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1. Introduction

The Standard Model (SM) of particle physics incorporates �% violation through a single
complex phase in the Cabibbo–Kobayashi–Maskawa (CKM) matrix [1]. �% violation has been
observed in kaon and beauty meson systems [2–4]. Very recently, it has also been observed in
neutral charm meson decays by the LHCb experiment [5]. However, the amount of �% violation
predicted by the SM is too small to account for the matter–antimatter asymmetry of the Universe [6],
implying that new sources of �% violation need to be uncovered. The combination of CKM
elements responsible for �% violation in the charm sector is Im(+21+∗D1/+2B+

∗
DB) ≈ −6 × 10−4.

This corresponds to �% asymmetries of the order of 10−4 to 10−3, hence leaving room to significant
New Physics enhancements [7, 8].

Neutral charmmesons can change their flavour and turn into their antimeson counterpart before
decaying. This process is referred to as �0 − �0 mixing. The mass eigenstates of neutral charm
mesons can be expressed as a function of their flavour eigenstates as

|�1,2〉 = ? |�0〉 ± @ |�0〉, (1)

where ? and @ are complex parameters satisfying |? |2+|@ |2 = 1, and the convention that |�1〉 (|�2〉)
is the �% even (odd) eigenstate in the limit of �% symmetry is adopted. The �0 − �0 oscillations
are described by the dimensionless parameters G = (<1 −<2)22/Γ and H = (Γ1 − Γ2)/(2Γ), where
<1(2) and Γ1(2) are the mass and decay width of the �1(2) state, respectively, and Γ is the average
decay width [9]. The charm mixing parameters are measured to be small, G = (3.7 ± 1.2) × 10−3

and H = (6.8 + 0.6
− 0.7) × 10−3 [10]. A departure of G from zero still needs to be discovered.

CP violation phenomena in the charm sector can be split into three families:

• CP violation in the decay occurs when the magnitudes of the decay amplitudes of the �0

meson to a final state 5 and of a �0 meson to the �%-conjugate state 5 differ (|� 5 | ≠ |� 5 |).
This type of �% violation is often referred to as direct �% violation;

• CP violation in the mixing appears if |@/? | ≠ 1;

• CPviolation in the interference betweenmixing and decay arises if the value of q_ 5
≡ arg

(
@

?

� 5

� 5

)
differs from zero or c.

The last two families are sometimes combined into the term indirect �% violation.
The LHCb detector has collected copious samples of charm decays with excellent time, mo-

mentum and tracking resolutions, and particle identification performances [11, 12]. Therefore, it
provides a unique laboratory to study mixing and indirect �% violation properties of charm decays.

2. Search for time-dependent �% violation in �0 →  + − and �0 → c+c− decays

The time-dependent asymmetry between �0 and �0 decays to a common final state 5 ,

��% ( 5 , C) =
Γ(�0 → 5 , C) − Γ(�0 → 5 , C)
Γ(�0 → 5 , C) + Γ(�0 → 5 , C)

, (2)
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is equal to
��% ( 5 , C) ≈ �decay

�%
( 5 ) + Δ. 5

C

g�0
, (3)

up to the first order in the mixing parameters, where g�0 is the lifetime of the �0 meson and
�

decay
�%
( 5 ) is the �% asymmetry in the decay. The slope of ��% ( 5 , C) is approximately equal to

Δ. 5 ≈ Gq_ 5
− H

(���� @? ���� − 1
)
+ H�decay

�%
( 5 ) . (4)

The first two terms are due to �% violation in the interference between mixing and decay and to �%
violation in the mixing, respectively, while the last term arises from�% violation in the decay and is
estimated to be much smaller than current experimental sensitivities [5, 10, 13]. A departure of Δ. 5
from zero would be a signal of �% violation. The current SM model expectations for Δ. 5 are at the
level of 10−5 or less [14–17], even though enhancements up to 10−4 from non-perturbative strong-
interaction effects are not excluded [15, 16]. Furthermore, at the current level of precision, the
final-state dependence of Δ. 5 is predicted to be negligible, meaning that Δ. + − ≈ Δ.c+c− [18].
Consequently, the weighted average of Δ. + − and Δ.c+c− is denoted as Δ. ; its current world
average value is Δ. = (3.1 ± 2.0) × 10−4 [10].

The recent measurements of Δ. + − and Δ.c+c− have been performed using the full LHCb
Run 2 dataset (2015–2018), corresponding to an integrated luminosity of 6 fb−1 [19]. The �0 → 5

candidates are obtained from prompt �∗+(2010) → �0c+ decays,1 where the charge of the pion
tags the flavour at production of the �0 meson. The analysis procedure is validated by measuring
the analogue of Δ. 5 for �0 →  −c+ decays. The parameter Δ. −c+ is known to be smaller
than 0.3 × 10−4 at 90% confidence level [18]. This cross-check measurement benefits from the
very high yield of the �0 →  −c+ sample. The two main background contributions come from
the combinatorial background of the proton–proton (??) collisions and the nuisance contribution
of �∗+ candidates coming from � mesons (called secondary decays). The contribution to the
measurement of these two background components is subtracted by means of dedicated data-driven
methods. The signal yields of the �0 →  −c+, �0 →  + +, and �0 → c+c− samples amount
to 519, 58, and 18 million candidates, respectively. The corresponding <(�0c+) distributions are
shown in Fig. 1.

The signal yields allow to reach a precision on Δ. at the level of 10−4. At such precision,
it is crucial to control instrumental biases. The polarity of the LHCb dipole magnet is reversed
periodically to point upwards (MagUp) and downwards (MagDown). For a given magnet polarity,
the tagging pion induces large �0 − �0 momentum-dependent detection asymmetries along the
horizontal plane. The trigger requirements set to remove a large fraction of the combinatorial
background from the ?? collisions correlate the �0 kinematics and decay time, and therefore make
these tagging pion detection asymmetries time-dependent, thus biasing the measurement. These
nuisance asymmetries are removed by equalising the kinematics of �0 and �0 candidates. This
correction procedure is developed by studying the sample of �0 →  −c+ decays (Fig. 2). It allows
to obtain a compatibility of Δ. −c+ with zero within an uncertainty of 0.5 × 10−4, thus validating
the analysis procedure at very high precision.

1Hereafter, the �∗+ (2010) meson is referred to as �∗+.
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Figure 1: Distribution of <(�0c+tag) for �0 →  −c+ (left), �0 →  + − (middle) and �0 → c+c− (right)
candidates. The signal window and the sideband window employed to remove the combinatorial background
(grey filled area) through a dedicated sideband subtraction procedure are delimited by the vertical dashed
lines. Fit projections are overlaid.
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Figure 2: Left: Normalised distributions of �0 transverse momentum for different bins of �0 decay time,
where decay time increases from blue to yellow colour. Right: Fits to Δ. − c+ for the sample (red) before
and (black) after the equalisation of �0 and �0 kinematics, respectively. Both plots are obtained with the
2016 subsample collected with the MagUp polarity.

The procedure is then employed to fit for Δ. + − and Δ.c+c− . The fits to the time-dependent
asymmetries are shown in Fig. 3. The parameters Δ. + − and Δ.c+c− are measured to be

Δ. + − = (−2.3 ± 1.5 ± 0.3) × 10−4 ,

Δ.c+c− = (−4.0 ± 2.8 ± 0.4) × 10−4 .
(5)

The final valuemeasured by the LHCb experiment with the Run 1 and 2 data samples, corresponding
to 9 fb−1 of integrated luminosity, is obtained by combining the two above measurements with those
reported in Refs. [20–22], and is equal to

Δ. = (−1.0 ± 1.1 ± 0.3) × 10−4 . (6)
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Figure 3: Fits to the time-dependent asymmetry Δ. + − (left) and Δ.c+ c− (right) using the full LHCb Run 2
dataset.

This value of Δ. is consistent with the �% symmetry and constitutes the world’s most precise
determination of this quantity. The LHCb experiment plans to have additional runs of data taking,
starting in 2022. It is expected that by the year 2035, LHCb will collect a data sample of 300 fb−1,
allowing the statistical uncertainty of Δ. to reach the level of 10−5 [23], similar in precision to the
SM expectation.

3. Observation of the mass difference between neutral charm-meson eigenstates

The �0 →  0
(
c+c− decay displays a very rich resonant structure and can be used to measure

precisely the mixing and �% violation parameters G, H, |@/? | and q ≡ arg(@/?), where the last
parameter equals q_ 5

when neglecting final-state dependent contributions and its definition is based
on a convenient choice of the conventions for meson and quark phases [16]. These quantities are
determined from a time-dependent fit to the Dalitz plot of this decay. A dedicated method, called
the bin-flip method [24], was specifically developed for this kind of measurement. The bin-flip
method is a model-independent approach avoiding the need of a detailed modelling of the efficiency
and resolution effects across the Dalitz plane, and a precise amplitude model of the complex
�0 →  0

(
c+c− decay. This is achieved by partitioning the Dalitz plot into regions (bins) set to

preserve nearly constant strong-phase differences between the �0 and �0 amplitudes within each
bin [25]. The method is optimised for the determination of the parameter G and therefore probes
with high precision the mass difference between the neutral charm-meson eigenstates �1 and �2.

The parametrisation of the phase space of the �0 →  0
(
c+c− decay is described in the Dalitz

plane with the parameters <2
± ≡ <2( 0

(
c±) for �0 decays and <2

± ≡ <2( 0
(
c∓) for �0 decays (left

plot of Fig. 4). For each interval of �0 decay-time, and each spatial region of constant strong-phase
difference, depicted in the right plot of Fig. 4 and indexed ±1, the ratio of the number of decays in
the negative Dalitz-plot bin (−1) to its positive counterpart (+1) is measured as

'±1 (C) ≈ A1 −
√
A1 [(1 − A1) 21H − (1 + A1) B1G]

C

g�0
, (7)

where '±
1
is the yield ratio for initially produced �0(�0) mesons, A1 ≡ '±1 (C = 0), and 21 and B1

are the cosine and sine of the strong-phase differences between positive and negative Dalitz-plot
bins, averaged over the Dalitz bin, and are measured at charm factories [25, 26].

A previous LHCbmeasurement using the full LHCbRun 1 dataset (2011–2012, 3 fb−1) reported
the first evidence of a non-zero mass difference between neutral charm-meson eigenstates, yielding
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Figure 4: Left: Dalitz plot of the �0 →  0
(
c+c− decay. Right: Binning scheme of the 8 regions with

constant strong-phase difference denoted as ±1.

G = (3.9+1.1−1.2) ×10−3 [27]. The analysis presented in this document relies on the LHCb Run 2 dataset
(2016–2018), corresponding to an integrated luminosity of 5.4 fb−1 [28]. As in the measurement
presented in Sect. 2, �0 candidates are obtained from prompt �∗+ → �0c+ decays, where the pion
tags the flavour of the �0. The online event selection consists of a hardware and two software stages.
At the hardware stage, the selection is performed based on information from the calorimeters and
the muon chambers. At the software stage, tracks with high quality, high momenta, good particle
identification criteria and found to be significantly displaced from the primary vertex (PV) are
selected. Finally, in the offline selection, specific kinematic constraints are constructed, forcing the
tracks to form vertices according to the decay topology. There are two categories of reconstructed
candidates: in the first category  0

(
mesons decay early enough for their pion bachelors to be

reconstructed in all tracking detectors; while in the second category  0
(
mesons decay such that

pion track segments cannot be formed in the vertex detector that surrounds the ?? interaction
region. Secondary �0 decays are suppressed by requiring the �0 momentum to point back to the
PV. The signal yield is determined by fitting the distribution of the mass difference between �∗+

and �0 candidates, denoted as Δ<, and amounts to 31 million events (Fig. 5).
The fits to the time-dependent yield ratios (Eq. 7) in each region 1 are shown in Fig. 6. For

the �%-averaged yield ratios (left plots), deviations from constant values are due to mixing. In
particular, the results of the fit (blue line) are incompatible with those where G is fixed to zero (red
dashed line). The right plots display the differences of ratios between �0 and �0 decays, where a
significant slope would correspond to the presence of �% violation.

The results for the mixing and �% violation parameters are

G = (3.98 +0.56
−0.54) × 10−3 ,

H = (4.6 +1.5−1.4) × 10−3 ,

|@/? | = 0.996 ± 0.052 ,
q = −0.056 +0.047

−0.051 rad .

(8)
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Figure 5: Fit to the Δ< distribution.

2 4 6 8
0.45

0.455

0.46

0.465

1
R

2 4 6 8

τ /t

0.255

0.26

0.265

2
R

0.28

0.29

0.3

3
R

0.62

0.64

0.66

4
R

0.59

0.6

0.61

5
R

0.19

0.195

0.2

6
R

0.0905

0.0933

0.0962

0.099

7
R

0.21

0.215

0.22

0.225

8
R

LHCb
-15.4 fb

Averaged Data Averaged Fit

   )x=0Averaged Fit (

2 4 6 8

0.01−

0

0.01

1−
R 

−
1+

R

2 4 6 8

τ /t

0.01−

0

0.01 2−
R 

−
2+

R

0.01−

0

0.013−
R 

−
3+

R

0.05−

0

0.05

4−
R 

−
4+

R

0.02−

0

0.02

5−
R 

−
5+

R

0.01−

0

0.01

6−
R 

−
6+

R

0.005−

0

0.005

7−
R 

−
7+

R 0.005−

0

0.005 8−
R 

−
8+

R

LHCb
-15.4 fb

      

Averaged Data Averaged Fit

Figure 6: Left: Time-dependent �%-averaged yield ratios of initially-produced �0 and �0 candidates for
each of the 8 Dalitz-plots bins. Fit projections are overlaid. Right: Differences of �0 and �0 yield ratios.

The parameter G is measured to be inconsistent with zero with a significance of seven standard
deviations. This constitutes the first observation of a non-zero mass difference between neutral
charm-meson eigenstates. The improvement on the knowledge of the mixing and �%-violation
parameters is shown in Fig. 7. All results are compatible with �% symmetry.

4. Conclusion

The two analysis reported in this document both reach unprecedented precision in probing
mixing and �% violation effects in charm decays. The new measurement of Δ. constitutes the
world’s most precise determination of this quantity, with a sensitivity of 10−4. In addition, the
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Figure 7: Improvement of the world average values of G and H (left), and |@/? | and q (right). The contours
in blue obtained before the results of this measurement do not include the measurement of Δ. presented in
Sect. 2.

study of the three-body structure of the �0 →  0
(
c+c− decay provides the first observation of a

non-zero mass difference between neutral charm-meson eigenstates. The high statistics of these
two measurements do not allow yet for an evidence of time-dependent �% violation, owing to the
smallness of �%-violating effects in the charm sector. The next LHCb data-taking periods will
decrease the statistical uncertainties on mixing and �%-violating parameters by up to one order of
magnitude [23], allowing to test the predictions of the SM.
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