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We investigate in a phenomenological way dir€d® violation in the hadronic decay®*°— 7" 7 K=
where the effect op-w mixing is included. Ingff (the effective parameter associated with factorizatien
constrained using the most recent experimental branching ratiqs"K®, p™K™, p™K° p°K™ and wK™)
from the BABAR, BELLE and CLEO Collaborations, we get a maxim@iR violating asymmetna,,,xin the
range—25% to+49% forB™—« "7 K~ and —24% to +55% forB°— 7+ 7~ K°. We also find thaCP
violation is strongly dependent on the Cabibbo-Kobayashi-Maskawa matrix elements. Finally, we show that the
sign of sind is always positive in the allowed range Nﬁ” and hence, a measurement of dir€d violation
in B*%— 7+ 7~ K=® would remove the modf) ambiguity in ar§—VVi/VusVil.

DOI: 10.1103/PhysRevD.66.096008 PACS nunider11.30.Er, 12.39-x, 13.25.Hw

[. INTRODUCTION We have collected the latest data forto s transitions
concentrating on the CLEO, BABAR and BELLE branching
The study ofCP violation in B decays is one of the most ratio results in our approach. The aim of the present work is
important aims for theB factories. The relative larg€EP  multiple. The main one is to constrain tlEP violating cal-
violating effects expected iB meson decays should provide culation in B*°— p®(0)K=%— 777 K=, including p-o
efficient tests of the standard model through the Cabibbomixing and using the most recent experimental dataBor
Kobayashi-MaskawdCKM) matrix. It is usually assumed — pK decays. The second one is to extract consistent con-
that a nonzero imaginary phase anglés responsible for the straints forB decays intgp(P S) whereP Scan be eithetr or
CP violating phenomena. This is why, in the past few yearsK. In order to extract the strong phase we shall use the
numerous theoretical studies and experiments have been cdiactorization approach, in which the hadronic matrix ele-
ducted in theB meson systerfil,2] in order to reduce uncer- ments of operators are saturated by vacuum intermediate
tainties in calculationge.g. CKM matrix elements, hadronic states. Moreover, we approximate non-factorizable effects by
matrix elements and nonfactorizable eff¢ct#sd increase introducing an effective number of colomgff.
our understanding o€ P violation within the standard model In this paper we investigate five phenomenological mod-
framework. els with different weak form factors and determine @
Direct CP violating asymmetries inB decays occur violating asymmetrya, for B*%— p%(w)K*0— 7" 7 K=°
through the interference of at least two amplitudes with dif-in these models. We select models which are consistent with
ferent weak phasé and strong phase. In order to extract all the data and determine the allowed range Nﬁ”
the weak phaséwhich is determined by the CKM matrix [0.66(0.61)x<N¢<2.84(2.82). Then, we study the sign of
elementgthrough the measurement ofCsP violating asym-  siné in this range ongsz for all these models. We also
metry, one must know the strong pha$and this is usually discuss the model dependence of our results in detail.
not well determined. In addition, in order to have a large The remainder of this paper is organized as it follows. In
signal, we have to appeal to some phenomenological mech&ec. Il, we present the form of the effective Hamiltonian
nism to obtain a larges. The charge symmetry violating which is based on the operator product expansion, together
mixing betweerp® andw can be extremely important in this with the values of the corresponding Wilson coefficients. In
regard. In particular, it can lead to a lar@d® violation inB  Sec. lll, we give the phenomenological formalism for the
decays, such a8*%— p°(w)K* - 77 K=Y because CP violating asymmetry in decay processes includpg
the strong phase passes through 90° at sheesonance mixing, where all aspects of the calculation of dirétP
[3-5]. violation, the CKM matrix,p-w mixing, factorization and
form factors are discussed in detail. In Sec. IV we list all the
numerical inputs which are needed for calculating the asym-

*Email address: oleitner@physics.adelaide.edu.au metry, a, in B*%— p%(w)K= %= 7t 7 K*0, Section V is
"Email address: xhguo@physics.adelaide.edu.au devoted to results and discussions for these decays. In Sec.
*Email address: athomas@physics.adelaide.edu.au VI we calculate branching ratios for decays suchBas®
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—p=%K*0 andB*— wK™ as well, and present numerical W T
results over the range d)ﬂﬁff which is allowed by experi-
mental data from the CLEO, BABAR, and BELLE Collabo-
rations. In Sec. VII, we summarize our results and determine V.,

the allowed range oNE'" which is consistent with data for b v —
both p7 and pK decays. Uncertainties in our approach and

conclusions are also discussed in this section.

AN

o}

Il. THE EFFECTIVE HAMILTONIAN
A. Operator product expansion Vi,

Operator product expansiof©OPE [6] is a useful tool q
introduced to analyze the weak interaction of quarks. Defin-
ing the decay amplitud&(M —F) as FIG. 1. Tree diagram foB decays.

A(M—F)=Ci(u)(F[Oi(1)[M), D - ok
O5= 1-y5)b TyM(1+ "

whereC;(u) are the Wilson coefficientsee Sec. Il Band 5= 4717 7s) q’ LRGSR
O;(u) the operators given by the OPE, one sees that OPE (5)
separates the calculation of the amplitudéM —F), into _ _
two distinct physical regimes. One is relatechard or short- O6=0Uu¥u(1— y5)bp> dpy*(1+ vs)ds,,
distance physics, represented Gy x) and calculated by a a’
perturbative approach. The other is #w&ft or long-distance , . .
regime. This part must be treated by non-perturbative apVhered’=u,d,s,c. Finally, the electroweak penguin opera-

roaches such as theNLexpansior{7], QCD sum ruleg8 tors arise from the two Feynman diagrams represented in
gr hadronic sum rules. P 7). Q 18] Fig. 3 (Z,y exchanged from a quark linend Fig. 4 £,y

The operatorsD; , are local operators which can be writ- e'xchanged from th&/line). They have the following expres-
ten in the general form sions:

=(a: Na. 3 —
On_(qlrnlqj)(quanl)v (2) 07: Eq’}/,u,(l_ 75)b2 eq’ql ,y,u,(1+ ’}’5)q/, (6)

_— . q
wherel",; andTl",, denote a combination of gamma matrices

andq the quark flavor. They should respect the Dirac struc- 3

ture, the color structure and the types of quarks relevant for =_ — Oy !
the decay being studied. They can be divided into two Qs 38a7ull 75)%% € Qg (14 75) e
classes according to topology: tree operatdds,O,), and

penguin operatorsd; to O,¢). For tree contributionsW™ 3 o

is exchangeq the Feynman diagram is shown Fig. 1. The Og= qu#(l—%)bE eq'd Y“(1-vys5)d’,
current-current operators related to the tree diagram are the q’

following:

3 _
03=0, ¥, (1— y5)Uugsgy“(1— ¥s)b,, 010= 30a7,(1~ 75)%% €qApY* (1= ¥5)dy,
©)

03=0q7,(1— ys)usy*(1— ys)b, wheree,, denotes the electric charge gf.

wherea and g are the color indices. The penguin terms can _ “ _
be divided into two sets. The first is from the QCD penguin Q4 A4
diagrams(gluons are exchanggdnd the second is from the W qQ
electroweak penguin diagrams @nd Z° exchangel The

Feynman diagram for the QCD penguin diagram is shown in b
Fig. 2 and the corresponding operators are written as fol- Vio -

lows: g

Y
<
_f*

03=07,(1- y5)b2 ' ¥*(1- y5)q',
q!
4
_ — , 5=z
04=0a¥u(1-76)bs2 dpy“(1-ys)d,, o
q’ FIG. 2. QCD penguin diagram, fd@ decays.
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= < = TABLE |. Wilson coefficients to the next-leading ordeee the
4 4 .
reference in text
9
Ci(w) for u=5 GeV
b > _ C, ~0.3125
© C, +1.1502
Cs +0.0174 Cs +0.0104
C, +0.0373 Cs —0.0459
C, —1.050¢10°° Co —0.0101
04=0, Cs +3.839x 104 Cio +1.959<10°3

FIG. 3. Electroweak-penguin diagram fBrdecays.

To be consistent, the matrix elements of the operators,
B. Wilson coefficients O;, should also be renormalized to the one-loop order. This
As we mentioned in the preceding section, the Wilsonresults in the effective Wilson coefficients; , which satisfy
coefficients[9], C;(u), represent the physical contributions the constraint
from scales higher thap (the OPE describes physics for
scales lower thanu). Since QCD has the property of ) _ — /O \tree
asymptotic freedon#, they can be calculated in perturbation Ci(mp)(Oi(my)) = C7 (O ™5, ©
theory. The Wilson coefficients include contributions of all
heavy particles, such as the top quark, Wiéosons, and the where (O;)'"®® are the matrix elements at the tree level.
charged Higgs boson. Usually, the scalés chosen to be of These matrix elements will be evaluated in the factorization
order O(my) for B decays. Wilson coefficients have been approach. From Eq9), the relations betwee@; andC; are
calculated to the next-to-leading ord&LO). The evolution [10,1]]
of C(u) [the matrix that include€;(w)] is given by

C(1)=U(,My)C(My), Y Ci=Ci, Co=Cy,
whereU(u,My) is the QCD evolution matrix: CL=Cs— P43, C,=C,+P
s’ S
as(m) | o as(My)
U(u,My)=|1+ ?J}U (M,Mw){l— ypmmtil CL=Cs— P43, CL=Cg+Ps, (10)
(8) C§:C7+ Pey Cé:CS!

with J the matrix summarizing the next-to-leading order cor-
rections andJ®(«,M,y) the evolution matrix in the leading- Cg=Co+Pe, Ci=Cio,
logarithm approximation. Since the strong interaction is in-
dependent of quark flavor, the(u) are the same for aB  \yere
decays. At the scalg=m,=5 GeV, C(u) take the values
summarized in Table [110,11].
Ps=(ay/87)Cy[10/9+ G(m¢, 1,G%)],
— < _ (11

da 4
Pe=(aenf97)(3C1+C,)[10/9+ G(Me, 1,G7) ],

and

Y

1 m2—x(1—x)g?
G(mc,,u,q2)=4f dxx(x—l)ln;z)q
0 “

(12

Here g2 is the typical momentum transfer of the gluon or
FIG. 4. Electroweak-penguin diagrafoupling betweerz, y,  photon in the penguin diagrams a@(m.,u«,q%) has the
andW) for B decays. following explicit expressio12]:
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TABLE IlI. Effective Wilson coefficients related to the tree operators, electroweak and QCD penguin
operatorgsee the reference in text

c/ g?m2=0.3 q?/m2=0.5

Ci —0.3125 —0.3125

C) +1.1502 +1.1502

C} +2.433<10 2+ 1.543< 10" °i +2.120<10 2+2.174x 10" 3i
C, —5.808< 10 2—4.628< 10" i —4.869< 10 2—1.552x 10" ?j
Ci +1.73310 2+ 1.543< 10" i +1.420¢10 2+5.174x 10" i
Cé —6.668<10 2—4.628< 10 i —5.729¢ 10 2—1.552x 10" ?j
oft —1.435¢<10 4—2.963< 10" °i —8.340< 10 °-9.938x 107 °
Cs +3.839x 104 +3.839x 104

C —1.023<10 2—2.963< 10" °i —1.017x10 2—9.938x 10 °
Cio +1.959< 103 +1.959< 103

product expansionsee Sec. Il A and u represents the
renormalization scale. We emphasize that the amplitude cor-
2 m; 5 m m2 responding to the effective Hamiltonian for a given decay is
independent of the scalg. In the present case, since we
analyze directCP violation in B decays, we take into ac-
count both tree and penguin diagrams. For the penguin dia-
grams, we include all operato3; to O,y. Therefore, the

m2 effective Hamiltonian used will be
C
> 1+ 1—4—2
me q
X 1—4—2In—2 , (13 G. 10
LT e Hef = 5| ViV C101+ C209) ~ VoV, €O
q
+H.c., (15
2 m2 m>
ImG=—§ 1+2—2 1—4—2.
q q and consequently, the decay amplitude can be expressed as

) follows:
Based on simple arguments at the quark level, the value of

g is chosen in the range 0<iqzlm§<0.5 [3,4]. From Egs.

(10—(13) we can obtain numerical values f@; . These G.
values are listed in Table I, where we have takejim,) A(B—=PV)=—
—0.112, aen(My)=1/132.2, m,=5 GeV, and m, V2
=1.35 GeV. 10

ViV 2 Ci(PV|O||B)

VupVis(C1(PV|O3|B)+ C5(PV|O3|B))

+H.c, (16)

C. Effective Hamiltonian

In any phenomenological treatment of the weak decays of
hadrons, the starting point is the weak effective Hamiltonian
at low energy{13]. It is obtained by integrating out the heavy
fields(e.g. the top quarkWv andZ boson$ from the standard
model Lagrangian. It can be written as,

where (PV|O;|B) are the hadronic matrix elements. They
describe the transition between the initial state and the final
state for scales lower than and include, up to now, the
main uncertainties in the calculation since they involve non-
perturbative effects.

G
Heff:\/_g EI VermCi( ) Oi(u), (14

. . . ) [ll. CP VIOLATION IN B*°’=p%(@)K*'— gtz K*0
where G is the Fermi constany ¢y is the CKM matrix —p (@) o

element(see Sec. Il A, C;(un) are the Wilson coefficients Direct CP violation in a decay process requires that the
(see Sec. Il B O;(n) are the operators from the operator two CP conjugate decay processes have different absolute
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values for their amplitudefl4]. Let us start from the usual with HT and HP being the Hamiltonians for the tree and
definition of asymmetry, penguin operators. We can define the relative magnitude and
. phases between these two contributions as follows:
I'B—F)-T'(B—F)

a(B—F)= -, 17 —(Ka 7t |HT i6gi¢
( ) FBoF)+T(BoF) A=(Km 7 |HT|B)[1+re'%'?], o3
which gives A=(Km 7 |HT|B)[1+re’%e ],
|A(B—F)|2~|A(B—F)|? where s and ¢ are strong and weak phases, respectively. The
a(B—F)= (18)  phase¢ arises from the appropriate combination of CKM

= —
|A(B—F)|*+|A(B—F)| matrix elements, and=ard (Vy,Vi)/(VupVio]. As a re-

sult, sing is equal to siny with y defined in the standard
way [18]. The parameter,, is the absolute value of the ratio
of tree and penguin amplitudes:

where A(B—F) is the amplitude for the considered decay,
which in general can be written @y(B—F)=|A,|e'%1"!%1
+|A,|e'%2"1¢2. Hence one gets

a(B—F) (p°(w)KIH|B)

(p°(w)K|HTIB)

. (24

_ = 2|Aq[|Aslsin( 1 — ) SIN( 8, — 6,)
|AL|2+2|Aq]|As|coL dy— o) cog 81— 8,) + | Ayl? In order to obtain a large signal for direCtP violation, we
19 need some mechanism to make both&endr large. We
stress thatp-w mixing has the dual advantages that the
Therefore, in order to obtain dire€@P violation, theCP  strong phase difference is largeassing through 90° at the
asymmetry parameta needs a Strong phasﬂfference 51 resonanChand well knOWn[4,5]. With this meChanlsm, to
— 52, Coming from the hadronic matriand a weak phase first order in iSOSpin violation, we have the fO||0Wing results

difference ¢, — ¢,, coming from the CKM matrix. when the invariant mass aof “ 7~ is near thew resonance
mass:
A. CKM matrix g g
In phenomenological applications, the widely used CKM (KW_W+|HT|B>:£HW%+ S—ptp,
p 0 p

matrix parametrization is th&\Volfenstein parametrization
[15]. In this approach, the four independent parameters are

\,A,p and . Then, by expanding each element of the ma- (Kw*w+|HP|B)=iﬁpwpw+ %pp.
trix as a power series of the paramexet sin 6,=0.2209 (@, SpSw Sp

is the Gell-Mann—Levy—Cabibbo angl®ne get§ O(\%) is

(25

Heret, (V=p or w) is the tree amplitude angy, the pen-

neglected guin amplitude for producing a vector mesof, g, is the
1— E)\Z N AN (p—im) coup!ing forpo—>.77+ T, ﬁpw. is the effectivep-w mixing
2 amplitude, andy, is from the inverse propagator of the vec-
R 1 tor mesonV,
Vekm= -\ 1— —\2 AN? ) -
2 sy=s—mg+imyly, (26)
AN3(1—p—in) —AN? 1

with /s being the invariant mass of the™ 7~ pair. We
(200 stress that the direct coupling— =" 7~ is effectively ab-

where 7 plays the role of theCP-violating phase. In this SOrbed intoﬁpw [19], leading to the explicis dependence of
parametrization, even though it is an approximation jrhe  II,,. Making the expansion pr(5)=pr(mi)+(S
CKM matrix satisfies unitarity exactly, which means, _mfv)ﬁ,/)w(mi), the p-w mixing parameters were deter-
mined in the fit of Gardner and O’Connel[20]:
el ,,,(m?)=—3500+300 Me\?,  Imil,,,(m?)=—300

+300 MeV?, and II/,,(m?)=0.03+0.04. In practice, the

effect of the derivative term is negligible. From Edg2),
In the vector meson dominance modéb], the photon  (25) one has

propagator is dressed by coupling to vector mesons. From

this, thep-w mixing mechanisnj17] was developed. LeA

Vi Vekm=1=Verm Vi - (21)

B. p-w mixing

T, p,tSLp,
be the amplitude for the dec®— p°(w)K— 7" 7 K, then re'ﬁe"ﬁ:M. (27
one has prtw+swtp
A=(K7 7" |HT|B)+ (K7~ 7 |HP|B), (22 Defining

096008-5
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Po_ 1/ gitog+9), Lo

i5,
n )

=ae %E,Bei %, (28

p tp ®
where 6,85 and &, are strong phasegabsorptive pajt
Substituting Eq(28) into Eqg. (27), one finds

. I0,,+pess,
re'5=r’e'5qL (29

s, + 11,087
where

ae'%=f  pe%=b+ci, r'e%=d+ei, (30
and using Eq(29), we obtain the following result whegis

~m,:

C+iD

(s—mj+fRell )2+ (fomll,,+m,I",)?
(31

re'd=

HereC andD are defined as

C=(s—m2+fRell,,,){d[Rell ., +b(s—m2)—cm,T,]
—e[JmIl,,+bm,I',+c(s—m2)]}
+ (fjmﬁpw+ mwa){e[EReﬁper b(s—m2)—cm,I',,]
+d[3mﬁpw+ bm,I',+c(s—m?)]}, (32

and

D=(s—m?+fRell ,,){e[Rell ,,+d(s—m?)—cm,I',]
+d[ImIl,,,+bm,T',+c(s—m?)]}
—(famll,,+m,I,){d[Rell ,,+b(s—m?)—cm,I',]

—e[JmIl,,+bm,[,+c(s—m2)]}. (33

ae'% Be'%, andr’e'% will be calculated later. In order to

get the CP violating asymmetry,a, sing and cosp are

needed, wheré is determined by the CKM matrix elements.

In the Wolfenstein parametrizatiofil5], the weak phase
comes from[V,Vi/V,,V;s] and one has for the decd
—p(@)K,

-n

sing=

(34
—p

Ry

The values used fgs and » will be discussed in Sec. IV A.

CoS¢p=

PHYSICAL REVIEW D66, 096008 (2002

C. Factorization

With the Hamiltonian given in Eq15) (see Sec. Il § we
are ready to evaluate the matrix elements fBr
—p%(w)K* 0. In the factorization approximatidi21], either
p°(w) or K*P is generated by one current which has the
appropriate quantum numbers in the Hamiltonian. For these
decay processes, two kinds of matrix element products are
involved after factorizatiorti.e. omitting Dirac matrices and
color labels:  (p°(w)|(uu)|0)W(K*=9(sb)|B*% and
(K=9(a102)|0)(p°(w)|(ub)[B=), whereq, andg, could
beu, s or d. We will calculate them in several phenomeno-
logical quark models.

The matrix elements foB— X andB— X* (where X and
X* denote pseudoscalar and vector mesons, respegtiaaty
be decomposed as folloW&2]:

m3— mx
(X[3,IB)y= pB+pX_—k2 k) F(k?)
N
2 2
Mg — My
+ 2 k,Fo(k?), (35)
and
* 2 *V o 2
<X |‘]M|B>=mflﬂw(f€ png*V(k)
B X*
+i{ €n (Mgt Mye)Ag (K2) — ——

*

€
X (Pg+Py») ,Ag(k?) — 2mys -k, Az(k?)

k2

*

—2mye- K, Ag(K2),

+i 2 (36)

where J, is the weak current, defined a3, =qy*(1
—vs)b with g=u,d,s andk=pg—pxx~) - €, is the polar-
ization vector ofX*. Fy andF, are the form factors related
to the transition 0—07, while Ay, A1, A,, Az andV are
the form factors that describe the transition-8 1. Finally,

in order to cancel the poles @t=0, the form factors respect
the conditions

F1(0)=Fq(0), Az(0)=Aq(0), 37
and they also satisfy the following relations:
Mg+ My+ M — My*
Aa(K?) = ———= Ay (K?) ———Ay(K?).  (39)
2Myx 2Myx

An argument for factorization has been given by Bjorken
[23]: the heavy quark decays are very energetic, so the
quark-antiquark pair in a meson in a final state moves very
fast away from the localized weak interaction. The hadroni-
zation of the quark-antiquark pair occurs far away from the

096008-6
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remaining quarks. Then, the meson can be factorized out and .
the interaction between the quark pair in the meson and the tp:mBlpp|
remaining quark should be tiny.

In the evaluation of matrix elements, the effective numberwheref , is thep decay constarfiand to simplify the formu-
of colors, Nﬁ”, enters through a Fierz transformation. In |las we useN, for Nﬁ” in Egs.(40)—(50)]. In the same way,

1
c;+N—Cc;)fPF1(m§), (40)

general, for operatoD;, one can write we findt,=t,, so that
1 1 aePa=1. (41)

T:__l—gi with i=1,...,10, (39) . . . .

(Ng )i 3 After calculating the penguin operator contributions, one has
where¢; describes non-factorizable effects. We assudinie s Po VipVis
universal for all the operator®;. We also ignore the final re-a=-— 1 RV (42)
state interactioné&SI). After factorization, and using the de- Ci+ N—Cé) prl(mﬁ) ubVus
g)mposition_ in Eqs(35),(36), one obtains, for the process c
BO—>pO(w)KO, and

|
i5 B|5P| ’ 1 ’ ’ 1 ’ 2 ’ 1 ’ 1 ’ 1 ’
pe ‘s - E C7+ N—CCB + C9+ N—cclo fPFl(mp)+ C4+ N—CC3 _E C10+ N—CCg
+ 2C’+lc'+c’+lc’ M frA(m3 43
6 N_C 5 8 N_C 7 (mb+md)(md+ms) K O(mK) ’ ( )
wherefy is theK decay constant. In Eq$42), (43), p,, has the following form:
- ’ 1 ’ ’ 1 ’ 2 1 ’ 1 ’ ’ 1 ’ 2
Po=mg|p,l| 2 C3+N_CC4 + C5+N_CC6 prl(mp)+§ C7+N_CC8 + C9+N—Cc10 f,F(my)
ey 2oy -2 cir 2c M kAol M) e+ Zer =X e e teamd)!, (ag
87N, T 6T N, =3/ || (mg+ mg) (mg+my) 4N 3 T 2| ey ) Tk o(Mi) [, (44)
and the CKM amplitude entering the— s transition is
Vi Vi, 1 1 1 1
th is _ = - , (45)
VoVid A2 JpZ+ 72 A2 |sinf

with B defined as the unitarity triangle as usual. Similarly, by applying the same formalism, one gets for theBdecay
0 —
—p (0)K7,

g ’ 1 ’ ’ 1 ’
tp=mB|p,,|[ Cl+N—CCZ)fPF1(m§)+ CZ+N—Ccl)fKAO(mﬁ)}. (46)
In the same way, we fint,=t,, therefore one has, again,
ae'da=1. (47)

The ratio between penguin and tree operator contributions, which involves CKM matrix elements, is given by

096008-7
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_ Vi Vi,
r/elﬁq: _ 1 P 1 th iS y (48)
C1+N—CCé)pr1(m,2))+ c;+N—CC1)fKAO(m§) VubVus
and finally,
is mB|5p| ’ 1 ’ 2 3 ’ 1 ’ ’ 1 ’ 2 ’ 1 ’ 2
,BE ﬂ:T C4+ N_CC3 fKAo(mK)+§ C7+ N_CCS + C9+ N_Cclo prl(mp)-l— C10+ N_CCQ fKAo(mK)
L o1 mi fAg(Mg)
|| i) (b ] [ttt @
where thew penguin operator contributiop,, , is
- ’ 1 ’ ’ 1 ’ 2 1 ’ 1 ’ ’ 1 ’ 2
Po=mg|p,l| 2 C3+N_CC4 + C5+N_CC6 prl(mp)+§ C7+N—CC8 + C9+N_CC1° f F(my)
+ C’+1C’+C’+1C'}fA(2) 2[c’+1C'+c’+lc')H M }fA(Z)]
— — mi) — — — mi) ;.
4 NC 3 10 NC 9 K0 K 8 NC 7 6 NC 5 (mu+ms)(mb+mu) K0 K
(50)
|
D. Form factors h,
2\ —
The form factorsF;(k?) andA;(k?) depend on the inner Fa(k9)= K2 K2\ 2
structure of the hadrons. We will adopt here three different 1—d1—2+b1(—2)
theoretical approaches. The first was proposed by Bauer, mg mg
Stech, and Wirbe[BSW) [22], who used the overlap inte- (51
grals of wave functions in order to evaluate the meson- ) hAo
meson matrix elements of the corresponding current. The Ao(k?)= 5 2\ 2
momentum dependence of the form factors is based on a 1—dg— +bg _)
single-pole ansatz. The second one was developed by Guo mé mé

and Huang(GH) [24]. They modified the BSW model by _
using some wave functions described in the light-conevheren=1,2, my andm, are the pole masses associated
framework. The last model was given by BE#5] and Ball ~ with the transition currenty; and hAO are the values of form
and Braun[26]. In this case, the form factors are calculatedfactors ag?=0, andd; andb; (i =0,1) are parameters in the
from QCD sum rules on the light-cone and leading twistmodel of Ball.
contributions, radiative corrections, agdJ(3)-breaking ef-

fects are included. Nevertheless, all these models use phe-
nomenological form factors which are parametrized by mak-

ing the nearest pole dominance assumption. The expfcit A. CKM values
dependence of the form factor is [2,24-27:

IV. NUMERICAL INPUTS

a?,N., and the CKM matrix elements in the Wolfenstein

Fi(k?) = hy ' parametrization. As mentioned in Sec. Il B, the valugdfs
k2\" conventionally chosen to be in the range 0/m32<0.5.
1- F The CKM matrix, which should be determined from experi-
1
TABLE 1. Values of the CKM unitarity triangle for limiting
values of the CKM matrix elements.
ha,
Aq(k?)= T a B y
( 1- _2) (Pmins Tmin) 104°47 19°32 56°21
Ma, (Pmin» Tmay) 93°13 24°31 62°56
(Pmaxs Tmin) 112°14 21°20 46°66
(Pmax: Tmax) 99°66 26°56 53°78

or
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TABLE IV. Form factor values foB—p andB—K atg®=0 (see the reference in text

ha, hy Ma, my do(d) bo(by1)
model (1) 0.280 0.360 5.27 5.41
model (2) 0.340 0.762 5.27 541
model (3) 0.280 0.360 5.27 541
model (4) 0.340 0.762 5.27 541
model (5) 0.372 0.341 1.400.410 0.437(-0.361)

mental data, is expressed in terms of the Wolfenstein paranwith g, being the momentum of the pseudo-scalar meson,
eters A, \, p, andz [15]. Here, we shall use the latest values m,, and e, being the mass and polarization vector of the
[28] which were extracted from charmless semileptoBic vector meson, respectively. Numerically, in our calculations,
decays, [V,u|), charm semileptoniB decays, [(V¢y|), sand  we take[18],

d mass oscillationsAmg, Amy, and CP violation in the

kaon system €x),(p, 7). Hence, one has fx=160 Mev, f,=f, =221 MeV. (56)
A=0.2237, A=0.8113, 0.196:p<0.268, 52 The p and w decay constants are very close and for simpli-
0.284< < 0.366. ?citlfon (without any consequences for resplise choose
p o

These values respect the unitarity triangle as Visde also
Table IlI). V. RESULTS AND DISCUSSION

We have investigated tr_@P violatirg asymmetrya, for
, _ the two B decays:B’— p°K®— 77 K% and B~ — p°K ™
The running quark masses are used in order to calculate, _+ -~ The results are shown in Figs. 5 and 6
the matrix elements of penguin operators. The quark mass i =+ -To /50 N _—0'_ 0
taken at the scalg=m, in B decays. Therefore one hg29] for  B'—mtw K5 @=[I'(B"—m 7 K)-TI'(B
-7 7K/ T (B -7 7 KO+ T'(B°— 7~ 7 K% ]),

B. Quark masses

my(u=mp)=2.3 MeV, my(u=m,)=4.6 MeV, where k?/mZ=0.3(0.5) and forN'" equal to 0.61, 0.66,
(53  2.65, 2.69, 2.82 and 2.84. Similarly, in Figs. 7 and 8, the
Ms(u=mp) =90 MeV, my(u=my)=4.9 GeV, CP violating asymmetry, a, (=[I'(B"—a 7 K")

-T(B" =7 7" K")/[T (B —=a" 7 K)+T(B"
—a 7 K"Y]), is plotted for B-—# 7 K=, where
k2/m§=0.3(0.5) and for the same valueslﬁcbiff previously

which corresponds tong(x=1 GeV)=140 MeV. For me-
son masses, we shall use the following vall&3:

mg==5.279 GeV, mgo=5.279 GeV, applied forB°— 7t 7 KP. In our numerical calculations,
mK,:O493 GeV, mKO:0497 GeV, 40 T T T T T T T T
(549 - .
m,==0.139 GeV, m_0=0.135 GeV, 30 e N _
_ — B _,‘,-‘-"“ TN .". i
m,o=0.769 GeV, m,=0.782 GeV. % 20F° S n
OQ. | \\'.\ ]
C. Form factors and decay constants OT 10 RSy -
I N
In Table IV we list the relevant form factor values at zero X - \ 1
momentum transfef22,24-26,3)for the B—K andB—p g o =iy \\
transitions. The different models are defined as follows: - RN Va S .
models(1) and(3) are the BSW model where thg depen- 10k \ 7 ity
dence of the form factors is described by a single- and a L ‘\.//" 4
double-pole ansatz, respectively. Modé&2s and (4) are the 2 PR IR MV MR NN R SRR N
GH model with the same momentum dependence as model %0 770 780 7% 800 810 820 830 840
(1) and(3). Finally, model(5) refers to the Ball model. We \S (MeV)
define the decay constants for pseudo-scdlgy and vector
(fv) mesons as usual by, FIG. 5. CP violating asymmetry,a, for B®— "7~ K°, for
_ _ k?/m2=0.3, for N¢''=0.66,2.69,2.84 and for limiting values, max
<P(Q)|Q17;LYSQZ|O>: ifpQ,, (min), of the CKM matrix elements for mod¢ll): dot-dot-dashed
_ (55 line (dot-dash-dashed lindor N¢"'=0.66. Solid line(dotted ling
ﬁ(V(q)|q1qu2|0)=fvaev, for N¢''=2.69. Dashed liné¢dot-dashed lingfor N&''=2.84.
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T I T I T I T I T I T T T T I T I T I T I T I T T T
WO el . 40 P -
AT S % A x
il '\ \‘ . .
< ATRY
e 20 A — e 20 —
=3 \_\‘ °a
\- - IT -
= ) |
S
- \6 ._
T -20 — T o
i \ - ‘//" |
_4 1 I 1 I 1 I 1 I 1 I 1 l 1 l 1 _4 1 I 1 I 1 I L I \l'—r 1 | 1 | 1
960 770 780 790 800 810 820 830 840 960 7710 780 790 800 810 820 830 840
VS (MeV) VS (MeV)
FIG. 6. CP violating asymmetry,a, for B®— 7" 7 K°, for FIG. 8. CP violating asymmetrya, for B-—m "7 K", for

k2/m2=0.5, for N'"=0.61,2.65,2.82 and for limiting values, max k*/m;=0.5, forN¢'=0.61,2.65,2.82 and for limiting values, max
(min), of the CKM matrix elements for modélL): dot-dot-dashed ~ (min), of the CKM matrix elemepfts for modgl): dot-dot-dashed
line (dot-dash-dashed lipdor NE/'=0.61. Solid line(dotted ling  line (dot-dash-dashed lindor N¢''=0.61. Solid line(dotted ling
for N&"'=2.65. Dashed lin¢dot-dashed lingfor N&"'=2.82. for N¢''=2.65. Dashed liné¢dot-dashed lingfor N&''=2.82.

we found that theC P violating parameter, reaches a maxi- from 37%(55%) to—20%(—24%) for the range oNg"
mum value a,,a,, When the invariant mass of the* 7~ is and CKM matrlx e_IeTﬁnts indicated before. The sigagf«
in the vicinity of thew resonance, for a fixed value b Stays positive untiN;  reaches 2.7. If we look at the nu-
We have studied the model dependence with five models ~ Merical results f02r tf;e asymmetriggable V), for Nemi,
where different form factors have been applied. Numericaf=0.66(0.61) and/mg=0.3(0.5), we find good agreement
results forB®— 77 K° andB~ — =+t 7 K~ are listed in  Petween all the models, with a maximum asymmediy;,,
Tables V and VI, respectively. It appears that the form facto@round 33%(45.6%) for the sepfax, 7may), and around
dependence of for all models, and in both decays, is 26%(33.2%) for the setpfin, 7min). The ratio between
weaker than thl®'" dependence asymmetries associated with the upper and lower limits of
e :

ForB°— 7+ 7~ K°, we have determined the range of the
maximum asymmetry parameter, .., whenN¢'" varies be-
tween 0.66(0.61) and 2.84(2.82), in the casekéfm?
=0.3(0.5). The evaluation o&,,,, gives allowed values

TABLE V. Maximum CP violating asymmetrya,,,,(%) for

B— 7" 7~ KO for all models, limiting valuegupper and lowerof
the CKM matrix elements, and fd¢2/m§:0.3(0.5).

Nell =0.66(0.61)  N&If. =2.84(2.82)

cmax

50 T T | T ‘4 R T I T T T T
i 7 A § model (1)
“p- ; \ ] Provaxs Trmax 32(46) —14(- 16)
30 EAP A X | Prmin Nmin 25(33) ~19(-22)
| | e y i
N Rl 2\
°q 20 .7 v — model (2)
"1 ~" \'\ ] Pmax: Tmax 32(41) —-6(=7)
= T % T Prins 7min 27(30) ~9(-10)
S X,
¥ O g
L "'"k\ /" s model (3)
10— "\ 4 1 Pmax: Tmax 32(45) —14(—16)
ol wh : Prmins i 25(33) —20(~23)
1 I 1 l 1 l 1 I 1 I 1 l 1 l L
760 770 780 790 800 810 820 830 840 model (4)
, 32(41) —6(—7)
VS (MeV Pmaxs Tmax
MeV) Pmin s Tmin 27(30) —-9(—-10)

FIG. 7. CP violating asymmetrya, for B-—#" 7 K™, for
k?/m2=0.3, forN¢''=0.66,2.69,2.84 and for limiting values, max model (5)
(min), of the CKM matrix elements for mod¢lL): dot-dot-dashed  pax; 7max 37(55) —15(-17)
line (dot-dash-dashed lindor N¢''=0.66. Solid line(dotted ling  p.. = 7. 26(40) —19(—24)
for N¢'=2.69. Dashed lin¢dot-dashed linefor N¢''=2.84.
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TABLE VI. Maximum CP violating asymmetrya,a,(%) for  try parameteraay, for a range oNe'" from 0.66(0.61) to
B-— a7 K™ for all models, limiting values of the CKM matrix 2.84(2.82) Wherekzlmf,:O 3(0.5) and for the five models
! o . .82), .3(0.
elementsupper and lower limjt and fork®/mj=0.3(0.5). analyzed, are given in Table VI. We found that for this decay,
the CP violating parameter,a, takes values around
49% (46%) to—22%(—25%) for the limiting CKM matrix

NEMf =0.66(0.61) NEMT =2.84(2.82)

model (1) values ofp and  defined before. Once again, the sign of the
Pmax:» Tmax 47(45) —15(—17) asymmetry parametes, is positive if the value o, stays
Pmin » Tmin 34(35) —21(—23) below 2.7. If we focus orNE,fnfIn equal to 0.66(0.61), models
(1), (2), (3), (4) and (5) give almost the same value which is
model (2) around 46.6%(43.6%) for the maximum values of the CKM
Pmaxs Tmax 45(41) —11(-13) matrix elements. For the sepin, 7min), the maximum
Prmins Tmin 3332 —17(—18) asymmetrya, is around 34.0%(33.8%). The ratio between
asymmetry values taken at upper and lower limitingnd »
model (3) values is around 1.37(1.28). Let us have a look atGhe
eff
Prmaxs Tmax 47(44) —15(—17) asymmetry values afl;,,... As we observed for the decay
Prmin s Tmin 34(35) —20(-23) B'— 77 K°, all models are separated into two distinct
classes related to their form factors. For modé)s (3) and
model (4) (5), the value of maximum asymmetnga,.y, iS around
Pmaxs Tmax 45(42) —12(-13) —15.6%(—17.6%) and around-21%/(—23.6%) for the
Pmins Tmin 33(32) —17(-18) maximum and minimum values of sep,@), respectively.
The calculated ratio is around 1.34(1.34), between these two
model (5) asymmetries. As regards models (2) gdd, for thesame
Prmaxs Tmax 49(46) —17(-19) set of (p,7), one gets —11.5%(—13%) and —17%
Pmin s Tmin 36(35) —22(—25) (—18%). In this case, one has 1.47(1.38) for the ratio. The

reasons for the differences between the maximum asymme-
try parameter,a,,. are the same as in the dec®?
— o KO,

(p,7m) is around 1.26(1.37). If we consider the maximum
asymmetry parameteg,, .y, for NﬁInfaX—Z 84(2.82), we ob- ) — . =p
serve a distinction between the models. Indeed, two classes BY apa'yZ'f_lg theB decays, such aB”— "7 K" and
of models appear: models (2) and (4) and mod#)s (3) B —#" 7 K™, we found that _thé:Ponatlng asymmetry,
and (5). Formodels (2) and4), one has amsymmetry, & depengls on the CKM fl;na'tnx elemen.ts, form factors and
Amayx, around—6%(—7%) and around-9% (—10%) for the effective parameteX{'' (in order of increasing depen-
the upper and lower set ofp(7), respectively. The ratio dence. As regards the CKM matrix elements, the depen-
between them is around 1.50(1.42). For modgjs(3) and  dence through the elemeM,;,, contributes to the asymme-
(5), the maximum asymmetry is of order—14.3% tryin the ratio between the penguin contributions and the
(—16.3%) for (pmax,7may) and around —19.3% P tree contributions. It also appears that for the upper limit of
(—23.0%) for @min,7min). In this case, the ratio between Set (0,7), we get the higher value asymmetsy, and vice
asymmetries is around 1.34(1.41). versa. With regard to the form factors, the dependence at low

The first reason Why the maximum asymmettyx, can values Ongff is very weak although the huge difference
vary so much comes from the elemafyf,. The other CKM  between the phenomenological form factpredels (2) and
matrix elements/y,, Vs andV,, all proportional toA and  (4) and models1), (3 ) and (5)] applied in our calculations.
\, are very well measured experimentally and thus do noft high values ofNg'" the dependence becomes strong and
interfere in our results. Only,,, which contains the and  then, the asymmetry appears very sensitive to form factors.
7 parameters, provides large uncertainties, and thus, largeor the effective parameteNg'" (related to hadronic non-
variations for the maximum asymmetry. The second reasofactorizable effects our results show explicitly the depen-
is the non-factorizable effects in the transitibR»s. It is dence of the asymmetry parameter on it. Because of the en-
well known that decays including & meson(and therefore ergy carried by the quark intermediate states and final state
an s quark carry more uncertainties than those involving interactions are not well taken into account and may explain
only a7 meson (1, d quarks. If we look at the asymmetries this strong sensitivity. Finally, results obtained Iaztlmﬁ
atNe'™.  all models give almost the same values, whereas at 0.3(0.5) also show renormalization effects of the Wilson
NE!T . we obtain different asymmetry valuéwith, more-  coefficients involved in the weak effective hadronic Hamil-
over, a change of sign for tHeéP violating asymmetry. The tonian. For the ratio between asymmetries, results give an
CP asymmetry parameter is more sensitive to form factors adverage value of order 1.36(1.40) f8°— =* 7 K° and
high values ofN'" than at low values oNE'". It appears 1.39(1.33) forB™— "« K. This ratio is mainly gov-
therefore that all of the models investigated can be divided irerned by the term 1/si@, where the values of the angles
two classes, referring to the two classes of form factors. B andy are listed in Table Il

ForB~ — "7~ K™, we have similarly investigated the As a first conclusion on these numerical results, it is ob-
CP violating asymmetry. The values of maximum asymme-vious that the dependence of the asymmetry on the effective
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FIG. 9. sins, as a function ofNE'", for B®— 7+ 7 K, for
k?/m3=0.3(0.5) and for mode(1). The solid (dotted line at

siné=+1 corresponds to the casﬁépwz(—3500;— 300), where
p-w mixing is included. The dot-dashédot-dot-dashexline cor-

responds tﬁpw:(O;O), wherep-w mixing is not included.

FIG. 10. sins, as a function oN¢", for B-— "7 K™, for
k2/m§=0.3(0.5) and for mode(1). The solid (dotted line at

siné=+1 corresponds to the casfépw:(—SSOO;— 300), where
p-w mixing is included. The dot-dashddot-dot-dashedline cor-

responds thI,,a,:(O;O) wherep-w mixing is not included.

parameteN¢'" is dramatic and therefore it is absolutely nec- gng B 7" 7 K°, when k?/mZ=0.3(0.5). For values of

essary to more efficiently constrain its value, in order to us§yeff pigger than this limit, sid becomes negative. At the
. Cc ' "
asymmetry, to determine the CKM parametepsand 7. same time, the sign of the asymmetry also changes. In Figs.

We know that the effects gf- mixing only exist aroundo  11() and 12b), the ratio of penguin to tree amplitudes is
resonance. Nevertheless, in Figs. 5, 6, 7, and 8, at smal

+.0 +_—*0 T -
values ong”, e.g.=0.6, the curves show large asymmetry SIEOSV;%O?;O% ?hw Tr.t.K | ’ -Ir,: the ;laesf?_ ZOI;H”‘;
values far away fromw resonance, which ia priori unex- ( ’ ). The critical point aroundll;"=2.7 refers

pected. In fact, if we assume that nonfactorizable effects arl® the change of sign of sif Clearly, WE can use a measure-
not as important as factorizable contributions, thefl’ ~ MENt of the asymmetrya, to eliminate the uncertainty
should be much biggdisee Eq(39)]. From previous analy- mod(w) which is usually involved in the determination ¢f
sis on some otheB decays such aB— D, B—w, and
B—wK, it was found thatNE'" should be around 231].
Therefore, although small values Nf'" are allowed by the
experimental data we are considering in this paper, we ex:
pect that the value oNE'" cannot be so small with more
accurate data. We have checked that wNgH is larger than

1 the largeC P asymmetries are confined in theresonance
region. With a very small value ONEH, nonfactorizable 94
effects have been overestimated. This means that soft gluo 5 04
exchanges betweg?(w) andK may affectp-w mixing and =
hence lead to the largéP asymmetries in a region far away
from o resonance. However, wheys is very far from o
resonance, th€ P asymmetries go to zero as expected.

1

10

T I T | T I T j T | T T I T | T I T I T I T

0.8

0.2

H 1 1 1 1 1 1 I 1 | 1 I 1 I 1 I 1
In spite of th(_e _unC(_ertalnt|es+d|§cus_sed previously, the main 00 55 1 15 7 35 3 00 %8 1 15 3 58 B
effect of p-o mixing in B—a" 7~ K is the removal of the
ambiguity concerning the strong phase, &irn the b—s (@) Nceﬂ (b) N T

c

transition, the weak phase in the rate asymmetry is propor-

tional to siny where y=arg — (Vtsvt*b)/(vusvab)]- Know- FIG. 11. Ihe ratio of_penguin to tree amplitudesas a function
ing the sign of sin%, we are then able to determine the signof NE', for B®— " 7 K, for k¥m3=0.3(0.5), for limiting val-
of siny from a measurement of the asymmetty)n Figs. 9  ues of the CKM matrix elementsp(z)max (min), for ﬁpw

and 10, the value of siiis plotted as a function dfi¢"" for
B'—nt7w K and B-— a7 K™, respectively. It ap-
pears, in both cases, wherw mixing mechanism is in-
cluded, that the sign of sifiis positive, for all models stud-
ied, until N reaches 2.69(2.65) for boB™ — 7" 7 K~

=(—3500;-300)(0,0) [i.e. with (without) p-w mixing] and for

model(1). (a) Forﬁpwz(O;O), solid line (dotted ling for k?/m3
=0.3 and p,n)max (min). Dot-dashed linédot-dot-dashed line
for k?m3=0.5 and p,7)max (min).(b) The same caption as)

but for IT,,,= (— 3500;— 300).
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FIG. 12. The ratio of penguin to tree amplitudes,for B~ HP(D
— a7 K~. We have the same caption faa and (b) as in Fig. T
11.

FIG. 13. B decays withoutuppe)p and with(lower) p-w mixing.

(through sin 3). If we do not take into account-w mixing,
the CP violating asymmetrya, remains very smal{just a
few percenk in both decays. In Figs. 9 and 1for the evo-
lution of sinéd) and in Figs. 11a) and 12a) (for the evolution
of penguin to tree amplitudgsfor B*°— 7+ 7 K*0, we

where the effective parametegs, which are involved in the
decay amplitude, are the following combinations of effective
Wilson coefficients:

plot sins andr whenﬁpw=(0,0)—i.e.ivithoutp-wﬂwixing. ay; =Céj+ %céjfl,

There is a critical point aN¢''=1 (for B°— 7" 7 K°) and N¢

NE'f=0.24(for B~ — 7" 7~ K ™) for which the value of sib (60)
is at its maximum and correspond®r the same value of , , )

NE™), to the lowest value of. The last results show the agj-1=Coj1F WCZi for j=1,....5.

double effect of thep-w mixing: the CP violating asymme- ¢

try increases and the sign of the strong phases deter-

mined All other variables in Eq(59) have been introduced earlier.

In the Quark Model, the diagraffrig. 13 top gives the main

contribution to theB— p°K decay. In our case, to be consis-
VI. BRANCHING RATIOS FOR B*%—p%Kk*° tent, we should also take into account the» mixing con-
tribution (Fig. 13 bottom when we calculate the branching
ratio, since we are working to the first order of isospin vio-
With the factorized decay amplitudes, we can compute thgation. The application is straightforward and we obtain the

A. Formalism

decay rates by using the following expressj@]: branching ratio foB— p°K:
p,I° [A(B—VP)|? 212 13
I'(B—VP)=—"— , (57) P 1 17
8mmy | €v-Ps | BR(B—p"K)= P [VsAo(ar,ay)
wherep, is the c.m. momentum of the decay particles de- —VSASo(a3, oA+ VIA (e ,ay)
fined as 5 5
- NIME—(my+my)?][mg—(my—m,)?] ~VeAL(@s, - - 10)] I :
P,l= (58) (s,—mg,)+im, [,

2mg 61)
m, (m,) is the mass of the vectdpseudo-scalav(P) par-
ticle, ey is the polarization vector ané(B—VP) is the
decay amplitude given by

In Eq. (61) Gg is the Fermi constant;g is the total widthB

decay, andy, is an integer related to the given decA;T&. and

A\'j are the tree and penguin amplitudes which respect quark

G interactions in theB decay.V{'" [in Eq. (59)] or VI V¢ [in

A(B—VP)= — > ViPagvplolB), (59 Ea (61)] represent the CKM matrix e_Ieme.nts involved in the
J2 i£Tho tree and penguin diagrams, respectively:
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VI=|VyVid for i=1.2,
(62
VP= VoV for i=3,...,10.

B. Calculational details

In this section we enumerate the theoretical decay ampli-

tudes. We shall analyze fiseinto s transitions. Two of them
involve p-w mixing. These ar®~— p°K ~ and B®— p°K°.
Two other decays arB’—p K* andB~—p K° and the
last one isB™ — wK ™. We list in the following the tree and

penguin amplitudes which appear in the given transitions.
For the decayB ™ — p°K ™ [a,=32 in Eq.(61)],

\/EA;(alia2):alprl(m,%)'{'aZfKAO(mi)' (63
P 2,]3 2
\/EAp(as1 - ag0) = F Fa(m?) 5(37"‘39) + frAo(m)
x[a4+a10— 2(agt+ag)
e [
(My+mg)(Mp+my) ]’
for the decayB™ — wK™ [a,=32 in Eq.(61)],
V2Al(ay,8,) =ayf Fi(m?) +a,fiAg(mE), (69

1
V2Al(ag, ... :a1o):pr1(m§):2(33+a5)+§(a7+39)

+ fKAo<mﬁ>[ —2(ag+as)

mi
" (g + mg) (mp+my)

+a,+ am} ;
(66)

for the decayB®— p°K® [, =32 in Eq.(61)],

V2A[ (1,80 =ayf Fa(m)), (67)
3
V2AY(ag, . . . ,a10)=pr1(m§)[§(a7+ag) +fAo(My)

><[614_(2616_518)

m& 10
| (merma)(my+mg) |~ 2219
(68)

for the decayB®— wK° [ a,=32 in Eq.(61)],

V2A (a1 a0) =au f Fo(mp)), (69)

PHYSICAL REVIEW D66, 096008 (2002

V2AP(a,, ...

1
’alO): prl(m,Z))[ 2(33+35)+§(a7+ ag)

+ fKAO(mi)‘ a,—(2ag—ag)

il 3%
(Ms+mg)(mp+my)| 2
(70
for the decayB™—p K° [a,= 16 in Eq.(61)],
Al(ay,85)=a,f F1(m?), (71)
P 2 1
A (as, ... 10 = fFrAg(Mi)) as— Ealo_(zae_as)
x M “ (72
(Mg+mg)(Mp+mg) |}’
for the decayB®—p*K ™~ [a,= 16 in Eq.(61)],
A-’I;(al ,az) = azf KAO( mﬁ), (73)
Af(ag, ... ,alo):fKAo(mﬁ)[aﬁ‘ ajo—2(as+ag)
X M ” (74
(ms+ mu)(mb+mu) .

Moreover, we can calculate the ratio between two branching
ratios, in which the uncertainty caused by many systematic
errors is removed. We define the raioas

BR(B%—p=K™)

R: + +y !
BR(B*—)pOK*)

(79

and, without taking into account the penguin contribution,
one has

2T a,f Fq(m?
R= Bt (1+ 1'p l( Z))
Igo axfxAg(mi)
~ —2
x| 1+ pe 76
(sp—mi)+imwl“w) 78

C. Numerical results

The numerical values for the CKM matrix elemems”,

the p-o mixing amplitudell,,, and the particle masses
my p, wWhich appear in Eq(61), have been all reported in
Sec. IV. The Fermi constant is taken to b&g
=1.16639 10 ° GeV 2 [18], and for the total widthB
decay,I'g(=1/75), we use the world averadglifetime val-
ues [combined results from ALEPH, Collider Detector at
Fermilab(CDF), DELPHI, L3, OPAL and SLAC Large De-
tector (SLD)] [28]:
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TABLE VII. The measured branching ratios by CLEO, BABAR and BELLE factoriesBfatecays into
pK (10 %) (see the reference in text

CLEO BABAR BELLE
pOK* 8.46' 39+ 1.8 (=17)° 10+6+2° (<29)° <138
p KO - - <23.6°
prK* 16.0° {5+ 2.8 (=32)° - 15.8 5838
pOKO _ _ _
BR(p°K™)
wK™ 3.2724+0.8 (<7.9) 1.4 15+0.F 9.2°2%+1.0°
oFit.
bUpper limit.
‘Experimental data.
rg0=1.546+0.021 ps, and BELLE Collaborations, listed in Table VII, and compar-
77 ing theoretical predictions with experimental results, we ex-
T5+=1.647+0.021 ps. pect to extract the allowed range B’ in B—pK and to

make the dependence on the form factors explicit between
To compare the theoretical results with experimental datage two classes of models: modéls, (3) and (5), andnod-
as well as to determine the constraints on the effective numg|s (2) and (4). Weshall mainly use the CLEO data, since
ber of color,N¢'", the form factors, and the CKM matrix the BABAR and BELLE data aréas yej less numerous and
parameters, we shall apply the experimental branching ratiogccurate. An exception will be made for the branching ratio
collected at CLEO[32], BELLE [33-33 and BABAR B*— K™, where we shall take the BELLE data for our
[36,37] factories. All the experimental values are summa-analysis since they are the most accurate and most recent
rized in Table VII. measurements in that case. Nevertheless, we shall also apply
In order to determine the range Nf'" available for cal-  all of them to check the agreement between all the branching
culating theCP violating parameter, in B*%— p°K=° we ratio data. The CLEO, BABAR and BELLE Collaborations
have calculated the branching ratios BF —p°K*, B*  give almost the same experimental branching ratios for all
—p*KO BO—p*K*, B°—=p°K® and B*—wK*. We the investigated decays except for the deBay—wK ™. In
show all the results in Figs. 14, 15, 16, 17, and 18, wherghis later case, we observe a strong disagreement between all
branching ratios are plotted as a functionl\tﬁ‘ff for models  of them since they provide experimental data in a range from
(1) and (2)[different form factors are used in models (1) 0.1X 10 ® to 12.8<10°©. Finally, it is evident that numeri-
and (2)]. Bytaking experimental data from CLEO, BABAR cal results are very sensitive to uncertainties coming from the
experimental data and from the factorization approach ap-

—_
(=)
»
—_

=

I
-
P

FIG. 14. Branching ratio foB™— p°K™ for models(1) [(2)],
k2/m§:0.3 and limiting values of the CKM matrix elements. The  FIG. 15. Branching ratio foB*— p*K°, for models(1) [(2)],
solid line (dotted ling is for model (1) and maxmin) CKM matrix k2/m§=0.3 and limiting values of the CKM matrix elements. Solid
elements. Dot-dashed lin@ot-dot-dashed lineis for model (2) line (dotted ling is for model (1) and maxXmin) CKM matrix
and max(min) CKM matrix elements. The notation is as follows: elements. Dot-dashed lin@lot-dot-dashed lineis for model (2)
horizontal dotted line: CLEO data; dashed line: BABAR data; dot-and max(min) CKM matrix elements. Same notation as in Fig. 14,
dashed line: BELLE data. but only experimental upper limits are available.
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FIG. 16. Branching ratio foB°— p=K¥, for models(1) [(2)], . . . .
k2/m2=0.3 and limiting values of the CKM matrix elements. Solid _ FIG. 18. Branching ratio foB™— K™, for models(1) [(2)],
line (dotted ling is for model (1) and maxmin) CKM matrix k?/m3=0.3 and limiting values of the CKM matrix elements. Solid
elements. Dot-dashed lin@ot-dot-dashed lineis for model (2)  line (dotted ling is for model (1) and maxmin) CKM matrix

and max(min) CKM matrix elements. Same notation as in Fig. 14. €lements. Dot-dashed linglot-dot-dashed lineis for model (2)
and max(min) CKM matrix elements. Same notation as in Fig. 14.

plied to calculate hadronic matrix elements in tBe-K . _ . _ .
transition. Moreover, foB_>pK, the data are less numerous tions are still consistent with the eXperlmental data for all
than forB— pr, SO we cannot expect to get a very accuratemodels, for a large range &'’ In this case, the numerical

range ongff. results for models (1) and (2) are very close to each other
For the branching rati®~ — p°K= (Fig. 14 we found a and we need new data to constrain our calculations.
large range of values M¢'" and CKM matrix elements over  If we consider our results for the branching raf

which the theoretical results are consistent with experimentat~p~ K™ (plotted in Fig. 1, there is agreement between the
data from CLEO, BABAR and BELLE. Each of the models, €xperimental results from CLEO and BELL(Bo data from
(1), (2), (3), (4 and (5), gives an allowed range dfi¢'". BABAR) and our theoretical predictions at very low values
. eff .
Even though strong differences appear between the tw8f Nc ' and the CKM matrix elements. All the mode($),
classes of models, because of the different used form factor&). (3), (4) and (5) give branching values within the range
we are not able to draw strong conclusions about the depe®f branching ratio measurementsNE'" is less than 0.07.
dence on the form factors. For the branching raio The tiny difference observed between models (1) and (2)
—p*K® (Fig. 15, BELLE gives only an upper branching comes from the form factoh,(k?) [whereAq(k?) refers to
ratio limit whereas BABAR and CLEO do not. Our predic- the B to p transition taken akzzmﬁ] since in that case the
amplitude computed involves only the form factlg(k?).
For the branching rati®®— p°K° shown in Fig. 17, neither

-5
b I T "._{. SRR CLEO, BABAR nor BELLE give experimental results. Nev-
1.2x 107 g — ertheless, from models (1) an@), it appears that this
r T branching ratio is very sensitive to the magnitude of the form
_1x10°F . factor F;(k?) [in our caseF(k?) is uncertain because,
N o ] =0.360 or 0.762 in models (1) ar{@), respectively since
§ 8x10 | | the tree contribution is only proportional ;. Moreover,
) 6x 10 _ from the range of allowed values Nﬁ”, we can estimate
& L . the upper limit of this branching ratio to be of the order 20
4x10° — X108, Finally, we focus on the branching ratiB*
& g — wK™* which is plotted in Fig. 18 for models (1) arf@).
2x10° B We find that both the experimental and theoretical results are
I b ] in agreement for a large range of valuesNff''. But, the

06 08 1 12 14 16 1.8 2 22 24 26 28 3 models (1) and (2) do not give similar results because the

off form factorF,, applied in these models, is very different in

¢ both cases. Moreover, the dependence of the branching ratio
FIG. 17. Branching ratio foB°— p°K°, for models(1) [(2)],  ©On the CKM parameterg and » indicates that it would be

k%/m2=0.3 and limiting values of the CKM matrix elements. Solid Possible to strongly constrajm and 7 with a very accurate

line (dotted ling is for model (1) and maxmin) CKM matrix ~ €xperimental measurement for the de@y— oK™ .

elements. Dot-dashed lin@lot-dot-dashed lineis for model (2) To remove systematic errors in branching ratios given by

and max(min) CKM matrix elements. the B factories, we look at the ratidR, between the two
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6 TABLE VIII. Best range of N¢'" determined for k?/mZ
55 - =0.3(0.5) and foB— pK decays(uppe). Also range ofNE" de-
. 5 _ termined previously foB— pm decayq39] (updategl. Finally glo-
01:- a5E ] bal range ofNE'" from both B decays(lowe).
o 4r 71 B-pK {NE™)
& 3 7
8 3 ] model (1) 0.66;2.6®.61;2.68
N o5k 1 model (2) 1.17;2.84..09;2.82
% . ] maximum range 0.66;2.84.61;2.82
O‘E 15 N minimum range 1.17;2.68.09;2.68
g 1 :_ _: eff
0.5 3 B—pm {NE™
0 model (2) 1.09;1.6@.12;1.77
model (4) 1.10;1.68.11;1.80
NCeff maximum range 1.09;1.68.11;1.80
minimum range 1.10;1.63.12;1.77
FIG. 19. The ratio of twgpK branching ratios versus®'" for
models(1) [(2)] and for limiting values of the CKM matrix ele- Global range {Ngff}
ments: solid line(dotted ling is for model (1) with max(min)
CKM matrix elements. Dot-dashed liridot-dot-dashed lineis for global maximum range 0.66;2.8161;2.82
model (2) with maxmin) CKM matrix elements. Same notation as global minimum range 1.17;1.6B12;1.77
in Fig. 14.

be in the following range: 0.66(0.68)N°'<2.84(2.82),
where the values outside and inside brackets correspond to
the choicek?/m2=0.3(0.5). Finally, if we take into account
ywe allowed range oN¢'" determined for decays such Bs
—pm andB— pK we find a minimum global allowed range

of N&'" which should be in the range 1.17(1.%2N¢'f
<1.63(1.77).

following branching ratios: BRB’—p~“K*) and BRB™
—pPK¥). The ratio is plotted in Fig. 19 as a functionltiﬁff
for models (1) and (2) and for limiting values of the CKM
matrix elements. These results indicate that the ratio is ver
sensitive to botiN¢'" and to the magnitude of the form fac-
tors. The sensitivity increases with the value d§'" and
gives a large difference between modéls (3) and (5) and
models (2) and4). We found that for a definite range of
Nﬁ”, all models investigated give a ratio consistent with the ViI. SUMMARY AND DISCUSSION

experimental data from CLEO. It should be noted tR&t We have studied direcEP violation in decay process
not very sensitive to the CKM matrix elements. Indeed, if wegych asB*0— p°k =0 7+ 7 K= with the inclusion of
only take into account the tree contributiorigjs indepen-  ,_, mixing. When the invariant mass of the" =~ pair is in
dent of the CKM parameteys and ». The difference which — the vicinity of thew resonance, it is found that tH@P vio-
appears comes from the penguin contribution and has to bgting asymmetrya, has a maximuna,,,,. We have also
ta}ken into account in any approach since they are not neg'i‘nvestigated the branching ratid®— p°K°, BO— p*K™,
gible. _ BT p K% B*—p%K*, andB* —wK*. From our theo-

~ We have summarized for each model, each branching rgzgyical results, we make comparisons with experimental data
tio and each set of limiting values of CKM matrix elements, rom the CLEO, BABAR and BELLE Collaborations. We
the allowed range df¢'" within which the experimental data haye applied five phenomenological models in order to show
and numerical results are consistent. To determine the begieir dependence on form factors, CKM matrix elements and
range ofNg"', we have to find some intersection of values ofhe effective parametex®'f in our approach.

NE'" for each model and each set of CKM matrix elements, To calculate theCP Cviolating asymmetry,a, and the

for which the theoretical and experimental results are consissranching ratios, we started from the weak Hamiltonian in
tent. Since the experimental results are not numerous and n@hich the OPE separates hard and soft physical regimes. We
as accurate as one would like, it is more reasonable to fix th@orked in the factorization approximation where the had-
upper and lower limits oNg'" which allow us the maximum  ronic matrix elements are treated in some phenomenological
of agreement between the theoretical and experimental aguark models. The effective parametd’’, was used in
proaches. By using the limiting values of the CKM matrix order to take into account, as well as possible, the non-
elements, we show in Table VIII, the range of allowed valuesactorizable effects involved iBB— pK decays. Although

of NE" with p-w mixing. Even though in our previous study one must have some doubts about factorization, it has been
for B— p, we have restricted ourselves to models (2) andpointed out that it may be quite reliable in energetic weak
(4) rather than model$l), (3) and (5), here we cannot decayg38].

exclude one of the model$), (2), (3), (4) and (5) due to the With the present work, we have explicitly shown that the
lack of accurate experimental data. We find tN&f" should  directCP violating asymmetry is very sensitive to the CKM
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matrix elements, the magnitude of the form factéygk?) —wK*, we made comparison with data from the CLEO
andF,(k?), and also to the effective parametéf’’ (in or-  (mainly), BABAR and BELLE (for B*— wK™) Collabora-

der of increasing dependenc&Ve have determined a range tions. We found that it is possible to have agreement between
for the maximum asymmetnya,,.,, as a function of the the theoretical results and experimental branching ratio data
parameteNS'", the limits of CKM matrix elements and the for B*—p°K™*, B*—p*K® B*—wK™, B—p*K™, and
choice of K/mZ=0.3(0.5). For the deca@’— =" K° R For B%— p°K?, the lack of results does not allow us to

and from all models investigated, we found that the Iargesgraw co_rgclusions. Only an estimation for the upper limit
CP violating asymmetry varies from+37%(+55%) to 20x10 °) has been determined. Nevertheless, we have de-

Z200%(—24%). As regardsB —m'a K-, one gets termined a range of value oNg'', 0.66(0.61)xN;"
+49%(+46%) to  —22%(—25%). For B*?O <2.84(2.82), inside of which the experimental data and the-
.t KO the sign ofa,,,, Stays positive as long as the oretical calculations are consistent. We have to keep in mind
value ofN, is less than 2.7. In both decays, the ratio betweerjat: because of the difficulty in dealing with non-
asymmetry values which are taken at upper and lower limitiactorizable effects associated with final state interactions
(FSI), which are more complex for decays involving an

ing p and » values is mainly governed by the term 1/gint
9r 7 vy y @ quark, we have weakly constrained the range of value of
eff

appears also that the dire€t violating asymmetry is very
sensitive to the form factors at high valueshf''. We un- c
derline that without the inclusion gf-w mixing, we would
not have a larg& P violating asymmetrya, sincea is pro-
portional to both si andr. We found a critical point for
which siné reaches the value-1, but at the same time,
becomes very tiny. We emphazise that the advantage wof
mixing is the large strong phase difference which varies ex
tremely rapidly near the resonance. In our calculations, we
found that forB*°— 7" 7~ K=, the sign of sindis positive
until N¢'" reaches 2.69(2.65) whed/m2=0.3(0.5). Then,
by measuring for values ofNE'" lower than the limits given
above,'we'can remove the phase uncertainty mddg the ACKNOWLEDGMENTS
determination of the CKM angle.

As regards theoretical results for the branching ratios This work was supported in part by the Australian Re-
B*—pK*, B*—=p~K® B°—p“K*, B%—p°® andB=  search Council and the University of Adelaide.

From theCP violating asymmetry and the branching ra-
tios, we expect to determine the CKM matrix elements. In
order to reach our aim, all uncertainties in our calculations
have to be decreased: the transition form factorsBfesp
andB—K have to be well determined and non-factorizable
effects have to be treated in the future by using generalized
QCD factorization. Moreover, we strongly need more numer-
ous and accurate experimental datéBir pK decays if we
want to understand dire€ P violation in B decays better.
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