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DO-DO mixing and CP violation in neutral D-meson decays
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DO-D° mixing at the detectable level or significa®P 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 the-charm factories, we make a further study of the phenomenology of
DO-D? mixing andCP violation in neutralD-meson decays. The generic formulas for the time-dependent and
time-integrated decay rates of both coherent and incoh&@®nf events are derived, and their approximate
expressions up to the second order of the mixing paramefeendy are presented. Explicitly we discuss
D°-D° mixing and variousC P-violating signals in neutraD decays to the semileptonic final states, the
hadronicCP eigenstates, the hadronic n@R eigenstates, and th@P-forbidden states. A few nontrivial
approaches to the separate determinatiompfindyp and to the demonstration of direct and indir€®
asymmetries in the charm sector are sugge$®0656-282(197)02401-9

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

. INTRODUCTION pected to be negligibly smalkf~10"° andysP<x3P [3]).

) ) ) ) o The long-distance effect oD%-D® mixing comes mainly
Itis well known in particle physics that mixing between a from the real intermediate states of @multiplets, such as

neutralP° meson and it< P-conjugate counterpa®® can
arise if both of them couple to a subset of virtual aod
real intermediate states. Such mixing effects provide a
mechanism whereby interference in the transition amplitudes ) o . .
of P andP° mesons may occur, leading to the possibility of and is possible to be significant if the &) symmetry is

S " P 0 o badly broken(e.g., x5>~yg>~103-10"2 [4]). However,
CP violation. Determining the magnitude &°-P° mixing . ) )

X . o , 0 the dispersive approa¢b] and heavy quark effective theory

and probing possibl€ P-violating phenomena in th@"- .
— [6] seem to favor a much smaller result for the long-distance

RO system haveO b_eoen chal(l)eﬂ%ing. tgsks for particle physiz. . ibution: x—10xxSP and xL~xP, respectively.
cists. To dateK™-K™ and B¢-By mixing rates have been  gch theoretical discrepancies indicate our poor understand-
measured, and th€P-violating signal induced by<®-K® g of the dynamics foD%-D° mixing: hence, more efforts
mixing has been unambiguously establistiéli Many so- i, hoth theory and experiments to better constrain the mixing
phisticated experimental efforts, such as the programg of ate are desirable. If calculations based on the standard
factories,B factories, and high-luminosity hadron machines, nodel can reliably limitxy andyp, to be well below 102,
are being made to discover new signalsf? asymmetries  then observation of , at the level of 104 or so will imply
beyond theK%-K® system and to precisely measure thethe existence of new physics. On the other hand, improved
Kobayashi-Maskaw#&KM) matrix elements. experimental knowledge ofp, in particular the relative
The study of mixing andCP violation in theQ=+2/3  magnitude ofxp andyp, can definitely clarify the ambigu-
quark sector, particularly in thB°-D° system, is not only ities in current theoretical estimates and shed some light on
complementary to our knowledge of th&-K® andB%-B®  both the dynamics ab°-D° mixing and possible sources of
systems, but also important for exploring possible new physnew physics beyond the standard model. s
ics that is out of reach of the standard model predictions. The The phenomenology & P violation in theD%-D° system
rate of D%-D° mixing is commonly measured by two well- was first developed by Bigi and Sanfid, and further sum-
defined dimensionless parametegs andyp, which corre-  marized by Bigi in Ref[8]. These works have outlined the
spond to the mass and width differencedddfandD® mass  main features oD°-D° mixing andCP asymmetries antici-
eigenstates. The latest E691 data of Fermilab fixed targgiated to appear in neutr@l-meson decays, although many
experiments only give an upper bound BA-D® mixing [2]: of their formulas and results are approximate or just for il-
lustrative purposes. The theoretical expectations on the mag-
5 nitudes of various possible effects are also sketched in Refs.
<3.7X10°°. (1.2 [7.8].
Recent experimental progress, particularly in observing
In the standard model the short-distance contribution tdahe doubly Cabibbo-suppressed de¢®SD) D°—K* 7~
D?-D mixing is via box diagrams and its magnitude is ex-[9], constraining theéd®-D° mixing rate[1,2] and searching
for CP asymmetries irD decays toK *K ™, etc.[10], are
quite encouraging. Further experimental efforts, based
*Electronic address: xing@eken.phys.nagoya-u.ac.jp mainly on the high-luminosity fixed target faciliti¢s1], the
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forthcoming B-meson factories, and the proposedharm |DL>=p|D°)+q|F),
factories[12], are underway to approach the above physical

goals. In view of the large discovery potential associated IDy)=p|D%)— |§)
with these experimental programs, a further study of the phe- H)=PID%)—alD"),
nomenology ofD%D° mixing and CP violation in the

(2.1

h tem i doubt di tant in which the subscripts £ and “H” stand for light and
o e hoall o ooy &ne mpar e heavy, respectively, ando(q) are complex mixing param-

In this paper we shall, on the one hand, follow the pio- : 7 . .
neering work of Bigi and Sanda to refine upon the phenom_eters. Sometimes it is more convenient to use the notation

enology of D°-D° mixing and CP violation in neutralD q lq
decays and, on the other hand, investigate some specific pos- —E’ —
sibilities to separately determing, andyp as well as to P IP

probe variousCP-violating signals in the charm sector. A . o = .
generic formulation for the time-dependent and time-Whered is arealCP-violating phase iD"-D~ mixing. With

integrated decay rates of both coherent and incoherehe help of the conventions CP|D%=|D% and
DD events is derived, and their approximate expression€P|D® =|D°), the relations between th@P eigenstates
up to O(x3) and O(y3) are presented. Systematically but

exp(i2¢), 2.2

explicitly, we discuss a variety oD%D°® mixing and 5 _|D°>+IF’> _|D°>—|§3> )3
CP-violating measurables in neutrBl decays to the semi- D)= 2 . ID2)= 2 23

leptonic final states, the hadroneP eigenstates, the had-
ronic nonCP eigenstates, and tHeP-forbidden states. We and the mass eigenstaté, ), |Dy) turn out to be
show that it is possible to determine the relative magnitude
of xp andyp through observation of the dilepton events of p+q p—q
coherent D°D® decays on they(4.14) resonance at a IDL)= T|D1>+T|D2>'
7-charm factory. A model-independent constraint@%D° 2 2
mixing can also be obtained by measuring the decay-time
distributions of D/D°—Kg +7°, etc. By use of the D)= p+—q|D2>+E|D1>. 2.4
isospin analysis and current data, we illustrate final-state in- V2 V2
teractions inD— KK _and their influence o€ P violation.
The interplay ofD°-D° mixing and DCSD effects in inco- The proper-time evolution of an initiallyt & 0) pureD® or
herentD®DO decays tk *#* and in coherenb®DO decays D’ is given as
to both (*X*,K*7%) and K=#*,K*7") states is ana- :
lyzed in the presence @ P violation and final-state interac- 0 _ 0 o
t?/ons. We takpe a look at two types 6fP-forbidden decays at Dy D) =9 ([D%)+ Bg_(t”D z
the ¢(3.77) andiy(4.14) resonances. Finally the possibility
— H 0_nO I J—
Systom 15 briefly Giscugsed | o DD Dyt =0-(0IDY+ 2g 0I0%, @29
This work is organized as follows. In Sec. Il we derive the
generic formulas for coherent and incoher®?D° decays, where
and then make some analytical approximations for them.

Secs. lIl, IV, V, and VI are devoted tB°-D° mixing and B : r : AT t
CP violation in neutralD decays to the semileptonic states, g+(t)—exp{ (|m+ 2/ cosr{(Mm 2 )2)
the hadronicCP eigenstates, the hadronic n@PR eigen-

states, and theCP-forbidden states, respectively, where ) r . ) AT\ t
some distinctive approaches or examples are discussed for g(t)—ex;{— Im-+ §)t sm)—{(lAm— > |2

determiningxp andyp or probing possiblé€ P-violating ef- (2.6)
fects. We summarize our main results in Sec. VII with some
comments on tests of teQ=AC rule andCPT symmetry.  with the definitions

Il. FUNDAMENTAL FORMULAS M, +m
_ H _
We first develop a generic formulation for the time- m=—— Am=my-—m,
dependent and time-integrated decays of nel@rahesons.
Considering the smallness @°-D° mixing indicated by I +T'y
both experimental searches and theoretical estimates, we I's——, A'=l''-Ty. 2.7
then make some analytical approximations for the obtained
decay rates up to the accuracy®{x3) andO(y3). Here m_ ) and T, are the mass and width @, ),

respectively. Note that the above definitions guarantee
Am=0 and AT'=0 in most cases. Practically, it is more
In the assumption of£PT invariance, the mass eigen- popular to use the following two dimensionless parameters

states ofD® andD® mesons can be written as for describingD%-D° mixing:

A. Preliminaries
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Am
T

AT

Certainly bothxp andyp in most cases are positiyer van-
ishing).

B. Rates for incoherentD decays

The transition amplitude of a neutrBl meson decaying
to a semileptonic or nonleptonic stdtean be obtained from

Eq. (2.5 as

<f|H|D8hys<t>>=g+<t>Af+gg_mA—f,

<f|H|D_8hy4t>>:g+(t>A_f+ggmAf, (2.9

where A;=(f||D° and A;=(f|H|DP. For convenience,
we also define the ratio of these two amplitudes:
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To obtain the time-independent decay rates, we integrate Eq.
(2.11 overte[0,°) and get

1
2Cx

R(D e f)oe| A2 T

! C
1-y3
yD XD
+ +
l—y%Sy 1+x2DSx

R(Dghysﬁf)oc|Af|2

_ 1
+
1—y2DCy 1+x",;CX

Yo —  Xp —
+ + :
1—y§,Sy 1+X%S"

(2.19

Equations(2.11) and (2.14) are the master formulas for in-
coherentD decays.

Following the same procedure one can calculate the decay
rates ofD{; candDpy, cto f, theC P-conjugate state df. To
express the relevant formulas in analogy with Egsl1) and
(2.14), we defineA7=(f|H|D°), A7=(f|H|D%), and

= ﬁ A= d (2.10
Pt A’ f pr- . .
f —_P
. p==—, AN=_p_. (2.19
Then the time-dependent probabilities of such decay events A7 q

are expressed as

R(D ghyd )= F)c| Ag|?exp( —T't)[ C,coshiypI't)
+Cycodxpl't) + Sysinh(ypI't)
+S;sin(xpI't)],

R(D_ghys(t)ﬁf)oc |Af|2exp(— Ft)[C_ycosr(yDFt)

+C,cogxpl't) +S,sinh(ypT't)

+S.sin(xpTt)], (2.11)
where
LN B
Cy: 2 ' Syz_R@\f ’
1—|n|?
C,= > , Se=—1m\yg, (2.12
and

(C_yygic_Xl )=|p/q|2(Cy,Sy,—Cx,—Sx). (213)

Then RO ()~ 1), RO —1) and R(Dfy1),
R(Dghys—ﬂ‘) can be written out in terms ok, andAt. If
f is aCP eigenstatdi.e., |f)=CP|f)==|f)), then we get

A]T: iAf , AT: iAf , p__: 1/pf, and)\T: 1/7\f .
f

C. Rates for coherentD decays

For a cohereanhyJ?;hys pair at rest, its time-dependent
wave function can be written as

1 5o no
_[DphyéKvt)>®|Dphys(_ K1)

V2

+C|D8hy4_K't)>®|53hys(Kat)>], (2.16

whereK is the three-momentum vector of tBemesons, and
C==* denotes the charge-conjugation parity of this coherent
system. The formulas for the time evolution Bighys and

Dghys mesons have been given in EJ.5). Here we consider
the case that one of the twid mesons(with momentum

K) decays to a final statk, at proper timet; and the other
(with —K) to f,, att,. Heref, andf, may be either hadronic

or semileptonic states. The amplitude of such a joint decay

mode is given by
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1
A(fl7t1;f2atZ)C:EAflAfzfc[QJr(tl)gf(tZ) fC__(]'—FC)\fl)\fz)'
+Cg-(t1)g+(t2)] 0
! {e=G (M, T Oy, (218
+ EAflAfzé’c[9+(t1)9+(t2)
+Cg_(t)g_(t)], 2.17 Here the definition of\fl and)\f2 is :_;imilar to that of_xf in
Eqg. (2.10. After a lengthy calculatiorf13], we obtain the
whereAfiE<fi|H|D°> (with i=1,2), and time-dependent decay rate as

|
R(fy,t1;f,ta)coc| Ar 12| Ar | 2exp( — Tt )[(|éc|+]{c|?) cosypltc) — 2Re( £g {c)sinh(ypT'te)

—(|&c|?—]¢c|?) cogxpTte) +2Im(£E L) sin(xpT te) ], (2.19

where
tCEt2+ Ctl (22@

has been defined.
The time-independent decay rate is obtainable from(Eq.9 after the integration oR(f;,t;;f,,t5)c overt; e[0,°) and
t2 S [O’OO) .

2(1+C)y,
R(f1,f2)c A | |Af2|2 )z(|§c| |§C|2)_W o(€8c)— (1+x 2(|§c| —1¢cl®)
2(1+C)x,
+ (—2)—z|m(§c§c) (2.21

We see that two interference terms Bg{c) and ImEg{c) disappear in the case &= —1, independent of the final states
f, andf,. o o L

In a similar way, one can calculate the joint decay rated)ﬁh)(éDghygc to (f41f,), (f1f,), or (f1f,), wheref, andf, are
CP-conjugate states df; andf,, respectively.

D. Analytical approximations

In the standard model, the magnitudesgfandy, are expected to be very small, at most of the order’i8ee, e.g., Refs.
[4—6]). The current experimental constraints Bf-D° mixing give x3+y3<7.4x10 2 [see Eq.(1.1)], which implies
Xp<0.086 andy;<0.086. Because of the smallnessxgfandyp , the generic formulas obtained above can be approximately
simplified to a good degree of accuracy.

Up to the accuracy oD(x%) and O(y%) for every distinctive term, the time-dependent decay rates in(E41) are
approximated as

R(D pnyd )= F)ec| Agl2exp( = TH)[ 1+ (x5 +y3) [N (|2 2t2 = 2(x5 — y§) T 2t2— (ypRe\ s +xpImA()T't],

2

R(Dyd )= )| A% = | exp(—T [\ ¢|2+ 5(x5+YR)T2t2— 1(xp — Y3) IN (|2 T%t%— (ypReN;— XpImN()Tt]. (2.22

Similarly we obtain the approximate decay rates I]I?,rm(t)ef and Dphys(t)—>?

_ _ q _ _ __ R
R(D S d 1) — )| ATf? o exrx—rt>[|m2+%(xé+y%>r2t2—%(x%—y%)Mzrztz—(yDRexf—xDImmrt],

R(D ghyd t) = F)c|AtT2exp —TH[ 1+ (x5 +Y3) NPT 22— 3 (x5~ y5) T 2t°— (ypReNt+xpIm\ITt].  (2.23
The time-independent rates for these four processes turn out to be
R(D?

oy DY A1+ 3 (B +YR) N2 =3 (x5 —YB) — (YpRe {+XpImN )],
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R(DSye— )| AT 1+ 3 (5B +y3) N712— 3 (x3 —y3) — (YoRe\ T+ XplmA7) ] (2.24

and

2
[INe[2+ 3 (x5 +YB) — 3(x5—YB) IN|>— (ypReN{—XpImA )],

-5 p
R(DShysef)oclAflza

o 2 _ _ _
R(D s D | AT —| [INT12+ 3(x5+Y3) — 3(xB—Y3) N2 = (YpReNt—XxpImAp) . (2.25

a
p

The formulas listed above are very useful for the study of neltrdécays in fixed target experiments oBatmeson factories.
Here no assumption has been made for the magnitudes|cdind|\{. If they are considerably smaller than unity, e.g., in the
DCSD'’s, then much simpler expressions can be drawn from @@2—(2.25.

It is common knowledge that the decay-time distributions of cohe@ﬁ;y@)ghygc pairs cannot be measured at a sym-
metrice™ e~ collider [14]. Since the presently proposeecharm factories are all based on symme#ie™ colisions, it is
more practical to study the time-integrated decg/s[bﬁ@pghyg)c pairs. For completeness we shall present some important
formulas for the decay-time distributions dDghypghys)c events, with the assumption of an asymmetricharm 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 t@®(x3) and O(y3), the time-integrated rates foD{, Do, Jc decaying coherently to
(f1f5), (f1f,), (f1f,), and (f,f,) states are obtained from E.2]) as

2

R(f1,f2)c|Ar A% | {(2+C) (x5 +YR)1+Chy N, [P +[2—(2+C) (x5 —yp) [N, + Cy |2

P
q
—2(1+C)ypl(1+|Ns [PRes, + C(1+|Ng,[2)Res T+ 2(1+ C)xp[ (1= [N¢,[?)ImAy,
+C(1= [\, IH)ImAg T3,

2 _ _ _
{(2+C) (g +yB) 1+ CAt NT |2 +[2—(2+C) (x5~ Y) I\t + Cht |

R(f1.f2)cx|AT|AT,|?

a
p
—2(1+C)yp[(1+|N7 [H)Re\T,+ C(1+|\7 )R\t ]+ 2(1+ C)xp[ (1—|N7 |5 ImAT,

+C(1—|\p ) Imae 1, (2.26
and

R(f1,f2)c|Ar [P AT,|H(2+ C) G +YR)INT, + Chy [P+ [2— (24 C) (3§ —y§) ]| 1+ Chy A7 |
—2(1+C)yp[(1+|Nf [HReNT,+ C(1+|NF [H)Re\;, 1—2(1+ C)xp[ (1 [N\¢ |?)ImAT

+C(1—\r P ma 1),

R(f1,f2)c AT PA| (24 C) G +YR) N g, + CNF [P+ [2— (24 C) (g —y5) |1+ CAf Ay |
—2(1+C)yp[(L+|N7[)Re\,+ C(1+|Ng,|HRENT - 2(1+C)xp[ (1~ [N [?)Im\y,

+C(1—|h g |DIMAE T}, (2.27)
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Taking f,=K*I7, or f_1=K*I*v|, for example, Egs.
(2.26 and(2.27) can be simplified significantly. Such semi-
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4_ 4|4
_Ipl*~q| Ao =0,

Ll [ 3.6
o= o[+ ql* 36

leptonic decay modes, which are flavor specific, play the role

in identifying the flavor of the otheD meson decaying to
f, or fo.

Ill. SEMILEPTONIC D DECAYS

The manifestation ob°-D° mixing andCP violation in
the semileptonic decays of neutfal mesons is relatively

If Ap is at the level of 10° or so, it can be measured to
three standard deviations with aboutﬂ@ong—sign events.

It should be noted that the asymmetky may be nonva-
nishing if there exists new physics affecting the semileptonic
D decays. For example, either the violation@P T symme-
try or that of theAQ=AC rule can lead tdA\p#0. Even if

simple, since such transitions are flavor specific in the start’€ AQ=AC rule andCPT invariance holdAp#0 is still
dard model or some of its extensions. Because of the flavd?SSible in consequence of the phase shifts from final-state

specification oD°%—1"X~ andD%—1~X", it is not neces-
sary to study the time dependence[bﬁhyS and decay

0
D phys
modes.

A. D°-D° mixing and CP violation

For fixed target experiments @' e collisions at the
Y (4S) resonance, the produc&@f and D® mesons are in-
coherent. Knowledge db®-D° mixing is expected to come
from ratios of the wrong-sign to right-sign events of semi-
leptonicD decays:

R(D%ys—!"X*)  _ R(D%e—1*X") .
r=———m -, =——": .
R(Dghy5H|+X ) R(Dghys_’lier)
By use of Eq.(2.14), we find
21—a  __ 21—«
=
p| 1+« q| 1+«

where a=(1-y3)/(1+x3). Note that|g/p|#1 signifies
CP violation in D°-D° mixing. To fit more accurate data in
the near future, we prefer the mixing parameter

r+r 1—-«
2 Vira

o 3.3

with w= (|q/p|2+|p/q|?)/2. For|g/p| — 1~ + 1%, the value

electromagnetic interactions or th@P-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, might only be a secondary signature®?-D° mixing,
because the presence »0)=— AC transitions would con-
tribute torp in a significant and time-independent way. For
the purpose of illustration, we shall specifically calculate this
effect on the magnitudes of, and Ay in the following.

B. Effect of AQ=—AC transitions on rp and ID

__Within the standard model the proces&%—1-X* and
DO%—|*X~ are forbidden according to thAQ=AC rule.
New physics beyond the standard model may allow
AQ=—AC transitions, which affect the parametersf-

D° mixing and CP violation. In the assumption o€PT
symmetry and the neglect of final-state electromagnetic in-
teractions, the decay amplitudes@f andD° to |*X* can

be factorized as

(*X7|H|D%=A,, ("X |H|DO)=0A,
(I"X*|HIDYY=AF, (I"X*|H|D%)=0FAF, (3.7)

where oy measures theAQ=—AC transition amplitude.

of w deviates less than 0.1% from unity. Thus this overallWith the help of Eq(2.14) and the notation

factor of rp is safely negligible. In the approximation of
Xp<1 andyp<1, one obtains

2,2
Xpt+Yp
7

Mo~ (3.9
The latest E691 datf2] give r~r~rp<0.37% for small
Xp andyp, where|q/p|~|p/q|~1, a worse approximation
thanw~1, has been used.

)\_Equ* ,

q (3.9

}\+E_(T|,

p

we obtain

0

R(Dphys_)l+X7)OC|AI|2[(1+a)+(1_a)|)\+|2

—2ypRen ; —2axplmi ],

The CP asymmetry between a semileptonic decay mode

and itsCP-conjugate counterpart is defined as

0 Ty 0 —y+
o B TR TR TR
phys phys
A—DER@hypl‘XU—R(DShywl+><‘>_ a5
R(Dppys— ! "X*) +R(Dppye— 1 7X7)

Straightforwardly, we get

R(Dghys_)l7X+)OC|AI|2[(1+a)+(1_a)|)\7|2

—2ypRen _ —2axpIlmA_], (3.9

and

_ 2
R(Dpnys— "X D)= |A?| =] [(1—a)+(1+ )|\ [?

P
g

—2ypRen , +2axplm) ],
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2
R(DZys—! "X A?=| [(1—a)+(1+a)|n_|?

a
p
—2ypRen_+2axplmA _].

(3.10

For small|o|| (e.g.,|oy|~Xp or yp), the original mixing
parameters andr take the form

, 2yD 2axD
'~ ——Re\, — :
r—r'~r+|o| TTa e, 1+am)\+,
=1 ~r+|o?— 2o Rex —ZaXD:mx (3.19)
: l+a =~ 1+« B

As a consequence,

r'+r’"
2 NI’D-F

yD
|on]?— T3 o REN+ )

aXD
— —2Im(A L +A).
o

1T (3.12

In two extreme casesy;=0 andrp=0, we obtainr;=rp
and r,=|o|?, respectively. This implies that a nonzero
value forr{, might not result exclusively fronD°-D° mix-
ing. For this reason, the study &°-D° mixing in some
other decay modes of neutraD mesons (e.g.,
DY%D°—K*#7) is necessary in order to pin down possible
new physics in the charm sector. o

The magnitudes o€ P asymmetrie\; andAp might be

affected by theAQ= —AC transitions too. In the approxi-
mation of|oy|<1 andrp<1, we find thatA, becomes

aXD

Rd)\_—)\+)—m|m()\_—)\+).
(3.13

Yo
1+a

A_I,D%rD|O'I|2AD_

Note that nonvanishind/, comes from the interference be-
tween theD®-D° mixing and AQ=—AC amplitudes; i.e.,
either rp=0 or o;=0 can give rise toA;=Ap=0. If
Ap=0 is assumed, then one obtain§~xpIm\, . Since
bothxp and|o|| are expected to be very smédiven vanish-
ing), observation of theCP asymmetryAj may be practi-
cally impossible.

C. Separate determination ofxp and yp

Current theoretical estimates for the sizesxgfandyp
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For a r-charm factory running at the(4.14) resonance,
the coherentD°D® events can be produced through
Y(4.14)—y(D°D%¢_, or Y(4.14)-7°(D°D%__,
where C stands for the charge-conjugation paffify2]. The
generic formulas for the joint decay rates of tomesons
have been given in Eq2.21). For our present purpose, we
only consider the primary dilepton events which are directly
emitted from the coherentD(, Dp.,dc decays. LetNE ™
and N:~ denote the time-integrated numbers of like-sign
and opposite-sign dilepton events, respectively. By use of
Eq. (2.21), we obtain

NEF N p|q 1+Cy3d 1-Cx3
© %l |[(1-yH)? (1+x3)?[
e N qly 1+Cy3 1-Cx3
© T Cpl [(1-yH)? (1+x3)?
[1+Cy3 1-Cx3
NE~=2N + , (3.19
c “Ua-y3)?  (1+x5)2

whereN¢ is the normalization factor proportional to the rates
of semileptonicD® and D° decays. It is easy to check that
the relation

NT NI =NI"NZ~ (3.15
holds stringently, and it is independent of the magnitudes of
D?-D° mixing andCP violation.

Of course a coherenb®D® pair with C=— can be
straightforwardly produced from the decay of tii¢3.77)
resonance. Its time-independent decay rates of the like-sign
and opposite-sign dileptons obey E(B.14 too. At a
r-charm factory the D°D%.__ decays at both the
Y(3.77) andy(4.14) resonances will be measured, and a
combination of them might increase the sensitiveness of our
approach to probin@°-D° mixing.

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

NET—Ng~

B CNETHNG
NeTING eT

a r =————,
C N¢

(3.1

which signify nonvanishingC P violation and DO-DO mix-
ing, respectively. Explicitly, we find

_lpl*~[qf*
° lpl*+[a*

a_=a,= 3.19
If'a_ora, is of the order 103, it can be measured to three

standard deviations at the second-round experiments of a

have dramatic discrepancies due to the difficulty in dealingr-charm factory with about 10 like-sign dileptons (or,

with the long-distance interactiongd—6]. Hence a separate

equivalently, about 1§ D°D° events. Furthermore,

determination of these two mixing parameters from direct

measurements is very necessglt$,16. Here we propose a
time-independent method to probe the relative sizeyoand
yp in the dilepton events of cohereBt), Dy < decays at
the ¢/(4.14) resonance. In our calculations b@PT invari-
ance and thaQ=AC rule are assumed to hold exactly.

1-«
rf_Wl-i-a'

p-a?

ry=w———>,
+ B+a2

(3.18

whereB=(1+y3)/(1—x3). One can see that =rp holds
without any approximation. For smath andy, we have
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2 + 2
r,~XD2yD, ro~3r_. (3.19 08
0.6 4
These two approximate results have been well known in the 04 i
literature (see, e.g., Refd.7,8]). In such an approximation, ’
however, the relative size of5 and y3 cannot be deter- 0.2 i
mined.
To distinguish between the different contributions>gf ¥ (%) o .
andyp to D%-D° mixing, one has to measure as precisely 03
as possible. With the help of E¢3.18, we show that the '
magnitudes ok, andyp can be separately determined as 04} 4
yp = 0.08
1+r 14+3r  1+4r \[14r 1+r \71 06F - -
2 _ - - + - +
T e ) A i P A 08 R T S S S
0 0.02 0.04 0.06 0.08
1-r 1-3r  1-r \[1-r 1-r \71 zp
2 - - + + _ -
Yo=\ 1o v_ T+r.  T+r,/\T1+r, 1+r_
(3.20 FIG. 1. The illustrative plot for the changes pfwith X , where

o o the restriction 10%<r_<3.7x 102 has been used.
Here it is worth emphasizing that as the overalland com-

mon) factor ofrp, r_, andr+ can be safely neglected. In (jear thaty reflects the information about the relative mag-
the approximations up t®(r?) andO(r2), we obtain two  nitude ofxp andyp and it can be detected if_ is of the

simpler relations order 103 or so.
In the assumption of a dedicated accelerator running for
, —3r_ . ry—2r_ one year at an average luminosity of*4G™!cm™2, about
XD_VDNZHT’ XpTyp~4r- P 10" events of y(D°D%._, and a similar number of

(3.2)  7%(D°DY%.__ are expected to be produced at #et.14)
resonancél2]. A precision of 104-10"° in measurements
Thus it is crucial to examine the deviation of the ratio of y andr is achievable if one assumes zero background
+

r, /r_from 3, in order to find the difference betwerf and and enough running tim@2,17), and then similar precision

YD- Instructively, we consider three special cait] can be obtained for the ratio /r _ without much more ex-
r, perimental efforsee Eq.(3.22 for illustration]. If D°-D°
Xp>Yp=—~3+2r_>3, mixing were at the level ofrp~10"3 (or at least

- rp=10"%), then the relative magnitude &f, andyp should
be detectable in the second-round experiments of a

r, 7-charm factory (beyond the one under consideration at
2
Xp~Yp=r—~3-9r°~3, present
r. IV. NEUTRAL D DECAYS TO CP EIGENSTATES
xD<yD=>r—~3—2r_<3. (3.22

- Neutral D-meson decays to hadronCP eigenstated
. . _ (i.e., |f)y=CP|fy=+|f)), such ad=n"7" andKg7°, are
Tshgse ;elanpnsl can behdlrectly denved. from F‘E‘l& é)r of particular interest for the study dE P violation in the
(3.20. 1 I‘72IS czose to the current experimental boui€.,  .harm sector. The formulas for their decay rates derived in
r_=rp~(Xp+yp)/2<0.37%]|, then measurements of Sec. Il can be simplified because of the relations

r,/r_ to the accuracy of 10* can definitely establish the AT=*+A;, A7=*A;, p__— 1ps, and \y=1/\s. If one

relatlve magnitude okp andyp. To this goal, about 0 takes|q/p|=1 in some cases, thenf \* is obtainable
like-sign dileptons[or, equivalently, about & events of [18].
(D°D%¢__ and O°DY%_, pairg are needed.
SurI;c;)rlelIlustratlon, we take a look at the changes of the mea- A Three sources ofCP violation
In the experimental analyses of incoheréntlecays, the
r combined time-dependent rates
y=—-3, (3.23 nec ame-aep .
R+()=R(DY,d) = H) RO (—F) (4.1
with xp, by fixing the value of yp. Allowing
10 4<r_<3.7x10 2 and takingyp=0.001, 0.04, and 0.08, are commonly used. For convenience in expressing our ana-
respectively, we ploty as the function ok in Fig. 1. Itis lytical results, we first define
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1N = 2Im)g e 2Re\¢
R W N W LN
4.2
which satisfy a concise sum rule
U+ VZ+We=1 4.3

With the help of Eq.(2.11), we obtain
R, (t)=Reexp(—T't)[cosiypl't) = WisinypT't)
— Aplscos XpTt) — Ap Visin(xpI't) ],

R_(t)=Roexp — ['t)[ — Apcoshyp't) + ApWisinh(ypI't)

+Uscog xpl't) + Visin(xpl't)], (4.4
where
1p |2 P|? 2
Ro> 3| Afl| 1+ q (1+[N\e]%) (4.9
is a normalization factor, and Ap=(|p|2—|q|?)/

(Ip|?+|q|?) is related toAp through
2Ap
1+A%°

D= (4.6)

To properly describe the signal of dire€P violation in
neutralD decays, we further define

_|Pf|2

= 0. 4,
STl (@7

By use of Eq.(2.10, we obtain the relation betweeh and
Z/ff :

7?4'&0
1+Ap7;

Z/{f: (48)

Itis clear thatAp, 77, andV; measure th€ P asymmetry in
D%D° mixing, the directCP asymmetry in the transition
amplitudes ofD decays, and the indire€€P asymmetry
arising from the interplay of decay ar®-D° mixing, re-
spectively. These sources 6fP-violating effects appear in
R (t) simultaneously, but they have different time distribu-

ZHI-ZHONG XING

R_(t)

~—Ap+ U+ Xp Vi [t~T + xp ViT't.
RJr(t) D f DVf f DVt

4.9

One can see thalp has little contribution taA(t), and the
term 7; is almost independent of the decay time

Integrating R (t) over te[0,©), we obtain the time-
independent decay rates as

Ry= 7[1-ypW;i— aAD(uf+XDVf)]y

1yD

Ro “
2[(yDWf DAp+a(Us+xpVy)], (4.10

ERY

where @ has been given in Sec. Ill A. The corresponding
CP asymmetry turns out to be

R_
A= _N_AD+Z/{f+XDVf

+

T+xpVr (41D

in the leading-order approximation.

At the (3.77) andy(4.14) resonances, the produced
D°DP pair may exist in a coherent state until one of them
decays. Hence we can use the semileptonic decay obone
meson to tag the flavor of the other meson decaying to a
flavor-nonspecificC P eigenstatd. The time-integrated rates
of such joint decays can be read off from Eg.21). We are
more interested in the following combinations of decay rates:

(4.12

After some straightforward calculations, we obtain

Q.(C)=R(I"X", e =RITX", ).

Q. (C)=Q[(1+Cy3)— (1—Cx3) a?Apls
—(1+C)(ypWr+xpa®ApVy)],

Q_(C)=Q[ — (1+Cy3)Ap+(1- CxB) a2

+(1+C)(ypApWi+xpa®y)], (413
where
Q 2Ro|A|? 4.14
m— .
07 (1-y3)?

tions and can in principle be distinguished from one anotheand other quantities have been defined before. Keeping the

[19]. The magnitudes oAy, 7;, and); are expected to be

leading terms ofAp, 7;, andVs, we get theCP asymme-

very small(e.g., at the percent level in some extensions ofiries for C=+ cases as

the standard electroweak modgRQ]). In contrast, the
CP-conserving quantityV; should be of order 1. Thus the

coskpl't) and singpl't) terms are considerably suppressed in

R, (t). This interesting feature implies that the mixing pa-

rameteryp is possible to be constrained from the measure-

ment of the flavor-untagged decay r&e (t). We shall dis-
cuss this possibility for some neutf@almeson decays in the
next subsection.

In lowest-order approximations, we keep only the leadingindeed, A_

terms ofAp, 7;, andV; in R.(t). Then theCP-violating
observable is given as

A == U~T
- QO ( :_) D f fi
Q_(C=+)
A+Em AD+Uf+2XDVf Ti+2xp Vs .
(4.19
is exactly independent of the indirect

CP-violating termV;. The asymmetry4d, is mainly com-
posed of two sources @ P violation. Comparing Eq4.15
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Indeed significant new physics may existi?-D° mixing
and the loop-induced penguin transitions Df mesons
[22,23. The processe®’—Kg, +a° and D°—Kg, + 7°
take place through Fig. 2 witkK°-K° mixing in the final
states. The mass eigenstateskdf and K® mesons can be
written as

*—Ed K ‘ % i [Ke)=(1+ ) [K%)+(1- ) [KP),
D° D° {

0 d go _ 0 KO

—_— 5 [KL)=(1+€)[K") = (1= e)[KT), (4.18

where the complex parameter has been unambiguously
measured || ~2.27x 10 2 and ¢,~43.6°[1]). Note again
that we do not assumi¢sm® andK #° to be the exac€P
eigenstates, although such an assumption is safely allowed
d)y our main results presented later on. The overall decay

amplitudes oD% D°—Kg, + #° are then given by

(c) (d)

FIG. 2. Quark diagrams for the Cabibbo-allowed decay
D°—K%7#° and the doubly Cabibbo-suppressed deb&y-K°#P.

with Eqg. (4.11), one can see that there exists an interestin
relation among three time-independ€® measurables:

(4.16

This result should be testable in a variety of neulradlecays

A_+ A, =2A. A(D’—Kg +70)=(1+ € )Ao,0* (1€ )ARD,0,

A(D—Kg, +70) = (1+ €*)Agon0* (1— € ) Agoo.

to CP eigenstates. (4.19
B. Approach to constrain yp, and xp Here Ayo,0, etc. can be factorized as
It has been pointed out that, might be probed through Axo0=(VegV*)T1eXp(i 8y),
measurements of the singly Cabibbo-suppressed decays i carus
_Dghys(t)—>K+K‘_ a_nd 77 if CP c_onservation could hold A 0= (Vo) Toexp(i 6,),
in them[15]. This idea can be straightforwardly understood
from the combined decay raté®, (t) in Eq. (4.4). Assum- Ao o= (V* V) T,expisy)
ing CP invariance, i.e.,Ap=7;=V;=0 and W;=1 (or K cdfusi T o
W;= —1 for CP-odd final states we find A_KOqTOZ(V:sVud)TZeXF(i 5,). 4.20

R (t)=Roexp(—T't)[cosiypl't)—sinhypI't)]
=Reexd — (1+yp)T't], 4.17

with Ro=2|A¢|%. Because (¥yp)I'=T"_, the signature of
D-D° mixing is indeed a deviation of the slope & (t)

from exp(Tt). SinceI’ can be measured via other ap- (1+€*)(VEV ) hexp(id) +(1—€*)(VegVus)
proaches, one is then able to constrain the magnitude ofkgr®= T (1= ) (Vo V> Jhexpi 6) + (1+ € ) (VogVry) |
Yp . The above method depends strongly upon the assump- ¢stud cd¥us
tion of CP conservation iD decays; hence, it may not work %\ 7\ % Sy 1 ks
well in practice. Subsequently we shall show that a model-5, o= — (1te )(VCSV:d)hepr 9)—(1-e )(VCdV:S)‘
independent constraint oy, (or Xp) is indeed achievable, L (1—€")(VesVighexp(i o) — (1+€*)(VeqVyo)

without any special assumption, from measuring the decay- (4.21

o i 0 0 0
tlmg d'sttlr'bUt'OnkS_ OT[K)phyS(t)/dDﬁhys(g)_)Ks'Ltég , etc. tates DY Use of the Wolfenstein parametar~0.22, we have
xactly speakingsm™ anam, m areé not. = eIgenstales 1 \4 v* v 4~1, andV*,V e~ — \2. Furthermoreh~1

. . . . O 0 . .
due to the existence of smallP violation in K*™-K™ mixing. 5" anticipated in the factorization approximatifd]. As a
Here we want to keep thi€ P-violating contribution toD

whereVq, etc., are the KM matrix element3,; and T,
stand for the realpositive hadronic matrix elements, and
6, and &, are the corresponding strong phases. Denoting
h=T,/T, and 6= §,— 6;, we obtain

) . consequence,

decays(measured bye), but it can be safely neglected in

most cases. _ p ~1+2€*, p ~—p (4.22
In the standard model the transitio®’—K°#° and Kgm? Km0 sm°

D°—K%#P (and theirC P-conjugate processeare Cabibbo _ o
allowed and doubly Cabibbo suppressed, respectively. BotA0!d 10 & good degree of accuracy. This result implies that
of them occur only through the tree-level quark diagrams, aghe directCP asymmetries irDp, {t)/Dpy (1) —>Kg +7°
illustrated in Fig. 2. Since any new physics cannot signifi-are dominated b °-K°® mixing [25]:

cantly affect the direct decays of charm quark via the tree-

level W-mediated graph$§21], one expects that Fig. 2 re-

mains to be a valid quark-diagram description of the above- 'For simplicity, we neglect the common normalization factor
mentioned decay modes even beyond the standard modaly2(1+]e[?) for |Ks) and|K).
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T g0~ T 70~ — 2Ree~ — 2| €|cOsp.. (4.23
Explicitly, we get7y jo~Ty mo~—3.3x10"".
For simplicity, we shall wuse the notation

a/p=|a/p|exp(i2¢) [see Eq.(2.2)] later on. With the help
of Egs.(4.22 and(4.23 as well as the reasonable assump-
tion |Ap| <10 2, we obtain

UKSW0~ +Z/{KL7TO%AD - 2| E|COS‘¢E y

VKSWOANJ - VKLWOAN’ 2| 6|Sind)EC012¢) - Sln(zd))!

Wicr0~ = Wic 0~ 2 | sin Sin(2 ) + cog 2¢b),

(4.24)

in good approximations. Clearly the unknown new physics

may enterVx o and Wy o through theD°-D° mixing
phaseg. Within the standard model one expegts-0; thus,
Vign0~3.1X107° and Wy _0~1. Beyond the standard
model it is possible that the magnitudes b’kswo and
WKSWO are dominated by sing® and cos(d), respectively.
The quantitiesVKLwo and Wk w0 are in the similar situation.

Because of the smallness »f andyp, some analytical
approximations can be made f&-(t) in Eq. (4.4 up to
O(x3) and O(y3). Taking Egs.(4.23 and (4.24 into ac-
count, we find

0 0
REST ()~ RS exp( — TH)[ 1+ XT 22— YTt],

KLﬂ'o KL7T0 2.2
R ()~RE™ exp(—TH)[ 1+ XT'2t2+ YT't],

(4.25
whereX andY are functions oy andyyp :
X*%[YD"‘XDAD(AD 2|e[cosp,)],
Y=~2|e[sing[ypsin(2¢) +xpApcosd24)]
+YpCOK 26h) — XpApSin(2¢h). (4.26

We can see thaX and Y vanish in the absence @°-D°
mixing, and the contribution okp to them is significantly
suppressed b;XD Nalvely one m|ght expect to measure the

deviations ofRKSqT (t) and RKL” (t) from RKS” exp(-Tt)

and REL” exp(—T), respectively, in order to determine the
sizes ofX andY. However, this is very difficult, if not even
practically impossible, because of the smallnessXoand

Y. The interesting point here is that a Comparlson betwee

the time distributions ofRf” (t) and Ri” (t) can defi-
nitely constrain the magnitude of. In view of |e[~10"3,
Xp<0.086,y5<0.086, andAp| <102 from our present ex-
perimental knowledgéand theoretical expectatipronly the
ypCos(2p) term of Y is possible to be at the percent level
(magnitudes of the other three terms Yhare all below
10 %). One can conclude that the detectable signa¥ dfas

to be at the percent level and it must come mainly from the

width difference ofD® and D® mass eigenstates. For illus-

ZHI-ZHONG XING

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

Efswo(t) and Ei“’o(t), where yp~0.08 and ¢~0 have been
taken.

0 0
tration, the time distributions ORESW (t) andRiL’T (t) are
depicted in Fig. 3 by takingp~0.08 and$~0. We see that
0 0
aroundI't=2 the difference betwee’RfS’T (t)/RSS” and
0 0
REL’T (t)/Rg“T can be as large as 5%, allowing us to ex-

tract a signal oD°-D° mixing provided that the accuracy of
practical measurements is good enough.

The asymmetry betweeﬁiswo(t) and REL"O(t) can be
given as
0 0
REST () =R (1)
Ks’ITO KL’JTO
RES™ (1) + R (1)

As(h)=

—27\2 (1+XF2t2) YI't. (4.29

Indeed the coefficient 2\%coss’h measures the decay-rate
asymmetry betweerD®—Kg+7° and D°—K_ +7° (or
their flavor-conjugate procesgdd9,24. The measurement
of A, 4(t) allows us to extract the magnitude ¥f To give
one a numerical feeling, the changesA),_s(t) with t are
illustrated in Fig. 4 by assuming~ yD/2 Y~ypcos(2p),
h~1, andé~0 and takingyp~0.08,|cos(2)|~1. Itis clear
that a large signal of p should be detectable fromd, 4(t).
The effects 0D°-D° mixing andC P violation also mani-

fest themselves in the combined raté§K37T (t) and
KLﬂ' (t)

KSWO . Ksﬂ'o
RZS" (1)=R,5" exp(—T't)[ —2|e|cosp,

+X'T?t2+Y'Tt],

K 70 K a0
RZET (1)=Ry-" exp(—TI't)[ — 2| e|cosp,

+X'T?t2—-Y'Tt], (4.28



55 D°-D° MIXING AND CP VIOLATION IN NEUTRAL D-.... 207

0.3 T T T T T T T 0.04 T T T T T

0.03

0.02

-0.01

-0.02

-0.03

_0‘04 1 L L L 1

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

FIG. 4. The illustrative plot for the time distribution of g'fS’To(t) andE'fL”O(t),wherexD~O.08,¢~w/4, andA,~0 have
Ay 5(t), wherey,~0.08 and|cos(2)|~1 have been taken. been taken.

where o o
RES™ (1), R*t™ (1) are complementary to one another and
can shed some light on the mixing parametgssandyp as
. ~ well as the possible new physics hiddenDA-D° mixing.
~2e[sing [ ypApsin(2¢) +xpcos2¢)] Note thatpthe above digca/ssions can be directly e?aended
A ; to neutralD decays to the final states such g, +p",
YohoCos24) = XpsiNZ4) 429 KSL+a1, andKg - L}: w, which occur through the sgr;elt):]uark
with rp~(x3+Yyp)/2. Obviously theCP asymmetry in- diagrams adD%D%—Kg, +n° (see Fig. 2 Becausex()
duced byK%-K° mixing (i.e., Re) plays an important role in  and Y(") depend only upon th®°-D° and K°-K°® mixing
the decay modes under discussion. The contributio@Bf  parameters, a sum over the above modes is possible, without
violation in D%-D° mixing (i.e., Ap) to Y’ is not significant  any dilution effect on the signals @°D° mixing andCP
even if ~0. If new physics considerably enhancgsand  violation, to increase the number of decay events in statistics.

o, eg Xp~10"2 and |sin(2¢)|~1, then RKS’TO(t) and

X' ~x2|€[cosp.—rpAp

KL’IT

(t) will be dominated by theCP asymmetry arising C. Final-state interactions in D—KK
from the interplay of decay a”ﬂ)_o D° mixing. In other Recently the CLEO Collaboration has searched @d®
words, the signals o€ P asymmetries violation in neutralD decays to theCP eigenstate& "K ~,
0 Ksp, and Kgm®. The confidence intervals (90%) cbP
Kgm . .
o (t 22y asymmetries in these three modes were found to be
AKSﬁo(t)ERT,To(t)~—ZIEICOS¢E+X I+ YT, —0.020< A¢x<0.180,  —0.182<A 4<0.126,  and
+ —0.067< Ag 0<0.031, respectively10]. Although a defi-
RKLWO t nite signal ofCP violation was not established from the data
A o(t)= ~—2|€|cosp.+ X' T22—Y'Tt above, the po_ssibility that these decays may accommodate
L RKL” (t) CP asymmetries at the percent level could not be ruled out.

(4.30 In the following we shall concentrate on the final-state inter-
actions inDYD°— K"K~ andK°K?, since they may affect
at the percent level will indicate that new physics is defi-the magnitudes of P asymmetries significantly. Similar dis-
nitely present irD%-D° mixing [e.g.,|sin(24)|=0.5] and the  cussions can be extended to some other decay modes such as
magnitude ofxp, must be of order 10%. Taking xp~0.08, DYD°— =7~ and Kgm®.
¢~ml4, andAp~0, for example, we illustrate the time dis-  We begin with an isospin analysis db®—K*K™,
tributions of RXS™ (t) and RL™ (1) in Fig. 5. We find that D*—K*K° and D°—~K°K°._To do this, we assume that

aroundI't=1 the magnitudes of the decay-rate differenceghere is no mixture oD —KK with other channels. In the
betweenDOhys(t)HKS,_va and Dphys(t)*)KSL—'—W can language of quark diagrani26], these modes can occur

0 KO Kur through both tree-level and penguin diagrams. However,
be as large as 3%. Sinde_>" (1T)~—-R : (1), itis  such a naive description is problematic due to the presence
possible to extract the rough S'ZS of ~—xgsm(2¢). of final-state rescattering effeci27]. The final stateKK
Clearly the measurements oR'iS” (1), REL” (t) and may containl=1 andl=0 isospin configurations, and the
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overall decay amplitudes @ —KK can be written as

A, =(KTKT|H|D%)=3(A1+A),
Ago= (KK H|D%=1(A,— Ao),

A o=(KTKH|D")=A,, (4.3

whereA; and A, are two isospin amplitudes. Clearly three o
decay amplitudes can form an isospin triangle in the complex
plane: A, _+Agp=A.,. Since the branching ratios of
D—KK 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
amplitudesAy/A1=Zexpl¢). It is straightforward to obtain

R, —R
Z=\2(R, _+Roy—1, cos,o=+Too, (4.3

FIG. 6. Possible regions af and cog for DHKK_(i.e., the

— 2 _ 2 _
WhereR+_—|A+_/A.+(_,| .andROO |Aoo/ Aol are two ob .quadrangle(abcd)) allowed by current dataR, _=1.48+0.45
servables. If the annihilation diagrams and penguin effects 010 Ryo= 0.36+ 0.22.

D—KK are negligible, therA, _, Ay, and A, have a
- ) *
common Kobayashi-MaskawéKM) factor (i.e., VesVyy) and ¢ defined above are complicated functions A,

from the dominant tree-levébpectator quark transitions. In Avp, b1, b, Som, and S, Since new physics may sig-

this caseg is purely a strong phase shift and the magnitude " . : . S
of Z is independent of the KM matrix elements. nificantly affect the penguin amplitudes, diréeP violation

Current experimental data giveB(D°—K*K") is pos;ible to-appear iD—KK. A constrai.nt on thd=1
=(4.54+0.29)x 103, B(DOQKOF):(l.lt 0.4)x 1073, penguin contribution t® — KK can be obtained by observ-
and B(D*—K*K%=(7.8£1.7)x 10 3 [1]. The lifetimes N9 the_decay-rate asymmetry betwe@ —K"K® and
of D® and D" mesons arer_ =(0.415+0.004)x 102 D —K K=
and TD+=(1.057i 0.015)x 10 *? s, respectively. In the ne-

glect of small phase space differences of three decay mode|§,K+K_O|H|D+>|2_ [(K“K%H|D")|?

we obtainR, _ =1.48+0.45 andRy,= 0.36+0.22. The sizes |<K*K°|H| D*)|2+ |<K’K°|H| D*>|2

of Z and ¢ can be solved from Eq4.32 with the inputs of ) )

R, _ and Ry, but there is large error propagation in this  _ — 2A17A1pSIN p— ¢1)SIN(S1p— O17)

procedure, particularly for cgswhich is bounded by unity. AZ i+ Alp+2A11A1pCOS pp— ¢7)COS S1p— O17)

For simplicity and illustration, we plot the allowed regions of (4.34

Z and co® in Fig. 6. One can observe that £Z=<2.0 and '

0.3<cosp=<1.0 (the central values oR, _ and Ry, lead to

Z~1.6 and co$~0.68). This implies that significant final- Note that the weak phase differereg— ¢| may be rather

state interactions may exist in the procesBes KK. small within the standard model, but some sources of new
The isospin amplitude#\; and A, can be expanded in physics(e.g., the existence of the fourth quark family or an

terms of the tree-level and penguin transition amplitudessosinglet up-type quark29]) can significantly enhance it

[28]. Without loss of generality, we wrife through the breakdown of unitarity of thex3 KM matrix
in the penguin loopg30]. The directCP asymmetries in
Ai=Asrexdi(¢r+ 617) ]+ Arpexii(dp+ d1p) ], DYD°—K*K~ andK°K® contain bothl =1 andl =0 pen-
) i guin contributions, and the latter can in principle be distin-
Ao=Agrexfli( 1+ dor) ]+ Agpexi(dp+ 50P)]’( guished from the former with the help of E@.34. In prac-

tical experimentsk+x- andZxoxo are cleanly detectable on
the (3.77) resonancksee Eq(4.15) for illustration]. If one
wants to calculate the decay-rate asymmetries between
D*—K*+Kg, or betweenD?/D°—Kg, +Kg, , then the
CP violation induced byK°-K° mixing in the final states has
to be taken into account.

2Here we have neglected the contributions of tree-level annihila- It is also argued that inelastic final-state interactions may
tion diagrams toD%—K°K®, which involve bothV V¥, and  affectD—KK [27]. This kind of effect is possible to yield a
V4V*4. These two graph amplitudes are expected to have largBOnvanishing rate asymmetry between the chafyetecays
cancellation with each other due to the Glashow-lliopoulos-Maianito K*K® andK ~K©, even though the penguin contributions
(GIM) mechanisni27]. are negligibly small. To justify the role of penguin transi-

where ¢+ and ¢p are the overall weak phases of tree-level
and penguin diagrams, respectively, afig and 5,p (with
n=1,0 denote the corresponding strong phases. Hehce
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tions and inelastic final-state interactions, one has to rely onitude ofhy . is expected to be of order 1. The strong phase
future data on direcCP asymmetries in the decay modes shift ¢, vanishes only in the limit of S(B) symmetry[31].

under discussion. To fit the recent CLEO result fob°—K=#* [9], which
gives | pg-,+|?=(0.77+0.25+ 0.25)%, one findsdx,~5°
V. NEUTRAL D DECAYS TO NON-CP EIGENSTATES —13° from a few phenomenological moddl32—34. Of

— course a larger value fa¥ . cannot be absolutely ruled out

We proceed to consider the case that bbthand D®  from current experimental data because of the many uncer-
mesons decay to a common nGr eigenstate. Most of such  tainties associated with the empirical models used to analyze
decay modes occur through quark transitions of the typefonleptonicD decays. Finally, the expressions fog -+
c—s(ud) andc—d(us) or their flavor-conjugate counter- and g+, are obtainable from Eq5.2) as
parts, and typ|cal examples are the Cabibbo-allowed decay
D°—K~ 7" and the doubly Cabibbo-suppressed process
D%—K* 7. Because neutrdd decays t ==~ are of par-
ticular interest for the study d»°-D° mixing and DCSD’s in
charm physics, we shall concentrate on them in this section. ) p )
Of course similar discussions can be extended to other non- At m== = NNk q exdi(dk,—2¢)], (5.3
CP eigenstates.

Note thatD®—K* 7 and theirCP-conjugate processes where we have used the notationggp given in Eq.(2.2).
take place only via the tree-level quark diagrams, on which
no new physics can have a significant effgt4,23. Thus A. Incoherent D decays toK*z™
the four transition amplitudes are factorized as

)\K7ﬂ+%_}\2hK7T eXF[i(5Kw+2¢)],

gele!

A lot of attention has been paid to the time distributions

At = (VoVE ) To0XH 8y), of incoherent D decays to K*#* (see, e.g., Refs.
[15,23,39). In particular, Browder and Pakvasa have given a

A= (VegVE)Toexp(i 8p), quite detailed analysis of the implications GfP violation

L and final-state interactions in the search Bt-D° mixing

Akt = (VEVug) Taexpi 8,), from D hyd D) = K7~ andehys(t)—>K*77+ [34]. Our sub-

e sequent dlscu53|ons are complementary to their work on

Akt =(VegVus) Thexpi 8p), (5.)  three points: (a) The _CP-violating asymmetry between

3 . _ Dpydt) =K~ 7" andDp () ~K* 7 is analyzed(b) the
whereT, and T, denote the realpositive) hadronic matrix dlfferent effects ofxp and yp on Dphys(t)—>K o~ and

elements, and, and §,, are the corresponding strong phases ()—K==" are explored in detail, an¢t) the time-

= = Phy .
Defining =Ty /Ta and =~ 55, We obtain independent measurements of these decay modes are consid-

PK-mt = Pt o= — N2hy . expli 8k, (5.2  ered.
« « : « Up to O(xD) O(yD) and O()\“) for every distinctive
to a good degree of accuracy, where-0.22 is the Wolfen-  term, the decay rates & to K*#* can be directly read off
stein parameter. In the factorization approximation, the magfrom Egs.(2.22 and(2.23:

R(DSnyd )= K™ )oc| A+ |2expl — I‘t){ 1+N2hy, g‘ [ypcos 8, _+2¢)+xpsin(s,_+2¢)]T't— %(x%—y%)rztz} ,

RS dt)—K* 7)o | A | 2exp(—Tt){ 1+ A2hy,

g‘[YDC()i(aKW—2¢)+XDSin( 5KW—2¢>]rt—%<x%—y%>r2t2]
(5.9

and

"
R(D Sy d ) =K ¥ 77 )| A+ 2expl — Ft)( M*hZ_+22hy .| —|[ypcog 8, —2¢)—xpsin(s,_—2¢)ITt+ EFZtZ’ ,

[ypcod 8, +2¢)—xpsin(6, +2¢)Il't+ LFZtZ] ,

2

R(D_Shys(t)—> K™ art)oc| Ag- o+ | 2exp( — Ft)[ N2 _+\2hy .,
(5.9
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wherer andr have been presented in E@.2). To probe (2) The combined decay rate

CP violation andD°-D° mixing, the following two types of

— 0 + - ) -+
measurables can be analyzed in experiments: Rka(t)=R(Dphydt) =K 77)+ R(Dppy{t) = K™ 7).

(1) The CP-violating asymmetry (5.8
— By use of Eq.(5.5), we obtain
A ()= R(Dghys(t)—wvﬂ)—R(D_Shys(t)—«*w‘)_ d o (t)0<|1( —5)+|zexr(—1“t){2)\4h2 e
R(Dghyd ) =K ™7 )+ RO ) =K 77) K7 K Km 0D
(5.6 +2\2hy [ co92 ) (YpCOSSk ,— XpSiNd )
Explicitly, we get — ApSin(2¢) (YpSindy ,+ XpcosSx ) 1Tt}
A (1)~ —\2hy [ ApCog 2)(YpCOSi»+ XpSiNSy ) (5.9

+5iN(2¢) (YpSindy ,— Xpc0Sk ) IT't, (5.7  Whererp=(r +1)/2 defined in Eq(3.3 has been used. The
R three terms ofRk ,(t), which have different time distribu-

where the observabld, has been defined befofeee Eq. tions, come, respectively, from DCSD,-D° mixing, and
(4.6)]. One can see thady ,(t) are composed of two sources the interplay of these two effects. Thus the detection of
of CP-violating effects, that irD®-D° mixing [proportional  Ry,(t) can determine th®°-D° mixing rater, and distin-
to Ap] and that from the interplay of decay and mixifgo- ~ guish it from the DCSD contribution. [f| is not large(e.g.,
portional to sin(2)]. The magnitude of4x.(t) is con- in the standard modglthe interference term will be domi-
strained by both the DCSD amplitude?hy, and theD?  nated by cos(@)(ypCoss,—Xpsind,) due to the smallness
D° mixing parametersp andyp. SinceAp<10"2 is ex- of Ap. In this case, information aboyt might be obtain-
pected, A .(t) can reach the percent level only when theable if the contribution ok, to the interference term is sup-
sin(2¢) term is significantly enhanced by new physics. Inpressed by smalby .. To justify the possible magnitude of
new physics scenarios witlyp<xp [23,24, we get ¢, however, one has to combine the measurements of
A (t)=N\2hy Xpsin(2p)coss . I't as a safe approximation. Ak ,(t) and Ry (t).

Taking hy,~1.8 (implied by |pk-,+|?~7.7x10°% [9]), Now we take a brief look at the time-independent decay
Xp<0.086, and &¢,=5° one finds the restriction rates OnghyJDghysﬁKiﬂi. With the help of Eqs(2.29
Aw (1) <7.5x107°T't. and(2.25, we obtain

 R(Dys~K ™ m*) = R(DGe— K" 77)
Kmr= ~0

R(Dppys— K™ 7" ) +R(DJye— K 77)

~— )\Zth[ﬁDcos(qu)(yDcos&Ker XpSindk ) + sin(2¢)(stin5Kw— choséKﬂ)]; (5.10

i.e., Ax, IS approximately equal to the value gfi .(t) att=1/M". Similarly, one can calculate anoth€P-violating asym-
metry

—  R(Dphys— K 7 ) =R(Dpys— K™ 77)
Ka™= _ ~0 _
R(Dppys— K" 7 7) +R(Dppys— K™ 7™)

~Nhy[— ADCOE(2¢)()’DC(3S5K7T_ XpSiNdk ) +SIN(2¢) (YpSiNdk + XpCOSk ) |
X {N*h2_+1p+\2h.[COL26)(YpCOSSkr— XpSiNSir) — ApSIN(26) (YpSiNd» +XpCOS) 1} L. (5.10)

Taking &D~O and sin(2)~=1, for example, we find thaEKw may be significant:

— . Nhy.(YpSindy ,+ XpCOSSk )
Ka™= = \h2_+rp '

(5.12

Because of the suppressed ratesDof, —K* 7~ and D)

ohys— K~ ", however, the measurement g, will be a stiff
experimental challenge.
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B. CoherentD decays toK* #*

At the 4(3.77) andy(4.14) resonances, theé" 7+ events may come from the coherent decaysDﬁhgsD_ghys)c pairs. The
flavor of oneD meson decaying t&* 7+ can be tagged by detecting the otligrdecaying to the semileptonic states
|=X*. The overall rates for such joint decay events, up)(txZD), O(y%), or O(\*) for every distinctive term, are obtainable

from Egs.(2.26) and(2.27) as

R(I™, K™% o | AP Ag - 22— x5+ YB),

RO K 7)o A2 A |22 xR +¥D),

R<",K+w‘>-o<|A||2|AKw+lz[2“hiw+<x%+y%>

R(ltKw*)«|A||2|AKw+|2[2x4h§w+<x%+y%>

and

R(l,Kw+>+o<|A||2|AKw+|2[2—3<x%—y%>+4x2hm

R<|+,K+w—>+o<|A||2|AK,T+|2[2—3<x%—y%>+4x2hm

1
p

R(l,Kw>+«|A||2|AK—W+I2[2x4hiw+3<x%+y%>

2
R(lﬁKw*>+o<|A||2|AKW+|2[2x4hﬁw+3<x%+y%>

P
g

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

(5.19

The joint decay rateR(l™,K*77)_ can be normalized by
R(I*7,K¥#*)_, and the resultant rate difference or sum
reads

ROI-,K 7 _~R(I*,K 7)) _.

RI",K*7w7 ). R(UI*K 7%)_
_)E — ~ —
s RICK 7). ROIT.K 7).~ 2fofo
R(I-.K*m ). RO*K 7t
(+)— PN
- TR K 7 TRITK ). 2N ka2,
(5.16

whererp and A have been given in Eq$3.3 and (3.6),
respectively. Observation of th€P-violating asymmetry

2
+4N%hy .,

9

|

]
q

(5.13

% [YpCOY Okt 2¢p) + XpSiN Oy + 24’)]] ,

g [YpCOS Sk »—2¢) + XpSIN Ok  — 2¢)]] ,

a
p

[YpCOS Ok »—2¢p) — XpSiN( Sk — 2¢)]] )

+4N%hy

g[yDcos 5KW+2¢>—xDsim6M+2¢>]].
(5.19

R(K-#",K*77)_; thus, a comparison of this measure-
ment with that forS™") will separately determine the magni-
tudes ofD%-D° mixing and DCSD. This idea is interesting in
that the relevant measurements are time independent and the
involved decay modes are only°®/D°—K=* 7+,

(2) It is easy to obtain the rate asymmetry

RI-,K 7)), —RI*"K*77),
R(I-,K 7", +R(I",K 7)),

~2A¢,, (5617

where A . has been given in Eq5.10. Normalizing the
joint decay rateR(I*,K=7 %) by R(I*,K*7%) ., we get

_ROITK'w), ROI"K 7)),
* TRIT,K 7)), RITK 7).

~— 6rDAD_4)\2hK7T

s may be practically impossible due to the smallness of

Ap andrp . However S is expected to be measurable at a
7-charm factory running on the(3.77) resonance. As we
shall show in the next subsectiar, can be extracted from
the joint decay rates R(K'# ,K*z#7)_ and

3The formulas with the assumption gf<xp and|qg/p|=1 have
been given in Ref{14].

X [ApCOH 2¢h) (YpCOSSy - — XpSiNd ) — SIN(2¢h)

X (YpSindk »+ XpCO0Hk ) 1,

S R(|—,K+7T-)++R(|+,K-w+)+
*ORIE,K Y, RUITKTw).
~2N*hg ,+6r +4Nhy
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X[ c082) (YpCOSBy -~ XpSiNSi ) — Apsin(2¢)) lpk--+12~0.77% [1,9. Taking cos$,=1 and
sin(2¢)=*1, we get|. Ay ,|<0.008 and S| ’|<0.03. In the
assumption of perfect detectors or 100% tagging efficiencies,
From Egs.(5.11), (5.16, and(5.18), one can see the follow- one needs about ®°D® events to uncoveis.|~0.01 at

X(YpSiNSk + XpCoSk ) 1. (5.18

ing relation amongs.”) and A, : the level of three standard deviations or to measure
- 2| A -|~0.005 in Eq.(5.17 at the level of one standard

s,)-3s") deviation. Accumulation of so many events is of course a

A= m- (5.19 serious challenge to all types of experimental facilities for

charm physics, but it should be achievable in the second-
This result could be tested if the data on all six measurable&und experiments of a-charm factory.
were available.

(3) To give one a feeling of the approximate numbers to  C. Ratios of R(K* @™ ,K* 7 %) to R(K* 7™, KF7%) ¢

be expected, we roughly estimate the magnitudes of the |+ nas been pointed out that the coherent decays
above-mentiqned observ:_slbles by assuming=Ap=0 gnd (ng@—ghys)cﬂ(KtW:)(KtW:) can be used to search for
Yp<Xp . Taking the %emn(iptgmc decay mode serving forp,o g mixing and to separate it from the DCSD eff¢86].
flavor tagging to beD”"—K~ e v, we have its branching The relevant measurables are
ratio B(D°—K " e" v,)~3.8% [1]. In addition, the current
data give B(D°—K 7%)=~4.01% [1]. Then RK* 7 K 7 ) RK 7", K 7))
R(I",K*77). andR(I~,K~ 7 ™). are at the level 10° or re = RK 7 K 7 )’ o' = RK 7" K m o’
so, whileR(I,K* 7). andR(I*,K~7"). may be of the T m e o ”(5‘320)
order 10 °° if we input xp~0.06. Within the experimental '
capabilities of ar-charm factory, it is possible to measure the Since in previous calculations the effects@P violation or
latter four decay rates to an acceptable degree of accuragnvanishingsy, onrz~ were neglected, it is worth having
with about 16 D°D° events[14]. Furthermore, the upper a recalculation for these observables without special approxi-
bounds of theCP asymmetries4,, and S’ can be ob- mations.

tained by use of the experimental resuks<0.086 and By use of Eqs(2.26), (2.27), and(5.3), we obtain

R(K™ 7" K ar7) _oc| A e[ T2 X + Y5 — 4N *hg ,co425¢ 1) ],

RK™ 7 K™ h) _o| A+ 12— X3 +y3—4N*hZ _cog28¢.)],

2
RK™ 7t K™t _oc|Ag-p+ |4 (X3 +Y3)

P
g

2

d , (5.29

RK™ 7™ K ™) _o| A+ |4 (X3 +y3)

and

R(K7T+,K+7r)+OC|AKW+|4[2—3X%+3y2D+4)\4hﬁﬁcos{26Kw)+4)\2th

g‘[yDcowKﬁz(ﬁHxDsin( Skt 20)]

+4N\%hy

g‘[yDCOE(5Kw_2¢)+XDSin( %—2@]],

R(K+w—,K—w+)+o<|AK_,T+|4[2—3xg+3y2D+4>\4h§wcos(25K,T)+4>\2hK,T

g‘[YD005{5K7+2¢)+XDSir‘( Sknt28)]

+4N%hy,

2‘[ypcos<5m—2¢>+xpsin< 5K7T—2¢>]],

2
RK 7wt K 7h),« |AKW+|4[ 3(x3+y3)|=| +8\%hZ_+8\%hy,,

g g’[yDCOS{5Kw+2¢)_XDSin(5K7T+2¢)] ,
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+ - Kt 4 2 2 9 412 2 q ;
RIK* 7™ K" 7 7) L x|Ag-»+|H 3(X5 +YpR) b +8\*hi . +8\°hy b [YpCOH Sk r—2¢) —XpSIN( Sk r—2¢) ]
(5.22
|
up to  O(x3), O(y3), or O\%. Clearly VI. CP-FORBIDDEN DECAYS

R(K™ 7" K 7" )c~R(K" 7~ ,K™7")c holds to an excel-
lent degree of accuracy. As a consequence, the raﬁds
are given by

2

(5.23

2.2
+—_ XptTYp

2
— 2 )

2,2
Xp*TYp
- 2

-+

r

d P
p q
and

rio=3rf +4n*h:_+4N%hy., %

X[YpCOS Ok —2¢) —XpSIN( Sk ,—2¢) ],

ro ~=3rZ +ANhE, +4N2hy g

X[YpCOY Okt 2¢) —XpSiN( 6 ,+2¢)].
(5.29

One can see that' ~ andr - " are approximately equivalent
to r andr obtained in Eq.(3.2. The difference between
r*~ andr—" measure<P violation in D°-D° mixing, and
the sum of them amounts approximatelyrtp given in Eq.

(3.3). The DCSD effect om} ™~ andr; " is significant and

nonnegligible, but its magnitude can be isolated from the

differencer 1 ~—3r~ orr>"—3r_". In addition, we find
(77—~ 82Ny [ApCos26) (Yo COSTk 5~ XpSiNdi.)
—sin(2¢)(ypSindk ,+XpC00k)].  (5.29H

Comparing this result with those derived in E§.18), one
gets

r. —ri ~-2(6rpAp+S). (5.26)

We now considelC P-forbidden transitions of the type

(DpryDpnye = — (fifa)=, (6.9
where theD°D® pair with definiteCP parity can be coher-
ently produced on thes(3.77) or (4.14) resonance, and
f, andf, denote theCP eigenstates with the same or oppo-
site CP parity. It is worth remarking that for such decay
modes theC P-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
rate R(f,,f,)c and its analytical approximation have been
presented in Eq42.21) and(2.26). For simplicity and illus-
tration, here we concentrate mainly on tkeP-forbidden
decays DpDpnd-—(fafs)., such as {ify).
=(K*K )(m"#") and K'K7)(K'KT). The case
(Dghynghys)_*_*)(flfz)_ will be briefly discussed by taking
f,=Kgn® andf,=K x°, for example.

By use of the quantities;, Vs, andW; defined in Eqg.
(4.2), the joint decay rat®(f,,f,)_ can be written as

2

p
R(f,F2) | Ar 1AL AL+ NP1+ N )

X

12 (I-Wy W)

. (6.2

1
- mg(uflufer Vi, V1)

Here we assumg, andf, to be twoC P eigenstates with the
same CP parity. CP conservation requires)flz Vi, =0,

U, =U;,=0, and Wi =Wr,=*1; then, we get
R(f{,f5)_=0. Thus nonvanishin&(f,,f,) _ is a clean sig-

Such a CP-violating signal might be detectable at a nal of CP violation. In the special casig =f,=f, one finds
7-charm factory running on thé(4.14) resonance.

Although the above discussions concentrate only on
DYD°—K=*#*, similar results can be obtained for some
other decay modes taking place via the same quark diagrams,
such aD%—K*p*, K* *7* and their flavor-conjugate pro-
cesses. All these channels are expected to have the same
weak interactions, but their final-state interactions may belhis result can be straightforwardly obtained from Eg}2)
different from one anothefe.qg., ok, # dx,). If the SU3)-  with the help of Eq.(4.3). As discussed beforé; is com-
breaking effects irD%D%— (K=, K**)+ (7" ,p",a; ,etc.)  posed of theC P asymmetry irD°-D° mixing and that in the
are not so significant that all the strong phase shifts lie in thelirect transition amplitudes dd decays, whileV; signifies
same quadrant a&,,, then a sum over these modes is pos-the CP asymmetry induced by the interplay of decay and
sible to increase the number of decay events in statistic$°-D° mixing. Because of the smallnessigf, Vs, xp, and
with few dilution effects on the signal d°-D° mixing and  yp, we believe thatR(f,f)_ must be significantly sup-
CP violation. pressed.

R, f) o[ A4 (14 [N\4]?)?

2(1 1

p
ql (1-y5 1+x5

X (UZ+V?). 6.3
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In comparison with R(f,f)_, the joint decay rate of D°-D° mixing andCP violation in neutralD-meson de-

R(f,f)+ is notCP forbidden: cays. The generic formulas for the time-dependent and time-
) 5 integrated decay rates of both coherent and incoherent
p 1+yp 0RO ; ; ; .
R(F, ), | A1+ [\ ]2)2~ { - S(1+Wp)? D D" events were derived, ang their appgoxmate expres
q| [(1-yp) sions up to the accuracy dd(xp) and O(yp) were pre-
) sented. A variety oD°%-D° mixing andC P-violating signals
4y 1-x . . .
_ D2 WV — 2D Z(U?—Vf) was analyzed in detail for neutr®l decays to the semilep-
(1-yp) (1+xp) tonic states, the nonlepton€P eigenstates, the nonleptonic
4 non-CP eigenstates, and th@P-forbidden states.
X ) o ;
_ D 1V (6.4) In particular, we have shown that it is possible to sepa-
(1+x2)27 7 ' rately determine the magnitudes x§ andyp, through pre-

) ) cise measurements of the dilepton events of cohdddmt’
Approximately, we obtain decays on thej(4.14) resonance at acharm factory. We
2 277724 1,2 gave a detailed analysis B°-D° mixing signals and DCSD
+ + . . 9 S
AULE ~ 5 yDZ)(uf Vf). (6.5  effects in the time-dependent and time-independent decays
R(f.f),  1+Wi—4ypWV; DYD°—K*#*. Itis found that some constraints &g and
. : L o Yp can be achieved in both fixed target angharm factory
This relation can in pr|n_C|pIe be tested for KK , etc, at experiments, and the mixing and DCSD effects are distin-
the y(4.14) resonance in the §e%)nd-round experiments of fuishable from each other. Takir@P violation and final-
T‘(ih"’}rm flactory, if the rate dD™-D" mixing is at the detect-  gtate interactions into account, we recalculated the joint de-
able level. - cay rates of coherem’D? pairs to K= 77)(K*7"), which
InOthe neglegt oCP violation in K”-K™ mixing, the states  5rq yseful for the time-independent determinatiom gfand
K™ andK «" are twoCP e|geLOstates with o(;))poswéoP DCSD amplitudes. Special attention has been paid to the
pﬁ”t%a k‘)l'hus fthg d%roceSSD‘ghdephy%ﬂ(KS” )(KLWr)1 D%-D® mixing signals in the decay modes
should beCP forbidden. As a good approximation, we have ~o,~0 0 ; .
Ax —o|~|Ag_o andp .o~ — py_o [see Eq(4.22]. Then D ID"—=Kg +7 , gtc. We pointed out that a model
Ko Kgm N Kgm independent restriction ory andyp should be obtainable
the joint decay rate witlC=+ turns out to be from the time distributions of such decay modes.

CP violation in D%-D° mixing can be well constrained in

2 1+y3 ) ) :
R(KLW07K5W0)+M|AKS7TO|4(1+|)\Ksﬂ-0|2)2 P TyzD_z the semllepton!c decays of coherent or incoherdAD®
al [(1-yp) events. In addition to this source 6f° asymmetry, we have
1—x2 shown that both dired€ P asymmetry in the transition am-
__— b (u2 +2 ) (6.6) plitudes ofD decays and the indire€@ P asymmetry arising
(1+x3)2) " Ksm® " T Ken? ' : 000 mixi
D from the interplay of decay an®"-D” mixing can also

manifest themselves in neutr@l decays to hadroni€P
eigenstates. These differef@ P-violating signals usually
have different time distributions in the decay rates; thus, they
are possible to be distinguished from one another. In particu-
lar, directC P violation can be cleanly probed in the coherent
(D°DO) _ decays to &£ P eigenstate plus a semileptonic state
><[52D+sin2(2¢)], (6.7) on the (3.77) ory(4.14) resonance. For the decay modes
with K%-K® mixing in the final states, however, th@P
wherew has been defined in E¢B.3). In contrast, it is easy asymmetry induced by the mixing parametemay be non-

Using the approximate results in E@4.24 and taking
|e|~0, we obtain a simpler expression for the equation
above:

R(K 70, Kgm) ;6] A 7o (1 +W) (X5 +yB)

to check from Eq(6.3) that negligible and even dominant over the diréeP-violating
0 0 0 0 L 0 o signal from the charm quark transitions. TakiDg- KK, for
R(K 7 K 77) - ~R(Ksm" ,Ksm) _~3R(K 7" ,Ksm) .. example, we illustrated the significant effects of final-state

interactions onCP violation. Different from those neutral
D decays tcCP eigenstated)?/D°—K* 7" 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 th& P-forbidden transitions on thé(3.77) and
¥(4.14) resonances. A search forCP-forbidden
modes such as DO°D%_—(K'K™)(#"#") and
(D°DY) , — (Kg7®) (K 70 is worthwhile in future experi-
ments of charm physics.

To meet various delicate experiments in the near future at_Throughout our calculation€ PT symmetry in theD°-
fixed target machined-meson factories, and-charm fac-  D° mixing matrix has been assumed. Also th@=AC rule
tories, we have made a further study of the phenomenologwas assumed to hold in most cases, but the effects of

Note thatCP violation in D%-D° mixing (i.e., Ap) might be
negligibly small; thus, the dominant signal GfP violation

in R(Ksm®, K% _ or R(K_ 7% K% . could come from
the mixing phasep enhanced by new physics. In this sense
it is worthwhile to experimentally search for the above-
mentionedC P-forbidden transitions.

VIl. SUMMARY
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AQ=—AC transitions onD°-D° mixing andCP violation ACKNOWLEDGMENTS
were briefly discussed in Sec. 11l B. Because of the smallness
of xp andyyp, it will be very difficult to accurately test the
AQ=AC rule andCPT invariance in theD?-D° system.
Recently Colladay and Kosteleckyave studied a few possi-
bilities to examineCPT symmetry in neutraD decays on
the basis of future fixed target andcharm factory experi-
ments[36]. Considering this work and some other works on
tests of CPT symmetry in theB%-B° system[37,3§, we
want to remark that one of the most sensitive signals for
CPT violation orAQ= — AC transitions should be the non-  This appendix is devoted to giving some generic formulas
vanishing asymmetrj\p defined in Eq(3.5. However, one for the time-depender® decays at an assumed asymmetric
should keep in mind thad,+0 might also come from the ~7-charm factory. The asymmetric e collisions just above
phase shifts of final-state electromagnetic interactions or thtéhe production threshold OD(ShyPShyQC pairs will offer the
CP-violating contributions of nonstandard electroweak mod-possibility to measure the decay-time difference
els to tree-leveW-mediated semileptonid decays. Another t_=(t,—t;) betweemghys_)fl andDghys—’fz- Usually it is
possible way to tesCPT invariance inD%D® mixing, difficult to measure the, = (t,+t;) distribution in either
which in principle works, is to measure the time distributionslinacs or storage rings, unless the bunch lengths are much
of opposite-sign dilepton events at an asymmetricharm  shorter than the decay length39]. Here we calculate the
factory (see Appendix B t_ distributions of joint decay rates starting from the master
Of course, much more theoretical effort should be maddormula in Eq.(2.19. For simplicity, we usd to denotet _
to give reliable numerical predicitions for the magnitudes ofin the following. IntegratingR(f,,t;;f,,t;)c overt, , we
variousD%-D°® mixing andC P-violating phenomena. obtain the decay ratg$or C==*) as

I would like to thank A.l. Sanda for his warm hospitality
and the Japan Society for the Promotion of Science for its
financial support. In particular, | am grateful to A.l. Sanda
for his enlightening comments and constructive suggestions
on part of this work.

APPENDIX A

R(fy,f2;t) o[ Ar [P[Ar,[Pexp( = Tt)[(|€-|*+[£-|?)coshypl't) — 2Re £ ¢ )sinh(ypI't)

—([€-12=1¢-|?)cogxpl't) +2Im(&* £ _)sin(xpI't)] (A1)
and
| &2+ 2REER L)
R(f1,f2;0) | Ar 2| Ag | 2exp — T|t]) | = —— l_ﬁy%coserFIt|+¢>y)——1_;%23sunh(yDFIt|+<zsy>
e 2Im(&4¢y)

cog Xpl|t|+ ¢y) + (A2)

sin(xpl'[t]| + ,
\/1+—X% m n(D||¢x)

where the phase shift$, and ¢, are defined by ta,=xp and tankh,=yp, respectively. One can check that integrating
R(fq,fo;t)c overt, wherete (—o,+), will lead to the time-independent decay ra&¢f,,f,)c given in Eq.(2.21).
Equations(A1) and (A2) are two basic formulas for investigating coner&fD° decays at asymmetrie-charm factories.

Another possibility is to measure the time-integrated decay rate@@,(yspghys)c with a proper time cut, which can
sometimes increase the sizes@P asymmetrie§13]. In practice, appropriate time cuts can also suppress background and
improve the statistic accuracy of signals. If the decay events in the time regipitty, +) or te (—«,—ty] are used,
wheret,=0, the respective decay rates can be defined by

. +oo
R(fq,fo;+tg)c= f+t R(fq,f5:t)cdt,
0
(A3)

~ to
R(flyfzi_to)czj R(fq,f5;t)cdt.

— o0

By use of Eqs(Al) and(A2), we obtain



216 ZHI-ZHONG XING 55

- . 2p 12 €1+ I? _Re(&r )
R(f1,f2;=t0) - |Ar [7|Ar | “exp(—T'to) WCOSHYDHM' ¢y)+ﬁs'm’()/ono+ by)
2_ 2 I *l
- MCOE{XDF'[O-I— by) iMSiH(XDFt(ﬁ by) (A4)
2+1+X V1+Xx
D D
and
. EPHCLP Re(&144)
R(fl,fz;it0)+oc|Afl|2|Af2|2exp(—Ft0) %cosf(y,ﬁtﬁz(ﬁy)—Wsmr(yDFtOJr 2¢y)
2_ 2 | * 4
[Ec 12— 144 ] m(&ids) } (A5)

T (LG cotrellet 280t g msinio ot 245)

It is easy to check that 0 q S —
) ) [Dpnyd ) =[9+(1) +g-(t)cosd]|D%) +[g-(1)sind]|DE),
R(f1,f2;+0)c+R(f1,f2;=0)c=R(f1,f2)c. (A6) (B2)

One can observe that R(f,f,; =ty)c different terms are
sensitive to the time cut, in different ways. Thus it is pos-
sible to enhance € P-violating term(and suppress the oth-
ers via a suitable cut,.

|D_8hys<t>>:[g+<t)—g_<t>cos9]|§’>+§[g_<t>sina]lD°>,

whereg _ (t) have been given in Eq2.6).

Starting from Eq.(B2), one can calculate th€ P asym-
metry Ap defined in Eq(3.5) for semileptonidD transitions.
We find

In this appendix we take a brief look at the possible effect — 2xpalm(cos) + 2y,Re cosd)
of CPT violation in D%-D° mixing on the decay rates of Ap=—"2 o,
semileptonic D decays. For simplicity, we assume the (1+a)+(1-a)|cosd|
AQ=AC rule and directCPT invariance inD decays to where a=(1-y3)/(1+x3) has been defined before.
hold exact_ly. _We alsp assume the absence of final-state e'_e@ﬂearly Ap=0, if there is noCPT violation in D®-D° mix-
tromagnetic interactions and other sources of new phy5|c§]g (i.e., co®=0). Since|coss| must be a small quantity, the
that could affect the tree-lev_eN-med|atedD decays. Be- |cosA? term in the denominator oI_D is negligible. Anyway
cause of the presence GfP T violation, the mass eigenstates observation of the signaTD will be greatly difficult in prac-

IDy) and|Dy,) can now be expressed as tice, since its magnitude is suppressed by both the small
mixing rate and the small P T asymmetry.
0 6 — . .
|DL>=co§p|D°)+sm—q|D°>, Next let us assume the experimental scenario to be an
2 asymmetricr-charm factory, in whichD°D? pairs can be
(B1) coherently produced at the(3.77) or #(4.14) resonance
and the time-dependent measurements of their decays are
available. To probe possiblePT violation in D%-D° mix-
ing, we consider the case that obemeson decays to the
semileptonic state”X_ at (prope) time t, and the other to
where 4 is in general complex. Note th&PT invariance the semileptonic statﬁixj att,. The joint decay rate for
requires co8=0, while CP conservation requires both having such an event can be given as a function of the decay-
cos=0 andp=q=1 [40]. Taking 6=/2, i.e.,CPT sym-  time differencet=t,—t.. For simplicity and definition, we
metry, one can reproduce E.1) from Eq. (B1). The chooset>0 by convention. This implies th& X, events
proper-time evolution of an initiallyt0) pureD® or D° may serve for flavor-tagging ofufxi events. After a
turns out to be lengthy calculation, we obtain

APPENDIX B

(B3)

0 o 0 S0
D) =sin; p|D®) —cos; q|D%),

R(e™Xg ,u™ X5, ;1) _x|Ag]?|A, [exp(—Tt)[costiypI't) + cog XpI't) = 2Re cosh) sinhypI't) = 2Im(cosp) sin(xpI't) ]
(B4)

and
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cositypl't+ ¢y) N cogxpl't+ ¢y)

R(e"Xg ,u™ X, it) | A?|A,|exp( —T't)

Vi-y5 V1+x5
2|cos)|
tz—z[cos(®+w_)exp(+yDFt)—coi®+w++xDFt)]
VXp+(2—Yp)
2|cos)|
T————=[co40 v, )exp —ypI') —coLO —w, —XpI'D)] |, (B5)
VXpt+(2+Yp)

where ¢, and ¢, have been defined in Appendix A, and the phase shiftsand® are defined by tan. =xp/(2+yp) and
tan® =Im(cos)/Re(cod), respectively. In obtaining Eq$¢B4) and (B5), we have neglected those higher-order terms of
cod. It is clear that the opposite-sign dilepton eveR($ X" ,1 "X ;t)c cannot be used to explore possi@® T violation
in D°-D° mixing, because the time order lof andl ~ is hardly distinguishable in practical experiments. In addition, the signal
of CPT violation cannot manifest itself in the time-integrated decay ratesDQﬁ)nghys)Ca(eixi)(,uixi), as obviously
shown by the equations above. That is why we need an asymmetharm factory to tesE PT symmetry inD°-D° mixing.

Of course,CPT violation can appear in many other decay modes of nelrahesons. The semileptonic processes
discussed above are more attractive to us for the studyRT violation, since they do not involv€ P asymmetry inD°-
D° mixing (measured byg/p|#1) and otherCP-violating signals. In general, however, both direct and indi@&T
asymmetries as well a8Q= — AC transitions(and other sources of new physiare possible to affect the decay modes in
guestion[41].
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