton
charge leads to a characteristic phenomenon of
neutrino oscillations which was previously dis-
cussed by Pontecorvo et al./zz/ as a Dossible
explanation of the "deficite™ of solar neutrinos.

I shall not consider the consequences of the
model (4.1) since recent experiments have shown
that it does not correspond to reality. In this
mode]l as well as in other vector-like models where
all the fermions transform accerding to the same
representation of SU(2) fhe neutral weak current
is a pure vectorial one. The experiment indicates
the presence of the axial part of neutral current
(see the rapporteur talk by S.S.Gerstein).These
experiments however, do not exclude the vector-
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-
symmetric vector-like models which will be dis-

cussed later.

5. Universal Interaction

The experimental situation is well desoribed

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

xU(]‘))weak+electromagnet10 1nt_xSU(J)
According to the hypothesis of complete universa-

color.

1ity 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 universe the group SU(4) x

x SU( 4)/23/, SU(5)/24’25/, exceptional groups

Es ,E7/26’27/ were considered. The detailed
analysis can be found in paper/ze/. For lack of
experimental information all these groups can be
considered as proper candidates. It is less evi-
dent however, that in the nearest future, we shall
have this experimental information which would
allow us to make a unique choice. Besides, the

true inification occurs only for the energies



;51018.Gev when the gravitational effects become
essential. Therefore the "superunified" models
should include the gravitation also. Such attempts
have been undertaken already. However, perharps
we should care about-the physisist% of the future

dillennium so as. not to leave them unemployed..
6. Strong Interactions. "Confinement"

Three main ingredients of the gauge quark
theories of hadrons are:

1) The quarks possess the additional degrees
of freedom (oolor). This hypothesis was put for-
ward by Bogolubov, Struminsky and Tavkhelidze/zg/

u/Jo’/ for the explanation of

and by Han and Namb
the hadron state classification and it happens

to be very useful for the description of strong
interaction dynamics.

2) The strong interactions are mediated by
the exchange of color Yang-Mills mesons ("gluona®)
interacting with quark: color degrees of freedom
/31,32,23/.

3) There exists a meochanism providing the
unobservability of "color" objects.

I shall discuss malnly the third point, the
most  questionable one. Y

There are two principally different hypo-
theses ‘about the nature of this mechanism. Accord-
ing to the first one, the color symmetry is spon-
taneously broken, the color gluons obtain big
masses by the Higgs mechanism. There exist the
real quarks with integer charge and belonging to
same multiplet with leptons/23/. The quarks

the

are unstable and decay on leptons+plons with
the l1ife-time ~1070 -1071> sec., which explains
the unsuocessful attempts to find them. It 1is

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 ulternative/JJ/. If the
quarks possess the integer charge, then in spon-
taneously broken theory it i1s possible to pre-

serve the approximate color SU(3) symmetry which

T15

is necessary for the classification of hadron
states, if'thg quarks possess the fractional char-
ges the color symmetry can be preServed only in
the models containing an abelian subgroup. In the
nonabelian models of quarks with f ictional charges
local color symmetry shouid remain unbroken and
the color gluoans snouild be massless., In thié case
only the second way of expianation of the unobser~
vability of Quarks remains, namely, the "confi-
nemeﬁt" hypothesis/Jl'Jz/.

The hypothesis of quark confinement is based
on the proposal that the local color symmetry
1s an exact symmetry of the universe, Then fro—

the invarilance of the

LLloy = 1oY

vacuum under the gauge

transformations

i1t follows that -
— — -4
CT Yoo = KTLYOR L) ~Six-y), (6.1)

1.e. the Green functions of all color objects
vanish identically.The observables are only the
gauge invariant states, for example, the singlet
bound states which can be identified with hadrons.
The intuitive image of this picture i1s the system
of partioles with the interaction increasing with
distanoes. In sych‘a system the quarks are likely
to be bound with some elastic strings whioh do
not allow them to spread on a macroscopic distance.
I would like to 1llustrate how such a situa-
tion can arise in the field theory by an example
which has no direct connection with the gauge
fields but possesses many common features with
them. I mean the nonlinear SFmode1/34’35’36/.
I shall follow the paper by Bresin and Zinn-
Justin/34/. In d-dimensional nonlinear G-model
the Fa-function from the renormalization group

equation 1s
- 9 3 (6.2)
Bag>= (d 2)g - (n-2>= + 008>,
where N is an order of symmetry group of the Lag-
rangian. For d»2 there exists the ultraviolet
fixed point
* _ ((i,.z >21r

g ' n-2

(6.3)



For g<.g* the perturbation theory is sensidble, the
symmetry 1s spontaneously broken and the masg~
less f1e1d 7 1s & Goldstone boson. The region
3}3*oan not be desoribed in the framework of the
perturbvation theory. The traneition through the
peint g*oorroaponds to the phase transition.

For s?g*tho spectrum consists of (n-1) massive

X -particle and the beound state @ with the same
mass. The spentaneous symmetry breaking disap~
pears. For d=2, ap 1t 1s seen from (6.2) the
model 18 asymptotioally free and the perturbation
theory 1s senselees for any g + (Pormally 1t
manifeats in the appearanoce of infrared divergen~
oes).

The four dimensional Yang-Mills theory in
this aspeot resemdles the two dimensional 6 ~mo-
del. In partioular oloacn/37/ gave plausible
arguments that in the Yang-Mills theory the F—
funotion have no seras at tinitoé?. It indioates
that in this case we have the symmetric phase as
well. The effective quark interaotion inoreases
infinitely in the infrared Tegicn, i.s, the pon~
finement takes place.

As far as the gonfinement 18 related to the
nenvalidity of perturbation theory, up to now
this effeot was eetabliehed either in solvable
models (no.tly two~dimensicnal) or 4in the models
where the method of strong Qoupling is applied.
The confinement in the two-dimensional model is
almost trivial for in this cass the Coulomb po~
tential increases linearly with distanos., Never-
thelsss the two-dimensional models are a good
laboratory as they allow ong to investigate dif-
ferent aspects of this phenomenon. The simplest
model of this kind is the Shwinger model, the tweo-
dimensional olootrondyn&miol/JB/. In this model
with massive fermions the interaction energy of

two external oharges
L 18739,

E=[&(0- ”—g‘)—E(e)]L+..., (644

where £ 1s a periodic function. Hence, for }q=ne

separated by the distanoce
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the interactiorn disappears. As in the massless
Shwinger model there arise the soreening of
charge and quark oonfinement. At the same time
for arbitrary ‘the long=-distance interaotion

is present and, hencs, oontrary to the maes-

lees case, the symmetry is undbroken,

Intgresting Tesults were obtained while
investigating the two-dimensional SU(N) Yang ~-
Mills thpory/4°"1/. In this model there 18 a
disorete set of singlet bound states with finite
masses., The model is unitary in a gauge invariant
(singlat) seotor, i.e, the transitions between
the singlet and ocolor states are absent.The
long=distance interaoticn between the singlet
states 18 also absent, At the same tims the
behaviour of the theory at small distances is
determined by the nonintersoting quarks, The
authora/41/ made an important observation. It
is a common viewpoint that the confinement is
equivalent to the infinite mass of coler states.
It happens, however, that the propsrties of
oolor gauge noninvariant states depend essenti-
ally on the procedurs of infrared regularisation.
In particular such a regularization oan be in~
d10ated’4?/ tnat the quarks obtain finite masses.
The cruoilal point is that for any regularisation
the transitions bdetween the singlet and eoler
states are absent.

The possible way of realization of "infra-
red prison® in four dimensional space-time was
propoeed by Wilaon/43/ who assumed that to oon-
struct a prison in the real world the lattice
is neoessary. Wilson generalized the principle
of gauge invariance to the case of lattice
Euolidean space~time. With every net of a lattice
the fie1d4 of matter (P(x) 1s assoolated whioh is

transformed as follows:!

Qoo =+ R oo @i (6.5)
and with every link the bilocal gauge field
Ax, X) transtormed as

Ay ROGAGOR x)  (6:6)



The introduction of a lattice leads to the ul-
traviolet finite thecry and at the same time
removes the divergences connected with the de-
generacy of gauge invariant action.The main ad-
vantage which gives a lattice is the possibility
of application of approximate methods different
from perturbation theory, for instanoce, the
approximation of strong coupling or mean field
method. A number of papers/44’45'46’47’48/ was
devoted to the investigation of gauge theories
on a lattice. Their conclusions confirm the
qualitative picture of confinement discussed
above.

However, nowadays, it is difficult to say
to what extent all these results are applicable
to the real nature as the introduction of a
lattice violates the relativistic (and even
Euclidian) invariance. The results obtained do
not admit the limit &*0and the spectra of "ob-
servable" states strongly depends on (. . (The
model could be considered as satisfactory if the
masses were much smaller than inverse .lattice
parameter. In fact the situation 1is reverse,
i.e. pm;;d?). It is possible that this situation
can be avoided using more effective calculation
methods. Thus, for example, the replacement of
the series in (uijWith the Pade approximation
in the massive Shwinger model enables to obtain
a good agreement with the results for the con-
tinuous space/Ag/.

Essentially another possibi;ity which is
not connected with the limit 2-01is proposed by
w1lson/50/. In general the idea 1s as follows.
The propagator of gauge field can be devided
and "high-energy® part in

into a "low-energy"

such a way
T R

P?. P’Ld@ PZ(PH!\.Z\ v
where A - 1s a cut-off momenta (the inverse

(6.7)

lattice parameter). First 1t is proposed to
suym up the contributions of all high energy parts.
For A large enough in asymptotically free theori-

es, we can use the usual perturbation theory.
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As a result of such summation there arise an
effective Lagrangian containing the infinite
number of vertices with different number of
"low—energy"legs. At the second stage of calcu~
lations 1t is proposed to use the strong coupling
method where a low—-energy propagator should be
taken as a Green function of a lattice theory.
In other words the calculation of relativisti-
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 objJections, but it seems to me that when
we 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.

Tt is not excluded that correct formulation
of lattice theories requires changing the geometry
of space~time.

Donkov, Kadyshevsky, Mateev, Mir-Kasimov/sl/
formulated quantum field theory incorporating a
fundamental length f and rigorously satisfying
Poincare invariance. The mathematical realization
of such a theory is possible in curved momentum
space with radius 9@ . 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/51/ this 1is achieved
automatically. A gauge field theory in this
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 necessarily an angular variable!¢|$j59$-
e



and the charges of the elementary particles are
integer multiples of e: thus charges are oon-
mensurate,

The attempts are made to obtain some quan-
titative consequences from the confinement hy-
pothesis. A.A.Migdal’?2/ assumed, that the non-
analyticity of hadron masses in coupling constant
has a universal character. Owing to this the
ratio of the masses can be determined on the
basis of perturbation theory. The Green functions
of singlet operators are looked for in the form
of the matrix Pade approximaticn

10,05 = P
<T0;0% Q.

For the determination of QN and PM the con-

(6.8)

dition of sewing at some remote Euclidian point
P%=‘Jf 1s used. If the renormalized coupling
oonstant a,satisfies some consistenoy condition
then in the 1limit M, N , A»> ©° the discrete spec—
trum survives and the mass ratios can be found
in the form of series in 9%. Unfortunately,
it 1s very difficult to test the consistency
condition and in real calculations gcis used as
a fitting parameter. The physical sense of the
used limiting prooedure is also rather obscure.
7. Infrared divergences in perturbaticn

theory.

Though the statement that the perturbation
theory for the massless Yang-Mills fields "suf-
fers very strong infrared singularities" became
a"folklore® the real nature of these singula-
ritles 1s still unolear. That 1s why we should

/53=59/ where

welcome the appearance of papers
serious attempts have been made to clear up

this problem. The calculatlions in the lowest
orders of pertubation theory for the Yang-Mills
£1e1d/73154/ confirm the theorem by Kinoshita
and Lee—Nauenberg/so’sl/ about the absence of
mass singularity in inclusive cross section. The
scattering cross section being averaged over
initial and summed over final degenerate ( coler)

states tends to a definite limit while removing
infrared cutt-off. It should be noted that the
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theorem by Kingshita-Lee-Nauenberg does not
concern the question of ultraviolet renormali-
zations. Unfortunately this question 1s practi-
cally not considered also in papers/53’54/,
because the calculations are carried cut with

the subtraction at nonphysical Zuclidian point.
The problem of determination of the.physical
charge 1s 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 1in g the infrared singularities can
lead to the suppression of the processes with
the radiation of color objects. In particular
it 1s stated that 41f we sum the contribution
of the leading (double logarithmic) singularities
over all orders of perturbation theory the
amplitude ¢f the process with the radiation
of a color particle vanishes (exponentially

in the regularization mass)/ss’ss/

. An analogous
effeot was observed in massless electrodynamios
by Fomin et al./57/. The difference between the
results of papers/53’54/ and /55’56/.can be
interpreted in terms of Bogoluhov'quuASiave-
rages/sz/. The objects calculated 1n/55’56/are
essentlially the quasiaverages while the results
of/53’54/ refer to the ordinary expectation
values, One should also 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 sections. And besides it 1s not evident
that the account of infinite number of soft
colour quanta would not lead to the finite result.
To make these questions clear it is very impor-
tant to perform a consistent investigation of
infrared singularities of arbitrary diagrams.
Such an investlgation was carried out in the
paper by Kinoshita and Ukawa/sa/ contributed

to this conference, in whioh the algorithm for
the determination of infrared singularities 1in
the Yang-M1ills theory is given for an arbitrary

order of perturbation theory. Interesting possi-



bilities are also opened due to the application
of the renormalization group methods to this

problem/sg/.
8, Particle-like solutioms 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 Georgi-Glashow model/SJ/. The
different aspects of solitons were considered
in the talk by Faddeev/64/. éo I restrict myself
to the discussion demonstrating their possible
role in the structure of gauge theories.

In the formalism of continual integral the
Buclidian Green functions of the fields /N are
determined by the products of A (%, )integrated
with the weight 4

expi--- S(A)S: exp 3~j§25$f(/*5di}.(8.1)

For small gl the main contribution to the
integral 1is given by the fields Arin the neigh-
bourhood of classical solutions

3S 5 . S(A) <
S A

The ordinary perturbation theory corresponds

(8.2)

to the consideration of the trivial minimum Ar=
=0

teraction it became senseless due to the infrared

only. In the presence of long-distance in-

divergences. A.M.Polyakov conjeotured/ss/ that
nontrivial solutions of (8,2) can lead to the
existence of finite correlation length, 1i.e.
the finite mass of vector fields. (The conside-
red system can be represented as a plasma con-—
sisting of magnetic monopoles). He succeeded 1in
showing that this effect really takes place in
electrodynamics in three~dimensional lattice
space and in three-dimensional Euclidian Georgi-
Glashow model.
However, it is not clear whether these
considerations have something to do with the
real four-dimemsional case because the structure
of a gauge group crucially depends on the number

of dimensions.

T19

In the natural gauge /h;:o the remaining
gauge transformations g(f)depend only on spacCe
coordinates. For cl=4 , under the condition

gty o7 4 (8.5)
x ¥y 9
the gauge group 1is divided into classes according

to the values of topological charge
- SR S (B4
Q = fd e VT Tag g0 )
In other words the group transformations

include, apart from continious infinitesimal

transformations, shifts | changing the topologi-
cal charge by 1.

Every class of this type nulifies the ac-
tion and therefore generates its own ™acuum"
|n). Euclidian solutions of four-dimensicnal
Yang-¥ills equations (imnstantons), found by
Belavin et 31/66/ describe a tunnel effect bet-
ween two ad jJacent "vacua®.

There are two possibilities of interpreta-
tion of this fact. According to the first one
/ 67,68/ the gauge group consists of only oénnec—
ted transformations, all states |n) having the
same energy and real gauge invariant vacuum

being a coherent superposition

—— l‘ i _ 7\(9
]6>=Zh_ehelh>+... T|oy=¢ ey (8-

In the other interpretation, proposed by
Faddeev/sg/, the gauge group 1is a group of all
transformations, including shifts | . Then only
periodic states(@:é)are permitted. Note that an
analogy with a solid state case suggests that
the states with different should have different
energlies and the minimal ome corresponds to €=0.

Such a structure of the vacuum can be rela-
ted to the U(t)-problem. Tndeed, an axial current
anomaly

Lotk 3

B(AY=,2T ' Te(AAA -3 F, A (8.6)
is changed by 2 under the action of the operator
T . Therefore, in the space of states with the
fixed O only the operator e)m?’r—na.kes sense, but
not the operatoregdeifor arbitrary 4 , i.e. con-
tinious K?-transformations are forbidden and
there is no reason for the existence of isoscalar

Goldstone bosons (7 —problem)/7o’67’68/,Faddeev
(private communication)).



A1l these considerations assume the asymp-
totic condition (8.3). This condition must follow
from the physics., In my opinion the only possible
justification of the condition (8.3) 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 j 2 5

V= ¢ - £7 (9.1)
For,A:O in the tree approximation the effect is
absent but nevertheless the radiative corrections
can result in the symmetry breaking/71/. The op-
posite effect is also possible., In the system,
consisting of the field q>, interacting with
gauge field, under a certaln relation between the
constants g and )\ , the effect of spontaneously
symmetry breaking being present in the tree appro-
ximation, can vanish while considering the loop
corrections in 3/72/. The effective potential
then has the form

v

5 Fa

Hence we have the limitation on the masses of
Higgs mesons. In the Salam-Weinberg type models
the symmetry breaking takes place if
m > 5 Gev (9.2)
Thus, the possibility of existence of light
Higgs mesons 1s excluded. The qualitative pilc-
ture of Higgs effect can change also under a
macroscoplic influence: heating, density changing,
external filelds. These effects were discussed

in detail in the talk by Kirzhnits’ 7>/,
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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-paramet-
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 suoceeded in constructing
the corresponding linear representation (infinite-
dimensional analog of J -model). Such a theory
could be referred to dual models.

The last comment conserning the Higgs effect
is related to asymptotically free theories,
Despite the oommon opinion/75/ there is an oppor=-
tunity of spontaneous symmetry breaking resulting
in the fact that all physiocal 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
of Yang-Mills, Ukawa and.qﬂinteraction. For
certain relations between the coupling oonstants
5 s h 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 asymptotioally free theory/76{
Using this i1dea Fradkin and Kalashnikov have
shown that SUls)symmetry, unifying weak, electro-
magnetic and strong interactions can be broken
to U(2)xSUs, 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 symmetry group (in this case the notion
of unstabllity itself becomes senseless as
there is only one coupling constant in the

theory). Suoch a situation takes place, for

example, 1in supersymmetric theories., If the
unstable solution does not oorrespond 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 guite a reasonable method of
iptermediate meson mass generation in weak inte—
ractions, However, from the point of view of
gauge fields it 1s pure "external" 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 1invariance
their introduction decremses considerably the
predictive power of the theory and makes it
diffioult to choose the concrete model., There
arises a natural desire to formulate the theory
in such a way that the Higgs mesons arised with
necessity and did not bring extra arbitrariness,
This car be achileved in two ways., The first way
1s the dynamical symmetry 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 theory of superoonductivity
and was used in the field theory in the papers
/77’78/. In the framework of gauge theories
this i1dea was recently developed in papers/79/.
Unfortunately in this approach it 1s difficult
to obtain any reliable quantitative results as
one has to solve the equation for the bound sta=-
tes of a Bethe-Salpeter type.

The second way, where the Higgs mesons are
desoribed by elementary scalar fields and their
presence is diotated 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 socalars. It is the property the
supersymmetry transformations possess, and the
remaining part of my talk will be devoted to
this subject,

1173, Sugerszgge&;z
1. The main concepts.

The algebra of symmetry comnecting Fermi and

Bose fields 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 containing as a su-
balgebra the algebra of Poincare group is

Ap
L%, B1=0, 1B, 8,120, [8 8,0 (OR 1.
where F; are the generators of four-dimensional
translations, (SA are those of supersymmetry
transformations being the Majorana spinors, C
is a charge conjugation matrix. The algebra (1.1)
was firstly considered in papers/ao)/ in conne ¢~
tion with the parity nonconservation problem.
Nonlinear realizations of this algebra were
investigated in paper/81/, where the hypothesis
that neutrino i1s a Goldstone fermion was put
forward. The papers/so’al/ did not get a wigde
resonance as there was not proposed any example
of renormalizable supersymmetric model, Such a

/82/

model was bullt by Wess and Zumino who came
to the supersymmetry idea independently genera-
lizing two—dimensional dual models. The papers
/82,83/ 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 way/84/. It 1is convenient/84/ to realize
the representation of algebra (1l.1l) in space
of functions of 8 variables (1@)9»{81/, where
Dguare the commuting real para;eters and 9& are
anticommuting Majorana spinors,

The algebra (1.1) corresponds to the trans-

formation of superspace
x! =

= I / .
rT 1Lege 0,7 0,rEy

The scalar with respect to the transformation

(1.2)

(1.2) 1s the function QﬂxAMtransformed as follows

Vi gy= Yex o) 2.3
It follows from the anticommutativity of para-
meters  that ei:(ﬁand, hence, any function of
E; is a finite polynomial. In particular



Yex,g)= ¢ + @Yoo+ )GQM("\r(l.U

LB ONw+ T N0, W +[BONEN+ £@83Deo

The superfield of general form aﬂﬁé)is equi~
valent to the supermultiplet of ordinarj fields
containing (pseudo) scalars C,M,N,D, Majorana
spinors Y, A and vector field Af’ The super-
f1eld WY(x ) provides invariant expansion into
the sum of three superfields with smaller num-

ber of components
Vex, 9)= E s, 0 +Pox,0)+ %, (x,8) (1.5

The Mchiral" superfieldsqg are equivalent to
the multipletsiAtﬁifigconsisting of (pseudo)
scalars At)F;and two-component spinor Y, . 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/85/.

The action principle can be formulated in
terms of superfields/86’87’88/ if one uses the
integration over the Grassman algebra introdu-

/89/

ced in

2, Supersymmetric gauge theories,

The most interesting for applications are
the supersymmetric theories invariantunder gauge
transformations, For the description of matter
fields one can use the chiral superflelds 42&
and the gauge filelds 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

£ orm’ 90291,92/

+ g¥ + -ay
LS{” 4 g d 4
g ydxdoid e <b++¢>_e e 2D
As always in gauge invariant theory the action
is degenerate and when quantizing it 1s neces-

sary to put an subsidiary condition fixing the
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/90/

gauge. Zumino and %ess proposed to use the
gauge freedom to put the components C,X,M,N of
the field f 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, and D the action becomes
(for simplicity it is written for the Abelian

case):

Q= §d*x1_,‘4?(?p,qv_’,)',,4r)2+ %X’S)\ +2‘b1+'ﬁ+ﬁ +
+(’3 AL+ LQA:AF\Qf N 175’r(’b —‘JA 34' to(2.2)
+3(A PAL- ASAND + M(ATF wwh.&,h)\%
AT A AT A - £A hee AR S hoe.}
The supersymmetric Abelian gauge theory describes
the minimal electromagnetic interaction of spinor
and scalar fields (candidates for Higgs mesons)
plus contact interactions ¥TY ¢ and ?qcharacte—
rized by the same constant 2 .

In the Zumino-Wess gauge all the "unphysical"
components are excluded and the interpretation
is evident. However, the condition

C=X=M=N=0
violates the explicit supersymmetry of the theory
that makes difficult to carry out the renormali-
zation procedure (analogous difficulties arise
in QED when using the Coulomb gauge). The expli-
citly invariant perturbation theoxry for a super-
symmetric QED was constructed in paper/gl/.In—
stead of noninvariant condition (2.3) the super-
symmetric condition of the type:

Y, =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 counterterms 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



In this case like the ordinary Yang-Mills theory
there arises some additional charge renormalize-—
tion. An independent matter fields mass renorma-—
lization is absent. Besides 1in supersymmetric

theories the sum of all vacuum diagrams cance1é95{

3. Spontaneous Breaking of Supersymmetry

As the mass degeneration of scalar and spinor
particles 1s absent 1in 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., The possibillity of spontaneous super-
symmetry breaking was demonstrated for the first
time by Fayet and Illiopoulos/gs/. The proposed
mechanism can be applied to Abelian supersymmetric
theorles. Later it was shown that the spontaneous
supersymmetry breaking is also possible in a
system of /1 interacting chiral flelds for W >3
/97,98/.

The mentioned mechanism car be applied to a
rather restricted class of theories and the
attempts to;use them for a construction of a
realistic model/gg/ were not a success, Besides
they lead to the difficulties with the physical
interpretation of Goldstone fermion accompanying
spontaneous symmetry breaking/el/. For the pro-
cesses Wwith the Goldstone fermion there exist
the low-energy theorems/ 81»100,101/ analogous
to the’Adler theorem for the Goldstone bosons,

It folloﬁs from them that if the electronic
neutrino is a Goldstone fermion then the ampli-
tude of F)—decay should tend to zero for zero

/100’101/. Such a behaviour

momenta of the neutrino’
disagrees with experiment, There is of course the
opportunity to identify the Goldstone fermion

"neutrino"/loz/.

with muonic or some new
I want to discuss one more mechanism of super-

symmetry breaking which enlarges essentially the

admissible class of theories and is free of

d1fficulty with the Goldstone neutrino’ 1039104/
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W ith the help of this mechanism arbitrary mass
terms for scalar component of superfields can be
genersted in any supersymmetric theory.

Let me exemplify this statement. To any super-—
symmetric action we can add an invariant term of
the

{Eor e da ] ~HREAR]

3+
F

form
> "

where R, and ﬁ;are auxiliary chiral flelds, which
are the singlets with respect to the gauge group.
As far as < T2F5>#0the canonical transforma-

o

tion J-ZF"RFﬁ-C produces the mass term

C ( AT A+ AIA-) (3.2)

which removes the degeneracy.

The variation over i leads to the free equa-
tions for R . So the auxiliary fields R and ii
are completely separated from physical fields and
their only observable effect is the appearance
of the mass term (3.2)., At the same time the
explicit supersymmetry of (3.1) enables us to
apply the renormalization procedure developed
for the symmetrical theories, Analogously one

can obtaln the mass terms of the form
+ 4
(l,A+A_r v bAZA_

The Goldstone fermion enters into the auxi-

(3.3)

1iary supermultiplets(R.)and does not take part
in observable processes/103’104’105/.

The described mechanism can be applled 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 partioles, 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-

103/. At the same time this mechanism

vergent/
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(1l). The fields of matter are
described by two chiral isodoublets 41L;and one

+
chiral singlet §i; S . The gauge fields compose
an isotriplet ¥}_and singlet ?} The interaction

has the form

=4ld e

-+
- tagS B RNy 4 ke

ﬁwa—tr\ *311*

D
(4.1

DO

b

+i

The spectra of observed leptons looks as foolws:

The charged sector consists of electron, muon
and heavy lepton £ . The neutral sector includes
electronioc, muonic neutrinos, one new "neutrino"
»ﬁ and two heavy Dirac fermions with massesy) m,
( K -meson). The 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
nQ‘f=37.3 GeV. The mass of heavy charged lepton
is ~my. 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 V-A
theory. Another model was proposed recently by

t/106/.

Faye In this model, however, electron and

muon are massless, at least, in the tree appro-

ximation,

The construction of reallstic 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
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supersymmetry., I mean, on the one hand, the pos~
sibility of nontrivial unification of supersym—

metry with internal symmetries 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 '"mo-go" theorems are not
applied to it and the nontrivial synthesis of
supersymmetry and internal symmetry is possib14197/
If we supply the generators of supersymmetry by
"inner" indices i,gf s then 1in a local theoxry with
massive particles the admissible algebra has the

form/los/

[Su, S 12 8RR [S6.R10 6o

However, the representation of this algehra
even in the case of the simplest groups of inter-
nal symmetry contains a huge number  of fields
which are difficult to oonneot with experiment
and the corresponding Lagranglans correspond to
nonrenormalizable theory/log/. Some possaibility
to avoid these difficulties was proposed in/llo {
but at present it 1s not olear whether it 1s pos~
sible to construct along these lines a physically
interesting model.

Supersymmetric generallzations of gravity were

a/111~118/  1ye most airect way 1s

also considere
to replace a flat suverspace by the Riemannian
superspace Zr(xl_ ’Gr)with a metrio temsor gngz\/ll_-a/
Apart from gravitational field this tensor inclu~
des flelds with spins 3, 5/2 and so on, The super-
symmetric "Dinstein equations " are invariant with
respeot 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-
stralnts on a possible 1nternal symmetry group/ll?/
Although this scheme seems appealing nabody suc—
ceeded in demostrating its selfconsistency and in
constructing an acceptable model, The origin of
these difficulties and possible way out were dis-
/114,115/.

cussed in There exist alternative appro-



aches to supergravity. The gravitation field can
be included into a vector superfield hf (x,6)
the source of whioh 1s a conserved supercurrent
/116/, which is a supersymmetric generalization

of a momentum~energy tansor/llg/. Another possi-
bility which seems to be the most promising is
hased on the ohservation that the minimal interac-
tion of massless Rarita~Schwinger field with
gravitation is invariasnt under the local super-

/117/

symmetry transformations This model provi-

des 2 consistent way of desoribing the interacting

spin 3/2 field. Das and Freedman/lls/

quantized
this model and demonstrated the absence of eoausal
affects in the tree approximation.

The renormalization problem for supergravity
has not been yet seriously considered, but there
are hopes that such a theory will be less diver~

gent than the usual Eistein gravity.

Conclusion

Tt is impossible to cover in one-hour talk
all interesting results obtained in gauge theories
during last two years. A considerable work was
performed, but still much more should be done,
Gauge theorles already provide self consistent
apparatus for the theory of weak and electromag-
netic interaotions. Further progress in this
field demands an accumulation of experimental
data and, on the other hand, improvement of the
theoretical oriteria for a realistic model, I
think, the supersymmetry can serve for this pur-
pose. As to the strong interactions here we have
a lot of data and a number of ideas but a consis~
tent gauge models still wait to be discovered.
However, if beauty is indeed a criterion of truth,
then gauge theories here alsoc have good chances,
¥inally, now we are doing the firat real steps
to the fipal goal - unifiocation of all intaracti~
ons. Let us hope that we have chosen a Tight way.
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