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Studying double charm decays of B, ; and B; mesons in the MSSM with R-parity violation
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Motivated by the possible large direct CP asymmetry of Bg — D* D~ decays measured by the Belle
Collaboration, we investigate double charm B, ; and B decays in the minimal supersymmetric standard
model with R-parity violation. We derive the bounds on relevant R-parity violating couplings from the
current experimental data, which show quite consistent measurements among relative collaborations.
Using the constrained parameter spaces, we explore R-parity violating effects on other observables in
these decays, which have not been measured or have not been well measured yet. We find that the R-parity
violating effects on the mixing-induced CP asymmetries of B)— D®*D®~ and B — D" D)~
decays could be very large; nevertheless, the R-parity violating effects on the direct CP asymmetries could
not be large enough to explain the large direct CP violation of B} — D* D~ from Belle. Our results could
be used to probe R-parity violating effects and will correlate with searches for direct R-parity violating

signals in future experiments.
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L. INTRODUCTION

Double charm decays of B, ; and B provide us with a
rich field to study CP violation and final-state interactions
as well as to extract information from Cabibbo-Kobayashi-
Maskawa (CKM) elements. CP asymmetries (CPAs) in
these decays play an important role in testing the standard
model (SM) as well as in exploring new physics (NP) [1,2].

Double charm decays, B — D®*D®~ B —
DOD®= " and B°— D D®- are dominated by
color-allowed tree b — ccd transitions, but involve small
penguin pollution from b — uiid transitions carrying a
different weak phase. The latter contributions lead to direct
CPAs, which are very small (about the order of 10~2) in the
SM. If penguin corrections are neglected, the SM predic-
tions for the direct CPAs would be zero. It is interesting to
note that both BABAR and Belle have measured the direct
CPA in BY — D™D~ decay,

—0.91+0.23+0.06 (Belle[3])
—0.07+0.23+0.03 (BABAR[4)),
(1)

respectively. One would find that the difference between
the two measurements is

AC =0.84 £0.32; 2)

C(Bg,Bg—»D+D—)={

i.e., the difference is as large as 2.7¢. So far, such a large
direct CPA has not been observed in the other measure-

ments of BY — D®*pW~ B — DMOD®~ and BY —
D" D™~ decays [4-11], which involve the same quark-
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level weak decays. If the large CP violation in BY —
D" D~ from Belle is true, it would establish the presence
of NP. At present, one cannot conclude that NP is present in
those decays. Equivalently, one cannot assume that the
CPAs are in agreement with the SM expectations either.
Recently, the large direct CPA in BY — DD~ has been
investigated with possible NP scenarios, such as unparticle
interaction [12] and the NP effects in the electroweak
penguin sector [13,14], and so on.

In this paper, we would like to investigate B, ; and B;
double charm decays systematically in the minimal super-
symmetric standard model (MSSM) [15,16] with R-parity
violation [17,18]. In the literature, the possible appearance
of the R-parity violating (RPV) couplings [17,18], which
violate the lepton and/or baryon number conservations, has
gained full attention in searching for supersymmetry
[19,20]. The effects of supersymmetry with R-parity vio-
lation in B meson decays have been extensively investi-
gated, for instance, in Refs. [21-24]. In our work, 24

double charm decays BY — D(*”Dg))_, B, —>D(*)0DE:))_,

and BY — Dg*HDE:))* are studied in the RPV MSSM. For
simplicity, we employ naive factorization [25] for the
hadronic dynamics, which is expected to be reliable for
the color-allowed amplitudes, which are dominant contri-
butions in those double charm decays.

The color-allowed tree-level-dominated decays of b —
céd, ie. BY— DW*D®~ B — DHOD®~ and B) —
DY) DM~ involve the same set of RPV coupling con-
stants. For these processes, besides the CPA in BY —
D*D™, a few other observables in B, ; — D D" have
already been measured by the BABAR and Belle collabo-
rations [4—11,3,26]. To derive constraints on the relevant
RPV couplings, we will choose a set of data from the
aforementioned measurements which have quite high con-
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sistency between the measurements of BABAR and Belle.
Then, using the constrained RPV coupling parameter
spaces, we predict the RPV effects on the other observables
in By—D®W'p®- B, —DODM~ " and BY—
Dﬁ*)+D(*)_ decays, whose measurements from BABAR
and Belle are not compatible within the 2o error range,
and/or which have not been measured yet. One of our goals
is to see how large the direct CPA of B — D* D~ can be
within the constrained parameter spaces. We find that the
lower limit of C(BY, BY — D" D) could be just slightly
decreased by the RPV couplings, and the RPV effects on
this quantity are not large enough to explain the large direct
CP violation from Belle, although the mixing-induced
CPAs of B} — D®* D™~ are very sensitive to the RPV
couplings.

The decays BY — DH+ P~ B, — DMODMI~ and
BY— DYDY are governed by the b — c¢Cs transition
at the quark level, and also involve the same set of RPV
coupling constants. They have similar properties to Bg —
D®+*DH= B~ — DEOD®=and B — DT DH- de-
cays; nevertheless, the penguin effects are less Cabibbo
suppressed. For these decays, most branching ratios and
one longitudinal polarization have been measured [27-34].
We will take the same strategy as the one for b — ccd
decays to constrain relevant RPV couplings and estimate
RPV effects in these decays. We find that RPV couplings
could significantly affect the CPAs of these decays, and
could flip their signs.

Our paper is organized as follows: In Sec. II, we briefly
introduce the theoretical framework for the double charm
B, 4 and B; decays in the RPV MSSM, and we tabulate all
the theoretical input parameters. In Sec. III, we deal with
the numerical results and our discussions. At first, we give
the SM predictions with full uncertainties of the input
parameters. Then, we derive the constrained parameter
spaces which satisfy all the experimental data with high
consistency between different collaborations. Finally, we
predict the RPV effects on other quantities, which have not
been measured or have not been well measured yet.
Section IV contains our summary.

II. THEORETICAL FRAMEWORK
A. Decay amplitudes in the SM

In the SM, the low energy effective Hamiltonian for the
AB = 1 transition at a scale u is given by [35]

G 10
i=3

p=u,c

+C7,07y + ngQgg} + H.c, 3)
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where A, =V,,V,, for the b— g transition (p €
{u, c}, g € {d, s}). The detailed definition of the effective
Hamiltonian can be found in [35].

It is empirically observed that naive factorization [25]
still works reasonably well in the color-allowed double
charm B, ; and B, decay processes. We will describe the
B— D(*)DE,*) decay amplitudes within the naive factoriza-
tion approximation in this paper. Under the naive factori-
zation approximation, the factorized matrix elements are
given by

Apgpo piy = (D 1gy*(1 = 5)cl0)
X (DYW|ey, (1 = y5)b|B). 4)

Decay constants and form factors [36,37] are usually de-
fined as

(Dy(ppay*ysclO) = —ifp, pp,, (5)

(Dy(pp:)1gy*clO) = fD;Pg;: (6)

(D(pp)|cy, bIB(pp)) = [<pB + po),

2 2
mg —m

- TDQM]F1(612)

m2 — m2
+—L2——Ly,Foq», (D
q
« * - 2V(q2) L 2N ,B
(D*(pp+, €")|cy ,b|B(pp)) = mfuvaﬁs PPpe
()
(D*(pp+, €")|¢y,ysb|B(pp))
:iI:S*,u,(mB+mD*)Al(q2)_(pB+pD*)M(8*'pB)
As(q?) e \2mpy
x 2] g, (6 p) T LAY ~ Aol
mpg +mD* q
©)

with ¢ = pp — pp=. Then we can express A[BD(*),DSF)] in

terms of decay constants and form factors as follows:
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(ifp, (m — m3)Fo(m ) (DD,)
2fp;mp |p.F (mf);) (DDy)
— 2 *
Argpe p1= 1 2fquB|pC|A0(me) 245(m2,) Do (10)
g . . . ( I ( + A 2 )g
lfD,'ImD;I[ €p SD*) mg +mp-) 1(mD* (ED* PD*)((‘JD* Po* )y ¥,
P 2V(m? *)
| +l€’u,,a,38D*8D pD*pD ms+m1q)] (D*Dy).
f
DecayS.B — D™ DE{*) may occur through both tree-level Gm,, k) = —4 [1 dex(l — %)
and loop induced (penguin) quark diagrams, and the SM 0
decay amplitudes within the naive factorization approxi- m? — k2x(1 — x)
mation are given as X ln[pT - ie], (15)
b

MMB — DUDY) = ZE(raf + Y AL} + afy

\/5 ( p=u,c
+ g(dg + ag)])A[BD(*;’Dg«)], (11)

where the coefficients a? = (C; + CN—i') + P?, with the
upper (lower) sign applied when i is odd (even), and P’
account for penguin contractions. The factorization pa-
rameter ¢ in Eq. (11) arises from the transformation of
(V — A)(V + A) currents into (V — A)(V — A) ones for the
penguin operators Qs, * - -, Og, and it depends on proper-
ties of the final-state mesons

2m2D
Gy (PDg)
0 (DD})
&= 2, ) 1 (12)
B (rhc+rhq)(rglb+rhc) (D Dq)
0 (D*D}).

For the penguin contractions, we will consider not only
QCD and electroweak penguin operator contributions, but
also contributions from the electromagnetic and chromo-
magnetic dipole operators. P! are given as follows:

P§=0,
a; (10
Py =gxdel g - Guptmp | -2k}
a; (10
Pg =9_7T{C1 ?_GDE;)(mP)iI _2cmeff}
a, 1 10 .
P} = om N, (c, + Nccz)[? - GD(;>( )] — 3F,C ff},
a, 1 10 .
Py = on N (Cy + NCCZ)I:? - GD;*)(mp)] - 3F1C$tyf},

(13)

where the penguin loop-integral function G« (m,,) is
q

given by

1
G o (m,) = fo duGlm, O, (14)

with the penguin momentum transfer k> = m2 + i(m? —
mg — my, ) + @*my, , where i@ =1 — u. In the function
)(m,), we have used a D( ) meson- emitting distribution
D;*)(M) = 614(1 - M)[l + CID;*)(I Zu)],
stead of keeping k> as a free parameter as usual. The
constants F| and F, in Eq. (13) are defined by

D‘*
amphtude

2
umD —2m2+mym,

Jodu®p (u), " e

my,—m, k?

(DDq)

2um
Fo fodu(I)D*(u) L(iimy, +mb—l;;’e§ p1 —um,) (DD})
1= m2— umD —2m2—mym, *
]Odu(I)D (u m,,+m : 2 ’ (D*D,)
2um N .
f(l)du(I)D;l(u)F(umb +mei€2 ‘P + umc) (D Dq),
(16)
Jodu®p ()7 [a(my, —m.) +m.] (DD,)
F, = 0 (D?q)
Jodu®p ()7 [a(my, + m.) —m.] (D*D,)
0 (D*DY),
a7

where €, - py =~ (mj —mj. —mg)/(2my;) and € -

p1 = 0 for B— D*Dj decays.

B. Decay amplitudes of the RPV contributions
In the RPV MSSM, in terms of the RPV superpotential
[17], we can obtain the relative RPV effective Hamiltonian
for B— D™D decays as follows:

/\// /\Il‘k

ikn”"jln _—4/B,1 _
2 Bl

n d,
+ (dyy*Pru;)s(it;y . Prd))s]

AL A
+ Z ”k inl n~8Po(dyPru;), (@i, Prd)), + H.c.,

i eiL

HEY = (dpy*Pruj), (i;y , Prdy)

(18)

where P; = 71;75 , Pr= 1+275’ n= Ziiﬁi;,and Bo =11~

_%nf. The subscripts 1 and 8 of the currents represent the
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currents in the color singlet and octet, respectively. The
coefficients ~#/#o and 5~%/Po are due to the running from
the sfermion mass scale mj (assumed as 100 GeV) down to
the m,, scale. Since it is usually assumed in phenomenol-
ogy, for numerical display, that only one sfermion contrib-
utes at one time, we neglect the mixing between the
operators when we use the renormalization group equation
(RGE) to run HREV down to the low scale.

The decay amplitudes of RPV contributions to B —
D(*)Df,*) are given by

MRV (B — DO DY) = A”(—l + L)
Nc¢

X (DP|gy (1 + y5)cl0)
X (D¥|ey, (1 + y5)b|B)
+2ADY|g(1 = y5)cl0)
X (D™|e(1 + y5)b|B), (19)

[-A"(=1+5) + éNAppp, (DD,)

_ [A"(—1+ _)]A[BDD ] (DDy) 20)
[A"(—1+ —) — éNMApep,)  (D'D,)
[AN(_I + 1)]A[BD ,D:] (D*DZ);

where A = 7774//5’0 ’\/213*2’\/2,12 ( 231 221 and A =

,8/,802[ 123 Ay, ( Aps 122) fOI” qg= d (q S). AfBD*,D;] is

8m
defined by
Alppr, D3] ifDZmDZI:(SZ* . sj‘);)(mB + mD*)Al(szZ)
(SD* qu)(sD,‘{ pD)mB-i-mD*
2V(m2.)
— ooEy o a B Dy 21
Y€ uvap®p; €p P, P mp + mD_*iI- (21)

C. Observables to be investigated

We can get the total decay amplitudes in the RPV
MSSM as

M(B— DYDY)) = MM(B — D¥DY)
+ MRV(B— DYDY, (22)

The branching ratio B reads

Ip.l
B(B — DHpH)y = T8I cl
( @) 87m>

B

| M(B— D¥DY)2,  (23)

where 75 is the B lifetime, and |p_| is the center-of-mass
momentum in the center-of-mass frame of the B meson. In
B — D*Dj decays, the two vector mesons have the same
helicity; therefore, three different polarization states, one

PHYSICAL REVIEW D 79, 055004 (2009)

longitudinal and two transverse, are possible. We define the
corresponding amplitudes as M - in the helicity basis and
M1 in the transversity basis which are related by

M; = Myand M, = T Then we have
IM(B— D*Dy)I> = |Ml> + [IM >+ |M_|?
= [ Mp* + [My> + M| (24)

The longitudinal polarization fraction f; and transverse
polarization fraction f, are defined by

'y _ My, |2
r |ML|2+|M|||2+|MJ_|2
(25)

fr.1(B—D"Dy) =

In charged B meson decays, where mixing effects are
absent, the only possible source of CPAs is

|IM (B~ — f)/ My(B* — I — 1
IM(B~ — )/ M (BT = f)I> + 1
andk=1L,|, Ll for B~ — D*Dj, decays and k = L for

B, — DD,, DDy, D*D, decays. Then, for B, — D*Dj
decays we have

A kg = (26)

ﬂ%glrlm |2_|_ ﬂLdlrllez

+d1r B D D —
( ST M M, P

27)

For CPAs of neutral B, meson decays, there is an addi-
tional complication due to BY) — B mixing. There are four
cases that one encounters for neutral B, decays, as dis-
cussed in Refs. [38—41].
(i) By — f, By — f, where f or f is nota common final
state of B) and BY, for example, B) — DDy .

(i) B — (f = f) — BY with f¥ = =, involving fi-
nal states which are CP eigenstates, i.e., decays such
as BY—D*D",B)— D{D;.

(iii) Bg —(f=f) « Bg with f€P # *f, involving fi-
nal states which are not CP eigenstates. They in-
clude decays such as B) — (VV)°, since the VV
states are not CP eigenstates.

(iv) BY — (f&f) «— By with [ # f; ie., both f and f
are common final states of B) and BY), but they are
not CP eigenstates. Decays B (B )— D* DY,
D~ D** and BY(B%) — D D}, Dl Df‘+ belong to
this case.

CPAs of neutral B decays in case (i) are similar to CPAs
of the charged B decays, and there are only direct CPAs
A since no mixing is involved for these decays. For
cases (ii) and (iii), their CPAs would involve BY) — B
mixing. The time-dependent asymmetries can be conven-
iently expressed as

A ;‘c(t) = Sfc sin(Amt) — Cji cos(Amt), (28)
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2Im(Ay) 1 - |)\k|2
Sk=Z0 L ch=_ T (29
N TE A EEE 29
where A, = % %ﬂzg. In addition, S}“ and C}’ can be

obtained from a similar relation given in Eq. (27).

Case (iv) also involves mixing but requires additional
formulas. Here one studies the four time-dependent decay
widths for BY(r) — f, BY(t) — f, BS(1) — f, and BY(1) —
f [38—41]. These time-dependent widths can be expressed
by four basic matrix elements [40],

g =(f1HulBY,  h=(fIHlBY,
g = (fIHlBY),  h=(fIH 4B,
which determine the decay matrix elements of Bg —ff

and of B) — f, f at r = 0. We will study the following
quantities:

(30)

2Im(A}) 1— A2
Sk: k i k — k i 31
AU I Gl
2Im(AY) 1— A2
Sk=22"""k Ck=_—_"k_ 32
Y A T PV

with A} = (¢/p)(h/g) and A = (q/p)(g/h). The signa-
tures of CP violation are I'(BY(r) — f) # ['(BY(1) — f)
and T'(BY(r) — f) # I'(BY(1) — f), which means that
Cy # —Cjzandlor S§p # —S5.

D. Input parameters

Theoretical input parameters are collected in Table I. In
our numerical results, we will use the input parameters
which are varied randomly within the 1o range.

We have several remarks on the input parameters:

(1) CKM matrix elements.—The weak phase vy is well
constrained in the SM; however, with the presence of
R-parity violation, this constraint may be relaxed.
We will not take y within the SM range, but vary it
randomly in the range of O to 7 to obtain conserva-
tive limits on RPV couplings.

(ii) Decay constants.—The decay constants of Dy me-
sons have not been directly measured in experiments

TABLE 1.
calculations.

PHYSICAL REVIEW D 79, 055004 (2009)

so far. In the heavy-quark limit (m, — o0), spin
symmetry predicts that f D; = f D,> and most theo-
retical predictions indicate that symmetry-breaking
corrections enhance the ratio f D; /f D, by 10%-20%
[45,46]. Hence, we take fp: = (1.1-1.2)fp as our
input values.

(ii1) Distribution amplitudes.—The distribution ampli-
tudes of DE,*) mesons are less constrained, and we
use the shape parameters a,«» = 0.7 = 0.2 and
ape = 0.3 +0.2.

(iv) Form factors.—For the form factors involving B —
D™ transitions, we take expressions which include
perturbative QCD corrections induced by hard gluon
vertex corrections of b — ¢ transitions and power
corrections in orders of 1/my, . [37,47]. As for the
Isgur-Wise function &(w), we use the fit result
flw)=1-122(w — 1) + 0.85(w — 1)? from
Ref. [48].

(v) Wilson coefficients.—We obtain Wilson coefficients
in terms of the expressions in [35].

(vi) RPV couplings.—When we study the RPV effects,
we consider that only one RPV coupling product
contributes at a time, neglecting the interferences
between different RPV coupling products, but keep-
ing their interferences with the SM amplitude. We
assume the masses of the sfermions are 100 GeV. For
other values of the sfermion masses, the bounds on
the couplings in this paper can be easily obtained by
scaling them by a factor f> = (womﬁ)z'

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section we summarize our numerical results and
analysis in the exclusive color-allowed b — céq decays.
First, we will show our estimates in the SM with full
theoretical uncertainties of sensitive parameters. Then,
we will investigate the RPV effects in the decays. We
will constrain relevant RPV couplings only from very
highly consistent experimental data and show the RPV
MSSM predictions for the other observables, which have
not been measured yet or have less consistency among
different collaborations.

Summary of theoretical input parameters and *1o¢ error ranges for the sensitive parameters used in our numerical

mp, = 5.279 GeV, my, = 5.280 GeV, my = 5.366 GeV, My = 1.865 GeV, M)+ = 1.870 GeV, Mp: = 1.969 GeV, Mo =

2.007 GeV, M-+ = 2.010 GeV, My = 2.107 GeV, ii,(m,) = (4.20 £ 0.07) GeV, m, (m,) = (1.25 = 0.09) GeV, i (2 GeV) =

(0.095 + 0.025) GeV, 7,(2 GeV) = (0.0015-0.0030) GeV, 7ity(2 GeV) = (0.003-0.007) GeV, 75 = (1.638 = 0.011) ps, 75, =
u d

(1.530 = 0.009) ps, 75, = (1.425*0031) ps. [42]

[V,ql = 0.97430 = 0.000 19, |V, | = 0.225215000083 |v,,| = 0.003 447599022 |V,,| = 0.2250875:90084 |V,,| = 0.973503:99031,

[V, | = 0.04045500019 " |v,,| = 0.008415390035  |V,| = 0.039 72800015 |V,,| = 0.999 17670900031 = o = (90.743)°, B =

(L7559, v = (67.673%)°. [43]

fp = (0.201 = 0.003 = 0.017) GeV, fp, = (0.249 = 0.003 = 0.016) GeV. [44]
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A. Exclusive color-allowed b — ccd decays

The decays B} — D®*DW~ B — D®ODM~ " and
BY — D" D™~ are dominated by the color-allowed b —
ccd tree diagram, but involve small penguin pollution from
the b — uiid transition carrying a different weak phase.
These decays involve the same set of RPV coupling con-
stants, AJ3, A%, and A5 AL, at tree level due to squark and
slepton exchanges, respectively. For Bg — D®* DM~ and
B, — DO D= processes, a few observables have been
measured by the BABAR and Belle collaborations. The
latest experimental data and their weight averages are
summarized in Table II. We can see that almost all physical
quantities have been consistently measured between
BABAR and Belle, and only B(B}— D*D~, D**D~),
C(BY — D*D™), and C(BY, B} — D*D*") have low con-
sistency between BABAR and Belle.

Our SM estimates predicted within the theoretical un-
certainties of input parameters are given in the second
columns of Tables IIT and IV. Theoretical predictions for
the branching ratios and the polarization fractions are given
in Table III. CPA predictions are given in Table IV. All the
branching ratios are above 10~* order. The direct CPAs are
expected to be quite small. All mixing-induced CPAs of Bg
decays are very large (about —0.7). There is an obvious
signature of the mixing-induced CP violations in B? —
D**D;, DI D:™ decays since S(B%, BY — D:*D;) +#
—S(BY, BY — D] D%™), which is consistent with the ex-
perimental measurements. In addition, for B — D**D*~,

PHYSICAL REVIEW D 79, 055004 (2009)

B, — D**D*", and B? — D**D*~ decays, the longitudi-
nal and transverse polarization fractions can be precisely
predicted, and are about ~0.5 and ~O0.1, respectively.
Comparing present experimental data in Table II with the
SM predictions in Tables III and IV, we can find that all
measured quantities agree with the SM expectations within
the error ranges, except C(BY, B — D™ D™) from Belle.

We now turn to explore the RPV effects in B)—
D®+*pM=_ B- — DEODM=and B — DT DE- de-
cays. The most conservative existing experimental bounds
are used in our analysis. We choose the averaged data,
which have highly consistent measurements between
BABAR and Belle (defined as a scale factor § = 1), and
vary randomly within 20 ranges to constrain the RPV
effects. The current experimental data and theoretical input
parameters are not yet precise enough to set absolute
bounds on the relative RPV couplings. We obtain the
allowed scattering spaces of the RPV couplings AJ5, A%,
and A’3;Al,, as displayed in Fig. 1. The parameter spaces
that survived are not in conflict with the above-mentioned,
highly consistent experimental data in B} — D" D)~
and B, — D*0D™~ decays.

The squark exchange coupling AJ3,A%,, contributes to
all 12 BY— D®*p®~ B — DXODM~ and BY —
DY D™~ decay modes. The allowed space of A%,A%,,
is shown in the left plot of Fig. 1. Its magnitude | A}, A%, |
and its RPV weak phase ¢rpy have been constrained
significantly. We obtain [A%5,A%,,] € [0.14,1.62] X 1073

TABLE II. Experimental data for B — D®* D"~ and B, — D*°D")~ decays from BABAR and Belle. The branching ratios (B)
are in units of 10™*. The scale factor S is defined in the Introduction of Ref. [42], and S > 1 often indicates that the measurements are

inconsistent.

Observable BABAR Belle Average S
B(BY— D*D") 2804 +0.519] 1.97 = 0.20 = 0.20 [3] 2.1%03 1.2
B(BY — D**D7) 5.7+0.7%0.7[9] 11.7 = 2.6732 [26] 6.1+ 1.5 1.6
B(BY — D**D*") 8.1+0.6 = 1.0 [9] 8.1%+0.8%1.1[7] 8.1=0.9 =10
B(B, — D°D") 3.8£0.6+0.5[9] 3.85+0.31 = 0.38 [10] 3.8 0.4 =10
‘B(B,, — D*°D") 6.3+ 1.4+1.0/[9]

B(B, — D°D*") 3.6 0.5 = 0.4 [9] 4.57 £ 0.71 £ 0.56 [11] 3.9+05 =10
B(B, — D**D*") 8.1=1.2=1.2[9]

C(BY— D*D") —0.07 = 0.23 = 0.03 [4] —0.91 = 0.23 = 0.06 [3] —0.48 = 0.42 2.5
C(BY, BY — D**D™) 0.08 = 0.17 = 0.04 [4] —0.37 = 0.22 = 0.06 [5] —0.09 + 0.22 1.6
C(BY, BY — D*D*") 0.00 = 0.17 = 0.03 [4] 0.23 £ 0.25 = 0.06 [5] 0.07 = 0.14 =10
C*(BY— D**D*") 0.00 = 0.12 = 0.02 [4] —0.15=0.13 = 0.04 [8] —0.07 = 0.09 =10
Adr(B, — D°D") —0.13 = 0.14 = 0.02 [9] 0.00 = 0.08 = 0.02 [10] —0.03 = 0.07 =10
Adr(B, — D*D") 0.13 = 0.18 = 0.04 [9]

A (B, — D°D*") —0.06 = 0.13 = 0.02 [9] 0.15 % 0.15 £ 0.05 [11] 0.03 = 0.10 =10
ASNB,; — D*D*") —0.15 = 0.11 = 0.02 [9]

S(BY— D*D™) —0.63 = 0.36 = 0.05 [4] —1.13 £ 0.37 = 0.09 [3] —0.87 = 0.26 =10
S(BY, BY — D**D") —0.62 = 0.21 = 0.03 [4] —0.55=0.39 = 0.12 [5] —0.61 =0.19 =10
S(BY, BY — D*D*") —0.73 £ 0.23 = 0.05 [4] —0.96 = 0.43 = 0.12 [5] —0.78 = 0.21 =1.0
S*(BY— D**D*") —0.76 = 0.16 = 0.04 [4] —0.96 = 0.25712 [8] —0.81 £0.14 =10
f1L(B)— D**D*") 0.158 = 0.028 =+ 0.006 [4] 0.125 = 0.043 = 0.023 [8] 0.150 = 0.025 =10

7B =D D)

0.57 = 0.08 = 0.02 [7]
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TABLE III. Theoretical predictions for CP-averaged branching ratios (in units of 10~*) and ratios of polarization (in units of 10~2)
in exclusive color-allowed b — c¢d decays. The second column gives the SM predictions with the theoretical uncertainties of the input
parameters. The last two columns are the RPV MSSM predictions with different RPV couplings, considering the input parameter

uncertainties and experimental errors.

PHYSICAL REVIEW D 79, 055004 (2009)

Observable SM MSSM w/ A5 A%, MSSM w/ A5 AL,
B(BY— D*'D") [2.35, 4.15] [2.77, 3.80] [2.77, 4.39]
B(BY— D**D"7) [2.27, 3.96] [2.87, 4.22] [2.30, 4.59]
B(BY— D*D*") [2.56, 5.04] [3.31, 4.65]

B(B) — D**D~) [4.84, 8.95] [6.18, 8.70] [5.21, 8.84]
B(BY — D**D*") [6.21, 12.22] [7.05, 8.90]

B(B, — D°D") [2.53, 4.43] [3.00, 4.04] [3.00, 4.68]
B(B;, — D*°D7) [2.42, 4.27] [3.07, 4.53] [2.25, 4.75]
B(B, — D°D*") [2.73, 5.42] [3.55, 4.96]

B(B,, — D*'D*") [6.61, 13.10] [7.54, 10.67]

B(B?— D D7) [2.33, 4.20] [2.76, 3.81] [2.77, 4.48]
B(B?— D:*D™) [2.24, 4.00] [2.81, 4.25] [2.08, 4.42]
B(B? — DID*") [2.54, 5.03] [3.27, 4.69]

B(BY — D:*D*") [6.15, 12.10] [6.92, 10.04]

FuB)— D D)
fu(B, — D*'D*")
f1(BY— D;*D*")

[52.40, 52.97]
[52.43, 53.02]
[52.56, 53.16]

f1(BS — D**D*") [8.82, 9.51]
f1(B; — D*D") [8.84, 9.53]
f1(B)— D{"D*") [8.35, 9.05]

[50.35, 52.53]
[50.37, 52.56]
[50.60, 52.70]
[10.00, 12.94]
[10.03, 12.97]
[9.50, 12.34]

and ¢grpy € [—75°, 84°]. The right plot of Fig. 1 displays
the allowed space of the RPV couplings A’3;AL,, due to
slepton exchanges, which contributes only to six decay
modes, BY— DW'D~, B, - D"D~, and B)—
DY D~. The magnitudes |A%;A%,| have been limited
within |A%5;A%,,] = 1.28 X 1073, and the corresponding
RPV weak phase ¢gpy for the range |[A5;AL,| = 0.4 X
1073 is not constrained so much; however, the RPV weak
phase for [A%3; Al | € [0.4, 1.3] X 1072 is very narrow.

Using the constrained parameter spaces shown in Fig. 1,
one may predict the RPV effects on the other quantities
which have not been measured yet or have less consistent
measurements between BABAR and Belle. With the ex-
pressions for B, C, S, J’Zl%i}, fL, and f, at hand, we
perform a scan on the input parameters and the constrained
RPV couplings. Then we obtain the RPV MSSM predic-
tions with different RPV coupling, whose numerical results
are summarized in the last two columns of Tables III and
Iv.

TABLE IV. Theoretical predictions for CPAs (in units of 1072) in exclusive color-allowed b — c&d decays.

Observable

SM

MSSM w/ A% A,

MSSM w/ Al Ay,

S(B%, BY— D*D")
S(BY, BY — D**D7)
S(BY, BY — D*D*")

S*(BY, BY — D**D*")

[ —78.00, —71.67]
[ — 70.40, —64.55]
[ —72.17, —66.83]
[ —72.73, —67.77]

C(BY, BY— D"D") [ —6.03, —3.87]
C(BY, B}, — D**D") [3.36, 13.83]
C(BY, B — D*D*") [ — 14.44, —3.53
C*(BY, By — D**D*") [ - 1.35, —1.03]
Adr(B, — D°D™) [3.87, 6.03]
Adr(B, — D*D") [ — 1.15, —0.45
Adr (B, — D°D*") [1.03, 1.35]
AL (B, — D*D*") [1.03, 1.35]
A (BY— DID™) [3.87, 6.03]
AU(BY— Di*D7) [ - 1.15, —0.45]
Ad(BY — DfD*™) [1.03, 1.35]
ALS(BY — Dit D) [1.03, 1.35]

[ —97.52, —52.66]
[ —81.77, —=32.17]
[ —83.29, —36.15]
[ —95.18, —53.01]

[ —7.61,0.92]

[1.38, 14.75]

[ — 14.83, —1.45]

[ — 1.83, 0.20]

[ —0.92, 7.61]

[ — 1.10, 0.29]

[ —0.40, 1.42]

[ —0.20, 1.83]

[ —0.92, 7.61]

[ — 1.10, 0.29]

[ —0.40, 1.42]

[ —0.20, 1.83]

[ —99.83, —35.16]
[ —98.01, —55.02]
[ —98.30, —57.69]

[ —11.05, 2.59]
[ — 13.35, 21.30]
[ —21.00, 13.28]

[ —259, 11.05]
[ —1.99, 0.23]

[ —259, 11.05]
[ —1.99, 0.23]
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FIG. 1. Allowed parameter spaces for relevant RPV couplings constrained by B} — D" D®~ and B, — D"°D™~ where ¢gpy

denotes the RPV weak phase.

The contributions of Aj3,A%,, due to squark exchange
are summarized in the third columns of Tables III and IV.
In Table III, comparing with the SM predictions, we find
that the A%3,A%,, coupling could not affect all branching
ratios much. Three f;(B— D*D*) and three f,(B—
D*D*) are slightly decreased and increased by the
MY, Ay, coupling, respectively, and their allowed ranges
are scarcely magnified by this coupling. As given in
Table IV, the AJ3, A%, contributions could greatly enlarge
the ranges of four S(BY, BY — D®* D™ ™). The effects of
the AJ3,AY), coupling could extend the allowed regions of
four C(BY, By — D®*D™~) and eight AUL(B, —
DEOPE= B — D DM-) 3 little bit, too. But this
squark exchange coupling cannot explain the large
C(BY, BY — D*D") from Belle. The predictions including
slepton exchange couplings Aj5;AL,, are listed in the last
columns of Tables III and IV. The A’3;A},, couplings do not
give very big effects on the relevant branching ratios, but
could significantly magnify the ranges of S(BY, BY —
D®TD™) from their SM predictions as well as extend
the ranges of C(BY, B — D®*D~) and AYL(B, —
DD~ BY — D D). The lower limits of C(BY, BY —
D™* D7) could be reduced by these slepton exchange
couplings, too, but slepton exchange coupling effects are
still not large enough to explain the large C(BY, BY —
D" D7) from Belle.

It is worth noting that our investigation of the color-
allowed b — ccd decays was motivated by the large direct
CPA of BY — D" D~ reported by Belle [3], which has not
been confirmed by BABAR and contradicted the SM pre-
diction. Relative RPV couplings, constrained by all con-
sistent ~measurements  in By — D®WTD®~  and
B, — D¥0D™~ gystems, could slightly enlarge the range
of C(BY, BY — D™D™). Our RPV MSSM prediction for
this observable is coincident with the BABAR measure-
ment, but still cannot explain the Belle measurement.
The wunparticle interaction has positive effects on
C(BY, BY — D*D™), as obtained in Ref. [12], in which
the author used only experimental constraints of B(Eg —
D*D™). Note also that very large values of C(BY, B} —

D*D™) could be obtained by unparticle interaction, but
with the sign opposite to the Belle measurement.

For each RPV coupling product, we can present corre-
lations of physical quantities within the constrained pa-
rameter spaces displayed in Fig. 1 by the three-dimensional
scatter plots. RPV coupling contributions to BY—
D®FD®= B — DHODM=and B — DT DM de-
cays are very similar to each other. So we will take as an
example a few observables of the B} — D™ D™~ decays
to illustrate RPV coupling effects. Effects of RPV cou-
plings A%5,A%, and Al5;AL, on observables of BY —
D®* D™= decays are shown in Figs. 2 and 3, respectively.

In Fig. 2, we plot B, f;, C, and S as functions of
Ay3,A%),. The three-dimensional scatter plot in Fig. 2(a)
shows B(B) — D* D) correlated with [A5,A)},] and its
phase ¢rpy. We also give projections to three perpendicu-
lar planes, where the |AJ5,A)),|-¢rpy plane displays the
constrained regions of A%3,A%,,, as shown in the left plot of
Fig. 1. It is shown that B(BY — D*D™) only decreases a
little with [AJ3,A%),| on the B-|AJ3,A%,,| plane. From the
B-prpy plane, we see that B(B) — D" D) is not sensi-
tive to ¢gpy. All other branching ratios have similar trends
to the A%}, A%, coupling. From Figs. 2(b)-2(d), we can see
that f,(BY — D**D*") and C(BY, BY — D*D~,D**D")
are not very sensitive to [AJ3,A%Y,| and  ¢gpy.
Contributions from the RPV coupling AJ5,A%, to
S(BY, B — D*D~,D**D*") are also very similar to
each other. So we take an example for S(BY BY —
D" D7), shown in Fig. 2(e), to illustrate the RPV coupling
effects. S(BY), B — D*D™) is decreasing (increasing)
with [A%5,A)),| when ¢gpy > 0 (dgpy < 0), and it is de-
creasing with ¢gpy. S(BY, BS — D**D~, D* D*") decays
have totally different trends than S(BY, BY, — D*D™) with
[A5, A%, and ¢gpy, and we show only the squark ex-
change effects on S(BY, B — D** D7) in Fig. 2(f).

Figure 3 gives the effects of the slepton exchange cou-
plings A5 AL, in BY — D™* D~ decays. As displayed in
Fig. 3(a), B(BY— D*D~) is not very sensitive to
|Aj53A%; | and has only small allowed values when |pgpy|
is small. Figure 3(b) shows that B(BY — D** D) is de-
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FIG. 2 (color online). ~ Effects of the RPV coupling AJ5, A5, on B?, — DY DM~ decays, where [ A5 A, s in units of 1073 and B
in units of 1074

FIG. 3 (color online). Effects of the RPV coupling A/s; A}y, on BY — D™D~ decays, where [A%3; A}, | is in units of 1073 and B in
units of 1074,
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creasing with [A%3;A,,| and is weakly sensitive to |@gpy|.
Figure 2(c) exhibits the slepton exchange coupling effects
on C(BY BY— D*D™), which is decreasing with
|A%53A%; | and has little sensitivity to ¢gpy. Slepton ex-
change couplings have great effects on C(BY BY—
D**D~,D*D*") and  S(B%BY—D*D~,D** D",
D" D*7), and they have quite complex variational trends
to [A%3;AL, | and [¢grpyl. The effects of A3 AL, couplings
onC(BY, BS — D**D7) and S(B%, BY— D*D~,D**D")
are shown in Figs. 3(d)-3(f). C(BY, BY — D™D*") has
entirely different trends from C(BY, BY — D**D™).

B(BY — D*D;) = (7.4 +0.7) X 1073,
B(BY— D*D:) = (7.6 + 1.6) X 1073,

B(B;, — D°D;) = (10.3 = 1.7) X 1073,
B(B; — D°D") = (7.8 = 1.6) X 1073,

BB — DI D;) = (11 £4) X 1073,
B(BY — D**D*~) <257 X 1073,

The SM predictions, in which the full theoretical un-
certainties of input parameters are considered, are given in
the second columns of Tables V and VI. Theoretical pre-
dictions for the branching ratios and the polarization frac-
tions are given in Table V. Predicted CPAs are also given in
Table VI. Compared with the experimental data, only the
SM predictions of B(BY — D**Di~, B, — D*'D}™) are
slightly larger than the corresponding experimental data
given in Eq. (33), and all the other branching ratios are
consistent with the data within the 1o error level. For the

PHYSICAL REVIEW D 79, 055004 (2009)

S(BY, BS — D*D*7) has a similar trend as S(BY, BY —
D" D).

B. Exclusive color-allowed b — ccs decays

Exclusive color-allowed b — ccs tree decays include
BY— pW+p~ By — DD and BY— DT D™
decay modes. Almost all branching ratios and one longi-
tudinal polarization have been measured by the Belle [49],
BABAR [27-29], CLEO [30-33], and ARGUS [34] collab-
orations. Their averaged values from the Particle Data
Group [42] are listed as follows:

B(BY — D**D;) = (8.3 = 1.1) X 1073,
BBy — D**D:7) = (17.9 = 1.4) X 1073,
B(B, — D*D;) = (8.4 + 1.7) X 1073,
B(B, — D*D*") = (17.5 £ 2.3) X 1073, (33)
B(BY — DI D7) < 121 X 1073,
f1(BS — D** D7) = 0.52 = 0.05.

|

color-allowed b — c¢cs decays the penguin effects are
doubly Cabibbo suppressed and, therefore, play a signifi-
cantly less pronounced role in CPAs. These CPAs have not
been measured yet. We find that all CPAs are expected to
be very small (about 1073 or 10~* order) in the SM except
S(B%, B — D**D*") and C(B%, BY — D**D;, D} D).
There is no obvious signature of CP violation in B, —
D¥*D7 decays since  C(BY, B — Di*D;) =
—C(BY,B"— DD*) and S(BY,BY— DItD) ~
—S(BY, B — DI D).

TABLE V. Theoretical predictions for CP-averaged B (in units of 10~*) and polarization fractions (in units of 1072) of exclusive

color-allowed b — ccs decays in the SM and the RPV MSSM.

MSSM w/ A AL, MSSM w/ Al ALy,

Observable SM

B(B} — D*Dy) (6.70, 10.65]
B(By— D**Dy) [6.70, 10.45]
B(B)— D*D;") [7.32, 13.22]
B(B) — D**D;") [19.27, 34.42]
B(B, — D°D;) [7.21, 11.43]
B(B, — D*Dy) [7.17, 11.24]
B(B, — D°D;") [7.89, 14.27]
B(B,, — D*D;") [20.57, 37.06]
B(BY — D Dy) [6.55, 10.72]
B(B) — D;*Dy) [6.46, 10.44]
B(B) — Dy D;") [7.08, 12.97]

B(B? — D*"D*7)
f1(BY— D" D)
1By — DD )
fL(BY— D;* D7)

[18.64, 33.83]
[50.25, 50.91]
[50.28, 50.94]
[50.40, 51.10]

f1(B— D**D;") [8.85, 9.55]
f1(B, — D*D;") [8.87, 9.57]
f1(BY— D;*Dy7) [8.38, 9.07]

[6.38, 7.59] [6.42, 8.80]
[6.47, 9.49] [6.16, 9.30]
[6.90, 10.29]
[18.59, 20.70]
[6.90, 8.12] [6.90, 9.49]
[6.95, 10.17] [6.64, 9.96]
[7.43, 11.00]
[19.99, 22.10]
[6.36, 7.71] [6.23, 9.05]
[6.51, 9.46] [6.02, 9.26]
[7.00, 10.40]

[18.48, 20.93]
[48.46, 51.13]
[48.49, 51.16]
[48.71, 51.30]
[8.15, 12.85]
[8.17, 12.88]
[7.71, 12.23]
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Theoretical predictions for CPAs (in units of 10~2) of exclusive color-allowed b — cés decays in the SM and the RPV

MSSM w/ A% AL, MSSM w/ %55 ALy,

TABLE VL
MSSM.
Observable SM
AE(BY— D*DyY) [ —0.34, —0.22]
AE(B)— D**Dy) [0.03, 0.06]
1 A 00 000
ﬂlgif(B‘d—> DOD‘)S { 034, —0'22}
CcP u K . s .
A&(B, — D*Dy) [0.03, 0.06]
Al (B, — D°D;) [ —0.07, —0.06]
A& (B, — DOD;7) [ —0.07, —0.06]
S(BY, B — D Dy) [0.40, 0.61]
S(BY, BY — D;*Dy) [1.33, 2.16]
S(BY, B) — D D;") [ —2.20, —1.31]
S*(BY BY — D:*Di™) [ —31.81, —29.15]
C(BY, BY — D; Dy) [0.22, 0.34]
C(BY, B — D;*Dy) [2.77, 13.39]
C(BY, B) — D D;") [ — 13.36, —2.76]
C*(B), BY — D;"D;") [0.06, 0.07]

[ —3.06, 2.58] [ —8.42, 7.94]
—0.32, 0.36] —0.98, 1.07]
—0.51, 0.44]

[ —0.69, 0.56]

[ —3.06, 2.58] [ —8.42, 7.94]

[ —0.32, 0.36] [ —0.98, 1.07]

[ —0.51, 0.58]

[ —0.69, 0.56]

[ —59.67, 61.80]
[ — 46.48, 47.65]
[ —49.26, 45.22]
[ — 54.41, 55.49]

[ —99.84, 99.79]
[ —56.04, 59.14]
[ — 58.96, 56.60]

[ —2.58, 3.06] [ —7.94, 8.42]
[3.15, 10.13] [0.79, 28.22]
[ —10.08, —3.14] [ —29.14, —0.54]
[ —0.56, 0.69]

There are two RPV coupling products, A5, A%, and

Al53 AL, contributing to these exclusive b — ccs decay
modes at tree level. We use the experimental data listed
in Eq. (33) to constrain the RPV coupling products, and the
allowed spaces are shown in Fig. 4. The coupling A%, A%,
due to squark exchange contributes to all 12 relative decay
modes. The allowed space of AJ5; A%, is shown in the left
plot of Fig. 4. The slepton exchange couplings Al3;Al,,
contribute to six By — D™D, B, — D"’D;, and
B — D' D; decays, and the constrained space is dis-
played in the right plot of Fig. 4. From Fig. 4, we find that
both moduli of RPV couplings have been limited as
[AS5 A%, ] <8.05X 1073 and [A;Al,| <5.05 X 1073,
Their RPV weak phases are not constrained much when
their magnitudes are less than about 1 X 1073,

Next, using the constrained parameter spaces shown in
Fig. 4, we are going to predict RPV effects on the observ-
ables which have not been measured yet. We summarize
RPV MSSM predictions with two separate RPV coupling
contributions in the last two columns of Tables V and VI.

ey (deg.)

[ (x107°)

" "
| A 231 A 221

The contributions of the A%}, AY,, coupling due to squark
exchange are summarized in the third columns of Tables V
and VI. In Table V, we find that the ranges of all branching
ratios are shrunk by the A%5, A%,, coupling and the experi-
mental constraints. In particular, AJ5,A%,, coupling effects
could reduce the range of B(B? — D** D*™). However, the

allowed ranges of three f;(B() — Dz‘s)D}‘) and three
f1(Biy) — D{,D5) are enlarged by the AY5; A%, coupling.
In Table VI, we can see that the A5, A%,, coupling does not
affect C(BY — Di* D, D" D;) much.

Meanwhile, RPV coupling effects could remarkably
enlarge the allowed ranges of the other direct CPAs (about
10 times). Unfortunately, they are still too small to be
measured at presently available experiments. It is interest-
ing to note that mixing-induced CPAs of B decays are
greatly affected by the A%, AY,, coupling. For example,
IS(BY — D" D7) could be increased to ~50% and
their signs could be changed by the squark exchange
coupling.

[ o

i23 22

[(x107)

FIG. 4. Allowed parameter spaces for relevant RPV coupling products constrained by the measurements of the exclusive color-

allowed b — cCs decays listed in Eq. (33).
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The contributions of Al5;Al, due to the slepton ex-
changes are listed in the last columns of Tables V and VI.
From Table V, we find that the ranges of all branching
ratios are shrunk by the Al3;A},, coupling and the experi-
mental constraints. The last columns of Table VI show that
the A%3;Al,, coupling could enlarge the ranges of all the
CPAs. Particularly, the A3, Al,, coupling could change the
predicted S(B?, BY — D' D,) significantly from quite nar-
row SM ranges to [ —0.6, 0.6] or [—1, 1]. The upper limits
of |C(BY, B — D" D;, D} Di™)| are increased a lot by
Al53 AL, couplings.

Since RPV contributions to physical observables are
also very similar in B} — DM+ pt— B, — DMOpI~
and B? — DT pt- systems, we show only a few ob-
servables of B, decays as examples. Figures 5 and 6 show
the variational trends in some observables with the
AY5 A%, and A5 AL, couplings, respectively.

First, we will elucidate the information implied in Fig. 5.
From Fig. 5(a), we find that B(B? — D**D¥7) is not
changed much by |AJ;,A%,,| and could have only a small
value when ¢gpy is not too large. As shown in Fig. 5(b),
f1(BY — D**D;7) is increasing with [A}5; A%, and also
could have a small value when ¢gpy is small. From
Figs. 5(c) and 5(d), we find that |S(BY BY—
DID;,Di*D;)| are all rapidly increasing with
[AJ5, A%, | and could be very large at the large values of

FIG. 5 (color online).
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|A%5, A%, | and |pgpyl; furthermore, the RPV weak phase
has opposite effects in |S(BY, B — D/ D;)| and
IS(BY, BY — D" D). AY5 A%, coupling effects on
SBY, B — D D*) [S(BY, BY — Di*D%7)] are similar
to the ones on S(BY BY— D:*D;) [S(BY BY—
DID;)]. So of S(BY, BY—
D" D7) in the future will strongly constrain the mag-
nitude and RPV weak phase of the AJ5; A%, coupling, and
then other mixing-induced CPAs will be more accurately
predicted, as indicated by Figs. 5(c) and 5(d). As shown in
Fig. 5(e), C(B% B — D D;) has similar trends as
S(BY, BY — D D;) with [AJ;;A%,] and ¢gpy; however,
AY3 A%, coupling effects on the former are much smaller
than the effects on the latter. A%L(B,,—
DD;,D*D;,D*D;”) and —A%YL(B,,— DD;”) have
the same variational trends with AJ5;A%,, as C(BY, BY —
D}ID;) has. C(BY, B — D*"D;, D:* D;) decays are not
affected much by the AJ5 A%, coupling, and we show
C(BY, B — D** Dy ) in Fig. 5(f) as an example.

Figure 6 illustrates A’3;Al,, contributions to the CPAs of
BY— DD, . As displayed in Figs. 6(a) and 6(b),
S(BY, BY — D" D) decays are very sensitive to
N AL, couplings. |S(BY, BY— D' D;)| decays are
strongly increasing with |A}5;Al,,[, and they could reach
an extremum at |¢gpy| = 120°. The A%3;AL,, coupling
effects on S(BY, BY — D} D*™) are the same as the ones

any measurement

Effects of the RPV coupling AJ3,A%,, on BY — DE.*HDg*)* decays, where |A33; A%, | is in units of 1073, Bisin
units of 1074, and f denotes the transverse polarization fraction f .
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FIG. 6 (color online). Effects of A%;Al), on BY — D" D decays, where [AZ53 ALy, | are in units of 1072 and B in units of 1074,

on S(BY, B"— Di*D;). Figure 6(c) shows that
C(B%, BY — D/ D;) decays are also very sensitive to
[Al53 AL, | and ¢gpy, but this is still too small to be mea-
sured in the near future. In addition, A%L (B, , — D¥DY)
decays are affected much by Al3;Al,, couplings, and just
the RPV MSSM predictions of these quantities are very
small. A’3;AL,, couplings could have a similar impact on
C(B%, BY — D" D;) and —C(B?, B — D" D; ). We give
the coupling effects on C(BY, B — D**D;’) in Fig. 6(d),
which shows that C(BY, B — D" Dy) is increasing with
[Al53Al,| and could have a large value at large |@gpy|.

IV. SUMMARY

We have studied the 24 double charm decays Bg —

p¥*DY~, By — DYDY and BY— DYDY in
(s) > “u (s) ° s $ (s)

the RPV MSSM. We have treated these decays in the naive
factorization approximation and removed the known k*
ambiguities in the penguin contributions via b —
qg"(y*) — gcc by calculating its hard kernel b —
¢ + D,. Considering the theoretical uncertainties and the
experimental error bars, we have obtained fairly con-
strained parameter spaces of RPV couplings from the
present experimental data, which have very highly consis-
tent measurements among the relative collaborations.
Furthermore, using the constrained RPV coupling parame-
ter spaces, we have predicted the RPV effects on the

branching ratios, the CPAs, and the polarization fractions,
which have not been measured or have not been well
measured yet.

The investigation of exclusive color-allowed b — ccd
decays is motivated by the large direct CPA C(BY, B —
D* D7) reported by Belle, which has not been confirmed
by BABAR yet and contradicted the SM prediction. Using
the most conservative experimental bounds from BY —
D®TD®= and B, — D®D®~ systems (choose only
12 highly consistent measurements between BABAR and
Belle), we have first obtained very strong constraints on the
involved RPV couplings A%5,A5,, and A5;AL,, from the
b — ccd transition, due to squark exchange and slepton
exchanges, respectively. Then, using the constrained RPV
coupling parameter spaces, we have predicted the RPV
effects on C(BY, BY— D*D™) and other observables,
which have less consistent measurements or have not
been measured yet. We have found that the lower limit of
C(BY, B — D®*D™) could be slightly reduced by the
RPV couplings. Our RPV MSSM prediction of C(BY, BY —
D*tD7) is consistent with BABAR measurements within
the 1o error level, but cannot explain the corresponding
Belle experimental data within the 3o level. We have also
found that the contributions of A%}, A, and A5 A5, cannot
affect the relevant branching ratios much. AJj,AY,, or
Al53 ALy, contributions could greatly enlarge the ranges of

the relevant mixing-induced CPAs S(BY, BY— D™ * D™)™)
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from their SM predictions, and these quantities are very
sensitive to the moduli and weak phases of A%3,A%,, and
A3 AL . So, more accurate measurements of S(BY, BY —
D®*D®=) in the future will much more strongly con-
strain these RPV couplings, and then mixing-induced
CPAs can be more accurately predicted as well. Effects
of the A3, A%, coupling could slightly extend the allowed
regions of four C(BY, By — D®*D®~) and eight
Adr(B, — DD, B — D D). C(BY, BY —
D™* D7) decays are also sensitive to the slepton exchange
couplings Al5;Al,,, and their signs could be changed by
these couplings. Additionally, three f (B ;) — DZ‘S)D*) and
three f (B(;) — Dj,,D") are decreased and increased by
the AJ3,AJ, coupling, respectively, and their allowed
ranges are magnified by these couplings.

For BY— D®+pM~ B — DMOPY~ and B —
DYDY decays, the RPV couplings A% A%, and
A5, ALy, contribute to these decay modes. We have found
that A%5,AY,, coupling effects could apparently suppress
the upper limit of B(BY — D*"D*") and could slightly
enlarge the allowed ranges of three f; (B, — DZ“S)Dﬁ) and
three f (B(,) — D{, D5); nevertheless, these quantities are

not very sensitive to the changes of [A%;; A%, | and ¢gpy.
C(B? — Di*D;, D} D:™) decays are evidently not af-
fected by the squark exchange A%3, AY,, coupling, and their
upper limits are increased a lot by the slepton exchange
Al5i ALy, couplings. RPV couplings A%5 A%, and Al55AL,,

PHYSICAL REVIEW D 79, 055004 (2009)

could greatly enlarge all other CP asymmetries, which are
also very sensitive to the relevant RPV couplings.
However, the direct CPAs are still too small to be measured
soon. We could explore RPV MSSM effects from the
mixing-induced CPAs of B, decays.

With the large amount of B decay data from BABAR and
Belle, especially from LHCb in the near future, measure-
ments of previously known observables will become more
precise and many unobserved observables will be also
measured. From the comparison of our predictions in
Figs. 2, 3, 5, and 6 with near future experiments, one will
obtain more stringent bounds on the product combinations
of the RPV couplings. On the other hand, the RPV MSSM
predictions of other decays will become more precise
because of the more stringent bounds on the RPV cou-
plings. The results in this paper could be useful for probing
RPV MSSM effects, and will correlate with searches for
direct supersymmetry signals at future experiments, for
example, the LHC.
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