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Large final-state phases in heavy meson decays

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

~Received 6 April 1999; published 13 September 1999!

An attempt is made to identify circumstances under which the weak decays ofD andB 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 hypothesis.@S0556-2821~99!04519-1#

PACS number~s!: 13.25.2k, 11.30.Hv, 12.40.Nn, 13.75.Lb
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I. INTRODUCTION

Ever since the discovery ofCP violation in neutral kaon
decays@1#, attempts have been made to learn more abou
origin. The ratios R125G(KL→p1p2)/G(KS→p1p2)
andR005G(KL→p0p0)/G(KS→p0p0) are predicted to be
equal in any model~such as a superweak@2# one! in which

CP violation arises purely viaK0-K̄0 mixing, but can differ
from one another by up toO(1%) @3# in the Kobayashi-
Maskawa~KM ! theory@4# based on phases in weak couplin
constants.

The two most recent previous measurements ofDR
[(R12 /R00)21:(0.4460.35)% ~Fermilab E731@5#! and
(1.3860.39)% ~CERN NA31@6#! have now been joined by
those of a new experiment with more compelling statisti
which findsDR5(1.6860.25)% ~Fermilab E832@7#!. Su-
perweak models are ruled out. The effect is near the up
limit of theoretical estimates@3#, but can be accommodate
by reasonable values of hadronic matrix elements
strange quark mass. The new result will reduce the un
tainty on the parameters of the Cabibbo-Kobayas
Maskawa~CKM! matrix @4,8# describing the weak charge
changing couplings of quarks.

A key test of the KM theory involves decays ofB mesons
~containingb quarks!. CP violation can manifest itself as
follows in such decays:

~1! Decays of neutralB mesons toCP eigenstates such a
J/cKS and pp can directly probe CKM phases, since the
interpretation is generally immune to questions of stro
final-state interactions. However, such studies require ide

fication of the flavor~B05b̄d or B̄05bd̄! of the neutralB
meson at the time of production. This requirement can
quite demanding. It has been addressed in a recent ex
ment by the CDF Collaboration@9# at the Fermilab proton-
antiproton collider, which finds a difference between t

rates forB0→J/cKS and B̄0→J/cKS at slightly under the
2s level. Forthcoming electron-positron and hadron stud
should prove much more incisive.

~2! Decays ofB mesons to ‘‘self-tagging’’ final statesf, in
which one can distinguishf ~e.g., K1p2! from its

CP-conjugatef̄ ~e.g.,K2p1!, can manifest aCP-violating
asymmetry if there are two decay channels characterize
differing weak phasesf1,2 and strong phasesd1,2. Writing
the decay amplitudes as
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A~B→ f !5a1eif1eid11a2eif2eid2, ~1!

A~B̄→ f̄ !5a1e2 if1eid11a2e2 if2eid2, ~2!

we note that the weak phasesf i change sign underCP con-
jugation, whereas the strong phasesd i do not. The decay rate
asymmetryA( f ) is then given by

A~ f ![
G~B→ f !2G~B̄→ f̄ !

G~B→ f !1G~B̄→ f̄ !

5
2a1a2 sin~f12f2!sin~d12d2!

a1
21a2

212a1a2 cos~f12f2!cos~d12d2!
. ~3!

A nonzero asymmetry of this type requires both the we
phases and the strong phases to differ from one another
least two channels. Whereas it is straightforward to estim
weak phase differences in typical theories such as tha
Kobayashi and Maskawa, the anticipation of strong ph
differences is much more problematic@10,11#.

In the present paper we examine several instances of l
strong phase differences, in search of a common thr
whereby other such cases can be identified. We build u
several studies by Suzuki which have identified large fin
state phases inJ/c @12,13# ~Sec. II! and charmed meson@14#
~Sec. III! decays. We conclude that large final-state pha
are a possibility in any process in which a pair of quar
annihilates hadronically. Such cases include not only th
studied by Suzuki inJ/c decays, but penguin amplitude
contributing to b→s processes~Sec. IV!, including those
involving h8 production. The case ofB decays to charmed
final states, in which large final-state phases do not appea
be encountered@14,15#, is treated in Sec. V.

Although cases with large final-state phases cannot
identified with certainty, the measurement ofA( f ) and
knowledge ofa1 and a2 in Eq. ~3! permit one to place a
lower bound onusin(f12f2)u, which can be quite useful in
constraining CKM parameters. It is thus useful to ident
promising cases in which the asymmetryA( f ) can be large.
We summarize these cases, noting open experimental q
tions, in Sec. VI.
©1999 The American Physical Society29-1
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JONATHAN L. ROSNER PHYSICAL REVIEW D60 074029
II. CHARMONIUM DECAYS

A. J/c decays

Recently Suzuki has noted that the three-gluon and sin
photon amplitudes in decays of the formJ/c→VP @12# and
J/c→PP @13# appear to have relative phases of appro
mately p/2. Here and subsequently,V will denote a light
vector meson:V5(r,v,K* ,f), while P will denote a light
pseudoscalar meson:P5(p,K,h,h8). Without retracing Su-
zuki’s whole analysis, we review the essential points, beg
ning with the three VP decays J/c→K* 1K2, J/c
→K* 0K̄0, and J/c→vp0. We shall show that the ampli
tudes for these three processes form a triangle with sig
cant area, from which one can infer nontrivial relative pha
of strong and electromagnetic contributions.

We consider only three-gluon and one-photon contri
tions, neglecting others involving~for example! two gluons
and one photon and neglecting contributions from isos
mixing in the neutral pion. The strong-decay amplitudes
J/c→K* 1K2 andJ/c→K* 0K̄0 are equal, while the deca
J/c→vp0 is isospin-violating and proceeds only electr
magnetically. The one-photon amplitudes for production
K* 1K2, K* 0K̄0, andvp0 are proportional, respectively, t
mu1ms , md1ms , andmu2md , wherem i5Qi ueu/(2mi) is
the magnetic moment of quarki whose charge and mass a
Qi andmi .

The three amplitudes of interest can then be written
terms of two parametersA and B and a quark mass ratior
5mu,d /ms as

A~J/c→K* 1K2!5A1BS 2

3
2

r

3D , ~4!

A~J/c→K* 0K̄0!5A1BS 2
1

3
2

r

3D , ~5!

A~J/c→vp0!5B, ~6!

so that they satisfy a triangle relation

A~J/c→K* 1K2!2A~J/c→K* 0K̄0!5A~J/c→vp0!.
~7!

To estimate the relative amplitudes, we use the obser
branching ratios@16#:

B~J/c→K* 1K2!5~0.2560.02!%,

B~J/c→K* 0K̄0!5~0.2160.02!%,

B~J/c→vp0!5~0.04260.006!%. ~8!

We define magnitudes of amplitudes to be the square roo
these branching ratios. Kinematic SU(3)-breaking may be
included by correcting thevp0 amplitude for the slightly
larger center-of-mass 3-momentum inJ/c→vp0 ~pvp

51446 MeV/c as compared withpK* K̄51373 MeV/c in
J/c→K* 1K2 and 1371 MeV/c in J/c→K* 0K̄0!. For a
P-wave decay, the correction factorr1/25(pK* K̄ /pvp)3/2
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50.925 should thus multiply the square root of thevp0

branching ratio in extracting the amplitude satisfying Eq.~7!.
We then find

uA~J/c→K* 1K2!u50.05060.002,

uA~J/c→K* 0K̄0!u50.04660.002,

uA~J/c→vp0!u5uBu50.019060.0014. ~9!

These form a triangle which is roughly isosceles in shape
a result of the near equality of theK* K̄ amplitudes. The base
~thevp0 side! corresponds to the electromagnetic amplitu
B, while the sides are dominated by the strong contribut
A.

In order to specify the relative phase of strong and el
tromagnetic contributions, one needs the ratior. We taker
.2/3 ~the corresponding ratio for constituent-quark mass
which fits electromagnetic transitions of the formV→Pg
@17#!. The electromagnetic contributions toA(J/c
→K* 1K2) and A(J/c→K* 0K̄0) are then (4/9)B and
2(5/9)B, respectively, so that the triangle has the sha
illustrated in Fig. 1. The magnitude of the strong amplitu
is uAu.0.047.

A brief calculation of the relative phased of A and B
yields the relation

cosd5
B~K* 1K2!2B~K* 0K̄0!1rB~vp0!/9

2uAuuBu

50.2560.16, ~10!

or d5(76210
19 )°. The relative phase between the strong a

electromagnetic amplitudes is large and consistent with 9
We have not made use of theJ/c→rp amplitude since its
strong contribution~which predominates over a very sma
electromagnetic one! is related toA only through flavor
SU(3), which we do not employ. For similar reasons, we
not consider other final states such asvh and vh8. When
these decays are included in the fit, the results do not cha
much; Suzuki@12# obtainsd580°.

A similar analysis yields a large relative phase betwe
strong and electromagnetic contributions toJ/c→PP de-
cays. We consider the processesJ/c→K1K2 and J/c
→K0K̄0 @whose strong amplitudes vanish in the limit of fl
vor SU(3)# andJ/c→p1p2 @whose strong amplitude van
ishes in the limit of isospin conservation#. The corresponding
amplitudes may be expressed as

FIG. 1. Triangle of amplitudes inJ/c→VP decays. HereA and
B are strong and electromagnetic amplitudes, respectively.
9-2
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LARGE FINAL-STATE PHASES IN HEAVY MESON DECAYS PHYSICAL REVIEW D60 074029
A~J/c→K1K2!5A81B8~Qu2Qs!,

A~J/c→K0K̄0!5A81B8~Qd2Qs!,

A~J/c→p1p2!5A81B8~Qu2Qd!, ~11!

satisfying the triangle relation

A~J/c→K1K2!2A~J/c→K0K̄0!5A~J/c→p1p2!.
~12!

This relation is violated slightly by some of th
SU(3)-breaking terms considered by Suzuki@13#, but is suf-
ficient for our purposes. As in the previous calculation,
correct the p1p2 amplitude for the center-of-mas
3-momentum inJ/c→p1p2 ~pp51542 MeV/c as com-
pared with pK51468 MeV/c in J/c→K1K2 and
1466 MeV/c in J/c→K0K̄0!. The P-wave correction factor
to the square root of thep1p2 branching ratio, needed t
extract the amplitude satisfying Eq.~12!, is then r1/2

5(pK /pp)3/250.929.
We use the branching ratios@16#

B~J/c→K1K2!5~2.3760.31!31024,

B~J/c→K0K̄0!5~1.0860.14!31024,

B~J/c→p1p2!5~1.4760.23!31024. ~13!

The amplitudes which are the square roots of these branc
ratios, correcting thep1p2 amplitude for the kinematic fac
tor mentioned above, are

uA~J/c→K1K2!u5uA81B8u5~1.5460.10!31022,

uA~J/c→K0K̄0!u5uA8u5~1.0460.07!31022,

uA~J/c→p1p2!u5uB8u5~1.1260.08!31022. ~14!

These form an isosceles right triangle, as illustrated in Fig
The relative phased8 of A8 andB8 is given by

cosd85
B~K1K2!2B~K0K̄0!2rB~p1p2!

2uA8uuB8u
50.0160.19,

~15!

FIG. 2. Triangle of amplitudes inJ/c→PP decays. HereA8
andB8 are strong and electromagnetic amplitudes, respectively
07402
ng
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or d85(89610)°. This is again in accord with Suzuki’
result @13#.

B. c8 decays

The suppression of certain decay modes of thec8 such as
rp andK* K̄1c.c. @18# has puzzled physicists for nearly 2
years@19#. The BES Collaboration@20# has now reported the
isospin-violating decayc8→vp0 at a level above the uppe
limit for the isospin-allowed decayc8→rp, and has seen
the decayc8→K* 0K̄0 at a level considerably above the u
per limit for the isospin-related decayc8→K* 1K2. These
results are summarized in Table I, whose data are taken f
Ref. @20#.

An analysis similar to that performed forJ/c→VP yields
the amplitudes~expressed again as square roots of branch
ratios, with a kinematic correction forvp0!.

uA~c8→K* 1K2!u,3.931023,

uA~c8→K* 0K̄0!u5~6.462.3!31023,

uA~c8→vp0!u5~5.861.6!31023. ~16!

These should satisfy the sum rule~7! with c8 replacingJ/c.
The data are not yet precise enough to specify the sh

of the correspondingc8→VP amplitude triangle. Thevp0

decay requires an electromagnetic contribution to be pres
If this were the only amplitude contributing to all three pr
cesses, one would expectA(K* 1K2)5(4/5)A(K* 0K̄0)
5(4/9)A(vp0), which is just at the limit of error bars fo
each amplitude, but not yet firmly ruled out.@Take, for ex-
ample, A(vp0)57.431023, A(K* 0K̄0)54.131023, and
A(K* 1K2)53.331023.# Thus, since the presence of th
strong amplitude has not yet been demonstrated, its ph
with respect to the electromagnetic one is still an open qu
tion.

III. CHARMED MESON DECAYS

A. Isospin decomposition

The decays of the nonstrange charmed mesonsD15cd̄
and D05cū to final states consisting of one strange mes
~K̄ or K̄* ! and oneI 51 nonstrange meson~p or r! are
governed by theDI 5DI 351 subprocessc→sud̄ and thus

TABLE I. Branching ratios of thec8 to specific hadronic final
states.

Final
state

B.r. or 90% c.l.
upper limit (31025)

rp ,2.8
vp0 3.861.761.1

K* 1K21c.c. ,3.0

K* 0K̄01c.c. 8.162.461.6
9-3
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JONATHAN L. ROSNER PHYSICAL REVIEW D60 074029
are characterized by two amplitudesA1/2 andA3/2 labeled by
the total isospin of the final state. For example, the am
tudes for the decaysD→K̄p are given by

A~D1→K̄0p1!5A3/2,

A~D0→K2p1!5
2

3
A1/21

1

3
A3/2,

A~D0→K̄0p0!52
&

3
A1/21

&

3
A3/2, ~17!

and thus satisfy a triangle relation

A~K̄0p1!5A~K2p1!1&A~K̄0p0!, ~18!

where we have omitted the initial particle. By studying dec
rates alone, one can determine the shape of this triangle
thus learn the relative phases of isospin amplitudes. We s
continue the discussion with theD→K̄p example; it also
holds forD→K̄* p andD→K̄r. We do not use information
obtained in some analyses@30,31,32,33# from relative phases
of bands in the Dalitz plots, but will return to this question
the subsequent discussion.

The magnitude of theI 53/2 amplitude is obtained from
the D1→K̄0p1 partial width. Omitting all kinematic fac-
tors, we haveuA3/2u25G(K̄0p1). The magnitude of theI
51/2 amplitude is obtained from the combination

uA1/2u25
3

2
@G~K2p1!1G~K̄0p0!#2

1

2
G~K̄0p1!. ~19!

The relative phased I between isospin amplitudes is given b

cosd I5
3G~K2p1!1G~K̄0p1!26G~K̄0p0!

4uA1/2A3/2u
. ~20!

B. Graphical decomposition

As stressed by Suzuki@14#, for decays ofD andB mesons
in which multiparticle final states can play a large role, tw
body isospin amplitudes may not be the most signific
quantities. The relation~18! also is implied by the decompo
sition of the decay amplitudes in terms of color-favored t
~T!, color-suppressed~C!, and exchange~E! amplitudes
@21,22#:

A~K̄0p1!5T1C, A~K2p1!5T1E,

A~K̄0p0!5~C2E!/&. ~21!

The setT, C, and E is overcomplete. In principle, one ca
assume thatT andC have zero phase relative to one anoth
and that all the final-state interaction effects are concentr
in E. One still needs information on the relative magnitud
of T andC, which one may either take from quantum chr
07402
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modynamics~QCD! @23,24#, or by applying the factorization
hypothesis and the relation between nonleptonic and se
leptonic processes@25,26#,

G~D0→K2p1!T

dG~D0→K2l 1n l !/dq2uq25m
p
2

56p2f p
2 uVudu250.98 GeV2,

~22!

to data on the spectrum in semileptonic decays~see, e.g.,
@27#!. The use of a phenomenologicalE amplitude to param-
etrize final-state interactions would be an alternative to
more conventional short-distance descriptions of such eff
in charmed-particle decays, which can account for some
perhaps not all of the differences among charmed-part
lifetimes @28#. We leave this possibility for a future invest
gation.

C. Results of isospin analysis

To compare amplitudes forD0 andD1 decays, we calcu-
late decay rates using branching ratios and lifetimes. T
Particle Data Group values@16# are averaged with new
CLEO values@29# in Table II; we use the new averages
what follows. We summarize the relevant branching rat
and decay rates in Table III.

The values of isospin amplitudes~defined as square root
of rates, without any correction for kinematic factors! and
corresponding phases are shown in Table IV. In accord w
many previous results@30,31,32,33#, the relative phases o
the I 51/2 andI 53/2 amplitudes are consistent with 90° fo
the K̄p and K̄* p channels and with 0° for theK̄r channel.
The value ofd I(K̄p) agrees with that of Suzuki@14#. The

TABLE II. Charmed meson lifetimes, in fs.

State PDG CLEO Average

D1 1057615 1033.6622.1212.7
19.9 1051 613

D0 4156 4 408.56 4.123.4
13.5 412.76 3.2

TABLE III. D1 andD0 branching ratios and decay rates.

Mode
Branching ratio

~%!
Decay rate

(31010 s21)

D1 decays

K̄0p1 2.8960.26 2.7560.25

K̄* 0p1 1.9060.19 1.8160.18

K̄0r1 6.662.5 6.362.4

D0→(21) decays
K2p1 3.8560.09 9.3360.23
K* 2p1 5.160.4 12.461.0
K2r1 10.861.0 26.262.4

D0→(00) decays

K̄0p0 2.1260.21 5.1460.51

K̄* 0p0 3.260.4 7.861.0

K̄0r0 1.2160.17 2.9360.41
9-4
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LARGE FINAL-STATE PHASES IN HEAVY MESON DECAYS PHYSICAL REVIEW D60 074029
relationship of the amplitudes to one another is illustrated
Fig. 3, showing the relative phase near 90°.

The amplitude triangle forD→K̄* p ~Fig. 4! is qualita-
tively similar to that in Fig. 3, but the~00! and ~21! sides
are longer in proportion to the~01! side, souA1/2/A3/2u is
larger. The amplitude relation forD→K̄r degenerates into a
straight line, since the central value of cosdI exceeds 1. Pu
differently, the square roots of theK̄r rates in Table III
satisfy (K2r1)1/2.(K̄0r1)1/21(2K̄0r0)1/2.

Resonances inI 51/2 channels~they have never bee
seen inI 53/2 channels! can contribute to theD→K̄p and
K̄* p processes@34,35,36#. One needs two different state
since theK̄p state with total angular momentumJ50 has
even parity while theJ50 K̄* p state has odd parity. Can
didates for the even-parity@37# and odd-parity@38# state ex-
ist. The odd-parity resonance should couple much m
strongly toK̄* p than toK̄r in order to explain the absenc
of a large final-state phase in theK̄r channel. However, it
has only been reported in theK̄f channel@38#.

D. Interference between bands on Dalitz plot

In Dalitz plot analyses ofD→K̄* p andD→K̄r, several
cross-checks of relative phases of amplitudes can be
formed @30,31,32,33#. We enumerate each three-body fin
state and the information it provides.

~1! D0→K2p1p0 contributes toK2r1, K* 2p1, and
K̄* 0p0. The amplitude triangle construction forD→K̄* p

implies a relative phase between theK* 2p1 and K̄* 0p0

amplitudes~cf. Fig. 4! of

dK* 2p1,K̄* 0p0

5cos21
G~K̄* 0p1!22G~K̄* 0p0!2G~K* 2p1!

2&uA~K̄* 0p0!A~K* 2p1!u

5~160214
120!°. ~23!

The E687 Collaboration@33#, for comparison, obtains
dK* 2p1,K2r15(1626106764)° and d K̄* 0p0,K2r15(22
61262362)°, while the Mark III Collaboration@30# finds
dK* 2p1,K2r15(154611)° and d K̄* 0p0,K2r15(767)°. In
both cases theK2r1 amplitude was taken to be real in th
analysis of theK2p1p0 final state. The first two E687 er
rors are statistical and systematic, respectively. The

TABLE IV. Isospin amplitudes and relative phasesd I for D
decays.

Mode uA1/2u uA3/2u d I

(3105 s21/2) ~degrees!

K̄p 4.5160.23 1.6660.08 9067

K̄* p 5.4360.19 1.3560.07 105614

K̄r 6.3660.30 2.5160.47 ,27 ~1s!
07402
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E687 error is associated with the uncertainty in the relat
contributions of specific final states to the Dalitz plot. T
agreement with Eq.~23! is satisfactory.

The E691 Collaboration chooses a reference phase o
for the nonresonant amplitude. With respect to this pha
they find dK* 2p15(211269)°, d K̄* 0p05(16769)°,
dK2r15(4067)°. It is less clear whether this result agre
so well with Eq.~23!.

~2! D0→K̄0p1p2 contributes toK* 2p1 andK̄0r0. Our
previous discussion implies thatK̄0r0 andK2r1 should be
relatively real, so we expectdK* 2p1,K̄0r05dK* 2p1,K2r1.
Reference@33# obtains (136666262)°, while Ref. @32#
obtains (13767)° for the left-hand side, in adequate but n
perfect agreement with the values quoted above for the ri
hand side. Reference@30# obtains d K̄0r05(93630)° in a
convention in whichdK* 2p150. This is not particularly
close to Eq.~23!. Reference@31# finds phases ofdK* 2p1

5(10969)° and d K̄0r05(2123612)° with respect to the
nonresonant amplitude.

~3! D0→K̄0p0p0 has two identicalK̄* 0p0 bands which
should interfere constructively with one another.

~4! D1→K̄0p1p0 contributes toK̄* 0p1 andK̄0r1. The
amplitude triangles predict that~a! all the K̄r amplitudes are
relatively real, and~b! the relative phase between theK̄* 0p1

andK* 2p1 amplitudes~cf. Fig. 4! is

d K̄* 0p1,K* 2p1

5cos21
G~K̄* 0p1!1G~K̄2p1!22G~K̄* 0p0!

2uA~K̄* 0p1!A~K* 2p1!u

5~98213
114!°. ~24!

FIG. 3. Triangle of amplitudes inD→K̄p decays. Subscripts on
amplitudes denote total isospin.

FIG. 4. Triangle of amplitudes inD→K̄* p decays. Subscripts
on amplitudes denote total isospin.
9-5
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JONATHAN L. ROSNER PHYSICAL REVIEW D60 074029
These are tested by Mark III data on theD1→K̄0p1p0 final
state. One must combine the resultsd K̄* 0p1,K̄0r15(43
623)° from this final state with the previously mentione
phasedK* 2p1,K2r15(154611)° from this experiment; the
agreement seems good.

~5! D1→K2p1p1 has two identicalK̄* 0p1 bands
which should interfere constructively with one another.

Reference@33# contains some comments on the possib
ity that not all experiments quote phases with the same c
vention.

IV. PENGUIN-DOMINATED b˜s PROCESSES

A. Charm-anticharm annihilation

A number of features ofB decays suggest a possible ro
for enhanced charm-anticharm annihilation into noncharm
final states@39#:

~1! the semileptonic branching ratioB(B→Xln) is about
11% ~vs a theoretical prediction of about 12%! @40#;

~2! the numbernc of charmed particles per averageB
decay is about 1.1–1.2 vs a theoretical prediction of 1.2–
@40#;

~3! the inclusive branching ratioB(B→h8X) appears
large @41# in comparison with theoretical expectations@42#;

~4! the exclusive branching ratioB(B→Kh8) @41# ap-
pears to require an additional contribution@43# in compari-
son with the penguin contribution leading toB0→K1p2 or
B1→K0p1.

A common source for these effects could be an enhan
rate for the subprocessb̄→ c̄cs→q̄qs̄, whereq stands for a
light quark, e.g., through rescattering effects. These are
herently long-range and nonperturbative and could also
responsible for the overall enhancement of theb̄→ s̄ penguin
transitions noted in Refs.@44#. Alternatives for points~3! and
~4! which have been suggested include a largecc̄ @45# or
gluonic component in theh8. The former possibility is in-
triguing, but one must then ascribe the suppression of
decayJ/c→h8g to form factor effects.

If rescattering from theb̄→ c̄cs̄ subprocess into state
containing light quarks really is important, both the over
b̄→ s̄ penguin amplitude and a specific contribution@43# to
b̄→ s̄1(h,h8) ~to be mentioned below! could have strong
phases very different from the tree amplitude contributing
B→K1X decays, raising the possibility of substantialCP-
violating asymmetries whenever these amplitudes inter
with one another in a self-taggingB decay ~such asB0

→K1p2!. We shall now indicate where such effects a
likely to be visible.~See also Refs.@46,47,48,49#.!

B. Estimate of amplitudes and application
to decays involvingh8

In what follows we shall update an estimate@50# of the
amplitudes contributing to the decays ofB→PP, whereP is
a light pseudoscalar meson. These amplitudes are denote
t ~tree!, p ~penguin!, and s ~singlet penguin!. Color-
suppressed amplitudes and electroweak penguin amplit
@51,52,53,54# are neglected for simplicity. We shall be co
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cerned with the relative strong phases of these amplitu
which if large could lead to observableCP-violating asym-
metries in several interesting final states. Amplitudes
strangeness-preserving processes will be unprimed, w
those for strangeness-changing processes will be primed

The weak phases for strangeness-preserving processe
arg(t)5arg(Vub* Vud)5g and arg(p)5arg(s).arg(Vtb*Vtd)52b,
so that the relative phase oft and p or s amplitudes isg
1b5p2a. Here a, b, and g are angles of the unitarity
triangle as defined, for example, in Ref.@55#. ~They are also
referred to asf2 , f1 , and f3 , respectively@56#.! For
strangeness-changing processes the expected phase
arg(t8)5arg(Vub* Vus)5g and arg(p8)5arg(s8).arg(Vtb*Vts)5p.
Thus, the relative phase oft8 and p8 or s8 amplitudes isg
~modulop!.

The tree amplitudet is expected to dominate strangenes
preserving B→PP decays such asB1→p1p0 and B0

→p1p2. Although no conclusive evidence has been p
sented for these decays, one estimates@46#, using factoriza-
tion and the semileptonic processB→p ln, that B(B1

→p1p0).(1/2)B(B0→p1p2).431026. One can then
use the relationt8.lt to estimate the magnitude of the tre
amplitude in strangeness-changing processes. Herel.0.2 is
the parameter introduced by Wolfenstein@57# to describe the
hierarchy ofCKM elements.

The penguin amplitudep8 is expected to dominate
strangeness-changingB→PP decays such asB0→K1p2

and in particularB1→K0p1 ~which has not8 contribution!.
Differences betweenB(B0→K1p2), B(B1→K0p1), and
2B(B1→K1p0), important in more precise treatmen
which include effects of interference on rates@46,53#, will be
ignored here.

The coefficients of amplitudes in each decay process
given in Ref.@50#. Using the most recent rates forB→PP
decays@46,58#, we find the results shown in Table V. Thes
deserve several comments.

~1! The s8 amplitude is needed in order to properly d
scribe the large rate@41# B(B→Kh8)5(69612)31026.
Here we have averaged the values quoted for charged
neutralB decays. If thes8 amplitude interferes constructivel
with p8, it does not have to be as large in magnitude asp8,
as one sees by comparing theup8u2 rate forB→Kh8 in Table
V with the us8u2 rate from column~a! of the same table. The
weak phases ofs8 andp8 are expected to be the same, asi
from possible small electroweak penguin effects@52#. The
strong phases of these two amplitudes could well be equa
well if they are both dominated by a large imaginary p
associated with the annihilation of acc̄ pair into light quarks.
Such a predominantly imaginary amplitude is one poss
interpretation of the large final-state phases@12,13# in certain
J/c hadronic decays which were discussed in Sec. II.

~2! The possibility for largeCP-violating asymmetries ex-
ists whenever two weak amplitudesa1 and a2 @cf. Eq. ~3!#
are not too dissimilar in magnitude and the sines of both th
weak phase differencef12f2 and their strong phase differ
enced12d2 are close to 1. In Table VI we identify a few o
these interesting cases.
9-6
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Although the t8 amplitude in B1→K1p0 and B0

→K1p2 processes is expected to be considerably sma
than the dominantp8 amplitude, it can have a noticeab
effect on the asymmetry if the strong phase difference
large. When the asymmetries in these two processes are
bined, one may even be able to see an effect with prese
modestly improved statistics@46#. The asymmetries inB1

→K1p0 and B0→K1p2 are expected to be highly corre
lated @46,47#.

To summarize, we are suggesting the prospect of a la
strong phase shift differenced12d2 in certain two-body de-
cays of B mesons to pairs of light pseudoscalar meso
when one of the weak amplitudes~p, p8, s, or s8! has a large
strong phase difference with respect to the other~t or t8!.
Such a phase may arise as a result of strong absorptiv
fects in rescattering ofcc̄ to light quarks. Although a pertur
bative calculation at the quark level@10# gives a small final-
state phase, the possibility that it could be larger~even
maximal, i.e., nearp/2! was suggested some time ago@59#.

TABLE V. Summary of predicted contributions to selecte
DS50 decays ofB mesons. Rates are quoted in branching ra
units of 1026. Rates in italics are assumed inputs.

DS50
Decay

utu2

rate
upu2

rate
usu2

a
rate

b

B1→p1p0 4 0 0 0
→p1h 2.7 1.0 0.09 0.3
→p1h8 1.3 0.5 0.7 2.4

B0→p1p2 8 0.7 0 0

uDS51u ut8u2 up8u2 us8u2 b rate
Decay rate rate a b

B1→K0p1 0 14 0 0
→K1p0 0.2 7 0 0
→K1h 0.13 .0 1.7 6
→K1h8 0.07 21 14 48

B0→K1p2 0.4 14 0 0
→K0p0 0 7 0 0
→K0h 0 .0 1.7 6
→K0h8 0 21 14 48

aConstructive interference betweenp8 and s8 amplitudes assumed
in B1→K1h8.
bNo interference betweenp8 and s8 amplitudes assumed inB1

→K1h8.

TABLE VI. Examples of possible direct CP asymmetries inB
decays.

Process
Interfering
amplitudes

Relative
weak phase

Maximum
asymmetry

B1→p1h t,p p2a A3/4
B1→p1h8 t,s p2a 1
B1→K1p2 p8,t8 g 0.34
B0→K1p2 p8,t8 g 0.34
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The rescattering ofcc̄ to light final states can enhance th
b̄→ s̄ penguin amplitude without affecting its weak phas
which remains real: arg(Vcb* Vcs)50 vs. arg(Vtb*Vts)5p.

C. Annihilation of light quarks

If the b̄→ s̄ penguin amplitude receives important cont
butions from the tree subprocessb̄→ūus̄, followed by re-
scattering to another final state~such asd̄ds̄!, the estimate of
the weak phase of the amplitude forB1→K0p1 may be
called into question@11#. Normally one expects this proces
to have a weak phase ofp or zero, so that there should b
only a very smallCP-violating difference between the rate
for B1→K0p1 andB2→K̄0p2. This difference, in the ab-
sence of rescattering, would be due entirely to the proces
which theb̄ and spectatoru in a B1 annihilate one anothe
through a virtualW which then producesK0p1. Such an
amplitude is expected to be suppressed by a factor off B /mB
in comparison with the dominant ones in which the specta
quark does not participate.

The decayB0→K1K2 is particularly sensitive to specta
tor quark effects, since theB0 contains ad quark which is
not present in the final state@22,60#. It must occur through
the processb̄d→ūu, in which theūu pair either fragments
into K1K2 directly or annihilates into a multigluon stat
which then materializes asK1K2. Alternatively, it can be
fed by rescattering from such final states asB0→M1

1M2
2 ,

whereMi are nonstrange mesons such asp and r. Thus, a
good way to gauge the effects of this rescattering is to m
sure the branching ratio forB0→K1K2. If it exceeds the
value of a few times 1028, one must take rescattering effec
seriously.

Another method which has been proposed to estimate
scattering effects is to study the rate andCP-violating asym-
metry for the decayB1→K̄0K1, whose amplitudes are re
lated to those inB1→K0p1 by flavor SU~3! @11#. Specifi-
cally, the penguin amplitude inB1→K̄0K1 should be
suppressed byuVtd /Vtsu5O(l).1/5 with respect to that in
B1→K0p1, while the corresponding annihilation~or rescat-
tering! amplitude should beenhancedby uVud /Vusu51/l.
Our discussion indicates that both the~suppressed! penguin
amplitude and the~enhanced! rescattering amplitude inB1

→K̄0K1 may have the same final-state phase character
of a highly absorptive process, so that aCP-violating differ-
ence betweenG(B1→K̄0K1) andG(B2→K0K2) may not
be visible even if the rescattering process is playing an
portant role. One then falls back on the proposed enhan
ment of the totalB1→K̄0K1 decay rate, which would re
quire a substantial rescattering contribution to be observa
or—better, in our opinion—the observation of the rare p
cessB0→K1K2 to indicate the magnitude of rescatterin
effects.

V. B DECAYS TO CHARMED FINAL STATES

A. Decays toD̄p, D̄*p, D̄r, D̄*r

The pattern ofB decays to charmed final states has i
portant differences with respect to the corresponding pat
9-7
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JONATHAN L. ROSNER PHYSICAL REVIEW D60 074029
for D decays to strange states. First of all, the relative ph
of color-suppressed~C! and color-favored~T! amplitudes is
different from that in charm decays@24#. Second, one canno
evaluate the final-state phases associated with rescatt
effects, since these effects seem so small.

We may perform an isospin decomposition similar to th
in Sec. III for charm decays by noting that the fundamen
b̄→ c̄ud̄ subprocess responsible forB→D̄ (* )1X decays has
DI 5DI 351. Thus, whenX is an I 51 meson~e.g.,p or r!,
there will again be two isospin amplitudes. ForB̄→Dp de-
cays we may then write

A~B1→D̄0p1!5A3/2,

A~B0→D2p1!5
2

3
A1/21

1

3
A3/2,

A~B0→D̄0p0!52
&

3
A1/21

&

3
A3/2. ~25!

These amplitudes again satisfy a triangle relation

A~D̄0p1!5A~D2p1!1&A~D̄0p0!. ~26!

For the D̄* r amplitudes, which are characterized by thr
partial waves with orbital angular momental 50, 1, and 2,
these relations hold separately for each partial wave. In w
follows we shall assume a single partial wave to domin
the process when discussing amplitude relations, but will
in Sec. V B that this is an oversimplification.

The magnitude of theI 53/2 amplitude is obtained from
theB1→D̄0p1 partial width:uA3/2u25G(D̄0p1). The mag-
nitude of theI 51/2 amplitude is obtained from the comb
nation

uA1/2u25
3

2
@G~D2p1!1G~D̄0p0!#2

1

2
G~D̄0p1!.

~27!

The relative phased I between isospin amplitudes is given b

cosd I5
3G~D2p1!1G~D̄0p1!26G~D̄0p0!

4uA1/2A3/2u
. ~28!

When only an upper bound on the color-suppressed ra
available, a useful upper bound@24# on d I is

sin2 d I<9G~D̄0p0!/2G~D̄0p1!. ~29!

Similar expressions hold forD̄* p, D̄r, andD̄* r decays.
Decomposing the decay amplitudes in terms of tree~T!,

color-suppressed~C!, and exchange~E! amplitudes@22#, one
finds expressions in correspondence with those in Sec. I

A~D̄0p1!5T1C, A~D2p1!5T1E,

A~D̄0p0!5~C2E!/&. ~30!
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The amplitudeE is used here to describe either an exchan
subprocessb̄d→ c̄u, or rescattering from the tree-dominate
processb̄d→ c̄ud̄d through dd̄ annihilation into a flavor-
SU~3! singlet state. As in Sec. III, we neglect electrowe
penguins.

Here, as in the case ofD decays, the setT, C, andE is
overcomplete, so we cannot extract independent informa
on the magnitude ofE. In principle, one could perform a
calculation based on the factorization assumption, as m
tioned in Sec. III, to relate the tree contributionT in, e.g.,
B0→D2p1 to that in a semileptonic decay process such
B0→D2l 1n l . One already knows that this calculatio
works approximately@25,26,61#. It is also likely thatC andT
are relatively real, since neither involves the highly abso
tive annihilation process described byE.

The value ofE is expected to be quite small for a coup
of reasons. First, estimates based on either rescatterin
interaction with the spectator quark suggest thatE will be
much smaller in theB system than in the charm system
Second, whereast(D1)/t(D0).2.5, indicating the impor-
tance of spectator interactions or long-distance physics
charm, the corresponding ratio forB mesons is much close
to 1, since@16# t(B1)5(1.6560.04)310212s while t(B0)
5(1.5660.04)31012s. This implies that we will have som
difficulty determining the phase ofE relative to that ofC and
T. One will have to determine the relative contributions ofC
and T ~through calculations such as those suggested
charm decays in Sec. III B!, and the smallE contribution, if
it is present, will then have to be extracted. At present thi
not possible because none of the color-suppressed de
B0→(00) has been observed@16,62#.

The relevant branching ratios and rates@16# are summa-
rized in Table VII. In all cases the amplitude relations d
generate into a nearly straight line, since the square root
the rates in Table VII all are consistent with@G(01)#1/2

2@G(21)#1/25@2G(00)#1/2. This point is emphasized in

TABLE VII. B1 andB0 branching ratios and decay rates.

Mode
Branching ratio

~%!
Decay rate
(3108 s21)

B1 decays

D̄0p1 0.5360.05 3263

D̄* 0p1 0.4660.04 2862.5

D̄0r1 1.3460.18 81611

D̄* 0r1 1.5560.31 94619

B0→(21) decays
D2p1 0.3060.04 19.262.6
D* 2p1 0.27660.021 17.761.4
D2r1 0.7960.14 5169
D* 2r1 0.6760.33 43621

B0→(00) decays

D̄0p0 ,0.012 ,0.77

D̄* 0p0 ,0.044 ,2.8

D̄0r0 ,0.039 ,2.5

D̄* 0r0 ,0.056 ,3.6
9-8
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TABLE VIII. Comparison of amplitudes forB→D̄ (* )1(p,r) decays.

Mode
@G(01)#1/22@G(21)#1/2

(3104 s21/2)
@2G(00)#1/2

(3104 s21/2)
d I ~max!
~degrees! @G(01)#1/2/@G(21)#1/2

D̄p 1.360.4 ,1.2 19 1.2960.11

D̄* p 1.160.3 ,2.4 46 1.2560.08

D̄r 1.960.9 ,2.2 25 1.2760.14

D̄* r 3.161.9 ,2.7 40 1.4860.40
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Table VIII, where we also quote Suzuki’s limits@14# on the
relative phases ofI 51/2 andI 53/2 amplitudes@63#. Com-
parison of the second and third columns of Table VIII allo
one to see how far above the lower isospin bound each~00!

color-suppressed mode lies. The decayB0→D̄0p0 should
appear at a level not much below its present upper exp
mental bound.

The possibility of a smallE contribution with a highly
absorptive phase cannot be excluded. Present data are
sistent withT andC contributions with no relative phase.
E is negligible andC is real relative toT, each process is
characterized byuC1Tu/uTu5@G(01)#1/2/@G(21)#1/2. The
entries in the last column of Table VIII are consistent with
universal value ofC/T50.2760.06.

B. Relative phases ofB˜VV amplitudes

The CLEO Collaboration@64# has presented evidence
the decaysB0→D* 2r1 and B1→D̄* 0r1 for complex
phases between helicity amplitudes, and for the presenc
more than one partial wave in these decays. The heli
amplitudesA0 andA61 for B→VV decays are expressible i
terms ofl 50, 1, and 2 partial wavesS, P, andD as @65#

A615A1

3
S6A1

2
P1A1

6
D, A052A1

3
S1A2

3
D.

~31!

Here the amplitudes are normalized such thatuA0u21uA1u2
1uA21u25uSu21uPu21uDu251. While a full analysis of the
CLEO results, which in any case are preliminary, is beyo
the scope of this note, we point out several interesting f
tures.

~1! The fraction of the decay which is longitudinal,uA0u2,
is about 0.86 in bothB0→D* 2r1 andB1→D̄* 0r1, indi-
cating that no individual partial wave dominates the deca

~2! For B0→D* 2r1 the helicity amplitudesA1 andA21
are unequal~and have unequal phases!, indicating the pres-
ence of aP wave as well asS and/orD wave components
Only the amplitudeA1 has a nontrivial phase with respect
A0 .

~3! For B1→D̄* 0r1, the amplitudesA1 and A21 are
consistent with being equal, indicating that noP-wave com-
ponent may be needed. However, in this case bothA1 and
A21 have nontrivial phases with respect toA0 .

These results may indicate the presence of nontri
final-state interactions in theB→D̄* r decays, since such
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relative phases in helicity amplitudes cannot arise at the le
of weak amplitudes. The dominant subprocess in all th
decays should beb̄→ c̄ud̄, with a vanishing weak phase.

VI. SUMMARY

We have reviewed a number of cases, many of wh
were first pointed out by Suzuki@12,13,14#, in which non-
trivial final-state interactions manifest themselves in dec
processes involving the release of up to a few GeV of
ergy. These includeJ/c decays to pairs of light mesons
charmed meson decays, and possiblyB→D̄* r. We have
argued that such large final-state phases may also occ
penguin processes involvingb̄→ s̄ transitions, especially
those in which flavor-singlet mesons such ash8 are pro-
duced. Such final-state phases may be useful in searchin
direct CP violation in decays such asB0→K1p2 and B1

→K1p0. Our conclusion regarding the possibility of larg
final-state phases is more optimistic than that of Ref.@66#,
where typical strong phases of order 20° have been e
mated, as a result of our conjecture that thecc̄ annihilation
process contributing to the penguin amplitude can be hig
absorptive.

A number of open experimental questions remain. Th
can shed light on whether there is a universal pattern giv
rise to large final-state interactions, or whether these effe
must be studied on a case-by-case basis.

~1! Although large final-state interactions have been de
onstrated inJ/c decays toVP @12# andPP @13# final states,
we do not yet know whether the same is true forc8 decays.
Observation of the processc8→K* 1K21c.c. and reduction
in errors on the branching ratios forc8→K* 0K̄01c.c. and
c8→vp0 would help clarify this question.

~2! We cannot yet choose between a resonant and n
resonant interpretation of the large relative phase betweI

51/2 andI 53/2 amplitudes inD→K̄p and D→K̄* p de-
cays. Although aJP501 resonance decaying toK̄p has
been seen near theD mass@37#, there does not yet exist
candidate for a corresponding 02 resonance decaying t
K̄* p. Moreover, such a resonance should not couple ap
ciably toK̄r if the resonant interpretation is correct. By com
paring Figs. 3 and 4, we see that such a resonance shou
more prominent in theK̄* p channel than the 01 resonance
is in the K̄p channel, since its enhancement of theI 51/2
amplitude relative to theI 53/2 amplitude is greater. The
absence of an appreciable resonant or rescattering enha
9-9
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JONATHAN L. ROSNER PHYSICAL REVIEW D60 074029
ment in theK̄r channel may provide a clue to the space-tim
properties of the enhancement mechanism.

~3! A number of tests of the factorization hypothesis
charmed particle decays@23,24,61# are available. With new
large samples of charmed particle decays becoming avail
from several sources~e.g., the CLEO detector at Cornell an
the FOCUS Collaboration at Fermilab!, it might be worth
re-examining two- and three-bodyD decays to see if thes
relations continue to hold.

~4! Rare decays ofB mesons, as pointed out also els
where@11#, can shed light on at least the magnitude, if n
the phase, of final-state interaction effects. Such effe
would be manifested, for example, as~a! an observableCP-
violating difference between the branching ratios forB1

→K0p1 and B2→K̄0p2, ~b! an enhancement of the ra
for B1→K1K̄0 and its charge-conjugate, and a possibleCP-
violating asymmetry in these two rates, and~c! a branching
ratio for B0→K1K2 above the level of a few parts in 108.
We have pointed out that if large final-state phases hav
universal nature as a result of highly absorptive proces
the CP asymmetries inB1→K0p1 and B1→K1K̄0 may
not be so large, and the rate enhancements inB1→K1K̄0

and B0→K1K2 may be a preferable means of displayi
large final-state interactions.

~5! The question of large final-state phases due to res
tering in B decays to charmed particles remains open. S
phases could arise as a result of annihilation of light-qu
y,

. B
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pairs. More information on such processes will be forthco

ing once the color-suppressed processesB0→@D̄ (* )0

1(p0 orr0)# have been observed.
Note added in proof. The investigation of final-state

phases in charmed meson two-body nonleptonic decays m
tioned at the end of Sec. III B has now been performed@67#.
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