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Abstract

We analyze the predictions for C P asymmetries in B%-meson decays within the
framework of the supersymmetric standard model (SSM). It is pointed out that ow-
ing to sizable new contributions to B3-BY and KO- K° mixings, the experimentally
allowed range for the C P-violating phase § of the Cabibbo-Kobayashi-Maskawa
matrix may be different from the one obtained in the standard model (SM). This
has important effects on the allowed values of C'P asymmetries in B%-meson de-
cays and on their correlations. We calculate the ratio R of the SSM and the SM
contributions to the BS—BS mixing parameter z4 and discuss in detail the ranges
of R and § which are consistent with the experimental values of z; and the C'P
violation parameter ¢ for K% K° mixing. The CP asymmetries are predicted to
have values different from the SM predictions in sizable regions of parameter space.
We also discuss the SSM predictions for B%- B? mixing.
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1 Introduction

The measurement of C'P asymmetries in neutral B-meson decays is one of the
main tasks of B-factories, which will subject the standard model (SM) and in
particular its mechanism of C' P violation to an important test [1]. In this paper,
we study in detail the predictions for C P asymmetries in B%-meson decays, within
the framework of the supersymmetric standard model (SSM) (2], with the aim of
finding possible signatures of supersymmetry.

Both in the SM and in the SSM, CP asymmetries in B%-meson decays can
measure sin 2¢,, sin 2¢g, and sin 2¢.,, where ¢,, ¢, and ¢, denote the angles of the
Cabibbo-Kobayashi-Maskawa (CKM) unitarity triangle. These C'P asymmetries
are expressed in terms of |V,,|, |Vus/Ves|, and cos §, with V;; denoting a CKM matrix
element and § being the C P-violating phase in the standard parametrization [3]
of the CKM matrix. Since the SSM does not give new contributions to tree-level
decay rates of strange particles and B-mesons, the evaluation of the CKM matrix
elements V,,, Vy, and V,; from experiments is the same in the SSM and the SM.
However, the allowed range of cosé in the SSM can differ from the SM range.
Therefore, the C P asymmetries could be predicted differently by the SM and the
SSM.

The reason why the SSM may give a different allowed range for cos 6 stems from
the fact that in the SSM there are new contributions [4, 5] to the BY-BY mixing
parameter 4, as well as to the CP violation parameter ¢ in the K-meson sector.
Indeed, recently we have pointed out [6] that for sizable ranges of its parameters,
the SSM gives significant new contributions to BB} and K°-K° mixings, of
strength comparable to that of the SM contributions. These relatively large SSM
contributions arise from the box diagrams (see Fig. 1) mediated by charginos and
up-type squarks and those mediated by charged Higgs bosons and up-type quarks.

We first reexamine the SSM contributions to B}-BY and K° K9 mixings in
detail, paying special attention to their dependence on SSM parameters. For def-
initeness, the analysis is made within the framework of grand unification theories
coupled to N = 1 supergravity. We calculate the ratio R of the SSM and the SM
contributions for Bg-ég mixing, and show that for sizable regions of parameter
space, R is enhanced to be around two or even larger. It is also shown that the
SSM contribution to ¢ is determined by R.

We next discuss in detail the ranges of R and cos§ which are consistent with

the experimental values of € and z,. Having determined the allowed range of cos d,
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Figure 1: The Feynman diagrams for Bg-B_g mixing: (a) The chargino contribution,
(b) The charged Higgs boson contribution.



we derive the predictions of the SSM for C' P asymmetries in B°-meson decays and
also for the ratio z,/z4, with z, denoting the BE-BS mixing parameter.

This paper is organized as follows: In sect. 2 we briefly review the mechanisms
which induce flavor-changing neutral current (FCNC) processes in the SSM. In
sect. 3 we discuss the SSM contributions to BJ-BY and K°-K° mixings and explore
SSM parameter regions where sizable enhancements are obtained. In sect. 4 we
consider the constraints on cos§ and R, and discuss the predictions for the CP
asymmetries and B%-BY mixing in both the SM and the SSM. The analysis of this
section is to a great extent independent of the details of the SSM, so that the
results are applicable to other models. Our conclusions are presented in sect. 5.

In an appendix we list some of the equations necessary for our analyses.

2 Interactions

The SSM predicts new interactions for quarks. A quark interacts with a squark
¢ and a chargino w, a neutralino ¥, or a gluino g, and with another quark and
a charged Higgs boson H*. In all these interactions, when expressed in terms
of particle mass eigenstates, a quark can couple to a squark or to another quark
in a different generation. However, sizable new contributions to FCNC processes
can only be expected from the interactions mediated by the charginos and/or the
charged Higgs bosons (7, 8]. Therefore, we neglect the interactions mediated by
the gluinos and the neutralinos throughout this paper.

The charginos are the mass eigenstates of the SU(2) charged gauginos and the

charged higgsinos. Their mass matrix is given by

= 1
m ——=gU
M“:( L ﬁgl), (1)
——ﬁgw mpy

where v; and v, are the vacuum expectation values of the Higgs bosons, and m, and
myg respectively denote the SU(2) gaugino mass and the higgsino mass parameter.
In the ordinary scheme for gaugino mass generation, ms is smaller than or around
the gravitino mass mg,. If the SU(2)xU(1) symmetry is broken through radiative
corrections, tan 8 (= vo/v;1) 2 1 holds and the magnitude of my is at most of order
of mz/2. The chargino mass eigenstates are obtained by diagonalizing the matrix
M~ as

CLM™Cp, = diag(hu1, M) (Mt < Mug), (2)

where Cg and Cj are unitary matrices.
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Figure 2: The lighter t-squark mass. The values of g and tan 3 for curves (i.a)-

(ii.b) are given in table 1. The other parameters are set for my = amg/e = Mg
and |c] = 0.3.

There is generation mixing both among quark fields and among squark fields.
Since the left-handed squarks and the right-handed ones are also mixed, the mass-
squared matrices for the up-type squarks M2 is expressed by a 6 x 6 matrix:

M M2
M2 = ( U1l u 12) ; 3
= gy M, )
1 2
M, = cos 2[5’(5 -3 sin® O ) M3 + md + (1 + c)ymyml; + dmpmb,
2
M}, = 3 cos 28sin? Oy M2 + ™3 + (1 + 2¢)mbmy,

2 — 2t _ *
Mg, = Mgy, = cot Bmgmy + a”mzamy,

where my and mp denote the mass matrices of the up-type and down-type quarks.
The mass parameters mg/s, Mg, My and the dimensionless constants a, c, d come
from the terms in the SSM lagrangian which break supersymmetry softly: mg and
my are determined by the gravitino and gaugino masses and Mg =~ My ~ m3/2; a is
related to the breaking of local supersymmetry and its absolute value is constrained
to be less than 3 at the grand unification scale; ¢ and d are related to radiative
corrections to the squark masses. At the electroweak energy scale, a is of order
unity and —c = 0.1 — 1. The value of d is also of order unity, so that demE can

be neglected compared to (1 4 ¢)mym}; in eq. (3).



(ia) | (i.b) | (ia) | (D)
mg (GeV) | 200 | 200 | 300 300
tan 3 12 [ 20 ] 12 | 20

Table 1: The values of ¢ and tan g for curves (i.a)-(ii.b) in Fig. 2.

The quark mass matrices are diagonalized by unitary matrices as

il

UfmpUY' = diag(my, me,m,) (= my),

UngU}?T = diag(md,m,,mb) ( TT’LD). (4)

The CKM matrix is given by V = ULUUET. The squark mixings among different

generations in eq. (3) are, neglecting dmpm},, removed by the 6x6 matrix

(%g Uog) (5)

leaving only the left-handed and right-handed squarks mixed in each flavor. As a
result, the generation mixings in the lagrangian between the down-type quarks and
the up-type squarks in mass eigenstates are also described by the CKM matrix.
The mixings between the left-handed and right-handed squarks can be neglected
for the first two generations because of the smallness of the corresponding quark
masses. The masses of the left-handed squarks @y, ¢; and the right-handed squarks
UR, Cgr are given by

- - 1 2
M2 =M, = m}+cos 2ﬁ(§ —3 sin® O ) M3,

- - 2
M, =M% = m+ 5 cos23 sin? Oy M 2. (6)

For the third generation, the large ¢t-quark mass leads to an appreciable mixing

between f; and tz. The mass-squared matrix for the t-squarks becomes

o [ MI+(1—|d)m? (cot Bmp + a*ma/2)m,
w = ) o

cot fmy +amyj)m; M2 + (1 —2|c|)m?

The mass eigenstates of the t-squarks are obtained by diagonalizing the matrix
M? as
St‘}\/[tQStt = diag(MtQI,]\;Ié) (Mt21 < Mtzz)’ (8)

where S; is a unitary matrix.
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Figure 3: The lighter chargino mass. The values of m, and tan§ for curves (i.a)-
(ii.b) are given in table 2.

Experimentally there is a lower bound of 90 GeV [3] on the squark masses of
the first two generations. Since the mass scale of these squarks is determined by
mq (=~ my), this constraint is satisfied for mg > 90 GeV. If g is not much
larger than this lower bound, the off-diagonal elements of M? in eq. (7) could be
comparable with the diagonal elements because of the large t-quark mass, making
one t-squark much lighter than the other squarks. In Fig. 2 we show the lighter
t-squark mass as a function of the higgsino mass parameter my for g = 200, 300
GeV and tan 3 = 1.2, 2. The parameter values for each curve are listed in table
1. The other SSM parameters are set for my = amg;, = g and |¢| = 0.3. For
the {-quark mass we use m; = 170 GeV [9] throughout this paper. We see that
the lighter t-squark can become light for mg = 200 GeV with a reasonable value
of my. The t-squark may be as light as 45 GeV [3, 10]. In Fig. 3 we show the
lighter chargino mass for m, = 200, 300 GeV and tan 8 = 1.2, 2. The parameter
values for each curve are listed in table 2. This mass does not depend much on
mg nor tan 8. The parameter values which give 7m,; < 45 GeV are experimentally
ruled out [3].

In general, the SSM parameters have complex values. If the magnitudes of
their physical complex phases are of order unity, the electric dipole moment of
the neutron is predicted to have a large value. Its experimental limits then lead

to a lower bound of about 1 TeV on the squark masses [11]. In this case, the



(i.a) | (i.b) | (il.a) | (ii.b)
me (GeV) | 200 | 200 | 300 | 300
tang | 12 ] 20 | 1.2 | 2.0

Table 2: The values of my and tan G for curves (i.a)-(ii.b) in Fig. 3.

SSM does not give any sizable new contributions to FCNC processes. We assume
hereafter real values for the parameters other than the SM parameters, so that the
constraints from the electric dipole moment of the neutron can be ignored.

The interaction lagrangians for the down-type quarks can now be written ex-
plicitly in terms of particle mass eigenstates. For the chargino-squark—-quark in-

teractions, we obtain [8]

i=1
PR — 75 mp Cry 1+ d
(@i, ¢, :L;lstklt )sz{\/_CRu( 5 )+ Moy cos,B( 5 )} Z
o\ U Cry; L= d
—(a}, &, kZ:l Stekaty,) MW smﬁvw i( 5 ) Z ] (9)

+h.c.,

where 4 = 4y, Uy = ug and ¢; = ¢y, ¢; = Cr. In our approximation my and mp
should be taken as diag(0,0,m,) and diag(0, 0, m;), respectively. The lagrangian
for the charged Higgs boson—quark—quark interactions is obtained without approx-
imation as [5]

g
Ly = —
==
m 1—7 1+7 d
Fre - U — s mp 5
+h.c..

The parameters which determine the FCNC processes induced by the charged
Higgs boson interactions, other than the SM parameters, are only the charged

Higgs boson mass Myz+ and tan .
We can see from eq. (9) that the chargino interactions with the t-squarks and

the down-type quarks contain the Yukawa interactions whose strengths are, owing

7



to a large value of the t-quark mass, as strong as those of the gauge interactions.
By the same reason, the strengths of the charged Higgs boson interactions with
the t-quark and the down-type quarks in eq. (10) are comparable with the gauge
interaction strengths. The contributions to FCNC processes by these interactions

could thus be as large as those by the standard W-boson interactions.

3 BB’ and K°-K° mixings

The interactions in the SSM add new contributions to B%-B° and K°-K° mixings
through box diagrams as shown in Fig.1. There are diagrams where charginos and
up-type squarks are exchanged and diagrams where up-type quarks are exchanged
together with either only charged Higgs bosons or charged Higgs bosons and W-
bosons.

The effective lagrangian for BS—BS mixing induced by the chargino interactions
becomes [6, 7]

c 1 g : 2
Lpo = 8IL%, (47) (V31 Vas)
1—

2

1+, =14+

_ - 1= _
[AGdyr—Lpdy, 275b+A§d b

b], (11)

AS = SNUIFC(3,k:3,54,5) + FO(1, k; 1,134, )
7 k[l

~F7(1,k;3,54,5) — FO(3,k;1,14,5)]  (n=V,8),

1 ) . . .
Ff(akib i j) = ZGRGERI GO GO, (1, 4y 100, 50,57),
FS(a,k;b, 11, Jj) = H(“’k)iG(“’k)j*G(b'l)i*H(b’l)jYz(T(a,k), T(b,1)» 835 55 ),
where a,b are generation indices, and 7, and k,[ stand respectively for the two

charginos and the two squarks in each flavor. Coupling constants G(@*) =~ F(ak)i

are derived from eq. (9) as

G(l,l)i — G(Q,l)i — \/50;%11‘, G(1,2)i — G(Q,Q)i — 0,
GO = \oCn S — ChroiStkz ™My
- 1¢

sin3 My’
LD - g %%ﬂ, HO2i — g2 _ (12)
CO8 w
s _ CinSua m
cos3 My



The functions Y; and Y; are defined in the appendix, their arguments being given
by

_ _ Mg, M M
Ty = Tey = M2, T(1,2) = T(2,2) = ﬁgﬂ;—a T3k = K/I?V—’
2
My
$; = M (13)

The unitarity of the CKM matrix has been used in eq. (11), and ng is propor-
tional to (V3 Vs3)2. The effective lagrangian ng contains a new quark operator
proportional to A§ which is not yielded by the W-boson interactions. However,
since Ag is suppressed by (my/ My )? compared to AY | this quark operator can be
neglected unless tan 3 is much larger than one. The chargino interactions simi-
larly induce BY-B? and K% K° mixings. The effective lagrangians ng and L¢, for
these mixings are obtained from eq. (11) by replacing (V3 Va3)? with (V35 V33)? and
(V3 Vaz)?, respectively, putting Ag = 0 for L%o, and changing the quark operators
appropriately.

For the charged Higgs boson interactions, the effective lagrangian for Bg—éfi’

mixing is given by [5, 6]

1
L‘gg 8MW ( ) Z a31/61‘/b3

-1 - _
(F (a;)dy* 275bdn — b+ Ff (a;b)d

L+, <1+

bd

b, (14)

1
Ff(a;b) = 4tan4ﬂ8a5bY1(TH,TH,Sa,3b)

SastI(laTH)Sa’ )

1
Ttan? ———/3a5pY2(1,7H, Sa, Sb),

2
m

Fi(a;b) = M“g—\/SaSbYQ(TH,TH,Sa,Sb),
w

M?Ii . m2

ua

S, =
PR a 2 9
My, Mg,

tan? ,B

TH

where m,,, denotes the up-type quark mass of the a-th generation. The couplings
proportional to the d-quark mass have been neglected. Since the values of F{7 (a;b)
and F¥(a;b) become dominantly large for a = b = 3, ng is approximately pro-
portional to (V3;Vs3)?. Except for large values of tan 3, F& is negligible. The

effective lagrangians L, and L, for B9-BY9 and K% KO mixings are obtained
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Figure 4: The ratio R for my = 200 GeV: (Top) tan 3 = 1.2, (Bottom) tan 8 = 2.
The values of mg and My+ for curves (i)-(iv) are given in table 3. The other
parameters are set for my = amg,2 = Mg and |¢| = 0.3.
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Figure 5: The ratio R for my = 300 GeV. The other parameters are the same as
in Fig. 4.
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similarly. Approximately LZ B is proportional to (V35 Va3)?, while a priori LE, has
three terms proportional to (V3 Vas)?, V3 VaaVyi Voo, and (V5 Vaz2)2.
The standard W-boson interactions give, for Bf}-B_g mixing, the effective la-

grangian [12]

1
wo_
Lpo = ST, ( ) Z VasVi1 Vis

-1 -
FY (a3 b)dy* 2“’5bdvu S0t (15)
1 — 85, +4 s2 — 8s, + 4
F(a;b) = = Ins, : I
v (ab) Ty’ sb{(s — 5p)(8q — 1)2 m St (sp — 8a)(sp— 1)? o
3

OE R

The effective lagrangians L%, and L%, for B%-B? and K°-K° mixings are obtained
similarly. Owing to a dommant value of F}¥(3;3), L%, B and LY, po are proportional
to (Vi1 Vas)? and (Vi,Via3)?, respectively, while LY, has three terms proportional to
(V31Va2)?, V51Va2V31Var, and (V31 Vaa)?.

We now discuss the SSM effects on two physical quantities, the mixing param-
eter z4 for BY-BY mixing and the C P violation parameter ¢ for K°-K° mixing [13].
The mixing parameter is defined by 4 = AMp, /T'p,, where AMp, and I, denote
the mass difference and the average width for the BJ-meson mass eigenstates. The
mass difference is induced dominantly by the short distance contributions of box

diagrams. We can express the mixing parameter as

MB,,

G
Ty = —L MW deBBd|V31V33I2an|FV (3;3) + A7 + I (3;3)], (16)

where G, fp,, Bg,, and 7p, represent the Fermi constant, the BY%-meson decay
constant, the bag factor for BJ-BY mixing, and the QCD correction factor. We
have neglected A and F¥. Assuming that QCD corrections for FY (3;3), AY,
and F{#(3;3) do not differ much from each other, the same QCD factor has been
multiplied. For K% K0 mixing, the mass difference AMy receives large long dis-
tance contributions, which have not yet been calculated reliably. As a result, it
is difficult to estimate short distance effects through AMy. However, the C'P
violation parameter € receives its dominant contribution from the short distance
effects. This parameter can be written as

_ein/4 G s Mk

2
B
12272 W AMx TicBx

12



@ | Gi) | Gi) | (v)
Mg (GeV) | 200 200 | 300 | 300
My= (GeV) | 100 | 200 | 100 | 200

Table 3: The values of mg and Mg+ for curves (i)-(iv) in Figs. 4 and 5.

Tm((V5 Va2) nxess(FY (3;3) + AY + FJ(3;3))
+(Vay Vaz) *nxcao( BV (2;2) + FE (25 2)) (17)
+2V5 Vo V' Vaomksa (Fy (3 2) + FF(3;2))],

where fx and By stand for the decay constant and the bag factor. The QCD
correction factors are denoted by 7gq.

The new contributions to z; and € in the SSM are AS and F¥ in egs. (16)
and (17). However, as long as tan 3 2 1, which is favored by the SSM, F#(2;2)
and F7(3;2) are respectively much smaller than F}¥(2;2) and FJ¥(3;2). Thus,
the difference between the SSM and the SM contributions to ¢ is only in the term
proportional to (V3] V32)2. The effects of the SSM contributions to z4 and € can be
measured by the ratio
_ FV(3;3) + A + FJ/(3;3)

FJ(3;3)

If there exists no sizable new contribution, R approaches one.

R (18)

In Fig. 4 we show R as a function of the higgsino mass parameter mg, taking
my = 200 GeV, mg = 200, 300 GeV, Mg+ = 100, 200 GeV, and tanf = 1.2, 2.
Curves (i)—(iv) correspond to four sets of values for g and My= listed in table
3. The values of the other SSM parameters are set for my = amg/s = Mg and
le| = 0.3. In Fig. 5 the ratio R is shown taking m, = 300 GeV and the same values
as in Fig. 4 for the other parameters. The lighter ¢-squark and the lighter chargino
masses corresponding to these parameter values can been seen in Figs. 2 and 3,
respectively. The chargino, charged Higgs boson, and W-boson contributions have
the same sign and interfere constructively. The ratio R is around 2 or larger for
tan 8 = 1.2, while it becomes smaller for tan 3 = 2. This dependence on tan g
arises from the Yukawa coupling constants in the chargino and the charged Higgs
boson interactions as seen in egs. (12) and (14). Both the values of mg and Mg=
also affect R significantly. For mg = 200 GeV and tan3 = 1.2, R can be enhanced
up to R ~ 3, owing to a small value for the lighter ¢-squark mass. The ratio R

does not vary much with ms.

13
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(i) | (1) | (i) | (1v)
am3/2/an 05115 1.0 1.0
B 03][03]01]06

Table 4: The values of amg,s/mg and |¢| for curves (i)—(iv) in Fig. 6.

The a- and c-dependences of R can be seen in Fig. 6, where we take four sets
of values for amgs;s/m¢g and |c| listed in table 4, and tan 3 = 1.2, 2. The other
parameter values are set for my = 200 GeV, Mg+ = 100 GeV, and g = my = 200
GeV. The parameters a and c affect the masses of the ¢-squarks through eq. (7).
As |a| or |c| increases, the lighter t-squark mass becomes smaller, leading to a.
larger value for R.

Summarizing these results, the SSM contribution can be enhanced to be R ~ 2,
if tan8 ~ 1 and M., Mtl,MHi ~ 100 GeV. The ratio R could even be larger for
smaller values of 7, and M,;. Within the SSM parameter space bounded by
presently available experiments, for sizable regions the SSM contribution is pre-
dicted to be different from the SM contribution by of order unity. The value of R
is not so enhanced for tan 8 Z 2 unless m,; and NItl are very small. However, if
tan 0 is much larger than 10, AY in eq. (11) for BS- B mixing becomes nonnegligi-
ble. It is then necessary to take into consideration the effect of the quark operator
proportional to A. In this case, a sizable new SSM contribution to BY-BY mixing

may be yielded through this quark operator.

4 Constraints and predictions

In this section we analyze the implications of an enhancement of R for the deter-
mination of the CKM parameters and discuss the predictions for C P asymmetries
in B%meson decays and for the mixing parameter z, of B% B9 mixing. We use

the standard parametrization of the CKM matrix:

—1é

C12€13 $12C13 $13€
_ i§ is
V = | —si12c23 — c12823513€" C12C23 — $12823513€" $23C13 |, (19)
i5 i
S12823 — C12C23513€" —C12823 — §12€23513€""  C23C13

where ¢,y = cosf,;, and s, = sinf,,. Without loss of generality, the angles 6,
f23, and 613 can be taken to lie in the first quadrant: sin,, > 0, cosf,, > 0. At

present and within the framework of the SM, experiments give [3, 14]: |Via] =

15



[Vas| = 0.2205 £ 0.0018, [Vig| = [Viy| = 0.04 % 0.004, and |Vis/Vas| = |Vas/ V| =
0.08 & 0.02. Since these values have been measured through the processes for
which new contributions by the SSM, if any, are negligible, they are also valid
in the SSM. The three mixing angles 6,, are readily determined from the above
experimental input: sin 6y = |Vjy|, sinfy; = |Vas|, and sin 613 = |Vis], where we
have taken into account the smallness of sin 13 to put cosf;3 = 1, to an excellent
accuracy. The only remaining undetermined CKM parameter is the C'P-violating
phase §, which can be measured by the mixing parameter z4 or the C'P violation
parameter ¢, through eq. (16) or (17). The experimental measurements of z, and €
have already been achieved fairly precisely as z; = 0.71+0.06 and le] = 2.26 x 1073
[3]. Therefore, for R > 1, the SSM and the SM predict different values for 6.

The value of § is determined as a function of R independently by z; and e.
Imposing consistency of these two evaluations, one can obtain the values of § and
R. However, one has to take into account large theoretical uncertainties in I,
Bp,, and By, which do not depend on whether the underlying model is the SM
or the SSM. We assume, for definiteness, a recent result of lattice calculation 180
MeV < fp,1/Bp, < 260 MeV [15] and a combined result of lattice [16] and 1/N
[17] calculations 0.6 < By < 0.9.

We show the range of the ratio R derived from the experimental values of z,4
and € as a function of cos § in Figs. 7, 8, and 9 for |Vis/Vas| = 0.06, 0.08, and 0.1,
respectively. For each value of |Vi3/Va3| we take |Vas| = 0.036, 0.04, and 0.044.
The sign of sin § is positive in order to correctly give €. The value of z4 is fixed at
its experimental central value z; = 0.71. For the QCD correction factors we have
used np, = 0.55 in eq. (16) and 7g33 = 0.57, Nk2e = 1.1, and ng32 = 0.36 in eq.
(17) [18]. The region between the solid curves and that between the dashed curves
are respectively allowed by z; and €. The upper curves correspond to lower limits
for de\/B_B; and B, and the lower curves to upper limits. The overlappling
region is the consistently allowed region. Note that R > 1 for the SSM and R = 1
for the SM. Obviously, the allowed region for the SM is always contained in that
for the SSM. If there are some new contributions to B9-B? and KO0 K?° mixings
similar to those of the SSM but with different sign, the allowed region with R < 1
has also to be taken into consideration.

In case of |V13/Va3] = 0.06 the allowed region exists only for a larger value of
|Va3|. The values of R and cos § are constrained as 0.7 < R < 1.4, -0.4 < cos§ 0.7,

and there is not much room for new contributions to Bg-ég and K% K° mixings.
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Figure 7: The ratio R allowed by the experimental values of z; and € for |Vy3/Va3| =
0.06: (Top) |Vas| = 0.036, (Middle) |Va3| = 0.04, (Bottom) |Va3| = 0.044.
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Figure 8: The ratio R allowed by the experimental values of z; and € for |Vis/Vas| =
0.08: (Top) |Va3| = 0.036, (Middle) Vo3| = 0.04, (Bottom) |Va3| = 0.044.
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Figure 9: The ratio R allowed by the experimental values of z, and ¢ for |Vi3/Vas| =
0.1: (Top) [Vas| = 0.036, (Middle) |Vis| = 0.04, (Bottom) |Vag| = 0.044.

19



SINE

-1 -0.8-06-04-02 0 02 04 06 08 1

cos deita

Figure 10: The value of sin 2¢, for the three values of [Vis/Vas).

For |V13/Vas| = 0.06 and |Va3] < 0.04, neither the SM nor the SSM can consistently
accommodate x4 and €. As the value of [V13/Vas| increases, a wider region becomes
allowed. The values of R and cos§ are 0.5 < R < 2.2, —0.7 < cosé S 0.9 and
03X RS3.2, -0.85 cosé<0.9for |V13/Va3| = 0.08 and 0.1, respectively, although
these ranges can be narrower for a specific value of |Vas|. In case of Vo3| = 0.036
there is almost no allowed region for |Vi3/Vas| < 0.08, and the allowed region for
a larger value of |Vi3/Vys| is mostly inconsistent with the SM. If we assume the
central values [V13/ Vo3| = 0.08 and [V43]=0.04, the allowed ranges are 0.8 < R < 2.1
and —0.5 < cosé < 0.8, while —0.1 < cosé < 0.3 for the SM, which corresponds
to R=1.

The above analysis, taking into account the present theoretical and experimen-
tal knowledge on x4, €, |Vi3/Vas], |Vas|, and V12|, gives the constraints 0.3 < R < 3.2
and —0.8 T cosé £ 0.9. Consequently, the SSM parameter regions for R > 3 are
mostly ruled out, which makes the existence of a very light t-squark unlikely [19].
More precise determinations of |Vis/Vas| and |Va3| expected in the near future can
further constrain R and cosé§. If |Vi3/Vas| < 0.08 and |Vas] < 0.04 are found, the
constraints become very tight in both the SSM and the SM. For larger values of
|Vis/Vas| and |Vas), there are wider ranges of R and cos§ which are allowed. These
ranges will become narrower, if de\/-BE and By are determined more precisely,

whereas uncertainties in the experimental measurements of zq and m; are already
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Figure 11: The value of sin 2¢4 for the three values of |Vis/Vas).

not so severe.

We now consider C'P asymmetries in B%-meson decays. Since the CKM phase
6 is the only source of CP violation, CP asymmetries crucially depend on §é.
Once cosé is determined, the allowed values of the asymmetries can be derived.
Conversely, the measurement of the asymmetries will constrain the allowed values
of cosé and R.

The CP asymmetries enable to measure the angles of the unitarity triangle,

which are simply related to the arguments of rephasing invariant quartets by}

Pa
2

arg(_%1V33V1*l‘/13)v P = a,rg(—V21V2*3V3*1V33),
arg(——VnVl"3V2*1V23). (20)

For instance, the decays B — n77~, B} — ¢Kg, and B — pKjg could deter-
mine sin 2, sin 2¢p, and sin 2¢,, respectively. From egs. (19) and (20), these
asymmetries can be expressed in terms of cos§ and r = cot 612(sin 613/ sin fy3), to

an excellent accuracy:
. 2sin 6(r — cos §) . 2rsin §(1 — r cos §)
2 x = > 2 = )
sin 2¢ 1—2rcosé + 72 o0 98 1 —2rcosé + r?
sin2¢, = sin26. (21)

$The angles ¢, ¢, and ¢, defined here are equivalent to the angles usually denoted by «,
B, and 7, respectively, in the literature.
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Figure 12: The value of sin 2¢,.

The values of sin2¢, and sin 2¢3 only depend on cos§ and 7, while ¢, = 6. In
Figs. 10 and 11, we plot the values of sin 2¢, and sin 2¢g, as a function of cos §, for
[Vi3/Vas| = 0.06, 0.08, 0.1. In Fig. 12, we plot the value of sin 2¢,. In most of the
plausible ranges for cos § inferred from Figs. 7-9, sin 2¢,, and sin 2¢., monotonously
change between —1 and 1, while sin 2¢5 does not vary much with cos§. The
dependence on [Vi3/Vas| is weak for both sin 2@, and sin2¢s. These show the
reasons why, in the SM, the prediction of sin 2¢3 has been made more specifically
than those of sin 2@, and sin 2¢, [20]. Taking into account the present constraints
on cos§ and |Vi3/Vas|, the value of sin 2@z should satisfy 0.4 < sin 2¢5 £ 0.8,
whereas sin 2¢, and sin 2¢, can have any values from —1 to 1.

The mixing parameter z, for B%- B9 mixing is given by an expression entirely
analogous to eq. (16). Of special importance is the ratio of z, to zq4, which,

neglecting SU(3) f1400» breaking, is given by

s [Vaof
z _| 32|2. (22)
Td Va1l
From eqs. (19) and (22), one can obtain, to an excellent accuracy:
T, _ cot2912+2rcos5- (23)

o 1—-2rcosé + r2

In Fig. 13 the ratio z,/z is depicted as a function of cos § for |Vi3/Vas| = 0.06, 0.08,

0.1. As cosé increases, z,/r4 monotonously increases. The present constraints on
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Figure 13: The ratio of z, to x4 for the three values of |V}3/Va3].

cosé and |Vig/Vas| give 10 < z,/xy X 56. It is worth emphasizing that the three
C P asymmetries as well as the ratio z,/z4 only depend on cosé and [Vi3/Vas|.

From Figs. 7-9, it is clear that the value of cos § in the SSM can be larger than
what is allowed by the SM. For instance, if |Vi3/Va3| = 0.08 and [Va3]| = 0.04, the
range 0.3 X cosé < 0.8 is allowed only in the SSM. Therefore, sin 2¢; (i = o, 3, 7)
and z,/z4 could have values outside the ranges predicted by the SM. In table 5
we give the predicted values of sin2¢; and z,/z; in the SSM and in the SM for
(|Via/Vasl, [Vas|) = (0.08,0.04) (a), (0.08, 0.044) (b), (0.1, 0.04) (c) corresponding
to Figs. 8 (Middle), 8 (Bottom), 9 (Middle), respectively. In each case there are
wide ranges of sin 2¢,, sin 2¢.,, and/or z,/z4 which are possible only in the SSM.
If the experimental values are found in these ranges, then this would indicate that
R > 1, with significant new contributions to B% B? and K% K° mixings arising
from the SSM. For case (a), which corresponds to the experimental central values
for {Vi3/Vas| and |Va3|, the possible experimental results sin 2¢, < 0, sin 2¢, ~ 1,
and z,/z4 ~ 30 suggest the SSM effects.

The measurements of sin2¢; and z,/z; can give further information. Since
sin 2¢,, sin 2¢,, and z, /x4 sensitively reflect the value of cosé, they could be used
to precisely determine cos§. On the other hand, sin 2¢p is insensitive to the value of
cos 8, but it could be used to determine |V}3/Va3|. In order to illustrate the various

possibilities, we consider the case that the experiments give sin2¢, = —0.5 0.1
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SSM SM
sin 26, | (—0.96,0.74) | (0.15,0.74)
sin28, | (0.55,0.66) | (0.61,0.60)
sin 2¢, | (—0.18,1.00) | (—0.18, 0.54)
T,/zq (17, 36) (17,21)

(b)

SSM SM
sin 2., | (—1.00,0.31) | (—0.65,0.31)
sin 245 | (0.46,0.66) | (0.63,0.66)
sin2¢, | (0.39,1.00) | (0.39,0.98)
z.jzs | (20,40) (20, 30)

(c)

SSM SM
sin 28, | (~1.00,0.73) | (=0.15,0.73)
sin2¢5 | (0.56,0.80) | (0.74,0.80)
sin2¢, | (0.02,1.00) | (0.02,0.88)
z.jzg | (17,53) (17,27)

Table 5: The ranges of sin 2¢,, sin 2¢g, sin 2¢,, and z,/z4 predicted by the SSM
and the SM: (a.) l‘/13/‘/23l = 008, |‘/23] = 004, (b) |V13/‘/23| = 008, |V23‘ = 0044,

(c) |Vas/Vas| = 0.1, |Vas| = 0.04.

24



Vis/Vaa| | 0.07 0.08 0.09
cos8 | (0.50,0.58) | (0.54,0.61) | (0.58,0.65)
sin2ds | (0.56,0.58) | (0.64,0.65) | (0.70,0.72)
sin 26, | (0.87,0.95) | (0.91,0.97) | (0.95,0.99)
z.Jza | (25,27) | (27,29) | (29,32)
R (IL,1.7) | (1.0,1.9) | (0.9,2.1)
(b)
Via/Vaal 0.07 0.08 0.09
coss | (—0.02,0.10) | (0.03,0.14) | (0.07,0.19)
sin2gs | (0.56,0.58) | (0.64,0.65) | (0.70,0.72)
sin2, | (—0.04,0.20) | (0.06,0.28) | (0.14,0.37)
z,/zy (18,19) (18,19) (18,20)
R (08,13) | (06,1.3) | (0.6,1.3)

Table 6: The ranges of cosd, sin2¢g, sin2¢,, z,/z4, and R predicted by the
measurement of sin 2@, for |Vi3/Va3| = 0.07,0.08,0.09: (a) sin 2¢, = —0.5 £ 0.1,
(b) sin2¢, = 0.5+ 0.1. The range for R is derived under the assumption of
[Vas| = 0.04 £ 0.002.

(a), 0.5+ 0.1 (b).
which then predicts the values of sin 2¢g, sin2¢,, and z,/z4, as given in table 6
for |V13/Vas| = 0.07,0.08,0.09. Also given is the predicted range of R, assuming
|Va3| = 0.04 £ 0.002. Even if there is an uncertainty in |V;3/Va3| of 0.08 +0.01, the
possible value of cos § is restricted within 0.5 — 0.7 in case (a) and 0.0 — 0.2 in case
(b). Moreover, the difference of 0.01 for |Vi3/Va3| leads to a sizable difference in
the value of sin 2¢3, which may be detectable. If sin 2¢4 is measured with sufficient
accuracy, the value of |Vi3/Va3| can be determined. As the values of cos 8, |Vi3/Vasl,
and |Vas| are determined more precisely, the bounds on R are tightened. In case
(a), if 0.07 < |Vi3/Va3| < 0.08 and 0.038 < |Va3| < 0.042 hold, 1.0 S R < 1.91s
predicted, suggesting the existence of SSM effects on B%-B° and K°-K° mixings.

The measurement of sin2¢, determines the value of cosé,

Finally we comment on how future improvements of the theoretical calculations
for fg,1/Bp, and By affect our analyses. As seen in Figs. 7—9, the allowed regions

are bounded by the curves for fp,,/Bp, = 180 MeV and By = 0.9 in wide ranges
of |Vi3/Vas| and |Vas|. Therefore, if the lower limit of fp,,/Bp, increases, or if the
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upper limit of B decreases, the allowed regions become more restricted, making
the predictions more definitive. The small changes of the upper limit of fBs1/ BB,

and the lower limit of By essentially do not affect the results of this paper.

5 Conclusions

In the SSM, B°-B? and K°-K° mixings receive contributions from box diagrams in
which charginos and up-type squarks, or charged Higgs bosons and up-type quarks
are exchanged. We have calculated the ratio R of the total SSM contribution to T4
to the contribution in the SM. The new SSM contributions interfere constructively
with the standard W-boson contributions and the ratio R can be significantly
different from unity, contrary to earlier expectations. If tan 3 has a value around
unity and a chargino, a t-squark, and/or a charged Higgs boson are not much
heavier than 100 GeV, the SSM contribution becomes about twice as large as the
SM contribution. Recently, it has been suggested [21] that these parameter values
could also lead to sizable vertex corrections to the Zbb vertex in the SSM, which
might explain the reported discrepancy in I'(Z — bb) between the experiments
and the SM.

The enhancement of the contributions to B°- B and K°-K° mixings leads to
a SSM value for the C P-violating phase § of the CKM matrix which is different
from that obtained within the SM, for the same experimental values of the mixing
parameter z; and the C'P violation parameter e. We have determined the ranges
of cos§ and R allowed by x4 and e. The present uncertainties in |Vi3/Vas|, |Vas|,
IB, \/E, and Bg are still large, and the derived ranges for cos§ and R vary
with the values of those quantities. It would be premature to draw a definitive
prediction. However, there is not much room for R > 3, so that certain SSM
parameter regions which predict a light ¢-squark are excluded. If the present
experimental central values for |V13/Va3| and |Vas| are in the vicinities of the actual
values, cos§ and R should respectively lie in the ranges —0.1—0.8 and 1.0— 2.1, for
the SSM, while —0.1 < cos§ < 0.3 should hold for the SM, where R = 1. Note that
large ambiguity for the determination of cos § and R stems from the uncertainties
in fp d\/B_Bd and Bg. Therefore, it is important to improve theoretical calculations
for de\/EB-d and By as well as experimental measurements for the CKM matrix.

The C P-violating phase § can also be probed by C P asymmetries in B°-meson

decays and BS—BE mixing, which will be studied experimentally in the near future.
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We have shown the possibility that the precise measurements of sin 2¢,, sin 2¢g,
sin 2¢,, and z,/z4 disclose values of cos§ and R which are not allowed in the SM,
thus providing indirect evidence for the SSM. Even if only sin 2¢, and sin 2¢g are
measured, the values of cos § and R could be well determined. At B-factories, the
measurements of sin 2¢, and sin 2@ are expected to be performed fairly precisely,
and the values of |Vi3/Vao3| and |Vo3| will be known with greater accuracy. The
evaluations of cos § and R will provide a good tool to examine the SSM.

The SSM interactions mediated by the charginos and the charged Higgs bosons
in egs. (9) and (10) could also sizably contribute to the radiative quark decays b —
s7v and b — dv, which are observed as radiative B-meson decays. In particular, the
chargino contributions are enhanced in the SSM parameter regions with tan 3 2 10
8, 22], where the new SSM contributions to B%-B? and K° K9 mixings are small.
In addition, the ratio I'(b — sv)/T'(b — dv) is given by the same equation as z,/z4
in eq. (22). Radiative B-meson decays will therefore provide information on the
SSM which is complimentary to that given by B%- B mixings.

The masses of the supersymmetric particles which could lead to sizable new
SSM contributions to B%-B? and K°- K° mixings lie within reach of the next high
energy collider experiments, such as LEP II and Next Linear Colliders. If, in the
future, more accurate values for |Vi3/Va3| and |Vas| together with the measurement
of C P asymmetries in B’-meson decays and z,/z, indicate that a consistent fitting
can only be obtained for R > 1, there is a good possibility that supersymmetric
particles be found in those high energy experiments. On the other hand, if a
consistent fitting is obtained within the SM (R = 1), certain regions of the SSM
parameter space will be excluded.
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Appendix

The functions Y and Y3 in egs. (11) and (14) coming from loop intergrals are
given by

Yl(raa T3, 84, 'sj) =

2 2
"o Inry + & Inrg
(rg =7a)(si = 71a)(s5 = 7a) " * " (ra — 1) (s: — 75)(5; — 75)
52 82
+ C In 8 + ! In s ’
(ra = s:)(rp — s:)(s; — s:) (ra = si)(rp — 85)(8: — 8;)
Yl(rayra73u5]) =
a\v1 j 2 1 a
Tals +32]) 83]27'a1n7"a— T
(si - 'ra) (5] - Ta) (31 - Ta)(sj - Ta)
§2 512-
1 1 i 1 S
+(Ta - Si)2(Sj - Si) e (Ta - 5]')2(3i - 51’) e
)/I(Tayrﬂ73i>5i) =
r2 3
= Inr, + A Inr
(1g — ra)(s; — 74)2 (roa —78)(si —75)2 " °
(ra +75)8; — 2raTs silns, - S; |
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1/1(7'0,,7'0‘,51',8,') -
274 8; Inr 27r,8; In Ta + 8;
— T — ———lns -
Gimra T s T G
and
}/2(7'&)7'[3,'31')5]') ==
Ta s
§:8; Inr, + Inrg
N C | O A R Rl P | oy Fyry
+ o Ins; + % In s;]
(ra —si)(rg — 8:)(s5 —8:) ~ " (ra —5;)(rg — ;) (s — ;) 7

},2(7'a1 Ta, Siy sj) =

T2 — 58, 1
$iS; < - In Ta —
AL P iRkl oy Py
+ i Ins; + o In s;]
(ra = 8:)%(s5 —s:) " (ra —8;)2(si—s;) " 7V
YZ(raa T3, Si) Si) =
« T
§; ln Ta + ln T,B
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Y2(Ta7 Tay Siy Si) =

To + 8;

(Ta - 31’)3
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