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In order to translate nonobservation of events of a type not expected in the standard model
into bounds on particle masses, one necessarily has to make some specific assumptions. We
systematically study the model dependence of the bounds that can be derived from the negative
outcome of sparticle and Higgs-boson searches at CERN LEP as well as from the measurement of
the total and nonhadronic decay widths of the Z boson. We also show that the constraints from
direct searches taken together with those from the width measurements imply stronger bounds
than those obtained using either strategy by itself. Regarding model dependence, we find that
the bounds on charged-sparticle and sneutrino masses that have been obtained with the usual
assumptions for their decay patterns are, in fact, generally valid within the framework of the
minimal supersymmetric model (MSSM). In models with a conserved 8 pa. rity, these bounds
can be significantly reduced only by the ad hoc introduction of two charged SU(2)-singlet and/or
an additional pair of SU(2)-doublet superfields. The bounds on neutralino masses, on the other
hand, are very sensitive to even minor changes of the minimal model. At present, even in the
MSSM the mass of the lightest neutralino is only mildly constrained and, in fact, cannot be
bounded in models with just a slightly altered neutralino sector unless a supersymmetry signal
is found. We also comment on the implications of a possible negative outcome of sparticle
searches in future experiments.

I. INTRODUCTION

Supersymmetry (SUSY) is a very attractive extension
of the well-established standard model (SM) of strong
and electroweak interactions. In spite of the fact that
there is no evidence for any deviation from the SM in

the data either from the increased luminosity runs at the
CERN SppS and the Fermilab Tevatron or from the de-

cay properties of the Z boson derived from the sample
of 10 Z 's obtained last year at the SLAC Linear
Collider (SLC) or CERN LEP experiments, the unnatu-
ralness of the SM symmetry-breaking sector strongly sug-
gests the existence of new physics at a scale A 1 TeV.
In particular, the motivation for searching for sparticles
with rn & A remains strong especially because model cal-
culations suggest that the lighter sparticle masses may be
as small as few tens of GeV provided the heaviest, of these
have masses & A. The lack of experimental evidence for
any physics beyond the SM is, of course, interpreted as
a lower limit on sparticle masses.

These mass bounds are necessarily model dependent.
First, the decay of any sparticle, and hence its experimen-
tal signature, depends on the properties of the daughters.
Since in many models sparticles only decay into other

sparticles the signature of any sparticle depends on the
properties of other sparticles lighter than the parent.

In most of the analyses that lead to bounds on sparticle
masses from the collider data, the production rate is only
dependent on the gauge couplings of the sparticles and so
is fixed by their SU(3)xSU(2)xU(1) quantum numbers
(this is what makes SUSY somewhat predictive in the
first place). In practice, of course, this is complicated by
the fact that the sparticles are model-dependent mixtures
of states with definite gauge quantum numbers.

These ambiguities exist even within the so-called mini-
mal supersymmetric modeli (MSSM), which is essentially
a direct supersymmetrization of the SM; well-known ex-
amples are the dependence of bounds on the masses
of strongly interacting sparticles on details of the elec-
troweak gaugino-Higgsino sector, and the dependence
of the Z ~ charginos decay width on the relative mag-
nitude of the gaugino and Higgsino components of the
ch al glno.

In this paper, we systematically study the model de-
pendence of bounds on sparticle masses that have re-
cently been obtained from the study of Z decays at SLC
and LEP.4 Vfhere appropriate, we also comment on fu-
ture search strategies. We restrict ourselves to models
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with a conserved R parity, where sparticles can only be
produced in pairs and the lightest supersymmetric parti-
cle (ISP) is stable and escapes detection. We focus on
this case since it is already well known that R-parity-
violating models can lead to very diA'erent yet distinctive
experimental signatures since the LSP is unstable. Since
a (stable) LSP has to bes electrically and color neutral
unless it is very heavy (in which case its mass exceeds

A) it can only be (i) the scalar partner of the neutrino,
the sneutrino (v} (or in extended models a neutral R-
odd spin-zero particle), (ii) the neutralino defined as an
R-odd spin-2 neutral sparticle or (iii) the gravitino. We
ignore Che last of these possibilities since, in this case, the
next-lightest sparticle is very long lived (unless the grav-
itino is ultralight ) and so behaves as a canonical LSP in
collider experiments provided it is neutral.

The main purpose of this paper is to study the ex-
tent to which the bounds on sparticle masses that are
obtained from the data on the decays of Z, and derived
within the framework of the MSSM, are dependent on
the model assumptions. To quantify this, we have con-
structed "minimally nonminimal" models to evade each
of these bounds. It is not our aim to advocate any of these
models, some of which are rather contrived. It should be
stressed that the main argument that favors the MSSM
over other supersymmetric models is its simplicity. How-

ever, there are other only slightly more complicated mod-
els which can be argued to be no less (and sometimes,
even more) appealing than the MSSM. For instance, the
model with an additional Higgs singlet does not necessi-
tate the introduction of a dimensionful parameter in the
superpotential. We show that some bounds like the one
on the lightest neutralino, discussed in Sec. II B, can be
evaded by minor modifications of the MSSM. We believe
that it is important to stress that such bounds should not
be considered to be "generic" bounds on supersymmetry.
In contrast, we find that many bounds, e.g. , the one on
the lightest chargino, can only be evaded by adding sev-
eral extra superfields and/or unnatural tuning of several
parameters; these bounds obviously have a much more
general validity. However, even these more complicated
models should not always be dismissed lightly. For in-
stance, it turns out Chat the minimal extension of the
MSSM (discussed in Sec. III B) necessary to evade the
chargino bound also allows for the purely radiative gen-
eration of neutrino masses, and hence perhaps for a nat-
ural solution to the solar-neutrino problem. But quite
apart from these considerations, we believe it is impor-
tant to recognize in just what classes of models each of
the recently published limits on supersymmetric particle
masses is valid.

Apart from the various bounds that have been ob-
tained by directly searching for SUSY signals, we will
also make use of the fact that the total and nonhadronic
widths of the Z have been measured and found to be in
good agreement with the SM. The 90Pg upper limits on
any non-SM contributions to these quantities are

bl"(8, total) ( 96 MeV,

bI'(Z, nonhadronic) ( 38.3 MeV. (1.2)

The bound (1.2}has been derived from the hadronic peak
cross section under the assumption that the hadronic de-
cay width of the Z boson is as given by the SM.

The remainder of this paper is organized as follows.
In Sec. II, after a brief recapitulation of the assump-
tions of the MSSM, we discuss the bounds on sparticle
masses resulting from negative results for direct searches
for sparticles and the neutral Higgs boson, as well as
from the precise measurement of the Z width and the
hadronic cross section at the peak. The interplay be-
tween the bounds that can be obtained using diA'erent

methods is especially emphasized. In Sec. III, we discuss
various extensions of the neutralino and chargino sectors
of the MSSM that could lead to substantial modifica-
tions of the bounds obtained in Sec. II. In Sec. IV, we
discuss alterations of the MSSM that could potentially
modify the bounds on slepton masses. Section V can-
tains a summary of our results and an outlook for the
future.

II. THE MINIMAL MODEL

sin Og 3 n,
p2 —— — cos Ogr py,

em 5 O'em
(2.1)

where ps, p2, and pi are the masses of SU(3), SU(2), and
U(1) gaugino, respectively.

Conditions (i) and (ii) are just the statement that the
matter fermion and gauge boson content are as in the
three-generation SM. The significance of (iii) is often
not spelled out. First, we note that in supersymmetric
theories one cannot introduce new Higgs bosons with-
out introducing their Higgsino partners, which via their
mixing with the gauginos and Higgsinos of the MSSM

When experimenters quote bounds on sparticle masses,
they are usually meant to be valid within some region of
parameter space of the MSSM. A precise definition of this
model seems in order. Like all "realistic" SUSY models,
the MSSM is a field theory with supersymmetry softly
broken at the scale A (discussed in Sec. I) since otherwise
the smallness of M~ is diFicult to understand without
resorting to fine-tuning. In addition, the minimal model
has the following deAning properties.

(i) The gauge group relevant for TeV scale physics is

SU(3) x SU(2) xU(l)i, i.e., there are no heavy gauge
bosons beyond the lV and the Z .

(ii) There are no new matter superfields besides those
containing the quarks and leptons present in the SM.

(iii) The Higgs sector contains just the two doublet
superfields needed to give supersymmetric masses to all
the quarks and charged leptons and to cancel anomalies.

(iv) The SUSY-breaking Majorana masses of the dif-
ferent gauginos are equal at the unification scale. Since
the renormalization-group (RG) scaling of these masses
is identical to that of the squared gauge couplings, we
have
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can change the couplings of all the charginos and neu-
tralinos. This, in turn, can change the decay patterns
of all unstable sparticles. The additional Higgs bosons,
via their gauge interactions, can also mediate decays of
charginos and neutralinos, thereby possibly altering the
signatures expected from the MSSM. From conditions (i)
and (iii) it follows, assuming that R parity is conserved,
that the MSSM contains two charginos W, W+ (withI— ( m- ) and four neutralinos Z;, Zi being the

+
lightest and Z4 the heaviest.

Condition (iii) is obviously significant even in the non-
supersymmetric sector. For instance, from the absence
of the decays Z ~ Z* H and Z ~ HP, the LEP
experiments have been able to significantly constrain the
Higgs sector of the MSSM which is determinedi by two
additional parameters, which may be taken to be v'/v the
ratio of the vacuum expectation values of the fields, h'

and h that give masses to the T~ ———
&

and 73 —— + 2
fermions, respectively, and one of the scalar masses. Here
H and P are the lighter neutral scalar and pseudoscalar,
respectively. Since mt )) my, all known models predict
v' ( v. Assuming that this is indeed the case, the ab-
solute bounds from the LEP experiments can be written

MH & '21 GeV, (2 2)

v'/v ( 0.77, (2.3)

m- =) ps )& 50 GeV (2.4)

We now turn to the discussion of the restriction on the
parameters of the MASM obtained from the lack of any
evidence for SUEY in Z decays at LEP, beginning with
sleptons.

where it is understood that the bound on the Higgs boson
may be significantly stronger than (2.2) depending on
v'/v. As we will see, (2.3) has important consequences
for slepton and neutralino searches.

Finally, we note that (iv) enables us to translate ex-
perimental bounds on the gluino mass I- =

~ ps ~
to

those on pi and p2 via Eq. ('2.1). As stated above, (2.1)
follows from the equality of masses (which, admittedly,
may be altered by the introduction of complicated gauge
kinetic terms) at the unification scale and is independent
of the details of the physics between the weak and unifi-
cation scales. This distinguishes (2.1) from any relation
between squark and slepton masses (beyond those im-
posed by SU(3) x SU(2) x U(l) gauge invariance), which
depend diA'erently on the degrees of freedom contribut-
ing to their evolution than do the gauge couplings. Lower
bounds on the gluino mass in the vicinity of 80 GeV
have been obtained from the non-observation of missing
transverse momentum events at hadron colliders, assum-
ing the gluino always decays via g ~ q q Zq. However,
this bound can be considerably relaxed if other decays
are possible. In obtaining our bounds on p2 and pi, we
will conservatively assume that

A. Sleptons

Within the MSSM, there are three different kinds of
sleptons: sneutrinos v, and the superpartners tL, and ltt
of left-handed and right-handed charged leptons.

1. Sneutrino8

A light v, being neutral, is a candidate for the LSP. If
this is the case, or if Z~ is the only sparticle lighter than v,
the sneutrino is either stable or decays invisibly via v ~
v Zi through either the (usually small) Z-ino component

of Z, or via loop diagrams. Thus, sneutrinos lighter
than M~/2 will contribute to the invisible decay width of
the Z boson without altering the hadronic decay width
from its SM value so that the bound (1.2) is applicable.
This then implies that

m- & 28.9 GeV(only one light v),
(2 5)

rn- & 38.4 GeV(three degenerate light v's)

at 90% C.L.
These bounds are not valid if the v has a sizable

hadronic branching ratio. We will see in Sec. II B that
within the MSSM the decay v —+ W + 1 is not possi-
ble for sneutrinos that violate the bounds (2.5), due to
strong lower bounds on m- . That leaves the possibility

of v —+ v+ Z2 decays with subsequent hadronic decay of
Z2

In the limiting case where Z2 only decays hadronically,
sneutrino pair events would contain several jets together
with a large amount of P~ from the escaping neutrinos.
For sneutrino masses violating (2.5), the branching frac-
tion for Zo decays to vv always exceeds 1.5 % so that

10s such characteristic n jet + gz would already be
present in the data sample of the four LEP experiments.
If rn- m-, so that the neutrinos are very soft, then

gg V

v — pair events would have the signature of Z~Zq events
but occur at a considerably larger rate. They would thus
have been detected by the ALEPH search for neutrali-
nos discussed in the next subsection. We thus conclude
the bounds (2.5) are almost certainly applicable; even if
rn- rn-, so that the ALEPH bound on m- does not

ZQ Zg Zg

apply, (2.5) probably does, since, once again sneutrino
decays are almost invisible. We note that it is possible
that v —+ vZ2 —+ vZ~II, in which case each sneutrino
pair event will contain four 6 quarks.

2. Left handed charged s-leptons

Experimenters at LEP and SLC have searched4 for
charged sleptons, assuming 100% branching ratio for the
direct decay into lepton + Z~. However, within the
MSSM, these bounds are already obsolete, as far as left-
handed sleptons are concerned. The reason is that the
masses of these sleptons are related to the masses of the
corresponding sneutrinos:
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(2.6)

m- &498GeV
ll. (2 7)

for any left-handed slepton. This bound improves to 55.8
GeV if all sneutrinos are degenerate.

8. Bight-handed charged sIeptons

Their masses are not related to sneutrino masses. I"ur-
thermore, they couple only fairly weakly to Z bosons;
even a massless lR contributes only 17.6 MeV to the Z
width. Even the bound (1.2) does therefore only lead to
a nontrivial constraint if all three generations are degen-
erate, in which case it only implies

m- & 20 GeV
&R

(three degenerate IR) (2 8)

at 90 % C.L. We therefore have to rely on the direct
searches. 4 The best bounds to date come from OPAL
and exclude the regions m- ( 42 GeV, m- & 41 GeV,~R PR
and m- ( 40 GeV if the slepton always decays into
the corresponding lepton and a light, stable neutralino,
though the other experiments have comparable bounds.
These bounds can be evaded if m- is close to m-, since

Zg &R'

in this case the produced leptons are soft and hence di%-
cult to distinguish from two-photon and beam-gas back-
grounds. However, making use of the fact that due to the
Z peak the signal would still show a strong dependence
on the beam energy while the background is rather Rat,
the DELPHI Collaboration has been ablei to shrink the
allowed value of m- —m — to a little over one GeV for

&R &I

l = e, p, and m- 38 GeV. One exception to this

analysis may occur if l~ dominantly decays to Z2. In the
MSSM, this can easily occur if Z~ h and Z~ y. Even

in this case, an l~ l~ event ought to be distinctive since
it would necessarily contain the two primary (very likely,

hard) leptons along with the decay products of Zq (even

This is a direct consequence of SU(2) gauge invariance.
The resulting mass limit can only be evaded if /L, mixes
with some other field to form the mass eigenstate. Note
that the bound implied by (2.6) does not apply even if
this other field has the same SU(2) x U(1) quantum num-

bers as lL„so that the coupling of Z to the mass eigen-
state pair does not deviate from the Z lg ll. coupling of
the MSSM. If the field that mixes with /L, has different
quantum numbers the coupling of the Z to this mass
eigenstate is altered so that neither this bound (2.6) nor
the direct search bounds apply. This will be discussed in
detail in Sec. IV.

Since we have just convinced ourselves that within the
MSSM m- & 28.9 GeV, the bound (2.3) on v'/v implies

if these are hadronic). Only in the unlikely possibility
that m- && m-- is it at all conceivable that Z ~ rRr~7R e,p
events (whose signature will be two r's accompanied by
up to two more tau pairs or other hadronic debris) may
be missed. Even so, the event would look rather unusual
in that it would have a very high "jet" multiplicity (if
the r's are confused with jets), high sphericity and ab-
normally narrow jets.

B. Charginos and neutralinos

Signatures for chargino and neutralino production in
Z decays have been extensively studied within the
framework of the MSSM. The masses and couplings of all
the charginos and neutralinos relevant for our analysis are
fixed in terms of just three parameters. In the notation
of Ref. 19, we may take these to be the gluino mass
(m-), the ratio v'/v of the vevs introduced earlier and
the supersymmetric Higgsino mixing mass 2m~. Apart
from naturalness and fine-tuning arguments which sug-

gest that all the mass parameters are 1 TeV and that
v'/v 1 and the experimental limits on vt/n (Ref. 12)
and m- (Ref. 14) discussed above, there are no a priori
constraints on these parameters.

Most direct searches have focused on the lighter
chargino, lV, since it is expected to be copiously pro-
duced in Z decays provided it is kinematically accessi-
ble. These searches exclude a region of the m- —m-

Zg

plane, under the assumption that the chargino always de-
cays via W ~ Zi ff' and that this decay is dominated
by virtual W exchange (so that, except for phase-space
e6'ects which might be important if m- —m- fewW Z1

GeV, the branching fraction into any particular ff' mode
is just given by the corresponding one for W~ ff')
This is probably a conservative assumption in that the
left-handed squarks which can mediate hadronic decay
of W are known to be at least as heavy as their slepton
counterparts and, unless~ the chargino is only just above
the reach of LEP I, heavieri4 than 75 GeV. Thus,
sfermion-mediated decays of the chargino, if anything,
may enhance its somewhat cleaner leptonic decays from
the values predicted by just the $V-exchange diagrams.

The Z —+ O' R' decay width depends, of course, on
the composition of the W mass eigenstate in terms of
lV-ino and Higgsino current states. Within the MSSM,
one finds that a pure W-ino (Higgsino) maximizes (mini-
mizes) this decay width. The ALEPH Collaboration have
announced lower limits on the chargino mass for these
extreme cases; obviously their limit depends on m- since

Zg
for m~ ——m& there can be no visible decay products,

1
and hence no limit. Their bounds can approximately be
parametrized as follows.

Pure TV-ino:



43 HOW MODEL DEPENDENT ARE SPARTICLE MASS BOUNDS. . . 2975

m- —m- & Ai (m- ), with
W S1

0.19m- —1 GeV, m- & 40 GeV,
Ai(m — ) = m- —31.4 GeV, 40 GeV & m — & Mz/2.

(2.9a.)

Pure IIiggsino:

m- —m- & A2 (m- ), withR' Z1

0.31m- —1.3 GeV, m- & 40 GeV,~,(m- ) =
m~ —28.9 GeV, 40 GeV & m- & Mz/2. (2.9b)

Since the two extremes can only be realized if either m- or
~

2mi
~

is infinite, a realistic chargino will have both
Higgsino and gaugino components. We assume that the bound on rn- —~n- for this realistic case, derived byW Z1
linearly interpolating between (2.9a) and (2.9b) via

I'~(m~ ) —I'g(m~ )m- —m- & Z2(m- )—,, 42(m- ) —Ai(m-) (2.10)

m- & 40 GeV. (2.11a)

If, in addition, we impose the bound (2.10) from the di-
rect chargino search20 [since this bound is obtained as-
suming the chargino can only decay to the LSP, we use
(2.10) only when m- & m- ], this bounds improves to

2

m- & 43 GeV, (2.11b)

independent of the mass of any other sparticle. This
is a good example which illustrates how bounds from
inclusive decays of the Z can collaborate with bounds
from direct searches resulting in a stronger bound than
from either method alone.

Notice also that the constraint (2.11b) within the
MSSM framework implies that m — —m- & 13 GeVW Z1

(5 GeV) provided m- & 1 TeV (3 TeV). This, of course,
means that one would not have to worry about the pos-
sibility that a produced chargino might escape detection
(particularly at an e+e collider) because its visible de-
cay products are too soft. Unfortunately, in non-minimal
models (such as the free pi madel discussed in the next
section), this is no longer true. We now turn to con-
straints on the MSSM parameters from neutralino decay
of the Zo.

The ALEPH Co1laboration, based on their search for
Z ~ ZiZ~ and ZgZ~ decays has announced limits on neu-

is valid, where I'i, I'2, and I'~ are, respectively, the

Z —+ W W widths for the case of a pure W-ino, a
pure Higgsino and the "realistic" chargino.

In order to obtain a bound on m —,we have scanned

the space of parameters (vI/v, m-, 2mi) and for each
point we have computed the chargino and neutralino
masses, the total Z ~ gauginos width, and the Z
W W width. We find that the constraint (1.1) on the
total Z width alone su%cess to derive the bound

3 x 10 di+10 d2

dy + d2
(2.12)

Zq Z2 decays: the region where B(Z —+ ZsZ2) & 1.1
x 10,which we conservatively take to approximate the
current bound from ALEPH, is given by

(2.13a)

where

f z, z&8GeV,
0.5z+ 4 GeV, 8 GeV & z & 15 GeV,
z —3.5 GeV, 15 GeV & z & 41 GeV,

, 37.5 GeV, 41 GeV & z & Mz/2.

(2.13b)

In using the constraints (2.12) and (2.13) to obtain

tralino decays of Z . In addition to the tree-level decay
Z2 ~ Zi H or Zi fg, they have also included the one
loop radiative decay Zp ~ Z~y in their analysis since this
can be substantial for certain ranges of SUSY param-
eters. Their results can be approximately parametrized
as follows.

ZiZ2 decays: (i) if m- & 0.9m- there is no bound;
1 2

(ii) if 1.2m- —52 GeV & m- & 0.5 m-, B(Z ~
Z2 +1 ~2

ZiZg) & 3 x 10; (iii) if m- = Mz and m- = 0,
1

B(Z ~ ZiZg) & 10 s.
For any set of values for (m-, m- ), we obtain the

1 2
bound by linear interpolation between the boundary of
region (ii) and the line, mz —— 0.9 m- or the point

1 2

(0, Mz) as the case may be. If di is the distance of
(m-, m- ) to this line or point, and d2 the corresponding

1 2
distance to the boundary of region (ii), we have by linear
interpolation that the branching fraction B(Z ~ ZiZg)
satisfies
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bounds on the SUSY parameter space, we have consid-
ered the decay of an unpolarized Z; i.e. , we have ignored
spin correlations both due to neutralinos and due to the
Z . Including these introduces a dependence of the neu-
tralino angular distribution on the sign of the neutralino
eigenvalues which can play a role since the experiment
does not have 100% angular coverage. Since the ALEPH
constraints on the branching fractions have been ob-
tained always using the more conservative case, we be-
lieve that our bounds are valid despite this approxima-
tion.

We have checked that the constraints (2.12) and (2.13)
do not lead to any bound on m- and m- [except

Zg Z2
m-, ) 8 GeV, which follows from the bound (2.4) on the2—
gluino mass]. Here, we have conservatively ignored the
production of neutralinos other than Zj and Z~, since
the experimental analysis assumes that the unstable
neutralino directly decays to Z~ and fermions, whereas
within the MSSM framework, it is quite possible that Zs
decays via Z~ which subsequently decays to the lightest
neutralino. If, instead of the analysis discussed above, we
take the bounds (2.12) and (2.13) to be those on all pos-
sible neutralino decays of Zo except into the LSP pair,
i.e. , we assume that the heavy neutralinos all decay di-
rectly to the LSP so that the analysis of Ref. 16 is valid,
we do find a lower bound of 4 GeV on m- . We have

1

also checked that in the region of parameter space where
the contribution of Z3 is crucial to obtain this bound, Z3
does, in fact, dominantly decay to Zq so that the ALEPH
analysis is valid. The existence of such a bound has al-
ready been noted by Roszkowski, who has shown that
the region of parameter space excluded by ALEPH when
combined with the UA2 bound m- ) 79 GeV implies
a lower bound m- & 10—13 GeV. On the other hand, as

already discussed in Ref. 8, the constraint (1.1) on the
total width leads to an interesting bound on m- . The

3
constraints (2.3) on e'/v and (2.10) on the charginos now
strengthen this to

m- )61GeV.3— (2.14)

The bound on the lightest neutralino mass as well as
that on m- can be considerably improved in future ex-

Z2
periments. As the Z sample increases, the bound on the
invisible decay width of the Z as well as that on the visi-
ble Z + neutralino decays are expected to improve. I"ur-
thermore, searches for Higgs bosons can strengthen the
bound on u'/v. Some preliminary improvements have
been recently reported. The combined upper bound on
the invisible decay width of the Z boson is now in the
vicinity of 25 MeV. Also, the ALEPH Collaboration has
sharpened the bound (2.3) to v'/e & 0.625, 24 and has

TABLE I. Present and expected lower bounds on neutralino masses from a study of Z decays at LEP assuming the minimum
gluino mass, the largest value of v'/v (as obtained from Higgs-boson searches), and the largest value of the NSM contribution
to the invisible Z width are as shown in the first three columns for an "improvement factor" x over the bounds on the visible
neutralino decays of the Z as given by (2.12) and (2.13) of the text. The entries labeled x = 1 thus correspond to the present
published bounds. Also shown in parentheses in the last, two columns are the values (2m' m;) of the SUSY parameters for

which the minimum values of the neutralino masses shown in the last two columns are realised. This occurs when v'/v takes
on the largest possible value consistent with the Higgs boson constraints.

m
g, min

(GeV)

50
50
50
50
50
50

v'/v

(max)

0.77
0.77

0.625
0.625
0.625
0.625

(Me V)

38.3
25
25
25
25
25

1
1
1
5

25
125

m
Z1,ml Q

(GeV)

4

8.1
8.1
8.1

16.5

m ) 2m'
g

(5o, +4)
(5o, +4)
(50, 125)
(50, 125)
(50, 125)
(105, 19)

m
Z2, ml ll

(GeV)

8
8
16

17.3
17.3
17.3

(m-, 2m( )g

(5o, +4)
(5o, + 4)
(95, 17)

(105, 19)
(105, 19)
(105, 19)

100
100
100
l00

0.625
0.625
0.625
0.625

25
25
25
25

1
5

25
125

13.5
16
16

16.5

(158, 15)
(103, 264)
(1O3, 284)
(1O5, 19)

17.3
17.3
17.3
17.3

(105, 19)
(105, 19)
(105, 19)
(105, 19)

100
100
100

0.5
0.5
0.5

25
25
25

5
25
125

15.5
15.5
20.0

(100, 210)
(100, 210)
(135, 483)

35.8
37.3
38.8

(22O, 33)
(23O, 32)
(24O, 32)

150
150
150

0.5
0.5
0.5

25
25

25

22 (150, 500)
(15o, 50o)
(150, 500)

m- & 100 GeV
g

Improvement factor over the published ALEPH bound of Ref. 16.
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also reported improved bounds from a negative outcome
of their neutralino search. Within the framework of mod-
els with a common gaugino mass at some high-energy
scale, these limits will also depend on the gluino mass
limit that would be obtained from hadron colliders.

These are summarized in Table I where we have shown
the current limits obtained from the analysis reported
above using the constraints (1.1), (1.2), (2.3), (2.9),
(2.12), and (2.13) as well as the "improved limits" us-

ing the recent results reported in Ref. 23. Also shown by
the z g 1 entries is how much the bound on neutralino
masses can be expected to improve with a large enough
Z sample so that the limits on the branching fractions
are improved by a factor z as compared to the present
published bounds, (2.12) and (2.13). The value for z = 5
roughly corresponds to the preliminary bounds recently
reported by ALEPH. In our analysis, if no limit on I—
is possible from these constraints because it is almost de-
generate with Zy, we have included all its contributions
to the Z width in I';„.We have also shown in the table
the values of the minimal model parameters for which the
bounds on the two lightest neutralino masses are realized.
We note the following.

(i) Using the published values of the constraints and
treating the Z3 as discussed above, we find the lightest
neutralino bound is just 4 GeV. If an improved limit of
about 100 GeV is assumed on the gluino mass, this moves
up to a higher value, consistent with Ref. 22. Using
the recent preliminary data presented at the Singapore
Meetingss improves this number to 8 GeV (13.5 GeV)
for m-( 50 GeV (100 GeV).

(ii) We see that a further increase in the sensitivity to
the visible decays of Z leads to only a slight improve-
ment in the neutralino mass bounds unless either the
gluino mass bound, the v'/v bound from Higgs-boson
searches or the invisible width bound is strengthened.

(iii) It is interesting to note that even with a 125-fold
increase in sensitivity (this may well be impossible due
to backgrounds), the two lightest neutralinos may be as
light as 17 GeV even if m- is as heavy as 100 GeV. Since

Z2 is almost degenerate with Zq, its decay products are
invisible so that this limit can be improved either by in-
creasing the sensitivity with which the invisible width
can be measured or (as shown by the v' jv = 0.5 entries)
if the Higgs sector is further constrained.

(iv) Even for gluino masses close to the reach of the
Tevatron and v'/v as small as 0.5 (corresponding to a
Higgs boson heavier than 54 GeV), the lightest neutralino
of the MSSM need be no heavier than about 22 GeV.
Note that this is so for rather natural values of the mass
parameters and is independent of the size of the data
sample. Thus it is unlikely that these bounds will sig-
nificantly improve beyond the values in the Table I un-
til the beam energy of LEP is increased. We note that
improving the sensitivity of LEP to the invisible decays
of the Z does not alleviate the situation. To see this,
we note that in the limit of very large 2m' (with m-
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FIG. 1. Minimal (solid) and maximal (dashed) values of

P, I'(W -+ W Z;) in the MSSM as a function of various
neutralino and chargino masses. All the I,EP constraints dis-
cussed in the text have been included; they are responsible
for the structure of the maximal width as a function of m- .

+1

Notice that for a massless Zq the width is determined to be
45 MeV within a factor of 2.

fixed), the two lightest neutralinos are essentially U(1)
and SU(2) gauginos (with masses approximately m-/7
and m-/3. 5, respectively) and so decouple from the Z
whereas the heavier neutralinos have masses equal to
2m~ and so are kinematically inaccessible in Z decays.
We have also checked that for m- ( 150 GeV (the range
that can be accessed at the Tevatron) 2mr ——500 GeV
is large enough to suppress the branching fraction for the
neutralino decays of the Z to below 10 . In the same
limit, the chargino is a pure SU(2) charged gaugino with
a mass, m-/3. 5, and so has a very large coupling to Z and
thus can be readily searched for as soon as the energy of
I EP is increased. Until this time (or until a better limit
on the gluino mass is available from hadron colliders), we
believe that it will be impossible to improve the limit on
the neutralino masses beyond the values shown in Table
I by a study of Z decays alone.

In the future, it may also be possible to constrain the
neutralino masses by a study of W' decays. Analyses
exist only for 6' bosons collected prior to 1985 and, since
then, the data sample has increased by an order of mag-
nitude in size. As shown in Fig. 1, a measurement of the
total width of the W may provide the key, though this
may have to wait till LEP II since the width measurement
via the determination of R = N(W ~ ev)/N(Z ~ ee) at
a hadron collider is unlikely to achieve the necessary pre-
cision. In Fig. 1, we show the minimal (solid) and maxi-
mal (dashed) width for W —+ W Z, (i = 1, 2) decays after
all existing constraints [(1.1), (1.2), ('2.3), (2.4), (2.10),
(2.12) and (2.13)j have been included. Note that the
bound (2.4) on the gluino mass together with the bound
(2.11) on m~ implies that a very light Zq (mp ( 8

1

GeV) has to be Higgsino-like. From Fig. 1 we see
that such a light Higgsino should have been produced
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in roughly 0.7% of all W decays or more. The absence
of the corresponding signal would imply a lower bound
on m-, and hence on the mass of the LSP, within the

1
MSSM; this mass plays an important role, e.g. , in cos-
mology, since the LSP isis an excellent dark-matter can-
didate.

Note furthermore that the supersymmetric decay
width of the W boson can still be as large as 150 MeV,
even if m- 30 GeV. We see also that although a

1
chargino as heavy as 70 GeV could be produced in W de-
cays with a branching fraction in excess of 1%, whether it
can be detected would depend on its decays. The order-
of-magnitude increase in the size of the R" sample should
lead to an improvement of the monojet bound claimed
earlier to ) 50 GeV. Also, if we are lucky, and the
chargino dominantly decays via W ~ lv or lv (which,
if m- 70 GeV would be consistent, with all LEP con-

W
straints), its signal would show up as a large excess in
"W —+ r —+ l decays" at hadron colliders and probe re-
gions of SUSY parameter space not accessible at LEP.
Finally, we see that if the decays W —+ W;Zz can be
excluded at the 1% level, it would be possible to exclude
m- ( 70 GeV.3—

Future prospects for gaugino searches in Z decays are
summarized in Fig. 2, where the minimal visible super-
symmetric decay width of the Z is shown as a function of
various gaugino masses. For the solid curves, the full set
of published constraints has been imposed. Notice that
a very light (m- ( 4 GeV) Zi already now implies aZl
sizeable visible supersymmetric branching ratio of the Z-

boson; however, the ALEPH bounds are, strictly speak-
ing, not applicable here since it is almost entirely due to
Z ~ Z2Z3 decays, which have not yet been searched
for. Notice that m- can at present only be constrained

2

if branching ratios as low as 10 are detectable, which
will (if ever) only be possible with a vastly increased data
sample. As seen from Table I, this situation will improve
once an improved limit on v/v or m- is available.

With such a data sample, other bounds are also likely
to improve. In particular, SUSY Higgs bosons with
masses up to 50 GeV should eventually be detectable~s
in Z decays at LEP. If we pessimistically assume that
none will be found, the bound on v'/v would be sharp-
ened to v'/v ( 0.55. At the same time, the precision
of the measurement of the invisible width of Z is likely
to improve, e.g. , by "v-counting" experiments slightly
above the peak. We again assume pessimistically that no
deviation from the SM will be found, and assume that the
bound (1.2) on the invisible width will at best improve
to 20 MeV. Under these circumstances, the solid curves
change into the long-dashed ones; for the latter, we have
ignored the recent ALEPH bound on neutralino pro-
duction. We see from Fig. 2 that lower bounds of 35
GeV, 70 GeV and 110 GeV on m-, m-, and m-, re-

spectively, may be attainable from an extension of the
ALEPH neutralino search, since it should be possible
to identify the unusual decays of Z —+ inos at a level
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FIG. 2. The minimal total, in principle visible, supersym-
metric decay width of the Z, defined as 1(Z ~ W W ) +

I'(Z ~ Z, ZI ), as a. function of various neutralino masses

(the sum includes all neutralino combinations other than

Z~Z~ which is always invisible; note that Z4 is always too
heavy to be produced in real Z decays). The solid curves
are valid within the MSSM and for present LEP and pp con-
straints as discussed in the text. The long-dashed curves are
also for the MSSM, but with hypothetical future LEP con-
straints h'I'(Z, nonhadronic) ( 20 MeV and v'/v ( 0.56 im-

plemented. The short-dashed curves are also for these sharper
constraints, but for the nonminimal model where pi/p2 is
a free parameter. A curve starting at a finite-mass value
indicates that smaller values of this mass are incompatible
with the imposed constraints. It is instructive to compare
the starting point of the long-dashed neutralino curves with
the bounds shown in Table I which have been obtained using
less restrictive assumptions on the constraints on the gluino
mass and the Higgs bosons that may be expected in the fu-

ture.

- 4 x 10 . We also note that a similar bound on m-
Z3

can be obtained if the bound (1.1) is improved to 50 MeV,
whereas this does not lead to any limit on m- or m-

Zl Z2
(or the heavy inos).

Note also that the long-dashed Zy curve starts at 8
GeV since a lighter Zi, being Higgsino-like, is excluded
because it would result in too large an invisible width.
A Zi heavier than 8 GeV can be photinolike without vi-

olating the m- ) 50 GeV bound; such a neutralino has

only tiny couplings to Z and so would not be exclude;d

by any study of Z decays. We also note that many val-

ues of SUSY parameters that led to the degradation of
the gluino mass bound obtained ~ by assuming that the
gluino decays only via the LSP are now excluded; this,
of course, means that the bound on the LSP mass that
will emerge from LEP will be even better. 22 (See also Ta-
ble I.) We stress though that, contrary to a claim in the
literature there is no bound on m- from collider ex-

Zl
periments today, unless the nonobservation of neutralino
decays of Z at LEP is explicitly incorporated in the
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analysis.
Finally, the short-dashed curves in Fig. 2 are for the

same constraints as the long-dashed ones, but with pi/yq
as a free parameter rather than as fixed by (2.1). Al-
though this really forms the subject of the next section,
we note here that the small rn- region is once again al-

Zl
lowed. Notice also, that allowing p] to be free has only
a small eRect on the bounds on the mass of Z~ or Z3.

This concludes our discussion of the MSSM. In the next
two sections, we turn to a discussion of how LEP bounds
on supersyrrunetric particles masses are altered in models
with further complications. We begin our study with the
"free pi model" alluded to in the previous paragraph.

III. GENERALIZATIONS OF THE
GAUGINO-HIG G SINO SECTOR

2'00

100

I I ~ I
[

I I I I
)

I I I I
I

I i

v'/v =---- ~i/V =-1/~

and ZqZq production cross sections as parametrized in
Eqs. (2.10), (2.12), and (2.13) only are plotted for the
representative choices pi/pq ——

z (the MSSM value),
pi/pg ——g, pi/pg —

p, and pi/pp —~s. The re-
gion in the upper left corner as well as (except for the

pi/p2 = —
2 case) the band between the curves starting

at 2m~ ——0 and the lowermost curve is excluded by the
chargino constraint (2.10), except for the crescent-shaped
region, within which rn- —m- is too small or even neg-W Z1

In this section we consider generalizations and exten-
sions of the R-odd spin-& sector of the MSSM. In Sec.
III A we focus on the simplest modifications which affect
only the neutralinos. Since all signals for supersymme-
try are, in principle, dependent on the nature of the LSP
which can only be the lightest neutralino if it is
also to account for galactic dark matter, even these sinI-
pie modifications can be of considerable importance;
in particular, we will see that the results of the direct
searches for neutralinos may be substantially modified.
In Sec. III B we construct what, in our opinion, is the
minimal extension needed to evade the chargino mass
bound obtained from the total width constraint (1.1).
As discussed in the Introduction, this is done only wit, h a
view to examining the stability of this bound with respect
to changes in the model.
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A. Models with a generalized neutralino sector

We begin by considering the simplest generalization of
the MSSM where the ratios of the SUSY-breaking gaug-
ino masses are not fixed by Eq. (2.1) but are free pa-
rameters Since j.ust the SU(2) gaugino mass pz enters
the chargino sector, this has no eA'ect on the chargino
bounds other than the fact that the gluino mass can-
straint (2.4) becomes irrelevant for the analysis. Tech-
nically, (2.1) can be evadedss by choosing the functioni

f p that determines the kinetic energy terms of gauge
superfields to depend nontrivially on the gauge group
indices. We stress that there is no good reason to do so
(other than the fact that Planck scale physics, which pre-
sumably fixes f p, is still poorly understood); we study
this class of models simply in order to show that this
small modification of the MSSM, which only introduces
one new parameter into the neutralino sector without
the introduction of any new fields, can have major con-
sequences for the regions of parameter space that can be
excluded by the published bounds on chargino and
neutralino decays of Z .

This is demonstrated in Fig. 3 where the regions
excluded by the direct search bounds on t/V W, Z]Zq

0

—100

—400
100 BOO 800

zns [GeV]
400 500

FIG. 3. The regions of parameter space that can be
ruled out from the negative results of the direct searches for
charginos and neutralinos, as parametrized by Eqs. (2.10)
and Eqs. (2.12), (2.13), respectively, for different values of
pi/p2. In Fig. 3(a), pi/pz = +2 the MSSM value (solid)
and —— (dashed), while in Fig. 3(b) pi/p2 ——— (solid) and

(dashed). Note that for pi/pz ) 0, most of the narrow
allowed region within the large excluded region at negative
2m' is, in fact, excluded by stable charged-particle searches,
since in these regions usually m- & m- . Note also that it

1

has always been assumed that the relationship (2.1) between
m-=~ p, a

~
and p, 2 is unaltered, i.e. , pa 3.79'.2.

g
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ative (in which case it is ruled out from stable-particle
searchess if W is the LSP, or by direct searchess4 if
W ~ fv). For pi/p2 ———z, this is true everywhere
below the lowest dotted hyperbola-shaped region, except
for the small triangle at m- 200 GeV, 2mi —400
GeV. (The base of this triangle increases for even more
negative values of 2mi. ) The nose-shaped region project-
ing from small m- values near 2mi 50 GeV is excluded
by the neutralino search constraints. Notice that in be-
tween this region and the bulk of the "chargino region"
discussed above there is a narrow region allowed by the
direct-search constraints. For pi/pz & 0, this is due to an
accidental cancellation in the Z~ZgZ coupling whereas,
for pi/pq —— —2, Zi and Z2 are almost degenerate in

mass so that the decay products of Z2 are too soft to give
an observable signal. We clearly see that the "excluded
regions" are strongly dependent on the value of pi/p2.

Figure 3 can be understood qualitatively from the ob-
servation that for almost all regions of parameter space
there is one neutralino with a fairly large (& 1/~2) U(l)-
gaugino component; the mass of this state is determined
mostly by p~. In all regions that have been probed by
direct gaugino searches so far, this neutralino is either
Zi or Zq. As long as pi jpq & 0, its mass increases with
pi. The curves for pi/p2 —

2 therefore lie between the
curves for pi/pz = s and 2, respectively. On the other
hand, changing the sign of p~ decreases the mass of this
state if p2 2miv /v & 0, and increases it otherwise. Since
neutralino searches at present mostly probe the region
2mi & 0 (in our convention where pq, v'/v & 0), t,hey
exclude a much larger region for pi/p2 ———

z than for
the case of the MSSM. On the other hand, in the region
of negative 2mi and m- & Mz/2, one often even has

m- m — if pi jpq ——2, as mentioned above.
Z1 W

Since the total SUSY width of Zo (apart from kine-
matic effects) is just its width into the "Higgsinos" we

may expect that it is less sensitive to the details of the
mixing matrix than the direct-search constraints. This
is demonstrated in Fig. 4 where we show the region ex-
cluded by the constraints (1.1) and (1.2) for the same four
choices of pi/pq. The total width constraint (1.1) con-
tributes most of the excluded region; the constraint (1.2)
only excludes the region of very small 2m~ and m- 300

GeV, where Zi is Higgsino-like and m — & Mz/2.
Obviously the bound (1.2) becomes effective if the

Higgsino-like state becomes lighter than the neutralino
with a large U(1) component. This depends on the value
of py and so accounts for the difFerences in the curves
in the small 2rny, small m- region. For large values of
m-, the variation with pi/p2 is much less as long as the
ratio is positive; for pi/pq & 0 and not very small m-,

a rather large value of I'(Z ~ ZiZ2) always results for
small

~
2mi

~
since Z2 cannot be photinolike as in the

case of pi/p2 & 0. Thus a somewhat larger region is
excluded if pi/pz & 0.
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FIG. 4. The region that is excluded by the inclusive"
constraints (1.1) and (1.2), for various values of p, i/p2 = ——
(dotted), s (short-dashed), 2 (solid), and —(long-dashed). As
in Fig. 3, the relation (2.1) between m- and p2 is assumed to

9
hold. Note that the region m- ) m-, which was allowed

1

in Fig. 3, is now excluded for pi/p2 & 0.

We see nevertheless that the difFerences between the
various curves in Fig. 4 are much smaller than the cor-
responding ones in Fig. 3. Note also that, even in these
models with pi/p2 a free parameter, the crescent shaped
region in Fig. 3 that was allowed by the direct-search
constraints is excluded by the constraints (1.1) and (1.2).
This, along with the short-dashed curves in Fig. 2, shows
that the region of parameter space as well as the values of
m- and m- that will be explored at LEP does not differ

Z2 Z3
greatly from that for the MSSM. We emphasize, though,
that even in this class of minimally extended models it
will be impossible to obtain a bound on m- if no SUSY

Z1
signal is ever observed. This is because the additional pa-
rameter p~ allows us the freedom to make Z~ a massless
U(l) gaugino with all other sparticles heavy by setting
p~ ——0 and taking both p2 and 2m~ to be very large.

Yet another way of altering the neutralino sector from
that given by the MSSM is to introduce new Higgs su-

permultiplets, which via the added Higgsino content can
alter both the chargino and neutralino mass matrices. As
is well known, care must be taken in introducing these
fields, since if they couple to both Ts ——

2
and Ts

fermions of the SM they can mediate tree-level flavor-
changing neutral currents at an unacceptable rate. This
is not a problem for an SU(2) xU(1)-singlet superfield n

i

since it has no gauge-invariant coupling to SM fermions.
Such fields are present in modelsss based on the group
E6 and have the virtue that, if they develop a vacuum
expectation value (VEV), they can also account for the
Higgsino mass 2m~ without the addition of a new ad hoc
mass scale. For these reasons, and primarily because the
addition of a singlet is the most economic extension of
the gaugino-Higgsino sector, we will consider it in some
detail in the following. The efFect of the singlet scalars
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has already been discussed earlier.
The most general purely cubic superpotential for the

Higgs sector of the model can be written as

0.85

0.20

f = —ahh n+ —bnI 1 3
3! (3») N0

I

0.15

so that, effectively, 2m' ——a ( n &= ax in this model.
The resulting neutralino mass matrix has the form

A
I

- lQ
O. KO

M

0 p2
g V —gVI I I

—g V ~VI

0

g V

—gv'
0

—az —an

0 —av'
—av —av bz )

(3.1b)

0.05—

0.00
85 30 35 40

mv [GeV]
45 50

in the basis (Ao, As, h', h, n) It is strai. ghtforward to diag-
onalize M numerically. As might be expected, there is a
zero-mass eigenstate if either pq ——p2 ——0 (the photino)
or a = 0 (the doublet Higgsino). It is also possible to ob-

tain a massless eigenstate if the parameters in the mass
matrix (3.1b) conspires2 to make its determinant zero.
In general, these states will be complex mixtures of all

the gauginos and Higgsinos.
The case v'/v = 1 (note that the ALEPH constraint

on v'/v no longer applies) lends itself to a particularly
simple analysis. In this case, it is easy to check that
there is a massless neutralino if either (i) p2 ——sg v /az
or, (ii) bz~ = —av . Condition (i) has already been ob-

tained in Ref. 32 where it was shown that it describes
a massless neutralino with gaugino and doublet-Higgsino
components. If v' g v, this state also picks up a singlet-

Higgsino component. If v'/v = 1 and condition (ii) is

satisfied, the massless neutralino is a pure Higgsino with
a singlet component about av/bz z/v times the dou-

blet components so that its coupling to Z is suppressed

by v~/z2. This state which has no analogue in the
MSSM develops small gaugino components if v'/v g 1.

Notice also that it is possible to have as many as three
light neutralinos in this model if py pg az bz 0.
Note also that, just as in the free p~ model discussed
above, it is easily possible to have a very light LSP that
would escape detection at LEP. It is, therefore, worth

keeping in mind that any bounds on the LSP mass that
may be inferred from the LEP data are special to the
MSSM (unless a SUSY signal is actually observed).

The effect of the two extensions of the neutralino sector
on the chargino mass bound that can be obtained from

the LEP data are shown in Fig. 5 where we have plotted
the smallest possible contribution of the charginos and
neutralinos to the Z width for (i) the minimal model

(dotted), (ii) the "free pq/pq model" (dashes) and (iii)
the extra singlet model (dot-dashed). Also shown are
the contributions from just the charginos with (marked

W only) and without (marked Z ~ h+h ) the natural-
ness constraint rn- ( 1 TeV. Whenever there are two

curves with the same texture, the upper curve is the one
obtained by including the direct search limit (2.10) on
the chargino mass. The Higgs constraint (2.3) on v'/v

FIG. 5. The minimal total supersymmetric width of the Z

boson, I'(Z -+ W W ) + P, . I'(Z ~ Z;Z;), as a function of
m- for various models: MSSM (dotted), the model with free

pq/pg (long-dashed), and the model with one additional Higgs
singlet superfield (dot-dashed). Whenever there are two lines

with the same texture, the upper curve has been obtained
by imposing the direct-search constraints (2.10), (2.12), and

(2.13). For comparison we also show the minimal I'(Z

W W ) for the MSSM, imposing only the constraint m- ( 1,
g

TeV (solid curve), as well as I'(Z —+ h+h ), where h stands
for a pure SU(2)-doublet Higgsino.

has not been included in these curves since it is in gen-

eral not valid for a non-minimal Higgs-boson sector. The
following comments are in order.

(i) As already stated, the minimal model bound from

(1.1) on the chargino mass with (without) the direct
search constraint incorporated is 43 (40) GeV.

(ii) The difference between the minimal model width
and that obtained in the two nonminimal models is due
to the reduced neutralino decay rate of Z from the addi-
tional freedom that is allowed. Nevertheless, we see that
even in these models the chargino bound is reduced by
only a few GeV.

(iii) The two lower curves obviously give the absolute
lowest bound on the chargino mass, regardless of any
modifications that affect only the neutralino sector. We

see that m- 37 GeV if m- 1 TeV and that a modest
W

reduction (to about 65 MeV) of the bound (1.1) can lead
to absolute bounds exceeding 40 GeV in all models of this
class. This should be possible with a Z data sample that
exceeds the present one by a factor & 3.

We thus conclude that the chargino limit from LEP is

rather robust in that it cannot easily be evaded by simple
modifications of the model. As we will see in the next
subsection, even more drastic changes leave this bound
unchanged. It is to a discussion of this that we now turn
our attention.

B. Evading the chargino bound:
extended Higgs and gauge sectors

In order to understand how to evade the bound on
the chargino mass discussed above, we first study the
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+ ~i ~ &iI- + .
l

(3.2a)

structure of the ZW W vertex in an SU(2) x U(l) the-
ory with an arbitrary Higgs sector. Since electromag-
netic gauge invariance is unbroken, the chargino mass
eigenstate is a superposition of the SU(2) gaugino (A)
and Higgsino fields (and, if R parity is broken, also lep-
ton fields; it will be evident how this is incorporated)
with the same electric cha~re. In general, the left- and
right-handed components W L, and W R will be difer-
ent superpositions of these fields so we can, in complete
generality, write

W 6 = Ull AL+ ) Ulj SjI + ) VlkDkI,
k

W-R = Vii&n+ ) .Va'S, a+ ) Vi~Oia
2 k

+ Vl l+lR + ' (3.2b)

Here U and V are unitary matrices, j, 0, /, . . . run over
all the SU(2)-singlet, -doublet, -triplet, . . ., Higgsinos

with electric charge the same as that of R' . Since the
coupling of Z to a Weyl fermion with weak isospin and
charge (Ta, Q) is proportional to (Ts —sin O~Q), the

ZW W coupling is, apart from an overall multiplica-
tive factor of —g/ cos 8~, given by

(—1 + sin' Ow) (I ~i i I' + I V» I') + ).sin' 0~ ([ U'iz I' +
I Viz I')

+) I

—-'+»n'e~
I (I V,„ I' +

I V, „ I') + ) (-I+»n'0~) (I tI„ I'+
I V„ I') +, (3.3)

where the upper (lower) signs correspond to the vector
(axial-vector) coupling. By arranging the mass matrices
such that V = V (eg. , by having v'/v = 1), it is pos-
sible to eliminate the axial-vector coupling (this is also
possible by fine-tuning), but the structure of (3.3) clearly
demonstrates that for each of the singlet, doublet, triplet
(or gaugino) components of the chargino, the mixing fac-
tor is always positive. Since sin 8~ & 2, we conclude

that the ZW R' vertex can be reduced from its min-
imum as given by the MSSM only by the introduction
of charged SU(2)-singlet Higgsino fields that have sub-
stantial mixing with the the gaugino and/or the doublet
fields. This charged singkt Higgsino can also, in prin-
ciple, be the charged gaugino of the right-handed gauge
group if it is non-Abelian. Since it is diKcult to get these
two gauginos to mix in a natural way without mixing the
corresponding vector bosons, we will in the following fo-
cus on an example where the mixing is due to a charged
singlet Higgs field.

In order to obtain such a mixing, we need a Y = —2

SU(2)-singlet superfield S interacting with an SU(2)-
singlet combination of doublet Higgs fields; since the sin-
glet combination is antisymmetric under interchange of
the two doublets, these two doublets must be distinct.
Finally, we need a "partner" (S') for S with which it can
combine to make a massive Dirac charged field, since a
light singlet Higgsino would already have been produced
in Z decays via this hypercharge coupling. The simplest
superpotential respecting our constraints is

f = fS(H+Ii —H I&+) + f'S'(H' Ii' —I~" H' )
+ mass ter ms (3.4)

with H and I~ being Y = 1 doublets, S' being a Y = 2
singlet and H', I&' being Y = —1 doublets where Q =
T3 + g Y. H and H' may be identified with the doublets

I

h and h' of the MSSM. The mixing of the singlet field
is induced once the neutral members acquire VEV's due
to SU(2) xU(1) breaking. In terms of the Q = —1 Dirac
fields

ys = P'S —PRS',

yH —pl. H' —I~H,
y~ ——Pg I&

' —P~K,
(3.5)

the mass matrix in the basis (A, yH, y~, ys) (where
A is the Q = —1 gaugino) is

Mchargino

( "2 gv'

gv 2m~ 0 —fu)
gto 0 2m~ fv
0 f'w' f'v—' 2ms f

(3 6)

where 2rnII, and 2m~, and 2ms are the H H', A' I~", and
SS' supersymmetric mass terms (analogous to 2mi of
the MSSM) and v, ur (v', w') are the VEV's of the fields

H, K (H', I~") and pz, as before, is the supersymmetric
breaking SU(2) gaugino mass. We note here that we have
rotated the fields so that H K' and H'I~ terms vanish. It
is clear that there is enough freedom in (3.6) to allow
for a light chargino that has a sufficiently large singlet-
Higgsino component so that it does not couple to Z .

To see this explicitly, consider p2 —+ oo so that the
lighter states are Higgsinos. Then, in the case f = f', v =
v', w = zo' the state (0, fw/mH, fv/m~, 1)—is massless
provided ms = (fw) /mH + (fv) /mK and has zero
coupling to Zo if (fur) ~/mH2 + (fv) 2/m~~ —sin 0~ /( &-
Sill 9py ) .

We stress that we are not advocating this scenario—
quite the contrary, in fact . Sin ce considerable mo di fi ca-
tion is required to significantly reduce the ZR'W cou-

p ling from its lowest value as given by the M SSM, we
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regard the LEP bounds on the chargino mass as more
or less model independent. It is nevertheless instruc-
tive to note that the field content of our example is
(apart from the supersymmetrization) the same as that
of a decade old model constructed by Zee to incorpo-
rate naturally small ofF-diagonal Majorana mass terms
for the neutrinos. If additional couplings are introduced
to incorporate this possibility, a host of lepton-number-
violating processes result so that the model can be sub-
jected to experimental scrutiny.

Finally, we observe that a chargino with a vanishing
coupling to Z would be produced via its nonresonant
electromagnetic couplings with a cross section

4 1+2 1 —4

which is 10 pb for m- = 0. Since each of the LEPR"
experiments has already accumulated about 1 pb of inte-
grated luminosity, this electromagnetic component of the
cross section should certainly lead to an observable rate
in the current LEP run.

IV. EVADING THE SLEPTON BOUNDS
FROM Z DECAYS

It is clear that as long as the supersymmetric part-
ners of leptons are also mass eigenstates, their couplings
to Z are fixed by electroweak gauge invariance, so that
we have an unambiguous prediction for their production
rate. If this is indeed the case, then bounds on their
masses can only be evaded if their decay modes are very
diA'erent from those that have been searched for in the
LEP experiments. The simplest imaginable possibility is
that sleptons decay via / ~ /Z2, which would be the case
if Zi is a pure Higgsino [in the MSSM this is only possible
if 0.62 ( v /v ( 0.77 because of the invisible width con-
straint and the constraint (2.3) on v'/v]; then, one may

I

argue that the resulting signature has not been searched
for so that the bounds are invalid. It is amply clear that
although this may strictly speaking be the case, the re-
sulting event which would contain two hard acollinear
leptons accompanied by 2—4 jets +@~ would never be
mistaken for an ordinary event, although it could pos-
sibly have been confused with a tt event (this would be
ruled out since there would be no single lepton events).
Similarly, in models where R parity is violated, the LSP
decays so that there is no P~. The signatures for sleptons,
although very model dependent, are all spectacular, so
that we doubt very much that a slepton could have been
missed if it had been produced at LEP with the rates
as predicted by their SU(2) x U(1) couplings. (Note also
that even if it is possible to invent a model where the /

escapes the direct-search experiments, it would still be
subject to constraintss from the total width and/or peak
cross-section measurements. ) In our view, the only way a
slepton could escape detection in Z decays is if it mixed
with ari SU(2)-singlet charged field so that it had reduced
couplings to the Zo as discussed in Sec. III B.

To begin with, let us consider /I, since there is no
bound on /~ from the width measurements as its cou-
pling to Z is rather small. For definiteness, we will
treat only one generation at a time and assume that
there is no mixing between generations, as any such mix-
ing is severely constrained. Following our discussion in
Sec. III B, we are led to introduce a pair of SU(2)-singlet
left-chiral superfields S and S' with Y(S) = —Y(S') = 2
interacting with the lepton and the Y = —1 Higgs super-
fields via the superpotential

f = Aih'IS+ mgSS' + A~h'LE, (4.1)

where L and E are the SU('2)-doublet and SU(2)-singlet
lepton superfields, respectively. Notice that (4.1) allows
us to define a conserved lepton number for S and S'. In-
cluding soft supersymmetry breaking, trilinear and mass
terms gives the mass matrix in the basis (I, , S, S'*, E')
as

Mscalar

(m +4ms
Ai 0L, ms

0L, ms
0

AgaL, ms

m, + mS+ mSOL2 2 2 2

Bsms
0

Ol. ms2

Bs ms
m + ms2 2

S'
0

0

0

0 )

m' j
(4.2)

where we have neglected the small coupling A~, which is
responsible for the lepton mass. Here Ai and Bsms are
the coeKcients of the trilinear and bilinear soft SUSY-
breaking terms, m-, m-, m-, are soft SUSY-breaking
masses and

Agv'
I

ms

It appears from the structure of (4.2) that substantial
mixing between I, S, S" is possible while E' decouples.
Here, special care must be taken since the slepton mixing

has been introduced via a superpotential so that the same
source of mixing enters the lepton sector via the fermion
mass matrix

& A~v' A, v' 'i

0 ms)' (4 4)

where the rows [columns] are in the basis (L, S') [(E,S)].
In the limit A~ ~ 0, the right-handed fermions are un-
mixed, whereas (for ms )) A i v') the left-handed fermions
have the mixing 01, given by (4.3), above, independent of
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the lepton mass.
Mixing of the leptons will alter both their charged-

as well as neutral-current couplings. The modifications
in the charged-current couplings would show up in the
various charged-current processes used to extract the
Kobayashi-Maskawa (KM) matrix elements, so that the
quoted experimental values of these would include the
lepton mixing factor. For example, the range 0.9748&~
V„g ~& 0.9761 obtained by a comparison of nuclear P-
decay rates and the muon lifetime would be reinterpreted
(assuming that OL, is the only non-SM source of mixing
angles) as the range of allowed values of

~
V„~

~
/cos OL, „,

where OL& is the mixing of the muon with the singlet
fermion. Note that, in this comparison, the electron mix-
ing angle factor cos OL, cancels as it has an identical effect
on the muon and nuclear lifetimes. In order to extract a
bound on O„we compare the ratio I'(x ~ pv&)/I'(7r ~
ev, ) since this depends on cos OL, &/ coss

We have done an analysis of the mixing angles similar
to that in Ref. 40 where we have used

~
V„i, ~& 0.02

[twice the Particle Data Group (PDG) value] to allow
for a possibly large electron mixing angle in the unitarity
constraint that gives a lower bound on

~
V„q ~. We then

find that

OL„0.05, (4.4a)

OL, -0.2, (4.4b)

OLt 0.15

which certainly yields the best bound on 7--lepton mixing.
At first glance, the bounds (4.4) and (4.6) suggest that

the mixing in the slepton sector is small so that the mass
eigenstate of interest can be written as ~ (1,ei, eq, 0) with

whereas the bound OL, obtained by comparing its exper-
imentally measured lifetime with its theoretically calcu-
lated value assuming universality is even weaker. The
bound on OL, is rather mild because, as noted above, it
only comes from a measurement of the small branching
ratio for the chirally suppressed m ~ ev, decay.

Before turning to the implications of the bounds (4.4)
for slepton mixings as given by the mass matrix (4.2), we

examine whether the Z coupling to leptons gives any
further constraints. It is straightforward to check that
the partial width for the decay Z —+ 3/ is altered from it
SM value by a factor p given by

4 cos OL~ + 2 sin 0~ —sin 0~ cos OL~7= '
—+ 2 sin Ogr —sin Op@

2
4

(4 5)

where we have neglected the mixing of the right-handed
components of the leptons as it vanishes for m~ ——0. The
LEP experiments4 have recently measured the separate
leptonic branching ratios of Z and found that they are
in agreement with SM expectations within a few percent.
If we conservatively require y ) 0.95, we find that

AgmSOL
rn —m- —msL S

OL~~S2— —rn —m, sL S'

(4 7)

so that substantial mixing is possible only if the soft
SUSY-breaking scalar masses accidently satisfy

Al~ m~ + DlS )
2 2 2
L S or rn- m- + rnS2 2 2

L S' (4.8)

1
sin 0~ ——cos ( ~

cos 0~ 2
(4.9)

so that almost maximal mixing is needed to make C van-

ish.
As an example, we consider the special case with

A ~ ——Bs 0. Then, the mixing angle is given by
tan 2( = 28L, m+/(m- —m- —m&) and the splitting

L S'
about the mean value -(m2 + m2 + m2&) is given by

L S'
Am = 20r, rn&/sin 2( 20L, mz for significant mixing.
If we do not allow m- to be arbitrarily negative, we

Sl
see that although it is possible to get a light scalar that
almost does not couple to Z, the splitting is just a few
tens of GeV so that the associated production of the light-
heavy pair is a viable signal once the machine energy is
increased to somewhat above +s = Mz.

Note also that the Ai terms in the mass matrix (4.1)
may even be more efficient in mixing the sleptons since
A~ can easily be 2ms. These terms cannot be made arbi-

which, of course, is fine-tuning at the 10% level. Note
also that we must have ms ) 45 GeV since the SU(2)-
singlet charged fermion has not been seen in Z decays.
In practice, for substantial slepton mixing, this bound
may be considerably higher since, when 0L, g 0, Zo can
decay into a light-heavy fermion pair via a coupling pro-
portional to sin20r. . This would be signaled by events
containing acollinear lepton pairs (with one of the lep-
tons considerably softer than the other) recoiling against
a hadron system, an t+I or tv pair or PT since the heavy
lepton gi would decay via @i ~ 1+ Z' or v+ W'.

Equation (4.8) implies that at least one of m2, m2
S S'

must be somewhat negative in order that the lighter slep-
ton state be produced in Z decays. This does not lead
to symmetry breaking since the supersymmetric mass

ms more than compensates. Note that the superpoten-
tial (4.1) does not contain any large Yukawa couplings
of S'—and even the coupling Ai is constrained by the

lepton mixing to be 10 —in order to drive rn2 toS'
negative values; thus, if as usual we assume there is a
common SUSY-breaking scalar mass at the unification
scale as in supergravity models, we necessarily must in-
troduce new fields with Yukawa couplings to S' to drive
m- to negative values.

Sl
Allowing for this, we see that large mixing is, at least in

principle, possible. If we denote by cos( the component
of / in the mass eigenstate, a calculation similar to that of
Sec. III B shows that the coupling of Zs to this eigenstate
is given by
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trarily large since charged breaking minima can develop
in the direction & I, )=& S )=& H' ) for which
the D term vanishes. This can, of course, again be fixed
up by introducing new terms in the superpotential which
give quartic interactions.

The bounds on the SU(2)-singlet right-handed sleptons
can also be evaded by allowing it to mix with sparticles
in doublet (or larger) representations of SU(2). As an
example, consider the superpotential

f = A~H'LE+ AgH'DE+ mDDD' (4.10)

with D and D' SU(2) doublets with Y'(D) = Y(D—') =
—1. The calculation is very similar to that presented
above for the II, mixing except, of course, there are no
charged-current constraints, so that at least for the mix-
ing of pz considerably less fine-tuning is required as com-
pared with pI. . We will not present any details here.

In sulrunary, we have seen that although it is possible
to contrive models where the sleptons mix so as to have
vanishing couplings with Z, none of these models is par-
ticularly believable. All of them involve the introduction
of several new fields and some fine-tuning. It is amusing
that the class of models we have constructed to evade
the slepton bounds from LEP all predict a new scalar
that should rule them out as soon as the center-of-mass
energy is increased by a few tens of GeV. In conclusion,
it appears to us that the bounds on the charged-slepton
masses from the LEP experiment are very dif5cult to
evade except in very contrived scenarios.

V. SUMMARY AND OUTLOOK

Last year, the four experiments at LEP together accu-
rnulated 10 Z decays. Detailed analyses of this data.
sample have shown remarkable agreement with the SM.
As more data is accumulated, various properties of the Z
boson (mass and partial width for decays into different
channels) will be measured with even higher precision.
Comparison of theory and experiment will then entail~2
a knowledge of radiative corrections which, of course, in-
volve the properties of all the particles that couple to
Z, whether or not they are kinematically accessible at
LEP energy. One way to test the SM in the near future
would be to ask whether the values of all measurements
are consistent with a unique set of values for the 4-quark
(mq) and Higgs-boson (M~) masses, which are the two
unknown parameters of the SM. It is conceivable that two
diA'erent measurements may require incompatible values
for (mq, MIr), in which case we would conclude that the
experiment is in conflict with the SM.

An alternative strategy would be to look directly for
new particles that are produced in Z decays. This has
been the main strategy adopted by the LEP experiments
at least up to now. The reason, of course, is that these
analyses are more straightforward and do not require as
large a data sample. The obvious disadvantage is that
the domain of masses that can be searched for is limited
by Mz and, in the many cases where the new particles

can only be pair produced, by Mz j2.
The results of these searches have been used to put

lower bounds on masses of various particles including new
quarks and leptons, the Higgs boson and supersymmetric
particles. These bounds depend on the strategy used to
search for these particles which, in turn, depends on how
the particles decay. Thus, to a lesser or greater extent,
such bounds are all model dependent.

This is especially true for supersymmetry searches be-
cause a heavy sparticle typically has several decay modes
possible, each one involving a supersymmetric daughter,
if we assume as usual that R parity is conserved. The
daughter then decays and the chain ends in the stable
LSP. Clearly the signals for the production of any sparti-
cle then depend on its couplings to Zo as well as the prop-
erties of other sparticles lighter than itself. A major pur-
pose of this paper is to study just how the various lower
bounds on sparticle masses resulting from the negative
searches at the LEP collider depend on the assumptions
of the MSSM, which is the framework usually adopted
in such studies. Toward this end we have attempted to
construct models to circumvent these bounds. If this can
be done by a minor change of the minimal model, then
the bound in question is obviously very model depen-
dent, whereas if the modifications needed are many and
contrived, we will regard the bound as robust. Needless
to say, we do not advocate any of the models we have
constructed for this purpose.

Throughout, we have assumed that R-parity is con-
served since sparticle production in R-parity-violating
models is known to lead to events with spectacular col-
lider signatures involving multiple leptons and/or jets.
Although such events have not been specially searched for
at LEP, we believe that they would have been suKciently
striking so as not to escape notice in these experiments.

At this point, it is worth reiterating that lower bounds
on sparticle masses (and the mass of anything accessi-
ble in Zo decays) can also be obtained from the LEP
measurement of the total width and peak hadronic cross
section as new decays tend to increase the former and re-
duce the latter. Although these bounds are not as strong
as the bounds from direct searches, they are independent
of how the new particles decay (the bounds from the peak
cross section require, however, that hadronic modes do
not dominate the decays of the new particle).

Section III deals with the bounds on supersymmetric
particles within the framework of the minimal model.
After a brief discussion of the theoretical framework,
we have proceeded to a critique of bounds from various
LEP dat, a. In the process, we have upgraded our earlier
analysis on the bounds from the inclusive decays of Z .
More importantly, we have illustrated how these inclusive
bounds can be used in conjunction with bounds from di-
rect searches to obtain a stronger bound than would have
been possible on the basis of any one strategy alone. The
best example of that is the improvement of the MSSM
chargino bound from 40 GeV (2.11a) to 43 GeV (2.11b)
regardless of the decay patterns of the chargino, whereas
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the exclusive bound had been obtained assuming that
the chargino could only decay via W ~ ffZi to the
LSP. The other bounds are m- ) 28.9(38.4) GeV for one
(three degenerate) light sneutrinos, which, when taken
together with the ALEPH constrainti2 v'/v ( 0.77, im-
plies that m- ) 4S.8(55.8) GeV, but only within the

lL,

framework of the MSSM. The strongest bound on /~
comes from direct searches assuming lR —+ IZ~ is domi-
nant. We have seen that there are regions of parameter
space of the MSSM where l~ ~ IZ& essentially all the
time; nevertheless, we have argued that the events would
be very distinctive at least in the case of eR and pR, so it
is unlikely that these sparticles would have escaped detec-
tion. We have also argued that rRrR pairs, which would
lead to high sphericity, high-multiplicity events with ab-
normally narrow jets (from r misidentification), would
(even though not as distinctive as e~ or p~ events) be
readily identifiable, so that a lower limit of about 40 GeV
on /R masses is probably valid. We have also seen that
even within the MSSM a bound on rn- can be derived

Zl
from the published data only if the decays Z ~ Z~Z3
are incorporated into the analysis and it is further as-
sumed that Zs decays directly to the LSP. The bound on
m- is simply governed by that on m- and is given byZ2
m- ) m-/6. Finally, m- is constrained to be larger

Z2 g ) Z
than 61 GeV.

What about the future? Clearly, the most, important
task would be to constrain (or measure) the Zi and Zq
masses. We can see from Fig. 2 that either (i) the Higgs
boson will be discovered, (ii) the invisible width of Z
will be too large (this can be attributed to Z ~ ZiZi),
or (iii) lower bounds of 8 GeV and 35 GeV would emerge
on m- and rn- . As can be seen from Table I, the former

1 2
bound would be significantly improved if the hadron col-
lider experiments can improve the bound m- ) 50 GeV,
independently of how the gluino decays (note that this
should be possible since very light charginos are now
ruled out). Any lower bound on m- would obviously

1
have cosmological significance. Finally, we have also seen
that if we are lucky (e.g. , if m- M~/2), a study of
W boson decays at the Fermilab Tevatron would lead to
even stronger constraints on SUSY parameters. Notice
that the most stringent limits emerge by putting together
various constraints. It is here that we see supersymmetry
at work, for instance, in the observation that if the Higgs
boson is too heavy, there must not be a light Higgsino.

Section III deals with the evasion of the bounds on
chargino and neutralino masses in nonminimal models.
We have seen that the neutralino couplings (and hence
any potential mass bounds on them) are very sensitive
to even small changes in the assumptions of the min-
imal model. The two simple alterations of the neu-
tralino sector that we have considered are (i) giving
upss the assumption that the SU(2) and U(1) gaugino
masses are related by Eq. (2.1), the unification con-
dition usually assumed, and (ii) introducing one extra
SU(3)xSU(2)xU(1) singlet superfield. Such fields are

often present in models with large gauge groups.
Neither of these alter the chargino sector of the theory.

The efFect of relaxing either of these is seen in Figs 3—5.
Figure 3 shows that altering pi/p2 from its value in the
MSSM drastically changes the regions of SUSY parame-
ter space (m- is related to p2) that can be excluded by
the experiments which directly search for the neutralino
decays of Z, whereas from Fig. 4 we see that the total
variation in the inclusive search is much smaller. From
Fig. 5, it is clear from the diA'erence in the curves for
the minimal model and those for the free pq case or for
the model with the singlet that the neutralino contribu-
tion to the Z width (recall that the whole difference is

due to neutralinos as the chargino sector is untouched)
can be drastically reduced. We thus conclude that any
bounds on neutralino parameters obtained by the LEP
experiments are strongly dependent on the assumptions
of the MSSM. Also, in these extended models, the LSP
could be light and provide the dark matter and yet escape
detection at colliders.

Charginos in nonminimal models have been studied in
Sec. III 8 where we have shown that in any theory with
an (effective) SU(2) xU(1) symmetry, the LEP bounds
can be evaded only if the chargino contains a substantial
component of an SU(2) singlet charged field that mixes
with the Higgsino or gaugino fields. We saw that in order
to bring about this mixing we were forced to introduce
a pair of SU(2) singlets (S, S') and another pair (A', K')
of SU(2)-doublet superfields. We then saw that in order
to get a light chargino that did not couple to Z, the
parameters had to be adjusted to satisfy at least one ad
hoc relation. We were, therefore, led to conclude that
the bound on m- obtained from the LEP experiments

assuming that the chargino is a doublet Higgsino is valid,
except in a class of very contrived models.

Finally, in Sec. IV we considered whether it is at all
possible to avoid the bounds on slepton masses. The
same arguments as for charginos imply that this is pos-
sible only if II. mix with a charged singlet and lR with
any higher representation of SU(2)L, . As we saw, the sit-
uation here is further complicated by the fact that in a
supersymmetric theory the slepton and lepton mixings
are proportional. The latter are, of course, constrained
by the observed lepton universality. Somewhat surpris-
ingly, we found that this constraint was really stringent
only for muons but that, for e and 7, mixing angles 0.15
are quite acceptable. In order to realize the mixing we

were led to introduce a pair of charged SU(2)-singlet su-

perfields (S,S') and forced to fine-tune at least one of
the SUSY-breaking masses to 10'%%uo (more for smuons)
in order for the slepton mixing to be substantial with-
out violating constraints on lepton mixing. Further, we

saw that new Yukawa couplings of S and 9' were needed,
which meant introducing even more superfields. This was
needed to get the SUSY-breaking scalar m-, to be neg-

ative, which in turn was necessary for the new singlet
SUSY fermion to be heavy enough to avoid detection
while the slepton could still be light. The situation for
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right-handed sleptons was very similar. Our conclusion
was that these models, if anything, were even uglier
than the models contrived to escape the chargino bound.

To conclude, the direct searches for SUSY particles
at LEP have led to bounds close to the kinematic limit
on the masses of charged sparticles. Within the frame-
work of the MSSM, these bounds can be strengthened
if taken in conjunction with the inclusive bounds from
the constraints (1.1) and (1.2). These constraints also
lead to a bound on the sneutrino mass. We have also
seen that while simple changes in the model can cause
the bounds on neutralino decays of Z to disappear, it
is only in very ugly and contrived models that the LEP
bounds on the chargino or slepton mass are substantially
weakened. Whether or not one finds new physics either
by direct searches for Z decays (with small branching

fractions) or by finding deviations from the SM in preci-
sion measurements remains to be seen.

ItIote added in proof Si.nce this paper was submitted,
the CDF Collaboration has announced a preliminary
lower limit of about 150 GeV on the gluino mass under
the assumption that the gluino only decays into the USP.
It has been estimated that the incorporation of the non-
LSP decays of the gluino as given by the MSSM reduce
this bound to about 135 GeV. We see from Table I that
this implies a bound of about 15 GeV on the LSP mass.
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