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We investigate the muon anomalous magnetic dipole mortdBiM ), the muon electric dipole moment
(EDM) and the lepton-flavor-violating decays of théepton,7— wy and7— 3u, in the CP-violating minimal
supersymmetric standard model with nonuniversal soft-supersymmetry breaking. We evaluate numerically the
muon EDM and the branching rati® — wy) andB(7—3u), after taking into account the experimental
constraints from the electron EDM and muon MDM. Upon imposition of the experimental limits on our
theoretical predictions for the aforementioned branching ratios and the muon MDM, we obtain an upper bound
of about 10 %%¢ cm on the muon EDM which lies well within the explorable reach of the proposed experiment
at BNL.
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[. INTRODUCTION standard model(MSSM). Considering the possibl&P-

violation phases, Ibrahirat al. made a similar analysis in the

Recently, the Muorg,, —2 Collaboration has reported the N=1 supergravity mode[15]. A systematic analysis on
world average experimental value on the muon anomaloukepton-flavor-violating processes aral,-value within the

magnetic dipole momer(tMDM) [1]: framework of the supersymmetry seesaw mechanism was
1 given by Hisanoet al. [16]. Involving the coupling of the
aHEE(gM_2)=(11659203: 8)x10°1° (0.7 ppm. second-generation with the third generation superparticles,

the contributions oR-parity violation toa,, have been evalu-
ated[17] and discussions oa,, in the supersymmetric grand
unified theories(GUTs) are also made by some theorists
[18]. A comparative study om, in various supersymmetric
a,(SM)=(116591777)X1071° (0.6 ppm. models has also been presented in some recent ib&s
Provided one of the neutral Higgs bosons is of small mass,
The experimental value differs from the SM prediction by the authors of Ref{20] calculated the anomalous magnetic
1.6 standard deviation (1o§. Even though the 16 devia-  dipole moment of a muon in the two-Higgs doublet model.
tion is not very serious, this gap might be filled up by aAn analysis of the muon anomalous magnetic dipole moment
contribution from new physics beyond the SM. It seems thain other extensions of the standard model has been given
a weak-scale new physics would fix the discrepg®¢|. I [21]. Alternatively, we will apply the effective Lagrangian
the frgmewqu of the SM, _the contribution &, is tradition-  [22 23 to analyze the muon anomalous magnetic dipole mo-
ally divided into several pieces: ment in the CP-violating MSSM with nonuniversal soft-
supersymmetry breaking, i.e., this interaction which violates
the lepton flavor conservation is mediated by the nonuniver-
ﬁal soft-supersymmetry breaking parameters. It is well
known that the lepton-flavor-violating decays are also ideal
ocesses to detect possible “new” physics beyond the SM.
o far, the experiments have not found any substantive evi-
dence of such processes yet, instead, the experimental obser-
vation only sets upper bounds on those decay branching ra-
5 Gem? tios, for example B(7—u7y) and B(7—3u) [26].
aEW=> “F k Obviously, any new physics must be constrained by these
ko 38\2m? bounds.
In this work, we investigate the lepton-flavor-violating de-
The two-loop electroweakEW-)sector contributions ta,,  cayst—uy, 7—3u, and the muon MDM, electric dipole
are also discussed in R¢LL3]. Provided the recent measure- moment(EDM) in the framework of the MSSM with the
ment ofa, is taken to be a signal of new physics beyond thenonuniversal soft-supersymmetry breaking. In the supersym-
SM, whose corrections ta, are extensively discussed in metric theories, there are many new physiC-violating
literature, some authof44] have analyzed the muon anoma- phases that are absent in the SM. Considering the renormal-
lous magnetic dipole moment in the minimal supersymmetridzation condition onCP-odd Higgs boson[27], we can

In the framework of the standard mod&M), the value of
a,(SM) is currently evaluated to He]

_ AQED hadronic EW
a,=a, +ta, ta; .

The QED loop effects have already been computed to hig
orders[5,6]. A thorough analysis on hadronic contributions
to the muon anomalous magnetic dipole moment is present
in Ref. [7]. At the one-loop level, the contribution of the
standard model is formulated §8-12]
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choo_se thew-parameter in the su_perpotential, and set the W:MEinilsz"'Eijh:Jﬂill:}ﬁJ
nondiagonal elements of the bilinear soft-supersymmetry
breaking parametersnfi;, M, M, My, Mo, (1#J) +e;hHQID+ ¢ hiyHZQ; U7, D

and soft trilinear couplingd", A%, A' with the physicalCP

phases after properly redefining the fields in the thédsp L R R

to one-loop order, thos&P-violating phases induce the mix- HereH?!, H? are the Higgs superfieldQ' andL' are quark
ing among theCP-even andCP-odd Higgs bosor{28,29  and lepton superfields in doublets of the wezll{(2) group,
and modify the Higgs boson couplings to the up- and downwhere =1, 2, 3 are the indices of generations; the remaining
quarks, and to the gauge bosons drastida@8}. The current  syperfieldd)', D' andR' are the quark superfields of u- and
experimental lower bound on the mass of the lightest neutrad-types and charged leptons in singlets of the w8&k2)
Higgs can be reduced to 60 G¢®9]. At present, the experi- respectively. Indices i, j are contracted for t8&42) group,
mental upper bound on the electron EDM is E28]: [de]  andh', h"d are the Yukawa couplings. To break the super-
<0.5x10 %% cm. In order to rationally predict the muon symmetry, the nonuniversal soft-supersymmetry breaking
EDM, we need to take the electron EDM as a rigorous conterms are introduced as

straint into account. It is well known that the two-loop Barr-

Zee-type diagramf24] may also give a large contribution to 2 gleggl 2 g2k g2 2 TleTd

the electron EDM[25], thus in our discussion, we include Esor==MyaHiHi —myHTHE=m, , L7 L

the relevant two-loop Barr-Zee-type contributions to the —mzuﬁ'*f@—mzué!*@—mz YENE
EDM of charged leptons. R el = U
Here, we adopt the notation of Ref30], the relevant —m2uD"* B4+ (M gh g+ Moy + MaAENE
nonuniversal soft-supersymmetry breaking terms and Feyn-
man rules can also be found in RE:BD]. Our paper is orga- + H.c.)+[,uBeini1Hj2+ EijAIIJHiltj!“F'QJ
nized as follows. In Sec. Il, we introduce ti@P-violating
MSSM with nonuniversal soft-supersymmetry breaking. In +6;AH{ QD+ ;A}H QU+ H.cl, )

Sec. lll, we analyze the loop-corrections to #ve'y effec-

tive vertex. The muon anomalous magnetic dipole moment 5 ) ) ) 5 )

and the decay width of— .y in the supersymmetric mod- Wheremy:, Mpo, M{1y, Mg, Mg, MG and my,; are the
els are eventually formulated. The-3u is analyzed in Sec. square masses of the superpartictag, m,, m; denote the
IV. Within the experimentally allowed range for the con- masses ofAg(a=1, 2, --- 8), Aa(i=1, 2, 3) and \g,
cerned parameters, our numerical analysis is presented imhich are theSU(3)xX SU(2)xU(1) gauginosB is a free
Sec. V. Upon imposition of the experimental limits on the parameter in unit of mass. I84,¢;, the nonuniversal terms
theoretical predictions of the branching ratios and the elecare () in the bilinear cou|o|ingsmiu,mﬁu,méIJ with | #J;
tron EDM and muon MDM,_we obtain an upper bound on hereas for £ mE”,mLZJ”,sz” are the universal soft
the muon EDM. Then we will make a brief summary abOUttermS'(b) in the trilinear coupIingsA' U Ad it |
the method and model we employ in this work and discuss ’ 1T

: d
the obtained results in the last section. The tedious formula@® the. nonuniversal lpartsd Wh(greas as 1A LA LA are
are collected in Appendixes. the universal partsA;, A5, A (1, =1, 2, 3) are the

soft-supersymmetry breaking parameters that result in mass
splitting between leptons, quarks and their supersymmetric
partners. With the soft-supersymmetry breaking terms in Eq.
(2), we can study the phenomenology in the minimal super-

The most general form of the superpotential which has theymmetric extension of the standard mod@®ISSM). The
gauge invariance and retains all the conservation laws of theesultant 6<6 square-mass matrix of the charged scalar lep-
SM is written as tons is written as

IIl. THE MSSM WITH NONUNIVERSAL
SOFT-SUPERSYMMETRY BREAKING

2mySw |
CpAg

2
mL|J+

1
ma+ (5 + s\2,\,> cos %m%} M —mau* tanBs'l+

MySw
e

2
—mgutangs + CoA  Mpu+(mE+ sy cos 28m3) 8-

!please be noted, here we use th@arameter following the literature. We hope that it will not cause any confusion with the muon which
is sometimes written ag.

2At the Lagrangian level, all the couplings may be complex. However some phases are unphysical; for evaluating the physical processes,
they are not necessary and we can remove those phases by redefining the wave funitios' @¥. This step is the same as to define the
physicalCP phase of the Cabibbo-Kobayashi-Maskai@d&KM) matrix elements in the SM case.
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while the 3X 3 sneutrino square-mass matrix is expressed asions for the off-diagonal elements of the charged slepton
square-mass matrix are more complicated:

1
mé=| — > cos 28m28"+m’ |, (4)
v 2 AmZ =cosfg, cosfz m?
mEij—cos E, COSOE, M{j
with mg (I=1, 2, 3) being the mass of the charged lepton
of the I-th generation. Two mixing matrices, ¢ which di-
agonalize the square-mass matrices of the sneutrino and

charged slepton respectively are defined as

. . S~ =\ D
+sin 0, sm6~EJe'(¢Ej EImz

2mySy,C i .
+ —ﬁ[cosegj sin 6~Eie*'¢E.A}i*
o2 2 2 2 o
Zym; 2= diagm;,, 1 m), +cosfe, sinde, & A,

2 2
2zl EME ZE—d|agm~ , ~E2,---,m~ ). (5) om
AmZ M[cos# coséz Al
E, E.Ajj
As for the up- and down-type scalar quarks, we can define Bia+i) e ' i

the mixing matrices similarl : C o —i(dE 4 éE) Al
9 y —sin g, sindg e (P8 IR A

2 2

T2 7 — 2 2 2 , .
ZDmDZU—dlanul, mg, ~,mU6), —COSfg sinfg e "/’Ejmfij
[ J
. —ih= 2
to2 o i 022 2 +cosfg. sinfge ' PEms;,
ZgmgZp=diagmg , mg ,---,mg ), 6 B> UE, TR
. .2 2
the expressions for those mass matrices, mz can be 2 — Am2*

found in Ref.[30]. @i SICEDN

In order to suppress unexpectedly large effective FCNC

. . o 2 2
interactions, it is natural to assume’,;<m’,;, m R|J<mRII AmZ =cose~Eicos$Ejm2Rij

. Ea4iy(asi
and Aj,;<A|, with J#1. Accurate to orderO([Axg, /(x& (@+1)(E+1)
—xs)]z) we write down the expression of the m|xmg ma- +sin6g, sin Héje'((béi*d’éi)miii
trlces which diagonalize the scalar fermion square-mass ma- 5
trices _ MwSwCs i —igE Al
[cosbg singg e™ "B A
i i
TIJ - Co )
=U;, (L1=123 @) +cosfg singg e PEA! ]
i i 14
and
2 2 PR ..
Amz =Am: =0, (i, j=1, 2, 3; i#]).
Tai _ —ipg. E3+ii Ei(3+i)
Zg UE c050E+UE( sm&*E E, (10)
zIC = Uz singe B+ Ug CcosHz : ; ;
E Eui E~ T FE.@+i) Ei For a special case where there is degeneracy among the ei-

genvalues of the square-mass matrix, the explicit forms of
the mixing matrices are given in Appendix A.
As we will find in the following sections, the effective

Lagrangians obje'y ande —3e’ are mediated by a com-

(a=1,---,6; 1i=1,2,3. (8

In general, theN X N transformation matricedls . can be

written as bination of the following couplings:
Axe |? il B3a o
— |Axs,| G{Vlzgiﬂ ' glix gli g1 Zda
S #i 2(xs xs)
Us = AXs, Axg, AXs 9 Giglt)fja}:ziizz—jzlf* z,
ST x —Xs kAT, | (ij—Xsl)(ij—Xsk)’
18I ix H2j% o1B%
G = Zx z2x z\px ze
where[Amg |<|m§ mS| (i,j= , N). The symbols v " v
are deflned asAxS AmS/mW, Xs = mS/mW with S -
c G{'HBJa}_ZZi*ZZjZIB* zJa
=v, E. For the sneutrlnosAan”(#J) mLi,-. The expres- ) T E- Eesy v o
1]
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{ijl pIa} J i i
G =|Z2"(Z\*sw+2{*cw)
m JCW . .
—me—CZ,(*:H)a*Zﬁl* [Z'IEB(Z][\-IJSW
W B
. m, ICW f
+2ow - o2z,
W g
{ijl BIa} GB+Nax -1i , MeICW _gax _ 3
=|2sy 2% ZN+ Z= " Z
L(b) W< E N mWCB E N
x| z8(zlsw+ Z8cw)
MelCw _(3+1)8 3
T, E IN)
W& B
{ijl Bla} Ja - ;
L(©) :[ZE *(Z,{II*SW‘FZﬁI*Cw)
m JCW . .
_ me - ZS+J)Q*Z§|* ZSWZLESJrI)BZ]N]*
Wv B
m ICW .
e ZLEBZﬁ* '
MyCp
{ijl pla} GB+dax 1, MeICW _ 30k 3
L(d) _[ZSWZE ZN+ chBZE ZN
) Mg C )
B+DB H1jx e W 18 5 3jx%
X ZSWZE Zy -I——m CBZEZN . (11

Generally, we can recast the combined couplings in terms of

Eq. (7) and Eq.(8). For example, we can write the coupling
{ij1 B3a}
)

Ax;
1 I A S S
+ + BlY%ad al

{ijl BIa}
»(@)

v

Bli£p

12

where the first term just contributes to the muon MDM and
EDM, while the other terms contribute to both the muon
MDM, EDM and the flavor changing neutral currd RCNC)

processes of leptons. The other couplings can also be written
down in a similar way; for saving space, we omit those con-

crete expressions here.
It is well known that one can apply the mass insertion
approximation(MIA) to simplify the expressions of super-

PHYSICAL REVIEW D 68, 016004 (2003

drawback is obvious while evaluating some processes where
degeneracy of masses does not exist. Instead, in this work,
we carry out all the calculations rigorously in the mass basis
and keep appropriate pole masses in the propagators and
mixing entries between various flavors at the vertices. We
only expand the mixing matrix Z{” in the soft-
supersymmetry breaking terms with respect to the mixing
parameteriAxg”_/(xgi—xéj)]2 which are small as long as

i #].

To be more explicit, we would like to compare our ap-
proach with the MIA method, and point out the improve-
ments of our scheme from the MIA.

(i) When the mixing between left- and right-handed sfer-
mions is negligible, i.e. 6s~0 (S=U,, D;, E;) and
|Am§ij|<|m§i—m§j| (i, j=1,... N), our results are in ac-
cord with the result of MIA at the lowest order dfxslj.

When 65#0 (S=U;, D, E;), indeed, our approach is an
improvement over the MIA.

(i) When all the eigenvalues of the mass matrix are ap-
proximately degenerate, just as proved38&], our results are
the same as that of MIA at the lowest ordermts”_.

(i) As some eigenvalues of the mass matrix are only
approximately degenerate, simple applications of the MIA
method are invalid33]. Now, there is a large flavor mixing
in the sfermion sectafcertainly, such flavor changing effects
will be suppressed by the mass of the heavy sfermion in our
detectable processes

In our numerical results, we will extensively discuss the
first and third statements. In the following section, we give
the formulas of the muon MDM, EDM, and the decay width
of T—puy.

IIl. THE MUON ANOMALOUS MAGNETIC AND
ELECTRIC DIPOLE MOMENTS

The effective Lagrangian is extensively applied to evalu-
ating rare decay widths df, c-quarks[34—37. Derivation
of the Lagrangian is carried out according to the following
principle: if all the masses;’s of the internal particles in the
loops are much larger than the external momentam,%.
>p?, thus the heavy particles can be integrated out. In our
case, all the SUSY particles are integrated out and their con-
tributions are attributed into the Wilson coefficients in the
effective Lagrangian.

For the W-boson propagator, we adopt the nonlirear
gauge whose gauge fixing term[38]

1
—fTf
¢

with f=(9,W"*—ieA, W *—iémy¢™) and specifically
we seté=1 in the later calculations. A thorough discussion

Egaug&fixing: - (13

symmetric contributions to FCNC processes which are in@bout the gauge invariance in this situation has been given

duced via loop diagramg31,32. In that approach, a small

[39,40.

off-diagonal mass is inserted into the mass matrix which is The Feynman diagrams fa@’e'y in the supersymmetric
written in the basis of the weak interaction and an approxi-model are drawn in Fig. 1, the effective Lagrangian is written

mate degeneracy of the squark masses is assumed. Thus

He
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5
4G e ¥
Loer= 5 2, Cl (w07, (14)

and the operator basis consists of ten operators

_ 1 —
O;F el(iD)3w. e,
L Gy (iD)w

e'{iD,eF-o}w-¢€',

OI
2 (4m)?

_ 1 —
0= e’iD (ieF*")y, w-¢€',
3T amz Y

0, = ! mMee’(iB)2w_¢€
4 (4)? © o

. = |
O5=——-mgeeF-oo_e,
(4m)

PHYSICAL REVIEW [»8, 016004 (2003

FIG. 1. The Feynman diagrams which con-

tribute to the e'eJy effective Lagrangian in
MSSM.

1 _
Of= mye’(iD)%w €',
4 (477)2 el ( )w+

+ 1 3 [
O = mge'eF-ocw €. (15

(4m)?

This basis also exists in the case of $86]. In these opera-
tors, D,LEﬁM—lleQeAw F.=d,A,—d,A, denoting the
electromagnetic field strength tensor akRdo=F,, o"".
The terms of dimension-four which are related to the

e’y,w.€ vertex cancel each other as long as weeleand
e’ leptons be on their mass shelB5], so that they do not

Jal
exist in £°°” at all. To shorten the text length, we present
the one-loop contributions to the Wilson coefficients
C;" (uw) in an Appendix. Here, we give the detailed expres-
sions for the two-loop Barr-Zee-type diagragfsg. 2). After
integrating out the heavy degrees of freedom, we obtain the
two-loop Wilson coefficients:

FIG. 2. The two-loop Barr-Zee-type Feynman
diagrams which contribute to thete’y effective
Lagrangian in MSSM.
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etang
C;(Z—Ioop)(:uw): [

i j +0.D.
erma| > 2G5 2TV TUP)* QUG (X~ X5, X5) + QaG (X X5, X5,
'WoW

K,L,1,j

= 2 2 ZE TR Gk e )+ 4V2Ne D QGGG i g
uD :

AT QJ(T > ZK'*ZK' Q2sgd'

(T)+52)+ (TAQ Q)y* (T > 2525 - Q2 sW5”>s\2N

+422 G( chA,chE ClXE) (Ti+s§)
E

ErE. Kix K| i
[AE EJ(T|; ZEI*ZEJ—S\ZN(S”

+4\/_

_(I‘AE E')*<TE ZKIZKJ* SW5”

o

etang
— 1IN
1282m2mysy | KT

e [ X
Ne>, QA QF| —
XA

. [XE
+> TAEER|
E XA

Ca(2-toop)(Hw) = 0 25 VK (TR TUPHI QUG (x4~ X0, X5 ) + QG (Xp- XB X5 ]

Lij

-2 28 20 E)G(xy - xg, )+ 442Ng 2 QqG(Chixi Civg (Chxa)

—FA@‘N?J(Tq; 28" 28 - Q2sh o s€N+<rA5i*5j>*(Tq§ z8 Z5* - Q2sy, o) (T.+s3v>}
+4J—Z G(chA,chE CoE,) FANE?NEJ(Tl; zé‘*zg"—s\%\,&i)s@
—em [ XD,
— (TAEEjy* (TE ZE8zE 21| } 4[ Ne>, QA9 QJ‘F(X—)
o A
_e [xE
+ TAEEF X—A‘ S, (16)
E

. 2 1
with q=u;, di, Qu =3, Qu. =3, Ty=—Tg=

F(a), G(a,b,c) are given by
F(a)zfldx X(1—X)
0

a—x(1—x) :

1
—T,i= > (i=1,2,3) andN.=3 is the color factor. The two-loop functions

X(1—X)
a

ax(1—x)Ina
(a—D[ax(1—x)—bx—c(1—x)]

G(a,b,c)=j1dxx|
0

X(1=X)[bx+c(1—x)]

bx+c(1—x)
* [ax(1—x)—bXx—=c(1—X)][X(1—=X)—bx—c(1—X)] n

X(1—Xx)

] . (17)

The couplings between the scalar quarks and Higgs are prgauge bosons W or Z, are obtairf@®b]. The gauge invariant
sented in Appendix C. Integrating out the heavy degrees diorms of the vertices should be

freedom in the loops, effective vertices 9l V whereH is a

neutral or charged Higgs boson and V stands for the vector factor<[(k-0)g,,—k,q,]
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eJ KT e.l eJ ""'2 eJ
7o 5% B 5,
I K; I : &Y :
Vel " " ‘6; Vel - 'eJr
(a) (b) , ,
FIG. 3. The Feynman diagrams which con-
e’ e tribute to thee —3e’ in MSSM.
z, HY, AY
i J
e €
(c)

whereq, andk, are the four-momenta of the photon and wheree is the polarization of the emitted photon. The form

vector gauge bosofW or Z) and the factor depends on the factorsFHM,F'fﬂw are formulated as

heavy degrees of freedom, the two-loop Barr-Zee type dia-

grams only induce the nonzero contributions to the coeffi- L o

cient C5i . FT—>;L7 CZ +C5 +
Settingl =J=2 in Eq.(14), we obtain the muon anoma-

lous magnetic dipole moment in the MSSM:

m, _
I . FR.,,=Cs+Cd+ m’: C,. (22)
sa, = F . c;+cg+§(cg+cg) . (19
\/577 1=J=2 From Eq.(20), we have the decay width as

Correspondingly, the muon electric dipole moment is 2G2 3
m>

r,. m?|F 2+ m2|F 2. (22

susy_ \/—GF NeGEm, TRy 1287° prrecal | Tﬂ'uy| - THM" ] (22

d ———[C5—Cgli=3-2. (19

N

I IV. THE LEPTON-FLAVOR-VIOLATING DECAY 3
For the FCNC process— uy, the contributions from the T

SM and the Higgs sector are suppressed by the small ratio The effective Lagrangian for—3u is induced by the
X, —m /mW The supersymmetric contribution originates following four pieces:y, Z, H-mediating penguin and box

from the sneutrino- -chargino loop and the amplitude reads diagrams. Those Feynman diagrams are shown in Fig. 3 and
Fig. 4. After integrating out these heavy degrees of freedom,

eGe — the effective Lagrangian is written as
ATHM}/: - m(mMFTHﬂyﬂ'[/que]w—T

ETH3MZG'2:m > c.o (23
+mFR . ullg,/€lo. 1), (20 R

Z, H?, AY, Z, H?, A",
*

FIG. 4. The penguin diagrams in MSSM
whereZ, Hio, A° are involved respectively.
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with those operators being Qs= o, THW L. (24
Q1=;ypw_7;7”w_,u, The differential width ofr—3u is
0 I AP d4r Gimd, 1
2T MY, 0L THY W4 My _ Pr'lw

= M]?, 25
- — dmé,dms, (2m)7 32n§| | 25
Q= pw_TUO_ [,

wheremﬁ-z(pi+pj)2, andp;(i=1, 2, 3) are the momenta

Qu=po_Tpo . U, of the outgoing muons in the rest frame ofWith Eq. (23),
_ one obtains the square of the transition matrix elerhéi
Os=po, TUW_ 4, as

| M[2={4(mZ+ mi— mZ,) (m3,— Zmi)(|cl|2+ |Col?) +4(mi+ mi— M5g) (M55~ 2mi)(|C3|2+ |C4l?+|Csl?+[Cel?)
+8m,mSRe(4C,CJ+ C4C{+ C,4Cl) +4m? (m2+m? —mi,)Re(C,CI+ C,Cl) +4m’ (m2+m’ — mZy) Re(C,C}
+C,CI)+4m,m,(mZ+m? —mf,— ms) Re(C,CL + C,C)) +4m,m, (mi,— 2m’)Re(C,C{ + C,CY)

+4m’,(m2+m’, — m3y) Re(C3CH+ CsC) + 4m,m, (m3;— 2m%)Re(C5C I+ C,CH} (26)

V. NUMERICAL RESULT AND DISCUSSION be introduced. Thus when all the concerned parameters
. . . . evolve from the GUT scale down to the electroweak scale by
In this section, we present our numerlcall ana_IyS|s on th‘?he renormalization group equation&RGE), the flavor
muon MDM, EDM and the lepton-flavor-violating decay changing parts in the effective Lagrangian emerge only
processes in the supersymmetric scenario with the NONUNiRrough the CKM mechanism. The induced FCNC-related
versal soft-supersymmetry breaking. In the lepton sector ancay modes would have very small branching ratios which
MSSM, there are 153G (G denotes the generation num- are much lower than the experimental bounds. Therefore, we
ben new free parameters besides the SM parametergould rather adopt an alternative parametrization which may
d1, 92, Mg (1=1, 2, 3). Too many parameters reduce theimply a different physics picture from the GUT scenario, i.e.
predictability of the model and before any direct evidence ofto choose a set of parameters at the electroweak scale as
the SUSY particles is found, determining the free parametersputs. The numerical results depend on these parameters
is the most subtle and tough task in the supersymmetriand by imposing the experimental bounds, one can obtain
theory. To find a way out, the grand unified thedyUT)  constraints on the parameters. Just as in R&fl, we require
assumption is frequently adopted where all new physics pathe phase argf) =0 in order to suppress the one-loop con-
rameters are fully fixed from only five free parameters at thetribution to the electron EDM. At the lowest order we can
grand unification scale. In that scenario, all the input masseshoose the parameter basis which is responsible for changing
conserve flavors, namely there are no off-diagonal masses tepton flavors as following:

2

2
, my, m,, tanB, m=, m=
K ! 2 P E E@+)

aély ¢E|| mil‘]! méu: AI|J1 (Il ‘]:11 21 31 I;é‘])'
Correspondingly, the square mass of the sneutrino is given through the relation

2 _ 2 2 2. 2
me —co§0E|mEI+S|n20~EImE(3H) m¢ + mg,cos 28.

4|

There are several releva@P phases:ip;, = ¢71 for 1=2, ¢7= ¢ for =3, and ¢A:J, ¢mf ) ¢m’§ (I1+#J) are theCP
1J 1J

phases of parameteA{J, mf” and m%w respectively. To simplify our discussion, we assume that the bilinear and trilinear
2
BI
= méléu. As aforementioned, the nontrivi@lP phases lead to a large mixing among the neutral Higgs f{@ék Consid-

ering the two-loop Yukawa and QCD corrections to the effective potential, the square mass matrix for the neutral Higgs boson
is written as

. . . 2 2 2 2
couplings of scalar quarks are all universal, i&;=Ayd;, A?“-,=Ad|5IJ and my =mg 3, m J=m5|5”, mg |
1J |
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8mysiy MiSiy
m3s;— ———[\1C5 —M3spCs— ———[(Na+N4)SeCs Im(\s)Sp
2 ) ) +1Im(X\g)Cp
+Re(As)sg+ Re(Ng)SsC4] +Re(\g)Cs+ Re(\7)sg]
2 2 &2 2 &2
m o= 8my,swy 8my,s (27)
H W W-W
—M3spCs— ———L(\3+X\4)SeCh mics— ———[ NS5 Im(\s)Sp
, © 5 X +1Im(Ng)Cy
+Re(Ng)Ciz+Re(N7)sp +Re(\s)c+Re(h7)ssCy
Im(Xs)Sp+1m(Ng)Cp Im(Xs)Cp+Im(N7)s, m2
|
with the square mas®?: ning the parameter space. Takin@A|23= ¢>A|32= qsmf
23
— — 2 | _ 2 | _ |
L, Amis[1 =2 = w2, and |m{ |=|mg |=100 GeV, |Ay
Ma=My==—5— M~ Re(Xs) . (28)  =|ALJ=100 GeV, we plot the muon MDM versus the pa-

rameterm, in Fig. 5. Within 1o tolerance, we find that the

Here, the parameten,,- represents the mass of the physicaltheoretical predict_ion coincides with the gxperimental data
charged Higgs-bosons, and the concrete expressions of tfiather well if a suitable parameter range is adopted. As for
other parameters;(i=1,2,...,7) arepresented in Appen- R
dix F. As pointed out by the authors of Rg29], the experi- 45" O ' ' '
mental lower bound on the mass of the lightest neutral Higgs /\\mﬁ:s
boson mass can be reduced to 60 GeV in @reviolating
MSSM. In the numerical analysis of this work, we take this
lower bound as an input. With above specification about the
parameter space, we carry out our numerical computations
Without losing generality, we takeny+=300 GeV,m;

=1 TeV, Mg, =M, = 10 TeV, m, = m;1=500 GeV, me,
=m; =700 GeV, 0z=¢=0, 0;=0;=ml4, m{,=mis
=Ma=Ma=0 GeV?,  Al,=Al,=Ab=Al=0 GeV,
Msysy=1 TeV, m=174 GeV, m,=4.5 GeV, mgs=ms "
= m53:500 GeV, At:Ab:el(ﬂM) TeV all thl’ough the pa- 1X10.gooo ' -1000 ‘ 0 . 1000 ‘ 2000
per. Indeed, the electron EDM is a very rigorous constraint to my (GeV)
the parameters. Although we set tG® phase which is only (a)
related to the first generation of sleptons to be z@nahis .

case the one-loop contribution to the electron EDM is also ,svsr ™ ' '
zero, the nonzerdCP phases which are related to the second "‘”"’:77\

and third generations can also lead to a large EDM of elec-
tron via the two-loop Baar-Zee diagrams. For some regions
in the parameter space, the two-loop Barr-Zee diagrams
would contribute an EDM of an electron which is larger than F=5

the experimental upper bound. Thus the electron EDM re- ™ g 2
stricts the relevant parameters via the two-loop diagrams
Considering the constraint of the electron EDM through two-
loop Barr-Zee diagrams involving sleptons, we set @R
phasesp;, = ¢;= m/18.

At present, the experimental upper bounds on the branch - _ . . .

ing ratios of the two lepton-flavor-violating processes are -2000 -1000 0 1000 ( 2030
my (GeV

1x10°

B(r—puy)<1.1x10® B(r—3u)<1.9x10 S (b)

Upon imposition of the experimental limits on our theoreti-  FiG. 5. The muon anomalous magnetic dipole moment versus
cal predictions for the branching ratios and the muon MDM,m, in MSSM with (a) w=—200 GeV, (b) x=200 GeV and

we find _that the_ contribution to the muon MDM from slepton tanB=5, 50, the other parameters are set as in the text. The shaded
generation mixing parameters is much less than the contriegion is allowed by r tolerance from the most recent experimen-
bution from the flavor conserving parameters through scantal observation.
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1072 E y T T T T T y 3 Br(t — 3p)
: a;usy <10~ 1 ] [ T T T T T
107% '- -' 1x10° |
1075 E
- 1x107 |
10—24 3 3
10-% 1x10°
(Ul 4 3
3 —de (e-cm) [ ]
- i 1 1x10° L
02k P - -400 -200 0 200 400
3 N, A dm? (GeV?)
N 1 L \il N 1 : (a)
-2000 -1000 0 1000 ) 2000 Br{r — 3p)
u(Ge
T T T
(2)
1x10° |
1072 E T T T E
—22
10 3 %107 |
10—23 E
[ 1x10° |
107%E i
-25 =
10 E E 1x10° A
3 3 -100 -50 0 50 100
i ] JA (GeV)
107 F S - A -
de (e em)~__ e (b)
107 F ;\\.‘ 3 FIG. 7. With ©=200 GeV and all zer€P phases, the branch-
F \ E ing ratio of 7—3u versus(@ m;_=mgZ =sm® or (b) Ay=Aj;
. ] . 1 . ] . = SA, the other parameters are taken as in the text.
-2000 -1000 0 1000 2000
4 (GeV)

Now, we analyze the lepton-flavor-violating decays of
(b) heavy-lepton7: 7—uy, 7—3u. With ©=200 GeV and
FIG. 6. The muon’s MDM and EDM, the electron’s EDM ver- s?ttlngs?llc\lj Fr)hastrenszto_brizze_rog,r;vze [pFI(i)t th; t))]ranrfglr;? ratio
sus the parameter in MSSM with (a) tang=5, (b) tan8=50; the 0 T_) M e. sus Lag Ry T LT 9. a. a 23
other parameters are the same as in the text. =A5=6A [Fig. 7(b)]. This result is slightly different from

] . that given in previous literature. We not only consider the
the calculation on the muon EDM, we must consider thecontributions from they-penguin, Z-penguin and the box

constr.aint from the electron EDM. WithaQtoIerance,.the diagrams, but also include the Higgs-penguin diagram. We
experimental upper bound on the electron EDM|d&|  notice that for larger tag values, the contribution of the
<0.5x10"*°ecm. With m,=500 GeV,éa, =éa,  Higgs-penguin diagram is not negligible, It is in analogue to
=¢2 =2 =2, and |mf |:|m§e |=100 GeV, its role for the rare leptonic decays Bfmeson. Numerically,

N N 23 = _ we find that the contribution of thg-penguin is much less
|Azg =|A23 =100 GeV, and ta="5,50 respectively, We o that of thez-penguin and box diagrams. For the case of
plot the electron EDM, the muon EDM, and the muon MDM

- : nonzeroA'23, A'32 and large tamB, the Higgs-penguin dia-
versus the parameter in Fig. 6. We find that the muon : . I Al 2
EDM can reach 10% (e cm), which is one order above the 90" |23 also non-negligible. Wheh23— 632__0' butmi.,,.
proposed sensitivity of the coming experimenfgl];  andmg are not zero, the main contribution to the decay
10 2 (e cm), while the muon MDM and the electron EDM width of 7—3u comes from theZ-penguin and box dia-
are also consistent with the experimental data. grams. By this we can explain why the difference of the
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curves corresponding to t@h=5 and 50, is rather small, Br(t = uy)

whereas in Fig. (b) the difference is so obvious. As to — " T " T . T . T
—uy, wWhen we take into account the constraint fram - d
—3u, we find that its branching ratio is obviously lower 5| J
than the experimental bound. If the lepton flavor violation ; E
originates from the terrmf”, méij [Fig. 7(@)], the difference

between taB=5 and tar3=>50 is very small. If the lepton
flavor violation originates from the term!j [Fig. 7(b)], the
difference between tg8=5 and tarn3=50 is about two or-
ders. We also investigate the- xy in the model. Imposing
the constraint on the parameters fram:>3u, we find that
the branching ratio for— w7y is smaller than 108, beyond
the present experimental detecting ability. Assuming that the

1x10™" | e

1x107% | E

flavor violation originates fromrnfi,-, méi,-, we plot theB(r 1x10"? b— . =

— wy) within the possible parameter range in Fig. 8. The dm? (GeV?)
situation is similar to the case @f- 3w, namely if the flavor

violation originates from the term\!j , the branching ratio FIG. 8. TheBr(r—uy) versusm; =mg =om? the other
B(7—u7y) is much less than that if the mixingy;, ma;  Parameters are taken as in the text.

induces the flavor violation. long as we consider the constraints fram-3u. From the

methodology aspect, our method is equivalent to the MIA
scheme when all mass eigenvalues of the mass matrix are
almost degenerate, or the square mass difference among the
In this work, we investigate the muon anomalous mag-€igenvalues is much larger than the corresponding flavor vio-
netic dipole moment, muon electric dipole moment, and thdation parameters. For the case where only several mass ei-
branching ratios of— wy and 7— 3 in the framework of genvalugs are degenerate, the MIA is invalid. Indeed, our
the CP-violating MSSM with the nonuniversal soft- Method is an improvement over the MIA.
supersymmetry breaking. For the muon anomalous magnetic
dipole moment and electric dipole moment, the main contri-
bution comes from the parameters which conserve the fla- This work is partially supported by the National Natural
vors. Processt—3u occurs mainly through theZ-,  Science Foundation of China. One of the authdisF.F) is
H?-, A%penguins and box diagrams. It can help in under-also partly supported by the K. C. Wong Post-doctoral Re-
standing why the branching ratio ef— vy is so small as search Fund, Hong Kong.

VI. CONCLUSION
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APPENDIX A: THE MIXING MATRIX FOR THE SFERMION SECTOR

For the general case, the mixing matrices for the sfermions are given in the text. In this appendix, we present the mixing
matrix for the case where there is degeneracy in the mass spectra. In fact, we can always perform a transformation on the
sfermion mass matrix and turn it into a standard form:

25, M8%5 = s Am% m%* Am}“ Amf“ ol (A1)
0 Amsz4 Am534 Ms, AmSAs AmS46
s, o ang amg ng ang,
amds a0 ang, ani

with Améij being given in Eq(10) and the matrixZSLR is formulated as
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cosfs, 0 0 sinfs e”'’s: 0 0
0 cosfs, 0 0 sin Gsze‘i¢sz 0
0 0 cosfs, 0 0 sinfs e s,
Zs = . ; A2
SR | —singg e'’s 0 0 cosfs, 0 0 (A2)
0 —sinfs €' ’s, 0 0 cosfs, 0
0 0 —sinfge'’s, 0 0 cosfs,
|
Without losing generality, we assume that the finge<n Anxn Onx (6-n)
Za (A5)

=<5) eigenvalues satisfy the conditiomé—né~Am§__
( j ij

(i, j=1,...,n), for the scalar lepton sector the mixing ma-

trix is given as

O6-myxn Le—nyx@-n)/

Here, the matrixA is used to diagonalize the block matrix
méj (i, j=1,...n). Expanding Eq(A3), we have

Zs=Zg ZaV (A3)
Tai _ ||~ ~ ~ P —i¢E,
with Zg —UEaicosaEiﬂLUEami)sm&Eie E,
ta(B3+1) |l cimae aloE |1~ _
|AXSWAXSM|2 Zg =—Ug_sin 0Eie""E.+UEa(sﬂ)cos@Ei
VSlizl_z > 2 2 -
j#i o a (X5|_ij) (Xsl_Xsa) (a=1,...,6;1=1,2,3), (AB)
> |Axg |? where
@ (XSI_XSD)2
Us, =2 Vs As,
AXS_ AXS :
VS _ j o i
4 a (Xsi_xsj)(xsi_xsa) Usla: Sla’
2
B 1 |Axsai| Axsj BAXsﬁi
(xg—xs)? & (X s )(Xe,~Xg) Us, = Vs As. .
Ve — Axs, N AXs,AXs,, Us ,=Vs,, (A7)
S Xg—Xs, [7a (X5 =Xs,) (X5 = Xs,)
Axe Axe Ax APPENDIX B: EXPRESSIONS OF THE COEFFICIENTS IN
S Saj = "Si8™ " Spi ' EQ. (14 FOR THE LEPTON ANOMALOUS
T F (Xg7Xs)(Xg—Xs,)(Xs = Xs,) MAGNETIC DIPOLE MOMENT AND THE AMPLITUDE
OF DECAY MODE e'—e’y
AX Axg AX . - .
Ve = Sie | Sig™ "Spa The expressions of the coefficients in E34) for the
e Xs,~Xs  fFa (Xs,7Xg)(Xs, ~Xs))’ vertexe'e’y are
_ {iil ada} 2 (0)
v L |Axsaﬁ|2 Cy (mw)=—2eG () XK;B[41](XK;,X~V&)
Sy * )
“ B (Xs —Xs)?
B 1 il
+ _ZGL(a) fl(XEa,XKP),
- Axsﬁa AxsﬁiAXSm Cw
Vg = — : — —
pa (Xg =Xs,) T (Xs —Xs)(Xs,—Xs)
o B a BB i _ 1 jiitasw -
AXs AXsg CZ(MW):_EGV(E\) fl(XKi—,Xva)
By ya
+ , (A4)
ysﬁEa,,B (Xs, = Xs,)(Xs, = Xs ) 1 it
—4_ZGL(3) F1(XgaX,0),
and Cwy
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_ {iil da}| __(0) {iil ada}
Cs(kw) =~ 3G, {B[le(xki,x;a) Co (puw)=-— 2250 (Xe'XeJ)l/zfl(XKpX;a)
B
— —y _ _ ¥ {iil ada}
5 X Bay (X X5 —— Gl Fa(XgaX,),
w
7 2 0

- EXKFB[M](XKQXZCV)

{iil ada} (0)

Cs (w)=— STGV(d) (XeiXe)) M2 Bioyy(X,=X5a)
fiil ada} . _(2) Cs '
—5Gle 8[41](X~EQ,XK?):
w S (0) LA ) 5
- EXKi_B[Sl](XKi_’ V“)_ EXKi*B[41](XKi_lXV“)
_ 2 _fiilada}_3/2_1/2,(0)
C, (prw) \[BGy(b) in Xed ZS,[31]()('% Xa) 1 iitade) (2

- 6C2 GL(d) 8[41](XE“’XK?)1
1 fitwal 12,0 w
= G XEeX,0Ba1)(XEa X,0),

w
2 {iil ada} 3/2
+ _ 1/2,(0) -
- 1 iitasa) oD Cy(puw)=— \/C:Gy(c) XKierl 3[31](XK;,XVQ)
Cs (w)=— \/E_CGV(b) (XK;XeJ) 5[31](Xxi*ax$a) p
B 1 {iil ada} _ _1/2,40) ~
1 ity 1/2,,(0) 2 G XEQXK?B[?’”(XEQ'XK?)’
+ EGL(b) X"E'aXKioB[?)ll(XEa,XKiO), w
W
1 et} 2 0 - il ada) 12D .
CI—(MW) = — _ZG (d) (Xeler)1/2X —8[41](XK__, ;a) C5 (lu’W) =- _GV(C) (XK_*XeI) 8[31](XK.7!XVC')
CB v Ki i \/EC,B i i
1 il 1 Jiiteda 1/2.(0)
+ =Gl FilXEaX,0), + Gl XgaX 0B[31)(XEa,X,0). (B1)
Cw ! 2Cy i !

APPENDIX C: THE COUPLINGS AMONG THE SFERMIONS AND HIGGS FIELDS

In this appendix, we give the couplings among the scalar fermions and Higgs fields that involve the two-loop Barr-Zee-type
contributions to the Wilson coefficients:

2 2

-~ m m ; : mgimgya i i
uton. ] € 13 _ dd ul li 5Jj uMdd _(3+1)i 5 (3+9)j
r iYji={ ——V *{( 2mwsﬁcﬁ+m—tanﬂ+m ZUZB+W U ZE
\/ESW w w tang wSgCp
eu*myl oo eumys o
+ M u VlJ*_VKJ*Aﬂ|C'B Z(D3+I)|Z%J+ K1 VlJ* +V|K*AﬂJsﬂ Z%3+|)IZ“]‘D] ,
\/Emwsw \/EmWSW
~~ ) e Mgl ) . em, ) .
rHvE = 2l —(M—EZ(E“')J—ZmWsBcBZ'E' + itan,BZ'EJ+s,;A',,<Z(E3“()' ,
V2sy | Mw V2mysw
FADiD,—:i emy ( Zlix z(3+1)j _ *lez(3+l)i*)+%(AuZIjZ(3+J)i*_Au*ZIi*Z(3+J)j)
ZmWSW’u U “€u Mo ZyZy \/E 132 U< U 134U “U )
FABiBj:i S_.B(A?J*ZBZ(D3+J)i*_A?JZB*Z(DSJrJ)j)_ emy (MZIIDi*Z(D?HrI)j_M*Z:DjZ(SH)i*) ,
V2 2MmySyy
AEE ) SB a1k 2] 2(3+2)ix _ Al 2lix 2(3+J)] emy lix 2(3+1)j % =1j =(3+1)i%
I'ARER =] E(AlJZEZE _AIJZE ZE )—m(MZE ZE — M ZEZE ) . (Cl)
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APPENDIX D: EXPRESSIONS OF THE COEFFICIENTS IN EQ. (23) FOR DECAY MODE e -3¢’

The contributions from the gamma penguin diagrams are written as

fiit ada}{ _ (0) 5 © 7 2 Glieda
Clluw)=—%— G,,(a) [3[21( X Xia) = 5%k, 331](XK X)) = 5% B4l](XK Xia) |+ Gl Biag)(Xga X, 0)
W
2S5 il ata) 1 5 0) (0)
CV(MW)—SC G o (XeXed)2| B 21](XK Xa) = 5 X Bray (XX a)_ —5[41]( K Xoe)
B
{iil ada} _(2)
+—G|_(d) By (Xga,X,0),
W
Cl(pw)=—2C(w),
Clpuw)=—2C(uw),
Cl(pw) =Cg(pw) =0. (D1

The pieces from th&-penguin diagrams are

COS26\ _fiil ada) COS 20\ _fijlada}, _ 4 , C a1
C%(MW): C—ZGL(a) fg(XKiO,XEa)-i- ?GL(a) (Zﬁl*zﬁlj _Zﬁlzﬁl*) 57[111]()(75%)(,(?,)(,(?)
W W

oS 2By {Hl Bla} 1)

@ Ka 5K
+(X OX 0) 2T [111](XEa, XK]O) +T L(a) (2 W5 'B Z Z B*)T[lll](XEa’XEﬂ’X O)

W
2 co2260w il aa) fiteday| 1__q1) i i 1]
+ Gy FaAX0Xa) +C0S WGy | 57 11y (KeX X ) (28" cos 26+ ZH Z1¥)
W
. . . {iil Bla} (1)
_(XK(XKJ. )1/27'[111()(1/“! K; :XKJ.*)(25” cos 2+ 2% 2Y) +CoS26WG @) 7 111)(X5eX B K -),
453\/ {iil ada} S\2/\/ i i i ; {ijl ada} 1 (1)
Ciuw)=—5 Gl Fax0Xea)+ ——5 (ZX* Z{ = ZNZ{* )G |57 11y (XEe X X0)
c2 i 202 27 [111] i
W W
Sl i gaa)
(0) K K i pdaj __(1)
= (X, %,0) V2T 13X X 0X,0) —C—z(zs\ﬁ,aaﬁ—zé‘* £7)G @ T 11y (XE«XEs X,0)
w
453\, {iil eda} 2 {IJIaJa} o ij
+ C—Z(Xeler)lIZGV(d) fz(XKi—,X;a) (Xe'XeJ) ZGy(d) lll](xv"‘v XKJ-_)(26II Cos 29W
B ﬁ

+ 21 20) = (X, ) P g (G X X, ) (26 cos20w+zl'zll*)}

2sy it pra) 1
—— G0 (Xe'XeJ)llz’]flll](XTfﬂ,XEB,XKi),
c5 i
4s3,
Caluw)= mcfww),
COS 20y
Cl(uw)= —=—C5(uw),
Sw
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C5(1w) = Ci(uw) =0.

The CP-even Higgs penguin-diagram contributions are formulated as
H0 HO
C, *(uw)=C, (uw) =0,

1 {iil ada} {iil ada}
- 1k
"(Mw)— 52X 0 XE) (ZR)(XeXe) Y6 @ +XeIG () ]
2¢2 cﬁx 0 '

1/2 1k ~HiiTedat (1) 1k - 3i 2k ~4i 1j 2j
T3 Xd 2R G, m) [7[111 (XEw,X XO)(ZREN = ZREZN )N E sw— 2 cw)
2CCpXHO !

© | i ol i
+ (xKioxKJo)1’2’T[1ll](xga,x,<io,xK]o)(Z%{kzﬁJ —z%zW(Zlsy— Zicw)]

Sw Tk ~fiil 832} __(0) 1
+———— (XX, 0) 2ZEEG, () T 111 (X0 X XE) + —5——F (X, Xia)

em,vc\z,\,cﬁng i CHXHO

3 1/2
il ada} ( eIXeJ) {iil ada}

X(Z592] (xerxen) V%G iy " +

il ada} (1)

2 (d) c2x
2c B CXH

x(zlkzzl*zl'*+22kzll*zz'*)+(x X, )1’27[111](xax,<, ;)(zakz%iziuzgkzi‘zﬂ)]z;k

e ..
1/2 ~ 1k k {iil ada} _(0)
- 2 2 (Xe'XeJXK,’) ZR BRGV(I'J) B[Zl](xvai .7);
ZﬁmWchWchHE i “i

0 0
Cl 4 (puw) = CE* (i),

1 {iil @
c (MW)—ZC—Z}"Z(X Xga)(Zle)z[erGV(d) +(xe|xea)1/ZG
wCpXH

{iil ada}

]

1/2 1K il e@dat (1) 1k - 3j 2k 4] 1i 2i
5 X ZrG0 [T my(XEaX0.X0) (2R ZY-ZRZW\(ZNsw— Zxcw)
ZCWCBXHO J

() . . . .
+ (XK?XK?)1/2’]'[1111(XEa,XKi0,XKIQ)(Zjékzi?\’ll* _ Zékzﬁjl* )(ZjNJ*SW_ ZIEIJ*CW)]

Sw {iil pda} __(0)
112 7 1k o e
+ (xe|xKic>) ZREG o Ty (x XEa,XEB)

emycac X

{iitada}  XelXed _{iil ada}

2 fz(XK y a)(Zl ) XeIGV(a) + _ZGV(d)
CpX 2¢cy

2 @ ©
— 5 Xell T 111G X, X )(zlkzz'zll+zz'<zl'zzl)+(x X, )1’27 111G X X )
CﬁXHO ]
k
{ijl @da}

X (ZR22* 2 4 2228 2841216 (o

e 1/2 Aiil ada}
22 M SWCHCEXHO

(©)
XeX, G ZRBRBy (XX, ),
|

0 0
Co(w) = Cg ().

016004-15

{i
(xe.er) %Gy [T j1a (Ko Xe )

(D2)

(D3)



FENGet al. PHYSICAL REVIEW D 68, 016004 (2003

The CP-odd Higgs contributions are
0 0
CP (uw)=C5 (uw)=0,

{IIIaJa} {iil ada}

1

0

C3 (uw)= - 5P BF(X 0 XE) [ (XeXe) G0y +XeCl@ 1+
2CyXp0 CWXAO

1/2 @
“tanB[ — T[m(an,x xKJo)

. . . . () . . .
% (SIBZI%II* _Cﬁzﬁl*)(zhj*sw_zﬁl*cw) + (XKiOXKJQ)1/27[111](XE0(,XKiO,XK?)(SﬁZ%J —CBZﬁJ)(Z’]\-"SW

. {ijl ada} Sw (il BIa}__(0) 1
—Z8eW)]G, b+ (XeiX, 0)"2tanBFG ) 7 [111)(X0XEa XER) T ——tarf BFp(X,, Xza)

WX A0 X A0

{iil ada} XelXed {iil ada}

X Xe-]GV”(a) + == 2e G ”(d)
2c; "’ SpXA0
B BAA

(Xe'XeJ)mta”ZB[T111](XV0~ X ) (522 * 21

. . (0) : : ; ; {jil ada}
+ CBZ];J* Zil* )— (XKi*XKj*)llzT[lll (X5 XK;XK;)(SBZZ,IZE + CIBZ];I Zij )]GL(b)

0 0
C4 (pw)=—C5 (uw),

0 {iil ada} {iil ada}
ct (MW):_ZCZX tar’ BF,(X, 0,Xga)[Xe3G (@ + (X Xe) VG a) ]
WAAO
2 {ijl ada} (1)
_ S (1_}' tanBG, () [7[111](XE“'X 0,X o)(SBZ3J_CBZ4J)(les\N chw)
WAAO
— (0,0 YT [ (X X0, X, 0) (SpZ R — CoZ ) (2] sw— 2] cw)]
Sw 2 (il Bl __(0) 1 1ol ada)
— 5 (XeX )" tanBFG () T [111)(X,0 0,Xga,Xgp) — — 1P BF (X~ X5a) | (XelXed) VG (a)
eMyCiyXa0 i X p0 i
(Xe'XSJ)llz {iil ada} {ijl ada}_ __(1) T .
———G,@ Xt BG o [T 11X X X, ) (SpZ2 2] + g 21 27
ZC SﬂXAO J
(0)
~ (X X )1’2’7 111X X~ X )(sﬁZZJ*Zl'*nLc ZU* Z2%)]
A A0
Ce (uw)=—Cg (uw)- (D4)

The box diagram contributions to the coefficients are

box {iil BIa} _{jjIadB} (1) _ _ {iit g} _{ijjdada} (1)
(/~LW) 4C GL(B) L(a) lll](X 0 Xk?vxE"‘vXEB) +G (@) Gy(a) D[lll](XK ’ Kl Xy XVB)
w
1 i 1
box {iil Bla} _{ijdadB}__(1) o {iit BIg} {uJaJa} 1/ (1)
(tw) = —7 act 76L@ Gl D[111(X 0 XK?'XEa’XEﬂ) 4c 4GV(d) G @ 2X 31)[111](XK X K X5, X38),
W
b {”'BJO‘} {iidedp} 1/2 _ ~
C3(uw) = Glom Grw (X KX 0) D[lll(XK?'XK?ianixEﬁ)

W

(i1 436} _{ijd ada) 172
+ zGV(b) Gy Xed(Xi X)) ™D

Cs

(0) o
lll]( K; ,XKJ_’,XV&,XVB),
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b B {iil Bla}_{iidadf} 127 (0) o 1 gipial _(ivadp (1) o
Ca”(pw) = C_4| G.o» Gl (XK?XK?) D[lll](XK?aXK?vXEa:XEﬁ) - EGL(a) G D[lll](XK?1XK?1XE"1XE:B)
w

2 | {iipagy_fjidada)
ala 1/25(0) SR
Gv(a) Gy(d) XE‘](XK;XK;) D[lll](xkfvxkfixvmxvﬂ)

2

Cp

{iit pagy _{ijdada} XeJ__(1) o
-G, G, 79[1111(X,<i,XKJ.,XVa,XVﬁ)}.

bo _ {ijdadat _{jil BIB} 1/2.~(0) o
Cs X(/-LW)—_C4 [GL(w Gl (XK?XK?) D[lll](XKiO’XKJQ!XEa!XEB)
w

1 iiipaa) tiiveds, (1)
_EGL(d) Gl D[lll](XKiOIXK?!XEa!XEB)

C2

2{ (i1 B3B)_{ijd ader) ©
B

1/2 S
G])(a) Gy(d) (XelerXKFXK;) D[lll](xkfixkfvxvaixvﬁ)

1/2
(i1 BB} _(iidada (XelXed) (1) o
G Gy 5 Puiy(Xg X X X5s) 1

b 3 {iil Bl _{jiddp} 120 = XE
CGOX(MW)_CTGL(C) G (0 (XKiOXKIQ) D[lll](XKiOyXK?;XEa,XEB)
w

{ijt papy {jiidada} (0) -
+ C_ZGv(a) Gv(d) (XeIXeJXKi—XKj—)l/ZD[lll](XKi—.XKj_yXya,XVB)- (DY)
B
APPENDIX E: THE LOOP INTEGRAL FUNCTIONS

In this appendix, we present the expressions of various loop integral functions which appear in the text.

[ Xx5(Inx;—INXy)  X§—5x1x,— 2X3 e £x,)
_ or X;#X,),
(o —xp)° 6(xo—x1)° o
fl(X1’X2):<
171 (for x1=x5);
\
[ (2X1X—X3)IN X, — X5 In X, X1 X1 (¢ £%,)
- or X;#Xy),
2(Xo—Xq)2 2(X—X1)  2(Xy—Xq) e
fa(Xq,X2) =
1
k_Z_Elnxl (for X;=x5);
.
Xo(In X, —1InXx5) 1
for x1#Xx,),
(Xp—X1)? Xp— X ( 17%2)
(0) _
Bloy)(X1,X2) =
—=— (for x;=X5);
2, ( 1=X2)
( X2(|I"l X1—|n X2) X]_+ X2
for x1#Xx,),
O] (Xp—xq1)* 2X1(X2—Xy)* ( 1% %2)
Blay(X1,X2) =
—  (for x;=X5);
| 6] Lt
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X2(|n X1—|n X2) 2Xi+ 5X1X2_X%

(for x1#X5),

o (X2=x)" Bx1(Xo—X1)°
Blay(X1,X2) = L
——12@ (for x1=x5);

(1) (0) (0)
Bia1)(X1,X2) = Bpa1j(X1,X2) + X1B315(X1,X2),

(2) (0) (0) (0)
Blazj(X1.X2) = Bpagy(X1,Xz) + 2X1Biay) (Xg ,X2) + XiByap) (X1, X2),

( X1 Inxq X5 In X5 X3 N X3
(Xo=X1)(Xg=X1) (X1 =X2)(X3—Xz) (X1 —X3)(X2—X3)

(for xXq1#X,#X3),

Xz(In X1 — 1IN X3) 1
+
2
(X3—Xy) X3 X1

0)
7?111](X1:X2:X3):< (for x;=X,#X3),

\ _2_x1 (for xy=X%X,=X3);

( X2 Inx, X5 In x, X3 In x5

T (X=X (Xa—Xy)  (Xg—X2)(Xg—Xz)  (X3—Xa)(Xp— X3)

(for Xq{#Xo#X3),

(2xxg—xD)Inx; —x3Inxg  xy

(Xs_X1)2 X3—Xq

1)
(1117(X1,X2,X3) = { (for X;=X,#X3),

3
—=—Inx; (for x;=X,=X3);
| 2

( X1 In X4 X5 IN X5

- (X2 X1) (X3 X1) (X4 —X1) - (X1 X2)(X3—X2) (X4— X2)
X3 1IN X3 XaINXy

 (xaXe) (X Xa) (Xa—Xa)  (Xy—Xa) (Xa— Xa) (Xg—Xa)

(for Xy #Xo#X3# Xa),

X3 In X3 XalN Xy
(X1=X3)%(Xg—=X3) (X1 —X4)*(X3—Xg)

(XgX4=x3)IN Xy

(0) (for Xy=Xo#X3#Xy),

D[llll](xl ,Xz ,X3 ,X4) = a (XS_X].)Z(X4_X1)2 a (X3_X1)(X4_ Xl)

2x1Inx;—=2%x3Inx3  2+Inx;+Inx3

(X3—x1)* (X3—Xq)?

(for X1:X27& X3:X4);

X4(In X1 —1nXy4) X4
3 2
(Xg=X1) 2X1(X4—Xy)

(for X{=Xo=X3%#X4),

1
\ G—Xz (for X1:X2:X3:X4);
1
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X2 Inx, x5Inx,
(X2=X1)(X3=X1)(X4=X1)  (X1=X2)(X3—X2)(X4—X)
X3 In x5 X5 Inx,

_(Xl_XS)(XZ_XB)(X4_X3)_(Xl_XA)(XZ_X4)(X3_X4) (for Xa#Xo#Xs 7 Xa),

X3In X3 . X3In x4
2 2
(X1=X3)“(Xg—=X3)  (X1—X4)“(X3—Xy4)
(2X1X3X4— X3X3— X3X4)IN X4 X1

(Xg—x1)2(xg=x1)%  (Xg—X1)(Xg—Xq)

(1) (for X1:X2¢X37&X4),
Di1111)(X1,X2,X3,Xg) =

- 2x2Inx;—2x5INX5  (Xq+ X3+ 2X; IN X3+ 2X3 1N X3)
(X3—Xq)° (X3—Xq)*

(for X;=Xo#X3=Xy);

Xa(Inx;—INXy)  3X,—X;
(Xg—Xq)* 2(x4—%1)?

(fOI‘ )(:|_=X2=X37E X4),

k —3—X1 (for X1=X=X3=X4).

(ED)

APPENDIX F: THE EXPRESSION FOR THE A; PARAMETERS

The A parameters that involve the neutral Higgs mass mixing are given as

2 2
gl+92 3 2 3 4
N=— 1-—=hgt|———=h
! ( w2 P 1672 °

1 1 3 2 1 2 2 2
t+ Exb—f'@ Ehb—’_ Eht_SQS (Xpt+t9)

3 N 1
h lf;' 1+ ——(9h?~5h2—16g7)t ,
19272 ' Mieyl 16w
_ 9i+05 3, 3 4 1 1 (3, 1, 2 2
2= — 8 1—tht _rﬁﬂ-zht t+§Xt+qu7-2 Eht+§hb_895 (Xtt+t)
3, ulf

1
1+ 2(9h§—5h$—1eg§)t],

19272 "M ey 77

2 2 2
92701 3 2, 1.2 3 5 1 1 2, 12 2 2 4f Blul
)\3—_ 2 1—- 167T2(ht+hb)t _ﬁhthb t+ Eth+ @(htﬂth—Sgs)(thH-t) — >Nt M§USY
2IA? 1 3| ul? 2|A|? 1
—|“|4| | _(6h?—2h2—16g7)t |~ ——hd |2”“| —|“|4| ol |1 _(6h2—2n2— 162t .,
Msusy 16w 96w MSusy Msusy 16w
2 2 2 2
_9% 2, 12 3 2.2 1 1 2, 12 2 2 4 3| ul | |“A
)\4—? - Wz(ht+hb)t +thhb t+ Eth+ @(ht+hb—895)(xtbt+t )| — P t MéUSY_ M4SUSY
Blul?  ul?Agl? 1
x| 1+ (6h2—2h2—16g2)t | — 2 - 1+ (6h2—2h?—16g°)t |,
1672 Ot 2N 180 = 5oy M2y Miey 1672 0N~ 2N~ 1805
3 W2A? 1 w2nAE 1
Ag= 4 1- (2h2—6h%+16g2)t | + 2 1- (2h2—6h2+16g2)t |,
* 19272 'Mie | 16m2 0 0 T "Ml 16m2 ¢ P %5
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3 2uA 1 (7 15 6A Ay|?A
)\6:_ - ;1|IU’|4M t _ 2(—h§— —h12+169§ tl+ g M b . | l;! b
9672 M 16722 2 9672 ~Msusy\ Msusy M
susy SUSY
1 /1 9
2 2 2
X|1- 1&72(§ht_§hb+1®s>tl’
3 2uA 1 (7 15 6A A(%A
)\7:_ - g|/‘l’|4M b 1— 2(—ht2——h§+16g§)t + :1 M t _| t3| t
967 M 16722 2 9672  Msusy| Msusy M
Susy SUSY
X 1—L Ehz—ghzﬂeg2 t (F1)
16/7T2 2 b 2 t s ’

Wheretzln(Méusylﬁf), g,=¢€lcy, g,=¢lsy and

_V2my(my) \J2my(my)
Y ypsing ' P vcosB
2|A? |A]?
Xt: 2 - 2 ’
MSUSY 12MSUSY
_2|A)? |Apl?
xb_ 2 - 2 ’
Msusy\  12Mgysy

CIAP+ A+ 2REATA) w2 [luP-ATAS

th 2 2 4 (FZ)
2Msysy Msusy 6Msusy
In Eq. (F2), ﬁ is the top-quark pole mass, which is related to the on-shell running maggough
— m,
my(my) = — (F3)
1+ gas( mt)
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