PHYSICAL REVIEW D 67, 015008 (2003
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We analyze the chargino contributionng—gd mixing andC P asymmetry of thd,— J/ /K5 decay, in the
framework of the mass insertion approximation. We derive model independent bounds on the relevant mass
insertions. Moreover, we study these contributions in supersymmetric models with minimal flavor violation,
Hermitian flavor structure, and sma&lP violating phases and universal strength Yukawa couplings. We show
that, in supersymmetric models with large flavor mixing, the observed values gBsirag be entirely due to
the chargino—up-squark loops.
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I. INTRODUCTION mental results in the&K system. Thus the supersymmetric
models with smallC P violating phases at high energy scales
Since its discovery in 1964 iK-meson decays, the origin are still phenomenologically viable. An alternative possibil-
of CP violation has remained an open question in particleity for suppressing the EDMs is that SUSYP phases have
physics. In the standard modéSM), the phase of the a flavor off-diagonal character as in the $%9]. Such mod-
Cabibbo-Kobayashi-Maskaw@CKM) quark mixing matrix  els would allow for phases of ord&?(1) which may have
provides an explanation of theéP violating effect in these significant effects irB physics[5].
decays. Although the SM is able to account for the observed A useful tool for analyzing SUSY contributions to flavor
CP violation in the kaon system and the recent measuremertthanging neutral currelCNC) processes is provided, as
of the (time-dependentCP asymmetry inBy—J//Kg de-  known, by the mass insertion methft0]. One chooses a
cays, newCP violating sources are necessarily required tobasis for the fermion and sfermion states where all the cou-
describe the observed baryon asymméltdy Moreover, itis  plings of these particles to neutral gauginos are flavor diag-
expected that witlB factories theB system will represent an onal, leaving all the sources of FC inside the off-diagonal
ideal framework for crucial tests & P violation in the SM  terms of the sfermion mass matrix. These terms are denoted
and probing new physics effects at low energy. by (A%g)", where as usuah,B=(L,R) andi,j=1,3 indi-
It is @ common feature for any new physics beyond thexate chiral and flavor indices, respectively, apdu,d. The

SM to possess addition@l P violating phases in addition to sfermion propagator is then expanded as a serieﬁg)(j

the Sckm phase. In supersymmetri8USY) models, the soft N ~ . .
SUSY breaking terms contain several parameters that may be(2ag)'/m”, wherem® is an average sfermion mass. This

complex, as also may be the SUSY preservingarameter, Method allows one to parametrize, in a model independent
These new phases have significant implications for the elec¥@y, the main sources of flavor violations in SUSY models.
tric dipole momentEDM) of the electron, neutron, and mer- In this framework, the gluino and chgrglno contributions to
cury atom[2]. It was shown that the EDM can be suppressedne K system have been analyzed in Refs0] and [11],
in SUSY models with smalCP phaseg3,4] or in SUSY _respgctlvely. These analy_ses §howed thgt the bounds on the
models with flavor off-diagonaC P violation [3,5]. imaginary parts of mass insertions, coming from glumo ex-
The idea of having smalCP phases £102) as an ap- changes toey and e'/e, are very severg¢10], while the
proximateC P symmetry at low energy could be an interest- €orresponding ones from chargino exchanges are less con-
ing possibility if supported by a mechanism®P symmetry strained[11]. In particular, in order to saturatgc from the
restoration at high energy scale. However, this mechanisr@liino contributions one should havgl0] \[im(s%,)7,|
might also imply that theSci phase is small6]. The large  ~10"2 or JIm(6%)2.[~107%, and \[Im(8%,)2/~1075
asymmetry of thdB-meson decayp,, ,«, observed by BaBar from &'/e, while chargino contributions requird11]
and Belle experiment] are in agreement with SM predic- IMm(81,)7 ~1072, for average squark masses of the order of
tions for large cxy, and thus the idea of small phases 500 GeV and gluino masses of the same order.
might be disfavored. Recently, in the framework of the mass insertion approxi-
However, in Ref[8] it was shown that in the framework mation, gluino contributions to thB4-B4 mixing and CP
of the minimal supersymmetric standard mod®SSM)  asymmetry in the decaBy,— J//Kgs were analyzed by in-
with nonuniversal soft terms and large flavor mixing in the cluding next-to-leading ordefNLO) QCD correctiong 12]
Yukawa coupling, supersymmetry can give the leading con{see also Ref[13]). However, an analogous study for
tribution to CH with simultaneous account of the experi- chargino contributions to these processes is still missing.
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This kind of analysis would be interesting for the following AMg =Mg —Mg , (1)
reasons. First, it would provide a new set of upper bounds on d : -

the mass insertion parameters, namekﬂ,‘j)(qB in the up- whose present experimental value iQMBd=0,484
squark sector, which are complementary to the ones obtained 010 (psy* [14].

from gluino exchangepwhich constrain only éﬂ-)AB]. Sec- The CP asymmetry of th, andgd meson decay to the

ond, upper bounds onﬁﬁ)AB would be very useful in order ~p eigenstata/K is given by
to perform easy tests on SUSY models which receive from s

chargino exchanges the main contributionthpgd mixing F(Bg(t)—>l//Ks)—F(§g(t)—>$Ks)
and CP asymmetry. Indeed, in many SUSY scenarios the ay(t)=——; =
gluino exchanges are always subleading. '(By(t) = ¥Kg) +T(By(t) = ¢Ks)
In this paper we focus on the dominant chargino contri- =—a . Sin(Amg t). )
S d

butions to theB4-By mixing andC P asymmetryay, ;.. We

use the mass insertion method and derive the correspondindie most recent measurements of this asymmetry are given
bounds on the relevant mass insertion parameters. We péd [7]
form this analysis at NLO accuracy in QCD by using the
results available in Ref12]. As an application of our analy- a. = 0.59+0.14+0.05 (BaBay,
sis, we also provide a comparative study for supersymmetric s 0.99+0.14+0.06 (Belle),
models with minimal flavor violation, Hermitian flavor struc- ) o
ture with smallC P violating phases and universal strength of Where the second and third numbers correspond to statistic
Yukawa couplings. We show that in all these scenarios, b@nd systt_ama_\tlc errors, respectively, and so the present world
comparing ) s and (5idj)AB with their corresponding up- average is given by, =0.79+12. These results show that
per bounds, the chargino contributions are dominant over théhere is a largeC P asymmetry in thé8-meson system. This
gluino ones. implies that either th€ P is not an approximate symmetry in
The paper is organized as follows. In Sec. Il we presentature and that the CKM mechanism is the dominant source

the supersymmetric contributions By-B4 mixing andCP of CP violation[5] or CP is an approximate symmetry with

asymmetrya . We start with a brief review on gluino large flavor structure beyond the standard CKM maftéik

contributions and then we present our results for the charginoGener"""y’ANI By and AyKg Can be calculated via

ones, both in the mass insertion approach. In Sec. Il we
derive model independent bounds on the relevant mass inser-
tions involved in theBy4-By4 mixing andaj,(,,KS. In Sec. IV 1
we generalize these results by including the case of a light ayk =Sin 2Bt and Beﬁ=§ar§KBg|H§f?:2 BY),
top-squark(stop right. Section V is devoted to the study of

the supersymmetric contribution By g in three different (5)

supersymmetric models. We show that the observed valuaghere Hg¢ 2 is the effective Hamiltonian responsible for
of sin28 may be entirely due to the chargino—up-squarkthe AB=2 transitions. In the framework of the standard
loops in some classes of these models. Our conclusions afﬁodeLal//KS can be easily related to one of the inner angles

presented in Sec. VI. of the unitarity triangles and parametrized by g, ele-
ments as follows:

()

AMg,=2[(BglHef ~?[Bg)l, 4)

Il. SUPERSYMMETRIC CONTRIBUTIONS TO AB=2 .
TRANSITIONS VedVeb

: (6)
ViaVib

ayjx.=sin 28, ,8=ar% -

We start this section by summarizing the main results on

Bg-Bq mixing andC P asymmetrya,;,«, then we will con- In supersymmetric theories the effective Hamiltonian for
sider the relevant SUSY contributions to the effective Hamil-A B = 2 transitions can be generated, in addition to\ibox
tonian for AB=2 transitions, given by the chargino and diagrams of the SM, through other box diagrams mediated
gluino box diagram exchanges. by charged Higgs boson, neutralino, photino, gluino, and
In the B4 andB systems, the flavor eigenstates are givenchargino exchanges. The Higgs boson contributions are sup-
by By=(bd) and By4=(bd). It is customary to denote the Pressed by the quark masses and can be neglected. The neu-

- - _ =y tralino and photino exchange diagrams are also very sup-
corresporljmg mass e|gerTstatequy—de+qu and B, pressed compared to the gluino and chargino ones, due to
=pBy—qBy where the indices H and L refer to heavy and e electroweak neutral couplings to fermion and sfermi-
light ~mass eigenstates  respectively, an®=(1  ong Thus, the dominant SUSY contribution to the off-
+eg)/V2(1+|eg|), q=(1—eg)/V2(1+|eg|) wheresgis  diagonal entry in theB-meson mass matrixM;,(By)

the correspondin@ P violating parameter in thB4-B4 sys- =<B§|H§f}3=2|§3> is given by
tem, analogous te: in the kaon systenil4]. Then the au - -
strength ofB4-B4 mixing is described by the mass difference My(Bg)=M77(Bg)+ M3HBg)+ M, (Bg),  (7)
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where M SY(By), MIy(By), and M}, indicate the SM,
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Ql_ LYM adL')’,ubL! Qo= Rbad'BbB' Qs=d abﬁdﬁba,

gluino, and chargino contributions, respectively. The SM

contribution is known at NLO accuracy in Qdn4] (as well
as the leading SUSY contributiof$2]) and it is given by

2

Gk
2'(Bg) = 197 zﬂBBBdedMBdMW(thth) So(X4),

8

wherede is the B-meson decay constarﬁBd is the renor-

malization group invarianB parameteffor its definition and
numerical value, see Reff14] and references therginand
7=0.55=0.01. The functionSy(x;), connected to thé\B

=2 box diagram withW exchange, is given by

Ax,— 11X+ %3
4(1—x,)2

3x3Inx,
2(1—x)3%

So(x)= 9

wherex,=MZ/MZ,.

The effect of supersymmetry can be simply described by a

dimensionless parameteﬁ and a phase &, defined as fol-
lows:

. M5B
r§e2'9d=—;;( @ , (10
M15(Bqg)
where AMB 2|M (Bd)|rd Thus, in the presence of

SUSY contr|but|ons, th&€ P asymmetryBy— K g is modi-
fied, and now we have
al//KS:Sin Zﬁeﬁ: S|n(2ﬁ+20d) (11)

Therefore, the measurement a);,KS would not determine
sin 28 but rather sin By, where

SUSY( d)
204=ar 1+—

(12
M3(By) :
and M SYSY(By) = M 9x(Bg) + M X,

, (Bo)-

A. Gluino contributions

The most general effective Hamiltonian faB=2 pro-

cesses induced by gluino and chargino exchanges through

AB=2 box diagrams can be expressed as

5

ABZE

M)Q(M)"'z Ci(p)Qi(p) +H.c.,
(13)

whereC;(u),Ci(n) andQ;(x),Q;(x) are the Wilson coef-

Q,=dgb{dfbg, Qs=dzbfdfbg. (14)
In addition, the operator'él,z,s are obtained fronQ, , 3 by
exchanging- < R.

Now we summarize the main results for gluino contribu-
tions to the above Wilson coefficients at SUSY scale, in the
framework of the mass insertion approximation. As we will
show in the next section, in order to connect the Wilson
coefficients at SUSY scale with the corresponding ones at the
low energy scaleu=0O(m), the renormalization group
equations for QCD corrections must be solved. In the case of
the gluino exchange all the above operators give significant
contributions and the corresponding Wilson coefficients are
given by[10,12]

2

Co(Mg)= — —2 [ 24xf5(x)+ 667 (x)](5%)2
1 S)— T 2 6 6 13/LL

216rrrq

a2
CaoMg)=~— 2204 f5(X) (859 ,
q

al

Ca(Mg)= - —36xT5(X)( 8i9aL. (15)

q
2

Ca(Mg)=— 210;{[504kf6<x>—72?6(x>]
q

X(5d3)LL 5d3)RR_ 132 (%)
X (69 Lr(81)RL}
2

as ~
2 {[24xfg(x) + 126 5(x)
omg

X(5d3)LL 5d3)RR_ 180f 5(x)
X (89 Lr(8%)RL}

Cs(Mg)=—

2 2 ~5 .
where x=rné/m;1 and m? is an average squark mass. The

expression for the functionfg(x) andfg(x) can be found in
Ref.[12]. The Wilson coefficient€; 3 are simply obtained
by interchangind-«< R in the mass insertions appearing in
C1_3.

B. Chargino contributions

Here we present our results for the chargino contributions
to the effective Hamiltonian in Eq13) in the mass insertion
approximation. The leading diagrams are illustrated in Fig. 1,
where the cross in the middle of the squark propagator rep-
resents a single mass insertion. As we will explain in more
detail below, the dominant chargino exchange can signifi-
cantly affect only the operatoi®,; and Q5. We recall here

ficients and operators, respectively, renormalized at the scatbat in the case oK-K mixing the relevant chargino ex-

M, with

change affects only the operat@y [11], as in the SM.
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b X d b d TABLE |. Numerical values for the coefficients; (with i
T o X T =1,2,3) in Eq.(23) for some representative values of the SUSY
YU, Uc A A B scaleMg, and evaluated at the low energy scale m, .
X x e %
L) oy | ) e Ms X1 () Xo( ) X3(u)
YUB Up A (c) U(D)
p % b a '<"'*"<"ﬂ—b 200 0.844 —0.327 0.571
400 0.827 —0.367 0.536
@) (b) 600 0.817 ~0.389 0.518

FIG. 1. The leading chargino—up-squark contribution to the 800 0.810 —0.404 0.506

By-By mixing.

matrices. Denoting by 1 5 the off-diagonal terms in the sfer-
mion (q=u,d) mass matrices for the up and down squarks,
‘;espectlvely, whereé\,B indicate chirality couplings to fer-

mions A,B=(L,R), the A-B squark propagator can be ex-
panded as

(Q3ag*)=i(k?1—m?1—-AYp) 1

In the framework of the mass insertion approximation,
one chooses a badisuper-CKM basiswhere the couplings
of the fermions and sfermions to neutral gauginos are flavo
diagonal. In this basis, the interacting Lagrangian involving
charginos is given by

L qox+ 92 E [ViaKEd2 () *ap

6 i(AAp)
y =0 LT
— U5 (Y§9 K ™) apdB(X ) *UP k?—m?  (k*~m?)?
—VEZ(K~Y3‘a9>ab5i‘(}+)*ﬁ% , (16) where q=u,d selects the up or down sector, respectively,

dia a,b=(1,2,3) are flavor indiceq, is the unit matrix, andn is
whereY/¢’ are the diagonal Yukawa matrices, aids the  the average squark mass. As we will see in the following, it
usual CKM matrix. The indices, b, andk label flavor and is convenient to parametrize this expansion in terms of the

chargino mass eigenstates, respectively, &d are the  gimensionless quantity&flg)an=(A%g)ap/M2. At the first

chargino mixing matrices defined by order in the mass insertion approximation, we find for the
U*M;+V*1=diagm;+,m;+) and Wilson coefficientsC{ (M) the following resuilt:
1 2
4
g
M, \/EMWsin,B Ci(Mg)=—= E {|V|1| |V11|2[ 5EL)31

22
M7+ = 17) 7687°m

V2M,y cosp m

As one can see from Ed16), the Higgsino couplings are
suppressed by Yukawa couplings of the light quarks, and

+2N(8 | )31( 6] )32l
= 2Y (Vi |2V} VI (8 ) sa( Oy 3t

therefo_re they_ are n_eglig_ible,_ except for the stop—bottom AN ) an S8 ) an NS ) ar( 85 0]
quark interaction which is directly enhanced by the top
Yukawa coupling ;). The other vertex involving the down Y2VI ViV, lV S (SR L)§1
and stop could also be enhancedYyy but one would pay
the price of ax® suppression, wherg is the Cabibbo mix- +2N(Sr)a1( SrU) 2l La(Xi X)), (19)
ing. Since in our analysis we adopt the approximation of
= . : 42
retaining only terms proportional to order we will neglect ~ g"Yp

— u 2
the effect of this vertex. Moreover, we also set to zero the Ci(Mg)= 192m2m? IE] Ui2Uj2ViaVial (4003
Higgsino contributions proportional to Yukawa couplings of
light quarks with the exception of the bottom Yukawa cou- +2N(87 ) a1( 8 z2llo(Xi X)), (20)
pling Y,, since its effect could be enhanced by largegan
In this respect, it is clear that the chargino contribution to the TABLE Il. Upper bounds on/|Re (81 ) 3117 from AMg, (as-
Wilson coefficientsC, and Cs is negligible. Furthermore, suming zero CKM and SUSY phase$or x=200 GeV and taiB
due to the color structure of chargino box diagrams there is=5, and for some values @h andM, (in GeV).

no contribution toC, or C,. However, as we will show in

the next section, chargino contributionsGg will always be
induced at low energy by QCD corrections through the mix-
ing with Cs. 150  1.3x10°! 1.7x10! 22x10! 2.8x10°!

Now we calculate the relevant Wilson coefficients 259 1.9¢10°Y  23x10°! 27x10! 3.2x10°!
Ci4{Myg) at SUSY scaleMg, by using the mass insertion 350 2107t 2.8x10! 33x10! 3.7x107!
approximation. As mentioned in this case the flavor mixing 450 3.6x10°r  36x10°! 3.9x10°! 4.3x10°!
is displayed by the nondiagonal entries of the sfermion mass

m
M,m 300 500 700 900
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TABLE lll. Upper bounds on mass insertions as in Table Il, for

2 =2 .
wherex;=m-+/m*, and the function& y(X,y) andL,(X,
' X o(X.Y) 2(%.¥) M,= =200 GeV and ta=5.

are given by
. \/_<xho(x)—yho(y)> m  VIRE(s!)al’l VIR (SkDxl’l VIR (S!Sl
X,y) = Vxy| ———|,
oY) y X=y 200 1.4x10°* 4.7x10°* 2.1x1071
) 400  1.810°° 9.0x10°* 2.7x10°*
ho(X) = “Alkix=2x Glnx 600  2.2¢10°! 15 3.4x10°!
(1-x)3 (1—x)* 800  2.7x10°! 2.3 4.1x10°1
21
gy XP00— yha(y) @1
2(Xy)= X—y ’ while for the other coefficient€;(x)=0 (i=4,5). Numeri-
) cal values forx;(u), evaluated atu=my, are shown in
(x)= 2+5x—X N 6xInx Table | for some representative valueswb§. Notice that the
2T (1% coefficientsb(*® andc{*® are different from zero and so the

contribution toC,(u) is radiatively generated at NLO by the

off-diagonal mixing withCs(Mg). For the coefficientf:l_s

we have the same results as in E2p) and in Table I, since
In this section we present our numerical results for thethe corresponding{"> andc!{" coefficients in Eq(22) are

bounds on §,g);; which come fromAMg and theCP vio-  the same as the ones for the evolutionGaf 5 [12].

lating parameter sin@ We start with the chargino contribu-  The off-diagonal matrix elements of the operatQisare

tion, which is found to be the dominant SUSY source ingiven by[12]

various model$5,8,15. We also provide analytical expres-

sfions.forAMB_d and sin ;B as functions of the mass inser- <Bd|Ql|§d>:%defédBl(/~L)v

tions in the Wilson coefficient€;(Mg) of Egs.(19),(20). In

our calculation we take into account NLO QCD corrections

lll. CONSTRAINTS FROM AMg AND sin 28

in both Wilson coefficients and hadronic matrix elements - 9 Ma, ’ 2
given in[12]. <Bd|Q2| Bd>_ T 24 My() +My( 1) dedeBz(M),
In order to connecC;(Mg) at the SUSY scalé g with
the corresponding low energy oneS;(u) [where u o 1 Mg, 2
=0O(my)], one has to solve the renormalization group equa- (Bgy|Q3|By)= A\ M T deféng(,u),
tions (RGES for the Wilson coefficients corresponding to the My () + M) (24
effective Hamiltonian in Eq(13). Then,C;(u) will be re-
lated toC;(Mg) by [12] ®0 |§> 1 Mg, 2 2 Bl
dlR4lBa)= 7\ =7 S Myl Lali),
4\ m, +m d Bd
Cw=2 3 (b I+ nc9) 7 CyMg), (22 o)t mals)
—_ 1 Mg, 2 5
where Mg>m, and 7= ag(Mg)/ag(n). The values of the (Bal Qs[Ba)= 12\ my(p) +my( ) dedeB“(“)'

coefficientsb("® , ¢{" | anda; appearing in Eq(22) can be

found in Ref.[12]. In our analysis the SUSY scale, where The value ofB; has been extensively studied on the lattice
SUSY particles are simultaneously integrated out, is identif16], but for the otheB; parameters, they have been recently
fied with the average squark mass By using the NLO  Calculated on the lattice by the collaboration in Rafz]. In
results of(12], we obtain, for the relevant chargino contribu- OUr analysis we will use the central values reporte@li],

tions namely, B;(u)=0.87, By(u)=0.82B3(x)=1.02B4(1)
=1.16, andB5=1.91. The same results of E@4) are also
Ci(w)=x1(1)C1(Mg), Co(p)=xa(1)C3(Mg), valid for the corresponding operatds, with the same val-
ues for theB; parameters, since strong interactions preserve
Ca(m)=x3(n)C3(Myg), (23)  parity.

TABLE V. Upper bounds on mass insertions as in Table II, Nbj= =200 GeV and taB=>5.

m VIRE (8)') 31( S ) 3]l VIRE () 31(Sr ) 32l VIRE (851 31( Sk 32
200 1.8<10°! 4.0x1071 7.1x10°1t

400 3.0<10°* 6.3x10°1 1.3

600 4.5¢107t 9.5x10°* 2.3

800 6.3x 1071 1.3 3.5

015008-5
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TABLE V. Upper bounds ony/|Im[(8},)s1]% from sin23
=0.79 (assuming a zero CKM phasdor ©=200 GeV and ta

=5, and for some values oh andM, (in GeV).

m

M,m 300 500 700 900
150 1510t 2.0x10' 26x10' 3.1x10°?
250 22107t  26x10! 3.1x10' 3.6x10°%
350 3.0<100t  33x10! 3.7x10' 4.2x10°!
450 40107 4.1x10°'  4.4x10°t 4.8x1071

Now we start our analysis, by discussing first the domi-
nant chargino contribution toAMg . Using Egs.

(4),(19),(20), and(23),(24), we obtain 1‘orAMBd the follow-
ing result:

4 2
g'mg f5,

(487)2m?

IRI, (25

MBd

R=[(8{)51+ 2M(8!)a1( 8} ) 32l{2A1x1( 1) By( )
+ AX()[ X3 1) Ba( ) —5Xo( ) Bo( ) 1}
{67 ) a1(Sr) a1+ N (6] )31( SR 32
+ ()32 )3l 2AXa (1) By (1) + [ (k)5
+ 2N (S 31 Sie) 32]2AX1 (1) By (1) (26)

where X(,u)={de/[mb(,u)+md(,u)]}2, and the expres-
sions forA; are given by

A]_:iEJ_ Vil Vja |20 %),
A2=YtiEj IVia|2Vj1VEL(X X)),
A3:Yt2I2J VilVEkZleijZLZ(Xi ,Xj),

A4=Y§Zj UioU Vi1 Visko(Xi X)), 27

where the definition of the quantities appearing in EZy)
can be found in Sec. Il. Notice that the renormalization
scheme dependence in E@5) [for u varying in the range
n=(my/2,2m,)] is strongly reduced due to the NLO QCD
accuracy.

As is customary in this kind of analysj40], in order to
find conservative upper bounds on mass insertions, the S
contribution toAMg . is set to zero. Moreover, since we are

analyzingAMBd, which is aCP conserving quantity, we

PHYSICAL REVIEW D 67, 015008 (2003

TABLE VI. Upper bounds on mass insertions as in Table V, for
M,=u=200 GeV and tafg=>5.

m Imi(afDsl?l VIML(Sr) a1l IMI(SY D) a6 5]

200 1.6<10°¢ 5.4x10°* 2.4x10°1
400 2.0<10°¢ 1.0 3.0x10°*
600 2.5¢10°¢ 1.7 3.8x10°!
800 3.1x10°¢ 2.7 4.6x10°1

each independent combination of mass insertions in(Eg).
does not exceed the experimental central vamde

<0.484 (ps) ™.

These constraints depend on the relevant MSSM low en-
ergy parameters, in particulaby m, M,, u, and tans.
Notice that with respect to the gluino mediated FCNC pro-
cesses, which are parametrizedbyM, the chargino me-
diated ones contain two free parameters more.

In Tables Il and Ill, we present our results for upper
bounds on mass insertions coming fraMg , given for

some representative valuesrofandM, and for fixed values
of ©=200 GeV and tag=5. In Table Il we provide con-

straints onv/|Re (8, )31]? for several combinations ah

andM,. We find that these bounds are almost insensitive to
p and tarp in the ranges of 200—500 GeV and 3—40 respec-
tively. This can be simply understood by noticing that the
contributions toAB=2 transitions mediated blyL interac-
tions are mainly given by the weak gaugino component of
chargino. Therefore, the corresponding bounds are more sen-
sitive to M, instead ofu and tanB, since these last two
parameters contribute to the Higgsino components of the
chargino. The only term in Eq25) that is quite sensitive to
tanB is A,, because it is proportional to the bottom Yukawa
coupling squared. Howeverg{, )31, in addition toA,, re-
ceives contributions also from th&; term. This term is
larger thanA, and almost insensitive to tgh leaving the
bounds on §/',)3; almost independent of tat

In Tables Il and IV we give our results for the real parts

of the other mass insertior@nd also fory|Re (8} )31]?|)

which are less constrained, for several valuesnofand
evaluated aM ,= © =200 GeV and taBg=>5. For larger val-
ues ofu andM,, these bounds become clearly less stringent
due to the decoupling. Notice that they are also quite insen-
sitive to tanB, since no mass insertion in E5) receives
leading contributions from bottom Yukawa couplings. It is
also worth mentioning that the bounds on the mass insertion
(8')aASr)31 are identical to the bounds of
(8/'1)a1(8r) 32, since they have the same coefficient<Cih

as can be seen from E@6). Therefore, here we just present

l{[ﬁ]e bounds of one of them.

Iwith abuse of notation, we used here the same symbiolr the

keep the squark mass matrices real. Upper bounds are theshormalization scale of Wilson coefficients and the Higgs mixing

obtained by requiring that the contribution of the real part of

parameter of the MSSM.
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TABLE VII. Upper bounds on mass insertions as in Table V,Nbj= =200 GeV and taB=>5.

m VML (1) 21 S ) 31l VML (8 ) 31( Sk ) 32| VML (85 ) 31( k) 32|
200 2.1x10°1 4.5x10°* 8.0x107!
400 3.4x10°1 7.2x10°1 1.5
600 5.1x10°* 11 2.5
800 7.2<10°% 15 4.0

In analogy to the procedure used for obtaining boundslable IX we show the corresponding bounds for the imagi-
from AMg , the imaginary parts will be constrained by nary parts obtained from the gluino contribution @P
switching off the SM CKM phase and imposing that the asymmetrya, ., again assuming zero SM contribution.
contribution of the SUSY phases to si@ 2loes not exceed The upper bounds on the other mass insertions in which
its experimental central value (siBP**=0.79. In particu- L« R are not shown here, since they turn out to be exactly

lar we obtain the same as the corresponding ones in Tables VIl and IX.
2
94dede IV. LIGHT STOP SCENARIO
(tan 2B)%*P'< = ImM[R] (28 _ _ _ _ _ _
(487)°“m"AMg_ In this section we will provide analytical and numerical
results for the bounds on mass insertions, in the particular
whereR is defined in Eq(26). case in which one of the eigenvalues of the up-squark mass

In Tables V-VIII. we present our numerical results for the matrix is much lighter than the othéalmost degenerate
bounds on imaginary parts of mass insertions. Clearly, due tones. This scenario appears in the specific model that we will

the procedure used in our analysis, these bounds turn out ghalyze in Sec. V C, where the mass of the stop rigtr[QtI
R

be just proportional to the corresponding ones in Tables II_is lighter than the other diagonal terms in the up-squark mass

matrix. Then the analytical results for the Wilson coefficients

dependence hold for these bounds as well. : . . . : ) .
Next we consider the upper bounds on the relevant mas%rowded in Sec. 1 V.V'” be .Qe”Q’a"Z‘?d by including this
effect. In our case, this modification will affect only the ex-

insertions in the down-squark sector, mediated by gluino ex- : ! - : .
change. In Ref[12] the maximum allowed values for the pression for the Wilson coefficied@®{(Ms) in Eq. (19), since

real and imaginary parts of the mass insertion J;; and e Stop right does not contribute @(Ms) at O() order,

. L as can be seen from EQO).
(6‘ER) 13 are given by taking into account the NLO QCD cor- ; . .
rections. However, in that analysis the SM contributions to By taking the mass of the stop right dlf_'fererét%fro.m the
AMpg  and sin3 are assumed not vanishing. In order to average squark mass, we obtain the following result
d

compare our bounds on up-squark mass insertions with the

IV, and therefore the same considerations ahoatnd tans

4

corresponding ones in the down-squark sector, we should use CX(Mg)= 9 E {IVi 2 Vi) 2L (5 )2
for these last ones the same strategy adopted above. There- 768mm~ i,

fore, in order to find conservative upper bounds on down- u "

squark mass insertions, we will impose that the pure gluino + 2N (1) a0zl La(Xi X))
contribution does not exceed the experimental values on VIV 2V VA (SY su
AMg, and sin 3, setting to zero the SM contribution. In Vil ViaVid (8L orU)an
these results we include the NLO QCD corrections for the +N(8.1) 3 SR a1

Wilson coefficients given in Eq22).
The upper bounds on the real parts of relevant combina=——

tions of mass insertions® )13 [with A,B=(L,R)] from the 2We have used the same method introduced in Réf, but our
gluino contribution tOAMBd are presented in Table VIII. In results are presented in a different way.

TABLE VIII. Upper bounds on real parts of combinations of mass insertioﬂg)(gl, with (A,B)=L,R, from gluino contributions to
AMg, (assuming zero SM contributipnevaluated a=400 GeV and for some values of gluino mads (in GeV).

M3 VIRE (87)3411 VIR (83D 3]] VIRE (7)) 31( 53R aall VIR (87 R)31( k) 31l
200 4.6x10°2 2.2x10°2 8.4x10°° 1.1x10°2
400 1.0<10°* 2.4x10°2 9.6x 1073 1.9x10°2
600 4.8<10°1 2.9x10°2 1.2x10°2 3.0x10°?
800 2.4x1071 3.4x10°? 1.4x10°2 4.4x1072
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TABLE IX. Upper bounds on imaginary parts of combinations mass insertiéhs) ¢, with (A,B)=L,R, from gluino contributions to
sin 28 (assuming zero SM contributipnevaluated am= 400 GeV and for some values of gluino mads (in GeV).

M3 \/Im[(SLL)31]| \/|Im[(5RL)31]| \/||m[(5ﬂ|_)31(5gz|a)3ﬂ| \/|Im[(5ﬁR)31(5gL)3]]|
200 5.2x1072 2.5x10°2 9.6x10°° 1.2x1072
400 1.2<10°t 2.7x10°2 1.1x10°2 2.2x1072
600 551071 3.3x1072 1.3x1072 3.4x1072
800 2.8<10°! 3.9x10°? 1.6x10°? 5.0x 102

+ N (61310 Or) 32l Ra(Xi X, 2)
YV ViV VL (Br)5

+ 2N (831 Sk xlRa(Xi Xj,2)}, (29

2 = 2 =~ .
where xi=rr*§(+/m2, z=m{ /m?* and the functions
i R

R,(X,y,2) andRy(x,y,z) are given by

1
RZ(X!y!Z)z H[HZ(XIZ)_HZ(y!Z)]v

- 1 -
Ra(X,y,2) = XT[Hz(X,Z) —Ha(y,2)],

H,(Xx,z)=

Hy(x,2)= =

y

3
m{(—l+x)(x—z)(—l+z)
X (—1—x—z+3x2)+6x%(—1+2)%log(x)

—6(—1+x)3z%log(z)},

DZ(X,Z){(_1+X)(X_Z)(_l+2)

X[Xx+(—2+x)z]+6x*(—1+2)%log(x)

—6(—1+x)%z(—2x+z+2%)log(z)}, (30

where Dy(x,2)=(—1+x)3(x—2)(—1+2)° and D,(x,2)
=(—1+x)?(x—2)?(—1+2)%. Notice that in the limitz
—1 both the functionsR,(x,y,z) and Ry(x,y,z) tend to
L,(X,y), recovering the result in Eq19). Analogously, the
expressions foA, andA; entering in Eq(26) must be sub-

stituted by

while A; and A, remain the same. In Tables X and XI we M
show our results, analogous to the ones in Tables IlI-VI, fort
the bounds on the real and imaginary parts on mass inse
tions, respectively, by taking into account a light stop right

A2=Yti2j [Via|2Vj1V5Ro(X; X ,2),

ASIYtZiEj ViiViLV; 1Vj*2§2(xi Xj,2) (31

mass. We considered two representative casesm%f

=100, 200 GeV. Clearly, the light stop right effect does notmasses, gaugino masses, and trilinear and bilinear couplings
affect bounds on mass insertions containing LL interactionsare given by

From these results we can see that the effect of taEipRg

<m is sizable, in particular, on the bounds of the mass in-
sertions g, )31(Sr)3i (i=1,2) which are the most sensitive
to a light stop right.

From the results in Tables X and XI, it is remarkable to
notice that, in the limit of very heavy squark masses but with
fixed right stop and chargino masses, the bounds on
(SrU)31(SR) 3 tend to constant values. This is indeed an
interesting property which shows a particular nondecoupling
effect of supersymmetry when two light right stop run inside
the diagrams in Fig. 1. This feature is related to the infrared

singularity of the loop functionR,(x,x,z) in the limit z
—0. In particular, we find that lim.oRy(x,x,2) = f(x)/X,
where x=m2/m?, and f(x) is a nonsingular and non-null
function in x=0. Then, in the limitm>m, the rescaling

factor 1M? in CY will be canceled by the %/dependence in
the loop function and replaced bynﬁ times a constant
factor.

This is a quite interesting result, since it shows that in the
case of light right stop and charginos masses, in comparison
to the other squark masses, the SUSY contributinediated
by charginog to the AB=2 processes might not decouple
and could be sizable, provided that the mass insertions
(8g)3i are large enough. This effect could be achieved, for
instance, in supersymmetric models with nonuniversal soft
breaking terms.

V. SPECIFIC SUPERSYMMETRIC MODELS

In this section we focus on three specific supersymmetric
models and study the impact of the constraints derived in
previous sections on their predictions. We discuss first SUSY
models with minimal flavor violation, then we study the ones
with Hermitian flavor structure, and finally we consider a
SUSY model with smalC P violating phases with universal
strength of the Yukawa couplings.

A. SUSY models with minimal flavor violation

In supersymmetric models with minimal flavor violation
FV) the CKM matrix is the only source of flavor viola-
ion. In the framework of the MSSMwith R parity con-
é’erved we consider a minimal model, as in the supergravity
scenario, where the soft SUSY breaking term is assumed to
be universal at grand unification scale, i.e., the soft scalar
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TABLE X. Upper bounds on real parts of mass insertions as in Tables Il and 1V, for some valﬁeamjﬁtR (in GeV). In the fourth
column the first number and the one in parentheses correspardit@ndi =2, respectively. Upper bounds on mass insertions involving
only LL interactions are the same as in Tables Ill and IV.

m My, VIR (7)) 5] VIRE () 3167 31l VIRE (8% 31( SR 22l

400 100 1.%x10?! 1.6(3.3)x10°! 2.8x10°1!

600 100 1.&%10°1! 1.9(4.0)<10°* 2.6x10°!

800 100 1.&%10°1 2.3(4.9)x10°! 2.6x10°1!

400 200 3.x10°! 2.0(4.2)x10°! 5.2x10°!

600 200 3.x10? 2.3(5.0x10°* 4.9x1071

800 200 3.x10* 2.8(5.9)x10°* 4.8x10°t
mi2: mg, Ma=mye oM, It is important to stress that, even though one ignores the

bounds from the EDMs and allows larger valyes$ order

A,=Aje '@ B=Bye s, (32) O(1)] for the SUSY phasesh, g, this class of models with

MFV cannot generate any large contributioretpande’/«.
Therefore, the Yukawa couplings remain the main source of
CP violation [20].
Here we also found that, within MFV scenarios, the
da=arg A*M), pp=argB*M). (33) SUSY contributions taAAM By and ajyyk are negligible. In
fact, due to the universality assumption of soft SUSY break-

The main constraints o, and ¢g are due to the EDMs of ing terms, it turns out that the glu_ino and chargino contribu-
the electron, neutron, and mercury atom. The present expeflONs are quite suppressed. For instance,mfigr-my;~Ag
mental bound on EDMs implies that, g should be<10"?  ~200 GeV and¢a g~ /2 (which corresponds ton? and
unless the SUSY masses are unnaturally [a8je my at a SUSY scale of order 500 GeV) we find the following
In these scenarios, where SUSY phassg are con- values of the relevant mass insertions: BMLL
strained to be very small by EDM bounds, the supersymmet~Re(55),, ~10"* and Im(%) r~Re(5%) r~1075,
ric contributions toCP violating phenomena irKk and B which are clearly much smaller than the corresponding
mesons do not generate any sizable deviation from the SMounds mentioned in the previous sectfon.
prediction. We have to mention that the universal structure Therefore, we conclude that SUSY models with MFV do
for the soft breaking terms, especially the universality of thenot give any genuine contribution to tf@P violating and
trilinear couplings, is a very strong assumption. Indeed, irflavor changing processes i andB systems and this sce-
the light of recent work on SUSY breaking in string theories,nario cannot be distinguished from the SM model one.
the soft breaking sector at grand unification the(@BUT)
scale is generally found to be nonunivergEd]. Notice that,
even if we start with universal soft breaking terms at the
GUT scale, some off-diagonal terms in the squark mass ma- As discussed in the Introduction, a possible solution for
trices are induced at electrowed@kW) scale by Yukawa in- suppressing the EDMs in SUSY models is to have Hermitian
teractions through the renormalization group equation evolu-
tion. Therefore these off-diagonal entries are suppressed by ——
the smallness of the CKM angles and/or the smallness of the®In our analysis we have taken into account the effect ofGiie
Yukawa couplings. violating phases in the RGE evolution.

As mentioned in the Introduction, only two of the above
phases are independent, and they can be chosen as

B. SUSY models with Hermitian flavor structure

TABLE Xl. Upper bounds on imaginary parts of mass insertions as in Tables V and VI, for some values
of m and ﬁtR (in GeV). In the fourth column the first number and the one in parentheses correspond to
=1 andi=2, respectively. Upper bounds on mass insertions involving only LL interactions are the same as
in Tables V and VI.

m ﬁhR VIML(8r) 3]l VIML(8Y D) 31( SR il NTEIE ]
400 100 2.x10°! 1.8(3.7)x10° ! 3.1x10°!
600 100 2.x10?! 2.2(4.6)x10* 3.0x10°!
800 100 2.x10°! 2.6(5.5)x 10 * 3.0x107!
400 200 4.x10°1 2.2(4.8)x10° ! 6.0x10 !
600 200 3.x10*! 2.7(5.6)x 10 * 5.6x10*
800 200 3.&10°* 3.1(6.7)x10* 5.4x10°*
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flavor structureg5]. In this class of models, the flavor blind representative case ofy=m; ;=200 and¢;;==/2 the val-
guantities, such as the terms and gaugino masses, are realues of these mass insertions are given by
while the Yukawa couplings an#él terms are Hermitian, i.e.,

Y!4=Yua and Al ;=A, 4. It has been shown that these VIm[(8!)31]?|=6x 1074, (38)
models are free from the EDM constraints and the off-
diagonal phases lead to significant contributions to the ob- [IM[ (8} )31]2|=4x 103, (39
servedC P violation in the kaon system, in particular £6/ e
[5]. u =1x10"4.
Let us consider, for instance, the case of Hermitian and \/|Im[(5EL)31(6RL)3ﬂ| 110 40
hierarchical quark mass matrices with three z¢&ig These results show that, for this class of models also, SUSY
contributions cannot give sizable effects ag,,« . As ex-
0 a;e'™ 0 pected, with hierarchical Yukawa couplingshere the mix-

ing between different generations is very smethe SUSY
contributions to theB-B mixing and theCP asymmetry of
By— J/¥Kg are subdominant, and the SM should give the
dominant contribution.

M=| ae ' A bef|, i=ud, (34
0 bie_iBi Bi

with Ai=(m.,mg), B;=(m—m,,m,—my), &
=(vm,m, meij)’ andb; = (ym,m, ymymy). The phases C. SUSY model with universal strength of Yukawa couplings
a; and B; satisfy ag—a,=w/2 and B4— B,= 7/2. These ) . o

matrices reproduce the correct values for the quark masses Supersymmetric models with smallP violating phases

and CKM matrix. We also assume the following Hermitian ~ are & possible solution for suppressing the EDMs. In (&df.
terms: it was shown that, among this class of models, the ones with

universal strength of the Yukawa couplings naturally provide
Ay A€ 12 Apeieis very smallCP violating phases. However, due to the large
i i mixing between different generations, it was found that LL
—A = le12 I P23
Ag=A,=| Ae _ A22_ Ax® . (39 mass insertions can give sizable effectssfpande’/e by
A 913 Ay ¥ Agg means of gluino and chargino exchanges, respectively. Fur-
thermore, it was also emphasized that in these models the

Notice that the scenario with nondegeneratéerms is an oo .
interesting possibility for enhancing the SUSY contributionssl\/I contribution to theC P asymmetryay ,«; might be neg-

to ex ands'/e [9] and it is also well motivated by many 'igible, leaving the dominant SUSY effecddue to the
string inspired models. In this case, the mass insertions afg'argino exchangeo account for the experimental results.
given by Here we will discuss the different contributions Bg-Bg

and ayyKg in terms of mass insertions and compare the pre-

dictions of this model with the corresponding ones of Her-
mitian flavor structure discussed in the previous subsection.
In the framework of universal strength Yukawa couplings,
the quark Yukawa couplings can be written as

1
<5ﬂ>LL=E<VQMéVQT>” , (36)

fe)

q 1 ayA* /'
(6i))Lr= R[(V Yq V1)ijviee) N N
a U= exdi®l] and Dijzg"exq@ﬁ-], (41)

—1YiSjva(1)], (37
B A VaAd o where \, 4 are overall real constants, anb"9 are pure

whereg=u,d and (Yq);;=YjjAj . Since the Yukawa cou- phase matrices which are constrained to be very small by the
plings are Hermitian mqtnces, they are diagonalized by On%ierarchy of the quark mass€8]. The values of these pa-
one unitary transformation. _ rameters that lead to the correct quark spectrum and mixing

In this class of moo!els, we find that in most of thg param-can be found in Ref[8]. As explained in that paper, an
eter space the chargino gives the dominant contribution t@nportant feature of this model is the presence of a large
B4-B4 mixing andCP asymmetryay k., while the gluino  mixing between the first and third generations. As we will
one is subleading. As we emphasized above, in order to hay@ow in the following, this property can account for large
a significant gluino contribution fom~m,~500 GeV(i.e., SUSY contributions 1@y
Mo~ M ,,~200 at the GUT scae the real and imaginary In the framework of universal strength Yukawa couplings
parts of the mass insertions{,), or (6%, should be of Ed.(41), due to the large generation mixing, the EDMs im-
order 10! and 10°2, respectively. However, with the above POSe severe constraints on the parameter space and force the
hierarchical Yukawa couplings we find that these mass inseflilinear couplings to take particular patterns as the factoriz-
tions are two orders of magnitude below the required valuedble matrix form[8], i.e.,
so that the gluino contributions are very small.

Concerning the chargino amplitude to t6é asymmetry a
ayyke We find that the mass insertions)g. and (859) .. A=my| b

c

give the leading contribution tay . However, for the

(42

o T o
o T o
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In order to satisfy the bound of the mercury EDM, the phasesertion approximation. In our analysis we have taken into
of the entriesa, b, andc should be of order 10?101 [8].  account the NLO QCD corrections to the effective Hamil-
As an illustrative example, we considemy=m,, tonianforAB=2 transitionsHsf 2. We provided analytical
=200 GeV, ¢,=¢.=0,#=0.1, and a=-1,b=—2, results for the chargino contribution t3F~ 2 in the frame-
c=—3. In this case one finds that at low energy the averagevork of the mass insertion method, and given the expres-
squark mass is of order 500 GeV; however, one of the stojons for theB,-B, and CP asymmetryay x_ at NLO in
masses f(z) is much lighter,m; =200 GeV. The gaugino QcD, as a function of mass insertions in the up-squark sec-
massM, is of order 170 GeV and, from the EW breaking tor. We have also provided model independent upper bounds
condition,| u| turns out to be of the order of 400 GeV. In this on mass insertions by requiring that the pure chargino con-
case, the relevant mass insertions for the gluino contributio&ipution does not exceed the experimental valueBeB

are given by mixing and CP asymmetryay ;. Since in many SUSY

(8%)31=—0.001+0.04, (8%)3,=0.00002+0.0009. models the chargino contribution is the dominant effect in
(43 B-B mixing andCP asymmetryay i, OUr results are par-

. . . ticularly useful for a ready check of the viability of these
Regarding the other mass insertidliR and RR, they are 1 q4e15. Moreover, we generalized our results by including

— 6
much smallef =O(10 °)], and so we do not show them. It ihe case of a light right-stop scenario. In this case we found
is clear that, with these values for the down-squark Masg,e interesting property that the bounds on mass insertions
insertions, the gluino contribution &y g IS negligible (of combinations 6%,)=1(8% )5 are not sensitive to the com-

the order of3%). _ ~mon squark mass when this is very large in comparison to
On the contrary, the relevant up-squark mass insertionge chargino and stop right ones.
for the chargino contribution are given by Finally, we applied these results to a general class of

u u SUSY models that are particularly suitable to solve the
(001)21=0.001+0.05, (dg )z=—0.0004-0.13, SUSY CP problem, namely, the SUSY models with minimal
(44 flavor violations, Hermitian flavor structure, and smalP
(8% 1)4=0.01—0.28 violating phases with universal strength Yukawa couplings.
RL/sZ e (45)  We showed that in SUSY models with minimal flavor viola-
tion and with Hermitiar(and hierarchicalYukawa couplings

Comparing these results with the ones in Tables X and XlandA terms, the SUSY contributions to ti&B mixing and
we see that for this model the chargino contribution to thethe CP asymmetrya, _ are very small and the SM contri-

imaginary parts §g )31 and (9 )32 is of the same order as pytion in these classes of models should give the dominant
the corresponding upper bounds. Notice that these imaginagffect. On the contrary, in the case of SUSY scenarios with
parts are of the same order, so that they might coherentliyrge mixing between different generations in the soft terms,
contribute to give a sizable effect @, . In particular, by  the SUSY contributions become significant and can even be
using the exact one-loop calculation, we find that thethe dominant source for saturating the experimental value of
chargino contribution leads to sir{g~0.75. Moreover, as a a,Kg Among this class of models, we investigated a SUSY

check on our computations, we have compared our result§odel with universal strength of Yukawa couplings. In this
from the MIA approximation with the corresponding ones case, we found that the chargino exchange provides the lead-
obtained by using the full calculatid®]. In this case we find ing contribution to a,_ through the mass insertions
that, by taking into account the effect of a light stop, the MIA(5u Yar( 8% )ais i=1,2 ar?d 68 ) a8

predictions are quite compatible with the results of the full* “LL/31 “RLSI “ RUSILORL 32
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