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The effect of soft supersymmetry-breaking terms on one-loop finite N = 1 supersymmetric gauge theories is investigated,
and the general conditions that finiteness be preserved given. Particular attention is paid to the kinds of breakings which
arise in low energy supergravity models, and it is shown that in this case the susy-breaking gaugino and scalar masses and
cubic scalar interactions are related.

The search for finite supersymmetric theories in four dimensions began in 1974 when it was pointed out [1]
that a NV = 1 supersymmetric gau(ge theory with three matter multiplets in the adjoint representation had vanish-
ing one-loop gauge -function (ﬁgl) = 0). Subsequently it was shown that, for a N = 1 theory with 1o superpoten-
tial, there exists no choice of group and representation such that both Bgl) and the two-loop gauge S-function
@ i)) vanish [2]. Then in 1977 it was shown that, for the N = 4 supersymmetric gauge theory, (1) = Béz) =0
[3]. This theory corresponds in N = 1 language to a theory with three matter multiplets in the a(fjoint representa-
tion and a superpotential

W=+/2gfbc$% 6505 . ®

This result was later extended to the three-loop level [4] and eventually to all orders [5].
More finite theories were found, when, using the susy no-renormalisation theorems [6], it was shown that
Bé") vanished for n> 1 in N = 2 theories [7] *'. N = 2 theories are defined by the superpotential *2

W=2gy,RO)pE494 @

where ¥, £, ¢ transform according to the R*, R and adjoint representation respectively. By choosing R so that
B(1) = 0 a class of finite theories is obtained; the N = 4 case (eq. (1)) being a special case. N = 1 supersymmetric
mass terms, and certain soft susy-breaking interactions are consistent with finiteness [10] and attempts (largely
unsuccessful) have been made to construct a realistic model with N = 2 [11].

! Permanent address.
! For a review and references see, e.g., West [8].
+2 Eq. (13) of ref. [9] is incorrect by a factor 2.
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Recently the complete two-loop divergence structure for a N = 1 susy gauge theory with arbitrary superpoten-
tial has been given, both from the interplay of the Adler—Bardeen theorem with the supersymmetry anomaly [9,
12] and by direct calculation [13,14]. It was found that any N = 1 susy theory that is one-loop finite is also two-
loop finite. (By finiteness we mean vanishing of all field anomalous dimensions when calculated in a fully super-
symmetric and gauge invariant way. Thus the theories without a superpotential examined in ref. [2] were not
one-loop finite by this definition).

For the superpotential
W=a;pf + 3(md); 007 + geypd'9Tgk ®3)
the finiteness conditions are
T(R) = 3C,(G) @)
and
cley = 4CH(RoNE)e? )
where ¢k = c,?‘]-k, ¢ transforms according to the representation R of the gauge group, and
T(R)50 = Tr[R9R?], (R7RY)}= Cy(Ry)(Ep)j, C(G)seb =facdfbed (6)

where £4b¢ are the structure constants, and (Eﬁ);:' is the projector onto the irreducible representation Rﬁ. Note
that, as a trivial consequence of the non-renormalisation theorem, finiteness places no constraint on either m
[13] or a;; note however that eq. (5) debars gauge singlets from the cubic part of W so that linear terms in W exist
only for free fields.

While, unlike in the special cases N = 2, 4, the couplings ¢;;; are not obviously related by an identifiable sym-
metry to g, the fact that these theories are two-loop finite leads us to speculate optimistically that we are here
confronted with one of the mysterious miracles of supersymmetry. A classification of what groups and represen-
tations permit solutions of eqs. (4), (S)hasbeen given [15], and an SU5 candidate for a realistic theory has been
presented [16]. (The theory developed in ref. [16] was independently mentioned as being of possible phenom-
enological interest in ref. [15].) »

In this paper we explore what classes of soft susy breakings preserve finiteness at the one-loop level *3_ We will
give the most general conditions to be satisfied; the most interesting result, however, is that soft breakings of the
type which emerge in low energy supergravity models {17] are allowed, but the finiteness condition relates pre-
viously arbitrary parameters.

As in ref. [18], which treated the N = 2 case, we find it convenient to use the effective potential formalism
[19], with component fields, in the Landau gauge. While this formalism is not manifestly supersymmetric (so that
even in a finite theory th: anomalous dimension of the scalar fields is non-zero) it permits a compact treatment
of the general case.

The effective potential V obeys a renormalisation group equation

[1d/3,, + B,0/dN, — (vj$;8/3; +c.c)] V=0, (7

where A, = {g, c¥k, Cijke> Am"f,m,-,-,a", a;} and 'y]’: is the scalar field anomalous dimension in the Landau gauge. Now in-
cluding one-loop effects

V(9) = V(@) + (1/64n2) STt M* In(M?[u?) ®)

where V) is the tree potential, the mass matrices M are functions of the classical fields ¢, and STr is short for the
usual spin-weighted trace.
In a finite theory, for which 8, =0 (all p) we obtain

*3 The existence of such classes is discussed briefly in ref. [13].

318



Volume 148B, number 4,5 PHYSICS LETTERS 29 November 1984

A=3STrM* + 16n%(y}¢;3/3¢; + c.c) Vo =0. ©)

Now in general ¥ = i theory {20,21]

1672y} = jetkley - 2CH(Rg)(Ep); - (10)

So in the one-loop finite class **

1672y} = g2Cr(Re)(Ep); - an
Using eq. (4), (5) and (11) and the expression STr M* in a general susy theory [20-22] it is straightforward

to verify that eq. (9) is satisfied for a one-loop finite theory without soft breaking terms.

We now introduce soft breaking terms as follows. For V; we take
Vo= WiW; + 382D} +¢,(M2)j7 + 3(m2e'97 + c.c.)

R U D W SN N N 1N

T g(JY" 000 T CLY T 28/ QP;Q T C.C.) (12)
where D, = ¢i(R")]':¢f and we also add a gaugino mass term ;MM\ and fermion mixing terms XNem, ! where X, ¥
are gaugino and matter fermions respectively. We need not consider matter—fermion mass terms since we can re-
gard these as (susy minus scalar) mass terms and any susy mass term preserves finiteness by the no-renormalisa-
tion theorem [6].

Our strategy now is to compute STr M# with the revised lagrangian and impose on the parameters that eq. (9)
be still satisfied. This will ensure finiteness at the one-loop level. (Note that we do not need to consider STr M2
because the finiteness constraint eq. (5) forbids gauge singlets from the cubic part of W.) As already stated, A =
0 is an identity [given eqs.(4),(5)] in the absence of soft breaking terms, so we retain only contributions depen-
dent on the soft breakings below. Writing A = Ag + Ag for the scalar and fermion contributions to A respectively
we obtain:

Ag = (M)W, WHT + £ OIWET W, + g1 (20TW, WHT + ¢, WRITW )

+ %S (¥ + 381,785 +gifkg,jt) + ¢k¢i(ﬂjk81ij + 8i]-kgf,~1)

Ap = 2WIKW, mitm . + g(4/) WIMWRA)L m, . — g38V/2(RERD) YR, pKglo,m,,

V </ v Jm GV § 4 &

+ 482M02(Rg)(E5)}(Wj¢1 —¢lo M) — 482mbimjb(Ra);.c(Ra)§¢k¢1

— 4g2mgm (R, (RPY 6k, — dgPmyymy (RO (RDYpko! (+c.c) . (4

Now for a finite theory we require A = 0 for arbitrary fields ¢, so we obtain four identities: for the coefficients
of $3, 92¢*, 2 and ¢¢* respectively. These are:

$r0™mo" 18 Lie TR i + 285 cl* lejpn +28% ij,,(Ra)fn (Ra){ +2%,, Cz(Rp)(Ep)::

Pl o

A fAN_2
—)E L

74 AN ikle

I'I\n\l r\ﬂ\i h ~ e N
20,y (R5 ) — AW 2)8C iy €7 AR )y Mg =V, (10)

*% We once again emphasize that this 'y;: differs from the 7;: of refs, [9,13,14] because we have adopted the Wess—Zumino—Landau
gauge.
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O™ [fC TR (n Y + 28 Citem (MM + i 87 3 81 8731 + A2M (M%), Co(R)(Ep)]

— 48%(R);,, (R®)jmyymy ] =0, (17)
¢l¢m [ckllckjm (Mz)i + %flllf}im + i'gm ”gli/' + gl]'m giﬂ + glijc k'](m s)km

+ 281 cMilm g + 26 2(M2), Co(R) Bg)Yy, — 48°M2Co(Rg) Ep),, — 4g2(RY,, (RO Emy mid

— 4g2(RIRP)] mymie — 2cT*lcy  m,imie — (42RO, cTm§ m, J(+ c.c)=0. (18)

Note that none of the equations depend on m;; so finiteness places no restriction on @2 type mass terms. (This
fact — and that it holds also at two loops — was pointed out in ref. [13].)

One can verify that the N = 2 soft breakings obtained in ref. [10] are a solution of the above equations. The
N =2 content is realised by the decomposition ¢; = (¢4, £%, ¥?) with self-interactions given in eq. (2). In terms of
our notation here the NV = 2 soft breakings are given by

fouy =/2gM(R2)#>, g%, =\/28(m11)°P(RY),, , g, =+2emb(RD),, g,/ =\2gmabRD)), (19)

with other components of f7¥ and g¢;; equal to zero. (m1)?? is the N = 1 supersymmetric mass term for ¢; terms
quadratic in m obey the finiteness condition by the no-renormalisation theorem. Eq. (19) satisfies eqgs. (15),
(16) automatically and in egs. (17), (18) leads to the N = 2 mass formula eq. (2.16) of ref. [18].

We do not here pursue the interesting problem of the construction of general solutions to egs. (15)—(18), but
instead consider a much simplified special case, with the following motivation: In models of low energy super-
symmetry in which the soft susy breakings are induced by supergravity [17] it has been shown that the most
general soft breakings thereby obtainable correspond in our language to the case m# = gi]-k = 0. We therefore
adopt this ansatz, in order to show that our finiteness conditions are compatible with supergravity-induced susy
breaking.

Egs. (15)—(18) become as follows: eq. (15) is unchanged, eq. (16) is trivially satisfied and eqs. (17) and (18)
become respectively

(M m®'0™ [fyjyc¥* + 4g2MCH(R,)(Ep)F] =0 (17a)
and
Gro™ {cKiley MY, + 51Ty, + 282C, RO E)N, (D) — 2M 251} = 0. (182)

The constraint (18a) in the special case M = Sk = 0 appears in ref. [13], where the possibility of the more general
case considered here is also mentioned.
A solution to eqs. (16), (17a), and (18a) immediately presents itself:

Eqgs. (20), (21) form a very interesting solution from the point of view of low energy supergravity models, and

thus our central result. With general assumptions about the nature of the gravitational interactions, arbitrary f;;
and (M?) } are allowed; however the “minimal” Kahler potential assumption leads to [17]

_ 2 i
fijx =Amzppcy . M2)j=m3;y87, (22)
where m3, is the gravitino mass, and A4 is an arbitrary parameter. Our solution is consistent with eq. (22), but
my3 5 is related to the gaugino mass [m3,, = (1 /N/3)M] and the parameter 4 = —+/3. Note that |4 | < 3, which

is important in realistic models to avoid the appearance of undesirable charge-violating vacua [23].

Recently an SU5 model which satisfies the finiteness conditions eqgs. (4), (5) has been constructed [16]. In
order to have susy breaking but preserve finiteness in this model the only available mechanism is soft breaking
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terms satisfying our constraints. We will explore elsewhere whether the restriction of finiteness at the unification
mass leads to SU, X Uy breaking in a natural way. As discussed in ref. [16] , we may hope to obtain interesting
predictions for and relations among quark and lepton (and their susy partners’) masses, Cabibbo angles, and
nucleon decay.

After this manuscript was prepared we received a paper [24] which contains the startling assertion that super-
symmetric gauge theories cannot be regularized so as to simultaneously preserve both unitarity and supersym-
metry . While this if true, would clearly have drastic consequences for supersymmetric gauge theories in general,
it is not clear from ref. [24] to what extent the conclusion applies to finite theories; perhaps such theories are the
only supersymmetric theories that make sense at the quantum level.

We thank Willy Fischler and Stuart Raby for conversations. One of us (Y-P.Y) would like to thank members
of the Research Institute for Fundamental Physics (Kyoto) for hospitality. This work was supported in part by
the Department of Energy, The National Science Foundation (Ph83-04-029), and the Robert A. Welch Foundation.
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