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1. Introduction

The unexpectedly large branching ratios for B — K7’ decays were firstly reported in 1997 by
CLEO Collaboration [1]. 12 years later, three of the four B — K1 ") decays have been measured
with high precision [2]. Besides the branching ratios, the CP violating asymmetries for B* —
K jEn(’ ) and B® — K1) decays have been measured very recently [2, 3].

In the SM the decay B — Kn') is believed to proceed dominantly through gluonic penguin
processes[4] and has been evaluated by employing various methods [5, 6, [7, 8, 9, 10, 11, 12} 13,
14} 15]. Although great progress have been made during the past decade, but the predictions for
Br(B — Kn') from both the QCD factorization (QCDF) approach [13} [16] and the perturbative
QCD (pQCD) approach [15, 17] are still smaller than the data.

Furthermore, there is a large disparity between the measured branching ratios: Br(B— Kn') >
Br(B — Kn). Many efforts have been made to interpret this pattern, which include, for example,

(a) Conventional b — sgg with constructive (destructive) interference between the uit,dd and
s§ components of 0/ (1) [4];

(b) Large intrinsic charm content of 1’ through the chain b — sc¢ — sn’ [6] or through
b — sc¢ — sg*g* — s(n,n’) due to the QCD anomaly [7];

(c) The spectator hard-scattering mechanism through the anomalous coupling of gg — 1’
(8,19, 11015

(d) A significant flavor-singlet contribution [9, 13];
(e) A strong penguin b — sg enhanced by new physics [11,12].

In Ref. [15], the authors calculated the branching ratios of B — K1) decays by employing
the pQCD approach at leading order. They considered the large corrections from SU(3) flavor
symmetry breaking as well as the possible gluonic component of 1" meson, but their prediction for
Br(B® — K1) ( Br(B® — K°n) ) is much smaller ( larger) than the measured value. A sizable
gluonic content in 1" meson may provide a large enhancement to the decay rate of B — K1n'. But
the calculation in Ref. [18] showed that such contribution is numerically very small and can be
neglected safely.

Besides the possible mechanisms mentioned above, we here consider a new and natural solu-
tion: the effects of the next-to-leading order (NLO) contributions in the pQCD approach. The NLO
contributions considered here include: QCD vertex corrections, the quark-loops and the chromo-
magnetic penguins. We expect that they are the major part of the full NLO contributions in pQCD
approach [19].

In the pQCD approach, the decay amplitude is separated into soft (®y,), hard ( H(k;,t) ), and
harder( C(Myw) ) dynamics characterized by different energy scales (Aocp,t,mp, M) [17]. The
decay amplitude <7 (B — M,M3) can be written conceptually as the convolution,

ol (B — MuM3) ~ [d*kid*kod*ks Tr[C(t)@p (ki )Py, (k) Pog, (k3)H (k1 k2, k3,8)],  (1.1)

where k;’s are momenta of light quarks included in each meson, and Tr denotes the trace over Dirac
and color indices. C(r) is the Wilson coefficient evaluated at scale ¢. The hard kernel H (k1 , k2, k3,t)
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describes the hard dynamics, and therefore can be perturbatively calculated. The function @y, is
the wave function.

Since the b quark inside the B meson is rather heavy, we consider the B meson at rest for
simplicity. It is then convenient to use light-cone coordinate (p™, p~,py) to describe the meson’s
momenta: p* = (p° £ p*)/v2 and pr = (p', p?) .

For the studied B — Kn() decays, the weak effective Hamiltonian H, rf for b — s transition
can be written as [20]

10
Herr = 3% Y quVq’;{[Cl(u)O?(u)JrCz(u)OZ(u)} +;Ci(u) Oi(u)} : (1.2)

q=u,c

where Gy = 1.16639 x 107> GeV ~? is the Fermi constant, and V; ; is the CKM matrix element, C;(11)
are the Wilson coefficients evaluated at the renormalization scale u and O;() are the four-fermion
operators.

In PQCD approach, the energy scale “¢”” is chosen as the largest energy scale in the hard kernel
H(x;,b;,t) of a given Feynman diagram, in order to suppress the higher order corrections and
improve the reliability of the perturbative calculation. Here, the scale “t” may be larger or smaller
than the my scale. In the range of ¢+ < my or t > m, the number of active quarks is Ny = 4 or
Ny =5, respectively. The explicit expressions of the LO and NLO C;(my ) can be found easily, for
example, in Refs. [21, 20]. For the expressions of the wave functions of B meson and the relevant
distribution functions of the K and (1,n’) mesons, one can see Ref. [21, 22]. The Gegenbauer
moments are the following [23]:

aX =02, =025 dof=-0015 (1.3)

The values of other parameters are 13 = 0.015 and @ = —3.0.

For the mixing of the n — 1’ system, we use the the quark-flavor mixing scheme, where the
physical states n) and 1)’ are related to the flavor states 1, = (uii +dd)/+/2 and 1, = s§ through a
single mixing angle ¢,

(n ) B (cosq) —sinq)) (nq> B (Fl(q))(uﬁ—i-dd_)—l—Fz(q))ss')

=\ . = L _ (1.4)
n’ sing cos¢ s Fl(¢)(uii+dd)+Fy(¢) s5
with Fi () = cos¢/v/2, Fo(¢) = —sin¢, F/(¢) = sin¢/+/2 and F;(¢) = cos ¢. The distribution

amplitudes q)f;q’P’T represent the axial vector, pseudoscalar and tensor component of the wave func-
tion respectively [23], and can be found in Ref.[22].

2. Decay amplitudes at leading order

At the leading order in pQCD approach, the Feynman diagrams as shown in Fig. [1/ may con-
tribute to B — Kn ) decays. From the factorizable emission diagrams 1(a) and 1(b), the corre-
sponding form factors can be extracted by perturbative calculation. For Fig.1(a) and 1(b) with the
B — K transition, the operators O; 2, O34 and Oy 1o are (V —A)(V —A) currents, the sum of the



B — Kn") decays - - - in the pQCD Approach Zhen-Jun Xiao

xé Q&%

n"(K)

\/

><><€%z§é

Figure 1: Feynman diagrams which may contribute to the B — Kn ") decays at leading order.

000 D/

individual amplitudes is given as

8 1 >
Fx = —nGpCrmy / dxidx; / bydbybydb, ¢ (x;,by)
0 0

V2
x { [(14x2) 9 (%2) + (1 = 2x2)r (9 (%2) — O (£2)) ] - Ee(ta) he (x1,%2,b1,b2)
—|-2VK(P[€(X2) 'Ee(l‘;)he()@,xl,bz,bl)}, 2.1

where rg = mOK /mp with mg is the chiral scale; Cr = 4/3 is a color factor, and ¥, = 1 —x. The
evolution function E,(¢) and hard function %, can be found in Ref. [22]. Also from diagrams 1(a)
and 1(b), the decay amplitudes corresponding to the (V —A)(V +A) and/or (S — P)(S+ P) currents
are the following

Fi = —Fex , (2.2)
16 1 o

Fel;(z = \/iﬂGFCFmé/ dX]d)Q/ b1dbbydb; ¢p(x1)
x {ry [0% (%2) + rk (2 +x2) Ok (%2) + X205 (%2))] - Ee(ta) e (x1, X2, b1,b2)
+2rKrn¢K(x2) E (t )he(x27xlab2;bl)} . (23)

From Fig. 1, one can find the corresponding decay amplitudes: (M.x,M, Pl PZ) (1(c) and 1(d)),
(Muk, M, MFl Pz) (I(e) and 1(f)) and (Fuk,F, P] Pz) (1(g) and 1(h)) [22]. By exchangmg position of
the K and r[() in Fig. 1, one can find the corresponding decay amplitudes for the new diagrams
easily[22]: (Fun, Fin %), (Men,Miy™), (Man,Mi’™?), and (Fun, Fin ?).

For the two B — K1 decays, the total decay amplitude with the inclusion of the corresponding
Wilson coefficients can be finally written as

1 1
.///(Kon) = < KOn‘Heff]BO >= FeK{ [‘g’ a— & <2a3 —2as5 — §a7 + a9>] fn

—& (a3 +as—as+ %a7 - %619 - ;6110) fﬁ} —Fn& <a4 - ;alo> TxkFi(9)
- [Fel;?fﬁ +Fl fxFy (¢)} & (aé - ;618> — [FuF2(9) + Fan F1(9)] & (04 - éalo>

+[Flems(0)+ FiR(9)] & (aﬁ - 1618) I
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+Mek { [@Cz =& <2C4 + ;Cloﬂ Fi(¢)—& <C3 +Ca— %C9 - ;C1o> Fz(‘P)}

~Men i (03 - ;C9) Fi(¢) — [MRF2 () + Mo Fi(9)] & (Cs — ;c7>
~Mi& [<2C6 + ;C8> Fi(¢)+(Cs— ;Cs)Fz(fP)] ; (2.4)

1 1
//(K+n) = < K+n‘Heff|BO >=F,x { |:§ua2 — ét <2a3 —2as — §a7 + 2&9>:| fg

-& <a3 +as—as+ %617 - %619 - ;a1o> ff,} +{FenF1(9) fx + [FanF1(9)
+FuxF2(9)] [} Suar — [Fen F1(9) fx + (FanF1(9) + Fax F2(9)) f8] & (a4 +aio)

— [F7 R (0) fx + (Fi Fi(9) + FigFa(9)) f5] & (a6 +as) — Fig f& (a6 - ;ag)
~Mx& (Cs - ;c7> +Mex { {éucz -& (264 + ;Clo)] Fi(9)

~¢ (63 4Gt 1C10> Fz<¢>} — [MigF>(9) + (ML) + Mo ) Fi(9)]

2 2
X Gi(Cs+C7) + [Max F2 () + (Men -+ Man) Fi (#)] [SuC1 = & (C5 + o))
M | (2004 508 ) Rlo) + (G 561 ) Rlo)]. @3

where &, =V, Vi, & = V1V, the coefficients a; are the combinations of the Wilson coefficients
Ci, and have been defined as usual

Cia

Cip Ci1
3 b

aip =01+

C.
a;i=Ci+ ’3“,1‘:3,5,7,9; a;=C+—-"Li=46810. (2.6

The total decay amplitudes for the two B — K7’ decays can be obtained easily from Eqs.(2.4) and
(2.5) by the following replacements

=Ty = fys F@) = F(6), F(9)—F(9). 2.7

3. NLO contributions in pQCD approach

At the NLO level, the following changes or contributions should be considered:

e The NLO Wilson coefficients C;(my ), the NLO RG evolution matrix and the a;(z) at two-
loop level should be used.

e The NLO hard kernel H")(o2) should be included. All the Feynman diagrams, which may
contribute to the hard kernel H at the order of &?, as illustrated by Figs. 2-5, should be
considered.

At present, the calculations for the vertex corrections, the quark-loops and chromo-magnetic
penguins, in relevant with B — Kn ") decays as shown in Fig. 2, have been done in Ref. [22]. For
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Figure 2: The Feynman diagrams in relevant with the NLO vertex QCD corrections, the quark-loops and
charomo-magnetic penguins for B — Kn ") decays.
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Figure 3: The typical vertex Feynman diagrams which contribute to the form factors at the NLO level.
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Figure 4: The typical hard spectator Feynman diagrams which contribute at the NLO level.
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Figure 5: The typical annihilation Feynman diagrams which contribute at the NLO level.

the Feynman diagrams as shown in Figs. 3-5, however, the analytical calculations have not been
completed yet.

The vertex corrections to the factorizable emission diagrams, as illustrated by Figs. 2a-2d,
have been calculated years ago in the QCD factorization appeoach[16, 13, [14]. The difference
of the calculations induced by considering or not considering the parton transverse momentum is
rather small [19], say less than 10%, and therefore can be neglected. The vertex corrections can
then be absorbed into the re-definition of the Wilson coefficients a;(t) by adding a vertex-function
Vi(M) to them[14,19].

The contribution from the so-called “quark-loops" is a kind of penguin correction with the four
quark operators insertion, as illustrated by Fig. 2e-2f. For the b — s transition, the contributions
from the various quark loops are given by:

G « Os(H = a —/ a |/
i) == ¥ ¥ EVas ) o4, 2) (53 (1) T8) @PT7), B)

q=u.ct q/
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It is straightforward to calculate the decay amplitude for Fig.2e and 2f. We found two kinds of
topological decay amplitudes [22]]: M ,((qgs for B — K transition and M1(73)K for B — 1 transition. For
B — Kn' decays, we found the similar decay amplitudes. Finally, the total “quark-loop" contribu-

tion to the considered B — Kn) (K = K% K*) decays can be written as [22]

M = <Koyl >=CE ¥ A [0 Bo)+ Mk Fi(0)]. (32)
q u,c,t

M) = <KnloaB>= 70§ 2, (M B@)+MIF©]. 63
q u,c,t

For the magnetic penguins, the corresponding weak effective Hamiltonian contains the b — sg

transition,
Hw =~ Sty celio (3.4)
eff — \/i th 8g» .
with the chromo-magnetic penguin operator,
Osg = Smy d o™ (149) TS G b, (3.5)

8

where i, j being the color indices of quarks. The corresponding effective Wilson coefficient Cef f =

Cs g 1 Cs.
The decay amplitudes, M, ,((g,% and M,(1 )K have been obtained by evaluating the Feynman di-
agrams Figs.2g and 2h [22]. The total chromo-magnetic penguin contribution to the considered

B — Kn") (K = K° KT) decays can be written as

cm, cm, G
M) = < Kn| AP |B >= _75 Je |ME, B(0)+ Mk (0] (3.6)
MY = <K\ >= =LA M, Be) M F@)]. 6)

4. Numerical Results and Discussions

We use the following input parameters [2, 24] in the numerical calculations

fz = 021GeV, fx =0.16GeV, my =547.5MeV, my = 957.8MeV,
x = 0.49GeV, mox = 1.7GeV, My =15.279GeV,m; = 4.8GeV,
My = 80.41GeV, 1z = 1.527ps, Tg- = 1.643ps. (4.1)

For the CKM quark-mixing matrix elements, we use the values as given in Ref.[2, 24]:

Vig = 09745, V=24 =0.2200, [V =431x1073, V,,=—0.224,
Vg = 0.996, Vi, =0.0413, |Vig|=74x1073, V,=-0.042, V,=09991, (4.2)

with the CKM angles 8 =21.6°, y = 60° +-20° and a = 100° £ 20°.
Using the wave functions and the input parameters as specified in previous sections, it is
straightforward to calculate the CP-averaged branching ratios for the considered four B — Kn "
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Table 1: The pQCD predictions for the branching ratios (in unit of 107°). The label LON.owc means the
LO results with the NLO Wilson coefficients, and +VC, +QL, +MP, NLO means the inclusion of the vertex
corrections, the quark loops, the magnetic penguin, and all the considered NLO corrections, respectively.

Mode LO | LOntowc +VC +QL +MP | NLO Data QCDF
BT —K™n |47 |47 43 49 31 [32H% 26406 | 1977
BT —K™n' | 302|468 74.6  48.1 302 | 51.0%159 | 70.5+3.5 | 49.17332
B"—K'n |32 |34 31 38 23 |21 | <20 11734
B — K%' | 313465 69.7 485 20.7 | 50.3%10% | 684 46.5750

decays, which are listed in Table [1. For comparison, we also list the corresponding updated ex-
perimental results [2] and numerical results evaluated in the framework of the QCDF approach
[14].

It is worth stressing that the theoretical predictions in the pQCD approach have relatively
large theoretical errors induced by the still large uncertainties of many input pa(ram)eters, such as
Kn ,o0), p and

quark masses(m, 4, m;), chiral scales (mOK,mg,mf)), Gegenbauer coefficients (q;
the CKM angles (c, %), etc. From the numerical results about the branching ratios, one can see that

e The LO pQCD predictions for branching ratios are much smaller (larger ) than the measured
values for B — Kn' (B — Kn) decays, show the same tendency as found in Ref. [15].

e The NLO contributions can interfere constructively (destructively) with the corresponding
LO parst for B— K1’ ( B — K1) decays. For B — K%’ and B¥ — K1’ decays, the NLO
contributions provide a 70% enhancement to their branching ratios . For B’ — K’n and
B* — K1 decays, on the other hand, the NLO contributions give rise to a 30% reduction to
their branching ratios and result in the good agreement between the pQCD predictions and
the data.

e The NLO pQCD predictions for branching ratios Br(B — K nt )) agree very well with the
measured values within one standard deviation. The NLO contributions play an important
role in understanding the observed pattern of branching ratios of the four B — Kn) decays.

It is easy to calculate the direct CP-violating asymmetries for the considered decays, which are
listed in Table 2. As a comparison, we also list currently available data [2]] and the corresponding
QCDEF predictions [14]. As to the CP-violating asymmetries for the neutral decays B® — KU ),
one can see the numerical results and discussions as given in Ref.[22].

In short, we calculated the branching ratios and CP-violating asymmetries of Bt — K*n()
and B — K°1") decays in the pQCD approach. The partial NLO contributions considered here
include: QCD vertex corrections, the quark-loops and the chromo-magnetic penguins.

From our calculations and phenomenological analysis, we found the following results:

(a) The NLO contributions in the pQCD approach can provide a 70% enhancement to Br(B —
Kn'), but a 30% reduction to Br(B — Kn). The large branching ratio of B — K7’ decays,
as well as the large disparity Br(B — Kn') > Br(B — K1) can therefore be understood
naturally.
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Table 2: The pQCD predictions for the direct CP asymmetries in the NDR scheme (in units of 1072), the
QCDF predictions [14] and the world average as given by HFAG [2].

Mode LO | +VC +QL +MP | NLO Data QCDF

FGrB*—K*n) | 93 | 311 78 7.6 |—117| -27+9 | —18.97%)
(B — K*n') | —10.1 | —10.6 —59 —104 | —62 | 1.6+1.9 | —9.0"10S

(b) The pQCD predictions for the CP asymmetries of B — K1 () decays are consistent with
currently available data.

(c) One should note that Only the partial NLO contributions in the pQCD approach have been
taken into account here. To achieve a complete NLO calculations in the pQCD approach, of
course, the still missing pieces should be evaluated as soon as possible.
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