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1. The Physics

In Standard Model,CPviolation arises from Kobayashi-Maskawa phase in Cabibbo-Kobayashi-
Maskawa quark mixing matrix [1, 2]. Theoretical attempts topredict the effect ofCP violation in
singly Cabibbo suppressed charmed decays have been made in the past [3], obtaining an upper limit
of 0.1% not excluding even 1% effects. The authors of reference [3] suggest that this limit can be
lowered by at least one order of magnitude by oscillations, which have been recently observed
[4, 5].

CPviolation in charm decays can be exploited by many New Physics models [6, 7] both at tree
and one-loop level; among these the latter expect aCP violation asymmetry of the order of 10−2,
which is now the level of experimental sensitivity [8].

There are many factors which help in the search forCPviolation inD decays at theB-factories:

• e+e− → cc cross section is about 25% of the total at the energy of theϒ (4S).

• TheB− B̄ background can be easily separated from thecc contribution by the request to the
center of mass momentum of theD meson to be greater than 2.5GeV/c.

• Finally theD0 flavor can be obtained from the charge of the slow pion by mean of the recon-
struction of the decayD∗+ → D0 π+ [9] (D∗ tag). This results also in a high purity of the
reconstructed sample.

There is anyway a drawback represented by the electroweak forward-backward (FB) asymmetry
introduced by the interference between the electromagnetic and weake+e− → cc production pro-
cesses that makes the ratioNc/Nc̄ depending upon the quarks production angle in thee+e− rest
frame.

2. Experimental Techniques and Related Measurements

Four types of experimental techniques have been used to search forCPviolation inD0 decays:

• directCPviolation;

• Dalitz plot analysis;

• time dependent analysis;

• T-odd correlations.

2.1 Direct CP violation

The search for directCPviolation is made by looking for asymmetries in the production ofD0

andD0 mesons in a given final state. The observable is simply:

ACP =
ND0 −ND0

ND0 +ND0
,

whereND is the number of reconstructedD decays.
This measurement can be biased by the previously mentioned FB asymmetry. In order to

account for this effect, two solutions have been found:
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• estimate the FB asymmetry itself;

• normalizeND to the number of events reconstructed using the same procedure to the cor-
responding Cabibbo favored decay channel. The Cabibbo favored decay channel is indeed
subjected to the same FB asymmetry but should not show anyCPasymmetry.

At the B-factories, the first analysis of this kind has been done by Belle using about 2000
D0 → K+ π− π0 and 1700D0 → K+ π− π+ π− decays [10]. These decays are doubly Cabibbo
suppressed and are identified through theD∗ tag and the kaon charge. In order to account for
FB asymmetry effect, the asymmetry 2.1 is computed usingRD = NDCS/NCF, i.e. the ratio of the
doubly Cabibbo suppressed over the Cabibbo favored decay channels.

ACP =
RD0 −RD0

RD0 +RD0
. (2.1)

The number of events for each decay channel has been measuredthrough a two dimensional fit to
D and∆mmass spectrum . The results are

AKππ
CP = (−1.8±4.4)%

AKπππ
CP = (−0.6±5.3)%,

where the systematic error is not quoted since it is less than1%.

A more complete analysis looked to the two-body singly Cabibbo suppressedD0 decay chan-
nels into two hadrons (D0 → h+h−, h = π, K). ACP can be considered as the sum of direct and
indirectCPviolation contributions:

ACP =
ND0 −ND0

ND0 +ND0
= ACP,dir +ACP,ind,

whereACP,ind can be evaluated from the corresponding mixing analysis. Other asymmetries in
ACP,dir are due to FB asymmetry and soft pion reconstruction asymmetry.

The bias toACP introduced by the soft pion reconstruction is removed by mapping the asym-
metry in the plane cosθπs (polar angle in the lab frame) vspπs usingD0 → K− π+ tagged and
untagged data. The plane is divided into nine regions to obtain the weighting factors to correct
D0 → h+h− yields.

The asymmetry betweenD0 andD0 is measured in bins of cosθ∗
D (beingθ∗

D theD production
angle in the center of mass system). Since the FB asymmetry component is asymmetric upon the
production angle, the symmetric part is theCPviolation observable we need:

a±(cosθ∗
D) =

ND0(±|cosθ∗
D|)−ND0(±|cosθ∗

D|)

ND0(±|cosθ∗
D|)+ND0(±|cosθ∗

D|)
,

ACP =
a+(cosθ∗

D)+a−(cosθ∗
D)

2
,

AFB =
a+(cosθ∗

D)−a−(cosθ∗
D)

2
.

ACP is then measured applying aχ2 fit over bins of cosθ∗
D.
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Figure 1:ACP for (a) D0 → K+ K− and (b)D0 → π+π−. The correspondingAFB are shown in (c)
and (d). Plots on the left are fromBABAR (A), plots on the right are from Belle(B).

The first measurement has been performed byBABAR [11] using about 1.5(6.6)×106 tagged
(untagged)D0 → K− π+, 1.3×105 D0 → K+ K− and 6.4×104 D0 → π+ π− decays. The results
are

AKK
CP = (0.0±3.4stat±1.3syst)×10−3,

Aππ
CP = (−2.4±5.2stat±2.2syst)×10−3,

where the main contribution to systematic error comes from soft pion asymmetry evaluation. The
same analysis performed by Belle [12] with similar statistically significant samples obtained:

AKK
CP = (−4.3±3.0stat±1.1syst)×10−3,

Aππ
CP = (4.3±5.2stat±1.2syst)×10−3.

The main contribution to the systematic uncertainties is from soft pion asymmetry evaluation. The
only difference among the two analyses is that the number of events is evaluated using a one
dimensional fit toD0 mass spectrum in Belle, whileBABAR performed a two dimensional fit toD0

and∆m= mD∗ −mD0 mass spectra. The results are compared also in Fig. 1.

2.2 Dalitz plot analysis

A Dalitz plot analysis can be used to measure asymmetries in the distribution of the events
on the Dalitz plot, in the angular moments, in the amplitudes(model dependent) or in integrated
yields.

The latter has been exploited by Belle in 2.4×103 D0 → π+ π− π0 decays [13]. Monte Carlo
events have been used to develop a fitting model which takes into account peaking backgrounds
from otherD0 decay modes. The resulting asymmetry is:

ACP = (0.43±0.41stat±1.30syst)%.
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Figure 2: Normalized residuals betweenD0 andD0 evaluated for (a)D0 → π+ π− π0 and (b)D0

→ K+ K− π0.

The main contributions to systematic uncertainties are dueto the tracking efficiency corrections
and the fit model.

A complete Dalitz plot analysis of high statistics samples of D0 → π+ π− π0 (8.2×104 events)
andD0 → K+ K− π0 (1.1×104 events) has been performed byBABAR [14]. The analysis searched
for asymmetries in the Dalitz plot comparing bin-per-bin the D0 andD0 two-dimensional Dalitz
plot. In order to estimate the amount of the asymmetry a confidence level for the "noCPviolation"
hypothesis has been evaluated from the normalized residuals betweenD0 andD0

∆ =
ND0 −R·ND0

√

σ2
ND0

+R2 ·σ2
ND0

,

whereR is the efficiency correctedND0/ND0 ratio. Theχ2 is defined as

χ2/ν =

(

ν

∑
i=1

∆2
i

)

/ν ,

beingν the number of Dalitz plot elements. The confidence level for the noCPviolation hypothesis
is evaluated from the resulting one-sided gaussian. The normalized residuals evaluated on the two
Dalitz plots are shown in Fig. 2. The resulting confidence level for noCP violation hypothesis is
32.8% forD0 → π+ π− π0 and 16.6% forD0 → K+ K− π0.

In a similar way a confidence level has been evaluated to search for asymmetries in the angular
moments. The two-body invariant masses from the three-bodyD0 decays are weighted by the
Legendre polynomials. The normalized residuals of the difference betweenD0 andD0 are used to
compute a confidence level for the noCPviolation hypothesis (see Table 1).

In order to check for asymmetries in the amplitudes a full Dalitz plot analysis has been per-
formed separately on theD0 andD0 samples, A comparison of amplitudes, phases and fractions
for each resonance contributing to the three-body decays gives asymmetries consistent with zero.

The integrated asymmetries have been evaluated as a function of cosθCM
D0 as shown in Fig. 3.
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Table 1: Confidence level of the noCP violation hypothesis for the asymmetry in the angular
moments

particles combination π+π− π+ π0 K+ K− K+ π0

C. L. (noCPV) 28.2% 28.4% 63.1% 23.8%

TheaCP average values are:

Aπππ0

CP = (−0.31±0.41stat±0.17syst)%

AKKπ0

CP = (1.00±1.67stat±0.25syst)%,

again consistent with zero.
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Figure 3: Phase space integrated asymmetry betweenD0 andD0 in bins of cosθ∗ evaluated for (a)
D0 → π+ π− π0 and (b)D0 → K+ K− π0.

2.3 Time Dependent Analysis

The time dependent analysis ofD0 decays is strictly related to mixing, in fact theD0 mixing
affects the decay times as follows:

τ+
hh = τKπ [1+ rm(ycosφ f −xsinφ f )]

−1 (2.2)

τ−
hh = τKπ

[

1+ r−1
m (ycosφ f −xsinφ f )

]−1
, (2.3)

whereh = K, π. The definitions of the mixing parametersx, y, rm andφ f can be found in ref. [15].
Defining

τhh =
τ+

hh+ τ−
hh

2
Aτ =

τ+
hh− τ−

hh

τ+
hh+ τ−

hh

,

one can measure

∆Y =
τKπ

τhh
Aτ ,
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which is a probe forCPviolation in decay times, since in the Standard Model we have(rm = 1,φ f =

0) ⇐⇒ (Aτ = 0,∆Y = 0).
An analysis of this kind has been made by Belle [16] on aD∗ tagged sample of 1.2×106 D0

→ K− π+, 1.1×105 D0 → K+ K− and 4.9×104 D0 → π+π− decays. TheD0 lifetime has been
measured ast = mD0~L ·~p/p2, where~L is theD0 decay length and~p its momentum. The asymmetry
parameter isAΓ = −Aτ and they obtained

AKK
Γ = (0.15±0.35stat)%,

Aππ
Γ = (−0.28±0.57stat)%.

Combining the two results

AΓ = (0.01±0.30stat±0.15syst)%,

where the systematic error comes mainly from the backgroundparametrization, however it is re-
duced by the fact that many contributions cancel in lifetimeratio.

The same analysis performed byBABAR [17] on a sample of events statistically similar to that
one from Belle reports

∆YKK = (−0.40±0.44stat±0.12syst)%,

∆Yππ = (0.05±0.64stat±0.32syst)%.

Combining the results from the two decay channels

∆Y = (−0.26±0.36stat±0.08syst)%,

where the main contribution to systematic error is from signal model.

2.4 T-odd correlations

The most recent search forCPviolation at theB-factories has been performed byBABAR using
the technique of theT-odd correlations. The analysis search forCP violation in the decayD0 →

K+ K− π+ π− using a kinematic triple product correlation of the formCT = ~pK+ · (~pπ+ ×~pπ−),
where each~pi is a momentum vector of one of the particles in the decay.

The product is odd under time-reversal (T) and, assuming theCPT theorem,T-violation is
a signal forCP-violation. Strong interaction dynamics can produce a non-zero value of theAT

asymmetry,

AT ≡
Γ(CT > 0)−Γ(CT < 0)

Γ(CT > 0)+ Γ(CT < 0)
, (2.4)

whereΓ is the decay rate for the process, even if the weak phases are zero.
Defining asAT theT-odd asymmetry measured in theCP-conjugate decay process,

AT ≡
Γ(−CT > 0)−Γ(−CT < 0)

Γ(−CT > 0)+ Γ(−CT < 0)
, (2.5)

we can construct:
AT =

1
2
(AT −AT), (2.6)
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Figure 4: (a)m(K+K−π+π−) vs ∆m for the total sample; (b)m(K+K−π+π−) and (c)∆m pro-
jections with curves from the fit results. Shaded areas indicate the different contributions. The fit
residuals, represented by the pulls, are also shown under each contribution.

which is a trueT-violating signal [18, 19, 20].
At least four particles are required in the final state so thatthe three used to define the triple

product are independent [21] of each other. AD0 singly Cabibbo suppressed decay having rela-
tively high branching fractions and four different particles in the final state, therefore suitable for
this type of analysis isD0 → K+ K− π+ π−.

The analysis made byBABAR [22] makes use of about 47,000D0 → K+ K− π+ π− decays
and performs a two dimensional fit to them(K+K−π+π−) vs ∆mdistribution. The fit is performed
simultaneously on the full data set split in four samples, depending onD0 flavor and the value of
CT .

The results from the fit are shown in Figs. 4, 5 and give

AT =
(

−68.5±7.3stat±5.8syst
)

×10−3

ĀT =
(

−70.5±7.3stat±3.9syst
)

×10−3

from which
AT =

(

1.0±5.1stat±4.4syst
)

×10−3,

where the systematic error is dominated by the particle identification and theD0 center of mass
momentum cut.
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Figure 5: Fit projections onto them(K+K−π+π−) for the four differentCT subsamples with a cut
on ∆m. The shaded areas indicate the total backgrounds.

3. Conclusion

Charm decays provide a powerful probe for non Standard Modelprocesses involvingCP vio-
lation. Fig. 6 summarizes the searches forCPviolation atB-factories inD0 decays. At moment no
evidence forCP violation is found with sensitivities which reach 0.5%, in order of magnitude of
the higher Standard Model predictions.

)-2 10× (CPA
-10 -8 -6 -4 -2 0 2 4 6 8 10

Belle(2005) 0π-π+ K→ 0D
Belle(2005) -π+π-π+ K→ 0D
Belle(2007) -π+π → 0D
Belle(2007) -K+ K→ 0D
BaBar(2008) -π+π → 0D
BaBar(2008) -K+ K→ 0D
BaBar(2008) -π+π → 0D
BaBar(2008) -K+ K→ 0D
Belle(2008) -π+π → 0D
Belle(2008) -K+ K→ 0D
Belle(2008) 0π-π+π → 0D
BaBar(2008) 0π-π+π → 0D
BaBar(2008) 0π-K+ K→ 0D
BaBar(2010) -π+π-K+ K→ 0D

Figure 6: Summary of the searches forCPviolation atB-factories inD0 decays.
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These results constrain the possible effects of New Physicsin this observable [6]. Sensitivity
improvements are expected in the next few years at the proposed SuperB Factories or at LHCb.
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