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Abstract The helicity form factors of the D) — A€ty
with A = a;,a, by, b9, K1(1270) and K;(1400) are cal-
culated in the light-cone sum rules approach, up to twist-3
distribution amplitudes of the axial vector meson A. In the
helicity form factors parametrization the unitarity constraints
are applied to the fitting parameters. In addition, the effects
of the low-lying resonances are included in series expan-
sions of aforementioned form factors. The properties of the
D5y — A€1v semileptonic decays are studied by extending
the form factors to the whole physical region of ¢2. For a bet-
ter analysis, a comparison is also made between our results
and the predictions obtained using transition form factors via
LCSR, 3PSR and CLFQM methods.

1 Introduction

The weak semileptonic and hadronic decays of charmed
mesons, which occur in the presence of strong interaction,
are ideal laboratory candidates to determine the quark mix-
ing parameters and the values of the Cabibbo—Kobayashi—
Maskawa (CKM) matrix elements and establish new physics
beyond the standard model (SM). These meson category
masses are (O 2 GeV), therefore charm decays are helpful to
study nonperturbative QCD while, the heavy quark effective
theory (HQET) can also be utilized to study D meson decays
[1].

D(s) meson decays can be classified into two categories.
The first one, which occurs via ¢ — u £7¢~ transition at
quark level, is named the flavor changing neutral currents
(FCNC) decay. The D — nfT¢~, D — pT¢~, D — 7 y
and D — p y from the first group, are studied using QCD
factorization [2]. The second class, which happens by the
semileptonic decay of charm quark ¢ — d(s){¢v are ana-
lyzed via different approaches. Traditionally, semileptonic
decays are explained in terms of transition form factors as
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a function of the invariant mass of the electron-neutrino
pair, ¢2. These form factors which parameterize nonpertur-
bative effects, are measured for D — K{v decay in [3],
while, the Light Cone QCD Sum Rule (LCSR) approach
is utilized to studying D — m(K, p)£v decays [4-6].
The form factors of the D* — (D%, p°, w, n, n)¢v and
Df — (DY ¢, K K*O, 5, 7)€ v semileptonic decays
have been calculated in the framework of the covariant con-
fined quark model (CCQM) [7,8]. The semileptonic decays
D — (m, p, K, K*)£v have been studied using the (HQET)
in Ref. [9] and the lattice QCD (LQCD) results for the D —
(K, K*)£ v processes are reported in [10-12]. In Refs. [13—
20] the semileptonic decays Dy — fo(Kj3) €v, Dy —
n(K)£v, and Dy — K*(p, ¢) £ v have been investigated
in the framework of the three-point QCD sum rules (3PSR).
The D — ay, f1(1285), f1(1420) and D) — K; £ v tran-
sitions as the D, decay to the axial vector mesons, have
been calculated by the 3PSR method [21,22].

In this paper, the helicity form factors for the D) decays
into axial vectors are calculated with the LCSR. The helic-
ity form factors which can be obtained by contracting the
W (or Z) boson polarization vectors and the transition matrix
elements, are also functions of qz. The relations among the
Dy — A transition matrix elements, transition form factors
and the helicity ones are presented in Table 1.

There are some advantages in using the helicity form fac-
tors:

1. Diagonalizable unitarity relations can be imposed on the
coefficients of the helicity form factor parameterization.

2. In the helicity form factors, the contributions from the
excited states and the spin-parity quantum numbers are
considered by relating the dominant poles in the LCSR
predictions to low-lying resonances (for more detailed,
see [23]).
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Table 1 The D) — A decay

. . . Matrix element
hadronic matrix elements with

Transition form factors Helicity form factors

the corresponding transition and

Als(d, i) y"*y3c|D A
helicity form factors. In this { l‘(_ _u)_ Y 2: clDes) } Hvo
table V and 7 stands for the (Als(d. i) y*e|Ds)) Vo, V1, V2 Hy,1, Hy2
vector and tensor current, (Alu _UHVVSdeD(s)) T, T, T3} Ht,0
respectively (Al o'’ qyc| Dys)) e Hra1, Hro
I’I(‘)i::/)-lley izngT?)? jnrisssoe;a(r)lfces and D meson Mass (Gev) D meson Mass (Gev)
S

their relations to the helicity + +

D 2.01 D 2.35
form factors. The masses are JP =1, Do 200 JE=1%, Do 235
taken form PDG values [25] and Hva D, 2.11 Hy.0. Hv.2 Dy 2.46

the heavy-quark chiral

symmetry approach [24]

The masses and quantum numbers J ¥ of low-lying Dy
resonances with the relations among the helicity form factors
are provided in Table 2. These masses will be used in the
helicity form factors parameterizations. Notice that the mass
values for D;(17) and none of the (17) states predicted in
[24] have been experimentally confirmed yet.

In [26], the helicity form factors are calculated via LCSR
approach for B — p decay. In this paper, these form factors
are evaluated for D° — a; (b])¢Tv, DT — a¥(b))etv and
D¢y — Ki1€Tv decays, which are described by ¢ — d €v
transition at quark level. The form factors are also estimated
for the ¢ — s £v transitionin D — K£"v decay. Here the
physical states K1 = K1(1270), K1(1400) are the mixtures
of the K14 and K p in terms of a mixing angle as [27]:

|K1(1270)) = sinfg|K1a) + cosOk|K1B),
|K1(1400)) = cosk |K14) — sinfg |K1p), (D

where |K14) and | K p) are not mass eigenstates. The mixing
angle 0k is determined by various experimental analyses.
The result 35° < |0x| < 55° was reported in Ref. [28].
Moreover, two possible solutions were obtained as |0k | ~
33° v 57°in Ref. [29] and as |0k | &~ 37° Vv 58° in Ref. [30].
Using the study of B — K(1270)y and T — K(1270)v,
decays, the value of Ok is estimated as [31]

Ok = —(34 £ 13)°. (2)

In this study, the branching ratio values are reported for the
Dy — Ki€Tv decays at 0 = —(34 + 13)°.

Our paper is organized as follows: In Sect. 2 by using the
LCSR, the form factors of D) — A decays are derived.
Section 3, is devoted to the numerical analysis of the form
factors and the branching ratios for semileptonic and decays.
A comparison of our results for the branching ratios with the
other approaches and existing experimental data is also made
in this section and the last section is reserved for summary.

@ Springer

2 Light cone QCD sum rules for D® — aj ¢v Helicity
form factors

To calculate the helicity form factors of D? — a, Lv decay,
the following correlation function is considered:

a C]2 * 4. igx
0% (pi, pf) = \/;Zgaﬂ/d xe'd
x(ar (py. eI T { @) i@} 10). 3)

where p;, pr = (pF},O, 0,|pfl) and g = p; — py are the
four-momentum of the D, a, and W-boson, respectively.
Moreover, j ,i"’ =d ¥, (1 — y5)c is the interaction current for
D’ — a, process and jpo = iuysc is the interpolating
current for D° meson. In T2 expression, &y and ¢, denote
the polarization for a; meson and W-boson, respectively as

1o
ea=0 = —(Ip71.0,0, p%), )
ma]—
1
‘E‘Ot::t = :FE(O» 17 :Fiv O)a (5)
1
Eo=0 = —F— (|6]|, Os Ov _qo)’ (6)

/q2
with [pr| = \/)_\/ZmDo, p?c = (m%)0 +m§1_ — qz)/ZmDo,
Gl = 1Pyl and ¢° = (m7y, —m>_ +¢*)/2mpo. Also, & =

1
(1 — @*)(ty — q%) with t4 = (mpo £ ma;)z. Moreover,
£5—+ has similar definition as gy—.
For off-shell W-boson, e5,—1 and &,—» are linear combi-
nations of the transverse (4) polarization vectors as
(Eo=—) — (Eo=1)
V2
oy — (o=—) + (€0=+)
o= \/E

In the Light Cone QCD sum rules approach, the correla-
tion function is given in Eq. (3), should be calculated in

80'=1 = = (01 17 Os 0)1 (7)

=(0,0,4,0). 8)
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phenomenological and theoretical representations. Helicity
form factors are found to equate both representations of the
correlation function through dispersion relation.

The phenomenological side can be obtained by inserting
a complete series of the intermediate hadronic states with
the same quantum numbers as the interpolating current jpo.
After separating the lowest D° meson ground state and apply-
ing Fourier transformation, T2 is obtained as:

e = \/7 Z ext

lar (P €a)ld ml - )/S)C|DO)(DO|]D0(O)|O)
P?)

SFrel e

where, p,, is the density of higher states and continuum which
can be approximated using the ansatz of the quark-hadron
duality as

ph(s) = p2P()0(s — 50). (10)

where, p/; och _ 1 —Im(I1 QCD) is the perturbative QCD spec-

tral density and 50 is the continuum threshold in D° channel.
Now, the following definitions are used for the first and sec-
ond matrix elements in Eq. (9):

q _ A
N 28:M<a;(pf78a)|d Yu(l —y”)c|D )

a ) f o m2
= Ha' (D1 (0)[0) = ===L2, (11)

¢

where Hg' fpo and mpo are the helicity form factor of
D’ — a, Lv decay, the decay constant and mass of the DO
meson, respectively. The final result for phenomenological
part of correlation function is obtained as:

2 ay
Hal . fDomD HU
o

2

\/72 *“/OO A (12)

To evaluate the correlation function ITg' in QCD side, the 7°
product of currents should be expanded near the light cone
x2 ~ 0. After contracting ¢ quark field,

5 (pis py)
2 . -
—i\/%;ez’;“/d“x e ar (py,ea)ld(x) vy
x(1 = y5) Sc(x,0) c(0)}]0), (13)

is obtained. Where S.(x, 0) is the full propagator of the ¢
quark. In this paper, the contributions from the gluon contri-
butions have been neglected and only the free propagator is
considered as:

d*l L V4 me

Se(x,0) = (27_[)4(3 TR

(14)

Replacing Eq. (14) in theoretical part of IT5' (p;, ps) yields:

4 i(qfl)x
Z/ (271)4 P m?

X{(‘?z“l”(af(pfn%)IJ(X)VWVVSC(O)IO)

8 (pi, py) =

+e 1" ay (g, ea)ld () yuyve(0)}10)
+me g5t (ay (pr, €a)ld () yuysc(0)}]0)

—me g5l (py. 8a)|J(X)V;LC(0)}|0>-}-
(15)

Asitis clear from Eq. (15), to calculate the theoretical part of
the correlation function, the matrix elements of the nonlocal
operators between a;” meson and vacuum state are needed.
Two- particle distribution amplitudes for the axial vector
mesons are given in [32], which are put in the Appendix.

Now, two-particle LCDAs are inserted in Eq. (15) and then
integrals over x and / should be evaluated. In the final step,
to get the LCSR calculations for the D — a, Lv helicity
form factors, the expressions for o = 0, 1, 2 from both phe-
nomenological and theoretical sides of the correlation func-
tion are equated and Borel transform is applied with respect
to variable pi2 as:

2

B 2 (M?) ! D7e il (16)
2 n o= n’
A ) T T o

which eliminates the subtraction term in the dispersion rela-
tion and exponentially suppresses the contributions of higher
states. Finally, the helicity form factors for DY — a; L,
transition are obtained in the LCSR as

yr = Medar {—"ﬁ / b1 — g1V
0 fDOm%O 4 Juo u* M?
1 i,(a) 2y sw
n % dulL 01(q”) o
)\. uo u
me= (1 P @+ D VE
+ du 573 e m?
4 Ju, u-M
1
+—fa; 1 du —CDL(M)
maffaf uo u
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[2 01(q%) 02(q>, u) +A} st
X eM?

Vi
+4fj; May /‘d hy ) Vi
u
ap uo u* M?
63(q% ) — Oa(g2 )| g 4 a Mar
X|:1+ 3g-, 2(q~, i|€"”2+ aj 1
M? ,
a4
1 zz (l)(u) 92((/]2, ) o)
x/ du - - 241 Mz}, (17)
uo u M

H mefar | q? {mcmal /1 d gt
=— = u
: fD°m2D0 2 2 ug U~ A
L

L PL) brgP ) sty
u/A

1 ll(l‘)(u)
x/ du Y [1—

o Medar /ﬁ{%/ldu 8"
g fDomzo 2 2 ug U~A
1

- o u? M2

1
Ha [t erw et s My
Sar u/a a
1 ” @ (M) 0 s(u)
» /' du - 2 (g2, 1) o
2 \/_ M?2

: (@ () ()

where, @, &, are twist-2, g ", gJ_ h

3 functions and ﬁflt) = hl(lt) — §<I>J_(u). Moreover, fa]— and

faJ: are scale-independent scale-dependent decay constants
1

of the a;” meson, respectively [32]. We also have:

du

}, 19)

and hl(lp ) are twist-

1
uo(so) = Py |:\/(SO - mil’ —q%)? +4m§; (mg —q?)
p
2 2
—(s0—m2 —g?)].

@ Springer

1 2 - 2 2 2
s(u):—; [mc—i-uumal_—uq umDo],
2 1 2 2 2 ‘12
01(q7) = 3\ mpo = my - = my, e
1
6r(q%, u) = — (3 Wt m? 4 g mf),
u a;
1
03(q%, u) = — ( 2uit m?- +2iiq’ —m2>,
u
u
0w = [ v, £ = / dv / do f(w).

(20)

The explicit expressions for twist functions are presented in
the Appendix.

Following the previous steps in this section, phrases sim-
ilar to Egs. (17, 18, 19) can be obtained for the helic-
ity form factors of D® — by ¢y, DT — adB))ety,
D’ — Kialtv, D° — Kipttv, Dy — KialTv as well
as Dy — Kjpftv decays. For the physical states K1 (1270)
and K1 (1400) the following relations are used:

HKl(mo) = sinfg HK“‘ + cos Ok HK‘B
HKl(MOO) cos Ok HK‘A — sinfg HK”‘

3 Numerical analysis

Our numerical analysis for the helicity form factors and
branching ratio values of the semileptonic D¢y — A€*v,
are presented in two subsections. The helicity form factors
of the semileptonic D — al(bo, 0 KVt DO —
ay (b))t v, and D — KP, (K)p)etv decays are evalu-
ated in the first subsection. In the second ones, using these
form factors, the branching ratio values are estimated for
considering decays.

In this work, masses are taken in GeV as GeV as m, =
(1.28+0.03), m p+(poy = 1.86,mp, = 1.96,mg, = (1.23+
0.40), mp, = (1.23 £0.32) [25], mg,, = (1.31 £ 0.06)
and mg,, = (1.34 £ 0.08) [32]. The results of the QCD
sum rules are used for decay constants of D and D and
axial vector mesons in MeV, as fp+poy = (210 = 12) and
fp, = (246 £ 8) [33], f,, = (238 £10), f5, = (180 £ 8),
fx,, = (250 £ 13) and fg,; = (190 £ 10) [32]. We can
take fa = f f{- at energy scale © = 1 GeV [32]. The values
of Gegenbauer moment for the axial vector mesons, can be
found in [32].

3.1 Analysis of helicity form factors

The formulas of helicity from factors, Eqs. (17, 18, 19), con-
tain two free parameters sy and M?2, which are the con-
tinuum threshold and Borel mass—square, respectively. In
this paper the values of continuum threshold are chosen as
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Fig. 1 D° — a; helicity form factors as functions of M 2. For Hg‘ we take g2 = 0 while, for H'f‘z the results are plotted at g> = 0.01 GeV?2.

The threshold parameter is taken so = (7 £ 0.2) GeV? for every plot

0.8 0.4

0.1

l— Twist-2 DAs —— Twist-3 DAs|

—— Twist-2 DAs —— Twist-3 DAs

0.0

H,*1(q?=0.01 GeV?)

0.1

l— Twist-2 DAs —— Twist-3 DASI
~
0.4 % 0.2
s o
o s
g S
& Il
=] o
e g
0.0 N_"‘ 0.0
X o v
04 T T T T T T 0.2 T T
2 4 6 8 10 12 14 16 2 4 6

M(GeV?)

M(GeV?)

T T T -02 T T T T T T
10 12 14 16 2 4 6 8 10 12 14 16

M(GeV?)

Fig. 2 The contributions of twist-2 and twist-3 distribution amplitudes in the D? — a; helicity form factors on M 2 and sp = 7 GeV?2. The values

of ¢? are taken as Fig. 1

so = (7£0.2) GeV?2 [22] and working region for M? is pro-
vided that the contribution of higher states as well as higher
twist contributions, be small.

Figure 1 shows the dependence of the D? — a; helicity
form factors with respect to M 2 Since Hy— 1,2 vanish at q2 =
0, these two form factors are plotted at q2 = 0.01 GeV2. It

is easily seen from Fig. 1, that the form factors Hgl , Hclll

and H;' obtained from the sum rules, can be stable within
the Borel parameter intervals 5 GeV> < M? < 8 GeV?.

The contributions of twist-2 and twist-3 distribution
amplitudes and higher states in the D? — a, helicity form
factors, with respect to M?, are displaced in Figs. 2 and 3.
It can be observed that at the above-mentioned interval from
Borel mass, the higher twist contributions as well as higher
states, are suppressed. Our numerical analysis shows, that
the contribution of the higher states is smaller than about 8%
of the total value.

Using all the input values and parameters, the helicity
form factors can be evaluated as a function of ¢2. The val-

ues of H for aforementioned decays at the zero transferred
momentum square ¢> = 0 are presented in Table 3. In this
table, the contributions of twist-2 distribution amplitudes are
also reported. The main uncertainty in Ho(g> = 0) comes
from ¢ quark mass m, and @ light cone distribution ampli-
tude.

In order to extend LCSR prediction to the whole physi-
cal region, m% < q2 < (mD(S) — mA)z, we use the series
expansion given in [23] as:

Hi (g = !
2@ mpy Wala® 1) $(a?)
< Y a7t g? 1), 21)
k=0,1
/_— 2
Hi (g% = {99 Y al'F gt ), @)

z(qz,m%fs))zﬁ(qz) K=ol

@ Springer
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Fig. 3 D° — ay helicity form factors as a function of M 2 for so = 7 GeV? as well as the higher states contributions in these form factors. The

values of g2 are chosen as Fig. 1

Table 3 Helicity form factor

2 _ Epy 2 _ Cp
Ho as well as contribution of Process Ho(g= =0) Twist-2 Process Ho(g= =0) Twist-2
twist-2 distribution amplitudes _ _
of the D* — a0(b) eﬁv, DY — a; v 0.67792¢ 0.56702L DO — bty —0.761022 —0.62+016
_ 0.18 0.14 0.15 0.11
D° — aj (by) g+,i’ Dt — a%*v 0.461) % 0.38%50; Dt — bty —-0.537913 —0.43510
D — Kia(Kip) £7vand D — Kiattv 051792 040701 D Kigtty —0.95792 —0.83%021
Dy — Kia(K1p) £1v decays at o014 o1l 015 o1
> =0 Dy — Kialtv 0317015 0.21%5:08 Dy — Kipttv —0.4075 12 —0.32751)
Table 4 Values of by, by and by
related to F( (q2) for the fitted Form factor ay ar A Form factor ay ar A
form factors of 0~ 0_,p—
D) — ar. b1, K14 and K1 Hy O 0.05  —0.95 0.36 Hy ~0.10 0.49 0.32
.. 0 0_, p—
fransitions Hy —0.07  —0.56 0.26 Hy 012 —0.54 0.17
0_, 0 p
Hy O —0.12 0.83 0.24 ny 0.10 —0.87 0.50
+ +_ 0
el 0.03  —0.67 0.35 i —0.07 0.34 0.31
+_ +_p0
Do —0.04  —039 0.26 br=h 0.08 —0.38 0.16
+_s ¢ + 0
Hy T ~0.09 0.59 0.24 ny N 007  —06l 0.48
Hy K 0.12 —0.54 0.57 Hy R —0.04 0.68 0.83
Hy K —0.09 —0.85 0.30 Hy R 0.16 -0.71 0.57
Hy K -0.02 0.08 0.29 Hy K 0.16 —0.90 0.54
Hy K 0.02 0.85 0.17 Hy K -0.05 0.72 0.22
Hy K ~0.07 —0.76 0.05 Hy K 0.12 ~0.82 0.19
Hy K —0.01 —0.14 0.05 Hy K 0.04 —0.77 0.11
)
Hi(g?) = v=ien 0 —2(¢%,0) = \/g*/mpy . (25)
z2(q?, m%z V@ 1) ¢
A2
x Y a g ), (23)
k=0,1
where where t = g, 1_, mp,, with 14 = (mD(A,) + mA)2 and 1o =
t+(1 — /1 —t_/ty). Moreover, D(’S) shows the resonance
. (q2 1= ty —q N (24) states are given in Table 2. The function ¢ (g°) is given by

th —q>+ iy —1

@ Springer
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Fig. 4 D" — a; and D’ — b helicity form factors as a function of g?. Circles show the results of the LCSR while, black lines show the fitted
form factors in the whole physical regions. The shaded bands stand for the results correspond the upper and lower values of the input parameters

$(q?) = 3tpt- (Z(q2,0)>2 (Z(qz,to)>_0'5
R2rxo \ —q° to — q?

2 —0.25 242 0.25
C(H) T (YT g
t_—q I —1o

where x( has been calculated using OPE and is given by [23]:

. 1+ 0.751cg(m,)
X0 = 82

It should be noted that for the functions v/z(g2, t_) and ¢ (qz)
the replacement mp,, — m Dy, must be made. For the series
expansion parameterizations (21), (22) and (23), the unitarity
constraints are obtained as [23]:

27

@+ @+ @t} <1 28)
k=0,1
We use parameter A defined as:
HA( 2) _HA,ﬁt( 2)
p = Zelle@ - "l (29)

2 [HA@D)

where 0 < q2 < (mpg, — mA)2/2 to estimate quality of fit
for each helicity form factor. Table 4 includes the values of

af, a5 and A for the helicity form factors of the semileptonic
decays. For these results all the input parameters are set to
be their central values. As it can be seen from the values of
A parameters, are reported in (4), the fit functions (21), (22)
and (23) cover the LCSR predictions for the helicity form
factors.

The dependence of the form factors Ho, H; and H; for
D — a; and D° — by transitions on ¢ are plotted in
Fig. 4. In these plots, the LCSR results and the fitted form fac-
tors are displaced with circles and black lines, respectively.
Moreover, the shaded regions are obtained using upper and
lower values of the input parameters.

3.2 Analysis of the branching ratios
Now, we are ready to estimate the branching ratio values for
the semileptonic D) — Af€v decays. The differential decay

width of considered semileptonic decays is evaluated in SM
as:
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Fig. 5 The differential branching ratio of D — a; and DY — b\ decays as a function of q?. The shaded intervals show the results obtained

using the upper and lower values of the input parameters

2

AU (D) — Av) _ VAGE Vey

dq? 19273 m3,
x {[Ha‘ @P +HH G +HE @1
(30)
where V.;r = Veq(Ves) is used for ¢ — d(s) £v transition.

To calculate the branching ratios, the total mean life time
tpo = 0.41, p+ = 1.04 and Tpt = 0.50 ps [25] are used
for the Dy states. The differential branching ratios of D° —
a, (b;)¢v with their uncertainly regions, are plotted with
respect to g2 in Fig. 5. Moreover, our results for the branching
ratio values of the semileptonic decays D? — a, (by)¢vand
Dt — a?(b?)ﬂv decays as well as the estimations of the
other approaches are presented in Fig. 6. The predictions of
LCSR [35], 3PSR [22] and CLFQM [36,37] are calculated
by using transition form factors.

The 0k dependence of the branching ratio values of D)
decays into the physical states K1(1270) and K{(1400), are
displaced in Fig. 7; and comparison between our results and
other theoretical technics at 0 = —(34 £ 13)° are given
in Fig. 8. The D* — K9(1270) e*v, decay is searched
at the BEPCII collider and its decay branching fraction is
determined tobe B(D* — KV(1270) eTv,) = (2.3040.69)
[38]. Our branching ratio of DT — K ?(1270) etv, agrees
with the experimental measurement when g = —(36.68 £+
6.30)°.

In summary, we calculate the D) to axial vector mesons
ay,al, by, bY, K1(1270) and K (1400) helicity form factors
using the light cone QCD sum rules. The uncertainties of the

@ Springer

m  Thiswork ® LCSR[35] * 3PSR[22]
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1

w
1

Sl

[D.a/] [D°,5]
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Fig. 6 Our predictions for branching ratio values of the semileptonic
DY — ay (b))Lvand Dt — a?(b?)ﬁv decays. The results of the other
methods, estimated using transition form factors, such as LCSR, 3PSR
and CLFQM are also reported

helicity form factors come from the borel parameter M2, the
charm quark mass m, and @ twist-2 light cone distribution
amplitude of the axial vector meson. To extend the LCSR cal-
culations to the full physical region, the extrapolated series
expansions are used and the low-lying D meson resonances
with 11 and 1~ quantum numbers were utilized as the dom-
inant poles. Based on the fitted form factors, predictions for
the branching ratios of relevant semileptonic decays were
reported and a comparison was made between our results
and other method estimations. Our calculation for branching
ratio of D¥ — K ?(1270) e*v, decay is in good agreement
with the BEPCII collider measurement within errors at the
mixing angle 6y = —(36.68 + 6.30)°



Eur. Phys. J. C (2020) 80:553

Page 9 of 12 553

NS B SRR
X P \
X >
Z 08 / \
= /
E /'/
N~ II
~ /
\ /
g /
A 044 /
= /
as] //
/
/
)
V4
0.0 ; ; ;
_r L 0 n r
2 4 4 2
B¢
024
3
~ 0184
- NN
= / \
S / \
a
< 0124 /
Y / \
T / \
a / \
& / \
0.06 / \
/’/
/ \\
0.00 T T T e
_r T 0 n T
2 4 4 2
B¢

021
)
; '///_‘\
- 3
Z 0144
S \ ,
S /
3 \ /
M /
1 \
a 0074 \ /
kol /
E \\
\ /
\\//
0.00 ; ; ;
_r n 0 b T
2 T4 4 2
B¢
0.08
E)
~ 0,06
~
2
=
8
i xRy
0044 )
M /
1
» /
<) /
- ,,/'
A 0024 /.
S
N
,//
0.00 T S e T
_r T 0 n r
2 4 4 2
O

Fig. 7 The 6k dependence of differential branching ratios of the semileptonic D¢y — K{(1270)¢v and D) — K;(1400)£v transitions with
their uncertainly bands

®  Thiswork ® LCSR[35] * 3PSR[22] \ ®  Thiswork ® LCSR[35] * 3PSR[22]‘
18 3
$
- l -
= 124 = 2
X X -
Z )
3 ~
noloe T i I
D3 } Qi n o
= 64 Y = 14
3 X /M ¢ *
T LR
[D', K, (1270)] [D", K (1270)] [D], K/ (1270)] [D", K, (1400)] [D", K (1400)] [D;, K, (1400)]

[D(:)r Kl]

D

(s)’Kl]

Fig. 8 Theatrical values for the branching ratio of the semileptonic Dy — K with K1 = K1(1270), K1(1400) at 6x = —(34 £ 13)°

@ Springer



553 Page 10 of 12

Eur. Phys. J. C (2020) 80:553

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: Summary of the
masses of low-lying D,y resonances, using PDG values [25] and/or
theoretical estimates from heavy-quark/chiral symmetry [24] are given
in Table 2. Notice that the masses of (17) states predicted in [24], are
not measured experimentally, yet.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

Appendix: Twist function definitions

In this appendix, we present the definitions for the two—parton
LCDAs as well as the twist functions. Two—particle chiral—
even distribution amplitudes are given by [32]:

(01ga (x) g5 (0)| A(p, €))
i

1 o .

— _Z/ du e "‘{fAmA[ Msg—xq’n(”)
0 p.x

( #— {)—)ngl)(u)

mA¢b(u)+6vapﬂ'£ P'Ox )/

g
- XVS (u)}

p |

+fi[—(ﬁ ¢— ¢ Pys 1)

——(p X=X D)y mih | ()

()2

(p)
(u)
+i(e.x)m%y5 ! ]} . (31)
Sa

2
(013 )y y5q" ()| A(p. £))

1 . E.X
=ifAmA/ due P p, —— @) ()
0 pox

+( pﬂp ) <“)(u>+c9(x2>}
(01G () ¥q )| A(p, £))
1

= —ifama lepgs”ppx(’/ due

0
(v)
X{gj_ ()
4

—iu p.x

N 0(x2)}, (32)
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also, two—particle chiral-odd distribution amplitudes are
defined by:

(01g(x)0owvysq (0 A(p, &)

1
= f/i_/() due " .x{(supv — &ypu)PL(u)

m2

£.x _
+(;—x)2(17uxv — vau)h‘(f) + @(xz)},

(017 (x)y5q" ()| A(p, &)

(P)( )
- AmA(sx)/ due —“"”‘{ L 0@ 2)} (33)

In these expressions, f4 and f Al are decay constants of the
axial vector meson A. We set fj- = fain u = 1GeV, such
that we have

(01§ (0)0,¥5q ()| A(p, ) = ag fa (€upy

where aol refers to the zeroth Gegenbauer moments of @ | . It
should be noted that fj4 is scale-independent and conserves
G-parity, but f AL is scale—dependent and violates G-parity.
We take into account the approximate forms of twist-2
distributions for the A = ay, K14 states to be [27]

—€vpu), (34)

@ (u) = buii | +3a) £ +dl %(552 - 1)] , (35)
| (1) = 6uii _aol +3ai € + a3 %(552 - 1)} , (36)
and for the A :_bl, Kip tobe

@ (u) = 6ui _a(! +3al & +d) %(552 - 1)] , (37)
| (u) = 6uit 1+3af‘$+af‘%(5§2— 1)}, (38)

where £ = 2u — 1.

For the relevant two-parton twist-3 chiral-even LCDAs,
we take the approximate expressions up to conformal spin
9/2 and O(my) [27]:

g w) = (1+s)+ a”rSS Ga%scgﬂ)(%tl)

9 105 , 15 4 )
+(112 ay + o bl = o Gaw A)(%s — 306 +3)

aﬁ)}s(ssz -3)

9 3 03
fial 5y (§+E§2+lnu+lnﬁ>

s elaol +eta (1 - o

—gaf 8- (3¢ +Inii — Inuw), (39)
¢V ) = 6uu{1 +( I+ ?Cé‘fﬂﬁ)é

1 3 35
+|:Zag+ §3A< 16“’X)+T§3'?Ai|(5$2—1)
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35
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3 2
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(42)
for A = ay, K 4 states, and
ab(1+ & >+ al &
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for A = by, K p states. where
V(A)
3y = quz *mg, V(A _ faa ) (47)
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