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Yukawa unification as a window into the soft supersymmetry breaking Lagrangian
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~Received 18 August 2000; published 6 December 2000!

We study Yukawa unification, including the effects of a physical neutrino mass consistent with the SuperKa-
miokande observations, in a string orD-brane inspiredSU(4)^ SU(2)L ^ SU(2)R model which allows the
most general non-universal scalar and gaugino masses, including the usualD-term contributions which arise in
SO(10). We investigate how the tight constraints from rare decays such asb→sg and t→mg can provide
information about the family dependent supersymmetry breaking soft Lagrangian, for example the trilinears
associated with the second and third family. Many of our results also apply toSO(10) to which the model
approximately reduces in a limiting case. In both models we find that Yukawa unification is perfectly viable
providing the non-universal soft masses have particular patterns. In this sense Yukawa unification acts as a
window into the soft supersymmetry breaking Lagrangian.
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I. INTRODUCTION

One of the earliest successes of the minimal supers
metric standard model~MSSM! @1# was that it could allow
for the unification of the gauge couplings at high ener
(Q5MX) @2#, thereby opening the door for supersymmet
grand unified theories~SUSY GUTs! @3–6#. SUSY GUTs
typically involve some third family Yukawa unification
@6–10#. For example minimalSU(5) @11# predicts bottom-
tau Yukawa unification atMX (lb5lt) and allows for the
prediction of the top quark mass (mt) in terms of the ratio
mb /mt . In models such asSO(10), and in the
SU(4)^ SU(2)L ^ SU(2)R ~422! Pati-Salam model@12#,
complete third family Yukawa unification holds (l t5lb

5lt). Thus the ratio of the vacuum expectation valu
~VEVs! of the up or down Higgs boson doublets, tanb
5v2 /v1 , can be predicted. Since the top and botto
Yukawa couplings start out equal at the GUT scale, and t
renormalization group~RG! evolution is very similar@they
differ only by the U(1) couplings at one loop# their low
energy values are approximately equal so we expect tab
;mt /mb;40.

In this paper we shall include the neutrino Yukawa co
pling in the analysis giving quadruple Yukawa unificatio
(l t5lb5lt5ln) as was first done in Ref.@10#. In the light
of the SuperKamiokande results@13# ~assuming hierarchica
neutrino masses and the see-saw mechanism! we regard the
third family neutrino mass (mn) as an input which allows for
an additional prediction—the mass scale at which the he
right-handed neutrinos decouple—M n . However such pre-
dictions depend sensitively on the parameters of the
SUSY breaking Lagrangian, as we now discuss.

Yukawa unification ~assuming the MSSM and SUS
GUTs! at first was thought to lead to an acceptable top qu
mass prediction, given the experimentally permitted range
top and bottom quark masses andas , with a unified Yukawa
coupling atMX of order one (lX;1) @8,10,14–17#. How-
ever, when low energy SUSY corrections to the running b
tom quark mass due to the decoupling of SUSY partic
were included @18,19#, the initial good agreement wa
0556-2821/2000/63~1!/015010~30!/$15.00 63 0150
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spoiled. The SUSY corrections to the bottom quark mass

Dmb5
dmb

mb
5

m tanb

4p F8

3
asmg̃I ~mg̃

2 ,mb̃1

2 ,mb̃2

2
!

1
l t

2

4p
AtI ~m2,mt̃ 1

2 ,mt̃ 2

2
!G ~1!

where the functionI (x,y,z) is given in@18#. The corrections
can be positive or negative depending on the sign ofm, and
being proportional to tanb, are rather large.

With universal soft masses andnegativem, the SUSY
corrections to the bottom mass lead to large negativeDmb
5dmb /mb;220% corrections which implies a largerb
quark mass before the SUSY corrections, which effectiv
lowers the previously successful top quark mass predic
to mt;150 GeV which is too small@18#. With universal soft
masses andpositivem the top quark mass is predicted to b
too large, outside its perturbative upper limit. It has alrea
been pointed out in the literature thatdmb can be made smal
by either assuming explicit non-universal scalar soft mas
@20–22# or by introducing approximate Peccei-Quinn andR
symmetries@19,23#. However in the framework ofSO(10)
the degree of non-universality one could assume until
cently appeared rather limited. For example, if both Hig
doublets arise from a single10 dimensional representatio
then they will necessarily have a common soft scalar mas
the GUT scale, and the same applies for the light Hig
bidoublet of the Pati-Salam model. Such universality is a
a problem for electroweak symmetry breaking where o
requires a large hierarchy of vacuum expectation val
~VEVs! starting from very symmetrical initial condition
where the two Higgs doublet soft masses are equal,
where the approximately equal top and bottom Yukawa c
plings tend to drive both Higgs boson masses nega
equally, making large tanb rather difficult to achieve.

A large step forward for both these problems has been
realize the importance ofD-term contributions to scala
masses@24#, which naturally split the two Higgs double
masses. If the up-type Higgs doublet mass at the GUT s
is smaller than the down-type Higgs doublet mass, then
©2000 The American Physical Society10-1
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makes electroweak symmetry breaking with large tab
much more natural. Assuming negativem, theD-terms also
allow a choice of non-universal scalar masses which redu
the correction to theb-quark mass and hence allow a larg
top quark mass. Although these problems appear to be
solved withD-terms, one still faces difficulties with rare de
cays such asb→sg, which is also enhanced for large tanb,
and negativem @25#. This problem can be avoided either b
increasing the masses of all the superpartners, or by con
ering positivem which will tend to cancel the SUSY contri
butions, however both these procedures lead to fine-tun
Another possibility which we pursue in this paper is to co
sider the effect of non-universality in the family spac
which may lead to additional contributions tob→sg which
can cancel those coming from the family universal sourc
We explicitly check that the contributions that we introdu
do not introduce problems elsewhere such as witht→mg.

The main purpose of this paper is to provide a detai
analysis of Yukawa unification, post-SuperKamiokan
allowing the most general non-universal soft SUS
breaking masses possible. Apart from non-universality in
soft scalar masses arising fromD-terms, we shall also con
sider more general types of non-universality which may a
in models such as the string orD-brane inspired
SU(4)^ SU(2)L ^ SU(2)R model@26,27#, which reduces to
the SO(10) model in a limiting case. This allows more ge
eral soft scalar mass non-universality including simi
D-term contributions as inSO(10) @since the relevant broke
U(1) factors all arise from the breaking of theSU(4)
^ SU(2)L ^ SU(2)Rsubgroup#, and also permits violations
of gaugino mass universality which have not so far be
studied. The underlying theme of our approach is that
sensitivity of Yukawa unification to soft SUSY breaking p
rameters is to be welcomed, since it provides a window i
the soft SUSY breaking Lagrangian, both from the point
view of family universal and family non-universal so
SUSY breaking parameters.

The layout of the remainder of the paper is as follows.
Sec. II we present our calculational approach, and in Sec
we review the SUSY corrections to the bottom and tau qu
masses. Section IV deals with the effect of neutrino Yuka
couplings on Yukawa unification and in Sec. V we pres
results for gauge and Yukawa unification, assuming minim
supergravity~MSUGRA! with universal soft SUSY breaking
parameters and including the neutrino threshold in addi
to the usual low energy thresholds. In Sec. VI we turn
Yukawa unification in theSU(4)^ SU(2)L ^ SU(2)Rmodel,
including the effect of physics above the GUT scale, a
non-universal soft scalar and gaugino masses permitte
this model. We also consider the effect ofD-terms in the
SO(10) limit of the model, and then studyb→sg and t
→mg including non-universality in the family-dependent tr
linear parameters. Section VII concludes the paper.

II. FRAMEWORK

In this section we will summarize how we implement
the renormalization group equations~RGEs! and matching
boundary conditions of the model. In the regionQ,MZ the
01501
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effective theory isSU(3)c^ U(1)em, thus 3-loop QCD@28#
plus 2-loop QED RGEs@29# apply. BetweenQ5MZ and
Q5MS , whereMS is the scale that parametrizes the ener
at which the theory effectively becomes supersymmetric~see
Appendix B for details!, we considered 2-loop standar
model ~SM! RGEs in the gauge and Yukawa couplin
@15,29,30#. In the regionMS,Q,MX we evolved 2-loop
~1-loop! gauge or Yukawa~all other parameters! MSSM
RGEs @15,31#, properly adapted and extended to take in
account the presence~and decoupling! of right handed neu-
trinos nc.

A. Input

The low energy input was the running electromagne
coupling ae

21(MZ)5127.8, the pole tau lepton massM t

51.784 GeV and several values for the pole bottom qu
mass Mb54.7,4.8, . . . ,5.1 GeV. We have converted th
pole bottom modified mass into ‘‘running’’ bottom mass
the minimal subtraction (MS) scheme using two loop QCD
perturbation theory@29#:

mb~Q5Mb!5
Mb

11
4

3

as~Mb!

p
1KbS as~Mb!

p D 2 ~2!

whereKb512.4. The corresponding running masses, foras
50.120, aremb(Mb)54.06, 4.15, 4.24, 4.33, 4.42 GeV. Th
experimental range formb estimated from bottomonium an
B masses is 4.0–4.4 GeV@32#. The strong couplingas(MZ)
was taken to be in the range 0.110–0.130.

The low energy input was complemented by the Sup
Kamiokande atmospheric neutrino data that suggestsmn3

2

2mn2

2 51022 to 1023 eV2 @13#. Assuming that the neutrino

masses are hierarchical we required thatmn3
;0.05 eV.

The universal high energy inputs assumed initially a
motivated by MSUGRA: spontaneously broken supergrav
in which the localN51 supersymmetry breaking occurs in
‘‘hidden’’ sector and is only transmitted to the ‘‘visible’
sector through weak gravitational, flavor blind, interaction
Thus we assume to begin with universal soft SUSY break
masses~USBM! given by a common gaugino massM1/2 and
soft scalar massesm0 at Q5MX . The trilinearA-terms were
set to zero. In Sec. VI we relax the universality assumpti

In the Yukawa sector we assumed that the third fam
Yukawa couplings have their origin in a unified renormal
able interaction which fixes their values to belX .

B. Running and matching boundary conditions

The process by which the output was generated relie
the initial estimation and successive iterative refinement oa
priori unknown parameters such asMt and tanb. The pro-
cedure is described in detail in Sec. VII of Ref.@16#.

Starting atQ5MZ , as(MZ) and ae(MZ) were first run
down toQ51 GeV ~where the up, down and strange qua
running masses were fixed@29#! and secondly up toQ
5MZ using SU(3)c^ U(1)em RGEs. In the ‘‘running up’’
0-2
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YUKAWA UNIFICATION AS A WINDOW INTO TH E . . . PHYSICAL REVIEW D 63 015010
process the heavy~charm, tau and bottom! fermion pole
masses were converted to running ones using the expres
in Ref. @29#. At Q5MZ , ae was corrected for the decou
pling of heavy gauge bosons, Higgs and Nambu-Goldst
bosons, and ghosts@33#. Afterwards the value ofsu

2 @5# was
used to obtaing8 and g. The bottom and tau Yukawa cou
plings, in the standard model, were evaluated us
lb,t

SM(MZ)5mb,t(MZ)/v, where the VEV isv5174 GeV.
Next, the gauge and the Yukawa couplings were run fr
Q5MZ to the estimated pole top quark massQ5Mt using
2-loop SM RGEs, at which pointMt was converted toMS
running massmt(Mt), joining the list of parameters to b
integrated toQ5MS . All along, threshold corrections in th
gauge couplings were included by changing the 1-lo
b-functions ~using the ‘‘step’’ approximation.! At Q5MS

the MS gauge couplingsa i were converted to the DR one
@5,8,34# and corrected for the cumulative effect of deco
pling of all the SUSY particles@34#. The top, bottom and tau
Yukawa couplings were then converted from the SM to
MSSM normalization and corrected for the SUSY corre
tions @34#:

l t
MSSM5l t

SM/sinb ~3!

lb
MSSM5lb

SM/cosb2dmb /v1 ~4!

lt
MSSM5lt

SM/cosb2dmt /v1 . ~5!

Afterwards we run up all the above couplings, togeth
with an estimate forln

MSSM(MS), in two stages, first from
Q5MS to Q5M n and afterwards fromQ5M n to Q
5MX , properly excluding~including! nt

c in the former~lat-
ter! stage. In our modelMX was fixed to be the scale a
which only the U(1) and SU(2) gauge couplings unify
a1(MX)5a2(MX)Þa3(MX).

At MX gauge and Yukawa unification were tested lead
to eventual wiser choices to the next estimates forMt , tanb,
MX andM n .

The iteration cycle was completed by setting the USB
to their unification values after which all the couplings a
masses of the model were run down fromQ5MX to Q
5MS using the inverse ‘‘running up’’ procedure describ
above. Finally atQ5MS the 1-loop effective Higgs potentia
was minimized@35,36# and the SUSY Higgs mixing param
eterm2 and the corresponding soft termm3

2 were determined
using @16,37,38#

m25
m1

22m2
2 tan2b

tan2b21
2

1

2
MZ

2 ~6!

m3
25~m2

21m1
2!

tanb

tan2b11
~7!
01501
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wherem2,1
2 5m2,1

2 1m2 and the up or down soft Higgs boso
masses arem2,1

2 5m2,1
2tree1S2,1.1

We note that the number of independent parameters
model can predict is four—as many as the constraints
posed~one gauge and three Yukawa unification condition!
We took them to beMX , Mt , tanb andM n . The latter was
fixed by requiring thatmn3

50.05 eV.

III. SUPERSYMMETRIC BOTTOM AND TAU MASS
CORRECTIONS

In the standard model it is frequent to work in off-she
mass schemes in which the running massesmf(Q) differ
from their physical massesM f ~defined as the real part of th
complex pole position of its propagator! by some finite cor-
rection @40#. For the quarks the most important correctio
~arising from gluon loops! are well known and particularly
affect the bottom quark mass@see Eq.~2!#. In supersymmet-
ric models additional corrections are also present. For la
values of tanb some of these SUSY corrections can inde
affect the running bottom massmb by 20% @18,19#, thus
their consideration is crucial for the prediction ofMt . In this
section we review the origin of the SUSY corrections to t
bottom quark (dmb) and tau lepton mass (dmt).

In the MSSM, at the tree level, the bottom quark acqui
a mass exclusively through the non-vanishing VEV of^hd

0&
5v1. However, at 1-loop level, the bottom quark also r
ceives a ‘‘small’’ mass from̂ hu

0&5v2. The dominant pro-
cesses responsible for the additional corrections to the
tom ~tau! mass are characterized by gluino-sbottom a
Higgsino–top-squark (B-ino–stau! diagrams which we illus-
trate in Fig. 1~and Fig. 2!. The corresponding expression
for d g̃mb , d H̃mb andd B̃mt are given by@18,19,41#

D g̃mb5
d g̃mb

mb
5

2a3

3p
mg̃m tanbI ~mg̃

2 ,mb̃1

2 ,mb̃2

2
! ~8!

D H̃mb5
d H̃mb

mb
5

a t

4p
Atm tanbI ~m2,mt̃ 1

2 ,mt̃ 2

2
! ~9!

1The S2,1 parametrize the 1-loop corrections to the tree le
Higgs potential@39#.

FIG. 1. Gluino and Higgsino loop diagrams corresponding

the bottom quark mass correctionsd g̃mb andd H̃mb of Eq. ~8! and
Eq. ~9!.
0-3
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D B̃mt5
d B̃mt

mt
5

a8

4p
mB̃m tanbI ~mB̃

2 ,mt̃1

2 ,mt̃2

2
! ~10!

wheremg̃ (mB̃) is the gluino (B-ino! mass,a t5l t
2/4p, a8

5g82/4p, At the top soft trilinear term andmb̃, t̃ ,t̃ the sbot-
tom, top squark and stau masses. The functionI is positive,
symmetric, smallest for degenerate masses and app
mately scales with the inverse of its biggest argument.2 We
also find it convenient to define the total absolute and re
tive bottom corrections:

dmb5d g̃mb1d H̃mb , Dmb5D g̃mb1D H̃mb . ~11!

The bottom quark mass before the SUSY corrections
included, mb5lbv1, is related to the bottom quark mas
after the SUSY corrections are included,mb

SUSY, through

mb
SUSY5mb1dmb5mb~11Dmb!. ~12!

The pole mass after the SUSY corrections are include
given by Eq.~2! usingmb

SUSY in Eq. ~12!.

IV. DECOUPLING OF THE HEAVY RIGHT-HANDED
NEUTRINO

In this section we briefly discuss the decoupling of t
heavy SM singlet right-handed neutrino with massM n . We
assume that the neutrino Yukawa matrix is dominated b
single entry in the 33 position, although in realistic models
neutrino mixing one would expect that there are at two
tries which may have similar magnitude. We have chec
that our results are insensitive to the presence of a la
off-diagonal entry in the neutrino Yukawa matrix, assumi
that the charged lepton Yukawa matrix does not have
large off-diagonal entries.3 The decoupling is achieved vi
see-saw mechanism@42# which generates a small mass f
the left-handed neutrino through the presence of a right-
Dirac Yukawa coupling. The part of the superpotential
interest is

W5nclnnhu
01 1

2 M nncnc. ~13!

2See footnote in Appendix C.
3We focus on the third family only; thus we simplify our notatio

by replacingnt→n andnt
c→nc.

FIG. 2. B-ino diagram corresponding to the tau mass correct

d B̃mt of Eq. ~10!.
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Thus the light neutrino tau acquires a massmn

5ln
2v2

2/(4M n). In our model we usedmn50.05 eV sug-
gested by Ref.@13# to fix M n;1013 GeV ~see results in
Table IV in Sec. V C.!

V. MSUGRA RESULTS

We now proceed to discuss the results generated by
model described in the previous sections. Although many
the results presented here appear elsewhere, we find it u
to compile and review them here for the purposes of co
parison to the new situations we discuss later such as
effect of neutrinos and non-universal soft masses. Th
have been organized in three categories which are suitab
expose their variation withas(MZ) in the range 0.110–
0.130, selected pole bottom quark massesMb
54.7,4.8;. . . ,5.1 GeV and universal gaugino or soft sca
massesM1/2, m0,1 TeV. We plotted graphs showing th
dependence of the results withas for variousMb and fixed
M1/25400, m05200 GeV; graphs scanning theM1/2–m0
parameter space for illustrative fixedas andMb ; and a set of
numerical tables corresponding to the results obtained f
nine models for which the input is listed in Table I.

A. Gauge unification

In Fig. 3 we plot the unifiedU(1) and SU(2) gauge
couplings a1

21(MX)5a2
21(MX)5aX

21 together with
a3

21(MX) against as(MZ) for M1/25400, m05200 GeV
and several values ofMb . The mismatch DaX

21

5a3
21(MX)2aX

21 in gauge unification is small and decrea
ing for increasingas . In fact, for large values ofas
;0.128 complete gauge unification occurs. The sensit
ness ofDaX

21 to Mb is quite small. Complete gauge unifica
tion can also be present for lower values ofas;0.125 as is
shown by case H in Table II where we findaX

21;a3

;25.18 (M1/25800, m05400 GeV.)
Analyzing Table II we find thatdaX

215DaX
21/aX

21

,3%. Gauge unification also depends on the SUSY sp

n

TABLE I. Input values ofas(MZ), the pole bottom quark mas
Mb , the running bottom quark massmb(Mb) obtained fromMb

using two loop QCD corrections only@see Eq.~2!#, and the univer-
sal gaugino and soft scalar massesM1/2, m0 ~given in GeV units! at
the unification scaleQ5MX for a list of models we will refer in the
main text as case A,B, . . . ,I.

Case as(MZ) Mb mb(Mb) M1/2 m0

A 0.1150 4.70 4.12 400 200
B 0.1150 4.70 4.12 800 400
C 0.1150 5.10 4.49 400 200
D 0.1150 5.10 4.49 800 400
E 0.1250 4.70 3.99 400 200
F 0.1250 4.70 3.99 800 400
G 0.1250 5.10 4.36 400 200
H 0.1250 5.10 4.36 800 400
I 0.1250 4.80 4.08 600 400
0-4
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trum. Generally, increasingM1/2 and/or m0 decreasesMX

anddaX
21 . In short partial gauge unification is achieved f

MX/1016;122 GeV with aX
21;25.060.5 while complete

unification aX
215a3

21(MX) is favored by largeas(MZ),
M1/2 andMb .

B. Top quark mass prediction with SUSY bottom and tau
mass corrections

We now turn to the predictions for the top quark ma
Experimentally the top quark mass has been measured t
@43#

Mt;174.363.2~stat!64.0~syst! GeV. ~14!

In Fig. 4 we compare the values for the pole top qua
massMt prediction obtained when no SUSY correction
the bottom quark mass is considered (dmb50), indicated

FIG. 3. Dependence of unified gauge couplingsa1
21(MX)

5a2
21(MX)5aX

21 and a3
21(MX) on as(MZ) for several bottom

quark massesMb and fixed gaugino and soft scalar mass
M1/2(MX), m0(MX).

TABLE II. Predicted values for the unified gauge couplin
aX

215a1
21(MX)5a2

21(MX), for the strong couplinga3
21(MX) and

for the unification scaleMX ~given in GeV!.

Case aX
21 a3

21(MX) MX /1016

A 24.70 25.46 1.64
B 25.21 25.83 1.37
C 24.70 25.38 1.52
D 25.18 25.75 1.26
E 24.68 24.87 1.83
F 25.20 25.25 1.54
G 24.68 24.80 1.70
H 25.18 25.17 1.42
I 24.98 25.09 1.66
01501
.
be

k

with a dashed line, and when they are included (dmbÞ0 and
negative! plotted with a solid line. We see that the SUS
bottom corrections~for our choice of negativem) decrease
the top quark mass considerably.

In fact, the magnitude of the SUSY correction is so lar
that it excludes the possibility of an eventual positive si
for m. The reason is because if we have a positivem the
SUSY bottom corrections are positive. Thus, in order to ke
the bottom quark mass, after the SUSY corrections are
cludedmb

SUSY, in the allowed experimental range, the bo
tom quark mass before the SUSY corrections are inclu
must decrease. In this case, third family unification leads
an increase in the top Yukawa coupling. However, it tur
out that the required increase in the top Yukawa coupling
so large that it drives it, at high energy, well beyond pert
bation theory. Numerically, we find that the RGEs fail
converge.4

At this point it is also interesting to comment on the effe
theB-ino correction to the tau mass has on the prediction
the top quark mass. Again, a negativem means thatd B̃mt is
negative@see Eq.~10!#. Thus, in order to keep the tau ma
after the SUSY correction is included unchanged, the
mass before the SUSY correction is included must increa
implying that third family unification predicts a larger to
quark mass. Numerically we find that the top mass increa
by 3–4 GeV.

4One can turn the argument around by saying that, if the top qu
mass is fixed to be around 175 GeV, then third family Yuka
unification at MX requires, for positivem, a very large bottom
quark mass prediction after the SUSY corrections are included

s

FIG. 4. Predicted values for the pole top quark massMt against
as(MZ) for several values of the pole bottom quark mass in
rangeMb54.7–5.1 GeV. The dashed line refers to the top qu
mass prediction when no SUSY correction to the bottom qu
mass is considered (dmb50). The prediction for the top quark
mass when negative corrections to the bottom quark mass ar
cluded (m,0) is indicated by the solid line (dmbÞ0).
0-5
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S. F. KING AND M. OLIVEIRA PHYSICAL REVIEW D 63 015010
Returning to Fig. 4 we observe that when the bottom c
rections are included the top quark mass prediction is o
acceptable for large values ofas(MZ). For this reason, in the
analysis that will follow, we will study the implications o
including the SUSY bottom corrections in our model by ta
ing as(MZ) to be in the range 0.120–0.130.

In Figs. 5 and 6 the pole top quark massMt and tanb are
plotted againstas for several values of the bottom qua
massMb . We can see that both are significantly sensitive
as and to Mb . For Mb54.7 ~the first upper line! the top
quark mass takes values within 165.6,Mt,178.4 GeV and

FIG. 5. Pole top quark mass predictionMt againstas(MZ) for
several values of the pole bottom quark massMb and fixedM1/2,
m0.

FIG. 6. Prediction for tanb againstas(MZ) for several values
of the pole bottom quark massMb and fixedM1/2,m0.
01501
r-
ly

-

o

45.73,tanb,49.41 for 0.122,as,0.130. Additionally for
a fixed value ofas50.125 the top mass increases from 157
to 170.6 GeV and tanb from 41.99 to 47.15 whenMb de-
creases from 5.1 to 4.7 GeV. In Table III we list the nume
cal predictions for the top mass, tanb and the value of the
unified Yukawa couplinglX .

In Fig. 7 the strong correlation betweenMt and lX is
exposed. It is clear that sincelX is not large the top quark
mass prediction is far from its infrared~IR! fixed point
;200 GeV@44,45#.

In Fig. 8 we show thatMt increases with increasing
SUSY particle masses. The reason for such dependence
be traced to theSU(3) gauge group factors in the SM an
MSSM RGEs: dl t

SM,MSSM/dt;2bt
SM,MSSMg3

2 . Numerically
we havebt

SM58.bt
MSSM516/3 thus increasingMS allows

TABLE III. Predicted values for the top quark mass~in GeV!,
tanb and for the value of the third family unified Yukawa couplin
lX .

Case Mt tanb lX

A 152.7 42.16 0.426
B 158.1 44.16 0.469
C 135.3 35.94 0.317
D 139.7 37.51 0.340
E 170.6 47.15 0.569
F 176.2 49.40 0.643
G 157.7 41.99 0.428
H 163.3 44.06 0.473
I 170.7 47.34 0.561

FIG. 7. Correlation between the top pole mass predictionMt

and the value of the unified gauge coupling atMX , lX . Each line
corresponds to a fixed choice ofMb and along itas(MZ) decreases
from a maximum value of 0.130~indicated with a crossed circle! to
lower values at 0.001 intervals marked with crosses.
0-6
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for a wider MZ,Q,MS range of integration for the SM
which favors an enhancement for the top quark mass.

Perhaps more interesting than Fig. 8 where variation
MS are indirectly induced byas is Fig. 9 whereas50.125 is
keep fixed butM1/2 andm0 are allowed to vary. The result
are displayed in theMt –tanb plane.

FIG. 8. Dependence of the top quark mass predictionMt on the
effective supersymmetry scaleMS . Each line corresponds to a fixe
choice of Mb and along itas(MZ) decreases from a maximum
value of 0.130~indicated with a crossed circle! to lower values at
0.001 intervals marked with crosses.

FIG. 9. Correlation between the top quark mass predictionMt

and the prediction for tanb. Each line corresponds to a fixed choic
of m0 and along itM1/2 decreases from a maximum value of 1 Te
~indicated with a crossed circle! to lower values at 50 GeV interval
marked with crosses.
01501
in

A quick estimate of the effect of including a consiste
supersymmetric scaleMS on the top quark mass predictio
can easily be computed. Taking, for example,m0
5400 GeV, varyingM1/2 from 600 to 700 GeV will increase
Mt from 170.7 to 172.0 GeV~see Fig. 9! andMS increases
from 915 to 1047 GeV. Thus if we had considered a ‘‘rigid
MS;MZ;100 GeV we would find a value forMt decreased
by DMt;28 GeV.

C. Decoupling of the heavy tau neutrino

In Fig. 10 we show an example of third family Yukaw
unification generated for case I. We note that the inclusion
the SUSY correctiondmb leads to low values for the unified
Yukawa couplinglX;0.55. Consulting Table III we find
0.32,lX,0.64 in contrast with typicallX;1 predictions
when no SUSY corrections are considered. A lowlX implies
that the RGEs which govern the Yukawa evolution are do
nated by the gauge terms, thus the effect of decoupling
right-handed tau neutrino is small.

In Table IV we list the predicted values for the hea
right-handed neutrino mass scaleM n which in our model is
fixed by the requirement that the light left-handed neutr
tau has a mass ofmn50.05 eV. We see thatM n is in the
range 22531013 GeV.

FIG. 10. Running of the third familyt-b-t-nt Yukawa cou-
plings between the unification scaleQ5MX and the effective su-
persymmetry breaking scaleQ5MS . The decoupling of the tau
right-handed neutrino atQ5M n mainly affects the running ofln

~dashed line!.

TABLE IV. Predicted values for the mass of the heavy righ
handed neutrinoM n ~given in GeV! required to generate a ligh
left-handed neutrino massmn3

50.05 eV.

Case A B C D E F G H I

M n /1013 2.97 3.35 1.98 2.18 4.16 4.77 2.96 3.35 4.0
0-7
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In Fig. 11 the evolution ofmn3
from MX to MS is shown

for cases A,C,E,G. For each line a differentM n(Q5MX)
was chosen in order to assure the samemn50.05 eV at low
energy. For the purpose of illustration we have in Fig.
~andonly in this plot! relaxed the constraint uponM n and set
it to vary at ten log intervals fromMX to 1025MX . The
effect of changingM n is shown in theMt –lX plane. Com-
paring this plot with the tables throughout this article we c
conclude that the uncertainties attached toas , Mb and MS
are far more important than the ones which might affect
determination ofM n . The predictions forMt and lX in-
crease for decreasingM n . The variation inMt is quite small
~typically less than 1%!. On the other hand, variations inlX
are larger and of about 3–4 %.

VI. YUKAWA UNIFICATION IN THE
SU„4…‹SU„2…L‹SU„2…R MODEL

In this section we will extend the analysis of the top qua
mass, so far considered in the context of the MSSM wit
right-handed tau neutrino, by assuming that above the u
cation scale, at which the gauge couplings meet, the ga
group isSU(4)^ SU(2)L ^ SU(2)R @11#. We will proceed in
three steps. First we review the model constrained by uni
sal soft SUSY breaking masses~USBM!. Secondly, the
model is considered under non-USBM conditions and thir
we will allow for the presence ofD-terms which generally
arise from the reduction of the gauge group rank@24#. Fi-
nally, we conclude by showing that the 422 model with no
universal family dependentA-terms, is compatible with third
family Yukawa unification~which requires a negative sig
for m) and with the experimental branch ratio for theb
→sg andt→mg decays.

A. The model

Here we briefly summarize the parts of the model that
relevant for our analysis. For a more complete discussion

FIG. 11. Running of the tau neutrino mass from the unificat
scale to low energy for cases A,C,E,G in Table I.
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Ref. @26#. The SM fermions, together with the right-hande
tau neutrino, are conveniently accommodated in the follo
ing Fc5(4̄,1,2̄) andF5(4,2,1) representations:

FA
c 5S dc dc dc ec

uc uc uc ncD
A

, FB5S u u u n

d d d eD
B

.

~15!

The MSSM Higgs bosons fields are contained inh
5(1,2̄,2):

h5S hd
2 hu

0

hd
0 hu

1D ~16!

whereas the heavy Higgs bosonsH̄5(4̄,1,2̄) and H
5(4,1,2) are denoted by

H̄5S H̄d H̄d H̄d H̄e

H̄u H̄u H̄u H̄n
D , H5S Hd Hd Hd He

Hu Hu Hu Hn
D .

~17!

In addition to the Higgs fields in Eqs.~16! and ~17! the
model also involves anSU(4) sextet field D5(6,1,1)
5(D3 ,D3

c).5

5In fact, since we wish to keep the gauge couplings unified ab
MX we also trivially include another pair of heavy Higgs bos

fields in the (4,2,1) and (4,̄2̄,1) representations and seven mo
replicas ofD ’s. This is sufficient to assure that, above the unific
tion scale, the one loop RGEs beta functions of the gauge coupl
are equal@46#.

FIG. 12. Variations in the predictions for the top quark massMt

and in the unified Yukawa couplinglX induced by changingM n in
the range (121025)3MX . The dark circle refers to the choice o
M n which for case I givesmn3

50.05 eV.
0-8
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The superpotential of the minimal 422 model is6

W5FA
c lABFBh1lhShh1lSS~H̄H2MH

2 !1lHHHD

1l H̄H̄H̄D1FA
c lAB8 FB

c HH

M P
~18!

whereS denotes a gauge singlet superfield, thel ’s are real
dimensionless parameters andMH;MX . Additionally, the
Planck mass is denoted byM P;2.431018 GeV. As a result
of the superpotential terms involving the singletS, the Higgs
fields develop VEVs ^H&5^Hn&;MX and ^H̄&5^H̄n&
;MX which lead to the symmetry breaking

SU~4! ^ SU~2!L ^ SU~2!R→SU~3!c^ SU~2!L ^ U~1!Y .
~19!

The singletS itself also naturally develops a small VEV o
the order of the SUSY breaking scale@47# so that thelhS
term in Eq.~18! gives an effectivem parameter of the correc
order of magnitude. Under Eq.~19! the Higgs fieldh in Eq.
~16! splits into the familiar MSSM doubletshu andhd whose
neutral components subsequently develop weak scale V
^hu

0&5v2 and ^hd
0&5v1 with tanb5v2 /v1. The neutrino

field nc acquires a large massM n;l8^HH&/M P through the
non-renormalizable term inW which, together with the Di-
rac nc–n interaction~proportional tol^hu

0&), gives rise to a
232 matrix that generates, via see-saw mechanism, a
pressed mass for the left-handed neutrino state@26#. The D

field does not develop a VEV but the termsHHD andH̄H̄D

combine the color triplet parts ofH, H̄ andD into acceptable
GUT scale mass terms@26#.

In addition to the terms generated by the superpotentia
Eq. ~18! the Lagrangian of the 422 model also includes
corresponding trilinear soft termsF̃cÃF̃h1l̃hShh,7 masses
for the SU(4),SU(2)L ,SU(2)R gauginosM4 , M2L ,M2R

and explicit soft masses for the scalar fieldsm̃F
2 uF̃u2

1m̃Fc
2 uF̃cu21m̃h

2uhu2.
Finally we remind that the symmetry breaking in Eq.~19!

leads to specific relations between theSU(4), SU(2)2R and
U(1)Y gauge couplings and gaugino masses atMX given by
@48#8

5

a1
5

2

a4
1

3

a2R
,

5M1

a1
5

2M4

a4
1

3M2R

a2R
. ~20!

B. The universal model

In this section we briefly review the 422 model wi
USBM. The main motivation for USBM is the smallness

6Note thatFFD andFcFcD terms, associated with baryon num
ber violating processes, can be forbidden by imposing a glo
R-symmetry@47#.

7Often reparametrized byÃ5Al andm3
25l̃h^S&.

8See Appendix D for a comprehensive derivation of these r
tions.
01501
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flavor changing neutral currents~FCNC! and its simplicity—
few input parameters are needed to specify a otherwise c
plex and largely unconstrained parameter space.

The model is very similar to the one presented in t
previous section except that we have imposed the high
ergy boundary conditions at the Planck scale instead o
MX , thus we allowed for the running of the parameters b
tween these two scales. The relevant input parameters w
sign m,0, A050 and

0,M1/2,2 TeV, 0,m0,M1/2 ~21!

whereM1/25M45M2L5M2R is the common gaugino mas
and m0

25m̃F
25m̃Fc

2
5m̃h

2 is the universal scalar mass (as

50.120, Mb54.8 GeV). The results are presented in sc
tered plots in Fig. 13 and Fig. 14.

In Fig. 13 we plotm0 againstM1/2. The black~white!
circles indicate points that do~not! satisfy EWSB, i.e.,m1

2

2m2
2:MZ

2 .9 We observe that increasingm0 is disfavored by
EWSB whereas increasingM1/2 makes EWSB easier to oc
cur. The interplay between these two dependencies dict
that only the region withM1/2*m0, with a threshold for
M1/2;500–600 GeV, is allowed.10 The large gaugino mas
~required in models with USBM and large tanb) has impor-
tant implications, it leads to a large negativem2 parameter at
low energy. Thus the EWSB condition in Eq.~6! can only be
satisfied if um2

2u2m2;MZ
2/2 with um2

2u;m2@MZ
2/2—fine

al

-

9This condition can be obtained from Eqs.~6! and~7! in the limit
of large tanb.

10Note that this value corresponds to the gaugino mass at
Planck scale which in our model decreases betweenM P and MX .
At the GUT scale we obtainedM1/2.400 GeV.

FIG. 13. Common scalar massm0 against unified gaugino mas
M1/2 fixed at the Planck scale. The white circles denote points
fail to satisfy the electro-weak symmetry breaking conditions.
0-9
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tuning O(500) is inevitable@20,49#. Furthermore large val-
ues form, which is correlated withM1/2, increase the SUSY
correction to the bottom quark mass in Eq.~8! and Eq.~9!
pushing the prediction for the top quark mass below the
perimental lower bound.

In Fig. 14 we show the top quark mass predictionMt
againstM1/2. We can see that not only isMt smaller than
170 GeV~even forM1/2 as large as 2 TeV! but also that for
fixed M1/2 its dependence withm0 is small. It is relevant to
note that, in the attractive scenario of lowestM1/2, corre-
sponding to lighter sparticles and smallest fine tuning,
largest top quark mass prediction is unacceptable. Indeed
found, by pushing the stability of the Higgs potential to t
extreme, that for a low gaugino massM1/2;600 GeV,11 we
obtainMt;157 GeV~tanb543!. Nevertheless, the fact tha
in Fig. 14 the white circles are above of the blacks sugge
that, if the scalar massesm̃F ,m̃Fc,m̃h are allowed to increase
~and/or split! and be bigger thanM1/2, then Mt may in-
crease. Thus, the main problem is how to conciliate EW
with scalar masses bigger than gaugino masses.

C. The non-universal model

Over the past decade the numerous studies of models
USBM @14,17,18,50–53# at the GUT scale showed that the
often face recurrent difficulties with low energy phenom
enology. The unsatisfactory results have stimulated the in
est in non-universal models@19–21,48,54–57# which are
well motivated from a theoretical point of view. As was em
phasized in@55,56#, even when universality is imposed at th
Planck scale, radiative corrections betweenM P andMX and

11Corresponding toM1/2(MX)5485 GeV and gluino masse
mg̃(MZ)51145 GeV.

FIG. 14. Top quark mass predictionMt against the common
gaugino massM1/2 fixed at the Planck scale (as50.120).
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heavy threshold effects lead to non-universal parameter
the GUT scale. Moreover, the most general SUGRA mod
~with non-canonical kinetic terms! in which supersymmetry
is broken in a hidden sector, and/or superstring theorie
which supersymmetry is broken by theF component of the
moduli fields with different weights, show that non
universality can be generated at the Planck or string sca

In this section we consider the 422 model with no
universal boundary conditions atM P . The independent inpu
parameters werem̃F

2 , m̃Fc
2 ~proportional to the unit matrix!,

m̃h
2 andM45M2RÞM2L .12 These parameters were made

vary at random in the ranges

200 GeV,M45M2R,2 TeV ~22!

1

2
M4,M2L,2M4 ~23!

200 GeV,m̃FÞm̃FcÞm̃h,M4 . ~24!

The results are presented in Figs. 15 –21which main purp
was not to exhaustively scan all the parameter space bu
be a guide of the configuration of the parameter space wh
most effectively increasedMt

12Note that, for the sake of simplicity, we have taken theSU(4)
and SU(2)R gaugino masses equal atM P . Since their one-loop
beta functions are identical, and the gauge couplings are rou
unified aboveMX we also haveM4(MX)5M2R(MX).

FIG. 15. Top quark mass predictionMt against theSU(4)
gaugino massM4 fixed at the Planck scale in the non-univers
model. The thick central line indicates the prediction forMt in the
universal model of Fig. 14 (as50.120).
0-10
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YUKAWA UNIFICATION AS A WINDOW INTO TH E . . . PHYSICAL REVIEW D 63 015010
In Fig. 15 we plot the top quark mass againstM4. Com-
paring with Fig. 14 we observe that while the average
crease ofMt with M4 is similar, the strict correlation presen
in the universal case is replaced, in the non-universal mo
by a dispersed region of enhanced or suppressedMt predic-
tions. This plot also illustrates that one can expectMt

;170 GeV~for M4.1000 GeV) and shows that EWSB ca
occur under more relaxed conditions, which is obvious fr

FIG. 16. TheSU(2)L gaugino massM2L against theSU(4)
gaugino massM4.

FIG. 17. Top quark mass predictionMt against the difference
between theSU(4) andSU(2)L gaugino massesM42M2L . The
stronger concentration of black circles on the right-half part of t
figure indicates that EWSB favorsM4 to be bigger thanM2L .
01501
-

l,

the way the white and black circles distribute evenly.13

In Fig. 16 M2L is plotted againstM4. We see thatM2L
.M4 is disfavored by the condition on the Higgs potential
be bounded. The majority of black circles is concentrated
theM4.M2L region withM4.600 GeV. This preference is
illustrated by the left-right asymmetry around thex-axis of
Fig. 17 which displaysMt againstM42M2L .

Figure 18 shows that, generally, asm̃F decreasesMt pre-
dictions are allowed to increase. A similar dependence ofMt

on m̃Fc was found. Indeed, whenMt is plotted against the
differenceDm̃F5m̃F2m̃Fc such as in Fig. 19 a symmetri
left-right graph emerges around thex-axis. On the other
hand, from Fig. 20 we can conclude thatMt increases with
increasing soft Higgs boson massm̃h . These figures sugges
that the top mass may be increased by increasing the spli
between the sfermions and Higgs soft boson mass. We th
fore find interesting to plot in Fig. 21Mt against the ratio
m̃h /^m̃F& where ^m̃F&5(m̃F1m̃Fc)/2 is the average sfer
mion mass. Our suspictions are confirmed.

After combining the top quark mass dependencies on
input parameters suggested by the previous figures with
merous case-by-case analyses of ‘‘outputs’’ from our n
merical model we arrived at the following conclusions. T
top quark mass prediction is strongly dependent onM4.14

OnceM4 is fixed, decreasingm̃F andm̃Fc increases bothMt

13A similar graph is obtained whenMt is plotted againstM2L thus
we spared from including it here.

14The reason is because, at the unification scale, the gluino ma
are set to beM3(MX)5M4(MX). Thus the sensitiviness of th
results withM4 is in fact a sensitiviness to the masses of the colo
sparticles.

s

FIG. 18. The top quark mass predictionMt against the left-

handed SUSY scalar massm̃F . The lowerm̃F the bigger the spread
in Mt (as50.120).
0-11



ct

SB

r

n

a

y
th

M

ry
s to

he

rch
red

S. F. KING AND M. OLIVEIRA PHYSICAL REVIEW D 63 015010
and the Higgs potential stability parameter~that is positive
for a ‘‘bounded-from-below’’ Higgs potential!:15

S25m2
21m1

222um3
2u.0. ~25!

Howeverm̃F,Fc cannot be arbitrarily small since ifm̃F,Fc are
very small the sleptons became too light. IncreasingM2L and
m̃h increases the top quark mass; however they also affeS.
We found that the most efficient mechanism to increaseMt
relied on decreasingM2L ~which decreasedMt moderately
but increasedS substantially! and increasingm̃h ~which in-
creasedMt significantly and decreasedS moderately!. For
the sake of illustration, we found that, by pushing the EW
conditions to the extreme (S;0, i.e., tuningm3), it was
possible to getMt;175 GeV only if M4(M P)*800 GeV.
In this case we gotM2L5500 GeV, m̃F5350 GeV, m̃Fc

5450 GeV andm̃h51000 GeV.16 Naturally, for a largerM4
mass,S increases and an acceptable top mass is easie
obtain with less tuning inm3.

The main conclusion is that in the 422 model with no
universal soft boson masses a top quark mass of aroundMt
;175 GeV is only possible to obtain in the context of
large gluino massmg̃(MZ);1520 GeV and large tanb
;50, by implicitly tuning the EWSB conditions, and b
choosing squark-slepton masses considerably smaller
the soft Higgs boson massm̃F ,m̃Fc,m̃h .

15In the large tanb limit S2 is given by S2;m1
22m2

22MZ
2

;m3
2/tanb.

16The corresponding values atMX are M45653 GeV, M2L

5408 GeV,m̃F5456 GeV,m̃Fc5567 GeV, andm̃h5972 GeV.

FIG. 19. Top quark mass predictionMt against the difference

between the left-right SUSY scalar massesm̃F2m̃Fc. This symmet-
ric plot shows that the top quark mass does not favor a hiera

betweenm̃F andm̃Fc (as50.120).
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D. D-term contributions

The symmetry breaking of the Pati-Salam to the S
gauge group given in Eq.~19! reduces the group rank from
five to four. Although the GUT symmetry is broken at a ve
high energy it nevertheless has important consequence
low energy TeV phenomenology viaD-term contributions to
the scalar masses@21,48,58#. In the 422 model the GUT
boundary conditions for the scalar masses are@48#:17

m̃q
25m̃F

21g4
2D2 ~26!

m̃uc
2

5m̃Fc
2

2~g4
222g2R

2 !D2 ~27!

m̃dc
2

5m̃Fc
2

2~g4
212g2R

2 !D2 ~28!

m̃l
25m̃F

223g4
2D2 ~29!

m̃ec
2

5m̃Fc
2

1~3g4
222g2R

2 !D2 ~30!

m̃n
25m̃Fc

2
1~3g4

212g2R
2 !D2 ~31!

m̃2
25m̃h

222g2R
2 D2 ~32!

m̃1
25m̃h

212g2R
2 D2. ~33!

17See Appendix E for a detailed derivation of theD-terms in the
422 model. Note that in the limit of unified gauge couplings t
D-terms give identical corrections to the fields in the16 dimen-
sional representation ofSO(10).

y

FIG. 20. Top quark mass predictionMt against the soft Higgs

boson massm̃h . We can see that a large top quark mass is favo

by a large Higgs parameterm̃h (as50.120).
0-12
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YUKAWA UNIFICATION AS A WINDOW INTO TH E . . . PHYSICAL REVIEW D 63 015010
The D-term corrections, ifD is sufficiently large, are impor-
tant to consider because, first, they leave an imprint in
scalar masses of the charges carried by the broken GUT
erator ~these charges determine the coefficients of theg2

terms above!, therefore the analysis of the sparticle spec
@58# might reveal the nature of the GUT symmetry breaki
pattern; secondly, they split the soft Higgs boson masse
m2

22m1
2;24gX

2D2, which for positiveD2, makes radiative
EWSB much easier to occur. Indeed, we found that onceD
*1502200 GeV then EWSB no longer requires the lar
gluino-squark masses characteristic of models with USB

In Fig. 22 we summarize how an acceptable top qu
mass prediction can be achieved in the 422 model in
SO(10) limit of universal gaugino massesM1/2 and univer-
sal squark and slepton mass parametersm̃F5m̃Fc defined at
the Planck scale, but withD-term corrections arising at th
symmetry breaking scale.18 The three solid lines establish th
correlation between the sfermion massesm̃F5m̃Fc ~plotted
in the y-axis! and the Higgs soft boson massm̃h ~plotted in
the x-axis! required to obtain a top quark massMt
5175 GeV, for D5200,300,400 GeV andM45M2R
5M2L5300 GeV. For theD5200 GeV line, EWSB failed
to occur beyond the point where the line is discontinued
her way upward.19 In all cases the lines were cut at the bo
tom edge at points where the left-handed stau mass bec
smaller than 100 GeV.

18Although we refer to this as theSO(10) limit, in fact the two
theories differ in the region between the GUT scale and the Pla
scale.

19The D5300,400 GeV lines continue beyond the border of t
figure.

FIG. 21. Top quark mass predictionMt against the ratio be-

tween the soft Higgs boson massm̃h and the average of the SUS

scalar masses12 (m̃F1m̃Fc). The bigger this ratio the biggerMt is
likely to be.
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The general behavior in Fig. 22 with increasingD-term
values—lines shifting to the top-right corner—results fro
the decrease ofm̃L

2;m̃F
223gX

2D2 in Eq. ~29! which demands

an increasingm̃F
2 parameter. The broader darker areas arou

the solid lines correspond to the uncertainty in the top qu
mass 17565 GeV, while the thinner patches result fro
varying the pole bottom massMb in the range 4.8–5.1 GeV
We also analyzed how the gaugino masses affect the s
lines. For example, for D5200 GeV, taking M1/2
5400 GeV generates the dashed line. IfM2R or M2L are
taken different fromM4 the prediction for the top quark
mass is very similar to the one with universal gaugi
masses withM1/25M4.

In summary, Fig. 22 shows that ifD*200 GeV then a
successful prediction forMt can be achieved, even for sma
gluino or squark masses — no fine tuning in EWSB con
tions — as long as the soft Higgs boson massm̃h is bigger
than the sfermion massesm̃F ,m̃Fc. As an example, setting
D5200 GeV and M1/25300 GeV we found thatMt

;175 GeV could be obtained by fixingm̃F5m̃Fc

5500 GeV andm̃h5750 GeV.20 This input leads to the fol-
lowing low energy predictions: tanb552, lX50.70 a gluino

ck

20The corresponding values atMX are M1/25247 GeV, m̃F,Fc

5474 GeV andm̃h5691 GeV. After theD-term corrections the

scalar masses arem̃q5m̃uc5m̃ec5496 GeV, m̃l5m̃dc5404 GeV,

m̃nc5572 GeV ~for the third family! and m25660 GeV, m1

5720 GeV.

FIG. 22. Correlation between the sfermion massesm̃F5m̃Fc and

the Higgs soft boson massm̃h required to obtain a top quark mas
around 175 GeV (as50.120). Three illustrative choices for th
value of theD-term are taken. The effect of experimental uncerta
ties in the top and bottom quark masses is indicated by the to
areas. The box around theD5200 GeV label indicates the scanne
region used to generate Figs. 23–31~see main text for details!.
0-13
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mass mg̃5618 GeV, a lightest neutralino massmx
1
0

588 GeV (B-ino like, but with substantial Higgsino compo
nent!, a lightest chargino massmx

1
25125 GeV ~Higgsino

like! and masses for the lightest sfermionsmñt
5179 GeV,

mt̃1
5189 GeV andmb̃2

5377 GeV. The lightestCP-even
Higgs boson mass, computed using the one-loop express
of Ref. @59# ~that include the top squark or bottom squa
corrections only! was found to bemh5114 GeV~note that
this value should be read with some caution, we estimate
error of about 10 GeV inmh .)

In the last part of this section we present a series of
ures that show in detail how an acceptable top quark m
prediction can be achieved and how it is correlated with
sparticle spectrum. For the sake of illustration we take, a
the previous sectionsas50.120, Mb54.8 GeV and the fol-
lowing input at the Planck scale:

M1/25300 GeV, D5200 GeV

m̃h5700–1100 GeV,

m̃F5m̃Fc5500,550, . . . ,900 GeV. ~34!

These values correspond to a scan of them̃h–m̃F,Fc pa-
rameter space that is indicated in Fig. 22 with a box.

In Fig. 23 we plot the pole top quark mass predictionMt

against m̃h for several choices of the sfermion mass
m̃F,Fc5500,550, . . . ,900 GeV. We observe thatMt in-

FIG. 23. Prediction for the top quark massMt against the soft

mass for the unified Higgs bosonsm̃h in Eq. ~16!. The numerical
labels, for each line, indicate the value for the soft masses of

scalar fieldsm̃F5m̃Fc used to generate the corresponding line (as

50.120).
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creases with increasingm̃h and decreasingm̃F,Fc. The reason
for such dependence is directly related with the value of
Higgs mixing parameterm.

In Fig. 24 we show how the top quark mass predictionMt
correlates withm. In this plot each line corresponds to
fixed m̃F,Fc mass~labeled by the number beside it! and along
it m̃h is varying in the range indicated by Eq.~34!. We see
that decreasingm̃F,Fc shifts the lines to the right of the grap
thus makingm less negative. Furthermore, asm̃h increases,
from the bottom to the top of the graph,umu decreases. Thes
dependencies lead to a small value form ~at the top-right
corner of this graph! which in turn lead to small SUSY bot
tom corrections that raise the top mass prediction to an
ceptable value.

In Fig. 25 we show the correlation between the top qu
massMt and the gluino massmg̃ predictions. We see that
for the choice ofM1/25300 GeV in Eq.~34!, if the top quark
mass is in the 170–180 GeV range then the gluino mass
the 605–620 GeV range. It is worth stressing that the 4
model withD-terms offers the possibility of predicting ligh
gluinos. This is exciting from the experimental point of vie
and theoretically desirable since it reduces the fine-tuning
the Higgs potential parameters.

In Fig. 26 we plot the top quark massMt against the
lightest chargino massmx

1
2 prediction. In this modelx1

2 is

roughly the charged Higgsino which is lighter than t
chargedW-ino becausem,mW̃ at low energy. From this
graph we read that 80 GeV,mx

1
2,180 GeV which should

be compared with experimental bound from the CERNe1e2

collider LEP2:mx2
exp

.89 GeV @32#.

e

FIG. 24. Prediction for the top quark massMt against the Higgs
mixing parameterm. Each line corresponds to a fixed choice for t

soft mass of the scalar fieldsm̃F5m̃Fc and along it the soft mass fo

the unified Higgs bosonsm̃h is varying~increasing from the bottom
to the top of the plot.! We observe thatMt increases with decreas
ing umu (as50.120).
1
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In Fig. 27 we show the correlation between the top qu
massMt and the lightest neutralino massmx

1
0 predictions.

We note that sincem can be comparable with of theB-ino
mass,x1

0 can have a substantial Higgsino component. Fr

FIG. 25. Correlation between the top quark mass predictionMt

and the gluino mass predictionmg̃ . Each line corresponds to a fixe

choice for the soft mass of the scalar fieldsm̃F5m̃Fc ~labeled with
a number! and along it the soft mass for the unified Higgs boso

m̃h is varying ~increasing from the bottom to the top of the plot!.

FIG. 26. Correlation between the top quark mass predictionMt

and the lightest chargino mass predictionmx
1
2. Each line corre-

sponds to a fixed choice for the soft mass of the scalar fieldsm̃F

5m̃Fc ~labeled with a number! and along it the soft mass for th

unified Higgs bosonsm̃h is varying ~increasing from the bottom to
the top of the plot!.
01501
k

this plot we read that 60 GeV,mx
1
0,105 GeV which

should be compared with the experimental bound:mx
1
0

exp

.40 GeV @32#.
In Fig. 28 we plotMt against the lightest charged slepto

massmt̃1
prediction. It is interesting to observe that th

D-term correction to the left-handed charged sleptons in
~29! is negative while for the right-handed charged slepto
in Eq. ~30! it is positive. Thus the lightest stau is not righ
handed (t̃2) but left-handed (t̃1). From this graph we see
that the prediction formt̃1

can vary significantly, roughly we

find that only an upper bound can be imposedmt̃1

,600 GeV ~the experimental lower bound ismt̃1

exp

.81 GeV @32#!.
In Fig. 29 the prediction for the top quark massMt is

plotted against the lightest sneutrino massmñt
. We note that

for the choices ofm̃F,Fc5500,550,600,650,700 GeV theñt

mass is driven to zero asm̃h increases from the bottom to th
top of the graph@thus, it is possible thatñt could be the
lightest SUSY particle~LSP!#. Comparing this figure with
Fig. 28 we see that the prediction for thet̃1 and ñt masses
are similar. We find that the predicted upper bound formñt

,650 GeV is compatible with the experimental lower bou
mñt

exp
.43 GeV @32#.

In Fig. 30 the top quark mass predictionMt is plotted
against the lightest squark mass, that is, the right-han
sbottom b̃2. The reason why the right-handed down-ty
squarks are lighter than the other squarks is because o

s

FIG. 27. Correlation between the top quark mass predictionMt

and the lightest neutralino mass predictionmx
1
0. Each line corre-

sponds to a fixed choice for the soft mass of the scalar fieldsm̃F

5m̃Fc ~labeled with a number! and along it the soft mass for th

unified Higgs bosonsm̃h is varying ~increasing from the bottom to
the top of the plot!.
0-15
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FIG. 28. Correlation between the top quark mass predictionMt

and the lightest charged slepton mass predictionmt̃1
. Each line

corresponds to a fixed choice for the soft mass of the scalar fi

m̃F5m̃Fc ~labeled with a number! and along it the soft mass for th

unified Higgs bosonsm̃h is varying ~increasing from the bottom to
the top of the plot!.

FIG. 29. Correlation between the top quark mass predictionMt

and the lightest sneutrino mass predictionmn3
. Each line corre-

sponds to a fixed choice for the soft mass of the scalar fieldsm̃F

5m̃Fc ~labeled with a number! and along it the soft mass for th

unified Higgs bosonsm̃h is varying ~increasing from the bottom to
the top of the plot!.
01501
negativeD-term correction in Eq.~28!. The prediction for
mb̃2

is well above the experimental lower boundmb̃2

exp

.75 GeV @32#.
Finally in Fig. 31 we present the correlation between t

predictions for the top quark massMt and the mass of the
CP-odd Higgs bosonmA . We observe thatmA decreases for

increasingm̃F,Fc masses. In fact, form̃F,Fc5900 GeV we
find thatmA is driven to zero. This graph shows that only a
upper bound for the Higgs boson mass can be estima
mA,220 GeV ~the experimental lower bound ismA

exp

.84 GeV @32#!.
We would like to end this section by remarking that,

far as the top quark mass prediction is concerned, the res
in this section are similar to theSO(10) model
@21,23,55,57,60,61#, since we have taken the case of unive
sal gaugino and scalar mass parameters, with theD-term
corrections reducing to those inSO(10). However we have
included the neutrino Yukawa coupling in our analysis, a
also the theory is different fromSO(10) above the GUT
scale. The reason we worked in this limit was to make c
tact with the recent work onSO(10), and to distinguish
clearly the effects ofD-terms from the effect of explicit non
universality. However we would like to emphasise that t
results in Figs. 23–31 are not only valuable by themselv
but they also serve as a reference to which the results in
VI C should be compared with. Generally, the non-univer
422 model withD-term corrections will lead to a set of pre
dictions that is a combination of the results presented
Secs. VI C and VI D.

ds

FIG. 30. Correlation between the top quark mass predictionMt

and the lightest sbottom mass predictionmb̃1
. Each line corresponds

to a fixed choice for the soft mass of the scalar fieldsm̃F5m̃Fc

~labeled with a number! and along it the soft mass for the unifie

Higgs bosonsm̃h is varying~increasing from the bottom to the to
of the plot!.
0-16
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E. b\sg and t\µg with non-universal A-terms

It is well known that the decayb→sg is a sensitive probe
of new physics. In the standard model the loop diagram
volving theW boson and top quark give a theoretical pred
tion for BR(b→sg)5(3.2860.33)31024 @62# 21 at the
next-to-leading order in QCD. This result turns out to
slightly larger than the official CLEO measurement~see first
reference in@63#!.22 However the recent ALEPH results in
dicate a larger branching ratio@64#. We quote

BR~b→sg!5~2.3260.5760.35!31024 CLEO

BR~b→sg!5~3.1160.8860.72!31024 ALEPH
~35!

where the first error is statistical and the second is syst
atic. In view of the above large uncertainties we will take t
conservative range

1.031024,BR~b→sg!,5.031024. ~36!

In supersymmetric extensions of the SM the inclusion
additional SUSY particles can spoil the above ‘‘agreeme
@25#. The reason is because, generally, there is no guara
that the sparticle contributions are small or that they cons
to cancel between themselves. Indeed, it is known that in

21This is the value of Chetyrkinet al. in Ref. @62#.
22Note that an updated preliminary value by CLEO has been

ported : BR(b→sg)5(3.1560.3560.32)31024 ~see second Ref
in @63#!.

FIG. 31. Correlation between the top quark mass predictionMt

and theCP-odd Higgs boson mass predictionmA . Each line cor-
responds to a fixed choice for the soft mass of the scalar fi

m̃F5m̃Fc ~labeled with a number! and along it the soft mass for th

unified Higgs bosonsm̃h is varying ~increasing from the bottom to
the top of the plot!.
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Higgs extensions of the SM the contribution from th
charged Higgs–top quark loopH2t always interferes con-
structively with the SM one. Thus, the resulting branch ra
prediction is bigger and dependent on the unknown char
Higgs boson massmH2. If mH2 is light then the prediction
for the BR(b→sg) is larger than the experimental upp
bound. On the other hand, for a heavy Higgs boson m
mH2;1 TeV, agreement with Eq.~35! is still be possible.

The above situation can change drastically in SUSY m
els with third family Yukawa unification. The reason is b
cause the new contributions arising from gluino–botto

squark (g̃b̃), neutralino–bottom-squark (x0b̃) and

particularly from chargino–top-squark (x2 t̃ ) loops are en-
hanced by large large tanb;40250 factors. In contrast with
the charged Higgs contribution, the SUSY amplitudes c
either add constructively or destructively with theH2t con-
tribution or between themselves. In order to recover
original agreement with experiment a large part of the wo
in the literature@25# explores the idea of suppressing theb

→sg decay by canceling thex2 t̃ against theH2t amplitude
~typically the gluino and neutralino amplitudes are sma!.
Many of these results are obtained in the context of SUG
or GUT models with universal soft masses and triline
terms at the Planck or GUT scale with large gaugino mas
M1/2;1 TeV. Cancellation betweenx2 t̃ and H2t loops is
possible because of two reasons, first the large gaugino m
leads to large top squark masses thus suppressing thex2 t̃
amplitude making it comparable in magnitude to theH2t
term. Secondly, the sign ofm is chosen to be positive. Thi
means that thex2 t̃ contribution has the opposite sign of th
H2t contribution thus allowing the cancellation to occur.

Clearly the above strategy is very attractive because
based on universal soft parameters which render it mo
independent. However, it fails to address two issues. Fir
largeM1/2 leads to fine-tuning of theZ boson mass and sec
ondly, a positivem is in conflict with the successful predic
tion for the top quark mass in the context of GUT mode
with unified third family Yukawa couplings which, as w
have seen, require negativem.

In this section we explore a different solution to the e
hancedb→sg decay in SUSY models witht2b2t Yukawa
unification. The idea is to choosem to be negative, for the
reasons stated earlier, and to suppressb→sg by allowing the
trilinear softA-terms to have a non-universal family depe
dent structure. We will avoid unnatural tuning of ele
troweak symmetry breaking by taking a low value for t
gaugino masses, for exampleM1/2;300(250) GeV at the
Planck ~GUT! scale. In this scheme we find thatb→sg is
dominated by the chargino–top-squark loop.

The purpose of this section is to investigate the possibi
of suppressingb→sg by tuning the initial non-universa
A-terms at the Planck scale such that, at low energy, they
canceled by the flavor violating signals that naturally d
velop when the parameters of our model evolve from high
low energy by the use of RGEs. We will conclude by chec
ing that the introduction of non-universalA-terms is also
compatible with the present upper bound on BR(t→mg).

-

s
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b\sg

The standard model, charged Higgs, chargino and glu
diagrams contributing to this decay are illustrated in Fig.

In models with large tanb the corresponding dominan
amplitudes are given by@65#

ASM5
awAae

4Ap

1

MW
2 VtsVtb3xtwF12~xtw! ~37!

AH25
awAae

4Ap

1

MW
2 VtsVtbxthF34~xth! ~38!

Ax25
awAae

2Ap
(
j 51

2

(
a51

6
1

mŨa

2 HUL
j ab~GUL

j as2HUR
j as!

3
mx

j
2

mb
F43~xx

j
2Ũa

! ~39!

Ag̃5
asAae

Ap
C~R!eD (

a51

6
1

mD̃a

2 ~VR
d̃d†!ba~VL

d̃d!as

3
mg̃

mb
F4~xg̃D̃a

! ~40!

where aw5g2/(4p), ae5e2/(4p), MW is the W boson
mass,mŨa

andmD̃a
the up squark–down squark type squa

mass eigenstates,V the Cabibbo-Kobayashi-Maskaw
~CKM! matrix, xtw5mt

2/MW
2 , xth5mt

2/mH2
2 , xx

j
2Ũa

5mx
j
2

2
/mŨa

2 , xg̃D̃a
5mg̃

2/mD̃a

2 , C(R)54/3 and eD521/3.

The flavor matricesVL,R
d̃d describe the mismatch between t

transformations that diagonalize the down-type squark
quark mass matrices~see Appendix A for details!. The func-

FIG. 32. Diagrams responsible for theb→sg decay considered
in this article~note that we did not compute the neutralino-sbotto
loop which is typically found to be small!. The W boson loop~a!
illustrates the standard model contribution. The charged Higgs l
~b! is present in two doublet Higgs extensions of the SM. T
gluino contribution~c! was found to be small. On the other han
the chargino loop~d! dominated theb→sg decay.
01501
o
.

d

tions F are defined by Fmn(x)5 2
3 Fm(x)1Fn(x) with

Fm,n(x) as in Ref.@65#. The gaugino and Higgsino verte
factorsG andH are given by

GUL
j aA5Tj 1

c ~VL
ũd!aA ~41!

HUR
j aA5Tj 2

c (
B51

3

~VR
ũu!aB~Yu!BBVBA ~42!

HUL
j aA5S2 j

c†~Yd!AA~VL
ũd†!Aa ~43!

where

Yu5diag~mu ,mc ,mt!/~A2MW sinb!5lu8/g ~44!

Yd5diag~md ,ms ,mb!/~A2MW cosb!5ld8/g
~45!

andSc, Tc diagonalize the chargino mass matrix. Finally t

precise definition of theVL
ũd , VR

ũu matrices that describe th
mismatch between the transformations required to diago
ize the up-type squarks and quarks mass matrices ca
found in Appendix A.

The branch ratio BR(b→sg) can be computed from@65#

BR~b→sg!5
G~b→sg!

G~b→cen̄ !
BR~b→cen̄ !, ~46!

where the decay rate forb→sg is given by

G~b→sg!5
mb

5

16p
uAg~mb!u2. ~47!

The full expressions forG(b→cen̄) andAg(mb) @the QCD
corrected amplitude at the scale of the proce
(;mb)—obtained from the total sum of amplitude
Ag(MW)5ASM1AH21Ax21Ag̃# can be found in Ref.@65#.

It is interesting to note that the chargino amplitude h
two distinct contributions. They are illustrated in Fig. 33.
Fig. 33~a! the helicity flip required in the decay is achieve
at the Higgsino vertex. Thus, along the internal squark l
t̃ L-c̃L , flavor violation develops through a (D23

u )LL mass

p

FIG. 33. Diagrams corresponding to the two contributions as
ciated with the chargino amplitude of Eq.~39!. In ~a! flavor viola-

tion is introduced through a (D23
u )LL mass insertion along thet̃ L –c̃L

squark line. In~b! a (D23
u )LR mass insertion is introduced along th

t̃ L –c̃R chirality flipping squark line.
0-18
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YUKAWA UNIFICATION AS A WINDOW INTO TH E . . . PHYSICAL REVIEW D 63 015010
insertion.23 On the other hand, in Fig. 33~b! the two Higgsino
vertices require that the helicity flip must be accomplish
through thet̃ L-c̃R line via a (D23

u )LR mass insertion.
Remembering that we aim at reducingAx2 by introducing

tree-level explicit sources of flavor violation through no
universal soft SUSY terms, the relevant question to add
is whether it is more appropriate to relax universality of t
soft boson mass terms for the fields in theF,Fc multiplets,
thereby changing (D23

u )LL , or to modify the trilinear
A-terms, thereby changing (D23

u )LR . For reasons that will
became clear latter, when we study thet→mg decay, we
will take the latter approach.

Traditionally the SUSY trilinear terms are defined, at hi
energy, to be proportional to their associated Yukawa ma
i.e. (Ãu)AB5A0(lu)AB etc. Although this assumption lead
to obvious simplifications, models inspired by string theo
have been proposed@67# in which theA-terms are not uni-
versal. Motivated by these results we parametrize theÃ’s by

~Ãu!AB5A0xAB~lu!AB , ~Ãd!AB5A0xAB~ld!AB

~48!
~Ãe!AB5A0xAB~le!AB , ~Ãn!AB5A0xAB~ln!AB

where xAB is a dimensionless matrix of order one that w
conveniently choose to have the following structure

xAB5S 1 1 1

1 1 x

1 x
1

10

D . ~49!

We now turn to study the phenomenological implicatio
of Eq. ~49! to the BR(b→sg). For illustrative purposes, an
keeping in mind the successful prediction for the top qu
mass in the 422 model withD-terms, we use, as in the pre
vious section, the sameas50.120, Mb54.8 GeV and the
same input at the Planck scale:M1/25300 GeV, m̃F5m̃F̄

5500 GeV, m̃h5750 GeV andD5200 GeV. Moreover,
we fixedA052000 GeV24 and a negative sign form. At the
GUT scale the Yukawa matrices were set as follows. T
eigenvalues oflu , ld , le were fixed by the requirement tha
the fermion masses at low energy were reproduced.
CKM mixing angles were assumed to be given byu i5u i

u

1u i
d with u i

u5u i
d ~the u i

u,d are the angles that parametriz
the rotation matrices that transform the left-handed up
down quarks into their physical mass basis!. The angles as-
sociated with the rotation required to transform the l
handed charged leptons into their physical mass basis w
given byu i

e5u i
d . Finally ln was set equal tolu . For com-

pleteness we list in Table V the values of the Yukawa m
trices at the SUSY scaleQ5MS5430 GeV.

23The (D23
u )LL parameter is the off-diagonal 23 entry of the le

handed up-type squark mass matrix in a basis where the up-
quark mass matrix is diagonal~see Ref.@66#!.

24A0(MX)5570 GeV.
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In Fig. 34 we plot the SM, charged Higgs, chargino a
gluino amplitudes in Eqs.~37!–~40! againstx. For x;0 we
approximately recover the usual universalA-term model.
This is because the first and second family of the triline
terms are small~due to small Yukawa entries! and the third
family A-terms at low energy are not too sensitive to th
initial value at high energy. We see that becausem is nega-

pe

TABLE V. Values of the Yukawa matrices at the effec-
tive SUSY scaleQ5MS5430 GeV. The correct quark and
charged lepton masses as well as the CKM matrix are ob-
tained after ‘‘running-down’’ these matrices first, fromQ
5MS to Q5MZ , using the SM RGEs, and secondly from
Q5MZ to Q51 GeV, using SU(3)c3U(1)em RGEs.
~See Sec. II B for more details.!

lu5S 1.00331025 1.11831026 1.76831028

23.60831024 3.23631023 7.01231025

5.88231024 21.97331022 0.914
D

ld5S 1.07531023 1.21331024 3.25131026

2.38431023 2.11131022 24.46131024

25.68631024 1.91031022 0.872
D

le5S 1.46431024 21.63731025 7.29731027

3.43631023 3.08431022 26.07731024

7.46531024 9.40931023 0.532
D

ln5S 4.40631026 4.90831027 8.30031029

21.58531024 1.42131023 3.53931025

2.51931024 21.14131022 0.575
D

FIG. 34. Individual values for the amplitudes contributing to t
b→sg decay against the trilinear parameterx of Eq. ~49!. One
observes that the chargino amplitudeAx2 is sensitive tox and big-
ger thanASM , AH2 andAg̃ for almost all thex values. Furthermore,
the sign ofAx2 changes asx increases from 0.0 to 2.0.
0-19
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S. F. KING AND M. OLIVEIRA PHYSICAL REVIEW D 63 015010
tive, the chargino amplitude is negative and interferes c
structively with the other amplitudes. However, asx in-
creases, the chargino amplitude becomes less negative
the magnitude ofuAx2u steadily decreases. At some poin
aroundx;1.1 the chargino amplitude vanishes. Beyondx
;1.1, Ax2 is positive, thus it interferes destructively wit
the SM and Higgs amplitudes. Clearly, we see that by tun
x it is easy to find a region whereb→sg is suppressed.

In Fig. 35 we show the BR(b→sg) againstx. The area
between the dashed lines indicates the experimental allo
range in Eq.~36!. The dashed line A corresponds to th
result one obtains whenA050. The solid lines D and C are
plotted for illustrative purposes; they correspond to
BR(b→sg) that is obtained when only the SM amplitud
and the SM plus the charged Higgs amplitudes are con
ered respectively. The solid line B indicates the BRb
→sg) prediction when all the amplitudes in Eqs.~37!–~40!
are considered. We observe that, due to a light charged H
boson massmH

2;130 GeV, the value of the BR(b→sg)
when only the SM1H2t loops are considered lies above t
experimental range. On the other hand, the BR(b→sg)
when the chargino contribution is included~line B! starts at
x;0 very large but is driven into compatibility with exper
ment at aroundx;1.6060.15.

t\µg

In the previous section we showed that the parametr
tion of the trilinear terms by Eq.~49! leads to a suppresse

FIG. 35. Branch ratio for theb→sg decay against the trilinea
parameterx in Eq. ~49!. The dashed line A corresponds to the res
one obtains whenA050. The solid line B was computed using th
SM, charged Higgs, gluino and Higgsino contributions. For the l
C we used the SM and Higgs contributions only. The line D w
obtained using the SM amplitude alone. The allowed experime
range is indicated by the area between the two dotted lines.
observe that for the line B an acceptable prediction is obtained
x;1.60.
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BR(b→sg) compatible with the experimental data. How
ever, one should be careful about other possible implicati
derived from this new source of flavor violation. Clearly E
~49! also introduces lepton flavor violating signals throu
the Ãe,n matrices in Eq.~48!. The purpose of this section i
to check that the decayt→mg ~for the successful value ofx
fixed by b→sg) is not in conflict with the experimenta
upper bound on BR(t→mg),3.031026 @68#.

The effective Lagrangian for thet→mg decay is

Lt→mg5
1

2
c̄m~p2q!~ARPR1ALPL!sabct~p!Fab

~50!

wherePR,L are projection operators andFab the electromag-
netic field tensor. The branch ratio can be computed usin

BR~t→mg!5
12p2

GF
2 ~ uARu21uALu2! ~51!

whereAR5Ax2
R

1Ax0
R andAL5Ax0

L . Numerically we found
that the decay is dominated by the chargino-sneutrino l
diagram illustrated in Fig. 36.

The corresponding amplitude is given by

Ax2
R

5
awAae

2Ap
(
j 51

2

(
a51

3
1

mña

2 HnL
j atGnL

j am
mx

j
2

mt
J~xx

j
2ña

! ~52!

where mña
is the physical mass of the sneutrinos,xx

j
2ña

5mx
j
2

2
/mña

2 and J a dimensionless function.25 The gaugino

and Higgsino vertex factors are given by

GnL
j aA5Tj 1

c ~VLL
ñe !aA

HnL
j aA5S2 j

c†~Ye!AA~VLL
ñe†!Aa ~53!

where Ye5diag(me ,mm ,mt)/(A2MW cosb)5le8/g. Finally

25Explicitly, J(x)5@x224x1312 ln(x)#/@2(x21)3#.
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FIG. 36. Chargino diagram involved in thet→mg decay~the
neutralino diagram was found to be subdominant!. In this process
lepton flavor violation develops through the (D23

n )LL mass insertion

along theñL
t –ñL

m sneutrino line.
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the sneutrino-charged lepton flavor matrix is defined

VL
ñe5SLL

ñ Te† whereSLL
ñ diagonalizes the sneutrino mass m

trix and Te is the matrix that rotates the left-handed charg
leptons into their physical mass eigenstates~see Appendix A
for details.!

We see from Fig. 36 that thet decay develops throug
the sneutrinoñL

t –ñL
m scalar line via the (D23

n )LL mass inser-
tion. Comparing the bottom with the tau decay, we note t
while in the former decay the presence of right-handed
type squarks allows the diagram in Fig. 33~b! to exist, in the
latter decay, the corresponding lepton analogue of such
gram does not exist since the effective low energy the
does not include right-handed sneutrinos (ñR).

We can now justify why we preferred to consider no
universal A-terms rather than non-universal soft SUS
masses. If we had chosen to introduce non-universal
squark masses then unification of quarks and leptons in thF
andFc multiplets would demand similar non-universal sle
ton masses. In this scenario it would be difficult to simul
neously suppressb→s1g and keep BR(t→mg) below the
experimental bound. The reason is because both decays
proceed via a (D23)LL mass insertion. In contrast, when no
universalA-terms are introduced, we can controlb→sg via
the (D23

u )LR insertion, while leaving the prediction fo
BR(t→mg) approximately unchanged because the lepto
decay proceeds via the (D23

n )LL insertion.
In Fig. 37 and Fig. 38 we show how the amplitudes a

the branch ratio of thet→mg decay depend on the trilinea
parameterx in Eq. ~49!. We see that, forx;0, the prediction
for the tau decay is close to the experimental limit BRt
→mg),3.031026. However asx increases the magnitud

FIG. 37. Values for the charginoAx
R and neutralino amplitudes

Ax0
L,R contributing to thet→mg decay against the trilinear param

eter x in Eq. ~49!. We observe thatAx0
L,R are small compared with

Ax
R . Moreover, the magnitude ofAx

R slowly decreases asx in-
creases.
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of the chargino amplitudeuAx2u slowly decreases thus driv
ing the prediction for BR(t→mg) to smaller values. Forx
;1.60 the predicted BR(t→mg) is about one order of mag
nitude below the experimental upper bound.

In summary, we have verified that by introducing no
universalA-terms one can simultaneously satisfy the pres
experimental constraints onb→sg andt→mg even whenm
is negative.

Finally we point out that the success in suppressing
b→sg decay is not without some tuning. Indeed we fou
that the suppression works well only for a restricted range
x;1.6060.15. Thus taking as a measure of tuningx the
ratio d5dx/x we findd;19%. Nevertheless, it is unclear
it is more natural to expectb→sg to be suppressed by flavo
physics, implying tuning in the flavor parameters, or by su
pressing the charged Higgs and chargino amplitudes by
manding largemH2 and top squark masses, implying tunin
in settingMZ .

VII. CONCLUSION

We have studied Yukawa unification, including the e
fects of a physical neutrino mass consistent with the Sup
Kamiokande observations. We began our study by review
the usual MSUGRA scenario with universal soft mass
rameters, but including the effect of the neutrino Yukaw
coupling. Assuming hierarchical neutrino masses, and m
ing angles arising mainly from the neutrino sector~so that
the charged lepton Yukawa matrix has no large off-diago

FIG. 38. Branch ratio for thet→mg decay against the trilinea
parameterx in Eq. ~49!. The dashed line A corresponds to the res
whenA050. We observe that the solid line B is driven to small
values asx increases. In fact, for largex;2.0, the predicted branch
ratio is roughly one order of magnitude smaller than the pres
experimental bound~here indicated by the dotted line!.
0-21
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entries! we saw that the usual predictions are not mu
affected.26 For example, the usual result that positivem is
not allowed, and negativem leads to top quark masses whic
are too small, is still valid.

We then analyzed a string orD-brane inspired
SU(4)^ SU(2)L ^ SU(2)R model since this allows the mos
general non-universal scalar and gaugino masses, an
therefore the perfect laboratory for studying the effects
non-universality. We explored the sensitivity of the pred
tions to variations in all these non-universal soft bos
masses, and showed that the usual results can change
siderably as a function of the degree of non-universality
the soft parameters. We then switched on the usualD-term
contributions which arise inSO(10), and which by them-
selves are enough to allow successful electroweak symm
breaking, and permit small corrections to theb-quark mass
which implies an acceptable large top quark mass. We s
ied the effect of theD-terms in the SU(4)^ SU(2)L

^ SU(2)R model, for the sake of clarity working in the~ap-
proximate! SO(10) limit of the model, in order to distinguish
clearly the effect of the D-terms from that of explicit no
universality. Including D-terms as the only source of no
universality, we studied the sparticle spectrum in some
tail, although these results should be considered
conjunction with the effect of the explicit non-universal sc
lar masses and non-universal gaugino masses considered
viously, since in a realisticSU(4)^ SU(2)L ^ SU(2)R
model both effects will simultaneously be present.

We then turned to rare decays such asb→sg and t
→mg which severely constrain Yukawa unification. Assum
ing that the only source of non-universality is due
D-terms, we showed how non-universal trilinear parame
can lead to cancellations of the important effects and so
vide information about the family-dependent supersymme
breaking soft Lagrangian. Again, the effect of more gene
non-universal scalar masses and non-universal gau
masses associated with theSU(4)^ SU(2)L ^ SU(2)R
model will modify the results, but the main message rema
clear: family-dependent non-universality will play an impo
tant role inb→sg, and such effects should be considered
conjunction with the effects of family-independent no
universality. We have shown that successful Yukawa un
cation can be achieved if both types of non-universality
simultaneously present.

In summary Yukawa unification is well motivated from
both a theoretical point of view, and from the point of vie
of predicting large tanb which helps to raise the Higgs bo
son mass. We have found that Yukawa unification is p
fectly viable providing the soft masses are non-universa
both family-independent and family-dependent ways, and
have explored the specific correlations between the soft
rameters required in order to satisfy all the constraints sim
taneously. In our view the sensitivity of Yukawa unificatio

26Large off-diagonal entries in the neutrino Yukawa matrix w
not affect our results very much since the right-handed neutr
decouple from the right-hand sides of the RGEs at high energy
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to soft SUSY breaking parameters is to be welcomed, sinc
provides a window into the soft supersymmetry breaking L
grangian.
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APPENDIX A: NOTATION AND CONVENTIONS

In this appendix we briefly summarize our conventio
and explain in detail the notation concerning the diagonali
tion of the mass matrices. The superpotential of the MS
1nc model is given by

W5eab@uA
c ~lu!ABqB

ahu
b2dA

c ~ld!ABqB
ahd

b1nA
c ~ln!ABl B

ahu
b

2eA
c ~le!ABl B

ahd
b1mhu

ahd
b#1 1

2 ~M n!ABnA
c nB

c ~A1!

wheree1252e2151, A,B51, . . . ,3 areflavor indices and
a,b51,2 areSU(2)L indices. The Yukawa matrices are d
agonalized by the following transformations:

SuluTu†5lu8 , SdldTd†5ld8 ,
~A2!

SeleT
e†5le8 , SnlnTn†5ln8

where the primedl8s are diagonal. In this notation the CKM
matrix is given byV5TuTd†. The full Lagrangian of the
model also includes trilinear, soft scalar masses and gau
masses given by

V5eab@ ũA
c ~Ãu!ABq̃B

ahu
b2d̃A

c ~Ãd!ABq̃B
ahd

b1 ñA
c ~Ãn!ABl̃ B

ahu
b

2ẽA
c ~Ãe!ABl̃ B

ahd
b1m3hu

ahd
b#1H.c. ~A3!

L5 1
2 @m2

2uhuu21m1
2uhdu21q̃A* ~m̃q

2!ABq̃B1 l̃ A* ~m̃l
2!ABl̃ B

1ũA
c ~m̃uc

2
!ABũB

c* 1d̃A
c ~m̃dc

2
!ABd̃B

c* 1ẽA
c ~m̃ec

2
!ABẽB

c*

1 ñA
c ~m̃nc

2
!ABñB

c* #1H.c. ~A4!

L5 1
2 M1l1l11 1

2 M2l2
al2

a1 1
2 M3l3

ml3
m1H.c. ~A5!

The chargino and neutralino mass matrices can be co
niently written in the basis of the following 4-compone
gaugino and Higgsino fields:27

W̃25S 2 il2

i l̄1 D , H̃25S H̃d
2

iHD u
1D ~A6!

B̃5S 2 il1

i l̄1
D , W̃05S 2 il2

3

i l̄2
3 D , ~A7!

H̃d
05S H̃d

1

HD d
1D , H̃u

05S H̃u
2

HD u
2D .

s
27l65(l2

17 il2
2)/A2.
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Thus

L52~WD L
2HD L

2!S M2 A2MWsb

A2MWcb m
D S W̃R

2

H̃R
2 D 1H.c. ~A8!

and

L52
1

2
~BD WD 0HD d

1HD u
2!S M1 0 2MZcbsu MZsbsu

0 M2 MZcbcu 2MZsbcu

2MZcbsu MZcbcu 0 2m

MZsbsu 2MZsbcu 2m 0

D S B̃

W̃0

H̃d
1

H̃u
2

D ~A9!

wheresb5sinb, cb5cosb (tanb5v2 /v1 5 the ratio of the up or down Higgs VEVs! andu the weak mixing angle. The
chargino mass matrixMC in Eq. ~A8! and the neutralino matrixMN in Eq. ~A9! are diagonalized by

SCMCTC†5Diag~mx
1
2,mx

2
2! ~A10!

SNMNSN†5Diag~mx
1
0,mx

2
0,mx

3
0,mx

4
0!. ~A11!

The mass matrices for the charged scalar sparticles are written in the following basis:

S ũL

ũR
D 5S ũ

ũc*
D , S d̃L

d̃R
D 5S d̃

d̃c*
D , S ẽL

ẽR
D 5S ẽ

ẽc*
D . ~A12!

Explicitly we find

~ ũL
†ũR

† !S m̃q
21mu

†mu1MZ
2Zuc2b 2mlu

†v11Ãu
†v2

2mluv11Ãuv2 m̃uc
2

1mumu
†1MZ

2Zucc2b
D S ũL

ũR
D ~A13!

~ d̃L
†d̃R

† !S m̃q
21md

†md1MZ
2Zdc2b 2mld

†v21Ãd
†v1

2mldv21Ãdv1 m̃dc
2

1mdmd
†1MZ

2Zdcc2b
D S d̃L

d̃R
D ~A14!

~ ẽL
†ẽR

† !S m̃l
21me

†me1MZ
2Zec2b 2mle

†v21Ãe
†v1

2mlev21Ãev1 m̃ec
2

1meme
†1MZ

2Zecc2b
D S ẽL

ẽR
D . ~A15!
f

ass
The light sneutrino mass matrix in theñL5 ñ basis, after the
heavy right-handed sneutrinos are integrated out, is given

ñL
†~m̃l

21MZ
2ZnL

c2b!ñL . ~A16!

The Z factors in Eqs.~A13!–~A16! are defined byZf5I f

2Qfsu
2 whereI f is the isospin andQf the electric charge o

the f field:

Zu5~1 1
2 !2~1 2

3 !su
2 , Zuc5~0!2~2 2

3 !su
2

Zd5~2 1
2 !2~2 1

3 !su
2, Zdc5~0!2~1 1

3 !su
2,

~A17!
Ze5~2 1

2 !2~21!su
2 , Zec5~0!2~11!su

2

Zn5~1 1
2 !2~0!su

2 .
01501
by
The diagonalization of the up-type squark squared m

matrix Mũ2 of Eq. ~A13!, down-type squark matrixMd̃2 of
Eq. ~A14!, charged slepton matrixMẽ2 of Eq. ~A15! and
sneutrino matrix of Eq.~A16! is achieved in the following
way:

SũMũ2Sũ†5Diag~mŨ1
, . . . ,mŨ6

! ~A18!

5Diag~mũ1
,mc̃1

,mt̃ 1
,mũ2

,mc̃2
,mt̃ 2

!

~A19!

Sd̃Md̃2Sd̃†5Diag~mD̃1
, . . . ,mD̃6

! ~A20!

5Diag~md̃1
,ms̃1

,mb̃1
,md̃2

,ms̃2
,mb̃2

! ~A21!
0-23
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SẽMẽ2Sẽ†5Diag~mẼ1
, . . . ,mẼ6

! ~A22!

5Diag~mẽ1
,mm̃1

,mt̃1
,mẽ2

,mm̃2
,mt̃2

! ~A23!

SLL
ñ MLL

ñ2SLL
ñ†5Diag~mñ1

,mñ2
,mñ3

!. ~A24!

Finally it is convenient to define the following matrice
that are, in a way, supersymmetric generalizations of
CKM matrix, i.e., they describe the flavor properties of ve
tices that involve the interaction between a SUSY scalar p
ticle and a standard model fermion:

~VR
ũu!aA5 (

B51

3

SaB13
ũ SBA

u† , ~VR
ũu†!Aa5 (

B51

3

SAB
u SB13a

ũ†

~VL
d̃d!aA5 (

B51

3

SaB
d̃ TBA

d† , ~VL
d̃d†!Aa5 (

B51

3

TAB
d SBa

d̃†

~VR
d̃d!aA5 (

B51

3

SaB13
d̃ SBA

d† , ~VR
d̃d†!Aa5 (

B51

3

SAB
d SB13a

d̃†

~A25!

~VL
ũd!aA5 (

B51

3

SaB
ũ TBA

d† , ~VL
ũd†!Aa5 (

B51

3

TAB
d SBa

ũ†

~VLL
ñe !aA5 (

B51

3

~SLL
ñ !aBTBA

e† ,

~VLL
ñe†!Aa5 (

B51

3

TAB
e ~SLL

ñ† !Ba .

APPENDIX B: THE SUPERSYMMETRY MASS SCALE

In this section we will define the effective SUSY sca
MS which we used to represent the average sparticle mas
Above MS the theory was described by the MSSM1nc and
below it we had the standard model. Traditionally it is co
venient to introduce threeTi scales that describe the effect
the decoupling of the SUSY particles on the gauge coupli
@34#:

T15mq̃
11/25

ml̃
9/25

mH̃
4/25

mH
1/25 ~B1!

T25mq̃
9/25

mW̃
8/25

mH̃
4/25

ml̃
3/25

mH
1/25 ~B2!

T35mq̃
1/2

mg̃
1/2

~B3!

wheremq̃ , ml̃ , mH̃ , mH , mW̃ andmg̃ are the squark, slep
ton, Higgsino, heavyCP-even Higgs boson,W-ino and
gluino masses respectively. In models with gauge unifica
at MX the prediction foras(MZ) depends onMSUSY given
by @5#

MSUSY5T1
225/19T2

100/19T3
256/19. ~B4!

Combining the equations above we obtain@8#
01501
e
-
r-

es.

-

s

n

MSUSY5mH̃S mW̃

mg̃
D 28/19F S ml̃

mq̃
D 3/19S mH

mH̃
D 3/19S mW̃

mH̃
D 4/19G .

~B5!

In this article we did not use the above scale to descr
the average sparticle masses since as was emphasiz
Refs. @5,8#, MSUSY is only related to the overall sparticl
masses in the unlikely case of degenerate SUSY spect
Instead, we introduced a new scaleMS which was defined
such that the sum of the squares of the threshold correct
induced by the decoupling of the SUSY spectrum on
gauge couplings is minimal:

]

]MS
H (

i 51

3
Bi

2p
lnS MS

Ti
D J 2

50, whereBi5~ 5
2 , 25

6 ,4!.

~B6!

Explicitly we find thatMS is given by

MS5T1
225/1426T2

625/1426T3
576/1426 ~B7!

TABLE VI. Predicted values for theB-ino (mB̃), W-ino (mW̃)
and gluino (mg̃) masses at low energies and for the three SU
scalesTi and the effectiveMS , MSUSY scales defined in Eqs
~B8!,~B5! ~masses given in GeV units!. The first column indicates
the input for each model as defined by list of values in Table I.

Case mB̃ mW̃ mg̃ T1 T2 T3 MS MSUSY

A 173 334 942 440 454 874 588 68
B 356 674 1787 851 887 1650 1132 150
C 174 334 942 438 433 879 577 53
D 356 674 1789 818 820 1662 1091 103
E 173 334 976 449 474 903 610 76
F 355 673 1845 889 935 1700 1181 172
G 173 334 976 451 466 907 607 68
H 356 673 1845 876 911 1707 1166 150
I 264 503 1415 718 714 1319 915 116

TABLE VII. Values of the parameters required to compute t

gluino correction to the bottom quark massD g̃mb;220% ~all
evaluated at low energy.! The gluino mass is given bymg̃ , the
bottom squark masses bymb̃1,2

and the dimensionless functionI g̃ is

given by I g̃5mg̃mI (mg̃
2 ,mb̃1

2 ,mb̃2

2 ).

Case a3 tanb mg̃ m mb̃1
mb̃2

I g̃ D g̃mb

A 0.0904 42.16 942 -417 775 691 -0.305 -24.6
B 0.0848 44.16 1787 -795 1431 1316 -0.311 -24.
C 0.0906 35.94 942 -339 790 725 -0.238 -16.4
D 0.0850 37.51 1789 -636 1475 1373 -0.238 -16.
E 0.0960 47.15 976 -494 794 692 -0.358 -34.3
F 0.0896 49.40 1845 -942 1452 1323 -0.367 -34.
G 0.0960 41.99 976 -445 804 719 -0.313 -26.8
H 0.0897 44.06 1845 -847 1480 1364 -0.320 -26.
I 0.0920 47.34 1415 -703 1144 1035 -0.347 -32.
0-24
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5mq̃
612/1426

mg̃
228/1426

mW̃
200/1426

ml̃
156/1426

mH̃
136/1426

mH
34/1426

~B8!

where the exponent values of themq̃ , . . . ,mH terms are
0.43, 0.20, 0.14, 0.11, 0.10 and 0.02 respectively. It is in
esting to note that the unphysical nature ofMSUSY can be
immediately identified through the appearance of nega
exponents@see Eq.~B4!# whereas theTi ’s in Eqs.~B1!–~B3!
and MS in Eq. ~B7! and Eq.~B8! are weighed by positive
numbers.

In Table VI we list the low energy values of the masses
the gauginos, the effective SUSY scales in Eqs.~B1!–~B3!,
and the value of the new supersymmetry scaleMS defined in
Eq. ~B8! against the often usedMSUSY of Eq. ~B5!. We
observe that whileMS is a good average of theTi ’s, MSUSY
fails to represent a meaningful effective SUSY mass.

APPENDIX C: TABLES FOR THE SUSY CORRECTIONS

In this appendix we present some examples which ill
trate the magnitude of the SUSY corrections to the bott
and tau mass.

In Table VII we systematically list the values of all th
parameters, evaluated at low energy, that are needed to
pute the gluino correction. The columns refer to the inp
taken according to Table I; the value of the strong gau
coupling; the ratio of the MSSM VEVs; the mass of th
gluino; the value of the Higgs mixing parameterm; the
masses of the physical bottom squarks; the value of the
mensionless functionI g̃5mg̃mI (mg̃

2 ,mb̃1

2 ,mb̃2

2 );28 and fi-

nally, in the last column, the value of the gluino correcti
@in percentage~%!#. In Table VIII we list similar values ap-
propriate for the evaluation of the Higgsino correction. F
example,a t5l t

2/4p, mt̃ 1,2
are top squark masses andI H̃

5AtmI (m2,mt̃ 1

2 ,mt̃ 2

2 ). Comparing Table VII with Table VIII

28I (x,y,z)52@xy ln(x/y)1yzln(y/z)1zxln(z/x)]/@(x
2y)(y2z)(z2x)].

TABLE VIII. Values of the parameters required to compute t

Higgsino correction to the bottom quark massD H̃mb;6% ~all
evaluated at low energy.! The Higgsino mass is approximate
given by umu, the top squark masses are given bymt̃ 1,2

and the

dimensionless functionI H̃ is given byI H̃5AtmI (m2,mt̃ 1

2 ,mt̃ 2

2 ).

Case a t tanb At m mt̃ 1
mt̃ 2

I H̃ D H̃mb

A 0.0476 42.16 -780 -417 812 665 0.408 6.5
B 0.0482 44.16 -1410 -795 1457 1291 0.401 6.8
C 0.0363 35.94 -879 -339 831 690 0.385 4.0
D 0.0364 37.51 -1605 -636 1504 1345 0.376 4.0
E 0.0597 47.15 -728 -494 826 676 0.406 9.1
F 0.0602 49.40 -1302 -942 1472 1303 0.399 9.4
G 0.0499 41.99 -814 -445 842 692 0.416 6.9
H 0.0504 44.06 -1465 -847 1506 1338 0.409 7.2
I 0.0573 47.34 -1055 -703 1170 1013 0.400 8.6
01501
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we read thatD g̃mb;220% dominates overD H̃mb;6%.
In Table IX we present, in the last column, the values

theB-ino corrections to the tau massD B̃mt . In this table we
also give the values fora85g82/4p, for theB-ino massmB̃ ,
for the stau masses and forI B̃5mB̃mI (mB̃

2 ,mt̃1

2 ,mt̃2

2 ). We

read that, on average,D B̃mt is -2.45 %.
Finally we computedDmd and Dms which we show in

Table X. Two comments deserve attention. First,D H̃md,s
.0 due to smallld,s Yukawa couplings. Secondly, we se
that the gluino contribution is not universal, i.e.,D g̃md

.D g̃ms.” D g̃mb due tomd̃,s̃.” mb̃ . In conjunction, they lead
to non-universal SUSY correctionsDmd,s.” Dmb , thus
slightly affecting the ratiold,s(MX)/lb(MX) @69#.

APPENDIX D: BOUNDARY CONDITIONS FOR THE
GAUGE AND GAUGINO MASSES

In this appendix we review the origin of Eq.~20! that
relates the gauge and the gaugino masses of
SU(3)c^ SU(2)L ^ U(1)Y MSSM and of the
SU(4)^ SU(2)L ^ SU(2)R Pati-Salam model.

We start by considering the constraint on theU(1)Y ,

TABLE IX. Values of the parameters required to compute t

B-ino correction to the tau lepton massD B̃mt;22.45%.~all evalu-
ated at low energy.! TheB-ino mass is given bymB̃ , the tau squark
masses bymt̃1,2

and the dimensionless functionI B̃ is given by I B̃

5mB̃mI (mB̃
2 ,mt̃1

2 ,mt̃2

2 ).

Case a8 tanb mB̃ m mt̃1
mt̃2

I B̃ D B̃mt

A 0.0104 42.16 173 -417 348 178 -0.669 -2.3
B 0.0105 44.16 356 -795 653 387 -0.656 -2.4
C 0.0104 35.94 174 -339 343 207 -0.507 -1.5
D 0.0105 37.51 356 -636 657 424 -0.494 -1.5
E 0.0104 47.15 173 -494 355 143 -0.860 -3.3
F 0.0105 49.40 355 -942 652 352 -0.818 -3.3
G 0.0104 41.99 173 -445 350 175 -0.715 -2.4
H 0.0105 44.06 356 -847 655 387 -0.696 -2.5
I 0.0104 47.34 264 -703 549 329 -0.641 -2.5

TABLE X. Gluino and Higgsino SUSY corrections to the dow

and strange massesD g̃,H̃md,s and the total correction to the down
strange and bottom quark massesDmd,s,b ~in percentage values!.

Case D g̃md D H̃md D g̃ms D H̃ms
Dmd Dms Dmb

A -19.24 0.00 -19.25 0.01 -19.24 -19.23 -17.2
B -19.28 0.00 -19.28 0.01 -19.28 -19.27 -17.0
C -12.95 0.00 -12.95 0.01 -12.95 -12.94 -11.3
D -12.72 0.00 -12.72 0.01 -12.72 -12.71 -11.1
E -26.38 0.00 -26.39 0.02 -26.38 -26.37 -24.4
F -26.38 0.00 -26.38 0.02 -26.38 -26.36 -24.1
G -20.92 0.00 -20.92 0.01 -20.92 -20.91 -18.8
H -20.91 0.00 -20.92 0.01 -20.91 -20.90 -18.6
I -24.40 0.00 -24.40 0.02 -24.40 -24.38 -22.5
0-25
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SU(2)R and SU(4) gauge couplingsg8, g2R and g4. The
covariant derivative for the heavy Higgs bosonH that breaks
the GUT symmetry is

DmH5]mH1 ig2RtR
aWRm

a H1 ig4TmGm
mH ~D1!

wheretR
a5 1

2 sa and Tm are theSU(2)R and SU(4) group
generators with associated gauge bosonsWR

a and Gm (a
51, . . . ,3 andm51, . . .,15). When H develops a non-
vanishing VEV^Hn&5A2Vn along the neutrino direction th
quadratic interactionuDmHu2 generates the following mas
terms:

2g2R
2 Vn

2~tR
atR

b !22WR
amWRm

b ~D2!

4g2Rg4Vn
2~tR

3 !22~T15!44WR
3mGm

15 ~D3!

2g4
2Vn

2~TmTn!44G
mmGm

n ~D4!

where tR
35diag(1

2 ,2 1
2 ) and T155A 3

2 diag (1
6 , 1

6 , 1
6 ,2 1

2 ) are
diagonal matrices. Upon explicit substitution of the gro
generators~and after adding to the above expressions sim
terms associated with theH̄ Higgs field, with a VEV^H̄n&
5A2V̄n) the mixing between theWR

3 , G15 gauge bosons ca
be written as

1

2
V2~WR

3m G15m!S g2R
2 A3

2
g4g2R

A3

2
g4g2R

3

2
g4

2 D S WmR

3

Gm
15 D

~D5!

whereV25Vn
21V̄n

2 . The matrix above can be diagonalize
by a unitary matrix parametrized by the rotation anglea
given by

sina5
2g2R

Ag2R
2 1

3

2
g4

2

, cosa5

A3

2
g4

Ag2R
2 1

3

2
g4

2

~D6!

to yield a masslessB state~the MSSMB-ino! and a heavy
gauge bosonX with a massmX

25V2(g2R
2 1 3

2 g4
2). These are

related to theWR
3 , G15 bosons through

S B

XD 5S cosa sina

2sina cosa D S WR
3

G15D ,

~D7!

S WR
3

G15D 5S cosa 2sina

sina cosa D S B

XD .

Finally, in order to obtain the first equation in Eq.~20! we
need to relateg8 to g2R and g4. This can be achieved b
examining, for example, the kinetic term for the fermions
the F representation:
01501
r

L5 i F̄gmDmF

;2F̄gm@g4T15Gm
15#F

;2ūgmFA3

2
g4S 1

6D ~sinaBm!Gu ~D8!

and comparing it to theU(1)Y neutral current Lagrangian:

L52ūgmFg8S 1

6DBmGu. ~D9!

We get

g85A3

2
g4 sina. ~D10!

Thus combining Eq.~D6! and ~D10! we find

1

g82
5

1

g2R
2

1
1

3

2
g4

2

~D11!

which agrees with Eq.~20! after replacingg825 3
5 g1

2.
In the second part of this appendix we will justify th

second equation in Eq.~20!. We start by considering the
following Higgs-gaugino-Higgsino interaction:

L5 iA2H†~g2RtR
alR

a1g4Tml4
m!H̃1H.c. ~D12!

whereH is the heavy Higgs boson,H̃ the heavy Higgsino
field, and lR

a ,l4
m the SU(2)R ,SU(4) gauginos~a similar

expression applies toH̄). When the Higgs bosonsH, H̄ de-
velop their VEVs, we obtain~after appropriately substituting
the generator matricestR

3 , T15)

L5g2R~2 ilR
3 !@VnH̃n1V̄nH! n#

1A3

2
g4~2 il4

15!@VnH̃n1V̄nH! n#1H.c. ~D13!

From Eq.~D13! it is clear that the gauginos only couple
the VnH̃n1V̄nH! n combination of Higgsinos. Thus, it is con
venient to define new fieldsÑ1 and Ñ2 through

S Ñ1

Ñ2
D 5S cosuN sinuN

2sinuN cosuN
D S H̃n

H! n
D ~D14!

where tanuN5V̄n /Vn . The bosonic partners ofÑ1 ,Ñ2 have
VEVs given by ^N1&5A2V15A2Vn cosuN1A2V̄n sinuN

5A2(Vn
21V̄n

2)1/2 and^N2&50. The gaugino mass matrix in

the (2 ilR
3 ,2 il4

15,Ñ1) basis can be written as
0-26
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Ml5S M2R 0 2g2RV1

0 M4 2A3

2
g4V1

2g2RV1 2A3

2
g4V1 0

D
~D15!

where the 13,23 entries derive from Eq.~D13! andM2R , M4
are explicit light soft boson masses for theSU(2)2R , SU(4)
gauginos. The two heavy eigenvalues of the above matrix
approximately given byMl2,3

;6(g2R
2 1 3

2 g4
2)1/2V1. The

lightest eigenvalue~the B-ino mass! can easily be compute
from M15DetMl /(Ml1

Ml2
). We find

M15

3

2
g4

2

g2R
2 1

3

2
g4

2

M2R1
g2R

2

g2R
2 1

3

2
g4

2

M4 . ~D16!

Finally, replacing the result of Eq.~D11! into Eq. ~D16!
gives us the expression we wanted to prove

M1

g82
5

M2R

g2R
2

1
M4

3

2
g4

2

. ~D17!

We would like to conclude this appendix with the follow
ing observation. The rotation that diagonalizes theWR

3 –G15

gauge bosons mass matrix@see Eq. ~D5!# also simulta-
neously block diagonalizes the gaugino mass matrix in
~D15!. Indeed we note that

S ca sa 0

2sa ca 0

0 0 1
D MlS ca 2sa 0

sa ca 0

0 0 1
D

;S Ml1 O~M ! 0

O~M ! O~M ! O~V1!

0 O~V1! 1
D ~D18!

wheresa5sina, ca5cosa andO(M ) is a number of order
M2R and/or M4. Thus we find from Eq.~D18! that Ml1

5ca
2M2R1sa

2M4 which is nothing less than theB-ino mass
of Eq. ~D16! re-written in terms of the gauge mixing anglea
defined in Eq.~D6!.

APPENDIX E: EXPRESSIONS FOR THE D-TERMS

The D-term corrections to the soft boson masses in E
~26!–~33! arise when the rank of the Pati-Salam group
reduced from five to four due to gauge symmetry breaki
In this appendix we show that the coefficients of the corr
tions are related to the charge carried by the fields under
U(1) broken generator and that their magnitude depend
the difference between the soft masses of the heavy H
01501
re

q.

s.

.
-

he
on
gs

bosons that break the GUT symmetry.
We start by carefully reporting our index convention

The matrix elements of the fields of th
SU(4)^ SU(2)L ^ SU(2)R model in Eqs.~15!–~17! are in-
dicated by

F ȧ i
c :~ 4̄,1,2̄! H̄ u̇p :~ 4̄,1,2̄!

hr
ṡ :~1,2̄,2!

Fgk:~4,2,1! H ḣr :~4,1,2!

~E1!

where i ,k,p,r 51, . . . ,4 areSU(4) indices,ȧ,u̇,ḣ,ṡ51,2
are SU(2)R indices andg,r51,2 areSU(2)L indices. The
position of the indices is the following, the first~second!
index refers to the line~column! of the matrices in Eqs.
~15!–~17!. Moreover up or down indices are related to t
representation of the multiplet. For example, the lowerr

index of h indicates thath transforms in the 2̄~anti-matter!
representation ofSU(2) under the SU(2)L symmetry,
whereas the upperṡ index indicates thath transforms in the
fundamental representation ofSU(2) under theSU(2)R
symmetry.

The D-term contributions from theSU(2)2R and SU(4)
groups are given by

V5 1
2 g2R

2 (
a51

3

D2R
a D2R

a 1 1
2 g4

2 (
m51

15

D4
mD4

m. ~E2!

We focus on thea53 andm515 contributions of Eq.~E2!
which involve the

tR
35diag~ 1

2 ,2 1
2 !, T155A 3

2 ~ 1
6 , 1

6 , 1
6 ,2 1

2 ! ~E3!

diagonal generators of theSU(2)2R andSU(4) groups. Us-
ing the notation of Eq.~E1! we find thatD2R

3 , D4
15 are given

by

D2R
3 5H̄ u̇p

†
~2tR

3* !u̇v̇H̄ v̇p1H†ḣr~tR
3 !ḣj̇H

j̇r

1F̃ ȧ i
c†

~2tR
3* !ȧḃF̃ ḃ i

c
1hr

†ṡ~tR
3 !ṡṗhr

ṗ ~E4!

D4
155H̄ u̇p

†
~2T15* !pqH̄ u̇q1H†ḣr~T15!rsH

ḣs

1F̃ ȧ i
c†

~2T15* ! i j F̃ ȧ j
c

1F̃†gk~T15!klF̃
g l . ~E5!

Assuming that the heavy Higgs bosons develop VEVs alo
the neutrino directions

^H̄&5H̄ 2̇45H̄n , ^H&5H 2̇45Hn ~E6!

we can expandD2R
3 ,D4

15:
0-27
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D2R
3 5H̄n

†~2tR
3* ! 2̇2̇H̄n1Hn

†~tR
3 ! 2̇2̇Hn1d̃c†~2tR

3* ! 1̇1̇d̃c

1ẽc†~2tR
3* ! 1̇1̇ẽc1ũc†~2tR

3* ! 2̇2̇ũc1 ñc†~2tR
3* ! 2̇2̇ñc

1hd
†~tR

3 ! 1̇1̇hd1hu
†~tR

3 ! 2̇2̇hu51 1
2 uH̄nu22 1

2 uHnu2

2 1
2 ud̃cu22 1

2 uẽcu21 1
2 uũcu21 1

2 uñcu21 1
2 uhdu22 1

2 uhuu2

~E7!

D4
155H̄n

†~2T15* !44H̄n1Hn
†~T15!44Hn1d̃c†~2T15* !11d̃

c

1ẽc†~2T15* !44ẽ
c1ũc†~2T15* !11ũ

c

1 ñc†~2T15* !44ñ
c1q̃†~T15!11q̃1 l̃ †~T15!44l̃

5A 3
2 @1 1

2 uH̄nu22 1
2 uHnu22 1

6 ud̃cu21 1
2 uẽcu22 1

6 uũcu2

1 1
2 uñcu21 1

6 uq̃u22 1
2 u l̃ u2#. ~E8!

One can summarize the results of Eqs.~E7!,~E8! by writing

D2R
3 5DH1(

f
I fufu2,

D4
155A3

2
DH1A3

2 (
f

S B2L

2 D
f

ufu2 ~E9!

whereDH5 1
2 (uH̄nu22uHnu2) andf denotes any of the ligh

fields ũc,d̃c,ẽc,ñc,q̃, l̃ ,hu ,hd . The factor I f refers to the
charge carried byf with respect to theSU(2)R group and
(B2L)/2 to the semi-difference between the baryon and l
ton numbers off. These are can be read from the coe
cients of the terms in Eqs.~E7!, ~E8! and are collected in
Table XI.

Finally, using Eq.~E9! into Eq. ~E2! gives

V5 1
2 g2R

2 D2R
3 D2R

3 1 1
2 g4

2D4
15D4

15 ~E10!

5 1
2 g2R

2 F2DH(
f

I fufu2G
1 1

2 g4
2F2 3

2 DH(
f

S B2L

2 D
f

ufu2G ~E11!

TABLE XI. Charges carried by the light scalar fields under t
SU(2)2R and ~baryon-lepton!/2 symmetries.

ũc d̃c ẽc ñc q̃ l̃ hu hd

I f 1
1

2
2

1

2
2

1

2
1

1

2
0 0 2

1
2

1
1
2

SB2L

2 D
f

2
1

6
2

1

6
1

1

2
1

1

2
1

1

6
2

1

2
0 0
01501
-
-

5 1
2 ~ uH̄nu22uHnu2!

3(
f

H g2R
2 I f1 3

2 g4
2 S B2L

2 D
f
J ufu2. ~E12!

The equation above deserves two comments. First, we
that the brokenU(1) generatorX resulting from the GUT
symmetry breaking

SU~4! ^ SU~2!2R→SU~3!c^ U~1!Y^ U~1!X ~E13!

is given by X5I 1(B2L)/2 whereas the unbroken hype
charge is Y52I 1(B2L)/2. Secondly, comparing Eq
~E12! with Eqs.~26!–~33! we find

D25 1
8 ~ uH̄nu22uHnu2!. ~E14!

From Eq.~E14! alone, one might be tempted to conclude th
the natural scale for theD-term is of the order of the masse
of the heavy Higgs bosons. However this is not true.

The scale of theD-term in Eq. ~E14! can be estimated
upon the minimization of the heavy Higgs potential given

V5 1
8 ~g2R

2 1 3
2 g4

2!~H̄n
22Hn

2!21lS
2~H̄nHn2MH

2 !21mH̄
2

H̄n
2

1mH
2 Hn

2 ~E15!

where the first term is aD-term, the second anFS-term
where S is the gauge singlet of Eq.~18! and MH
;1016 GeV, andmH̄ , mH soft scalar masses.

The minimization conditions forV, re-written as combi-
nations of]V/]H̄n6]V/]Hn50, are given by

@gH
2 ~H̄n

22Hn
2!21lS

2~H̄nHn2MH
2 !#~H̄n1Hn!

52mH̄
2

H̄n2mH
2 Hn ~E16!

@gH
2 ~H̄n

21Hn
2!22lS

2~H̄nHn2MH
2 !#~H̄n2Hn!

52mH̄
2

H̄n 1mH
2 Hn ~E17!

wheregH
2 5 1

4 (g2R
2 1 3

2 g4
2). In the limit of negligible soft bo-

son masses the right-hand side of Eqs.~E16!,~E17! vanishes.
Thus, we find thatH̄n5Hn5MH , implying thatD50. This
result could had been anticipated since, ifmH̄5mH then the
Higgs potential is invariant under the exchange of t
H̄n↔Hn fields. When the soft boson masses are not zero,
still much smaller thanMH a perturbative solution to Eqs
~E16!,~E17! is appropriate. In terms of the new paramete
m,m̄ defined by

H̄n5MH2m̄, Hn5MH2m ~E18!

the minimization conditions are

2lS
2~m̄1m!MH5mH̄

2
1mH

2 , 4gH
2 ~m̄2m!MH5mH̄

2
2mH

2 .
~E19!
0-28
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Thus we find

m̄5
1

l212gH
2 S mH̄

2

MH
D , m5

1

l212gH
2 S mH

2

MH
D ~E20!

and finally
-
t-

B

,
.
-

B

ys

s.

v.

. D

er

01501
D25
mH

2 2mH̄
2

4lS
212g2R

2 13g4
2

. ~E21!

We see that, in spite ofD being the difference of two GUT
scale masses, it actually scales with the difference betw
the heavy soft Higgs boson masses. The reason is bec
D2;eMH

2 wheree5(mH
2 2mH̄

2 )/MH
2 is a very small param-

eter which measures the amount of theH̄n↔Hn symmetry
breaking of the potentialV in Eq. ~E15!.
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