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Finite supersymmetric grand unified theory reexamined

Koichi Yoshioka*
Department of Physics, Kyoto University, Kyoto 606-8502, Japan

~Received 7 September 1999; published 9 February 2000!

We analyze the finite supersymmetric SU~5! grand unified model taking into account the threshold correc-
tions at the grand unified theory and supersymmetry breaking scales and the problem of electroweak symmetry
breaking which is particularly important in the case of large tanb. We find that there are still parameter regions
where the low-energy experimental values are consistently reproduced and the Higgs potential parameters
actually satisfy both constraints for large tanb and radiative electroweak symmetry breaking, provided that a
new free parameter is introduced in the boundary condition of the Higgs soft-mass parameter, while it pre-
serves the finiteness requirements.

PACS number~s!: 12.10.Dm, 11.10.Hi, 12.60.Jv
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I. INTRODUCTION

The appearance of infinity in quantum field theory h
long been one of its annoying problems. Most particle phy
cists believe that the ultimate theory, if it exists, should n
contain any infinities and needs no renormalization pro
dure. In the 1980s, it was pointed out that the requiremen
the nonexistence of quadratic divergences leads to a kin
symmetry, i.e., supersymmetry~SUSY! @1#. It is interesting
to investigate what symmetry will appear from the requi
ment of vanishing of even logarithmic divergences~vanish-
ing b functions! in supersymmetric theories. Among the
supersymmetric theories,N54 and someN52 theories
have zerob functions, which is called finiteness, in all orde
of perturbation theory@2# and it is believed that there ar
so-called duality symmetries in those theories@3#. In this
way, imposing that there should be no infinity has cor
sponded to very important symmetries, until now. If that
the case, what happens inN51 supersymmetric theorie
from the requirement of finiteness? In the perturbative
gion, there is a classification of models in which gauge a
Yukawa couplings satisfy the conditions of finiteness in o
loop order@4#. Moreover the all-order finiteness condition
for these couplings have also been found@5#. The zerob
functions are also strongly related to the nonperturbative
namics such as the electromagnetic duality transforma
proposed by Seiberg@6#. Along this line, dualities in finite
N51 gauge theories have been searched for and one i
esting model was found to be a candidate of havingS-dual
symmetry @7#. However, what symmetry actually corre
sponds to the finiteness conditions has not been answ
yet.

On the other hand, from the viewpoint of low-energy ph
nomenology, theN51 supersymmetry, which would com
from the requirement of vanishing quadratic divergences,
provided us with many interesting phenomena. Therefor
will surely be important and become a first step toward
understanding of the meanings of finiteness to analyze p
nomenological results as a consequence of vanishing l
rithmic divergences. The finiteness conditions for gauge
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Yukawa couplings prohibit us from applying them to U~1!
gauge theories and so to the minimal supersymmetric s
dard model~MSSM!. Therefore we apply these conditions
grand unified theories~GUT’s! and derive the boundary con
ditions at the GUT scale for couplings in low-energy the
ries, which is supposed to be the MSSM in this paper.
particular in case of SU~5! GUT models, several article
have obtained interesting results for the fermion masses
superparticle masses, and so on@8–10#.

In this paper we analyze the finite SU~5! GUT model
taking care of the following two points which have not be
considered so far.~i! The threshold corrections at GUT an
SUSY breaking scales. Since we use the two-loop ordeb
functions for the MSSM couplings we generally need to
clude the one-loop order threshold corrections@11#. Espe-
cially, it is important in large tanb cases to include a SUSY
threshold correction to the bottom quark mass which can
&50% of the uncorrected value@12#. ~ii ! We must check
whether the Higgs potential can really generate the radia
electroweak symmetry breaking@13#. Since the finiteness
conditions severely restrict the parameter space in the m
it is not clear whether we can obtain, in particular, the d
sired values of tanb. To carry out this, we will actually see
that it is necessary to take account of a new parameter
boundary condition for the Higgs mixing mass while pr
serving the finiteness conditions in the SU~5! model.

This paper is organized as follows. We briefly review t
finiteness conditions inN51 supersymmetric gauge theorie
and its application to an SU~5! GUT model in Sec. II. In Sec.
III we consider the matching conditions of this finite SU~5!
model to the MSSM and then calculate low-energy pred
tions numerically. The GUT and SUSY threshold correctio
which are characteristic to the model are discussed in S
IV. Section V is devoted to the summary and some co
ments. The appendixes contain the tree-level form of m
formulas and the SUSY threshold corrections in the MSS

II. FINITE SU „5… MODEL

We first review the finiteness conditions in the perturb
tion theory and explain our notations in this paper. First
describe the all-order finiteness conditions for gauge c
plings and the couplings in the superpotential sector.
©2000 The American Physical Society08-1
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KOICHI YOSHIOKA PHYSICAL REVIEW D 61 055008
consider an anomaly freeN51 supersymmetric gaug
theory based on a simple gauge groupG with a gauge cou-
pling g, and with the superpotential

W5
1

2
mi j F

iF j1
1

6
Yi jkF iF jFk. ~2.1!

The one-loopb functions for these couplings are given by

bg5
2g3

16p2 F3C2~G!2( T~Ri !G , ~2.2!

b i j 5mikg j
k1mjkg i

k , ~2.3!

b i jk5Yi jl gk
l 1Yjklg i

l1Ykilg j
l , ~2.4!

g j
i 5

1

32p2
@Yikl* Yjkl24g2C2~Ri !d j

i #,

~2.5!

whereg j
i are a one-loop anomalous dimensions of fieldF i

and

tr~TaTb!5T~R!dab, (
a

TaTa5C2~R!1,

(
c,d

f acdf bcd5C2~G!dab , ~2.6!

f abc are the structure constants of the gauge groupG. The
requirement of finiteness implies that all the aboveb func-
tions should be zero. It can be easily seen that under
conditionbg50, the vanishing ofb i j andb i jk is equivalent
to the vanishing anomalous dimensionsg j

i . Then the neces
sary and sufficient conditions for the one-loop order fini
ness are

3C2~G!2( T~Ri !50, ~2.7!

Yikl* Yjkl24g2C2~Ri !d j
i 50. ~2.8!

That is, the field content of theories satisfies the first con
tion ~2.7! and in addition the second condition~2.8! pos-
sesses the (g expansion! solutions of the form

Yi jk5r i jkg, ~2.9!

wherer i jk are constants. Because of the first condition,
field contents which can satisfy these conditions are limi
and have been completely listed in Ref.@4#. Interestingly
enough, these relations are also necessary and sufficien
two-loop order finiteness@14#. In addition to the above con
ditions it is necessary to impose one more condition so
the theory can have no divergence in all orders of pertur
tion theory. This condition says that the solutions of vani
ing one-loop anomalous dimensions are not parametr
and cannot be multiple zeroes when considered as the s
tions of vanishing one-loop Yukawab functions, b i jk50
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@5#. This ensures the existence of the all-orderg-expansion
solutions for vanishing anomalous dimensions when the o
loop level solutions~2.9! exist. The conditions for all-orde
finiteness can be expressed in term of the one-loop o
quantities (b functions!. Therefore one can easily appl
these conditions to definite models.

Next we discuss the soft SUSY breaking sector. In g
eral, this part of potential takes the following form~for a
simple gauge groupG):

Vsoft5
1

2
~m2! j

i f i* f j1
1

2
Bi j f

if j1
1

6
hi jkf if jfk

1
1

2
Mll1H.c. ~2.10!

Here and hereafter the fieldsf i in Vsoft denote the scala
components of corresponding superfields andl stands for
gaugino. In the leading order, the finiteness conditions~van-
ishing logarithmic divergences! for these parameters inVsoft
are given by@15#

hi jk52MYi jk , ~2.11!

~m2! j
i 5

1

3
MM* d j

i , ~2.12!

together with Eqs.~2.7! and~2.8!. It is interesting to note tha
these universal forms of the finiteness conditions are
same as those derived from superstring or four-dimensio
N51 supergravity models. This may indicate that the fini
ness is originated from some higher-scale symmetries
stated before. The above relations also ensure the two-
level finiteness for soft SUSY breaking parameters such
the dimensionless couplings @16#. Though the
renormalization-group invariant relations which are valid
all orders have been found@17#, we will apply these two-
loop level conditions as a good approximation and calcu
the low-energy predictions numerically. It is also noted th
the requirement of finiteness has nothing to do with the
rametersBi j . However, other phenomenological requir
ments may determine the boundary conditions for these
rameters~see, Sec. III!.

As a concrete example of phenomenological applicati
of the finiteness conditions, we consider supersymme
SU~5! GUT models. According to the classification tables
Ref. @4#, there exists only one field content which can fulfi
the following requirements.~i! It contains chiral three fami-
lies @three (10,5̄) sets#. ~ii ! The other fields are vectorlike
ones.~iii ! It also contains fields in the adjoint representati
in order to break the GUT gauge group. This model conta
(5,5̄,10,24) with the multiplicities (4,7,3,1). Then the gen
eral superpotential for this content becomes
8-2
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W5
1

2
f i ja10i10jHa1 f̄ i ja10i 5̄ j H̄a1

1

2
qi jk10i 5̄ j 5̄k

1 f abH̄aSHb1
1

2
qiab8 10i H̄aH̄b1pS31 f ia5̄iSHa1Wm

~2.13!

~ i , j 51,2,3, a,b51,2,3,4!,

whereHa , H̄a , andS denote the Higgs fields of the repre
sentations5, 5̄, and24, respectively, andi , j stand for gen-
eration indices. The last termWm contains the mass terms o
the Higgs fieldsHa , H̄a , and S. We now do not need to
explicitly express these mass parameters because the fi
ness of these couplings are automatically accomplished
the finiteness of other parameters. It is sufficient to imp
the discrete symmetries in order to get isolate and nonde
erate solutions and in addition to suppress the rapid nuc
decay@10# ~see Table I!. With these symmetries, the supe
potential is restricted to the form

W5
1

2
f i i i 10i10iHi1 f̄ i i i 10i 5̄i H̄ i1 f aaH̄aSHa1pS31Wm

~2.14!

and then we can find the following unique solution whi
guarantees the all-order finiteness for Yukawa coupli
@8–10#;

f 1115 f 2225 f 3335A8

5
g, f̄ 1115 f̄ 2225 f̄ 3335A6

5
g,

f 115 f 225 f 3350, f 445g, p5A15

7
g, ~2.15!

whereg is the SU~5! gauge coupling.
Then we consider the finiteness conditions for the s

SUSY breaking parameters in this SU~5! model. The genera
form of the potential becomes under the above symmetr

Vsoft5~m5
2! i j 5̄i

†5̄ j1~m10
2 ! i j 10i

†10j1~mH
2 !abHa

†Hb

1~mH̄
2

!abH̄a
†H̄b1mS

2 S†S1S 1

2
hiii 10i10iHi

1h̄i i i 10i 5̄i H̄ i1haaH̄aSHa1hpS31BabH̄aHb

1BSSS1
1

2
Mll1H.c.D . ~2.16!

TABLE I. The charge assignments of theZ73Z33Z2 ~matter

parity!. The H̄a’s have opposite charges to those ofHa .

101 102 103 5̄1 5̄2 5̄3
H1 H2 H3 H4 S

Z7 1 2 4 4 1 2 5 3 6 0 0
Z3 1 2 0 0 0 0 1 2 0 0 0
Z2 1 1 1 1 1 1 0 0 0 0 0
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Taking into account the form of the superpotential~2.14!, we
can get the relations among the soft breaking parameters
isfying the two-loop order finiteness conditions:

hiii 52M f iii , h̄i i i 52M f̄ iii , h4452M f 44, hp52Mp,

~mH
2 !ab5~mH̄

2
!ab5

1

3
M2dab , mS

2 5
1

3
M2,

~m10
2 ! i j 5~m5

2! i j 5
1

3
M2d i j , ~2.17!

and all the other elements are zero. The relations~2.15! and
~2.17! altogether provide us with the finite SU~5! model
above GUT scale~at least, two-loop order finite for all cou
plings!. Note that from the requirements of finiteness the
are no constraints for theB parameters in the potential~2.16!
as well as the supersymmetric Higgs mass parameter
Wm . They are to be determined by the requirements of so
low-energy assumptions, which is one of the tasks in the n
section.

III. MATCHING TO THE MSSM
AND LOW-ENERGY PREDICTIONS

In this section, we analyze the low-energy predictions
the finite SU~5! model as explained in the previous sectio
This model, which is supposed to be broken spontaneo
to the MSSM, casts the boundary conditions for couplings
the MSSM from the finiteness conditions at the GUT sc
MG . Leaving the threshold corrections to the gauge a
Yukawa couplings in the next section, we first consider
tree-level matching of parameters between the MSSM
the finite SU~5! model. With these matching conditions, th
parameter space of the MSSM couplings is highly restric
and then it is a nontrivial problem whether the experime
tally required values of couplings, in particular, the radiati
electroweak symmetry breaking are surely realized.

The matching conditions for gauge couplings are trivia

g1~MG!5g2~MG!5g3~MG!5g, ~3.1!

whereg1 , g2 , andg3 are the gauge couplings of the MSSM
U(1)Y , SU(2)W , and SU(3)C , respectively~in a GUT nor-
malization!.

Next, we consider the Yukawa couplings. At first sigh
one may think that a pair of light Higgs doublet does n
couple to any of matter fields because the doublet-trip
splitting mechanism seems to act only onH4 with the solu-
tions ~2.15!. However, as mentioned at the end of Sec. II, t
Higgs mass parameters in the superpotentialWm are not con-
strained from finiteness requirements. Therefore we hav
freedom for tunings of mass parameters ofHaH̄b to cause a
Higgs mixing atMG scale as seen in the following. In thi
paper we consider nonzero Yukawa couplings only for
third generation matter fields but the Yukawa couplings
the first and second generations could be obtained in
same way@18#.
8-3
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KOICHI YOSHIOKA PHYSICAL REVIEW D 61 055008
After the SU~5! gauge symmetry breaking, we simp
suppose the supersymmetricHH̄ mass terms take the follow
ing form:

Wm8 5 f 44H̄4^S&H41M1H̄1H11M2H̄2H2

1 (
a,b53,4

MabH̄aHb , ~3.2!

M1 ,M2 ,Mab;MG .

In this case, the Higgs fieldsH1 and H2 just decouple at
GUT scale. Substituting the vacuum expectation value of
adjoint Higgs field,^S&5v diag(2,2,2,23,23), into Wm ,
the mass terms ofH3 andH4 become

H̄a
(3)Mab

(3)Hb
(3)[H̄a

(3)FMab1S 0

2D v f 44GHb
(3) ,

~3.3!

H̄a
(2)Mab

(2)Hb
(2)[H̄a

(2)FMab1S 0

23D v f 44GHb
(2) ,

~3.4!

Ha5S Ha
(3)

Ha
(2)D , H̄a5S H̄a

(3)

H̄a
(2)D , ~3.5!

where the indices ‘‘~2!’’ and ‘‘ ~3!’’ stand for doublet and
triplet components of each quantity. Assuming the mass
rametersMab are real, we diagonalizeM (2) by a rotation of
Higgs fields

S H38

H48
D 5S cosu sinu

2sinu cosu D S H3

H4
D ,

S H̄38

H̄48
D 5S cosū sinū

2sinū cosūD S H̄3

H̄4
D , ~3.6!

M (2)85S cosū sinū

2sinū cosūD M (2)S cosu 2sinu

sinu cosu D
[S m 0

0 m8D , ~3.7!

m!MG , m8;MG ~3.8!

which leads to the doublet-triplet splitting and leaves a p
of light Higgs doublet to low-energy region. The triple
Higgs mass terms are
05500
e

a-

ir

M (3)85S m 0

0 m8D 15v f 44S sinu sinū cosu sinū

sinucosū cosucosū D .

~3.9!

After all, the third generation Yukawa couplings at GU
scale become

f 3338 5 f 333cosu, f̄ 3338 5 f̄ 333cosū ~3.10!

with the values off 333 and f̄ 333 from the finiteness condi-
tions. From this, we can consider two phenomenologica
separate cases

Case~1!: cosu;cosū;1 ~large tanb),
Case~2!: cosu;1, cosū;0 ~small tanb).

In the following, we adopt a typical value for each case;~1!

cosu5cosū50.9856 (sinu5sinū50.169) and ~2! cosu

50.954, cosū50.03 (sinu50.3, sinū50.9995). We can re-
alize these desired values ofm, m8 and the rotation angles b
choosing the mass parameters1 Mab . In the end, the super
potential in the MSSM takes the form

W5ytHQ3 t̄ 1ybH̄Q3b̄1ytH̄L3t̄1rH̄H, ~3.11!

with the matching conditions atMG given by

yt~MG!5 f 3338 5 f 333cosu,

yb~MG!5yt~MG!5 f̄ 3338 5 f̄ 333cosū, ~3.12!

r~MG!5m. ~3.13!

The values off 333 and f̄ 333 are given by the finiteness con
ditions in the SU~5! GUT and other parameters can be det
mined by phenomenological requirements.

Finally, we consider the matching conditions in the s
SUSY breaking sector. In the MSSM, a general form for t
sector is

Vsoft5m1
2H̄†H̄1m2

2H†H1~m3
2H̄H1H.c.!

1 (
i 51,2,3

~mQ̃i

2 uQi u21mL̃i

2 uLi u21mũi

2 uūi u21md̃i

2 ud̄i u2

1mẽi

2 uēi u2!1~htHQ3 t̄ 1hbH̄Q3b̄1htH̄L3t̄1H.c.!

1
1

2
~Ml1

l1l11Ml2
l2l21Ml3

l3l31H.c.!.

~3.14!

The first two lines are the soft mass terms for squarks, s
tons, and Higgs scalars. The third line denotes the sc

1For example, we can take the following mass parameters: C
~1! M33;0.6, M345M43;3.4, M44;20 and Case ~2! M33

;3.0, M34;9.5, M43;0.1, M44;0.3 (31016 GeV) for m;100
GeV andm8;1016 GeV.
8-4
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FINITE SUPERSYMMETRIC GRAND UNIFIED THEORY . . . PHYSICAL REVIEW D61 055008
trilinear couplings which corresponds to the Yukawa co
plings in the superpotential~3.11! and the last line represen
the gaugino masses for the standard gauge group. Ta
into account the above Higgs rotations, the matching con
tions for these parameters~except form3) become as fol-
lows:

mQ̃i

2
~MG!5mũi

2
~MG!5mẽi

2
~MG!5m10 i

2 , ~3.15!

mL̃i

2
~MG!5md̃i

2
~MG!5m5 i

2 , ~3.16!

m1
2~MG!5~mH̄8

2
!33, m2

2~MG!5~mH8
2

!33, ~3.17!

ht~MG!5h333cosu, hb~MG!5ht~MG!5h̄333cosū,
~3.18!

Ml1
~MG!5Ml2

~MG!5Ml3
~MG!5M . ~3.19!

@For the definitions of soft SUSY breaking parameters in
SU~5! model, see Eq.~2.16!.# Together with the finitenes
conditions~2.15! and ~2.17!, we finally obtain the boundary
conditions for the MSSM couplings at GUT scale:

g15g25g35g, ~3.20!

yt5A8

5
g cosu, yb5yt5A6

5
g cosū, ~3.21!

ht52A8

5
Mg cosu, hb5ht52A6

5
Mg cosū,

~3.22!

mQ̃i

2
5mL̃i

2
5mũi

2
5md̃i

2
5mẽi

2
5m1

25m2
25

1

3
M2 ~ i 51,2,3!,

~3.23!

Ml1
5Ml2

5Ml3
5M , ~3.24!

r5m. ~3.25!

Furthermore we can determine a boundary condition
m3 when we consider the doublet-triplet splitting in the s
SUSY breaking sector as well as in the supersymmetric
tor Wm8 . After the SU~5! breaking, the soft mass terms of th
scalar componentsHa

(2) can be found from the finiteness co
ditions ~2.17!,

Vsoft5H̄a
(2)FBab2M S 0

23D v f 44GHb
(2) . ~3.26!

It is easily seen from the doublet-triplet splitting inWm8 that
to complete the doublet-triplet splitting we should take

Bab52MMab . ~3.27!

Then we can see that a pair of Higgs~scalar! doublet actually
survives down to the low energy:
05500
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~3.26!52MH̄a
(2)FMab1S 0

23D v f 44GHb
(2)

~3.28!

52MH̄ (2)8S m 0

0 m8D H (2)8. ~3.29!

Now, exactly speaking, there are uncertainties in the con
tion for Bab ~3.27! and/or the finiteness conditions forh44 in
Eq. ~2.17!, whose order is less than the SUSY breaking sc
MSUSY. This uncertainty does not disturb the electrowe
symmetry breaking and/or the finiteness criterion in SU
gauge theories. Then we can introduce a free parameterdm3

2

in the matching condition for soft mixing mass paramet
m3

2;

m3
2~MG!52Mm1dm3

2 ~ udm3
2u&MSUSY

2 !. ~3.30!

This new parameter actually plays an important role in
following numerical analyses. That is, we find that it is ne
essary to cause the radiative electroweak symmetry break

With the boundary conditions~3.20!–~3.25! and ~3.30!
for the MSSM couplings, we analyze the low-energy pred
tions of the finite SU~5! GUT in each case~1! and ~2!. Al-
though these conditions are universal and very restrictive,
will find the parameter region where these predictions are
consistent with the present low-energy experimental valu
When the threshold corrections are neglected, the ana
procedure is as follows.

A. Case„1…: Large tan b case

In this case we have five free parameters,g, M, m, dm3
2,

and a scaleMG . All other couplings are determined by th
finiteness conditions explained above. In addition, since
do not deal with the threshold corrections in this section,
can treatMSUSY and tanb as free parameters in the proc
dure. First, we inputg, MG , MSUSY, and tanb, and run the
gauge and Yukawa couplings down toMZ scale by using
two-loop b functions in the MSSM@19# and the standard
model. Then we tune these four input parameters so tha
can reproduce the low-energy values which are consis
with the experimental data@20#,

a1~MZ!50.0168960.00005, ~3.31!

a2~MZ!50.0332260.00025, ~3.32!

a3~MZ!50.1260.01, ~3.33!

mb~MZ!53.160.4 GeV, ~3.34!

mt~MZ!51.7560.01 GeV. ~3.35!

~MZ591.187 GeV!.

Since the dimensionful parameters are not contained in th
b functions and we now neglect the threshold correctio
8-5



.
pu
t

u

t

al
r
a

tiv
r-
u

n
.

m
in
a-
-
m
o
op
o

tia

ee

er

e

ons,

en

ex-

po-
tric-
we

lso
at

-
e
s

-
ike
of

KOICHI YOSHIOKA PHYSICAL REVIEW D 61 055008
the values ofM , m, anddm3
2 give no effects to this tuning

Next, we calculate the dimensionful parameters with an in
value of gaugino massM in addition to the parameter se
obtained above. We tune the value ofM so thatMSUSY in the
above parameter set can be equal to an average of sq
masses defined by

MSB
2 [

1

4
@2mQ̃3

2
~M !1mũ3

2
~M !1md̃3

2
~M !#. ~3.36!

Similarly, this adjustment ofM is independent of the inpu
values ofm anddm3

2 since none of theb functions of other
couplings in the MSSM containr and m3

2. In the last step,
we tunem and dm3

2 so that the low-energy Higgs potenti
can actually realize the value of tanb in the above paramete
set and can fulfill the constraints for radiative electrowe
symmetry breaking,

tan2b5
m1

21r21 1
2 MZ

2

m2
21r21 1

2 MZ
2

, ~3.37!

sin 2b5
22m3

2

m1
21m2

212r2
. ~3.38!

At this stage, we should incorporate the one-loop radia
corrections to the minimization of the Higgs potential in o
der to improve a very sensitive dependence of the vacu
expectation values on the renormalization pointQ @21#. The
resultant one-loop corrected Higgs potential becomes

V5V(0)1V(1), ~3.39!

V(0)5~m1
21r2!H̄†H̄1~m2

21r2!H†H1~m3
2H̄H1H.c.!

1~D-term contributions!, ~3.40!

V(1)5
1

64p2
STrFM 4S ln

M 2

Q2
2

3

2D G , ~3.41!

where M 2 is a field-dependent mass-squared matrix a
STrA5( j (21)2 j (2 j 11) TrAj is a weighted supertrace
The explicit expression forM 2 can be found in Ref.@22#.
This exact one-loop correction takes, however, a very co
plicated form. So we here adopt the handy calculat
method@23# which incorporates the corrections only to qu
dratic terms fromV(1). The rapidQ dependence of the po
tential mainly comes from that of the running mass para
eters and this method can make it mild. This meth
practically gives a good approximation to the full one-lo
potential and it is numerically found that the values
vacuum expectation values evaluated by this method are
most equal to those obtained from the full one-loop poten
@23#.

In this way, we can determine the input values of fr
parametersg, MG , M , m, and dm3

2, and calculate the low-
energy predictions~the gauge couplings, the masses of f
mions, superparticles, Higgs bosons, etc.!. We show typical
two types of example in Tables II and III. One is with th
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parameter set for the highestMSB ~Table II! and the other is
for the lowest one~Table III!. In the tables,mx̃ denote the
superparticle masses andmH6, mA , mH,h are the Higgs sca-
lar masses which correspond to the charged Higgs bos
the neutralCP-odd Higgs and the neutralCP-even Higgs
bosons, respectively. Their explicit tree-level forms are giv
in Appendix A.

The sparticle mass predictions are enough within the
perimental bounds@20#. Note that unlike the usual MSSM
predictions, the lightest superparticle is not a neutral com
nent but the tau slepton. This is because of the highly res
tive finiteness conditions. That is, with these conditions,
must use the large value ofm and relatively smallM to
realize the radiative electroweak symmetry breaking and a
use large values of bottom and tau Yukawa couplings
MG . This may be avoided by considering anR-parity vio-
lating interactionQd̄L which is needed for one of the pos
sible interpretations of the high-Q2 anomaly observed at th
DESY ep collider HERA @24#. In any case, this property i
characteristic to the finite SU~5! model with large tanb and
would be tested in the future experiments.

B. Case„2…: Small tan b case

In the same way as the case~1!, we have five free param
eters for the radiative symmetry breaking in this case. Unl
the large tanb case, there is no problem of the fine-tuning

TABLE II. The low-energy predictions in case~1! ~the high
MSB case!.

Case~1!: Example 1

MG 1.24631016 ~GeV!

aGUT 0.0388
M 612.315~GeV!

m 1467.828~GeV!

dm3
2 2(636.086)2 (GeV2)

MSB 1000.0~GeV! tanb 54.0
a1(MZ) 0.016850 mt(MZ) 179.24~GeV!

a2(MZ) 0.033333 mb(MZ) 3.21 ~GeV!

a3(MZ) 0.112 mt(MZ) 1.745~GeV!

mt̃ 1
1064.3~GeV! mũ1

1243.4~GeV!

mt̃ 2
892.4~GeV! mũ2

1198.3~GeV!

mb̃1
1051.2~GeV! md̃1

1245.8~GeV!

mb̃2
915.1~GeV! md̃2

1193.4~GeV!

mt̃1
516.2~GeV! mẽ1

536.2~GeV!

mt̃2
191.2~GeV! mẽ2

420.5~GeV!

mñt
478.5~GeV! mñe

530.6~GeV!

mx̃
1
1 837.5~GeV! mx̃

2
1 481.5~GeV!

mx̃
1
0 275.4~GeV! mx̃

2
0 500.5~GeV!

mx̃
3
0 794.9~GeV! mx̃

4
0 814.9~GeV!

mH6 331.8~GeV! mA 322.6~GeV!

mH 322.7~GeV! mh 89.0 ~GeV!

Ml3
1326.6~GeV!

ht 2853.6~GeV! hb 2834.0~GeV!

ht 2107.1~GeV!
8-6
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Higgs mass parameters~and a large threshold correction
bottom quark mass discussed in the next section! in small
tanb cases. On the other hand, when we adopt the ha
calculating method to estimate the one-loop corrections
the Higgs potential, we should take care of another respe
mentioned in Ref.@23#. This is that in the small tanb case,
the contributions to quartic terms fromV(1) near the flat
direction (tanb;1) are no longer small compared to th
from the tree-level potentialV(0). Therefore the method
which includes only mass corrections may be no more g
approximation. The contribution to the quartic terms fro
V(0) is

;
1

8
~g1

21g2
2!uvu4cos22b ~3.42!

and the typical contribution fromV(1) is

;
1

32p2
g2

2uvu4. ~3.43!

Therefore requiring that, for instance, Eq.~3.43! is within
10% of Eq.~3.42!, we need

tanb*1.35. ~3.44!

TABLE III. The low-energy predictions in case~1! ~the low
MSB case!.

Case~1!: Example 2

MG 1.11631016 ~GeV!

aGUT 0.0392
M 473.385~GeV!

m 1171.954~GeV!

dm3
2 2(510.579)2 (GeV2)

MSB 790.0~GeV! tanb 54.0
a1(MZ) 0.016930 mt(MZ) 178.9~GeV!

a2(MZ) 0.033462 mb(MZ) 3.20 ~GeV!

a3(MZ) 0.113 mt(MZ) 1.745~GeV!

mt̃ 1
858.0~GeV! mũ1

978.3~GeV!

mt̃ 2
694.5~GeV! mũ2

944.2~GeV!

mb̃1
841.5~GeV! md̃1

981.3~GeV!

mb̃2
708.2~GeV! md̃2

940.9~GeV!

mt̃1
415.0~GeV! mẽ1

416.5~GeV!

mt̃2
111.5~GeV! mẽ2

326.4~GeV!

mñt
369.4~GeV! mñe

409.2~GeV!

mx̃
1
1 666.4~GeV! mx̃

2
1 367.9~GeV!

mx̃
1
0 215.0~GeV! mx̃

2
0 391.1~GeV!

mx̃
3
0 613.3~GeV! mx̃

4
0 638.6~GeV!

mH6 261.8~GeV! mA 250.1~GeV!

mH 250.2~GeV! mh 88.9 ~GeV!

Ml3
1042.7~GeV!

ht 2677.2~GeV! hb 2662.5~GeV!

ht 278.5 ~GeV!
05500
dy
to
as

d

In all the other respects, we can follow the analysis pro
dure in the case~1! and show a representative result in Tab
IV.

We can see from this that for example, this model pred
that the lightest superparticle is the lightest neutralino co
ponent because them parameter can be taken smaller than
the large tanb case and therefore the result bears a cl
resemblance to the typical one in the usual MSSM@25#.

IV. THRESHOLD CORRECTIONS

In this section we consider the threshold corrections
GUT and SUSY breaking scales. Two types of correctio
are important. One is the GUT corrections to the gauge
Yukawa couplings@26,27# which may be characteristic to th
finite SU~5! model. The GUT corrections to the other param
eters~gaugino masses etc.! are so small that the following
analyses are not affected too much@29#. The other important
corrections are the SUSY scale ones@27,28#, especially a
correction to the bottom quark massmb which is important
in the large tanb cases. These corrections to the dimensio
less couplings are important in a sense that the parame
are now precisely measured by experiments and so to inc
these corrections may further restrict the allowed param
regions. Since the MSSM couplings are rather restricted
GUT scale by the finiteness conditions and the low-ene
physics~the experimental data and the constraints from
Higgs potential!, there is only a little room for varying the
threshold corrections except for their signs. Therefore

TABLE IV. The low-energy prediction in case~2!.

Case~2!

MG 1.20631016 ~GeV!

aGUT 0.0392
M 332.38~GeV!

m 642.65~GeV!

dm3
2 2(255.15)2 (GeV2)

MSB 620.0~GeV! tanb 3.1
a1(MZ) 0.016852 mt(MZ) 177.5~GeV!

a2(MZ) 0.033119 mb(MZ) 3.42 ~GeV!

a3(MZ) 0.110 mt(MZ) 1.751~GeV!

mt̃ 1
685.5~GeV! mũ1

690.8~GeV!

mt̃ 2
453.8~GeV! mũ2

667.4~GeV!

mb̃1
665.8~GeV! md̃1

694.4~GeV!

mb̃2
619.2~GeV! md̃2

665.8~GeV!

mt̃1
293.6~GeV! mẽ1

292.8~GeV!

mt̃2
229.0~GeV! mẽ2

231.0~GeV!

mñt
284.4~GeV! mñe

284.4~GeV!

mx̃
1
1 559.0~GeV! mx̃

2
1 246.3~GeV!

mx̃
1
0 188.7~GeV! mx̃

2
0 296.9~GeV!

mx̃
3
0 411.5~GeV! mx̃

4
0 493.9~GeV!

mH6 654.1~GeV! mA 649.5~GeV!

mH 651.6~GeV! mh 72.0 ~GeV!

Ml3
734.5~GeV!

ht 2523.1~GeV! hb 263.2 ~GeV!

ht 217.6 ~GeV!
8-7
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should check whether the low-energy experimental value
couplings are consistently reproduced by tuning the G
threshold corrections. In this paper we neglect the one-l
corrections from the electroweak gauge boson and the
quark@30# except for an important correction to the mass
the lightestCP-even Higgs boson@31#.

First, we discuss the one-loop GUT threshold correctio
These corrections to the standard gauge couplingsa i ( i
51,2,3) are found to be

2p

a i~L!
5

2p

a
2D i

G~L!, ~4.1!

D1
G~L!5

5

2
lnS MV

L D2
1

4 (
i 51,2

lnS Mi

L D
2

1

10 (
i 53,4

lnS Mi

L D2
3

20
lnS m8

L D , ~4.2!

D2
G~L!5

3

2
lnS MV

L D2
1

2
lnS MS

L D2
1

4 (
i 51,2

lnS Mi

L D
2

1

4
lnS m8

L D , ~4.3!

D3
G~L!5 lnS MV

L D2
4

3
lnS MS

L D2
1

4 (
i 51,•••,4

lnS Mi

L D ,

~4.4!

whereMV is a superheavy SU~5! gauge boson mass@which
is just equal to the mass of the (3,2,6 5

6 ) component of ad-
joint Higgs fieldS], MS is the mass of color octet and SU~2!
triplet component ofS, and Mi and m8 are the masses o
color triplet parts of the fundamental HiggsHa(H̄a). These
mass parameters are defined by the conditions for the S~5!
symmetry breaking and the finiteness as follows:

MV55A2gv5
10

3
A14

15
M24, ~4.5!

MS55M24, ~4.6!

FIG. 1. The allowed region forMH and m8 in the large tanb
case.
05500
of
T
p
p

f

s.

M355v f 44sinu sinū5
10

3
A 7

15
sinu sinū M24, ~4.7!

M45m815v f 44cosu cosū

5m81
10

3
A 7

15
cosu cosū M24. ~4.8!

The parametersM1 , M2 , m8, andv are defined in Sec. III
@see Eqs.~3.2! and~3.7!# andM24 is a supersymmetric mas
of the adjoint HiggsS field:

Wm5Wm8 1M24S2. ~4.9!

When we setMG[MV5L there are three free paramete
M1 , M2, andm8 in the above correction formulas. Furthe
more since theH1 and H2 sector have same structures, w
can setM15M2[MH without loss of generality. We show
in Figs. 1 and 2 the allowed region forMH and m8 which
reproduces the desired low-energy values of the gauge
plings a1,2,3(MZ) for the case 1~large tanb) and case 2
~small tanb). When evaluating the allowed regions, we ha
also included the SUSY threshold corrections to the ga
couplings given in Appendix B. These SUSY threshold c
rections are of the order of 1–2%. Therefore it is found th
they can be cancelled byD1,2,3

G and the allowed regions ob
tained in the previous section are still valid. However, t
regions in Figs. 1 and 2 may be rather narrowed if t
nucleon decay constraints (MH , m8*1016 GeV) are taken
into account.

Next we consider the GUT corrections to Yukawa co
plings. The one-loop corrected valuesyi

2( i 5t,b,t) are
given by

yt
2~L!5yt

1@11D t
G~L!#, ~4.10!

yb
2~L!5yb

1@11Db
G~L!#, ~4.11!

yt
2~L!5yt

1@11Dt
G~L!#, ~4.12!

FIG. 2. The allowed region forMH and m8 in the small tanb
case.
8-8
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16p2D t
G~L!52

g2

2
@5F~MV

2,0!13F~M3
2 ,MV

2 !#1
3

2
~yt

12cos2u1yb
12cos2ū !F~M3

2,0!1
3

2
~yt

12sin2u1yb
12sin2ū !F~M4

2,0!

1
1

2
f 44

2 sin2u sin2ū S 3F~M3
2 ,MV

2 !1
3

2
F~MS

2 ,0!1
3

10
F@~0.2MS!2,0# D1

1

2
f 44

2 ~cos2u sin2ū1sin2u cos2ū !

3S 3F~M4
2 ,MV

2 !1
3

2
F~MS

2 ,m82!1
3

10
F@~0.2MS!2,m82# D , ~4.13!

16p2Db
G~L!52

g2

2
@5F~MV

2,0!13F~M3
2 ,MV

2 !#1S yt
12cos2u1

3

2
yb

12cos2ū DF~M3
2,0!1S yt

12sin2u

1
3

2
yb

12sin2ū DF~M4
2,0!1

1

2
f 44

2 sin2u sin2ūS 3F~M3
2 ,MV

2 !1
3

2
F~MS

2 ,0!1
3

10
F@~0.2MS!2,0# D

1
1

2
f 44

2 ~cos2u sin2ū1sin2u cos2ū !S 3F~M4
2 ,MV

2 !1
3

2
F~MS

2 ,m82!1
3

10
F@~0.2MS!2,m82# D , ~4.14!

16p2Dt
G~L!52

g2

2
@9F~MV

2,0!13F~M3
2 ,MV

2 !#1
3

2
~yt

12cos2u1yb
12cos2ū !F~M3

2,0!1
3

2
~yt

12sin2u1yb
12sin2ū !F~M4

2,0!

1
1

2
f 44

2 sin2u sin2ūS 3F~M3
2 ,MV

2 !1
3

2
F~MS

2 ,0!1
3

10
F@~0.2MS!2,0# D1

1

2
f 44

2 ~cos2u sin2ū1sin2u cos2ū !

3S 3F~M4
2 ,MV

2 !1
3

2
F~MS

2 ,m82!1
3

10
F@~0.2MS!2,m82# D , ~4.15!
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where a superscript1 denotes that the coupling is a GU
scale parameter. From the finiteness conditions~2.15! dis-
cussed in Sec. II, we have

yt
15A8

5
g, yb

15A6

5
g, f 445g. ~4.16!

The threshold functionF(a,b) is defined as follows;

F~ma
2 ,mb

2!5
1

ma
22mb

2 Fma
2lnS ma

2

L2D 2mb
2lnS mb

2

L2D G21.

~4.17!

The typical values of these corrections to the low-ene
fermion masses and the bottom-tau ratioRb/t are shown in
Figs. 3 and 4~for the large tanb and small tanb cases!.

We first investigate the large tanb case. In this case, th
absolute value of a SUSY threshold correction to the bott
quark massmb(MZ) could be very large@12,28# ~about
25%!. This is due to the contributions from the gluino-squa
and chargino-squark loop diagrams and large values ofa3
and yt , especially in the models with universal soft SUS
breaking terms as in the present model. The sign of
correction, however, depends on that of the supersymm
Higgs mass parameters which can be easily changed.
change gives only a slight effect to the other low-ene
parameters and then to the SUSY threshold corrections.
SUSY correction to the tau lepton massmt(MZ) is also im-
05500
y

is
ric
his
y
he

portant and becomes about 5% which always has the op
site sign to that ofmb in the large tanb case. Taking into
account the above facts, it is found from Figs. 3 and 5 t
we cannot predict the proper value ofmb(MZ) even though
mb(MZ) has an experimental uncertainty of about 15%.

On the other hand in the small tanb case, the SUSY
threshold corrections to the Yukawa couplingsD t, b, t

S are all
about a few percent. Therefore we may tuneD i

G(MH ,m8) so

FIG. 3. The GUT threshold corrections to the low-energy f
mion masses in the large tanb case. The solid and dashed line
indicate theMH andm8 dependences, respectively.
8-9
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that the experimental values may be properly reproduc
However, there are some other difficulties in this case. T
is, the ratioRb/t becomes larger because the bottom Yuka
coupling yb is small and then it does not come into play
the renormalization-group evolutions. To make matt
worse, the correctionDb

S always makes a positive contribu
tion which is independent of the sign of Higgs mixing ma
parameter unlike in the large tanb case. Then the experi
mental boundRb/t(MZ)&2.0 highly constrains the param
eter spaces. For example, in Fig. 2, only the left and ab
narrow region is now allowed. A typical result in the allowe
parameter space is shown in Table V in which the one-lo
corrections to mass of the lightest Higgs bosonmh are also
included. In this way, there is still room to reproduce corr
low-energy values but it seems that only very narrow para
eter regions are left due to the corrections tomb andmt and
other experimental constraints.

V. SUMMARY AND COMMENTS

We have investigated the SU~5! model with the finiteness
conditions and its low-energy predictions. In this model,
the b-functions of gauge, Yukawa, and other dimension

FIG. 4. The GUT threshold corrections to the low-energy f
mion masses in the small tanb case. The solid and dashed line
indicate theMH andm8 dependences, respectively.

FIG. 5. The typical one-loop corrected values ofmb(MZ) and
mt(MZ) for the allowed parameter space in the large tanb case.
05500
d.
at
a

s

e

p

t
-

l
l

couplings are vanishing in, at least, two-loop orders of p
turbation theory. Especially we have analyzed the lo
energy phenomena taking into account the Higgs poten
problems. That is, we have checked whether the Higgs
tential actually satisfy both constraints of large tanb and the
radiative electroweak symmetry breaking including the o
loop corrections to the Higgs mass parameters from he
(;MSUSY) sector. As a result, it is found that without dis
turbing the finiteness conditions we need to introduce a n
free parameter to satisfy these constraints. We have also
timated the GUT and SUSY threshold corrections to the
mensionless couplings. Include these corrections we are
with very narrow available parameter spaces in the mo
Especially, the large tanb case is completely excluded un
like usual analyses of the MSSM. In this paper, we ha
discussed a particular form of the Higgs mass matrix at G
scale and it is an interesting problem to analyze more gen
forms of matrix in order to investigate the proton decay co
straints, the light fermion masses, theCP violation, and so
on.

We now comment on an alternative way to construct
alistic and restricted~GUT! models. It is the coupling con
stant reduction method@32# based on renormalization-grou
invariant relations among couplings which are solutions
the so-called reduction equations@33#. Though with these
relations the models are not necessarily finite, one can red
the number of free parameters and increase the predic

-

TABLE V. The low-energy predictions in case~2! including the
GUT and SUSY threshold corrections~for MH50.431016 GeV and
m852.531016 GeV!.

Case~2! with threshold corrections

MG 1.20631016 (GeV)
aGUT 0.0392
M 332.38~GeV!

m 642.65~GeV!

dm3
2 2(255.15)2 (GeV2)

MSB 620.0~GeV! tanb 3.1
a1(MZ) 0.016888 mt(MZ) 180.5~GeV!

a2(MZ) 0.033014 mb(MZ) 3.49 ~GeV!

a3(MZ) 0.115 mt(MZ) 1.747~GeV!

mt̃ 1
694.7~GeV! mũ1

700.2~GeV!

mt̃ 2
461.5~GeV! mũ2

677.2~GeV!

mb̃1
675.6~GeV! md̃1

703.7~GeV!

mb̃2
627.8~GeV! md̃2

675.6~GeV!

mt̃1
293.7~GeV! mẽ1

292.9~GeV!

mt̃2
229.0~GeV! mẽ2

231.1~GeV!

mñt
284.5~GeV! mñe

284.5~GeV!

mx̃
1
1 560.8~GeV! mx̃

2
1 245.9~GeV!

mx̃
1
0 188.2~GeV! mx̃

2
0 296.4~GeV!

mx̃
3
0 411.8~GeV! mx̃

4
0 495.1~GeV!

mH6 650.7~GeV! mA 646.1~GeV!

mH 648.2~GeV! mh 94.8 ~GeV!

Ml3
743.7~GeV!

ht 2537.3~GeV! hb 264.9 ~GeV!

ht 217.6 ~GeV!
8-10
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power as well as in the models with finiteness conditio
Moreover, an application of this method to the soft SUS
breaking sector in the ordinary minimal SU~5! model leads
non-universal boundary conditions for the soft mass par
eters at GUT scale. This may improve both problems of
large SUSY threshold correction tomb and of the tau slepton
as the lightest superparticle in large tanb cases unlike the
finite SU~5! model. In any case, the success or failure of
models and the determinations of allowed parameter reg
entirely depend on the near future experiments.
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APPENDIX A: TREE-LEVEL MASS FORMULAS
IN THE MSSM

In this appendix we express the tree-level formulas for
mass eigenvalues for the MSSM particles@25#. The param-
eters used in the formulas are defined in Sec. III. In
following, since we neglect the small Yukawa couplings f
the first and second generations their masses are iden
with each other.

Sfermion masses for the third generation:
M t̃ 6

2
5

1

2 H mQ̃3

2
1mt̃

2
12mt

21
1

2
MZ

2cos 2b6AFmQ̃3

2
2mt̃

2
1S 1

2
2

4

3
sin2uWD MZ

2cos 2b G2

14umtu2uAt2r cotbu2J ,

~A1!

Mb̃6

2
5

1

2 H mQ̃3

2
1mb̃

2
12mb

22
1

2
MZ

2cos 2b6AFmQ̃3

2
2mb̃

2
2S 1

2
2

2

3
sin2uWD MZ

2cos 2bG2

14umbu2uAb2rtanbu2J ,

~A2!

M t̃6

2
5

1

2 H mL̃3

2
1mt̃

2
12mt

22
1

2
MZ

2cos 2b6AFmL̃3

2
2mt̃

2
2S 1

2
22 sin2uWD MZ

2cos 2bG2

14umtu2uAt2rtanbu2J .

~A3!
of
Sfermion masses for the first and second generations

Mũ1

2
5mQ̃1,2

2
1S 1

2
2

2

3
sin2uWD MZ

2cos 2b, ~A4!

Mũ2

2
5mũ1,2

2
1

2

3
sin2uWMZ

2cos 2b, ~A5!

Md̃1

2
5mQ̃1,2

2
2S 1

2
2

1

3
sin2uWD MZ

2cos 2b,

~A6!

Md̃2

2
5md̃1,2

2
2

1

3
sin2uWMZ

2cos 2b, ~A7!

Mẽ1

2
5mL̃1,2

2
2S 1

2
2sin2uWD MZ

2cos 2b, ~A8!

Mẽ2

2
5mẽ1,2

2
2sin2uWMZ

2cos 2b. ~A9!

Chargino masses:
mx̃1,2

2
5

1

2
@~Ml2

2 1r212MW
2 !

6A~Ml2

2 1r212MW
2 !224~Ml2

r2MW
2 sin 2b!2#.

~A10!

Neutralino masses: The neutralino mass term is

Lnm52
1

2
~B̃L W̃L

3 H̃1L
0 H̃2L

0 !

3MnS B̃L

W̃L
3

H̃1L
0

H̃2L
0

D 1H.c., ~A11!

whereB̃L ,W̃L
3 ,H̃ iL

0 are the U(1)Y gaugino, the third compo-
nent of the SU(2)W gaugino, and the neutral components
Higgsinos, respectively. The matrixMn is
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Mn5S Ml1 0 2MZsinuWcosb MZsinuWsinb

0 Ml2 MZcosuWcosb 2MZcosuWsinb

2MZsinuWcosb MZcosuWcosb 0 2r

MZsinuWsinb 2MZcosuWsinb 2r 0
D . ~A12!
s

e

-
g

When the SUSY breaking scaleMSUSY is rather larger than
the electroweak breaking scaleMZ , the analytic expression
for the eigenvalues ofMn are given by

mx̃
1
05Ml1

1
MZ

2sin2uW

Ml1

2 2r2
~Ml1

1r sin2b!, ~A13!

mx̃
2
05Ml2

1
MZ

2cos2uW

Ml2
2 2r2

~Ml2
1r sin2b!,

~A14!

mx̃
3
05r1

MZ
2~11sin 2b!

2~r2Ml1
!~r2Ml2

!
~r2Ml1

cos2uW

2Ml2
sin2uW!, ~A15!

mx̃
4
05r1

MZ
2~12sin 2b!

2~r1Ml1
!~r1Ml2

!
~r1Ml1

cos2uW

1Ml2
sin2uW!. ~A16!
05500
Higgs scalar masses:

mH6
2

5m1
21m2

212r21MW
2 , ~A17!

mA
25m1

21m2
212r2, ~A18!

mH
2 5

1

2
@mA

21MZ
21A~mA

21MZ
2!224mA

2MZ
2cos22b#,

~A19!

mh
25

1

2
@mA

21MZ
22A~mA

21MZ
2!224mA

2MZ
2cos22b#.

~A20!

APPENDIX B: THE SUSY THRESHOLD CORRECTIONS
TO THE STANDARD GAUGE COUPLINGS

In this appendix we present the explicit forms of th
SUSY threshold correctionsD i

S( i 51,2,3) to the MSSM
gauge couplings@27,28# in the same approximation as Ap
pendix A. For the explicit forms of the Yukawa couplin
thresholds, see Refs.@27,28#. The corrected valuesa i

2(L)
are given by
2p

a i
2~L!

5
2p

a i~L!
2D i

S~L!2D i
DR , ~B1!

D1
S~L!5

1

15
lnS M t̃ 1

L
D 1

4

15
lnS M t̃ 2

L
D 2

1

5
sin2u t̃ lnS M t̃ 1

M t̃ 2

D 2
1

30
lnS Mb̃1

L
D 1

1

15
lnS Mb̃2

L
D

2
1

10
sin2u b̃lnS Mb̃1

Mb̃2

D 1
1

10
lnS M t̃1

L
D 1

1

5
lnS M t̃2

L
D 2

1

10
sin2ut̃lnS M t̃1

M t̃2

D
1 (

i 51,2
H 1

15
lnS MũLi

L
D 1

4

15
lnS MũRi

L
D 2

1

30
lnS Md̃Li

L
D 1

1

15
lnS Md̃Ri

L
D

1
1

10
lnS MẽLi

L
D 1

1

5
lnS MẽRi

L
D J 1

2

5
lnS mx̃2

L
D 2

1

5
~sin2uL1sin2uR!lnS mx̃2

mx̃1

D , ~B2!
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D2
S~L!5

1

3
lnS M t̃ 1

L
D

2
1

3
sin2u t̃ lnS M t̃ 1

M t̃ 2

D 1
1

3 (
i 51,2

lnS MũLi

L
D

1
1

6
lnS Mb̃1

L
D 2

1

6
sin2u b̃lnS Mb̃1

Mb̃2

D
1

1

6 (
i 51,2

lnS Md̃Li

L
D 1

1

6
lnS M t̃1

L
D

2
1

6
sin2ut̃lnS M t̃1

M t̃2

D 1
1

6 (
i 51,2

lnS MẽLi

L
D

1
4

3
lnS mx̃1

L
D 1

2

3
lnS mx̃2

L
D 1

1

3
~sin2uL

1sin2uR!lnS mx̃2

mx̃1

D , ~B3!

D3
S~L!52 lnS Ml3

L
D 1

1

6 (
i 56

H lnS M t̃ i

L
D 1 lnS Mb̃i

L
D J

1
1

6 (
i 51,2

H lnS MũLi

L
D 1 lnS MũRi

L
D 1 lnS Md̃Li

L
D

1 lnS Md̃Ri

L
D J , ~B4!
e

.

05500
D i
DR52

C2~Gi !

12p
55

0 ~ i 51!,

2
1

6p
~ i 52!,

2
1

4p
~ i 53!.

~B5!

All the mass parameters in the above formulas are define
Sec. III and Appendix A. The squark and chargino mixi
anglesu ĩ anduL,R are given by

tan 2u t̃5
2umt~At2m cotb!u

mQ̃3

2
2mt̃

2
1S 1

2
2

4

3
sin2uWD MZ

2cos 2b

, ~B6!

tan 2u b̃5
2umb~Ab2m tanb!u

mQ̃3

2
2mb̃

2
2S 1

2
2

2

3
sin2uWD MZ

2cos 2b

,

~B7!

tan 2ut̃5
2umt~At2m tanb!u

mL̃3

2
2mt̃

2
2S 1

2
22 sin2uWD MZ

2cos 2b

,

~B8!

tan 2uL5
2A2MW~Ml2

cosb1m sinb!

Ml2

2 2m222MW
2 cos 2b

, ~B9!

tan 2uR5
2A2MW~Ml2

sinb1m cosb!

Ml2

2 2m212MW
2 cos 2b

.

~B10!
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