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Abstract: We calculate the D — P transition form factors within the framework of the light-cone QCD sum rules
(LCSR) with the D-meson light-cone distribution amplitudes (LCDAs). The next-to-leading power (NLP) correc-
tions to the vacuum-to-D-meson correlation function are considered, and the NLP corrections from the high-twist D-
meson LCDAs and the SU(3) breaking effect from a strange quark mass are investigated. Adopting the exponential
model of the D-meson LCDAs, the SU(3) flavor symmetry breaking effects are predicted as R;’S(S) =1.12 and
R.Y;UG) = 1.39, respectively, confirming the results obtained from LCSR with pion LCDA. The numerical predic-
tions of the form factors show that the contribution from two-particle higher-twist contributions is of great import-
ance and the uncertainties are dominated by the inverse moment of ¢j,(w,u). With the obtained form factors, the
predicted Cabibbo-Kobayashi-Maskawa (CKM) matrix elements are |V.4|=0.151 f8‘091 +0.017 and

.0431th. =0.02 lexp.
— +0.467|  +0.008
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I. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements are important parameters of the standard model
and can be extracted from pure- and semi-leptonic heavy
meson decay processes. Of these, semi-leptonic pro-
cesses have more accurate experimental data since they
are not subject to helicity suppression. Recent measure-
ments [1-3] of the semi-leptonic decays D — Kev,,
D— Kuv,, and D —rmev, yielded updated branching
fractions, so that the products of form factors and the
CKM matrix fp-p(0)[V,| can be extracted directly.
Therefore, the precision prediction of the D — P form
factors is essential for determining the CKM matrix ele-
ments from semi-leptonic decay processes.

Theoretically, the heavy-to-light form factors could
be calculated using nonperturbative methods, such as the
lattice QCD [4], QCD sum rules [5], light-cone sum rules
[6-8], and quark models [9-12]. The lattice QCD ap-
proach is a QCD-based non-perturbative numerical meth-
od that is more suitable for studying small energy-release

processes. Thus, phenomenological models are required
to extrapolate the lattice results to the whole kinematic re-
gion. Lattice simulations have been applied to the D — P
transition form factors in [13-17]. The approach that uses
the QCD sum rules is based on the local operator product
expansion (OPE) and quark hadron duality ansatz, and
has been widely used in hadron physics. To evaluate the
heavy-to-light form factors, the 3-point QCD sum rules
must be employed [18-22]. In the large recoil region, the
light-cone sum rules (LCSR) approach is more appropri-
ate. The nonperturbative input in the LCSR reresents the
light-cone distribution amplitudes (LCDAs) of hadrons,
and the LCDAs of both the initial and final state hadrons
can be employed. The D — P form factors have been
studied with light meson LCSR in [23-25]. The latest pre-
dictions of the CKM matrix elements |V, 4| = 0.225 + 0.005+
0.003*0018 and  |Vegl/|Ves| = 0.236 £0.006 +0.003 +0.013
[25] are in agreement with the CLEO data |V,|=
0.234+0.007 £0.002+0.025 and |V s = 0.985+0.009+
0.003 +£0.103 [26], indicating that the leading order pre-
dictions are reliable. In this work, we apply the D-meson
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LCSR for evaluating the D — P form factors. The ad- including the two-particle and three-particle cases. Al-
vantage of our method is that LCDAs that are used in the though the precision of our predictions is limited, the reli-
calculation for different final states are universal. ability of our predictions will be improved owing to the
The idea of the D-meson LCSR is borrowed from the inclusion of power suppressed contributions. Of course,
B-meson LCSR [27, 28], which has been widely used in the power suppressed contributions considered in this
heavy flavor physics for investigating the B— V, B— P, work are not complete; yet, they provide at least some in-
and A, decay processes such as in [29-32], where QCD structive results. With the predicted form factors at hand,
corrections and power suppressed contributions have we can constrain the CKM matrix elements [V,,].
been investigated. When this approach is applied to the This paper is structured as follows. In Sect. II, we
D-meson decay, one may worry about the reliability of  present the formalism of the QCD sum rules and provide
the light-cone OPE since the energy release is much  the leading-twist contributions to the LCSRs for D — 7, K
smaller. In actuality, the light-cone OPE is completely  form factors at O(«). In Sect. III, the higher-twist contri-
feasible, since the momentum of the interpolation current butions from two- and three-particle D-meson LCDAs are
of the final state is space-like. The D-meson LCDA is the  studied. In Sect. IV, we present the numerical analysis
nonperturbative input in the D-meson LCSR; therefore,  with the predicted form factors from two different D-
the predicted form factors can be employed for determin- meson LCDA models. In Sect. V, we present our conclu-
ing the D-meson LCDA. The heavy meson LCDA is sions.
defined in the framework of the heavy quark effective
theory (HQET), where the heavy quark expansion is
used. Since the charm quark mass is not sufficiently
large, the leading power predictions are less accurate. To We start with the vacuum-to-D-meson correlation
overcome these shortcomings, we include the power sup- function, defined with the matrix element of the time-
pressed contributions. In the present paper, we consider ordered product of a pseudoscalar meson interpolating
the contribution from the higher-twist D-meson LCDAs, current and a weak current, as follows:

II. THE D-MESON LCSR AT LEADING POWER

H¢n4LWp>=jlﬁxéﬂwow{ﬂx>wmquxqmnucmﬂuxp+q»

(- p.ii-pyny +(n-p,it- Py,  Tu=7u

(1

n-q._
y(n-p,i-p) [n,,— m—;‘]nﬂ] . I,=o0u,q"

[

In the above equation, p+g=mpv is the four-mo-  where A refers to the QCD energy scale. To guarantee
mentum of the D-meson, and p is the momentum of the  the QCD factorization of the correlation function, we
light pseudoscalar meson. We introduce two light-cone consider the heavy quark limit when calculating the lead-

vectors 7, and n, that satisfy n> =a> =0 and n-n=2,and . bution. Then. the ch N :
employ the power counting scheme of light pseudoscalar ing power contribution. Then, the charm quark mass 1s re-
garded as a hard scale, and p is hard-collinear, which is

meson four-momentum, which is valid in the heavy quark - - -
limit similar to B — P,V transitions. The leading power factor-

ization formulae for the correlation function in A/m,. are
n-p~QO(mp), it-p ~mg~O(N), (2 givenby

2
thmzd%wmf ﬂ%” ,)%wm

#2
Hh@mzd%wmf ﬁ% )%wm
) o (_#
=__fD(ll) DZC (n-p,u, V)f o anT (n pw )¢D(‘Ul~l) (3)

tions, respectively. The D-meson LCDAs are defined by
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O(ar;), o (v ), 0100 = =22 e+ (B =)l ) @)
In the above equation, Y(r7) is the soft Wilson line, decay constant
ensuring the gauge invariance
- a@Cr [, p N7
. fD(p)z{l——[3ln—+2} fo.  (6)
Y (tii) =P{Exp[igx f dxﬁ-AS(xﬁ)]}, (5) 4n me

For one-loop accuracy, the hard and jet functions are giv-
and fp(u) is the renormalization-scale dependent HQET en by [33]

cH=CH=c"=1, 9= @:Cr 1 [1+ lnr]
4n F

2
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47 mp n-p p
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jo G [r(] -_'—p)+"ﬁ ln(l —i),
w

4 w n-p
K C n- m
g SB=r [— (1 - —p)+ —q] ln(l - i) ,
4n w w i-p
JO =1 ,
o) _ o) asCr [ 5 o n-p-w o’
JO=7=1+=|In ~2In———1n
4 n-plw—i-p) in-p n-plw—ri-p)
= . _ 2 _ 2
—m2 P ‘”—(1 "p)ln”_p “’—”——1], 7)
n-p w n-p 6
where v is the renormalization scale of the tensor current. 5(—)(,1, P =U1 (0 popint, 1) 5(7)(,1 Do)
Conventions of » and 7 are r=n-p/m, and 7 =1-r, re- o o
spectively. C (n-p,pu,v) =Ui(n- p,pp1, i) Us(vp,v) C7" (0> P ftnts vi)
To obtain the next-to-leading-logarithmic (NLL) ac- Fou) = Us(upa, 1) fo(unn)
curacy factorization formulae, we employ the renormaliz- )

ation group equation in the momentum space, and con-
sider the factorization scale u as a hard-collinear scale where the expressions for the evolution functions U;, U,,
Mne ~ \JAqcpme. By solving the evolution equations, we and Us; are presented in the appendix. Then, the factoriza-

obtain the NLL resummation improved expressions for tion formulae for the correlation functions at the NLL ac-
the hard function and the HQET decay constant curacy read

w—h-p n-pw’ it

- * d 2
H=[U2(#h2,#)fo(ﬂh2)]mn{fo (i) J(+)( E : )¢D(wﬂ)

©  dw
(- -
+C 7 (n p,u)fo wo—hp ¢D(W7#)}’

— ~ © g 2
n=[U2whz,u>wa2>]mD{ fo = i“>( £ )¢D(wm

w—hn-p n-pw
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+ Ui ponr i) €O pum]f P if‘>(nf‘pw — )¢D<w u)}
N © d +
My =- 3 [U2(,Uh2»,u)fD(llh2)] m?, {f(; i )(n i
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) D(w W

()]
n-pw’ i

The definitions of the D — P form factors and the decay constant of the pseudoscalar meson are given by

2_ .2

_ m2 —m2 m m
(P(P)G Y, clD(p +q)) =f7s_ p(q) [2p+q— L g +f_p(d) —qu L au.

I

qup(qz) 2 2
(P(P)|Goy g cID(p+q)) = ~ |4 Cp+ ) —(my =) g,
(Old trys gIP(p)) =1n-pfp,

(10)

where £} ,(¢%) and fI_ .(¢%) are the vector and tensor D — P form factors, respectively. By inserting the above equa-
tions into the hadronic-level vacuum-to-D-meson correlation function

- A{0d s glP(PXP(PIGTL clD(p +q))
Hﬂ(np’np) -

+ continuum states, (11)
_ 2
p
we readily obtain the hadronic representations of the correlation function for the vector and tensor Dirac structures
- femp _ (D Ly 2 2 mp n-p . 2 0 2
M poiiep) =i | 22 @2y 15t |+ me e |22 g )= £}
iz 2miin-p—i-p) U | mp p—pr94 p-r\4 " p—mp | mp ’P Pl p—pr94
+00 da)’
+f m[ﬂm(w n-pyn, +Pv2(w n P)ny]
Wy
] . fen-p mp ngq_ ]
Wyr(n-p,i-p)=-i ny——ny| fp_,
L r(n-p,i-p) 2 n-p—7i-p) mp +mp e fh-pa %)
oo do’ n-q._
+ — |, -— 12
fw\ W —n-p-i0 [n“ mDn“ pT(w np). (12)

To obtain the NLL LCSR for the D — P form factors for the leading power in the heavy quark expansion, one can
match the HQET representation and the hadronic representation based on the parton-hadron duality ansatz. Implement-
ing the Borel transformation, one obtains

m2 ~ s ,
fo exp[— £ ]{ LN, fBiiNLL@Z)} = Ui, 1) Fo o) | f de’ e/
n-powy mp 0

{ED,eﬁ(w’,ﬂ) + (U101 popant s 1) CO popan)| € e (@ 10)
+ n-p—mp
2

I [0, @)+ CO - posi) 05, a0 )]
fpexp[— mp } n-p  .T2PNLL

PR — Ip5p (612)=[U2(Hh2,#)f0(llh2)]f dw/e_w//wM{ag,eﬁ(w',#)

(U101 potn 10 Us ) €20 posin )| B, o)} (13)
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The effective D-meson DAs are defined as [33]

0 H 0 o +
B =" " [rf 0 B, f dwln(w w)i%(w’#)],
, =] )

w w’ dw w

~_ _ a;Cp ' 2 12 W -w
) = ")+ d 1 -21
G, =0 1) + 2 {j: w [w_w, (nn‘pw, )|

o0 2 2 —w 2 d¢(w,
—f dw | n? - —(zm K +3)1n“’ it +21nﬁ+”——1]M},
w n-pw n-pw W’ o 6 dw

dp(w, 1)

sCr [ ¢plw,) _ , o,
¢D eff( M) = (147TF j; dw D o s ¢D,eff(w M) = ¢D(¢U W),
. yC 00 + S 00 . d + ,
¢E,eﬁ(w/,,u) 2—0471_}: [— f dw ¢D(:: ) —my f dw ln(ww,w ) @ —¢D(;: #)} s (14)

where the strange quark mass effect at a; could be ob-
served in the above equation. The plus function entering
(14) is defined as In this section, we will evaluate the higher-twist con-
tributions from two-particle and three-particle D-meson

0o , oo , , LCDAs. To compute the three-particle higher-twist con-

L do [f(w, )]s g(w) = j; do flw,w)[g(w) - g@)]. tributions of the D — n,K form factors, we apply the
(15) light-cone expansion of the quark propagator in the back-

ground gluon field [34]

III. THE HIGHER-TWIST CONTRIBUTIONS

G (ux), (16)

(OIT(G(). g(O))I0) S ig f ik f [”“” W+ mg) Ty

Qn )4 2 202 -md)?

where only the one-gluon part is considered. The D-meson three-particle LCDAs are defined as [33, 35]
_ 1 .
(0lg(nz1)gs Gﬂv(nZZ)rhv(O)lD(V» :ZFD(H)TI'{')’SF(I"' f)[(v/ﬂ/v - Vv'y/i)[\PA - \PV] - lo-yleV - (n,uvv - nvvy)XA

+ (nyyy —nyy ) [W+ Y4 - ieﬂmﬁnavg%fA + ieﬂmﬁn“yﬂysix

- (nuvv - anH) rW+ (”/J)/v - nv)’y) ﬂz]}(ZhZZ;ﬂ) > (17)

where the convention is €23 = —1. Then, one obtains three-particle higher-twist contributions to the correlation func-
tion of the vacuum-to-D-meson at the tree-level [33]

H(SP)(n p,n- p)——fDCu)me dwf dwzf du
[a-p—w - uwz]

- 3
X {ny [ nLP(u w1, w2, 1) + —ppi gip(u,wl,wz,ﬂ)]

+ny,|p

nLP(u (1)],(1)2,/1)+ _ppn NLP(M (1)],0)2,/1):|}

- 7 2 00 00 1
m .
(3P)(n p) = l% [nﬂ—uﬁﬂ]f da)lf da)zf du ! 3
2 np mp 0 0 0 [A-p-wi—uws]

3 mg 3
x{plpuon,ws.p + ﬁp}iﬁww,wl,wz,m}, (18)
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where the m, terms lead to the SU(3) flavor symmetry breaking effect, and the expressions for pﬁ? and pg\fﬁp

(i=n,n,T) are presented in the appendix.
The two-particle higher-twist D-meson LCDAs are defined as [35]

01(5), 00 (¥] ), OID() =— W fo ™ deievi {# [2 (65w + P gh(w,)

1
- [((ﬁ)(w,#) - ¢B(w,ﬂ)) + xz (gg(w’ﬂ) - gZ)(wnu))] /C] 75} s (19)
V-X aff

where g}, and g7, are of twist-four and twist-five nature, respectively. One could expand g7, and g, in terms of three-
particle LCDAs with the operator identities [35, 36]

1
%E](x)yﬂr[x, 014,(0) = - if udu g(x)[x,ux1x* Gy, (ux)[ux,01y*Th,(0),
0
1
W %@(X)F[X, 0]h,(0) = i f i1du G(x)[x, ux)x° gG py, (ux)[ux, 0*Thy,(0) + (v - 8)G(x)['[x, 0]h,(0) . (20)
0

Applying the relations between the two forms of the D-meson LCDAs [33]

D3(w1, wr, 1) =Ya(wy, w2, u) —Py(wr, wa, 1),

Dy(wy, wz, 1) =¥a(wy, wz, 1) + Py (wy, w2, 1),

Vy(wr, wa, 1) =¥a(w1, w2, 1) + Xa(wr, wo, 1),

Pu(wr,wa.p0) =Py(w1,wa,10) — Xa(w1, w2, 10),

Os(w1,wz, 1) =¥a(wi,wr, 1) + Py(wr, wo, 1) +2 [YA -V, + W] (w1, w2, 1),

Ws(wi,wo,p) = =Ya(wi, w2, 1) + Xa(wr, w2, 1) =2 Y s (w1, w2, 1)

Ps(w1, w2, 1) = = Py (wi, 2, 10) = Xa(@r, w2, 10) + 2 Vs (w1, 02, ),

Do (@1, w2, 1) =P (1,02, 1) = Py (1,02, ) + 2 | Ya + Ta+ W =2Z| (@1, 02,10, @1

the nontrivial relations for the D-meson LCDAs in the momentum space could be obtained

W

d _ < dw dw
—w— ¢p(w, 1) =¢B(w,,u)—2f —22 (I)3(a),w2,u)+2f —22 DO3(w — w3y, Wy, 1)
dw 0 () ()

2 0 2
“ dw, d
+2f0 w—;@cbg(w—m,wz,#), (22)
d? 3 _d 1 _ * dw, d
—2mg5(w,#)= §+(w—1\)£]¢>B(w,ﬂ)—§¢p(w,ﬂ)+f0 w—za‘h(w,wz,#)
* dw dw
—f —22‘P4(w,wz,ﬂ)+jw 2 Wy(w - wa, w2, ), (23)
0 wy 0 Wy
d2 3 _d 1 * dw, d
-2 — g7, =2 +(w-N)—|¢;, -~ ¢ — vy
dwz gD(w’IJ) 2+((1) )d(/.):|¢D(w”u) 2¢D(w’#)+ﬁ Wy dw 5((1),0)2’/’1)
* dw dw
- f 2 Ws(w, wp. ) + fu 2 Ws(w - wp,w). ). (24)
0 wz 0 wz
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_ dot (w, > d “d d d
¢p(w,u) =(2A—w) Wps) -2 ﬂ(l)él(w,wz,,u) +2 2 == Oy(w—wy, wa, 1)
D dw 0 w% o w \dw; dw

d d d d
+2 [M92 Lwwmvnann-2 [ L2 50 B, (25)
0

which is consistent with Fourier transformed results from [35] (see appendix for details). By inserting two-particle D-
meson LCDAs into the correlation function, one could obtain two-particle higher-twist corrections to the vacuum-to-D-
meson correlation function at the tree-level

io(Wymp _ 1 [ o ! a¥s(wy,wa, 1) © dw
T =—a =g [ don [ den gl o [ e en).

n-p (- p—wi —uw)? (7 p-w)
~ m2 . 1 00 00 1 _“P 00 d
HZ?;IT =2i% [nﬂ—uﬁ#}{——f da)lf dwzf du _u S(wl’wz’#)z +f _—wzg’f)(w’ﬂ)}, (26)
n-p mp 2 Jo 0 o (@ p-wi-uw) o (i-p-w)

where g, (w,u) is given by

1 e _
twi=g [ do{io-0) 16500~ 85001-2R-p o0} @)

Collecting the two-particle and three-particle contributions at the tree-level, and matching the hadronic- and parton-
ic-level predictions with the aid of the dispersion relation, the following expressions are obtained after the Borel trans-
formation:

fen- "
By oo [5F0

rd (0
1
=- fD(”)mD{ Tl HE (o) + f do — &7/ T (0 )
0 wym
“ dwy _ Wy — W1 My 3pHT [ Ws — W1
dwlf w/w“[HSPHT( , W1, Wy, —H; —, w1, W,
f oo ,LP Wy M)+ nop NP\ T H
- —w
f d

00
dwz 1 _ 1 my
wflwf oo | FET (21 4y ) 2 e
w-w, W2 WM n-p

2
fpn-peX 3 mp mp f+HT( 2)__f0HT
n-pwyl|n-p-mp D—P DHP

2
d
T fD(H)mD{fw f o e [Hi?y(—wy wl,wl,a)z,ﬂ)
—w, w2
3PHT [ Ws — N w | z73PHT
+anNLP( wl,wz,u)] f do’ fwdwl fl_wlw—za vl [HnLP(

3PHT Wi
+anNLP(a)—25wl:w2nu)]}’ (29)

‘,wl,wz,u)]}, (28)

—-wy
>, W1, W2,

2 g W
m p(u)(mp+mp) [ _ ' I
fpn~pe7<p[—n.pp }fgf;(qzﬁ—L o HETY (@) + A do’ = e/ HITE (@' )

n-p
W, o g
w2 _ wWs — W1
+f dwlf —¢€ wfeu [H%PIF%’T( - ,(A)],O)2,,Ll)
0 w—w, W2 ’ w2
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Mg 3pHT (ws—wl R © dwy 1 o w spuT (W — Wi
+—H —,wi,w,u| |+ dw dw; — — " H —, W1, W, [
n-p .NLP w2 0 0 w-w, W2 WM TLP w2
My sppr (W —wi
+—H , W1, W2, , 30
n-p T,NLP( w, 1, W2, M1 ( )
where HfEET and HSFI%{P (i =n, i, T) are given by
Hygp (.0 =HPE (.0 = 485 (.0,
HYW w1, w2, ) =2 (u— 1) Du(wy, wa, 1),
Hy R b w1, w2, 1) =Ps(w1, w2, 1) = Ws(wr, wa, ),
H (w1, 0, 1) =Ps(w1, w2, 1) = Ws (w1, w2,
HN (w1, w2, 1) =2 6wy, w2, ),
HY T w1, w2, 1) =2 (1 = 1) @y, wa, 1) = Vs (w1, wa.0) + Ps(wy, w2, ),
H\p (w1, 0o, 10) =¥s(wr, wa, 1) = Ps (w1, w), 1) + 2 Pe(wy, w, 1) (31)

One can observe from equations (28)-(30) that the  where all the three form factors are O(A/m,)>/>.
large recoil symmetry is broken by three-particle higher-
twist contributions. Finally, we obtain the sum rules for IV. NUMERICAL ANALYSIS
the D — P form factors, as follows:

A. Models of the higher-twist D-meson LCDAs

p—prP\9) =Jp_p q pop 4 pop W), -meson s are the tundamental nonperturbat-
S5 @) =132 @) + 520 @ + 500 (@) D LCDA he fund I b
IO p(q?) =fO2NLL (g2 4 fO2PHT (2 o pOSPHT 2y ive inputs in the D-meson LCSR. The model of the high-

T 2\ TOPNLL, 2 T.2PHT, 2 T.3PHT, 2 er-twist D-meson LCDAs can be expressed with the mat-
Joop@) =fpZp @)+ fpp @)+ fpnp (@) (32)  rix elements of local operators [20],

_ f 1 1
(01G 8 G Ty} D)) = —@ {iﬂ%,Tr [)’5 P L g |+ (- )T [ys e yﬂ)] } (33)

Implementing the standard strategy of the LCSR, one obtains the three-particle higher-twist D-meson LCDA sum
rules, as follows [33]

pG0T mp (AF; + A7) @s(wr, w2, p) =~ g?'gifriv - i dsexp[f)—ﬂ w1 (W1 +w2 =25 02 s—w) —w)),
[fD(;l)]sz(l%{+/1,25)‘P5(w1,w2,/1)=g§§;ﬂljc f;dsexpﬁ; wr (W) +wy =25 025 — W) —w)),
[wamDu%,M%)“Ps(wl,wz,m=gf§;ﬂfc f;dsexpi}; w2 (W1 +wy —25) 02 s~ wy —wy),

o)1 mp (A5 — A7) De(w, w2, 1) =gf§8ﬂc i dsexp Aw; (W1 +w =25 025w —wy), (34)

We first introduce the local duality model by taking the limit wy — oo of the sum rules (34). Using the normaliza-
tion conditions [33]
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2,92
/IE+/1H
3 9

Ds(z =zz=0,#)=f dwlf dw; Os(wr,wz, 1) =
0 0

) 00 /12
‘P5(21=Zz=0,u)=f dwlf dwz‘Ps(wl,wz,#)=—?E,
/12
Ps(z1 =22 =0,p) = f dw]f dw; Ps(wi,wr, ) = 3
-2
3 9’

Ds(z1 =20 =0,u) = f dwi f dwy Og(wy,wa, 1) =

we obtain the local duality models for the twist-five and twist-six D-meson LCDA,

DL (wy,wp, ) = uzui,)—(zwo—wl ) 02wy — w — wy),
0

LD 35 »w 4

V5™ (wr,wa,p) == 64/1 = Qwy— w1 —w2) 02wy — w1 —wy),
O

/LD 35 5 w2 4

Y5 (w1, wa,u) =— 64/1 — Qwo—wi —w2) 02wy — w1 —ws),
0

DL (wr,wo.p) = (zz—ﬂ%,) Quwo—w —w2)’ 02wy —w) —wy),

wg
and they satisfy the following asymptotic behaviors [33]
Os(wy, wa, 1) ~ Wi, ¥s(wi,w. 1) ~ Ps(wi,wa.p) ~ w3, Og(wy, wa,p) ~ 1.

The remaining models for the two-particle and three-particle D-meson LCDAs are given by [35]

5
¢ (W) =—— w2 wy - w)’ IR wy — w),
8w0
52wy — w)? 722
q)B’LD(w,u):M{MZwO—w)Z ¥(15 2—20ww0+4a)0)}9(2u)0 w),
19203 W2
105(A2 - 22) W1+ o \2
®§D(w1,wz,u)=%w1w§(wo— ]2 2) 02wy — wi —ws),

3512+ 2 3
B (o ) = L+ i) 2( g - L2

02wy — w1 —wy),
7 )
4w0

3522 w1 +ws\3
WP (w1, wp.p) ==—F w1 wy (wo—l—) 02wy — w1 —wy),
2w 2
. 3522 w1 +wr\3
‘P{;D(wl,wz,,u)z a);l w1 Wy (wo—%) 02wy —wi —wy).
0

The effective LCDA defined in (27) can be obtained using the above formulae, as follows:

256 1536

3 2_ 32 2
g;)’”’(w,u) — M {_(2 wo—w)* — M [4_ 12 (ﬂ)Jr 11 (ﬂ) }} 02wy — w),
w wo wo

0

with the following equation of motion (EOM) constraint [35]
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5

w025/10=2/_\, 3wp=14Qag+a3).  (40)

Combined with the asymptotic behaviors (37), the ex-
ponential model for the twist-five and twist-six D-meson
LCDAs can be obtained by implementing an exponential
falloff at large momenta, as follows:

A2+ 22
O (w1, wa, ) = £ 3Hw1 em(@rreon
3a)0
2
E - 1 2 0
WP (W1, o, ) = = 5 wpem @t
3wy
2
I H - 1 2 0
PP (w1, wa,p) =— Twe @rw,)fwn
3wy
A2 =22
DL (W), w) ) =—E— L e(@ren)fen (41)
3a)0

Exponential models for the remaining D-meson LCDAs
have been evaluated in [35], and their corresponding ex-
pressions are given by

w
¢ P (w,p) =— ™,
Wy
2 32
¢, P (w,p) _ L ot _ A=ty
b wo 9w3
w 1w 2 _
x|[1=2(= )+ [=] [e /e,
wo 2 w(
)
E H - 1 2 0
TP (W1, W p) == Wy wye e,
W,
0
A2+ 22
(DZXP((U] ,0)2,#) — E 4H w% e—(o).+u)2)/u)0 ,
Wy
2
PP @102 = 0w e,
Wy
2
J H - 1 2 0
‘I’ZXp(wl,wz,#) :mwl wre (W, +w,) ] w, (42)

0

and the expression for the two-particle twist-five LCDA
reads

— 3 /12 _/12 w 1f{w 2
A—,EXp E H ~w/w,
g W) =wi —— 1-1—1]+=1—

(43)

with the EOM constraints [35]

2A? =200+ 03 (44)

Two different D-meson LCDA models, the exponen-
tial model and the local duality model, were adopted in
this work. Because the three HQET parameters Ap(u),
Ag(w), and Ag(u) are constrained by the EOM, and the ra-
tio R(u) (R(w) = A%(1)/A%,(w)) is insensitive to perturbat-
ive and nonperturbative QCD corrections, we will con-
sider R(u) and Ap(u) as the input in our numerical analys-
is. The renormalization scale dependence of the inverse
moment is evaluated from the one loop equation of
¢p(w,p) [37, 38]

Ap(Ho) _ 1+6Ys(,U0)CF A
Ap(u) 4n Ho

[2—2 nE 40, (/J())] +0(a3),
Ho
(45)

and the definition of the inverse-logarithmic moment
o i(po) 1s [39]

< dw
o =to) [ L giwp. @0
0 w w
We obtain the values of Ap(up) by matching our pre-

dicted zero momentum transfer D — n vector form factor

with the results from pion LCDAs f; | (0) = 0.67*0:)9 [25]

260%2} MeV,  (Exponential Model)

47
295:%2 MeV. (Local Duality Model) )

Ap(uo) = {

B. Predicted results

Except for the D-meson LCDAs, we present various
values of input parameters in Table 1. The masses and
lifetimes of hadrons, and quark masses in the MS scheme
were taken from the Particle Data Group (PDG) [40]. The
factorization scale interval u € [1,1.4]GeV with the cent-
ral value 1.2 GeV was the same as in [41], where the
maximum of the factorization scale was consistent with
[25]. In the sum rules, we used the same internal sum rule
parameters as in [42]

Table 1.
particle parameters are from [40] and the other parameters are
from [33].

Parameters employed in our calculation, where the

Parameter DATA Parameter DATA
mp 1.86965 +0.05 GeV M1 1.288 +0.020GeV
™ (1.040+£0.007) x 10~ Hi2 1.288+0.020GeV
me 1.288+0.020GeV Ho 1GeV
my 471 +0.09MeV fo 212.0£0.7MeV
2[4 0.5+0.1 GeV? o1(uo) 1.5+1
203+, 0.25+0.15GeV? o2(0) 312
A 0.58GeV
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1.4 14
— f35%(0) — %)
12f  — fBRH0) 12l — B850

0.8 0.8

-

0.6 0.6

1.0 /// 1.0
.

I

14
— 135%(0)

12l — B0

0.8 \

0.6

0.4
1.0 1.5 2.0 2.5 3.0 0.60 0.65

M*(GeV?)
Fig. 1.
factorization scale u.

M? =(1.25+0.25)GeV?,
55 =(0.70 £ 0.05)Ge V?,
s§ =(1.05+0.05)GeV=. (48)

In the following discussion, we will take the exponen-
tial model as the default model of D-meson LCDAs. We
firstly focus on the breakdown of different contributions
to the D — & vector form factors. As shown in Fig. 2, for
the leading power contribution, the NLL resummation
will lead to a (5%—17%) reduction of the leading logar-
ithmic (LL) result. As for the power suppressed contribu-
tions, the two-particle twist-five contribution is the dom-
inant contribution, which leads to the O(27%-36%) cor-
rection to the leading power form factor f;  (¢*) of
D — n. However, the three-particle higher-twist contribu-
tion is tiny, which reduces the form factor fgizNLL by
0(1%). The SU(3) flavor symmetry breaking effects
between different final states of pion and kaon are
defined as

SBonld®)

f+, PNLL

D-n

1 , tot
D-rn

,3PHT
D-n

-
-2
0.0 0.5 1.0 15 2.0
7% (GeV?)
Fig. 2.  (color online) The momentum-transfer dependence

of the vector D — n form factors, different form factors from
the leading power LL contribution, the leading power NLL
contribution, the two-particle higher-twist contribution and the
three-particle higher-twist contribution are listed.

0.4
0.75 080 1.0 15 2.0 25 3.0

50(GeV?) H(GeV)

(color online) Dependencies of the vector D — & form factors on the Borel parameter M?, the effective threshold sp, and the

1o k(g

—_ ithi=+,0,T 49
@ ) @9

qu U(3)(6]2) =

and the results are presented in Fig. 3. The SU(3) flavor
symmetry breaking effects of the scalar and vector form

factors Rg’;;e)(O) were adjusted to reproduce the results
from pion LCDA [25], and the tensor result R{ (0) =
1.39 agreed with the result from Lattice QCD [17],
R§U(3)(O) = 1.36. As we neglected the masses of the up
and down quarks, the SU(3) flavor symmetry breaking ef-
fects originated from the strange quark mass, the differ-
ence between the pion and kaon threshold parameters,
and the discrepancy between the decay constants f; and
fx. Different from the B-meson decays, the strange quark
appeared in the charged current of D decays. The depend-
encies of the leading power form factor at NLL fgff;L
and total form factor £ of D—>nx at ¢>=0 on the
Borel parameter M2, the effective threshold parameter s,
and the factorization scale u are shown in Fig. 1. Ob-
serving the left two panels, we find that the uncertainties
owing to M? and sy are both O(10%), and the higher-
twist contributions to the leading power form factor are
insensitive to the HQET parameters. As shown in the
right panel of Fig. 1, the uncertainty owing to the factor-
ization scale is small in the interval of u € [1,1.4]GeV.

To guarantee the reliability of the LCSR, we directly
calculated the form factors in the space-like region
q* € [-2,0]GeV?. The results could be analytically con-
tinued to the positive kinematic region by applying the
following conformal transformation:

s NP\
«q",t0) = ; (50)
Vt+_q2+ m

then, the branching cut region of ¢> was mapped onto a
disk |z(¢%, to)| < 1. In the above equation, 7, and 7, are
given by

ty = (mp +mp)> (51)
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T,2 PNLL
1.6 — R

RE(%)
1.4\

m\

0.0 0.5 1.0 1.5 2.0
4% (GeV?)

Fig. 3.
tensor ¢ — ¢ weak current.

to = (mp +mp) (\mp + \mp)*. (52)
The series expansion for the D — P form factors is simil-
ar to that for the B-meson decay [43], owing to the heavy
quark symmetry

+,T N-1
f[)ﬁp( ) {1+

T =72 bip (2@ 0 =20, 10

» k=1

- [ ) -20,10] ).

N
[9p(@) =15, p(0) {1 + b p (g 10 =200, to)k)} :
k=1 53)

0.0 0.5 1.0 1.5 2.0
47 (GeV?)

(color online) The SU(3)-flavor symmetry breaking effects between the D — x and D — K form factors from the vector and

where we set N=2 for vector and tensor form factors and
N=1 for scalar form factors.

In [44], certain symmetries of the soft contributions
with large final state light meson momentum have been
studied, which could be broken by perturbative QCD cor-
rections and higher-twist contributions. These large re-
coil symmetry relations for the form factors are as fol-
lows [45]:

[l = —fo(q )= fr(q )- (54

Within the framework of QCD factorization (QCDF), we
could obtain the factorization formulae for the heavy-to-
light D-meson form factors at one loop from [45], by
changing the bottom quark to a charm quark

o NP o, 5 a;Cr n-p n-p
= 1 1- In—
Toor@) = fww)[ e ( p— an)]
L mo=n-p @ Cr 87 fo fr f ¢p(uﬂ) f D<wu>’ (55)
n-p 4dn N.mp
A 2)_wf+ ) 1+aScF 1nm_2+2£1n2
DP9 D—P 4 u n-p—mp mp
_mp+mp a;Cr 872 fp fp f ¢P(u ) f ¢D(w '”) (56)
n-p 4n N.mp

where ¢p(u,u) denotes the twist-two pseudoscalar meson
LCDA. The form factor ratios for the semi-leptonic D-
meson decay could be obtained from (54)

08
R0+ 2 D—»ﬂ
Dorld) =0 prq,,@z)
T 2
Ry ) = —2 Jor©) (57)

mp+my [ (q*)°

and the predictions of QCDF and LCSR are shown in
Fig. 4. We find that the predictions of R%* (4?) are con-

D—-r
sistent with each other while the prediction of R D_m(qZ) is

different. Compared with the lattice prediction
RE:H(O) =0.827 [17], our result is more preferable, while

the QCDF calculation is less reliable for D decays.
Predictions for different models are shown in

Fig. 5, where the vector D — & form factor prediction at

g* =0 for the exponential model was obtained by fitting
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(color online) The large-recoil symmetry breaking effects of the D — n form factors, computed using the LCSR approach (the

LL, NLL accuracy results and the overall result) and using the QCD factorization approach.
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0.5

1.0
4% (GeV?)

2.0

the results of [25]. Although the values at ¢> =0 are al-
most the same, the predictions of the local duality model
are more sensitive to the transfer momentum. The de-
pendence of the form factors on the momentum transfer
with uncertainties associated with various parameters is
shown in Fig. 6. Comparing our predictions with the res-
ults obtained using the Lattice QCD, we find that the un-
certainties of our predictions are larger and the uncertain-
ties of the tensor form factors are more significant. Al-
though the uncertainties in this work are significant, the
shapes of the D — P form factors obtained using the two
methods coincide. Based on the dominant uncertainties
for different parameters in Table 2, the uncertainties of
the NLP corrections are dominated by the inverse mo-
ment. However, the significant errors of the shape para-
meters b’i, p(i=0,T) are from the model dependence of the
D-meson LCDAs. For the tensor form factors, variation
of the renormalization scale v also leads to large errors.
To extract the CKM matrix elements [V,,|, we follow
the strategy presented in [46], where the following integ-

ral was used:

AL(qhq3) =

1 0
[
|ch| '

, dI(D — nty)
dq? '

(58)

0.0 0.5 1.0

4% (GeV?)

2.0

(color online) Dependence of the D — &, K form factors on the nonperturbative models of the D-meson LCDAs.

The differential decay rate for D — P{v is given by

2

dI(D — Plv) G2 |Veql* P22 w2 |1 - m_12

d? 192w m ped 7
D
m2

y (1 + ﬁ) [|f5%<q2>|2
3m} (m, —my)* I: (q2)|2]
Amm2.?) (2 +24%) " P77
(59)

where A(a,b,c) = a*> +b*> +c*—2ab—2ac-2bc. Employ-
ing the predictions of the D — n form factors in this
work, we obtain the following result for the ¢ function,
after the integration of ¢* from 0 to 2.9 GeV?

AZ,(0,2.9GeV?)

+0.0 +0.011
-0.033 [p2 -0.014

+0.023
50 0.0

_ +0.054 +0.002 B
= (0.152_0.032 |/ln —-0.005 |0'|

¢z) ps
=0.152*0192 ps~!,
(60)

where the second line is the result including the uncer-

113106-13



Long-Sheng Lu, Yong-Kang Huang, Xuan-Heng Zhang

Chin. Phys. C 45, 113106 (2021)

S (@)

00 0.5 1.0 13 i
7* (GeV?)
3
Ioe @)
2
N
0
-1
0.0 0.5 1.0 15 70
7* (GeV?)

S @)

0.0 0.5 1.0 1.5 2.0
47 (GeV?)

Fig. 6.

3
fix @ P
2 L
1o =t
0
-1
0.0 Y] 5 . 2.0
7* (GeV?)
3
ik @)
2
N ey
0
-1
0.0 0.5 o s .
7' (GeV?)
3 —
P
/”
fox @) -
0
-1

0.0 0.5 1.0 1.5 2.0
4’ (GeV?)

(color online) The momentum-transfer dependence of the D — &, K form factors, where the pink bands are tehbresults from the

predicted D-meson LCDAs and blue bands are the ETM results [15, 17].

tainties associated with various parameters. Adopting the
experimental measurement  B(D* — n%*v,) = (3.63+
0.08 +0.05) x 1073 from the BES-III collaboration [3], we
extract the CKM matrix elements |V,

|Vcd| =0.151 fgg?é th. tggg exp.” (61)

By changing the down quark to the strange quark, and
repeating the above calculation with the ¢ interval
(0~1.8) GeV?, we obtain

A,(0,1.8GeV?)

_ +0.027 | +0.001 +0.0
= (O 104 ~0.017 |/1D —0.005 o, -0.023

=0.1047005 ps~",

+0.002
M2 -0.003

+0.022
5, —0.00

-1

¢;) ps

(62)

and the CKM matrix elements can be extracted by adopt-
ing the experimental result of the D — Kev, branching
ratio B(D* — K%*v,) = (8.6+0.06+0.15) x 1072 [3]

Vesl = 0.89203% . 20008 (63)

th. —0.008 exp. :

Compared with the latest results from Lattice QCD
and experiments (Table 3), our prediction of |V,4| is much
lower than others, which indicates that the predicted form
factors are too large. This result may be owing to the fact
that many important power suppressed contributions,
such as the power suppressed term in the heavy-to-light
current, were not taken into account. A more careful
study of the power suppressed contribution is needed. In
Fig. 7, we present the normalized differential ¢ distribu-
tions of D — &, K. Considering that no experimental data
are available, we hope that relevant experiments could be
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Table 2.  Theoretical predictions of model ¢f, |(w,uo) for the shape parameters and the normalizations of the D — x, K form factors at
¢* = 0 entering the z expansion with the dominant uncertainties from variations of different input parameters.
Parameters Central value Ap o M2 ) M ¢5(w) v
+0.103 +0.026 +0.024 +0.018 +0.003 - -
FAR ()} 0.668
4 —0.067 —0.028 —0.033 —0.020 —0.018 - -
+0.136 +0.049 +0.014 +0.041 0 0 -
by, -0.69
’ -0.107 —0.038 —0.020 —0.044 —0.164 —0.874 -
+0.158 +0.036 +0.031 +0.077 0 0 -
L -2.10
’ -0.073 —0.033 —0.046 —0.083 -0.372 —0.553 -
+0.126 +0.032 +0.024 +0.021 +0.003 - +0.379
P () 0.637
—0.083 —0.034 —0.034 —0.023 —0.031 - —0.108
+0.185 +0.065 +0.004 +0.021 0 0 +0.227
bl -0.96
i —0.141 —0.050 -0.005 —0.022 —0.463 —0.911 —0.431
+0.091 +0.024 +0.010 +0.007 +0.002 - -
I52(0) 0.768
-0.061 —0.025 -0.013 —0.008 -0.23 - -
+0.102 +0.035 +0.044 +0.034 0 0 -
bt ¢ -1.025
’ —0.058 —0.025 —0.064 —0.037 -0.135 -1.076 -
+0.250 +0.060 +0.078 +0.060 0 0 -
B . -2.103
: —0.140 —0.060 —0.113 —0.064 —0.362 —0.706 -
+0.135 +0.035 +0.016 +0.011 +0.002 - +0.485
FE () 0.888
-0.091 —0.037 -0.021 —0.012 —0.045 - —0.138
, +0.185 +0.065 +0.004 +0.021 0 0 +0.227
. —0.960
’ —0.141 —0.050 -0.005 -0.022 —0.463 -0.911 —0.431
) , vor symmetry breaking and the large recoil symmetry
Table 3. Predicted CKM matrix element values from ETM : . . .
, breaking effects were also studied in this work. Espe-
and BES-III collaborations. . . .
cially, the predicted SU(3) flavor symmetry breaking ef-
Ve Ves + 0 —
Vedl [Ves| fect of vector (scalar) and tensor were R (RS 3))
ETM[15 0.2221(68 1.014(25 T = i T
[15] (68) (25) 1.12 and Rg;;) = 1.39, and our predicted Ry, result

BES-III[3] 0.210+0.004 £0.001+0.009 0.944 +0.005+0.015+0.024

BES-III[2] - 0.955+0.005 +0.004 + 0.024

conducted in the future.

V. CONCLUSION

The D — P transition form factors are the fundament-
al nonperturbative parameters in the semi-leptonic and
non-leptonic D decays; thus, they are of great importance
for determining the CKM matrix elements V.,. Employ-
ing the LCSR method, we calculated the D — &, K form
factors, including the NLL resummation of the leading
order contribution and the higher-twist contributions from
the two-particle and three-particle D-meson LCDAs at
the tree level. The numerical results indicate that the cor-
rections from the two-particle higher-twist contributions
are 0(27% —-36%), while corrections from three-particle
higher-twist contributions are negligible. The SU(3) fla-

was consistent with the lattice result, 1.36 [17]. The large
recoil symmetry, which holds for soft form factors, can
be broken by three-particle higher-twist corrections.
When comparing the predictions of the QCDF and LCSR
for the large recoil symmetry breaking effect, we found
that the QCDF prediction of RL* is less preferable and
our result is closer to the lattice data.

As some parameters (such as the inverse moment and
the shape of the D-meson LCDA) are not well determined,
the uncertainties of our predictions of form factors are
large. To study the uncertainties associated with different
variables, we adjusted the inverse moment to reproduce
the vector D — & form factor result from the pion LCSR.
The predicted form factors were further applied to ex-
tract the CKM matrix elements. By utilizing the meas-
ured branching ratios and by integrating the ¢ function,
we obtained the predicted V4| =0.151091 +0.017

.0431th, =0.02 lexp.
_ +0.467|  +0.008 .
and |V, =0.89%53) th, ~0.008 lexp. Comparing our results

with the experimental and the lattice results, we found
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Fig. 7.

that the prediction of |V, isclose to the former. Al-
though |V,,4| in this work was lower than the results repor-
ted by the BES-III and the ETM collaborations, this res-
ult is still reasonable within the uncertainties of the pre-
dicted CKM matrix elements, and a more careful study
with profound investigations of the power corrections is
needed to reduce the uncertainties. We can further invest-
igate the subleading power contributions not considered
in this paper, such as the subleading power correction
from heavy quark expansion in HQET, the subleading
power corrections from the quark propagator expansion at
the tree level, and the four-particle D-meson LCDA cor-

0.8

S dl"(D*’-)Jre"v /dq

(GeV™?)

0.6 l'(D+ > e ve)

~<

0.4

0.2

0.0

0.0 0.5 1.0 15

7% (GeV?)

2.0 2.5 3.0

(color online) Normalized differential ¢> distributions for the D — x, K decays.
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APPENDIX A: EVOLUTION FUNCTIONS

We borrowed the evolution functions U;(Ey, s, 1)
and U(E,,up,u) from [39], and U,(E,,up,n) was ob-
tained by setting the cusp anomalous dimension to zero.
Details can be found in this reference.

() . ’
y(as) Iﬁ(:usp(a's)( 2E, f da )])
U(E,,up, 1) =ex dag +—(In— -
Epottnob) =exp Uw ) [ﬁ(as) Ba) \' i o Bl
=exp( Lo ( an [lnr—1+l —’3—11n2r+(r1 ﬁl)[ —l—lnr])]
45 \ avs(un) r] 2B I'o Bo
2E, —ghr
x(—) rowox |- aS('uh)r—Oz(—[ -] +ﬁ—2[1—r +21nr]
Hn 4rm 485 2Bo
AT INN B
o [3-4r+r +2rlnr]+2ﬁ% [1=rl[l—-r Zlnr])
(1) 1 T}, vi yoBi ) ]
— 1 -r]+0 . Al
o ( (zﬁo 28 ]+2ﬂ0 Y )[ rl+0(ay) (Al)
The QCD evolution factor Us(vy,v) is given in [33] - el
yria) =) L
Q\(V) y (a) N T 47T T °
_ ’ T\Us
Uty =i f< 4 pay) vy ==2Cr,
257 52
0 (1) ) (1)
R as(vp) vr Bi 2 =Cfr [lch ——Cy+—nsTp|. (A3)
=7 %o _— - 9 9
7 [1+ A (2,80 Zﬂg J(l 2)+0(a3)],

(A2)

with z = a,(v)/as(vy). The anomalous dimension yr(ay)
for the tensor current at the two-loop accuracy is [47]
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(3P) (3P)

The expressions for p;} NLP

and o n,n,T) were
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evaluated in [33], and they are given by

Py =(1=2u0) [Xa —Wa —2Y4] = Xy =Py +27a,

Pty =2 [Pa—Wyl+4 W+ Yy + T4 -22],

P =2(u—1) (P4 +¥y)

D) = (Wa—Wy) - [Xa+ R —2¥4—27,]

PP (1= 200) Wy + X4 —2¥a) + Wa— Xa+2 74,

p?,ﬁ)LP I(\I’A—\Pv+XA +XA)+2 [2W+ Yo+ YA—4Z] s
(BI)

APPENDIX C: FOURIER TRANSFORMATION
OF THE NONTRIVIAL RELATIONS
OF D-MESON LCDAs

One could obtain the D-meson LCDAs by changing
the bottom quark to the charm quark, owing to the heavy
quark symmetry. Following [35, 36], we could express
the twist 4 DA g}, and twist 5 DA g, in terms of three
particle DAs. Applying the operator identities (20), we
obtain

d
z—+1

1
O_(2) = D, (2) +22° f udu®3(z,uz),  (Cla)
dz 0

d 1 _
222G, (2) =— [zd—z — —+izA[D,(2)

2

| 1
—Ed)_(z)—zzfﬁdu‘h(z,uz), (Clb)
0

d 1 _
222G (2) =—|z2— — = +izA|D_(2)
dz 2

1 1
- §<D+(z) _sz aduY¥s(z,uz), (Clce)
0
d .=
D_(7)= (z— +1+ 21ZA) D, (2)
dz
1
+27° f du [uCD4(z, uz) + ¥4 (z, uz)], (C1d)
0
where
Guop) = f dwe g (w.p) (C2)
0
and
A=mp-m,. (C3)

Implementing the definition of the momentum space

distributions
00 infty . )
‘PA(Z1,22)=f dwlf dwye™ 7%y, (wr, w2),
0 0
(C4)

and performing the Fourier transformation, we obtain
(22), (23), (24) and (25).
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