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Large final-state phases in heavy meson decays
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An attempt is made to identify circumstances under which the weak dec&ysuoflB mesons may display
large differences between eigenphases of strong final-state interactions. There are several cases in which
rescattering from other final states appears to enhance decay rates with respect to estimates based on the
factorization hypothesi§S0556-282(199)04519-1

PACS numbgs): 13.25-k, 11.30.Hv, 12.40.Nn, 13.75.Lb

I. INTRODUCTION AB—f)=a,e'%1e' %1+ a,e' 2e' %, (1)

Ever since the discovery &P violation in neutral kaon
decayq 1], attempts have been made to learn more about its
origin. The ratiosR, _=TI'(K,—»#" 7 )/l (Kg—7"7")
andRyo=T"(K, — 7°7°) /T (Ks— 7°7°) are predicted to be
equal in any mode{such as a superwe4R] ong in which \ye note that the weak phases change sign undeEP con-
CP violation arises purely vi&°-K® mixing, but can differ  jugation, whereas the strong phasgeslo not. The decay rate
from one another by up t®(1%) [3] in the Kobayashi- asymmetryA(f) is then given by
Maskawa(KM) theory[4] based on phases in weak coupling

AB—Tf)=a,e %1e'%14 a,e7 142! %, v

constants. o
The two most recent previous measurementsAd? rB—f)-I'(B—f)
=(R, _/Rgy) — 1:(0.44+0.35)% (Fermilab E731[5]) and A(f)= —
(1.38+0.39)% (CERN NA31[6]) have now been joined by I'(B—1)+I'(B-T)
tho.se o-f a new experiment with more compelling statistics, 28,8, SiN(¢1— b,)Sin( 8, — 5,)
which finds AR=(1.68+0.25)% (Fermilab E832[7]). Su- == . (3
perweak models are ruled out. The effect is near the upper ajtas+2a;a; cog ¢y~ ¢,)Co 61— 57)

limit of theoretical estimateg3], but can be accommodated

by reasonable values of hadronic matrix elements an%\ f thi . both th K
strange quark mass. The new result will reduce the uncer- nonzero asymmetry of this type requires both the wea

. ) . “phases and the strong phases to differ from one another in at
tainty on the parameters of the Cabibbo-Kobayashi

: - least two channels. Whereas it is straightforward to estimate
Maskawa(CKM) matrix [4,8] describing the weak charge- \eax phase differences in typical theories such as that of

changing couplings of quarks. Kobayashi and Maskawa, the anticipation of strong phase
A key test of the KM theory involves decays Bfmesons  jifferences is much more problemafito, 11].

(containingb quarkg. CP violation can manifest itself as |n the present paper we examine several instances of large

follows in such decays: strong phase differences, in search of a common thread

(1) Decays of neutraB mesons tcCP eigenstates such as whereby other such cases can be identified. We build upon
JIyKs and 7 can directly probe CKM phases, since their several studies by Suzuki which have identified large final-
interpretation is generally immune to questions of strongstate phases iy [12,13 (Sec. 1) and charmed mesdni4]
final-state interactions. However, such studies require identicSec. 1) decays. We conclude that large final-state phases

fication of the flavor(B®=bhd or B®=hd) of the neutralB ~ are a possibility in any process in which a pair of quarks
meson at the time of production. This requirement can bénnihilates hadronically. Such cases include not only those
quite demanding. It has been addressed in a recent expefitudied by Suzuki inJ/y decays, but penguin amplitudes
ment by the CDF Collaboratioff] at the Fermilab proton- F:ontnputmq tob—s processegSec. V), including those
antiproton collider, which finds a difference between thellVOIVing " production. The case @ decays to charmed
0 = . final states, in which large final-state phases do not appear to

rates forB —)J/lﬂKs andB —)J/lﬂKS- at slightly under the_ be encountereftl4,15), is treated in Sec. V.
20 level. Forthcoming ele_ctrc_)n_—posnron and hadron studies Although cases with large final-state phases cannot be
should prove much more incisive. _ identified with certainty, the measurement &{f) and

(2) Decays ofB mesons to “self-tagging” final statésin - knowledge ofa, and a, in Eq. (3) permit one to place a
which one can distinguishf (e.g., K"@~) from its  |ower bound onsin(é,— )|, which can be quite useful in
CP-conjugatef (e.g.,K~7"), can manifest & P-violating  constraining CKM parameters. It is thus useful to identify
asymmetry if there are two decay channels characterized bgromising cases in which the asymme#{f ) can be large.
differing weak phases; , and strong phases, ,. Writing ~ We summarize these cases, noting open experimental ques-
the decay amplitudes as tions, in Sec. VI.
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Il. CHARMONIUM DECAYS

A. J/ ¢ decays

Recently Suzuki has noted that the three-gluon and single-
photon amplitudes in decays of the fodty— VP [12] and
J/y— PP [13] appear to have relative phases of approxi-

mately 7/2. Here and subsequently, will denote a light KK’ = A - (5/9)B
vector mesonV=(p,w,K*, ), while P will denote a light . . .
pseudoscalar mesoR= (,K, 7, n"). Without retracing Su- FIG. 1. Triangle of amplitudes id/y— VP decays. Heré\ and

zuki’s whole analysis, we review the essential points, beginB are strong and electromagnetic amplitudes, respectively.

ning with the three VP decays J/y—K** K™, Iy . 0
—K*%°, andJ/¢y— wm°. We shall show that the ampli- ;0.92h5 should thus mqlt|pl);] the S?.ua(;e root of ter
tudes for these three processes form a triangle with signifi- ranching ratio in extracting the amplitude satisfying &9).
. ; o . We then find
cant area, from which one can infer nontrivial relative phases
of strong and electromagnetic contributions. | A(J/ p—K* TK )| =0.050+ 0.002
We consider only three-gluon and one-photon contribu- '
tions, neglecting others involvingor example two gluons
and one photon and neglecting contributions from isospin

mixing in the neutral pion. Tﬁe strong-decay amplitudes for
Jyp—K* K™ andJ/y—K* KO are equal, while the decay

Jly—wm® is isospin-violating and proceeds only electro- These form a triangle which is roughly isosceles in shape as

magnetically. The one-photon amplitudes for production of, ..< it of the near equality of the* K amplitudes. The base

K**K~, K*°K®, andw® are proportional, respectively, to (the »#° side corresponds to the electromagnetic amplitude

put i, ot ps, andu,—ug, Whereu;=Qilel/(2m;) is B while the sides are dominated by the strong contribution
the magnetic moment of quarkvhose charge and mass are p_

| A3 p—K*°K®)| = 0.046+ 0.002,

| A(J/ p— w=®)|=|B|=0.0190+ 0.0014. 9

Qi andm;. In order to specify the relative phase of strong and elec-
The three amplitudes of interest can then be written inyomagnetic contributions, one needs the ratitWe taker
terms of two parameter& andB and a quark mass ratio  ~2/3 (the corresponding ratio for constituent-quark masses,
=my qg/ms as which fits electromagnetic transitions of the forvh—-P,
> ¢ [17]). The electromagnetic  contributions  teA(J/y
AQIy—K* K )=A+B 3 5), (4) —K**K") and A(J/y—K*°K®) are then (4/9 and
—(5/9)B, respectively, so that the triangle has the shape
illustrated in Fig. 1. The magnitude of the strong amplitude
A p—K*KO)=A+B| — =— —) , (5) is|A|=0.047.
3 3 A brief calculation of the relative phasé of A and B
yields the relation
A y— ww®)=B, (6)
* tp— * 0, 0 0
so that they satisfy a triangle relation CcoSS= BKT'KD) B;rAH; )+ pBlom)I9
A y— K*+K_)—A(J/szK*OKO)=A(J/¢wao)(.7) —0.25+0.16, (10
To estimate the relative amplitudes, we use the observef 5:(7&20)0; The relative phase between the strong and
branching ratio$16J: electromagnetic amplitudes is large and cqn&stept W|th 90°.
We have not made use of tliés— p amplitude since its
B(Jy—K*TK™)=(0.25+0.02%, strong contribution(which predominates over a very small
electromagnetic oneis related toA only through flavor
B(I/ p—K*°K®) = (0.21+0.02 %, SU(3), which we do not employ. For similar reasons, we do
not consider other final states such@s and wn’. When
B3l y— ww°) = (0.042+0.006 %. (8)  these decays are included in the fit, the results do not change

much; Suzuki12] obtainsé=380°.
We define magnitudes of amplitudes to be the square roots of A similar analysis yields a large relative phase between
these branching ratios. Kinematic @J-breaking may be strong and electromagnetic contributions Xo)— PP de-
included by correcting thes7® amplitude for the slightly cays. We consider the processéky—K K~ and J/y
larger center-of-mass 3-momentum #Hy¢—wm® (P,  —KOKC [whose strong amplitudes vanish in the limit of fla-
=1446 MeVk as compared withpg«x=1373 MeVE in yor SU(3)] andJ/y— = 7~ [whose strong amplitude van-
Jy—K*TK™ and 1371 MeV¢ in J/y—K*°K®). For a ishes in the limit of isospin conservatipThe corresponding
P-wave decay, the correction factgrt?=(pc«x/p,,)>2  amplitudes may be expressed as
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FIG. 2. Triangle of amplitudes id/4— PP decays. HereA’
andB’ are strong and electromagnetic amplitudes, respectively.

AQJlp—KTKT)=A"+B'(Q,—Qy),
A p—KOKO)=A"+B'(Qq—Qy),
AQlp—mt 77 )=A"+B'(Qu— Qq), (12)

satisfying the triangle relation

A p—KTK™) = A p—KOKO) = A p— 7 77).
(12

This relation
SU(3)-breaking terms considered by Suzld], but is suf-
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TABLE I. Branching ratios of the)' to specific hadronic final
states.

Final B.r. or 90% c.l.

state upper limit (x 10™%)

pm <2.8

wm° 3.8+1.7x1.1
K**K~+c.c. <3.0
K*OK°+c.c. 8.1-24+1.6

or 6'=(89x10)°. This is again in accord with Suzuki's
result[13].

B. ¢’ decays
The suppression of certain decay modes ofithesuch as
pm andK*K + c.c.[18] has puzzled physicists for nearly 20
years[19]. The BES Collaboratioh20] has now reported the
isospin-violating decays’ — w=° at a level above the upper
limit for the isospin-allowed decay’— p7r, and has seen
the decayy’ —K*°KP at a level considerably above the up-

per limit for the isospin-related decay —K**K~. These
results are summarized in Table |, whose data are taken from

is violated slightly by some of the Ref.[20].

An analysis similar to that performed fdf— VP yields

ficient for our purposes. As in the previous calculation, wethe amplitudesexpressed again as square roots of branching
correct the =" 7~ amplitude for the center-of-mass ratios, with a kinematic correction fao7°).

3-momentum ind/y— 7" 7~ (p,=1542 MeVk as com-
pared with px=1468 MeVkt in J/y—K*'K~ and
1466 MeVk in J/ y—KOK®). The P-wave correction factor
to the square root of the" 7~ branching ratio, needed to
extract the amplitude satisfying Eql12), is then p*?
=(px/p,)¥?=0.929.

We use the branching rati¢46]

B(J/p—KTK™)=(2.37+0.31) x 104,
B(3p—KOK®)=(1.08+0.14 x 10" 4,

Bl p—m*m)=(1.47£0.23 X 10 *. (13

|A(f' —K*TK™)|<3.9x10°3,
| A(p' —K*OKO)|=(6.4+2.3 x 1073,

|A(¢' — wm®)|=(5.8+1.6) X103, (16)
These should satisfy the sum ryl® with ' replacingd/ .

The data are not yet precise enough to specify the shape
of the corresponding/’— VP amplitude triangle. They 7°
decay requires an electromagnetic contribution to be present.
If this were the only amplitude contributing to all three pro-

cesses, one would expec(K* *K™)=(4/5)A(K*°KP)

The amplitudes which are the square roots of these branchirrg (4/9)A(w7°), which is just at the limit of error bars for

ratios, correcting ther* =~ amplitude for the kinematic fac-
tor mentioned above, are

| A p—KFTK™)|=|A"+B’|=(1.54+0.10 X 10 2,
| A3 p—KOKO)|=|A'|=(1.04£0.07) X 10 2,

| A/ p— 7t 77)|=|B'|=(1.12+0.08 X 10" 2. (14)

These form an isosceles right triangle, as illustrated in Fig. 2.

The relative phasé’ of A’ andB’ is given by

B(K*K™)—B(K°K®) — pB(m* ")
2|A|[B']

cosd’' = =0.01*+0.19,

(19

each amplitude, but not yet firmly ruled ol ake, for ex-
ample, A(wm%)=7.4x10"3, A(K*°K%)=4.1x10"3, and
A(K*TK™)=3.3x10"3.] Thus, since the presence of the
strong amplitude has not yet been demonstrated, its phase
with respect to the electromagnetic one is still an open ques-
tion.

IIl. CHARMED MESON DECAYS
A. Isospin decomposition

The decays of the nonstrange charmed meddhs-cd
andD°=cu to final states consisting of one strange meson

(K or K*) and onel=1 nonstrange mesotwr or p) are
governed by theAl =Al;=1 subprocess—sud and thus
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are characterized by two amplitud&g, andAz, labeled by TABLE Il. Charmed meson lifetimes, in fs.
the total isospin of the final state. For example, the ampli
tudes for the decay® — K are given by State PDG CLEO Average
o4 D" 1057+15 1033.6-22.1" 37, 1051 +13
ADT =K =Agp, DO 415+ 4 408,55 4.173% 412.7+ 32
AD*—K 7)) = §A1,2+ §A3,2, modynamicgQCD) [23,24], or by applying the factorization
hypothesis and the relation between nonleptonic and semi-
v > leptonic processe®5,26,
.A(DO—>KO7TO): — ?Al/2+ ?AS/ZI (17) F(DO—>K7’7T+)T 5 2f2 v ) 098 G \2
dF(DOHK_|+V|)/dq2|q2:m2 =om 71-| udl — Y. ev,
and thus satisfy a triangle relation i (22)
AKP 7 ) = A(K™ 7) +V2A(K°7O) (18) to data on the spectrum in semileptonic decésee, e.g.,

[27]). The use of a phenomenologidalamplitude to param-

where we have omitted the initial particle. By studying decayetrize final-sta}te interactio_ns would be an alternative to the
rates alone, one can determine the shape of this triangle afge™® conventional short-distance descriptions of such effects

thus learn the relative phases of isospin amplitudes. We shdll charmed-particle decays, which can account for some but
continue the discussion with the— K example: it also perhaps not all of the differences among charmed-particle

_ — m p ’ ) lifetimes [28]. We leave this possibility for a future investi-
holds forD—K* = andD—Kp. We do not use information  gation.

obtained in some analysg30,31,32,33from relative phases
of bands in the Dalitz plots, but will return to this question in C. Results of isospin analysis

the subsequent discussion. ) 0 .
To compare amplitudes f@~ andD ™ decays, we calcu-

The magnitude of thé=3/2 amplitude is obtained from late decay rates using branching ratios and lifetimes. The
+ 0,_+ i ; o ; ; .
the D" —K'ar par2t|al wlzcl)th;Omlttmg all Ifmematlc fac- Particle Data Group valuegl6] are averaged with new
tors, we have|Ag|“=I'(K 7 7). The magnitude of thé ¢ EQ values[29] in Table II; we use the new averages in
= 1/2 amplitude is obtained from the combination what follows. We summarize the relevant branching ratios
and decay rates in Table IlI.

The values of isospin amplitudédefined as square roots
of rates, without any correction for kinematic factoend
corresponding phases are shown in Table IV. In accord with
The relative phasé, between isospin amplitudes is given by many previous resultg30,31,32,33 the relative phases of

thel=1/2 andl =3/2 amplitudes are consistent with 90° for

|A1,2|2=§[F(K—w+>+F<E°w°>]—%HE"H). (19

30K 7))+ (Ko7 +)— 6 (KPm0) the Ko andK* 7 channels and with 0° for th€p channel.
cosé = 4| A1 LA - (20 The value of§,(K) agrees with that of Suzukil4]. The
TABLE lll. D™ andD° branching ratios and decay rates.
B. Graphical decomposition
B hi ti D t
As stressed by Suzuki4], for decays oD andB mesons . ranc((;;g ratio (Xelc;%/ ;?1)6
in which multiparticle final states can play a large role, two-
body isospin amplitudes may not be the most significant D™ decays
guantities. The relatiofil8) also is implied by the decompo- ko,+ 2.89+0.26 2.75:0.25
sition of the decay amplitudes in terms of color-favored trego,_+ 1.90+0.19 1.810.18
(T), color-suppressedC), and exchange(E) amplitudes Kop* 6.6+25 6.3-2 4
[21,22:
—o 4 ., D°%—(—+) decays
AKI7)=T+C, AK 77)=T+E, K-t 3.85+-0.09 9.33-0.23
. K* 7™ 5.1+0.4 12.4-1.0
AKO7%)=(C-E)/v2. (21) K p* 10.8+1.0 26.2:2.4
D°-(00) decays

The setT, C, andE is overcomplete. In principle, one can _

assume that andC have zero phase relative to one another,ﬁ0770 2125021 5.14-0.51
and that all the final-state interaction effects are concentrateld* °7° 3.2+04 7.8£1.0
in E. One still needs information on the relative magnitudesc©,° 1.21+0.17 2.93-0.41

of T andC, which one may either take from quantum chro-
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TABLE V. Isospin amplitudes and relative phasés for D

A 2/3
decays. .+ = 2A 2/ + 2ol -
KT g
- <
Mode |Avd |Asd g = "
(X10P s (degrees ;lz
—_ [
K7 4.51+0.23 1.66-0.08 907
K* 5.43+0.19 1.35-0.07 10514
Kp 6.36+0.30 2.510.47 <27 (10)

FIG. 3. Triangle of amplitudes DK decays. Subscripts on
amplitudes denote total isospin.

relationship of the amplitudes to one another is illustrated iIﬁ|5687 error is associated with the uncertainty in the relative

Fig. 3, show!ng the'relatlve phasg*near 90 o ) contributions of specific final states to the Dalitz plot. The
_ The _amplltude trlgngl_e fob—K* 7 (Fig. 4 is qua_llta- agreement with Eq23) is satisfactory.
tively similar to that in Fig. 3, but th€00) and (—+) sides The E691 Collaboration chooses a reference phase of 0°
are longer in proportion to théd+) side, so|A1z/Agzl IS for the nonresonant amplitude. With respect to this phase,
larger. The amplitude relation f@ — Kp degenerates into a they find &gx-,+=(—112+9)°, Scxo0,0=(167+9)°,
straight line, since the central value_of chexceeds 1. Put Sc-,+=(40x7)°. Itis less clear whether this result agrees
differently, the square roots of thiép rates in Table Il so well with Eq.(23). N
satisfy (K~ p*)¥2> (K% ") Y2+ (2K%p?) 12 (2) D’—K°7 "7~ contributes t<* ~ " andKp°. Our
Resonances i =1/2 channels(they have never been previous discussion implies tht’p® andK~p* should be
seen inl =3/2 channelscan contribute to th® —Ka and  relatively real, so we expechi« -+ k0,0= dicx ~t K~ p*-
K* 7 processe$34,35,36. One needs two different states, Rsfe_rence[33] Oob:ca'”i (1|3f6cr?t§t.(21)°,_ Whge Ref. [s’z]
since theK 7 state with total angular momentud+=0 has obtains (13%7) or't e left-hand side, in adequate but not
i i — _ perfect agreement with the values quoted above for the right-
even parity while the]=Q K* 7 state has pdd parity. Can- hand side. Referencg80] obtains do,0=(93+30)° in a
didates for the even-parif37] and odd-parity{38] state ex-  conyention in whichss -+ =0. This is not particularly

ist. The odd-parity resonance should couple much morgjqe 1o Eq.(23). Referencd31] finds phases 0By« +
strongly toK* 7 than toKp in order to explain the absence =(109+9)° and dkop0=(—123+12)° with respect to the
of a large final-state phase in tlip channel. However, it nonresonant amplitude.

has only been reported in thep channel[38]. (3) D°—K%7%7° has two identicaK* °«° bands which
should interfere constructively with one another.
D. Interference between bands on Dalitz plot (4) D*—K°7* 70 contributes tK* %" andK® *. The

In Dalitz plot analyses ob—K* 1 andD—>Ep, several amplitude triangles predict thé&) all the Kp amplitudes are

cross-checks of relative phases of amplitudes can be pefelatively real, andb) the relative phase between & O
formed [30,31,32,33 We enumerate each three-body finalandK* ~ 7" amplitudes(cf. Fig. 4) is
state and the information it provides.

(1) D°—K~ 7" 7° contributes toK "p*, K* 7", and 0 + u-+
K*07°. The amplitude triangle construction f@—K*
implies a relative phase between tké¢ ~ 7" and K*07° =0+ ot 0.0
amplitudes(cf. Fig. 4) of _ et LK) A T(K ) = 21(KT 7o)

2| AK*Om ) A(K* ~ 7 )|

=(98"1%°. (24)

5K* *71'*,;* 0,0
L T(K*O7*) = 2T (K* 7% —T(K* ~7*)
=CO0s —

2V2| A(K*O70) A(K* ~ )|
=(160"39". (23)

The E687 Collaboration[33], for comparison, obtains
Okr—t k-p+=(162+10x7%4)° and Scx0,0 k- ,+=(—2
+12+23+2)°, while the Mark Il Collaboratior]30] finds
Ok~ a+ k-p+=(154+11)° and Sgx0,0 k- ,+=(7£7)°. In
both cases th& “p™ amplitude was taken to be real in the
analysis of theK ™ 7" #° final state. The first two E687 er- FIG. 4. Triangle of amplitudes iD—K* 7 decays. Subscripts
rors are statistical and systematic, respectively. The lasin amplitudes denote total isospin.
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These are tested by Mark |1l data on theé K7 7% final  cerned with the relative strong phases of these amplitudes,
state. One must combine the resulligxo,+ xo,+= (43 which if large could lead to observab@P-violating asym-
+23)° from this final state with the previously mentioned metries in several interesting final states. Amplitudes for
phasedy+ - »+ k-,+=(154+11)° from this experiment; the strangeness-preserving processes will be unprimed, while
agreement seems good. those for strangeness-changing processes will be primed.
(5) D*—K «"#" has two identicalK*°z* bands The weak phases for strangeness-preserving processes are
which should interfere constructively with one another. argt)=arg(V;;,Vud=7v and argp)=arg@)=argVi;Vi)=—B,
Referencd 33] contains some comments on the possibil-so that the relative phase ofand p or s amplitudes isy
ity that not all experiments quote phases with the same con+ 8= 7—«a. Here a, 8, and y are angles of the unitarity

vention. triangle as defined, for example, in REB5]. (They are also
referred to as¢,, ¢, and ¢35, respectively[56].) For
IV. PENGUIN-DOMINATED b—s PROCESSES strangeness-changing processes the expected phases are
A. Charm-anticharm annihilation argt’)=arg(ViVud =y and argp’)=arg@’)=arg(VipVig =.

) Thus, the relative phase ¢of andp’ or s’ amplitudes isy
A number of features oB decays suggest a possible role émodulo ).

for enhanced charm-anticharm annihilation into noncharme
final stated39]:

(1) the semileptonic branching rati®(B— Xlv) is about
11% (vs a theoretical prediction of about 1294.0];

The tree amplitude is expected to dominate strangeness-
preservingB— PP decays such a8 —x"#° and B°
— a7~ . Although no conclusive evidence has been pre-

(2) the numbern. of charmed particles per average ;irr:te;lngort;hees:e?neiIc;a;);g,nfcnepreosctgg;ﬂ%luVSIntgh;?cltgtzgaa-
Ff(%?y is about 1.1-1.2 vs a theoretical prediction of 1'2_1'—>77*7-r0)z(1_/2)8(80—> ot 7_7*)24>< 10°6 Qne can then

(3) the inclusive branching ratid3(B— »'X) appears US€ the rellatlom’z)\t to esUmate; the magnitude of the.tree
large[41] in comparison with theoretical expectatio@e]; ~ amplitude in strangeness-changing processes. kei@.2 is

(4) the exclusive branching rati®(B—K ') [41] ap- the parameter introduced by Wolfenstgg7] to describe the
pears to require an additional contributip#8] in compari- hierarchy ofCKM elements.
son with the penguin contribution leading B9—K* 7~ or The penguin amplitudep’ is expected to dominate
Bt —KOr+. strangeness-changirg— PP decays such a8°—K" 7~

A common source for these effects could be an enhanceand in particulaB® —K°#7* (which has nd’ contribution.

rate for the subproceds—Ccs—qqs, whereq stands for a Differfncei b%twegdB(BO—»K.*w*), B(B'—K%7"), and
light quark, e.g., through rescattering effects. These are i23(B” —K" "), important in more precise treatments
herently long-range and nonperturbative and could also bwhich include effects of interference on rafé$,53, will be

responsible for the overall enhancement ofbhes penguin ~ ignored here. _ _

transitions noted in Ref§44]. Alternatives for pointg3) and ~ The coefficients of amplitudes in each decay process are
(4) which have been suggested include a lacge[45] or ~ given in Ref.[50]. Using the most recent rates fB— PP
gluonic component in they’. The former possibility is in- decays46,58, we find the results shown in Table V. These
triguing, but one must then ascribe the suppression of théeserve several comments.

decayd/ y— n' y to form factor effects. (1) The s’ amplitude is needed in order to properly de-

If rescattering from theb—ccs subprocess into states SCribe the large rat¢41] B(B—Kz7')=(69+12)x10 °.
containing light quarks really is important, both the overallHere we have averaged the values quoted for charged and
H—Epenguin amplitude and a specific contributi@#g] to neutralB decays. If thes" amplitude interferes constructively

E—>§+(77,77’) (to be mentioned belowcould have strong with p’, it does not have to be as large in magnitudeas

. ; o as one sees by comparing {fpé|? rate forB—K 7’ in Table
phases very different from the tree amplitude contributing t . 13
B—K+X decays, raising the possibility of substani@p- A with the |s’|* rate from column(a) of the same table. The

violating asymmetries whenever these amplitudes interferggr?]k p:siissigﬁaGsfm(’;rl]ldgle;rriv?/égidi?]t?;izeetfr;gﬁgg]m ?’haeS'de
with one another in a self-tagginB decay (such asB° P < Peng '

g L strong phases of these two amplitudes could well be equal as
—K"#7). We shall now indicate where such effects are

. g well if they are both dominated by a large imaginary part
likely to be visible.(See also Ref{46,47,48,49) associated with the annihilation ofta pair into light quarks.

Such a predominantly imaginary amplitude is one possible
interpretation of the large final-state phag&,13 in certain
J/¢ hadronic decays which were discussed in Sec. Il.

In what follows we shall update an estimdt&0] of the (2) The possibility for largeCP-violating asymmetries ex-
amplitudes contributing to the decays®f-PP, whereP is  ists whenever two weak amplitudes anda, [cf. Eq. (3)]
a light pseudoscalar meson. These amplitudes are denoted Bge not too dissimilar in magnitude and the sines of both their
t (tree, p (penguin, and s (singlet penguin Color- weak phase difference, — ¢, and their strong phase differ-
suppressed amplitudes and electroweak penguin amplitudesiced, — 8, are close to 1. In Table VI we identify a few of
[51,52,53,54 are neglected for simplicity. We shall be con- these interesting cases.

B. Estimate of amplitudes and application
to decays involving '
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TABLE V. Summary of predicted contributions to selected The rescattering o€c to light final states can enhance the

AsS=0 decagys of8 mesons. Rates are quoted in branching ratiop_, 5 penguin amplitude without affecting its weak phase,
units of 10 °. Rates in italics are assumed inputs. which remains real: ary€,Ve)=0 vs. arg{iVi)=1.

AS=0 t|? 2 s|? rate N .
Decay la|te |rg|te | J b C. Annihilation of light quarks
B+ _sqrt 770 4 0 0 0 If the b—s penguin amplitude receives important contri-
Sty 27 1.0 0.09 0.3 butions from the tree subprocebs-uus, followed by re-
—aty 1.3 0.5 0.7 2.4 scattering to another final stateuch agdds), the estimate of
B mt o 8 0.7 0 0 the weak phase of the amplitude ferr —Kor* may be
called into questiof11]. Normally one expects this process
|AS=1] [t']2 Ip’|? |s'|2 P rate to have a weak phase of or zero, so that there should be
Decay rate rate a b only a very smallCP-violating difference between the rates
B KOt 0 " 0 0 for B" =K%zt andB~—K%#~. This difference, in the ab-
K+ 0 0.2 ; 0 0 sence of rescattering, would be due entirely to the process in
— o . . T . i
LK 013 -0 17 6 which theb and spectatou in a B* annihilate one another
_}K+7’, 0'07 21 14; 48 through a virtualW which then produce&®z". Such an
BO_K* K '4 " amplitude is expected to be suppressed by a factbg bhg
T 0. 0 0 in comparison with the dominant ones in which the spectator
_’KOW 0 7 0 0 quark does not participate.
—K"n 0 =0 17 6 The decayB’— K"K~ is particularly sensitive to specta-

—K%' 0 21 14 48 tor quark effects, since thB® contains ad quark which is
&Constructive interference between ands’ amplitudes assumed not present—m th f"i]al St'a(QZ,Gq_. It m.USt. oceur through
inB*—K* 7' the prcice§sbd_—>uu, in which theuu pair either fragments

into K"K~ directly or annihilates into a multigluon state

which then materializes a<*K™. Alternatively, it can be
fed by rescattering from such final statesBs—~M; M, ,
whereM; are nonstrange mesons suchmaand p. Thus, a

Although the t' amplitude in B* —K*#° and B® 9ood way to gauge the effec(t)s of Ehis rescattering is to mea-
. K*m processes is expected to be considerably smallefuré the branching ratio fd8"—K"K". If it exceeds the
than the dominanp’ amplitude, it can have a noticeable vall_Je of a few times 108, one must take rescattering effects
effect on the asymmetry if the strong phase difference iS€"I0USIY: . .
large. When the asymmetries in these two processes are Com_Anther methoq which has been propo;ed t_o estimate re-
bined, one may even be able to see an effect with present gfFattering effects is to Stlﬂiy the rate dbi-violating asym-
modestly improved statisticg}6]. The asymmetries i+  metry for the decad® —K°K™, whose amplitudes are re-
—>K+’7TO and BO_>K+777 are expected to be h|gh|y corre- lated to those irBJr—>K0’7TJr by flavor SBS) [ll] Specifi-
lated[46,47. cally, the penguin amplitude iB"—K°K* should be

To summarize, we are suggesting the prospect of a largsuppressed bjV,4/Vs| = O(\)=1/5 with respect to that in
strong phase shift differena® — &, in certain two-body de- B —KO%z*, while the corresponding annihilatigor rescat-
cays of B mesons to pairs of light pseudoscalar mesonstering amplitude should benhancedby |V q/Vd=1/\.
when one of the weak amplitudgs p’, s, ors’) has alarge  Our discussion indicates that both tteippressedpenguin
strong phase difference with respect to the otfieor t'). amplitude and théenhanceplrescattering amplitude iB™*
Such a phase may arise as a result of strong absorptive efs KOk * may have the same final-state phase characteristic
fects in rescattering afc to light quarks. Although a pertur- of a highly absorptive process, so thaER-violating differ-
bative calculation at the quark levielO] gives a small final- ence betweeil’ (B —K°K*) andT'(B~—K°K~) may not

statg pf|1a_se, the p/(;ssmnny that Itt gould bfﬁ' largeven be visible even if the rescattering process is playing an im-
maximal, i.e., near2) was suggested some time &gi9)]. portant role. One then falls back on the proposed enhance-

o ~_ ment of the totalB" —K°K " decay rate, which would re-
TABLE VI. Examples of possible direct CP asymmetriesSn  qjire a substantial rescattering contribution to be observable,

®No interference betweep’ ands’' amplitudes assumed iB*
—K*y'.

decays. or—better, in our opinion—the observation of the rare pro-
. . : cessB°—K*"K™ to indicate the magnitude of rescattering

Interfering Relative Maximum effects

Process amplitudes weak phase  asymmetry '

B"—xty tp T \3/4 V. B DECAYS TO CHARMED FINAL STATES

Bf—xty t,s T—a 1 = - =

BY K+ o Y y 0.34 A. Decays toDar, D*ar, Dp, D*p

BO—K ™ a™ p’,t' y 0.34 The pattern of8 decays to charmed final states has im-

portant differences with respect to the corresponding pattern
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for D decays to strange states. First of all, the relative phase TABLE VII. B

PHYSICAL REVIEW D60 074029

* andB° branching ratios and decay rates.

of color-suppresse(C) and color-favoredT) amplitudes is

different from that in charm decay84]. Second, one cannot Branching ratio Decay rate
evaluate the final-state phases associated with rescatterifpde (%) (x10°s™)
effects, since these effects seem so small. B* decays
We may perform an isospin decomposition similar to that—,
. . 0+ 0.53£0.05 32+3
in Sec. Il for charm decays by noting that the fundamental™ . 0.46+0.04 g0
T —_ . —( * . . .
b—cud subprocess responsible B D*)+ X decays has EO f N N
Al=Alz=1. Thus, wherX is anl =1 meson(e.g.,mor p), DP°p 1.34-0.18 81-11
there will again be two isospin amplitudes. F&+ D 7 de- D*%" 155031 94519
cays we may then write B (— +) decays
= D 7t 0.30+0.04 19.2:2.6
+ 0, +y_
AB" =D ) =Agp, D* 7" 0.276+0.021 17.71.4
D p* 0.79£0.14 51+9
2 1 il
ABY=D 7")= 3A1+ 5 A%, D* p* 0.67+0.33 4321
B°—(00) decays
S o) ) D00 <0.012 <0.77
AB =D 7)) = — §A1,2+ ?A3/2- (25 D* 00 <0.044 <28
D%p° <0.039 <25
These amplitudes again satisfy a triangle relation D*0,0 <0.056 <36

AD°7 )= AD 7)) +v2ZAD°70). (26)

The amplitudeE is used here to describe either an exchange

For theD* p amplitudes, which are characterized by threeSUbDFOCgsgd—EU, or rescattering from the tree-dominated
partial waves with orbital angular momerits 0, 1, and 2, processbd—cudd throughdd annihilation into a flavor-
these relations hold separately for each partial wave. In whaU(3) singlet state. As in Sec. Ill, we neglect electroweak

follows we shall assume a single partial wave to dominatepenguins.

the process when discussing amplitude relations, but will see Here, as in the case @ decays, the seT, C, andE is
in Sec. V B that this is an oversimplification. overcomplete, so we cannot extract independent information

The magnitude of thé=3/2 amplitude is obtained from ©n the magnitude of. In principle, one could perform a
theB*— D" partial width'|A3,2|2=F(5°7r*) The mag- calculation based on the factorization assumption, as men-

nitude of thel =1/2 amplitude is obtained from the combi-
nation

tioned in Sec. lll, to relate the tree contributidnin, e.g.,
B°—D " to that in a semileptonic decay process such as
B°—~D I"y,. One already knows that this calculation

works approximately25,26,61. It is also likely thatC andT

|A1,2|2=§[F(D_77+)+F(50770)]— El"(SOﬂﬁ)_ are relatively real, since neither involves the highly absorp-
2 2 tive annihilation process described By
(27) The value ofE is expected to be quite small for a couple

) _ _ _ o of reasons. First, estimates based on either rescattering or
The relative phasé, between isospin amplitudes is given by interaction with the spectator quark suggest tBawill be
_ _ much smaller in theB system than in the charm system.
(D 7 )+I'(D°#")—6T (D70 Second, whereas(D ")/ (D% =2.5, indicating the impor-

COSé, =

. (28 i i _di i
4[A A (28 tance of spectator interactions or long-distance physics for

charm, the corresponding ratio fBrmesong is much CI(O)ser
. + _ 71 .
When only an upper bound on the color-suppressed rate {9 1 Since{16] 7(B )= (1.65+0.04)< 10" **s while =(B")

available, a useful upper bouf@4] on 6, is

=(1.56+0.04)x 10'?s. This implies that we will have some

difficulty determining the phase & relative to that ofC and

sir? 8,<9I'(D°#%)/2I'(D°x ™). (29)

Similar expressions hold fdd* 7, Dp, andD* p decays.
Decomposing the decay amplitudes in terms of {fBe

color-suppresse(C), and exchangéE) amplitudeq 22], one

finds expressions in correspondence with those in Sec. IlI:

T. One will have to determine the relative contribution<of
and T (through calculations such as those suggested for
charm decays in Sec. Ill)Band the smalE contribution, if
it is present, will then have to be extracted. At present this is
not possible because none of the color-suppressed decays
B°—(00) has been observéi6,67.

The relevant branching ratios and rai@§] are summa-

rized in Table VII. In all cases the amplitude relations de-

AD°7*)=T+C, AD w*)=T+E, generate into a nearly straight line, since the square roots of
o the rates in Table VIl all are consistent wiffi'(0+)]?
AD%7%)=(C-E)/IV2. (300 —[I'(—+)]¥2=[21'(00)]*2 This point is emphasized in
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TABLE VIII. Comparison of amplitudes fOBHS(*)-F(W,p) decays.

[C(0+)]M2=[T (= +)]" [2I'(00)]" 3 (max
Mode (x10*s717) (x10* s (degrees [T(0+)]YA[T (- +)]¥?
D 1.3+0.4 <12 19 1.290.11
D* 7 1.1+0.3 <2.4 46 1.25-0.08
Dp 1.9+0.9 <22 25 1.270.14
D*p 3.1+1.9 <27 40 1.480.40

Table VIII, where we also quote Suzuki's limifd4] on the relative phases in helicity amplitudes cannot arise at the level
relative phases df=1/2 andl =3/2 amplitudeg63]. Com-  of weak amplitudes. The dominant subprocess in all these
parison of the second and third columns of Table VIl allowsdecays should bb—<cud, with a vanishing weak phase.

one to see how far above the lower isospin bound €86h

color-suppressed mode lies. The ded@8—D°#° should V1. SUMMARY

appear at a level not much below its present upper experi-

mental bound. We have reviewed a number of cases, many of which
The possibility of a smalE contribution with a highly ~ were first pointed out by Suzukil2,13,14, in which non-

absorptive phase cannot be excluded. Present data are cdfvial final-state interactions manifest themselves in decay

sistent withT and C contributions with no relative phase. If processes involving the release of up to a few GeV of en-

E is negligible andC is real relative toT, each process is ergy. These include/y decays to pairs of light mesons,

characterized byC+T|/|T|=[T'(0+)]¥¥[T'(—+)]"2 The  charmed meson decays, and possiBlyD*p. We have

entries in the last column of Table VIII are consistent with aargued that such large final-state phases may also occur in

universal value ofC/T=0.27+0.06. penguin processes involving—s transitions, especially
those in which flavor-singlet mesons such #5s are pro-
B. Relative phases oB—VV amplitudes duced. Such final-state phases may be useful in searching for

. , . direct CP violation in decays such a&8°—K* 7~ andB*
The CLEO Collaboratiori64] has presented evidence in "\ % o 5/ "0 olision r)égarding tht:possibility of large
0 - 0 .
the decaysB°—D* p* and B"—~D*"" for complex final.state phases is more optimistic than that of FR&6],
phases between helicity amplitudes, and for the presence Qfhere typical strong phases of order 20° have been esti-
more than one partial wave in these decays. The helicity,aieq as a result of our conjecture that deeannihilation

amplitudesA, andA..; for B—VV decays are expressible in ,rqcess contributing to the penguin amplitude can be highly
terms ofl =0, 1, and 2 partial waveS, P, andD as[65] absorptive.

1 1 1 1 5 A number of open experimental questions remain. These
A= \ﬁSi \ﬁp+ \ﬁD’ Ay=— \/:S_,_ \/:D. can shed light on whether there is a universal pattern giving
3 2 6 3 3 rise to large final-state interactions, or whether these effects
(31 must be studied on a case-by-case basis.
_ _ ) 5 (1) Although large final-state interactions have been dem-
Here thze amghtudezs areznormahz_ed such thfeg]*+[A,| onstrated in)/¢ decays tovP [12] andPP [13] final states,
+|A_4|*=[9*+[P[*+|D|*=1. While a full analysis of the e do not yet know whether the same is true fordecays.
CLEO results, which in any case are preliminary, is beyontopservation of the procesgs —K* *K ™+ c.c. and reduction
the scope of this note, we point out several interesting feas, ... 0rs on the branching ratios fer' —K*°K%+c.c. and
tures. , 0 0T . ~
. L . ' — o would help clarify this question.

(1) The fraction of the decay which is longitudini|?, (2) We cannot yet choose between a resonant and non-
is abou';}O.SG in (;’_OFLBOT D* __FI)+ a”ngrﬁD*o +r’] 'néj" resonant interpretation of the large relative phase between
cating that no individual partial wave dominates the decay. _ 1 /» andi=3/2 ampli DKo and D K* )

(2) ForB°—D* "p™ the helicity amplitude®\; andA_; /2 andl =3/2 amplitudes D —K andD—K" de
are unequaland have unequal phasesdicating the pres- .
ence of aP wave as well asS and/orD wave components. P€€N seenfnear te mass[37], there does not yet exist a
Only the amplitudeA, has a nontrivial phase with respect to c@ndidate for a corresponding Oresonance decaying to
Ao. K* 7. Moreover, such a resonance should not couple appre-

(3) For B*—D*%", the amplitudesA; and A_, are cCiably toKp if the resonant interpretation is correct. By com-

consistent with being equal, indicating that Revave com-  paring Figs. 3 and 4, we see that such a resonance should be

ponent may be needed. However, in this case Bgttand  more prominent in thé* 7 channel than the 0 resonance

A_1 have nontrivial phases with respectAg. ~_is in the K# channel, since its enhancement of the1/2
These results may indicate the presence of nontriviagmplitude relative to the =3/2 amplitude is greater. The

final-state interactions in thB—D*p decays, since such absence of an appreciable resonant or rescattering enhance-

cays. Although aJ’=0" resonance decaying ti§7 has
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ment in thel?p channel may provide a clue to the space-timepaifs- More information on such processes will be f_orthcom-
properties of the enhancement mechanism. ing once the color-suppressed processB$—[D(*)0

(3) A number of tests of the factorization hypothesis in + (7% orp®] have been observed.
charmed particle decay23,24,6] are available. With new Note added in proof The investigation of final-state
large samples of charmed particle decays becoming availabfghases in charmed meson two-body nonleptonic decays men-
from several source®.g., the CLEO detector at Cornell and tioned at the end of Sec. Il B has now been perfori&d.
the FOCUS Collaboration at Fermilght might be worth
re-examining two- and three-body decays to see if these
relations continue to hold.

(4) Rare decays oB mesons, as pointed out also else-
where[11], can shed light on at least the magnitude, if not | would like to thank the Physics Department and the
the phase, of final-state interaction effects. Such effectdheory Group at the University of Hawaii for their hospital-

would be manifested, for example, @ an observabl€P- ity during part of this work, and S. Olsen, S. Pakvasa, S. F.
violating difference between the branching ratios ®Ff Tuan, and H. Yamamoto for helpful conversations there. Part

—K%* andB~—K%7, (b) an enhancement of the rate of this investigation was performed during the Workshop on
— . ’ . Perturbative and Non-Perturbative Aspects of the Standard
for B* —K*K? and its charge-conjugate, and a possibie P

violating asymmetry in these two rates, afull a branching Model at St. John’s College, Santa Fe. | would like to thank
) ’ ) the organizer Rajan Gupta, as well as the participants of the
ratio for B— K"K~ above the level of a few parts in 40 9 l P P P

: . : workshop, for providing a stimulating atmosphere. | am
We have pointed out that if large final-state phases have grateful to Amol Dighe, Michael Gronau, and Matthias Neu-

universal nature as a result of highly absorptwe_processe ert for collaborations on topics closely related to the work
the CP asymmetries iBB* — K%z andB"—K*K® may  described here, to Roy Schwitters for the opportunity to
not be so large, and the rate enhancement®fin-K"K®  present some of these results at a symposium at the Univer-
and B>-K*™K~ may be a preferable means of displayingsity of Texas, to J. Cumalat and J. Wiss for information
large final-state interactions. related to Dalitz plots, and to S. Stone for useful discussions.

(5) The question of large final-state phases due to rescafFhis work was supported in part by the United States De-
tering in B decays to charmed particles remains open. Sucpartment of Energy under Contract No. DE FGO02
phases could arise as a result of annihilation of light-quarlfOER40560.
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