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Solution to the µ problem in the presence of a heavy gluino LSP
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In this paper we present a solution to them problem in an SO~10! supersymmetric grand unified model with
gauge mediated andD-term supersymmetry breaking. Peccei-Quinn symmetry is broken at the messenger scale
M;1012 GeV and enables the generation of them term. The boundary conditions defined atM lead to a
phenomenologically acceptable version of the minimal supersymmetric standard model with novel particle
phenomenology. Either the gluino or the gravitino is the lightest supersymmetric particle~LSP!. If the grav-
itino is the LSP, then the gluino is the next-to-LSP~NLSP! with a lifetime on the order of one month or longer.
In either case this heavy gluino, with a mass in the range 25–35 GeV, can be treated as a stable particle with
respect to experiments at high energy accelerators. Given the extensive phenomenological constraints we show
that the model can only survive in a narrow region of parameter space resulting in a light neutral Higgs boson
with a mass;(86–91)66 GeV and tanb;9 –14. In addition the lightest top squark and neutralino have
masses;100–122 GeV and;50–72 GeV, respectively. Thus the model will soon be tested. Finally, the
invisible axion resulting from Peccei-Quinn symmetry breaking is a cold dark matter candidate.

DOI: 10.1103/PhysRevD.63.055010 PACS number~s!: 12.60.Jv
e

m

ith
n

n
m

g
or
ea
co
no
is

m
th
e

,
a

t
a

i.e.,
his

-
er,

ce

-

di-
eral
-

ing

ken.
r
d is

del

ar-

ng

till
a

ass
I. INTRODUCTION

Supersymmetry~SUSY! is a strongly motivated candidat
for new physics beyond the standard model~SM!. It provides
a natural framework for resolving the hierarchy proble
The minimal supersymmetric standard model~MSSM!, with
conservedR parity, has an economical particle content w
well defined interactions most of which are already co
strained by experiment. It has two Higgs doublets (Hu and
Hd) which are necessary for giving mass to both up a
down quarks, respectively. In the MSSM, electroweak sy
metry breaking~EWSB! occurs naturally sincemHu

2 , the soft

SUSY breaking~SSB! mass ofHu , is automatically driven
negative as a result of a large top quark Yukawa couplin

The MSSM solves the hierarchy problem by allowing f
dimensionful SSB parameters of the order of the electrow
scale and protecting scalar masses from large radiative
rections above the SSB scale. However, this in itself is
sufficient to solve the hierarchy problem. In addition, it
necessary to demand that them parameter~wherem is the
bilinear Higgs coupling in the superpotential of the for
mHuHd) is also of order the electroweak scale. Consider
vacuum conditions obtained by minimizing the tree lev
Higgs potential, we have

m252
MZ

2

2
1

mHd

2 2mHu

2 tan2b

tan2b21
, ~1!

where tanb5^Hu&/^Hd&, sin2b52B/mA
2 , mA is the mass of

the CP odd Higgs boson, andB is the SSB Higgs bilinear
coupling. On the left hand side of Eq.~1!, them parameter,
multiplying a supersymmetricm term in the Lagrangian
breaks no SM symmetries; it could in principle be as large
the Planck or grand unified theory~GUT! scales. On the righ
side, theZ boson mass and the SSB Higgs boson masses
0556-2821/2001/63~5!/055010~11!/$15.00 63 0550
.
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of order the electroweak scale. Clearly, all three scales,
m, MZ , and the SSB scales must be of the same order. T
is them problem@1#.

In order to avoid large values form, a symmetry is
needed which prevents them term at the tree level, but al
lows such a term once this symmetry is broken. Moreov
since in the MSSM them term is contained in the superspa
potential, there are two possibilities:~1! it can be generated
via a term in the Ka¨hler potential~at the tree level or radia
tively! once supersymmetry is broken or~2! no supersymme-
try breaking is required if it is generated through higher
mension operators in the superspace potential. Sev
simple mechanisms for generating am term have been sug
gested@2,3#.

In the context of gauge mediated supersymmetry break
~GMSB! models@4#, there is an additional problem.m can be
generated at one loop order once supersymmetry is bro
However, theB parameter~the SSB scalar Higgs bilinea
coupling! is usually generated at the same loop order an
too large. A solution generatingB at higher loop order than
m was proposed in Ref.@5#.

In this paper we use an extension of the GMSB mo
discussed in Ref.@6# to solve them problem. This model has
GMSB with Higgs-messenger mixing in an SO~10! theory
and naturally leads to a gluino lightest supersymmetric p
ticle ~LSP!. The gluino LSP is stable due toR-parity conser-
vation. The specific signature of a gluino LSP i.e. missi
momentum has been analyzed in Ref.@7# for CERN e1e2

collider LEP and Collider Detector at Fermilab~CDF! data
and in Ref.@8# for CDF data. Reference@8# concludes that a
stable gluino with mass in the range 25–35 GeV is s
allowed by both the LEP and CDF data. Our model, with
modest adjustment of parameters, gives a gluino with m
in this range.

The m term is absent in this model~at the tree level! due
to a U~1! Peccei-Quinn~PQ! symmetry. Both SUSY and PQ
symmetry are broken when the chiral superfieldX develops a
vacuum expectation value~VEV!
©2001 The American Physical Society10-1
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ARASH MAFI AND STUART RABY PHYSICAL REVIEW D 63 055010
^X&5M1u2FX . ~2!

Note that the following dimension five operator in the Ka¨hler
potential,

K.
1

M P
X†10H

2 1H.c., ~3!

is, however, allowed by the symmetries. Thus we findm
;FX /M P . B, on the other hand, is generated radiatively
renormalization group~RG! running below the messenge
scaleM.1

In addition to solving them problem, the PQ symmetry
provides a natural solution to the strongCP problem @9#.
The strongCP violating u term dynamically tracks to zero
Moreover, as a bonus, the axion is a candidate for cold d
matter.

In the next section we discuss the model, saving som
the details for the appendices. We derive the low ene
spectrum consistent with electroweak symmetry break
gauge coupling unification, and third generation quark a
lepton masses. We then consider experimental constra
which constrain the available parameter space to a very
row region. In this region we find a light neutral Higgs bos
with mass;(86–91)66 GeV and tanb;9 –14. In addition
the lightest top squark and neutralino have m
;100–122 GeV and;50–72 GeV, respectively. Finally
in an appendix we investigate the possibility of obtaining
reasonable mass for the tau neutrino in the model. Cle
this model is preeminently testable.

II. THE MODEL

The theory at the GUT scale is defined by the SO~10!
invariant superpotentialW.W11W21W3 and a nonrenor-
malizable term in the Ka¨hler potentialK where

W1516310H163 ,

W25la10HA10A1lXX10A
2 , ~4!

W35l1h̄1Ah11l2h̄2Ah21lXh̄1h2 .

K.lK

X†

M P
10H

2 1H.c. ~5!

(163 , h1 , h2) are 16’s, (h̄1 , h̄2) are 16̄’s, (10H , 10A)
are10’s, (X) is a singlet, and (A) is an adjoint under SO~10!.

At the GUT scale, the theory is invariant under a U~1! PQ
and aR symmetry. TheR symmetry is broken spontaneous
at the GUT scale. The PQ symmetry, however, is not bro
at the GUT scale and prevents am term in the superpotential
The PQ andR charges of the fields are defined in Append
A.

1Note that the mechanism used here to generate them term is a
combination of the ideas discussed in Refs.@2# and @3#.
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W1 contains the coupling of the third family matter mu
tiplet (163) to the Higgs field (10H) which includes both the
weak doublet and color triplet Higgs fields.

W2 serves two purposes. In the first case, it provid
doublet-triplet splitting using the Dimopoulos-Wilcze
mechanism@10#. The adjoint fieldA gets a VEV,

^A&5~B2L !MG , ~6!

whereB2L ~baryon number minus lepton number! is non-
vanishing on color triplets and zero on weak doublets and
singletX gets a VEV

^X&5M1u2FX . ~7!

This gives mass of orderMG to the color triplet Higgs states
and of orderM to the weak doublets in10A . The Higgs
doublets in10H remain massless. The SUSY breaking VE
on the other hand, exhibits the second purpose forW2.

In the second case,W2 andW3 also provide the messen
gers for SUSY breaking.2 The auxiliary field10A and the
fields h̄1 ,h2 feel SUSY breaking at tree level due to th
VEV FX . They are thus the messengers for GMSB@6,11#.
We take the messenger scaleM;1012 GeV with the effec-
tive SUSY breaking scale in the observable sector given

L5FX /M;105 GeV. ~8!

Thus the Higgs field in this model plays a central role w
regards to supersymmetry breaking. It is this central r
which also provides a natural framework for solving them
problem using the PQ symmetry. WhenX gets a VEV, both
SUSY and the PQ symmetry are broken. Them term is gen-
erated at the scaleM:

m5lK

FX

M P
, ~9!

while B remains zero at tree level.
The PQ symmetry solves the strongCP problem and pro-

duces an axion; the Goldstone boson of the broken PQ s
metry. The axion gets mass due to the QCD chiral anom
of order ma

25( f p
2 / f a

2)mp
2 N2@Z/(11Z)2# @12# where Z

5mu /md;0.56, f a[M51012 GeV is the PQ symmetry
breaking scale andN53 is the number of families. Putting in
the numbers we findma;231025 eV.3

We refer the interested reader to Appendix A for the co
plete model defined at the GUT scale. Note, in order to
tain realistic t, b, and t masses, we find it necessary
abandon Yukawa unification atMG . How this is obtained in

2Because of an accidental cancellation, gluinos receive no ma
one loop fromW2. ThusW3 is introduced with additional messen

ger fields (h1 ,h̄1 ,h2 ,h̄2) contributing to the masses of gaugino
and scalars at the scaleMG .

3We takeM51012 GeV, so that the energy density in the axio
field does not over close the universe.
0-2
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SOLUTION TO THEm PROBLEM IN THE PRESENCE OF . . . PHYSICAL REVIEW D 63 055010
the complete model is discussed in Appendix B. Finally
simple extension of the model to include at neutrino mass is
presented in Appendix C.

III. BOUNDARY CONDITIONS AT
THE MESSENGER SCALE

The boundary conditions at the messenger scale are d
mined by two sources of SUSY breaking, gauge mediat
and D term @6#. The messengers give mass to the gaugi
and Higgs at one loop and to squarks and sleptons at
loops. Since the color triplet messengers have mass of o
the GUT scale, the gluino mass is suppressed compare
the other gauginos. The gaugino masses~at M ) are given by

mg̃5
a3

p
Lb2,

M25
a2

4p
LS 11

28

9
b2D , ~10!

M15
3

5

a1

4p
L~114b2!,

where

b252
9l2

l1l2

M2

MG
2

.0. ~11!

The two loop GMSB contribution to the scalar masses
given by

m̃252L2H C3S a3

4p D 2

~a214b2!1C2S a2

4p D 2S 11
28

9
b2D

1C1S a1

4p D 2S 3

5
1

2

5
a21

12

5
b2D J , ~12!

wherea5lXM /laMG , C354/3 for color triplets and zero
otherwise,C253/4 for weak doublets and zero otherwi

andC15( 3
5 )(Y/2)2. a andb are free independent paramete

which we use to fit the data at the EWSB scale.
The gravitino mass is given by

mG̃5
Lsusy

2

A3M P

, ~13!

where Lsusy is the scale of SUSY breaking andM P
5(8pGN)21/252.431018 GeV is the reduced Planck mas
For Lsusy

2 5FX.1017 GeV2 the gravitino mass is

mG̃5
M

A3M P

L.0.024 GeV, ~14!

making the gravitino the LSP. However, this conclusion
model dependent.

For example, we show that in the particular model
SUSY breaking discussed in Ref.@13#, the gravitino mass is
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significantly larger. In this model the field which gets both
scalar andF-component VEV is the third component of a
SU(2)F vector fieldS3. In this theoryX is a composite field
with ^X&5M5S3

2/Mst andFX52S3FS3
/Mst . The gravitino

mass is therefore given by@11#

mG̃5
FS3

A3M P

5
1

2A3

AMMst

M P
L, ~15!

with L still given by L5FX /M . The gravitino mass is thus
enhanced by the factor 1/2AMst /M . For example, letting the
string scaleMst5M P and requiring the scale of PQ symm
try breakingM51012 GeV, we findmG̃518.6 GeV.4 To
conclude, in this model, withL5105 GeV, the gravitino,
gluino and wino masses~at M ) are given by

mG̃518.6 GeV,

mg̃5S b

0.1D
2

314 GeV, ~17!

M25340 GeV.

Hence either the gluino or the gravitino is the LSP depend
on the particular SUSY breaking model and the value of
parameterb.5

For phenomenological reasons we assume that SUS
also broken by theD term of an anomalous U(1)X gauge
symmetry as already discussed in Ref.@6#. Moreover, the
GMSB and D term contributions are necessari
comparable.6 The D-term contribution to scalar masses
given by

dDm̃a
25dQa

XM2
2 , ~18!

where Qa
X is the U(1)X charge of the fielda and d is an

arbitrary parameter of order 1 which measures the stren
of D term versus gauge-mediated SUSY breaking. The va
of Qa

X for a516, 10, 1 of SO~10! is given by 1, 22, 4
@6#.

We now summarize the messenger scale boundary co
tions. The gaugino masses are given by Eq.~10! and scalar

4It is necessary to check that the supergravity contribution
squark and slepton masses is small compared to the GMSB co
bution. This ratio scales as

mG̃

M2
5

2p

A3a2

S3

M P
. ~16!

Thus S3 cannot be much larger than 1015 giving mG̃ /M2.0.04.
Taking the string scaleMst5M P and requiring the scale of PQ
symmetry breakingM51012 GeV, one getsS3.1.531015 and
mG̃ /M2.0.056 which is reasonable.

5In order to haveb50.1 with M /MG;1024 we need to take
l2/l1l2;105.

6Reference@13# presents a model which dynamically brea
SUSY and leads to comparable SUSY breaking effects from gau
mediated andD-term sources.
0-3
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ARASH MAFI AND STUART RABY PHYSICAL REVIEW D 63 055010
mass by Eqs.~12! and ~18!.7 D-term SUSY breaking only
contributes to the scalar masses. The SSB trilinear sc
coupling A and scalar Higgs mass squaredB vanish at tree
level but are generated via RGE running belowM. We have
chosena51024. We then determine the free parametersL,
b, d, and m ~at M ) and aGUT , e3, the top (l t), bottom
(lb) and t (lt) Yukawa couplings~at MG) by fitting the
low energy data which we take to includ
mt , mb , mt , aem, as , and sin2uW.8 Imposing gauge
coupling unification at the GUT scale, we renormalize t
effective Lagrangian parameters to the EWSB scale us
one ~two! loop equations for dimensionful~dimensionless!
parameters. We have also included the effect of a li
gluino in the running ofmb andas below the EWSB scale
@14#. Finally the one loop SUSY threshold corrections for t
b andt masses at the EWSB scale have also been inclu

IV. PHENOMENOLOGY AT THE EWSB SCALE

The parameterb is varied to keep the gluino pole mass
30 GeV.9 d and L set the scale for squark, slepton, a
gaugino masses. We have examined cases of fixedL, vary-
ing d, and vice versa in order to study the effects of these
SUSY breaking mechanisms on the low energy phenome
ogy separately. tanb is solved from Eq.~1! and helps deter-
mine the quark and lepton masses. We have allowed
values of (e3,4%).

In the first part of our analysis,L is fixed to the value
L5105 GeV whiled is varied. Figure 1 shows the values
umu at the messenger scale giving the best low energy
Note thatm,0 and umu increases withd. The reason for
negativem can best be seen by considering the followi
equation:

B5~mHu

2 2mHd

2 !
tan2b

2
2MZ

2 sin2b

2
. ~19!

At small tanb, the second term on the right-hand side of t
equation is negligible. AlthoughmHu

2 andmHd

2 have a com-

mon value at the messenger scale,mHu

2 is always driven to

smaller values thanmHd

2 by the RGE because of the larg

top Yukawa coupling. We also know that tan2b,0 as long
as tanb.1. We therefore needB.0 at the EWSB scale
The one loopb function for B is given by

7Note that the Higgs states also get a SSB mass correction a
loop due to their direct interaction with the messengers. This c
rection is negligible however because of the small values we h
chosen for the free parametersa, b.

8Note that we allow for a small one loop threshold correction
gauge coupling unification atMG which we have parametrized b
the free parametere35(a32aG)/aG evaluated atMG .

9Using the RGE’s we evaluatemg̃
MS̄ at mg̃ and then calculate the

one loop corrected gluino pole mass. It is the pole mass whic
constrained to lie between 25 and 35 GeV. Note, that an 18-G

modified minimal subtraction scheme (MS̄) running mass defined
at MZ is roughly equivalent to a 30-GeV pole mass.
05501
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bB
(1)5BH 3uYtu213uYbu21uYtu223g2

22
3

5
g1

2J
1mH 6AtYt

†16AbYb
†12AtYt

†16g2
2M21

6

5
g1

2M1J .

~20!

SinceB and the trilinear couplingsAt,b,t vanish at the mes-
senger scale, we must choosem,0 in order to get a positive
B at the EWSB scale.

The values ofumu,AB, and uB/mu at theZ scale are also
shown in the plot. It is notable that RGE running gives sm
values ofB, eliminating fine tuning in the Higgs potentia
and thus giving a good solution to them problem. Note that
umu,AB are both increasing functions ofd; with a sharper rise
at small values ofd. This can be understood using Eq.~1!.
For moderate values ofd, the MZ

2 andmHd

2 terms are negli-

gible ~the latter due to the factumHd

2 u,umHu

2 u and the factor

of tanb221 in the denominator!. Hence the approximate
relationm252mHu

2 .0 holds. Increasingd leads to a linear

increase inumHu

2 u @theU(1)X charge ofHu is 22# and there-

fore in umu. For very small values ofd, umHu

2 u becomes com-

parable toMZ
2/2 and the significant cancellation in the rel

tion m2'2MZ
2/22mHu

2 leads to a sharp decrease inm. Since

B is generated fromm via RGE’s, the dependence ofAB on
d follows that ofm.

We mentioned thatmHu

2 2mHd

2 is zero at the messenge

scale but is negative at theZ scale. Decreasingd has a small
effect on the value ofmHu

2 2mHd

2 at theZ scale. However,

from Eq. ~19! we see that a sharp decrease inB at small
values of d has to be compensated by small values
utan 2bu. This is the reason for the sharp increase in tanb,
plotted in Fig. 2, at low values ofd.10

ne
r-
ve

is
V

10Note that a smallutan 2bu gives a large tanb assumingp/4
,b,p/2.

FIG. 1. 2m at the messenger scale,2m,2B/m, andAB at the
EWSB scale are plotted in this figure.
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SOLUTION TO THEm PROBLEM IN THE PRESENCE OF . . . PHYSICAL REVIEW D 63 055010
In Fig. 3 we plot the masses of the Higgs states. T
masses ofA,H0, andH1 are determined at tree level whil
we have included the one loop SUSY threshold correcti
to the mass ofh. SinceB increases withd, the masses o
A,H0 and H1 also increase whileA stays the lightest. One
might think that since the mass of the lightest Higgs stateh is
an increasing function of tanb, it should decrease when in
creasingd. However, since our model is constrained andB
increases withd, the effect ofB dominates over that of tanb
and the mass ofh slowly increases withd. The reason for the
slow increase is that the mass ofh is determined by EWSB
and hence it cannot be a strong function ofd.

In Fig. 4, we have magnified the smalld andL regions in
order to show the rapid variation in the value ofmh here. The
solid line shows the change in the mass ofh versusd for a
fixed L5105 GeV while the dashed line shows the variati
versusL with a fixed d. As discussed above,B decreases
with decreasingd. This decrease inB is directly reflected in
the decrease in the tree level value ofmh . Similarly the

FIG. 2. Variation of tanb versusd for fixed L5105 GeV.

FIG. 3. MSSM Higgs bosons masses versusd for fixed L
5105 GeV.
05501
e

svalue of B decreases whenL decreases and thus so do
mh .11

For completeness, we show the behavior of tanb with
changingL and fixedd51 in Fig. 5; tanb decreases rapidly
for L,105 GeV. This is becauseutan 2bu must increase to
compensate forumHu

2 2mHd

2 u which is decreasing propor

tional to L2 @see Eq.~19!#.
Figure 6 contains plots of the masses of charginos

neutralinos versusd. The mass of the heavy chargino (x2
1)

and the two heaviest neutralinos (x3
0 ,x4

0) increase, asumu
increases withd. However, for most values ofd, the mass of
x1

0 scales asM1 while the masses ofx2
0 andx1

1 scale asM2

and do not run withd. At very smalld, tanb gets very large
and the off diagonal elements, proportional to sinb in the
chargino and neutralino mass matrices, become larger
the diagonal elements includingm resulting in a sharp drop
in the masses.

Squark and slepton masses are plotted in Fig. 7. ThD
term contributes positively to the masses of squarks and s
tons since the U(1)X charges of these fields are11. Conse-
quently, we see an increase in their masses with increasind.
The mixing due toA and m terms for the third generation
squarks and sleptons is very small. Nevertheless, due to
different boundary conditions atM, the right handed squark
and sleptons are lighter than the left handed ones. The r
handed stop is always the lightest and belowd.0.7 it be-
comes lighter than the top. This is because the right han
stop mass squared is driven negative by RGE as a co

11The Higgs mass apparently increases without bound asL in-
creases. We believe this result is due to the fact that we only use
tree level Higgs potential for EWSB. Note that we have check
that we cannot obtain reasonable fits to the data forL.1.1
3105 GeV; hence we believe that our range for the allowed Hig
mass will not be significantly affected when including higher ord
corrections to the Higgs potential.

FIG. 4. A magnified variation of the mass of the lightest neut
Higgs bosonh for smalld andL. The solid line shows the variation
versusd for a fixedL5105 GeV while the dashed line shows th
variation versusL with a fixedd51.
0-5
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ARASH MAFI AND STUART RABY PHYSICAL REVIEW D 63 055010
quence of the large top Yukawa coupling.
Finally in Fig. 8 we plot the masses of squarks, slepto

charginos, neutralinos, and Higgs fields versusL. As one
expects, all these masses increase withL except the lightest
Higgs whose mass is determined by EWSB. Recall that
scalar and gaugino masses at the messenger scale are d
proportional toL.

V. LABORATORY AND COSMOLOGICAL CONSTRAINTS

Let us first consider the heavy gluino. If it is the LSP
was shown that it can survive in a narrow window with ma
between 25 and 35 GeV@7,8#. We note that to get this limit
Refs. @7# and @8# assume very large squark masses. Re
ence @8# however also argues that lowering the squa
masses increases the allowed range for the gluino mass.
consider the possibility that the gravitino is the LSP and
gluino is the NLSP. In this case we must check whether
analysis of Refs.@7# and @8# still applies, i.e., whether the
gluino lifetime is greater than;1028 s. The decay rate o
the gluino to a gluon and a gravitino is given by

FIG. 5. Variation of tanb versusL for fixed d51.

FIG. 6. The chargino and neutralino masses versusd for fixed
L5105 GeV.
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G g̃→gG̃5
as

2

48p

mg̃
5

M P
2mG̃

2 S 12
mG̃

2

mg̃
2 D 3

. ~21!

Even in the case thatLsusy
2 5FX.1017 GeV2, which gives a

very light gravitino as in Eq.~13!, a gluino mass of 30 GeV
has a lifetime oft g̃.23106 s.1 month. We therefore con
clude that the gluino is in all cases a stable particle w
regards to detector experiments. Hence the missing mom
tum analysis of Refs.@7# and @8# is relevant and a heavy
gluino NLSP with mass in the range 25–35 GeV is s
viable.

Note that there are several significant advantages for h
ing a heavy gluino LSP or NLSP.

It reduces the fine tuning necessary for EWSB, since
dominant contribution to scalar masses due to RG runn
from MG to MZ comes from color corrections proportion
to the gluino mass squared@15#.

FIG. 7. Squark and slepton masses versusd for fixed L
5105 GeV.

FIG. 8. Squark, slepton, chargino, neutralino, and Higgs mas
versusL for fixed d51. Many of the masses are almost degen
ate, therefore one representative is shown from each set.
0-6
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Even if the gluino is the NLSP, its lifetime is long enoug
for it to be a candidate for the UHECRon, i.e., the source
the ultra high energy cosmic rays@16#.

The model with a Higgs mass of order 90 GeV and a s
mass less than the top satisfies some of the dynamical
straints necessary for electroweak baryogenesis in super
metric theories@17#.

We now consider the LEP constraints on other SU
parameters in our model. The most important constra
come from the latest Higgs search results at LEP@20#. The
light neutral Higgsh and the CP odd HiggsA in the MSSM
are produced at LEP via the Higgs-strahlung processe1e2

→hZ or the pair production processe1e2→hA. h and A

decay predominantly intobb̄ and t1t2. Thus LEP experi-

ments search for either abb̄ or t1t2 plus the decay product

of the Z; or for bbb̄b̄ and t1t2bb̄. In our model the off-
diagonal elements in the stop mass-squared matrix are
small, thus the LEP limits for the neutral Higgs in the n
stop-quark mixing scenario are most applicable@20,21#.
These limits are very severe. Looking at our data in Figs
and 4, it can be seen that onlyd;0.40–0.45 survives the
LEP constraint forL5105 GeV. With these values of the
parameters, the mass of the lightest neutral Higgs reside
the narrow range;(86291)66 GeV with tanb;9 –14.12

At this point, our model also survives the limit on the ma
of A as indicated in Ref.@20#. H1 andH0 are also too mas
sive to be constrained. Ford;0.40–0.45 andL5105 GeV
we find the lightest stop and neutralino with mass in
range 100–122 and 50–72 GeV, respectively. Note, ifL
increases, then the Higgs mass and tanb remain unchanged
while all other masses increase.13

This narrow region of parameter space is obtained w
the fit values of the parametersaG55.28–5.49
31016 GeV, e352.44–2.42%,lb,t,t5(0.065, 0.42,
0.096) –(0.042, 0.42, 0.061) atMG and m5(285.4)
–(2139) GeV andb50.06 atM. Note that we are not able
to get a good fit to the data assuming Yukawa coupling u
fication. This was not the case in Ref.@6# and is due to the
fact that, unlike the model presented here, the parametB
was a free parameter. In Appendix B, we show how to co
plete the model described earlier in order to accommod

12We use the tree level Higgs potential in our analysis and
masses ofA,H0 andH1 are determined only at tree level. We ha
however included one loop SUSY threshold corrections to the m
of the lightest Higgs scalarh. In order to ascertain the theoretic
errors associated with the Higgs boson mass, we have also
FEYNHIGGSFAST@18# to perform a two loop calculation of the Higg
boson mass atd50.45. We findmh595 GeV; instead of 91 GeV
found at one loop. MoreoverFEYNHIGGSFAST has a quoted erro
margin of62 GeV. Hence our prediction for the range of the lig
Higgs boson mass includes a theoretical uncertainty of66 GeV.
Note our model thus survives a very recent limit on the Higgs m
by the ALEPH Collaboration@19#.

13Note that a recent LEP bound on a heavy gluino LSP using s
production and decay@22# does not constrain the model since t
stop mass in our case is larger than the values probed in this se
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nonunification of Yukawa couplings in this SO~10! theory.
Clearly this feature of the model is not very satisfying.

The processe1e2→ hadrons can constrain the chargin
mass based on the OPAL 2s bound on new physics atAs
5172 GeV @23#. We analyzed the contributions toe1e2

→ hadrons coming from chargino and neutralino pair p
duction using~SPYTHIA, A SUPERSYMMETRIC EXTENSION O

PYTHIA5.7 @24#!, which has been modified by S. Mrenna a
K. Tobe to accommodate a gluino LSP. The result is t
except for very small values ofd or L which are strongly
ruled out by the Higgs constraint, the cross section is be
the limit of 3 pb reported in Ref.@23#.14

We have evaluated the rate forb→sg.15 The ratio of the
SUSY amplitude to the SM amplitude for~varying d-fixed
L) and ~varying L-fixed d) are given in Fig. 9. The main
SUSY contribution in our model comes from the charg
Higgs-top loop. Figure 9 shows that we always get an a
plitude larger than the SM amplitude approaching it at la
L sincem,0. Note that our result is at the limiting edge o
values allowed by CLEO data@25#. Our result is, however,
incomplete. We approximate flavor mixing using the know
CKM elements as a crude approximation to squark-qu
flavor mixing and we only use a one-loop analysis. W
regards to the latter, it is clear that a one loop analysis is
sufficient since the higher order corrections have rece
been shown to be very important~see, for example, Ref

e

ss

ed

s

p

ch.

14For example, whenL5105 GeV, the cross section of the pro
cesse1e2→ hadrons through charginos and neutralinos exce
the 3 pb limit only ford,0.37.

15In order to do this calculation we need to assume some va
for flavor mixing elements. As a rough estimate we use the
served CKM matrix elements in the appropriate places. This
clearly just a rough estimate which gives us at best an orde
magnitude approximation.

FIG. 9. The ratio of the SUSY contribution to the amplitude
b→sg to the SM contribution. The dashed line shows the variat
versusd for a fixed L5105 GeV while the solid line shows the
variation versusL with a fixedd51.
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@26#!. Hence within the approximations considered here,
model is roughly consistent with the observed rate forb
→sg.

Now consider the low energy consequences of the
symmetry which is spontaneously broken at the scalef A
[M51012 GeV. This generates an invisible axion which
a significant component of the energy density of the unive
and thus a candidate for cold dark matter@27#. The axion is
predominantly the angular part of the complex scalar fi
component of the chiral superfieldX. The radial part of this
scalar field and the fermion component of the supermultip
are named saxino (S̃) and axino (Ã) in the literature, respec
tively. In our model, these fields obtain large radiati
masses via a messenger10A loop,

MÃ5
lX

2

8p2
L, MS̃

2
5

lX
2

6p2
L2. ~22!

The axino decays mainly to a gluino and a gluon. T
decay rate is calculated to be@28,29#

G Ã→gg̃5
as

2

16p3
f 2S mt

2

m̃t1
m̃t2

D mÃ
3

f A
2

, f ~x!5
x

12x
1

x ln x

~12x!2

~23!

and we find 10222 GeV,G Ã→gg̃,10217 GeV for 0.2
,mt

2/m̃t1
m̃t2

,1 and 0.5,lX,3. This translates into an

axino lifetime of 1027 s,t Ã→gg̃,1022 s.
The saxino decays either to 2 gluons or 2 gluinos. T

decay rate of the saxino to 2 gluons is given in Ref.@30#,

G S̃→2g5
as

2

32p3

MS̃
3

f A
2

. ~24!

For 0.5,lX,3, the decay rate is 10218 GeV,G S̃→2g
,10215 GeV with a comparable decay rate into two glu
nos. This gives the saxino an approximate lifetime of 1029

,t S̃→2g,1026 s. The heavy axino and saxino have ve
short lifetimes and decay before nucleosynthesis starts. T
decay therefore does not affect the standard nucleosynth
calculations.

Finally, the relic gluino density, assuming the gluino
the LSP, should be small enough that it does not constitu
significant fraction of the dark matter halo density~see, for
example, Ref.@31#!. References@7# and @11# show that tak-
ing into account the nonperturbative effects of gluino-glui
annihilation into quark-antiquark and gluon-gluon the re
gluino density is extremely small;V g̃h2;1028–10211.
There are, however, stringent limits on a gluino LSP com
from searches for anomalous heavy isotopes@32# and from
energetic neutrinos due to gluino annihilations in the S
@33#. Both of these latter constraints apparently rule out
absolutely stable gluino LSP. They do not, however, c
strain the case of a gluino NLSP and gravitino LSP a
considered in this paper.
05501
e

Q

e

d

t

e

e

eir
sis

a

g

n
n
-
o

VI. CONCLUSIONS

In this paper we have presented a solution to them and
strongCP problems in the presence of a heavy gluino LS
The model has a natural Peccei-Quinn symmetry which p
vents them term at tree level. However, when the PQ sym
metry is broken at the messenger scaleM;1012 GeV them
term is generated.

The particle phenomenology of the model is quite nov
Either the gluino or the gravitino is the LSP. If the gravitin
is the LSP, then the gluino is the NLSP with a lifetime on t
order of one month or longer. In either case this hea
gluino, with mass in the range 25–35 GeV, can be treate
a stable particle with respect to experiments at high ene
accelerators.

We have studied some of the phenomenological c
straints on the model. The most significant comes from L
searches for the neutral Higgs boson. Our model is most
the no stop-quark mixing benchmark which is severely c
strained by the data. In fact the model only survives in
narrow region of parameter space resulting in a light neu
Higgs with mass;(86–91)66 GeV and tanb;9 –14. In
addition the lightest stop and neutralino have ma
;100–122 GeV and;50–72 GeV, respectively. Thus th
model will soon be tested. Finally, the invisible axion resu
ing from PQ symmetry breaking is a cold dark matter ca
didate.
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APPENDIX A: COMPLETE MODEL

In this section we present the complete model with all
symmetries and charges. The model is defined at the G
scale by the SO~10! invariant superpotentialW.W11W2
1W31W41W5 and a nonrenormalizable term in the Kahl
potentialK where

W1516310H163 ,

W25la10HA10A1lXX10A
2 ,

W35l1h̄1Ah11l2h̄2Ah21lXh̄1h2 ,
~A1!

W45lY3
h̄1Y163 ,

W55lH10Hc̄c̄81lY1
Yc̄8c8,

K.
X†

M P
10H

2 1H.c. ~A2!
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TABLE I. The R and PQ charges of different fields in the complete model.

Fields 10H 10A A X h1 h̄1
h2 h̄2

163 c c̄ c8 c̄8 Y

R 11 11 12 12 11 11 11 11 13/2 0 0 21/2 13 13/2
PQ 11 21 0 12 21/2 11/2 25/2 15/2 21/2 0 0 11 21 0
n

n

r-

B
m

B

a

rk

la

v-
o

w

t
e

let

e

s
uino
(163 ,h1 ,h2 ,c,c8) are all 16’s, (h̄1 ,h̄2 ,c̄,c̄8) are 16̄’s,
(10H ,10A) are10’s, (X,Y) are singlets, and~A! is an adjoint
under SO~10!. W1 ,W2, and W3 were discussed earlier i
Sec. II.

The theory is invariant under U~1! PQ andR symmetries.
The charges of the fields under these symmetries are give
Table I.

TheR symmetry is broken by the VEVs of several diffe
ent fields at the GUT scale. However, the PQ symmetry
not broken at the GUT scale and prevents am term in the
superpotential.

W4 contains the fieldY which gets a VEV

^Y&5MG . ~A3!

W4 also results in a bottom-t Yukawa coupling nonunifica-
tion at the GUT scale as discussed in Sec. 1 of Appendix

We useW5 in a standard way to split the top and botto
Yukawa couplings by giving VEV’s toc and c̄ of order
MG . This mechanism is discussed in Sec. 2 of Appendix

APPENDIX B: YUKAWA COUPLING NONUNIFICATION
IN AN SO„10… SUSY GUT

In minimal SO~10!, all standard model fermions in
given generation are contained in a single spinor (16) repre-
sentation of SO~10!. The coupling of the formW1 results in
a unified Yukawa couplings for the top and bottom qua
and thet lepton, i.e.,l t5lb5lt at MG . It is interesting,
and necessary for our model, to see if it is possible to re
this condition in a simple way. The low tanb fit of our
SO~10! SUSY GUT to the infrared-scale physical obser
ables requiresl t2lb splitting at the GUT scale. We are als
interested in the possibility of splittinglb2lt . The reason
is that our best fits to the data come from bottom Yuka
couplings which are;30% smaller than thet Yukawa cou-
pling at the GUT scale.

1. lbÀlt nonunification

W1 ,W3 andW4 contain interaction terms

h̄1~l1Ah11lY3
Y1631lXh2!, ~B1!

resulting in a heavy (169) and a massless~at the GUT scale!
(168) multiplet given by

169}~l1^A&h11lY3
^Y&163! ~B2!

and

168}~lY3^Y&h12l1^A&163!. ~B3!
05501
in
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Note that we can safely ignore the last term in Eq.~B1! since
the VEV of X is much smaller thanMG .

The massless168 is identified with the matter multiple
containing the third generation quarks and leptons. SincA
gets a VEV in theB2L direction andB2L quantum num-
bers are different for quarks and leptons,lb2lt unification
will be lost, but we still havel t2lb unification. In fact this
mechanism is an SO~10! version of the one introduced in
Ref. @34#. Considering Eqs.~6! and ~A3! we define

sa5~sinuB2L!a5
rTa

B2L

A11r2~Ta
B2L!2

, ~B4!

where Ta
B2L is the B2L quantum number of the statea

5Q,Ū,D̄,L,Ē,n̄ in the matter multiplet andr5l1 /lY3
.16

FromW1 we see that the fermions in the matter multip
168 obtain mass at the electroweak scale due to the term

~2sa168!10H~2sa168!. ~B5!

We therefore have

lb

lt
5

sQsD̄

sLsĒ

5
1

9

11r2

11r2/9
, ~B6!

where lb and lt are the effective bottom andt Yukawa
couplings. We thus find

1

9
,

lb

lt
,1, ~B7!

depending on the choice ofr5l1 /lY3
. For r.4.2 we get

(lt2lb)/lt.30%.

2. l tÀlb nonunification

The splitting betweenl t and lb , lt Yukawa couplings
is best achieved in the Higgs sector usingW5. Sincec andc̄
get VEV’s of orderMG , the Higgs doublet mass term can b
written as

16In calculating the one loop gaugino~two loop scalar! mass con-
tributions fromW3 in Eq. ~10! @~12!#, we have ignored an order 1/r
correction coming fromW4. Sinceb is a small free parameter, thi
does not affect the wino, bino, and scalar masses while the gl
mass is varied by the free parameterb.
0-9
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~dH dA dc̄8!S 0 0 0

0 lX^X& 0

lH^c̄& 0 lY1
^Y&

D S d̄H

d̄A

d̄c8

D .

~B8!

From the above we see that the two light Higgs doublets
dH and cosgd̄H2singd̄c8 which are identified with the light
Higgs doublets of the MSSM, (Hu ,Hd), respectively. cosg
is given by

cosg5
r8

A11r82

, ~B9!

where

r85
lY1

^Y&

lH^c̄&
. ~B10!

Note that the rest of the Higgs doublets remain very hea
From W1 we see that

lb

l t
5cosg, ~B11!

wherel t andlb are the effective Yukawa couplings of th
top and bottom quarks. A hierarchy of 50 is easily achiev
by choosingr8.1/50.

APPENDIX C: t NEUTRINO MASS

In this section we show that it is possible to get a reas
able t neutrino mass, in agreement with atmospheric n
trino oscillations. Let us add two SO~10! singletsN andP to
the model withR and PQ charges given in Table II.

The only possible couplings for these singlets are
th
an

05501
re

y.

d

-
-

ln1
c̄N1631ln2

N2P. ~C1!

We assume thatP gets a VEV of order the messenger sca
(1012 GeV). The neutrino mass matrix is then given by

~nL n̄R N!S 0 mt

sLsĒ

sQsŪ

0

mt

sLsĒ

sQsŪ

0 2sĒln1
^c̄&

0 2sĒln1
^c̄& ln2

^P&

D
3S nL

n̄R

N
D . ~C2!

The mass of the lightest neutrino, identified asnt , is given
by

mnt
5S sL

sQsŪ
D 2 ln2

ln1

2

mt
2^P&

^c̄&2
.6.331027S ln2

ln1

2 D
3S 1016 GeV

^c̄&
D 2

eV;631022 eV. ~C3!

Thus one gets a reasonable value formnt
with ln1

;3

31023 andln2
;1.

TABLE II. The R and PQ charges of the new fields in th
neutrino sector.

Fields N P

R 15/2 -1
PQ 11/2 -1
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