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Final-state phases in doubly Cabibbo-suppressed charmed meson nonleptonic decays
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Cabibbo-favored nonleptonic charmed particle decays exhibit large final-state phase differences inK̄p and
K̄* p but not K̄r channels. It is of interest to know the corresponding pattern of final-state phases in doubly
Cabibbo-suppressed decays, governed by thec→dus̄ subprocess. An experimental program is outlined for
determining such phases via measurements of rates forD→K* p andK(r,v,f) channels and for determining
the interference between bands in Dalitz plots. Such a program is feasible at planned high-intensity sources of
charmed particles.
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I. INTRODUCTION

The observation of directCP violation in decays of par-
ticles containing heavy (c,b) quarks requires two or mor
channels differing in both strong and weak phases. Whe
the weak phases can be anticipated within the stand
model based on the Cabibbo-Kobayashi-Maskawa ma
the strong phases must in general be extracted from ex
ment. This is particularly so in the case of charmed part
decays, where phases in some channels have been sho
be large.~For particles containingb quarks, schemes for ca
culating such phases have been proposed recently@1,2#.!

In Cabibbo-favored decays of charmed particles, g
erned by the subprocessc→sud̄, the pattern of final-state
phases differs from channel to channel. In the decaysD

→K̄p and D→K̄* p, the final states with isospinsI 51/2
and I 53/2 have relative phases close to 90°, while inD

→K̄r, the I 51/2 andI 53/2 final states have relative phas
close to zero. This behavior has been traced using an S~3!
flavor analysis@3# to a sign flip in the contribution of one o
the amplitudes contributing to theK̄r processes in compari
son with its contribution to the other two.

The corresponding final-state phases for doubly Cabib
suppressed charmed particle decays, governed by the su
cessc→dus̄, are of interest for several reasons. First, th
are needed whenever one wishes to studyCP asymmetries in
such decays. Such asymmetries are not expected in the
dard model, but the low rate for such processes makes t
especially sensitive in theirCP asymmetries to non-standar
contributions. Second, the question of whether final-s
phases are the same inCP-conjugate states such asK1p2

andK2p1 @4–7# is of current interest in interpretingD0–D̄0

mixing results. Proposals for shedding light on this quest
include using the correlations betweenD0 and D̄0 at the
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c(3770) @8#, and assuming relations among phase shifts
different K* p channels with the same isospin@9#.

It is easy to determine relative final-state phases
Cabibbo-favoredD decays since there are three charge sta

~such asD0→K2p1, D0→K̄0p0, and D1→K̄0p1) and
only two independent amplitudes. The amplitudes for
three processes thus form a triangle in the complex plan

a result of the definite isospin of thec→sud̄ subprocess:
DI 5DI 351. We shall refer to such decays as ‘‘right-sign

decays. In contrast, the subprocessc→dus̄ governing dou-
bly Cabibbo-suppressed decays, which we shall call ‘‘wron
sign’’ decays, hasDI 350 and eitherDI 50 or DI 51. There
are four charge states~e.g., D0→K1p2, D0→K0p0, D1

→K1p0, and D1→K0p1) and three isospin amplitude
~two with I 51/2 and one withI 53/2), so that the ampli-
tudes form a quadrangle. Without additional assumptions
information, one cannot learn relative phases.

The right-sign amplitude triangle for two final-state pse
doscalar mesons is related by a U-spin transformation@10#
(d↔s) to a corresponding triangle involving the two wron
sign D0 decays~to K1p2 and K0p0) and the decayDs
→K0K1 @7#. However, the final states involvingK0 cannot
be distinguished from the much-more-copious right-sign
nal states involvingK̄0. If one replaces aK0 by a K* 0, one
can learn its flavor by its decay toK1p2. However, in the
case ofD decays to a vector meson and a pseudoscalar
son, the U-spin transformation turns out not to give a use
relation because of the lack of symmetry under intercha
of the two final particles. One can estimate final-state pha
for the wrong-signD→Kp decays with the help of informa
tion about direct-channel resonances and form factors@7#.

Using the wrong-sign decaysD→K* p, for which one
can determine the flavor of theK* for all four charge states
Golowich and Pakvasa@9# obtained a constraint sufficient t
specify relative phases of amplitudes~given measurement
of all four rates! by assuming that the final-state phases in
two I 51/2 K* p amplitudes are equal. Since this assumpt
is risky for a highly inelastic channel such asK* p at the
©2002 The American Physical Society07-1
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CHENG-WEI CHIANG AND JONATHAN L. ROSNER PHYSICAL REVIEW D65 054007
mass of theD, we seek an alternative method which emplo
only experimental data. We have found such a method wh
relies upon interference ofK* bands in theK1p2p0 Dalitz
plot. In the course of this study, we find that all the relati
phases of wrong-signD decay amplitudes with one pseud
scalar mesonP and one vector mesonV in the final state can
be specified using justKpp and KKK̄ final states. These
predictions can then be checked in cases where ap0 is re-
placed by anh or h8.

We begin in Sec. II with a decomposition of amplitud
for D→PP andD→PV final states. We point out relation
among these in Sec. III, and discuss experimental prosp
for testing them in Sec. IV. Section V concludes.

II. AMPLITUDE DECOMPOSITIONS

We can categorize decay amplitudes according to the
pology of Feynman diagrams@11#: ~1! a color-favored tree
amplitudeT, ~2! a color-suppressed tree amplitudeC, ~3! an
exchange amplitudeE, and~4! an annihilation amplitudeA.
E only contributes toD0 decays, andA only to Cabibbo-
favoredDs

1 decays and Cabibbo-suppressedD1 decays. The
Cabibbo-favored non-leptonic two-body decays are gover
by the subprocessc→sud̄ involving the weak coupling
Vcs* Vud , while the doubly Cabibbo-suppressed ones are g

erned by the subprocessc→dus̄ involving the weak cou-
pling Vcd* Vus . We use notation introduced in Ref.@12# for
PV decays in which a subscript denotes the meson (P or V)
containing the spectator quark.

We can decompose the decay amplitudes both in term
their topological characters and in terms of isospin structu
We use the following quark content and phase conventi
@11#: charmed mesons: D052cū, D15cd̄, Ds

15cs̄; pseu-

doscalar mesons: p15ud̄, p05(dd̄2uū)/A2, p252dū,
K15us̄, K05ds̄, K̄05sd̄, K252sū, h5(ss̄2uū

2dd̄)/A3, h85(uū1dd̄12ss̄)/A6; and vector mesons:
r15ud̄, r05(dd̄2uū)/A2, r252dū, v5(uū

1dd̄)/A2, K* 15us̄, K* 05ds̄, K̄* 05sd̄, K* 252sū, f

5ss̄.
The wrong-sign~WS! D decays are listed in Tables I an

II, where SU~3! flavor symmetry is assumed. We distingui
the amplitudes obtained throughI 51 and I 50 currents by
superscripts 1 and 0 on the amplitudesA1/2 andB1/2. We list
the isospin decompositions only forKp andK* p modes. It
is the amplitudesB1/2

1 andB1/2
0 which were assumed to hav

the same strong phases in Ref.@9#. As mentioned, we make
no such assumption. For some of the other decays we
simplified expressions which arise from assuming relati
between differentE or A amplitudes. As in Ref.@3#, we omit
contributions of flavor topologies in whichh and h8 ex-
change no quark lines with the rest of the diagram, a
couple through their SU~3!-singlet components. This as
sumption, which goes beyond a purely SU~3!-based analysis
appeared to give a self-consistent description in the cas
most right-sign ~RS! decays with the exception ofDs

1

→r1h8. We shall see that it can be tested in the case of
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decays, since the individualT, C, E, andA amplitudes can
be predicted independently of modes involvingh andh8.

III. AMPLITUDE RELATIONS

The RSD→K̄* p decays give the sum rule

A~D0→K* 2p1!1A2A~D0→K̄* 0p0!2A~D1→K̄* 0p1!

50, ~1!

which forms a triangle in the amplitude complex plane. Th
triangle, and corresponding ones forD→K̄p and D→K̄r,
have been used to obtain relative phases between the un
I 51/2 andI 53/2 amplitudes contributing to each set of pr
cesses@3,13#.

The sum rules for WSD→PP decays@14#,

3A2A~K1p0!14A3A~K1h!1A6A~K1h8!50, ~2!

3A2A~K0p0!24A3A~K0h!2A6A~K0h8!50,
~3!

allow one to form triangles. In terms of amplitudes of diffe
ent topologies, these are, respectively,

3~T2A!24T1~T13A!50, ~4!

3~C2E!24C1~C13E!50. ~5!

TABLE I. Amplitudes for WS decay modes of charmed meso
to two pseudoscalar mesons.

Mode Atopology Aisospin

D0→K1p2 T1E
1

3
~A3/22A1/2

1 !2
1

A3
A1/2

0

D0→K0p0 1

A2
~C2E!

A2
3

A3/21
1

3A2
A1/2

1 1
1

A6
A1/2

0

D0→K0h
1

A3
C

D0→K0h8 2
1

A6
~C13E!

D1→K0p1 C1A
1

3
~A3/22A1/2

1 !1
1

A3
A1/2

0

D1→K1p0 1

A2
~T2A!

A2
3

A3/21
1

3A2
A1/2

1 2
1

A6
A1/2

0

D1→K1h 2
1

A3
T

D1→K1h8
1

A6
~T13A!

Ds
1→K1K0 T1C
7-2
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TABLE II. Amplitudes for WS decay modes of charmed mesons to one vector meson and one p
scalar meson.

Mode Atopology Aisospin

D0→K* 1 p2 TP1EV
1

3
~B3/22B1/2

1 !2
1

A3
B1/2

0

D0→K* 0 p0 1

A2
~CP2EV!

A2
3

B3/21
1

3A2
B1/2

1 1
1

A6
B1/2

0

D1→K* 0 p1 CP1AV
1

3
~B3/22B1/2

1 !1
1

A3
B1/2

0

D1→K* 1 p0 1

A2
~TP2AV!

A2
3

B3/21
1

3A2
B1/2

1 2
1

A6
B1/2

0

Mode Atopology Asimplified

D0→f K0 2EV

D0→r2 K1 TV1EP TV2EV

D0→r0 K0 1

A2
~CV2EP!

1

A2
~CV1EV!

D0→v K0
2

1

A2
~CV1EP! 2

1

A2
~CV2EV!

D0→K* 0 h
1

A3
~CP2EP1EV!

1

A3
~CP12EV!

D0→K* 0 h8 2
1

A6
~CP12EP1EV! 2

1

A6
~CP2EV!

D1→f K1 AV

D1→r1 K0 CV1AP CV2AV

D1→r0 K1 1

A2
~TV2AP!

1

A2
~TV1AV!

D1→v K1 1

A2
~TV1AP!

1

A2
~TV2AV!

D1→K* 1 h 2
1

A3
~TP2AP1AV! 2

1

A3
~TP12AV!

D1→K* 1 h8
1

A6
~TP12AP1AV!

1

A6
~TP2AV!

Ds
1→K* 1 K0 TP1CV

Ds
1→K* 0 K1 TV1CP
th
The sum rules

A~K1p2!1A2A~K0p0!5A~K0p1!1A2A~K1p0!

5A3@A~K0h!2A~K1h!#5A~K1K0! ~6!

give triangles all sharing one side. This can be seen from
decomposed amplitudes

~T1E!1~C2E!5~C1A!1~T2A!5T1C. ~7!
05400
e

We also find from these WSD→PP modes the following
relations:

uTu253uA~K1h!u2, ~8!

uCu253uA~K0h!u2, ~9!

uAu25
1

2
@ uA~K1p0!u21uA~K1h8!u2#2uA~K1h!u2,

~10!
7-3
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uEu25
1

2
@ uA~K0p0!u21uA~K0h8!u2#2uA~K0h!u2, ~11!

cosdTC5
1

2uTuuCu @ uA~K1K0!u223uA~K1h!u2

23uA~K0h!u2#, ~12!

cosdTA5
1

2uTuuAu F2uA~K1h!u21
1

2
uA~K1h8!u2

2
3

2
uA~K1p0!u2G , ~13!

cosdCE5
1

2uCuuEu F2uA~K0h!u21
1

2
uA~K0h8!u2

2
3

2
uA~K0p0!u2G , ~14!

cosdTE5
1

2uTuuEu H uA~K1p2!u223uA~K1h!u2

2
1

2
@ uA~K0p0!u21uA~K0h8!u2#1uA~K0h!u2J ,

~15!

cosdCA5
1

2uCuuAu H uA~K0p1!u223uA~K0h!u2

2
1

2
@ uA~K1p0!u21uA~K1h8!u2#

1uA~K1h!u2J . ~16!

Therefore, knowing the absolute value of the decay am
tudes one could completely determine the above triang
However, all decays involving aK0 will be overwhelmed by
Cabibbo-favored decays involving aK̄0, with no way to dis-
tinguish between them since one detects only aKS . Thus in
practice one is able to determine onlyuTu, uAu, and dTA ,
which is still a useful piece of information relevant to fina
state interactions. We shall discuss the prospects for this
termination in Sec. IV.

The WSD→K* p decays give the sum rule

A~K* 1p2!1A2A~K* 0p0!5A~K* 0p1!1A2A~K* 1p0!

5~TP1EV!1~CP2EV!5~CP1AV!1~TP2AV!

5TP1CP , ~17!

which forms a quadrangle in the complex plane, as show
Fig. 1.

Knowing the lengths of the four sides in a quadran
does not fix the shape; one still needs information ab
05400
i-
s.

e-

in

t

relative angles among the sides. In principle such inform
tion could be obtained from other sum rules involving a
two of the decay modes related to the sides of the quadra
in which we are interested. However, these were searched
in Ref. @7#, and no such triangle sum rule exists for these W
decays.

Fortunately, one can use interference between the twoK*
bands on the Dalitz plot forD0→K1p2p0, a final state
recently reported by the CLEO Collaboration@15#, to mea-
sure the relative phasef between the amplitudes forD0

→K* 1p2 and D0→K* 0p0. This method is analogous t
the use of the decayD0→KSp1p2 in which the interfer-
ence betweenK* 1p2 and K* 2p1 bands provides direc
information on the relative strong phase difference betw
the two channels@16,17#. Once the anglef in Fig. 1 is
specified, the shape of the quadrangle is fixed up to a fold
about the diagonal. However, this is still not sufficient
specify each individual amplitudeTP , CP , EV , or AV .

One way to help resolve the above ambiguity is to co
pare the WS quadrangle with the RS triangle@Eq. ~1!#. De-
note the relative phase betweenD0→K* 2p1 and D0

→K* 1p2 by u0, that betweenD1→K̄* 0p1 and D1

→K* 1p0 by u1 , and that betweenD0→K* 2p1 andD1

→K̄* 0p1 by c. u0 can be obtained by analyzing theK* 1

and K* 2 bands in the Dalitz plot of the final stateD0

→KSp1p2; u1 can be similarly measured from the Dali
plot of D1→KSp1p0. With c given by the RS triangle, the
relative phase betweenD0→K* 1p2 and D1→K* 1p0 is
thenc6uu0u6uu1u. Therefore, except for singular cases, t
angle between the left and bottom sides of the quadrangl
Fig. 1 can be determined.

One also makes further progress by assuming@3# that ~1!
AP52AV and/or ~2! EP52EV . These assumptions ar
valid if these amplitudes involve an intermediate qua
antiquark state@18#.

If only AP52AV is imposed, several of the expressio
for D1 decays are simplified. We findA(K* 1p0)
5A3A(K* 1h8) and the following sum rules:

A~K* 0K1!2A2A~vK1!2A~K* 0p1!50, ~18!

FIG. 1. Quadrangle illustrating amplitude relations forD
→K* p decays. The other diagonal~not shown! corresponds to the
combinationEV1AV .
7-4
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A2A~r0K1!2A2A~vK1!22A~fK1!50, ~19!

A3A~K* 1h!1A2A~K* 1p0!13A~fK1!50.
~20!

In terms of amplitudes, these read, respectively,

~TV1CP!2~TV2AV!2~CP1AV!50, ~21!

~TV1AV!2~TV2AV!22AV50, ~22!

2~TP12AV!1~TP2AV!13AV50. ~23!

The first two of these are illustrated in Fig. 2. Measurem
of the corresponding rates forDs→K* 0K1 and D1

→(r0,v,f)K1 along with the fourD→K* p rates and the
relative phase ofD0→K* 1p2 andD0→K* 0p0 mentioned
earlier can specify the individual amplitudes up to the d
crete ambiguity associated with reflection about the das
diagonal of the quadrangle. This ambiguity affects only
phase and magnitude ofEV with respect to the other ampli
tudes. Since we have not used Eq.~20! in this construction,
we obtain a prediction for the amplitudeA(K* 1h). The re-
sidual ambiguity can be removed if one assumes a cer
magnitude hierarchy amongT, C, andE.

Under the assumptionAP52AV we also find from the
WS D1→VP modes the following relations:

uAVu25uA~fK1!u2, ~24!

uTVu25uA~r0K1!u21uA~vK1!u22uA~fK1!u2,
~25!

uTPu254uA~K* 1h8!u21uA~K* 1h!u222uA~fK1!u2,
~26!

cosdTVAV
5

1

2uTVuuAVu @ uA~r0K1!u22uA~vK1!u2#,

~27!

FIG. 2. Amplitude triangles illustrating amplitude relations b
tween D1→K* p decays and otherD1 or Ds

1 decays. The dot-
dashed lines represent the individual amplitudes.
05400
t

-
d

e

in

cosdTPAV
5

1

2uTPuuAVu @ uA~K* 1h!u222uA~K* 1h8!u2

2uA~fK1!u2#. ~28!

As in the WSD1→PP decays, we can learn both the ma
nitudes and the relative phases of theT and A amplitudes
directly from decay rates involving observable final state

If now EP52EV is assumed, some of the expressions
D0 decays are simplified. One findsA(K* 0p0)
52A3A(K* 0h8) and the following sum rules:

A~K* 1p2!2A2A~vK0!2A~K* 1K0!50, ~29!

A2A~r0K0!1A2A~vK0!12A~fK0!50, ~30!

A3A~K* 0h!2A2A~K* 0p0!13A~fK0!50. ~31!

These have the following form in terms of amplitudes:

~TP1EV!1~CV2EV!2~TP1CV!50, ~32!

~CV1EV!2~CV2EV!22EV50, ~33!

~CP12EV!2~CP2EV!23EV50. ~34!

For these modes, we obtain the following relations:

uEVu25uA~fK0!u2, ~35!

uCVu25uA~r0K0!u21uA~vK0!u22uA~fK0!u2,
~36!

uCPu254uA~K* 0h8!u21uA~K* 0h!u222uA~fK0!u2,
~37!

cosdCVEV
5

1

2uCVuuEVu @ uA~r0K0!u22uA~vK0!u2#,

~38!

cosdCPEV
5

1

2uCPuuEVu @ uA~K* 0h!u222uA~K* 0h8!u2

2uA~fK0!u2#. ~39!

These relations all suffer from the presence of aK0 in at
least one of their amplitudes, and contamination by the c
responding mode withK̄0 makes them unusable. Howeve
the fact that withEP52EV we also have amplitudes for th
observable processesD0→(r2K1,K* 0h,K* 0h8), all of
which involve EV and amplitudes which have been prev
ously specified, should allow the resolution of the last
maining discrete ambiguity except in singular cases.

An analysis of SU~3! breaking based on the method
Ref. @7# may be able to provide direct information on relativ
strong phases in Cabibbo-favored and doubly Cabib
suppressedD→PV decays. One needs information o
direct-channel resonances withJP502, which is the only
channel which can decay to theJ50 PV state. A candidate
7-5
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for such a state around 1830 MeV~i.e., not far from theD
mass! has been reported in theKf channel@19# but needs
confirmation.

IV. EXPERIMENTAL PROSPECTS

At present, the following WS modes are quoted by t
Particle Data Group@22#:

B~D0→K1p2!5~1.4660.30!31024,

B~D1→K* 0p1!5~3.661.6!31024,

B~D1→r0K1!5~2.561.2!31024,

B~D1→fK1!,1.331024 ~CL590%!

~where CL is the confidence level!. If one assumes that th
amplitudeT is dominant inPP modes, from the branching
ratio of D0→K1p2 one would inferB(D1→K1p0).1.8
31024 andB(D1→K1h).1.231024. A substantial devia-
tion from these expected values would indicate the imp
tance ofE and/orA contributions.

Since the peak cross section fore1e2→c(3770)→DD̄
is about 10 nb and the foreseen integrated luminosity
a charm factory operating at this energy is about 3 fb21,
one expects to collect 33107 DD̄ pairs, giving about
15 million D0 (D̄0) and 15 million D1(D2). With
branching ratios ofO(1024) for the WS decays, we would
have;3000 events for each type. TheD0 decays must be
flavor-tagged through the study of the flavor of the oppos
side neutralD.

Tagging via the chainD* 1→p1D0 is possible if one
operates at higher c.m. energy. Indeed, it is estimated th
CLEO II.V with 6 fb21 on the Y(4S) and 3 fb21 in the
continuum below theY(4S), 34 million charmed meson
were produced@16#. BaBar and Belle should be able to a
cumulate an even larger sample.

In the analysis ofD→PV decays, one needs to analy
the branching ratios and resonant channel fractions of the
of three-body final states listed in Table III. Examples
recent progress in studying these states are noted in R
@15,17,20,21#.

V. CONCLUSIONS

As we have seen, doubly Cabibbo-suppressed~‘‘wrong-
sign’’ or WS! decays with a final neutralK meson in genera
suffer from overwhelming backgrounds of Cabibbo-favor
~‘‘right-sign’’ or RS! decays. It is thus preferable to extra
information from decay modes with chargedK mesons in
the final states. We have shown that the amplitudes
the D1 decay modesK1p0,K1h,K1h8 form a triangle
in the complex plane. These chargedD decays provide a
good place to study the amplitudesuTu, uAu and the relative
05400
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strong phase cosdTA. It will be interesting to see whether in
the case of WSD decays one still observesA and E with
comparable amplitudes toT andC as in the RS decays@3#. It
will also be useful to compare U-spin related RS and W
triangles to see whether they are similar, from whi
one could learn final state interaction patterns and U-s
breaking effects.

We also observed that without further assumptions, o
could only form quadrangle relations from the amplitudes
D→PV decays. For example, the fourD→K* p amplitudes
form a quadrangle. The relative phase between the neutrD
amplitudes can be obtained by analyzing theD0

→K1p2p0 Dalitz plot. This fixes the quadrangle up to
twofold ambiguity corresponding to folding about the dia
onal. By further assumingAP52AV , we can obtain three
triangle relations and determineuTVu, uTPu, uAVu, cosdTVAV

,

and cosdTPAV
. The twofold quadrangle ambiguity can be r

solved by assumingEP52EV and measuring the rate fo
D0→K1r2. Many cross-checks of the method are possi
by measuring further WS rates for three-body deca
involving h or h8 and by analyses of interference
between right-sign and wrong-signK* p contributions to
Dalitz plots.
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TABLE III. Summary of doubly Cabibbo-suppressed three-bo
modes required for extracting amplitudes inD→PV decays. All

modes with aK0 haveK̄0 backgrounds.D1 andDs
1 modes with a

K1 are self-tagging.

Final state Branching ratio

K0p1p2

K1p2p0 (6.061.0)31024 @15#

D0 K1p2h
K1p2h8

K0p1p0

K0p1h
K0p1h8
K1p0p0

D1 K1p0h
K1p0h8
K1p2p1 (6.861.5)31024 @22#; see also@20#

K1K1K2 (1.4160.27)31024 @21#

K0K0p1

Ds
1 K0K1p0

K1K1p2
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