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We review the perturbative QCD approach study of hadronic B decays. Utilizing the constrained
parameters in these well measured decay channels, we study most of the possible charmless Bs —
PP, PV and VV decay channels in the perturbative QCD approach. In addition to the branching
ratios and CP asymmetries, we also give predictions to the polarization fractions of the vector meson
final states. The size of SU(3) breaking effect is also discussed. These predictions can be tested by

the future LHCb experiment.

I. INTRODUCTION

The charmless hadronic B decays are important
in determining the CKM phase angle and searching
for new physics signal in B physics. The theory of
hadronic B decays involving non-perturbative dynam-
ics is improving fast since the so called naive factoriza-
tion approach [1, |2]. In recent years, the QCD factor-
ization approach (QCDF) [3] and perturbative QCD
factorization (pQCD) approach [4] together with the
soft-collinear effective theory [5] solved a lot of prob-
lems in the non-leptonic B meson decays. Although
most of the branching ratios measured by the B fac-
tory experiments can be explained by any of the the-
ories, the direct CP asymmetries measured by the ex-
periments are ever predicted with the right sign only
by the pQCD approach [6]. The LHCb experiment
will soon run in the end of 2008. With a very large lu-
minosity, it will accumulate a lot of B and By events.
The progress in both theory and experiment encour-
ages us to apply the pQCD approach to the charmless
B; decays [1].

In the hadronic B(B;s) decays, there are various en-
ergy scales involved. The factorization theorem allows
us to calculate them separately. First, the physics
from the electroweak scale down to b quark mass scale
is described by the renormalization group running of
the Wilson coefficients of effective four quark oper-
ators. Secondly, the hard scale from b quark mass
scale to the factorization scale v/ Amp are calculated
by the hard part calculation in the perturbative QCD
approach [8]. When doing the integration of the mo-
mentum fraction x of the light quark, end point singu-
larity will appear in the collinear factorization (QCDF
and SCET) which breaks down the factorization the-
orem. In the pQCD approach, we do not neglect the
transverse momentum kg of the light quarks in meson.
Therefore the endpoint singularity disappears. The
inclusion of transverse momentum will also give large
double logarithms In?kr and In?z in the hard part cal-
culations. Using the renormalization group equation,
we can resum them for all loops to the leading order
resulting Sudakov factors. The Sudakov factors sup-
press the endpoint contributions to make the pQCD
calculation consistent[4].
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The physics below the factorization scale is non-
perturbative in nature, which is described by the
hadronic wave functions of mesons. They are not
perturbatively calculable, but universal for all the de-
cay processes. Since many of the hadronic and semi-
leptonic B decays have been measured well in the
two B factory experiments, the light wave functions
are strictly constrained. Therefore, it is useful to use
the same light meson wave functions in our B, de-
cays determined from the hadronic B decays. The
uncertainty of the hadronic wave functions will come
mainly from the SU(3) breaking effect between the
B; wave function and B wave function [7]. In recent
years, a lot of studies have been performed for the B
and B* decays in the pQCD approach [4]. The pa-
rameter wp = 0.40 GeV has been fixed there using the
rich experimental data on the Bg and B* mesons. In
the SU(3) limit, this parameter should be the same in
By decays. Counsidering a small SU(3) breaking, the
s quark momentum fraction here should be a little
larger than that of the w or d quark in the B mesons,
since the s quark is heavier than the u or d quark. The
shape of the distribution amplitude is shown in Fig[Il
for wp = 0.45 GeV, 0.5 GeV, and 0.55 GeV. It is easy
to see that the larger wy, gives a larger momentum frac-
tion to the s quark. We will use wp, = 0.504+0.05 GeV
in this paper for the By decays, which characterize
the fact that the s quark in Bs meson carries a littler
larger momentum fraction than the d quark in the By
meson.

II. RESULTS AND DISCUSSION

For B(B;) meson decays with two light mesons in
the final states, the light mesons obtain large momen-
tum of 2.6GeV in the B(B;) meson rest frame. All
the quarks inside the light mesons are therefore ener-
getic and collinear like. Since the heavy b quark in
B(Bs) meson carries most of the energy of B(B;) me-
son, the light quark in B(Bs) meson is soft. In the
usual emission diagram of B(B;) decays, this quark
goes to the final state meson without electroweak in-
teraction with other quarks, which is called a spec-
tator quark. Therefore there must be a connecting
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FIG. 1: B;s meson distribution amplitudes. The solid-
, dashed-, and tiny-dashed- lines correspond to wp =
0.45 GeV, 0.5 GeV, and 0.55 GeV.

hard gluon to make it from soft like to collinear like.
The hard part of the interaction becomes six quark
operator rather than four. The soft dynamics here is
included in the meson wave functions. The decay am-
plitude is infrared safe and can be factorized as the
following formalism:

C(t)x H(t)x®(x)xexp

(1)
where C(t) are the corresponding Wilson coefficients
of four quark operators; ®(z) are the meson wave
functions and the factorization scale t denotes the
largest energy scale of hard process H, which is the
typical energy scale in pQCD approach. The exponen-
tial of S function is the so-called Sudakov form factor
resulting from the resummation of double logarithms
occurred in the QCD loop corrections, which can sup-
press the contribution from the non-perturbative re-
gion.

First we give the numerical results in the pQCD
approach for the form factors at maximal recoil. For
the By(s) — P form factors, we obtain:

FB=m = 0.29700710.00  pB.—K _ (g 9g+0.05+0.00
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For the By(s) — V form factors, we obtain:
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where fp =0.21+0.02 GeV, wp = 0.40 GeV (for the
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(3)

B# and BY mesons) and fp, = 0.26+0.02 GeV, wp, =
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0.50+0.05 GeV (for the BY meson). They quantify the
SU(3)-symmetry breaking effects in the form factors
in the pQCD approach. From these form factors in
eq.(@B), one can notice that the B — K ) transition
form factors are larger than that of B — m(p) due
to the SU(3) breaking effect. Usually the same kind
of SU(3) breaking effect is also expected between the
B — w(p) and B, — K ) transition form factors, but
the numbers shown in eq.(2B) are quite similar. This
is due to the fact that the effect of a larger fp, decay
constant canceled by a larger wp_ parameter of the B,
wave function.

The numerical results of the B(Bjs) decays branch-
ing ratios and CP asymmetry parameters are dis-
played in Ref. [4, [1]. Most of the B decay chan-
nels are measured by B factories; while for charm-
less B decays, only several are measured by the CDF
collaboration|9]. The measured branching ratios of B
and B, decays are consistent with the theoretical cal-
culations. The calculated branching ratios from the
three kinds of methods overlap with each other, con-
sidering the still large theoretical and experimental
uncertainties.

In table [ the only measured CP asymmetry in
B, — K~ rT decay prefer our pQCD approach rather
than QCDF approach. This is similar with the situa-
tion in B decays. The direct CP asymmetry is propor-
tional to the sine of the strong phase difference of two
decay topologies [6]. The strong phase in our pQCD
approach is mainly from the chirally enhanced space-
like penguin diagram (annihilation penguin); while in
the QCDF approach, the strong phase mainly comes
from the virtual charm quark loop diagrams. The dif-
ferent origin of strong phases gives different sign to
the direct CP asymmetry imply a fact that the domi-
nant strong phase in the charmless decays should come
from the annihilation diagrams. It should be noted
that the SCET approach can not predict the direct
CP asymmetry of B decays directly, since they need
more experimental measurements as input. However,
it also gives the right CP asymmetry for By decay
if with the input of experimental CP asymmetries of
B decays, which means good SU(3) symmetry here
[10]. Unlike pQCD approach and QCDF approach,
in SCET, the main strong phase responsible for the
direct CP asymmetry is from the non-perturbative
charming penguins. Although it has the same topol-
ogy as the annihilation penguin, it may give different
mixing induced CP asymmetry for neutral B(B;) de-
cays [10].

For the By, — PP branching ratios, the results for
QCDF and pQCD approaches are quite similar, which
also happens in the B — PP decays. The large chi-
ral enhancement factor is adopted in QCDF to give a
large penguin contribution here, while in pQCD ap-
proach, an additional chirally enhanced penguin anni-
hilation amplitude is included, which gives the same
order effect. However, for the By — PV channels,



Flavor Physics and CP Violation Conference, Taipei, 2008

TABLE I: The branching ratios ( 107%) and CP asymme-
try (%) calculated in pQCD approach, QCDF and SCET
approaches together with Experimental Data.

SCET | QCDF |pQCD |EXP
B(B, — K nt) [49+18] 1046 [114+6 |5.0+1.3
B(B, —» K K*') | 1847 | 23427 |17+9 [24+5
B(Bs — ¢¢) 22430 |33+ 13[14+8
Acp(Bs — K~ n)| 20426 |—6.7 16| 30 + 6 |39 + 17

the QCDF results are systematically smaller than the
pQCD results, which is again happens in the B — PV
channels, where pQCD results are more favored by B
factory experiments. Since there is no more chiral en-
hancement factor here in the emission type penguin
diagram, the QCDF results can not catch up the ex-
periments and the pQCD results with penguin anni-
hilation contributions.

In the B — V'V decays, again, it is the annihilation
penguin diagram gives large transverse polarization
contribution to the penguin dominant B decays [11].
For the B; — V'V decays, we also give the polarization
fractions in addition to the branching ratios and CP
asymmetry parameters [7]. Similar to the B — VV
decay channels, we also have large transverse polar-
ization fractions for the penguin dominant processes,
such as By, — ¢¢, By — K*TK*~, K*9K*0 decays,
whose transverse polarization fraction can reach 40-
50%.

III. SU(3) BREAKING EFFECT

The SU(3) breaking effect comes mainly from the
B;(B,) meson decay constant and distribution ampli-
tude parameter, light meson decay constant and wave
function difference, and various decay topology differ-
ences. As an example we mainly focus on the decays
B — 7, B —- Krn, B, - Knm and B, — KK, as
they can be related by SU(3)-symmetry. A question of
considerable interest is the amount of SU(3)-breaking
in various topologies (diagrams) contributing to these
decays. For this purpose, we present in Table [Tl the
magnitude of the decay amplitudes (squared, in units
of GeV?) involving the distinct topologies for the four
decays modes. The first two decays in this table are
related by U-spin symmetry (d — s) (likewise the two
decays in the lower half). We note that the assump-
tion of U-spin symmetry for the (dominant) tree (7))
and penguin (P) amplitudes in the emission diagrams
is quite good, it is less so in the other topologies,
including the contributions from the W-exchange di-
agrams, denoted by £ for which there are non-zero
contributions for the flavor-diagonal states 7+7~ and
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FIG. 2: R3 vs A: The red (smaller) rectangle is the pQCD
estimates worked out in this paper. The experimental re-
sults with their +1¢ errors are shown as the larger rect-
angle.

KTK~ only. The U-spin breaking is large in the elec-
troweak penguin induced amplitudes Pgyy, and in the
penguin annihilation amplitudes P4 relating the de-
cays By — Ktn~ and B, — KTK~. In the SM,
however, the amplitudes Pgyy are negligibly small.

In BY - K-7t and BY — K*7~, the branch-
ing ratios are very different from each other due to
the differing strong and weak phases entering in the
tree and penguin amplitudes. However, as shown by
He and Gronau [12], the two relevant products of the
CKM matrix elements entering in the expressions for
the direct CP asymmetries in these decays are equal,
and, as stressed by Lipkin [13] subsequently, the fi-
nal states in these decays are charge conjugates, and
the strong interactions being charge-conjugation in-
variant, the direct CP asymmetry in BY — K 7
can be related to the well-measured CP asymmetry in
the decay BY — K7~ using U-spin symmetry.

Following the suggestions in the literature, we can
define the following two parameters:

RgE

[A(Bs — " K7)|? — |A(Bs —» 7~ K*¥)P?
|A(By — 7= K+)[? = [A(By — wt K) 2

A4r(Bg—ntK~) BR(B; —ntK~) 7(Bg
BR(By— nt K- '

AEL (B, — m KY) '

The standard model predicts R3 = —1 and A = 0
if we assume U-spin symmetry. Since we have a de-
tailed dynamical theory to study the SU(3) (and U-
spin) symmetry violation, we can check in pQCD ap-
proach how good quantitatively this symmetry is in
the ratios R3 and A. We get Ry = —O.96Jj8:(1)$1, and
A = —0.03 + 0.08. Thus, we find that these quan-
tities are quite reliably calculable, as anticipated on
theoretical grounds. SU(3) breaking and theoretical
uncertainties are very small here, because most of the
breaking effects and uncertainties are canceled due to
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TABLE II: Contributions from the various topologies to the decay amplitudes (squared) for the four indicated decays.
Here, 7 is the contribution from the color favored emission diagrams; P is the penguin contribution from the emission
diagrams; £ is the contribution from the W-exchange diagrams; P4 is the contribution from the penguin annihilation
amplitudes; and Pgyy is the contribution from the electro-weak penguin induced amplitude.

mode (GeV?) 7|2 |P? €I |Pal? [Pew|”

Bg — ntn~ 1.5 9.2 x 1073 6.4 x 1073 7.5 %1073 2.7 %x107¢
B, -t K~ 1.4 7.4 %1073 7.0 x 1073 5.4 % 107°
By — Ktn~ 2.2 18.8 x 1073 4.7 %1073 7.4 %x107°
B, — KtK~ 2.0 14.7 x 1073 4.6 %1073 9.8 x 1073 3.1x10°¢

the definition of Rg and A. On the experimental side,
the results for Rg and A are: [9]

R3 = —0.84+0.424+0.15, A =0.044+0.11+0.08. (6)

We conclude that SM is in good agreement with the
data, as can also be seen in Fig. 2] where we plot the-
oretical predictions for R3 vs. A and compare them
with the current measurements of the same. The mea-
surements of these quantities are rather imprecise at
present, a situation which we hope will greatly im-
prove at the LHCb experiment.

IV. SUMMARY

Based on the kp factorization, pQCD approach is
infrared safe. Its predictions on the branching ratios
and CP asymmetries of the B®(B¥) decays are tested
well by the B factory experiments. Using those tested
parameters from these decays, we predict branching
ratios and CP asymmetries of a number of charmless
decay channels By — PP, PV and V'V in the pertur-
bative QCD approach. The experimental measure-
ments of the three By decay channels are consistent

with our numerical results. Especially the measured
direct CP asymmetry of B, — 7~ K+ agree with our
calculations. We also discuss the SU(3) breaking effect
in these decays, which is at least around 20-30%. We
also show that the He-Gronau-Lipkin sum rule works
quite well in the standard model, where the SU(3)
breaking effects mainly cancel.

The annihilation penguin diagram is chirally en-
hanced in the pQCD approach. Its large contribu-
tion and strong phase give the right sign for direct
CP asymmetry, the large branching ratios for the
B — PV decays and large transverse polarization
fraction for the B — V'V decays. Its important role
is also realized later in the QCDF approach.

Acknowledgments

We are grateful to the collaborators of this work: A.
Ali, G. Kramer, Y. Li, Y.L. Shen, W. Wang and Y.M.
Wang. This Work is supported by National Science
Foundation of China under Grant No.10735080 and
10625525.

[1] M. Wirbel, B. Stech, M. Bauer, Z. Phys. C29, 637
(1985); M. Bauer, B. Stech, M. Wirbel, Z. Phys. C34,
103 (1987).

[2] A. Ali, G. Kramer, and C. -D. Lii, Phys. Rev. D58,
094009 (1998) [hep-ph/9804363]; Phys. Rev. D59,
014005 (1999) |[hep-ph/9805403|; Y. H. Chen, H. Y.
Cheng, B. Tseng, and K. C. Yang, Phys. Rev. D60,
094014 (1999) [hep-ph/9903453).

[3] M. Beneke, G. Buchalla, M. Neubert and C.
T. Sachrajda, Phys. Rev. Lett. 83, 1914 (1999)
|[hep-ph/9905312|; Nucl. Phys. B591, 313 (2000)
|hep-ph/0006124].

[4] Y. Y. Keum, H. n. Li, and A. I. Sanda, Phys. Lett.
B504, 6 (2001) |hep-ph/0004004]; Phys. Rev. D63,
054008 (2001) [hep-ph/0004173]; C.D. Lii, K. Ukai
and M.Z. Yang, Phys. Rev. D63, 074009 (2001)
|hep-ph/0004213]; C.D. Lii and M.Z. Yang, Eur. Phys.
J.C23, 275 (2002) [hep-ph/0011238].

Insert PSN Here, eg. fpcp08_000

[5] C. W. Bauer, D. Pirjol, I. W. Stewart, Phys. Rev.
Lett. 87 (2001) 201806 [hep-ph/0107002); Phys. Rev.
D65, 054022 (2002) [hep-ph/0109045].

[6] B. H. Hong, C.D. Lii, Sci. China G49, 357-366 (2006)
(hep-ph /0505020].

[7] Y. Li, C.-D. Lu, Z.-J. Xiao, X.-Q. Yu, Phys. Rev.
D70, 034009 (2004) [hep-ph/0404028; X.Q. Yu, Y.
Li, C.D. Lu, Phys. Rev. D71, 074026 (2005), Erratum-
ibid. D72, 119903 (2005) |hep-ph/0501152]; A. Ali et
al., arXiv: hep-ph/0703162.

[8] H.-n. Li, Prog. Part. & Nucl. Phys. 51, 85 (2003)
|hep-ph/0303116|, and reference therein.

[9] M. Morello [CDF Collaboration], FERMILAB-PUB-
06-471-E (2006) [hep-ex/0612018].

[10] A. Williamson and J. Zupan, Phys. Rev. D74,
014003 (2006); Erratum-ibid. D 74, 039901 (2006)
|hep-ph/0601214]; W. Wang, Y.-M. Wang, D.S. Yang,
C.D. Lu, e-Print: [arXiv:0801.3123| [hep-ph]


http://arXiv.org/abs/hep-ph/9804363
http://arXiv.org/abs/hep-ph/9805403
http://arXiv.org/abs/hep-ph/9903453
http://arXiv.org/abs/hep-ph/9905312
http://arXiv.org/abs/hep-ph/0006124
http://arXiv.org/abs/hep-ph/0004004
http://arXiv.org/abs/hep-ph/0004173
http://arXiv.org/abs/hep-ph/0004213
http://arXiv.org/abs/hep-ph/0011238
http://arXiv.org/abs/hep-ph/0107002
http://arXiv.org/abs/hep-ph/0109045
http://arXiv.org/abs/hep-ph/0505020
http://arXiv.org/abs/hep-ph/0404028
http://arXiv.org/abs/hep-ph/0501152
http://arXiv.org/abs/hep-ph/0703162
http://arXiv.org/abs/hep-ph/0303116
http://arXiv.org/abs/hep-ex/0612018
http://arXiv.org/abs/hep-ph/0601214
http://arXiv.org/abs/0801.3123

Flavor Physics and CP Violation Conference, Taipei, 2008

[11] H.-n. Li and S. Mishima, Phys. Rev. D71, 054025
(2005); H.n. Li, Phys. Lett. B622, 63 (2005); H.-
W. Huang, et al., Phys. Rev. D73, 014011 (2006),
e-Print Archive: hep-ph/0508080; C.H. Chen, e-Print
Archive: |hep-ph/0601019; Ying Li, Cai-Dian Lu,
Phys. Rev. D73, 014204 (2006), e-Print Archive:
hep-ph/0508032C.-D. Lii, Y.-l. Shen, J. Zhu, Eur.
Phys. J. C41, 311 (2005), hep-ph/0501269; J. Zhu,

Insert PSN Here, eg. fpcp08_000

Y-L. Shen, C.-D. Lu, Phys. Rev. D72, 054015 (2005),
e-Print Archive: hep-ph/0504187

[12] X.G. He, Eur. Phys. J. C9, 443-448 (1999);
M. Gronau, Phys. Lett. B492, 297 (2000)
hep-ph/0008292].

[13] H. J. Lipkin, Phys. Lett. B621, 126 (2005)

|hep-ph/0503022].


http://arXiv.org/abs/hep-ph/0508080
http://arXiv.org/abs/hep-ph/0601019
http://arXiv.org/abs/hep-ph/0508032
http://arXiv.org/abs/hep-ph/0501269
http://arXiv.org/abs/hep-ph/0504187
http://arXiv.org/abs/hep-ph/0008292
http://arXiv.org/abs/hep-ph/0503022

