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The decays oB mesons to a charmless vector)(and pseudoscalaiP) meson are analyzed within a
framework of flavor SU) in which symmetry breaking is taken into account through ratios of decay constants
in tree (T) amplitudes but exact S8) is assumed for color-suppressed and penguin amplitudes. The magni-
tudes and relative phases of tree and penguin amplitudes are extracted from data, the symmetry assumption is
tested, and predictions are made for rates @Rdasymmetries in as-yet-unseen decay modes. A key assump-
tion for which we perform some tests and suggest others is a relation between penguin amplitudes in which the
spectator quark is incorporated into either a pseudoscalar meson or a vector meson. Vajusigybfly
restricting the range currently allowed by fits to other data are favored, but outside this range there remain
acceptable solutions which cannot be excluded solely on the basis of pBese¥iP experiments.
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[. INTRODUCTION and CP asymmetries in as-yet-unseen decay modes.

B meson decays are a rich source of information on fun- Our approach differs from ones involvirgpriori calcu-
damental phases of weak charge-changing couplings, as elations of B— VP decay rates an@ P asymmetries involv-
coded in the Cabibbo-Kobayashi-MaskaW@KM) matrix.  ing QCD and factorization. Factorization was applied to
Decays to charmless final states, many of which occur athese decays in Refel4—17. The QCD factorization meth-
branching ratios exceeding 18 are particularly useful, ods of Refs[18,19 were considered foB— VP decays in
since many of them involve more than one significant quarkRefs.[19—24. Many of these authors were able to fit some
subprocess and thus have the potential for displaying direaata but could not reproduce those processes dominated by
CP asymmetries. To interpret such data one must disenstrangeness-changing penguin amplitudes, which others have
tangle information on CKM(weak phases from strong- argued should be enhancg26-2§. Our method, by con-
interaction final-state phases. trast, relies on assumptions of isospin and®Ulavor sym-

In B— PP decays, wherd is a charmless pseudoscalar metry, provides tests of these assumptions, and is capable of
meson, flavor S(B) symmetries have been employgld-5]  extracting strong final-state phases from data rather than
to extract weak phases in such decaysBds-#" 7~ and needing to predict them. It is similar to the analysisBof
various charge states Bf—K 7 (see, e.g., the recent reviews —p~ 7" andB— p*K™* in Ref.[29] and ofB—K**7* in
of [6] and a recent analys[§] of B—K). The decayB Ref.[30] (which uses extensive data &1-p~ "), but we
— VP, whereV is a charmless vector meson, involve moreare concerned with a wider set Bf—~V P decays.
invariant amplitudes, since one cannot use Bose statistics to The present analysis has considerable sensitivity to the
simplify the decays, in contrast to the case of two spinles€KM phasey. This is driven in part by the pattern of tree-
final pseudoscalars in the same meson multiplet3,8.  penguin interference in a wide variety &— VP decays,
Nonetheless, after the first report of a charmBssVP de-  and in part by the incorporation of time-dependent informa-
cay[9], it became possible to perform such analyses by usingon onB— pr, as has also been noted in Rgf4].
rates andCP asymmetries in some decays to predict others We review notation and conventions for amplitudes in
[8,10-132. Sec. Il. We average currently known experimental rates and

In the present paper, following upon our recent analysis ofC P asymmetries from the CLEO, BaBar, and Belle Collabo-
B— PP decayd13], we analyzeB— VP decays within fla- rations and use these averages to obtain magnitudes of am-
vor SU(3), incorporating symmetry breaking through ratios plitudes in Sec. Ill. We then show how to extract invariant
of meson decay constants in tre€) (amplitudes. For sim- amplitudes(identified with specific flavor topologi¢ Sec.
plicity we assume exact 3B) for color-suppressedd) and IV by fitting the experimental amplitudes ai@P asymme-
penguin @) amplitudes. The magnitudes and relative phasesries. The simplest fit assumes a relation between penguin
of invariant amplitudes are extracted from data; the symmeamplitudeq 31] in which the spectator quark is incorporated
try assumption is tested; and predictions are made for ratasto either a pseudoscalar meson or a vector meson. We sug-

gest specific tests of this assumption in Sec. V. It is relaxed in
Sec. VI to see if the quality of the overall fit improves, and

*E-mail address: chengwei@hep.uchicago.edu predictions for rates an@ P asymmetries for observed and
TE-mail address: gronau@physics.technion.ac.il as-yet-unseeB— VP modes are discussed. Relations among
*E-mail address: zuminluo@midway.uchicago.edu amplitudes based on the U-spin subgroup of 3lare pre-
SE-mail address: rosner@hep.uchicago.edu sented in Sec. VII, while Sec. VIII concludes. An Appendix
IE-mail address: d-suprun@uchicago.edu discusse8—p* 7™ rates and asymmetries.
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II. NOTATION extract the magnitude of the invariant amplitude of each de-

We use the followina auark content and phase convenS® mode from its experimentally measured branching ratio.
949 P To relate partial widths to branching ratios, we use the

tions: e T world-average lifetimes7* =(1.653+0.014) ps and7°
(@ Bottom mesons B"=db, B"=bd, B"=ub, B =(1.534+0.013) ps computed by the LEPBOSC grdG4].

=—bu, Bg=sbh, Bs=bs, Unless otherwise indicated, for each branching ratio quoted
(b) Charmed mesons D°=—cu, D°=uc, D*=cd, we imply the average of a process andGtB-conjugate.

D~ =dc, D =cs, D. =sc Two phase conventions are in current use for the penguin

amplitudes, depending on whether one considers them to be

T O (A T
(c) Pseudoscalar mesonsr* =ud, 7%= (dd—uu)/V2, dominated by the CKM factor¥/},V,, (q=s,d), or inte-

m =—du, K'=us K=ds K’=sd K"==su »=(SS  grates out thet quark, uses the unitarity relation}, V.
—uu—dd)/\3, '=(uu+dd+2s9)/\6; ==V} Veq— VipVyq, and absorbs th¥},V,, term into a

(d) Vectormesons p*=ud, p°=(dd—uu)/\2, p~  redefined tree amplitude. Here we adopt the latter conven-
——du, w=(uu+dd)/\2, K**=us, K*O=ds, K*° tion. For a discussion of the relation between the two see,
=sd, K* =—su, ¢=ss e.g., Ref.[35]. Thus both the strangeness-changing and

In the present approximation there are four types of indeStrangeness-preserving _penguin_ ampli.tudes will be taken to
pendent amplitudes: a “tree” contributio; a “color- have real weak phases in this discussion.

suppressed” contribution; a “penguin” contributionp; and
a “singlet penguin” contributions, in which a color-singlet Il. EXPERIMENTAL DATA AND AMPLITUDE

qa pair produced by two or more gluons or byZaor y DECOMPOSITIONS

forms an SW3) singlet state. We neglect smaller contribu-  The experimental branching ratios aGP asymmetries
tions from an “exchange” amplitude, an “annihilation”  from the CLEO, BaBar, and Belle Collaborations are sum-
amplitude a, and a “penguin annihilation” amplitud@a.  marized and averaged in Tablegfdr AS=0 transition and
The amplitudes we retain contain both the leading-order ang| (for |[AS|=1 transitions. Data are current up to and in-
electroweak penguin contributions: cluding the 2003 Lepton-Photon Symposium at Fermilab.
We use the Particle Data Group meth@®] for performing
averages, including a scale fac®e[ xy%/(N—1)]Y? when
c the x? for an average oN data points exceeds—1. (The
P=P—3Pew, S=S—3Pew, () Heavy Flavor Averaging Grouf87] does not use this scale
factor. In other respects our averages agree with theirs when
where the capital letters denote the leading-order contribuinPuts are the sameThe corresponding experimental ampli-
tions[4,5,32,33 while P,y and PS,, are respectively color- tudes, extracted from partial decay rates using @g. are
favored and color-suppressed electroweak pengEWP) shown in Tables III_and IV. In these tab_les we also give the
amplitudes [5]. We shall denoteAS=0 transitions by theoretical expressions for these amplitudese also Refs.
unprimed quantites andAS|=1 transitions by primed [8,10,_12) and, anticipating the results of the next section, the
quantities. Fol P decay modes, the subscripor P denotes _magr_ntudes of_ contributions to the observed qmphtud_e of the
the final-state mesotvector or pseudoscalaincorporating ~ nvariant amplitudes| and|P| or |7'| and|7’| in one fit to
the spectator quark. Thus, for example, a color-favak&d thg data. These contr.|but|ons mc;lude Clebsch-Gordan coef-
=0 tree amplitude in which the spectator quark is incorpo-ficients. CP asymmetries are defined as
rated into a pseudoscalar meson will be dendted Al- - —
though someB— VYV decay processes have been seen, we Acp(B—f)= F(E—>f_)—F(B—>f).
shall not discuss them further here. I'(B—f)+I'(B—f)

For theb—d andb— uud transitions, an educated guess _ _ o L
of the hierarchies among the amplitudes is given in RefsBY comparing the magnitudes of individual contributions

[5,12,13. For |AS|=1 transitions,c’ contains an elec- with experimental amplitudes, one can tell whether one con-

troweak penguin amplitude at the next order. Therefore Wéribution dominates or whether constructive or destructive
put ¢’ together witht’ at the same order. Similarly sin(':e interference between two contributions is favored.

part of the singlet amplitude is the electroweak penguin am-
plitude, s’ is at least of ordePf,y . IV. EXTRACTING AMPLITUDES

The partial decay width of two-bodB decays is

t=T+Pgy, Cc=C+Pgy,

)

In the present section we show how a global fit to decay
rates andCP asymmetries can determine maftiiough not
Pc 2 all) of the invariant amplitudes governirng— VP decays.

7 [ A(B—MM2)[%, @ W; shall be able to detzrmine fgom exp:?rimental dat)é their
magnitudes and relative strong phases and the weak phase
wherep, is the momentum of the final state meson in the restVe shall assume a universal rafig/pp=—c€?, initially
frame ofB, mg is theB meson mass, and; andM, can be assumingc=1 and¢=0 in accord with Ref[31], present-
either pseudoscalar or vector mesons. Using(Bq.one can ing also results with arbitrarg and ¢. We interpret¢ as a

I'(B—=M;M;y)=
B
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TABLE |. Experimental branching ratios of selectA®=0 decays oB mesonsC P-averaged branching ratios are quoted in units of
10" 6. Numbers in parentheses are upper bounds at 90 % C.L. References are given in square brackets. Additional line, if any; Bives the
asymmetryAcp . The error in the average includes the scale faStathen this number is shown in parentheses.

Mode CLEO BaBar Belle Avg.
B*— K*OK + 0.0 5355 (<5.3) [38] <53
plmt 10.4"33+2.1[38] 9.3+1.0+0.8[39] 8.0"33+ 0.7 [40] 9.1+1.1
—0.17+0.11+0.02[39] —0.17+0.11
pt <43[38] 11.0+1.9+1.9[39] 11.0+2.7
0.23+0.16+0.06[39] 0.23+0.17
pTy 4.833(<15) [41] 10.5"31+1.3[42] <6.2[43] 8.9+2.7
0.06+0.29+0.02[42] 0.06+0.29
pty 11.2°3%9(<33) [41] 14.0'34+1.9[42] 13.3+4.5
o’ 11.3'33+1.4(38] 5.4+1.0+0.5[44] 5.7" 15+ 0.6 [45] 5.9+1.1 (5=1.23)
—0.34+0.25+0.02[46] 0.04+0.17+0.01[44] 0.48' 523+ 0.02[45] 0.10=0.21 (S=1.84)
ot <5[9] <0.41[47] <0.41
B— prat 27.6'84+4.2[38] 22.6+1.8+2.2[48] 29.1°39+4.0[49] 24.0+25
—0.11+0.06+ 0.03[50] —0.38" 3197392 [49]  —0.14+0.08 (S=1.31)
p- " 9.5x2.(2 10.2+2.0°
—0.52"316+0.07[50] —0.54+0.19
ptar 13.1+2.3 13.8:2.2
—0.18+0.13+0.05[50] —-0.16+0.19
70 1.6°29+0.8 (<5.5)[38]  0.9+0.7+0.5 (<2.5) [39] 6.0°25+1.2[49] <25
p°n 2.6°32(<10) [41] <5.5[51] <55
p°n' 0.0°58 (<12) [41] <14[43] <12
w° 0.8" 39719 (<5.5) [38] —-0.3+1.1+0.3 (<3) [52] <1.9[45] <19
®n <12[9] <12
oy <60[9] <60
X <51[9] <5
b7 <9[9] <9
b7’ <31[9] <1.0[53] <1.0

aBased on asymmetries quoted in R&0] and BaBar value o8(B®—p* 7).
bBased on asymmetries quoted in R&0] and world averages fa and Acp for BO—p ™ 7*.

relative strong phase betweep,, and —p;, so that it does decay rate an€ P asymmetry have been presented.
not change sign undeTP conjugation. We now explain in (f) The decay®°—K* * 7~ andB°—K* ~ 7+ involvet),
some detail the inputs and fit parameters.

We base the present fit on the following procestee
Tables Il and 1V:

andpp and similarly provide two data points.

(g) The decay8B—K* % (for both charge statgplay an

(8 TheB* —K*%x* amplitude involvedpy| alone. The important role in constraini_ng the phageof — p,\’,/p;,, s_ince
decay rate provides one data point. &> asymmetry is this phasg must be small in order it and Py qontrlbqte
expected or seen. construct!vely to the large decay rate, as anticipated in Ref.
[31]. We include two decay rates and t@P asymmetries,
adding a total of four data points. Since our scheme predicts
a very smallCP asymmetry foB°—K* %y, the parameters
of the fit will not be affected by this observable.

(h) The rate andCP asymmetry foB*—p°7" andB*
— w7 have been measured. The two decay rates are domi-
nated byt,, but provide some information about the magni-
tude of the amplitudep, about which we shall have more to

asymmetry parameteiS; - andS_, , to be defined at the g3y pelow. These processes thus add four more data points to
end of this section, provide two more data poir®ther . fits.

time-dependent parameters are related to those already in- (j) The rate andC P asymmetry foB* — p* 7 have been
cluded) _ measured, adding two data points.

(e) The decaysB°—p~K* and B’—p*K™ involve t, (j) The decay rates faB— ¢K (both charge statghave
andpy, and provide two data points, since tGd>-averaged been measured. The corresponding decay widths are ex-

(b) The decay8°—p~ 7' andB’—p* 7~ (equivalently,
their CP-averaged branching ratio an@P asymmetry
guoted in Table )l involve t,, andpy,. These processes thus
provide two data points.

(c) The decaysB°—p* 7~ andB°—p 7" involve tp
and pp and provide two data points.

(d) In the time-dependent study oB?,B%)—p*#~, the
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TABLE Il. Same as Table | fofAS|=1 decays oB mesons.

Mode

CLEO

BaBar

Belle

Avg.

K*O7T+
K*+7TO
K*+,'7

BY—

K*+7’r
pK*
p+K0
wK™*

PK*

7.6°35+1.6 (<16) [38]
7.1°35%41.0 (<31) [38]
26.4"35+3.3[41]

11.1° 337 (<35) [41]
8.4739+1.8 (<17) [38]
<48[58]
3.2°24+0.8 (<7.9) [38]

5.5 22+0.6[59]

15.5+1.8" 3 [54]

25.7"38+1.8[42]
0.15+0.14+0.02[42]
6.1733+1.2 (<12) [42]
3.9+1.2°1%(<6.2) [54]

5.0+1.0+0.4[44]
—0.05+0.16+0.01[44]

10.0°35+0.5[47]
0.039+0.086+0.011[47]

8.5+0.9" 58" 3855

26.5"78+3.0[56]
—0.05" 335+ 0.01[57]
<90[43]
3.9+0.6' 93 05 [55]

6.7 13+ 0.6 [45]
0.06' 023+ 0.01[45]
8.6+0.8"06700 55

0.01+0.12+0.05[60]

9.0+1.4 (S=1.11)
<31
25.9+3.4
0.10£0.12
<12
4.1+0.8
<48
5.4+0.8
0.00£0.12
9.0+0.9 (S=1.39)
0.03£0.07

BY— K* T~

K*oﬂ_o
K*On

K*Oﬂ'
p K"

pOKO
wK®
$K°

16'8+2 [61]
0.26'6:33" 6.06 (63
0.0°55765 (<3.6) [38]
13.8" 33+ 1.6[41]

7.8" 7 (<24) [41]
16.0° 55+ 2.8 (<32) [38]

<39[58]
10.0°34+1.4 (<21) [38]
5.4'37+0.7 (<12.3)[59]

19.0'3%+1.3[42]
0.03+0.11+0.02[42]
3.2°18+0.9 (<6.4) [42]
7.3"13+1.3[48]
0.18+0.12+0.08[50]

5.3"15+0.5[44]
7.6°13+0.5[47]

14.8 55 16 5562]

0.42"18+0.06 (<3.5) [62]
16.5'35+1.2[56]
0.17928+0.01[57]
<20[43]
15.1553 1250062
0.22555°005(62]
<12.4[56]
4.0"13+0.5[45]
9.0"22+0.7[60]

15.3+3.8
0.26+0.35
0.4+1.8 (<3.5)
17.8+2.0
0.05+0.10
<6.4
9.0+2.3 (S=1.41)
0.19+0.12
<124
52+1.1
7.8t£1.1

a/alue utilized in order to stabilize fits. See text.

pected to be equal. They are measured to be within 7% whemarios which could give rise to such a deviation. One should

one takes into account the difference in lifetimes of Bie
and B® mesons.[Note added: The branching ratiB(B°
— ¢K% quoted in Table Il has been updatet¥]. The cen-

tral values of the world-averaged decay widths now are eXgreater success.

actly equall We include theB— ¢K decay rates as two more
data points. Since both the amplitudgls and s;, contribut-

add a penguin amplitudée.g., forb—sss) with arbitrary
magnitude and weak and strong phases to the present global
fit to see if one can describe all tliee—V P data with any

(I) Both a decay rate and @P asymmetry have been
presented foB" — wK™, while we are aware only of a de-

ing to these processes are expected to have the same wegly rate forB°— wK°. We thus add three more data points

phase, we predict zel©P asymmetry in anB— ¢K decay.
This is certainly true for the charged mode, wh@de asym-

metry we include as another data point.

(k) Taking the average of BaBar and Belle val(ié4], we
find the time-dependent parametersBifi— ¢K s to be S¢Ks

= —0.147£0.697 6=2.11) and A =0.046+0.256 S

for these processes.
(m) The BaBar Collaboration has recently reported obser-

vation of the decay modeB* —p* » andB* —p™ 5’ [42]

at levels indicating a significant role for th®, amplitude.
We include the branching ratios for these processes as aver-
ages between the BaBar and older CLEA1] values. In

~1.08), whereas we predict the standard model value@ddition we include the new BaBar value @fcp(B*

(sin28,0). The average of BaBar and Belle determinations™
via the subproceds— ccsis sin28=0.736+0.049[64]. The
parameterA g is equivalent to the direc€P asymmetry
Acp(B°— ¢Kg). (The corresponding asymmetry fd*
— @K™ is seen in Table Il to be very smallThese observ-
ables thus contributé y?=(1.61,0.03) to our fit, without
affecting the fit parameters. We include them in gdrtotal,

adding two more data points. In view of the lar§dactor,

contributing to a considerable amplification of the experi-

P 7).

(n) The decay rate foB™ — p°K ™ was recently measured

by the Belle Collaboration with high significan¢g5]. We

include the average between the Belle result and the previous

measurements by BaBar and CLEO as another data point.
(0) Although only an upper limit exists so far fd8(B°

—K*979, we use the Belle central value and erf62] in

order to enforce this upper limit in the fits.

The grand total of fitted data points is thus 34, including

mental error inS¢KS, it is premature to regard the deviation some quantities such as-p(B*— ¢K™), S¢Ks and A¢Ks

of this observable from its standard model expectation as which do not affect our fit. We now count the parameters of
signal of new physics. In Ref65] we discussed some sce- the fit.
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TABLE Ill. Summary of predicted contributions thS=0 decays oB mesons to one vector and one pseudoscalar meson. Amplitude
magnitudegA,, extracted from experiments are quoted in units of eV. The results are based on a fif, withpp, and y=65° (see Table
V).

Mode Amplitudes |712 | P2 p. (GeV) |Aexd” Acp
B, KO+ Po 0 75 2.539 <24.1
K* KO Py 0 75 2.539
1
PO _ T(tv+cp+ Py—Pp) 25.1 10.6 2.582 31.4+1.9 -0.17+0.11
2
1
pta® _ T(tP+CV+ Pe—py) 39.7 14.4 2.582 34.5+4.2 0.23-0.17
2
1
pTy — T(tP+CV+ Pp+pPy+Sy) 32.4 2. 2.554 31.2+4.7 0.06£0.29
3
1
oty “_(tp+Cy+ pp+py+4sy) 22.9 0.7 2.493 38.7+6.6
J6
1
ot E(tv+cp+pp+pv+28p) 25.1 0.006 2.580 25.3+2.3 0.110.21
pmt Sp 0 0.00¢' 2.539 <6.7
BO_, K*O0KO Pp 0 75 2.539
K *0KO Py 0 7.5 2.539
p -t —(ty+pv) 30.3 7.5 2.582 34.4+3.4° —0.54+0.19
ptm —(tp+pp) 43.1 7.5 2.582 40.1+3.2° —0.16+0.15
1
pOm° 5(=Cp=Cy+Pptpy) 9.2' 2.7 2.582 <17.1
0 ! 3.2 1.5° 2.554 -
p°n —=(Cp—=Cy—Pp—Py—Sy) : : : <25.4
V6
1
0,7 f C
07 = (Cu—Co+ Do+ Du+4S 2.3 0.5 2.493 <38.0
2J§( v—CpT PpT Py v)
1
w° S(Co—Cy+ Pt Pyt 25p) 4.0f 2.7 2.580 <14.9
1
w7 — %(CPJFCVJF Pp+ Pyt 2Sp+sy) 7.5 1.5%¢ 2.552 <37.6
1
w7’ —_(Cp+Cy+ Pp+t Pyt 25p+4s,) 5.3 0.5¢d 2.491 <85.1
2\3
b0 e 0 00068 2539 <243
V2
1
b7 - s 0 0.005! 2511 <32.8
V3
1
bn' —sp 0 0.004' 2.447 <111
6

8T is the sum of all tree and color-suppressed amplitudes that contribute to a prBdesthe sum of all penguin amplitudes, including
electroweak ones.

b|Aexp| is defined by Eq(2) as an amplitude related toGP-averaged branching ratio quoted in Table I.

°No S, contribution included.

9No Sy contribution included.

®Based onC P-averaged branching ratios quoted in Table I.

fTakes account of the relative phase betw€gnand C,, amplitudes.

(a) The amplitudepy, is taken to have a strong phasemf positive real and small imaginz;ry par(whe_n their weak
by definition. Its weak phase, since it is dominated byphases are neglectedh accord with expectations from QCD
— V¥V, (see the discussion at the end of Sek.dlso isa, factorization[24]. The corresponding strangeness-preserving

so we will havep;, real and positive. This choice will be amplitudepe is determined bypp=(Vcq/Ved Pp=—NPp,
seen in our favored solution to entail tree amplitudes withwherex=\/(1—\?/2)=0.230 and\ =0.224[66]. Thus the
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TABLE IV. Same as Table 1l fofAS|=1 decays oB mesons.

Mode Amplitudes |T| |P’| Pc (Ge\/) |Aexp| ACP
B K Omt P 0 326 2561 312c24
1
K*+ 70 _ﬁ(téJrC\//ij';) 94 397 2562 <581

1
K** —ﬁ(tﬁc\’ﬁpé—p\’/ﬂ’v) 7.7 467 2534 534+r35  0.10-0.12

1
K* g %(IE+C\’,+[)|’3+2D\’/+4S\’/) 54 16.8 2472 <62.8

1
pOK* —E(t’vﬂ(ﬁp’v) 6.9 229 2559 21.2+2.1
p+K0 Py 0 326 2559 <723
1
wK* E(t\rﬁcﬁpwgs;) 6.9 23.0 2557 24.3+1.8 —0.003-0.122
SK* Ph+Sh 0 325 2516 31.6-1.6 0.030-0.072
B0 K**g~ —(th+pp) 10.3 32.6 2562 42.4+52  0.26-0.35
1
K* 0770 — —(cl—p! 21 63 2562 <203
\/E( v pP)
1
K*0y ,ﬁ(c\/ﬁpéfp\'ﬁs\'/) 1.7 46.7 2534 46.0+-2.6 0.05-0.10
1
K*0’ %(C</+p|’3+2p\’/+43\’/) 12 163 2471 <3958
pK* —(ty+pY) 85 326 2560 32.4+42  0.19-0.12
1
OO ’ ’
p°K —(pl,—cb) 09 231 2559 <382
V2
1
WK E(Cé+p\’/+25;) 0.9 23.0 2557 246+26
HKO ph+sh 0 325 2516 305+2.1

®No S|, contribution included.
PNo Sp, contribution included.

weak phase opp in the present convention is zero, while its We thus assume the same relative strong phases between tree
strong phase isr. When we assume that/p;,=py/pp and penguin amplitudes inS=0 and|AS|=1 processes.
=—1, as suggested in Rdf31] and as done in Ref$10] We use the decay constan$2,36 f,=130.7 MeV, fy
and[12], we will have one free parametgpp|. More gen-  =159.8 MeV, f ;=208 MeV, fy» =217 MeV. Since we do
erally, we shall consider fits with this ratio real or complex, not assume factorization for color-suppressét) @mpli-
adding one or two new parametecsand ¢ defined by tudes, we do not apply a corresponding(S)breaking fac-
pyIpp=py/pp=—c or pi/pp=py/pp=—c€?. We do not tor for them.
introduce SW3) breaking in penguin amplitudes, since we do  (c) The weak phase of t, andtp is a free parameter. We
not assume factorization for them in the sense of represeng&ssume it to be the same for both tree amplitudes.
ing them by one or more local 4-quark operators. Our mis- (d) We take the electroweak penguin amplituelg,, » to
trust of factorization for penguin amplitudes is based on théhave the same strong and weak phasgsrasThen the elec-
likelihood that they receive |mp0rtant Iong -distance contri- -troweak pengum contribution tsp,— 1PEWP' interferes
butions fromcqq’c intermediate states. Tests for our as-destructively withpy, as was anticipated by explicit calcu-
sumption of flavor SUB) for these amplitudese.g., iNB  lations[67]. Thus—sj/pp is one real positive parameter. We
—K*K andB—KK* decays$ will be mentioned in Sec. VI ignore any contribution from the singlet penguin amplitude
C. Sp, which we expect to involve gluonic coupling to 8

(b) The magnitudegtp | of the tree amplitudes and flavor-singlet components of vector mesons and thus to be
strong relative phasesp, between them and the corre- suppressed by the Okubo-Zweig-lizuk@Zl) rule. We did
sponding penguin amplitudgss \, are free parameters: four not find a stable fit if we allowed the strong phase of the
in all. We relate strangeness-changing tree amplitudes tBWP contribution to s, to vary. The contribution
those for AS=0 using ratios of decay constant$,  —iP¢,, , appearing irs, then implies a corresponding con-

=N(f/f)ty=0.28%, and tp=A(fxx/f,)tp=0.24Qp.  tribution + Py, s in cp.
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(e) The termcp appears to play a key role in accounting 0 4 R .
for the deviation of theB™ —p°#* andB"—wn" decay A(B"—p K ):|Pp|_7\f—|tv|e'( vEY) (10
rates from the predictions based gnalone. It contains two H
terms: a termCp which we choose to have the same weak A(Bo_>p+w—):ﬂp';|+|tp|ei(5p+ ) (11)

and strong phases dg, and a small EWP contribution

Pew,p=—APgyp associated with the term taken &} B B P .
above. ThusCp/ty will be one additional real parameter, A(BO—K* " ):—|pp|+)\f—|tp|e'(5p+7). (12)
which will turn out to be positive in all our fits. P

(f) We include a contribution from the amplitudg,, The phase convention is such th&f =0 corresponds to
motivated by the largB8™ —p* » andB* —p* 5’ branching tpy having a phase of with respect topp . Amplitudes
ratios. We chooseC,, to have the same strong and weak associated with the charge-conjugate modes can be obtained
phases as>. We do not introduce S@3) breaking inCp and by flipping the sign ofy in the above expressions. The ex-
Cy amplitudes and assun@,=XCp, C,=ACy . pressions lead to the rate relatioids and(5) if one squares

(g) We take the electroweak penguin contributiorsfg ~ them and takes appropriate differences. _
—1PLyy . to have the same strong and weak phasgx,as We now discuss two additional parameters B°B°)

This contribution then implies corresponding contributions—’P_dT’_+ which zrovidz furtherdcogstrr?ints. These”arg mea-
+PLyy in ¢} and+ Peyy=—APLyy in Cy. The apparent sured in a time-dependent study by the BaBar Collaboration

suppression of the decP— K* %70 (see Sec. Vsuggests (507

that Pty and pp are interfering destructively in this pro- S,»=—0.13+0.18+0.04, (13
cess, implying constructive interference in both charge states

of B—K* 7. We ignore any contribution from the singlet AS,,=0.33+0.18+0.03, (14)

penggin amplitudss,, in the absence of information about its which are related to the paramet@s_ andS. . by
magnitude and phase.

There are thus ten, eleven, or twelve parameters to fit 34 Spr=(Se-+S5-4)12, (19
data points, depending on the assumption fomthigp ratio: AS,.=(S;_—S_,)/2, (16)
—1, real, or complex. In fact, not all partial decay rates are

independent, as we must have the following equalities bewhere

tween rate difference68]:

s = 2Imn* a7
I(B%—p m")-T(B*~p*m) TN
= (f/f)[(B°—p K )~T(B°—=p K™)], 2t (18)
(4) 7+_1+|)\—+|2’
F(B%=pm ) =T (B%—p ) . qAB’—ptT) (19
=Y =0 AR0 .+
=(f, /T [[(B—K* 7 ") —T(B°—K**77)]. PAB—pta)
(5) A(B° -+
)\*1»59 ( Oﬁp_ﬂ-*—) (20)
When transcribed into relations among branching ratios, PAB°—p~7")

these read, respectively, and g/p=e 2# with =23.7°. Since our fits predict the

R phases and magnitudes of all the relevant decay amplitudes,

(11.1+3.8 ¥ 10—6:' (2.8+1.9)x10°8, 6) it is a simple matter to calculate ti8s. They provide crucial
information on the relative strong phases Qf and tp,
? among other things. As mentioned, other observables
(4.4£4.1)x10 °=(7.6+10.4x 10" °. (7} C,,, AC,,, andA, as defined in Ref29] and[48] are

. o ) related to information we already use in our fits and need not
The first of these is violated at therdevel. One reaps little e considered separatelBee the Appendix.

gain in relaxing the assumption,= —pe since these rela- T see explicitly the constraints provided I8y, and
tions are expected to hold regardlesspgfpp . AS, . itis helpful to calculate them in the limit in which the
When we assumpy,= —pp, the specific expressions en- small penguin contributions to tH&— p amplitudes can be

tering our fits include neglected. Defining=/|t, /tp| and =Arg(ty/tp), one finds

S. ;- =2rsin(2a=8)/(1+r?) and
A(BT—K*%7")=|pp| 8
2r 2r )
A(BO—p 7t )= —ﬂpH ~ty|ev ) S,n= i r2sm2acos5, AS, .= = r2cosZasm&. (22)
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Both these quantities are small experimentally, consisten
with solutions in whicha= 7— 8— vy is nearw/2 while & is
near zero orr. The non-zero central value &S, ., in our
favored solution to be discussed below, combines with a
value of cosz near —1 and other constraints to favor a
small negative value o08.

£
V. TESTS OF THE p|,=—pp ASSUMPTION ~ E

In this section, we note that the relatig{y= — pp, pro-
posed in Ref[31] and used in previous discussidrig,17,
can be tested experimentally, and discuss the status of suc
tests.

As described before, information dpp| is directly ob-
tained from theB* —K*%7 " decay rate, which is predicted
to be equal to that of it€ P conjugate(The absence of @ P

0 20 40 60 80 100 120 140 160 180

asymmetry in this mode is one test of the present pictime.
principle, one can also extra¢py,| directly from theB™
—p*KO rate (for which one also expects a vanishi@p

asymmetry. Currently, only the CLEO group has reported an

upper bound on the averaged branching _ra@;;*Ko)
<48x10 ® based on a sample of 2.6 millidB pairs. The

y (degrees)

FIG. 1. (x?)min, Obtained by minimizing over all remaining fit
parameters, as a function of the weak phaseDashed curve:
py/pp=—1 (24 DOB; dash-dotted curvep,/pp real (23 DOB;
solid curve:p)/p; complex(22 DOB. The range 39%y<80° al-
lowed by fits to other observabl¢89] is given by the two vertical

present BaBar and Belle sample of approximately 100 timeshort-dashed lines.
as much data would enable this mode to be observed at the

predicted branching ratio oB3(p*K°%=12.6<x10"° with
good significance.

An indirect way to tespp=—p\, is to compare thevK°
and ¢K° modes. Using cp=Cp+PLyp and sp=Sp
—Pgwp/3 [Eq. (1)] and the facts thaCp is smaller than
Ptw p by a factor of about 0.2&ee Table | in Ref.12]) and

and 162°. The fit witp{/pp real gives ay? very similar to
that with py/pp=—1 for y=26° and to that withp\,/pp
complex for the other two minima, so we shall not consider
it further. The magnitudes of individual amplitudes and the
strong phases determined in the fits wigh/pp=—1 and
py/Pp complex are compared with one another for the three

that Sp is OZI-suppressed, we can safely neglect them angh .o minima in Table V. The corresponding predictions of

have

A(0KO)= | py+ 2P 22

(o )_\/EpV3EW,P! (22
0 ’ 1 !

A(¢pK ):pp_ngw,P- (23

these fits are compared with one another and with experi-
ment in Tables VI and VII.

In the absence of information d8,, andAS, ., Fig. 1
would be symmetric undey— 7 — v, since all other observ-
ables would be unchanged under a simultaneous change of
strong phases 6py— 17—y, p——¢. The time-
dependen€ P asymmetries iB— p* 7= break this symme-

Therefore, the amplitude magnitudes are related by a factdfy. Nonetheless, considerable ambiguity remains, and it is

of V2 if pp=—py,. Current data, using the average ®rf
—¢K" and B%— ¢K® amplitudes(expected to be equal
within ~ our approximations show that \/§|A(BO
— wK%/A(B— ¢K)|=1.13+0.13, consistent with INote
added: The updated branching rati¢B°— ¢K°) [47] re-
sults in a slightly smaller ratio of amplitudes/§|A(B°
—wK%/A(B— ¢K)|=1.11+0.13]

necessary to appeal both to theory and to other experiments
to resolve it.

We shall concentrate upon solutions consistent wyitim
the range allowed by fit69] to other observables, 39y
<80° at the 95% confidence levé&hown by the vertical
short-dashed linees in Fig).1Solutions outside this range
not only conflict with these fits, but have large final-state

nation of wK® and ¢K°® modes thus will be very helpful in
justifying the assumption gbp= —p\,. However, we find in

[24]. Also, the solution withy=162° is inconsistent with
B=23.7° and the constraint+ 8+ y=a. We shall point

the next section that global fits to data in which this assump@Ut ways in which a distinction among solutions can be made
tion is relaxed are not very different from those in which &xperimentally. Magnitudes and phases of the dominant in-

pr=—py is assumed.

VI. DISCUSSION OF PREDICTIONS

Plots of y? as a function ofy for three fits are shown in
Fig. 1. Three local minima are found, arouge 26°, 63°,

variant amplitudes in the solution with=63° and complex
p./pp are shown in Fig. 2. Using this figure and Tables Il
and IV one can see whether a given process involves con-
structive or destructive tree-penguin interference.

Errors for all solutions with compley\/pp have been
estimated using a Monte Carlo method in which parameter
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TABLE V. Comparison of parameters extracted in fits to branching ratiosCdhdsymmetries under various assumptions. Values of the
topological amplitudes are quoted in units of eV. Probabilities are thosgfr exceed the value shown for the indicated number of degrees

of freedom.
Value in fit

Quantity | pv/pp=—1 - | pu/pp=—ce? -
y (24+5)° (65+6)° (164+5)° (26+5)° (63+6)° (162°3)°
& 0 (input) 0 (input) 0 (input) (35°39)° (2+18)° (—20°3Y°
Ippl 324" 12 32.6+1.5 32.4" 12 325"} 32.2" 12 32.0+1.6
Ipy] 32.4° 1 32,615 32.4° 1% 31.33% 37.1°33 35.3 3¢
|sp| 2 0.9+1.3 0.0:1.3 0.5-1.3 1.778 1.1+1.3 117
|sul 2 6.2'57 7.9'%3 6.9'53 8.5'%¢ 5.8'31 6.1°3%
Itp] 46.7°37 43.1°32 46.1°32 46.2°32 43.3°32 47.0°33
Ity| 32535 30.3"3% 31.9°38 33.8"37 29.6"34 30.932
Sp (184+12)° (181+8)° (36+13)° (199+ 14)° (182+14)° (1672)°
Sy (—87+ 131)" (718i£7,3)° (—100°1)° (-102"1)° (—20tig)° (—105739)°
|Cp| 6.0 43 5375 5.7°41 6.8°55 5645 6.0 41
|Cyl 16.8"23 13.1°% 15.0"2§ 17.32§ 13.1°2¢ 14.92§
Fit properties:
x?/DOF 23.9/24 25.5/24 22.1/24 20.6/22 20.5/22 18.9/22
% C.L. 47% 38% 57% 55% 55% 65%
Derived quantities:
Ipy/ppl 1 (input) 1 (input) 1 (input) 0.96"313 1.15+0.07 1.16:0.12
—splpp 0.03+0.04 0.06-0.04 0.02°9e 0.0579%¢ 0.03+0.04 0.04-0.05
su/py 0.19'565 0.24358 0.21°5%7 0.27:973 0.16' 50 0.17' 556
Ity /tp] 0.70+0.10 0.76:0.10 0.69°315 0.73+0.10 0.68:0.10 0.66-0.11
Arg(ty /tp) (-91+10)° (—19+9)° (43"19)° (—87+10)° (—20+10)° (38" 19)°
Cplty o.19t§;1§ o.17t§;1§ 0.18f§j§ o.2ot§;1§ o.19t§;}§ o.19t§j?1
Cv/tp 0.36°513 0.30°575 0.33°97%; 0.38°01; 030515 032315
|pp| =0.230pp| 7.4+0.3 7.5:0.3 7.4-0.3 7.5+0.4 7.4-0.3 7.4+0.4
|py|=0.230p}) 7.4+0.3 7.5:0.3 7.4:0.3 7.2t58 8592 8.1+0.8
sp|=0.23(s; 0.2+0.3 0.0-0.3 0.1+0.3 0.4-0.4 0.3-0.3 0.3"33

P P 0.3
|sy|=0.23Qs} 1.4+0.5 1.8°98 1.6+0.5 2.0°0% 1.370%8 1.4°39
|t)|=0.281t,] 9.119 8.5+1.0 9.0 19 9.5 19 8.3+1.0 8.7°1%
t1|=0.240tp 11.2°97 10.3+0.8 11.0-0.8 11.1-0.8 10.4-0.8 11397

P 0.8 0.8
|Cp|=0.23QC5| 1.4°%8 1.258 1.3°35 1.6+1.0 1.3°38 1.459

=0. v 81, 0T A1 01 Ny A= 1

C{|=0.230C 3.8+1.3 3.013 3.4+1.3 4.0:1.3 3.0 13 3.4+1.3

3EWP contribution only.

sets were generated leadingytb values no more than 1 unit x 107 versus the 15033 prediction fory=63°. These pre-
above the minimum, and the spread in predictions was studtictions do not conflict with the present CLE®8] bound of
ied. For any prediction depending on a single parameter, thg1x 10~ and are not too far below it. The branching ratio of
error in that parameter was used to obtain the error in theéhis decay should be measurable very soon. The solution for

prediction.

Within the range 39%y=<80° [69], the present fits
specify y to within a few degrees at the ol level.
Values corresponding td y?><1 above the minimum for
py/pp=—1 and complex arey=(65=6)° and (63-6)°,
respectively. Ranges foA y?<3.84 above the minimum

(95% C.L. limitg are 54°—75° and 51°-73° in the two fits.

The local minima found aty=(26,162)° are associated
with larger Cy, and Py, leading to larger predicted
branching ratios B(B™—K* " 7% =(22.1722 18.2°39

y=162° also predicts a large€P asymmetry forB™*
—p* 70 closer to the present central value which is slightly
disfavored in the fits with y=63°. The fits with y
=(26,162)° predict larger branching ratios &D& asymme-
tries for the color-suppressed all-neutral decay moB®s
—p% 7, 5") andB°— w=° than do the fits withy=63°.
Several observables provide the main contributiong?o
These are summarized in Table VIII. The la@® asymme-
try in B°—p 7" provides the largesty? in all three
cases. The only other contributions withy?=1 occur for
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TABLE VI. Comparison of predicted and experimental branching ratios@GRasymmetried\.p for someAS=0 decays oB mesons.
References are given in Table I. Predictions are shown only for the fitpyith, complex.

| B (units of 10°°) —| | Acp —|
Mode Prediction Expt. Prediction Expt.
y=26° y=63° y=162° y=26° y=63° y=162°
B*— K*ox+ 0.51'95% 050-0.05 042005 <53 0 0 0
K**K®  0.47°3% 0.66:0.08 0.60:0.12 0 0 0
plm* 8.7°03 9.0-0.4 9.2°3%  91+11 —-0.24+0.04 -0.16:0.04 —0.15-0.03 -0.17+0.11
pta® 10.1°16 11.8"1§ 10.2'1%  11.0:27 0.039%  -0.01+0.06  0.16" 55 0.23+0.17
ptp? 11171 9.5 13 1077 1% 89+27 -0.0593% -0.01+0.07 -0.01+0.03 0.06:0.29
ptp'®  6.45] 4.9+0.7 587904  13.3xr45 —0.06'3%; —0.01+0.08 —0.03+0.04
ort®  62+05 5904  56-07 5911  0.01°5% -0.03919 -0033% 010021
¢ 0.001905% 0.001°90%% 0.001730%% <0.41 0 0 0
B~  K*0K® 0.47£0.05 0.46-0.04 0.46-0.05 0 0 0
K*OK?  0.44°33 0.61x0.08 0.55-0.11 0 0 0
p-mt  95+19  10.0-20 9.9}  102+2.0 -0.19+0.04 -0.13+0.06 —0.13+0.03 —0.54+0.19
ptmT  13.8:2.2  14.0:2.2 14.0:21 13.822 —00633 —001+0.08 00435  —0.16x0.15
p®7° 06353 06053 07403 <25 0.43'5% 0.09'933 0.21°9%
p’n? 043550 00855 01355 <55 —-0.20°0% —0.09:0.46 —0.14"3%
pon'* 03551,  0070p 0439 <12 —0.10%ge;  0.0875%  —0.115
wm®® 036035 0115%  0.14°5% <1.9 0.357 332 -0.26'5%2 0.41°332
wn®® 030752 04453 04053 <12 -0.139% -0.00+0.22 -0.02°9%
wp'® 02631 027318 02731 <60 -0.23"38  -0.04+022 01131
#m°P  0.00190%% 0.000°9008 0.000°90%% <5 0 0 0
én® <0.001  <0.001  <0.001 <9 0 0 0
én'® <0001  <0.001  <0.001 <1.0 0 0 0
Syn -019°99%  -0.1893%  -0.1751F —0.13+0.18
AS,, 0227918 0.28"3%¢ 0.38"3%3 0.33+0.18

o S, contribution included.
®No Sp contribution included.

y=162°, with AxY[Acp(BT—K**5)]=1.3, and fory
=26°, with Ax*[ B(B°— wK®%)]=1.3.
We comment on several predictions of the fits wigh

rily by the decayB™ — K%z .
The ratio—sp/pp, corresponding to the electroweak pen-
guin contribution tosp, is found to be 0.030.04 for the

=63° which appear to be of general nature, not depending.~g3° fit, somewhat smaller than expectatidies]. The

on specific assumptions abau}/pp or symmetry breaking.

Al fits predict |ty|<|tp|. In a factorization picture,, in-
volves the production of ar™ (f,=130.7 Me\) by the
weak current, whereats involves production of a* (f,
=208 MeV). This inequality is therefore not so surprising.
One hagty /tp|=0.68 whilef . /f ,=0.63, suggesting within
factorization that th&— p andB— = form factors are simi-
lar. The values oft,| we find are comparable to that (if,
the tree amplitude iB— P P, which was found if13] to be
|t|]=27.1=3.9 eV. One also findgp /t|=f,/f , as expected
from factorization when thep—7 mass difference is ne-
glected.

Al fits predict p;,= —pp, even if this equality is not en-

central value of the rati@p/ty is about 0.2. These ampli-
tudes interfere constructively in such processes Bds
—p%7" andB*—wx . The corresponding ratio f@,, /tp

is slightly larger, about 0.3, helping to enhance the predicted
rates forB™ — p* (7%, 7, 1"). A similar constructive interfer-
ence betweelC and T terms appears to account for an en-
hancement of th8" — 7" 7° decay(see, e.g.[18]).

Small strong phasegnod ) are favored, implying that
the relative strong phase betwegnandtp is small. This is
consistent with the prediction of QCD factorization methods
[24].

The pattern of strong and weak phases obtained here is
such that there is a small amount of constructive tree-

forced. This is largely due to the need for constructive interpenguin interference in th@ P-averaged branching ratios for

ference betweem,, and —pp in the decaysB—K* 7, as
proposed in Refl.31]. We find|pp/p’|=0.7, wherep’ is the
strangeness-changing penguin amplitud®ir PP decays,
with magnitude[13] |p’|=45.7+ 1.7 eV determined prima-

B—p 7" andB°—K* "7, and a small amount of de-
structive interference iB°—p* 7~ and B°—p K*. The
preference of the fits for large values gf(small values of
cosy), when final-state phases are small medis due in
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TABLE VII. Same as Table VI fotAS|=1 decays oB mesons.

| — B (units of 10°%) —| |— Acp —|
Mode Prediction Expt. Prediction Expt.
y=26°  y=63°  y=162° y=26° y=63° y=162°
B"—» K*z" 973l 95:09 9410 9.0:14 0 0 0
K**a® 221732 150'3%F 182739 <31 0.01-0.03 0.01-0.05  —0.04'5%3
K**pa 251720 23413 25133 259+34 —-0.00:0.02 0.00.02 —0.04+-0.02 0.10-0.12
Kxtp'a 2221 2812 24731 <12 0.26'5% 0.01+0.16 0.20° 3%
pPK™* 48735 44738 4503  41x08  0.24-0.04 0.21-0.10 0.19°308
ptKO 9.0'3% 12616 11.4°33 <48 0 0 0
wK*™ 5312 50738 5137 54+08  0.24-0.04 0.19-0.08 0.183%  —0.003:0.122
$K*P  86+03 8704 8637 9.0+09 0 0 0 0.036:0.072
B~ K*'x~ 15313 124+09 15512 153+38  0.06-0.04 0.01-0.10  —0.03'5% 0.26+0.35
K*07z0 1333 0852 0.7°39 <35 -0.19°5%  -0.039%2  —0.03313
K*Op2 184757 1910777 185G 17.8£20 —0.001g5% 0.001+0.006 —0.0129g0;  0.05+0.10
K*Op'a 28'2F 3035 293¢ <64 00500  000£0.03  0.04°90
p K* 101730 10073 993  9.0x23 0217303 0.16"3%% 0.15°9%3 0.19+0.12
p°K® 5318 7.2'2%3 6.4"18 <124  —0.04:0.03 -0.02£0.01 —0.02+0.02
wK®® 3973t 53%% 4971 52+11  0.04:0.03 0.02-0.02 0.02-0.02
pKOP 7992 81+03 8032 7.8+11 0 0 0

#No S|, contribution included.
PNo S}, contribution included.

part to the fact that these interference effects are relativelgny time soon. The corresponding predicted rates Bbr
small. — (w0, n,n') are factors 0f2,3,6 smaller, respectively.

We shall comment below on details which depend on spe- The branching ratio for the newly observed dedy
cific assumptions. First we discuss some specific decay-p* » [42] is well reproduced, in part because of the en-
modes for which predictions are fairly stable over the range

of assumptions. te

A. AS=0 decays

The decayB™ —K*°K ™ is predicted to be dominated by
the pp amplitude and thus to have ze@P asymmetry. Its
branching ratio is expected to be about®B) 6, consider-
ably below present upper limits. Any deviations from these Cvy
predictions could indicate the importance of an annihilation
amplitude or, equivalently, important rescattering effects.
One expects a similar or slightly larger prediction BF o
L K* +EO. <_v
A nonzero negativeCP asymmetry is predicted foB*
—p®7*, as a result of the interference of the amplitudes
ty+cp andpy,—pp. In our favored solutionwith y=63°)
this arises as the result of a small but non-negligible relative
final-state phase’,. The same phase contributes GP
asymmetry of opposite sign 8" — p°K* andB" — wK ™,
as we shall see below. It appears to be generated in our fit by
the appreciableCP asymmetry inB°—p~#", and also
leads to a nonzero prediction f&S, .
The decayB"™ —p* 70 is expected to have a branching
ratio of about 1X10°°, consistent with the recently re-  FiG. 2. Magnitudes and phases of dominant invariant ampli-
ported level[39]. tudes in solution withy=63° and complexp\/pp. Other ampli-
The decayB*— ¢7", dominated by an amplitude com- tudes are given by Ppvy=—0.230p(p vy, Pewprv)
ing from the electroweak penguin amplitude sp, is in-  =-0.230P¢y py), tp=0.240tp, 1,=0.281t,, Cfpy,
cluded for completeness. We do not expect it to be observee 0.230C ) -

ty

Ty
e

034001-11



CHIANG et al. PHYSICAL REVIEW D 69, 034001 (2004

TABLE _VIII._ObservabIes providingy?=1.5 in at least one of tive interference of thepp and py, contributions[31]. The
the three fits with complepg/py . predictions are presented in the absence of a singlet penguin
(S)) contribution, which would primarily affect theB

Observable y=26° y=63° y=162° —K* 5’ processes. For quantitative predictions as a function
Acp(BT—pT 70 1.4 2.0 0.2 of |S\/pp| see Ref[12].

B(BT—pty') 2.4 35 2.8 In the absence of electroweak penguin contributions one
Acp(B’—p 7™ 3.7 4.9 5.0 would expect théB* — p°K* andB™ — wK ™ decay rates to
Acp(B®—pTm7) 0.4 1.0 1.7 be equal[70]. In fact, B(B" —wK")/B(B"—p°K")=1.3
Acp(BT—wK™) 4.0 2.6 2.4 +0.3, consistent with 1. This implies that additional elec-
Sy 1.6 16 16 troweak penguin contributions in the form of thep2erm in
Sum: 135 15.6 13.7 A(B*—wK™) (see Table IV do not considerably affect the

branching ratio of this decay. A small but non-negligible
positive CP asymmetry of about 0.2 is expected in both
hancement associated with the constructive interference béhese processes through interference of gljeand t|,+cp
tweentp and Cy,. The large value ofCy is driven by the terms.

attempt to fit an even larger branching ratio &f —p* 5’ The proces8™ — p*KP, as mentioned, is expected to be
reported in the same experiment. The penguin contributiongoverned solely by thp,, term. Measurement of its branch-
are expected to cancelf,=—pp, S0 both of these decays jng ratio would provide valued information ofpy|. As

are expected to have zero or very smalP asymmetries. noted, the only upper limit on the branching rati6(B*

This stands in contrast to the large asymmetries expected for +K9<48%x 106 comes from the CLEO Collaboration
B myandB*—mty [13]. InB*—p 7" theqcd P K) ’ ’

Ll — so it should be improvedor the decay discovergdrery
penguin contributions associated with the anddd compo-  goqn.

nents of Te”(’i nearly cancel one another ffy=—pp, The rate difference sum ruk®) involving BO—K* * 7~
while in B — " 7", these contributions reinforce one an- is seen in Eq(7) to be satisfied, though with large errors. We
other. _ predict small values foAcp(B°—K* *7r) and Acp(B°

We predictB(B*—p* 5')/B(B" —p* n)=1/2, whereas _, + -y
the observed ratio exceeds 1. This may reflect a shortcoming \ye predict a branching ratio foB®— K* %70
of our description of they” wave function, which has been 5,4t 10°®,
argued in Ref[19] to contain important symmetry-breaking 3 gy 1~
effects.

We are unable to accommodate the large central value
the CP asymmetry inB°— p~ ", This will be true of any
formalism which respects the rate difference relatidi
which is seen in Eq(6) to be poorly obeyed by central
values.

of only
below the present experimental upper bound of
6. The electroweak penguin component of g

mplitude is responsible for interfering destructively with the

£ component in this process. We expect a corresponding
enhancemerin B(B™—K* * 70, since the relative signs of
¢y, and the dominant penguin amplituge are opposite in
the two processes. One expects the sum (af@logous to
one discussed recently @])

B. |AS|=1 decays

The decayB™ —K*%7*, dominated bypp, is the main
source of information on that amplitude. It is expected to
have zercC P asymmetry. Better measurement of its branch- =2 B(B* —K*%") +T_+B(BO*>K* ) (24)
ing ratio would reduce the errors opp|. 2 70

Electroweak penguin contributions play an important role
in the large predicted valug(B*—K* " 7% =15x10 6.

As mentioned, one may expect detection of this mode in théo hold to first order intp/pp| and|cy/pp|. The right-hand
near future, and it may help to choose among various locaside is (12.7-2.2)xX10°°. The sum rule is only approxi-
x2 minima in Fig. 1. mately obeyed by the predicted branching ratios since qua-

The predictions forB* —K** 5 and B* —K** 5’ in-  dratic terms in|tp/pp| and|c{/pp| are non-negligible.
clude a small tree contribution whereas no such contribution The branching ratio an@P asymmetry forB®—p K™
is expected for the corresponding deca8%—K*%; and  are reproduced satisfactorily. Since these quantities enter into
B°—K*%%'. This leads us to expect a slight enhancement ofhe rate difference relatiot#), which is poorly obeyedsee
B(BT—K**5) with respect toB(B°—K*%%), as sug- Eq. (6)], one suspects that it is the experimer@# asym-
gested by the data. The successful prediction of the rates fanetry Acp(B°—p~ 7") = —0.54+0.19 which is slightly out
B—K* (") is due in large part to the inclusion of the EWP of line, as mentioned earlier.
contribution, interfering constructively in each case with the The decayB°— p°K° is predicted to have a branching
main QCD penguin term. SmallP asymmetries are pre- ratio of about 7 10~ °, not far below its experimental upper
dicted in B*—K** 5 and B>-K*%;. The considerable limit of 12X 10 ®. The CP asymmetry is expected to be
suppression of the decays involving reflects the destruc- very small.

.,
B(B* —K** 79) +T—+B(B°—> K*070)
0
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We already noted the comparison BP— wK® and B In the present section we will rely only on U-sgif2,73, an
— @K amplitudes in Sec. V as one test fofj=—pp. Zero  important subgroup o8U(3), introducing U-spin breaking
CP asymmetry is expected. We predi&g, =0, consistent ?n terms of ratios of decay constants. U-spin will be _shown to
with observation, but, as mention¢65], are unable to ac- IMPly two quadrangle relations amongS|=1 amplitudes
count for Sy = —0.15+0.70 (5=2.11), predicting instead and two quadrangle ielatlons amoA§=0 amplitudes. This
. . exhausts all sixteeB™ — VP decays given in Tables Ill and
the value sin(B)=0.736+ 0.049. . . . .
IV. Relations will also be presented among penguin ampli-
tudes in strangeness changing and strangeness conserving
decays, and among tree amplitudes in these decays. Such
relations may be used with branching ratio measurements to
Most parameters of the fits appear to be relatively stableonstrain tree amplitudes i\S|=1 decays and penguin
This stability is due in part to the inclusion &,, and  amplitudes inAS=0 decays. This could give an indication
AS,, which are the only quantities in which the interfer- apoyt potentialCP asymmetries in certain modes. Expres-
ence betweety, andtp is probed directly. Small changes in sjons and values for decay amplitudes calculated in previous
relative strong phases occur when we relax the assumptiogections, where assumptions stronger than U-spin and U-spin
thatpy/pp=—1. The changes in predicted branching ratiospreaking were made, must obey the quadrangle relations as
andCP asymmetries appear to be so small that they will notwell as these constraints.
be detected in the near future. The U-spin subgroup oBU(3) is the same as the I-spin
The least stable aspect of the fits is associated with th@sospin except that the doublets with=1/2U,= *+1/2 are
amplitudesCy, (color-suppressed trgandPy,,, contribut-

C. Processes sensitive to assumptions

ing to sy, andcy,. The need for &,, amplitude is associated 11
with the large branching ratios f@" —p* (7% 7,7'), but 2 2 |d)
we still cannot fit the large branching ratio for the last pro- quarks: = , (25
cess. They? minima at y=(26,162)° are associated with ‘E_ 1> |s)
larger values o€, andPL,,,, which lead to the predictions 2 2
BB —K* " 70 =(22.172218.2°59 x 10°C.

We have assumed no $8) symmetry breaking in relat- ‘1 1 B
ing the AS=0 penguin amplitude$pp | to the |AS=1 _ 2 2 [s)
amplitudes|pp /. This assumption will be checked in the antiquarks: |, 4\ | = e (26)
future when the appropriatB—K*K or B—K*K decay ‘5— §>

rates are compared with the predictions in Table VI. The

corresponding assumption P/P’|_:|V(:d/VCS|=0.230 IS Btisa U-spin singlet, whiler* (p*) andK * (K* *) belong
close to being checked iB™—K*K® decays, where it en- to a U-spin doublet,

tails the prediction B(B* —K*K%=(0.75+0.11)x 10 °

[13], to be compared with the experimental upper limit of [0 0)=|B")=|ub), (27)
2.2x 10 ° [71]. We have also assumed exact(3Un relat-

ing the|AS|=1 color-suppressed amplitudeS() to those 1 1

with AS=0. Tests of this assumption will require data of 2 §> { lus)=|K*(K**)) l
significantly better quality since there are no processes domi- = _ . (28
nated by these amplitudes. —lud)=—[7"(p"))

1 1
We have assumed nonet symmetry and a particular form 2 2>
of octet-singlet mixing in describing the decaBs—K* .
When an independent measurement ofpljeamplitude be-  Nonstrange neutral mesons belong either to a U-spin triplet
comes available through the ded&y — p*K°, this assump- ©F @ U-spin singlet. The U-spin triplet residing in the pseu-

tion will receive an independent check. doscalar meson octet is

As mentioned earlier, we assumed that the strong phase of _
the electroweak penguin contributitt,, » to sp andcyp is |K®)=]ds)
the same as that gbp, and that thePg,,, contribution 11 1) J3 1 1 _
differs in phase by 180° with respect pd,. It may be nec- 10) |= 7| 7g) — §|’7TO>= —|ss—dd) |,
essary to relax these assumptions in future fits once more |1-1) V2
data become available involving these contributions. _ |§0>= _ |s€)

(29
VII. U-SPIN RELATIONS

. . and the corresponding singlet is
In the previous sections we have employed the complete P g sing

flavor SU(3) symmetry group, neglecting small 1 J3 1
annihilation-type amplitudes. A best fit was performed in or- |0 0)==|mg)+ —| 7%= —=|ss+dd—2uuy. (30)
der to calculate magnitudes and phaseS 0{3) amplitudes. 2 2 6
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In addition the#; is, of course, a U-spin singlet. We take

ng=(2ss—uu—dd)/\6 and 7;=(uu+dd+ss)/\3.

The physicaly and ' are mixtures of the octet and singlet,

2.2 1

=3 M8 37 Y

242

=3 Mt 37

!

31)

The U-spin triplet in the vector meson octet is
|K*%)=|ds)

111)

110)

[1-1)

1

1 o 1 _ 1
14510510 =

2

SSERIEY

|ss—dd) |,

(32
and the corresponding singlet is

1 V3

3 1
|0 0)g= \/§|¢>+ 7|P0>—ﬁ|w>

1

6

singlet

|ss+dd—2uu). (33

The SU3) meson

+12[w))/\3.

TheAC=0, AS=1 effective Hamiltonian transforms like
as~|%%) component fU,=1) of a U-spin doublet, while
the AC=0, AS=0 Hamiltonian transforms like a~ —|%
—3) component fUz;=—13) of another U-spin doublet.

is [0 0)1=(|#)

vector

PHYSICAL REVIEW D 69, 034001 (2004

A(p°K ")+ A(0K )= 2A(pK ) — 2AK* 07 ),
(36)

A(P°mH) +A(wm )= 2A(p7 )+ 2A(K*OK ™).
(37

The first two relations are straightforward generalizations of
corresponding relations obtained fBr— PP [13]. The last
quadrangle is expected to be squashed, since the two terms
on the right-hand-side contain no tree amplitude and are ex-
pected to be smaller than each of the two terms on the left-
hand-side(See expressions and values in Table Wl four
relations among complex amplitudes hold separatelyBfor
andB~ decays.

One may decompose th&#S=1 and AS=0 effective
Hamiltonians into members tfie sameawo U-spin doublets
multiplying given CKM factorq 73],

HEf?gz V:qu solsJ + V:bvcsog ' (38)

HO 9= V5V 1 gOY4+ VE V05 . (39)
Hadronic matrix elements of the two U-spin doublet opera-
tors, Oy s and Og ¢, will be denotedA" and A® and will be
referred to as tree and penguin amplitudes, where the latter
include electroweak penguin contributions. Note that these
amplitudes multiply different CKM factors ifAS|=1 and
AS=0 processes. The expressid3s) and(39) imply rela-
tions among penguin amplitud@s in strangeness changing
and strangeness preserving processes and identical relations
among corresponding tree amplituds's

Starting with processes involvingand ', one may sim-

Since the initiaB* meson is a U-spin singlet, the final statesply transcribe results obtained fd&— PP [13], replacing
are U-spin doublets. Th¥ P states can be formed from a 7" andK™ by p* andK* *. Thus, one finds expressions for

K** or ap™ belonging to a U-spin doubléR8), while the

AS=0 penguin amplitudes in terms of sums of bS]

pseudoscalar meson belongs to the two U-spin singlets, Eqz1 penguin amplitudes which are expected to dominate

(30) and 7, and to the U-spin triplef29). TheseV P states
resemble the correspondiP states studied within U-spin
in Ref.[13], the only difference being that thé™ and 7

these processg43],

2
A(p* ) =AYK** ) — —=A%p KO,

are now replaced bK** and p®. Alternatively, one may /3 (40
choose the pseudoscalat{ or 7=*) in a U-spin doublet,

while the vector meson resides in the two U-spin singlets 1

(33 and|0 0>1 and in the trlplet(32). AC(p+ n/):AC(K*+ 77/)_ _AC(p+KO)_ (42)

One finds four cases in each of which four physical am- J6
plitudes are expressed in terms of three U-spin amplitudes,
corresponding to final states in which one of the final meson§ince all amplitudes involve unknown strong phases, these
is a member of a U-spin doublet while the other belongs tcare in general triangle relations. Assuming that the two pen-
the two U-spin singlets and the U-spin triplet. This implies guin amplitudes on the right-hand sides of each of E4@).
two quadrangle relations amorgS=1 amplitudes and two and(41) dominate the respective processes, the rates of these
guadrangle relations amorgS=0 amplitudes: processes may be used to obtain constraints on the penguin
amplitudes on the left hand sides. For this purpose one would
need to measurd3(B*—p*K® and improve the upper
bound onB(B* —K* *5').

Similarly, one obtains expressions faiS=1 tree ampli-
tudes in terms of sums of twAS=0 tree amplitudes,

2\2AK* * )+ A(K* * ")
= BA(pTK®) + 3A(K* T 70),
(34

2\2A(p* ) +A(p* 7')=3A(p* 7°) — VBA(K* *KO),

35 (42

2 _
AY(K* + =AY + + AY(K* + KO ,
(K*"7)=A%p" ) NE ( )
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1 . in decays toww" and ¢7". No CP asymmetries are ex-

AYK*T ") =AYp ")+ —=AYK*TK®. (43)  pected in the two processes of E§5) which are pure pen-
V6 guin in our approximation.

Similarly, one obtains U-spin relations for tree ampli-

The second terms on the right-hand-sides vanish in the AR des

proximation of neglecting annihilation amplitudes. This pro-

vides two equalities between tree amplitudes BY AUpOK ™) = AU p07r ) — AUK*OK +)/ /2 56
—K**5 (5') andB*—p* 7 (»'). (In Tables Il and IV (PTKT)=ANpTm ) =AY 2. (59
these amplitudes are given by andtp, respectively. The AU wK )= Al +y— AUCK*OK +)/ /2
observed amplitud&(B* —p* ) =31.2+ 4.7 eV(see Table (K7) (0m™) ( 2, (57)
[II') then implies, via Eq(42), that the tree contribution in
BT —K* " yis (31.2:4.7)X \(fys /f,)=(8+1) eV. This is AY(PKT)=AY(pmH)+AUK*OK ™), (58)
approximately the value calculated in Table IV.

Another set of U-spin relations, applying separately to AUK*Or )= AU(K*OK ), (59)

penguin and tree amplitudes, can be derived for decay am-
plitudes involvingp®, » and ¢. Physical amplitudes, con- In the approximation of neglecting annihilation amplitudes
sisting of penguin and tree contributions, may be decomthe second terms in Eq&6)—(58) vanish. Thus, tree ampli-

posed into U-spin amplitudes, tudes within each of the three pairs #5=0 and|AS|=1
N g g g processes involving K" and azr™ are equal. Assuming that
3A(wm")=—Aj—3Al+ \2Bf, (449 the tree amplitude dominat®&" — w =", where the penguin
amplitudespp and py, interfere destructively, Eq57) im-
3A(pm")=2AT+3\2A]+BY, (49  plies a sizable tree amplitude iB*—wK", ~23 eV
XN(fx/f,)=7 eV. This value, calculated earlier in Table
3A(wK™)=—AS+3AS+ 28BS, (46) (/1) 1S val " e

IV, permits a sizable tree-penguin interference in this decay.
Table IV shows equal tree amplitudes B — oK™ and
+\ — s__ s s
SA(K™)= ‘/EAO 3‘/§A1+80' (47) B*—p°K™. This result is beyond U-spin. All the tree am-

plitudes in Eqs(58) and(59) vanish in our approximation.

A(pPmt)=A3—A?, (48)
ACKFOK )= — 2. 2A%. 49) VIIl. CONCLUSIONS
We have analyzed the decaysBmesons to a charmless
A(pPKT)=A5+A], (50)  vector (V) and pseudoscalaP) meson in the framework of
flavor SU3). The relative magnitudes of tree and color-
AK*Omt)=—22A3, (51 suppressed amplitudes extracted from data appear consistent

with the factorization hypothesis. For example, the ratio of
whereA,, A; and B, correspond to final states with vector the tree amplitude in which the current produces a vector
mesons in U-spin singlet and triplet in the octet and in themeson to that in which it produces a pseudoscalar is approxi-
SU(3) singlet, respectively. The superscriptainds denote  matelyf,/f ., and the ratio of color-suppressed to tree am-
strangeness conserving and strangeness changing ampiiitudes is approximately that iB— PP data.

tudes, respectively. _ ~ Penguin amplitudes are also extracted from data. Here we
This decomposition implies several relations for penguinare not aware of successflbpriori predictions of their mag-
amplitudes, nitudes. For solutions compatible with other determinations

o 0+ - w0 s of v [69], we find a fairly stable pattern of small final-state
AY(p%m )= A%(p°K )+ AS(K* 0w )12, (52) phasesmod ), implying smallCP asymmetries in all pro-

. N . N v0 t cesses. In particular, we do not expect a la&Eg@asymmetry
A(wmt)=A%(wK") +AYK*Om")/\2, (53 in B°~p~x*. We find a small relative strong phase be-
tweenty, andtp. There exist also solutions far outside the
expected range; these have larger final-state phases but can-
_ not be excluded by present experiments. Our preferyed

AS(K*OK ™) = AS(K* O ™). (55  ~63° fit favors a weak phasg within the range 57°—69° at
. . . . . _the 1o level, and 51°-73° at 95% C.L. if one restricts at-
The penguin amplitudes on the right-hand sides dom'nat't:“ention to the range 39°—80° allowed in fits to other data

the corresponding processes. Assumirig= —py,, the two [69].

terms on the right-hand side of E(2), —py/V2+pp/\2 Predictions have been made for rates & asymme-

add up constructively, while the two terms in E&3), (by  tries in as-yet-unseen decay modes. Some of these modes,
+2sp)/\2+pp/+/2, add up destructively. Destructive inter- such asB*—p*K° B%—p°K°, andB*—K** % should
ference occurs also in E¢p4), where the right-hand side is be seen soon.

(pp+sp)—pPp- Consequently, one expects large tree- A key assumption for which we have performed some
penguin interference B — p°7*, and small interference tests and suggested others is the relafidh] p/pp=—1

A% (pm")=A(PK") = AS(K*O7r"), (54)
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between penguin amplitudes in which the spectator quark ibranching ratios foB°—p~ 7" andB°—p* 7. The CP
incorporated into either a pseudoscalar meson or a vect@symmetryAcp(p*7*)=—0.14+0.08=A,, is
meson. This relation is quite well satisfied, with the question

of a small relative strong phase betwegjp and —pp still Blp*m)=B(p~m")
open. Within the framework of Ref24], although the space- pm Bp m )+ B(p mt)’
time properties of the short-distance operators leadingyto

and p,, are quite different, the currently favored scenariowhere

(“S4™) of these authors yields effective magnitudes of these _
amplitudes rather close to one another and having opposite B(p*m*)=B(B°—p 7 )+B(B—p 7m7). (A2)

signs. The amplitude,, contains in addition to a term simi- . N
lar to one inpp a contribution of opposite sign which is -tl)-rhaenscehiﬂuarnattlz)essaig l;e;terg;]c;;?:s 'gg'z\gd;g? -averaged
formally 1/m, suppressed but is chirally enhanced. The re- 9 y '

sult, py=—pp, demonstrates the importance of the second 1 B _ B
contribution. The mutual interference of the two penguin E[B(Boﬂptw+)+B(Boﬂp+7Ti)]
contributions to the decay®— K* (") obeys the same pat-
tern as in our treatment and RE81].

(A1)

pm

1 _
=§(1¢ACiAMC)BI+ (A3)
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