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In the present paper, we suggest a convenient model for the vector ρ-meson longitudinal leading-twist 
distribution amplitude φ‖

2;ρ , whose distribution is controlled by a single parameter B‖
2;ρ . By choosing 

proper chiral current in the correlator, we obtain new light-cone sum rules (LCSR) for the B → ρ TFFs 
A1, A2 and V , in which the δ1-order φ‖

2;ρ provides dominant contributions. Then we make a detailed 
discussion on the φ‖

2;ρ properties via those B → ρ TFFs. A proper choice of B‖
2;ρ can make all the 

TFFs agree with the lattice QCD predictions. A prediction of |V ub| has also been presented by using 
the extrapolated TFFs, which indicates that a larger B‖

2;ρ leads to a larger |V ub|. To compare with the 
BABAR data on |V ub|, the longitudinal leading-twist DA φ‖

2;ρ prefers a doubly-humped behavior.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
1. Introduction

The meson light-cone distribution amplitude (LCDA) relates to 
the matrix elements of the nonlocal light-ray operators sand-
wiched between the hadronic state and the vacuum. It provides 
underlying links between the hadronic phenomena at the small 
and large distances. The leading-twist (twist-2) LCDA arouses peo-
ple’s great interests due to its role in hard exclusive processes [1], 
i.e. it always provides dominant contributions to those processes. 
The investigation on the LCDAs has been the subject of numer-
ous studies, especially for the simpler LCDAs of the pseudoscalar 
mesons pion, kaon, etc. As for the vector ρ meson, its LCDAs 
are much more involved due to its complex structures: there are 
chiral-even or chiral-odd LCDAs for the ρ meson, the ρ meson 
has longitudinal (‖) and transverse (⊥) polarization states. Sev-
eral approaches have been adopted to study the ρ-meson LCDA 
properties, such as the QCD sum rules [2–5], the light-cone quark 
model [6], the AdS/QCD model [7], etc. The properties of the 
ρ-meson LCDA are also helpful for us to understand other vector 
mesons’ LCDAs. That is, by taking the SU f (3)-breaking effect into 
consideration, one can further study the K ∗ meson LCDAs [6,8,9].

To understand the complex structures of the ρ-meson LCDAs, 
as suggested in Refs. [10,11], it is convenient to arrange them by a 
parameter δ, i.e. δ � mρ/mb ∼ 16%. A classification of the ρ-meson 
twist-2, twist-3 and twist-4 LCDAs up to δ3-order has been col-
lected in Ref. [12], which is rearranged in Table 1. Up to twist-4, 
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Table 1
The ρ-meson LCDAs up to twist-4 and δ3-order.

Twist δ0 δ1 δ2 δ3

2 φ⊥
2;ρ φ

‖
2;ρ / /

3 / φ⊥
3;ρ , ψ⊥

3;ρ , Φ
‖
3;ρ , Φ̃

‖
3;ρ φ

‖
3;ρ , ψ

‖
3;ρ , Φ⊥

3;ρ /

4 / / φ⊥
4;ρ , ψ⊥

4;ρ , Ψ ⊥
4;ρ , Ψ̃ ⊥

4;ρ φ
‖
4;ρ , ψ

‖
4;ρ

there are fifteen ρ-meson LCDAs. All those ρ-meson LCDAs, es-
pecially the higher-twist DAs, are far from affirmation, thus, it is 
helpful to find a reliable way to study the properties of a specific 
ρ-meson LCDA. In the paper, we shall concentrate our attention 
on the ρ-meson longitudinal leading-twist distribution amplitude 
φ

‖
2;ρ , which is at the δ1-order. For the purpose, we adopt the 

B → ρ transition form factors (TFFs) to study the φ‖
2;ρ properties.

The B → ρ TFFs are key components for the semileptonic decay 
B → ρlν . When the leptons are massless, only three TFFs A1, A2
and V provide non-zero contributions to the B → ρlν decay [13]. 
In the following, we shall adopt the QCD light-cone sum rules 
(LCSR) [14–16] to deal with those non-zero B → ρ TFFs. In com-
parison to the convention SVZ sum rules [17], the LCSR is based 
on the operator product expansion near the light cone, and all 
its non-perturbative dynamics are parameterized into LCDAs of in-
creasing twists. One advantage of LCSR lies in that it allows to 
incorporate information about high-energy asymptotics of correla-
tion functions in QCD, which is accumulated in the LCDAs. Further-
more, as a tricky point of the LCSR approach, by properly choosing
the correlation function (correlator), especially by choosing the 
 under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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chiral correlator, one can highlight the wanted LCDAs’ contribu-
tions while highly suppress the unwanted LCDAs’ contributions to 
the LCSR [18–20]. As shall be shown later, by taking a proper chi-
ral correlator, we can highlight the contributions of φ‖

2;ρ to the 
B → ρ TFFs. The obtained LCSRs for those TFFs shall show strong 
dependence on φ‖

2;ρ . Thus, via the comparison with the data or 
predictions from other approaches, it shall provides us good op-
portunities to determine the behavior of φ‖

2;ρ .
The remaining parts of the paper are organized as follows. In 

Section 2, we present the formulas for the B → ρ TFFs under the 
LCSR approach. In Section 3, we present our numerical results and 
discussions on the B → ρ TFFs, the B → ρ semi-leptonic decay 
width and the Cabibbo–Kobayashi–Maskawa (CKM) matrix element 
|V ub|. Section 4 is reserved for a summary.

2. Calculation technology

To derive the LCSRs for the B → ρ TFFs, we suggest to start 
from the following chiral correlator

Πμ(p,q)

= i

∫
d4xeiq·x〈ρ(p, λ)

∣∣T{
q̄1(x)γμ(1 − γ5)b(x), j†

B(0)
}|0〉, (1)

where the current j†
B(x) = ib̄(x)(1 −γ5)q2(x). This is different from 

our previous choice of j†
B(x) = ib̄(x)(1 + γ5)q2(x) [12], in which 

the δ0-order φ⊥
2;ρ provide dominant contribution. The advantage 

of our present new choice lies in that one can highlight the con-
tributions from the chiral-even ρ-meson LCDAs such as φ‖

2;ρ , φ⊥
3;ρ , 

ψ⊥
3;ρ , Φ‖

3;ρ , Φ̃‖
3;ρ , φ‖

4;ρ and ψ‖
4;ρ ; while the chiral-odd LCDAs φ⊥

2;ρ , 

φ
‖
3;ρ , ψ‖

3;ρ , Φ⊥
3;ρ , φ⊥

4;ρ , ψ⊥
4;ρ , Ψ ⊥

4;ρ , Ψ̃ ⊥
4;ρ provide zero contributions. 

We also find that within the remaining chiral-even LCDAs, only the 
LCDAs φ‖

2;ρ , φ⊥
3;ρ and ψ⊥

3;ρ provide dominant contributions to the 

LCSR, while the remaining LCDAs as φ‖
4;ρ , ψ‖

4;ρ , Φ‖
3;ρ and Φ̃‖

3;ρ pro-

vide negligible contribution. Moreover, the twist-3 DAs ψ⊥
3;ρ and 

φ⊥
3;ρ (and the later simplified A‖

ρ(u) = ∫ u
0 dv[φ‖

2;ρ(v) − φ⊥
3;ρ(v)]) 

can be related to φ‖
2;ρ under the Wandzura–Wilczek approxima-

tion [21,13]

φ⊥
3;ρ(x,μ) = [

Φ0−x
ρ (x,μ) + Φx−1

ρ (x,μ)
]
/2, (2)

ψ⊥
3;ρ(x,μ) = 2

[
x̄Φ0−x

ρ (x,μ) + xΦx−1
ρ (x,μ)

]
, (3)

A‖
ρ(x,μ) = [

x̄Φ0−x
ρ (x,μ) + xΦx−1

ρ (x,μ)
]
/2, (4)

where Φ0−x
ρ (x, μ) = ∫ x

0 dv
φ

‖
2;ρ(v,μ)

v̄ and Φx−1
ρ (x, μ) = ∫ 1

x dv
φ

‖
2;ρ(v,μ)

v . 
Thus, the leading-twist φ‖

2;ρ provides dominant contribution to the 
LCSRs either directly or indirectly. Then, as required, those TFFs 
can indeed provide us a useful platform for testing the properties 
of φ‖

2;ρ .

The correlator (1) is an analytic function of q2 defined at both 
the space-like and the time-like q2-regions. The correlator can 
be treated by inserting a completed set of intermediate hadronic 
states in physical region. It can also be treated in the framework of 
the operator product expansion in deep Euclidean region, then all 
its non-perturbative dynamics are parameterized into LCDAs. Those 
two results can be related by the dispersion relation, and the final 
LCSR can be achieved by applying the Borel transformation.

Following the standard LCSR procedures, we obtain the LCSRs 
for the B → ρ TFFs
f B A1
(
q2)e−m2

B/M2

= 2m2
bmρ f ‖

ρ

m2
B(mB + mρ)

{ 1∫
0

du

u
e−s(u)/M2

×
[
Θ

(
c(u, s0)

)
φ⊥

3;ρ(u) − m2
ρ

uM2
Θ̃

(
c(u, s0)

)
C‖

ρ(u)

]
− m2

ρ

∫
Dα

∫
dve−s(X)/M2 1

X2M2
Θ

(
c(X, s0)

)
× [

Φ
‖
3;ρ(α) + Φ̃

‖
3;ρ(α)

]}
, (5)

f B A2
(
q2)e−m2

B/M2

= m2
bmρ(mB + mρ) f ‖

ρ

m2
B

{
2

1∫
0

du

u
e−s(u)/M2

×
[

1

uM2
Θ̃

(
c(u, s0)

)
A‖

ρ(u) + m2
ρ

uM4
˜̃Θ(

c(u, s0)
)
C‖

ρ(u)

+ m2
bm2

ρ

4u4M6
˜̃̃
Θ

(
c(u, s0)

)
B‖

ρ(u)

]
+ m2

ρ

∫
Dα

∫
dve−s(X)/M2 1

X3M4
Θ

(
c(X, s0)

)
× [

Φ3;ρ(α̃) + Φ̃
‖
3;ρ(α̃)

]}
, (6)

f B V
(
q2)e−m2

B/M2

= m2
bmρ(mB + mρ) f ‖

ρ

2m2
B

1∫
0

due−s(u)/M2 1

u2M2
Θ̃

(
c(u, s0)

)
× ψ⊥

3;ρ(u), (7)

where s(�) = [m2
b − �̄(q2 − �m2

ρ)]/� with �̄ = 1 − � (� stands 
for u or X), and X = a1 + va3. f ‖

ρ represents the ρ-meson de-
cay constant. c(u, s0) = us0 − m2

b + ūq2 − uūm2
ρ . Θ(c(�, s0)) is the 

usual step function: when c(�, s0) < 0, it is zero; otherwise, it is 
1. Θ̃(c(u, s0)) and ˜̃Θ(c(u, s0)) are defined via the integration

1∫
0

du

u2M2
e−s(u)/M2

Θ̃
(
c(u, s0)

)
f (u)

=
1∫

u0

du

u2M2
e−s(u)/M2

f (u) + δ
(
c(u0, s0)

)
, (8)

1∫
0

du

2u3M4
e−s(u)/M2 ˜̃Θ(

c(u, s0)
)

f (u)

=
1∫

u0

du

2u3M4
e−s(u)/M2

f (u) + �
(
c(u0, s0)

)
, (9)

where δ(c(u, s0)) = e−s0/M2 f (u0)
C0

and

�
(
c(u, s0)

) = e−s0/M2
[

1

2u M2

f (u0)

C
− u2

0

2C
d

du

(
f (u)

uC

)∣∣∣∣ ]
,

0 0 0 u=u0
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Table 2
The parameters for the ρ-meson leading-twist LCDA ψ‖

2;ρ , and its corresponding 
second Gegenbauer moment a‖

2 at 1 GeV and 2.2 GeV, respectively.

B‖
2;ρ A‖

2;ρ (GeV−1) b‖
2;ρ (GeV−1) a‖

2 (1 GeV) a‖
2 (2.2 GeV)

−0.2 28.96 0.643 −0.180 −0.152
−0.1 27.88 0.628 −0.080 −0.067

0.0 26.24 0.604 +0.026 +0.022
+0.1 24.15 0.572 +0.140 +0.118
+0.2 21.91 0.537 +0.258 +0.217

C0 = m2
b +u2

0m2
ρ −q2 and u0 ∈ [0, 1] is the solution of c(u0, s0) = 0. 

The simplified DAs B‖
ρ(u) = ∫ u

0 dvφ
‖
4;ρ(v) and C‖

ρ(u) = ∫ u
0 dv 

∫ v
0 dw

[ψ‖
4;ρ(w) + φ

‖
2;ρ(w) − 2φ⊥

3;ρ(w)].

3. Numerical results

3.1. Input parameters

The leading-twist LCDA φ‖
2;ρ can be derived from its light-cone 

wavefunction (LCWF), i.e.

φ
‖
2;ρ(x,μ0) = 2

√
3

f̃ ‖
ρ

∫
|k⊥|2≤μ2

0

dk⊥
16π3

ψ
‖
2;ρ(x,k⊥), (10)

where f̃ ‖
ρ = f ‖

ρ/
√

5. One way of constructing the LCWF model has 
been suggested in by Wu and Huang [22]. Following the idea, the 
WH-DA model for φ‖

2;ρ is

φ
‖
2;ρ(x,μ0) = A‖

2;ρ
√

3xx̄mq

8π3/2 f̃ ‖
ρb‖

2;ρ

[
1 + B‖

2;ρC3/2
2 (ξ)

]

×
[

Erf

(
b‖

2;ρ

√
μ2

0 + m2
q

xx̄

)
− Erf

(
b‖

2;ρ

√
m2

q

xx̄

)]
,

(11)

where μ0 is the factorization scale, the error function Erf(x) =
2 
∫ x

0 e−t2
dt/

√
π and the constitute light-quark mass mq � 300 MeV. 

Apart from the normalization condition, we take the average of the 
transverse momentum 〈k2⊥〉1/2

2;ρ � 0.37 GeV [23] as another con-

straint. The DA parameters for B‖
2;ρ ∈ [−0.2, 0.2] are presented in 

Table 2, in which its second Gegenbauer moment a‖
2 under two 

typical scales, i.e. μ0 = 1.0 GeV and 2.2 GeV, are also presented. 
The value of a‖

2 at 2.2 GeV is obtained by QCD evolution [1]. Ta-

ble 2 shows B‖
2;ρ ∼ a⊥

2 . Another way of constructing the LCWF has 
been suggested under the AdS/QCD-DA theory [24],

ψ
‖
2;ρ(x, ζ ) = N‖

κ√
π

√
xx̄ exp

(
−κ2ζ 2

2

)
exp

(
− m2

f

2κ2xx̄

)
, (12)

which leads to the AdS/QCD-DA model [25]

φ
‖
2;ρ(x,μ0) = 3m f

π f ‖
ρ

∫
dζμ0 J1(μ0ζ )

ψ
‖
2;ρ(x, ζ )

xx̄
, (13)

where κ = mρ/
√

2, m f = 0.14 GeV [26–28]. N‖ can be fixed by 
the normalization condition, e.g. we have N‖|μ0=1 GeV = 1.221 and 
N‖|μ0=2.2 GeV = 1.219.

In Fig. 1, we present a comparison of various DA models, i.e. 
the WH-DA with B‖

2;ρ ∈ [−0.2, 0.2], the AdS/QCD-DA and the BB-
DA. Here the BB-DA stands for the usual Gegenbauer DA expansion 
Fig. 1. A comparison of φ‖
2;ρ(x, μ0), φ⊥

3;ρ(x, μ0), ψ⊥
3;ρ(x, μ0) and A‖

ρ(x, μ0) under 
various models. The shaded band are for the WH-DA with B‖

2;ρ ∈ [−0.2, 0.2]. The 
solid and dashed lines are for BB-DA and AdS/QCD-DA, respectively.

with its second Gegenbauer moment a‖
2(1 GeV) = 0.15(7) as sug-

gested by Ball and Braun [29]. We also present the twist-3 DAs in 
Fig. 1, where the WH-model is derived from the relations and the 
AdS/QCD and BB ones are from Ref. [7] and Ref. [29], respectively.

Fig. 1 shows that by varying B‖
2;ρ ∈ [−0.2, 0.2], the WH-DA 

shall vary from the single-peaked behavior to the doubly-humped 
behavior. It is noted that by setting B‖

2;ρ = 0.042, the WH-DA be-

haves close to the AdS/QCD-DA; and by setting B‖
2;ρ = 0.10, the 

WH-DA behaves close to the BB-DA. Thus the WH-DA provides a 
convenient form to mimic the behaviors of various DAs suggested 
in the literature.

Since the LCDA φ‖
2;ρ dominantly determines the B → ρ TFFs, 

inversely, a definite TFFs shall be helpful for fixing the prop-
erties of φ

‖
2;ρ . In the following, we shall take the WH-DA to 

study the B → ρ semi-leptonic decays. To do the numerical cal-
culation, we take f ‖

ρ = 0.216 ± 0.003 GeV [29], f B = 0.160 ±
0.019 GeV [12], and the b-quark pole mass mb = 4.80 ± 0.05 GeV. 
The ρ and B-meson masses are taken as mρ = 0.775 GeV and 
mB = 5.279 GeV [31]. As a cross check of the LCSRs (5)–(7), if tak-
ing the second Gegenbauer moment a⊥

2 of φ‖
2;ρ as that of Refs. [10,

30], we obtain consistent TFFs with those of Refs. [10,30].1

To set the parameters, such as the Borel window and the con-
tinuum threshold s0, for the B → ρ TFFs’ LCSR, we adopt the 
criteria: I) We require the continuum contribution to be less than 
30% of the total LCSR. II) We require all the high-twist DAs’ con-
tributions to be less than 15% of the total LCSR. III) The deriva-
tives of Eqs. (5)–(7) with respect to (−1/M2) give three LCSRs for 
the B-meson mass mB . And we require their predicted B-meson 
mass to be fulfilled in comparing with the experiment one, e.g. 
|mth

B − mexp
B |/mexp

B less than 0.1%. We present the values of s0 and 
M2 for the B → ρ TFFs in Table 3.

3.2. B → ρ TFFs and the B → ρ semi-leptonic decay

By using the chiral LCSRs (5)–(7), we present the B → ρ TFFs 
under the WH-DA in Table 4, in which typical values for B‖

2;ρ =
−0.2, 0.0, 0.2 are adopted. The scale μ is set to be the typical 
momentum transfer of the process, μ � (m2

B − m2
b)1/2 ∼ 2.2 GeV. 

1 It is noted that Refs. [10,30] adopt the usual correlator to derive the LCSR, in 
which more LCDAs that our present LCSR have to be taken into consideration.
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Table 3
The continuum threshold s0 and the Borel parameter M2 under various DA models. 
The central values are for mb = 4.80 GeV and f B = 0.160 GeV.

B‖
2;ρ −0.2 0.0 +0.2

sA1
0 31.5(5) 32.0(5) 32.5(5)

M2
A1

2.4(3) 2.7(3) 3.1(3)

sA2
0 31.5(5) 32.0(5) 32.5(5)

M2
A2

3.0(3) 2.8(3) 2.6(3)

sV
0 31.5(5) 32.0(5) 32.5(5)

M2
V 3.1(3) 3.3(3) 3.5(3)

Table 4
The B → ρ TFFs A1, A2 and V at the large recoil region q2 = 0. The errors are 
squared averages of all the mentioned source of errors.

A1(0) A2(0) V (0)

B‖
2;ρ = −0.2 0.229+0.049

−0.033 0.230+0.033
−0.024 0.253+0.030

−0.022

B‖
2;ρ = 0.0 0.221+0.035

−0.024 0.224+0.042
−0.029 0.258+0.027

−0.020

B‖
2;ρ = +0.2 0.211+0.023

−0.017 0.220+0.054
−0.037 0.264+0.024

−0.018

Table 4 shows that the TFFs decreases with the increment of B‖
2;ρ

or a⊥
2 .

To show how the TFFs A1, A2 and V are affected by the LCDAs, 
we present the TFFs at the maximum recoil region q2 = 0 in Ta-
ble 5. Up to twist-4 and δ3-order accuracy, we show that only 
the δ1-order LCDAs provide non-zero contributions. And among 
those δ1-order LCDAs, A‖

ρ provides the dominant contribution to 
A2, and ψ‖

3;ρ provides the solitary contribution to V . By using the

3-particle DAs Φ‖
3;ρ and Φ̃‖

3;ρ suggested in Refs. [10,30], we show 
they provide less than 0.01% contributions to A1 and A2, which 
explain why those LCDAs have been neglected in many references.

As a further step, we can apply the B → ρ TFFs to study the 
properties of the semileptonic decay B → ρlν . The LCSRs is ap-
plicable in the region 0 ≤ q2 ≤ 14 GeV2, while the physical allow-
able region for the TFFs is (mB − mρ)2 ∼ 20 GeV2. Thus, certain 
extrapolation is needed. We adopt the formula Fi(q2) = Fi(0)/

[1 −aiq2/m2
B +bi(q2/m2

B)2] to do the extrapolation, in which F1,2,3
stand for A1, A2 and V , respectively. The parameters ai and bi
are determined by requiring the “quality” � < 1, which is defined 
as [32]

� = 100

∑
t |Fi(t) − F fit

i (t)|∑
t |Fi(t)| , (14)

where t ∈ [0, 12 , · · · , 27
2 , 14] GeV2. The fitted parameters for the ex-

trapolation are put in Table 6.
We put the extrapolated B → ρ TFFs A1(q2), A2(q2) and V (q2)

in Fig. 2, where the lattice QCD predictions [33,34] are presented 
for a comparison. It shows that by varying B‖

2;ρ ∈ [−0.2, 0.2], the 
LCSRs predictions agree with the lattice QCD predictions and it 
shall increase with the increment of B‖

2;ρ . One can get a strong 
constraint on the ρ-meson DAs when more precise lattice QCD re-
sults are given.

The differential decay width for the semileptonic decay B →
ρlν can be found in Ref. [13]. One can cut off the uncertainty 
from |V ub| by calculating the differential decay width 1/|V ub|2 ×
dΓ/dq2, which is presented in Fig. 3. Moreover, the total decay 
width (Γ ) can be separated as Γ ‖ + Γ ⊥ , where Γ ‖ (Γ ⊥) stands 
for the decay width of the ρ-meson longitudinal (transverse) com-
ponents. We present the total decay width Γ and the ratio Γ ‖/Γ ⊥
Fig. 2. The extrapolated A1(q2), A2(q2) and V (q2) under the WH-DA model, where 
the lattice QCD estimations [33,34] are included as a comparison.

in Table 7, where the errors in Table 7 are squared average of the 
mentioned source of errors.

3.3. The CKM matrix element |V ub|

We take two types of semi-leptonic decays as a try to deter-
mine the CKM matrix element |V ub|. One is the B0-type via the 
process B0 → ρ−�+ν� with branching ratio and lifetime B(B0 →
ρ−�+ν�) = (2.34 ±0.28) ×10−4 and τ (B0) = 1.519 ±0.007 ps [31]. 
Another is the B+-type via the process B+ → ρ0�+ν� with branch-
ing ratio and lifetime B(B+ → ρ0�+ν�) = (1.07 ±0.13) ×10−4 and 



232 H.-B. Fu et al. / Physics Letters B 738 (2014) 228–233
Table 5
The B → ρ TFFs A1, A2 and V at the large recoil region q2 = 0, in which the WH-DA with B‖

2;ρ = −0.2, 0.0 and 0.2, has been adopted.

B‖
2;ρ = −0.2 B‖

2;ρ = 0.0 B‖
2;ρ = 0.2

A1(0) A2(0) V (0) A1(0) A2(0) V (0) A1(0) A2(0) V (0)

ψ⊥
3;ρ / / 0.253 / / 0.258 / / 0.264

φ⊥
3;ρ 0.230 / / 0.222 / / 0.212 / /

A‖
ρ / 0.221 / / 0.215 / / 0.210 /

C‖
ρ −0.0008 0.009 / −0.0008 0.010 / −0.0007 0.011 /

Φ
‖
3;ρ , Φ̃

‖
3;ρ −0.00002 0.00007 / −0.00002 0.00008 / −0.00002 0.00010 /

Total 0.229 0.230 0.253 0.221 0.224 0.258 0.211 0.220 0.264
Table 6
The fitted parameters ai and bi for the B → ρ TFFs. � is a measure of the quality 
of extrapolation.

Fi ai bi �

B‖
2;ρ = −0.2 A1 1.036 −0.007 0.07

A2 1.826 0.956 0.16
V 2.097 1.097 0.07

B‖
2;ρ = 0.0 A1 0.949 −0.060 0.13

A2 1.684 0.748 0.17
V 1.998 0.969 0.01

B‖
2;ρ = 0.2 A1 0.859 −0.112 0.18

A2 1.499 0.515 0.04
V 1.899 0.843 0.00

Fig. 3. Differential decay width 1/|V ub|2 ×dΓ/dq2 for the WH-DA model. The lattice 
QCD estimations [33,34] are included as a comparison.

τ (B+) = 1.641 ±0.008 ps [31]. Our predicted weighted averages of 
|V ub| are given in Table 8, the BABAR predictions are also included 
as a comparison. The errors come from the choices of the b-quark 
mass, the Borel window and the threshold parameter s0, the exper-
imental uncertainties are from the measured lifetimes and decay 
ratios. Table 8 show that |V ub| increases with the increment of 
B‖

2;ρ . We observe that by choosing B‖
2;ρ ∈ [0.00, 0.20], its central 

value is consistent with the BABAR prediction [35,36]. The BABAR 
predictions are based on the LCSR [10] or ISGW [37] predictions 
on B → ρ TFFs, respectively.

4. Summary

We have constructed a convenient model (11) for the lon-
gitudinal leading-twist LCDA φ

‖ , in which a single parameter 
2;ρ
Table 7
Total decay width Γ/|V ub|2 and the ratio Γ ‖/Γ ⊥ under the WH-DA model.

B‖
2;ρ = −0.2 B‖

2;ρ = 0.0 B‖
2;ρ = 0.1 B‖

2;ρ = 0.2

Γ/|V ub|2 14.69+10.34
−5.57 12.20+6.41

−4.04 10.99+4.92
−3.39 10.15+4.05

−3.02

Γ ‖/Γ ⊥ 0.643+0.409
−0.375 0.618+0.348

−0.363 0.597+0.322
−0.360 0.595+0.317

−0.371

Table 8
The weighted average of |V ub| in unit 10−3 from both the B+-type 
and B0-type and for the WH-DA with B‖

2;ρ = −0.2, 0.0, 0.1 and 
0.20, respectively. The estimations of the BABAR Collaboration
[35,36] are also presented as a comparison.

|V ub|
B‖

2;ρ = −0.20 2.51 ± 0.38

B‖
2;ρ = 0.00 2.76 ± 0.36

B‖
2;ρ = +0.10 2.91 ± 0.35

B‖
2;ρ = +0.20 3.02 ± 0.35

BABAR [35] LCSR [10] 2.75 ± 0.24

ISGW [37] 2.83 ± 0.24

BABAR [36] LCSR [10] 2.85 ± 0.40

ISGW [37] 2.91 ± 0.40

B‖
2;ρ ∼ a⊥

2 controls its longitudinal behavior. By varying B‖
2;ρ ∈

[−0.20, 0.20], the φ‖
2;ρ shall evolve from a single-peaked behav-

ior to a doubly-humped behavior. We have discussed its properties 
via the B → ρ TFFs by using the LCSR approach. Those chiral LC-
SRs for the TFFs shall be dominated (over 99%) by φ

‖
2;ρ either 

directly or indirectly, then those TFFs do provide us a platform 
to test the properties of the leading-twist φ‖

2;ρ . After extrapolat-
ing the TFFs to their allowable region, we compare them to those 
of lattice QCD predictions. Those TFFs become smaller with the 
increment of B‖

2;ρ , and either a too smaller or a too larger B‖
2;ρ

is not allowed by the lattice QCD estimations. If we have a pre-
cise lattice QCD estimation, we can get a more strong constraint 
on the ρ-meson DA behavior. In comparison to the BABAR predic-
tion on the differential decay width 1/|V ub|2 × dΓ/dq2 [35] and 
also the TFFs from Lattice QCD, we find that smaller B‖

2;ρ � −0.20

(or a‖
2;ρ(1 GeV) � −0.18) is not suitable. As a further comparison 

with the BABAR prediction on the |V ub|, we observe that by choos-
ing B‖

2;ρ ∈ [0.00, 0.20], its central values show a better agreement 

with the BABAR prediction [35,36]. Thus, we can predict that φ‖
2;ρ

prefers a doubly-humped behavior other than the sing-peaked be-
havior of the transverse leading-twist LCDA φ⊥

2;ρ as suggested by 
Ref. [12].

As a final remark, the present approach can also be applied 
to study other vector meson LCDAs. For example, by taking the 
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SU f (3)-breaking effect into consideration, one can further study 
the K ∗ meson LCDAs. A detailed discussion on the K ∗ meson 
LCDAs under the same approach of the present paper is in prepa-
ration.

Acknowledgements

This work was supported in part by National Natural Science 
Foundation of China under Grant No.11075225 and No.11275280, 
and by the Fundamental Research Funds for the Central Universi-
ties under Grant No.CQDXWL-2012-Z002.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.physletb.2014.09.055.

References

[1] G.P. Lepage, S.J. Brodsky, Phys. Rev. D 22 (1980) 2157;
S.J. Brodsky, G.P. Lepage, Adv. Ser. Dir. High Energy Phys. 5 (1989) 93.

[2] V.L. Chernyak, A.R. Zhitnitsky, Phys. Rep. 112 (1984) 173.
[3] A.R. Zhitnitsky, I.R. Zhitnitsky, V.L. Chernyak, Sov. J. Nucl. Phys. 38 (1983) 775.
[4] P. Ball, V.M. Braun, Phys. Rev. D 54 (1996) 2182.
[5] A.V. Pimikov, S.V. Mikhailov, N.G. Stefanis, Few-Body Syst. 55 (2014) 401.
[6] H.M. Choi, C.R. Ji, Phys. Rev. D 75 (2007) 034019.
[7] M. Ahmady, R. Sandapen, Phys. Rev. D 87 (2013) 054013.
[8] P. Ball, M. Boglione, Phys. Rev. D 68 (2003) 094006.
[9] P. Ball, R. Zwicky, Phys. Lett. B 633 (2006) 289.

[10] P. Ball, R. Zwicky, Phys. Rev. D 71 (2005) 014029.
[11] P. Ball, V.M. Braun, Y. Koike, K. Tanaka, Nucl. Phys. B 529 (1998) 323;
P. Ball, V.M. Braun, Nucl. Phys. B 543 (1999) 201.

[12] H.B. Fu, X.G. Wu, H.Y. Han, Y. Ma, arXiv:1406.3892, 2014.
[13] P. Ball, V.M. Braun, Phys. Rev. D 55 (1997) 5561.
[14] L.I. Balitsky, V.M. Braun, A.V. Kolesnichenko, Nucl. Phys. B 312 (1989) 509;

V.M. Braun, I.E. Filyanov, Z. Phys. C 44 (1989) 157.
[15] V.L. Chernyak, A.R. Zhitnitsky, Nucl. Phys. B 345 (1990) 137.
[16] P. Ball, V.M. Braun, H.G. Dosch, Phys. Rev. D 44 (1991) 3567.
[17] M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Nucl. Phys. B 147 (1979) 385;

Nucl. Phys. B 147 (1979) 448.
[18] T. Huang, Z.H. Li, Phys. Rev. D 57 (1998) 1993;

T. Huang, Z.H. Li, X.Y. Wu, Phys. Rev. D 63 (2001) 094001.
[19] Z.G. Wang, M.Z. Zhou, T. Huang, Phys. Rev. D 67 (2003) 094006.
[20] X.G. Wu, T. Huang, Z.Y. Fang, Phys. Rev. D 77 (2008) 074001;

X.G. Wu, Eur. Phys. J. C 57 (2008) 665;
X.G. Wu, T. Huang, Phys. Rev. D 79 (2009) 034013.

[21] S. Wandzura, F. Wilczek, Phys. Lett. B 72 (1977) 195.
[22] X.G. Wu, T. Huang, Phys. Rev. D 82 (2010) 034024.
[23] X.H. Guo, T. Huang, Phys. Rev. D 43 (1991) 2931.
[24] S.J. Brodsky, G.F. de Teramond, Phys. Rev. D 77 (2008) 056007, arXiv:0802.0514.
[25] J.R. Forshaw, R. Sandapen, Phys. Rev. Lett. 109 (2012) 081601.
[26] G. Soyez, Phys. Lett. B 655 (2007) 32.
[27] J.R. Forshaw, R. Sandapen, G. Shaw, J. High Energy Phys. 0611 (2006) 025.
[28] J.R. Forshaw, G. Shaw, J. High Energy Phys. 0412 (2004) 052.
[29] P. Ball, V.M. Braun, A. Lenz, J. High Energy Phys. 0708 (2007) 090.
[30] P. Ball, V.M. Braun, Phys. Rev. D 58 (1998) 094016.
[31] J. Beringer, et al., Particle Data Group, Phys. Rev. D 86 (2012) 010001.
[32] P. Ball, R. Zwicky, Phys. Rev. D 71 (2005) 014015;

P. Ball, R. Zwicky, Phys. Lett. B 625 (2005) 225.
[33] J.M. Flynn, et al., UKQCD Collaboration, Nucl. Phys. B 461 (1996) 327.
[34] K.C. Bowler, J.F. Gill, C.M. Maynard, J.M. Flynn, UKQCD Collaboration, J. High 

Energy Phys. 0405 (2004) 035.
[35] P. del Amo Sanchez, et al., BABAR Collaboration, Phys. Rev. D 83 (2011) 032007.
[36] B. Aubert, et al., BABAR Collaboration, Phys. Rev. D 72 (2005) 051102.
[37] D. Scora, N. Isgur, Phys. Rev. D 52 (1995) 2783.

http://dx.doi.org/10.1016/j.physletb.2014.09.055
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib6C6570616765s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib6C6570616765s2
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib72686F31s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib72686F32s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib72686F33s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib72686F36s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib72686F34s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4164533A33s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib72686F37s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib72686F38s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42616C6C30343A4272686Fs1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib502E42616C6C3A313939382D31393939s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib502E42616C6C3A313939382D31393939s2
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib66756862323031343A4272686Fs1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42616C6C313939373A4272686Fs1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4C4353523A31s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4C4353523A31s2
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4C4353523A32s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4C4353523A33s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib73767As1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib73767As2
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib63686972616C31s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib63686972616C31s2
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib63686972616C32s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib63686972616C33s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib63686972616C33s2
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib63686972616C33s3
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib5757s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib584757753A32303130s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib584847756F31393931s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42726F64736B793A323030376862s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4164533A32s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib536F79657A3A323030376B67s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib466F72736861773A323030366E70s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib466F72736861773A323030347676s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42616C6C30373A72686F5746s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42616C6C313939383A4272686Fs1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib706467s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42616C6C3035s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42616C6C3035s2
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4C61747469636539363A31s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4C6174746963653034s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib4C6174746963653034s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42414241523A32303130s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib42414241523A32303035s1
http://refhub.elsevier.com/S0370-2693(14)00713-8/bib49534752s1

	The ρ-meson longitudinal leading-twist distribution amplitude
	1 Introduction
	2 Calculation technology
	3 Numerical results
	3.1 Input parameters
	3.2 B->ρ TFFs and the B->ρ semi-leptonic decay
	3.3 The CKM matrix element |Vub|

	4 Summary
	Acknowledgements
	AppendixA Supplementary material
	References


