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We analyze the finite supersymmetric SUgrand 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@aiVe 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 f@rand 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 numbgs): 12.10.Dm, 11.10.Hi, 12.60.Jv

I. INTRODUCTION Yukawa couplings prohibit us from applying them td1)
gauge theories and so to the minimal supersymmetric stan-
The appearance of infinity in quantum field theory hasdard mode(MSSM). Therefore we apply these conditions to
long been one of its annoying problems. Most particle physigrand unified theorie€GUT’s) and derive the boundary con-
cists believe that the ultimate theory, if it exists, should notditions at the GUT scale for couplings in low-energy theo-
contain any infinities and needs no renormalization procefies, which is supposed to be the MSSM in this paper. In
dure. In the 1980s, it was pointed out that the requirement gparticular in case of S8 GUT models, several articles
the nonexistence of quadratic divergences leads to a kind dfave obtained interesting results for the fermion masses, the
symmetry, i.e., supersymmet(@USY) [1]. It is interesting  superparticle masses, and so[8r-10].
to investigate what symmetry will appear from the require- In this paper we analyze the finite 88) GUT model
ment of vanishing of even logarithmic divergendganish-  taking care of the following two points which have not been
ing B functiong in supersymmetric theories. Among these considered so fati) The threshold corrections at GUT and
supersymmetric theorie?N=4 and someN=2 theories SUSY breaking scales. Since we use the two-loop ogler
have zergs functions, which is called finiteness, in all orders functions for the MSSM couplings we generally need to in-
of perturbation theory2] and it is believed that there are clude the one-loop order threshold correctigtid]. Espe-
so-called duality symmetries in those theor[&3. In this  cially, it is important in large tag® cases to include a SUSY
way, imposing that there should be no infinity has corre-threshold correction to the bottom quark mass which can be
sponded to very important symmetries, until now. If that is<50% of the uncorrected valud2]. (i) We must check
the case, what happens M=1 supersymmetric theories whether the Higgs potential can really generate the radiative
from the requirement of finiteness? In the perturbative re€lectroweak symmetry breakind3]. Since the finiteness
gion, there is a classification of models in which gauge andonditions severely restrict the parameter space in the model
Yukawa couplings satisfy the conditions of finiteness in oneit is not clear whether we can obtain, in particular, the de-
loop order[4]. Moreover the all-order finiteness conditions sired values of tap. To carry out this, we will actually see
for these couplings have also been foUld. The zerog  that it is necessary to take account of a new parameter in a
functions are also strongly related to the nonperturbative dyboundary condition for the Higgs mixing mass while pre-
namics such as the electromagnetic duality transformatioserving the finiteness conditions in the GUmodel.
proposed by Seiberff]. Along this line, dualities in finite This paper is organized as follows. We briefly review the
N=1 gauge theories have been searched for and one intéfiniteness conditions ifN=1 supersymmetric gauge theories
esting model was found to be a candidate of hav@dual  and its application to an §8) GUT model in Sec. Il. In Sec.
symmetry [7]. However, what symmetry actually corre- Ill we consider the matching conditions of this finite &Y
sponds to the finiteness conditions has not been answeredodel to the MSSM and then calculate low-energy predic-
yet. tions numerically. The GUT and SUSY threshold corrections
On the other hand, from the viewpoint of low-energy phe-which are characteristic to the model are discussed in Sec.
nomenology, theN=1 supersymmetry, which would come IV. Section V is devoted to the summary and some com-
from the requirement of vanishing quadratic divergences, hagents. The appendixes contain the tree-level form of mass
provided us with many interesting phenomena. Therefore iformulas and the SUSY threshold corrections in the MSSM.
will surely be important and become a first step toward the
understanding of the meanings of finiteness to analyze phe-
nomenological results as a consequence of vanishing loga-
rithmic divergences. The finiteness conditions for gauge and We first review the finiteness conditions in the perturba-
tion theory and explain our notations in this paper. First we
describe the all-order finiteness conditions for gauge cou-
*Email address: yoshioka@gauge.scphys.kyoto-u.ac.jp plings and the couplings in the superpotential sector. We
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consider an anomaly freé&N=1 supersymmetric gauge

theory based on a simple gauge graspith a gauge cou-
pling g, and with the superpotential

1 T § -
W:—mij(DI(I)J+—YijkCDI(I)J(I)k.

5 . 2.1

The one-loopB functions for these couplings are given by

3
-9
Bo= o 7 3C,(G) 2 T(R)|, (2.2
T
Bij:mik')’]k‘l" My, 2.3
Bij=Yiji 7L+ijI7:+YkiI')’} \ (2.9
i * 2 i
Yj—@[Yilejkl—‘lg Ca(Ri) 3],
(2.9

where y‘j are a one-loop anomalous dimensions of fiéld
and

tr(TaT?) =T(R)6%, X ToT3=C,(R)1,

g facdfbca™ C2(G) Sap (2.6

fanc @re the structure constants of the gauge grGuihe
requirement of finiteness implies that all the abg@éunc-

PHYSICAL REVIEW D 61 055008

[5]. This ensures the existence of the all-ordezxpansion
solutions for vanishing anomalous dimensions when the one-
loop level solutiong2.9) exist. The conditions for all-order
finiteness can be expressed in term of the one-loop order
quantities @B functions. Therefore one can easily apply
these conditions to definite models.

Next we discuss the soft SUSY breaking sector. In gen-
eral, this part of potential takes the following for(for a
simple gauge groufs):

V; :E( 2)1¢_*¢,J'+EB..¢i¢i+}h_ AR
soft21U~J| 2°i] 6 ik

1
+-MAN+H.cC.

5 (2.10

Here and hereafter the fields' in V. denote the scalar
components of corresponding superfields andtands for
gaugino. In the leading order, the finiteness conditi(as-
ishing logarithmic divergencgdor these parameters Mgy
are given by[(15]

hijk=—MYjji, (2.1

1 )
(u)=ZMM* &, (2.12

tions should be zero. It can be easily seen that under the

condition 4= 0, the vanishing of3;; and §j;, is equivalent
to the vanishing anomalous dimensi

s Then the neces-

together with Eqs(2.7) and(2.8). It is interesting to note that
these universal forms of the finiteness conditions are the

sary and sufficient conditions for the one-loop order finite-same as those derived from superstring or four-dimensional

Nness are
3C,(G)- 2> T(R)=0, 2.7)

Y Y —492Cy(R) 8,=0. (2.9

N=1 supergravity models. This may indicate that the finite-
ness is originated from some higher-scale symmetries as
stated before. The above relations also ensure the two-loop
level finiteness for soft SUSY breaking parameters such as
the dimensionless couplings [16]. Though the
renormalization-group invariant relations which are valid to
all orders have been fourld7], we will apply these two-

That iS, the field content of theories satisfies the first Condi100p level conditions as a good approximation and calculate

tion (2.7) and in addition the second conditid@.8) pos-
sesses theg( expansioh solutions of the form

Yiik = pijk9, 2.9

wherepj;, are constants. Because of the first condition, th
field contents which can satisfy these conditions are limite

and have been completely listed in R@d]. Interestingly

enough, these relations are also necessary and sufficient fi
two-loop order finitenesgl4]. In addition to the above con-
ditions it is necessary to impose one more condition so th

the low-energy predictions numerically. It is also noted that
the requirement of finiteness has nothing to do with the pa-
rametersB;; . However, other phenomenological require-
ments may determine the boundary conditions for these pa-

Jameters(see, Sec. I
d As a concrete example of phenomenological applications

of the finiteness conditions, we consider supersymmetric
IU(5) GUT models. According to the classification tables in
ef.[4], there exists only one field content which can fulfill

atpe following requirementdi) It contains chiral three fami-

the theory can have no divergence in all orders of perturbalies [three (L0,5) setd. (i) The other fields are vectorlike
tion theory. This condition says that the solutions of vanish-ones.(iii) It also contains fields in the adjoint representation
ing one-loop anomalous dimensions are not parametrizelip order to break the GUT gauge group. This model contains
and cannot be multiple zeroes when considered as the sol(5,5,10,24) with the multiplicities (4,7,3,1). Then the gen-
tions of vanishing one-loop Yukawg functions, B;;x=0  eral superpotential for this content becomes
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TABLE I. The charge assignments of tilg < Z3xZ, (matter ~ Taking into account the form of the superpotentiall4), we
parity). TheH,'s have opposite charges to thosehbf. can get the relations among the soft breaking parameters sat-
isfying the two-loop order finiteness conditions:

10, 10, 10; 5, 5, 5, Hy H, Hy H, I

hii=—Mfii, hjji=—Mfj, hgy=—Mfy, h,=-—Mp,

Z;, 1 2 4 4 1 2 5 3 6 0 0
Zs 1 2 0 0O 0 O 1 2 0 0O O 1 1
2
ZZ 1 1 1 1 1 1 0 0 0 0 0 (m}a)ab:(mﬁ)ab:§M26ab! m§:§M2,
1 + aEm L = (m? --—(m2)--—}|v|25-- (2.17
W=31ijal010Ha+ fija105Ha+ 5 0ij 1055 1o)ij = (M) =3 M3, '

and all the other elements are zero. The relati@%5 and
(2.17 altogether provide us with the finite $& model
above GUT scaléat least, two-loop order finite for all cou-
(2.13 plings). Note that from the requirements of finiteness there
are no constraints for th@ parameters in the potentié?.16)

as well as the supersymmetric Higgs mass parameters in
W,,. They are to be determined by the requirements of some

where_Ha, Ha—’ and2 denote the nggs. fl.elds of the repre- low-energy assumptions, which is one of the tasks in the next
sentationss, 5, and 24, respectively, and,j stand for gen-  gggiion.

eration indices. The last teri¥,,, contains the mass terms of

the Higgs fieldsH,, H,, and>. We now do not need to
explicitly express these mass parameters because the finite-
ness of these couplings are automatically accomplished by
the finiteness of other parameters. It is sufficient to impose In this section, we analyze the low-energy predictions of
the discrete symmetries in order to get isolate and nondegerthe finite SU5) model as explained in the previous section.
erate solutions and in addition to suppress the rapid nucleorhis model, which is supposed to be broken spontaneously
decay[10] (see Table). With these symmetries, the super- to the MSSM, casts the boundary conditions for couplings in
potential is restricted to the form the MSSM from the finiteness conditions at the GUT scale
1 M. Leaving the threshold corrections to the gauge and
_ T L F . 10E.4. iy 3 Yukawa couplings in the next section, we first consider the
w 2f”'1Q1QH'+f"'1q5'H'+faaHaEHa+ P27 Wy tree-level matching of parameters between the MSSM and
(2.149  the finite SU5) model. With these matching conditions, the
parameter space of the MSSM couplings is highly restricted
. .~ and then it is a nontrivial problem whether the experimen-
guarantees the all-order finiteness for Yukawa COUpIIng?ally required values of couplings, in particular, the radiative

[8-10) electroweak symmetry breaking are surely realized.

8 — - 6 The matching conditions for gauge couplings are trivial,
f119=Fo0o=f335= \[gg, f119=Fo0o=f335= \[gg,

91(Mg)=02(Mg)=03(Mg) =g, (3.1

_ 1 _ _
+fapH 2 Hp+ Eqi’ab1QHaHb+ P33+ f,,53H,+ W,

(i,j=1,2,3, a,b=1,2,3,9,

Ill. MATCHING TO THE MSSM
AND LOW-ENERGY PREDICTIONS

and then we can find the following unique solution which

fi=f="F23=0, fie=0g, p= \/Esg, (2.15  Wheregy, g,, andgs are the gauge couplings of the MSSM,
7 U(1)y, SU(2)y, and SU(3}, respectively(in a GUT nor-

whereg is the SU5) gauge coupling malization).
Then we consider the finiteness conditions for the soft. NeXb We consider the Yukawa couplings. At first sight,

. o one may think that a pair of light Higgs doublet does not
SUSY breaking parameters in this G)ymodel. The general_ couple to any of matter fields because the doublet-triplet
form of the potential becomes under the above symmetries

$plitting mechanism seems to act only p with the solu-
tions(2.15. However, as mentioned at the end of Sec. I, the

_ 2y ETE 2\ 10M10 2 t
Vaort= (M5)ij 5 55+ (M1o)ij 101G+ (M) apHaHy Higgs mass parameters in the superpoteittiglare not con-

- ot 1 strained from finiteness requirements. Therefore we have a
+(MpapHHp+ ms2 2+(§hm 1010H; freedom for tunings of mass parametersyH,, to cause a
S o o Higgs mixing atM scale as seen in the following. In this
+h;;; 105;H; + hH. S H,+ hp23+ BapHaHp paper we consider nonzero Yukawa couplings only for the

1 third generation matter fields but the Yukawa couplings for
< the first and second generations could be obtained in the
+By23+ 2M7\)\+H.C.). (2.16 same way18].
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After ttr;]e sSub) gaugeﬂ‘sizt%mmetryt breaktinkg, t\;]vefs:lmply u 0 singsing cosésing
suppose the supersymme mass terms take the follow- (3= ) ) — —
ingp?orm; persy M 0 u'|T5@%s singcoss coshcosd |-

(3.9

W/ =f4H4(S)H4+ M H H; + MoHoH
n=faHa(3)Hs v 2 After all, the third generation Yukawa couplings at GUT

scale become

+ 2 MapHaHy, (3.2

a,b=34

(3.10

f335= 3350080, f335= fazsc080
M1.M2.Map~Me. with the values off 333 and 435 from the finiteness condi-

. . i . tions. From this, we can consider two phenomenologically
In this case, the Higgs fieldsl; and H, just decouple at separate cases

GUT scale. Substituting the vacuum expectation value of the ) —
adjoint Higgs field,(3)=w diag(2,2,2--3,~3), into W, Case(1): cosf~cosp~1 (large tang),
Case(2): cosb~1, cosh#~0 (small tang).

the mass terms dfi; andH, become : _
In the following, we adopt a typical value for each ca&g;
c0osf=c0s#=0.9856 (sind=sin#=0.169) and (2) coséH

=0.954, cog=0.03 (sink=0.3, sind=0.9995). We can re-

HEOMBHE=[®
a ab"'b a . - :
alize these desired values of 1" and the rotation angles by

M apt+

0
2| wfaa|HEY,

3.3 choosing the mass paramefeM,,. In the end, the super-
potential in the MSSM takes the form
0 -
HOMGH@=H®)| M, + _3) wfs|HD, W=y,HQst +y,HQzb+y HLs7+pHH, (3.11)
(3.4 with the matching conditions &/l 5 given by
— Yi(Mg) = f355= f335c080),
HS) B Hg?,) B B B
Ha=| H@ |. Ha=| o | (3.9 Yo(Mg)=Y(Mg)="f3a5=fsscos6,  (3.12
p(Mg)=p. (.13

where the indices (2)” and “ (3)” stand for doublet and .
triplet components of each quantity. Assuming the mass paFhe values off 333 and f 333 are given by the finiteness con-
rametersM ,, are real, we diagonalizk!(®) by a rotation of  ditions in the SW5) GUT and other parameters can be deter-
Higgs fields mined by phenomenological requirements.

Finally, we consider the matching conditions in the soft

H! cosd sing\ 4 SUSY breaking sector. In the MSSM, a general form for this
3 _ . s sector is
H411 —singd cosé H4 d
Veor=mM2HTH+m3HTH + (m3HH+H.c)
a cosé sind\ (@ ) 5 S,
= — —| 3 (3.6) + > (mé.lQi|2+m[.||-i|2+mﬁ.|ui|2+ma.|di|2
ﬁ‘r‘ —sing cosé _4 ’ i=12,3 i [ [ i
+m: [e]?) + (hHQat +hyHQgb+h, HLa7+ H.c)
cosf  sind cosf —sinf 1
ME'=| o S IM@)| g + 2 (My A+ My Aohp+ My Ashat H.C)
—sind cos# sing  cosé 5 (M At My Aok + My Aghg+H.C).
A
u 0 (3.19
=lo u/ (3.7 The first two lines are the soft mass terms for squarks, slep-
tons, and Higgs scalars. The third line denotes the scalar
u<Mg, p'~Mg (3.9

IFor example, we can take the following mass parameters: Case

which leads to the doublet-triplet splitting and leaves a paif1) Ms;~0.6, M3=M,3~3.4, My~20 and Case(2) Ma,
of light Higgs doublet to low-energy region. The triplet ~3.0,M3,~9.5, M 3~0.1, M4,~0.3 (X 10* GeV) for w~100

Higgs mass terms are

GeV andu’~10'% GeV.
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trilinear couplings which corresponds to the Yukawa cou- 0
plings in the superpotenti&B.11) and the last line represents (3.26=—MHP| M p+ _3 | wfy|HP
the gaugino masses for the standard gauge group. Taking
into account the above Higgs rotations, the matching condi- (3.29
tions for these parametefexcept form;) become as fol-
lows: n 0
=—MH®'| o,/ |H®" (3.29
mg (Mg)=n, (Mg)=m; (Mg)=mf,;,  (3.19 K

Now, exactly speaking, there are uncertainties in the condi-
tion for B, (3.27) and/or the finiteness conditions fbg, in

Eqg.(2.17, whose order is less than the SUSY breaking scale
mf(MG)z(ma—,)gg, m3(Mg)=(m7)ss, (317  Mgysy. This uncertainty does not disturb the electroweak
symmetry breaking and/or the finiteness criterion in SUSY

m; (Mg)=m5 (Mg)=mg, (3.16

hy(Mg)=ha3£0560, hy(Mg)=h,(Mg)=hgzsL£0s6, gauge theories. Then we can introduce a free paramaigr
(3.18 in the matching condition for soft mixing mass parameters
2.
m3,

M)\l(MG)zM)\z(MG)ZM)\3(MG)=M- (3.19
m3(Mg)=—Mpu+ém;s (|6m3=M3,sy). (3.30
[For the definitions of soft SUSY breaking parameters in the
SU(5) model, see Eq(2.16.] Together with the finiteness This new parameter actually plays an important role in the
conditions(2.15 and(2.17), we finally obtain the boundary following numerical analyses. That is, we find that it is nec-

conditions for the MSSM couplings at GUT scale: essary to cause the radiative electroweak symmetry breaking.
With the boundary condition$3.20—(3.25 and (3.30
01=92=95=0, (3.20  for the MSSM couplings, we analyze the low-energy predic-

tions of the finite SWB5) GUT in each cas€l) and(2). Al-
8 6 — though these conditions are universal and very restrictive, we
Yr= "\ 59¢0s0, Yp=Yy.=\/ 59 Cosb, (32D will find the parameter region where these predictions are all

consistent with the present low-energy experimental values.

3 6 o When the threshold corrections are neglected, the analysis
h=— \[gMg cosf, hy=h,=— \[EMg cosé, procedure is as follows.
(322 A. Case(1): Large tan B case
1 In this case we have five free parameteysiv om3
2 _ 2 2 2 2 9 92 .0 . p &S, u, 3,
Mg, = ML, = My, = Mg =M =My =Mz =3 M= (i=123), and a scaléVl . All other couplings are determined by the
(3.23 finiteness conditions explained above. In addition, since we
do not deal with the threshold corrections in this section, we
My, =M\, =M, =M, (3.24  can treatMgysy and tang as free parameters in the proce-
dure. First, we input, Mg, Mg,sy, and tans, and run the
pP= . (3.25 gauge and Yukawa couplings down kb, scale by using

two-loop B functions in the MSSM19] and the standard
Furthermore we can determine a boundary condition fomodel. Then we tune these four input parameters so that we
ms when we consider the doublet-triplet splitting in the softcan reproduce the low-energy values which are consistent
SUSY breaking sector as well as in the supersymmetric seavith the experimental datg0],
tor Wy, . After the SU5) breaking, the soft mass terms of the

scalar componentd ?) can be found from the finiteness con- a1(Mz)=0.01689-0.00005, (3.31
ditions (2.17), a,(M)=0.03322+ 0.00025, (3.32
0

Vsoﬂ:ggz) B,,—M _3>wf44 ng). (3.26 a3(M5)=0.12+0.01, (3.33
mp(Mz)=3.1+0.4 GeV, (3.39

It is easily seen from the doublet-triplet splitting &, that
to complete the doublet-triplet splitting we should take m,(Mz)=1.75+0.01 GeV. (3.39

Bap=—MM,,. (3.27 (M,=91.187 GeV.

Then we can see that a pair of Hig@gealaj doublet actually ~ Since the dimensionful parameters are not contained in these
survives down to the low energy: B functions and we now neglect the threshold corrections,
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the values oM, u, and sm3 give no effects to this tuning. TABLE II. The low-energy predictions in casg) (the high
Next, we calculate the dimensionful parameters with an inpuM s case.

value of gaugino masM in addition to the parameter set
obtained above. We tune the valueMfso thatM ggy in the
above parameter set can be equal to an average of squavks

Case(1): Example 1
1.246x 10 (GeV)

masses defined by agut 0.0388
1 M 612.315(GeV)
2 _ 2 2 2 ) 1467.828(GeV)
Mse= 712Mg, (M) +mg (M)+mg (M)]. (336 Sm? — (636.086§ (GeV?)
Similarly, this adjustment oM is independent of the input Mgg 1000.0(GeV) tang 54.0
values ofu and 5m§ since none of theg functions of other  a3(My) 0.016850 m,(M) 179.24(GeV)
couplings in the MSSM contaip andmj. In the last step, a2(Mz) 0.033333 my(Mz) 3.21(GeV)
we tuney and 6m3 so that the low-energy Higgs potential @s(Mz) 0.112 m,(Mz) 1.745(GeV)
can actually realize the value of t@nin the above parameter M, 1064.3(GeV) mg, 1243.4(GeV)
set and can fulfill the constraints for radiative electroweakmy_ 892.4(GeV) my_ 1198.3(GeV)
symmetry breaking, Mg, 1051.2(GeV) mg, 1245.8(GeV)
g, 915.1(GeV) my 1193.4(GeV)
m2+ p2+ M2 . 516.2(GeV) e 536.2(GeV)
tarp=—————, 330 o 191.2(GeV) — 420.5(GeV)
ms+p“+ EMZ -
n; 478.5(GeV) ;. 530.6(GeV)
P ¢ 837.5(GeV) s 481.5(GeV)
sin28= #32 (339 M 275.4(GeV) myo 500.5(GeV)
mi+ms+2p Mo 794.9(GeV) Mo 814.9(GeV)
my+ 331.8(GeV) Mma 322.6(GeV)
At this stage, we should incorporate the one-loop radiativan 322.7(GeV) m, 89.0(GeV)
correct@ons to the minimizati_o_n of the Higgs potential in or- N 1326.6(GeV)
der to improve a very sensitive dependence of the vacuurg "° —853.6(GeV) he —834.0(GeV)
expectation values on the renormalization pdnf21]. The h, —107.1(GeV)

resultant one-loop corrected Higgs potential becomes

V=V 4+yv@) (3.39
parameter set for the highdgtsg (Table Il) and the other is
for the lowest ongTable lll). In the tablesymy denote the
superparticle masses ang;=, ma, My , are the Higgs sca-
lar masses which correspond to the charged Higgs bosons,
the neutralCP-odd Higgs and the neutrd P-even Higgs
1 M? 3 bosons, respectively. Their explicit tree-level forms are given

v = ST M* In—— in Appendi

6472 Q2 2 in Appendix A . .

The sparticle mass predictions are enough within the ex-
where M2 is a field-dependent mass-squared matrix and’efimental bound$20]. Note that unlike the usual MSSM
STrAzEj(—l)ZJ(Zj +1) Tr4; is a weighted supertrace. predictions, the lightest superpartlcle is not a negtral compo-
The explicit expression foi 2 can be found in Ref[22]. r_lent _bL_lt the tau slept_on. This |s_beca_1use of the h|gh!y restric-
This exact one_|oop correction takeS, however’ a very Comnve finiteness conditions. That is, with these conditions, we
plicated form. So we here adopt the handy calculatinghust use the large value qf and relatively smallM to
method[23] which incorporates the corrections only to qua- realize the radiative electroweak symmetry breaking a_nd also
dratic terms fromV®). The rapidQ dependence of the po- USe large values of bottom and tau Yukawa couplings at
tential mainly comes from that of the running mass paramMg- This may be avoided by considering &parity vio-
eters and this method can make it mild. This methodating interactionQdL which is needed for one of the pos-
practically gives a good approximation to the full one-loopsible interpretations of the hig@? anomaly observed at the
potential and it is numerically found that the values of DESY ep collider HERA[24]. In any case, this property is
vacuum expectation values evaluated by this method are atharacteristic to the finite S8) model with large ta8 and
most equal to those obtained from the full one-loop potentialvould be tested in the future experiments.

[23].

In this way, we can determine the input values of free
parametergy, Mg, M, &, and §m§, and calculate the low-
energy predictionsthe gauge couplings, the masses of fer- In the same way as the ca&h, we have five free param-
mions, superparticles, Higgs bosons, eté&/e show typical eters for the radiative symmetry breaking in this case. Unlike
two types of example in Tables Il and lll. One is with the the large tai8 case, there is no problem of the fine-tuning of

VO=(m2+ p?)HTH+ (m3+ p?)H'H+ (m3HH +H.c)

+ (D-term contributions, (3.40

, (3.41

B. Case(2): Small tan 8 case
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TABLE Ill. The low-energy predictions in casgl) (the low
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TABLE IV. The low-energy prediction in cas).

M gg Ccase.

Case(2)

Case(1): Example 2 Mg 1.206< 10 (GeV)
Mg 1.116x 10'° (GeV) aGut 0.0392
agut 0.0392 M 332.38(GeV)
M 473.385(GeV) ) 642.65(GeV)
m 1171.954(GeV) om3 —(255.15% (GeV?)
om3 —(510.579F (GeV?)
Msg 620.0(GeV) tanp 3.1

Mg 790.0(GeV) tangs 54.0 a1 (My) 0.016852 mi(M3) 177.5(GeV)
ay (M) 0.016930 mi(M3) 178.9(GeV) ay(My) 0.033119 mp(My2) 3.42(GeV)
ay(My) 0.033462 mp(My) 3.20(GeV) az(My) 0.110 m. (M) 1.751(GeV)
a3(My) 0.113 m (M) 1.745(GeV) n; 685.5(GeV) mg, 690.8(GeV)
my, 858.0(GeV) mg, 978.3(GeV) my 453.8(GeV) g 667.4(GeV)
my 694.5(GeV) g 944.2(GeV) mp, 665.8(GeV) mg, 694.4(GeV)
mp, 841.5(GeV) mg, 981.3(GeV) mg_ 619.2(GeV) mg 665.8(GeV)
mg_ 708.2(GeV) mg_ 940.9(GeV) ;. 293.6(GeV) e, 292.8(GeV)
., 415.0(GeV) ms, 416.5(GeV) . 229.0(GeV) e 231.0(GeV)
n; 111.5(GeV) g 326.4(GeV) n, 284.4(GeV) n;, 284.4(GeV)
;. 369.4(GeV) ;. 409.2(GeV) s 559.0(GeV) s 246.3(GeV)
.+ 666.4(GeV) s 367.9(GeV) o0 188.7(GeV) o 296.9(GeV)
o 215.0(GeV) o 391.1(GeV) o 411.5(GeV) o 493.9(GeV)
o 613.3(GeV) o 638.6(GeV) my+ 654.1(GeV) ma 649.5(GeV)
My = 261.8(GeV) mp 250.1(GeV) my 651.6(GeV) mp 72.0(GeV)
my 250.2(GeV) mp 88.9 (GeV) M, 734.5(GeV)
M}\g 1042.7(GeV) h; —523.1(GeV) hy -63.2(GeV)
h; —677.2(GeV) hy —662.5(GeV) h, —17.6(GeV)
h, —78.5(GeV)

In all the other respects, we can follow the analysis proce-

] ) dure in the casé€l) and show a representative result in Table
Higgs mass parametetand a large threshold correction to |\,

bottom quark mass discussed in the next segtiorsmall We can see from this that for example, this model predicts

tang cases. On the other hand, when we adopt the handy,5; the lightest superparticle is the lightest neutralino com-

calcul_ating meth_od to estimate the one-loop corrections Qonent because the parameter can be taken smaller than in
the Higgs potential, we should take care of another respect gfq large tarB case and therefore the result bears a close

mentioned in Ref[23]. This is that in the small taB case, |esemblance to the typical one in the usual MSEM].
the contributions to quartic terms fro®) near the flat

direction (tanB~1) are no longer small compared to that
from the tree-level potentiaV®). Therefore the method
which includes only mass corrections may be no more good In this section we consider the threshold corrections at
approximation. The contribution to the quartic terms fromGUT and SUSY breaking scales. Two types of corrections
VO js are important. One is the GUT corrections to the gauge and
Yukawa coupling$26,27] which may be characteristic to the
finite SU5) model. The GUT corrections to the other param-
eters(gaugino masses elcare so small that the following
analyses are not affected too my@9]. The other important
corrections are the SUSY scale or@¥,28, especially a
correction to the bottom quark mass, which is important

in the large tarB cases. These corrections to the dimension-
less couplings are important in a sense that the parameters
are now precisely measured by experiments and so to include
these corrections may further restrict the allowed parameter
regions. Since the MSSM couplings are rather restricted at
GUT scale by the finiteness conditions and the low-energy
physics(the experimental data and the constraints from the
Higgs potentig), there is only a little room for varying the
threshold corrections except for their signs. Therefore we

IV. THRESHOLD CORRECTIONS

1
~5(9i+03)v|*cos’2p (3.42
and the typical contribution frov®) is

32772g§|v|4. (3.43

Therefore requiring that, for instance, E@.43 is within
10% of Eq.(3.42, we need

tanB=1.35. (3.44)
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log;o 1/ logyo 1/

17 17
16.5 16.5
16 16
15.5 15.5
log,o My log,o My
15.5 16 16.5 17 15.5 16 16.5 17
FIG. 1. The allowed region foMy and x” in the large ta8 FIG. 2. The allowed region foM and x’ in the small tarB
case. case.
should check whether the low-energy experimental values of
) , : _ o — 10 |7 . =
couplings are consistently reproduced by tuning the GUT Mz=5wfsingsinf=—\/-=sinfsindM,,, (4.7)
threshold corrections. In this paper we neglect the one-loop 3
corrections from the electroweak gauge boson and the top ) _
quark[30] except for an important correction to the mass of My=p' +5wfyc0s6 cos
the lightestCP-even Higgs bosoh31]. 10 [7
First, we discuss the one-loop GUT threshold corrections. =u'+ —\/:cose cOSO M . (4.9
These corrections to the standard gauge couplingsi 3 V15

=1,2,3) are found to be

The parameter$l,, M,, ', and w are defined in Sec. lll

27 Z_W_AG A @.) [see Egs(3.2) and(3.7)] andM ,, is a supersymmetric mass
ai(A)  «a (A, ' of the adjoint HiggsS. field:
5 (M 1 M; —\ 2
S(A)= —Inl =Y |- = et} W, =W, +My, 37 4.9
AT(A) ZIH(A) 4i12|n(A) m— m
1 n M) iln ' 42 When we setMs=M,=A there are three free parameters
10534 A 200\ A )’ ) M4, M5, andu’ in the above correction formulas. Further-
more since théd; andH, sector have same structures, we
can setM;=M,=M without loss of generality. We show
ASA) = S My)_ L, (Ms) L | M in Figs. 1 and 2 the allowed region fod,; and »’ which
2(A)=3In A 2 A 4,44, A reproduces the desired low-energy values of the gauge cou-

plings a; , M) for the case 1(large tarB) and case 2
(small tanB). When evaluating the allowed regions, we have
also included the SUSY threshold corrections to the gauge
couplings given in Appendix B. These SUSY threshold cor-
rections are of the order of 1-2%. Therefore it is found that
AS(A)=1n Myv| 4 (Ms) 1 S Mi they can be cancelled by, ; and the allowed regions ob-

3 A 3 A 1.4 A’ tained in the previous section are still valid. However, the
(4.9 regions in Figs. 1 and 2 may be rather narrowed if the

nucleon decay constraint(, , u'=10'® GeV) are taken

whereMy is a superheavy SIB) gauge boson magsvhich ~ Into account. _
is just equal to the mass of the (3:22) component of ad- Next we consider the GUT corrections to Yukawa cou-
joint Higgs fieldS ], My is the mass of color octet and &y  Plings. The one-loop corrected valugs (i=t,b,7) are
triplet component ofs, andM; and ' are the masses of 9given by
color triplet parts of the fundamental Higgs,(H,). These
mass parameters are defined by the conditions for th&)SU

symmetry breaking and the finiteness as follows: Yo (M)=y [1+AZ(A)], (4.10
My=5y2gw= %)\/i:ng, (4.5 Y (A)=yp [1+AF(A)], (4.11)
Ms =5Myq, (4.6 y; (M)=y [1+AZ(A)], (4.12

055008-8
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2 3 _ 3 _
16m2AS(A)=— %[SF(M\Z,,O)+3F(M§,M\2,)]+ E(yt+2cos249+ yi 2cog0)F(M2,0)+ E(yt+zsin29+ygzsin%v)|:(|v|§,0)

1 _ 3 3 1 _ _
+ Effmsinza sirf o (3F(M§,M\2,)+ E|:(|\/|§,0)+ EF[(O.ZI\/IE)Z,O] + Effm(cos’-a Sirf 6+ sirf 6 cos )

X

F(MEM3)+ JF(ME W) %F[(o.M)Z,M'Z]), (413

2

g

16m2AS(A)=— >

[5SF(M2,0)+3F(M2,M2)]+

3 _
y; 2cog6+ Eygzco§6> F(M2,00+| y; %sir?6
3 +2.:-2 9 | 2 1 2 o : 2 2 3 2 3 2
+5Yn Sirf g F(M4,O)+§f44smzﬁsm29 3F(M3,M{) + SF(M3,0)+ 75FL(0.2M5)%,0]
1 2 s 2 H N 2 2 3 2 12 3 2 12
+§f44(cos’-05|n20+sm20co§0) 3F(M4,MV)+§F(ME,M )+EF[(0.Z\/I2) 1, (4.19
2 3 _ 3 _
16772AS(A)=—%[9F(M$,0)+3F(M2,M\2,)]+E(y:2c0§a+yg2co§a)F(M5,0)+E(yrZSin29+ygzsin29)F(M§,0)

1 3 3 1 _ _
- Effmsinza sinZE( 3F(M3,M2)+ EF(l\/|§,0)+ EF[(O.ZME)Z,O] + Efi4(co§0 sirf 0+ sir? 6 co6)

X

2 W2 E 2 42 i 2 12
BF(MMS)+ 5F(ME, 12+ 15F(0.2M3)% 1'% (419

where a superscript denotes that the coupling is a GUT portant and becomes about 5% which always has the oppo-
scale parameter. From the finiteness conditithd5 dis-  site sign to that ofm, in the large tar8 case. Taking into

cussed in Sec. Il, we have account the above facts, it is found from Figs. 3 and 5 that
we cannot predict the proper value of,(M ;) even though
. 8 . 6 m,(M ) has an experimental uncertainty of about 15%.
Ye = Vg9 Yo= Vg9 fau=0 (4.16 On the other hand in the small t@ncase, the SUSY
threshold corrections to the Yukawa couplir@%b’ ,are all
The threshold functiof (a,b) is defined as follows; about a few percent. Therefore we may turf(My, ") so
9 2 Amy(Mz) Amy(Mz)
2 o 2| ma 2| mb 1 my(Mz) mp(Mz)
F(m3,mp)= - mzln e —mgln 2t s 02
(4.1 0.01

The typical values of these corrections to the low-energy-o.o:
fermion masses and the bottom-tau rd#g, are shown in
Figs. 3 and 4for the large tar8 and small tar8 cases

We first investigate the large tghcase. In this case, the
absolute value of a SUSY threshold correction to the bottom ARy, (My)
quark massmy(M;) could be very large12,2g (about s (M) Ryj-(Mz)
25%). This is due to the contributions from the gluino-squark
and chargino-squark loop diagrams and large valueaof
andy,, especially in the models with universal soft SUSY '_;'04
breaking terms as in the present model. The sign of this
correction, however, depends on that of the supersymmetrit
Higgs mass parameters which can be easily changed. Thi. ** 2 6 189 15 155 16 165
change gives only a slight effect to the other low-energy F|G. 3. The GUT threshold corrections to the low-energy fer-
parameters and then to the SUSY threshold corrections. Th@ion masses in the large t@hcase. The solid and dashed lines
SUSY correction to the tau lepton mass(My) is also im-  indicate theM, and .’ dependences, respectively.

15 15.5 16 16.5

0.045
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Amy(Mz) Amy(Mz)
my(Mz) my(Mz)

TABLE V. The low-energy predictions in ca$g) including the
GUT and SUSY threshold correctiotfer M ;= 0.4x 10*® GeV and
w' =2.5x10' GeV).

0.015

Case(2) with threshold corrections

-O;Oloj Mg 1.206x 106 (GeV)
e s 15 15 15 15.5 16 165 KY/IGUT 332(.);:;;2;\/)
P 642.65(GeV)
A () ARy, (M) &m3 —(255.15% (GeV?)
m,(Mz) Ryr(Mz)
A Meg 620.0(GeV) tan 3.1
0 0.04 ay(M5) 0.016888 m(M) 180.5(GeV)
™ 0.02 ay(M5) 0.033014 my(M) 3.49(GeV)
L 0 as(My) 0.115 m, (M) 1.747(GeV)
-0.04f -7 0,02 g, 694.7(GeV) m;, 700.2(GeV)
15 15.5 16  16.5 5155 16 16 nm; 461.5(GeV) my_ 677.2(GeV)
FIG. 4. The GUT threshold corrections to the low-energy fer- :E* Zzg)giggg grrz* ggggzggg
mion masses in the small tghcase. The solid and dashed lines - 293.7(GeV) e 292.9(GeV)
indicate theM and u’ dependences, respectively. T+ ' C+ '

nr; 229.0(GeV) g 231.1(GeV)
that the experimental values may be properly reproducedmf 284.5(GeV) Mo 284.5(GeV)
However, there are some other difficulties in this case. Thaf x: 560.8(GeV) M 245.9(GeV)
is, the ratioR,,, becomes larger because the bottom Yukawd™? 188.2(GeV) % 296.4(GeV)
couplingy,, is small and then it does not come into play in ™3 411.8(GeV) M 495.1(GeV)
the renormalization-group evolutions. To make matterg ™=+ 650.7(GeV) Ma 646.1(GeV)
worse, the correctiorh; always makes a positive contribu- ™ 648.2(GeV) My 94.8(GeV)

tion which is independent of the sign of Higgs mixing massMis 743.7(GeV)
parameter unlike in the large t@hcase. Then the experi- Nt —537.3(GeV) hy —64.9(GeV)

mental boundRy,.(M,)=<2.0 highly constrains the param- h- —17.6(GeV)

eter spaces. For example, in Fig. 2, only the left and above

narrow region is now allowed. A typical result in the allowed couplings are vanishing in, at least, two-loop orders of per-

paramgter space is shown i.n Table V in which the OI’“‘:"km‘?urbation theory. Especially we have analyzed the low-
corrections to mass of the I_|ght_est Higgs bosop are also energy phenomena taking into account the Higgs potential
included. In this way, there is still room to reproduce CorreCtprobIems. That is, we have checked whether the Higgs po-
Iow—ene'r gy values but it seems that on_ly VETy NAIrow paramge i actually satisfy both constraints of large faand the
eter regions are left due to _the correctionsripandm, and radiative electroweak symmetry breaking including the one-
other experimental constraints. loop corrections to the Higgs mass parameters from heavy
(~Mgysy) sector. As a result, it is found that without dis-
turbing the finiteness conditions we need to introduce a new
] ) ] o free parameter to satisfy these constraints. We have also es-
We have investigated the $&) model with the finiteness  mated the GUT and SUSY threshold corrections to the di-
conditions and its low-energy predictions. In this model, all ensionless couplings. Include these corrections we are left
the g-functions of gauge, Yukawa, and other dimensionful ity very narrow available parameter spaces in the model.
Especially, the large taf case is completely excluded un-
my(Mz) like usual analyses of the MSSM. In this paper, we have

V. SUMMARY AND COMMENTS

discussed a particular form of the Higgs mass matrix at GUT
Eis scale and it is an interesting problem to analyze more general
forms of matrix in order to investigate the proton decay con-
3.4 straints, the light fermion masses, t@d> violation, and so
on.
3.2 We now comment on an alternative way to construct re-
alistic and restrictedGUT) models. It is the coupling con-
3 stant reduction metholB2] based on renormalization-group

m(Mz) invariant relations among couplings which are solutions of
the so-called reduction equatiofid33]. Though with these
relations the models are not necessarily finite, one can reduce
the number of free parameters and increase the predictive

1.6 1.7 1.8 1.9

FIG. 5. The typical one-loop corrected valuesmf(M ;) and
m_ (M) for the allowed parameter space in the largegBacase.
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power as well as in the models with finiteness conditionsgrateful to T. Kugo, N. Maekawa, J. Sato, and K. Shizuya for
Moreover, an application of this method to the soft SUSYuseful comments on the manuscript. We would like also to
breaking sector in the ordinary minimal 8) model leads thank D.R.T. Jones for informing us of his work.
non-universal boundary conditions for the soft mass param-

eters at GUT scale. This may improve both problems of the

large SUSY threshold correction o, and of the tau slepton APPENDIX A: TREE-LEVEL MASS FORMULAS

as the lightest superparticle in large farcases unlike the IN THE MSSM

finite SU5) model. In any case, the success or failure of the ) )

models and the determinations of allowed parameter regions 'N this appendix we express the tree-level formulas for the

entirely depend on the near future experiments. mass eigenvalues for the MSSM partic[@5]. The param-
eters used in the formulas are defined in Sec. lll. In the
ACKNOWLEDGMENTS following, since we neglect the small Yukawa couplings for

the first and second generations their masses are identical
We would like to thank M. Bando for many helpful dis- with each other.
cussions and encouragement in writing this paper. We are Sfermion masses for the third generation:

1 1 1 4 2
2 2 2 2 2 .
M;izz[m63+n1;+2mt2+§M§cos%t\/ g~ + §—§SIH26’W)M§COSZB +4|mt|2|At—pcot,8|2],
(A1)
2 1) 2 2 o o 1 5 2 _ 2 (1 2_ 2 ’ 2 2
Mg, = 5| Mg, + My+2my— 5 M3c08 28+ /| mg_ —m;— E—gsmzew Mzcos 28| +4|mp|?|A,—ptang|“,
(A2)
M2 =2t 2 + i+ 2mi— M2 +\/ 2 2 (=~ 2 sirfoy | M2 4. 2|A — ptangl?
’;t—z mtg m; mr 2 ZCOS?ﬂ_ m'|:3 m;. 2 SI W ZCOSZﬂ |m7'|| T panﬁl .
(A3)
|
Sfermion masses for the first and second generations: ) 1 ) ) )
m}lvzzi[(M)\;—p +2My)
MZ =m2 + ——Esinza MZ2cos (A4) 7. 2 232 A 2
6, =M, T3~ 3SIMow|Mzcos 25, = J(MZ_+p7+2M%)? = 4(M,_p—M3sin28)7].
(A10)
2
2 2 .
MG =mg o+ §sm20WM 2cos 28, (A5)

Neutralino masses: The neutralino mass term is

1 1
2 2 o2 g 2
M3, mg (2 3S|n26\,\,)MZcos2,8, L
(AB) ﬁnm=—§(BL W Hji. H3)
1 B
2 _ 2 T 2 L
M3 mg, 3S|n249WM £cos 28, (A7) e
XMyl -, | tHc, (Al1)
1 Hi
M2 =m? —|Z—sir?6,,|M2cos 28 (A8) =0
e hiz |2 W)z ' Hao
2 2 . 2
M: =m: —sirf6,,M5cos 26. A9 ~ g~ . .
e e, wMzcos 28 (A9 whereB, ,\W?2 ,HY are the U(1) gaugino, the third compo-
nent of the SU(2), gaugino, and the neutral components of
Chargino masses: Higgsinos, respectively. The matrM , is
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My, 0 —MgzsinfycosB M sin6ysin g
0 My, M_cosf,cosB  —M,coshysins
Ma=1 _M,sinbycosB  M,cosbucoss 0 —p (A12)
MzsinfysinB  —Mzcos6ysinB —p 0
|
When the SUSY breaking scaMgsy is rather larger than Higgs scalar masses:
the electroweak breaking scalé,, the analytic expressions
for the eigenvalues df, are given by mﬁf m2+m3+2p2+ M3, (A7)
M 2sir? 6 ma=m2+ms+2p? A18
Mmo=M, +—=—— (M, +psin2g), (A13) DR (A18)
1 1 Mi _p2 1
1
1
M= S[Ma+MZ+ J(mi+M2)?— 4maM7cos2],
M2cog 6y _ A19
m’;(g:M}\z'f‘ F(MAZ—FPS”]ZB)’ ( )
- Al4) 1
( mE= 5[+ M2~ (m+ MZ)?— 4mEMZcog24].
M2(1+sin2B) (A20)
Myo=p+ 5 _ZM — 7 (P~ My coS by
: (p ’\1)(p >‘2) APPENDIX B: THE SUSY THRESHOLD CORRECTIONS
_ M)\zsinzew), (A15) TO THE STANDARD GAUGE COUPLINGS
In this appendix we present the explicit forms of the
2 . SUSY threshold correctiond>(i=1,2,3) to the MSSM
Mz(1—sin28) i in th I
m;o=p+ (p+M,_cosby gauge coup ing$27,2§ |.n.t e same approximation as Ap—
4 2(p+My )(p+My) t pendix A. For the explicit forms of the Yukawa coupling
. thresholds, see Ref§27,28. The corrected valuea; (A)
+M,,Sir’ fy). (A16) o given by '
2 2
————=————A%A)-APR, B1
e (h) ) ATA (B1)
1 (Mt 4 (M3 T 1 [Mg M5
IS + - . + + -
=—In|l— |+ =In| — | — - = +—In| —
AT(A) 15In( A 15In( A ) 5smzéftln 30In( A 15In( 1
1 Mg\ 1 (M7} 1 (M7 1 M7,
—1—05|n205|n e +l—oln( |t % 1—Osm20;In -
1o (Mo | a4 Mgl 1 (Mg 1 (Mg,
+ — +— - = +—
.221,2 [ 15'”( A 15'”( N A S AT Y
1 (Mg, 1 i 2 (M, 1 . _ my,
+1—0In< | tsnl 3 ]+5In e —g(S|r120,_+5|r120R)ln —} , (B2)
1
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1 (Mt
IS _ - +
A3(A)= 3| — )
1 Mi | 1 Mau)
— osirfgiin| — | + 5 In
3 t MT) 3i:1,2 ( A
1| ME”) ! in gl Vs,
+ —=In — —=SlI n
6\ A 6 Mg
1 Mg\ 1 (M7,
+6i=§;’2In( AL )
1 Mzl 1 Me,
_Esm20;|n = +gi_21’2In( 1
4 r-n;;l 2 m~2 .
+§In T +§In T +§(sm20,_
. My,
+sirfég)In| — (B3)
My
AS(A)=21 M), 1 | M5 | Mé
sM)=2In| =+ g 2 | Inl 1) Inl
1 M3, Ugi Mg,
+€i:1]2 In( A +1In A +1In A
IvlaRi
+1In A , (B4)

PHYSICAL REVIEW [®1 055008

0 (i=1),
1
, - (i=2),
APR_—Ci(Zi')_ 6x (72 (B5)
1

All the mass parameters in the above formulas are defined in
Sec. Il and Appendix A. The squark and chargino mixing
angles#; and ¢, are given by

2|my(A¢— p cotB)|

tan 26;= T 4 , (B6)
m2 —mé+| = — =sir?6,, | M2cos 23
Qs 't 12 3 wjz
2|my(Ap— p tan
tan 20; - | bl( b2M Bl ’
m2 —mé—| = — Zsir?6,,| M2cos 23
Q b |2 3T Wz
(B7)
2Im(A,— utan
tan 26-= Im(A,— utanp)| |
2 2 (1 . 2
m~L3—rrrT—(§—25|r?6W)Mzc052ﬁ
(B8)
2\2M (M, ,cosB+ p sin B)
tan 26, = > 5 > , (B9)
sz—,u —2My,cos 28
2\2M (M, sinB+ u cosp)
tan 26g= > 5 > .
sz—,u +2My,cos 28
(B10)
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