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The leptonic radiative decay B — yZv is of great importance in the determination of B-meson wave
functions, and evaluating the form factors Fy 4 is the essential problem on the study of this channel. We
compute the next-to-leading power corrections to the form factors within the framework of PQCD
approach, including the power suppressed hard kernel, the contribution from a complete set of three-
particle B-meson wave functions up to twist-4 and two-particle off light-cone wave functions, the 1/m;,
corrections in heavy quark effective theory (HQET), and the contribution from hadronic structure of
photon. In spite of large theoretical uncertainties, the overall power suppressed contributions decreases
about 50% of the leading power result. The 1z dependence of the integrated branching ratio is reduced after
including the subleading power contributions, thus the power corrections lead to more ambiguity in the

determination of 1z from B — yZv decay.

DOI: 10.1103/PhysRevD.99.016004

I. INTRODUCTION

kr factorization theorem is an appropriate theoretical
framework for exclusive B meson decays. By retaining
parton transverse momenta kr, the endpoint singularities
which break collinear factorization are regularized. The
perturbative QCD (PQCD) approach [1,2] based on the k7
factorization framework has been applied to various exclu-
sive processes, especially semileptonic and nonleptonic
B-meson decays, and other decay modes [3]. The resultant
predictions are in agreement with most of the experimental
data, and the most applaudable result is the CP violation
in many nonleptonic B-meson decay channels [4]. The LHC-
b and forthcoming Super-B factory experiments will accu-
mulate more and more accurate data, which require more
precise theoretical predictions. To achieve this target, both
QCD radiative corrections and power corrections need to be
considered. In PQCD approach, QCD radiative corrections
are extensively studied in many processes, such as the pion
transition form factor [5,6], the pion electromagnetic form
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factors [7-9], the B — = form factors [10,11] et al., while the
exploration on power corrections are very few. The motiva-
tion of this paper is to investigate the power corrections in the
leptonic radiative decay mode B — yZv.

Most of the theoretical frameworks to study B meson
decays are based on heavy quark expansion, and power
corrections are important for finite b quark mass. While in
the collinear factorization, the power suppressed contribu-
tions are in general nonfactorizable due to endpoint singu-
larity, so they are often fitted by experimental data or
estimated using nonperturbative methods. 1/m;, power
corrections to B — yZv were considered at tree level [12]
where a symmetry-conserving form factor £(E,) was intro-
duced to parametrize the nonlocal power correction. An
approach based on dispersion relations and quark-hadron
duality was employed to study the power suppressed
contributionsin B — yZv [13], where the “soft” two-particle
correction to the B — y form factors was computed at
leading order. The one-loop corrections to this kind of
subleading power contribution has been computed in [ 14], in
addition the contribution from three-particle light-cone
distribution amplitudes(LCDAs) was also considered at tree
level. In a recent paper [15], using dispersion approach, the
soft contribution of power-suppressed higher-twist correc-
tions to the form factors that are due to higher Fock states of
B-meson and to the transverse momentum (virtuality) of the
light quark in the valence state was calculated, the results are
found to be much smaller than that of twist-2 contribution.
Based on the power counting in the soft-collinear effective
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theory (SCET [16,17]), the hadronic structure of photon can
contribute at next-to-leading power, which was studied in
[18,19]. The soft contribution and the contribution from the
hadronic structure of photon are probably closely related,
and it is interesting to uncover their relationship.

In the PQCD approach, the power suppressed local
corrections to B — yZv have been first studied in [20],
and a more careful investigation of power corrections was
performed in [21], in which three-particle B-meson wave
functions, next-to-leading power (NLP) hard kernels, and
long-distance vector meson dominance contribution are
considered. In [21] the contribution from an incomplete
set of three-particle B-meson LCDAs was estimated by
power counting, but the detailed calculation is still absent.
The long distance contribution is found to be cancelled by
the radiative corrections, which makes the power correction
very small. As a rough estimate, this conclusion needs to be
checked by a more careful calculation. Our aim in this article
is to make the following improvements: (1) The contribution
from a complete set of higher twist B-meson wave functions,
up to twist-4, will be investigated. The higher twist wave
functions include both two-particle and three-particle Fock
states, which are related by the equation of motion. (2) The
contribution from the hadronic structure of photon will be
calculated within PQCD framework. As the endpoint
singularity appears in the collinear factorization is regular-
ized by including the transverse momentum, this kind of
contribution can be studied using factorization approach.
(3) The 1/m,, corrections to the heavy-to-light current in
HQET will be considered. Although the NLP contributions
considered here are still far from a systematical study, but
they can shed light on the correction arises from the power
corrections, which makes great sense in the determination of
the parameter Ap.

This paper is organized as follows: In the next section we
will present the analytic calculation of the decay amplitude
of B — yZv, including both leading power (LP) and NLP
contributions. The numerical analysis is given in the third
section. Concluding discussions are presented in Sec. IV.

II. THE B — y¢v DECAY AMPLITUDE
AT NEXT-TO-LEADING POWER

The radiative leptonic B-meson decay amplitude is
given by

GV, - _
29 vt [Ty (1 = ys) iy, (1 — 75)b|B).

NG
(1)

At leading order in QED, the above amplitude can be
written as

A(B - yul) =

G _
A(B — yul) = % (igemer) [T (P, @)1y, (1 = 7s)v
+ Oif sy, (1 = ys)ul, (2)

where the momenta carried by photon, lepton-pair, and
B-meson are p, g, and p + g respectively. In the light-cone
coordinate, p, = "L, = E,ii,, q, = 5 (n- qi, + i - qn,),
and p, + g, = mgv,. The hadronic tensor T, reads

EARQF=/d%a”@HU?@%Wth—VQMW]
x |B(p +q)). (3)

with j§™(2)=>",0,3(2)7,4(2)+0Q,¢(2)y,£(z). Consider-
ing vector and axial vector current conservation, the
decomposition of the hadronic matrix element reads

Tl/ﬂ(p’ C]) =—iv- pe/,w/mnpUGFV(n : p)
+ (gﬂbv 2 UUPM)FA(H ' p) + g/wa, (4)

where the last term will cancel the contribution with
photon radiated from the lepton. The differential decay rate
of B — ylv can be readily computed using the following
formula

ar e G2V )2 2E,
— (Boyty) =2 0 g3 1-—2L
dEy( =) 672 "By mg
x [Fy(n- p) + F3(n- p)]. ()

This equation indicates that the essential problem in the
B — yfv decays is to study the factorization of the form
factors F'y . A systematical study on the power corrections
for this process needs to analyze power suppressed SCET
operators, which is rather complicated and we leave it for a
future study. Alternatively, we follow [15] to expand the
matrix element using HQET

T,.(p)

:wa/fwmmmmawm—mm@mw>

_|_

\/Mm .
5 E | d*zem(0[T[je(z)
b

’

iy, (1 =75)iD 1 h,(0)]|B(v)). (6)

In the first line, the power corrections arise from the
light-cone expansion of quark propagator

(0/7{q(2).4(0)}/0)
:2%2214_#7;2;_2 A ldu[zaaﬂ—4iuzarﬂ]G“ﬂ (uz)+---,
(7)

and the twist expansion of B-meson wave functions
[22-27]
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<0|Q(Z)Wz(n)TIn;z.OWO(n)Fhv(0)|B(U)> - 4

+

ifpmg

@5(t,2%) + G (%)

2

Tr{ﬂ [2¢§(l, 7%) +27°GH(2?)

— (1) — 22G* (%) I+ ] ysr}. (8)

t

The B-meson wave functions describe the distributions of the light parton in both the longitudinal direction denoted by t = v - z
and the transverse direction denoted by z2. In the above definition z = (0, 77, z7) is the coordinate of the anti-quark field g, &, is
the b quark field in the HQET, and I represents a Dirac matrix. The Wilson line W_(n) is written as

W_(n) = Pexp [—igAw din-A(z+ in)} 9)

The vertical link /., ; at infinity does not contribute in the covariant gauge [28]. Due to the light-cone divergences associated
with the Wilson lines, the light-cone vector should be rotated to satisfy n> # 0. The wave functions @ (z, z?) are of leading twist,
and G*(z?) are of higher twist. In addition, the definition of three-particle LCDAs are as follows

d kZJ— —l(k1+uk2)~z

(G I O1B0) =12 [ [ a / oy 2”)2
[( + 75){(”;4711 =0y Wa =yl —iouwy — (v, = 1,0,)X,
( u?’u)(W +Y4) + lepwpa”pv VSX — (€46 N"Y° VSY
— (A, — v, )AW + (7, — 1,7, AZ Y5 a0, & Ky 1y koL ). (10)

The wave functions defined above do not have definite
twist, but they are convenient in the calculation for their
simple Lorentz structure.

For the second line of Eq. (6), although there already
exists a suppressed factor 1/m,, higher-twist B-meson
wave functions are still required as the power expansion
in terms of 1/m,, is not equivalent to the twist expansion. In
the following we will consider the contribution from
leading-twist and higher-twist B-meson wave functions
respectively in the first line of Eq. (6), and then evaluate the
contribution from the second line Eq. (6). Furthermore, we
will also investigate the contribution from the hadronic
structure of photon at the last subsection.

A. Contribution from leading-twist
B-meson wave functions

First we consider the LP result of Fy, and NLP
corrections from leading-twist B-meson wave functions.
From the definition in Eq. (8), the momentum space
projector for B-meson twist-2 wave functions can be
written by

Mff/, lflsz [1 i {¢B (0, k)it + ¢pg(w, ko )it

® 3 N ) 0
- [ st k) gtk 5 b
(1)

The leading power contribution is from Fig. 1(a), in which
the light quark propagator can be decomposed as

i(ﬂ—k)_ . Eyﬂ . wy . K.
7= = 5 1 7= 7
(p—k) 2E, w0+ k7 2E,0+ k7 2E,0+ k]

(12)

where the first term is at leading power, and the other two
terms are suppressed by 4 = £. Taking only the leading
14

power contribution into account, the form factors Fy 4 can
be written by

Pk, ¢h(w.ky)
FLP(E FLP _ m / / L Yp\Ar1)
A (B)= f BB 1) 20E, + K
(13)
p+g-k ptg-k
AVAVAVAVAV
p
B gk
e AVAVAVAVAV
- q
(@) (b)
FIG. 1. Tree level diagrams with two-particle B meson wave
functions.
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According to [21], the mass dependence of the hadron state
arises if the power suppressed operators O , are included

(0l7, (2)5(0)[B(Mv))gep

= ()i / T, (2)hs(0)0,())|B(v)).  (14)

i=1,2

where

1 -
— — h(iD)2h :—h WG, h. 15
0, mb(l)’ 02 =35, ho" G (15)

After considering the mass dependence of the hadronic
state the momentum fraction of the soft quark inside the B
meson can be defined by x = w/mp, and Eq. (13) turns to

fuma [ /d% b (x.ko)

m b .

Spms 2n 22xmBE +K3
(16)

FIP(E,) = P (E

The QCD correction to the B-meson wave functions and
the leading-order (LO) hard kernel produces both the single

and double logarithms In? %, In %, In? x and Inx respec-

tively, which become large as k| < E,, x < 1. These large
logarithms need to be resummed, among them k; resum-
mation leads to Sudakov form factor, and threshold
resummation (resumming In>x and Inx) leads to jet
function. The k; and threshold resummation improves
the convergence of the perturbation series, and the resum-
mation improved factorization formula can be rewritten by

PE(E,) = PP
=2 Fam / dx [ babo(/25E myh)
x 8,(x)e 0 (x. b). (17)

where s3(7) is the Sudakov form factor and S,(x) is the jet
function from the threshold resummation [1,2]. The thresh-
old factor from the resummation of In? x has been para-
metrized as

2143 + ¢(0?))
Val(1+c(0?))

Both the hard kernel and the wave function have been
transformed into the impact parameter space(b space)
because it is more convenient to perform Sudakov resum-
mation in b space. In the above equation the resummation

of rapidity logarithms In (",'1—'2’)2, which will cause scheme

dependence, is neglected. In [29] the joint resummation
with respect to all the large logarithms is performed, and
this effect will be considered in the future study.

Si(x.0) = (1 = x)](@0. (18)

The power suppressed amplitude includes the latter two
terms in Eq. (12) and the contribution from Fig. 1(b). We
note that the last term in Eq. (12), which is related to the
transverse derivative in the B-meson wave function [the last
term in Eq. (11)], vanishes in 4-dimension due to the
Lorentz structure y Lﬂfiy*i. The second term in Eq. (12)

results in
Lo ! ® —s5(1)
—37me3/ dxx/ bdbS,(x)e™*#

X Ko(\/ 2xE,mgb)[¢(x, b) + ¢y (x, b)],

meB / dxx / bdbS,(x)e=s1)

xKO \/2XE,mpb) (¢ (x,b) — ¢} (x,b)].
(19)

F[IiLPla (Ey) —

FI‘\/ILPI a (

The internal line in Fig. 1(b) is a heavy quark propagator,
due to the basic idea of effective theory, it must be
integrated out and leads to local contribution. In the
diagrammatic approach, the propagator is proportional to

l 2 . . . . _
S, T where k| in the denominator is obviously sup

pressed, and this term is identical to the collinear factori-
zation result after k, is dropped

Sfmp

NLP1b —
FA (EJ/) - 6th .
14

NP (E,) = (20)

Adding up the leading twist NLP contribution, we obtain

FYV'(E,) = F{Y'(E,) + FXY'(E,).  (21)

B. Contribution from higher-twist B-meson
wave functions

Up to twist-4, the higher-twist B-meson wave functions
include two-particle Fock state, i.e., Gi(t, 22), and three-
particle Fock state defined in Eq. (10). According to twist
expansion, the three-particle wave functions include one
twist-3, ¢3 = w4 — yy, and three twist-4, ¢y = w4 + yy,
W4 =1y +XA, W4 =wy — X,, in which only two wave
functions are independent [35]. We assume that all the
wave functions have the factorized form, i.e., Gi(t, zz) =
G5 (1)Z(z%), where G5 (t) are B-meson LCDAs. The two-
particle and three-particle LCDAs are related by the
following equation of motion

1 d 1 _
212G (1) = —Ecbg(t) - (tE —5+ itA) @ (1)
1
- t2/ duit'¥,(t, ut), (22)
0

and it is convenient to define
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AVAVAVAVZ.

y

AVAVAVAVY

FIG. 2. Diagram of the contribution from three-particle
B-meson wave functions.

202G (1) = —%d)g(t) - (t% - % + it[\) @f ().  (23)

The contribution from three-particle Fock state is plotted
in Fig. 2. Inserting Egs. (10) and (7) into the correlation
function T,,, one can obtain the factorization formulas of
contributions from three-particle B-meson wave functions.
Combining the three-particle contribution with the contri-
bution from G*(t, z?), we have

FELPZa (Ey) — FELPZu (Ey)

4, /oo dw
=—=fpm
KR NGy

0

F%LPZb ( E ) FNLPZb ( E )

XAWA b*db

x Ky(y/2E, (0 + u&)b)
X [ya(@,8.b) = p4(w.£, D)), (25)
where G'(1,b) = [ dwe gt (w, b). The total contri-

bution from hlgh twist wave functlons is written by

FYV2(E,) = FYJ*(E,) + FXY?'(E,).  (26)

C. Power suppressed contribution in HQET

To evaluate the 1/m, correction in Eq. (6), one should
take advantage of the formula

4(z)I'D,h,(0) = hy(0)]

9plg(z)I
+%l duit §(z)z* G, (zu)Th,(0)
)

n {32” Zl(z):| Th,(0). (27)

For the first term in the above equation, using the following
relation

(010,[q(z)Th, (0)]|B(v))
- 8%’ e M(0][g(2)Th, (0)]|B(v))

= —iAv,(0][g()Th

2(0)]|B(v)), (28)

one can obtain

FELP&Z (Ey) — FNLPSa (E )

:—meB/ d)C/ bdeO 2xE me>

x S, (x)e~100gh5 (x. b). (29)

The matrix element of the second term is related to the
twist-3 three-particle wave function, following the same
method with the above subsection, we have

FII;ILP_’)I? (Ey) — F‘I\/ILPSb(Ey)
/2FE © © 1 du
14
= m dw d —_—
3my, T B/o /0 5/o Vo + ué

x A “b2dbK, (, 2E, (0 + m:)b) b (@, E, D).

(30)

The last term can be evaluated with integration by part, and
the result reads

FELPB»c(Ey) — Fl‘\/TLP3C(Ey)
1
:meB/ dx
3mb 0
x / " bdbKy(\/2XE, myh)¥(x.b)
0

——2meBEy / 1)cd)c
0

3mb
x / " bdbKy(\/2E, myb) iy (x.b).
0

with Wg(w,b) = [ dnlgz(n. b)
all the above results we have

(31)

— ¢} (n,b)]. Adding up
FYY2(E)) = FYy*(E,) + Fy*"(E,)
+ V(). (32)
D. Contribution from hadronic structure of photon

To investigate the contribution of the hadronic structure
of photon, it is essential to introduce the LCDAs of photon,
which have been studied up to twist-4 level in [36]. In the
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present paper we will only consider the contribution of two-
particle twist-2 and twist-3 LCDAs, which are defined
below

(r(p, )q(2)644q(0)[0) = igemQ4(7q) (Ppes — Pak))
x /0 | due™ [y (u)gp, (u, )],
(r(p, M)|g(2)749(0)[0) = —gem Qqf 3 €%

1 . )
0

_ 1 .
<)/(p, ﬂ)|Q(Z)yaySQ(O)|O> = 7gequf3y€aﬁpappZO—€ b

/ due <y (up)  (33)
0

where ¢, (u, ) is twist-2 LCDA, and i (u, ) are twist-
3 LCDAs. The normalization constants of these LCDAs
depend on the factorization scale, and the evolution
behavior is written by

_ [ =y
) = [ 2 ™),
@) = |0 ™ (ag) o), (34)
Pl = | S8 ) (35)

In the factorization formulas we will neglect the transverse
momentum dependence of the wave functions, as the

B([ § photon B % photon

(a) (b)
Diagrams of the contribution from hadronic structure of

FIG. 3.
photon.

Sudakov effect for light gg state is significant, further
suppression is not necessary. The momentum space pro-
jector for the two-particle LCDAs is written by (up to
two-particle twist-3)

Mty =

1gequ{—<Qq><¢w>x<u>¢,<u,u>
— fa () (u. )

i 2P p*U | 0 d (a)
_§f37€/4vpa(7ﬂ75)”p€ [" Ellfy (

y 0
28 - | ) (36)

The matrix element of B — y transition can be calculated
through the convolution formula

4 C 1 ) 1
_ 1% F/ dx/ bldbl/ du
N. Jo 0 0

x / " bydb,ME HT, M, (37)
0

u, )

us(r|gUb|B)

after evaluating the Feynman diagrams in Fig. 3, the results
of the form factors Fy 4 read

C
FNLPR(E ) = — s FmeBQ”/ / b dbl/ du/ bydbyhé(x,u, by, by)

x {2Eym3<fzq> ()b, (. p) b

(2’4E ¢B +mg(Pp + ¢B))f3y'/’yv

1 1 d
+3 (uEycbg + 5 ma(fp - ¢§>>f3%w£ Rw)} , (38)
FNLPa( ) — _ T CFmeBQ”/ / b,db, / du/ bydbyhl(x,u, by, by)

. {2Eym3<aq>x<u>¢y<u,u>¢g T QUE b + ma(d5 — b)) syl

1

1 d
-5 (B gm0 4000 ) 1y s (39

c
FALPab(p ) = T Ff 55O / dx / bydb, / du / bydbyh?(x, u, by, by)

S [2Ey¢;f3yw§”> R E b vl )| (40)
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FNLPH () = PNUPAO (), (41)
with the hard functions
he(x,u, by, by) = e 8= [0(by — by)1y(\/2uE,myhy)Ko(\/2uE,mgbh,)
+0(by = by)Io(\/2uE,mpby)Ko(\/2uE,mpby)|Ko(\/2xumgE,by)S,(u),
h2(x, u, by, by) = e 8= [0(by — by)Iy(\/2xE,mpby) Ko (+/2XE,mpb,)
+0(by = by)Io(\/2xE,myby)Ko(\/2xE, mpby)|Ko(\/2xumpE,by)S,(u). (42)

Summing up the two diagrams, the form factors from
photon hadronic structure can be written by

F‘leP4(E},) — F‘lePém(E}/) 4 F‘lePM’(E},),
FYPH(E,) = P (E) + PP (E). (43)

In summary, combining all the NLP contributions
together, we have

FYR(E,) = FP(E,) + B (E)
+RY(E) + P E),
FY(E) = B (E,) + PP (E,) + P (E)
+ FYPYE,). (44)

Based on the calculations in above sections, several com-
ments are as follows:

(i) All the results of the form factors are given at leading
order. The radiative corrections are of great impor-
tance in the hard exclusive processes, and in the
B — yZv decay it can reduce the leading order
amplitude by 20%-25% in collinear factorization
[12,30-32]. In k4 factorization, the NLO corrections
have been studied in [20], while the endpoint
behavior in this study is under controversy, and a
more comprehensive study is required, which is left
for a future study.

(ii) For the contributions from higher twist B meson
wave functions up to twist-4, it has been found that it
is free from endpoint singularity in the collinear
factorization, thus the endpoint region is not very
important and the Sudakov form factor and jet
function are not essential. In addition, there is no
study on the kr resummation effect for the higher
twist wave functions so far, so the Sudakov factor is
not considered here. If four-particle twist-5 and
twist-6 wave functions are included, there does exist
endpoint singularity [15], and the resummation
effect must be considered.

(iii)) Only two-particle twist-2 and twist-3 photon
LCDAs are employed in the contribution from the

hadronic structure of photon. In [19], the contribu-
tions from the full set of photon LCDASs up to twist-4
are studied using light-cone sum rules approach,
and the results indicate that the contribution from
two-particle twist-2 LCDA is dominant, and the
contribution from higher twist and three-particle
LCDAs is suppressed. Here we neglect higher twist
photon LCDAs except for the two-particle twist-3
contribution which gives important contributions to
the B — V form factors in the PQCD approach.

ITII. NUMERICAL ANALYSIS

The most important input parameters are wave functions
of B meson and photon. We have assumed that the
transverse momentum dependent B-meson wave function
&7 (x, kr) possesses the factorized form

4’?3:(% k) = 4’%:(9()2(’@)’ (45)

where the transverse part needs to be transformed into the
impact parameter space through Fourier transform, and the
wave functions turns to

@5 (x,b) = @55 (x)Z(b). (46)

For the transverse part the Gaussian model is usually adopt
in the PQCD approach, i.e., £(b) = ¢, with wy = 2.
For the longitudinal part, we employ the following models
to check the model dependence of the form factors. The
first one is a free parton model [33]

X
¢y 1(x) = 27%9(2)61 - X),

3 2x—x
dp1(x) = 2x%

0(2x; — x), (47)

where x; = xq = @wy/mp. The second one is from the QCD
sum rules with local duality approximation [34]
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3x
Ppu(x) = o] (2x; = x)0(2x; — x),
X
Ppn(x) = 8_x3 3(2x, —x)?
10(A2 — 22
# (3x% — 6xx, + 2x3) | 0(2x, — x),
3xsmy

(48)

where x, = 3/2x. In the phenomenological studies with
PQCD approach, a more widely used model is as follows,

2

i (x) = Ppm(x) = Npx*(1 —x)e 3, (49)

where normalization constant N is determined by Az. For
the model of two-particle twist-4 B-meson LCDA, follow-
ing [15] we adopt

2 2 2
At 0] Ag = AH\ -
= — 1 _— /18’ 50

where the parameters A% and A%, which are related to the
matrix elements of local quark-gluon operator can be
estimated with QCD sum rules approach. The three-particle
B wave function is also supposed to satisfy w(w, &, b, ub) =
w(w, £)Z(b), and the exponential model of the longitudinal
part is widely used

12 ,1%1 w+é

P3(0.8) = F e,
673
22 ot
W4((l), é) = _Ea)ge B,
3%
B 22 ot
Wy, &) = 376056 5 (51)
B

The light-cone distribution amplitudes ¢, (u), y\"“ (@, €)
have been systematically studied in [36], and the expressions
are quoted as follows. The two-particle twist-2 LCDA is
expanded in terms of Gegenbauer polynomials,

$, () = Gui [1 S b)ClPu—-n)|. (52)

[Se]
n=

=2

and twist-3 LCDAs in conformal expansion read

y O (Eu)=5(38-1)

> (150 () — S0 ()] (3- 302 + 358",

"6
WO e =31 =)(58 1) (1450l () - gt ).

(53)

In addition to the normalization constant Egs. (34), (35), the
scale dependence of the parameters in the LCDAs can be
written as

by(u) = [OZY(%)J = 2(Ho).
o) (1) - o} a, () \ /%0 (@ (o) =
<w$ +wA$) - <as<(:o)>> ’ <w<(ff§ +wil;;)

where the anomalous dimension matrix [',, and 3 is given
by [36,37]

_<3CF—§CA %CF—§CA>
C\iCp-tc, fcp+cCy )
2

The value of the parameters used in the calculations are
presented in Table I, among them the scale dependent
parameters are given at y, = 1.0 GeV. These parameters
should be run to the factorization scale ¢ in numerical
analysis.

Now we present the numerical results for the form
factors Fy 4 and the branching ratio of B — yZv decay.
In the physical interesting photon energy region
1.5 GeV < E, < 2.6 GeV, the leading power results of
Fy A(E,) at tree level are plotted in Fig. 4, where all the
parameters are fixed at the central values in Table I. At
leading power Fy = F, due to the left-handedness of the
standard model. The three curves are from the three models
of leading twist B meson wave functions, and the difference
between them is only about 3%—-5%. In the following we

TABLE I. Numerical value of the parameters entering the calculations.

Parameter wo(dg) X x(1 GeV) (gq)(1 GeV)
Value 0.35 £0.10 GeV 0.076 £ 0.015 (3.1540.03) GeV—2 -[(2561]¢) MeV]?
Parameter by(1 GeV) f3,(1 GeV) w) (1 GeV) @i (1 GeV)
Value 0.07 +0.07 —(4+2) x107* GeV? 38+18 -21+1.0
Parameter N 22 o fB

Value 3417 0.06 + 0.04 GeV~2 0.12 £0.05 GeV~ 0.19 £ 0.02 GeV
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0.45 dB1

0.40 dBir

3035 dm

<9
0.30
0.25
0.20
1.6 1.8 2.0 2.2 2.4 2.6
Ey [GeV]

FIG. 4. The leading power contribution to the form factors
Fy 4, where blue, red, and black curves are corresponding to the
wave functions ¢g 1, ¢y, and ¢pgyy respectively.

set the model ¢y, as default, which approaches zero at
endpoint region. ¢y 1y does not vanish when x = 0, and it
will lead to too large endpoint contribution when entering
the factorization formula. Compared with the result of
leading order Fy , in collinear factorization, the PQCD
result is relatively smaller due to the inclusion of transverse
momentum in the denominator of the propagators as
well as suppression from k; resummation and threshold
resummation.

The NLP contribution to the form factors are presented
in Fig. 5. Among various kinds of contributions, the one
from hadronic structure of photon is most important. It
decreases the leading power contribution by about 20% for
the symmetric form factor (Fy, + F4)/2, and this result is
consistent with the predictions from light-cone sum rules
[19]. It can only give rise to a minor contribution to the
symmetry breaking part (Fy — F4)/2 as the leading twist
photon LCDA provides identical result for 'y, and F4, and
the symmetry breaking effect comes only from higher twist

0.6 ding power
NLP amplitude
ph DA
high twist —
0.4 HQETNLP ———————
QL
$
02
S
0.0
-0.2
1.6 1.8 2.0 2.2 2.4 2.6
Ey [GeV]
FIG. 5.

dependence of (Fy + F,)/2((Fy — F4)/2) respectively.

(Fy—Fy)/2

photon LCDA. The -contribution from higher twist
B-meson wave functions, including both two-particle
and three-particle Fock states, also decreases the leading
power contribution by about 20%, and it keeps the
symmetry between Fy and F,. The contribution from
three particle B-meson wave functions is much smaller than
that from higher twist two-particle wave function, which is
consistent with the rough estimate in [21]. The power
suppressed hard kernel can also give rise to sizeable
corrections as the suppression factors w/E, is not very
small when E, is not large. It is the main source of
symmetry breaking part (Fy — F4)/2. The 1/m;, suppres-
sion term from HQET is negligible due to the cancellation
between different part in Eq. (32). The different pieces of
the NLP corrections considered in this paper are all sizable
except for the 1/m,; suppression term from HQET, fur-
thermore, their effects are all negative. The overall NLP
correction is then significant, it decreases the LP result by
about 50%. This result indicates the extraordinarily impor-
tance of power corrections in this channel.

Now we present the uncertainties from the various
parameters in Table I If we fix E, =2.0 GeV and
Ag = 0.35 GeV, then the form factors with uncertainty
are obtained as (in the unit of GeV)

+0.020>
f3y

iy

) n (-l—0.0II)

b2 _0011 w;/

). Coo)
w? fa

+0.018

+0.009
) (Cooa) s 6
(29) S

+0.003
—-0.003
+0.003
—-0.003
+0.002
—0.002

+0.006
—0.006

Fy(2 GeV) = 0.169 + (
(
“(
“(

-0.018
—0.012

0.15
NLP amplitude - ---------
0.10 photon DA ----------
high twist -~~~
HQETNLP ---—-————-
0.05
1
-0.05
1.6 1.8 2.0 2.2 2.4 2.6
Ey [GeV]

The next-to-leading power contribution to the form factors Fy 4. The left(right) panel denotes the photon momentum
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-0.003 -0.019
( +0.003 ) ( +0.008 >
+ +
-0.003 /,, ~ \ =0.008 / v
N <+0.oo1> N <+o.015>
-0.002 / —0.014 ) .
+0.006 +0.008
+ + . (57)
—0.006 / 5,y  \—0.011 /¢

where the important sources of the uncertainties include
the parameters f3, and wy in the distribution amplitude of
photon, the decay constant of B meson, and the parameter ¢
in the threshold resummation. For simplicity, c¢(Q?) has
been fixed as a constant and varies in the region [0.45,
0.65]. Due to the variation regions of the twist-2 parameters
x(uo) and (gq) are very small, the uncertainties from
them are not important. The E, dependence of the form
factors with uncertainties is plotted in Fig. 6, where the
errors are added in quadrature, and the overall uncertainty
is expressed in the shaded region. Here the form factor F
is not shown for its uncertainty region is overlapped
with F'y, instead, the uncertainty region of the symmetry
breaking effect (Fy — F4)/2 is presented. The uncertainty
region of Fy is large because the parameters in the B meson
and photon wave functions are not well determined,
and they should be constrained by more preciously mea-
sured physical quantities such as B — # transition form
factors.

Having the theoretical predictions of the form factors
Fy 4 at hands, we proceed to discuss the theory constraints
on the first inverse moment Az using integrated branching
ratios of B — yZv. The lower limit of integral should be a
photon-energy cut to get rid of the soft photon radiation.
The integrated branching fractions with the phase-space cut
on the photon energy read

+0.003 +0.018
Fa(2 GeV) = 0.135 + ( ) + ( )
2= Sy

03
Fy
0.2
0.1
—_—
0.0
(Fy—F,)[2
-0.1
L6 18 2.0 22 24 2.6
E, [GeV]

FIG. 6. The form factors with uncertainty.

ms/2 _ dT(B — y£
BR(B = ytv.E, > Eq) = 1 / ag, B~ 1)

}/ 9
Eew dEY

(58)

where 7p indicates the lifetime of the B-meson. Our
predictions for the partial branching ratios of B — yZv
decay including power suppressed contributions are dis-
played in Fig. 7. The variation range of the first inverse
moment 4z is [0.25,0.45] GeV. It can be observed that the
integrated branching fractions BR(B — y/v,E, > E)
grow with the decrease of A, but the slope becomes small
when Ap is getting large, in addition, the theoretical
uncertainty is big. This 1z dependence behavior makes it
more difficult to precisely determine the parameter Ag.
Recently, Belle collaboration reported their improved
measurement of the branching ratio of B — y£v with the
energy cut £, > 1 GeV [38], the measured branching ratio
is given by

BR(B - yfv,E, > 1.0 GeV) = (1.4 + 1.0 £0.4) x 107°,
(59)

and a Bayesian upper limit of BR(B—y£v,E,>1.0GeV) <
3.0x107° is determined at 90% confidence level.
Furthermore, the predictions and uncertainties of partial
decay rate in Ref. [15] extrapolated to £}, > 1 GeV are used
to determine Ag. While if our result is employed, the
uncertainty of Ap determined from B — yZv decay should
be larger. Thus a more systematic study of the NLP
corrections to this channel is of great importance. On
the experimental side, it is meaningful to measure the
branching fraction with the phase-space cut on the photon
energy larger than 1.5 GeV, which is helpful to reduce
model dependence.

14
12
T
g 10
2 8
=
St
£ °
S 4
£
g
= 2

0

0.25 0.30 0.35 0.40 0.45

wy [GeV]
FIG.7. Dependence of the partial branching fractions BR(B —

y¢v,E, > E,) on the first inverse moment Ag(ug) for Egy =

1.5 GeV (blue band) and E_, = 2.0 GeV (green band).
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IV. CONCLUSION AND DISCUSSION

The leptonic radiative decay B — y£v is believed to be an
ideal channel to determine the B meson wave functions,
especially the first inverse moment 4z, which is an important
input in the semileptonic and nonleptonic B meson decays.
In the study of B — y£v decay, the key problem is to
investigate the form factors F'y 4 (E,). We computed next-to-
leading power corrections to the form factors within the
framework of PQCD approach, including the power sup-
pressed hard kernel, the contribution from a complete set of
three-particle B-meson wave functions up to twist-4 and
two-particle off light-cone wave functions, the 1/m, cor-
rections in HQET, and the contribution from the hadronic
structure of photon taking advantage of two-particle twist-2
and twist-3 photon LCDAs. In the study of power correc-
tions, PQCD approach has its unique advantage because it is
free from endpoint singularity through keeping transverse
momentum of parton. Numerically, both the contribution
from the higher twist B meson wave functions and the
hadronic structure of photon can reduce the leading power
result by about 20%, and the power suppressed hard kernel
decrease the leading power amplitude over 10%. The overall
result is about 50% smaller than leading power result, under
the condition that the QCD radiative corrections are not
considered. Within the parameter space in this paper, the

power correction is so important that one can hardly using
the leading power result to reasonably determine the
B-meson wave function. After including the power correc-
tions, the integrated branching ratio of B — y£v grows with
decreasing A, but the rate of change is smaller than the
leading power case, in addition to the large theoretical
uncertainty, it is difficult to precisely determine Az only
employing this processes. We should point out that our study
is far from a systematic investigation, and more efforts need
to be made to uncover the influence of the power corrections.
With more and more precise measurements of B — yZv
decay, the parameters in B meson wave functions must be
better constrained.
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