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Using the B — K form factors evaluated in the perturbative QCD approach, we study semileptonic
B — K (1270)["1~ and B — K,(1400)/" [~ decays, where K,(1270) and K,(1400) are mixtures of K,
and K, which are 3P, and ! P, 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 —
K,I*1~ 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 1076 or 1073. 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 — K;[T]~ —

(Kmm)I*t1™ decays.
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L. 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 NP models.
Correspondingly, the b — s transitions have received lots
of consideration.

Besides the B— K*y and B — K*I" [, 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 J°¢ = 17% or JF€ = 177,
where P, C denotes the parity and charge parity of the
meson, respectively. The two strange axial-vector mesons
K4 and K;p can mix with each other and form two
physical states K;(1270) and K,;(1400). But the mixing
angle is not uniquely determined only using the 7—
K, (1270)v» and 7 — K,;(1400)7 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 K; mesons
[1-13].
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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 B® — ai 7™ [16,17].
Semileptonic B — Alp 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 —
K,(1270)["1~ and B — K,;(1400)/"[~ decays, including
the dilepton invariant mass distributions, branching ratios,
polarizations, and forward-backward asymmetries. We will
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 K; meson can only be reconstructed by at least three
pseudoscalar mesons, the angular distributions in B —
K"~ — (K7m@)l" 1~ decays are investigated.

This paper is organized as follows. In Sec. II, we will
introduce the effective Hamiltonian which is responsible
for B— K,I"1~ decays. Results for the B— K, 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 — K,I"1~ 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 C§, the mixing of the
K, mesons, and the technique of helicity amplitudes,
respectively.
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II. EFFECTIVE HAMILTONIAN

The effective Hamiltonian responsible for the b —
sI* 1~ transition is given by

Gr

H o = ﬁvﬂ,v;izcw)o (), (1)

where V,;, and V, are the Cabibbo-Kobayashi-Maskawa
matrix elements. C;(u) are the Wilson coefficients, and the
local operators O;(u) are given by [18]

Oy = (5a¢a)v-a(Cgbg)y—a

0, = (5acp)y-alCpba)y—a

0; = (Eaba)VfAZ(QBqB)VfA;
q

o

N

= (Eabﬁ)VfAZ(C_IBQa)VfA’
q
0 Z(Eaba) - (C_I q ) ,
5 v A% B4p)v+a o
O¢ = (fabﬁ)v—AZ(%qa)vm,
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07 = 0 5amr(1 + ys)bF,,
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55047 (1 — 7y5)bF,

0y = 2‘;‘7“ (Iy D(EY*(1 = y5)b),
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where (7192)v-a(@3q4)v—a = (G17*(1 = ¥5)q2) X
(737, (1 = ¥)qa), and (§192)v-a(G394)v+a = (1 y*(1 —
¥5)42)(G3y,(1 + ¥)gs). The amplitude for b — si*1~
transition can be decomposed as

Ab— sl+lf)
G Aem * e
- e v,bvm{c ()57, (1 — y5)blliy 1]
+ Ciol5y, (1 = y5)bly*ysl]

- 2mbC$ff|:§i0'w,q—2(1 + yS)b][l_y“l]
q
_ eff| =: q” 7
2,65 510 L5 (1 = 500 |1y 3)
q

with m,, as the b quark mass in the MS scheme. CSif =
— Cs/3 — Cg and Cif contains both the long-distance
and short-distance contrlbutions, which is given by

C5(g%) = Co(p) + Yper($) + Yip(g?), @)

with § = ¢*/m3. Yo represents the perturbative contri-
butions, and Y} p is the long-distance part. For the explicit
expressions of Y. and Y p, see Appendix A.

III. B — K; FORM FACTORS

o -
O =—2(1 Dy (1 — ys)b), _
0 g (. 7sDGyH( ¥5)b) B — A transition form factors are defined by

|

_ 2iA(q?

APy, gy yslBP) = = 220 uiprcipy p,
BT My
€ -
AP ay tlBPn) = ~2maVola) T — g~ Vit € 10w

+ Vz(qz)m
B

e — m2
I:(PB+P2)“_7BC]2 Aﬂl”], (5)

<A(P2; ex)|L70'lLV’)/5qu|B(PB)> = _2Tl (qz)E'MVpO-G’;;PBpPZU;

APy, €)lgoq,bIB(Py) = ~ITo () — md)e™ — (¢

— iT5(g*)(e* - q)[q" -

where m, is the mass of the axial-vector meson. The
relation 2mAV0 (mg — my)V, — (mp + my)V, is ob-
tained at ¢g°> = 0. In the PQCD approach, we find that
this relation for the whole kinematic region becomes

V2 _ [(1 - r2)2 Vl _ 27'2(1 + rz)Vo]’ (6)
p p

where r, = 24 and p = 1 — ¢*/m3%. Numerical results for
the B — Kl(f270) and B— K 1(1400) form factors are

quoted from our previous work [14,15] and collected in
Table 1. The form factors in the large recoiling region are

q)(Pg + Py)*]
2

%(PB + Pz)“],

mp — Ny

|

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

F(0)
U= al?/m) + blq? i)

F(g*) = (7

The errors in the results are from: the decay constant of B
meson and shape parameter w,; Aqgcp((0.25 = 0.05) GeV)
and the factorization scales; Gegenbauer moments of axial-
vectors’ light-cone distribution amplitudes (LCDAs).
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TABLE I
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B — K 5 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 ,; Aqcp and the scales #,; Gegenbauer moments of axial-vectors’ LCDAs. The three kinds
of uncertainties for the fitter parameters a and b are quadratically added together.

F F(0) a b F F(0) a b
BK +0.06+0.00+0.06 +0.07 +0.09 BK £0.04+0.01+0.05 +0.07 +0.08
ABKM 0.277505 001 -0.06 L737506 0.6774.07 ABK'” 0.20Z6:04 70,0100 1737606 0.687 06
" +0.08+0.01+0.13 +0.07 +0.09 5 +0.12+0.01+0.07 +0.06 +0.07
V%K 0.35%G07 0022013 1737509 0.6675 79 V%K 0.527516 0.02 0,07 L7275 06 0.6475 06
" +0.11+0.014+0.01 +0.09 () 124010 5 +0.080.01+0.09 +0.06 0 10+0.05
V}?K 0477500001 ~0.01 0.75%504 0.13%:00 V};K 0.3670:07 0.02_0.08 0.78Z 05 0.10%03
e A
9 +0.08-0.0140.01 +0.08 +0.08 5 +0.06--0.01+0.06 +0.08 +0.10
T}ﬂ( 0.37%5.07-0.01—0.01 1707507 0.63% 0 T}BK 0.2976:060.01-0.06 168707 0.6175 06
" +0.08-0.01+0.01 +0.10 () 1A+006 8 +0.06+-0.01+0.06 +0.07 () 14+0.03
T%K 0.37%5.07-0.01—0.01 0.7275,07 0.16%5 07 TzBK 0.2976:060.01-0.06 0.73%5.07 0.14%5 03
" +0.08+0,00+0.08 +0.09 +0.11 5 +0.05+0.01+0.05 +0.08 +0.06
T; 0.337507 0,01 0.08 1.6175 06 0.547 05 T; 0.2070:01 " 0.01-0.03 138700 0.4375 07

IV. SEMILEPTONIC B — K(1270)I*1~ AND
B — K,(1400)/ "I~ DECAYS

Physical states K;(1270) and K;(1400) are mixtures of
K, and K4, while the mixing angle is usually constrained
using the 7~ decays. The solution for the mixing angle is
found to be twofold: 6y = (=38 £ 11)° and Oy =
(48.5 = 11.5)°. 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 L(L/R,i) and the hadronic amplitude
H(L/R, i), where i = 0, + or — denotes the three different
polarizations of the axial-vector K;. 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

dT (B — K,I"17)

VA .
= mdcoseldqbdqzlﬂi(B - Kll+l )|2

VA . :
= mdcosﬁld(l)dqzﬂL(L, Z)H(L, l)|2

+ LR D)H(R, D), ®)
where A = (m} + m3 — ¢*)* — dmzm3 = (m3 — m3 —
q*)? — 4miq*.

A. Dilepton mass distributions

With 6, and ¢ integrated out in Eq. (8), one obtains the
dilepton mass spectrum of B — K,I*1~ decay:
ar; _ \/qu

i = S WHLOP + IHR DL ©)
B

The differential decay rates can be obtained by summing

the three different polarizations of the axial-vector meson:

dBR(B — K,I*1") dr;
= Z 2 7B
dq? i=0.7,— 49

(10)

where 73 is the lifetime of the B meson.

In Fig. 1, we give our results of the differential decay
rates of B~ — K; ["1~. To show the dependence on mix-
ing angles, we give the results at several reference points:
Ox = —27°,—38°, —49° and 0 = 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 ¢ in the denominators of the
terms with C7; and Cy; in the transverse decay widths as
shown in Egs. (C15), (C16), (C18), and (C19). If the
leptons’ masses are taken into account, the invariant
masses will have a minimum g2, = 4m? 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 ~ m?. For the J/W¥, W(25), the diagram clearly
shows the resonant contributions from these two vector
mesons. However, because of the small branching fraction
of ¥ — [*]” and the large decay width of W, 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 ¢ in (9), one can obtain the decay
width

FI(B i kll+l_)
. f(mB*mKI)Z
0.1 GeV?

N(B—KI*1")= Y Ti(B—KI"I), (12)

i=0,*

VAg’ . .
dg? 52 S (L )F + JHR D) (1)
T my

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

094024-3



RUN-HUI LI, CAI-DIAN LU, AND WEI WANG

PHYSICAL REVIEW D 79, 094024 (2009)

©w
)

[--] ~

L 40 ————r ‘i g o 35 AT R f 7 @ ."

£ 35 : g—-as"(u);; £ 30 —a85N i 3 J
S ool AT 49:(\():;;‘ 5 4 - —--37%Y) i ‘.! l:
e SN 1T g 251 — —3'N) A P
= 25 Treeel ---:z7°fu))g‘! = ---=- 60°(Y) A i

< 20 4 I P S P
e [ N il MR T < %‘ g
& 1sf PN i 8- : i

SN S AN < 10f N
z 1.0 | : i £ ; B\
@ o5 S N \
2 N TS - St [

% 0.0 | s s s s s % 0.0 s s s s s s s

0 2 4 6 8 10 12 14 1 0 2 4 6 8 10 12 14 16

=~ G
o o o
T T T

-
o
T

e
2]
T
2

dBR(B to K4(1400)I*I")dg? unit: 1077

e
=)

N
T

o2

5 ; ; ; —r ——
f e 48.5°Y)
i) ——48.5°(N)

4H b 0 1
g 3T (Y)
by = =37'(N)

3 i3 - 60°(Y)
fhE ----60°(N)

-
T

dBR(B to K4(1400)1*1")/dg? unit: 108

o
i
|
i

o
N
IS
o
(-]
=
o
=y
N
=
S

0 2 4 6 8 10 12 14

q2

FIG. 1 (color online). The dependence on g* o e

dBR(B—K,(1270)I* I~ IBR(B—K;(1400)/*
fABRB=K (2101 1) g dBR(B—K, (1400)

) Since the differential decay rates depends

.. . 9. . q . yox -
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.

ing ratios are given by
I;
Ftot '

BR, = (13)

where I'y, is the decay width of the B meson. The trans-
verse and total branching ratios are defined by

BR,=BR, + BR_, (14)

BR ., = BR, + BR;. (15)

The polarization parameter, the ratio of the longitudinal
and transverse decay width, is defined by
R — Iy  BR,

UT=T, +T_. BR,

(16)

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

TABLE II.

butions from V(¢c) 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 — K; 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 — K;(1270) form factors are
expected to be very small while the B — K;(1400) form
factors are large. Thus, the branching fraction of B —
K,(1270)["1~ is much larger than that of B —
K;(1400)/"I~. On the contrary, if the mixing angle is
chosen as 48.5° which is close to 45°, the BR(B —
K,(1270)/"17) is much smaller than BR(B—
K,(1400)["[7). Itis clear that the three branching fractions
obey the relation for all mixing angles: BRy(B —
K\I"lI")>BR_(B— K;I"l")>BR_.(B— K\I"l").
From Table I, we can see the form factors 7'} and 7, have
similar magnitudes at ¢g> = 0, and so are V; and A. Thus,
the functions H(L, +) and H(R, +) are suppressed due to

The branching ratios of B — K,I*[~ decays without resonant contributions (unit:

107%. BR; = BR, + BR_ and BR,, = BR, + BR;. For each channel, the results in
the first line are obtained with #; = —38° and the second line with 6 = 48.5°. The errors are

from the B — K, form factors.

BR, BR, BR_ BR o Ryr
B— K (1270)" 1~ 0.1%97 <0.001 <0.001 0.1%07 .
1.5+08 0.03+00! 0.8+04 2.3+12 2.0 0.2
B — K, (1400)/* 1~ 1.2751 0.02:201 0.6°93 184459 2.0*02
0.05%54¢ <0.001 ~0.004 0.05%033
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240 T T T T T T T T T
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FIG. 2. 6 dependence of the branching ratios without resonances.

the destructive contributions from these form factors while
the other two functions H(L, —) and H(R, —) are
enhanced.

Since there are large uncertainties in the mixing angle
0k, we give the dependence on the mixing angle f 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 X 1073 ~32X 1077, 2.2 X
1070~24X107% 17X 107°~19x 107 and 3.3 X
1073 ~ 1.8 X 1077, respectively.

C. Ratios of decay widths

To shed more light on the mixing angle 0, it is useful to
define the ratio of the partial decay widths
dI'(B — K,(1400)"17)/dq?

" dT(B— K,(1270)717)/dq? {17

RdF/a.’q2
as a function of ¢. Our results for the R, dq* are shown in

. —
8ol
0]
60
50
40
30l
20
10
0

(a)

T

—9K=-38°
- - og=-27°
- oK=-49°

Rdr/dq?

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 6 dependence of R;r/,,2- As indicated from the two
diagrams in this figure, the shape of the ratio R,r;4,2
strongly depends on the mixing angle . For negative
values of , these is a peak in the region 14 GeV? < ¢*> <
15 GeV? and it becomes sharper when 6 decreases from
—27° to roughly —40°. When 0x = —48°, a maximum
appears at the point around g> = 2 GeV?. The situation is
also similar for the positive values of the mixing angle 6.
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

_ BR(B— K, (1400)[* )

R_BRwaKMNWWﬁ’

(18)

0.18 T T T

) — 0y=48.5
015+ - - 0K=37° 1
. =a0°
042} - 0=60

FIG. 3 (color online). The ¢> dependence of R /4> Without resonances. Different lines correspond to different mixing angles.
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- - - - with resonances
—— without resonances

60}
50 1
aof ‘
30} 1
20}

10

-48 -46 -44 -42 -40 -38 -36 -34 -32 -30 -28 -
0K unit:°

FIG. 4 (color online).
contributions.

The 6y dependence of R. The black

and the dependence on 6 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 (R, = 46)
appears roughly at 0y = —47°, while the minimum
(Ryin = 0.015) appears at 8 = 43°. If we adopt the two
reference points, the predictions on R are given by

—|H(L, H)PP + [HR, )P + |H(L, )] — [HR -)I

PHYSICAL REVIEW D 79, 094024 (2009)

—— T T T T T T
- - - - with resonances b
—— without resonances

38 40 42 44 46 48 50 52 54 56 58
6K unit:°

solid (red dot) line represents the results without (with) the resonant

D. Forward-backward asymmetry
_ The differential forward-backward (FB) asymmetry of
B — K,I*1” is defined by
dAFB o
dq*

! a’r
dcos))———
/;) €08 "dq?d cosb,
0 2
— [ dcost ————
/71 O P d cose,

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

: (20)

R=19"73 R = 0.027397. (19)
|
- dA

dAFB _ quQB _ 3

2~ dL T g4

dq i 4
When 6 = —38° [48.5°], form factors of B — Kz and
B — K, give destructive contributions to B —

K,(1270)I"I~ [B — K,;(1400)I* "] decay. Thus the re-
sults suffer from large uncertainties. So in Fig. 5, we
only give our results on the normalized forward-backward
asymmetries ‘Z‘—? for B— K,(1270)I* 1~ with 0x = 48.5°
and B — KI(IZ{OO)lJrl_ with 8 = —38°. From these dia-
grams, one can see that the differential forward-backward
asymmetries are not sensitive to the mixing angles. When

|H(L, 0)* + [H(RR, O)F° + [H(L, +)I* + [H(R, +)I> + |[H(L, -)I* + |[H(R, )’

21

I

the resonant contributions are absent, the positions of zeros
of the forward-backward asymmetries are roughly ¢> =
3.55 GeV for both diagrams.

E. Angular distributions of B — K71~ — Kmal "1~

Experimentally, the K; meson is reconstructed by at
least three pseudoscalar mesons, thus the cascade decay
B— K,I"l” — Kamlt1™, rather than B — K, [T, will

0.4 —— 0.4 . . . . . . .
P e 8
.-_‘-,;'4':., 4 H P 4;:" —;’. H
i o 3 h i Iy '
o o2r 52T l,K Py £ o2y g K l‘ Y
s b if 5 (. |
S ! [ b S i i
N > i i 3 { i
< 00 5 5 L 3 < 00 . i H
> —3T(N) ] B v —a°(N) | i i
2 = - - -485(N) i} 2 - N i i
g -2} —-—60°(N) {1 % 02 oo N 1
& - 37(Y) e 49°(Y)
----- 48.5°(Y) —-— -38%(Y)
04 0 60°(Y) i I 1 27°(Y) 4
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14
o o
FIG. 5 (color online). Dependence on the ¢ of the normalized forward-backward asymmetr dAFzB. Results corresponding to
dq

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.
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be observed. For the three-body decay K; — K, there is
an additional phenomenological amplitude F,,, where m
denotes the spin eigenvalue of K| along the normal direc-
tion to the decay plane. For B — K,I*1” — (K7m)l" 1™,
both of helicity A and spin eigenvalue m run from —1 to 1.
When integrating over the rotation angle around the normal

PHYSICAL REVIEW D 79, 094024 (2009)

Parity conservation provides additional constraints: only
the m satisfying the relation P = (—1)"*! contributes. To
be more specific, m = *1 is required for the B —
K\l — Kmal*l~ transition since the quantum num-
bers for K are J© =17,

Following the angular distributions of B — VA decays

to the decay plane, the interference between different F,
vanishes and this gives 2J + 1 real parameters |R,,|> [19].

[20], the angular distributions
Kmalt 1™ are derived as

2
+

d'T 1 ,
2 * s SR
dg*dcosfidcostrdp Y |R,|* 4

> H(L, ML(L, )d,,(6)
A

> H(R LR, Vdy,,(6)
A

]
|H(L, DI* + |H(R, —1)|?
2

= 2q2{2(|H(L, 0)I* + [H(R, 0)|?))sin?6,sin’6, +

|H(L, —1D)|* + [HR, )|
2
+ Re[H(L, 0)H(L, 1)* + H(R, 0)H(R, —1)*](1 — cos;)(1 + cosf,) sinf sinh, cos¢

+ Im[H(L, 0)H(L, 1)* + H(R, 0)*"H(R, —1)](1 — cos,)(1 + cosf,) sinf, sinf, sing
+ Re[H(L, 0)H(L, —1)* + H(R,0)H(R, 1)*](1 + cos,)(1 — cosf,) sinf, sinh, cos¢
+ Im[H(L, 0)*"H(L, —1) + H(R, 0)H(R, 1)*](1 + cos;)(1 — cosf,) sinf sinf, sin¢
+ Re[H(L, 1)H(L, —1)* + H(R, 1)H(R, —1)*]sin?6,sin’6, cos(2¢)

+ Im[H(L, 1)*H(L, —1) + H(R, 1)*H(R, —1)]sin%8,sin%8, sin(2¢)

— Re[H(R, 0)H(R, 1)* + H(L, 0)H(L, —1)*](1 + cos;)(1 + cosf,) sinf, sinh, cos¢
—Im[H(R,0)H(R, 1)* + H(L, 0)"H(L, —1)](1 + cos;)(1 + cosf,) sinf sinf, sin¢
— Re[H(R, 0)H(R, —1)* + H(L,0)H(L, 1)*](1 — cos,)(1 — cosf,) sinf, sinh, cos¢

X (1 — cos)*(1 + cos?6,) + (1 + cos@;)*(1 + cos>8,)

—Im[H(R,0)"H(R, —1) + H(L,0)H(L, 1)*](1 — cos,)(1 — cosf,) sinf sinb, sin¢}

+2¢>r{(IH(L, D)I> = [H(R, —1)]*)(1 = cos,)* cosf, + (IH(R, DI* — [H(L, —=1)]*)

X (1 + cos,)* cosf, + Re[H(L, 0)H(L, 1)* — H(R, 0)H(R, —1)*](1 — cosf;)(1 + cosb,)
X sin#, sinf, cos¢p + Im[H(L, 0)H(L, 1)* — H(R, 0)*H(R, —1)](1 — cos#;)(1 + cosb,)
X sinf); sinf, singp + Re[H (L, 0)H(L, —1)* — H(R, 0)H(R, 1)*](1 + cos8,)(1 — cosh,)

X sinf; sinf, cos¢ + Im[H(L, 0)*H(L, —1) — H(R, 0)H(R, 1)*](1 + cos;)(1 — cosb,)
X sinf; sinf, sin¢p — Re[H(R, 0)H(R, 1)* — H(L, 0)H(L, —1)*](1 + cosé;)(1 + cosh,)

X sinf); sinf, cos¢p — Im[H(R, 0)H(R, 1)* — H(L, 0)*H(L, —1)](1 + cos;)(1 + cosb,)
X sinf; sinf, sinp — Re[H (R, 0)H(R, —1)* — H(L, 0)H(L, 1)*](1 — cosé,;)(1 — cosh,)

X sinf; sinf, cos¢p — Im[H(R, 0)*H(R, —1) — H(L, 0)H(L, 1)*](1 — cos;)(1 — cosb,)
X sinf), sinf, sin¢},

of B—K,I'Im—

(22)

where the asymmetry parameter r; is defined as

R P = IR,

- (23)
[Ri1? + |R_,|?

8

It should be pointed out that this parameter depends on the
dynamics of K| — K. r; 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 K; — Kp — K, the parameter ry is zero.
The branching ratio of K,(1270) — pK is very large, thus
we expect that the terms proportional to r; will not con-
tribute a lot to the B — K(1270){" ]~ — K#mwl*1™ chan-
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nel. But for the K;(1400) meson, the dominant channel is
K(1400) — K*7r 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*["I~ and B — K,l*]~
decays are ideal probes to detect the NP effect, as their
observables receive less nonperturbative pollution than
nonleptonic B decays.

Using the B — K form factors evaluated in the PQCD
approach, we study the semileptonic B — K,(1270)/"1~
and B — K (1400)/" [~ decays, where [ = e, u. 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 — K;ITI~ decays. K,(1270) and
K,(1400) are mixtures of K4 and K, which are *P| and
P, 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 1076 or
1078, 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 K; meson cannot be directly detected, experi-
mentalists can perform the angular distribution analysis for
the B— K;ITI” — (Kmm)I*]~ 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 — KI[*I~ — (Kmwm)l*1~
decays.
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APPENDIX A: EXPRESSIONS FOR C§ff(g?)

CSit in Eq. (3) contains both the long-distance and short-
distance contributions, which is given by

G51(g?) = Co4) + Ypen(5) + Yin(g?)

with § = g*/mj. Yey represents the perturbative contri-

butions, and Y; p, is the long-distance part. The Y . is given
by [21]

Ypert@) = h(ﬁ’lc, §)C0 - %h(l, 3‘\)(4C3 + 4C4 + 3C5 + Cé)
—11(0, §)(C5 + 3C4) +23C; + €,
+ 3C5 + Cy),

(AD)

(A2)

with CO = Cl + 3C2 + 3C3 + C4 + 3C5 + CG and rﬁc =
m,/my. The relevant Wilson coefficients, listed in
Table II1, are given up to the leading logarithmic accuracy
[18]. The long-distance part Y} denotes the contributions
of B— K,V resonances, where V is a vector meson.
Because of the large decay width of B — K, V(¢c), only
the contributions from charmonium states are taken into
account [22]:

mVB(V - l+li)].—‘[‘gt
g% — m%, + imyI'Y,

(A3)

3w
Yip(g®) = — 57— Co Z Ky
em  y=j/v..

ky 1s introduced to give correct predictions on the decay
rates of B — K, V(c¢) in the factorization approach. With

TABLE III. The values of Wilson coefficients C;(m;) in the leading logarithmic approxima-
tion, with my, = 80.4 GeV, u = my, 51 [18].

C &) & C, Co s Cy Cio
1.107 —-0.248 —0.011 —-0.026 —0.007 —0.031 —0.313 4344 —4.669

TABLE IV. Masses, decay widths, and branching fractions of dilepton decays of vector

charmonium states [24].

1% Mass [GeV] Y, [MeV] BR(V—I1"I")withl=r¢, u
J/ 3.097 0.093 5.9 X 1072
W(2S) 3.686 0.327 7.4 %X 1073
W(3770) 3.772 252 9.8 X 107°
W(4040) 4.040 1.1 X107
W(4160) 4.153 8.1x10°°
W(4415) 4421 9.4 X 107°
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the available data, this parameter can be obtained through
fitting the decay rates. For example, ky for B — J/WK™ is
determined as «y = 2.3 [23]. Except for the branching
ratio of B® — J/WK(1270) [24], there is no experimental
study on B — K, V(cc). We will assume the same value for
Ky in B — K, V(cc) 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— [t~ [24].

APPENDIX B: MIXING BETWEEN K, (1270) AND
K,(1400)

The physical states K;(1270) and K (1400) are mixtures
of the K, and K, states with the mixing angle O:

|K1(1270)> = |K1A>Sin0K + |KIB>C080K’ (Bl)

|K1(1400)> = |K1A>COSHK - |KIB>Sin6K‘ (BZ)

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, K,(1270) and K;(1400) are not purely
1°P, or 1'P, states. Generally, the mixing angle can be
determined by the experimental data. One feasible method
is making use of the decay 7~ — K,v,, whose partial
decay rate is given by

) i m2\2 2m3
[(r~ — Kv,) = 167TG%|Vus|2f3<1 _m_g) (1 ! mQA)’
(B3)
J
ﬂ(b_)SlJrl*) :ﬂﬁv V*(M
\/5 - thVts 4

— Coymy[Sia,, (1 + Ys)b]%[l_v”l] — Copmy[Sic,, (1 — 75)19]%[1_7“1]),

where Cy, = 7t Cs"and Crp = o CS'. The decay ampli-
tudes for the hadronic B — K,I"[" decays can be obtained
by replacing the hadronic spinors [5b] by the B — K 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 — K,I"1~ decays, even if the lepton’s masses are ne-
glected. In the following, we will use a rather simple way to
derive the decay amplitudes of B — K[ : the helicity
amplitudes.

Suppose there exists an intermediate vector state whose
momentum is denoted as g. The polarization vectors are
denoted as €(A), where A = 0, * denotes the three kinds of
polarizations. The metric tensor g,, can be decomposed
into combinations of polarization vectors and momentum:

PHYSICAL REVIEW D 79, 094024 (2009)
with the measured results for branching fractions [24]
BR(r~ — K,(1270)v,) = (4.7 = 1.1) X 1073,

B4
BR(r~ — K,(1400)v,) = (1.7 = 2.6) X 1073, B4

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

|fK,(1270)| = 1693?; |f1<1(1400)| = 125ﬂ‘2‘5.

In principle, one can combine the decay constants for K ,,
Kp evaluated in QCD sum rules [25] with the above
results to determine the mixing angle 6. But since there
are large uncertainties in Eq. (B5), the constraint on the
mixing angle is expected to be rather smooth:

—49° < hp < —-27°, or 37° < g <60°,

(B5)

(B6)

where we have taken the uncertainties from the branching
ratios in Eq. (B4) and the first Gegenbauer moment af‘
into account but neglected the mass differences. As indi-
cated from Eq. (B6), the mixing angle Oy still has large
uncertainties. To reduce the uncertainties, we have pro-
posed to use B — D*K; to constrain the mixing angles
[15]. At present, we will use the two reference points:

O = (38 £ 11)°,  Op = (485 11.5)°. (B7)

APPENDIX C: HELICITY AMPLITUDES

Decay amplitudes for b — s/"1~ decays in Eq. (3) can
be rearranged as

_ Ceff - C _
[5b]y—allllysa + g—lo[fb]va[ll]VfA
(CD
[
un =~ €,(NeS(N) + q’;?”. (€2)
X

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 + A or any combinations
of them. Thus the decay amplitudes of B — K;["1~ can be
redefined as

A(B— K I"l")=L*L)H,(L) + L*(R)H ,(R),
(C3)

where L(L), L(R) are the lepton pair spinor products:
L(L) = Iy, (1 = ys)l, L(R) = Iy, (1 + ys)l. (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:

A(B— K,I*I")=L,(L)H,(L)g"" + L,(R)H,(R)g""
= =Y L(L, MVH(L, A)
A

— Y L(R, MH(R, M), (C5)
A

where g# is the momentum of the lepton pair. L(L, A) =
L*(L)e,(A) and L(R, A) = L*(R)e,(A) denote the
Lorentz invariant amplitudes for the lepton part. It is
also similar for the Lorentz invariant hadronic amplitudes:
H(L, A) = H*(L)€,,(A) and H(R, A) = H*(R)€,,(A). The
last term (proportional to g*) 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:

&b &
d®s(P; py, p, p3) = (277-)521E1 (277)522&
%54(}) —Pp1— P2~ P3)
(Co)
which can be rearranged as
d®3(P; p1, pa, p3) = dPy(q, py1, p2) X dPy(P; g, p3)
X (2m)3dg>. (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 K; meson will be
reconstructed by the three pseudoscalar states K 7. In the
rest frame of the K; meson, the final three mesons move in
one decay plane and the direction normal to this decay
plane is denoted as 71. The angle between the direction 7
and the K| moving direction in the B meson rest frame is
defined as 6,, while the angle between the moving direc-

GF th Vjs Oem
Sﬁﬂmm/q_z

H(L,0) =

+ (G = C10)[(m3 —mp)(my —my + ¢)V,(q*) +

{2(C7L + C7R)mb[

PHYSICAL REVIEW D 79, 094024 (2009)
Py

P] /
s -
7
L L
"N
P, f g o It
]

FIG. 6. Definitions of helicity angles (6, 6,, ¢) in B —
K,I"lI” — Kmal™ I~ decay. The direction 7 is the normal to
the decay plane of K;. The angle between the direction 7 and the
K moving direction in the B meson rest frame is defined as 6,,
while the angle between the moving direction of /™ in the lepton
pair (a y* or a Z boson) rest frame and the moving direction of
the lepton pair in the B meson rest frame is defined as ;. The
angle, between the [T~ decay plane and the plane defined by the
K| moving direction in the B meson rest frame and 7, is defined

as ¢.

tion of [~ in the lepton pair rest frame and the moving
direction of the lepton pair in the B meson rest frame is
defined as 6,. The angle between the /71~ decay plane and
the plane defined by the K; moving direction in the B
meson rest frame and 7 is defined as ¢.

In the rest frame of the lepton pair, the leptonic decay
amplitudes are evaluated as

L(L, 0) = 29/¢?sind, (C8)
L(L +) = —Zﬁ\/;sinz%eid’, (C9)
L(L, —)= —2ﬁ\/¥c052%e*i¢, (C10)
L(R, 0) = —24/¢* sind), (C11)
L(R, +) = —2\/5\/;5cos2%ef¢, (C12)
LR ) = —Zﬁ\/;gsinz%e’i‘b. (C13)

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

AT5(g?
L) (1 4. - 1]
AVa(q?)
_AVa(e?) ) Cl4
(mB - mA)]} ( )
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GF th V;s Aem
4\/577(,]2

+ (CT — C10)6]2[

HL, +) =

VAA(gD)

(mg — my)

GF Vth V;v Qe
4\/§7Tq2

(AT - co|

H(L —) =

VAA(g?)

 (mp — my)

GF th Vt's Xem

SﬁWmA\/?

H(R,0) = {2(C7L + C7R)mb[

B

+ (G5 + Clo)[(ms —my)(m3 —my + ¢*)V(¢?) +

&3
GF th vts Tem

427q?

(AT + Cog|

H(R, +) =

VAA(D)

(mg — my)

GF Vzb Vtxs Oem
427q?

(A Cog|

H(R, —) =

VAP

(mg — my)

(mp — mA>v1<q2>]},

(g — mA>v1<q2>]},

)\T3(q2)
m2 —

(mp — my)V, (6]2)]},

(mp — mA)Vl(qz)]}-

PHYSICAL REVIEW D 79, 094024 (2009)

{2(C7L — Co)my AT (g2) = 2Cyy, + Cor)my(my — m2)To(g?)

(C15)

{—Z(Cn — CiR)mpNAT (g?) = 2(Cqp + Crg)my(my — m3)Ts(q?)

(C16)

G2 + md — q2>T2<q2)]

Tl

-
my

(C17)

{2(C7L - C7R)mb\/XTl (612) - 2(C7L + C7R)mh(m% - mi)TQ(qz)

(C18)

{_2(C7L - C7R)mb\/XT1 (612) - 2(C7L + C7R)mb(m%; - mi)Tz(qz)

(C19)
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