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Abstract. We analyze supersymmetric contributions to the branching ratios and C'P asymmetries of
B~ — DK~ and B~ — D°K ™~ processes. We investigate the possibility that supersymmetric C'P violating
phases can affect our determination for the angle v in the unitary triangle of Cabibbo—Kobayashi—-Maskawa
mixing matrix. We calculate the gluino and chargino contributions to b — u(¢s) and b — c(us) transitions
in a model independent way by using the mass insertion approximation method. We also revise the D°-pO
mixing constraints on the mass insertions between the first and second generations of the up sector. We em-
phasize that in case of negligible DO%-po mixing, one should consider simultaneous contributions from more
than one mass insertion in order to be able to obtain the C' P asymmetries of these processes within their 1o
experimental range. However, with a large DO%-pO mixing, one finds a significant deviation between the two
asymmetries and it becomes natural to have them of the order of the central values of their experimental

measurements.

1 Introduction

Recently, the BaBar collaborations have measured the
charge CP asymmetries Acp, and the branching ratios
Rcp, of the B~ — D°K~ and B~ — DK~ decays [1].
The following results have been reported:

Acp, =0.35+0.13 (stat) £0.04 (syst)

Acp_ = —0.06+£0.13 (stat) £0.04 (syst), (1)
Rop, =0.9040.12 (stat) +-0.04 (syst),
Rep. = 0.86+0.10 (stat) = 0.05 (syst) . 2)

These results, with all other B-factories measurements,
provide a stringent test of the standard model (SM) picture
of flavor structure and C'P violation and open the possi-
bility of probing virtual effects from new physics at low
energy.

In the SM, C'P violation arises from complex Yukawa
couplings which lead to the angles o, 8 and ~ in the uni-
tary triangle of the Cabibbo—Kobayashi-Maskawa gCKM)
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angle can be obtained from exploiting the interference be-
tween B~ — DK~ and B~ — DK, when D° and D°
mesons decay to the same C'P eigenstate [2—4].

At the quark level, the B~ — D°K~ and B~ — DK~
decays are based on the b — u(¢s) and b — c(@s) tran-
sitions respectively. Therefore, their SM contributions at
tree level are suppressed by the CKM factors V.V, and
V. Vep, which are of order 1073. This gives the hope that
new physics beyond the SM may be possible, like su-
persymmetry, which contributes to these decays at one
loop level, manifesting itself, and bringing about compe-
tition with the SM. In this paper we aim to investigate
this possibility and check, in a model independent way,
whether supersymmetry can significantly modify the C'P
asymmetries in B~ — DK~ processes and hence affects
the determination of the angle . Therefore, we perform
a systematic analysis of the SUSY contributions to the
B — DK processes. We compute SUSY contributions to
the b — wu(és) and b — c(us) transitions through gluino
and chargino exchange, using the mass insertion approxi-
mation method. This approximation is a quite useful tool
for studying the SUSY contributions to the flavor pro-
cesses in a model independent way. We show that the
gluino box diagrams give the dominant SUSY contribu-
tion, while the chargino exchanges lead to subdominant
contributions.

It turns out that D°-D° mixing may limit the gluino
contribution to B~ — DK~ due to the stringent con-
straints on the mass insertions between the first and second
generations in the up sector, (6% 5),,- Thus in our analy-
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sis, we revise the D°~D° mixing constraints [5] and take
them into account. We find that with a single mass inser-
tion, the SUSY contribution to B~ — DK~ decay will be
much smaller than the SM result. Nevertheless, with simul-
taneous contributions from more than one mass insertion,
the SUSY effect can be enhanced, and the results of the C' P
asymmetries become within 1o experimental range, while
the D°-D° mixing constraints are satisfied.

The paper is organized as follows. In Sect. 2 we study
the CP asymmetries and the branching ratios of
B~ — DK~ in the SM. We show that in the SM the
branching ratios Rop, are within the experimental range,
while the CP asymmetry Acp, is below its 1o experi-
mental lower bound and the value of Acp_ is typically
negative. In Sect. 3 we compute the gluino and chargino
contributions to the b — u(és) and b — ¢(us) transitions
in terms of the mass insertions. Section 4 is devoted to
the analysis of the SUSY contribution to D°-D° mixing
and revises the possible constraint on the mass insertions
(0%5)1o- The analysis of the SUSY contribution to the
CP asymmetries Acp, and the branching ratios Rcp_ is
given in Sect. 5. We show that, in case of negligible D?-D°
mixing, one should consider simultaneous contributions
from more than one mass insertion in order to obtain
Acp, within their 1o experimental range. Nevertheless,
the usual relation Ay ~ —A_, which is valid in the SM, re-
mains. With large D°-D° mixing, one finds a significant
deviation between A, and A_, and it becomes natural to
obtain Acp, of the order of the central values of their ex-
perimental measurements. Finally, we give our conclusions
in Sect. 6.

2 B~ — DK™ in the standard model

In this section we analyze the C'P violationin B~ — DK~
decays within the SM. The possible quark level topolo-
gies of B~ — DK~ that contribute to the amplitudes
A(B~ - D°K~) and A(B~ — D°K~) in the SM can
be classified to the following three categories, as shown

in Fig. 1: color favored tree (T"), color suppressed tree (C)
and annihilation (A4).

These processes are given in terms of the CKM fac-
tors Ae = Vo Vs, Ay = Vip V. The decay B~ — DK~ re-
ceives contributions from 7" and C with the factor A., while
B~ — DK~ get contributions from C and A in terms of
Ay- Since the contributions from the annihilation process
to the matrix elements are quite suppressed at the lead-
ing order correction [6, 7], it is quite reasonable to assume
that A = 0. In our analysis we will adopt this approxima-
tion, and therefore the general parametrization of the SM
amplitudes of B~ — DK~ decays can be given by

ASM(B~ 5 D'K™) = |A)|er =T+ C,
ASM(B~ - DK ™) = |Agle®2e = O

(3)
(4)
where the ¢;, i =1,2, are the strong (CP-conserving)
phases. T' and C refer to the color allowed and color sup-
pressed tree amplitudes involving b — c(@s) while C is

related to the process b — u(cs). In terms of the two CP
eigenstates of the neutral D meson system, Dgp = (D°+

DY) /+/2, one considers the ratios Rcp 4 of the charged av-
eraged partial rates and the charge asymmetries Acp, :

2 (B~ = DYy, K-) 4T (B* = D2y K|
I'(B~ — D°K~)+I'(Bt — DYK+) )

(5)
(B~ = Dlp,K~) =T (B* = DYp, K*)

RCPi =

Acpi: .
I (B~ DYp,K-)+ I (B* = DYp, K+)

(6)
We define the ratio of the SM amplitudes of B~ — DK~

and B~ — DK~ as
s i, ASM(BT = DYK™)

6 alv —

TBETENT AgsM(B-  pOK-) @
According to (3) and (4), rg = |A2/A1| and ép = dz — 01.
Using this parametrization, one finds that Ry = Rcop, is

P K

} DU
U

b c
B { . ] } o .
b U

Fig. 1. SM contributions to
B~ — DK™: color-favored
tree (left up), color-suppressed
tree (right-up and left-down)
and annihilation (right-down)
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given by
Ry=1+r%42rgcosdpcosy, (8)
and Ay = Acp, takes the form

+2rpgsindp sin-y _ *2rpsindpsiny

Ay = =
+ 1+7%4+2rgcosdpcosy

Rop,
9)

From (8) one gets

R.-R_

. 1
4rp cosdp (10)

cosy =
Thus, by using the expressions for the C'P asymmetries
Ay in (9), one can factorize the dependence on the strong
phase, and one gets the following expression for the angle
in terms of R4, A+ and rp only:

2cosy(Ay —AL) RiR_

. (11
V/16r% cos2y— (R — R_)2 Ry + R 1D

siny =

From this expression, one can easily see that the central
experimental values of Ry and Ay with rp ~ 0.1 imply
that the angle 7y is of order v ~ 71°. It is worth mentioning
that within the SM, the effect of the D°~D° mixing on ex-
tracting the angle v using the B~ — DK~ decays is very
small. As emphasized in [8], neglecting this mixing implies
an error in determining  of order 0.1-1°.

In order to analyze the SM predictions for the Ay and
R4 and compare them with the experimental results re-
ported in (1) and (2), let us consider the SM contribu-
tions to the b — u(és) and b — ¢(@s) transitions. As shown
in Fig. 1, within the SM the B~ — DK~ are pure ‘tree’ de-
cays. The effective Hamiltonian of this transition is given
by

b—u(es GF * u u
Heg M = Vi [CL()QY + o @3]
where C; and @} are the Wilson coeflicients, and the op-
erators of this transition are renormalized at the scale p
with

(12)

QY = (@™, Lb*) (3°4*Lc7)
Q5 = (ﬁayuLbﬁ) (Eﬁy"Lca) ,
where L = (1 —+3). The effective Hamiltonian for the
b— c(us) transition can be obtained from the effective

Hamiltonian in (12) by exchanging u <+ c. The SM results
for the corresponding Wilson coefficients are

(13)

11 oy
Crlmw) =1~ 6 4’
14ay4
= . 14
Colmw) = (14)

However, due to the QCD renormalization to the scale
u~my, C1 and Cs get mixed, as will be discussed in more
detail in the next section, and one finds

Cy () = 1.07,

02(/1,) =—-0.17. (15)

To evaluate the SM results to the decay amplitude of
B~ — DK™, we have to determine the matrix elements for
the operators Q]5. A detailed analysis for the matrix elem-
ents will be giveﬁ in the next section. Here, we just give the
matrix elements for these four operators in naive factoriza-
tion:

_ X
(DK1QHIBT) =, .
(D°K™|Q4|B ) =-X, (16)
(D°K~|Qf|B™) = —;X—Y,
(DK~ |Q§|B‘>:—X—;Y, (17)
where
X :iFOBHK (m%) fb (sz —m%) ,
Y =iFfP (mk) fic (my—md) . (18)

There are two comments in order. i) The naive factor-
ization can not determine the strong phases; therefore,
in our analysis we consider these phases as free parame-
ters. ii) As mentioned above, the factorized matrix elem-
ent (DK~ |(5vLc)|0) (0|avy,Lb| B~) corresponding to
an annihilation process is suppressed as shown in [6, 7] and

can be neglected. Therefore,
ASM(B~ & DOK~) = — Gr
V2

Vi Vi, X ( 3

C
! +02> )

(19)
and
ASM(B~ - DK )
GF « 01 02
= — c X Y .
\/QVbVUS[ (3 —|—C'2>—|— <01-|- 3 )]
(20)

Fixing the hadronic parameters as follows: fp =0.2,
fx =0.16, FE7P =0.34, FB~K = 0.62, the meson masses
become mg = 0.49, mp = 1.86, and mp = 5.278 GeV. One
finds

rg ~0.05. (21)

Note that it is customarily assumed that with a large
uncertainty, the SM prediction for rg may be much larger
than the above value (it can be O(0.1) [9, 10]). Here we will
use the value that we obtained in (21) as a typical value
for the SM contribution. In order to have a general picture
of the SM predictions for the C'P asymmetries A1 and the
branching ratios R4, we plot in Fig. 2 R versus A . Here,
we vary the parameter ép in the range [0, 7] and the angle
~ is also considered to be between 0 and .

As can be seen from the results in Fig. 2, the SM predic-
tions for the branching ratios R+ are within the 1o experi-
mental range. However, the results for the C'P asymmetry
A are below its experimental lower bound. Also, the SM
leads to a negative C'P asymmetry A_ which is still con-
sistent with its experimental results in (1), due to the large
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Fig. 2. R4 versus A4 and R_ versus A_ within the Standard Model. The horizontal line in the left figure represents the lower

bound of A4 at 1o experimental range

uncertainties in this measurement. Therefore, more precise
measurements would be very important for analyzing the
SM predictions for R1 and AL and, hence, in determining
the value of the angle 7.

3 SUSY contributions to b — u(cs)
and b — c(us)

The crucial point to note from Sect.2 is that the SM
contributions to the amplitudes of the b — u(cs) and
b — c(us) transitions are suppressed by the CKM factors
Vb =~ O(1073) and V.5, V., ~ O(10~3), respectively. There-
fore, it may be possible to have a comparable effect from
new physics at one loop level which can compete with the
SM tree level contribution. In this section we study the su-
persymmetric contributions to the b — u(¢s) and b — ¢(¢s)
transitions. In this case, the effective Hamiltonian H4 ="
for b — u(és) can be expressed as

10

HEO™ =" (CHuQi(n) + CruQiw) , (22)
i=1
where the C}* are the Wilson coefficients and the Q¥ are the

relevant local operators at low energy scale, y >~ my. The
operators ()} are given by

QY = (a*y, Lb®) (84 LP)
Q4 = (a*y,Lb°
Q35 = (a7, Lb”
Q4 = (
Qs = (
Qt = (u*Lb°) (57 Le™)
Q7 =(
Qs = (
Qy = (
( (23)

where o and 3 refer to the color indices. L and R are given
by (1F7s), respectively, and o*” =} [y*,~"]. The opera-
tors Qf are obtained from @} by the chirality exchange,
L < R. In the SM, the coefficients C}* identically vanish,
while in SUSY models they receive contributions from both
gluino and chargino exchanges. The corresponding opera-
tors for b — ¢(@s) can be obtained from the above expres-
sion by exchanging u <> c.

The dominant SUSY contribution to the b — u(és)
transition can be generated through the box diagrams with
gluino exchange, as in Fig. 3, and chargino exchange, as
in Fig. 4. From these figures, one can see that the b — u(és)
transition is based on two topologically distinct box dia-
grams only for gluino or chargino exchange. This is unlike
the b — d and b — s transitions that contribute to B-B
mixing, where four topologically distinct box diagrams are
included [11]. Therefore, it is expected that the Wilson co-
efficients for this process are different from those obtained
in the literature for the b — s transition. It is also worth
mentioning that contributions through penguin diagrams
to these transitions are always hybrid (i.e., contain internal
SUSY and SM particles). Therefore, they are suppressed
by Vb in addition to the usual loop suppression factor;
hence they are much smaller than the pure SM or pure
SUSY contributions. Thus, the Wilson coefficients at my,
scale can be expressed as follows:

Ct = (O (1) + (e (24)

We evaluate the SUSY contributions to the Wilson co-
efficients by using the mass insertion approximation. The
mass insertion approximation is a quite useful method for
performing a model independent analysis of flavor chang-
ing processes in general SUSY models. In our analysis we
set to zero the contributions that are proportional to the
Yukawa coupling of light quarks. Also, we use the approx-
imation of retaining only terms proportional to order A. In
the case of gluino exchange all the above operators give sig-
nificant contributions, and the corresponding Wilson coef-
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ficients are given by
cd =% sy e [T 4
Timw) = o, (080) 55 (0F10)12 | TFo(a) — e fo(a)]
(25)
g 0‘5 d u r3
Cs(mw) = 144772 (5LL)23 (6Lr)12 [f6($)+201’f6(1’)} )
(26)
Cllmw) = *%, (3%e) 1y Gty Fo(2) (21)
s\Mmw = 482 \’RL)23 PLR)12 6\L)
1102 .
Clmw) = |45, (8%h1) 55 Ghm)iz fo(a) (28)
_ 202
Clmw) = % (5he) g (Fh) 12 2o(@) (29)
5 _ A2
Cmw) = o = (5%1) 55 (O 1o @fo(@) (30)
-~ 2 ~
Clmw) = 5%, (9hr) oy (0012 [~ Fo(@) + Tafs(a)]
(31)
] 0‘3 d u s
CLmw) = g~ 5 () s (5212 [5Fole) +afolx)]
(32)
~ 2
O (mw) == o= 5 (%e) 55 Ohn) 1 2 fi(). (33)
_ 5a2
Clolmw) = |y 5 (9he) s (Fn) 1z @o(@) (34)
where & = m2/m?. my is the gluino mass, and 7m?* is an

average squark mass. The functions fg(x) and fg(z) are the
same as the loop function obtained in the case of b — d(Gq)
and are given by

6(1+3z)Inz+23—92%2 -9z +17

f6(x): 6((1?—1)5 ) (35)
~ xr xr n$_$3_ :1:2 x
fofw) = 0P 3(96_1)59 POl

The Wilson coefficients C’ig are simply obtained by inter-
changing L <+ R in the mass insertions appearing in CY. The

Fig. 3. Box diagrams for
B~ = K~ D% (b— u(cs)
transition) with gluino ex-
changes, where h, k,m,n =

{L, R}

z

Fig. 4. Box diagrams for
B~ - K~ D% (b— u(cs)
transition) with chargino
exchanges, where U =
{u,¢,t}, D=1{d,s,b} and
h,k,m,n={L,R}

above Wilson coeflicients are due to the gluino exchange of
the b — w transition; the corresponding coefficients for the
b — ctransition can be obtained by changing the mass inser-
tions (0% 5)12 to (0% )21, where {4, B} = {L, R}.

Note that the discrepancy between the above SUSY
Wilson coefficients of the b — u transition and those of the
b—dor b— s AB =2 transition is due to the following
reasons.

1. The b — u transition is based, as mentioned above,
on two distinct box diagrams only in contrast of the
AB = 2 transition where four distinct box diagrams are
involved.

2. All the external quarks in the box diagrams of b — u(és)
are different; therefore, one cannot use a Fierz trans-
formation to relate any operator with the other unlike
the case in AB = 2. For instance, in BBy mixing the
operator Qs = (d*~,, Lb?)(dP~, Lb") is equivalent to the
operator (d%y, Lb")(dP~,Lb"). In this case, the Wilson
coefficients C7 and Cs in (25) and (26) are combined
together and leads to the usual AB =2 Wilson coeffi-
cient [11]: C o< as /1082 (24x f5() + 66 f6(2)). In this
respect, it is clear that the expression used in (9) in [5]
for H:f?u(cs) is incorrect.

Now let us turn to the chargino contributions to the
effective Hamiltonian in (22) in the mass insertion approx-
imation. The leading diagrams are illustrated in Fig. 4,
where the cross in the middle of the squark propagator
represents a single mass insertion. In the above mentioned
approximation, where we neglect contributions propor-
tional to the light quark masses, one finds that the relevant
chargino exchange affects only the operator Q1, as in the
SM, and the corresponding Wilson coefficient is given by

CX (mw)

o/ . . . .
- 16\7/?12 [\/av;lWlU“Ujl (5%L)12 ((6LL)23 +A(0LL)13)

y * * u u
+ \/;T Uan 71 ‘Gl ‘/;2 (‘%L) 12 ((5LR)23 +A (5LR)13)

X (LQ(.Ti, LCj) — 2L0(£13i, xj)) s (37)
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where o = g2 /47 and g is the SU(2) gauge coupling con-
stant. The A parameter stands for the Cabibbo mixing, i.e.,
A =0.22. The U;; and V;; are the unitary matrices that
diagonalize the chargino mass matrlx and y; is the top
Yukawa coupling. We have z; = m / m?, and the functions
Lo(z,y) and La(z,y) are given by [11]

Lo(z,y) = \/wym(x;: zhO(y) :
—11+ 7x — 222 6lnzx
M@= e T
x_xz rinx
i) =" @)

Finally, we have also neglected the small contributions
from the box diagrams where both gluino and chargino is
exchanged as in [12,13].

To obtain the Wilson coefficients at the scale m; one
has to solve the corresponding renormalization group
equations. The solution is generally expressed as

C ZU” mb,mw)c (mw)
J

(39)

where U;;j(my, mw) is the evolution matrix given by the
8 x 8 anomalous dimension matrix of leading order (LO)
corrections in QCD [14]. Note that we have not included
the operators Qg 10, since they have zero matrix elements
at LO, and also they do not mix with the other operators
in the evolution from the myy scale down to the my scale.
We have

,’Y(O)
A as(mw)} o | o,
Umy,mw)=V V=", (40
R (40
D

where V diagonalizes the 49T
iy =V14OTY (41)
and v(® is for the diagonal elements of ’yD The value

of By is given by By = 11NC 3 2 f where N, is the num-
ber of colors, and f is number of active flavors. Finally,
the anomalous dimension matrix 4° at the leading order is
given by

22600 0000
6-200 0000
002-60000

o | 000-160 000

=l 0000 -2600 (42)
0000 6-200
0000 002-6
0000 0 00-16

As can be seen from the above matrix, the mixing between
different operators is divided into blocks. Each block con-
tains two operators (Q;, Q;+1), ¢ =1, 3,4, 7, there being no
mixing between different blocks [15].

Let us now consider the evaluation of the hadronic ma-
trix elements of the above operators which represents the
most uncertain part in this calculation. In the limit of neg-
lecting QCD corrections and my > Aqcp, the hadronic
matrix elements of B~ — DK~ decay can be factorized.
The hadronic matrix elements for the operators @} are
given by

(D°K™ QY| B™) = (43)
and

(DK [QY|B™) =~ )3(
(D°K™|Q3|B™)=—X,
o 2m2,
(D°K™|Q%| B >_3(mb—ms)2(mu+mc) 7
o _ 2mi,
<{3K Qi B >—(_b ma) £ me) *
(D°K~|Q%| B~ >:)(§
(DK~ |Qg| B~ >:)2(
(DK~ |QU B™) = (DK~ Q% B~) =0,  (44)

while the hadronic matrix elements for the operators Q¢
are given as follows:

(DPK~1Q51 B) = 4o
and
1

(DK™ [Q|B™)=-Y — X,
<D°K*IQ§|B*>=—;Y‘X’

N 2m?,
(D°K~ Q5| B >—Y+3(mb_ms)(mu+mc) ’

0 e 1 2m%
<D K |Q4|B >_3Y+(mb—ms)(mu+mC)X,
(D°K~|Q§|B~) = (DK~ |Qg| B~)=0

0 = 10% B~ = — mic ;
<D K |Q7|B >_ (mb—mc)(mu+ms)y+6X7

R mi 1
<D K |Q8|B >_ g(mb—mc)(mu+m5)y+2X,
(D°K™1Q51 B) = (D°K™ Q1| B) =0 4o

where X and Y are given in (18).

Having evaluated the SUSY contributions to the Wil-
son coefficients and having determined the hadronic ma-
trix elements of the relevant operators, one can analyze the
decay amplitude of B~ — DK~ and study the SUSY ef-
fect on the C'P asymmetries AL and the branching ratios
Ry. As can be observed, the Wilson coefficients depend
on several mass insertions, which are in general complex
and provide new sources for the C'P violation beyond the
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SM phase in the CKM mixing matrix. These new C'P vi-
olating phases may contribute significantly to the b — u
transition and affect the determination of the angle . Nev-
ertheless, one should be very careful with the constraints
imposed on these parameters. In fact, the dominant gluino
contributions depend on the mass insertions: (0%z),, and
(6% 3)23. The mass insertions (6% 3)23 are constrained by
the experimental results for the branching ratio of B —
X, [16—-19]. These constraints are very weak on the LL
or RR mass insertion and more stronger for LR or RL
mass insertions. Concerning the mass insertion (6% ),
the chargino contributions to the K°-K° system impose
constraint on the LL mass insertion only [20]. However,
D%-D° mixing may induce more strange constraints on
both the LL(RR) and the LR(RL) mass insertions. There-
fore, before we proceed to analyzing the decay amplitude of
B~ — DK™, we will take a short detour and give a detailed
analysis for the SUSY contributions to D°~D° mixing and
revise the corresponding constraints on the (0% ),, mass
insertions.

4 Constraints from D°-D° mixing

We start this section by summarizing the SM results
for the DD mixing; then we consider the supersym-
metric contribution to the effective Hamiltonian for the
AC =2 transitions given by gluino and chargino box
exchanges.

In the D° and DO systems, the flavor eigenstates are
given by D° = (uc) and D° = (uc). The formalism for
DY-DO mixing is the same as the one used for K°-K° and
B%-B° mixing. The mass eigenstates are given in terms of
the weak eigenstates by

Dy =pD°+¢D°, (47)
where the ratio ¢/p can be written in terms of the off-
diagonal element of the mass matrix: ¢/p = \/ M, /Mg,
and q/p # 1 is an indication for the C'P violation through

mixing. The strength of the D°~D° mixing is described by
the mass difference

AMp = Mp, — Mp, .
The present experimental results for AMp is given by [21]

<1.7x10713QeV.

exp

(AMp) (48)

The C'P asymmetry of the D° and D° meson decay to a
CP eigenstate f is given by

y _F(D0—>f)—F(DO—>f)
o (t) = '(D° — f)+ (DO — f)

= St sin(AMpt) + Cf cos(AMpt) , (49)

where Sy and Cy represent the mixing and direct CP asym-
metry, respectively, and they are given by

2 | 95(f)]
TR+
_a(HF-1
=R 50

The parameter p(f) is defined by p(f) = jggg:g . Generi-

cally, the AMp and Sy can be calculated by

AMp =2|(D° |HE"=2| D°)| ,

Sy =sin (arg [(D° |[HE"=?| D°)]) . (51)
Here H4=2 is the effective Hamiltonian responsible for
the AC = 2 transition. In the framework of the SM, this
transition occurs via a box diagram in which two virtual
down quarks and two virtual W bosons are exchanged.
AMSM = 2|(DO|(H4E=%)SM| DY) is given by [22]

(m2 —m3)°

2
me

G2

MY~ TE AR B VYl

c

~14x107¥GeV. (52)
As can be seen from this expression, the SM predicts a very
small D°-D° mixing. Note that, in the above estimation
for AMSM, the b-quark contribution has been neglected,
since it is much smaller due to the CKM suppression. Also,
the C'P violation is absent in the mixing and in the domin-
ant tree level decay due to the first two generations being
involved only.

In supersymmetric theories, the dominant contribu-
tions to the off-diagonal entry in the D° meson mass ma-
trix, Mo = (D |HGF=2| D°), is given by

Mz = M3+ MI,+ MY (53)
where MY,, and Mi‘; correspond to the gluino and
chargino contributions, respectively. The effect of super-
symmetry can be parameterized as follows:

Mg
SM
M3;

2 2i60,

roe”vc = (54)

susy
where AMp = 2| M5} r? and 26, = arg <1+ /\;1\/112%4 >

As in the case of the K° and B° systems, the most general
effective Hamiltonian for the AC = 2 processes, induced by
gluino and chargino exchanges through box diagrams, can
be expressed as

5
HET= = Ciw)Qi(w) + > Ci(w)Qi(p) +hic., (55)
=1 3

where C; (1), C; (1) and Q;(u), @i(u) are the Wilson coeffi-
cients and operators respectively renormalized at the scale
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w, with

Q1 = Wy apyucy
Q2 = ﬂﬁcﬁﬂﬁ{ )
Qs = afcpuges,
Qs =ufcf ey,

Qs = uchugcR (56)

In addition, the operators Q1,273 are obtained from Q1 23
by exchanging L <+ R.
In the case of gluino exchange all the above operators

give significant contributions, and the corresponding Wil-
son coefficients are given by [23]

2

CHmw) = = g2 (240Fo(e) +667o(a)) (i)
_ 2
CHlmw) = = g2 2042o(z) (O
) a2
G3(mw) =, 236$f6( 2) (82) s,
~ 2 ~
Clm) == 0o | (042 folz) = 72fo(z)
x (512)LL (012) rr — 132 f5(x) (012) g ( 71L2)RL:|7
~ 2 ~
Clmw) =~ [(24xf6( )+120fo(x))
B (512)LL( 12)rRR — 1805 () (012) g ( ¥2)RL}’
(57)
where z = m? 3/ m? and m? is an average squark mass. The

functions f6( ) and f6( ) are given in (35) and (36)).The
Wilson coefficients C'i_3 are simply obtained by inter-
changing L <+ R in the mass insertions appearing in C_3.

In the case of the chargino exchange the operator Q1
only gives a significant contribution [20]. At the first order
in the mass insertion approximation, the Wilson coefficient
CY¥(mw ) is given by

4

C]).C(mW) 7687T2 ~ 9 Z |‘/;/1 ] | (5(211) L2(‘/L.'“ x])

(58)

where z; = mfz 4 /m?, and the function La(z,y) is as given

in (38). '
As usual, the Wilson coefficients C;(u) are related to
Ci(mw) by [24]

=3 (el ) it (59)

where n = as(mw)/as (), and the coefficients b, ¢{™*)
and a; appearing in (59) can be found in [ 4]. Also

the matrix elements of the operators ); in the vacuum

insertion approximation are given by [23]

(D°|Q:1|D%) = ;MDJ%7

wr10:00% =5, (M2 ) o,
(D°|Qs| D%) = 214 (m?TZ)zMDﬁ”
(D°1Qu| D) = 214 +411 (mcj\?mu)Q] Molb,

2
(D°|Qs| D°) = lé+112 (mJ\Jerm > ] Mpf3.
(60)

The same results are also valid for the corresponding oper-
ators @);, since strong interactions preserve parity.

We now discuss the results of the SUSY contribution to
D%-D° mixing. It is worth mentioning that the mass inser-
tions ((5% B) , are strongly constrained by the experimental
limits of K b ~K° mixing. In particular, the AMy upper
bound implies that ‘ (5%L)f2‘ < 107% [23]. Therefore, the

chargino contribution to AMp becomes very suppressed
and can be neglected with respect to the gluino contribu-
tions which depend on the less constrained mass insertions
(045)1- As an example, we present the gluino contribution
to AMp, with mg ~ mg ~ 500 GeV:

AM%USY

17x13 =334 0L

)12+ 1733.6 (5} )1,
—3178.5 (0% )10 (0%1) 10 +1733.6 (0117

—12946.9 (5 1) 15 (0) 10 + 334 (512p) 2

<1 (61)
From this expression, we can see that the strongest con-
straint will be imposed on the product (0%.),5 (0%z) 10
while the constraint obtained on the individual mass inser-
tion (07 1);5 Or (0f5)15 is less stringent.

As usual in this kind of analysis, the most conserva-
tive constraints on the mass insertions can be obtained by
considering the contribution due to a single mass inser-
tion per time and set all other ones to zero. In Table 1,
we present the results for the upper bounds on the rele-
vant mass insertions from the experimental constraint on
AMp for x =1/4,1, and 4. We find that these bounds
on (0%p);, are more stringent than those obtained from
the chargino contribution to the K°-~K? system in [20]. In
fact, the (67 z),, and (6% ),, are completely unconstrained
by the chargino contribution to K% K° mixing. There-
fore, their bounds in the above table are the only known
constraints. However, we should mention that these con-
straints may be relaxed if one considers simultaneous con-
tributions from more than one mass insertion. In this case,
a possible cancellation may occur which reduces the SUSY
contribution significantly and leaves room for a larger mass
insertion.
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Table 1. Upper bounds on \/‘ (623)?2‘ from AMp < 1.7 x 10713 GeV, for z = m%/mg =1/4,1,4

2
r \/)(61%1:(1%3))12)
1/4 7.5x1072 2.1x1072
1 1.7x 1072 2.4x 1072
4 0.4 3.3x 1072

Finally, we comment on the C'P violation in this pro-
cess. As emphasized above, the SM contribution to D°-~D°
mixing is real, since it is proportional to V5 V4. Further-
more, it is much smaller than the dominant gluino contri-
bution. Therefore the C'P violating phase 6. in (54) can be
written as

1 Mz 1 g
0. = o818 (Mfé\/{) ~ ,arg (M12) .

In case (0} p),, gives a dominant contribution to My, 0,
will be given by

(62)

1 U
e = Horg (3 )rz) = O(1), (63)
which means that the CP asymmetry of D°-D° mixing,
Sy, could be quite large. Therefore, one can conclude that
the new physics in general and supersymmetry in particu-

lar could enhance the D°-D° mixing significantly.

5 Supersymmetric contribution
to Ry and Ay

In this section we study the supersymmetric contribu-
tions to the C'P asymmetries and the branching ratios
of B~ — DK~ decay in the following cases. 1) Negli-
gible D°-D° mixing. 2) Large D°-D° mixing due to
a possible significant SUSY contribution, as advocated
in Sect. 4.

In general, applying the naive factorization approxima-
tion implies that the amplitudes A(B~ — DK ) are given
by

A DR =3 (05— 65) (0K 11 B)
=1 (64)

and

A(B~ = D°K") =Y (Cr-Cr) (DK™ Qi B™) .
=1 (65)

The sign difference between the Wilson coefficients Cj
and C; in the above equations is due to the fact that
the initial and final states of the B~ — DK~ decays
have opposite parity, and therefore (DK~|Q;|B~) =
—(DK™|Qi|B™) [25,26].

\/)sz(RL))%Q\ V168D 168102 /1681208 )|

7.5% 1073 1x 1072
8.7x 1073 1.7x 1072
1.2x 1072 4% 1072

5.1 Ry and AL with negligible D°~D° mixing

In case of neglecting the effect of D°—~D° mixing, it is useful
to parameterize the SUSY contribution by introducing the
ratio of the SM and SUSY amplitudes as follows:

ASUSY(B~ — DOK )

- — Rqel(¢1-7)id1
ASM(B- 5 Do) ¢ ¢

(66)

and
ASUSY(B™ — DYK ™)

— Roei®26i%2
ASM(B-  pog—) 20T

(67)

where R; stands for the corresponding absolute value of
|ASUSY JASM| "the angles ¢; are the corresponding SUSY
CP violating phases, and the &; = 6™ — 65USY are the
strong phases. In this respect, our previous definition for
the SM ratio of the amplitudes of B~ — D°K~ and B~ —
DPK ~ in (7) will be generalized as follows:

A(B~ = DK™)
A(B— — DVK )
_ ASM(BT - D°K )+ ASUSY(B~ — DK )
~ ASM(B~ — DOK )+ ASUSY(B~ — DOK )

. v 4 Rielf1 . .
— rpeidn [el :R f . ] = Rpel®Beion (68)
2
where
B r e!7 + Ryel?1
B—7B 14 Rgel®2 ’
and
(el + Ryeld1
on=arg | o | (69)

Note that, for simplicity, we have assumed that the SM and
SUSY strong phases are equal. In this case, the ratios R4
and the C' P asymmetries A take the form

Ry =1+R%+2Rpcosdpcosdp (70)
and
:EQRBSin(SBSiIlQSB
Ayp = . 1
* 1+ R%4 +2Rpcosdp cos dp (71)

As shown in (69), the deviation of Rp from the stan-
dard model value rg is governed by the size of R and Rs.
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Therefore, we start our analysis by discussing the domin-
ant gluino contributions to R; and Rs. We choose the input
parameters m = 250 GeV, x = 1, and we obtain

Ry =0.15 (89 ,) 5 (0% )10 — 0.17 (0% 8) 5 (651) 15

+0.18 (0% 1) 55 (6% 5) 1o — {L <> R} (72)

and

R2 =-0.01 (6%L)23 ( 1IL/L)21 —0.015 (63131%)23 (51%1;)21
+0.03 (5;3)23 (6% Rr)y; —{L < R}. (73)

Using the fact that the mass insertion is less than or equal
to one, we find that Ry < 1, i.e. ASUSY (B~ - D'K~) <
ASM(B~ — DYK). It is worth mentioning that (6% ), is
constrained by the experimental results for B — Xyv de-
cay. These constraints are very weak on the LL and RR
mass insertions, and they can be of order one. However,
they impose stringent upper bounds on the LR and RL
mass insertions, namely |(0f py)23] < 1.6107% [16]. Con-
cerning the (6% p3);,, the important constraints on these
mass insertions are due to the D°-D° mixing. Applying
these constraints one finds that R; is also quite small and
the SM gives the dominant contribution. Therefore, there
will be no chance to modify the results obtained in Fig. 2.
However, as advocated in Sect. 4, these constraints can be
relaxed, if one allows for simultaneous contributions from
more than one mass insertion, which is the case in any real-
istic model. In this case, there may be cancellation between
different contributions which reduces the SUSY contri-
bution to D°-D° mixing without severely constraining
the mass insertion. If we adopt this scenario and assume,
for instance, that (0%;),, ~ — (0%g)y, and (6} ,);, =
— (0% R)1o, then one can easily see that Ry ~ (0(0.6) and
the phase ¢y is given by arg [ (67 ), + (67 1)15]-

In this case, one can easily observe that different com-
binations of (7, ¢1) can lead to values for the Ay within the
experimental range. Therefore, the supersymmetric C P vi-
olating phases may affect the extraction of the angle . As
an example, let us consider the case where Rp is enhanced
from 0.05 (SM value) to 0.1 and the phase ¢p is given by
70°, which can be obtained by v ~ 7/3 and ¢ ~ 7/2 or
~v ~m/2 and ¢ ~ /3. In this case, one finds that

R+ ~ 11,
- ~094,

Ay ~—A_~02. (74)
Therefore, we can conclude that the SUSY contributions
to B~ — DK~ imply that A, and A_ are within their
lo experimental range simultaneously, unlike the SM
results.

Finally, it is important to mention that in this sce-
nario it is a challenge to find a realistic SUSY model that
accommodates these results and satisfies all other con-
straints. Also the observation of A, indicates that the
ratio of the amplitudes for the processes B~ — D°K~ and
B~ — DK~ is larger than 0.1, which is rather difficult
to obtain in the SM, so it may be a hint to a new physics
effect.

5.2 Ry and A4 with large D°-D° mixing

In the previous analysis, we have ignored the effect of
the D-D° mixing. Now we consider this effect and de-
fine the time dependent meson state |D1) =|D°(t)) and
|D2) = |D(t)) by

[D1) =g [D°) + 7 g-(1) |D°) (75)
[D2) = g1(1) [D°) + L g-(8) [D°) (76)
where ¢/p is defined, as in Sect. 4, by
q M7, —2i6,
= = c. 7
p My~ © (77)

As shown in (63), the phase 6, is of order one. The func-
tions g4 (t) are given by [27]

o emisemny

with p; = Mp, —il'p, /2. In terms of zp = AI\I{D and yp =

S]E , where I' = I'p, + I, one finds

g1 (t) =MD 4 (wp —iyp )27 A+ ]

g_(t) = (= 1Mpt=7/2) [(—izp — yp)2r/24 - 1.

Here 7 = I't. In this case, the decay amplitudes of B~ —
DK™ are given by

A(B~ - D1K~)=A(B~ — D°K")g.(t)
+AB™ - DOK_)Zg_(t) (81)
and
A(B~ = DyK~)=A(B~ — D°K™)g.(t)
+AB - DOK*)Z g_(t). (82)

Also the decay rates are defined as [27]
(B~ — DK™) :/dt |A(B~ = DK™)|*. (83)
Therefore, one finds that

(B~ —DiK~)=|A(B— D°K")|* (G +R%G_
+2RpRe [G+,e*i<5B+¢B*296>D ,

(84)
where the G; are given by
[e'e] 1 2 2
G+:/ g4 ()] dt ~ <1+yD+"“°D>, (85)
; r 2
[ 2,1 yh + %
6= [To-wra= [ (PTP). o)
1
r
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The C'P asymmetries Acp, , are defined by

F(B_ —>D172K_)—F(B+ —>D172K+)
F(Bi —).Dlﬁgf(f)—f'f‘(.B+ —)D172K+) '
(88)

Acp,, =

Thus one can easily prove that

yp sindp sin(¢p — 26.)
A —zpsindp cos(pp —26,)
cpy = ’
/ 2 v _ yp cosdp cos(¢pp — 20.)
Gy + RpG- — Bp [+:L’D cos dp sin(¢p — 26.)

(89)
while

|: YD sin 63 sin(d)B — 29C) :|
+zpsindp cos(dpp — 26.)
Acp, = .
RyCH +G Ry | VD0 enOn )
—zpcosdpsin(¢pp —26.)
(90)
2 2 2 2
Here G/, _=IG,_=(1+4"2,"0 217D )
ively. The parameters zp and yp are subjected to strin-
gent experimental bounds in case of 6, =0, [28]: z% +
y% < (6.7 x 1072)2. For non-vanishing 6., this bound is
no longer valid. However, it is believed that in general
xp ~yp ~ 1072 In this case, it is clear that G/, ~ 1 and
G’ ~ 104, which imply that

respect-

Acp, ~1072x Rp~ 0O(107?) (91)
and
102
ACP2 >~ R >~ 0(01) . (92)
B

From these results, it is remarkable that the effect of
D%-D° mixing breaks the usual relation, A, ~ —A_, be-
tween the CP asymmetries Acp, = A_ and Acp, = Ay,
which is satisfied in the SM and SUSY models with neg-
ligible D°-D° mixing, as we have emphasized in the pre-
vious sections. As an example, to show how natural it is
to obtain in this case C'P asymmetries of the order of the
central vales of the experimental results in (1), let us con-
sider R ~0.15, xp ~3x 1072, y ~5x 1072, §p ~ 7 and
¢p ~ 0.~ /4. One can easily find that

140131 ~(.002 s

Acp2 ~0.3. (93)
It is interesting to note that these values of the C'P
asymmetries depend on the CP violating SM phase ~
and the SUSY phase in the b — w transition ¢;, which
contribute together to ¢p as in (69), in addition to
the D°-D° mixing phase .. Therefore, the determin-
ation of the angle 7 relies on the new SUSY phases ¢;
and .. This confirms the fact the our determination
of the SM angle might be influenced by a new physics
effect.

6 Conclusions

In this paper we have studied supersymmetric contribu-
tions to the B~ — D°K~ and B~ — D°K~ processes. We
have shown that, in the SM, the branching ratios Rcp,
of these processes are within the experimental range. How-
ever, the C'P asymmetry Acp, is below its 1o experimen-
tal lower bound, and the value of Acp_ is always negative.
We have performed a model independent analysis of the
gluino and chargino contributions to the b - u and b — ¢
transitions. We have used the mass insertion approxima-
tion method to provide analytical expressions for all the
relevant Wilson coefficients.

The D°-D° mixing experimental limits imply strong
constraints on the mass insertions (8% 3),, which affect the
dominant gluino contribution to B~ — DK ~. We have re-
vised these constraints and took them into account. We
showed that, in the case of negligible D°-D° mixing, it
is possible to overcome these constraint and enhance the
SUSY results for the CP asymmetries in B~ — DK~ if
one consider simultaneous contributions from more than
one mass insertion. In this case, the Acp, becomes within
1o experimental range. However, with large D%~ D° mix-
ing, one finds a significant deviation between the two asym-
metries and it becomes natural to have them of the order of
the central values of their experimental measurements.

In general, we have emphasized that SUSY CP violat-
ing phases may contribute significantly to the C'P asym-
metries in B~ — DK, and therefore they may affect our
determination of the angle « in the unitary triangle of the
CKM mixing matrix.
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