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The decays oB mesons to a pair of charmless pseudosd@amesons are analyzed within a framework of
flavor SU3). Symmetry breaking is taken into account in tt@eamplitudes through ratios of decay constants;
exact SU3) is assumed elsewhere. Acceptable fit8te w7 andB— K= branching ratios an€P asymme-
tries are obtained with tree, color-suppress€q, (penguin @), and electroweak penguitPg,,) amplitudes.
Crucial additional terms for describing processes involvingnd ' include a large flavor-singlet penguin
amplitude(S) as proposed earlier and a penguin amplitBgeassociated with intermediatendu quarks. For
theB"™ — 7" ' mode a terng,, associated with intermediat@ndu quarks also may be needed. Values of the
weak phasey are obtained consistent with an earlier analysi8e$ VP decays, wher&/ denotes a vector
meson, and with other analyses of CKM parameters.
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I. INTRODUCTION VP modes and that from fits to CKM parametg8$ based on
other measurements. It is therefore of great interest to see if
A central objective of the study @& meson decays is to the PP modes give a consistent result.

help determine the phases and magnitudes of Cabibbo- In the present analysis, we take flavor (SUsymmetry
Kobayashi-MaskawdCKM) matrix elements, through the [4-10] as a working hypothesis. Motivated by factorization
measurement of branching ratios a@®-violating observ-  in tree-level amplitudes, we take symmetry breaking due to
ables. It is important to have accurate and self-consistertecay constant differences into account in these amplitudes
information on CKM matrix elements if they are ever to be when relating strangeness-conserving and strange-changing
compared with fundamental theories predicting them. Atprocesses.We leave the issue of( $symmetry breaking in

present no _such theories _exist. A.further objective is to Iear enguin-type amplitudes to experimental data. As a test, one
about possible new physics at higher mass scales, affecti n compare theB* —a+K® mode (involving purely a

rare B decays by giving observables that appear to be incon: . : o n
sistent with others. One wishes to know whether there argtrarlgﬁon ess-chan%mg ?EOD penguin a.mph}u.mh theB
any sources ofCP violation other than the phases in the ~K K~ and B"—K°K™ modes (involving purely
CKM matrix first proposed by Kobayashi and Maskajga  Strangeness-conserving QCD penguin amplitudés the
CharmlessB meson decays, many of whose branchinglimit of flavor SU(3) symmetry, they should differ by a ratio
ratios andCP asymmetrieCPAS) have been measured to of CKM factors,V s/Vq. If penguin amplitudes,, asso-
good accuracy, are an interesting and useful set of modesiated with intermediaté and u quarks are important, the
Following the method presented in REZ] for B decays into  predictions for these modes will be affected.
a vector mesorV) and a pseudoscalar mesdn)( we ana- We find acceptable fits tB— 77 andB— 7K branching
lyze observables i decays into two pseudoscalar mesonsratios andCP asymmetries with a combination of tree, color-
(B— PP decay$in the present paper. From the results of fitssuppressed §), penguin @), and electroweak penguin
involving a small set of invariant amplitudes, one can extrac{Pgy) amplitudes. In contrast to an earlier analysisBof
information about the parameters in theory, compare with— PP decayq11], in order to describe these decays we must
other known constraints, and predict as-yet-unreported okintroduce a rather large value [@/T| and a non-trivial rela-
servables. In particular, the amplitudes contributing to two-ive phase betwee@ andT. A large |C/T| value could im-
body hadronic charmlesB decays involve only one non- prove agreement between the QCD factorization approach
trivial weak phasey within the standard moddlSM). In a  and experimen{t12]. Our conclusion is driven in part by the
previous analysis oB—VP decays[2], we found good large branching ratio forB°— #%#° reported recently
agreement between the favored rangeydfom a fit to the  [13,14.
The data on processes involvimgand ' also have made
some progress since our earlier analydis]. Crucial addi-
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with our earlier analysis oB— VP decayq 2]. Other robust
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where the capital letters denote the leading-order contribu-

aspects of our fit include the magnitude of the strangenessions [7—-9,15 while Pg,, and PS,, are respectively color-
changing penguin amplitude, the strong phase of the tretavored and color-suppressed electroweak penguin ampli-

amplitude relative to the penguin-(20°—-30°), the size of

tudes[8]. We shall neglect smaller terni&9,2Q] PEg,y, and

electroweak penguin contributions, the correlation of a largeP Ac,, [(y,Z)-exchange and ¥,Z)-direct-channel elec-

direct CP asymmetry inB°— 7" 7~ with a small one in

troweak penguin amplitudgésWe shall denote\S=0 tran-

B°— K™, the correct prediction of signs and magnitudessitions by unprimed quantities ajdS|=1 transitions by
of all other measured dire€@P asymmetries as well, and a primed quantities. The hierarchy of these amplitudes can be

fairly large negative value of the time-depend€@R asym-

found in Ref.[21]. By writing QCD and flavor-singlet pen-

metry paramete, .. Some other aspects of the fit are lessguin amplitudes a®®—P,, and S—S,,, we adopt the so-
likely to remain unchanged in the face of further data; wecalled c-quark convention, in which the heavy top quark is

shall comment on them in due course.

integrated out from the theory. For penguin-type amplitudes,

We review our conventions for the quark content of pseue use the unitarity relation, Vg + Vi Vet Vi Vig=0 to
doscalar mesons and topological amplitudes in Sec. Il. Exremove any top quark dependence. MgV 4 term of the
perimental data and topological decompositions of decayyy quark mediated penguin amplitude is combined with the
amplitudes are presented in Sec. lll. In Sec. IV we enumeratgp quark mediated penguin amplitude to fofy, or S, .

the data that will be used in ow? fit. Two fits to 777 and

Similarly, the V§ V.4 term is united with the charm quark

mK observables are presented in Sec. V, while modes with 4 giated penguin amplitude in@or S As a consequence,
or ' in the final state are included in Sec. VI. We commentipq strangeness-conserving and S and strangeness-

on robust and less-stable aspects of the fits in Sec. VII. Baser,q]anging P’ and S

penguin amplitudes have real weak

upon our fitting results, we discuss our predictions for as'yetphases in our discussions. The relation betweerctpeark
unreported modes in Sec. VIIl. Comparisons with other re<onvention and the-quark convention, where the quark

cent approachee.g., Refs[12,16-18) are pursued in Sec. gependence is removed instead, can be found in, e.g., Ref.

IX. We summarize our findings in Sec. X.

II. NOTATION

Our quark content and phase conventifn®] are:

Bottom mesonsB°=db, B°=bd, B*=ub, B~ = —bu,
Bs=sb, B=bs;

Charmed mesonsD%=—cu, D°=uc, D" =cd, D~
=dc, D =cs, D; =s¢;

Pseudoscalar mesonsz*=ud, =°= (da— uU)/\/E,
7 =-du, K*'=us, KO%=ds, K%=sd, K =-su,
n=(ss—uu—dd)/\3, »'=(uu+dd+2ss)/6.

The » and %’ correspond to octet-singlet mixtures

7= 1gC0SOy— 71SiN6y, 71’ = ngsSinfy+ n,C0Sh;,

D

with 6= sin 1(1/3)=19.5°.

In the present approximation there are seven types of am-
plitudes: a “tree” contributiont; a “color-suppressed” con-

tribution ¢; a “penguin” contributionp; a “singlet penguin”

contributions, in which a color-singleqapair produced by

two or more gluons or by & or y forms anSU(3) singlet
state; an “exchange” contributios, an “annihilation” con-
tribution a, and a “penguin annihilation” contributiopa.

[23].
The partial decay width of two-bodg decays is

Pc
I'(B—=M{M,)=
( 1 2) 87Tm2

B

|A(B—M;M,)|?, (3

wherep, is the momentum of the final state meson in the rest
frame ofB, mg is theB meson mass, and; andM, can be
either pseudoscalar or vector mesons. Using(Bxj.one can
extract the invariant amplitude of each decay mode from its
experimentally measured branching ratio. To relate partial
widths to branching ratios, we use the world-average life-
times 7" =(1.653-0.014) ps and°=(1.534+0.013) ps
computed by the LEPBOSC groU22]. Unless otherwise
indicated, for each branching ratio quoted we imply the av-
erage of a process and i@&P-conjugate.

IIl. AMPLITUDE DECOMPOSITIONS
AND EXPERIMENTAL RATES

The experimental branching ratios af@P asymmetries
on which our analysis is based are listed in Tables | and II.
Contributions from the CLEQ24-27, BaBar[13,28-31,
and Belle[14,36,38—4%Collaborations are includdd7]. In
order to implement upper bounds in a consistent manner we
have computed our own experimental averages Bdr

These amplitudes contain both the leading-order and elec-, -+, andB%— ;K°. These two modes were observed by
troweak penguin contributions, and appear in the indepengaar with a significance of 3.4 and 3.3 standard deviations,

dent combinations

t=T+PE&y, c=C+Pgy,

1. 1
P=P—=Pw=3Pew, $=S-Su— 3 Pew,

a=A, et+pa=E+PA, (2

respectively.

We list theoretical predictions and averaged experimental
amplitudes for charmlesB— PP decays involvingAS=0
transitions in Table Il and those involving\S|=1 transi-
tions in Table IV. Theoretical predictions are shown in terms
of topological amplitudeg, ¢, p and s while e, a and pa
contributions are neglected. They are expected to be
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TABLE |. Experimental branching ratios of selectA&=0 decays oB mesonsCP-averaged branching ratios are quoted in units of
10" . Numbers in parentheses are upper bounds at 90% C.L. References are given in square brackets. Additional lines, if ar§Pgive the
asymmetryA:p (second lingor (S,.A) (second and third linggor charged or neutral modes, respectively. The error in the average includes
the scale facto6 when this number is shown in parentheses.

Mode CLEO BaBar Belle Average
B*— A 46" 1808 24] 5.5 §9+0.6[28] 5.0+1.2+0.5[14] 5.2+0.8
- —0.03°318+0.02[28] —0.14+0.24° 333 [38] —-0.07+0.14
K KO <3.3[24] 1.1+0.75' 514 < 2.5) [29] <3.3[14] <25
mty 1.2"28 (<5.7)[25] 5.3+1.0+0.3[30] 5.4°29+0.6[39] 4.9+0.9
- ~0.44+0.18+0.01[30] - —~0.44+0.18
g 1.0°38 (<12) [25] 2.7+1.2+0.3 (<4.5) [30] <7 [40] 2.4+1.1 (<4.5)
BO— mtar 45775705 [24] 4.7+0.6+0.2[31] 4.4+0.6+0.3[14] 4.6x0.4
- —0.40+0.22+0.03 —1.00+0.21+0.07 —0.70+0.30(S=1.97)
0.19+0.19+0.05 0.58+0.15+0.07 0.42+0.19(S=1.52
[32] [41]
w00 <4.4[24] 2.1+0.6+0.3[13] 1.7+0.6+0.2[14] 1.9+0.5
KK~ <0.8[24] <0.6[31] <0.7[14] <0.6
KOK© <3.3[24] 0.6"91+0.1 (<1.8) [29] <1.5[14] <15
oy 0.0°98 (<2.9) [25] 0.7°33+0.3 (<2.5) [33] - <25
w0y’ 0.0" 58 (<5.7) [25] 1.0°}4+0.8 (<3.7)[33] - <3.7
7 <18[27] -0.9'1%+0.7 (<2.8) [34] - <28
' <27[27 0.6°21+1.1 (<4.6) [34] - <4.6
77 <47[27] 1.7°58+0.6 (<10) [34] - <10

1/my-suppressed relative to tree and penguin amplitudes The =" 7~ decay involves thé and p amplitudes with
[48]. A suppression factor proportional fg/m, was sug- different weak phases. Time-dependent CPA's have been ob-
gested in{7,8]. Future measurements of tB8—~K K~ de-  served by both BaBar and Belle groups. Thus, this mode
cay mode which only receives contributions from exchangerovide three data points.
and penguin annihilation diagrams will test this suppression The #%#° decay involving thec and p amplitudes only
[49]. provides one data point because no CPA has been measured
yet.
IV. x2 FIT AND DATA POINTS The 7*K° decay involving only thep’ amplitude pro-
) . vides two data points, although no significant CPA is ex-

We define forn experimental observable§=AX; and  hected. This mode plays a dominant role in constraining the

the corresponding theoretical predlctl(mg, magnitude of the®’ amplitude.

The 7°K™* decay involving the’, t’, andc’ amplitudes

2_ 2 i [ @ provides two data points.
X =1\ AX The 7~ K™ decay involving thep’ andt’ amplitudes pro-
vides two data points.
The data points are the branching ratios and @Gffeasym- The 7°K° decay involves thep’ and ¢’ amplitudes.

metries. We write the corresponding theoretical predictiongime-dependent CPAs have been reported by the BaBar

in terms of topological amplitudes and extract their magni-group. Thus, this mode provides three data points.

tudes, weak phases and strong phases by minimiging Successful SUB) fits to modes with ary or " in the
Tables | and Il contain a total of 26 data points, includingfinal state require amplitudes beyond those mandated by the

9 observables from S=0 decays and 17 frofaS|=1 de- &7 and wK fits. A common feature of these modes, for

cays. The modes involvingr and K consist of the fol- example, is that they involve a flavor singlet amplituger

lowing 15 pieces of data: s’. Moreover, uncertainties iy and " wave functions and
The =" 7% decay involving thet and ¢ amplitudes pro- possible SUB) breaking effects can affect such ffts2], so

vides two data points. Since both amplitudes have the samae list these 11 data points separately:

weak phase except for a small contribution from EWP, no The 7+ % mode involving the combinatioh+c+2p+s

significant CPA is expected. provides two data points.
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TABLE Il. Same as Table | fofAS|=1 decays oB mesons.
Mode CLEO BaBar Belle Average
B*—  aTKO° 18.8" 37721 24] 22.3+1.7+1.1[29] 22.0+1.9+1.1[14] 21.8+1.4
0.18+0.24+0.02[26] —0.05+0.08+0.01[29] 0.07° 308" 593 [42] 0.02+0.06
mOK* 12.9°55" 17 [24] 12.81%+1.0[28] 12.0-1.3753[14] 12.5+1.0
—0.29+0.23+0.02[26] —0.09+0.09+0.01[28] 0.23+0.11°333[38] 0.00+0.12 (S=1.79)
7K+ 2.2"28(<6.9) [25] 3.4+0.8+0.2[30] 5.3 18+0.6[39] 3.7+0.7
- —0.52+0.24+0.01[30] - —-0.52+0.24
7' K" 8072+ 7 [25] 76.9+3.5+4.4[35] 78+6+9 [43] 77.6+4.6
0.03+0.12+0.02[26] 0.037+0.045+0.011[35]  —0.015+0.070+ 0.009[44] 0.02+0.04
B~  a# K* 18.0° 53" 1-2124] 17.9+0.9+0.7[31] 18.5+1.0+0.7 [14] 18.2+0.8
—0.04+0.16+0.02[26] —0.107+0.041+0.013[36] —0.088+0.035+0.018[36] —0.09+0.03
wOK° 12.8°55 17 [24] 11.4+1.7+0.8[29] 11.7+2.3°13[14] 11.7+1.4
- 0.48"038+0.06 0.48+0.42
{—0.40*8;§§+ 0.09 [ —0.40+0.29
[37]
KO 0.0"32(<9.3) [25] 2.9+1.0+0.2 (<5.2) [30] <12[45] 2.5+1.0 (S=1.08)(<5.2)
7'K° 89" 18+ 9 [25] 60.6+5.6+4.6[35] 68+10"3 [43] 65.2+6.2 (S=1.03)
- 0.02+0.34+0.03 0.43+0.27+0.05 0.27+0.21
[—O.lOt 0.22+0.04 —0.01+0.16+0.04 { —0.04+0.13

[35]

[46]

The 7% 7%’ mode involving the combinationn+c+2p

+4s provides one data point.

The »K* mode involving the combinatiors’ +t’+c¢’
provides two data points. Note that it does not contdinall

P =—|P|. ®

The phase convention is such that zero strong phas€s®f
and P, amplitudes correspond to these amplitudes having a

three contributing a}mp_l?tudes are comparable in si_ze. Onghase ofy with respect to the penguin-type amplituée
generally expects significant CPA as a result of the interfernote thats. is defined as a relative strong phase between the

ence between tree-level and penguin-loop diagrams.

The »K® mode involving the
vides one data point.

The »’K* mode involving the combination 8 +4s’
+t'+c¢’ provides two data points.

The 'K°

combinatios’ +c¢’ pro-

C and T amplitudes. The extra minus signs fBf comes
from the relative weak phase betweenP’=(V s/V.q)P

and P amplitudes.

CP-averaged branching ratio and time-dependent CPA’s.

V. x2 FIT TO # AND

7K MODES

To avoid complication from uncertainties in the flavor-
singlet amplitudes, wave functions gfand »’, and associ-
ated SU3) breaking effects, we first fit the fifteer and
7K data points. A study restricted ®— K7 decays based
on similar assumptions was carried out in REE]. Guided
by the relative importance of strangeness-conserving and
strangeness-changing transitions, we chobs€, P’, and

P,, as our parameters.

We further fix the strong phase convention to be

T:|T|ei(5T+7),
C= |C|ei(5-|—+ﬁc+y),

Pw= | F)tulei((SP‘“Jr y),

The expressions for th&', C’, Py,

¢ ] . ] obtained from the above equations taking into account the
mode provides three data points, including thefg|iowing ratios

!

P, and Pgyy are

T Vi f N
o us K X _0.281 9
T Vwfs 1-2\22f1;
C, Pt’u VUS
— =Mt ~0.230, 10)
C Py Vur 122 (
P Pew V

_EW_ ed_ ~-0.230, (11)

;_ PI’EW Vcs_ - 1-\?/2

where\ =0.224[51]. Therefore, a major S@3) breaking ef-

©)

fect from the decay constant difference is included for tree-

type diagrams. No such effect is considered for penguin-type

(6)

amplitudes because we do not expect factorization to work in

such cases. The rat®g\/Pgy=Vcq/Ves is being used for

@)
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TABLE IIl. Summary of predicted contributions tdS=0 decays ofB mesons to two pseudoscalars.
Amplitude magnitude$AeXp| extracted from experiments are quoted in units of eV.

Mode Amplitudes p. (GeV) |Aexd &
+ +.0 1
BT mtm _7(”0) 2.636 23.41.7
2
K*KO p 2.593 <16.4
1
oty ——(t+Cc+2p+s 2.609 22920
ﬁ( p+s)
mty i(t+c+ 2p+4s) 2.551 16.2-3.8 (<22.2)
J6
B°— atr —(t+p) 2.636 22.81.1
00 _i(c_p) 2.636 14.7-1.8
V2
KK~ —(e+pa) 2.593 <8.3
KOK© p 2.592 <132
O ~ L 2p+s) 2.610 <17.0
6
0, 1
T E(p-i_ 2s) 2.551 <20.9
2
, 2
nn _g(cﬂﬁgs) 2.522 <23.4
n'n' ! (c+p+4as) 2.460 <35.0
— C S . .
3\2 P

4 Aqxg is defined by Eq(3) as an amplitude related to@P-averaged branching ratio quoted in Table I.

Pew/Pew= Viq/Vys (to express t-quark dominance of EWP T=T-P,, (15)
amplitudeg does not affect the results in any significant way.
We explore two approaches to fittingm and =K data
points. One of thenffit Il') uses Eqs(2) for the topological

amplitudest, ¢ andp:

C=C+Py,. (16)

By writing topological amplitudeg c andp in terms ofT, C

t=T+PS,, (12 andPas
c=C+Pgy, (13) t=T+Pgw, (17)
1 c=C+Pgw, 18
pP=P—Py— §P(E:W' (14) =W 18
Using these three equations, we can write the amplitude for p=P-— §PEW, (19
any 7 or wK decay mode in Tables Ill and IV in terms of
9 parameters: weak phasg topological amplitudedT|, e still get the correct expressions f&—mm and B

IC, [Py, and|P’|, strong phasesr, dc, anddp , anda _, ;K decay amplitudes, except f@* — =" K® and B*
parameteg,. The latter relates EW penguins to tree-level — 7K *. In these two cases the resulting expressions differ
diagrams and will be defined below. from the correct ones by By, term. Compared to the domi-

In the other approactffit I) we use the fact tha®,, has  nant QCD penguin amplitude’, this term is expected to be
the same weak factors as tree-level amplitufi@sndC. This  small. Thus, fit | gives a good description Bf— 77 and
allows us to absorb thB,, penguin into redefined andC B— 7K modes in terms of redefined tree-level amplitudes.
amplitudes: The advantage of this approach is a smaller number of fit
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TABLE IV. Same as Table 11l fofAS|=1 decays oB mesons.

Mode Amplitudes p. (GeV) |Aexd
B*— m KO p’ 2.614 48.21.6
1
7oK * —(p'+t'+c)) 2.615 36.61.5
V2
7K+ —Tlg(s’+t’+c’) 2.588 19.¢1.9
, 1
n'K* %(3p’+43’+t’+c') 2.528 92.5-2.7
B°— 7 K* —(p'+t") 2.615 45.7-1.0
1
7K° —(p'—c") 2.614 36.6:2.2
V2
7K° - Jl_(s,%,) 2.587 17.@3.5 (<24.6)
3
, 1
7'KO %(3pf+4s/+cf) 2.528 88.004.2

parameters as bottP,,| and its strong phasép are ab- and then negled® &, which is expected to be the smaller

sorbed intoT andC. Just 7 fit parameters are used in fit I: Of the two to obtain

weak phasey, amplitudesT|, |C|, and|P’|, strong phases , o

&+ and g, and thesg,y parameter. Pew=—0ew(T'+C')e" "
A relation between the EWP amplitudes and the tree-type

, . . ; - _ T @i 67 L | B | @l (57F 80)
diagrams has been found in R¢62] using Fierz transfor- Seud | T'[€"T+[Cr[ero0)). (24)
mation to relate EWP operators with tree-level operators. Ex- ) o i
plicitly, we have the relations This relation forPg,, was used in fit | whileP’ g, was set to

zero.
PLy— — ST e 7= — 8y |T'|el o1 (20) The fitting parameters of both fits are shown in the col-

umns for fit | and fit Il in Table V. An unusually large

|C/T|~1.4 ratio predicted by fit | is an indication of large
|P.l [17], destructive interference betwe@nand P, con-

tributions to the redefined tree amplitufieand constructive
where both the color-allowed and color-suppressed EWP am- p' .e ~
interference betwee@ and Py, contributions toC. Indeed,

Stlgl;]?es have approximately the same proportionality Confit Il which separated,,, and tree-level amplitudes predicts

|Piu|=14.9 and a much more reasonaf T|=0.46 ratio.
Fits | and Il represent a completely satisfactory descrip-

tion of B— 77 and B— 7K decay modes. The branching

_ _ _ ratio for B°— 7°K? is predicted to be about la7below the
These relations determine both the magnitudes and phases @served value, while that f@* — 7°K* is predicted to be

the EW penguin amplitudes. Their weak phases are equal oyt 1.1 below experiment. These deviations could be
the weak phase d?’, i.e. to— . They appear as the minus pints of new physicg17,53, or simply due to underesti-
signs in Eqs.(20) and (21). We do not use Eq(22) as @  mates of neutral-pion detection efficienci&g]. The predic-
constraint in our fit, but simply uségy as a fit parameter tjons are shown in the columns for fits | and Il in Tables VI
and check whether it comes out within the expected boundng vi1. Uncertainties for all predictions have been esti-
Equations(20) and (21) were incorporated into fit Il but  mated by scanning the parameter space and studying the pa-

fit I only employs redefined’ and C’ that cannot be di- rameter sets that led t¢? values no more than 1 unit above
rectly related to the EW penguin amplitudes. Instead, wehe minimum. The spread in predictions corresponding to

PrEw=—ewC'e 7=~ 5gy|C'|€/Tr %), (21

write those parameter sets has determined the uncertainties in pre-
dictions. The same method was used in an earlier analysis of
PiwtPewC=—8e(T'+C")e 'Y B— VP decayq2].
The confidence level of fit Il is slightly lower than in fit |
=—Sew(T'+Ce 7 (23)  because two new parametefB(,| and its strong phasép )
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TABLE V. Comparison of parameters extracted in fits to branching ratiosGihdsymmetries under
various assumptions. Values of the topological amplitudes are quoted in units of eV. The fit | column shows

values forT andC and their strong phases in placeToandC amplitudes and phases. Probabilities are those

for x? to exceed the value shown for the indicated number of degrees of freedom.

Quantity Fit tomm, 7K Global fit
Fit | Fit I Fit 111 Fit IV

y (6173)° (65°3)° (66°19° (543)°
IT| 16.1729 30.4" 35" 27.5+3.2 27.4 72
o1 (3473)° (17°%° (25+9)° (34°1)°
IC| 22.9"33 13.9'32 19.2°32 24.3"89
Sc (—69°3)° (—94°5)° (—9451)° (—1033)°
P’ 48.2°93 47.7°58 47.7+0.9 47.8'9%
Pl 0 (input) 14.97340 11.2+3.4 12.3°,7
Sp,, 0 (input) (3729° (21+16)° (377 1)°
|S'] 0 (input) 0 (input) 32.1°33 32.4°29
s 0 (input) 0 (input) (—69'3Y° (—7039°
1Sl 0 (input) 0 (input) 0 (input) 5.7°3%
35, 0 (input) 0 (input 0 (input (—61°3)°
Sew 0.55'033 042539 0.47°535 06203
Fit properties:
x*/DOF 7.34/18 6.97/6 18.06/15 15.95/13
C.L. (%) 50 32 26 25
Derived quantities:
[Pew 4.5'3% 36553 3.6°%3 4.8'53
|P"enC| 0 (input) 1.3°33 2.1°1% 3.4°3%
|C/T| 1.43°3%9 0.46" 3 0.70+0.16 0.89-0.21

have been added without a corresponding improvement in Finally, since there is no reason to exclude such a term,
the x? value. The dependence gf on the weak phasg in  we include a contribution from a singlet-penguin amplitude
fits I and Il is shown as the dotted and dash-dotted curvess,, associated with intermediat@andu quarks, consisting of
respectively, in Fig. 1. a parametelS,,| and its associated strong phase :

VI. INCLUSION OF MODES WITH 5 AND #’ S[u=|S[u|ei(55w+ ) (27)
To enlarge the fit and discussion to decays involvingr
n' in the final state, we include an additional singlet ampli- S, Vs A

tude. It is represented by —=—=———=0.230. 28)

_ Su Vud 1-N\?%2 (
S'=—|S'|e'%, (25
which gives two more fitting parameters. The relation be-ThIS exercise is denoted by fit |V. The sole improvement

; ; ; ; + + 1
tweenS andS’ is the same as the one betweemnd P’ ywth regpect to fit 11l is a better fit to thB™ — 7 U branch-
ing ratio, as shown in Table VI. The tree amplitudd ex-

\ tracted from both fit Il and fit IV is in agreement with the
=—0.230. (26)  estimate obtained from a recent application of factorization
[55] to the spectrum irB— alv [56], which yields 24.4
+3.8 eV.

Both fit 11l and fit IV represent a good description Bf
— PP decay modes, including those withor " in the final

S B Vg 3
S Vs 1-\?/2

The importance of th&' amplitude has been discussed in
Refs.[11,15,2] mainly to account for the large branching

ratios of the’?,K mode_s. Moreover, we include the param- giate. The only problematic data points are the branching
eter P,, and its associated strong pha&,em. The penguin ratio for B°— 7°K° which is predicted to be about 17
contribution Py, is apparently required by our fits to decay pelow the observed value and the mixing-induced asymme-
modes involvingn and »’. For instance, iB"—x"7()  try S(5'K° with the prediction &sin28) at about 2.&

the P, contribution is of the same order as the other termsabove the experimental value. The predictions for all other
and cannot be neglected. The results under these assumptiaisserveds and ' modes reproduce experimental values
are given in the column for fit 1l in Table V. Thg? depen-  within their uncertainties. The predictions for as-yet-unseen
dence ony is shown as the dashed curve in Fig. 1. modes are consistent with the current experimental upper
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TABLE VI. Comparison of predicted and experimental branching ratios in units of #0d CP asym-
metries forAS=0 B— PP decays. The predictions of fits | and Il far and ' modes are not reliable and
are given for comparison purposes o asymmetries, when predicted, are displayed on second line for a
decay mode, while asymmetries in curly brack@then showin correspond td (second ling and A (third

line).
Mode Fit to o, mK Global fit Experimental
Fit | Fit 1l Fit 111 Fit IV average
B*—»  a'a® 512938 5.11°9% 511793 5.13"9% 5.2+0.8
—-0.000.00 -0.00-0.00 —0.00+0.00 —0.01+0.00 —0.07+0.14
K*KY  1.14+0.04 1.92°3% 1.39'0%2 1.31°9% <25
mty 7.10_*1;6%%8 1.84t§;§%0 4.09i§;§{12 4.58i§;§%9 4.9+0.9
—-0.07" 508 —0.40°33; -0.39° 917 —0.40° 903 —0.44+0.18
any 3.35,*8;2%8 0.84t8;§§3 4227331 2.95,*8;5%1 2.4+1.1 (<4.5)
N +0. B
—-0.07" 3¢ -0.41337  —-0.10£0.10 —0.0333; -

B—  wta  4580% 4.55' 406 4.58019 4.58 5% 4.6x0.4
-0.79°9%  (-074'9% (-074'0%2 [-0890%  (-0.70+0.30
0.34°3%2 0.33+0.02 |0.31+0.06 [0.30°9%% 0.42+0.19

w00 1.95°33 1.94°319 1.97°333 1.97° 313 1.9+0.5
[0-44+i’:8§ [ 0.57° 9% [ 0.54"0E [ 0.12°G53 [ -
0.52°3% 0.53°35 0.56°31 0.52°3%; -
KOK®  1.06+0.04 1.78"° 398 1.29°332 1.21°3%2 <15
o 0.69+0.02 119355 1.10°33% 0.95" 332 <25
7o' 0.31°3% 0.57° %7 1.34+0.18 1.00° 343 <3.7
7 1.67°58¢ 0.68°3%8 1.54"5:49 1.92°123 <28
' 1.59" 3% 0.66" 253 2.51°3%% 2.16'587 <4.6
7' 0.38" 318 0.16"3% 0.97°31% 0.68+0.32 <10

limits on their branching ratios. The predictions are shown ination in this decay would call that assumption into question,
the columns for fits Ill and IV in Tables VI and VII. The but no such asymmetry has yet been detected.
dependence of? on v in fit IV is shown as the solid curve All fits obtain a much larger value ¢€/T| than the range

in Fig. 1. of 0.08 to 0.37 assumed in RéfL1]. Moreover, all fits(in-
cluding those tor7 and wK modes alongentail a large
VII. STABLE AND LESS-STABLE ASPECTS OF FIT strong relative phasé. between theC and T amplitudes.

The presence of a large color-suppressed amplitude is some-
_ ) ) what of a surprise from the standpoint afpriori calcula-

The value of the weak phageobtained inB— PP datais  tjons such as those in the QCD factorization apprddéh,
consistent with other determinations. All versions of the fitsg4 probably indicates a greater-than-anticipated role for

2 mini ; o

have a localy” minimum in the range 48%y<73° (68%  fina| state rescattering, which can generate such an effective
C.L) allowed by global f'tf to phase; of the CKM matfB amplitude(see alsd58]). Such rescattering may be the rea-
and near the range (63)° obtained in a fit t8— VP data son why the deca’— #x° is more prominent than had

[2]. The vana_thn ofy frof‘” fit to fit is at mos_t about 12 been expected. All our fits now entail a branching ratio for
degdree.sf,] p;qwdmg sorEe idea of the systematic error aSS0Gkis mode of about 2 107 Although the favored values of
ated with this approach. . L .
All fits are comfortable with a relatively large negative some'topologlca}l amplltude(sa.g.,C, Puw) show noticeable
variations from fit to fit, they change together in a correlated

value of S, which is the average of the Babg32] and o
Belle [41] values. Large negativs,. is associated with W&y SO that the predictions for almost all of the modes that
o involve them remain very stable.

larger « and smallery (see, e.g., the plots in Ref&7]). ) .
The magnitudéP’| of the strangeness-changing penguin The strong phaséT of th.e tree amplitudd with respect
amplitude changes very little from fit to fit. It is specified by 0 the penguin amplitud® is found to be non-zero and of
the decayB™— 7" K°, which is expected to receive no other the order of 20° to 30°. It is most likely driven by the need

significant contributions. The presence of any di@Btvio-  to simultaneously describe a large dir@® asymmetry(the

A. Robust aspects
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TABLE VII. Comparison of predicted and experimental branching ratios in units of 2BdCP asym-
metries for]AS|=1 B— PP decays. The predictions of fits | and Il farand ' modes are not reliable and
are given for comparison purposes o asymmetries, when predicted, are displayed on second line for a
decay mode, while asymmetries in curly brack@then showi correspond td (second ling and A (third

line).
Mode Fit to o, mK Global fit Experimental
Fit 1 Fit 1l Fit 1 Fit IV average
B*— 7'K® 217838 22.64 553 22.05 552 22.30°5% 21.8+1.4
0 0.00+0.04 0.03"3%2 0.05' 5.9 0.02+0.06
7Kt 1140754 11.40°3% 11.40°079 11.3508% 12.5£1.0
0.02°553 0.03°3% 0.070.02 0.09" 3% 0.00£0.12
7K+ 0.16" 5% 0.21°39%; 3.44° 388 3.63+0.59 3.70.7
0 -0.1070%  —0415%  —0345% —0.52£0.24
7’K* 293893 30.72° 1% 74.56' 153 75.21° 143 77.6-4.6
0.01+0.01 0.01° 33 0.02+0.01 0.01:0.02 0.02-0.04
B°— m KY  18.90°%%° 18.60° 039 18.89° 343 18.78 048 18.2+0.8
-0.109%  -0.10-0.01 -0.10:0.02 -0.10°3% —0.09+0.03
woKO 9.23°0%" 9.29' 3% 9.23°028 9.32°0%3 11.7+1.4
0.83:0.01 (0.83' 9% 0.83+0.01  (0.83+0.01 [ 0.48+0.42
—011°9% | —0119% [ -01273% | -01173% | -0.40:0.29
7KO 0.07° 5% 0.05" 339 2.66" 350 24938 25+1.0(<5.2)
{—0-59*8:18 [ 0.34°533 [ 0.53°,63 { 0.565,65 [ -
0.60°533 0.85°2 0.02°55; 0.03°553 -
7’K®  27.9398 29.88 133 69.29' 14 69.27° 143 65.26.2

(0.70*8;83

0.04°3%9

0.81°5%2
0.04+0.06

0.74x0.01 0.75° 392 0.27+0.21
0.070.02 0.06" 903 —0.04+0.13

While the electroweak penguin paramet&, was ini-

direct asymmetry iB°— 7~ K*. These quantities are well- tially constrained to lie within the rang@2), we found that
fitted and their predicted values do not differ much amongdeaving it as a free parameter led to results consistent with

the four fits.

FIG. 1. (x®)min, Obtained by minimizing over all remaining fit

~2T |

0

25 50 75 100 125 150 175
7 (degrees)

parameters, as a function of the weak phasd®otted curve: fit [; : )
dash-dotted curve: fit II: dashed curve: fit Ill; solid curve: fit Iv. ments improve through the accumulation of larger data
Vertical dashed lines show the boundaries of the favored 95% corsamples, we expect more such decay modes to emerge.

fidence level range of (39°—80°) from fits to CKM parameters

[3] based on other measurements.

that range except in the cases of fit Il and fit Ill. Thus, our fits
do not favor a large phenomenological EWP amplitude. This
should be contrasted with Refgl7,59 where a different
assignment of weak and strong phases is given in expectation
of new physics contributions. Our fits also do not favor much
deviation of the predicte® oo time-dependent asymmetry
parameter from its predicted standard-model value of
sin(28)=0.74[60].

Once one admits enough parameters into the fits to cor-
rectly describe modes involving and ', the negative di-
rectCP asymmetry irB" — 7" 5 observed by BaBd130] is
correctly reproduced. The possibility that this asymmetry
could be large was first noted in Rg¢b61] and pursued in
Refs.[15]. We predict a similarly large negativeP asym-
metry in B — 7K™, as observed30]. These asymmetries
can be large because no single weak amplitude dominates the
decays. As sensitivities of asymmetece™ collider experi-

The mixing-induced and direct asymmetrig(s;’ K°) and
A(75'K% are predicted to be close to sif2and 0, respec-
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TABLE VIIl. Comparison of observed and predicted dir@® asymmetries for somB— 77 andB— 7K decay modeda) Fit IV; (b)
scenario S4.

Decay Exptl. Present QCDH2] PQCD|[16] Ref. [17]
Mode average worka) Full range Favoredb)
BO—at ™ 0.42+0.19 0.30°303 —-0.07°913 0.10 0.16 to 0.30 Input
Bf—m K* —0.09+0.03 -0.10"5%2 0.04"39% —0.04 —(0.13 to 0.22) -0.14"593
BO— 79K —0.40+0.29 -0.11°3% —0.03+0.04 0.01 - —0.05'3%;

tively. These two values would be expected if tB¥  decay modes i’ and P’ (the gluonic penguin amplitugle

— 5'K% decay amplitude had consisted of just QCD penguininterfere constructively with one another. The QCD factor-
amplitudeP’ and singlet penguin amplitud®’. The inter- ization approach12] finds negligible S’ contribution to
ference of these terms with the much smallgr, P/,, and these decays, explaining their enhancement by means of
Si, amplitudes leads to small deviations from the expectedhonet-symmetry breaking effects as proposed, for example,
values. These deviations are to a large extent determined by Ref.[65], and making use of the constructive interference

the ratio| A¢/Ap| of the terms with the weak factdr},V

(C', P{,, and §/,) and the terms with the weak factor
ViVes (P andS'). |AL/AG| is typically predicted by QCD

factorization and PQCD to be smaller than 0[02,62,63.
Our best conservative estimate|8f-/Ap| is based on fit IV.

We find that the S(B) fit prefers somewhat larger values:
|AL/AL|=0.042" 555 Fit Il (somewhat more stable than fit
More conservative

IV) predicts |AL/Ap|=0.040"33%.
bounds on|AL/A5| and on the asymmetrieS(7'K® and

of non-strange and strange components ofsghén the glu-
onic penguin amplitudg66]. One should also point out that
many other explanations have been proposed for the en-
hancement oB— 7'K modes[63,67]. One also finds the
magnitude ofS’ to be sensitive to small changes in the octet-
singlet mixing inn and 7'.

Predictions for the branching ratio a@P asymmetry in
B*— »K™ depend crucially on the introduction of i
amplitude. Since this amplitude is uncertain in magnitude

A(7'K% were obtained recently in a model-independentand phase, those predictiotathough apparently satisfied

way using flavor S(B) [64].
We have explored the effects of changing thezn’ octet-

should be viewed with caution. The same warning applies to
the modeB" — 7™

singlet mixing angle from its nominal valué=19.5° de- As already noted, the predicted branching ratio Bor
fined in Sec. II. The angl@ assumed a value of 22.0° in fit — " ' is quite sensitive to assumptions, and was the sole
Il with a free mixing angle whiley? of the fit improved by  quantity which could be compared to experiment that led to
just 1.12. With one additional parameter in the fit, this didthe introduction of theS,, term in fit IV. In Ref. [11] we

not result in a better fit quality. Fit IV with a free mixing noted a tight correlation between predicted branching ratios
angle preferredd=20.4°, with the fit quality dropping by andCP asymmetries foB*— =" 7 andB"—x" 5. With

5%. Thus, leaving they—»' mixing angle as a free param- the added possibility of nonzer®,, and S, contributions,
eter, we found variations of only a few degrees and neglithis correlation no longer holds.

gible improvements in fits. The only other prediction whose values are significantly

different in fits Ill and IV is the mixing-induced asymmetry

B. Aspects sensitive to assumptions
The possibility of a largé®,, term in fit Il leads to a wide
range of predicted branching ratios B —K*K® and B
—KOKO. This range is considerably reduced in other fits.

S(7°7%). One should trust the larger values of this quantity
predicted by fits | and Il. These fits tew and wK data
points are not affected by the uncertainties associated #vith
and 7'. Their predictions for the asymmetries iB°

— 797% modes thus are expected to be more reliable.

The magnitude and phase of the singlet penguin ampli- The introduction of theS,, term changes the favored
tudeS’ are probably not well-determined. The two quantitiesvalue of y by a noticeable amount, though still within limits
are correlated, as first pointed out in RgE5] and noted from CKM global fits[3]. As noted, this provides one esti-
further in Ref.[11]. For example, a much smaller magnitude mate of systematic errors associated with analyses of the
of S’ is required to fit the charged and neutBd- 'K present form.

TABLE IX. Comparison of observed and predicted dir&@f® asymmetries for som& decay modes
involving » and . (a) Fit IV; (b) scenario S4.

Decay Exptl. Present QCDH2]

Mode average worka) Full range Favoredb)
Bf—wty —0.44+0.18 —0.40° 553 —0.15+0.20 0.06
Bf—pK* —0.52+0.24 -0.34°0% -0.19°92 0.10
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VIIl. MODES TO BE SEEN These fits now are converging on a preferencesfan the
range preferred by fitE3] to other observables constraining

Several decay modes are predicted to occur at levels ju
KM parameters.

below present upper bounds, and can provide useful con-
straints on the residual uncertainties in our fits. For example,
the decay8 ™ —K "K® andB°— K°K® are predicted to have X. SUMMARY
branching ratios exceeding 19 (somewhat larger than in

Ref. [11]), with the exact value depending on the fit. The

0 0 0 0, H
decay mode8™— " » andB "~ 7" also should be vis- g y3) Acceptable fits toB— 77 and B— K branching

. . 0 ! 1! H
ible at this level. The mode8— (7. 77',7' 7') Will o0 andCP asymmetries were obtained with tree, color-

pobaby eaute more otk e 4o ok iedEion: O5uppressed ) pengun P), and slecione i

0 0 0.0 X - (Pew) amplitudes, but in order to describe processes involv-
and B"— 7K®, with A(7"m )+ exceeding 0.5. A prediction ing » and ' we needed to include a large flavor-singlet
for the branching ratio oK™K™ cannot be made in our

: . . enguin amplitudéS) and a penguin amplitudB,, associ-
approach. The amplitude of this decay mode receives contr gut plitudes) pengu PIUAE w !

b ¢ h q . ihilation di ated with intermediaté and u quarks. For the8* — ot 5’
utions from exchange and penguin anniniiation diagrams,,qe 5 ternt,, associated with intermediateandu quarks
that are neglected in this paper. It is very desirable that

trict i al imit b  for thi de t 3lso was employed.
more strict expenmental upper limit be set Tor tis Mode 10 yys \ware aple to achieve a good fit to the five most sig-

{gstn‘yt thethassumE)ganSBn(;egllg|bll|tydof similar contribu- nificant directCP asymmetries, as noted in Tables VIII and
lons 1o ofher neutral 5=0 decay modes. IX. We found values of the weak phaseroughly consistent

with those obtained earlier in an analysis®f VP decays
IX. COMPARISON WITH OTHER APPROACHES [(y=63+6)°], and with other analysd8§] of CKM param-

The signs of our predicted dire@P asymmetries agree ©ters, for which the 68% confidence level Ii{nit is 48
with those measured experimentally for the five processes i 73°. A global fit without S, gave y=(66"19)°, while
which non-zero asymmetries are reported at greater than trglding S, yielded y=(5473)°. The difference between
20 level. We summarize these and our predictions for thenthese two serves as an estimate of systematic error.
in Tables VIII and IX.(For others, as shown in Tables VI and
VII, negligible asymmetries are predicted, in accord with ob-
servation)

The fact that we agree with all five signs and magnitudes We thank P. Chang, C. Dallapiccola, D. London, S.
is due in part to the flexibility of our S(3) fit, but still Mishima, D. Pirjol, A. I. Sanda, J. G. Smith, and T.
represents a non-trivial consistency in our description ofYoshikawa for helpful discussions. C.-W.C. thanks the hos-
strong phases. We were not able to achieve this consistengjtality of the Particle Physics Theory Group at Cornell Uni-
in Ref.[11]. The same correlation between predicted signs of/ersity during his visit when part of this work was done.
direct asymmetries iB°— 7" 7~ andB°— 7K' occursin  J.L.R. thanks M. Tigner for extending the hospitality of the
all the methods compared in Table VIII. A definite prediction Laboratory for Elementary-Particle Physics at Cornell uni-
of the absolute signs, in accord with experiment, is made iversity during this investigation, and the John Simon
Ref.[16]. Guggenheim Memorial Foundation for partial support. This

Fits toB— P P branching ratios in the various approacheswork was supported in part by the United States Department
which we compare with ourgl2,16—18 are generally ac- of Energy, High Energy Physics Division, through Grant
ceptable, especially when allowance is made for possibl®los. DE-FG02-90ER40560, DE-FG02-95ER40896, and
large penguin amplitudes and color-suppressed contribution$V-31-109-ENG-38.

We have analyzed the decays Bfmesons to a pair of
charmless pseudoscalar mesons within a framework of flavor
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