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Abstract The D°—D° mixing in different decays with corresponding method is measured in this paper, there

is a clear evidence for non-zero y D° mixing parameter, and measurement of D° mixing parameter z is still a

challenge. CP violation in the decays is not observed. Branching fractions of other charm decays are presented.
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1 Introduction

The B factory KEKB is located at the High En-
ergy Accelerator Research Organization (KEK) in
Japan, it is an energy-asymmetric eTe™ collider run-
ning at the YT (4S5) resonance. The data is accumu-
lated by the Belle detector, it is a large-solid-angle
magnetic spectrometer that consists of subdetectors
with better performance: a silicon vertex detec-
tor(SVD), a 50-layer central drift chamber (CDC), an
array of aerogel threshold Cherenkov counters (ACC),
a barrel-like arrangement of time-of-flight scintillation
counters (TOF), and a electromagnetic calorimeter
(ECL) comprised of CSI(T1) crystals located inside
a superconducting solenoid coil that provides a 1.5
T magnetic field. It’s the B factory with the largest
accumulated luminosity in the world. For the reac-
tion Y(4S5) — bb, its cross section is 1.05 nb. At the
same energy the ete™ — qq (q=u, d, s, or ¢) contin-
uum process has a cross section of 3.7 nb, containing
c€ ~ 1.30 nb. So, it also provides a largest sample of
charm hadrons beside B meson.

Mixing phenomena, the oscillation of a neutral
meson into its corresponding anti-meson as a func-
tion of time, has been observed in the K° and B°
systems. It can be described by the difference in
mass (AM) and lifetime (AI') of the two charge-
parity (CP) eigenstates in the neutral meson sys-
tem. The mixing in the D° system with Standard
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Model (SM) prediction is substantially smaller than
that for the K° and B°. It is consequence that
D° — DO mixing is dominated by light quark interme-
diate states, a feature unique to the D° system among
the neutral mesons. Moreover, the small Cabibbo fac-
tor tan?6¢ and the Glashow-Illiopolous-Maiani(GIM)
cancellatin will further suppress the D° mixing rate.

The time evolution of the D°-D° system is de-
scribed by the Schrédinger equation

2 ()= (v-3r) (39),

9t \ D°(t) 2 DO(t)
where the M and I' matrices are Hermitian, and
CPT invariance requires My, = My, = M and [}, =
Iy, =1, The off-diagonal elements of these matrices
describe the dispersive (or long distance) and absorp-
tive (or short-distance) contributions to D°-D® mix-
ing.

The two eigenstates D; and D, of the effective

Hamiltonian matrix (M — %F) are given by

|D12) =p|D%) £¢D%, p*+¢’=1.

the corresponding eigenvalues are

1 1 i
/\1,25m1,2—§F1,2: <M—§F> i}% <M12—§F12> s
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where m 2, I » are the masses and decay widths and

the proper time evolution of the eigenstates is
|D1,2(t)) = €1,2(t)|D1,2),

A state that is prepared as a flavor eigenstate |D°) or
|D°) at t =0 will evolve according to

e, 2(t) — o~ ilm1,2=(1,2/2))t

ID°(t)) = %[p<e1<t>+ez<t>>|D°>+

g(er(t) —ea(t))D%)],
1
2q
g(er(t) +ex(t)) D). (1)
The time-dependent terms are given explicitly by

lero(t)]? = exp(23(A; 2)t) = exp(—1 ot)

[D°(t)) = o-[p(ex(t) —ex(t))|D°) +

(
e1(t)es(t) = exp(—iAt) exp(+idat)
(

= exp(—I'(1+iz)t) (2)
where
77F1+F2 Mo — My A_M
2 T T’
_Ih-In ArD
Y=o T ar

Therefore, D° mixing is characterized by the two
dimensionless mixing parameters x and y. Calcu-
lations within the SM typically estimates |z|,|y| <
1073 [1]. SU(3) flavor-symmetry breaking and long-
distance effects in SM may raise both parameters to
~ 1072 [2], however, it is difficult to calculate it. New
physics effects may enhance x, but are not expected
to y, just like top quark enhances the rate of B° mix-
ing. Consequently, a discovery of |z| > |y| implies
New Physics.

CPV of charm decays in the SM is strongly
suppressed by CKM(Cabiboo-Kobayashi-Maskawa),
negligible. SM predictions for direct CPV in SCS
decays are at most of the order of 1073. So, observa-
tion of large O(1072) CPV in charm-decays would be
a sign of new physics, similar as other FCNC (Flavor
Changing Neutral Current) processes. The classifica-
tion of CP-violating effects is the following:

IrO—f)-rd-—f) _
A — _ _ — + 77L+ l, 3
cp IO =0+ (D=1 Ay Ty T A (3)

~—

where

a? is CP violation in decay:

A Ap

‘Af y Ao 70)
af* is CP violation in mixing:

g _ 4 Ax

'p’_u (A £0),

a} is CP violation in interference (f = f):
q A
=arg| —— 0).
p=arg (p Af> (¢#0)

2 D° mixing measurement

2.1 D° WS hadronic decay D° — K7t~

The “wrong-sign” (WS) process, D® — K*7t~, can
proceed either through direct doubly-Cabibbo-sup-
pressed (DCS) decay or through mixing followed
by the “right-sign” (RS) Cabibbo-favored(CF) decay
DY - D° — K*mr~. The two decays can be distinguish
by the decay-time distribution. The differential WS
rate relative to RS process is the following:

0 _ IO~ K)
S TR S Ko )

r— 1 ’ - -
= [Rp++/Rpy T't+ Z(:v 21y 2)F2t2]e’”,
(4)

where Rp is DCS/CF rate, § is a strong phase be-
tween DCS and CF,

&' =xcos J+ysin b,
y =ycos § —xsin 6. (5)
The first term in brackets is due to the DCS(CF)

amplitude, the middle term is due to interference be-
tween the two processes, the last term is due to mix-
ing. The relative mixing and DCS decay are

1 7 ’
(z%+y?)

1
RME 5

B (v +y*) =
and Rp.

The D° must be from D*, D** — D%z, the flavor
tagging is used with slow 7’s charge. The back-
grounds are suppressed with @ = Mp+- — Mpo — M.
The DO lifetime is measured using the 3-dimensional
distance between its decay and production vertex.
The decay vertex of D° is obtained by vertex fit to
the two daughters K, 7, and the D° production vertex
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is got by extrapolating the D° trajectory back to the
IP profile.

If (Rf, '™2, y't) is for D° and (Rp, ' 72, 3 ™)
for D°, then, CPV in decay is

Ry — Ry
Ap = oF o =
RS+ Ry
CPV in mixing is
R, — Ry,
P iy
Y R+ Ry

The analysis results [3] are shown in the Table 1
and 2. Rp without D® mixing is 3.77 +0.08(stat.) =
0.05(syst.). The results show that CPV is not ob-
served and the no-mixing point 2’2 =y = 0 corre-
sponds to a 1-C.L of 3.9%.

Table 1. DY—D° mixing measurement with WS
D° - K*n~, No CPV.

Parameter Fit result 95% C.L interval
Rp(x10~3) 3.6440.17 (3.3, 4.0)
2'2(x1073) 0.18702% <0.72
y' (x1072) 0.0679:39 (-0.99, 0.68)
Rn(x1073) — (0.63 x 10~°,0.40)

Table 2. DY—D° mixing measurement with WS

D° - K*n, CPV is allowed.

Parameter Fit result 95% C.L interval
x5 (x1073) — <0.72
y (x10~2) — (—2.8,2.1)
Rn(x1073) — <0.40
Ap 0.02340.047 (—0.076,0.107)
Anm 0.67+1.20 (—0.995,1.0)
|6/ (°) 9.4(84.5)+£25.3 No limits

2.2 CP eigenstates D° - KTK—, ntn—

The decay rates to CP eigenstates D° — KTK™,
7ttt are sensitive to y, the measurement of life-
time difference between D — K~nt™ (CP-mixed) and
D° - KTK~, Tt~ (CP-even) decay is used to obtain
the mixing parameter y.

% D° =Kt~ )oce /™o,

I'(D° D - K Fmt~)oce Hver)t/mo - (6)

then,

1/lgl |p 1/lq
(ol 5) v (3

In limit of no CPV, ycp =y. moreover, the decays
have the high signal purity (> 90%). The CP viola-
tion in this decay is the following:

Hg) zsing. (7)

A o T(ﬁo —>fcp)—T(D0 —>fcp) o
b T(ﬁo —>fcp)+T(D0 —>fcp) B

% (Igl—lg) ycoscb—% (l%|+|§) zsing. (8)

The proper decay time distribution is fitted using
the following formula:

AN [ .
L Je’t 1T R(t—)dt + B(#), )
where

’ N 3 ’
R(t—t ):Zi fizkzlw’“G(t_t ik, to)-

The results [4] are the following:

Ap=(0.01+0.30+0.15)%,
yep = (1.314+0.32+0.25)%,

therefore, CPV in the decays is not observed, the sig-
nificance of D° — D mixing is 3.20, it is the first evi-
dence of D° mixing.

2.3 D° mixing in the decay D° — K¢

The measurement of lifetime difference between
CP-even and CP-odd eigenstates is used to obtain
the mixing parameter ycp. For this decay D — Kio,
¢ — KtK~, the /5o =mg+x- is dependent CP mix-
ture, the ON region is mainly CP-odd (¢(1020)) and
the OFF region mainly CP-even(aq(980)°).

dzN(So,t)

Toodi . X® (50)e~ (HFver)t/ 70 (CP —even) +

ay(s)e” 1 7¥er)t/ 70 (CP — odd), (10)

then, effective lifetimes in ON and OFF regions are
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the following;:

TON — [1 + (1 — 2fON)yCP]TD07

Torr = [1+(1—2forr)ycr]moo,

1 _
Ycp = <7'OFF ToN>, (11)

foxn— forr \ Torr +Ton

where, fon, forr are CP-even fractions in ON and
OFF regions. In order to reduce effects of resolution
function, there are topologically equal events in ON
and OFF regions, they all have high purity (Table 3).

Table 3. Untagged sample used to increase the
statistics.
Region ON OFF
signal (x103) 72 62
Purity 97% 91%

The background is estimated from sidebands in
(ngK+K—7 ng) plane, fox and fopr are from fit
to mi+kx- using 8-resonance Dalitz model, 7ox and
Torr determined from mean proper decay times of
all events and background events using the following
equation:

(t)on,orr — (1 — Pon,oFF) (t)yJNOFF

PoN,oFF

Ton,orF +1o =
(12)
Therefore, we get [5]:
ycp = +(0.11£0.61(stat.) +0.52(syst.)) %,
it is consistent with above result (section 2.2).
2.4 D° mixing in the decay D°—K3ntm—

By measuring the time evolution of the Dalitz plot
one can measure, or constrain the values of the stan-
dard mixing parameters z and y. This method en-
ables the measurement of z and y separately. D°
decays to final states:

(s[HD (1)) = ex(t)Ar+ex(t) Az =M,

(FIH|IDO(t)) = ey (t) Ay +ex(t)Ay =M, (13)

where

D?: A(m*,m3) = Z a,€?" A, (m?,m3) + a,.€*""
-

D%: A(m?,m%) = Zareimzr(mi M)+ A€,

T

therefore, the decay rate of D is a function of time,
including mixing parameters z and y, where ¢ is in
unit of D° lifetime.

IMI* = lea()*|A]* +le2 ()| A" +
2Res(t)e; (1) AL A7),

IM|? = |A)]Pe ¥ +|Ay|%e?" + 2R[A; A} cos(xt) +
2T[A, Aj]sin(zt)e ™",

IM|? = |4, 2e " + A, e¥t + 2R [A, A cos(xt) +

2T[A, A sin(xt)e™". (14)

So, we can get the D° — D° mixing parameter z
and y. As CP symmetry is conserved (|¢/p| =1 and
¢ =0), the results [6] are the following:

z=(0.80+£0.29%5-12)%,

y=(0.3340.24701D%.
When CPV is allowed, we get:

lq/p| =0.8640.30%0.09,

¢=—0.24+0.30+0.09.

Therefore, the significance of D° mixing is 2.2 o
for x, the current best measurement of z, CPV is not
observed.

3 Other charm decay

3.1 search for D° — 1t~

FCNC does not appear in SM on tree level (higher
order below allowed), different models give their pre-
dictions (Table 4), Certain new physics scenarios al-
lows this process: new particle replacing W boson.

Table 4. Different decay model prediction.

Model Branch fraction(D® — ptu~)
Experiment (CDF preliminary) <4.3x1077
Standard model (SD) ~10718

Standard model (LD) ~ several x 10713

Q = +2/3 Vector-like Singlet 4.3x10~11

Q = —1/3 Vector-like Singlet 1x 10~ (mg/500 GeV)?
1x 107 (mg /500 GeV)?
2.3x 10712 /(M (TeV))?

0.7x10-18

Q =—1/3 Fourth Family
7' Standard model (LD)
Family Symmetry

RPV-SUSY 4.8 x1072(300 GeV/mgq)?
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Except Family symmetry, all NP exceed the SM pre-
diction. Belle has the largest data, most sensitive to
RPV-SUSY scenario.

There are two kinds of background(Fig. 1, the
combinatorial background is described using 2D es-
timation with a(1—bm)/,/q. The ratio of combina-
torial background in the signal to the number in the
sideband is the following (Table 5):

Table 5. Combinatorial background.
Channel p(%)
(a) ptu~ 1.08
(b) ete~ 1.49
(c) eTuF 1.43

o [ Signal Dl—sn'w B Backgound
2}a)
15F
1f 5
0.5 F H
0 :
1.82 1.84 1.86 1.88 19
25 : :
2tb) :
1f E :
. H i
182 184 186 188 19
2.5
20 i E
1f i i
ep W11 Ebl ¢
0 é :
182 184 1.86 188 19
m[GeV/c2
Fig. 1. Estimation of background.

The reflection background from D® — 7tt7t~, the

number of reflection in the signal window is in Ta-
ble 6.

Table 6. Number of reflection in signal window.
Channel NData
(a) ptu— 1.81+0.002
(b) ete~ 0.0372£0.0002
(c) eFpuF 0.193540.0006

Table 7. Events in signal window.

Channel events background
(a) ptu~ 2 3.14+0.1
(b) ete~ 0 1.7+0.2
(c) e*pF 3 2.640.2

Therefore, the result is obtained using event

counting at the signal window(Table 7). The new

best upper limits(95% C.L, preliminary) for leptonic
decay of D° are obtained:

BD’—=putp ) <1.4x1077,

B(D’—ete™)<7.9%x107%,

B(D° —e*pu¥)<2.6x1077.
3.2 Study of D, — K.h*

In order to look for ratios of CS to CF in D:rs) de-
cays, the yields are measured, shown in the Table 8.

Table 8. Events of different mode in the decay
D;rs) — K.ht.
Modes Yield
Dt - KgK™ 100855+ 561
D — KgKt 204093 £ 768
DT - Kgnt 566105+1159
D — Kgnt 16817 +448

Therefore, we get the new best measurements,
shown in the Table 9.

Table 9. Ratios of CS to CF in Dé) —Ksht decays.

Mode PDG2008

B(Dt - KgK*t)/B(Dt — KgnT)
B(DF —Kgnt)/B(DF —KgK™)

0.189+£0.016 +0.007
0.082+0.009 £ 0.002

Mode Belle 2009

B(D*T - KgK")/B(D+ - Kgnt)
B(DF —Kgnt)/B(DF —KgK™)

0.190+£0.00140.002
0.077+£0.002+0.002

3.3 Observation of Df - K K*n~

The decay D} — KtK*7nt~ has not observed yet,
moreover, one can look at the double ratio to test
SU(3) flavor symmetry.

B(Df - K*K*n~) B(DY — K+mHmo)
B(Df = K'K-n) B(D* =K i)

=tan®0,, (15)

here, differences in the phase space cancel in the ratios
and SU(3) breaking effects due to resonant interme-
diate states in the 3-body will violate the equation
above.

Finally, we get the double ratios:

B(Df - K*tK*n~) B(D* - K*tntn™)
B(Df - K+tK-nt) B(Dt — K-mtmt)

tan®0, - (1.57+£0.21), (16)
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it is OK, the SU(3) breaking effect is not observed.
The branching fraction is shown in the Table 10. It
is the first observation of this decay with 9.10 [7].

Table 10. Branching fraction.

Branching fraction(x1074) Belle World average

B(Dt —Ktntn™) 5.24+0.2+0.1 6.2+0.7

B(DF - K+tK+n~)  1.34+0.2+0.1 2.9+1.1

4 Conclusions
From the above study with Belle’s data, there are
some results as the following;:

e It seems that there is a clear evidence for non-
zero y (D° mixing parameter);

e The measurement of DY mixing parameter z is

still a challenge, it needs more studies;

e No evidence of CP violation in D° decays is ob-
served;

e The best limits are achieved for leptonic decays
of DY (preliminary);

e The most precise branch ratios of D(t) — K¢ht
are obtained (preliminary);

e It is the first observation of DCSD D} — K+K+
o
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