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We study exclusive nonleptonic and semileptonic decays of the B.-meson within a relativistic
constituent quark model previously developed by us. For the nonleptonic decays we use the factorizing
approximation. We update our model parameters by using new experimental data for the mass and the
lifetime of the B. meson and the leptonic decay constants of the D-meson. We calculate the branching
ratios for a large set of exclusive nonleptonic and semileptonic decays of the B, meson and compare our
results with the results of other studies. As a guide for further experimental exploration we provide explicit
formulas for the full angular decay distributions in the cascade decays By — J/y(— IT17) + p~(—
7~ am°) and B — J/P(— 1T17) + W qn(— 17 + 7).
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L. INTRODUCTION

In 1998 the CDF Collaboration reported on the obser-
vation of the bottom-charm B. meson at Fermilab [1] in the
semileptonic decay mode B, — J/i + [ + v with the J /s
decaying into muon pairs. Values for the mass and the
lifetime of the B, meson were given as M(B,) = 6.40 =
0.39 = 0.13 GeV and 7(B.) = 0.467 3(stat) *
0.03(syst) ps. Recently, CDF reported first Run II evi-
dence for the B.-meson in the fully reconstructed decay
channel B, — J/¢+ 7 with J/¢p— u"u~ [2]. The
mass value quoted for this decay channel is 6.2857 =
0.0053(stat) = 0.0012(syst) GeV with errors significantly
smaller than in the first measurement. Also DO has ob-
served the B, in the semileptonic mode B, — J /i + u +
X and reported preliminary evidence that M(B,) =
595514 £ 0.34 GeV and 7(B,) = 0.45%512 £ 0.12 ps
[3].

The B.-meson is the lowest bound state of two heavy
quarks (charm and bottom) with open flavor. The
B.-meson therefore decays weakly. It can decay via
(i) b-quark decay, (ii) c-quark decay, and (iii) the annihi-
lation channel. The modern state of art, starting from the
pioneering paper [4], in the spectroscopy, production and
decays of the B.-meson can be found in the review [5] and
the published talk [6].

In this article we complete the analysis of almost all
accessible low-lying exclusive nonleptonic two-body and
semileptonic three-body modes of the B .-decays within
our relativistic constituent quark model [7-10]. We update
the model parameters by using the latest experimental data
on the B.-mass [2] and the weak decay constant fp [11].
We give a set of numerical values for the leptonic, semi-
leptonic and nonleptonic partial decay widths of the

1550-7998/2006/73(5)/054024(15)$23.00

054024-1

PACS numbers: 13.20.He, 12.39.Ki

B.-meson and compare them with the results of other
approaches. We provide explicit formulas for the angular
decay distributions of the cascade decays B, — J/¢(—
"I+ p (—=a 7% and B, —=J/y(—1T1)+
Woti—shen(— [~ + 7;) by using the methods described in
[12] and subsequently applied to various other cascade
decay processes (see [8,13—16]). For the nonleptonic decay
B, — J/¢ + p~ we also include lepton mass and T-odd
effects in our analysis. These angular decay distributions
may be of help in analyzing the cascade decay data. Also,
by analyzing the cascade angular decay distributions, one
can learn more details about the spin dynamics of the decay
process than from the rate analysis alone.

II. MODEL

The coupling of a meson H(g,g,) to its constituent
quarks ¢g; and g, is described by the Lagrangian [17,18]

) = gHH(x)fdM /dszH(x,X1,X2)52(xz)
X Fqu(xl) + h.c. (1)

Here, I'y is a Dirac matrix or a string of Dirac matrices
which projects onto the spin quantum number of the meson
field H(x). The function Fy is related to the scalar part of
the Bethe-Salpeter amplitude and characterizes the finite
size of the meson. To satisfy translational invariance the
function Fy has to fulfil the identity Fy(x + a, x; +
a, xy + a) = Fy(x, x;, x,) for any four-vector a. In the
following we use a specific form for the scalar vertex
function

Fp(x, xy, x3) = 6(x — C}le - c%zxz)q)H((xl - x2)2),
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where @y is the correlation function of the two constituent
quarks with masses m,, , m,, and the mass ratios cfj =
mqi/(m%’ + mqj)'

The coupling constant g in Eq. (1) is determined by the
so-called compositeness condition originally proposed in
[19], and extensively used in [7,8,10,17,18]. The compo-
siteness condition requires that the renormalization con-
stant of the elementary meson field H(x) is set to zero

q1°

Zy=1-"2H211,(m%) =0, 3)

where IT}; is the derivative of the meson mass operator. To
clarify the physical meaning of the compositeness condi-
tion in Eq. (3), we first want to remind the reader that the
renormalization constant Z111/2 can also interpreted as the
matrix element between the physical and the correspond-
ing bare state. The condition Zy = 0 implies that the
physical state does not contain the bare state and is appro-
priately described as a bound state. The interaction
Lagrangian of Eq. (1) and the corresponding free parts of
|

472

~ ® d d'k - ~ ~
H?’(Pz) =P f— (D%’(_kz)tr['yssl(k + C{zp)’ysSz(k - C%zp)],

2p? dp®

- 1 PuPy\ p¢ d d*k
Hl‘/(p2)=§<gp.v_ Mz ) f 2

d=i

p? )2p? dp®

where ®p((x; — x,)?) is a correlation function and S;(k) is
the quark propagator. We have used free fermion propa-
gators for the valence quarks given by

1

ml/i_lé

§ (k) = (5)
with an effective constituent quark mass m;. As discussed
in [18] we have assumed that the meson mass my lies
below the constituent quark threshold, i.e. we have

my <mg +mg,,. (6)

Since the transitions in our approach are described by
one-loop quark diagrams the condition (6) guarantees that
there are no imaginary parts in our physical transition
amplitudes. For the constituent quark masses that we use
this is satisfied for the low-lying pseudoscalar mesons 7,
K, D, D, B, By, B, and 7. and also for the J/i but is no
longer true for the light vector mesons (p, K*), the heavy
flavored vector mesons (D™ and B*) and for the p-wave and
excited charmonium states considered in this paper. We
have therefore employed [7,8] identical masses for all
heavy pseudoscalar and vector flavored mesons (mp- =
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the Lagrangian describe both the constituents (quarks) and
the physical particles (hadrons) which are viewed as the
bound states of the quarks. As a result of the interaction,
the physical particle is dressed, i.e. its mass and wave
function have to be renormalized. The condition Zy = 0
also effectively excludes the constituent degrees of free-
dom from the space of physical states. It thereby guaran-
tees that there is no double counting for the physical
observable under consideration. The constituents exist
only in virtual states. One of the corollaries of the compo-
siteness condition is the absence of a direct interaction of
the dressed charged particle with the electromagnetic field.
Taking into account both the tree-level diagram and the
diagrams with the self-energy insertions into the external
legs (i.e. the tree-level diagram times Zy — 1) yields a
common factor Zz which is equal to zero. We refer the
interested reader to our previous papers [7,8,10,17,18]
where these points are discussed in more detail.

In the case of the pseudoscalar and vector mesons the
derivative of the meson mass operator appearing in Eq. (3)
can be calculated in the following way:

“4)

(i)%/(_kz) tr['y"’“gl(k + C%zl’)'yygz(k - C%zp)],

{
mg, mp+ = mp) and for all p-wave and excited charmo-
nium states [10] in our matrix element calculations but
have used physical masses in the phase space calculation.
This is quite a reliable approximation for the heavy mesons
because the corresponding mass splittings are relatively
small. For the light vector mesons (p, K*) this approxima-
tion is not very good. However, in the present application
the light vector mesons do not explicitly enter into the
decay dynamics described by the transition matrix ele-
ments. They contribute only in the form of the leptonic
decay constants f, = 210 MeV and fx- = 217 MeV for
which we use the experimental values. We emphasize that
the quark mass function appearing in the Dyson-
Schwinger-Equations (DSE) studies [20] is almost con-
stant in the case of the b-quark. This is true to a lesser
extent for the c-quark. However, in the case of light u, d
and s quarks the momentum-dependent dressing is
essential.

III. NONLEPTONIC DECAYS OF THE B_-MESON

The effective Hamiltonian
B_.-nonleptonic decays is given by

describing  the
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{VcbV;d[cl(Eb)VfA(C?u)VfA + y(db)y_a(Cu)y_a] + Ve Vli[e1(Eb)y_aGu)y s + c2(5b)y_a(u)y—a]

+ Vcbvjd[cl(éb)va(&c)VfA + ¢y(db)y_a(€c)y 4]+ Vo, VE[c1(Eb)y_a(5c)y_a + c2(5b)y_a(EC)y_4]

+ Vo Ve (@b)y—a(du)y—s + co(db)y_s(@)y—s] + Vi Viile1(@b)y—x(u)y—a + c2(5b)y_a(iiu)y_4]

+ Vi VELe1(@b)y_a(de)y_ys + cr(db)y_p(iic)y_n] + V, VAL (@b)y_5(5c)y—a + c2(5b)y—_aiic)y_4]

+ V. Vd[Cl(CS)V aldu)y_p + cr(Cu)y_a(ds)y_a] + VCSVMS[CI(CS)V AGu)y—g + cr(Cu)y—_a(55)y—4al

+ VeaViLe1@d)y—_a(du)y—s + cr(Eu)y_a(dd)y_n] + VeaVile (Ed)y—a(5u)y_s + c2(@u)y_o(5d)y_s]} + hc.,

where the subscript V — A refers to the usual left-chiral
current O* = y*(1 — y°). We calculate the nonleptonic
B_.-decay widths by using naive factorization. First, we
give the necessary definitions of the leptonic decay con-
stants, invariant form factors and helicity amplitudes as
they were introduced in our paper [10].

The leptonic decay constants are defined by

M(Hy, — Iv) = \/—Vq,qZMM(P)Mz(kl)O u,(k,),
d*k .
MI/;(P) = —3gn Wq)lz(_kz)
Xt Ty Sy (k — ¢3,p)0#S,(k + cl,p)],
Ip= i’)’S, I'y=ey-v,
My(p) = —ifpp*, My(p) = fymyey.  (8)

The semileptonic decays of the B.-meson may be in-
duced by either a b-quark or a c-quark transition. For the
sake of brevity, we use a notation where ¢; = band g3 = ¢
whereas g, denotes either of c, u, d, s.

M(H\3—Hpy +1v)=

\/— ‘11612
b—decay,
M(H;;—Hy, +1v) = \/— Voas Mis(p1, p2)iy (k) OFu, (k,),
c-decay,
M d'k < 3 2
MYy = —3813823 W(DB(_(/C + ¢13p1)%)
X Dpy(—(k + c33p2)) iy S;(k)
X T38,(k + p,)O#S (k + p1)], 9
“ d*k - 1 oy
~7Vl23 = _3813812IW‘D13(_(’< - 013171) )

X @y (—(k — clp)?) uliy’S;(k — py)
X 018, (k — py)T'y 8, (k)] (10)

MY (py, p2)ig (k) OFu,(k,),

(N

We mention that we have checked in [7] that, in the
heavy mass limit, our form factors satisfy the HQET
relations written down in [21].

The invariant form factors for the semileptonic B_.-decay
into the hadron with spin § = 0, 1, 2 are defined by

MGy = PFF(¢) + q*F-(g°), (11)

1
my + my
+ ghPYA_(q%) + e PPLqsV (Y} (12

My = el{—g""PgA(q®) + PFPYA,(¢%)

M, = ebalgh* P Ti(q?) + P*P[PET,(q?)
+ " T5(g?)] + ie*"PP*PsqpT4(g%)}, (13)

P=p;+ py q = p1— P2

The form factor expansions cover both the J¥ — (JF)
cases 0" — (07,17,27) and 0~ — (0™, 1", 2") needed
in this paper.

One has to note that the form factors for the c-decay can
be obtained from the form factors for the b-decay by
simply exchanging the bottom and charm masses:

>-deca b-deca;
FEE ¥ my,, my, my s q?) = —FL (mg, my, my 5q°),
(14)
Ac-decay( . 2) _ _Ah-decay( 2)
i Mg, Mgy, Mgy 4 i Mgy Mgy Mg 5 47),s
(i=0, %), (15)
~d . 42\ — yb-d )
Ve ecay(mql’ Mg, Myys q )=V ecay(mqy Mgy, My, 5 4 ),

(16)

where we omit the explicit dependence on the ingoing and
outgoing masses and size parameters.

It is convenient to express all physical observables
through the helicity form factors H,,. The helicity form
factors H,, can be expressed in terms of the invariant form
factors in the following way [7]:
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(a) Spin S = 0:
1
H, = \/—_2{("1% —m3)F, + ¢°F_}, H. =0,
q
2
Hy = Mn. (17)
\/—2
q
(b) Spin § = 1:
1 mlp,
H, = 2 {(m} — m3)(AL — A)
my + nmy mZ\/—_
+ qZA_}
H. = ——{—(m} — m3)Ay = 2m,|p,|V},
ml + m2
1
H, = {—(m? — m3)
O my 4 my 2m2\/_ ! 2
X (m} —m3 — q*)Ag + 4mi|po P AL} (18)
(c) Spin § = 2:
milp|?
H, = \[ 252_ {T, + [Ip21> + Erqo + myqo]T>
+ ¢*Ts},
my|p,l
H. = T, = 2m T.
+ \g m, {1, P21 T4}, (19)
m;|p,|
Hy =\[ ;?« —m — )T,
+ 4m%|P2|2T2},
where |p,| = AY2(m2, m3, ¢*)/(2m,), E, = (m? + m3 —

q*)/(2m;) and qo = (m7 — m3 + ¢*)/(2m,) are the mo-
mentum and energies of the outgoing particles in the B,
rest frame. The widths of the semileptonic and nonleptonic
decays of the B.-meson can be convenlently expressed in
terms of the hehclty form factors'. The relevant width
formulas are given in the appendix.

IV. NUMERICAL RESULTS

In this paper we update the model parameters by using
the new values for the B.-mass reported by the CDF
Collaboration [2] the new value of the leptonic decay
constant fp reported by the CLEO Collaboration [11]
and lattice simulations [22—27]. The updated values of
the quark masses and size parameters are given by

'As regards the transverse helicity amplitudes H. in Egs. (18)
and (19) we have corrected a sign etror in our previous paper
[10].
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Eq. (20) and (21), respectively.

m, = my myg me my (20)
0.223 0.344 1.71 5.09 GeV
Az Ax Ap Ape Ap Ap Ap Ap Ap A

1.08 1.60 2.01 1.46 2.01 2.14 1.90 2.14 2.14 2.53GeV’
21

The quality of the fit may be assessed from the entries in
Table 1.

The calculation of the semileptonic and nonleptonic
decay widths is straightforward. For the CKM-matrix ele-
ments we use

|Vud| |Vus| |Vcd| |Vcs| |Vcb| |Vub|

0.975 0.224 0.224 0.974 0.0413 0.0037° (22)

TABLE I. Leptonic decay constants fy (MeV) used in the
least-squares fit for our model parameters.
This work Other Ref.
p 227 222.6 +16.77%% CLEO [11]
201 =3+ 17 MILC LAT [22]
235+ 8+ 14 LAT [23]
210 = 10*1] UKQCD LAT [26]
211 = 14732, LAT [27]
for 249 245 + 2013 LAT [27]
fo, 255 266 + 32 [28]
249 +3 + 16 MILC LAT [22]
266 + 10 = 18 LAT [23]
200 +20+29*+29*6 LAT [25]
236 + 8117 UKQCD LAT [26]
231 = 1278 LAT [27]
’;— 1.12  1.24 =0.01 = 0.07 MILC LAT [22]
1.13 £ 0.03 = 0.05 LAT [23]
1.13 £ 0.0210% UKQCD LAT [26]
1.10 = 0.02 LAT [27]
fo: 266 272 = 1613, LAT [22]
fo, 484 420 * 52 [29]
This work Other Ref.
/B 187 216 919+ 4+6 HPQCD LAT [24]
177 £ 1732 UKQCD LAT [26]
179 + 1843 LAT [27]
I 196 196 + 2413 LAT [27]
I, 218 259 + 32 HPQCD LAT [24]
’ 260+7+26+8*5 LAT [25]
204 = 12134 UKQCD LAT [26]
204 + 16”6 LAT [27]
’}— 1.16 1.20 = 0. 03 +0.01 HPQCD LAT [24]
1.15 = 0.0212% UKQCD LAT [26]
1.14 + 0. 03+001 LAT [27]
Is: 229 229 + 20“}; LAT [27]
15 399 395+ 15 [30]

c
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The results of our evaluation of the branching ratios of
the exclusive semileptonic and nonleptonic B, decays
appear in Tables II, III, IV, V, VI, VII, and VIIL

In the presentation of our results we shall closely follow
the format of the reviews of Kiselev [5,44]. Table II con-
tains our predictions for the exclusive semileptonic B,
decays into ground state charmonium states, and into
ground state charm and bottom meson states. Table III
contains our predictions for the exclusive semileptonic
B_ decays into p-wave charmonium states, and into the
orbital excitation of the charmonium state (3836). In
Table IV we list our predictions for exclusive nonleptonic
decay widths of the B. meson using the factorization
hypothesis. In order to facilitate a comparison with other
dynamical models we list our results for general values of
the effective Wilson coefficients of the operator product
expansion a; and a,.

We then specify the values of the effective Wilson co-
efficients. We take a§ = 1.20, a5 = —0.317, a® = 1.14
and a’z’ = —0.20 as in [5,44]. In Table V we give our results

TABLE II. Branching ratios (in %) of exclusive semileptonic
B, decays into ground state charmonium states, and into ground
state charm and bottom meson states. For the lifetime of the B,
we take 7(B,.) = 0.45 ps.

Mode This work [31,32] [33] [34] [35] [36] [37] [38]
B; — n.ev 0.81 075 097 059 015 040 076 051
B — q.rv 022 023 ... 020 ... ... ... ..
B, — J/yev 207 1.9 235 120 147 121 201 144
B, — J/grv 049 048 ... 034 ... ... ... ..
B — Dev 0.0035 0.004 0.006 0.0003 0.001 0.003 0.0014
B, — Drv 0.0021 0.002 ... ...
By — D%y 0.0038 0018 0018 ... 0.008 0.008 0.013 0.0023
B, — D7y 00022 0008 ... ...
B — Blev 1.10 403 1.82 099 0.8 0.82 098 0.92
B, — B%ev 237 506 3.01 230 23 1.71 345 141
B — Blev 0.071 034 016 ... 006 0.04 0078 0.048
B. — BYer  0.063 058 023 ... 019 0.2 024 0.051
TABLE III. The branching ratios (in %) of exclusive semi-

leptonic B, decays into p-wave charmonium states, and into the
3D, orbital excitation of the charmonium state #(3836). For the
lifetime of the B, we take 7(B,) = 0.45 ps.

Mode This work [39]
B, — x.0ev 0.17 0.12

B; — x0TV 0.013 0.017
B. — x.ev 0.092 0.15

B: — xatv 0.0089 0.024
B; — h.ev 0.27 0.17

B, — h.tv 0.017 0.024
B. — xnev 0.17 0.19

B. — XoTV 0.0082 0.029
B, — 4(3836)ev 0.0066

B, — 4(3836)1v 0.000 099
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TABLE IV. Exclusive nonleptonic decay widths of the B.
meson in units of 10715 GeV for general values of the Wilson
coefficients a; and a,.

B — n.m 2.11a?
B — n.p~ 5.10a?
B — n.K~ 0.166a2
B, — n K"~ 0.276a3
B — J/ym™ 1.93a?
B — J/yp~ 5.494%
B — J/yK~ 0.150a2
B — J/YK*™ 0.313a3
B — XeoT 0.622a2
B, — x.op~ 1.47a2
B. — x.o0K~ 0.0472a?
B — x. oK™ 0.078742
B, = xam” 0.0768a?
B — xap~ O.326a%
B — xaK~ 0.005744a2
B — x K~ 0.0201a2
B, — h.m™ 1.24a?
B. — h.p~ 2.78a%
B — h.K~ 0.0939a?
B — h K*~ 0.146a3
B. — xom™ 0.518a2
B. — xap~ 1.33a2
B, — xoK™ 0.0384a?
B — x K™ 0.073242
B — (3836)7~ 0.0193a?
BZ — (3836)p~ 0.0621a2
B; — (3836)K~ 0.00137a2
B — (3836)K*~ 0.0035542

B; — n.Dy (2.73a, + 2.82a,)?
B; — n.Di” (2.29a, + 1.51a,)?
B; — J/yDy (2.19a, + 1.32a,)?
By — J/yD;™ (3.69a; + 2.35a,)*
B — n.D” (0.562a; + 0.582a,)?
B, — n.D*" (0.511a; + 0.310a,)?
B; — J/¢D™ (0.462a, + 0.277a,)?
B: — J/yD*" (0.785a, + 0.460a, )
B; — Blm~ 39.742
B: — Blp~ 23.64%

B, — Bm~ 21.84%
B; — B%p~ 11542

B; — BIK~ 2.9342
B — Bk~ 1.34a2
B — BYK™™ 0.11542
B; — BK* 5.1242
B; — B'w 2.04a%
B, — B% 2.0543
B, — Bm~ 0.5784>
B; — B~ 3.0742
B. — Bk~ 0.153a>
B, — B°K*~ 0.049042
B; — BYK~ 0.036142
B, — BK*~ 0.13342
B = B K’ 54.7a2
B; = B"K™ 16.742
B =B K° 12.842
B; — BTK* 46.3a2

B —> B 7’ 1.02a2
B =B p° 1.0342
B =B 0.28943
B; = B p’ 1.54a2
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for the nonleptonic decays of the B, meson into two ground
state mesons and compare our results with the results of
other model calculations.

For the b — c¢ induced decays our results are generally
close to the QCD sum rule results of [31,32] and the
constituent quark model results of [33-37]. In exception
are the (b — ¢; ¢ — (s, d)) results of [33] which are con-
siderably smaller than our results, and smaller than the
results of the other model calculations. Summing up the
exclusive contributions one obtains a branching fraction of

PHYSICAL REVIEW D 73, 054024 (2006)

8.8%. Considering the fact that the b — ¢ contribution to
the total rate is expected to be about 20% [5] this leaves
plenty of room for nonresonant multibody decays

For the ¢ — s induced decays our branching ratios are
considerably smaller than those predicted by QCD sum
rules [31,32] but are generally close to the other constituent
quark model results. When we sum up our exclusive
branching fractions we obtain a total branching ratio of
27.6% which has to be compared with the 70% expected
for the ¢ — s contribution to the total rate [5]. The sum rule

TABLE V. Branching ratios (in %) of exclusive nonleptonic B, decays with the choice of
Wilson coefficient: a$ = 1.20 and a5 = —0.317 for c-decay, and a? = 1.14 and a5 = —0.20 for
b-decay. For the lifetime of the B, we take 7(B,) = 0.45 ps.

Mode This work  [31,32]  [33] [34] [35] [36] [37]
B — nom 0.19 0.20 0.18 0.13 0025 0083  0.14
B — n.p” 045 042 0.49 0.30 0067 020 033
B — K~ 0.015 0013 0014 0013 0002 0006 0011
B — 1, K*" 0.025 0020 0025 0021 0004 0011 0018
B; —J/ym 017 0.13 0.18 0073 0.3 0060 0.1
Br —J/yp~ 0.49 0.40 0.53 021 037 0.16 031
B —J/yK~ 0013 0011 0014 0007 0007 0005  0.008
B, — J/YK*™ 0028 0022 0029 0016 0020 0010 0018
B — n.D; 0.44 0.28 0054 035 0.50 0.26
B — n.Di™ 037 027 0044 036 0.057 0.24
B —J/yD; 034 0.17 0041 012 0.35 0.15
B: — J/yD:~ 097 0.67 .. 0.62 0.75 0.55
B — n.D~ 0.019 0015 00012 0010 0005 0.014
B — n.D*~ 0.019 0010 00010 00055  0.003 0.013
B —J/yD~ 0015 0009 00009 00044 0013 0.009
BZ — J/yD*~ 0045 0.028 .. 0010 0023 ... 0.028
B — B7~ 3.9 164 575 342 3.01 2.46 1.56
B — B%~ 2.3 72 441 2.33 1.34 1.38 3.86
B — B 2.1 6.5 5.08 1.95 3.50 1.58 1.23
Br — B~ 11 202 14.8 12.1 10.8 10.8 16.8
B — Bk~ 0.29 1.06 041 021 021 0.17
B — BK~ 0.13 037 0.29 0.16 0.11 0.13
B — BYK*~ 0.011 0.0043 00030  0.10
B. — BOK*™ 050 1.14
B: — BO7 0.20 1.06 032 0.15 0.19 0.10 0.10
B — B~ 0.20 0.96 0.59 0.19 0.15 0.13 0.28
B — B~ 0.057 0.95 0.29 0077 024 0026  0.076
B — Bp~ 0.30 2.57 1.17 0.67 0.85 0.67 0.89
B — B°K~ 0.015 0.07 0.025 0014 0009 0010
B, — BYK*~ 0.0048 0015 0018 0003 0004 0012
B — BOK~ 0.0036 0055 0019 0012 0004  0.006
B; — BYK*™ 0013 0058  0.037 0033 0032  0.065
B — B K° 0.38 1.98 0.66 0.17 0.23 0.27
B — B K™ 0.11 043 047 0.095 0.09 032
B — B K" 0.088 1.60 0.50 0.061 0.10 0.16
B —B*K° 032 1.67 0.97 0.57 0.82 1.70
B, =B 7° 0.0070 0037 0011 0.007 0.003  0.004
B — B p° 0.0071 0034 0020  0.009 0.005 0010
B — B x° 0.0020 0033 0010 0004 0001  0.003
B — B p° 0.011 0.09 0.041 0.031 0023 0031
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Exclusive nonleptonic decay widths of the B, meson into DD-mesons in units of

TABLE VL

1071 GeV.

B, — D™D 1.1943
B, — D D" 1.38a3
B; — D* D 0.32343
B, — D*"D* 0.770a3
B, — D;D° 0.077943
B, — D; D 0.0881a3
B, — D* D° 0.023643
B, — D* D*0 0.0574a3

B:
B
B
B:
B:
B
B
B:

— D™ D° (0.0225a, + 0.0225a,)?
— D™D (0.0118a; + 0.0234a,)?
— D*~D° (0.0243a; + 0.0117a,)?
— D*~D* (0.0181a; + 0.0181a,)?
— D;D° (0.111a; + 0.109a,)?

— D; D" (0.0580a, + 0.114a,)?

— D DO (0.113a, + 0.0598a,)?
— D= D" (0.0871a; + 0.0932a,)?

model of [31,32] gives a summed branching fraction of
73.4% for the ¢ — s contribution, i.e. the model of [31,32]
predicts that the exclusive channels pretty well saturate the
¢ — s part of the total rate.

Of interest are the ratios of branching ratios of the pairs
of modes B, — VV and B, — VP, and B, — VP and
B.— PP where one expects from naive spin counting
that the rate ratios VP/PP and VV /VP are = 3. In many
of the pairs of decay modes naive spin counting can be seen
to hold. However, for some of the pairs one finds approxi-
mate equality or even an inversion of the naive spin count-
ing ratio. The deviation from naive spin counting can be
seen to be a common feature of all model results.

As was pointed out in [45] and further elaborated in
[9,40,41] the decays B, — D; D°(D°) are well suited for
an extraction of the CKM angle vy through amplitude
relations. These decays are better suited for the extraction
of v than the corresponding decays of the B, and B,

TABLE VII. Branching ratios in units of 10~ of the exclusive
nonleptonic B, decays into DD-mesons. For the Wilson coef-
ficients we choose a? = 1.14 and a5 = —0.20 relevant for the
nonleptonic decays of the b quark. For the lifetime of the B, we
take 7(B.) = 0.45 ps.

Mode This work [40] [33] [41] [35] [37]
B, - D D° 33 53 18 86 41 17
B — D~ D* 38 75 19 75 36 21
B; — DD 8.8 49 18 30 40 7.9
B, — D* D° 21 330 30 55 66 23
B; — D;D° 2.1 48 093 46 027 1.13
B. — D;D* 2.4 7.1 097 39 025 1.35
B. — D~ D* 0.65 45 091 1.8 238 055
B. — D* D*0 1.6 26 1.54 35 41 1.63
Mode This work [40]
B - D D° 0.31 0.32
B — D™D 0.052 0.28
B; — D* D° 0.44 0.40
B, — D*~D* 0.20 1.59
B — D;D° 7.4 6.6
B. — D; D" 1.3 6.3
B, — D D° 93 8.5
B; — D" D*0 4.5 40.4

mesons because the unitarity triangles in the latter decays
are rather squashed. We list our updated results for these
decays in Tables VI and VII, where Table VI contains our
results for general values of the Wilson coefficients while
Table VII list values of the branching ratios for specified
values of the Wilson coefficients. The branching ratios in
Table VII are quite small @(10~>) but these modes should
still be accessible at high luminosity hadron colliders.

Finally, in Table VIII, we compute the branching ratios
of the exclusive nonleptonic B, decays into p-wave char-
monium states, and into the orbital excitation of the char-
monium state #(3836). We compare our results with the
results of other studies when they are available.

TABLE VIII. Branching ratios [in (%)] of the exclusive non-
leptonic B, decays into p-wave charmonium states, and into the
3D, orbital excitation of the charmonium state $(3836). The
choice of Wilson coefficient is: af = 1.20 and a§ = —0.317 for
c-decays, and a? = 1.14 and a5 = —0.20 for b-decays. For the
lifetime of the B, we take 7(B,.) = 0.45 ps.

Mode This work [39] [42] [43]
B, — X0 0.055 0.028 0.98

B, — X7 0.0068 0.007 0.0089

B — h.m™ 0.11 0.05 1.60 .
B, — X 0.046 0.025 0.79 0.0076
B; — ¢(3836)r~ 0.0017 0.030

B — x.oK™ 0.0042 0.00021

B, — xya K~ 0.00051  0.000052

B, — h.K~ 0.0083 0.000 38
B, — xnK~ 0.0034 0.00018 0.00056
B — ¢(3836)K~  0.00012

Mode This work [39] [42] [43]
B, — XcopP~ 0.13 0.072 3.29

B, — xap~ 0.029 0.029 0.46

B, — h.p~ 0.25 0.12 5.33
B, — Xa2p~ 0.12 0.051 3.20 0.023
B, — (3836)p~ 0.0055 0.98

B; — x. oK'~ 0.0070 0.000 39

B — xa K~ 0.0018 0.000 18

B — h.K*~ 0.013 0.000 68
B, — xo K~ 0.0065 0.00031 0.0013
B. — (3836)K*~ 0.000 32
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V. ANGULAR DECAY DISTRIBUTIONS FOR THE
DECAYS OF THE B, MESON INTO J/s MODES

The exclusive decays of the B.-meson involving a J /s
meson have an excellent experimental signature since the
J/i can be readily reconstructed from its leptonic decay
channels J/iy — u*u™, e"e”. In fact, decays of the B,
into J/¢ modes have been among the discovery channels
of the B.. In this section we write down the complete
angular decay distributions for the nonleptonic decays
B: = J/y(= 1" +p (= a %), BL— /Y=
I"I")+ 7~ and B, — n, + p_ (— 7 7°), and the semi-
leptonic decay B, — J/¢ + 1~ + 7,

The experimental analysis of the angular decay distri-
butions allows one to learn more about the decay dynamics
of the B, decays. The decay dynamics is encapsuled in the
helicity structure functions that multiply the angular fac-
tors in the decay distribution. Vice versa, the explicit form
of the decay distributions may be a useful input for writing
event generators for the decay process where one now has
to make use of some theoretical input to determine explicit
values for the helicity structure functions.

We first discuss the nonleptonic cascade decay B, —
J/p(— 117) + p~(— 7~ #°). The branching ratio of this
mode is predicted to be approximately 3 times the branch-
ing ratio of the decay B, — J/y(— [71") + w~ which
has already been seen [2]. It is not difficult to anticipate
that the decay mode B, — J/ + p~ will be one of the
next exclusive decay modes to be seen in the very near
future. The decay mode B, — J/i + p~ will afford an
excellent opportunity to take a more detailed look at the
spin dynamics of the primary weak decay process through
an analysis of the joint angular decay distributions of the
second stage decays J/ — [*1” and p~ — 7~ 7).

The angular decay distribution of the cascade decay
B, = J/y(— 1"17) + p~(— 7~ #°) has been discussed
before in [15,46—48] including also lepton mass effects
[15]. We rederive the angular decay distribution using the
methods described in [8,12]. The angular decay distribu-
tion can be cast into the form

WO x 0 > lhy, el
A=m A =m!

Apdys

X dl

m,A;

1 t
—Ay (a)dm’,Al—A,, (‘9)HAmHNm/

X d},(6%)d},,(67), (23)

where the d :n » are Wigner’s d-functions in the convention
of Rose. The summation in (23) runs over A = m = 0, =1,
AM=m =0,%1and A, Ay = =1/2. The helicity ampli-
tudes £, describe the decay J/¢(A; — Ay) = (X)) +
I~ (Ay) with lepton helicities A; and Ay where [ and I
denote the positively and negatively charged leptons, re-
spectively. Similarly the helicity amplitudes H,,, describe
the decay B, — J/y(m) + p~(A) where the helicities of
the J/4¢ and the p~ are denoted by m and A, respectively.
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Since A = m from angular momentum conservation we
shall drop one of the helicity labels in the helicity ampli-
tudes, i.e. we write H,, for H,,, (m = 0, £1). The angles 6,
x and 0" are defined in Fig. 1.

We begin with by neglecting helicity flip effects in the
decay J/¢p — "1, i.e. we take A, = — A, in Eq. (23).
Further we assume that the helicity amplitudes are rela-
tively real neglecting possible 7-odd effects. One then
obtains

dr’ 1 [3

3
e (i T 20) Zsin20*T
deosddydeoss  2m| g0 T oSO gsin 0Ty

8
3.,.3 "

+ Zsmzﬁicoszﬁ r,
9 | . *

+ % sin26 cos y sin26*T,
1 3. 3.5,

-3 1s1n20 cosZXZSIHZGTT} 24)

Integrating (24) over y and #* one obtains

dar
dcosf

3 3
= §(1 + cos?0)I'y, + ZsinzﬁfL

3
= §(FU + 2T, )(1 + ayp/rcos®6), (25)

where the asymmetry parameter
FU - ZFL

L T 20

is a measure of the transverse/longitudinal composition of
the produced J/i.

Upon full angular integration one has I' =T, + I';.
Note that we have taken the freedom to omit the branching
ratio factors Br(J/¢ — [717) and Br(p~ — 7~ #°) on the
right hand side of Eq. (24). The reason is that, upon angular
integration, we want to obtain the total rate I'(B —
J/y+ p7). The partial rates I'; (i=U,P,L,T,I) in
Eq. (24) are related to bilinear products of the helicity
amplitudes via

r,= G

p.|
;= Elvcbvudalfpmplzﬁg{i’ (27)

where |p,| is the magnitude of the three-momentum of the

FIG. 1.

Definition of the polar angles 6 and 6+ and the azimu-
thal angle y in the cascade decay B, — J/(— IT17) + p~(—
= 70).
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p~ (or the J/4) in the rest frame of the B.-meson. The
helicity structure functions H,; (i=U,P,L, T, 1) are
given by

Hy=IH P+ IH-]%

H, = |Hyl%

j-[P = |I_1~I»|2 - |H7|2v

H; =ReH, Ht, (28)

1
H, = 5 Re(H, H! + H_H)]).

Using our constituent quark model results the partial rates
I'; take the following values

Iy = +0.826- 10715 GeV,
Tp = —0.644 - 10715 GeV,
I, = +6.30- 1075 GeV,
Iy = +0.259- 1075 GeV,
T, = +1.46- 10715 GeV.

Using the inverse lifetime 7(B,)™' = 1.463 - 1072 GeV
and the sum I'y; + I'; in Eq. (29) one numerically repro-
duces the branching ratio listed in Table V.

Even though JH , cannot be measured in the cascade
decay B, — J/y(— 1"17) + p~(— 7~ 7°) we have in-
cluded the parity-odd helicity structure function H p =
|[H.|*> —|H_|? in the results for illustrative reasons in
order to exemplify the hierarchy of helicity rates. The
reason that JH p cannot be measured is that the analyzing
decays J/y — 1*]1” and p~ — 7w 7" are both parity-
conserving. From the numbers in Eq. (29) one finds the
hierarchy I';/I:I'_/I''\I'y /T = 88%:10.3%:1.3% where
I'. = (I'y = I'p)/2. The longitudinal rate strongly domi-
nates over the transverse rates. In terms of the asymmetry
parameter a7 defined in Eq. (25) we find a7 ;7 = —0.88
as compared to a; ,r = —0.85 in [49]. Among the trans-
verse rates the transverse-minus rate I'_ dominates over
the transverse-plus rate I'y (for I'(B} — J/¢ + p™) one
has I'y >T"_). The predicted hierarchy of rates can be
easily understood in terms of simple spin arguments as
were given some time ago in [50,51] and rediscovered in
[52]. In the so-called B — VV-decays the dominance of
the longitudinal mode has been experimentally confirmed

|

(29)

dr
dcosfdyd cosf*

G2
=Br(J/y— I"17)Br(p~ — W_WO)#lvcbvudalfpmpP
o
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in the decay B — pp but not in the decay B — ¢ K* where
enhanced penguin effects may play an important role (see
the discussion in [52-54]).

For the charge conjugate mode B — J/& + p* the
angular decay distributions in Eqgs. (24) and (25) will
remain unchanged since from CP invariance one has
H,(B}) = H_,(B,) for real helicity amplitudes. The par-
tial helicity rates I'y; ; 7; remain unchanged going from the
B, to the B/ mode (FU,L,T,I =Ty 1) except for the
partial helicity rate I'p which is not measurable in the
decay.

For the sake of completeness we also list the correspond-
ing angular decay distribution when lepton mass and 7-odd
effects are included. For nonvanishing lepton masses one
now has to also include helicity flip effects (A; = Ay) in the
decay J/¢ — [*1~ which are nonvanishing for nonvanish-
ing lepton masses. We also drop the assumption that the
helicity amplitudes are relatively real thus including pos-
sible T-odd effects.

Although the helicity flip effects are expected to be quite
small for the decay J/¢ — u* u~ we shall include them
for completeness. Lepton mass effects have to be taken into
account e.g. in the decay J/¢(2S) — 7" + 7~ (not dis-
cussed in this paper) since the J/#(2S) has a mass of
3686 MeV which lies above the (77 + 77 )-threshold
(2m, = 3.554 GeV). When helicity flip effects are in-
cluded one needs to know the ratio of the squared flip
and nonflip helicity amplitudes of the decay J/¢ —
ut ™ which are given by

h 2 om?
|h<1/2>(1/2>| = ’;11 = 4de. (30)
lham-apl> mj,

The remaining two flip and nonflip amplitudes can be
obtained from the parity relations h_(j2)—(1/2) = hi1/2
and h—q /24172 = hajp-ay2)-

Using Egs. (23) and (30) and putting in the correct
normalization one obtains (we now reinstitute the branch-
ing ratio factors)

bl 19
m%{r 1+ 4e 647

[(H. 1> + |H-*)

X (1 + cos?6)sin?6* + 4|Hy|*sin26cos26* + (Re(HyH' ) + Re(HyH1)) sin26 sin26* cos y
— 2Re(H_H1 )sin?6sin26* cos2y + (Im(HyH') — Im(HyH?)) sin26 sin26* siny

+ 2Im(H_H1)sin6sin?6* sin2 y +

2
n

2

{8(|H,|> + |H_|?)sin?@sin’0* + 32|H,|*sin>fcos>*

My

— 8(Re(HyH1) + Re(HyH1)) sin20 sin26* cosy + 16 Re(H_H 1 )cos?6sin?6* cos2y — 8(Im(H,H1)

— Im(H,H1)) sin26 sin26* siny — 16 Im(H_H )sin®6sin?6* sin2 x}].

€1V
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We have checked that the angular decay distribution in
Eq. (31) agrees with the corresponding angular decay
distribution written down in [15]. In addition, we have
checked the correctness of the signs of the nonflip azimu-
thal correlations by going through a fully covariant calcu-
lation. Note that the angular decay distribution is invariant
under 6 > 7—0, y— x+ a7 and 6" — 7 — 0*, y —
x + m showing that the polar and azimuthal angles in
Fig. 1 could have also been defined by changing the labels
It < [ and/or 7~ < 7°.
We have also included so-called 7-odd contributions in
the decay distribution (31) which can have their origin in
possible imaginary parts of the helicity amplitudes. These
could arise from strong interaction phases generated from
final state interaction effects or from weak phases occur-
ring in extensions of the standard model (see e.g. [13,14]).
In the standard model and in the factorization approxima-
tion these T-odd contributions vanish, i.e. the angular
decay distribution (31) would be reduced to that part given
by the real contributions listed in (24). It would never-
theless be interesting to experimentally check on the pos-
sible presence of T-odd contributions in the angular decay
distribution Eq. (31).

The angular decay distribution for the charge conjugate
mode B — J/¢ + p™ can be obtained from Eq. (31) by
the replacement H;(B. ) — H;(B}) in Eq. (31). The charge
conjugate helicity amplitudes H; and the helicity ampli-
tudes H; are related by (see e.g. [14,46])

= |HI|€i(5i+¢i)» H, = |H0|ei(5o+¢o),

32
H, = |H1|ei(51*¢1)’ ( )

HO = |H0|€i(50*¢0)’

where the §; and ¢; denote the strong and weak phases of
the helicity amplitudes, respectively. A discussion of CP
violating observables in this process can be found in [46—
48].

|

dr 1
dq*d cosfdyd cosb, 27T|:8
3

The contributions proportional to I'p and I'4 in Eq. (36)
change signs when going from the (I7, ;) to the (I*, v;)
case, i.e. when going from the decay B, — J/¢ + 1~ + p,
to the decay B} — J/ + [T + v,. For the terms propor-
tional to I'p and I, the upper and lower signs holds for the
(", 7;) and (I, v;) cases, respectively. However, since I'p
and I'y also change signs when going from B, — J/i +
I~ 4+ v, t0 Bf — J/ + 1T + v, the form of the effective
decay distribution will be the same in both cases. Similar to
the nonleptonic decay B, — J/¢ + p~ discussed earlier
in this section the angular decay distribution (36) is invari-

3 3 dar 3 dar
~(1 4+ cos?0)=(1 + cos291)—12] + Zsin0 > sin?6, —= +
8 dq PR

3 dar 3 3
+ Zsinzﬁzsinzﬂl cos2)(2d—q§ + = sin20§
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Next we turn to the angular decay distribution for the
decay B, — J/ys(— I"17) + 7. It can be obtained from
Eq. (31) by setting the transverse helicity amplitudes to
zero and replacing the longitudinal helicity amplitude H,
by the corresponding scalar (or time-component) helicity
amplitude H, of the decay B, — J/i + 7. After cos6-
and y-integration one obtains

dar + G

e = BRI/ = [ ) Ve Vigar fm
2l L3 g + secos). (33)
mé( 1+ 4e 4

In a similar way one obtains the angular decay distribution
for the decay B, — 7, + p~ (— 7~ 7°) where one finds

dr _ . G2
W=BT(P — T WO)—F|Vcqudalfpmp|2
L‘:Zl |HO|2E cos26*, (34)
Bc

and where now Hj is the helicity amplitude of the decay
B —n.+tp .

Finally we analyze the angular decay distribution in the
semileptonic decay B, — J/y(— IT17)+ 1" + b, We
shall now neglect lepton mass effects altogether and as-
sume that the helicity amplitudes are relatively real thus
neglecting 7-odd effects in the decay. Using again the
methods described in [8,12] the angular decay distribution
can be cast into the form

W(a, X, 01) o Z ei(m—}n’)(W_X) X d:n:/\liAl/ (0)d:’1/’A[7A]’ (0)

A=m A =m'
A== Ay,

X Hy,HY, o d) 2 (8)d) - (), (35)

AMm'!

where the angles of the decay process are defined in Fig. 2.
Putting in the correct normalization one obtains

3 3 3 dr
(1 + 20) = Zr
1 8(1 cos 6)4 cosb, 12

dar; 3 3
sin20100sx— fs1n20

dar,
A 4 sinf; cosy —= g’ } (36)

{
ant under § — 7 — 6, y — y + 7 showing that the polar

angle 0 and the azimuthal angle y in Fig. 2 could have also
been defined by changing the labels [ < [~ in the decay
J/y— 171

Upon angular integration one has dI'/dg> =
dl'y/dq® + dT'/dq*. Note that we have again taken the
freedom to omit the branching ratio factor Br(J/¢ —
["17). The reason is again, when integrating Eq. (36)
over ¢> and doing the angular integrations, we want to
obtain the total rate I'(B, — J/¢ + [ + v;). After y and
cosf integration one recovers the corresponding single
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FIG. 2. Definition of the polar angles # and 6, and the azimu-
thal angle y in the cascade decay B, — J/y(— IT17) +
Wett-sen (= 1+ 71).

angle decay distribution written down in [10]. The differ-
ential partial helicity rates dI';/dq?> (i = U, L, P, T, I, A)
are defined by

ar, G}

2
q’Ipal

= Ve |? H, 37

dqz (277_)3| bLl i ( )

12m?

where

H, = |Hy%

g-[P = |H+|2 - |H—|2)
H; =ReH Ht,

1
H =5 Re(H.H] + H_H)) (38)

1
H,=_Re(H,H — H_H}).

\S)

Numerically, we obtain the following values for the inte-
grated partial rates I';

Iy = +14.49- 10715 GeV,
Ip=—8.182-10715 GeV,
I, = +15.80- 1075 GeV,
I, = +5.850- 1075 GeV,
T, = +9.494 - 10715 GeV,
T, = —3.208 - 1075 GeV.

(39)

The longitudinal rate I'; and the (unpolarized) transverse
rate I';; are of approximately equal size where the longi-
tudinal rate dominates at small ¢* (e.g. at g*> = m} as
discussed earlier for the decay B, — J/¢ + p~) and the
transverse rate dominates at large ¢>. This implies that one
no longer has a pronounced longitudinal dominance in
B.— VV decays when the form factors are probed at
higher momentum transfers as e.g. in the decay B, —
J/& + D*". Reexpressing I'y and I'p in terms of the
transverse-minus and transverse-plus rates one finds I'_ =
11.34 X 107 GeV and I'; = 3.155 X 10~ GeV. The
dominance of I'_ over I', reflects the basic left-chiral
current structure of the b — ¢ current transition. The in-
terference contributions I'y, I';, and 'y are large enough to
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provide significant azimuthal correlations in the semilep-
tonic decay process.

VI. SUMMARY AND CONCLUSIONS

We have performed a comprehensive analysis of the
exclusive semileptonic and nonleptonic decays of the
B.-meson. The predicted branching ratios range from
very small numbers of O(107°) up to the largest branching
fraction of 11% for the nonleptonic decay B, — B*'p~.
We have compared our results with the results of other
studies. In general the results of the various model calcu-
lations are of the same order of magnitude while they can
differ by factors of ten for specific decay modes. As a
curious by-note we mention that a first attempt at estimat-
ing exclusive nonleptonic B, decays can be found in [50].
Using the present value of V. (which was not known in
1978) and the present 7(B,) = 0.45 ps the authors of [50]
calculated branching ratios of 0.29% and 0.69% for B, —
J/¥+p and B,— J/y + m, respectively, with a
L:T_:T, ratio of 88%:10.4%:2% for B.— J/i# + p.
The branching ratios are = 50% above the branching ratios
of the present calculation, whereas the helicity rate com-
position of the decay B, — J/i + p is very close to that of
the present model given in Sec. V. At any rate, we are
looking forward to a detailed experimental study of the
many exclusive decay modes of the B, meson described in
this paper.

We have taken a more detailed look at the spin dynamics
of the decay modes B, — J/y(— [T717) + p~(— 7~ 7°)
and B — J/Y(—=1717) + W gen(— [~ + 7;) involv-
ing a J/¢ in the final state for which we have presented
explicit formulas for their joint angular decay distributions.
We have discussed the changes in the decay distributions
for the corresponding B, decay modes. It should be pos-
sible to test the joint angular decay distributions and extract
values for the helicity structure functions with data samples
of the O(100).

With our model assumptions the total exclusive rates
calculated in this paper for the B, decays are identical to
the corresponding rates for the B, rates. As concerns the
partial transverse helicity rates in the B, — V'V modes one
has to change 7_ < T, when going from B, — VV to
B — VV as discussed in Sec. V.
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APPENDIX A: WIDTHS FORMULAS FOR WEAK
B,-DECAYS

The leptonic decay widths are given by
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G m? 2 m? 2 m?
I'P—Ip) = | qlqzlzf,%mpmlz[l - m—%} ) 'V —Ip) = | qlq2|2f%,m%,[1 — m_%,} |:1 + —Zm%,}

For the semileptonic B.-decay widths one finds

- N (¢ 2)2|I)2| —»M“ 12 B.—M;,
r; mm(ﬂww[dt———{@wizm (@ + P )R

2.2
2 >

F(B;—’D_Ollj) G%" Vublzf d 2%{252“)2'{( m[) Z ( B.—D° 2))2 31”’11 (H —»DO 2))2}
1

(2 )3 i=%,0
s G 2, g = m)lp| B e 3 B _
(B; = B9 = o SslVeal [ P (145 )foB(m+”WH @2} g=sd)

where g% = (m; = my)?, m; = my_, and my = m;. Note that D° and B denote both the pseudoscalar and vector cases.

A. Nonleptonic B.-decay widths

Finally, the nonleptonic B.-decay widths are given by the expressions in the following two sections.

1. Transitions due to b-decays

G — .
I'(B; — P"Mg) = ﬁ MIVCquqa]fpmpl (HE: M“(mP))2 (P-=m,K", and g=d,s, respectively),
_ _ [pa| M,
LB =V M) = 6F P2l |vd,Van1 Fomyl? ST (HEMe ()2,

i=0,*

V- =p, K**, andg = d, s, respectively),

_ = G% Ipal B.—D;
F(BL g Dq DO) = # & |Vubch|2{alf[) mD H (mD ) + aszomDoH ! 20)}2
_ = [pal B B.—D:
F@c—ﬁ%lﬁ%—ﬁf—EJWmVA{mﬁrmmJﬁfDO@W)+aﬁmmmHz " (m)P,
_ — 0 GF |P2| 2 B,—D* B.—D, 2 2
I'(B; — D, D™) = 167 m 7|VubVCq| {alfD mp-H;* (m7 mp, ) + ayfpompoHy' o)}
_ S |P | H*0 B.—D:~
F(Bc - Dq D 0) 16F 2 |VubV q|2 Z {alfD D*‘ - (m%); )+ asz‘OmD*OH “ (m% o)}2
i=0,*
_ _ o GF Ipal Be=Dy (12 )2
F(Bc g Dq D ) = F — |VCquqa2fDomDo| (H 0))

[ = ;0% = {08 Py, Vi oom P )
o

GF |P2||

- _ — %0
[(B; — D, D) =

Vep quazf DM p=o (H 0 —P (m%yo))zr
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_ e p.| B—Dj;”
F(B - D D 0) 61:7 P |Vcbvqua2fD*0mD*0|2 (Hi “ (m? 0))2
i=0,*=
- _ Ip2| — B.—Dj

F(Bc - Dq Ne) = # _zlvcbv |2{a1fD mD HB m( %);) + aancmncHt ! (m%]()}zy
I(B- *— GF |p2| T2 Bo—me( 2 B—Dy™ 2 12

(Bc - Dq nc) 164 |VchVCq| {alszme;‘;fHO (mDZ*) + a2f77(,m77c.Ht (mn[)} >

F |P2||

I'(B; — D, J/¢) = Vcchq|2{611fD mp. H, ﬁjw(mo )+ azf1/¢m1/¢H ;(mm)}z,

167 m

Ip | —
G Ip |V s Va2 Z {a\fp—mp;- HY JN/( )"‘ a2f,/,/,mj/¢H P (m,/w)}z

i=0,=

D(B: — Dy I/4) = 1o

2. Transitions due to c-decays

_ G% |p.l o0
r(B; — B°P~) = —L P2 > IVeaVidgan fompPCHE = ()
16T m
0o Ipal -
(B, — BV )—#ﬁwcdvm,a1 FomyPHEF (m2)2,
_ 0 p— G Ipal 2B =B (22
F(Bc — BP7) = F —lvcdvuqalmePl (H p)) ,
- P07 — GF Ip,l 2 B; =B, 2\\2
(B, — B®V™) = Tom m —|Vchuqalfvmv| Z (H; my))?,
i=0,%
_ Ipa .
I(B; — BIP) = 16F L e WesVdaan fpme P B m3),
s Ip| B0
I'B; — B(S)V ) = #&lvcsvuquvmvP(HB” BY m%/))z’
~ mones . GF Ipal 3o
F(Bc _’BsoP )—16—F P |chvuqalmeP| (HB B %))2,
- D — |p | T—B0
I'(B; — B’V )—#—ﬂv”vuqa1 fVmV|2 (HB 7B (m2))2,
0+

I(B: — B~ <>)——F@|vcdvT 92 PP (),

ud\/“

_ _ Gy Ipal a, B —B~
P = B p") = gz VeaVia s fym, PHy ™ ()2
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