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We discuss the implications of recent experimental dat@fdecays into two pseudoscalar mesons, with an
emphasis on those witly and ' in the final states. Applying &-spin argument, we show that tree and
penguin amplitudes, both B* — 7" 7 and inB* — 7" 7', are of comparable magnitudes. Nontrivial relative
weak and strong phases between the tree-level amplitudes and penguin-loop amplitudeBin-the 7
modes are extracted. We predict the possible values for the averaged branching r&®asyinmetry of the
B*— %' modes. We test the assumption of a singlet-penguin amplitude with the same weak and strong
phases as the QCD penguin amplitude in explaining the large branching ratig& ahodes, and show that
it is consistent with current branching ratio aG& asymmetry data of thB™ — (7, 7, 7' )K™ modes. We also
show that the strong phases of the singlet-penguin and tree-level amplitudes can be extracted with further input
of electroweak penguin contributions and a sufficiently well-known branching ratio ofkhe mode. Using
SU(3) flavor symmetry, we also estimate required data samples to detect modes that have not yet been seen.
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[. INTRODUCTION compare our results with a recent treatment also based on
flavor SU(3) symmetry[16].
The KEK-B and SLAC PEP-Ie"e™ colliders and Belle In Sec. Il we review notation and amplitude decomposi-

and BaBar detectors have permitted the studyBafecays tions using flavor symmetry. We compare these with experi-
with unprecedented sensitivitgP-violating asymmetries in mental rates, obtaining magnitudes of amplitudes, in Sec. Il.
B%— J/ /K5 and related modes have been obsefie] and We can then extract amplitudes corresponding to specific fla-
agree with predictions based on the Kobayashi-Maskaw¥°" t0P0|09IES in Sec. IV. Section V is devgted BG—”ﬂi
theory[3]. These asymmetries are associated with the inter@nd B— 7K, while discussions ofB™— =" and B

i + 0 ; i
ference betweeB?-B° mixing and a single decay amplitude. —m 7' 0ceupy Sec. VI. Some progress on testing ampli

. . o tude relations proposed in Ref&,12] is noted in Sec. VII.
The observation oflirect CP asymmetries irB decays, as- ; ; ;
Relations among all chargegidecays, obtained by applyin
sociated with two amplitudes differing in both weak and I g g b I y applying

only the U-spin subgroupl 7,18 of flavor SU(3), arestud-

strong phases, has remained elusive. In this paper we defiy iy Sec. VIll. We remark on as yet unseen processes such
onstrate that the data d&— PP branching ratios, wherf as BY K K° and B°—>(K°K°, 707 709, #0%') in

denotes a pseudoscalar meson, now indicate that substan ¢. IX, and conclude in Sec. X. An Appendix compares our

; ; ; + + +
d|rec+t CEP asymmeiries in the decays”™ — "y and B methods with those used in Ref19] to estimate non-
—a " 5’, anticipated previouslj4—6], are likely. Indeed, a penguin contributions t&°— 7’ K°.

recent BaBar result7] favors a larger* » asymmetry.
We shall discus8°—PP and B*—PP decays within
the framework ofSU(3) flavor symmetrnf8-13, introduc- [l. NOTATION
ing corrections foISU(3) breaking or assigning appropriate .
uncertainties. Our treatment will be an update of previous CUr duark content and phase conventiphs 12 are:
discussiong14,15, to which we refer for further details. We ~ Bottom mesonsB®=db, B®=bd, B*=ub, B~ =—-bu,
shall be concerned here mainly with the decays of chargeBs=sb, Bs=bs.
and neutraB mesons tK 5, K#»', m», and7»’. We shall Charmed mesonsD®=—cu, D°=uc, D*=cd, D~

=dc, D/ =cs, D, =sc.

A O (A -
*Email address: chengwei@hep.uchicago.edu Pseudoscalar mesons =ud, "= (dd—uu)/ V2, m

— A e KO—de WO—cd K-— —(ea
TEmail address: gronau@physics.technion.ac.il —__du’_KJr—USv K'=ds, K'=sd, K"=-su, n=(ss
*permanent address. —uu—dd)/\3, 7' =(uu+dd+2ss)/ 6.
$Email address: rosner@hep.uchicago.edu The » and ' correspond to octet-singlet mixtures
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TABLE |. Experimental branching ratios of selecté®=0 decays oB mesons. Branching ratios are quoted in units ofsL0Numbers
in parentheses are upper bounds at 90% C.L. References are given in square brackets. Additional lines, if ang;BisythenetryAcp
(second ling or (S,.A) (second and third lingdor charged or neutral modes, respectively.

Mode CLEO BaBar Belle Average
B — w0 4.6 18 55124] 5.5 59+0.6[26] 5.3+1.3+0.5[33] 5.27+0.79
- —0.03"318+0.02[26] —0.14+0.24"333[33] —-0.07+0.14
K+KO <3.3[24] —-0.6"3%+0.3 (<1.3)[27] 1.7+1.2+0.1 (<3.4) [33] <13
7ty 1.2°28(<5.7)[25] 4.2°39+0.3(7] 5.2729+0.6[33] 4.12+0.85
- —0.517323+0.01[7] - —-0.51+0.19
oy 1.0°38 (<12) [25] 5.4"33+0.8 (<12)?[28] <7[34] <72
BO— mta” 4.5 1555124] 4.7+0.6+0.2[29] 4.4+0.6=0.3[33] 4.55+0.44
- (0.02+0.34+0.05[29] (—1.23+0.4173%, [35] (—0.49+0.27,
- 0.30+0.25+0.04) [29] 0.77+0.27+0.08) [35] 0.51+0.19)
om0 <4.4[24] 1.6°5¢79% (<3.6)7[26] 1.8' 14705 (< 4.4 [33] <36
KTK™ <0.8[24] <0.6[29] <0.7[33] <0.6
KOKO <3.3[24] <2.4[30] 0.8+0.8+0.1 (<3.2) [33] <24
5 0.0798 (<2.9) [25] - - <29
w0y 0.0°38(<5.7) [25] - - <57

&This mode has now been detected; see text in Sec. IX.

7= 1gC0SHy— 11SINBy, 71’ = 7gSinhy+ 17,C0SH,

1)
with 6= sin 1(1/3)=19.5°.

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

In the present approximation there are seven types of inexperimentally measured branching ratio. To relate partial

dependent amplitudes: a “tree” contribution a “color-
suppressed” contributiore; a “penguin” contribution p; a
“singlet penguin” contributions, in which a color-singlegq
pair produced by two or more gluons or by ar y forms an
SU(3) singlet state; an “exchange” contributiam an “an-
nihilation” contributiona, and a “penguin annihilation” con-

tribution pa. These amplitudes contain both the leading-

order and electroweak penguin contributions:

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

1 . 1
pP=P—3Pew. s=S—3Pew, )
a=A, e+pa=E+PA,

widths to branching ratios, we use the world-average life-
times 7=(1.656+0.014) ps and7°=(1.53%-0.014) ps
computed by the LEPBOSC grouy23]. Unless otherwise
indicated, for each branching ratio quoted we imply the av-
erage of a process and &P conjugate.

Ill. AMPLITUDE DECOMPOSITIONS AND
EXPERIMENTAL RATES

The experimental branching ratios af@P asymmetries
on which our analysis is based are listed in Tables | and Il
Contributions from the CLEQ24,25, BaBar[7,26—-33, and
Belle [33—-3§ Collaborations are included. In addition we
shall make use of the 90% C.L. upper bouri88] B(B°
—un, ', 7'n')<(18, 27, 47x 107  (Note added.
Several of these branching ratios have been updated. See,
e.g., Refs[40,4] for summaries and referencks.

We list theoretical predictions and averaged experimental

where the capital letters denote the leading-order contribudata for charmles8— PP decays involvingAS=0 transi-

tions [5,11,12,20 while Pgy and PS,, are, respectively,

tions in Table 11l and those involvingA S| =1 transitions in

color-favored and color-suppressed electroweak penguin anfable 1V. Numbers in italics are assumed inputs. All other

plitudes[20]. We shall neglect smaller ternig1,22] PEgy
and PAg, [the (y,Z) exchange and+,Z) direct channel
electroweak penguin amplitudesVe shall denoteAS=0
transitions by unprimed quantities andS|=1 transitions

by primed quantities. The hierarchy of these amplitudes ca

be found in Ref[15].
The partial decay width of two-bodg decays is

I'(B—M;Mj)= —=
8mm

2|A(B—>M1M2)|2, 3
B

numbers are inferred using additional assumptions and
SU(3)g-breaking and CKM factors. Terms of ordef and
smaller relative to dominant amplitudes are omitted. These
results update ones quoted most recently in [RES]. The
magnitudes of individual amplitudes are based on predicted
values (see Table V beloy and include the appropriate
Clebsch-Gordan coefficients for each mode.

IV. EXTRACTING AMPLITUDES

We begin with those amplitudes or combinations for

which information is provided by a single decay or by an

074012-2



TWO-BODY CHARMLESSB DECAYS INVOLVING 7 AND 7’ PHYSICAL REVIEW D 68, 074012 (2003

TABLE Il. Same as Table | fofAS|=1 decays oB mesons.

Mode CLEO BaBar Belle Average

B 7K 18.8"3721[24] 17.5°18+1.3[27] 22.0+1.9+1.1[33] 19.61+1.44
- —0.17+0.10+=0.02[27] 0.07" 555 395 [36] —0.032+0.066

mOK* 12.9'25" 14 [24] 12.8'12+1.0(26] 12.8+1.4'14[33] 12.82+1.07

- —0.09+0.09+0.01[26] 0.23+0.117 003 [33] 0.035-0.071

7K* 2.2°28 (<6.9) [25] 2.8"°3%+0.2(7] 5.3 18+0.6[33] 3.15+0.69

- —0.32"5%+0.01[7] - —0.32-0.20

7' K* 80" 30+ 7 [25] 76.9+ 3.5+ 4.4[31] 78+6+9 [33] 77.57+4.59
- 0.037+0.045+0.011[31] —0.015+0.070+0.009[37] —0.002+0.040

B~ 7 K* 18.0" 33" 12 [24] 17.9+0.9+0.7[29] 18.5+1.0+0.7[33] 18.16+0.79
- —0.102+0.050+0.016[29] —0.07+0.06+0.01[33] —0.088+0.040

oK 12.8"3% 11 [24] 10.4+1.5+0.8[32] 12.6+2.4+1.4[33] 11.21+1.36

- 0.03+0.36+0.09[32] - 0.03£0.37

KO 0.0"32(<9.3) [25] 2.6°39+0.2 (<4.6)[7] <12[33] <46

7'KO° 89" 18+9 [25] 55.4+5.2+4.0[31] 68+10"3 [33] 60.57+5.61

- (0.02+0.34+0.03,[31] (0.71+0.37° 352 [38] (0.33+0.25,

- —0.10+0.22+0.03) [31] —0.26+0.22+0.03)[38] —0.18+0.16)

independent analysis. We then indicate how the remainingention in which penguin amplitudes are governed by CKM
amplitudes may be determined or bounded. We expect factors V{ Vs and VjjV,4, corresponding to strangeness
t+c, ands’ to dominate most decays in which they occur, changing and strangeness conserving decays, respectively. In
while p, t"+c’, ands should be of relative ordex with  an alternative conventiofd5] one integrates out the top

respect to them. . — - o .
i Y10 . quark in theb—s(d) loops and uses the unitarity relations
The decayB™— 7" K" is expected to be dominated by VAVise = — ViVesa— VigVuge . In this convention pen-

the amplitudgp’| aside from a very small annihilation con- " P _ "
tribution, as shown in Table IV. We thus extratp’|  9uin amplitudes are governed Bff.Ves and ViyVeq. The

= (45.7+1.7)X10"° GeV from theB* — =" K° branching 'atio of these CKM factors is better known than that occur-
ratio. ring in the other conventions. Howev&{J(3) breaking cor-

[Note addedThe BaBar Collaboratiof42] has reported a  fections, possibly of the forrfi /f . would introduce an un-
new branching ratio B(B* —K%z*)=(22.3+1.7+1.1)  certainty of about 20% inp/p’|, similar to the above. We
%1076, which modifies the average in Table Il to (21.8 Will return to thi$ convention.when discussing the conse-
+1.4)x10°%. The invariant amplitude for this process in quences of U-spin symmetry in Sec. VIIl. _

Table IV then becomesA,,] = (48.1+ 1.5)x 10%eV. A Another_ combination which can be .extracte.d c!lrectly

new CP asymmetry Acp(B*—K%7")=—0.053+0.079 frc_)m date} ist+c. The electroweak penguin contribution to

+0.013 has also been reportpt?] and changes the world this amplitude is expected to_be small and we shall neglect it.
average value to 0.0830.059 The average branching rati§(B* — 7" 7% = (5.27+0.79)

In principle, |p| for AS=0 transitions could be directly x10° quoted in Table | gives|t+c|=(33.3-2.5)
obtained from th&* — K *K° andB®— K°K® modes. How- <10 GeV. Two subsequent routes permit the separate de-
ever, current experiments only give upper bounds on theifermination oft andc. o _
branching ratios. Instead, we use the relatito/p’| Factorization calculation46] in principle can yield the
= VgV |=)\|1—_—i_| assuming bottp and p’ to be ra_t|o|C/T| of Ie_adlng color-suppressed to co_lor-favo_red am-

ta? v P17, 9 p- oD plitudes[exclusive of the electroweak penguin amplitudes in
dominated by the top quark loop. The central valuesn) — gq. (2)]. However, at preseriC/T| is only bracketed be-
= (00.21,0.34)_qt_10ted_ inone ana’IyW], together with their - yeen 0.08 and 0.3[27]. For comparison, the corresponding
(180/_022de' (Slérglts["l 4]|;‘n plgﬂ'glph'&]gélglﬁf'(%l_gogg_%i) |C/T| ratio in-B+—>DO7T+ is about 0.448]. With the corre-
%X 10 ° GeV. Although this is the nominal d error, the sponding est|mat_K:+T|/|T|=1.23t0.15, ad_dlng errors in
— — , ' quadrature, we findt|=|T|=(27.1+3.9)x 10 ° GeV. The
range p €[0.08,0.34, 7€[0.25,0.43 quoted in Ref.[43]  grror associated with this estimate is superior to that obtained
implies an error fo@l more like 20% when theoretical un- by applying factorization td— 7l v [49], which yields|t|
certainties affecting and» are taken into account. We shall =(28.8+6.4)x 10" ° GeV. We shall use the former estimate
see that the prospects are_good for reducing this error bfor now. (An improved estimate based on n@®w- =l v data
direct measurement of th€K branching ratios mentioned [50] yields |t|=(24.473)x107° GeV[51].)
above. A delicate point arises when passing frdnand C to the
In the majority of our discussion we will be using a con- |AS|=1 amplitudesT’ andC’. In the combinatiort’+c’
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TABLE 1ll. Summary of predicted contributions tAS=0 decays ofB mesons to two pseudoscalars. Amplitude magnitqm@g
extracted from experiments are quoted in units of .GeV. Numbers in italics are assumed inputs. Others are inferred using additional
assumptions an8U(3)g-breaking and CKM factors.

Mode Amplitudes [t-+c] Ip| |s| @ p. (GeV) |Aexd Acp

B*"—ata® _%(HC) 23.59 0 0 2.636 23.591.76 —0.07+0.14
2

K*KO p 0 9.00 0 2.593 <11.82

g _%(t+c+2p+s) 19.26 10.39 2.15 2.609 20.9%.15 —0.51+0.19

g %(HH 2p+4s) 13.62 7.35 6.09 2.551 <27.64
B a o —(t+p) 27.12 9.01 0 2.636 22.731.09 S,A) ¢

w070 _ c— - 6.36 0 2.636 <20.21

ﬁ( p)

KTK™ —(e+pa) 0 0 0 2.593 <8.32

KOKO p 0 9.00 0 2.592 <16.64

7 _%(gpﬁ) - 7.35 1.52 2.610 <18.25

, 1

7 ﬁ(p-i-ZS) - 5.20 4.30 2.551 <25.87

77 g(ﬁpﬂ) - 4.24 1.76 2.582 <45.70

7' _g(cﬂﬁgs) - 4.24 4.40 2.523 <56.63

’ ! 1
7'n ?E(Hpﬂs) - 2.12 3.52 2.460 <75.66

@Assuming constructive interference betwegrandp’ in B— 5'K (Table 1V).
bT=t contribution alone.
(S, A)=(—0.49+0.27,0.51-0.19).

=(T'+P'g)+(C'+Pgy), the electroweak penguin terms tions. In7’ = (2ss+uu+dd)/\/6 the nonstrange and strange
contribute in magnitude about 2/3 of th&'+C'| terms  quarks contribute constructively in the’ term, but not
[52]. Aside from an overall strong phase, one expects enough to account for the total amplitude. A flavor-singlet
_ penguin terms’ added constructively tp’ with no relative
t'+c'=|T'+C'[[e""—Sgw], Jew=0.65£0.15, (4  strong phase and withs’/p’|=0.41 can account for thB
— n'K decay rates. We shall consider mainly a minirsal
where the second term is the estimate of the electroweajerm interfering constructively witlp’, discussing in Sec.
penguin term.|T'+C'|=(9.35-0.70)x 10 ° GeV is ob-  VII the possibility that|s’| could be larger than its minimal
tained by multiplying [t+c|=|T+C| by the factor value.(The weak phases @f ands’ are expected to be the
|(Vusfi)/(Vyaf )| =0.280, withA =0.2240[44]. The corre-  same[5,12], but their strong phases need not)be.
sponding electroweak penguin term contribution |iE’ The amplitude foB* — 'K ™ is better known than that
+C'|6ew=(6.1+1.5)x 10 ° GeV. It is expected to have for B°— 'K (see Table IV. In the limit of p’,s’ domi-
the same weak phase as the strangeness-changing pengihéthce they should be equal, while that for the charged mode
contributionp’ [52]. is slightly larger. This could be a consequence of a statistical
We next extract the “singlet penguin” amplitude’| by  fluctuation or a contribution from’. The combinationt’
comparing thé8— 7’K branching ratios with those expected +¢’ which appears in A(B*— 5'K*)=(92.4+2.7)
on the basis op’ alone. Thep’ contribution toB— #'K is x10"° GeV includes an electroweak penguin ted’
much larger than that t8 — »K [53], vanishing altogether +C'|Sew! J6=(2.5+0.6)x 10 ° GeV which we subtract
for the latter for our choicey=(ss—uu—dd)/y/3 as aresult from the total amplitudgthe weakp’ ands’ phases are
of cancellation of the nonstrange and strange quark contribitexpected to ber as wel) to obtain the estimaté(3p’
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TABLE IV. Same as Table 11l fofAS|=1 decays oB mesons.

Mode Amplitudes IT"+C'| |p’| |s']? pc (GeV) |Aexd Acp
B"— ='K° p’ 0 4570 O 2.614 45.761.68 —0.032+0.066
oK * —i(p'-i—t'-i—c’) 6.61 3232 O 2.615 36.941.54 0.0350.071
V2
K" _i(sr+tr+cr) 5.40 0 1092 2588 18.462.01 —0.32+0.20
V3
7' K* \ir(sp'+4s'+tf+c/) 3.82 5597 30.88 2530 9242.74 —0.002+0.040
6
B°— & K% —(p'+t") 759° 4570 0 2.615 45.570.99 —0.088+0.040
7oK?O i(p/_cr) - 3232 0 2614 358217
V2
7K© 1 (s'+c') - 0 1092 2587 <23.06
V3
7'K° %(3pf+4s/+cf) - 55.97 30.88 2528 84.733.93  (S,.A)°
6

8Assuming constructive interference betwegrandp’ in B— 7'K.
T’ contribution alone.
%(S,.A)=(0.02+0.34-0.10+0.22).

, 79 " |[p/p’|, bearing in mind that the full range of uncertainty,
+45')//6|=(89.9+2.8)x 10"° GeV. In addition the term inciuding theoretical errors, could be as much as 20%. We

|T"+C'|/\/6=(3.8+0.3)x 10 9 GeV contributes with un- summarize the extracted magnitudes of amplitudes along
known phase. We thus combine it in quadrature as an addiyith their associated errors in Table V.
tional error to obtain [(3p’ +4s’)/\/€| =(89.9+-4.7) Much theoretical effort has been expended on attempts to
x 10 ° GeV fromB*— 5'K*. We average this value with understand the magnitude of the singlet penguin amplitude
A(B°— 5'K% =(84.7+3.9)x 10 ® GeV, neglecting in the s’ [54]. An alternative treatmenf55] finds an enhanced
latter all ¢’ contributions, including a possible electroweak standard-penguin contribution 8- »'K without the need
penguin term. We then obtaif(3p’+4s’)/\6|=(86.9 for alarge singlet penguin contribution. A key feature of this
+3.0)x 10"° GeV. Assuming thap’ ands’ contribute con- WOrk is the description ofp-»’ mixing along the lines of
structively as mentioned above, we subtractpheontribu- ~ Ref-[56], involving a soll_ghtly different octet-singlet mixing
tion to find |s'| = (18.9+ 2.2)x 10~° GeV. angle[ 6= (15.4+1.0)° instead of our value of 19.5°]. The
The Va'ue Of|s/s’| is assumed to be governed by the eﬂ:ect Of theSS Component Of the wave functlon fOI’ bOWI

same ratio of CKM factors|V,q/V,=0.197+0.012 as @andz’ is enhanced with respect to the symmetry limit. We
shall comment upon one distinction between this scheme and

ours at the end of the next section. Predictions are given also
for |AS|=1 decays involving one pseudoscalar and one vec-
tor meson(see also Ref[15]), but not forAS=0 decays.

TABLE V. Values and errors of the topological amplitudes ex-
tracted according to the method outlined in the text.

Amplitude Magnitude & 109 GeV) (Note added A complete QCD factorization analysis of
charmlessB— PP and B—VP decays has now been per-

|t+c|=[T+C]| 33.3£25 formed in Ref[57].)

|t|=|T]| 27.1+3.9

lc|=|C| 6.2+3.3 V. B> 7K AND B— 'K DECAYS

I;' 2'358'23 The singlet penguin contribution to tle— »K amplitude
S is expected to be 1/(#2) of that forB— 'K, amounting to

[T +C’| 9.35+0.70 (10.9+1.3)x 10 ° GeV. As seen from Table IV, this is an

IT'| 7.6+1.1 appreciable fraction of the observed amplitud@(B*

IC| 1.74+0.93 — pK*)|=(18.42.0)x10 ° GeV. An additional elec-

[(T'+C")dewl 6.1+1.5 troweak penguin contribution d{T’ +C") Sgwl/V3=(3.50

'] 45.7+1.7 +0.85)x 10 ° GeV leaves only (4.82.5)x10 ° GeV to

[s'] 18.9+2.2 be accounted for via interference witfi’ +C’|/\3=(5.4

+0.4)x 10 ° GeV. This favors, but does not prove, con-
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structive interference betwedh+c’ ands’. CP asymmetries for y=60°
Taking into account the’ contribution alongneglecting N N EEEERE
¢’ including its electroweak penguin partone predicts =< TEAT T T T T 0
B(B°— 7K°) = (1.03+0.24)x 10" 5. We shall compare this G
with the current upper bound in Sec. IX. 5 -o2
We mentioned in Sec. IV that the value ¢A(B* < o
—5'K™")|, after subtracting an electroweak penguin contri-
bution, was (89.92.8)x 10 ° GeV, which is composed of 0.50
the combination (B’ +4s’)/\/6 [whose magnitude, averag- . oms
ing between charged and neutral modes, we found to be + '
(86.9+3.0)x 10 ° GeV], and aT’'+C’ contribution with Z o.00f—
magnitude (3.80.3)x10 ° GeV. Again, as in B = i A
— yK™*, this favors but does not prove constructive interfer- <t _0.25 } :
ence between the +c¢’ and penguin contributions. f ]
Having now specified the necessary amplitudes, we can ~0.50 1~ —
predict decay amplitudes an@P asymmetries forB* . i I \ 1
—7K* andB*— 5'K*, as well as for the related process o % S L NN N NN R
B*— #°K*, as functions of the CKM anglg and a relative = oF g
strong phase. For the purpose of this discussion we may ‘é o1 | ! | = 3
S E e Ll ]

write the decay amplitude fB*—MK*™ (M=x°, 7, )
as

—100 0 100
. _ 67 (degrees)
A(B*—=MK™)=a(e'”— sgy)e'’T—b, (5) _ _ .
FIG. 1. PredictedCP rate asymmetries whe=60° for B
where the sign beforle takes account of the weak phasén ~ —7°K™ (top), B —»K™ (middle), and B*— »'K* (bottom.
the|AS|=1 penguin term. FoM = 79, 7, ' the values of Horizontal dashed lines denote 95% C.L+1.96s) upper and
a are (6.61, 5.40, 3.8%10 ° GeV, while those ofb are  lower experimental bounds, leading to corresponding boundsyon
(32.32, 10.92, 86.85) 109 GeV, as one may see from the denoted by vertical dashed lines. Arrows point toward allowed re-
entries in Table IV. TheCP rate asymmetries are gions.

[AB™—=D)*=|ABB*=1)? ©
|A(B’—>f_)|2+ |A(B+—>f)|2’ Amplitudes for 6=0 (solid), m (dotdashed)
N AR RN R BN RS

Acp(f)=

while the CP-averaged amplitudes, to be compared with the 40.0
experimental amplitudes quoted in Tables Il and 1V, are

1 o 1/2 .
A(DI=|SLABT =DH*HAB =D . (@) S

|a(m°K )|
w
o
o
‘\ H‘H \‘HH‘H\

1

Here we have assumed the penguin and singlet penguin am-
plitudess’ andp’ to have the same strong phase, which we
take to be zero.

The CP asymmetries are most sensitive &, varying
less significantly as a function of over the 95% C.L. al-
lowed rangg/43] 38°< y<80°. For illustration we present
the asymmetries calculated fgr=60° in Fig. 1.

The constraints oy from Acp(7°K™*) are fairly strin-
gent: —34°<57<19° and a region of comparable size
around 8r=. The allowed range ofdcp(7K™) restricts
these regions further, leading to net allowed regiens®
<67=19° or 163% 67=185°. These allowed regions do
not change much if we vary over its range between 38° - ]
and 80°. i) e B B I B Rt

The predicted magnitudd#\(f)| are very insensitive to 30 40 50 60 70 80 90
o1 within the above ranges. In Fig. 2 we exhibit them for the 7 (degrees)
two casesdr=0 and or=m. Values of 6t near zero are FIG. 2. Predicted magnitudés| of amplitudes(based orCP-
favored over those near, and there is some preference for averaged ratgsfor B*— #°K* (top), B* — »K* (middle), and
the higher values of within its standard model range. The B*— 5'K* (bottom. Solid and dot-dashed curves correspond to
experimental value dfA(7»K™)| tends to exceed the predic- §;=0 and =, respectively. Horizontal dashed lines denote 95%
tion for all but the highest allowed values ¢f C.L. (+1.960) upper and lower experimental bounds.

<0

[A(nK")]

15

(107° GeV)

10= -
10071111}1H}}HH}HH}HH}H

\\44\‘/‘ L

|A(nK")|
(107° Gev)
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In contrast to our description d— nK and B— 'K, Then theCP rate asymmetrieglcp(f) and theCP-averaged
the calculation of Ref[55] has very small singlet penguin branching ratios
contributions to both decays. In the caseBof 'K a very
small CP asymmetry is predicted as a result of the over-
whelming dominance of the penguin amplitude. TBe
— nK penguin amplitude does not vanigh contrast to our
approach, but is predicted to be the dominafgmal) con-  are found to be
tribution to the decay, with a sigoppositeto that in B o
—7'K. (See Table 3 of Ref55].) Thus, for a given final- Acp(art )= — 0.91sindsine (11)
state phase, th€P asymmetry predicted in Ref55] for cPLm T 1-0.91 cos cosa’
B*— »K™ will have theopposite sigrio that which we pre- o
dict. This has interesting consequences for a comparison sinésina

B(B™—f)+B(B"—f)
2

B(f) (10)

+
with the CP asymmetries iB" — 75 andB™ — 7', which Acp(m 7)== 1—cosédcosa’ (12
we will discuss in the next section.
A clearcut difference between our formalism and that of §(W+7l):4-95>< 10 %(1-0.91cosscosa), (13
Ref. [65] is in the CP asymmetries ofB— 7K and B
— n'K. Assuming that the singlet penguin amplitude has the B(m* 5')=3.35< 10 %(1—coss cosa), (14)

same strong phase as the QCD penguin, we predict both

asymmetries to have the same sign for a fixed final-statevhere the relationv=7— 8— v has been used and the am-

phase of penguin amplitudes relative to tree-level ampliplitudes have been substituted by the preferred values given

tudes. However, the central values of the predictions given iin Table III.

Ref. [55] favor the asymmetries to have opposite signs. Bet- Note that Eqs(11)—(14) are invariant under the exchange

ter measurements ocp(7K ™) and Acp(n'K™) (although a8 and the transformation— 7— « and 6— w— 8. (Al-

the latter could be quite difficylwill be very useful to jus-  though{a— —a,5— — 8} is also an invariant transforma-

tify which approach is more favored. tion, negativea is disfavored by current unitarity triangle

constraints. In comparison, we have world averages of

B(7* 7)=(4.12-0.85)x10 % and Acp(7*7)=-0.51

+0.19. We use the central values to solve for the phases
As seen in Table Ill, the magnitudes tof ¢ andp contri-  and § and obtain four possibilities:

butions to them™ (") modes are comparable to each other.

The CKM factors associated with these amplitudes are (@, 6)=(78°%,289), (15

VipVugxe'” and dominantlwf‘bvt_doce*'ﬁ,_respectively. One  4nd those related by the« & and (@,8)— (77— a,7—6)

therefore expects to observe sizable dir€gtasymmetries symmetries. This information leads us to the prediction of

in these_ decay modgs if there is a nontrivial relative stron e branching ratio an@P asymmetry for ther* 5’ mode:
phase in the amplitudes. Indeed, a rate asymmetry o

VI. CHARGED = n!") MODES

—0.51+0.19 forB* — 7= 5 has been observed at BaBai. Blmt 1) =2.7x10"6 16
On the other hand, the fact that the invariant amplitude pre- (m"7)=2. ' (16
diction for B*— 7= with both maximal constructive and Acp(mtp')=—0.57. (17)

destructive interference schemes will be in conflict with the
one extracted from experiments also indicates a nontrivialn general, we also allow the amplitude parametérs- €|,
phase betweetr+c andp. Ip|, and|s|), the branching ratio and dire@P asymmetry

As outlined in Ref[15], by combining the branching ratio of the 7= 7 mode to vary. We use a normal distribution to
andCP rate asymmetry information of the™ 7 modes, one  sample 500 sets of input parameters within theranges as
should be able to extract the values of the relative strongxtracted in Sec. IV and of the experimental data. For each
phases and the weak phase, assuming maximal construc- set of input parameters, we go through similar processes as
tive interference betweep ands (no relative strong phase  ,tlined above to solve frome (7 7) andE(w+ 7) for

The solution thus obtained can be used to predict the branchre \weak and strong phases. They are found to fall within the

ing ratio andCP asymmetry of ther~ 7' modes. ., cross-marked area in Fig. 3. At therlevel, the weak phase
Let us write the decay amplitudes for the' » and =" % « ranges from~60° to ~100° and the strong phase from

modes as ~15° to ~55°. As mentioned before, there are three other
possibilities related to Fig. 3 by the« § and («,8)— (7

1 . . —a,7— 8) symmetries. In either of these cases, the pre-
A(mn)=——[|t+c|e'"+|2p+s|e'"F*9], (8 dicted values of the branching ratio and the dit€Btasym-

V3 metry for thew™ ' mode are the same. As shown in Fig. 4,
the averaged branching ratio of thé %' modes is predicted
1 to fall in the range 2.810 ®<B(w" 7')=<3.5x10 6,
A(m* )= —[|t+c|e'”+|2p+4s|e'"A+a]. (9  Wwhich is well below the best upper bound given in Table I.
\/5 (See, however, the note at the end of R@8].) A sizable
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60 T T T T T L — L 1",,] = 0.65
E « E (- \\\ ‘ T T ‘ T T ‘ T T ]
55 — - L S _ -
C 7] 25— h \‘A”I‘io —]
50 ; X x { r b > q
45 R - 2.0 - -
™ E X XX Xz ] r ‘An‘:OSZ ]
o 0 F R E < f ]
o E BB % X KX B 15— -4 - Y~ _ =
@ 35 DR T T = % -
E C x X ><><>§<>< Xxx%w x % ] [
o = X x x% ;g;x?géy b3 %QXXX ><X M ! r
30 2y M%fﬁﬁ@% ;Xx%; v = 1o
C x " 2 XX x (x5 3 c - /-7 - - - =7 -1
25 |- A B B EE = i ]
C XXX X T 6K >4<&<< X |
£ e %fx&x&%&xxxg X x 3 L ]
20 XX)%%&X}S% ><>3<><>S<><>< 3 0‘577 -]
15 ; ><>< &><><9§2<9(< { :<~v 1 1 ‘ Lo ‘ 1 \7
c J 0 20 40 60 80
10 o b v v v By 0 A
50 60 70 80 90 100 110 X Oor Tm—« (degrees)

r
o (degrees) FIG. 5. Predicted value dR,, (ratio of observedCP-averaged

FIG. 3. Phases and & governing the decayB*— 7~ 7, ob- B~— o~ 7 decay rate to that predicted for tree amplitude alase

tained by solving constraints provided by the branching ratio and® function of  for various values oCP asymmetry|A,|. (The
direct CP asymmetry along with amplitude inputs varying over al- values 0.70 and 0.32 correspondd o errors on this asymmety.

lowed values, are depicted by scattered crosses. The solution corre-

sponding to the preferred central values is marked with a thick dotVherer,=[2p-+sl/|t+c|=0.65* 0.06 is the ratio of pen-
guin to tree contributions to thB=— 7~ #» decay ampli-

direct CP asymmetry between ~—0.34 and tudes. In analogy with our previous treatments Bf

~—0.80 is expected from current data. — "~ [68] andB®— ¢K [59], we may define a quantity
The amplitude relatior8) and the corresponding charge- R, Which is the ratio of the observe@P-averagedB™=

conjugate amplitude may be written in the form — ™~ 5 decay rate to that which would be expected in the

limit of no penguin contributions. We find
A(rt 17):—%|t+c|eiy[l—rne‘(“*5)], (18) R,7=1+r3]—2r,]005a cos$5=1.18+0.30. (20
3

One can then use the information on the obsei®@Pdsym-
1 A . metry in this mode to eliminaté and constrainx. (For a
A(m np)=——|t+cle”"[1-r ,]e'(‘“”)], (29 related treatment with a different convention for penguin am-
V3 plitudes see Ref60].) The asymmetry is

'0-3 TTTT TTTT \\H‘\\\\‘\\H‘\\\\‘\H\ TTTT TTTT[TrTTT A7]:_2r7]SinaSin5/R7]:_O'SEO'lgl (21)
L . ;ﬁ&&fx E T 1 S0 one can either use the simple result
04 - R EET g -
= x XXXXXXX X sex %Rk x i _ 2 > >
i KR Tk TR 1 R,=1+r2x\4rlcoga—(A,R,)%cofa (22
r ><>< * >Z§<><>><<XXXX>§?<><><><§><%>§<>< b
0.5 - 3 XXX; Sj}”@é‘x > 7 with experimental ranges &, andA, or solve Eq.(22) for
- S SR e 8 R, in terms ofa andA,,. The result of this latter method is
<% 06 xS ‘ﬁ‘; e b illustrated in Fig. 5.
. % % X .
r < %W%Qw’j Sxox, . The range ofa allowed at 95% C.L. in standard-model
i o R TR KR xxxx x i fits to CKM parameters is 782 a<122°[43]. For compari-
XX o e KX X . . .
0.7 - R R ok U - son, Fig. 5 permits values af in the three ranges
L B ><>><§<><>< FXEL Xxgg% x Xx &X&X . 4
- « Ak Xk ] 1l4°< @<53°, (23
-0.8 — XX Xx X x —
- ] 60°< a<120°, (24
_09 7\\\\‘\H\‘\\H‘HH‘HH‘HH‘HH‘HH‘HH‘\HF
15 175 2 225 25 275 3 325 35 375 4 127°< < 166° (25)

BR(T') (x10°) . . NP
if R, and|A,| are constrained to lie within theirdl limits.
FIG. 4. Predicted values of the averaged branching ratio and hese limits coincide with those extracted from Fig. 3 when
direct CP asymmetry for the decayB™— 7* 5’ corresponding to  one considers all the possible solutions related by symme-
the points in Fig. 3. tries. Only the middle range overlaps the standard-model pa-
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rameters, restricting them very slightly. Better constraints orcesse8*— 7'K*, B — 7K™, andB* — »K* must have

«a in this region mainly would require reduction of errors on non- vanishingpP asymmetries. Th€P asymmetry forB*

R,. — K% must be very small if our assumption that this de-
There are important questions of the consistency of theay is dominated by the penguin amplitude is correct.

range ofé as exhibited in Fig. 3 with other determinations of ~ We shall discuss a relation betwe€R-violating rate dif-

the relative strong phases between penguin and tree ampfierences which follows from the amplitude decompositions

tudes. They involve comparisons with two classes of proin Table IV:

cesses:(a) the AS=0 decaysB’—="#~, and (b) the

|AS|=1 decaysB*—(7°, 7,7 )K". A(T KO =p’, (27)
For B°— 7' 7~ the amplitudet+p is not exactly the

same as the amplitudeA(B™— n7t)=—(t+c+2p V2A(7K )= —(p' +t'+c'), (28)

+5s)/4/3, which has smalt ands contributions and a larger

penguin-to-tree ratio. Nonetheless one should expect the VBA(7K*)=—(s'+t'+c"), (29)

same sign of theCP asymmetriesAcp(77") and A,

whereas the first is-0.51+0.19 while the second is 0.51 VBA(7'K*)=3p’ +4s"+t'+c'. (30

+0.19. It would be interesting to see whether explicit calcu- hall hat th i ds’ h h
lations (e.g., using the methods of Refd6] and[55]) could Wei ahassul;net atthe amp |f[|uqléhsan s’ have the same
cope with this opposite sign. weak phase but not necessarily the same strong pliase

In comparing the|AS|=1 decaysB" — (70, 7,7' )K" contrast to the simplified case assumed in previous segtions
discussed in Sec. V witB*— (7, 7') 7" discu,sséd in the Theamplitude’+c’ has a weak phasg associated with its
present section, one expects in the fla8a3) limit that T'+C’ piece, and an electroweak penguin piece with the

6= —67. (We have associated the strong phase in each casgme weak phase gs' and s’. Now let us defineCp-
with the less-dominant amplitude: tree farS|=1 in Sec. v Violating rate asymmetried (f)=T'(f)~TI'(f). These may
and penguin forAS=0 in the present sectionWith the  Pe calculated by taking the difference between the absolute
preference fors>0 exhibited in Fig. 3, we would then ex- Squares of the amplitudes defined above and those for their
pect to prefers;<0 in Fig. 1, which is disfavored by the charge-conjugate processes. Under the above assumptions
negative central value of theCP asymmetry for B*  about weak phases, we predic(7K°) =0 [which is sat-
K isfied sinceAcp(7 K% =—0.032+0.066] and

To say it more succinctly, there is not a consistent pattern
of direct CP asymmetries within the present framework
when one considerslcp(77)<0 (favoring 5>0) on the
one hand, and botll .. and Acp(7K™) (favoring §<0) on

A(TOK ) +2A (K )=A(5'K™). (31)

This may be written in terms of observable quantities as

the other hand. The measurement of a signifi€Rtasym- Acp( 7TOK+)E(7TOK+)+2.ACP(77K+)5(77K+)
metry forB* — 5’ 7+ would provide valuable additional in-
formation in this respect. = Acp(7' K" B(5'K*). (32)

As we mentioned at the end of the preceding section, for
a given final-state phase we expect the calculation of RefThe individual terms in this equatidin units of 10 ) read
[55] to give an opposite sign to ours fotcp(7K ™). The
current experimental central value df-p( 7K ™) (consistent (0.4£0.9+(-2.0£1.3=-0.2=3.1; (33
with the range predicted in Refb5]) favors >0 in accord

with Acp(77+) which also favorss>0 (Fig. 3. It is then the sum on the left-hand side 1.6+ 1.6. The sum rule is
A__ which is “odd man out,” favoringg<0. satisfied, but at least two terms in it must be individually

non-vanishing to permit the quadrangle construction of Ref.
VII. |AS|=1 CHARGED B DECAYS AND THE RATIO [12]. It does not make sense to attempt such a construction
s'/p’ with the present central values of tl# asymmetries since
_ _ ‘they do not satisfy the sum rule exactly.
Several relations among amplitudes were proposed in A related sum rule can be written for the rate asymmetries
Refs.[12] and[5] (see alsd61]). Notable among these was in B— 7K decays. Using similar methods, we find
the quadrangle relation f@* decay amplitudes

1
A(5'K*)=B6A(m K+ V3A(7K™)—22A(7K ™). A(WOKO)=EA(W’K*)—A(WOKU. (34)
(26)

We will show in the next section that this relation and aThis may be written as a prediction
similar quadrangle relation amoryS=0 amplitudes fol-
Ipws from U-spin symmetry alone. A quadrangle_construc— Acp(7°KO) =[B(7°K%)]~
tion was suggested fdi S|=1 processes and their charge
conjugates which permits the determination of the weak
phasey as I(_)ng as the two quadrangles are not degenerate. In _ EACP( w°K+)E(7r0K+)}
order for this to be the case, at least two of the three pro- Tt

1 _
! EACP(W_K+)B(7T_K+)
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= —0.11+0.08. (355  +c'| from |[AS|=1 B" decays as in the above example, one
would determindT’ 4+ C’| from AS=0 transitions. One also
The most general check of our assumption faands’  needs the relative size of the electroweak pendigify, the
have the same strong phagesade in extracting the minimal magnitude ofp’ based on th&8" —K°#* decay rate, and
value of |[s'| which would reproduce the largB—7'K  the measured CP-averaged branching ratios foB*
branching ratioswould rely on the quadrangle construction — (7% 7, »")K*. With these, one can solve for the magni-
of Ref.[12], which utilizes the rates for the processes in Eqstude and relative strong phasegfp’ and the strong phase
(27)—(30) and their charge conjugates. As noted, in order tos; between thel’ +C’ andp’ amplitudes.
be able to perform this construction, one must have quad- |ets'=up’e % with >0 here and note that the weak
rangles for processes and their charge conjugates which afhase of thep’ amplitude isw (as in Sec. V. Then Egs.
of different shapes, and thuby virtue of the sum rule for (27)—(30) may be rewritten as
rate differences at least two of the decayB™ — 7K™,
B*—»K™*, andB"— %'K™ must have non-zer€P asym- A(m"K%=—|p’], (38
metries. Independently of whether such asymmetries exist,
one can still check the consistency of takisige up’ (where  2A(7°K*)=—[|T’'+C’|(e!"— Sew)€' " |p’|],
w is a real constanby noting that under this assumption one (39
has
VBA(7K )= —[|T"+C’| (e~ Sgwe T ulp'[e"s],
|A(T KO 2(1+ ) (1+20) (1= w) + [ A(TOK )21+ ) (40)

_|A( 77K+)|2(1+2,U«)_|A(7]’K+)|2(1_M):0- (36) \/EA(n’K+)=|T’+C'|(ei7— 5Ew)ei5T_3|p'|

Using the amplitudes quoted in Table IV, one obtains the —4ulp’|e’s. (41)
three rootsu=(—2.21, 0.47, 1.24) to this cubic equation.

The value of|t’+c’|? is a function of . and squares of The first equation determinép’|. The remaining three then
amplitudes. Other ways of writinly’ +c’|? give equivalent determineu, 85, and 87 as functions ofy.

results, Taking the central values of the input parameters noted in
the previous paragraph, including’|=45.7x10° GeV,
P a2 +1¢0y[2 2 O +1|2
[t e P=[AGT KO AL+ 4p+2u%) +|A(TKT)] IT'+C'[=9.7% 10 ° GeV and dey,=0.65, we find thaty
+2|A(gK ) 2= |A(7 KH)|2. (37)  has to be greater than 88° in order to have solutionsufor

s and &7 . This feature arises from the need to reproduce the
The negativeu root gives negativelt’+c’|?, while u branching ratio foB* — 7K™ which is slightly higher than
=1.24 gives much too large a value in comparison with theexpected on the basis of penguin dominance. One then needs
|T’+C’| amplitude in Table V. The root=0.47+0.05 is maximal constructive interference between th@’
not far from the ratio|s’/p’|=0.41+0.05 implied by the +C’|(e'”— 6gy) and —|p’| terms in theB* — 7K am-
values in Table V. It implies a value dt’+c’|=(21.6 plitude, which forces toward larger values. This is the basis
+10.1)x 10 ° GeV, still somewhat large in comparison of bounds originally presented in R¢62].

with the valug T’ + C’|=(9.53+ 0.70)x 10" ° GeV but con- To exhibit a less restrictive set of solutions, we take
sistent with it given the large error and the uncertain relativedgy=0.80 and the 95% C.L. lower bound on th*
phase betweea'” and gy . —7%K™* branching ratio, 3=10.7<10"%. The minimum

The error in the determination ¢ +c’| using the above value of y permitting a solution is 51.9°. This is to be com-
method is dominated by th&22%) in B(7K°) (to be com- pared with the resuli62] based on consideration of all pos-
pared with 6—8 % in the other three branching ratids see  sible errors on the ratio BB — 7°K*)/B(B*— 7K
the effect of a change iB(7K™), let us imagine that it is =1.24+0.13: y=52° at the I level, and no lower bound at
instead slightly below its presentsllimit, or (2.39+0.52) 95% C.L.
x10°%. We then find|t'+c’|=(9.4+19.2)x 10 ° GeV. In Fig. 6 we show solutions for, 65 and dy in the range
Alternatively, if B(7K ") retains its present central value but 50°<y=<90°. Asy increases from its minimum, one obtains
its error is decreased by a factor of 3 while the errors in thdwo branches of solutions fa¥; differing by a sign. Further-
other branching ratios remain the same, we fihid+c’| more, there are two sets of possildig values for each sign
=(21.6+6.5)x10 ° GeV. of &7, one set with larger absolute values forming a branch

If the error in|t’ +¢’| as determined by the above method that corresponds to larger values pfwhile the other with
decreases to the point that an inconsistency with Table ypmaller absolute values forming the other branch that corre-
develops, we would be led to question at least one of théponds to smaller values qf. For a givenu, ér— —ét
assumptions thaia) » and ' are the specific octet-singlet corresponds t@s— — Js.
mixtures assumed here, affg) the strong phases af and With 8gw=0.80, B=10.7<10" ¢, and the central values
p’ are equal. of other input parameters, we find that {68 asymmetry of

With improved knowledge of branching ratios and ampli-the 7°K* mode is predicted to be zero at the minimal value
tudes one could extract a relative strong phase betwéen of y=51.9°, since the relative strong phasg vanishes at
andp’ from data. In this approach, instead of extractiig  that point. TheCP asymmetries of theyK* and 'K~
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FIG. 6. Extracted values gf=|s’/p’| (solid) and strong phases N OlE .~ j‘: :,—:‘T: ::i,‘_:;
S5 (dashegland 87 (dash-dotteglas functions of the weak phase £ 0.0 *&L\ =
Positive (negative values ofs; are plotted with longshor) dash- & -—oapE " T T T T
dotted curves, with the correspondidg values using longshor < 50 60 70 80 90
dashed curves. For either sign &f, the branch ofds with larger v (degrees)
(smalley absolute values corresponds to the upfe@wer) branch
of wu. Branches are joined at the point with minimum Here FIG. 7. PredictedCP asymmetries for ther’K*, »K* and
B(BT— 7°K*)=10.7x10"° and 8g,,= 0.80. 7'K* modes. For all three plots, solidashed curves correspond

to the long dash-dotted positivieshort dash-dotted negativeS;
modes at the same value ¢f however, are predicted to be branch in Fig. 6. The outer curves at loyws correspond to the
+0.37 and +0.03, respectively. The set of negati@®  branches of largefids| and largerw. The corresponding 95% C.L.
asymmetries(corresponding to positiveS;) is consistent bounds are also drawn in dash-dotted linfd$e Igwer bound for
with the current data as given in Table IV. We plot 88  Acp(7K™) is outside the plotting rangeHere 5(B* — m°K™)
asymmetries as functions ¢fin Fig. 7. While the measured =10.7X10"° and 6gy~=0.80.
CP asymmetry of ther®K* mode[26,33 gives the stron- ) ) . ]
gest bound;y<55°, given the above-mentioned input con- relations may constrain tree amplitudes|i&S|=1 decays

ditions, this conclusion depends strongly on the assume@nd penguin amplitudes inS=0 decays. Values calculated
branching ratios, particularly of the®k * and K * modes. ~ for these contributions in previous sections, where stronger

In any case it is clear that a solution is possible in principledSsumptions than U-spin were made, must obey these con-

for both the relative magnitude and the relative phase of thétraints. _ _
singlet penguin and ordinary penguin amplitude, given suf- 1he U-spin subgroup o6U(3) is the same as the I-spin

ficiently reliable data. (isospin except that the doublets with=1/2U3;=+1/2 are
for quarks
VIII. U-SPIN RELATIONS AMONG ALL CHARGED 1 1
B DECAYS = =
23| o
While in previous sections we have employed the com- 1 1\ |~ sy’ (42
plete flavor SU(3) symmetry group, neglecting small ‘—— —>
annihilation-type amplitudes, we will rely in the present sec- 2 2

tion only on U-spin[17,18, an important subgroup of
SU(3). Wewill show that the eight charged decay ampli-
tudes in Tables Il and 1V, for bothAS|=1 and AS=0 1 1
transitions, are given in terms of two triplets of U-spin am- ‘5 §>
plitudes describing penguin and tree contributions. This im- —
plies several relations among these amplitudes, including Eq. 11

(26), and a similar quadrangle relation amah§=0 ampli- 2 2
tudes. Relations will also be derived among penguin ampli-

tudes in strangeness changing and strangeness conservifige charged is a U-spin singlet, while the charged kaon
decays, and among tree amplitudes in these decays. Suahd pion belong to a U-spin doublet,

and for antiquarks

|§>l
_ . 43
@ (43
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0 0)=[B")=]|ub), (44) VioVusho1+ VeVesAS 1. (50
11 o A§ 1= VipVudAb 1+ ViVedAS 1. (52)
2 2 lus)=[K™) - . d : ,
1 1| T — NE (45 Similar expressions foBf and By describe decays to final
’_ _ _> —|ud)y=—|7") states involvingy;.
2 2 Absorbing a factor 1/2 in the definition &7 one finds
Nonstrange neutral mesons belong either to a U-spin triplet 4
or a U-spin singlet. The U-spin triplet residing in the pseu- A(mKH=BS, AK°mT)=-——=AS, (52)
doscalar meson octet is 6
11 |K°>=Id§> A(7gK*)=A3—AS, (53)
V3
110 |=| S lne)— |w> Iss—dd> : 1
1 -1 2 2 A(mOK*)=\3AS+ ﬁAi, (54)
~|K®%)=—1sd)
(46) A
A(pmH)=B§, AKK")=——=AJ,
and the corresponding singlet is () ( ) J6
(59
1 V3, o1
0 0)=5[ng)+ 5[ >=%|88+dd—ZUU>- (47) A(ngm*)=A3+A, (56)
In addition, the#; is, of course, a U-spin singlet. We take Al 70 +)=\/—A8— iA‘f (57)

ng=(2ss—uu—dd)/\/6. We shall also use;;=(uu+dd J3
+s9)/4/3, and recall our definitionr®= (dd—uu)/2.

TheAC=0, AS=1 effective Hamiltonian transforms like The physicaly and ' states are mixtures of the octet and
a's component AU;=1) of a U-spin doublet, while the Singlet. In our convention if we write
AC=0,AS=0 Hamiltonian transforms like ad compo- _ B , + 58
nent (AUz=—3) of another U-spin doublet. Furthermore, N=CoNg—SeM1, 1 =CyN1TSy7s, (58)
one may decompose the two Hamiltonians into members g fne states defined in Sec.
the same two U-spin doublets multiplying given CKM fac-
tors. For practical purposes, it is convenient to use a converT
tion in which the CKM factors involve the andc quarks,
rather than thes andt quarks[18],

Il correspond d¢g=cos6f
=2./2/3, s,=sin6=1/3, #=19.5°. Since the four physical
AS|=1 amplitudes are expressed in terms of three U-spin
amplitudes,Bg, A3 and A7, they obey one linear relation
given by Eq.(26). Thus, this relation follows purely from
bos_ v* U c U-spin and does not require further approximations. A simi-
Hetr ™= VupVusOs T VepVesOs, (48) lar U-spin quadrangle relation holds fa&r'S=0 amplitudes,
B I= VAV Ol + ViV eqOS. 49 Ay’ m)=— JBAKTK?) + VBA(707 ") — 2\2A( 7).
59
HereOg ; andOg ¢ are two U-spin doublet operators, which 59
for simplicity of nomenclature will be called tree and pen- Combining Eqs(50)—(51) and Eqs(52)—(58), one may re-
guin operators. late penguin amplitude&® (or tree amplitude®\Y) in AS
Since the initialB* meson is a U-spin singlet, the final =0 and|AS|=1 decays. One finds
states are U-spin doublets, which can be formed in three
different ways from the two U-spin singlets and the U-spin 1
triplet, each multiplying the U-spin doublet meson states. A(n' 7 )=A%(n'K") = —=A%K 7"), (60)
Consequently, the eight decay processes can be expressed in G
terms of three U-spin reduced matrix elements of the tree

operator and three U-spin penguin amplitudes. Amplitudes 2

cgrresponding to the U—pspirﬁJ sir?glet angtriplet in thg octet AS(nm")=A(nK")~ ﬁAC(KOW+)’ (61)
and theSU(3) singlet, will be denoted byg, A] andBg,

respectively, for tree amplitudes aAg, AS andBg for pen- 1

guin amplitudes. Completda S=1 and AS=0 amplitudes AY(p'KT)=AY 7' 7")+ —=AUKK™), (62)
for U-spin final states made of two octets are given by V6
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TABLE VI. Predicted branching ratios for some as-yet-unseen

AY(pK ) =AYp7")+ %A”(W’K*). (63) modes and present 90% C.L. upper limits in units of 40
Decay Predicted Upper
We note that, because of the different conventions used here mode This work Refl16] limit
and in Tables Il and IV, the amplitudex® and A" do not B* —aty 2.7+0.72 16.8"3%° 7.0° [34]
correspondexactly to penguin and tree amplitudes in the LKHKO 0.75+0.11 0.8°94 1.3[27]
tables. It is straightforward to translate amplitudes in onego —»770770 0.4 to 1.6 1.9798 3.6° [26]
convention to the other conventigas]. Oy 0.69+0.10 1.9+06 2.9[25]
Let us focus our attention first on E(0). The two pen- Oy 0775 011 . 8*04 71
guin contributions on the right-hand side dominate the cor- 0= 0'7010'10 0'7;0;4 2'4 [30]
responding measured amplitudes. Therefore, the complex tri- —KK B : ;0-2 :
angle relation implies a lower bound, at 90% confidence =7 03to 1.1° 3.1 1839
level, on the penguin contribution ®" — 7’7" in terms of —n7’ 0.6to 1.7° 6+3431 27[39]
measured amplitudes, —n'n 0.3t0 0.6° 5.4°33 47 [39]
— KO 1.03+0.24 24732 4.6[7]

aPrediCtedAcp: —0.57+0.23.

IVedl 1
A K|~ %|A(K°w+)| bThis mode has now been detected; see text.

IVeoVedA(n' 7)==

Ve ‘Lower value from the central value of penguin amplitudes alone;
upper value with constructive—penguin interference and maximal
>16.1x10°° GeV. 64 Icl Ipl, and|s| (10).
This should be compared with the tree contribution to this [VE VA (7' K )|\— < [Vus |A(5' 7))
process, 7 [Vud
1 _
1 + —=|A(KK™)|
|v3bvudA“(7;'w+)|~ﬁ|A(w+w°)|:13.6>< 10°° GeV. V6
(65) <9.1x10°° GeV, (67
sp impli  IVud
We co_nclude .tha.U spin symr,net+ry_ alone implies that the IVEV AU K * )|< us |A(7777+)|+—|A(K°K )|
penguin contribution in B— »' 7" is at least comparable |V d V3
in magnitude to the tree amplitude of this proceBsis con-
firms our more detailed estimate in Sec. YThe small dif- <10.5x10° GeV. (68)

ferences between the lower bound and this estimate follow
from the different convention used and from the small non-These upper bounds imply that the tree contributionB to

penguin contribution iB™— 7»'K™.) —7'K" andB*— »K™* are less than 10% and 66% of the
Equation(61) implies a somewhat weaker lower bound on total amplitudes of these processes, respectively. The bounds
the penguin contribution iB" — 77", become 7% and 42% if one neglects the small annihilation
amplitude inB*—K°K*,
2
VAV AS(pmt)|= ||V°“|| —|A(gK )|+ ﬁ|A(K°w+)| IX. MODES TO BE SEEN

We summarize predicted branching ratios for some as-yet-
unseen decay modes in Table VI. We have already discussed
>7.1x10° GeV. (66) theB™— 7" 5’ mode in Sec. VI. The spread in the predicted
chargg—averaged branching ratid3(7" 5')=(2.7+0.7)
Namely, the penguin amplitude Bi* — »=* is at least 37% xX107°, reflects_ that shown in Fig. Z_See note at end of Ref.
of the %/ree C(I)Dntri%ution tg this procesz. This bound is weak[28]) The predicted>P asymmetry is largeAcp(m" ') =
ened somewhat by using the complete amplitudeBsf —0.57£0.23. By contrast, Ref.[16] finds B(w" ')
— 7K™, which contains a sizable tree amplitude. =(16.8"559x10"® and Acp(7" )= —0.18"353.
Equations(62) and (63) may be used in order to obtain  The predictionB(B°— 7K% = (1.03+0.24)x 10" ° (dis-
upper bounds on tree contributions with weak phasén  cussed in Sec. IVis given for thes’ contribution alone. It is
B"—#'K" and B —»'K™. Assuming that the physical a factor of about 2 below the value of (2% x 10 ° found
amplitudes ofB*— 7" and B*—K°K* are not smaller in Ref.[16].
than the corresponding tree amplitudes, one finds Using approximateSU(3)r symmetry, the amplitudes of

074012-13



CHIANG, GRONAU, AND ROSNER PHYSICAL REVIEW D68, 074012 (2003

both B¥ K *K° and B°—~K°K® are the samép) and re- We have extracted relative weak and strong phases be-

lated to the one extracted from the' K® mode. Thus. their tween the tree-level amplitudes and penguin-loop amplitudes
branching ratios are expected to b&.5x 10 7 and~7.0 N theB~—»m" modes, and shown how improved data will

X 1077, respectively. These are rather close to central value!§$@d 0 stronger constraints. Remarkably, branching ratio
(quoted with rather large errorén Ref. [16]. To observe data can be at Ieast_as useful @@ asymmetries in this _
these decay modes, the data sample should be enlarged byegard. We use U-spin alone to argue for a large penguin
factor of ~1.7 and~3.4. These estimates do not include contribution inB™ — »' 7™, and we predict a range of values
additional possible theoretical errors prassociated with the ~for the branching ratio an@P asymmetry of this decay. In

methods of Sec. IV. particular, we predictB3(B*— 5’7 *)=(2.7+0.7)x 10" °
The decayB’— 7°7° receives contributions from the  for the charge-averaged branching ratio and, as a conse-
and ¢ amplitudes:A(B°— 7°7% = (p—c)/\/2. This ampli- quence of the apparent lar@P asymmetry inB*— pa*,

tude is to be compared witA(B°— 7" 77)=—(t+p), in  an even largerCP asymmetry of Acp(B™—7'7")=
which Table IlI indicates that the tree and penguin ampli-—0.57+0.23. We show that the present sign of the dieet
tudes may be interfering destructively. Since one expefltts asymmetry inB*— 5o conflicts with that inB®— 7+ 7~

to be mainly real and positivet6,47], one then expects ei- and, assuming flavoB U(3), with that inB*— »K™*. (The

ther no interference or constructive interference betwgen CP asymmetry inB* — »K* predicted by Ref[55] would

and ¢ in B°~#%7° The p contribution alone gives a be opposite in sign for the same final-state phase, agreeing
branching ratio of about 0x410 ¢, while Table V indicates  with that inB*— =" and disagreeing with the direct asym-
that thec contribution could be as large aslIf candpthen  metry inB°— 7" 7~.) Since none of these asymmetries has
add constructively, one could have a branching ratio as largget been established at ther3evel, there is not cause for

as 1.6< 10 ©. This still lies below the present upper limit, by immediate concern, but it would be interesting to see
a little more than a factor of 2. A lower bound at the 90% whether any other explicit calculatioris.g., those of Ref.
C.L. of B(B°— m°7%)=0.2x10 ® may be obtained using [46,55) for B — »7* can reproduce such a pattern.

the observed®’ — 7" 7% andB°— " =~ branching ratios Using SU(3) flavor symmetry, we also have estimated
and isospin alon¢60]. For comparison, Ref.16] predicts  the required data samples to detect modes that have not yet
B(B°— 7°7%) =(1.9"%99 x 1076, [Note added New mea- P€en seen. The one closest to being observedis
surements of this branching ratio a21+0.6+0.3x10®  —K*K° which should be visible with about twice the
[63] and (1.7+0.60.3)x10 ° [64].] present number of observé&idecays.

Since ther®5") modes involve linear combinations pf
ands that are believed to have the same weak phase and no
sizable relative strong phase, we predict their branching ra- ACKNOWLEDGMENTS

; —6 -6
tios to be (0.6€-0.10)x10"" and (0.7&0.11)x10 °. We We thank William Ford and James Smith for helpful dis-

therefore need about 4 and 7 times more data than th@ussions This work was supported in part by the U.S. De-
sample on which the upper limits in Table VI are based in artment of Energy, High Energy Physics Division, through

order to see these decays. This should not be difficult sinc ) ) g 21.100.
those limits were based on CLEO data al¢@B]. The cor- rant Contract Nos. DE-FG02-90ER-40560 and W-31-109

ch ENG-38.
responding predictions of Ref[16] are B(B°—#%%)
=(1.2°3% % 107° (slightly above oursand B(B°— 7%7')
=(7.8"39 %10 © (far above ours, with the upper values ex- APPENDIX: NONPENGUIN CONTRIBUTIONS
cluded by experiment IN B%—5'Kg
X. SUMMARY The angleB can be measured through several diffef@nt

) o ) decay modes in addition to the “golde®— J/ /K chan-
We have discussed implications of recent experimenta) —

) : nel and others involving thb—ccs subprocess. The large
data forB decays into two pseudoscalar mesons, with em; : . 0 , : :
. . b . branching ratio folB”"— »'Kg makes this mode particularly
phasis on those witly and ' in the final states. We present o . ) i
a preferred set of amplitude magnitudes in Tables Il and v @Ppealing; it is d,omlnated in our approach by the s pen-
where quantities are either extracted directly from data ofuin amplitudep” and the flavor-singlet penguin amplitude
related to one another by appropriate CKM aSt)(3), s’. Within the standard model there are several other pos-
breaking factors. In particular, we make the assumption tha?iblé contributions to this degay, f”C|U‘j_"‘g In our treat-
the singlet penguin amplitude and the QCD penguin inment and_ smaller amplitudeg’(pa )_ which we n_eglect.
|AS|=1 transitions have the same strong phase in the tables, AN estimate was performegd9] with terms which could
We show that this assumption is consistent with current mez@lter the effective value g8 extracted from th&€P-violating
surements of the branching ratios &b asymmetries of the asymmetry paramete§, x . While the full machinery of
chargedB meson decays. We also study the consequences @iavor SU(3) was used, we shall demonstrate that the U-spin
relaxing this assumption but assuming that electroweak persubgroup employed in Sec. VIl suffices. We derive a linear
guin contributions and branching ratios are sufficiently wellrelation among decay amplitudes differing from that in Ref.
known. [19], who neglected subtleties of symmetrization in dealing
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with identical particles in an S-wave final state. When these 1 /3
are taken into account, the amplitudes listed in Tables IIl and AYC(gKO) = =/ [ AYS(7070) — AYC( g 7g) ]
. . : : . 2 V2
IV satisfy the corrected linear relation. Finally, we estimate
the corrections due to nomp(,s’) terms within our frame- 1
work, finding them to be much less important than in the — ——AY(pgm0). (A2)
more general treatment of Rfl9]. In this respect we are 242
much closer to the earlier approaph of London ar_1d $. 6]5.]'3 Aside from some signs due to different conventions, this
who concluded that such correction terms were insignificant, .
. S ) agrees with the result of Ref19].
Since we are considering S-wave decay8 ¢d two spin- . , . . .
. . : . The physicaly and ' states are given in Eq58) in
less final particle, one must symmetrize the two-particle

U-spin states. The amplitudes in Tables Il and IV are de_terms of they-»’ mixing angle. Using this general param-

fined in such a way that their squares times appropriate kiglrization, and respecting the above-mentioned symmetriza-

H ] 0 11 0.
nematic factors always give partial widths. For identical par-tIon rule, we find forB™— »'K":

ticles, amplitudes satisfying Clebsch-Gordan relations are 2_2

—-s 3s,C
defined with factors of /2 with respect to those in Tables AY(5'K%= 4 aAu(ﬂ,’JTO)— 4 0A“(7]7T0)
Il and IV. We then reproduce results of Rdfl9] using 242 242
U-spin. The first relation, written for our notation and phase s 3 3
A p
convention, is +5 EAU(’iTo’iTO)_ \[5( 2s,C3
u,c 0 1 u,c 3 u,c 1 3 3 3 2
A (K ):EA “(mmo) = \ ZA™ (171778). (A1) + 55 A“(77’77’)+§ ESgcaAu('r]ﬂ)
whicoh refers to a single) =1 amplitude. In the combination + \/g C9<%S§— c%) Al(nn’). (A3)
of 7~ and ng on the right-hand side, tHg=0 pieces cancel.

The 7, is of course a U-spin singlet. Applying this relation in order to obtain an upper bound

o -Lhe Jmal jtar:e 'rBOHAVBK_O 'nVOIVﬁS U=Usz= 1'f SINC€ 5 the tree contribution iB°— 5’ K° requires assuming that

oth [B®) arT the WeaH. S|=1 Hamiltonian transform as the amplitudes on the right-hand side dominate the corre-
33). The final states iMS=0 B° decays, on the other sponding processes. Using present upper bounds on the mag-
hand, involve several possible U-spin combinations. The tonitudes of these amplitudes would have led to a rather weak
tal U-spin can be either 0 or 1. There are two ways of gettindhound, of about 40% of the measured amplitude BSf
U=0: Each of the final mesons can have eithe=0 or  — 2'K° However, Table Ill shows that this assumption can-
U=1. There is only one way of getting=1: One final  not be justified. On the other hand, estimating @lecontri-
meson must havel =0 and the other must hav¢=1. This  bution to the amplitude using the Clebsch-Gordan coeffi-
follows from the symmetry of the final state; tyb O) states cients of Table IV and the range quoted in Table V, we find
cannot make g1 0) state. Thus there are three invariantit to be less than 1%. It is clear that dynamical assumptions
amplitudes describing four decays. The appropriate relatiosuch as those made in Rg85] have considerable effects in
between them is limiting non-penguin contributions to the decBy— »'K°.
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