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Abstract We study the B meson decays B — J/WVK]
(1270, 1400) in the pQCD approach beyond the leading
order. With the vertex corrections and the NLO Wilson coeffi-
cients included, the branching ratios of the considered decays
are predicted as Br(B* — J/ WK (1270)") = 1.76“:8:23 X
1073, Br(B* — J/WK(1400)") = 6.477339 x 1074,
and Br(B® — J/WK;(1270)°) = (1.6370:%%) x 103 with
the mixing angle g, = 33°, which can agree well with the
data or the present experimental upper limit within errors. So
we support the opinion that 6, ~ 33° is much more favored
than 58°. Furthermore, we also give the predictions of the
polarization fractions, the direct CP violations, the relative
phase angles for the considered decays with the mixing angle
Ok, = 33° and 58°, respectively. The direct CP violations
of the two charged decays B* — J/WK;(1270, 1400)™
are very small (107* ~ 1073), because the weak phase is
very tiny. In order to check the dependence of the results on
the nonperturbative input parameters, we also calculate them
by using the harmonic-oscillator type wave functions for the
J /W meson. These results can be tested at the running LHCb
and forthcoming Super-B experiments.

1 Introduction

B meson exclusive decays into charmonia have been received
a lot of attention for many years. They are regarded as the
golden channels in researching CP violation and exploring
new physics. At the same time, they play important roles
in testing the unitarity of the Cabibbo—Kobayashi—-Maskawa
(CKM) triangle. Moreover, these decays are ideal modes to
test the different factorization approaches. Compared with
other factorization approaches, such as the naive factoriza-
tion assumption (FA) [1,2], the QCD-improved factorization
(QCDF) [3,4], the perturbtive QCD (pQCD) approach [5]
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has the unique advantage in solving the B meson charmed
decays [6,7]. The Sudakov factor induced by the k7 resum-
mation [8,9] can eliminate the double logarithmic diver-
gences. The jet function induced by the threshold resumma-
tion [10] can smear the end-point singularities. Without the
divergences, one can evaluate all possible Feynman diagrams
correctly, including the nonfactorizable emission diagrams
and annihilation type diagrams. But it is difficult to calculate
these two kinds of contributions by using other factorization
approaches.

Some of the decays B — J/ WK (1270), J/ WV K;(1400)
have been measured by Belle [11],

Br(B* — J/WK;(1270)) = (1.80 4 0.34 + 0.39) x 1072,

(€]
Br(BY — J/WK;H(1400)) < 5.4 x 1074, )
Br(BY — J/WwK?(1270)) = (1.30 £ 0.34 + 0.31) x 107,

3

where the first uncertainties are statistical and the second are
systematic.

As is well known, the physical mass eigenstates K1 (1270)
and K(1400) are the mixing by the flavor eigenstates K4
and K p through the following formula:

<|K1(1270))> _ (sin@Kl cos bk, ) (|K1A)> @
| K1(1400)) cos kg, —sinbg, |K1B)) "
Usually we combine K4 witha;(1260), f1(1285), f1(1420)
to form the nonet J¥€¢ = 11+, while combine Kz with
b1(1235), h1(1170), h1(1380) to comprise the other nonet
JPC = 17~ These two nonet mesons can also be denoted
as Py and ! Py in terms of the spectroscopic notation 251 L ;.
Various phenomenological studies indicate that the mixing
angle Ok, is around either 33° or 58° [12-19].

In view of the above situation, we are motivated to set out

to: (a) Proving whether the pQCD approach can be used in our
considered decays by comparing with the data. Several earlier

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-018-5674-7&domain=pdf
mailto:guohongxia@zzu.edu.cn

219 Page2of 10

Eur. Phys. J. C (2018) 78:219

works on B decays into charmonia [6,20,21] show that this
approach can give the results in agreement with data, which
encourage our attempt. (b) Exploring the inner structure of
the axial-vector mesons K{(1270, 1400), in other words,
detecting which mixing angle shown in Eq. (4) is favored. (c)
Studying of CP violation even new physics in these decays
containing the charmonium state. Besides the full leading-
order (LO) contributions, the next-to-leading-order (NLO)
contributions are also included, which are mainly from the
NLO Wilson coefficients and the vertex corrections to the
hard kernel. Certainly, other NLO contributions, such as the
quark loops and the magnetic penguin corrections, are also
available in the literature [22,23], while they will not con-
tribute to the decays considered.

We review the LO order predictions for the decays B —
J/ WK (1270), J/ W K1 (1400) including those for the main
NLO contributions in Sect. 2. We perform the numerical
study in Sect. 3, where the theoretical uncertainties are also
considered. Section 4 is the conclusion.

2 The leading-order predictions and the main
next-to-leading-order corrections

The weak effective Hamiltonian Heg for the decays B —
J/WK(1270, 1400) can be written as

G
Hefr = F[ % Ves (C1(10) 05 (1) + Ca (1) 05 (1))

V2
10
~ViiVis Y Ci(w) O (u)} )

i=3

where C; () are Wilson coefficients at the renormalization
scale u, V represents for the Cabibbo—Kobayashi-Maskawa
(CKM) matrix element, and the four fermion operators O;
are given as

Of = (Gicj)v-a(Cibj)v—a, 05 = GSici)v—a(Cjbj)v—a,

(6)
O3 = (5ibi)v-a(qjqj)v—a, Os=(ibj)v_a(gjqi)v—a,
(7N
Os = (Sibi)v-4(qjqj)v+a, O = (Sibj)v-a(qjqi)v+a,
(3)
07 = ;(Eibi)V—A ;eq(éij)V—FAs
3 _ _
O5 = SGibj)v—1 D eq(@jq)v+a, ©)
q

3 _ _
09 = E(Sibi)V—A ;eq(quj)V—Aa

@ Springer

3 _ _
O10 = 5Gibj)v-a ;eq(qjqi)V—A’ (10)

with i, j being the color indices.

It is convenient to do the calculation in the rest frame
of B meson because of the heavy b quark. Throughout this
paper, we take the light-cone coordinate (PT,P~,P7) to
describe the meson’s momenta with P = (pg + p3)/~/2
and Pr = (p1, p2). Then the momenta of mesons B, J/ ¥
and K| can be written as

mp mp 2 2
Pr=—(1,1,07), Pr=—0-r3,r5,07),
1 «/5( T \/E( 35,12 T)
mg. o 2
PSZ_(V ﬂl_r aOT)a (11)
ﬁ 3 2

respectively. The mass ratios ro = my,y/mp,r3 =
mg,/mp. In the numerical calculation, the terms propor-
tional to r32 are neglected, as r32 ~ 0.06 is numerically small.
Putting the (light) quark momenta in B, J/W, K| mesons as
k1, k2, k3, respectively, we have

ki = (1P, 0,kir), ko =x2P+ (0,0, ko),

k3 = x3P3 + (0,0, k7). (12)

There are three kinds of polarizations of a vector or an
axial-vector meson, namely longitudinal (L), normal (N)
and transverse (T). So the amplitudes for the decay mode
B(P)) — Va(Py, 6;(“) + A3(P3, €3,) are characterized by
those polarization states, which can be decomposed as fol-
lows:

— 3
A =€ (0)e;,(0) [ag’” Y PP}
&
' e P py, P
+lM2M3 2 3/5}
= M- +MN€§(0 =T) €=T)
MT
+i M2 Eaﬂypeika(o)fékﬁ(a)szP3p, (13)
B

where M5 (3) is the mass of the vector (axial-vector) meson
V5 (A3). The definitions of the amplitudes M/ (j = L, N, T)
in terms of the Lorentz-invariant amplitudes a, b and ¢ are
given as

ME =ae5(L) - €5(L) +

e3(L) - Psef(L) - Py,
(14)
(15)

Mo M3

MT=L

rars’

MY =g,

It is noticed that the subscript K refers to the flavor eigen-
state K14 or Kip. At the leading order, the relevant contri-
butions are only from the factorizable and nonfactorizable
emission diagrams, as shown in Fig. 1. We take the decay
BT — J/ \IJKIJFA(B) as an example. The emission particle is
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Fig. 1 Feynman diagrams contributing to the decay B — J/WK 1+A
at the leading order. The hard gluon connecting the four quark operator
and the spectator quark is necessary to ensure the pQCD applicability.

the vector meson J/W, and the amplitude for the factoriz-
able emission diagrams. Figure la, b from the longitudinal
polarization can be written as

1 00
}-}/wq = 87TCFm‘1‘ng/\ll/0 dxldngo

xb1dbibsdbspp (x1, b)) (r3 — 1)

x{[(1+ (1 = r3)x3)x, (x3)

+r3(1 = 2x3) (¢, (x3) + P, (x3))]

Xty (tg) Ee(ta)he(x1, X3, b1, b3) Sy (x3)

‘o (tp) Ee (tp)he(x3, X1, b3, b1)

X S (x1)2r3¢%, (x3)}, (16)

where the color factor Cr = 4/3. ¢k, and d);(f are the twist-
2 and twist-3 distribution amplitudes for the axial-vector
meson Ki4 or Kip, which can be found in Appendix A.
The evolution factors evolving the Sudakov factor, the hard
function &, and the jet function S, (x) are given in Appendix
B. Similarly, the normal and transverse polarization ampli-
tudes are

N
f]/\IJKl

1
= SHCFm%fJ/\y/O dx;dxs

o0
y /O brdbibsdbss (x1, b)rs

x{[r3((r7 — Dx3((r3 — D% (x3) + ¢} (x3)) — 204 (x3))
+(r3 — D% (x3)]ots (1) Ee (ta)he (x1, X3, by, b3) Sy (x3)
—r3[(1 = )@} (x3) + (r7 — D> (x3)]ets () Ee (1)
xhe(x3, x1, b3, b1) S (x1)}, (17

T
Fijwk,

1
:—167TCFm%f‘]/\IJ/ dxidxs
0

o0
« /0 brdbibsdbss (x1, b)rs

x{[r3((r3 — Dz + 2)¢% (x3) — 133304 (13) + ¢ 1 (x3)]
X (tg) E¢(ty)he(x1, X3, b1, b3)Si(x3)
+r3[(1 = r2)¢% (x3) + o4 (x3)]ets (1) Eo (1)

l@\
R

N

JL

(© )

They are the same as those for BT — J/ WK 1* - 1f replacing the spec-
tator u quark with d quark, we will obtain the Feynman diagrams for
the decays B® — J/ WK, J/ WK,

xhe(x3, x1, b3, b1)S; (x1)}. (18)

The longitudinal polarization amplitude for the nonfactor-
izable spectator diagrams. Figure lc, d is given as

32 C 4/1ddd
= —=nCrm X1dXx2dx3
«/5 Bo

o0
« f brdbbadbadp (i, b)) (3 — 1)
0

X (2r3¢fr<1 (x3) — ¢k, (x3)[2rera ¥’ (x2)
+ (r3 (x3 — 2x2) — x3) ¥ " (x2)]
xotg(tg) Een(ta)ha(x1, x2, X3, b1, b2), (19)

L
MI/\IJKI

where the twist-2 and twist-3 distribution amplitudes wL" (x2)
for the J/W meson (Type I) can be found in Appendix A.
The other two polarization amplitudes are written as:

64 1
My/wq = %HCFm%/O dx;dxodxs

X fo b1db1bdbypp(x1, b1)

x{rapr” (x)[r3(xa (1 +r3) + x3(1 — 1))y, (x3)
—x2(1 = 1)k, )]+ rer T )1 = r) ., (x3)
—r3(14r7) ¢k, (x3)ets ()

Een(ta)ha(x1, x2, x3, b1, b)), (20)
MmT = —12871C 4 /ld dxod
= m x1dxpdxs
J/VK \/6 Fitp 0

o0
y /0 brdbibadbags (x1, by)

x{ra () lr3(xa (1 4 73) + x3(1 — )P, (x3)
—x020k, (x3)] + ¥ (x2)[d, (x3)

—r3(1 4 1), (x3)])

X (tg) Een(ta)ha(x1, x2, x3, by, b2). 2D

By combining these amplitudes from the different Feyn-
man diagrams and Eq. (4), one can get the total decay ampli-
tude for the decay BT — J/WK(1270)™:

M/ (BT = J/WK(1270)7)
=M/ (BT — J/WK)sinbk,

@ Springer
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Fig. 2 NLO vertex corrections

to the factorizable emission C
diagrams. Figure 1a, b for the b i( t z 3
decay B* — J/WK",. Here

the hard gluon is not shown for Bt K f" A
simplicity. It is the same as those u_’_u

for the decay BY — J/ WK/,

+MI (BT — J/WK ) cos bk,

= (‘7:}/‘1’1(1/4 sinfg, + ‘7:;/4}1(13 cosbk,)
X[Vj Vesaz — V;I; Vis(az + as + a7 + ay)]

+(M]J/\I!K1A sinfg, + M]J/\IJKus cos Ok,)
X[V VesCa2 — Vi, Vis(C4 — Cs — Cg + C1o)], (22)

where M/ and F/ ( j = L, N, T)refer to the different helic-
ity amplitudes. The combinations of the Wilson coefficients
a»=C1+Cy/3,a; =C; + Cjy1/3withi =3,5,7,9. As
for the decays BT — J/WK{(1400)™, the total amplitude
can be obtained by replacing sin 6k, and cos 6k, with cos Ok,
and — sin 0k, in Eq. (22), respectively.

Here only the vertex corrections need to be considered
in the NLO calculations for the decays BT — J/WK 12, B
Since the vertex corrections can reduce the dependence of
the Wilson coefficients on the renormalization scale u, they
usually play the important roles in the NLO analysis. It is
well known that the nonfactorizable amplitude contributions
are small [5], we concentrate only on the vertex corrections to
the factorizable amplitudes, as shown in Fig. 2. Furthermore,
the infrared divergences from the soft and the collinear glu-
ons in these Feynman diagrams can be canceled each other.
That is to say, these corrections are free from the end-point
singularity in the collinear factorization theorem, so we can
quote the QCDF expressions for the vertex corrections: their
effects can be combined into the Wilson coefficients,

C
BEE e, <—1s+121n@+f,”), (23)
4 N, W

a£’—>a2+

OtSCF
47 N,

h
a; — a; + Cit1

x(—18+121n@+f,”>, (i =39, (24)
nw

OtsCF
47 N,

x(6—121n7—f,>, (i=5,6), (25)

h
a; — a; + Citi

with the function f Ih (h = 0, &) defined as

=fi+a—-r?, fF=7. (26)

As for the expressions of f; and g; are given in Appendix
C. Certainly, the NLO Wilson coefficients will be used in the
NLO calculations.

@ Springer
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3 Numerical results and discussions

We use the following input parameters for the numerical cal-
culations [24,25]:

fB =190MeV, fk,, = 0.250+£0.013 GeV,

fx1p = 0.190 £ 0.01 GeV, 27)
Mp = 5.28GeV, Mg,, = 1.31 £0.06GeV,

Mk,, = 1.34£0.08 GeV (28)
My = 80.41GeV, 15 = 1.638 x 10725,
Tpo = 1.519 x 10712, (29)

For the CKM matrix elements, we adopt the Wolfen-
stein parametrization and the values A = 0.814,1 =
0.22537, p = 0.117 £ 0.021, = 0.353 £+ 0.013 [24]. For
the updated values, one can find in [26]. With the total ampli-
tudes, one can write the decay width as

(BT — J/WK;(1270, 1400)")

GL|P
ERILCE SR (30)
16ntJ L

where P, is the three momentum of either of the two final
state mesons, and the three helicity amplitudes are defined as

AL =My, A =+vV2My,

AL =rgrpwy2k? — HMr, (31

for the longitudinal, parallel, and perpendicular polariza-
tions, respectively, and the ratiok =Py /g - PKI/(MMJN Mkg)).
Then the polarization fractions f,(oc = L, ||, L) are written
as

|As|?

Jo = AP+ AP+ AR

(32)

With the above transversity amplitudes, one can defined the
relative phases ¢ and ¢ | as
Aj AL
=arg—, =arg—. 33
ol 0 ¢L £, (33)
For the charged B meson decays, the direct CP violation A%i},
is written as

Adic |¢‘if|2 - |Af|2

== , 34
PTAR 4 AR GY
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Fig. 3 The (blue) dashed curves correspond to the dependences of the
branching ratio (left panel) and the direct CP violation (right panel)
on the mixing angle for the decay B* — J/WK;(1400)*, the (red)
solid curves refer to the dependences of the branching ratio (left panel)
and the direct CP violation (right panel) on the mixing angle for the

where A s is the total decay amplitude. If replacing A ¢ with
the different polarization amplitudes Ay, A and A}, one
can obtain different direct CP violations from the different

.. . dir,L ,dir,||
polarization components, which are defined as A cp Acp

and A‘éi;;J‘, respectively.

‘We can obtain the values of the branching ratios for decays
BT — J/WK{(1270)" and BT — J/WK;(1400)" by
combining the contributions from the flavor states J/ WK 4
and J/ WK p through Eq. (4):

Br(BY — J/WK(1270)")

+0.4240.14+0.4740.02 -3
_ {(1‘76—0.57-0.13_0.36_0,02> x 1073, for O, = 33°,

+0.73+0.20+0.38+0.00 —
(23670 030 03 o) x 1073, for O, = 58°,

(35)
Br(BT — J/WK;(1400)™)

+1.734+1.0141.49+40.15 4 _
_ {(6'47—1.35—0.94—1.66—0.15) x 107, for Ok, = 33°,

+2.85+1.77+3.56+0.12 —
BI915515 1 427331 -0.06) X 10 >, for Ok, = 58°,

(36)

where the first error comes from wp, = 0.4 £ 0.1 GeV for B
meson, the second error is from the decay constants fx,, =
0.250 £ 0.013 GeV and fx,; = 0.190 £ 0.01 GeV, the
third error comes from the Gegenbauer momenta given in
Appendix A, and the last one comes from the ¢ quark mass
1.275 £ 0.025 GeV.

When the mixing angle is taken as 6k, = 33°, the
pQCD prediction for the decay BT — J/WK(1270)*
can agree well with the experimental measurement (1.80 £
0.52) x 1073, at the same time, the result for the decay
BT — J/WK;(1400)" is near the experimental upper limit

)

(B'—=J/¥K|(1270),J/¥K (1400))(10*
)
1

dir
CP

A

-
=}
T
1

b
2]
—
s

1

00 bl w o by v b b e
0 10 20 30 40 50 60 70 80 920

Mixing angle

decay B* — J/WK;(1270)*. On the left panel, the shaded band
shows the allowed region from the experiment and the (red) horizontal
bisector is for the central experimental value (1.8 + 0.5) x 1073 of
Br(BT — J/WK(1270)™). The (blue) dashed line is the upper limit
for the branching ratio of decay Bt — J/WK{(1400)*, 5.4 x 10~*

5.4 x 107, So we suggest our experimental colleagues to
measure carefully the branching ratio of the decay B —
J/WK1(1400)T at LHCb. It is helpful to determine the mix-
ing angle Ok, between K4 and Kjp accurately. Consider-
ing that the difference of the branching ratios for the neu-
tral and charged decay modes is mainly from the B meson
lifetimes tp+ and tgo, one can obtain easily the branching
ratios Br(B® — J/WK;(1270)%) = (1.63%0%) x 1073
and Br(B® — J/WK;(1400)°) = (6.527339) x 10~ for
the mixing angle 0x, = 33°. The former is consistent with
the experimental value (1.30 + 0.46) x 1073 within errors,
and the latter can be tested at the present LHCb experi-
ment. So comparing our predictions and the present data,
one can find that the mixing angle 6x, = 33° is much
more favored than 58°. In Fig. 3a, we give the dependences
of the branching ratios Br(BT — J/WK(1270)") and
Br(B* — J/WK/(1400)") on the mixing angle 0, . The
predictions for the branching ratios of the decays Bt —
J/WK(1270)" and BY — J/WK(1400)" near the mix-
ing angle 33° can explain the data at the same time.

When comparing the LO and NLO results, one can find
that the NLO corrections are necessary. The LO branching
ratio for the decay B* — J/WK{(1270)" is about 3.42 x
1073, which is almost two times of the experimental value.
After including the NLO contributions, one can find that all of
the real parts of the amplitudes decrease consistently (shown
in Table 1). Furthermore, this downward trend is dominant by
comparing with the changes of each imaginary part. So the
NLO branching ratio for the decay BT — J/WK/(1270)™
will decrease significantly and converge to the experimental
value. Meanwhile the branching ratio of the decay BT —

@ Springer
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Table 1 Our LO and NLO predictions for each polarization amplitude (which is denoted as pol. amp.) for the decays BT — J/WK 1+A and
Bt = J /YK 1+B, where only the central values are listed. The results in the brackets are the LO values, the other results are the NLO values

Decay mode Pol. amp. Tree operators Penguin operators (x 1072)
Bt — J/\IJKIJ“A M 0.99 +i0.78(1.51 4+ i0.16) 1.74 +i1.54(8.29 4+ i0.58)
Bt — J/\DKI*'A My 0.40 +i0.73(0.78 +i0.22) 0.46 +i1.57(5.51 +i0.62)
Bt — J/\IJKfA Mr 0.90 + i1.64(1.85 4 0.66) 1.07 +i3.43(12.70 + i1.92)
BT — J/\IJKf“B My 0.72 4+ i0.16(1.27 — i0.66) 1.34 +i0.41(7.72 — i1.87)
Bt — J/\IJKI*'B My 0.114+1i0.35(0.47 +i0.01) 0.00 4 70.78(3.72 + i3.56)
BT — J/\DKfB Mr 0.03 +i0.66(0.81 4 i0.12) —0.39 +i1.45(6.37 +i0.21)

J/ WK (1400)" has a tiny increase compared with the LO
result 6.38 x 10~* with the mixing angle Ok, = 33°.

Certainly, the mixing angle 0k, has also been checked
in other B meson decays. For example, the charged decays
BT — ¢K;(1270)* and Bt — ¢K;(1400)T have been
measured by BaBar Collaboration [27] with the branching
ratio (6.1 + 1.9) x 107° and an upper limit 3.2 x 1079,
respectively. In order to explaining these data, much work
supports the smaller mixing angle (~ 33°) although suffer-
ing severe interference from the annihilation type contribu-
tions. The authors of Refs. [28,29] found that the theoretical
predictions for the decay B* — ¢ K1(1270)™" could explain
the data by taking 0k, ~ 33°, while the values of Br(B* —
»K1(1400)T) reached 10~ order and would overshoot the
upper limit greatly. In Ref. [30] the authors studied these two
charged decays within the generalized factorization approach
(GFA). With the annihilation type contributions turned off,
their predictions about these two channels could agree with
the data with N = 5 being the effective color num-
ber containing the nonfactorizable effects. A similar situa-
tion also happened in the decays B* — K;(1270)Ty and
BT — K1(1400)Ty. InRef. [31] the authors explained well
the data Br(Bt — K;(1270)ty) = (4.3 + 1.3) x 107>
and Br(B* — K;(1400)Ty) < 1.5 x 107> with 0g, =
(34413)°. Among these decays B — K1(1270, 1400)V (V
refers to a vector meson or a photon), the branching ratios
of decays B — K;(1270)V are always larger than those
of decays B — K{(1400)V, because of the constructive
(destructive) interference between the modes B — K4V
and B — KjpV through Eq. (4) for the former (latter).

We also calculate the polarization fractions f, (o = L, |,
1), the direct CP violations A‘élﬂgL, A(g;;”, A‘él;;L from the
different polarization components, and the relative phases
¢, defined in Eqs. (32)—(34), respectively. The results for
the decay BT — J/WK;(1270)7 are listed in Table 2 and
for the decay BT — J/WK(1400)" in Table 3. Compar-
ing with the longitudinal polarization fractions for the decays
Bt — J/WK(1270)" and BT — J/WK;(1400)",
we find that the former decreases monotonically with the
increase of the mixing angle O, from 0° to 90°, while the

@ Springer

latter decreases firstly and then increases in 6k, € [0°, 90°].
The direct CP violation from the longitudinal component is
much smaller than those from the two transverse components
for the decay BY — J/WK(1270)*. As for the depen-
dences of the total direct CP violations for these two charged
decays on the mixing angle 6k, are shown in Fig. 3b. The
total direct CP violation values corresponding to the mixing
angle g, = 33° and 58° are

ASL (BT — J/ WK, (1270)T)

+0.2740.004-0.104+0.01 4
_ {(1'12—0.25—0.00—0.08—0.01) x 1077, for Ok, = 33°,

+0.26-+0.01+0.05+0.00 4
(1062954 70.01-0.08—0.00) X 1077, for O, = 587,

(37)
ASL (BT — J/ WK, (1400)T)
11550197151 7056) X 1077, for 65, = 33°,
(3.227 1137051 100 076) x 1077 for b, = 58°,
(38)

where the errors are the same as those in Egs. (35) and (36).
We adopt the Wolfenstein parametrization up to O(1*) in our
calculations. The weak phase will appear in the CKM matrix
element Vg = —AA2 + %A)»“(l — 2(p +in)), where these
Wolfenstein parameters are given at the start of this section.
So such small CP asymmetries are in accordance with our
expectation.

In order to check whether the results are sensitive to
the wave functions (WFs) of J/W¥ meson, we also calcu-
late them by using the harmonic-oscillator type wave func-
tions for the J/W meson, which are listed in Appendix
A. The results for the decays BY — J/WK;(1270)" and
BT — J/WK;(1400)" are given in Tables 4 and 5, respec-
tively. Through comparing these two sets of results corre-
sponding to two type WFs of J/W meson, we can see that:

e The branching ratios will decease about 30% by using the
harmonic-oscillator type wave functions of J/W meson
except for that of the decay B* — J/ WK (1400)" with
mixing angle & = 58°, but anyway they keep in the same
order by changing the wave functions for J/W¥ meson.
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Table 2 The NLO predictions

for the polarization fractions

(fr. fi» f1), the direct CP violations from the different polarization
components, and the relevant phase angles (¢, ¢, ) for the decays
Bt — J/WK;(1270)" with the mixing angle 0k, = 33° and 58°.

The first uncertainty comes from the w, = 0.4 £ 0.1 for B meson, the
second and the third uncertainties are from the decay constants fx,,
and fx,, and the Gegenbauer momenta in the wave functions of K4
and K p. The last one comes from ¢ quark mass 1.275 = 0.025 GeV

Decay mode

Bt — J/WK(1270)*

Bt — J/WK(1270)*

Mixing angle O,
S (%)

Ji (%)

f1 (%)

AL, (1074

Al 1074

AL, (1074

@) (rad)

¢ (rad)

33°

+1.440.3+0.9+1.2
52'171.770.37|.671,4
+0.84-0.142.54+1.0
37'3—0.7—0.1—1‘9—0.9
+0.84-0.14+1.14-0.4
10'6—0.7—0‘1—1.2—0.3
0 45+0A21+0A00+0A21+0A00
©7=0.21-0.00-0.23-0.01
1 84+0A41+0.02+O.38+0.OO
*97-0.38—0.02—-0.36—-0.01
1 86+0'22+0'03+0‘32+0‘02
+2%-0.20—-0.03—-0.29-0.02

3 98+0'02+0'02+0'23+0‘03
+72-0.03-0.01-0.17-0.03
4 13+0.01+0.03+0424+0.04
*77-0.02-0.03—-0.19-0.04

58°
1.04+-0.24+0.5+0.9
49‘ltl.Zi—O.Zi—l.Otl.O
0.540.1+1.840.7
38'84:0.3‘—#0.1—1411L0.7
12 1+0.8+0.]+0.6+0.3
*7—=0.7-0.1-0.9-0.3
0 42+0A21+0A01+0A12+0.01
©74—0.20—0.00—0.26—0.02
1 69+0.38+0‘01+0A29+0A01
*7—0.35-0.01-0.20-0.01
1 62+0'19+0'01+0‘26+0'01
*7<—0.18—-0.01-0.15-0.01
3 78+0.02+0.01+0‘19+0A02
+19-0.02—-0.02—-0.09-0.02
3 84+0.01+0.01+0‘18+0A03
*27-0.01-0.01-0.09-0.03

Table 3 Same as Table 2 but
with the decay
BT — J/WK{(1400)T

Decay mode
Mixing angle

BT — J/WK(1400)T
33°

BT — J/WK{(1400)"
58°

fL (%)

S (%)

f1 (%)
AL, (107
Al o
Agp (1074
¢ (rad)

¢ (rad)

+0.04+0.3+3.84+0.2
41'5—0.2—0‘3—4.5—0.3
+0.44-0.0+4.9+0.2
40'9—0‘3—0.1—5.2—0.2
+0.44-0.44-1.84-0.1
]7'6—0.4—0‘3—1.7—0.1
0 37+0‘1 1+0.004-0.244-0.05
*~7-0.09-0.00—0.26—0.05
1.21 +0.28+-0.03+0.46+0.02
*<7—-0.25-0.04—-0.57-0.01
0 92+0‘12+0‘04+0.37+0.00
*7%—-0.10-0.04-0.27-0.01
3 21+0A03+0A03+0‘25+0A03
+<7-0.02-0.04—-0.20—0.03
3 17+0A02+0AO4+0A23+0‘03
*71-0.02-0.04-0.17-0.03

+3.3+5.7427.14+2.8
51‘9—3.5—4.5—28‘6—2.7
+2.2+4.3+25.74+1.7
26’372.074.9—19.671.7
+1.3+0.34+6.9+1.0
21 '8—1.3—0.8—7.4—1‘1
0 78+0'26+0'07+0‘32+0‘11
+19-0.23-0.08—1.36—0.09
—0 ]5+0.05+0A29+1A74+0,02
* 7~ —=0.07-0.33—-0.68—0.00
—0 19+0.04+0‘16+0.97+0.01
*+7-0.03-0.17-0.93-0.01
+0.534+1.49+4.05+0.56
0'26706675,4174‘8370‘83
+0.7141.634-3.524-0.65
70'087109—5‘2773.31—OA92

Table4 The NLO predictions for the branching ratios, the polarization
fractions (fL, f|, fL), the direct CP violation, and the relevant phase
angles (¢, ¢ 1) for the decay Bt — J/WK{(1270)" with the mixing

angle 6k, = 33° (top) and 58° (bottom), where the harmonic-oscillator
type wave functions for the J/ W meson are used

Br (107%) Acp (1074 fi (%) fi (%) f1 (%) | (rad) ¢ (rad)
w = 0.5GeV 1.19 1.64 46.5 41.2 12.3 3.76 3.74
w = 0.6 GeV 1.25 1.67 44.6 42.7 12.7 3.70 3.68
w=0.7GeV 1.29 1.69 43.0 44.0 13.0 3.65 3.61
w=0.5GeV 1.55 1.55 49.8 37.5 12.7 3.58 3.53
w = 0.6 GeV 1.63 1.58 48.2 38.8 13.0 3.55 3.49
w = 0.7 GeV 1.69 1.60 46.8 40.0 13.2 3.53 3.46
Table 5 Same as Table 4 but for the decay BT — J/ WK/ (1400)™

Br (1074 Acp (1074 fr (%) fi (%) f1 (%) ¢ (rad) ¢ (rad)
w = 0.5 GeV 4.24 1.33 62.1 23.7 14.2 3.03 2.96
w = 0.6 GeV 4.36 1.34 60.6 25.0 14.5 3.06 2.98
w = 0.7 GeV 4.43 1.36 59.4 259 14.6 3.09 2.99
w=0.5GeV 0.58 1.61 72.3 13.5 14.2 4.52 —3.81
w = 0.6 GeV 0.52 1.62 65.8 17.4 16.8 4.89 —1.67
w=0.7GeV 0.48 1.62 59.9 21.3 18.9 5.48 —-0.22

@ Springer
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e For the decay BT — J/WK/(1400)", the polariza-
tion fractions are sensitive to the wave functions of J /W
meson. If taking the mixing angle & = 33°, the longitudi-
nal component is less than the transverse components by
using Type I WFs, but it is contrary in the case of using
the harmonic-oscillator type WFs. If taking the mixing
angle 8 = 58°, the longitudinal polarization fraction is
close to the sum of other two transverse polarization frac-
tions in Type I WFs, while the longitudinal polarization
component is more dominant than the transverse ones in
the harmonic-oscillator type WFs.

e In most cases, the values of these two relative strong
phases are similar to each other in each decay mode. But
for the case of the decay BT — J/WK{(1400)" with
the mixing angle 6 = 58°, the relative strong phases ¢
and ¢ are with opposite signs. It is valuable for us to
determine the mixing angle by measuring these relative
phases from the future experiments.

e In most cases, the values of the direct CP asymmetries
are in the order of 10~* by using both of these two type
WFs of J/W meson. But still for the case of the decay
Bt — J/WK(1400)" with the mixing angle 6 = 58°,
there is a smaller direct CP violation value.

4 Summary

We study the B meson decays B — J/W K(1270, 1400) in
the pQCD approach beyond the leading order. With the ver-
tex corrections and the NLO Wilson coefficients included,
the branching ratios of the considered decays are Br (BT —
J/WK(1270)7) = 1.76 78 x 1073, Br(BT — J/ VK|
(1400)%) = 6.477339 x 1074, and Br(B® — J/V¥K,
(1270)%) = (1.63798% x 1073 with the mixing angle
Ok, = 33°. These results can agree well with the data or
the present experimental upper limit within errors. So we
support the opinion that 8k, ~ 33° is much more favored
than 58°. We suggest our experimental colleagues to mea-
sure carefully the branching ratio of the decay BT —
J/WK{(1400)T at LHCb. It is important to determine the
mixing angle g, between K4 and K accurately. On the
experimental side, we find that the branching ratios of the
decays B — K1(1270)V (V refers to a vector or a photon)
are usually much larger than those of B — K;(1400)V.
It is because of the constructive (destructive) interference
between B — K4V and B — K;gV for the former (lat-
ter). In order to check the dependence of our predictions on
the wave functions of J/ W meson, we also give the results
by using the harmonic-oscillator type wave functions for the
J /W meson, and find that these two type WFs can give the
consistent results in most cases, while some values are sen-
sitive to the type of wave functions of the J/W meson.

@ Springer
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Appendix A: Wave functions

For the B meson wave function, the popular parameteriza-
tions are written as [32]

2w? 2

2.2 2
¢p(x, b) = Npx*(1 — x)” exp [_me - } :
b

(AD)

where the free parameter w, = 0.40 £ 0.04 GeV and the
normalization factor Ng = 91.783 corresponds to wp, = 0.40
GeV.

For the J/ W meson, the wave functions are given as

Loy L L t
v (x) = (myyedLy=(x) +¢LPy (x)],

N (A2)
1
vx) = W[muwww +dr Py’ ()], (A3)

where the twist-2 % (x) and the twist-3 ¥’ (x) will give the
contributions [33]

v =T )

_osg Ly g o[ x0-n 7V

_9'582«/2_1\&x(] x)[1—2.8x(1—x):| o9

Yl(x)

T Tt N

_10.942\/2_]\16(1 2x) [1_2.8x(1—X):| B

YU (x)

o fe 2 Mm

_1.672m(1+(2x 1))|:1—2.8x(1—x)} '
(A6)

Here x refers to the momentum fraction of the charm quark in
the charmonium meson. We call the wave functions given in
(A4)—(A6) Type 1. Sometimes, the harmonic-oscillator type
wave functions are often used [34]:

freNET

LT _
vl (x,b) = NI

x(1—x)
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me i 1—2x \? 5 2_
: _ fyeNT
Yi(x,b) = 2\/2_]\70(1 2x)
me a ) _<i>2 2[92_ (A8)
S I Ty T ’
vy _ JiwN' 2
Yi(x) = ZJZ_M(1+(2X D7)
_I’Ii (] —_ ) [ 1_2x 2+ sz_ (A9)
exp wx X —2x(1 5 10} ,

where NL-T+! and NV are the normalization constants and b
is the conjugate variable of the transverse momentum, w =
0.6 £0.1 GeV.

For the wave functions of the axial-vector meson K4 or
K1p, we have [25]

D%, op = (K1(P, €])132p(2)91(0)]0)
__irs

V2Ne Jo

+ ¢ Po, (X) + mi, b, ()]ap,

dx P mg, ¢% i, (x)

(A10)

Ok o5 = (Ki(P, €})|d25(2)q1a(0)]0)
__irs
~2N¢ Jo

+mr i€upoysyer'n’v ¢Kl(x)]aﬁ,

1 .
dx P [mk, ¢ 7k, (X) + ¢ Py, (x)
(A11)

where K| refers to the flavor state K14 or K;p, and the cor-
responding distribution functions can be calculated by using
the light-cone QCD sum rule:

Sk,

¢, () =573k=6x (1-2)[ag+3al1+3ay (51 = D],
Bl (1) = j%[z L2 4 ali32 - 1), (A12)
b, () = m[z Lx(1—x) —agt —ajt?.

The upper formulas are for the longitudinal polarization wave
functions, and the transverse polarization ones are given as

fKy

22N,
3fk,

8V2N,

6x(1—x)[ag-+3a) t+3as- (562 — 1],
[ad (12 + 1) + 24! 3], (A13)
[2a] x(1 — x) — ajt

bk, ()=
Pk (1) =
B, (1) = St

where the Gegenbauer moments are given as [25,35]

Il
altz],

a) = 1(=0.19 £ 0.07), a] = —0.30799(—1.95 + 0.45),
al 0.15
a} = ~0.05%0.03 (0.105 1), (Al4)

ag = 0275031, af = —1.08 £0.48 (0.30*0%)

aj‘ = 0.02 £ 0.21(-0.02 £ 0.22). (A15)

Appendix B: Hard functions, evolution factors and jet
functions

The hard functions are the Fourier transformations from the
propagators of the virtual quarks and gluons, which are

he(x1, x3, b1, b3) = Ko (mmel)
X [9(191 —b3)Ko (w/X3(1 - rzz)mBlH)
+0(b3 — b)) Ky (,/x3(1 - rg)m3b3)

x Io <,/X3(1 — r22)m3b1>],

ha(x1, x2, x3, b1, b2)

= |:9(b1 — by)Kyp ( X1X3 (1 - }”22)me1>

x Iy (,/xlxg (1 — },22)me2>

Ko(Agmpgh)) for A2 >0
A ( |A3,|m3b2) for A2<0]”

(BI)

+(b1 < bz)}

(B2)

with the variables A2 being A2 = r2+(x1 —x2)[(x2— x3)r22
x3]. Here the formula for the propagator of the virtual gluons
—1
is given as mxi1x3(1=r3)+(ksr —kir)?
The evolution factors are given by

E.(t) = as(t) exp[—=Sp () — Sk, ()], (B3)
Een(t) = ay(t) exp[—Sp(1) — Sy/w () — Sk, () |p,=p51,

(B4)
where the hard scales (¢) are chosen as
t, = max <,/x3(1—r2)m3,1/b1 1/b3) (BS)
fp, = max <,/x1(1—rzz)mB,l/b1,1/b3), (B6)

t; = max <\/x1x3(1 —Dmp. \/|A2mp. 1/b1, 1/b2) .

(B7)
The Sudakov exponents are defined as
Sp(t) ( b) 5/t dn (as(in)),  (B8)
Bl) =S| X1—=, 01 —VYqlos (L)),
V2 3y,
mp mp
Sype@) =s <x2ﬁ’b2) +s <(1 _xZ)E’ bz)
t d— _
12 / L (s (), (B9)
1/by M
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mp mp
Sk, (1) = X3E,b3 +s( —%)E,ba
t d'a _
w2 Sy, (B10)
1/by M
where the quark anomalous dimension is y, = —a,/m, and

the expression of the s(Q, b) in one-loop running coupling

constant is
A AL . AD g
5(Q0,b) = —¢qIn (:) ———(q—b) (Z_l)
AD A el 4
— —2——ln< > ln(7>, (B11)
47 4B 2 b

+ —_
2p1 b 261 487
here the variables are defined by ¢ = In[Q/(v/2A)], b =
In[1/(bA)] and the coefficients A2 ang B are given as

_Z (B12)

b4 8 1
L _ _Z ByIn( =e?E ),
9 3 27"f+3’3‘n<2e >
where 7 ¢ is the number of the quark flavors and yg the Euler
constant.

(B13)

Appendix C: Vertex functions

The hard scattering functions f7 and gj arising from the
vertex corrections are given as [36,37]

2./2Nc¢ fl L 2r2xy
= d —_—
fi S { 0 2V ) 1— r22(1 — x2)
3 1

L I +
oy N
1% =2y, 1-r21-x)

Zr% X2

_[1—}’2(1—x2)]2> r22x2 ln(rzzxz)
2

2r§x§ ) In(1 — r22) — irr:|

+{30 =)+ 27300 +
(( Dt e ) 1= 20—

1 —8x%Inx
+ /0 dxayr] g (x2) [ +

8r22x2 ln(rzzx)

1—x 1—r3(1—x)
2o =r3) —in
8ryx ST 20—v i“ , (C1)
_ 2J2N, 1 L —4xInx
= S {/0 GV [(1 —rH(1 —x)
raxIn(l —r3)

2 2 4 2xIn(rix
H-r2d-0p  ? r2%)

2(1 41} — 2r2x) )

1 1
* ((1 —r2x2  [=r20 -0 (1 —r2)(1 —rkx)>

@ Springer

B irrrzzx /IWT ) 8x2Inx
H—r3a-0P | Jo "7 a=rha-x

8x2r§ ln(rzzx)

_(1r§)(1r22x)“' (€2)

References

—_—

19.
20.
21.
22.
23.

32.
33.
34.
35.

. A. Ali, G. Kramer, C.D. Lu, Phys. Rev. D 58, 094009 (1998)
. Y.H. Chen, H.Y. Cheng, B. Teng, K.C. Yang, Phys. Rev. D 60,

094014 (1999)

. M. Beneke, G. Buchalla, M. Neubert, C.T. Sachrajda, Phys. Rev.

Lett. 83, 1914 (1999)

. M. Beneke, G. Buchalla, M. Neubert, C.T. Sachrajda, Nucl. Phys.

B 591, 313 (2000)

. Y.Y. Keum, H.n Li, A.L. Sanda, Phys. Rev. D 63, 054008 (2001)

C.H. Chen, H.N. Li, Phys. Rev. D 71, 114008 (2005)
Z.Q.Zhang, S.Y. Wang, X.K. Ma, Phys. Rev. D 93, 054034 (2016)

. Hon Li, HL. Yu, Phys. Lett. B 74, 4388 (1995)

. Han Li, HL. Yu, Phys. Lett. B 353, 301 (1995)

. H.n Li, Phys. Rev. D 66, 094010 (2002)

. Belle Collaboration, K. Abe et al., Phys. Rev. Lett. 87, 161601

(2001)

. M. Suzuki, Phys. Rev. D 47, 1252 (1993)
13.
14.
15.
16.
17.
18.

L. Burakovsky, T. Goldman, Phys. Rev. D 56, 1368 (1997)

H.Y. Cheng, Phys. Rev. D 67, 094007 (2003)

K.C. Yang, Phys. Rev. D 84, 034035 (2011)

S. Godfrey, N. Isgur, Phys. Rev. D 32, 189 (1985)

H. Hatanaka, K.C. Yang, Phys. Rev. D 77, 094023 (2008)

A. Tayduganov, E. Kou, A. Le Yaouanc, Phys. Rev. D 85, 074011
(2012)

F. Divotgey, L. Olbrich, F. Giacosa, Eur. Phys. J. A 49, 135 (2013)
Y. Li, C.D. Lu, C.F. Qiao, Phys. Rev. D 74, 0947502 (2006)

X. Liu, Z.J. Xiao, Phys. Rev. D 89, 097503 (2014)

Hn Li, S. Mishima, A.L. Sanda, Phys. Rev. D 72, 114005 (2005)
Z.J. Xiao, Z.Q. Zhang, X. Liu, L.B. Guo, Phys. Rev. D 78, 114001
(2008)

. Particle Data Group Collaboration, K.A. Olive et al., Chin. Phys.

C 38, 090001 (2014)

. K.C. Yang, Nucl. Phys. B 776, 187 (2007)
. http://www.slac.stanford.edu/xorg/hfag (online update)
. Babar Collaboration, B. Aubert et al., Phys. Rev. Lett. 101, 161801

(2008)

. X. Liu, Z.T. Zou, Z.J. Xiao, Phys. Rev. D 90, 094019 (2014)
. H.Y. Cheng, K.C. Yang, Phys. Rev. D 78, 094001 (2008) (erratum-

ibid. D 79, 039903, 2009)

. C.H. Chen, C.Q. Geng, Y.K. Hsiao, Z.T. Wei, Phys. Rev. D 72,

054011 (2005)

. H. Hatanaka, K.C. Yang, Phys. Rev. D 77, 094023 (2008) (erratum-

ibid. D 78, 059902, 2008)

T. Kurimoto, H.n Li, A.I. Sanda, Phys. Rev. D 65, 014007 (2002)
A.E. Bondar, V.L. Chernyak, Phys. Lett. B 612, 215 (2005)

J. Sun, Z. Xiong, G. Lu, Eur. Phys. J. C 73, 2437 (2013)

7.Q. Zhang, Z.W. Hou, Y.L. Yang, J.F. Sun, Phys. Rev. D 90,
074023 (2014)

. H.Y. Cheng, Y.Y. Keum, K.C. Yang, Phys. Rev. D 65, 094023

(2002)

. X. Liu, W. Wang, Y.H. Xie, Phys. Rev. D 89, 094010 (2014)


http://www.slac.stanford.edu/xorg/hfag

	Study of the K1(1270)-K1(1400) mixing in the decays BtoJ/ΨK1(1270), J/ΨK1(1400)
	Abstract 
	1 Introduction
	2 The leading-order predictions and the main next-to-leading-order corrections
	3 Numerical results and discussions
	4 Summary
	Acknowledgements
	Appendix A: Wave functions
	Appendix B: Hard functions, evolution factors and jet functions
	Appendix C: Vertex functions
	References




