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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 p meson, its LCDAs
are much more involved due to its complex structures: there are
chiral-even or chiral-odd LCDAs for the p meson, the p meson
has longitudinal (||) and transverse (L) polarization states. Sev-
eral approaches have been adopted to study the p-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
p-meson LCDA are also helpful for us to understand other vector
mesons’ LCDAs. That is, by taking the SUy(3)-breaking effect into
consideration, one can further study the K* meson LCDAs [6,8,9].

To understand the complex structures of the p-meson LCDAs,
as suggested in Refs. [10,11], it is convenient to arrange them by a
parameter §, i.e. § ~m,/m, ~ 16%. A classification of the p-meson
twist-2, twist-3 and twist-4 LCDAs up to §3-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 p-meson LCDAs up to twist-4 and 83-order.
Twist  §° 5! 82 83
2 ¢, . / /
i 1 I Bl Il Il 1
3 / ¢3:p' ¢3:p' ¢'3:p' q>3;p ¢3:p' 5[/3:17' ¢31ﬂ /
i 1 1L gl I I
4 / / Pacp Vap Yip Vi Pap Vap

there are fifteen p-meson LCDAs. All those p-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
p-meson LCDA. In the paper, we shall concentrate our attention
on the p-meson longitudinal leading-twist distribution amplitude
¢2 " which is at the §'-order. For the purpose, we adopt the

B — p transition form factors (TFFs) to study the qbg; o properties.

The B — p TFFs are key components for the semileptonic decay
B — plv. When the leptons are massless, only three TFFs A1, A3
and V provide non-zero contributions to the B — plv decay [13].
In the following, we shall adopt the QCD light-cone sum rules
(LCSR) [14-16] to deal with those non-zero B — p 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
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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 ¢g; p 0 the
B — p TFFs. The obtained LCSRs for those TFFs shall show strong
dependence on qﬁg; o Thus, via the comparison with the data or
predictions from other approaches, it shall provides us good op-
portunities to determine the behavior of qbl o

The remaining parts of the paper are organized as follows. In
Section 2, we present the formulas for the B — p TFFs under the
LCSR approach. In Section 3, we present our numerical results and
discussions on the B — p TFFs, the B — p semi-leptonic decay
width and the Cabibbo-Kobayashi-Maskawa (CKM) matrix element
|Vup|. Section 4 is reserved for a summary.

2. Calculation technology

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

I, (p.q)

=i / d*xe ™ {p(p, H|T{@1 Oy (1 — y5)b), iH©@}10), (1)

where the current jL ®) =ib(x)(1 — ¥5)q2(x). This is different from
our previous choice of jJ{;(x) =ib(x)(1 + ¥5)q2(x) [12], in which
the 8%-order ¢5- , provide dominant contribution. The advantage
of our present new choice lies in that one can highlight the con-
tributions from the chlral -even p-meson LCDAs such as (bz " ¢§-; o
%Lp, @_,‘f p @_,‘f p ¢> , and w : while the chiral-odd LCDAs d)jp,

3 o 1#3 o P o bx o %va lI/jp, l1/L provide zero contributions.
We also ﬁnd that within the remammg chiral-even LCDAs, only the
LCDAs ¢2 o ¢>3l P and w;— P provide dominant contributions to the
LCSR, while the remaining LCDAs as ¢4 o 1/&';';,0' ¢'§;p
vide negligible contribution. Moreover, the twist-3 DAs 1//3J; P and
¢3., (and the later simplified Abw) = fo”dv[ﬂ;p(v) — ¢35,

under the Wandzura-Wilczek approxima-

and @;p pro-

can be related to ¢>g4 o

tion [21,13]

b3, (%, 1) = [@)7*(x, ) + D57 (x, )] /2, @)
Y3, (%, ) =2[XD) 7 (x, ) + x5 (x, ], 3)
Ap (%, 1) = [XP9 70, j1) + X057 (%, 10)] /2, 4)

¢2 p<v u)

where @07¥(x, u) = [gdv > and DE (X, ) = fldv
Thus, the leading-twist ¢2, o prov1des dominant contribution to the

LCSRs either directly or fndirectly. Then, as required, those TFFs
can indeed provide us a useful platform for testing the properties
of ¢g; o

The correlator (1) is an analytic function of g2 defined at both
the space-like and the time-like g2-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 — p TFFs
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where s(0) = [mZ — 0(¢* — me))]/Q with g =1 — o (o stands
for u or X), and X =ay + va3 fp represents the p-meson de-
cay constant. c(u, sg) = usg — mb + uq — uumf). ®(c(o, So)) is the
usual step functionﬂ:vwhen c(0,S0) <0, it is zero; otherwise, it is

1. (~)~(c(u, sp)) and @(c(u,so)) are defined via the integration

1
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Table 2

The parameters for the p—meson leading-twist LCDA l// o and its corresponding

second Gegenbauer moment a at 1 GeV and 2.2 GeV, respectlvely

B), ) Al , (Gev) b, , (Gevh) al (1 Gev) al (22 Gev)
02 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

Co = mb +u m —q? and ug € [0, 1] is the solution of c(ug, so) =
The simplified DAs B%(u) = fo dv¢4,p(v) and Cg(u) = fo dv fo dw
(W4, (W) + 3., (W) — 265 , (W)].

3. Numerical results
3.1. Input parameters

The leading-twist LCDA ¢}, |
wavefunction (LCWF), i.e

can be derived from its light-cone

24/3 dk
¢Q;p(x,uo)=2—f U (k). (10)
fo
ki 2<pd

where f T = f /f One way of constructing the LCWF model has
been suggested in by Wu and Huang [22]. Following the idea, the
WH-DA model for qbg;p is

o). (x )—M[HB ;2 ®)]
200 HOI =0 3/2f”b“
2 2 2
x [Erf(bg;p,/ %) - Erf(bg;p‘/ %)]

(11)

where [ is the factorization scale, the error function Erf(x) =

2/ e~tdt//7 and the constitute light-quark mass mg =~ 300 MeV.
Apart from the normalization condition, we take the average of the
transverse momentum (ki);:/lz) ~ 0.37 GeV [23] as another con-

straint. The DA parameters for B!_p €[—0.2,0.2] are presented in

Table 2, in which its second Gegenbauer moment a2 under two
typical scales, i.e. wo = 1.0 GeV and 2.2 GeV, are also presented.
The value of a” at 2.2 GeV is obtained by QCD evolution [1]. Ta-
ble 2 shows BH 2p "~ a2 Another way of constructing the LCWF has
been suggested under the AdS/QCD-DA theory [24],

K22 m?
w (x )= ||J_J—exp< )exP(_ZKZx)?)’ (12)
which leads to the AdS/QCD-DA model [25]
V) (x, ;‘)
9h, (x Mo)— /d:uoh(uo;) 2o (13)

where « :mp/ﬁ, my = 0.14 GeV [26-28]. AV} can be fixed by
the normalization condition, e.g. we have NVj|,,=1 gev = 1.221 and
Nilpo=2.2 gev =1.219.

In Fig. 1, we present a comparison of various DA models, i.e.
the WH-DA with B), | &[—0.2,0.2], the AdS/QCD-DA and the BB-
DA. Here the BB-DA stands for the usual Gegenbauer DA expansion

2 | 1.5
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Fig. 1. A comparison of ¢ (x o), ¢3 p(x o), W;; p(x o) and Aﬂ,(x, o) under

various models. The shaded band are for the WH-DA with B‘I €[—0.2,0.2]. The
solid and dashed lines are for BB-DA and AdS/QCD-DA, respectlvely

with its second Gegenbauer moment ag(l 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, € [~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|| =0.042, the WH-DA be-

haves close to the AdS/QCD-DA; and by setting B|| = 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 ¢g; o dominantly determines the B — p TFFs,
inversely, a definite TFFs shall be helpful for fixing the prop-
erties of ¢g;p. In the following, we shall take the WH-DA to
study the B — p semi-leptonic decays. To do the numerical cal-
culation, we take fﬂl,| = 0.216 + 0.003 GeV [29], fp = 0.160 +
0.019 GeV [12], and the b-quark pole mass my = 4.80 + 0.05 GeV.
The p and B-meson masses are taken as m, = 0.775 GeV and
mp =5.279 GeV [31]. As a cross check of the LCSRs (5)-(7), if tak-
ing the second Gegenbauer moment a2L of ¢g; p s that of Refs. [10,

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

To set the parameters, such as the Borel window and the con-
tinuum threshold sg, for the B — p TFFs’ LCSR, we adopt the
criteria: 1) 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. IlI) The deriva-
tives of Eqgs. (5)-(7) with respect to (—1/M?) give three LCSRs for
the B-meson mass mpg. And we require their predicted B-meson
mass to be fulfilled in comparing with the experiment one, e.g.
|mB - mB l)|/mexl) less than 0.1%. We present the values of sy and
M? for the B — p TFFs in Table 3.

3.2. B— p TFFs and the B — p semi-leptonic decay

By using the chiral LCSRs (5)-(7), we present the B — p TFFs
under the WH-DA in Table 4, in which typical values for B‘I 2p =
—0.2,0.0,0.2 are adopted. The scale w is set to be the typical
momentum transfer of the process, u > (m% —m?)!/? ~ 2.2 GeV.

T 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 sy and the Borel parameter M2 under various DA models.
The central values are for m, =4.80 GeV and fp =0.160 GeV.

B, -0.2 0.0 +0.2

sq! 31.5(5) 32.0(5) 32.5(5)
M2 2.4(3) 2.7(3) 3.13)
sg 31.5(5) 32.0(5) 32.5(5)
Miz 3.0(3) 2.8(3) 2.6(3)
sy 31.5(5) 32.0(5) 32.5(5)
M2 3.13) 3.3(3) 3.5(3)

Table 4

The B — p TFFs A1, Ay and V at the large recoil region q? = 0. The errors are
squared averages of all the mentioned source of errors.

A1(0) A;(0) V()
I _ -+0.049 +0.033 +0.030
BZ:p =-0.2 0.2297 ) 133 0.230" ) 002 0.253% 05,
I _ +0.035 +0.042 +0.027
BZ:p =0.0 0.22175 054 0.2247 509 0.2587 0%
I +0.023 +0.054 +0.024
Bz;p =+40.2 0.211% 5417 0.2207 537 0.2647 ) o7

Table 4 shows that the TFFs decreases with the increment of Bg; o
or ay.

To show how the TFFs A1, Az and V are affected by the LCDAs,
we present the TFFs at the maximum recoil region g =0 in Ta-
ble 5. Up to twist-4 and &3-order accuracy, we show that only
the 8'-order LCDAs provide non-zero contributions. And among
those 8'-order LCDAs, A,‘L provides the dominant contribution to

Az, and 1p3”: P provides the solitary contribution to V. By using the

3-particle DAs @J;p and Qﬂ;p suggested in Refs. [10,30], we show
they provide less than 0.01% contributions to A; and A,, which
explain why those LCDAs have been neglected in many references.

As a further step, we can apply the B — p TFFs to study the
properties of the semileptonic decay B — plv. The LCSRs is ap-
plicable in the region 0 < g2 < 14 GeV?, while the physical allow-
able region for the TFFs is (mp — mp)2 ~ 20 GeVZ2. Thus, certain
extrapolation is needed. We adopt the formula F;(q%) = F;(0)/
[1—aiq?/m% +bji(g?/m%)?] to do the extrapolation, in which Fy 5 3
stand for A;, Ay and V, respectively. The parameters a; and b;
are determined by requiring the “quality” A < 1, which is defined
as [32]

S IFi(®) — Fito)|

A =100 , (14)
> IFi®)]
where t € [0, 3.+, 2, 14] GeV?. The fitted parameters for the ex-

trapolation are put in Table 6.

We put the extrapolated B — p TFFs A1(q?), A2(q?) and V(q?)
in Fig. 2, where the lattice QCD predictions [33,34] are presented
for a comparison. It shows that by varying B!;p €[-0.2,0.2], the
LCSRs predictions agree with the lattice QCD predictions and it
shall increase with the increment of Bg; o One can get a strong
constraint on the p-meson DAs when more precise lattice QCD re-
sults are given.

The differential decay width for the semileptonic decay B —
plv can be found in Ref. [13]. One can cut off the uncertainty
from |Vyp,| by calculating the differential decay width 1/|Vp|% x
dI'/dq?, which is presented in Fig. 3. Moreover, the total decay
width (I") can be separated as I'l + 'L, where 'l (I't) stands
for the decay width of the p-meson longitudinal (transverse) com-
ponents. We present the total decay width I" and the ratio I'l /"t

17 T T T T
WH-DA (Bj;, = —0.2)

o WH-DA (B, =0.0)
08 . WH-DA (Bj;, =0.2)
0.7H 4 Lattice (8 =6.0) [34]

0.9

&; 0sl + Lattice (8 =6.2) [34] e
= = Lattice [33]
= 0.5 +*
0.4 4
0.3 1
0.2 W ’ 1 1 1 1 1 1 1 1 1 |
0 2 4 10 12 14 16 18 20
¢*(GeV?)
27 : : : : T T
Lol * WHDA (B, = 02)
|| o WH-DA (B4, =0.0)
1.6 b
+ WH-DA (B, =0.2)
T4 4 Lattice (5 = 6.0) [34] |
c(,; 1.2 o Lattice (8 =6.2) [34]
= = Lattice [33]
<

4.5; : : : :
» WH-DA (B3, = —0.2)

o WH-DA (Bz,, = 0.0)
3511 . WH-DA (B}, =02) )\
31 a Lattice (8 = 6.0) [34]
&; o5l ¢ Lattice (8= 6.2) [34] 1% :
: Al = Lattice [33] :}z ]
1.5+ |
A |
0.5 |

0 2 4 6 é 1‘0 1é 14 16 18 20
¢*(GeV?)

Fig. 2. The extrapolated A;(q?), A»(q%) and V(g%) 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 yp|

We take two types of semi-leptonic decays as a try to deter-
mine the CKM matrix element |V,|. One is the BO-type via the
process B® — p~¢+v, with branching ratio and lifetime B(B® —
p 0T vy) = (2.3440.28) x 1074 and 7(B%) = 1.51940.007 ps [31].
Another is the Bt -type via the process B — p%¢* v, with branch-
ing ratio and lifetime B(BT — p%¢tv,) = (1.07+£0.13) x 10~* and
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Table 5
The B — p TFFs Aq, Ay and V at the large recoil region g% = 0, in which the WH-DA with Bg:p =—0.2, 0.0 and 0.2, has been adopted.
I I I
By, =—02 By, =0.0 Bj., =02
A1(0) A2(0) V(0) A1(0) A2(0) V(0) A1(0) A2(0) V(0)
V3, / / 0.253 / / 0.258 / / 0.264
b3, 0.230 / / 0.222 / / 0.212 / /
Al / 0.221 / / 0.215 / / 0.210 /
ch —0.0008 0.009 / —0.0008 0.010 / —0.0007 0.011 /
q)ﬁ; o 5& . —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 Table 7
The fitted parameters a; and b; for the B — p TFFs. A is a measure of the quality Total decay width I'/|V|? and the ratio I'll /It under the WH-DA model.
of extrapolation. | | | |
F,- a b X By, =—02 By, =0.0 By, =0.1 B, =02
2 +10.34 +6.41 +4.92 +4.05
B, =-02 A 1.036 ~0.007 0.07 F/Vwl® 1469555 12.20 2504 10.997539 10.1523;
0.409 0.348 0.322 0.317
A; 1.826 0.956 0.16 riyrt 0.64375:3%2 0.61810 305 0.597103%5 0.595103]
v 2.097 1.097 0.07
I
B). =0. . -0. .
T T
Vz ]-998 0-969 0'01 The weighted average of |Vp| in unit 10~3 from both the B*-type
: : : and BO-type and for the WH-DA with B‘z‘:p =-0.2, 0.0, 0.1 and
Bg:p —02 A 0.859 _0.112 0.18 OééOB,Grespectlively. Thet Zstimations of the BABAR Collaboration
Az 1.499 0515 0.04 [ ) ] are also presented as a comparison.
v 1.899 0.843 0.00 Vol
B, =—020 2.51£038
27 " " " " I
B). =0.00 2.76 +0.36
o0 = LQCD[33] %p
I 1.8) 1 B, ,=+0.10 2914035
% el LQCD(8 = 6.0)(34] | Bl , =+020 3.0240.35
O 19+ LQCD(B =6.2)[34]
I 4l N | BABAR [35]  LCSR [10] 2.75+0.24
Lo e WH-DA(B3;, = —0.2) P ISGW [37] 2.83+0.24
— 127 . ~ 1 _ o 3 B
& WH-DA(By;, = 0.0) off” At o BABAR [36]  LCSR [10] 2.8540.40
< 11 « WH-DA(BL,=02) L TS b o ISGW [37] 2.91+0.40
~ o o . 4 b o
— L 00 .qF LA a i
= 08 o° ou o2® ﬁﬁﬁ’ﬁ%l*‘ ﬁkﬁ* Do II I
X ek Ooooguu:;*ﬁw‘" A + + ol Bz-p ~ a2L controls its longitudinal behavior. By varying BZ'p €
™ ’ Oooguu";ﬁﬁ* 4 % © ’ . X
_'S 0.4l oooggg;i«*’** 1 *a [—0.20,0.20], the d)é',p shall evolve from a single-peaked behav-
' 2888 RARH . ’ . . . .
= gg(ggg@é’,&&&&&*" %o ior to a doubly-humped behavior. We have discussed its properties
> O-2pganik | via the B — p TFFs by using the LCSR approach. Those chiral LC-
0/ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ : SRs for the TFFs shall be dominated (over 99%) by ¢g_p either

Fig. 3. Differential decay width 1/|V|? x dI"/dg?® for the WH-DA model. The lattice
QCD estimations [33,34] are included as a comparison.

T(BT) =1.64140.008 ps [31]. Our predicted weighted averages of
|Vl 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 sg, the exper-
imental uncertainties are from the measured lifetimes and decay
ratios. Table 8 show that |V| increases with the increment of
Bg;p. We observe that by choosing Bg;p € [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 — p TFFs, respectively.

4. Summary

We have constructed a convenient model (11) for the lon-
gitudinal leading-twist LCDA ¢g_p, in which a single parameter

directly or indirectly, then those TFFs do provide us a platform
to test the properties of the leading-twist ¢g; o 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 Bg;p, and either a too smaller or a too larger Bg;p
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 p-meson DA behavior. In comparison to the BABAR predic-
tion on the differential decay width 1/|Vy,|? x dI"/dg? [35] and
also the TFFs from Lattice QCD, we find that smaller Bg; o <-0.20

(or ag;p(l GeV) < —0.18) is not suitable. As a further comparison
with the BABAR prediction on the |V |, we observe that by choos-
ing Bg,p € [0.00, 0.20], its central values show a better agreement

with the BABAR prediction [35,36]. Thus, we can predict that ¢g;p
prefers a doubly-humped behavior other than the sing-peaked be-
havior of the transverse leading-twist LCDA d)j-; p 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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SUf(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.
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