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Power corrections in the determination of heavy meson light-cone
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At leading power accuracy, the QCD light-cone distribution amplitudes (LCDAS) for a heavy meson can
be matched onto the LCDAs in the framework of heavy-quark effective theory (HQET) through a
factorization formula. We examine the power corrections to this factorization in the renormalon model,
which can associate the power corrections originating from high-twist contributions to the divergent series
in a matching kernel. Our analysis indicates that the dominant power corrections originate from the virtual
part of the vertex bubble chain diagrams, which generate poles at w = n + % VneN and w =1 in the
Borel plane. Employing phenomenological models for both HQET and QCD LCDA, we present a
numerical estimate. The results indicate that the power corrections in the peak region are approximately
22% for the D meson and 7% for the B meson. These findings showcase the magnitude and potential
importance of power corrections in achieving high-precision phenomenological predictions for heavy

mesons.
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I. INTRODUCTION

Heavy quark effective theory (HQET) provides an
essential framework for studying the dynamics of hadrons
containing a heavy quark, enabling systematic analyses of
the interplay between perturbative and nonperturbative
QCD effects. One of the key objects in HQET is the
light-cone distribution amplitude (LCDA) that encapsulates
the nonperturbative structure of heavy-light mesons. The
HQET LCDAs describe the momentum carried by the light
degrees of freedom of a heavy meson [1-10]. Unlike their
counterparts in full QCD, HQET LCDAs focus solely on
the soft physics associated with the light quark and gluons
with the heavy quark mass m, effectively decoupled. This
separation greatly simplifies the description of hadronic
states at a price of an Agcp/my power expansion. HQET
LCDAs are essential to the precision of QCD phenom-
enology, especially in the study of exclusive B meson
decays, where their use is grounded in the factorization
theorem [11-13]. By providing a universal nonperturbative
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input for factorization theorems, HQET LCDAs enable
accurate predictions of decay rates and form factors
[13—17], which are indispensable for examining the stan-
dard model and searching for new physics.

Many advancements have been made in the last few
decades to explore the renormalization group evolution
(RGE) and other perturbative properties of HQET
LCDAs [18-31]. However, due to several difficulties, it
is extremely difficult to obtain explicit distributions from
first-principle calculations such as lattice QCD. First,
HQET LCDAs contain light-cone Wilson lines, making
direct lattice calculations impossible. Second, these LCDAs
are defined with effective fields in HQET, and lattice QCD
calculations of quantities involving HQET fields are very
challenging [32], often requiring sophisticated schemes to
address large discretization errors [see, for instance,
Ref. [33]]. More importantly, the coexistence of heavy
quark fields and light-cone Wilson lines introduces a new
type of divergence in HQET LCDAs, known as cusp
divergence, which prevents the use of operator product
expansion (OPE) and the method of determining distribu-
tions through moment calculations, as the nonnegative
moments become ill-defined [3].

Recently, a factorization theorem linking QCD LCDAs
to the HQET LCDAs has been presented in Refs. [34-36].
The matching is performed within the context of effective
field theory by integrating out the hard modes with
virtualities of order mg. These matching relations have
been applied in the study of W decays to B mesons [36,37].
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Based on this relationship, a realistic method to extract the
HQET LCDA directly from lattice QCD has been proposed
in Ref. [38], and first attempts on the lattice can be found
in Ref. [39].

Despite this great success, it should be noticed that in the
procedure there are power-suppressed corrections in terms
of Agep/mg, which need to be systematically accounted
for to achieve high precision. These corrections are
particularly important in the context of ongoing and
forthcoming experiments, where the high precision data
demands corresponding theoretical accuracy.

One of the key challenges in accounting for power
corrections in the matching procedure arises from their
nonperturbative origin. In addition, accurate calculation of
these corrections necessitates the inclusion of higher-twist
LCDAs, which are currently inaccessible from lattice
QCD [40,41]. To address this limitation, the renormalon
model offers a valuable framework for estimating these
corrections [42—47]. Consequently, this approach has been
successfully applied to various physical processes and
quantities governed by factorization theorems [46-56].
Renormalons are associated with the divergence of the
perturbative series in QCD. The IR and UV renormalons
correspond to the infinitely large and small momentum limits
in the loop integral, respectively. When combined with the
framework of OPE, the renormalon model provides a
systematic way to account for higher-power corrections.
Within this renormalon model, corrections are estimated
using the bubble chain diagrams. By incorporating this
model, we provide a reasonable estimate of the impact of
power corrections on the leading-twist factorization formula.

In this paper, we use the renormalon model to estimate
the power corrections arising from matching QCD LCDAs
to HQET LCDAs. Specifically, we provide a perturbative
calculation of the renormalon contribution, focusing on the
evaluation of the bubble chain diagrams. In our analysis, we
employ two methods: one involves performing a direct
calculation of the bubble chain diagrams, while the other
utilizes an effective Borel transformed gluon propagator as
a direct replacement. We find that the poles arise exclu-
sively from the virtual part of vertex diagrams, with the
gluon propagator replaced by a bubble chain. These poles
are located at w = n + 4 for all n €N, and at w = 1 in the
Borel plane, corresponding to a pole configuration distinct
from other HQET scenarios.

As a numerical estimate, we then employ phenomeno-
logical models for QCD and HQET LCDAs for the D
meson and B meson to calculate the magnitude of the
corrections predicted by the renormalon model. In this
framework, we find that the corrections are approximately
22% for the D meson and 7% for the B meson, which aligns
with the naive expectation based on the ratio Agcp/my.
Through this explicit analysis, we aim to contribute to
ongoing efforts in refining theoretical models in heavy
quark physics.

The remainder of this paper is organized as follows.
Section II provides a brief review of the theoretical
foundations, including the boosted HQET, HQET factori-
zation, and renormalon model. Section III explores the
application of the renormalon model for estimating power
corrections in HQET factorization, with a detailed calcu-
lation procedure presented. Section IV focuses on a
numerical analysis of power corrections for both the D
meson and the B meson. Section V concludes the paper
with a summary. All results of the relevant bare bubble
chain diagrams are provided as a complement in the
Appendix.

II. THEORETICAL FOUNDATION

A. A brief introduction to boosted HQET

Boosted heavy quark effective theory (bHQET) extends
the traditional HQET framework to accommodate scenarios
involving heavy quarks with large velocities. While HQET
simplifies the dynamics of heavy quarks at rest or moving
slowly relative to a chosen reference frame, bHQET is
specifically designed for high-energy processes where
heavy quarks are relativistic, as frequently encountered
in collider physics and jet dynamics [36,57,58]. This leads
to the necessity of considering both the heavy quark and the
large momentum scale within this theory.

The power-counting in bHQET introduces two small
parameters. The parameter, A = Aqcp/m,, originates from
HQET and represents the suppression from m,,. The second
parameter, b = my/Q, captures the effects of the large boost
imparted to the heavy quark. The effective Lagrangian in
bHQET is constructed by performing a field redefinition and
matching the boosted quark dynamics to full QCD in the
large-velocity limit. From a practical point of view, this
framework can be regarded as a combination of HQET and
soft-collinear effective theory (SCET) [59-62].

One can approach this either by constructing the theory
based on HQET and subsequently incorporating SCET or,
conversely, by starting with SCET and then adding the
elements of HQET. Specifically, the leading heavy field is
defined as

. n_n,
lva-x . 1
L oW (1)
This definition provides a systematic framework for power
counting. Additionally, it reproduces the same results as

HQET at leading order:

Lhger = }_zv(x)iv “ Dh,(x)

h,(x)iv - D%hn(x)(l +01)
b

noer(1 + O(2)). (2)
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This Lagrangian incorporates interactions with collinear
and ultrasoft gluons, which are crucial for accurately
describing high-energy processes.

In bHQET, the LCDA for a heavy pseudoscalar meson is
defined as [1]

1 toodny . i
o (0w = [ et
ifu()my - 27

x (Olg(nmn)asysWe(nny, 0)h, (0)|H(v)),  (3)

where n’i =(1,0,0,F 1)/ /2 are unit lightcone vectors,
g(x) represents a light quark field, and f(x) is the decay
constant for the heavy meson in HQET. The momentum of
the meson is expressed as Py, = Pjn* + %n’i, while the
H

heavy quark momentum is parametrized as P”Q =mgv! +k*,
where v~ (1/b,1,b) and k~ (1/b,1,b)Agcp is the
residual momentum. To ensure gauge invariance, a Wilson
line W, (x,y) is introduced. Its explicit form is given by

W.(x,y) =Pexp

ig A dr(xe—y) At (1=0)y) | @)

B. Factorization of LCDAs into bPHQET LCDAs

Recently, the factorization of QCD LCDA to bHQET
LCDA was established [36], which provides an ab initio
method to calculate the bHQET LCDA.

The QCD LCDA is defined as

1 [tedr

d(u, p;my) = ifH/f éezypwu
x (0lg(zn )it ysW.(zn..0)Q(0)|H(Py)),
(5)

where f; is the decay constant in QCD. f and f(u) are
related through

=Tl (1 -5 (Gt +2) + 0] ©

1. Power counting in peak and tail regions

The QCD LCDA ¢(u,u; my) describes the light-cone
momentum fraction u carried by the light antiquark in the
meson. Due to the large mass m of the heavy quark, the
LCDA exhibits distinct scalings in two regions:

(i) Peak region (u~A): Here, the LCDA scales

as ¢(x) ~ A7\

(i1) Tail region (u ~ 1): In this regime, the LCDA scales

as ¢(x) ~ 1.
These scalings arise from the normalization condition and
the typical momentum distribution of the light degree of
freedom. To address these regions systematically, separate

matching calculations are performed before merging them
to describe the intermediate region.

2. Matching in the peak region

In this paper, we will focus solely on the peak region,
which serves as the relevant domain to describe the
distribution at u ~ 1. In the peak region, the matching
equation takes the form

dsism) = T2 [ dos, o) @), )
fu Jo
where the jet function J, (1, @) is perturbatively calculable.
The one-loop jet function J,(u, ) has a simple structure
due to cancellations between hard-collinear and soft-col-
linear regions:

0] a,C
Jp(u,w)=5<u—m—>9(m11_w)<1+ 4”FJE,211<>’ (8)

H

where, in dimensional regularization and the MS (modified
minimal subtraction) scheme,

2 2

+5+ﬁ. 9)

2 my 2 md 12

1 a,Cr (1 ﬂz |y
ng:1+jﬁ—<4ﬁ——+—m

This result simplifies Eq. (7) to

fH(ﬂ)
fu

1
+— (U, psmy) + -+ -, (10)
Mo

1
$u, psmy) = Jlg,e)aka(P+(”mH,M)

where ¢, (u, u; my) stands for the subleading-twist oper-
ators in HQET that contributes the QCD LCDA.

The one-loop diagrams that need to be calculated are
shown in Fig. 1. It is worth noting that, in the peak region,
only the virtual part of Fig. 1(a) contributes. This can be

(a) (b)

FIG. 1. One-loop Feynman diagrams contributing to both the
QCD and HQET light-cone distribution amplitudes (LCDAs). The
thick line denotes the heavy quark field, while the thin line represents
the light anti-quark. (a) corresponds to the vertex correction, and
(b) depicts the gluon exchange between the light and heavy quarks.
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demonstrated either through the expansion-by-region strat-
egy or via explicit calculation.

C. Renormalon model

As shown in Eq. (10), higher-twist operators also
contribute to the QCD LCDAs, which underestimates
the extraction of HQET LCDAs by the power correction
Yoo - Geveral a h i
g™ pproaches exist to account for
higher-twist contributions. One approach is to directly
identify the matrix elements of higher-twist operators that
contribute to the corrections, as was done for the HQET
LCDA [6,20,63]. Alternatively, the renormalon model
can be used to estimate higher-twist contributions, an
approach that has been widely applied in various
works [46,47,49-57,64—68]. In this paper, we adopt the
renormalon model to estimate the higher-twist contribu-
tions to the heavy meson LCDAs.

The renormalon approach to power corrections is based
on the observation that operators of different twists mix
under renormalization. If one can employ cutoff regulari-
zation in the perturbative calculation of QCD LCDAs and
HQET LCDAs, the mixing is manifested. Since the
matching kernel represents the physics in between the
heavy quark mass m, and the cutoff scale yp, it can have
power dependence on the up and take the general form

o0 [Se] ﬂ n
Jpeak =1+ ch(/’tF)a?+1 - Z <_F) Dg,. (11)

n=0 n=1 mQ

in the form

2

where a; = (fT)z, and ¢, (ur) depend logarithmically on yif.

The terms D, represent the power dependence on yup of
the matching kernel. Since the left-hand side of Eq. (10) is
independent of the factorization scale, there must be a term

.?H(:“)
fu

in ¢h, that shares the same power dependence on uy to
cancel the contribution from Dg,. If the subleading-twist
operators are dominated by their UV contributions—a
feature referred to as “ultraviolet dominance” [44,69]—
and thus by ¢,, the term Do, will provide a reasonable
approximation for the total contribution from subleading-
twist operators.

However, in the context of dimensional regularization,
which is more commonly used in practical calculations, the
power dependence of the matching kernel on the factori-
zation scale does not explicitly appear. Instead, the pertur-
bative series Y ¢, (up)al™! diverges due to a factorial
growth in ¢, (ur). A detailed analysis in [44] demonstrates
that the factorial growth of the coefficients at large n arises
from contributions of extreme loop momenta, suggesting
their relation to the power dependence on the factorization

552 Zﬂ%

Do, ¢ (umy. ) (12)

scale. To assign a well-defined meaning to the divergent
series, one can employ Borel summation techniques.

For the matching kernel, the Borel transform takes the
following form:

B =Y (1) (13)

k=0 " \F0

The Borel integral

T(a,) = i/00 dwe™"!Poas) BT (w) (14)

Po Jo
then yields the asymptotic series Y, c¢,a”"! given above.
Since the factorial growth of the series results in singular-
ities in the Borel plane, the integral cannot be performed
when these poles lie on the positive half-axis. To circum-
vent these singularities, one can deform the integration
contour. The freedom in selecting the contour leads to the
so-called renormalon ambiguity.

The renormalon model is based on the expectation that
the ambiguity is of the same order as the contribution from
higher-twist operators, allowing it to serve as a parameter-
ization of these higher-twist effects.

In general, the full factorial growth in the matching
kernels cannot be directly traced back to individual
Feynman diagrams. However, it has been argued that the
dominant contributions arise from a specific class of
integrals, commonly referred to as “bubble chain diagrams”
[44,70-72]. These are computed by inserting multiple
fermion loops into a one-loop diagram, as shown in
Fig. 2, and then applying the replacement

2 11 2

This procedure is referred to as “naive nonabelianiza-
tion” [73,74].
To compute the bubble chain, we employ two meth-
ods [42].
(1) Two-step renormalization: This approach begins
by considering all possible configurations in
which some fermion loops are replaced by their

FIG. 2. Bubble chain diagrams corresponding to changing a
gluon propagator to gluon propagators dressed with fermion loops.
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corresponding counterterms. After renormalizing all
fermion loops, we proceed to handle the remaining
UV divergence and transform the result into the
Borel plane. This procedure will be described in
detail in the following section.

(i1) Borel-transformed propagator: Alternatively, we
directly use the Borel-transformed bubble chain
propagator, given by

k,k,
. w G
Bla, DM (R](w) = i3 () i h
(16)

and then perform the remaining integral.
Both methods provide complementary insights into the
calculation and serve as cross-validations of the results.

III. POWER CORRECTIONS

In our specific case, the bubble chain diagrams corre-
spond to the one-loop diagrams depicted in Fig. 1(a), where
the gluon propagator is modified to include n fermion
loops. All other diagrammatic contributions cancel out in
both the QCD and bHQET cases. This outcome is con-
sistent with expectations, as only the gluon propagator is
modified compared to the one-loop diagrams. Thus, this
modification does not impact the application of the expan-
sion-by-region technique. Explicit results for the bubble
chain diagrams, for both the QCD LCDA and HQET
LCDA cases, are provided in the Appendix. To calculate
the matching kernel, we need the scale of the partonic state:

2 %
nt m n
- H— 3 - Y] +
= mpv" = sn —+ —_—,
Po 0 +PH 2 " Sn.pp 2
n* n*

PZ = ”+Pq7_ = S”+PH7,

where pl(pj) is the momentum of the heavy (light) quark,

2 i
nypy = movt = §n+pH% + E}Z%H %, and s =1 —s.

In this section, we calculate Fig. 1(a) in the coordinate
space and then perform the Fourier transformation to the
momentum space. The calculation requires several useful
formulas that we now collect.

The massive quark propagator can be written as

(i)
2ﬂ.d/2

x (i(x—y) +%> (17)

Glx—y) = /0 " daati? emialey) =it

The gluon propagator with n fermion loops can be
written as

-1 I'(1 = (n+1)e)
472 T(1 + ne)
GuRe
(—(x _ y)z + ie)l—(n+1)e ’

A (x—y) =

X

(18)

where the color factor is omitted, and

2n; g8 6T(1+e*(2—-¢)
3 (4n)%e 4T (4 - 2e)

Re = (19)

During the calculation, we only need the Schwinger para-
metrized form of it:

(_i)l—(n+1)e g/wRZ
472 T(1 + ne)

% /oo daa—(nJrl)ee—iaz(x—y)z7 (20)
0

A (x—y) =—

where we used the Schwinger parametrization of propagators

1 (_i>N+l /ood N ,—ioz* (21)
= oo ' ¢é .
(=22 + eV T(N+1) Jo

To Fourier transform the HQET LCDA in coordinate
space to momentum space, we need the Fourier trans-
formation of the following type:

dr .
/ZelXZ(il+€)2("+])€_l

1 dt [e o
— = d —2(n+1)e ,—iot ,ixt
r(1-2(n+ 1)6)/2n[J 0 ¢

1 2
“2(n+l)es(5 —
F(1—2(n+1)€)1 doo 6(c —x)

- 0(x). (22)

A. Bare bubble chain calculation

Now, we explicitly calculate Fig. 1(a) in coordinate
space. For convenience, we use the substitution z = n t.
The integral expression for Fig. 1(a) in coordinate space is

016013-5
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( —(2+n)e 2Rn y e (1)) y
Du(z) = ST 4 e Z‘F I+ ne) d’k dt dal d0262 o, dn
wenp (=12 az+4—+al< —rz>) zkn) @i (14 5 )rsat)
(2+n)e 2Rn
§4 T+ o) / dk / dr / do, / doyol <oy " / dn

cenp (=i az+42+o—1<n—rz>) o ) atc)iiérsa(h). (23)

The second equality arises from #,Z = th 71, = tn> = 0. We complete the square for the exponential:

2 1 (k—20,1'7)? k—20,1z\?
—i(ior +—+ o —t’zz)—ik —>——i< (k=20102) w2 2>—io to ( +%) . (24
('7 2" 40, 1(n ) n 4 o)+ 0, o5 1 (o1 +02)(n 200, + o) (24)
We introduce a change of variable & =5 + zk(;?ﬂé;z), which transforms the integral to

( —(24n)e 2Rn (nD)e
(Z) 4 2€F +n€ /ddk/ dt// dal/ d626 l /ddf

_1, (k—20,17)? m* na) 5\ - _k—20'1t’z
xexp( vi(- e H 40,22 oy + )6 ) aleli (£~ 2P Nersatt

( —(2+4n)e 2Rn y (n+1)e 4
= AT 4 e 2€F(1 + re) d%k dt dal d0202 01 d*é

X exp( i,( m m’ — +40,1? 2) —i(oy +02)§2>é(z)ﬁ+ 2

— 7 k). 25
61+ 0, 0> ) +62)f}’5Q( ) (25)

The second equality follows from the fact that the integrand vanishes if it is an odd function in & and z/z/ = 0.
After integrating the variable ¢,

pals) = - S 2Rn/ddk/dz/ d / d (1)
&)= T g T'(1 + ne) o1 0207

xexp( }( m*g))” (Gkﬁm(m (26)

(o} +62

we change the variables {c,,0,} —» {6 = 22, = } and integrate out ¢ and 7"

o1+0;y°

(_ —(n+1)e 2Rn g +1 (nt1)e
bol2) = - WGF(HM /dk/ dt/ da/ oy

5 exp( i(p) — 1)(4k6t4za— pim?> +m )>k - 2G(2) A, 7sq (k)

_4<n+1) ngn B SF n€+€ /ddk/dﬁ ﬂne+1
87°~T'(1 + ne)

x (1=p1)" 1=2(n+1)e ‘q(2)n,ysq(k)(1 —e =1 kz) (27)

o] +0
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In the following steps, we contract the quark fields with
the partonic state and discard the tree-level matrix element:

ZRn -2(n+1) GF I’l€ 4 6)
— _4(n+l)gg / ne+1
Pal2) 872201 + ne) hibi
x (1 _ﬂ ) 1- 2(n+l)e i(u—s)Pht (1 —e i(p1—-1)5P}, t)

(28)
We only care about the virtual part, which corresponds to

’R'm (”+1) ‘T'(ne + €) 15 et
87 = T(1 + ne) hip;

X (1 _ﬁl)—l—Z(n-‘rl)eei(u—s)P;t’ (29)

¢a(z) = —4(mte !

and finally we arrive at the bare result of n bubble diagram
for the virtual part of Fig. 1(a) in momentum space:
|

1 dt el ol
hali) == [T 5L (1)

nggm;("H)EF(ne +¢€)
872~ fyPHT(1 + ne)

['(=2(n+ 1)e)'(ne +2)
X Ta=(nt2)0) S(u—-s). (30

— i4(n+1)e

The bare diagram does not include a factor of n!, which
leads to the factorial growth in the matching kernel. This
factorial behaviour arises from the renormalization of the
fermion loops.

B. Renormalization of bubble chain diagram

In the renormalization process, a bare diagram with n
fermion loops is replaced by a sum of diagrams where
some of the fermion loops are substituted with their
corresponding counter-terms. Then we discard the terms
with €™ (n > 0). This substitution introduces the factorial
growth, as each permutation of fermion loops and counter-
terms contributes to the n! factor:

& B\ kidr) a2t (ne — ke + l)mz)g(k_"_l)Rg"kF(Z(k —n—1)e)l((—k +n+ 1)e)
fH¢a.ren *;k <T> PZF((k—n—2)e+2) 5(“—5)
o (BN < i2(s — e + 1)my»T(=2s)[(s)(47)* efelsr
= (%) Z<k>( b Pil(—s—et2) 0 owms) o
6I'(2—€)’T'(e+1)

where f =755 and s = (n — k + 1)e. To simplify
the expression, one can set

2(s —e+ 1)mg>»T(=2s)[(s)(47)*

— s/e—
Fle,s)= PIT(=s—e12) Fet (32)
Fles) =3 flisier, (33)
j=—2 n=0

and use the formulas related to the second Stirling numbers:

n (_l)k(:) 7(_1)n

k=0 (n_k+1)2_ n+1Hn+1, (34)
n (_1)k(k) B (_l)n s
k:o(”—k+1)_n+1’ (35)

n

Z(—l)k<z>(n—k+x)/:0, 0<j<n-1, Vx, (36)

k=0

k:}(—l)"(’;)(n—k—kx)":n!, Vxo (37

Finally, one arrives at

. o A-2 (=) 1(=D" @
¢ren/as+l = ﬂo <f’[1+% n+1 Hyyp +f£'+1 ?—i_f[ | n

X &(u—s). (38)

One can observe that the last term in Eq. (38) contains a
factorial growth in n.

C. Renormalon ambiguity

The renormalon ambiguity corresponds to the residue of
the Borel transform of matching kernel. The Borel trans-
form of ¢, ., can be written as

B[fH¢a.ren](W) = R(W) + ng']w"
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where R(w) is an entire function in w, which corresponds to
the first two terms in Eq. (38) and does not contribute to
renormalon ambiguity.

Putting back the color factor and ugY = p? (4e)", we get
the Borel transform of matching kernel

B[Jpeak] (W)
— iC R - 2 L T(=2w)T (v)

e5w/3.
mg'T(2—w)

(40)

We then consider the Borel integral, as introduced in
Eq. (14). To estimate the size of the correction, it is
sufficient to focus on the associated renormalon ambiguity:

8 pea
2w _
_ iRes . 2Cp(w+ 1)AgEpT (=2w)l(w) w3
0 szWF(2 —-w)
1 2CE(w+ 1)AZL T (=2w)(w
— _ Res F( 2) QCD ( ) ( >€5W/3 . (41)
0 mgy'T(2—w)

where the leading-order expression of @, is used. The
residue is evaluated at each point on the positive half-axis
that exhibits a singularity. One can verify that there are
singularities at w = n —1—%, VneN, and w = 1.

IV. NUMERICAL ANALYSIS

Following the procedure outlined in the previous section,
we analyze the power corrections up to second order in
Aqcp/mg for the LCDASs of both D mesons and B mesons.
We employ established LCDA models to examine how
power corrections influence the transition to HQET
LCDAs. Additionally, we adopt phenomenological models
for the HQET LCDA of the D meson to estimate the power
corrections when matching to the QCD LCDA. It should be
noted that these analyses of power corrections may exhibit
model dependence and can be improved once reliable
results from lattice simulations of QCD LCDAs become
available in the future.

A. Power corrections to D meson LCDAs

We parametrize the QCD LCDA using Gegenbauer
polynomials:

) = 6u(1 =) | 143 0,60 2= 1) 42

The Gegenbauer moments a,, () are determined through
the integral

2(2n+3)

“) =30 Dt D)

/ L auC? Qu-Dplup). (43)
0

and their evolution is governed by the relation

an(/’th)_ as(/"h) ZV/TUO
an(h) _<as(ﬂ)> ’ (44)

where the anomalous dimension y,, is given by

n+11 2
7n :2CF<4;%_—(11+ DT —3). (45)

For our numerical study, we adopt the meson mass
mp = 1.870 GeV. The numerical values of Gegenbauer
moments are taken from Ref. [36] and used as a phenom-
enological input. The Gegenbauer moments for the D
meson at 4 = 1.6 GeV are

aP(1.6 GeV) = {—0.659,0.206, —0.057,0.036,
—0.004,-0.007, ...} (46)

For the HQET LCDA of the D meson, we adopt the
model in [75]:

N n

(0]
{;0+ (a)vﬂ) = Z Cn n+1 e-(ﬂ/(ﬂo
n=1 @y

2
:%[Hcgﬂﬂg(ﬂ) +~~-]e‘“’/“’0, (47)

600 (O @
where @y = 0.32(15), ¢; = 0.63(44), ¢, = 0.12(37), and
cy = 0.04(19).

In Fig. 3(a), we illustrate the HQET LCDA for the D
meson, derived from the QCD LCDA model using one-
loop matching. The blue error band reflects the variation in
the factorization scale, which ranges from 1.6 to 3 GeV.
Similarly, Fig. 3(b) displays the QCD LCDA for the D
meson, obtained from the HQET LCDA model through
one-loop matching. In this case, the factorization scale is
fixed at 4 = mp. The error band for the one-loop matching
arises from the uncertainty in the HQET LCDA model.
When the renormalon ambiguity is considered, the uncer-
tainty band expands symmetrically, indicating a significant
theoretical uncertainty in the one-loop matching.

In Fig. 4, we further present the ratio of the power
correction to the one-loop matching, 5¢},/¢},. Since the
matching kernel does not rely on the momentum fraction u,
this ratio is independent of the momentum of the light
degree of freedom. It is evaluated as a function of u to
estimate the impact of power corrections within the
renormalon model. In the peak region, where matching
is performed at y ~ mg, we find a correction of approx-
imately 22% for the D meson. This aligns with our
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FIG. 3.
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(a) HQET LCDA of the D meson with one-loop matching. The blue error band represents the variation in the factorization

scale, ranging from 1.6 to 3 GeV, while the yellow error band accounts for the renormalon ambiguity estimation. (b) QCD LCDA of the
D meson with one-loop matching. The blue error band reflects the uncertainty associated with the HQET LCDA model, and the yellow

error band represents the estimation of renormalon ambiguity.

expectation that power corrections scale as Agcp/m,,
indicating a substantial effect.

B. Power corrections to B meson LCDAs

As a complementary analysis, we estimate the power
correction to the B meson HQET LCDA. The model-
dependent results for Gegenbauer moments of the B meson
QCD LCDA at y = 4.8 GeV are given by [36]

aB(4.8 GeV) = { — 1.082,0.826, —0.513,0.288, —0.157,
0.078,-0.030,0.008, ...}. (48)

It is crucial to emphasize that the Gegenbauer expansion for
B meson LCDAs suffers from slow convergence, primarily
due to the distribution peak approaching the boundary. This
limitation is explicitly manifested in the results of Eq. (48),
where eight Gegenbauer moments are employed to model
the amplitude. As shown in Ref. [36], these moments can
yield highly asymmetric distributions for B meson LCDAs,
a feature that can also be seen in the profiles depicted in
Fig. 5. However, since our analysis focuses on the estimate

50 [ 95 (%)
2247

22.2¢
220 \_/
21.8¢

21.6}

o (GeY)
1.6 18 20 22 24 26 28 30

FIG. 4. Ratio of renormalon ambiguity to the one-loop match-
ing result for the D meson at different energy scales.

of power corrections, the qualitative behavior of our results
might not be significantly changed.

Figure 5 shows the HQET LCDA for the B meson,
incorporating both one-loop matching and renormalon
ambiguity as power corrections. The factorization scale
is varied between 4 and 6 GeV. The ratio of the power
correction to the one-loop matching is depicted in Fig. 6,
where a correction of about 7% for the B meson is
observed.

In Fig. 7, we present the mass dependence of the ratio of
power correction to the one-loop matching result, evaluated
at 4 = mgy. As the meson mass decreases, the correction
becomes increasingly significant, illustrating the limita-
tions of the renormalon model. This highlights the neces-
sity of explicit calculations for higher-twist contributions to
achieve a more precise understanding.

Furthermore, these results can be extended to vector
mesons using heavy-quark spin symmetry [76]. Although

?3
0.8F
0.6F
0.4

0.2}

0.0 ; : : X0
0 1 2 3 4 5

FIG.5. HQET LCDA of the B meson with one-loop matching.
The blue error band originates from the variation of the
factorization scale from 4 to 6 GeV, and the yellow error band
reflects the estimation of renormalon ambiguity.
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FIG. 6. Ratio of renormalon ambiguity to the one-loop match-
ing result for the B meson at different energy scales.
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FIG. 7. Ratio of renormalon ambiguity to one-loop matching
with the factorization scale set at 4 = my,.

the matching relations for LCDAs with different spin
structures  differ at O(Aqcp/mg), the estimation of
higher-twist contributions within the renormalon model
remains unchanged. This further emphasizes the need for
direct computations of higher-twist effects in order to
improve precision.

V. SUMMARY

In this paper, we estimate the power corrections involved
in the matching between the heavy meson QCD LCDA and
the HQET LCDA using the renormalon model. Specifically,
a perturbative calculation of the bubble chain diagrams is
performed, with the renormalon contribution providing an
estimate of the magnitude of the power corrections. To
provide a numerical validation, we model the LCDAs of
both the D meson and B meson to check the size of the power
corrections. The results from the renormalon model suggest
acorrection of 22% for the D meson and 7% for the B meson.
This indicates that it is necessary to account for power
corrections when the quark is not sufficiently heavy in
studies of the matching between QCD and HQET LCDAs.
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APPENDIX: BUBBLE CHAIN CALCULATION

In this section, we present the results for the one-loop
bare bubble chain diagrams of both the QCD LCDA and
the HQET LCDA. HQET A and QCD A correspond to
diagram (a) in Fig. 1, while HQET B and QCD B
correspond to diagram (b). The color factor Cp and

yg(”l)e are omitted in the following results:

(i) HQET A
. €0+ - l'g24(n+1)eR1€1~1—'<n€ 4 €)(W _ U)—Z(n+1)e—l 9(60 _ D)‘ (Al)
H¥a 872~ fr(u)n,. - vl(ne + 1)
(i) OCD A
2Rn —2(n+l)er
4, i I Remg (ne +e€)T(=2(n + 1)e)l(ne + 2) S — )
¢ 8z2~PLT(1 + ne) I'2-(n+2)e)
gn+1)e zm_2("+1)€r‘ ne +¢) gltne O(u —
_ gmgy ( ) i (u—s) (A2)

82 [yl (ne + 1) P,

5l-(n+2)e (u _ S)Z(n+l)€+l :
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(iii) HQET B

igw(e — 1)4(”“)€R2 esc(z(n + 1)e) ()¢ (v(w — y))—((nJrl)e)—l

= - 87!~ fr(pu)n, - T(2 —€) o)
_ig?40DRIT (ne et o= y)2ne+et) ((w R, <1, (4 Desne 12— )
87°~ fu(u)ny - v ®—v
+v(ne +1),F, <l,n€ +e+ line+ 3;—0) — y))&(w -v). (A3)
(iv) OCD B
¢ = i924(n+81:2(—’?j%11;;ﬂ)6132 (1- s)(n+2)€(1 —u)"T(ne +¢) <(€ —Ehe e;:ii— & SS_—X;) (u— S)_2("+1)6
—(n+1)ue <u — 5)2Anetetl) Fy (1, ne+e+1lyne+2; ss__s:))Q(u —)
ig?4 Ve () )=t e Ry (1 = 525161 ese(e(n -+ 1)e) (u — s10)<
8!~ fuPT(1—¢)
X (s(=€)+s+ule=1)+1)(u—s)~e19(s —u). (A4)
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