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In this paper we study the semileptonic decays of B — ngg (I"v;, IT17,vD) (here [ stands for e, p, or 7).

After evaluating the B — (D), D{,,) transition form factors Fo.7(q?) and V(¢?), Ao12(4%), T123(q%)

by employing the perturbative QCD factorization approach, we calculate the branching ratios for all these

semileptonic decays. Our predictions for the values of the Bf — D(,) and B — D(s) transition form

factors are consistent with those obtained by using other methods. The branching ratios of the decay modes
with Dy are almost an order of magnitude larger than the corresponding decays with [T/~ after the
summation over the three neutrino generations. The branching ratios for the decays with b — d transitions
are much smaller than those decays with the b — s transitions, due to the Cabibbo-Kobayashi-Maskawa
suppression. We define ratios R and Rp- for the branching ratios with the 7 lepton versus y, e lepton final
states to cancel the uncertainties of the form factors, which could possibly be tested in the near future.
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I. INTRODUCTION

The B, meson is a pseudoscalar ground state of b and ¢
quarks, and thus the electromagnetic interaction cannot
transform the B,. meson into other hadrons containing » and
¢ quarks. The two different quark flavors forbid the meson
from being annihilated into gluons, and the fact that it is
below the B — D threshold makes the B, meson stable with
regards to the strong interaction. The B. meson can only
decay through weak interactions, so it is an ideal system to
study weak decays of heavy quarks. Either of the heavy
quarks (b or c) can decay individually, which makes it
different from the B, ; or By meson. The phase space in the
¢ — s transition is smaller than that in the b — ¢ transition,
but the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ment |V | ~ 1 is much larger than the CKM matrix element
|V .| ~ 0.04. Thus the c-quark decays provide the dominant
contribution (about 70%) to the decay width of the B, meson
[1]. Because the mass of a BB, pair exceeds the threshold of
Y (4S), the B, meson cannot be produced at the B factories.
Thus—compared with the B, ; or B; meson—B .-meson
decays have received much less experimental attention.
However, at LHC experiments around 5 x 10'° B, events
per year are expected [1,2] due to the relatively large
production cross section, which provides a very good
platform to study various B.-meson decay modes.

Because there is only one hadronic final product, the
B_.-meson semileptonic decays among the abundant decay
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modes are relatively clean in the theoretical treatment.
These semileptonic decays provide good opportunities to
measure not only the CKM matrix elements, such as |V |,
|V.up|s and |V4|, but also the form factors of the B.-to-
bottom and B,.-to-charm meson transitions. The rare semi-
leptonic decays governed by the flavor-changing neutral
currents are forbidden at tree level in the standard model
(SM). Those decays—which are very sensitive to the
contributions of new intermediate particles or interactions—
are especially interesting. There are various approaches for
working on the semileptonic B, decays. In Ref. [3], for
example, Dhir and Verma presented a detailed analysis of
the exclusive semileptonic B, decays in the Bauer-Stech-
Wirbel framework. The authors of Refs. [4-6] studied the
semileptonic B, decays in the relativistic and/or constituent
quark model. In Refs. [7,8], B, — D:l*I~ decays were
studied in the SM with the fourth-generation and super-
symmetric models. The three-point QCD sum rules
approach was adopted to investigate B — D?;;lﬂ‘ in
Ref. [9] and B} — ng (I"I7,w) in Ref. [10].

In this paper, we Wiﬁ study the semileptonic decays of
Bf - Dgr))(ﬁul, I*17,uvp) (here [ stands for the leptons e,
u, or 7) in the perturbative QCD (pQCD) approach [11].
These semileptonic decays are governed by the form
factors. At the maximum recoil region, the final-state
meson is collinear with a large momentum. The spectator
¢ quark in the B, meson thus needs a hard gluon to kick it
from almost zero momentum to a collinear state. However,
when doing integrations of the momentum fractions of
valence quarks, an endpoint singularity occurs. A natural

© 2014 American Physical Society
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way to kill this singularity is to pick up the neglected
transverse momentum in the collinear factorization. With
the additional transverse momentum scale k; [12], double
logarithms appear in the calculation. We have to use the
renormalization group equation to perform the resumma-
tion (resulting in the so-called Sudakov form factors [13]).
and make the perturbative calculation of the hard ampli-
tudes (form factors) infrared safe. The pQCD approach is
widely adopted to calculate the transition form factors of
the B, , and By mesons [14—16]. Furthermore, various B,
decay modes have also been studied in Refs. [17,18] in the
pQCD approach.

The structure of this paper is as follows. After this
Introduction, we collect the distribution amplitudes of the

B, D™ and DE*) mesons in Sec. II. Based on the ky
factorization formalism, we calculate and present the
expressions for the B, — (D), DE*)) transition form factors
in the large recoil regions in Sec. III. The numerical results
and relevant discussions are given in Sec. IV, and Sec. V

contains a short summary.

II. KINEMATICS AND THE WAVE FUNCTIONS

The lowest-order diagrams for B} — (D), Dﬁv*)) tran-

sitions are displayed in Fig. 1, where M stands for a D) or
D.(g*) meson and ® is the weak vertex for the leptonic pairs
to come out. In the rest frame of the B. meson—where mp_

is the mass of the B. meson and m is the mass of the D ) or

Dz‘s) meson—the momenta of the B, and Dg)) mesons are

defined in the light-cone coordinates as [18,19]

m m
F(L1.0), =2

pl:\/j \/f

with r =m/mp_and n* =n+ /n* — 1. As for the 5 in
n*, the expression

(r*or=,01), (1)

[k ]
n=5-|1+r —— (2)
2r m%{

can be evaluated with ¢*> = (p, — p,)*> which is the
invariant mass of the lepton pairs. The momenta of
the spectator quarks in the B, and DET)) mesons are
parametrized as

b b

LB T

(a) (b)

FIG. 1. The leading-order Feynman diagrams for the transition
of Bf — (D", D§*)), where M stands for a D®) or D) meson,
and ® is the weak vertex.
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Mmp, Mg,
k) = xl%’xlﬁ’kli s

m m
ky = <x2 \/'% r’ﬁﬂz%rﬂ_,ku)- (3)

We define the polarization vector ¢ of the D

*

mesons as
(s)

1
e, =—",—n7,0,), er =(0,0,1), 4
L \/5(77 n=.01) r=( ) (4)
where ¢; and e denote the longitudinal and transverse
polarization of the D*Y) mesons, respectively.

In this work, we use the same distribution amplitude for
the B, meson as that used in Refs. [18,20-22],

B, () = =+ o )rstn (g 9

with

/B,
22N,

where m,. is the mass of the ¢ quark. Because the B, meson
consists of two heavy quarks b and ¢ (just like a heavy
quarkonium), the nonrelativistic QCD framework can be
applied, which means the leading-order wave function
should be just the zero-point wave function shown
in Eq. (6).

For the DE:))
two-parton light-cone distribution amplitudes are defined
as [19,23]

(D)(P)]44(2)24(0)]0)

P
_W/o dxe™? [7’5({’4‘”1)(150(5)(%1’)]&/},
(D ()laa(2)25(0)[0)

$s,(x) = 8(x —m/mp ) exp[-wy b*/2].  (6)

mesons, up to twist-3 accuracy, the

1 1 .
=~ || e+ migy (52
+éT(p+ m)¢D(*A_) ('x’b)]aﬂ’ (7)
where
1 B fD(S)
A dxqu(j) (x’ 0) - 2\/m3
ld 0) — fD(*S) o
A oy, (x, )_NTTC (8)

are the normalization conditions. We adopt fp = 206.7 +
8.9 MeV and fp = 260.0+ 5.6 MeV (from the Particle
Data Group [24]) as the experimental averages for D and
D, mesons, respectively. For the D* or D meson, we adopt
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the same decay constant and distribution amplitude for the
longitudinal and transverse components. Since there is no
experimental data, we use fp- =270 MeV and fp: =
310 MeV for the D* and D’ mesons (given the results in
Refs. [25]) and assume a 10% uncertainty. The distribution
amplitude for the D ) meson is

$p,, = 575=1p,0x(1 —x)[1 + Cp (1 — 2x)]

2, sz
@}

2
w?
X exp [— T] , 9)

which is a kp-dependent form, with Cp = 0.5, wp = 0.1
and CDJ_ =04, wp, = 0.2 for the D and D, mesons,
respectively [23]. In this work, we also adopt the same
distribution amplitude for both the vector meson D7, and
pseudoscalar meson D, because of their small mass
difference [23].

III. FORM FACTORS OF SEMILEPTONIC
DECAYS

The form factors F, (q*), Fo(q*) for the B, to pseudo-
scalar meson Dy transition induced by the vector current

can be defined as [26,27]

(D()(P2)13(0)r,b(0)|Bc(p1))

my —m? )
(P +P2)ﬂ—"6172‘1;4 F.(q%)
my —m’ )
+?CI,¢F0(Q ) (10)

where ¢ = p| — p, is the momentum of the lepton pairs. In
order to cancel the poles at g> = 0, F, (0) should be equal
|

*

(D) (P2)13(0)7,r5b(0)[B.(p1)) = i{ej, _¢

2m(e” - q)

+ inIﬂAo(qz)v

*
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to Fy(0). For the sake of convenience, we define the
auxiliary form factors f(¢?) and f,(q?),

(0)|B.(p1)) = f1 (‘12)171,4 + fz(flz)l’zy-
(11)

), the form factors F, (¢*) and

(D(5)(P2)1g(0)y,b

In terms of £ (g
Folq?) are

?) and f1(q°

Fo(?) =3 [11(4?) + o)

Fo(q*) = %fl(qz) {1 +h}

1 2
Fph@)| 1= ]

The form factor Fr(q*) for the B, — D, transition
induced by the tensor current can be defined as [27]

B . 2FT(CIZ)

(Do (72)12(0)a,ub(O) Be(p1) =ilpaus, ~aupat T
(13)

There are seven form factors—V(g?), Ag12(¢*), and

T ,3(g*)—that are needed for the B, — D, transition in
this work. The form factors V(g*) and Ag;,(q*) are
defined by [27-29]

_ 2V(q?)
* — Uk O ﬂ
(D;)(P2)13(0)7,b(0)[B.(p1)) = €uape PP
(14)
2 2 2
q 2 . ch —m * AZ(q )
-1 A — P Lg)—=1 1
7 q,l} (mg, +m)Ai(q”) —i|(p1 + p2), Ll (e"-q iy +m
(15)

where €* is the polarization vector of the D(s) meson. The form factors T , 3 are defined by [27,30]

(D7, (p2)|2(0)6,0°(1 + 75)b(0) B (p1)) =

+(€*q) qu —

where T(0) = T,(0) is implied by the identity

Ouwls =

leﬂuaﬁe p1p22T1 (q )

2
my —

€ - q)(p1 + Pz)ﬂ]Tz(qz)

" (P1+ P2), | T3(4%), (16)

c

i
_Eeﬂl/aﬂaaﬂ' (17)

In the transverse configuration b space, and by including the Sudakov form factors and the threshold resummation
effects, we obtain the B, — Dy, form factors f(q*), f2(g*), and F7(q?) as follows:
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fi(g?) = 16”m%a(rCF/dx1dxz/b1db1bzdb2¢30(x1)¢13(s>(xz,bz){[l — 1] - hy (X1, X, by, by) - ag(ty) exp [=S,(11)]

= [r+2x,(1 =n)] - ha(x1, %5, by, by) - ay(ty) exp [=Sap(12)]} (18)

f2(q2)_16ﬂszECF/dxldx2/bldblbzdb%bBc(xl)(me(xzvbz){[l_zrx2(1_’7)]'hl(xlvx2’b13b2)’as(tl)exp[_sah(tl)]

+[2r=x1]-hy(x1.X2.b1.b,) - () exp [=S 4 (12)] } (19)

FT(QZ)zgﬂméch(l+r)/dxldXZ/bldb1b2db2¢35(x1>¢D(5>(x27b2){[1_rx2]'hl(x17x2vb1vb2)'as(t1>exp[_sab<tl)]
+ [2r=xi] - hy(x1, %0, b1, by) -y (tr) exp [=Sap (1)} (20)

where Cr = 4/3 is the color factor. The functions 4, and h,, the scales #; and t,, and the Sudakov factors S, are the
same as those given in Refs. [18,19].

The expressions for the form factors V(¢?), Ag12(¢?), and T 5 3(¢?) for the B, — Dj,, transition in the pQCD approach
are

V(qz) = Sﬂm%[CF(l + r)/dxldXZ/bldblbzdb2¢31‘(xl)¢£?\) (Xz,bz){[l - TXZ} . hl (Xl,xZ,bl,b2> . as(z‘l)exp [_Sab(tl)]

+rehy(xy, %2, b1, by) - ag(ty) exp [=Sap (1))} (21)

Ao(q?) = S”m%;CCF/dx1dx2/b1db1b2dbz¢3£(x1)¢1ga) (x2, b2){[1 = rxa(r = 2) + (1 = 2x)]

X hy(x1, X2, by, by) - oy (1) exp [=Sap (1)) + [2 + x1 (1 = 2rm)] - ho(x1. X2, by, by) - ag(12) exp [=Sa5(12)]}. (22)

,
[ anides [ budbbadb () (12.02)
X {1+ rxon = 2rxy +n) - hy (X1, X2, b1, by) - a(t1) exp[—S,(11)]

+ [rn = x1] - hy(x1, X2, by, by) - (1) exp[=S,,(22)]} (23)

A(q*) = 167”"%1. Cr

1+r)?(n—r 147
Az(QZ)Z%‘Al(f)—gﬂméang_l/dxldxz/b1db1bzdb2¢zac(x1)

X(/)f)(*x)(xz,bz)‘{['?(l — ) = rxy (1 =2 =2r) + (1 = r) = rp(1+2x,)]

X hy(x1.%0,b1,by) - ag(t1) exp (=S (11)] + [r(1 = x +2x119%) = n(r? +x1) ] hy (x1,X2.b1.ba) - ay (1) exp[—Sap (12)] ]

(24)
Tl (qz) = 8ﬂm%ch / dxldxz / b]dblbzdbquB( (Xl)(pga) (XZ, bz)
X {1+ (1 =222+ 7 =2n))] - hy(x1, X2, by, by) - (1) exp [=S 4 (11)]
+ [l =x] - ho(x1. X2, by, by) - ay(12) exp [=S 4, (12)] ] (25)

-
Ty(q%) = 16”m%CCFm/dxldxz/bldblbzdbzél’&.(xl)f/)/g(*s)(xz»bz){[(l =r)(1+n) +2rxy(r—n) + rxy(20° = = 1))

X hy(x1.%0.b1,by) -y (1) exp [=S,(11)] + [r(1+x1)1= 1> =x1]- B (x1.x2.b1. b)) - a(12) exp[=Sa (12)] . (26)
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r+n 1—r2 1—r2
= T T()

T3<q2) T 2(”2_1)

(i =1)
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;
_—SﬂmZB(.CF/dxldXZ/bldbledb2¢Br(x1)¢gZ:) (x2,D,)

X {14 rxy(n=2) +n]-hy(x1, X2, b1.by) -y (t1) exp [=Sap (11)] + [x17 = 1] - ha (X1, X2, b1, by ) - @y (12) €Xp [=S 4 (12)] }-

One should note that the expressions for the form factors
f120d%)s Fr(@®), V(¢*), Aoi2(q?), and T153(q%) given
in Egs. (18)—(27) are the results at leading order of the
pQCD approach. The next-to-leading-order contributions
to the form factors of B — (z, K, ;")) transitions given in
Refs. [14,15,31] are not available here because of the large
mass of the ¢ quark and the (D(‘Y),DE‘S)) mesons.

One should note that the pQCD predictions for the
considered form factors are reliable only for small values of
g*. For the form factors in the large-g> region, one has to
make an extrapolation from the low-g? region to large-g>
region. In this work we make the extrapolation by using the
formula from Refs. [18,32],

F(q*) = F(0)-expla-q° +b-(¢*)].  (28)

where F stands for the form factors Fy . 7, V, Ay, and
T1,3, and a, b are constants that are to be determined by
the fitting procedure.

The B; — DI, and By — D*°l"p; decays are from
the quark-level b — ul~v charged-current transition. The
effective Hamiltonian for such a transition is [33]

_ G _ -
Hege(b — ul™p;) = 7%‘/”1;”7;4(1 —75)b - Iy (1 =ys)y;,
(29)

where G = 1.16637 x 107> GeV~? is the Fermi coupling
constant and V,, is one of the CKM matrix elements.

dU(B. » Divp) _ Gpagm | X(x;)
dq? B 21975my, | sin*(6,,)
1 A3
+— 22
m (mg, +m)

2
R ARE { 81q°

(27)

|

With the form factors calculated in Egs. (18), (19), and
(21)—(24), one can easily get the differential decay width
expression for By — D°~p; and B, — D'l p,.

The flavor-changing neutral-current one-loop decay
modes, such as B, — D¥[*[~ and B, — D§*>l+l‘, are
transitions of b — dIT[~ and b — sITI™ at the quark level,
respectively. The effective Hamiltonians and the corre-
sponding differential decay widths are more complicated;
we refer the reader to Refs. [14,30,34-36].

The effective Hamiltonian for the decay modes B, —

DY is [33]

_ G Oom .
Heie(b — sup) = 7%7271'811'12 O) Vi Visx X (x;)
x 57" (1 —ys)blloy, (1 =ys)e]. (30

where 0y, is the Weinberg angle with sin?(6y,) = 0.231
[24], V,, and V,, are CKM matrix elements, and o, =~
1/137 is the fine-structure constant. The function X(x;)
can be found in Ref. [33], while 5y ~ 1 is the QCD
radiative correction factor [33]. As for the decay modes
B. — D"up, their effective Hamiltonian can be obtained
by the simple replacement s — d in Eq. (30). The corre-
sponding differential decay widths for B, — D, v are the
same as those for B — z(K)vw in Ref. [14], except with the
replacements mp — mp_and mp — m. The differential
decay width for the decay modes B, — Divi is [37]

2

(mpg,_ + m)?

5+ (mg_ 4+ m)*(A+ 12m*q?) - A} - 2/1(m%(_ -m?—q?) -Re[A’fAz}} }, (31)

where V, A;, and A, are the form factors of the B, — D7 transition, and the phase-space factor

A= (m% +m?—q*)? - 4m%cm2. (32)

IV. NUMERICAL RESULTS AND DISCUSSIONS

In the numerical calculations we adopt the following input parameters [24]:

mg- = 6.277 GeV,
mpo = 2.007 GeV,
mp- = 2.112 GeV,

7p. = (0.45 £ 0.04) ps.

mpo = 1.865 GeV,
mp— = 2.010 GeV,
m, = 1.777 GeV,

mp- = 1.870 GeV,
mp- = 1.969 GeV,
m, = 1.275 £ 0.025 GeV,
(33)
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For the CKM matrix element V,;, we adopt the value used
in Refs. [14,38], and we use |V ;| = 0.999, |V ;| = 0.0404,
and |V,;/V | = 0.211 [24] in this work. As for the decay
constant of the B, meson, we adopt 0.489 GeV [39] as its
central value, and give it an uncertainty of 0.050 GeV.
The numerical values of the B, — D and B, — D
transition form factors Fy . at g* =0 and their fitted
parameters a, b are listed in Table I. The numerical values
of the form factors V, Ay ;,, and T4, 5 at g*> = 0 for the
B. — D* and B, — Dj transitions are listed in Table II.
The first error of the pQCD predictions for the form
factors in Table I and Table II is induced by the B.-meson
wave-function parameter wp = 1.0 £ 0.1; the second error
comes from the uncertainty of the decay constant f ; the

third error comes from the uncertainty of the decay

constants of the DE;))

mesons; the fourth error in Tables I
and II comes from the uncertainty of the DET)) wave function

Cpw =05+£0.1 or CD<*> = 0.4 £0.1; and the fifth error

PHYSICAL REVIEW D 90, 094018 (2014)

comes from m, = 1.275 £ 0.025 GeV. The errors from the
uncertainty of @, = 0.10+0.02 or W = 0.20 £ 0.04

are very small and have been neglected. ’
Unlike the form factors at maximum recoil, the extrapo-

lation parameters a, b of the form factors are less sensitive

to the decay constant and wave function of the DEI)) meson.

In Tables I and II, we only show uncertainties for the
parameters a and b from the B.-meson wave-function
parameter wp, and from the quark-mass uncertainty
m. = 1.275 £0.025 GeV. As a comparison, we also
present some results obtained by other authors based on
different methods in Table III. It is easy to see that our
results are consistent with the results in the literature.
With the form factors given, it is straightforward to
calculate the branching ratios for all the considered semi-
leptonic decays by performing the numerical integration
over the whole range of ¢°. For the b — u charged-current
process, with [ = (e, u), the decay rates are the following:

TABLEL The pQCD predictions for the form factors F, ', and F at ¢> = 0, and the parametrization constants
a and b for B, — D and B. — D, transitions.
F(0) a b

FgP 0.19 £ 0.02 + 0.02 + 0.01 £ 0.01 £ 0.01 0.038 + 0.001 = 0.000 0.0013 + 0.0001
FioP 0.19 +0.02 + 0.02 + 0.01 £+ 0.01 + 0.01 0.059 + 0.001 =+ 0.001 0.0020 + 0.0001
FEmP 0.20 & 0.02 £ 0.02 £ 0.01 + 0.01 £ 0.01 0.070 £ 0.001 = 0.001 0.0021530009
Fibs 0.27 £ 0.03 £ 0.03 £ 0.02 + 0.01 + 0.01 0.039 4 0.002 + 0.001 0.0015 35001
Fiebs 0.27 4+ 0.03 + 0.03 + 0.02 + 0.01 £ 0.01 0.061 + 0.002 + 0.001 0.0023 40555
FoemPbs 0.28 & 0.03 & 0.03 £ 0.02 4 0.01 £+ 0.01 0.073 £ 0.002 = 0.001 0.0025 30009

TABLE II. The pQCD predictions for form factors Ay, V, and T, at g* =0, and the parametrization

constants a and b for B, — D* and B, — Dj transitions.

F(0)

a b

AZTPT 017 £0.02 4 0.02 + 0.02 £ 0.01 4 0.00
AB=PT 0,18 £0.02 + 0.02 + 0.02 + 0.01 £ 0.01
A57PT 0204 0.02 £ 0.02 + 0.02 + 0.01 + 0.01
0.25 4 0.03 4 0.03 £ 0.03 £ 0.01 £ 0.01
TP 0.2240.02 4 0.02 + 0.02 + 0.01 +0.01
T5=P" 022 40.02 +0.02 4 0.02 +0.01 + 0.01
75720204 0.02 +0.02 £ 0.02 + 0.01 + 0.01
AP 0.214£0.02 4 0.02 +0.02 £ 0.01 4 0.01
AP=PE 0,23 4£0.02 4+ 0.02 + 0.02 £ 0.01 4 0.01
AP 0.25 40,03 +0.03 +0.03 +0.01 £ 0.01
VB(.—>D§

© 0 0.33:£0.03 +0.03 +0.03 £ 0.02 £ 0.01
o0 0.28 +0.03 & 0.03 & 0.03 & 0.02 4+ 0.01

T3P 028 40.03 +0.03 £ 0.03 4+ 0.02 + 0.01
757D 0.2740.03 +0.03 £ 0.03 +0.02 + 0.01

VB . —D*

0.063 £ 0.001 +0.001 0.0024 £ 0.0000 =+ 0.0000
0.043 £ 0.001 £ 0.001 0.0018 £ 0.0001 £ 0.0001
0.067 £0.001 £ 0.001 0.0026 £ 0.0001 +£ 0.0001
0.073 £ 0.002 £ 0.001 0.0029 £ 0.0001 £ 0.0001
0.063 £ 0.001 £ 0.001 0.0027 £ 0.0001 £ 0.0001
0.038 £0.001 £ 0.001 0.0017 £ 0.0001 +£ 0.0001

0.077 £0.002 £ 0.001  0.0049 = 0.0001 = 0.0001
0.064 +0.001 £0.001  0.0031 = 0.0002 =+ 0.0001
0.044 £0.002 £ 0.001  0.0022 =+ 0.0002 = 0.0001
0.069 = 0.002 = 0.001 0.0035 £ 0.0002 5507

0.075 £ 0.002 £ 0.001  0.0039 = 0.0002 + 0.0001

0.064 £ 0.001 £ 0.001
0.039 £ 0.001 £ 0.001
0.082 + 0.002 £ 0.001

0.0035 £ 0.0002 £ 0.0001
0.0023 £ 0.0002 =+ 0.0001
0.0068 + 0.0002 + 0.0002

094018-6



SEMILEPTONIC DECAYS ...
(%)

PHYSICAL REVIEW D 90, 094018 (2014)

TABLE IIl. Comparison of B, — D(;) transition form factors at g> = 0 evaluated in this paper with other methods.

B, —» DY F,(0) = Fy(0) Fr(0) Ao (0) A;(0) A>(0) V(0) T,(0) = T,(0) 75(0)
pQCD 0.19 0.20 0.17 0.18 0.20 0.25 0.22 0.20
Ref. [32] 0.16 - 0.09 0.08 0.07 0.13 - -
Ref. [40] 0.14 - 0.14 0.17 0.19 0.18 - -
Ref. [41] 0.189 - 0.284 0.146 0.158 0.296 - -
Ref. [42] 0.35 - 0.05 0.32 0.57 0.57 - -
Ref. [43] 0.32 - 0.35 0.43 0.51 1.66 - -
Ref. [44] 0.075 - 0.081 0.095 0.11 0.16 - -
B. > Dy F0)=Fo0)  Fr(0)  A0)  A(0) A (0) V(0) T, (0)=T,00)  T5(0)
pQCD 0.27 0.28 0.21 0.23 0.25 0.33 0.28 0.27
Ref. [32] 0.28 - 0.17 0.14 0.12 0.23 - -
Ref. [43] 0.45 - 0.47 0.56 0.65 2.02 - -
Ref. [44] 0.15 - 0.16 0.18 0.20 0.29 - -

TABLE IV. The pQCD predictions for the branching ratios of the considered decays (I = e, p).

Decay modes

pQCD predictions

Br(B; — DI*1") (37920356 (@3, ) 2074 (F5.) 203 (me) 533 (Cp) 1033 (fp) £ 0.34(75,)) x 107
Br(B; — D~r'r") (103283 (03, ) 2032 (£, 816 (me) “$8(Cp) + 0.09(£ ) % 0.09(zy,)) x 1072
Br(B; — Div) (3132930 (g, ) 7087 (F2,) 7030 (m.) 2834 (Cp) T938(f ) £ 0.28(z5,)) x 107
Br(B; — D;I*17) (1,56 036 (@p,) 1030 (f5.) 2013 (me) 2043 (Cp,) £ 0.07(fp,) + 0.14(zp ) x 1077
Br(B; - Dy7777) (0.382045 (@3, ) 2007 (f5,) 20004 () £ 0.03(Cp,) £ 0.02(fp,) £ 0.03(zp,)) x 107
Br(B; — D;iv) (1.292050 (@) 1035 (F5,) 20112 (me) 10710 (Cp, ) £ 0.06(fp,) £ 0.11(z5,)) x 107°
Br(B; — D" I*I") (121203 (@ ) 7028 () 013 (m,) £ 0.11(Cp ) 208 (fp) £ 0.11(z.) x 1078
Br(B; —» D" zt17) (0.162005 (wp,) £ 0.03(f5,) £ 0.02(m,) +0.01(Cp)*0.03(fp+) +0.01(zp,)) x 1078
Br(B; — D" v) (110205 (@) 2031 (f5,) 20117 (me) £ 0.10(Cp) 2037 (fp) £0.10(z3,)) x 107
Br(B; — Dy~ I*1I") (4402100 (w5 ) 2053 (F5,)2097 (me) 1031 (Cp: ) 2053 (Fy) £ 0.39(25 ) x 107
Br(B; —» D zt77) (0. 52+g}§(w31)fg; o(f5 l)+g(;g(m ) £0.03(Cp: )00 (fp:) £0.05(z5,)) x 1077
Br(B — Di o) (40443005 ) 05 (1) 08 (m) 28R (Cp) 1§55 () +0.36(z5)) x 10
Br(B; — D°I"p)) = (3.15207 (wp, ) 1561 (F5,) 1027 (me) 1039 (Cp) 1037 (fp) £ 0.28(z5,)) x 1075,
Br(B; — DYr0,) = (21650 B (w5, ) $45 () 1033 () 038(Co) 848 () % 0.19(z5.)) x 107,
Br(B; — D*I75;) = (1.09505¢ (wp ) 1053 (f5,) 1017 (me) £ 0.10(Cp-) 957 (fp-) £0.10(z5.)) x 1074,
Br(By — D0r,) = (0.64207 (05,2013 (f5.) 007 (o) 2008 (Cp ) 5013 (F ) £ 0.06(z5,)) x 1074, (34)

where the errors come from the uncertainties of
wg =1.0%£0.1, fp =0.489+0.050GeV, m, =(1.275+
0025)GeV Cpe =05+0.1, fp= (2067i89) MeV
or fp- = (270 £27) MeV, and 7p, = (0.45 £ 0.04) ps,
respectively. '

For the flavor-changing neutral-current processes, after
performing the numerical integration over the whole range
of 4m7 < ¢* < (mp_—m)?, we get the pQCD predictions
for the branching ratios of the considered decay modes,
which are listed in Table IV. The errors of the pQCD
predictions in Table IV come from the uncertainties
ofwg ,m, Cpy orC ),fD orf ),andTB , respectively.

From the pQCD predictions for the form factors Fy , 7 in
Table I, the form factors V, Ay ; ,, and Ty ; 5 in Table II, and
the pQCD predictions for the branching ratios as listed in
Eq. (34) and in Table IV, we have the following points:

(i) All the form factors for the transitions B, — Dy are
larger than the corresponding values for the tran-
sitions B, — D™ at q2 = 0, which characterizes the
SU(3)-breaking effect.

By definition, F(,(0) is equal to F, (0) for the B. —
D or B, — D, transition, but they have different ¢>
dependencies due to the different parameters (a, b).
T,(0) is equal to T, (0) for the B, - D* or B, — D}

(i)
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transition [by Eq. (17)]—as shown in Table II—
although their expressions are different in Egs. (25)
and (26).

(iii) Because of the phase-space suppression, the branch-
ing ratios of the decay modes with a 7 in the final
product are smaller than decay modes with an
electron or muon in the final product for the
charged-current process. For the flavor-changing
neutral-current processes with two z’s in the final
product, the branching ratios are much smaller than
the corresponding decays with electron or muon
pairs in the final product.

(iv) The branching ratios of the decay modes with Dv
are almost an order of magnitude larger than the
corresponding decays with [*/~ after the summation
over the three neutrino generations. Because of the
strong suppression of the CKM factor |V,;/V > =
|0.211)> [24], the branching ratios for the decay
modes with b — d transitions are much smaller than
those with b — s transitions.

In order to reduce the theoretical uncertainty of the form-
factor calculations, we define two ratios Ry, and R among
the branching ratios for the charged-current processes,

_ Br(B; - D" 1,)

Rp= _
P Br(B; = DIy,

=0.69=+£0.01(wp ) 500 (m.). (35)

Br(B; - D't 1,)

Rp = _
P Br(B; - DI y))

with [ = (e,u). These two relations will be tested by
experiments.

V. SUMMARY

In this paper we studied the B, — (D@), D?S)) transition
form factors Fo ;. 7(¢*) and V(g*), Ao12(¢%), T123(¢%) in

PHYSICAL REVIEW D 90, 094018 (2014)

the pQCD factorization approach based on k7 factorization.
The pQCD predictions for the values of the B, — D, and
B, — DZFS) transition form factors agree with those obtained

using other methods. Utilizing these form factors, we
calculated the branching ratios for all of the semileptonic
decays of B} — DE;)) (Ifv,, "1, v). Because of the phase-
space suppression, the production ratios of the decay modes
with a 7 lepton in the final product are smaller than the
corresponding decays with an electron or muon in the final
product. The branching ratios of the decay modes with vy
are almost an order of magnitude larger than the corre-
sponding decays with /7]~ after the summation over the
three neutrino generations. The branching ratios for the
decays with b — d transitions are much smaller than those
with b — s transitions.

In order to reduce the theoretical uncertainty of the
pQCD predictions, we defined two ratios Rp and Rp:
among the branching ratios for the charged-current proc-
esses. The pQCD predictions are

Br(B; —» Dt 1,)
Br(B; — D'I7y))

Rp = ~0.7, (37)

Br(B; —» D't 1,)

Rp = ~
P Br(B; - DIy))

~ 0.6, (38)

with [ = (e, ). It would be possible to test these predic-
tions at the LHCb and the forthcoming Super B
experiments.
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