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Abstract. CP violation in neutral D meson decays to the CP eigenstates and non-CP eigenstates is studied
systematically within the framework of the Cabibbo-Kobayashi-Maskawa model. The nonleptonic two-body
decay processes and the decay processes with semileptonic tagging are discussed in detail and the upper
bounds of the direct and indirect CP violation in these decay processes are obtained. A method to measure
the mixing parameter € and to separate the direct and indirect CP violation in the decay processes with

semileptonic tagging are also discussed.

1 Introduction

The charm physics have been studied extensively since the
discovery of charmed particles in 1976 [1-3]. Up to now,
although the precision of the measurements needs to be
improved, we have a large number of experimental data on
charm decays especially in the neutral D meson sector [4].
The rich variety of available charm decay modes offers a
possibility to sudy decay mechanism of the charm hadrons
and to test the different theoretical methods.

The D° — D° mixing is closely connected to CP viola-
tion in neutral D meson decays. The study of the D? — D°
mixing is not only complementary to our CP violation
knowledge on the K° — K systems, but also important
for testing the standard model and probing new physics
beyond the standard model [5]. The mixing rate is defined
as

Number of D° decaying as D°

"D = Number of DO decaying as D°

In the standard model rp is expected to be very small.
The short distance contribution to D° — D? mixing is via
box diagrams and is expected to be negligiblly small be-
cause the GIM cancellation in the box diagram is almost
perfect. The theoretical estimate for the long distance con-
tribution is controversial for different methods. The early
estimate gives rp ~ 107* [6], and ~ 1075 [7]. Later on,
Georgi et al. [8] analyze it using Heavy Quark Effective
Field Theory (HQEFT) and claim that the long distance
contributions may be considerably smaller than the es-
timates in [6,7]. A recent estimate shows that the short
and long distance contributions are in the same order of
magnitude and rp ~ 10719 ~ 1072 [9]. In experiment,
observation of rp > 10~* will imply the existance of new
physics. The present upper bounds for D — D° mixing are
rp < 4.7x10~3 (FNAL E791) and rp < 3.7x10~3(FNAL
E691) [10).

Since the long distance contribution and the effect of
final-state interactions can not be calculated reliablly at
present, the theoretical calculation for D° — D% mixing
and the CP violation in the charm system is not satisfac-
tory. So systematic study of the phenomenology D? — D°
mixing and CP violation in charm system becomes nec-
essary and important for both further theoretical study
and experimental efforts at the high-luminosity fixed tar-
get facilities, the forthcoming B-meson factories and the
proposed 7-charm factories.

The phenomenology of D° — DY mixing and CP vio-
lation in neutral D meson decays was first discussed by
Pais and Treiman, Bigi and Sanda [11] and have been fur-
ther studied afterwards [12]. But there are still many un-
certainties. Further studies are definitely needed. In this
paper, we shall refine the phenomenology of D° — D° mix-
ing and CP violation in neutral D meson decays. In our
method there are several features which are different from
the early discussions
(a) Our caculation contains the effects of CP violation
caused by mixing parameter
€ = |p|*> — |q|?. Sometimes, the CP violation term pro-
portional to € is also important. Especially for the decay
processes of the coherent (D°DP°) pair using semileptonic
tagging, we have the CP asymmetry A(C_Ig(f, (T X7) ~ 2
In some early discussions in the literature the overlooked
processes might be the most promising ones to observe CP
violation in neutral D meson decays if |é| ~ 1073.

(b) We analyse in detail the indirect CP violating asymme-
try arising from the interplay between mixing and decay
for the DY — D° system decaying into CP eigenstates. It
turns out that this indirect CP asymmetry is —zsing; +
yécosp¢. In the early discussions, the term yécosdy is often
neglected (since taking approximation |p|? = |¢|?), but for
the term —zsing¢, the magnitude of sings is uncertain
(sometimes taking singy = 1 is not correct). So we can
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not always omit the term yécosgy .

(c) Since the difficulty both in theoretical calculation and
experimental measurement, the strong phase-shift 6 =
01 — 02 (where the decay amplitude is written as A(f) =
G1T1e"" 4 GoT5e*?)is unknown at present [13]. We use
extremum method to estimate the upper bounds of di-
rect and indirect CP violation. These upper bounds of
CP asymmetries are more reliable and thus useful for de-
signing experiments.

The outline of this paper is as follows. The generic
time-integrated CP asymmetry formulas for the decay of
the neutral P° — PY meson system are represented in
Sect. 2. Using these CP asymmetry formulas given in Sect.
2, we discuss systematically the D° — D° mixing and CP
violation in neutral D meson decays into CP eigenstates
and non-CP eigenstates in Sect. 3. Our calculated results
will be discussed in Sect. 4.

2 Generic time-integrated CP asymmetry
formulas

In this section, we will give the generic time-integrated CP
asymmetry formulas for the decay of the neutral P° — P°
meson system. These phenomenological CP asymmetry
formulas are model independent and analytically accurate
since there are no special assumption in our derivation. So
it is universally applicable for the decay of the different
neutral P° — P° meson system. These formulas are firstly
discussed by Pais and Treiman; Bigi and Sanda [11], then
developed by many authors [14]. All of the formulas are
essentially the same, but different people emphasize dif-
ferent aspects. In this paper, we use our expressions for
convenience.

2.1 CP asymmetry for the decay
of the neutral meson system

Take the phase convention as CP|P® >= |P% > and as-
sume CPT invariance, then the mass eigenstates of P° and
P° mesons can be written as

|Pp, >=p|P° > +¢|P° >

_ (2.1)

| Py >= p|P0 > fq|P0 >
with the eigenvalues A\, g = mp g — %'YL,Ha where the
subscript indicates light or heavy respectively, and p,q are
complex mixing parameters

I +1gl* =1 (2.2)
; 1/2
p_ | M- 3510 (2.3)
q My, — %Ffz
with the definitions

1

2(mL—|—mH) Am =myg —myp,

1 (2.4)

r=5n+om), Av=y—7u>0
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A pure P? or P° at t = 0 evolves in time as

q _
| Pohys(t) >= g4 (0)|P° > +-g_(8)|P° >

’ p (2.5)
| phys( ) :6

g-(t)|P° > +g4 (8)|P° >

where g1 (t) = 2(e7"=! £ e~ #t). If the neutral mesons
have very short life-time, we have to consider the time-
integrated effects. Denote the CP-conjugate state of the
final state f by f, |f >= CP|f >, our CP asymmetry is
defined as

F( hys f) F( hys f)
A = — =Y 2.6
CP(f) F(Pzghys f) + F( phys f) ( )
where
P(Phys = £)= [ dl < fIHIPG0(0) > P
0 (2.7)

LY, = f) = / dt] < fIHIB,. (1) > |

From (2.5), we obtain the transition amplitude of a
neutral meson decaying into the final state f as

< fIH|P hys< ) >= g1 (DA(f) + %gf(t)fﬂf)

P - o (2.8)
where A(f) =< fIH|P° >, A(f) =< fIH|P® >, A(f) =
fIH|P® > A(f) =< f|3’-£|P0 >. For convenience, we define
the ratio of these two amplitudes as

A A(f
ps= AEQ pF= E; (2.9)
then we obtain
F(Pphys - f)
— AP |G+ G-y (2.10)

+2(ReG_)Re (Zq)pf> —2(ImG,_) Im <pr)}

F( phys%f)

|A<f)|2[G s LLp
Py
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In the equations above, the x and y are two dimensionless

mixing parameters, x = AT’”, = %. Note that both

x and y are positive in our definition. From these pre-
liminary formulas, we will discuss the time-independent
CP asymmetry for neutral P° — P° meson decays to CP
eigenstates and non-CP eigenstates in Sects. 2.2 and 2.3
respectively.

2.2 Decays to CP eigenstates

If the neutral meson decays to CP eigenstates, i.e., |f >=
+|f >, so we have

A=A, [ADI=1AN] pp=ps (2.13)
Put

& pp = lpgle’™, ;DprII;pfle”jf (2.14)

then we have
¢r =a+ [ (2.15)
where ¢y is rephasing invariant [15]. It is easy to see that

p * p —i¢f
—p:=|=prle 2.16
71 = 1gerl (2.16)

Substituting (2.14), (2.16), and (2.12) into (2.6), we find

Acp(f) - E

(2.17)

where
Ny = (2+2* —y*) (1 —|ps]?)
2/ 12 (P2
+(@* +y2)[|= - 1=
( )[Ipl Iyl Iql ]
q p
—2(1+ 2)ylos |1 2]~ 12 lleose
p q
q D, .
—2(1- yQ)wlﬂfHIZ;I + Ig]smqﬁf
Dy = (24 2” —y*) (1 + |psl?)
q 2 2, (P2
+(@® + ) =1Plos? + 1=
( )[IPI sl Iql]
q p
—2(1+ x2)y|pf\[|];| + |;|]005¢f

q p, .
21— )elprl 12 - (Elsingy. (217)

We now define the CP violation parameters € and € as

_ 49

ezl d (2.18)
1+ 27
- |3

é = |p|* — |q|* =< PR |PL >,

2.19
T I (2.19)
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from (2.3),
- 2Ree
14 €2
Im(M7I"
- — ”;( 12 12)2 ————  (2.20)
|Mi2|? + g|112|? + 3(Am)? + 5(4A7)

We know that € depends on the phase convention, so it
is not a physical quantity, but the € is a real CP vio-
lation parameter which is rephasing invariant. Actually
the € denotes the CP violation in the amplitude modu-
lus, i.e. |%|2 # 1. If |¢| is of the order 1073 from (2.20),

€| < 2[e| ~1073.

For CP eigenstates f, |ps| = A

A
the direct CP violating asymmetry Ay a

AP —1ADE _ 1= sl
AP +TANE - T+ |psl?
Assuming |Af| < 1 and also 2 < 1 (this is true for

D% — DY system), y < 1, then we obtain a simple CP
asymmetry formula

_ A
= [P We define
S

Ay =

(2.21)

Acp(f) = Ap — xsingy + yécosgy — (22 + y?)é.(2.22)

We can see that there are four CP violating terms in
(2.22). The first term Ay measures the direct CP violation
in the transition amplitudes of the neutral meson decays.
The other terms measure the indirect CP violation: the
second and the third terms arise from the interplay be-
tween mixing and decay, the fourth term arises from only
the mixing which is independent of the particular decay
modes. The magnitude of the indirect CP violation de-
pends on the four dimensionless and rephasing-invariant
mixing parameters x,y, € and ¢, in which only ¢ relates
to the specific decay final state. We emplasize that some-
times the CP violating terms directly proportional to €
are also important in comparison with the other terms,
although they are small and can be often neglected (i.e.
taking approximation |p|? = |¢?|) in the early discussion
for CP asymmetry.

To discuss the direct CP violating asymmetry Ay, we
may, without loss of generality, write the decay transition
amplitude as

A(f) =G1 Ty €1 + Gy Ty €2 (2.23)
where G1, Gy both are multiplication of two CKM matrix
elements, d1, 02 are the strong phases and 17, T, denote the
real (positive) decay amplitude. With the CPT invariance,
the CP-conjugate amplitude is

A(f)=Gi Ty e + G} Ty €' (2.24)

We can obtain the direct CP vialating asymmetry as

N ZIW(GTGQ)SZW,(51 - (52)
|G1|2T1/T2 + |G2|2T2/T1 + R@(GTGQ)COS((% — 52)
(2.25)

Ay
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_ lpslsing§" [(ysingy”) —acos¢( ™)) + |psleosdy ycos(™) + wsing)e — |og|*(a? +y?)e
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Acp(f)

It is clear that the Ay will vanish in both the cases of

Im(G;G3) = 0or sin(d;—d2) = 0. In the case of Im(G5G3)

= 0, the decay amplitude must have only a single weak
phase. If not, we have Gy # G2 and [Im(G;G2)| is a non-
zero constant [16]

[ImG;Go| = J = cicac357 525355 (2.26)
Since the difficulty both in theoretical calculation and ex-
perimental measurement, the strong phase-shift (6§; — d2)
is uncertain. We will use extermum method to detour
over this hurdle. At the maximum point of the A¢[(6; —

o —2Re(G]G2)
52)}, 008(51 - 62) = |G1|2T1/T2+|é¥2|22T2/T1’

upper bound of direct CP violating asymmetry

we obtain the

Al < 2| Im(G5Gy)| |
" VGIPT Tz + |G2PT2/Th)? — 4[Re(G1G2)]?
(2.27)

Using these formulas, we will discuss the direct CP vio-
lation for the decays of the DY — DY system in Sect. 3.2

2.3 Decays to non-CP eigenstates

If both P° and P° mesons can decay into a common non-
CP eigenstates, we now only discuss the following cases in
which the decay amplitudes can be factorized formally as
A(f) = Gfo eigf

A(f) = G4Ty €1, (2.28)

and

A(f) =G3Ty e, A(f) = G3Ty €7 (2.29)
This means that the decay amplitudes have only a sin-
gle weak phase or a single strong phase. For example, if
only a single weak phase Gy is involved, then A(f) =
G(T) € + Ty €92) = G¢Ty €. Where Ty and &7 are
functions of 17,75, d1, d2. In most cases of decays to non-
CP eigenstates, the condition (2.28) is usually satisfied.
Obviously there are no direct CP violation in these decay
processes, so we have the relations

AP = A, Pl = |p1f

From (2.10) and (2.11) and the conditions (2.30). We ob-
tain

(2.31)

L Slos (22 + 42) = |pgleosol [ycos ) + wsing| |

(2.34)

where
Ny = G_|p¢|? 2 _ P2 + 2Re(G4_ gcos -
2 lpsl le Iql] (G4 )le by
D K q, . D, .
[ coss ) — 20m(Gieps [ L sing + |2 Jsino
q p
Dy = 2G4 + G _|psP[|I=1* + |=]?]
p q
q p
F2RE(G s [|Lfeoss -+ Plcossy]
q, . D, .
—QIm(G+—)|Pf|[|];|5m¢f - |g|3m¢>f]~

where the ¢, ¢ are rephasing-invariant and are defined
as

q _ ig; 9

q _ 4 ipr
—pf = 7p e 77p’: —pPrfl|€E f
P f |p f| D f |p f|

(2.32)

After some arithmetics, we obtain the CP asymmetry for-

mula as follows
~ Vs
~ Dy’

Acp(f) (2.33)

where
N3 = |pslsingSV[(1 + a?)ysing| ) — (1 — y*)wcose| ]
+|pf|005¢§c+) [(1+ xz)ycosgb;—)
+(1 = y?)asing|)Je — [pgP(2? + y?)e
1 1
Dy = 52+ —y*) + Slos*(2* +¢7)
—|pf|cosgz$§c+) [(1+ x2)ycos¢§c_) +(1- y2)msin¢§c—)]

where qﬁgci) = 3(d5 £ 05).

If 22 « 1,2 < 1,then the CP asymmetry formula
(2.33) can be simplified as (see (2.34) on top of the page).
We can see that there is a factor |ps| which will enhance
(lpfl > 1) or suppress (|pf| < 1) the CP asymmetry. From
(2.28), (2.29) py, py are given as

A(f) _ GyTye's
= By = =
pr =lerle™ =4 = G tyen
L, _ A _ Gy 239
= |prlePF = = = _

Define the weak phases as Gy = |Gf|er, Gy = |Gle,
we have ﬁf = (9f — 9f) + (5f — 5f) and ﬁf = (9f — Hf) —
(67 —8¢). Then we find that the d)gf) is independent of the

strong phases and the ¢§f) is related to the strong phase
only:

o =at(0;-0p) o\ =05;-0; (230)
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21— log, Plos ) (@ + ) + dlog, llpglsin(6f” — o )sin(e),) — o)
Prllpp )@ +y e+ dlppllprlsin(dy, " — o5, )sin(dy, " — oy, (2.43)

ASA(fif2) =

(2.34) and (2.36) are the master formulas for our discus-
sion concerning the D°®— D° decays to non-CP eigenstates.

2.4 Coherent decays of neutral meson pairs

In most cases the PO P? are produced in pair. Before decay
the coherent P PP pair is described by the wavefunction

1 _
E“pghys(tl) >L |P1?hys(t2) >R

+77|P1?hy5(t2) >R |Pz9hys(t1) >L] (237)

|i(t, t2) >y =

where L and R signify the three-momentum vecter of the
neutral mesons, and n = 1 denotes the charge-conju-
gation parity of this coherent system. We consider a joint
decay process that one of the two neutral mesons (denoted
by L) decays into a final state fi at proper time ¢; and the
other (denoted by R) decays into fs at to. After a lengthy
calculation, we find

< fit; fota|H|i(t1, t2) >y
- %A(fl)fl(fz){(g 0ol (t)g- (1)

+19-(t1)g+(t2)] + (pg, +1ps) 9+ (t1) g+ (t2)
+ng-(t1)g+(t2)]} (2.38)

I'(f1, fo)y = /000 /000 dtidts| < fita; foto|Hi(tite) >y |
(2.39)

We can get expressions for I'(fi, f2), and I'(f1, f2), by
replacement f1 — f1, fa — fo in (2.39) where f; and f,
are CP-conjugate states of fi and fs respectively

I'(f1, f2)y E/ / dtidts] < fitas foto|H|i(tts) >, |2
o Jo

T(f1, f2)n E/o /o dtidts| < fit; foto|Hli(t1ta) >, |2
(2.40)

For simplicity we will discuss the case of n = —1 only (the
case of n = 41 can be discussed with the same method).
(i) f1 and fo both are non-CP eigenstates

Similar as in Sect. 2.3 assuming that there is no direct
CP violation in the case of decays to non-CP eigenstates,

it means [A(f;)| = |[A(fi)|, |A(f)| = |A(f;)] and |pf| =

(1+ los 2los ) (@2 +92) — 4log Ipg.lcos(d — o )cos(o}) — o))

ﬁ(l =1,2), then we find
A= TG g T
o= (=l Plen PP = 1D P) @ + )
—Alpplles|
x[(1 4 2%)(cosgy, cospy, — cosdf, cospy,)
+(1 — y?)(singy, singy, — singy, singy, )]

p q
Iy =(1+ |Pf1|2\ﬂf2|2)(\a|2 + |5|2)(932 +%)

—4lps|lps)[(1 + 2*)(cosdy, cosdy,

+cosgg cospy,) + (1 — y2)(si7w5f1 singg,

+singy singy, )| (2.41)
For the particular case py, =0 (or pp = 0), we find

RV e
celfif2) = i ~ 15 e
q p

~ 2€

(2.42)

In that case the CP violation is independent of the final-
state f1 (or fa ). Therefore the formula (2.42) is very useful
to measure the mixing parameter € experimentally.

If 22 < 1, 3% < 1, we can further simplify the
CP asymmetry (2.41) as follows (see (2.43) on top of the
page). where ¢ = 5(¢y, +¢7,) (i=1,2).

(ii) f1 is CP eigenstates and fo is non-CP eigenstates

Assuming that there is no direct CP violation for de-
cays to non-CP eigenstates, i.e. |A(f2)| = |A(f2), |A(f2)| =
|A(f2)], and |pg, then we have

lpsal?
) _ (A fa)- =T, fo)-
Acp(fife) = T fa) T T o)
_I(hfo)-—T(h fo)- I
L(fi, f2)—-+T(f1,f2)-  T%
Il = (=l PGP = 1 Plon ) +47)

+onl* = D)@ +2* — 7))
—Alps sl +27)
Xcosdy, (cosgy, — cosdy,)

+(1 - y2)sin¢f1 (singy, — sin¢f2)]
=+l PGP + 1 Plon ) +97)
+Hlon I+ 12+ 2% = )]

+4‘pf1 prQH(l + 1‘2)
xcosgy, (cosgy, + cosdy,)

+(1- y2)sin¢fl (singy, + sin¢f2)] (2.44)
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(_)(f f2) N(l B |pf2|2)[_Af1 (l‘ + y ] - 2|pf2|‘%n(¢f1 ¢§fz ))Sln¢§f2) (2.45)

CcP\J1,J2) ~ — .

1+ |pf2|2 - 2|Pf2|003(¢f1 - ¢f2 )008¢;2)
A(CJ;)D _ (Dghys f) - F(Dghys f_)
B |pf|sm¢f [ysz'mbgc_ - accosgf)f_ 1+ |pf|cos¢;+)[ycos¢;_) + xsinqﬁ;_)}é — lps2 (2% + y?)e (33)
L+ lps (22 + y2) — |psleosd P [ycosdy” + wsing'”]

if 22 <« 1, y?> < 1, and using the relation |q|2 = ljrf, 7t D~ DY and its conjugate decay ¥(4.14) — DT D*~ —

-p+po : 0790 1as :
o1, 2 = 1+Af1 the CP asymmetry (2.44) reads (see (2. 45) 7~ D7 D" while the coherent D" D" pair can be obtained

on top of the page). Since ¢(+) (b(—:), (25 —¢(2

| pf2| ‘p £ it is seen that the approxnnate CP asymme-
try formula (2.45) still satisfy the relation ACP(fl7 f2) =

(C_F), (f1, f2) for the case of the f; being CP eigenstates.
If |pg,| < 1, we obtain the simple CP asymmetry formula

(Cilg(flafé) = _Afl + (J,‘Z +y2)€

~2|ps,|sin(os, — @}))singl,)  (2.46)
for the particular case py, = 0, we get
ASR(fr, f2) = —Ag, + (22 +y?)e (2.47)

in comparision with (2.22), we obtain the relation for the
case of pg, =0

Acp(f1) + Ag‘;(fl, f2) = —xsingy, + yécosgy,(2.48)

The formulas (2.47) and (2.48) provide a method to sepa-
rate the direct CP violation and the indirect CP violation
arising from the interplay between mixing and decay for
the case of decays to CP eigenstate fi. It is very useful
specially, for the decay process with semileptonic tagging.

3 CP violation in neutral D meson decays

Utilizing the CP asymmetry formulas derived in the sec-
tions above, we will discuss systematically the D° — DO
mixing and CP violation for neutral D meson decays to a
variety of CP eigenstates and non-CP eigenstates in this
section. We analyse in detail the direct and indirect CP
violation within the standard model and obtain the upper
bound of the direct and indirect CP violation in neutral D
meson decays. These results are very useful for searching
CP-violating singnals in neutral D meson decays, for mea-
suring the mixing parameters of the D° — D° system and
for searching new physics beyond the standard model.

3.1 CP asymmetries for the decays
of the D° — D° system

In experiment, the incoherent single D°(D°) can be ob-
tained in the decay process ¥(4.14) — D~ D*t —

in the decay processes ¥(3.77) — D°D° or ¥(4.14) —
D*°DY — 79DODC. There are three dimensionless mix-
ing parameters xp,yp and €p which are related to the

D® — D system only,
Amp mg)) - m(LD)
b =F CIENCINE
b 172017 + 7))
_an, AP
D=9, T (D) +7(D) > 5
ép = |ppl® - |qD|2 (3.1)

At present the experimental upper bounds for D — D°
mixing are rp ~ (2% +y?) < 4.7 x 1073 (FNAL E791)
and rp ~ §(2? +y?) < 3.7x 1072 (FNAL E691). It is also
believed that [ép| ~ 1073, s0o zp < 1, yp < 1 and |ép| <
1. For convenience, we will omit the subscript ” D” below.
According to (2.22) and (2.34), the CP asymmetries for
the incoherent D°(D?) decays to the CP eigenstates and
the non-CP eigenstates are

F(Dghys — f) - (Dghys f)

phys
P y?)e

Aop(f = £f) = (3.2)

~ Ay — xsingy + yécospy — (x

(see (3.3) on top of the page) where ¢( ) =1 5(0r £ 05)
For the case of the coherent DY DO pair decay, from (2.43)
and (2.45), we have (see (3.4) and (3.5) on top of the next
page). There is an important simplification for the de-
cays with semileptonic tagging. Assuming the the semilep-
tonic final-state is |fo >= [{T X~ >, since the process
DO — ¢+ X~ is forbidden according to the AQ = AC
rule, A(f) =< (*X[H|D® >= 0, |pp,| = 531 =0,
from (3.4) and (3

.5), we get

ASP(f. 07 XT) = 2¢ (3.6)

ASU(f = T 05 X7) = — Ay + (2

Because A(c_ (f1, f2) = Ag‘;( f1, f2), we have similarly
Acp(f 7 XH) =28, ASQ(f = £F, 07 XT) = Ap—(a2+

+y?)E  (3.7)
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I'(f1, f2)- — F(fh)?)—
I(f1, f2)- + I'(f1, f2)-
2(1 — 2 2V(..2 2\e 44 . () () (=) _ (=)
200 = pp Plep®) (@™ + y7)e+ dlpp |lpplsin(dy” — ¢y, )sin(dy, " — d,7) (3.4)
(L4 1ps Plogl?) @2 + %) = 4lpsllosleos(65 — o3 )eos(65) - 61))
D(fi, o) = D(fi, fo)- (L= lop)=As + (@ + y3)d = 2pplsingy, — o} )sin(s}, .

A(C_Fz(fl =+f1, f2)

~

L(f1, f2)- + T'(f1, f2)

y?)é. From (3.2) and (3.7), we find

Acp(f = £F) + AGA(f = £F, 07 X7)

= —xsingy + yécosds (3.8)

(3.6), (3.7) and (3.8) are very useful formulas in experi-
ment for measuring the mixing parameter €, the direct CP
violation asymmetry Ay and the indirect CP violation of
the neutral D mesons decays to the CP eigenstates re-
spectively. Because the AgP)( f, 4t X?*) is independent of
the decay final-state f, it is not only possible to increase
statistics, but also possible to check the AQ = AC rule of
the standard model.

From our CP asymmetry formulas above, the magni-
tude of the CP violation depends on not only the mixing
parameters z,y, €, but also the magnitude of the Ay, ¢y

(for decays to CP eigenstales) and the |py/, (bgci) (for de-
cays to non-CP eigenstates) which all relate to the specific
final-state of decay. In order to find the main effects of the
CP violation in our CP asymmetry formulas, it is neces-
sary and important to estimate these CP violation param-
eters. We will discuss these CP violation parameters for
two-body decay processes in the next section.

3.2 Direct CP violation asymmetry A,

The decay amplitude for the D° decays to CP eigenstates
can be written as

A(f) = G1Tye”" + GoThe™™ (3.9)

where the CKM elements are G = V,qVz5y, Ga = Vs V.
According to the Wolfenstein representation of the CKM
matrix [17]

Vud Vus Vub
V=1 Vea Ves Vot (3.10)
Via Vis Vi
- A AN (p—in) \
= —A — A AN +O0(\)

AN (1 —p—in) AN 1

+ —
1+ |ppl? = 2lpp.lcos(ep, — ¢4 )cosg|)

and taking the Wolfenstein parameter as [18] A = 0.22,
A =0.823, 7 = 0.336, p = 0.160, we find

)\2
|G1? & |G2|? =~ —(ReG;Ga) =~ N*(1 — ?)2 (3.11)
J =ImG1Gy = Im(VyqVes V., V)
2
~ A2\°(1 — %)n ~2.52 x 1075 (3.12)

from (2.25), our direct CP violation asymmetry is

. 242\ . sin(d1 — da)
d (1-2) %—!—%—2008(51—52)
ind
~ —1.09 x 1073 kil (3.13)

hy + h% — 2cos0

where hy = % >0, 0 =01 — 2.
If hy >> 1 or hy < 1, in both cases the direct CP
violation asymmetry will be very small

hesinds (hy < 1)
- L sindy (hy
Ap=-1.09x 107" x {hlfsin(Sf (hy >>1)

(3.14)
For the decay of D° — K+ K~ since T} only contains the
contribution of the penguin-diagram, it is much smaller
comparing with 75 which is dominanted by the tree-dia-
gram and hof ~ 1072 < 1 [19]. For similar reason, for the
decay of DU — 77, 797%, 7%0% hy ~ 10%2 >> 1. From
(3.13), we get

Ay &~ —1.09 x 10~ %sindy, (3.15)
s0 [Af <1.09x107° (f=K"K 777, 7% n%")
For the decay of D° — 7%, ¢, n¢,nn, T, and T, are
approximately equal in order of magnitude but T # T5
ie. hy ~ o(1), from (2.27) and (3.11), (3.12), the upper
bound of direct CP violation asymmetry is
3.25n7 x 1073 3.25n7 x 1073
451 < -4 |hy—1/h
V(T /Ty +To)T1)2 — 4 \hy —1/hyl

=1.09 x 107*F(hy) (3.16)
where we take n ~ 0.34 and F'(hy) = |hf—11/hf\ = |hg£1\'
¥

Obviously F(hy) = F(1/hy) holds. Because F(hy) is an
increasing function for hy < 1, but a decreasing function
for hy > 1, then for hy < 4/5=0.8o0rhy > 5/4 =1.25, we
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get F(hy) < F(5/4) =20/9 ~ 2.2 and |[Af| < 2.40x1073;
if hy <1/5 =102o0r hy > 5, we get F(hy) < F(5) =
5/24 2~ 0.2 and |Af| < 2.18 x 1074,

Assuming 0.2 < hy < 0.8 or 1.25 < hy < 5 for the
decay of D — 7%, 7%¢, no, nn, we find the upper bound
of direct CP violation asymmetry is

|Af] <2 x (107 ~ 1073)

(f=7", 7°¢, no,
For the decay of D — K°K® ¢¢, Ty = Ty (or T} ~ Tb),
we must be careful to use the approximate Wolfenstein

parameterization in this case. By the unitarity of the CKM
matrix, ViaVi + Vus Vi + ViV = 0, we find

nm) (3.17)

|G1> + |G2|* + 2(ReG; Gy)

— [V Va2~ AN +0?)  (3.18)

For the case of T}
(2.25) becomes

= T5, the direct CP violation formula

A, — 2[m(G>{G2)Sm(61 — 52)
T 7 0GH? + |G2]? + 2Re(G:Ga)cos (61 — 62)
2Im (G G2)sindy

(3.19)

= Vs Va I — 2Re(GGa)(1 — cosdy)
sindf

~ —1.09 x 107
* 366 x 107 + 4sin2(1/26;)

On the other hand, from (2.27), the upper bound for the
direct CP violation asymmetry is

< 2/Im(G1Go)|
= VGIP +1G2P)? — 4[Re(GiGo)’]
. (f = KK, ¢9)

|A
(3.20)
~ —— ~ 0.90

NrEe

From (3.19) and (3.20), it can be seen that Ay is very
sensitive to the strong phase-shift ¢, In the very small
region 0 < sindf| < 1073, |Ay| can change from zero
to about one. so if sindy # 0, the direct CP violation
asymmetry could be quit large in the decay processes
DY - KOKO, ¢¢.

For the decay of D — K o7, where the K7 and Ko
both are the CP eigenstates with positive and negative
CP parity respectively

1 _
|K1_2 >= 7(|K0 > :t‘KO >
V2

=|K° >

(3.21)
CP|K° >

The decay amplitudes of D° — K o7 are then given by

A(K127°) = —[A(K %) + A(KO7°)]

Sl

(3.22)

A(K, o7°%) = [A(KO’/TO) + A(K°7%)]

S\
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Here the transition amplitudes of the decay D°(D°) —
K79 can be factorized as

A(K ) = Vi Vi Tie™,
A(KO70) =V,qViThe'?
( o0 0) ¢ . (3.23)
A(K°n®) =V VeaT1e™™
A(K 7%) =V Vs Toe™?
Denoting G = VsV, Go2 = VgV, we get
1 . )
A(Klﬂ'o) = E(GlTle“sl + GQTQ@Z(S?)
1 ' 4 (3.24)
A(KQT{'O) — E(GlTleuil + GQTzez(éz-‘rTr))
Using |G| = M, |Ga| = ( ) Re(G*Gg) = -\?
(1—22)2, Im(G*Gg) =—-J= —AZ/\G(l - —)77, and as-
suming h = T1 =1 [20], from (2.25), we obtain

AKlTK‘O ~ 2(ImG’{G2)sm((51 — (52)
~ —2Jsin(d; — d2)
—2Im(G*G2)sm(§1 - 52)

(3.25)

Ag, 0 =
Ko |G1\2h + |Ga> L — 2Re(G;Ga)cos(61 — 05)
—Agepno (3.26)
| A, no| = [Agymo| < 2J =5 x107° (3.27)
For the physical decay processes D° — Kg 7%, the mass
eigenstates K and K, can be written as
Kg >=pg|K° > +qx|K° >
|Ks >=pxk]| qk| (3.28)

|KL >:pK|K0 > —qK|RO >

Since px # qx, exactly speaking, both Kg7” and Kp7°
are not CP eigenstates. By denoting |Kg 1, >= CP|Kg 1 >
=pr|K® > +qx|K° > and from (3.23), we have
A(Kspn%) = < Kg pn°|H|D° >
— Pl A(K7) + i A(KO70)
:p}GlTlei‘Sl + q}}GzTgei‘S2
A(Ks m%) = < Kg pn°|H|D° >
— i A(RO7) + i A(KO70)
=P GiT1e™ + ¢ Gy The™?

(3.29)

By straightforward calculation, the direct CP violation
asymmetry is given as (see (3.30) on top of the next page)

lax *

_ 1+e — 2
from 2K = 727 we have qu;( = m(l — |€K‘ +

9K 1—e
i2I'meg), then we get

AKs,LTro ~ + QIm(GTGQ)[SZTL((Sl — 62)

3.31
— 2(Imeg)cos(d1 — 2)] (3:31)

Since |ex| ~ 1073, compare with (3.25) and (3.26), we can

see that

(3.32)

AKSﬂ'O ~ AKlﬂ'Oa AKLﬂ'O ~ AKgﬂ'O
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|A(Ks,.7°)|* — |A(Ks,.7°) 7
[A(Ks,2m0)* + |A(Ks,.m0)?

+2Im(G;Ga) Re{pk ¢jc[sin(61 — d2) + icos(dy — 62)]} (3.30)

Ik PIGIPTy /Ty + laxc PGP Ta/Th £ 2Re(G1Ga) Re{prcqiclcos(61 — 62) — isin(dy — 02)}

hold to a good accuracy. We indicate that since |f >=
|Ks,rm® > are not CP eigenstates, therefore |f >=
CP|f > # +£|f > and A(f) # A(f). The proper direct CP

_ AP -AD)2

violation formula is Ay it is not equal to

. AN PHIADP?
A(H)P-|A .
Al = %. If using the A’ formula, the result

will be drastically different from (3.32) [21].

Obviously, the above discussions can be directly ex-
tended to the decay of DY — Kg 1 X, (X% =79 p% n,¢),
we get

Aleo ~ _AKzXO = —2J5in(51 — 52)){0 (3 33)
| Ak, ,x0| <2J ~5x107° '
AKSXD %Aleo (3 34)

Agpx0 = Ag, xo0

3.3 The indirect CP violation

The magnitde of the indirect CP violation depends on
the mixing parameter z,y,€ and ¢, here ¢5 = a + Gy
(see (2.14)). Although both « and §; are related to the
phase convention, but the ¢; is rephasing-invariant. In
this section, we will discuss the phase a which is only
relevant to the D® — DO mixing and the phase B¢ which
depends on the specific final state of the neutral D meson
decays respectively, from that the magnitude of the phase
¢ and the indirect CP violation will be estimated.

According to the relation (2.3), we find

(2)2 — |9|2ei2a — M

D P Mo — 5172
tg(2a) = (3.35)
2[R€M12[mM12 + 1/4R6F12ImF12]

(R@Mlg)Q — (ImM12)2 + 1/4[(R€F12)2 — (ImFlg)Q]
Now we try to find the relations between ReMio, ImM;o,

Relz, ImlIip and the mixing parameter Am, Avy, €.
Defining Mo = |My2|e’®™ | Iy = |I'2|e?®", we can obtain

ImM12
t =
9o RellL,
_ 74[Im(M12F12) — Im(MfQFw)] (3 36)
AmAvy(1+ C) o
Iml"u
t =
9or Rel's
_ _4[Im(M12F12) + Im(Ml*zflg)] (3 37)
AmAy(1+ C) '
1 —tgpmtgor (3.38)

C =
1 +tgpmtgor

Assuming that |I’ITLM12| < |R€M12|, |I7’TLF12| <
|Rel1al, ie. [tgom| < 1,|tgom| < 1, and C ~ 1, and
taking the limit of € = 0, C — 1, then,

4Am2tg¢M + A’y%’g(ﬁr
4Am?2 + A2
Ay 2Am. . 4Im(My2112)
2Am Axy )¢ AmA~y

Using (3.36) and (3.37), we obtain

tg2a ~ — 2
(3.39)

~(

4Im (M1}
tgdn +tgdpr ~ — W

(4Am? + Ay?)e
2Am A~y

(3.40)
tgoy —tgdr ~

Ay 2Am)~
2Am A~y ¢
4Am

Axy
~ — 2t Ve n —otgpp — e
gom + T gor e

tg2a ~ — (tgpm +tgor) + (
(3.41)

Since |€] < 1 and |tgonm| < 1,
tg2a = sin2a ~ 2« It follows that

ltgdr| < 1, we have

Oz%—(bM—Fgg
T

N —r— e (3.42)

Q

—1/2(¢nr + br) + 1/2(% - g)e

From the discussion above, we can see that although the
« is relevant to the phase convention, but since |€] < 1
and [ImMis| < |ReMisl, |ImIs| < |Rellz|, it makes o
small.

Now we discuss the phase 3y which is defined as py =
|p¢|e?Ps. For f being CP eigenstates, from (3.9) we have

_A(f) _ HAW) | GiTe + GyThe'®
PEZALN) ~ TA(f) ~ T GiTie + GaTae®
1
- 4+ G*2T2
G e
+ G;QTQQ + GTG;QTlTQCOS((Sl - (52)]

(3.43)

Im[GTQTf + G§2T22 + GTG;QTlTQCOS((Sl — 52)]
Re[Gi2TE + G52T3 + G;G32T1 Tocos (61 — 62)]
(3.44)

tgBy =

where G = ViV, Go = ViV, according to the

Wolfenstein representation of the CKM matrix, ReG; ~
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—R€G2 = —)\(1 — *) ImG1 = , —J = ITTLGIGQ =
G1ImGy = ReG1ImGs, ImGy = 7#6‘1 ~ A2X\n. It

follows that

—2A2)\4’I7[T22 — TlTQCOS((Sl — (52)}
(1= A)[T? + T2 — 211 Tocos (81 — 62))]
~ —1.09 x 1073 F (u)

190y ~ (3.45)

where we take u = 005(51 —02)(—1 < u < 1) and define

the function F(u) = %, the derivative of F'(u)
is

) ) >0 (T2 > Tl)
dF(’U,) T1T2 (T2 — Tl )
= 0 (T T A
G T —anne | S0 <) (346)
=0(Tx=T1)

(i) For the case of Ty > T,

F(u) is an 1ncreasmg function
Flu=-1) < F(u) < Flu=1

) be gy < Flu) <

1
1T, /T2
(ii) For the case of Th < T3, F'(u) is a decreasing function

F(u—1)<F()<F(u——1)' T1W<F()
Ty

T, 1+T2/T and |F(u)| < T = T2/T1

(iii) For the case of To = T3, F(u) = 1/2.

Therefore, for the decay of D° — K‘U(‘(% ~ 10%), we
have |F'(u )| ~ 1, |tgﬂf| 1.09 x 1073, For the decay of
D — ntr 7T07T0 70p°, (E~10 2). We have |F(u)| <
L |tgBys| < 1.09 x 107°. While for the decay of D° —
K°K® ¢op(T) = Ty) and D° — 7%, m%, nm, né(Ty ~
T5), we have |F(u)| ~ O(1), |tgB¢| ~ 1073. It means that
the phase (37 is very small in all the processes of the D°
decays to these CP eigenstates. So we can safely write

tgBr| ~

For the decay of D° — K; 2 X%(X? = 7% 0% 5, ¢), in

|sinf;| ~ |87 < 1.09 x 1073 (3.47)

which G1 =V, , V3, Ga =V, VCS, ReG1 ~ —)\2, ReGy ~

(1—)\2/2) ImG1 —0 ImG2 _—J/R€G1 :Ag)\4(1—

A2/2)n and Th ~ Ty, from (3.44), we get tgQ3; ~ —%”;gj ~
2 4

— /sy ~ —1.09 x 1072, Therefore the relation (3.47)

is also satisfied in these cases.
Because o and 87 both are small, from (3.42), we ob-
tain

. Y.
Ror = ~ — = 1
singy ~ ¢y = a+ [y on + xe+ﬁf <1, (3.48)

cospy ~

According to (3.2) the indirect CP violation asymmetry
arising from the interplay between mixing and decay be-
comes

—xsingy + yécosdpy ~ —x(—dar +y/x€ + By) + yé

= z(énm — By) (3.49)
Because |pp| = [tgom| = |%| ~ 1072 [22], and from

(3.47), |Bf] < 1073, our conclusion is that the magnitudes
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of indirect CP violation asymmetries for the D° decays to
all CP eigenstates are the same approximately which are
determined by the parameter z and the phase ¢,

—x sings + Y€ cospr = xpp < \/W|¢M|
<86x107%
Acp(f==xf) = Ay +2én

(3.50)

Where we have used rp = 3(z% + y?) < 3.7 x 1073
[10]. Substituing z¢s and different Ay in Sect. 3.2 for dif-
ferent decay modes into (3.2), we can estimate the CP
asymmetries for D° — DY decays into CP eigen states
Acp(f = £f). The values of Acp(f = £f) and the lower
bounds of the number of D°(D°) needed at 3o level for
testing CP violation are listed in Table 1.

3.4 Decays to non-CP eigenstates

For D decays to non-CP eigenstates, we restrict our dis-
cussion to the cases with no direct CP violation and only
one CKM factor in the decay amplitudes. It is ture for the
most processes of the DP decays to non-CP eigenstates.
Since |a| < 1,10 — 0] < 1, we have

sing™) = sinfa + (0 — )]

~a+0-0, cosp™ ~1 (3.51)

According to the formulas (3.3) and (2.36), and using the
relations ay ~ —¢ry — x€, ar =~ —dpyx + yé, the CP
asymmetry can be written as

N5

Acp(f) = D5

(3.52)

where

N5 = { lpsl[x(dar — 0+ B)cos(d5 — df)
—y(or — 0+ 0)sin(d; — d5)]
—lps (2 +y2)€}

Ds = {1+ 1/2|pf*(z* + y°) -
+asin(éy — &)}

lpsllycos(dy — 65)

For the Cabibbo favoured decay processes D — f =
{K at, K=pt, K*~nt, K*_ +, Ko70 KO 0, KO,
K40, pr 0 K+"00, Kx'nK*"¢}, we have

A(f) = VaaViETes A(f) = VgV Tre®r (3.53)

= [VeaVisle?, VuaViiy = [VeaViile?, and
2
(1 - 7) ) Im(VMdVS;) ~ AQ}‘4(1 - )\7)777

where V,qV
Re(VaaV) ~
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Table 1. CP asymmetries for the neutral D meson decays to CP eigenstates f and lower bound of Npopo at 30 level

D° — f Acp = A +xdum hy upper bound of |Ay| upper bound of |[Acp| Br lower bound
Of NDODO
KTK™ —1.09 x 107 2hssind; +xpnm by ~ 1072 |[Af] < 1.09 x 107°  |Acp| <86 x 107* 4.3 x 107 2.8 x 10°
atr 1.9x107* 8.1 x10°
7% —1.09 x 10*3ﬁsz‘n5f +xpym hp~107 |Af] <1.09x107°  |Acp| <86 x107*  84x107* 1.4 x10Y
70p° ' 1.0x 1072  1.2x 10°
™ <04x107°
0 -3 sindy _4
m ¢ —1.09 x 10 W » <5 x10
ne +TPm hy ~0(1) |Af < % <2.8x1073
m <73x107?
= — sinéd . . _ _
K°K® —1.09 x 10 33'66“0,”4{%2%% hy=1 if0 < |sinds| <1073 1.3x 1073
+rdn 0<|Af <1
(sensitive to dy)
K7 1.1x107% 9.9 x 10®
Kip®  —5x 107 %sind; + xour hy =1 |Ay] < 5x107° [Acp| < 9.1x107*  2.7x107* 4.0 x 10°
Kin 6.0x107% 1.8 x 10°
Ki¢ 29x107% 3.7 x10°

* indirect CP violation asymmetry (for all CP eigenstates f): —xsings + yécosgr ~ xn and z|par| < 8.6 x 107* (see text)

~ 2>\2hf[xd)Mcos(5f —d5) + yqbpsin(gf —8¢)] — 2(2® + y?)e

Acp(f) =
2Ah2

ReVo Vi, ~ =\, Im(V,4V7,) = 0, it follows that
m(VudVes) _ AN

I
tgf = = ~5x107%
9= Re(VeaVr) — (1 —azj2) "% >
0 ~tgd~5x10"*=0
_ Im(V.gVE)
tgh = —~cd’us) _
7 Re(VaVz)
=0
A(f) VgV A2 Ty 9
lpsl IA(f)I IVudV* I~ A2 T, ™ A hg
T
<1 (hy==L~00)) (3.54)
Ty

From (3.52) and (3.54), the CP asymmetry can be simpli-
fied to

-ACP(f) 7 Ath[x¢MCOS(Sf — 5f) —
< Nhy/(xdnr)? + (yor)?
—a+2€ ér

yorsin(dy — o;)]
(3.55)

Using the relations ¢y = =—a-— %%,we have

xon)” + Y=+ ) (e + &
(on) + or =@ +i@+E)
~ (27 +y )
So the upper bound of the CP asymmetry is
Acp(f) < XNhyla|v/a? + y2 (3.57)

+ (22 4+ y2) — 2X2h[ycos(0; — §7) — xsin(Sp — &5)]

(3.59)

Taking A2 ~ 0.05, hy ~ 1, |a| = |pup| ~ 1072, 22 +42 <
7.4 x 1073, we get Acp(f) < 4.3 x 107°.

For the double Cabibbo suppressed decay processes
D — f={Ktn  Ktp~, K*tr—, K*tp~, KO7° K%,

K%, K%, K*070 K*0p0 K*On, K*0¢}, we have
A(F) = ViVusTre™ = (VeaVis, ) Tre'® (3.58)
A(f) = VigVeu Tyl = (Vg Vi) Tye's '
ie (0— e)f_(e 0)f ~5x107* =0, 67 =05 67 = 0y,
lpgl = 1/lpy| =

From (3.52), we obtain (see (3.59) under Table1). The
upper bound of the CP asymmetry is

22%hpva? + €2\/x2 +y? —2(2? +y?)e
2MhG + (22 +y?) = 2\%hy /2 + y?
N 2/\2hf\a|\/x2 + 2
N2 + (N2hy — \/a% + y?)2
Also taking A\? = 0.05, hy = 1, |a| = [¢a] ~ 1072, 22 +

y? < 7.4 x 1073, we get Acp(f) < 2.3 x 1072, Although
the DCSD branching ratio B,.(f) is small

Acp(f) <

(3.60)

Br(f)
Br(f) ~

o WVasVal?

T 28 107°

(3.61)
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Acp(fi, f2) =
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200 = |ps Plos ) (@2 + y?)e+ 4lpg lps sinl(0y, — 05,) — (B, — 05,)]sin[(65, — 07,) — (55, — 67,)]

Acp(fi, f2) =

(L+ |pg, 12p5)?) (@2 +y2) — 4oy, |pg,lcos(0f, — 0p,) — (05, — O5,)]cos[(85, — b5,) — (65, — O5,)]

Acp(fi, f2) =

Acp(fi=F, f2) =

but the number of D° — D° pairs needed for testing the
CP asymmetry at 30 level is Npp ~ , we find

Nps(f) _ Br(f) (Acm ?

~ 2
Noo() ~ Br(f) Ac(f)> ~T2x10° (3.62)

It means that we need more D° — D pairs for Cabbibo
favoured decays than for Double Cabbibo suppressed de-
cays. So we see that, for example, the double Cabibbo
suppressed decay D° — K+~ is superior compared with
the Cabibbo favoured decay D° — K ~m~ for testing CP
violation.

The numerical results of CP asymmetries and the num-
ber of D% — D pairs needed for testing CP violation at
30 level are listed in Table 2.

_9_
Br-AZ .

3.5 Coherent D°D? pair decays

According to our discussion in Sect. 3.1, there are an im-
portant simplification for decay processes of the coherent
(D°DP) pair with semileptonic tagging. In experiment, we
can use the decay processes of the coherant (D°DY)_ pair
with the semileptonic tagging to measure the mixing pa-
rameter ¢, the direct and indirect CP violation (see (3.6),
(3.7) and (3.8)) respectively. In this section, we discuss
the case of the coherent (D)D°)_ pair decays in which,
each D° or D° decays into two mesons.

For the case of fi; and fs being non-CP eigenstates
from (3.4) and (2.36) the CP asymmetry becomes (see
(3.63) on top of the page).

Letting {K~7*, ...} represente the Cabibbo favoured
decay processes, and {K 7, ...} represente the double
Cabibbo suppressed decay processes. Since Agp(fif2) =
—Acp(fifz) and Agp(fif2) = —Acp(fif2), we only need
to discuss the two cases: (i) fi, foe{ K n—,...}, and (ii)
fie{Ktn—, ...}, fae{ K", ... }. Since Oy, — 0, =0y, —
0y, for all the cases, then the formula (3.71) can be written
as (see (3.64) on top of the page).

(1) fla f2€{K+7T7a s } then |pf1| ~ )\Qh‘fl < la ‘pf2| ~
Mhy, < 1, so we have

Acp(f1; f2)

~

(3.65)
2(2% + y?)e
(22 4+ y?) — 4AXhy, hy,cos((65, — 07, ) — (85, — 0]

L+ 1ps, |2 = 2|pg,|cos[By, — (07, — Op,)]cos(dy, — by,)

(3.63)
2(1 — |ps, Ploss ) (@ + y*)e , (3.64)
(L+ 1o Plog?) (@ +y?) — 4lppllpg.|cos((6y, — 67,) — (65, — 61,)
2(1 - h’fl hf2)($2 + y2)€ (3 67)
(1+ h21h§c2)($2 +y?) — 4hf1hf2608[(5f1 - 6f1) - (gf2 - 5f2)] .
(1= 1ppP)=As + (@ +y*)& = 2|py, |sin[Bs, — (05, — 05,)]sin(d5, — dy,) (3.68)

For the case of fo = fi and taking A\* = 0.05, hy, = 1,
2?2+ 9% =7.4x 1075 we get

2€
1- 4)\4hfcl/(x2 +3?)

Acp(fi,f1) = ~ —5.7¢ (3.66)

(ii) fie{K—m",...}, foe{ KTn,...}, then |ps, | = A2hy,,
|ps.] & 3zhy,. so we have (see (3.67) on top of the page).
For the case of fo = f; since hg = 1/hy,. we obtain
A~ (f, f) = 0, it means, for examples, I'" (K~ 7+, K*77)
=TI (Ktn, K—n").

For the case of f; being CP eigenstates and f; non
eigenstates from (3.5) and (2.36), we have (see (3.68) on
top of the page). B

Since AE’P(fl = flva) = _AEP(fl = f17f2)7 assumnl-
ing foe{lK—7mt,...}, |pp| = Ahy, < 1, from (3.68) we
get

Acp(fi = fi, f2) = = Ay, + (2% +yH)E—2X%hy,  (3.69)

xsin[By, — (05, — 0p,)]sin(bs, — dy,)

In (3.69), the first term Ay, represents the direct CP vi-
olation for decay to CP eigenstates f; which have been
discussed in Sect. 3.2. The second term (z? + y?)é arises
from the mixing which only depends on the mixing pa-
rameter and assuming |€] ~ 1073, 2% +¢? < 7.4 x 1073,
it is very small, i.e. (22 + y?)|é| < 7.4 x 1076. The third
term describes indirect CP violation caused by decay only.
Since ‘ﬂf1| <1073, |9f2 — 9f2| =5 X 10_4, then |Sin[ﬂf1 —
(07, — 05,)]| < 1073, Taking A> = 0.05, hy, = 1, we find

12X%hy, sin[Bf, — (07, — 0y, )]sin(0f, — 6p,)|

7 3.70
< 107 *|sin(dg, — dy,)| (3.70)

One can see that if mixing parameter vanishes, there may
still exists indirect CP violation, but it is small.

4 Conclusions and discussions
In this paper, the generic time-integrated CP asymmetry

formulas for the decay of the D® — D° systems are pre-
sented without specific assumption. Using these formulas,
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Table 2. The CP asymmetries for the neutral D meson decays to the non-CP eigenstates and the lower bound of Npopo at 3o
level, where A% = 0.05, hy =1 |a| =~ |¢,,| ~ 1072, 2? +¢y* < 7.4 x 1073

D— f: K=t K= pt K*~nt K*pt K%%°

ROp0

RO R *0,0 K00 E*Op B¢

Br(%): 3.8 10.8 5.0 6.0 2.1 1.2

0.70 0.85 3.1 1.5 1.9 1.1

[Acre(f)| < N2hylalv/z2 +y2 ~ 4.3 x 107°

lower bound

of Npopo(f):1.3 x 101 4.5 x 10%° 9.9 x 10 8.1 x 10'° 2.3 x 10! 4.1 x 10™* 6.9 x 10** 5.8 x 10*! 1.5 x 10** 3.2 x 10" 2.5 x 10" 4.4 x 10'*

D—f: Ktr— Ktp~ K*tz=  K*tp~ KOr°

KOp°

K% K% K*00 K00 K*On K¢

Br(%):

9.5 x107°%2.7x10721.3x 107215 x 10725.3 x 107°33.0 x 10731.8 x 10732.1 x 107 37.8 x 107°3.8 x 107 34.8 x 107 32.8 x 103

[Acr (I < 232hy /a2 + g2 /N2 + (\hy — /22 + 9%)%] ~ 2.3 x 1072

lower bound

of Npopo(f):1.7 x 10% 6.2 x 107 1.4 x 10%° 1.2 x 10° 3.2 x 10® 5.7 x 10 9.9 x 10° 8.0 x 10 2.2 x 10° 4.5 x 10° 3.5 x 10® 6.1 x 10°

we systematically discussed the D° — D° mixing and CP
violation for neutral D meson decays both incoherently
and coherently to a veriety of CP eigenstates and non-CP
eigenstates. The direct CP violation Ay and the important
rephasing-invariant parameter for the indirect CP viola-
tion ¢y = a + (B¢ are analysed in detail and the upper
bound for the various CP violating terms (direct, mixing,
interplay of mixing and decay) are given using extremum
method to eliminate the unknown strong phase-shift. The
results are listed in Table 1 and 2.

For the case of f being CP eigenstates, from Table 1,
it can be seen that for the decay processes where hy >> 1
or hy < 1 the direct CP violation asymmetry is very
small, |[Af| < 107°, and for the case of hy ~ O(1), |Af| <
10~ ~ 1073, while for the case of hy = 1, the direct CP
violation asymmetry is very sensitive to the strong phase-
shift and could become quite large. So the most promis-
ing decay channels to observe the large direct CP viola-
tion might be D° — K°KY ¢¢, if the strong phase-shift
sind¢ # 0. On the other hand although the Kg , X%(X° =
70, 0%, m, @) are not the exact CP eigenstates due to the ex-
istence of small CP violation in K9 — K9 system,
but according to our CP asymmetry definition Ay =
AP A)I?
[ACH)IPHIANI??
for D° — Kg 1 X" is approximately equal to the magni-
tude for D° decays to the CP eigenstates K7 X% which
is smaller than 10~%. This means that the effects of the
K9 — K° mixing in the final state of the neutral D meson
decays to Kg 1, X° is negligible (see (3.31)).

From our discussion in Sect. 3.3, since |Gy] < 1073,
¢r =a+ Bf ~a (if a ~1072), then the indirect CP vio-
lation asymmetries of the neutral D meson decays to CP
eigenstates are approximately the same for all the decay
modes and equal to z¢,,. Different from the direct CP vi-
olation, the indirect CP violation does not depend on the
decay modes approximately while mainly depends upon
the DY — D° mixing parameter. This feature is useful for
experimental searches.

For the case of f being non-CP eigenstates, from Ta-
ble 2, we can see that the indirect CP violation asymme-
try of the Cabibbo favoured decay processes is very small

the magnitude of the direct CP violation

(< 107°) while it could be large for the double Cabibbo
suppressed decay processes. Although the branching ratio
is small the double Cabibbo suppressed decay processes
are still superior to the Cabibbo favoured decay processes
for testing the CP violation in experiment. For the decay
processes D° — K+p~, K*tp~, K7~ one needs about
108 DYDO events to test the CP asymmetry. It should
be achievable in the 7-charm factory [23].

Usually direct CP violation asymmetry in transition
amplitudes and indirect CP violation arising from the in-
terplay of mixing and decay appear simultaneously for
the case of D°(D°) decays to the CP eigenstates, but in
the decay processes of the D(DY)_ pair with semilep-
tonic tagging because of the coherente we can distinguish

them from one another by the relations AgP)( LX) =~
~Ap (a2 +y?)E and Acp (f)+ASR(f, 07X ) ~ —asingy
+yécospr ~ xpa (see (3.7), (3.8) and (3.58)), while for
f being non-CP eigenstates, we have more simple relation
A(&g(f, ¢t X~) = 2¢. Since the CP asymmetry A(C}),(ﬁ
0+X7) (also for ASQ(f, 0 X+) = —AL)(f,67X) is in-
dependent of the decay final-state f, it will increase the
number of decay events in statistics. If € ~ 1073, such
a CP violating signal might be detectable in experiment.
Conversely we can use this relation to measure the mix-
ing parameter €. We also discussed various cases for co-
herent (D°DY)_ pair in which each D° or D decay to
two mesons. Since the coherent (D°D°)_ pair can be pro-
ducted by efe™ — (3.77) — (D°D%)_ or efe™ —
W (4.14) — (D*°D%) _ — 7°(D°DY)_, so these results are
specially useful for the programs of the proposed 7-charm
factories.

We note that although the upper bounds of various
CP violation asymmetries for decays of the DY — D sys-
tem given in this paper, are useful for searching CP viola-
tion signal, testing the standard model and probing new
physics beyond the standard model, in order to give more
precise numerical predictions for CP asymmetries, it needs
to take more efforts to calculate the accurate magnitude
of hy = T1 /T, (specially in the case of hy ~ O(1)) and
strong phase-shift d; = §; — da.
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