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Abstract

Flavor oscillation in D0-D0 system is predicted to be of order of percent
or less in the Standard Model (SM), while CP violation is predicted to be of
order 10−5÷10−3, and therefore not measurable with the current data sample.
Evidence of CP violation with present statistics would constitute evidence of
New Physics as long as a measurement of the mixing parameters x and y, not
consistent with the SM predictions. We report on recent results from BABAR
and BELLE experiments of D0-D0 mixing and CP violation measurements in
D0 decays for the most sensitive analyses: time dependent analysis of D0 →
K+π− wrong sign decays, the measurement of the ratio of lifetimes of the
decays D0 → K+K− and D0 → π+π− relative to D0 → K−π+, search for
mixing in semileptonic decays D0 → K(∗)lν where l = e, μ. New limits on
CP -violating time-integrated asymmetries in two body decays D0 → K+K−,
D0 → π+π− and in three body decays D0 → K+K−π0, D0 → π+π−π0 are also
discussed. The analyses presented are based on 384 fb−1 data for the BABAR
experiment and on 400÷500 fb−1 data for the BELLE experiment. Data have
been collected with the BABAR detector at the PEP-II asymmetric-energy B
Factory at SLAC and with the BELLE detector at the KEKB asymmetric-
energy B Factory at KEK.
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1 Introduction

B Factories are ideal laborarories 1, 2) to study charm physics which repre-
sents an important part of their scientific program. The main topics of charm
physics are: D0-D0 mixing and CP violation (CPV ), search for rare charm
decays, Dalitz plot analysis and charm spectroscopy. In the following we will
focus on D0-D0 mixing and CPV .
D0-D0 oscillations can be explained by the fact that the effective Hamiltonian
which determines the time-evolution of the neutral D meson system is not di-
agonal in the |D0〉, |D0〉 flavor defined base. The eigenstates of the effective
Hamiltonian, |D1,2〉, are therefore a linear combination of |D0〉 and |D0〉:

|D1,2〉 = p|D0〉 ± q|D0〉, with |p|2 + |q|2 = 1. (1)

If CP is conserved, then q/p = 1 and the physical states are CP eigenstates.
The mixing parameters x and y are defined as

x ≡ m1 − m2

Γ
, y ≡ Γ1 − Γ2

2Γ
, (2)

where m1,2 and Γ1,2 are the mass and the width values for the effective Hamil-

tonian eigenistates and Γ = (Γ1 + Γ2)/2.
The effects of CPV in D0-D0 mixing can be parameterized in terms of

the quantities

rm ≡
∣∣∣∣ qp

∣∣∣∣ and ϕf ≡ arg

(
q

p

Āf

Af

)
, (3)

where Af ≡ 〈f |HD|D0〉 (Āf ≡ 〈f |HD|D0〉) is the amplitude for D0 (D0) to
decay into a final state f , and HD is the Hamiltonian for the decay. A value of
rm 	= 1 would indicate CPV in mixing. A non-zero value of ϕf would indicate
CPV in the interference of mixing and decay.

In the SM D0-D0 oscillations are predicted to proceed quite slowly. The
short distance contributions to D0-D0 mixing from the SM box diagrams are

expected to be very small 3, 4). Long-distance effects from intermediate states
coupling to both D0 and D0 are expected to contribute, but are difficult to

estimate precisely 5).
Within the SM, CPV is also expected to be small in the D0-D0 system. An

observation of CPV in D0-D0 mixing with the present experimental sensitivity

would be evidence for physics beyond the SM 6).

Recent results from BABAR 7) and BELLE 8) show an evidence of
D0-D0 oscillation at 3.9σ and 3.2σ level respectively. At this level of precision
the measurements are compatibles with the predicted values from SM and put

significant constraints on New Physics models 4, 9).



2 Selection of signal events

Signal events are selected via the cascade decay D∗+ → D0π+
s

1, and the
flavor of the D meson is identified at production by the charge of the soft
pion (πs). The difference of the reconstructed D∗+ and D0 masses (Δm),
which has an experimental resolution at the level of 
 350 keV/c2, is used
to remove background events by requiring typically to be less than 1 MeV/c2

from the expected value, 145.5 MeV/c2 10). In order to reject background
events with D0 candidates from B meson decays, the momentum of the D0,
evaluated in the center-of-mass (CM) of the e+e− system, is required to be
greater than 2.4 − 2.5 GeV/c for most of the analyses. The D0 proper-time, t,
is determined in a vertex constrained combined fit to the D0 production and
decay vertices. In this fit the D0 and the πs tracks are imposed to originate from
the e+e− luminous region. The average error on the proper time, σt ∼ 0.2 ps, is

comparable with half of the D0 lifetime 10). Particle identification algorithms
are used to identify the charged tracks from D0 decays.

3 Time Dependent measurements for mixing and CP violation

3.1 Wrong-sign decays D
0

→ K
+

π
−

The final wrong sign (WS) state can be produced via the doubly Cabibbo-
suppressed (DCS) decay or via mixing followed by the Cabibbo-favored (CF)
decay D0 → D0 → K+π−. The time dependence of the WS decay of a meson
produced as a D0 at time t = 0 in the limit of small mixing (|x|, |y| � 1) and
CP conservation can be approximated as

TWS(t)

e−Γt
∝ RD +

√
RDy′ Γt +

x′2 + y′2

4
(Γt)2 , (4)

where RD is the ratio of doubly Cabibbo-suppressed to Cabibbo-favored (CF)
decay rates, x′ = x cos δKπ + y sin δKπ, y′ = −x sin δKπ + y cos δKπ, and δKπ is
the strong phase between the DCS and CF amplitudes.

The time dependence of the WS decays is used to separate the contri-
bution of DCS decays from that of D0-D0 mixing. The mixing parameters
are determined by an unbinned extended maximum-likelihood fit to the recon-
structed D0 invariant mass mD0 , Δm, t, σt variables for WS decays.

The BABAR experiment has found evidence of D0-D0 mixing at 3.9σ

level 7). The results of the different fits - no CPV or mixing, no CPV , CPV
allowed - including statistical and systematic errors are reported in Table 1.

1Consideration of charge conjugation is implied throughout this paper, un-
less otherwise stated.
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Table 1: BABAR results from the different fits. The first uncertainty listed is
statistical and the second systematic.

Fit type Parameter Fit Results (×10−3)

No CPV or mixing RD 3.53 ±0.08 ± 0.04

No CPV
RD 3.03 ±0.16 ± 0.10

x′2 −0.22 ±0.30 ± 0.21
y′ 9.7 ± 4.4 ± 3.1

CPV
allowed

RD 3.03 ±0.16 ± 0.10
AD −21 ± 52 ± 15

x′2+ −0.24 ±0.43 ± 0.30
y′+ 9.8 ± 6.4 ± 4.5

x′2− −0.20 ±0.41 ± 0.29
y′− 9.6 ± 6.1 ± 4.3
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Figure 1: BABAR results. The central value (point) and confidence-level (CL)
contours for 1 − CL = 0.317 (1σ), 4.55 × 10−2 (2σ), 2.70 × 10−3 (3σ), 6.33 ×
10−5 (4σ) and 5.73 × 10−7 (5σ), calculated from the change in the value of
−2 lnL compared with its value at the minimum. Systematic uncertainties are
included. The no-mixing point is shown as a plus sign (+).



The confidence level countours including systematic errors are shown in Fig. 1,
where the no-mixing point (x′2, y′) ≡ (0, 0) is shown as a plus sign (+).

The BABAR results have been confirmed by the CDF experiment with a

significance for mixing at 3.8σ level 11). BELLE experiment - on an equivalent

data sample to BABAR- finds no evidence for mixing 12).

3.2 Lifetime Ratio of D
0

→ K
+

K
− and D

0
→ π

+
π

− relative to D
0

→

K
−

π
+

One consequence of D0-D0 mixing is that D0 decay time distribution can be
different for decays to different CP eigenstates. D0-D0 mixing will alter the
decay time distribution of D0 and D0 mesons that decay into final states of spe-

cific CP 13). To a good approximation, these decay time distributions can be
treated as exponential with effective lifetimes τ+

hh and τ−

hh, for D0 and D0 events
respectively, decaying to CP -even final states (such as K−K+ and π−π+). The
effective lifetimes measurements can be combined into the quantities yCP and
ΔY :

yCP =
τKπ

〈τhh〉 − 1

ΔY =
τKπ

〈τhh〉Aτ ,

(5)

where 〈τhh〉 = (τ+

hh + τ−

hh)/2 and Aτ = (τ+

hh − τ−

hh)/(τ+

hh + τ−

hh). Both yCP and

ΔY are zero if there is no D0-D0 mixing. In the limit where CP is conserved
in mixing and decay, but violated in the interference between them, these
quantities are related to the mixing parameters yCP = y cosϕf and ΔY =
x sin ϕf , with the convention that cosϕf > 0.

BELLE experiment measures the relative difference of the apparent life-
time of D0 mesons between decays to CP -even eigenstates and the K−π+ final
state to be

yCP = (1.31 ± 0.32(stat.) ± 0.25(syst.))%, (6)

which represents a significance for D0-D0 mixing at 3.2σ level 8). The effect is
presented visually in Fig. 2(d), which shows the ratio of decay time distributions
for D0 → K+K−, π+π− and D0 → K−π+ decays. The CPV parameter AΓ ≡
−Aτ was found to be consistent with zero:

AΓ = (0.01 ± 0.30(stat.) ± 0.15(syst.))%. (7)

BABAR experiment measures yCP = (1.03±0.33(stat.)±0.19(syst.))%, which
represents evidence of mixing at 3.0σ level, and ΔY = (−0.26 ± 0.36(stat.) ±
0.08(syst.))% consistent with no CPV 14).
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Figure 2: BELLE results of the simultaneous fit to decay time distributions
of (a) D0 → K+K−, (b) D0 → K−π+ and (c) D0 → π+π− decays. The
cross-hatched area represents background contributions, the shape of which
was fitted using D0 invariant mass sideband events. (d) Ratio of decay time
distributions between D0 → K+K−, π+π− and D0 → K−π+ decays. The
solid line is a fit to the data points.



4 Time integrated measurements for mixing and CP violation

4.1 Search for mixing in semileptonic decays D
0

→ K
(∗)

lν

The search for mixing in semileptonic WS decays is performed by reconstructing
events from the decay chain D∗+ → D0π+

s with D0 → D0 → K(∗)+l−ν,
where l = e, μ. Any WS event, characterized by the opposite charge of the
πs from D∗ and the lepton from the neutral D, would be evidence of D0-
D0 mixing. In the approximation of small x and y and CP conservation, the
decay time distribution of neutral D meson which changes flavor and decays
semileptonically, and thus involves no doubly interfering Cabibbo-suppressed
(DCS) amplitudes, is

Rmix(t) 
 Runmix(t)
x2 + y2

4

(
t

τD0

)2

(8)

where τD0 is the characteristic D0 lifetime, and Runmix(t) ∝ e−t/τ
D0 . The time

integrated mixing rate relative to the unmixed rate is

RM =
x2 + y2

2
. (9)

BELLE experiment did not find any evidence of WS events and sets the limit

on the time integrated mixing rate, RM < 6.1× 10−4 at 90% CL 15). BABAR
experiment using a more exclusive reconstruction technique which fully recon-
structs charm decays in the hemisphere opposite the semileptonic signal, sets

the constraint RM ∈ [−13, 12]× 10−4 16).

4.2 Two body decays D
0

→ K
−
K

+ and D
0

→ π
−

π
+

The CP -even decays D0 → K−K+ and D0 → π−π+ are Cabibbo suppressed,
with the two neutral charmed mesons, D0 and D0, sharing the final states. CP-
violating asymmetries in these modes are predicted to be of order 0.001% ÷
0.01% in the SM 3, 17). The observation of CP asymmetries at the level

of current experimental sensitivity 18) would indicate a clear sign of physics

beyond the SM 4, 19). The BABAR experiment performed a search for CPV in

neutral D mesons 20), produced from the reaction e+e− → cc, by measuring
the time-integrated asymmetries

ahh
CP =

Γ(D0 → h+h−) − Γ(D0 → h+h−)

Γ(D0 → h+h−) + Γ(D0 → h+h−)
, (10)

where h = K or π.
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Table 2: CPV asymmetries in D0 two body decays. The first error is statistical,
the second systematic.

Quantity Value

aKK
CP ( 0.00 ± 0.34 ± 0.13)%

aππ
CP (−0.24± 0.52 ± 0.22)%

The precise measurement of the time-integrated asymmetry is experimen-
tally challenging due to the forward backward (FB) asymmetry in e+e− → cc
production - which creates a different number of D0 and D0 reconstructed
events due to the FB detection asymmetry due to the boost of the CM system
relatively to the laboratory - and to different flavor tag efficiencies for D0 and
D0. Those effects are ruled out by using both tagged and untagged control sam-
ples to measure the relative efficiency for soft pions on data and by measuring
the integrated asymmetry as a function of the cosine of the angle of the D0 in
the CM, cos θ ≡ cos θCMS

D0 , and projecting out the even part due to CPV . The
measured asymmetries, found to be consistend with zero, are listed in Table 2.

4.3 Three body decays D
0

→ π
−

π
+

π
0 and D

0
→ K

−
K

+
π

0

The three body decays D0 → π−π+π0 and D0 → K−K+π0 proceed via CP
eigenstates (e.g., ρ0π0 , φπ0) and also via flavor states (e.g., ρ±π∓, K∗±K∓ ),
thus making it possible to probe CPV in both types of amplitudes and in the in-
terference between them. Measuring interference effects in a Dalitz plot (DP)
probes asymmetries in both the magnitudes and phases of the amplitudes, not
simply in the overall decay rates.

The BABAR experiment searched for CPV asymmetries in both D0 →
π−π+π0 and D0 → K−K+π0 decays quantifying D0-D0 differences in four dif-
ferent methods: difference between Dalitz plots, difference between the angular
moments, difference in phase space integrated asymmetry, difference in Dalitz
plot fit results for amplitudes and phases, where only the latter is a model
dependent approach. There is no evidence of CPV in any of the four different

methods 21). Result for phase space integrated asymmetry are reported in
Table 3.

The BELLE experiment has measured the time integrated asymmetry in

D0 → π−π+π0 and found no evidence of CPV 22), see Table 3. BELLE also
measured the relative branching ratio of D0 → π−π+π0 to D0 → K−K+π0 to
be BR = (10.12 ± 0.04(stat) ± 0.18(syst)) × 10−2.



Table 3: CPV time integrated asymmetries for D0 three body decays. The first
error is statistical, the second systematic. For BELLE results the error is the
sum of the statistical and the systematic contribution.

Quantity BABAR BELLE

aKKπ0

CP ( 0.00 ± 0.34 ± 0.13)% -

aπππ0

CP (−0.24 ± 0.52 ± 0.22)% (0.43 ± 1.30)%

5 Conclusions

In conclusion, the results from B Factories show evidence of charm mixing
in WS D0 → K+π− decays at 3.9σ level (BABAR) and in the lifetime ratio
analysis at 3.2σ level (BELLE) and 3.0σ level (BABAR). Significance of charm

mixing exceeds 6.7σ when combining all the available mixing results 23). No
evidence of CPV has been found in D0 decays. The above results are compatible
with the Standard Model predictions and provide useful constraints for New

Physics models 4, 9).
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