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Test of factorization in B\Kp decays
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We analyze theB→Kp decays using the factorization model with the final state interaction phase shift
included. We find that factorization seems to describe qualitatively the latest CLEO data. For a test of the
factorization model, we derive a relation for the branching ratios independent of the strength of the strong

penguin interactions. This relation gives a central value of (0.6031025) for B(B̄0→K̄0p0), somewhat smaller
than the latest CLEO measurement, but the experimental errors are yet too big to take it as a real prediction of
the factorization model. We also find that a ratio obtained from theCP-averagedB→Kp decay rates could be
used to test the factorization model and to determine the weak angleg with more precise data, although the
latest CLEO data seem to favorg in the range of~90°–120°!.

PACS number~s!: 13.25.Hw, 11.30.Er, 12.38.Bx
n
a

b
ti

e-
n

io
ll

w

ffi
ex

ld
ne

ui
e
cy
de
e

e
ai

se
b
i

n-
h
ter-

f
ted
ing
As
se

ap-
e

os-
ion
de

ts

s
nd
tive

ons
in

iven

n
in

ar-
on
dif-

I
ous
tity

g

One of the possibilities offered by theB→Kp decays is
the determination of theCP-violating phaseg, one of the
angles in the (db) unitary triangle of the Cabibbo–
Kobayashi–Maskawa~CKM! quark mixing matrix in the
standard model@1#. In fact the largeCP-averaged branching
ratio B for B→Kp as observed by the CLEO Collaboratio
@2,3# indicates that the penguin interactions contribute a m
jor part to the decay rates and provide an interference
tween the Cabibbo-suppressed tree and penguin contribu
resulting in aCP asymmetry between theB→Kp and its
charge conjugate mode. TheCP-averaged decay rates d
pend also on the weak phaseg and give us a determinatio
of this phase once a reliable description of theB→Kp de-
cays could be established@4,5#.

With the latest measurement by the CLEO Collaborat
@3# , we have now theCP-averaged branching ratios for a
theB→Kp decay modes. In particular, theB̄0→K̄0p0 mode
is found to have a large branching ratio of (1.4625.123.3

15.912.4)
31025 compared with a value in the range (0.520.74)
31025 in the factorization model@6,7#. The predicted values
for other modes are, however, more or less in agreement
experiment. As the effective Hamiltonian forB→Kp decays
is well established with the short-distance Wilson coe
cients for tree and penguin operators now given at the n
to-leading logarithms~NLL ! QCD radiative corrections
@7–12#, the most important theoretical uncertainties wou
probably come from long-distance matrix elements obtai
with the factorization model and final state interaction~FSI!
effects. In fact one of the main uncertainties in the peng
contributions toB→Kp decays comes from the value of th
currents quark mass which is not known to a good accura
There are also nonfactorization terms that must be inclu
in the form of an effective Wilson coefficient to make th
amplitudes scale independent@7,13#. Thus a more precise
test of factorization is to consider quantities that are indep
dent of the strong penguin contributions. This is the m
purpose of this paper. When all theB→Kp decay modes are
measured with good accuracy, and if the rescattering pha
known, the dominant strong penguin contribution could
determined from the measured branching ratios assum
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factorization for the small tree-level and electroweak pe
guin terms, as will be discussed in the following. Althoug
the present data are not yet sufficiently accurate for a de
mination of the effective Wilson coefficients inB→Kp de-
cays at this time, a first step toward an understanding oB
→Kp decays is to see how well these penguin-domina
charmlessB decays can be described by factorization us
the Wilson coefficients obtained from perturbative QCD.
argued in Ref.@14#, for these very energetic decays, becau
of color transparency, factorization should be a good
proximation forB→Kp decays if the Wilson coefficients ar
evaluated at a scalem5O(mb). We could thus proceed to
the test of factorization bearing in mind that there are p
sible scale-dependent corrections from nonfactorizat
terms to be determined with more precise data. To inclu
FSI effects, as in Ref.@6#, we assume that elastic FSI effec
can be absorbed into the twoI 51/2 andI 53/2 elasticpK
→pK rescattering phasesd1 andd3 taken as free parameter
and include only inelastic effects coming from the charm a
charmless intermediate state contributions to the absorp
part of the decay amplitudes. These inelastic contributi
can be included in the Wilson coefficients of the pengu
operators which now have an absorptive part and are g
in Refs.@10,12,15#.

We begin by first giving predictions in the factorizatio
model for theB→Kp decay rates and branching ratios
terms of the rescattering phase differenced and for a typical
value of the weak phaseg. As will be seen, factorization
seems to produce sufficientB→Kp decay rates. We could
thus proceed to a test of the factorization model by comp
ing with experiments, quantities obtained by factorizati
that are independent of the strong rescattering phase
ference @16#. We find that the sum of theCP-averaged
branching ratios B(B2→K2p0)1B(B2→K̄0p2), and
B(B̄0→K2p1)1B(B̄0→K̄0p0) are independent of the FS
rescattering phase. Other quantities obtained from vari
combination of the decay rates, for example, the quan
D defined asG(B2→K̄0p2)1G(B̄0→K2p1)22(G(B2

→K2p0)1G(B̄0→K̄0p0)) is independent of the stron
©2000 The American Physical Society02-1
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CLAUDIA ISOLA AND T. N. PHAM PHYSICAL REVIEW D 62 094002
penguin contributions and could be used to predictB(B̄0

→K̄0p0) in terms of the other measured branching ratios.
the main purpose of this paper is to test the factorizat
model using relations independent of the strong penguin
teractions, we will not discuss here a recent theoretical w
on factorization inB→pp decays which should be com
pleted to have all the logarithms ofmb under control@17#.

In the standard model, the effective Hamiltonian forB
→Kp decays are given by@8,9,12#,

Heff5
GF

A2
FVubVus* ~c1O1

u1c2O2
u!1VcbVcs* ~c1O1

c1c2O2
c!

2(
i 53

10

~VtbVts* ci !Oi G1H.c., ~1!

in standard notation. At next-to-leading logarithms,ci take
the form of an effective Wilson coefficientsci

eff which also
contain the penguin contribution from thec quark loop and
are given in Refs.@10,12#.

The tree level operatorsO1 and O2 as well as the elec
troweak penguin operatorsO72O10 have bothI 50 and I
51 parts while the QCD strong penguin operatorsO32O6
have only I 50 terms. TheB→Kp decay amplitudes can
now be expressed in terms of the decay amplitudes inI
51/2 andI 53/2 final states as@6#

AK2p0 5
2

3
B3eid31A1

3
~A11B1!eid1,

AK̄0p2 5
A2

3
B3eid32A2

3
~A11B1!eid1,

AK2p1 5
A2

3
B3eid31A2

3
~A12B1!eid1, ~2!

AK̄0p0 5
2

3
B3eid32A1

3
~A12B1!eid1,

whereA1 is the sum of the strong penguinA1
S and theI 50

tree levelA1
T as well as theI 50 electroweak penguinA1

W

contributions to theB→Kp I 51/2 amplitude; similarlyB1

is the sum of theI 51 tree levelB1
T and electroweak pengui

B1
W contribution to theI 51/2 amplitude, andB3 is the sum

of the I 51 tree levelB3
T and electroweak penguinB3

W con-
tribution to theI 53/2 amplitude.

The factorization approximation is obtained by neglect
in the Hamiltonian terms which are the product of two colo
octet operators after Fierz reordering of the quark fields. T
effective Hamiltonian for nonleptonic decays are then giv
by Eq. ~1! with cj replaced byaj andOj expressed in terms
of hadronic field operators. In the notation of Ref.@6#, we
have
09400
s
n
-

rk

-
e
n

A1
T5 i

A3

4
VubVus* ra2 ,

B1
T5 i

1

2A3
VubVus* r F2

1

2
a21a1XG ,

B3
T5 i

1

2
VubVus* r @a21a1X#,

A1
S52 i

A3

2
VtbVts* r @a41a6Y#, B1

S5B3
S50 ~3!

A1
W52 i

A3

8
VtbVts* r @a8Y1a10#,

B1
W5 i

A3

4
VtbVts* r F1

2
a8Y1

1

2
a101~a72a9!XG ,

B3
W52 i

3

4
VtbVts* r @~a8Y1a10!2~a72a9!X#,

where r 5GFf KF0
Bp(mK

2 )(mB
22mp

2 ), X5( f p / f K)
3(F0

BK(mp
2 )/F0

Bp(mK
2 ))(mB

22mK
2 )/(mB

22mp
2 ), Y52mK

2 /
@(ms1mq)(mb2mq)# with q5u,d for p6,0 final states, re-
spectively, andaj are given in terms of the effective Wilso
coefficientscj

eff (Nc is the number of effective colors! by

aj5cj
eff1cj 11

eff /Nc for j 51,3,5,7,9,

aj5cj
eff1cj 21

eff /Nc for j 52,4,6,8,10. ~4!

In our analysis, we useNc53 andmb55.0 GeV which give
aj the following numerical values:

a150.07, a251.05,

a4520.04320.016i , a6520.05420.016i ,

a750.000 0420.000 09i , a850.000 3320.000 03i , ~5!

a950.009 0720.000 09i , a10520.001320.000 03i .

Note thata1 is sensitive toNc and is rather small forNc
53. As there is no evidence for a large positivea1 in B
→Kp decays that are penguin dominated and are not se
tive to a1, we usea1 evaluated withNc53 given in Eq.~5!.
Indeed, the predicted branching ratios remain essentially
changed witha150.20 taken from the Cabibbo-favoredB
decays@18,19#.

In the absence of FSI rescattering phases, we recove
usual expressions for the decay amplitudes in the factor
tion approximation. We have usedcj

eff given at next-to-
leading order in QCD radiative corrections@8,9,12# and
evaluated at a scalem5mb . We note that the coefficient
c3

eff , c4
eff , c5

eff , andc6
eff are enhanced by the internal char

quark loop due to the large time-like virtual gluon mome
tum q25mb

2/2 as pointed out in Refs.@4,10,15# ~the other
2-2
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TEST OF FACTORIZATION INB→Kp DECAYS PHYSICAL REVIEW D 62 094002
electroweak penguin coefficients likec7
eff and c9

eff are not
affected by this charm quark loop contribution in any sign
cant amount!. This enhancement of the strong penguin te
increases the decay rates and bring the theoreticalB→Kp
decay rates closer to the latest CLEO measurements. In
above expressions, the tree level amplitudes are suppre
relative to the penguin terms by the CKM fact
VubVus* /VtbVts* which can be approximated b
2(uVubu/uVcbu)3(uVcdu/uVudu)exp(2ig) after neglecting
terms of the orderO(l5) in the ~bs! unitarity triangle. The
B→Kp decay rates then depend on the FSI rescatte
phase differenced5d32d1 and the weak phaseg . In the
following, we shall use the set of parameters of Refs.@7,20#
which give f p5133 MeV, f K5158 MeV, F0

Bp(0)50.33,
and F0

BK(0)50.38. We usems5120 MeV, uVcbu50.0395,
uVcdu50.224, anduVubu/uVcbu50.08 @1#. At the moment,
ms is not known to a good accuracy, but a value arou
100–120 MeV inferred frommK* 2mr , mD

s
12mD1, and

mB
s
02mB0 mass differences@21# seems not unreasonable. T

show the factorization predictions and the dependence o
branching ratios on the rescattering phase differenced we
give, as an example, theCP-averagedB→Kp decay rates in
Fig. 1 evaluated with a CKM value given byr50.12 and
h50.34 @7# corresponding tog570°.

As can be seen from Fig. 1, all theB→Kp decay modes
for B2 andB̄0, except theB̄0→K̄0p0 mode, have branching
ratios more or less in agreement with the latest CLEO d
@2,3# which give, for theCP-averaged branching ratios

B~B1→K1p0!5~11.622.721.3
13.011.4!31026,

B~B1→K0p1!5~18.224.0
14.661.6!31026,

B~B0→K1p2!5~17.222.4
12.561.2!31026, ~6!

B~B0→K0p0!5~14.625.123.3
15.912.4!31026.

The computed decay rates shown above could be la
with the form factors given in Ref.@22# and could bring the
B→Kp decay rates closer to the latest CLEO data.

FIG. 1. B(B→Kp) vs d for g570°. The curves~a!, ~b!, ~c!, ~d!

are for theCP-averaged branching ratiosB2→K2p0,K̄0p2 and

B̄0→K2p1,K̄0p0, respectively.
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We now turn to the test of factorization inB→Kp de-
cays. The decay rates into aKp final state are given by

G~B→Kp!5CuAKpu2, ~7!

where the subscriptKp refers to any of the decay modes fo
B2 and B̄0 and C is the usual phase space factor. By su
ming over the decay modes forB2 and forB̄0, respectively,
we have, in terms ofA1 , B1, andB3,

GB2 5C@ 2
3 uB3u21uA11B1u2#,

~8!
GB0 5C@ 2

3 uB3u21uA12B1u2#,

where GB25G(B2→K2p0)1G(B2→K̄0p2) and GB0

5G(B̄0→K2p1)1G(B̄0→K̄0p0).
The quantitiesGB2 andGB0 are independent of the resca

tering phase differenced. They are given in the factorization
model as a function of the weak phaseg. Two other related
quantities of interest obtained from the above Eq.~8! are

r bB B21B B052C@ 2
3 uB3u21uA1u21uB1u2#tB0,

~9!
r bB B22B B054C Re~A1* B1!tB0 ,

which, together with one measuredB→Kp branching ratio,
would enable us to determine the strength of the strong p
guin contribution as well as its absorptive part andg, assum-
ing factorization for the small tree-level and electrowe
penguin contributions, if the rescattering phase differencd
could be inferred from thed-dependent branching ratio an
from other sources. In the above expression,tB0 is the B0

lifetime andr b5tB0 /tB2.
Also, if all the fourB→Kp decay rates~CP averaged! are

measured with good accuracy, in particular with a prec
measurement of theB̄0→K̄0p0 branching ratio, the follow-
ing quantities:

R15
GB2

GB0

, R25
GB2

~GB21GB0!
~10!

could also be used to test factorization.
As theCP-averagedB→Kp decay rates depend ong, the

computed partial ratesGB2 andGB0 would now lie between
the upper and lower limit corresponding to cos~g!51 and
cos~g!521, respectively. As shown in Fig. 2, where the co
respondingCP-averaged branching ratios (B B0 andB B2) for
GB2 and G B̄0 are plotted againstg, the factorization model
values with the Bauer–Stech–Wirbel~BSW! form factors
@20# seem somewhat smaller than the CLEO central val
by about 10% –20%. Also,B B2.B B̄0 while the data give
B B2,B B̄0 by a small amount which could be due to larg
measuredB̄0→K̄0p0 decay rates. We note that smaller va
ues for the form factors could easily accommodate the la
CLEO measured values, if a smaller value forms , e.g., in
the range 80–100 MeV is used. What one learns from
analysis is thatB→Kp decays are penguin dominated a
the strength of the penguin interactions, as obtained by
2-3
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CLAUDIA ISOLA AND T. N. PHAM PHYSICAL REVIEW D 62 094002
turbative QCD, produce sufficientB→Kp decay rates and
that factorization seems to work with an accuracy better t
a factor of 2, considering large uncertainties from the fo
factors and possible nonfactorization terms inherent in
factorization model. With more precise measurements
pected in the near future, it might be possible to have
detailed test of factorization and a determination ofd andg
by comparing with experiments various relative branch
ratios, to reduce uncertainties from form factors and CK
parameters. Other tests of factorization could also be don
looking for quantities that are independent of the strong p
guin interactions. In fact, since the fourB→Kp decay rates
depend on only three amplitudesA1 , B1, andB3, it is pos-
sible to derive a relation between the decay rates indepen
of A1. From the following quantities:

G~B2→K̄0p2!1G~B̄0→K2p1!5C1

3F1

3
uB3u21~ uA1u21uB1u2!2

2

A3
Re~B3* B1eid!G ,

G~B2→K2p0!1G~B̄0→K̄0p0!5C2

3F4

3
uB3u21~ uA1u21uB1u2!1

4

A3
Re~B3* B1eid!G ,

~11!

whereC15 4
3 C andC25 2

3 C, we obtain

D5$G~B2→K̄0p2!1G~B̄0→K2p1!

22@G~B2→K2p0!1G~B̄0→K̄0p0!#%tB0

5F2
4

3
uB3u22

8

A3
Re~B3* B1 eid!G ~CtB0!. ~12!

From Eq.~12!, we see thatD is independent ofA1 and
hence is independent of the strong penguin term. It is gi
by the tree-level and electroweak contributions, which
much smaller than the strong penguin term, as can be
from Fig. 2 where its values ford50 are plotted againstg.
D is of the orderO(1026) compared withB B2 and B B̄0,
which are dominated by the strong penguin contribution a

FIG. 2. B B2 ~a!, B B̄0 ~b!, D ~c! vs g.
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are in the range (1.623.0)31025. As the variation withd is
negligible,D remains at theO(1026) level for other values
of dÞ0. Thus, to this level of accuracy, we can putD.0.
Equation~12! becomes

r bB K̄0p21B K2p152@B K̄0p01r bB K2p0#. ~13!

This relation can be used as a test of factorization with m
precise measurements of theCP-averaged branching ratios
Conversely, it can also be used to predictB(B̄0→K̄0p0) in
terms of the other measured branching ratios. From the la
CLEO data, withD.0, Eq. ~13! then givesB(B̄0→K̄0p0)
50.6031025. As can be seen, the large experimental err
prevent us from drawing any firm conclusion on the valid
of factorization, although the above predicted central va
for B(B̄0→K̄0p0) is somewhat smaller than the CLEO dat

For another test of factorization and a determination og
we have derived a relation in the form of a ratio which
independent of the form factors and the CKM parameters
is given by the ratioR of the twoCP-averaged quantities a

R5
@B~B2→K2p0!1B~B2→K̄0p2!#

B~B2→K̄0p2!1B~B̄0→K2p1!/r b

. ~14!

Numerically, we find that terms proportional to cos~d! and
sin~d! in R are of the order 1027 and thus can be safel
ignored. ThusR is a function ofg alone and can be used t
determineg as it does not suffer from the uncertainties in t
form factors and in the CKM parameters. In Fig. 3 we give
plot of R as a function ofg. As can be seen, it is not possib
to deduce a value forg with the CLEO data which giveR
5(0.8060.25) as the theoretical prediction forR lies within
the experimental errors. If we could reduce the experime
uncertainties to a level of less than 10%, we might be able
give a value forg. Thus it is important to measureB→Kp
decay branching ratios to a high precision. It is interesting
note that the central value of 0.80 forR corresponds to
g5110°, close to the value (113223

125)° found by the CLEO
Collaboration in an analysis of all known charmless tw
bodyB decays with the factorization model@2#. It seems that
the CLEO data favors a largeg in the range~90°–120°!. A
largeg as shown in Fig. 2, would increase the factorizati
values forB B2 andB B0 which are given numerically by

B B25~2.75720.409 cos~g!!31025,

FIG. 3. Curves~a!, ~b!, and~c! are forR, R2, andR1, respec-
tively.
2-4
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TEST OF FACTORIZATION INB→Kp DECAYS PHYSICAL REVIEW D 62 094002
B B05~2.27020.624 cos~g!!31025. ~15!

For the ratioR we have

R5
~2.65120.393 cos~g!!

~3.25320.652 cos~g!!
. ~16!

Also shown in Fig. 3 are the ratiosR1 andR2 defined in Eq.
~10!. As R1 shows strong dependence ong, a better way to
determineg would be to useR1 rather thanR when a precise
value forB(B̄0→K̄0p0) will be available.

Given g5110°, all theB→Kp branching ratios can be
predicted in terms of the rescattering phase differenced as
shown in Fig. 4. Compared with Fig. 1, we see that exc
for B(B̄0→K̄0p0), which remains at the 6.531026 level, the
other branching ratios become larger withg5110° and
closer to the CLEO data which indicateB2→K̄0p2 and
B̄0→K2p1 are the two largest modes with near-equ
branching ratios in qualitative agreement with factorizatio
Figure 1 shows that these two largest branching ratios
quite apart, except ford,50°, while Fig. 4 suggestsd should
be large, in the range of 40°–70°. With a smallerg,110°
and some adjustment of form factors, the currents quark
mass and CKM parameters, it might be possible to acc
modate these two largest branching ratios with a smalled.
We note that the dependence of the four branching ra
shown in Figs. 1 and 4 is essentially the same and is give
(4/3A3)Re(A1B3* exp(id)), apart from the sign, as the inte
ference term Re(B1B3* exp(id)) is much smaller than
Re(A1B3* exp(id)).

We note that we have also considered a possible co
bution from inelastic rescattering effects as an additio

FIG. 4. B(B→Kp) vs d for g5110°. The curves~a!, ~b!, ~c!,
and ~d! are for the CP-averaged branching ratiosB2

→K2p0,K̄0p2 and B̄0→K2p1,K̄0p0, respectively.
up
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small absorptive contributionAi to A1 from DDs* and other
intermediate states to theS-matrix unitarity relation. We find
that the variation ofGB2 and GB0 as a function ofAi is
negligible. For this reason, we have setAi50. Also, since
the theoretical values for the decay rates shown above s
qualitative agreement with the measured values, the str
penguin terms with enhancement by the internalc-quark
loop seem to produce sufficient decay rates, a large dis
sive inelastic contribution would not be needed inB→Kp
decays.

TheCP asymmetries, plotted againstd as shown in Fig. 5,
are given by

AsCP5
G2Ḡ

G1Ḡ
, ~17!

whereG is the decay rate. The predictedCP asymmetryAsCP
for the B→Kp decay modes are in the range6~0.04!–
6~0.3! for the preferred values ofd in the range 40°–70°
mentioned above. The latest CLEO measurements@23# how-
ever, do not show any largeCP asymmetry inB→Kp de-
cays, but the errors are still too large to draw any conclus
at the moment.

In conclusion, factorization with enhancement of t
strong penguin contribution seems to describe qualitativ
theB→Kp decays, although the predictedB(B̄0→K̄0p0) is
below the measured value. Further measurements will en
us to have a more precise test of factorization and a dete
nation of the weak angleg from the FSI phase-independe
relations as shown above.

We would like to thank Dr. Kwei-Chou Yang for pointing
out an error in our initial numerical calculations.

FIG. 5. The asymmetries vsd for g5110°. Curves~a!, ~b!, ~c!,
and ~d! are for AsB2→K2p0, AsB2→K̄0p2, AsB̄0→K2p1, and
AsB̄0→K̄0p0.
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