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Observed decay rates indicate large phase differences among the amplitudes for the charge Btates in
— K andD—K* 7 but relatively real amplitudes in the charge statesl:fesip. This feature is traced using
an SU3) flavor analysis to a sign flip in the contribution of one of the amplitudes contributing to the latter
processes in comparison with its contribution to the other two sets. This amplitude may be regarded as an effect
of rescattering and is found to be of magnitude comparable to others contributing to charmed particle two-body
nonleptonic decay$S0556-282(99)05021-3

PACS numbes): 13.25.Ft, 11.30.Hv, 14.40.Lb

I. INTRODUCTION We consider only Cabibbo-favored decays, in order to

focus on the comparison betwe&nr, K* 7, andKp. The

The phases of amplitudes in weak two-body nonleptoniGramework we employ is an SB) flavor analysig12—14
decays of heavy mesons are of interest in the searcBor  which can be expressed in terms of quark grgdits1g but
violation. Decays oB mesons in many cases are expected tavhose interpretation in those terms should not be taken too
receive contributions from more than one weak subprocesditerally. We assume the following contribution&) a color-
If the corresponding amplitudes also differ in their strongfavored “tree” amplitudeT, (2) a “color-suppressed” tree
phases, one can expect to €B-violating asymmetriegl]  amplitudeC, (3) an “exchange” amplitudeE contributing
in B meson decay rates. The origin and magnitude of sucRnly to D° decays, and4) an “annihilation” amplitudeA
strong phase differences have been the subject of much digontributing only toDs decays. The amplitudeBand C do
cussion[2,3]. not involve the spectator quark, whileand A do. They are

The nonleptonic decays of charmed mesons are expectédost likely parametrizations of rescattering effects, since
to involve weak amplitudes with very similar phaded. If ~ when taken literally as short-distance operators their calcu-
decay amplitudes exhibit large phase differences, they ar@ted magnitudes are too small.
almost certainly due to strong final-state interactions. Thus Many authorg17] have recognized th& andA can have
these decays can serve as a laboratory for the examination BeNn-zero phases relative ToandC. The authors of Ref.18]
final-state effects. The lower mass of charmed particles ifiecognized explicitly the importance & and A amplitudes
comparison withB mesons tends to amplify these effects, in the analysis of charmed particle decays. Our result, which
which are expected to diminish in relative importance withdistinguishes the present analysis from the previous ones, is
increasing energy. that T and C appear to differ from one another in phase as

One class of charmed meson decays in which final-stat@ell. This phase difference appears to be similabout
interactions can be well probed experimentally is the set 0ofl50°) inK#, K* 7, andKp decays. It probably arises as a
Cabibbo-favored nonleptonic two-body decays governed byesult from rescattering. ThE amplitude inD® decays and

the subprocess—sud By comparing decay rates, one finds the A amplitude inD decays are found to have large phases
that the amplitudes for the three charge stakdsr with respect to bothC and T. We find that if the relative
K-7*, K°° in DK decays cannot all be real v:/ith contributions ofT, C, andE are such as to give large relative

-~ . hases between amplitudes for the three different charge
respect to one anoth¢b—8|. A similar conclusion can be P — plitud 9

drawn both from decay rates and from relative phases oftates iD—Km andD'—>K* m, then these phases naturally
Dalitz plot amplitudes for the three charge statesbn cancel inD—Kp, leaving amplitudes which are real with

—K* 7 [5,9-11. However, both decay rates and Dalitz plot respect to one another. Thz—Kp amplitudes do contain

analyses reveal no relative phases between the amplitudes¢@ntributions  from final-state interactions, but they are
the three charge states f—>Rp masked by cancelling phases. This has important implica-

In the present paper we examine the source of this appa];i_ons if one wishes to ascribe final-state interactions to the
—  — proximity of resonancefs,19|.

i *
ent difference betweei K™ « decays on the one hand and This paper is organized as follows. In Sec. Il we review

Kp decays on the other. We find that effects of strong finalthe flavor-Su3) decomposition of amplitudes and introduce

state interactions are present in all three decays, but theyotation for invariant amplitudes. We tabulate the processes
contribute to the various charge stateip decays in such of interest, their decay rates, and their amplitudes in Sec. IIl.
a way that the amplitudes are all relatively real. This resultThen, in Sec. IV, we extract reduced amplitudes from the
has some implications for the universality of strong final-data, and display pictorially their magnitudes and phases.
state-interaction effects. In passing, we note some simpl&he amplitudesl extracted in this way are compared with

regularities of contributions to these processes which can bgredictions from factorization and semileptonic decays in
related to those in semileptonic decays. Sec. V. A brief discussion of resonant contributions is con-
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TABLE |. Rates and invariant amplitudes for Cabibbo-favored decays of charmed mesons to two pseu-

doscalar mesons.

M Rate p* |A|
Decay (GeV) (101 s (MeV) (10°% GeV) Representation
Dt KO+ 1.8693 2.7%0.25 862 1.360.06 C+T
DK 7t 1.8646 9.3%30.23 861 2.56:0.03 T+E
KO0 5.14+0.51 860 1.850.09 (C—E)/\/E
LK 1.72+0.24 772 1.130.08 c/\3
KOy 4.17+0.63 565 2.06:0.16 —(C+3E)/\6
D:_>E0KJr 1.9685 7.543.20 850 2.380.36 C+A
—aty 3.63+0.99 902 1.6£0.22 (T—2A)/\3
oty 7.78:2.15 743 2.58:0.36 [2(T+A)]/\6

tained in Sec. VI. The role of disconnected diagrams involv-
ing » and ' production, which may be important in the
decaysD,—p* +(7,7'), is discussed in Sec. VII, while

Sec. VIII concludes.

II. NOTATION

Our meson wave functions are assumed to have the fog
lowing quark content, with phases chosen so that isospiﬂ

multiplets contain no relative sigri46,2Q:

Charmed mesons: &= —cu, D*=cd, D} =cs.

Pseudoscalar mesons: Pr*=ud, #°=(dd—uu)/\2,
7 =—du, K"=us, K°=ds, K°=sd, K"=—su, =(ss
—uu—dd)/\3, 7’ =(uu+dd+2s9)/\6. (Here we adopt a
specific ansatf15,2Q for octet-singlet mixing in they and
7' wave functions.

Vector mesons V p*=ud, p°=(dd—uu)/\2, p-
=—du, w=(uut+dd)/\2, K**=us, K*°=ds K*°
=sd, K¥ "=—su, ¢=ss.

The partial widthI" for a specific two-body decay tB P
is expressed in terms of an invariant amplitudeas

p*
87M?2

I'(D—PP)= | A2, (1)

wherep* is the center-of-mas&.m,) 3-momentum of each

Ill. DECAY RATES AND AMPLITUDES

In Tables | and Il we summarize the rates, invariant am-
plitudes, and their flavor-S@3) representations for decays of
charmed mesons to two pseudoscalar mesons and to one
pseudoscalar and one vector, respectively. The branching ra-
tios are taken from the compilation of R¢R1] except for
ranching ratios foD— (7" ,p ")+ (%, ') from Ref.[22],
nd are converted to decay rates using charmed particle life-
mes which are averagg8] of those in Ref[21] and new
CLEO values[23]: 7(D")=1051+31 fs, (D% =412.7
+3.2 fs, 7(DJ)=477+12 fs.

In Table | the amplituded, C, E, andA were described
above; in Table Il the amplitudes are labeled with subscripts
which denote the meson containing the spectator qurafér
pseudoscalal for vector[24].

We omit contributions of disconnected diagraf2$,26|
in which » and ' exchange no quark lines with the rest of
the diagram, and couple through their SWsinglet compo-
nents. Such diagrams are apparently important for the under-
standing of the decayB— K 7’ [27]. They will be discussed
in Sec. VII.

IV. REDUCED AMPLITUDES:
MAGNITUDES AND PHASES

Rather than performing &2 fit, we show what informa-
tion each amplitude provides, and build up a graphical con-
struction of the reduced amplitudds C, E, etc., which ex-

final particle, andM is the mass of the decaying particle. The hibits their relative phases and magnitudes. In this way it is
kinematic factor ofp* is appropriate for the S-wave final easier to spot regularities. We are not greatly concerned with

thus have dimensions oferrors in the fitted quantities in the present work, since most

decays are well fitted whil®,—p* 7’ is notably poorly

For PV decays a P-wave kinematic factor is appropriatereproduced, as has been noted elsewh25¢26,28.

state. The amplitude will
(energy) ™.
instead, and
(p*)°
I(D—PV)= ——|A'|% 2
( v 2

A. PP decays

In the limit in which disconnected graphs do not contrib-
ute toD— PP decays, we find thg(C| is given by theD®

— KO amplitude

Here A’ is dimensionless. These conventions agree with

those of Chatet al. [15].

|C|=3|AK®7)|=(1.96-0.14 X 10°° GeV, (3)
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TABLE II. Rates and invariant amplitudes for Cabibbo-favored decays of charmed mesons to one pseu-
doscalar and one vector meson.

M Rate p* | A'|
Decay (GeV) (101 s (MeV) (1079 Representation
Dt LK*On+ 1.8693 1.8%0.18 712 1.76:0.09 Ty+Cp
D*K%* 6.28+2.38 680 3.46:0.64 Tp+Cy
DO—K* 7"  1.8646 12.40.97 711 4.450.17 Ty+Ep
—K p* 26.2+2.4 678 6.95-0.32 Te+Ey
L K*050 7.75+0.97 709 3.540.22 (Cp—Ep)/\2
—Kp° 2.93+0.41 676 2.340.16 (Cy—Ey/\2
K0y 4.60+1.21 580 3.68:0.48 (Cp+Ep—Ey)/\3
_K*0y <0.27 99 <13 —(Cp+Ep+2Ey)/ /6
LK% 5.09+0.97 670 3.12:0.30 —(Cy+EW/2
— K% 2.08+0.24 520 2.920.17 —Ep
DI —K*OK* 1.9685 6.9%+1.89 682 3.740.51 Cp+Ay
LKOK* 9.01+2.93 683 4.26:0.69 Cy+Ap
—py 225+6.5 727 6.130.89 (Tr—Ap—AY)/3
—pty 21.0+6.1 470 11.41.7 [2Tp+Ap+A)]/ 6
—atp® <0.17 827 <0.44 (Ay—Ap)/\2
—7tw 0.65+0.29 822 0.8%0.20 (Ay+Ap)/\2
—ate 7.54+1.89 712 3.66:0.46 Ty

while by taking appropriate combinations of squares of ampredicted by factorizatiorT|=2.0x10"% GeV (Sec. V},

plitudes forD?—K%#% D°—K®5, andD°—K®%’ we can  and|C|<|T| as one might expect for a color-suppressed am-

eliminate theC-E interference term to obtain plitude. The other choice, shown by the dashed lines and the
primed amplitudeT’, has|C|>|T'|=1.1x10"°® GeV. The

1 — 0 — 2 determination oflf andT’ numerically is a simple matter of
|E| :{§[|A(KO7TO)|2+ | A(K ") |?]= | A(K®n)|? solving a pair of simultaneous quadratic equations; the cen-
tral values are shown in Table Ill. In what follows we shall
=(1.60+0.13xX107° GeV. (4 consider only the largéF| solution.
) o To test the above construction for consisteripgrticu-
The relative phase betwe€handE is given by larly for the validity of the assumption that no additional
1 amplitudes are needed to describe decays involwjnand
COSSep= ZIA(K°77’)|2+|A(K°77)|2 n') we consider theDg decays listed in Table I. We can

3
—Z|A(K°7-r°)|2}/|C||E|=—0.O7t0.11,

(5

or dcg=(94=6)°. TheamplitudesC andE are depicted in
Fig. 1, along with a lineC—E=2A4(D°—K°%x?).

Next we use the rates f@ " — K%z andD°—K ™ 7" to
specify the magnitudes of +C and T+E, respectively.
Lines corresponding to these amplitudes form a triangle to-
gether withC—E in the complex plane, a consquence of the
isospin relation4(K ~ 7 ") +y2A(K°7% = A(K°#*). This
triangle can have either of two orientations corresponding to
reflection about the line corresponding @-E. These ori-
entations correspond to different valuesTofin Fig. 1 we
denote the favored orientation by solid lines. With this FIG. 1. AmplitudesT, C, E contributing toD— PP decaysT’
choice, the value of T|=2.7x10"® GeV is closer to that denotes an alternateisfavored solution.
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TABLE lIl. Central values for the amplitudeE (large solution TABLE IV. Parameters of the solutions féx.
or T' (small solution based on the decad— (K7,K7,K7').
Solution | ag [C+A| (10°° GeV)
i -6
Solution |T| (107° GeV) | S+l | Sl Favored 175 235
Large|T| 2.69 114° 152° Disfavored 36° 1.38
Small |T| 1.08 a4° 138°
B. PV decays
extract the magnitude of the “annihilation” amplitudd| The magnitude_s ofTy and Ep are given by theDg
from the sum — " ¢ andD°—K%¢ amplitudes, respectively:
|Ty|=|A" (7" ¢)|=(3.66+0.46)x 10" °,
|A(T " ) [P+ A ") [2=| T[>+ 2|A]? (6)
|Ep| =] A" (K°})|=(2.92+0.17) x 10" °. )
and the value of T|? from Table Il to obtain|A|=1.01 _ o
X106 GeV. The relative phase of, andEp is given by

Using the magnitudes of —2A and T+A implied by
Table I, we then may solve for the phase/fnd the cor-
responding magnitude &+ A. The two solutions are shown D a2
in Fig. 2 and summarized in Table IV. The solution corre- — A" (KP@) 12Ty [Epl
sponding to the unprimed amplitudein Fig. 2 agrees with =-0.10+0.18, (8)
the value |[C+A|=(2.38+0.36)x10 ° GeV implied in
Table | by the rate fob; —K°K*, while that corresponding or 8¢ 1,=(96x10)°. The amplitude3,, andEp are shown
to the primed amplitudé\’ gives too small a value ofC in Figp_ é along with the lineTy+Ep=A'(K* ~7"). We
+A’|-_ ) ] o . neglect disconnected graphs involving and ¢ since, in

Aside from an irrelevant sign, it is interesting that the contrast with and 7', these seem to satisfy the Okubo-

phases o andA are almost identical. This could be a sign z\eig-lizuka (0ZI) rule [29] well in a wide variety of pro-
of the universal behavior of rescattering contributions conegses.

jectured in Ref[3]. The fact that the magnitudes are not too The rates foD* — K*%%" andD%—K* %0 then s ecify
different from one another is interesting, but we do not have[he magnitudes 6Fy+ Cp andCp— Ep, leading to twg poSs
\Y P P P -

a ready explanation for it at the moment. . . .
. : ible solutions. In one solutiohCp|<|Ty|, as expected for a
So far we have merely shown that there is a consisten . I ;
olor-suppressed amplitude, while in the oth&p|>|T,/,

solution for the amplitudes in Cabibbo-favored decays of-9" . A
charmed mesons tBP. The one test of this consistency is which we regard as disfavored. The favored solution is de-

— noted by solid lines in Fig. 3, while the disfavored solution is
the agreement of the predicted rate @f —K°K™ when y g

i ; X i denoted by dashed lines. The two solutions are compared in
one of the discrete solutions for amplitudes is chosen. Thggphie v Note that for the favored solution. the relative

comparison of this set of amplitudes with ones contributingphase of the color-suppressed and tree amplitudes is exactly
to Cabibbo-favored®V decays, however, suggests that theiha same (152°) as in tHe— PP case analyzed above.

solution may have some validity. A further set of amplitudes may be specified if one is
willing to assume thaE,=—Ep. This assumption is rea-

cos 5e, 1) =[|A"(K* )2~ A’ (=" $)|?

i,
<4
T "/ N )
v+Cplr /1
£ 1

s (/

FIG. 2. AmplitudesT, C, E, A contributing toD— PP decays. FIG. 3. AmplitudesT,,, Cp, Ep contributing toD— PV de-
A’ denotes an alternatéisfavored solution. cays.Cp denotes an alternatelisfavored solution.

114026-4



FINAL-STATE PHASES IN CHARMED MESON TWO. .. PHYSICAL REVIEW D 60 114026

TABLE V. Central values for the amplitude€3, (favored solu-
tion) or Cp (disfavored solution based on the decay®
—(K*,K%p) andDJ — 7" ¢.

Solution |Cp| (1076) 8¢, e, 16c, 7|
Favored 3.11 112° 152°
Disfavored 5.08 72° 168°

sonable if theE amplitude is dominated by a quark-antiquark
intermediate state, since it is then a consequence of charge-
conjugation invariance. It is equivalent to the assumption
made by Lipkin[30] in discussing the relative penguin con-
tributions toB— K* » andB—K* 5’ decays. One can then
construct a set of amplitudes based on the dechys
—(Kp,Kw,K ).

One first notes that thB—Kp ampEudes barely satisfy
the isospin triangle relation A" (K% ™)=A"(K p*)
+2A' (K%p%). We perform ay? fit in which the amplitudes
are relatively real and find the best fit when

FIG. 4. Amplitudes Tp, Cy, E, contributing to D
—K(p,w,¢) decays.

sign flip of Ey, relative toE, or E. This would not have had
such a noticeable effect were it not for the fact that, at least
in our fits, the tree and color-suppressed amplitudes all pos-
sess a relative phase of about 150°.

One more test of the assumpti@y=—Ep is passed at

_ ; 0 wx0,_ _
|A' (K~ p*)|=6.90x1076, |.A"(K%%)|=3.33x10°°, apout the & IevEI.OThe amplitude foD”—K*" 5 is pre
(9) dicted to beA’(K* n):(Cp+2Ep)/\/§ and, as a conse-
quence of the amplitudes determined above, is predicted to
which correspond to minor displacements from the centrahaye magnitudé.A’ (K*°%)|=3.17x107°. This is in satis-
values in Table Il. We consequently shift those central Val'factory agreement with the experimental valu@(f*orm

ues while maintaining the experimental errors. - e . 0 0.
By combining the squared amplitudes @P—K°p° and =(3.68+0.48)x10"". The amplitude for D°—K*"y

D% p% we then obtain|Ey|?+|Cy|?=(15.28-2.01) is predicted to be A'(K*°p)=—(Cp—Ep)/\6

| A" (Kp*)|=3.57x 1079,

% 10712 and recalling our assumption thé{ = —Ep, with  =—.A4'(K*°7%/3 with magnitude | A’ (K*%7)|=(2.04
|Ep|?=(8.51+0.98)x 10 2 we have +0.13)x 10 8, much smaller than the current experimental
upper bound.
|Cy|=(2.60+0.43 x 10 6. (10
Furthermore, C. Comments on final-state interactions
Vo 12 0 02 The conclusion of the fits to Cabibbo-favor&l— PP
coséc, g, =[| A" (K7)[*=[A"(K%")|*1/2|C\|[Ey| and D— PV amplitudes is that final-state interactiofysa-
£0.28+0.14, (11) rametrized by largde and A contribution$ are important in

all final states, including th@—>ip decays where the am-
or &, g,=(74=8)°. The amplitudesE,, Cy, and Cy plitudes for the three charge states are all in phase with one

—E, are shown in Fig. 4. another. The presence of large final-state phases ifKthe
case is masked by the cancellation of contributions between

Since the best fit t(D—>Ep decays is obtained when all he “exchange” amplitude and the “color-suppressed” am-
three amplitudes are relatively real, we use the fact tha& 9 P — PP

Arg(Tp+Ey) =Arg(Ey—Cy)=49° to construct the ampli- Plitude. This cancellation arises ip decays and not in

tudesTp+Ey, Tp+Cy, andTp. The results are K* 7 decays as a result of a sign flip in the “exchange”
amplitude contribution, which is just due to the charge-
| Tp|=5.44x 10", 5EV,TP=72°. 50\/va: 148°. conjugation invariance of the strong coupling.
(12

V. FACTORIZATION COMPARISONS
The relative phase of the color-suppressed and tree ampli- )
tudes is very similar to that in the two previous construc- \We compare the values df Ty, andTp obtained above
tions, as one sees from Fig. 4. with values extracted using the factorization assumption

The shape of Fig. 4 is very different from that of the two [31-34 and the spectraﬂ“(Daf(*)l *p)/dg?, whereq

previous figures. The fact that th€p amplitudes are in =Pi+p,. For simplicity we use the limit of heavy-quark
phase with one another appears to be the consequence of thiéective theory and expressions derived in R&4]. No
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QCD corrections will be applied. We shall neglect the pion TABLE VI. Comparison of results for “tree” amplitudes ob-

mass. tained from fits to data and using factorization.
— Method IT| [Tyl [Tel
A. Kar decays (10°¢ Gev) (10°9) (10°9)
We use the relatioh33
(33] Fit 2.692 3.66+0.46 5.4
T'(D—Km") o Fact. 1.99-0.13 3.08-0.21 47703
=6m2f2|V,4/?=0.98 GeVf, Fit/Fact. 1.38 1.19+1.17 1.15

dr(D—>R|+v|)/dq2|q2:mi

(13) aCentral value only. Error on fitted amplitude was not determined.

where the subscript denotes the contribution of Thempli- C. Kp decays

tude to thek 7" decay, excluding in K°7* or Ein K~ 7+ A similar approach tdD—Kp decays utilizes the semi-
(see Table )l Heref, =132 MeV. A recent spectrum for |eptonic spectrum of Fermilab E6§35] with
DO*)K_,U,-FVM has been published by the Fermilab E687

Collaboration[35]. Reading from their graph, we estimate 1 dF(D°_>K*,usM)
I(D%—K ™ u* do?
1 dl(D°—K™ " v,) (D= | @@=,
L(D°—K u'w,) dg? =n? =0.74+0.09 GeV? (17)
=0.76+0.09 GeV 2. (14  read from the graph, anfl,—f, =~ J2f., [34] in Eq. (13),
with the resull’ (D —Kp)t=(12.1+1.6)x 10'° s™1, imply-
Furthermore, E687 quotes ing |Tp|=(4.7+0.3)x10 . The fit in Sec. IV gaveTp|

=5.44x10°, so here we havTp i/ Tp fac) =1.15.
F(DOHK_,MJFVM)

=0.852-0.034+0.028. (15

F(DO—> K- 7_r+) D. Summary of factorization results
We compare the results fo|, |Ty|, and|Tp| obtained
Putting these pieces together, we predict from the fits of Sec. IV and those obtained via factorization
in Table VI. All told, the agreement with factorization for the
r(Dﬁ@#)T “tree” amplitudes inD— K, K* 7,Kp decays is satisfac-
D" —K™#=")

_ VI. RESONANT INTERPRETATIONS
or I'(D—K#7");=(5.9+0.8)x10° s, entailing |T|
=(1.99+0.13)x 10 ® GeV. This is to be compared with We have found two relative phases in the present sets of
the result| T|=2.69< 107 GeV obtained in the fit of Sec. fits: those betwee@ andT, and those betwee and T (or
IV: |Ts/Tiacd =1.35. This is well within expectations of C) amplitudes. A resonant interpretation of tGeT relative
what QCD correctiong31] might provide. One must be Phases is not possible; we ascribe these phases rather to
careful in applying such corrections in the present approacHescattering, most likely from th€ channel to theC channel
however, since they will mix operators of the tyPeC, and  rather than vice versa in view of the color suppression of the
E. Our description is purely a long-distance one. A moreweak amplitude for the latter. Thus, it will make most sense
complete treatment would probably involve a hybrid be-to examine the relative phase betweertor A) and T am-
tween short- and long-distance effects. plitudes in terms of contributions of possible direct-channel
resonances.
B. K* 7 decays
. A. PP decays
i * o+
_ n the_he+avy quark limit, ;)Ee expecE(B:l( g )Z A resonance contributing to the amplitude inD—Kr
=I'(D—K7")r and nearq°=0 dI'(D—K*I"»)/dq decays must have spin-pariff =07". Such a resonance has
=dI'(D—KI*»)/dg?. In this limit the K* in the semilep-  pheen seen by the LASS Collaboratif6] with a mass of
tonic process is longitudinally polarized. Here we have useq = 1945+ 10+20 MeV/c?2 and a width of ' =201+ 34
Egs.(9), (11), and(14) of Ref. [34]. Thus we predicf’ (D +79 MeV. [A reanalysis[37] in a T-matrix formalism
—K*7")1=(5.9+0.8)x10'° s7! or, with the kinematic ~quotesM =1820+40 MeV/c? andI'=250+100 MeV]
factors of Table 1,|T,|=(3.08+0.21)x 10 °. Recall that In Fig. 1 and Table 11l we found the relative-E phase to
| Ty, = (3.66+0.46)x 10~°, where the error can be easily be 114°. This would indicate tha¥l, was not far from a
assigned since this quantity is obtained from the ddogy Breit-Wigner peak. If we regard thé amplitude as “fed”
— " ¢. Then|Ty /Ty faced =1.19+0.17. by rescattering from the elasti€”™ 7" channel, we should
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takeT to be real and positive arfelto have a positive imagi- borne out experimentallyd9] and widely discussed theoreti-
nary part, in which case we should parametrize the propagaally [40]. As we have seen above, this component was not

tor for a resonance with mad8; and widthI'y as needed to fit any of the other decays involvin@and »', but
its possible presence could cast some doubt on the conclu-
B 1 ~ Mg—M+il'gr/2 sions regarding the amplitudein PP decays, as well as the
D(M)= Mg—M—il'g/2 (M—Mg)2+ (Tg/2)2 parameters we have determined in Figs. 3 and 4 and Table V.

(18) Let us first recapitulate the tests for these parameters pre-
sented earlier.

. . The value ofA determined in Sec. IV was found to be
Then we would expect resonance dominance to give

Tr/[2(Mg—Mp)]=tan 1+ 114°= —2.3. This supports the consistent with the deca@safoK*. The parameters of
claim[37] thatM r<M , and is compatible with the resonant Fig. 3 anETabIe V were found to be consistent with the rate
parameters found in that analysis. for D°—K* 9% and with factorization(We do not count the
The A amplitude seems to have a phase very close to thajrediction for the very small rate f@°—K*°5;’ as much of
of E. No suitablel=1 resonance neavlp_ with JP=0" a test since it relies mainly on the very small available phase
appears in the most recent compilati@i]. space). The parameters of Fig. 4 were consistent with factor-
ization. It is possible that by appeal to Cabibbo-forbidden
decays and liberal use ¢bossibly brokenflavor-SU3) one
could glean additional information, but that is beyond the

A resonance contributing td—K* 7 or D—Kp decays Scope of the present paper.
must havel®=0". Normally one would expect such a reso- 10 see the nature of the problem, we compare
nance to have equal and opposite coupling&to =" and
K~ p* channels, by charge-conjugation invariarite. SU(3)
language, one expects &natype coupling of the resonance
octet to the two final octetk.

B. PV decays

1
A" )P+ A (0 2= Tol?+ STIAR+ A1)

The sign of the resonant contribution is less obvious in =(167£39)x10 ** (19
this case since we expect rescattering to be fed by both the
K* 7" andK p* channels. We use the resiilts|>|T,|, ~ With
found both in our fits and in a factorization calculatiof.
Table VI) to argue that the dominant channel from which 0.42x 10 < | A" (7" pO) |2+ | A (7" w)|?
rescattering occurs K~ p™*. In that case it is th& p channel =|Ap|2+|Ay[2<1.34x 10712 (20)

for which the sign in Eq(18) applies.

__InSec. IV B and Fig. 4, we founfBe, 1 |=72° for the  [ysing the upper bound of(#* p°) and the & bounds on
Kp channels. Since we expeBt.=—E, and no relative T'(7"w)] to conclude tha{Tp|>11.3x10"°, to be com-
phase betwee, and Ty, we then predictjAEP,TV| =7  pared with the fitted value of 5:410 . At the same time, if
~|8g, 7,/=108°, which is marginally consistent with the W€ Omit thep™ 7' deca;y froml.thg fit, ;{V‘? fmdhno d|ff|culg in
0 ; constructing a set of amplitudes fitting the rates

value|dg, 1 |=(96+10)° found in Sec. IV B. STUCing @ set of amp g ther ¢

One then expectd'g/[2(Mg—Mp)]=tan72°=3.1, or — (KT KKK, 7" 0) and the upper limit forD§
Ms>Mp. A O resonance is sedi3g] in the vicinit;ll of — 7" p%, though the absence of a measurement for this last
ME bul?( .it is around 1830 Me\é? and only its decay to process prevents us frorr_l specifying the_parameters._Since
K™ ¢ has been reported. If a resonant interpretation of the'® a_lready have mfor.matlon 0Bp andCy (mcludllng their
amplitudesE, and Ey, is correct, and these amplitudes are relative phase, which is smallwve need both magnitudes and

generated mainly by rescattering from the dominéntp™* phases fOA.P andAy . Wlthout four r_neasure_d d'?cay rates or
o . some additional assumption, such information is unavailable.
process, we expect there to exist a @esonance slightly

: . In view of the upper boun@0) on the contribution of the
above M, whose width should be about 6 times thi annihilation amplitudes, one might have expected ghe;

—Mp difference, decaying t&* m andKp, with equal par-  anq,* ' rates to be dominated by tfig amplitude. How-

tial widths aside from small phase space corrections. ever, comparing the CLEO measuremf22]
VII. AMPLITUDES NOT FITTED B(D —>p+ 7')
: : - . —— ——-=0.93+0.19 (21)
A group of amplitudes in Table Il containing the contri- B(Ds—p* )

butions ofAp andA,, has not been fitted. As has been noted

in Refs.[25], [26], and[28], the decayDs—p " ' cannotbe  ith the corresponding ratio of semileptonic branching ratios
fitted without the introduction of additional contributions [41],

from disconnected diagrams involving the flavor{S\J

singlet component of the', which will also affects pro- P

duction to a small degree. Such a component was anticipated B(Ds—e ven’) =0.35+ 0.09+0.07 (22)

to be important in the decayB—K#' [20], as has been B(D—e" ven) '
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there must be an additional contribution which is particularlyln the presence of rescatterimg which the isospin ampli-

important for the decay ™ »’. Such a contribution would be
provided by a disconnected quark diagram.
One might be tempted to ascrildg, and A, to the con-

tribution of aqEresonance. However, such an interpretation

would entail the relatiomlAp+Ay=0 (since there is nd
=1 qq 0" resonance which can couple " ). This
would run counter to the observation & .— 7" and
would entail very small values of boths, andA,, leading to
difficulty in fitting the K°K* * rate. It is more likely thatp
and A, have a relative phase less tha®2 with respect to
each other and with respect @ andC,, .

We are left with the possibility that disconnected graphs

play a role in the deca®.— p* »'. The remaining processes
seem to be described satisfactorily without such contribu
tions[42], but some of them will be affected when they are

tudes corresponded to strong eigenstatese would have
A—A€?, so that
—>RO7T+):

A(D* (T;+Cy)e' %e=T+C,

1 2T-C
A(DO—>K’7T+)=§(Cf+Tf)e'53/2+%

e'o1e=T+E,
2T(—Cq

el o112
3\2

_ 2 .
A(D°—KO70) = g(cfﬂf)e' %al2—

=(C—E)/\2.

One would then find the following expressions for the dia-
grammatic amplitudes:

(25

included. In such a case, however, one cannot specify the

parameters of the fits without additional assumptions.

VIlIl. SUMMARY AND DISCUSSION

The apparent puzzle of large relative phases betvizen

— K andD—K* 7 amplitudes but relatively redd—Kp
amplitudes has been explained. Amplitudes with large final-

state phases are present in all three classes of decays, b

their effects are masked by accidental cancellations in th

D—Kp case. The reason that this cancellation can occur i
that there aréwo types of amplitudes which can have phases
relative to the “tree” process: Both the color-suppressed
amplitudesC and the exchange amplitudEgor annihilation
amplitudesA) have such phases.

The relative phases betweénand T amplitudes seem to

be about 150° in all three sets of processes. These presum-

ably arise from a rescattering process in which €hampli-
tudes are fed by contributions. A sign flip in thé&e ampli-
tude is responsible for the difference betwéehr andKp
behavior.

[Note added: A relative phase betweeandC arises in a

simplified model of final-state interactions which takes ac-", . S
P side of Eq. 13 to contain a factor af>1, which improves

dhe agreement. However, as noted at the end of \Bécit is

count only of rescattering through modification of phases o
isospin amplitudes. This is an idealization which neglects th
effects of inelastic channels. Thus, for example, in the fac
torization approximation, one has

A(D* =K%z ")=Ag,=T;+C;s,

A(DO—K™ ") =T=(2A15+ Agp)/3,

A(D°—K°7)=C;/\2=2(As0—A1p)/3, (23

with E=0. Here the subscripts denote factorized amplitudes
Solving for the isospin amplitudes, one finds

1
Ayp=T¢— chv Agp=Ti+Cy. (24

T=Te'%2+ X—E, C=Ce'%%2+2X+E, (26
with 3X=(T;+C;)(e'12—¢e'%7). The different phases &
andT are a consequence of rescattering, as noted in the pre-
vious paragraph.

The present fit implies tree amplitud&€swvhich are fairly
close to those obtained from semﬂeptolcdecays and fac-

torization, and fits data for such processe®as>K°K* and

—K* % without additional parameters. In company with
8 number of other approaches, it fails to fit the de€ay
—p' 7', since disconnected diagrams involving the flavor-
SU(3)-singlet component of the' have not been taken into
account. These are expected to also plagmach smaller
role in the deca;DS—>p+ 7 and possibly in other processes
involving » and ' as well.
[Note added: The amplitudésobtained from our fits to

K, K*a, and Kp are consistently higher than those ob-
tained via the factorization hypothesis, as shown in Table VI.
We have noted above that the topological amplitlide not,

in fact, expected to be equal to the factorized amplitude
Tie=Ts. Taking account only of the QCD corrections of

Bauer, Stech, and WirbgB1], one expects the right-hand

misleading to suspect that short-distance QCD corrections
can provide the full story. The fact that the agreement is
already so good may merely reflect the dominance of the
factorizedT; amplitude in comparison witlZ; . In contrast,
the smalleiC; amplitude is much more likely to be altered in
magnitude and phase by rescattering from the lafget

One might be tempted to draw conclusions about final-
state effects in weak decays of hadrons lighter or heavier
than D’s from the above results. In the case of charmed
mesons one sees that the amplitudesnd E are of compa-
rable magnitude to tree amplitudeB and their color-

suppressed versionS. This approximate equality is prob-

ably a way to understand why different charmed particles
differ in lifetimes by factors of a few, e.gz(D")/7(D°)
=2.5. (Short-distance discussions of these differences pro-
vide illuminating and probably complementary insights
[43].) In K— 27 decays one can ascribe at least part of the
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20-fold enhancement of the=0 amplitude with respect to fects fall off roughly as W%, they will lead to values of
the | =2 amplitude to such effects. Thus, as the mass of théE/T| and |A/T| closer to (but still in excess of fg/Mg
decaying particle increases by a factor of 3, the effects of the=(200 MeV)/(5 GeV)=0.04.
final-state interactions seem to decrediseamplitude by The present description has been a purely long-distance
roughly a factor of 10. If this trend is extrapolated Bo  one. It could probably be adapted to a hybrid treatment of
particles, one would expect final-state-interaction amplitude®oth short- and long-distance effects, reminiscent of that
to be Suppressed with respect to “tree” processes by théaken by Ciuchiniet al. [48] to describe the enhancement of
same factor of 10. If they have large phases with respect tocharming penguin” amplitudes iB decays. Purely short-
the tree processes, they will not show up in lifetime differ- distance descriptions of the matrix elements of penguin op-
ences at present levels of sensitivity, while in certain casegrators fall short of those needed to explain a numbes of
(e.g.,A,, decaysthey might be in phase with tree amplitudes — K7 processes, particularly in such processes Bis
and could give rise to effects in the 10—20 % range, perhaps> K" @ [49] in which the spectator quark ends up in a vector
accounting for the observed ratigA )/ 7(B)=0.8, in con- meson24]. The purely short-distance approach to final-state
trast with less successful attempet,45 based purely on phaseg50] involves calculations of imaginary parts at the
short-distance arguments. quark level, which could well underestimate the importance
Final-state interaction effects also might lead to contribu-0f such effects even at masses as high as a few GeV/
tions interfering with amplitudes such as the penguin ampli-

tude assumed to domina@" —K°%#* decays. Elsewhere
[16,46,47 we have speculated that amplitudes which involve | would like to thank the Physics Department and the
the spectator quarksuch asE and A) would be suppressed Theory Group at the University of Hawaii for their hospital-
relative to amplitudes not involving the spectatsuch asT) ity during part of this work, and S. Olsen, S. Pakvasa, S. F.
in decays of mesonidl by a factor offy /My, wherefy, is  Tuan, and H. Yamamoto for helpful conversations there. |
the decay constant of the corresponding meson. This hierawould also like to thank M. Gronau and H. J. Lipkin for
chy does not appear to be respected in the present exampledicussions on final-state interactions. This work was sup-
charmed particles, where we fie|=O(|T|) but f5/Mp  ported in part by the U.S. Department of Energy under Con-
=(200 MeV)/(1.9 GeV)}=0.1. If, however, final-state ef- tract No. DE FG02 90ER40560.
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