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Supersymmetric dark matter and Yukawa unification
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An analysis of supersymmetric dark matter under the Yukawa unification constraint is given. The analysis
utilizes the recently discovered region of the parameter space of models with gaugino mass nonuniversalities
where large negative supersymmetric corrections to theb quark mass appear to allowb-t unification for a
positivem sign consistent with theb→s1g andgm22 constraints. In the present analysis we use the revised
theoretical determination ofam

SM @am5(gm22)/2# in computing the differenceam
expt2am

SM which takes into
account a reevaluation of the light by light contribution, which has a positive sign. The analysis shows that the
region of parameter space with nonuniversalities of the gaugino masses that allows for unification of Yukawa
couplings also contains regions that allow the satisfaction of the relic density constraint. Specifically, we find
that the lightest neutralino mass consistent with the relic density constraint,bt unification for SU~5!, andb-t-t
unification for SO~10!, in addition to other constraints, lies in the region below 80 GeV. An analysis of the
maximum and the minimum neutralino-proton scalar cross sections for the allowed parameter space, including
the effect of a new determination of the pion-nucleon sigma term, is also given. It is found that the full
parameter space for this class of models can be explored in the next generation of proposed dark matter
detectors.
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I. INTRODUCTION

Recently, supersymmetric dark matter has come und
great deal of scrutiny due to the fact that the neutrali
proton cross sections for a wide class of supersymme
models fall within the range that is accessible to the curr
and planned dark matter experiments@1–5#. Thus some re-
cent studies have included a variety of effects in the pre
tions of relic densities and of detection rates in the direct
in the indirect detection of dark matter@6#. These include the
effects of the nonuniversality of the scalar masses at the
fication scale@7#, the effects ofCP violation with electric
dipole moment~EDM! constraints@8#, the effects of coanni-
hilation @9#, the effects of thegm22 constraint, as well as th
effects of variations of the weakly interactive massive p
ticle ~WIMP! velocity @10–12#, and the effects of the rota
tion of the galaxy@13# in the prediction of detection rates fo
the direct and the indirect detection of dark matter. In t
work we focus on the effects of the constraints of Yuka
unification on dark matter. This topic has largely not be
addressed in the literature, except for the work of Ref.@14#
which, however, does not take into account gaugino m
nonuniversalities, which are an important element of
present work. We focus on models where Yukawa unificat
occurs form positive ~we use the sign convention of Re
@15#!, consistent with theb→s1g and thegm22 constraints
from Brookhaven. The outline of the rest of the paper is
follows. In Sec. II we discuss the framework of the analys
In Sec. III we discuss thegm22 constraint which affects
dark matter analyses. This constraint requires a revision
cause of a recent reevaluation of the light by light hadro
contribution togm22. In Sec. IV we discuss the results fo
the satisfaction of the relic density limits under the Yuka
0556-2821/2002/66~3!/035003~12!/$20.00 66 0350
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unification constraint withm.0. In Sec. V we discuss the
neutralino-proton cross sections including the effect of a n
determination of the pion-nucleon sigma term. In Sec. VI
give conclusions.

II. THEORETICAL FRAMEWORK

The primary quantity of interest in the study of dark ma
ter is Vxh2 whereVx5rx /rc , whererx is the neutralino
relic density,rc53H0

2/8pGN is the critical matter density
andh is the value of the Hubble parameterH0 in units of 100
km/s Mpc. Experimentally the limit onh from the Hubble
Space Telescope ish50.7160.0360.07 @16#. The totalV
5Vm1VL whereVm is the total matter density andVL is
the dark energy density. ForVm we assume the simple mode
Vm5VB1Vx , where VB is the baryonic component an
Vx is the neutralino component, which we assume con
tutes the entire dark matter. Using the recent analysis ofVm
which gives @17# Vm50.360.08 and assumingVB.0.05,
one finds

Vxh250.12660.043. ~1!

With the above numerics and using a rather liberal er
corridor we have the following limits onVxh2:

0.02<Vxh2<0.3. ~2!

In the determination of the neutralino relic density we u
the standard techniques and computeVxh2 using the for-
mula
©2002 The American Physical Society03-1
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Vxh2>2.48310211S Tx

Tg
D 3S Tg

2.73D
3 Nf

1/2

J~xf !
,

J~xf !5E
0

xf
dx^sy&~x! GeV22. ~3!

In the above, (Tx /Tg)3 is the reheating factor,Nf is the
number of degrees of freedom at the freeze-out tempera
Tf , andxf5kTf /mx̃ . The determination ofJ(xf) is carried
out using the accurate techniques developed in Ref.@18#.

It is known that gaugino mass nonuniversalities can s
nificantly affect neutralino relic densities and dark mat
searches. Specifically, in Ref.@19# an analysis of the effect
of nonuniversalities of the gaugino masses on dark ma
was carried out in the framework of SU~5! grand unification
and in D-brane models. We note in passing that there is
rigid relationship between the ratios of SU(3)3SU(2)
3U(1) gauge coupling constants at the grand unified the
~GUT! scale (MG;231016 GeV) and the ratio of SU~3!,
SU~2!, and U~1! gaugino masses at the GUT scale. The rat
of the gauge coupling constants at the GUT scale are de
mined purely by the GUT group, while the gaugino mas
are soft supersymmetry~SUSY! breaking parameters whic
involve both GUT and Planck scale physics. This topic h
been discussed in several works~see, for example, Refs
@19–21# and the references therein!. For the present analysi
we assume nonuniversality of gaugino masses and imp
unification of gauge coupling constants at the GUT sca
Returning to the general structure of the gaugino masses
finds that for the case of SU~5! the gaugino mass terms ca
arise from any of the representations that lie in the symm
ric product of 24324. Since

~24324!sym511241751200 ~4!

one finds that in general the gaugino masses are nonuniv
at the GUT scale arising from nonuniversalities due to
24, 75, and 200 plets on the right hand side, and one ma
general write the SU(3)3SU(2)3U(1) gaugino masses a
the sum

m̃i~MG!5m1/2(
r

Crni
r ~5!

whereni
r are characteristic of the representationr andCr are

relative weights of the representations in the sum. Spe
cally, the SU~3!, SU~2!, and U~1! gaugino masses at th
GUT scale for different representations have the follow
ratios@20#: M3 :M2 :M1 are in the ratio 2:23:21 for the 24
plet, in the ratio1:3:25 for the 75 plet, and in the ratio
1:2:10 for the 200plet. The 24 plet case is of special intere
for reasons which we now explain. It is known that the si
of the supersymmetric contribution toam is directly corre-
lated with the sign ofm @22# in minimal supergravity
~MSUGRA! @23# and in other models which share the sam
generic features as MSUGRA. Thus in MSUGRA one fin
that am

SUSY.0 for m.0 andam
SUSY,0 for m,0. Since ex-

periment indicatesam
SUSY.0 one infers that the sign ofm is
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positive @24#. The m sign is also of relevance for the sati
faction of theb→s1g constraint. It is known that theb
→s1g constraint favors a positive value ofm @25,26#. How-
ever, a problem arises becauseb-t unification appears to
favor a negative value ofm @27,28#. This is so because th
supersymmetric correction to theb quark mass from the
dominant gluino exchange contribution@29# is negative for
m negative and a negative contribution to theb quark mass
helpsb-t unification. Several works have appeared recen
which explore ways to help resolve this problem@30–33#.
Specifically, it was pointed out in Ref.@33# that gaugino
mass nonuniversalities possess a mechanism which can
erate a negative contribution to theb quark mass for a posi
tive m. In the context of SU~5! the mechanism arises from
the gaugino mass ratios coming from the 24 plet of SU~5! in
Eq. ~4!. For this case it was shown that anam

SUSY.0 natu-
rally leads to a negative correction to theb quark mass even
for m.0. This phenomenon comes about because the glu
exchange contribution to theb quark mass is proportional to
mm̃3 and the opposite sign correlation betweenm̃2 and m̃3
naturally leads to a negative contribution to theb quark
mass. In this case one finds that all the constraints includ
b-t unification and theb→s1g constraint are easily satis
fied.

One can investigate the phenomenon discussed above
in the context of SO~10!. Here in general the gaugino mass
will lie in the symmetric SO~10! irreducible representation
of 45345 where

~45345!sym5115412101770. ~6!

In this case the nonuniversalities of the gaugino masses a
due to the 54, 210, and 770 plets on the right hand s
Specifically, here one finds that the 54 plet case can give
to patterns of SU~3!, SU~2!, and U~1! gaugino masses which
look interesting forb-t-t unification. Thus for the symmetry
breaking pattern SO(10)→SU(4)3SU(2)3SU(2)
→SU(3)3S(2)3U(1) one finds that the SU~3!, SU~2!, and
U~1! gaugino masses at the GUT scale are in the ra
M3 :M2 :M151:23/2:21 @34#. The SU~3! and SU~2!
gaugino masses here have opposite signs and are simil
the 24 plet case. Thus this case looks favorable for gene
ing negative corrections to theb quark mass consistent wit
am

SUSY.0 and for the unification of Yukawa couplings fo
m.0. There is another pattern of symmetry breaking wh
also looks interesting. Thus the symmetry breaking patt
SO(10)→SU(2)3SO(7)→SU(3)3S(2)3U(1) yields
SU~3!, SU~2!, and U~1! gaugino masses at the GUT scale
the ratioM3 :M2 :M151:27/3:1 @34#. Here again the SU~3!
and SU~2! gaugino masses have opposite signs and it app
possible to get negative corrections to theb quark mass nec-
essary forb-t unification consistent witham

SUSY.0 andm
.0. Thus we will discuss the following three cases in th
paper. ~a! The 24 plet case: This is the model where t
nonuniversalities originate from the 24 plet of SU~5! where
M3 :M2 :M152:23:21. ~b! The 54 plet case: This is th
model where the nonuniversalities originate from the 54 p
of SO~10! and the symmetry breaking pattern giv
M 3 :M2 :M151:2 3

2 :21. ~c! The 548 plet case: This is the
3-2
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model where the nonuniversalities originate from the 54 p
of SO~10! and the symmetry breaking pattern giv
M3 :M2 :M151:27/3:1. The question that remains to be e
plored is what happens to supersymmetric dark matte
these models in the parameter space which is consistent
Yukawa unification and consistent with other constraints.
will discuss this topic in Secs. IV and V after reviewing th
revised constraint ongm22 in Sec. III.

III. THE REVISED gµÀ2 CONSTRAINT

The recent Brookhaven experimental result gives@35#
am

expt511659203(15)310210 where am5(gm22)/2. The
standard model prediction for this quantity consists of@36#
the O(a5) QED correction, the one and the two loop ele
troweak corrections, and the hadronic correction@37#. The
hadronic correction has been rather controversial@38#. It
consists of theO(a2) andO(a3) hadronic vacuum polariza
tion, and the light by light hadronic contribution. For th
light by light hadronic contribution two previous analys
gave the following values:am

L3L;had527.9(1.5)310210

@39# and am
L3L;had529.2(3.2)310210 @40#. These give an

average ofam
L3L;had528.5(2.5)310210. Using theO(a2)

and O(a3) hadronic vacuum polarization analysis of Re
@37# and the average light by light contribution as discuss
above one findsam

expt2am
SM543(16)310210. However, a

very recent reevaluation of light by light contribution find
@41# am

L3L;had518.3(1.2)310210 which although essen
tially of the same magnitude is opposite in sign to the pre
ous determinations. Spurred by the above, Hayakawa
Kinoshita@42# reexamined the light by light contribution an
found an error in sign in the treatment of thee tensor in the
algebraic manipulation programFORM used in their analysis
Their revised value ofam

L3L;had518.9(1.54)310210 is now
in good agreement with the analysis of Ref.@41#. The aver-
age of the two evaluations givesam

L3L;had518.6(1)
310210. Correcting for the above one finds

am
expt2am

SM526~16!310210 ~7!

which is a 1.6s deviation between experiment and theo
We discuss now the implications of this constraint relative
the case when one hadam

expt2am
SM543(16)310210. For the

case when theam
expt2am

SM difference was taken to b
43(16)310210 one found using a 2s error corridor interest-
ing upper limits on the soft SUSY parameters, and spec
cally for the MSUGRA case one found that the upper lim
on m0 andm1/2 werem0<1.5 TeV andm1/2<800 GeV for
a range of tanb values of tanb<55 @24#. These ranges ar
well within the discovery limit of the CERN Large Hadro
Collider ~LHC! @43#.

Since the reevaluated differenceam
expt2am

SM is now less
than 2s, we consider a reduced error corridor to obta
meaningful constraints. We give here an analysis under
separate assumptions for the error corridor: one for 1.5s and
the other for 1s. The results of the analysis with these err
corridors are exhibited in Figs. 1~a!–1~e! for tanb values of
5, 10, 30, 45, and 55 andm.0. The 1.5s case of Fig. 1~a!
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with tanb55 gives the upper limitsm0<850 GeV and
m1/2<800 GeV. However, here the lower limit of the Higg
boson mass indicated by the CERNe1e2 collider LEP data
lies outside the allowed parameter space. The 1.5s case of
Fig. 1~b! with tanb510 gives the upper limitsm0
<1300 GeV andm1/2<1100 GeV. Here the paramete
space includes the lower limit of the Higgs boson mass
dicated by the LEP data. For the case of Fig. 1~c! with
tanb530 one finds the upper limit ofm0<2500 GeV for
the 1.5s case which is on the borderline of the reach of t
LHC @43# and most likely beyond its reach. However, for th
1s case one finds the upper limitsm0<1000 GeV and
m1/2<800 GeV, which lie well within the discovery poten
tial of the LHC. A similar situation holds for tanb545 and
for tanb555. For the tanb545 case of Fig. 1~d! the upper
limit for m0 is m0<2700 GeV for the 1.5s case while the
1s case givesm0<1300 GeV andm1/2<825 GeV, which
lie well within the reach of the LHC. Similarly, the tanb
555 plot of Fig. 1~e! gives m0<2500 GeV for the 1.5s
case but the 1s case givesm0<1450 GeV andm1/2
<625 GeV. Again, while the 1.5s upper limits are on the
borderline of the reach of the LHC and most likely beyo
its reach, the 1s upper limits lie well within reach of the
LHC. Since the upper limits for the 1.5s case appear to cros
the usual naturalness limits~see, e.g., Ref.@44#! at least for
values of tanb>30, we impose the constraint of a 1s error
corridor around the mean foram

expt2am
exp as given by Eq.~7!

for the analysis of Secs. IV and V. The upper limits implie
by this constraint lie well within the naturalness limits.

IV. YUKAWA UNIFICATION AND RELIC
DENSITY ANALYSIS

We turn now to the main theme of the paper, which is t
analysis of dark matter under the Yukawa unification co
straints. As discussed in Ref.@33# we define the Yukawa
coupling unification parameterd i j for the Yukawa couplings
l i andl j so that

d i j 5
ul i2l j u

l i j
~8!

wherel i j 5(l i1l j )/2 andd i j defines the degree of unifica
tion. As is well known dark matter analysis is very sensiti
to the b→s1g constraint. There are several recent expe
mental determinations ofb→s1g, i.e., CLEO@45#, BELLE
@46#, and@47#, and we use their weighted mean. Analyses
the theoretical prediction of the standard model including
leading order and the next to leading order corrections
this branching ratio have been given by several authors@48#.
In our analysis we use a 2s corridor in the difference be-
tween experiment and the prediction of the standard mode
constrain our theoretical analysis of the supersymmetric c
tribution. First we discuss the SU~5! case where we conside
the gaugino mass nonuniversality at the GUT scale from
24 plet representation as discussed in the paragraph fol
ing Eq.~5!. The remaining soft SUSY breaking parameters
the theory are assumed universal.
3-3
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FIG. 1. ~a! Allowed am
SUSY regions corresponding to the 1.5s and the 1s constraints for tanb55. Similar analyses for tanb

510,30,45, and 55 are given in~b!, ~c!, ~d!, and ~e!, respectively. The top left gray regions are discarded because of the absen
electroweak radiative symmetry breaking or the lighter chargino mass going below its experimental lower limit. The bottom p
regions are typically discarded by the stau becoming tachyonic or the LSP.
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We begin by discussing the allowed parameter spac
them0-C24* m1/2 plane under thegm22 constraint. The results
are exhibited in Fig. 2~a! for values of tanb of 5, 10, 30, and
40. The top gray regions correspond to disallowed areas
the radiative electroweak symmetry breaking requiremen
via the lower bound of the lighter chargino mass. The bott
patterned regions in Fig. 2~a! for all tanb values are prima-
rily eliminated via the stability requirement of the Higgs p
tential at the GUT scale. For tanb530 and 40, the smalle
03500
in
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m0 zones of the bottom patterned regions have addition
tachyonic staus. Regarding the SO~10! case, as is well
known one needs to use nonuniversality of the Higgs bo
masses at the GUT scale to achieve radiative breaking o
electroweak symmetry. For the analysis here we use the n
universal Higgs scalar masses so thatmH1

2 51.5m0
2 andmH2

2

50.5m0
2. The result of analysis of the allowed parame

space in the 54 plet case is given in Fig. 2~b! for values of
tanb of 5, 10, 30, and 45. The regions with patterns a
3-4
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SUPERSYMMETRIC DARK MATTER AND YUKAWA UNIFICATION PHYSICAL REVIEW D 66, 035003 ~2002!
discarded for reasons similar to those in Fig. 2~a!. There is
no discernible change in these results due to modest v
tions ~up to 50%! in the assumed nonuniversality~i.e., devia-
tions ofmH1

2 andmH2

2 at MG from m0
2) of the soft parameters

in the Higgs boson sector needed to accomplish radia
breaking of the electroweak symmetry.

We give now the relic density analysis. As a guide we u
the unification criteriondbt<0.3. In Fig. 3~a! we plot Vxh2

vs tanb for the following range of parameters: 0,m0
,2000 GeV, 21000 GeV ,C24m1/2,1000 GeV, 26000
GeV ,A0,6000 GeV, andm.0. The dots refer to points
that satisfy thegm22 constraint, the squares additional
satisfy theb→s1g constraint, and the filled ovals satisfy a
the constraints, i.e., thegm22 constraint, theb→s1g con-
straint, and theb-t unification constraint withdbt<0.3. One
finds that there exist significant regions of the parame
space as given by filled ovals where all the constraints
satisfied. The horizontal lines indicate the allowed corrid
for the relic density as given by Eq.~2!. A plot of Vxh2 vs

FIG. 2. ~a! Allowed gm22 regions corresponding to 1.5s and
1s constraints for nonuniversal gaugino mass scenario of the S~5!
24 plet case. A discussion of the discarded regions in the top an
bottom parts of the figures is given in the text in Sec. IV.~b! Al-
lowedgm22 regions corresponding to 1.5s and 1s constraints for
nonuniversal gaugino mass scenario of SU~10! 54 plet case. Here
the nonuniversal Higgs scalar parameters are given bymH1

2

51.5m0
2 andmH2

2 50.5m0
2. A discussion of the discarded regions

the top and the bottom parts of the figures is given in Sec. IV.
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m0 for exactly the same ranges of the parameter space a
Fig. 3~a! is given in Fig. 3~b!. A similar plot of Vxh2 as a
function ofC24* m1/2 is given in Fig. 3~c!. In Fig. 3~d! we give
a plot ofVxh2 vs A0 and in Fig. 3~e! we give a plot ofVxh2

as a function of the lightest supersymmetric particle~LSP!
massmx . The paucity of points in the region around th
neutralino mass of 45 GeV in the allowed corridor of re
density in Fig. 3~e! is due to the rapids-channelZ pole
annihilation and also due to thes-channel Higgs pole anni
hilation in the region belowmx;60 GeV. Finally, in Fig.
3~f! we give a plot ofVxh2 vs dbt . One finds that there exis
regions of the parameter space whereb-t unification even at
the level of a few percent consistent with the relic dens
and other constraints can be satisfied.

We discuss next the SO~10! case with gaugino mass non
universality of the typeM3 :M2 :M151:2 3

2 :21 as given in
the paragraph following Eq.~6!. As noted earlier in this case
the pattern of relative signs of the gaugino masses is sim
to that for the 24 plet case. In the analysis we impose
only theb-t Yukawa unification but alsob-t andt-t Yukawa
unification @49#. Extrapolating from the SU~5! case we im-
pose the following constraints ondbt , dbt , andd tt : all d i j
<0.3. In Fig. 4~a! we plot Vxh2 vs tanb for for the same
range of parameters as in Fig. 3~a!. The symbols used in Fig
4~a!, i.e., the dots, the squares, and the filled ovals, also h
the same meaning as in Fig. 3~a! except that the filled ovals
now include all the Yukawa unification constraints, i.e
dbt ,dbt ,d tt<0.3. Figure 4~a! shows that there exist signifi
cant regions of the parameter space as given by filled o
where all the constraints including the Yukawa unificati
constraints are satisfied. The horizontal lines indicate the
lowed corridor for the relic density as given by Eq.~2!. In
Fig. 4~b! we give a plot ofVxh2 vs m0 for exactly the same
ranges of the parameter space as in Fig. 4~a!. A similar plot
of Vxh2 as a function ofC54* m1/2 is given in Fig. 4~c!. In Fig.
4~d! we give a plot ofVxh2 vs A0 and in Fig. 4~e! we give
a plot ofVxh2 as a function of the LSP massmx . Again the
paucity of points in the region around the neutralino mass
45 GeV in the allowed corridor of relic density in Fig. 4~e! is
due to the rapidZ pole annihilation. Finally, in Fig. 4~f! we
give a plot ofVxh2 vs dbt and similar plots exist forVxh2

vs dbt andVxh2 vs d tt but are not exhibited. Interestingly, i
this case one finds a high density of points where the r
density constraint consistent with Yukawa unification at t
level of a few percent is satisfied. An analysis of t
gaugino-Higgsino content of the neutralino over the para
eter space of the model consistent withb-t unification and
all the other constraints can be obtained by examining
expansion of the LSP so that

x5aB̃1bW̃31gH̃11dH̃2 . ~9!

For the 24 plet case one finds that typically over most of
parameter spacea21b2.0.75 while for the 54 plet case
over most of the parameter space one hasa21b2.0.03.
While the dominant component in all cases is theB-ino @50#,
in the 24 plet case one could also have a significant Higgs
component to the LSP while for the 54 plet case theB-ino
purity of the LSP is rather high. We have carried out a sim

he
3-5
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FIG. 3. ~a! Plot of Vxh2 vs
tanb for the SU~5! 24 plet case
with the inputs 0,m0,2 TeV,
21 TeV ,C24m1/2,1 TeV, 26
TeV ,A0,6 TeV, andm.0. The
dots satisfy thegm22 constraints,
the squares additionally satisfy th
b→s1g limits, and the filled
ovals within squares satisfy all th
constraints, i.e., thegm22 con-
straint, the b→s1g constraint,
and b-t unification at the level
dbt<0.3. The two horizontal lines
refer to the limits of Eq.~2!. ~b!
Plot of Vxh2 vs m0 with all the
same parameters as in~a! and with
tanb<55. Symbols have the
same meaning as in~a!. ~c! Plot of
Vxh2 vs C24* m1/2 with all other
parameters the same as in~a! and
~b!. Symbols have the same mea
ing as in~a!. ~d! Plot of Vxh2 vs
A0 with all other parameters the
same as in~a!, ~b!, and ~c!. Sym-
bols have the same meaning as
~a!. ~e! Plot of Vxh2 vs the LSP
massmx with all other parameters
the same as in~a!–~d!. The dots
refer to valid parameter points
with no constraints, and filled
ovals refer to satisfying all the
constraints, i.e., the constraint
from gm22, b→s1g, and dbt

<0.3. ~f! Plot of Vxh2 vs dbt

with all other parameters the sam
as in ~a!–~d!. Symbols have the
same meaning as in~a!.
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lar analysis for the relic density for the second SO~10! case
discussed in Sec. II whereM3 :M2 :M151:2 7

3 :1 ~we label
it the 548 case!. We do not exhibit the details as this ca
appears marginal in the sense that the allowed neutra
mass range is very small after the LEP limit onmx

.32.3 GeV is imposed. One should keep in mind, howev
that the LEP limit is a generic limit and is not deduced sp
cifically for the model under discussion. Still this case h
rather low neutralino mass upper limit in any case. For
sake of completeness we will discuss the neutralino-pro
cross sections for this case also in Sec. V.

The allowed mass ranges for the three cases discu
above, i.e., 24, 54, and 548 cases, are given in Table I. Th
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spectrum of Table I satisfies all the desired constraints,
gm22, b→s1g, and Yukawa unification constraints as di
cussed above. A remarkable aspect of Table I is that theb-t
unification constraint implies a rather small Higgs bos
massmh . This occurs due to the smallness of the radiat
corrections tomh for the particular parameter ranges~prima-
rily for the gaugino mass and for the trilinear coupling! nec-
essary for achievingb-t unification under theb→s1g and
the gm22 constraints. Specifically, the mixings between t
left and the right squarks for the third generation control
size of the radiative correction to the Higgs boson mass@51#
and these mixings are at their minimum in the parame
space whereb-t unification occurs under theb→s1g and
3-6
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FIG. 4. ~a! Plot of Vxh2 vs
tanb for the SO~10! 54 plet case
with inputs 0,m0,2 TeV, 21
TeV ,C54m1/2,1 TeV, 26 TeV
,A0,6 TeV, andm.0. The non-
universal Higgs scalar paramete
are given by mH1

2 51.5m0
2 and

mH2

2 50.5m0
2. The dots satisfy the

gm22 constraints, the squares ad
ditionally satisfy the b→s1g
limits, and the filled ovals within
squares satisfy all the constraint
i.e., the gm22 constraint, theb
→s1g constraint, and unification
of Yukawa couplings so tha
dbt ,dbt ,d tt<0.3. The two hori-
zontal lines refer to the limits of
Eq. ~2!. ~b! Plot of Vxh2 vs m0

with all the same parameters as
~a! and with tanb<55. Symbols
have the same meaning as in~a!.
~c! Plot of Vxh2 vs C54* m1/2 with
all other parameters the same as
~a! and ~b!. Symbols have the
same meaning as in~a!. ~d! Plot of
Vxh2 vs A0 with all other param-
eters the same as in~a!, ~b!, and
~c!. Symbols have the same mea
ing as in~a!. ~e! Plot of Vxh2 vs
the LSP massmx with all other
parameters the same as in~a!–~d!.
The dots refer to valid paramete
points with no constraints, and
filled ovals refer to satisfying all
the constraints, i.e., the constrain
from gm22, b→s1g and
dbt ,dbtd tt<0.3. ~f! Plot of Vxh2

vs dbt with all other parameters
the same as in~a!–~d!. Symbols
have the same meaning as in~a!.
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the gm22 constraints. We emphasize that all the three c
straints, i.e.,b2t unification, b→s1g, and especially the
gm22 constraint are necesary for achieving low values
the Higgs boson massmh in Table I. Further, the low value
of the Higgs boson mass implied byb-t unification are con-
sistent with the LEP data@52#, which give a lower bound on
the Higgs boson mass ofmh.91 GeV for large tanb. Thus
the Higgs boson mass ranges listed in Table I are all con
tent with the current experimental limits. Further, these lim
are well within reach of run II of the fermilab Tevatron. I
addition, the full spectra for all the three cases of Table I
accessible to the LHC. As noted earlier, the 548 case has only
a very narrow allowed range in neutralino mass and could
03500
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f
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e

e

tested or eliminated by data with a modest improvemen
energy.

V. MAXIMUM AND MINIMUM NEUTRALINO-PROTON
CROSS SECTIONS

In the analysis of the neutralino-proton cross sect
sx-p we restrict ourselves to theCP conserving case
Here the x-p scattering is governed by the four Ferm
interaction Le f f5x̄gmg5xq̄gm(APL1BPR)q1Cx̄xmqq̄q
1Dx̄g5xmqq̄g5q1Ex̄ ig5xmqq̄q1Fx̄xmqq̄ig5q. We are
specifically interested in neutralino scattering from hea
targets. This scattering is dominated by the scalar inte
tions and in this case thex-p cross section is given by
3-7
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sxp~scalar!5
4m r

2

p F (
i 5u,d,s

f i
pCi

1
2

27S 12 (
i 5u,d,c

f i
pD (

a5c,b,t
CaG2

. ~10!

In the abovef i
p are the (i 5u,d,s) quark densities which are

defined by mpf i
p5^pumqiq̄iqi up&, and m r is the reduced

mass. The scalar interaction parametrized byC arises from
several sources: froms-channel contributions from the Higg
boson h0,H0 exchanges and fromt-channel contributions
from the sfermion exchange, so thatC5Ch01CH01Cf̃ . It
was shown in Ref.@19# that it is convenient to parametriz
the form factorsf i

(p,n) such that

f (u,d)
p 5m(u,d)~mu1md!21~16j!spNmp

21 ,

f s
p5ms~mu1md!21~12x!spNmp

21 ,

f (u,d)
n 5m(u,d)~mu1md!21~17j!spNmp

21 ,

f s
n5ms~mu1md!21~12x!spNmp

21 , ~11!

where spN , x, and j are defined byspN5^pu221(mu

1md)(ūu1d̄dup&, j5^puūu2d̄dup&(^puūu1d̄dup&)21,
and x5s0 /spN5^puūu1d̄d22s̄sup& (^puūu1d̄dup&)21.
Quark densities for the neutron are related to the pro

TABLE I. Sparticle mass ranges for 24, 54, and 548 cases.

Particle 24 ~GeV! 54 ~GeV! 548 ~GeV!

x1
0 32.3–75.2 32.3–81.0 32.3–33.4

x2
0 96.7–422.5 94.7–240.8 145.7–153.9

x3
0 110.5–564.3 301.5–757.1 420.9–633.8

x4
0 259.2–575.9 311.5–759.7 427.6–636.9

x1
6 86.9–422.6 94.6–240.8 145.8–153.9

x2
6 259.9–577.2 315.1–761.6 430.7–639.2

g̃ 479.5–1077.2 232.5–580.3 229.8–237.4

m̃1
299.7–1295.9 480.5–1536.8 813.1–1196.

m̃2
355.1–1309.3 489.8–1482.7 835.3–1237

t̃1
203.5–1045.1 294.2–1172.6 579.4–863.

t̃2
349.6–1180.9 422.6–1311.7 704.6–1018

ũ1
533.6–1407.2 566.7–1506.4 822.9–1199.

ũ2
561.1–1443.0 584.7–1544.6 849.6–1232

d̃1
535.1–1407.5 580.3–1546.2 845.1–1232

d̃2
566.7–1445.2 590.1–1546.7 853.3–1235

t̃ 1
369.9–975.2 271.5–999.6 513.7–819.9

t̃ 2
513.7–1167.6 429.4–1107.4 599.4–848.

b̃1
488.2–1152.8 158.1–1042.0 453.2–749.9

b̃2
532.3–1207.0 396.6–1159.2 610.5–880.

h 104.3–114.3 103.8–113.3 108.1–110.9
H 111.9–798.8 151.5–1227.6 473.4–831.9
A 110.5–798.8 151.4–1227.6 473.4–831.9
m 96.0–559.5 291.1–752.7 413.1–628.4
03500
n

quark densities by@19# f u
pf d

p5 f u
nf d

n . Baryon mass splittings
can be used to determine the ratioj/x and one finds@19#
j/x50.196. Using various determinations ofs0 andspN , x
was estimated in Ref.@19# to bex50.6760.18, which gives
@19# j50.13260.035. Using the current data on the qua
masses one findsf u

p50.02160.004, f d
p50.02960.006, and

f s
p50.2160.12 and f u

n50.01660.003, f d
n50.03760.007,

and f s
n50.2160.12.

It has been pointed out recently@53# that an analysis of
spN @54# using new pion-nucleon scattering data@55# leads
to a significantly larger neutralino-nucleon cross secti
Thus the new determination ofspN @54# lies in the range
55 MeV<spN<73 MeV which is much larger than th
previous determinations~see, e.g., Ref.@19#!. Using the new
determination ofspN and repeating the analysis of Ref.@19#
we find x50.5560.12 andj50.10860.024. These lead to
the following new determinations for the quark densities:

f u
p50.02760.005, f d

p50.03860.006,

f s
p50.3760.11,

f u
n50.02260.004, f d

n50.04960.007,

f s
n50.3760.11. ~12!

We use these new quark densities in our numerical analy
In Fig. 5~a! we exhibit the neutralino-proton scalar cross se
tion vs the neutralino massmx for the nonuniversal case o
Fig. 3. The gaps in Fig. 5~a! are due to the relic density
constraint as can be seen from Fig. 3~c! and Fig. 3~e!. The
DAMA region @1#, the lower limit achieved by CDMS@2#,
and the future lower limits that may be achieved@4,5# are
also exhibited. First, one finds that the allowed neutral
range is significantly reduced in this scenario with ma
range limited to less than 65 GeV. Second, one finds that
parameter space of the model can be fully probed by
proposed future dark matter detectors@4,5#. In this model
sxp(scalar) lies in the range

4310245 ~cm!2<sxp~scalar!<4310241 ~cm!2.
~13!

In Fig. 5~b! we give a plot ofsxp(scalar) vs tanb which
shows that the upper limits ofsxp(scalar) are strongly de
pendent on tanb as expected. An analysis ofsxp(scalar) vs
mx for the nonuniversal SO~10! gaugino mass case of Fig
4~c! is given in Fig. 5~c!. Here the neutralino mass rang
extends up to 80 GeV. As for the case of Fig. 5~a! the gaps in
Fig. 5~c! are due to the relic density constraint, as can
seen from Fig. 3~c! and Fig. 3~e!. Again, as in the 24 plet
case, all of the parameter space of this model can be f
probed by the proposed future dark matter detectors@4,5#. In
this modelsxp(scalar) lies in the range

7310245 ~cm!2<sxp~scalar!<1310241 ~cm!2. ~14!

In Fig. 5~d! we give a plot ofsxp(scalar) vs tanb. Here,
since tanb does not vary over a wide range one does not
a large enhancement ofsxp(scalar) with tanb in this limited
3-8
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FIG. 5. ~a! Plot of the neutralino-proton scalar cross sectionsxp vs the lightest neutralino massmx for the SU~5! 24 plet case with the
range of parameters given in Figs. 3~a! to 3~d! satisfying all the desired constraints including theb-t unification constraint so thatdbt

<0.3. The dots satisfy thegm22 constraints, the squares additionally satisfy theb→s1g limits, and the filled ovals within squares satis
all the constraints, i.e., thegm22 constraint, theb→s1g constraint, anddbt<0.3. The area enclosed by solid lines is excluded by
DAMA experiment@1#, the dashed line is the lower limit from the CDMS experiment@2#, the dot-dashed line is the lower limit achievab
by CDMS in the future@2#, and the dotted line is the lower limit expected from the proposed GENIUS experiment@4#. ~b! Plot of the
neutralino-proton scalar cross sectionsxp vs tanb for the SU~5! 24 plet case with the same range of parameters as given in Figs. 3~a!–3~d!
satisfying all the desired constraints including theb-t unification constraint so thatdbt<0.3. Symbols have the same meaning as in~a!. ~c!
Plot of the neutralino-proton scalar cross sectionsxp vs the neutralino massmx for the SO~10! 54 plet case with the same range
parameters as given in Figs. 4~a!–4~d! satisfying all the desired constraints including theb-t, b-t, and t-t unification constraints so tha
dbt ,dbt ,d tt<0.3. The dots satisfy thegm22 constraints, the squares additionally satisfy theb→s1g limits, and the filled ovals within
squares satisfy all the constraints, i.e., thegm22 constraint, theb→s1g constraint, and Yukawa unifications withdbt ,dbtd tt<0.3. ~d! Plot
of the neutralino-proton scalar cross sectionsxp vs tanb for the SO~10! 54 plet case with the same range of parameters as given in F
4~a!–4~d! satisfying all the desired constraints including theb-t, b-t, andt-t unification constraints so thatdbt ,dbt ,d tt<0.3. Symbols have
the same meaning as in~c!. ~e! Plot of the neutralino-proton scalar cross sectionsxp vs the neutralino massmx for the SO~10! 548 plet case
with the same range of parameters as given in Figs. 4~a!–4~d! satisfying all the desired constraints including theb-t, b-t, andt-t unification
constraints so thatdbt ,dbt ,d tt<0.3. Symbols have the same meaning as in~c!. ~f! Plot of the neutralino-proton scalar cross sectionsxp vs
tanb for the SO~10! 548 plet case with the same range of parameters as given in Figs. 4~a!–4~d! satisfying all the desired constraint
including theb-t, b-t, andt-t unification constraints so thatdbt ,dbt ,d tt<0.3. Symbols have the same meaning as in~c!.
035003-9



UTPAL CHATTOPADHYAY, ACHILLE CORSETTI, AND PRAN NATH PHYSICAL REVIEW D66, 035003 ~2002!
FIG. 5 ~Continued!.
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range. Finally, we discusssxp(scalar) for the 548 case. In
Fig. 5~e! we exhibitsxp(scalar) as a function ofmx . In Fig.
5~f! we give a plot ofsxp(scalar) as a function of tanb. The
lower and upper limits on the scalar cross section in this c
are very similar to the 54 plet case of Figs. 5~c! and 5~d!.
However, as discussed in Sec. IV, imposition of the low
limit of 32.3 GeV on the neutralino mass eliminates most
the parameter space of this model.

VI. CONCLUSIONS

In this paper we have given an analysis of supersymm
ric dark matter under the constraint of Yukawa coupling u
fication with m.0. The constraints ofb→s1g and the re-
vised gm22 constraint taking account of the rece
reevaluation of the light by light hadronic correction we
also imposed. The analysis was done by exploiting the
cently discovered region of the parameter space which
lizes nonuniversal gaugino masses and leads to negative
rections to theb quark mass necessary for Yukawa coupli
unification withm.0. We considered scenarios with SU~5!
and SO~10! unifications. Within SU~5! we considered non
universalities arising from the 24 plet representation
SU~5! which allow for significant regions of the paramet
space consistent withb-t unification so thatdbt<0.3 for m
.0 consistent with other constraints. This scenario limits
neutralino mass range to lie below 65 GeV and within t
range a significant part of the parameter space is consis
with the relic density constraint. An analysis of th
neutralino-proton scalar cross section reveals that the
lowed range of cross sections can be fully probed by
r,

03500
se

r
f

t-
-

e-
ti-
or-

f

e
s
nt

l-
e

proposed future dark matter detectors. Within SO~10! we
considered nonuniversalities arising from the 54 plet rep
sentation of SO~10! which allow for significant regions of
the parameter space consistent withbt,bt, andtt unification
constraints such thatdbt ,dbt ,d tt<0.3 for m.0, consistent
with other constraints. In this case one finds that the n
tralino mass range extends to 80 GeV and again the ana
of the neutralino-proton scalar cross section shows that
allowed range of cross sections can be fully probed by
proposed future dark matter detectors. One of the impor
features of models withb-t unification explored here is a
relatively low lying light Higgs boson with mass lying below
115 GeV. These low values for the Higgs mass arise beca
of the imposition of the constraints ofb2t unification, b
→s1g, and especiallygm22. This mass range would ce
tainly be explored by run II of the Tevatron. Further, th
entire sparticle spectrum predicted in the class of mod
with b-t unification discussed here would be accessible
the LHC. It would be interesting to explore SUSY signa
such as the trileptonic signal@56# at colliders using this
model. But such an investigation is beyond the scope of
paper.
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