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We analyze the semileptonic Dq ! K1‘� transition with q ¼ u, d, s, in the framework of the three-

point QCD sum rules and the nonleptonic D ! K1� decay within the QCD factorization approach. We

study Dq to K1ð1270Þ and K1ð1400Þ transition form factors by separating the mixture of the K1ð1270Þ and
K1ð1400Þ states. Using the transition form factors of the D ! K1, we analyze the nonleptonic D ! K1�

decay. We also present the decay amplitude and decay width of these decays in terms of the transition

form factors. The branching ratios of these channel modes are also calculated at different values of the

mixing angle �K1
and compared with the existing experimental data for the nonleptonic case.
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I. INTRODUCTION

Analyzing the semileptonic decays of the charmed Dq

mesons is very useful for determination of the elements of
the Cabibbo-Kabayashi-Maskawa (CKM) matrix and also
leptonic decay constants of the initial and final meson
states. The semileptonic Ds ! K1‘� transition could
give useful information about the internal structure of the
Ds meson. Investigating the nonleptonic decays such as
D ! K1� can also be important for interpretation of the
structure of the lightest scaler mesons [1].

From the experimental view, the physical states
K1ð1270Þ and K1ð1400Þ are the mixtures of the strange
members of two axial-vector SUð3Þ octets 13P1ðK1AÞ and
11P1ðK1BÞ. The K1A and K1B are not mass eigenstates and
they can be mixed together due to the nonstrange light
quark mass difference. Their relations with the K1ð1270Þ
and K1ð1400Þ states can be written as [2–4]

jK1ð1270Þi ¼ jK1Ai sin�K1
þ jK1Bi cos�K1

;

jK1ð1400Þi ¼ jK1Ai cos�K1
� jK1Bi sin�K1

:
(1)

The angle �K1
has been obtained with twofold ambiguity

j�K1
j � 33�, as given in Ref. [3]. Also in Ref. [5] 35� �

j�K1
j � 55� has been found. In this paper we use �K1

in the

interval 37� � j�K1
j � 58� [4,6]. The sign ambiguity for

�K1
is due to the fact that one can add arbitrary phases to

jK1Ai and jK1Bi states.
The QCD sum rules approach has been successfully

applied to a wide variety of problems in charm meson
decays. The semileptonic decays Ds ! f0‘�, Ds ! �‘�
[1], D ! �K0‘� [7], Dþ ! K0�eþ�e [8], D ! �‘� [9],

D ! �‘� [10], Dþ
s ! � �‘� [11], and D ! K�

0
�‘� [12]

have been studied in the framework of the three-point

QCD sum rules. As a nonperturbative method, the QCD
sum rules have been of interest and it is a well established
technique in the hadron physics since it is based on the
fundamental QCD Lagrangian (for details about the QCD
sum rules approach, see, for instance, [13]).
In the present work, we study the semileptonic decays of

the Dq ! K1‘� in the framework of the three-point QCD

sum rules. The long distance dynamics of such transitions
can be parametrized in terms of some form factors, calcu-
lating which play a fundamental role in analyzing such
types of transitions. Considering the contributions of the
operators with mass dimension d ¼ 3, 4, 5 as condensate
and nonperturbative contributions, first we calculate the
transition form factors of the semileptonic Dq !
K1‘�ðq ¼ u; d; sÞ decays. Using these form factors, the
total decay width as well as the branching ratio for the
aforementioned transitions are also evaluated at different
values of the mixing angle. Having computed the form
factors of the D ! K1, the amplitude and decay rate of the
nonleptonic Du;d ! K1� decays are also computed in

terms of those form factors using the QCD factorization
method (for more about the method, see [14–16] and
references therein).
The paper is organized as follows. The calculation of the

sum rules for the relevant form factors are presented in
Sec. II. In calculating the form factors, first we consider the
general hK1j state. Then, using the definition of the G-
parity conserving decay constant h0jJ�K1A

jK1Aðp0; "Þi ¼
fK1A

mK1A
"� and G-parity violating decay constant

h0jJ�K1B
jK1Bðp0; "Þi ¼ fK

1B?
ð1 GeVÞak;K1B

0 mKB
1
"�, where

ak;K1B

0 is the zeroth Gegenbauer moment of K1B state and

it is zero in the SUð3Þ symmetry limit, we obtain the form
factors of the D ! K1AðBÞ states. Finally, considering

Eq. (1), we separate the hK1½1270ð1400Þ�j states and derive
form factors of the D ! K1½1270ð1400Þ� transitions. The
decay rate formulas for semileptonic and nonleptonic cases
are presented in Sec. III. We derive the decay rate formula
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for D ! K1� decay using the QCD factorization method
in tree level. Section IV is devoted to the numeric analysis
of the form factors as well as the branching fractions of the
considered semileptonic and nonleptonic decays at differ-
ent values of the mixing angle, and discussions. A com-
parison of our results for the branching ratios for the
nonleptonic case with the existing experimental data is
also made in this section.

II. SUM RULES FOR Dq ! K1‘� TRANSITION
FORM FACTORS

TheDq ! K1‘�with q ¼ u, d, s decay governed by the

tree level c ! q0 ðq0 ¼ d; sÞ transition (see Fig. 1).
In the standard model, the effective Hamiltonian respon-

sible for these transitions is given as

H eff ¼ GFffiffiffi
2

p Vcq0 ����ð1� �5Þl �q0��ð1� �5Þc; (2)

where GF is the Fermi constant and Vcq0 are the CKM

matrix elements. The decay amplitude for Dq ! K1‘� is

obtained by inserting Eq. (2) between the initial and final
meson states:

M ¼ GFffiffiffi
2

p Vcq0 ����ð1� �5ÞlhK1ðp0; "Þj �q0��ð1� �5Þcj

�DqðpÞi: (3)

The next step is to calculate the matrix element appear-
ing in Eq. (3). Both axial and vector parts of the transition
current give a contribution to this matrix element and it can
be parametrized in terms of some form factors using the
Lorentz invariance and parity conservation as follows:

hK1ðp0; "Þj �q0���5cjDqðpÞi

¼ � 2f
Dq!K1

V ðq2Þ
ðmDq

þmK1
Þ ���	
"

�p	p0
; (4)

hK1ðp0; "Þj �q0��cjDqðpÞi

¼ i

�
f
Dq!K1

0 ðq2ÞðmDq
þmK1

Þ"� � f
Dq!K1

1 ðq2Þ
ðmDq

þmK1
Þ ð"pÞP�

� f
Dq!K1

2 ðq2Þ
ðmDq

þmK1
Þ ð"pÞq�

�
: (5)

In order for the calculations to be simple, the following
redefinitions are used:

F
DðsÞ!K1

V ðq2Þ ¼ 2f
Dq!K1

V ðq2Þ
ðmDq

þmK1
Þ ;

F
Dq!K1

0 ðq2Þ ¼ f
Dq!K1

0 ðq2ÞðmDq
þmK1

Þ;

F
Dq!K1

1 ðq2Þ ¼ � f
Dq!K1

1 ðq2Þ
ðmDq

þmK1
Þ ;

F
Dq!K1

2 ðq2Þ ¼ � f
Dq!K1

2 ðq2Þ
ðmDq

þmK1
Þ ;

(6)

where the F
Dq!K1

V ðq2Þ, F
Dq!K1

0 ðq2Þ, F
Dq!K1

1 ðq2Þ, and

F
Dq!K1

2 ðq2Þ are the new transition form factors, P� ¼
ðpþ p0Þ�, q� ¼ ðp� p0Þ�, and " is the four-polarization

vector of the axial K1 meson.
Based on the general philosophy of the three-point QCD

sum rules technique, the above form factors in Eq. (6) can
be evaluated from the time ordered product of the follow-
ing three currents:

�ðV�AÞ
�� ðp2; p02; q2Þ ¼ i2

Z
d4xd4yeþip0x�ipyh0jT

� fJK1�ðxÞJðV�AÞ
� ð0ÞJyDq

ðyÞgj0i; (7)

where, JK1�ðxÞ ¼ �q1���5s ðq1 ¼ u; dÞ, JDq
ðyÞ ¼ �q�5c are

the interpolating currents of the K0�
1 and Dq and JV� ¼

�q0��c and JA� ¼ �q0���5c are the vector and axial-vector

parts of the transition current, respectively.
The above correlation function is calculated in two

different approaches: On the quark level, it describes a
meson as quarks and gluons interacting in a QCD vacuum.
This is called the theoretical or QCD side. In the phenome-
nological or physical side, it is saturated by a tower of

c s s

d

cc d

s

K1
−

W W W

lν l lν ν

u

(1) (3)(2)

Ds
+D+D0 K1

0 K1
0

FIG. 1. Semileptonic decays of Dq to K1. Diagrams 1, 2, and 3 are related to the D0 ! K�
1 ‘�, D

þ ! K0
1‘�, and Dþ

s ! K0
1‘�,

respectively.
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mesons with the same quantum numbers as the interpolat-
ing currents. The form factors are determined by matching
these two different representations of the correlation func-
tion and applying double Borel transformation with respect
to the momentum of the initial and final meson states to
suppress the contribution coming from the higher states
and continuum. We can express the correlation function in
both sides in terms of four independent Lorentz structures:

�ðV�AÞ
�� ¼ ���	
p

	p0
�V þ g���0 þ P�p��1

þ q�p��2: (8)

To find the sum rules for the related form factors, we will
match the coefficients of the corresponding structures from
both representations of the correlation function.
First, we calculate the aforementioned correlation func-

tion in the phenomenological representation. Inserting two
complete sets of intermediate states with the same quantum
number as the currents JK1

and JDq
to Eq. (7), we obtain

�V�A
�� ðp2; p02; q2Þ ¼ h0jJK1�jK1ðp0; "ÞihK1ðp0; "ÞjJV�A

� jDqðpÞihDqðpÞjJyDq
j0i

ðp02 �m2
K1
Þðp2 �m2

Dq
Þ þ the higher resonances and continuum:

(9)

In Eq. (9), the vacuum to initial and final meson states matrix elements are defined as

h0jJ�K1
jK1ðp0Þi ¼ fK1

mK1
"�; h0jJDq

jDqðpÞi ¼ i
fDq

m2
Dq

mc þmq

; (10)

where fK1
and fDq

are the leptonic decay constants of K1 and Dq mesons, respectively. Using Eqs. (4), (5), and (10) in
Eq. (9) and performing summation over the polarization vector of theK1 meson, we get the following result for the physical
part:

�V�A
�� ðp2; p02; q2Þ ¼ � fDq

m2
Dq

ðmc þmqÞ
fK1

mK1

ðp02 �m2
K1
Þðp2 �m2

Dq
Þ

� ½FDðsÞ!K1

0 ðq2Þg�� þ F
DðsÞ!K1

1 ðq2ÞP�p� þ F
DðsÞ!K1

2 ðq2Þq�p� þ iF
DðsÞ!K1

V ðq2Þ���	
p
0	p
�

þ excited states: (11)

The coefficients of the Lorentz structures i���	
p
	p0
,

g��, P�p�, and q�p� in the correlation function �V�A
�

will be chosen in determination of the form factors
F
DðsÞ!K1

V ðq2Þ, FDðsÞ!K1

0 ðq2Þ, FDðsÞ!K1

1 ðq2Þ, and F
DðsÞ!K1

2 ðq2Þ,
respectively.

On the QCD or theoretical side, the correlation function
is calculated in the quark and gluon languages by the help
of the operator product expansion (OPE) in the deep
Euclidean region where p2 � ðmc þmqÞ2, p02 � ðm2

q þ
m2

q0 Þ. In Eq. (7), using the expansion of the time ordered

products of the currents, the three-point correlation func-
tion is written in terms of the series of local operators with
increasing dimension as the following form [17]:

�
Z

d4xd4yeiðpx�p0yÞTfJK1�J�J
y
Dq
g

¼ ðC0Þ��I þ ðC3Þ��
���þ ðC4Þ��G	
G

	
i
þ ðC5Þ��

���	
G
	
�þ ðC6Þ��

���� ���0�; (12)

where,G	
 is the gluon field strength tensor, ðCiÞ�� are the

Wilson coefficients, I is the unit matrix,� is the local field
operator of the light quarks, and � and �0 are the matrices
appearing in the calculations. Taking into account the
vacuum expectation value of the OPE, the expansion of
the correlation function in terms of the local operators is
written as follows:

���ðp2
1; p

2
2; q

2Þ ¼ C0�� þ C3��h ���i þ C4��hG2i
þ C5��h ���	
G

	
�i
þ C6��h ���� ���0�i: (13)

In Eq. (13), the contributions of the perturbative and
condensate terms of dimension 3, 4, and 5 as nonperturba-
tive parts are considered. The diagrams for the contribu-
tions of the nonperturbative part are depicted in Figs. 2–4.
It is found that the heavy quark condensate contributions
are suppressed by inverse of the heavy quark mass and can
be safely removed (see diagrams 4, 5, and 6 in Fig. 2). The
light q0 quark condensate contributions are zero after ap-
plying the double Borel transformation with respect to both
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variables p2 and p02 since only one variable appears in the
denominator (see diagrams 1, 2, and 3 in Fig. 2).

Our calculations show that in this case, the two-gluon
condensate contributions (see diagrams in Fig. 3) are very
small in comparison with the quark condensate contribu-
tions and we can easily ignore their contributions in our
calculations.

Therefore, the main contribution in the nonperturbative
part comes from the q-quark condensates (see Fig. 4).

As a result, in the lowest order of the perturbation theory,
the three-point correlation function receives a contribution
from the perturbative part (bare-loop contributions of dia-
grams in Fig. 1) and nonperturbative part (contributions of
the diagrams shown in Fig. 4) i.e.,

�iðp2; p02; q2Þ ¼ �
per
i ðp2; p02; q2Þ þ�

non-per
i ðp2; p02; q2Þ:

(14)

Using the double dispersion representation, the bare-
loop contribution is determined:

�per
i ¼ � 1

ð2�Þ2
ZZ �

per
i ðs; s0; q2Þ

ðs� p2Þðs0 � p02Þdsds
0

þ subtraction terms; (15)

The following inequality is responsible for obtaining the
integration limits in Eq. (15):

�1 � 2ss0 þ ðsþ s0 � q2Þðm2
c �m2

q � sÞ þ 2sðm2
q �m2

q0 Þ
�1=2ðs; s0; q2Þ�1=2ðm2

c; m
2
q; sÞ

� þ1; (16)

where �ða; b; cÞ ¼ a2 þ b2 þ c2 � 2ab� 2ac� 2bc is
the usual triangle function.
By the help of the Cutkosky rule, i.e., replacing the

propagators with the Dirac-delta functions,

1

k2 �m2
! �2i�ðk2 �m2Þ; (17)

the spectral densities �per
i ðs; s0; q2Þ are found as

�V ¼ 4NcI0ðs; s0; q2ÞfB1ðmc �mqÞ�B2ðmq0 þmqÞ�mqg;
�0 ¼�2NcI0ðs; s0; q2Þf�ðmq þmq0 Þ ��0ðmc�mqÞ

� 4A1ðmc�mqÞþ 2m2
qðmc �mq �mq0 Þ

þmqð2mcmq0 �uÞg;
�1 ¼ 2NcI0ðs; s0; q2ÞfB1ðmc � 3mqÞ�B2ðmq þmq0 Þ

þ 2A2ðmc�mqÞþ 2A3ðmc�mqÞ�mqg;
�2 ¼ 2NcI0ðs; s0; q2Þf2A2ðmc�mqÞ� 2A3ðmc �mqÞ

�B1ðmc þmqÞþB2ðmq þmq0 Þ þmqg; (18)

where

γµ(1−γ5) γµ(1−γ5) γµ(1−γ5)

γµ(1−γ5) γµ(1−γ5)γµ(1−γ5)γµ(1−γ5)

W

W

W

WW

W

g

g

g
g g

g

g

g

c
c

c

ccc

q
q

q

q
qq

qqq

qqq

γ5 γ5
γ5

γ5γ5γ5

γνγ5 γνγ5 γνγ5

γνγ5γνγ5γνγ5

’
’

’

’’’

g (4) g g(5) g(6)

(3)(2)(1)

FIG. 3. Diagrams for two-gluon condensate contributions.

γνγ5
γνγ5

γνγ5γ5 γ5 γ5

γµ(1−γ5) γµ(1−γ5)γµ(1−γ5)

W W W

q q q qqqq
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cq q

q’ ’ ’

(1) (2) (3)

FIG. 4. Diagrams for q-quark condensate contributions.
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g
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γµ(1−γ5) γµ(1−γ5)γµ(1−γ5) γµ(1−γ5)

γµ(1−γ5)γµ(1−γ5) γµ(1−γ5)
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FIG. 2. The quark condensate diagrams without any gluon and
with one gluon emission.
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I0ðs; s0; q2Þ ¼ 1

4�1=2ðs; s0; q2Þ ;

�ðs; s0; q2Þ ¼ s2 þ s02 þ q4 � 2sq2 � 2s0q2 � 2ss0;

B1 ¼ 1

�ðs; s0; q2Þ ½2s
0�� �0u�;

B2 ¼ 1

�ðs; s0; q2Þ ½2s�
0 � �u�;

A1 ¼ 1

2�ðs; s0; q2Þ ½�
02sþ�2s0 � 4m2

q0ss
0 � ��0uþm2

qu
2�;

A2 ¼ 1

�2ðs; s0; q2Þ ½2�
02ss0 þ 6�2s02 � 8m2

qss
02 � 6��0s0uþ�02u2 þ 2m2

qs
0u2�;

A3 ¼ 1

�2ðs; s0; q2Þ ½�3�2us0 � 3�02usþ 4m2
qus

0sþ 4��0ss0 þ 2��0u2 �m2
qu

3�;

where, u ¼ sþ s0 � q2, � ¼ sþm2
q �m2

c, �
0 ¼ s0 þm2

q �m2
q0 , and Nc ¼ 3 is the color factor.

The corresponding nonperturbative part of the considered structures are obtained as follows:

�non-per
V ðp2; p02; q2Þ ¼ hq �qi

�
1

2

mqmq0

rr02
� 1

2

mqmc

r2r0
�mq0

2mq
2

rr03
þ 1

2

mq0
2m0

2

rr03
� 1

2

mc
2mq

2

r2r02
þ 1

3

m0
2mc

2

r2r02
� 1

2

mq0
2mq

2

r2r02

þ 1

3

mq0
2m0

2

r2r02
þ 1

2

q2mq
2

r2r02
� 1

3

m0
2q2

r2r02
�mc

2mq
2

r3r0
þ 1

2

m0
2mc

2

r3r0
þ 1

6

m0
2mcmq0

r2r02
þ 1

3

m0
2

r2r0

�
; (19)

�
non-per
0 ðp2; p02; q2Þ ¼ hq �qi

�
� 1

4

mqmq0

rr0
� 1

4

mqmc
3

r2r0
� 1

4

mqmc

rr0
þ 1

4

m0
2mc

2

r2r0
þ 1

4

m0
2mq0

2

r2r0
� 1

3

m0
2q2

r2r0
þ 1

6

m0
2mc

4

r2r02

þ 1

6

m0
2mq0

4

r2r02
þ 1

6

m0
2q4

r2r02
þ 1

6

m0
2mc

2

rr02
þ 1

4

m0
2mq0

2

rr02
� 1

6

m0
2q2

rr02
þ 1

4

mqmq0
3

rr02
� 1

2

mq0
4mq

2

rr03

þ 1

4

m0
2mq0

4

rr03
� 1

4

mc
4mq

2

r2r02
� 1

4

mc
2mq

2

r2r0
� 1

4

mq0
2mq

2

r2r0
þ 1

4

q2mq
2

r2r0
� 1

4

mq0
4mq

2

r2r02
� 1

4

mq0
2mq

2

rr02

� 1

6

m0
2

rr0
� 3

4

m0
2mcmq0

r2r0
þ 1

6

m0
2mc

2mq0
2

r2r02
� 1

3

m0
2mc

2q2

r2r02
� 1

3

m0
2mq0

2q2

r2r02
þ 1

2

mqmc
2mq0

r2r0

� 1

4

mqmcmq0
2

r2r0
þ 1

4

mqmcq
2

r2r0
� 1

4

mqmq0q
2

rr02
þ 1

4

mqmc
2mq0

rr02
� 1

2

mqmcmq0
2

rr02
þ 1

2

mq
2

rr0
� 1

4

mc
2mq

2

rr02

� 1

4

q4mq
2

r2r02
þ 1

4

q2mq
2

rr02
� 1

2

mc
4mq

2

r3r0
þ 1

4

mc
4m0

2

r3r0
þ 1

2

mcmq0mq
2

r2r0
þ 1

2

mcmq0mq
2

rr02
� 1

4

mcmq0m0
2

rr02

þmc
3mq0mq

2

r3r0
� 1

2

mc
3mq0m0

2

r3r0
� 1

2

mc
2mq0

2mq
2

r3r0
þ 1

4

mc
2mq0

2m0
2

r3r0
þ 1

2

mc
2q2mq

2

r3r0
� 1

4

m0
2mc

2q2

r3r0

þ 1

2

mc
2q2mq

2

r2r02
� 1

2

mcmq0q
2mq

2

r2r02
þ 1

4

mcmq0q
2m0

2

r2r02
þ 1

2

mq0
2q2mq

2

r2r02
� 1

2

mc
2mq0

2mq
2

rr03

þ 1

4

mc
2mq0

2m0
2

rr03
þmcmq0

3mq
2

rr03
� 1

2

mcmq0
3m0

2

rr03
þ 1

2

mq0
2q2mq

2

rr03
� 1

4

m0
2mq0

2q2

rr03
þ 1

2

mc
3mq0mq

2

r2r02

� 1

4

mc
3mq0m0

2

r2r02
� 1

2

mc
2mq0

2mq
2

r2r02
þ 1

2

mcmq0
3mq

2

r2r02
� 1

4

mcmq0
3m0

2

r2r02

�
; (20)
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�
non-per
2 ðp2; p02; q2Þ ¼ hq �qi

�
� 1

4

mqmq0

rr02
þ 1

4

mqmc

r2r0
þ 1

2

mq0
2mq

2

rr03
� 1

4

mq0
2m0

2

rr03
þ 1

4

mc
2mq

2

r2r02
� 1

6

m0
2mc

2

r2r02
þ 1

4

mq0
2mq

2

r2r02

� 1

6

mq0
2m0

2

r2r02
� 1

4

q2mq
2

r2r02
þ 1

6

m0
2q2

r2r02
þ 1

2

mc
2mq

2

r3r0
� 1

4

m0
2mc

2

r3r0
� 1

2

mq
2

r2r0
þ 1

6

m0
2

r2r0
� 1

12

m0
2mcmq0

r2r02

�
;

(21)

�
non-per
2 ðp2; p02; q2Þ ¼ hq �qi

�
1

4

mqmq0

rr02
� 1

4

mqmc

r2r0
� 1

2

mq0
2mq

2

rr03
þ 1

4

mq0
2m0

2

rr03
� 1

4

mc
2mq

2

r2r02
þ 1

6

m0
2mc

2

r2r02
� 1

4

mq0
2mq

2

r2r02

þ 1

6

mq0
2m0

2

r2r02
þ 1

4

q2mq
2

r2r02
� 1

6

m0
2q2

r2r02
� 1

2

mc
2mq

2

r3r0
þ 1

4

m0
2mc

2

r3r0
� 1

2

mq
2

r2r0
þ 1

2

m0
2

r2r0
þ 1

12

m0
2mcmq0

r2r02

�
;

(22)

where r ¼ p2 �m2
c, r

0 ¼ p02 �m2
q0 .

Equating two representations of the correlation function
and applying the double Borel transformation using

B p2ðM2
1Þ
�

1

p2 �m2
c

�
m ¼ ð�1Þm

�ðmÞ
e�ðm2

c=M
2
1Þ

ðM2
1Þm

;

Bp02ðM2
2Þ
�

1

p02 �m2
q0

�
n ¼ ð�1Þn

�ðnÞ
e
�ðm2

q0=M
2
2
Þ

ðM2
2Þn

;

(23)

the sum rules for the form factors F
DðsÞ!K1

i are obtained as

F
DðsÞ!K1

i ¼ � ðmc þmqÞ
fDq

m2
Dq
fK1

mK1

e
ðm2

Dq
=M2

1
Þ
e
ðm2

K1
=M2

2
Þ

�
�
� 1

4�2

Z s0
0

m2
c

ds0
Z s0

sL

ds�iðs; s0; q2Þeð�s=M2
1
Þ

� eð�s0=M2
2Þ þM2

1M
2
2Bp2ðM2

1ÞBp02ðM2
2Þ

� ½�non-per
i ðp2; p02; q2Þ�

�
; (24)

where i ¼ V, 0, 1 and 2, s0 and s00 are the continuum

thresholds in pseudoscalar Dq and axial-vector K1 chan-

nels, respectively, and the lower limit in the integration
over s is as follows:

sL ¼ ðm2
q þ q2 �m2

c � s0Þðm2
cs

0 �m2
qq

2Þ
ðm2

c � q2Þðm2
q � s0Þ : (25)

In Eq. (24), to subtract the contributions of the higher states
and the continuum the quark-hadron duality assumption is
also used, i.e., it is assumed that

�higher statesðs; s0Þ ¼ �OPEðs; s0Þ�ðs� s0Þ�ðs� s00Þ: (26)

Here, we should stress that in the three-point sum rules
with double dispersion relation, the subtraction of the
continuum states and the quark-hadron duality is highly
nontrivial. For q2 > 0 values, there may be an inconsis-
tency between double dispersion integrals in Eq. (24) and
corresponding coefficients of the structures in the Feynman
amplitudes in the bare-loop diagram. In this case, the
double spectral density receives contributions beyond the
contributions coming from the Landau-type singularities.
This problem has been widely discussed in [8]. Here, we
neglect such contributions since with the above continuum
subtraction and the selecting integration region the contri-
bution of the non-Landau singularities is very small com-
paring the Landau-type singularity contributions.

Now, as we mentioned in the Introduction, the F
Dq!K1AðBÞ
i

form factors are obtained from the above equation by
replacing fK1

by the G-parity conserving decay constant

fK1A
and G-parity violating decay constant fK1B

¼
fK

1B?
ð1 GeVÞak;K1B

0 and mK1
with mK1AðBÞ , i.e.,

F
DðsÞ!K1AðBÞ
i ¼ � ðmc þmqÞ

fDq
m2

Dq
fK1AðBÞmK1AðBÞ

e
ðm2

Dq
=M2

1Þe
ðm2

K1AðBÞ=M
2
2Þ

�
�
� 1

4�2

Z s0
0

m2
c

ds0
Z s0

sL

ds�iðs; s0; q2Þeð�s=M2
1
Þeð�s0=M2

2
Þ þM2

1M
2
2Bp2ðM2

1ÞBp02ðM2
2Þ½�non-per

i ðp2; p02; q2Þ�
�
:

(27)

Also, using Eqs. (1) and (4)–(6), the form factors of the f
Dq!K1½1270ð1400Þ�
i are found as follows:
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f
Dq!K1ð1270Þ
0 ¼

�mDq
þmK1A

mDq
þmK1

�
f
Dq!K1A

0 sin�K1

þ
�mDq

þmK1B

mDq
þmK1

�
f
Dq!K1B

0 cos�K1
;

f
Dq!K1ð1270Þ
1;2;V ¼

�mDq
þmK1

mDq
þmK1A

�
f
Dq!K1A

1;2;V sin�K1

þ
�mDq

þmK1

mDq
þmK1B

�
f
Dq!K1B

1;2;V cos�K1
;

f
Dq!K1ð1400Þ
0 ¼

�mDq
þmK1A

mDq
þmK1

�
f
Dq!K1A

0 cos�K1

�
�mDq

þmK1B

mDq
þmK1

�
f
Dq!K1B

0 sin�K1
;

f
Dq!K1ð1400Þ
1;2;V ¼

�mDq
þmK1

mDq
þmK1A

�
f
Dq!K1A

1;2;V cos�K1

�
�mDq

þmK1

mDq
þmK1B

�
f
Dq!K1B

1;2;V sin�K1
:

(28)

III. DECAYAMPLITUDES AND DECAY WIDTHS

A. Semileptonic

Using the amplitude in Eq. (3) and definitions of the
form factors, the differential decay widths for the process
Dq ! K1‘� are found as follows:

d�	ðDq !K1‘�Þ
dq2

¼ G2
FjVcq0 j2

192�3m3
Dq

q2�1=2ðm2
Dq
;m2

K1
;q2ÞjH	j2;

d�0ðDq !K1‘�Þ
dq2

¼ G2
FjVcq0 j2

192�3m3
Dq

q2�1=2ðm2
Dq
;m2

K1
;q2ÞjH0j2;

(29)

where

H	ðq2Þ ¼ ðmDq
þmK1

Þf0ðq2Þ

�1=2ðm2

Dq
;m2

K1
; q2Þ

mDq
þmK1

fVðq2Þ;

H0ðq2Þ ¼ 1

2mK1

ffiffiffiffiffi
q2

p
�
ðm2

Dq
�m2

K1
� q2ÞðmDq

þmK1
Þf0ðq2Þ

��ðm2
Dq
;m2

K1
; q2Þ

mDq
þmK1

f1ðq2Þ
�
:

The 	; 0 in the above relations belong to the K1 helicities.
The total differential decay widths can be written as

d�totðDq ! K1‘�Þ
dq2

¼ d�LðDq ! K1‘�Þ
dq2

þ d�TðDq ! K1‘�Þ
dq2

; (30)

where

d�LðDq ! K1‘�Þ
dq2

¼ d�0ðDq ! K1‘�Þ
dq2

;

d�TðDq ! K1‘�Þ
dq2

¼ d�þðDq ! K1‘�Þ
dq2

þ d��ðDq ! K1‘�Þ
dq2

;

(31)

and d�L

dq2
ðd�T

dq2
Þ is the longitudinal (transverse) component of

the differential decay width.

B. Nonleptonic

In this part, we study the decay amplitude and decay
width for the nonleptonic D ! K1� decay. The effective
Hamiltonian for this decay at the quark level is given by
(see for example [18] and references therein)

Heff ¼ GFffiffiffi
2

p fVcsV
�
udðC1O1 þ C2O2Þg: (32)

Here O1 and O2 are quark operators and they are given as

O1 ¼ ð�siciÞV�Að �ujdjÞV�A; O2 ¼ ð �sicjÞV�Að �ujdiÞV�A;

(33)

where ð �q1q2ÞV	A ¼ �q1�
�ð1	 �5Þq2.

The Wilson coefficients C1 and C2 have been calculated
in different schemes [19]. In the present work, we will use
C1ðmcÞ ¼ 1:263 and C2ðmcÞ ¼ �0:513 obtained at the
leading order in the renormalization group improved per-
turbation theory at � ’ 1:3 GeV [20].
Now, we calculate the amplitude A for D ! K1�

decay. Using the factorization method and definition of
the related matrix elements in terms of the form factors

fD!K1

V , fD!K1

0 , fD!K1

1 , and fD!K1

2 in Eqs. (4)–(6), we

obtain this amplitude as follows:

A D!K1� ¼ GFffiffiffi
2

p fVcsV
�
uda1gf�ð":pÞ½FD!K1�ðm2

�Þ�; (34)

where

FD!K1�ðm2
�Þ ¼

�
ðmD þmK1

Þf0ðm2
�Þ� ðmD �mK1

Þf1ðm2
�Þ

� f2ðm2
�Þ

ðmD þmK1
Þm

2
�

�
: (35)

The " stands for polarization ofK1, p is four momentum of
D, f� is the pion decay constant, a1 ¼ C1 þ 1

Nc
C2, and Nc

is the number of colors in QCD.
Now, we can calculate the decay width for D ! K1�

decay. The explicit expression for decay width is given as
follows:
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�ðD ! K1�Þ ¼ G2
F

128�m3
Dm

2
K1

jVcsj2jVudj2a21f2��

� ðm2
D;m

2
K1
; m2

�Þð3=2Þ½FD!K1�ðm2
�Þ�2:

(36)

IV. NUMERICAL ANALYSIS

From the sum rules expressions of the form factors, it is
clear that the main input parameters entering the expres-
sions are condensates, elements of the CKM matrix Vcq0 ,

leptonic decay constants fDq
, fK1A, and fK

1B?
, Borel pa-

rameters M2
1 and M2

2, as well as the continuum thresholds
s0 and s00. We choose the values of the condensates (at a

fixed renormalization scale of about 1 GeV), leptonic
decay constants, CKM matrix elements, quark and meson
masses as: hu �ui ¼ hd �di ¼ �ð0:240	 0:010 GeVÞ3,
hs�si ¼ ð0:8	 0:2Þhu �ui, m2

0 ¼ 0:8	 0:2 GeV2 [21],

jVcsj ¼ 0:957	 0:110, jVcdj ¼ 0:230	 0:011 [22],
fD0 ¼ fD	 ¼ 0:222	 0:016 GeV [23], fDs

¼ 0:274	
0:013 GeV [24], fK1A

¼ 0:250	 0:013 GeV, fK
1B?

¼
0:190	 0:010 GeV [2], muð1 GeVÞ ¼ ð1:5–3:3Þ MeV,
mdð1 GeVÞ ¼ ð3:5–6Þ MeV, msð1 GeVÞ ¼
ð104þ26

�34Þ MeV, mc ¼ 1:27þ0:07
�0:11 GeV, mD0 ¼ 1:864 GeV,

mD	 ¼ 1:869 GeV, mDs
¼ 1:968 GeV, mK1

ð1270Þ ¼
1:27 GeV, mK1

ð1400Þ ¼ 1:40 GeV [22], mK1A
¼

1:31	 0:06 GeV, mK1B
¼ 1:34	 0:08 GeV, and ak;K1B

0 ¼
�0:19	 0:07 [2].

The sum rules for the form factors contain also four
auxiliary parameters: Borel mass squares M2

1 and M2
2 and

continuum thresholds s0 and s00. These are not physical

quantities, so the form factors as physical quantities should
be independent of them. The parameters s0 and s00, which

are the continuum thresholds of Dq and K1 mesons, re-

spectively, are determined from the condition that guaran-
tees the sum rules to practically be stable in the allowed
regions for M2

1 and M2
2. The values of the continuum

thresholds calculated from the two-point QCD sum rules
are taken to be s0 ¼ ð6–8Þ GeV2 and s00 ¼ ð4–6Þ GeV2.

The working regions forM2
1 andM

2
2 are determined requir-

ing that not only the contributions of the higher states and
continuum are small, but the contributions of the operators
with higher dimensions are also small. Both conditions are
satisfied in the regions 4 GeV2 � M2

1 � 10 GeV2 and

3 GeV2 � M2
2 � 8 GeV2.

The values of the form factors at q2 ¼ 0 are shown in
Tables I and II. Note that, the values of the fið0Þ for D0 !
K	

1 ‘� and D	 ! K0
1‘� are approximately equal, so the

values in Table I refer to both decays.

The dependence of the f
Dq!K1

i ð0Þ on �K1
at q2 ¼ 0 is

depicted in Figs. 5–8, in the interval �58� � �K1
� 58�.

In Figs. 6 and 8, as it is seen, all of the form factors contact
at one point. Also each form factor in Figs. 5 and 7, has one
extremum point. These extrema as well as the contact
points have been specified in Figs. 5–8. It is interesting
that in the Dq ! K1ð1270Þ‘� and Dq ! K1ð1400Þ‘�
cases, the extrema and contact points of the form factors
are nearly at �8�. The sum rules for the form factors are
truncated at about q2 ¼ 0:15 GeV2 and q2 ¼ 0:25 GeV2

for q ¼ uðdÞ and s cases of theDq ! K1ð1270Þ‘�, respec-
tively. These points for Dq ! K1ð1400Þ‘� transition are

q2 ¼ 0:22 GeV2 and q2 ¼ 0:32 GeV2 for uðdÞ and s cases,
respectively. To extend the results to the full physical
region, i.e., 0 � q2 � ðmDq

�mK1
Þ2 GeV2, we look for a

parametrization such that: (1) this parametrization coin-
cides well with the sum rules predictions below the points
at which the form factors are truncated and (2) the parame-

TABLE I. The q2 ¼ 0 values of the form factors of the D ! K1‘� decay forM2
1 ¼ 8 GeV2,M2

2 ¼ 6 GeV at different values of �K1
.

��K1
37 58 �37 �58 ��K1

37 58 �37 �58

fD!K1ð1270Þ
V 3.19 1.82 4.00 2.95 fD!K1ð1400Þ

V �3:37 �4:34 2.27 3.60

fD!K1ð1270Þ
0 �0:74 �0:42 �0:93 �0:68 fD!K1ð1400Þ

0 0.72 0.92 �0:49 �0:77

fD!K1ð1270Þ
1 0.34 0.19 0.44 0.34 fD!K1ð1400Þ

1 �0:38 �0:49 0.23 0.38

fD!K1ð1270Þ
2 2.56 1.46 3.24 2.36 fD!K1ð1400Þ

2 �2:70 �3:49 1.82 2.90

TABLE II. The q2 ¼ 0 values of the form factors of the Ds ! K1‘� decay for M2
1 ¼ 8 GeV2, M2

2 ¼ 6 GeV2 at different values of
�K1

.

��K1
37 58 �37 �58 ��K1

37 58 �37 �58

f
Dþ

s !K0
1
ð1270Þ

V
3.90 2.22 4.86 3.58 f

Dþ
s !K0

1
ð1400Þ

V
�4:09 �5:27 2.76 4.40

f
Dþ

s !K0
1
ð1270Þ

0 �1:15 �0:65 �1:44 �1:07 f
Dþ

s !K0
1
ð1400Þ

0 1.12 1.44 �0:76 �1:20

f
Dþ

s !K0
1
ð1270Þ

1 �0:54 �0:31 �0:66 �0:50 f
Dþ

s !K0
1
ð1400Þ

1 0.57 0.73 �0:39 �0:61

f
Dþ

s !K0
1
ð1270Þ

2 5.89 3.36 7.33 5.40 f
Dþ

s !K0
1
ð1400Þ

2 �6:19 �7:97 4.18 6.64
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trization provides an extrapolation to q2> the truncated
points, which is consistent with the expected analytical
properties of the form factors and reproduces the lowest-
lying resonance (pole). This resonance in theDq channel is

D�ðJP ¼ 1�Þ state. Following Refs. [25,26], which de-
scribe this point in detail, we choose the following theo-

retically more reliable fit parametrization:

fiðq2Þ ¼ a

1� q2

m2
D�

þ b

1� q2

m2
fit

: (37)

The values of the parameters a, b, and mfit are given in

FIG. 5. The dependence of the form factors on �K1
at q2 ¼ 0

for D ! K1ð1270Þ‘� decay.

FIG. 6. The dependence of the form factors on �K1
at q2 ¼ 0

for D ! K1ð1400Þ‘� decay.

FIG. 7. The dependence of the form factors on �K1
at q2 ¼ 0

for Ds ! K1ð1270Þ‘� decay.

FIG. 8. The dependence of the form factors on �K1
at q2 ¼ 0

for Ds ! K1ð1400Þ‘� decay.
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TABLE IV. Parameters appearing in the fit function for the form factors of the Dq ! K1ð1270Þ‘� and Dq ! K1ð1400Þ‘� decays at
M2

1 ¼ 8 GeV2, M2
2 ¼ 6 GeV2, and �K1

¼ 58�.

a b mfit a b mfit

fD!K1ð1270Þ
V ðq2Þ 2.12 �0:30 1.27 fD!K1ð1400Þ

V ðq2Þ �7:44 3.10 1.27

fD!K1ð1270Þ
0 ðq2Þ �1:52 1.10 1.37 fD!K1ð1400Þ

0 ðq2Þ 2.70 �1:78 1.37

fD!K1ð1270Þ
1 ðq2Þ 0.27 �0:08 1.29 fD!K1ð1400Þ

1 ðq2Þ �0:75 0.26 1.29

fD!K1ð1270Þ
2 ðq2Þ 1.68 �0:22 1.31 fD!K1ð1400Þ

2 ðq2Þ �4:00 0.51 1.31

f
Dþ

s !K0
1
ð1270Þ

V ðq2Þ 1.29 0.93 1.30 f
Dþ

s !K0
1
ð1400Þ

V ðq2Þ �9:18 3.91 1.30

f
Dþ

s !K0
1
ð1270Þ

0 ðq2Þ �2:14 1.49 1.53 f
Dþ

s !K0
1
ð1400Þ

0 ðq2Þ 4.03 �2:59 1.53

f
Dþ

s !K0
1
ð1270Þ

1 ðq2Þ �0:45 0.14 1.32 f
Dþ

s !K0
1
ð1400Þ

1 ðq2Þ 0.79 �0:06 1.32

f
Dþ

s !K0
1
ð1270Þ

2 ðq2Þ 4.78 �1:42 1.37 f
Dþ

s !K0
1
ð1400Þ

2 ðq2Þ �7:57 �0:40 1.37

TABLE V. Parameters appearing in the fit function for the form factors of the Dq ! K1ð1270Þ‘� and Dq ! K1ð1400Þ‘� decays at
M2

1 ¼ 8 GeV2, M2
2 ¼ 6 GeV2, and �K1

¼ �37�.

a b mfit a b mfit

fD!K1ð1270Þ
V ðq2Þ 5.48 �1:48 1.23 fD!K1ð1400Þ

V ðq2Þ 2.81 �0:54 1.23

fD!K1ð1270Þ
0 ðq2Þ �2:95 2.02 1.33 fD!K1ð1400Þ

0 ðq2Þ �1:71 1.22 1.33

fD!K1ð1270Þ
1 ðq2Þ 0.61 �0:17 1.25 fD!K1ð1400Þ

1 ðq2Þ 0.35 �0:12 1.25

fD!K1ð1270Þ
2 ðq2Þ 3.90 �0:66 1.29 fD!K1ð1400Þ

2 ðq2Þ 2.10 �0:28 1.29

f
Dþ

s !K0
1
ð1270Þ

V ðq2Þ 7.23 �2:37 1.27 f
Dþ

s !K0
1
ð1400Þ

V ðq2Þ 2.10 0.66 1.27

f
Dþ

s !K0
1
ð1270Þ

0 ðq2Þ �4:27 2.83 1.48 f
Dþ

s !K0
1
ð1400Þ

0 ðq2Þ �2:43 1.67 1.48

f
Dþ

s !K0
1
ð1270Þ

1 ðq2Þ �0:80 0.14 1.30 f
Dþ

s !K0
1
ð1400Þ

1 ðq2Þ �0:54 0.15 1.30

f
Dþ

s !K0
1
ð1270Þ

2 ðq2Þ 7.05 0.28 1.36 f
Dþ

s !K0
1
ð1400Þ

2 ðq2Þ 5.62 �1:44 1.36

TABLE III. Parameters appearing in the fit function for the form factors of the Dq ! K1ð1270Þ‘� and Dq ! K1ð1400Þ‘� decays at
M2

1 ¼ 8 GeV2, M2
2 ¼ 6 GeV2, and �K1

¼ 37�.

a b mfit a b mfit

fD!K1ð1270Þ
V ðq2Þ 3.83 �0:64 1.25 fD!K1ð1400Þ

V ðq2Þ �5:94 2.57 1.25

fD!K1ð1270Þ
0 ðq2Þ �2:05 1.31 1.36 fD!K1ð1400Þ

0 ðq2Þ 2.04 �1:32 1.36

fD!K1ð1270Þ
1 ðq2Þ 0.46 �0:12 1.27 fD!K1ð1400Þ

1 ðq2Þ �0:59 0.21 1.27

fD!K1ð1270Þ
2 ðq2Þ 2.97 �0:41 1.29 fD!K1ð1400Þ

2 ðq2Þ �3:14 0.44 1.29

f
Dþ

s !K0
1
ð1270Þ

V ðq2Þ 4.08 �0:18 1.28 f
Dþ

s !K0
1
ð1400Þ

V ðq2Þ �7:87 3.78 1.28

f
Dþ

s !K0
1
ð1270Þ

0 ðq2Þ �3:56 2.41 1.51 f
Dþ

s !K0
1
ð1400Þ

0 ðq2Þ 3.06 �1:94 1.51

f
Dþ

s !K0
1
ð1270Þ

1 ðq2Þ �0:70 0.16 1.31 f
Dþ

s !K0
1
ð1400Þ

1 ðq2Þ 0.58 �0:01 1.31

f
Dþ

s !K0
1
ð1270Þ

2 ðq2Þ 7.12 �1:23 1.35 f
Dþ

s !K0
1
ð1400Þ

2 ðq2Þ �5:32 �0:87 1.35

TABLE VI. Parameters appearing in the fit function for the form factors of the Dq ! K1ð1270Þ‘� and Dq ! K1ð1400Þ‘� decays at
M2

1 ¼ 8 GeV2, M2
2 ¼ 6 GeV2, and �K1

¼ �58�.

a b mfit a b mfit

fD!K1ð1270Þ
V ðq2Þ 3.86 �0:91 1.24 fD!K1ð1400Þ

V ðq2Þ 4.88 �1:28 1.24

fD!K1ð1270Þ
0 ðq2Þ �2:17 1.49 1.35 fD!K1ð1400Þ

0 ðq2Þ �2:57 1.80 1.35

fD!K1ð1270Þ
1 ðq2Þ 0.44 �0:10 1.26 fD!K1ð1400Þ

1 ðq2Þ 0.56 �0:18 1.26

fD!K1ð1270Þ
2 ðq2Þ 2.97 �0:61 1.27 fD!K1ð1400Þ

2 ðq2Þ 3.38 �0:48 1.27

f
Dþ

s !K0
1
ð1270Þ

V ðq2Þ 5.73 �2:15 1.29 f
Dþ

s !K0
1
ð1400Þ

V ðq2Þ 4.88 �0:48 1.29

f
Dþ

s !K0
1
ð1270Þ

0 ðq2Þ �3:14 2.07 1.49 f
Dþ

s !K0
1
ð1400Þ

0 ðq2Þ �3:70 2.50 1.49

f
Dþ

s !K0
1
ð1270Þ

1 ðq2Þ �0:58 0.08 1.32 f
Dþ

s !K0
1
ð1400Þ

1 ðq2Þ �0:78 0.17 1.32

f
Dþ

s !K0
1
ð1270Þ

2 ðq2Þ 4.69 0.71 1.35 f
Dþ

s !K0
1
ð1400Þ

2 ðq2Þ 7.84 �1:20 1.35
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Tables III, IV, V, and VI at different values of the mixing
angle �K1

. From this parametrization, we see that the mD�

pole exists outside the allowed physical region and related
to that, one can calculate the hadronic parameters such as
the coupling constant gDD�K1

(see [27,28]).

At the end of this section, we would like to discuss the
numeric values of the differential decay rates as well as the

branching ratios for the considered semileptonic and non-
leptonic transitions.

A. Semileptonic

The dependence of the longitudinal and transverse com-
ponents of the differential decay width for the semileptonic

FIG. 9. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ 37� for D0 ! K�

1 ð1270Þ‘�.

FIG. 10. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ 37� for Dþ ! K0

1ð1270Þ‘�.

FIG. 11. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ 37� for Dþ

s ! K0
1ð1270Þ‘�.

FIG. 12. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ 37� for D0 ! K�

1 ð1400Þ‘�.
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Dq ! K1‘� decays is shown in Figs. 9–20 at �K1
¼ 	37�.

In these figures, the total decay widths related to each
decay are also depicted. To calculate the branching ratios
of the semileptonic decays, we Integrate Eq. (30) over q2 in
the whole physical region and using the total mean lifetime
�D0 ¼ 0:41 ps, �Dþ ¼ 1:04 ps, and �Ds

¼ 0:50 ps [22].

The values for the branching ratio of these decays are
obtained as presented in Table VII. The errors in this table
are estimated by the variation of the Borel parameters M2

1

and M2
2, the variation of the continuum thresholds s0 and

s00, and uncertainties in the values of the other input

parameters.

FIG. 13. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ 37� for Dþ ! K0

1ð1400Þ‘�.

FIG. 14. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ 37� for Dþ

s ! K0
1ð1400Þ‘�.

FIG. 15. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ �37� for D0 ! K�

1 ð1270Þ‘�.

FIG. 16. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ �37� for Dþ ! K0

1ð1270Þ‘�.
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B. Nonleptonic

For estimating the branching ratio of the nonleptonic
D ! K1� decay, first the values of the form factors at q2 ¼
m2

� are calculated as shown in Table VIII. Inserting these
values in Eq. (36) and using Vud ¼ 0:973 77	 0:000 27
[22], m� ¼ 0:139 GeV, and f� ¼ 0:133 GeV, we obtain

the values for the branching ratio of these decays as
presented in Table IX. In comparison, we also include
the experimental values and upper limits in this table.
This table shows that for the D0 ! K�

1 ð1270Þ�þ, D0 !
K�

1 ð1400Þ�þ, and Dþ ! K0
1ð1400Þ�þ cases, the different

values of mixing angle �K1
give the values of branching

FIG. 17. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ �37� for Dþ

s ! K0
1ð1270Þ‘�.

FIG. 18. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ �37� for D0 ! K�

1 ð1400Þ‘�.

FIG. 19. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ �37� for Dþ ! K0

1ð1400Þ‘�.

FIG. 20. The dependence of the d�tot=dq
2, d�T=dq

2, and
d�L=dq

2 on q2 at �K1
¼ �37� for Dþ

s ! K0
1ð1400Þ‘�.
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ratios in good agreement with the experimental results but,
for Dþ ! K0

1ð1270Þ�þ decay, the values of the branching

ratios at different values of �K1
are about 1 order of

magnitude more than that of the experimental expectation.
In summary, we analyzed the semileptonic Dq ! K1‘�

transition with q ¼ u, d, s in the framework of the three-
point QCD sum rules and the nonleptonicD ! K1� decay
within the factorization approach. We calculated Dq to

K1ð1270Þ and K1ð1400Þ transition form factors by separat-
ing the mixture of theK1ð1270Þ andK1ð1400Þ states. Using
the transition form factors of the D ! K1, we analyzed the
nonleptonic D ! K1� decay. We also evaluated the decay
amplitude and decay width of these decays in terms of the

transition form factors. The branching ratios of these de-
cays were also calculated at different values of the mixing
angle �K1

. For the nonleptonic case, a comparison of the

results for the branching ratios with the existing experi-
mental results was also made.
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