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D0-D̄0 mixing at the detectable level or significantCP violation in the charm system may strongly signify
the existence of new physics. In view of the large discovery potential associated with the fixed target experi-
ments, theB-meson factories and thet-charm factories, we make a further study of the phenomenology of
D0-D̄0 mixing andCP violation in neutralD-meson decays. The generic formulas for the time-dependent and
time-integrated decay rates of both coherent and incoherentD0D̄0 events are derived, and their approximate
expressions up to the second order of the mixing parametersxD andyD are presented. Explicitly we discuss
D0-D̄0 mixing and variousCP-violating signals in neutralD decays to the semileptonic final states, the
hadronicCP eigenstates, the hadronic non-CP eigenstates, and theCP-forbidden states. A few nontrivial
approaches to the separate determination ofxD and yD and to the demonstration of direct and indirectCP
asymmetries in the charm sector are suggested.@S0556-2821~97!02401-6#

PACS number~s!: 11.30.Er, 13.25.Ft, 14.40.Lb

I. INTRODUCTION

It is well known in particle physics that mixing between a
neutralP0 meson and itsCP-conjugate counterpartP̄0 can
arise if both of them couple to a subset of virtual and~or!
real intermediate states. Such mixing effects provide a
mechanism whereby interference in the transition amplitudes
of P0 andP̄0 mesons may occur, leading to the possibility of
CP violation. Determining the magnitude ofP0-P̄0 mixing
and probing possibleCP-violating phenomena in theP0-
P̄0 system have been challenging tasks for particle physi-
cists. To date,K0-K̄0 and Bd

0-B̄d
0 mixing rates have been

measured, and theCP-violating signal induced byK0-K̄0

mixing has been unambiguously established@1#. Many so-
phisticated experimental efforts, such as the programs off
factories,B factories, and high-luminosity hadron machines,
are being made to discover new signals ofCP asymmetries
beyond theK0-K̄0 system and to precisely measure the
Kobayashi-Maskawa~KM ! matrix elements.

The study of mixing andCP violation in theQ512/3
quark sector, particularly in theD0-D̄0 system, is not only
complementary to our knowledge of theK0-K̄0 andB0-B̄0

systems, but also important for exploring possible new phys-
ics that is out of reach of the standard model predictions. The
rate ofD0-D̄0 mixing is commonly measured by two well-
defined dimensionless parametersxD and yD , which corre-
spond to the mass and width differences ofD0 andD̄0 mass
eigenstates. The latest E691 data of Fermilab fixed target
experiments only give an upper bound onD0-D̄0 mixing @2#:

r D'
xD
2 1yD

2

2
,3.731023. ~1.1!

In the standard model the short-distance contribution to
D0-D̄0 mixing is via box diagrams and its magnitude is ex-

pected to be negligibly small (xD
SD;1025 andyD

SD<xD
SD @3#!.

The long-distance effect onD0-D̄0 mixing comes mainly
from the real intermediate states of SU~3! multiplets, such as

D0↔pp,pK,pK̄,KK̄↔D̄0, ~1.2!

and is possible to be significant if the SU~3! symmetry is
badly broken~e.g., xD

LD;yD
LD;1023–1022 @4#!. However,

the dispersive approach@5# and heavy quark effective theory
@6# seem to favor a much smaller result for the long-distance
contribution: xD

LD;103xD
SD and xD

LD;xD
SD, respectively.

Such theoretical discrepancies indicate our poor understand-
ing of the dynamics forD0-D̄0 mixing; hence, more efforts
in both theory and experiments to better constrain the mixing
rate are desirable. If calculations based on the standard
model can reliably limitxD and yD to be well below 1022,
then observation ofr D at the level of 1024 or so will imply
the existence of new physics. On the other hand, improved
experimental knowledge ofr D , in particular the relative
magnitude ofxD andyD , can definitely clarify the ambigu-
ities in current theoretical estimates and shed some light on
both the dynamics ofD0-D̄0 mixing and possible sources of
new physics beyond the standard model.

The phenomenology ofCP violation in theD0-D̄0 system
was first developed by Bigi and Sanda@7#, and further sum-
marized by Bigi in Ref.@8#. These works have outlined the
main features ofD0-D̄0 mixing andCP asymmetries antici-
pated to appear in neutralD-meson decays, although many
of their formulas and results are approximate or just for il-
lustrative purposes. The theoretical expectations on the mag-
nitudes of various possible effects are also sketched in Refs.
@7,8#.

Recent experimental progress, particularly in observing
the doubly Cabibbo-suppressed decay~DCSD! D0→K1p2

@9#, constraining theD0-D̄0 mixing rate@1,2# and searching
for CP asymmetries inD decays toK1K2, etc. @10#, are
quite encouraging. Further experimental efforts, based
mainly on the high-luminosity fixed target facilities@11#, the*Electronic address: xing@eken.phys.nagoya-u.ac.jp
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forthcomingB-meson factories, and the proposedt-charm
factories@12#, are underway to approach the above physical
goals. In view of the large discovery potential associated
with these experimental programs, a further study of the phe-
nomenology ofD0-D̄0 mixing and CP violation in the
charm system is no doubt necessary and important.

In this paper we shall, on the one hand, follow the pio-
neering work of Bigi and Sanda to refine upon the phenom-
enology ofD0-D̄0 mixing andCP violation in neutralD
decays and, on the other hand, investigate some specific pos-
sibilities to separately determinexD and yD as well as to
probe variousCP-violating signals in the charm sector. A
generic formulation for the time-dependent and time-
integrated decay rates of both coherent and incoherent
D0D̄0 events is derived, and their approximate expressions
up to O(xD

2 ) andO(yD
2 ) are presented. Systematically but

explicitly, we discuss a variety ofD0-D̄0 mixing and
CP-violating measurables in neutralD decays to the semi-
leptonic final states, the hadronicCP eigenstates, the had-
ronic non-CP eigenstates, and theCP-forbidden states. We
show that it is possible to determine the relative magnitude
of xD andyD through observation of the dilepton events of
coherent D0D̄0 decays on thec(4.14) resonance at a
t-charm factory. A model-independent constraint onD0-D̄0

mixing can also be obtained by measuring the decay-time
distributions of D0/D̄0→KS,L1p0, etc. By use of the
isospin analysis and current data, we illustrate final-state in-
teractions inD→KK̄ and their influence onCP violation.
The interplay ofD0-D̄0 mixing and DCSD effects in inco-
herentD0D̄0 decays toK6p7 and in coherentD0D̄0 decays
to both (l6X7,K6p7) and (K6p7,K6p7) states is ana-
lyzed in the presence ofCP violation and final-state interac-
tions. We take a look at two types ofCP-forbidden decays at
the c(3.77) andc(4.14) resonances. Finally the possibility
to test theDQ5DC rule andCPT symmetry in theD0-D̄0

system is briefly discussed.
This work is organized as follows. In Sec. II we derive the

generic formulas for coherent and incoherentD0D̄0 decays,
and then make some analytical approximations for them.
Secs. III, IV, V, and VI are devoted toD0-D̄0 mixing and
CP violation in neutralD decays to the semileptonic states,
the hadronicCP eigenstates, the hadronic non-CP eigen-
states, and theCP-forbidden states, respectively, where
some distinctive approaches or examples are discussed for
determiningxD andyD or probing possibleCP-violating ef-
fects. We summarize our main results in Sec. VII with some
comments on tests of theDQ5DC rule andCPT symmetry.

II. FUNDAMENTAL FORMULAS

We first develop a generic formulation for the time-
dependent and time-integrated decays of neutralD mesons.
Considering the smallness ofD0-D̄0 mixing indicated by
both experimental searches and theoretical estimates, we
then make some analytical approximations for the obtained
decay rates up to the accuracy ofO(xD

2 ) andO(yD
2 ).

A. Preliminaries

In the assumption ofCPT invariance, the mass eigen-
states ofD0 and D̄0 mesons can be written as

uDL&5puD0&1quD̄0&,

uDH&5puD0&2quD̄0&, ~2.1!

in which the subscripts ‘‘L ’’ and ‘‘ H ’’ stand for light and
heavy, respectively, and (p,q) are complex mixing param-
eters. Sometimes it is more convenient to use the notation

q

p
[U qp Uexp~ i2f!, ~2.2!

wheref is a realCP-violating phase inD0-D̄0 mixing. With
the help of the conventionsCPuD0&5uD̄0& and
CPuD̄0&5uD0&, the relations between theCP eigenstates

uD1&[
uD0&1uD̄0&

A2
, uD2&[

uD0&2uD̄0&

A2
~2.3!

and the mass eigenstatesuDL&, uDH& turn out to be

uDL&5
p1q

A2
uD1&1

p2q

A2
uD2&,

uDH&5
p1q

A2
uD2&1

p2q

A2
uD1&. ~2.4!

The proper-time evolution of an initially (t50) pureD0 or
D̄0 is given as

uDphys
0 ~ t !&5g1~ t !uD0&1

q

p
g2~ t !uD̄0&,

uD̄phys
0 ~ t !&5g1~ t !uD̄0&1

p

q
g2~ t !uD0&, ~2.5!

where

g1~ t !5expF2S im1
G

2 D t GcoshF S iDm2
DG

2 D t2G ,
g2~ t !5expF2S im1

G

2 D t GsinhF S iDm2
DG

2 D t2G ,
~2.6!

with the definitions

m[
mL1m

H

2
, Dm[mH2mL ,

G[
GL1GH

2
, DG[GL2GH . ~2.7!

HeremL(H) and GL(H) are the mass and width ofDL(H) ,
respectively. Note that the above definitions guarantee
Dm>0 andDG>0 in most cases. Practically, it is more
popular to use the following two dimensionless parameters
for describingD0-D̄0 mixing:
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xD[
Dm

G
, yD[

DG

2G
. ~2.8!

Certainly bothxD andyD in most cases are positive~or van-
ishing!.

B. Rates for incoherentD decays

The transition amplitude of a neutralD meson decaying
to a semileptonic or nonleptonic statef can be obtained from
Eq. ~2.5! as

^ f uHuDphys
0 ~ t !&5g1~ t !Af1

q

p
g2~ t !Āf ,

^ f uHuD̄phys
0 ~ t !&5g1~ t !Āf1

p

q
g2~ t !Af , ~2.9!

whereAf[^ f uHuD0& and Āf[^ f uHuD̄0&. For convenience,
we also define the ratio of these two amplitudes:

r f[
Āf

Af
, l f[

q

p
r f . ~2.10!

Then the time-dependent probabilities of such decay events
are expressed as

R„Dphys
0 ~ t !→ f …}uAf u2exp~2Gt !@Cycosh~yDGt !

1Cxcos~xDGt !1Sysinh~yDGt !

1Sxsin~xDGt !#,

R„D̄phys
0 ~ t !→ f …}uAf u2exp~2Gt !@C̄ycosh~yDGt !

1C̄xcos~xDGt !1S̄ysinh~yDGt !

1S̄xsin~xDGt !#, ~2.11!

where

Cy[
11ul f u2

2
, Sy[2Rel f ,

Cx[
12ul f u2

2
, Sx[2Iml f , ~2.12!

and

~C̄y ,S̄y ,C̄x ,S̄x!5u p/q u2~Cy ,Sy ,2Cx ,2Sx!. ~2.13!

To obtain the time-independent decay rates, we integrate Eq.
~2.11! over tP@0,̀ ) and get

R~Dphys
0 → f !}uAf u2F 1

12yD
2 Cy1

1

11xD
2 Cx

1
y
D

12yD
2 Sy1

x
D

11xD
2 SxG ,

R~D̄phys
0 → f !}uAf u2F 1

12yD
2 C̄y1

1

11xD
2 C̄x

1
y
D

12yD
2 S̄y1

x
D

11xD
2 S̄xG . ~2.14!

Equations~2.11! and ~2.14! are the master formulas for in-
coherentD decays.

Following the same procedure one can calculate the decay
rates ofDphys

0 andD̄phys
0 to f̄ , theCP-conjugate state off . To

express the relevant formulas in analogy with Eqs.~2.11! and
~2.14!, we defineĀ f̄ [^ f̄ uHuD̄0&, A f̄ [^ f̄ uHuD0&, and

r̄
f̄
[
A f̄

Ā f̄

, l̄ f̄ [
p

q
r̄
f̄
. ~2.15!

Then R„Dphys
0 (t)→ f̄ …, R„D̄phys

0 (t)→ f̄ … and R(Dphys
0 → f̄ ),

R(D̄phys
0 → f̄ ) can be written out in terms ofĀ f̄ , and l̄ f̄ . If

f is aCP eigenstate~i.e., u f̄ &[CPu f &56u f &), then we get
Ā f̄ 56Āf , A f̄ 56Af , r̄

f̄
51/r f , andl̄ f̄ 51/l f .

C. Rates for coherentD decays

For a coherentDphys
0 D̄phys

0 pair at rest, its time-dependent
wave function can be written as

1

A2
@Dphys

0 ~K ,t !& ^ uD̄phys
0 ~2K ,t !&

1CuDphys
0 ~2K ,t !& ^ uD̄phys

0 ~K ,t !&], ~2.16!

whereK is the three-momentum vector of theD mesons, and
C56 denotes the charge-conjugation parity of this coherent
system. The formulas for the time evolution ofDphys

0 and
D̄phys
0 mesons have been given in Eq.~2.5!. Here we consider

the case that one of the twoD mesons~with momentum
K ) decays to a final statef 1 at proper timet1 and the other
~with 2K … to f 2 at t2. Heref 1 and f 2 may be either hadronic
or semileptonic states. The amplitude of such a joint decay
mode is given by
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A~ f 1 ,t1 ; f 2 ,t2!C5
1

A2
Af1

Af2
jC@g1~ t1!g2~ t2!

1Cg2~ t1!g1~ t2!#

1
1

A2
Af1

Af2
zC@g1~ t1!g1~ t2!

1Cg2~ t1!g2~ t2!#, ~2.17!

whereAf i
[^ f i uHuD0& ~with i51,2), and

jC[
p

q
~11Cl f1

l f2
!,

zC[
p

q
~l f2

1Cl f1
!. ~2.18!

Here the definition ofl f1
andl f2

is similar to that ofl f in
Eq. ~2.10!. After a lengthy calculation@13#, we obtain the
time-dependent decay rate as

R~ f 1 ,t1 ; f 2 ,t2!C}uAf1
u2uAf2

u2exp~2Gt1!@~ ujCu21uzCu2!cosh~yDGtC!22Re~jC* zC!sinh~yDGtC!

2~ ujCu22uzCu2!cos~xDGtC!12Im~jC* zC!sin~xDGtC!#, ~2.19!

where

tC[t21Ct1 ~2.20!

has been defined.
The time-independent decay rate is obtainable from Eq.~2.19! after the integration ofR( f 1 ,t1 ; f 2 ,t2)C over t1P@0,̀ ) and

t2P@0,̀ ):

R~ f 1 , f 2!C}uAf1
u2uAf2

u2F 11CyD
2

~12yD
2 !2

~ ujCu21uzCu2!2
2~11C!y

D

~12yD
2 !2

Re~jC* zC!2
12CxD

2

~11xD
2 !2

~ ujCu22uzCu2!

1
2~11C!x

D

~11xD
2 !2

Im~jC* zC!G . ~2.21!

We see that two interference terms Re(jC* zC) and Im(jC* zC) disappear in the case ofC521, independent of the final states
f 1 and f 2.
In a similar way, one can calculate the joint decay rates of (Dphys

0 D̄phys
0 )C to ( f 1 f̄ 2), ( f̄ 1f 2), or ( f̄ 1 f̄ 2), where f̄ 1 and f̄ 2 are

CP-conjugate states off 1 and f 2, respectively.

D. Analytical approximations

In the standard model, the magnitudes ofxD andyD are expected to be very small, at most of the order 10
22 ~see, e.g., Refs.

@4–6#!. The current experimental constraints onD0-D̄0 mixing give xD
2 1yD

2 ,7.431023 @see Eq.~1.1!#, which implies
xD,0.086 andyD,0.086. Because of the smallness ofxD andyD , the generic formulas obtained above can be approximately
simplified to a good degree of accuracy.

Up to the accuracy ofO(xD
2 ) andO(yD

2 ) for every distinctive term, the time-dependent decay rates in Eq.~2.11! are
approximated as

R„Dphys
0 ~ t !→ f …}uAf u2exp~2Gt !@11 1

4 ~xD
2 1yD

2 !ul f u2G2t22 1
4 ~xD

2 2yD
2 !G2t22~yDRel f1xDIml f !Gt#,

R„D̄phys
0 ~ t !→ f …}uAf u2Upq U

2

exp~2Gt !@ ul f u21
1
4 ~xD

2 1yD
2 !G2t22 1

4 ~xD
2 2yD

2 !ul f u2G2t22~yDRel f2xDIml f !Gt#. ~2.22!

Similarly we obtain the approximate decay rates forDphys
0 (t)→ f̄ and D̄phys

0 (t)→ f̄ :

R„Dphys
0 ~ t !→ f̄ …}uĀ f̄ u2U qp U

2

exp~2Gt !@ ul̄ f̄ u21
1
4 ~xD

2 1yD
2 !G2t22 1

4 ~xD
2 2yD

2 !ul̄ f̄ u2G2t22~yDRel̄ f̄ 2xDIml̄ f̄ !Gt#,

R„D̄phys
0 ~ t !→ f̄ …}uĀ f̄ u2exp~2Gt !@11 1

4 ~xD
2 1yD

2 !ul̄ f̄ u2G2t22 1
4 ~xD

2 2yD
2 !G2t22~yDRel̄ f̄ 1xDIml̄ f̄ !Gt#. ~2.23!

The time-independent rates for these four processes turn out to be

R~Dphys
0 → f !}uAf u2@11 1

2 ~xD
2 1yD

2 !ul f u22
1
2 ~xD

2 2yD
2 !2~yDRel f1xDIml f !#,
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R~D̄phys
0 → f̄ !}uĀ f̄ u2@11 1

2 ~xD
2 1yD

2 !ul̄ f̄ u22
1
2 ~xD

2 2yD
2 !2~yDRel̄ f̄ 1xDIml̄ f̄ !# ~2.24!

and

R~D̄phys
0 → f !}uAf u2Upq U

2

@ ul f u21
1
2 ~xD

2 1yD
2 !2 1

2 ~xD
2 2yD

2 !ul f u22~yDRel f2xDIml f !#,

R„Dphys
0 → f̄ …}uĀ f̄ u2U qp U

2

@ ul̄ f̄ u21
1
2 ~xD

2 1yD
2 !2 1

2 ~xD
2 2yD

2 !ul̄ f̄ u22~yDRel̄ f̄ 2xDIml̄ f̄ !#. ~2.25!

The formulas listed above are very useful for the study of neutralD decays in fixed target experiments or atB-meson factories.
Here no assumption has been made for the magnitudes oful f u andul̄ f̄ u. If they are considerably smaller than unity, e.g., in the
DCSD’s, then much simpler expressions can be drawn from Eqs.~2.22!–~2.25!.

It is common knowledge that the decay-time distributions of coherent (Dphys
0 D̄phys

0 )C pairs cannot be measured at a sym-
metric e1e2 collider @14#. Since the presently proposedt-charm factories are all based on symmetrice1e2 colisions, it is
more practical to study the time-integrated decays of (Dphys

0 D̄phys
0 )C pairs. For completeness we shall present some important

formulas for the decay-time distributions of (Dphys
0 D̄phys

0 )C events, with the assumption of an asymmetrict-charm factory, in
Appendix A. Such a work might be of purely academic sense, but it could also be useful in the future experiments of charm
physics.

In the approximations up toO(xD
2 ) and O(yD

2 ), the time-integrated rates for (Dphys
0 D̄phys

0 )C decaying coherently to
( f 1f 2), ( f 1 f̄ 2), ( f̄ 1f 2), and (f̄ 1 f̄ 2) states are obtained from Eq.~2.21! as

R~ f 1 , f 2!C}uAf1
u2uAf2

u2U pq U
2

$~21C!~xD
2 1yD

2 !u11Cl f1
l f2

u21@22~21C!~xD
2 2yD

2 !#ul f2
1Cl f1

u2

22~11C!yD@~11ul f1
u2!Rel f2

1C~11ul f2
u2!Rel f1

#12~11C!xD@~12ul f1
u2!Iml f2

1C~12ul f2
u2!Iml f1

#%,

R~ f̄ 1 , f̄ 2!C}uĀ f̄ 1
u2uĀ f̄ 2

u2U qp U
2

$~21C!~xD
2 1yD

2 !u11Cl̄ f̄ 1
l̄ f̄ 2

u21@22~21C!~xD
2 2yD

2 !#ul̄ f̄ 2
1Cl̄ f̄ 1

u2

22~11C!yD@~11ul̄ f̄ 1
u2!Rel̄ f̄ 2

1C~11ul̄ f̄ 2
u2!Rel̄ f̄ 1

#12~11C!xD@~12ul̄ f̄ 1
u2!Iml̄ f̄ 2

1C~12ul̄ f̄ 2
u2!Iml̄ f̄ 1

#%, ~2.26!

and

R~ f 1 , f̄ 2!C}uAf1
u2uĀ f̄ 2

u2$~21C!~xD
2 1yD

2 !ul̄ f̄ 2
1Cl f1

u21@22~21C!~xD
2 2yD

2 !#u11Cl f1
l̄ f̄ 2

u2

22~11C!yD@~11ul f1
u2!Rel̄ f̄ 2

1C~11ul̄ f̄ 2
u2!Rel f1

#22~11C!xD@~12ul f1
u2!Iml̄ f̄ 2

1C~12ul̄ f̄ 2
u2!Iml f1

#%,

R~ f̄ 1 , f 2!C}uĀ f̄ 1
u2uAf2

u2$~21C!~xD
2 1yD

2 !ul f2
1Cl̄ f̄ 1

u21@22~21C!~xD
2 2yD

2 !#u11Cl̄ f̄ 1
l f2

u2

22~11C!yD@~11ul̄ f̄ 1
u2!Rel f2

1C~11ul f2
u2!Rel̄ f̄ 1

#22~11C!xD@~12ul̄ f̄ 1
u2!Iml f2

1C~12ul f2
u2!Iml̄ f̄ 1

#%. ~2.27!

200 55ZHI-ZHONG XING



Taking f 15K1l2n̄ l or f̄ 15K2l1n l , for example, Eqs.
~2.26! and~2.27! can be simplified significantly. Such semi-
leptonic decay modes, which are flavor specific, play the role
in identifying the flavor of the otherD meson decaying to
f 2 or f̄ 2.

III. SEMILEPTONIC D DECAYS

The manifestation ofD0-D̄0 mixing andCP violation in
the semileptonic decays of neutralD mesons is relatively
simple, since such transitions are flavor specific in the stan-
dard model or some of its extensions. Because of the flavor
specification ofD0→ l1X2 and D̄0→ l2X1, it is not neces-
sary to study the time dependence ofDphys

0 and D̄phys
0 decay

modes.

A. D0-D̄0 mixing and CP violation

For fixed target experiments ore1e2 collisions at the
Y(4S) resonance, the producedD0 and D̄0 mesons are in-
coherent. Knowledge ofD0-D̄0 mixing is expected to come
from ratios of the wrong-sign to right-sign events of semi-
leptonicD decays:

r[
R~Dphys

0 → l2X1!

R~Dphys
0 → l1X2!

, r̄[
R~D̄phys

0 → l1X2!

R~D̄phys
0 → l2X1!

. ~3.1!

By use of Eq.~2.14!, we find

r5U qp U
2 12a

11a
, r̄5U pq U

2 12a

11a
, ~3.2!

where a5(12yD
2 )/(11xD

2 ). Note that uq/puÞ1 signifies
CP violation inD0-D̄0 mixing. To fit more accurate data in
the near future, we prefer the mixing parameter

r D[
r1 r̄

2
5w

12a

11a
, ~3.3!

with w5(uq/pu21up/qu2)/2. Foruq/pu21;61%, the value
of w deviates less than 0.1% from unity. Thus this overall
factor of r D is safely negligible. In the approximation of
xD!1 andyD!1, one obtains

r D'
xD
2 1yD

2

2
. ~3.4!

The latest E691 data@2# give r' r̄'r D,0.37% for small
xD andyD , whereuq/pu'up/qu'1, a worse approximation
thanw'1, has been used.

TheCP asymmetry between a semileptonic decay mode
and itsCP-conjugate counterpart is defined as

DD[
R~D̄phys

0 → l1X2!2R~Dphys
0 → l2X1!

R~D̄phys
0 → l1X2!1R~Dphys

0 → l2X1!
,

D̄D[
R~D̄phys

0 → l2X1!2R~Dphys
0 → l1X2!

R~D̄phys
0 → l2X1!1R~Dphys

0 → l1X2!
. ~3.5!

Straightforwardly, we get

DD5
upu42uqu4

upu41uqu4
, D̄D50. ~3.6!

If DD is at the level of 1023 or so, it can be measured to
three standard deviations with about 107 wrong-sign events.

It should be noted that the asymmetryD̄D may be nonva-
nishing if there exists new physics affecting the semileptonic
D decays. For example, either the violation ofCPT symme-
try or that of theDQ5DC rule can lead toD̄DÞ0. Even if
theDQ5DC rule andCPT invariance hold,D̄DÞ0 is still
possible in consequence of the phase shifts from final-state
electromagnetic interactions or theCP-violating contribu-
tions of nonstandard electroweak models to the tree-level
processes under discussion. Hence all such tiny effects
should be kept in mind and carefully evaluated when one
wants to isolate one of them from the others.

As pointed out by Bigi in Ref.@8#, a nonvanishing value
for r D might only be a secondary signature ofD0-D̄0 mixing,
because the presence ofDQ52DC transitions would con-
tribute to r D in a significant and time-independent way. For
the purpose of illustration, we shall specifically calculate this
effect on the magnitudes ofr D and D̄D in the following.

B. Effect of DQ52DC transitions on r D and D̄D

Within the standard model the processesD0→ l2X1 and
D̄0→ l1X2 are forbidden according to theDQ5DC rule.
New physics beyond the standard model may allow
DQ52DC transitions, which affect the parameters ofD0-
D̄0 mixing andCP violation. In the assumption ofCPT
symmetry and the neglect of final-state electromagnetic in-
teractions, the decay amplitudes ofD0 and D̄0 to l6X7 can
be factorized as

^ l1X2uHuD0&5Al , ^ l1X2uHuD̄0&5s lAl ,

^ l2X1uHuD̄0&5Al* , ^ l2X1uHuD0&5s l*Al* , ~3.7!

where s l measures theDQ52DC transition amplitude.
With the help of Eq.~2.14! and the notation

l1[
q

p
s l , l2[

p

q
s l* , ~3.8!

we obtain

R~Dphys
0 → l1X2!}uAl u2@~11a!1~12a!ul1u2

22yDRel122axDIml1#,

R~D̄phys
0 → l2X1!}uAl u2@~11a!1~12a!ul2u2

22yDRel222axDIml2#, ~3.9!

and

R~D̄phys
0 → l1X2!}uAl u2Upq U

2

@~12a!1~11a!ul1u2

22yDRel112axDIml1#,
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R~Dphys
0 → l2X1!}uAl u2Uqp U

2

@~12a!1~11a!ul2u2

22yDRel212axDIml2#.

~3.10!

For small us l u ~e.g., us l u;xD or yD), the original mixing
parametersr and r̄ take the form

r→r 8'r1us l u22
2y

D

11a
Rel12

2ax
D

11a
Iml1 ,

r̄→ r̄ 8' r̄1us l u22
2y

D

11a
Rel22

2ax
D

11a
Iml2 . ~3.11!

As a consequence,

r D8 [
r 81 r̄ 8

2
'r D1us l u22

y
D

11a
Re~l11l2!

2
ax

D

11a
Im~l11l2!. ~3.12!

In two extreme cases,s l50 andr D50, we obtainr D8 5r D
and r D8 5us l u2, respectively. This implies that a nonzero
value for r D8 might not result exclusively fromD0-D̄0 mix-
ing. For this reason, the study ofD0-D̄0 mixing in some
other decay modes of neutralD mesons ~e.g.,
D0/D̄0→K6p7) is necessary in order to pin down possible
new physics in the charm sector.

The magnitudes ofCP asymmetriesDD andD̄D might be
affected by theDQ52DC transitions too. In the approxi-
mation of us l u!1 andr D!1, we find thatD̄D becomes

D̄D8 'r Dus l u2DD2
y
D

11a
Re~l22l1!2

ax
D

11a
Im~l22l1!.

~3.13!

Note that nonvanishingD̄D8 comes from the interference be-
tween theD0-D̄0 mixing andDQ52DC amplitudes; i.e.,
either r D50 or s l50 can give rise toD̄D8 5D̄D50. If
DD50 is assumed, then one obtainsD̄D8 'xDIml1 . Since
bothxD andus l u are expected to be very small~even vanish-
ing!, observation of theCP asymmetryD̄D8 may be practi-
cally impossible.

C. Separate determination ofxD and yD

Current theoretical estimates for the sizes ofxD and yD
have dramatic discrepancies due to the difficulty in dealing
with the long-distance interactions@4–6#. Hence a separate
determination of these two mixing parameters from direct
measurements is very necessary@15,16#. Here we propose a
time-independent method to probe the relative size ofxD and
yD in the dilepton events of coherentDphys

0 D̄phys
0 decays at

thec(4.14) resonance. In our calculations bothCPT invari-
ance and theDQ5DC rule are assumed to hold exactly.

For at-charm factory running at thec(4.14) resonance,
the coherentD0D̄0 events can be produced through
c(4.14)→g(D0D̄0)C51 or c(4.14)→p0(D0D̄0)C52 ,
whereC stands for the charge-conjugation parity@12#. The
generic formulas for the joint decay rates of twoD mesons
have been given in Eq.~2.21!. For our present purpose, we
only consider the primary dilepton events which are directly
emitted from the coherent (Dphys

0 D̄phys
0 )C decays. LetNC

66

and NC
12 denote the time-integrated numbers of like-sign

and opposite-sign dilepton events, respectively. By use of
Eq. ~2.21!, we obtain

NC
115NCU pq U

2F 11CyD
2

~12yD
2 !2

2
12CxD

2

~11xD
2 !2G ,

NC
225NCU qp U

2F 11CyD
2

~12yD
2 !2

2
12CxD

2

~11xD
2 !2G ,

NC
1252NCF 11CyD

2

~12yD
2 !2

1
12CxD

2

~11xD
2 !2G , ~3.14!

whereNC is the normalization factor proportional to the rates
of semileptonicD0 and D̄0 decays. It is easy to check that
the relation

N2
11N1

225N1
11N2

22 ~3.15!

holds stringently, and it is independent of the magnitudes of
D0-D̄0 mixing andCP violation.

Of course a coherentD0D̄0 pair with C52 can be
straightforwardly produced from the decay of thec(3.77)
resonance. Its time-independent decay rates of the like-sign
and opposite-sign dileptons obey Eq.~3.14! too. At a
t-charm factory the (D0D̄0)C52 decays at both the
c(3.77) andc(4.14) resonances will be measured, and a
combination of them might increase the sensitiveness of our
approach to probingD0-D̄0 mixing.

Usually one is interested in the following two types of
observables:

a
C
[
NC

112NC
22

NC
111NC

22, r
C
[
NC

111NC
22

NC
12 , ~3.16!

which signify nonvanishingCP violation andD0-D̄0 mix-
ing, respectively. Explicitly, we find

a25a15DD5
upu42uqu4

upu41uqu4
. ~3.17!

If a
2
or a

1
is of the order 1023, it can be measured to three

standard deviations at the second-round experiments of a
t-charm factory with about 107 like-sign dileptons ~or,
equivalently, about 1010 D0D̄0 events!. Furthermore,

r25w
12a

11a
, r15w

b2a2

b1a2 , ~3.18!

whereb5(11yD
2 )/(12xD

2 ). One can see thatr
2

5r D holds

without any approximation. For smallxD andyD , we have
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r2'
xD
2 1yD

2

2
, r1'3r2 . ~3.19!

These two approximate results have been well known in the
literature ~see, e.g., Refs.@7,8#!. In such an approximation,
however, the relative size ofxD

2 and yD
2 cannot be deter-

mined.
To distinguish between the different contributions ofxD

andyD to D0-D̄0 mixing, one has to measurer
6
as precisely

as possible. With the help of Eq.~3.18!, we show that the
magnitudes ofxD andyD can be separately determined as

xD
2 5S 11r

2

12r2

113r
2

12r2
2
11r

1

12r1
D S 11r

2

12r2
2
11r

1

12r1
D 21

,

yD
2 5S 12r

2

11r2

123r
2

11r2
2
12r

1

11r1
D S 12r

1

11r1
2
12r

2

11r2
D 21

.

~3.20!

Here it is worth emphasizing thatw as the overall~and com-
mon! factor of r D , r2 , and r

1
can be safely neglected. In

the approximations up toO(r2
2 ) andO(r1

2 ), we obtain two
simpler relations

xD
2 2yD

2'2
r123r

2

r12r2
, xD

2 1yD
2'4r2

r122r
2

r12r2
.

~3.21!

Thus it is crucial to examine the deviation of the ratio
r

1
/r

2
from 3, in order to find the difference betweenxD

2 and

yD
2 . Instructively, we consider three special cases@16#

xD@yD⇒
r

1

r2
'312r2.3,

xD'yD⇒
r

1

r2
'329r2

2 '3,

xD!yD⇒
r

1

r2
'322r2,3. ~3.22!

These relations can be directly derived from Eq.~3.18! or
~3.20!. If r

2
is close to the current experimental bound@i.e.,

r
2

5r D'(xD
2 1yD

2 )/2,0.37%#, then measurements of

r
1
/r

2
to the accuracy of 1024 can definitely establish the

relative magnitude ofxD and yD . To this goal, about 108

like-sign dileptons@or, equivalently, about 1011 events of
(D0D̄0)C52 and (D0D̄0)C51 pairs# are needed.

For illustration, we take a look at the changes of the mea-
surable

g[
r1

r2
23, ~3.23!

with xD , by fixing the value of yD . Allowing
1024<r2,3.731023 and takingyD50.001, 0.04, and 0.08,
respectively, we plotg as the function ofxD in Fig. 1. It is

clear thatg reflects the information about the relative mag-
nitude of xD and yD and it can be detected ifr2 is of the
order 1023 or so.

In the assumption of a dedicated accelerator running for
one year at an average luminosity of 1033 s21 cm22, about
107 events of g(D0D̄0)C51 and a similar number of
p0(D0D̄0)C52 are expected to be produced at thec(4.14)
resonance@12#. A precision of 1024–1025 in measurements
of r

2
and r

1
is achievable if one assumes zero background

and enough running time@12,17#, and then similar precision
can be obtained for the ratior

1
/r

2
without much more ex-

perimental effort@see Eq.~3.22! for illustration#. If D0-D̄0

mixing were at the level of r D;1023 ~or at least
r D>1024), then the relative magnitude ofxD andyD should
be detectable in the second-round experiments of a
t-charm factory ~beyond the one under consideration at
present!.

IV. NEUTRAL D DECAYS TO CP EIGENSTATES

Neutral D-meson decays to hadronicCP eigenstatesf
~i.e., u f̄ &[CPu f &56u f &), such asf5p1p2 andKSp

0, are
of particular interest for the study ofCP violation in the
charm sector. The formulas for their decay rates derived in
Sec. II can be simplified because of the relations
Ā f̄ 56Āf , A f̄ 56Af , r̄

f̄
51/r f , and l̄ f̄ 51/l f . If one

takes uq/pu51 in some cases, thenl̄ f̄ 5l f* is obtainable
@18#.

A. Three sources ofCP violation

In the experimental analyses of incoherentD decays, the
combined time-dependent rates

R6~ t ![R„Dphys
0 ~ t !→ f …6R„D̄phys

0 ~ t !→ f … ~4.1!

are commonly used. For convenience in expressing our ana-
lytical results, we first define

FIG. 1. The illustrative plot for the changes ofg with xD , where
the restriction 1024<r2,3.731023 has been used.
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Uf[
12ul f u2

11ul f u2
, Vf[

22Iml f

11ul f u2
, Wf[

2Rel f

11ul f u2
,

~4.2!

which satisfy a concise sum rule

U f
21V f

21W f
251. ~4.3!

With the help of Eq.~2.11!, we obtain

R1~ t !5R0exp~2Gt !@cosh~yDGt !2Wfsinh~yDGt !

2D̂DUfcos~xDGt !2D̂DVfsin~xDGt !#,

R2~ t !5R0exp~2Gt !@2D̂Dcosh~yDGt !1D̂DWfsinh~yDGt !

1Ufcos~xDGt !1Vfsin~xDGt !#, ~4.4!

where

R0}
1
2 uAf u2S 11Upq U2D ~11ul f u2! ~4.5!

is a normalization factor, and D̂D[(upu22uqu2)/
(upu21uqu2) is related toDD through

DD5
2D̂D

11D̂D
2
. ~4.6!

To properly describe the signal of directCP violation in
neutralD decays, we further define

Tf[
12ur f u2

11ur f u2
. ~4.7!

By use of Eq.~2.10!, we obtain the relation betweenTf and
Uf :

Uf5
Tf1D̂D

11D̂DTf
. ~4.8!

It is clear thatD̂D , Tf , andVf measure theCP asymmetry in
D0-D̄0 mixing, the directCP asymmetry in the transition
amplitudes ofD decays, and the indirectCP asymmetry
arising from the interplay of decay andD0-D̄0 mixing, re-
spectively. These sources ofCP-violating effects appear in
R6(t) simultaneously, but they have different time distribu-
tions and can in principle be distinguished from one another
@19#. The magnitudes ofD̂D , Tf , andVf are expected to be
very small ~e.g., at the percent level in some extensions of
the standard electroweak model@20#!. In contrast, the
CP-conserving quantityWf should be of order 1. Thus the
cos(xDGt) and sin(xDGt) terms are considerably suppressed in
R1(t). This interesting feature implies that the mixing pa-
rameteryD is possible to be constrained from the measure-
ment of the flavor-untagged decay rateR1(t). We shall dis-
cuss this possibility for some neutralD-meson decays in the
next subsection.

In lowest-order approximations, we keep only the leading
terms ofD̂D , Tf , andVf in R6(t). Then theCP-violating
observable is given as

A~ t ![
R2~ t !

R1~ t !
'2D̂D1Uf1xDVfGt'Tf1xDVfGt.

~4.9!

One can see thatD̂D has little contribution toA(t), and the
term Tf is almost independent of the decay timet.

IntegratingR6(t) over tP@0,̀ ), we obtain the time-
independent decay rates as

R15
R0

12yD
2 @12yDWf2aD̂D~Uf1xDVf !#,

R25
R0

12yD
2 @~yDWf21!D̂D1a~Uf1xDVf !#, ~4.10!

wherea has been given in Sec. III A. The corresponding
CP asymmetry turns out to be

A[
R2

R1
'2D̂D1Uf1xDVf'Tf1xDVf ~4.11!

in the leading-order approximation.
At the c(3.77) andc(4.14) resonances, the produced

D0D̄0 pair may exist in a coherent state until one of them
decays. Hence we can use the semileptonic decay of oneD
meson to tag the flavor of the other meson decaying to a
flavor-nonspecificCP eigenstatef . The time-integrated rates
of such joint decays can be read off from Eq.~2.21!. We are
more interested in the following combinations of decay rates:

V6~C![R~ l2X1, f !C6R~ l1X2, f !C. ~4.12!

After some straightforward calculations, we obtain

V1~C!5V0@~11CyD
2 !2~12CxD

2 !a2D̂DUf

2~11C!~yDWf1xDa2D̂DVf !#,

V2~C!5V0@2~11CyD
2 !D̂D1~12CxD

2 !a2Uf

1~11C!~yDD̂DWf1xDa2Vf !#, ~4.13!

where

V0}
2R0uAl u2

~12yD
2 !2

, ~4.14!

and other quantities have been defined before. Keeping the
leading terms ofD̂D , Tf , andVf , we get theCP asymme-
tries forC56 cases as

A2[
V2~C52 !

V1~C52 !
'2D̂D1Uf'Tf ,

A1[
V2~C51 !

V1~C51 !
'2D̂D1Uf12xDVf'Tf12xDVf .

~4.15!

Indeed, A2 is exactly independent of the indirect
CP-violating termVf . The asymmetryA1 is mainly com-
posed of two sources ofCP violation. Comparing Eq.~4.15!
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with Eq. ~4.11!, one can see that there exists an interesting
relation among three time-independentCP measurables:

A21A1'2A. ~4.16!

This result should be testable in a variety of neutralD decays
to CP eigenstates.

B. Approach to constrain yD and xD

It has been pointed out thatyD might be probed through
measurements of the singly Cabibbo-suppressed decays
Dphys
0 (t)→K1K2 andp1p2 if CP conservation could hold

in them @15#. This idea can be straightforwardly understood
from the combined decay ratesR1(t) in Eq. ~4.4!. Assum-
ing CP invariance, i.e.,D̂D5Tf5Vf50 and Wf51 ~or
Wf521 for CP-odd final states!, we find

R1~ t !5R0exp~2Gt !@cosh~yDGt !2sinh~yDGt !#

5R0exp@2~11yD!Gt#, ~4.17!

with R0}2uAf u2. Because (11yD)G5GL , the signature of
D0-D̄0 mixing is indeed a deviation of the slope ofR1(t)
from exp(2Gt). Since G can be measured via other ap-
proaches, one is then able to constrain the magnitude of
yD . The above method depends strongly upon the assump-
tion ofCP conservation inD decays; hence, it may not work
well in practice. Subsequently we shall show that a model-
independent constraint onyD ~or xD) is indeed achievable,
without any special assumption, from measuring the decay-
time distributions ofDphys

0 (t)/D̄phys
0 (t)→KS,L1p0, etc.

Exactly speaking,KSp
0 andKLp

0 are notCP eigenstates
due to the existence of smallCP violation inK0-K̄0 mixing.
Here we want to keep thisCP-violating contribution toD
decays~measured bye), but it can be safely neglected in
most cases.

In the standard model the transitionsD0→K̄0p0 and
D0→K0p0 ~and theirCP-conjugate processes! are Cabibbo
allowed and doubly Cabibbo suppressed, respectively. Both
of them occur only through the tree-level quark diagrams, as
illustrated in Fig. 2. Since any new physics cannot signifi-
cantly affect the direct decays of charm quark via the tree-
level W-mediated graphs@21#, one expects that Fig. 2 re-
mains to be a valid quark-diagram description of the above-
mentioned decay modes even beyond the standard model.

Indeed significant new physics may exist inD0-D̄0 mixing
and the loop-induced penguin transitions ofD mesons
@22,23#. The processesD0→KS,L1p0 and D̄0→KS,L1p0

take place through Fig. 2 withK0-K̄0 mixing in the final
states. The mass eigenstates ofK0 and K̄0 mesons can be
written as1

uKS&5~11e!uK0&1~12e!uK̄0&,

uKL&5~11e!uK0&2~12e!uK̄0&, ~4.18!

where the complex parametere has been unambiguously
measured (ueu'2.2731023 andfe'43.6° @1#!. Note again
that we do not assumeKSp

0 andKLp
0 to be the exactCP

eigenstates, although such an assumption is safely allowed
by our main results presented later on. The overall decay
amplitudes ofD0/D̄0→KS,L1p0 are then given by

A~D0→KS,L1p0!5~11e* !AK0p06~12e* !AK̄
0
p
0 ,

A~D̄0→KS,L1p0!5~11e* !ĀK0p06~12e* !ĀK̄0p0.
~4.19!

HereAK0p0, etc. can be factorized as

AK0p05~VcdVus* !T1exp~ id1!,

AK̄0p05~VcsVud* !T2exp~ id2!,

ĀK̄0p05~Vcd* Vus!T1exp~ id1!,

ĀK0p05~Vcs* Vud!T2exp~ id2!, ~4.20!

whereVus , etc., are the KM matrix elements,T1 and T2
stand for the real~positive! hadronic matrix elements, and
d1 and d2 are the corresponding strong phases. Denoting
h[T2 /T1 andd[d22d1, we obtain

rKSp051
~11e* !~Vcs* Vud!hexp~ id!1~12e* !~Vcd* Vus!

~12e* !~VcsVud* !hexp~ id!1~11e* !~VcdVus* !
,

rKLp052
~11e* !~Vcs* Vud!hexp~ id!2~12e* !~Vcd* Vus!

~12e* !~VcsVud* !hexp~ id!2~11e* !~VcdVus* !
.

~4.21!

By use of the Wolfenstein parameterl'0.22, we have
ueu'l4, Vcs* Vud'1, andVcd* Vus'2l2. Furthermore,h'1
is anticipated in the factorization approximation@24#. As a
consequence,

r
KSp0

'112e* , r
KLp0

'2r
KSp0

~4.22!

hold to a good degree of accuracy. This result implies that
the directCP asymmetries inDphys

0 (t)/D̄phys
0 (t)→KS,L1p0

are dominated byK0-K̄0 mixing @25#:

1For simplicity, we neglect the common normalization factor
1/A2(11ueu2) for uKS& and uKL&.

FIG. 2. Quark diagrams for the Cabibbo-allowed decay
D0→K̄0p0 and the doubly Cabibbo-suppressed decayD0→K0p0.
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TKSp0'TKLp0'22Ree'22ueucosfe. ~4.23!

Explicitly, we getTKSp0'TKLp0'23.331023.
For simplicity, we shall use the notation

q/p5uq/puexp(i2f) @see Eq.~2.2!# later on. With the help
of Eqs. ~4.22! and ~4.23! as well as the reasonable assump-
tion uD̂Du<1022, we obtain

UKSp0'1UKLp0'D̂D22ueucosfe ,

VKSp0'2VKLp0'2ueusinfecos~2f!2sin~2f!,

WKSp0'2WKLp0'2ueusinfesin~2f!1cos~2f!,
~4.24!

in good approximations. Clearly the unknown new physics
may enterVKSp0 and WKSp0 through theD0-D̄0 mixing

phasef. Within the standard model one expectsf;0; thus,
VKSp0'3.131023 and WKSp0'1. Beyond the standard

model it is possible that the magnitudes ofVKSp0 and

WKSp0 are dominated by sin(2f) and cos(2f), respectively.

The quantitiesVKLp0 andWKLp0 are in the similar situation.

Because of the smallness ofxD andyD , some analytical
approximations can be made forR6(t) in Eq. ~4.4! up to
O(xD

2 ) andO(yD
2 ). Taking Eqs.~4.23! and ~4.24! into ac-

count, we find

R
1

KSp0

~ t !'R0
KSp0

exp~2Gt !@11XG2t22YGt#,

R
1

KLp0

~ t !'R0
KLp0

exp~2Gt !@11XG2t21YGt#,
~4.25!

whereX andY are functions ofxD andyD :

X' 1
2 @yD

2 1xD
2 D̂D~D̂D22ueucosfe!#,

Y'2ueusinfe@yDsin~2f!1xDD̂Dcos~2f!#

1yDcos~2f!2xDD̂Dsin~2f!. ~4.26!

We can see thatX andY vanish in the absence ofD0-D̄0

mixing, and the contribution ofxD to them is significantly
suppressed byD̂D . Naively one might expect to measure the

deviations ofR
1

KSp0
(t) andR

1

KLp0
(t) from R0

KSp0
exp(2Gt)

andR0
KLp0

exp(2Gt), respectively, in order to determine the
sizes ofX andY. However, this is very difficult, if not even
practically impossible, because of the smallness ofX and
Y. The interesting point here is that a comparison between

the time distributions ofR
1

KSp0
(t) andR

1

KLp0
(t) can defi-

nitely constrain the magnitude ofY. In view of ueu;1023,
xD,0.086,yD,0.086, anduD̂Du<1022 from our present ex-
perimental knowledge~and theoretical expectation!, only the
yDcos(2f) term of Y is possible to be at the percent level
~magnitudes of the other three terms inY are all below
1023). One can conclude that the detectable signal ofY has
to be at the percent level and it must come mainly from the
width difference ofD0 and D̄0 mass eigenstates. For illus-

tration, the time distributions ofR
1

KSp0
(t) andR

1

KLp0
(t) are

depicted in Fig. 3 by takingyD'0.08 andf'0. We see that

aroundGt52 the difference betweenR
1

KSp0
(t)/R0

KSp0
and

R
1

KLp0
(t)/R0

KLp0
can be as large as 5%, allowing us to ex-

tract a signal ofD0-D̄0 mixing provided that the accuracy of
practical measurements is good enough.

The asymmetry betweenR
1

KSp0
(t) andR

1

KLp0
(t) can be

given as

ALS~ t ![
R

1

KSp0

~ t !2R
1

KLp0

~ t !

R
1

KSp0

~ t !1R
1

KLp0

~ t !

'22l2
cosd

h
~11XG2t2!2YGt. ~4.27!

Indeed the coefficient22l2cosd/h measures the decay-rate
asymmetry betweenD0→KS1p0 and D0→KL1p0 ~or
their flavor-conjugate processes! @19,24#. The measurement
of ALS(t) allows us to extract the magnitude ofY. To give
one a numerical feeling, the changes ofALS(t) with t are
illustrated in Fig. 4 by assumingX'yD

2 /2, Y'yDcos(2f),
h'1, andd'0 and takingyD'0.08,ucos(2f)u'1. It is clear
that a large signal ofyD should be detectable fromALS(t).

The effects ofD0-D̄0 mixing andCP violation also mani-

fest themselves in the combined ratesR
2

KSp0
(t) and

R
2

KLp0
(t):

R
2

KSp0

~ t !'R0
KSp0

exp~2Gt !@22ueucosfe

1X8G2t21Y8Gt#,

R
2

KLp0

~ t !'R0
KLp0

exp~2Gt !@22ueucosfe

1X8G2t22Y8Gt#, ~4.28!

FIG. 3. The illustrative plot for the time distributions of

S
1

KSp0

(t) and S
1

KLp0

(t), where yD'0.08 andf'0 have been
taken.
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where

X8'xD
2 ueucosfe2r DD̂D ,

Y8'2ueusinfe@yDD̂Dsin~2f!1xDcos~2f!#

1yDD̂Dcos~2f!2xDsin~2f! ~4.29!

with r D'(xD
2 1yD

2 )/2. Obviously theCP asymmetry in-
duced byK0-K̄0 mixing ~i.e., Ree) plays an important role in
the decay modes under discussion. The contribution ofCP
violation inD0-D̄0 mixing ~i.e., D̂D) to Y8 is not significant
even iff;0. If new physics considerably enhancesxD and

f, e.g., xD;1022 and usin(2f)u;1, then R
2

KSp0
(t) and

R
2

KLp0
(t) will be dominated by theCP asymmetry arising

from the interplay of decay andD0-D̄0 mixing. In other
words, the signals ofCP asymmetries

AKSp0~ t ![
R

2

KSp0

~ t !

R
1

KSp0

~ t !
'22ueucosfe1X8G2t21Y8Gt,

AKLp0~ t ![
R

2

KLp0

~ t !

R
1

KLp0

~ t !
'22ueucosfe1X8G2t22Y8Gt

~4.30!

at the percent level will indicate that new physics is defi-
nitely present inD0-D̄0 mixing @e.g.,usin(2f)u>0.5# and the
magnitude ofxD must be of order 1022. Taking xD'0.08,
f'p/4, andD̂D'0, for example, we illustrate the time dis-

tributions ofR
2

KSp0
(t) andR

2

KLp0
(t) in Fig. 5. We find that

aroundGt51 the magnitudes of the decay-rate differences
betweenDphys

0 (t)→KS,L1p0 and D̄phys
0 (t)→KS,L1p0 can

be as large as 3%. SinceR
2

KSp0
(1/G);2R

2

KLp0
(1/G), it is

possible to extract the rough size ofY8'2xDsin(2f).

Clearly the measurements ofR
1

KSp0
(t), R

1

KLp0
(t) and

R
2

KSp0
(t), R

2

KLp0
(t) are complementary to one another and

can shed some light on the mixing parametersxD andyD as
well as the possible new physics hidden inD0-D̄0 mixing.

Note that the above discussions can be directly extended
to neutralD decays to the final states such asKS,L1r0,
KS,L1a1

0, andKS,L1v, which occur through the same quark
diagrams asD0/D̄0→KS,L1p0 ~see Fig. 2!. BecauseX(8)

and Y(8) depend only upon theD0-D̄0 and K0-K̄0 mixing
parameters, a sum over the above modes is possible, without
any dilution effect on the signals ofD0-D̄0 mixing andCP
violation, to increase the number of decay events in statistics.

C. Final-state interactions inD˜KK̄

Recently the CLEO Collaboration has searched forCP
violation in neutralD decays to theCP eigenstatesK1K2,
KSf, and KSp

0. The confidence intervals (90%) onCP
asymmetries in these three modes were found to be
20.020,AKK̄,0.180, 20.182,AKSf,0.126, and

20.067,AKSp0,0.031, respectively@10#. Although a defi-

nite signal ofCP violation was not established from the data
above, the possibility that these decays may accommodate
CP asymmetries at the percent level could not be ruled out.
In the following we shall concentrate on the final-state inter-
actions inD0/D̄0→K1K2 andK0K̄0, since they may affect
the magnitudes ofCP asymmetries significantly. Similar dis-
cussions can be extended to some other decay modes such as
D0/D̄0→p1p2 andKSp

0.
We begin with an isospin analysis ofD0→K1K2,

D1→K1K̄0, andD0→K0K̄0. To do this, we assume that
there is no mixture ofD→KK̄ with other channels. In the
language of quark diagrams@26#, these modes can occur
through both tree-level and penguin diagrams. However,
such a naive description is problematic due to the presence
of final-state rescattering effects@27#. The final statesKK̄
may containI51 and I50 isospin configurations, and the

FIG. 4. The illustrative plot for the time distribution of
ALS(t), whereyD'0.08 anducos(2f)u'1 have been taken.

FIG. 5. The illustrative plot for the time distributions of

S
2

KSp0

(t) andS
2

KLp0

(t), wherexD'0.08,f'p/4, andD̂D'0 have
been taken.
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overall decay amplitudes ofD→KK̄ can be written as

A12[^K1K2uHuD0&5 1
2 ~A11A0!,

A00[^K0K̄0uHuD0&5 1
2 ~A12A0!,

A10[^K1K̄0uHuD1&5A1 , ~4.31!

whereA1 andA0 are two isospin amplitudes. Clearly three
decay amplitudes can form an isospin triangle in the complex
plane: A121A005A10. Since the branching ratios of
D→KK̄ have been measured, one is able to determine the
relevant isospin amplitudes from the relations above. For our
purpose, we are more interested in the ratio of two isospin
amplitudes:A0 /A1[Zexp(iw). It is straightforward to obtain

Z5A2~R121R00!21, cosw5
R122R00

Z
, ~4.32!

whereR12[uA12 /A10u2 andR005uA00/A10u2 are two ob-
servables. If the annihilation diagrams and penguin effects in
D→KK̄ are negligible, thenA12 , A00, and A10 have a
common Kobayashi-Maskawa~KM ! factor ~i.e., VcsVus* )
from the dominant tree-level~spectator! quark transitions. In
this case,w is purely a strong phase shift and the magnitude
of Z is independent of the KM matrix elements.

Current experimental data giveB(D0→K1K2)
5(4.5460.29)31023, B(D0→K0K̄0)5(1.160.4)31023,
and B(D1→K1K̄0)5(7.861.7)31023 @1#. The lifetimes
of D0 and D1 mesons aret

D0
5(0.41560.004)310212 s

andt
D1

5(1.05760.015)310212 s, respectively. In the ne-

glect of small phase space differences of three decay modes,
we obtainR1251.4860.45 andR0050.3660.22. The sizes
of Z andw can be solved from Eq.~4.32! with the inputs of
R12 and R00, but there is large error propagation in this
procedure, particularly for cosw which is bounded by unity.
For simplicity and illustration, we plot the allowed regions of
Z and cosw in Fig. 6. One can observe that 1.7<Z<2.0 and
0.3<cosw<1.0 ~the central values ofR12 andR00 lead to
Z'1.6 and cosw'0.68). This implies that significant final-
state interactions may exist in the processesD→KK̄.

The isospin amplitudesA1 and A0 can be expanded in
terms of the tree-level and penguin transition amplitudes
@28#. Without loss of generality, we write2

A15A1Texp@ i ~fT1d1T!#1A1Pexp@ i ~fP1d1P!#,

A05A0Texp@ i ~fT1d0T!#1A0Pexp@ i ~fP1d0P!#,
~4.33!

wherefT andfP are the overall weak phases of tree-level
and penguin diagrams, respectively, anddnT and dnP ~with
n51,0! denote the corresponding strong phases. HenceZ

and w defined above are complicated functions ofAnT ,
AnP , fT , fP , dnT, anddnP . Since new physics may sig-
nificantly affect the penguin amplitudes, directCP violation
is possible to appear inD→KK̄. A constraint on theI51
penguin contribution toD→KK̄ can be obtained by observ-
ing the decay-rate asymmetry betweenD1→K1K̄0 and
D2→K2K0:

u^K1K̄0uHuD1&u22u^K2K0uHuD2&u2

u^K1K̄0uHuD1&u21u^K2K0uHuD2&u2

5
22A1TA1Psin~fP2fT!sin~d1P2d1T!

A1T
2 1A1P

2 12A1TA1Pcos~fP2fT!cos~d1P2d1T!
.

~4.34!

Note that the weak phase differenceufP2fTu may be rather
small within the standard model, but some sources of new
physics~e.g., the existence of the fourth quark family or an
isosinglet up-type quark@29#! can significantly enhance it
through the breakdown of unitarity of the 333 KM matrix
in the penguin loops@30#. The directCP asymmetries in
D0/D̄0→K1K2 andK0K̄0 contain bothI51 andI50 pen-
guin contributions, and the latter can in principle be distin-
guished from the former with the help of Eq.~4.34!. In prac-
tical experiments,TK1K2 andTK0K̄0 are cleanly detectable on
thec(3.77) resonance@see Eq.~4.15! for illustration#. If one
wants to calculate the decay-rate asymmetries between
D6→K61KS,L or betweenD0/D̄0→KS,L1KS,L , then the
CP violation induced byK0-K̄0 mixing in the final states has
to be taken into account.

It is also argued that inelastic final-state interactions may
affectD→KK̄ @27#. This kind of effect is possible to yield a
nonvanishing rate asymmetry between the chargedD decays
to K1K̄0 andK2K0, even though the penguin contributions
are negligibly small. To justify the role of penguin transi-

2Here we have neglected the contributions of tree-level annihila-
tion diagrams toD0→K0K̄0, which involve both VcsVus* and
VcdVud* . These two graph amplitudes are expected to have large
cancellation with each other due to the Glashow-Iliopoulos-Maiani
~GIM! mechanism@27#.

FIG. 6. Possible regions ofZ and cosw for D→KK̄ ~i.e., the
quadrangle^abcd&) allowed by current data:R1251.4860.45
andR0050.3660.22.
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tions and inelastic final-state interactions, one has to rely on
future data on directCP asymmetries in the decay modes
under discussion.

V. NEUTRAL D DECAYS TO NON-CP EIGENSTATES

We proceed to consider the case that bothD0 and D̄0

mesons decay to a common non-CP eigenstate. Most of such
decay modes occur through quark transitions of the types
c→s(ud̄) and c→d(us̄) or their flavor-conjugate counter-
parts, and typical examples are the Cabibbo-allowed decay
D0→K2p1 and the doubly Cabibbo-suppressed process
D0→K1p2. Because neutralD decays toK6p7 are of par-
ticular interest for the study ofD0-D̄0 mixing and DCSD’s in
charm physics, we shall concentrate on them in this section.
Of course similar discussions can be extended to other non-
CP eigenstates.

Note thatD0→K6p7 and theirCP-conjugate processes
take place only via the tree-level quark diagrams, on which
no new physics can have a significant effect@14,23#. Thus
the four transition amplitudes are factorized as

AK2p15~VcsVud* !Taexp~ ida!,

AK1p25~VcdVus* !Tbexp~ idb!,

ĀK1p25~Vcs* Vud!Taexp~ ida!,

ĀK2p15~Vcd* Vus!Tbexp~ idb!, ~5.1!

whereTa andTb denote the real~positive! hadronic matrix
elements, andda anddb are the corresponding strong phases.
DefininghKp[Tb /Ta anddKp[db2da , we obtain

rK2p1'r̄K1p2'2l2hKpexp~ idKp!, ~5.2!

to a good degree of accuracy, wherel'0.22 is the Wolfen-
stein parameter. In the factorization approximation, the mag-

nitude ofhKp is expected to be of order 1. The strong phase
shift dKp vanishes only in the limit of SU~3! symmetry@31#.
To fit the recent CLEO result forD0→K6p7 @9#, which
gives urK2p1u25(0.7760.2560.25)%, one findsdKp;5°
–13° from a few phenomenological models@32–34#. Of
course a larger value fordKp cannot be absolutely ruled out
from current experimental data because of the many uncer-
tainties associated with the empirical models used to analyze
nonleptonicD decays. Finally, the expressions forlK2p1

and l̄K1p2 are obtainable from Eq.~5.2! as

lK2p1'2l2hKpU qp Uexp@ i ~dKp12f!#,

l̄K1p2'2l2hKpUpq Uexp@ i ~dKp22f!#, ~5.3!

where we have used the notation ofq/p given in Eq.~2.2!.

A. Incoherent D decays toK6p7

A lot of attention has been paid to the time distributions
of incoherent D decays to K6p7 ~see, e.g., Refs.
@15,23,34#!. In particular, Browder and Pakvasa have given a
quite detailed analysis of the implications ofCP violation
and final-state interactions in the search forD0-D̄0 mixing
from Dphys

0 (t)→K1p2 andD̄phys
0 (t)→K2p1 @34#. Our sub-

sequent discussions are complementary to their work on
three points: ~a! The CP-violating asymmetry between
Dphys
0 (t)→K2p1 andD̄phys

0 (t)→K1p2 is analyzed,~b! the
different effects ofxD and yD on Dphys

0 (t)→K6p7 and
D̄phys
0 (t)→K6p7 are explored in detail, and~c! the time-

independent measurements of these decay modes are consid-
ered.

Up to O(xD
2 ), O(yD

2 ), andO(l4) for every distinctive
term, the decay rates ofD to K6p7 can be directly read off
from Eqs.~2.22! and ~2.23!:

R„Dphys
0 ~ t !→K2p1

…}uAK2p1u2exp~2Gt !H 11l2hKpU qp U@yDcos~d
Kp

12f!1xDsin~d
Kp

12f!#Gt2 1
4 ~xD

2 2yD
2 !G2t2J ,

R„D̄phys
0 ~ t !→K1p2

…}uAK2p1u2exp~2Gt !H 11l2hKpU pq U@yDcos~d
Kp

22f!1xDsin~d
Kp

22f!#Gt2 1
4 ~xD

2 2yD
2 !G2t2J

~5.4!

and

R„Dphys
0 ~ t !→K1p2

…}uAK2p1u2exp~2Gt !H l4hKp
2 1l2hKpU qp U@yDcos~d

Kp
22f!2xDsin~d

Kp
22f!#Gt1

r

2
G2t2J ,

R„D̄phys
0 ~ t !→K2p1

…}uAK2p1u2exp~2Gt !H l4hKp
2 1l2hKpU pq U@yDcos~d

Kp
12f!2xDsin~d

Kp
12f!#Gt1

r̄

2
G2t2J ,

~5.5!
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where r and r̄ have been presented in Eq.~3.2!. To probe
CP violation andD0-D̄0 mixing, the following two types of
measurables can be analyzed in experiments:

~1! TheCP-violating asymmetry

AKp~ t ![
R„Dphys

0 ~ t !→K2p1
…2R„D̄phys

0 ~ t !→K1p2
…

R„Dphys
0 ~ t !→K2p1

…1R„D̄phys
0 ~ t !→K1p2

…

.

~5.6!

Explicitly, we get

AKp~ t !'2l2hKp@D̂Dcos~2f!~yDcosdKp1xDsindKp!

1sin~2f!~yDsindKp2xDcosdKp!#Gt, ~5.7!

where the observableD̂D has been defined before@see Eq.
~4.6!#. One can see thatAKp(t) are composed of two sources
of CP-violating effects, that inD0-D̄0 mixing @proportional
to D̂D# and that from the interplay of decay and mixing†pro-
portional to sin(2f)‡. The magnitude ofAKp(t) is con-
strained by both the DCSD amplitudel2hKp and theD0-
D̄0 mixing parametersxD and yD . Since D̂D<1022 is ex-
pected,AKp(t) can reach the percent level only when the
sin(2f) term is significantly enhanced by new physics. In
new physics scenarios withyD!xD @23,24#, we get
AKp(t)'l2hKpxDsin(2f)cosdKpGt as a safe approximation.
Taking hKp'1.8 ~implied by urK2p1u2'7.731023 @9#!,
xD,0.086, and dKp>50, one finds the restriction
AKp(t),7.531023Gt.

~2! The combined decay rate

RKp~ t ![R„Dphys
0 ~ t !→K1p2

…1R„D̄phys
0 ~ t !→K2p1

….
~5.8!

By use of Eq.~5.5!, we obtain

RKp~ t !}uAK2p1u2exp~2Gt !$2l4hKp
2 1r DG2t2

12l2hKp@cos~2f!~yDcosdKp2xDsindKp!

2D̂Dsin~2f!~yDsindKp1xDcosdKp!#Gt%,

~5.9!

wherer D5(r1 r̄ )/2 defined in Eq.~3.3! has been used. The
three terms ofRKp(t), which have different time distribu-
tions, come, respectively, from DCSD,D0-D̄0 mixing, and
the interplay of these two effects. Thus the detection of
RKp(t) can determine theD0-D̄0 mixing rater D and distin-
guish it from the DCSD contribution. Ifufu is not large~e.g.,
in the standard model!, the interference term will be domi-
nated by cos(2f)(yDcosdKp2xDsindKp) due to the smallness
of D̂D . In this case, information aboutyD might be obtain-
able if the contribution ofxD to the interference term is sup-
pressed by smalldKp . To justify the possible magnitude of
f, however, one has to combine the measurements of
AKp(t) andRKp(t).

Now we take a brief look at the time-independent decay
rates ofDphys

0 /D̄phys
0 →K6p7. With the help of Eqs.~2.24!

and ~2.25!, we obtain

AKp[
R~Dphys

0 →K2p1!2R~D̄phys
0 →K1p2!

R~Dphys
0 →K2p1!1R~D̄phys

0 →K1p2!

'2l2hKp@D̂Dcos~2f!~yDcosdKp1xDsindKp!1sin~2f!~yDsindKp
2xDcosdKp

!#; ~5.10!

i.e.,AKp is approximately equal to the value ofAKp(t) at t51/G. Similarly, one can calculate anotherCP-violating asym-
metry

ĀKp[
R~Dphys

0 →K1p2!2R~D̄phys
0 →K2p1!

R~Dphys
0 →K1p2!1R~D̄phys

0 →K2p1!

'l2hKp@2D̂Dcos~2f!~yDcosdKp2xDsindKp!1sin~2f!~yDsindKp1xDcosdKp!#

3$l4hKp
2 1r D1l2hKp@cos~2f!~yDcosdKp2xDsindKp!2D̂Dsin~2f!~yDsindKp1xDcosdKp!#%21. ~5.11!

Taking D̂D'0 and sin(2f)'61, for example, we find thatĀKp may be significant:

ĀKp'6
l2hKp~yDsindKp1xDcosdKp!

l4hKp
2 1r D

. ~5.12!

Because of the suppressed rates ofDphys
0 →K1p2 and D̄phys

0 →K2p1, however, the measurement ofĀKp will be a stiff
experimental challenge.
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B. CoherentD decays toK6p7

At thec(3.77) andc(4.14) resonances, theK6p7 events may come from the coherent decays of (Dphys
0 D̄phys

0 )C pairs. The
flavor of oneD meson decaying toK6p7 can be tagged by detecting the otherD decaying to the semileptonic states
l6X7. The overall rates for such joint decay events, up toO(xD

2 ), O(yD
2 ), orO(l4) for every distinctive term, are obtainable

from Eqs.~2.26! and ~2.27! as3

R~ l2,K2p1!2}uAl u2uAK2p1u2~22xD
2 1yD

2 !,

R~ l1,K1p2!2}uAl u2uAK2p1u2~22xD
2 1yD

2 !,

R~ l2,K1p2!2}uAl u2uAK2p1u2F2l4hKp
2 1~xD

2 1yD
2 !U qp U2G ,

R~ l1,K2p1!2}uAl u2uAK2p1u2F2l4hKp
2 1~xD

2 1yD
2 !U pq U2G ~5.13!

and

R~ l2,K2p1!1}uAl u2uAK2p1u2H 223~xD
2 2yD

2 !14l2hKpU qp U@yDcos~dKp12f!1xDsin~dKp12f!#J ,
R~ l1,K1p2!1}uAl u2uAK2p1u2H 223~xD

2 2yD
2 !14l2hKpU pq U@yDcos~dKp22f!1xDsin~dKp22f!#J ,

R~ l2,K1p2!1}uAl u2uAK2p1u2H 2l4hKp
2 13~xD

2 1yD
2 !U qp U214l2hKpU qp U@yDcos~dKp22f!2xDsin~dKp22f!#J ,

R~ l1,K2p1!1}uAl u2uAK2p1u2H 2l4hKp
2 13~xD

2 1yD
2 !U pq U214l2hKpU pq U@yDcos~dKp12f!2xDsin~dKp12f!#J .

~5.14!

Some discussion of these results is in order.
~1! To an excellent degree of accuracy, we have

R~ l2,K2p1!2'R~ l1,K1p2!2 . ~5.15!

The joint decay ratesR( l7,K6p7)2 can be normalized by
R( l7,K7p6)2 , and the resultant rate difference or sum
reads

S2
~2 ![

R~ l2,K1p2!2

R~ l2,K2p1!2
2
R~ l1,K2p1!2

R~ l1,K1p2!2
'22r DDD ,

S2
~1 ![

R~ l2,K1p2!2

R~ l2,K2p1!2
1
R~ l1,K2p1!2

R~ l1,K1p2!2
'2l4hKp

2 12r D ,

~5.16!

where r D andDD have been given in Eqs.~3.3! and ~3.6!,
respectively. Observation of theCP-violating asymmetry
S2
(2) may be practically impossible due to the smallness of

DD andr D . However,S2
(1) is expected to be measurable at a

t-charm factory running on thec(3.77) resonance. As we
shall show in the next subsection,r D can be extracted from
the joint decay rates R(K1p2,K1p2)2 and

R(K2p1,K1p2)2 ; thus, a comparison of this measure-
ment with that forS2

(1) will separately determine the magni-
tudes ofD0-D̄0 mixing and DCSD. This idea is interesting in
that the relevant measurements are time independent and the
involved decay modes are onlyD0/D̄0→K6p7.

~2! It is easy to obtain the rate asymmetry

R~ l2,K2p1!12R~ l1,K1p2!1

R~ l2,K2p1!11R~ l1,K1p2!1
'2AKp , ~5.17!

whereAKp has been given in Eq.~5.10!. Normalizing the
joint decay ratesR( l7,K6p7)1 by R( l7,K7p6)1 , we get

S1
~2 ![

R~ l2,K1p2!1

R~ l2,K2p1!1
2
R~ l1,K2p1!1

R~ l1,K1p2!1

'26r DDD24l2hKp

3@D̂Dcos~2f!~yDcosdKp2xDsindKp!2sin~2f!

3~yDsindKp1xDcosdKp!#,

S1
~1 ![

R~ l2,K1p2!1

R~ l2,K2p1!1
1
R~ l1,K2p1!1

R~ l1,K1p2!1

'2l4hKp
2 16r

D
14l2hKp

3The formulas with the assumption ofyD!xD anduq/pu51 have
been given in Ref.@14#.
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3@cos~2f!~yDcosdKp2xDsindKp!2D̂Dsin~2f!

3~yDsindKp1xDcosdKp!#. ~5.18!

From Eqs.~5.11!, ~5.16!, and~5.18!, one can see the follow-
ing relation amongS6

(6) andĀKp :

ĀKp'
S1

~2 !23S2
~2 !

S1
~1 !24r D1S2

~1 ! . ~5.19!

This result could be tested if the data on all six measurables
were available.

~3! To give one a feeling of the approximate numbers to
be expected, we roughly estimate the magnitudes of the
above-mentioned observables by assumingDD5D̂D50 and
yD!xD . Taking the semileptonic decay mode serving for
flavor tagging to beD0→K2e1ne , we have its branching
ratio B(D0→K2e1ne)'3.8% @1#. In addition, the current
data give B(D0→K2p1)'4.01% @1#. Then
R( l1,K1p2)6 andR( l2,K2p1)6 are at the level 1023 or
so, whileR( l2,K1p2)6 andR( l1,K2p1)6 may be of the
order 1025 if we input xD;0.06. Within the experimental
capabilities of at-charm factory, it is possible to measure the
latter four decay rates to an acceptable degree of accuracy
with about 107 D0D̄0 events@14#. Furthermore, the upper
bounds of theCP asymmetriesAKp and S1

(2) can be ob-
tained by use of the experimental resultsxD,0.086 and

urK2p1u2'0.77% @1,9#. Taking cosdKp51 and
sin(2f)561, we getuAKpu,0.008 anduS1

(2)u,0.03. In the
assumption of perfect detectors or 100% tagging efficiencies,
one needs about 108 D0D̄0 events to uncoveruS1

(2)u;0.01 at
the level of three standard deviations or to measure
2uAKpu;0.005 in Eq.~5.17! at the level of one standard
deviation. Accumulation of so many events is of course a
serious challenge to all types of experimental facilities for
charm physics, but it should be achievable in the second-
round experiments of at-charm factory.

C. Ratios ofR„K6p7,K6p7
…C to R„K6p7,K7p6

…C

It has been pointed out that the coherent decays
(Dphys

0 D̄phys
0 )C→(K6p7)(K6p7) can be used to search for

D0-D̄0 mixing and to separate it from the DCSD effect@35#.
The relevant measurables are

r C
12[

R~K1p2,K1p2!C
R~K2p1,K1p2!C

, r C
21[

R~K2p1,K2p1!C
R~K2p1,K1p2!C

.

~5.20!

Since in previous calculations the effects ofCP violation or
nonvanishingdKp on r C

67 were neglected, it is worth having
a recalculation for these observables without special approxi-
mations.

By use of Eqs.~2.26!, ~2.27!, and~5.3!, we obtain

R~K2p1,K1p2!2}uAK2p1u4@22xD
2 1yD

2 24l4hKp
2 cos~2dKp!#,

R~K1p2,K2p1!2}uAK2p1u4@22xD
2 1yD

2 24l4hKp
2 cos~2dKp!#,

R~K2p1,K2p1!2}uAK2p1u4~xD
2 1yD

2 !U pq U
2

,

R~K1p2,K1p2!2}uAK2p1u4~xD
2 1yD

2 !U qp U
2

, ~5.21!

and

R~K2p1,K1p2!1}uAK2p1u4H 223xD
2 13yD

2 14l4hKp
2 cos~2dKp!14l2hKpU qp U@yDcos~dKp12f!1xDsin~dKp12f!#

14l2hKpU pq U@yDcos~dKp22f!1xDsin~dKp22f!#J ,
R~K1p2,K2p1!1}uAK2p1u4H 223xD

2 13yD
2 14l4hKp

2 cos~2dKp!14l2hKpU qp U@yDcos~dKp12f!1xDsin~dKp12f!#

14l2hKpU pq U@yDcos~dKp22f!1xDsin~dKp22f!#J ,
R~K2p1,K2p1!1}uAK2p1u4H 3~xD

2 1yD
2 !U pq U218l4hKp

2 18l2hKpU pq U@yDcos~dKp12f!2xDsin~dKp12f!#J ,
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R~K1p2,K1p2!1}uAK2p1u4H 3~xD
2 1yD

2 !U qp U218l4hKp
2 18l2hKpU qp U@yDcos~dKp22f!2xDsin~dKp22f!#J

~5.22!

up to O(xD
2 ), O(yD

2 ), or O(l4). Clearly
R(K2p1,K1p2)C'R(K1p2,K2p1)C holds to an excel-
lent degree of accuracy. As a consequence, the ratiosr C

67

are given by

r2
12'

xD
2 1yD

2

2 U qp U
2

, r2
21'

xD
2 1yD

2

2 U pq U
2

~5.23!

and

r1
12'3r2

1214l4hKp
2 14l2hKpU qp U

3@yDcos~dKp22f!2xDsin~dKp22f!#,

r1
21'3r2

2114l4hKp
2 14l2hKpU pq U

3@yDcos~dKp12f!2xDsin~dKp12f!#.

~5.24!

One can see thatr2
12 andr2

21 are approximately equivalent
to r and r̄ obtained in Eq.~3.2!. The difference between
r2

12 andr2
21 measuresCP violation inD0-D̄0 mixing, and

the sum of them amounts approximately tor D given in Eq.
~3.3!. The DCSD effect onr1

12 and r1
21 is significant and

nonnegligible, but its magnitude can be isolated from the
differencer1

1223r2
12 or r1

2123r2
21 . In addition, we find

r1
212r1

12'8l2hKp@D̂Dcos~2f!~yDcosdKp2xDsindKp!

2sin~2f!~yDsindKp1xDcosdKp!#. ~5.25!

Comparing this result with those derived in Eq.~5.18!, one
gets

r1
212r1

12'22~6r DDD1S1
~2 !!. ~5.26!

Such a CP-violating signal might be detectable at a
t-charm factory running on thec(4.14) resonance.

Although the above discussions concentrate only on
D0/D̄0→K6p7, similar results can be obtained for some
other decay modes taking place via the same quark diagrams,
such asD0→K6r7, K*6p7 and their flavor-conjugate pro-
cesses. All these channels are expected to have the same
weak interactions, but their final-state interactions may be
different from one another~e.g., dKpÞdKr). If the SU~3!-
breaking effects inD0/D̄0→(K6,K*6)1(p7,r7,a1

7 ,etc.)
are not so significant that all the strong phase shifts lie in the
same quadrant asdKp , then a sum over these modes is pos-
sible to increase the number of decay events in statistics,
with few dilution effects on the signal ofD0-D̄0 mixing and
CP violation.

VI. CP-FORBIDDEN DECAYS

We now considerCP-forbidden transitions of the type

~Dphys
0 D̄phys

0 !6→~ f 1f 2!7 , ~6.1!

where theD0D̄0 pair with definiteCP parity can be coher-
ently produced on thec(3.77) or c(4.14) resonance, and
f 1 and f 2 denote theCP eigenstates with the same or oppo-
site CP parity. It is worth remarking that for such decay
modes theCP-violating signals can be established by detect-
ing the joint decay rates other than the decay-rate asymme-
tries. In practice, this implies that neither flavor tagging for
the initial D mesons nor time-dependent measurements of
the whole decay processes are necessary. The joint decay
rateR( f 1 , f 2)C and its analytical approximation have been
presented in Eqs.~2.21! and~2.26!. For simplicity and illus-
tration, here we concentrate mainly on theCP-forbidden
decays (Dphys

0 D̄phys
0 )2→( f 1f 2)1 , such as (f 1f 2)1

5(K1K2)(p1p2) and (K1K2)(K1K2). The case
(Dphys

0 D̄phys
0 )1→( f 1f 2)2 will be briefly discussed by taking

f 15KSp
0 and f 25KLp

0, for example.
By use of the quantitiesUf , Vf , andWf defined in Eq.

~4.2!, the joint decay rateR( f 1 , f 2)2 can be written as

R~ f 1 , f 2!2}uAf1
u2uAf2

u2~11ul f1
u2!~11ul f2

u2!U pq U
2

3F 1

12yD
2 ~12Wf1

Wf2
!

2
1

11xD
2 ~Uf1Uf21Vf1Vf2!G . ~6.2!

Here we assumef 1 and f 2 to be twoCP eigenstates with the
sameCP parity. CP conservation requiresVf15Vf250,

Uf15Uf250, and Wf1
5Wf2

561; then, we get

R( f 1 , f 2)250. Thus nonvanishingR( f 1 , f 2)2 is a clean sig-
nal ofCP violation. In the special casef 15 f 2[ f , one finds

R~ f , f !2}uAf u4~11ul f u2!2U pq U
2S 1

12yD
2 2

1

11xD
2 D

3~U f
21V f

2!. ~6.3!

This result can be straightforwardly obtained from Eq.~6.2!
with the help of Eq.~4.3!. As discussed before,Uf is com-
posed of theCP asymmetry inD0-D̄0 mixing and that in the
direct transition amplitudes ofD decays, whileVf signifies
the CP asymmetry induced by the interplay of decay and
D0-D̄0 mixing. Because of the smallness ofUf , Vf , xD , and
yD , we believe thatR( f , f )2 must be significantly sup-
pressed.
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In comparison with R( f , f )2 , the joint decay rate
R( f , f )1 is notCP forbidden:

R~ f , f !1}uAf u4~11ul f u2!2Upq U
2F 11yD

2

~12yD
2 !2

~11Wf !
2

2
4y

D

~12yD
2 !2
Wf2

12xD
2

~11xD
2 !2

~U f
22V f

2!

2
4x

D

~11xD
2 !2
UfVf G . ~6.4!

Approximately, we obtain

R~ f , f !2

R~ f , f !1
'

~xD
2 1yD

2 !~U f
21V f

2!

11W f
224yDWf

. ~6.5!

This relation can in principle be tested forf5K1K2, etc., at
thec(4.14) resonance in the second-round experiments of a
t-charm factory, if the rate ofD0-D̄0 mixing is at the detect-
able level.

In the neglect ofCP violation inK0-K̄0 mixing, the states
KSp

0 andKLp
0 are twoCP eigenstates with oppositeCP

parity. Thus the process (Dphys
0 D̄phys

0 )1→(KSp
0)(KLp

0)
should beCP forbidden. As a good approximation, we have
uAKLp0u'uAKSp0u andrKLp0'2rKSp0 @see Eq.~4.22!#. Then

the joint decay rate withC51 turns out to be

R~KLp
0,KSp

0!1}uAKSp0u4~11ulKSp0u2!2U pq U
2F 11yD

2

~12yD
2 !2

2
12xD

2

~11xD
2 !2G ~U KSp0

2
1V KSp0

2
!. ~6.6!

Using the approximate results in Eq.~4.24! and taking
ueu'0, we obtain a simpler expression for the equation
above:

R~KLp
0,KSp

0!1}6uAKSp0u4~11w!~xD
2 1yD

2 !

3@D̂D
2 1sin2~2f!#, ~6.7!

wherew has been defined in Eq.~3.3!. In contrast, it is easy
to check from Eq.~6.3! that

R~KLp
0,KLp

0!2'R~KSp
0,KSp

0!2' 1
3R~KLp

0,KSp
0!1 .
~6.8!

Note thatCP violation inD0-D̄0 mixing ~i.e., D̂D) might be
negligibly small; thus, the dominant signal ofCP violation
in R(KSp

0,KSp
0)2 or R(KLp

0,KSp
0)1 could come from

the mixing phasef enhanced by new physics. In this sense,
it is worthwhile to experimentally search for the above-
mentionedCP-forbidden transitions.

VII. SUMMARY

To meet various delicate experiments in the near future at
fixed target machines,B-meson factories, andt-charm fac-
tories, we have made a further study of the phenomenology

of D0-D̄0 mixing andCP violation in neutralD-meson de-
cays. The generic formulas for the time-dependent and time-
integrated decay rates of both coherent and incoherent
D0D̄0 events were derived, and their approximate expres-
sions up to the accuracy ofO(xD

2 ) and O(yD
2 ) were pre-

sented. A variety ofD0-D̄0 mixing andCP-violating signals
was analyzed in detail for neutralD decays to the semilep-
tonic states, the nonleptonicCP eigenstates, the nonleptonic
non-CP eigenstates, and theCP-forbidden states.

In particular, we have shown that it is possible to sepa-
rately determine the magnitudes ofxD and yD through pre-
cise measurements of the dilepton events of coherentD0D̄0

decays on thec(4.14) resonance at at-charm factory. We
gave a detailed analysis ofD0-D̄0 mixing signals and DCSD
effects in the time-dependent and time-independent decays
D0/D̄0→K6p7. It is found that some constraints onxD and
yD can be achieved in both fixed target andt-charm factory
experiments, and the mixing and DCSD effects are distin-
guishable from each other. TakingCP violation and final-
state interactions into account, we recalculated the joint de-
cay rates of coherentD0D̄0 pairs to (K6p7)(K6p7), which
are useful for the time-independent determination ofr D and
DCSD amplitudes. Special attention has been paid to the
D0-D̄0 mixing signals in the decay modes
D0/D̄0→KS,L1p0, etc. We pointed out that a model-
independent restriction onxD and yD should be obtainable
from the time distributions of such decay modes.

CP violation inD0-D̄0 mixing can be well constrained in
the semileptonic decays of coherent or incoherentD0D̄0

events. In addition to this source ofCP asymmetry, we have
shown that both directCP asymmetry in the transition am-
plitudes ofD decays and the indirectCP asymmetry arising
from the interplay of decay andD0-D̄0 mixing can also
manifest themselves in neutralD decays to hadronicCP
eigenstates. These differentCP-violating signals usually
have different time distributions in the decay rates; thus, they
are possible to be distinguished from one another. In particu-
lar, directCP violation can be cleanly probed in the coherent
(D0D̄0)2 decays to aCP eigenstate plus a semileptonic state
on thec(3.77) orc(4.14) resonance. For the decay modes
with K0-K̄0 mixing in the final states, however, theCP
asymmetry induced by the mixing parametere may be non-
negligible and even dominant over the directCP-violating
signal from the charm quark transitions. TakingD→KK̄, for
example, we illustrated the significant effects of final-state
interactions onCP violation. Different from those neutral
D decays toCP eigenstates,D0/D̄0→K6p7 are expected to
have no direct CP asymmetries. Although indirect
CP-violating effects exist in such processes, they are sup-
pressed to some extent by the DCSD amplitudes. We also
discussed theCP-forbidden transitions on thec(3.77) and
c(4.14) resonances. A search forCP-forbidden
modes such as (D0D̄0)2→(K1K2)(p1p2) and
(D0D̄0)1→(KSp

0)(KLp
0) is worthwhile in future experi-

ments of charm physics.
Throughout our calculationsCPT symmetry in theD0-

D̄0 mixing matrix has been assumed. Also theDQ5DC rule
was assumed to hold in most cases, but the effects of
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DQ52DC transitions onD0-D̄0 mixing andCP violation
were briefly discussed in Sec. III B. Because of the smallness
of xD andyD , it will be very difficult to accurately test the
DQ5DC rule andCPT invariance in theD0-D̄0 system.
Recently Colladay and Kostelecky´ have studied a few possi-
bilities to examineCPT symmetry in neutralD decays on
the basis of future fixed target andt-charm factory experi-
ments@36#. Considering this work and some other works on
tests ofCPT symmetry in theB0-B̄0 system@37,38#, we
want to remark that one of the most sensitive signals for
CPT violation orDQ52DC transitions should be the non-
vanishing asymmetryD̄D defined in Eq.~3.5!. However, one
should keep in mind thatD̄DÞ0 might also come from the
phase shifts of final-state electromagnetic interactions or the
CP-violating contributions of nonstandard electroweak mod-
els to tree-levelW-mediated semileptonicD decays. Another
possible way to testCPT invariance inD0-D̄0 mixing,
which in principle works, is to measure the time distributions
of opposite-sign dilepton events at an asymmetrict-charm
factory ~see Appendix B!.

Of course, much more theoretical effort should be made
to give reliable numerical predicitions for the magnitudes of
variousD0-D̄0 mixing andCP-violating phenomena.
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APPENDIX A

This appendix is devoted to giving some generic formulas
for the time-dependentD decays at an assumed asymmetric
t-charm factory. The asymmetrice1e2 collisions just above
the production threshold of (Dphys

0 D̄phys
0 )C pairs will offer the

possibility to measure the decay-time difference
t25(t22t1) betweenDphys

0 → f 1 andD̄phys
0 → f 2. Usually it is

difficult to measure thet15(t21t1) distribution in either
linacs or storage rings, unless the bunch lengths are much
shorter than the decay lengths@39#. Here we calculate the
t2 distributions of joint decay rates starting from the master
formula in Eq.~2.19!. For simplicity, we uset to denotet2
in the following. IntegratingR( f 1 ,t1 ; f 2 ,t2)C over t1 , we
obtain the decay rates~for C56) as

R~ f 1 , f 2 ;t !2}uAf1
u2uAf2

u2exp~2Gutu!@~ uj2u21uz2u2!cosh~yDGt !22Re~j2* z2!sinh~yDGt !

2~ uj2u22uz2u2!cos~xDGt !12Im~j2* z2!sin~xDGt !# ~A1!

and

R~ f 1 , f 2 ;t !1}uAf1
u2uAf2

u2exp~2Gutu!F uj1u21uz1u2

A12yD
2

cosh~yDGutu1fy!2
2Re~j1* z1!

A12yD
2

sinh~yDGutu1fy!

2
uj1u22uz1u2

A11xD
2

cos~xDGutu1fx!1
2Im~j1* z1!

A11xD
2

sin~xDGutu1fx!G , ~A2!

where the phase shiftsfx andfy are defined by tanfx5xD and tanhfy5yD , respectively. One can check that integrating
R( f 1 , f 2 ;t)C over t, where tP(2`,1`), will lead to the time-independent decay rateR( f 1 , f 2)C given in Eq. ~2.21!.
Equations~A1! and ~A2! are two basic formulas for investigating coherentD0D̄0 decays at asymmetrict-charm factories.

Another possibility is to measure the time-integrated decay rates of (Dphys
0 D̄phys

0 )C with a proper time cut, which can
sometimes increase the sizes ofCP asymmetries@13#. In practice, appropriate time cuts can also suppress background and
improve the statistic accuracy of signals. If the decay events in the time regiontP@1t0 ,1`) or tP(2`,2t0# are used,
wheret0>0, the respective decay rates can be defined by

R̂~ f 1 , f 2 ;1t0!C[E
1t0

1`

R~ f 1 , f 2 ;t !Cdt,

~A3!

R̂~ f 1 , f 2 ;2t0!C[E
2`

2t0
R~ f 1 , f 2 ;t !Cdt.

By use of Eqs.~A1! and ~A2!, we obtain
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R̂~ f 1 , f 2 ;6t0!2}uAf1
u2uAf2

u2exp~2Gt0!F uj2u21uz2u2

2A12yD
2

cosh~yDGt01fy!7
Re~j2* z2!

A12yD
2
sinh~yDGt01fy!

2
uj2u22uz2u2

2A11xD
2

cos~xDGt01fx!6
Im~j2* z2!

A11xD
2
sin~xDGt01fx!G ~A4!

and

R̂~ f 1 , f 2 ;6t0!1}uAf1
u2uAf2

u2exp~2Gt0!F uj1u21uz1u2

2~12yD
2 !

cosh~yDGt012fy!2
Re~j1* z1!

12yD
2 sinh~yDGt012fy!

2
uj1u22uz1u2

2~11xD
2 !

cos~xDGt012fx!1
Im~j1* z1!

11xD
2 sin~xDGt012fx!G . ~A5!

It is easy to check that

R̂~ f 1 , f 2 ;10!C1R̂~ f 1 , f 2 ;20!C5R~ f 1 , f 2!C . ~A6!

One can observe that inR̂( f 1 , f 2 ;6t0)C different terms are
sensitive to the time cutt0 in different ways. Thus it is pos-
sible to enhance aCP-violating term~and suppress the oth-
ers! via a suitable cutt0.

APPENDIX B

In this appendix we take a brief look at the possible effect
of CPT violation in D0-D̄0 mixing on the decay rates of
semileptonic D decays. For simplicity, we assume the
DQ5DC rule and directCPT invariance inD decays to
hold exactly. We also assume the absence of final-state elec-
tromagnetic interactions and other sources of new physics
that could affect the tree-levelW-mediatedD decays. Be-
cause of the presence ofCPT violation, the mass eigenstates
uDL& and uDH& can now be expressed as

uDL&5cos
u

2
puD0&1sin

u

2
quD̄0&,

~B1!

uDH&5sin
u

2
puD0&2cos

u

2
quD̄0&,

whereu is in general complex. Note thatCPT invariance
requires cosu50, while CP conservation requires both
cosu50 andp5q51 @40#. Taking u5p/2, i.e.,CPT sym-
metry, one can reproduce Eq.~2.1! from Eq. ~B1!. The
proper-time evolution of an initially (t50) pureD0 or D̄0

turns out to be

uDphys
0 ~ t !&5@g1~ t !1g2~ t !cosu#uD0&1

q

p
@g2~ t !sinu#uD̄0&,

~B2!

uD̄phys
0 ~ t !&5@g1~ t !2g2~ t !cosu#uD̄0&1

p

q
@g2~ t !sinu#uD0&,

whereg
6
(t) have been given in Eq.~2.6!.

Starting from Eq.~B2!, one can calculate theCP asym-
metry D̄D defined in Eq.~3.5! for semileptonicD transitions.
We find

D̄D5
2xDaIm~cosu!12yDRe~cosu!

~11a!1~12a!ucosuu2
, ~B3!

where a5(12yD
2 )/(11xD

2 ) has been defined before.
Clearly D̄D50, if there is noCPT violation in D0-D̄0 mix-
ing ~i.e., cosu50). Sinceucosuu must be a small quantity, the
ucosuu2 term in the denominator ofD̄D is negligible. Anyway
observation of the signalD̄D will be greatly difficult in prac-
tice, since its magnitude is suppressed by both the small
mixing rate and the smallCPT asymmetry.

Next let us assume the experimental scenario to be an
asymmetrict-charm factory, in whichD0D̄0 pairs can be
coherently produced at thec(3.77) or c(4.14) resonance
and the time-dependent measurements of their decays are
available. To probe possibleCPT violation in D0-D̄0 mix-
ing, we consider the case that oneD meson decays to the
semileptonic statee6Xe

7 at ~proper! time te and the other to
the semileptonic statem7Xm

6 at tm . The joint decay rate for
having such an event can be given as a function of the decay-
time differencet[tm2te . For simplicity and definition, we
chooset.0 by convention. This implies thate6Xe

7 events
may serve for flavor-tagging ofm7Xm

6 events. After a
lengthy calculation, we obtain

R~e6Xe
7 ,m7Xm

6 ;t !2}uAeu2uAmu2exp~2Gt !@cosh~yDGt !1cos~xDGt !62Re~cosu!sinh~yDGt !62Im~cosu!sin~xDGt !#
~B4!

and
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R~e6Xe
7 ,m7Xm

6 ;t !1}uAeu2uAmu2exp~2Gt !H cosh~yDGt1fy!

A12yD
2

1
cos~xDGt1fx!

A11xD
2

6
2ucosuu

AxD2 1~22yD!2
@cos~Q1v2!exp~1yDGt !2cos~Q1v11xDGt !#

7
2ucosuu

AxD2 1~21yD!2
@cos~Q2v1!exp~2yDGt !2cos~Q2v12xDGt !#J , ~B5!

wherefx andfy have been defined in Appendix A, and the phase shiftsv6 andQ are defined by tanv6[xD/(26yD) and
tanQ[Im(cosu)/Re(cosu), respectively. In obtaining Eqs.~B4! and ~B5!, we have neglected those higher-order terms of
cosu. It is clear that the opposite-sign dilepton eventsR( l6Xl

7 ,l7Xl
6 ;t)C cannot be used to explore possibleCPT violation

in D0-D̄0 mixing, because the time order ofl1 andl2 is hardly distinguishable in practical experiments. In addition, the signal
of CPT violation cannot manifest itself in the time-integrated decay rates of (Dphys

0 D̄phys
0 )C→(e6X7)(m7X6), as obviously

shown by the equations above. That is why we need an asymmetrict-charm factory to testCPT symmetry inD0-D̄0 mixing.
Of course,CPT violation can appear in many other decay modes of neutralD mesons. The semileptonic processes

discussed above are more attractive to us for the study ofCPT violation, since they do not involveCP asymmetry inD0-
D̄0 mixing ~measured byuq/puÞ1) and otherCP-violating signals. In general, however, both direct and indirectCPT
asymmetries as well asDQ52DC transitions~and other sources of new physics! are possible to affect the decay modes in
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