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We calculate the vector and axial-vector form factors of B, ; ; decays into P-wave axial-vector mesons
in the light-cone sum rule approach. For the sum rule results, we have included corrections of
order m,/m,,, where m, is the mass of the axial-vector meson A. The results are relevant to the light-
cone distribution amplitudes of the axial-vector mesons. It is important to note that, owing to the G parity,
the chiral-even two-parton light-cone distribution amplitudes of the 3P1 (!P,) mesons are symmetric
(antisymmetric) under the exchange of quark and antiquark momentum fractions in the SU(3) limit. For
chiral-odd light-cone distribution amplitudes, it is the other way around. The predictions for decay rates of

B, 45 — Aev, are also presented.
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L. INTRODUCTION

The inclusive and exclusive B decays provide poten-
tially stringent test of the standard model. Although the
inclusive rare decays are theoretically clean, they are a
challenge for measurements at B factories. The exclusive
processes may easily be accessible for experiments, but
knowledge of form factors is required. The production of
the axial-vector mesons has been seen in charmful B
decays B — J/¢K;(1270) and B — Da,(1260) [1]. As
for charmless hadronic B decays, B® — a; (1260)7™ are
the first modes measured by BABAR and Belle [2-4].
Information for weak phase a = arg(—VyVy/ViaViy)
can be extracted from their time-dependent measurement
or by relating these decays with corresponding AS = 1
decays. BABAR has further reported the observation of the
decays B — by @™, b K~, K; (1270)7*, K; (1400)7™,
afK~ and B~ — W7, VK-, &7, a;7°, a; K,
f1(1285)K~, f,(1420)K~ [5,6]. Very recently, B~ —
K (1270)¢, K| (1400) ¢ have been observed by BABAR
[7]. Using the QCD factorization approach, we have
studied charmless two-body B decays involving one or
two axial-vector meson(s) in the final state [8—10].

In the quark model, two lowest nonets of JP =17 axial-
vector mesons are expected as the orbitally excited gg’
states. In terms of the spectroscopic notation n>5*1L,,
where the radial excitation is denoted by the principle
number n, there are two types of the lowest p-wave me-
sons, namely, 1P, and 1'P,. These two nonets have
distinctive C quantum numbers, C = + and C = —, re-
spectively. Experimentally, the J*¢ = 17" nonet consists
of a;(1260), f,(1285), f1(1420), and K4, while the 1%~
nonet contains b,(1235), h;(1170), h;(1380), and K. The
physical mass eigenstates K;(1270) and K;(1400) are
mixtures of K;4 and Kz states owing to the mass differ-
ence of the strange and nonstrange light quarks.

In QCD language, a real hadron should be described in
terms of a set of Fock states for which each state has the
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same quantum number as the hadron. Because of G parity,
the decay constant for the local axial-vector (local tensor)
current coupling to the 'P; (3P,) state vanishes in the SU
(3) limit. However the constituent partons within a hadron
are actually nonlocalized. Projecting the axial-vector me-
son along the light cone, due to the G parity the chiral-even
light-cone distribution amplitudes (LCDAs) of a llP1
(13P,) meson defined by the nonlocal axial-vector current
is antisymmetric (symmetric) under the exchange of quark
and antiquark momentum fractions in the SU(3) limit,
whereas the chiral-odd LCDAs defined by the nonlocal
tensor current are symmetric (antisymmetric) [11,12].
The large magnitude of the first Gegenbauer moment of
the mentioned antisymmetric LCDAs can have large im-
pact on B decays involving a 13P, or/and 1'P; meson(s).
The related phenomenologies are thus interesting [8,9,13].

In this paper, we present the first complete analysis for
the form factors of the B, ; ; decays into light axial-vector
mesons (A) via the vector/axial-vector current in the light-
cone sum rule approach, where A is the light P-wave
meson, which can be the 13P,, 11 P, or their mixture state.
The method of light-cone sum rules has been widely used
in the studies of nonperturbative processes, including weak
baryon decays [14], heavy meson decays [15], and heavy to
light transition form factors [16—18]. Using the traditional
QCD sum rule approach [19], where the three-point corre-
lation function is considered, B — a; form factors were
calculated in Ref. [20]. The BABAR measurement of B° —
ai m~ [4] favors Vga’(O) =~ (.30 [8,9], which is in good
agreement with the light-cone sum rule result that we
obtain here. The value given in Ref. [20] is a little small
but still consistent with the data within the errors. B — A
form factors were studied in Ref. [21] by using the light-
front quark model. Nevertheless, it is found to be
Vg “1(0) = 0.13 in the light-front quark model calculation.
It is interesting to note that very recently Wang [22] used
the B meson light-cone sum rule approach to calculate
B — a, form factors.
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The rest of the paper is organized as follows: The
definitions of decay constants and B, — A form factors
are given in Sec. II. In Sec. III, we derive the light-cone
sum rules for the relevant form factors. The numerical
results for form factors are given in Sec. IV, where we
also give the predictions for decay rates of B, ;; — Aev,.
A brief summary is given in Sec. V. The relevant expres-
sions for two-parton and three-parton LCDAs are collected
in Appendix A, an alternative definition for the form
factors is given in Appendix B, and the formula for semi-
leptonic B, 4, — Aev, decays is presented in Appendix C.

II. DEFINITIONS OF DECAY CONSTANTS AND
FORM FACTORS

The G parity' conserving decay constants of the axial-
vector mesons are defined as

(13P,(P, D|7(0)y,,7592(0)|0) = ifsp,msp €, (2.1)

<11P1(Pr /\)lql(O)UMVYSQZ(O)|O>

= fi» (€P, — &P, (2.2)

where f3p is scale independent, but f lJ-Pl is scale depen-

dent [11,12]. On the other hand, we define the G-parity
|

2

(A(P, MIA,|B,(pp)) =i [
mBq nmy
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violating decay constants to be

(PP(P, M)1§,(0)0,,7592(0)|0)

3 ¢ s
= fapa; T (€VP, — VP, (2.3)
(1'P, (P, M)17,(0)y,v592(0)|0)
. IL'p *
= iftp (1 GeV)ay "'myp €., (2.4)
13p, P, . .
where a, and a, ', which are, respectively, the zeroth

3p P .
Gegenbauer moments of @, ' and <I>” ', are zero in the SU

(3) limit. The definitions for the LCDAs (Dlp' and CD;lp' are
collected in Appendix A. We further define f3l1’1 = f3 3

and f1p = f# (u = 1 GeV) in the present study as did in
1

Ref. [11]. In the present work, the G-parity violating
parameters, €.g. alll’K“*, aé‘QK“‘, all’K“f and ang“’, are con-
sidered for mesons containing a strange quark. Note that
for G-parity violating quantities, their signs have to be
flipped from mesons to antimesons.

The semileptonic form factors for the B ¢ — A transition

are defined as

G;U/aB ET)’\})ng'BABqA (6]2),

B,A
qu (qZ)

(AP, DIVIB (p)) = ~{ms, + ma)e" VI ) = (€0 py)(py + P 2 02

(V)
€
- 2mA

where ¢ = pp — P, Vf"A(O) = Vf”A(O),

mp + my B A mp — My _ B A
—L Ay (g - 22V, (D),
ZmA ZmA

Vi(g?) =
(2.6)

and we adopt the convention €”'?*> = —1. An alternative

definition for the form factors is given in Appendix B.

III. THE LIGHT-CONE SUM RULES

We consider the following two-point correlation func-
tion, which is sandwiched between the vacuum and trans-
versely polarized A meson (in this section
A= apure 1°P, or 1'P, state), to calculate the form
factors

"Here the idea of G parity is extended to U-spin and V-spin
multiplets.

: B,A B,A
= P uivEd (g2) — v <q2>]},

mpg + my

(2.5)

f
i [t e, DITE 07,01 - v}, 010

= — Vi@ e + Vy()(eDg2P + q),
1)

#(
€ q H Y o
2 qM - lA(qz)e/LVp()'E(J_)qu ’ (31)

q

+ V(g?)

where p% = (P + ¢)?, P is the momentum of the A meson,
and jp = ig,ysb (with g5y = u, d or s) is the interpolat-
ing current for the qu meson, so that

i fo,,m
Oljn, OB, (pp)) = =22 (32)

my + mg,

In the region of sufficiently large virtualities m3 —
p% > Agcpm, with ¢* being small and positive, the op-
erator product expansion is applicable in Eq. (3.1), so that
for an energetic A meson the correlation function in
Eq. (3.1) can be represented in terms of the LCDAs of
the A meson
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i j dxe (AP, ¢>|T[q1<x>yﬂ<1 — y5)b(x)j5(0)10)

[d( +k)2

2
X+ Kt m)ysMi e+ O(H) 63)

Tr[vﬂ(l Ys)
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2

k* = uEn* + k| + —J‘nﬁ

1B (3.4)

where k; is of order Agcp. Here, u is the momentum
fraction carried by the quark in the axial-vector meson.
In Eq. (3.3), to calculate contributions in the momentum
space, we have used the following substitution

where E = |P|, P* = En* + m3n"/(4E) = En* with Y
two lightlike vectors n# =(1,0,0,—1) and n* = L _l(’b 9,9 ) 3.5)
(1,0,0, 1) satisfying n_n, =2 and n~2 = n% = 0. Here, ok, 2E ou  0ky,
E ~ m,,, and we have assigned the momentum of the ¢,
quark in the A meson to be to the Fourier transform for
|
* z
AP NG 010 = = [ duerram| Py 0 Ee) R (R
' >
0¥ o8 (u) L, . .
Y A ) + e iy S :|+fj[§(}”éw — £ P
mix® o)1 W a0 ’ ’
(@) + AL ) = (P — APy oz ) ) — 5 (i — 4,
2 (P)(
W )
X P—ih3(u) + z(e('A)x)m%*yS ]}Sa’ (3.6)

where x2 # 0,
23(u) = g3(u) + @) — 281 (w),

i = ) = 59100~ 5w

]’;3(’4) = h3(u) -

The detailed definitions for the relevant two-parton LCDAs
are collected in Appendix A. In Eq. (3.5), the term of order
k% is omitted in the calculation. Consequently, we can
obtain the light-cone projection operator of the A meson
in the momentum space

3.7
(I)J_ (u)

M}, = M5a||A + M, 4 (3.8)

where Mg‘a” and Mg‘a | are the longitudinal and transverse
projectors, respectively. The longitudinal projector, which
projects the longitudinal component of the axial-vector
meson, is given by

fa T my

{ﬂ ¥sPy(u) — E

<[~ Sousntnt i — ik [ dv@. @)

/(p)
2( )]

lf—A mA(ezkA)n+)

A —
My = =% 2

+ s

— i (w)a,, ysnt

~oz)}

akJ_V k=up

(3.9)

and the transverse projector reads

wt = i1E E{é*(”ﬂ ys®. () — ]’f i [é"f”ysgﬁ(u)
A

u * J
— E/O dv((D”(‘U) - gL)(U))ﬂ ’yjeL(;\L) ak

o) Egj(u)
8 4

+ isﬂ,,p,,'yf‘e*m” ,<n+

2
sl @)
akL(r k=up E?

where the exactly longitudinal and transverse polarization
vectors of the axial-vector meson, independent of the
coordinate variable x, are defined as

2 2
eOp = E[(l — ﬂ)nu ma n”]
+ P
mpy 4E2 4E2
“Wp_

#(A)
# eWp €
el()\)# = (6*(’\)“ B ok — 5 nﬁ)@).,m.

(3.10)

@3.11)

Here, we have assumed that the meson moves along the n*
direction. A similar discussion about the projection opera-
tor for the vector meson can be found in Ref. [23]. From the
expansion of the transverse projection operator, one can
find that contributions arising from g(J_), P - g(f), g(f)’,
and g l are suppressed by m,/E as compared with the

term with @ ;. Note that in Eq. (3.3) the derivative with
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respect to the transverse momentum acts on the hard
scattering amplitude before the collinear approximation
is taken. Note also that applying equations of motion, the
twist-three two-parton LCDAs can be expressed in terms of
leading-twist and twist-three three-parton light-cone dis-
tribution amplitudes. One can thus understand from
Egs. (3.9) and (3.10) that the expansion parameter in the
light-cone sum rules should be m,/m,, instead of twist.

At the quark-gluon level, after performing the integra-
tion of Eq. (3.3), the results up to O(m,/m,,) read

_mififl@{ !
2 Jo u lmi—upy — iqg?

X [% oL () - (Z:—]{;)zug?(u)]},
(3.12)

VIQCD =

2,1 1 1 Q)J_
V0P = — 5/ [ d”{ 2 2 _ -2 gu)
2 0 my — upp — iq- mj
m 20,(u)
o Afi 2 ) 2}’ (3.13)
myfx (my — upy — iq”)
VQCD — qzmlzafj jl @{ 1 q)l(u)
2 o u lm} —upy —iqg*> m
m 2®,(u)
- Aff 2 ) 2}’ (3.14)
myfa (mb — upyp — iq’)
1 1 DL (u)
AP = _m%fi_/ d”{ 2 _ .2 _ -2 2
0 my — upp — uq my,
mafa g(f)(u)/2
- 1 (2 2 _ - 2 (3.15)
myfx (my — upg — iq®)

where ®,(u) = [ dv(®y(v) — ¢'(v)) and 7= 1—w
Note that here the contributions due to the explicit three-
parton LCDAs are suppressed by O(m3/m?) as compared
with the term involving @ | .

We have given the results for Vy, V,, and A from the
hadron and quark-gluon points of view. Thus, for instance,
for the form factor V; the contribution due to the lowest-
lying A meson can be further approximated with the help of
quark-hadron duality

, Ms, +mA m% fB
Vl(q) 2
mB —pB m,,-i—m
I VQCD
__[“’ m (sq)ds, (3.16)
S_PB

where s is the excited-state threshold. After applying the
Borel transform p% — M? [15,17,19] to the above equa-
tion, we obtain
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(mg, + my)(my, +m

2
5.5

) 2 2
Vi(g?) = e 5, /M

=

X / : /M ImV, D5, ¢2)ds. (3.17)
’nb
We obtain the light-cone sum rule results
VquA(QZ) —_ _ (mb + ml]z)ml%fj\_ (’”i,& 7”‘2)/1"’2
! (mg, + mA)mjzngquz
1 2 2
f du{ @)@ gl (1, 5,0)]
mBq + my
x (@)
m mqu
mAf A <”)(u))} (3.18)
VBqZA(qZ) _ (mb +mg,)mp, + ma)fx S, —m) /o
? 2’”3 fB
1 (2 2 2
X[ du{—e"(” =)/ WM DL ()0 c(u, s0)]
0 u
mp,  2mum
- ATIA () B, 50)]
mg, +my uMfy
+ uM28[c(u, so)])]}, (3.19)
qz ( 2) 42 ( 2) 4(1’}’[17 + qu)fA (’"3 7mh)/M2
4mB mAfB
1 1 _ 5
Xf du{—e”(‘f"mi)/(“’”2)|:(l)i(u)H[c(u, 50)]
0 u
2mymy f
- TuMEFE @, (u)(0c(u, 50)]
+ uM?8[c(u, so)]>]}, (3.20)
L
APt (g?) = — (my, + qu)(mBq2 + my)fa 0, )/

Zm%ququ
1 1

><[ du{fe“(qz’mi)/(”Mz)I:CI)L(u)&[c(u, 50)]
0 u

Mg, mamyfa (v
a2t () (Bl 50)]

- UMl c(u, so)])]},

(3.21)

where Vf‘“A(qz) is given by Eq. (2.6), and c(u, s¢) =
usg — ms + (1 — u)q>.
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IV. RESULTS

A. Input parameters

In this subsection, we shall briefly summarize the rele-
vant input parameters, which are collected in Tables I, II,
and III. The masses of u and d quarks are neglected.

The physical states K;(1270) and K;(1400) are the
mixtures of the Ky, and K. Ki4 and K, are not mass
eigenstates, and they can be mixed together due to the
strange and nonstrange light quark mass difference. Their
relations can be written as

|K1(1270)> = |k1A>Sin6KI + IKIB>COSGK|’

_ _ _ 4.1
|K1(1400)> = |K1A>C080Kl - IKlB> SinﬁKl.

The sign ambiguity for 6, is due to the fact that one can
add arbitrary phases to |K,,) and |K,z). This sign ambi-
guity can be removed by fixing the signs for fx,  and f IJf;B’
which do not vanish in the SU(3) limit. Following
Ref. [11], we adopt the convention fg >0, f,J(-lB >0.
Combining the analyses for the data of the decays B —

TABLE I. Masses and decay constants for 1°P, and 1'P,
states obtained in the QCD sum rule calculation [11].

State Mass [GeV] Decay constant fs) P, [MeV]
a;(1260) 1.23 = 0.06 238 £ 10

f1(13P) 1.28 = 0.06 245 + 13

fs(13P)) 1.29 £ 0.05 239 + 13

Kia 1.32 £ 0.06 250 = 13

b;(1235) 1.21 = 0.07 180 = 8

hi(1'Py) 1.23 £0.07 180 £ 12

hg(llPl) 1.37 £0.07 190 £ 10

K3 1.34 £ 0.08 190 £ 10

PHYSICAL REVIEW D 78, 034018 (2008)

Ky and 7~ — K (1270)v, [1,24], the mixing angle was
found to be O, = —(34 = 13)° [13].

Analogous to the n — %’ mixing in the pseudoscalar
sector, the 1P, states f,(1285) and f,(1420) have mixing
via

|£1(1285)) = |fl>¢0503p1 + |f8>5m93pl,
|£1(1420)) = —|f1)sinf:p + |fg)cosbsp ,

and likewise the 1'P, states, 7,(1170), and /;(1380) can
be mixed in terms of the pure octet sz and singlet /;

|h,(1170)) = |hl>cost91pl + |h8>Sin01P1,
|h,(1380)) = —|h1>sin01,>1 + |h8>COS€IP1.

4.2)

4.3)

Using the Gell-Mann-Okubo mass formula [11], we obtain
the mixing angles 01P1 and 03P1 to be

0:p = (23.6°179)°,
‘ (4.4)
01p, = (28.1%93,)°,  for g, = —(34 = 13)°.
For 3P, states the decay constants f;]q(lzss) and le(l 420) AT€
defined by
01y, vsqlfi1(1285)(P, A)) = _imf,(1285)f;1(1235)6£1\)’
O1gy,.Ysqlf1(1420)(P, 1)) = —imy, 140,f% 140y €5
4.5)
and for 1! P, states the tensor decay constants are
- oL «
(Olq(rﬂ,,qlh,(1170)(P, /\)> = lfhl(qlno)e,uvaﬁf()\)PB’
(010, qlhy (1380)(P, V) = if ;350 €uvapely PP
(4.6)

The reader is referred to [8,11] for details.

LKz

TABLE II.  Gegenbauer moments of @, and @ for 1P , and 1'p | mesons, respectively, where aé K4 and ay"'* are updated from

LK

the B — K,y analysis, and alll‘K“‘, azl‘K'A, ag’K‘B, and a; are then obtained from Eq. (141) in Ref. [11].
)73 ag,al(1260) a!’fTP] a!’-f;[,] ag,KM alll,K]A
1 GeV —0.02 = 0.02 —0.04 = 0.03 —0.07 = 0.04 —0.05 = 0.03 —-0.30099
2.2 GeV —0.01 = 0.01 —0.03 = 0.02 —0.05 = 0.03 —0.04 = 0.02 —-0.2573%9
1,a;(1260 3p 3p
12 a i ) af"fl ' af"fx ' aiLvKIA a(—)LvKIA aé—vKlA
1 GeV —1.04 £ 0.34 —1.06 + 0.36 —1.11 £0.31 —1.08 + 0.48 0.27+09% 0.02 = 0.21
2.2 GeV —0.85 = 0.28 —0.86 = 0.29 —-0.90 = 0.25 —0.88 = 0.39 0.25+99 0.01 = 0.15
m a|]|yh|(1235) alll,hllpI alll,h;P] alll’K]b‘ ag:Ku& ag’KlB
1 GeV —1.95*0.35 —2.00 = 0.35 —1.95+0.35 —1.95 +0.45 —0.19 = 0.07 0.1079013
2.2 GeV —1.61 =0.29 —1.65 = 0.29 —1.61 =0.29 —1.57 £ 0.37 —0.19 = 0.07 0.07511
“ a]J_,b1(1235) all'h:,)l all'h:‘Pl all‘K'B a(—)LvKIB
1 GeV 0.03 +0.19 0.18 = 0.22 0.14 = 0.22 —-0.02 = 0.22 0.30°0:9
2.2 GeV 0.02 = 0.15 0.14 = 0.17 0.11 =0.17 —-0.02 = 0.17 0.24739
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TABLE III.
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Input parameters for quark masses, CKM matrix element, and effective B, decay constants, and for twist-3 3-parton

Kia LK 5

LCDAs of the K4 and K states [1,11]. The G-parity violating parameters are updated due to new values for aé and a, " '* givenin
Ref. [13].

Strange quark mass (GeV), pole b-quark mass (GeV), and couplings

mg (2 GeV) My, pole a, (1 GeV) a, (2.2 GeV)
0.09 = 0.01 4.85 = 0.05 0.495 0.287

The CKM matrix element and the effective B(,) decay constants

[Vl fala;, = 0) [MeV] fg (a; =0) [MeV]
(4.31 £0.30) X 1073 145 = 10 165 = 10
G-parity conserving parameters of twist-3 3-parton LCDAs at the scale 2.2 GeV
Yy [GeV?] w!, 4, [Gev?]
X . 3
a; 0.0036 * 0.0018 —-29+09 0.0012 *+ 0.0005
fi 0.0036 = 0.0018 —2.8*09 0.0012 = 0.0005
fs 0.0035 = 0.0018 -3.0x 1.0 0.0015 = 0.0005
Kia 0.0034 = 0.0018 =31=x1.1 0.0014 = 0.0007
14, [Gev?] w?, 1Y, [GeVv?]
X . 3,
b, —0.0036 = 0.0014 -1.4+03 0.0030 = 0.0011
hy —0.0033 £ 0.0014 —1.7%04 0.0027 + 0.0012
hg —0.0035 £ 0.0014 —2.9+0.8 0.0027 + 0.0012
K —0.0041 £ 0.0018 -1.7£04 0.0029 = 0.0012

G-parity violating parameters of twist-3 3-parton LCDAs of the K4 at 4 = 2.2 GeV

U%lA /\Kl/\ O-IIA(IA
0.01 = 0.04 —0.12 £ 0.22 -1.9* 1.1
G-parity violating parameters of twist-3 3-parton LCDAs of the K3 at u = 2.2 GeV

1% A

Ky Tk Tk
—-0.23 =0.18 1.3 +0.8 0.03 = 0.03

B. Numerical results for the form factors

We numerically analyze the light-cone sum rules for the
transition form factors, where the pole b quark mass is
adopted in the calculation. The parameters appearing in the
sum rules are evaluated at the factorization scale u, =

W
B, b,pole*

We find that for sy =~ (34 ~ 37) GeV? the V, sum rule
can be stable within the Borel mass range 6.0 GeV? <
M? < 12.0 GeV?2. Therefore, we choose the Borel win-
dows to be 6.0GeVZ<M?<12.0GeV? (6.0+
dy,) GeV2 < M? < (12.0 + 6y,) GeV?, and (6.0 +
8,) GeV2 < M?* < (12.0 + §,) GeV? for V,, V,, and A,
respectively, where the correction originating from higher
resonance states amounts to 8% to 20%. V(0) equals to
V3(0), where the latter can be obtained from V;(0) and
V,(0). As for g # 0, the Borel windows for V5(g%) —
Vo(g?) is (6.0 + 8y) GeV? < M? < (12.0 + &) GeV2.
The excited threshold s, is determined when the most
stable plateau of the V; sum rule result is obtained within
the Borel window. Using the same s,, we can then deter-

mine Sy, , 04, and dy, so that the sum rule results for V,, A,
and V53 — V, are stable within the Borel windows. In
Table IV, we show that, for ¢g> =0 and M pole =
4.85 GeV, the corresponding sy’s lie in the interval
34-35 GeV?. The values of Oy, v, corresponding to
mp, pole = 4.85 GeV, are also collected in Table IV. In the
present study, the excited thresholds change slightly for
larger ¢°>. However, for simplicity the values of s, and
Oy, av are chosen to be independent of q°.

In the numerical analysis, we use the effective B decay
constant fp(a, = 0) = 145 = 10 MeV, which is in agree-
ment with the QCD sum rule result without radiative
corrections [25]. We have checked that, using this value
of fp and m;, = 4.85 GeV in the light-cone sum rules of
B — p transition form factors of the same order of «, and
m,/m,, we can get results Afp(O) =~ (.23, Ag” (0) = 0.22,
and V5P (0) =~ 0.32, in good agreement with that given in
Ref. [18], where the radiative corrections are included. In
the literature, it was found that the contributions due to
radiative corrections in the form factor sum rules can be
canceled if one adopts the fz sum rule result with the same

034018-6



FORM FACTORS OF B, ,, DECAYS INTO p- ...

PHYSICAL REVIEW D 78, 034018 (2008)

TABLE IV. Parameters (in units of GeV?) relevant to the excited-state thresholds of the light-cone sum rules, where My, pole =

4.85 GeV is used. Here, parameters correspond to g> = 0.

B—>a1 B_’fl B—’fg B_’KIA B_’bl B—’hl B—’hg B_)KIB
S0 34.18 34.17 34.10 34.14 34.25 34.90 35.02 34.23
Oy, 3.05 3.15 3.12 3.55 4.38 7.48 5.64 3.75
Oy 3.05 3.15 3.12 3.55 4.38 7.48 5.64 3.75
04 1.61 1.55 1.56 —0.46 3.25 3.42 1.82 2.55

order of «, corrections in the calculation [18,26].
Therefore, radiative corrections might be negligible in
the present analysis.

Including the terms up to order of m4/m;, in the light-
cone expansion, the three-parton distribution amplitudes
do not contribute directly to the sum rules, but they enter
the sum rules, since g(f) and g(f) can be represented in
terms of the leading-twist (two-parton) and twist-3 three-
parton LCDAs. To estimate the theoretical uncertainties of
the sum rule results due to higher-twist effects, we put all
parameters related to twist-3 three-parton LCDAs to be
zero and find that the changes of the resulting form factors
are less than 3%. We thus conclude that the higher-twist
effects might be negligible.

The form factors results in the light-cone sum rule
calculation are exhibited in Table V, where the momentum
dependence is parameterized in the three-parameter form

FB‘iA(O)
1 —alg*/mg) + b(g*/mj )*’

FPA(g?) = 4.7

with FBA = V(lj ‘{Az or AB+4, For simplicity, we do not show
the theoretical errors for the parameters a and b. As ¢> =
10 GeV?, the sum rule results become less stable. To get
reliable estimate for the g> dependence of the form factors,
the present results are fitted in the range 0 < ¢*> < 6 GeV?>.
The theoretical errors for F(0) are due to variation of the
Borel mass, the Gegenbauer moments, the decay constants,
the strange quark mass, and the pole b quark mass, which
are then added in quadrature. The errors are dominated by
variation of the pole b quark mass. It should be stressed
that in the convention of the present work, the decay
constants of 1'P, and 1°P, axial-vector mesons are of
the same sign, so that the form factors for B — 1'P, and
B — 1°P, transitions have opposite signs. The sign con-
vention is the other way around in the light-front quark
model [21] and perturbative QCD [27] calculations.

For the numerical analysis of B; — form factors, we
adopt the effective decay constant fp (a, = 0) =~ 1.14 X
f,(a; = 0) =165 = 11 MeV, which is estimated by us-
ing the relevant QCD sum rule result. Finally, we obtain the

TABLE V. Form factors for B, ; — ay, by, Ky4, K1, f1, fs, Iy, hg transitions obtained in the light-cone sum rule calculation are
fitted to the 3-parameter form in Eq. (4.7). Here, because the decay constants f3 3 and f IlP , which are defined in Egs. (2.1) and (2.2),
1

are of the same sign, the form factors for B — 1'Pl and B — 13P1 transitions have opposite signs.

F F(0) a b F F(0) a b
v 0.37 + 0.07 0.645 0.250 v —0.20 + 0.04 0.748 0.063
v 0.42 +0.08 1.48 1.00 v —0.09 + 0.02 0.539 1.76
Ve 0.30 = 0.05 1.77 0.926 v —0.39 + 0.07 1.22 0.426
AP 0.48 + 0.09 1.64 0.986 APBb: —0.25 + 0.05 1.69 0910
vk 0.34 = 0.07 0.635 0211 vk —0.2919.08 0.729 0.074
vk 0.41 = 0.08 1.51 1.18 vk —-0.17+9%3 0919 0.855
vk 0.22 + 0.04 2.40 1.78 vgke —0.45+0, 2 1.34 0.690
ABKis 0.45 + 0.09 1.60 0.974 ABKs —-0.373. 09 1.72 0.912
vih 0.23 * 0.04 0.640 0.153 Vi —0.13 = 0.03 0.612 0.078
veh 0.26 = 0.05 1.47 0.956 v —0.07 = 0.02 0.500 1.63
veh 0.18 * 0.03 1.81 0.880 v —0.24 = 0.04 1.16 0.294
APBfi 0.30 =+ 0.05 1.63 0.900 ABM —0.17 £ 0.03 1.54 0.848
%k 0.16 + 0.03 0.644 0.209 vPhs —0.11 +0.02 0.623 0.094
VA 0.19 = 0.03 1.49 1.09 1% —0.06 * 0.01 0.529 1.53
Vel 0.12 + 0.02 1.84 0.749 Vol —0.18 + 0.03 1.22 0.609
ABfs 0.22 + 0.04 1.64 0919 ABhs —0.13 +0.02 1.56 0.827
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Form factors for B, — K4, K15, f1. fs, 11, hg transitions obtained in the light-cone sum rule calculation are fitted to the

3-parameter form in Eq. (4.7). Here, because the decay constants, fs P, and f H;, , are of the same sign, the form factors for B, — 1! P,
1

and B, — 13P, transitions have opposite signs.

F F(0) a b F F(0) a b
vk 0.30 * 0.06 0.635 0211 vk —0.257997 0.729 0.074
vy 0.36 = 0.07 1.51 1.18 vyt —0.152553 0.919 0.855
vk 0.19 = 0.04 2.40 1.78 vk —0.40794} 1.34 0.690
AB:Kia 0.40 = 0.08 1.60 0.974 AB:Kis —0.3375.92 1.72 0.912
B/ 0.20 = 0.04 0.640 0.153 v —0.11 = 0.03 0.612 0.078
Vi 0.23 + 0.04 1.47 0.956 vy —0.06 * 0.02 0.500 1.63
v 0.16 = 0.03 1.81 0.880 Ve —0.21 = 0.04 1.16 0.294
AB.i 0.26 = 0.04 1.63 0.900 AB: —0.15 = 0.03 1.54 0.848
Vi —0.28 + 0.05 0.644 0.209 v i 0.19 + 0.04 0.623 0.094
Vi —0.33 = 0.05 1.49 1.09 vl 0.11 = 0.02 0.529 1.53
ves —0.21 + 0.04 1.84 0.749 Vel 0.32 + 0.05 1.22 0.609
AB.Js —0.39 + 0.07 1.64 0919 AB:hs 0.23 + 0.04 1.56 0.827

relations (with F = Vj,, or A)

FPu(qd) _ F¥i(q) _ 2F"(g?) _ F*u(g?)
FPRa(@) FRI(g) FPhig))  FPRu(g)
_ (g 2FPs(g?) _
CFBM(g) T FBM(gY)

1.14. (4.8)

In Table VI, we show the form factor results at the maxi-
mum recoil (i.e., at g> = 0).

C. Branching ratios

Our results for the semileptonic decay rates B, ;, —
Aev, are listed in Table VII. Most branching ratios are of
order 10~*. For B, ; decays involving the a, or f(1285)
we obtain I'; /I'; =~ 0.6, whereas for decays containing

1'P, mesons we find that I'; /T'; is close to 2. In short,
the polarization fractions follow the relations I' . > 1", >
I', for the former, and I'; >T"_ > I', for the latter. On
the other hand, we have I'; /T’ ~0.6 —0.7,1.1,1.4 — 1.8
for the semileptonic B, decays involving the f{, h;, and K,
respectively. These results are sensitive to the values of
form factors. Moreover, we have the salient patterns

B[a,(1260)] > B*[b,(1235)] > B“[f,(1285)]
> B4[h,(1170)] > B*[f,(1420)]

= B [h,(1380)], (4.9)
BS[K,(1270)] = B[K,(1400)] > B°[f,(1420)]

> Bs[h,(1380)] > B°[f,(1285)]

= B[, (1170)], (4.10)

TABLE VII. Decay rates of B, ;, — Aeb, obtained in this work, where I'.. ; are in units of 10° s™!, and the branching ratios are in
units of 1074, T'; stands for the portion of the rate with a longitudinal polarization A, I', with a positive helicity A, and I'_ with a
negative helicity A. I'y =T', + I'_. Here, we use 6, = —(34 * 13)°, O:p, = (23.67119)°, and O1p, = (28.1793,)°. The first error

comes from the variation of form factors, and the second from the mixing angles.

A T, r_ T,

r, /T, BB — A*te5,) BB~ — Ade 7,

a,(1260) 7.6732 115%48 74.84327

0.61+9% 3.024193 3.24413%

£1(1285) 4270700 6D ITRETRL 404713705 0,617 000700 1.6350807004 1.750835004
£1(1420) 0.1786% 63 2275300 LIE3 0t o% 0.48731570.00 0.05%5:05 03 0.06"5:03 004
b(1235) 3.3%14 37.7+18¢ 85.57363 2.08°5:08 193708 2.071029
hy(1170) 19755704 2470588 SAT N, 2051001100 12470314098 1.3370.8070%9
h(1380)  0.1733757 0803754 18733715 1977893807 0.04*861 000 0.04*861 030
A F+ F_ FL FL/FT B(BY _’A+€777L,)

f1(1285) 0.4%55753 44739735 3.375375%! 0.68 1047 0% 0.12*0370%

f1(1420) 6.2103"91  90.8Mig3 RN ST6TIINN,  0.59T001 00 22770570

hy(1170)  0.1154%05 010150 0.2%03%5)° L3709 000 0.01*000* 03

hy(1380) 37539503 37.67 11100 74.2430083 1.8070:06 001 169738509

Ki(1270) 92737408 14175175, 15975740, 106008015 453760708

K((1400)  9.4739710¢ 1197378, 13555719 105308 3 11 3.86"17 04
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where B?[a,(1260)] = B(B, — Aep,). These patterns are
sensitive to the mixing angles and thus can offer deeper
insights for the quark contents of the P-wave mesons.

V. SUMMARY

We have calculated the vector and axial-vector form
factors of B decays into P-wave axial-vector mesons in
the light-cone sum rule approach. Owing to the G-parity,
the chiral-even two-parton light-cone distribution ampli-
tudes of the 13P, and 1'P, mesons are, respectively,
symmetric and antisymmetric under the exchange of quark
and antiquark momentum fractions in the SU(3) limit. For
chiral-odd light-cone distribution amplitudes, it is the other
way around. The sum rule results for form factors are
sensitive to the light-cone distribution amplitudes of the
axial-vector mesons. To extract the relevant form factors,
the polarization of the axial-vector meson is chosen to be
transversely polarized in the light-cone sum rule calcula-
tion. For the resulting sum rules, we have included the
terms up to order of m,/m,, in the light-cone expansion.
The numerical impact of 1/m,, corrections is under control.
As discussed in Sec. III, it should be stressed that the
expansion parameter in the light-cone sum rules is
my /my, instead of twist. In the present study, because the
decay constants f3 3 and f P which are defined in
Egs. (2.1) and (2.2), are of the same sign, the form factors
for B— 1'P, and B— 13P transitions have opposite
signs. The sum rule results could be improved in the future
by including O(«a;) corrections to the sum rules and by
improving the input parameters describing the light-meson
distribution amplitudes, for instance from lattice calcula-
tions. We have presented the results for the semileptonic
decay rates of B, ;, — Aev,. Theses will allow further
tests of our form factor results and of the mixing angles
in the future.
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APPENDIX A: TWO-PARTON DISTRIBUTION
AMPLITUDES

The chiral-even LCDAs are given by

(A(P, V|g,(x)y,,7592(0)|0)

i 1 . e Ny . .
= lfAmA[ due”‘m{p = Dy (u) + 8ji)g(l)(u)
1 *(/\)x
2 ,U« ( )2

€ X p2 g5 (u)+ Ox 2)} (Al)

PHYSICAL REVIEW D 78, 034018 (2008)

(A(P, M|, (x)y,q2(0)|0) = —ifama€,,p0€00 PP X7

(0 00

(A2)
where u and # = 1 — u are the momentum fractions car-
ried by the ¢, and g, quarks, respectively, in the axial-
vector meson. The chiral-odd LCDAs are defined by

(A(P,M)|g,(x)0 1, 7592(0)|0)

1 ; % %
=1t [Lauerr e 12, - £ p00L w0

m3 e Wy

C(p?

. . m;
# 5 1n, — o) M + 0], (a3)
mA(e"(’\)x)/ du

<o o)

(A4)
where p, = P, — mjx,/(2Px). Here, ®), ®, are of
twist 2, g, ¢ j R, i of twist 3, and g, hy of twist
4. Note that in the deﬁmtlons of LCDAs, the longitudinal
and transverse projections of polarization vectors e,i“)
along the x direction for the axial-vector meson are given
by

+ 7 (p s = PR )

(A(P, M)1g,(x)y542(0)|0) =

#(A 2
&M =€ Wax _Ma &N = W _ g+
Nt px \'F 2px7H) Lu . Flls
(AS5)

One should distinguish the above projections from the
exactly longitudinal (€"O#) and transverse (ej_()‘)“ ) polar-
ization vectors of the axial-vector meson, given in
Eq. (3.11), where the results are independent of the coor-
dinate variable x.

In SU(3) limit, due to G parity, @y, g\, ¢, and g, are
symmetric (antisymmetric) under the replacement u —
1 — u for the 13P, (1'P,) states, whereas @, hl(lt)’ hh”),
and k5 are antisymmetric (symmetric). In other words, in
the SU(3) limit it follows that

fo dud () = ]0 dun? ) = jo L dunl?(u)

= j;)l duhs(u) =0 (A6)
for 13P, states, but becomes
[ du®)(u) = [ dug(”)(u) [ dug(v)(u)
= [0 dug;(u) =0 (A7)
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for 1' P, states. The above integrals are not zero if m, #
m,,, and the detailed discussions can be found in Ref. [11].
For convenience, we therefore normalize the distribution
amplitudes of the 1°P, and 1' P, states to be subject to

1 3p 1 Ip
f duq)” "(u) =1 and [ du® | '(u) =1. (A8)
0 0
We set fi:

— — rl
P, _f3P1 and f'P1 = fip

study, such that we have

(1°P,(P, V)|g,(0)0 ., ¥592(0)|0)

(u =1 GeV) in the
1

1°pP * *
= fray (eVP, — €VP,), (A9)
(1'P, (P, M)g,(0)y,,v592(0)|0)
= ifk, (1 GeVya "mip €, (A10)

L3P I.'p
where a,” ' and a, ' are the Gegenbauer zeroth mo-

ments and vanish in the SU(3) limit.
|

)(u)——(1+§2)+ alg + ( +5§33P>(3§2—1)+<

PHYSICAL REVIEW D 78, 034018 (2008)

We take into account the approximate forms of twist-2
distributions for the 13P1 mesons to be [11]

Dy (u) = 6uzz[1 +3dle + ag%(sz — 1)], (A11)

@, (u) = 6uu[a0 +3at ¢+ ar - (5§2 — 1)] (A12)
and for the 1' P, mesons to be

Py (1) = 6W|:a0 +3dlé + a (552 - 1)], (A13)

D, (u) = 6uﬁ[1 +3ai- ¢ + ar %(552 — 1)], (Al14)

where & = 2u — 1.
For the relevant two-parton twist-3 chiral-even LCDAs,

we take the approximate expressions up to conformal spin
9/2 and, O(m,) [11]

9 al 105 A 15 1% |4 ) 4 2
+— - 3 3 - +
2% T 6 Gor, T gabarn,@ip, 338 73068 43)

2

1 3 9_1z/(3,3 _
+5[ Jp prl + §£3PI<A?P1 — 160-”’ )]5(552 -3)— 2 i 8+<—+§§2 + Inu +1nu)

at5_ (3¢ + Ini — lnu),

N\
S

) = 6uu{1 + ( + —{A
35
Z(;:X.?PIO-}/
— 1846 _(uaé + alnii — ulnu),
for the 13P states, and

¢ = a1+ &)+ ”f*+5[ iy +

+52Y,
3G, P 16

3 < .
- 5[5+(2§ + Init — Inu) + (2 + Inu + Inin) (1 + 6a3),

(U)(u) = 6uu{ Iy a”f + I:%

3 28

— 6[6. (iilni — ulnu) + 6_Qui + alni + ulnu)](1 + 6ay),

for the 1' P, states, where

5+:
I my

)§+[ '+§§3Y3P1(1 —13—6

1
fAzP Sp )5(752 - 3)} — 18at & (Bui + @ lnit + ulnu)

3
. (1 oty ) Jese -3+
105 < 1~
M, G- 1)+ —( T~ ﬁglvpl a.vpl>(35§4 — 3082+ 3) — 15@2i[5+g3 +35.68 - 1)]

5
A+ 38, (M, -

20 21 1
+_§|: 3P, t e <§3V‘P T ?,'Pl

1 -+
fa mg, T my,

(A15)
35
W )+ )58~ 1)
(A16)

ab(15¢* — 6£> — 1)

(A17)
3 35
1—60,21) S et |58 -1
ofy )0 = 3)| - sat28.6 + 51+ )
(A18)
Vi) V(A)
_JA
3.A —f—AmA. (A19)
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APPENDIX B: AN ALTERNATIVE DEFINITION OF
FORM FACTORS

Following Ref. [21], the semileptonic form factors for
the B — A transition are alternatively defined in the fol-
lowing way

_ .2
(A(p, MIA LB, (pp)) = ’m

B,

(Ap, VIV,.1B,(py)) = {(mB —mA>e“>*vf‘fA<q2>

. ( %)
— (M- pp)(pp + P)
My
(W~
_2mATpBCI’L[quA(6]2)
A
Ve @) (B1)

TABLE VIII.

8,LLV(1B ez‘:)pgpﬁABqA (qz)y

PHYSICAL REVIEW D 78, 034018 (2008)

where ¢ = pp — p, Vf"A(O) = Vf"A(O) and
B,A My g A my B A
) =T Ty ) - (@)
ny my
(Al3,,V#IB,) = 2im,(€ pp)Vo " (4. (B2)

Following the above parametrization, the numerical results
of the light-cone sum rules for the form factors are listed in
Table VIIIL

APPENDIX C: DECAY AMPLITUDES
The differential decay rates for B)— A*e™ b, are given
by
dU'(B)— Ate v ) G% v,
dE,dq? 12873 KM

7

2= X [(1 — cosh)?
mp

X H* + (1 + cosf)*H>

+2(1 — cos’0)HZ], (C)

Following the parametrization given in Eq. (B1), form factors for B, ; ; — A transitions obtained in the light-cone sum

rule calculation are fitted to the 3- parameter form in Eq. (4.7). Here, because the decay constants f3 3 and fi p, are of the same sign, the
form factors for B(,) — 1'P, and B — 13P, transitions have opposite signs.

F F(0) a b F F(0) a b
v 0.60 = 0.11 0.645 0.250 vin —0.32 = 0.06 0.748 0.063
vy 0.26 = 0.05 1.48 1.00 vih —0.06 = 0.01 0.539 1.76
Ve 0.30 * 0.05 1.77 0.926 vl —0.39 = 0.07 1.22 0.426
ABai 0.30 = 0.05 1.64 0.986 ABD —0.16 = 0.03 1.69 0.910
4 0.56 = 0.11 0.635 0211 vk —0.48+043 0.729 0.074
vk 0.25 + 0.05 1.51 1.18 vk —0.10+993 0.919 0.855
v 0.22 + 0.04 2.40 1.78 vk —0.45+042 1.34 0.690
ABKis 0.27 = 0.05 1.60 0.974 ABKs —0.2270% 1.72 0.912
v 0.37 + 0.07 0.640 0.153 vin —0.21 +0.04 0.612 0.078
veh 0.16 = 0.03 1.47 0.956 vl —0.04 = 0.01 0.500 1.63
veh 0.18 = 0.03 1.81 0.880 veh —0.24 = 0.04 1.16 0.294
APBfi 0.18 + 0.03 1.63 0.900 APBM —0.10 = 0.02 1.54 0.848
Vs 0.26 = 0.05 0.644 0.209 v —0.18 = 0.03 0.623 0.094
%<k 0.11 + 0.02 1.49 1.09 vEh —0.03 + 0.01 0.529 1.53
vels 0.12 = 0.02 1.84 0.749 Vo —0.18 = 0.03 1.22 0.609
ABfs 0.13 +0.02 1.64 0919 APBhs —0.08 + 0.02 1.56 0.827
vk 0.49 £ 0.10 0.635 0211 vy —0.42701 0.729 0.074
oK 0.22 + 0.04 1.51 1.18 vk —0.09+993 0.919 0.855
VoK 0.19 + 0.04 2.40 1.78 vk —0.40%0! 1.34 0.690
ABKia 0.24 = 0.04 1.60 0.974 ABKis —-0.19759 1.72 0.912
v 0.33 = 0.06 0.640 0.153 v i —0.18 = 0.04 0.612 0.078
v 0.14 = 0.03 1.47 0.956 Vo —0.04 = 0.01 0.500 1.63
v 0.16 = 0.03 1.81 0.880 Ve —0.21 = 0.04 1.16 0.294
AB:fi 0.16 + 0.03 1.63 0.900 AB:hn —0.09 = 0.02 1.54 0.848
v —0.46 = 0.09 0.644 0.209 vl 0.32 = 0.05 0.623 0.094
VBT ~0.19 * 0.03 1.49 1.09 VBihs 0.05 * 0.02 0.529 1.53
Vo —0.21 +0.04 1.84 0.749 vl 0.32 + 0.05 1.22 0.609
ABJs —0.23 +0.04 1.64 0.919 ABshs 0.14 = 0.03 1.56 0.827
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with the helicity amplitudes being
X172
H. = (mg, + m)Vi(g?) T ———A(g?),
mp, + nmy

1

Hy=——%+—
2mA(612)l/2

[(0, = m3 = )y, + my)

X Vi(g®) — Va(g?)] (C2)

mp, + my
Here, E, is the electron energy in the B, rest system. 6 is
the polar angle between the A and e~ in the (e”, 7,)
system, and is given by

PHYSICAL REVIEW D 78, 034018 (2008)

2 _ 2 4 2y
(mz, —my +q°) — 4mp E,
e ’

cosf = (C3)
with A = (mj + mj — ¢*)* — 4mj mj. For a fixed elec-
tron energy, g> varies over the region 0 =< g> < g2
where
2 _ 0
_ ZEe(mBq my ZmBqu)

2 = c4
Qmax mBq _ 2Ee 2 ( )

and the related range of E, is OSEeS(m%q -
m3)/2my).
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