
PHYSICAL REVIEW D VOLUME 37, NUMBER 3 1 FEBRUARY 1988

Supersymmetry phenomenology and the nature of the lightest supersymmetric particle

Manuel Drees, C. S. Kim, and Xerxes Tata
Physics Department, University of Wisconsin, Madison, 8'isconsin 53706

(Received 24 July 1987)

We show that in addition to the photinolike and Higgsino-like states usually considered as can-

didates for the lightest supersymmetric particle (LSP), there is yet one more state in the neutralino

sector which could be the LSP in minimal supergravity models. In this paper, we study how the

phenomenology of supersymmetry is altered depending on the nature of the LSP. Within the
framework of minimal supergravity models, we demonstrate that if the mass of the LSP is small

compared to that of the 8' boson, the lightest chargino and the next to lightest neutralino states
are always lighter than M& and Mz independent of the soft-supersymmetry-breaking gaugino
masses. We show that the W- and Z-boson decay widths into these particles depends quite
signi6cantly on the nature of the LSP. We further show that the bound on the scalar-electron
mass of the ASP detector at the SLAC storage ring PEP is considerably weakened if the LSP is

the new state discussed above, even if this state is dominantly a gaugino. Finally, we briefly study
the phenomenology of the LSP in the context of superstring-inspired E(6) models.

I. INTRODUCTION

In the last five years, a considerable amount of effort'
has been devoted to the construction and phenomenolog-
ical implications of N=1 supergravity models. These
efforts have gained renewed interest with the discovery
of anomaly-free superstring theories, which are a candi-
date for a unified description of gravitational and Yang-
Mills interactions. It has been shown that their
compactifications to four dimensions can lead to an
N =1 supergravity theory in the low-energy limit.

One feature of most supergravity models, including
superstring-inspired ones, is the existence of a conserved
discrete symmetry called R parity; the normal fermions
and Higgs and gauge bosons are R even, while their su-
perpartners are R odd. It then follows that the lightest
supersymmetric particle (LSP) is stable; all other super-
partners decay into the LSP plus one or several R-even
particles. Therefore, the experimental signals for the
production of any R-odd particle strongly depends on
the nature of the LSP.

It is known that the LSP must be electrically and
color neutral; otherwise an abundance of exotic nuclei
would have been observed. In presuperstring models, '
which are essentially a direct supersymmetrization of the
standard model, there are thus two obvious candidates
for the LSP: The sneutrino v and the lightest eigenstate
Z, of the neutral gauge —Higgs-fermion sector.

The first possibility, which has been discussed in Refs.
7, now seems somewhat disfavored, since there exist
quite restrictive lower bounds on masses of charged slep-
tons and squarks; in most models the sleptons have
similar masses, so that a light sneutrino seems unlikely.
Although superstring-inspired E(6) models in principle
allow for the required mass splitting, a substantial fine-
tuning is needed to create a light sneutrino, since in
these models scalars tend to be heavy. ' We will there-

fore not pursue the possibility that a sneutrino is the
LSP any further. In minimal supergravity models' this
leaves us with the Z&.

There are three distinct scenarios which lead to a light
Z&. In the first and most widely studied'" scenario it is
assumed that the soft-supersymmetry-breaking gaugino
masses are small compared to the mass of the Z boson,
Mz. In this case Z, is approximately the superpartner
of the photon, the photino. In the second scenario' one
postulates a small supersymmetric Higgs-boson mass, in
which case Z& is dominantly a mixture of the two
Higgsino current states. Finally the Z& can be made
light by an explicit cancellation among the terms that
contribute to the determinant of the neutral-
gaugino —Higgsino mass matrix. At first glance this
looks like an unnatural fine-tuning; it turns out, howev-
er, that there is a rather large region of parameter space
for which such a light Z, results. Furthermore, unlike
the first two scenarios this last scenario allows all entries
of the neutralino mass matrix to be of the same order of
magnitude. Moreover, much of this region of parameter
space is allowed by current experimental data, and if the
LSP is indeed such a light Z&, conventional supersym-
metry (SUSY) phenomenology is quite altered. We have
analyzed the phenomenology in each of these cases, with
a particular emphasis on the third scenario where the
terms in the determinant of the neutralino mass matrix
approximately cancel, since this region has not been well
studied in the literature.

In superstring-inspired models there exist six addition-
al R-odd neutral fermions' which usually do not mix'
with the gaugino-Higgsino sector. It has recently been
shown' that in models without an intermediate scale the
lightest of these particles cannot be heavier than about
115 GeV and is often much lighter. In fact it is possi-
ble' that the lightest of these exotic fermions is the LSP.
In this case, the phenomenology of the LSP, and thus of
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all R-odd particles, strongly depends on the unknown
superpotential couplings of the exotic E(6) fermions.
This makes it impossible to make strong quantitative
statements; it is, however, possible to qualitatively classi-
fy the various possible cases and the emerging signa-
tures. This discussion forms the second part of our pa-
per.

The rest of this paper is organized as follows. In Sec.
II we discuss in some detail the space of the parameters
that enter the chargino and neutralino mass matrices, as
well as existing experimental bounds. In Sec. III we
show that if the Z& is light, the mass of the second-
lightest neutralino is always smaller than Mz, while the
lightest chargino is not heavier than M~, independent of
the soft-SUSY-breaking gaugino masses. In Sec. IV we
discuss decays of 8' and Z bosons into neutralinos and
charginos, with special emphasis on the region of param-
eter space that leads to the new light neutralino. In Sec.

V we reexamine the existing bound of the ASP detector
at the SLAC storage ring PEP on mz as a function of

1

the selectron mass. We show that this bound is substan-
tially stronger for the photino than for the new state (the
third scenario of the previous paragraph). In Sec. VI we
qualitatively analyze the case that the LSP is a neutral
exotic E(6) fermion. Finally, Sec. VII contains a sum-
mary of our findings.

II. NEUTRALINOS AND CHARGINOS
IN N = 1 SUPERGRAVITY MODELS

Minimal supergravity models contain four neutral R-
odd Majorana fermions: The Higgsinos h and h,
which are the superpartners of the F=+—,

' and Y = ——,
'

Higgs bosons H and H, and the neutral SU(2) and
U(l)r gauginos A, 3 and A,o. The neutralino mass matrix
in the basis (h, h, A, 3, A,O) is given by""

—2m )

M(neutral) =
—2m )

1—~g v

1—gVv'2

1

g2g

1—gVV'2
(2.1)

Here 2m, is the supersymmetric Higgs-boson mass,
v = (H ), u

—= (H ), and p, 2 and p, are soft breaking
SU(2) and U(1)„gaugino masses. In supergravity grand
unified theories (GUT s) with canonical kinetic-energy
terms for gauge superfields the latter two parameters are
related to the gluino mass

~ p3 ~
by

5 gP, =—,tan H~P2 ——— P3,5

3 gs
(2.2)

P2 gV
M (charged)

V m~
(2.3)

Thus all masses and mixing angles in the chargino and
neutralino sectors can be parametrized in terms of IM2,

2m, , and v/v. Following the notation of Refs. 17 and
18 we label the physical neutralino and chargino states
by Z; and 8'+&, with Z& and W being the lightest

where g', g, and gs are the U(1)r, SU(2), and SU(3)
gauge couplings, respectively. We will assume this rela-
tion throughout our paper.

In the charged sector, the model contains two R-odd
Dirac fermions " A. =(A, , i A,2)/&—2 and X=PL h
—Pz h. The chargino mass matrix contains the same pa-
rameters that enter the neutralino mass matrix. In the
basis (A.,X) it reads

states in the corresponding sector. We denote the h

h, A, 3, and A,o components of Z, by u", , u z', u", , and u4',
respectively.

As discussed in the Introduction, there are three
different scenarios that lead to smail values of mz . This

1

can most easily be seen from the determinant of the neu-
tralino mass matrix, which is given by

2m ) 2detM, «««„—— g' p, (8uv —2m, 5p, /g ) . (2.4)

The first possibility" to obtain a massless Z, is to set
p2 ——0; in this case Z

&
is the photino, i.e,

v"'=(0,0,sin8~, cos8~). This case has been widely
studied in the literature. '" By virtue of Eq. (2.2) a light
photino implies a light gluino. In view of the fact that
the UA1 Collaboration has been able to exclude gluino
masses below 53 GeV the allowed region for this case is
rather restricted.

Another way to achieve a small mz is to choose'
1

2m, to be small. In the extreme case, 2m, =0, Z, is a
pure Higgsino, i.e., v'"=(cosP, sinP, O, O) where
tanp—:u/v. This solution is, however, somewhat prob-
lematic in minimal models. The reason is that 2m, ,
multiplied by a soft-breaking parameter 8, also enters
the Higgs potential; one thus expects 2m, 8 to be of or-
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der M, which is hard to achieve
'

e if 2m is very small.
d a nonminimal hidden sec-One solutio

'
n is to intro uce a

les 8 from the other soft-tor which effectively decouples 8 ro
rs. It should also be mentione t a,breaking parameters. s

'
h values oftar~ ——1, even small nonvanis ing va

2m suffice to dramatically c ange em&

b introducing nonvanishing v 3 an 4", '
h d

light Higgsino-like state thus seems un ikely. n con-
trast a photinolike eigenstate occurs for a substantiall

2m, p~=-,'Myosin(2p) . (2.5)

of all fourIn this case t e
&

is ah Z '
a complicated mixture o

current states:

f the signs of the parameters entering
ch that the two terms inass matrix (2.1) are chosen suc

,2.4) add rather than cancel.the determinant
x licitl cancelingF 11 — can be set to zero by exp ici yFina y, mz

the two terms in Eq. (2.4), i.e., by requiring

Mw — . Mw
&2 sinP, &2 sinP

P2 P2
(2.6)

ent v'" =where N is determined by the requirement ~~v

We should clarify at this point that there is no com-
ex ect the LSP to be light (compared

to the 8' boson), let alone massless. is is,
nolo ical interest at energies

sible at resent or near future colliders suc as t erm', TRISTAN, Stanford Linearrmilab Tevatron, KEK
Collider (SLC), and the C
solutions (discussed above) to the equation m& —— as a

f arameter space thatuide to determining the regions of pa
to a li ht LSP. For brevity we shall characterize

each of these regions by t e par icu
USY mod-equation mz ——.z

——0 Of course, by varying the SU mo-
inuousl o from one region1 parameters one can conti y g

to the other, so that no other significance is attac e o
these "solutions. "

In the minimal model considered ere oun s on
1' sector cannot only be inferred by experiInents

rch for these particles, i e ethat search fo
(2.3) it follows thatt ' since from Eqs. (2.2) and . i o

bounds on chargino and gluino massess constrain the
termine masses and mixings of

the neutralinos. This is illustrated in Figs. 1 a an
2.5 res ectively. In our calculations we

(M )=0 22 dM =83 GeV s ~w w =w
a (Mii )=0.136, corresponding to AQcD ——

Note that we can without loss of gen-5 quark flavors. ote a
nd v to be positive; in iserality assume 2m „v, an

we have to consider both signs for p, 3, with m =
~ p3

In these figures the solid curve s are lines of m- =12.5Z ]
h' h is the kinematic limit for the ASP experi-

The hotinolike solution is charact y"
nt =80 GeV. For tanp=1 thean almost constant ~JM3

~

—8 e
H' sino state is characterize y, — z,d b 2m =m-, w ereasiggsin

r co =2.5 (which is no longer athe corresponding state for co=
d' ed earlier) is characterized yHi sino, as aiscusse ea

2mi-mz /sin(2p = ez
'

P) = 18 GeV. Finally the two hyPerbo-

f — =12.5 GeV, where Z, is a lightlas are contours o mz ——

state that approximately satisfies q .E s. (2.5) and (2.6);
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there are two solutions since nonzero values of mz can
1

be obtained by either decreasing or increasing p2 from
the value given by Eq. (2.5), which leads to mz ——0.

1

It is interesting to note that two of these three curves
sometimes meet, most notably at the corners of the tri-
angle in Fig. 1(b). At the points with tM3 =80 GeV, there
are two degenerate light neutralinos, while at the upper
end there is only one light state; it is equally far away
from being a pure Higgsino and the massless state of Eq.
(2.6).

The region between the two long-dashed curves is ex-
cluded since here the lighter chargino is lighter than 22
GeV, which violates the DESY PETRA bound. ' Thus,
the solution where p2 is slightly smaller than given by
Eq. (2.5), i.e., the lower of the mz ——12.5 GeV hyperbo-

1

las, is always ruled out. As is well known, " situations
with a very small p2 and large 2m, , or vice versa, are
also excluded by the bound m~ )22 GeV. Further-

more, many situations with a light photinolike Z& are
excluded by the UA1 bound on the gluino mass which
excluded the region m 553 GeV.

Additional bounds may be derived ' ' from the
nonobservation of 8'~8' +Z2 and Z~8' 8' de-
cays which would lead to spectacular trilepton and aco1-
linear dilepton events. The erst decay, which has the
largest rate at the CERN SppS, is kinematically allowed
in the region between the short-dashed curves in Figs. 1.
Although existing experiments are probably only sensi-
tive up to m~ +mz -'75 GeV, these curves indicate

2

that a substantial region with a light photinolike or
Higgsino-like Z& and positive p3 may already be ruled
out.

In principle, further bounds ' ' can be derived from
the monojet events that originate from the decay8'~8' Z, , followed by the hadronic decay of 8', in
much the same way as the UA1 Collaboration has ob-
tained bounds on the mass of sequential heavy lepton.
There are, however, severe standard-model backgrounds
to these events so that the exact determination of this
bound may be more difficult. For this reason we have
not included this bound in the figure. We will discuss
gauge-boson decays in more detail in Sec. IV.

Although the results of this section have been derived
within the framework of the minimal supergravity model
with only four neutralinos they are also valid in the sim-
plest superstring-inspired E(6) models with one addition-
al U(1) gauge group and one SU(2)-singlet Higgs boson
X. In these models the supersymxnetric Higgsino mass
arises from the superpotential coupling A.HHN after
spontaneous breaking of the U(1), i.e., 2m, =A, (N }.
The chargino sector is the same as in minimal super-
gravity. Furthermore, the extra fermions in the neutrali-
no sector decouple from the fermions of minimal super-
gravity. The reason is that the new neutral gauge boson
Z' has to be heavier than the standard Z boson since
otherwise its effects would have been seen in existing
neutral-current data. Furthermore, in models without
an intermediate scale the Z' has to be heavier than
330—400 GeV in order not to destroy successful

standard-model predictions for nucleosynthesis. This
leads to the effective decoupling' of the additional neu-
tralinos from the four neutralinos of the minimal model,
leaving us with the mass matrix (2.1), where 2m, has to
be replaced by A. (N ). Since the superpotential coupling
A, is expected ' to be not much smaller than -0.1 and
Mz -5g'(N }/3v 2 for Mz. »Mz, this means that the
model predicts a rather large effective value for 2n„
which excludes the possibility of a light Higgsino-like
state. At least in the region of smaH mz this is the only

1

difference between minimal and superstring-inspired
models. In the next three sections, which discuss phe-
nomenological implications of a light Z„we will there-
fore stick to the case of minimal supergravity.

III. BOUNDS ON m~ and mz
2

1

M(neutral t MzcosP

MzcosP —MzsinP

0 —2@i )

—MzsinP —2m,

(3.1)

Using the vector x, = (cosa, sina, O) with
tana= —MzsinP/2m, , one finds mz &MzcosP; similar-

ly one can show that mz &Mzsinp by use of the vector
2

x2 ——(cosa, O, sina) with tana=Mzcosp/2mt.
The bound on the 8' mass can also be obtained from

the matrix (2.3). For p2 ——0 it is obvious that the small-
est eigenvalue is bounded by the norm of any row or
column. We thus have

& &2M+ min(cosp, sinp),

mz &Mzmin(cosp, sinp) (tMt
—

p2
—0) .2—

(3.2)

It is well known that if the soft-SUSY breaking gau-
gino masses are small compared with M~ (so that
Zt =y with a small mass), there are light states W and

Z2 in the chargino and neutralino sectors with

m~ &~~ and mz &~z. In this section we study the
2

corresponding limits on Z2 mass when Z& is either a
light Higgsino or the light state described by Eqs. (2.5)
and (2.6). Unlike the case of the light photino, which
can be analyzed in a model-independent fashion, our
considerations are limited to the minimal model, al-
though similar results hold for the E(6) superstring mod-
els with a large Z'-boson mass.

In the minimal model the bound on mz for the case

p, =pz
——0 is even stronger than Mz. One simple

method for deriving upper bounds on the absolutely
smallest eigenvalue E;„ofa given matrix M makes use
of the inequality E;„&~~Mx~~ that holds for all unit vec-
tors x. In the present case M is the 3)&3 neutralino
mass matrix in the Z-ino —Higgsino basis (obtained by
truncating the photino components of the original ma-
trix), " which is convenient for the discussion of the
m =0 case; it reads

y
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m f + —', Mwsin P
m w~ & 2Mw( 1 —3/8/5 )

m i
+-5~W

cos P

(3.7)

On the other hand, multiplying the chargino mass ma-
trix from the left with x6——(co~, —sing }, with

tang=2m
&
v'5/(4Mwsinp), one obtains

m ) + 5Mwcos P
m w & 2Mw(1 —v'8/5 }3

m1 2+—5Mw
sin P

(3.8)

The two bounds (3.7) and (3.8) are obviously identical for

~

tanP
~

=1, yielding

mw &Mw(3/8/5 —1)=22 GeV .

If
~
tanP

~
&I, one of the bounds rises monotonically

with m &, while the other one falls with m &. The abso-
lute upper bound is then again realized in the situation
where the two bounds are identical, which is true for
m, =0.4Mwsin(2P); this gives

mw &Mw(l/8/5 —1)3/1»n(2P)
l

[p2 ——0.SMwsin(2P) lm, ] . (3.9)

The bound (3.9) combined with the PETRA limit

mw &22 GeV already rules out the case when Eq. (2.5)

is exactly satisfied unless
~
tanP

~

is very close to 1. It
also implies that in this region of parameter space the
decay Z ~O' 8' is possible for quite substantial
values of mz . From Fig. 2(c} we read off that mz has

1 1

to be larger than about 20 GeV for this decay channel to
be kinematically closed.

Unfortunately we have not been able to derive an ana-
lytic bound on mz for arbitrary values of tanP for Z,
given by Eq. {2.6). We have, however, numerically
checked that tanP=1 gives the maximal values of mz .

2

In this case —2m& is an eigenvalue of the neutralino
mass matrix (2.1). The remaining two eigenvalues E, l
are then solutions of the equation

is approximately given by 2m&sin(2P). The plot also
shows that m —'" remains almost independent of P as

Z2

long as mz is not much larger than 40 GeV. In general
1

one sees that in the case of small 2m, , m&'" and mw'"

rise much more slowly with mz than in the case of
1

small p, and p2.
Finally, we turn to the case where both 2m

&
and p2

are nonzero, but Eq. (2.5) is satisfied, i.e.,
p2 ——O. SMwsin(2P)/m, . By multiplying the chargino
mass matrix (2.3) from the right with x5 ——(cosa, —sine),
with

tan8= 2m
&
3/5/(4MwcosP),

one finds

2

+—,tan Owp2
5 2 28Mw

E E—p2( 1+—,'tan 6) w }+
5P2

4-1.6Mw(1+ —,'tan Ow) Mz=O ~ (3.10)

From Fig. 2(c) one sees that this bound depends only
weakly on P. Thus Z2 can be substantially heavier than
in the cases where the Z& is a light photinolike or
Higgsino-like state. In contrast, the bound on mw is

much stronger here than in these previously discussed
cases.

This can be used to derive nontrivial lower bounds on

mz in this region of parameter space,
2

m, & O. SMwsin(2p)/pz, since all sets of parameters that

yield mw g 22 GeV are ruled out. The resulting

bounds are represented by the dashed curves in Fig. 2(c).
For 11 mz & 16 GeV this bound is reached for very

1

large values of 2m, , i.e., Z, =A,o and Z2-A, 3, so that one
finds (independent of P)

mz -mw = )Iu, (
=0.6mz /tan Hw ( (2m, ( »Mz) .

2 1

(3.12)

For mz &11 GeV this choice of 2m& would lead to an
1

unacceptably small mw; the existence of a very light

Z, of the type shown in Eq. (2.6) thus forces the Z2 to
be substantially heavier than the value given by Eq.
(3.12}. For mz &16 GeV a new solution occurs with

I

small values of
~
2m]

~

and very large
~

JM3 ~
(

~ p3 ~

&3
TeV). For mz &22 GeV this solution corresponds to

1

the limit
~ P3 ~

~ 00, mz ——mz ——mw =
~

2m
& ~, which

1 2

means that there is no lower bound on mz . On the oth-
2

er hand,
~ p3 ~

should not substantially exceed —1 TeV
since otherwise the stability of the gauge hierarchy is no
longer guaranteed. We have, therefore, also shown the
lower bound on mz with the requirement

~ p3 ~

&2
2

TeV. In this case the bound for mz ~ 11 GeV is always
1

reached for
~
2m,

~

=1 TeV; see Eq. (3.12). In contrast,
no lower bound on mz can be derived if the Z& is a

2

light photino or Higgsino.
It is interesting to note that in most cases m — is max-

Z2

imal if it is equal to mz, the exception being the case
3

where the Z, is a light photinolike state with

~
tanP

~

&1. This means that if mz is close to its upper
2

where Eqs. (2.2) and (2.5) have been used. The smaller
solution of Eq. (3.10) increases monotonically with p2,
while according to Eq. (2.5) 2m, decreases with pz. The
mass of the Z2 is thus maximal if the smaller solution of
Eq. (3.10) equals 2m, =1.6Mwip, 2. This is true for

p2 ——l/0. 6Mw/sin8w, which gives the bound

mz & SMwsin8w/3/15=80. 4 GeV {2m, =1.6Mw/Pz) .2—

(3.11)
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bound, the model usually predicts mz to be of order
3

Mz too. However, in general, no strong bounds can be
derived for mz or m~

3 +

IV. GAUGE-BOSON DECAYS
INTO CHARGINOS AND NKUTRALINOS

Wlj = ~+g +g (l) J( —l) (VI VI —V2 V2 ), (4.2)

where the Uk' have been defined in the paragraph follow-
ing Eq. (2.3). These couplings can also be found in the
review by Haber and Kane, ' but in a somewhat different
notation.

The decay width for the decay of a vector boson V
into two fermions f l and f2 with vector coupling a and
axial-vector coupling b is given by

I (P' flf2)= g (~y Vlf mf )

T

X (a +b ) 2Mv —mf —mf
1 2

(mf —mf )z

+6(a2 —b )mf mf (4.3)

where the A, function is as usually defined by

A, (x,y, z)=x +y +z —2xy —2xz —2yz . (4.4)

The statistics factor b, ,z in Eq. (4.3) is —, if f, and f2 are
identical Majorana fermions and 1 otherwise. If fl and
f2 are both Majorana fermions, the width (4.3) is to be
multiplied by another factor of 4.

Note that the expression in the square brackets in Eq.
(4.3) vanishes at the edge of phase space,

We have seen in the last section that whenever the Z&
is light the decay Z ~Z&Z2 is kinematically allowed. In
most cases the decay W~W Z& is also possible, the
exception being the case where

~

tang
~

=1 and
~
2m,

~

and
~ p2 ~

are both small. Finally, it may well be possi-
ble that even the decays Z ~W W and W~ W Z2
are allowed. In this section we give decay widths for
these decays as well as the Z~Z&Z& decay, which is
trivially a,llowed if the Z& is light.

The relevant couplings for the Z ~ W W and
W~ W Z; decays can be found in Refs. 27 and 17, re-
spectively. For the ZZ;Z. interactions we find

(4.1)
l J

where 8; =0 (1} if the corresponding eigenvalue of the
neutralino mass matrix (2.1) is positive (negative). The
couplings Wj are given by

Mll, =mf +rnf, if a =0 and b&0, while it approaches
1 2

the constant 12a mf mf if a&0 and b =0. From Eq.
1 2

(4.1}we see that the Z~Z;Z; decays always have a =0,
while the Z —+Z, Z2 may be mediated by a pure vector
interaction if 0, +Oz

——1. Thus, the latter decay is
favored if the coupling strength (4.2) and the kinematic
factors are the same.

It is worth mentioning that most of the ZZ;Z. cou-
plings of Eq. (4.2) vanish if tanP=1-. The reason is that
in this case one eigenstate of the neutralino mass matrix
(2.1) is the pure Higgsino state with

v' '=(I/v 2, 1/&2, 0,0);

obviously there is no Zh h coupling. Since the three
other eigenvectors have to be orthogonal to the Higgsino
the only nonvanishing couplings in this case are the
Zh Z; couplings where the Z, is not the Higgsino state.
In our explicit examples we, therefore, avoid the excep-
tional point tanP= l.

At this point it seelns appropriate to briefly list the
signals that emerge from the decays under consideration.
Obviously the Z~Z, Z& decay can only be detected in
neutrino counting experiments, since the Z& escapes
direct observation. The Z&Z2 final state leads to missing
transverse momentum (pT) plus jet(s) or two acoplanar
leptons and thus might lead to a striking signature at
e+e colliders; if the Z2 decays into v&vZ&, which
might be its dominant decay mode in certain super-
string-inspired models, ' this mode again might be
detectable only in neutrino counting experiments. Cor-
respondingly the Z~Z2Zz decay might lead to final
states with up to four charged leptons and/or up to four
jets. If the Z2-W mass splitting is large and squarks
and sleptons are heavy compared to M~, the Z2 dom-
inantly decays' into the W and two quarks or leptons
for

~
tanP

~

=1. The W, in turn, decays into the Z,
plus quarks or a Ivi pair. The most promising signal
from the decay W~W Z, at a hadron collider comes
from jet(s) plus g/r events; the leptonic signal is swamped
by the W —+Ivl background. Finally, the W —+8' Z2
decay leads to final states with three charged leptons and
little hadronic activity, or one or two leptons plus
jet(s) +gfz. .

Unfortunately, the branching ratios for the Z2 and
8' decays strongly depend on the masses of the scalar
particles of the model. We therefore do not attempt to
quantify our discussion of the signals. Instead we refer
the reader to the existing literature' ' ' ~ where various
cases are discussed in detail.

We are now in a position to analyze the regions of pa-
rameter space that lead to a light Z, . We begin with a
discussion of the case where the Z, is photinolike, i.e.,
the case of small

~ p2 ~. In Fig. 3 we show the Wand Z
decay widths as a function of mz for tanP =2.5,

1

2m
&

——150 GeV and negative pz, the corresponding
values of mz and m~ are shown on the scales above

2

the figure. Here and in Figs. 4 and 5 the W widths are
in units of I ( W~ev) =250 MeV and the Z widths are
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FIG. 3. Decay widths of W bosons (dashed) and Z bosons
(solid curves) into neutralinos and charginos as a function of
m- for tanp=2. 5, 2m, =150 GeV, and —180 GeV&)Li3(0,Z

corresponding to the case of a photinolike Z . The W widths
are in units of I ( W~ev) =250 MeV, and the Z widths are in
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very weakly to the Z boson so that the Z~Z~Z, decay
is not observable. If the decay Z~ZzZz is allowed it
leads to clean signatures at SLC and LEP. At LEP I,
where 2 IO Z~p+p events are expected annually,
there are up to 4000 Z2Zz events per year. Because of
the small branching fraction ( & 0.006%) the decay
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FIG. 4. The same as Fig. 3, but for 0&2m, &60 GeV and
= —600 GeV, corresponding to the case where Z, is dom-

inantly a Higgsino. Note that for the given value of p3, z
never exceeds 84.5 GeV.

FIG. 5. The same as Fig. 3, but for (a) tanp==1.2 2m =150
GeV, and 280 GeV&p, &650 GeV, (b) tanp=2. 5, 2in~ =120

2m, =300 GeV, and 140 GeV&JM, , &330 GeV. In all cases Z,
2.6).is approximately given by the state
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which corresponds to m ~ & 35 GeV, the 8'~ W Z2

decay increases the W width by a similar amount. How-

ever, this region of parameter space is probably already
ruled out by the absence of hadron-free multilepton
events in the UA1 data sample. In this case the model
predicts an increase of the ratio I z/I ~, unless the
Z~W W channel is closed.

It has recently been pointed out ' that this might be
in conflict with existing data. Combining data from
several experiments, the authors of Ref. 32 have con-
cluded that the measured central value of I z/I s is

even smaller than the standard-model prediction with

three generations. If this indeed turns out to be the
case, the region with m~ 45 GeV is disfavored in the

case of small p2.
The situation changes quite dramatically if the Z, is

dominantly a Higgsino. This is shown in Fig. 4. Note
first the relatively large splitting between the masses of
the Z2 and the W; we should mention, however, that
this is partly due to our choice of a rather large

~
}u3

(p, 3= —600 GeV), which is made to ensure that Z, is

dominantly a Higgsino state. Here we find only a small
change in I z/I s, compared to the standard-model pre-
diction. Note, however, that substantial contributions to
I'z now come from Z~Z&Z, , i =1,2, as well as from
Z~W W . The smallness of this latter decay width

can be explained by the observation that the W is

dominated by its Higgsino component, i.e., the W is

dominantly a SU(2) doublet rather than a triplet and so
has a smaller coupling to Z . It is interesting to note
that although the W and Z& eigenstates are very
different from those of Fig. 3 the W~W Z& decay
width is comparable in the two cases. Finally, the de-
cays W~ W Z2 and Z ~Z2Zz are suppressed here
since the Zz is rather heavy (mz ~ 50 GeV). At hadron

2

colliders the signals for W, Z&, and Z2 production
from gauge-boson decays are much smaller in this case
than in the photino case so that the bounds of Refs. 20
are considerably weakened.

Finally, we turn to a discussion of the case where the
Z, eigenstate is approximately given by Eq. (2.6). Since
this region of parameter space has not yet been studied
in the existing literature we show plots for three different
sets of parameters: tanP=1. 2, 2m, =150 GeV [Fig.
5(a)]; tanP =2. 5, 2m

&

——120 GeV [Fig. 5(b)]; and
tanP=1. 2, 2m, =300 GeV [Fig. 5(c}]. In all the three
curves the covered range of p3 starts at the value given

by Eqs. (2.5) and (2.2), corresponding to mz ——0, and
1

ends where all decay modes becomes undetectable.
As indicated by Fig. 2(c), we again observe a rather

large difference between mz and m~, especially in
2

Figs. 5(a) and 5(b) where 2m& is not very large. In these
two cases the channel W~W Zz is already closed at

m~ ——30 GeV, which severely limits the possibility of

deriving bounds on the parameters from the absence of
multilepton +p'T events at the CERN SppS. In fact, one
can see from Fig. 1 that for smaller values of 2m, this
decay channel is already closed if m~ ~22 GeV, which

we know to be true from PETRA experiments. For the
values of 2m, shown in Figs. 5(a) and (b), even if this
channel is open it contributes only about half as much as
in the case of a photinolike Z, .

It is also interesting to note that in this region of pa-
rameter space the Z~W W decay width is some-
what smaller than in the case of a light photinolike Z, ,
while the W~W Z, is about twice as large. There-
fore, here the increase in I z/I ~ for small values of
m~ is considerably smaller than in the case of a light

photino and the same m~ . For the parameters of Fig.

5(a) for m~ =30 GeV this increase of I z/I & equals

that of about —', massless neutrinos and almost vanishes
at m~ =40 GeV. (Recall the W and Z decay widths

are normalized to 250 and 92 MeV, respectively. }
The comparison of Figs. S(a) and 5(b} shows that in-

creasing tanP from 1.2 to 2.5 leaves the Z~W' W
and W~ W Z;, i = 1,2, decay widths almost un-

changed, while the widths for Z~Z, Z, increase by a
factor of 30. In the latter case the Z~Z&Z2 decay
might be observable at SLC and LEP, while the Z&Z&
channel still only counts as at most —,', of a neutrino and
will therefore be hard to detect.

On the other hand, the situation for a larger value of
~
2m,

~

depicted in Fig. 5(c) more closely resembles the
case where the Z, is photinolike and

~
tanP

~

=1. In the
allowed region m~ ~22 GeV the difference between

mz and m~ is less than 10 GeV, and the Z~W W
2

and W~W Z2 widths are large if these decays are

kinematically possible. The reason for these similarities
is that the large value of 2m

&
results in Z, , Zz, and W

all being dominated by their gaugino components, just as
in the case of small

~ p2 ~

and not too small 2m, . As far
as gauge-boson decays are concerned, the main
difference between the two scenarios is that the case of a
light photinolike Z, leads to a W~ W Z& decay width,
which is only about half as large as in the case where the
Z& is approximately given by Eq. (2.6).

V. SCALAR-ELECTRON MASS LIMIT
FROM e+e ~Z&2, y

In the last section we have seen that in most regions
of parameter space the Z~Z&Z& decay width is too
small to be observable, even if the Z& is very light, the
exception being the case where the Z, is dominantly a
Higgsino and

~
tanP

~
&1. This makes it all the more

important to look for other reactions in which the LSP
is produced together with other visible particles.

At energies well below the Z threshold, i.e., for e+e
colliders operating at present, the obvious candidate
is the reaction e+e ~Z, Z, y. All existing analyses
have been performed under the simplified assumption
that the Z, is a pure photino y. In this case Zi pairs
are produced by t- and u-channel selectron exchange and
the photon is radiated off either the beam electrons or
the exchanged selectron. With this assumptions the
ASP Collaboration has been able to rule out' a large re-
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gion of the I —mz plane. In Sec. II we have, howev-
1

er, seen that the Z, can only be a pure photino if
mz ——0 and that even in this extreme case it need not be

1

a photino. In this section we reexamine the existing

ASP bound' taking into account a11 the mixings, with
particular emphasis on the state (2.6).

The differential cross section for this reaction can be
written as

do (e+e —+Z&Ziy) = 1 —— 1—
256(277) s

4m-
1

X g T;(I',P +,Pr, K„K2,m, mz ) d cos8 d cosgz diaz" dx -. (5.1)

Here K& and K2 are the four-momenta of the two Z~,
Hz and Pz are the polar and azimuthal angles between

1 1

them in the Z&-Z, center-of-mass frame, and Oy is the
angle between the emitted photon and the beam. Final-
ly, s':—(Ki+K2) and x—:&s l2Er. Explicit expres-
sions for the T; can be found in Ref. 33. To obtain the
total cross section the contributions of left- and right-
handed electrons have to be added, each of which is
given by Eq. (5.1) with the appropriate couplings

g, z and mass m; the interference terms be-
L,R L,R 1 L„R

tween the contributions of left- and right-handed select-
ron exchanges are proportional to the electron mass and
can thus be ignored. The masses m and m are in

L R

general independent parameters. Finally, the eF ZI cou-
plings are given by'

g, , z =( i) ' (1—/&2)(gu', "+g'u~" ), (5.2a)

g — = —(i) ' &2g'u4
eR FR Z1

(5.2b)

If the Z, is a pure photino, Eqs. (5.2) reduce to the
known result

mz
ao(mz )=0.059 pb —8.2X10 pb

1 GeV
(5.3)

We are now in a position to derive bounds on the
selectron masses as a function of mz for realistic eeZ,

1

couplings. To this end we insert the couplings (5.2a) and
(5.2b) into Eq. (5.1), and adjust m such that the cross

z=g z=
eLPL 1 eRPR 1

In order to extract the bound on the cross section we
have integrated Eq. (5.1) for the case Z, =y, applying
the experimental cuts Ey (10 GeV, pTy +0.8 GeV, and
20'&Oy &160', and using values of m, and mz that lie

1

on the boundary of the region excluded by the ASP ex-
periment. ' Using this procedure we found that the ex-
perimental limit harp on the e+e ~Z&Z&y cross section
depends weakly on mz and can be parametrized by

1

section equals the value given by Eq. (5.3), where we
have, of course, applied the same cuts as before. As
mentioned earlier, m and m are, in general, indepen-

L R

dent parameters. We have therefore investigated the
three limiting cases: (I) m, »m, (II) m, »m~, and

L R R L

(III) m =m . In the first two cases, which give identi-
L R

cal bounds on the selectron mass if Z& ——y, we have only
kept the contributions from the lighter selectron.

We begin with a discussion of the region of small

~ pz ~, where the Z, is similar (though not equal) to the
photino. Since a depends on the fourth power of g»,eF Z1'

even in this region we expect it to substantially deviate
from the case where Z, =y, up to 50% for mz ——10

1

GeV. However, cr depends equally strongly on the
selectron mass. The resulting bounds on m and m

L R

therefore differ only slightly from those derived by the
ASP Collaboration under the simplified assumption
ZI

This is demonstrated in Fig. 6. Here and in Fig. 7 the
dashed curves are the original ASP bounds taken from
the first paper of Ref. 16. The upper curves are for case
(III), m =m, while the lower curves have been de-

L R

rived under the assumption that only one selectron-type
contributes. Note that for the present case
tanP2miP3&0 one finds ~g, z ~

&/2e, ~g, ~ zR R 1 L L 1

&&2e, while for the case tanP2mip3&0 (and small

~ @2 ~) the couplings of the left-handed electrons are
enhanced and that of the right-handed electrons
suppressed. In both cases these effects tend to cancel if
m =m, so that the deviations from the original ASP

result' are even smaller in case (III) than in cases (I)
and (II). These results are insensitive to changes in 2m,
and tanp as long as p2 is sufficiently small.

We note here that we can neglect the Z exchange at
SLAC storage ring at PEP beam energies. This can be
seen from the fact that the ASP Collaboration can only
limit the number of massless neutrino species to less
than 7.5 (9.7) at the 90%%uo (95%%uo) confidence level even
though these have "full" couplings to Z . Thus the con-
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FIG. 6. Excluded region in the mz -m, plane for tanP=1,
1

2m1 ——150 GeV, and —80 GeV &@3&0, corresponding to the
case of a photinolike Z1 ~ The dashed curves show the original
results" of the ASP Collaboration, which have been derived
under the assumption that Z1 is exactly a photino; the upper
curves are for m =m, while the lower curves are foreR'

m &&m- or m p&m . For the full curves the neutralino
eL eR ~R eL

mass matrix (2.1) has been diagonalized exactly, with (I)
m &&m, (II) m &&m, and (III) m =m . The region'L 'R ' 'R 'L' L R

below the solid line, m & mz, cannot be excluded by this datae Z1'

set since here the Z1 is not stable; there are, however, much
stronger bounds from PETRA experiments on an unstable Z1
which would decay via Z~ ~y+Pr.
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tribution from Z exchange to Z& pair production at
PEP is unobservably small for any possible Z& state.

We now turn to the case where Z& is dominantly a
Higgsino, i.e., to the region of small

~
2m, ~. In this

case no bounds can be derived from the ASP data. Even
for large values of

~

tanP
~

and mz -10 GeV where the
1

gaugino components of Z, are sizable (
~

v 3 ~ ~

v 4-0.15) the Z, Z, y cross section is smaller than era even
for very light selectrons.

We finally turn to the case where the Z& is approxi-
mately given by Eq. (2.6). Some results are shown in
Figs. 7(a) and 7(b). Note that u3"v4 ' &0 here, which
leads to a least partial cancellation in the eL eLZ& cou-
pling of Eq. (5.2a). If this cancellation is significant, the
ASP experiment can obviously not derive any limits on
m . (Recall that the cross section varies as g, z .)

L L L 1

Figure 7 also shows that the eze+Z, couplings is
suppressed, too, at least if 2m, is not very large, since in
this case the Z& has a sizable Higgsino component which
does not contribute to the couplings (5.2b). As expected
from Eq. (2.6) the resulting bound on m is rather in-

sensitive to changes of tanP. The difference in the re-
sults of Figs. 7(a) and 7(b) can be explained by the obser-

0
0 6 8

m- {GeV}
~l

10 12 14

vation that the smaller value of 2m
&

of Fig. 7(b) accord-
ing to Eqs. (2.5) and (2.6) leads to a smaller

~

u4"'
~

. We
see from Fig. 7 that if the LSP is approximately given by
the state (2.6), the analysis of the ASP experiment is sub-
stantially altered, and the limits on selectron masses for
fixed mz are very difficult from the Z& ——y case.

1

VI. THE NEUTRALINO SECTOR
OF SUPERSTRING-INSPIRED MODELS

AND THE LSP

As is well known, compactification to four dimensions
of the anomaly-free ten-dimensional superstring theory

FIG. 7. The same as Fig. 6, but for (a) tanP=1, 2m, =150
GeV, and 280 GeV&p, &400 GeV and (b) tanP=2. 5,
2ml ——120 GeV, and 245 GeV&p&&370 GeV. In both cases

2, is approximately given by the state (2.6). Note that due to
the smallness of g — z, Eq. (5.2a), no limits on m, can be de-

'L'L L

rived from the ASP experiment even for mz ——0.
1
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is believed to lead to an E(6) supergravity theory with
the chiral fields transforming as the 27 representation of
the gauge group. E(6) is broken down via the Hosotani
mechanism to the low-energy group 6 3G~
:—SU(3)XSU(2)L XU(1)r with rank 6 &5. These mod-
els can be broadly grouped into two classes. In the
first group of models' 6 has rank 5 so that it is spon-
taneously broken to SU(3}XU(1), in a single step. In
the second class of models 6 has rank 6. It is first bro-
ken to a rank-5 group at an intermediate scale
Ml —10" GeV and then to Gz at a scale -1 TeV.
Here, we ignore the possibility that the last step of the
gauge symmetry breaking is due to the vacuum expecta-
tion value (VEV) of a "survivor" field, ' since it has been
shown that at least part of the breaking has to be due
to VEV's of fields in the generational 27's. We further
assume for simplicity that the "survivor" fields present
in rank-6 models with intermediate scales decouple from
the generational 27's. At the very least, three Higgs
fields are required to break the rank-five subgroup of 6
to SU(3) X U(1), . Two of these are the SU(2)L -doublet
fields H and H that also occur in minimal supergravity
models (see Sec. II} while the third is an SU(2)r -singlet
field N whose VEV is responsible for the breaking of the
rank-5 group to Gz. The main difference between the
effective low-energy theories in the case of a rank-5 and
a rank-6 group 6 is the importance of higher-
dimensional operators in the effective superpotential in
the latter case. This can change the spectrum of the
theory in a crucial way as we will see later.

Following our earlier discussion, we will assume that
the LSP is in the neutralino sector. In the case of
superstring-inspired models, this sector consists of the
nine fields H, , H, , and N, (here i =1-3 denotes the gen-
eration) and the three neutral gaugino fields for the
SU(2), U(1), and extra U(1) gauginos. We work in a
basis where only the VEV's of H3, H3, and N3 do not
vanish. Since we are dealing with the low-energy theory,
the additional gaugino and Higgsino fields for rank-6
models do not enter our consideration as these have
masses -MI (Ref. 36). In general, the twelve neutral
fermion fields all mix in a complicated fashion to yield
the mass eigenstates, one of which (by assumption) is the
LSP.

For rank-5 models or the class of rank-6 models where
the breaking at the intermediate scale is due to a VEV of
a right-handed sneutrino field, it has been shown that
there are always two states (other than y ) whose masses
are smaller than -M~ and which may be considerably
smaller. One of these states may even be the LSP. At
this point we note that if the intermediate scale breaking
is due to the VEV of an N-type field, because of higher-
dimensional operators in the superpotential the 12' I2
neutral mass matrix under discussion gets additional di-
agonal entries -Ml/Mp„„cg 1 TeV, so that the con-
siderations of Ref. 15 no longer apply. In this case the
LSP is dominantly an SU(2)L XU(1) gaugino' and the
phenomenology is much the same as discussed for super-
gravity models. In the remainder of this section we
focus on the possibility that there is an additional light

state, which we denote by n (which is dominantly a com-
bination of N& and N2 if all superpotential couplings are
comparable), over and above a relatively light gaugino-
like state, which we denote by x. x may be approxi-
mately the photino, but for larger SUSY-breaking gaugi-
no masses is more the U(1)„gauge fermion. x and n de-

cay into one another depending on their masses.
The phenomenology of these decays is very model

dependent since the couplings of n to matter are com-
pletely unknown. Our considerations naturally divide
into two parts: (i)'n has no large couplings to matter
and (ii} the couplings of n to matter are sizable. These
can arise from either the gaugino components of n or,
more importantly, from the components of those com-
binations of H (H) orthogonal to the combination that
develops a VEV. (Recall only the latter has couplings
proportional to fermion masses. )

In the first case, x can decay into nff (or the other
way if m„&m„) via virtual Z or sfermion exchanges.
The x re coupling comes from the SU(2)L -doublet
Higgsino components of both x and n and is thus
suppressed by —(M~ /Mz ) —10 . This suppression
follows from the structure of the mass matrix. Similarly,
the fJr7 vertex, which comes from the gaugino content
of 8, is suppressed by the same factor. Therefore, if the
scalar fermions are substantially heavier than Mz, the
decays X~nff (or n ~Sff ) dominantly occur via Z
exchange and hence the branchings into the various
modes are the same as for the decays of Z . Ef m„& m„,
this would make it difficult to use p'r as a footprint of
SUSY at hadron colliders since squarks and gluinos
would decay into X which would then cascade into
n+quarks or leptons. The signatures would instead be
similar to the signatures from the decays of squarks
(gluinos) into charginos and neutralinos. ' In case (ii}
with sizable superpotential couplings of n to rnatter, the
scalar-fermion-exchange graphs may dominate the Z
exchange graph and so the branching fractions are com-
pletely governed by these couplings. If, for example, n

couples only to leptons, this would produce very in-
teresting events from the decay of scalar quarks which
would have to first decay to x via q~qx followed by
x ~nil.

One special case that has been extensively considered
in the literature' ' ' ' is when the 12' 12 neutral fer-
mion matrix breaks up into two 6)&6 matrices with the
first block containing the gauginos and the fermionic
partners of the three scalar fields that develop VEV's
and the other block the rest. This may or may not' be
a consequence of a discrete symmetry. The decays of x
(n ) depend on whether or not there is such a symmetry
In the generic case where there is no discrete symmetry,
there are matter couplings to n so that x decays again
occur via virtual sfermion exchange. If v' is essentially
massless as in rank-5 models, ' the decay x~nvv' is
also possible. If neither of these decays are possible, x
decays via exotic charge ——,

' quark loops or via charged

H, 2 loops into y+n. It is worth pointing out that in
the case the neutralino sector is split into two sectors
there is no coupling of the gauge bosons to fermions in



796 MANUEL DREES, C. S. KIN, AND XERXES TATA 37

the two different sectors so that the decays x ~n+y via

gauge loops' are absent. For the same reason, there is
no W~WI decay even if it is kinematically allowed.
Finally, if there is a discrete symmetry as considered in
Ref. 38, x and r7 carry different quantum numbers under
this symmetry so that x ~n+ordinary particles is for-
bidden. In this case, the only allowed mode is x ~vv'n.
If v' is heavy, X is stable. Also, n cannot couple to usual
quarks and leptons so that the phenomenology of the
LSP in the ordinary sector is effectively the same as in

supergravity models.
Finally, we remark that if there is a second light state

if2 in the neutralino sector (recall from our earlier dis-

cussion that there may be two light states), it would de-

cay into the lighter of these and a fermion pair via a vir-
tual Z exchange (or via scalar exchange if there were
couplings to matter), since the Z n, n z is essentially a
gauge coupling up to doublet mixing angles.

VII. SUMMARY AND CONCLUDING REMARKS

With the assumption that the LSP is a state in the
neutralino sector we have studied various candidates for
the LSP. For the minimal supergravity model we find

that in addition to the well-studied cases of the photino
and the Higgsino, there is yet one more possibility for a
light neutralino state [see Eqs. (2.5} and (2.6}] that may
even be massless depending on the parameters of the
model. In fact, as can be seen in Figs. 1, there is a rela-
tively large region of parameter space in which the LSP
is just this state. A comparison of the resulting phenom-
enology depending on the nature of the LSP forms the
main subject of this paper.

It has been shown using very general arguments that
if SUSY-breaking gaugino masses are small so that the
LSP is essentially a light photino, the lightest state
(W ) in the chargino sector and the next lightest state
(Zz) in the neutralino sector have masses smaller than

M~ and Mz, respectively. For the minimal supergravity
model we show (Sec. III) that this bound for m& is even

2

more restrictive, mz & Mz /&2. We have further
2

shown that W and Z2 are lighter than the W and Z
bosons even if the gaugino masses are large provided
only that the lightest neutralino (Z

&
) has a mass

&&M~. The explicit bounds depend on the nature of
Z& and are summarized in Eqs. (3.2), (3.6), and (3.9) and
in Figs. 2(a) —2(c} for the three different possibilities for
Z1'

The decays of gauge bosons W* and Z into chargi-
nos and neutralinos are studied in Sec. IV. The decay
rates are shown in Figs. 3—5 for the cases in which the
LSP is a photino, a Higgsino, and the state (2.6). We see
that except in Fig. 4 the Z ~8' 8' width is large.
This is because W is dominantly a Higgsino in this
case and so does not have large isotriplet couplings to
Z . We also see that the rate for the decay W~ W Z2
that gives the best signatures for gauginos at the CERN
collider is generically large only in the case the LSP is a

photino. This would significantly alter the analysis of at
least the multilepton final state performed in Ref. 20, al-

though qualitative results can probably be extracted (ex-
cept for the Higgsino case) by scaling the widths in Figs.
5 with those in Fig. 3 since the kinematics of the reac-
tion does not depend on the nature of the LSP. For the
case where the Higgsino is the LSP, the best signals
come from Z~Z, Z2 and Z~W W . The decays of
Z2 would lead to very distinctive events particularly at
e+e colliders such as SLC or LEP. Yet another im-

portant distinction between the photino and the other
cases is the rather large splitting between the W and

Zz masses in the latter cases [except in Fig. 5(c) where

2m, is large]. This also explains why the W~W Z2
decay width is small except in Fig. 3. Finally, we note
that the difference in the decay widths of the vector bo-
sons into charginos and neutralinos would effect the ra-
tio I a, /I z in a model-dependent way.

The mass limits from the ASP experiment' are reex-
amined taking into account all the mixings appropriate
to minimal supergravity models. For the case when

Z, =P the change in the excluded region from the pure
photino case (shown as the dashed lines) is shown in Fig.
6 for the extreme cases m p&m, m &~m, , and

m =m . We see that the limit on the selectron mass
L R

(for a fixed m — } is not very different from the pure pho-Z l

tino limit quoted in Ref. 16. The corresponding situa-
tion when Z, is the state (2.6) is completely different, as
can be seen in Figs. 7(a) and 7(b). We see that even for a
massless Z, the limit on the right-handed selectron mass
is at most -30 GeV as compared with almost 50-60
GeV in the photino case. In fact, for the case where
m is too heavy to contribute to Z& pair production, no

limit can be deduced on m . This is due to the cancel-
L

lation between the SU(2) and U(l) gaugino contributions
to the eel Z, couplings in Eq. (5.2).

Finally, we have qualitatively analyzed the phenome-
nology of the LSP in a nonminimal supergravity model,
using for illustrative purposes a superstring-inspired E(6)
model. We find that the nature of the LSP, and hence
the resulting phenomenology, is very model dependent.
In addition to the three candidates for the LSP discussed
earlier, there is the additional possibility that the LSP is
an exotic fermion, if, i.e., a combination of SU(2}L-
doublet and -singlet fields in the 27 of E(6) that have the
internal quantum numbers of Higgs bosons but whose
scalar partners do not develop a VEV. We have shown
that if I is indeed the LSP, there are at least four classes
of models (depending on the symmetry of the superpo-
tential}, each with rather different phenomenology as dis-
cussed in Sec. VI.

To summarize, we have shown that the LSP even in
minimal supergravity models need not be the photino or
the Higgsino, but may be a more complicated combina-
tion of gaugino and Higgsino states. If this is the case,
the resulting phenomenology can be substantially altered
from the LSP =photino case usually studied in the litera-
ture so that some of the signals for supersymmetry may
merit further examination.
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