PHYSICAL REVIEW D, VOLUME 63, 015007

Yukawa unified supersymmetric SO(10) model: Cosmology, rare decays, and collider searches
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It has recently been pointed out that viable sparticle mass spectra can be generated in Yukawa unified
SO(10) supersymmetric grand unified models consistent with radiative breaking of electroweak symmetry.
Model solutions are obtained only if tg@50, © <0 and positiveD-term contributions to scalar masses from
SO(10) gauge symmetry breaking are used. In this paper, we attempt to systematize the parameter space
regions where solutions are obtained. We go on to calculate the relic density of neutralinos as a function of
parameter space. No regions of the parameter space explored were actually cosmologically excluded, and very
reasonable relic densities were found in much of parameter space. Direct neutralino detection rates could
exceed 1 event/kg/day for'aGe detector, for low values of GUT scale gaugino ntags. We also calculate
the branching fraction fob— sy decays, and find that it is beyond the 95% C.L. experimental limits in much,
but not all, of the parameter space regions explored. For the Fermilab Tevatron collider, significant regions of
parameter space can be explored bibA and bbH searches. There also exist some limited regions of
parameter space where a trilepton signal can be seen at TeV33. Finally, there exist significant regions of
parameter space where direct detection of bottom squark pair production can be made, especially for large
negative values of the GUT parameftgy.
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[. INTRODUCTION coupling per generation, so that Yukawa couplings also unify
at the GUT scale. This is especially constraining for the third
SupersymmetrigSUSY) SO(10) grand unified theories generation. In addition, predictivBO(10) models can be
[1] (GUTS) are highly motivated choices for particle physics created which encompass the fermion masses of the lighter
models which encompass and go beyond the standard modgénerations as welH].
(SM). In particular: In SO(10) modelsR-parity conservation is a natural con-
All three forces in the SM are unified by a simple Lie sequence of the gauge symmetry of the mddgl When
group. Since the model is supersymmetric, the hierarchy beSQ(10) is broken, if the breaking occurs via certain “safe”
tween weak and GUT scales is naturally stabilized. representations of the Higgs field®parity is still conserved
The fifteen distinct fermions of each SM generation plus aven in the weak scale theofg]. Along the same lines, it
SM gauge singlet right-handed neutrino state are economhas been shown that in SUSY models with gaugeelL
cally included in the sixteen dimensional spinorial represenfthis includesSO(10) model$ symmetry and a renormaliz-
tation of SO(10). able see-saw mechanism;parity must be conserved ex-
The groupSO(10) is anomaly-free, and provides an ex- actly, even in the weak scale Lagrangiah.
planation for cancellation of triangle anomalies that are oth- In SQ(10) models, baryogenesis in the early universe can
erwise rathelad hocin both the MSSM and&U(5) SUSY-  be explained as a consequence of decay@uf of thermal
GUT models. equilibrium) intermediate scale right-handed neutrino states
The SM weak hypercharge assignments can be derivel@].
from broken SO(10) using only the lowest dimensional  Motivated by these considerations, in this paper we inves-
S(O(10) Higgs multiplets. This has been interpreted as groupigate a variety of phenomenological implications of

theoretic evidence aBO(10) grand unificatior2]. Yukawa-unified SO(10) SUSY-GUT models. Throughout
The singlet neutrino superfigl]l N° may develop a Ma- our study, we assume the following:
jorana mass at very high energy scate40''—10'® GeV. (1) A minimal SO(10) SUSY GUT model with a single

Combining these with the usual Dirac neutrino masses thatukawa coupling per generation, valid at energy sc#es
can now develop, one is led tdominantly left-handed neu- >Mgyr=2x10'° GeV.
trino masses at the eV scaler below), while right handed (2) The gauge symmetr O(10) breaks via soméo be
neutrinos are pushed beyond observability, via the see-saspecified mechanism directly to the MSSM gauge group at
mechanisn{3]. The resulting neutrino masses can easily beQ=Mgyr. We assume universality of soft SUSY breaking
in accord with recent data from solar and atmospheric neumass parameters &= Mg . However, as a consequence
trino detection experiments, though a detailed model is neosf the reduction in rank of the gauge symmetry breaking,
essary for an explanation of the observed mixing pattern. additionalD-term mass contributions are generated for scalar
In minimal SO(10), there exists only a single Yukawa masses.
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(3) Electroweak symmetry is broken radiatively the third generation weak scale Yukawa couplings are calcu-
(REWSB. lated. Foru>0, the diminution in théb-quark Yukawa cou-
With these assumptions, the spectrum of supersymmetripling is so severe that not evem— 7 unification can be
particles and Higgs bosons can be calculated. We examirgchieved for any values of t@#12—60. For values of
various phenomenological consequences of the sparticlang=60, the Yukawa couplings diverge during renormal-
mass spectrum generated. We do not address the relateghtion group running from the weak scale to the GUT scale,
question of mass generation of first and second generatioso that these values of tgnhform an upper limit to the al-
SM fermions; this issue has been investigated in a number dbwed parameter space. Far<0, assuming universality of
other paper$4]. We also do not explore the specific mecha-SSB scalar masses, a much lower parameter space limit of
nisms involved in gauge symmetry breaking; several studiegang=<45 is found. For higher values of tghwe find u?
along these lines are contained in Rgf]. <0, and REWSB falters essentially because the Higgs boson
A crucial issue is to find models with Yukawa coupling mass squaredny; is driven to smaller weak scale values
unification which reproduce the observed masses for thrﬁqaan However, if one allows positive-term contribu-
third generation fermions. One may assume Yukawa unifica- 5
tion atQ=Mgyr, and evolve gauge and Yukawa couplings tions to scalar masses, thmﬁlmed already aMgyr, and
and soft SUSY breakingSSB masses to the weak scale, and the region of allowed ta expands to tag~50—55. This
only accept solutions which generate third generation feris sufficient to allow fort—b— 7 Yukawa unification for
mion masses in agreement with measurements within tolemany models withu<<0. Of course, theD-term contribu-
ances. Alternatively, one may begin with the central valuegions must be added to the various squark and slepton soft
of measured fermion masses at low energies, and accept oniyasses as well, so that tlieterms leave a distinctive im-
solutions which give Yukawa unification to within set toler- print on the superparticle mass spectr{i#g8]. The most
ances at the GUT scale. In this paper, we adopt the lattestriking possibility is that the light bottom squark could be
bottom-up approach. A crucial aspect for this approach is tdy far the lightest of all the squarks, and furthermore, even
correctly calculate the weak scale third generation Yukawavithin range of Fermilab Tevatron searches. In addition, left-
couplings. Throughout our work, we fix pole masseg  slepton masses could be lighter than right slepton masses, in
=4.9 GeV,m;=175 GeV andn,=1.78 GeV. contrast to expectations from the SUSY models with univer-
The mass spectrum of SUSY particles in minimal supersality atQ=Mgyr. This latter effect could certainly be ex-
symmetric SO(10) constrained by radiative electroweak tracted from precision measurements at lireae ™~ colliders
symmetry breaking has been studied previously in a numbesperating at/s=1 TeV, and would be evidence in favor of
of papers[10—-2(0. Unification of bottom, tau and top a Yukawa unifiedSQ(10) SUSY GUT model.
Yukawa couplings was found to occur at very large values of In this paper, we address many of the observable aspects
the parameter tg8~ 50— 60, and specific spectra were gen- of Yukawa-unifiedSO(10) models in some detail. In Sec. Il,
erated for values af,~190 GeV[11]. Assuming universal- we summarize the results from Rg21], and try to system-
ity of soft SUSY breaking masses ®tgyt, it was found atize the parameter space expected in Yukawa unified
[12,14] that Yukawa unification consistent with radiative SO(10) model framework. In Sec. lll, we present calcula-
electroweak symmetry breaking could also occur for  tions of the cosmological relic density of neutralinos in this
<170 GeV as long am,;,=300 GeV. This generally leads class of models. Over much of the parameter space, we find
to sparticle masses far beyond the reach of the CER&I very reasonable relic densities, unlemglzmAlz, where

collider LEP2 or Fermilab Tevatropp colliders. For values s-channel annihilation through a Higgs resonance can lower
of m=175 GeV, solutions including radiative electroweak Qh? to very tiny values. Given a reasonable relic density, it
breaking were very difficult to achieve. In Ref19], the is well-known that rates for direct neutralino detection ex-
SUSY particle mass spectrum was investigated witim-  periments are highest at large f@anWe show direct detec-
universalSSB masses. Various solutions were found, but adion rates inSO(10) parameter space, and show that much of
hoc non-universality conflicts with tH8O(10) symmetry. In  the space should be explorable by neutralino-nucleon scatter-
Ref.[20], it was suggested th&O(10) D-term contributions ing experiments. In Sec. IV, we evaluate the rate for
to scalar masses had the correct form to allow for successfulsy decays. Much of the parameter space is excluded by
radiative electroweak symmetry breaking and the computathe measured value of the branching fraction for the decay
tion of weak scale SUSY particle masses, but explicit solub—sy, but some distinctive regions remain viable. These
tions were not presented. results may be subject to modification if there is additional
In a previous papef21], we have shown that Yukawa non-universality or inter-generational squark mixing Qt
unified solutions to the superparticle mass spectrum could be Mgy, or if CP violating phases are significant. In addi-
generated(even form,=175 Ge\j assuming universality tion, a recent clainfbased on an admittedly incomplete cal-
within SO(10), but only if additionalD-term contributions culation has been made that next leading or@étrO) QCD
to scalar masses were included. Solutions with Yukawa unieorrections tdo— sy loop diagrams can reverse the signs of
fication good to 5% and REWSB were found only for valuescertain amplitudes, leading tagreementbetween experi-
of ©<0 and positive values of thB-term contributions. A mental measurements and theory predictions from Yukawa
crucial ingredient in the calculation is the inclusion of SUSY unified SUSY models. In Sec. V, we examine regions of
loop corrections to fermion massgks,12,23, from which  parameter space accessible to searches for supersymmetry at
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the Fermilab Tevatron collider. We find three possibilities: Mg, Mig, M%, My, Ag, SOM().
(i) signals fromAbb or Hbb associated productiofii) . . _
W,Z,—3l signals if tand is not too big, andiii) signals 1 he value of ta will be restricted by the requirement of

) . - = Yukawa coupling unification, and so is tightly constrained to
from direct production ob,b, pairs, where observable rates 5 narrow range around tg@h-50.
occur for large negative values @&f,. Experiments at the In our previous papéi21], our procedure was as follows.

CERN Large Hadron CollidefLHC) would, of course, de- \ye generated random samples of model parameter sets
cisively probe the model. We end in Sec. VI with a summaryyithin the ranges,

of our results, and some concluding remarks.
0<mg<1500 GeV,
Il. MINIMAL SO(10) MODEL PARAMETER SPACE

- . 0<my(<1500 GeV,
In the minimal supersymmetri8 O(10) GUT model, the

fifteen matter superfields of each generation of the MSSM 0<m,,,<500 GeV,
plus a gauge singlet neutrino superfidld are included in ,
the 16-dimensional spinorial representatiprof SO(10). In —500° GeV?<Mp<+50C GeV?, (2.1
addition, the two Higgs doublet superfieltls, and Hy are
. . . . . ~ 45<t <99,
embedded in a single 10-dimensional Higgs superfigld S=tanf<55
The superpotential includes the term 3000 GekA,<3000 GeV and
fafyyp+--- u>0 or u<o.

responsible for quark and lepton masses, withe single  For each parameter set, we then calculated the non-universal
Yukawa coupling per generation in the GUT scale theoryscajar masses according to formulas given above, and enter
The dots represent terms including for instance higher diz,e parameters into the computer prograsASUGRA
mensional Higgs representations and interactions responsiblgysycra is a part of thesAaJET packagd 25] which calcu-

for the breaking oSO(10). We neglect Yukawa couplings |ates an iterative solution to the 26 coupled renormalization
and fermion masses for the first two generations. As usua roup equation§RGE'’s) of the MSSM.

SUSY breaking is parametrized by associated soft SUSY' 14 calculate the values of the Yukawa couplings at scale
breaking mass terms. We assume a common magsor all Q=M,, we began with the pole masseg=4.9 GeV and
matter scalars and a mas¥g,, for the Higgs scalars, along m =178 GeV. We calculated the corresponding running
with a universal gaugino massyj,, and common trilinear  \qqe5 in the modified minimal subtractiod§) scheme,

and bilinear SSB massds, and B. Motivated by apparent 5.4 evolvem, andm.. up toM, using 1-loop SM RGEs. At
gauge coupling unification in the MSSMyX(10) is as- 5\, we included the SUSY loop corrections g, and

sumed to break direc_tly to the gauge groU(3)c 1 ysing the approximate formulas of Piereeal. [22], and
XSU(2). xU(1)y at Q=Mgyr, where the reduction in ,en gptained the corresponding Yukawa couplings. A simi-
rank of the gauge symmetry leads to distiiterm contri- |51 nrocedure is used to calculate the top quark Yukawa cou-

butions to scalar field mass terms. The scalar field square&ing at scaleQ=m,. We assume a pole mass=175
masses a@Q =Mt are then given by GeV. '

Starting with the three gauge couplings and and =
Yukawa couplings of the MSSM at scal@=M, (or m,),
ISASUGRA evolves the various couplings up in energy until
the scale whereg;=g,, which is identified asM¢yr, is
reached. The GUT scale boundary conditions are imposed,

2_ 2 .2 .2 2
mQ—mE—mU—mlGﬁLMD

2_ .2 2 2
Mp=m;=mig—3Mp

2 _ 2 = 2 .
myy, 4= Mio+2Mp, and the full set of 26 RGE’s for gauge couplings, Yukawa
couplings and relevant SSB masses are evolved dov@ to
whereM% parametrizes the magnitude of tBeterms, and ~M ek, Where the renormalization group improved one-

can, owing to our ignorance of the gauge symmetry breakindgpop effective potential is minimized at an optimized scale
mechanism, be taken as a free parameter, with either positivehoice Q= ‘/rrrth;R and radiative electroweak symmetry
or negative valuegMp| is expected to be of order the weak preaking is imposed. Using the new spectrum, the full set of
scale. Thus, the model is characterized by the following freessB masses and couplings are evolved back upigr
parameters: including weak scale sparticle threshold corrections to gauge

Uif the effective theory below the GUT scale is the MSSM plus a “We do not require unification of the strong gauge couptigat
right-handed neutrino, then several other parameters enter the dib}gyr but instead obtaimg(Q) assuming it has the measured value
cussion. Typically, these have only a small effect on the SUSYat Q=M . We attribute the fact that the gauge couplings do not
particle mass spectrum: see Rig#4]. exactly unify to GUT scale threshold corrections.
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o 520 FIG. 2. We plot theoretically allowed regions of;g vs my,
600; ig;‘ parameter space takingy=0, m;o=1.25m;¢, tanB=50, andu
400t a6F <0. In frame(a) we takeM = m;g, while in frame(b) we take
F 44- Mp= %mle. The shaded areas are not allowed by the REWSB con-
200; L a2 ‘ L straint. Open dots represent experimentally excluded points. The
0 ""100 200 300 400 500 Y% 100 200 300 400 300 dashed contours, from bottom to top, are figy =1000 and 2000
(©) m,,»(GeV)  (d) m1,2(GeV) GeV. The solid contours, from bottom to top, repregegt masses

] ) of 150, 250 and 350 GeV. The dotted contours represent from left
FIG. 1. Plots of regions of parameter space where valid soluto right ma= 150, 250 and 350 GeV. Yukawa coupling unification

tions to minimal SUSYS((10) are obtained, consistent with aries from less than 5% in the central regions of the plot, to nearly
Yukawa coupling unification to 5%, and radiative electroweak sym-go4 ot the edges of the excluded region.

metry breaking. We use 2-loop RGEs for both gauge and Yukawa

coupling evolution. eter space for observable quantities of experimental interest,

it is useful to develop a more systematic approach to the
fhodel parameter space. For most of the results in this paper,
Ove will take tanB=50 as an indicative central value. We are
also restricted ta.<0. Guided by the results of Fig(d), we

can also adopt a central valog ,=1.25m,¢, and from Fig.
1(b), Mp=tm; or Mp=2my4. Then, most of the variation

in parameter space comes from the valuesgf andm,,,

for which, from Fig. 1c), there is no obvious correlation.

couplings. The process is repeated iteratively until a stabl
solution within tolerances is achieved. We accepted only s
lutions for which the Yukawa couplingl, f, andf . unify

to within 5%. This constraint effectively fixes the value of
tang to a narrow range of 493. Yukawa unified solutions
are found only for values oft<<0. This latter result is in
accord with findings of Piercet al.[22] where solutions for
b— 7 unification in models with universality were found only - - :
for one sign ofu when tan3 was large. We also require the We show in Fig. 2 the resultingl vsm, plane, taking

lightest SUSY particle to be the lightest neutralino, and thal‘ﬁl/lS ngl'lr?eozegi, ofr? rs(ﬁ;g; sbr)rllaSI(I)tTi:jadn(ﬁts))itshgxlgrugdeerdvglr?fh(;fl oft
electroweak symmetry is successfully broken radiatively. D

In this paper, we have used upgradseUeT 7.47 includ- by negative values cnhi, and on the right by negative val-
ing 2-loop Yuk’awa coupling RGEE26] with Weak scale Yes of u?: in either case, the REWSB constraint is violated.
threshold correction§27] to check our previous solutions. 'I_'he unshaded region gives viable solut|or_ns_ to_the superpar-
The updated solutions as a function of model paramete cle mass spectra, although Yuka_wa unification can vary
space are presented in Fig. 1; no apparent differences can ougf;out ;ge plott) fr]?m rteglodn? V;/ItR<':r1..051t8§;T11.25h ¢
seen compared with our earlier results which used just 1-loop "¢ V&€ 0l can be fine-iuned 1o fess than ~. roughou
RGEs for Yukawa coupling evolution. The Yukawa unified uch of the parameter space plane by adjusting the value of

solutions to the SUSY particle mass spectra are found t6anﬂ W'th.'n the bar]d in Fig. (). To gain an idea of the
occur typically with mys=my<1.5m;s and for 0.1y superparticle and Higgs boson mass spectrum throughout the

; - arameter space plane, we show dashed contours of squark
=Mp=.35m,4. Too small of aD-term will not yield enough P -
splitting in the Higgs boson soft masses to yield REWSB’massnmL—looo(lower) and 2000 GeMupper contouk As

while too large aD-term will lead to third generation scalar noted in Ref.[21], the first and second generation squark
field masses below experimental limits, or to charge and/ofasses are bounded below by about 700 GeV, and are usu-
color breaking minima in the scalar potential. Our require-ally much heavier in the Yukawa-unifie8((10) model.
ment of 5% unification is determined by defining the vari- The chargino mass contoursmfy, =150, 250 and 350 GeV
ables ry,, ry and ry., where for instancer,, are shown as solid contours, increasing with,. They as-
=max(,/f,.f./fy). We then require R=max(,, y.l;) ymptote towards the right-hand parameter space boundary,
<1.05. which is given by solutions wherg?=0. For large values of
The methodology employed in Ré21] is useful for de- the weak scale gaugino madls,, || <M, so that the light-
termining the general regions of model parameter spacest chargino and neutralinos contain significant Higgsino
where Yukawa-unified solutions with REWSB can be found.components. Although first and second generation squarks
However, in order to survey the predictions of model param-and sleptons are quite heavy and beyond the reach of LEP2
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and Fermilab Tevatron experiments, the charginos can be . ) o
light, and within the reach of these collider facilities. Finally, ~ FIG- 5 Iggﬂhtest stau mass as a function of the stau mixing
the dotted contours show values of the pseudoscalar Higq%arameter cos. for different values of the D-term parametdr, .
boson massn, =150, 250 and 350 GeV, from left to right. " SX10) the stau mixing can take any value.

Regions of parameter space with,~=100-200 GeV and .

large tang, as in this model, may have Higgs bosons ac:Cesplanes of Fig. 4 shall form the template for most of the

. ) _ . results to come in the following sections. We show in Fig. 4
sible to Fermilab Tevatron collider searches vialbb& and contours of the degree of Yukawa unificati®nin percent.

bbH production mechanisn{28]. The Yukawa unification varied from less than 5% to over

In Fig. 3, we show similar plots of model parameter 20% throughout the plane. We note that Fi¢d)1 makes it
space, this time takinlp=3myg, but (@) Ag=—misand  evident that for lower values afn,, we will have better
(b) Ag=+m,s. The mass contours are the same as in Fig. 2Yukawa coupling unification occurring at slightly lower val-
In Ref. [21], it was shown that the light bottom squak  ues of tanB than tan3=50 in this figure.
could well be by far the lightest of all the squarks in It was pointed out if21] that the lightest slepton in this
Yukawa-unifiedSQ(10). For negativeA, parameters, mix- model is the stau, and that solutions with <200 GeV are
ing effects in the bottom squark mass matrix can give rise tthard to obtain. This is confirmed in Fig. 5 where we plot the
even smaller values afi; ~100-300 GeV, which may be stau mass as a function of the left-right mixing angle in the
accessible to direct searches at the Fermilab Tev428h  stau sector. Four different regions are indicated according to
In addition, as can be seen, the range of parameter spaceti¥ value of theD-term mass marametdd, (there is some
increased beyond the corresponding resultXg=0. Alter-  overlap between them in the boundayieAs opposed to
natively, takingA,=+my; yields typically heavier bottom models with universality, where the light stau has mainly a
squark masses, and a smaller range of accessible parametight stau component, iIBQ(10) it can have any value for the
space. mixing angle. INISAJET, we taker;= cos6.7 — sin 6,75, SO

In Fig. 4, we show again the parameter space plane fothat small values oMy prefer co®,~0 and a dominantly
Mp=3mse but with (& Ag=—mye and (b) A;=0. The right 7,, while large values oM prefer co¥.~1 and a

B) A.20.0 dominantly Ieft?l. Any intermediate value of ca@t is also
1000 gz — - allowed, so that the light stau could be a very mixed state of

i s 7_and 7g.

Ill. EVALUATION OF NEUTRALINO RELIC DENSITY

Recent precision measurements of cosmological param-
eters present new and interesting constraints on the possibil-
ity of particle cold dark mattef30]. Analyses of the cosmic
microwave background radiation suggest a matter/energy
o SiEnm s density of the univers€l=p/p.=1.0+0.2, i.e., consistent
N (GeV)1 00 2000 0 500 1‘(’(°fev)15°° 2000 with a flat universe. In addition, the Hubble constant itself is

16 16 now estimated asH,=(65+5) km/sec/Mpc, yielding a

FIG. 4. Contours showing Yukawa coupling unification in the Value h*~0.42, whereH,=10Ch km/sec/Mpc withh the
My VS My, plane, forMp=3myg, tang=>50, m;p=1.25mg, u scaled Hubble constant. The baryonic contributioftu’ is
<0 and(a) Ag=—myg and(b) A;=0. In frame(b) the degree of estimated to b@BhZNOOZ from blg bang nucleosynthesis
unification reduces to 5-10 % beyond the right-most contour in thd BBN) arguments, while the contribution from neutrinos
figure. ought to beQ,h?<0.06, mainly from models of structure
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formation in the universe. Information on the total matter
density of the universe can be found by combining con-
straints from BBN with measurements of intracluster gas and
gravitational binding in rich galactic clusters: the results in-
dicateQ,,h?~0.17. The remaining matter density may come > 600
from cold dark mattefCDM) particles, while the remaining <
energy density may come from a non-zero cosmological con- =400
stant, as is suggested by recent measurements of type la st
pernovae. The lightest neutralino of supersymmetry is an ex- 200
cellent candidate for CDM in the universe. In a universe with
5% each of baryonic matter and massive neutrinos, and a 9
cosmological constant witk) ,h?~0.25, we would expect GeV) m,; (GeV)
03 h?~0.13. As an extreme, assuming no contribution from o

1 FIG. 6. The same parameter space planes as in Fig. 4, but now

the cosmological constant, we would obt&llzlh2~0.38_|n showing contours of neutralino relic densi(yzlh2=0.02, 0.1,
order to account only for the dark matter needed to explaim 15, 0.2, 0.25, 0.30, and 0.35.
galactic rotation curves, we would expé@glhzz 0.02.

To estimate the relic density31] of neutralinos in splits the allowed parameter space, the relic density drops to
Yukawa-unifiedSO(10), we follow the calculational proce- Qzlh2<0.02. This trough is due to regions whera,
dure outlined in Ref[32]. Briefly, we evaluate all tree level ~2ms | and where annihilation can occur very efficiently
neutralino annihilation diagrams exactly as helicity amp"'througlh thes-channel diagrams. In fram®), we show simi-
tudes. We then calculate the neutralino annihilation crosg,, rasyits except foA,=0. Again, we see a region between
section, and compute the thermally averaged cross sectiqﬂe Qilh2=0-02 with very low relic densities. Throughout

times velocity using the fully relativistic formulas of Gon- - . : L
dolo and Gelmini[33]. Once the freeze-out temperature iSthe remaining parameter space region, the relic density is of

obtained via an iterative solution, we can straightforwardlyc0Smologically interesting values, and in fact never exceeds
obtain the neutralino relic densi(yzlhz. Our program takes Qzlh ~06.

special care to integrate properly over any Breit-Wigner

poles ins-channel annihilation diagram82]. We do not IV. DIRECT DETECTION RATES
include Z,— 7, co-annihilation diagrams; these can be im- FOR RELIC NEUTRALINOS
portant in minimal supergravityMSUGRA) models [34], A consequence of the SUSY dark matter hypothesis is

but are unimportant in th&Q(10) model since the slepton that a non-relativistic gas of neutralinos fills all space. To test
masses are always far heavier than the lightest neutralinothis hypothesis, a number of direct neutralino detection ex-
Our calculations of the relic density also do not include ef-periments have been built or are under construdt@ The
fects that might be significariB6] if the b-squark is suffi-  general idea behind these experiments is that neutraldtos
ciently degenerate witl; . some other CDM candidateould elastically scatter off nu-
Our results for the neutralino relic density are shown inclei in some material, transferring typically tens of keV of
Fig. 6 for the same parameters as in Fig. 4. We show conenergy to the recoiling nucleus. Current generation detectors
tours of 0h?=0.02, 0.1, 0.15, 0.2, 0.25, 0.3, and 0.35. Inare aiming at a sensitivity of 0.1-0.01 events/kg/day.
frame (a), we see that there exists wide ranges of parameter The first step involved in a neutralino-nucleus scattering
space for which the relic density O.ﬁ&zlhzso.%, i.e.,in calculation is to calculate the effective neutralino-quark and

the cosmologically interesting region. In no part of the p|aneneutralino-gluon interactions. The neutralino-quark axial

shown does the relic density exceﬁqlhzzo.Sl. Much of Vvector interaction leads in the non-relativistic limit to a

. . . neutralino-nucleon spin-spin interaction, which involves the
the interesting region of parameter space occurs for large

L L rpeasured quark spin content of the nucleon. To obtain the
values of scalar masses, which is contrary to the situation a . . . .
neutralino-nucleus scattering cross section, a convolution

low tanB, where large scalar masses suppress the annihila-; h | inf fact th de. Th trali
tion cross section, and typically yiel@3 h>>1. At large with nuclear spin form factors must be made. The neutrafino-

_ _ 1 qguark and neutralino-gluon interactiofga loop diagramks
tang, the decay widths of the Higgs bosdrsandAbecome  can also resolve into scalar and tensor components. These
very large, typically 50-100 GeV. Then annihilation caninteractions can be converted into an effective scalar
proceed through the very broagchannelH and A reso-  peytralino-nucleon interaction involving quark and gluon
nances, even if @z #mu or my. In a diagonal swath that parton distribution functions. A neutralino-nucleus scattering

cross section can be obtained by convoluting with suitable

scalar nuclear form factors. The final neutralino detection
3Recently, two papers have appeared on calculating the relic defate is obtained by multiplying by thiecal neutralino den-
sity in Yukawa unifiedSO(10) [35]. Since these authors do not Sity (for which estimates are obtained from galaxy formation
insist on correct third generation fermion masses, they are able tg10deling, and appropriate functions involving the velocity
obtain sparticle mass spectra without invokibgerms. Thus, their ~ distribution of relic neutralinos and the earth’s velocity
results differ significantly from ours. around the galactic center.
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BR(b—sy)=(3.28+0.33 X 10 *. (5.4)

The calculation of the width fao— sy decay proceeds by
calculating the loop interaction fdo— sy within a given
model framework, e.g., the MSSM, at some high mass scale
Q~My, and then matching to an effective theory Hamil-
tonian given by

4G &
Heff=—fvtbvtsi§1ci<Q>oi<Q>, (5.5

0 500 1(()2;0 V)1 500 2000 00 500 1 ((J(O;O V)1 500 2000
m € m € . ..
16 16 where theC;(Q) are Wilson coefficients evaluated at scale

FIG. 7. The same parameter space planes as in Fig. 4, but nof, and theO; are a complete set of operators relevant for the
showing contours of direct neutralino detection rate in events/kgpl’ocesgi)—)S)’ (given, for example, in Ref46].) All orders
day in a’3Ge detector. approximate QCD corrections are included via renormaliza-

tion group resummation of leading logisL ) which arise due

In this section, we present event rates for direct detectioto a disparity between the scale at which new physics enters
of relic neutralinos left over from the big bang. For illustra- the b—sy loop corrections(usually taken to b&~My),
tion, we present detailed calculations for’3Ge detector, and the scale at which the—sy decay rate is evaluated
which has a sizable nuclear spin conté@rt3. We follow the  (Q~m,). Resummation then occurs when we solve the
procedures outlined in Reffi38], and assume a local neutra- renormalization group equatiofiRGE's) for the Wilson co-

lino densitypz =5x10"?° g cm ® [39]. efficients

Our results are shown in Fig. 7 for the same parameter d
plane as in Fig. 4. We show direct detection rate contours of Q-—Ci(Q)=7v;C:(Q) (5.6
1, 0.1, 0.01 and 0.001 events/kg/day. In the loyy, regions dQ ™ e

of parameter space, the direct detection rate exceeds 1 event/ ] . . .
kg/day, which is a very large rate for neutralino dark matterWhere y is the 8<8 anomalous dimension matrtADM),
The large rate occurs generically at large £a0,38. Neu- and

tralinos can scatter off quarks via squark or Higgs boson

exchange graphs, and off gluons via_loop graphs con_taining y= s 0) 4
quarks, squarks and gluons. Neutralino-gluon scattering via 4
Higgs exchange into bB-quark loop for instance is enhanced

at large targ, and helps lead to the large scattering rate.The matrix elements of the operatd@s are finally calcu-
Unfortunately, the largest direct detection rates occur mainlyated at a scal€~m, and multiplied by the appropriately
in those regions of parameter space where the relic density Rvolved Wilson coefficients to obtain the final decay ampli-
tiny. However, there do exist significant regions of parametefude.

space where the direct neutralino detection rate exceeds 0.01 Recently, next-to-leading order QCD corrections have
events/kg/day where the relic density is comfortably withinbeen completed fds— sy decay. These includé) complete

2
ag
Bl VG5 NI
7 ) S ARTE SR (5.7

the cosmologically interesting range. virtual correctiond47] to the relevant operato®,,0, and
Og which, when combined with bremsstrahlung corrections
V. CONSTRAINT FROM RADIATIVE B DECAY [48,47] results in cancellation of associated soft and collinear
singularities;(ii) calculation ofO(ag) contributions to the
A. Results for BR(b—sy) ADM elementsy{) for i,j=1—6 (by Ciuchiniet al.[49)),

The radiative flavor-changing decty>sy can occur in  for i,j=7,8 by Misiak and Muaz [50], and fory$Y by Che-
the SM viaWt loop diagrams; in SUSY theories, additional tyrkin, Misiak and Munz [51]. In addition, if two signifi-
diagrams includingH *, VVE; ,'99 andZ,q loops will occur ~ cantly different masses contribute to the loop amplitude, then
[41,49. The ALEPH Collaboratiori43] has measured there can already exist significant corrections to the Wilson
coefficients at scald,. In this case, the procedure is to
BR(b—sy)=(3.11+0.80+0.72 x 10 4 (5.0 create a tower of effective theories with which to correctly
implement the RG running between the multiple scales in-
while the CLEO Collaboratiof44] has recently reported  volved in the problem. The relevant operator bases, Wilson
4 coefficients and RGEs are given by Cho and GrinsfsR]
BR(b—sy)=(3.15£0.35-0.32:0.26 X10"" (5.2 for the SM and by Anlauf53] for the MSSM. The latter
analysis includes contributions from just the/, tH™ and

and restricts the branching ratio at 95% C.L. to be ~~ i . .
t;W; loops(which are the most important onesVe include

2X 10 *<BR(b—sy)<4.5x 10 *. (5.3  the above set of QCD improvemeriisith the exception of
%), which has been shown to be sm8tl]) into our cal-
The SM prediction at NLL accurady5] is culations of theb— sy decay rate for the MSUGRA model.
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We include the contributions t€,(My,) and Cg(My) 1000 T
from gq andZ;q loops. To do so, the squark mixing matrix 2”'"'(“5;012:3 GeV
I'" which enters the couplings must be derived. To aCCOM- ool 45'% tan g < 65
plish this, we first calculate the values of all running fermion
masses in the SM at the mass scile. From these, we
derive the corresponding Yukawa couplinfjs, f4 and h,
for each generation, and construct the corresponding
Yukawa matrices f(,)j, (fq); and (fe)i;, where i,j
=1,2,3 runs over the 3 generations. We choose a basis tha
yields flavor diagonal matrices fof §);; and (f¢);; , whereas
the CKM mixing matrix creates a non-diagonal matrfx;; 200
[27]. The three Yukawa matrices are evolved within the
MSSM from Q=M up to Q=Mgyt and the values are
stored. AtQ=Mgyr, the matrices A,f.)ij, (Aqfq)i; and
(Acfe)ij are constructedlassumingA(Mgyr) =AgX 1]. The
squark and slepton mass squared matrima%)i( are also

constructed, wherke= Q 'l], a, [, ande. These matrices are FIG. 8. Charged_Higgs boson mass as a function of the light top

assumed to be proportional at Q=Mgyr. The (Af);; squark rTass ~f0r different values of the D-term paramétey.

and (mﬁ)ij matrices are evolved along with the rest of the HeavyH™ andt, are associated with large valuesM§, , which is

gauge-Yukawa couplings and soft SUSY breaking terms bef@vored byB(b—sy). Here, <0 and|Aq|<3 TeV.

tweenM; andM g7 iteratively via Runge-Kutta method un-

til a stable solution is found. AD=M, the 6X6 d-squark measurements. A similar behavior is seen in frafmefor

mass squared matrix is constructed. Numerical diagonalizeA,=0. The very large values d8(b—svy) are typical of

tion of this matrix yields the squark mass mixing matfix ~SUSY models with large values of tghand u<0. The

which is needed for computation of thgg and Z/q loop ~ qualitative behavior that Yukawa unification works best for

contributions. At this point, the Wilson coefficier®(M,,)  the sign ofu which gives the largest values f@&(b—svy)

and Cg(M,,) can be calculated and evolved @~m, as has been noted previously by a number of authd#57.

described above, so that the>sy decay rate can be calcu-  We do note here that there may be other possible effects

lated[55,56]. which could act to reduce thb—sy branching fraction.
As indicated above, the main non-SM contributions toNontriviaI flavor mixing in the down Squark sector could

B(b—sy) aretH* andTini. There is some correlation result in significant non-cancelling contributions from gluino

loop diagrams, thus reducing the value Bfb—sy). Fur-

between thed™ andt, masses and the D-term mass paraM+yaimore, additional sources of non-universality could act to

et.erMD, as we show in Fig. 8. Large values of th? Ch?‘rge%iem values ofB(b—sy) more nearly in line with experi-
Higgs bosons are guaranteedMfip>350 GeV, which in- o) valueg57]. For instance, non-universality between

volve also large values of the top squark mass. This is th@enerations is still allowed bO(10), and could lead to
most convenient situation for satisfying the experimental re'potentially large gluino loop contribu’tions. This could. for
quirements forB(b—sy), because the charged Higgs con- instance, naturally be the case in a clas$SaX10) modéls
tribution decreases. Nevertheless, in order to decrease suffly . e d’ynamics makes third generation sfermion masses

ciently the chargino contribution, it is necessary to work in ay,,cn smaller than masses of other sfermifag]. Also,
restricted region of parameter space, as indicated below. In

contrast to the correlation in Fig. 8, there is no obvious cor-
relation between the charged Higgs boson mass and the mas WA=y

. 1000 gz 1000 =

of the chargino. w i
Our results for the same parameter space planes as in Fig  gqoiEiEiE

4 are shown in Fig. 9. Contours 8f(b—svy) are shown for
5,6,7,8,10 and 1810 “. In frame(a), for Ag=—m;s, We =
see that very large values B{b—svy) are obtained, usually E’;
well above the CLEO 95% C.L. limit, except for the very g
largest values of,;,,~1000 GeV. In particular, the regions

with the maximum rate for direct detection of dark matter ~ 200
also haveB(b—svy) values far in excess of experimental

Mp>350 GeV

6800

260<M,<350

My (GeV)

170<Mp<260
Mp<170 GeV

ETIIN EFERII EFR S S R
)
250 500 750 1000 1250

o

mg, (GeV)

0 500 1000 1500 2000 00 500 1000 1500 2000
m,; (GeV) m, . (GeV)

“We have checked that our results, computed using the approxi- FIG. 9. The same parameter space planes as in Fig. 4, but now
mations in Ref[53], are insensitive to variations in first and second showing contours of decay branching fraction b+ sy. Starting
generation quark masses within the levels of their uncertainties asom the top, the contours are for a branching fraction of 5,6,7,8,10
given at the weak scalé4]. and 15 times 10%
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10 BERREEEESE AR R R B. Comparison with SO(10) analysis of Blazek and Raby
N ] A study by Blazek and Rab§BR) which also focuses on
. 8 —] the rate forb— sy decays in Yukawa unifie® O(10) mod-
To B ] els has recently appearggtl]. There are a number of differ-
2 sk ] ences between their study and ours. The main difference is
= B ] that BR, based on a global fi62] of model 4c of Anderson
ﬁ . F— — et al. (Ref. [4]), reject all models withu<0 based on the
= C 7 generally large rate foBR(b—svy) obtained. On the con-
A r ] trary, we reject all models witlu>0 based on the inability
S ] to achieve a high degree of Yukawa coupling unification. BR
B ] adopt a top-down solution to renormalization group running,
o) I IS ST B S . and impose universality of all matter scalars@t Mgy,

o

50 100 150 200 250 300 although they allow for arbitrary GUT scale valuesrof;
ms, (GeV) and My, whose values are fixed by imposing REWSB. This

FIG. 10. Branching rati®d(b—sy) as a function of the light allows BR to generate solutions with very small valueg.pf

chargino_ mass when the input pgram_eters are varied within the insy that theirzl will be largely Higgsino-like. They also ob-
terva!s given in Eq(2.1). These points in parameter space are Char'tain rather small SUSY loop correctionsitg,, ranging from
acterized by smallA|, which favours small values d(b—sy) 0%-—8%. These may be in part due to the small values of
when tang is large. ) .

i g as(M3) they generate, ranging from 0.110@.118. In con-

modifications can occur by including larggP violating ~ trast, for u>0, we find SUSY loop corrections  ton, of
phases for terms such as theparameter which controls the order 10-40% at large tg in accord with Piercet al,
alignment of the SM Wilson coefficients with the top squark Ref. [22]. Using a bottom-up approach to renormalization
contribution. Of course, such phases would also affect fogroup running, the large SUSY loop corrections to fermion
instance the electron and neutron electric dipole momentgnasses allow us to generate Yukawa unification only good to
and even scattering cross sectifhg]. Finally, radiative cor- 25-75 % for this sign ofx (again in accord with Piercet
rections due to Yukawa couplings are not included in theal.). Thus, if we allow a wider latitude in the constraint on
computation of the decay rate. Keeping these issues in mindbukawa unification, we will also obtain.>0 solutions,
one should exercise judgment in drawing broad conclusiongvhich in general can givB R(b— svy) rates more closely in
from the results of Fig. 9. accord with measurements. We emphasize here that it is the
It is well known that the supersymmetric contribution to inclusion of the large loop corrections o, that consider-
B(b—sy) is proportional toAiu tanB when tang is large  aply worsens the Yukawa coupling unification causing us to
[60]. Motivated by this, we have made a dedicated search igjisfavor the range.>0. In this sense, the main source of
a restricted area of parameter space of our specific modgfference from the BR analysis might indeed be the consid-
where A, is close to zero at the weak scale. To be moregaply smaller correction to, obtained in their study. We
specific, we consider note that foru>0, we find REWSB can occur for tgh
1300 GeVem, <1700 GeV ~50,. even as;umjng universality all scalar massegas
mentioned earlier in Sec).|

1300 Ge\Km;<1700 GeV
C. Note added

300 Ge\KMp<600 GeV (5.9 After completion of this manuscript, Reff63] appeared
wherein it was claimed that NLO corrections to thessy

50 Ge\xm;;,<300 GeV loop diagramg 64,65 can lead to sign reversals on certain
contributions, especially for large tgh This effect, it is

800 GeWKA;<1800 GeV. claimed, leads to rates fdo—sy decay in accord with

theory predictions for Yukawa unified models wiih<0,
In Fig. 10, we plot the branching rat(b—sy) as a func-  \hile excluding models at large tghwith x>0. Although
tion of the light chargino mass, including only the points thatye have not checked this somewhat startling claim, based on
satisfy the experimental constraints from colliddeside  admittedly incompletegbut difficult) calculations, it seems
from the LEP2 chargino mass boyndVe see that many prydent that one should interpret constraints from one-loop
solutions can occur witlB(b—sy) within the 95% C.L.  calculations ob— sy decay with care. Rather than categori-
range, and with a low value afy,. These smalA; solu-  cally excluding regions, it appears to be best to wait until
tions typically havem;o<mye, and very low chargino complete calculations become available and are indepen-
masses, but top squark masses above 1 TeV, which acts #ntly checked. It would indeed be exciting if these correc-
suppres;W; loop contributions. They correspond to solu- tions led to values of thd—sy decay rate in agreement
tions mostly to the left of the diagonal line in the upper partwith experiment for the sign of favored by Yukawa unifi-
of Fig. 1(a). cation.
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1000 ——— T T T T T T T T T T a) A =-m b) A,=0.0
[ I I [ I i o
myme < 1500 GeV ] 1000y . i

| my, < 500 GeV
800[— 45 < tan g < 55

Mp>350 GeV

— 600.— -]
E i 1 40
& [ 260<M,<350 :
§ ol — 200
[ 170<My<260 : : = smmn
m:_ Mo<170 Gev R % 5oomm1<()2;oev)1soo 2000 0 5oomm1t(1(o;oev)1soo 2000

FIG. 12. The same parameter space planes as in Fig. 4, but now

%0 0 70 1000 1280 1500 showing regions of parameter plane wheke BbA andbbH sig-

nals may be seen with theO detector at Fermilab Tevatron for

(contours from left to rightintegrated luminosities of 2, 10 and 30
FIG. 11. NeutralC P-odd Higgs boson mass, as a function of  fb™".

m, for different values of the D-term parameter,. The heavy

neutralC P-even Higgs bosonl has a mass very close o, except . — .
whenm,<100 GeV. and A typically decay tobb with a ~90% branching frac-

tion, so that the signal will be folr-jet events, where two of

the bs reconstruct to the Higgs boson mass. For Higgs

masses in the range of interest, usually~m,, so that the

resonances from each will be overlapping. The dominant
In Yukawa Unlfle‘jsqu) mOdelS, as with most SUSY backgrounds come frOmEbE bE”, WbE and ZbB pro-

models, the light Higgs boson is boundedry=<125 GeV,  dyction.

and so may well be accessible to Tevatron searches with high |, Fig. 11 we plot allowed regions in thay,;m, plane

luminosity and improved detectof§6,67,60. Theh boson  \yhen the independent parameters of the theory are varied as
will in general be difficult to distinguish from a SM Higgs jngicated in Eq.(2.1). Four regions are displayed according
boson, so that signatures from other sparticles or additiong); ihe value of theD-term mass parametev, (the four

Higgs bosons would be useful. In much of the parametefeqions have a small overlap in their boundarieghe fol-
space of Yukawa unifiedSQ(10) models, the gluinos, |4ing correlation is obvious from the figure: a smaller

squarks and sleptons are too heavy to result in observabigp_qqq Higgs boson mass, is obtained for smalleM
signals for the Fermilab Tevatron collider. There are, hOW'andmlo mass parameters. We have checked that the heaviest
ever, three exceptions to thid) For low values ofnyg, the  ~p_aven Higgs boson mass,, is very close tan,, in fact
pseudoscalar and heavy scalar Higgs bogoasdH may be 6y are within+2% (=5%) of each other fom,>200

accessible to searches \p@—bbA or bbH. (2) If tang is  (100) GeV. On the contrary, ifn, is decreased below 100
on the lower end of acceptable valugsg. tan~46-49),  GeV, H becomes heavier thak such thatm, can be up to
then some regions of parameter space with low values 009 larger tharm, for my~ 80.
my, may be accessible to trilepton searche. For large For the recently concluded year-long Tevatron workshop
negative values of thd, parameter, thé®,-squark becomes on SUSY-Higgs physics at run 2, analyses have been per-
light enough that there exists a substantial production cros®rmed to estimate the reach fet and A at large tarB for
section forb,b, production. In this section, we address eachPOth the DO and Collider Detector at Fermild®DF) detec-
of these possibilities. tors[28]. In this repqrt, details of expected event rates, back-
grounds and selection cuts can be found. For3&b0, the
50 discovery reach of thé0 detector is expected to be
A. Search for the H and A Higgs bosons ma=145, 190 and 220 GeV for integrated luminosities of 2,

. — B 10 and 30 fb !, respectively. Similarly, the reach of the CDF
Here, the search is fdib¢ events, wherep=A orH. At detector is estimated to bm,=130, 160 and 220 GeV for

large tan3~50 as in Yukawa unifie&((10), thebbA and  the same integrated luminosities.

bbH couplings are enhanced, leading to large production In Fig. 12, we show contours @i, that correspond to the

cross sections. For the Higgs boson mass range of intéfest, 50 reach of the DO detector, for the same parameter choices
as in Fig. 4, assuming integrated luminosities of 2, 10 and 30
fb~1. The region to the left of the contours ought to be ac-

5The effect ofSO(10) D-terms on SUSY cross sections at the Cessible to Tevatron searches fobH and bbA events.
Fermilab Tevatron collider has been examined in R&8]. These  These regions represent the most likely possibility for detec-
authors do not insist on Yukawa unification, so that any value oftion of beyond the SM physics at the Tevatron if Yukawa
tang is allowed. unified SO(10) is indeed correct.

myo (GeV)

VI. PROSPECTS FOR YUKAWA-UNIFIED SO(10)
AT THE FERMILAB TEVATRON
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FIG. 14. Light bottom squark mass as a functionnofg for
different values of the D-term parameftdr, . Very light sbottoms
can be obtained for intermediate valueshof, .

m,, (GeV)

FIG. 13. Regions of then;q vs m,,, parameter plane where
trilepton signals may be seen at the Fermilab Tevatron. Opewisible. In Fig. 13, we show then;g vs my;, plane form;,
squares can be seen at the %evel with 25 fo ! of data, while =1.14my5, Ag=0, tanB=47 andMp= %mlG- The mass
diamonds can be seen at ther devel. We takeAo=0, tan8  contours shown are the same as in Fig. 2. In this case, there
=47, myg=1.14m;5, Mp=3myg and u<O0. is a significant region below thm\7\,1=150 GeV contour
accessible to Tevatron searches. No points were found to be
observable at & with just 2 fb ! of integrated luminosity,
One of the most promising ways to detect supersymmetryising cuts SC2. However, the open squares denote points
at the Tevatron for models with universality and low valueswhere a &r 3| signal can be seen above background with 25
of tang3 is via trilepton events, which dominantly come from fb™*. The diamonds denote points seeable atl&vel with
W,Z,— 31 +E;[69]. At large values of tag and low values 25 fo~* of data. In the region of parameter space wiify,
for scalar masses, the branching fractiorZgfis dominated <150 GeV but with low values ofnyg, theb; is becoming

by real or virtual staus, so that ti& branching fraction to  sufficiently light that three body, decays td-quarks domi-
es or us is suppressed. Models Withg\,1$200 GeV have nates. In the visible region at higher values rofg, the
the potential to yield significant trilepton signals at the Fer-squarks, includindp, are so heavy that the, decay is domi-
milab TevatroancoIlider. nated by the virtuaZ contribution, andZ,—e"e~Z, with

In a recent papé€li70], the trilepton signal at the Fermilab typically a 3% branching fraction. If we use the same param-
Tevatron was re-examined for the MSUGRA model, in lighteters as in Fig. 13 but increase farto 50, then theb;
of new backgrounds frordv*Z* andW* y* production and becomes so light that agai@, dominantly decays to
decay, and the inclusion of decay matrix elements intd-quarks, and the trilepton signal vanishes.
ISAJET. New sets of soff SC2 and hard(HC2) cuts were
proposed which allowed the trilepton signal to be seen at the ) ]
Tevatron collider for integrated luminosities of 2 and 25 C. Search for direct production of b-squarks
fb~ 1. For the Yukawa unifiecO(10) model, we have used

. In the Yukawa unifieds O(10) model, it has been noted in
the background rates and_ Fhe SC2 cuts pre_sent_ed i PR, Ref. [21] that a combination of the large-quark Yukawa
to evaluate the observability of various points in model pa-

rameter space. coupling plus théd-term contribution to th&g squared mass

In scans of the parameter space corresponding to Fig. ¥jelds parameter ranges with the lightsquarkb, being by
no points were found where the Tevatron could see the 3far the lightest of all the squarks. In fact, frequenilyis also
signal using cuts SC2 with either 2 or 25 fbof integrated  much lighter than all the sleptons. This means that there may

luminosity. For both frameéa) and(b), the bottom squark;  be regions of model parameter space wHey, pairs can

B. Search for trilepton events

is relatively light compared to other scalars so thaomi-  be produced at large rates, with possibly observable signals.
nantly decays tdbZ, final states, at the expense®énd u In Fig. 14 we show the lightest bottom squark masgs
modes. as a function ofmyg for different values of thed-term pa-

By modifying the parameter space somewhat, it is posrameter M. The three regions correspond My<<220
sible to find significant regions where thé dgnal should be  GeV, 220 GeV<Mp<330 GeV, and 33@Mp GeV, with
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1000 VIl. SUMMARY, CONCLUSIONS AND OUTLOOK

We have shown before that supersymmetric particle spec-
tra can be calculated in minimal supersymmet&iX10)
GUT models consistent with Yukawa coupling unification to
5% or better, a top mass oh,=175 GeV and including
radiative electroweak symmetry breaking. To accomplish

Tiee

PO
188}
.
IS8
ves
.
1288
.

1%

< 600 this, we made crucial use @-term contributions to scalar

3 masses that are induced by the reduction in rank of gauge
~ symmetry when SO(10) breaks to the MSSM alQ
E:400 =Mgyur. The D-terms split the GUT scale values of the

Higgs boson squared masses so mlétu<mﬁd already at
Mgut. This allows mﬁu to be driven more negative than
M, at Q=M eqy, Which is required for REWSB to take

place. We included the essential SUSY loop corrections to
third generation fermion masses to generate the appropriate
weak scale Yukawa couplings. Yukawa unification to 5%
takes place only fou<<0 and tanB~46—52. In this paper,

m, (GeV) we upgraded our Yukawa coupling evolution equations to
include two-loop terms in the RGEs plus weak-scale thresh-
T old effects for the one-loop terms.

b1b;—bb+Er events can be seen above background at the Fermi- The sparticle mass spectra we calculate reflect the influ-

Ia?tbrgrf\/;tr;nﬁ; ?e:rgzrfhsehgwezofsmjg;’::r;ﬁign;;‘;sr\}vairzign?) ence of theD-terms, and as a consequence, bheurns out

) ( ) P ,lq E to be almost always the lightest of the squarks, and is some-
signal can be seen at run(35 fb™*). We takeAy= —myg, tang . . " .

—50 mo=125m- Moz 2m.c and u<0 times even lighter than the sleptons. In addition, the lightest

+ o= STy D™ 376 ST A= sleptons can frequently be@lominantly left sparticles, as
opposed to the MSUGRA model where they are usually right

some overlap at the boundaries. The smallest bottom squadparticles. This latter trait may be tested explicitlyedte™
masses we obtain satisfiy, <200 GeV and occur for inter- linear colliders operating above slepton pair production

mediate values ol andm;s. These points have approxi- threshold. _
mately u~—200 GeV imposed by EWSBand Ay~ We attempted to systematize the parameter space of these
— 1600 GeV. This value ofu together with the large value MOdels, showing plots of sparticle mass in thg; vs my,

of tanB, makes the left-right sbottom mixing comparable Plane for viable selections ofn;o, Mp, and tans. Of
with the right sbottom soft mass parameta; . course, fixing these parameters meant we had to loosen our

= restrictions on the degree of Yukawa coupling unification.
In Ref.[29], the reach of the Tevatron collider fhb;  Wwe stress though that the original degree of unification can

pairs was investigated. b, —bZ, is the dominant decay be regained by a small change in f&n

mode, then the final state will include two habegets plus We calculated the relic density of neutralinos in Yukawa

E+. Backgrounds investigated includedH jets, Z+jets and  unified SO(10), and found none of the parameter space that

tt production. For the vector boson production backgroundsVas explored to be excluded by the limits on the age of the

. . 2
the jets qualifier includes bothrjets and other light quark UNIVErse. In fact, very desirable values {0y h® were found
jets. A number of cuts were proposed, including tagging théhroughout much of parameter space.

b-jets via microvertex detectors, which allowed signals to be 7¥V9 also evaluated the direct neutralino detection rate for
seen above backgrounds in large parts of e vs. m3 a “Ge detector. Detection rates could exceed 1 event/kg/day,
e VS.

icallv. b K 1f but only in parameter regions with very low relic densities.
parameter space. Typically, bottom squark massesny In more favorable regions, the direct detection rate often ex-

=210 GeV could be seen with 2, andmp, =240 GeV  ceeded 0.01 events/kg/day, which is the capability being
could be seen with 25 fit. The reach was somewhat re- sought by current generation dark matter detection experi-

T ~ . . . ts.
duced ifb;—bZ, decays were also linematically accessible. MeN _ . . .
In Fig. 15, we show the same parameter space as in I:i%We also examined the branching ratio b+ sy decay in

i — kawa unifiedSO(10). We found that it was beyond the
4(@). We have generated events wihJET for pp collisions  g5e4 ¢ L. experimental limits for much of the parameter

at J's=2 TeV using the detector simulation, cuts and back-space shown. However, special regions of parameter space
ground rates described in Réﬂg] Parameter Space pOintS g|V|ng rise to small values of weak Scaﬁ gave more ac-
labeled with a star are seeable at the ®vel with just 2 ceptableB(b—sy) values, but Withmfl?l TeV. There

fo ! of integrated luminosity. In addition, points labeled o4 be other mechanisms such as non-trivial mixing in the
with an open square are seeable at 25'fThe open squares squark sector, additional non-universality or mixing, ®P
haveb; masses as heavy as 245 GeV. violating phases could act to reduce the laBf&— svy) val-

200 gf

FIG. 15. Regions of then;q vs m,,, parameter plane where
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ues. Alternatively, the rate fds—svy is more f_avorable for =g+ fhhdy+ - - (7.0
>0, but then the degree of Yukawa unification would have
to be relaxed substantially. Finally, recent claims have been ) ) o .
made[63] that two-loopb— sy calculations can actually re- N which case jUStb—' 7 unification would occur. This
verse the signs of certain decay amplitudes, leading to th&ould allow a much wider range of tar30-50 to occur
possibility of agreement between— sy calculations and . o ) _
Yukawa unified SUSY models witp<0. In light of these In addition, recent work on radiatively driven inverted
claims, it seems prudent to refrain from excluding parameteierarchy models has shown that “natural” models can be
space regions based on one-ldpp sy calculations until the obtained with multi-TeV scale scalar masses, where the third
theoretical predictions become more certain. generation masses are driven to weak scale valueh

We found three possibilities for new particle detection athese models suffer the same problem with REW&Bd
the upgraded Fermilab Tevatron beyond discovery of th@ossible color and charge breaking minima in the scalar

lightest Higgs boson. In regions of parameter space witlpmelntig) as tr:]eso(ﬁg model co%siqered here.l It has re-
small myg, bbA and bbH production could be visible. In cently been shown thal-term contributions to scalar masses

: X I ; aid this class of models to achieve REW$HS]. Finally,
some parameter space regions with smglp, it is possible :
more complex gauge symmetry breaking patterns could oc-

to detect trilepton signals fronW;Z,— 3l production. In ¢yr which would affect scalar masses in alternative ways
other regions again with smath,;,, bottom squark pair pro- [72].

duction may yield a visible signal. The other scalar particles Note added in proofWhile this paper was in press, a
are generally too heavy to be produced substantially at th@tudy by Degrassi, Gambino, and GiudiEg3] appeared.
Tevatron collider. These authors do not find the large NLO corrections claimed

At the LHC, we expect Yukawa unifie(10) to be iy Ref. [63] because of cancellations between diagrams in-

this framework, SUSY events ought to be rictbiguark jets
due to the relatively light third generation squark masses
inherent in this theory.
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