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D'-D° mixing in Y(1S) — D°D" decay at a super-B factory
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D°-D° mixing and significant CP violation in the charm system may indicate the signature of new
physics. In this study, we suggest that the coherent D°D° events from the decay of Y(15) — D°D° can be
used to measure both mixing parameters and CP violation in charm decays. The neutral D mesons from
Y(1S) decay are strongly boosted, so that it will offer the possibility to measure the proper-time interval
At between the fully reconstructed D° and D°. Both coherent and time-dependent information can be used
to extract D°-D° mixing parameters. The sensitivity of the measurement should be improved at B factories

or at super-B.
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Because of the smallness of the standard model (SM)
AC = 0 amplitude, D°-D® mixing offers a unique oppor-
tunity to probe flavor-changing interactions which may be
generated by new physics. The most promising place to
produce D°D° pairs with low backgrounds is the #(3770)
resonance just above the D°DP threshold. The current
experiments, such as CLEO-c and BESIII [1], are all
symmetric D meson factories, on which the time informa-
tion cannot be used. It is very hard to build an asymmetric
7-charm factory in order to separate the two D° decay
vertices since we need a strong boost of the D meson to
measure the mixing parameters. Although the time-
dependent analyses have been done at B factories, the D
mesons produced there are incoherent. In Y(15) — D°D°
decay, both D mesons are strongly boosted in the rest
frame of the Y(1S) with the Lorentz boost factor of
((By)p = 2.33), precise determination of the proper-time
interval (Ar) between the two D meson decays is available.
Both coherence and time information are essential to mea-
sure the D°-D° mixing and CP violation.

In this paper, we consider the possible observations of
D°-D° mixing and CP violation in the Y(1S5) — D°D°
decay, in which the coherent D°D° events are generated
with a strong boost. Here we assume that possible strong
multiquark effects that involve seaquarks play no role in
Y (1S) — D°D° decays [2]. The Y(1S) decays will provide
another opportunity to search for D°-D° mixing and
understand the source of CP violation in the charm
system. The amplitude for Y(1S) decaying to D°D° is
(D°DP|H|Y(1S)), and the D°DP pair system is in a state
with charge parity C = —1, which can be defined as [3]

|D°D) =1 = HID)ID®) — |D)ID%)]. (1)
Although there is a weak current contribution in Y(15) —

DD decay, which may not conserve charge parity, the
D°DP pair cannot be in a state with C = + 1. The reason is
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that the relative orbital angular momentum of the D°D°
pair must be [ = 1 because of angular momentum conser-
vation. A boson pair with / = 1 must be in an antisym-
metric state, the antisymmetric state of the particle-
antiparticle pair must be in a state with C = —1.

We shall analyze the time evolution of the D°D° system
produced in Y(1S) decay.

In the assumption of CPT invariance, the weak eigen-
states of the D°-D° system are |D;) = p|D°) + ¢|D°) and
|Dy) = pID®) — g|D°) with eigenvalues u;, = m; —il';
and uy = my — %FH, respectively, where the m; and I'j,
(my and ') are the mass and width of the “light (L) D°
(“heavy (H)” D°) meson. Following the Y(1S) — D°D°
decay, the D° and D will go separately and the proper-

time evolution of the particle states |Dg (1)) and | DO, (¢))

hys phys

are given by

D%, () = g (0ID°) — %g,mm%,

2
1D9,...(0) = g (01D — Lg_(nIDY),
phy q
where
g+ = %(efimﬁtf(l/z)l“Ht + e*imLtf(l/Z)I‘Lt)’ (3)
with definitions
mL + mH
m=——->=, Am = my — my,
2 0
I, +T
rz%, AT =Ty, —T,.

Note that here Am is positive by definition, while the sign
of AT is to be determined by experiments.
In practice, one defines the following mixing parameters

Am AT
ro Yoo
Then we consider a D°D° pair in Y(15) decay with definite

charge-conjugation eigenvalue. The time-dependent wave
function of the D°DC system with C = —1 can be written

X

&)
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|D°D(2,, 1,)) = \/—[|Dphyg(k1y f1)>|Dphyq(kz, 1))

|Dphy5(k1, f1)>|Dphyb(k2, n)l  (6)

where k; and k, are the three-momentum vector of the two
D mesons. We now consider decays of these correlated
systems into various final states. An early study of corre-
lated D°DP decays into specific flavor final states, at a
7-charm factory, was carried out by Bigi and Sanda [4].
Xing [5] had considered time-dependent decays into cor-
related pairs of states at ¢#(3770) and (4140) peaks. The
amplitude of such joint decays, one D decaying to a final
state f, at proper time ¢, and the other D to f, at proper
time t,, is given by [5]

AY(18) = DYy Doy — f1f2)
= 5 X {a-[g-(1)g+(1) — g+ (1) (12)]
+alg-(t)g-(t) — g+ (t)g+ ()]}, (D

where
_ _— p
ar = Ay A, —Ap Ay, = Ap Ay, 5()‘1‘1 = Ap),
p q: - p ®)
- = 5Af1Afz - ;AflAfz = AflAfza(l = ApAp),
with A, = (fi|H|D, A; = (fi|H|DP), and define
Eg<filﬂfll3°>=g& 9)
I p (FIHIDY  p Ay
- f.|H|D° Az
T g DY) q 4,

In the process e*e” — Y(1S) — DD° the center-of-
mass energy is far above the threshold of the D°D° pairs,

so that the decay-time difference (t = Ar_ = (¢, — 1))
|
D ("X, K 731
RU-X*, K min) = NIAPIAg, 2|2
p
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— f1 and DY
easily. From Eq. (7), one can derive the general expression
for the time-dependent decay rate, in agreement with [6]:

dl(Y(18) — DY, DY« — f1f2)

dt
= Ne M X [(lay|* + |a_|?) cosh(yI'r)

+ (las? = la_|*) cos(xI't) — 2 Re(a* a_)
X sinh(yI't) + 2 Im(a®.a_) sin(xI'7)], (11)

0
between Dijpys s f> can be measured

where N is a common normalization factor, in Eq. (11),
terms proportional to |a_. | are associated with decays that
occur without any net oscillation, while terms proportional
to |a_|? are associated with decays following a net oscil-
lation. The other terms are associated with the interference
between these two cases. In the following discussion, we
define

dU(Y(1S) = DY, DYy — f12) (12)

R(f, f2:1) = di

The time-dependent rate expression simplifies if one of
the states (say, f5) is a CP eigenstate S, with eigenvalue

n ==

R(f1, Sp3t) = ~7\f|Asn|2|Afl|2€_F|t|

X [2|As, + |* cosh(yI't)
= 2n(As, + nl*) sinh(yI'n)],  (13)

where Ag = (S,|H|D°), and we have used CP|D°) =
—|D% and Ag, = —n = + by neglecting CP violation in
decay, D°-D° mixing, and the interference of the decay
with and without mixing.

Now we consider the following cases for the D meson
decays to various final states, such as semileptonic, had-
ronic, and CP eigenstates.

2 _ _
e Tl 5 (1 + | g+ - 12) cosh(yIr) — (1 — |Ag+ - |2) cos(xTr)

+ 2 Re(Ag+ - ) sinh(yI't) + 2 Im(Ag+ - ) sin(xL't)). (14)

Q) ("X, K 7";1):

R(ITX, K 7T;1) = NIA A+ 17 P

2
e X (1 + 1Ag 7 P cosh(YT') = (1 = [Ag- 7+ 1?) cos(xT'r)

+ 2 Re(Ag-,+) sinh(yl't) + 2 Im(Ag-,+) sin(x['7)). (15)

B) "X, KT7 ;1)
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R(IFX™, K7 1) = NIA P Ag - 27T X (1 + | Ak - |2) cosh(yI'r) + (1 — |Ags - |2) cos(xI'r)
+ 2 Re(Ag+ - ) sinh(yI't) — 2 Im(Ag+ - ) sin(x[z)). (16)

@ (X", K 7";1):
RIUX, K 7ti0) = NIAPIAg o+ Pe T X (1 + [Ag P cosh(yTt) + (1 = [Ag— .+ |?) cos(xT't)
+ 2Re(Ag- 5+ ) sinh(yI't) — 2 Tm(Ag- .+ ) sin(xI'7)). 17)

5 (TX7, 7X550):
R(IFX™, I5X* ;1) = NIA,llzlAlzlze‘”" X (cosh(yT't) + cos(xI'?)), (18)

where /; and /; could be electron or muon.
(6) (I"X7, 8,3 0):

R(ITX",S8,:0) =R(I"X™, S, )y

= NA2Ag |2e7 Tl x [2 cosh(yI't) — 27 ’Re<2> sinh(yI't) + 27 Im<z> sin(xI't):|, (19)
K 4 V4

where ¢ < p indicates the exchange of ¢ and p, and |¢/p| = 1 is taken.
(7 (K~ 7, Sy t): For this case, it is the same as the result in Eq. (13) for f; = K~ 7" when CP violation is neglected.
(8) (K~ @™, K"~ ;1): For the given final states f,f, = (K~ 7" )(K" 7~), the situation becomes more complicated; one
can obtain the following expression after a lengthy calculation:

RK 7t Kt ;1) = NAg o+ Age - 12e ™ X [(I1 = At Agt - |2+ Akt — Ags o |2) cosh(yI'7)
+ (|1 = A=t A 12 = | Akt — Agt - 1?) cos(xTt)
+ 2(Re(Ag-p+ Agt - — DRe(Ag-p+ — Agr ) + Im(Ag- o+ A+ )
X Im(Ag-m+ — Agt =) sinh(yI'1) — 2(Re( Mg Ags - — 1) Im(Ag- o — Ags o)
— Im(Ag-p+ Ag+ ) Re(Ag- o — g+ ) sin(xl'1)]. (20)

O (K7, K 7";1):

4

2
RK m*, K m" 1) = N|Ag_+|* e T A2 — 1]’[cosh(yI'7) — cos(xI'1)]. (21)

Mixing is the necessary condition for this process to occur.
10) (Kt@, K 7 ;1):

_ 2 _
RK* 7 K 7 30) = NAge 4|4 l e T X |A2. _ —1|’[cosh(yI'7) — cos(xI'7)]. (22)
p
(1) (F X7, 15X, 1)
2
RUFX ™ X, 0) = Ne |2 ‘ | A x-IP1Aszx- 2 X (cosh(y[') — cos(xT'1)). (23)
q 1
(12) (7 X X% 0):
2 _ _
R X, ;X% 1) = Ne Tl % ‘ |Al;x+|2|AZ;x+|2 X (cosh(yI't) — cos(xI't)). (24)
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In deriving the above formulas from Eqgs. (14)—(24), we
have assumed that: (1) AQ = AC rule holds, A =
(IFXT|HID) = Apr = ("X |H|D®) = 0; (2) CPT in-
variance holds. The results in Egs. (14)—(17) are in agree-
ment with those in Ref. [5].

In order to simplify the above formula, we make the
following definitions:

% — (1 +A,)e ¥, (25)

where B is the weak phase in mixing and A,, is a real-
valued parameter which indicates the magnitude of CP
violation in the mixing, and for f = K~ 7", we define

Ag+ - -
KT = —fremi,  (26)

AK+7T_

= —ia

= —\fre %,

where r and « (r' and ') are the ratio and relative phase of
the doubly Cabibbo-suppressed (DCS) decay rate and the
Cabibbo-favored (CF) decay rate. Then, Ag-,+ and Ag+ -
can be parametrized as

Ag-me = —Jr(1 + Ay)e @B, 27)

- 1
r

e =P, (28)

In order to demonstrate the CP violation in decay, we

define /r = «/RDﬁ and Vr' = \/Rp(1 + Ap). Thus,
Egs. (27) and (28) can be expressed as
Ag-n+ = —+/R —iG+e), 29
K PT¥a, e (29)
- 1+A, _.
Nos = — /_ —1(6—¢)’ 30
K o 1+A ( )

where 6 = “;“/ is the averaged phase difference between

DCS and CF processes, and ¢ = “‘T‘*' + B.
|
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We can characterize the CP violation in the mixing
amplitude, the decay amplitude, and the interference be-
tween mixing and decay, by real-valued parameters A,,,
Ap, and ¢ as in Ref. [7]. In the limit of CP conservation,
Ay, Ap, and ¢ are all zero. Ay, = 0 means no CP violation
in mixing, namely, |¢/p|l =1; Ap =0 means no CP
violation in decay, for this case, r=r =Ry =
|- 7 /A7t |* = |Ag+ - [Ag+ - 1% ¢ =0 means no
CP violation in the interference between decay and
mixing.

Taking into account that Ag- .+, Ag+,- << 1 and x, y <
1, keeping terms up to order x2, y, and R, in the expres-
sions, neglecting CP violation in mixing, decay, and the
interference between decay with and without mixing
(Ay =0,Ap = 0, and ¢ = 0), expanding the time depen-
dent for xt,yt <T~', we can write the results from
Egs. (14)—(24) as

(D) ("X, K 7 30):

R(ITX, KT 7 1) = N|A 2 Ag+ - |2e T

+ Ry T22), 31)

x2+y?
2

where Ry = is the mixing rate, and y =

ycosdé — xsind.
Q) ("X, K #@t;e):

RITX ", K~ wh1) = NIA Ak |2e™ T
+ Ry 27, (32)

since the mixing in neutral D is tiny, it is much more
likely that x%, y> < R, cases (1) and (2) can be
used for measuring Rp.

B) "X, KT7 ;1)

RITX,Ktmw ;1) = NIAP|Ag+ e r|’|<2 2\/Rp(ycos(8) + xsin(8))I't TP A F2t2> (33)
@ (I"X*, K- a*50):
RUX", K773 1) = NIAPlAg- - [2eTH x (2 2/Rp(ycos(8) + xsin(3)lt + 21— F2t2>
=R(I"X",K"7 ;1) (34)
In the limit of no CP violation, case (3) is the same as (4).
(5) (UFX™, I X*50):
- ¥ — 2
RUTXT, 13X 1) = NIA;, PIA,Pe M x <2 + TFW). (35)

©6) (I, S,3 1)
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R(I%, Sy3 1) = NIAPIAg 12e 1 X (2 = 2m(y cosB F xsinB)T't + y*T27), (36)

where y may be determined because the phase 8 = arg[(V,,Vi,/(V Vi)~ 0.

(1) (K~7",8,:0):

R(K™7*,8,51) = NlAKfﬁlzlASnlze*F"' X (n = \/Rpcos8)*(1 — myl't + Ly (T')?), 37
where cosd can be measured in this case by combing 7 = —1 and +1 final states.

Q) (Ko, K 7 ;1)

2 2
RK~ 7t K* 7 31) = N|Ag- A - 2e7 T x <2 + %Wﬂ — 4R, cos(26)>. (38)

O (K ot K 7te):

2 + 2
RK- 7" K- 7" 11) = NAg-+[*e T X (1 — 2R, cos(28)) xTyrzﬂ. (39)

This process is proportional to the mixing rate R;,, and can be used to measure the mixing parameter directly.
(10) (K", K* 7 ;1): The result is the same as R(K~ 7", K~ r*;t) when CP violation is neglected.

(1) (FX™, 15X, 0):

RUFX™, 15X, 1) = Ne Tl 1A x-IP1A;: x- 1P X

One can also definitely measure the mixing rate in
the like-sign processes as in case (9) and (10).

(12) (I X", I; X%, 1): The result is the same as
(IfX~, 13X, t) when CP violation in mixing and
decay is neglected.

Note that in all the above cases, when CP violation in
decay is neglected, there is |Ag-,+| = [Ag+ - |.

The experimental data from CLEO-c yield that the
allowed values for the mixing parameters x and y are: y =
—0.058 = 0.066, x < 0.094 [6]. The ratio of the DCS
decay rate to the CF decay rate is Rp ~ (V. V.y)? =
0.0026. The illustrative plot of the decay rate
R(I*X*, K*7™*;1) is shown in Fig. 1 by taking § = 10°.
The decay rate R(I*X*, K™~ ;1) is very sensitive to the
mixing parameters x, y and the ratio of R in the region
I't ~ 1 — 6. The other decay rates in Egs. (33)—(38) are not
sensitive to the mixing parameters and R, because in
these decay rates, the x, y and R, are only a small correc-
tion to the dominant contributions.

In the Cabibbo-Kobayashi-Maskawa (CKM) framework
CP violation in the neutral D system is very small and can
be safely neglected. However extension of the SM could
induce new physics of CP violation [4,8]. The most likely
sizable effect is a possible new CP violation phase, ¢ =
arg(gA/pA), occurring in the interference between mixing
and decay amplitudes. Thus, in the presence of CP viola-
tion in the interference, we can construct the following CP
observable based on the previous calculations. We can look
at the difference between the cases (3) and (4), and define:

RITX,K*m ) —RI"X*, K mt)
RI'X ,K'm )+ RU XK 7))

Aqp (1) = (41)

2 + 2
YV mp (40)

[

As discussed in Ref. [5], the signal is due to the interplay of
DCS decay and mixing. With the help of Egs. (16) and
(17), we obtain

Alp (1) = —\/Rp(ysind — xcosd)sing X I't.  (42)

Here we keep both x and y terms since the current experi-
ments indicate that they may be at the same order, this is
different from Ref. [5]. The above asymmetry depends on
the nonvanishing phase ¢, and also the mixing parameters.
Within the SM, it is of order @(1073) [9], which makes
such an asymmetry unmeasurably tiny unless there is new

R(IEXT, KFrt;t) o

6 .
- (RD7 xz, y)
SEN - a: (0.0026,0.06, —0.02)
ab o AN b: (0.0026,0.02, —0.02)
“N\e ¢ : (0.0026,0.06, —0.04)
3t b N d : (0.0,0.06,—0.02)
o .
1t - -
a-
0 10
I't
FIG. 1. [Illustrative plot of the sensitivity of the decay rate

R(I*X*, K™ 7*; 1) to the mixing parameters of x, y and the ratio
Rp, where 6 = 10° is taken.
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physics [10]. By looking at the difference between
R(I",S,:1) and R(I", S,; 1) in case (6), we get the follow-
ing asymmetry

R(*,S,) — R(, S,)

S
A = . 43
cp(?) R(I*,S,) +R(,S,) 43)
With the help of Eq. (19), we obtain:
A1) = mxsin X T, (44)

where S is defined in Eq. (25). This CP term depends on
the mixing parameter x and the phase in the mixing
amplitude.

In experiments, the KEK-B can move to the Y(1S) peak
without losing luminosity, more than 330 fb~! data per
year could be taken [11]. The measured cross section at the
Y(1S) peak is o = 21.5 £ 0.2 = 0.8 nb by CLEO [12].
One can estimate the total Y(1S) events with 1 yr running
of KEK-B are about 7.1 X 10°. While, at super-KEK-B,
about 10'" Y(1S) events can be obtained with 1 yr data
taking if the design luminosity is 8 X 10° [13]. More
recently, a super-B factory based on the concepts of the
linear collider (LC) is proposed [14], the low energy beam
and high energy beam are 4.0 and 7.0 GeV, respectively.
The machine can run at both Y(4S) and Y(1S) peaks with
luminosity about 1.0 X 10%6. Then about 102 Y(15)
events can be collected with 1 yr’s run. In Ref. [15], one
had estimated the ratio of BR(Y(1S)— D*D~) and
BR(Y(1S) — K*K™) as

BR(Y(1S)—D™D™) _ [ 1\2
BR(Y(1S) — K*K™) (0.2) > 10 @49
where the current upper limit of BR(Y(1S) — K*K ™) is
5.0 X 10™* at 90% confidence level. One can expect that
the decay rate of Y(15) — K*K™) is at the order of 1076
[15], so that we can estimate BR(Y(1S)— D*D™) ~
107* — 107°. At the super-B factory, around 107-10%
D°DP pairs can be collected in 1 yr’s data taking, which
is comparable with that at the BESIII with four years
integrated luminosity [16].

It is known that one has to fit the proper-time distribution
in experiments to extract both the mixing and the CP
parameters; we discuss the following two cases:
(1) Case-I: at a symmetric Y(1S) factory, namely, the
Y(1S) is at rest in the central-mass (CM) frame. Then,
the proper-time interval between the two D mesons is
calculated as

mp

At = (rDo - VDO) C|P|’

(46)

where 7 and rpo are the D° and D° decay length, re-
spectively, and P is the three-momentum vector of DO,
Since the momentum can be calculated with Y(1S) decay

PHYSICAL REVIEW D 74, 094016 (2006)

in the CM frame, all the joint D°D° decays in this paper
can be used to study D°-D° mixing and the CP violation in
the symmetric Y(1S) factory. (2) Case-II: while, at an
asymmetric Y(1§) factory, the Y(1S) will be produced
with a boost. In this case, the momentum of D° and D°
will be different from each other, and one has to fully
reconstruct at least one of the two D mesons, since the
proper-time interval between the two D mesons is calcu-
lated as

mp
U
D elPpol’

mp
At = — 47
"D’ c|Ppol : @7

where |Ppo| and |Pjp| are the momentum of D° and D°,
respectively. In this case, the joint decays to dilepton in
Eq. (18) will not work, since both the D mesons cannot be
fully reconstructed. One cannot obtain the proper time
from such a kind of experiment.

The average decay length of the D° meson in the rest
frame of Y(15) is c7p0 X (By)po = 290 um. At B facto-
ries, such as the Belle detector, the impact parameter
resolution of the vertex detector, which is directly related
to the decay vertex resolution of DO, is described in
Ref. [17], from which we can get that the resolution for
the reconstructed D° decay length should be less than
100 pwm within the coverage of the detector. This means
the Belle detector is good enough to separate the two D°
decay vertices, so that the mixing parameters can be mea-
sured by using time information.

All the results in this paper can also be applied to the
following processes,

ete” = Y(1S) — WO(DOD_O)szl, (48)

where the DD pair are in a C = —1 state, for example,
Y(18) — D**D° — 7°D°D°.

In conclusion, we suggest that the coherent D°D° events
from the decay of Y(1S5) — D°DP can be used to measure
both the mixing parameters and the CP violation in charm
decays. The neutral D mesons from the Y(1S) decay are
strongly boosted, so that it will offer the possibility to
measure the proper-time interval At between the fully
reconstructed D° and D°. Both coherent and time-
dependent information can be used to extract D°-D° mix-
ing parameters, in which the sensitivity of the measure-
ments could be improved by comparing to the future
measurement at the BESIII with the same amount of
DD pairs.
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