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Using the B ! K1 form factors evaluated in the perturbative QCD approach, we study semileptonic

B ! K1ð1270Þlþl� and B ! K1ð1400Þlþl� decays, where K1ð1270Þ and K1ð1400Þ are mixtures of K1A

and K1B which are 3P1 and
1P1 states, respectively. Using the technique of helicity amplitudes, we express

the decay amplitudes in terms of several independent and Lorentz invariant pieces. We study the dilepton

invariant mass distributions, branching ratios, polarizations, and forward-backward asymmetries of B !
K1l

þl� decays. The ambiguity in the sign of the mixing angle will induce very large differences to

branching ratios of semileptonic B decays: branching ratios without resonant contributions either have the

order of 10�6 or 10�8. But the polarizations and the forward-backward asymmetries are not sensitive to

the mixing angles. We find that the resonant contributions will dramatically change the dilepton invariant

mass distributions in the resonant region. We also provide the angular distributions of B ! K1l
þl� !

ðK��Þlþl� decays.

DOI: 10.1103/PhysRevD.79.094024 PACS numbers: 13.20.He, 14.40.Ev

I. INTRODUCTION

Semileptonic and nonleptonic B decays provide an ideal
place to precisely test the standard model (SM) and search
for new physics (NP) scenarios beyond the SM. The flavor-
changing neutral-current (FCNC) b ! s transitions are
induced by the loop effect in the SM, thus the relevant
decay rates are typically small. The NP models can either
enhance the Wilson coefficients or introduce new kinds of
effective operators. Through the measurements of observ-
ables such as branching ratios and direct CP asymmetries
in semileptonic and nonleptonic B decays, experimental-
ists may figure out those contributions from the NPmodels.
Correspondingly, the b ! s transitions have received lots
of consideration.

Besides the B ! K�� and B ! K�lþl�, radiative and
semileptonic B decays involving an axial-vector meson in
the final state are also sensitive to the NP contributions. In
the quark model, there are two kinds of axial-vector me-
sons: the quantum numbers are JPC ¼ 1þþ or JPC ¼ 1þ�,
where P, C denotes the parity and charge parity of the
meson, respectively. The two strange axial-vector mesons
K1A and K1B can mix with each other and form two
physical states K1ð1270Þ and K1ð1400Þ. But the mixing
angle is not uniquely determined only using the � !
K1ð1270Þ �� and � ! K1ð1400Þ �� data. Thus, radiative and
semileptonic B decay channels not only provide valuable
information on weak interactions but also offer an oppor-
tunity to detect the internal structure of the K1 mesons
[1–13].

In our previous work [14,15], we have studied the B !
A form factors in the perturbative QCD (PQCD) approach.
The predicted form factors are consistent with many non-
leptonic B ! AP decays such as �B0 ! a�1 �� [16,17].
Semileptonic B ! Al �� decays have also been studied
and will be put on stringent experimental tests in the future.
In the present work, we will investigate the B !
K1ð1270Þlþl� and B ! K1ð1400Þlþl� decays, including
the dilepton invariant mass distributions, branching ratios,
polarizations, and forward-backward asymmetries. Wewill
use the helicity amplitudes to decompose the decay ampli-
tudes into several independent and Lorentz invariant
pieces. All of them can be easily evaluated in convenient
frames. Our results are helpful to fix the mixing angle with
the help of the future data; for example, branching ratios
are found to be sensitive to the sign of mixing angles. Since
the K1 meson can only be reconstructed by at least three
pseudoscalar mesons, the angular distributions in �B !
�K1l

þl� ! ðK��Þlþl� decays are investigated.
This paper is organized as follows. In Sec. II, we will

introduce the effective Hamiltonian which is responsible
for �B ! �K1l

þl� decays. Results for the B ! K1 form
factors in the perturbative QCD approach are collected in
Sec. III. In Sec. IV, we will construct the decay amplitudes
in terms of helicity amplitudes. The dilepton spectrum, the
branching ratios, and the forward-backward asymmetries
in the �B ! �K1l

þl� decays are then studied. At the end of
this section, we present some discussions on angular dis-
tributions. Our conclusion is given in the last section. In
Appendices A, B, and C, we give the explicit expressions
for the effective Wilson coefficient Ceff

9 , the mixing of the

K1 mesons, and the technique of helicity amplitudes,
respectively.*wwang@mail.ihep.ac.cn
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II. EFFECTIVE HAMILTONIAN

The effective Hamiltonian responsible for the b !
slþl� transition is given by

H eff ¼ �GFffiffiffi
2

p VtbV
�
ts

X10
i¼1

Cið�ÞOið�Þ; (1)

where Vtb and Vts are the Cabibbo-Kobayashi-Maskawa
matrix elements. Cið�Þ are the Wilson coefficients, and the
local operators Oið�Þ are given by [18]

O1 ¼ ð �s�c�ÞV�Að �c�b�ÞV�A;

O2 ¼ ð �s�c�ÞV�Að �c�b�ÞV�A;

O3 ¼ ð �s�b�ÞV�A

X
q

ð �q�q�ÞV�A;

O4 ¼ ð �s�b�ÞV�A

X
q

ð �q�q�ÞV�A;

O5 ¼ ð �s�b�ÞV�A

X
q

ð �q�q�ÞVþA;

O6 ¼ ð �s�b�ÞV�A

X
q

ð �q�q�ÞVþA;

O7 ¼ emb

8�2
�s���ð1þ �5ÞbF�� þ ems

8�2
�s���ð1� �5ÞbF��;

O9 ¼ �em

2�
ð�l��lÞð�s��ð1� �5ÞbÞ;

O10 ¼ �em

2�
ð�l���5lÞð�s��ð1� �5ÞbÞ;

(2)

where ð �q1q2ÞV�Að �q3q4ÞV�A � ð �q1��ð1� �5Þq2Þ�
ð �q3��ð1� �Þq4Þ, and ð �q1q2ÞV�Að �q3q4ÞVþA � ð �q1��ð1�
�5Þq2Þð �q3��ð1þ �Þq4Þ. The amplitude for b ! slþl�

transition can be decomposed as

Aðb ! slþl�Þ
¼ GF

2
ffiffiffi
2

p �em

�
VtbV

�
ts

�
Ceff
9 ðq2Þ½�s��ð1� �5Þb�½�l��l�

þ C10½ �s��ð1� �5Þb�½�l���5l�
� 2mbC

eff
7

�
�si���

q�

q2
ð1þ �5Þb

�
½�l��l�

� 2msC
eff
7

�
�si���

q�

q2
ð1� �5Þb

�
½�l��l�

�
; (3)

with mb as the b quark mass in the MS scheme. Ceff
7 ¼

C7 � C5=3� C6 and Ceff
9 contains both the long-distance

and short-distance contributions, which is given by

Ceff
9 ðq2Þ ¼ C9ð�Þ þ YpertðŝÞ þ YLDðq2Þ; (4)

with ŝ ¼ q2=m2
B. Ypert represents the perturbative contri-

butions, and YLD is the long-distance part. For the explicit
expressions of Ypert and YLD, see Appendix A.

III. B ! K1 FORM FACTORS

�B ! A transition form factors are defined by

hAðP2; 	
�Þj �q���5bj �BðPBÞi ¼ � 2iAðq2Þ

mB �mA

	��
�	��PB
P2�;

hAðP2; 	
�Þj �q��bj �BðPBÞi ¼ �2mAV0ðq2Þ 	

� � q
q2

q� � ðmB �mAÞV1ðq2Þ
�
	�� � 	� � q

q2
q�

�

þ V2ðq2Þ 	� � q
mB �mA

�
ðPB þ P2Þ� �m2

B �m2
A

q2
q�

�
;

hAðP2; 	
�Þj �q����5q�bj �BðPBÞi ¼ �2T1ðq2Þ	��
�	��PB
P2�;

hAðP2; 	
�Þj �q���q�bj �BðPBÞi ¼ �iT2ðq2Þ½ðm2

B �m2
AÞ	�� � ð	� � qÞðPB þ P2Þ��

� iT3ðq2Þð	� � qÞ
�
q� � q2

m2
B �m2

A

ðPB þ P2Þ�
�
;

(5)

where mA is the mass of the axial-vector meson. The
relation 2mAV0 ¼ ðmB �mAÞV1 � ðmB þmAÞV2 is ob-
tained at q2 ¼ 0. In the PQCD approach, we find that
this relation for the whole kinematic region becomes

V2 ¼
�ð1� r2Þ2



V1 � 2r2ð1þ r2ÞV0




�
; (6)

where r2 ¼ mA

mB
and 
 ¼ 1� q2=m2

B. Numerical results for
the B ! K1ð1270Þ and B ! K1ð1400Þ form factors are
quoted from our previous work [14,15] and collected in
Table I. The form factors in the large recoiling region are

directly calculated. In order to extrapolate the form factors
to the whole kinematic region, we have adopted the dipole
parametrization for the form factors

Fðq2Þ ¼ Fð0Þ
1� aðq2=m2

BÞ þ bðq2=m2
BÞ2

: (7)

The errors in the results are from: the decay constant of B
meson and shape parameter!b;�QCDðð0:25� 0:05Þ GeVÞ
and the factorization scales; Gegenbauer moments of axial-
vectors’ light-cone distribution amplitudes (LCDAs).
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IV. SEMILEPTONIC B ! K1ð1270Þlþl� AND
B ! K1ð1400Þlþl� DECAYS

Physical states K1ð1270Þ and K1ð1400Þ are mixtures of
K1B and K1A, while the mixing angle is usually constrained
using the �� decays. The solution for the mixing angle is
found to be twofold: �K ¼ ð�38� 11Þ	 and �K ¼
ð48:5� 11:5Þ	. The large uncertainties mainly arise from
the experimental data of the branching ratios, see
Appendix B. In the following, we will focus our investiga-
tion on these two ranges of the mixing angle. By reexpress-
ing the metric tensor g�� with the polarization vectors and

momentum, we can decompose the amplitude of semilep-
tonic decays into two Lorentz invariant parts, the leptonic
amplitude LðL=R; iÞ and the hadronic amplitude
HðL=R; iÞ, where i ¼ 0,þ or� denotes the three different
polarizations of the axial-vector K1. For more details about
the helicity amplitudes and definitions of the angles in the
angular distribution, see Appendix C.

Combining the leptonic amplitudes, the hadronic ampli-
tudes and the phase space together, the partial decay width
is given as

d�ið �B ! �K1l
þl�Þ

¼
ffiffiffiffi
�

p
1024�4m3

B

d cos�1d
dq2jAiðB ! K1l
þl�Þj2

¼
ffiffiffiffi
�

p
1024�4m3

B

d cos�1d
dq2ðjLðL; iÞHðL; iÞj2

þ jLðR; iÞHðR; iÞj2Þ; (8)

where � ¼ ðm2
A þm2

B � q2Þ2 � 4m2
Bm

2
A ¼ ðm2

B �m2
A �

q2Þ2 � 4m2
Aq

2.

A. Dilepton mass distributions

With �1 and 
 integrated out in Eq. (8), one obtains the
dilepton mass spectrum of B ! K1l

þl� decay:

d�i

dq2
¼

ffiffiffiffi
�

p
q2

96�3m3
B

½jHðL; iÞj2 þ jHðR; iÞj2�: (9)

The differential decay rates can be obtained by summing

the three different polarizations of the axial-vector meson:

dBRðB ! K1l
þl�Þ

dq2
¼ X

i¼0;þ;�

d�i

dq2
�B; (10)

where �B is the lifetime of the B meson.
In Fig. 1, we give our results of the differential decay

rates of B� ! K�
1 l

þl�. To show the dependence on mix-
ing angles, we give the results at several reference points:
�K ¼ �27	;�38	;�49	 and � ¼ 37	; 48:5	; 60	. The
first feature in these diagrams is the threshold enhancement
for the dilepton’s invariant mass distributions. These en-
hancements are caused by the q2 in the denominators of the
terms with C7L and C7R in the transverse decay widths as
shown in Eqs. (C15), (C16), (C18), and (C19). If the
leptons’ masses are taken into account, the invariant
masses will have a minimum q2min ¼ 4m2

l and the enhance-

ment is expected to become much smoother. From
Eq. (A3), we know that the resonant contributions can
give enhancements to the partial decay widths around the
region s
m2

V . For the J=�, �ð2SÞ, the diagram clearly
shows the resonant contributions from these two vector
mesons. However, because of the small branching fraction
of � ! lþl� and the large decay width of �, resonant
contributions from the other resonances are highly sup-
pressed and thus they are not very manifest in the
diagrams.

B. Decay widths and branching ratios

Integrating over q2 in (9), one can obtain the decay
width

�ið �B ! �K1l
þl�Þ

¼
Z ðmB�mK1

Þ2

0:1 GeV2
dq2

ffiffiffiffi
�

p
q2

96�3m3
B

½jHðL; iÞj2 þ jHðR; iÞj2�; (11)

�ð �B ! �K1l
þl�Þ ¼ X

i¼0;�
�ið �B ! �K1l

þl�Þ; (12)

where we have introduced a small cutoff for the invariant
mass of the lepton pair in the integration. The three branch-

TABLE I. B ! K1A;1B form factors. a, b are the parameters of the form factors in dipole parametrization. The errors are from: decay
constant of B meson and shape parameter !b; �QCD and the scales te; Gegenbauer moments of axial-vectors’ LCDAs. The three kinds

of uncertainties for the fitter parameters a and b are quadratically added together.

F Fð0Þ a b F Fð0Þ a b

ABK1A 0:27þ0:06þ0:00þ0:06
�0:05�0:01�0:06 1:73þ0:07

�0:06 0:67þ0:09
�0:07 ABK1B 0:20þ0:04þ0:01þ0:05

�0:04�0:01�0:05 1:73þ0:07
�0:06 0:68þ0:08

�0:06

VBK1A

0 0:35þ0:08þ0:01þ0:13
�0:07�0:02�0:13 1:73þ0:07

�0:09 0:66þ0:09
�0:10 VBK1B

0 0:52þ0:12þ0:01þ0:07
�0:10�0:02�0:07 1:72þ0:06

�0:06 0:64þ0:07
�0:06

VBK1A

1 0:47þ0:11þ0:01þ0:01
�0:09�0:01�0:01 0:75þ0:09

�0:04 �0:13þ0:10
�0:00 VBK1B

1 0:36þ0:08þ0:01þ0:09
�0:07�0:02�0:08 0:78þ0:06

�0:05 �0:10þ0:05
�0:03

VBK1A

2 0:14þ0:03þ0:00þ0:02
�0:03�0:01�0:02 � � � � � � VBK1B

2 0:00þ0:00þ0:00þ0:03
�0:00�0:00�0:03 � � � � � �

TBK1A

1 0:37þ0:08þ0:01þ0:01
�0:07�0:01�0:01 1:70þ0:08

�0:07 0:63þ0:08
�0:09 TBK1B

1 0:29þ0:06þ0:01þ0:06
�0:06�0:01�0:06 1:68þ0:08

�0:07 0:61þ0:10
�0:06

TBK1A

2 0:37þ0:08þ0:01þ0:01
�0:07�0:01�0:01 0:72þ0:10

�0:07 �0:16þ0:06
�0:01 TBK1B

2 0:29þ0:06þ0:01þ0:06
�0:06�0:01�0:06 0:73þ0:07

�0:07 �0:14þ0:03
�0:04

TBK1A

3 0:33þ0:08þ0:00þ0:08
�0:07�0:01�0:08 1:61þ0:09

�0:06 0:54þ0:11
�0:05 TBK1B

3 0:20þ0:05þ0:01þ0:05
�0:04�0:01�0:05 1:38þ0:08

�0:09 0:43þ0:06
�0:07
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ing ratios are given by

BR i ¼ �i

�tot

; (13)

where �tot is the decay width of the B meson. The trans-
verse and total branching ratios are defined by

BR T ¼ BRþ þBR�; (14)

BR tot ¼ BR0 þBRT: (15)

The polarization parameter, the ratio of the longitudinal
and transverse decay width, is defined by

RL=T ¼ �0

�þ þ ��
¼ BR0

BRT

: (16)

Our predictions on the branching ratios and polariza-
tions are collected in Table II, where the resonant contri-

butions from Vð �ccÞ are not taken into account. From this
table, we can see that the total branching ratios are sensi-
tive to the mixing angles. The two kinds of B ! K1 form
factors shown in Table I are similar in size but have differ-
ent signs. If the mixing angle is chosen as �38	 which is
very close to �45	, the B ! K1ð1270Þ form factors are
expected to be very small while the B ! K1ð1400Þ form
factors are large. Thus, the branching fraction of B !
K1ð1270Þlþl� is much larger than that of B !
K1ð1400Þlþl�. On the contrary, if the mixing angle is
chosen as 48.5	 which is close to 45	, the BRðB !
K1ð1270Þlþl�Þ is much smaller than BRðB !
K1ð1400Þlþl�Þ. It is clear that the three branching fractions
obey the relation for all mixing angles: BR0ðB !
K1l

þl�Þ > BR�ðB ! K1l
þl�Þ > BRþðB ! K1l

þl�Þ.
From Table I, we can see the form factors T1 and T2 have
similar magnitudes at q2 ¼ 0, and so are V1 and A. Thus,
the functions HðL;þÞ and HðR;þÞ are suppressed due to

FIG. 1 (color online). The dependence on q2 of dBRðB!K1ð1270Þlþl�Þ
dq2

and dBRðB!K1ð1400Þlþl�Þ
dq2

. Since the differential decay rates depends
on the mixing angle, we have given the results at several mixing angles as shown in the diagrams. The character ‘‘Y’’ (‘‘N’’) in the
brackets in the diagrams denotes that the resonant contributions are (not) taken into account.

TABLE II. The branching ratios of �B ! �K1l
þl� decays without resonant contributions (unit:

10�6). BRT ¼ BRþ þBR� and BRtot ¼ BR0 þBRT . For each channel, the results in
the first line are obtained with �K ¼ �38	 and the second line with �K ¼ 48:5	. The errors are
from the B ! K1 form factors.

BR0 BRþ BR� BRtot RL=T

B ! K1ð1270Þlþl� 0:1þ0:2
�0:1 <0:001 <0:001 0:1þ0:2

�0:1 . . .
1:5þ0:8

�0:7 0:03þ0:01
�0:01 0:8þ0:4

�0:3 2:3þ1:2�1:0 2:0� 0:2

B ! K1ð1400Þlþl� 1:2þ0:7
�0:5 0:02þ0:01

�0:01 0:6þ0:3
�0:2 1:8þ1:0

�0:8 2:0� 0:2
0:05þ0:14

�0:06 <0:001 
0:004 0:05þ0:14
�0:03 . . .
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the destructive contributions from these form factors while
the other two functions HðL;�Þ and HðR;�Þ are
enhanced.

Since there are large uncertainties in the mixing angle
�K, we give the dependence on the mixing angle �K of the
branching ratios in Fig. 2. As indicated from these
diagrams, the ranges of the branching ratios shown in
diagrams 2(a)–2(d) are 4:2� 10�8 
 3:2� 10�7, 2:2�
10�6 
 2:4� 10�6, 1:7� 10�6 
 1:9� 10�6, and 3:3�
10�8 
 1:8� 10�7, respectively.

C. Ratios of decay widths

To shed more light on the mixing angle �K, it is useful to
define the ratio of the partial decay widths

Rd�=dq2 ¼
d�ðB ! K1ð1400Þlþl�Þ=dq2
d�ðB ! K1ð1270Þlþl�Þ=dq2

(17)

as a function of q2. Our results for the Rd�=dq2 are shown in

Fig. 3, where the resonant contributions are not taken into
account. In each of the diagrams, three lines corresponding
to different values of mixing angles are presented to show
the �K dependence of Rd�=dq2 . As indicated from the two

diagrams in this figure, the shape of the ratio Rd�=dq2

strongly depends on the mixing angle �K. For negative
values of �K, these is a peak in the region 14 GeV2 & q2 &
15 GeV2 and it becomes sharper when �K decreases from
�27	 to roughly �40	. When �K & �48	, a maximum
appears at the point around q2 ¼ 2 GeV2. The situation is
also similar for the positive values of the mixing angle �K.
These behaviors arise from the fact that the mixing angle is
close to �45	 and B ! A form factors have similar
magnitudes.
We also calculate the ratio

R ¼ BRðB ! K1ð1400Þlþl�Þ
BRðB ! K1ð1270Þlþl�Þ ; (18)

FIG. 2. �K dependence of the branching ratios without resonances.

FIG. 3 (color online). The q2 dependence of Rd�=dq2 without resonances. Different lines correspond to different mixing angles.
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and the dependence on �K is depicted in Fig. 4. From these
two diagrams, we can see that the ratio R is very sensitive
to the value of mixing angle. The maximum (Rmax � 46)
appears roughly at �K ¼ �47	, while the minimum
(Rmin � 0:015) appears at �K ¼ 43	. If we adopt the two
reference points, the predictions on R are given by

R ¼ 19þ73
�18; R ¼ 0:02þ0:07

�0:01: (19)

D. Forward-backward asymmetry

The differential forward-backward (FB) asymmetry of
�B ! �K1l

þl� is defined by

dAFB

dq2
¼

Z 1

0
d cos�1

d2�

dq2d cos�1

�
Z 0

�1
d cos�1

d2�

dq2d cos�1
; (20)

while the normalized differential forward-backward asym-
metry is defined by

d �AFB

dq2
¼

dAFB

dq2

d�
dq2

¼ 3

4

�jHðL;þÞj2 þ jHðR;þÞj2 þ jHðL;�Þj2 � jHðR;�Þj2
jHðL; 0Þj2 þ jHðR; 0Þj2 þ jHðL;þÞj2 þ jHðR;þÞj2 þ jHðL;�Þj2 þ jHðR;�Þj2 : (21)

When �K ¼ �38	 [48.5	], form factors of B ! K1B and
B ! K1A give destructive contributions to B !
K1ð1270Þlþl� [B ! K1ð1400Þlþl�] decay. Thus the re-
sults suffer from large uncertainties. So in Fig. 5, we
only give our results on the normalized forward-backward
asymmetries d �AFB

dq2
for B ! K1ð1270Þlþl� with �K ¼ 48:5	

and B ! K1ð1400Þlþl� with �K ¼ �38	. From these dia-
grams, one can see that the differential forward-backward
asymmetries are not sensitive to the mixing angles. When

the resonant contributions are absent, the positions of zeros
of the forward-backward asymmetries are roughly q2 ¼
3:55 GeV for both diagrams.

E. Angular distributions of �B ! �K1l
þl� ! �K��lþl�

Experimentally, the K1 meson is reconstructed by at
least three pseudoscalar mesons, thus the cascade decay
�B ! �K1l

þl� ! �K��lþl�, rather than �B ! �K1l
þl�, will

FIG. 4 (color online). The �K dependence of R. The black solid (red dot) line represents the results without (with) the resonant
contributions.

FIG. 5 (color online). Dependence on the q2 of the normalized forward-backward asymmetry d �AFB

dq2
. Results corresponding to

different mixing angles are given. The character ‘‘Y’’ (‘‘N’’) in the brackets in the diagrams denotes that the resonant contributions are
(not) taken into account.

RUN-HUI LI, CAI-DIAN LÜ, AND WEI WANG PHYSICAL REVIEW D 79, 094024 (2009)

094024-6



be observed. For the three-body decayK1 ! K��, there is
an additional phenomenological amplitude Fm, where m
denotes the spin eigenvalue of K1 along the normal direc-
tion to the decay plane. For �B ! �K1l

þl� ! ð �K��Þlþl�,
both of helicity � and spin eigenvalue m run from�1 to 1.
When integrating over the rotation angle around the normal
to the decay plane, the interference between different Fm

vanishes and this gives 2J þ 1 real parameters jRmj2 [19].

Parity conservation provides additional constraints: only
the m satisfying the relation P ¼ ð�1Þmþ1 contributes. To
be more specific, m ¼ �1 is required for the �B !
�K1l

þl� ! �K��lþl� transition since the quantum num-
bers for K1 are J

P ¼ 1þ.
Following the angular distributions of B ! VA decays

[20], the angular distributions of �B ! �K1l
þl� !

�K��lþl� are derived as

d4�

dq2d cos�1d cos�2d

/ 1P

m
jRmj2

X
m

jRmj2
���������

X
�

HðL; �ÞLðL; �ÞdJ2�;mð�2Þ
��������

2þ
��������
X
�

HðR; �ÞLðR; �ÞdJ2�;mð�2Þ
��������

2
�

¼ 2q2
�
2ðjHðL; 0Þj2 þ jHðR; 0Þj2ÞÞsin2�1sin2�2 þ jHðL; 1Þj2 þ jHðR;�1Þj2

2

� ð1� cos�1Þ2ð1þ cos2�2Þ þ jHðL;�1Þj2 þ jHðR; 1Þj2
2

ð1þ cos�1Þ2ð1þ cos2�2Þ
þ Re½HðL; 0ÞHðL; 1Þ� þHðR; 0ÞHðR;�1Þ��ð1� cos�1Þð1þ cos�2Þ sin�1 sin�2 cos

þ Im½HðL; 0ÞHðL; 1Þ� þHðR; 0Þ�HðR;�1Þ�ð1� cos�1Þð1þ cos�2Þ sin�1 sin�2 sin

þ Re½HðL; 0ÞHðL;�1Þ� þHðR; 0ÞHðR; 1Þ��ð1þ cos�1Þð1� cos�2Þ sin�1 sin�2 cos

þ Im½HðL; 0Þ�HðL;�1Þ þHðR; 0ÞHðR; 1Þ��ð1þ cos�1Þð1� cos�2Þ sin�1 sin�2 sin

þ Re½HðL; 1ÞHðL;�1Þ� þHðR; 1ÞHðR;�1Þ��sin2�1sin2�2 cosð2
Þ
þ Im½HðL; 1Þ�HðL;�1Þ þHðR; 1Þ�HðR;�1Þ�sin2�1sin2�2 sinð2
Þ
� Re½HðR; 0ÞHðR; 1Þ� þHðL; 0ÞHðL;�1Þ��ð1þ cos�1Þð1þ cos�2Þ sin�1 sin�2 cos

� Im½HðR; 0ÞHðR; 1Þ� þHðL; 0Þ�HðL;�1Þ�ð1þ cos�1Þð1þ cos�2Þ sin�1 sin�2 sin

� Re½HðR; 0ÞHðR;�1Þ� þHðL; 0ÞHðL; 1Þ��ð1� cos�1Þð1� cos�2Þ sin�1 sin�2 cos

� Im½HðR; 0Þ�HðR;�1Þ þHðL; 0ÞHðL; 1Þ��ð1� cos�1Þð1� cos�2Þ sin�1 sin�2 sin


�

þ 2q2r1fðjHðL; 1Þj2 � jHðR;�1Þj2Þð1� cos�1Þ2 cos�2 þ ðjHðR; 1Þj2 � jHðL;�1Þj2Þ
� ð1þ cos�1Þ2 cos�2 þ Re½HðL; 0ÞHðL; 1Þ� �HðR; 0ÞHðR;�1Þ��ð1� cos�1Þð1þ cos�2Þ
� sin�1 sin�2 cos
þ Im½HðL; 0ÞHðL; 1Þ� �HðR; 0Þ�HðR;�1Þ�ð1� cos�1Þð1þ cos�2Þ
� sin�1 sin�2 sin
þ Re½HðL; 0ÞHðL;�1Þ� �HðR; 0ÞHðR; 1Þ��ð1þ cos�1Þð1� cos�2Þ
� sin�1 sin�2 cos
þ Im½HðL; 0Þ�HðL;�1Þ �HðR; 0ÞHðR; 1Þ��ð1þ cos�1Þð1� cos�2Þ
� sin�1 sin�2 sin
� Re½HðR; 0ÞHðR; 1Þ� �HðL; 0ÞHðL;�1Þ��ð1þ cos�1Þð1þ cos�2Þ
� sin�1 sin�2 cos
� Im½HðR; 0ÞHðR; 1Þ� �HðL; 0Þ�HðL;�1Þ�ð1þ cos�1Þð1þ cos�2Þ
� sin�1 sin�2 sin
� Re½HðR; 0ÞHðR;�1Þ� �HðL; 0ÞHðL; 1Þ��ð1� cos�1Þð1� cos�2Þ
� sin�1 sin�2 cos
� Im½HðR; 0Þ�HðR;�1Þ �HðL; 0ÞHðL; 1Þ��ð1� cos�1Þð1� cos�2Þ
� sin�1 sin�2 sin
g; (22)

where the asymmetry parameter r1 is defined as

r1 ¼ jR1j2 � jR�1j2
jR1j2 þ jR�1j2

: (23)

It should be pointed out that this parameter depends on the
dynamics of K1 ! K��. r1 would vanish if a symmetry

with respect to the inversion of the normal to the decay
plane is satisfied. For example, if the three-body decay
goes through K1 ! K
 ! K��, the parameter r1 is zero.
The branching ratio of K1ð1270Þ ! 
K is very large, thus
we expect that the terms proportional to r1 will not con-
tribute a lot to the B ! K1ð1270Þlþl� ! K��lþl� chan-
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nel. But for the K1ð1400Þ meson, the dominant channel is
K1ð1400Þ ! K�� and this kind of symmetry does not
exist.

V. CONCLUSIONS

Decays induced by FCNC have typically tiny branching
fractions in the SM, which are very sensitive to the NP
scenarios. Semileptonic B ! K�lþl� and B ! K1l

þl�
decays are ideal probes to detect the NP effect, as their
observables receive less nonperturbative pollution than
nonleptonic B decays.

Using the B ! K1 form factors evaluated in the PQCD
approach, we study the semileptonic B ! K1ð1270Þlþl�
and B ! K1ð1400Þlþl� decays, where l ¼ e, �. Applying
the technique of helicity amplitudes, we express decay
amplitudes in terms of several independent and Lorentz
invariant pieces. We study the total branching fractions and
polarizations of �B ! �K1l

þl� decays. K1ð1270Þ and
K1ð1400Þ are mixtures of K1A and K1B which are 3P1 and
1P1 states, respectively. The ambiguity in the sign of the
mixing angle will induce very large differences to branch-
ing ratios of semileptonic B decays: branching ratios with-
out resonant contributions either have the order of 10�6 or
10�8. The future measurements of the branching fractions
are helpful to discriminate the internal structures of the two
strange mesons. Large differences in polarizations are also
produced by the different mixing angles. We show that the
long-distance contributions will sizably change the dilep-
ton invariant mass distributions in the resonant region.
Since the K1 meson cannot be directly detected, experi-
mentalists can perform the angular distribution analysis for
the �B ! �K1l

þl� ! ð �K��Þlþl� decay channels which
contain more information on the internal structures. With
the help of helicity amplitudes, we directly give these
angular distributions of the �B ! �K1l

þl� ! ð �K��Þlþl�
decays.
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APPENDIX A: EXPRESSIONS FOR Ceff
9 ðq2Þ

Ceff
9 in Eq. (3) contains both the long-distance and short-

distance contributions, which is given by

Ceff
9 ðq2Þ ¼ C9ð�Þ þ YpertðŝÞ þ YLDðq2Þ; (A1)

with ŝ ¼ q2=m2
B. Ypert represents the perturbative contri-

butions, and YLD is the long-distance part. The Ypert is given

by [21]

YpertðŝÞ ¼ hðm̂c; ŝÞC0 � 1
2hð1; ŝÞð4C3 þ 4C4 þ 3C5 þ C6Þ

� 1
2hð0; ŝÞðC3 þ 3C4Þ þ 2

9ð3C3 þ C4

þ 3C5 þ C6Þ; (A2)

with C0 ¼ C1 þ 3C2 þ 3C3 þ C4 þ 3C5 þ C6 and m̂c ¼
mc=mb. The relevant Wilson coefficients, listed in
Table III, are given up to the leading logarithmic accuracy
[18]. The long-distance part YLD denotes the contributions
of B ! K1V resonances, where V is a vector meson.
Because of the large decay width of B ! K1Vð �ccÞ, only
the contributions from charmonium states are taken into
account [22]:

YLDðq2Þ ¼ � 3�

�2
em

C0

X
V¼J=�...

�V

mVBðV ! lþl�Þ�V
tot

q2 �m2
V þ imV�

V
tot

:

(A3)

�V is introduced to give correct predictions on the decay
rates of B ! K1Vðc �cÞ in the factorization approach. With

TABLE III. The values of Wilson coefficients CiðmbÞ in the leading logarithmic approxima-
tion, with mW ¼ 80:4 GeV, � ¼ mb;pole [18].

C1 C2 C3 C4 C5 C6 Ceff
7 C9 C10

1.107 �0:248 �0:011 �0:026 �0:007 �0:031 �0:313 4.344 �4:669

TABLE IV. Masses, decay widths, and branching fractions of dilepton decays of vector
charmonium states [24].

V Mass [GeV] �V
tot [MeV] BRðV ! lþl�Þ with l ¼ e, �

J=� 3.097 0.093 5:9� 10�2

�ð2SÞ 3.686 0.327 7:4� 10�3

�ð3770Þ 3.772 25.2 9:8� 10�6

�ð4040Þ 4.040 80 1:1� 10�5

�ð4160Þ 4.153 103 8:1� 10�6

�ð4415Þ 4.421 62 9:4� 10�6
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the available data, this parameter can be obtained through
fitting the decay rates. For example, �V for B ! J=�K� is
determined as �V ¼ 2:3 [23]. Except for the branching
ratio of �B0 ! J=� �K1ð1270Þ [24], there is no experimental
study on B ! K1Vðc �cÞ. We will assume the same value for
�V in B ! K1Vðc �cÞ due to the lack of data. In Table IV, we
list the properties of the vector charmonium states: mass,
width, and branching fractions of the leptonic decay chan-
nel V ! lþl� [24].

APPENDIX B: MIXING BETWEEN K1ð1270Þ AND
K1ð1400Þ

The physical states K1ð1270Þ and K1ð1400Þ are mixtures
of the K1A and K1B states with the mixing angle �K:

jK1ð1270Þi ¼ jK1Ai sin�K þ jK1Bi cos�K; (B1)

jK1ð1400Þi ¼ jK1Ai cos�K � jK1Bi sin�K: (B2)

In the flavor SU(3) symmetry limit, these mesons do not
mix with each other; but since the s quark is heavier than
the u, d quarks, K1ð1270Þ and K1ð1400Þ are not purely
13P1 or 11P1 states. Generally, the mixing angle can be
determined by the experimental data. One feasible method
is making use of the decay �� ! K1��, whose partial
decay rate is given by

�ð�� ! K1��Þ ¼ m3
�

16�
G2

FjVusj2f2A
�
1�m2

A

m2
�

�
2
�
1þ 2m2

A

m2
�

�
;

(B3)

with the measured results for branching fractions [24]

BRð�� ! K1ð1270Þ��Þ ¼ ð4:7� 1:1Þ � 10�3;

BRð�� ! K1ð1400Þ��Þ ¼ ð1:7� 2:6Þ � 10�3:
(B4)

The longitudinal decay constants (in MeV) can be straight-
forwardly obtained

jfK1ð1270Þj ¼ 169þ19
�21; jfK1ð1400Þj ¼ 125þ74

�125: (B5)

In principle, one can combine the decay constants for K1A,
K1B evaluated in QCD sum rules [25] with the above
results to determine the mixing angle �K. But since there
are large uncertainties in Eq. (B5), the constraint on the
mixing angle is expected to be rather smooth:

� 49	 < �K <�27	; or 37	 < �K < 60	; (B6)

where we have taken the uncertainties from the branching

ratios in Eq. (B4) and the first Gegenbauer moment aK1

1

into account but neglected the mass differences. As indi-
cated from Eq. (B6), the mixing angle �K still has large
uncertainties. To reduce the uncertainties, we have pro-
posed to use �B0 ! DþK�

1 to constrain the mixing angles
[15]. At present, we will use the two reference points:

�K ¼ ð�38� 11Þ	; �K ¼ ð48:5� 11:5Þ	: (B7)

APPENDIX C: HELICITYAMPLITUDES

Decay amplitudes for b ! slþl� decays in Eq. (3) can
be rearranged as

Aðb ! slþl�Þ ¼ GFffiffiffi
2

p �em

�
VtbV

�
ts

�
Ceff
9 þ C10

4
½�sb�V�A½�ll�VþA þ Ceff

9 � C10

4
½ �sb�V�A½�ll�V�A

� C7Lmb½ �si���ð1þ �5Þb�q
�

q2
½�l��l� � C7Rmb½ �si���ð1� �5Þb� q

�

q2
½�l��l�

�
; (C1)

where C7L ¼ mb

mB
Ceff
7 and C7R ¼ ms

mB
Ceff
7 . The decay ampli-

tudes for the hadronic �B ! �K1l
þl� decays can be obtained

by replacing the hadronic spinors ½ �sb� by the B ! K1 form
factors which are defined in Eq. (5). To predict physical
observables such as partial decay widths, one needs to
evaluate the amplitude square together with the phase
space. Under the summation of different spins, spinors
and polarization vectors can be simplified. But we can
see that there are still six form factors contributing to the
B ! K1l

þl� decays, even if the lepton’s masses are ne-
glected. In the following, wewill use a rather simple way to
derive the decay amplitudes of B ! K1l

þl�: the helicity
amplitudes.

Suppose there exists an intermediate vector state whose
momentum is denoted as q. The polarization vectors are
denoted as 	ð�Þ, where � ¼ 0,� denotes the three kinds of
polarizations. The metric tensor g�� can be decomposed

into combinations of polarization vectors and momentum:

g�� ¼ �X
�

	�ð�Þ	��ð�Þ þ
q�q�

q2
: (C2)

In the SM, the lepton pair in the final state is produced via
an off-shell photon, or a Z boson or some possible hadronic
vector mesons. The different intermediate states may give
different couplings but the amplitudes share many com-
monalities: the Lorentz structure for the vertex of the
lepton pair is either V � A or V þ A or any combinations
of them. Thus the decay amplitudes of �B ! �K1l

þl� can be
redefined as

A ð �B ! �K1l
þl�Þ ¼ L�ðLÞH�ðLÞ þ L�ðRÞH�ðRÞ;

(C3)

where LðLÞ, LðRÞ are the lepton pair spinor products:

LðLÞ ¼ �l��ð1� �5Þl; LðRÞ ¼ �l��ð1þ �5Þl: (C4)

Inserting a metric tensor g�� and substituting the identity
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in Eq. (C2) into the decay amplitudes, one obtains two
independent parts:

Að �B ! �K1l
þl�Þ ¼ L�ðLÞH�ðLÞg�� þ L�ðRÞH�ðRÞg��

¼ �X
�

LðL; �ÞHðL; �Þ

�X
�

LðR; �ÞHðR; �Þ; (C5)

where q� is the momentum of the lepton pair. LðL; �Þ ¼
L�ðLÞ	�ð�Þ and LðR; �Þ ¼ L�ðRÞ	�ð�Þ denote the

Lorentz invariant amplitudes for the lepton part. It is
also similar for the Lorentz invariant hadronic amplitudes:
HðL; �Þ ¼ H�ðLÞ	��ð�Þ and HðR; �Þ ¼ H�ðRÞ	��ð�Þ. The
last term (proportional to q�) in the metric tensor g��

vanishes: using equation of motion, this term is propor-
tional to the mass of the lepton which has been set to zero.

An advantage of the helicity amplitudes is that both of
the hadronic amplitudes and the leptonic amplitudes are
Lorentz invariant. So one can choose any convenient frame
to evaluate them separately. Usually the lepton amplitudes
are evaluated in the central mass frame of the lepton pair,
while the hadronic decay amplitudes can be directly ob-
tained in the B meson rest frame. The phase space for
multibody decays can also be written into several Lorentz
invariant pieces. We will take the three-body decays’ phase
space as an example:

d�3ðP;p1; p2; p3Þ ¼
Z d3p1

ð2�Þ32E1

d3p2

ð2�Þ32E2

� d3p3

ð2�Þ32E3

�4ðP� p1 � p2 � p3Þ
(C6)

which can be rearranged as

d�3ðP;p1; p2; p3Þ ¼ d�2ðq; p1; p2Þ � d�2ðP;q; p3Þ
� ð2�Þ3dq2: (C7)

Before the results for these amplitudes are presented, we
will give our convention on the helicity angles which are
depicted in Fig. 6. Experimentally, the K1 meson will be
reconstructed by the three pseudoscalar states K��. In the
rest frame of the K1 meson, the final three mesons move in
one decay plane and the direction normal to this decay
plane is denoted as n̂. The angle between the direction n̂
and the K1 moving direction in the B meson rest frame is
defined as �2, while the angle between the moving direc-

tion of l� in the lepton pair rest frame and the moving
direction of the lepton pair in the B meson rest frame is
defined as �1. The angle between the l

þl� decay plane and
the plane defined by the K1 moving direction in the B
meson rest frame and n̂ is defined as 
.
In the rest frame of the lepton pair, the leptonic decay

amplitudes are evaluated as

LðL; 0Þ ¼ 2
ffiffiffiffiffi
q2

q
sin�1; (C8)

LðL;þÞ ¼ �2
ffiffiffi
2

p ffiffiffiffiffi
q2

q
sin2

�1
2
ei
; (C9)

LðL;�Þ ¼ �2
ffiffiffi
2

p ffiffiffiffiffi
q2

q
cos2

�1
2
e�i
; (C10)

LðR; 0Þ ¼ �2
ffiffiffiffiffi
q2

q
sin�1; (C11)

LðR;þÞ ¼ �2
ffiffiffi
2

p ffiffiffiffiffi
q2

q
cos2

�1
2
ei
; (C12)

LðR;�Þ ¼ �2
ffiffiffi
2

p ffiffiffiffiffi
q2

q
sin2

�1
2
e�i
: (C13)

In the B meson rest frame, the hadronic transition ampli-
tudes are given by

HðL; 0Þ ¼ GFVtbV
�
ts�em

8
ffiffiffi
2

p
�mA

ffiffiffiffiffi
q2

p
�
2ðC7L þ C7RÞmb

�
�T3ðq2Þ
m2

B �m2
A

� ð3m2
A þm2

B � q2ÞT2ðq2Þ
�

þ ðCeff
9 � C10Þ

�
ðmB �mAÞðm2

A �m2
B þ q2ÞV1ðq2Þ þ �V2ðq2Þ

ðmB �mAÞ
��
; (C14)

FIG. 6. Definitions of helicity angles ð�1; �2; 
Þ in �B !
�K1l

þl� ! K��lþl� decay. The direction n̂ is the normal to
the decay plane of K1. The angle between the direction n̂ and the
K1 moving direction in the B meson rest frame is defined as �2,
while the angle between the moving direction of l� in the lepton
pair (a �� or a Z boson) rest frame and the moving direction of
the lepton pair in the B meson rest frame is defined as �1. The
angle, between the lþl� decay plane and the plane defined by the
K1 moving direction in the B meson rest frame and n̂, is defined
as 
.
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HðL;þÞ ¼ GFVtbV
�
ts�em

4
ffiffiffi
2

p
�q2

�
2ðC7L � C7RÞmb

ffiffiffiffi
�

p
T1ðq2Þ � 2ðC7L þ C7RÞmbðm2

B �m2
AÞT2ðq2Þ

þ ðCeff
9 � C10Þq2

� ffiffiffiffi
�

p
Aðq2Þ

ðmB �mAÞ � ðmB �mAÞV1ðq2Þ
��
; (C15)

HðL;�Þ ¼ GFVtbV
�
ts�em

4
ffiffiffi
2

p
�q2

�
�2ðC7L � C7RÞmb

ffiffiffiffi
�

p
T1ðq2Þ � 2ðC7L þ C7RÞmbðm2

B �m2
AÞT2ðq2Þ

þ ðCeff
9 � C10Þq2

�
�

ffiffiffiffi
�

p
Aðq2Þ

ðmB �mAÞ � ðmB �mAÞV1ðq2Þ
��
; (C16)

HðR; 0Þ ¼ GFVtbV
�
ts�em

8
ffiffiffi
2

p
�mA

ffiffiffiffiffi
q2

p
�
2ðC7L þ C7RÞmb

�
�T3ðq2Þ
m2

B �m2
A

� ð3m2
A þm2

B � q2ÞT2ðq2Þ
�

þ ðCeff
9 þ C10Þ

�
ðmB �mAÞðm2

A �m2
B þ q2ÞV1ðq2Þ þ �V2ðq2Þ

ðmB �mAÞ
��
; (C17)

HðR;þÞ ¼ GFVtbV
�
ts�em

4
ffiffiffi
2

p
�q2

�
2ðC7L � C7RÞmb

ffiffiffiffi
�

p
T1ðq2Þ � 2ðC7L þ C7RÞmbðm2

B �m2
AÞT2ðq2Þ

þ ðCeff
9 þ C10Þq2

� ffiffiffiffi
�

p
Aðq2Þ

ðmB �mAÞ � ðmB �mAÞV1ðq2Þ
��
; (C18)

HðR;�Þ ¼ GFVtbV
�
ts�em

4
ffiffiffi
2

p
�q2

�
�2ðC7L � C7RÞmb

ffiffiffiffi
�

p
T1ðq2Þ � 2ðC7L þ C7RÞmbðm2

B �m2
AÞT2ðq2Þ

þ ðCeff
9 þ C10Þq2

�
�

ffiffiffiffi
�

p
Aðq2Þ

ðmB �mAÞ � ðmB �mAÞV1ðq2Þ
��
: (C19)
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