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Abstract In this paper, we study the leading-twist distri-
bution amplitude (DA) of the heavy pseudoscalars (HPs),
such as 1., np, and B, within the QCD theory in the back-
ground fields. New sum rules up to dimension-six conden-
sates for both the HP decay constants and their leading-
twist DA moments are presented. From the sum rules for
the HP decay constants, we obtain f, = 453 £ 4MeV,
fB. = 498 £ 14MeV, and f;, = 811 £ 34 MeV. Based
on the sum rules for the HPs’ leading-twist DA moments,
we construct a new model for the 7., np, and B, leading-
twist DAs. Our present HP DA model is also adaptable for
the light pseudoscalar DAs, such as the pion and kaon DAs.
Thus, it shall be applicable for a wide range of QCD exclusive
processes. As an application, we apply the 7, leading-twist
DA to calculate the B, — 7. transition form factor
ff"_’""(qz). At the maximum recoil region, we obtain
ff"_)""(O) = 0.612700%3. Furthermore we predict the
branching ratio for the semi-leptonic decay B, — n.lv and
obtain B(B, — n.lv) = (7.70ﬂ:2§) x 1073 for massless
leptons, which is consistent with the light-cone sum rules
estimation obtained in the literature.

1 Introduction

The hard exclusive processes involving the heavy pseu-
doscalars (HPs), such as 7., np, and B, have been stud-
ied within several approaches, such as the perturbative QCD
(pQCD) factorization approach [1-6], the non-relativistic
QCD (NRQCD) factorization approach [7-9], and the QCD
light-cone sum rules (LCSRs) approach [10-12]. The HP
leading-twist distribution amplitude (DA) is always an
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important input for those analysis, and a more precise DA
shall lead to more precise prediction.

The HP leading-twist DA at the scale u can be expanded
in Gegenbauer polynomials as [13]

Pup (1, x) = 6x(1 — x) [1 + > aP ) C 2x - 1)} ,

n=1

ey

where a,lfp (w) stands for the nth-order Gegenbauer moment,
and the odd moments should be zero for the n. and 1;, mesons.
When the scale u tends to infinity, the DA ¢pp (i, x) shall
evolve into its asymptotic form 6x(1 — x) [14]. Since the
typical energy scale of a specific process is always finite,
it is interesting to know the ¢yp behavior at any finite
scale.

It is reasonable to assume that the 7. and 7, DAs have
similar behaviors. As for the 7. leading-twist DA, several
models have been suggested in the literature [10,15-21,29,
30]. For example, Bondar and Chernyak [15] proposed a
phenomenological model for the 7. leading-twist DA (the
BC model) as an attempt to resolve the disagreement between
the experimental observations and the NRQCD prediction on
the production cross section of e"e™ — J/ W + n.; Braguta
et al. [16] proposed a model for the 1. leading-twist DA
(the BLL model) based on the moments calculated under
the QCD Shifman—Vainshtein—Zakharov (SVZ) sum rules
up to dimension-four condensates. As for the B, meson, one
usually adopts a naive §-like model for its leading-twist DA
¢, 122].

In this paper, we study the HP leading-twist DAs within
the SVZ sum rules [23] under the background field theory
(BFT) [24-26]. As the basic assumption of the SVZ sum
rules, the quark condensate (gq), the gluon condensate (Gz)
and etc., reflect the nonperturbative property in QCD. It is
noted that the BFT provides a self-consistent description for
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those vacuum condensates and provides a systematic way to
achieve the goal of the SVZ sum rules [24-26]. The HP DAs
are more involved than the light pseudoscalar DAs, since we
have to take the quark mass effect in the calculation. Recently,
within the framework of BFT, we have for the first time calcu-

lated the quark propagator and vertex operator (z - B)” with
full mass dependence up to dimension-six operators [27].
Thus we are facing the opportunity of deriving a more pre-
cise sum rule for the HP DA moments and a precise HP DA
behavior. For convenience, based on the BHL-prescription
for constructing the meson wavefunctions [28-30], we sug-
gest a general model for the HP leading-twist wavefunctions
and their DAs.

As an application of the suggested DA model, we apply
the n. leading-twist DA to calculate the B, — 17, transi-
tion form factor (TFF) £~ (¢%) within the LCSRs. It is
the key component for the semi-leptonic decay B, — n.lv.
It is also the only TFF for the decay if the generated lep-
tons are massless. By adopting the conventional correla-
tor for the LCSRs, similar to the B — x TFFs [31],
the TFF f£°7"(¢%) shall be formulated as the function
involving the 7. leading-twist DA, twist-3 DA, and other
higher-twist DAs. The higher-twist DAs follow the power
suppression rule in large scale region; however, they may
have sizable contributions to the TFF in the intermediate
energy regions, similar to the pionic cases of the B — w
TFFs and the pion TFFs [32,33]. At present, the 1. higher-
twist DAs are still with great uncertainty, thus the possible
LCSRs with n. various twist DAs shall inversely greatly
dilute our understanding of the leading-twist DA behaviors.
To cure the problem, we adopt the chiral correlator sug-
gested in Ref. [11] to do our calculation, and we find that
the most uncertain twist-3 DAs can be eliminated, then we
can see more clearly on how the leading-twist DA affects
ch—> Ne ( q2) .

+

The remaining parts of the paper are organized as follows.
In Sect. 2, the QCD SVZ sum rules for the HP decay constants
and the HP leading-twist DA moments are given within the
framework of BFT. A new model for the HP leading-twist
DA are also suggested here. Numerical results are presented
in Sect. 3. Section 4 is reserved for a summary.

2 Calculation technology
2.1 SVZ sum rules for the HP decay constants

To obtain the SVZ sum rules for the HP decay constants, we
take the following correlation function:

Mg =i / dtxe's (0| {J5007{ @} o). @)

@ Springer

Here the pseudoscalar current

Js(x) = Q1(x)iys Q2(x), 3)

where Q1 = b and QO = cfor B., Q1 = Q2 = c (Q1 =
Q> = b) for n. (np), respectively. The HP decay constant
fup is defined as

2
Myp
(OJ5|HP) = fup——, “)
mi +my
where myp stands for the HP mass and m;(2) is the mass of
Q](z) quark.

Following the standard sum rules procedures, into the cor-
relation function (2) can be inserted a complete set of inter-
mediate hadronic states in the physical region. It can also be
treated in the framework of the operator product expansion
(OPE) in the deep Euclidean region simultaneously. Those
two results can be related by the dispersion relation

ee]

2 1
[ocep(g”) = P ds

Imin §—4q

M + subtractions, @)
where tin = (m +m2)%. Then the sum rules can be obtained
by applying the Borel transform for both sides of Eq. (5).

More explicitly, on the one hand, we do the OPE for the
correlator (2), HQCD(qZ), within the framework of BFT. For
the purpose, we first apply the following replacement for the
quark fields:

010 — Q12 + M) (6)

in Eq. (2), where Q1 and Q> in the right-hand-side of Eq.
(6) stand for the quark background fields, n; and 1, are
the corresponding quantum fluctuations (quantum fields) on
the background field. The quantum fields interact with each
other according to the Feynman rule of BFT [24-26], for
example, the quantum quark—anti-quark pair can be con-
tracted as a propagator, while the remaining background
fields shall be kept to form the various vacuum matrix ele-
ments. Figure 1 shows the Feynman diagrams for determin-
ing the HP decay constant up to dimension-six operators,
in which the newly derived quark propagator with up to
dimension-six operators has been adopted [27]. In Fig. 1,
the big dot stands for the vertex operators iys in the cur-
rent (3), the cross symbol attached to the gluon line indi-
cates the tensor of the local gluon background field, and “n”
indicates the nth-order covariant derivative. Figure lal pro-
vides the perturbative contribution, Fig. 1bl, b2, c2 provide
the contributions proportional to the dimension-four con-
densate (ot;G), and the remaining 13 diagrams, Fig. 1d1-
f1, provide the contributions proportional to the dimension-
six condensate (g, fG3). Here, (a;G?) and (g,” fG?) are

abbreviations for the condensates (0 ‘aSGﬁvGA’“’! O> and

<0 ‘g? fABCGAWY Gf'o GSM ‘ 0), respectively, where the color
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Fig. 1 Feynman diagrams for the HP decay constant. The big dot stands for the vertex operators i s in the current (3), the cross symbol attached
to the gluon line indicates the tensor of the local gluon background field, and “n” indicates the nth-order covariant derivative

indices A, B,C = (1,2,...,8). Then we can directly
derive the explicit expression for HQCD(qz) from Fig. 1,
which is rather lengthy and shall not be presented here for
simplicity.

On the other hand, with the help of the definition (4), the
hadronic spectrum representation of the correlator (2) can be
written as

2 2 2 flepmﬁp
ImH P = 7'[5 —m D
had(q”) (q Hp) m, +m2)2
+ 70" (¢*)0(q* — sup). )

where syp is the continuous threshold parameter, 6 is the
usual step function, and p°°™ stands for the hadron spectrum
density from the continuous states. Due to the quark—hadron
duality, " can be written as

pcom (s) = %Imnpert ($). (8)

As a combination of Egs. (5), (7), and (8), we are ready to
derive the SVZ sum rules for the HP decay constant. After
further applying the Borel transformation to suppress both
the unknown continuous states’ contributions and the higher
dimensional condensates’ contributions, the final SVZ sum
rules for the HP decay constant reads

2 4
S iip
M2 (my + my)?

11 SHP —s/M?
= Yl . dse x ImITpert (s)
+ LTl g2y (Q%) + LTl 63(Q7), ©)

e_[mIz-IP/MZ]

where M is the Borel parameter, the operator Ly =
2\n n

. — d

M2 s oo (—g2/my=m2 (ni—l))! (dq—2> stands for the usual

Borel transformation operator. The perturbative part have

been studied up to one-loop level by Ref. [34], and we have

ImITper (s)
352 4,
=—S—U{l+ o (1)

3mv

[+ ?)

8 s
2
T 1+v 1+v 1—v
— +1 1 2L
< (o (Z)n(5) v (15)
1
+Li2<L

1— 1
v)—Lh( 2v)+52|:—4Li2(Ui)

1+ v (1=
+Liz(vf)+uz( J;”)—m( 2”)})

PYACHE I A
— — 3V =V —V n —v
16 g8 16 1—v) "8

@ Springer



45 Page4of 14

Eur. Phys. J. C (2015) 75:45

3 1 1
_§v2+6vln< +U)—4vlnv+§(1+v2)
1+ v; 1 1 1
o()e() (-
<En() () ()
1 .
X In + v +v1n<§>+§vln mi
1 —v; s 2 my
)2
n v|:(m1 m) vln(

N

(10)

where § = s — (m| — m2)2, v =1-— dmima /s, vi) =
sv/s1) with s1 = 5 — m% + m% and 5o = 5 + m% — m%,
Lib(x) = — f(f dtln(lt—_’) is the Spence function. More-
over, for the parts proportional to the dimension-four and

dimension-six condensates, we have

i,MH(G2>(q2)
_ (2, G?) /1 v exp |:_m%x +m3(1 — x):|
487 Jo M2x(1 - x)
2.3 2 3
B L mix +m5(1—x) 1
XH Gmim2 =207 :|M4x2(l—x)2
23 1 m2(1 — x)3
+ [mix + ma(l —x)]zmll’;éx;?f(_ x)f) } LA
[:MH(G3>(Q2)
3,03\ pl 2 201
LG 1y T s )
32(4m)2 Jo M2x(1 — x)
3 _ 3
x ([64—@)5(1—;0—45)6—“1 x) }
3 x(1—x)
1 [mix+mo(1—x)]*> 2
XM4x2(l—x)2+{<45 x(1—x) _§m1m2>
2.4 201 _ N4
x[x3+(1—x)3]—6m]x +m5(1 —x)
x(1—x)

478
—12 [m%x3 + m%(l — x)3] — Tm]mzx(l —X)

287 , 320
+—[mix + ma(1 —x)]” — —x(1 — x)
9 9
1
2MOx3(1 — x)3

[mix 4+ ma(1 — x)1?
x(1—x)

X —m%x +m%(l —x)] }

+ + 28m1m2)

X -m%x4 + m%(l - x)4] -4 [m‘llx4 + mé(l - x)4]

&m?xs + mg(l —x)
5 x(1—x)

n (30[m1x +ma(l — X))

@ Springer

+88mimox(1 — x)) X [m%x2 + m%(l — x)z]
112 4 64
—T[mwc +ma(l —x)]" + ?Wumz)C(l —Xx)

sclmyx +ma(l — 0P + 128m3m3x2(1 — x)z}
|
X— J—
6M3x4(1 — x)*
m‘l‘x5 +m‘21(1 —x)5
M10x6(1 — x)6

2 x4 ma(l — 0T
1Smlx my X

12)

In deriving these sum rules, we have adopted the M S-scheme
to deal with the infrared divergences. During the calculation,
we have to deal with the following vacuum matrix elements
in D-dimensional space (D = 4 — 2¢): (0|G#,G5 | 0),
06,65,65,|0).{o|G2,,62,..|o).(0|G2 o),

B
VA posT /,H);)\,TGPU
O>. The formulas for relating these

and <0 ‘Gﬁvaam
matrix elements with the conventional condensates under
the D-dimensional space have been given in Appendix B
of Ref. [27]. For simplicity, we do not present them here, and
the interesting readers may turn to this reference for detailed

technology.

2.2 SVZ sum rules for the moments of the HP leading-twist
DA

The HP leading-twist DA ¢yp is defined as

(0]01() 2y502(~2)|HP(9))

1
= i) [ due g, (13)
where £ = 2u — 1. Expanding the left-hand-side of Eq. (13)
near z = 0 and writing the exponent in right-hand-side of
Eq. (13) as a power series, we obtain the definition of the DA
moments:

(0]210 zrstiz- D) 020) | HP(g))

=iG- )" fup (E")yp (14)
where
1
(") = /0 duQu — 1)" pup (1) (15)

is the nth-order moment of ¢gp. The Oth-order moment

1

0 _ _
(¢ )HP = /0 dugpp(u) = 1 (16)
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Fig. 2 Feynman diagrams for the moments of the HP leading-twist
DA. The left big dot and the right big dot stand for the vertex operators

Lys(z - B)” and /£ys in the currents J,(x) and JJ (0), respectively.

gives the normalization condition for ¢yp. Setting n = 0 in
Eq. (14), one can get
(0[01(0) Zy5Q2(0)|HP(@)) = i(z - 9) fip- (17
To derive sum rules for the ¢pgp moments, we consider the
following correlation function:
@ 9"
_ i/d“xe"q'x (0|7 {n@ 7 ®}|0). (18)

where z2 = 0, and the two currents

Jo(x) = 01(x) Zys(iz - D)" Q2(x).
J(0) = 02(0) 2501(0).

Similar to Sect. 2.1, we can deduce the SVZ sum rules for
the moments (£")yp.

Figure 2 shows the corresponding Feynman diagrams for
deriving the moments (£")yp. In Fig. 2, the left big dot and

the right big dot stand for the vertex operators Zys(z - B)”
and Zys in the currents J,(x) and JOT (0), respectively; the

(/) {eit) (ry

{hit) (h.)

ot
(i4) G

The cross symbol attached to the gluon line indicates the tensor of the
local gluon background field, and “n” indicates nth-order covariant
derivative

cross symbol attached to the gluon line indicates the ten-
sor of the local gluon background field, and “n” indicates
nth-order covariant derivative. Different from Fig. 1, there
are seven Feynman diagrams that have not been shown in
Fig. 2, because they have no contribution for the moments
(&™) gp due to their quark loops explicitly lead to Tr[- - - ] = 0.
Fig. 2al provides the perturbative contribution, Fig. 2b1-d1
provide the double-gluon condensate contribution and the
remaining 23 diagrams provide the triple-gluon condensate
contribution. Furthermore, compared with Fig. 1, we have
some extra diagrams for the present case, i.e. Fig. 2d1, fl1—

h4, which are due to the new vertex operator (z - B)”.

Following the standard SVZ procedures of the sum rules,
the final sum rules for the moments of the HP leading-twist
DA can be written as

fip (E"up _ 11 /SHP dse—S/M
M?2exp [m%{P/M2] T M?* ),

X Im/perc(5) + L 162 (Q)
+Luliga) Q7). (19)
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where

Im Fpert (5)

_ 3 <S1 + sv _ 1)n+1
T 8r(n+ D +3) s

§ [(n+ P HINCn+E) 1} o _v)},
2s

(20)

LIy (Q%)
feG?) [! [
:7/ dxexp| —
6 0

x { |:;(2x —1)"x2(1 = x)? +n(n — DHQ2x — 1)" 2

m%x + m%(l —X)
MZx(1 —x)

x x3(1 —x)3i| Tirermeie 2x — 1D)"x(1 —x)
2.3 2 3
mix” +m5(1 —x)
2M6x3(1 — x)3 } ’ @h
ml(g3 (0%
. <gs ) 1 m%x —|—m%(1 —X)
T @n)? /deexp T M2x(1—x)
x { [—485(2x —D'x1 =)+ 1A =x)°)
—2x —1D"x*(1 —x) < 9 x(1 x)—i-i72 )
—w(zx— D" 2331 — x)°
x ((n+ Dx(1 = x) + 16x% + 16(1 — x)?)]
1

3 n
M1 —x3 | [—4(2x —1)"x(1—x)

1
s (m3x* + m3(1 — 0 + %(2x — 1121 — )2

-0 - @(ZX —

xxt(1 = x)*mix + m3(1 = x)) + 2x — D"x%(1 — x)?

x(mix® —m3( "2

X( ?; (mlx —|—m2(1 Xx) ) ;(mlmz—ém%—6m%)

x x(1 —x) +2(m%x +m3(1 —x))) - 83—71(2x — 1"
v
6MExA (1 — x)*

m x +mi —x)?
24M10 5%1 x)3 } 22)

Xx3(1 — x)3 (m%x —|—m%(l —x))j| X

+ (2x - D" x x(1—-x)

Up to 6th order, the moments (¢")yp and the Gegenbauer
moments a!'? at the same scale 4 can be related via the
following equations:

@ Springer

3
() 1 = sal o, 23)
5 1 12
(62) e = 5 + 55a8® (0. @4)
3 _ 9 P 4 HP
(69), 1n = 5500 + a0, 25)
3 8
(64) l = o+ s + el o), 26)
5 _ 1 HP 40 HP 8 HP
(6) I = 5al® G0 + alP (w + —=at® . @D
6 1,12 HP
(e =57+ 7 10014 W
T1a5% () (8)

Thus, inversely, we can derive the Gegenbauer moments aHP

from the above sum rules for (§”)yp. Usually, the Gegen-
bauer moments a!!¥ are known for an initial scale 14 around
Aqcp, which can be evolved from any scale 1 via the equa-
tion

os () Ty
alP () = (LU e (29)
as(MO)
where
2 n+11
ep==|1l—-———+4) -
T3l etDe+2) ,.X:;j

For the running coupling, we adopt [35]

- L[ _ b
G =0 bt
b2(nt —Int — 1) + bob
n 1 ( - ) 02:| (30)
byt
with# = In
QCD
33 —2n;
by = — L,
0 127
, _ 153 19n;
Y= Toagr
5033 325
2857 — XBn, + nf
by = .
1287r2

2.3 A model for the HP leading-twist DAs

The meson DA can be derived from its light-cone wavefunc-
tion by integrating out its transverse components.! Thus,
it is helpful to construct a HP leading-twist wavefunction
and then get its DA. For the purpose, one may assume that

! The relation between the light-cone wavefunction and distribution
amplitude could be more complicated, and a recent discussion of this
point can be found in Refs. [36,37].
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the HP wavefunctions have a similar form to those of the
pseudoscalars kaon with SU y(3)-breaking effect [38] and
the D meson or B meson [11,39]. Based on the BHL-
prescription [28-30], the HP wavefunction can be con-
structed as

Wyp(x, k1) = xup(x, k)W (x, k), 31)

where k| is the transverse momentum, xgp(x, k) is the

spin-space wavefunction and \IJII{?P (x, k) stands for the spa-

tial wavefunction. The spin-space wavefunction ypp(x, Kk )

takes the form [40]

pip(r k) = 2O MY (32)
I+ I (1= ) + s 2

where 711 7 are the constituent quark masses for the HP. i1} =
my, and mo = m, for the case of B, meson, 1| = my = M,
(myp) for the case of n. (17,). We take m, = 1.8GeV and
myp = 4.7GeV to do our numerical calculations. It is noted
that different choices of m. or m;, will lead to quite small
differences to the HP DA. Because #iip, M. >> Aqcp, the
spin-space wavefunction yyp tends to 1 for the heavy scalars,
thus, one may omit such factor as a simplified model. The
spatial wavefunction \Ilgp (x, k) takes the form

Wyp R (x, k)

—1 (kp4mi k2 +m3
= Anp@Hp(x) Xexp | — Ly 2] .
8Biip X I—x

(33)

where App is normalization constant. The parameter Byp
is a harmonious parameter that dominantly determines the
wavefunction transverse distributions. The function ¢yp(x)
dominantly dominates the wavefunction’s longitudinal dis-
tribution, whose behavior is further dominated by its first
several Gegenbauer polynomials. By keeping up to 6, -order
Gegenbauer moments, it can be expansion as

6
orp() =1+ Y B, x 3 2x — 1), (34)

n=1

in which BH3 5 should be O for the case of 7. or n, DA, due
to the fact that the n¢ or np DA should be unchanged over the
transformation x <> (1 — x).

Using the relationship between the HP leading-twist DA
and the HP wavefunction,

2.6 d?k |

Jup ko |2<pud 1673 Tons VHp(x. ko), (35)

oup(x, u) =

we can obtain the required leading-twist DA for the HP. That
is, after integrating over the transverse momentum for the
wavefunction (31), we obtain

V3 Appii Bup e = Do ()

PHP(X, o) = —— T fop
« exp _ml(l —x) —i—rﬁ%x — m?
8B2px(1 — x)
~9 2
« VErf TA
8Bpx(1 —x)
Erf e (36)
J— I' —_— s
8B7px (1 — x)
where m = (1 —x) +mox, o ~ Agcp is the factoriza-

fx -4z,

and Bup can be

tion scale, and the error function Erf(x)

The wavefunction parameters Ayp, B
determined by the following constralnts.

e The normalization condition,

d’k JSup
d —= k 37
/ x/kleﬂz T3 rp(x. k1) = 3 (37

The decay constant fgp can be determined by the sum
rules (9).

e The probability of finding the leading Fock state | o1 Q2>
in the HP Fock state expansion,

2
PHP_/ dx/ o3 ’ng(x,kJ_)’ . (38)

Equivalently, one can replace the constraint (38) by
the average value of the squared transverse momentum
(ki)HP, which is measurable and is defined as

2
/ / L, e k)|
1673 Pyp '

The experimental measurements on (ki)HP are not avail-
able at the present. We adopt the constraint (38) and take
P, >~ 0.8 [19,40] and Pg, ~ Py, =~ 1 [39] to do the
calculation. The choice of P, ~ Pp, > P, is rea-
sonable, since with the increase of the constituent quark
masses, the valence Fock state occupies a bigger frac-
tion in hadron and the probability of finding the valence
Fock state will be close to unity in the non-relativistic
limit. We have checked that all the wavefunction param-
eters change very slightly by varying Pp, from 1.0 to
0.9, which indicates that the B, meson already reaches
the non-relativistic limit.

e The Gegenbauer moments can also be derived from the
following definition:

@ Springer
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Ji dxup(x, 10)Cr/ > (2x — 1)
S dx6x(1 = x) [cﬁ/z(zx _ 1)]2'

all’ (o) = (39)

They should be equal to the Gegenbauer moments deter-
mined from the values of (§")yp, which can be deter-
mined from the sum rules (19).

Using these constraints, one can strictly determine the
wavefunction parameters Agp, BIP, and Bpp at an initial
scale . These parameters are scale dependent; one can
obtain their values at any scale p via the following evolu-
tion equation [14]:

o (1?)

1
Cr {/0 [dy]V (x;, yi)dup

5 dup (X, 1)
X =
ou? 4

X1xpn

x (i, i) — x1X2¢up (7, M)} .
(40)
where Cr = 4/3,
[dy] = dyidy28(1 — y1 — y2),

V(xi,yi) = 2[361)’29()’1 —x1)

A
) <8h'h2 * 1 —X1)> e 2)]’

dup (xi, 1) = x100¢up (xi, W),
Adup (i, 1) = dup(vi, 1) — dup(xi, 1,

8y, = 1 when the Q; and Q5 have opposite helicities and
8,1, = 0 for other cases.

3 Numerical analysis
3.1 Input parameters

To determine the HP decay constants and the first several
moments of the HP leading-twist DA, we take [35]

my, = (2.9837 £ 0.0007) GeV,

mp, = (6.2745 £ 0.0018) GeV,

my, = (9.3980 &+ 0.0032) GeV,

me(me) = (1.275 £0.025) GeV,

mp(mp) = (4.18 £0.03) GeV. (41)

The MS c- and b-quark masses at any other scale can be
derived from the evolution [35]

12
Fre(w) = iiic (i) [ o (1) TS ,
Ofs(mc)
(w) 15
m<u>=m<m)[“ff‘ ] . (42)
as(mb)

@ Springer

Table 1 The HP decay constants for s, = 18 GeV?, sp, =45 GeV?,
and s, = 90 GeV? under the allowable Borel windows, where all the
other input parameters are taken to be their central values

HP Ne Bc Nb
sup (GeV?) 18 45 90
M? (GeV?) [2, 11] [9, 13] [16,20]
fup (MeV) 453 +3 498 +9 811+9

From o (mz) = 0.1184 £ 0.0007 with mz = (91.1876 +
0.0021) GeV [35], we predict Aqgcp =~ 270, 257, and
204 MeV for the flavor ny = 3, 4, and 5, respectively. We
take the scale-independence dimension-four gluon conden-
sate (;G?) = (0.038 £ 0.011) GeV* [41] and (g7 f G?) =
(0.013 £ 0.007) GeV® [27].

3.2 The HP decay constants

To set the threshold parameter syp and the allowable Borel
window for the sum rules (9), we require that the continuum
contribution to be less than 30 %, and the values for fyp are
stable in the Borel window. We obtain s, = 18 GeV2, s B, =
45GeV?, and s,, = 90GeV?. Our predictions for the HP
decay constants fgp under the allowable Borel windows are
put in Table 1, where all other input parameters are taken as
their central values. We put the curves for the decay constants
Fyes B> and fy, versus the Borel parameter M? in Fig. 3,
where the shaded bands indicate the uncertainties from the
input parameters mpp, mcp, (s G*), and (g3 f G3). By taking
all uncertainty errors into consideration and adding them in
quadrature, our final predictions on fyp are put in Table 2.
As a comparison, some typical estimations on the HP decay
constants derived under various approaches [42-57] are also
presented. Table 2 shows that our present estimations on HP
decay constants agree with those derived under the Lattice
QCD [57], especially for fp. and f,.

3.3 The HP leading-twist DAs

First, we calculate the HP leading-twist DA moments (§”)yp
with the SVZ sum rules (19). As suggested by Braguta et
al. [16], we set the continue threshold to be infinity. We adopt
the ratio fi3p (6" )up /(f{ip (£°)yp) to derive the nth-moment
(") pp instead of directly calculating (£")gp. Due to the the-
oretical uncertainty sources for fyp and (¢§")yp are mutually
correlated with each other, such a treatment result in a much
smaller theoretical uncertainty. Our results are presented in
Table 3, in which the HP leading-twist DA moments (§”)yp
up to 6th order are presented. We take the Borel window
M? € [1,2](GeV?) for (£"), . M* € [15,20] (GeV?) for
(§")p, and (§"),,, respectively. Figure 4 shows the stabil-
ity of the moments within those allowable Borel windows.
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Fig. 3 The HP decay constants versus the Borel parameter M. The shaded band indicates the uncertainty

Table2 A comparison of our present HP decay constants (in unit MeV)
with those obtained under various approaches [42-57]

Table3 The HP leading-twist DA moments (§")yp up to 6th-order. The
errors are squared average of those from all the input parameters, such
as the Borel parameter, the condensates, and the bound state parameters.
The scale p is set to be m,(m,.) for n. and my,(myp) for B, and n,,

Sore B, S Ref. Ne(w=mc(me))  Be(n=mp(mp))  np(u=mp(mp))
453 +4 498 + 14 811 +£34 This work (gl) 0 0.279 + 0.023 0

/ 510450 / [42] (82 0.073£0.009 0.182 % 0.005 0.067 £ 0.007

/ 400 420 / [43] ) o 0.100 £ 0.006 0

/ 375+40 / [44] (€Y 0.014£0.003 0.071 £ 0.003 0.011 £ 0.002

/ >70 460 / [43] (%) o 0.047 £ 0.002 0

/ 300 / [46] (%) 0.004 +0.001 0.036 = 0.001 0.003 + 0.001
320 £40 360 £ 60 500 £ 100 [47]

/ 570 £+ 60 / [48]

/ 383 £ 27 / [49]

/ 300 + 65 / [50] In doing the calculation, all the uncertainty sources, such as
/ 385 +25 / [51] the Borel parameter, the dimension-four condensate (o G?),
420 £52 / 705 £ 27 [52] the dimension-six condensate <g;” f G3 ), and the bound state
/ 400 + 45 / [53] parameters, have been taken into consideration. The errors
/ 395 + 15 / [54] listed in Table 3 are dominated by varying M 2 within the
484 399 / [55] Borel window. The scale  is set to be m.(m.) = 1.275 GeV
490 / / [56] for n. and mp,(mp) = 4.18 GeV for B, and np.

438 + 8 489+ 5 801+ 9 [57] Second, we adopt the relationship between the moments

(£")gp and the Gegenbauer moments a}fp, i.e. Egs. (23)-

@ Springer
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Fig. 4 The first several moments (£”)yp versus the Borel parameter M2. Here the input parameters are taken as the central values
Table4 The HP leading-twist DA Gegenbauer moments a!* up to 6th Bg ¢ =-0.019,
order, which are derived from (£")yp via the relations (23)—(28). The _
scale u is set to be ri. () for ne and mp (mp) for B, and np ﬂnf = 5.386 GeV, (43)
Ne (w=mc(mc))  Be(u=mp(np)  np(u=mp(mp)) for the 5. leading-twist DA; and
0 0.466 £ 0.038 0 _
“ Ap, = 1.894GeV™!,
ar —0.372 £ 0.027 —0.053 £0.016 —0.387 £0.019 B
a0 ~0.106£0.018 0 By = 0.400,
as 0.124 £ 0.029 —0.028 £0.010 0.136 £ 0.022 BZBC = —0.150,
as 0 —0.017 £ 0.002 0 B, _
By = —0.152,
ag —0.025 £0.017 —0.014 £ 0.001 —0.028 £0.013 B
B, = —0.014,
B = 0.009,
(28), to derive the Gegenbauer moments affp from Table 3. B ()Bc — —0.001
The results for the Gegenbauer moments a!'* are shown in
= 7.538GeV, 44
Table 4. Ps. @4
. . . HP
Third, we determine 'all the'mput parameters AHp., B, for the B, leading-twist DA; and
and Bgp for the HP leading-twist DA model (36). Using the
central values for the Gegenbauer moments a!'¥ listed in A = 7.432GeV!,
Table 4, we obtain, at the scale yu = mp(myp), ng — 0383,
Ay, =2.401GeV™!, B" =0.129,
Bg“ = —0.306, ng = —0.028,
BZ" = 0.092, By, = 3.811GeV, (45)

@ Springer
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Fig. 5 The HP leading-twist DAs. The solid, the dotted and the dashed
lines are for n. DA, B. DA and n; DA at the scale mj, (my), respectively
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, = = = This work (BHL)
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o (x,u)

-05 . . . . . . . . .
0

Fig. 6 A comparison of the 1. leading-twist DA. The dashed, the solid,
and the dash-dot lines are for our present model (36), the BC model [15]
and the BLL model [16], respectively. u = m.(m.)

for the np leading-twist DA. All those three HPs’ leading-
twist DAs are presented in Fig. 5. The ¢, (x, u) is broader
than ¢, (x, 1), and both of them are symmetric, while the
¢, (x, ) is non-symmetrical, which is consistent with the
fact that its constituent c- and b-quarks are different.
Finally, we take the 7. leading-twist DA as an explicit
example to show the HP DA properties in detail. Figure 6
presents a comparison of our 7, leading-twist DA model (36)
with those of the BC model [15] and the BLL model [16]. Our
DA model is broader in shape than that of the BLL model,
but narrower than that of the BC model. Figure 7 shows how
¢y (x, 0) changes with the scale, in which four typical val-
ues, i.e. © = 1.275, 4.18, 10, and 100 GeV, are adopted.
From Fig. 7, one may observe that with increment of the
scale i, the ¢, (x, u) becomes broader and broader, which
finally tends to the asymptotic form for the © = oo limit.

3 : :
- = = u=1.275GeV
----- 1=4.18GeV
251} P u=10GeV
’ (N f §=100GeV
4 =

Fig. 7 The running of the 7. leading-twist DA. The dashed, the dash-
dot, the solid and the dotted lines are for u = 1.275, 4.18, 10, and
100 GeV, respectively

3.4 An application of the leading-twist DA ¢,

As an application, in this subsection, we calculate the B, —
ne TFF ff”_"]‘ (¢%) by using our present . DA model (36).

As has been discussed in the Introduction, it is helpful to
apply the LCSRs approach with chiral current correlator to
calculate ff"_)"" (g?) [11]. Thus the most uncertain twist-
3 DASs’ contributions are eliminated, and we can see more
clearly the properties of the leading-twist DA. Following the

standard way as programmed in Ref. [11], we obtain

fEme g = Memﬁ/ﬂ”z /1 duM
A

my, fB, u
r?li — (g% — um%c
X exp | — Ve
+ twist-4 and higher-twist terms, (46)

where u = 1 — u, and

2
5= [ (o =a2=m )+ am (i3 - )
~Go—gq*—m2) |/ (2md). @7)

We take the 7. leading-twist DA ¢, (u) at the scale u =~
mp(myp) to do the calculation. We adopt the same criteria
as those of Ref. [11] to determine the Borel window of the
process and we take the continuum threshold to be 5o =
42 GeV2. The determined Borel window is M2 = (20-35)
GeV?, in which the TFF also has a good stability as shown
by Fig. 8.

@ Springer
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Fig. 8 The TFF ffi 7 (¢?) versus the Borel parameter M? at several
typical g2. All the input parameters are taken to be their central values
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Fig. 9 The TFF ff"_)"" (g?) versus g2, in which the shaded hand
indicates its uncertainties

We present the TFF ff“%”‘ (¢%) versus ¢ in Fig. 9, in
which the shaded hand indicates its uncertainties. At the max-
imum recoil region with q2 = (0, we obtain

FE770) = 0.61255033, (48)

where all uncertainties have been added up in quadrature.
For the semi-leptonic decay B, — n.lv, the energy region
[0, (mp, — mm,)2] is considered, and being different from
the TFF f +C%”‘ (¢%) by pQCD,? the LCSRs is supposed to
be valid in 0 < ¢* < mj} — 2mpAqep =~ 15GeV? for b-
quark decays [11], then our TFF ff"%"" (g®) from (46) can

2 The pQCD is valid in low-energy region, thus its prediction for the
TFF ffL%"" (¢%) needs to be extrapolated from the lower g2 region to
larger g2 region via proper extrapolations, cf. Refs. [58-61].
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Fig. 10 The differential decay rate for B, — n.lv versus g2, where

the shaded hand indicates the uncertainty from the TFF ff”%"" (q2)
only

be directly used in the exclusive process B, — n.lv. The
semi-leptonic differential decay rate of B, — n.lv reads

dr
@ (Be = nelv)

_ GVl

2
= T3 ,
1927°m7,

a7 6D)] (49)

where A(¢%) = (m%c + m,zk —q¢*? - 4’"%(-’”%@’ the Fermi
constant G = 1.1663787(6) x 107> GeV~2, and the
CKM matrix element |V,| = 0.04127000'L [35]. Figure
10 shows the differential decay rate of B, — n.lv ver-
sus qz, where the shaded hand indicates the uncertainty
from the TFF ff"_)n" (g%) only. After doing integrating over
q2 e [0, (mp, — mnc)z], we obtain the central decay width
I'(B. — nclv) = 1.12 x 107'% GeV. By further using the
lifetime of the B, meson 75, = (0.452 +0.032) x 1072 s
[35], we predict the branching ratio of B, — n.lv as

Br(B. — n.lv) = (7.70t};§;§) % 1073, (50)

Itis noted that the TFF f, e e (qz), the CKM matrix element
|Vep| and the B, meson lifetime tp. provide the dominant
error sources for the branching ratio.

We put our prediction of the branching ratio together with
the typical prediction under various approaches in Table 5.
It shows that our result agrees with the previous LCSRs esti-
mation [62] and also in agreement with the quark model
prediction [55,58].3

3 A larger branching ratio for B. — 1.(J/¥)Iv is helpful for solving
the puzzle for the parameter R(J /£ v). A recent discussion of this
point can be found in Ref. [9].
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Table 5 The branching ratio of B, — n.lv (in unit %). As a com-
parison, we also present those derived by the LCSRs, the quark model
(QM), the pQCD, the QCD relativistic potential model (RPM) and the
NRQCD approaches

Approach Br(B, — n.lv) Ref.
LCSRs 0.770791% This work
0.75 [62]
QM 0.81 [55]
0.48+002 [56]
0.67°91% [58]
0.42 [63]
pQCD 0.44179122 (5]
QCD RPM 0.15 [64]
NRQCD 21107 (8]

4 Summary

The meson DA is an important component for the QCD exclu-
sive processes that are studied within the framework of the
QCD sum rules, the QCD LCSRs, and the pQCD factoriza-
tion approaches. The QCD SVZ sum rules provides one of
the most effective approaches for exclusive processes, which
separates the short- and long-distance quark-gluon interac-
tion, and parameterizes the latter as a series of nonpertur-
bative vacuum condensates. The BFT provides a systematic
method for achieving the goal of SVZ sum rules and also
provides a physical picture for the vacuum condensates. As
a sequential work of Ref. [27], in this paper, we have made
a detailed study on the HP leading-twist DAs together with
the HP decay constants under the framework of BFT up to
dimension-six condensates.

Using the sum rules (9), we obtain f;, = 453 =4 MeV,
fB. = 498 £ 14MeV and f;, = 811 & 34MeV. These
values are in agreement with those derived by the Lat-
tice QCD [57]. Using the sum rules (19), we calculate the
first several moments for the HP leading-twist DA, which
are presented in Table 3. Using the relations (23-27, and
28), we further obtain the Gegenbauer moments up to 6th
order. More explicitly, the non-zero Gegenbauer moments
for ¢y, are: ax(me(m)) = —0.372 £ 0.027, ag(m.(m.)) =
0.124 £ 0.029, and a¢e(m.(m.)) = —0.025 + 0.017; the
non-zero Gegenbauer moments for ¢, are: az(mp(mp)) =
—0.387 £+ 0.019, aq(mp(mp)) = 0.136 &+ 0.022, and
ag(mp(mp)) = —0.028 £ 0.013; the non-zero Gegen-
bauer moments for ¢p_ are: aj(my(mp)) = 0.466 £ 0.038,
ax(mp(mp)) = —0.053 £ 0.016, a3 (mp(mp)) = —0.106 +
0.018, as(mp(mp)) = —0.028 £ 0.010, as(mp(mp)) =
—0.017 £ 0.002, ag(mp(mp)) = —0.014 £ 0.001. Here, the
errors are squared average of those from the uncertainties
of the Borel parameter, the condensates, and the bound state

parameters. The Gegenbauer moments at any other scale can
be obtained via evolution.

The meson DA is of nonperturbative nature, thus, itis help-
ful to have a general model for all the related HPs. Based on
the BHL-prescription [28-30], we have suggested the model
(36) for the HP leading-twist DAs. The model parameters of
¢np(x, n) are determined with three reasonable constraints
together with the newly obtained HP decay constants and
Gegenbauer moments. The behaviors of the 7., B, and np
leading-twist DAs are presented in Fig. 5. It is shown that the
¢y and ¢y, are symmetric and are close in shape, while the
¢, 1s non-symmetrical and quite different from the naive §-
model, i.e. ¢p, (x) x §(x —mip/mp,), suggested in Ref. [22].
Our present HP DA model may also be adaptable for the light
pseudoscalar DAs, such as pion and kaon DAs. Thus, it shall
be applicable for a wide range of QCD exclusive processes.
With more and more data available, we may get more definite
conclusions on the behaviors of the pseudoscalar DAs, and
then we may achieve a more accurate theoretical prediction
on those processes.

As an application for the 1, leading-twist DA ¢, , we
study the TFF £~ (¢%) within the LCSRs. It is noted
that the branching ratio Br(B, — n.[v) strongly depends on
the TFF f +C%"C (¢%), thus a more accurate TFF shall result
in a more accurate branching ratio. At the maximum recoil
point, we obtain ffcﬁ"‘ 0) = 0.6121'8:823. Furthermore,
we predict the branching ratio of the semi-leptonic decay
Be — nelv,ie., Br(Be — nclv) = 7.70719% x 1073, which
is consistent with previous LCSRs prediction [62] and the
quark model result [55,58].

Acknowledgments The authors would like to thank Wen-Fei Wang
for helpful discussions. This work was supported in part by the Natural
Science Foundation of China under Grant Nos. 11075225, 11235005,
and 11275280, and by the Fundamental Research Funds for the Central
Universities under Grant No. CQDXWL-2012-Z002.

OpenAccess This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

Funded by SCOAP? / License Version CC BY 4.0.

References

1. R.Zhou, Z.T. Zou, C.D. Lu, Phys. Rev. D 86, 074008 (2012)
2. R.Zhou, Z.T. Zou, C.D. Lu, Phys. Rev. D 86, 074019 (2012)
3. Z.T. Zou, X. Yu, C.D. Lu, Phys. Rev. D 87, 074027 (2013)
4. C.H. Chang, Y.Q. Chen, Phys. Rev. D 49, 3399 (1994)

5. W.E. Wang, Y.Y. Fan, Z.J. Xiao, Chin. Phys. C 37, 093102 (2013)
6. W.FE. Wang, X. Yu, C.D. Lu, Z.J. Xiao. arXiv:1401.0391

7. C.F. Qiao, P. Sun, F. Yuan, JHEP 1208, 087 (2012)

8. C.F. Qiao, R.L. Zhu, Phys. Rev. D 87, 014009 (2013)

9. J.M. Shen, X.G. Wu, H.H. Ma, S.Q. Wang. arXiv:1407.7309
0. T.Huang, F. Zuo, Chin. Phys. Lett. 24, 61 (2007)

1. T. Huang, F. Zuo, Eur. Phys. J. C 51, 833 (2007)

@ Springer


http://arxiv.org/abs/1401.0391
http://arxiv.org/abs/1407.7309

45

Page 14 of 14

Eur. Phys. J. C (2015) 75:45

13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.

24.

25.

26.
217.

28.

29.
30.

31.
32.
33.
34.
35.

36.

T. Huang, Z.H. Li, X.G. Wu, F. Zuo, Int. J. Mod. Phys. A 23, 3237
(2008)

V.L. Chernyak, A.R. Zhitnitsky, Phys. Rep. 112, 173 (1984)

G.P. Lepage, S.J. Brodsky, Phys. Rev. D 22, 2157 (1980)

A.E. Bondar, V.L. Chernyak, Phys. Lett. B 612, 215 (2005)

V.V. Braguta, A.K. Likhoded, A.V. Luchinsky, Phys. Lett. B 646,
80 (2007)

G.T. Bodwin, D. Kang, J. Lee, Phys. Rev. D 74, 114028 (2006)
J.P. Ma, Z.G. Si, Phys. Lett. B 647, 419 (2007)

Y.J. Sun, X.G. Wu, F. Zuo, T. Huang, Eur. Phys. J. C 67, 117 (2010)
X.G. Wu, T. Huang, Chin. Sci. Bull. 59, 3801 (2014)

C.W. Hwang, Eur. Phys. J. C 62, 499 (2009)

J.E. Cheng, D.S. Du, C.D. Lu, Eur. Phys. J. C 45,711 (2006)
M.A. Shifman, A.L. Vainshtein, V.I. Zakharov, Nucl. Phys. B 147,
385 (1979)

J. Govaerts, F. de Viron, D. Gusbin, J. Weyers, Phys. Lett. B 128,
262 (1983)

J. Govaerts, F. de Viron, D. Gusbin, J. Weyers, Nucl. Phys. B 248,
1(1984)

T. Huang, Z. Huang, Phys. Rev. D 39, 1213 (1989)

T. Zhong, X.G. Wu, Z.G. Wang, T. Huang, H.B. Fu, H.Y. Han,
Phys. Rev. D 90, 016004 (2014)

S.J. Brodsky, T. Huang, G.P. Lepage, in Particles and Fields-2,
Proceedings of the Banff Summer Institute, Ban8; Alberta, 1981,
ed. by A.Z. Capri, A.N. Kamal (Plenum, New York, 1983), p. 143
G.P. Lepage, S.J. Brodsky, T. Huang, P.B. Mackenize, ibid., p. 83
T. Huang, in Proceedings of XXth International Conference on
High Energy Physics, Madison, Wisconsin, 1980, ed. by L. Durand,
L.G. Pondrom, AIP Conf. Proc. No. 69 (AIP, New York, 1981), p.
1000

P. Ball, R. Zwicky, Phys. Rev. D 71, 014015 (2005)

T. Huang, X.G. Wu, Phys. Rev. D 70, 093013 (2004)

T. Huang, X.G. Wu, Phys. Rev. D 71, 034018 (2005)

M. Chabab, Phys. Lett. B 325, 205 (1994)

J. Beringer et al., Particle data group. Phys. Rev. D 86, 010001
(2012)

H. Li, Y.L. Shen, Y.M. Wang. arXiv:1310.3672

@ Springer

37.
38.
39.
40.
41.

42.
43.
44.
45.
46.
47.
48.
49.

50.
51.
52.
. V.V. Kiselev, A.E. Kovalsky, A.I. Onishchenko, Phys. Rev. D 64,

54.
55.

56.
57.
58.
59.
60.
61.

62.
63.

64.

H. Li, YM. Wang. arXiv:1410.7274

X.G. Wu, T. Huang, JHEP 0804, 043 (2008)

X.H. Guo, T. Huang, Phys. Rev. D 43, 2931 (1991)

T. Huang, B.Q. Ma, Q.X. Shen, Phys. Rev. D 49, 1490 (1994)

P. Colangelo, A. Khodjamirian, in At the Frontier of Particle
Physics, vol. 3, ed. by M. Shifman (World Scientific, Singapore,
2001), p. 1495. hep-ph/0010175

V.G. Kartvelishvili, A.K. Likhoded, Yad. Fiz. 42, 1306 (1985)

S. Narison, Phys. Lett. B 210, 238 (1988)

V.V. Kiselev, A.V. Tkabladze, Sov. J. Nucl. Phys. 50, 1063 (1989)
M. Lusignoli, M. Masetti, Z. Phys. C 51, 549 (1991)

T.M. Aliev, O. Yilmaz, Nuovo Cim. A 105, 827 (1992)

P. Colangelo, G. Nardulli, N. Paver, Z. Phys. C 57, 43 (1993)
V.V. Kiselev, Nucl. Phys. B 406, 340 (1993)

E. Bagan, H.G. Dosch, P. Gosdzinsky, S. Narison, J.M. Richard, Z.
Phys. C 64, 57 (1994)

M. Chabab, Phys. Lett. B 325, 205 (1994)

V.V. Kiselev, Int. J. Mod. Phys. A 11, 3689 (1996)

D.S. Hwang, G.H. Kim, Z. Phys. C 76, 107 (1997)

054009 (2001)

V.V. Kiselev, Cent. Eur. J. Phys. 2, 523 (2004)

M.A. Ivanov, J.G. Korner, P. Santorelli, Phys. Rev. D 73, 054024
(2006)

E. Hernandez, J. Nieves, J.M. Verde-Velasco, Phys. Rev. D 74,
074008 (2006)

T.W. Chiu, T.H. Hsieh, C.H. Huang, K. Ogawa, TWQCD Collab-
oration, Phys. Lett. B 651, 171 (2007)

W. Wang, Y.L. Shen, C.D. Lu, Phys. Rev. D 79, 054012 (2009)
Z.G. Wang, Commun. Theor. Phys. 61, 81 (2014)

L. Lellouch, Nucl. Phys. B 479, 353 (1996)

A. Khodjamirian, Th Mannel, N. Offen, Y.-M. Wang, Phys. Rev.
D 83, 094031 (2011)

V.V. Kiselev. arXiv:hep-ph/0211021

D. Ebert, R.N. Faustov, V.O. Galkin, Phys. Rev. D 68, 094020
(2003)

P. Colangelo, F. De Fazio, Phys. Rev. D 61, 034012 (2000)


http://arxiv.org/abs/1310.3672
http://arxiv.org/abs/1410.7274
http://arxiv.org/abs/hep-ph/0010175
http://arxiv.org/abs/hep-ph/0211021

	Heavy pseudoscalar leading-twist distribution amplitudes  within QCD theory in background fields
	Abstract 
	1 Introduction
	2 Calculation technology
	2.1 SVZ sum rules for the HP decay constants
	2.2 SVZ sum rules for the moments of the HP leading-twist DA
	2.3 A model for the HP leading-twist DAs

	3 Numerical analysis
	3.1 Input parameters
	3.2 The HP decay constants
	3.3 The HP leading-twist DAs
	3.4 An application of the leading-twist DA φηc

	4 Summary
	Acknowledgments
	References


