
Gauge-mediated SUSY breaking at an intermediate scale

Stuart Raby
Department of Physics, The Ohio State University, Columbus, Ohio 43210

~Received 13 February 1997!

Gauge-mediated supersymmetry-~SUSY-! breaking with a messenger scale of the order of 1015 GeV has
some interesting features. It can solve the flavor-changing neutral current problem of supersymmetric models
with predictions for superpartner masses which approximate those of minimal supergravity models. It can
however also lead to theories with novel experimental signatures. For example, we present a model in which
the gluino is the lightest supersymmetric particle. We also review the present experimental status of a stable
gluino. @S0556-2821~97!05017-0#

PACS number~s!: 12.60.Jv

I. INTRODUCTION

Supersymmetry~SUSY! breaking in a ‘‘hidden’’ sector
can be transmitted to the observable sector through standard
model~SM! gauge interactions@1,2# or through supergravity
interactions@3#. In supergravity theories, SUSY breaking in
the observable sector is set by the gravitino mass with

m3/25
F

A3MPlanck

.

F is the fundamental scale of SUSY breaking and

MPlanck[1/A8pGN52.431018 GeV

is the messenger scale. In gauge mediated SUSY breaking,
on the other hand, a massM is introduced for states which
have the property that they couple directly to the SUSY-
breaking sector, and communicate with the observable sector
predominantly through SM gauge interactions.1

These states are the ‘‘messengers’’ of SUSY breaking
into the observable sector andM is called the messenger
mass. Low energy messenger models have been discussed
recently @4#. In these theories, soft SUSY-breaking mass
terms, for scalars and gauginos, scale as local dimension 2
and 3 operators, respectively, up to the messenger scale.
Above M , soft SUSY-breaking mass terms no longer scale
as local mass operators~see Appendix A!. As a result, low
energy messenger models solve the flavor changing neutral
current~FCNC! problems of SUSY@5,6#, since scalars with
the same SM quantum numbers are degenerate, and the low
energy physics is not sensitive to the physics aboveM .

In addition, these theories can lead to observable low en-
ergy effects of SUSY breaking, i.e., a distinct spectrum of
squark and slepton masses or new types of SUSY signatures
for accelerator experiments@7#.

In the minimal messenger scenario@4#, scalars and gaugi-
nos get mass of order

a

4p

FX

M
;

a

4p
M , ~1!

whereFX;M2, M;102100 TeV anda is the fine structure
constant associated with the SM charge carried by the par-
ticular scalar or gaugino. In this paper we describe a simple
generalization of the minimal messenger scenario which il-
lustrates the following points.

~1! The SUSY-breaking scaleAFX and the messenger
scaleM are not necessarily the same. The only necessity is
that

L5
FX

M
;102100 TeV ~2!

is fixed. In our example we shall show thatM can have any
value from ;102100 TeV to MPlanck. Hence the two
SUSY-breaking schemes—supergravity mediated SUSY
breaking ~with M;MPlanck) and the minimal gauge-
mediated SUSY breaking~with M;102100 TeV!—are just
two extreme limits in a continuum of possible theories.

A particularly interesting case is whenM'MGUT @2#. In
this case, SUSY breaking is transmitted to the observable
sector through grand unified theory~GUT! interactions. As a
result, squarks and sleptons within a complete GUT multiplet
are degenerate,assumingthe messenger masses are invariant
under the GUT symmetry. Such theories look very much like
the minimal supergravity models@3# @or constrained minimal
supersymmetric standard model~CMSSM! @8##. These theo-
ries are severely constrained by flavor violating effects in-
duced through GUT interactions@6# ~see Sec. II A for further
discussion!. Suppressing these generic effects to well within
experimental bounds may requireM<MGUT/10.2 For
M;MGUT/10, the squark-slepton mass squared splittings are
of order one.

~2! In order to generate gaugino masses, it is necessary to
break both SUSY andR symmetry. In the minimal scenario,
they are broken at the same scale. We shall give a simple
example in which theR symmetry breaking scaleMR is less
than the messenger scale; thus suppressing gaugino masses.

1Gravity-mediated SUSY breaking is always present.

2Of course, whether these flavor violating effects are ‘‘danger-
ous,’’ thus requiring suppression, or ‘‘desirable,’’ leading to as yet
unexcluded testable predictions, depends on the details of the par-
ticular GUT.
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~3! Finally, even in a GUT it is possible to obtain nonde-
generate gaugino masses atM'MGUT. In our example,
gluinos may be the lightest supersymmetric particles; result-
ing in very interesting experimental consequences.

II. INTERMEDIATE MESSENGER SCALES

We illustrate these ideas in a simple SO~10! SUSY GUT.3

The superpotential is given by

W5lSS1021X~1021lf1f21l8X2!, ~3!

whereS,X are SO~10! singlets,f1,f2 are also SO~10! sin-
glets with charge61 under a messenger U~1! and 10 is a ten
under SO~10!. Note that we assume SUSY breaking occurs
in a ‘‘hidden’’ sector dynamically and transmits this directly
to the statesf1,f2 via the messenger U~1! resulting in a
negative mass squared@2m2# for these two states@4#.

The scalar potential is thus given by

V5lS
2u102u21u1021lf1f213l8X2u21u~lSS1X!10u2

1l2uXu2~ uf1u21uf2u2!2m2~ uf1u21uf2u2!

1
1

2
D1

21
1

2
D10

2 , ~4!

where D15g1(uf1u22uf2u21•••) and D105g10(u10u2

1•••! and the ellipsis refers to the contribution toD1 @D10# of
all other U~1! @SO~10!# multiplets necessary to make this a
complete theory.

A minimum is obtained for vacuum expectation values
~VEV! ^f1&52^f2&[f, ^X&[X, and^10&50 with

f25
3l8m2

l3

1

~22l/3l8!
, X25

m2

l2 S 12l/3l8

22l/3l8D ~5!

andl/3l8,1. The vacum expectation value~VEV! ^S&[M
is undetermined in the global SUSY limit, at tree level.

At the minimum, SUSY is broken with

FX5
m2

l

1

~22l/3l8!
~6!

and

Vtree5FX
2~126l8/l!,0. ~7!

Note,AFX;X;m; a property of the minimal model.
We now argue thatM is the messenger scale whenM@m

and in Sec. II B we show how the conditionM@m can be
obtained without any fine-tuning. The 10 is the only field
which couples to SO~10! and feels SUSY breaking directly
through FX . The mass of the 10 is given by
lSM1X'Max(M ,m). Note, if M'm then we have the

light messenger scenario. If on the other handM@m, then
the effective supersymmetry-breaking scale is given by
L5FX /M'm2/M;102100 TeV with both M and m
much greater thanL.

For MGUT@M , gauginos, squarks and sleptons receive
mass radiatively, predominantly through SM gauge interac-
tions @1,4,7#. Gauginos obtain mass at one loop given by

ml i
5ci

a i~M !

4p
L ~ for i 51,2,3!,

wherec15 5
3, andc25c351.

The scalar masses squared arise at two loops

m̃252L2F(
i 51

3

Ci S a i~M !

4p D 2G , ~8!

whereC35 4
3 for color triplets and zero for singlets,C25 3

4

for weak doublets and zero for singlets, andC15 5
3 (Y/2)2,

with the ordinary hyperchargeY normalized asQ5T31 1
2 Y.

In the limit M!MGUT, we havea3(M )@a2(M ).a1(M ).
Thus squark doublets and singlets are approximately degen-
erate, while right-handed sleptons are expected to be the
lightest SUSY partners of SM fermions.

Now consider the caseM;MGUT. In this case all SO~10!
gauge bosons contribute equally to gaugino, squark, and
slepton masses. For gauginos we obtain a common mass at
one loop

ml5
aGUT

4p
L ~9!

and for squarks and sleptons a positive mass squared at two
loops

m̃252L2FC10S aGUT

4p D 2G , ~10!

with C105
45
8 for 16’s of SO~10!. Hence, in this case, squarks

and sleptons are degenerate, thus satisfying the boundary
conditions usually assumed for minimal supergravity medi-
ated SUSY breaking or the CMSSM.

Note that the gaugino masses are the same order as the
squark and slepton masses.4 This is becauseW @Eq. ~3!# has
an R symmetry in which all fields haveR charge 1 andW
hasR charge 3. ThisR symmetry must be broken in order to
generate a gaugino mass. However, theR symmetry-
breaking scale,MR5M , is the same as the messenger scale;
hence gaugino masses are not suppressed in this model. In
the next section we give an example where theR symmetry-
breaking scale is much smaller than the messenger scale.3This model is not ‘‘natural’’ in the sense that it does not include

all interactions not forbidden by symmetries. It is however ‘‘SUSY
natural,’’ since no new terms in the SUSY potential can be gener-
ated due to the nonrenormalization theorems of SUSY. However,
an example of a ‘‘natural’’ theory of this type is given in Appendix
B.

4Thus two of the independent parameters of minimal supergravity,
the scalar mass parameterm0 and the gaugino massM1/2 of mini-
mal supergravity, are related.
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A. Supergravity effects

What about supergravity effects? For the range of param-
eters satisfyingA3MPlanck@4pM /a, the dominant contribu-
tion to observable scalar masses is gauge mediated.5 In the
caseF;FX , M;MGUT'231016 GeV, andaGUT

21 '24, the
contribution of supergravity mediated SUSY breaking is
comparable to that of gauge-mediated SUSY breaking. This
supergravity contribution to squark and slepton masses could
lead to observable FCNC processes, if it does not respect
flavor symmetry. In addition both contributions receive ra-
diative corrections from physics betweenMGUT and MPlanck
which could also induce large flavor violating effects@6#.
However, both of these flavor violating contributions can be
suppressed by reducingM . For example, with
M;MGUT/10, the supergravity contribution to flavor violat-
ing scalar massesdm2/m2 is reduced to a few percent.6 The
flavor violating GUT corrections to the gauge-mediated sca-
lar masses are also reduced by a similar factor (M /MGUT)

2

~see Appendix A!. Thus both contributions to the real part of
dm2/m2 are reduced to a few percent which appears to be
generically safe@10#. Note, for M;MGUT/10, the squark-
slepton mass splitting is of order one.7

B. Why is M @m?

How do we obtainM@m? The effective potential forS is
flat at tree level in the global SUSY limit. It receives signifi-
cant contributions both from supergravity and at one loop
given by

V~S!5Vtree1mS
2~m!S2116FX

2 ln@~S1X!/m#, ~11!

where mS
2(m) is the supergravity generated soft SUSY-

breaking mass term evaluated at the scalem5S. mS
2(m),

m10
2 (m), ml i

(m), a i(m), lS(m), etc. satisfy coupled RG
equations schematically given by

dmS
2

dt
5

lS
2

4p
~20mS

2140m10
2 1••• !,

~12!

dm10
2

dt
5

lS
2

4p
~4mS

218m10
2 1••• !24a iCiml i

2 ,

d

dt
S ml i

a i
D 50,

where the ellipsis refers toA terms which may or may not be
significant,t[ ln(m/MPlanck)/2p, Ci are defined after Eq.~8!
and we have not written the other equations. Note that the
renormalization group~RG! equations form10 have both
gauge and Yukawa contributions whereas formS only
Yukawa contributions appear. Moreover,ml3

and a3 grow

as m decreases. As a result we expect thatm10 will vary
slowly with scale, whilemS , on the other hand, will vary
significantly. The Yukawa interactions tend to drivemS

2 to
negative values. For example the solution to the much sim-
plified equation

dmS
2

dt
5

lS
2

4p
~40m10

2 !5const ~13!

is given by

mS
2~ t !5mS

2~0!1
lS

2

8p2
~40m10

2 !ln~m/MPlanck!. ~14!

If we now let mS
2(0)5m10

2 5m0
2 ,8 we find

mS
2~ t !5m0

2S 1140
lS

2

8p2
ln~m/MPlanck!D ~15!

which goes through zero atm5MPlanckexp@28p2/40lS
2#.

Since this mass term gives the dominant contribution to the
effective potential forS, it is clear that the value of
M5^S&'MPlanckexp@2p2/5lS

2# can take on any value be-
tweenMZ andMPlanck without any fine-tuning.

III. LIGHT GLUINOS

In the above case the mass of the 10~the messenger mass
M ) is SO~10! invariant. We now discuss a simple variation
of the model in which the messenger mass breaks SO~10!.
Consider the same superpotential as in Eq.~3! with the ad-
dition of a term

10A10H , ~16!

whereA, 10H are an additional adjoint and ten-dimensional
representation of SO~10!. We presume thatA is also in-
cluded in an SO~10! breaking sector of the theory and ob-
tains a VEV of orderMGUT in theB2L direction. As a result
the effective 10210H mass term takes the form

1

2
~10 10H!S 2S A

A 0 D S 10

10H
D . ~17!

In this case the color triplets in 10210H obtain mass of order
MGUT, while the doublets in 10, 10H obtain mass of order

5Supergravity will induce small contributions to scalar masses
given bym0'm3/25F/A3MPlanck. It should be stressed thatFX is
not necessarily the intrinsic supersymmetry-breaking scale,F, since
the gauge singlet field may not be coupled directly to the
supersymmetry-breaking sector. For example, in the model of Dine,
Nelson, Nir, and Shirman@4#, F@FX . However, it is also perfectly
possible thatF;FX @9#. While FX determines the superpartner
masses, it isF which determines the gravitino mass.

6If L5F/M is fixed, then m0
25(F/A3MPlanck)

2

5L2(M /A3MPlanck)
2.

7In this case one can neglect the effects of heavy gauge degrees of
freedom~mass of orderMGUT) in the loops. Since all the gauge
couplings at this scale are approximately equal we find, using equa-
tion Eq. ~8!, (m̃squark

2 2m̃slepton
2 )/m̃slepton

2 '1.

8We have only included the supergravity contribution to scalar
masses in the effective theory.
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M , 0 respectively@11#. The massless doublets may be iden-
tified as the MSSM electroweak Higgs doublets.

Now if MGUT@M@m we must carefully identify both the
messenger scale, and theR symmetry-breaking scale,MR ;
the SUSY-breaking scale is stillm. First consider theR
symmetry-breaking scale. The VEV ofA appears to breakR
symmetry and in fact it does break theR symmetry defined
earlier. However, it also breaks a global U~1! symmetry in
which 10, 10H , A, S have charge 0,21,1,0, respectively.
Thus there is anR symmetry with charges 1,2,0,1 which
remains conserved. ThisR symmetry is sufficient to keep
gauginos massless. The VEV̂S&5M , on the other hand,
breaks thisR symmetry; henceMR5M .

There are two effective messenger scales in this model
given by MGUT and M . In the color nonsinglet sector, the
messenger scale is fixed by the VEV^A&5MGUT3(B2L),
while in the color singlet sector the messenger scale is deter-
mined by the VEV^S&5M . Thus there are now two effec-
tive SUSY-breaking scales,LC5FX /MGUT in the color non-
singlet sector andL5FX /M for color singlets. NoteL.LC
for M,MGUT. We takeL;102100 TeV.

Integrating out the messenger sector in this case gives rise
to gaugino masses at one loop. We find

ml3
5c3

a3~MGUT!

4p
LCS M

MGUT
D

ml i
5ci

a i~M !

4p
L ~ for i 51,2!. ~18!

Gluino masses are suppressed in this model by two factors of
(M /MGUT). One factor comes from the ratio of theR
symmetry-breaking scale and the messenger scale for color
interactions, and the other from the ratio of the two different
effective SUSY-breaking scales,LC /L5M /MGUT.

The scalar masses squared arise at two loops:

m̃squark
2 52LC

2 FC3S a3~MGUT!

4p D 2G12L2FC2S a2~M !

4p D 2

1C1S a1~M !

4p D 2G ,
m̃slepton

2 5mHiggs
2 52L2FC2S a2~M !

4p D 2

1C1S a1~M !

4p D 2G .
~19!

For LC /L5M /MGUT!1, electroweak doublet squarks and
sleptons are approximately degenerate while right-handed
squarks and sleptons have mass ratios determined by the
square of their weak hypercharge.

The gluino as the LSP

The gluino-photino mass ratio evaluated atMZ , in our
example, is given by

mg̃

mg̃

'
3a3

8aEM
S M

MGUT
D 2

, ~20!

wherea3, aEM are evaluated atMZ .9 The gluino is likely to
be the lightest SUSY particle~LSP!.10 If the gluino is light
and long-lived it would have some interesting new signatures
for detectors@12–16#. Several authors have previously con-
sidered the possibility of gluinos being the LSP@17#. Assum-
ing R parity is conserved the gluino would be absolutely
stable. It would form color singlet bound states—a pseudo-
scalar gluino-gluino compositeh g̃ ~called a gluinoball! and a
fermionic gluino-gluon compositeR0 @13,14# ~called a glue-
ballino!. For massless gluinos, theh g̃ , R0 and the scalar
011 glueball form a massive supermultiplet with a dynami-
cal mass determined by QCD. For nonzero gluino mass, we
havemh g̃

.mR0
.mglueball. In either caseh g̃ like the glueball

is unstable, decaying predominantly into multipion final
states, whileR0 may remain stable. These are just a couple
of states in the large menagerie ofR hadrons@18–20#. There
are alsoR baryons~gluebarinos! and R mesons~gluemesi-
nos!. Of the R baryons, the flavor singletS05 g̃uds is ex-
pected to be the lightest@19#. It may also be long-lived or
possibly even stable ifmS0

,mR0
1mn . Of theR mesons, the

isotriplet r̃ , including the chargedr̃ 15 g̃u d̄ and neutral
r̃ 05 g̃(u ū2d d̄), is expected to be the lightest@20#. It may
be short-lived, decaying via strong interactions toR01np,
or long-lived, decaying only via weak or electromagnetic
interactions toR01m11nm , R01e11ne , or R01gg. It
could even be stable, if it were the LSP. The glueballino
(R0) and theR-rho (r̃ 0) are candidates for the LSP. We do
not knowa priori which of these is the lightest. For gluino
masses greater than 3 GeV, bag model calculations suggest
that mr̃<mR0

@20#. However, the ratiomr̃ /mR0
depends on

a gluon self-energy parameter which is not well determined.
Comparison of different bag model calculations of glueball
and mixed glue-q q̄ states leads us to expect uncertainties on
the order of 100–200 MeV@21,22#. We shall thus consider
two alternatives—eitherR0 or r̃ 0 as the LSP. We shall
sometimes refer to the candidateR-hadron LSP generically
asR̃. We shall also assume that theS0 is unstable and decays
with a lifetime ;10210 s, of order theL0 baryon lifetime.11

The most dramatic change in SUSY phenomenology with
a stable gluino LSP is that the missing energy signature for
SUSY is now gone. Recall that general gluino searches in
accelerator experiments have used the missing energy signa-
ture to identify the production and subsequent cascade decay
of the gluino. A stable gluino, however, avoids all of these
constraints. In our model, gluinos produced in high energy

9Note this is the result of renormalizing the gaugino masses from
M to MZ .

10The gluino-gravitino mass ratio, given by
@a3(MZ)A3/4p#(MMPlanck/MGUT

2 )(FX /F),
is likely to be less than 1.

11If mS0
,mn1mR̃ ~wheremn is the neutron mass!, thenS0 will

be stable. It is unlikely to bind to hydrogen due to repulsivev and

f meson exchange forces.S̄0 is also stable, but its quark compo-
nents will annihilate in hydrogen or in any other nuclei. Any pri-

mordial baryon asymmetry mechanism will also result in anS02 S̄0

asymmetry. HoweverS0 annihilates with a strong interaction rate
via the processS0S0→nn. As a result it isnot a good dark matter
candidate.
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accelerator experiments will hadronize until theR̃ is formed.
Since theR̃ is strongly interacting it will be stopped in the
hadronic calorimeter and all its kinetic energy will be visible.
As a result, most quoted gluino limits@13# now disappear.
However, for very heavyR̃’s a missing energy signal re-
emerges which can, in principle, be used to place an upper
limit on the gluino mass.

Stable particle searches now provide the best limits on the
R̃ mass. These are of two types: mass spectrometer searches
for heavy isotopes of hydrogen or oxygen, and accelerator
based fixed target or collider experiments looking for stable
charged or neutral hadrons. The mass spectrometer searches
for heavy isotopes of hydrogen provide severe constraints for
a stable gluino LSP.

There have been several mass spectrometer searches for
heavy (Z51) isotopes of hydrogen@23,24#, referred to as
X1. These experiments find no evidence forX1 at an abun-
dance relative to hydrogen given by

nX1

nH1

.10218210222 ~21!

for mX1 in the range from 2–350 GeV@23# or

nX1

nH1

.2310228 ~22!

for 1000.mX1.12 GeV @24#. In order for these results to
be relevant for gluinos, however, we must interpretX1 as a
bound state ofR̃ ~i.e., R0 or r̃ 0) with hydrogen, deuterium,
or other light element, i.e.,X15R̃H1,R̃D1. Of course, this
can only rule out a stableR̃ if two conditions are satisfied:
~1! R̃ in fact binds to light elements, and~2! R̃ is present at
the experimentally accessible abundances.

We shall argue later that the expected abundance ofR̃ is
such that these experiments should have seen something if
R̃ binds to hydrogen. Thus let us consider the question of
binding. The strong interactions ofR0 or r̃ 0 with hydrogen
differ. An R0 has strong interactions but it is not expected to
behave like a neutron. The dominant contribution to the
binding of deuterium comes from pion exchange, whileR0,
containing no valence quarks, is unlikely to couple signifi-
cantly to pions, rhos, etc. The dominant exchange is likely to
be a glueball with mass of order 1.5 GeV. Thus the interac-
tion range is short, about110 fm, and considering that the
deuterium binding energy is already quite small, it is un-
likely that theR0 would bind to light nuclei. Hence it would
not be seen in experiments searching for heavy isotopes of
hydrogen. Ther̃ 0, on the other hand, probably does ex-
change pions and is thus more likely to bind to hydrogen.12

This may exclude ther̃ 0 ~assuming it is the LSP! with mass
greater than 2 GeV. Clearly further studies are necessary to
decide this important issue.

Consider the case ofr̃ 0 as the LSP. Then it is likely that
the charged states will either be stable or very long-lived.

If the charged states are stable then this case is already
ruled out by several complimentary experiments. Searches
for heavy isotopes of hydrogen limit the relative abundance

n r̃ 1 /nH1,10218

for mr̃ 1.2 GeV @23,24#. In addition, accelerator experi-
ments exclude a long-livedr̃ 1 with mass in the range
4,mr̃ 1,10 GeV and lifetimet r̃ 1.531028 s @25# or with
1.9,mr̃ 1,13.6 GeV andt r̃ 1.1027 s @26#. Thus we con-
clude that ther̃ 1 cannot be stable~LSP or otherwise!.13

If the r̃ 1 is unstable, then its lifetime is expected to be of
order the neutron lifetime;103 s, since ther̃ 12 r̃ 0 mass
difference would only be a few MeV and the decay would be
via the weak interaction processr̃ 1→ r̃ 01e11ne . In this
case, a Fermilab collider experiment is significant@27#. It
excludesr̃ 1 with mass greater than 50 GeV. Thus a long-
lived, unstable r̃ 1 is only allowed in the mass range
13.6,mr̃ 1,50 GeV. Moreover, sincer̃ 0 and r̃ 1 are nearly
degenerate, we have 13.6,mr̃ 0,50 GeV. Note, ifr̃ 0 binds
to hydrogen, then the mass spectrometer limit combined with
the above accelerator data@25,26# excludes the caser̃ 0 as
the LSP.

Let us next consider the possibility that the glueballino,
R0, is the LSP and that the lightest charged or neutral glue-
barino or gluemesino decays intoR0 with lifetime shorter
than ;1028 s. What are the experimental limits on such a
stable glueballino? The mass range between 2 and 4.2 GeV
is presently excluded formR0

@12–14#. This follows from the
absence of a peak in the photon energy spectrum in the pro-
cess Y→gh g̃ by CUSB @28# or in the process
Y8→gxb(13P1) followed by xb(13P1)→g g̃g̃ by Argus
@29# or from a search for new hadrons with lifetimes greater
than 1027 sec, using time-of-flight in a 590 m long neutral
beam at Fermilab by Gustafsonet al. @30,12#. Recently, the
so-called light gluino window has been severely constrained
by the analysis ofe1e2→4 jets using data from the CERN
e1e2 collider LEP@31,32#. The present limit set by ALEPH
@32# is mg̃.6.3 GeV. Note, however that this bound is sub-
ject to theoretical uncertainties of higher order QCD effects
on the 4 jet angular distributions@33#. In addition one should
compare QCD with or without the effects of gluinos. This
has not been done in this case. If we ignore, for the moment,
the ALEPH limit, then the light gluino window is still a
viable option with only the mass range 2,mR0

,4.2 GeV
excluded. If on the other hand, we accept the ALEPH bound,
then the mass rangemR0

.6.3 GeV is still allowed. Of

course, this assumes thatR0 does not bind to hydrogen.
We now argue that ifR̃ binds to hydrogen, it is excluded

with massmR̃.2 GeV by mass spectrometer searches for

12Isospin symmetry, however, forbids the directr̃ 0r̃ 0p0 cou-
pling.

13We believe that it is extremely unlikely for a stabler̃ to survive
in the narrow window between 1.5 GeV, associated with the ex-
pected dynamical mass due to QCD, and 1.9 GeV from accelerator
and mass spectrometer limits.
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heavy hydrogen@23,24#. Given that R̃ binds to hydrogen
forming anX1, we must calculate the expected abundance
nX1 /nH1. The cosmological abundance ofR̃ is expected to
be of order@34–36#

nR̃

nH
'10210S mR̃

1 GeVD . ~23!

R̃’s will then bind to nuclei; some will be processed into
light elements beginning at nucleosynthesis and this process
will accelerate to heavier elements during stellar evolution.
Those contained in heavy elements are likely to remain there
today, since they are protected from annihilation by the Cou-
lomb barrier of the host nucleus. Those contained in light
elements can undergo further annihilations in stellar interiors
at sufficiently high temperatures~of order 1010 K corre-
sponding to an MeV mean thermal energy!. However the
X1’s which have not been reprocessed through stars will
remain today. The fraction of primordial hydrogen on earth
~that which has not been processed through stars! is a num-
ber of order 1@37#; hence the terrestrial abundance ofX1’s
is not expected to be significantly different than the cosmo-
logical abundance ofR̃’s. As a consequence,R̃’s with mass
greater than 2 GeV and which bind to hydrogen are ex-
cluded. If the light gluino window has been closed by
ALEPH andR̃ binds to hydrogen, we must conclude that the
gluino LSP scenario is excluded.

Even if R̃ does not bind to hydrogen, it is still likely to
bind to heavy nuclei. In this context, a search for heavy
isotopes of oxygen is significant@38#. No evidence was
found for such a heavy isotope~HO! with an abundance
nHO/nO.few310219210216 for 20,mHO,54 amu corre-
sponding to 4,mR0

,38 GeV. Whether or not this con-
strains the theory however requires a detailed calculation of
the processing ofR̃ into heavy elements. A lower bound on
the number ofR̃’s on earth can be obtained by considering
the flux of gluinos incident on the earth due to their produc-
tion by cosmic rays in the upper atmosphere@39#. A crude
estimate of this effect, assuming an incident flux of gluinos,
102621028 cm22 s21,14 incident on a 4 kmcolumn depth of
water during the 109 yr age of the earth, gives an abundance
nR̃ /nH;10218210220. Clearly a more careful calculation is
needed.

To summarize, if gluinos are the LSP then they will form
stable hadrons. A stable chargedR hadron is ruled out by
accelerator and mass spectrometer experiments. A neutral
R0 or r̃ 0, is however not necessarily ruled out. For the glue-
ballino (R0), we assumed that the higher mass, unstable
charged states would have short enough lifetimes,<1028 s,
to escape detection. For ther̃ 0, on the other hand, we as-
sumed that ther̃ 1 is sufficiently long-lived that it would not
have escaped detection in accelerator experiments looking
for stable charged hadrons. If either binds to hydrogen, form-
ing a stable heavy isotopeX1, then the combination of ac-

celerator experiments and mass spectrometer searches ex-
cludes it with any mass. If they do not bind to hydrogen, then
the best limit on the glueballino mass,mR0

.6.3 GeV, comes

from ALEPH @32#,15 and on ther̃ 0 mass, 50.mr̃ 0.13.6
GeV, comes from accelerator experiments@25–27#. Searches
for anomalously heavy isotopes of heavy elements may con-
strain this mass range, but detailed calculations of the present
abundance of such isotopes are needed.

Finally, let us briefly consider the new signatures for
SUSY at high energy accelerators. Squark decay now pro-
ceeds viaq̃→q1 g̃ , so that squark-anti-squark production at
ane1e2 collider results in 4 jets in the final state@40#. Such
events have been observed by the ALEPH collaboration at
LEP II @41#. Photinos would decay into 3 jets containing a
quark-antiquark pair and a gluino. Thus, slepton-antislepton
production at ane1e2 collider would have 2 leptons and up
to 6 jets in the final state.

At a pp or p̄p collider, gluino production will be copious.
An energetic gluino is expected to produce an hadronic jet
containing a singleR̃. The R̃ will most likely be stopped in
the detector; consequently all ‘‘kinetic’’ energy is visible in
the detector. This statement has two significant conse-
quences. Firstly, since only the kinetic energy (E2mR̃) is
visible in the calorimeter, a very heavyR̃ would still have a
missing energy signal. This effect could be used to bound the
gluino mass from above. In addition, in the case thatR̃5R0
one must take into account that the cross section for
R0-nucleon scattering is expected to be only of order 40
(mp /mglueball)

2 mb, since it is predominantly due to glueball
exchange in thet channel. Thus it is suppressed compared to
the typical nucleon-nucleon total cross section. This effect
must be taken into account when modelingdE/dx for R0 in
a detector.

As a final note, it has been suggested that a stable glue-
ballino might produce the observed anomalous muon show-
ers from the x-ray binary star Cygnus X-3@42#. Although
this possibility has been questioned by several authors
@39,43#, it is not excluded formR̃<10 GeV.

IV. CONCLUSION

We have discussed gauge-mediated SUSY breaking at in-
termediate scales. In this case the effective SUSY-breaking
scale L5FX /M;102100 TeV but both the messenger
scaleM and the SUSY-breaking scaleAFX are much greater
thanL.

In the caseM;MGUT and invariant under the grand uni-
fied gauge symmetry, we have boundary conditions~at M )
for gauginos, squarks, and sleptons which match those of
minimal supergravity~or CMSSM! SUSY-breaking schemes
with m0 and M1/2 related. The advantage of the gauge-
mediated scheme is that the problem of flavor changing neu-
tral currents can be mitigated or completely eliminated, de-
pending on the messenger scale.

In a particular example, we showed that the gluino can

14This flux is obtained using the known flux of cosmic ray protons
and the data on charm production to estimate the gluino production
rate @39#.

15If the higher order QCD corrections to the 4 jet angular corre-
lations significantly affect the ALEPH results then this constraint
may disappear. In this case the light gluino window remains open.
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naturally be the LSP with very interesting consequences for
experiment. In this example, there are two effective gauge-
mediated SUSY-breaking scalesL5FX /M;102100 TeV
for color singlet states andLC5FX /MGUT for color non-
singlet states.

The stable gluino window may be quite large. The crucial
question is whether the LSP binds to hydrogen. If it does,
then the window is closed by mass spectrometer searches for
heavy isotopes of hydrogen. If it does not, then there are two
possibilities — a r̃ 0 LSP is allowed for 50.mr̃ 0.13.6
GeV, while a glueballino LSP is allowed formR0

>6.3 GeV.
In either case, accelerator experiments looking for missing
energy would not have seen the LSP, since the LSP is
stopped in the hadronic calorimeter. Note, the high mass
gluino limit could in principle be constrained by missing
energy, since the rest mass would escape detection.

Finally, we did not discuss them problem in this paper.
However, in our second example the messenger and Higgs
sectors mix and there does not appear to be a symmetry
which prevents them term from being generated radiatively
@once SUSY and SO~10! breaking is included#. However a
more detailed model which includes the SO~10! breaking
sector would be needed before this question can be addressed
further.
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APPENDIX A: SOFT SUSY-BREAKING MASSES

Soft SUSY-breaking mass terms by definition preserve
the property of SUSY to eliminate all quadratic divergences
@5,44#. However, they have an additional property which
concerns us here in the context of the flavor changing neutral
current problem. Above the messenger scale these mass
terms no longer scale as local dimension two~for scalars! or
three~for gauginos! operators. In fact they scale as nonlocal
operators; as a consequence the effective mass terms are mo-
mentum dependent at high energies. For example for scalars
below the messenger scale we have

m̃2f* f,

where the mass squared

m̃25
FX

2

M2

is a constant. However, for external momentump@M the
mass squared is momentum dependent

m2~p!;
FX

2

p2 .

So in general we have

m2~p!;
FX

2

M21p2 .

Similarly, for gauginos we have

ml i
~p!;

FXMR

p2

for p@M . MR is theR symmetry breaking scale.
How does this affect the FCNC problem? In the effective

theory belowM , soft SUSY-breaking scalar masses (m̃2)
are degenerate in a given charge sector. Thus flavor changing
neutral current effects are suppressed. However, GUT phys-
ics can induce threshold corrections which violate flavor
symmetries@6#. If howeverM!MGUT these corrections are
suppressed and we have

mscalar
2 5m̃2F11OS S M

MGUT
D 2D G .

APPENDIX B: A NATURAL THEORY

Consider the O’Raifeartaigh-type theory with three
SO~10! singlets,Xi , i 51,2,3 with arbitrary couplings to the
10 and to two additional gauge singletsP1, P2. We have
the superspace potential

W5~l1iXi !M
21~l2iXi !P

1P21~l3iXi !102,

wherei 51,2,3 is summed andlni , n51,2,3 are 9 arbitrary
Yukawa couplings. It is then always possible to define three
new gauge singlet fieldsX, Y, Z in terms ofXi , so that the
superspace potential has the form

W5XM21~a1X1b1Y!P1P21~a2X1b2Y1Z!102.

This theory has no supersymmetric ground state since

2FX* 5a1P1P21a21021M2,

2FY* 5b1P1P21b2102, ~B1!

2FZ* 5102.

Consider the local minimum

^10&50, ^P1&52^P2&5r,

a1^X&1b1^Y&50, ~B2!

with

z[^Z& and y[~2a1^Y&1b1^X&!/~a1
21b1

2!1/2

arbitrary.
At the minimum we have

r25S a1

a1
21b1

2D M2

with

^FZ&5^F10&5^FP6&50, a1^FX&1b1^FY&50,

^Fy&[~2a1^FY&1b1^FX&!/~a1
21b1

2!1/2

5b1M2/~a1
21b1

2!1/2. ~B3!
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Thus supersymmetry is broken. The VEV’s fory,z will be
determined once radiative corrections and supergravity ef-
fects are included. The linear combination

z8[
~a2b12b2a1!

Aa1
21b1

2
y1z

appears in the effective superspace potential

Weffective5z8102

and thus is expected to get a large VEV as discussed in the
paper. The orthogonal linear combination does not appear in
the superspace potential.
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