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Charm physics at B-factories: rare, mixing and CPV
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In this proceeding, we give a summary of the experimental results on charm physics studies at
two experiments at B-factories: Belle and BABAR. It includes three parts: (1) D0-D̄0 mixing
and Charge-Parity(CP) violation in different physics processes: CP-eigenstate decays, wrong-
sign(WS) two-body decays, WS or self-conjugated three-body decays; (2) direct CP violation
in neutral and charged charmed meson decays; (3) rare or radiative charm decays: for D0 →
γγ decay, using 832 f b−1 of data, Belle gave the upper limit on the branching fraction Br <

8.5× 10−7 at 90% confidence level which is most restrictive limit to date; For the branching
fractions of D0 → V γ , where V = ϕ , K̄∗0, or ρ0, based on 943 f b−1 data, Belle obtianed two
improved measurements of branching ratio: Br(D0 → ϕγ) = (2.76± 0.20± 0.08)× 10−5 and
Br(D0 → K̄∗0γ)= (4.66±0.21±0.18)×10−4, and the first observation of D0 → ρ0γ with (1.77±
0.30±0.08)×10−5. Belle obtianed the first measurements of CP asymmetry: Aϕγ

CP = −0.094±
0.066±0.001, AK̄∗0γ

CP =−0.003±0.020±0.000 and Aρ0γ
CP =+0.056±0.151±0.006.
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1. Introduction

Belle experiment at KEKB and BABAR experiment at PEP-II have together collected inte-
grated luminosity of about 1.5 ab−1 mainly at the energy of ϒ(4S) resonance with asymmetric
e+e− energy collisions. ϒ(4S) decays to the BB̄ pairs (so-called B-factories). These two detec-
tors have good momentum resolution and vertex resolution. A detailed description of Belle and
BABAR detectors is available in Ref. [1].

2. D0-D̄0 mixing and CP violation

Since D0-D̄0 mixing, as the only up-type quark meson mixing, has already been observed with
the confidence level of more than 5σ in single wrong-sign(WS) decay channel [2, 3] in recent years,
all open-flavored neutral meson mixing phenomena, which originate from the difference between
the flavor and mass eigenstates of the meson-anti-meson system, are well established. The two
mass eigenstates D1 and D2 of the effective Hamiltonian matrix H = (M − i

2 Γ) are given by the
mixture of flavor-eigenstates: |D1,2⟩ = p|D0⟩± q|D̄0⟩, here |p|2 + |q|2 = 1 for CPT conservation
and we assume CP|D0⟩ = |D̄0⟩. |D1⟩ is the positive-CP eigenstate and |D2⟩ is the negative-CP
eigenstate assuming no CP violation. The mixing parameters, x = ∆m/Γ̄ and y = ∆Γ/(2Γ̄), are
related to the mass and the width differences ∆m and ∆Γ between the two mass eigenstates and
Γ̄ is the average decay width of the mass eigenstates. The mixing parameters x and y are difficult
to calculate. The Standard Model (SM) predicts that D0-D̄0 mixing can occur via short distance
effects and long distance effects and is strongly suppressed to ∼ 1%.

There are three types of CP violation (CPV) according to their different sources: (1) in the
mixing (indirect CPV): rm = |q/p| ̸= 1; (2) in the decay (direct CPV): |Ā f̄ /A f | ̸= 1, Here the
amplitudes of D0 decays are defined as: ⟨ f |H |D0⟩= A f , ⟨ f̄ |H |D̄0⟩= Ā f̄ ; (3) in the interference
between mixing and decay: arg(q/p) ̸= 0.

The status of some experiments from charm factories, B-factories and hadron colliders are
available in Heavy Flavor Averaging Group (HFAG) [4]. These measurements have excluded the
no-mixing hypothesis with more than 11.5σ confidence level assuming CPV is allowed. Many of
them are given by the Belle and BABAR experiments at B-factories. Only one or three decays have
reached the observation or evidence confidence level. More decay channels or larger samples need
to be studied at different experiments.

At B-factories, we usually use the D0 tagged sample via the charge of slow pions from D∗ de-
cays. After vetoing signals from B decays by D∗ momentum requirement in the center mass frame
(p>2.5 (3.1) GeV/c for data below (at) ϒ(5S) mass energy), we extract signal and background frac-
tions across Dalitz plot by M-Q two-dimensional fit, where M is the invariant mass of reconstructed
D0, and Q is the release energy of D∗ decay. The D0 proper lifetime is obtained by the D0 flight
vector projection onto D0 momentum unit vector, and lifetime uncertainty is calculated by the error
matrices of the D0 production and decay vertices. For different physical process, we choose the
respective method to extract the mixing parameters. Some examples:

(1) for CP eigenstates D0 → K+K−, π+π−, we analyse D0 lifetime relative to non-CP eigen-
states,
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ycp =
τKπ

< τhh >
−1; AΓ =

τ(D̄0 → h−h+)− τ(D0 → h+h−)
τ(D̄0 → h−h+)+ τ(D0 → h+h−)

(2.1)

Belle recently published result [5] with full dataset (976 f b−1) which is twice than the first evidence
measurement [6]. With the asymmetric time resolution function depending on the D∗ polar angle
in center of mass system and different configuration for 3(4)-layer silicon vertex detector, Belle ob-
tained yCP = (1.11±0.22±0.09)% with 4.7σ confidence level and AΓ = (−0.03±0.20±0.07)%.
BABAR gave the measurement [7] with full dataset (468 f b−1) using both tagged and untagged
samples for KK and Kπ channels, but only tagged for ππ channel because of the poor signal-to-
background ratio in untagged sample: yCP = (0.72± 0.18± 0.12)% and ∆Y = −AΓ/2 = (0.09±
0.26±0.06)% which is more precise than previous measurement with tagged or untagged sample
separately [8].

(2) for two-body WS decay D0 → K+π−, we analyse WS-to-RS decay rate ratio under CP
conservation,

RWS(t) = RD + y′
√

RDΓt +
x′2 + y′2

4
Γ2t2 (2.2)

which is related to the effective mixing parameters x′ = xcosδKπ + ysinδKπ , y′ = ycosδKπ −
xsinδKπ . BABAR gave the first evidence (3.9σ ) for D0-D̄0 mixing in this decay in 2007 [9] by fit-
ting D0 proper-time distribution based on 384 f b−1 of data: x′2 = (−0.22±0.30±0.21)×10−2 and
y′ = (9.7±4.4±3.1)×10−3 with correlation factor -0.95. Belle recently obtained the first observa-
tion (5.1σ ) [3] in e+e− collisions by fitting time-dependent ratio of WS-to-RS decay rates based on
976 f b−1 of data: x′2 = (0.09±0.22(stat.+syst.))×10−2 and y′ = (4.6±3.4(stat.+syst.))×10−3

with correlation factor -0.948.
(3) for three-body decays, the Dalitz amplitude analysis, which can well describe the interfer-

ence between quasi-two-body process, is widely used to study the time evolution of amplitude as
follows.

|M( f , t)|2 =e−Γt
{
(|A f |2 + |q

p
|2|A f̄ |2)cosh(Γyt)−2ℜ(

q
p

A f̄ A
∗
f )sin(Γyt)

+(|A f |2 −|q
p
|2|A f̄ |2)cos(Γxt)+2ℑ(

q
p

A f̄ A
∗
f )sin(Γxt)

}
.

(2.3)

The Dalitz model is optimized by the time-integrated Dalitz fitting of experimental data.
For WS three-body decay D0 → K+π−π0, the amplitude includes two processes: doubly

Cabibbo suppressed (DCS) decay; the mixing process followed Cabibbo favored (CF) decay,
which amplitude can be obtained from right-sign time-independent Dalitz fit. Through study-
ing the amplitude evolution assuming |x|, |y| ≪ 1, we extract the effective mixing parameters
x′ = xcosδ f + ysinδ f and y′ = ycosδ f − xsinδ f . Under the definitions cx = x′/r0 and cy = y′/r0,
r2

0 =
∫
|A f |2ds12ds13/

∫
|Ā f |2ds12ds13, we have

M (s12,s13, t) = e−Γtr2
0[|ADCS

f |2 + |ADCS
f ||ACF

f |cyΓt +
c2

x + c2
y

4
|ACF

f |2(Γt)2] (2.4)

BABAR gave the evidence of D0-D̄0 mixing using above time-dependent amplitude analysis of this
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decay based on 384 f b−1 of data: x′Kππ0 = (2.61+0.57
−0.68±0.39)% and y′Kππ0 = (−0.06+0.55

−0.64±0.34)%
assuming no CPV which is inconsistent with no-mixing hypothesis with a significance of 3.2σ .

For self-conjugated decay the situation is different, such decays can provide a direct measure-
ment of x and y, and also enable a search for direct or indirect CP violation. Assuming no CPV, the
amplitude of D0 and D̄0 have the same formalism so that we don’t need to separate the final states
into flavor or CP eigenstates.

|M(t)|2 =
{
|A1|2e−yΓt + |A2|2eyΓt +2ℜ[A1A∗

2]cos(xΓt)+2ℑ[A1A∗
2]sin(xΓt)

}
e−Γt (2.5)

|M̄(t)|2 =
{
|Ā1|2e−yΓt + |Ā2|2eyΓt +2ℜ[Ā1Ā∗

2]cos(xΓt)+2ℑ[Ā1Ā∗
2]sin(xΓt)

}
e−Γt (2.6)

D0 → K0
S π+π−, regarded as the Golden channel for D0-D̄0 mixing and CP violation measure-

ment, is a sum of quasi-two-body amplitudes including CF, DCS, and CP-eigenstate decays like
K∗∓π±, ρK0

S etc. Belle recently gave the time-dependent amplitude analysis using the Isobar
mode with Blatt-Weisskopt form factor and Zemach tensor angular dependence [10]. Based on
921 f b−1 of data, Belle obtains x = (0.56± 0.19+0.03+0.06

−0.09−0.09)% and y = (0.30± 0.15+0.04+0.06
−0.05−0.06)%

with 2.5σ confidence level to exclude the no-mixing hypothesis under no CP violation. For indi-
rect CP violation allowed, the CP violation parameters are measured |q/p| = 0.90+0.16+0.05+0.06

−0.15−0.04−0.05
and arg(q/p) = (−6±11±3+3

−4)
o consistent with conservation of CP asymmetry. BABAR gives a

combined measurement [11] of D0 → K0
S π+π− and D0 → K0

S K+K− based on 468.5 f b−1 of data:
x = (1.6±2.3±1.2±0.8)×10−3 and y = (5.7±2.0±1.3±0.7)×10−3.

3. direct CP violation in charm decays

Here we firstly present a measurement of the time-integrated CP violating asymmetry in
D0 → π0π0 decay using Belle’s 966 f b−1 full data sample [12]. The SM predicts a nonzero
CP asymmetry in final states containing a neutral kaon due to K0 − K̄0 mixing even if no CP-
violating phase exist in the charm decay amplitudes. The signal yield is 34460± 273 events and
Arec = (+0.29± 0.64)% for D0 → π0π0, and 466814± 773 events and Arec = (+0.29± 0.15)%
for D0 → K0

S π0 shown in Fig. 1(a) and (b). Then the data samples are divided into ten bins of the
cosine of the D∗+ polar angle θ ∗ in the center of mass system where

ACP/FB = [Acor
rec(cosθ ∗)±Acor

rec(−cosθ ∗)]/2 (3.1)

For each 3-dimensional bin1, a simultaneous fit analogous to the one used for the full sample is
performed. Fig. 1(c) and (d) show ACP and AFB as a function of |cosθ ∗| obtained for two data
samples. From the weighted average over the |cosθ ∗| bins, we obtain ACP(π0π0) = (−0.03±
0.64)% and ACP(K0

S π0) = (−0.10±0.16)%. The former has an order of magnitude improvement
better precision than previous result and shows no evidence for CP violation.

In recent years, no new measurements of direct CPV measurements in charged charmed me-
son decays have been performed. We give a summary table of the measurements from Belle and
BABAR: Tab. 1. All these measurements are under the limit of statistics for CPV in charm sys-

1data samples are divided into bins of cosθ∗, transverse momentum of πs and polar angle of πs
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(a)

(b)

(c)

(d)

Figure 1: Distributions of the mass difference ∆M for π0π0(top) and K0
S π0(bottom) final states for (a)

D∗+ or (b) D∗− sample. (c) and (d) are the CPV asymmetry ACP and forward-backward asymmetry AFB
respectively as a function of |cosθ ∗| of π0π0(left) and K0

S π0(right).

tem. The CP asymmetry measurement in D+ → K0
S π+ gives the 3.2σ confidence level [13] but this

evidence result is consistent with the expected CPV (−0.345±0.008)% due to K0-mixing.

Table 1: Summary of direct CP violation ACP measurements in charged charmed meson decays.

meson final L ( f b−1) ACP(%) experiment references

D+ →

ϕπ+ 955 +0.51±0.28±0.05 Belle PRL 108, 071801 (2012)
ηπ+ 791 +1.74±1.13±0.19 Belle PRL 107, 221801 (2011)
η ′π+ 791 −0.12±1.12±0.17 Belle PRL 107, 221801 (2011)
K0

S π+ 977 −0.36±0.09±0.07 Belle PRL 109, 021601 (2012)
K0

S π+ 469 −0.44±0.13±0.10 BABAR PRD 83, 071103 (2011)
K0

S K+ 977 −0.25±0.28±0.14 Belle JHEP 02, 98 (2013)
K0

S K+ 469 +0.13±0.36±0.25 BABAR PRD 87, 052012 (2013)
K0

S π+π0 476 +0.51±0.28±0.05 BABAR PRD 87, 052010 (2013)

D+
s →

K0
S π+ 673 +5.45±2.50±0.33 Belle PRL 104, 181602 (2010)

K0
S π+ 469 +5.45±2.50±0.33 BABAR PRD 87, 052012 (2013)

K0
S K+ 673 +0.12±0.36±0.22 Belle PRL 104, 181602 (2010)

K0
S K+ 469 +0.12±0.36±0.22 BABAR PRD 87, 052012 (2013)

4. rare or radiative charm decays

4.1 Analysis of D0 →V γ

The radiative decays D0 →V γ where V is a vector meson, are dominated by long-range contri-
bution. These decays could be sensitive to New Physics. Belle presents a measurement of branch-
ing fractions and CP asymmetries in these decays based on 943 f b−1 of data [14]. The D0s are
required to originate from the decay D∗ → D0π+ in order to tag D0 and to suppress combinatorial
background. The signal decays are reconstructed in ϕ → K+K−, K̄∗ → K−π+ and ρ0 → π+π− re-
spectively. The selection criteria are optimized to maximize the figure of merit Nsig/

√
Nsig +Nbkg

where Nsig(Nbkg) is the number of signal (background) events. Both the branching fraction B and
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CP asymmetry ACP are obtained via normalization to other channels. The signal branching fraction
is given by

Bsig = Bnorm ×
Nsig

Nnorm
× εnorm

εsig
. (4.1)

We obtain three branching fractions B(D0 → ϕγ) = (2.76±0.20±0.08)×10−5 which is much
more precise than Belle’s previous result [15], B(D0 → K̄∗0γ) = (4.66±0.21±0.18)×10−4 which
is 3.3σ away from BABAR result [16] and B(D0 → ρ0γ) = (1.77±0.30±0.08)×10−5 which is
the first observation and branching fraction measurement of the decay D0 → ρ0γ .

(a)

(b)

(c)

Figure 2: Distributions from left to right respectively in invariant mass of D0 and D̄0 and the cosine of
helicity angle for D0 and D̄0 of the (a) ϕ , (b) K̄∗0, (c) ρ0 mode respectively from top to bottom.

Belle gave the first measurement of CP asymmetry in these radiative decays [14]. The raw
asymmetry is obtained by

Araw =
N(D0)−N(D̄0)

N(D0)+N(D̄0)
= ACP +AFB +A±

ε (4.2)

where AFB and A±
ε can be eliminated through a relative measurement of ACP, so Asig

CP = Asig
raw −

Anorm
raw +Anorm

CP . From the D0 and D̄0 separate fitting result, we obtain CP asymmetry in these three

channels: Aϕγ
CP =−0.094±0.066±0.001, AK̄∗0γ

CP =−0.003±0.020±0.000 and Aρ0γ
CP =+0.056±

0.151±0.006.
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4.2 Analysis of D0 → γγ

The D0 samples are obtained from D∗+ → D0π+ in order to suppress combinatorial back-
ground. The branching fraction is calculated with normalisation to the decay D0 → K0

S π0. BABAR
used 470.5 f b−1 of data to extract the signal events after measuring the main background as well
D0 → π0π0 [17] BABAR gives the upper limit on branching ratio: Br(D0 → γγ)< 2.2×10−6 [17].

Based on 832 f b−1 of data collected near the ϒ(4S) and ϒ(5S) resonances, a two-dimensional
unbinned extended maximum likelihood fit in M(D0) and the mass difference ∆M between the
D∗ and D0 are preformed [18]. After thinking of the correlation between M and ∆M in the peak
background, Belle finds 4± 15 signal with efficiency (7.34± 0.05)% of D0 → γγ and obtains a
signal yield of 343050±673 events with efficiency (7.18±0.05)% in D0 →K0

S π0. After systematic
uncertainties see Ref. [18], Belle gives the most stringent upper limit to date at 90% confidence
level: < 8.5×10−7 which is approaching SM prediction.
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