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The idea of supersymmetry at the weak scale should be tested without regard to the Planck-scale ori-

gin of any specific model. A class of low-energy supersymmetric theories is derived from four assump-
tions: minimal field content, R-parity conservation, absence of quadratic divergences, and naturalness of
near flavor conservation. Current experiments are testing and constraining this wide class of supersym-
metric models, and not just a specific N= 1 supergravity model.
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Although we know electroweak symmetry breaking
occurs at a scale of 250 GeV, the mechanism for such
symmetry breaking is still undetermined. A supersym-
metric generalization of the standard model offers a pos-
sible explanation of SU(2) & U(1) gauge symmetry
breaking. Such an explanation avoids the standard prob-
lem of fundamental scalars: sensitivity to high-energy
physics through quadratically divergent radiative correc-
tions.

Of course, supersymmetry must be broken at some
scale since we have not yet observed any of the partners
of the observed low-energy spectrum. Because we know

the scale of electroweak symmetry breaking, the scale of
mass parameters for these operators is known, but the
precise form for these operators is a model-dependent
question. It is crucial to determine the model depen-
dence of the experimental tests for supersymmetry. In
particular, do current collider experiments test weak-
scale supersymmetry, or only a specific model of super-

symmetry breaking?
In general, these experiments are interpreted as con-

straints on the parameters of the minimal low-energy su-

pergravity (MLES) model. ' This makes a certain
amount of sense as it may be the simplest viable model
of low-energy supersymmetry. However, MLES makes
very specific assumptions about physics at energies much
higher than those we are testing: It requires an %=1
supergravity theory at the Planck scale with a superpo-
tential of a very special and poorly motivated form.
Suppose that experiments exclude this model, or demon-
strate that superpartner masses are such as to make the
model uninteresting. %'e then learn only that the techni-
cal assumptions underlying the specific model are in-

correct: This particular version of N= 1 supergravity is

not the correct Planck-scale theory. However, this inter-
pretation of the experiments does not rule out the possi-
bility of low-energy supersymmetry. Other relatively
simple models of low-energy supersymmetry are not

necessarily excluded. Such a model might have nothing
to do with W =1 supergravity, or it might arise from su-

pergravity in an unconventional way.
Because it is weak-scale supersymmetry which we

wish to test, we find it very unsatisfactory to test the idea
of low-energy supersymmetry by individually testing the
consequences of specific Planck-scale models. In this
Letter, we show that current collider experiments con-
strain weak-scale supersymmetry in a much more gen-
eral way. In fact, it is no harder to test a general class of
low-energy supersymmetric theories satisfying certain
mild constraints than to test the MLES model. Con-
structing a Lagrangian premised on our low-energy as-
sumptions generalizes the MLES model in such a way
that the experimental tests of supersymmetry assume
more wide-ranging validity.

A class of low-energy supersymmetric models can be
constructed by imposing some quite mild assumptions
about the structure of the low-energy theory. The high-

energy origin of the models is irrelevant to this discus-
sion. We require that the following hold at the weak
scale.

(1) The effective theory has a minimal particle content
consistent with explaining the observed particles and be-
ing supersymmetric. This is by far the strongest of our
assumptions, but some such assumption must be made,
and it is a reasonable starting point since we wish to test
the simplest theories first.

(2) The effective theory conserves R parity. If one al-
lows all operators consistent with supersymmetry and the
gauge symmetry, lepton- and baryon-number conserva-
tion would be badly violated, in contradiction to the
lo~er bound on the proton lifetime. The simplest way to
avoid such operators is to impose R parity which allows
the fewest possible interactions. However, because there
is no clear theoretical preference for R parity, it is also
important to explore other models in which this assump-
tion is relaxed and alternative symmetries such as baryon
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number, lepton number, or Z~ are imposed. We also
will be assuming that R parity is not spontaneously bro-
ken.

(3) The eff'ective theory has no quadratic divergences.
The absence of quadratic divergences is a major motiva-
tion for low-energy supersymmetry, and we allow all
supersymmetry-breaking operators providing they do not
cause quadratic divergences in our eff'ective theory.

To avoid quadratic divergences, we have only to prohi-
bit all dimension-four supersymmetry-breaking interac-
tions. To see this, notice that supersymmetry breaking is
now accompanied by a mass parameter M, so that a
quadratic divergence in an operator would have a
coefficient proportional to A M, where A is a cutofl
scale. Only dimension-one operators could have such a
coefficient. In theories with no scalars which are singlets
under all symmetries of the theory, such an operator
cannot occur.

In theories with singlet scalars, it is also necessary to
limit the form of the d=3 supersymmetry-breaking
terms: For example, trilinear scalar interactions of the
form ppp* and gaugino mass mixing with chiral fer-
mions A, y must be excluded. However, models derived
from N 1 supergravity do not lead to such operators,
but in a general model, they could be present.

(4) The effective theory maintains a Glashow-
Iliopoulos-Maiani-type mechanism. We require that
flavor violation is present only in terms proportional to
the Yukawa coupling matrices A, U, XD, and X,q. These
matrices break the individual chiral symmetries of the
three flavors of quark doublet, up quark, down quark,
lepton doublet, and right-handed lepton. Were these
matrices zero, the symmetries would be exact. Which
symmetry-breaking Yukawa matrix is present in any
particular flavor-violating interaction is determined by
the chiral-symmetry structure of the operator. This will

be elaborated below in the explicit realization of the

—,
'

mggg+ —,
' m„ww+ —,-mbbb+ H.c. ,

supersymmetry-breaking Lagrangian.
The MLES also has the first two assumptions. The

change in viewpoint is to replace the technical assump-
tion of N=1 supergravity with assumptions (3) and (4).
The advantages of this generalization are as follows.

(i) Clearly, these assumptions are much milder than
the strong assumptions of MLES, which is one of the
many possible models satisfying our criteria.

(ii) These assumptions are probably necessary for an
interesting low-energy supersymmetric theory. Require-
ment (3) is necessary for a solution of the gauge hierar-
chy problem. Requirement (4) is the minimal assump-
tion which guarantees the theory is consistent with
stringent low-energy restrictions on flavor violation.

(iii) Experimental tests of supersymmetry have a more
general interpretation. If this class of models is exclud-
ed, we have learned something important: Assumptions
(1) or (2) are too strong, or else weak-scale supersym-
metry is ruled out.

(iv) Our class of models, which we call minimal
effective supersymmetry, is no harder to test or constrain
than MLES models. Experimental constraints have
much wider applicability. Most additional parameters of
this class of models will be irrelevant to experimental
tests.

We now construct the most general Lagrangian con-
sistent with our assumptions.

The first two assumptions imply that the supersym-
metric potential is the supersymmetric generalization of
the standard model. The gauge group is SU(3) xSU(2)
xU(1) and the supersymmetric interactions are de-
scribed by the superpotential

f=UQUQH2+D'XDQH)+E9pLHi+I2HiH2. (1)

The most general supersymmetry-breaking operators al-
lowed by our assumptions are the following: gaugino
masses,

(2.1)

"pure" trilinears (PpP),

AUU'AU(I+ciXU kU+C2~p ~p+ ' ' ' )QH2+ADD ~D(l+C3~D ~p+C4~U ~U+ ' ' ' )QH1

+AFE'Ap(l+cPF+Ap+ )LHi+H. c. ,

"mixed" trilinears (ppp ),

AUU XU(I+C&XU XU+ C2~D ~D+ )QHI +ADD ~D(I+C3AD ~p+C4XU ~U+ ' )QH2

+AF'E'Xq(I+C5A~ AF. + )LH2 +H.c. ,

scalar p*p masses,

mH, Hi Hi+mH, H2H2+mgQ*(1+C6AUXU+C7kpkp+ . )Q+MUU'*(I+csAUXU+ )U'

+mp. D'*(I+CP pkp + . )D'+ml L*(I+cipkF+. kg+ ' ' ' )L+mF.E'*(I+ci lkpkp + . . )E',
and a 43& Higgs-boson mass-mixing term,

BH )02+H.c.

(2.2)

(2.3)

(2.4)

(2.5)
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The parameters c; are in general independent. The unit
matrix I denotes terms which are flavor diagonal. The
terms proportional to two powers of the Yukawa ma-
trices are the leading-order flavor-symmetry-breaking
effects. The "+ . " refers to higher-order terms in

flavor symmetry breaking.
The Yukawa couplings kv D ~ break the chiral sym-

metries via operators with specific transformation prop-
erties. Once these transformation properties are
specified via Eq. (1), they are respected in all of the
terms in Eqs. (2). This excludes terms such as
Q*~u~u+Q.

Such flavor-violating terms must be present to guaran-
tee renormalizability of the theory. For example, radia-
tive corrections to the squark mass matrix will generate
divergences which can be absorbed in mg, c6,c„.. . .

The precise values of these coefficients are sensitive to
the flavor structure at higher energy scales. If they van-

ish at some unification scale Mv, they will be generated
by renormalization-group scaling of A, A', m to the
weak scale and would be of order (I/16m )In(Mu/Mii ).
Higher-order terms would be similarly calculated from
higher loop diagrams. However, one would have to as-
sume one had completely specified the theory between
the weak and unification scales in order to precisely cal-
culate the values of these parameters. Moreover, since
there must be flavor violation in the supersymmetric po-
tential (in order to generate known masses and mixings),
it is likely that even at the unification scale Mv, there is
flavor violation present in the soft-supersymmetry-
breaking terms generated by renormalization-group scal-
ing above Mv.

The constants c; and c would also arise if the particles
and superpartners were composite states. If the preonic
theory had a global SU(3) flavor symmetry acting on
the left-handed quark doublets, left-handed lepton dou-
blets, right-handed up quark, right-handed down quark,
and right-handed lepton, with flavor violation proportion-
al to the matrices ku D ~, such a flavor structure would
also arise. We have written the most general renormal-
izable interactions with c; and c strong-interaction
coefficients determined by the underlying theory. In
such a theory, higher-dimension nonrenormalizable in-
teractions could also be important.

In general, unless we have completely specified the
high-energy theory and can thereby derive the low-

energy Lagrangian, it is most useful to allow for a gen-
eral form for the low-energy Lagrangian, with restric-
tions imposed by low-energy phenomenology. In this
way, our Lagrangian is not necessarily sufficiently gen-
eral, for there might not have existed independent chiral
symmetries on each of the left- and right-handed quark
and lepton fields (e.g. , many grand unified theories).
With a particular model, one can deduce the global sym-
metry group allowed by the interactions, and calculate
the flavor violations induced by scaling (see Ref. 7, for

together with the boundary conditions at Mu,

m- =m- =mb, Av =AD =Ay. =A,

m =m =m =m =m =m =m (3.2)

C) =C2 ' ' ' =C)) =0,
and at low energies, for example,

3 Mvc2=C4=
2

ln
16m' Mw

3+g -' Mvc6=c7=
2

ln
8z

(4)

Clearly, these relations are uncertain because of the
many assumptions about the high-energy theory.

We now discuss the experimental implications of the
effective low-energy supersymmetric model and compare
them to those of the MLES model. We will see that it is
no more difficult to constrain the former, despite the ap-
parent proliferation of parameters. We will see that
most searches and tests are in fact identical for the two
cases.

The Higgs-boson mass relations for the MLES model
can be derived from the three unknown parameters of
the Higgs-boson potential: mH„mH„and 8. In minimal
effective supersymmetry, there are these same three pa-
rameters, so the Higgs-boson mass relations will be the
usual ones.

In both models, the absence of Z decays to charginos
and neutralinos constrains the parameters p, 8, m„-, mb,
and tanp=vq/v~, where v; is (H;). In either case, a
unification condition could relate the Majorana w and b
masses.

The hadron-collider searches for squarks and gluinos
decaying with a missing energy signature are usually

example). It is moreover possible that flavor violation is

not precisely proportional to Yukawa parameters. Nev-
ertheless, in a viable theory, our description of flavor
violation should approximately describe flavor-changing
effects at low energies. With explicit models, deviations
from our prescription can be explicitly calculated.

Of course, the MLES model is a special case of our
effective low-energy supersymmetric model. It is derived

by assuming supergravity-induced flavor-symmetric
soft-supersymmetry-breaking parameters at the Planck
scale, that the scaling between the Planck and unification
scales can be neglected, and the existence of a desert be-
tween the weak and unification scales. With these as-
sumptions, one can derive the values of the soft-
supersymmetry-breaking parameters at the weak scale
by renormalization-group scaling and applying the as-
sumed boundary conditions at Mv.

One thereby derives

(3.1)
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taken to depend on two parameters, the gluino mass m-
and the squark mass m- which is assumed to be the mass
for five degenerate flavors of left- and right-handed
squarks. In low-energy effective supersymmetry, the
only difference is that the latter assumption is relaxed:
uL, dL, cL, sL, and bt. will be degenerate with mass m(t,
utt and ctt will be degenerate with mass mU„and dR, stt,
and btt are degenerate with mass mD. . The top squarks
may be heavier or lighter than the up and charm
squarks.

One might expect flavor violations to be very different
in MLES and the effective supersymmetric model.
However, there is in fact very little difference. Most of
the parameters in (2.2), (2.3), and (2.4) do not violate
flavor because they are diagonal in the mass eigenstate
basis. In effective supersymmetry all flavor violation is
described by the usual Kobayashi-Maskawa matrix and
the parameters c2, c4, cz, c4, c6, and c7. In fact, at lead-

ing order, there are only four relevant flavor-violat-

ing parameters, AU =AUv2c2+~Uv ~c2, AD ADU ~c4+
ADv2c4, c6, and c7. In fact, probably only c6 and c7
could be experimentally observed. This is because the
two other parameters are suppressed by an extra power
of a quark mass. Although k, might be large, flavor
violation proportional to X,, will always exceed that pro-
portional to )., Xb The on. ly measurable difference be-
tween the effective supersymmetric model and MLES is

that flavor violations in the up and down systems are de-
scribed by two independent parameters, rather than one
[as seen in Eq. (4)l.

A better way to distinguish the models is the mass ra-
tios mg. mU. .mD. .mL. mz. . Because each type of fermion2. 2. 2. 2. 2

could in principle have a different mass parameter, these
masses can be independent. Of course, even in MLES
the relation between these parameters can only be deter-
mined with full knowledge of the high-energy theory
(e.g., a unification condition and the desert hypothesis).
It is impossible to really test whether the low-energy
theory is derived from N= I supergravity.

A potential advantage of minimal effective supersym-
metry is that the parameter p is no longer required in the
supersymmetric potential because our general soft-
symmetry-breaking potential permits a 8 term which is
in principle unrelated to the parameter p. In the MLES
model, it is necessary to take the parameter p to be of
the order of the weak scale because the 8 parameter is

proportional to p, and nonzero 8 is required for suitable
electroweak symmetry breaking. It is hard to under-
stand why this parameter is roughly the same size as
terms in the supersymmetry-breaking potential. The
effective supersymmetric model allows p to be zero. The
neutralino and chargino mass matrices would then be

much more predictive. One chargino would be lighter
than the W and one neutralino would be massless at tree
level, with interesting phenomenological consequences.

The minimal low-energy supergravity theory has two
CP-violating phases in addition to the phase 6 of the
standard model, which can be taken to be the phases of
A and B. Even in models with a mechanism for setting
the strong CP-violating phase 0 to zero, radiative correc-
tions to the neutron electric dipole moment constrain
these phases to be less than 10 -10 . ' It is a failing
of the model that a mechanism for explaining these small
phases has not yet been found. The effective supersym-
metric model also has this problem. There are now

phases in AU D ~, AU D F. , and 8, for example, which are
similarly constrained. In a subsequent paper, we show
that the addition of a single chiral superfield allows us to
construct an R-invariant supersymmetric model in which
the number of parameters of the low-energy theory is
significantly reduced. In particular, me, m-, mb, AU D ~,
AUD q, and p all vanish. This R-invariant low-energy
effective supersymmetric model suppresses radiative
corrections to the neutron electric dipole moment.
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