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In this paper we first calculate the form factors of B — (77, K) and B, — K transitions by employing the
perturbative QCD (pQCD) factorization approach with the inclusion of the next-to-leading-order (NLO)
corrections, and then we calculate the branching ratios of the corresponding semileptonic decays B/B, —
(7, K)(I" 17, lv, v) (here [ denotes e, u, and 7). Based on the numerical calculations and phenomeno-
logical analysis, we find the following results: (a) For B — (7, K) and B, — K transition form factors
Fy +.1(g%), the NLO pQCD predictions for the values of F, 1 1(0) and their g> dependence agree well with
those obtained from other methods; (b) for B® — 7+1~#;, K°I*1~ and B~ — #°l" 1, K~ I"]~ decay
modes, the NLO pQCD predictions for their branching ratios agree very well with the measured values;
(c) by comparing the pQCD predictions for Br(B® — 71~ 7,) with the measured decay rate, we extract
out the magnitude of V,,: |V,;,| = (3.801’8:28(theor) +0.13) X 1073; (d) we also define several ratios of
the branching ratios, R, R¢c and Ry vz 3, and present the corresponding pQCD predictions, which will
be tested by LHCb and the forthcoming Super-B experiments.
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I. INTRODUCTION

The semileptonic decays B — (ar, K)(I*1~, v, v¥) and
B, — K(I*I~, Iy, vp) with | = (e, u, 7) are very interest-
ing B/B, decays modes and play an important role in
testing the standard model (SM) and in searching for the
new physics (NP) beyond the SM, such as the determina-
tion of |V,,| and the extractions of the transition form
factors Fy 1 1(¢*) of B/B, meson to pion and/or kaon.
For the charged current B/B, — Plv decays, the “tree”
diagrams provide the leading-order contribution. For the
neutral current B/B; — PI*1~ and Pvv decays, however,
the leading-order SM contributions come from the photon
penguin, the Z penguin, and the W* W~ box diagrams, as
shown in Fig. 1, where the symbol & denotes the corre-
sponding one-loop SM contributions.

On the experiment side, some decay modes among all
the considered B — P(I*17, lv, vp) decays have been
measured by CLEO, BABAR, Belle, and LHCb experi-
ments [1-5]. The B, — K(I*I1~, lv, vp) decays are now
under study and will be measured by the LHCb and the
forthcoming Super-B experiments [6,7].

On the theory side, the considered semileptonic decays
strongly depend on the values and the shape of the B/B, —
P form factors. At present, there are various approaches to
calculate the B/B, — (7, K) transition form factors, such
as the lattice QCD technique [8], the light-cone QCD sum
rules (LCSRs) [9-12], as well as the perturbative QCD
(pQCD) factorization approach [13—17]. The direct pertur-
bative calculations of the one-gluon exchange diagram
for the B(;) meson transition form factors suffer from the
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end-point singularities. Because of these end-point singu-
larities, it was claimed that the B — P transition form
factors are not calculable perturbatively in QCD [18].

In the pQCD factorization approach [19], however, a
form factor is generally written as the convolution of a hard
amplitude with initial-state and final-state hadron distribu-
tion amplitudes. In fact, in the end-point region, the parton
transverse momenta kt is not negligible. If the large double
logarithmic term «,In’(ky) and large logarithms aIn?(x)
are resummed to all orders, the relevant Sudakov form
factors from both the kr resummation and the threshold
resummation [20,21] can cure the end-point singularity
which makes the perturbative calculation of the hard
amplitudes infrared safe, and then the main contribution
comes from the perturbative regions.

In Refs. [13,16], for example, the authors calculated the
B — m, p [13] and B — S form factors [16] at the leading
order by employing the pQCD factorization approach and
found that the values of the corresponding form factors
coming from the pQCD factorization approach agree well
with those obtained by using other methods [9-12]. In a
recent paper [22], Li, Shen, and Wang calculated the next-
to-leading-order (NLO) corrections to the B — r transition
form factors at leading twist in the kt factorization theorem.
They found that the NLO corrections amount up to only
30% of the form factors at the large recoil region of the pion.

In this paper, based on the assumption of the SU(3)
flavor symmetry, we first extend the NLO results about
the B — 7 form factors as presented in Ref. [22] to the
cases of B— K and B; — K directly and then calculate
the g*> dependence of the differential decay rates and the
branching ratios of the considered B/B; semileptonic
decay modes and extract |V, | based on our calculations.
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FIG. 1 (color online).

The typical Feynman diagrams for the semileptonic decays B/B; — (m, K)(I* 1™, I, v¥), where the symbol &

in (b) and (e) denotes the flavor-changing neutral current vertex with V = vy and/or Z boson.

This paper is organized as follows. In Sec. II, we collect
the distribution amplitudes of the B/B; mesons and the 77,
K mesons being used in the calculation and give the
kr-dependent NLO expressions of the corresponding tran-
sition form factors. In Sec. 111, based on the k1 factorization
theorem, we calculate and present the expressions for the
B/B, — , K transition form factors in the large recoil
regions. The numerical results and relevant discussions are
given in Secs. IV and V, contains the conclusions and a
short summary.

II. THE THEORETICAL FRAMEWORK
AND NLO CORRECTIONS

For the sake of simplicity, we use B to denote both the B
and B, meson, and P denotes final meson 7 or K from now
on. As usual, we treat the B meson as a heavy-light system.
In the B meson rest frame, the mp stands for the mass of B
meson, and we define the B meson momentum p; and the
final meson P (say 7 or K meson) momentum p, in the
light-cone coordinates

m m

pr="p50100,  py="2n0.10) (D)

with the energy fraction 7 = 1 — ¢*>/m3% carried by the

final meson (here ¢ = p; — p,). The light spectator

momenta k; in the B meson and k, in the final meson are
parametrized as

ky = <x1%,0, k1T>,

Because of the final pseudoscalar meson moving along the
minus direction with large momentum, the plus component

m
ky = (0; xz”ITS: sz) (2)

of its partons momentum should be very small, so it’s
dropped in the expression of k,. But the four components
of k; should be of the same order, i.e., O(A), with A =
mpg — my,, my,, being the b quark mass. However, since k, is
mainly in the minus direction with k; ~ O(mp), the hard
amplitudes will not depend on the minus component k; as
explained below. This is the reason why we do not give k|
in Eq. (2) explicitly.

In Ref. [22], the authors derived the kr-dependent NLO
hard kernel for the B — 7 transition form factor. We here
use their results directly for B — 7 transition processes
and extend the expressions of B — 7 form factors to the
ones for both B— K and B, — K transitions, under the
assumption of SU(3) flavor symmetry. As given in Eq. 56
of Ref. [22], the NLO hard kernel H") can be written as

HY = F(xy, x3, m, pp, t, §)HO

C 2 2 2
= 7a‘?(ﬂf) F [2 ln'u— — (ln@ + E) nﬂ
4 2 g2

4 my ms
7, 1, 1
+ —1In (X1X2) + gln X1 + Z lnx1 lnx2

16
+ (2 lnng—? + % Inn — %) Inx; + (% Inn — %) Inx,
+ (% - % 1m7)1m; - % lan—lézg(3 lnn;—]z3 + 2)
+ % m + 21—169]11(0), 3)

where {; = 25mp [22], s is the factorization scale and
set to the hard scales #; or #, as defined in the Appendix,
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n =1—(p; — p,)*/m3 is the energy fraction carried by
the final meson, and finally the renormalization scale w is
defined as [22]

5.5 27 . 22
to(pp) = {Expl:c1 + (111@ + _) hlﬂ—ﬁ]X?X?} “r,
m

G4 my
4)
with the coefficients
15 7 1, m3 m3
101 , 219
- -
48 16
2
B my 1 1
Cy = _<21H§—12 + g 11'1’)7 - Z),
7 3
=——Inn +-.
c3 g nm 5 (5)

In this paper, we use the distribution amplitudes (DAs)
of B/B, meson as those widely adopted in the pQCD
analysis, for example, in Refs. [23-27],

bp(x, b) = Npx*(1 — x)? exp[_ l(%)2 - w%’bz],

2\ wy 2
(0)
and
¢p (x,b) = NB“xz(l —x)? exp[—%(%y — #],
(7

where the normalization factors N, B, are related to the
decay constants fp  through

1 /B
dx x, b=0)="L,
L d)B(l\)( ) 2\/6

Here the shape parameter w,, has been fixed at 0.40 GeV by
using the rich experimental data on the B mesons with
fg = 0.21 GeV. Correspondingly, the normalization con-
stant Ny is 101.4. For the B, meson, we adopt the shape
parameter wp = 0.50 GeV with fz = 0.23 GeV, thenthe
corresponding normalization constant is Ng = 63.67. In
order to analyze the uncertainties of theoretical predictions
induced by the inputs, we will vary the shape parameters w,,
and wg by 10%, i.e., setting w;, = 0.40 = 0.04 GeV and
wp = 0.50 = 0.05 GeV, respectively.

In Ref. [22], the authors used another form of ¢ 5 (x, b) as
given in Eq. 56 of Ref. [22] to calculate the relevant form
factors, and they also investigated the effects if the popular
form of ¢y (x, b) as given here in Eq. (6), i.e., the ¢p(x, b)
as given in Eq. 62 of Ref. [22], was used.

For the 7 and K mesons, we adopt the same set of
distribution amplitudes ¢%(x) (the leading twist-2) and
¢PT(x) with i = (m, K) as defined in Refs. [10,28,29]),

)

PHYSICAL REVIEW D 86, 114025 (2012)

¢ (x) = %x(l =+ a,G(0) + a6 (1)
+a,C2 (1)) 9)

_ fi _é 1/2
@) = L[ 1+ (30m 5 00

9
- 3{773603 + ot 6a2)}c;/2(t)], (10)

I 1
#7() = St o[ 1+ (515~ 5 mos
7 3
~ 5P gp%az)@/ 2(r)], (11)

where t =2x—1, p g = mW(K)/mg(K) are the mass
ratios (here mT = m%/(m, + my) = 1.4 £ 0.1 GeV and
m& = m%/(m; + my) = 1.6 = 0.1 GeV are the chiral
mass of pion and kaon), af’K are the Gegenbauer moments,
and C%(¢) are the Gegenbauer polynomials

1
cPy=3, o= 562 = 1),

1

3
GO =362 =1, ) =53 -307 +351),

0|

15
(1) = 5 (1= 147 + 217, (12)

The Gegenbauer moments appearing in Egs. (9)—(11) are
the following [10,28]:

a™ =0,  a¥=0.06=*0.03,
aT® =025+0.15 a7 = —0.015, (13)
7% =0015 o] =-3

III. FORM FACTORS AND
SEMILEPTONIC DECAYS

A. B(;) — mr, K form factors

The form factors for B — P transition are defined
by [30]

(P(p2)16(0)y ,.q(0)|B(py))
2 2

ms —m
= [(Pl + P2y — %qﬂ]fﬂ(qz)
m2 — m2
+ %quo(qz), (14)

where ¢ = p; — p, is the momentum transfer to the lepton
pairs. In order to cancel the poles at ¢g*> = 0, F, (0) should
be equal to F(0). For the sake of the calculation, it is

114025-3



WEN-FEI WANG AND ZHEN-JUN XIAO PHYSICAL REVIEW D 86, 114025 (2012)

convenient to define the auxiliary form factors f;(g%>) and  As for the tensor operator, there is only one independent

f2(q?), form factor, which is important for the semileptonic decay,
(P(p2)16(0)y . qO)B(p1) = f1(@*)P1p + 2047 Pop- i
(15) (P(p2)|b(0)0,,q(0)|B(p1)) = ilp2pqy — 4,P2,]
% 2Fr(q?)

in terms of £(g?) and f,(g?), the form factors F, (¢*) and

+ ’
Fy(g?) are defined as Mp T Mp

P 2F(q%)
1 (P(p2)1b(0)0r ., y5qONB(P1) = €pvapps a® — .
Fi(g®) = E[fl (¢*) + f2(g»)], g g mp + mp
1 q2 (17)
Fo(q?) = = f1(q* [1 + 7]
1 e The above form factors are dominated by a single gluon
+ Ef 2(612)[ 1 - m] (16)  exchange in the lowest order and in the large recoil regions.
B~ Mp

The factorization formula for the B — P form factors is
| written as [13,15]

_ dztd?zr dy~d?
(P(p)5(0)y,q(0)|B(p))) = g2CpN, [ dxydxydhypdPlyy —— L 2 T
Q2m) 2m)

X e_ikz.y<P(p2)|‘_]/y(y)qﬁ(0)|0>eikl ‘Z<0|Ea(O)Q%(Z)lB(pl»Tgi;aa' (18)

In the hard-scattering kernel, the transverse momentum in the denominators is retained to regulate the end-point
singularity. The masses of the light quarks and the mass difference (A) between the b quark and the B meson are neglected.
The terms proportional to k?y, k37 in the numerator are dropped, because they are power suppressed compared to other
terms. In the transverse configuration b-space, and by including the Sudakov form factors and the threshold resummation
effects, we obtain the B — P form factors as following:

fi(g?) = 167Crmj, jdx1dx2 [b1dblb2db2¢3(x1, bi){[ro(¢?(xp) — ¢'(x2)) - hy(xy, X5, by, by)

— rox;mmEP7(xy) + hy(xy, xp, by, by)] - (1)) expl—Sap(11)] + [x1(n % (xy) — 2rodp?(x,))
+ 4rox, @P(x2)] + hy(xp, Xy, by, by) - (1) exp[ =S, (1) ]} (19)

1
f2(g%) = 167 Crm} fdx1dxz [b1db1b2db2 P p(x, b1){|:|:(xz77 + 1Dep%(x,) + 2"0((; - xz)W(xz) — X ¢P(x,)
+ 3¢‘T(X2)):| “hy(xy, xp, by, by) — roxymB(1 + x3m) 7 (x2) + ha(xy, x5, by, bz)] “a(t)) exp[—S,,(11)]

+ 2ro(x—nl T 1)¢P<x2) Iy 1, by by) as(r»exp[—sab(tz)]}, 20)

FT(qz) = SWCFm% [dxldX2 fbldblb2db2(1 + rP)ler(xl, bl){[roxlm%;tﬁ"(xz) . hz(xl,)Q, bl’ b2)
+ [¢“(X2) — roXadP(xy) + ”0(% + xz)‘f’t(xz) + r0¢"(x2)] “hy(xy, X, by, bz)] “a(t))
X expl - Suu(en)] + 2r0? ()1 + ;) (e 1 b by) - o) expl = Sup(2]) @)

where Cr = 4/3 is a color factor, ro = mf{/mg = m}/[mp(m, + my)], rp = mp/mp, and mp is the mass of the final
pseudoscalar meson, and m, and m/, is the mass of the quarks involved in the final meson. The functions 4, and £,, the
scales t,, t,, and the Sudakov factors S, are given in Appendix of this paper. One should note that f,(g?), f,(¢*) and
Fr(g?) as given in Egs. (19)—(21) do not include the NLO corrections. In order to include the NLO corrections, the a; in
Egs. (19)—(21) should be changed into a; - F(x, x5, 1, s 1), where the NLO factor F(x|, x5, 1, Mg My & 1) has been

defined in Eq. (3).
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B. Semileptonic B and B, meson decays

For the charged current B— 7l 7, and BY — K*[ ™ p,
decays, as illustrated in Figs. 1(a) and 1(d) the quark-level
transitions are the b — ul™ 7, transitions with [~ =
(e”, v~, 77). The effective Hamiltonian for such transi-
tions is [31]

H oi5(b — ulvy)

Gy .
= ZEy iy, (1= )b - Iyt (1 = ys)v, (22
N Yull = ys)b - Iy*(1 — ys)v, (22)

where Gp = 1.16637 X 107> GeV~2 is the Fermi-
coupling constant and V,, is one of the Cabbibo-
Kobayashi-Maskawa (CKM) matrix elements. The
corresponding differential decay widths can be written
as [16,32]

dU(b — ulp)  GHV,, 1> ¢ —m} |(g> — m?)?

dg>  19270my () 7
(mZ _ mZ _ 2)2
x\/ B 4;2 T2 — m3{m} +24?)
—mp)*llg* — (mg + mp)?]
— mp)*F(g*)},
(23)

X [g* — (mp
X F%(q%) + 3m3(m3

where m; is the mass of the lepton. If the produced lepton
is e* or u*, the corresponding mass terms could be
neglected, and the above expression then becomes

dU(b—ulp) _ Gk
dq’ 19273m

)ﬁﬂ(cﬁ)lVublzlzt(cﬁ)l2 (24)

where A(g?)
space factor.

For those flavor-changing neutral current one-loop
decay modes, such as B — Pl7 1" with P = (7, K) and
BY — K°I~I" decays, as illustrated in Fig. 1, the quark-
level transitions are the b — (s, d)I~ [ transitions, and the
corresponding effective Hamiltonian for such transitions is

= (m% + m3 — ¢*)* — 4m%m? is the phase-

GF 10

Hes = — ﬁv,b ;;cxmoi(m, (25)

where ¢ = (d, s), C;(u) are the Wilson coefficients and the
local operators O;(u) are given by [31]

PHYSICAL REVIEW D 86, 114025 (2012)

01 = (GaCa)v-a(Csbg)y_a,

05 = (Gacp)v-a(Cpba)y-a,

053 = (qaba)v—AZ(C_]/gq/ﬁ)v—A,
q/

04 = (Gubp)v-a D (@5qu)v-a
q/

Os = (Guba)v-2 2 (@3dp)v+a
7 (26)

O = (Zlabﬁ)VfAZ(ZI%qg)V+A,
q/

_emy _ "
07 = an”u' (1 + ’}/5)bF,uV,
aem T -
Oy = <~y Dlgy*(1 = y5)b]

%(Wﬂsl)[qv“(l — v5)b],

Oy =

where ¢ = (d, 5), ' = (u, d, ¢, 5, b).
For the decays with b — sl *[~ transition, for example,
the decay amplitude can be written as [31]

Ab—sltl)
2Gj— e s tb{cl()[syy(l — ys)b]lly*ysl]
+ G (w)[5y, (1 — ys)b][Iy*]

- 2mbcsff(u)[sifrw%(1 + ys)b][l‘wz]}, 27)

where Cif(w) and CSf(u) are the effective Wilson coef-
ficients, defined as
C§" () =

Cgff(/-l’) = Cg(,LL) pert(s) + YLD(S) (29)

Here the term Y, represents the short-distance perturba-
tive contributions and has been given in Ref. [33],

1
Yper‘[(‘e) = h(im,, §)Cy — Eh(l’ $)(4C; +4C, +3C5 + Cg)
1
- Eh((), 8)(C3 +3Cy)
2
+ §(3C3 + Cy + 3Cs + Cg), 30)
with CO Cl + 3C2 + 3C3 + C4 + 3C5 + C69 §=
q*/m%, .= m./m, and i, = m,/mp, while the

functions h(z, §) and h(0, §) in the above equation are of
the form
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4 2
h(z,§)=—gln%—glnz+§+—x—§(2+x)\/|1—xl

9 27 9
JI—x+1] _ — 47
(ln|71=_=;_—1| 177'), (x—T<1),
X (31)
2arctanﬁ, (x = 4§2 > 1),
8 8 4 4
ho.8) =~ 5 ln% —ghsdsim ()

The term Y;p(8) in Eq. (29) refers to the long-distance
contributions from the resonant states and will be neglected
because they could be excluded by experimental analysis
[34,35]. The term Cgﬁw in Eq. (28) is the absorptive part
of b — sv and is given by [36]

(2
Chosy () = it f5 171Gy x) — 0.1687] ~ 0.03C ()],
(33)
with

x,(x? — 5x, — 2)
8(x, — 1)3

2
3x; Inx,

G,(x,) = 4()6, — 1)4,

(34)

where 1 = a(my)/a,(n) and x, = m?/m?,.
The differential decay width of b — sI™I~ is given by
[16,37]
dl'(b— sl™17)
dq?
_ GragmlVu PIVEPYA(GY) [¢* —4m] 1

512m3ar 7 34

X [6m%|cm|2<m% — M) + (¢ + 2m)A(D)
205 (my — m,)Fr(qP) |2

mB+mP

X

CSffF+ (5]2) +

+1Crl(g? - 4m,2)A(q2)F2+(q2)], (35)

where a.,, = 1/137 is the fine structure constant. For b —
dI*1~ decays, it is easy to derive the differential decay
width from the above equation by a simple replacement,
Vm — th and mg — my.

Finally, the effective Hamiltonian for b — svv
transition is
Hyss = E 00y yn X(e)[572(1 — 79)b]
V2 2msin?(0y)
X [Py, (1 = ys)v]
= Cbs0b, (36)

where 6y, is the Weinberg angle with sin?(6y,) = 0.231,
the function X(x,) can be found in Ref. [31], while nx =~ 1

PHYSICAL REVIEW D 86, 114025 (2012)

is the QCD factor [31]. The corresponding differential
decay width can be written as

dU(b — svp) _ _|Co*[PA32(m3, m3, ¢°) IF.(q?)?
g 96m3 e

(37)

The factor 3 in the above equation arises form the summa-
tion over the three neutrino generations. For b — dvv
transition, we can obtain the differential decay widths
easily also by the simple replacements, |V;;| — |V, and
mg — my.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In the numerical calculations we use the following input
parameters (the masses and decay constants are all in units
of GeV) [38]:

ATV =0287,  f,=013,  fr=0.16,
fp=021£002,  fp =0.23*0.03,
mge =5.2792,  mmp =52795,  mp = 5.3663,
T+ = 1.638 ps, Tgo = 1.525 ps, T = 1.472 ps,
my- =0.1396, m_o=0.135  mg- =0.4937,
mgo = 0.4976, m, = 1.777, my, = 4.8,
my =804, m,=172. (38)

For relevant CKM matrix elements we use |V,,| = 0.999,
[Visl = 0.0403%00007, [Via/Visl = 0.211 = 0.001 *+ 0.005
[38].

A. Form factors in the pQCD factorization approach

By using the definitions in Egs. (16) and (17), and the
expressions in Egs. (19)—(21), we can calculate the values
of the form factors Fy(g?), F,(q%), and Fr(g?) for given
values of g in the region of 0 < ¢> = (Mg — mp)>. But
one should note that the pQCD predictions for the consid-
ered form factors are reliable only for small or moderate
values of g%: say 0 = ¢g> = 12 GeV?. For the form factors
in the larger ¢ region, one has to make an extrapolation for
them from the lower ¢ region to the larger ¢> region.

For the form factor F(¢?) of B/B, — (7, K) transition,
we make the extrapolation by using the pole model
parametrization

Fy(0)
1 = a(g*/m3) + b(g*/m3p)*’

where a, b are the constants to be determined by the fitting
procedure. In Table I, we list the LO and NLO pQCD
predictions for the form factors F(,(0) and the correspond-
ing parametrization constant a and b for B — (7, K) and
B, — K transitions, extracted through the fitting. The first
error of Fy(0) in Table I comes from the uncertainty of
wp = 0.40 = 0.04 GeV or wg = 0.50 £ 0.05 GeV, the

Folg?) =

(39)
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TABLE 1.

PHYSICAL REVIEW D 86, 114025 (2012)

The pQCD predictions for form factors F;,(0) and the parametrization constant a

and b for B— (7, K) and B; — K transitions at the LO and NLO level, respectively.

aLo

bLo

Fo(0)Lo
B—w 0.221903 +0.03 = 0.01
B—K 0.27130 +0.03 = 0.01
B,— K 0.22 = 0.03 = 0.03 = 0.01
Fy(O)no
B—w 0.261004 +0.03 = 0.02
B—K 0.31 + 0.04 = 0.03 + 0.02
B,— K 0.267004 +0.03 = 0.02

0.58 = 0.01 = 0.03
0.60 = 0.01 = 0.03
0.61 = 0.013004
aNLO
0.50 = 0.017993
0.53 = 0.01799%3
0.54 = 0.00 = 0.05

—0.15 £0.01 = 0.01

— +0.01+0.01
0. 15*0.00*0.02

—0.16 = 0.00°3.%
bnro
—0.13 = 0.01 = 0.01
—0.13 = 0.019%
—0.15 = 0.01 = 0.01

second error comes from the uncertainty of fz = 0.21 =
0.02 GeV or fp, = 0.23 = 0.03 GeV, and the third one is
induced by aX = 0.06 = 0.03 and/or a5 = 0.25 + 0.15.
The errors from the uncertainties of m§ = 1.4 = 0.1 GeV,
mE=1.6*0.1GeV, |V,|=0.04037501 and |V,,/V,s|=
0.211£0.001x=0.005 are very small and have been
neglected.

For the form factors F, (¢?) and Fr(g?), the pole model
parametrization as given in Eq. (39) does not work, and we
have to use another proper parametrization method. In this
paper, we use the Ball/Zwicky (BZ) parametrization
method [10,39,40]. It includes the essential feature that
F.(¢%) and F1(g*) have a pole at ¢> = m3., with B*(17) is
a narrow resonance with mpg = 5.325 GeV and mp: =
5.415 GeV, which are expected to have a distinctive
impact on the form factor.

For the form factors F,(¢*) and Fr(¢?) of B/B, —
(77, K) transition, we make the extrapolation by using the
BZ parametrization

1
Fi(q*) = Fi«D(ﬁ
b= ai/my,
rqz/m%a)

_I_
(1= ¢*/my )1~ ag?/ni

)

where « and r are the shape parameters to be determined
by the fitting procedure, the same as for the case of
Fy(g?). In Table II, we list the pQCD predictions for the
form factors F, (0), Fr(0) and the corresponding shape
parameters (a, r) for B— (77, K) and B, — K transitions
at the LO and NLO level. In Fig. 2, we show the pQCD
predictions for the form factors Fp(g?) for B — 7 tran-
sition, where the dots refer to the pQCD predictions for
each given value of ¢” in the large-recoil range of 0 <
g* = 12 GeV?, while the solid curve stands for the fitted
curve at the NLO level, obtained through fitting by using

Eq. (40).

The same as in Table I, but for the pQCD predictions for the form factors F_ (0),

Fr(0) and the corresponding shape parameters « and r at the LO and the NLO level.

aLo

Lo

TABLE II.
F, (0o

B— 0.221203 = 0.03 = 0.01

B—K 0.27100 +0.03 = 0.01

B,— K 0.22 =+ 0.03 = 0.03 = 0.01
Fr(0)Lo

B—w 0.23 = 0.03 = 0.03 = 0.01

B—K 0.30190¢ + 0.03 = 0.01

B,— K 0.25709% +0.03 = 0.01
F1(O)xro

B—w 0.26120¢ + 0.03 + 0.02

B—K 0.31 = 0.04 = 0.03 = 0.02

B,— K 0.26720% = 0.03 = 0.02
Fr(0)nco

B— 0.26720% = 0.03 = 0.02

B—K 0.347203 = 0.03 = 0.02

B,— K 0.28 = 0.04 = 0.04 = 0.02

0.6170:99 + 0.01
0.620:99 + 0.01
0.64 = 0.00 = 0.01
aLo
0.6975:9 + 0.01
0.717339 = 0.01
0.71133) = 0.01
ANLO
0.52 +0.01 £ 0.03
0.54 +0.011202
0.57 * 0.01 * 0.02
ANLO
0.657231 +0.01
0.67 + 0.01 * 0.01
0.69 + 0.01 + 0.01

0.51 = 0.00 = 0.03
0.58 = 0.00 = 0.03
0.56 = 0.00= 904
Lo
0.55 = 0.01 = 0.03
0.58 = 0.01 = 0.03
0.59 = 0.00 = 0.03
'NLO
0.45 = 0.007293
0.50 = 0.00 = 0.05
0.50 = 0.01 = 0.05
'NLO
0.50 = 0.00 * 0.00
0.53 = 0.007093

+0.01+0.04
0'53*0.00*0.02
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0.8

FIG. 2 (color online).

2 4 6 8
a%(GeV?) B-n

10

curve at the NLO level.

In Figs. 3-5, we show the pQCD predictions for the ¢>
dependence of the form factors F , t(¢?) at the leading
order (dots curves) and the next-to-leading-order (solid
curve) for the considered B — (7, K) and B; — K tran-
sitions, respectively. The shaded band shows the total
theoretical error of the pQCD predictions, which is
obtained by adding the individual theoretical errors in

quadrature.

From the numerical results as listed in Table I and II and
the ¢> dependence as illustrated in Figs. 3-5, one can see

that

(i) For the considered B — (1, K) and B, — K transi-
tions, the NLO pQCD predictions for the form

12

14

The pQCD predictions for the form
factors Fr(g?) for B — r transition, where the dots refer to
the pQCD predictions for the given points of ¢ in the range of
0 < ¢*> = 12 GeV?, while the solid curve stands for the fitted

PHYSICAL REVIEW D 86, 114025 (2012)

factors F, 4 1(0) agree well with the values estimated
from the LCSR or other methods [10].

(ii) Fy(0) equals to F,(0) by definition, but they have
different g> dependence, as illustrated by Figs. 3-5.
We also observe the pattern of the relative strength
of the form factors,

FE77(0) = Fory X (0) = FE7X(0), (41

FB=7(0) < FE7X(0) = FE—K(0),  (42)
which is consistent with the general expectation.

(iii) The LO part of the form factors dominates the total
contribution, while the NLO part is only around
20%. The form factor Fy(g?) has a relatively
weak ¢°> dependence, but F,(g?) and Fr(g?)
show a little stronger ¢> dependence when com-
pared with Fy(g?).

As listed in Table I, our LO pQCD prediction for

FE=7(0) is

Its

FE~7(0) = 0.221093 + 0.03 = 0.01. (43)

central value is smaller than some previous LO pQCD

predictions for FE~7(0), for example F5~7(0) =

0. 29+0.07+0.00

005 00i as given in Ref. [41]. We checked and found

the following two major reasons for this difference:

(i) We considered the contribution of the term ¢,
which was neglected by most earlier works. At the
leading order, if we neglect ¢2 term, the pQCD

1-0 T T 1T T 71T 71 1.0 T T T T 7T 1-0'X'I'I'T'T
[ | —— Total [ |—— Total 1 [ |—— Total
0.8 Lo B 0.8 Lo - 0.8
L [--- NLO L [-- NLO i
& 06
O
2|
w04
0.2
0 e e 0.0 Lon e i A o i e i i Y R
0034 6 8 10 12 () 6 8 10 12 = 6 s 10 12
q? (GeV?) 9% (GeV?) q? (GeV?)

FIG. 3 (color online). The pQCD predictions for the ¢> dependence of F O,J_T(qz) for B — 7 transition, where the dots curve and dot-
dashed curve show the LO and NLO parts, respectively, and the solid curve stands for the total value at the NLO level, while the shaded
band shows the total theoretical uncertainty.

0.8
0.6
04

0.2

0.0

[ |— Total

L [--- NLO

FIG. 4 (color online).

1

6

q° (GeV?)

114025-8

The same as in Fig. 3 but for B — K transition.



SEMILEPTONIC DECAYS B/B, — (m, k) (1" 1", Iy, v) ...

1.0

1.0

PHYSICAL REVIEW D 86, 114025 (2012)

0.8

10——FT——7——71——71—

= 0.8

0.8

prediction for the central value of F5~7(0) will be

FIG. 5 (color online).

changed from 0.22 to 0.26.

(i1) Besides the effect of the term ¢Z, if we change the
value of the parameter C in the threshold resumma-
tion factor S,(x), as given in Eq. (A1), from 0.4 to

The same as in Fig. 3 but for B, — K transition.

(iii)) The theoretical error in our predictions is a little
smaller but close to the ones given in previous
works. As is well known, the estimation of the
theoretical errors strongly depends on the choices
of the uncertainties of relevant input parameters.

0.3 (most earlier works used C = 0.3), the pQCD

prediction for the central value of FE~7(0) will be
changed further from 0.26 to 0.29, which is the value

as given in Ref. [41].

B. Decay widths and branching ratios

By using the relevant formula and the input para-
meters as defined or given in previous sections, it is

4 T 4 T
i B —> neve(uvu) 1 i B —> TV,
& 3 1 & 37 ]
b 5
o [ o
~ r ~
— 5L i -
o L
o No'
o k)
—~ -~
— —
T 1F . ©
O wwwwwwwww Lo aaaaaay Lo aaaaaay Lo aaaaaay Lo aaaaaa LiN\
0 5 10 15 20 25
9% (GeV?)
0.5 T T T T T 0.4 T T T 4 T T T T T
LU - B —> nvv
B—>ne e (;fu ) B—>nt't
o4 b — sk ] __sf ]
3 5 S
S 03F ] =] Py
: : 02F 3 T 2f ]
o
g oz 1 % Y
| = [
©° ©° L | 1F 3
0.1F ] 0.1 ©
0.0 \ \ \ \ \ 0.0 \ \ . 0 . . , . .
0 5 10 15 20 25 10 15 20 25 0 5 10 15 20 25
9% (GeV?) 9% (Gev?) q* (Gev?)
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—~ —~ 0.75F E —~
§& 10F ] Q S sl 1
= o =
~ ~ 050 ] —
N 3] o
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© 05F B 9 T 4+ q
= = =
o S 025F 1 S
0.0 , , , , 0.00 . . . . . 0 , , , ,
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a2 (GeV?) 9% (GeV?) a? (GeV?)

FIG. 6. The ¢* dependence of the differential decay rates dI'/dq> for the decay processes with the B — 7r and B — K transitions.
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FIG. 7.

straightforward to calculate the branching ratios for all the
considered decays.

First, in Figs. 6 and 7, we show the differential decay
rates dI'/dq? for the decay modes corresponding to the
B — (1, K) and B; — K transitions.

By making the numerical integrations over the
whole range of g%, we find the numerical results for the
branching ratios. For the b — u charged current pro-
cesses, the NLO pQCD predictions for the decay rates
are the following:

Br(B — 771" ;) = (1.427030(w,) 038 (f5) = 0.15(a)

| ub|2

— 17X 1074,
10.0038]>

+0.12(m7)) -
(44)

Br(B — w7 5,) = (090703 (w,) 018(F5) "002(a7)

| ubl

— X 1074
|0.0038?

+ 0.08(m7)) -

(45)
Br(B~ — 7%l 7)) = (7.6377 %(w,) T132(Fp) T052
|Vub|

X 1077,
|0. OO38|2

X (a7)Z53(mg)) -
(46)
|

Br(B" — 7t 5, = {

(1.41 + 0.05(syst) + 0.07(stat)) X 10™4,
(1.44 = 0.05) X 1074,

The ¢? dependence of the differential decay rates dI'/dg> for the decay processes with the B, — K transitions.

Br(B~ — 707" 7,) = (4.85" [ $H(w,) "0 (F5) 0]
X @) i) vl 10
10.0038|?
47
Br(B)— K*1"7;) = (1.27%33%(w; ) *§33(f5) 7014
X @) ) 1074
10.0038]2
(43)
Br(B)— K7 7,) = (178 33} (05) 15108
X @) 38 0nk) - Vel 1073
10.0038|?
(49)

where the first error comes from the uncertainties of
wp = 0.40 £ 0.04 or wp, = 0.50 = 0.05, the second error
is induced by the uncertainties of fp = 0.21 = 0.02 or
fps =0.23 £0.03, the third one comes from a} =
0.06 = 0.03 or aT’® = 0.25 = 0.15, while the fourth one
corresponds to the uncertainties of m§ = 1.4 = 0.1 GeV
or m§ = 1.6 =0.1 GeV.

For B — 771~ 7, and B~ — 7% p, decay mode, their
branching ratios have been well measured by BABAR, Belle,
and CLEO Collaborations [1-3]. The new BABAR measure-
ment [1] and the new world average [42] are the following:

BABAR[1],

(50)
PDG2012[37],
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Br(B~— 7%l p,)=(7.78 £0.28) X 1073,
(51)

On the other hand, we know that one can extract out the
magnitude of the CKM matrix element V,;, by comparing
the theoretical prediction for Br(B — #rlv) with the data.

Based on the measured partial branching fraction for
B — mlv in the range of 0 < ¢?> <12 GeV? and the
most recent QCD light-cone sum-rule calculation of the
form factor F,(q?) [43], BABAR Collaboration found
the result [1]

ol = (3.78 = 0.13(exp) T zp(theor)) X 1077,
[Vl = (3.78 £ 0.13(exp) T35 (theor)) X 1073, (52)

where the two errors refer to the experimental and theo-
retical uncertainties.

From the differential decay rate as given in Eq. (24)
and the pQCD calculation of the form factor F,(g?) at
the NLO level, we make the numerical integration over
the whole range of 0 < ¢*> = (Mz — m,)?, compare the
obtained branching ratio for B — 771~ 7, with the new
BABAR measurement as given in Eq. (50) and derive our
estimation for the magnitude of V,,

Vil = (3.8023:38() 1033(f5) * 0.20(aF) 1 {3(m)
+ 0.13(exp)) X 1073
= (3.8010%(theor) = 0.13(exp)) X 1073, (53)

The above estimation for |V, | agrees well with the BABAR
result as given in Eq. (52) [1].

Our estimation for |V,,;,| as given in Eq. (53), however, is
much larger than |V,,| = (2.907077(th) =313 (exp)) X 1073
extracted in Ref. [22], where the form factors were also
computed in the pQCD approach, but the B-meson distri-
bution amplitudes as given in Eq. (59) instead of Eq. (62)
(the same one as used in this paper) in Ref. [22] were used
in their analysis. The major reason for the difference
between the two extracted values of |V, | is that different
B-meson DAs were used in Ref. [22] and in our paper.

For the B — 7rlp; decay with [ = (e, w), as shown in
Eq. (24), its differential decay rate is proportional to the
product of the |V,,|?> and |F, (g%, ie., dT'(b — ulp;)/
dg* « |V, |1*|F4(g*)|%. As indicated also in Ref. [22], the
value of the form factor F (g?) with the B-meson DAs in
Eq. (62) of Ref. [22], which is the same one as the model in
Eq. (6) of this paper, is approximately 25% smaller than
those with the model in Eq. (59) of Ref. [22]. Since we use
the same measured branching ratios Br(B — [7;) as ex-
perimental input, a smaller form factor F,(g?) indeed
leads to a larger |V,;| and vice versa.

For other neutral current processes, after making the
numerical integration over the whole range of 0 < ¢*> <
(Mg — m,)?, we find the NLO pQCD predictions for the
branching ratios. The pQCD predictions at the NLO level
and currently available data are all listed in Table III. The
first error of the pQCD predictions comes from the

PDG2012[37].

PHYSICAL REVIEW D 86, 114025 (2012)

uncertainties of w;, or wg , the second error comes from
the uncertainties of the fp of fp , the third one from a¥

and/or a;®, and the fourth one is induced by the uncer-
tainties of the chiral mass mJ~.

From the NLO pQCD predictions for the branching
ratios of all considered semileptonic decays of B and B
meson, as listed in Eqgs. (45)—(48) and Table III, we have
the following points:

(i) The branching ratios of the charged current pro-
cesses B — mrlv and B; — Klv are all at the order
of 107*. For B — 71" 9,and B~ — #°l” b, decay
modes, the pQCD predictions for its branching ratios
as shown in Egs. (44) and (46) agree very well with
the data as given in Egs. (50) and (51). For other
charged current decay modes, the pQCD predictions
as given in Egs. (45) and (47)—(49) will be tested by
the LHCb and the forthcoming Super-B experiments.

(ii) For the neutral current B — K°/*/~ and B~ —
K~I"1~ decays, the NLO pQCD predictions for
their branching ratios agree very well with currently
available experimental measurements. For other
neutral current decays, the NLO pQCD predictions
are all consistent with currently available experi-
mental upper limits and will be tested by LHCb and
the forthcoming Super-B experiments.

(iii) Because of the strong suppression of the CKM
factor |V,;/V,|> = 0.211%> [38], the branching
ratios for the decays with b — d transitions are
much smaller than those decays with the b — s
transitions. Furthermore, the branching ratios of
B(;) — Pvv are almost an order larger than their
corresponding decay modes B — PIT[~, par-
tially due to the generation factor N, = 3. In order
to reduce the theoretical uncertainty of the pQCD
predictions, we defined several ratios R,, R, and
Ry1.n2n3 among the branching ratios of the con-
sidered decay modes.

The NLO pQCD prediction for the ratio R, is of the
form

_ Br(B"— #%vp) _ Br(B*— K'vp)
" Br(B'— #1717)  Br(B'— ROITI)
Br(B~ — 7 vp) _ Br(B~ — K vp)
Br(B-— 7 I"1") Br(B-— K ['])

_ Br(BY— K%p)
BB = Kty

(54)

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

(iv) Because of the large mass of 7 lepton, we found that
the considered B/ B, decays involving one or two 7’s
in the final state have a smaller decay rate than those
without 7. The pQCD predictions for the ratios R,
and Ry yo 3 of the corresponding branching ratios
of relevant decays are the following:
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TABLE III.

PHYSICAL REVIEW D 86, 114025 (2012)

The NLO pQCD predictions for the branching ratios of the considered decays

with [ = (e, u) and currently available experimental measurements [1-5,44] and the world
averages [42]. The upper limits are all given at the 90% C.L.

Decay modes NLO pQCD predictions Data
Br(B° — #*17) (0.917336+0.18 + 0,10 = 0.08) X 1073 <1.2x 1077
Br(B — 77" 77) (0.281207+0.06 + 0.02 + 0.03) X 107%

BI'(BO — 77.01”—)) (7.304:2.07+1.45+0.79+0.63) X 10—8 <22 X 10—4

Br(B~ — w It17)
Br(B-— 7 17717)
Br(B~ — 7w vb)
Br(B® — K%"[7)
Br(B® — K7 77)
Br(B° — K°vp)
Br(B~ — K~ I*17)
Br(B-— K 7t77)
Br(B~ — K™ vp)
Br(B® — K°I* 1)

1.54—1.32—-0.74-0.61
(19555317635 030 0.16) X 107
(0.60751876:17 605 =
(1575553563 2016 6:13) < 1077

+1.48+1.02+0.53+0.39 =17
(5'12—1.10—0.93—0.51—038) X 10

+0.3240.24+0.07+0.11 -7
(12015557025 0072 010) X 10

+1.19+0.82+0.42+0.32 -6
(4'11—0.88—0.74—0.41—031) X' 10

+1.59+1.10+0.57+0.42 =7
(550* 1.18— 1.00*0.55*0.41) xX'10

(1.291033%02¢ + 0.08 = 0.11) X 1077
(44276557050 044 -033) X 107°

+0.54+0.44+0.18+0.12 -8
(1'63*0438*0.39*0.17*0.12) x'10

(2.3 +0.6=0.1) X 1078

0.06) X 1078

<1.0X 1074
(4.7138) x 1077

<5.6 X 1075
(5.1 £0.5) x 1077

<1.3 X 1073

R0 0+ — +0.1340.12+0.03+0.04 -8
Br(By — K'7t777) (0-43—0410—0.10—0.03—0.04) X 10

Br(BY — K%vp)

+0.43+0.35+0.14+0.10 =7
(13 1 —0.31-0.31 —013—0‘10) X 10

_ Br(B?—’P+l_771) ~

= 1.5, 55
Br(BY — P 7 7,) (53)

C

_ Br(B°—=#°"I") _ Br(B-— 7w II7)
Br(B - 7’7*77) Br(B- — w7 177)

~ 3.3, (56)

N1

_ Br(B°—K%*I") _ Br(B-— K I'I")
N2 BB — KOt 7)) Br(B- — K 7t7)
=~ 4.3, 67

_ Br(B! = K°I"I7)
N Br(BY — K07t 1)

for I = (e, ). These relations will be tested by
LHCDb and the forthcoming Super-B experiments.

3.8 (58)

V. SUMMARY AND CONCLUSIONS

In this paper we calculated the branching ratios of the
semileptonic decays B — (i, K)(I*1~, lv, vi) and B; —
K(I"1™, lv, vp) in the pQCD factorization approach. We first
evaluate the B — (77, K) and B; — K transition form factors
Fy +1(¢*) by employing the pQCD factorization approach
with the inclusion of the next-to-leading-order corrections,
and then we calculate the branching ratios for all considered
semileptonic decays. Based on the numerical results and the
phenomenological analysis, we find the following points:

(i) For the B — (7, K) and B, — K transition form

factors Fy, 4 1(g%), the NLO pQCD predictions for
the values of F, , +(0) and their ¢> dependence agree

well with those obtained from the LCSR or other
methods [9-12]. The NLO part of the form factors in
the pQCD factorization approach is only around
20% of the total value.

(ii) For the charged current B — 77"/~ ¥, and B~ —
7°1" 9, decays and the neutral current B° —
K°I"I~ and B~ — K ["I” decays, the NLO
pQCD predictions for their branching ratios agree
very well with the measured values.

(iii) By comparing the pQCD predictions for Br(B° —
71 v;) with the measured decay rate, we extract
out the magnitude of the CKM element V,,:

[Vl = (3.801 58 (theor) * 0.13) X 1077,

(iv) We also define several ratios of the branching ratios
R,, Rc, and Ry o n3, and presented the corre-
sponding pQCD predictions, which will be tested
by LHCDb and the forthcoming Super-B experiments.
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APPENDIX A: RELATED FUNCTIONS DEFINED
IN THE TEXT

In this appendix, we present the functions needed in the
pQCD calculation. The threshold resummation factors
S;(x) are adopted from Ref. [13],
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21%2¢T(3/2 + ¢)
J7l(1 + ¢)

and we here set the parameter ¢ = 0.4. The hard functions
h, and h, come form the Fourier transform and can be
written as [45]

Ry (x1, X3, b1, by) = Ko((x1xammph)[0(by — by)
X Io([xymmpby)Ko(\xanmpb)
+ 0(by — b)lo(xymmpb,)
X Ko(\/Xanmpb,)]1S,(x,),

v, vD) ...

S, = [x(1 = 2], (AD)

(A2)

b K (/X[ x;nmpb

ol x b, ) = P EE , — py
X Io(\xymmpby)Ko(\anmpgh,)
+ 0(by — b))l (Jx,nmpby)
X Ko(\xymmpby)]S,(x),

where J, is the Bessel function and Ky, K1, , are modified
Bessel functions.

The factor exp[ —S,, ()] contains the Sudakov logarith-
mic corrections and the renormalization group evolution
effects of both the wave functions and the hard-scattering
amplitude with S, (1) = Sp(r) + Sp(t), where

(A3)

m 5 [t
S50 =s(x1\/§,b,)+3 [1 Lyl o

Sp(t) = S(xzﬁ bz) +S((1 Xz)ﬁ bz)

w2 L yalat ) (A3)

PHYSICAL REVIEW D 86, 114025 (2012)

with the quark anomalous dimension y, = —a /. The

functions s(Q, b) are defined by [13]

AD g A 5 A® q
0.0 = g5an(z) 35,0 -+ a0 1)

i3 ()
+A:;€2q[1n(22)+1 In(2 l;) ]

=

+4 [1n2(2q) In2(2h)],

A ,33 (A6)

where the variables are defined by § = In[Q/(+/2A)], b =
In[1/(bA)], and the coefficients A and B; are

1233—2nf . 153 — 19n; ot
2 24 3’
67 w2 10n, 8
A =22 )4 2B in(e7:/2). A7
9 3 77 3,31 n(e”:/2) (A7)

Here, ny is the number of the quark flavors, and the yj is
the Euler constant. The hard scales ¢; in the equations of
this work are chosen as the largest scale of the virtuality of
the internal particles in the hard b-quark decay diagram,

tl = max{‘\/'xznt» l/bl) l/bz}’
tz = maX{qxl nme, l/bl, l/bz}

(A8)
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