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An assessment is made of the general problems encountered in formulating a realistic
supersymmetric theory in which the spontaneous breakdown of supersymmetry occurs at
ordinary energies accessible to accelerators. As a starting point, three problems are iden-
tified in SU(3) X SU(2) X U(1) supersymmetric models with only quark and lepton chiral
superfields: the up quarks get no masses, baryon and lepton (B and L) conservation are
violated by renormalizable and hence unsuppressed interactions, and the scalar counter-
parts of the quarks and leptons are too light. An interesting SU(3) X SU(2) X U(1) model
of Dimopoulos and Georgi that avoids these problems is considered; it is found that this
model contains B- and L-nonconserving effective interactions of dimensionality 5 that
lead to proton decay at too rapid a rate. To guarantee natural B and L conservation in
effective interactions of dimensionality 4 and 5, it is suggested that the gauge group that
describes physics at ordinary energies contains a factor, such as another U(1), in addition
to SU(3)XSU(2)X U(1). Such theories do not contain dimension-5 L-nonconserving in-
teractions which could produce an observable neutrino mass, but they do allow
dimension-6 B- and L-nonconserving interactions that would lead to proton decay at an
observable rate. Supersymmetry is found to constrain the matrix elements for proton de-
cay in a phenomenologically interesting way. A general explanation is given of how such
theories naturally avoid the problem of light scalars, as found by Fayet. The formalism
is used to derive general approximate mass relations for the scalar superpartners of the
quarks and leptons. The problem of anomalies in the new U(1) current is considered, and
one attractive scheme for avoiding them is offered, in which the anomalies cancel for pre-
cisely three generations of quarks and leptons.
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I. INTRODUCTION

We know that if nature at a fundamental level
really obeys supersymmetry,’ then the supersym-
metry must be spontaneously broken. However, we
do not know whether the vacuum expectation
values involved in this breakdown are of an “ordi-
nary” scale, say of order 300 GeV, like those in-
volved in the breakdown of the electroweak gauge
symmetry, or whether they are much larger,
perhaps as high as the Planck mass. One reason to
suspect that supersymmetry is broken only at ordi-
nary energies arises from the hierarchy problem?:
if supersymmetry is unbroken at higher energies,
then it can protect some scalar fields from getting
enormous masses in the spontaneous breakdown of
whatever symmetry connects strong and elec-
troweak interactions; these scalars would then sur-
vive to provide a second stage of symmetry break-
ing, in which the electroweak gauge symmetry and
supersymmetry are both spontaneously broken at
ordinary energies. At any rate, the hypothesis that
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supersymmetry is unbroken above some ordinary
energy scale of order 300 GeV is worth careful at-
tention, because it has direct experimental implica-
tions at the energies that will soon be accessible to
accelerators. Models which are supersymmetric
down to ordinary energies have already been
developed and their consequences studied, most
notably by Fayet.?

The purpose of this paper is to take a fresh look
at the implications of supersymmetry at ordinary
energies, and especially to apply to supersymmetric
theories certain developments that have occurred in
the last few years, particularly in our point of view
regarding baryon and lepton conservation.

One of the successes of the SU(3) X SU(2) X U(1)
gauge theory of strong and electroweak interactions
was that it explained the experimentally observed
conservation laws for baryon and lepton number (B
and L) without needing to invoke separate global
conservation laws. The most general renormaliz-
able interaction that one can write down involving
just ordinary quarks, leptons, Higgs doublets, and
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SU(3) X SU(2) X U(1) gauge fields is forced by
SU(3) X SU(2) X U(1) gauge invariance to conserve
B and L. However, supersymmetric theories neces-
sarily contain additional particles, including scalar
superpartners of the quarks and leptons, and in
general these could participate in renormalizable B-
or L-nonconserving interactions. Of course, one
could simply impose B or L conservation laws as
global symmetries of supersymmetric models. This
does not seem to me to be the most fruitful ap-
proach. Global symmetries, like strangeness, isos-
pin, etc., increasingly appear to us as incidental
consequences of gauge symmetries and renormal-
izability, with no status as a priori constraints on a
fundamental level. It would be preferable to hold
on to the feature of SU(3) X SU(2) X U(1) gauge
theories, that B and L conservation follow au-
tomatically from gauge symmetries and renormal-
izability, when the particle content of the theories
is extended to incorporate supersymmetry. As we
shall see, this requirement proves to be a useful
guide in constructing a satisfactory supersymmetric
model of physics at ordinary energies.

The approach advocated here will turn out to be
indispensable if B and L are found to be not exact-
ly conserved. If the renormalizable interactions of
particles of ordinary masses ( <300 GeV) automati-
cally conserve B and L, then any observable B- and
L-nonconserving interactions among these particles
would have to be due to the effects of virtual su-
perheavy (10'° GeV?) particles with different gauge
quantum numbers. Such effects would show up in
the effective Lagrangian which describes physics at
ordinary energies as nonrenormalizable effective in-
teractions of dimensionality d > 4, with coupling
constants suppressed by d —4 powers of the su-
perheavy mass. Now, just as SU(2) X U(1) can be
used* directly to study the structure of the B- and
L-nonconserving nonrenormalizable effective in-
teractions, because even though SU(2) X U(1) is
spontaneously broken at ordinary energies it is not
broken at the superheavy masses of the particles
whose exchange violates B and L conservation, in
the same way if supersymmetry is unbroken at
these superhigh energies, then it can be used to
constrain the effective interactions with d > 4 that
are responsible for B- and L-nonconserving interac-
tions of ordinary particles. Supersymmetry, like
SU(2) X U(1), may become manifest in the selection
rules for proton decay.

The general rules for constructing renormaliz-
able and nonrenormalizable supersymmetric effec-
tive interactions are very simple. Suppose a theory

involves a set of left-handed chiral scalar super-
fields, generically called S, together with their
right-handed adjoints S*. Leaving aside the possi-
bility of extra derivatives and gauge couplings, the
most general supersymmetric Lagrangian will be of
the form

L=F(S)p+f(S)F+d(S%S)p , 1)

where f and d are arbitrary functions, and as usual
F and D denote the terms in these functions pro-
portional to 6,0, or 8,0, 0,0, respectively, with
0, and Oy the left- and right-handed parts of the
fermionic superfield coordinate . Note that we do
not include F terms of functions of both $* and S,
because these would not be supersymmetric, and
we do not include D terms of functions of S or S*
alone, because these would be total derivatives. It
is easy to extend this Lagrangian so that it has a
local gauge symmetry: in the same way as is fami-
liar for renormalizable theories,' we add a Yang-
Mills-type term for the real vector superfield
V=3 .8alaV. and replace S* in the D term with
S*e?”, However, the inclusion of gauge couplings
(or extra derivatives) in an effective interaction
would generally increase its dimensionality without
introducing new possibilities for B or L nonconser-
vation. The expression for the Lagrangian (1) in
terms of ordinary component fields is given in Ap-
pendix A.
Now, the dimensionality of a scalar superfield is

+ 1 (in powers of mass), and the dimensionality of
the F term or D term of any function is equal to
the dimensionality of the function plus 1 or 2,
respectively. Thus the terms in the effective La-
grangian (1) of various dimensionalities have the
structure

d=2: (S,

d=3: (SS)F,

d=4: (§*S)p, (SSS)f, (2)
d=5: (S*$S)p , (SSSS)F,

d=6: (§*SSS)p , (S*S*SS)p , (SSSSS)r

and so on, plus the Hermitian conjugates. Of
course, the S superfields have a number of indices
which must be suitably contracted in order to
maintain invariance under all gauge symmetries.
In this way, we can construct all possible terms in
the effective Lagrangian which can occur up to
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some definite degree of suppression by superheavy
masses.

In order to implement this program, it is neces-
sary at least to know what are the gauge sym-
metries and particle spectrum which appear in a
supersymmetric model at ordinary energies, and
this opens up the whole range of phenomenological
problems faced by supersymmetric theories. For
orientation, in Sec. II, we inspect the properties of
a minimal supersymmetric model, with only a
SU(3) XSU(2) X U(1) gauge symmetry and only
chiral scalar superfields corresponding to the
known quarks and leptons. This turns out to have
severe problems: no up-quark masses, renormaliz-
able (and hence unsuppressed) B- and L-noncon-
serving interactions, and unobserved light scalars.
Then in Sec. II1, we explore a model proposed by
Dimopoulos and Georgi,’ in which renormalizable
B- and L-nonconserving interactions are ruled out
by a discrete reflection symmetry; Higgs super-
fields are introduced to give masses to all quarks
and leptons; and light scalars are avoided by sup-
posing that supersymmetry is explicitly but softly
broken by terms in the Lagrangian with d =2 and
d =3. We find that although proton decay is
suppressed in this model, it is not suppressed
enough: there are B- and L-nonconserving terms
with d =5 in the effective Lagrangian, and these
lead to processes like p—u+K° with a proton life-
time of order 10*® yr. To avoid such catastrophes,
we consider in Sec. IV the addition of an extra
gauge symmetry to the invariance group of the
model. It is found that all d =5 terms are forbid-
den, including not only the B- and L-nonconserv-
ing terms which gave trouble in the Dimopoulos-
Georgi model, but also any L-nonconserving terms
which could give an observable neutrino mass.
However, there remain allowed d =6 terms, which
could produce a “normal” (B — L)-conserving pro-
ton decay at an observable rate. Supersymmetry
and gauge symmetries constrain the matrix ele-
ments for this decay, with interesting phenomeno-
logical consequences.

The extra gauge symmetry which is introduced
in order automatically to suppress B and L non-
conservation also has important implications for
particle masses. These are described in Sec. V, and
as an illustration a special case of the models
described by Fayet is analyzed in detail in Appen-
dix B. It is shown that supersymmetric theories
can quite naturally account for the fact that we ob-
serve quarks and leptons with masses much less
than those of their scalar superpartners, without

having to break supersymmetry explicitly in the
Lagrangian. Supersymmetry is broken only spon-
taneously here, the scale of this breaking and of
SU(2) X U(1) breaking being set by the coefficients
of Fayet-Iliopoulos terms® (V). As shown by
Witten, it is natural for these coefficients not to
get large values from the spontaneous breakdown
of a semisimple group at superlarge energies, or
from perturbative corrections, so this part of the
hierarchy problem is solved in such theories.

There remains the vexing question of why the (V)p
terms are present at all, and with such small coef-
ficients relative to the superheavy masses. One can
hope that this will be explained by nonperturbative
effects’ yielding (¥)p terms proportional to
exp(—constant/g?), but such questions will not be
addressed in this paper.

Section VI describes one way of canceling the
Adler-Bell-Jackiw (ABJ) anomalies® in a model
with precisely three generations of quarks and lep-
tons. A future paper’ will apply to “R invariance”
the same sort of analysis used here for B and L,
but with special attention to the effects of ABJ
anomalies and instantons, and will attempt to sum-
marize the problems that still face the formulation
of a realistic supersymmetric theory.

II. VARIETIES OF TROUBLE:
A MINIMAL MODEL

To appreciate the difficulties encountered in for-
mulating a realistic model that is supersymmetric
down to ordinary energies, consider first an
SU(3) X SU(2) X U(1) gauge theory containing just
those chiral scalar superfields whose spin-% com-
ponents are the ordinary leptons and quarks. We
will dlenote these superfields by capital letters: the
spin-5 component of the left chiral scalar super-
field Q; =(U;,D; ) is the left-handed quark doub-
let g, =(uy,d;); the spin-% components of the left
chiral superfields Ug,Dy are the antiparticles
ug,dy of the right-handed singlet quarks; and
similarly the superfields L; and Ej have as spin-%
components the lepton doublet /; =(v;,e; ) and
singlet eg. The scalar components of these super-
fields are labeled by capital script letters:

QL_—‘(@L,QL),@; ,c@}‘g ,JL=(./VL,gL), g; .

Here and wherever not explicitly otherwise indicat-
ed, the symbols for particles in the lowest genera-
tion are used to represent any particle with the
same quantum numbers; thus e stands for e, i, or
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TABLE 1. Summary of notation for superfields, with their spin-% and spin-0 components
and SU(3) xSU(2) x U(1) quantum numbers. Note that where not otherwise indicated, the
letters u,d,v,e refer to quarks and leptons of any generation with the indicated quantum

numbers.

Left-chiral

scalar Spin- Spin-0 SUB) SUR) Y
superfield component component

0 =(U.,Dr) qr="(ur,dy) (2=(%1,DL) 3 2 —
Uk up Uy 3 1 2
Dj di Dk 3 1 -5
Ly =(Ng,Er) IL=(vy,er) Lp=(AN7,8L) 1 2 5
E} ex r 1 1 —1
Hy hy Hr =92, %F) 1 2 -
Hi hi x =t 2?) 1 2 -

7, and so on. For convenience this notation is
summarized in Table I.

Apart from kinematic terms and gauge cou-
plings, the most general renormalizable supersym-
metric SU(3) X SU(2) X U(1)-invariant interaction
among the quark and lepton superfields is a linear
combination of the trilinear F terms

(LLLLER)r , (LLQrDR)r , (DxDrUR)F ,
(3)

with SU(3) and SU(2) indices contracted in an ob-
vious way. There are three conspicuous things
wrong with such a theory.

(1) Although a vacuum expectation value of the
neutral scalar field .#7, of L; will break
SU(2) X U(1) in the usual way and give mass to the
charged leptons and charge —-;— quarks, there is no
neutral scalar field here whose vacuum expectation
value can give mass to the charge +% quarks.

(2) There is no way of extending the definition
of baryon and lepton number (B and L) to the
scalar fields so that B and L are conserved. In
particular, exchange of the & scalar between the
last two interactions in (3) can produce the proton
decay process q; drug — I, at a catastrophic rate.
(However, B —L can be still defined as a conserved
R symmetry.'0)

(3) Such theories contain unobserved light
scalars. This is shown most clearly by a theorem
of Dimopoulos and Georgi® which states that in
any supersymmetric theory with gauge group
SU(3) X SU(2) X U(1) and in which quark and gluon

superfields are the only colored fields, the spon-
taneous breakdown of supersymmetry and
SU(2) X U(1) must leave at least one scalar lighter
than the lightest d or u quark.

Different attempts at realistic supersymmetry
models can be conveniently characterized by the
features that are put in to avoid these three prob-
lems.

III. SU(3)XxSU(22)xU(1)
SUPERSYMMETRIC MODELS

Let us first consider what must be done to sur-
mount the problems discussed in the last section, if
we do not wish to expand the gauge group at ordi-
nary energies beyond SU(3) X SU(2) X U(1). In this
case the B- and L-nonconserving renormalizable in-
teraction (Dg Dy Uk )r must be prohibited by some
sort of global symmetry. This could of course be
B or L conservation itself, but it is also possible to
forbid B- and L-nonconserving interactions of
dimensionality 4 with weaker symmetries, which
would not require complete conservation of B and
L. It is also necessary to add at least one Higgs
superfield to give mass to the charge % quarks,
and if the global symmetry which rules out the B-
and L-nonconserving term (D Dg U )r also rules
out the other terms in (3), we have to add a second
Higgs superfield to 1give mass to the charged lep-
tons and charge — = quarks as well. [The second
Higgs superfield also serves to cancel an
SU(2) X U(1) ABJ anomaly introduced by the first
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spin-% —Higgs — fermion doublet.] Finally, there is
still the problem of the light scalars. The theorem
of Dimopoulos and Georgi® makes it clear that in
this class of models, the unacceptably low values
of some scalar masses can be avoided only by sup-
posing that supersymmetry is explicitly broken, but
perhaps only “softly,” by terms in the Lagrangian
of dimensionality d <4.

Such a model has been developed by Dimop-
oulos and Georgi® (DG). In their work, the effec-
tive Lagrangian that governs physics at ordinary
energies arises from an underlying grand unified
model, but it can be described here in terms of the
effective Lagrangian itself.

In the DG model, the problem of B and L non-
conservation is dealt with by imposing a discrete
symmetry: invariance under a change of sign of
all quark and lepton superfields. Such a symmetry
immediately rules out all the interactions (3), B and
L conserving as well as nonconserving ones.

To restore the possibility of quark and lepton
masses, DG add a pair of color-singlet
electroweak-doublet left-chiral Higgs superfields
H; and H; L with weak hypercharge (Y=T5—Q)
equal to +3 > and — —, which are even under the
above discrete symmetry. Apart from kinematic
terms and gauge couplings, the complete set of re-
normalizable supersymmetric interactions which
are invariant under SU(3) X SU(2) X U(1) and the
discrete symmetry consists of just the F terms

(H H;)p, (H L ER)f,
(HL Q1 DR)r , (HLQLUR)F

with obvious index contractions. Up as well as
down quarks can now get masses, and B and L are
automatically conserved, with H; and H; assigned
vanishing B and L values.

The remaining problem found in Sec. II was (3),
the problem of light scalars, To obviate this, DG
suppose that only interactions of dimension 4 are
supersymmetric, and that supersymmetry is expli-
citly (though softly) broken by terms of dimension
2 and 3. With this assumption, particle masses
can be given values that do not conflict with obser-
vations.

Now, what about the suppressed nonrenormaliz-
able terms in the effective Lagrangian? The least
suppressed terms are those of dimensionality 5: ei-
ther trilinear D terms or quadrilinear F terms. It
is easy to see that the most general SU(3) X SU(2)
X U(1)-invariant d =5 terms, which are also in-
variant under the DG discrete symmetry, have the
form

4)

(LLExH;*)p , (QDrH;*)p , (QLURHI)p ,
(LL Ly H Hp)p , (QQrURDR)r , (Qr URLLER)r ,
(QrQrQrLy)r , (URURDRER)F , (5)

again with SU(3) and SU(2) indices contracted in
the obvious way. (For notation, see Sec. II or
Table I.) The coupling constants of these effective
interactions are in general expected to be of order

Gs~f*/M , 6)

where f is a typical superheavy-particle coupling
constant (Higgs or gauge), and M is a typical su-
perheavy mass.

Most of the interactions (5) are innocuous, con-
serving both B and L. The (L L; H; Hy ) term
provides the sort of d =5 L-nonconserving interac-
tion'! v, v, # ;%97 % which would give the neutri-
no a small but possibly observable neutrino mass of
order f2Gp~'/M. The dangerous terms are the
last two, which violate both B and L. These are
d =5 interactions, so the B- and L-violating matrix
elements here are suppressed by only one power of
the superheavy mass M, in contrast with the usual
case* of theories without scalar superpartners of
quarks and lepton, where the B- and L-violating
effective interactions had d =6 and were
suppressed by two powers of M. The DG model
thus runs the risk of predicting much too fast a
rate of proton decay.

We still must ask whether the B- and L-
nonconserving interactions (Q; Q; Q; L; )r and
(Ux DR DR ER)F actually appear in the effective La-
grangian with couplings of order (6), and if so,
whether these interactions really produce proton
decay at an unacceptable rate.

The first question can of course only be
answered in the context of a specific theory of the
superheavy degrees of freedom. In the grand uni-
fied form of the DG model, there are superheavy
color-triplet superfields, where exchange actually
does produce the effective interactions
(QrQr Q1L )r and (Ug DR DRER ) in tree approx-
imation, with coupling of order (6), where f is a
typical Higgs-particle coupling.'?

As to the effect of these interactions, note that
they include the two-fermion —two-scalar terms
(see Appendix A)

991211, @li2.2,,
Urur PR ER , UReR 2R Pk )

* g%k * * * %k * *
eRARURXR » ARURZRER .



292 STEVEN WEINBERG 26

(Recall that capital script letters denote scalars.)
Each of the heavy-scalar pairs 2;.%;, 2; 2,
URD R, and % g &g can be created from a fermion
pair ugeg, urdg, 9191, and g Iy , respectively, by
emitting a pair of fermion partners 4y ; h; of the
Higgs bosons, which then annihilate through the
Majorana mass of these Higgs fermions. This
yields the proton decay effective interactions
qrqruger and qrlpupdgr. However, the proton
decay rate produced in this way is enormously
suppressed by the four powers of small Higgs-
particle couplings in the matrix element, and is
probably too small to be observed. On the other
hand, the heavy boson pairs in (7) can also be pro-
duced from the corresponding light fermion pairs
qrlr, qr.qL, urdg, uger by emitting a pair of the
fermion superpartners of the gauge bosons Z° or
W2, which then annihilate through their Majorana
mass term (which DG explicitly included in their
model as a soft supersymmetry breaking). This
yields the proton-decay effective interactions
q1.9.9. !, and ugugdgeg, with coefficients of or-
der

1 P et
Pyt 8)

[The factor 1/87 is put in because this is a one-
loop graph; the factor of f2/M is the coupling
constant (6) of the d =5 effective interaction; the
factor e? arises from the emission and absorption
of the fermion superpartners of the W* and Z;
and the factor 1/my, arises from the integral on
the assumption that my, is the characteristic mass
of the scalar superpartners of the quarks and lep-
tons and the fermion superpartners of the W< and
Z°] The proton decay rate is then roughiy of or-
der

1 f? e? 2
872 M my

5

9)

Fzmp

For the process p—u*KY, the coupling f? is a
product of Higgs-particle couplings,

P=Gpmgmy~1.3x10"8% . (10)

For M of order 10'* GeV, the proton lifetime
would be of order 10?* yr. Even for M =10'" GeV
(the appropriate value for the grand unified version
of the DG model), the proton lifetime is only 10?
yr, too short by 2—3 orders of magnitude.

This difficulty could be avoided, if we do not in-
sist on embedding the DG model in a grand uni-
fied theory, by adding additional global sym-

metries. This is not very attractive—even the
modest discrete symmetry of the DG model was
not entirely appealing. It seems better to attempt a
different solution.

IV. SUB)XSUR)XU(1)XG
THEORIES: B AND L CONSERVATION

We will now consider a different way of avoid-
ing the problem of insufficient suppression of B
and L violations encountered in Secs. II and III.
Instead of imposing global symmetries, we will
suppose that the gauge group which survives down
to ordinary energies is not just SU(3) X SU(2)

x U(1), but contains an additional factor G. De-
pending on the transformation properties of the
quark and lepton superfields under G, it is then
quite plausible that B and L nonconservation could
be ruled out in d =4 and d =5 interactions, and
yet be not altogether forbidden.

To take one example, suppose that G=U( )
where U(1) is another U(1) group, commuting with
the original SU(3) X SU(2) X U(1). Suppose also
that all of the left-chiral quark and lepton super-
fields Q; ,Ux,Dx,L1,Ex have values of the U(1)
quantum number Y with the same sign. Then
clearly all F terms that involve only quarks and
lepton superfields are forbidden, including the B-
and L-nonconserving effective interactions with
d =4 and d =5 in (3) and (5), respectively.

To allow us to catalog the varieties of possible B
and L nonconservation which remain, let us sup-
pose for definiteness that the U(1) quantum num-
ber Y has equal values, say + 1, for all left-chiral
quark and lepton superfields. In order to provide
for quark and lepton masses, we must suppose, as
in Sec. III, that in addition there are SU(3)-singlet
SU(2)-doublet Higgs superfields H; and H;, with
ordinary weak hypercharges Y = +% and
Y=— %, respectively, and now also with the new
U(1) quantum number Y= —2. (As discussed in
Sec. VI and Appendix B, other superfields will also
have to be added in order to cancel anomalies and
to obtain suitable symmetry-breaking solutions.) A
complete list (apart, as always, from kinematic
terms, gauge couplings, and extra derivatives) of
SU@B3) X SU2) X U(1) X U(1)-invariant supersym-
metric interactions involving quark, lepton, and
Higgs superfields up to dimensionality d =6 is

d=4: (L ExH)r, (QuDRH)F ,
(QLUrHL)F ,

(11)
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d =5: None,
d=6: (QrQrUrER)p , (QrUgrDRrL)p ,

etc. , (12)

where etc. denotes a large number of allowed terms
of form (S*SS*S), that conserve both B and L.

Some remarks are now in order about the impli-
cations of this list.

(1) The baryon-number-violating effective in-
teractions of lowest dimensionality have d =6, and
are therefore adequately suppressed, by two powers
of superheavy masses. According to the rules
given in Appendix A, these superfield interactions
contain the usual four-fermion operators*

qrqrurer , qrurdrly , (13)

which produce proton decay directly.

(2) Not all of the four-fermion proton-decay
interactions which would be allowed by SU(3)
X SU(2) X U(1) are produced in this way; we do not
obtain the other two interactions*

4r.9.9.!L , ugrugdgeg . (14)

Thus whatever the underlying mechanism of pro-
ton decay, it would be expected to have matrix ele-
ments of the LLRR form which would be expected
from the exchange of vector bosons, and not of the
LLLL or RRRR forms which could only be pro-
duced by scalar-boson exchange. This has well-
known phenomenological consequences,* including
model-independent (but strong-interaction-
dependent) predictions for ratios of all decay rates
for AS =0 modes, and universal lepton polariza-
tions. Although this result (that LLRR terms may
occur while LLLL and RRRR terms are forbidden)
can be derived here from the U(1) symmetry, it is
actually quite general, and follows directly from
the supersymmetric nature of the effective interac-
tion, whatever the structure of G", as shown by the
last term of Eq. (A7).

(3) There are no d =5 effective interactions
which could produce an observable neutrino mass.
To generate such interactions, one would need
Higgs superfields with Y= —1 as well as Y= —2.

(4) The U(1) symmetry rules out Higgs mass
terms (H; H; )r which would otherwise be allowed
by SU(3) XSU(2) X U(1) and supersymmetry.

Thus supersymmetry together with
SUB3)xSUQ)X U(1)x U(1) is serving its hoped for
role of prohibiting scalar mass terms.

V. SUB)XSUQR)XU()XG
THEORIES: MASSES

The extra gauge symmetry G, which was intro-
duced in the previous section in order to preserve
the natural suppression of B and L nonconserva-
tion, has another attractive feature: it helps in
understanding how a reasonable spectrum of
masses can arise in a supersymmetric theory. An
extra gauge symmetry [with G =U(1)] was intro-
duced for this purpose by Fayet.> I will come back
at the end of this section to the relation between
his approach and that taken here.

First, what is the problem? It is often said that
the chief difficulty faced in constructing models
which are supersymmetric down to ordinary ener-
gies is to understand why the scalar superpartners
of the quarks and leptons do not occur at masses
low enough for them to have been seen. In my
opinion this somewhat misstates the real problem.
After all, there is a natural scale of masses to be
expected in a gauge theory, the scale of the masses
of the gauge bosons associated with broken sym-
metries, such as the W= at 80 GeV. Clearly any
number of scalar counterparts of quarks and lep-
tons could be lurking at energies of order 80— 100
GeV, and we would not yet know it.!3 The real
problem is one that has bedeviled gauge theories of
electroweak intereactions from the start—not why
are the scalars so heavy, but why are at least some
quarks and leptons so light?

I have no new answer to this problem, but at
least we can try to apply a not very satisfying old
answer in a supersymmetric context: The observed
quarks and leptons are much lighter than the W or
Z because they have very weak Yukawa couplings
to the Higgs bosons. In a supersymmetric model,
this would mean that the d =4 interactions of the
quark, lepton, and Higgs superfields in (11) all
have very small coupling constants. We do not
know why this should be the case, but if by assum-
ing these couplings to be small we can understand
qualitatively why the quarks and leptons are much
lighter than the W= while the scalars are not, then
we will at least be no worse off than without su-
persymmetry.

To simplify matters, let us go all the way, and
imagine that the coupling constants of renormaliz-
able (S3)g-type interactions involving quark and
lepton superfields [like those in (11)] all vanish.
We will however leave it an open possibility that
the Higgs superfields may have (S3)g-type interac-
tions with other superfields, denoted X;. [It is im-
plicit in these assumptions that the quark and lep-
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ton superfields form representations of the
SU(3) X SU(2) X U(1) x U(1) gauge group which are
separate from those of the Higgs and X super-
fields.] Our aim then is to see if the broken-
symmetry solutions of such a theory with
(r°)=£0, (#* )40 will have massless quarks
and leptons and massive scalars. If so, then we
will not have to worry about whether the scalars
are heavy enough; they would have to have masses
of the order of the only remaining mass scale in
the theory, that of the W and Z°.

The potential of the scalar fields in this sort of
theory will have the general form!*

2
Vioor=3 [

+5 3 (gad'ttd+8,0"50+£,),
a

(15)

where o stands for all the scalar superpartners of
the quarks and leptons, ¢ stands for the scalar
components of all other superfields, including the
scalar Higgs fields 2, ,2°; and the scalar com-
ponents of whatever other superfields X; may have
(83)p-type interactions with them, f(H, ,Hj,...)
is the trilinear function whose F component de-
scribes any such interactions, tﬁ and tJ are the ma-
trices representing the ath gauge generator on the
¢ and o fields, g, is the corresponding coupling
constant, and &, is the coefficient of the term®
(V4)p which may appear in the Lagrangian for
U(1) gauge superfields.

This potential can usefully be rewritten in the
form

V($,0)=V($,0)+ 3 gaDa($)o 't

+3 S8 lo'tgo), (16)
a
where

D($)=gqs"tl¢+¢a - (17
It is immediately apparent that if we find a value
¢o of ¢ which minimizes the potential V' (4,0) with
o =0, then the point =0, 0 =0 will be a local
minimum of the full potential if and only if the
matrix

=3, 8aDa($0)15 (18)

is positive definite. In practice if .#2 is positive
definite, this is usually (but not always; see the Ad-
ded Notes) also an absolute minimum, because the
only way to get a lower value of V(¢,0) would be
to go to ¢’s for which some of the eigenvalues of

> »8aDa($)tg have changed sign, and these will
be far from the point ¢ =¢, which minimizes
V(4,0). On the other hand, if .#? is not positive,
then the true minimum of V'(¢,0) definitely has
a40.

The importance here of finding a minimum with
o=0 is that this is a sufficient condition to have
vanishing quark and lepton masses. (Of course, we
want the scalar counterparts of the quarks and
charged leptons to have vanishing vacuum expecta-
tion values also in order to preserve color and
charge conservation.) In general, the mass matrix
of the left-handed fermions in a renormalizable su-
persymmetric theory is given in tree approximation
by's

2
= _9f7) , (19)
00  m |y
manzmna:—‘/éga( Bta)n s (20)
— 1)

where n and « label the left-handed fermion fields
in left-chiral scalar superfields and real gauge vec-
tor superfields, respectively, %, is the scalar com-
ponent (o or ¢) of the left-chiral scalar superfield
Sys (to)um is the matrix representing the ath gen-
erator of the gauge group on the S,,, f(S) is the
function whose F term appears in the renormaliz-
able part of the interaction (1), and the subscript
zero means that these quantities are evaluated at
the minimum of the potential ¥ (.#). For the
scalar superpartners o of the quarks and leptons,
(19) vanishes under the assumption that o does not
appear in f(.#), and (20) vanishes because we are
considering a minimum of V(%) with 0(=0.
Hence all quarks and leptons have zero mass. Of
course in the real world f(¢,0) would be assumed
to depend weakly on o, and the quarks and leptons
would not be massless but only relatively light.

We see that the positivity of .#2 will lead to the
result we would like, that quarks and leptons are
very light, so let us suppose .#2 is positive definite.
What about the scalars? Equation (16) shows that
their mass-squared matrix is just #*, which we
have just now assumed is positive definite. There
is no reason to expect that any of the posii.ve-
definite eigenvalues of (18) would be much smaller
than the natural scale g¢o~myy, so all scalar coun-
terparts of the quarks and leptons are expected to
be too heavy to have been observed yet.

We can now see why it was necessary to intro-
duce the extra gauge group G. The matrices ¢
which represent the generators of SU(3) X SU(2)

X U(1) on the known quarks and leptons all have
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zero trace, so if there were no extra gauge genera-
tor Y, then (18) would give Tr.#%=0, and hence
A? could not be positive definite. (This argument
is closely related to that of Dimopoulos and Geor-
gi.>) Of course, to be of use the generators 75
which represents G on the quarks and leptons must
not themselves be traceless. [However, if the
SU(3)xSU(2) X U(1) X G theory comes from a sem-
isimple grand unified theory, Tr% +Trf3 would
have to vanish.] We see that G must contain at
least one U(1) factor, whose generator Y has non-
vanishing trace on the known quarks and leptons.
We are almost inevitably led again to the con-
clusion that G is just U(1), with quarks and lep-
tons all having ¥ values of the same sign, as as-
sumed in Sec. IV to enforce a natural suppression
of B and L nonconservation.

The general picture outlined here has interesting
immediate consequences for the scalar-particle
masses, which became exact in the limit of vanish-
ing quark and lepton masses and Yukawa cou-
plings. We note that all members of a given SU(2)
multiplet have the same behavior under SU(3),
U(1), and G, as (18) tells us that the mass splitting
in any doublet has a common value

MU U ) —MX D) =MXN"\)—MX &)
=AM?, (22)

independent of the generations of the correspond-
ing quarks and leptons. We can also set an upper
bound on this splitting. Since SU(2) has £=0,
Egs. (17) and (18) give

AM*=gX$'t;¢), (23)

with g and #; now specifically denoting the SU(2)
coupling and generator. This may be compared
with the usual formula for the W+ mass

myt =g\ (t,2+1,2)4] . 24)
We see that
AM?/my?=(t3)/{t;*+1,%) , (25)

the averages being weighted with the SU(2)-
nonsinglet ¢-field vacuum expectation values. If
only electroweak singlets and doublets have vacu-
um expectation values (so that m; and my have
the usual ratio), then | (#;)| < %, while
(t,241,2) = %, so (25) gives

|AM?| <my?. (26)

Many more mass relations arise if we make - sim-
ple assumptions about the extra gauge group G.

For instance, suppose that G is a U(1) group, and
that its generator Y has equal values for all left-
handed quark and lepton superfields, say Y=1.
Then (18) gives the masses of all scalar super-
partners of the quarks and leptons in terms of just
three unknowns, the values of g,D,(¢,) for the
generators 7', Y, and Y. The scalars correspond-
ing to a quark or lepton of a given SU(3) X SU(2)
X U(1) type will thus have a mass which is equal
for all generations. Also, these generation-
independent masses will be subject to the relations

MY )+ MU D) =sMA2R)+ MU DY),

27)
MAW )+ ML) =S MU Uy + MU DY) ,
(28)
MX&h)=— MUY+ MHD%).  (29)

If Y varies from generation to generation but is the
same within each generation, then the scalar
masses will no longer be generation-independent,
but all mass splittings within each generation will
be the same for all generations, and subject to
(27)—(29). Of course, all these results are only
approximate, with corrections of order
(mqua,k/mw)z.

Fayet® has derived Eq. (18) as a formula for the
difference between scalar and fermion squared
masses, without using the approximation of weak
Yukawa couplings. From this, it is straightfor-
ward to derive an improved version of Egs.
(22)—(29), and also the Dimopoulos-Georgi
theorem.> However, as recognized by Fayet, al-
though his derivation applies when there is an un-
broken R symmetry, and in some other cases, in
general there may appear additional terms in (18).
The assumption of weak F-term couplings of the
quark and lepton superfields was made here in or-
der to avoid having to invoke R invariance or the
details of specific models in deriving (18), and also
because we need some such assumption to explain
why the quarks and leptons are so light. By using
color conservation, Dimopoulos and Georgi were
able to obtain their result on the existence of light
scalar quarks, without having to make any of the
above assumptions.

Our conclusion is that there is no difficulty in
understanding why quarks and leptons are so much
lighter than scalar and vector bosons, provided the
model without quark and lepton fields has a
minimum of the potential at which the matrix (18)
is positive definite. Whether or not this is the case
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is a question that must be checked in specific
models. As an “existence proof,” a semirealistic
model which satisfies this positivity condition is
given in Appendix B.

V1. ANOMALIES

The problems raised by the minimal model of
Sec. II have been satisfactorily avoided in the
SU(3) X SU(2) X U(1) X G models discussed in Secs.
IV and V and Appendix B. These models have a
variety of other phenomenological problems, in-
cluding new neutral currents and massless fermion-
ic superpartners of gluons. However, before tink-
ering with the models to avoid these other prob-
lems, it will be more useful first to address the out-
standing problem of mathematical consistency
raised by the introduction of the extra gauge
group, the problem of Adler-Bell-Jackiw (ABJ)
anomalies.® After seeing what new superfields
need to be added to cancel these anomalies, we will
be better able (in a future paper’) to consider what
phenomenological problems may remain.

Let us assume for definiteness that the gauge
group is SU(3) X SU(2) X U(1) X U(1), and that
among the left-chiral scalar superfields there are
N, “generations” (Qy,Ug,Dg,Ly,Eg) of quark
and lepton superfields with Y= +1 and N, pairs
of Higgs doublets H; ,H; with Y = i% and
Y= —2. Then the introduction of the extra U(1)
gauge group produces the ABJ anomalies

SU3U(1): Tr(Tsy3)2Y)=2N, , (30)
SUQ2U(1): Tr(Tsy@m)?Y)=2N,—2N, , (31)
U120(1): Te(Y2P) =N, —2N,, , (32)
U(1)%: Tr(Y*)=15N,—32N}, . (33)

We note in particular that colored fields with ¥
negative must be added to cancel the SUB3)*U(1)
anomaly. This raises the possibility that the prob-
lem of B and L nonconservation which was solved
by the introduction of U(1) may reappear.

As an example of the sort of trouble we can get
into in adding new colored superfields, suppose we
try to cancel anomalies by embedding SU(3)

X SUQ2)xU(1)xU(1) in a larger group whose rep-
resentations are known to be anomaly free, Eq.!¢
This group is chosen because E¢ has an SO(10)

% U(1) subgroup, and therefore leads to genera-
tions of quarks and leptons all with the same value
of Y. Specifically, the 27 of E¢ consists of one

generation of quarks and leptons with ¥=+1, in-
cluding an extra SU(3) XSU(2) X U(1)-neutral neu-
trino N§ with Y= +1, plus a pair of Higgs doub-
lets H; ,H] with ¥=—2, plus a pair of color-
triplet (antitriplet) SU(2)-singlets with ¥ = +%
(—+) and ¥=—2, plus an SUB3)xSUQ) X U(D-
neutral singlet with Y= +4. All anomalies au-
tomatically cancel. It is striking that we find here
all the superfields of the models we have been con-
sidering, including the ¥ = +4 singlet discussed in
Appendix B. Unfortunately, we find other super-
fields as well. The extra singlet neutrino v} can-
not be superheavy [since U(1) has to survive down
to ordinary energies], so the neutrinos would be ex-
pected to get large Dirac masses from their Higgs
couplings. Even worse, the color-antitriplet super-
field with Y = —% and Y= —2 would be expected
to have renormalizable F-term interactions with
both L; Q; and Dj Uf, leading to unsuppressed
proton decay at a disastrous rate, just as in the
minimal model of Sec. II. One other unattractive
feature of this set of superfields is that to maintain
the cancellations of anomalies, we must add new
Higgs etc. fields for each new generation of quarks
and leptons.

Inspection of (30)—(33) suggests a different ap-
proach to the cancellation of anomalies. Note that
for N, =3 generations, the trace (30) has the value
+ 6. This is neatly canceled by a single color oc-
tet O, of chiral superfields with ¥Y=—2. To
avoid reintroducing an SU(3)?U(1) anomaly, we
must take O to be neutral under U(1) as well as
SU(2); in other words, O; is a member of the ad-
joint representation of SU(3) X SU(2) X U(1). Sup-
pose we try adding another ““adjoint superfield”
with ¥=—2, a single SU(Q2) triplet T; which is
neutral under SU(3) and U(1). No new anomalies
are produced, and T contributes —4 to the trace
(31), which cancels the SU(2)?U(1) anomaly for a
single Higgs pair and three generations of quarks
and leptons. Doubtless these cancellations could be
understood by embedding SU(3) x SU(2) X U(1)
xU(1) in some large group with anomaly-free rep-
resentations containing just three generations of
nonsuperheavy quarks and leptons.

Not all anomalies have been canceled. With
Ng=3 and N, =1, the trace (32) has the value
+ 8, so new charged SU(3) X SU(2)-singlet super-
fields must be added with ¥ negative to cancel the
U(1)*U(1) anomaly. One possibility which would
not reintroduce a U(1)U(1)? or U(1)? anomaly is to
add two pairs of additional singlet superfields
Jy.,J; with charges +1 and Y= —2. [At any rate
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TABLE II. An anomaly-free set of left-chiral scalar superfields for an SU(3) X SU(2)
X U(1)x U(1)-invariant supersymmetric theory.

sSu@B) sUQ) Y Y

o) 3 2 -+ 1

Us 3 1 2 1

D} 3 1 —-% 1 three generations

L, 1 2 < 1

E} 1 1 -1 1

H, 1 2 < -2

Hj 1 2 - -2

(0]} 8 1 0 -2

T, 1 3 0 -2

J’,‘ ! ! ! —2 two each

Jr 1 1 —1 -2

X 1 1 0 ? several
it is encouraging that we do not have to add ticular, #°? and % ° must both get nonvanishing
color-neutral particles with noninteger charges, vacuum expectation values to give masses to all
which as seen from (32) is another special feature quarks and leptons, the charged scalar components
of three generations.] The only remaining anomaly of H;, H;, T;, J;, and J; must have vanishing
is U(1)%, but this can be canceled in any number of vacuum expectation values to preserve charge con-
ways by adding SU(3) X SU(2) X U(1)-neutral fields servation, ¢; must have vanishing vacuum expec-
with various values of Y, one of which could be tation value to preserve color invariance, and the
the X; of Appendix B. neutral scalar component of T; must have zero or

We now must check that we have not reintro- small vacuum expectation value to preserve the
duced the possibility of renormalizable B- and L- usual result for the Z /W mass ratio. Finally,
violating interactions. To be specific, suppose that some of the 2°; must have nonvanishing vacuum
the only left-chiral scalar superfields are those list- expectation values. Otherwise the neutral U(1)
ed in Table II. Then the only trilinear F terms gauge boson Z would get its mass solely from the
which involve a pair of the left-chiral quark same 9 and 9 ;° vacuum expectation values as
and/or lepton superfields are those listed in Eq. Z°, and the effective low-energy neutral-current
(11), plus the new interaction (L; L;J; )p. Also, as couplings would be related by
long as we do not introduce new X; superfields
with ¥, = +1, there are no trilinear F terms which g _1g ’4g’? (34)
involve 1 or 3 of the quark and lepton superfields. mAZ% 16 m%Z° °
Hence B and L are automatically conserved by all
renormalizable SU(3) X SU(2) X U(1)x U(1)- (This is for (#°°) =(# "), for (H°)£(7 ")
invariant supersymmetric interactions, with B and the Z° and Z° are mixed.) Since quarks and lep-
L assigned conventional values for quark and lep- tons have larger values of Y than of the
ton superfields; zero values for H;, H;, O;, T, SU(2) X U(1) quantum numbers, the neutral-current
and X;;and B=0and L =+1 (—1) for J; (J1). coupling (34) is probably inconsistent with experi-
Also, there is no trouble with d =5 effective in- ment,'” and so we must suppose that Z° gets part
teractions; as long as the X are limited to certain of its mass from other neutral scalar fields 277
Y values (including 1, —2, 4, 5, etc.) nod =5 which carry nonvanishing values of Y. Unfor-
terms are allowed, B and L conserving or not. tunately, the question of whether or not the vacu-
The phenomenological viability of a theory with um expectation values have all these necessary

this set of superfields now depends on the pattern properties cannot be settled until we decide what

of scalar field vacuum expectation values. In par- sorts of X; superfields to include in the theory.
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The particular set of superfields that has been
introduced in this section of course represents just
one solution to the problem of canceling anomalies
without reintroducing an unsuppressed violation of
B and L conservation. It has the attractive feature
that it works only for three generations of quarks
and leptons. In addition, this solution has one oth-
er significant feature, of canceling anomalies in R
symmetries,” which will be discussed in a future

paper.

Added notes

(1) After this article was submitted for publica-
tion, I received a paper by N. Sakai and T. Yanagi-
da [Munich Report No. MPI-PAE/PThSS/81 (un-
published)] which deals with the problem of
baryon and lepton nonconservation in supersym-
metric theories, using an approach similar to that
presented here.

(2) M. Claudson and M. Wise have pointed out
to me that the supersymmetry-breaking solution of
the model presented in Appendix B is actually de-
stabilized by the introduction of leptons: With two
generations of leptons it is possible to find a deeper
potential minimum at which charge is broken and
supersymmetry is unbroken. They also note that
this new supersymmetry-preserving solution could
be avoided if there were an SU(2) triplet as well as
an SU(2)-singlet field with ¥=+4. One can go
further, and show that if all left-chiral superfields
have Y=+1, —2, and + 4, and if there are
enough superfields with Y= +4 to allow all pairs
of ¥= —2 superfields to have separate couplings
with them, and if £/g >0, then supersymmetry
must be spontaneously broken. (This is because a
supersymmetry-preserving solution would have to
have [0f(#)/3.%, ], for all scalar fields, and in
particular for all Y =4 fields, which would imply
that all ¥= —2 fields vanish; and it would also
have to have D, =0 for all gauge fields, and in

particular for the U(1) field, which would only be ]

26

possible if some fields with ¥ negative do not van-
ish.) Once one eliminates the possibility of a
supersymmetry-preserving solution, the heights of
the potential at the various local minima will gen-
erally be functions of the parameters of the theory,
so that the sort of solution found in Appendix B
will be the deepest minimum for at least a finite
range of parameters. Unfortunately, as Claudson
and Wise point out, it is very difficult to construct
a theory with enough ¥ = +4 fields to avoid a
supersymmetry-conserving solution without also
introducing a ¥* ABJ anomaly.

ACKNOWLEDGMENTS

I am very grateful to Glennys Farrar, Daniel
Freedman, Howard Georgi, Paul Ginsparg, Marc
Grisaru, Mark Wise, and Edward Witten for their
helpful comments.

This research was supported in part by the Na-
tional Science Foundation under Grant No.
PHY77-22864.

APPENDIX A:
SUPERSYMMETRIC LAGRANGIANS

This appendix will present expressions for the
Lagrangian in terms of ordinary fields, correspond-
ing to the general Lagrangian for left-chiral scalar
superfields S, (x,60) discussed in Sec. I:

L=[fr+[f(SF+[d(S,5)]p .  (AD)

First, let us establish our notation. Since we want
our results to appear at the end in a conventional
Dirac formalism, the superfield coordinate 6 in

S (x,0) will be taken as a Majorana four-compo-
nent spinor, and all spinors and associated matrices
will be four-dimensional. We define the com-
ponent fields .#, (scalar), s, (spinor), and .#,
(auxiliary scalar) of a left-chiral scalar superfield
S, by the expansion

1

Sy =T n—iV2OF €5, ) —i (6] €0, )M, + 5(07€y"0)3,.7 , + —‘/’3(0{ €0, )0k ey*d, s, ) — (070207, .

(A2)

Our metric is + + + —, and our Dirac matrices can be taken (in supermatrix notation) as

0 —io

ic 0

0 —i
—i 0

=

7= , =

with & the 2 X2 Pauli matrices. Also, 75 and € are two diagonal supermatrices
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1 0 ioc, O

0 —1p €=

V5=

0 i0‘2

A subscript L or R denotes multiplication with %( 1+7s5) or %( 1—7vs), respectively. Finally, 0 and s are
Majorana spinors, in the sense that

Sn=67’53s:9 6=€75B9* ,

where B=i7°. It is useful to note that §=s"B=s"eys.

The F term of any function of left-chiral superfields S,(x,6) is defined as the coefficient of 67 €6, in the
expansion of the function in powers of 6; and 6. Using the expansion (A2), it is straightforward to show
that the first term in the general Lagrangian (A1) has the form

3%f(#)

3f(S)
35,05 m ‘

[/ (9)]p=5 (sinesLm) iy

(A3)

The D term of any real functilon of left-handed chiral superfields S, (x,0) and their adjoints S (x,0) is de-
fined as the coefficient of — 7(6T66)2 in the expansion of the function in powers of §; and 6;. By a still
straightforward, though somewhat tedious, calculation, this gives the last term in (A1):

* l ad ad & 1 * azd
== 0 —50, 0t ——————
[d(S’S )]D 4 af,, af: n 2 pu” n m af,,af‘,‘,,

1
[]f,,-i—‘z

3%d
3.7 37"

9%d

1 * *
————— 4 -9, 0"
07,07, T w0 m

+ 53, IS

9%d

3%d P 3%d
3.7,0.5%

— 22 3 3,7
3705087, * ! !

LT
S(SL €Y"SRm ) _—
+2 Ln 7 Rm ay”ay:'nay? 23

— %(s,,Teyf,y"a#sm )

~—i(sTes )(sTes ) o'd + A .///*——a—zd——
4 PLnSLm TERITRETS 5 9.7 S Y0 s, 0.%,

j 3%d ] 9%d
— é.///: (sLT,,l e ————+ L.///,,(SRT,,, €Sg;)

—ge (A4)
355,07 2 37,05 37"

Note that although d and f are here not constrained to be polynomials, the Lagrangian (A1) is still quadrat-
ic in the auxiliary fields .#, and .#}. Hence by requiring that the action be stationary with respect to these
fields, we can obtain the closed-form result for .#:

3% .
35 351,05,

My =Jum = é(sLTkesLl)

ar "
2 ] ] (A5)

where J is the ubiquitous matrix

3%d

Jom = W . (A6)

Inserting this in (A3) and (A4) and discarding terms that vanish on integrations, we find the Lagrangian
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*
~1] 9 0
L= *Jnma,‘y,,aﬂf;, . {& —a%m‘ —%Jnm(snTeySy“ausm)
LT 3%f _1 of 8%d
1 il
+ 5 (SLn€SLm) 0707, M sy artas o
* *
Lo 3 f | er 3%d
L —9 |
+ 7 (SRn€SRm) 07 07 Tk [afk 37070
1, T 9%d d%d *
+ > (s, €V*Smr) 0,51 — 9,5
2L €Y SmR) S o a5t a7, BT o a5t ot P

3*d
35,05 0.5 t05%

1, T T
— 7 (8,1 €S, N(SjRESKR)

(This can be easily written in a more familiar nota-
tion by using the relation s “e=5ys.) This result is
already well known'* for the special case of a qua-
dratic D term and arbitrary F term, where J is a
constant matrix.

It is interesting that even though we have al-
lowed f(S) and d(S,S*) to contain terms of arbi-
trarily high order in the superfields, the Lagrang-
ian has turned out to involve only terms quadratic
and quartic in the fermion fields. Furthermore,
the quartic fermion interactions are only of the
LLRR type.

It is not difficult to extend these results to gauge
theories, or to Lagrangians with extra derivatives.
It may be that these results will prove useful not
only for the analysis of effective B- and L-
nonconserving interactions, but also for the study
of radiative corrections in renormalizable super-
symmetric theories, because any term that does not
appear in the most general supersymmetric La-
grangian cannot be produced by radiative correc-
tions.

APPENDIX B: AN ILLUSTRATIVE MODEL

One necessary condition that must be met in or-
der to apply the results of Sec. V to a specific
model is that when the quark and lepton super-
fields are omitted the model must have an absolute

3% 3%d
3F20I S )y 3.5 ,0550.5%

-1

+g (A7)

] .

potential minimum at which the matrix 2,8,D,¢,
is positive definite. For a proof that this is possi-
ble we may refer to a specific version of a class of
models developed by Fayet.> To the best of my
knowledge, Fayet has not yet presented a complete
analysis of the symmetry-breaking solutions of his
models, so I will go into some detail here.

The superfield content of this model is limited
to just the left-chiral scalar quark, lepton, and
Higgs superfields and SU(3) X SU(2) X U(1) X U(1)
gauge vector superfields described in Secs. II—V,
plus one additional SU(3) X SU(2) X U(1)-neutral
left-chiral superfield X;. We assume that all
quark and lepton superfields have U(1) quantum
number ¥ = + 1, the Higgs superfields H; ,H;
have Y= —2, and the neutral superfield X; has
Y= +4. With these quantum numbers, the most
general renormalization interaction among the
chiral scalar superfields has the form

gu(QLURH} )r+8p(QrDrHy )p+85(L ERHy)
+gH(HLHl,,XL )F +H.C.

In accordance with the discussion in Sec. V, we are
interested in the case where gy, gp, and gg are
much smaller than the gauge couplings, and as an
approximation we can begin by dropping these
terms altogether. With all quark and lepton
scalars set equal to zero, the potential takes the
form
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V= gy [ | ey |2+ () | 2L |2 | 2, 12]+% [g(y/}i ?;/L>+g<y/yw/,;>]

2
+5 %(y/}zq )— 52—(24*21 )&

where £ and £ are the coefficients of the term
[V,.]p in the Lagrangian for U(1) and U(1),
respectively. [We are now using a somewhat less
schematic notation for SU(2) indices: #°; and 57
are two-component columns, € is the totally an-
tisymmetric matrix with €;,=+1, and t is the
matrix of electroweak isospin.]

It is now straightforward to show the following.

(a) At the minimum of the potential, Z”z tXr
and 77, iT??/ 7 will be parallel or antiparallel ac-
cording as 2gy? is greater or less than g2 We will
adopt the assumption that

2%n’<g’, (B2)

because then with these vectors antiparallel we can
[by an SU(2) transformation] bring the Higgs
doublets at the potential minimum to the form
>
0

0

Hp= 0

, Hp= ) (B3)

corresponding to conservation of electric charge.
(b) There is no stationary point of the potential
with %7, 9;°, and 2, all nonzero.
(c) The minimum of the potential lies at a point
with 90540, 571 °+0, and £, =0 if and only if

’ 2~~
2 l,gzg[ 2 < ~2§g 2" (B4)
g8 +8' "—28y" 8% +gy

Equation (B2) ensures that the denominator on the
left-hand side is positive so (B4) requires in partic-
ular that £ should have the same sign as . We as-
sume that (B4) is satisfied because we want (¥ )
and (;°) to have nonvanishing values so that all
quarks and leptons can get small masses when the
Yukawa couplings are turned on.

(d) Under the conditions (B2) and (B4), the
Higgs fields at the minimum of the potential have
the values

02 —
|9fLOI e 2% . eg’ ‘
| L 882 +gy’ g +g't—2gy’
(B5)

2

12
4 [_2g~(9f;y/L)—2§(%iT%i)+4§| L l2+€] ,

(B1)

With this information, we can now compute the
mass-squared matrix (18) of the scalar super-
partners of the quarks and leptons. Our result is

___—&
‘/”2= g2+g,2g 2g 2 g2t3_(g2_—'2gH2)y
—<4“5H

gneg 5
g’ +88°

where 13, y, and 7 are the SU(2), U(1), and U(1)
generators for the corresponding quarks and lep-
tons. The matrix y is positive definite (in the spe-
cial case considered here, it is the unit matrix) and
the conditions (B2) and (B4) set no upper bound on
£, so as long as gy and g are nonzero we can clear-
ly make .#? positive by making £ sufficiently
large.

Incidentally, (B6) shows why the field 2°; has
to be added to the model, even though its value
vanishes at the minimum of the potential.

Without 2°; we would in effect have g =0, and
although the conditions (B2) and (B4) could still be
satisfied, the matrix .#? could not be positive de-
finite.

For comparison, we also note the vector-boson
mass-matrix elements

(B6)

my?=38%| L |2+ |7 |P)
_ 2’
57+ gn>
m22=(g2+g'2)mW2/g2 ,
mf2=16§2mW2/g2 ,
myz*=gg(| 7 |*— | #L |?)
__ 25g's8
g2+gl 2_28}12

It is interesting that it is £ alone that sets the scale
o~f the W mass and the overall scale of the Z and
Z masses, while & only determines the Z-Z mixing.
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