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The Higgs mechanism gives at present the only reliable method
of spontaneous symmetry breaking in quantum field theory. How-
ever, straightforward application of this mechanism to supersym-
metric theories meets certain difficulties due to specific form

I/

of the supersymmetric potential. Fayet and Illiopoulos’ '/ succe-

eded to solve the problem for the case of the supersymmetric
theory invariant with respect to Abelian gauge group (see also’zf
Unfortunately this method is not ;i:lrectly applicable to the

case of semi- simple gauge group which is the most interesting
from the practical point of view. In particular it does not
allow one to construct a model simultaneously infra-red convergen-
and asymptotically free, for which the supersymmetric Yang-Mills
theory is a natural candidate. ’

Other suggestions on the problem were given in the pape:ré3 ’l"f
However the models considered there include an additional mat-
ter-matter interaction which enterxs withwan independent coupl-
ing constant and destroye considerably the or:tr'gléj'.nal' beauty of
the supersymmetric gauge theory. In addition these models con-



tain residual massless scalars not absorbed by the Higgs mecha-
nism.

In the present paper we propose a mechaniam of spontaneous
supersymmetry breaking, which is in some sense gemeralization
of Fayet-Illiopoulos method but is applicable to the theories
invariant with respect to semi-simple gauge group. More preci-
sely the group of invariance of the model should be G(eoca.f)
® U(1)(global), where G can be semi-simple. Our main obser—
vation is that to produce supersymmetry breaking the Abelian
subgroup U ({)should not be realized dynamically. Consequently
the method works in the case of supersymmetric Yang-Mills theo-
ry and in particular allows one to construct asymptotically free
and infra-red convergent models.

The paper is organised as follows.

In Section 1 we discuss the renormalization procedure for spon-
taneously broken supersymmetric Abelian theory. Section 2 is
devoted to the description of the supersymmetry breaking mecha-
nizm for the seml-simple geauge groups. In Section 3 we give an
example of a model, based on the.proposed mechanism, which is
simultaneously infra-red convergent and asymptotically free.

1. Renormalization of spontaneously broken supersymmetric

Abelian theories [

The Lagrangian of the supersymmetric quantum electrodyna-

mics given firstly by Wess and Zun:l.no/ 5/ can be written in the
/6/
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where ¥ is a gauge supermultiplet with the components { ﬂ X
5,6, A,7, 73} and q)+ are chiral superfields describing
matter fields
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D i1sa covarisnt derivative, ;C; . 18 a free Laegrangisn
for the gauge fields
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The Lagrengian (1) is manifestly supersymmetric and invarient
with respect to generalized gsuge transformations
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where 2y is an arbitrary chiral superfields satisfying the
+ -1
condition -Q, =(R .) .
To obtain a spontaneously broken solution one should add
to the Legrangian (1) supersymmetric and gauge invariant term
~1
fﬂ D » This leads to a nonvanishing vacuum expectation value

of Dand performing canonical transformation
D~>D~59" |
£9 (5)

we obtain the Lagrangian of spontaneously broken theory, which
can be written (omitting total divergence) as follows
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where ( )A means A-component of a superfield. This Lagrangi-
an is still invariant with respect to the gauge transformations

(4) but the supersymmetry transformation is changeds
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(?)

)\ -~ component is shifted by a comstant number, i.e. the super-
symmetry is spontaneously broken.
In the Zumino-Wess gauge A =X= F=G=o0 , the additional

term in (6) is nothing but the mass term

- S (AA ~AYA) . (8

The masses of different members of the chiral supermultiplets
are no longer equal. *

Nevertheless,the renormalization procedure can be perform-
ed snalogously to the symmetric case/ 7’8,and no new independent
counterms are needed.

To show that we note first of all that the Lagranglan (6)
can be quantized exactly in the same way as a symmetric one/7’8/

because it possesses the same gauge invariance.Introducing the

supersymmetric gauge fixing term

g‘ﬁ (B50)°y, Py, | 9

where P is some polynomial over the d’Alambert operator O ,
one easlly obtains the generalized Ward identities derived in
our paperlw (eqe22). These identities express all the diagrams
with extermal unphysical gauge lines in terms of the diagrams
without such lines. '

The second part of the renormalization procedure, the super-
symnetry relations,needs however more careful investigation. We
shall show that the renormalized Green function generating func-
tional
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leads to the divergence-free 5‘ -matrix.
The identities associated with the tramnsformations (7)
are obtained as usual by making in the integral (10) the change
of variables (7) with { depending on x and putting
d% £l €=o= 0.
We write down these identities in terms of one particle
irreducible Green functions generated by the functional

MR, Re)=W-[[(B)(7, ko) (52T, R Jdx, (12)

where




W@, T,)= :J/_ ~_Sr
G, B)=(ba2 (3, 7); Ry, (e e o (13)

Their explicit form is

r A .
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(14)
I (
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(Index ¢ means charge conjugation, we put sources of
unphysical gauge components equal to 0 Y.
Differentiating eq. (14) one obtains
] A 3
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The last term is absent in the corresponding identity for the
symmetric case. But thils term is superficially convergent,
therefore if the constent Z; is fixed by demanding /3, ( P ) to
be finite, the Green function /f, (/;) is also finite (note how-
ever that contrary to the symmetric case f (/>) icontains not
only a plj f //o") term but also a finite term /4, )(P") Yo
Analogously one csn show that /‘;’ A is finite, and
three-point vertices /',',-',,ur3 R /;/‘y:,& , etc., may differ
only by finite terms. Therefore if the constant £, is chosen
to make /4,,v, finite all other three-point functions are
finite also. On the other hand electromagnetic three-point fun-
ctions f,}/.y! Vs , etc., are related to the matter field

Green functions by the usual Ward identities. By the usual ar-
guments it follows that the corresponding wave function remor-
malizations are finite. This result is in fact quite expectable
because the Lagrangisn (6) differs from L s essentially by the
mass term. But there exlsts a general statcnent/ 10,149/ that
such terms do not affect logarithmic divergences., -

The identities (14) allow one to make a stronger statement
that also no independent mass renormalization arises.

Differentiating eq. (14) with respect to -4_; , ¥+ we ob~
tain
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The last term which is absent in the symmetric case is finite
due to our choice of Z, . Therefore [, 4, (p?) =
= comlt < ©= Letc. Pinally the relations
between r;’ ¥ and /,;1_, J. are affected also by finite terms,
and no independent mass renormalization arises (the absence of
mass renormalization in the supersymmetric case was showa in
the paper/12{)

This completes the renormalization program for the Abeli-
an gauge theory with spontaneously broken supersymmetry.

2. Spontaneous breaking of supersymmetry in the case of
semi-simple gauge group

In this section we shall show that the mechanism described
above can be generalized to include the Yang-Mills theories




which possess in addition to the looal SU(K) invariance global
'U/f) invariance. The last one is not realized dynamically so
in the theory there is only one independent coupling constant.

To 1llustrate our idea we note firstly that the Fayet-Illiopou-
los trick works as well in the case of more complicated group
containing Abelien subgroup. For example if the matter fields
épt are doublets, transforming according to the representa-

tion of SU(.?)Q ?,/(/) group
P = U 2 Py (17
where
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() = (0) " ()= dd .=t

then the gauge invariant Lagranglan producing spontaneous break-
down of supersymmetry is

oyt 9 Y + -99-9¥ -1
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where W1 is an Abelian geuge superfield and Y is a matrix-
superfield transforming as
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-+ denotes the free Lagrangians for the fields Y and ¥,
and possible supersymmetric terms.
Performing the canonical transformation :D, "b, -f 9,- ’
one can proceed further in complete analogy with the discussion
of the previous section.

The generalized Ward identities derived 1n/7’8/ remain

valid and supersymmetry relations are changed only by finite
terms.

The Lagrengian (18) written in terms of the shifted fields
has a definite limit when (9 ,*0 + The limiting Lagrangian is
invarient under local SU(2) transformations end in fact is no-
thing but the Yeng-Mills Lagrangian plus some additional renor—
malizable interactions of scalars and spinors. This Lagrangian
possesses also globall/(!) invariance, but the local %/(/) in-
varlance is lost.

Omitting nonessential additive constant one can write

(20)
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The additional term is again nothing but the mass term for
the scalar flelds.

The supersymmetry identities (14) include explicitly the
factor {9, ! which tends to infinity when g0 « How-
ever this factor is multiplied by ‘;r/J R, which is proportio-
nal to 9, . Therefore the supersymmetry relations (14) also
have well-defined limit.

One can consider the Lagrangian (18) as an intermediate
regularization of the theory defined by the Lagrangian (20).

All the discussions of the previous section concerning the re-
normalization constants are directly applicable to the Lagrangi-
an (18). Therefore we conclude that in exact analogy with the
Abeliasn case the symmetric counterterms are sufficient to re-
move all ultraviolet divergences. The renormalized Lagrengian

can be written as follows




~
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where 9=2,2,9= 2.2, 9 » Z, is a three-point vertex re-

normalization comstant and Z: ) 27 are the corresponding con-
stants for the Yang-Mills field.

Sumparizing we can say that if one uses for the regulari-
zation of the Lagrangian (21) the supersymmetric expression (18),
one has a theory which is invariant under the "brokem supersym-
metry" transformation (7) for any ¢, #0 8and sstisfies the
"proken supersymmetry relations” (14) for any 9, (including
9= 0 ), However there does not exist the limiting Lagran-
gien invarient with respect to limiting transformations (7) (in
terms of unshifted fields the Lagrangian becomes singular, and
in terms of shifted fields the transformation (7) becomes singu-
lar).

This situation is quite common for the quantum theory, whe-
re the renormalized Lagrangian simply does not exist and the sym-
metry manifests itself in the existence of generalized Ward iden-
tities or in the invariance of the regularized Lagrangian. In
our case the limiting invarient Lagrangisn does not exist even
at the classical level. The last point has no physical signifi-
cance and is in fact due to the special formulation of the model
we used abowe. To show that we present an alternative formulati-
on which does not use the limiting procedure and allows to write
down the invariant classical Lagrangian.

Such a Lagrangian can be written in the form

12
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.+ «. means the free Lagrangian for the Yang-Mills fiela V¥V
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and also possible mass terms. V’, and V, are Abelian super-
fields, transforming as

e¥isale))’; eVanlelin)) (23)
~

The fields ¥/ and ¥ are auxiliary fields which can be
eliminated from the Lagrangian (22) providing the Lagrangian of
the Yang-Mills theory. The field V’\’; is in fact a Lagrange mul-
tiplier: the equations arising after variation over V? are the
free field equation for the field ¥, .

The Lagrangilan (22) is manifestly supersymmetric and gauge
invarisant. The supersymmetry is spontaneously broken: canonical
transformation 2, ~» 2, - f eliminates linear term

and produces a mass form
*o ¥+ Y t,-d¥-Y
-5 {0’ " - e ‘> f, (24)

The renormalized Lagrangian in terms of the shifted fields
is

- + 9w-pw -3“’*
Ze=g(5D) 2, (P e . +pe w_ ) -
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We leave to the reader to repeat the arguments given above

to show that the corresponding Green functions satisfy generali-
zed Ward identities and "broken supersymmetry relations" analo-
gous to eq. (14).

3. A totically fre =

In this spction we illustrate the possibilities opened by
the mechanism described in Sec.2 for constructing the model which
is simultinecusly infra-red convergent and asymptotically free.
This model certainly does not pretend to any relation to the
experiment and is just a methodical example.

The model is fixed by the Laegrangian

(26)
=L (5o Tufore’” 2T e ST e 2,005)] +.

Here we find 1t more convenient to use a matrix chiral

superfield

Q= oxp —,7’9—5,)}6}[\/9*+ﬁ47: (Vs TR) +20mifi)o(5,+TF) ], (27
{
other notations are the same as before.

Due to the presence of the projection operator (7+7:)/2

SL is equivalent to the complex doublet ?,Lwith the components
~ 3 ~ _ 1 . 2
ﬂi_ﬂf+ﬂ+ ) ﬂ1+ ’\/4;"\’41 , etc.
The physical contents of the model is most easily analysed

in the Zumino-Wess gauge after elimination of auxiliary fields., In
this gauge the Lagrangian can be written as follows
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+++. denotes interaction terms which are irrelevant for the
present discussion.

For positive f the Lagrangian (28) evidently corresponds
to the unstable theory, due to the wrong sign of the mass term.
That means the gauge invariance is als/e/ spontaneously broken
and one should tremslate the fields / . Substituting ¢
by J‘}— +X we obtain the stability condition

‘92"‘3 tfX=0- (29)

Now the spectrum of the model contains massive vector triplet

- ~
3 ~ 1 .2 -
»4/4 ytwo massive complex spinors A.,. + Y and A_tcA_+ V’+' ’

and massive Hermitian scalar j:*ﬁ+ y all with the
nass f « In addition there are two-component massless spi-
nor Al +( )}  and three Goldstone scalars which ave absorbed
into the longitudinal part of the vector field \/4 TM e
The model is infrared convergent. On the other hand the
only independent coupling constant is the Yang-Mills constant
g « The theory is known to be asymptotically free.




It is not difficult to construct other asymptotically free
models introducing for example also interaction with the left-
handed metter fields and additional supersymmetric mass terms.
At presentshowever,we do not sucsieed to invent parity conserving

asymptotically free model.
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