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Yukawa unification as a window into the soft supersymmetry breaking Lagrangian
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We study Yukawa unification, including the effects of a physical neutrino mass consistent with the SuperKa-
miokande observations, in a string Drbrane inspiredSU(4)® SU(2), ® SU(2)gr model which allows the
most general non-universal scalar and gaugino masses, including théutaral contributions which arise in
SO(10). We investigate how the tight constraints from rare decays subh-asy and 7— w7y 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 apfyXd0) 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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[. INTRODUCTION spoiled. The SUSY corrections to the bottom quark mass are
i ini - om tanB| 8
One of the earliest successes of the minimal supersym my= b_ mtanp —asmal(mg,mg mg )
metric standard modéMSSM) [1] was that it could allow m, 47 |3 9’ by’ by
for the unification of the gauge couplings at high energy 2
—My) [2], thereb ing the door f tr A 2 2
(Q=My) _[_ |, there oy opening the door for supersymmetric +—A1|(M2,m; ) 1)
grand unified theorie$SUSY GUTS [3-6]. SUSY GUTs 4 2

typically involve some third family Yukawa unification
[6—10. For example minimaBU(5) [11] predicts bottom-
tau Yukawa unification aMy (A,=X\,) and allows for the
prediction of the top quark massn() in terms of the ratio
my,/m_. In models such asS(Q(10), and in the

SUH@SU(2),®SU(2)r (422) Pati-Salam mode[12], =ém,/my~—20% corrections which implies a largdr

complete third family Yukawa unification holds\{=A,  guark mass before the SUSY corrections, which effectively
=\,). Thus the ratio of the vacuum expectation valuesigyers the previously successful top quark mass prediction
(VEVs) of the up or down Higgs boson doublets, fan o m,~150 GeV which is too smajL8]. With universal soft
=vplvy, can be predicted. Since the top and bottommasses angositive s the top quark mass is predicted to be
Yukawa couplings start out equal at the GUT scale, and theifoo large, outside its perturbative upper limit. It has already
renormalization grougRG) evolution is very similafthey  been pointed out in the literature tham, can be made small
differ only by the U(1) couplings at one lodptheir low by either assuming explicit non-universal scalar soft masses
energy values are approximately equal so we expecBtan [20—22 or by introducing approximate Peccei-Quinn aRd
~m,/my~40. symmetries[19,23. However in the framework o8 Q(10)

In this paper we shall include the neutrino Yukawa cou-the degree of non-universality one could assume until re-
pling in the analysis giving quadruple Yukawa unification cently appeared rather limited. For example, if both Higgs
(Ai=\p=\,=\,) as was first done in Ref10]. In the light  doublets arise from a singl&0 dimensional representation
of the SuperKamiokande results3] (assuming hierarchical then they will necessarily have a common soft scalar mass at
neutrino masses and the see-saw mechanisenregard the the GUT scale, and the same applies for the light Higgs
third family neutrino massr(,) as an input which allows for bidoublet of the Pati-Salam model. Such universality is also
an additional prediction—the mass scale at which the heavg problem for electroweak symmetry breaking where one
right-handed neutrinos decouplés;. However such pre- requires a large hierarchy of vacuum expectation values
dictions depend sensitively on the parameters of the soffVEVs) starting from very symmetrical initial conditions
SUSY breaking Lagrangian, as we now discuss. where the two Higgs doublet soft masses are equal, and

Yukawa unification (assuming the MSSM and SUSY where the approximately equal top and bottom Yukawa cou-
GUTy at first was thought to lead to an acceptable top quarlplings tend to drive both Higgs boson masses negative
mass prediction, given the experimentally permitted range oéqually, making large taA rather difficult to achieve.
top and bottom quark masses amgd with a unified Yukawa A large step forward for both these problems has been to
coupling atMy of order one §x~1) [8,10,14—17. How- realize the importance oD-term contributions to scalar
ever, when low energy SUSY corrections to the running botmasseq 24], which naturally split the two Higgs doublet
tom quark mass due to the decoupling of SUSY particlesnasses. If the up-type Higgs doublet mass at the GUT scale
were included[18,19, the initial good agreement was is smaller than the down-type Higgs doublet mass, then this

where the functioni(x,y,z) is given in[18]. The corrections
can be positive or negative depending on the sigp 0fnd
being proportional to tag, are rather large.

With universal soft masses anmtkbgativeu, the SUSY
corrections to the bottom mass lead to large negativg,
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makes electroweak symmetry breaking with large gan effective theory iSSU(3).®U(1)em, thus 3-loop QCL 28]
much more natural. Assuming negatiue the D-terms also  plus 2-loop QED RGE$29] apply. BetweenQ=M; and
allow a choice of non-universal scalar masses which reducé@=Ms, whereMg is the scale that parametrizes the energy
the correction to thé-quark mass and hence allow a larger at which the theory effectively becomes supersymmésee
top quark mass. Although these problems appear to be rédppendix B for details we considered 2-loop standard
solved withD-terms, one still faces difficulties with rare de- model (SM) RGEs in the gauge and Yukawa couplings
cays such ab— sy, which is also enhanced for large tan  [15,29,30Q. In the regionMs<Q<My we evolved 2-loop
and negativeu [25]. This problem can be avoided either by (1-loop gauge or Yukawaall other parameteysMSSM
increasing the masses of all the superpartners, or by consiRGEs[15,31], properly adapted and extended to take into
ering positivex. which will tend to cancel the SUSY contri- account the presendand decouplingof right handed neu-
butions, however both these procedures lead to fine-tuningfinos »°.
Another possibility which we pursue in this paper is to con-
sider the effect of non-universality in the family space, A. Input
which may lead to additional contributions e— sy which . . .
can cancel those coming from the family universal sources. 1h€ oW energy input was the running electromagnetic
We explicitly check that the contributions that we introduce COUPIING ae “(Mz)=127.8, the pole tau lepton mads,
do not introduce problems elsewhere such as withu y. =1.784 GeV and several values for the pole bottom quark
The main purpose of this paper is to provide a detailed"@ss Mp=4.7,4.8...,5.1 GeV. We have converted the
analysis of Yukawa unification, post-SuperKamiokandePole bottom modified mass into “running” bottom mass in
allowing the most general non-universal soft SUSYthe minimal subtractionNIS) scheme using two loop QCD
breaking masses possible. Apart from non-universality in th@erturbation theory29]:
soft scalar masses arising frobxterms, we shall also con-

My

sider more general types of non-universality which may arise Mp(Q=M,) = )
in models such as the string ob-brane inspired 14 4 ay(Myp) LK ag(Mp)
SU(4)®SU(2),® SU(2)g model[26,27], which reduces to 3 b

the SO(10) model in a limiting case. This allows more gen-

eral SOf'[ Sca|al’ mass non-univel’sality inClUding SimilarwhereKb: 12.4. The Corresponding running massesycfgr
D-term contributions as i8Q(10) [since the relevant broken —q 120, aran,(M,)=4.06, 4.15, 4.24, 4.33, 4.42 GeV. The
U(1) factors all arise from the breaking of t8U(4)  experimental range fam, estimated from bottomonium and
®SU(2) ®SU(2)gsubgroup, and also permits violations B masses is 4.0-4.4 Gd82]. The strong couplinges(M)

of gaugino mass universality which have not so far beeryas taken to be in the range 0.110-0.130.

studied. The underlying theme of our approach is that the The |ow energy input was complemented by the Super-

sensitivity of Yukawa unification to soft SUSY breaking pa- kamiokande atmospheric neutrino data that suggests
rameters is to be welcomed, since it provides a window into ~ , s

the soft SUSY breaking Lagrangian, both from the point of_va:10 ? 10 10" eV* [13]. Assuming that the neutrino
view of family universal and family non-universal soft masses are hierarchical we required timgt~0.05 eV.
SUSY breaking parameters. The universal high energy inputs assumed initially are

The layout of the remainder of the paper is as follows. Inmotivated by MSUGRA: spontaneously broken supergravity
Sec. Il we present our calculational approach, and in Sec. llin which the localN=1 supersymmetry breaking occurs in a
we review the SUSY corrections to the bottom and tau quarkhidden” sector and is only transmitted to the “visible”
masses. Section IV deals with the effect of neutrino Yukawasector through weak gravitational, flavor blind, interactions.
couplings on Yukawa unification and in Sec. V we presentThus we assume to begin with universal soft SUSY breaking
results for gauge and Yukawa unification, assuming minimamasse4USBM) given by a common gaugino malsk,, and
supergravit MSUGRA) with universal soft SUSY breaking soft scalar masses, atQ=My. The trilinearA-terms were
parameters and including the neutrino threshold in additioet to zero. In Sec. VI we relax the universality assumption.
to the usual low energy thresholds. In Sec. VI we turn to In the Yukawa sector we assumed that the third family
Yukawa unification in thesU(4)® SU(2), ® SU(2)gmodel,  Yukawa couplings have their origin in a unified renormaliz-
including the effect of physics above the GUT scale, andable interaction which fixes their values to bg.
non-universal soft scalar and gaugino masses permitted in
this model. We also consider the effect Dfterms in the
SO(10) limit of the model, and then study—sy and r
— uy including non-universality in the family-dependent tri- ~ The process by which the output was generated relied in
linear parameters. Section VII concludes the paper. the initial estimation and successive iterative refinemerst of
priori unknown parameters such b and tan3. The pro-
cedure is described in detail in Sec. VII of REL6].

Starting atQ=M;, ay(Mz) and a.(M) were first run

In this section we will summarize how we implemented down toQ=1 GeV (where the up, down and strange quark
the renormalization group equatiofRGE9 and matching running masses were fixe[29]) and secondly up tdQ
boundary conditions of the model. In the regiQs<M; the =M, using SU(3).®U (1) RGES. In the “running up”

B. Running and matching boundary conditions

Il. FRAMEWORK
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process the heavycharm, tau and bottomfermion pole Vi X Vi X

masses were converted to running ones using the expression Ahy Ay

in Ref. [29]. At Q=M;, a, was corrected for the decou- P A

pling of heavy gauge bosons, Higgs and Nambu-Goldstone bL:?f Kb “;.|_bR ﬂz;f v "_q_fL
bosons, and ghosf83]. Afterwards the value oa%ﬁ [5] was 1! k
used to obtairg’ andg. The bottom and tau Yukawa cou- > o
plings, in the standard model, were evaluated using - g be b Hy  bx

SM _ S
ﬁtéigl\/ltﬁ)e gn;E’é(eMazr)lfith\éwl?l:anz <\:/0Eu\[/)lilrslgs vlvzlrle (rsuer\llifrom FIG. 1. Gluino and Higgsino loop diagrgms corresponding to
Q=Mj to the estimated pole top quark ma@s-M, using tge bgottom guark mass correctionm, and §"'my, of Eq. (8) and
2-loop SM RGEs, at which poir¥l; was converted ttS a. (9.
running masam,(M,), joining the list of parameters to be ) ) 5 )
integrated taQ=M .. All along, threshold corrections in the Whereu,=mj;+ .~ and the up or down soft Higgs boson
gauge couplings were included by changing the 1-loognasses armil: mgfieeJFEz,l-l
B-functions (using the “step” approximation.At Q=Mg We note that the number of independent parameters the
the MS gauge couplings; were converted to the DR ones model can predict is four—as many as .the.constrai_n_ts im-
[5,8,34 and corrected for the cumulative effect of decou-Posed(one gauge and three Yukawa unification conditipns.
pling of all the SUSY particleE34]. The top, bottom and tau We took them to by, M, tang andM, . The latter was
Yukawa couplings were then converted from the SM to thefixed by requiring tham, =0.05 eV.
MSSM normalization and corrected for the SUSY correc-
tions[34]:
IIl. SUPERSYMMETRIC BOTTOM AND TAU MASS
A'SSM=\PVsing &) CORRECTIONS

In the standard model it is frequent to work in off-shell
mass schemes in which the running massgéQ) differ
from their physical masséd ; (defined as the real part of the
complex pole position of its propagajdsy some finite cor-
MSSM._ < SM rection[40]. For the quarks the most important corrections

A 77T =ATTcosp—om.fvy. (5 (arising from gluon loopsare well known and particularly
affect the bottom quark magsee Eq(2)]. In supersymmet-
. ric models additional corrections are also present. For large

Afterwards we run up all the above couplings, togethenygjyes of tar3 some of these SUSY corrections can indeed
with an estimate fon}'>>Myg), in two stages, first from affect the running bottom mass, by 20% [18,19, thus
Q=Ms to Q=M, and afterwards fromQ=M, to Q their consideration is crucial for the predictionidf,. In this
=My, properly excludingincluding »$ in the former(lat-  section we review the origin of the SUSY corrections to the
ter) stage. In our modeMy was fixed to be the scale at bottom quark 6m,) and tau lepton masss(t,).
which only theU(1) and SU(2) gauge couplings unify: In the MSSM, at the tree level, the bottom quark acquires
a@1(My) = ax(Mx) # az(My). a mass exclusively through the non-vanishing VEV(b{)

At My gauge and Yukawa unification were tested leading=y,. However, at 1-loop level, the bottom quark also re-
to eventual wiser choices to the next estimatesvior tang,  ceives a “small” mass fromh8)=v,. The dominant pro-
My andM,. cesses responsible for the additional corrections to the bot-

The iteration cycle was completed by setting the USBMtom (tau) mass are characterized by gluino-sbottom and
to their unification values after which all the couplings and Higgsino—top-squarkg-ino—stay diagrams which we illus-
masses of the model were run down fra@=My 10 Q  trate in Fig. 1(and Fig. 3. The corresponding expressions
=Mg using the ml/erse running up p_rocec_iure descrl_bed for 59m,, 5"'m, and 8®m. are given by[18,19,41
above. Finally aQ = Mg the 1-loop effective Higgs potential
was minimized 35,36 and the SUSY Higgs mixing param-
eteru? and the corresponding soft temmé were determined - Mm, 2az s o o
using[16,37,38 A%m,= = 3, Mk tangl(mg,mg ,ng ) (8)

AISSM= )\ P/ cosB— smy /v, (4

2 2 =
mi—mstarf8 1 A
o M= 2 T o'm,  a 2 2
p=——m——-sM (6) Hm, = -t 2
tartf—1 o Vz A™m, e 477At’u tanBl(u ,rrrtl,mIZ) 9
m2=( 2, 2) tangs (7) The 3,1 parametrize the 1-loop corrections to the tree level
3T WM Mg+ 1 Higgs potentia[39].
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Vi X TABLE I. Input values ofaeg(M5), the pole bottom quark mass
A hg My, the running bottom quark mass,(M) obtained fromM,
- using two loop QCD corrections on[gee Eq(2)], and the univer-
- e . lvl7vc - sal gaugino and soft scalar mas#ég,, mg (given in GeV unit at
T '71’ ":.l Tr the unification scal®= My for a list of models we will refer in the
s Y main text as case A,B. . .
AN : \ AN
7 Z 7 Case as(Mz) Mp mMy(Mp) My Mo
T, B Tr
A 0.1150 4.70 4.12 400 200
_ FIG. 2. B-ino diagram corresponding to the tau mass correction B 0.1150 4.70 412 800 400
5®m, of Eq. (10). C 0.1150 5.10 4.49 400 200
D 0.1150 5.10 4.49 800 400
- 5"émT o' s o s E 0.1250 4.70 3.99 400 200
APm, =———=—mgu tangl (mg,m; ,m_ ) (10 F 0.1250  4.70 3.99 800 400
T G 0.1250 5.10 4.36 400 200
wheremg (mg) is the gluino G-ino) mass,atz)\f/47-r, a’ H 0.1250 5.10 4.36 800 400
| 0.1250 4.80 4.08 600 400

=g'?/4m, A, the top soft trilinear term andh; ;5 the sbot-
tom, top squark and stau masses. The functignpositive,
symmetric, smallest for degenerate masses and approxi- ) ) )

mately scales with the inverse of its biggest arguriame | US _the light neutrino  tau acquires a mass,

_ 2,2 —
also find it convenient to define the total absolute and rela=\:wv2/(4M,). In our model we ugseng—0.0S eV sug-
tive bottom corrections: gested by Ref[13] to fix M,~10" GeV (see results in
Table IV in Sec. VC).

5mb:5§mb+ 5ﬁmb, Amb:Aamb‘FAﬁmb. (11)

) V. MSUGRA RESULTS
The bottom quark mass before the SUSY corrections are

included, my=X\,v,, is related to the bottom quark mass We now proceed to discuss the results generated by the

after the SUSY corrections are included;“SY, through model described in the previous sections. Although many of
the results presented here appear elsewhere, we find it useful
mSUSY: mp+ dmy=my(1+Amy). (12 to compile and review them here for the purposes of com-

parison to the new situations we discuss later such as the
The pole mass after the SUSY corrections are included igffect of neutrinos and non-universal soft masses. These

given by Eq.(2) using m§USYin Eq. (12). have been organized in three categories which are suitable to
expose their variation withwg(M5) in the range 0.110-
IV. DECOUPLING OF THE HEAVY RIGHT-HANDED 0.130, selected pole bottom quark massed,
NEUTRINO =4.7,4.8;...,5.1 GeV and universal gaugino or soft scalar

masseM 5, Mp<1l TeV. We plotted graphs showing the

In this section we briefly discuss the decoupling of thedependence of the results with, for variousM, and fixed
heavy SM singlet right-handed neutrino with mads. We  M,,,=400, my=200 GeV; graphs scanning the,,—m,
assume that the neutrino Yukawa matrix is dominated by @arameter space for illustrative fixed andM,, ; and a set of
single entry in the 33 position, although in realistic models ofnumerical tables corresponding to the results obtained from
neutrino mixing one would expect that there are at two ennine models for which the input is listed in Table I.
tries which may have similar magnitude. We have checked
that our results are insensitive to the presence of a large
off-diagonal entry in the neutrino Yukawa matrix, assuming
that the charged lepton Yukawa matrix does not have any In Fig. 3 we plot the unifiedJ(1) and SU(2) gauge
large off-diagonal entrie.The decoupling is achieved via couplings a[l(Mx)zaz’l(MX)=a§1 together  with
see-saw mechanisf@2] which generates a small mass for a; '(My) against ag(M;) for My,=400, me=200 GeV
the left-handed neutrino through the presence of a right-lefand several values ofM,. The mismatch Aagl

Dirac Yukawa COUp”ng. The pal’t of the Superpotential of = a’;l(Mx)_a;l in gauge unification is small and decreas-

A. Gauge unification

interest is ing for increasingas. In fact, for large values ofag
. 0. 1 c e ~0.128 complete gauge unification occurs. The sensitive-
W=\, vhy+ 2 M, p"0" 13 hess ofAay ! to My, is quite small. Complete gauge unifica-
tion can also be present for lower valuesaaf~0.125 as is
shown by case H in Table Il where we findy'~as
2See footnote in Appendix C. ~25.18 M1,,=800, my=400 GeV.)
3We focus on the third family only; thus we simplify our notation ~ Analyzing Table Il we find thatSay'=Aayay’
by replacingrv,— v and vS— v°. <3%. Gauge unification also depends on the SUSY spec-
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25.1 I I T T T T T
4.7~ 190 |- L -
*, L
= h _ My=47, . 7 7 »
25 \\+ [ ,/7, 8, e // /, gmb — () ———-
M //// ,//’ f;g/&o,// g mp, #0 ——
My, =48 \x 180 [~ R //’ 5~1,/ -
249 [ RN . e .
. RN S
N 4
= X . v
< R T 170 = /
E 248 49 \\\\i\ a3 (Mx) i &) s /,’
- ‘k\\ N ~ /
[ SO vl s
° ANAN = S
)k\\ \\ 4
17 b 1 S i 60
: x4 , , NN /
' j AN N, ~, l/
\\\\\_k\\:\\
Sk
206 My =400 GeV myg =200 GeV N 150 [ Mijz = 400 GeV o
~F 1o = 200 GeV
M, =47,4.8,49,5.0,5.1 GeV ~
24.5 1 1 1 1 140 ] 1
0.12 0.122 0.124 0.126 0.128 0.13 0.11 0115 0.12 0125 013
a,(Mz) as(Mz)

FIG. 3. Dependence of unified gauge couplings*(My) FIG. 4. Predicted values for the pole top quark mislssagainst
=a; (Mx)=ax" and a; {(My) on ag(M) for several bottom 4 (M) for several values of the pole bottom quark mass in the
quark massesMy, and fixed gaugino and soft scalar massesrangeM,=4.7-5.1 GeV. The dashed line refers to the top quark
M1(Mx), Mo(My). mass prediction when no SUSY correction to the bottom quark

mass is consideredstn,=0). The prediction for the top quark
trum. Generally, increasiniyl,,, and/orm, decreasesv x mass when negative corrections to the bottom quark mass are in-
and 6a;1. In short partial gauge unification is achieved for cluded (w<0) is indicated by the solid linedm,#0).
M/10%~1—2 GeV with ay'~25.0+0.5 while complete
unification ay '=az;(My) is favored by largeay(My),
My, andMy,.

with a dashed line, and when they are includéth{# 0 and
negative plotted with a solid line. We see that the SUSY
bottom correctiongfor our choice of negative.) decrease
the top quark mass considerably.

In fact, the magnitude of the SUSY correction is so large
that it excludes the possibility of an eventual positive sign
for . The reason is because if we have a posifivehe
'l?USY bottom corrections are positive. Thus, in order to keep

e bottom quark mass, after the SUSY corrections are in-
cludedmyVS", in the allowed experimental range, the bot-
tom quark mass before the SUSY corrections are included
must decrease. In this case, third family unification leads to

In Fig. 4 we compare the values for the pole top quarkdn Increase in th_e top Yukawa coupling. However, it turns
massM, prediction obtained when no SUSY correction to out that the required increase in the top Yukawa coupling is

; : Big, — N so large that it drives it, at high energy, well beyond pertur-
the bottom quark mass is consider 0), indicated bation theory. Numerically, we find that the RGEs fail to

converge'
At this point it is also interesting to comment on the effect
the B-ino correction to the tau mass has on the prediction for

the top quark mass. Again, a negativemeans that®m_ is

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

We now turn to the predictions for the top quark mass
Experimentally the top quark mass has been measured to
[43]

M~ 174.3+ 3.2(stat) = 4.0(syst) GeV. (14

TABLE I1l. Predicted values for the unified gauge coupling
axt=a; (My)=a, }(My), for the strong coupling; *(My) and
for the unification scaléy (given in GeV.

Case ay ! a3 {(My) M /1016 negative[see Eq(10)]. Thus, in order to keep the tau mass
after the SUSY correction is included unchanged, the tau

A 24.70 25.46 1.64 mass before the SUSY correction is included must increase,

B 25.21 25.83 1.37 implying that third family unification predicts a larger top

C 24.70 25.38 1.52 quark mass. Numerically we find that the top mass increases

D 25.18 25.75 1.26 by 3—4 GeV.

E 24.68 24.87 1.83

F 25.20 25.25 1.54

G 24.68 24.80 1.70 4One can turn the argument around by saying that, if the top quark

H 25.18 25.17 1.42 mass is fixed to be around 175 GeV, then third family Yukawa

I 24.98 25.09 1.66 unification atMy requires, for positiveu, a very large bottom

quark mass prediction after the SUSY corrections are included.
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180 T T T T TABLE Ill. Predicted values for the top quark ma@s GeV),
tanB and for the value of the third family unified Yukawa coupling
178 b Mijs =400 GeV mg = 200 GeV [ Ax.
My =4.7,4.8,4.9,5.0,5.1 GeV Case M, tang A
176 |-
A 152.7 42.16 0.426
e b B 158.1 44.16 0.469
> C 135.3 35.94 0.317
° D 139.7 37.51 0.340
s '™°r E 170.6 47.15 0.569
F 176.2 49.40 0.643
170 - G 157.7 41.99 0.428
H 163.3 44.06 0.473
168 |- | 170.7 47.34 0.561
166 |
1 L 1 45.73<tanB<49.41 for 0.12Z& a4<<0.130. Additionally for

0.12 0.122 0.124 0.126 0.128 0.13 a fixed value ofwg=0.125 the top mass increases from 157.7
. (Mz) to 170.6 GeV and tag from 41.99 to 47.15 wheM, de-
creases from 5.1 to 4.7 GeV. In Table 11l we list the numeri-
cal predictions for the top mass, t@nand the value of the
unified Yukawa coupling\ .
In Fig. 7 the strong correlation betweévi; and \y is

Returning to Fig. 4 we observe that when the bottom cor£XPosed. It is clear that sindey is not large the top quark
rections are included the top quark mass prediction is only"@ss prediction is far from its infraredR) fixed point
acceptable for large values af(M ). For this reason, in the ~200 (_5eV[44,43. ) o )
analysis that will follow, we will study the implications of _ N Fig. 8 we show thatM, increases with increasing
including the SUSY bottom corrections in our model by tak- Sgtsr;czzrttlglfhgﬁze)sQ;Sgerzarlszg ‘;g:: ;L:ghind?r?:nsdnjn;r?dcan
ing ag(M;) to be in the range 0.120-0.130.

gln gl):(igsz.)S and 6 the poIe?op quark mads and tang are ~ MSSM RGEs: oMM S gt~ — pEMMSSNGZ . Numerically
plotted againsta, for several values of the bottom quark We haveby"'=8>b"®5"=16/3 thus increasiny!s allows
massM,. We can see that both are significantly sensitive to
ag and toM,,. For My=4.7 (the first upper ling the top 180 T T T T
quark mass takes values within 165.81;,<178.4 GeV and

FIG. 5. Pole top quark mass predictith, againstag(M5) for
several values of the pole bottom quark mégs and fixedM 5,
mo.

4.7

178 | My =400 GeV mg = 200 GeV
M, =4.7,4.8,49,5.0,5.1 GeV 0.129
176 =  as(Mz) =0.130,0.129,..,0.122

50 T T T T

49 | Myj2 =400 GeV mo = 200 GeV -

M, =47,48,4.9,5.0,5.1GeV 174 -

48 .
172 |
Case E
47 [ i 170 |
whk i 168 |-
4.7 / 166 I
1 /

M, /GeV

tan 3

® a,(Mz) =0.130

45 - M,=48 1 1
4.9 0.6 0.65
44 1 1 1 50
0.12 0.122 0.124 0.126 0.128 0.13 FIG. 7. Correlation between the top pole mass predictbn
a.(Mz) and the value of the unified gauge coupling\ag, \x. Each line

corresponds to a fixed choice bf, and along ita (M) decreases
FIG. 6. Prediction for ta againstas(M,) for several values from a maximum value of 0.130ndicated with a crossed cirgléo
of the pole bottom quark madd,, and fixedM 4/,,my. lower values at 0.001 intervals marked with crosses.
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180 T T T T
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My =4.7,4.8,4.9,5.0,5.1 GeV

176 @ o.(Mz) = 0.130

0.128
174
My, =49
172

Mt/GeV

170 5.0

168
a, =0.123

1 -
66 0.122

600 605 610

Ms/GeV

625

FIG. 8. Dependence of the top quark mass predidiigron the
effective supersymmetry scdlés. Each line corresponds to a fixed
choice of My and along itag(M;) decreases from a maximum
value of 0.130(indicated with a crossed cirgléo lower values at
0.001 intervals marked with crosses.

for a wider M;<Q<Mg range of integration for the SM
which favors an enhancement for the top quark mass.

Perhaps more interesting than Fig. 8 where variations
Mg are indirectly induced by is Fig. 9 whereng=0.125 is
keep fixed butM 1, andmg are allowed to vary. The results
are displayed in thé/,—tang plane.

178 T T T T T T T T

176 ® Casel

@ Ml/g = 1000 GeV

174

172

M, /GeV

170
168 M, = 4.8 GeV
ay(Mz) = 0125

166 mo =0, 100, 200,.., 800 GeV

1 1 1 1 1 1 1 1
455 46.0 465 470 475 480 485 49.0

tan 8

164
45.0 49.5

FIG. 9. Correlation between the top quark mass predichign
and the prediction for ta. Each line corresponds to a fixed choice
of my and along itM ;», decreases from a maximum value of 1 TeV
(indicated with a crossed cirgléo lower values at 50 GeV intervals
marked with crosses.

ir?an easily be computed. Taking,

PHYSICAL REVIEW D 63 015010

At Case I
o (Mz) =0.125, M, = 4.8 GeV

Mz =600 GeV, mg = 400 GeV ]|

Ap

0.45 1 1 1 1 1 1 1 1
10! 107 10° 10" 10'® 101 10'7
Q / GeV

1019

FIG. 10. Running of the third family-b-7-v, Yukawa cou-
plings between the unification scalg=My and the effective su-
persymmetry breaking sca®=Mg. The decoupling of the tau
right-handed neutrino &= M, mainly affects the running of,
(dashed ling

A quick estimate of the effect of including a consistent
supersymmetric scal®l g on the top quark mass prediction
for example),
=400 GeV, varyingM 1, from 600 to 700 GeV will increase
M, from 170.7 to 172.0 GeV\see Fig. 9 and Mg increases
from 915 to 1047 GeV. Thus if we had considered a “rigid”
Ms~M;~100 GeV we would find a value favl, decreased
by AM;~—8 GeV.

C. Decoupling of the heavy tau neutrino

In Fig. 10 we show an example of third family Yukawa
unification generated for case I. We note that the inclusion of
the SUSY correctiodm,, leads to low values for the unified
Yukawa couplinghx~0.55. Consulting Table Il we find
0.32<\x<0.64 in contrast with typicahy~1 predictions
when no SUSY corrections are considered. A boyimplies
that the RGEs which govern the Yukawa evolution are domi-
nated by the gauge terms, thus the effect of decoupling the
right-handed tau neutrino is small.

In Table IV we list the predicted values for the heavy
right-handed neutrino mass scéle, which in our model is
fixed by the requirement that the light left-handed neutrino
tau has a mass ah,=0.05 eV. We see thatl, is in the
range 2-5x 10" GeV.

TABLE IV. Predicted values for the mass of the heavy right-
handed neutrindV, (given in GeVj required to generate a light
left-handed neutrino mass, =0.05 eV.

Case A B C D E F G H I

M,/10" 297 3.35 1.98 2.18 4.16 4.77 2.96 3.35 4.09
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£ 0046 | A 1706 | ]
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FIG. 11. Running of the tau neutrino mass from the unification FIG. 12. Variations in the predictions for the top quark mislss
scale to low energy for cases A,C,E,G in Table I. and in the unified Yukawa couplingy induced by changini/, in
) . . the range (+10 %)X My. The dark circle refers to the choice of
In Fig. 11 the evolution ofn,_ from My to Mg is shown  \ which for case | givesn, =0.05 eV.
for cases A,C,E,G. For each line a differdvit,(Q=My)

was chosen in order to assure the same=0.05 eV at low  Ref.[26]. The SM fermions, together with the right-handed
(enedTQY-l Fortr;['he IIOLSYPOISG (éfthStfati?n.V\{e hg;I/e indFig.t 12tau neutrino, are conveniently accommodated in the follow-
andonlyin this ploY relaxed the constraint updvl, and set . C— (217 _ e

it to vary at ten log intervals fronMy to 10 °My. The ing F*=(4,1,9) andF=(4,2,1) representations:
effect of changingV , is shown in theM;—\x plane. Com- d¢ d¢ d°¢ e Uu u u v

paring this plot with the tables throughout this article we can Fg—( ) , FB=( ) .
conclude that the uncertainties attachechtg M, andMg u- - u A d d d €,

are far more important than the ones which might affect the (15)
determination ofM,. The predictions forM,; and \y in-

crease for decreasirlg ,. The variation inM is quite small The MSSM Higgs bosons fields are contained In
(typically less than 1% On the other hand, variations Ny =(1,2,2):

are larger and of about 3—4 %.

Cc Cc c C

u 14

hg hy
VI. YUKAWA UNIFICATION IN THE h= hO h (16)
SU(4)®SU(2), ®SU(2)g MODEL d

u

In this section we will extend the analysis of the top quarkwhereas the heavy Higgs bosorts=(4,1,2) and H
mass, so far considered in the context of the MSSM with a=(4,1,2) are denoted by

right-handed tau neutrino, by assuming that above the unifi-

catlon_scale, at which the gauge coupllngs.meet, the gauge (Hd Hy Hy He) (Hd Hy Hy He

group isSU(4)® SU(2), ® SU(2)g [11]. We will proceed in H=| _ _ _ _, =

three steps. First we review the model constrained by univer- H, H, H, H, H, H, H, H,

sal soft SUSY breaking massé&/SBM). Secondly, the (17)

model is considered under non-USBM conditions and thirdly

we will allow for the presence ob-terms which generally In addition to the Higgs fields in Eq€16) and (17) the

arise from the reduction of the gauge group r48k]. Fi- model also involves anSU(4) sextet field D=(6,1,1)

nally, we conclude by showing that the 422 model with non-=(D3,D$).°

universal family dependemt-terms, is compatible with third

family Yukawa unification(which requires a negative sign

for ) and with the experimental branch ratio for the 5, t5¢¢ since we wish to keep the gauge couplings unified above

—Sy and7— py decays. My we also trivially include another pair of heavy Higgs boson

fields in the (4,2,1) and (&,1) representations and seven more

replicas ofD’s. This is sufficient to assure that, above the unifica-
Here we briefly summarize the parts of the model that areion scale, the one loop RGEs beta functions of the gauge couplings

relevant for our analysis. For a more complete discussion sese equal46].

A. The model

015010-8
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The superpotential of the minimal 422 modédl is

W=FS\agFgh+ApShht N gS(HH—M2Z)+ A HHD

HH
+N\FHHD +FS\ agF S v

(18)
where S denotes a gauge singlet superfield, iis are real
dimensionless parameters aiWtl,~My. Additionally, the
Planck mass is denoted by~ 2.4x 10'® GeV. As a result
of the superpotential terms involving the singithe Higgs
fields develop VEVs{(H)=(H,)~Myx and (H)=(H,)
~My which lead to the symmetry breaking

SU4)®SU(2) ®SU(2)g—SU(3).@SU(2) U (1)y.
(19

The singletS itself also naturally develops a small VEV of

the order of the SUSY breaking scdk7] so that thex,S

term in Eq.(18) gives an effectivex parameter of the correct

order of magnitude. Under EQL9) the Higgs fieldh in Eq.
(16) splits into the familiar MSSM doublets, andhy whose

neutral components subsequently develop weak scale vEWY

(h%=v, and (h})=v, with tanB=v,/v,. The neutrino
field v© acquires a large madd ,~\'(HH)/Mp through the

non-renormalizable term iV which, together with the Di-

rac »°—v interaction(proportional tox(h2)), gives rise to a

2X2 matrix that generates, via see-saw mechanism, a sup-

pressed mass for the left-handed neutrino qt26. The D
field does not develop a VEV but the tertd$iD andHHD

PHYSICAL REVIEW D 63 015010
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FIG. 13. Common scalar masg, against unified gaugino mass
12 fixed at the Planck scale. The white circles denote points that
fail to satisfy the electro-weak symmetry breaking conditions.

flavor changing neutral currentSCNC) and its simplicity—
few input parameters are needed to specify a otherwise com-
IB)Iex and largely unconstrained parameter space.

The model is very similar to the one presented in the
previous section except that we have imposed the high en-
ergy boundary conditions at the Planck scale instead of at

combine the color triplet parts ¢, H andD into acceptable My, thus we allowed for the running of the parameters be-

GUT scale mass ternj26].

tween these two scales. The relevant input parameters were

In addition to the terms generated by the superpotential ofign <0, Aj=0 and
Eqg. (18) the Lagrangian of the 422 model also includes the

corresponding trilinear soft tern&°AFh+X,Shh’ masses
for the SU(4),SU(2), ,SU(2)r gauginosM,, My , Mg
and explicit soft masses for the scalar fields?|F|?
+ RofEe[2+ 2|2,

Finally we remind that the symmetry breaking in Ef9)
leads to specific relations between ®&/(4), SU(2),5 and

U(l)Y gauge couplings and gaugino massebiatgiven by
[48]°

5_2, 3 sMy_ 2w,

@y @y ax’ Ay

—I—3M2R.

AR

(20

B. The universal model

0<Myp<2TeV, 0<my<My; (21)

whereMl,z M4 M, =M,R is the common gaugino mass
and m3=mZ= ch mg is the universal scalar massr{
=0.120, M,=4.8 GeV). The results are presented in scat-
tered plots in Fig. 13 and Fig. 14.

In Fig. 13 we plotmy againstMy,. The black(white)
circles indicate points that dgot) satisfy EWSB, i.e.mi
—m5=M3.° We observe that increasimy, is disfavored by
EWSB whereas increasing ,, makes EWSB easier to oc-
cur. The interplay between these two dependencies dictates
that only the region withM ,=m,, with a threshold for
M ,,,~500-600 GeV, is allowetf The large gaugino mass
(required in models with USBM and large #@nhas impor-

In this section we briefly review the 422 model with tant implications, it leads to a large negative parameter at
USBM. The main motivation for USBM is the smallness of low energy. Thus the EWSB condition in E&) can only be

Note thatFFD and F°F°D terms, associated with baryon num-

satisfied if |m3|—u?~M3/2 with |m3|~ u?>M2/2—fine

ber violating processes, can be forbidden by imposing a global ®This condition can be obtained from E6) and(7) in the limit

R-symmetry[47].
Often reparametrized b=A\ andm3=X\(S).

of large tans.
ONote that this value corresponds to the gaugino mass at the

8See Appendix D for a comprehensive derivation of these relaPlanck scale which in our model decreases betwdgnand My, .

tions.

At the GUT scale we obtainelll ;,,>400 GeV.
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FIG. 14. Top quark mass predictidd, against the common FIG. 15. Top quark mass predictioM, against theSU(4)
gaugino mas¥ ,, fixed at the Planck scalex(=0.120). gaugino massM, fixed at the Planck scale in the non-universal
model. The thick central line indicates the prediction Kby in the

tuning ©(500) is inevitablg20,49. Furthermore large val- universal model of Fig. 14d;=0.120).
ues foru, which is correlated wittM ,,, increase the SUSY
correction to the bottom quark mass in E§) and Eq.(9)  heavy threshold effects lead to non-universal parameters at
pushing the prediction for the top quark mass below the exthe GUT scale. Moreover, the most general SUGRA models
perimental lower bound. (with non-canonical kinetic termsn which supersymmetry

In Fig. 14 we show the top quark mass predictioh ~ is broken in a hidden sector, and/or superstring theories in
againstM ;,. We can see that not only ¥, smaller than which supersymmetry is broken by tikrecomponent of the
170 GeV(even forM,, as large as 2 TeMout also that for moduli fields with different weights, show that non-
fixed M, its dependence witm, is small. It is relevant to universality can be generated at the Planck or string scale.
note that, in the attractive scenario of lowést,,, corre- In this section we consider the 422 model with non-
sponding to lighter sparticles and smallest fine tuning, theiniversal boundary conditions &tp . The independent input
largest top quark mass prediction is unacceptable. Indeed, wearameters were?, %ic (proportional to the unit matrix
found, by pushing the stability of the Higgs potential to the
extreme, that for a low gaugino maks,,~ 600 GeV! we
obtainM;~ 157 GeV(tan3=43). Nevertheless, the fact that
in Fig. 14 the white circles are above of the blacks suggests 200 Ge\KM ;=M ,z<2 TeV (22)

that, if the scalar masses: ,mgc,m;, are allowed to increase

(and/or splif and be bigger thaiM,;,, then M; may in-

crease. Thus, the main problem is how to conciliate EWSB 1

with scalar masses bigger than gaugino masses. Ma=Mz <2M, (23)

mz andM,=M ,g# M, .*? These parameters were made to
vary at random in the ranges

C. The non-universal model ~ ~ ~
, ) 200 Ge\Kmg# Mgc#mM,<My,. (24
Over the past decade the numerous studies of models with

USBM [14,17,18,50-5Bat the GUT scale showed that they
often face recurrent difficulties with low energy phenom-The results are presented in Figs. 15 —21which main purpose
enology. The unsatisfactory results have stimulated the intetwas not to exhaustively scan all the parameter space but to

est in non-universal modelgl9-21,48,54-5 which are  be a guide of the configuration of the parameter space which
well motivated from a theoretical point of view. As was em- most effectively increaseM,

phasized irf55,5€, even when universality is imposed at the
Planck scale, radiative corrections betwé&é¢p and My and

2Note that, for the sake of simplicity, we have taken 8¥g(4)
and SU(2)g gaugino masses equal Bp. Since their one-loop
HCorresponding toM;(My)=485 GeV and gluino masses beta functions are identical, and the gauge couplings are roughly
mg(Mz)=1145 GeV. unified aboveM y we also haveM 4(My) =Mor(My).
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FIG. 16. TheSU(2)_ gaugino masiM, against theSU(4)

) FIG. 18. The top quark mass predictidvh;, against the left-
gaugino masd/,.

handed SUSY scalar mass . The lowerm the bigger the spread
in M, (as=0.120).

In Fig. 15 we plot the top quark mass agaiivs;. Com-
paring with Fig. 14 we observe that while the average inthe way the white and black circles distribute evefily.
crease oM, with M, is similar, the strict correlation present  In Fig. 16 M, is plotted againsM,. We see thaiM,
in the universal case is replaced, in the non-universal modek- M, is disfavored by the condition on the Higgs potential to
by a dispersed region of enhanced or suppreségdredic- be bounded. The majority of black circles is concentrated in
tions. This plot also illustrates that one can exp&tt theM,>M, region withM,>600 GeV. This preference is
~170 GeV(for M,>1000 GeV) and shows that EWSB can illustrated by the left-right asymmetry around tkexis of
occur under more relaxed conditions, which is obvious fromFig. 17 which displaysvl; againstM4— M, .

Figure 18 shows that, generally, a% decrease#l, pre-
dictions are allowed to increase. A similar dependendd pf
on mec was found. Indeed, wheN, is plotted against the
difference Amg=mg— Mgc such as in Fig. 19 a symmetric
left-right graph emerges around theaxis. On the other
hand, from Fig. 20 we can conclude thdt increases with
increasing soft Higgs boson mass . These figures suggest
that the top mass may be increased by increasing the splitting
between the sfermions and Higgs soft boson mass. We there-
fore find interesting to plot in Fig. 2M, against the ratio
mp /(M) where (mg)=(Me+mec)/2 is the average sfer-
mion mass. Our suspictions are confirmed.

After combining the top quark mass dependencies on the
input parameters suggested by the previous figures with nu-
merous case-by-case analyses of “outputs” from our nu-
merical model we arrived at the following conclusions. The
top quark mass prediction is strongly dependenthop®

OnceM, is fixed, decreasing: andmg. increases botM,

180 T T T

175

170

165 -

M, | GeV

160

155

150
-1000 -800 -600 -400 -200 O 200 400 600 800 1000 e ) ) ) )
(Ms = May) | GeV A similar graph is obtained wheM, is plotted againsiM,, thus

we spared from including it here.

FIG. 17. Top quark mass predictivi, against the difference “The reason is because, at the unification scale, the gluino masses
between theSU(4) andSU(2), gaugino masseM ,—M, . The are set to beMz(My)=M,4(My). Thus the sensitiviness of the
stronger concentration of black circles on the right-half part of thisresults withM, is in fact a sensitiviness to the masses of the colored
figure indicates that EWSB favoid , to be bigger thaiM,, . sparticles.
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FIG. 19. Top quark mass predictidvi, against the difference FIG. 20. Top quark mass predictiovi, against the soft Higgs
between the left-right SUSY scalar masEagsf ﬁ1Fc. This symmet-  boson massn, . We can see that a large top quark mass is favored
ric plot shows that the top quark mass does not favor a hierarchyy a large Higgs parametan, (@s=0.120).
betweenmg andmge (as=0.120).

D. D-term contributions
and the Higgs potential stability parametghnat is positive

for a “bounded-from-below” Higgs potentizt® The symmetry breaking of the Pati-Salam to the SM

gauge group given in Eq19) reduces the group rank from

= 424 42— 2lm2l>0. 25 flye to four. A!though the GUT symmetry is broken at a very
wot ua=2|mg| @9 high energy it nevertheless has important consequences to

low energy TeV phenomenology via-term contributions to

the scalar mass€®1,48,58. In the 422 model the GUT

boundary conditions for the scalar masses[463:1’

Howevermg rc cannot be arbitrarily small since i (c are
very small the sleptons became too light. Increadihg and

my, increases the top quark mass; however they also afect

We found that the most efficient mechanism to increfsise anzr"nnggiDZ (26)
relied on decreasinil,, (which decreased!; moderately
but increaseds substantially and increasingn;, (which in- r~nﬁc= Fn,zzc—(gﬁ—ZggR)Dz (27)

creasedM; significantly and decreasefl moderately. For
the sake of illustration, we found that, by pushing the EWSB

conditions to the extremeS(-0, i.e., tuningmy), it was Mie=mZ.— (g3+295:)D? (28)
possible to geM;~175 GeV only if M4(Mp) =800 GeV.
In this case we goM,, =500 GeV, m:=350 GeV, Mg ﬁ|2=ﬁ"|§*39421D2 (29)

=450 GeV andn,=1000 GeV® Naturally, for a largeM
mass,S increases and an acceptable top mass is easier to
obtain with less tuning ims.

The main conclusion is that in the 422 model with non-
universal soft boson masses a top quark mass of artvwynd m2=mZ.+ (3g2+2g35) D? (31)
~175 GeV is only possible to obtain in the context of a
large gluino massmg(M;)~1520 GeV and large tgf ~y o~y 5 2
~50, by implicitly tuning the EWSB conditions, and by ma=mp—292:D (32)
choosing squark-slepton masses considerably smaller than
the soft Higgs boson massg ,Mgc<m;, . m?=mZ+2g5:D2. (33

mZe=mZ,+ (3g3—2g35) D2 (30)

YIn the large tag limit S? is given by S*~mi—m;—M2 ’See Appendix E for a detailed derivation of theterms in the
~1m§/tan,8. 422 model. Note that in the limit of unified gauge couplings the
®The corresponding values avly are M,=653 GeV, M, D-terms give identical corrections to the fields in thé dimen-

=408 GeV,m-=456 GeV,Mec=567 GeV, andn,=972 GeV. sional representation &0O(10). -
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o . . FIG. 22. Correlation between the sfermion massgs- mgc and
FIG. 21. Top quark mass predictidd; against the ratio be- he Higgs soft boson mass, required to obtain a top quark mass
tween the soft Higgs boson masg and the average of the SUSY  around 175 GeV ¢,=0.120). Three illustrative choices for the
scalar masse$(mg+mgc). The bigger this ratio the biggev, is  value of theD-term are taken. The effect of experimental uncertain-
likely to be. ties in the top and bottom quark masses is indicated by the toned

. e - . areas. The box around tfiz=200 GeV label indicates the scanned
TheD-term (_:orrectlons, D IS sufficiently large, are impor- region used to generate Figs. 234 main text for details
tant to consider because, first, they leave an imprint in the

scalar masses of the charges carried by the broken GUT gen- The general behavior in Fig. 22 with increasibgterm

erator (these charges determine the coefficients of dfle | 1 0c “jines shifting to the top-right corner—results from
terms abovg therefore the analysis of the sparticle spectra

[58] might reveal the nature of the GUT symmetry breakingthe decrease~aﬁf~m§—39§(D2 in Eq. (29) which demands
pattern; secondly, they split the soft Higgs boson masses bgn increasingn% parameter. The broader darker areas around
mg—mf~ —4g§<D2, which for positiveD?, makes radiative the solid lines correspond to the uncertainty in the top quark
EWSB much easier to occur. Indeed, we found that ddce mass 1755 GeV, while the thinner patches result from
=150—-200 GeV then EWSB no longer requires the largevarying the pole bottom masd,, in the range 4.8-5.1 GeV.
gluino-squark masses characteristic of models with USBM.We also analyzed how the gaugino masses affect the solid
In Fig. 22 we summarize how an acceptable top quarkines. For example, for D=200 GeV, taking My,
mass prediction can be achieved in the 422 model in the-400 GeV generates the dashed lineMfg or M, are
SQ(10) limit of universal gaugino massés,, and univer-  taken different fromM, the prediction for the top quark
sal squark and slepton mass parametess- mgc defined at mass is very similar to the one with universal gaugino
the Planck scale, but witB-term corrections arising at the masses withM ;=M.
symmetry breaking scaf€ The three solid lines establish the  In summary, Fig. 22 shows that B=200 GeV then a
correlation between the sfermion masses=mg. (plotted ~ Successful prediction favl; can be achieved, even for small
in the y-axis) and the Higgs soft boson mass, (plotted in glumo or squark masses — nF) fine tuning in E.\NS.B condi-
the x-axis required to obtain a top quark magg, tions — as long as the soft Higgs boson massis bigger
=175 GeV, for D=200,300,400 GeV andM,=M,g than the sfermion masses:,mgc. As an example, setting
=M, =300 GeV. For theD=200 GeV line, EWSB failed D=200 GeV and M,=300 GeV we found thatM;
to occur beyondgthe point where the line is discontinued in~175 GeV could be obtained by fixingr~nF=FnFc
her way upward? In all cases the lines were cut at the bot- =500 GeV andn, =750 GeV2° This input leads to the fol-

tom edge at points where the left-handed stau mass became, S _ ;
smaller than 100 GeV. rﬂﬁmng low energy predictions: tgh=52, \x=0.70 a gluino

2 R _ =
8Although we refer to this as th8O(10) limit, in fact the two °The corresponding values &l are My,=247 GeV, Mg e«

theories differ in the region between the GUT scale and the Planck 474 GeV andm,=691 GeV. After theD-term corrections the

scale. scalar masses arg,=m,c=Me=496 GeV, m = my=404 GeV,
1%The D=300,400 GeV lines continue beyond the border of them,.=572 GeV (for the third family and m,=660 GeV, m;
figure. =720 GeV.
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180 |-

175 =
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700 750 800 850 900 950 1000 1050 1100 -400 2350 -300 -950 -200 -150 -100 -50

my [ GeV 1/ GeV

FIG. 23. Prediction for the top quark mabt against the soft FIG. 24. Prediction for the top quark malgk against the Higgs
mass for the unified Higgs bosong, in Eq. (16). The numerical  mixing parametej. Each line corresponds to a fixed choice for the
labels, for each line, indicate the value for the soft masses of thgoft mass of the scalar fields: = mgc and along it the soft mass for
scalar fieldsmg:=megc used to generate the corresponding ling (  the unified Higgs bosons, is varying(increasing from the bottom
=0.120). to the top of the ploj.We observe thaM, increases with decreas-

ing | 1| (as=0.120).

mass my=618 GeV, a lightest neutralino masm,o _ L~ L~
1 creases with increasing, and decreasinfig rc. The reason

=88 GeV (B-ino like, but with substantial Higgsino compo- o such dependence is directly related with the value of the
neny, a lightest chargino maszl—=125 GeV (Higgsino Higgs mixing parametef.

like) and masses for the lightest sfermiams =179 GeV, In Fig. 24 we show how the top quark mass predictibn
nT;, =189 GeV andmy,=377 GeV. The I|ghtesCP even correlates withu. In this plot each line corresponds to a

H|ggs boson mass, computed using the one-loop expressiofi¥ed Me - mass(labeled by the number beside @nd along
of Ref. [59] (that include the top squark or bottom squarkit m,, is varying in the range indicated by E®4). We see

corrections only was found to bem,=114 GeV(note that  that decreasing rc shifts the lines to the right of the graph

this value should be regd with some caution, we estimate aus makingu less negative. Furthermore, &s, increases,
error of about 10 GeV imny,.) . from the bottom to the top of the gragi| decreases. These

In the last part of this section we present a series of f'gdependenues lead to a small value for(at the top-right
Sorner of this graphwhich in turn lead to small SUSY bot-
Gom corrections that raise the top mass prediction to an ac-
r&eptable value.

In Fig. 25 we show the correlation between the top quark
massM; and the gluino massyy predictions. We see that,
for the choice oM 1,,= 300 GeV in Eq(34), if the top quark
M4;,=300 GeV, D=200 GeV mass is in the 170—-180 GeV range then the gluino mass is in

the 605-620 GeV range. It is worth stressing that the 422
- model with D-terms offers the possibility of predicting light
m,=700-1100 GeV, gluinos. This is exciting from the experimental point of view
and theoretically desirable since it reduces the fine-tuning in
the Higgs potential parameters.

In Fig. 26 we plot the top quark madd, against the

lightest chargino mass), - prediction. In this modej; is

These values correspond to a scan ofM&FnF,Fc pa- roughly the charged Higgsino which is lighter than the
rameter space that is indicated in Fig. 22 with a box. chargedW-ino becauseu<mg, at low energy. From this
In Fig 23 we plot the pole top quark mass predictdp  graph we read that 80 Ge¥m, <180 GeV which should
against m, for several choices of the sfermion masseshe compared with expenmental bound from the CERMN:"
Mg rc=500,550. ..,900 GeV. We observe thaM; in-  collider LEP2.m)e()lfp>89 GeV[32].

prediction can be achieved and how it is correlated with th
sparticle spectrum. For the sake of illustration we take, as i
the previous sectiona;=0.120,M,=4.8 GeV and the fol-
lowing input at the Planck scale:

Me=Mmge=500,550. . .,900 GeV. (34)
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FIG. 27. Correlation between the top quark mass predidtign

and the gluino mass predictiong . Each line corresponds to a fixed and the lightest neutralino mass predictim}g. Each line corre-

choice for the soft mass of the scalar fiefds=me. (labeled with
a numbey and along it the soft mass for the unified Higgs bosons_

m, is varying (increasing from the bottom to the top of the plot

sponds to a fixed choice for the soft mass of the scalar fieids
%Fc (labeled with a numberand along it the soft mass for the

unified Higgs bosons, is varying (increasing from the bottom to
the top of the plot

In Fig. 27 we show the correlation between the top quark

massM; and the lightest neutralino mass, 0 predictions.
We note that since. can be comparable with of tH&-ino

this plot we read that 60 Ge&/mxtl><105 GeV which
should be compared with the experimental bounts”

mass,)((l) can have a substantial Higgsino component. From 1

185 T T T T T

175 |-

M, [/ GeV

500
170 |

Mo =300 GeV, D =200 GeV
500 GeV < fp = fpe < 900 GeV

165 1 1 1 1 | 1

900

60 80 100 120 140 160
m- [ GeV

180

200

>40 GeV[32].
In Fig. 28 we plotM, against the lightest charged slepton
massnT;, prediction. It is interesting to observe that the

D-term correction to the left-handed charged sleptons in Eq.
(29) is negative while for the right-handed charged sleptons
in Eq. (30) it is positive. Thus the lightest stau is not right-

handed §,) but left-handed ¢;). From this graph we see
that the prediction forn;l can vary significantly, roughly we

find that only an upper bound can be imposefui;1
<600 GeV (the experimental ismifp
>81 GeV[32)).

In Fig. 29 the prediction for the top quark mabk is
plotted against the lightest sneutrino mass. We note that
for the choices ofmg rc=500,550,600,650,700 GeV the
mass is driven to zero s, increases from the bottom to the
top of the graphthus, it is possible thaYzT could be the
lightest SUSY particleLSP)]. Comparing this figure with
Fig. 28 we see that the prediction for the and 7, masses
are similar. We find that the predicted upper boundrfgr

lower bound

<650 GeV is compatible with the experimental lower bound
m:">43 GeV([32].

sponds to a fixed choice for the soft mass of the scalar fields In Fig. 30 the top quark mass predictidv, is plotted
=M. (labeled with a numberand along it the soft mass for the against the lightest squark mass, that is, the right-handed

unified Higgs bosonan, is varying (increasing from the bottom to  sbottomb,. The reason why the right-handed down-type
the top of the plot squarks are lighter than the other squarks is because of the

FIG. 26. Correlation between the top quark mass predidign
and the lightest chargino mass predictim}l—. Each line corre-
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FIG. 30. Correlation between the top quark mass predidign
and the lightest shottom mass predictiu];]l. Each line corresponds

corresponds to a fixed choice for the soft mass of the scalar fieldg a fixed choice for the soft mass of the scalar fiefois= mge
me =M (labeled with a numbgrand along it the soft mass for the (labeled with a numbgrand along it the soft mass for the unified

unified Higgs bosonsn, is varying (increasing from the bottom to  Higgs bosonsn, is varying (increasing from the bottom to the top

the top of the plot

185 T T T

Mt / GeV

180 |
175 |-
170 |-
165 L

I ) ) I
Myjz = 300 GeV, D =200 GeV
500 GeV < fp = mpe < 900 GeV

0 10

FIG. 29. Correlation between the top quark mass predidien
and the lightest sneutrino mass predictimg3. Each line corre-
sponds to a fixed choice for the soft mass of the scalar fields
=Mec (labeled with a numbgrand along it the soft mass for the
unified Higgs bosonsn, is varying (increasing from the bottom to

the top of the plot

850 -1
500
900
1 1 | | |
0 200 300 400 500 600 700

800
mp, / GeV

of the plo.

negativeD-term correction in Eq(28). The prediction for
mg, is well above the experimental lower bourrd»E:p

>75 GeV[32].

Finally in Fig. 31 we present the correlation between the
predictions for the top quark mads, and the mass of the
CP-odd Higgs bosom, . We observe thah, decreases for

increasingme c masses. In fact, fomg cc=900 GeV we
find thatm, is driven to zero. This graph shows that only an
upper bound for the Higgs boson mass can be estimated:
ma<220 GeV (the experimental lower bound isn3*?

>84 GeV[32]).

We would like to end this section by remarking that, as
far as the top quark mass prediction is concerned, the results
in this section are similar to theSO(10) model
[21,23,55,57,60,d81 since we have taken the case of univer-
sal gaugino and scalar mass parameters, withOkerm
corrections reducing to those BIO(10). However we have
included the neutrino Yukawa coupling in our analysis, and
also the theory is different fronsO(10) above the GUT
scale. The reason we worked in this limit was to make con-
tact with the recent work or8O(10), and to distinguish
clearly the effects oD-terms from the effect of explicit non-
universality. However we would like to emphasise that the
results in Figs. 23—31 are not only valuable by themselves,
but they also serve as a reference to which the results in Sec.
VI C should be compared with. Generally, the non-universal
422 model withD-term corrections will lead to a set of pre-
dictions that is a combination of the results presented in
Secs. VIC and VID.
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185 T T T T Higgs extensions of the SM the contribution from the
Mys5 = 300 GeV, D =200 GeV charged Higgs—top quark lodd "t always interferes con-
500 GeV < rap = ritpe < 900 GeV structively with the SM one. Thus, the resulting branch ratio
prediction is bigger and dependent on the unknown charged
180 |- - Higgs boson mase,-. If my- is light then the prediction

for the BRp—svy) is larger than the experimental upper
500 bound. On the other hand, for a heavy Higgs boson mass

850 my-~1 TeV, agreement with Eq35) is still be possible.

175 - The above situation can change drastically in SUSY mod-

els with third family Yukawa unification. The reason is be-

cause the new contributions arising from gluino—bottom-

squark @b), neutralino—bottom-squark xfb) and

170 |- 900 . particularly from chargino—top-squarly(t) loops are en-
hanced by large large tgr~ 40— 50 factors. In contrast with
the charged Higgs contribution, the SUSY amplitudes can
either add constructively or destructively with the't con-
165 L L L L tribution or between themselves. In order to recover the
0 50 100 150 200 250 original agreement with experiment a large part of the work
ma [ GeV in the literature[25] explores the idea of suppressing the

FIG. 31. Correlation between the top quark mass predidign ~— Sy decay by canceling thg™t against theH "t amplitude
and theCP-odd Higgs boson mass predictiom, . Each line cor-  (typically the gluino and neutralino amplitudes are spall
responds to a fixed choice for the soft mass of the scalar field&lany of these results are obtained in the context of SUGRA
me=mec (labeled with a numbgrand along it the soft mass for the O GUT models with universal soft masses and trilinear
unified Higgs bosonan, is varying (increasing from the bottom to  terms at the Planck or GUT scale Wiﬂl large gaugino masses
the top of the plot M,~1 TeV. Cancellation betweep t andH "t loops is
possible because of two reasons, first the large gaugino mass

leads to large top squark masses thus suppressing the
It is well known that the decaly— sy is a sensitive probe amplitude making it comparable in magnitude to tHet
of new physics. In the standard model the loop diagram interm. Secondly, the sign qi is chosen to be positive. This
volving theW boson and top quark give a theoretical predic-means that thg ~t contribution has the opposite sign of the
tion for BR(b—sy)=(3.28£0.33)x10 * [62]** at the H~t contribution thus allowing the cancellation to occur.
next-to-leading order in QCD. This result turns out to be Clearly the above strategy is very attractive because it is
slightly larger than the official CLEO measuremésee first  based on universal soft parameters which render it model
reference ir[63]).” However the recent ALEPH results in- independent. However, it fails to address two issues. First a
dicate a larger branching ratj64]. We quote large M 4, leads to fine-tuning of th& boson mass and sec-
_ ondly, a positiveu is in conflict with the successful predic-
BR(b—s7y)=(2.32+0.57+0.35 %10 * CLEO tion for the top quark mass in the context of GUT models
with unified third family Yukawa couplings which, as we
(35) have seen, require negatiye
In this section we explore a different solution to the en-
where the first error is statistical and the second is systenfianced— sy decay in SUSY models with—b— 7 Yukawa
atic. In view of the above large uncertainties we will take theunification. The idea is to choose to be negative, for the

Mt / GeV

E. b—sy and 7—uy with non-universal A-terms

BR(b—sy)=(3.11+0.88+0.72 X 10" 4 ALEPH

conservative range reasons stated earlier, and to suppiesssy by allowing the
trilinear soft A-terms to have a non-universal family depen-
1.0x10 *<BR(b—sy)<5.0x 10 *. (36)  dent structure. We will avoid unnatural tuning of elec-

. ) ) ) troweak symmetry breaking by taking a low value for the
In supersymmetric extensions of the SM the inclusion of, augino masses, for exampM ,,~300(250) GeV at the
additional SUSY particles can spoil the above “agreement”P|anck(GU-|—) sceile. In this scheme we find that-sy is

[25]. The reason is because, generally, there is no guarante@ minated by the chargino—top-squark loop.

that the sparticle contributions are small_ or that they Conspire The purpose of this section is to investigate the possibility
to cancel between themselves. Indeed, it is known that in twgy suppressing—sy by tuning the initial non-universal

A-terms at the Planck scale such that, at low energy, they are
canceled by the flavor violating signals that naturally de-
21This is the value of Chetyrkiet al.in Ref.[62]. velop when the parameters of our model evolve from high to
2’Note that an updated preliminary value by CLEO has been relow energy by the use of RGEs. We will conclude by check-
ported : BRb—sy)=(3.15+0.35+0.32)x 10 * (see second Ref. ing that the introduction of non-univers#-terms is also
in [63]). compatible with the present upper bound on BR{(u ).
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FIG. 33. Diagrams corresponding to the two contributions asso-
ciated with the chargino amplitude of E(9). In (a) flavor viola-

tion is introduced through a\(35), | mass insertion along the —c,_
squark line. In(b) a (A3y) g mass insertion is introduced along the

T, —cx chirality flipping squark line.

tions F are defined byF(X)=32%Fn(X)+F,(x) with

FIG. 32. Diagrams responsible for the~svy decay considered Fnn(X) as in Ref.[65]. The gaugino and Higgsino vertex
in this article(note that we did not compute the neutralino-sbottomfac'torse andH are given by

loop which is typically found to be smallThe W boson loop(a)
illustrates the standard model contribution. The charged Higgs loop . ~
i i : : GlA=TE (VY (41)
(b) is present in two doublet Higgs extensions of the SM. The uL i1tV Jaa
gluino contribution(c) was found to be small. On the other hand,

the chargino loogd) dominated théb— sy decay. 3

HUR=TH 2 (VR)ae(YueeVea (42
b—sy N
The standard model, charged Higgs, chargino and gluino joA_ oct Tdt
diagrams contributing to this decay are illustrated in Fig. 32. HUE =S5 (Yo aa(VI™)aa (43
In models with large tap the corresponding dominant h
amplitudes are given bj65] where
agag 1 Y,=diagm,,m;,m)/(y2MysinB)=\//g (44
Asnﬁm W2 VisVib3XewF 12(Xtw) (37)
W
Y 4= diag'mg,mg,my)/(12Myy cosB) =\ /g
45
A awa—elvv Fau(Xen) (39) 49
= X X
SN = VI A 34Xt ands®, T¢ diagonalize the chargino mass matrix. Finally the
precise definition of th&/'®, V&' matrices that describe the
2 . . . .
o \/a— 1 . _ ) mismatch between the transformations required to diagonal-
A= W\/—e > > —HEPGLE-HIR ize the up-type squarks and quarks mass matrices can be
2N j=le=1 mg, found in Appendix A.
m The branch ratio BR{—svy) can be computed frorf65]
X
X —F 45(X, - 39
M 43 X, 0,) (39 I'(b—sy) B
BR(b—sy)= ———BR(b—cev), (46)
6 I'(b—cev)
A= T G Riey S (VT (v
o r P&y m% R Jbal L Jas where the decay rate fdr—sy is given by
My e mg Y 2
Xm_bF4(XgDa) (40) F(bH57)=E|A (mp)|*. (47)

where a,,=9%(4w), a.=e’(4w), My is the W boson  The full expressions foF (b—cev) andA”(m,) [the QCD
massmg_andmp the up squark—down squark type squarkcorrected amplitude at the scale of the process
mass eigenstatesV the Cabibbo-Kobayashi-Maskawa (~m,)—obtained from the total sum of amplitudes
(CKM) matrix, Xy=mH/Ma, Xp= mf/mf', DX AY(My)=Asut+Ay-+A -+ Ag] can be found in Ref65].

2 2, 2 _ . It is interesting to note that the chargino amplitude has
U, gDa_rj}é/mf)a’ C(R)=4/3 andep=—1/3. 1 Gistinct contributions. They are illustrated in Fig. 33. In
The flavor matrice/d%, describe the mismatch between the Fig. 33@) the helicity flip required in the decay is achieved
transformations that diagonalize the down-type squark andt the Higgsino vertex. Thus, along the internal squark line
quark mass matricesee Appendix A for details The func-  t,-c_, flavor violation develops through aAby),, mass

2
=m -/m
Xj
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insertion® On the other hand, in Fig. 88 the two Higgsino TABLE V. Values of the Yukawa matrices at the effec-

vertices require that the helicity flip must be accomplished tive SUSY scal&)=Mgs=430 GeV. The correct quark and

through theTL—ER line via a (AYy), r mass insertion. charged lepton masses as well as the QKM matrix are ob-
Remembering that we aim at reduciAg- by introducin tained after “runnlng-down” these matrices first, fro@

.S . 9 . y 9 =Mgto Q=Mj,, using the SM RGEs, and secondly from
tree-level explicit sources of flavor violation through non- Q=|\S/| o szl GeV, using SU(3) '><U(1) RGEs
universal soft SUSY terms, the relevant question to address (See Szec. IIB for more detais. ¢ em '
is whether it is more appropriate to relax universality of the
soft boson mass terms for the fields in the=° multiplets,
thereby changing X5, , or to modify the trilinear

1.003x10°° 1.118<10°% 1.768<10°8

|- —4 -3 -5
A-terms, thereby changingAg,), r. For reasons that will A= —3.608<10 8.236<10 7.012<10
became clear latter, when we study the> uy decay, we 5.882<107%  —1.973<10°? 0.914
will take the latter approach. 1.075<10°%  1.213x10°* 3.251x10°¢

energy, to be proportional to their associated Yukawa matrix,
ie. (TAU)ABzAO()\u)AB etc. Although this assumption leads
to obvious simplifications, models inspired by string theory

—5.686x10°* 1.910<10°2 0.872
1.464<10°% —1.637x10°° 7.297x10° 7

have been proposd@7] in which the A-terms are not uni- No=| 3.436x10°° 3.084x10 2 —6.077x10 4
versal. Motivated by these results we parametrizeAtiseby 7.465<10°*  9.409<10°3 0.532
~ ~ 4.406<10°®  4.908<10°7 8.300<10°°
(Aae=AoXas(Mu)ag:  (Ad)ag=AoXas(Nd)aB s N, =| —1585<107* 1.421x10°% 3.539<10°°
% 5 25191074  —1.141x10 2 57
(Ae)as=AoXas(Ne)as,  (A,)a=AoXas(N,)aB 51910 0 0.575

where x,g is a dimensionless matrix of order one that we
conveniently choose to have the following structure

In Fig. 34 we plot the SM, charged Higgs, chargino and

111 gluino amplitudes in Eq9.37)—(40) againstx. For x~0 we

1 1 x approximately recover the usual universatterm model.
XaB= 1| (49 This is because the first and second family of the trilinear

1 x 0 terms are smalldue to small Yukawa entriggnd the third

family A-terms at low energy are not too sensitive to their

We now turn to study the phenomenological implications/Nitial value at high energy. We see that becapsis nega-
of Eq. (49) to the BRp—svy). For illustrative purposes, and
keeping in mind the successful prediction for the top quark EEV o e B S B B B B B S S |
mass in the 422 model witB-terms, we use, as in the pre-
vious section, the sama;=0.120, M,=4.8 GeV and the
same input at the Planck scalkt,,=300 GeV, mg=mg
=500 GeV, ﬁ1h=750 GeV andD=200 GeV. Moreover,
we fixedA,=2000 Ge\#* and a negative sign fqu. At the
GUT scale the Yukawa matrices were set as follows. The
eigenvalues ok, \q, Ao were fixed by the requirement that
the fermion masses at low energy were reproduced. The
CKM mixing angles were assumed to be given &y 6}’
+6% with 6"= 6" (the 6" are the angles that parametrize
the rotation matrices that transform the left-handed up or
down quarks into their physical mass basiBhe angles as-

Amplitudes for b — s+ (107° GeV~2)

A, -
sociated with the rotation required to transform the left y
handed charged leptons into their physical mass basis were  -3.0} -
given by 6F= Hid. Finally A, was set equal ta,. For com-
pleteness we list in Table V the values of the Yukawa ma- ol v v
trices at the SUSY scal@=Mgs=430 GeV. 0.0 0.5 1.0 15 2.0

FIG. 34. Individual values for the amplitudes contributing to the
The (A%9) .. parameter is the off-diagonal 23 entry of the left- b—sy decay against the trilinear parametef Eq. (49). One
handed up-type squark mass matrix in a basis where the up-typebserves that the chargino amplitullg- is sensitive tax and big-
quark mass matrix is diagonédee Ref[66]). ger thanAgy,, Ay- andAg for almost all thex values. Furthermore,
247 ,(My) =570 GeV. the sign ofA - changes ag increases from 0.0 to 2.0.
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10-2

1073 = >
. p ~T ~u
i - TR VL VL ML
I FIG. 36. Chargino diagram involved in the— uy decay(the
= - Allowed Experimental Range - neutralino diagram was found to be subdominaht this process
m . . . .

l lepton flavor violation develops through th&%;),, mass insertion
-4 ~ ~
10 \E along thev/—v{* sneutrino line.

BR(b—sy) compatible with the experimental data. How-
ever, one should be careful about other possible implications
derived from this new source of flavor violation. Clearly Eqg.
TR e e s T T —— (49) also introduces lepton flavor violating signals through

00 05 Ho Lo 20 the Ke,V matrices in Eq(48). The purpose of this section is

to check that the decay— wy (for the successful value of
FIG. 35. Branch ratio for thé— sy decay against the trilinear fixed by b—sy) is not in conflict with the experimental

parametex in Eq. (49). The dashed line A corresponds to the result upper bound on BR{— ) <3.0x 10" ° [68].

one obtains whel,=0. The solid line B was computed using the  The effective Lagrangian for the— w7y decay is

SM, charged Higgs, gluino and Higgsino contributions. For the line

C we used the SM and Higgs contributions only. The line D was 1— R L

obtained using the SM amplitude alone. The allowed experimental ﬁf-»ﬂyzil/m(p—Q)(A Pr+AP ) a* iy (P)F .5

range is indicated by the area between the two dotted lines. We (50)

observe that for the line B an acceptable prediction is obtained for

x~1.60.

wherePg  are projection operators afd,; the electromag-

netic field tensor. The branch ratio can be computed using
tive, the chargino amplitude is negative and interferes con-

structively with the other amplitudes. However, a&sin- 1272
creases, the chargino amplitude becomes less negative and BR(7— uy)= ——(|AR2+|AL[?) (52)
the magnitude ofA,-| steadily decreases. At some point, Gk

aroundx~1.1 the chargino amplitude vanishes. Beyond
~1.1, A,- is positive, thus it interferes destructively with whereAR=A§,+A§o andALzA)L(o, Numerically we found
the SM and Higgs amplitudes. Clearly, we see that by tuninghat the decay is dominated by the chargino-sneutrino loop

x it is easy to find a region whete— sy is suppressed. diagram illustrated in Fig. 36.
In Fig. 35 we show the BR{(—sy) againstx. The area The corresponding amplitude is given by
between the dashed lines indicates the experimental allowed
range in Eq.(36). The dashed line A corresponds to the m. -
result one obtains whefiu,=0. The solid lines D and C are AR _ _HJM jau i Ix, ) (52)
plotted for illustrative purposes; they correspond to the X \/— =1 a=1 rrr m, Xj Ve

Vo

BR(b—sy) that is obtained when only the SM amplitude,
and the SM plus the charged Higgs amplitudes are consid-
ered respectively. The solid line B indicates the BR( Wherem is the physical mass of the sneutrinog, 5,
—svy) prediction when all the amplitudes in Eq8.7)—(40) —mX /m and J a dimensionless functiof?. The gaugino
are considered. We observe that, due to a light charged Hig
boson massn,~130 GeV, the value of the BR{svy)
when only the SM-H "t loops are considered lies above the

gand nggsmo vertex factors are given by

experimental range. On the other hand, the BRGY) GLUA=TA(VID) un

when the chargino contribution is includé€iéhe B) starts at

x~0 very large but is driven into compatibility with experi- JaA SgT(Y )AA(VVeT)A (53)
e [e%

ment at arounck~ 1.60+0.15.

where Y= diag(me,m, ,m,)/( J2M wCo0sp)=\/g. Finally
T—HY

In the previous section we showed that the parametriza-
tion of the trilinear terms by Eq49) leads to a suppressed 2Explicitly, J(x) =[x2—4x+3+2 In(X)J[2(x—1)3].
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FIG. 37. Values for the chargina® and neutralino amplitudes ~ FIG. 38. Branch ratio for the— uy decay against the trilinear

AR contributing to ther— uy decay against the trilinear param- parametek in Eq. (49). The dashed line A corresponds to the result

eterx in Eq. (49). We observe thatlR are small compared with whenAy,=0. We observe that the solid line B is driven to smaller
AR Moreover, the magnitude oAR slowly decreases ag in- values ax increases. In fact, for large~2.0, the predicted branch
cheases g X y ratio is roughly one order of magnitude smaller than the present

experimental bounghere indicated by the dotted line

the sneutrino-charged lepton flavor matrix is defined by

vIe=s’ T¢" whereS!, diagonalizes the sneutrino mass ma- of the chargino amplitudpA - | slowly decreases thus driv-
trix and T€ is the matrix that rotates the left-handed chargednd the prediction for BR{— 1.y) to smaller values. Fox
leptons into their physical mass eigenstatee Appendix A~ 1.60 the predicted BR{— uy) is about one order of mag-
for details) nitude below the experimental upper bound.

We see from Fig. 36 that the decay develops through ~ In summary, we have verified that by introducing non-
the sneutrino;[—;’f scalar line via the 3., mass inser- umversalA—terms one can simultaneously satisfy the present
tion. Comparing the bottom with the tau decay, we note thafXPerimental constraints dn—sy and7— uy even wheru
while in the former decay the presence of right-handed uplS Négative. _ . .
type squarks allows the diagram in Fig.(BBto exist, in the Finally we point out that the success in suppressing the
latter decay, the corresponding lepton analogue of such did— Sy decay is not without some tuning. Indeed we found
gram does not exist since the effective low energy theonghat the suppression works well only for a restricted range of
does not include right-handed sneutrinag). x~1.60+0.15. Thus taking as a measure c_)f_tuninghe _

We can now Just|fy Why we preferred to consider non- ratio = ox/x we find 5~19%. Nevertheless, it is unclear if
universal A-terms rather than non-universal soft SUSY itis more natural to expedt— sy to be suppressed by flavor
masses. If we had chosen to introduce non-universal softhysics, implying tuning in the flavor parameters, or by sup-
squark masses then unification of quarks and leptons if the pressing the charged Higgs and chargino amplitudes by de-
andF°¢ multiplets would demand similar non-universal slep- manding largem,;- and top squark masses, implying tuning
ton masses. In this scenario it would be difficult to simulta-in settingM .
neously suppress— s+ vy and keep BRt— uy) below the
experimental bound. The reason is because both decays can
proceed via af,g), | mass insertion. In contrast, when non- VIl. CONCLUSION
universalA-terms are introduced, we can contlpb sy via

the (Az9).r insertion, while leaving the prediction for  we have studied Yukawa unification, including the ef-
BR(7— wy) approximately unchanged because the leptonigects of a physical neutrino mass consistent with the Super-
decay proceeds via thé\g;), insertion. Kamiokande observations. We began our study by reviewing
In Fig. 37 and Fig. 38 we show how the amplitudes andthe usual MSUGRA scenario with universal soft mass pa-
the branch ratio of the— uy decay depend on the trilinear rameters, but including the effect of the neutrino Yukawa
parametex in Eq. (49). We see that, fox~0, the prediction coupling. Assuming hierarchical neutrino masses, and mix-
for the tau decay is close to the experimental limit BR( ing angles arising mainly from the neutrino secteo that
—uy)<3.0x10 6. However asx increases the magnitude the charged lepton Yukawa matrix has no large off-diagonal
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entrie3 we saw that the usual predictions are not muchto soft SUSY breaking parameters is to be welcomed, since it
affected® For example, the usual result that positixeis ~ provides a window into the soft supersymmetry breaking La-
not allowed, and negative leads to top quark masses which grangian.
are too small, is still valid.

We then analyzed a string omD-brane inspired
SU(4)®SU(2).®SU(2)gr model since this allows the most ~ The work of M.O. was supported by JNICT under con-
general non-universal scalar and gaugino masses, and timict grant PRAXIS XXI/BD/ 5536/95.
therefore the perfect laboratory for studying the effects of
non-universality. We explored the sensitivity of the predic- ~ APPENDIX A: NOTATION AND CONVENTIONS

tions to variations in all these non-universal soft boson In this appendix we briefly summarize our conventions
masses, and showed that the usual results can change cQfirg explain in detail the notation concerning the diagonaliza-

siderably as a function of the degree of non-universality okjon of the mass matrices. The superpotential of the MSSM
the soft parameters. We then switched on the uBstrm 1 ,¢ model is given by

contributions which arise ir80O(10), and which by them- . wp wp o o
selves are enough to allow successful electroweak symmetry’V= €gl Ua(Ay) asdehy — da(Aa) agdshg + va(X,) asl 8Dy
breaking, and permit small corrections to thuark mass c anf apB L 1 c.c

A —ei(Ne)aglgh4+ whih51+ 3 (M Al
which implies an acceptable large top quark mass. We stud- Ca(Ne)aslgha T uhyNg]+2(M.)aevave (AD)
ied the effect of theD-terms in the SU(4)@SU(2), wheree;,=—€,,=1, A,B=1, ... ,3 areflavor indices and
®SU(2)g model, for the sake of clarity working in thap-  «,8=1,2 areSU(2), indices. The Yukawa matrices are di-
proximate SO(10) limit of the model, in order to distinguish agonalized by the following transformations:
clgarly th'e effect of the D-terms from that of explicit non- SOy U=y’ gty Tty
universality. Including D-terms as the only source of non- u us d d»
universality, we studied the sparticle spectrum in some de- et _y 7 v vt_y !
tail, although these results should be considered in SheT*'=he, SN,T=N,

conjunction with the effect of the explicit non-universal sca-where the primed’s are diagonal. In this notation the CKM
lar masses and non-universal gaugino masses considered pggatrix is given byV=TUT". The full Lagrangian of the

viously, since in a realisticSU(4)®SU(2) . ®SU(2)r  model also includes trilinear, soft scalar masses and gaugino
model both effects will simultaneously be present. masses given by

We then turned to rare decays such as:sy and 7 o o o
— vy which severely constrain Yukawa unification. Assum- V= €,4[UX(A,) agdsh’—da(Ag) asdghs + VR(A,) asl ghf
ing that the only source of non-universality is due to o
D-terms, we showed how non-universal trilinear parameters ~ — €x(Ae) agl gh4 + mshih5]+H.c. (A3)
can lead to cancellations of the important effects and so pro- o o _
vide information about the family-dependent supersymmetry £=3[m3|h,|>+mi|hg|2+ 0% (M) agbs+ T A(M) asl e
breaking soft Lagrangian. Again, the effect of more general oD mew e 2 ok ~eo~2 . ~ex
non-universal scalar masses and non-universal gaugino T UA(Myc)asUe +da(Myc)asds” +€A(Mc) aBEE
masses associated with th8U(4)@SU(2) @ SU(2)r ~e~2 . ~cx
model will modify the results, but the main message remains ~ + Va(Mye)agvg” 1+ H-C. (A4)
clear: family-dependent non-universality will play an impor-
tant role inb— s+, and such effects should be considered in
conjunction with the effects of family-independent non-the chargino and neutralino mass matrices can be conve-
universality. We have shown that successful Yukawa U”iﬁ'niently written in the basis of the following 4-component
cation can be achieved if both types of non-universality ar&yaugino and Higgsino field¥:
simultaneously present.

In summary Yukawa unification is well motivated from 5 —iNT 5 H3
both a theoretical point of view, and from the point of view W~ ( — ) = 1 (AB)
of predicting large tap which helps to raise the Higgs bo- A Hy

—ing) =i
e ; — |, We=| , (A7)

both family-independent and family-dependent ways, and we iNg ) Kg
have explored the specific correlations between the soft pa-

son mass. We have found that Yukawa unification is per- (
rameters required in order to satisfy all the constraints simul- ( [

ACKNOWLEDGMENTS

(A2)

L=3M1NN g+ 3 MAINS+ 3 MaNgNG + H.c. (AS)

fectly viable providing the soft masses are non-universal in B
taneously. In our view the sensitivity of Yukawa unification H3=
28 arge off-diagonal entries in the neutrino Yukawa matrix will

not affect our results very much since the right-handed neutrinos
decouple from the right-hand sides of the RGEs at high energy. 2\ *=(\1Fi\3)/ 2.
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Thus
L=—(W,A]) I T +He (A8)
\/EMWCﬁ e Hg
and
M 1 0 - MZCB30 MZSB39 B
1 == =.= 0 M MC4C —M,S4C Wwe
L=~ Z(BWPH}H?2) ? £pe 2N (A9)
2 _Mz(:ﬁs(; M2CﬁCg 0 - M Hd
MZSBSH _MZsBC0 —M 0 Hﬁ

wheresg=sing, cgs=cosg (tanB=v, /v, = the ratio of the up or down Higgs VEYsnd ¢ the weak mixing angle. The
chargino mass matri¥ € in Eq. (A8) and the neutralino matriM™ in Eq. (A9) are diagonalized by

Cn1CTCT = Ny
S*M*~T —Dlag(mxl—,mxz—) (A10)
t_ .
SYMNSNT=Diag(m,0,m,0,m,0,m,0). (A11)
The mass matrices for the charged scalar sparticles are written in the following basis:
uL u d, d e e
~ 1=~ === |~ =~ (A12)
Ug uc* dR dc* er ac*

Explicitly we find

. ma+mimy+M3Z,Cop —uNv+Alv, U,
(uLug) ~ ~> i - (A13)
—puhwi1t AR, m,c+mym;+ MZZUCCZB Ug
(aTaT) ﬁ](21+ mgmd-f- MgdeZ,B —,u,)\gvz-l—hAgvl (aL) (A14)
LORr ~ ~ -
—uNguatAgu, m§0+ mdm$+ M%chczﬂ dg
~ =t Fn|2+ mlme‘F MEZECZB _/.L)\gvz‘FﬁAlUl EL
(eLer) ~ o £ o ~ | (A15)
_ M)\EU2+ Aevl mec+ meme+ M ZZeCCZB eR
|
The light sneutrino mass matrix in the =7 basis, after the The diagonalization of the up-type squark squared mass

heavy right-handed sneutrinos are integrated out, is given bgatrix M“? of Eq. (A13), down-type squark matrim 42 of
Eq. (A14), charged slepton matrié®? of Eq. (A15) and

Vi (M7 + MZZ, Cop)vL . (A16)  sneutrino matrix of Eq(A16) is achieved in the following
way:
The Z factors in Eq¥A13)—(A16) are defined byZ;=1;
—Qfs§ wherel is the isospin an@); the electric charge of  qupqu2gut — Diag(mg, mg) (A18)
the f field: R
Z=(+3H)—(+3)s3, Zwe=(0)—(-D)s] = Diag(mg_, Mg, M; .M, MG, ;)
, , (A19)
Zg=(—2)—(—3)85 Zg=(0)—(+3)sj
(A17) SIM2siT = piagms , . . . ,m5) (A20)
Ze=(—3)—(~1)S), Ze=(0)—(+1)s] o1 %
Z,=(+3)—(0)s2. = Diag(mg, , Mg, My , Mg, Mg, M) (A21)
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enge2aet — M _ - TABLE VI. Predicted values for th&-ino (mg), W-ino (mg,)
S*M®S" =Diag(me,, ’mEB) (A22) and gluino (ng) masses at low energies and for the three SUSY
. scalesT; and the effectiveMg, Mgysy scales defined in Egs.
= Diag( ”‘El'mﬁl'ml'”réz*mﬁz'”‘?z) (A23) (B8),(B5) (masses given in GeV unjtsThe first column indicates
the input for each model as defined by list of values in Table I.

v r2art _ N
S{LM(LS(| =Diag(nm;, ,nm, Nt ). (A24) Case ms my M T, T, T»  Ms Meuer
Finally it is convenient to define the following matrices 5 173 334 942 440 454 874
that are, in a way, supersymmetric generalizations of the
CKM matrix, i.e., they describe the flavor properties of ver-
tices that mvolve the interaction between a SUSY scalar par
ticle and a standard model fermion:

588 68
356 674 1787 851 887 1650 1132 150
174 334 942 438 433 879 577 53
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
(V) A= Z S, Suh (v, = 2 SR G 173 334 976 451 466 907 607 68
H 356 673 1845 876 911 1707 1166 150
| 264 503 1415 718 714 1319 915 116

3 3
(Vdd ng:BZl SHRENS (VEdT)Aa:BZl TheSan
B B e\ 28T [\ 19y 319y 4T
W | H W
N R I AR Msusfmﬁ(ﬁ) T(;) (m—) (m—) v]
(VE)aa= 2 SlgisSan (VA= > ABSB+3a 9 q H H
B=1 B=1 (B5)
(A25) - . .
3 3 - In this article we did not use the above scale to describe
Vuol 2 gk, V“‘” 2 ABSEL the average sparticle masses since as was emphasized in
B= B= Refs. [5,8], Mgysy is only related to the overall sparticle
3 masses in the unlikely case of degenerate SUSY spectrum.
Ve = 2 S~” Tet Instead, we introduced a new scales which was defined
( LL/aA™ ( LL)aB BA»

such that the sum of the squares of the threshold corrections
induced by the decoupling of the SUSY spectrum on the
gauge couplings is minimal:

VEET 2 TAB(S]_/ )Ba' 5 5

al\(jl [2 ZB' In ('\45)] =0, whereB;=(3,%2,4).
APPENDIX B: THE SUPERSYMMETRY MASS SCALE sli=1m :
In this section we will define the effective SUSY scale

M s which we used to represent the average sparticle massesxplicitly we find thatM g is given by

Above Mg the theory was described by the MSSM® and

below it we had the standard model. Traditionally it is con- M g=T?225/14267§25/1426; 57611426 (B7)

venient to introduce thre€; scales that describe the effect of

the decoupling of the SUSY particles on the gauge couplings

(341 TABLE VII. Values of the parameters required to compute the

gluino correction to the bottom quark maadm,~ —20% (all
evaluated at low energyThe gluino mass is given byny, the

_11/25_9/25_4/25_1/25
= q i Mi My (B1) bottom squark masses mglzand the dimensionless functiog is
. 2 225
given bylg=ngul (m:,m: ,m: ).
T,= mg/zsm\%\/lzsmg/zs m?lzsm,lfzs (B2) g~ Mg oM, My,
Case tan nr m; Mg Iz g
v 1 oz B 5 M b, b, s A%m,
Ty=m="m: (B3)
a 9 A 0.0904 42.16 942 -417 775 691 -0.305 -24.65
wherem;, . My, my, my andm are the squark, slep- B 0.0848 44.16 1787 795 1431 1316 -0311 2472
gluino masses respectively. In models with gauge unification D 0.0850 37.51 1789 -636 1475 1373 -0.238 -16.11
at MX the prediction foraS(MZ) depends OrMSUSY given E 0.0960 47.15 976 -494 794 692 -0.358 -34.36
by [5] F 0.0896 49.40 1845 -942 1452 1323 -0.367 -34.44
G 0.0960 4199 976 -445 804 719 -0.313 -26.81
Mguygy= Ty 22197300191 5619 (B4) H 0.0897 44.06 1845 -847 1480 1364 -0.320 -26.82
|

0.0920 47.34 1415 -703 1144 1035 -0.347 -32.03

Combining the equations above we obtf#h
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TABLE VIIl. Values of the parameters required to compute the ~ TABLE IX. Values of the parameters required to compute the
Higgsino correction to the bottom quark maa$'m,~6% (all B-ino correction to the tau lepton maad8§m, ~ — 2.45%. (all evalu-
evaluated at low energy.The Higgsino mass is approximately ated at low energy.TheB-ino mass is given byng, the tau squark
given by |u|, the top squark masses are given rlny12 and the  masses byrrflv and the dimensionless functidg is given bylg

dimensionless functiohy, is given byl;|=At,u|(M2,m;21,vrn;22). =mgul (M& ,rrrTl,méz).

Case o« tang A, w My gy, If Afp, Case o tang mgy  p oM 15 ABm
A 0.0476 42.16 -780 -417 812 665 0.408 6.51 A 0.0104 4216 173 -417 348 178 -0.669 -2.33
B 0.0482 44.16 -1410 -795 1457 1291 0401 6.80 B 0.0105 44.16 356 -795 653 387 -0.656 -2.42
C 0.0363 3594 -879 -339 831 690 0.385 4.00 C 0.0104 3594 174 -339 343 207 -0.507 -1.51
D 0.0364 3751 -1605 -636 1504 1345 0.376 4.09 D 0.0105 3751 356 -636 657 424 -0.494 -1.55
E 0.0597 47.15 -728 -494 826 676 0.406 9.10 E 0.0104 47.15 173 -494 355 143 -0.860 -3.36
F 0.0602 49.40 -1302 -942 1472 1303 0.399 945 F 0.0105 49.40 355 -942 652 352 -0.818 -3.37
G 0.0499 4199 -814 -445 842 692 0.416 6.94 G 0.0104 4199 173 -445 350 175 -0.715 -2.49
H 0.0504 44.06 -1465 -847 1506 1338 0.409 723 H 0.0105 44.06 356 -847 655 387 -0.696 -2.56
| 0.0573 47.34 -1055 -703 1170 1013 0.400 8.64 | 0.0104 47.34 264 -703 549 329 -0.641 -2.52

_ y012/1426 228/1426 200/142§ 156/142§ 136/142§ 34/1426 we read that\9m, ~ — 20% dominates oves"m, ~6%.
a g W ! ; " (B8) In Table IX we present, in the last column, the values for
the B-ino corrections to the tau maa$m. . In this table we
where the exponent values of theg, ... my terms are  also give the values far’ =g’ /4, for theB-ino massmg,

0.43, 0.20, 0.14, 0.11, 0.10 and 0.02 respectively. It is interfy, the stau masses and f
esting to note that the unphysical natureMg sy can be

bE=m§,uI(mé,m§l,m§2). We
immediately identified through the appearance of negativéead that, on averagd,®’m, is -2.45 %.

exponent§see Eq(B4)] whereas thd;’s in Egs.(B1)—(B3) Finally we computedAmy and Amg which we show in
and Mg in Eq. (B7) and Eq.(B8) are weighed by positive Table X. Two comments deserve attention. Filﬁit*,md,S
numbers. =0 due to smally s Yukawa couplings. Secondly, we see

In Tab_le VI we list the_ low energy value_s of the masses ofihat the gluino contribution is not universal, i.e\%my
the gauginos, the effective SUSY scales in E(&).—(BS)-, ~A%m ff—‘AE’mb due tomgz# ;. In conjunction, they lead
and the value_ of the new supersymmetry sddledefined in to norﬁ-universal SUSYS correctionamy £ Am,, thus
Eq. (B8) against the often usetlsysy of EQ. (BS). We  guonuy atfecting the rationy ((My)/Ay(My) [69].
observe that whiléM 5 is a good average of thg'’s, Mgysy :

fails to represent a meaningful effective SUSY mass.
APPENDIX D: BOUNDARY CONDITIONS FOR THE

GAUGE AND GAUGINO MASSES
APPENDIX C: TABLES FOR THE SUSY CORRECTIONS

In thi di i | hich il In this appendix we review the origin of E@20) that
n this appendix we present Ssome examples Which MuSye aiag  he gauge and the gaugino masses of the

trate the magnitude of the SUSY corrections to the bottonbu(3) ©SU2), oU(L)y MSSM and of  the
Cc

and tau mass. :
. . SU(4)®SU(2), @ SU(2)g Pati-Salam model.
In Table VII we systematically list the values of all the We start by considering the constraint on tg1)y ,

parameters, evaluated at low energy, that are needed to com-

pute the gluino correction. The columns refer to the input TABLE X. Gluino and Higgsino SUSY corrections to the down

taken according to Table I; the value of the strong gauge 3E .

coupling; the rgtio of the MSSM VEVs: the massgo? thg and strange masses"m; ¢ and the total_ correction to the down,

. : . L7 strange and bottom quark masses, ., (in percentage valugs

gluino; the value of the Higgs mixing parametgr, the =

masses of the physical bottom squarks; the value of the dicgqe A%m
d

. . - 2 2 2,.28 .
mensionless funct|orig—maul(ma,mgl,mﬁz), and fi-

nally, in the last column, the value of the gluino correction A -19.24 000 -19.25 001l -19.24 -19.23 -17.20
[in percentag€%)]. In Table VIII we list similar values ap- -19.28 000 -19.28 0.01  -19.28 -19.27 -17.04
propriate for the evaluation of the Higgsino correction. For -12.95 000 -12.95 001 -12.95 -12.94 -11.35
example,atz)\f/4w, n, , are top squark masses anhg 1272 000 -1272 001 -1272 -1271 -11.16

2 2 2 . . -26.38 0.00 -26.39 0.02 -26.38 -26.37 -24.40
=Aul (1 ,m;l,rrqz).ComparlngTableVIIwnhTabIeVIII 2638 000 -2638 002 -2638 -26.36 -24.19

-20.92 0.00 -20.92 0.01 -20.92 -20.91 -18.87
-2091 0.00 -20.92 0.01 -20.91 -20.90 -18.67
-24.40 0.00 -24.40 0.02 -2440 -24.38 -22.55

AFmy A9m, AFm, Amg  Amg  Am,

T IOGTMmMmOO®

28 (x,y,2) = — [ xy In(xly) +yzIn(y/2)+zxIn(ZX))/[ (x
-y-2)(z=x)].

015010-25



S. F. KING AND M. OLIVEIRA

SU(2)g and SU(4) gauge couplingg’, g,g andg,. The
covariant derivative for the heavy Higgs boddrhat breaks
the GUT symmetry is

D, H=0,H+igr7aW3 H+ig,T"GIH  (D1)
where 72=302 and T are theSU(2)g and SU(4) group

generators with associated gauge bosbvfs and G™ (a
=1,...,3 andm=1,...,15). WhenH develops a non-

vanishing VEV(H )= \/2V, along the neutrino direction the
quadratic interactioerMH|2 generates the following mass

terms:
295V TRTR) 2R WR,, (D2)
49,r9aV A T8) 2 T*) WG} (D3)
205V2(T™T") 4, GG, (D4)

where r3=diag(},— %) and T'°= \/gdiag G,ii 1y are

diagonal matrices. Upon explicit substitution of the group
generatorgand after adding to the above expressions similar

terms associated with thd Higgs field, with a VEV(H,)

=./2V,) the mixing between th&/3, G'® gauge bosons can

be written as

2
92r

3
594921?

3
1 2 3 15u W'U’R
5V (WR G ) 15
2 3 3, Gl
§g4ng 594
(D5)

whereV2=V2+V2. The matrix above can be diagonalized

by a unitary matrix parametrized by the rotation angle

given by
\F
—O2r 294
3 3
\ %t 59 VOt 59

to yield a masslesB state(the MSSMB-ino) and a heavy
gauge bosorX with a massmi=V?(gsz+ >g7). These are
related to theV3, G° bosons through

B cosa  sina| (W3
X) \—sina cosa/\G5/’

W3\ [cosa —sina\(B
G \|sina cosa /| X/

Finally, in order to obtain the first equation in E@O) we

sina= cosa= (D6)

(D7)

need to relatey’ to g, andg,. This can be achieved by
examining, for example, the kinetic term for the fermions in

the F representation:

PHYSICAL REVIEW D 63015010

L=iFy"DF

~—Fy" g, TG,
3 (1) .
594 3 (sinaB,)

and comparing it to th&(1)y neutral current Lagrangian:

~—uy* u (D8)

— 1
L=—uy" g’(g)BM u. (D9)
We get
3
g'= \[Eg45|na. (D10
Thus combining Eq(D6) and(D10) we find
t_ 1! + ! (D11)
9% gk 3.
294

which agrees with Eq(20) after replacingy’?= %g%

In the second part of this appendix we will justify the
second equation in Eq20). We start by considering the
following Higgs-gaugino-Higgsino interaction:

L=i2H"(grENE+g, T™\MH+H.c. (D12

whereH is the heavy Higgs boso the heavy Higgsino
field, and A ,\}y' the SU(2)r,SU(4) gauginos(a similar
expression applies tbl). When the Higgs bosorid, H de-
velop their VEVs, we obtaifafter appropriately substituting
the generator matricesy, T%9)

L=gor(—INHIV,H,+V,H,]
3 e -
+ §g4(—|)\4)[V,,H,,+VVH,,]+H.C. (D13

From Eq.(D13) it is clear that the gauginos only couple to
theV,H,+V, H, combination of Higgsinos. Thus, it is con-
venient to define new fields; andN, through

N, cosfy
N,/ | —sindy
where tardy=V,/V,. The bosonic partners ™,,N, have
VEVs given by (N;)=2V;=2V, costy+ 2V, sinby

= + and(N,)=0. The gaugino mass matrix in
V2(V2+V2) Y2 and(N,)=0. Th i iX i
the (—iNg,—ir3>,N;) basis can be written as

sin 6N> ( H, (014

costy/ | H,
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Mg 0 —02rV1
3
M, = 0 M, - \[594V1
3
—02RrV1 - §g4V1 0

(D15)

where the 13,23 entries derive from EB13) andM,5, M,
are explicit light soft boson masses for t8&(2),g, SU(4)

gauginos. The two heavy eigenvalues of the above matrix are

approximately given byM, ~*+(g5gt3299)Y,. The

lightest eigenvaluéthe B-ino mas$ can easily be computed
from M ,=DetM, /(M M 2) We find

3
59421 2
92r
M]_: M2R+ M4. (D16)
Ort 595 Ot 59

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

M M M
T t3 (D17)
g Oor ° 2
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We would like to conclude this appendix with the follow-
ing observation. The rotation that diagonalizes Wig-G*°
gauge bosons mass matrjsee Eq.(D5)] also simulta-

neously block diagonalizes the gaugino mass matrix in Eq:

(D15). Indeed we note that

c, S, O c, —S, O
=Sy C, OM,| S. Co,
0 0 1 0 0
My,  O(M) 0
~| O(M)  O(M) O(Vy) (D19)
0 O(Vy) 1

wheres,=sina, c,=cosa andO(M) is a number of order
Mg and/or M,. Thus we find from Eq.(D18) that M,
=C§M2R+ s§M4 which is nothing less than thB-ino mass
of Eq. (D16) re-written in terms of the gauge mixing angle
defined in Eq(D6).

APPENDIX E: EXPRESSIONS FOR THE D-TERMS

PHYSICAL REVIEW D 63 015010

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

The matrix elements of the fields of the
SU(4)®SU(2) @ SU(2)g model in Egs.(15—(17) are in-
dicated by
F¢ (4,12 Hyp:(4,1,2)
ho:(1,2,2) (E1)
FX(4,20) H™: (41,2

wherei k,p,r=1,...,4 areSU(4) indices,a,6,7,0=1,2
are SU(2)g |nd|ces andy,p=1,2 areSU(2), indices. The
position of the indices is the following, the firésecondl
index refers to the lingcolumn of the matrices in Egs.
(15—(17). Moreover up or down indices are related to the
representation of the multiplet. For example, the lower
index of h indicates thah transforms in the Zanti-mattey
representation ofSU(2) under the SU(2), symmetry,
whereas the upper index indicates thal transforms in the
fundamental representation @U(2) under theSU(2)g
symmetry.

The D-term contributions from th&U(2),g and SU(4)
groups are given by

3 15

zngE DZRD2R+2942 DDy (E2

We focus on thea=3 andm= 15 contributions of Eq(E2)
hich involve the

diagonal generators of tHeU(2),g andSU(4) groups Us-

ing the notation of Eq(E1) we find thatD3z, D3° are given
by

D3r=H (= 72 )joHopt HT7 (73) jeH
+ES (- ﬁl?;i+h;°(rg);,,-7hg (E4)
DI =H (= T2 pgH s+ H1 7 (T39) H
+FM(—Tlf’*)ijF&jJrFTVK(T15)k|FV'. (E5)

The D-term corrections to the soft boson masses in EqsAssuming that the heavy Higgs bosons develop VEVs along
(26)—(33) arise when the rank of the Pati-Salam group isthe neutrino directions
reduced from five to four due to gauge symmetry breaking.
In this appendix we show that the coefficients of the correc-
tions are related to the charge carried by the fields under the
U(1) broken generator and that their magnitude depends on
the difference between the soft masses of the heavy Higgse can expan®2R,

(H)=Ha=H,, (H)=H*=H, (E®)

5
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TABLE XI. Charges carried by the light scalar fields under the
SU(2),g and(baryon-leptoi2 symmetries.

uode e 0 T h, hg
1 1 1 1 1
| - -z _Z -0 o _= -
¢ t3 T3 T2 *3 > +
B—-L 1 1 N 1 N 1 N 1 1 0 0
2 . 6 6 2 2 6 2
D3r=HI(—78)52H,+ H](7R)25H ,+dT(— 75%)1:d°

+eT(— 73%)11€°+UCT(— 73%) 55UC+ o1 (— 78%)550°
t, 3. t, 3\ LT 12 Ll |2
+hd(TR)11hd+hu(TR)22hu—+§|HV| _§|Hv|
~ci2
_%|d0| _

2+ Hhg 231,/

(E7)

3lel?+3[uc+ 4[]
D= H(=T*)adH , + H (T, + T (= T, d°
+0T(—T%) €+ U (= T2%) u°
+ 0T (= T1%) 2+ QT (T1) 1 9+ TT(T29)
= [+ 1,2 2 |H,[2— [dc)2+

+ 5[+ 5[al? = 3[T12).

+3[eP—3[uf?
(E®)

One can summarize the results of E(S7),(E8) by writing

D§R=DH+§ 14l |2,

D= \[DH \[2( )|¢|2 (E9

whereDy, = %(|H,|2~|H,|?) and ¢ denotes any of the light

fields u°,d°,e%,1°,q,1,h,,hy. The factorl, refers to the
charge carried byp with respect to thesU(2)g group and
(B—L)/2 to the semi-difference between the baryon and lep-
ton numbers of¢. These are can be read from the coeffi-
cients of the terms in Eq4E7), (E8) and are collected in
Table XI.

Finally, using Eq.E9) into Eq. (E2) gives

V=305:D3rD3r+39;D3D2° (E10
=303x 2012, |¢|¢|2}
+%g4[2 DHZ( ) |¢|2} (E1D

PHYSICAL REVIEW D 63015010
=1(|H,|>=H,]?
B—L
XE‘géRI¢+%gi(—2 ) ]|¢|2. (E12
¢ ¢

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

SU(4)®SU(2),r—SU3)®U(1)y®U(1l)x (E13

is given by X=I1+(B—L)/2 whereas the unbroken hyper-
charge isY=—1+(B—L)/2. Secondly, comparing Eq.
(E12) with Egs.(26)—(33) we find
D?=([H,[>=[H,[%). (E14)

From Eq.(E14) alone, one might be tempted to conclude that
the natural scale for thB-term is of the order of the masses
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 by

V=4(05r+ 20 (H2—H2)Z+ \&(H H,~ M7) 2+ mEH?

(E15
where the first term is d@-term, the second afg-term
where S is the gauge singlet of Eq(18 and My

~10' GeV, andmj;, my soft scalar masses.
The minimization conditions fod, re-written as combi-

nations ofdVIdH ,=dVIgH ,=0, are given by

+mZH?

[QZ(H2=H2)2+\&H,H,~ M) ](H,+H,)

—m&H,—mZH, (E16)

[93(H2+H2)?2—\4H,H,—MZ)](H,—H

—m&H, +m2H, (E17)
wheregﬁ 4(gz,ﬁ 2g4 In the limit of negligible soft bo-
son masses the rlght hand side of E&&l6),(E17) vanishes.
Thus, we find thaH =H,=My, implying thatD=0. This
result could had been ant|C|pated sincemff=my then the
Higgs potential is invariant under the exchange of the
H,<H, fields. When the soft boson masses are not zero, but
still much smaller tharM a perturbative solution to Egs.
(E16),(E17) is appropriate. In terms of the new parameters

m,m defined by
H,=My—m, H,=My— (E18)

the minimization conditions are

2 4(m+m)M 492 (m—m)My=mz—m?.

(E19

— M2 m2
H=mo+mg,
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Thus we find m? — ng
2 (E22)

ANZ+292,+392

1
2 2
N+ 205

2
my
My

We see that, in spite dd being the difference of two GUT
scale masses, it actually scales with the difference between
the heavy soft Higgs boson masses. The reason is because
D2~ eMZ wheree=(m?—m2)/M? is a very small param-

eter which measures the amount of tHe«—H, symmetry
breaking of the potential in Eq. (E15.

2
_ mH> 1
m: L

—_ m:—
My \2+2g7

) (E20

and finally
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