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We reanalyze the B — M tensor form factors in a covariant light-front quark model, where M
represents a vector meson V, an axial-vector meson A, or a tensor meson 7. The treatment of masses
and mixing angles in the K4 ;5 systems is improved, where K, and K, are the *P, and ! P, states of the
axial-vector meson K|, respectively. Rates of B — M+ decays are then calculated using the QCD
factorization approach. The updated B — K*y, B — K(1270)y, K,(1400)y, and K,y rates agree with
the data. The K,(1270)-K;(1400) mixing angle is found to be about 51°. The sign of the mixing angle is
fixed by the observed relative strength of B — K;(1270)y and K;(1400)y. The formalism is then applied
to B, — M tensor form factors. We find that the calculated B; — ¢y rate is consistent with experiment,
though in the lower end of the data. The branching fractions of B, — f(1420)y and f}(1525)y are
predicted to be of order 107> and it will be interesting to search for these modes. Rates on B, —

f1(1285)y, h;(1380)y, h(1170)y, f,(1270)y decays are also predicted.
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I. INTRODUCTION

In this work we shall investigate the B — M tensor form
factors and their implications on the exclusive radiative
B(;) — My decays for AS = 1 transitions with M denoting
a vector meson V, an axial-vector meson A, or a tensor
meson 7. These decays receive the dominant contributions
from the short-distance electromagnetic penguin process
b — svy. These modes are of great interest since they are
loop-induced processes and are, hence, sensitive to new
physics contributions. Recently, both CDF [1] and DO [2]
have observed 1-2¢ deviations from the standard model
prediction for the B, — B, mixing angle. It will be useful to
the search for new physics in the B, ;, systems in the
forthcoming experiments at Fermilab, LHCb, and Super
B factories.

The radiative decay B — K*y was first measured by
CLEO [3] and subsequently updated by CLEO [4],
BABAR [5], and Belle [6] with the result

B (B* — K*0y)

(4.55 +0.70 = 0.34) X 107> CLEO
={ (447 +0.10 £ 0.16) X 10> BABAR
(4.01 £0.21 =£0.17) X 107> Belle,
B(BT — K*Ty)
(3.76 = 0.86 = 0.28) X 107> CLEO
=1 (422+0.14 £0.16) X 10> BABAR
(4.25+0.31 £0.24) X 107 Belle.
(L.1)

The average branching fractions are [7]
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B(B" — K*y) = (4.33 = 0.15) X 1075, )
BBt — K™ y) = (4.21 = 0.18) X 1075. '

While the decay B~ — K;(1270)~ y has been observed by
Belle in 2004, other B — K,y decays have not been seen
and only upper limits were reported [8]:

B(B~ — K[ (1270)y) = (4.3 £ 0.9 £ 0.9) X 1073,
B(B~ — K; (1400)y) < 1.5 X 1073,
B(B® — K(1270)y) < 5.8 X 1073,

B(B® — K)(1400)y) < 1.2 X 1075, (1.3)

As for the decay B — K3(1430)y, CLEO [4] has reported
the first evidence with the combined result of neutral and
charged B modes

B(B— K;y) = (L6603 £0.13) X 1075, (1.4)
Later, the Belle measurement [9] yielded
BB’ — Ky) =(1.3+£05%20.1) X 1075,  (1.5)
while BABAR [10] obtained
B(B°— K3%y) = (1.22 = 0.25 = 0.10) X 1075, (16)

B(BT — K5Ty) = (1.45 £ 0.40 = 0.15) X 107°.

For radiative B, decays, Belle has reported the first obser-
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vation of B, — ¢y decay [11] with the result

BB, — ¢y) = (57718 12) x 1075, (1.7)

This is the only radiative B, decay that has been observed
so far. Its rate is similar to those in B, , — K"y decays.
Given the fact that 7(B) < 7(B,4) [12], one will naively
expect a slightly smaller rate for B, — ¢y.

Using the light-cone sum rule (LCSR) result of 0.38 =
0.06 [13] for the form factor T} (0) to be defined below and
the B — K*y decay amplitude with nonfactorizable cor-
rections evaluated in the QCD factorization (QCDF) ap-
proach [14], it was found in [15,16] that the next-to-
leading-order (NLO) corrections will enhance the B —
K"y rate to the extent that its branching fraction disagrees
with the observed one (1.2).

In our previous work [17], various B — M tensor form
factors were calculated within the framework of the cova-
riant light-front (CLF) approach [18,19]. This formalism
preserves the Lorentz covariance in the light-front frame-
work and has been applied successfully to describe various
properties of pseudoscalar and vector mesons [18]. We
extended the analysis of the covariant light-front model
to even-parity, p-wave mesons [19]. Recently, the CLF
approach has been further extended to the studies of the
quarkonium system, the B, system and so on (see, for
example, [20]).

We have pointed out in [19] that relativistic effects could
manifest in heavy-to-light transitions at maximum recoil
where the final-state meson can be highly relativistic and
hence there is no reason to expect that the nonrelativistic
quark model is still applicable there. Hence, we believe
that the CLF approach can provide useful information on
B — M transitions at maximum recoil, the kinematic re-
gion relevant to B — My decays, and may shed new light
on the above-mentioned puzzle.

In [17], we showed that a form factor 7 (0) substantially
smaller than what expected from LCSR was obtained, and
a significantly improved agreement with experiment was
achieved with the rate calculated using the QCDF method.
Since we have studied p-wave mesons before in the CLF
approach [19], the extension to B — K, transitions,
which could be very difficult for lattice QCD calculations,
was performed straightforwardly and rates on B — K,y
decays were predicted using the calculated form factors as
inputs [17].

In the present work, we revise and extend the analysis of
[17]. We improve the estimation of the K4 and Kz mixing
angle, where K, and K are the *P| and ' P, states of K|,
respectively, and are related to the physical K;(1270) and
K,(1400) states. As will be shown later, the analysis is
done consistently within the covariant light-front ap-
proach. After obtaining tensor form factors in the CLF
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approach, we use QCDF as the main theoretical framework
to calculate branching fractions of B — K*vy, K,vy, and
K,y decays. We further extend our study to radiative
decays B, — ¢y, f1(1420)y, f1(1285)y, h(1380)y,
hy(1170)y, f5(1525)y, and f,(1270)y. The calculated
B, — ¢y rate is in agreement with data. Predictions on
the decay rates of other modes are made and can be
checked in future experiments.

The paper is organized as follows. The analytic expres-
sions of the tensor form factors evaluated in the covariant
light-front model are recollected in Sec. II for complete-
ness. The numerical results for form factors and decay
rates together with discussions are shown in Sec. III. The
conclusion is given in Sec. IV. The formalism and calcu-
lation of the tensor form factors in the covariant light-front
model are shown in Appendix A, while input parameters
for radiative B decay amplitudes in the QCDF approach are
collected in Appendix B.

II. TENSOR FORM FACTORS

The matrix element for the B, — My transition with
M =V, A, T mesons is given by

iM = (M(P", £")y(q, )| — iHeffléq(P’», 2.1)
where
Gr . .
Hye = — T; Vtsvtbc7fo7’
(2.2)

€ H v
0; = meso',w(l + ys)bFH?,

with P'’/) being the incoming (outgoing) momentum, &’
the polarization vector of y (M), V;; the corresponding
Cabbibo-Kobayashi-Maskawa (CKM) matrix element, and
¢S the effective Wilson coefficient. By replacing ¢S by
the effective parameter a;, to be discussed below in
Sec. III, nonfactorizable corrections to the B, — My am-
plitude are included. In this work we will update the
calculation of the B— K* and B — K|, K, transition
tensor form factors in the covariant light-front quark model
and extend the study to B, — My decays.

Tensor form factors for B, — V, A, T transitions are
defined by

) "

-p,
FIG. 1. Feynman diagrams for meson transition amplitudes,
where P'"") is the incoming (outgoing) meson momentum, p'l(”)
is the quark momentum, p, is the antiquark momentum, and X
denotes the corresponding "o, (1 + s)q’ transition vertex.

114006-2



B—V,A, T TENSOR FORM FACTORS IN ... PHYSICAL REVIEW D 81, 114006 (2010)

(V(P", e"50,,4"(1 + y5)b|B,(P")) = i€,,2,8"" P q" T (q*) + (P - g — P,&" - ¢)T»(q?)
+e q( - P —)Tz(qz)
P-q
<A3P1,‘Pl (P, 8")|§0',wq'/(1 + 75)b|Bq(P/)> = ie,u,vz\p‘S”V*PquYAl,Bl(q2) + (SZ*P q— PMSH* ’ Q)YAZ,BZ(qz)

2
£ q
+&” 'q(fm ~Pugp q)YASBS(q )

_ U U 2
(TP, &)150,0" (1 + Y)blBYPY) = =it pnye” Py Prqr 21O (o1 p g — et grypr L2
mBq mBq
- U3(q2)
_ g;;ppqu(% _P“P q) s, (2.3)

where P = P/ + P, g = P/ — P" and the convention €”'?* = +1 is adopted.
A brief derivation of B, — V, A, T transition tensor form factors from the diagram depicted in Fig. 1 is shown in
Appendix A. Here, only the final analytic results are given. First of all, the B, — V transition form factors are given by [17]

T\(q%) =

N, f WohY [ A
dx,d?p’ {2A M”? — M" —2m2 — 2N} + ¢* + 2(m\m, + m'm, — m'm"
1673 2 plszlN [ 1 1749 (mim, 1712 m)]
— 8AY + (m + m{? + Ny + N — ¢* + 4M”? — M)AT — AD) + 462 (—A" + AY) + 4D — AD)
— 2 T + mg)A?)]},
Wy
q2

TZ(qz) = T1(C]2) + (MIZ

hl,h)
) 167 S [ dxyd?p', 16'1;” {2A“>[M'2 M = 2m? = 2N + ¢
X4V
+ 2(mmy + mlmy — mim")] — 8AY — 2M?2 + 2m2 + (m! + m!)? + 2(my — 2m})m, + 3N} + N/ — ¢
+ 2Z2 +4(g2 — 2M” = 2M")(AD — AD) — 4m”? — M2)(—AV + AV + AP — AP)

[(m1 —m) + 2m2)A(12)]},

hoh! N
Ts(¢%) = fdxzdz ]I\)/’]‘\/] { A(I)[M’2 M" —2mf = 2N + ¢* + 2(m\my + mi'my — mimY)]
Ly

24V 14V
+ 84 +2m” — 2m’12 — (m} + m{)? = 2(my — 2m})my — 3N} — N/ + ¢> = 2Z, — 4(¢*> — M — 3M"?)

163

X (AP — APy + — o At = w4 2m)[AD + (M7 — M)AD + AP — AD)]

+ (m) + m)(M? — M)A — AP — AD) + m(M? — M)A + A — 1)}}. 2.4)

The expressions of &', h", N', N", A;i), and Z, can be found in the Appendix A.
Second, the B, — A transition form factors can be obtained from the above expressions by applying a simple relation
[17] (see also Appendix A):

Yaii(q?) = Ti(q*) with  (m{ — —m{, ) — h¥,,, wi — wi, ), (2.5)

for i = 1, 2, 3. Note that only the 1/w" terms in Yp; form factors are kept, and we should be cautious that the replacement
of m{ — —m{ should not be applied to m/ in w” and h".
Third, the B, — T transition form factors are given by [17]
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N, M/h’ h/ N
U,(qg?) = 167673 fdxzdzp xR {Z(A(l) Agz) - Agz))[M’2 —M" = 2m? = 2N + ¢* + 2(mmy + m{m, — m\m/)]
X2V

— 847 =AY — AP + (1 — AV — A + m)? + N} + N = 2] + 4™ — M)
X (AP = AP — AP + AD) + 42(— AV + AV + AP + AP — 24P — AP + AP — 2(AP + 24P - 24D)
8
— o]+ m)a? = A}
Wy
2 l
q N, [ >, M'hiphy
dx,d
07— 1677 ] P4y L KN
/ /P )\ 2) _ 4G _ (3) _ (1) — AT pg2 7 / 2
+ 2(mimy + m{my — mimY)] — 8(A}” — A; )+ (1 A —2M"* +2m!F + (m| + m])

Us(¢*) = U,(¢*) +

{2( AD = AD — ADY M2 — M — o — 2R +

+2(my — 2my)my + 3N + N — 2]+ 2[ H(1—AY) - qA(Z)] +4(q% — 2M” — 2M"?)
7’
X (AP — AP — AP + AD) — a2 — M) (AP + AV + AP + AP — 249 — AP + AD)

8
+2(AP + 240 —249) - pLomt = m} + 2my)(AY — AP — A(23))]},

N, M'h,h! N
Us(q?) = 167;'3 [dxzdzp’lx Nflvﬁ{_Z(A(zl) — Agz) — Af))[M’2 - M"? — 2m’12 —2N| + 4>+ 2(mymy + m{my — mimY)]
2V 1INV

+8(AY — AP - A<3>) — (1 =AY = AN[=2M2 + 2m + (m) + m!))? + 2(my — 2m})my + 3N + N — ¢*]
—~ 2[2 (1—aM) - p A<2)] — 42— M2 =3M") (AP — AP — AP +4P)) —2(4'? + 24 — 249))
{(m " —mh +2my)[2A7 = A — AD) + (M2 — M) (—AV + 24T + 249 — AP — 247 — AD))]
+ (m Cm (M — M)A — 249 — 247 + AP + 249 + AD)
+ml (M2 — M")(—1 + 24" + 24 — AP — 24P — Af))}}. (2.6)
We are now ready to calculate the radiative decay rates. Before proceeding, several remarks are in order: (i) At g*> = 0,

the form factors obey the simple relations: 7,(0) = T(0), Y455,(0) = Y41,51(0), and U,(0) = U;(0). (ii) Form factors
T5(0), Y3 33(0), U3(0) do not contribute to the B — My radiative decay rates. (iii) There are some new terms in the above

form factor expressions that were missed in [17]. As we shall see in the next section, the resulting B — My rates are
modified sizably for some modes. It is straightforward to obtain (171

Grami i i
BB, — V) =75, o (1 %V ) IVaViasTOF,
m2
Gramy m? Masp 1
BB, — Asp ip, Y) = 7p 3 7y < - ) Voo Visa$Y ay 51 (0)]%, 2.7
T mg,
B(B, — Ty) = r (W(1— )|v ViasU, O,
q Y B, 2567T4m% mlzg chbVes47
|
where 75 is the lifetime of the B, meson and m,, is the MS as(u) = M (w) + af o () + ag ., (mp), (2.8)

b-quark mass. The effective Wllson coefficient a;(Vvy)

[15,16,21] and a;(Ay) [22] are calculat.ed in the QCDF 'Since |V,, V| > |V, Vi, for the purpose of obtaining the
apprO&Ch [14]. They consist of several different contribu- radiative decay rates, we Only consider the IVcb Vjsa,?lz

tions [15,16,21,22]: contributions.
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where ¢, a; ..., and a7 5, are the NLO Wilson coefficient,
the vertex, and hard-spectator corrections, respectively.
The last two terms in the above equation are given by

%[clwammz/mi) + e (1)Gs),

c _ aS(Iu’h)CF

a%,ver(lu‘) =

(e () Hy (m%/m2) + & () Hg]
2.9)

with the hadronic scale u;, ~+/A,u for A, = 0.5 GeV
and G, g, H; g given in [16]. Note that the analytic expres-
sion for a;(Vy) and a,(Avy) are identical, but numerically,
due to differences of the wave functions of V and A,
ay,(Vy) and ag,(Ay) could be quite different [22]. As the
QCDF calculation of a(Ty) is not available yet, we shall
take

a§(Ty) = 5 (u) 2.10)

and neglect a9 ,,(T'y) and a5 ;,(T'y) in this work.

In the next section, we will give numerical results for
form factors T;(¢?), Y4, 5i(¢%), Ui(¢?), and the correspond-
ing B, — Vv, Ay, Ty decay rates.

III. NUMERICAL RESULTS AND DISCUSSION

A. B — M tensor form factors and B — K*vy, K;y, and
K37y decays

To perform numerical calculations, first we need to
specific some input parameters in the covariant light-front
model. The input parameters m, and B in the Gaussian-
type wave function (All) are shown in Table I. The
constituent quark masses are close to those used in the
literature [17-19,23-26]. Meson masses and decay widths
are taken from [12] and CKM parameters from [27].

The physical K, states K;(1270) and K,;(1400) are
mixed states of the K;4 and K, states,

K1(1270) = KIA sinHKl + KIB COSGKI,

3.1
K (1400) = K4 cosfg, — K psinfy,.

Since they are not charge conjugation eigenstates, mixing
is not prohibited. Indeed, the mixing is governed by the
mass difference of the strange and nonstrange light quarks.
It follows that the masses of Ky, and K, can be expressed
as

2 _ .2 2 2 -2
M = My (1400)C08 HKI + M (1270)S10 0,(],

(3.2)
m%(w = mil(mo)sinze,(l + mi](mo)coszHKl.
Note that we need to know the mixing angle 6 in order to
specify the mass parameters mg,, ., which in turn will be
needed to obtain the numerical results for tensor form
factors Y4 5(¢%).

The input parameters ’s are fixed by the decay con-
stants whose analytic expressions in the covariant light-
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front model are given in [19]. We use fp =200 =
15 MeV, fp =240 = 15 MeV, fg- =220 MeV, and
f(,, = 230 MeV to fix B’s. For p-wave strange mesons,
we take for simplicity Bx, = Bk,, = Bk, = ,8K§ [28]. To
fix Bg,, we need the information of the K;(1270) and
K(1400) decay constants.

There exist several estimations on the mixing angle 6,
in the literature. From the early experimental information
on masses and the partial rates of K;(1270) and K, (1400),
Suzuki found two possible solutions with a two-fold am-
biguity, |6, | = 33° and 57° [29]. A similar constraint
35° < |0k, | = 55° was obtained in [30] based solely on
two parameters: the mass difference of the a; and b,
mesons and the ratio of the constituent quark masses. An
analysis of 7 — K,;(1270)v, and K,(1400)v, decays also
yielded the mixing angle to be = 37° or 58° with a two-
fold ambiguity [31]. Most of these estimations were ob-
tained by assuming a vanishing f, . With the help of
analytical expressions for fx  obtained in the CLF quark
model [19], we can now release this assumption. Using the
experimental results B(r — K;(1270)v,) = (4.7 = 1.1) X
1073 and T(r— K,(1270)v,)/[T(r — K,(1270)v,) +
I'(r — K,(1400)»,)] = 0.69 + 0.15 [12], we obtain®

|fK|(l400)| = 1392ti;g MeV,

(3.3)
| fk,(1270)] = 169.55188 MeV.

These decay constants are related to fx  and fg  through

mg, 1270 k,(1270) = Mk, [k, SNk, + mg, [k, , cosbg,

mK1(140())fK1(1400) = mKlAleA 00591(1 - mKIBleB SinaK,:
3.4)

where uses of Eq. (3.1) and equations for decay constants
OlA, K p) = mg,, fk,, &> OlALIK;(1270)) = m, (1270) ¥
fk, (1270, and similar ones for Kz and K;(1400) have
been made. From the analytic expressions of decay con-
stants given in [19], we see that mg  fk,, and mg, fx,  are
functions of B, and quark masses only [see Egs. (2.23)
and (2.11) of [19]]. In other words, they do not depend on
mg,, ,, and hence 6 . Equation (3.4) leads to the relation

2 2
+ mK|(14oo)f K, (1400)

_ 2 0 2 2
mK]AleA + mKleKllf'

2 2
mKl(1270)f K, (1270)
3.5)

This relation is independent of 6 . In practice, we shall

use this equation to fix the central value of the parameter
Bk, to be 0.3224 GeV.

The large experimental error with the K, (1400) production in
the 7 decay, namely, B(r~ — K| (1400)r,) = (1.7 = 2.6) X
1073 [12], does not provide sensible information for the
K(1400) decay constant.
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TABLE I. The input parameters m, and B (in units of GeV) in the Gaussian-type wave
function (A11). The parameter 3 for f1, hy, f, is defined for their s§ component.

ny My nmp B Bk ,31(1,1(;
0.25 0.35 445 0.5671709332 02829  0.32247(9153
Bs, By B,

0.6396 + 0.0566  0.3051

0.3446 = 0.0064

Note that in the CLF quark model the signs of the decay
constants f, and fx = and their relative signs with respect
to form factors are fixed [19].3 Specifically, we learn from
Eq. (2.23) of [19] that fg , is negative; whereas, fg  is
positive. With this sign convention, we are ready to deter-
mine the mixing angle 6 from Eq. (3.4). We find two best
fit solutions for O :

_[50.8° solution I,
O, = { —44.8° solution IL (3.6)
In both cases,
mK]AfK]A = _02905 GeVZ, (3 7)

mg,,fx,, = 0.0152 GeV?

are obtained. The uncertainty in B, for these two mixing
angles can be obtained using Egs. (3.3) and (3.4). The
reader may wonder why we do not have a two-fold ambi-
guity for 6, . This is because we do not assume a vanishing
fk,,» and we demand that [ | = /2. From Eq. (3.4), we
have

0, = *tan”! Mg, (12700 &, (1270) |+tan1 mg Sk,
: mg, (1400)le (1400) mK,AfK,A
= +47.8° + 3.0°. (3.8)

This leads to the above two solutions. Note that in the
SU(3) hmlt, leB = (0 and le(127())/fK|(l400) = tanﬁK] . As
we shall see below, the second solution g, = —44.8° is

ruled out by the experimental measurements of B —
K(1270)y and B — K,(1400)y. For ¢, = 50.8°, we find

3The relative signs of the decay constants, form factors, and
mixing angles of the axial-vector mesons were often very con-
fusing in the literature. As stressed in [32], the sign of the mixing
angle 0, is intimately related to the relative sign of the K, and
K p states. In the light-front quark model [19] and in perturba-
tive QCD (pQCD) [33], the decay constants of K, and K, are
of opposite signs, while the D(B) — K4 and D(B) — K, form
factors are of the same sign. The mixing angle 60, is positive. It
is the other way around in the approaches of QCD sum rules [34]
and the Isgur-Scora-Grinstein-Wise model [28]: the decay con-
stants of K, and Kz have the same sign, while the D(B) — K4
and D(B) — K, form factors are opposite in sign. These two
conventions are related via a redefinition of the K, or K, state,
i.e., KIA - _KlA or KIB - _KIB'

mg,, = 1.37 GeV,
mKlB = 1.31 GeV, leB =

fk,, = —212 MeV,
12 MeV.

(3.9

Since we have imposed the constraint g* = 0 in the
calculation, form factors are obtained only for spacelike
momentum transfer ¢g> = —¢% = 0; whereas, only the
timelike form factors are relevant for the physical decay
processes. Here, we follow [17,19,23] to take the form
factors as explicit functions of ¢ in the spacelike region
and then analytically continue them to the timelike region.
We find that, except for the form factors Y3 and U, 3, the
momentum dependence of the form factors T;, Y, g;, U; in
the spacelike region can be well parametrized and repro-
duced in the 3 parameter form:

F(0)
1 = alg®/mg) + b(q*/mp)*

We then employ this parametrization to determine the
physical form factors at g*> = 0. In practice, the parameters
a, b, and F(0) are obtained by performing a 3 parameter fit
to the form factors in the range —20 GeV? < ¢ =< 0. The
obtained a and b coefficients are in most cases not far from
unity as expected. However, the coefficient b for Y3 and
U, 5 is rather sensitive to the chosen range for ¢ and can be
far away from unity. To overcome this difficulty, we fit
Y53(¢?) and Us(g?) to the form

F(q*) =

(3.10)

F(q*) = F(O)(1 + a(g*/m3) + b(q*/m3)*),  (3.11)
while for U,(g?), we first define U)(g?) through
7
Us(q*) = U,(¢?) + WUé(qz), (3.12)
B

and then fit U}(g?) using Eq. (3.10). Note that a decom-
position of U, into U; and U} is motivated by Eq. (2.6).
The above procedure accomplishes substantial
improvements.

The tensor form factors and their g> dependence for
B — K*, K|, K; transitions are shown in Table II and
depicted in Fig. 2. Our form factor 7;(0) = 0.29 is signifi-
cantly smaller than the old LCSR result of 0.38 = 0.06
[13]. A new LCSR calculation yields 0.25 fg:g% [22], which
is close to the lattice result 7;(0) = 0.24 = 0.037231 [35].
For the form factors Y4, and Y (or sometimes called TIK“‘
and Tf( '8 respectively, in the literature), we compare our
results with other model calculations in Table III. It is clear
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TABLE II.  Tensor form factors of B — K*, K, K transitions
obtained in the covariant light-front model are fitted to the 3
parameter form Eq. (3.10) except for Yp; and U,;. Central
values of B’s listed in Table I are used. All form factors are
dimensionless. For B — K, |5 transition form factors, only
results with 6, = 50.8° are shown since one needs to specify
the value of 6, in order to fix the values of my,, .

F  F0) F(¢%) a b F F(0) Flg2) a b

T, 029 1.09 186 1.16 Y, 036 120 1.61 0.64
T, 029 091 1.03 006 Yy, 036 058 0.63-0.11
T, 018 054 148 074 Y4 021 030 076 036
Yp 013 035 1.88 139 U, 028 062 227 233
Ys 014 026 1.00 023 U,* 028 1.04

Y5:>-0.05 —0.17 265 0.00 U,® 041 078 1.87 1.82

U;*-0.25 —0.68 —2.27 1.77

aWe use U, = U, + (qz/mB)U2 and fit for U}, using Eq. (3.10).
Ym and U are fitted using Eq. (3.11).

that while the CLF quark model, pQCD [36], and LCSR
[22] all lead to a similar Y4, the predicted Y, is smaller in
the CLF model.

We are now ready to discuss the implications on B —
My decay rates. The decay B — K*v has been considered
in [15,16] within the framework of the QCD factorization
approach. The results of [15,16,21] are consistent with
each other for the same value of the form factor T (0).
For a4(Vy) and a$(Ay) we shall use Egs. (2.8) and (2.9)
calculated in QCDF with input parameters collected in
Appendix B. For example, using the formulas given in
[16,22] and the central values of input parameters, we
obtain

a$(my) = —0.3107 + (—0.079 — i0.014)

e
mBFBﬁM(O)AB
X () + (—0.2893 + 0.5024i)ai (w;)
+ (0.1676 + 0.4252i)ax (uy)]

(up)[(—0.7906 — 0.7643i)ai

(3.13)

: : eff c
where contributions from NLO ¢5", aj ., and a7, are

shown separately and ail are Gegenbauer moments of the
meson wave function. The value of a;(K*7y) is substan-
tially larger than the Wilson coefficient c%ff of order —0.31
at 4 = m,. For the Ky modes, we shall employ a; = ¢t
as NLO QCD corrections from vertex and hard-spectator
contributions there have not been calculated yet.

In Table IV, we summarize the calculated branching
fractions for the radiative decays B — K™y, K,(1270)y,
K(1400)7y, K5(1430)y in the covariant light-front model.
The theoretical errors arise from the uncertainties in form
factors, ay, |V, Vi, and m, (see Appendix B). For com-
parison, we also quote experimental results and some other
theoretical calculations. For results in light front quark
model [39], lattice [35], and LCSR [40], we also use
Egs. (2.8) and (2.9). For B — K"+ rates from the relativ-

PHYSICAL REVIEW D 81, 114006 (2010)

TABLE III.  Tensor form factors Yflm and Yglm at ¢> =0 in
various approaches.

Form factor This work pQCD [36] LCSR [22] LCSR [37]

YX14(0) 0.36 £0.02 0.3775% 0311902 S
Y51%(0) 0.13=0.01 029705 0. 25*88;*’ 0.25610:0040

aThe form factor Y,; was not computed in [37].
*In our sign convention for |K;(1270)) and |K, ) states.

istic quark model [38] and heavy quark effective theory
(HQET) [42], we have scaled up their results by a factor of
la;(K*y)/cS|? = 1.78. Calculations in LCSR [40] and
HQET [42] are often expressed in terms of R = B(B —
K**v)/B(b — svy) with K** denoting K, or K. Therefore,
the branching fraction of B — K7 is obtained by multi-
plying R with B(b — sy) = 3.52 X 10~* [7]. Results ob-
tained from large energy effective theory [21], QCDF with
long-distance contributions [41], soft-collinear effective
theory (SCET) [43], and pQCD [44] calculations are also
compared.

As stressed in [15,16], the NLO correction yields an
enhancement of the B — K7 rate that can be as large as
80%. Consequently, the predicted rate will become too
large if the tensor form factor T';(0) is larger than 0.30.
Our prediction of B(B — K*y) = (4.287278) X 107> due
to short-distance b — sy contributions agrees with experi-
ment (see Table IV).

From Table IV, we see that our updated K, (1270)y and
K(1400)y rates for x, = 50.8° are in good agreement
with the data. Evidently, the other mixing angle g, =
—44.8° is ruled out by experiment. As first pointed out
in [17], the K;(1400)y rate is substantially smaller than
that of K;(1270)7y. This can be seen from the physical form
factors

yKi(1270) _ Y, sinfg, + Yp  cosbg,,
1 1 ! (3.14)

K, (1400 .
Y, 1(1400) Yaicosfg, — Ypysinfy, .

It is obvious that the form factor Y, is large for K,;(1270)
and small for K;(1400) when 6y, = 50.8°.

For B — Ky decays, the calculated branching fraction
(2.941318) X 107> agrees with the world average of
(1.45 = 0.43) X 10~ within errors. It should be stressed
that the above prediction is for a;(K5y) = <. Therefore, a
small but destructive NLO correction will be helpful to
improve the discrepancy.

“The pQCD results for B — K;(1270)y and K,(1400)y rates
in [44] are not displayed in Table IV since the B— K, and B —
K p transition form factors there are erroneous, though they have
been corrected in [36].
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FIG. 2 (color online). Tensor form factors T;(g%), Y4; si(¢), and U;(¢?) for B— K*, B — K, and B — K; transitions, respectively.

B. B — M tensor form factors and B, — ¢y, hyvy, f17,
and f,y decays

Weuse fp = 240 = 15 MeV and f, = 230 MeV to fix
the input parameters B and B, respectively. For p-wave
mesons, there are mixing between singlet and octet states
or, equivalently, between uii + dd and s§ components,
where only the s§ components are relevant to By — My
transitions. We follow [12] to use

1 _
"'= —(uit + dd) cosa — s5 sina,
f ﬁ( )
| (3.15)
= — (uii + dd) sina + s5cosa,
f ﬁ( )
with  (f, ) = (hy(1380), 1, (1170)) for 'P, states,

(f1(1420), £1(1285)) for 3P, states, and (f5(1525),
£2(1270)) for 3P, tensor states [12]. The mixing angle «
is related to the singlet-octet mixing angle 6 by the relation
a = 0 + 54.7°. The latter mixing angle is defined by

f! = fgcosh — f,sind, f = fgsinf + f, cosb,

(3.16)

and determined by the mass relations [12,32]

2 2 3,2
dmy, ~— mg — 3m

£1(1420)
tan26s, =
_ 2 2 2 ’
| 4mKM + mg, + 3mf1(1285) 3.17)
dm2  — m? — 3m> .
tan201Pl - Kip b12 hy (1380)

4.2 2 ’
4mK15 + mj, + 3mh](1170)

derived from the Gell-Mann-Okubo mass formula, where
mg,,,, can be inferred from Eq. (3.2) with 6, = 50.8°.

The signs of these angles can be determined from [12,32]

2 .2 a2
dmi — my, 3mf1(1420)

tanf:p, = ,
P] 2\/5(}7’[31 — m%(m)
4 2 2 3 2 (318)
m —m<s — 3m
tanf: p Kis b h;(1380)

Zﬁ(mil — m%(w)

Denoting the mass of the 55 component as m;, we have

mgs = mysin’a + micos’a. (3.19)

The obtained mg; for various states are summarized in
Table V.

114006-8
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TABLE IV. Branching fractions for the radiative decays B — K*vy, K,(1270)y, K,(1400)y, K;(1430)y (in units of 107°) in the
covariant light-front model and in other models. Experimental data are taken from Sec. I.

B~ — K"y B~ — K,(1270)" y B~ — K,(1400)" y B~ — K3(1430)"y
Experiment 421 +0.18 43+ 1.2 <15 1.45 + 0.43
This work 4.28+%78 5. 12: ;;b 0.79£$1§§Z 2.947318

1.26255 4.50Z1%

Lattice [35] 2.99+297¢
Relativistic quark model [38] 8.2 +2.7¢ 0.45 = 0.15 0.78 = 0.18 1.7 + 0.6
Light front quark model [39] 6.461113° ‘ _ _
LCSR [40] 3.52 + 1.41° 0.71 = 0.28" 0.32 = 0.14f 1.76 = 0.71f
LCSR [22] 3.20+238¢ 6.6437" 0.65 42"
AP [21] 6.8 2.6
BFS [15] 7.4708
BB [16] 7.4439
BJZ [41] 5.33 = 1.47
HQET [42] 9.99 + 3,814 1.52 = 0.56 0.74 + 0.32f 2.18 + 1.02f
SCET [43] 4.6+ 1.4
pQCD [44] 3.581 153

aFor the K,(1270)-K,(1400) mixing angle 6, = 50.8°.
"For the K, (1270)-K,(1400) mixing angle GK = —44.8°.
CUse of T,(0) = 0. 24+8 93 [35] has been made.

The original result is scaled up by a factor of |a;(K*y)/cSf|> = 1.78.

Use of T;(0) = 0.36 [39] has been made.
fUse has been made of B(b — sy) = 3.52 X 1074 [7].
gUse of T,(0) = 0. 25+8 et [22] has been made.

"Eor Ok, = 34 = 13° in our sign convention for |K;(1270)) and |K,z) states.
“The central value and errors are taken from the complete NLO result for the neutral mode.

For T,(0) = 0.38.

Defining
<O|§7/;4 ’)/5S|f> =

<O|§7/L755|s~§> = msifss,u and
mff}sw it follows from Eq. (3.15) that
mf/f;., = —mgf* sina, myf} = mgf*cosa. (3.20)
From the values of a and mg; shown in Table V and the
decay constants of f;(*P,) and f3(*P,) determined to be
—245 * 13 MeV and —239 *= 13 MeV, respectively, in
[45], we obtain f*(*P,) = f;’(1420)mf(1420)/(_ms§ sina) =
—-230 =9 MeV,5 which is the decay constant of the 3P1
axial-vector meson with a pure s5 quark content.
Consequently, By, (s is determined and shown in Table I.
For p-wave mesons, we take for simplicity By =
B, ss = By, ss [28]. Input parameters relevant to By —
My decays are summarized in Table I.

Tensor form factors for B, — V, ACP,), A('P,), TCP,)
transitions are shown in Table VI. As in the B decay case,
except for the form factors Yp; and U, 3, the momentum
dependence of the form factors T;, Yy; p;, U; are fitted to
the 3 parameter form given in Eq. (3.10) with mp replaced
by mp , while Yp3(g%), Ub(g?*), and Us(g?) are fitted to the
form shown in Eq. (3.11) with mp replaced by my , as well.
Recall that U} is defined through Eq. (3.12). These form
factors are plotted in Fig. 3. Comparing Tables II and VI,

qungf (P = I} 285)mf(1285)/(mAA cosa), a similar central
value is obtamed but the error is of order 100 MeV.

we notice that the values of form factors at g = 0 are
similar to the corresponding ones in B transitions.
Therefore, flavor of the spectator quark does not seem to
play a special role in these radiative B and B, decays.

Form factors for By — f1, hy, fg) transitions with physi-
cal final states can be obtained from Table VI by including
suitable Clebsch-Gordan coefficients. Specifically, form
factors for various B, — M transitions with i =1, 2, 3
are given by

Yy (1420 = — sinazp, X Yy,
Yy (12850 = cosazp, X Yy,
Yy,a3800 = — sinajp, X Y,

(3.21)
Yy (1170 = cosayp, X Yp;,

Y505 = — sinazp, X U,

Y (2705 = cosazp, X U,.
TABLE V. Summary on mixing angles and m;, obtained from

Egs. (3.17) and (3.19), for various isosinglet p-wave mesons
[12,32].

Y, f f a®) my; (GeV)
'p, h,(1380) hy(1170) 54.7 1.32
3P, £,(1420) £1(1285) 94.9 1.43
p, £5(1525) £,(1270) 84.3 1.52
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TABLE VI. Same as Table II except for the tensor form factors
of B, — ¢, fﬁ/), h(l'), f> transitions. Note that Clebsch-Gordan
coefficients are not included (see the text for more details).

F_ F0) F(gha) a b F F(0) Flgns) a b

T, 027 072 199 158 Y, 036 1.07 1.70 0.89
T, 027 091 1.17 018 Y, 036 058 0.67-0.06
T, 016 040 154 096 Y,; 023 035 090 048
Yg 012 029 198 1.73 U, 028 055 230 265
Yp, 012 028 1.17 037 U,* 028 078 - ---
Yp:™—0.09 —0.24 223 001 U,* 029 045 210 275

Us"-0.18 —0.55 274 0.07

“We use U, = U + (qz/mB YU} and fit for U}, using Eq. (3.10).
YB3 and Uj are fitted using'Eq. (3.11).

Since only the s5 components of these mesons can be
transited from a B, meson via a l;o'w,s density, the sizes
of the corresponding form factors are reduced by the
Clebsch-Gordan coefficients [see also Eq. (3.15)].

For the effective Wilson coefficient a;, we shall use the
QCDF ones as shown in Egs. (2.8) and (2.9) with input
parameters given in Appendix B.

PHYSICAL REVIEW D 81, 114006 (2010)

Rates of radiative B, — ¢y, f1(1420)y, f,(1285)y,
hi(1380)y, hi(1170)y, f4(1525)y, f,(1270)y decays can
be obtained in analog to the B meson case. Results ob-
tained by using tensor form factors calculated in the co-
variant light-front model are shown in Table VII where
comparison with results from other models [41,43,44] and
data [11] is also made. We see that the calculated B, — ¢y
rate is consistent with the data [11] and other models
[41,43,44] within errors. Note that our By, — ¢y branching
fraction is smaller than the B — K*7y one. The branching
fraction of By — ¢y can be related to the B — K*vy one
via

2

BB, — by) — (m3)3(mf _m%”) LA

mg ) \mp — mK* 7(B)
aS(SNTO) |20 0 o
a(k 1) | BETEY)

B ¢ 0) .
~0.914 TBK* (0)| BB — K*y). (3.22)

It is clear that the reduction arises from the fact that 7', (0)

10—

10 N S L B B R S B

Bs_>f2

00 o v v vy

000F . . . o

2 (GeV?)

FIG. 3 (color online).

0 5 10 15

2 (GeV?)

Same as Fig. 2 except for B, — M transitions.
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TABLE VII.

PHYSICAL REVIEW D 81, 114006 (2010)

Branching fractions for the radiative decays B, — ¢y, f1(1420)y, f1(1285)y,

hi(1380)y, h;(1170)y, f5(1525)y, f,(1270)y (in units of 107°) in the covariant light-front
model and other models. Experimental data are from [7,11].

B, — ¢y B, — f,1(1420)y B, — f1(1285)y B, — h;(1380)y

Experiment 57734

This work 3.39%4% 4.8171% 0.037541 0.27+014

BJZ [41] 3.94 = 1.19

SCET [43] 43+ 1.4

pQCD [44] 3.581 14 6.19+3:%* 0.01+201* 4.4412:0¢
5.8272%50 0.387013° 5.007332¢

B, — h(1170)y B, — f5(1525)y B, — f,(1270)y
This work 0.15759 2307349 0.0470:54
pQCD [44] 0.79793%¢

d
0.23*04

For the mixing angle 6:p = 38°.
"For the mixing angle s, = 50°.
“For the mixing angle #:,' = 10°.
For the mixing angle 6 Pll = 45°.

for the B, — ¢ transition is smaller than that for the B —
K* one by 7% and the ratio of B, and B lifetimes
7(B,)/7(B) =~ 0.87 [12] leads to a further suppression.

Branching fractions for By — f1(1420)y and f5(1525)y
are predicted to reach the level of 1073, It will be interest-
ing to search for these modes in the near future. Comparing
to other predictions, we note that most of our results on
B, — A7 decays agree with those in [44] except the one in
B, — h;(1380)7y decay, where our result is about 1 order of
magnitude smaller. Our predictions on B, — f(1420)y,
£1(1285)y, hy(1380)y, hy (1170)y, f5(1525)y, f,(1270)y
rates can also be checked in future experiments.

IV. CONCLUSION

B — M and B; — M tensor form factors are calculated
in the covariant light-front quark model. All numerical
results are analyzed using the CLF formulas in [17] with
previously missing terms being included (see the second
reference of [17]). Exclusive radiative B and B, decays,
B — K"y, K{(1270)y, K,(1400)y, K5(1430)y and B; —
£1(1420)y, £,(1285)y, h,(1380)y, 1y (1170)y, £4(1525)y,
f>(1270)7y, are obtained using QCDF. Our main conclu-
sions are as follows:

(1) The treatmenton mg,, and my  is improved. In [17]
these masses were determined with some approxi-
mations from the measured masses of K;(1270),
K,(1400), b,(1232), and h,(1380) and no informa-
tion of the mixing angle was used. In the present
work, we use Eq. (3.2) to determine these masses.
This procedure does not rely on any approximation.

(2) The treatment on the K14 — K, mixing angle 0, is
also improved. In [17], 6 was taken to be £37 and
*58 degrees from other analyses. These analyses
were either based on the assumption of a vanishing
decay constant of K;p or relied on some other

calculated results of f . Since the formalism em-
ployed in this work is capable of providing infor-
mation on fx and fx, , we can analyze the mixing
angle consistently within the covariant light-front
approach.

(3) B— Vv and Ay decay rates are obtained using the
QCDF approach with form factors calculated in this
work. The predictions on B — A7y rates are more
reliable than that in [17], where only a naive esti-
mation on the effective Wilson coefficients was
used.

(4) The updated B — K;(1270)y rate is in agreement
with the data, while the B — K,;(1400)y rate is
consistent with the experimental bound [8]. These
decay rates are very sensitive to the
K,(1270)-K,(1400) mixing angle, and we found
that 6 = 50.8° is favored by the data.

(5) The predicted B— K*7y and K,y rates agree with
data.

(6) The calculated B, — ¢y rate agree with experi-
ment, though in the lower end of the data.

(7) In addition, we have studied all B, — (A, T)y de-
cays with b — s transition. Branching fractions of
By — f1(1420)y and f%(1525)y are predicted to
reach the level of 1073, It will be interesting to
search for these modes. Our predictions on
F1(1285)y, h (1380)y, h(1170)y, f,(1270)y de-
cay rates can also be checked in future experiments.
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APPENDIX A: A BRIEF DERIVATION OF
ANALYTICAL EXPRESSIONS OF TENSOR FORM
FACTORS

In this appendix, we give a brief derivation that leads to
the analytic formulas of tensor form factors given in [17].
We consider the transition amplitude given by the one-loop
diagram as shown in Fig. 1. The incoming (outgoing)
meson has the momentum P'") = p'(”) + p,, where p’(")
and p, are the momenta of the off-shell quark and anti-
quark, respectively, with masses m'](") and m,. These mo-
menta can be expressed in terms of the internal variables
(x;, P/J_),

=x1.P £ plp, (AD)

with x; + x, = 1. Note that we use P' = (P'~, P'*, P/)),
where P'* = P+ P53 g0 that P? = P'*P"~ — P?. In
the covariant light-front approach, total four momentum
is conserved at each vertex where quarks and antiquarks
are off-shell. It is useful to define some internal quantities:

I+ — /+ !/
Py = x12P, Pia1

12 2 ” 2
M/zz(e/+ez)2:pl+ml+pl+m2
0 1 X X5 :

My = M2 — (m}, — m,)2

(A2)
2
el = \m® + p? + pP
pl = XZM(/) . m% + p/f
. 2 2.X2M6

Here, M? can be interpreted as the kinetic invariant mass
squared of the incoming ¢g system, and e; the energy of
the quark i.

We need Feynman rules for the meson-quark-antiquark
vertices to calculate the amplitudes depicted in Fig. 1. The
Feynman rules for vertices (iI'},) of ground-state s-wave
mesons and low-lying p-wave mesons are summarized in
Table VIII. Note that we use A and 'A to denote *P, and

PHYSICAL REVIEW D 81, 114006 (2010)

TABLE VIII. Feynman rules for the vertices (iI'},) of the
incoming mesons-quark-antiquark, where p| and p, are the
quark and antiquark momenta, respectively. Under the contour
integrals to be discussed below, H), and W}, are reduced to A},

and w},, respectively, whose expressions are given by Eq. (AIO)
Note that for outgoing mesons, we shall use 1(70FM70) for the
corresponding vertices.

M(2S+1LJ) lew

Pseudoscalar ('S, prg

Vector (3S,) iHy[y, — W/ (P} — p2)u]
Axial CP)) —iH: [y, + (Pl — Pz) Ivs
Axial ('P)) —iH], [ (ﬁl P2y s
Tensor (3P,) isH[y, — W‘/t | Pz)M](Pll — P2y

specific form of the (phenomenological) covariant vertex
functions for on-shell quarks can be determined by com-
paring to the conventional vertex functions [19].

We first consider the tensor form factors for B, — V
transition. We have

B/_U/SII*V = <V(P/I, 8//
5 N,

= —]

)I5T,,g* (1 + y5)bIB,(P)
HP(zH ) .
(A3)

where
SR/,I,V = Trl:(’y:/ W(// (p pZ)V)(Iﬁlll + mlll)o-,u/\

X M1+ ys) () + ml)ys(— s + mz)], (A4)

NI'= pi? —ml? + ie and N = p2 — m3 + ie. By using
the identity 20 ,,Ys = i€,,,,0"7, the above trace Sg,,
can be further decomposed into

i
1P, states, respectively. It is known that the integration of Skuv = q"Syur 3 4 €urpaSt’ . (AS)
the minus component of the internal momentum in Fig. 1
will force the antiquark to be on its mass shell [18]. The It is straightforward to show that
|
Svur = 2€,,0A[20m\my + mmy — m\m)p'® + m\mP* + (mim{ — 2mim,)q*] — W” (4pi, — 3¢9, —P,)
X €upapl(my + m\)pi*PP + (m — mi + 2my)pi*qP + m P*qP] +{2€,,a:[2(P} - P2 = P{ - P2 — Py - PP

+ i PP+ (=2p) - po+ Pl pg* ]+ 2(r€papy

g,u,ve)taﬁp)P qﬁpl + 26)L/,LCYB(P qﬂpw + p Pﬁqu

+ g pPP,) + 2€,,apl P P qP + PP + (P +29),q° P + 201, P (P + ¢)F]

— 2€,08lP}, P 4P + q, PP + (P +29),.q°pF +2p), pi*(P + q)PT}.

Note that those terms in {- -
identities:

(A6)

-} are missed in the original version of [17]. To proceed, it is useful to use the following
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2py - py=M? = pP = pi =M= N{ =N, = m}? —mj,
2]7// “p, = M//2 _ p/l/Z _ p% — MI/2 _ Ni/ _ N _ m/1/2 _ m%, (A7)
2pi - pl = —¢ + pf = PP = —q* T N{ + N{ + mf? + mi?

As in [18,19], we shall work in the ¢* = 0 frame. For the integral in Eq. (A3), we perform the p integration [18],
which picks up the residue at p, = p, and leads to

Ni(//) N ]\7/1(//) — xl(M/(//)z _ Mé(//)2)’ H]/&”) N h;l(/l//)’ Wi — wl,
4 2
LMH/ HI'S — —izr Mh/ WS (A%)
N'N'N PV N/N// PV
Vv X2V 1V
where
n 4 /2 m” 4 2

M2 = prtmi  pL Tt my (A9)

X1 X2

with p/| = p/| — x,q . The explicit forms of A}, and w), are given by [19]

xx, 1 x(x, 1 MP?
W= pl = (M/Z — M2 142 — h (MIZ M2 142 /
P v 0 ) \/§M6¢ 3A 0 \/_Mo 2\/_M’ A0
XX 1 MP?
Wiy = hyp = (MY — MJ), |- @h WL =My+mhmy,  wh=—C— Wi, =2
1A T 0 \/_Mo p v 0 1 34 ml — m, 1A

where ¢’ and ¢/, are the light-front momentum distribution amplitudes for s-wave and p-wave mesons, respectively. The
Gaussian-type wave function is used [46]

dp! p2+ ph ) 2 dp! ele,
I — A /Yy — Tz Z /= ] Iy — | = 4 Pz 1 . All
(2] ) (xz, p_L) (ﬂ/z) dx2 eXp( 2B/2 B QDP ¢p(x2: pJ_) Blz(P ’ dX2 x1x2M(/) ( )

The parameter 8’ is expected to be of order Agcp.
In general, 13’1 can be expressed in terms of three external vectors, P, g, and @ [@® being a lightlike vector with the
expression @* = (@7, ®", @) = (2,0,0,)]. In practice, for p} under integration we use the following rules [18]:

A . A A . 2 2 2 2
= PAY gAY, ppt, = gAY + PMPVAE) +(Poq, + 4, PIAY + q,9,A7,
A~ N A~ . 3 3 3
P D1 P = (8uvPa + 8uaPy + 8aP AT + (8040 + Cuaty + 80ad,)AS + PuP,PLAY
3
+ (PuPyda + PuduPa + 4P PIAY + (4,0,P0 + 4uPude + Pudvda)AS + 4,4,0.AL,

. o P-
Ny=2, PN = qMI:A(zl)Zz + %Aﬁz)], (A12)

where the symbol = remmds us that the above equations are true only after integration. In the above equation, A( " and Z
are functions of x, ,, p’ J_, P - q.1,and g?, and their explicit expressions are given by [18]

! !/ 2
M _ X M _ a0 _PLar @ _ P - q1) @) _ A1)
Ay = 5 Ay =4y £ Ay = —pt - P Ay = @A),

l e 3 402 (B) — 404
—?Aﬁ), AP =aPAP, AP =aPAP,

(A13)
Agz) — A(II)A(QI), Aflz) — (A(zl))Z
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AgS) _ ASI)A(QZ)y AEE) _ A(ZI)A(22),
() _ 4040 () _ 4040 _ 2 41 40)
AT = APARL AT = APAY - A AT

Z, = Ny +m? —m} + (1 — 2x)M"

+(P+q- P)plql

(Al14)

The calculation for B, — As PP, transition form factors

can be done in a similar manner. In analogue to Eq. (A3),
we have

3p N Hp(—iHY,)

B ighv = _3 ¢ [d4 ;7P 3A S3A //*v,
uv € l (277.)4 1 N{N{'Nz R,uv8
Ip N H/ (—iHII )

Bl = —3 c fd4 1 2°P 1A SlA //*u’
e " em? ITNINUN, Rwr®

(A15)
where

p2>y)y5<ﬂ{ + ml)

A
SR#V Tr| |y, — W”

X 0 g (1 + y5) (B} + ml)ys(— o + m2>],

1
St =T (=g (0 = 0 s+ )

X 0 g (1 + y5)(B) + m))ys(—fo + m2>].

(A16)

It can be easily shown that SRW = —Sguy With m{ and
W, replaced by —m{ and W/, , " A, respectively, while only

the 1/W/ , term is kept for the s r case. Consequently, we
have, fori = 1, 2, 3,

Yai5i(q?) = Ti(q?)
with  nfl — —mfl, By — W — W)

3A'AY Vv
(A17)

where only the 1/W” terms in Yy; form factors are kept. It
should be cautious that the replacement of m{ — —m/
should not be applied to m{ in w" and h".

Finally, we turn to the Bq — T transition given by

Bl " =(T(P", e")50,,(1 + vs)g”"blB,(P))
= -3 N, /41)/ H;’(_iH#)SPT I1vA

Qm)? U N|N/N, “#rA ’

(A18)
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where

(P2 = P s
SITMVAS//.V).(p//) = SR,LLV 5 1/ gl v).(p//)

= Sku(g = PDa" (P, (A19)

The contribution from the §,,q, part is trivial, since g,
can be taken out from the integration, which is already
done in the B, — V case. Contributions from the S Ruv P
part can be worked out by using Eq. (A12).

The final results of these calculations, i.e. tensor form
factors for B, — M transitions, are given in [17] and
recollected in Sec. II.

APPENDIX B: INPUT PARAMETERS FOR DECAY
AMPLITUDES IN THE QCDF APPROACH

Input parameters of the radiative B decay amplitudes are
collected in Table IX. Values of form factors are calculated
in this work. Other hadronic parameters are from
[12,22,41,45]. Note that the signs off,ﬁ forM = 1P1 states
are flipped to match our sign convention. For Gegenbauer
moments of physical mesons, we use

TABLE IX. Input parameters. The values of the scale depen-
dent quantities f1(u,) and “0%1,2(,“«}:) are given for w, =
1 GeV.

Light mesons

M fir MeV) ay at ay
K*[41] 185*10 1 0.04+0.03 0.15*0.15
¢ 411 1869 1 0 0.2%0.2

K, [22] 250 =13 0.26739 —1.08 £0.48 0.02 +0.20

KIB [22] =190 * 10 1 0.3075%) —0.02 +0.22

f [45] 245+ 13 0 —1.06 = 0.36 0

f8 1 [45] 239+ 13 0 —1.11 £ 0.31 0

hllP‘ [45]1—180 = 12 1 0 0.18 = 0.22
"1 [451-190 = 10 1 0 0.14 + 0.22

B mesons [12]

B mp (GeV) 75 (ps) fs MeV) A MeV)

B, 5.279 1.638 200 *= 15 350 = 100

B, 5.366 1.472 230 = 15 350 = 100

Form factors F#~"(0) (this work)

TP=%(0) Yo Kn) v ) uTR(0)

0.29 = 0.03 0. 36 +0.02 0. 13 +0.01 0.28 =0.03

B B—h B—f}

574 (0) o v o v ™0

0.27 = 0.03 0 36 +0.02 0.12=*=0.01 0.28 =0.03

Quark masses [12]

my,(my,)/GeV me/my,

4.201047 0.31

CKM matrix elements [27]

|V¢rb| |Vcs|

0.04117%5:90038 0.9734970.00018
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i

with

I% [
al:K1(1270) —_ 7K J- K4 sinfy + Kip al K4 cosy
I P ’

fK1(1270) fK1(1270)
P ffl l 7, cos 2&a<l"f3 sinf L
N e N
1L — L L
fK,(127o) = leA sinfx + leB cosfg,
0050 s1n0

PHYSICAL REVIEW D 81, 114006 (2010)

f% f%
aKi01400) — T K g K coshy — T R g K gingy,
T, (1400 T, (1400
_ ey sing _ fit Lricost cosf B1)
TNy S
Fryaa00) = Tk, cosfx = fél sinf,
_ 1 sinf oy cosf (B2)
== -2

where § = a — 54.7° and f, f’ are the states specified in Table V. The scale u for af is varied from m;,/2 to 2my,.
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