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Abstract. The C'P asymmetries for the decays of the neutral charmed meson into C'P eigenstates are care-
fully studied. Formulas and numerical results are presented. The impact on experiments is briefly discussed.

1 Introduction

Up to now, we still do not have any experimental evidence
for C'P violation in the charm sector. Theoretically, the
prediction for charm mixing in the standard model is very
small [1-5]. This leads to small C'P violating effects in the
charm decays. However, searching for large mixing and C'P
violation in charm decays is still very interesting; not only
for testing the standard model, but also for finding new
physics. For a recent review, see [6]. Because the C' P eigen-
states are very special, if the D°~D0 decay into the same
CP eigenstates, then the C'P violating asymmetry could
be enhanced by interference. So we try to investigate this
possibility in detail. Another advantage of the C'P eigen-
states is that the amplitude ratio A(D° — f)/A(D° — f)
can be estimated without computing the amplitudes di-
rectly. This makes the computation of the C'P asymmetries
easier. In this paper, we shall concentrate on the case of the
C P eigenstates into which the charm decays.

2 Time-dependent C' P asymmetry

Define [7]
CP|D°) =|D%),
|Ds) =p|D°) +q| D),
|Dv) =p|D°%) —q|D°),
2 _

[pl* +a* =1. (1)
The corresponding eigenvalues of |Ds), | Dy,) are

YL

)\S:ms—ipys, )\Lsz—iQ .

2

a Supported in part by NSF of China
b e-mail: duds@mail.ihep.ac.cn

Assuming C' PT invariance, the time-evolved states are

IDO(£)) = g4 (£)| D) + ng<t>|D0> :

1DY(t)) = Zg, (£)[D°) + g (£)| DO) ,

where
Lo —ingt 4 —ingt
gi:2(e st e ILY)
_ 1efimt7;’t{eiA2mt7A47t:tefiAQerA‘f’t}
2 )

Am=my,—mg, m=(my+ms)/2,

Ay=9s—1, v=0(L+7s)/2.
Define the mixing parameter
Am Ay
T = y Y= ;
gl 2y

then the decay amplitudes for the final state f are
A(Dy(t) = f) = (f| Herr| D (1))
=9:(DA()+ g~ (DA()
= A g+ @) +Xrg- (1)}
where

A(f) = (f|Hea| D°),
A(f) = (f|Hea| D°),

A= A(f)
p A(f)
Similarly, we put
A(f) = (f|Hea| D°),
A(f) = (f|Hee| D°)
N — p fé_l(fj)
T qA(f)’
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where f is the C' P conjugate state of the final state f, and

|f) = CP|f)=ncelf),
where ncp = £1 is the C'P eigenvalue (or C'P parity). For
the amplitude of D3(t) — f, we have from (2)

A(DY(t) = f) = (f|Hee| DY(t))

g-(A(f) + g+ () A(S)

b
4 _
A(f +)\f9 ()}

{g+ (8)

Now it is easy to calculate the time-dependent widths
F(Dg(t) — f)and I'(DJ(t) — f). Using (3), (5) and (8), we

have

F(DS(tHf)—| ( =N’
I {|g (1) +2Re D7 (1)g- (1)
+|Af| la- (O} 9)
(DY) F) = |ADP{ g+ (1) +2Re [A 795 ()g- (1)
+}Af—} PROEY (10)

In order to compute As and p) 7, we need first to compute
the amplitude ratios A(f)/A(f) and A(f)/A(f). As an ex-
ample, we consider D°, DO — KT K~. Drawing the decay
diagrams (Fig. 1), we see that if we neglect the penguin di-
agram contribution, the D° and D9 decay diagrams each
involve only one CKM factor, V,,s V% and V), V., respec-
tively. The only difference of the D° and D° decay dia-
grams is that the initial and final particles change into their
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CP counterparts. So

A(f) B AD® - KTK™)
A(f)  AD°— K+K-)
_ +pe—y VusVes _ -y —
—UCP(K K )Vus‘/;”; —nCP(K K )—+1
(11)
In (11), V.5 and V,, are both real in the Wolfenstein

parametrization of the CKM matrix, and nop(f) is the CP
parity of the final state f. Usually nop = £1 for different f.
Actually, we can prove that (see the appendix in [8]) if the

decays of D° and DO only involve one CKM factor respec-
A(f)

tively, then the ratio Al obeys
z_l (f) e_iwwk
= , = . 12
\(f) ncp(f) g, =ncp(f) (12)

The last equality holds only for charm decay, because all
the CKM matrix elements involved are real if we neglect
the penguin contribution.

Define
_A) A
P At P A 1)
From (6) and (7), we have
Ar = Zﬂf = UCP(f)’ e,
5 =" = ncp(f)‘ (14)
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Fig. 1. Decay diagrams for DO,
DY KTK~
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After a straightforward calculation we arrive at

F(DR() ) = ;e AP

(e

2
> (e—§A7t+e2A7t)

;

o

+2770P(f)’f7

2
) cos Amt

[(e” 289t e%AW) cos

—|—2$in<pSinAmt]} , (15)
(DY)~ F) = ye AP

X {<1+ ‘5 2) (7227 4 e227%)

+2<1—'Z 2) cos Amt

+2770P(f)"2 [(e*%Avt_i_e%Avt) cos

—2sin<psinAmt]} . (16)

Now we assume

[ AN = A

This assumption is guaranteed by our approximation of
neglecting the penguin, because in that case only one CKM
factor appears [9].

The time-dependent C'P asymmetry is

(17)

_ (D)= f) =T(DR(t) = f) _ Ny(®)
Cp(t) = F(Dg(t)—>f)+F(Dg(t)—>f) = Dy(t)’ (18)
2 2
w5 e
( ‘p )cosAmt
q
+2ncp(f (q —’pD(e%AW—MAW) cos
p q
+4nep(f ( ¢ +'pD sin @ sin Amt , (19)
p q
2
Ds(t) = <2+‘p + Z >(e‘§A’”+e5A7t)
2 2
+2(2—‘q _’p‘ )cosAmt
p q
+2770P(f)<z +’§D(eéﬁ7t_eémt) cos
+4’I70P(f)<z —’SD sin g sin Amt . (20)

In (19) and (20), there are several parameters that we need
to know: the phase ¢, x = Am/v, y = Avy/2v, |q|/|pl, etc.
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But we do know that |z| ~ |y| <1072, and that |q|/[p| is
very close to unity. Some authors assume [10] that |g|/|p| —
Ipl/lg] < £1%. As for the phase ¢, we have

M* iF* 1/2
q_ 12 ? 12 _ ’q e e (21)
P | Mi2a— 51 P
In the B%-BO system, the box diagram dominance leads to
My, .
<q> ~ 12 ~ 6_215. (22)
P/ Mo

In the charm case, if we can use the same approximation
and assume that the b-quark line plays a dominant role in
the corresponding box diagram, then

<q> ST
P/p

But this is not the case for charm. Firstly, the box di-
agram does not dominate. Secondly, even in the box di-
agram, because |V,p| is very small compared with |V,
and |Vys|, the internal b-quark contribution may be unim-
portant. Furthermore, V,,4 and Vs do not carry the weak
phase, so ¢ gets a contribution from the iI5/2 term. Any-
way, we do not know the value of ¢, so we just keep it as
a free parameter. For ei2A7t using Avy/(2v) =y, we have

1
eT2 A7 = oF1t = oFV/TD0  because y < 1072, eFVH/T

(23)

DY is
around unity. We have

350 = =aner(9)(| 7] - 7 ) ) cose
+8ncp(f)sin psin Amt,
Dy(t) ~38,

cr0 ~ner(n{"}' (|7

=ncp(f){;yvt<

n [9], the first term in (26) is omitted and the C'P parity
factor nop(f) is missing.

— ‘QD cos ¢ + sin p sin Amt
p

‘— ‘qD COS(p—FSincpsin(x’yt)}.
p

3 Time-integrated C' P asymmetry

In order to have more statistics, we integrate the time-
dependent observables over time. We first list some useful
quantities:

o0 2422 —y? 1
G :/ dt|g.(t)* = ~ o, (21
+ 0 |g+( )| 27(14_:1:2)(1_2/2) v ( )
o] 2+y2 $2 +y2
G_= dt|g_(t)]? = o ~
[ a0 =y Lty 2
(28)
o —y(1+2?) +iz(1-y?)
Gy = dtg’ (t)g_(t) =
L TYy+tiz
~ T (29)
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for 22,y? < 1. It is straightforward to get the integrated
decay width. From (9) and (10), we have

(D) — f) = /OO At (D)(t) — f)
0
=|A(f)P{G++2Re(\G1-) +|N[*G_},
(30)
r(oe - f) :/OO dtT(DO(t) — )
0
=|A(f)P{G+ +2Re (Xf—G+_)+|Xf|QG_}.
(31)

Again, if we assume that |A(f)| = |A(f)|, then the time-
integrated C' P asymmetry is

_F(Dg—)f)_F(Dg_)f_):Nf (32)
" (D9 ) +r(DY—F) T Dy’

e o
I
(IR
Nj(\’;l—lpbww+y><1z )
Finally, neglecting the (2?+y?) term in (33), one may
obtain

Cy ﬁncp(f){ - ‘;j (‘Z’ - ’SD cosso+wsin<p}- (35)

x-i-y

2
p

q

§

(34)

Up to now, we have only discussed incoherent D°~DO de-
cays. Sometimes D%-DO pairs are produced coherently,
such as in eTe™ colliding machines (BES and CLEO-c).

The time-evolved coherent state of a D%—DO pair can be
written as [9]

|Z> = |D0(k1,t1)D0(k2,t2)>+77|D0(k1,t1)D0(k2,t2)>(, )
36

where 7 is the charge conjugation parity or the orbital an-
gular momentum parity of the D% D0 pair.

Because D° — [T X and D9 — [~ X only, we can use
the semileptonic decay to tag one of the two time-evolved
states D) (t) and DY(t). We define the leptonic-tagging C P
asymmetry C; by

_ N(l77f)_N(l+7f_)
NN o
where
_ e _ )2
NI, f) :/0 dtydta (17, f|Hegli)| (38)
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is proportional to the number of events in which D (k, t) —
[~ X is tagging on one side, and the other side is the decay
D) (k,t) — f or vice versa. Similarly,

N@*, F) :/ dtydto| (17, FlHeal)]?. (39)
0
Assuming |A(f)| = |A(f)| and |A(I)| = |A(I7)], after a te-
dious calculation, we have
N(I™, ) =]A) AP
x {G2 + G + 2|2 [G+G_ +1|G4+—|?]
+2(1+7)G_Re (MG )
+2(1+n)G+ Re(\G4_)+2nRe (G7_) },
(40)

N(@*, f) =AU AN

x {Gi +G? 420 [G1 G- +1|G -]
+2(1+n)G-Re (A\;G% )

+2(1+1)G4Re (AfG1_) +2nRe (G )},

(41)
_N(li7f)_N<l+7f_):Nfl
= NG, 5+ NG D) T Dy ()
-~ 2+ (|l |p|
Ni= @m0 p‘ g )
2 2
+(1+n)ncp(f)$2:2y
X y(p —|? >cos<p—:r< 4 + >S1n<p
"\lql |p pl g ]
+HUtner(f)
X y(i — g>cos<p+:r< 1 + q >S1n(,0_
201+ n)nep(f) '
~ e
X [—3(‘2’ pD cos<,0+xs1n<p] (43)
2 2\2
Dy = 22+(x2_;2y)
(g
z* +y? p| ., |a
smner()” | =[] +]1]) cose
—w<‘g’—‘§‘>siw]+(1+77)770p(f),;2
<[-o(5l ol ee=a((5] 7)) ne]
y? — 22
+4n 42
~ 2 (44)
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Table 1. The number of DD pairs needed for testing the C' P asymmetry

DOy Cy (theory) Cy (exp.)
KtK~ 0.014£0.010
KK —0.23+0.19
K*+K**
atr~ <1073 0.013+0.012
7070 0.0040.05
200
ptp”
p%p°
o
én
K*OK*O
Finally,
Cp =
"= Dy
q| |p .
= (1+77)7]CP(f){ -y (’ ‘ - ‘ D cosgo—i—xsmgo} .
2\|p| |q
45

Comparing (45) with (35), we find that Cj; is just twice
as large as Cy when the charge conjugation parity or
the orbital angular momentum [ is even. This is surpris-
ing. From (35), the order of magnitude of Cy is < 1073,
because z ~y < 1072, Now, we present Cy (theory), Cf
(exp.), the branching fractions for the D°, D° decay into
CP eigenstates and the number of D-D pairs needed for
testing the C'P asymmetry for a 1o signal lower bound
in Table 1, where we take most of the branching ratios
from the 2006 particle data booklet [11]. For the K* T K*~
pTp~ and p°p° final states, we use the theoretical esti-
mation of Bauer—Stech-Wirbel (BSW) [12]. The measured
CP asymmetries listed in Table 1 are also taken from the
2006 particle data group [11]. We use the formula for N,

1
Npp= B Cf2 for 1o significance;
N,,= J fi ignifi
DD = BCfQ or 3o significance .

4 Summary and conclusion

We have computed the time-dependent and time-inte-
grated C'P asymmetry for the decays of the neutral
charmed meson into the C'P eigenstates. We present the
CP asymmetry not only for incoherent D°-DO, but also
for coherent D°—DO pairs. We find that the time-integrated
CP asymmetries are very small (of the order of < 1073)
for testing the C'P asymmetries. We also give the lower
bound for the number of DD pairs needed for testing the

BR Npp (1o lower bound)

(3.84+0.10) x 1073 2.60 x 107
(3.740.7) x 1074 2.70 x 108
1.0 x 1072 (BSW) 1x107
(1.364+0.032) x 103 7.4 %107
(7.940.8) x 1074 1.26 x 108
(3.240.4) x 1073 3.13x 107
1.3x 1072 (BSW) 7.69 x 10°
1.2x 1072 (BSW) 8.33x 107
(7.440.5) x 1074 1.35x 108
(1.4+0.4) x 1074 7.14 x 108
(7T£5)x107° 1.43 x 10°

CP asymmetries. At present, the integrated luminosities
for eTe™ colliders are

BESIL:  27pb !,
BESII:  20fb~! for four years of data taking,
CLEO-c: 281pb~'.

The corresponding DD pairs are

BESII: 105,
BESIII: 106,
CLEO-c: 107.

In Table 1, for the D — V'V decays, only when both vec-
tor mesons are longitudinally polarized the V'V final states
are C'P eigenstates [13, 14]. For the corresponding branch-
ing ratios in Table 1, we assume that both longitudinally
polarized final states dominate. From Table 1 we see that
the only hope is to rely on BES III and B-factories. At
B-factories, because of the large data sample of charmed
mesons, both the time-dependent asymmetry and the
time-integrated asymmetry can be measured, while for
BES III, only the time-integrated C'P asymmetry can be
tested. Of course, if there is new physics, some surprise may
happen. We can also see from Table 1 that all the measured
C'P asymmetries presently are consistent with zero.
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