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We investigate the phenomenology of an orbifold string model in which supersymmetry breaking is domi-
nated by the overall ‘‘size’’ modulus field and all matter fields are in the untwisted sector. The possibly close
degeneracy of the lightest neutralino and chargino and the possibly small splitting between the gluino and
chargino or LSP mass imply that discovery of supersymmetry at future colliders could be more challenging
than anticipated. Specialized search strategies and particular detector features could play an important role. For
preferred model parameter choices, the phenomenology of dark matter in the universe is significantly modified.
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PACS number~s!: 11.30.Pb, 12.10.2g, 12.60.Jv, 14.80.Ly

I. INTRODUCTION

In the conventional approach to supersymmetry breaking,
a more or less standard set of boundary conditions at the
grand unified theory~GUT! scaleMU has been most thor-
oughly studied. These are a universal gaugino massm1/2, a
common scalar massm0, and a universal value for the softA
parameters. The effects of nondegeneracy among the scalar
masses have recently been explored in many papers@1#. No
systematic study of models with nonuniversal gaugino
masses has appeared. In this paper, we explore one such
model, motivated by the string theory picture, in which su-
persymmetry breaking is dominated by the overall ‘‘size’’
modulus field, as described in Ref.@2#. Models with multiple
modulus fields are considered in Ref.@3#. In this latter paper,
it is found that if tachyonic masses that could cause charge
and color breaking are not allowed, then the soft
supersymmetry-~SUSY! breaking boundary conditions can-
not be such as to greatly distort results based on assuming
that all the moduli fields participate in SUSY breaking
equally, as is implicit when only the overall modulus field is
employed. The boundary conditions that result when SUSY
breaking is dominated by the overall size modulus field lead
to an interesting and unusual SUSY phenomenology that dif-
fers substantially from that appropriate to universal boundary
conditions in such diverse areas as cold dark matter in the
Universe and direct SUSY search strategies or difficulties.

In the context of string model scenarios in which all the
moduli fields participate equally through an overall modulus
field, nonuniversality among the gaugino masses atMU is
not typical. This is because the only tree-level contributions
to the gaugino masses are those originating from the dilaton
field, and these are automatically universal. Nonuniversal
contributions to the gaugino masses arise only at one loop.
Thus, significant nonuniversality is only possible when
SUSY breaking is not dominated by the dilaton, but rather by

the overall modulus field. An additional motivation for con-
sidering a model with modulus~as opposed to dilaton! domi-
nated SUSY breaking is the fact that essentially the whole of
dilaton-dominated parameter space is excluded by the re-
quirement that the standard SUSY vacuum should be deeper
than the charge and color-breaking minima@4#.

In the notation of Ref.@2#, SUSY breaking becomes
moduli dominated in the sinu→0 limit, whereu is the gold-
stino angle and tanu measures the relative amount of SUSY
breaking due to the dilaton field,S, relative to the overall
size modulus field,T. In the sinu→0 limit, the gaugino
masses atMU arise entirely from one-loop threshold and
Kahler potential corrections. The masses are both small and
typically very nonuniversal.

Although it is possible to take sinu→0 in a general
Calabi-Yau model, there is only one simple orbifold model
in which sinu can be taken to be sufficiently near zero to
avoid dilaton dominance and the resulting approximate uni-
versality of gaugino masses. This is the model~called the
O-II scenario! in which all matter fields have modular weight
n521, i.e., lie in the untwisted sector.~If any nÞ21, then
sin2u>1/2 is required in order to avoid a negative mass
squared for some squark or slepton.! The sinu→0 limit of the
O-II model is analogous to the effective largeT limit of a
Calabi-Yau model. We focus on the sinu→0 limit of the O-II
orbifold model since it is only for orbifold models that the
required one-loop Kahler potential and threshold corrections
have been computed. Although, this model is only one of
many theories that yield nonuniversal gaugino masses, its
phenomenology will provide a number of very valuable les-
sons and comparisons to the phenomenology typical of mod-
els with universal boundary conditions.

In the O-II orbifold model, one obtains the following
boundary conditions at the string scale,MS , in the limit of
sinu→0:
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M3
051.0)m3/2@2~31dGS!Kh#,

M2
051.06)m3/2@2~211dGS!Kh#,

M1
051.18)m3/2@2~233/51dGS!Kh#,

m0
25m3/2

2 @2dGSK8#,

A050, ~1!

where we shall employ the one-loop numerical estimates of
Ref. @2#, K54.631024 andK8[1/(24p2Y)51023. ~The 0
subscript or superscript indicates theMU-scale value.! In the
above,dGS is the Green-Schwarz mixing parameter, which
preferably lies in the range 0 to25. In the specific O-II
model considered,dGS would be a negative integer, with
dGS524,25 preferred. In Eq.~1!, h561, corresponding to
sinu→0 with cosu561 ~i.e., u→0,p!.

In Ref. @2#, two sources for theB parameter were consid-
ered, labeled byBZ andBm . Here,Bm is the coefficient of
theH1H2 mixing term in the scalar Higgs sector potential.
~We employ the conventions forB andm of Ref. @6#.! The
source ofBZ is the Giudice-Masiero mechanism@5#. It was
stated that onlyBm could be present in orbifold models.
More recently @3#, it was realized thatBZ could also be
present, and, as well, a third type ofB contribution,Bl , was
discussed. In general, there could be a mixture of all three.
Here, we focus on justBZ andBm . A somewhat uncertain@in
the sense that many additional approximations are made be-
yond those required for Eq.~1!# prediction forBm in the O-II
model is

Bm
05m3/2@212~12dGSK8!21/2h#. ~2!

If one were to adopt this prediction forB, then the value ofB
would be extremely large forh511, and onlyh521 can
possibly be phenomenologically relevant. For this choice,

Bm
0.2

1

2
m0A2dGSK8 ~3!

and B0 would typically be much smaller thanm0 for the
value ofK8 we employ. The result forBZ

0 is very different:

uBZ
0uum0u5~m0

21um0u2!, ~4!

which corresponds to tanb51 atMU . Because of the large
number of possibilities forB we shall leaveB0 as a free
parameter; it turns out to be closely related to tanb, where
tanb5v2/v1 is the ratio of the vacuum expectation values of
the neutral components of the Higgs doublet fields respon-
sible for giving mass to the up- and down-type quarks, re-
spectively. We find that tanb ~at mZ! near 1 is required for
pureBZ and that very large tanb is needed for consistency
with pureBm .

If the model prediction for theB parameter is ignored, the
sign ofh becomes physically irrelevant since the overall sign
of the GUT scale gaugino masses in Eq.~1! can be rotated
away ~sinceA050! by an appropriate overall phase choice
for the gaugino fields.~However, the opposite sign ofM 3

0

relative toM 1,2
0 for udGSu,3 is physically relevant; it impacts

the running of theA parameters and ofB.!

We shall consider these boundary conditions within the
context of the minimal supersymmetric standard model
~MSSM! with exactly two Higgs doublets. This context is
motivated by the fact that it is only for exactly two doublets
~plus possible singlets! that the coupling constants unify
without intermediate scale matter. However, it must be noted
that the scaleMU at which the coupling constants unify is
substantially below the string scale,MS , at which the above
boundary conditions naively apply. Thus, we shall be implic-
itly assuming that there is some effect, such as chiral fields in
the spectrum betweenMU andMS , that compensates for this
discrepancy.

Taking B0 to be a free parameter in addition tom0 and
dGS, we evolve down to scales below a TeV and fix the
superpotential parameterm ~which appears in themĤ1Ĥ2
superpotential term! by requiring that electroweak symmetry
breaking~EWSB! gives the correct value ofmZ . The sign of
m remains undetermined. In practice, it is more convenient to
trade the parameterB0 for the parameter tanb. The top and
bottom quark Yukawa couplings are constrained to yield the
observed values ofmt and mb , which we take to be
mt(mt)5165 GeV andmb(mb)54.25 GeV. We do not insist
on b2t Yukawa unification. The free parameters of the
model are thus

m0 , dGS, tanb, sgn~m!. ~5!

We will often consider a fixed value form0 and plot results
as a function of tanb and/ordGS. For fixed choices ofm0,
dGS, and sgn~m!, B0 can be viewed as a function of tanb and
its value can be compared to the rough model predictions of
Eqs.~3! and~4!. We shall return to this comparison shortly.

It is useful to summarize the behavior and magnitude of
the M i

0 as a function of2dGS. From Eq.~1! we find the
following.

~a! WhendGS→0 at fixedm0, the uMi u grow roughly as

@ uM1
0u,uM2

0u,uM3
0u#;F335 ,1,3G S )Km0

A2dGSK8
;
0.025m0

A2dGS
D .

~6!

~b! For dGS524,25, as possibly preferred in the O-II
model,m0@uM 1

0u@uM 2
0u@uM 3

0u. For dGS523, uM 3
0u50.

~c! If 2dGS is large ~roughly 2dGS*30–40!, then the
uM i

0u become approximately universal, with

uMi
0u;A2dGS

)Km0

AK8
;0.025m0A2dGS. ~7!

The first important point to note is that, unlessdGS is ex-
tremely large~2dGS*100! or very small~2dGS&0.001!, the
~tree-level! value ofm0 is very much larger than any of the
uM i

0u; this is basically due to the fact thatK and K8 are
similar in size and have typically small one-loop magnitudes.
Consequently, the squarks, sleptons, and heavier Higgs
bosons~H0, A0, and H6, with mH0;mA0;mH6! in this
model will be much heavier than the gauginos. Further, the
M i

0 themselves are very nonuniversal unlessudGSu is large. In
particular, for any moderate choice ofdGS, uM 1

0u@uM 2
0u, im-

plying that the lightest chargino and lightest neutralino will
both be winolike and nearly degenerate in mass. This will
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have important phenomenological implications. Values of
dGS;23, i.e., near the zero ofuM 3

0u, will be physically dis-
allowed by the requirement that the gluino cannot be the
lightest supersymmetric particle.

For dGS524,25 or thereabouts,uM1u@uM2u@uM3u at
MU and theuMi u approach one another as one evolves down
to mZ . This is illustrated in Fig. 1. Figure 2 illustrates the
B05B(MU) and m(mz) parameter values as a function of
tanb for dGS520.1 and24.5. ~Results for still largerudGSu
are rather close to those plotted fordGS524.5.! Both B and
m evolve rather slowly as a function of scale. Note that
um(mZ) u is independent of the sign ofm, but thatuB0u is not.
The sign ofB0 is generally opposite that ofm for correct
electroweak symmetry breaking. Except form.0 and small
udGSu, the B

0 required by EWSB~dashed lines! crosses the
approximate model prediction of Eq.~3! ~indicated by the
dotted lines! at high tanb before tanb exceeds the tanb&50
limit imposed by perturbativity for the Yukawa couplings.
Clearly, theBm prediction of the O-II model forB0 is gen-
erally consistent with the requirements of EWSB only if tanb
is large. From the plots ofB0 and umu in Fig. 2, it is also
apparent that pureBZ is only possible if tanb is near 1.

We note that the existence of solutions withm2.0 ~as
required for correct electroweak symmetry breaking! at large
tanb is rather sensitive to the value ofmt(mt). This is be-
cause the value ofm2 required for EWSB drops rapidly~see
Fig. 2! as tanb increases. For values ofmt(mt)&160 GeV
~i.e., not much lower than the 165 GeV value chosen here!,
m2,0 is required for correct EWSB at scalemZ if tanb is
large. The results presented in this paper employ one-loop
renormalization-group equations; the full two-loop equations
for the entire system of renormalization group equations
~RGE’s! are very difficult to implement. It is conceivable
thatm2 remaining positive out to large tanb for mt(mt)5165
GeV could be altered in the full two-loop implementation.

Typical results for the gaugino masses as a function of
dGS are illustrated in Fig. 3 form.0 andm,0, takingm051
TeV and tanb52,15. Note that a large value ofm0 is re-
quired formx̃

1
6.mZ/2. As discussed later, this lower bound

from the CERNd1 e2 collider LEP-I data continues to ap-
ply in the present model. We observe that forudGSu,5 thex̃ 1

0

and x̃ 1
1 are extremely degenerate. When this near degen-

eracy is present we will use the notation

Dmx̃1
[mx̃

1
62mx̃

1
0, mx̃1

[mx̃
1
6.mx̃

1
0. ~8!

The degeneracy slowly eases as tanb increases. Figure 4 dis-

FIG. 1. Running values for theuMi u as a function of the scaleQ,
taking m051 TeV, tanb52, dGS524.5, mt(mt)5165 GeV, and
sgn~m!521.

FIG. 2. Values ofB0/m0 ~dashes! and um(mZ)u/m0 ~solid! as a
function of tanb for dGS520.1 and24.5, takingm051 TeV and
mt(mt)5165 GeV. Results forum(mZ) u are the same form.0 and
m,0; B0 depends upon the sign ofm, with B0.0 being favored for
m,0 and vice versa. The two horizontal dotted lines are the values
of B0 predicted by Eq.~3!.

FIG. 3. Masses for thex̃1
0, x̃2

0, x̃3
0, x̃1

1 , and g̃ are plotted as a
function of dGS at tanb52 and 15 and form.0 andm,0.

FIG. 4. The mass splittingDmx̃1
[mx̃

1
62mx̃

1
0 as a function of

dGS at tanb52 and 15 and form.0 andm,0.
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plays thex̃ 1
6-x̃ 1

0 mass splitting in more detail. In obtaining
precise values forDmx̃1

it is important to include loop cor-

rections, the only significant such corrections being from
gauge-Higgs loops. We employed the results of Refs.@7, 8#.
Figure 4 shows thatDmx̃1

can be as small as 150 MeV at

small udGSu, if tanb52. FordGS;25, Dmx̃1
is &1–2 GeV in

all cases. Values ofDmx̃1
*10 GeV are only achieved for

udGSu.10–15, depending upon tanb and sgn~m!. From Fig. 3,
we also observe that for values ofdGS in the vicinity of23,
the gluino becomes the lightest supersymmetric particle.1

Such values ofdGS are excluded by cosmological arguments
which imply that the lightest supersymmetric particle~LSP!
cannot be colored. Note that the other gauginos also have
their minimum masses in the vicinity of this disallowed re-
gion. As noted in Eqs.~6! and ~7!, as2dGS→0 or for large
2dGS the uM i

0u increase away from their minimum values.
Finally, we note that for very smalludGSu the ratiomg̃ /mx̃

1
6

reaches values as high as 6 to 7, substantially above the
value;3 typical of a model with universaluM i

0u atMU .
The near equality ofmx̃

1
1 andmx̃

1
0 at lower udGSu follows

from the fact thatuM 1
0u is large compared touM 2

0u at MU ,
which implies that even thoughuM1u falls towardsuM2u as the
scale decreases,uM1u.uM2u at mZ . As a result, for such
dGS, the x̃ 1

0 and thex̃ 1
1 are both primarily winos and thus

have very similar mass.
In contrast to thex̃ 1

1 , the x̃ 2
0 is never especially degener-

ate with thex̃ 1
0. At small udGSu, mx̃

2
0;uM1u is substantially

abovemx̃
1
1;mx̃

1
0;uM2u at scalemZ . At high udGSu, as the

uM i
0u approach universality, one approaches the more famil-

iar situation where thex̃ 2
0 and x̃ 1

1 are both winos andmx̃
2
0

;mx̃
1
1.mx̃

1
0. Also shown in Fig. 3 ismx̃

3
0. Because thex̃ 2

6 ,

x̃ 3
0, and x̃ 4

0 are all primarily Higgsino in nature, they will
have similar mass~;umu!.

Additional perspective on masses is provided by Fig. 5
where we give contours formg̃550–350 in steps of 50 GeV
in dGS2m0 parameter space. Themg̃ contours are indepen-
dent of tanb and sgn~m!. Also shown are the contours for
mx̃

1
1547 and 90 GeV, for tanb52 and m,0. Parameter

space points to the left of the 47 GeV contour are excluded
by LEP-I data, implying thatmg̃ must lie above about 50
GeV. The gap region is that excluded by requiring that theg̃
not be the LSP. Note thatmg̃ /m0 is small whenudGSu is not
large. Thus, for example, if we assume that naturalness de-
mands thatm0 lie below about 2 TeV, the maximummg̃ that
can be achieved along themg̃;mx̃1

@see Eq.~8!# border is of
order 150 GeV. Even in the extremedGS;210,m052 TeV
corner of the plot,mg̃;375 GeV. Largemg̃ values can only
be achieved by taking either very small or very large2dGS,
keepingm0 fixed. Despite the generally small size ofmg̃ , we
will see thatg̃ detection at a hadron collider is challenging
along themg̃;mx̃1

boundary. As one moves away from the

mg̃;mx̃1
boundary, discovery of theg̃ becomes easier,

eventually approaching expectations for the canonical uni-
versal boundary condition scenarios.

The masses for all sleptons, heavy Higgs bosons, and
squarks are of the order ofm0. As seen in Figs. 3 and 5,
unlessudGSu is very large or very small,m0 is much larger
than the gaugino masses. Consequently, for the sinu→0 O-II
model being considered it is likely that the gauginos will be
the most abundantly produced SUSY particles, and they
would probably provide the first observed SUSY signals.
The next section is devoted to a discussion of the search
strategies required, emphasizing the difficulties that arise in
x̃ 1

6 detection at ane1e2 collider when thex̃ 1
1 and x̃ 1

0 are
closely degenerate and in discovering the gluino at a hadron
collider whenmg̃ is close tomx̃1

[mx̃
1
6.mx̃

1
0.

II. PHENOMENOLOGY

In this section we discuss SUSY discovery strategies for
the sinu→0 O-II model. Because of the special features of
the mass spectrum, SUSY discovery can be substantially
more difficult than in models where the gaugino masses are
universal atMU . Universality atMU implies the hierarchy

uM1u;
1

2
uM2u;

1

6
uM3u,umu, ~9!

at scalemZ . In this case, thex̃ 1
0 LSP is a bino and its mass,

;uM1u, is significantly lower than the masses of thex̃ 1
1 and

x̃ 2
0, ;uM2u, which is substantially belowmg̃;uM3u. As a

consequence, theg̃ typically decays to thex̃ 1
1 or x̃ 1

0 plus a
pair of energetic quark jets and thex̃ 1

1 decays to thex̃ 1
0 by

emitting al n or q8q̄ pair with significant energy. The sub-
stantial energy carried by the decay products implies that
production of the lightest chargino and of the gluino will be
associated with both energetic jets/leptons and substantial
missing energy, a combination that is generally easily sepa-
rated from backgrounds at ane1e2 or hadron collider oper-
ating at high enough energy and luminosity.

1We always discuss and plotmg̃(pole). Thus, for example, even
though uM3u lies below uM2u in Fig. 1, the pole value ofmg̃ is
greater thanmx̃

1
0. For the parameters of the plot,mg̃(pole);66

GeV whilemx̃
1
0;62.4 GeV.

FIG. 5. Gluino mass contours indGS2m0 parameter space. The
gluino contours are independent of tanb and sgn~m!. Also shown
are the correspondingmx̃

1
1547 and 90 GeV contours for tanb52

and m,0. The x̃1
1 contour depends only weakly on tanb and

sgn~m!.
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In the O-II model, SUSY detection need not be so
straightforward. We have already noted that it is natural for
Dmx̃1

to be sufficiently small that the final-state quarks or
lepton from x̃ 1

6 decay tox̃ 1
0 are very soft and not easily

observed. We will also find that thex̃ 1
6’s lifetime is not

likely to be sufficiently long that it will appear as a stable
particle track in the detector—short tracks in a vertex detec-
tor are, however, a distinct possibility. Less automatic, but
also possible, is degeneracy ofmg̃ with mx̃1

[mx̃
1
6.mx̃

1
0.

The jets fromg̃ decay tox̃ 1
6 or x̃ 1

0 would then be very soft
and difficult to detect.

At an e1e2 collider, smallDmx̃1
leads to difficulty in

detectinge1e2→x̃ 1
1x̃ 1

2. Indeed, the techniques discussed
for isolating thex̃ 1

1x̃ 1
2 signal at LEP-II~i.e., above theZ

pole! have good efficiency only for2 Dmx̃1
*10 GeV. Most

likely, it would be necessary to employ other reactions to
first discover SUSY. One possibility is the much smaller
e1e2→x̃ 1

0x̃ 2
0 ,x̃ 2

0x̃ 2
0 production processes, in which thex̃ 2

0

would generally yield energetic and visible decays products,
given that the smallestmx̃

2
02mx̃

1
0 mass difference values are

of order 5–10 GeV~for dGSbetween26 and29!. Another is
e1e2→gx̃ 1

1x̃ 1
2 production in which the nearly or com-

pletely invisiblex̃ 1
1x̃ 1

2 pair is tagged by detecting the hard
g. This latter was investigated in Ref.@10#, and will be re-
viewed shortly.

At a hadron collider, ifmg̃ is close tomx̃1
, the softness of

the jets in g̃ decay implies that the usual procedures for
isolating gluino pair production at a hadron collider by tag-
ging missing energyand jets may yield a rather weak signal.
Further, if thel from x̃ 1

6 decay is soft due to smallDmx̃1
then ~a! the like-sign dilepton signature forg̃g̃ production
that derives from g̃g̃→x̃ 1

6x̃ 1
61jets followed by

x̃ 1
6x̃ 1

6→l 6l 6E” T will be difficult to extract; and,~b! the
trilepton signature forx̃ 1

6x̃ 2
0 production will be hard to ob-

serve.
Thus, it is clear that the O-II model leads to a situation

where the techniques and prospects for detecting SUSY must
be reevaluated.

A. Lifetime and branching ratios of the x̃1
1

From the above discussion, it is clear that important in-
gredients in the phenomenology of SUSY detection in the
O-II model context are the branching ratios and lifetime of
the x̃ 1

1 . These have been computed using PCAC~partial
conservation of axial-vector current! style techniques as de-
scribed in Appendix A. We find that both the branching ra-
tios and the lifetime depend almost entirely upon the mass
differenceDmx̃1

5mx̃
1
62mx̃

1
0. Dependence upon tanb andm

is minimal. Results for the lifetimet and for the important
branching ratios of thex̃ 1

1 are plotted in Fig. 6. We observe
that t*10210 s for Dmx̃1

&300 MeV, i.e.,udGSu&0.5–2 de-

pending upon sgn~m! and tanb ~see Fig. 4!. For t;10210 s,
the track of thex̃ 1

1 would be visible in a vertex detector; for
Dmx̃1

&150 MeV t becomes so long that thex̃ 1
6 would ap-

pear as a charged ‘‘stable’’ particle track.
ForDmx̃1

&500 MeV,x̃ 1
1→l 1nl x̃ 1

0 ~l 5e,m! is the only
kinematically allowed decay mode. As the mass difference
increases,x̃ 1

1→p1x̃ 1
0 opens up but is strongly suppressed,3

followed by x̃ 1
1→r1x̃ 1

0→p1p0x̃ 1
0, with these channels

eventually merging intox̃ 1
1→q8q̄x̃ 1

0. For still larger mass
difference, x̃ 1

1→t1ntx̃ 1
0 becomes kinematically allowed.

The l 1nx̃ 1
0 ~l 5e, orm, or eventuallyt! are important chan-

nels, even after the generalx̃ 1
1→q8q̄x̃ 1

0 channels are open.

B. Constraints from LEP and LEP 1.5

We note that thex̃ 1
6 cannot be lighter thanmZ/2. We have

explicitly checked that theZ→x̃ 1
1x̃ 1

2 decays would have
been noticed either as an invisible width contribution or
through an enhancement in the totalZ width. This statement
applies for masses up to within a fraction of a GeV ofmZ/2.
The Z→x̃ 1

0x̃ 1
0 ,x̃ 1

0x̃ 2
0 ,x̃ 2

0x̃ 2
0 decays have much smaller

widths ~due to the small Higgsino component of thex̃ 1
0 and

x̃ 2
0! and do not provide useful direct limits. Implicit limits on

mx̃
1
0 associated with themx̃

1
6*mZ/2 limit depend upondGS.

For small udGSu the degeneracymx̃
1
0.mx̃

1
6 implies thatmx̃

1
0

*mZ/2 as well. However, for largeudGSu the x̃ 1
0 is signifi-

cantly lighter than thex̃ 1
6 , andmx̃

1
0,mZ/2 is allowed. At

large udGSu, such thatDmx̃1
*5–10 GeV, the LEP 1.5 limit

of mx̃
1
6*65 GeV applies~see next section for further discus-

sion!. The lowest x̃ 1
0 mass consistent with this limit for

udGSu<20 ismx̃
1
0541 GeV ~corresponding tom05520 GeV

at dGS5220!.

2In a recent paper@9#, the L3 Collaboration mentions a specialized
technique employed atAs;130–140 GeV for retaining some 5–10
% efficiency down toDmx̃1

55 GeV, but details are not given.

3This is because thex̃ 1
1x̃ 1

0W2 coupling is almost purely vector in
nature, whereas thex̃ 1

1→p1x̃ 1
0 decay proceeds via the axial-

vector current.

FIG. 6. We plot the lifetime and the relevant branching ratios
for the x̃1

1 as a function ofDmx̃1
[mx̃

1
12mx̃

1
0. A single curve

represents thep1p0x̃1
0 or q8q̄x̃ 1

0 branching ratio; the transition be-
tween the two different calculations of the hadronic mode decays is
made atDmx̃1

52 GeV.
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C. SUSY discovery ate1e2 colliders

Let us begin by considering the neutralino and chargino
pair production cross sections. As theAs of the machine
increases, the first channels to open up will be those for the
lighter eigenstates:

e1e2→g* , Z*→x̃1
1x̃1

2 ,

e1e2→Z*→x̃1
0x̃1

0,x̃1
0x̃2

0,x̃2
0x̃2

0. ~10!

If udGSu is not too large, thex̃ 1
0 andx̃ 2

0 are primarily wino and
bino, respectively, with weak couplings to theZ, and the
latter neutralino pair cross sections are always much smaller
than thex̃ 1

1x̃ 1
2 cross section.4 As As increases,

e1e2→x̃1
6x̃2

7 , e1e2→x̃1,2
0 x̃3,4

0 ~11!

become kinematically allowed. When allowed, the latter
gaugino-Higgsino~light-heavy! neutralino pair cross sections
are larger than the gaugino-gaugino~light-light! neutralino
pair cross sections due to the large Higgsino components of
the heavy neutralinos. At still higherAs, typically above
~below! 500 GeV if tanb is small ~large!, the

e1e2→x̃2
1x̃2

2 , e1e2→x̃3,4
0 x̃3,4

0 , ~12!

processes become possible. When allowed, the Higgsino-
Higgsino ~heavy-heavy! neutralino pair cross sections are
comparable to chargino pair cross sections.

As 2dGS increases in magnitude, theB ino orW ino con-
tent of thex̃ 1

0 and x̃ 2
0 becomes more mixed, but the general

cross section expectations are not greatly altered sincem is
always sufficiently large that it is thex̃ 2

1 , x̃ 3
0, andx̃ 4

0 which
remain primarily Higgsino.

The relevant cross sections are illustrated forAs5500
GeV in Figs. 7 and 8. In Fig. 7 the gaps in2dGS are where
mg̃ falls below 120 GeV, which includes the region where
the gluino would be the LSP. The 120 GeV lower limit is a
rough characterization of the bound from Fermilab Tevatron
data in this model. A detailed examination of Fermilab Teva-
tron predictions in a later section shows that the actual bound
varies significantly as a function of2dGS. For example, val-
ues ofmg̃ below 100 GeV are still allowed by current analy-
ses ifmg̃;mx̃1

, as happens in two narrow bands within the
gap region~see Fig. 3!.

As anticipated, thex̃ 1
1x̃ 1

2 cross section is far and away
the largest, but for2dGS,7–10 can be quite difficult to see
by virtue of the softness of thex̃ 1

6 decay products. However,
the x̃ 2

0x̃ 1,2
0 cross section and the various gaugino-Higgsino

cross sections can be kinematically allowed and large
enough to be observable. For all these latter processes the
final state should contain some energetic leptons or jets in

association with a large amount of missing energy and
should be easily detected if the event rate is adequate. For the
target yearly luminosity ofL550 fb21 atAs5500 GeV, one
can probably be sensitive to a raw cross section as small as
1023 pb ~yielding 50 events before cuts! in such final states.
Figure 7 shows that if2dGS is not below;0.05, then at least
one of these visible final states will have adequate cross sec-
tion.

The first visible final states to become accessible as2 dGS
increases arex̃ 1

0x̃ 2
0 and x̃ 2

0x̃ 2
0. These are not kinematically

allowed at small2dGS sincemx̃
2
0 becomes a factor of 3

larger thanmx̃1
, and is growing}1/A2dGS @see Eq.~6!#.

The next channels to open up as2dGS increases arex̃ 1
0x̃ 3,4

0

andx̃ 1
6x̃ 2

7. The thresholds for these two final states are very
similar due to the degeneraciesmx̃

1
0;mx̃

1
6 andmx̃

3
0;mx̃

4
0

;mx̃
2
6. The cross sections are of limited magnitude because

4Our cross-section results include slepton and sneutrino exchanges
in the t and u channels; see Ref.@11# for explicit expressions.
However, these diagrams are suppressed for aAs<500 GeV col-
lider by the large selectron and sneutrino masses deriving from the
large magnitude ofm0 ~when udGSu is not extremely large!.

FIG. 7. Neutralino and chargino pair cross sections ine1e2

collisions atAs5500 GeV as a function of2dGS, takingm051
TeV and tanb55. Results are displayed for both signs ofm. The
gap in 2dGS is wheremg̃<120 GeV ~m,0!, a very rough limit
from Tevatron data, ormx̃

1
6,45 GeV~m.0!, as excluded by LEP1.

The legend is solid,x̃ 1
1x̃ 1

2; long dashes,x̃ 2
0x̃ 1,2

0 ; short dashes,
x̃ 1
0x̃ 3,4

0 ; dot-dashed,x̃ 2
0x̃ 3,4

0 ; long-dash–short-dashed,x̃ 1
6x̃ 2

7.

FIG. 8. Neutralino and chargino pair cross sections ine1e2

collisions atAs5500 GeV as a function of tanb, takingm051 TeV
anddGS5215. Results are displayed for both signs ofm. The leg-
end is solid,x̃ 1

1x̃ 1
2; long-dashed,x̃ 2

0x̃ 1,2
0 ; short-dashed,x̃ 1

0x̃ 3,4
0 ;

dot-dashed, x̃ 2
0x̃ 3,4

0 ; long-dash–short-dashed,x̃ 1
6x̃ 2

71x̃ 2
6x̃ 2

7;
dots,x̃ 1

0x̃ 3,4
0 1x̃ 2

0x̃ 3,4
0 1x̃ 3,4

0 x̃ 3,4
0 .
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they are only non-zero to the extent that there is some
Higgsino-gaugino mixing in the mass eigenstate composi-
tions. As tanb increases, Fig. 2 shows thatumu decreases sub-
stantially, implying that the Higgsino states become lighter
~see Fig. 3!. This also implies greater gaugino-Higgsino mix-
ing. Thus, as seen in Fig. 8, there is a tanb threshold in the
tanb*10–15 region where the totalx̃ 2

6 and total x̃ 3
0 ,x̃ 4

0

cross sections suddenly increase due to the fact that the
Higgsino states become light enough that they can also be
pair produced atAs5500 GeV. Since theZ→Higgsino
1Higgsino coupling is large, the Higgsino pair cross sec-
tions are comparable to the chargino-pair cross section. Al-
though thex̃ 3

0 and x̃ 4
0 are primarily Higgsino in nature, their

SU~2! gaugino content is generally sufficient that their domi-
nant decay is toW6x̃ 1

7, rather than toh0x̃ 1
0 ,h0x̃ 2

0 ~whereh0

is the lightCP-even Higgs boson! that would dominate if
they were pure Higgsino.

In Fig. 9, we present contours of

s[(
i

@s~x̃ i
0x̃3

0!1s~x̃ i
0x̃4

0!1s~x̃ i
6x̃2

7!# ~13!

in the tanb2dGS parameter plane for aAs5500 GeVe1e2

collider. Detection of at least one of the heavier neutralino or
chargino states is important as a means for determiningumu
~from the fact that the states typically have mass;umu!,
thereby allowing a check of the consistency of electroweak
symmetry breaking. Figure 9 focuses on the2dGS>5 do-
main. As previously noted, for increasing tanb the value of
umu declines and the Higgsino masses decrease. Thus,s will
first become nonzero when gaugino1Higgsino production
becomes possible, with a second very rapid increase as one
crosses the Higgsino1Higgsino threshold. Figure 9 shows
that the gaugino1Higgsino threshold lies at tanb;5 for
m051 TeV. For tanb*5,s*1 fb ~implying *50 events! and
detection of the heavy inos should be possible. As noted
earlier, x̃ 3

0 ,x̃ 4
0 will tend to decay toW6x̃1

7 . The x̃ 2
6 will

decay primarily toZx̃ 1
6 orW6x̃ 1

0, W6x̃ 2
0. Since the thresh-

olds for the gaugino1Higgsino final states are very steep,s
rises to 10 fb, implying 500 events, already by tanb;6–7.
However, sinces is the sum over a number of modes, 500
events might still not be enough to make a precise determi-

nation of the masses of thex̃ 2
6 , x̃ 3

0, andx̃ 4
0 and other model

parameters to which the cross sections are sensitive. For this,
s;100 fb ~5000 events divided up among the channels!
might be required. This level of cross section is generally
only achieved when Higgsino1Higgsino pair production is
possible, which typically requires fairly large tanb. The
s5100 fb contour in Fig. 9 is close to the Higgsino
1Higgsino threshold.

These sames contours are displayed for small2dGS in
Fig. 10. As for larger2dGS, thes51 fb contour is more or
less defined by the onset of gaugino1Higgsino production,
and the s5100 fb contour by the Higgsino1Higgsino
threshold. Note that at small2dGS the masses of all the inos
become large and ino pair production is not allowed for
As5500 GeV ifm051 TeV. However, if2dGS is small then
m0, which sets the scale for all masses in this model, can be
lowered substantially beforemx̃

1
6 falls below the LEP limit

of 47 GeV.

1. Using photon tagging to detectx̃ 1
6x̃ 1

7 pair production

The most delicate question is whetherx̃ 1
1x̃ 1

2 production
is observable whenDmx̃1

is small. For sufficiently small

Dmx̃1
~&300 MeV!, t*10210 s and the corresponding*3

cm tracks of thex̃ 1
1 and x̃ 1

2 might be visible in a vertex
detector. Perhaps the experiments at LEP could isolate such
events from backgrounds. For large enoughDmx̃1

, the lep-
tons from thex̃ 1

1 and x̃ 1
2 decays become visible as their

momenta spectra extend out beyondpT
l *1 GeV; the required

Dmx̃1
depends uponmx̃

1
6 andAs. Still, it is problematical

that events with such soft leptons could be isolated from
two-photon backgrounds and the like. In particular, for small
Dmx̃1

, the final states arising ine1e2→x̃ 1
1x̃ 1

2 production
and decay are similar~i.e., contain leptons and missing en-
ergy! to those appearing ingg→t1t2 production and decay.
This latter background will be very large and difficult to
overcome, even if the chargino pair events can be triggered
on. There are ongoing analyses by the LEP experimental
groups of their sensitivity tox̃ 1

1x̃ 1
2 production when

Dmx̃1
is small. Similar analyses at Next Linear Collider

~NLC! energies are also needed. There, the leptons are some-

FIG. 9. Contours of constants @Eq. ~13!# in tanb2dGS param-
eter space form051 TeV andAs5500 GeV. Also shown~dots! are
theVh251 and 0.025 contours, see Sec. II E.

FIG. 10. Contours of constants @Eq. ~13!# in the small2dGS
portion of tanb2dGS parameter space form051 TeV and
As5500 GeV.
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what harder for given values ofDmx̃1
andmx̃1

because of
the higher energy, but the detector has a larger magnetic field
~designed to curl up the soft leptons from beamsstrahlung
and related sources!. Because of the detailed level of experi-
mental simulation required to address these questions, we
will not pursue detection ofe1e2→x̃ 1

1x̃ 1
2 production at

smallDmx̃1
further in this paper.

In Ref. @10# we examinede1e2→gx̃ 1
1x̃ 1

2 production to
see if a signal could be observed above background at
LEP-II and the NLC. Here a hard-photon tag provides a trig-
ger for the presence of thex̃ 1

1x̃ 1
2 pair. We found that the

range ofmx̃
1
6 accessible via this final state depends greatly

upon whether thex̃ 1
6 decays are in any way visible. The

ability to detect a track in the vertex detector and/orany x̃ 1
1

decay product would greatly enhance the significance of the
signal. This is becausee1e2→gnn̄ ~via gZ* ! becomes a
very large background if thex̃ 1

6 decay invisibly. Note that
the threshold for experimental visibility of thex̃ 1

6 decays
might be quite different for different decay modes. A good
electromagnetic calorimeter might be able to detect the pho-
tons fromp0 decay inx̃ 1

1→x̃ 1
0p1p0 even if thep0 is al-

most at rest; unfortunately,BR(x̃ 1
1→x̃ 1

0p1p0) is *10%
only for Dmx̃1

*700 MeV, reaching a peak at;1 GeV, well
above ther resonance~since the phase space forx̃ 1

1→x̃ 1
0r

vanishes forDmx̃1
5mr!. In contrast, soft charged particles

may not reach the calorimeter in the presence of a magnetic
field. Because the average energy of these soft charged par-
ticles increases in going from LEP energy to NLC energy
~keepingmx̃

1
6 andDmx̃1

fixed! it is not clear that this diffi-

culty will be more severe at the NLC than at LEP, despite the
previously mentioned higher magnetic field of the NLC de-
tector.

In order to provide a more quantitative picture of the dif-
ficulty of seeing the soft leptons coming from thex̃ 1

1x̃ 1
2

pair, we present in Fig. 11 thepT
l spectra deriving from

x̃ 1
6→l nx̃1

0 decays in thegx̃ 1
1x̃ 1

2 final state for a variety of
Dmx̃1

values, takingmx̃
1
6555 GeV. We see, for example,

that to observe leptons in a significant fraction of the events

when Dmx̃1
;0.5 GeV, it is necessary to have good effi-

ciency down to at least 0.7 GeV~2 GeV! at LEP-192~NLC-
500!. These lepton spectra become still softer asmx̃

1
6 in-

creases keepingDmx̃1
fixed. For example, at NLC-500 the

lepton spectra formx̃
1
65175 GeV typically terminate at

about 1/2 the maximum value found formx̃
1
6555 GeV,

keeping a fixedDmx̃1
value. It will be important for the

experimental groups to study how well they can do and if
there are any detector changes that might increase their sen-
sitivity to soft leptons.

If the gnn̄ background cannot be eliminated by tagging
the soft decay products of thex̃ 1

6 , then we must consider the
best strategy for isolating thegx̃ 1

1x̃ 1
2 signal in its presence.

At the same time, we must be careful to avoid additional
backgrounds, the most dangerous being that from
e1e2→e1e2g, where both the finale1 and e2 disappear
down the beam hole.

In the study of Ref.@10#, we found a very effective pro-
cedure for eliminating thee1e2→e1e2g background. We
begin by requiring a photon tag withpT

g>pT
g min510 GeV

and 10°<ug<170°, whereug is the angle of the photon with
respect to the beam axis. This guarantees that the photon
enters a typical detector and will have an accurately mea-
sured momentum. We defineg1E” T events by requiring that
any other particle appearing in the 10° to 170° angular range
must have energy less thanEmax, whereEmax is detector
dependent, but presumably no larger than a few GeV. Kine-
matics can be used to show that we can then eliminate the
e1e2→e1e2g background by vetoing events containing an
e1 or e2 with E.50 GeV and angleumin<ue<10° with
respect to either beam axis, or withE.Emax and
10°<ue<170°, provided pT

g min*As sinumin(11sinumin)
21

~assumingEmax is not larger than a few GeV!. For pT
g min

510 GeV, this means that we must instrument the beam hole
down to umin51.17°. In fact, instrumentation and vetoing
will be possible down toumin50.72° @12#, implying that
pT

g min could be lowered to;6.2 GeV without contamination
from the e1e2→e1e2g background. At LEP-192, beam
hole coverage down to about 3.1° is needed when using a
pT

g min510 GeV cut.
For chargino masses abovemZ/2, the key observation for

reducing the background fromgnn̄ and determining the
chargino mass is to note that the missing massmZ.[@(pe

1

1pe
2

2pg)2] 1/2 can be very accurately reconstructed.5 For

5We are uncertain as to the extent to which beamstrahlung might
impact our ability to compute the trueZ! system mass. Since most
beamstrahlung involves radiation of just one hard photon along the
beam line, themZ! computed as above would correspond to the
invariant mass of theZ!1gbeamstrahlungsystem, which is larger than
the mass of theZ! alone. The seriousness of this effect will depend
on the machine parameters, as well as on the chargino mass. For
heavier charginos the cut onmZ! becomes stronger, so contamina-
tion from background events with hard collinear photons becomes
less likely. Machine parameters for which the beamstrahlung pho-
ton typically carries less than 10% of the beam energy should not
greatly distortmZ!; our ability to make themZ! cut and measure the
threshold onset ofgx̃ 1

1x̃ 1
2 would not be significantly impaired.

FIG. 11. dN/dpT
l vs pT

l for the soft leptons ine1e2→gx̃ 1
1x̃ 1

2

followed by x̃ 1
6→l nx̃1

0 in arbitrary units, takingmx̃1
[mx̃

1
6555

GeV andDmx̃1
[mx̃

1
62mx̃

1
0 values of 0.1, 0.2, 0.5, 1, 2, 3, and 5

GeV. Results are given for LEP operating atAs5192 GeV and
NLC at As5500 GeV.
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signals with good overall statistical significance~in most
casesNSD, defined below,*5 is adequate! one can plot
events as a function ofmZ! and look for the threshold at
2mx̃1

at which the spectrum starts to exceed the expectations
from gnn̄. This is illustrated for NLC-500 in Fig. 12, where
we plot the number of events per 5 GeV bin as a function of
mZ! assumingL550 fb21, comparing amx̃1

583.4 GeV sig-
nal with expectations for thegnn̄ background alone. Ex-
pected error bars are shown. We see that a determination of
the threshold within about610 to 615 GeV should prove
possible in this case.

We define an overall statistical significanceNSD5S/AB
for the signal by summing over all events with
mZ!.2mx̃

1
6. Note, in particular, that this cut eliminates the

Z-pole contribution to thegnn̄ background whenmx̃
1
6

.mZ/2. The results forNSD as a function ofmx̃
1
6, as well as

theS5gx̃ 1
1x̃ 1

2 andB5gnn̄ cross sections~after integrating
overmZ!>2mx̃

1
6!, are plotted in Fig. 13. For the particular

example of Fig. 12~mx̃
1
6583.4 GeV,As5500 GeV, and

L550 fb21!, we findS/AB;15. In practice, one can often do
better ~perhaps by 1s to 2s! than the nominalNSD values
plotted in Fig. 13 by zeroing in on thosemZ! bins with the
largest deviations fromgnn̄ expectations.

From the results of Fig. 13 we see that at NLC-500~LEP-
192! NSD55 is achieved formx̃

1
6&200 GeV ~&65 GeV!.

Thus, one could not probe all the way to themx̃
1
6;As/2

kinematical limit, as would be possible in thee1e2→x̃ 1
1x̃ 1

2

channel for conventional universal boundary conditions.
The situation is very different if one can detect the~soft!

decay products or vertex tracks of thex̃ 1
1x̃ 1

2 in thegx̃ 1
1x̃ 1

2

final state, since thengnn̄ production is no longer a back-
ground. The only background requiring discussion is that
from e1e2→e1e2g l1l2, with two leptons disappearing
down the beam pipe. This is a potential background to final
states in which both thex̃ 1

1 andx̃ 1
2 decay leptonically. How-

ever, it will be very small. First, it will be greatly suppressed

~although not entirely eliminated! by using the vetoing pro-
cedure outlined above. Second, it isO~a5! vsO~a3! for the
signal. Third, the enhancement deriving from singular
t-channel photon exchange is only operative and escapes the
veto if the energetice1e2 both disappear down the beam
pipe, implying that the observed soft leptons~i.e., thel +l −

pair! must be of the same type; the background due to this
configuration could thus be eliminated by focusing on the
soft e1m2 andm1e2 pairs that are just as probable asm1m2

or e1e2 pairs in x̃ 1
1x̃ 1

2 decays~assuming that we can dis-
tinguish a muon from an electron at low energy!. Only
l +l −5t1t2 could yield em final states. Thus, we believe
that backgrounds togx̃ 1

1x̃ 1
2 production are negligible when

the softx̃ 1
1x̃ 1

2 decay products are visible.
In the absence of significant background, the observability

of e1e2→gx̃ 1
1x̃ 1

2 followed by detection of the soft decay
products or short tracks of thex̃ 1

1x̃ 1
2 depends entirely on

event rate. The latter is simply given by the luminosity times
the cross section plotted in Fig. 13. Assuming 50~back-
ground free! events are required, we could detectgx̃ 1

1x̃ 1
2 at

NLC-500 ~LEP-192! all the way up to 240 GeV~75 GeV!
for L550 fb21 ~0.5 fb21!. The increase in discovery range
compared to the case where thex̃ 1

1x̃ 1
2 are invisible to the

detector is especially marked at the NLC, with the mass
reach improving almost to theAs/2 kinematical limit.

D. SUSY discovery at hadron colliders

As noted earlier, detection of a signal from supersymmet-
ric particle production at a hadron collider need not be
straightforward in the O-II model scenario. Since the squarks
and sleptons are necessarily very heavy in the O-II model
~unless udGSu is very large!, gluino-pair and electroweak-
gaugino-pair production would appear to provide the greatest
potential for SUSY discovery. While this is certainly the
case at the Tevatron, gluino-squark and squark-squark pair
production at the LHC would be possible. We will comment
on these SUSY signals later.

FIG. 12. Fore1e2→g1E” T , we plot the the number of events
per 5 GeV bin perL550 fb21 at NLC-500 as a function ofmZ..
Solid error bars are for the sum ofgx̃ 1

1x̃ 1
21gnn̄, while dotted

error bars indicate expectations forgnn̄ alone. We have chosen a
scenario withmx̃

1
6583.4 GeV in which thex̃1

6 is pure wino. Pho-

ton cuts are as described in the text.

FIG. 13. We plot the statistical significanceNSD5S/AB for de-
tectinggx̃ 1

1x̃ 1
2 in the g1E” T channel as a function ofmx̃

1
6. The

background rate,B, is computed frome1e2→gnn̄ by integrating
over mZ.>2mx̃

1
6. Results for LEP-192~with L50.5 fb21! and

NLC-500 ~with L550 fb21! are displayed. Also shown are the
gx̃1

1x̃1
2 and gnn̄ cross sections themselves. We employ the cuts

pT
g>10 GeV and 10°<ug<170°. Results are for a chargino that is

pure wino; slepton and sneutrino masses are assumed to be large.
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First, we focus on electroweak-gaugino-pair and gluino-
pair production. The primary channel for detecting the
former is normally the 3l channel deriving from
x̃ 1

6x̃ 2
0→l 6l +l −E” TX. If Dmx̃1

is small ~small udGSu! the l
from x̃ 1

6→l 6nx̃1
0 decay is so soft that the 3l signal is

negligible. The two primary modes for detectingg̃g̃ pair
production are the jets1E” T channel and the like-sign dilep-
ton, l 6l 61jets1E” T signal. The like-sign dilepton signal
~from g̃g̃→x̃ 1

6x̃ 1
6X→l 6l 6E” TX! will be negligible if

Dmx̃1
is small because of the softness of the leptons. To the

extent that it is not observable, it will add to the jets1E” T
signal~which is defined by events having no observable hard
lepton!.

Depending upon the model parameters, the jets1E” T sig-
nal for g̃g̃ production may also be difficult to isolate from
background. If2dGS is such thatmg̃;mx̃1

, the jets fromg̃
decay are softer than for the universal boundary condition
models which havemg̃;3mx̃

1
6;6mx̃

1
0. This is illustrated in

Fig. 14. There, theE” T spectra for the most energetic three
jets and forE” T as predicted for universal boundary condi-
tions and in thedGS525 O-II model are compared at the
Tevatron. ~This figure includes the effects of jet energy
smearing.! The jets are much harder in the former case due to
the largemg̃2mx̃

1
6;200 GeV andmg̃2mx̃

1
0;250 GeV

mass differences as compared tomg̃2mx̃1
;76 GeV for the

O-II model. Correspondingly,E” T is somewhat larger on av-
erage in the O-II model. In the following, we determine the
portion of dGS2mg̃ parameter space~equivalentlydGS2m0
parameter space, see Fig. 5! for which the jets1E” T signal
will be visible at the Tevatron and TeV*.

1. The jets1E” T SUSY signal

At the Tevatron or TeV*, we consider both D0@13# and
CDF @14# cuts. These are summarized below.6

D0 cuts: There are no isolated leptons withET.15
GeV, where isolation is defined by requiring that additional
ET within DR<0.3 of the lepton be,5 GeV. E” T.75
GeV. There aren~jets!>3 jets having uhjetu,3.5 and
ET.25 GeV, using a coalescence cone size ofDR50.5.
These are ordered according to decreasingET and labeled by
k51,2,3. The azimuthal separations of thek51,2,3 jets
from theE” T vector,dfk[Df(E” T , jk), are required to sat-
isfy 0.1,dfk,p20.1. It is further required that
A(df12p)21df2

2.0.5.
CDF cuts: There are no leptons withET.10

GeV. E” T.60 GeV. There aren~jets!>3 jets having
uhjetu,2 andET.15 GeV, using a coalescence cone size of
DR50.5. Azimuthal separation requirements are the fol-
lowing: Df(E” T , j 1),160°; and Df„E” T , j ~ET.20 GeV!…
.30°. These are designed, in particular, to reduce QCD jet
mismeasurement.

We note that the lepton cut causes no signal loss when the
x̃ 1

6 decay leptons are very soft.~In comparison, in the uni-

versal boundary condition scenarios signal events sometimes
have isolated leptons.!

Our procedure will be to compute the signal cross section,
sS , at the Tevatron as a function ofdGS andmg̃ after impos-
ing the two different sets of cuts listed above. For the back-
ground rates we take the D0 and Collider Detector at Fermi-
lab ~CDF! cross sections as computed in Refs.@13,14# for the
above cuts, respectively. For D0 cuts, the background cross
section is taken from Table 1 of Ref.@13# to be 16.7 events
for L57.1 pb21, corresponding to a cross section of
sB52.35 pb. For CDF cuts, Ref.@14# quotes a background
rate of 28.7 events forL519 pb21, corresponding to
sB51.51 pb. For a given luminosity, we compute the back-
ground and signal rates asS5LsS and B5LsB , respec-
tively. Both the D0 and CDF background computations in-
clude full hadronic energy smearing and the like, so that
some of the background rate may come from fakeE” T . We
also include the effects of hadronic energy smearing in the
signal rate computation.

Before presenting an overall summary graph, it is useful
to explicitly demonstrate the impact of the softness of the
jets when near themg̃;mx̃1

boundary. In Fig. 15 the cross
sections at the Tevatron, after imposing D0 cuts, are dis-
played in two cases: increasingmg̃ by increasingm0 while
holding fixed dGS524.2 ~i.e., near the degeneracy bound-
ary!; and increasingmg̃ by increasing2dGS while holding
fixedm051 TeV ~i.e., moving rapidly away from the degen-
eracy boundary!.

The rapid decline of the cross section in the former case,
as compared to the latter, is apparent. The Tevatron will not
be able to detectg̃g̃ production out to as large anmg̃ along
the degeneracy boundary as away from it.

In Fig. 16 we show thedGS2mg̃ parameter space regions
for which the jets1E” T signal should have been observed or
will be observable for various different integrated luminosi-
ties, when the D0 or CDF cuts outlined above are employed.
Observability is defined byS/AB>5 and S/B>0.2, whereS

6We presume that the cuts of Ref.@13# that are designed to elimi-
nate jets formed around noisy calorimeter cells and jets induced by
particles from the main ring accelerator do not significantly reduce
the signal cross section.

FIG. 14. Spectra,ds/dET , vs ET for the three most energetic
jets ~labeled j 1 , j 2 , j 3 in order of decreasingET! and the missing
energy. The spectra for the universal boundary condition model and
the O-II model withdGS525 are compared formg̃5300 GeV,
tanb52 at the Tevatron. Jet-energy smearing effects are included.
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and B are the numbers of signal and background events,
respectively, for a given luminosity. TheS/B>0.2 require-
ment above is needed due to the rather featureless nature of
the signal which makes it difficult to distinguish from the
background using anything other than the integrated cross
section level. It is the limiting factor in the maximummg̃
value that can be probed at high luminosity. The four differ-
ent sets of symbols indicate the following.

Pluses indicate parameter space points that can be ex-
cluded by analysis of roughlyL58 pb21 of data from Run-
Ia. This is the amount of data for which D0 has published an
analysis and claimed to see no signal.

Diamonds~together with pluses! indicate parameter space
points excluded forL519 pb21 of Run-Ia data. This is the
amount of data analyzed and published by CDF without ob-
serving a signal.

Squares indicate additional points that will be excluded
for accumulated luminosity ofL5100 pb21, i.e., if no signal
is observed after the full Run-Ia1Run-Ib data are analyzed.
Such analyses should be available in the near future.

Next come the points indicated by a small starlike symbol
that can be excluded forL52 fb21, i.e., after one year of
running at the projected main injector luminosity.

For the points indicated by an3, S/B,0.2 and no
amount of luminosity suffices. Systematics would have to be
controlled at the&10% level to access this region.

Three distinct regions ofdGS are apparent in Fig. 16.
~1! When udGSu is large the upper limits onmg̃ for which

the signal can be detected become independent ofdGS and
asymptote to those for whichg̃g̃ pair production could be
observed in the universal boundary condition scenario for a
given set of cuts~taking squarks to be much heavier than the
g̃!. This asymptote is reached already for2dGS*10 since for
such valuesmg̃ /mx̃

1
6;3 ~as for universal boundary condi-

tions!, despite the fact thatmx̃
1
6 /mx̃

1
0 does not reach the uni-

versal boundary condition result of;2 even bydGS5220.
~2! When udGSu is small, the ratiomg̃ /mx̃

1
6 exceeds the

value;3 typical of the universal boundary condition sce-
nario, and even higher values ofmg̃ can be probed due to the
increased energy of the jets fromg̃ decay, coupled with the
fact that there is no loss of jets1E” T signal from the restric-
tion against isolated leptons.

~3! For dGS such thatmg̃2mx̃
1
6 andmg̃2mx̃

1
0 are small,

the reach inmg̃ is reduced, although perhaps less severely
than naively anticipated. The reason for this latter is that
even for small mass difference, it is still possible to get en-
ergetic jets from initial and final state radiation rather than
from the g̃ decay. For most events at least one of the three
most energetic jets is radiative in nature whenmg̃;mx̃1

,
whereas for the universal boundary condition scenario the
most energetic jets are almost always from theg̃ decays.

In Table I we give the maximummg̃ values that can be
probed in the jets1E” T channel, using the D0 or CDF jet cuts
delineated earlier, atdGS521, dGS524.5 ~near themg̃
;mx̃

1
6 boundary!, and dGS5210. Notice that there is no

gain in discovery reach in going fromL52 fb21 ~typical of
the main injector! to TeV* luminosity ofL525 fb21. This is
due to the fact that the maximummg̃ values that can be
probed atL52 fb21 are determined byS/B falling below the
minimum value of 0.2. For both the D0 and CDF cutsB is
relatively large. If systematic uncertainties in the predicted
level of the jets1E” T signal due to theoretical and experimen-
tal uncertainties can be reduced below the;10% level,
higher values ofmg̃ could be probed.

The most striking difference between the D0 and CDF
cuts is the much greater sensitivity of the softer CDF cuts to
parameter choices for whichmg̃;mx̃

1
6;mx̃

1
0. The reason for

this striking difference is that the D0 cuts include a fairly
stiff minimumET525 GeV requirement for the third jet. As
shown in Fig. 14, for scenarios with a smallmg̃2mx̃1

mass
splitting this will eliminate a substantial fraction of the signal
events. Weakening this cut, as in the CDF procedure, in-
creases the signal rate, and apparently does so without in-
creasing the background rate~perhaps because stronger ra-
pidity cuts are imposed on the jets in the CDF procedure!. It

FIG. 15. Cross section after D0 cuts at the Tevatron as a func-
tion ofmg̃ for ~i! fixed dGS524.2 along themg̃;mx̃1

@see Eq.~8!#

boundary—plotted points correspond tom051, 1.2, 1.4, 1.6, 1.8,
2.2, 2.4, and 2.6 TeV;~ii ! fixed m051 TeV with increasing
2dGS—plotted points are at2dGS54.2, 5, 5.5, 6, 6.5, 7, 7.5, 8, and
8.5. We have taken tanb52 andm,0.

FIG. 16. O-II model regions of thedGS2mg̃ parameter space for
which g̃g̃ production can be detected at the Tevatron/TeV* in the
jets1E” T channel for various different luminosities, using the cuts
described in the text. Open points are excluded, as indicated, either
by the LEP constraint ofmx̃

1
6>47 GeV or bymg̃,mx̃

1
0. We have

taken tanb52 andm,0.
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will be important for the CDF and D0 Collaborations to de-
termine if there are still more optimal cuts for scenarios with
small mass splitting. We note that the greater sensitivity of
CDF cuts persists up toudGSu;10, even thoughmg̃2mx̃

1
6

approaches values typical of universal boundary conditions.
In contrast, the difference between D0 and CDF cuts disap-
pears at smalludGSu wheremg̃2mx̃

1
6 is even larger than pre-

dicted for universal boundary conditions.
It is important to note that the jet cuts employed here are

no longer optimal in the universal boundary condition limit
~roughly2dGS*10–20! whenL.2 fb21 andmg̃ is large. It
is better to strengthen the cuts. This is due to the fact that
stronger cuts will reduce the background rateB while leav-
ing good efficiency for the signal ifmg̃ is large and there is
substantial mass splitting between theg̃ and thex̃ 1

6 and x̃ 1
0.

This leads toS/B.0.2 at highmg̃ . The stronger~more op-
timal! cuts employed at highL are discussed in Ref.@15#.
For the jets1E” T channel they are:E” T.40 GeV; n~jets!>2
jets havinguh jetu,3 andET~jet!.15 GeV; transverse sphe-
ricity ST>0.2; Df„E” T , j ~ET.15 GeV!….30°; andET( j 1),
ET( j 2)>ET

c andE” T>ET
c , with ET

c optimized for givenL,
mg̃ and other and parameter choices.

To give an example, themg̃5300 GeV detection limit in
Table I for universal boundary conditions is attained using
ET

c5100 GeV. It is also possible that the stronger cuts would
allow us to probe to highermg̃ values at smalludGSu than
accessible using the weaker D0 and CDF jet cuts~see Fig.
16!. This is becausemg̃ /mx̃

1
6;mg̃ /mx̃

1
0 is large and the jets

would be energetic. However, we have not performed a de-
tailed analysis.

The limitations on themg̃ discovery reach in the case of
mg̃ nearmx̃1

are not quite as much of a concern as one might
first suppose. This is because them0&2 TeV naturalness
requirement imposes an upper bound ofmg̃*140 GeV in the
mg̃;mx̃

1
6 boundary region, see Fig. 5. From Fig. 16 and

Table I we see that this value ofmg̃ can be probed at
dGS524.5 with L5100 pb21, provided CDF-like cuts are
employed. In contrast, fordGS5210, from Fig. 5mg̃*350
GeV if m052 TeV and g̃g̃ pair production would not be
observable even at TeV*.

Turning now to the LHC, the standard cuts employed
there in the universal boundary condition model are@16#:
there are no isolated leptons withET.20 GeV, where isola-
tion is defined by requiring that additionalET within

DR<0.3 of the lepton be,5 GeV; transverse sphericity of
ST.0.2; E” T.500 GeV; n~jets!>2 having uh jetu,3 and
ET.100 GeV using coalescence withinDR<0.7;
30°<Df~E” T ,jet!,90° for the jet which is closest to theE” T
vector; andET( j 1 , j 2)>500 GeV, where the jets are ordered
by ET .

For these cuts,g̃g̃ pair production in the O-II model is not
observable in any part of theudGSu,10 portion of parameter
space appearing in Fig. 16. Hopefully, this will be cured by
weakening the jet cuts. Optimization of the cuts and assess-
ment of the signals is underway and will be presented else-
where.

2. Leptonic signals for g̃g̃ production

We have already remarked that ifmx̃
1
6;mx̃

1
0, then it will

be far more difficult to extract a like-sign dilepton signal for
g̃g̃ production than is the case for universal boundary con-
ditions. The leptons from thex̃ 1

6 decays will be much softer
when Dmx̃1

is small. A detailed study will be required to
determine if any signal survives. We believe it is unlikely
that the dilepton signal can achieve as much discovery reach
as the jets1E” T signal.

Whenmg̃ is close tomx̃1
, there are no other sources of

leptons than those from thex̃ 1
6’s that are present in theg̃

decays. Asmg̃ becomes larger thanmx̃1
, not only does the

jets1E” T signal become increasingly strong, but also addi-
tional leptonic signals forg̃g̃ production emerge deriving
from g̃→jets1x̃ 2

0 decay followed byx̃ 2
0→l 1l 2x̃ 1

0, domi-
nated by the on-poleZx̃1

0 final state when kinematically al-
lowed. A detailed study is required to determine if the result-
ing signal forg̃g̃ production is competitive with the jets1E” T
signal. Ultimately, in the very largeudGSu universal boundary
condition limit, the presence of the many cascade decays by
which g̃g̃ production leads to leptons results in a
l 61jets1E” T signal that is stronger than the jets1E” T signal
at the LHC@16#.

3. The trilepton signal

We have also performed explicit simulations for the tri-
lepton signal at the Tevatron. A summary of current CDF
and D0 cuts and results appears in Ref.@17#. In our analysis
we consider two sets of cuts. The first set of cuts is that
employed by CDF in analyzing theirL5100 pb21 data set:
uh~l 1,2,3!u<2.5;ET~l 1!.11 GeV,ET~l 2,3!.4 GeV;E” T.15

TABLE I. Maximummg̃ values that can be probed using D0 and CDF cuts~see text! in the jets1E” T final state for different integrated
luminosities,L, at the Tevatron and TeV* at dGS5210,dGS521, anddGS524.5. Observability is defined byS/AB>5 andS/B>0.2. Also
given are the maximummg̃ values for whichg̃g̃ production can be observed in the~universal boundary condition! limit of very large udGSu
using the stronger cuts of Ref.@15#. The results of this table are for tanb52 andm,0.

Cuts L5 8 pb21 19 pb21 100 pb21 2 fb21 25 fb21

dGS521 170 GeV 200 GeV 230 GeV 250 GeV 250 GeV
D0 dGS524.5 - 80 GeV 110 GeV 150 GeV 150 GeV

dGS5210 - 140 GeV 200 GeV 200 GeV 200 GeV
dGS521 180 GeV 190 GeV 230 GeV 250 GeV 250 GeV

CDF dGS524.5 100 GeV 130 GeV 140 GeV 160 GeV 160 GeV
dGS5210 150 GeV 170 GeV 210 GeV 240 GeV 240 GeV

Strong dGS→2` mg̃ excluded bymx̃
1
6<47 GeV 250 GeV 300 GeV
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GeV;n~jets!50 for jets withET.15 GeV; events withe1e2

or m1m2 pairs with mass;mZ are vetoed.
The second set of cuts@15# was designed to detect 3l

events at luminosities*1 fb21 ~main injector and TeV* ! in
the universal boundary condition scenario. The latter cuts
~which we call the ‘‘strong’’ cuts! are uh~l 1,2,3!u<2.5;
ET~l 1,2,3!>20,15,10 GeV, respectively;E” T>25 GeV;
n~jets!50 for jets withET.15 GeV; events withe1e2 or
m1m2 pairs with mass;mZ are vetoed.

For the CDF cuts the background was taken from Ref.
@17# as 0.4 events forL5100 pb21, corresponding to a cross
section ofsB54 fb. For other luminosities the number of
background events was computed asLsB . For the second set
of cuts, the background was explicitly computed using
ISAJET, summing over all important reactions. For both sets
of cuts, the 3l signal is deemed observable if there are at
least 5 events,S/AB>5 andS/B>0.2.

For either set of cuts, the 3l signature is unobservable for
any luminosity unlessdGS is well above the region where
Dmx̃1

is small. At dGS529, the 3l remains unobservable
for both sets of cuts atL5100 fb21. For the CDF~strong!
cuts, a 3l signal becomes observable atdGS529 for mg̃
values up to 160 GeV~100 GeV! with L52 fb21 and up 210
GeV ~160 GeV! with L525 fb21. The fact that the strong
cuts do not allow as much sensitivity to the 3l signal as do
the weaker CDF cuts is obviously a result of the fact that the
leptons remain soft~as compared to universal boundary con-
dition expectations! in the O-II model out to quite largeudGSu.

4. Gluino-squark and squark-squark pair production

Production ofg̃q̃ and q̃q̃ pairs will occur at a significant
rate at the CERN Large Hadron Collider~LHC!, even for
squark masses of 1 TeV or more. These pair production pro-
cesses would be followed byq̃→g̃q decay, leading to final
states comprised ofg̃g̃q and g̃g̃qq, respectively. Theg̃’s
would then decay as we have described. In particular, it is
very possible that most of the energy of theg̃ will go into the
x̃ 1
0. Thus, even though theg̃’s from the q̃ decays would be

energetic, the visible jet energy component of the decay need
not be large. Further, it will tend to be aligned with the
missing energy component due to the large momentum of the
g̃ coming from decay of a very heavyq̃.
Thus,g̃q̃ production will lead to a final state with a very

energetic quark and large missing energy in the opposite
direction. Backgrounds to this configuration need to be stud-
ied to determine if the signal for such events can be found.
~An obvious background isZ1g production in which theZ
decays invisibly.! We have not attempted this study here.
The q̃q̃→qqg̃g̃→qqE” T1soft signal for SUSY is not very
different than that already considered~see, e.g., Ref.@16#! for
q̃q̃ production in the case of universal boundary conditions.
The final state would consist of two highly energetic jets
along with largeE” T , all in different directions; backgrounds
will be small, and detection of the signal should be straight-
forward for mq̃&1.5–2 GeV at the LHC@16,18–20#. For
both g̃q̃ andq̃q̃ production, it could be that stop and sbottom
squarks would be easiest to trigger on due to the fact that
the final states would contain twot ’s or two b’s, respec-
tively. ~Note that in g̃q̃ production with q̃5 t̃ or b̃, there
must be an associatedt̄ or b̄, respectively.! In the case ofg̃q̃
(q̃q̃) production, withq̃5 t̃ or b̃, one~both! of the t ’s or b’s

would be very energetic. Vertexb tagging could be used to
isolate the relevant events. A close examination of these sig-
nals is warranted.

E. Implications for cosmology

One of the attractive features of supersymmetry is that the
LSP could provide a natural source for the dark matter that
appears to be required by galactic rotational data~requiring
Vh2.0.025! and that would be needed for closure of the
Universe~V51!; further, Vh2&1 is required in order that
the universe be at least 10 billion years old.@Here,V is the
present LSP mass density in units of the critical or closure
density, andh is the Hubble constant in units 100 km/
~s Mpc!.# Themx̃

1
1.mx̃

1
0 degeneracy and SU~2!-gaugino na-

ture of thex̃ 1
0 predicted in the sinu→0 O-II model whenudGSu

is not large leads to a picture that differs substantially from
that found for universal boundary conditions. The two key
differences are easily summarized.

~1! For moderate to smalludGSu in the O-II model,x̃ 1
0x̃ 1

0

annihilation is quite small because thex̃ 1
0 is usually almost

pure SU~2! gaugino and its couplings to the light Higgs~h0!
and theZ are weak~they require a Higgsino component! and
because the sfermions are typically very heavy@as discussed
with regard to Eqs.~6! and ~7!, and following#.

~2! The near degeneracymx̃
1
6.mx̃

1
0 implies~as noted sev-

eral years ago in Ref.@7#! similar densities~due to very
similar Boltzmann factors! for the x̃ 1

6 and x̃ 1
0 at the time of

freeze-out, so that coannihilation between the LSP and the
chargino becomes very important and can greatly reduce the
expected relic density.

The computation of the relic density is sketched in Ap-
pendix B. As well as thex̃ 1

6x̃ 1
0→ f f̄ co-annihilation channel

considered in@7#, we also included thex̃ 1
6x̃ 1

0→W6g chan-
nel ~a few percent effect!. To illustrate the importance of
coannihilation, we have plottedVh2, before and after includ-
ing coannihilation, as a function ofdGS ~for m051 TeV,
tanb52, andm,0! in Fig. 17. From this figure, we observe
that without coannihilationVh2 is at least 10, and, at smaller

FIG. 17. We plot the relic densityVh2 as a function ofdGSwith
and without includingx̃ 1

6x̃ 1
0 coannihilation. We takem051 TeV,

tanb52, mt(mt)5165 GeV, andm,0. The region defined by the
vertical short-dashed lines is disallowed because theg̃ would be the
LSP. The region defined by the vertical long-dashed lines is ex-
cluded by the failure of the CDF Collaboration to detect a jets1E” T
signal fromg̃g̃ production forL519 pb21 of data.
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udGSu, as large as 100, i.e., drastically inconsistent with the
fact that the Universe is still expanding. After including co-
annihilation, we see thatVh2,1 for udGS&10. Indeed, ex-
tremely smallVh2 values,&1024, are possible forudGSu&6
whereDmx̃1

becomes small. AsudGSu increases above this,

coannihilation becomes ineffective whenDmx̃1
/mx̃

1
0 ex-

ceeds a few percent.
For the choice of parameters of Fig. 17,Vh2,1 requires

mx̃
1
6&88 GeV; direct detection ofx̃ 1

1x̃ 1
2 production at

LEP-II will be possible only for the portion of this range for
which Dmx̃1

exceeds 5–10 GeV, i.e., roughly forudGSu*7,

see Fig. 4, corresponding tomx̃
1
6*70 GeV. ~This is pre-

cisely the range for whichVh2*0.025, and thex̃ 1
0 of the

model could be the dark matter of the Universe.! For mx̃
1
6

&70 GeV, it will become necessary to employ thegx̃ 1
1x̃ 1

2

mode, see Fig. 13. The region of parameter space currently
eliminated by the failure to observeg̃g̃ production at the
Tevatron employing the published CDF analysis ofL;19
pb21 of data is obtained by correlatingmg̃ anddGS locations
in Fig. 17 with the CDF excluded regions in Fig. 16; it is
roughly 0.8&2dGS&9, as indicated in Fig. 17.~Because of
stronger jet cuts and the smaller amount,L58 pb21, of ana-
lyzed data, the currently published D0 analysis only excludes
1&2dGS&1.6.! For all but the udGSu,0.6 portion of the
2dGS&12 range,mg̃ is such thatg̃g̃ production at the Teva-
tron could be detected using the CDF cuts and analysis pro-
cedures outlined in the preceding section applied toL5100
pb21 of data, see Fig. 16. Thus, for the choices tanb52 and
m051 TeV, it is only for very smalludGSu that the model can
be consistent with an expanding universe if no signal forg̃g̃
production is found after analyzing Run-Ia1Run-Ib Teva-
tron data using the CDF procedures employed for Fig. 16.
However, to repeat, small values ofudGSu will not yield
Vh2*0.025.

The range ofdGS for which 0.025&Vh2&1, especially the
largest allowedudGSu value, typically increases with increas-
ing tanb. The regions with 0.025<Vh2<1 are plotted in the
dGS-tanb parameter space plane form051 TeV and both
signs ofm in Fig. 18. Typically, only a narrow range ofdGS
values satisfies both criteria unless tanb is very large. The
lower bound on2dGS, set by requiringVh2>0.025 would
not be present if some other explanation for dark matter is
assumed to exist. Indeed, for the preferred model values of

dGS524,25 an alternative source of dark matter would be
necessary.

To further delineate the consistency of existing and near
future experimental data with the constraints onVh2, it is
illuminating to plot theVh250.025 and 1 contours in the
mg̃2tanb, mx̃

1
62tanb, mx̃

1
02tanb, andmx̃

2
02tanb, param-

eter spaces. That is, we simply convert fromdGS to one of
the indicated masses. These four sets of contours appear in
Fig. 19. We observe that, for small to moderate tanb values,
the upper bounds on the masses set byVh2,1 are such that
the x̃ 1

6 and x̃ 2
0 should be observable at LEP-II~keeping in

mind that the maximum masses occur for large2dGS for
which Dmx̃1

is big enough that directx̃ 1
1x̃ 1

2 detection
should be feasible! and such thatg̃g̃ detection at the Teva-
tron should be possible. At larger tanb @*5–10, depending
upon sgn~m!#, the masses begin to exceed the reach of
LEP-II and the Tevatron. Large masses for the gauginos are
also possible if2dGS is very small. However, as noted al-
ready, if we requireVh2.0.025 then2dGS can never be
small ~see Fig. 18!. Together, theVh2.0.025 andVh2,1
bounds imply that the gaugino masses must all lie in mass
regions that are eminently accessible at the NLC and LHC,
and very possibly at LEP-II and the Tevatron.7 With regard
to the Higgsino-like chargino and neutralinos, we refer back
to Fig. 9, where theVh250.025 and 1 contours were given.
We observe that if tanb*4–5 then Higgsino discovery at a
As5500 GeVe1e2 collider will generally be possible for
model parameters consistent with 0.025&Vh2&1.

Finally, we note that theVh2 contours are not sensitive to
them0 value ifm0*200 GeV so that the coannihilation cross
section is mainly determined by thes-channelW pole graph.
Thus, even thoughm0 could be substantially below 1 TeV
for small2dGS without violatingmx̃

1
6*47 GeV ~due to the

m0 /A2dGS growth of theuM i
0u ’s! small2dGS values would

continue to be ruled out ifVh2*0.025 is required.

7This is not dissimilar to the conclusion that is reached in the case
of universal boundary conditions ifm0 is large. There, ifm0 is large
enough~*300 GeV! to suppresst-channel annihilation contribu-
tions to x̃ 1

0x̃ 1
0 annihilation, then thex̃1

0 must be light enough that
annihilation via a nearbys-channel Higgs and/orZ pole is suffi-
ciently efficient. Typically@21#, mx̃

1
0&55 GeV or so is required.

FIG. 18. Contours of constantVh250.025 andVh251 in
tanb2dGS parameter space atm051 TeV, form,0 andm.0.

FIG. 19. Contours of constantVh250.025 andVh251 in the
tanb2mg̃ ,mx̃

1
6,mx̃

1
0,mx̃

2
0 parameter spaces atm051 TeV, for m,0

andm.0.
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III. FINAL REMARKS AND CONCLUSIONS

The moduli dominated limit of string SUSY breaking
yields a rich phenomenology that differs substantially from
that obtained for the usualMU-scale universal boundary con-
ditions. In this paper we have considered a specific orbifold
model~the O-II model! in which the moduli dominated limit
can be taken and theMU-scale boundary conditions com-
puted. The model and its phenomenology are determined by
tanb ~the standard Higgs vacuum expectation value ratio!,
dGS ~the Green-Schwarz mixing parameter!, and the univer-
sal scalar mass atMU ,m0 . Theoretically, negative integer
values fordGS in the rangeudGSu,5–6 are preferred. For such
values, the gaugino masses atMU , which only arise at one-
loop, are very non-universal; universality is approached, but
very slowly, asudGSu becomes very large. Further, the~one-
loop! MU-scale gaugino masses,uM i

0u, will be very much
smaller thanm0. The nonuniversality of the gaugino masses
at MU implies that it is very possible that the lightest
chargino and neutralino will both be SU~2! gauginos and,
therefore, approximately degenerate,mx̃

1
6.mx̃

1
0. Further, it

is also possible for the gluino to be degenerate with both just
outside the regiondGS;23 that is excluded by virtue of
requiringmg̃>mx̃

1
0, i.e. that the gluino not be the LSP. If

udGSu is of moderate size, implyingm0@uM i
0u, the gauginos

will be relatively light providedm0&2 TeV ~as presumably
required by naturalness!; indeed, m0*1 TeV if
mx̃

1
6*mZ/2, as required by LEP data. Whenm0 is large,

squarks, sleptons, and heavy Higgs bosons will be very mas-
sive. Further, correct electroweak symmetry breaking im-
plies thatm will be large. Thus, the most accessible SUSY
signals will be those deriving from gaugino~g̃, x̃ 1

6 , x̃ 1
0, and

x̃ 2
0! production.
The mass degeneracies noted above are of particular phe-

nomenological importance. Key implications at existing and
future accelerators include the following.

If mx̃
1
62mx̃

1
0 is small~as for theoretically preferred model

parameters! it will be necessary to employe1e2→gx̃ 1
1x̃ 1

2

final states at LEP-II and the NLC for light chargino detec-
tion due to the near invisibility of thex̃ 1

6 decays.
The small size ofe1e2→x̃ 1

0x̃ 2
0 ,x̃ 2

0x̃ 2
0 cross sections

~due to the state compositions predicted by the model! and
the large masses of thex̃ 2

6 , x̃ 3
0 andx̃ 4

0 ~due to the large value
of umu predicted!, imply that only at the NLC can one hope
for substantial numbers of neutralino and chargino pair
events other than the difficult to detectx̃ 1

1x̃ 1
2 process.

If mg̃;mx̃
1
6.mx̃

1
0 ~as for theoretically preferred model

parameters!, g̃g̃ production will be more difficult to detect at
both the Tevatron and the LHC due to the softness of the jets
in g̃ decay. Weak jet cuts must be employed, implying large
background and difficulty in achieving adequateS/B.

If mg̃ is not nearly degenerate withmx̃
1
6.mx̃

1
0, g̃g̃ dis-

covery in the jets1E” T channel~using weak jets cuts! at the
Tevatron/TeV* could be easier than observation of neu-
tralino and chargino pair production at aAs5500 GeV NLC.

Detection ofg̃g̃ production at the LHC will require sig-
nificant alterations in the cuts currently employed.

If mx̃
1
6.mx̃

1
0, the degeneracy will be manifest at a hadron

collider as an absence of like-sign dilepton signals forg̃g̃
production and of trilepton signals forx̃ 1

6x̃ 2
0 production.

In addition to accelerator implications listed above, there
are two cosmology-related features of the model.

For the preferredudGSu&5–6 range,Vh2,0.025~the mini-
mum required if thex̃ 1

0 is to be a significant dark matter
candidate!. Such small values ofVh2 are a result of the large
x̃ 1

6x̃ 1
0 coannihilation rate whenmx̃

1
6.mx̃

1
0.

If dGS is chosen as a function of tanb so that
0.025&Vh2&1, then for moderate tanb the g̃, x̃ 1

6 , and x̃ 2
0

masses are relatively modest in size. In particular, they are
such that proper analysis of existing Tevatron data and soon-
to-come LEP-II data will exclude tanb&5–10.
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APPENDIX A: CHARGINO DECAYS

In this appendix we discuss the calculation of the partial
widths for leptonic and hadronic chargino decays for small
mass splitting between the chargino and the lightest neu-
tralino. We saw in Fig. 4 that even after inclusion of one-
loop radiative corrections@7,8# this mass difference can be as
small as 150 MeV. Standard expressions forx̃ 1

6→x̃ 1
0f f̄ 8 are

not applicable for such small mass differences, since they
assume the final-state fermionsf and f̄ 8 to be massless.
Moreover, hadronic decays can only be described by pertur-
bative QCD if the mass difference exceeds one or two GeV.

Allowing a finite mass for the standard model fermions
produced in chargino decays is straightforward. First, we can
ignore sfermion and charged Higgs exchange diagrams,
since these particles are very heavy, and thex̃ 1

6x̃ 1
0W cou-

pling is maximal in the relevant limit where both the
chargino and the neutralino are almost pure SU~2! gauginos.
Further, we actually only need to keep the mass of one of the
two SM fermions; the other one is either much lighter~as for
f5c, f 85s! or exactly massless~for f5 l , f 85n l!. The re-
sult can be written as

G~x̃1
2→x̃1

0f f̄ 8!5
NcGF

2

~2p!3 H m̃2@~O11
L !21~O11

R !2#E
~m̃01mf !

2

m̃2
2

dq2S 12
m̃0
21mf

2

q2 D S 12
q2

m̃2
2 D 2Al~q2,m̃0

2,mf
2!

22m̃0O11
L O11

R E
mf
2

~m̃22m̃0!2

dq2
q2

m̃2
2 S 12

mf
2

q2 D 2Al~m̃2
2 ,m̃0

2,q2!J . ~A1!

344 55C.-H. CHEN, M. DREES, AND J. F. GUNION



Here, l(a,b,c)5(a1b2c)224ab is the standard kinematical function,Nc53~1! if f is a quark~lepton!, O 11
R,L are the

x̃ 1
6x̃ 1

0W couplings in the notation of Ref.@22#, and we have introduced the shorthand notationm̃0[mx̃
1
0, m̃2[mx̃

1
6. In the

limit where bothx̃ 1
6 and x̃ 1

0 are pure SU~2! gauginos,O 11
L 5O 11

R 51.
As mentioned earlier, Eq.~A1! can only describe hadronicx̃ 1

6 decays if the chargino-neutralino mass differenceDmx̃ is
sufficiently large. ForDmx̃,1–2 GeV one instead has to explicitly sum over exclusive hadronic final states. Fortunately
much work on the related case of semileptonict decays has already been done. We adopt the formalism developed in Ref.
@23#.

As already stated in the main text, the partial width for the simplest hadronic decay,x̃ 1
2→p2x̃ 1

0, is tiny; it only proceeds
through the axial vector coupling}O 11

R 2O 11
L , which is very small for smallDmx̃ . The partial width into final states with 3

pions is suppressed for the same reason. Partial widths into final states containing kaons are suppressed by a factor of
sin2uc.1/20. For our purposes it is therefore sufficient to only include the decayx̃ 1

2→x̃ 1
0p2p0. The partial width can be

written as@23#

G~x̃1
2→x̃1

0p2p0!5
GF
2~O11

L 1O11
R !2

192p3m̃2
3 E

4mp
2

~Dmx̃ !2

dq2uF~q2!u2S 12
4mp

2

q2 D F m̃2
2 1m̃0

222q21
~m̃2

2 2m̃0
2!2

q2
26m̃2m̃0G

3Al~m̃2
2 ,m̃0

2,q2!. ~A2!

The form factorF(q2) is dominated by ther andr8 meson
poles:

F~q2!5
PBWr

~q2!1bPBWr
~q2!

11b
. ~A3!

HerePBW stands for a Breit-Wigner pole:

PBWV
~q2!5

mV
2

mV
22q22 iAq2GV

, ~A4!

with V5r,r8. Following Ref.@23# we useb520.145 in Eq.
~A3!, andmr5773 MeV, Gr5145 MeV,mr851370 MeV,
andGr85510 MeV in Eq.~A4!. We use Eq.~A2! to describe
hadronic x̃ 1

6 decays as long as it predicts a larger partial
width than Eq.~A1! does; we use a constituent-type effective
mass for thed quark of 500 MeV in our calculation~recall
that we assumemu50; using a single large constituent mass
to describe the kinematics should be sufficient for us!. Figure
6 shows that this prescription implies a switchover from Eq.
~A2! to Eq. ~A1! at Dmx̃.2 GeV.

APPENDIX B: THE LSP RELIC DENSITY

Our calculation of the present mass density of LSP’s left
over from the Big Bang follows the treatment of Ref.@24#.
The physical picture is that the LSP remains in thermal equi-
librium until the Universe has cooled to the temperatureTF
where the LSP ‘‘freezes out.’’ At lower temperatures essen-
tially no further LSP’s are produced, but occasionally two of
them still annihilate into standard model particles, thereby
reducing the relic density. In our case we have to deal with
the additional complication@7# that the LSP might be almost
degenerate in mass with the lightest chargino. In this case
reactions that convert a neutralino into a chargino or vice
versa, such asx̃ 1

01 f↔x̃ 1
61 f 8, remain in thermal equilib-

rium long after the LSP density itself has dropped out of
equilibrium. The reason is that the rate for such conversion
reactions is proportional to the product of the small LSP
density and a large density of some SM fermion, whereas the

rate for LSP annihilation processes is proportional to the
squareof the small LSP relic density. The chargino density
is therefore simply given by the neutralino density times a
Boltzmann factor. One can then include coannihilation ef-
fects by means of an effective LSP annihilation cross sec-
tion.

Following Ref.@24#, we first define the effective number
of LSP degrees of freedom,

geff5214~11Dx̃!3/2 exp~2Dx̃x!, ~B1!

where we have introducedDx̃[mx̃
1
6 /mx̃

1
021 and the in-

verse rescaled temperaturex[mx̃
1
0 /T. Notice that the LSP,

being a Majorana fermion, only has two degrees of freedom,
whereas the chargino has four. However, the contribution of
the chargino is suppressed by the Boltzmann factor
exp(2Dx̃x). The effective annihilation cross section is then
given by

seff5
4

geff
2 s~x̃1

0x̃1
0→anything!1

16

geff
2 ~11Dx̃!3/2

3exp~2Dx̃x!s~x̃1
0x̃1

2→anything!. ~B2!

Notice the relative factor of 4 between the first and the sec-
ond term in Eq.~B2!. One factor of 2 arises because of the
larger number of chargino degrees of freedom, and another
factor of 2 appears because here the initial state contains two
different particles@24#. In principle we should also add terms
for x̃ 1

1x̃ 1
2 annihilation and, ifmx̃

1
2.mW , for x̃ 1

2x̃ 1
2 and

x̃ 1
1x̃ 1

1 annihilation. However, it turns out that the terms al-
ready included in Eq.~B2! are sufficient to reduce the relic
density to a value that is too small to be of cosmological
significance if the chargino-neutralino mass splitting is
small, see Fig. 16; the exact value of the relic density is then
of little interest. The relic density only reaches significant
levels if the Boltzmann factor is already much smaller than
1. In this case the terms we have omitted are very small,
since they are suppressed by the square of this factor.
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Numerically, freeze-out occurs atx5xF>20. Since
xF@1, the LSP’s and charginos are quite nonrelativistic
when they drop out of thermal equilibrium. Further, the low
freeze-out temperature means that the coannihilation contri-
bution to the effective cross section~B2! starts to become
suppressed if the LSP-chargino mass difference exceeds a
few percent. Nevertheless in our case the second term re-
mains dominant out to quite large mass splittings, because
the x̃ 1

0x̃ 1
0 annihilation term is strongly suppressed: sincex̃ 1

0

is an almost pure gaugino state, its couplings toZ and Higgs
bosons are small; further, sfermion exchange contributions
are suppressed by the large sfermion masses required in this
model, unlessudGSu is either much smaller or much larger
than 1. In contrast, thex̃ 1

0x̃ 1
2 annihilation cross section is

quite large here, since thex̃ 1
0x̃ 1

2W1 coupling is near its
maximum in our case.

We computed the first term in Eq.~B2! including the full
set of two-body final states treated in Ref.@25#. We used the
usual nonrelativistic expansion of the cross sections in most
cases, but treated the thermal average over Breit-Wigner fac-
tors due tos-channel exchange of Higgs andZ bosons more
carefully @24#, using a numerical method developed in Ref.
@26#. In the second term of Eq.~B2! we only includedf f̄ 8
andWg final states, wheref and f 8 are light SM fermions,
whose masses we neglected. Since sfermions as well as the
charged Higgs bosons are very heavy in the model we are
studying, we only included contributions from the exchange
of W bosons and~for theWg final state! the light chargino.
As discussed in the main text, present experimental bounds
imply thatmx̃

1
21mx̃

1
0 is well abovemW . We can therefore

use the nonrelativistic expansion when calculating the coan-
nihilation cross sections. The result is

s~x̃1
0x̃1

2→ f f̄ 8!5
Ncg

4

64p

1

~s2mW
2 !2

H s~O11
R 1hO11

L !21v2O1
RO11

L m̃0m̃21
v2

2
@~O11

R !21~O11
L !2#F53 Um̃0Um̃21m̃2

2 1m̃0
2G J ,

~B3!

s~x̃1
0x̃1

2→W2g!5
aemg

2

8s H @~O11
R !21~O11

L !2#F11S m̃0

m̃2
D 2G~41gW

2 !24gW
2 O11

L O11
R m̃0

m̃2
J . ~B4!

Here,g is the SU~2! gauge coupling,Nc , O 11
R,L, m̃0 andm̃2

have been defined after Eq.~A1!, v is the relative velocity
between the chargino and the neutralino in their center-of-
mass frame, ands[(um̃0u1m̃2)

2. Notice that, following
Ref. @25#, we are working in a convention where the neu-
tralino mixing matrix is real; in that case we must allow the
neutralino masses to have either sign, andh in Eq. ~B3! is
the sign ofm̃0. The chargino masses can always be chosen to
be positive even if we take the chargino mixing matrices to
be real. Finally,gW5EW/mW5(s1mW

2 )/(2mW
2 ). The re-

sults of Eqs.~B3! and ~B4! already include summing and
averaging over spin and helicity states; the terms}gW

2 in Eq.
~B4! are due to the production of longitudinal gauge bosons.
Note that these terms cancel in the limitm̃05m̃2 ,
O 11

L 5O 11
R ; this ensures that the cross section drops like 1/s

in the limit of large SU~2! gaugino massM2, as required by
unitarity. Finally, since the contribution from Eq.~B4! turns
out to be at least a factor of 10 smaller than that from Eq.
~B3!, we have only computed the leadingO~v0! term here.
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