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1. Introduction

The charm sector in the Cabibbo-Kobayashi-Maskawa matrix reveals unique properties. The
D0− D̄0 system is the only up-type quark meson system for which particle-antiparticle mixing is
possible. Charge-parity (CP) violation through mixing, on the other hand, is expected to be very
suppressed according to the standard model (SM) with estimated asymmetries of O(10−4) or less.
Direct CP violation from Cabibbo-suppressed decays could reach a few per-mille level according
to recent calculations [1].

Here we report results for mixing measurement and direct CP violation searches pursued with
data collected by the LHCb detector during 2011, from pp collisions at a centre-of-mass energy of
7 TeV, corresponding to 1 fb−1 of integrated luminosity.

2. Observation of D0−D0 mixing

The phenomena of mixing in neutral-meson systems occur when the flavour eigenstates differ
from the mass eigenstates. The difference in the mass ∆m and in the widths ∆Γ of the two states
are assessed through the measurement of the mixing parameters x≡ ∆m/Γ and y = ∆Γ/2Γ, where
Γ is the average decay width.

We present here a measurement of mixing parameters through the study of the time-dependent
ratio of “wrong sign” (WS) D0→ K+π− decay rate1 with respect to that of the “right sign” (RS)
D0 → K−π+ [2]. The RS process is essentially the Cabibbo-favoured (CF) decay, while the WS
decay may proceed either directly via the Double-Cabibbo-suppressed (DCS) amplitude or via an
oscillation followed by the CF decay. The knowledge of the initial flavour state of the D0 meson at
production is essential; the decay chain D∗+→ D0π+ gives this information by the charge of the
companion π+ (here referred to as slow pion, π+

s , due to its low momentum).
Assuming the conservation of charge-parity (CP) symmetry and |x|, |y|� 1, the time-dependent

ratio WS/RS is given by

R(t)≈ RD +
√

RD y ′
t
τ
+

x ′2 + y ′2

4

( t
τ

)2
(2.1)

where RD is the ratio of DCS to CF decay rates, t is the measured D decay time, τ is the D lifetime,
and x ′ and y ′ are related to x and y by a rotation through the strong phase between the CF and the
DCS amplitudes.

We select a sample of 3.6×104 WS and 8.4×106 RS signal candidates obtained from fits to
the D0π+

s mass spectrum. The data is divided in 13 time decay-time intervals, with approximately
the same number of events, and the ratio WS/RS decays is obtained for each interval. A binned χ2

fit is performed to this ratio distribution, as shown in Fig. 1, to determine the mixing parameters.
We obtain RD = (3.52±0.15)×10−3, y ′ = (7.2×2.4)×10−3 and x ′2 = (−0.09±0.13)×10−3.
The same distribution is fitted to a constant to obtain the significance of the mixing result. The
no-mixing hypothesis is excluded at 9.1 standard deviations (σ ), as can be seen also in Fig. 1. This
is the first single-measurement observation of D0−D0 mixing.

1Unless otherwise explicitly stated, charge conjugation states are implied through this text.
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Figure 1: (left) Fit to the WS/RS ratio time intervals; (right) contours in the x′2−y′ plane and the no-mixing
point.

3. Search for CP violation in 4-body D0 decays

Multi-body Cabibbo-suppressed charm decays are interesting environments for the search
of direct CP violation due to the rich, interfering resonant structure. The decay modes D0 →
K−K+π−π+ and D0 → π−π+π−π+ are investigated for signs of localised CP effects within the
five-dimensional (5D) phase space in a model-independent way. The Cabibbo-favored decay
D0→ K−π+π−π+, with much higher statistics and for which no CP violation is expected, is used
as a control mode to guarantee that no localised asymmetries due to production or detection are
present. The flavour of the D0 at production is identified through the decay chain D∗+→ D0π+

s .
After applying a selection criteria to reduce backgrounds (see details in [4]) a fit is performed

to the samples and the sPlot tool [3] is used to assign signal weights to the candidates. There are
5.7×104 and 3.3×105 candidates for D0→ K−K+π−π+ and D0→ π−π+π−π+ signal channels,
respectively, while there are 2.9×106 candidates for the control channel D0→ K−π+π−π+. The
samples are searched for localised asymmetries by dividing the 5D the phase space into bins with
the same occupancy (adaptive bins) and calculating the significance

Si
CP =

Ni(D0)−αNi(D0)√
α
[
σ2

i (D0)+σ2
i (D0)

] , α =
∑i Ni(D0)

∑i Ni(D0)
(3.1)

where Ni is the sum of signal weights in bin i, σ2
i is the sum of squared weights, and the nor-

malization factor α removes global asymmetries. A p-value for the no-CP violation hypothesis is
obtained through a χ2 statistic, χ2 = ∑i

(
Si

CP

)2, with degrees of freedom equal to the total number
of bins minus one.

Studies based on pseudo-experiments show that, with the current statistics, the method is sen-
sitive to phase differences of O(10◦) or an amplitude difference greater than 5% between the main
D0 and D0 resonant channels appearing in the signal modes.

The method is first applied to the control channel to check for the possible presence of local
asymmetries not related to CP violation and for different number of adaptive bins, 16, 128, and
1024. The p-values obtained are respectively 34.8, 80.0, and 22.1%, indicating the absence of
local asymmetries. The distribution of the SCP values for the 128 adaptive bins is shown in Fig. 2
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Figure 2: SCP distributions for (left to right) D0→K−π+π−π+, D0→K−K+π−π+ and D0→ π−π+π−π+.

showing agreement with a Gaussian distribution (overlaid) with zero mean and unit deviation, as it
should be expected for SCP driven by statistical effects only.

The study is then performed for the signal channels. Due to the limited statistics, to gain
sensitivity the choices for the number of adaptive binnings used for the D0→ K−K+π−π+ mode
are 16, 32, and 64. The p-values are found to be respectively 9.1, 9.1, and 13.1%. For D0 →
π−π+π−π+ mode, 64, 128, and 256 binnings are used and the p-values obtained are 28.8, 41.0,
and 61.7%, respectively.

For both channels, these results show consistency with the hypothesis of no CP violation.

4. ∆ACP(KK−ππ) measurements

We review the results on the difference in time-integrated CP asymmetries between D0 →
K−K+ and D0 → π−π+ decays. A previous measurement, with part of the 2011 data and using
D∗+ → D0π+

s chain to tag the D0 flavour, has shown a 3.5σ evidence for a non-null difference
[5]. Here we present a preliminary update of that analysis, with full 2011 data [6], as well as
an independent analysis using semi-leptonic B decays [7], where the charge of the muon tags the
flavour of the D0 meson at production. These two analyses will be referred to here as “πs-tagged”
and “µ-tagged”, respectively.

The decay-time-dependent CP asymmetry for D0 decays to a CP eigenstate is defined as the
difference in the decay widths for particle and antiparticle to that given final state over their sum.

The observable ∆ACP ≡ ACP(K−K+)−ACP(π
−π+) is given to first order by

∆ACP = adir
CP(K

−K+)−adir
CP(π

−
π
+)+

∆〈t〉
τ

aind
CP (4.1)

where adir
CP( f ) and aind

CP( f ) represent the direct and induced CP violation asymmetry terms; the latter
is expected to be small compared to the former, making this primarily a measurement sensitive to
direct CP violation. On the other hand what is indeed measured is the raw asymmetry - e.g., the
asymmetry in the observed number of D0and D0 candidates. This asymmetry could receive con-
tributions from production and detection mechanisms. Since both modes are self-conjugate final
states, no detection asymmetry is expected for the KK and ππ pairs. For the πs-tagged analysis, the
production asymmetry due to D∗+ and the detection asymmetry for π+

s are expected to cancel for
∆ACP since they are common, to first order, to both modes. The same holds for the B production
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and µ+ detection effects in the µ-tagged analysis. Thus

∆ACP ≈ Araw(K−K+)−Araw(π
−

π
+); Araw( f ) =

N(D0→ f )−N(D0→ f )
N(D0→ f )+N(D0→ f )

. (4.2)

After selection criteria are applied, for the πs-tagged analysis there are 2.24×106 and 0.69×
106 candidates for D0→K+K− and D0→ π+π−, respectively. Details of the analysis can be found
in [6]. The final result for the πs-tagged analysis is

[∆ACP]πs−tagged = (−0.34±0.15stat±0.10sys)% .

The µ-tagged analysis selects 5.89× 105 and 2.22× 105 candidates for D0 → K+K− and
D0 → π+π−, respectively. Details of the analysis can be found in [7]. The final result for the
µ-tagged analysis is

[∆ACP]µ−tagged = (+0.49±0.30stat±0.14sys)% .

The two results can be combined to give the average ∆adir
CP = (−0.15± 0.16)%. LHCb does

not confirm the previous result on ∆ACP [5]. No evidence for CP violation is found.

5. Search for CP violation in D+→ φπ+ and D+
s → K0

S π+

A search for direct CP violation is performed in the Cabibbo-suppressed mode D+→K−K+π+

in the φπ+ region of the Dalitz plot, specifically requiring 1.00 < mKK < 1.04 GeV/c2. We will
be referring to this as simply D+→ φπ+. The Cabibbo-favoured mode D+→ K0

S π+ is used as a
control channel. The CP asymmetry in the D+→ φπ+ is, to first order,

ACP(D+→ φπ
+) = Araw(D+→ φπ

+)−Araw(D+→ K0
S π

+)+ACP(K0/K0) (5.1)

where the last term accounts for the expected CP asymmetry from neutral kaons an Araw is the raw
asymmetry from the number of selected signal candidates for D+ and D−.

In addition, a search for CP violation is performed to the mode D+
s → K0

S π+, also Cabibbo-
suppressed. In this case the control channel used is D+

s → φπ+ and similarly the CP asymmetry is
given by

ACP(D+
s → K0

S π
+) = Araw(D+

s → K0
S π

+)−Araw(D+
s → φπ

+)+ACP(K0/K0) . (5.2)

In both measurements it is assumed that asymmetries from production and detection of D+

and D− cancel in the difference between signal and control channel raw asymmetries.
A third measurement is performed by taking advantage by the rapidly-varying strong phase

across the φπ+ region in the D+ → K−K+π+ Dalitz plot. A constant CP-violating asymmetry
would be modulated by this strong phase and there could be a cancellation when computing ACP

(Eq. 5.1) when different parts of the φπ+ are added. A complementary observable is defined as

ACP|S =
1
2
[
(AA

raw +AC
raw)− (AB

raw +AD
raw)
]

(5.3)

where the regions A,B,C,D, for which the raw asymmetries are calculated, are shown in Fig. 3.
Details of the analysis can be found at [8]. The results are

5



P
o
S
(
E
P
S
-
H
E
P
 
2
0
1
3
)
3
4
7

Charm mixing and CP violation at LHCb Carla Göbel

]4c/2) [GeV+π- (K2m
1 1.2 1.4 1.6 1.8

]4 c/2
) 

[G
eV

+
K-

 (
K

2
m

1

1.01

1.02

1.03

1.04

1.05

1.06

1.07

1.08

R
el

at
iv

e 
ca

nd
id

at
e 

de
ns

ity
 (

a.
u.

)

0

500

1000

1500

2000

2500

3000

3500

4000

LHCbLHCb

D C

A B

Figure 3: Definition of the four regions A, B,C, D around the φπ+ region of the D+ → K−K+π+ Dalitz
plot. The distribution is the observed density of selected candidates.

ACP(D+→ φπ+) = (−0.04±0.14±0.14)%
ACP|S(D+→ φπ+) = (−0.18±0.17±0.18)%
ACP(D+

s → K0
S π+) = (+0.61±0.83±0.14)%

No evidence for CP violation is found in these modes.

6. Conclusion

We have presented here results for mixing and searches for CP violation in charm decays with
data from LHCb experiment collected during 2011, corresponding to 1 fb−1 in pp-collisions at 7
TeV. No evidence for CP violation in charm was found. Mixing in D0−D0 system is observed,
with the no-mixing hypothesis excluded at 9.1σ .

References

[1] J. Brod, A. L. Kagan and J. Zupan, Size of direct CP violation in singly Cabibbo-suppressed D decays,
Phys. Rev. D86 (2012) 014023; B. Bhattacharya, M. Gronau and J. L. Rosner, CP asymmetries in
singly-Cabibbo-suppressed D decays to two pseudoscalar mesons, Phys. Rev. D 85 (2012) 054014.

[2] Aaij, R. et al., Observation of D0−D0 oscillations, Phys. Rev. Lett. 110 (2013) 101802.

[3] M. Pivk and F. R. Le Diberder, sPlot: a statistical tool to unfold data distributions, Nucl. Instrum.
Meth. A555 (2005) 356.

[4] Aaij, R. et al., Model-independent search for CP violation in D0→ K−K+π−π+ and
D0→ π−π+π+π− decays, to appear in Phys. Lett. B, ArXiv:1308.3189.

[5] R. Aaij et al., Evidence for CP violation in time-integrated D0→ h+h− decay rates, Phys. Rev. Lett.
108 (2012) 111602.

[6] R. Aaij et al., A search for time-integrated CP violation in D0→ K+K− and D0→ π+π− decays,
LHCb-CONF-2013-003.

[7] R. Aaij et al., Search for direct CP violation in D0→ h+h− modes using semileptonic B decays, Phys.
Lett. B723 (2013), 33,

[8] Aaij, R. et al., Search for CP violation in D+→ φπ+ and D+
s → K0

S π+ decays, JHEP 06 (2013), 112.

6


