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D0−D0 mixing and other charm decays at Belle *
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Abstract The D0
−D0 mixing in different decays with corresponding method is measured in this paper, there

is a clear evidence for non-zero y D0 mixing parameter, and measurement of D0 mixing parameter x 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 e+e− collider run-

ning at the Υ(4S) 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(Tl) 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 Υ(4S)→ bb, its cross section is 1.05 nb. At the

same energy the e+e− → qq (q=u, d, s, or c) contin-

uum process has a cross section of 3.7 nb, containing

cc∼ 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 K0 and B0

systems. It can be described by the difference in

mass (∆M) and lifetime (∆Γ ) of the two charge-

parity (CP) eigenstates in the neutral meson sys-

tem. The mixing in the D0 system with Standard

Model (SM) prediction is substantially smaller than

that for the K0 and B0. It is consequence that

D0−D0 mixing is dominated by light quark interme-

diate states, a feature unique to the D0 system among

the neutral mesons. Moreover, the small Cabibbo fac-

tor tan2θC and the Glashow-Illiopolous-Maiani(GIM)

cancellatin will further suppress the D0 mixing rate.

The time evolution of the D0-D0 system is de-

scribed by the Schrödinger equation
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where the M and Γ matrices are Hermitian, and

CPT invariance requires M11 = M22 ≡ M and Γ11 =

Γ22 ≡Γ . The off-diagonal elements of these matrices

describe the dispersive (or long distance) and absorp-

tive (or short-distance) contributions to D0-D0 mix-

ing.
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where m1,2, Γ1,2 are the masses and decay widths and
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the proper time evolution of the eigenstates is

|D1,2(t)〉= e1,2(t)|D1,2〉, e1,2(t) = e−i(m1,2−(iΓ1,2/2))t.

A state that is prepared as a flavor eigenstate |D0〉 or

|D0〉 at t = 0 will evolve according to

|D0(t)〉 =
1

2p
[p(e1(t)+e2(t))|D0〉+

q(e1(t)−e2(t))|D0〉],

|D0(t)〉 =
1

2q
[p(e1(t)−e2(t))|D0〉+

q(e1(t)+e2(t))|D0〉]. (1)

The time-dependent terms are given explicitly by

|e1,2(t)|2 = exp(2=(λ1,2)t) = exp(−Γ1,2t)

= exp(−Γ (1±y)t),

e1(t)e
∗
2(t) = exp(−iλ1t)exp(+iλ2t)

= exp(−Γ (1+ix)t). (2)

where

Γ =
Γ1 +Γ2

2
, x =

m2−m1

Γ
=

∆M

Γ
,

y =
Γ2−Γ1

2Γ
=

∆Γ

2Γ
.

Therefore, D0 mixing is characterized by the two

dimensionless mixing parameters x and y. Calcu-

lations within the SM typically estimates |x|, |y| .

10−3 [1]. SU(3) flavor-symmetry breaking and long-

distance effects in SM may raise both parameters to

∼ 10−2 [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 B0 mix-

ing. Consequently, a discovery of |x| � |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 10−3. So, observa-

tion of large O(10−2) 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:

ACP =
Γ (D→ f)−Γ (D→ f)

Γ (D→ f)+Γ (D→ f)
= ad

f +am
f +ai

f , (3)

where

ad
f is CP violation in decay:
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am
f is CP violation in mixing:
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(AM 6= 0),

ai
f is CP violation in interference (f = f):

φ≡ arg

(

q

p

Af

Af

)

(φ 6= 0).

2 D0 mixing measurement

2.1 D0 WS hadronic decay D0 →K+π−

The “wrong-sign”(WS) process, D0 →K+π−, can

proceed either through direct doubly-Cabibbo-sup-

pressed (DCS) decay or through mixing followed

by the “right-sign” (RS) Cabibbo-favored(CF) decay

D0 →D0 →K+π−. The two decays can be distinguish

by the decay-time distribution. The differential WS

rate relative to RS process is the following:

rWS(t) =
Γ (D0(t)→K+π−)

Γ (D0 →K+π−)

= [RD +
√

RDy
′

Γt+
1

4
(x

′2 +y
′2)Γ

2
t2]e−Γt,

(4)

where RD is DCS/CF rate, δ is a strong phase be-

tween DCS and CF,

x
′

= xcos δ+y sin δ,

y
′

= y cos δ−xsin δ. (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

RM ≡ 1

2
(x2 +y2)≡ 1

2
(x

′2 +y
′2)

and RD.

The D0 must be from D∗, D∗+ →D0π+
s , the flavor

tagging is used with slow π’s charge. The back-

grounds are suppressed with Q = MD∗ −MD0 −Mπ.

The D0 lifetime is measured using the 3-dimensional

distance between its decay and production vertex.

The decay vertex of D0 is obtained by vertex fit to

the two daughters K, π, and the D0 production vertex
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is got by extrapolating the D0 trajectory back to the

IP profile.

If (R+
D, x

′+2, y
′+) is for D0 and (R−

D , x
′−2, y

′−)

for D0, then, CPV in decay is

AD =
R+

D−R−
D

R+
D +R−

D

,

CPV in mixing is

AM =
R+

M−R−
M

R+
M +R−

M

.

The analysis results [3] are shown in the Table 1

and 2. RD without D0 mixing is 3.77±0.08(stat.)±
0.05(syst.). The results show that CPV is not ob-

served and the no-mixing point x
′2 = y

′
= 0 corre-

sponds to a 1-C.L of 3.9%.

Table 1. D0
−D0 mixing measurement with WS

D0
→K+π−, No CPV.

Parameter Fit result 95% C.L interval

RD(×10−3) 3.64±0.17 (3.3, 4.0)

x
′2(×10−3) 0.18+0.21

−0.23 < 0.72

y
′
(×10−2) 0.06+0.40

−0.39 (-0.99, 0.68)

RM(×10−3) — (0.63×10−5,0.40)

Table 2. D0
−D0 mixing measurement with WS

D0
→K+π−, CPV is allowed.

Parameter Fit result 95% C.L interval

x′2(×10−3) — < 0.72

y
′
(×10−2) — (−2.8,2.1)

RM(×10−3) — < 0.40

AD 0.023±0.047 (−0.076,0.107)

AM 0.67±1.20 (−0.995,1.0)

|φ|(◦) 9.4(84.5)±25.3 No limits

2.2 CP eigenstates D0
→ K+K−, π+π−

The decay rates to CP eigenstates D0 → K+K−,

π+π− are sensitive to y, the measurement of life-

time difference between D0 →K−π+ (CP-mixed) and

D0 →K+K−, π+π− (CP-even) decay is used to obtain

the mixing parameter y.

Γ (D0, D0 →K−,+π+,−)∝ e−t/τ
D0 ,

Γ (D0, D0 →K−,+π+,−)∝ e−(1+yCP)t/τ
D0 , (6)

then,

yCP ≡ τ
K∓,π±
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+
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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:

AΓ =
τ(D0 → fCP)−τ(D0 → fCP)

τ(D0 → fCP)+τ(D0 → fCP)
=

1

2

(

|q
p
|−|p

q

)

y cosφ− 1

2

(

|q
p
|+ |p

q

)

xsinφ. (8)

The proper decay time distribution is fitted using

the following formula:

dN

dt
∝

∫
e−t

′
/τ ·R(t− t

′

)dt
′

+B(t), (9)

where

R(t− t
′

) =
∑N

i
fi

∑3

k=1
wkG(t− t

′

,σik, t0).

The results [4] are the following:

AΓ = (0.01±0.30±0.15)%,

yCP = (1.31±0.32±0.25)%,

therefore, CPV in the decays is not observed, the sig-

nificance of D0−D0 mixing is 3.2σ, it is the first evi-

dence of D0 mixing.

2.3 D0 mixing in the decay D0
→K0

Sφ

The measurement of lifetime difference between

CP-even and CP-odd eigenstates is used to obtain

the mixing parameter yCP. For this decay D0 →K0
Sφ,

φ→K+K−, the
√

s0 = mK+K− is dependent CP mix-

ture, the ON region is mainly CP-odd (φ(1020)) and

the OFF region mainly CP-even(a0(980)0).

d2N(s0, t)

ds0dt
∝ a1(s0)e

−(1+yCP)t/τ
D0 (CP−even)+

a2(s0)e
−(1−yCP)t/τ

D0 (CP−odd), (10)

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

τON = [1+(1−2fON)yCP]τD0 ,

τOFF = [1+(1−2fOFF)yCP]τD0 ,

yCP =
1

fON−fOFF

(

τOFF−τON

τOFF +τON

)

, (11)

where, fON, fOFF 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 (×103) 72 62

Purity 97% 91%

The background is estimated from sidebands in

(mK0
S
K+K− , mK0

S
) plane, fON and fOFF are from fit

to mK+K− using 8-resonance Dalitz model, τON and

τOFF determined from mean proper decay times of

all events and background events using the following

equation:

τON,OFF + t0 =
〈t〉ON,OFF−(1−pON,OFF)〈t〉ON,OFF

b

pON,OFF

.

(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 D0 mixing in the decay D0
→K0

Sπ+π−

By measuring the time evolution of the Dalitz plot

one can measure, or constrain the values of the stan-

dard mixing parameters x and y. This method en-

ables the measurement of x and y separately. D0

decays to final states:

〈s|H |D0(t)〉 = e1(t)A1 +e2(t)A2 = M,

〈s|H |D0(t)〉 = e1(t)A1 +e2(t)A2 = M, (13)

where

D0 : A(m2
−,m2

+) =
∑

r

are
iφrAr(m

2
−,m2

+)+anre
iφnr

D0 : A(m2
−,m2

+) =
∑

r

are
iφrAr(m

2
−,m2

+)+anre
iφnr ,

therefore, the decay rate of D0 is a function of time,

including mixing parameters x and y, where t is in

unit of D0 lifetime.

|M|2 = |e1(t)|2|A1|2 + |e2(t)|2|A2|2 +

2R[e1(t)e
∗
2(t)A1A

∗
2],

|M|2 = |A1|2e−yt + |A2|2eyt +2R[A1A
∗
2 ] cos(xt)+

2I[A1A
∗
2] sin(xt)e−t,

|M|2 = |A1|2e−yt + |A2|2eyt +2R[A1A
∗

2] cos(xt)+

2I[A1A
∗

2] sin(xt)e−t. (14)

So, we can get the D0 −D0 mixing parameter x

and y. As CP symmetry is conserved (|q/p| = 1 and

φ = 0), the results [6] are the following:

x = (0.80±0.29+0.13
−0.16)%,

y = (0.33±0.24+0.10
−0.14)%.

When CPV is allowed, we get:

|q/p|= 0.86±0.30±0.09,

φ =−0.24±0.30±0.09.

Therefore, the significance of D0 mixing is 2.2 σ

for x, the current best measurement of x, CPV is not

observed.

3 Other charm decay

3.1 search for D0
→ l+l−

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(D0 →µ+µ−)

Experiment (CDF preliminary) ≤ 4.3×10−7

Standard model (SD) ∼ 10−18

Standard model (LD) ∼ several×10−13

Q= +2/3 Vector-like Singlet 4.3×10−11

Q=−1/3 Vector-like Singlet 1×10−11(mS/500 GeV)2

Q =−1/3 Fourth Family 1×10−11(mS/500 GeV)2

Z
′

Standard model (LD) 2.3×10−12/(M
Z
′ (TeV))2

Family Symmetry 0.7×10−18

RPV-SUSY 4.8×10−9(300 GeV/md)2



No. 6 ZHAO Li et al: D0−D0 mixing and other charm decays at Belle 5

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) µ+µ− 1.08

(b) e+e− 1.49

(c) e±µ∓ 1.43

Fig. 1. Estimation of background.

The reflection background from D0 → π+π−, the

number of reflection in the signal window is in Ta-

ble 6.

Table 6. Number of reflection in signal window.

Channel NData
refl

(a) µ+µ− 1.81±0.002

(b) e+e− 0.0372±0.0002

(c) e±µ∓ 0.1935±0.0006

Table 7. Events in signal window.

Channel events background

(a) µ+µ− 2 3.1±0.1

(b) e+e− 0 1.7±0.2

(c) e±µ∓ 3 2.6±0.2

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 D0 are obtained:

B(D0 →µ+µ−) < 1.4×10−7,

B(D0 → e+e−) < 7.9×10−8,

B(D0 → e±µ∓) < 2.6×10−7.

3.2 Study of D+
(s) →Ksh

+

In order to look for ratios of CS to CF in D+
(s) de-

cays, the yields are measured, shown in the Table 8.

Table 8. Events of different mode in the decay

D+
(s) →Ksh

+
.

Modes Yield

D+ →KSK+ 100855±561

D+
s →KSK+ 204093±768

D+ →KSπ+ 566105±1159

D+
s →KSπ+ 16817±448

Therefore, we get the new best measurements,

shown in the Table 9.

Table 9. Ratios of CS to CF in D+
(s) →Ksh

+ decays.

Mode PDG2008

B(D+ →KSK+)/B(D+ →KSπ+) 0.189±0.016±0.007

B(D+
s →KSπ+)/B(D+

s →KSK
+

) 0.082±0.009±0.002

Mode Belle 2009

B(D+ →KSK
+

)/B(D+ →KSπ+) 0.190±0.001±0.002

B(D+
s →KSπ+)/B(D+

s →KSK
+

) 0.077±0.002±0.002

3.3 Observation of D+
s →K+K+π−

The decay D+
s → K+K+π− has not observed yet,

moreover, one can look at the double ratio to test

SU(3) flavor symmetry.

B(D+
s →K+K+π−)

B(D+
s →K+K−π+)

B(D+ →K+π+π−)

B(D+ →K−π+π−)
= tan8θc, (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(D+
s →K+K+π−)

B(D+
s →K+K−π+)

B(D+ →K+π+π−)

B(D+ →K−π+π+)
=

tan8θc ·(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 9.1σ [7].

Table 10. Branching fraction.

Branching fraction(×10−4) Belle World average

B(D+ →K+π+π−) 5.2±0.2±0.1 6.2±0.7

B(D+
s →K+K+π−) 1.3±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:

• It seems that there is a clear evidence for non-

zero y (D0 mixing parameter);

• The measurement of D0 mixing parameter x is

still a challenge, it needs more studies;

• No evidence of CP violation in D0 decays is ob-

served;

• The best limits are achieved for leptonic decays

of D0 (preliminary);

• The most precise branch ratios of D+
(s) →Ksh

+

are obtained (preliminary);

• It is the first observation of DCSD D+
s →K+K+

π−

We thank the KEKB group for excellent operation

of the accelerator, the KEK cryogenics group for ef-

ficient solenoid operations, the KEK computer group

and charm physics group.

References

1 Burdman G, Shipsey I. Ann. Rev. Nucl. Part. Sci., 2003,

53: 431

2 Falk A F et al. Phys. Rev. D, 2002, 65: 054034; Phys. Rev.

D, 2004, 69: 114021

3 ZHANG L M et al (Belle collaboration). Phys. Rev. Lett.,

2006, 96: 151801

4 Staric M et al (Belle collaboration). Phys. Rev. Lett., 2007,

98: 211803

5 Zupanc A et al (Belle collaboration). Phys. Rev. D, 2009,

80: 052006

6 ZHANG L M et al (Belle collaboration). Phys. Rev. Lett.,

2007, 99: 131803

7 Ko B R et al (Belle collaboration). Phys. Rev. Lett., 2009,

102: 221802


