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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 tobtlggiark mass appear to allolb+7 unification for a
positive u sign consistent with the— s+ y andg,, — 2 constraints. In the present analysis we use the revised
theoretical determination af;" [a,=(g,,—2)/2] in computing the differenca’*'~a®" 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 constraingification for SU5), andb-t-r
unification for S@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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[. INTRODUCTION unification constraint withu>0. In Sec. V we discuss the
neutralino-proton cross sections including the effect of a new
Recently, supersymmetric dark matter has come under determination of the pion-nucleon sigma term. In Sec. VI we
great deal of scrutiny due to the fact that the neutralinogive conclusions.
proton cross sections for a wide class of supersymmetric
models fall within the range that is accessible to the current
and planned dark matter experimepts-5]. Thus some re-
cent studies have included a variety of effects in the predic- The primary quantity of interest in the study of dark mat-
tions of relic densities and of detection rates in the direct ander is QXhZ whereQ,=p,/p., Wherep, is the neutralino
in the indirect detection of dark mattgg]. These include the relic density,p.=3H35/87 Gy, is the critical matter density,
effects of the nonuniversality of the scalar masses at the ungndh is the value of the Hubble parameté in units of 100
fication scale[7], the effects ofCP violation with electric  km/s Mpc. Experimentally the limit o from the Hubble
dipole momen{EDM) constraintg8], the effects of coanni- gpace Telescope is=0.71+0.03+0.07 [16]. The totalQ
hilation [9], the effects of the, —2 constraint, as wellasthe — 4+, whereQ,, is the total matter density ar@ , is
effects of variations of the weakly interactive massive parthe dark energy density. Fél,, we assume the simple model
ticle (WIMP) velocity [10-12, and the effects of the rota- ( — 0.+, whereQg is the baryonic component and
tion of the galaxy[13] in the prediction of detection rates for Q, is the né(utralino component, which we assume consti-

work we focus on the effects of the constraints of Yukawayhich gives[17] O,,=0.3+0.08 and assumingg=0.05,

unification on dark matter. This topic has largely not beenyne finds
addressed in the literature, except for the work of R&d|

which, however, does not take into account gaugino mass
nonuniversalities, which are an important element of the

present work. We focus on models where Yukawa unification

occurs foru positive (we use the sign convention of Ref. With the above numerics and using a rather liberal error
[15]), consistent with thé— s+ y and theg,,— 2 constraints  corridor we have the following limits of) h?:

from Brookhaven. The outline of the rest of the paper is as
follows. In Sec. Il we discuss the framework of the analysis.
In Sec. Il we discuss thg,—2 constraint which affects
dark matter analyses. This constraint requires a revision be-
cause of a recent reevaluation of the light by light hadronidn the determination of the neutralino relic density we use
contribution tog,,— 2. In Sec. IV we discuss the results for the standard techniques and Compmgh2 using the for-
the satisfaction of the relic density limits under the Yukawamula

Il. THEORETICAL FRAMEWORK

Q ,h?=0.126+0.043. (1)

0.02<Q,h*<0.3. 2

0556-2821/2002/68)/03500312)/$20.00 66 035003-1 ©2002 The American Physical Society



UTPAL CHATTOPADHYAY, ACHILLE CORSETTI, AND PRAN NATH PHYSICAL REVIEW D66, 035003 (2002

—

X)S( T, )3 NH2 positive[24]. The u sign is also of relevance for the satis-
2.73

Q h?=2.48x 10_11(T— SEAE faction of theb—s+ y constraint. It is known that thé
4 f — S+ y constraint favors a positive value pf[25,26]. How-
% ever, a problem arises becauler unification appears to
J(xf)zf dx(ov)(x) GeV 2. (3)  favor a negative value of [27,28. This is so because the
0 supersymmetric correction to the quark mass from the
) ) _ dominant gluino exchange contributi¢@9] is negative for
In the above, T,/T,)® is the reheating factom; is the  ,, negative and a negative contribution to theuark mass
number of degrees of freedom at the freeze-out temperatugsipsh-r unification. Several works have appeared recently
Ty, andx;=kT;/my . The determination od(x;) is carried  which explore ways to help resolve this probl¢60—33.
out using the accurate techniques developed in R&|. gpecifically, it was pointed out in Ref33] that gaugino
It is known that gaugino mass nonuniversalities can Sigmass nonuniversalities possess a mechanism which can gen-
niﬁcantly af'feC'[ neutra”no I‘e|iC denSitieS and dark mattererate a negative Contribution to tba:]uark mass for a posi_
searches. Specifically, in Refl9] an analysis of the effects tive . In the context of S(B) the mechanism arises from
of nonuniversalities of the gaugino masses on dark mattehe gaugino mass ratios coming from the 24 plet of Blih
was carried out in the framework of $&) grand unification Eq. (4). For this case it was shown that aﬁUSY>O natu-
and in D-brane models. We note in passing that there is npy 1y leads to a negative correction to thejuark mass even
rigid relationship between the ratios of SU(BBU(2) o1 > 0. This phenomenon comes about because the gluino
xU(1) gauge coupling coﬁnstants at the grand unified theorgy change contribution to tHequark mass is proportional to
(GUT) scale Mg~2x10° GeV) and the ratio of SI3), m; and the opposite sign correlation betweap and m,
SU(2), and U1) gaugino masses at the GUT scale. The rat'osﬁaturally leads to a negative contribution to thequark

of the gauge coupling constants at the GUT scale are deterrﬁass. In this case one finds that all the constraints including

mined purely by the GUT group, while the gaugino MASSe3,_; unification and thér— s+ v constraint are easily satis-

are soft supersymmetryfS8USY) breaking parameters which fied

. . . . |
involve both GUT and Planck scale physics. This topic has One can investigate the phenomenon discussed above also

been discussed in several worlsee, for example, Refs. in the context of SQLO). Here in general the gaugino masses
[19-21 and the references thergifror the present analysis _ .~~~ : 9 : gaug -
ill lie in the symmetric S@L0) irreducible representations

we assume nonuniversality of gaugino masses and impos
unification of gauge coupling constants at the GUT scale® 45x45 where
Returning to the general structure of the gaugino masses one (45X 45) g, =1+ 54+ 210+ 770. (6)
finds that for the case of Sb) the gaugino mass terms can Y

arise from any of the representations that lie in the symmett this case the nonuniversalities of the gaugino masses arise

ric product of 24< 24. Since due to the 54, 210, and 770 plets on the right hand side.
Specifically, here one finds that the 54 plet case can give rise
(24X 24)gym= 1+ 24+ 75+ 200 (4)  to patterns of S(B), SU(2), and U1) gaugino masses which

look interesting fotb-t-7 unification. Thus for the symmetry
one finds that in general the gaugino masses are nonunivers@eaking pattern SO(16) SU(4)x SU(2)x SU(2)
at the GUT scale arising from nonuniversalities due to theﬂsu(g)x S(2)x U(1) one finds that the S@), SU(2), and
24, 75, and 200 plets on the right hand side, and one may igy (1) gaugino masses at the GUT scale are in the ratio
general write the SU(3Y SU(2)X U(1) gaugino masses as M3:Mo:M;=1:—3/2—1 [34]. The SU3) and SU2)
the sum gaugino masses here have opposite signs and are similar to
the 24 plet case. Thus this case looks favorable for generat-
=~ _ r ing negative corrections to tHequark mass consistent with
m(Me) mllzz i ©®) a5”®*>0 and for the unification of Yukawa couplings for
w>0. There is another pattern of symmetry breaking which
wheren] are characteristic of the representaticendC, are  also looks interesting. Thus the symmetry breaking pattern
relative weights of the representations in the sum. SpecifiSO(10)— SU(2)x SO(7)—SU(3)X S(2)x U(1) yields
cally, the SU3), SU?2), and Ul) gaugino masses at the SU(3), SU(2), and U1) gaugino masses at the GUT scale in
GUT scale for different representations have the followingthe ratioM3:M,:M,=1:—7/3:1[34]. Here again the S(3)
ratios[20]: M3:M,:M; are in the ratio 2-3:—1 for the 24  and SU2) gaugino masses have opposite signs and it appears
plet, in the ratio1:3:—5 for the 75 plet, and in the ratio possible to get negative corrections to thquark mass nec-
1:2:10 for the 20(let. The 24 plet case is of special interestessary forb-7 unification consistent witmiUSY>0 and u
for reasons which we now explain. It is known that the sign>0. Thus we will discuss the following three cases in this
of the supersymmetric contribution ®, is directly corre-  paper.(a) The 24 plet case: This is the model where the
lated with the sign ofu [22] in minimal supergravity —nonuniversalities originate from the 24 plet of @)Jwhere
(MSUGRA) [23] and in other models which share the samem;:M,:M;=2:—3:—1. (b) The 54 plet case: This is the
generic features as MSUGRA. Thus in MSUGRA one findsmodel where the nonuniversalities originate from the 54 plet
thata,”®"™>0 for x>0 anda}"®'<0 for »<0. Since ex- of SO10) and the symmetry breaking pattern gives

periment indicates>"S">0 one infers that the sign gf is  M3:M,:M;=1:—2:—1.(c) The 54 plet case: This is the

o
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model where the nonuniversalities originate from the 54 pletith tang=5 gives the upper limitan,<850 GeV and
of SO(10) and the symmetry breaking pattern givesm,,<800 GeV. However, here the lower limit of the Higgs
M3:M;:M;=1:-7/3:1. The question that remains to be ex- hoson mass indicated by the CERNe™ collider LEP data

plored is what happens to supersymmetric dark matter ifies outside the allowed parameter space. Ther k&se of
these models in the parameter space which is consistent wittig. 1(b) with tan3=10 gives the upper limitsmg

Yukawa unification and consistent with other constraints. We<1300 GeV andm,,<1100 GeV. Here the parameter
will discuss this t0p|C in Secs. IV and V after reviewing the space includes the lower limit of the H|ggs boson mass in-

revised constraint og,—2 in Sec. lIl. dicated by the LEP data. For the case of Figc)with
tanB=30 one finds the upper limit afny<2500 GeV for
lll. THE REVISED g,—2 CONSTRAINT the 1.5 case which is on the borderline of the reach of the

) ] LHC [43] and most likely beyond its reach. However, for the

The recent Brookhaven experimental result giyés| 1o case one finds the upper limits,<1000 GeV and
a;P'=11659203(15x 10~ *° where a,=(g,—2)/2. The m <800 GeV, which lie well within the discovery poten-
standard model prediction for this quantity consistd28] tjal of the LHC. A similar situation holds for tg8=45 and
the O(«®) QED correction, the one and the two loop elec-for tanB="55. For the tag=45 case of Fig. @) the upper
troweak corrections, and the hadronic correcti8i]. The  |imit for My is My<2700 GeV for the 1.5 case while the
hadronic correction has been rather controvergsd]. It 1o case givesny,<1300 GeV andn,,<825 GeV, which
consists of thé(«?) andO(a®) hadronic vacuum polariza- |ie well within the reach of the LHC. Similarly, the tgh
tion, and the light by light hadronic contribution. For the —gg plot of Fig. 1e) gives my<2500 GeV for the 1.5
light by light hao!romc contrlbLuthf)pa(jtv_vo previous anflll}(l)ses case but the & case givesmy,<1450 GeV andmy,
gave the following valuesa,™~"*"=—7.9(1.5)< 10 <625 GeV. Again, while the 1& upper limits are on the
[39] and a}*" "= —9.2(3.2)x 10 *° [40]. These give an porderline of the reach of the LHC and most likely beyond
average ofa,*""*'= —8.5(2.5)x10 1% Using theO(a?) its reach, the & upper limits lie well within reach of the
and O(«®) hadronic vacuum polarization analysis of Ref. LHC. Since the upper limits for the lo5case appear to cross
[37] and the average light by light contribution as discussedhe usual naturalness limitsee, e.g., Ref44]) at least for
above one findafj‘pt— ai""=43(16)>< 10 %% However, a values of tar3=30, we impose the constraint of arlerror
very recent reevaluation of light by light contribution finds corridor around the mean fa©*P'- aZXp as given by Eq(7)
[41] a}*“"*%=+8.3(1.2)<10 *° which although essen- for the analysis of Secs. IV and V. The upper limits implied
tially of the same magnitude is opposite in sign to the previ-by this constraint lie well within the naturalness limits.
ous determinations. Spurred by the above, Hayakawa and
Kinoshita[42] reexamined the light by light contribution and
found an error in sign in the treatment of tegensor in the
algebraic manipulation prograrorRM used in their analysis.
Their revised value oa’a';f“had: +8.9(1.54)< 10" 1%is now We turn now to the main theme of the paper, which is the
in good agreement with the analysis of Rgfl]. The aver- analysis of dark matter under the Yukawa unification con-
age of the two evaluations givea;XL;had=+8,6(1) straints. As discussed in R€f33] we define the Yukawa
x 10" %0, Correcting for the above one finds coupling unification parametef;; for the Yukawa couplings

\j and\; so that

IV. YUKAWA UNIFICATION AND RELIC
DENSITY ANALYSIS

aZP'-a>V=26(16)x 10 *° (7)

5__:|)\i_)\j|

®

which is a 1.6 deviation between experiment and theory.
We discuss now the implications of this constraint relative to

the case when one haff”'—a;"=43(16)x 10"*°. For the where\;;= (\;+1;)/2 and§;; defines the degree of unifica-
case when thea*—aS" difference was taken to be tion. As is well known dark matter analysis is very sensitive
43(16)x 10~ *° one found using a @ error corridor interest- to the b— s+ y constraint. There are several recent experi-
ing upper limits on the soft SUSY parameters, and specifimental determinations df— s+ y, i.e., CLEO[45], BELLE
cally for the MSUGRA case one found that the upper limits[46], and[47], and we use their weighted mean. Analyses of
onmg andm;y, weremp<1.5 TeV andm,,,;<800 GeV for  the theoretical prediction of the standard model including the
a range of tai8 values of tarB<55 [24]. These ranges are leading order and the next to leading order corrections for
well within the discovery limit of the CERN Large Hadron this branching ratio have been given by several autfé8k
Collider (LHC) [43]. In our analysis we use ac2corridor in the difference be-
Since the reevaluated differene&™®—a%" is now less  tween experiment and the prediction of the standard model to
than 2o, we consider a reduced error corridor to obtainconstrain our theoretical analysis of the supersymmetric con-
meaningful constraints. We give here an analysis under tweribution. First we discuss the $8) case where we consider
separate assumptions for the error corridor: one for add  the gaugino mass nonuniversality at the GUT scale from the
the other for r. The results of the analysis with these error 24 plet representation as discussed in the paragraph follow-
corridors are exhibited in Figs(d)—1(e) for tanB values of  ing Eq.(5). The remaining soft SUSY breaking parameters in
5, 10, 30, 45, and 55 and>0. The 1.% case of Fig. la)  the theory are assumed universal.
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FIG. 1. () Allowed a3"®Y regions corresponding to the #5and the b constraints for tag=5. Similar analyses for taf
=10,30,45, and 55 are given i), (c), (d), and (e), respectively. The top left gray regions are discarded because of the absence of
electroweak radiative symmetry breaking or the lighter chargino mass going below its experimental lower limit. The bottom patterned
regions are typically discarded by the stau becoming tachyonic or the LSP.

We begin by discussing the allowed parameter space im, zones of the bottom patterned regions have additionally
themg-C3,my;, plane under the,, —2 constraint. The results tachyonic staus. Regarding the @0 case, as is well
are exhibited in Fig. @) for values of tarB of 5, 10, 30, and  known one needs to use nonuniversality of the Higgs boson
40. The top gray regions correspond to disallowed areas viglasses at the GUT scale to achieve radiative breaking of the
the radiative electroweak symmetry breaking requirement oflectroweak symmetry. For the analysis here we use the non-
via the lower bound of the lighter chargino mass. The bottorHniversal Higgs scalar masses so thigt = 1.5m5 and my,_
patterned regions in Fig.(@ for all tang values are prima- =0.5m3. The result of analysis of the allowed parameter
rily eliminated via the stability requirement of the Higgs po- space in the 54 plet case is given in Figb)2for values of
tential at the GUT scale. For tgh=30 and 40, the smaller tang of 5, 10, 30, and 45. The regions with patterns are
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1>0, A=0 (24) my for exactly the same ranges of the parameter space as in

2000 1— ‘ ‘ ! ‘ Fig. 3@ is given in Fig. 3b). A similar plot Ofoh2 as a

1500 - function of C5,m,,, is given in Fig. 3c). In Fig. 3d) we give

1000 L a plot of 0 ,h? vs Ay and in Fig. 3e) we give a plot of(} h?
N as a function of the lightest supersymmetric partitlSP)
(‘B 500 | massm, . The paucity of points in the region around the
~Z 2000 neutralino mass of 45 GeV in the allowed corridor of relic
= density in Fig. 8e) is due to the rapids-channelZ pole

1508 ] annihilation and also due to treechannel Higgs pole anni-

hilation in the region belown,~60 GeV. Finally, in Fig.
3(f) we give a plot onXh2 VS &, . One finds that there exist
regions of the parameter space whbfe unification even at
the level of a few percent consistent with the relic density
and other constraints can be satisfied.

We discuss next the SO0) case with gaugino mass non-
universality of the typeM3:M,:M,;=1:—3:—1 as given in
the paragraph following Ed6). As noted earlier in this case
the pattern of relative signs of the gaugino masses is similar
to that for the 24 plet case. In the analysis we impose not
only theb-7 Yukawa unification but alsb-t andt-7 Yukawa
unification[49]. Extrapolating from the S(%) case we im-
pose the following constraints of},., dy;, andé,: all &
<0.3. In Fig. 4a) we plot Q,h? vs tang for for the same
range of parameters as in FigaB The symbols used in Fig.
4(a), i.e., the dots, the squares, and the filled ovals, also have
the same meaning as in Fig@ap except that the filled ovals
Pt now include all the Yukawa unification constraints, i.e.,
200 600—C54m1/22(0é)eV) 600 8o+ 001, 6t,<0.3. Figure 4a) shows that there exist signifi-

cant regions of the parameter space as given by filled ovals

where all the constraints including the Yukawa unification
constraints are satisfied. The horizontal lines indicate the al-
nged corridor for the relic density as given by E®). In

1000 -
500 +

3000
2500 +
2000 +
1500 +

m, (GeV)

2000 +
1500 +
1000 +

500 &

FIG. 2. (a) Allowed g, —2 regions corresponding to IxSand
1o constraints for nonuniversal gaugino mass scenario of tH&)SU

24 plet case. A discussion of the discarded regions in the top and t . 5
bottom parts of the figures is given in the text in Sec. (. Al- Fig. 4b) we give a plot of2,h* vs m, for exactly the same

lowedg,—2 regions corresponding to Ix5and lo- constraints for rangeszof the parameter space as in Fig).4A similar plot
nonuniversal gaugino mass scenario of(8W 54 plet case. Here Of Q,h” as a function oCz,m,, is given in Fig. 4c). In Fig.
the nonuniversal Higgs scalar parameters are given nify 4(d) we give a plot ofQ2 h? vs Ay and in Fig. 4e) we give
=1.5m; andmf, =0.5mj. A discussion of the discarded regions in & plot of 1 \h? as a function of the LSP mass, . Again the

the top and the bottom parts of the figures is given in Sec. Iv,  Paucity of points in the region around the neutralino mass of
45 GeV in the allowed corridor of relic density in Figie}is

due to the rapid pole annihilation. Finally, in Fig. @) we
give a plot of,h? vs &, and similar plots exist fof), h?
VS Ot andQXh2 Vs &, but are not exhibited. Interestingly, in

discarded for reasons similar to those in Fi¢g)2There is
no discernible change in these results due to modest vari

tions{up to0 50% in the assumed nonuniversaltiye., devia this case one finds a high density of points where the relic

: 2 2 2
tions Omel andeZ atMg from mg) of the soft parameters density constraint consistent with Yukawa unification at the
in the Higgs boson sector needed to accomplish radiativsvel of a few percent is satisfied. An analysis of the
breaking of the electroweak symmetry. gaugino-Higgsino content of the neutralino over the param-
We give now the relic density analysis. As a guide we Us&ster space of the model consistent withr unification and

the unification criterions,,<0.3. In Fig. 3a) we plotQ,h* g the other constraints can be obtained by examining the
vs tang for the following range of parameters:<Um,  expansion of the LSP so that

<2000 GeV, —1000 GeV <C,m,;,,<1000 GeV, —6000

GeV <A;<6000 GeV, andu>0. The dots refer to points x=aB+ W+ yH,+ sH,. (9)

that satisfy theg,—2 constraint, the squares additionally

satisfy theb— s+ y constraint, and the filled ovals satisfy all For the 24 plet case one finds that typically over most of the
the constraints, i.e., thg, —2 constraint, théo—s+y con-  parameter space?+ 82>0.75 while for the 54 plet case
straint, and thé-7 unification constraint withs,,<0.3. One  over most of the parameter space one hds 32>0.03.
finds that there exist significant regions of the parameteWhile the dominant component in all cases is Bamo [50],
space as given by filled ovals where all the constraints aré the 24 plet case one could also have a significant Higgsino
satisfied. The horizontal lines indicate the allowed corridorcomponent to the LSP while for the 54 plet case Bimo

for the relic density as given by E¢R). A plot of QXh2 vs  purity of the LSP is rather high. We have carried out a simi-
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24—plet

FIG. 3. (a Plot of O h? vs
tang for the SU5) 24 plet case
with the inputs G<my<2 TeV,
-1 TeV <Cy,myp,<1 TeV, —6
TeV <Ay<6 TeV, andu>0. The

R R : dots satisfy they,—2 constraints,
0 400 800 200 the squares additionally satisfy the
m, (GeV) b—s+1y limits, and the filled

b) ovals within squares satisfy all the
constraints, i.e., they,—2 con-
straint, the b—s+ vy constraint,
and b-7 unification at the level
8p,<0.3. The two horizontal lines
refer to the limits of Eq.(2). (b)
Plot of Q h? vs my with all the
same parameters as(@ and with
tanB=<55. Symbols have the
same meaning as {@). (c) Plot of
Q,h? vs C5my;, with all other
parameters the same as(&@ and

[ ] . : (b). Symbols have the same mean-
~200 ~175 ~150 ~125 100 =75 50 -2000 -1000 0 1000 2000 ing asin(@. (d) Plot of @ h® vs
C,m,, (GeV) A, (GeV) A, with all other parameters the

same as ina), (b), and(c). Sym-

(©) (d) bols have the same meaning as in
(a. () Plot of O h? vs the LSP
massm, with all other parameters
the same as irfa)—(d). The dots
refer to valid parameter points
with no constraints, and filled
ovals refer to satisfying all the
constraints, i.e., the constraints
from g,—2, b—s+vy, and J,,
<0.3. (f) Plot of Q,h? vs &,
with all other parameters the same
as in (a)—(d). Symbols have the
same meaning as i@®).

40 45 50 55
m, (GeV)

(e)

lar analysis for the relic density for the second($@ case spectrum of Table | satisfies all the desired constraints, i.e.,
discussed in Sec. Il whemd;:M,:M;=1:—%:1 (we label g,—2, b—s+ 1y, and Yukawa unification constraints as dis-
it the 54 case. We do not exhibit the details as this case cussed above. A remarkable aspect of Table | is thabthe
appears marginal in the sense that the allowed neutralinonification constraint implies a rather small Higgs boson
mass range is very small after the LEP limit on, massm;,. This occurs due to the smallness of the radiative
>32.3 GeV is imposed. One should keep in mind, howevergorrections tany, for the particular parameter ranggsima-
that the LEP limit is a generic limit and is not deduced spe-ily for the gaugino mass and for the trilinear couplimgc-
cifically for the model under discussion. Still this case hasessary for achieving-7 unification under thdo— s+ y and
rather low neutralino mass upper limit in any case. For theheg,—2 constraints. Specifically, the mixings between the
sake of completeness we will discuss the neutralino-protofeft and the right squarks for the third generation control the
cross sections for this case also in Sec. V. size of the radiative correction to the Higgs boson njads
The allowed mass ranges for the three cases discussetid these mixings are at their minimum in the parameter
above, i.e., 24, 54, and 54¢ases, are given in Table |. The space wherd-7 unification occurs under the—s+ vy and
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FIG. 4. (@) Plot of Q,h? vs
tang for the SA10) 54 plet case
with inputs 0<my<2 TeV, —1
TeV <Cgymyp<l TeV, —6 TeV
<Ay<6 TeV, andu>0. The non-
universal Higgs scalar parameters
are given by mﬁlzl.ané and
TS ey Lt e e P P o L mp;,=0.5m5. The dots satisfy the
40 42 44 46 48 50 400 600 800 1000 1200 g#_ 2 (_:Ons_;trair‘n:s7 the squares ad-
tanf3 m, (GeV) ditionally satisfy the b—s+y
(a) (b) limits, and the filled ovals within

squares satisfy all the constraints,
54-plet i.e., theg,—2 constraint, theb
o 18 ; — s+ vy constraint, and unification
of Yukawa couplings so that
Sbr10pt:6:,<0.3. The two hori-
zontal lines refer to the limits of
Eq. (2). (b) Plot of Q,h? vs my
with all the same parameters as in
(@ and with tan3<55. Symbols
have the same meaning as (&.
(c) Plot of O, h? vs CE,my, with
. i | - s all other parameters the same as in
-200 -175 —150 —125 —100 —75 —-50 -2000 -1000 0 1000 2000 (@ and (b). Symbols have the
Cym,, (GeV) A, (GeV) samze meaning as i@). (d) Plot of
(d) Q,h® vs Ay with all gther param-
© eters the same as @), (b), and
S4—plet (c). Symbols have the same mean-
54—plet ing as in(a). (e) Plot of O h? vs
: —t— : the LSP massn, with all other
g parameters the same as(a—(d).
- _ The dots refer to valid parameter
‘ L lﬁ;ﬂ, 50 points with no constraints, and
oo | D o . filled ovals refer to satisfying all
o S the constraints, i.e., the constraints
Shec from g,—-2, b—s+y and

0 og Sbr O0t8:,<0.3. (f) Plot of 1 h?

. vs &y, with all other parameters
Al g . ..'DDE‘ o ov ] the same as ina)—(d). Symbols
0 01 02 03 04 05 06 have the same meaning as(&).

2
Q.h

40 45 50 55
m, (GeV)

(e) ¢

the g,—2 constraints. We emphasize that all the three contested or eliminated by data with a modest improvement in
straints, i.e.,b— 7 unification, b—s+ vy, and especially the energy.

g,—2 constraint are necesary for achieving low values of
the Higgs boson mass,, in Table I. Further, the low values
of the Higgs boson mass implied loy7 unification are con-
sistent with the LEP datgb2], which give a lower bound on In the analysis of the neutralino-proton cross section
the Higgs boson mass af,>91 GeV for large taj8. Thus  o,., We restrict ourselves to th&€P conserving case.
the Higgs boson mass ranges listed in Table | are all considdere the x-p scattering is governed by the four Fermi
tent with the current experimental limits. Further, these Iimitsinte@ction Let1=XVu¥5X4 y’iA PL+B PR)_q+ Cxxmqqq

are well within reach of run Il of the fermilab Tevatron. In +D yysxmyqysq+ Exiysxmgqq+Fxxmqqi ysq. We are
addition, the full spectra for all the three cases of Table | arespecifically interested in neutralino scattering from heavy
accessible to the LHC. As noted earlier, thé Bdse has only targets. This scattering is dominated by the scalar interac-
a very narrow allowed range in neutralino mass and could béons and in this case the-p cross section is given by

V. MAXIMUM AND MINIMUM NEUTRALINO-PROTON
CROSS SECTIONS
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TABLE |. Sparticle mass ranges for 24, 54, and Béses.

PHYSICAL REVIEW D66, 035003 (2002

quark densities by19] fPfi=f}f7. Baryon mass splittings
can be used to determine the rafitx and one find419]

Particle 24 (GeV) 54 (GeV) 54" (GeV) £/x=0.196. Using various determinations @f ando .y, X
0 302.3-75.2 32.3-81.0 303-33.4 Was estimated in Ref19] to bex=0.67+0.18, which gives
O 06.7-422 5 94.7-240.8 145 7-153.9 L[19] §=0.132£0.035. Using the current data on the quark
¥ 110.5-564.3 301.5-757 1 420.9-633.8 Masses one findf=0.021+0.004, f§=0.029+ 0.006, and
X 259 2_575.9 311.5-759.7 427 6-636.9 15=0.21+0.12 and f;=0.016+0.003, f3=0.037+0.007,
Xi 86.9-422.6 946-2408  1458-1539 @andfg=0.21+0.12. _
o 259 9_577.2 315.1-761.6 430.7—639.2 It has be'en pomteq out recentl$3] thgt an analysis of
3 4795-1077.2  232.5-580.3  229.8-237.4 Oun [54] ‘%fs_'”g ?e";’ p'on'”uc'eo{_‘ Scattel“”g d§Eb] leads
z to a significantly larger neutralino-nucleon cross section.
H1 299.7-1295.9 480.5-1536.8 813.1-1196.3 ;g thge new d}(/aterrr?ination of .\ [54] lies in the range
K2 355.1-1309.3 489.8-1482.7 835.3-1237.6 55 MeV=o_,y=<73 MeV which is much larger than the
N 203.5-1045.1 294.2-1172.6 579.4-863.7 previous determinationsee, e.g., Ref.19]). Using the new
T 349.6-1180.9 422.6-1311.7 704.6-1018.3 determination ofr .\ and repeating the analysis of REI9)]
tll 533.6-1407.2 566.7—1506.4 822.9-1199.8 we find X.: 0.55+0.12 anngO].OSt 0.024. These |ead to
o 561.1-1443.0 584.7-1544.6 849.6-1232.6 the following new determinations for the quark densities:
al 535.1-1407.5 580.3-1546.2 845.1-1232.5 fﬁ:0_027i 0.005, f520.038t 0.006,
az 566.7-1445.2 590.1-1546.7 853.3-1235.2
1 369.9-975.2 271.5-999.6 513.7-819.9 f§=0.37+0.11,
12 513.7-1167.6 429.4-1107.4 599.4-848.2 f[}: 0.022+0.004, fSZ 0.049+0.007,
b, 488.2-1152.8 158.1-1042.0 453.2-749.9
Bz 532.3-1207.0 396.6—-1159.2 610.5-880.4 f2=0.37i 0.11. (12
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 We use these new quark densities in our numerical analysis.
A 110.5-798.8 151.4-1227.6 473.4—831.9 N Fig. 5@ we exhibit the neutralino-proton scalar cross sec-
" 96.0—-559 5 291.1-752.7 413.1—628.4 tion vs the neutralino mass, for the nonuniversal case of
Fig. 3. The gaps in Fig. (8 are due to the relic density
constraint as can be seen from Figc)3and Fig. 3e). The
2 DAMA region [1], the lower limit achieved by CDM$2],
o p(scalaj= — [ > fPc and the future lower limits that may be achievigys] are
i=uds also exhibited. First, one finds that the allowed neutralino
2 range is significantly reduced in this scenario with mass
+—[(1- 2 fP) 2 C, (10 range limited to less than 65 GeV. Second, one finds that the
27 i=ud.c a=c,bt parameter space of the model can be fully probed by the

In the abovefP are the {=u,d,s) quark densities which are
defined by m,fP=(p|myq;qi|p), and u, is the reduced
mass. The scalar interaction parametrizedgrises from
several sources: fromchannel contributions from the Higgs
boson h®,H® exchanges and front-channel contributions
from the sfermion exchange, so that= C, o+ Cyo+C3. It
was shown in Ref[19] that it is convenient to parametrize
the form factorsf ("™ such that

proposed future dark matter detectdds5]. In this model
a,p(scalar) lies in the range

4X10°*% (cm)’< 0, (scalay<4x10 * (cm)?. 3
13

In Fig. 5b) we give a plot ofo,(scalar) vs tag which
shows that the upper limits af, (scalar) are strongly de-
pendent on tap as expected. An analysis of, ,(scalar) vs
m, for the nonuniversal SQ0) gaugino mass case of Fig.

Py = Moy (My+ M) 11 = &) o ymy L, 4(c) is given in Fig. %c). Here the neutralino mass range
extends up to 80 GeV. As for the case of Figg)3he gaps in

Fig. 5(c) are due to the relic density constraint, as can be

seen from Fig. &) and Fig. 3e). Again, as in the 24 plet

case, all of the parameter space of this model can be fully

probed by the proposed future dark matter detedts. In

this modelo, ,(scalar) lies in the range

fg:ms(mu"_md)_l(l_x)o'va,;l,
flu.a)= Meu,a)(My+ mg) " H(1F §)UwNm;l,
fgzmS(mU+md)_1(1_X)a-ﬂn'Nm711 (11)

p

7x10° % (cm)’< o p(scalay<1x10"* (cm)% (14)

where oy, X and ¢ are defined byo,ny={(p|2~*(m,

+mg)(uu+dd|p),  &=(pluu—dd|p)((pluu+dd|p)) !, In Fig. 5d) we give a plot ofo p(scalar) vs tagB. Here,
and x=o0¢/on={(p|uu+dd—2ss|p) ((pluu+dd|p))~1.  since tarB does not vary over a wide range one does not see
Quark densities for the neutron are related to the protom large enhancement of, ,(scalar) with targ in this limited
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0 24-plet o 24-plet
E 3 T
E.
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107" 2 0
x [=9
@) x
—44 = —44
10 a * CDMS (future)? 10 i
GENIUS
1077 : : 0" .
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m, (GeV) ) tanf3 )
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10t 107"
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FIG. 5. (a) Plot of the neutralino-proton scalar cross seciigp vs the lightest neutralino mass, for the SU5) 24 plet case with the
range of parameters given in FiggaBto 3(d) satisfying all the desired constraints including the- unification constraint so thag,,
=<0.3. The dots satisfy thg,—2 constraints, the squares additionally satisfylthes+ y limits, and the filled ovals within squares satisfy
all the constraints, i.e., thg,—2 constraint, thb— s+ y constraint, ands,,<0.3. The area enclosed by solid lines is excluded by the
DAMA experiment[1], the dashed line is the lower limit from the CDMS experimigit the dot-dashed line is the lower limit achievable
by CDMS in the futureg[2], and the dotted line is the lower limit expected from the proposed GENIUS exper[dkrib) Plot of the
neutralino-proton scalar cross sectiop, vs tang for the SU5) 24 plet case with the same range of parameters as given in k&s3g)
satisfying all the desired constraints including the unification constraint so that,,<0.3. Symbols have the same meaning a&jn(c)

Plot of the neutralino-proton scalar cross sectiop, vs the neutralino masm, for the S@10) 54 plet case with the same range of
parameters as given in Figs@t4(d) satisfying all the desired constraints including the, b-t, andt-7 unification constraints so that
O 0pt,0,<0.3. The dots satisfy thg,—2 constraints, the squares additionally satisfy bhes+ y limits, and the filled ovals within
squares satisfy all the constraints, i.e., ¢he-2 constraint, théd— s+ y constraint, and Yukawa unifications wit, , 6p;6;,<0.3. (d) Plot

of the neutralino-proton scalar cross sectigy, vs tang for the SQ10) 54 plet case with the same range of parameters as given in Figs.
4(a)—4(d) satisfying all the desired constraints including the, b-t, andt-7 unification constraints so tha, ,, 8y, 6;,<0.3. Symbols have
the same meaning as (o). (e) Plot of the neutralino-proton scalar cross sectigy vs the neutralino mags, for the SQ10) 54 plet case
with the same range of parameters as given in Figs—4I(d) satisfying all the desired constraints including the, b-t, andt-7 unification
constraints so thad,, , 8y, 6;,<0.3. Symbols have the same meaning agjn(f) Plot of the neutralino-proton scalar cross sectigp vs
tanpB for the S@10) 54’ plet case with the same range of parameters as given in Higs-44d) satisfying all the desired constraints
including theb-7, b-t, andt-7 unification constraints so tha,,, 8y, 5;,<0.3. Symbols have the same meaning a&jn
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FIG. 5 (Continued.

range. Finally, we discuss,,(scalar) for the 54 case. In  proposed future dark matter detectors. Within (8® we

Fig. 5(e) we exhibito,(scalar) as a function afi, . In Fig. considered nonuniversalities arising from the 54 plet repre-

5(f) we give a plot ofo, ,(scalar) as a function of tgh. The sentation of SQLO) which allow for significant regions of
lower and upper limits on the scalar cross section in this cas#1e parameter space consistent viithbt, andt+ unification
are very similar to the 54 plet case of Figgc)sand §d).  constraints such tha,,,dy,5,<0.3 for u>0, consistent
However, as discussed in Sec. IV, imposition of the lowerwith other constraints. In this case one finds that the neu-
limit of 32.3 GeV on the neutralino mass eliminates most oftralino mass range extends to 80 GeV and again the analysis
the parameter space of this model. of the neutralino-proton scalar cross section shows that the
allowed range of cross sections can be fully probed by the
VI. CONCLUSIONS proposed future dark matter detectors. One of the important
features of models wittb-7 unification explored here is a
In this paper we have given an analysis of supersymmetrelatively low lying light Higgs boson with mass lying below
ric dark matter under the constraint of Yukawa coupling uni-115 GeV. These low values for the Higgs mass arise because
fication with »>0. The constraints df—s+ vy and the re- of the imposition of the constraints d&f— 7 unification, b
vised g,—2 constraint taking account of the recent —s+y, and especiallyg,—2. This mass range would cer-
reevaluation of the light by light hadronic correction were tainly be explored by run Il of the Tevatron. Further, the
also imposed. The analysis was done by exploiting the reentire sparticle spectrum predicted in the class of models
cently discovered region of the parameter space which utiwith b-7 unification discussed here would be accessible at
lizes nonuniversal gaugino masses and leads to negative cahe LHC. It would be interesting to explore SUSY signals
rections to theéb quark mass necessary for Yukawa couplingsuch as the trileptonic signdb6] at colliders using this
unification with x>0. We considered scenarios with &  model. But such an investigation is beyond the scope of this
and SQ@10) unifications. Within SW5) we considered non- paper.
universalities arising from the 24 plet representation of
SU(5) which allow for significant regions of the parameter ACKNOWLEDGMENTS
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