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The vast samples of charm hadron decays collected by the LHCb experiment have enabled the
study of charm physics with unprecedented precision. We present the latest charm mixing and
CP violation results using 1.0 fb−1 of

√
s = 7 TeV pp collision data, as well as recent searches

for rare charm decays.

1 Introduction

The LHCb detector 1 is a single-arm, forward spectrometer designed to exploit the copious
production of bb̄ quark pairs at the LHC. Many characteristics of b−hadrons are also shared
by charmed particles, making the LHCb detector ideally suited for charm physics. The charm
cross-section has been measured as 1419±134µb in the forward region 2, ∼ 20 times larger than
the b production cross-section 3. This has allowed for the accumulation of vast samples of charm
hadron decays. All results presented here use 1.0 fb−1 of pp collision data collected in 2011 with
a centre-of-mass energy of 7 TeV.

2 Observation of D0–D0 oscillations

Mixing occurs because the mass eigenstates of a neutral meson system differ from the flavour
eigenstates. It is parameterised by the dimensionless quantities x ≡ ∆m/Γ, and y ≡ ∆Γ/2Γ,
where ∆m and ∆Γ are the mass and width differences of the two mass eigenstates, and Γ is the
average of their widths.

Here, neutral D meson oscillations are studied by measuring the time dependent ratio of
D0 → K+π− to D0 → K−π+ decay rates. The former, Wrong Sign (WS), rate is highly sup-
pressed with respect to the latter, Right Sign (RS) rate. The RS decay is completely dominated
the the Cabibbo Favoured (CF) amplitude, while the WS decay may proceed either directly via
the DCS amplitude or via an oscillation followed by the CF decay. To determine the initial state
flavour of the D mesons, they are reconstructed from the strong decay D∗+ → D0π+s , where the
charge of the slow pion (π±s ) determines the flavour of the D.

Assuming negligible CP violation, and |x| , |y| � 1, the time dependent ratio of WS/RS
decay rates can be approximated as

R (t) ≈ RD +
√
RDy

′ t
τ

+
x′2 + y′2

4

(
t

τ

)2

(1)

where RD is the ratio of DCS to CF decay rates, t is the measured D decay time, τ is the average
D lifetime, and x′ and y′ are the mixing parameters rotated by the strong phase difference
between CF and DCS decays, δ.
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Figure 1: Time-integrated D0π+
s mass distributions for the selected RS D0 → K−π+ (left)

and WS D0 → K+π− (right) candidates with fit projections overlaid. The bottom plots
show the normalized residuals between the data points and the fits.

the sum of one Johnson SU [21] and three Gaussian distributions, which account for the
asymmetric tails and the central core of the distribution, respectively. The background is

described by an empirical function of the form [M(D0π+
s ) − m0]

a
e−b[M(D0π+

s )−m0], where
the threshold m0 is fixed to the sum of the known D0 and π+ masses [19]. We reconstruct
approximately 3.6 × 104 WS and 8.4 × 106 RS decays. To determine the time-dependent
WS/RS ratio the data are divided into thirteen D0 decay time bins, chosen to have a
similar number of candidates in each bin. The decay time is estimated from the distance L
between the PV and the D0 decay vertex and from the D0 momentum as t/τ = mD0L/pτ ,
where mD0 and τ are the known D0 mass and lifetime [19], respectively. The signal
yields for the RS and WS samples are determined in each decay time bin using fits to
the M(D0π+

s ) distribution. The shape parameters and the yields of the two components,
signal and random pion background, are left free to vary in the different decay time bins.
We further assume that the M(D0π+

s ) signal shape for RS and WS decay are the same
and therefore perform first a fit to the abundant and cleaner RS sample to determine the
signal shape and yield, and then use those shape parameters with fixed values when fitting
for the WS signal yield. The signal yields from the thirteen bins are used to calculate the
WS/RS ratios, shown in Fig. 2, and the mixing parameters are determined in a binned χ2

fit to the time-dependence according to Eq. (1).
Since WS and RS events are expected to have the same decay-time acceptance and

M(D0π+
s ) distributions, most systematic uncertainties affecting the determination of

the signal yields as a function of decay time cancel in the ratio between WS and RS
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Figure 1: Fit to the D∗+ invariant mass distribution for RS (left) and WS (right) candidates.
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Figure 2: Decay-time evolution of the ratio, R, of WS D0 → K+π− to RS D0 → K−π+

yields (points) with the projection of the mixing allowed (solid line) and no-mixing (dashed
line) fits overlaid.

of the WS signal. This contamination is expected to be independent of decay time and, if
neglected, would lead to a small increase in the measured value of RD. From the events
in the D0 mass sidebands, we derive a bound on the possible time dependence of this
background, which is included in the fit in a similar manner to the secondary background.

The χ2 that is minimized in the fit to the WS/RS decay-time dependence is

χ2(ri, ti, σi|θ) =
�

i

�
ri − R(ti|θ)[1 −∆B(ti|θ)] −∆p(ti|θ)

σi

�2

+ χ2
B(θ) + χ2

p(θ), (3)

where ri and σi are the measured WS/RS ratio and its statistical uncertainty in the decay
time bin i, respectively. The decay time ti is the average value in each bin of the RS
sample. The fit parameters, θ, include the three mixing parameters (RD, y�, x�2) and five
nuisance parameters used to describe the decay time evolution of the secondary D fraction
(∆B) and of the peaking background (∆p). The nuisance parameters are constrained to the
measured values by the additional χ2

B and χ2
p terms, which also includes their correlations.

The analysis procedure is defined prior to fitting the data for the mixing parameters.
Measurements on pseudo-experiments that mimic the experimental conditions of the data,
and where D0 −D0 oscillations are simulated, indicate that the fit procedure is stable and
free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is shown in Fig. 2 (solid
line), with the values and uncertainties of the parameters RD, y� and x�2 listed in Table 1.
As the dominant systematic uncertainties are treated within the fit procedure (all other
systematic effects are negligible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not included in the fit, the

5

Table 1: Results of the time-dependent fit to the data. The uncertainties include statistical
and systematic sources; ndf indicates the number of degrees of freedom.

Fit type Parameter Fit result Correlation coefficient
(χ2/ndf) (10−3) RD y� x�2

Mixing RD 3.52 ± 0.15 1 −0.954 +0.882
(9.5/10) y� 7.2 ± 2.4 1 −0.973

x�2 −0.09 ± 0.13 1
No mixing RD 4.25 ± 0.04
(98.1/12)
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Figure 3: Estimated confidence-level (CL) regions in the (x�2, y�) plane for 1 − CL = 0.317
(1σ), 2.7 × 10−3 (3σ) and 5.73 × 10−7 (5σ). Systematic uncertainties are included. The
cross indicates the no-mixing point.

estimated uncertainties on RD, y� and x�2 become respectively 6%, 10% and 11% smaller,
showing that the quoted uncertainties are dominated by their statistical component. To
evaluate the significance of this mixing result we determine the change in the fit χ2 when
the data are described under the assumption of the no-mixing hypothesis (dashed line
in Fig. 2). Under the assumption that the χ2 difference, ∆χ2, follows a χ2 distribution
for two degrees of freedom, ∆χ2 = 88.6 corresponds to a p-value of 5.7 × 10−20, which
excludes the no-mixing hypothesis at 9.1 standard deviations. This is illustrated in Fig. 3
where the 1σ, 3σ and 5σ confidence regions for x�2 and y� are shown.

As additional cross-checks, we perform the measurement in statistically independent
sub-samples of the data, selected according to different data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes or alternative
fit methods to separate signal and background, and find no significant variations in the

6

Figure 2: Fit to the time dependent WS/RS ratio (left), and contours in the x′2 − y′ plane compared with the
no-mixing point (right).

Fig. 1 shows fits to the D∗+ invariant mass spectrum for RS and WS decays 4. We find
3.6×104 WS and 8.4×106 RS signal candidates. The data sample is divided into thirteen decay
time bins, each with a similar number of candidates. The ratio of WS/RS decays is measured in
each bin, and the mixing parameters are determined using a binned χ2 fit to the time dependence
of the ratio (see Fig. 2). The fit results are RD = (3.52± 0.15)× 10−3, y′ = (7.2± 2.4)× 10−3,
and x′2 = (−0.09± 0.13)× 10−3.

In addition, the time dependent ratio is fit with a zeroth order polynomial to test the
significance of the mixing result. The no-mixing hypothesis is excluded at 9.1 standard deviations
(illustrated in Fig. 2). Although D−mixing is well established 5, this is the first single > 5σ
observation of neutral charm meson mixing.

3 Model independent search for CP violation in multibody D decays

Singly Cabibbo Suppressed (SCS) decays can occur via tree and penguin processes, and are
sensitive to CP violating phases. However, CP violation in charm decays is expected to be small
(lower than O(10−3)), but could be significantly enhanced by physics beyond the Standard
Model 6. We present results using the SCS decay D0 → π−π+π−π+ to search for local CP
asymmetries across the phase space 7, which is a five-dimensional generalisation of a Dalitz plot.
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Figure 4: SCP distribution of a pseudo-experiment using 66 adaptive bins in the case of no
CPV (left) and with a generated phase difference of 10◦ in the ρ0ρ0 decay (right). The red
distribution represents the expectation in the case of no CPV.

analyse the D0 → π−π+π+π− data set.

4 Checks for non-CPV asymmetries

Cross-checks for residual production or reconstruction asymmetries were carried out by
comparing a variety of datasets designed to test left/right asymmetries in the detector
and particle/anti-particle detection asymmetries. Asymmetries in the background were
studied using mass sidebands.

Asymmetries induced by the magnetic field are investigated in D0 → π−π+π+π−

by looking for an asymmetry between D0 decays in one polarity and D0 decays in the
opposite polarity. In this case the same flavour particles are compared in opposite sides
of the detector. Four different adaptive binning granularities are used and no significant
asymmetry is observed in any binning.

Asymmetries arising from a different detector efficiency between particle and anti-
particle are investigated in the control channel D0 → K−π+π+π− by comparing D0

decays in one polarity with D0 decays in the opposite polarity. No statistically significant
asymmetry arising from particle/anti-particle detection differences is observed.

The mass sidebands are also investigated for local asymmetries in the backgrounds.
A sideband region is selected in the 2D plane of the D0 mass and δm. No asymmetry is
observed in the sideband region for D0 → π−π+π+π− or D0 → K−π+π+π− decays.

No left/right asymmetries or particle/anti-particle asymmetries have been observed.
Therefore, the control mode should exhibit no CPV signal in magnet up and magnet down
samples when analysed independently. The results displayed in Table 2, for five different
adaptive binning granularities, show that no large asymmetries are observed.
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Figure 3: Toy Monte Carlo simulation of the Si
CP variable for no CP violation (left) and a phase difference of 10◦

between D0 and D0 decays via the ρ0ρ0 intermediate resonant state. A Gaussian of mean 0 and width 1 (shown
in red), is drawn for comparison with the data points.
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Figure 2: Simultaneous unbinned likelihood fit to the D0 mass (left) and the δm (right) of
D0 → π−π+π+π− candidates. The red line represents the signal shape, the green is the
combinatorial background and the purple the slow pion background. The mass window is
between the vertical dashed lines.

to describe the D0 → π−π+π+π− phase space, these are shown in Fig. 3. The ordering of
same sign particles is randomised. Therefore, no significant difference between the two
π+π− invariant mass squared distributions is expected.

3.1 Binning strategy

Applying a uniform binning across 5D phase space would result in many empty bins so an
adaptive binning approach is applied. We define a minimum and maximum number of
entries a single bin can have. The binning algorithm creates 5D hypercube bins across
phase space in terms of the 5 invariant mass combinations. The algorithm first creates a
single 5D bin to cover the whole of phase space. This bin is then divided in each of the 5
invariant mass combinations used, resulting in 32 bins. Each of the resulting 5D bins is
then either further divided or merged with another bin based on the number of entries in
that bin. This process continues until the number of entries in each bin is between the
miniumum and maximum entries defined. This technique results in fine binning across well
populated areas of phase space and large bins across less populated areas. To calculate
the χ2 and p-values under the no CPV hypothesis all bins are required to have at least 20
entries.

3.2 Sensitivity Study

Pseudo-experiments are carried out to test the sensitivity of the method and the dependency
of the sensitivity on the number of bins used.

Events are generated according to the model in Ref [12]. Phase and amplitude
differences between D0 and D0 are introduced in the ρ0ρ0 and a1(1260)+π− intermediate
states. Figure 4 shows the SCP distributions in the case of no CPV and for the case of a
CP violating phase difference between the D0 and D0 decays in the ρ0ρ0 resonance of 10◦.

4

Figure 4: Projections of the two-dimensional fit to the mD0 vs. δm plane. The signal component of the fit is
shown as a red dashed line. Windows around the mD0 and δm peaks are shown as vertical dashed lines.

The CP asymmetry variable is defined 8 as

Si
CP =

N i
(
D0
)
− αN i

(
D0
)

√
N i (D0) + α2N i

(
D0
) , α =

∑
N i
(
D0
)

∑
N i
(
D0
) (2)

whereN i
(
D0
)

andN i
(
D0
)

are the number ofD0 andD0 events in bin i, and α is a normalisation
factor that removes sensitivity to any global asymmetry. The flavour of the D is tagged using
the charge of the slow pion from D∗+ → D0π+s decays. In the absence of any CP violation, Si

CP

is Gaussian distributed with a mean of 0 and a width of 1. The 5D Dalitz space is divided using
an adaptive approach which aims to uniformly populate the bins (all bins contain a number
of events within a defined minimum and maximum). This results in fine binning in highly
populated ares of phase space, and coarse binning in more sparsely populated regions. A χ2 is
defined as

χ2/Ndof =
∑(

Si
CP

)2
/ (Nbins − 1) (3)

from which a probability value is calculated to quantify the degree of asymmetry.
The decay D0 → π−π+π−π+ can proceed via different intermediate resonances, most promi-

nently D0 → ρ0ρ0 and D0 → a1 (1260)+ π−. Toy Monte Carlo studies show that, for example,
the method is sensitive to a 10◦ phase difference between D0 and D0 decaying via the ρ0ρ0

resonances (illustrated in Fig. 3).
A two-dimensional fit to the m

(
D0
)

vs. δm = m (D∗+) − m
(
D0
)

plane is performed to
estimate the signal yield and purity in the data sample (projection of the fit are shown in Fig. 4).
After the m

(
D0
)

and δm mass window requirements, we are left with ∼ 180k signal candidates
with a purity of 95.8%.

Probability values for the no-CP violation hypothesis are calculated for three different bin-
ning schemes: 15, 29, and 66 phase space bins. They are found to be 97.1%, 95.6%, and 99.8%
respectively; all consistent with no CP violation.



]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

10

20

30 LHCb(a)

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

2

4
6

8

10

12
LHCb(b)

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

10

20

30 LHCb(c)

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

200

400

600

800

1000 LHCb(d)

]2c) [MeV/-µ+µ+!m(
1850 1900 1950 2000

)2 c
Ca

nd
id

at
es

 / 
(5

 M
eV

/

0

10

20

30

40 LHCb(e)

Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 2: Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−)

bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger lines with
m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black)
and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the
signal (light green line), the peaking background (solid area) and the non-peaking background
(dashed line).
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Figure 5: Invariant D+
(s) spectra for (a) low-q2, (b) η, (c) ρ/ω, (d) φ, and (e) high-q2 regions. In each case, the

shaded grey component represents misidentified D+
(s) → π+π+π− decays, the dashed black line represents the

non-peaking background, and the signal component is shown as a solid green line.

4 Search for rare D decays and lepton number violation

4.1 Search for non-resonant D+
(s) → π+µ+µ− decays

Flavour-Changing Neutral Current (FCNC) decays can only occur at the loop level, and are
highly suppressed by the GIM mechanism. Although they are well established inB+ → K+µ+µ−

and K+ → π+µ+µ− decays 9,10, branching fractions for c→ uµ+µ− transitions are predicted to
be much smaller in the Standard Model 11,12,13 (∼ 1× 10−9). We present a search 14 for the rare
decays D+

(s) → π+µ+µ−. The best previous branching fraction upper limits (at 90% confidence)

are B (D+ → π−µ+µ+) < 3.9 × 10−6 and B (D+
s → π−µ+µ+) < 2.6 × 10−5, published by the

D0 15 and FOCUS 16 Collaborations respectively.
For the analysis presented here, the data are split into five bins of q2 = m (µ+µ−) in order

to separate the decays that proceed via µ+µ− resonances (η, ω, ρ, φ) from the non-resonant
high-q2 (1250 − 2000 MeV/c2) and low-q2 (250 − 525 MeV/c2) regions. The resonant decays
D+

(s) → π+φ with φ → µ+µ− are used as normalisation modes. Fits to the D+
(s) invariant mass

spectra in the five q2 bins are shown in Fig. 5, where the main peaking background is identified
as D+

(s) → π+π+π− decays where two oppositely charged pions are misidentified as muons. No

significant signals are found in the low- and high-q2 regions. When extrapolating to the full
phase space for the non-resonant decays, we obtain 90 (95)% confidence limits on the branching
fractions of

B
(
D+ → π+µ+µ−

)
< 7.3 (8.3)× 10−8,

B
(
D+

s → π+µ+µ−
)
< 4.1 (4.8)× 10−7.

4.2 Search for the lepton number violating decay D+
(s) → π−µ+µ+

Lepton Number Violation (LNV) is forbidden in the Standard Model, and may only proceed
via lepton mixing (mediated by a Majorana neutrino 17, for example). We present a search
for the LNV violating decays D+

(s) → π−µ+µ+. The previous best 90% confidence limits are

B (D+ → π−µ+µ+) < 2× 10−6 and B (D+
s → π−µ+µ+) < 1.4× 10−5, which were published by

the BaBar Collaboration 18.
Here, the search is performed 14 by fitting the invariant mass of π−µ+µ+ combinations. The

data are divided into four regions of m (π−µ+) in order to increase the statistical significance
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Figure 3: Invariant mass distributions for D+
(s)→ π−µ+µ+ in the four m(π−µ+) regions. Shown

are (a) bin 1, (b) bin 2, (c) bin 3, and (d) bin 4. The data are shown as black points and the
total PDF (dark blue line) is overlaid. The components of the fit are also shown: the signal (light
green line), the peaking background (solid area) and the non-peaking background (dashed line).
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Figure 4: Background-subtracted m(µ+µ−) spectrum of (a) D+ → π+µ+µ− and (b) D+
s →

π+µ+µ− candidates that pass the final selection. The inset shows the φ contribution, and the
main figure shows the η and the ρ/ω contributions. The non-peaking structure of the low and
high-m(µ+µ−) regions is also visible.

8

Figure 6: Invariant mass distributions for π−µ+µ+ combinations in regions (a) 250 < m
(
π−µ+

)
< 1140 MeV/c2,

(b) 1140 < m
(
π−µ+

)
< 1340 MeV/c2, (c) 1340 < m

(
π−µ+

)
< 1540 MeV/c2, (a) 1540 < m

(
π−µ+

)
<

2000 MeV/c2. The peaking background is shown as solid grey, the non-peaking background as a dashed black
line, and the signal as a green line.

of any observed signal peak, because we expect the Majorana neutrino to appear in only one
region. The region boundaries are defined as 250, 1140, 1340, 1540, and 2000 MeV/c2. Invariant
mass fits are shown in Fig. 6, where the main peaking backgrounds are misidentified D+

(s) →
π+π+π− decays. No significant signal is observed in any of the m (π−µ+) bins, which allows the
determination of 90 (95)% confidence limits on the branching fractions of

B
(
D+ → π−µ+µ+

)
< 2.2 (2.5)× 10−8,

B
(
D+

s → π−µ+µ+
)
< 1.2 (1.4)× 10−7.

5 Conclusions

The LHCb experiment has recorded some of the world’s largest samples of charm hadron decays,
allowing the study of charm physics with unprecedented precision. Here we have presented the
latest charm results using 1.0 fb−1 of data collected in 2011 at

√
s = 7 TeV.

By fitting the time dependent ratio of WS/RS D → Kπ decays, neutral D meson oscillations
are observed for the first time in a single measurement with a significance of 9.1 standard
deviations. Comparing the five-dimensional Dalitz space of D0 and D0 decays to π−π+π−π+

reveals no evidence of local CP asymmetries. We find no evidence of the rare decays D+
(s) →

π+µ+µ− and significantly improve the upper limits of their branching fractions. In addition, a
search for the LNV processes D+

(s) → π−µ+µ+ is performed. The data are found to be consistent
with the background-only hypothesis which leads to an improvement on the upper limits of the
branching fractions by a factor of ∼ 100.
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