
P
o

S
(

W
I

F
A

I
2

0
2

5
)

0
4

2

Sensitivity to mixing and CP violation in 𝑫0 → 𝑲0
𝑺𝝅

+𝝅−

decays with 2024 LHCb data

Anelli Alessia𝑎,𝑏,∗
𝑎Università degli Studi di Milano-Bicocca,
Piazza dell’Ateneo Nuovo 1, 20126 Milano, Italy

𝑏INFN Sezione di Milano-Bicocca,
Piazza della Scienza 3, 20126 Milano, Italy

E-mail: alessia.anelli@cern.ch

The 𝐷0 → 𝐾0
𝑆
𝜋+𝜋− decay channel plays a central role in precision studies of charm mixing and

indirect CP violation. The status of the time-dependent binned analysis of this decay is presented
using data collected by the LHCb experiment during Run 3 in 2024.
This dataset benefits from the fully software-based trigger system introduced in Run 3, which
significantly enhances the efficiency for reconstructing hadronic charm decays. In particular, the
new GPU-accelerated HLT1 trigger selects tracks based on displacement and kinematic properties
using a refined approach compared to the Run 2 hardware-based system, which relied heavily on
calorimetry.
This results in a nearly threefold increase in signal yield per unit luminosity, as well as a substantial
reduction in trigger-induced correlations between decay time and Dalitz plot position, which were
previously a dominant source of systematic uncertainty.
The analysis strategy is presented, demonstrating improved sensitivity to the mixing and CP-
violating parameters 𝑥 and 𝑦. The results highlight the impact of the upgraded LHCb trigger
system in enabling more precise and robust charm physics measurements.
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1. Introduction

The study of neutral meson mixing and 𝐶𝑃 violation plays a central role in testing the flavour
sector of the Standard Model (SM) and probing possible contributions from physics beyond it. In
the charm sector, these effects are particularly interesting due to the strong suppression expected in
the SM, which makes the 𝐷0 system a sensitive laboratory for indirect searches of new physics.

Neutral 𝐷 mesons can oscillate into their antiparticles through a second-order weak interaction
process. The physical eigenstates of the system are linear combinations of the flavour eigenstates
and can be written as

|𝐷1,2⟩ = 𝑝 |𝐷0⟩ ± 𝑞 |𝐷̄0⟩, |𝑝 |2 + |𝑞 |2 = 1. (1)

In the limit of 𝐶𝑃 symmetry, the oscillations can be parametrised by two dimensionless quantities,

𝑥 =
Δ𝑚

Γ
, 𝑦 =

ΔΓ

2Γ
, (2)

where 𝑚1,2 and Γ1,2 are the mass and decay width of the CP-even/odd eigenstate 𝐷1,2 and Γ is the
average decay width.

In contrast to the 𝐾 and 𝐵 systems, the values of 𝑥 and 𝑦 in the charm sector are very small,
reflecting the interplay of short- and long-distance contributions and making theoretical predictions
particularly challenging. This enhances the importance of precise experimental measurements.

This report presents the status of the analysis of 𝐷0 → 𝐾0
𝑆
𝜋+𝜋− decays using 2024 Run 3

data collected by the LHCb experiment, with particular emphasis on the bin-flip method and the
improvements introduced by the upgraded trigger strategy.

1.1 𝐶𝑃 Violation in 𝐷0 Decays

In the neutral 𝐷0 meson system, 𝐶𝑃 violation can arise through three distinct mechanisms,
each probing different aspects of the underlying dynamics.

The first source is 𝐶𝑃 violation in mixing, which arises when the probability for a 𝐷0 meson
to oscillate into a 𝐷̄0 differs from that of the reverse process. A deviation from unity of the ratio
|𝑞/𝑝 | signals 𝐶𝑃 violation in the mixing amplitude.

The second source is 𝐶𝑃 violation in decay, which occurs when the magnitude of the decay
amplitude for a given process differs from that of its 𝐶𝑃-conjugate, i.e. |A(𝐷0 → 𝑓 ) | ≠ |Ā (𝐷̄0 →
𝑓 ) |.

The third source is𝐶𝑃 violation in the interference between mixing and decay, which is relevant
when a final state 𝑓 is accessible to both 𝐷0 and 𝐷̄0. In this case, the amplitudes for direct decay
and decay following oscillation interfere, and the time-dependent decay rates become sensitive to
the 𝐶𝑃-violating phase

𝜙 ≡ arg
(
𝑞

𝑝

Ā 𝑓

A 𝑓

)
. (3)

Multibody decays such as 𝐷0 → 𝐾0
𝑆
𝜋+𝜋− are particularly powerful in this context. The rich

resonant structure of the Dalitz plot allows one to exploit the variation of strong phases across the
phase-space, enhancing the sensitivity to both mixing parameters and 𝐶𝑃 violation effects. This
feature is crucial for model-independent approaches such as the bin-flip method.
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1.2 State of the Art for the 𝐷0 → 𝐾0
𝑆
𝜋+𝜋− Channel

Significant progress in the study of charm mixing has been achieved in recent years across
several decay modes. In this section, results obtained using the 𝐷0 → 𝐾0

𝑆
𝜋+𝜋− decay channel are

highlighted.
The LHCb collaboration reported in 2021 the first observation of a non-zero mass difference

in the 𝐷0 system [1], with a significance exceeding 7𝜎. The corresponding mixing parameters are
measured to be 𝑥 =

(
3.98+0.56

−0.54

)
× 10−3 and 𝑦 =

(
4.6+1.5

−1.4

)
× 10−3.

More recently, measurements from the Belle and Belle II experiments [2] have provided
complementary determinations using the same decay channel. Assuming no 𝐶𝑃 violation, they
obtain 𝑥 = (4.0 ± 1.7 ± 0.4) × 10−3 and 𝑦 = (2.9 ± 1.4 ± 0.3) × 10−3, which are consistent with
their previous measurements.

1.3 The Bin-Flip Method

The bin-flip method provides a model-independent approach to extract mixing and𝐶𝑃 violation
parameters in multibody decays such as 𝐷0 → 𝐾0

𝑆
𝜋+𝜋−. This decay receives contributions from

both Cabibbo-favoured (CF) and doubly-Cabibbo-suppressed (DCS) amplitudes, whose interference
across the Dalitz phase-space gives sensitivity to the mixing parameters.

The analysis is performed in terms of the Dalitz variables𝑚2
± ≡ 𝑚2(𝐾0

𝑆
𝜋±), with the convention

depending on whether the initial state is a 𝐷0 or a 𝐷̄0. The Dalitz plane is partitioned into bins
defined such that the strong-phase difference between 𝐷0 and 𝐷̄0 decay amplitudes is approximately
constant within each bin [3].

A key feature of the method is the division of the phase-space into two symmetric regions,
corresponding approximately to CF- and DCS-dominated contributions. In particular, bins are
labelled by an index 𝑏 such that regions with𝑚2

+ > 𝑚
2
− are associated with CF-dominated amplitudes

(+𝑏), while those with 𝑚2
+ < 𝑚

2
− correspond to DCS-dominated contributions (−𝑏).

The observables of the analysis are ratios of signal yields in pairs of symmetric Dalitz bins,
studied as a function of the decay-time. For each bin 𝑏, one defines

𝑅𝑏 (𝑡) =
𝑁−𝑏 (𝑡)
𝑁+𝑏 (𝑡)

, (4)

where 𝑁±𝑏 (𝑡) denotes the yield in the corresponding bin at decay-time 𝑡. These ratios are directly
sensitive to the mixing parameters through their time dependence, which arises from the interference
between CF and DCS amplitudes.

Overall, the bin-flip method allows for a direct extraction of the mixing and 𝐶𝑃 violation
parameters without relying on an explicit amplitude model, while retaining sensitivity to the strong-
phase variation across the Dalitz plane.

2. The LHCb Detector

The LHCb detector [4, 5] is a single-arm forward spectrometer designed to study hadrons
containing 𝑏 and 𝑐 quarks in proton–proton collisions at the Large Hadron Collider, covering the
pseudorapidity range 2 < 𝜂 < 5.
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It features a high-precision tracking system, including a silicon vertex detector surrounding
the interaction region, tracking stations located upstream and downstream of a dipole magnet, and
a large-area tracking system. This configuration provides excellent momentum resolution, precise
impact parameter measurements, and accurate reconstruction of primary and secondary vertices.
Charged particle identification is achieved using ring-imaging Cherenkov detectors, complemented
by calorimeter and muon systems.

Reconstructed tracks are classified as long or downstream. Long tracks traverse the full
detector and provide optimal momentum and vertex resolution, while downstream tracks, lacking
vertex detector information, are essential to retain efficiency for long-lived particles such as 𝐾0

𝑆

mesons.
In Run 3, the LHCb trigger system is fully software-based, following the removal of the

hardware Level-0 stage. It consists of two stages: the first high-level trigger (HLT1), which
performs a fast reconstruction of the event and applies inclusive selections based on kinematic and
topological variables, reducing the event rate to O(100 kHz), and the second stage (HLT2), which
applies a full event reconstruction and exclusive selections for specific decay channels, further
reducing the rate to O(10 kHz).

This upgraded trigger strategy significantly improves the selection efficiency with respect
to Run 2 and reduces trigger-induced correlations and systematic effects, which are particularly
relevant for time-dependent analyses such as the study of mixing and 𝐶𝑃 violation in 𝐷0 decays.

3. Run 3 Analysis

3.1 Trigger and Dataset

Several trigger strategies are employed in this analysis, providing complementary acceptance
for the signal. These include inclusive selections based on single tracks (OneTrack), pairs of tracks
(TwoTrack), and trigger-independent-of-signal (TIS) candidates, as well as dedicated selections
targeting specific decay topologies.

In particular, an exclusive selection is used to reconstruct the full 𝐷0 → 𝐾0
𝑆
𝜋+𝜋− decay at

the trigger level. Additional selections focus on the reconstruction of the 𝐾0
𝑆

candidate itself.
The combination of these trigger paths enhances the overall signal efficiency and allows access to
different regions of phase-space.

The analysis is performed using 2024 data corresponding to an integrated luminosity of ap-
proximately 9 fb−1. Both long (LL) and downstream (DD) track categories are considered, allowing
the inclusion of 𝐾0

𝑆
candidates with different reconstruction topologies.

The dataset is divided into several data-taking blocks to account for variations in detector and
reconstruction conditions during the data-taking period. This subdivision is essential to control
effects related to alignment and calibration, which can impact both the selection efficiency and the
signal extraction.

3.2 Signal Yields

Signal yields are determined from fits to the distribution of the mass differenceΔ𝑚 = 𝑚(𝐷∗+)−
𝑚(𝐷0), which exhibits a narrow signal peak over a smooth combinatorial background.
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The signal component is modelled using a combination of a Johnson SU function and a
Gaussian distribution, which accurately describes both the core resolution and the asymmetric tails
of the Δ𝑚 peak. The background contribution is described by a threshold function to accounts for
the kinematic threshold behaviour of the combinatorial background.

Signal yields are extracted independently for each data-taking block, trigger category, and track
type (long and downstream), allowing for a detailed control of variations in detector conditions and
selection efficiencies.

3.3 Experimentally Induced Correlations

Efficiency variations across the Dalitz phase-space and decay-time introduce experimentally
induced correlations that can bias the measurement of the bin-flip observables. In particular, the
efficiency does not factorise into independent contributions of phase-space and decay-time, and
therefore needs to be carefully accounted for.

A full correction would in principle require knowledge of the three-dimensional efficiency
as a function of phase-space coordinates and decay-time, which is not feasible with the available
statistics and computational resources. Instead, the adopted strategy exploits a key feature of the
bin-flip method: at first order, the ratios of yields in symmetric Dalitz bins are insensitive to overall
efficiency variations, provided that the decay-time acceptance is uniform across the phase-space.

The approach therefore, focuses on removing correlations between decay-time and phase-space
variables. This is achieved by estimating relative efficiencies directly from data using a background-
subtraction technique based on sWeights [6]. The data are binned in phase-space and decay-time
variables, with finer binning at low decay-times to capture rapid variations in the acceptance.

Under the assumption of negligible direct 𝐶𝑃 violation in the bin-flip ratios, decay-time dif-
ferences observed across the phase-space are attributed solely to efficiency effects. The resulting
efficiency maps are then used to correct the measured yields and ensure that the decay-time accep-
tance is effectively uniform across the Dalitz plane.

Compared to Run 2, the efficiency maps obtained in Run 3 exhibit a reduced variation across
the phase space, indicating a more uniform efficiency across the Dalitz plane, as illustrated in Fig. 1.
This would result in a smaller impact of efficiency-related systematic uncertainties.

3.4 Results and Prospects

Run 3 data show a significant increase in signal yields compared to Run 2, with approximately
a factor of three improvement for the main trigger selections. This gain is primarily driven by the
fully software-based trigger and the improved acceptance of key trigger lines.

The analysis is currently ongoing, with continuous improvements in the control of efficiency ef-
fects and in the modelling of the signal extraction. A detailed evaluation of systematic uncertainties
is also in progress. The main sources of systematic effects considered include the acceptance cor-
rection procedure, the modelling of phase-space and decay-time resolution, possible contributions
from secondary decays, detection asymmetries in the 𝜋+𝜋− system, and 𝐾0

𝑆
regeneration effects.

Studies of the expected sensitivity indicate that the precision on the mixing parameters 𝑥 and
Δ𝑥 scales approximately with the increase in integrated luminosity from Run 2 to the 2024 Run 3
dataset. In contrast, a significantly improved sensitivity is observed for the parameter 𝑦, exceeding
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Figure 1: 2D projections of the efficiency 𝜖 (𝑡 | ®Ω) as a function of decay-time and 𝑚2
𝜋𝜋 , integrated over

| cos 𝜃𝜋𝜋 |, for (left) Run 2 and (right) Run 3. The red boxes in Run 3 plots indicate the cells corresponding
to the minimum and maximum efficiency values in each map.

the naive expectation based on luminosity scaling. While this behaviour is partially consistent with
the improved acceptance of the trigger selection in Run 3, further studies are ongoing to investigate
whether residual biases or analysis effects could contribute to this enhancement.
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