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Abstract. Belle has observed surprisingly copious production of t(3770) in the B meson decay B —
¥(3770) K, whose rate is comparable to that of B — 1(3686) K. We study this puzzling process in the QCD
factorization approach with the effect of the S-D mixing considered. We find that the soft scattering effects
in the spectator interactions play an essential role. With a proper parametrization for the higher-twist soft
end-point singularities associated with kaon, and with the S-D mixing angle § = —12°, the calculated
decay rates can be close to the data. Implications of these soft spectator effects to other charmonium

production in B exclusive decays are also emphasized.

PACS. 13.25.Hw Decays of bottom mesons — 12.38.Bx Perturbative calculations — 14.40.Gx Mesons with
S =C = B =0, mass > 2.5 GeV (including quarkonia)

1 Introduction

The (3770) is the lowest-lying charmonium state above
the open-charm DD threshold. It is expected to be pre-
dominantly the 13D; charmonium state with a small ad-
mixture of the 23S; component. The 1(3770) is of great
interest in recent studies of charmonium physics. There
are a number of new measurements and related theo-
retical issues about the (3770), e.g. the non-D-D de-
cays including charmonium transitions and decays to light
hadrons [1-3] (see also [4]), the radiative transitions to the
P-wave charmonia [5], the S-D mixing, and the discus-
sions about the well-known pm puzzle in J/+ and 1(3686)
decays (see, e.g., [6,7]).

In this paper, we will focus on another interesting is-
sue about the 1 (3770). That is the ¢ (3770) production in
the B meson exclusive decay B — %(3770) K, whose rate
is found by Belle to be surprisingly large [8], even compa-
rable to that of B — (3686)K, and it might seemingly
indicate that this result suggests a large amount of S-D
mixing in the ¥(3770) [8]. But, this apparently needs a
careful examination.

It is generally believed that if the virtual charmed-
meson pair components are neglected the two states
¥ (3686) and 1 (3770) can be approximately expressed as

|9y =[1)(3686)) = cos |cc(2%S1) ) +sin 0|ce(1° Dy ) ),
") =] (3770)) =cos |cc(1°Dy) ) —sin §|cc(2%51) ).

a

(1)
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The S-D mixing angle has been estimated by using the
ratio of the leptonic decay widths [9] of (3686) and
1 (3770). Nonrelativistic potential model calculations give
two solutions: § ~ —10° to —13° or 8 ~ +30° to
+26° [6,4,10]. The small mixing angle is compatible with
the results obtained in models with coupled-channel ef-
fects [11,12] and is favored by the F1 transition ¢’ — vx.s
data also [10].

The Belle Collaboration [8] has observed (3770) in
the B meson decay BT — 9(3770)K* with a branching
ratio,

Br (Bt — ¢/K*) = (048 + 0.1+ 0.07) x 1073, (2)
which is comparable to that of ¥(3686) [9],
Br (BT — ¢/K*) = (0.66 £ 0.06) x 10~°. (3)

This is quite surprising, since conventionally the t(3770)
and 1 (3686) are regarded as predominantly the 13D; and
235 cc states, respectively, and the coupling of 13D; to
the c¢ vector current in the weak-decay effective Hamilto-
nian is much weaker than that of 23S; in the naive factor-
ization approach [13]. If this experimental result is really
due to a large S-D mixing, as suggested in [8], then it is
found in ref. [14] that an unexpectedly large S-D mixing
angle § = +40° would be required by fitting the observed
ratio of B — ¢(3770)K to B — 1(3686)K decay rates,
when the D-wave contribution is neglected. This is in seri-
ous contradiction with all other experimental and theoret-
ical studies, and, in particular, with the newly measured
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E1 transition rates for ¥(3770) — yx.s (J = 0,1,2), for
which the CLEO results [5] are 172430, 70+17, < 21 KeV,
respectively, for J = 0, 1,2 whereas the corresponding cal-
culations are 386, 0.32, 66 KeV for § = —40° and 52, 203,
28 KeV for § = +40° [14]. So, based on the naive factor-
ization, the use of large S-D mixing to explain the Belle
data for B — (3770)K should be ruled out. The next
question is, can we explain the Belle data by considering
the nonfactorizable contributions to these decay rates?

In the following, we will study this problem in the
QCD factorization approach [15-17] including nonfactor-
izable contributions. We will first give the decay rate of
B — (3770)K based on the assumption that ¢(3770) is
a pure D-wave charmonium state. Then we take the S-D
mixing into account. Finally, we will consider the higher-
twist effects.

2B — ¢ (3770)K decay in QCD factorization

The effective Hamiltonian for this decay mode is written
as [18]

a 10
Hep=—= (VcbVC*S(C1O1+0202)—thVt§ Z Ci0i> - (4)

\/§ 1=3

Here C;’s are the Wilson coefficients which can be evalu-
ated by the renormalization group approach [18] and the
results at y = 4.4 GeV are listed in table 1. The relevant
operators O; in Heg are given by

0, = (Eabﬁ)v
Oz = (Saba)v-a- (Cacs)y, 4

03(5) = (gaba)va ' Z (q,BQB)V_A(V+A)a
q

A (Eﬁcoz)vau

Ou() = (Sabp)v-a-) (@590) v _a(v 14y (5)
q
3 _
= 5( a)V— ZeQ(qﬁqﬁ)V+A(V—A)’
q
3, _
Os(10) = §(Sab5)v A ZeQ(qﬁqa)erA(va)'

q

We treat the charmonium as a color-singlet nonrela-
tivistic c¢ bound state. Let p, be the total 4-momentum
of the charmonium and 2¢,, be the relative 4-momentum
between ¢ and ¢ quarks. For D-wave charmonium, because
the wave function and its first derivative at the origin van-
ish, R1(0) = 0, R} (0) = 0, which correspond to the zeroth
and the first order in ¢, we must expand the amplitude to
second order in ¢g. Thus, we have (see, e.g., [19])

M(B = 3Dy (ce)) = % > (2L.518.010)
L.,S.

4 =2
x/(;&qaqﬁ(s <q0 ] )%M( )
x Tr [0@6 (0)Pys. (p, 0) + O(0) Pls_(p, 0)

+0%(0)Pfs. (p,0) + O(0) P (,0)] (6)
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Table 1. Leading-order (LO) and Next-to-leading-order
(NLO) Wilson coefficients in the NDR scheme (see ref. [18])

with y1 = 4.4 GeV and AC) = 225 MeV.

01 02 Cg 04 Cs C’6
LO 1.144 —-0.308 0.014 —0.030 0.009 —0.038
NDR | 1.082 —0.185 0.014 —-0.035 0.009 —0.041

where O(q) represents the rest of the decay matrix ele-
ment. The spin-triplet projection operators Pigs_(p,q) is
constructed in terms of quark and anti-quark spinors as

PlS pv

Ve Z (——q,s2)u(§+q,s1)<sl;82|1sz>, )
and

arm _ 90(q) a8 9*0(q)
O (0)_ aqa |q:07 O ( ) aqaaq |q 0

o O0Pis,(p,q
PE (p,0) = %M—m

o 0?Pis.(p.q
P00 = g, (5

After ¢ is integrated out, the integral in eq. (6) is
proportional to the second derivative of the D-wave wave
function at the origin by

3
[ s = e\ 2RO, ©)

where €% is the polarization tensor of an angular
momentum-2 system and the value of R7,(0) for charmo-
nia can be found in, e.g., ref. [20].

The spin projection operators Pig.(p,0), Pfs. (p,0)

and Pf“si (p,0) can be written as [19]

Pis.(5,0) =\ 379" (58 + M), (10)

Pl (,0) = | o " (S:) 4+ M)y +9°¢* (S2) 5+ M),

PR 0,0) = || s 77 (S + M)

907 (S) @ + M)y,

(11)

where we have made use of the nonrelativistic approxima-
tion for the charmonium mass M ~ 2m. Here m is the
charmed-quark mass.

As for the light meson kaon, we describe it relativisti-
cally by light-cone distribution amplitudes (LCDAs) [17]
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up to the twist-3 level:

. 1
<K(p)|§ﬁ(32) da(zl)|0> = Z‘fTK/ dxei(yp'22+gp‘21)
0

XS P75 O (y) — prys | O% (y)
{ (
LB
aB

where y and i = 1 —y are the momentum fractions of the
s and d quarks inside the K meson, respectively. Here, the
chirally enhanced mass scale pug = mg?/(ms(u)+mq(p))
is comparable to my, which ensures that the twist-3 spec-
tator interactions are numerically large, though they are
suppressed by 1/my. The twist-2 LCDA ¢k (y) and the
twist-3 ones ¢4 (y) and ¢% (y) are symmetric under y < §
in the limit of SU(3) isospin symmetry. In practice, we
choose the asymptotic forms for these LCDAs,

¢x(y) = 0% (y) =6y(1—y),  dky) =1

In the naive factorization, we neglect the strong-
interaction corrections and the power corrections in
Aqcep/my. Then, the decay amplitude can be written as

—O " (22 (12)

(13)

G
ZMO = —fDm,/,u(ZpB 9 )Fl (mwu) \/}21

C C C,
{cbv (02+ Nl) Vi Vi <03+J\;‘+05+ Nﬁﬂ (14)

where N, is the number of colors. We do not include the
effects of the electroweak penguin operators since they are
numerically small. The form factors for B — K are given
as

(K(px)[37.0B(pB))

2
(PB +PK)) — %pu Fi(p?)
m% —

2
+TpruFo (pQ)» (15)

where p = pgp — px is the momentum of ¢” with p? =
mi,,. The kaon mass will be neglected in the heavy
quark limit and we will use the approximate relation
FO(T'nfb,,)./Fl(mfb,,) =1-r [21,22], where 7 = my., /mp,
to simplify the amplitude in our calculations.

As we can easily see in eq. (14), this amplitude is un-
physical because the Wilson coefficients depend on the
renormalization scale p while the decay constant and
the form factors are independent of p. This is the well-
known problem with the naive factorization. However, if
we include the order «a corrections, it turns out that the
u-dependence of the Wilson coefficients is largely cancelled
and the overall amplitude is insensitive to the renormal-
ization scale. Taking the nonfactorizable order a; strong-
interaction corrections in fig. 1 into account, the full decay
amplitude for B — " K within the QCD factorization
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Fig. 1. Feynman diagrams for nonfactorizable corrections to
the B — " K decay.

approach is written as

GF
V2
X [Vcb‘/:glIZ — Vi Vis(as + as)},

M= fDm¢//(2pB 9 )Fl(mi//)

(16)

where the coefficients a; (i = 2,3,5) in the naive dimen-
sion regularization (NDR) scheme are given by

C
ao (02 + Fi)

a, C m
ENiCl(_12ln7b+2+fI+fH)’
C
a3:—<03+4>
e (a7
o, Cp mp
ir N, 4(121HM+2+JCI+JCH)7

C
a5:—<05+N6)

Qg CF
47 N,

——10+f1+fu>
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The function f; in eq. (17) is calculated from the four
vertex diagrams (a,b,c,d) in fig. 1,

fl—/oldw/ol_wdy
X [6111 [(x+ g) <a:+ ?)g(& 1)z + Zy)]
2(1r)2w2y2<(x+%)21 !

(z+13)
1 1
zry(ly)<($+%)(x+%)+2((r—l) )>

Ty
2
I+r)z—r2-y) @F-1Dz—r2-y)
-2 TY + TY
T+ (r=1lz+ 75

—2r(l—r)z 2( 1 — 1 )
T\ 9@+ 2)? H-Der )’

2 1 1

—|——r(1—r)2x2 2< + )],

; e e’ sy’

(18)

where 7 = mZ,, /m%.
The function fr; in eq. (17) is calculated from the two
spectator interaction diagrams (e,f) in fig. 1 and it is given

by
/ dgd’B / dydr(y

1
X[l()(l—r)(l—y) (1—1y)? (1_@2} (19)

where ¢ p is the light-cone wave functions for the B meson.
The spectator contribution depends on the wave function
¢p through the integral

/1d ¢B(§) _ mp
0 Y

Since ¢p () is appreciable only for £ of order Aqcp/mp,
Ap is of order Agcp. We will follow ref. [17] to choose
Ap =~ 300 MeV in the numerical calculation.

It is easily seen from (19) that there is logarithmic end-
point singularity in the integration over y when y — 1. It
breaks down the factorization even at the leading-twist
level. It implicates that the soft mechanisms may be im-
portant to this decay mode. To estimate these soft effects,
we simply parameterize the end-point singularity as

*= /__1 (Af)

where A, ~ 500MeV is the typical momentum scale
associated with the light quark in the B meson. Fur-
thermore, since the virtuality of the gluon exchanged
between the spectator quark and the charm (or anti-
charm) quark is Apm;, we should multiply a factor

167> fxfs
Ne m%Fy ( m(/),,

frr =

(20)

(21)
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s (VARmy ) Ci(VArmy ) [ (s (0)Ci (1)) to frr in eq. (17),
where p ~ my is the scale at which we evaluate those
vertex corrections.

The decay constant fp is calculated through the po-
tential models

10v/3 R (0)

\/ 27Tm¢// mi//

For numerical analysis, we choose Fi(m3,) = 0.97 [23]
and use the following input parameters:

fp= (22)

my =4.8GeV, mp =528GeV, myr =3.77GeV,
fB =216MeV [24], fx = 160 MeV. (23)

Then, we get the branching ratio: Br(B — ¢"K) =
1.13 x 1072, The theoretical calculation is about 40 times
lower than the experimental data (2).

3 B — 1¢’K decay

The calculation of the branching ratio for the B — 'K
decay is similar to that for B — " K. If one treats v’
as a pure 2S-state, the only modification needed to do
is to expand the decay amplitudes to zeroth order in the
g-expansion. Thus, the amplitudes will be proportional
to the S-wave wave function at the origin through the

integration
/ or s¥as(a =\ RZS

The full decay amplitude for B — 'K within the
QCD factorization approach is written as

(24)

3
ey

Gr

.M/:
' NG

Ros(0)my: (2pp - € )Fl(mw/)

x [V Vil = ViV (a + a5) |, (25)

where the coeflicients a; (i = 2,3,5) in the naive dimen-
sion regularization (NDR) scheme are given by

C as C m
<02 Ni>+4NF 1(121n;2+f}+f}1>7
Cy as C
= <C3+N >+4— NFC4 (121n7—2+f1+f11), (26)

Oés CF
Ar N,

/
as

C
<C5+ Ni)

Again, the vertex corrections associated with F are eval-
uated at renormalization scale p ~ m; and the spectator
interactions associated with F; are evaluated at +/Apmy,.

CG<121 7 +10+ f7 +f11>
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The functions f; and f7; in eq. (26) have the following
forms:

f,_/ dx/l "y [61nKx+ ><x+22y)

(27)

8 kB
Ne m%Fy(m2,)(1 - 2)

[ [

where z = m7, /m% and Fi(m,) = 0.91. One can easily
get the functions in (27) by using the known results of
B — J/YK inref. [21], where J/v is described by LCDAs.
We only need to replace the decay constant f/y by faos =

frr =

3 Rys5(0) and choose the nonrelativistic limit form

71'771/

énr(u) = 6(u —1/2) for LCDAs of J/¢ as in ref. [21].
According to eq. (1) we can write down the ratio of
the decay rates directly:

Br(B — "K)

Br(B — ¢'K)

(1—7“) —iM'’ x sinf +iM x cosf|?
1—=2

M’ x cos + iM x sinf
The ratio determined by experimental data is R ~
0.72. Comparing it with our calculation, we can find that
the mixing angle is § = —26°, or § = +59°. But the abso-
lute branching ratio of B — 9" K is 5.9 x 1075, which is
still about one order of magnitude lower than the experi-
mental data in eq. (2).

R =

(28)

4 Higher-twist effects and end-point
singularities

In the last two sections, we have only considered the
leading-twist spectator interactions. Generally, the contri-
butions arising from higher-twist LCDAs of K meson will
be suppressed by powers of 1/m;. However, as we have
mentioned, the chirally enhanced scale px ~ my in (12)
ensures that the twist-3 contributions may be numerically
large. It was discussed several years ago that these con-
tributions may play important roles in the process of B
meson to S-wave charmonia decays [22]. Here we consider
the higher-twist effects in the D-wave charmonium pro-
duction as well.

The distribution amplitude of the kaon to twist-3 have
been given in (12), then we can find the twist-3 modifica-
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Fig. 2. Branching ratios of B — (3770)K and B —
(3686) K (in units of 10™%) as functions of §. The dashed line
is for B — 9(3770)K and the solid line for B — ¢(3686) K.

tions to fr; and f7; to be

3 __167T2 fxfB TK b o)
fII - Nc m2BF1(m,21,//) (1 _7,)2/0 df E
1
9% () r 1
X/Ody 6 <r—1) 3+10y2>’
8 fif <l5 >
/ m KB B
fir = N, mBFl(mw, 1—z / dg

JREE

where rg = 2ux /myp. Here, we can see that there exist
logarithmic end-point singularities in both f3; and f}”}
More seriously, there emerges a linear singularity in the
function f7; and we will parameterize it just like what we
have done for the logarithmic ones:

[ -
0 y2

It is implicit that these singularities can be regularized
by the gluon or light quark offshellness of order A7 when
we use (21) and (30). So when the offshellness is nega-
tive, the logarithmic singularity will receive large complex
contributions from the implicit pole in the region of in-

tegration. They are common effects in soft rescattering
processes. Then, following [25], we rewrite (21) as

1
XE/ dy1n<mB>+t
0o Y Ap

where t is a complex free parameter and we choose [t
varying from 3 to 6 as suggested in [22]. Setting |¢| = 4.5,
0 < § < 7, and the S-D mixing angle § = —12°, we
can get the branching ratio curves of B — ¢(3770)K and
B — 1(3686) K, which are shown in fig. 2.

From fig. 2 we see that in the region with small § the
branching ratios are not very sensitive to the value of 4.

mp

I, (30)

(31)
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With a value of, say 6 = 7/8, the branching ratios of
B — 9(3770)K and B — 1(3686) K are found to be:

Br(B* — ¢ K*) =268 x 1074,

Br(BT — ¢/Kt) =4.25x 107%. (32)
From these values we can get R = 0.63, which fits the ex-
perimental data quite well. At the same time, the absolute
branching ratios are both close to the experimental data.
So we may conclude that when the higher-twist effects are
taken into account and the S-D mixing is considered as
well, the branching ratio of B — (3770)K can become
large enough to fit experimental data. If a smaller value
for |t| is used, the calculated decay rates are somewhat
smaller, but still much more improved than the previous
calculation. Here, the soft scattering effects in the specta-
tor interactions have played an essential role.

5 Discussions and summary

In this paper, we study the BT — (3770)K™ decay
within the QCD factorization framework. If we treat
¥(3770) as a pure 13D state and use the leading-twist ap-
proximation for the kaon, we only get a very small branch-
ing ratio Br(B — 9" K) = 1.13 x 1075, which is about 40
times lower than the experimental data.

We further introduce the S-D mixing, combined with
the calculation for the BT — 4(3686)K ™ decay, but still
use the leading-twist approximation for the kaon, then
by fitting the observed ratio of B* — (3770)K™ to
BT — (3686)K™, we find the required mixing angle
to be about § = —26° or § = +59°. These mixing an-
gles are not consistent with that obtained from other
experiments. Moreover, the absolute branching ratio of
Bt — ¢(3770)K* is still one order of magnitude lower
than the experimental data.

We then take the higher-twist effects into account. By
choosing proper parameters to characterize the end-point
singularities related to the soft spectator interactions, and
taking the S-D mixing angle to be the widely accepted
value § = —12° we can get a much larger branching ratio,
and it is then possible to make the calculated rate of BT —
¥(3770) KT close to the data.

We would like to emphasize that in the present cal-
culation it is the soft scattering effects in the specta-
tor interactions that are essential in enhancing the de-
cay rates, though there exist uncertainties for treating
the soft singularities. Here, it might be useful to dis-
cuss the possible connection between the inclusive pro-
cess B — 1(3770) + anything and the exclusive process
B — (3770)K. In fact, with the nonrelativistic QCD
(NRQCD) formalism [26] it was pointed out [27] (see
also [28]) that for the D-wave charmonium inclusive pro-
duction in B decays the color-octet c¢ operators in the
weak-decay effective Hamiltonian may play the dominant
role by producing a color-octet c¢ pair at short distances,
which subsequently evolve to a color-singlet ¢¢ (the physi-
cal charmonium) by emitting soft gluons at long distances.

The European Physical Journal A

When the emitted soft gluon interacts with and is ab-
sorbed by the spectator light quark, the process becomes
an exclusive one, such as B — (3770) K (the emitted soft
gluons can of course hadronize into light hadrons with-
out interactions with the spectator quark). If this picture
makes sense, our observation in the present work that the
soft scattering effects in the spectator interactions play
the essential role in B — 1 (3770) K should be reasonable.

This may also be true for the B exclusive decays in-
volving S-wave charmonia J/1 [22,21] and 7. [29], where
the calculations for B — J/v(n.)K without twist-3 soft
spectator contributions are much smaller than the ob-
served rates, and the enhancement effect due to higher
twist is emphasized in [22]. For the B exclusive decays in-
volving P-wave charmonium states, the situation becomes
even more puzzling, that is, the measured nonfactorizable
B — XK decay rate [30,31] is large, about an order
of magnitude larger than that of other two nonfactoriz-
able decays B — xK [32] and B — h.K [33]. These
are not compatible with predictions based on the final-
state rescattering model [34]. Some of these decays are also
studied in the PQCD approach with k; factorization [35],
and in the light-cone sum rule approach [36]. In QCD fac-
torization it is found that for the B exclusive decays in-
volving P-wave charmonium states, there exist infrared
divergences in the QCD vertex corrections [37,38]. How-
ever, if the twist-3 soft spectator interactions dominate,
we might provide a possible explanation for the puzzle re-
lated to B — Xc0(Xc2, he) K decays, and this result will be
presented elsewhere [39].

We thank H.Y. Cheng for useful comments. This work was
supported in part by the National Natural Science Foundation
of China (No. 10421503), and the Key Grant Project of Chinese
Ministry of Education (No. 305001).
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