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The B-meson distribution amplitude (DA) is defined as the matrix element of a quark-antiquark
bilocal light-cone operator, associated with a long-distance component in QCD factorization for-
mula for exclusive B decays. We treat the corresponding bilocal operator based on the operator
product expansion (OPE), as the short-distance expansion for the quark-antiquark light-like dis-
tance t. The matching at the next-to-leading order o5 with the local operators of dimensiond <5
manifests the OPE that has the Wilson coefficients, receiving the cusp singularity, and the novel
higher-dimensional operators with additional gluons. This OPE is useful for a low renormaliza-
tion scale u ~ 1 GeV, allowing us to derive the model-independent form of the B-meson DA
fort < 1/u in terms of a few nonperturbative parameters. We also discuss the evolution of the
DA, which is governed by the cusp as well as the DGLAP-type anomalous dimension. These
anomalous dimensions give the “quasilocal” kernel in the coordinate-space representation, and
the corresponding evolution equation can be solved analytically, accomplishing the relevant Su-
dakov resummation. This result allows us to calculate the B-meson DA at the factorization scale
\/n‘bTQCD using our OPE-based DA as the input at u ~ 1 GeV. The impact of our results on the
integral relevant to exclusive B decays, Ag, is discussed.
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For the exclusive B-meson decays, such as B — nr, py,..., Systematic methods have been
developed using QCD factorization based on the heavy-quark limit [1, 2]. In the corresponding fac-
torization formula of the decay amplitude, essential roles are played by the light-cone distribution
amplitudes (LCDAs) for the participating mesons, which include nonperturbative long-distance
contributions. In particular, in addition to the LCDAs for the light mesons r, p, etc., produced in
the final state, the LCDA ¢.. for the B meson, defined as the vacuum-to-meson matrix element [3],

6. (1.10) = o OIRMPEOLE A e (0)B() = [ doe™ o (@) (1)
participates in the processes where a large momentum is transferred to the spectator light-quark
via gluon exchange [2]. Here, the bilocal operator is built of the b-quark and light-antiquark fields,
hy(0) and q(tn), linked by the Wilson line at a light-like separation tn, with n, as the light-like
vector (* =0, n-v = 1), and v, representing the 4-velocity of the B meson; a difference between
(1) and the familiar pion-LCDA is that h,(0) is an effective field in the heavy-quark effective theory
(HQET). u denotes the scale where the operator is renormalized, and F(u) is the decay constant
in HQET, F (i) = —i(0|gyshy|B(v)). The RHS in (1) defines the momentum representation, with
V' denoting the light-cone component of the momentum of the light antiquark.

The “IR structure” of (1), studied using constraints from the equations of motion (EOM) and
heavy-quark symmetry [3], as well as the “UV structure”, which was calculated in the 1-loop
renormalization of the bilocal operator in (1) [4, 5], is notoriously peculiar compared with the pion
LCDA: the IR structure of (1) receives the complicated mixing of the multiparticle Fock states of
higher-twist nature through the nonperturbative quark-gluon interactions. On the other hand, the
UV structure indicates that the radiative corrections yield the contributions that are singular ast —
0, so that the bilocal operator of (1) is not Taylor expandable aboutt = 0. In such circumstance, it
is the operator product expansion (OPE), §(tn)Pe9/s AR pyeh (0) ~ 3, Ci(t, 1) G (1) ast — 0,
that enables us to treat both the UV and IR behaviors simultaneously: all the singular contributions
are absorbed into the coefficient functions G(t, i), while the multiparticle Fock states are embodied
by the higher-dimensional quark-gluon operators arising in the local composite operators 4(u). A
first systematic treatment of the mixing of the multiparticle operators, disentangling the (singular)
radiative corrections as the coefficients, has recently been accomplished by us [6], yielding

2
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G(tn)PeI AR poe (0) ~ ¥ (8, 1) 0% (1) + 3 (6, ) G () + 3 P (t, ) 6 ()
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)
where the summation is over a basis of local operators of dimension-d, dd) (k=1,2,...), defined
as 0 = iy, {6} = {d(in- D)sirshy, G(iv- Dypirsh}, and {67} = {d(in- D)?pirshy,
d(iv- D)(in- D)pisshy, a(iv- D)2rishy, GigGapsvnPrivshy, GigG.sr*Pilsshy, GigGas VP ishy,
a9G.;s o*Brixh,}, with another light-like vector, if =0, as vy = (ng +ny)/2, and G,g being the
gluon field strength tensor. The Wilson coefficients are obtained at the NLO in the MS scheme, as
C{¥)(t, 1) = 1— (aCr /4m) (2L2 + 2L +572/12), GV (t, 1) = —it[C{Y (t, ) + Cr L /4m], CJY (t, )
= (itoCr /4m) (4L — 3), C(t, 1) = —t2[C)(t, 1) + ctCr L /37] /2, where Ce = (N2 — 1)/ (2Ne),
0s= 0g(l), and L = In[i(t —i0) e’ ] with the Euler constant j¢; for the explicit form of CES) (t,u),
CéS) (t,u), ...,C§5) (t, i), we refer the readers to [6]. In the corresponding matching calculation in-
volving the three-body operators @(155)67 of dimension 5, we calculate the 3-point as well as 2-point
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function with the insertion of the bilocal operator in (1), where the diagrams for the former are ob-
tained by attaching the external gluon line to those for the latter in all possible ways. We find that
the 1-loop corrections for the 2-point function induce all of the above ten local operators using the
EOM, and, in particular, the double logarithm L? in the corresponding coefficient functions origi-
nates from the vertex-type correction around a “cusp” between the two Wilson lines, the light-like
Wilson line of (1) and the time-like one from h,(0) = Pexplig /°. dAv- A(Av)]h,(—eev). The 3-

point function induces only @(1?5),677 associated with the field-strength tensor, so that ?&677(t,y)

involve the color factor Cs = N as well as Cg [6]. Substituting (2) into (1), we obtain [6],

- 2\ 4A 2
OPE(t,p) =1- aj(f <2L2+2L+ 5i> T [1— O‘Z% <2L2+4L—9+5i>]
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This OPE form enables us to evaluate the B-meson LCDA for interquark distances t witht < 1/u
in a rigorous way in terms of three nonperturbative parameters in the HQET, which participate in
the matrix element (---) = (0] ---|B(v)) of the local operators in (2) through the use of the EOM
and heavy-quark symmetry (see [3]): (6*) = 4iF (u)A/3, (61Y) = iF ()A, with A = mg —my
being the mass difference between the B-meson and b-quark, and all seven matrix elements <ds))
of dimension-5 operators can be expressed by F, A and two additional HQET parameters Az and
Ax, Which are associated with the chromoelectric and chromomagnetic fields inside the B meson
as (QQE - apshy) = F(u)AZ(u) and {(gH - oh,) = iF (u)AZ (1), respectively, in the rest frame.

The UV structure embodied in (2), (3) determines the scale dependence of the B-meson
LCDA (1). Taking the derivative of (3) with respect to u and combining with the scale depen-
dence of the HQET parameters, i.e., d]\/du = 0 and that of )LéH (1) (see [6]), we find [9]

~ ~ l ~
u%m(t,u) = — [Feusp(0s) L + 1 (055) ] ¢+(t,u)+/o dzK(z 06) 94 (2, 1) , 4

where T'eysp(0ts) = (ocs/47r)1“§ﬁ)sp, and similarly for % (os) and K(z o), with r&%}sp = 4C, yél) =
2C¢, and KY(2) = 4Ck (z/(1—2)),. The derivative of the “universal” double logarithmic term,
—(0Cr /4m)2L2, in (3) yields the term associated with Teusp(css) in (4). Indeed, (4) can be ob-
tained by calculating the renormalization constant for the bilocal operator in (1), and Iysp(oss)
corresponds to the anomalous dimension of the Wilson line with a cusp (see the discussion above
(3)); % (o) represents the anomalous dimension from the two quark fields in (1), combined with
the “hybrid” anomalous dimension that governs the scale dependence of the decay constant F(u);
K(z as) involves the “plus”-distribution as the DGLAP-type splitting function that originates from
the vertex-type correction diagram associated with the massless degrees of freedom only. It is a
remarkable property in (4) that the evolution kernel is quasilocal, such that the evolution mixes the
LCDA with itself and with the LCDA associated with smaller light-cone separation (see also [7]):
Fourier transforming (4) to the momentum space, we derive the evolution equation for ¢ (o, i) of
(1), and reproduce the result obtained in [4], which mixes ¢, (w, i) with ¢ (@', 1) over the entire
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region, 0 < o/’ < = [4, 8]. In contrast to the case of the DAs for the light mesons, we cannot de-

rive the moment-space representation of (4), because the presence of L prevents us from performing

the Taylor expansion about t = 0. Thus, the evolution equation for the B-meson LCDA manifests

simple geometrical structure as the quasilocality only in the coordinate-space representation (4).
We are able to find exact analytic solution for (4) as [9] (1o denotes an initial scale)

b 7 (1,H0) e\ —5 et ) ld z \'"* -

G (tw) =& 09 (o) S ez (120) Gt ®
where (z/(1 - z))1_5 corresponds to the renormalization-group improvement of the splitting func-
tion (z/(1—2)), in (4), and (B(as) = udos/du is the B function)

os(p) Fcusp (a)

as(t) de o do
> e Bla) 0% %(“’“0)__/%@0)W[Hus"(a)/@@(uo)WﬂF(a) - ©

Fourier transforming (5), we reproduce the evolution derived in the momentum space in [4, 8],
and recognize that our coordinate-space solution (5), inheriting the quasilocal structure from (4),
provides the most compact expression possible for calculating the evolution of the B-meson LCDA.
It is straightforward to see that the first two factors in (5), & (4:4o) (woeVE)’g, with (6) are exact
even when the higher-order terms in o are included in T'cysp(0s) and ¥ (o), representing the
general solution of (4) when K(z og) — 0. Thus, we extend (4)-(6) by including the 2-loop cusp
anomalous dimension as I'cysp(0s) — (ocs/47r)1“§ﬁ)sp + (ocs/47r)21"§ﬁ)sp, with réﬁ)sp = 4C¢[(67/9 —
n? /3)Cs — 10N /9], where N¢ denotes the number of flavors; this is useful for accomplishing the
relevant Sudakov resummation: (6) is explicitly given by & = ( Cll,)sp/Zﬁo)YJr -+, and

ré},)sp Ar A }/(1)
Vi bo) = G5z { o) T T ) } ~ 2
rgﬁ)sp B > rx(:tzj)sp B1 0s(Uo) — Os()
tag {mY ! <rgagp ‘E) S ‘Y)}+"' 0

where By = (11Cc —2N¢) /3, B1 = (34Cé —10CgN¢) /3 — 2Ce Ns are the first two coefficients of the
B function, Y = In[os(to) /os(w)], and the ellipses are down by os. The Sudakov-type enhance-
ment, induced by fo'j;(uo)doc’/ﬁ(oc’) ~ 1/a in (6), makes the 2-loop cusp anomalous dimension
1“&21)5,, contribute to (7) at the same level as 3&1). We take into account the corresponding effect of
1“&21)5,, according to consistent order counting, i.e., by a systematic “logarithmic expansion” of (5) up
to the next-to-leading logarithmic (NLL) accuracy, treating (fhos(u)/2m) In(u/uo) as O(1) [9].
Now, we evaluate (3) as the “initial” LCDA at the scale u =1 GeV = pp, and evolve this
result using (5) to higher scale i ~ /myAqcp, relevant to the factorization formula for exclusive
B decays. We calculate (3) and (5) for imaginary light-cone separation, performing the Wick ro-
tation t — —i7 [7, 6]. For the HQET parameters in (3), we use A = Apa(tt) [1+ (7/167)Cr o] —
(9/87)uCr a5, With Apa(to) ~ 0.52 GeV, and A2(uo) ~ 0.11 GeV?, A3 (o) ~ 0.18 GeV?, fol-
lowing our previous work [6]. We obtain model-independent description of the B-meson LCDA
6OPE (—it,up) for T < 1/uo = 1 GeV~1, which is displayed by the solid line in Fig. 1 (a). This
result can be substituted directly into (5) as the input LCDA for the case with 7 < 1 GeV1, be-
cause zz < 7 < 1 GeV—1 = 1/up in the integrand, reflecting the quasilocal nature. We obtain the
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Figure 1. The evolution of the B-meson LCDA based on the coordinate-space formula (5) using (a)
OPE(—it, o) of (3) and () its extension with (8), respectively, as the input DA shown by the solid curve.

dashed line in Fig. 1 (a) as the full result of the LCDA ¢3+(—ir,u) at u = 2.5 GeV by our NLL
evolution (5). When we omit the term with K(z o) in (4), the resultant evolution yields the dot-
dashed curve. If we omit the other terms at the NLL level further, involving & — 0, l'f;ﬁ)sp — 0,
yél) — 0, B1 — 01in (5), we obtain the dotted curve as the result of the evolution at the LL accuracy.
We see the considerable Sudakov suppression not only at the LL level but also at the NLL level;
in particular, at the NLL level, the suppression arises in the moderate t regions, while the DA is
enhanced for small 7. On the other hand, the DGLAP-type splitting function contributes to shifting
the distribution from small to moderate 7, as a result of the integral over zin (5). Our full result,
the dashed curve, is useful for providing the model-independent behavior of the B-meson LCDA in
small and moderate 7 regions presented in Fig. 1 (a).

Apparently, the OPE form (3), used for the input DA, breaks down in the large 7 region. We
rely on a model function to describe the DA in the large 7 region dominated by the nonperturbative
effects, and, specifically, we use the following form of the input DA for the entire range of 7 [6],

G (—i7.110) = O(5e— )P (it. o)+ 0(7 — ) s ®

with 7c ~ 1/, where the second term represents a model for the large 7 behavior, whose simple
form was also adopted in [8] as a nonperturbative component to model the B-meson LCDA using
the information from the OPE with the local operators of dimension d < 4 and the NLO correc-
tions to the corresponding Wilson coefficients taken into account. (For the difference between our
OPE (3) and the OPE derived in [8], see [6].) The two parameters N and ay are determined by the
continuity of (8) and its derivative at T = %. The resulting values, N ~ 0.86 and ap ~ 0.31 GeV,
are found to be stable under the variation of ¢ for 0.6 GeV ! < 7. <1 GeV 1, and so is the be-
havior of the corresponding DA (8) [6]. Taking & = 1 GeV 1, the solid curve in Fig. 1 (a) is now
continued to the 7 > 1 GeV~! region with (8), as presented by the solid curve in Fig. 1 (b). Using
this as the input DA in (5), we get the other curves in Fig. 1 (b), which are evolved in the same way
as the corresponding curves in Fig. 1 (a). Note, the behaviors of those new curves in the region
7 < 7. = 1 GeV ! are not contaminated under evolution by the model behavior for larger distances.
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Agt(u) [Gev 1]
u [GeV] | Eq. (9) with Egs. (5), (8) | Lee-Neubert [8] | Braun et al. [7]
1.0 2.7 (0.6+2.1) 2.1 2.2
15 2.4 (0.6+1.8) 1.9
2.0 2.2 (0.5+1.7) 1.7
2.5 2.1 (0.5+1.6) 1.6

Table 1: The inverse moment lgl(u) of (9). The results obtained by other works are also shown.

Integrating the dashed curve in Fig. 1 (b) over 7, we get the first inverse moment of the LCDA,

At = (0?20 — [Facg iv g+ [Cdrgi-in) ©)

at the scale u = 2.5 GeV, as the sum of the model-independent and -dependent contributions, the
first and second terms in the RHS. A5 * (1) with  ~ /mpAqcp arises in the factorization formula
for exclusive B decays [1, 2]. Table 1 shows the results for u = 2.5 GeV and other values of
u, with the first and second numbers in the parentheses denoting the contributions from the first
and second terms in (9). The evolution decreases )lgl(u), in particular, through the decrease of
the model-dependent contribution, and the larger value of 5 *(uo) leads to the larger A5 (u)
for u ~ \/MpAqco; as emphasized in [6], our larger A5 (ko) than the corresponding values of
other works [8, 7] originates from the novel contribution of A2 and A3 in (3), associated with the
dimension-5 three-particle operators.

Finally, we note the simple form of our solution (5) allows us to express (9) compactly as [9]
g’ (k:Ho)+(1-%)8 wd NP ”
w/o T(THo€™) 7= ¢4 (—iT, to) - (10)

Combined with the T — 0 and T — < behaviors of qL(—ir,uo), as indicated respectively by (3)
and [3], this integral proves to converge for & < 1, which is satisfied for all relevant cases.

Agt(u) =
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