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Final-state phases in charmed meson two-body nonleptonic decays

Jonathan L. Rosner
Enrico Fermi Institute and Department of Physics, University of Chicago, Chicago, Illinois 60637

~Received 19 May 1999; published 8 November 1999!

Observed decay rates indicate large phase differences among the amplitudes for the charge states inD

→K̄p andD→K̄* p but relatively real amplitudes in the charge states forD→K̄r. This feature is traced using
an SU~3! 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 decays.@S0556-2821~99!05021-3#

PACS number~s!: 13.25.Ft, 11.30.Hv, 14.40.Lb
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I. INTRODUCTION

The phases of amplitudes in weak two-body nonlepto
decays of heavy mesons are of interest in the search forCP
violation. Decays ofB mesons in many cases are expected
receive contributions from more than one weak subproc
If the corresponding amplitudes also differ in their stro
phases, one can expect to seeCP-violating asymmetries@1#
in B meson decay rates. The origin and magnitude of s
strong phase differences have been the subject of much
cussion@2,3#.

The nonleptonic decays of charmed mesons are expe
to involve weak amplitudes with very similar phases@4#. If
decay amplitudes exhibit large phase differences, they
almost certainly due to strong final-state interactions. T
these decays can serve as a laboratory for the examinatio
final-state effects. The lower mass of charmed particles
comparison withB mesons tends to amplify these effec
which are expected to diminish in relative importance w
increasing energy.

One class of charmed meson decays in which final-s
interactions can be well probed experimentally is the se
Cabibbo-favored nonleptonic two-body decays governed
the subprocessc→sud̄. By comparing decay rates, one find
that the amplitudes for the three charge statesK̄0p1,
K2p1, K̄0p0 in D→K̄p decays cannot all be real wit
respect to one another@5–8#. A similar conclusion can be
drawn both from decay rates and from relative phases
Dalitz plot amplitudes for the three charge states inD

→K̄* p @5,9–11#. However, both decay rates and Dalitz pl
analyses reveal no relative phases between the amplitud
the three charge states ofD→K̄r.

In the present paper we examine the source of this ap
ent difference betweenK̄p,K̄* p decays on the one hand an
K̄r decays on the other. We find that effects of strong fin
state interactions are present in all three decays, but
contribute to the various charge states inK̄r decays in such
a way that the amplitudes are all relatively real. This res
has some implications for the universality of strong fin
state-interaction effects. In passing, we note some sim
regularities of contributions to these processes which can
related to those in semileptonic decays.
0556-2821/99/60~11!/114026~10!/$15.00 60 1140
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We consider only Cabibbo-favored decays, in order
focus on the comparison betweenK̄p, K̄* p, and K̄r. The
framework we employ is an SU~3! flavor analysis@12–14#
which can be expressed in terms of quark graphs@15,16# but
whose interpretation in those terms should not be taken
literally. We assume the following contributions:~1! a color-
favored ‘‘tree’’ amplitudeT, ~2! a ‘‘color-suppressed’’ tree
amplitudeC, ~3! an ‘‘exchange’’ amplitudeE contributing
only to D0 decays, and~4! an ‘‘annihilation’’ amplitudeA
contributing only toDs decays. The amplitudesT andC do
not involve the spectator quark, whileE andA do. They are
most likely parametrizations of rescattering effects, sin
when taken literally as short-distance operators their ca
lated magnitudes are too small.

Many authors@17# have recognized thatE andA can have
non-zero phases relative toT andC. The authors of Ref.@18#
recognized explicitly the importance ofE andA amplitudes
in the analysis of charmed particle decays. Our result, wh
distinguishes the present analysis from the previous one
that T and C appear to differ from one another in phase
well. This phase difference appears to be similar~about
150°) in K̄p, K̄* p, andK̄r decays. It probably arises as
result from rescattering. TheE amplitude inD0 decays and
theA amplitude inDs decays are found to have large phas
with respect to bothC and T. We find that if the relative
contributions ofT, C, andE are such as to give large relativ
phases between amplitudes for the three different cha
states inD→K̄p andD→K̄* p, then these phases natural
cancel inD→K̄r, leaving amplitudes which are real wit
respect to one another. TheD→K̄r amplitudes do contain
contributions from final-state interactions, but they a
masked by cancelling phases. This has important impl
tions if one wishes to ascribe final-state interactions to
proximity of resonances@6,19#.

This paper is organized as follows. In Sec. II we revie
the flavor-SU~3! decomposition of amplitudes and introduc
notation for invariant amplitudes. We tabulate the proces
of interest, their decay rates, and their amplitudes in Sec.
Then, in Sec. IV, we extract reduced amplitudes from
data, and display pictorially their magnitudes and phas
The amplitudesT extracted in this way are compared wi
predictions from factorization and semileptonic decays
Sec. V. A brief discussion of resonant contributions is co
©1999 The American Physical Society26-1
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TABLE I. Rates and invariant amplitudes for Cabibbo-favored decays of charmed mesons to two
doscalar mesons.

M Rate p* uAu
Decay ~GeV! (1010 s21) ~MeV! (1026 GeV) Representation

D1→K̄0p1 1.8693 2.7560.25 862 1.3660.06 C1T

D0→K2p1 1.8646 9.3360.23 861 2.5060.03 T1E

→K̄0p0 5.1460.51 860 1.8560.09 (C2E)/A2

→K̄0h 1.7260.24 772 1.1360.08 C/A3

→K̄0h8 4.1760.63 565 2.0660.16 2(C13E)/A6

Ds
1→K̄0K1 1.9685 7.5463.20 850 2.3860.36 C1A

→p1h 3.6360.99 902 1.6160.22 (T22A)/A3
→p1h8 7.7862.15 743 2.5960.36 @2(T1A)#/A6
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tained in Sec. VI. The role of disconnected diagrams invo
ing h and h8 production, which may be important in th
decaysDs→r11(h,h8), is discussed in Sec. VII, while
Sec. VIII concludes.

II. NOTATION

Our meson wave functions are assumed to have the
lowing quark content, with phases chosen so that isos
multiplets contain no relative signs@16,20#:

Charmed mesons: D052cū, D15cd̄, Ds
15cs̄.

Pseudoscalar mesons P: p15ud̄, p05(dd̄2uū)/A2,
p252dū, K15us̄, K05ds̄, K̄05sd̄, K252sū, h5(ss̄

2uū2dd̄)/A3, h85(uū1dd̄12ss̄)/A6. ~Here we adopt a
specific ansatz@15,20# for octet-singlet mixing in theh and
h8 wave functions.!

Vector mesons V: r15ud̄, r05(dd̄2uū)/A2, r2

52dū, v5(uū1dd̄)/A2, K* 15us̄, K* 05ds̄, K̄* 0

5sd̄, K* 252sū, f5ss̄.
The partial widthG for a specific two-body decay toPP

is expressed in terms of an invariant amplitudeA as

G~D→PP!5
p*

8pM2
uAu2, ~1!

wherep* is the center-of-mass~c.m.! 3-momentum of each
final particle, andM is the mass of the decaying particle. Th
kinematic factor ofp* is appropriate for the S-wave fina
state. The amplitude will thus have dimensions
(energy)21.

For PV decays a P-wave kinematic factor is appropri
instead, and

G~D→PV!5
~p* !3

8pM2
uA8u2. ~2!

Here A8 is dimensionless. These conventions agree w
those of Chauet al. @15#.
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III. DECAY RATES AND AMPLITUDES

In Tables I and II we summarize the rates, invariant a
plitudes, and their flavor-SU~3! representations for decays o
charmed mesons to two pseudoscalar mesons and to
pseudoscalar and one vector, respectively. The branchin
tios are taken from the compilation of Ref.@21# except for
branching ratios forDs→(p1,r1)1(h,h8) from Ref. @22#,
and are converted to decay rates using charmed particle
times which are averages@3# of those in Ref.@21# and new
CLEO values @23#: t(D1)51051631 fs, t(D0)5412.7
63.2 fs, t(Ds

1)5477612 fs.
In Table I the amplitudesT, C, E, andA were described

above; in Table II the amplitudes are labeled with subscr
which denote the meson containing the spectator quark:P for
pseudoscalar,V for vector @24#.

We omit contributions of disconnected diagrams@25,26#
in which h andh8 exchange no quark lines with the rest
the diagram, and couple through their SU~3!-singlet compo-
nents. Such diagrams are apparently important for the un
standing of the decaysB→Kh8 @27#. They will be discussed
in Sec. VII.

IV. REDUCED AMPLITUDES:
MAGNITUDES AND PHASES

Rather than performing ax2 fit, we show what informa-
tion each amplitude provides, and build up a graphical c
struction of the reduced amplitudesT, C, E, etc., which ex-
hibits their relative phases and magnitudes. In this way i
easier to spot regularities. We are not greatly concerned w
errors in the fitted quantities in the present work, since m
decays are well fitted whileDs→r1h8 is notably poorly
reproduced, as has been noted elsewhere@25,26,28#.

A. PP decays

In the limit in which disconnected graphs do not contri
ute to D→PP decays, we find thatuCu is given by theD0

→K̄0 amplitude

uCu5A3uA~K̄0h!u5~1.9660.14!31026 GeV, ~3!
6-2
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TABLE II. Rates and invariant amplitudes for Cabibbo-favored decays of charmed mesons to one
doscalar and one vector meson.

M Rate p* uA8u
Decay ~GeV! (1010 s21) ~MeV! (1026) Representation

D1→K̄* 0p1 1.8693 1.8160.18 712 1.7060.09 TV1CP

D1→K̄0r1 6.2862.38 680 3.4060.64 TP1CV

D0→K* 2p1 1.8646 12.460.97 711 4.4560.17 TV1EP

→K2r1 26.262.4 678 6.9560.32 TP1EV

→K̄* 0p0 7.7560.97 709 3.5460.22 (CP2EP)/A2

→K̄r0 2.9360.41 676 2.3460.16 (CV2EV)/A2

→K̄* 0h 4.6061.21 580 3.6860.48 (CP1EP2EV)/A3

→K̄* 0h8 ,0.27 99 ,13 2(CP1EP12EV)/A6

→K̄0v 5.0960.97 670 3.1260.30 2(CV1EV)/A2

→K̄0f 2.0860.24 520 2.9260.17 2EP

Ds
1→K̄* 0K1 1.9685 6.9161.89 682 3.7460.51 CP1AV

→K̄0K* 1 9.0162.93 683 4.2660.69 CV1AP

→r1h 22.566.5 727 6.1360.89 (TP2AP2AV)/A3
→r1h8 21.066.1 470 11.461.7 @2TP1AP1AV)]/A6
→p1r0 ,0.17 827 ,0.44 (AV2AP)/A2
→p1v 0.6560.29 822 0.8760.20 (AV1AP)/A2
→p1f 7.5461.89 712 3.6660.46 TV
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while by taking appropriate combinations of squares of a
plitudes forD0→K̄0p0, D0→K̄0h, andD0→K̄0h8 we can
eliminate theC-E interference term to obtain

uEu5H 1

2
@ uA~K̄0p0!u21uA~K̄0h8!u2#2uA~K̄0h!u2J 1/2

5~1.6060.13!31026 GeV. ~4!

The relative phase betweenC andE is given by

cosdCE5F1

4
uA~K̄0h8!u21uA~K̄0h!u2

2
3

4
uA~K̄0p0!u2G Y uCuuEu520.0760.11,

~5!

or dCE5(9466)°. TheamplitudesC andE are depicted in
Fig. 1, along with a lineC2E5A2A(D0→K̄0p0).

Next we use the rates forD1→K̄0p1 andD0→K2p1 to
specify the magnitudes ofT1C and T1E, respectively.
Lines corresponding to these amplitudes form a triangle
gether withC2E in the complex plane, a consquence of t
isospin relationA(K2p1)1A2A(K̄0p0)5A(K̄0p1). This
triangle can have either of two orientations corresponding
reflection about the line corresponding toC2E. These ori-
entations correspond to different values ofT. In Fig. 1 we
denote the favored orientation by solid lines. With th
choice, the value ofuTu.2.731026 GeV is closer to that
11402
-
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predicted by factorizationuTu.2.031026 GeV ~Sec. V!,
anduCu,uTu as one might expect for a color-suppressed a
plitude. The other choice, shown by the dashed lines and
primed amplitudeT8, hasuCu.uT8u.1.131026 GeV. The
determination ofT andT8 numerically is a simple matter o
solving a pair of simultaneous quadratic equations; the c
tral values are shown in Table III. In what follows we sha
consider only the large-uTu solution.

To test the above construction for consistency~particu-
larly for the validity of the assumption that no addition
amplitudes are needed to describe decays involvingh and
h8) we consider theDs decays listed in Table I. We ca

FIG. 1. AmplitudesT, C, E contributing toD→PP decays.T8
denotes an alternate~disfavored! solution.
6-3
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JONATHAN L. ROSNER PHYSICAL REVIEW D60 114026
extract the magnitude of the ‘‘annihilation’’ amplitudeuAu
from the sum

uA~p1h!u21uA~p1h8!u25uTu212uAu2 ~6!

and the value ofuTu2 from Table III to obtain uAu51.01
31026 GeV.

Using the magnitudes ofT22A and T1A implied by
Table I, we then may solve for the phase ofA and the cor-
responding magnitude ofC1A. The two solutions are show
in Fig. 2 and summarized in Table IV. The solution corr
sponding to the unprimed amplitudeA in Fig. 2 agrees with
the value uC1Au5(2.3860.36)31026 GeV implied in
Table I by the rate forDs

1→K̄0K1, while that corresponding
to the primed amplitudeA8 gives too small a value ofuC
1A8u.

Aside from an irrelevant sign, it is interesting that th
phases ofE andA are almost identical. This could be a sig
of the universal behavior of rescattering contributions c
jectured in Ref.@3#. The fact that the magnitudes are not t
different from one another is interesting, but we do not ha
a ready explanation for it at the moment.

So far we have merely shown that there is a consis
solution for the amplitudes in Cabibbo-favored decays
charmed mesons toPP. The one test of this consistency
the agreement of the predicted rate forDs

1→K̄0K1 when
one of the discrete solutions for amplitudes is chosen.
comparison of this set of amplitudes with ones contribut
to Cabibbo-favoredPV decays, however, suggests that t
solution may have some validity.

FIG. 2. AmplitudesT, C, E, A contributing toD→PP decays.
A8 denotes an alternate~disfavored! solution.

TABLE III. Central values for the amplitudesT ~large solution!

or T8 ~small solution! based on the decaysD→(K̄p,K̄h,K̄h8).

Solution uTu (1026 GeV) udETu udCTu

Large uTu 2.69 114° 152°
Small uTu 1.08 44° 138°
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B. PV decays

The magnitudes ofTV and EP are given by theDs

→p1f andD0→K̄0f amplitudes, respectively:

uTVu5uA8~p1f!u5~3.6660.46!31026,

uEPu5uA8~K̄0f!u5~2.9260.17!31026. ~7!

The relative phase ofTV andEP is given by

cos~dEP ,TV
!5@ uA8~K* 2p1!u22uA8~p1f!u2

2uA8~K̄0f!u2#/2uTVuuEPu

520.1060.18, ~8!

or dEP ,TV
5(96610)°. The amplitudesTV andEP are shown

in Fig. 3, along with the lineTV1EP5A8(K* 2p1). We
neglect disconnected graphs involvingv and f since, in
contrast withh and h8, these seem to satisfy the Okub
Zweig-Iizuka ~OZI! rule @29# well in a wide variety of pro-
cesses.

The rates forD1→K̄* 0p1 andD0→K̄* 0p0 then specify
the magnitudes ofTV1CP andCP2EP , leading to two pos-
sible solutions. In one solution,uCPu,uTVu, as expected for a
color-suppressed amplitude, while in the other,uCP8 u.uTVu,
which we regard as disfavored. The favored solution is
noted by solid lines in Fig. 3, while the disfavored solution
denoted by dashed lines. The two solutions are compare
Table V. Note that for the favored solution, the relati
phase of the color-suppressed and tree amplitudes is ex
the same (152°) as in theD→PP case analyzed above.

A further set of amplitudes may be specified if one
willing to assume thatEV52EP . This assumption is rea

FIG. 3. AmplitudesTV , CP , EP contributing toD→PV de-
cays.CP8 denotes an alternate~disfavored! solution.

TABLE IV. Parameters of the solutions forA.

Solution udAEu uC1Au (1026 GeV)

Favored 175° 2.35
Disfavored 36° 1.38
6-4
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FINAL-STATE PHASES IN CHARMED MESON TWO- . . . PHYSICAL REVIEW D 60 114026
sonable if theE amplitude is dominated by a quark-antiqua
intermediate state, since it is then a consequence of cha
conjugation invariance. It is equivalent to the assumpt
made by Lipkin@30# in discussing the relative penguin co
tributions toB→K* h andB→K* h8 decays. One can the
construct a set of amplitudes based on the decaysD

→(K̄r,K̄v,K̄f).
One first notes that theD→K̄r amplitudes barely satisfy

the isospin triangle relation A8(K̄0r1)5A8(K2r1)
1A2A8(K̄0r0). We perform ax2 fit in which the amplitudes
are relatively real and find the best fit when

uA8~K̄0r1!u53.5731026,

uA8~K2r1!u56.9031026, uA8~K̄0r0!u53.3331026,
~9!

which correspond to minor displacements from the cen
values in Table II. We consequently shift those central v
ues while maintaining the experimental errors.

By combining the squared amplitudes forD0→K0r0 and
D0→r0v we then obtain uEVu21uCVu25(15.2862.01)
310212, and recalling our assumption thatEV52EP , with
uEPu25(8.5160.98)310212, we have

uCVu5~2.6060.43!31026. ~10!

Furthermore,

cosdCV ,EV
5@ uA8~K̄0v!u22uA8~K̄0r0!u2#/2uCVuuEVu

50.2860.14, ~11!

or dCV ,EV
5(7468)°. The amplitudesEV , CV , and CV

2EV are shown in Fig. 4.
Since the best fit toD→K̄r decays is obtained when a

three amplitudes are relatively real, we use the fact t
Arg(TP1EV)5Arg(EV2CV).49° to construct the ampli
tudesTP1EV , TP1CV , andTP . The results are

uTPu55.4431026, dEV ,TP
572°, dCV ,TP

5148°.
~12!

The relative phase of the color-suppressed and tree am
tudes is very similar to that in the two previous constru
tions, as one sees from Fig. 4.

The shape of Fig. 4 is very different from that of the tw
previous figures. The fact that theK̄r amplitudes are in
phase with one another appears to be the consequence

TABLE V. Central values for the amplitudesCP ~favored solu-
tion! or CP8 ~disfavored solution! based on the decaysD

→(K̄* p,K̄0f) andDs
1→p1f.

Solution uCPu (1026) udCP ,EP
u udCP ,TV

u

Favored 3.11 112° 152°
Disfavored 5.08 72° 168°
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e-
n

l
l-

at

li-
-

the

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

One more test of the assumptionEV52EP is passed at
about the 1s level. The amplitude forD0→K̄* 0h is pre-
dicted to beA8(K̄* 0h)5(CP12EP)/A3 and, as a conse
quence of the amplitudes determined above, is predicte
have magnitudeuA8(K̄* 0h)u53.1731026. This is in satis-
factory agreement with the experimental valueuA8(K̄* 0h)u
5(3.6860.48)31026. The amplitude for D0→K̄* 0h8

is predicted to be A8(K̄* 0h)52(CP2EP)/A6
52A8(K̄* 0p0)/A3 with magnitude uA8(K̄* 0h)u5(2.04
60.13)31026, much smaller than the current experimen
upper bound.

C. Comments on final-state interactions

The conclusion of the fits to Cabibbo-favoredD→PP
and D→PV amplitudes is that final-state interactions~pa-
rametrized by largeE andA contributions! are important in
all final states, including theD→K̄r decays where the am
plitudes for the three charge states are all in phase with
another. The presence of large final-state phases in theK̄r
case is masked by the cancellation of contributions betw
the ‘‘exchange’’ amplitude and the ‘‘color-suppressed’’ am
plitude. This cancellation arises inK̄r decays and not in
K̄* p decays as a result of a sign flip in the ‘‘exchange
amplitude contribution, which is just due to the charg
conjugation invariance of the strong coupling.

V. FACTORIZATION COMPARISONS

We compare the values ofT, TV , andTP obtained above
with values extracted using the factorization assumpt
@31–34# and the spectradG(D→K̄ (* )l 1n l)/dq2, where q
5pl1pn l

. For simplicity we use the limit of heavy-quar
effective theory and expressions derived in Ref.@34#. No

FIG. 4. Amplitudes TP , CV , EV contributing to D

→K̄(r,v,f) decays.
6-5
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JONATHAN L. ROSNER PHYSICAL REVIEW D60 114026
QCD corrections will be applied. We shall neglect the pi
mass.

A. K̄p decays

We use the relation@33#

G~D→K̄p1!T

dG~D→K̄l 1n l !/dq2uq25m
p
2

56p2f p
2 uVudu250.98 GeV2,

~13!

where the subscript denotes the contribution of theT ampli-
tude to theK̄p1 decay, excludingC in K̄0p1 or E in K2p1

~see Table I!. Here f p5132 MeV. A recent spectrum fo
D0→K2m1nm has been published by the Fermilab E6
Collaboration@35#. Reading from their graph, we estimate

1

G~D0→K2m1nm!

dG~D0→K2m1nm!

dq2 U
q25m

p
2

50.7660.09 GeV22. ~14!

Furthermore, E687 quotes

G~D0→K2m1nm!

G~D0→K2p1!
50.85260.03460.028. ~15!

Putting these pieces together, we predict

G~D→K̄p1!T

G~D0→K2p1!
50.6360.08, ~16!

or G(D→K̄p1)T5(5.960.8)31010 s21, entailing uTu
5(1.9960.13)31026 GeV. This is to be compared with
the resultuTu52.6931026 GeV obtained in the fit of Sec
IV: uTfit /Tfactu.1.35. This is well within expectations o
what QCD corrections@31# might provide. One must be
careful in applying such corrections in the present approa
however, since they will mix operators of the typeT, C, and
E. Our description is purely a long-distance one. A mo
complete treatment would probably involve a hybrid b
tween short- and long-distance effects.

B. K̄* p decays

In the heavy-quark limit, one expectsG(D→K̄* p1)T

5G(D→K̄p1)T and near q250 dG(D→K̄* l 1n l)/dq2

5dG(D→K̄l 1n l)/dq2. In this limit the K̄* in the semilep-
tonic process is longitudinally polarized. Here we have u
Eqs. ~9!, ~11!, and ~14! of Ref. @34#. Thus we predictG(D
→K̄* p1)T5(5.960.8)31010 s21 or, with the kinematic
factors of Table I,uTVu5(3.0860.21)31026. Recall that
uTV,fitu5(3.6660.46)31026, where the error can be easi
assigned since this quantity is obtained from the decayDs
→p1f. ThenuTV,fit /TV,factu51.1960.17.
11402
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C. K̄r decays

A similar approach toD→K̄r decays utilizes the semi
leptonic spectrum of Fermilab E687@35# with

1

G~D0→K2m1nm!

dG~D0→K2m1nm!

dq2 U
q25m

r
2

50.7460.09 GeV22 ~17!

read from the graph, andf p→ f r.A2 f p @34# in Eq. ~13!,
with the resultG(D→K̄r)T5(12.161.6)31010 s21, imply-
ing uTPu5(4.760.3)31026. The fit in Sec. IV gaveuTPu
55.4431026, so here we haveuTP,fit /TP,factu.1.15.

D. Summary of factorization results

We compare the results foruTu, uTVu, and uTPu obtained
from the fits of Sec. IV and those obtained via factorizati
in Table VI. All told, the agreement with factorization for th
‘‘tree’’ amplitudes in D→K̄p,K̄* p,K̄r decays is satisfac
tory.

VI. RESONANT INTERPRETATIONS

We have found two relative phases in the present set
fits: those betweenC andT, and those betweenE andT ~or
C) amplitudes. A resonant interpretation of theC-T relative
phases is not possible; we ascribe these phases rath
rescattering, most likely from theT channel to theC channel
rather than vice versa in view of the color suppression of
weak amplitude for the latter. Thus, it will make most sen
to examine the relative phase betweenE ~or A) and T am-
plitudes in terms of contributions of possible direct-chan
resonances.

A. PP decays

A resonance contributing to theE amplitude inD→K̄p
decays must have spin-parityJP501. Such a resonance ha
been seen by the LASS Collaboration@36# with a mass of
M51945610620 MeV/c2 and a width of G5201634
679 MeV. @A reanalysis @37# in a T-matrix formalism
quotesM51820640 MeV/c2 andG52506100 MeV.#

In Fig. 1 and Table III we found the relativeT-E phase to
be 114°. This would indicate thatMD was not far from a
Breit-Wigner peak. If we regard theE amplitude as ‘‘fed’’
by rescattering from the elasticK2p1 channel, we should

TABLE VI. Comparison of results for ‘‘tree’’ amplitudes ob
tained from fits to data and using factorization.

Method uTu uTVu uTPu
(1026 GeV) (1026) (1026)

Fit 2.69a 3.6660.46 5.44a

Fact. 1.9960.13 3.0860.21 4.760.3
Fit/Fact. 1.35a 1.1961.17 1.15a

aCentral value only. Error on fitted amplitude was not determine
6-6
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takeT to be real and positive andE to have a positive imagi-
nary part, in which case we should parametrize the propa
tor for a resonance with massMR and widthGR as

D~M !5
1

MR2M2 iGR/2
5

MR2M1 iGR/2

~M2MR!21~GR/2!2
.

~18!

Then we would expect resonance dominance to g
GR /@2(MR2MD)#5tan216114°522.3. This supports the
claim @37# thatMR,MD and is compatible with the resona
parameters found in that analysis.

TheA amplitude seems to have a phase very close to
of E. No suitableI 51 resonance nearMDs

with JP501

appears in the most recent compilation@21#.

B. PV decays

A resonance contributing toD→K̄* p or D→K̄r decays
must haveJP502. Normally one would expect such a res
nance to have equal and opposite couplings toK* 2p1 and
K2r1 channels, by charge-conjugation invariance.@In SU~3!
language, one expects anF-type coupling of the resonanc
octet to the two final octets.#

The sign of the resonant contribution is less obvious
this case since we expect rescattering to be fed by both
K* 2p1 andK2r1 channels. We use the resultuTPu.uTVu,
found both in our fits and in a factorization calculation~cf.
Table VI! to argue that the dominant channel from whi
rescattering occurs isK2r1. In that case it is theK̄r channel
for which the sign in Eq.~18! applies.

In Sec. IV B and Fig. 4, we foundudEV ,TP
u572° for the

K̄r channels. Since we expectEP52EV and no relative
phase betweenTP and TV , we then predictuDEP ,TV

u5p

2udEV ,TP
u5108°, which is marginally consistent with th

value udEV ,TP
u5(96610)° found in Sec. IV B.

One then expectsGR /@2(MR2MD)#5tan 72°53.1, or
MR.MD . A 02 resonance is seen@38# in the vicinity of
MD , but it is around 1830 MeV/c2 and only its decay to
K2f has been reported. If a resonant interpretation of
amplitudesEP and EV is correct, and these amplitudes a
generated mainly by rescattering from the dominantK2r1

process, we expect there to exist a 02 resonance slightly
above MD , whose width should be about 6 times theMR

2MD difference, decaying toK̄* p andK̄r, with equal par-
tial widths aside from small phase space corrections.

VII. AMPLITUDES NOT FITTED

A group of amplitudes in Table II containing the contr
butions ofAP andAV has not been fitted. As has been not
in Refs.@25#, @26#, and@28#, the decayDs→r1h8 cannot be
fitted without the introduction of additional contribution
from disconnected diagrams involving the flavor-SU~3!-
singlet component of theh8, which will also affecth pro-
duction to a small degree. Such a component was anticip
to be important in the decaysB→Kh8 @20#, as has been
11402
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borne out experimentally@39# and widely discussed theoret
cally @40#. As we have seen above, this component was
needed to fit any of the other decays involvingh andh8, but
its possible presence could cast some doubt on the con
sions regarding the amplitudeA in PP decays, as well as the
parameters we have determined in Figs. 3 and 4 and Tabl
Let us first recapitulate the tests for these parameters
sented earlier.

The value ofA determined in Sec. IV was found to b
consistent with the decayDs→K̄0K1. The parameters o
Fig. 3 and Table V were found to be consistent with the r
for D0→K̄* 0h and with factorization.~We do not count the
prediction for the very small rate forD0→K̄* 0h8 as much of
a test since it relies mainly on the very small available ph
space.! The parameters of Fig. 4 were consistent with fact
ization. It is possible that by appeal to Cabibbo-forbidd
decays and liberal use of~possibly broken! flavor-SU~3! one
could glean additional information, but that is beyond t
scope of the present paper.

To see the nature of the problem, we compare

uA8~r1h!u21uA8~r1h8!u25uTPu21
1

2
@ uAPu21uAVu2#

5~167639!310212 ~19!

with

0.42310212,uA8~p1r0!u21uA8~p1v!u2

5uAPu21uAVu2,1.34310212 ~20!

@using the upper bound onG(p1r0) and the 1s bounds on
G(p1v)# to conclude thatuTPu.11.331026, to be com-
pared with the fitted value of 5.431026. At the same time, if
we omit ther1h8 decay from the fit, we find no difficulty in
constructing a set of amplitudes fitting the rates forDs

→(K̄* 0K1,K̄0K* 1,p1v) and the upper limit for Ds
→p1r0, though the absence of a measurement for this
process prevents us from specifying the parameters. S
we already have information onCP andCV ~including their
relative phase, which is small!, we need both magnitudes an
phases forAP andAV . Without four measured decay rates
some additional assumption, such information is unavaila

In view of the upper bound~20! on the contribution of the
annihilation amplitudes, one might have expected ther1h
andr1h8 rates to be dominated by theTP amplitude. How-
ever, comparing the CLEO measurement@22#

B~Ds→r1h8!

B~Ds→r1h!
50.9360.19 ~21!

with the corresponding ratio of semileptonic branching rat
@41#,

B~Ds→e1neh8!

B~Ds→e1neh!
50.3560.0960.07, ~22!
6-7
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there must be an additional contribution which is particula
important for the decayr1h8. Such a contribution would be
provided by a disconnected quark diagram.

One might be tempted to ascribeAP and AV to the con-
tribution of aqq̄ resonance. However, such an interpretat
would entail the relationAP1AV50 ~since there is noI
51 qq̄ 01 resonance which can couple top1v). This
would run counter to the observation ofDs→p1v and
would entail very small values of bothAP andAV , leading to
difficulty in fitting the K̄0K* 1 rate. It is more likely thatAP
and AV have a relative phase less thanp/2 with respect to
each other and with respect toCP andCV .

We are left with the possibility that disconnected grap
play a role in the decayDs→r1h8. The remaining processe
seem to be described satisfactorily without such contri
tions @42#, but some of them will be affected when they a
included. In such a case, however, one cannot specify
parameters of the fits without additional assumptions.

VIII. SUMMARY AND DISCUSSION

The apparent puzzle of large relative phases betweeD

→K̄p andD→K̄* p amplitudes but relatively realD→K̄r
amplitudes has been explained. Amplitudes with large fin
state phases are present in all three classes of decays
their effects are masked by accidental cancellations in
D→K̄r case. The reason that this cancellation can occu
that there aretwo types of amplitudes which can have phas
relative to the ‘‘tree’’ processT: Both the color-suppresse
amplitudesC and the exchange amplitudesE ~or annihilation
amplitudesA) have such phases.

The relative phases betweenC andT amplitudes seem to
be about 150° in all three sets of processes. These pre
ably arise from a rescattering process in which theC ampli-
tudes are fed byT contributions. A sign flip in theE ampli-
tude is responsible for the difference betweenK̄* p and K̄r
behavior.

@Note added: A relative phase betweenT andC arises in a
simplified model of final-state interactions which takes a
count only of rescattering through modification of phases
isospin amplitudes. This is an idealization which neglects
effects of inelastic channels. Thus, for example, in the f
torization approximation, one has

A~D1→K̄0p1!5A3/25Tf1Cf ,

A~D0→K2p1!5Tf5~2A1/21A3/2!/3,

A~D0→K̄0p0!5Cf /A25A2~A3/22A1/2!/3, ~23!

with E50. Here the subscripts denote factorized amplitud
Solving for the isospin amplitudes, one finds

A1/25Tf2
1

2
Cf , A3/25Tf1Cf . ~24!
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In the presence of rescatteringin which the isospin ampli-
tudes corresponded to strong eigenstates, one would have
AI→AIe

id I, so that

A~D1→K̄0p1!5~Tf1Cf !e
id3/25T1C,

A~D0→K2p1!5
1

3
~Cf1Tf !e

id3/21
2Tf2Cf

3
eid1/25T1E,

A~D0→K̄0p0!5
A2

3
~Cf1Tf !e

id3/22
2Tf2Cf

3A2
eid1/2

5~C2E!/A2. ~25!

One would then find the following expressions for the d
grammatic amplitudes:

T5Tfe
id1/21X2E, C5Cfe

id1/212X1E, ~26!

with 3X[(Tf1Cf)(e
id1/22eid3/2). The different phases ofC

andT are a consequence of rescattering, as noted in the
vious paragraph.#

The present fit implies tree amplitudesT which are fairly
close to those obtained from semileptonicD decays and fac-
torization, and fits data for such processes asDs→K̄0K1 and
D0→K̄* 0h without additional parameters. In company wi
a number of other approaches, it fails to fit the decayDs
→r1h8, since disconnected diagrams involving the flavo
SU~3!-singlet component of theh8 have not been taken into
account. These are expected to also play a~much smaller!
role in the decayDs→r1h and possibly in other processe
involving h andh8 as well.

@Note added: The amplitudesT obtained from our fits to
K̄p, K̄* p, and K̄r are consistently higher than those o
tained via the factorization hypothesis, as shown in Table
We have noted above that the topological amplitudeT is not,
in fact, expected to be equal to the factorized amplitu
Tfact[Tf . Taking account only of the QCD corrections o
Bauer, Stech, and Wirbel@31#, one expects the right-han
side of Eq. 13 to contain a factor ofa1

2.1, which improves
the agreement. However, as noted at the end of Sec. V A it is
misleading to suspect that short-distance QCD correcti
can provide the full story. The fact that the agreement
already so good may merely reflect the dominance of
factorizedTf amplitude in comparison withCf . In contrast,
the smallerCf amplitude is much more likely to be altered
magnitude and phase by rescattering from the largerTf .#

One might be tempted to draw conclusions about fin
state effects in weak decays of hadrons lighter or hea
than D ’s from the above results. In the case of charm
mesons one sees that the amplitudesA andE are of compa-
rable magnitude to tree amplitudesT and their color-
suppressed versionsC. This approximate equality is prob
ably a way to understand why different charmed partic
differ in lifetimes by factors of a few, e.g.,t(D1)/t(D0)
.2.5. ~Short-distance discussions of these differences p
vide illuminating and probably complementary insigh
@43#.! In K→2p decays one can ascribe at least part of
6-8
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20-fold enhancement of theI 50 amplitude with respect to
the I 52 amplitude to such effects. Thus, as the mass of
decaying particle increases by a factor of 3, the effects of
final-state interactions seem to decrease~in amplitude! by
roughly a factor of 10. If this trend is extrapolated toB
particles, one would expect final-state-interaction amplitu
to be suppressed with respect to ‘‘tree’’ processes by
same factor of 10. If they have large phases with respec
the tree processes, they will not show up in lifetime diffe
ences at present levels of sensitivity, while in certain ca
~e.g.,Lb decays! they might be in phase with tree amplitud
and could give rise to effects in the 10–20 % range, perh
accounting for the observed ratiot(Lb)/t(B).0.8, in con-
trast with less successful attempts@44,45# based purely on
short-distance arguments.

Final-state interaction effects also might lead to contrib
tions interfering with amplitudes such as the penguin am
tude assumed to dominateB1→K̄0p1 decays. Elsewhere
@16,46,47# we have speculated that amplitudes which invo
the spectator quark~such asE andA) would be suppresse
relative to amplitudes not involving the spectator~such asT)
in decays of mesonsM by a factor off M /M M , wheref M is
the decay constant of the corresponding meson. This hie
chy does not appear to be respected in the present examp
charmed particles, where we finduEu5O(uTu) but f D /MD
.(200 MeV)/(1.9 GeV).0.1. If, however, final-state ef
FI
a

.
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9,

-
in

11402
e
e

s
e
to
-
s

ps

-
i-

r-
of

fects fall off roughly as 1/M M
2 they will lead to values of

uE/Tu and uA/Tu closer to ~but still in excess of! f B /MB
.(200 MeV)/(5 GeV).0.04.

The present description has been a purely long-dista
one. It could probably be adapted to a hybrid treatment
both short- and long-distance effects, reminiscent of t
taken by Ciuchiniet al. @48# to describe the enhancement
‘‘charming penguin’’ amplitudes inB decays. Purely short
distance descriptions of the matrix elements of penguin
erators fall short of those needed to explain a number oB
→Kp processes, particularly in such processes asB1

→K1v @49# in which the spectator quark ends up in a vec
meson@24#. The purely short-distance approach to final-st
phases@50# involves calculations of imaginary parts at th
quark level, which could well underestimate the importan
of such effects even at masses as high as a few GeV/c2.
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