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We examine in detail the possibility of using the Higgs mechanism to remove the catastrophic infrared
singularities in non-Abelian gauge theories which are asymptotically free. Our investigation encompasses
theories based on SU(N) or O(N) with scalars in one vector, two vector, M vector, adjoint, tensor,
and adjoint plus one vector representations. We find that for these theories an S matrix, in the
perturbative sense, and asymptotic freedom can not coexist. We show that a wide class of Yukawa
couplings can be ignored in studying the large-momentum properties of the scalar couplings.

I. INTRODUCTION

Recently, Politzer,® and Gross and Wilczek?
have discovered,® using the Gell-Mann-Low re-
normalization-group techniques,* that for non-
Abelian gauge theories the origin of the coupling-
constant space is a stable fixed point® in the deep
Euclidean limit. Theories having this property
are now often referred to in the literature as being
“asymptotically free.”® Furthermore, extending
the result of an earlier work of Zee,” Coleman
and Gross® have shown that no renormalizable
field theory can be asymptotically free without
non-Abelian gauge fields. There are also theo-
retical arguments® indicating that Bjorken scaling
as observed in the deep-inelastic electroproduc-
tion experiments at SLAC and its implied canon-
ical behavior of the light cone in the configuration
space can only be obtained in a theory where the
effective coupling constants vanish in this asymp-
totic limit. All these developments lead us to the
following conclusion: If Bjorken scaling, as a true
asymptotic phenomena,'® is to be explained in re-
normalizable field theories, we must have a non-
Abelian Yang-Mills theory for the strong inter-
actions.

The great practical advantages of asymptotically
free gauge theories is that one can study certain
physically interesting strong-interaction quantities
in the ultraviolet regime by perturbative methods.
The high-energy e*e” annihilation (via one photon)
total cross section goes as s™! with calculable
logarithmic corrections!' The anomalous dimen-
sions of the entire tower of low-twist operators
in the Wilson light-cone expansion may also be
calculated!? It was found that such theories give
scaling up to logarithms.!3715

One of the difficulties of asymptotically free
gauge theories is the presence of very severe in-
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frared singularities coming from the massless
nature of Yang-Mills particles. Because of the
non-Abelian nature of these gauge symmetries,
these infrared singularities cannot be handled like
those of the usual quantum electrodynamics
(QED).* The consequence is that only off-shell
Green’s functions can be studied, and the on-shell
S-matrix elements are left undefined. However,
it is well known that the Higgs phenomenon, 17 in-
which the gauge symmetry breaks spontaneously,
can give masses to the gauge particles in such a
way that the renormalizability of the theory is
preserved. The aim of this paper is to investigate
whether by this mechanism we can remove all the
infrared singularities while maintaining the asymp-
totic freedom.

The problem of incorporating scalars in the
asymptotically free theories was first examined
by Gross and Wilczek.®* The difficulty, as pointed
out by these authors, lies in the fact that the self-
quartic couplings of scalars, inevitably present
in any renormalizable field theories involving
scalars, are inherently unstable but for the pres-
ence of gauge couplings. In Ref. 13, scalars are
restricted to a single low-dimensional represen-
tation. The cases of one vector, one adjoint, or
one symmetric tensor in SU(N) and the case of
scalars belonging to one (N, N) in SU(N) X SU(N)
are worked out. Furthermore, Yukawa couplings
are excluded. Since Yukawa couplings enter in a
nontrivial way in the renormalization-group dif-
ferential equations of scalar couplings [ see
Eq. (2.8)], they can in principle have an effect
on the stability properties of the scalar couplings.

In Sec. II we set up the general formalism and
establish our notation. We make some general
remarks about the calculation of the coefficients
in the renormalization-group equations for the
coupling constants and discuss our method of de-
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termining the stability of this system of differ-
ential equations. We also briefly discuss the
situation in semisimple groups. We note that if
any one of the product groups is a U(1) the theory
will not be asymptotically free.

In Sec. III we consider the effect of the presence
of Yukawa couplings on the asymptotic freedom of
the theory. We demonstrate that if the Yukawa
couplings are stable at zero they will be driven to
zero at a faster rate than the gauge coupling con-
stant itself and hence will not influence the sta-
bility properties of the scalar couplings. The
proof for a case of more than one Yukawa coupling
is left to Appendix A.

In Sec. IV we investigate the asymptotic stability
of the scalar coupling constants. We examine
scalars belonging to one vector, two vector, M
vector, adjoint, antisymmetric tensor, symmetric
tensor, and adjoint plus one vector representa-
tions of O(N) and SU(N). Many of the details of
the calculations are left to Appendix B. We ob-
serve a general pattern of the occurrence of as-
ymptotic freedom in gauges theories with scalars.
As the number of scalar fields increases, the
dimension of the group and therefore the number
of gauge bosons must also be increased to main-
tain asymptotic freedom. We find no examples
when the symmetry is broken down to an Abelian
symmetry which is also ultraviolet-stable. For
completeness we include an Appendix C that
reviews the results of one of us (L.-F.L.)" on the
symmetry breaking induced by the Higgs mech-
anism for various representations of SU(N) and
oW).

In Sec. V we make some concluding remarks as
to the compatibility of asymptotic freedom and

the existence of an S matrix in perturbation theory.

II. GENERAL FORMALISM

The most powerful technique used in studying
the asymptotic properties of the renormalizable
field theory is the Callan-Symanzik equations.

We refer the reader to Coleman’s Erice lecture’®
for an elegant presentation of this technique. Here
we write down only those differential equations

for the invariant coupling constants which are
needed for studying whether the gauge theories
can be asymptotically free in the presence of the
Higgs phenomenon.

Let A}, ¢;, and ¥, be the Hermitian gauge fields,
real scalar fields, and spin-3 fields, respectively.
The most general renormalizable Lagrangian
which is locally gauge-invariant under some
simple compact Lie group § with structure con-
stants C*®°is as follows:

L==3F4,F**"+3(D,9);(D*¢), +iDy* D,y
—Imay ~P hio; -V (9), (2.1)
where V(¢) is some quartic polynomial in ¢,
1
V(¢)=Ef“,,, ¢; ¢ ¢, ¢ + lower-order terms,
(2.2)
and where
Fi, =0,A% — 8, A5 -gC"™" AL A, (2.3)
(D,#)i=0,¢; +igbi; ¢; Ay, @.4)
(Du‘p)a:aulpa*'igtgzﬂwﬂAﬁ . (2.5)

The scalar (fermion) fields belong to some, in
general reducible, representation of §, with cor-
responding representation matrices of the gener-
ators, 6%, (t5g). The constraints on 6°,¢*, m,, k,
and V due to requirements of hermiticity and
gauge invariance of the Lagrangian may be easily
worked out.

Given the above Lagrangian we can immediately
write down the lowest-order approximation of the
renormalization-group equation for the effective
coupling constants:

a,
162 = - [45,(6) ~35,(F) - $5(5)]g”

=-3b,g°, (2.6)

L

16w i

= 2R, 1 B+ 5 (R by + By B

+2 Tr(h,' hm)hm - 3[2tuhit‘I +SZ(F)hi]g2

1
+ Saap/iim finimlims (2.7

afi:
16"2% =fijmnfmnlzl +fikmnfmru'l
+ftimnSmnin— lzsz(s)ngum
+34 50, 8 +8 Tr(h;h ) f i — 12H; 3,

(2.8)
where

Ay =100, 0760, 6% +{0°, 6°}{6°, 61y,
+{6°, 6°};,{6°, 6%}, (2.9)
and
Hijy = Sl—!'rr(h,.h,{hk, R} +hihilhy, by}
+hih iRy, Y.

We have used the following identities:
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CoiCri=5,(9) 5%,
(£°4°)i;=5,(F)dy;,
(6°6%)45;=5,(S)5;;,
Tr(t%°) =S ,(F)6%,
Tr(6%6°) =5,(5)5%,

(2.10)

which define constants S,, S,, and S; depending
only on the group (8) and the representation of the
‘fermions (F) and scalars (S). We have also used
the fact that f;;,, is totally symmetric.

A number of comments concerning this set of
coupled equations are in order.

(a) These equations apply in the deep Euclidean
region where all the dimensional eoupling con-
stants, i.e., mass terms and superrenormalizable
interactions, can be dropped. They describe the
response of the coupling constants when the nor-
malization point M at which the couplings are
defined is changed to AM. Thus the coupling con-
stants appearing in the above equations are func-
tions of =—1nX and are commonly referred to as
“effective coupling constants” or “running cou-
pling constants.” The boundary condition for
these effective coupling constants is that they are
equal to the couplings appearing in the Lagrangian
defined at Euclidean symmetric points p?=-M2,
For simplicity of notation we shall not give the
effective coupling constants separate labels, and
their dependence on ¢t is to be understood in the
following discussion.

(b) Since we are only interested in exploring
around the origin of coupling constant space, it
is adequate for our purposes to calculate to lowest
order. It should be noted that the lowest-order
terms are not necessarily all single-loop dia-
grams. In particular, Fig. 2(c) is a two-loop
term. However, as it turns out, the structure of
Eq. (2.8) is such that if the theory is to be asymp-
totically free the scalar couplings f must be pro-
portional to g2 as g approaches zero in the ultra-
violet limit. Consequently, the hff term may be
dropped and only one-loop diagrams need be con-
sidered.

(c) The algorithm for the perturbation calcula-
tion of the right-hand side of Eqgs. (2.6)-(2.8) is
by now well known. It involves calculating the
logarithmically divergent parts of diagrams which
contribute to the coupling-constant renormaliza-
tion, and then taking the logarithmic derivative
with respect to mass scale M. These lowest-
order equations are gauge-independent.'®* The
computations are simplest when done in the Landau
gauge where many one-loop diagrams are finite
and hence do not contribute. The relevant dia-
grams for Eqgs. (2.6), (2.7), and (2.8) are displayed
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FIG. 1. Lowest-order (g% contributions to the gauge-
coupling renormalization constant defined here from the
vector-fermion vertex. The solid directed lines repre-
sent fermions, the wavy lines represent the gauge bo-
sons, dashed lines represent scalars, and looped lines
represent the Faddeev-Popov ghosts. (a), (b), and (c)
correspond to the first, second, and third terms on
the right-hand side of Eq. (2.6). Other possible one-
loop diagrams not displayed do not contribute in the
Landau gauge.
in Figs. 1, 2, and 3, respectively.

(d) We note that in the presence of spontaneous
symmetry breaking via the Higgs mechanism the
perturbation calculations of the renormalization-
group equations for g, &;, and f;;, do not depend
on whether or not the scalar fields are shifted to
have zero vacuum expectation values, thus giving
masses to the gauge bosons and fermions. This is
because shifting the scalar fields can only affect
superrenormalizable interaction terms in the
Lagrangian; these terms do not affect the renor-
malization-group equations.

(e) As explained in Ref. 19, the renormaliza-
tion-group equation for a single coupling constant,
f, is of the form df/dt=B(f) and has a stable fixed
point at £=0 if B(f)|;-,=0 and dB/df|;-,<0. We
first observe that Eq. (2.6) can be solved trivially
to give

204 _ g%(0)
g 0= 1+(by/16m%)g2(0)¢" (2.11)

(o) § >m
(c) >-‘\::-}--

FIG. 2. Lowest-order contributions to the Yukawa-
coupling renormalization constants. (a), (b), and (c)
correspond to the 4%, hg?, and kf? terms in Eq. (2.7).
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FIG. 3. Lowest-order contributions to the quartic
self-coupling renormalization constants. (a), (b), (c),
(d), and (e) correspond to the f2, fg?, g%, fh? and h!
terms in Eq. (2.8).

Hence if b,>0, g(t) is real and tends to zero as
t-+w, Equation (2.7) will be discussed in the
next section; we will see that, in the cases of
interest, if h; =0 is a stable point as {— = then
h;=h;/g goes to zero as {- =, Therefore the
Yukawa terms will be ignored in the equation for
the scalar couplings, Eq. (2.8). In order to find
the stability properties of Eq. (2.8) we eliminate
the g*(¢) dependence by introducing a variable
u=(167"/b,) In[g™(0) + (bu/16f2)t] and fijp =fisu/8%
The stability equations for f;;,,(x) may be written
in the form
ax;

= =F{X),

= (2.12)

where X is a column vector with components the
fiis’S, and F(X) are quadratic functions of the
components of X. We find the stable fixed points

of this system of differential equations by the fol-
lowing method. We first find the solutions of the
system of quadratic equations F;(X)=0 v i. The real
solutions of F;(X)=0 V i are called critical points

of the differential equations. We now consider the
stability of each of these solutions. We define the
slope matrix of F;(X) at X, by
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OF,(%)
axj =

X=Xo

D;;(%,) = (2.13)
The point X, is a stable fixed point if (1) Fy(X,) =0 vi
and (2) all the eigenvalues of D;;(X,) have negative
real parts.

The simple way to understand these conditions
is as follows. The local stability of the critical
point X, is determined by retaining in Fy(x) only

-

the linear term in £=X -X;

d_zéu_,- = ;Du&o)g;‘ . (2-14)
Using the standard method, we write

£;=C;e™ (2.15)
to get the algebraic equations

AC;=D;(%,)C; . (2.16)

To have nontrivial solutions, we have to demand
det(D(X,) — AI)=0, which gives #» complex eigen-
values A, A,, ..., A, It is then easy to see from
Eq. (2.15) that the critical point x, is locally
stable if all the A;’s have negative real parts so
that £;-0, or X~X, as u— =,

We note that X, being a stable fixed point implies
that f;;,, ~g2(t)X, goes to zero as {-~. In most
of the cases we consider in Sec. IV we use a
computer to do these straightforward but tedious
calculations. .

(f) Up to this point we restricted our considera-
tions to simple Lie groups, i.e., theories with
only one gauge coupling constant. We shall make
a brief comment on the more general cases in-
volving semisimple groups, which are just direct
products of simple groups G,X G,X -+ +XG,, each
with its own coupling constant g;. To lowest order
(g®) the renormalization-group equations for each
of the coupling constants is independent of other
coupling constants, 2! and therefore the results
can be deduced from that of simple groups. It is
interesting to note that if one of these groups, G,
is an Abelian [U(1)] group, the associated gauge
coupling will not be driven to zero and the theory
is not asymptotically free. Since most unified
theories of weak and electromagnetic interactions
are based on the gauge group SU(2)x U(1), the
ultraviolet behavior of such theories is not con-
trolled by the fixed point at zero coupling and the
Johnson-Baker-Willey and Adler programs re-
main a possible approach to QED within these
unified theories.??

III. RENORMALIZATION-GROUP EQUATION FOR
THE YUKAWA COUPLINGS

No renormalizable field theory can be asymp-
totically free without non-Abelian gauge fields.
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It is understood in this statement that one accepts
the semiclassical arguments that the quartic self-
coupling f;;,, must be a positive-definite tensor
for the energy spectrum to be bounded below. On
the other hand, Symanzik has suggested that such
an argument may not be so compelling in a full
quantum field theory*® (i.e., beyond the tree-
graph approximation). Clearly, if this positivity
condition is relaxed, one can have an asymptotic
free ¢* theory. However, it should be pointed out
that in the view of the works by Zee” and Coleman
and Gross® it is impossible to construct any real-
istic theory even if the sign of ¢* term can be
changed. The nontrivial introduction of fermions
will immediately destroy the asymptotic freedom
since Yukawa couplings are inherently ultraviolet-
unstable, independent of the choice of sign for the
¢* term.

The asymptotic stability property of Yukawa
couplings is altered dramatically in a non-Abelian
gauge theory. As we shall see, Yukawa couplings
can now be driven to zero in the deep Euclidean
limit. In fact, they are driven to zero at a much
faster rate than the gauge coupling itself.

To illustrate our point, consider first the simple
solution where only one Yukawa coupling constant
is present. The set of coupled equations in (2.7)
is reduced to (recall that the hfZ term is negligi-
bly small)

dh
at

where A and B are some positive constants de-
termined by the representation content of the
fermions and scalars. For example, the case
where scalars belong to the adjoint representation
is just the generalization of the Yukawa coupling
scheme of Ref. 7 to the case of gauge theories.*
To solve this equation it is convenient to use the
variable k= (k/g)? to rewrite it in the form
2dh _
8w Tn -

167°=— =Ah® - Bg?h, (3.1)

h[A% - (B-3b,)], (3.2)

where « and b, are defined by Eqgs. (2.12) and (2.6),
respectively. If B-3b,<0, there is only one crit-
ical point 2=0, because h=(k/g)? is a positive
quantity. This case isunstable because the slope at
this point is positive. Inthe case B -3b,>0, there
are two critical points, %=0 and %=(B- 3b,)/A.
The stable fixed point is at %Z=0 because the slope
at this point is given by —(B - 3b,) <0. This shows
that #z must approach zero at a faster rate than g
if B-1b,>0.

We now turn to cases where there are more than
one Yukawa coupling. We consider the situation
in which all the fermions belong to the fundamental
representation of the group. Consequently, the

only type of Yukawa couplings is the “vector-vec-
tor-adjoint” type, but the coupling constants for
fermions in different fundamental representations
need not be the same. For definiteness, let us say
there are M such sets. The scalars may belong

to a reducible representation, but we stipulate
that there is only one adjoint representation. Thus
there are sM(M+1) Yukawa couplings. We label
them as follows:

h=ha3tu, (303)

where t°, as before, is the representation matrix
of the generators. The index a runs from 1 to

the order of the group. The .indices o and B8 denote
the “fermion type, ” i.e., they distinguish the dif-
ferent sets of fermions. So we can view %, as an
M XM symmetric coupling matrix. Writing the
Yukawa couplings in this form, we have for Eq.
(2.7)

161!2%9 =A(hhh) o5 + Tr(hI)hos = BE g

(3.4)

A and B are again positive constants. For exam-
ple, in SUN), A=(N?-3)/2N and B=3(N*-1)/N.
The stability properties of this set of coupled
equations can be determined after they are sim-
plified by diagonalization of the h,s matrix.

Again, we find (see Appendix A) that if the theory
is asymptotically free, i.e., hyps—~0, then h,g/g~0.
The equations for the effective scalar self-cou-

pling constants, Eq. (2.8), are of the form

%:af2+bfg2+cg‘+dfh2+eh‘. (3.5)

Since % goes to zero faster than g, i.e. #/g~0 in
the large ultraviolet regime, the fh* and #* terms
clearly can be dropped when compared with fg?
and g* terms.

IV. RENORMALIZATION-GROUP EQUATIONS FOR
THE SCALAR COUPLINGS

In this section we investigate the large-momen-
tum behavior of the scalar couplings for those
classes of gauge theories based on the familiar
O(N) and SU(N) groups with various choices of the
representation of the scalars up to second-rank
tensors. Tensors higher than second rank are
more difficult to handle. But we note that in Eq.
(2.6) for the gauge coupling constant the contribu-
tions of gauge particles S,(§) have the right sign
for asymptotic freedom and are proportional to
N in both O(N) and SU(N), while the scalar contri-
butions S,(S) have the wrong sign and are propor-
tional to (N)*™! for scalars belonging to kth-rank
tensors (see Table III). For large enough N, any
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tensor higher than second rank will destabilize the
gauge coupling and can be ruled out for our pur-
poses.

Since the calculations are very similar in all
cases, we will give only the results here and will
give some of the details in Appendix B. We will
first discuss the situation in O(N) in Sec. IV A and
will describe briefly the similar situation in SUN)
in Sec. IV B, followed by a discussion in Sec. IVC.

A. Stabilities of scalar couplings in O(V)

We first discuss the simplest case with only one
vector representation in O(N). The most general
O(N)-invariant quartic coupling contains only one
coupling constant;

A N
£I= - § Zl (¢a¢a )2 . (4.1)

The renormalization-group equation for A takes
the form

1
% = T [V + )X =30V~ 1ag” + 30V - g ),
(4.2)
or in terms of new variable X=1/g?
1 dx
Ziar =B(X)

= 2oz {(V - 8% 4[5, 3V - DI+ 4V - 1)},

(4.3)
where b, is defined by Eq. (2.6),
dg 1
ar =—bog3<m) , and b,>0. (4.4)

Since the right-hand side of Eq. (3.3) is a second-
order polynomial of the form B(X) =AX?+BX +C,
the condition for B(X) =0 to have real roots is
simply A=B*-4AC=>0. Let us call these two
roots A;, A, with A, >, and calculate the slope at
these points:

|©

BN _gn,-2)50.
ax =,

Hence the smaller root A, is a stable fixed point.
However, from the condition that the classical
potential corresponding to this interaction is
bounded below we have to require A >0. This con-
straint demands B <0 because both A and C are
positive. This implies that it is most favorable
to have b, as small as possible in order to have
large | B| to satisfy A=B?*-4AC=0. This can be
achieved by having as many fermions as possible
without changing the sign of ,. It turns out that
in all the cases we consider the results do not
change very much if we use the smallest possible
b, instead of ,=0. So for the sake of simplicity
we will assume from now on that 5,=0. Then the
discriminant condition is simply

3(N-1)(2N -11)>0. (4.5)

The theory is stable for N> 6. On the other hand
it has been shown that for one vector representa-
tion in O(N), the symmetry is broken from O(V)

to O(N - 1) (see Appendix C). This means that only
for N =2 does it break the symmetry completely,
and for O(6), the smallest group which has the
asymptotic freedom, there are still ten massless
gauge particles, corresponding to the generators
of a non-Abelian O(5) group.

We next consider the case where we use two sets
of scalars ¢, and §,, each belonging to the vector
representation of O(N). The quartic scalar inter-
action contains four coupling constants:

—'cim = %Al(q’a ¢a)z + %AZ(‘palpa)z
+%X3(¢a ¢a)(lpb¢b) +%A4(¢a¢a)(¢b¢b) .. (4'6)

We have imposed a discrete symmetry ¢,— -¢,
to eliminate terms of the form (¢,%,)(¥,¥,) for
simplicity. Notice that we have to deal with four
coupling constants, as compared with only one in
the previous case. The renormalization-group

ag(p) ZAQ\, =2,) <0 equations for these coupling constants are also
dx ey, 1o very complicated:

%x - #[(N FBMZ+NAZ +40 0, +40,2 = B(V = DA 2% + (N - 1)g], (4.72)
dx 1 2 2 2 2 3 4

B2 = o [V 48002 MM + 400 + 40,7 = 3V — D ® + 3V - 18], (4.7b)
‘%1 - 161712 [V +2) (0, +A)A, + 200, +A)A, + 20,2 + 20,2 — 3(N — Dag? +327], (4.7c)
ay _ 1 2 2 4

= 1o (200 AN A+ (N 207 BV — DAg %+ §(N - 2)g°). (4.7d)
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We can proceed by using the variable X;=2;/g?
and finding all the real roots of these four simul-

taneous nonlinear equations, and then we can check

the stability by calculating the eigenvalues of the
slope matrix evaluated at these roots. Because of
the complexity of all these calculations, we do all
these steps numerically on the computer. The
result is that this class of theories will become
asymptotically free for N> 7. But the symmetry
is broken from O(N) to O(N - 2) by these two sets
of vector representations (see Appendix C).
Hence, for N =7 the Higgs phenomenon fails to
remove all the infrared singularities.

When we compare the two cases we have con-
sidered so far, it seems that as we put more sca-
lars into the theory to break the symmetries fur-
ther down, the threshold value of N for asymptotic
freedom of the theory also increases.

Since the number of coupling constants increases
rapidly with the number of vector representations,
it is very difficult to study the case with more
than two vector representations, even on the com-
puter. However, we observe that Egs. (4.7a)-
(4.7d) are invariant under A, — )\,, which corre-
sponds to ¢, — ¢, in the Lagrangian. The numer-
ical solutions for these simultaneous equations
have the property A,=X,. If we impose the extra
symmetry that the Lagrangian is invariant under
¢, Y, then it implies A, =2, and reduces the
number of equations to three. In the case where
we consider M vector representations, ¢§‘1),
¢8), ..., ¢, we can impose the interchange
symmetry among these M sets of scalar field to
reduce the number of independent coupling con-
stants to only three. The final results are sum-
marized in Table I. This table also shows the
pattern we mentioned before. In the limit N is
very large, the theory is stable for M <0.85N, but
the symmetry is broken completely for M >N -1
=N,

We now consider the more complicated second-
rank tensor representations of O(N). We give only
the results here. Details of the quartic couplings

TABLE I. The threshold values for asymptotic free-
dom in O(N) with various vector representations and
the pattern of symmetry breaking.

N threshold
for asymptotic
M2 freedom Symmetry breaking
3 7 O(N)—O(N =-3)
4 8 O(N)—=O(N -4)
5 9 O(N)— O(N —5)
6 10 O(N)—~O(N —-6)
7 11 O(N)—ONN -1)

2 Number of vector representations.

TABLE II. The threshold values for asymptotic free-
dom in SU(N) with various vector representations and
the pattern of symmetry breaking.

N threshold
for asymptotic
M2 freedom Symmetry breaking
3 5 SU(N)—~SU(N -3)
4 6 SU(N)—~SU(N -4)
5 7 SU(N)—SU(N -5)
6 8 SU(N)—SU(N -6)
7 10 SUN)—SU(N -17)
8 11 SU(N)—SU(N -8)

2 Number of vector representations.

and stability equations are given in Appendix B.
For the second-rank symmetric tensor represen-
tation, the asymptotic freedom starts from N =14,
For the antisymmetric second-rank tensor rep-
resentation, it is asymptotically free for N> 8.

If we add a vector representation to this antisym-
metric tensor, the threshold value of N for asymp-
totic freedom starts to move up to N=9. But for
all these cases, it can be shown that the Higgs
mechanism fails to remove the infrared singular-
ities.

B. Stabilities of scalar couplings in SU(N)

The situation in SU(N) is very similar to that
in O(N). We only describe the pattern here, and
we refer the reader to Appendix B for the form of
quartic couplings and stability equations.

In the simplest case of only one vector repre-
sentation of SU(N), the theory is asymptotically
free for N =3, and the symmetry-breaking pattern
is from SU(N) -SU(N -1). Hence SU(3) gauge
symmetry has asymptotic freedom and also has
the infrared singularities associated with unbroken
SU(2) symmetry. We next consider the case of
two vector representations, which is enough to
break the SU(3) symmetry completely. It turns
out that the starting value for asymptotic freedom
moves up to n=4, and SU(4) is reduced only to
SU(2) by two vector representations. For the cases
with more than two vector representations, we
impose the same interchange symmetries among
these vector representations as in O(N). The re-
sults are summarized in Table II. This shows the
same pattern as we indicated in the case of O(N).
In the limit of large N we can solve the equations
analytically to show that it is unstable for N -1
vectors in SU(N). We next examine the cases with
second-rank tensor representations. The choices
of second-rank symmetric tensor and adjoint rep-
resentations have been studied by Gross and
Wilczek.!®* We include their results here for com-
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pleteness and comparison. In the case of the sym-
metric tensor representation, the theory becomes
asymptotically free for N=>9. If we use only one
adjoint representation, the asymptotic freedom will
start from N=6. When we add one vector repre-
sentation to the adjoint representation, the thresh-
old for asymptotic freedom move up to N=7. We
have also considered an antisymmetric tensor in
SU(N); we find asymptotic freedom for N = 5.
Again for these values of N there is always a non-
Abelian symmetry left after the spontaneous sym-
metry breaking through the Higgs mechanism.

C. Discussion

The general pattern for all these cases seems
to be that when we put in scalars to remove all
the infrared singularities the theory will lose the
asymptotic freedom, or if we insist on asymptotic
freedom the maximum sets of scalars we can put
into the theory will only break the symmetry down
to some non-Abelian symmetry. For example, in
the most familiar SU(3) group, it is asymptotically
free if we use only one triplet of scalars, but there
is a non-Abelian SU(2) symmetry left unbroken,
which leads to the uncontrollable infrared catas-
trophe. If we use two triplets of scalars to break
the SU(3) symmetry completely, the theory will
no longer be asymptotically free.

We have not exhausted all the possible choices
of representations for the scalars. Since there are
so many instances exhibiting the same feature, we
conjecture this to be a very general property of
the Higgs phenomenon in asymptotically free gauge
theories. The validity of this conjecture and the
possible physical mechanism responsible for this
property are under further investigation.

The fact that asymptotic freedom is only possible
in the non-Abelian gauge theories and not in any
of the other renormalizable theories (e.g:, Abelian
gauge theories, Yukawa coupling theories and A¢*
theories) is not well understood. It is a possibility
that the asymptotic freedom on non-Abelian gauge
theory is due to the presence of the infrared sin-
-gularities, since there is no infrared catastrophe
in any other theory.

V. CONCLUSION

The systematic investigation of the effect of
scalar couplings on a wide class of non-Abelian
gauge theories leads to the results that the Higgs
phenomenon fails to remove the infrared singular-
ities in such a way that the asymptotic freedom is
preserved. Whenever enough scalars are intro-
duced to break the gauge symmetries completely,
the theory loses its asymptotic freedom. This
seems to indicate an intimate connection between

the infrared singularities and the asymptotic free-
dom in the non-Abelian gauge theories. It de-
serves further investigations, which may lead to
a better understanding of this feature; hopefully,
progress in this direction will shed some light

on the origin of the asymptotic freedom.

One might hope that somehow the symmetry is
broken dynamically to give masses to the gauge
particles instead of the simple Higgs mechanism.
So far only the plausibility of this idea has been
demonstrated in the context of Abelian gauge the-
ory.?® However, there is some difficulty in ap-
plying those arguments to the more interesting
non-Abelian gauge theory. One of the crucial as-
sumptions needed to demonstrate the possibility
of having a spontaneously-broken-symmetry solu-
tion is that the fermion self-energy Z(p) has the
asymptotic behavior Z(p)~(1/p%)7¢» j.e., Z(p)
has anomalous dimension. However, in the as-
ymptotically free theory Z(2) behaves like (Inp?)%,
i.e., it can never have anomalous dimension.?®
Hence if this approach is to be workable at all,
new techniques are needed to implement this idea.

In the absence of any reasonable physical mech-
anism to break the gauge symmetries to give
masses to the gauge particles, it seems that we
have to face the severe infrared singularities in
the non-Abelian gauge theories seriously. One has
to handle the infrared singularities one way or the
other in order to have well-defined S-matrix
elements. It has been speculated by a number of
people that the local gauge symmetry may in fact
remain exact and that the strong-coupling nature
of the theory in the infrared limit provides the
desired mechanism for quark confinement.?” Al-
though this possibility is very attractive, it has
not been well formulated in any kind of field-the-
oretical framework. Undoubtedly any progress
along these lines will lead to a tremendous en-
hancement in the understanding of strong-inter-
action physics.
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APPENDIX A

In this appendix we shall demonstrate that the
only possible asymptotic stable fixed point of the
equation for Hug=h,s/g [see Eq. (3.4)]

dH
16#2%91 =A(HHH) o5 + Tr(HH)H o5

‘(B—%bo)HctB (Al)
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is H aﬂ(°°) =0.

Following the procedure for finding asymptotic
stable fixed points outlined in Sec. IIE, we must
first find solutions to the coupled nonlinear equa-
tions

A(HHH) o +Tr(HH)H o5 — B'H45=0, (A2)

where B'=B-3b, Then we must determine for
each solution of (A2) whether or not all eigenvalues
of the corresponding derivative matrix, Eq. (2.11),
have negative real parts.

We shall solve Eq. (A2) by first diagonalizing the
Hermitian matrix H,g. In terms of the diagonal-
ized matrix H,p=0,3H, Eq. (A2) takes the simple
form

Ha<AHa2+;:HBz-B’>=0, a=1 ..., M.
=1
(A3)

For any @, we have the choice that H, either is
zero or satisfies the equation

AHZ+ ;: Hg?=B'=0 (A4)
=1

which gives a nonzero solution for H,. The most
general solution is then given by

AHa2+£H32-B'=0» a=1,..., L (A5)
=1
and

H,=0, a=L+1,...,M (A6)

with L=0, ..., M. From (A5) we deduce that all
the nonzero H,2 are equal and given by

BI
A+L’
The next step is to show that in order for the de-
rivative matrix to have all eigenvalues with only
nonpositive real parts we must have L=0. Name-
ly, H%(«) are zero for all a—the result asserted
in Sec. III.

The derivative matrix is of the form

HZ=H*= a=1,...,L. (A7)

FC D e+« D
D C - D
ST 0
D D <+« C
Dyp= -B' ’
-B’
0 .
L -F
(A8)

where the submatrix in the upper left-hand corner
is LX L and where

C=BA+L+2)H**- B,
D=2H*2,

We note the LX L square in the upper left corner
in the D matrix may be written as

(C-D)1+DT, (A9)

where T is an LX L square matrix with each ele-
ment equal to unity, hence satisfying the identity

(A10)

From this we conclude that the eigenvalues of T
are either zero or L. Since the trace is invariant,
T must be of the form

T*=LT.

L

1N
]
o

! 0_

when diagonalized. Now the requirement that all
the eigenvalues of D ,p be negative demands

(3A + L)(H*)* +2L(H*)? - B' <0, (Al1a)
(BA+L)(H*)?*-B'<0 (L>1), (A11p)
-B’<0. (Alle)

Since H**=B'/(A + L) and B’ must be >0, condition
(A11a) cannot be satisfied. So the only possible
solution is L=0 or H%=0 for all a. Since H% is
nothing but a set of linear combinations of k%s/g,
we conclude that h%p/g—~0 as t—=,

APPENDIX B

In this appendix we will try to illustrate the cal-
culations of the renormalization-group equations
for the scalar couplings described in Sec. IV.
Since the calculations in all the cases are very
similar, we outline the steps in one case and state
the results for all the other cases.

1. One vector and one antisymmetric tensor in O(XN)

The scalars which belong to the vector represen-
tation of O(N) are denoted by x; (i=1,..., N), and
those belonging to the second-rank tensor repre-
sentation are denoted by ¢,; (,j=1,...,N), with
¢;i;=—¢,;. We can write down the most general
quartic self-coupling by contracting all the indices
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to make it invariant under O(N):
=Line =3 (D101 + X5 Di3P s Das D)
+ 80 (XaXe)? + 30 aXe) (45054
+ AKX (P 1rDrs) - (B1)

We also need the couplings between gauge particles
and the scalars,

L= “[au¢’u ‘g(Aplx¢xj +A 5 ¢5,)]
X [0 ;s = (A Ly Prs +Afudir)]
—%(auXi—gAyHXt)(a“Xl_gAuika)’ (B2)
where A ,;;=-A,,; are the gauge particles in O(N).
Though the tensor notations ¢;;, A ,y; are very
convenient for constructing invariants under O(N),
they are very clumsy for working out the Feynman
rules, because two indices are required to label
these fields. To overcome this, we first make a
transformation to go over to one-index labeling
by writing
$i5=Bi9a, Aui;=BiAjL, (B3)
where B%[@=1,2,..., 3N(N -1)] are the complete

J

set of real antisymmetric N XN matrices with
normalization

Tr(B*B%) =-36%8. (B4)

Then the interactions (B1) and (B2) can be rewrit-
ten as

-Li =M (PoPa)® +2, Tr(B*BPBY B®) 9 97 ¢
+ 85 (XX + 50, (X (PP o)
+ax(xax;) (0 %9°)(B°BP)y, (B5)
and
£, ==5(0, 00— 8A 05, 0,)(0" Do - 8A005 B5)
- 2(9,x; - SASB{X;) (8 x; - 8A*PBlyx,)
(B6)
with
6% =2i Tr([B®?, B*]B). (B7)

With the interactions given above, it is straight-
forward to work out the Feynman rules to calculate
various renormalization constants. The renormal-
ization-group equations are given by

(B8)

‘;_’;x - lﬁlﬂz{[gN(N —1) +8]n 2 +2(2N - 1)A,A, +62,2 +NA2 + 20, - 6(N — 2)g 2, +9g %},

ax 1 2 1, 2 2 3 4

-;l-f' = 1672 [(ZN— D2 +120 2, +32, -6(N=-2)g A, +35(N -8)g ],

%a - 161"2 [V +8)A2+EN(N = DAZ + (N = I+ 5V = DA = 3N = Drg2 +3g*(N-1)],

%1 = lﬁlﬂz{[gN(N- 1) + 22, + (2N = 1A, + 3V = 1A, + A0, + (N +2)A 0, + A A5 + 22,2
+302- 3(BN - 5)g, + 357,

dx 1 1 2 3 2 3 4

# = 167 [2A A5+ (N = 1205+ 200 +40, N+ 2NAZ = 3(3N - 5)g 2, + (N - 4)g*].

The calculations of these coefficients in the above
equations are straightforward but tedious. For ex-
ample, consider the diagrams given by Fig. 4,
where both external lines and internal lines belong
to antisymmetric tensor ¢, with vertices corre-
sponding to A,. These diagrams contain the in-
ternal symmetry factors

S, = E Tr(B*B®B°B), Tr(B" B® B’ BY),,
pE

S, = 2 Tr(B°B"B°BY), Tr(B®B°B’B%),,  (B9)
P

S,= Z; Tr(B*B°B’B*), Tr(B? BY B°B*),,
p

r
where Tr(A BCD), denotes the totally symmetric
combination of A, B, C, and D. We need to sum
over the intermediate states p, £ and project out
the term Tr(B*B®BYB?), in order to calculate their
contribution to dX,/dt. This can be done by the
observation that B® [@=1,2,..., sN(N -1)] form
the complete set of real antisymmetric NXN ma-
trices. We can use them to expand any arbitrary
real antisymmetric N XN matrix M in the form

Mu=2350a, Myj==-M;;. (B10)
o

The coefficient a can be calculated from Eq. (B4):

a%= —2(M,,;B%) = —2(TrM B%) . (B11)
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FIG. 4. The three graphs contributing to the A,? terms
in the renormalization-group equations for dA,/dt, in
the case where the scalar fields belong to the antisym-
metric-tensor-plus-one-vector representation of O(N).

Substituting back into Eq. (B10), we get
M;;==2 Z: (B&BEWM,,, i,j=1,...,N. (B12)

Taking into account the antisymmetric nature of
M, we can work out the completeness relation,
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With this relation, the summation in (B9) can be
worked out to give the coefficient of A,? in the
equation for d),/dt. It is clear from this example
how the calculations are carried out. The case

of an antisymmetric representation of O(N) can be
obtained from this example by setting all the cou-
pling constants containing scalars A;, A, A; equal
to zero. Now we give the results in all the other
cases.

2. Symmetric second-rank tensor
representation in O(N)

The couplings are
= Lint = 5A (94504, + XD 45 D5xPur P14) s
with ¢;;=¢;; and 3 ;¢;;=0, and
—L=—[0,0;;-8(A 4,0, +A 1j1 04 ]
X[8¥ ;- 8(Afpr; +ASDw)].
The stability equations are given by

2

- 6N g*° +9g‘*} ,

D BB ==1(0:05;, = 8;0,) . (B13)
[=3
dy 1 [NEN+1) 2(2N? +3N = 6) 6(N? +6
d_tl=_161l'2{|:—2 +7]x12+ ~ XAg + (1\72 L
2

3. m vector representations in O(V)

We label these vector representations by 5,,

and
L= St(a,, G- gA 1y 0P) (8,08 - gA 1 0P) .
=1

We have assumed that £;,, is invariant under any
reflection ¢;~ — &; to make the thing as simple
as possible. If we further impose the symmetry
t_}.lat Lint is invariant under any interchange among

Py ..., &, We can get the stability equations in
the form

[ PR ,g-gm. The couplings are given by
— Ly = Zl %7‘((;5; : $4)2 + ; %Pii(ai : ‘_5-')(‘2;1 : 5:')
+ g; %T)u(;ﬁi ° 51)(;54 : (_51)
% = 1—61"-5[(N +8)A2 + (m — 1)Np? +4(m — 1)pn +4(m = 1)* =3(N - D)g*r +3g* (N -1)],
%’ = 16—1"2-[2(1\/ +2)px +47A +N(m — 2)p? +2p? + 212 +4(m - 2)np - 3(N - 1)g%p +%g‘i],
% - #[m +20m - 272 +4np + (N +2)17 - 3N = 1)g*n +3(V = 2)g*],

where \;=x (i=1,...,m), py;=p (3, =1,..., m),
and ;=7 (3,j =1,..., m).

4. Vector representation in SU(N)
We denote the complex vector representation by

P; (#=1,2,...,n), and its conjugate by y*
=(y)* (é=1,..., N). The gauge particles are de-

r
noted by A}; (5,j=1,..., n), with Al;=(A};)* and
23iAL;=0. Just as in O(N), the SU(N)-invariant
quartic and gauge couplings can be written down
by contracting all the indices:

-Line =A@,
Le=(0,¢" +igA | 9) 0"y, — igAl ) .
The stability equation is given by
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|

T

L [(N+4w- 3(N;- 1 ,g? 430 = 1)(:;2+2N- z>g.,] .
5. Two vector representations in SU(V)
We denote these two vector representations by ¥; and ¢;. The quartic and gauge couplings are
=L =20 00 90+ E0 9 P X WY)W + A D)W 9 + X9 + ()2,
L= (3,9 +1gAYY;) (049" — igA L Y) + (0,9) +igAl y)) (0¥t — igALiy®),

where we have assumed that £, has the symmetry ¢’ — -y,
The stability equations are given by

% = 8—2; [(N +FAA 2 +NAZ +200, + 02 #2072 = ﬁj\,‘ﬂxlgz + SV - 1)%+2N— 2)g4:| ,
% = 51"—2 l:(N FANE+NAZ+20 0, + 2 2 +2 2 = 3(N2N- l)ngz + 3 - 1)(4N;2+2N- 2)g“] ,
% = # {[(N+1)x3 FA O +2) #2202 +A 2+ - 3(N;' l)xagz + 3(‘7:;;2);;4} ,

% = -8'111_2 |:7«4()\1+A2) +4N 0, +NA2 +(N+2)A52; S(N;— 1))\4g"’ + 3(1\2\; 4)g4],

%"‘ = # {As[()\l+)\2)+4)\3 +2(N +1)A,] - MN_—I))\sg"’} .

€. m vector representations in SU(N)

These m sets of vector representations are denoted by y®, ¢@ ..., ¢'™,
The quartic and gauge couplings are

= z; DL + 2 %nab(w""¢?’)(w"’”¢$”)+z; B0 IO + 32 a4 + (048]

a >

and
£0= 3 (0,40 +igh L,y ) (oM - iga iy,
a=1
where we have assumed the symmetry under any reflection y%’ — —y#), Again, if we further assume the
interchange symmetries among these m vectors, the stability equations become
dx

pri 8—1”-2- [(N+4))\2+(m 1N +p%+0%) +2m = 1)np - 3(N;_ 1))«g2+ SW - l)(‘IIVN"':ZN— z)g“] ,

@_L[ 2 3 3(V*-1) , 3(N2+2) ]
77 " 507 2+ 1M +200 + 0% +0% + 207 +N(m - 2)0% + 2(m — 2)np - * =g,

d 3(N2-1 3(N2-4
7?—=8Lﬂz[2A0+Np2+(N+2)02+471p+(m—Z)pz— (N o+ (W )g"],
do _ 1 3Nz -1) , ]

ai -8 {0[2)\+4n+2(N+1)p— N & +(m -=2)a| .

7. One vector and one adjoint representations in SU(V)

We denote the vector representation by xi (¢=1,...,N) and the adjoint representation by ¥}
(4,j=1,..., N), with yj=(¢))* and 7};9i=0. The quartic and gauge couplings are given by

= Line = I (W) + 0, (I 0R0D) + 305 X + R O X )W) + M (xax) ) (054
Le=(0,x" +igA ;X' )(0"x; - igAfixa) + (8,9} +igA L uf — igAR i) (8 y] — igA M gt +igA [ yl).
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The stability equations are

’— p—
%=# 1\722+7)‘1.‘,+2(21~sz2 3)A1A2+6(1\];:3))\23+N)\42+2)\4)\5—6N7«1g2+9g‘J,
dr, 1 [2(N2-9) 3N ]
E“W ———TV——)«22+6A1)\2+%)\52—6N)\2g2+Tg‘ ,
a, 1] N2-1 N2-1 (N-1)(N®2+2N-2) 3(N*-1) 3(N —1)(N? +2N - 2)
@RI TN T A T Ty i &
dr, 1 [N241 2N? -3 N*-1 N?
@Bl T NN AR VI T Nzalz’ts

N
+A A+ 2024302 3(3—21\/’1))‘4572"'%‘?4] ,

IH

N2_4A _3(@BN-1)

=

N2z -
2{)\5[)\,+ N 6)\2 +Ag+ 20, +

o

m ZN 5

8. Antisymmetric tensor in SU(N)

We consider the antisymmetric tensor repre-
sentation of SU(N) for completeness. (The sym-
metric tensor representation was covered by
Ref. 13.) We denote the antisymmetric tensor rep-
resentation by ¢;; (¢,j=1,..., n), with ¢;;==9;;.
Also, the conjugate fields y?; are denoted ¥*’. The
quartic and gauge couplings are given by

= Line = ENWY Y3 ) + 0 ;0" 0y
Lo=(0,9" +igAl M +igAl y')
X (ks —igA 'y, - igAYY;,) .
The stability equations are

1 n?
nA + 16

d_x_L[N(N-l)+6A2+N_

dt ~ 8n* 2 2
8(N +1)(N -2 3 :

——%#Agz+ﬁ(3N2+8)g4],

gz] + %Ng“} .

9. Contributions of various representations to S; (R)

Using the trick of introducing the transformation
matrix, as described above, we can calculate
easily the quantity S,(R), which is the contribution
of scalars to B(g) of the gauge coupling constant.
We tabulate the results and show them in Table III.

APPENDIX C

We shall illustrate, in a simple case, the pat-
tern of symmetry breaking via the Higgs mechan-
ism. We refer the reader to Ref. 19 for the de-
tails. One of the purposes of this exercise is to
emphasize that the form which vacuum expectation
values of the scalars can take in a given theory
is dictated by the structure of the Lagrangian and
cannot be set to some arbitrary values—a point
which is often overlooked in the various attempts
to construct gauge models of weak and electro-
magnetic interactions. Let us consider a gauge

dn 1 N-=2 6(N+1)(N-2) |, theory based on the scalars belonging to the vector
dt _8n [4"’7 +*72 1 - N ng representation of O(N). The corresponding clas-
sical potential V(¢) is given by
12(N? - 4N - 16) ,] ) .
+ N ] V(p)=-zu20;¢0;+sM($;9:)%, A>0 (C1)
TABLE II. Values of S;(R) of various groups and representations.
Representation S3(R) for O(N) S3(R) for SU(N)
Vector 3 z
Adjoint LN =-2) N
Antisymmetric 2nd-rank tensor 3(N=-2) 3(N=-2)
Symmetric 2nd-rank tensor 3(N+2) (N +2)
Totally symmetric 3rd-rank F(N+1)(N +4) (N +2)(N +3)
tensor
Totally symmetric kth-rank (N+1)(N+2)++ (N +k —2) (N +2k —2) (N +2)(N +3)e++ (N +k)
tensor 2(k -1)! 2(k —1)!

.
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and the coupling between gauge particles and
scalars is given by

Le=3(0,0,-8A,1;9,)(3" ¢, —-gAL DY, (C2)

where A ,;;==A,;; (5,j=1,..., n) are the gauge
fields in O(N). The vacuum expectation value of
¢:, (®;), is chosen to be that which gives the ab-
solute minimum for the potential V(¢). To get
this minimum we can calculate its first deriva-
tives,

-A% .
3_(’; =(_“'2 +A¢J¢’i)¢i=0’ l=1’ 2’ LR N.

(C3)

The solution corresponding to the spontaneously
broken symmetry is given by

| $1%=¢;0,=u*/x. (C4)
Notice that the requirement of the minimum only
determines the length of the vector ¢. This is
because the potential only depends on the length
of the vector ¢. We can choose it to be of the form

$=(0,0,..., 0, u2/2). (C5)

All the other solutions are equivalent to this one
because they can be reached by O(N) rotation.
The gauge particles obtain their masses through
the coupling given in (C2),

—38%A ;i (DDA LD .

|©

With the solution given in (C5), it is clear that
Ay (i=1,..., N-1) become massive, while

Ay (G,j=1,..., N=1) remain massless, corre-
sponding to the generators of O(N —1). The sym-
metry is broken from O(N) to OV —1). An easy
way to understand this result is the observation
that the vacuum expectation value (¢;) given in
(C5) is invariant under all the rotations leaving
the N axis unchanged, which is the subgroup

O(N - 1). With this picture in mind, it is very
easy to get the results in the cases where there
are more than one vector representations. Con-
sider the case with two such vector representa-
tions, say ¢, and ®,. The O(N)-invariant potential
can depend only on the length of each vector and
the angle between them, | ¢,|, | &,|, and | &, &,l.
The solutions for the minimum fix up the magni-
tudes for these three variables. We can choose
the first vector with only the first component non-
zero, and the second vector with the first two
components nonzero in order to satisfy these con-
ditions. The symmetry is then reduced from O(N)
to O(N - 2). We can generalize this argument to
any number of vector representations with the
results that O(N) - O(N —m) for m sets of vector
representations. In particular, it takes w-1)
sets of vectors to break the O(N) symmetry com-
pletely. Exactly the same argument can be ap-
plied to the SU(N) group.
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We generalize the classical action-at-a-distance theory between point particles to include
one-dimensionally extended objects (strings) in space-time. We build parametrization-invariant couplings
which lead to equations of motion for strings in each others’ influence. The direct coupling of the area
elements of the world sheets of the strings is considered in detail, from which we define an
antisymmetric adjunct field. We find that, for a given interaction, the nature of the forces depends on
the type of strings involved, that is, open- vs closed-ended. Our coupling can be understood in terms of
states appearing in the Veneziano and Shapiro-Virasoro models in 26 dimensions. However, we find an
additional massive pseudovector field which arises from the interaction between the ‘“Reggeon” and

“Pomeron” sectors of this dual model.

I. INTRODUCTION

The dual resonance models,! whose aim is a
self-contained description of the strong interac-
tions, have of late been understood in terms of a
strikingly simple and beautiful picture. On the
one hand, the states of motion of a one-dimension-
ally extended object (string)? with open ends are
identified with the mesonic resonances which me-
diate the strong interactions,® while the “back-
ground” (Pomeron) is to be related to the states
of motion of strings which close on themselves.

On the other hand, Mandelstam* has shown that

the Veneziano amplitudes can be obtained by break-
ing and joining open strings, thus completing the
description. It is therefore rather unfortunate

that such conceptual simplicity is spoiled by the
presence of tachyons, and long-range forces, all
in a 26-dimensional space-time.5 Still, these
problems appear only in the quantization proce-
dure, and do not subtract from the appeal of the

classical description. A difficulty in overcoming
these defects is that the strings have so far been
described in terms of their world sheets rather
than by the fields.associated with them. One may
hope therefore that the development of a more
powerful formalism might alleviate and perhaps
solve the aforesaid problems.

Nevertheless, at the classical level this remains
a very beautiful theory which does not make use
of a field description. In this light, it seems nat-
ural to try to understand Mandelstam’s interaction
as being generated by direct interstring forces.
One already knows that Maxwell’s theory can be
described in terms of such forces, as shown by
Feynman and Wheeler.® It is our aim in this paper
to generalize action-at-a-distance theories to in-
clude direct interstring interactions. As a first
step, we limit ourselves to a specific type of in-
teraction obtained by analogy to their work. Thus
we concern ourselves, in what follows, with a tiny
subset of all the possible direct interstring inter-



