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Motivated by the possibilities ob-7 or t-b-7 Yukawa unification in the supersymmetric grand unified
theories, we consider the dangerous directions of the supersymmetric potential for large valueg of tan
(=30), in two versions of the minimal supergravity model with and without common soft breaking scalar
masses at the GUT scale, where the potential may become unbounded from below. We find that for the
common trilinear coupling\,<0 the requirement db-7 unification in conjunction with the stability condition
on the potential yields highly restrictive sparticle spectra with upper, and in many cases lower, bounds stronger
than the available experimental lower bounds, on the soft SUSY breaking common scalar mass and the
common gaugino mass. Over a significant region of the parameter space, the model becomes even more
restrictive if the common sfermion soft mass is different from the soft mass for the Higgs sector. We also find
that the bulk of this restricted parameter space can be probed at the CERN LHC. In modéls withukawa
unification, Ap=<0 is ruled out from potential constraints.
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[. INTRODUCTION power to rule out significant parts of such regions beyond the
striking range of the current experiments. Thus, there is an
If we have to go beyond the standard mo¢®M), for intricate balance between such “potential constraints” and
which there are ample motivations, the most popular choic¢ghe expanding SUSY APS. For some values of the free pa-
seems to be supersymmetiSUSY) [1]. With a plethora of rameters, the UFB and CCB conditions are very sharp and
new degrees of freedom, it is necessary to constrain them, igdisallow most of the parameter space that is otherwise al-
addition to direct searches at the colliders, in as many way®wed; for some other values, they lose their constraining
as possible so that the parameter space for the SUSY pgpower.
ticles may be narrowed down. One of the most useful ways In a very interesting paper which revived interest in UFB
to set such constraints is to consider the dangerous directiomsd CCB constraints, Casasal. [3] investigated such con-
of the scalar potential where the potential may be unboundestraints on SUSY models. Though their formulas are fairly
from below (UFB) or develops a charge and/or color break-model-independent, they have carried out the numerical
ing (CCB) minima[2]. This may happen since one now hasanalysis for moderate values of t@n[the ratio of the
charged and colored scalar fields in the spectrum, and theacuum expectation valug¥EV) of the two Higgs field$
possible existence of such a direction would make the starenly, when one can ignore the effects of b and’ukawa
dard vacuum unstable. Different directions are chosen bgouplings in the relevant renormalization group equations
giving a vacuum expectation valU¥’EV) to one or more (RGE’s). Further they have used the standard minimal super-
scalar fields, while keeping the VEVs of the other scalars tagravity (MSUGRA) assumption of universal soft scalar mass
zero. mg and universal gaugino mass,,, at the grand unified
Such constraints, in fact, are very powerful. This may betheory (GUT) scaleMg, referred to hereafter as the “con-
realized from the fact that the allowed parameter spac®entional scenario,” to determine the sparticle spectrum.
(APS) for SUSY models is practically unrestricted as oneTheir main result was that within the framework of
goes for larger and larger values of the soft SUSY breakindlSUGRA, a certain UFB constraint known as UFB-3 with
parameterse.g., the universal scalar and gaugino masses, théEV given in the direction of the slepton field puts the tight-
trilinear coupling, etd! beyond the kinematic limit of the est bound on the SUSY parameter space that they considered
current high energy colliders. On the other hand the UFB anflsee Eq(93) of [3] and the discussions that follgw
CCB constraints quite often acquire greater eliminating The purpose of this work is to extend and complement the
work of [3] by analyzing the effectiveness of the UFB con-
straints for large tap. This we have done in two models)
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IApart from the fact that they should not be more than a few Tevthem (this we will call the “nonuniversal scenarig’ In the
if we have to have an acceptable solution to the hierarchy problengourse of this work we have realized that in contrast to the
there is no hint from the theory about their actual values. low tanB scenario, the UFB-3 constraint with squaflay.
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(31 of [3]] may become stronger under certain circum-stabilize the potentidll2]. However, such operators are ex-
stances, and over a large part of the parameter space tpected to influence physics in the neighborhood of the GUT
constraint known as UFB-fisee Eq(8)] serves as the chief scale. On the other hand, the dangerous minima that we en-
restrictor of the APS. counter in our analysis typically occur at scaled0® GeV
It is well known that there are quite a few motivations for where the effects induced by such nonrenormalizable opera-
going beyond small and intermediate values of#aim the  tors are not likely to be very crucial.
context of grand unified theorig&SUT). If one assumes the It has already been pointed out that the standard vacuum,
GUT group SQ@10) breaking directly to the SM gauge group though metastable, may have a lifetime longer than the age
SU(3)XSU(2)xU(1), and aminimal Higgs field content of the universg13]. If this indeed be the case, the theory
(only one 10 containing both the light Higgs doublets re- seems to be acceptable in spite of the existence of the unac-
quired in MSSM, the top, bottom, ane Yukawa couplings  ceptable UFB minima that we have analyzed. In fact, it was
must unify to a definite GUT scale value at the scale wherghown in[14] that except for very low values ah;5, one
SO(10) breaks[4]. Within the framework of GUTs partial can always have a metastable vacuum whose lifetime is
b-7 Yukawa unification is also an attractive possibili&;6]. larger than the age of the universe. However, the lifetime
In an SQ10) model, even if one assumes more than onecalculation is based on nonperturbative techniques with their
10-plet of Higgs fields, and bottom Yukawa couplings usual share of uncertainties, and apparently small interac-
must unify, but the top Yukawa may not unify with them at tions justifiably neglected in the perturbative approximation
the GUT scaleM . may have a dramatic influence on the calculation through
It can be shown that tgf must lie in the range 45—-52 for cumulative effects. Further, once we accept the lifetime ar-
t-b-7 Yukawa unification(for m;=175 GeV} and in the gument, we have to worry about other problems as well. For
range 30-50 for only- unification. We do not consider the example, it has been pointed out[it¥] that the case where
possibility tand<2 since such low values of tghare now CCB minima are shallower than the standard vacuum may
under pressure due to the lower bound on the lightest Higgalso be troublesome if their lifetimes happen to be larger
boson mass from LEF7]. This justifies the enthusiasm that than the age of the universe. A thorough analysis of this
has been generated regarding the phenomenology of larg@mplicated issue is beyond the scope of this paper.
tang scenarig 8,9]. The APS obtained by requiring Yukawa unification only
To motivate the nonuniversal scenario under consideris quite sensitive on the choice éf;,. For example, in the
ation, let us note that from a SUGRA point of view, it is conventional scenario wittb-7 unification, the APS in-
natural to choose the scale at which SUSY breaks in thereases quite a bit for large negative value\gf It is pre-
vicinity of the Planck scaleMp~2.4x10'® GeV. At this cisely these values ok, which makes the potential more
scale, one may have truly universal soft masses for all scarulnerable to the UFB conditions and many of the additional
lars; however, the running of the scalar masses betwéen points allowed by choosing, appropriately are eliminated
andM can lead to a nondegeneracyMy [10]. Within the by the UFB conditions, as will be demonstrated in a later
framework of an SQLO) GUT, the first two sfermion gen- section. Thus, there is a nice complementary behavior: for
erations will still be degenerate, as they live in the samdarge negativél,, the Yukawa unification criterion is a weak
representation of S@Q0) and have negligible Yukawa cou- condition but UFB conditions are very strong, while for
plings. The Higgs fields live in a different representation, andsmall negative values @, the roles are reversed. For posi-
couple to other heavy GUT fields to generate the doublettive A,, none of these criteria are sufficiently strong.
triplet splitting; so their masses can change significantly. The Following the same procedure, significant regions of the
third generation sfermions may have a large Yukawa couparameter space can be eliminated for models withr
pling and hence may be nondegenerate from the first twe&yukawa unification. In particular, we find that<0 is com-
generations of sfermions, though this effect has not beepletely ruled out.
taken into account in our discussion for simplicity. Only the  The effectiveness of Yukawa unification as a restrictor of
Higgs boson mass parameteny) at Mg is assumed to be the APS also diminishes, as expected, as the accuracy with
different from the common soft sfermion mass,¢) at that  which we require the unification to hold good is relaxed.
scale, and both are treated as free parameters. There are several reasons why the unification may not be
In addition to restricting the values of t@) the require- exact. First, there may be threshold correctifitfs], both at
ment of Yukawa unification eliminates a significant region ofthe SUSY breaking scal@ue to nondegeneracy of the spar-
the otherwise large APS of MSSM quite effectively. For ex-ticles) and atM g, of which no exact estimates exist. Sec-
ample, this unification occurs within a rather limited region ondly, we have used two-loop RGE’s for gauge couplings as
of themyg-my» plane for certain generic choices of the com-well as Yukawa couplings and one loop RGEs for the soft
mon trilinear soft breaking paramet@g. This dependence breaking parameters, but higher order loop corrections may
arises largely through the radiative corrections to the runnindpe important at a few percent level at higher energy scales.
bottom quark mas§ll] which in turn controls the bottom Finally the success of the unification program is also depen-
quark Yukawa coupling., at low energies. The UFB-1 and dent on the choice of (M) which is not known as pre-
the UFB-3 conditions further eliminate a significant regioncisely asa; or a,. To circumvent such drawbacks, one re-
from this already restricted APS, which is one of the mainlaxes the Yukawa unification condition to a finite amount
results of this paper. Throughout the paper we ignore th€5%, 10%, or 20% which should indirectly take care of
possibility that nonrenormalizable effective operators maythese possible caveats. It is interesting to note that quite often
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the UFB constraints rule out substantial parts of the extended 2

APS. V=,
Some of the “potential” constraints analyzed here were “

also discussed by Rattazzi and Sd44¢l However, they con- 1 2

sidered the RG improved tree-level potentials only and in- Vp== 2 g2<2 ) )

e - . 2 a a a !

cluded the possibility of stabilizing the potential through a a

nonrenormalizable effective operators. Moreover, the potent

UFB-3 constraint was not available at the time of their analy-

AW
Iba

— 2 2
sis. Finally a systematic analysis of the APS in thg,-mg Vsoft= % m¢a| bal+ E, {Auhy QiHau
plane, which is very relevant for physics studies at the CERN
Large Hadronic CollidefLHC), was not presented. +AgAg QiH di+Ac NeiLiH &+ H.C}
When the SQLO) symmetry breaks down to the SM sym-
metry, there may be a nonzero D-term, which causes the +(BuHHxtH.c) @

mass splitting between sfermions5rand 10 of SO(10) [16].

Recently, a number of authors addressed to the phenomencﬁ

ogy of the S@10) D-terms[17]. In this paper, we take the

D-term to be zero for simplicity; with a nonzero D-term, one W= 2 {MiQinUi +)\diQiH1di+)\eiLiHlei}+,quH2.

gets a wider variety of constraints which will be discussed in :

a subsequent papgt8|. )
It is well known that there is a basic conflict between Here, ¢, are the generic scalar fieldS, and g, are the

—Svy andt-b-7 Yukawa un_ification. The Iat_ter wo_rks b_est gauge group generators and the gauge couplings, respec-
for <0 and large tag, while at the same time this region tively, and\’s are the respective Yukawa couplings., B,

of the parameter space tends to give unacceptable contribléhd m; are the soft SUSY breaking parameters, anis the
tions to the formef19]. However, in view of the uncertain- iggslino mass term. In Eq3) Q, andL, stand ’for sR)
ties in the long-distance corrections and the possibility o% : ' !

llation bet : di h tinciud oublet squark and slepton superfields whiled, ande are
cancefiation between various diagrams, we have not includeg, corresponding singlet superfields. The generation index
this constraint in our analysis.

. . runs from 1 to 3.
The plan of the paper is as follows. In the next section, we The neutral part of the Higgs potential in the MSSM is
outline the various UFB directions of the supersymmetric iven by

potential, and discuss our methodology. The next sectiorq
i i i i 2012 212 2

deals with the results and in the last section, we summarize Vhiggs= mZ|H2|+m2|HZ - 2|m2||Hy|[H,)

and conclude.

nd the superpotential is defined as

1
+5(9" 2+ @) ([Ho* = [Ha?)?, @
II. UFB DIRECTIONS OF THE SUSY POTENTIAL

2__ 2 2 2__ a2 2 2__ :
In this section we briefly review the necessary formulasWhereml_mHlJf“ » Mp=my,+ u%, andmz=—uB, with
for the UFB directions following 3] and[20]. We closely ~my, andmy, being the mass terms of the two doublets. The
follow the former reference in defining the said directions. standard GUT normalization is used for the gauge couplings:

The scalar potential of the MSSM is a function of severalg,=q,=g,=/5/3g’" atM¢. Minimization of this tree-level
scalar fields. An SU(2xU(1) breaking minimum of this potential yields

potential must exist for preserving the phenomenological

successes of the SM. Moreover, one demands this real mini- {[(m2+m3)2— 4| mg| 12— m3+ m3}2
MUMV,eaimin t0 be deeper than the unwanted UFB and CCB ~ Vreamin= — 207+ 0) . (5
minima. These minima are computed by giving VEV to one 9 7%

or more scalar components at a time; the condition is that ag
no point in such dangerous directions the potential should b
deeper thaV,.amin- The resulting constraints on the field

t any scaleQ, there is a significant radiative correction to
is potential. Including the one-loop corrections, the poten-

. . ial becomes
space are of much importance as they can restrict the so
SUSY breaking parameters, and hence the sparticle masses V=Vo+AV,, (6)
and coupling4?2]. Let us see how these dangerous field di-
rections arise. where
The tree level scalar potential in the MSSM can be written
as the sum of the D-term, the F-term, and the soft mass term: n M2 3
AV;=D, M4 In— - =], 7)
w 647 ¢ 2 2
Vo= Vet Vot Veor, @ with n,=(—1)%%(2s,+1), s, being the spin of the corre-
sponding field. One ensures the minimakdf and H, at
where |Hi|=v, and|H,|=v, with M= 2g%(v2+v3).
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FIG. 2. The same variation as shown in Fig. 1, with two differ-
ent values ofm,;,. The dotted(solid) pair is for m;,,=600(1200)
GeV. The upper line in each pair is fmlﬁ11 and the lower one for

mﬁz. Mye=Myo=1 TeV, tang=45.

FIG. 1. The variation of the Higgs boson mass parame‘térls
and mﬁz with the trilinear couplingdy. The solid(dotted lines are
for tanB=45(30). The top two lines are fcmf|l while the lower
pair is formﬁz. We have usean;g=m;p=m;,=1 TeV.

As was pointed out, the constraints on the APS arise fror‘rﬁjlfferent vglues ofny;, andmg for Fa_nB:45 in Figs. 2 and
directions in the field space along which the potential be-3: "espectively. From these plots it 'S clear thgt for lamge
comes lower tharV,eamin (@nd may become unbounded and/ormyg, and large negativé,, mg, ande2 decrease
from below). However, the minimization of the full potential significantly, so that these values wof,,, and m;q become
V is rather cumbersome. On the other hand, just minimizingrulnerable to UFB-1. This is the reason why in the large
the tree-level potential at the weak scale neglectivg can  tanB case the UFB-1 constraint plays a very significant role
lead to quite erroneous conclusions about the minimum poinin restricting the APS.
in the field space as was shown [80]. As a compromise, UFB-2: The doublet sleptoffialong the sneutrino direc-
one evaluate¥ at a judiciously chosen scaf@ where the tion) and bothH; andH, are given nonzero VEVs. For any
one-loop correction is minimum. As is evident from Eg),  value of|[Hy|<Mg satisfying
this scale should be about the typical SUSY mass dekle

so that the large logarithmic terms tend to vanish. 4mi,
The dangerous directions are selected in such a way that |H,|2> , 9)
the positive definite F-terms vanish and the D-terms either o |m3|4
cancel each other or their magnitudes can be kept under con- (9'°+9g27)| 1- p
trol. There are several other guidelines as discussd@]in ~

Using these conditions one can get the following UFB po-
tentials.
UFB-1: The condition

and provided that

0 T T T T T

mi“l‘ m§> 2| m§| ’ (8) -5x105 L
which is known as UFB-1, must be satisfied at any s€ale o
>Mg, and particularly at the unification scaf@=MG, to - .
have a realistic minimum of the scalar potential. From Eq. % % 1
(8), small m, (and mf, ) makes the UFB-1 condition se- e%:- ot

verely restrictive. This may be the case for large gaand
large negative values d%,. The variations ofn}; andmf;_ 25x10°

in the conventional scenario with respect to the common
trilinear couplingA, for tanB= 30 and 45, corresponding to

b-7 and t-b-7 Yukawa unification, respectively, are illus- & . . . . ,
trated in Fig. 1. From the figure we find that negative values " =00 200 -1000 "0, 1000 2000 3000

of Ag drive mﬁz to large negative values in both the cases.
For ma the effect is prominent for large ta8) while for FIG. 3. The same variation as shown m Fig. 1 vylth two differ-
1 ent values ofm;g=my,. The dotted (solid) pair is for mg

_ 2 . s
tang=30, my remains positive for most of the rangeA§  —1(1.5) TeV. The upper line in each pair is fiof;, and the lower
that we have studied. The plot ()fﬁ| vs Aq is also given for  one formﬁz. my,=1 TeV, tang=45.

3x10° b
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|m3|<p?(=mi-m_?), (10
the UFB-2 potential is given by
4
mg|* 2m'-i
Vupg-2=| mo+m; — Hol?~——5. (11
Lo 9'%+g3

At any momentum scal€), this should be greater than
V. eaimin fOr @ stable configuration:

Vurg-2(Q= Q)>Vrealmin(Q: Ms),

where Q~max@,Hal \opH2,Mg). However, we find that
UFB-2 hardly rules out any further region of the APS which

12
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2000 71000 0 1000 2000 3000
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passes the UFB-1 and UFB-3 constraints, so it is of limited

interest to us.
UFB-3: The convention is to choost; =0 and to cancel
theH; F-term(which is a combination oH, andd,_i,dRi or

eLi,eRi) with suitable VEVs toH, and the above mentioned

FIG. 4. The variation of left-handed slepton mass parameters
with Ay. The dotted(solid) pair is for tan3=30(45). In each pair,
the upper line is fore, and the lower line forr, . Note that the
selectron mass is insensitive to the value of gaand A,.

slepton or squark directions. However, it is economical to As can be seen from E@l4), the region of the parameter

give VEVs to the doublet field&long T 1/2 direction
rather than the singlet fields to cancel both(3Uand U1)

space whermﬁzz m%—,u2 is large and negative is very sus-
ceptible to be ruled out by the UFB-3 condition. This is

D-terms at the same stroke. Suppose the sleptons are giv@@acause the first term of ELl4) may become negative in

VEV; then for any values ofH,| <M satisfying

2
2
2mi.

e | ]

|H,> - - , (13
4)\ej g 2+g§ 2)\81-
the UFB-3 potential is defined as
Vurs-s=[m3—u?+m¢ [H,|?
4
|/‘L| 2 2 2 2mLi
+ )\—(-:‘j[ij+mej+mLi]|H2| ’2+g§ (14)

If |H,| does not satisfy Eq13), the formula changes to

| ul
Viurs—3=[m3— u?][Ho2+ I [mfj+m§j]|Hz|
N
i
1 |l 2
+2(9"2+05)| |Ho2+—|H,| (15
8 N

with i+ j. Note that we could substitute squarks for sleptons, "~ =~ )
wherei=| is allowed. The constraints on the parameterchoicei=j is permitted,L;

space arise from the requirement

Viure-3(Q=Q)>Vicamin(Q=Myg), (16)

where Q is chosen to be Q~max(g,lel,
92|Hal A ioplHal,92lLi[,Mg) to minimize AV,. The VEVs
are not arbitrary; they satisfy
m2i
(g'%+g3)
(17)

lel=VIHal| wl/\ej,

IL2|=(|H,|?+]e]?)— 4

this case. However, the second term in Etd), which is
positive definite, may become competitive in certain cases
(e.g., forj=1, when the Yukawa coupling in the denomina-
tor is smal), which directions one should avoid when look-
ing for the dangerous minima.

Vyues_3 With sleptons was found to be the strongest
among all the UFB and CCB constraints in the low gn
case[3]. In order to get the optimum result one has to take
the Iargesmej in the second term of Eq14), which leads to

the choicee; =7xr. Now the restrictioni#] requiresL;

='e_ or u, and excludes the choicg . In the low tan3 case
this restriction, however, is of little consequence since all the
left sleptons are degenerate to a very good approximation.

The UFB-3 constraint with squarks may also be imposed
by the following replacements in EqL4):

e—d, )\ej—>7\dj, Li—Q; (18
[see Eq.(31) of [3]]. Now i may be equal tg and O
Nmax(g2|d|’92|H2|vy\top|H2|192|Li|’MS):~

Now the optimum choice islj=bg. However, since the
=7_ is not excluded. At high
negativeA, and at high tars, n;, becomes smaller than the
corresponding mass parameters of the first two generations.
The variation of left-handed slepton mass parameters with
A, (for tanB=45) is shown in Fig. 4. This relatively small
nT;, at high tan3 may make the alternative choi¢&8) more
restrictive than the UFB-3 condition with sleptons. This, in
fact, has been supported by our numerical computations.

IIl. RESULTS

We now briefly review our methodology for implement-
ing the Yukawa unification and computing the spectrum

015008-5



AMITAVA DATTA, ANIRBAN KUNDU, AND ABHIJIT SAMANTA PHYSICAL REVIEW D 63 015008

which is based on the computer progre&sasuGRA, a part of 1200
the ISAJET package. We use theaJET version 7.4821].

To calculate Yukawa couplings =M., we start with 1000
the pole massesn,=4.9 GeV, m.=1.784 GeV andm,

=175 GeV. AtQ= M, the SUSY loop corrections tm, and sor
m. is included using the approximate formulas from Ref.
[11]. For the top quark Yukawa coupling this correction is

added a = m; . Starting with the three gauge couplings and
thet, b, andr Yukawa couplings, we evolve them up to the
energy scalé . Now the boundary conditions are imposed
on the soft breaking parameters according to the conven
tional or the nonuniversal scenario, while trial values for the
w and B parameters are taken. Then all parameters are %0 2000 1000
evolved down to the weak scald,. The parameterg and

B are then tentatively fixed &= \/m; m;_ by the radiative FIG. 5. The variation of masses of the lightestt, andb with
SU(2)xU(1) breaking conditions. Using the particle spec-Ao- We setm;g=my=1 TeV andm,,=500 GeV. The Yukawa
trum so obtained, we compute the radiative corrections to thenification condition fixes tag. Note thatt; can be the second
SU(2)x U(1) breaking condition, and hence obtain the cor-lightest sparticle foA,=<—1.8 TeV.

rected result fopr andB. The whole process is then repeated

iteratively until a stable solution within a reasonable toler-jiarative process within 1% accuracy. Usually a few itera-
ance is achieved. While running down fravi, the SUSY  tjons are sufficient. The UFB potential is calculated for dif-
thresholds are properly taken care of. The renormalizatio%rent||_|2| values ranging from zero td g, using a loga-
group(RG) equations that we use are up to two loop for bothyithmic scale. For each value dfi,| we compare the UFB
the gauge couplings and the Yukawa couplings. potential with the scalar potential of MSSM, and whenever
The demand of the_Yukawa coupling u_nlflcan_o_n M_(; Vues<Vieaimin, that particular region in the parameter
puts an extra constraint on t@n We require unification gpace is marked as disallowed.
within an accuracy of 5% fo¥}, andY . and 10% forY, Yy, It should be emphasized that if the model is subject to the
andY . The accuracy for the latter is relaxed since there argonstraint ofb-7 Yukawa unification alone, the allowed re-
more upcertain factprs, e.g., the choice of the Higg§ SecCtoyion of the my,-m;¢ parameter space increases Aas be-
We define three variables,., ry,, andr, where generically  comes more negative. The additional regions of the param-
Fy=max(Yy/Yy,Yy/Y,). To check whether the couplings eter space thus opened up are, however, severely restricted
unify, we select only those points in the parameter spacgy the stability conditions on the potential. As a result the
where max(y, Iy .r,)<1.10 (for t-b-7 unification andry,  region allowed by Yukawa unification in conjunction with
<1.05 (for b-7 unification. The quark Yukawa couplings the stability of the potential is restricted to a rather small
depend onag(Mz) which comes out from the gauge unifi- region even for large negative values Af. This will be
cation conditions to be 0.118. Then we impose the experiiﬂustrated by the fo”owing numerical results.
mental constraintsn, +>95 GeV, m,>85.2 GeV, andm, We begin our discussion for the allowed parameter space
>73 GeV, and require the lightest neutralino to be the lightin the my,-m;g plane for Ag=—2myg (see Fig. 6 in the
est SUSY particléLSP). These constraints filter out the APS conventional scenario. At each pointand tarn3 have been
on which the potential minima conditions UFB-1 and UFB-3fixed by the radiative electroweak breaking condition and
should apply. b-7 Yukawa unificationat an accuracy of 59respectively.
Using u, B, the gauge, and the Yukawa couplings at theAs expected from the discussions of the last section, the
GUT scale along with the boundary conditions there, weUFB-1 condition severely restricts the APS for relatively

generate the mass spectrum at any sGalesing the 26 RG  largems; andmye. For smaller values of these parameters,
equations of the MSSM. In Fig. 5, we show the lighfest, the UFB-3 condition takes over; it is interesting to note that

d h K | ¢ ongAeffor th for relatively small m;, and myg, relevant for SUSY
andb masses at the weak scale as functions\lior the  go5rches at the LHC, this condition rules out a small but
conventional scenario with-7 Yukawa unification atm;g

X . . interesting region of the parameter space. As a result for each
=1 TeV,my;,=500 GeV(this particular point, for the range

. . m,, there is an upper limit om,g and vice versa. Thus for
of Ag shown, is allowed by all constraints that we have CON-y, “~500 (700,900 GeV we find the gluino masst; to be
sidered. Note that forA,=— 1.8 TeV, the lightest stop is the  jefinjtely less than 7491189,1820 GeV, respect?vely. It
next lightest SUSY particléNLSP), and is perfectly in the o he recalled that in the conventional scenario there is
accessible range of the LHC.

already a lower limit of approximately 300 GeV omy from
We demand the electroweak symmetry to be unbroken ghe girect searches at the Tevati@2]. On the other hand,
Mg . The Higgs potential is minimized &= \/m; m;_. The  for m,,,=200 (400,800 GeV both upper and lower bounds
proper scale for the UFB potential where the one-loop effecten m;s emerge, and we get 590 GeM010,177% <
are minimized, as discussed after Ej5), is chosen by an <1170 GeV(1690,2200 where my is the average squark

600

Mass (GeV)

200

0 1000 2000 3000
Ag(GeV)
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FIG. 6. The allowed parameter space in the conventional sce-
nario with b-7 unification. All the points are allowed by the
Yukawa unification criterion; the asterisks are ruled out by UFB-1UFB conditions start losing their effectiveness. Fgy=0
and the boxes by UFB-3. We sAp= —2m;;. none of these conditions have any further usefulness in con-

straining the APS; see Fig. 8. However, the stranglehold of
mass. Once SUSY signals are seen at the CERN LHC thi¥ukawa unification on the APS suffices by itself to predict a
highly predictive model can be tested. restrictive mass spectrum. Tha;emy,, plot is bounded

It may be argued that the accuracy to which Yukawa unifrom both below and above, and a significant part of this
fication holds is worse than 5% due to the uncertainties disAPS can be probed at the CERN LHC.
cussed in the Introduction. Relaxing the accuracy to 10% the For A,>0 the UFB conditions become ineffective.
region of the parameter space allowed by Yukawa unifica¥ukawa unification alone yields a loosely restricted APS but
tion alone expands. On imposing various stability conditionsmost of it lies beyond the kinematic reach of the CERN
we find that the UFB-1 constraints become somewhatHC.
weaker. However, the additional points allowed, especially We next focus our attention on the nonuniversal scenario
the ones for lown, 4, are disallowed by the UFB-3 condition m;y#m;s. For a givenA,, the parameter space allowed by
which becomes stronger in this case. As a result the uppds-7 Yukawa unification expands considerably from the con-
bounds onmy, for relatively small values o, presented ventional scenario fom;;<mjg. This is illustrated forA,
in the last paragraph remain more or less unaltered. = —2mygin Fig. 9 which should be compared with Fig. 6. In

For smaller negative values &{=—m;z the UFB con- this case Yukawa unification is achieved for relatively low
straints become less effective as may be seen from Fig. Tang, which in turn makesn, less negative and hence the
However, the APS is already quite restricted due to the reyrpg 1 constraint weaker to some extent. However, many of

quirement of Yukawa unification alonghis is the comple-  yhe new points so allowed are eaten up by the UFB-3 condi-
mentarity that we have talked about in the Introducticx- tion. As a result, there is an upper bound on the allowed

though the bulk of the restricted APS can be probed at the
CERN LHC, a significant region remains inaccessible to it.

FIG. 8. The same as Fig. 6, withy=0.
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0 X , X . . . FIG. 9. The allowed parameter space in the nonuniversal sce-
0 300 000 ey, 2 2500 3000 nario with b-7 unification. All the points are allowed by the

Yukawa unification criterion; the asterisks are ruled out by UFB-1

FIG. 7. The same as Fig. 6, withy= and the boxes by UFB-3. We sAp= —2m;g andm;;=0.6m;.
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FIG. 10. The same as Fig. 9, with;;=1.2m;.
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FIG. 11. The allowed parameter space with-7 unification.

Yukawa unification to 10% allows all points, while the asterisks are

values ofm,,, for the range ofm,g studied by us 1f1,5<3
TeV). Moreover, the gluino is most likely to be observed at
the CERN LHC for thisentire range. Also the theoretical
lower bound onm,g gets stronger. However, the UFB con-
ditions become ineffective as the magnitudedgfis reduced
keeping its sign negative. At,=0 hardly any point is ruled
out by these UFB conditions. This trend is similar to what
we obtained for the conventional scenario.

On the other hand, fam;;>m;¢ the APS due to Yukawa
unification alone is reduced quite a bit. This is illustrated in
Fig. 10 withm;p=1.2m4g, which should be compared with

IV. CONCLUSIONS

ruled out by UFB-1. We sah;;=m;s and Ag=0.3mg.

a bit of luck, to test the Yukawa unification models that we
have discussed at the CERN LHC by checking the squark
and gluino masses. This restriction weakens if one goes to
algebraically larger values @&,. The quantitative nature ob-
viously depends on the model chosen.

We have analyzed the consequences of Hwth and
t-b-7 Yukawa unifications in conjunction with the UFB con-

Figs. 6 and 9. For relatively largeys, UFB-1is @ Srong  itions in the MSUGRA scenario. In the former case, for

constraint as before, while some portion in the low re-
gion may be ruled out by the UFB-3 condition. We see thay
the lower bound omnyg is significantly weaker than that in
the previous case amd,g as low as 300 GeV is allowed. The

Ay<0, these two constraints nicely complement each other
n restricting the APS; when one is weak, the other is suffi-
ciently strong(see Figs. 6 and)7 For A;~0 the UFB con-

straints are rather weak. However, the requirement of

upper bound om,, is also weakened considerably. Yet an v awa unification at an accuracy less than 5% by itself

observable gluino is predicted over most part of the APS.
We now consider the scenario witkb-7 Yukawa unifi-
cation (within an accuracy of 10%in the conventional sce-
nario. The UFB-1 condition completely rules out the APS
allowed by the unification criterion alone fép<0. (UFB-2
and UFB-3 conditions do not play any major role in con-
straining the APS.For A,>0, the APS(allowed by Yukawa
unification expands gradually; though a portion of it is ruled

squeezes the APS sulfficiently. As a result, both, andm,g

are boundedsee Fig. 8 for detai)sfrom below as well as
above. Bulk of this restricted APS is within the striking
range of the CERN LHC. For large positive valuesAy,

both the UFB conditions and the Yukawa unification con-
straint weaken and a large region of the parameter space

out by the UFB-1 constraint, a significant amount still re-
mains allowed, and a sizable fraction of it is accessible at the

3000 |

CERN LHC. The UFB-1 condition gets weaker as we go to %7 xxx S XEE
larger values ofA,. In Fig. 11, we show the allowed region y 2 2 g g % i 2 2 %
for Ag=0.3m;5 and my,=mye; in Fig. 12, we introduce 2000 CEBERRRERX ]
nonuniversality by settingn;o=1.2m,¢. Note that in the lat- & R RoR i
ter case the APS allowed by Yukawa unification alone is %150} PPEETEIIYT
somewhat smaller than that in the conventional MSUGRA & N i s s s
scenario. 1000 | R i i
Lastly, if the accuracy of the Yukawa unification is re- S i
duced to some exterisay, to 20% the APS allowed by the sl rirEre
unification criterion alone is significantly enhanced. How-
ever, the UFB-1 constraint rules out a large amount of this . . . . . .
space, and only a small portion survives for negafiye % 500 0 10 2500 3000

To summarize, the APS for large negati®g is so re-
stricted by the UFB conditions that one should be able, with

015008-8

FIG. 12. The same as Fig. 11, with;g=1.2m;.
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accessible at the CERN LHC is permitted. found to be considerably lighter than the sparticles belonging

The most restrictive model that we have studied is the onéo the first two generations; in fact, the lighter stop could
with Ag=—2m,¢. Here, mainly due to the UFB-3 con- very well be the second lightest SUSY particle. Thus in spite
straint, one obtainsyg=2 TeV for my=1 TeV. Such glui- of the restrictions imposed by the UFB conditions and
nos are obviously within the reach of the LHC. Rag>0,  Yukawa unification, light third generation sfermions can be
the UFB constraints lose their effectiveness and the looselgccommodated. In particular, the possibility that the lighter
restricted APS is rather large. stop is the NLSP is open for large negati&g.

If the accuracy ofb-7 unification is relaxed, the APS The t-b-7 Yukawa unification models, with a unification
tends to increase as expected. However, the upper bound ascuracy of 10%, are definitely ruled out =<0 in the
mentioned above, vizmg=2 TeV formy=1 TeV more or  conventional scenario. For positive valuesfgf the UFB-1
less holds for large negativ,, thanks to the UFB-3 condi- condition is less severe, and a portion of the parameter space
tion. remains allowed, of which a sizable fraction should be ac-

The requirement of Yukawa unification is less effective incessible at the CERN LHC. If we relax the accuracy for
the nonuniversal scenario with;g<m;s. Nevertheless the unification, the APS increases, most of which could be ruled
model on the whole is quite restrictive due to the UFB con-out by the UFB-1 condition.
straints. This is illustrated in Fig. 9 fom;,=0.6m;¢ and
Ao=—2m,5. Here a gluino observable at the CERN LHC is
almost definitely predicted fomg=3 TeV. On the other
hand, form;;>mys, Yukawa unification by itself strongly
constrains the AP$see Fig. 10 and the UFB constraints
play a subdominant role. Agaimy is predicted to be observ-

abl_lghat the CERNf Lrl]—|C ;’_Vgr most O_f the ]:A‘PfS . on the dangerous directions of the scalar potential in super-
e masses of the third generation of stermions are eXéymmetric theories, and A. Stephan for help in computation.
pected to be considerably lower than that of the first WO is work was supported by DST, Indi®roject No. SP/S2/
generations for large values of t8nIn Fig. 5 we display in k01/97 and BRNS, India(Project,No. 37/4/97R & D I/

the b-7 unification scheme, along with the UFB conditions, 474. The work of A.K. was supported by BRNS, India
the masses of the lighter stop,J, sbottom b,), and stau  (Project No. 2000/37/10/BRNSA.S. acknowledges CSIR,
(71) mass eigenstates as functionsAy. They are indeed India, for financial support.
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