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We address the following question. Take the constrained minimal supersymmetric standard model
(CMSSM) with the two CP violating supersymmetrySUSY) phases different from zero, and neglect the
bound coming from the electric dipole mom&mDM) of the neutron: is it possible to fully account farP
violation in the kaon and systems using only the SUSY contributions with a vanishing CKM phase? We
show that the BRB— X y) constraint, thougl€ P conserving, forces a negative answer to the above question.
This implies that even in the regions of the CMSSM, where a cancellation of different contributions to the
EDM allows for large SUSY phases, it is not possible to exploit the SUSY phases to fully account for
observableCP violation. Hence to have sizable SUSY contributionsXB violation, one needs new flavor
structures in the sfermion mass matrices beyond the usual CKM matrix.

PACS numbdps): 13.25.Hw, 11.30.Er, 12.60.Jv, 13.25.Es

. INTRODUCTION mental bounds while allowing SUSY phas@¢1). Methods
of suppressing the EDMs consist of cancellation of various

Since the initial work of Kobayashi and Maskawa, the SUSY contributions among themselvid, nonuniversality
standard modeISM) of electroweak interactions is known to of the soft breaking parameters at the unification s¢aje
be able to accommodate the experimentally obsei®&l  and approximately degenerate heavy sfermions for the first
violation through a unique phasécky in the Cabibbo- two generation$4]. In a recent work5], we showed that, in
Kobayashi-MaskawdCKM) mixing matrix. However, the a model with heavy sfermions of the first two generations
available experimental information, namely ande'/e, is  and in the large taB regime,ex andeg could receive very
not enough to establish this phase as the only sour€@Pof sizable contributions from these new SUSY phases. Similar
violation. studieq 6], including a larger set of experimental constraints,

Most of the extensions of the SM include new observablenave reported the impossibility of such large supersymmetric
phases that may significantly modify the patternrQd® vio-  contributions:
lation. SupersymmetrySUSY) is, without a doubt, one of In this work, we are going to complete our previous
the most popular extensions of the SM. Indeed, in the minianalysis with the inclusion of all the relevant constraints in a
mal supersymmetric extension of the SMSSM), there are  CMSSM scenario. In doing so we adopt a different perspec-
additional phases which can cause deviations from the preive. We will assume from the very beginning that both su-
dictions of the SM. After all possible rephasings of the pa-persymmetric phases ai@(1), ignoring for the moment
rameters and fields, there remain at least two new physic&DM bounds’ In these conditions, and taking into account
phases in the MSSM Lagrangian. These phases can be chetherC P-conserving constraints, we will analyze the effects
sen to be the phases of the Higgsino Dirac mass parameten the low energyCP violation observables, especialy
(¢,=Arg[x]) and the trilinear sfermion coupling to the andeg. It should be noted that the model used%h can be
Higgs (¢a,=Arg[Ac]) [1]. In fact, in the so-called con- easily obtained as a limit of the CMSSM by decoupling the
strained minimal supersymmetric standard ma@ss\m),  first two generations of squarks and neglecting the intergen-
with strict universality at the grand unification scale, theseeration mixing in the sfermion mass matrices. Hence, our
are the only new phases present.

It was soon realized that for most of the CMSSM param-
eter space, the experimental bounds on the electric dipoleyy this paper we restrict our discussions to the CMSSM. If one
moments of the electron and neutron constraifgd , to be  rejaxes some of the constraints of this model, for instance by allow-
at mostO(10 ?). Consequently these new supersymmetricing for large gluino mediate@ P violation with nonuniversal soft
phases have been taken to vanish exactly in most studies 8fJSY breaking terms, then it might still be possible to have fully
CMSSM. supersymmetrie ande’/e [7].

However, in the last few years, the possibility of having 2epm cancellations may be obtained through nontrivial relative
nonzero SUSY phases has again attracted a great deal ghases in the gaugino mass parametse for instance the third
attention. Several new mechanisms have been proposed paper in Ref[2]). However, for the discussion of the present paper,
suppress electric dipole momerfEEDMs) below the experi- no explicit mechanism for such a cancellation is needed.
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results in the more general CMSSM will include this model It is important to notice that, even in a model with uni-
as a limiting case. versal soft-breaking terms at some high energy scale as the
In the next section we study the new sources of flavolCMSSM, some off-diagonality in the squark mass matrices
mixing present at the electroweak scale in any supersymmeégppears at the electroweak scale. Working on the basis of
ric model. In Sec. lll we are going to analyze neutral mesorsquarks rotated parallel to the quarks, the so-called super
mixing, i.e., K°—K° andB°— B® mixings, with large super- CKM basis(SCKM), we find that the squark mass matrix is

symmetric phases. Section IV will be devoted to the study ofot flavor diagonal aM,y. This is due to the fact that at
the branching ratio of the decdy—sy. In Sec. V we will Mgur there exist two nontrivial flavor structures, namely the
show the impact of the measurkd-sy branching ratio on o Yukawa matrices for the up and down quarks, which are
the supersymmetric contributions ¢ andeg. Section VI~ Not simultaneously diagonalizable. This implies that through
will present our conclusions, and in Appendices A and B weRGE evolution some flavor mixing leaks into the sfermion
collect, respectively, the formulas for the integration of rel-mass matrices. In a general supersymmetric model, the pres-

evant renormalization group equatiofRGE’s and the dif- ence of new flavor structures in the soft-breaking terms
ferent loop functions appearing in the text. would generate large flavor mixing in the sfermion mass

matrices. However, in the CMSSM the two Yukawa matrices
are the only source of flavor change. As always in the SCKM
basis, any off-diagonal entry in the sfermion mass matrices
The issue of flavor changing neutral curréRCENC) in- at My, will be necessarily proportional to a product of
teractions in the CMSSM has been widely investigated in therukawa couplings. The RGE’s for the soft-breaking terms
literature. For the completeness of the discussion, we brieflare sets of linear equations, and thus, to match the correct
recall those properties which will be relevant for our analy-quirality of the coupling, Yukawa couplings or trilinear soft
sis. terms must enter the RGE in pairs, as we can see in Egs.
The CMSSM is the simplest supersymmetric structure weAl1)—(A3) in Appendix A.
can build from the SM particle content. This model is com- In fact, in the up(down squark mass matrix the up
pletely defined once we specify the soft-supersymmetrydown) Yukawas will also be diagonalized and so will
breaking terms. These are taken to be strictly universal amnainly contribute to diagonal entries while off-diagonal en-
some ultra-high energy scale, which we take to be the grantties will be due to the dowr(up) Yukawa matrix. This
unification scale Mgy): mean(sd,) f<2)r instance, that in this mode!r the off-diagonality in
the M|’ “© matrix will roughly bec-Y,Y, with c a propor-
(M&)ij=(Mg)ij=(M3)i;= (M) =(mg);=mg &, W tionality factor that typically is

II. FLAVOR MIXING IN THE CMSSM

M
2 _ 2 _ 2 _ euT|
my; =mg =mp, c= 4?2 Moy =0.20, 2
Mg =My =Mg=My;, as expected from the loop factor and the running fidig,t

to My,. Nevertheless, we have to keep in mind that this is
ij simply a typical estimate and the final valueaaxtan suffer a
sizable variation depending on many other factors not
present in this simple estimate.
On the other hand, this has clear implications on thestan
dependence of these off-diagonal entries of the sfermion

single gaug?no Massiyz, gnd all the trilinear soft.-breaking mass matrices. In the basis where the down Yukawa matrix
terms are directly proportional to the corresponding Yukawa}S diagonal, we can write the up and down Yukawas as
couplings in the superpotential with a proportionality con- '

stantAge' %A,

(AD)ii=Ac"A(YL)ij,  (Ap)ij=Aoe' ?A(Yp)

ij s
(Ap)ij=Age'*A(Yg)j; -

That is, there is a common mass for all the scalarg,a

Now, with the use of the renormalization group equations Yu(My)= L.VEKMMU'
(RGE) of the MSSM, as explained in Appendix A, we can V2Mysing
obtain the whole supersymmetric spectrum at the elec-
troweak scale. All the supersymmetric masses and mixings g
are then a function ah3, my,,, Ay, éa, ¢, , and tan3. We Yp(Mz)= Mg ©)

nen a tun 0 A P V2MyycosB

require radiative symmetry breaking to fjy| and |Bu|
[8,9] with tree-level Higgs potentid. with Veyy the Cabibbo-Kobayashi-Maskawa mixing matrix

andM, 4 the diagonalized mass matrices for the quarks. We
can see in this equation that for t8re1 the up Yukawa
3The RGE's of the MSSM have received a vast amount of atten/natrix will maintain similar values when going to large tan
tion in the literature. However, in most of the previous analyses the3. Hence, the off-diagonal entries in the down squarks mass
SUSY phases, and¢,, are switched off. For this reason we prefer matrix will be roughly stable with targ. In the up squark
to give the relevant RGE’s with nonvanishing SUSY phases in Ap-mass matrix we have the opposite situation and theBtan
pendix A. dependence is very strong. In this case the off-diagonal en-
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tries depend on the down Yukawa matrix that grows linearlyinvolving the third generation. Keeping this in mind, the gen-
with tan g for large tang. This means that we can expect the eral form of themé matrix at My in terms of the initial
flavor change in the up and down squark mass matrix to beonditions is

similar when tam3=m,/m,=40, while for tan3=2 the fla-
vor change in the up mass matrix will be approximately
(tanB=40)?/(tanB=2)?=400 times smallefsee Appendix

A for detaily. These points also apply to the left-right sub- + 7]%JA) Te 1 en)Aomyp, (6)
matrices where again flavor changing entries will be due to

the opposite isospin Yukawa matrix. In fact, this left-right

sfermion mixing only appears after electroweak SymmetryWhere the coefficientg are 3< 3 matrices with real numeri-

breaking. The expression for these matrices in the SCKI\)FaI entries. In this expression we can see that the presence of
basis is imaginary parts will be linked to the nonsymmetric part of

the 778"\) matrices. As is clear from the mass matrices in

ma(Mw) = 78" m3+ O AS+ 5P mi o+ (Ve 4

vy _ Appendix A[Egs.(A5)—(A7) and(A12)—(A14)], these non-
M{p2= ?VCKMAG(MZ)_ w(My)|e'%ucotB M, |, symmetric parts ofng are always more that three orders of
2 @ magnitude smaller than the corresponding symmetric parts.
This means that in the SCKM basis, the imaginary parts of
v anyogmass insertion are present only in one part pe32
(d)2_ "1 A% _ ip X 10°, and are always associated withij3MI, as in Egs.
Mi J2 b(M2)~|n(Mz)|eutans M. ® (A8)—(A11) and (A15)—(A18). A very similar situation was

also found by Bertolini and Vissani in the CMSSM with

Then, these left-right mixings will have an additional sup-vanishing SUSY phases for the leakagedgfy [12,3]. So
pression proportional to the mass of the corresponding rightwe conclude that in the processes we will consider, we can
handed quarkremember thab\yv,~AoMy). This is always  take bothM (W2 andM@? as real to a very good approxi-
true for all the generation changing entries that are produceghation.
by the A matrices. However, in the down mass matriX, this In the fo"owing we will ana|yze the new effects of this
suppression can be partially compensated by a large value giodel on indirecC P violation in K andB systems. In doing
tan B in the diagonal terms proportional jo. These are all 5o we will use both the exact vertex mixing method and the
well-known facts in the different studies of FCNC processeSnass insertiorfMI) approximation[13]. Notice that the Ml
in the framework of the CMSSI®,10] and imply that flavor  approximation is extremely good in the case of the CMSSM
mixing is still dominantly given by the usual CKM mixing where all the off-diagonal entries are sufficiently small. The
matrix in W bosons, charged Higgs bosons, and chargingjze of these off-diagonal entries directly gives, in the MI
vertices. o o approximation, the amount of flavor changing induced by the

In this work, we are especially interested@® violating  sfermion mass matrices. A possible exception may arise in
observables. Then we must also consider the presence e stop squark and shottom sectors that, in any case, could
observable phases in the sfermion mass matrices. In the folye diagonalized to ensure the validity of the MI approxima-
|0Wing we will take the CKM matrix eXaCtIy real to isolate tion [14] As we will see in the next SectiorL this is fre-
pure effects of the new supersymmetric phaEkl. The  quently useful to understand the exact results obtained in the
sfermion mass matrices contain several physical phases th@rtex mixing method.
give rise toCP violation phenomena. In particular, before
RGE evolution, these phaseg/, ¢,) are confined to the
left-right part of the sfermion mass matrix while both the . INDIRECT CP VIOLATION IN THE CMSSM

2 . . 2 .
left-left, mg, and right-rightm; ,, matrices are real and |, yo SM, neutral meson mixing arises at one loop

diagonal. However this is not true anymoreMayy; ¢a 1€aks  h4,,gh the well-knowrW box. However, in the CMSSM,
into the off-diagonal elements of these Hermitian matriceSpare are new contributions tAF = 2 processes coming

through RGE evolution. From the explicit RGE in the .,y poyes mediated by supersymmetric particles. These are
MSSM, Eq.(Al), it is clear that this phase only enters the charged Higgs boxesH®), chargino boxes x*), and

2 ; Voot t

(mQ)‘!r evolution through the _comblnatlonsAL(,AU)ij °" " gluino-neutralino boxesg, x°). The amount of the indirect
(ApAp)ij - At Mgyr these matrices have a common phasecp yiolation in the neutral mesoM system is measured by
and so the combinationdA") is exactly real. So to the ex- the well-knowne ,, parameter

tent that theA matrices keep a uniform phase during RGE

evolution, no phase will leak into theé matrices. However, O1ns AF=2 0
we can easily see from Eqgs2) and(A3) that this is not the _ 1 MM H e M)
case, and different elements of thAematrices are renormal- Em= 2 AM ’
ized differently. In this equation, we can see that only the

terms involving two Yukawa and on& matrix can produce _

a mismatch in the phases. Moreover, these terms will only bwhereAM ,, is the M — M mass splittinge ,, depends on
important when there are no small Yukawas involved. Thenthe matrix elements of th&eF=2 Hamiltonian, H 5§ 2,
we can expect a mismatch only on the off-diagonal elementwhich can be decomposed as

()
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G2M2 quarks and gauge bosons. Here the source of flavor mixing is
HéfFf=2=—F—ZV(V?thq)z[Cl(ﬂ)Ql(M)+C2(M)Q2(M) not directly the usual CKM matrix. It is the presence of
(2m) off-diagonal elements in the sfermion mass matrices, as dis-

) cussed in the previous section. From the point of view &f
violation, we will always need a complex Wilson coefficient.
In the SCKM basis all gluino vertices are flavor diagonal and
where the relevant four-fermion operators are given by real. This means that in the MI approximation we need a
complex mass insertion in one of the sfermion lines. As ex-
plained in the previous section, these MI are proportional to
Q:=d{yaf- df'y,af, Yukawa couplings and real up to 1 part itx20®. The com-
plete expressions for the gluino contributionsAtb =2 pro-
—q2qe. gPoP cesses in the MI approximation can be found/1%]. The
Q2=d{dr di R, bounds obtained there for the real and imaginary parts of the
mass insertions required to saturathl andey are

+Cs(p)Qs(u)],

Qs=d rag- df LaR (€)
[ ? 2 — 2

with g=s,b for the K andB systems, respectively, and 3 [Re(03) | <4 1075, (3
as color indices. In the CMSSM, these are the only three
operators present in the limit of vanishing .

At this point, we are going to divide our discussion into
two parts. We analyze separately the effective oper@tpr
that preserves chirality along the fermionic line, and the op- 2
eratorsQ, andQ; that change chirality along the fermionic 59) :(MAB)ij
line. As we will see below, the flavor mixing in the sfermion 1j7AB Mo
mass matrix and the experimental constraints on both kinds
of operators are very different.

[(83))LL]sin(2¢,)<3%x 1078,

whereM is an average squark mass.

In the CMSSM, as we can see in Appendix A, these mass
insertions are much smaller. In particular, the fact that the
In Eq. (8), Q, is the only operator present that does notbound onAM, the real part of the MI, is satisfied implies
involve a chirality change in the fermionic line. With respect that the imaginary parts are at least two orders of magnitude

to the associated sfermion, no chirality change in the sferbelow the required value to saturaig. Hence, no sizable
mion propagator will be needed, and so the suppression agontributions toe from gluino boxes are possible. The situ-
sociated with left-right sfermion mixing can be avoided. In 4455 in BO— B® mixing is completely analogous; assuming

general,Cy(uo) can be decomposed as follows that the minimum phase from the mixing observable inBhe
factories is around 0.1 radian, we would need an imaginary
—cW H 9.x° X contribution not more than one order of magnitude below the
Calpo) =CrMw)+ Cr(Mw) +C3 (MW)+C1(MW()iO) real one. With the arguments given above,gthis is clearly out
of reach for gluino boxes in the CMSSM. Neutralino contri-
butions are generally smaller than gluino due to smaller cou-
plings with the same source of flavor mixing. In fact, al-
though neutralino vertices in the SCKM basis also involve
the complex neutralino mixings, any imaginary part on this
Bperator will only be due to a complex mass insertion. This
em- In any case, it will always be, in the CMSSM, the o he seen in the explicit expressiong9h where all neu-
dominant C_O”tr'bu“ﬂ” t0AM . Similarly, the charged (aing mixings in this operator appear in pairs with its com-
Higgs contributionC’' depends on the same combination of plex conjugate counterpart.
CKM elements with no othe€ P violating phasg9]. So it Finally, the charginos also contribute® (M,)X. In this
will not contribute to ourCP violating observable. case, flavor mixing comes explicitly from the CKM mixing
Gluino and neutralino contributions '@g A are specifi-  matrix, although off-diagonality in the sfermion mass matrix
cally supersymmetric. They involve the superpartners ofntroduces a small additional source of flavor mixing:

A. Chirality conserving transitions

The usual SMW box, where all the couplings are purely
left-handed, can only contribute to this effective operator
However, withScxm=0, C‘l"’ does not contain any complex

6 Vi aVaaVyaVyg VN .
5 [GNIG WIr GG Y (7,25, 8))], (12)
iR aya'y' (ViaViq)
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wherezk=M§k/M2 , si=M;2(./M2 , andV,q- G(*W' repre-
I

sent the coupling of chargino and squdcko left-handed
down quarks

G(a,k)i: Fakc* o m, Fak * (13)
UL™~R1i \/EMWsinB UR™R2i |

wherel'y, andI'yr are 6x3 matrices such that the>66
unitary matrix I'y={I"y 'yr} diagonalizes the up-squark
mass matrixFUMf,FB=diag(M~21, - ,M%G). Crgis one of

PHYSICAL REVIEW D 61 075009

through a biunitary transformation CLM;CL
=diag(MX11,MX21), with

- My M,cosB

= ) . 14
T Mysing  [ule®s 1y

From these equations it is clear tt@¢*' will in general be
complex, as bothp,, and ¢, are present in the different
mixing matrices. The loop functiol,(a,b,c,d) is given in
Eg. (B1) of Appendix B.

The main part ofCY in Eq. (12) will be given by pure
CKM flavor mixing, neglecting the additional flavor mixing
in the squark mass matr.0,16. In this casea@=«’ and

the matrices that diagonalize the chargino mass matrix=+', we have

2 6 * *
VaaVagViaV
- 3, 3, 3 Vs

v (VigVig)?

But, taking into account that,(a,b,c,d) is symmetric un-
der the exchange of any pair of arguments we have

GaRiglakjx gr.Dix g(r.N] Yi(z4,2,,S; ,Sj)
1 ) ) ) )
:E(G(a,k)le(a,k)J* GrDix g(r.hj

1+ Glaix GaRIGUNIGUNI*)Y, (7,2, .5 .5)),
(16)

and soC(lo)X is exactly rea[5]. This is not exactly true in the

H[GeRiGRi*gDixGONI Y (z,,7,5,8)]. (15)

this would not apply in a general model with nonuniversality
at the grand unified theor§GUT) scale[15] and each par-
ticular model should be considered separately.

B. Chirality changing transitions

From the point of view of flavor change ar@iP viola-
tion, operators), and Q5 are different fromQ,. These two
operators always involve a change in the chirality of the
external quarks and consequently also a change of the chiral-
ity of the associated squarks or gauginos. In particular, this

CMSSM, where there is additional flavor change in the sfer-

mion mass matrices. Here some imaginary parts appear in

the Cf in Eq. (12). Being associated to the size of intergen-
erational sfermion mixings, these imaginary parts will be
maximal for large tarB. In Fig. 1 we show in a scatter plot
the size of imaginary and real parts@©f in theK system for

a fixed value of tarB=40. The region of SUSY parameters
explored in this and all of the following scatter plots is
50 GeV=mg,my,, Ap<500 GeV, and & ¢p,d,<27.

1_

()

10%Im

0.75

0.5

0.25]

With these initial conditions we impose that all squarks are

heavier than 100 GeV with the exception of the tops squarks
that, as the charginos, are only required to be above 80 GeV.
Furthermore we impose the constraint from the:sy de-

cay. Notice that, as we will see later, this is a conservative

attitude in the sense that other constraints that we do not
impose could only make our conclusions stronger. Under

these conditions, we can see here that in the CMSSM this
Wilson coefficient is always real up to a part in°1FFigure

2 is the equivalent plot for the case BPf-B® mixing. Here,
imaginary parts are relatively larger but, in any case, out of
reach for the foreseeB factories.

Taking this into account, from the point of view of ex-
perimental interest, we will always neglect imaginary parts

-0.25}

-0.5

-0.75}

.1:

-0.3 -0.25

in the Wilson coefficienC, within the CMSSM. Notice that kaon mixing.

075009-5

-0.2

-0.15 -0.1 -0.05

0
Re(C,)

FIG. 1. Imaginary and real parts of the Wilson coeffici€jtin



D. A. DEMIR, A. MASIERO, AND O. VIVES PHYSICAL REVIEW D61 075009

i Wheremq_/(ﬁchosﬁ)»VaqH(“'k)‘_ represents the coupling
E | of chargino and squark to the right-handed down quark
% 1.5} : with,
it H( i =Cl,T i (19
0'53 3 R andY,(a,b,c,d) given in Eq.(B2). Unlike the C{ Wilson

coefficient,C% is complex even in the absence of intergen-
erational mixing in the sfermion mass matrid&g. In fact,

the presence of flavor violating entries in the up-squark mass
_ S TR matrix hardly modifies the results obtained in their absence
-0.51 ‘ s “ [10,16]. So in these conditions we have

2
CsMw)= > > [Fs(3Kk3,i,j)

ij=1ki=36
15

: _2F5(31k1111J1J)+FS(1111111L1J)]1
g - ‘ - ‘ ‘ ‘ (20)
0.3 -0.25 0.2 -0.15 0.1 -0.05 0

Re(C,) 2
Fuaky i) =8 p(@kigaRix Gnix
FIG. 2. Imaginary and real parts of the Wilson coeffici€ijtin sl Kyl

2M3Zco
B mixing. w B

(v.D)i S
implies the direct involvement of the supersymmetric phases. XHTYR(Z0218108),

On the other hand, these operators are suppressed by th .
presence of down quark Yukawa couplings, and so can onl _%ere we have used CKM unitarity and degeneracy of the

be relevant in the region of large tan[5]. We can write the 1St WO generations of squarks. Due to the differences be-
different contributions taC, andC as tweenH and G couplings, this contribution is always com-

plex in the presence of SUSY phases. The most relevant

Co(Mu)=CH(M +C5 M), 1 feature of Eqs(18) and(20) is the explicit presence of the
2(Mw) =C2 (M) + C2(Mw) 17 external quark Yukawa coupling squared/(2M{,cosp).
CS(MW):C%rXO(MW)+ CX(My). This is the reason why this contribution is usually neglected

in the literaturg 6,9,16. However, as we showed [B], this
In first place, the charged Higgs boson contributes onl@to contribution could be relevant in the large f@megime. For

but, parallel to the discussion fo€}"", the absence of instance, irB°-B° mixing we havemZ/(2M3,co$p) that for
phases prevents it from contributing 4q,, . tanB=25 is larger than 1 and so it is not suppressed at all
Gluino and neutralino boxes contribute both@ and  when compared with th€} Wilson coefficient. This means

Qg. However flavor change will be given in this case by anthat this contribution can be very important in the largegan
off-diagonal left-right mass insertion. In the CMSSM theseyegime[5] and could have observable effectsd® violation

MI are always proportional to the mass and are never engyperiments in the ne factories. However, in our previous
hanced by large tafi values[see Eq.(4)] of the right-  \ork [5], we did not include the additional constraints com-
handed squark. This implies that these left-right flavor tranjng from b— sy decay. In the next sections we will analyze

sitions from gluino will always be smaller in the CMSSM the relation ofz ,, with this decay, and the constraints im-
than the corresponding chargino contributions, where flavoposed by its experimental measure.

change is directly given by the CKM matrix. In fact, this is

already well-known for the case bf— sy decay[17], which

is completely equivalent from the point of view of flavor

change. . o
Hence, the most important contribution, especially for The decayp—sy has already been extensively studied in

light stop and chargino, will be the chargino box. Before theth€ context of the CMSSM with vanishing SUSY phases

inclusion of QCD effects, it contributes solely to the coeffi- [17]- Because the branching ratio i<<& conserving observ-

IV. B—>Sy IN THE CMSSM

cient Cs, able, the presence of new phases will not modify the main
features found if17] concerning the relative importance of

2 6 V*’dvaqV*/dqu m2 the different contributions. However, in the presence of the

C§(MW)=_2 2 E - " u 5 5 d new SUSY phases, these contributions will have different

W=1KI=L ayary (VigVig) 2Mycos B phases and will be observable through the interference. As

(@ k)i = (e K% = (7" ik 1y ()] - we will see next, the experimental constraints will also have
XH G GY HY Y (ze2i.80.8), 4 large impact on the imaginary parts of the decay ampli-
(18)  tudes.
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This decay is described by the following-=1 effective
Hamiltonian:

_ 4Gk

off '=- in'csvtbi:2 » GQi, (21)
where the relevant operators are given by
Qo=SL7,C0CL YD1, (22
em,—
Q,= S .o*"F ,,bR, (23
T

m

_ OsMy— (24)

QB_ 167TZS|_O'MVGMVbR .

HereC,(uo)=1, and the Wilson coefficients; g can be de-
composed accordingly with the particles in the loop,

c7<MW>=c¥V<MW>+C$<MW>+Cf(MW>+69X“(MW(>, )
25

+ ~.0
Ca(My)=Cg(My)+CH (M) +CE (M) +CI (My).

Among these contributions, th& penguin diagram is ex-

actly the same as in the SM and it does not depend on any

supersymmetric parameters; it is simply a function of SM
couplings and masses. This contributiorf 9%

Wy o3
C7(My) 2Xt[QUFl(Xt)+F2(Xt)]y (26)

CXV(MW): — 5 XF1(Xp),

2

with x;=m2/M3, andQy, the charge of the up quarks. Simi-
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off-diagonality in the sdown mass matrix. Being left-right
flavor off-diagonal transitions, they are suppressed by the
mass of theb quark. Indeed, smallness of gluino and neu-
tralino contributions has already been established1ir,
where it was shown that in the CMSSM, such contributions
are roughly one order of magnitude smaller than the chargino
contribution.

Together with thew™ and charged Higgs, the most im-
portant supersymmetric contribution will be, especially in
the large-moderate tgh regime, the chargino contribution.

In the W and charged Higgs contributions, the necessary
chirality flip for the dipole amplitude is always proportional
to my. However, in the chargino penguin the chirality flip
can be made either through a chargino mass insertion in the
loop or through an external leg mass insertion proportional to
my,. In fact, as pointed out ifi9], this enhancement due to
m,i/my is partially compensated by the presence of lthe
Yukawa coupling. Nevertheless, this compensation is only
effective for low values of tarB. In terms of the chargino-
quark-squark couplings used in the previous section, these
contributions are

VabVZS

X| GlaRiG*(BRIE] (7, )

My

+—H(a,k)iG*(B,k)iﬂF7(zk s)
V2My,cosB mp  RTCT

6 *

= VabVBS
CE (My)=>, —
k=1 1=1 a,=u,c,t thVIs

X | GG (BRIES (7, 5))

larly, in the charged Higgs penguins all the variables are

known with the exception o,,. Again this contribution is
unchanged by the inclusion of the new SUSY phases,

H __ &
C7(Mw)=— 2—)%{00tzB[QuF1(Xt/Xh)+ Fa(X¢/Xn)]

+ QuFa(X¢/Xn) + Fa(X¢ /Xp)}, (27)

H __ X
Cg(My)=— Z—Xh[COIZBFl(Xt/XhH- Fa(X¢/Xn) ],

wherex,=M2/M3,. This contribution gives a sizable correc-
tion to the b—sy decay that constrains the mass of the
charged Higgs in two Higgs doublet models or in the MSSM
with low tang. However, in the case of moderate-large tan
B, chargino contributions may partially compensate this
charged Higgs contribution relaxing the constrairitg].

In addition to theW= and charged Higgs contributions

+LH(a,k)iG*(ﬂvk)i%F8(Zk Si)
V2My,cospB mp

(28)
with the loop functions defined in Appendix B. Similarly to
the situation for the Wilson coefficie@;, we can, to a very

good approximation, neglect the presence of intergenera-
tional mixing in the up-squark mass matfi®,10|, then,

G(S,k)iG* (3K)i FZ(Zk vsi)

2
=361=1

cy (Mw=2 2,
_ G(l,l)iG* (l,l)iFZ(Zl lSi)

m, i m . .
X b [H(S'k)'G*(B'k)IF;(Zk,Si)

analyzed above, there are three specifically supersymmetric
contributions mediated by gluino, neutralino, and chargino.
In gluino or neutralino diagrams flavor change is due to the
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2 where, once more, we use CKM unitarity and degeneracy of
¥ ( > ( GRIG* BRIES (7, 5)) the first two generations of squarks.
KRS The second term id; g in Eq. (30), which corresponds to
_G(l,l)iG*(l,l)iFE(Zl,si) the chargino mass ins_ertion in the loop, is dominant in the
large tanB regime. Notice that botis* (*¥ andH(*! are
m, i m, (3101 ~x (3101 products pf the squark and char.gino mixing ma.tr.ices that can
™ m(H G FR(Zi,S) be O(1) (in the case of flavor-diagonal stop mixing¥hen
w for stop and chargino masses around the electroweak scale,
this term has an extra enhancement of 1/8o$his means
(29 that for large ta8 we can approximate these Wilson coef-
ficients as

H@LDiG* (L) Fg(zl 'Si))

2
m,i my
C)7( :k_ GiZl m_ \/EM COSIB[H(SK)IG*(SK)I R(Zk S) H(l l)IG*(l l)l R(Zlis)]
- - W
2
xt My (BRia* (3K)iE8 (L1)ia*(L1)iE8
Cg (Mw)= 2, eiZlW\/—M—cos,B[H G I R(Z, ) —H G FR(Z,5) . (30
- - W
|
V. B—Sy AND &,,: CORRELATED ANALYSIS BR(B— Xgy)=1.258+0.384¢,|2+0.015 &4/
As we have seen in Sec. lll, chargino contribution to the +1.395 RE&,]+0.161 RE&g] +0.083 REE, £2 ]
C3 Wilson coefficient, Eq(20), is the main contribution to 8
indirect CP violation of the new supersymmetric phases for (33

large values of tap. However, if we compare this Wilson

coefficient with the chargino contribution to the dechy _ e : -
_.sy, Egs.(20) and (30), we can see that both chargino where £,=C,(My)/C; (My). The different coefficients

contributions are deeply related. In fact, if we make a rougtfPP€aring in Eq(33) are the SM renormalization group

approximation and assume that the two different loop func€volved contributions that must be recovered in the liggit
tions involved are of the same order. i.e. =1. The numerical values are taken fr¢@8]. We have not

taken into account the errors associated with the choice of
the scale and the restrictions on the photon energy that do not
eV~ oo 7 N 7 _ modify our conclusions. Now using the experimental mea-
Yoz 88~ Vs FR(zos) Fr(zos). (D sure, BRB— Xsy) =(3.14+0.48)x 10 *, we can constrain
the allowed values of the complex variablés and &g. In
fact, we can already see from E@3) that in the approxi-
mation &;= &g this is simply the equation of an ellipse in the
R &,]1—1m[&;] plane. In the case of supersymmetry with
m2 large tanB, the new physics contribution % and &g will be
Cs(My) = (C7(MW))2—2. (32)  mainly due to the chargino. The allowed valuesptiirectly
My constrain then the chargino contributionsC§M,,) and in-
directly constrain the values @3(My,).
In Fig. 3, we show a scatter plot of the allowed values of
Of course, this cannot be considered as a good approxim#&e(C;) versus Im(;) in the CMSSM for a fixed value of
tion. As we can see from their explicit expressions in Appentang with the constraints from Eq33). Notice that a rela-
dix B, the loop functions are clearly different. Anyway, they tively large value of tarB, for example, tarB=10, is needed
can be expected to give results of the same order of magnie compensate thg/ and charged Higgs contributions and
tude. So the order of magnitude 6% is determined by the cover the whole allowed area with positive and negative val-
allowed values ot’;, as we will explicitly show below. ues. However, the shape of the plot is clearly independent of
To reach this goal, we will follow 18], where they con- tan B; only the number of allowed points and its location in
strain in a model-independent way new physics contributionshe allowed area depend on the value considered. In this
to the Wilson coefficients involved in the—s+y decay. In  figure we take ta=40 because only a large value could
terms of these Wilson coefficients, the branching ratiogive rise to observabl€P violation [5]. The values ofC;
BR(B— Xs7y) is andCg used here are the values obtained in the CMSSM for

we would obtain
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1 2012 2
e [ GeMyy (thth) 2
Fos 81\4_4772\/5 AM,, 24 FuMama(p)Ba(u)
0.6 M2
: % m[Cs]. (34
04 [ Mg ) +mg(p)
02 T In this expressiorM ,,, AM ., andF ,, denote the mass,
r mass difference, and decay constant of the neutral meson
of MPO. The coefficientys()=2.93 [19] includes the RGE
o2 | effects fromM,, to the meson mass scaje, andB3(u), the
i B parameter associated with the matrix element of Ghe
04 [ operator[19].
I Then for theK system, using the experimentally measured
06 | value of AM, we obtain
08 | m B
I SUUR NUUUE FUUUR PUVRE FUUUE OO OO O ef=1.7X10"2—Im[C;]~0.4x 10" "Im[C;]. (35)
45 125 -1 -0.75 -05 -0.25 0 025 05 MW
Re(C,)

Given the allowed values @5 in Fig. 4, this means that in
the CMSSM, even with large SUSY phases, chargino cannot
a given set of initial conditions. Although we do not use theproduce a sizable contribution tg . We have seen in Sec.
approximation¢;~ &g this does not modify the elliptic shape !ll that gluino and neutralino also give negligible contribu-
of the plot. tions in the CMSSM or in a model without off-diagonal soft-
Figure 4 shows the allowed values for a rescaled WilsorPreaking terms at the GUT scale. Hence indir@¢t viola-

coefficientCy(My) = M\ZN/mﬁCs(Mw) corresponding to the tion in the kaon system will be malr!Iy given by_ the usual SM
same allowed points of the SUSY parameter space in Fig. £0% and the presence of@P violating phase in the CKM

. . matrix, Sckm » IS still needed.
As we anticipated previously, the allowed values @&y are ™ CKM 80,80 mixing h cular i g
close to the square of the values ©f in Fig. 3 slightly e case oB™-B" mixing has a particular interest due to
the arrival of new data from thB factories. In fact, as ex-

scaled by different values of the loop functions. This is the™ ~. :
proof of the importance of thdé—svy constraint on the pla|.ned at the end of .Sec.. il and_ ['5.]’ n thg Iarge targ
regime chargino contributions to indire€P violation can

chargino contributions to indire@ P violation. X ; : ‘
We can immediately translate this result to a constraint off€ Very important. However, for any value of fdrwe must

FIG. 3. Experimental constraints on the Wilson coefficiént

the size of the chargino contributions &g, :

2 F

Im(Cs)

15 |

05 |

-1"I-IO.SHHOI"IO.5I"I1HH1.5HH2HH2.5HH3
Re(C,)

FIG. 4. Allowed values for the rescaled WG;.

satisfy the bounds from thb—sy decay. So if we apply
these constraints to tH&°— B° mixing,

2
m — .
eX= 0.17M—§|m[c3]~o.5>< 10°3m[Cs]  (36)
W

where once again, with the allowed values of Fig. 4, we get
a very small contribution t&€ P violation in the mixing. We
must take into account that the mixing-induc€d phase,

6y, , measurable iB° CP asymmetries, is related t; by

Oy =arcsif2y2-eg}. The expected sensitivities on ti@&P
phases at th® factories are around:0.1 radians, so this
supersymmetric chargino contribution will be completely out
of reach. Gluino and neutralino contributions to indir€d®
violation can also be discarded in the CMSSM. Once again
we have to conclude that no new contributions to indirect
CP violation from the new SUSY phases will be observable
in B CP asymmetries in the framework of the CMSSM.
Recently, the Collider Detector at Fermilé8DF) [20] has
provided preliminary indications that sif8ds in agreement
with the SM predictions. Clearly, from the above regg.
(36)], it appears that the CMSSM contribution is too small
by itself to account for this result.
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VI. CONCLUSIONS indirect CP violation in K and B systems, even in the ab-

In this work, the effects of nonvanishing supersymmetricSence of any electric dipole moment constraints. This has
phases on indirecEP violation in K and B systems have Very important consequences for the supergravity induced
been analyzed within the CMSSM. We have found that op/Models where a cancellation between different supersymmet-
erators involving only left-handed external quarks are nof!C cont.rlbutlons allows large supersymmetric phase; while
sensitive to these new phases at an observable level. This i§Specting EDM bound§2]. In these models, even in the
due to the absence of intergenerational mixings beyond thod€9ions of parameter space where this cancellation occurs, no
originated from the CKM matrix. On the contrary, operatorsObservable effect of the large SUSY phases will appear on
involving both right- and left-handed quarks are in genera||nd|rectCP violation experiments. However_, as pointed out
complex, even in the absencedy,, and could be relevant py Baek and KC{G], Fhese phases would still be observable
in the large tar8 regime. However, we have shown that i CP asymmetries in thé—sy decay. _
these contributions are deeply related with the BR( All th_|s_ means that the presence of large SUSY phases is
—Xsy) decay. So, taking into account the constraints comMot sufficient to produce observable effects at the low energy

ing from this decay, these contributions also turn out to be€XPeriments. In particular, new sources of flavor change be-
too small to be measured experimentally. yond the usual CKM matrix are needed. And so, any devia-

Although these conclusions are specific for indir€d® tioq from the SM expectations at indire€&tP violation ex-
violation, they could also be implemented for chargino me-Periments due to supersymmetry should be taken as a sign of
diated directCP violation in the decays. Again, in these nonuniversality of the soft—k_)reakmg terms.' In this contg_xt
decays the same chargino-quark-squark couplings are i€ re(;alls the 'recent studlgs on superstring compactifica-
volved and we can also expect a big impact of thesy  1ONS with nonuniversal gaugino masged.
constrain. In fact, the conclusions reached in this paper are
far more -general. Thg correlatio_n be.thBFbS'y and SUSY. ACKNOWLEDGMENTS
induced indirectCP violation exists in any supersymmetric
model with sufficiently small intergenerational mixings in ~ We thank S. Bertolini for useful discussions and S. Baek
the sfermion mass matrices. This would include specificallyand P. Ko for fruitful mail exchange. D.A.D. thanks P. Lan-
all the models without new flavor structures beyond the usuafjacker for his helpful comments concerning the integration
CKM matrix at the GUT scale and simplified models as theof RGE’s. The work of A.M. was partially supported by the
one the authors used [B)]. European TMR Project “Beyond the Standard Model” con-

In summary, concerning the simpler supersymmetridract No. ERBFMRX CT96 0090. O.V. acknowledges finan-
models, like CMSSM, the constraints coming from BR( cial support from a Marie Curie EC grafMR-ERBFMBI
— Xgv) decay are sufficient to rule out pure supersymmetricCT98 3087.

APPENDIX A: INTEGRATION OF RGE'S IN CMSSM

In this Appendix we describe the new features of the integration of RGE’s in the CMSSM with nonvanishing SUSY phases
relevant to our analysis. The complete matrix form of the RG equations can be fod®. ibsing their notation and
conventions, with the only change Af,= mY2, we will mainly concentrate on the left-left scalar-quark mass matrix and the
trilinear soft-breaking coupling evolution:

dmg - ~ ~ o < o et e e o e~ o
T=(l§a3M§+3a2M§+%alMi)l—%[YUYLmé+méYUYLJr2(YUmﬁYL+;§YUYL+AUAB)]+%[YDYEmé

+maYpYh+2(Yom3Yh+ uiYoYE+ApAD)], (A1)
dhAU 1,167 ~ 17 \A 167 ~ 1~ v W NRVARY FVRVARYY, v YA
W:5(?&3"’3&2"’§a1)AU_(?a3M3+3a’2M2+§C¥1M1)YU_5[4AuYUYu+6Tr(AuYU)Yu+5YuYUAU

+3 (YY) AL+ 2Ap YL Yy + Yo YL AT, (A2)
dNAD 1,167 ~ 17 \R 167 ~ 1~ v, Y NRYARY, RVIRYY; VARVAW
TZ§(§a3+3a'2+§al)AD—(?a’3M3+3a2M2+§a1M1)YD—5[4ADYDYD+6TI’(ADYD)YD+5YDYDAD

+3Tr(Yo YY) Ap+ 2A0 Y Yo + YUY AL+ 2Tr(ALYD) Yo + Tr(YeY D) Ap]. (A3)

Except for the Yukawa coupling matrices, the RGE's of all other quantities are fi@garhis means, in particular, that
RGE'’s of all soft masses, though coupled, can be solved as a linear combination of the GUT-scale pamynéig'$», and
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M, at any scale belowl ;. However, one notices that the initial conditions on the trilinear couplings require the knowledge
of the particular Yukawa texture at the unification scale. To do this, we numerically integrate the Yukawa RGE with a given
value of tang and in terms of the fermion masses and the CKM matrix. Specifying the GUT-scale initial conditions in this
way, it is straightforward to compute all soft massesviy, for arbitrary values oimg, Aye'?A, andMy,,. Thanks to the
linearity of the corresponding RGE's, the soft masseM gt admit the following expansion

Aup(M2)=af p Ace' A+ af pMyp, (A4)

2 2, A 2 2 A
mMa.u.0(M2)=7gu.0 Mo+ 76.u.0 Ao+ 7d.u.0 Mt ( ﬂggg,u?D e

AT o~
+ ﬂggg,u?o e A AgM g5,

where the coefficientsr and » are 3<3 matrices with real numerical entries. One notices that the mami'lé'@@,D(l\/lz)
would be completely real were it not for the nonsymmetric terms in the may%’[%p. However, it will be seen from the
specific examples that this matrix remains nearly symmetric and, @Bsyiolating entriesméVU’D(Mz) are extremely
suppressed. Moreover, one notices tAgtp(M7) carries, in general, larg€P violating phases; however, these terms are
effective only for intragenerationdlR-type mixings. Hence, this particular observation shows the importance of chargino
contributions forCP violation in FCNC processes, as explained in Sec. Il.

As mentioned before, due to the nonlinearity of the RGE’s for Yukawa matrices, it is not possible to give a fully analytic
solution for the soft mass parameters. Nevertheless, once we figtare can numerically integrate the Yukawa RGE.
Therefore, below we give semianalytic solutions of RGE'’s forgan2 and tarB=40 to illustrate the small and large t8n
regimes.

Fixing tan B8=2, we get for the relevany matrices in Eq(A4),

7.07 2.7%10°* —7.02x10°3
7= 2.79x10°* 7.07 4921072 |, (A5)
—7.02x10°% 4.92x10°2 5.74
5.34<x10°6 —3.44x10°% 7.90x10°*
Hp§P+ 99N T)=| —3.44x107° 229x10°* -552¢107° |, (A6)
7.90x10°* -5.52x10°° 0.15
0 0 1.3410°8
8P — 7§~ T = 0 0 —8.55x1078 | (A7)
—1.34x10°8 8.55x10°8 0

where the vanishing off-diagonal entries in the last matrix mean values smaller th&hini@bsolute magnitude. Among the
matrices involved in EqA4), 79 is always the largest one for similar values\df,, andm,. So it sets the scale of the matrix
element whilen(9? is the only one that can produce an imaginary part. Hence, we do not specify theyatterices, which
area not important for our discussion.

Once we obtain theng(M,y) matrix with the help of Eq(A4) we can get the values of thé (P2 andM{P? in the SCKM
basis that give the size of flavor change in the squark mass matrices compared with the diagonal elementg=Rothase
elements of the squark mass-squared matrix causlndransitions between first and second, as well as second and third
generations, are given by

(MW2) = —279x10 " m3—9.30< 10 8 A2—1.17x 10 ® M2,,+8.15X 10" " AgM 1,,c0S ¢, (A8)

(MW2), 1= —4.07x10 5 m3—1.15x 10 > A2—1.61x 10 * M2,+ 1X 10" * AgM 1 ,c08¢pp— 1.71
X10 " AgM 4, i sing,, (A9)

(M{®2),,=9.38x10 5 m3+3.75< 10 6 A2+ 2.79x 10" * M2,,+ 6.87x 10" 5 AgM 1,,C0S ¢, (A10)

(M{92),.=1.67x1072m3+5.32< 10 * A2+ 4.91X 10 2 M2,— 1.1X 10 2 AgM 1,,c08¢p,— 1.70
X 10 " AgM 4, i sing,. (A11)

Now, we repeat the same quantities above forda0:
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7.07 244104 —5.80x10 3
nd=| 2.44x10* 7.07 4.06<10°2 | (A12)
—5.80<10°°% 4.06x10 2 4.97
) 8.32x10°® —457x10° 7.82x10°*
5 ,75?9 A 4 ,75?9 ATy=| —4.57<10° 52010 * —547x10 3|, (A13)
7.82x10°% —5.47x103 0.22
. 0 0 —1.64x10°6
E(”E?g A 9P T)= 0 0 1.1410°° || (A14)
1.64<10°% —1.14x10°° 0
(M2 (W) ,=—8.77x10 °mZ—2.77< 10 ° A3—3.0x 10" * M2 ,+ 1.21X 10" * AgM 1 ,c08¢hp+i 1.1X 10 °AgM 1 ,Sin s,
(A15)
M2 (W), .= —1.28x10 2 m2—2.70x 10 3 A2—3.77x 10 2 M2,+5.67x 1073 A,M +i2.30
(M{L")23 - mp—2. 0~ 3. 12t 9. oM 1/,C0Sha+i 2.
X107 % AgM 1,,8iN 4, (A16)
(M2 (@),,=7.51x 10 °m2+7.74x 10 6 A2+2.44x 10 *M2,—9.13X 10" 5 AgM 1,,C0Shp , (A17)

(M2 (9),2=1.34x 102 m2+7.84< 10" * A3+ 4.05X 10 2 M%,— 1.1X 1072 AgM 1,,00Sh 5 +i 2.28< 10" % AgM msind;(A. )
A18

A comparison of the corresponding quantities infan2 and tan3=40 cases reveals the sensitivity of the results orBtan
As explained in Sec. IIYy(Mz) remains nearly unchanged whi¥g,(M7) assumes an order of magnitude enhancement as
tang varies from 2 to 40. This change i¥ip(M) affects various quantities as dictated by the differential equatidhs—

(A3).

APPENDIX B: LOOP FUNCTIONS

In this appendix we collect the different loop function used in the text. The func¥grand Y, enteringB—§ andK
— K mixings are given by

a’ b2 c? d?
@b e d =g g ca@-a " @ bbb " aob-od-o " @ db-dcd"°
(B1)
and
_\/_ a b c
Y,(a,b,c,d)=y4cd (b—a)(c—a)(d=a) Ina+ (a—b)(c—b)(d—b)ln b+ (a—c)(b—c)(d—c)lnc
+ (a—d)(b—d)(c—d)lnd . (B2)
For the analysis ob— sy branching ratio the following loop functions are relevant:
F (x)=;(x3—6x2+3x+2+6xlnx) (B3)
B 1ox— 1) ’
F (x)=;(2x3+3x2—6x+ 1-6x2Inx) (B4)
25 1x—1) !
F (x)—; x2—4x+3+2Inx) (B5)
3 _2(x—l)3( :
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F4(x):m(x2—1—2xlnx), (B6)
1

FL(xY) = [QuF(y/%)+Fa(y/x)], (B7)
1

FR(x.Y) = [QuFa(Y/X)+Fa(y/x)], (B8)
5(x.y) ==

FE(y) =S Fa(y/x), (89)
8 (x.y) ==

FROGY) =S Fa(y/x). (810
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