
Model-independent measurement of charm mixing parameters
in B̄ → D0ð→ K0

Sπ
+π − Þμ− ν̄μX decays

R. Aaij et al.*

(LHCb Collaboration)

(Received 16 August 2022; accepted 7 October 2022; published 6 September 2023)

A measurement of charm mixing and CP-violating parameters is reported, using B̄→D0ð→ K0
Sπ

þπ−Þ×
μ−ν̄μX decays reconstructed in proton-proton collisions collected by the LHCb experiment during the

years 2016 to 2018, corresponding to an integrated luminosity of 5.4 fb−1. The measured mixing and
CP-violating parameters are xCP ¼ ½4.29� 1.48ðstatÞ � 0.26ðsystÞ� × 10−3, yCP ¼ ½12.61 � 3.12ðstatÞ �
0.83ðsystÞ� × 10−3, Δx ¼ ½−0.77 � 0.93ðstatÞ � 0.28ðsystÞ� × 10−3, Δy ¼ ½3.01 � 1.92ðstatÞ �
0.26ðsystÞ� × 10−3. The results are complementary to and consistent with previous measurements.
A combination with the recent LHCb analysis of D�þ → D0ð→ K0

Sπ
þπ−Þπþ decays is reported.

DOI: 10.1103/PhysRevD.108.052005

I. INTRODUCTION

Flavor oscillation is the transition between a neutral
flavored meson and its antiparticle. In the Standard Model
(SM) of particle physics, this transition is mediated by
charged-current weak interactions, involving the exchange
of two virtual W bosons. A contribution from unknown
massive virtual particles could interfere with the SM
oscillation amplitude. This phenomenon is hence sensitive
to physics beyond the SM at large scales [1].
The oscillation occurs because the quark mass terms in

the SM Lagrangian cannot be simultaneously diagonalized
with the weak coupling terms. The mass eigenstates of the
neutral charm meson can be written as linear combinations
of the flavor eigenstates as jD1;2i ¼ pjD0i � qjD̄0i, where
p and q are complex parameters satisfying the normaliza-
tion condition jpj2 þ jqj2 ¼ 1. The quantities m1;2 and Γ1;2
are the mass and decay width of the D1;2 states, respec-
tively. The oscillation can be described with two dimen-
sionless parameters,

x ¼ ðm1 −m2Þc2=Γ; ð1Þ
y ¼ ðΓ1 − Γ2Þ=ð2ΓÞ; ð2Þ

where Γ ¼ ðΓ1 þ Γ2Þ=2 is the average decay width.
In this formalism, CP violation in mixing can manifest

itself through a deviation of jq=pj from unity. If the D0 and
D̄0 mesons decay to a common final state f, a nonzero

phaseϕf ≡ argðqĀf=pAfÞ can arise fromCP violation in the
interference between mixing and decay. Here, Af (Āf)
denotes the D0→f (D̄0 → f) decay amplitude. If CP
symmetry is conserved in the decay amplitude, the CP-
violating phase is final-state independent and denoted as ϕ.
The parameters of interest are expressed in terms of the

CP-averaged mixing parameters
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and the CP-violating differences
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Absence of CP violation (jq=pj ¼ 1, ϕ ¼ 0) implies
xCP ¼ x, yCP ¼ y, and Δx ¼ Δy ¼ 0.
Oscillations in the K and B meson systems are well

established [2–5]. The evidence and observation of D0–D̄0

oscillations were reported much later by the BABAR [6],
Belle [7] and LHCb [8] collaborations, because of the
small oscillation probability governed by the size of the x
and y parameters. The value of x has only recently been
measured to significantly differ from zero [9]. Moreover,
CP violation in the charm sector has been experimentally
confirmed much later than in the K and B meson systems.
To date, only a single measurement with significance
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greater than 5σ exists [10] for the difference in time-
integrated CP violation in D0 → K−Kþ and D0 → π−πþ
decays.1 There have been no experimental indications of
CP violation in mixing or in the interference between
mixing and decay of neutral charm mesons thus far. The
current world averages of mixing and CP-violating param-
eters are [11]

x ¼ ð0.409þ0.048
−0.049Þ × 10−2;

y ¼ ð0.615þ0.056
−0.055Þ × 10−2;

jq=pj ¼ 0.995� 0.016;

ϕ ¼ −0.044� 0.021 rad:

The self-conjugate decay D0 → K0
Sπ

þπ− provides direct
access to both the charm mixing and CP-violating param-
eters. Using this decay, with the D0 produced in the decay
chain D�þ → D0ð→ K0

Sπ
þπ−Þπþ, the LHCb collaboration

reported the first observation of a nonzero value for the x
parameter [9].
This paper presents a measurement of charm mixing

parameters in D0 → K0
Sπ

þπ− decays reconstructed in
proton-proton (pp) collision data, collected by the LHCb
experiment between 2016 and 2018 (Run 2), corresponding
to an integrated luminosity of 5.4 fb−1. The D0 mesons
originate from semileptonic decays of b hadrons of the
form B̄ → D0ð→ K0

Sπ
þπ−Þμ−ν̄μX, where the D0 flavor is

determined from the charge of the muon. The measurement
is based on the so-called bin-flip approach, an improved
model-independent method, based on [12,13], that sup-
presses biases due to a nonuniform event reconstruction
efficiency as a function of phase space and decay-time [14].
This measurement complements the above-mentioned
analysis of D�þ → D0ð→ K0

Sπ
þπ−Þπþ decays [9]. The

independent data sample of D0 mesons from semileptonic
decays allows to sample the low decay-time region,
which is not accessible to the D�þ → D0ð→ K0

Sπ
þπ−Þπþ

decays analysis. The procedure of the analysis presented
here is mostly aligned with that reported in Ref. [9]. A
combination of the two results is performed to exploit the
increased data sample size and wider coverage of D0

decay-time.

II. THE LHCb DETECTOR

The LHCb detector [15,16] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors

and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV=c. The
minimum distance of a track to a primary pp collision
vertex (PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29=pTÞ μm, where pT is the compo-
nent of the momentum transverse to the beam, in GeV=c.
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors.
Photons, electrons and hadrons are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional
chambers. The online event selection is performed by a
trigger, which consists of a hardware stage, based on
information from the calorimeter and muon systems,
followed by a software stage, which applies a full event
reconstruction.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [17]
with a specific LHCb configuration [18]. Decays of
unstable particles are described by EvtGen [19], in which
final-state radiation is generated using PHOTOS [20]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [21]
as described in Ref. [22].

III. ANALYSIS METHOD

The analysis is based on the bin-flip method proposed in
Ref. [14]. It is a model-independent approach, optimized
for the measurement of the mixing parameter x, which
avoids the need for an accurate modeling of the efficiency
variation across phase space and decay-time. The relevant
aspects of the method are summarized below.
The D0→K0

Sπ
þπ− decay dynamics is embodied in a

Dalitz plot, parametrizedwith the squared two-bodymasses,

m2
� ≡

�
m2ðK0

Sπ
�Þ for D0 → K0

Sπ
þπ−decays

m2ðK0
Sπ

∓Þ for D̄0 → K0
Sπ

þπ−decays
: ð7Þ

The parameters of interest are obtained from time-
dependent ratios of yields in bins symmetric with respect
to the principal bisector of the Dalitz plot, which is defined
bym2þ ¼ m2

−. The region defined bym2þ > m2
− (m2þ < m2

−)
is called the lower (upper) region of the Dalitz plot. Among
possible intermediate resonances, the D0 meson decay can
proceed through a Cabibbo-favored (CF) path viaK�−πþ or
a doubly Cabibbo-suppressed (DCS) path via K�þπ−.
These paths populate specific regions in the Dalitz plot,

as can be seen in Fig. 1 (left). The decays proceeding
through the CF path dominate in the lower part of the Dalitz1Charge conjugation is implied throughout the paper.
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plot, while the DCS transitions populate the upper part of
the plot. The ratio of decays in these two regions of the
Dalitz plot does not change with time in the absence of
mixing. In the presence of mixing, theD0 mesons that have
oscillated and decay via the CF path populate the same
region as nonmixed mesons decaying via the DCS path.
Measuring the time evolution of the ratio between the
yields in those regions gives access to the mixing param-
eters. Separating the data sample by flavor further allows
the measurement of CP-violating parameters.

The Dalitz space is divided into bins such that each bin b
in the lower part of the Dalitz plot has a corresponding bin
−b in the upper part of the Dalitz plot.
A scheme with eight pairs of bins as proposed by

CLEO [23] is used, where bins are chosen such that the
strong phase difference between the D0 and D̄0 amplitudes
is nearly constant in each bin. The binning scheme is
depicted in Fig. 1 (right). The data are further divided into
ten equipopulated bins with the following edges in the
measured D0 decay-time,

½0.00; 0.155; 0.285; 0.42; 0.57; 0.74; 0.94; 1.20; 1.58; 2.22; 20.00�τD0 ; ð8Þ

where τD0 is the world-average value of theD0 lifetime [5]. The yields are measured for each initial flavor of theD0 meson,
Dalitz bin and decay-time bin.
For small mixing parameters and in the limit of CP-conserving decay amplitudes, the ratio of yields between the Dalitz

bin −b and the Dalitz bin þb in the decay-time bin j can be expressed as [14]

R�
bj ≈

rb þ 1
4
rbht2ijRe

�
z2CP − Δz2 þ 1

4
ht2ijjzCP � Δzj2 þ ffiffiffiffiffi

rb
p htij



Re½X�

bðzCP � ΔzÞ�
1þ 1

4
ht2ijRe

�
z2CP − Δz2 þ rb 1

4
ht2ijjzCP � Δzj2 þ ffiffiffiffiffi

rb
p htij



Re½XbðzCP � ΔzÞ�

; ð9Þ

where the þ (−) sign refers to the D0 (D̄0) initial flavor.
Here htij (ht2ij) is the average of the decay-time (squared)
of unmixed decays in units of τD0 , rb is the decay-time
independent ratio of signal yields between bins −b andþb,
zCP � Δz≡ −ðq=pÞ�1ðyþ ixÞ, and Xb ≡ cb − isb, where
cb and sb are the amplitude-weighted averages of the cosine
and sine of the strong-phase difference over the Dalitz
bin �b. The mixing and CP-violating parameters are
determined by performing a simultaneous fit of the R�

bj

expressions to the measured yield ratios. Equation (9) is
valid if time-dependent variations of the Dalitz plot
efficiency are negligible. Time-independent efficiency

variations in the Dalitz phase space do not affect the
extraction of the mixing and CP-violating parameters,
which relate to zCP and Δz as

xCP ¼ −ImðzCPÞ; Δx ¼ −ImðΔzÞ; ð10Þ

yCP ¼ −ReðzCPÞ; Δy ¼ −ReðΔzÞ: ð11Þ

The analysis steps are described in the following para-
graphs, with references to specific sections given where
applicable. Section IV explains the initial selection of
the data, which includes a multivariate analysis (MVA)
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FIG. 1. (Left) D0 Dalitz plot of reconstructed B̄ → D0ð→ K0
Sπ

þπ−Þμ−ν̄μX decays for the D0 flavor and (right) definition of the
binning scheme proposed by CLEO [23].
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dedicated to the suppression of the combinatorial back-
ground. The bin-flip method assumes no correlation
between decay-time and Dalitz-space coordinates, as it
integrates over Dalitz and decay-time bins separately.
Experimentally induced correlations, caused by nonuni-
form selection efficiencies, are removed through a combi-
nation of simulation-based and data-driven methods,
which is described in detail in Sec. V. Validation tests
are performed to confirm that any remaining re-
construction and selection effects do not affect the final
result and hence do not need to be explicitly accounted for.
These studies are later used to construct realistic pseu-
doexperiment models for the study of systematic uncer-
tainties.
The data, weighted according to the decorrelation

method, are split into bins of Dalitz space and decay-time,
and separated according to the D0 meson initial flavor. The
data are further categorized as LL or DD depending on
whether the K0

S meson decay products are reconstructed as
long or downstream tracks. Long tracks are reconstructed
from hits in both the VELO and the downstream tracking
stations. Downstream tracks do not use any hit information
from the VELO. The data is not split by data-taking year or
magnet polarity, and cross-checks are performed to validate
that there is no dependence of the results on data taking
conditions.
Unbinned maximum likelihood fits to the invariant-mass

distribution of the reconstructed D0 mesons are performed
for each category and bin to extract the signal yields. The fit
model includes signal and combinatorial background com-
ponents. The signal is described by a sum of a Johnson SU
function [24] and a bifurcated Gaussian function. The
combinatorial background is modeled with a first-order
(second-order) Chebyshev polynomial for the K0

S LL (DD)
category.
Equation (9) requires as inputs the averages of t ¼ τ=τD0

and t2 in each time bin j, where τ is the proper decay-time
and τD0 the average D0 lifetime. They are computed as

htij ¼
P

iwitiP
iwi

and ht2ij ¼
P

iwit2iP
iwi

; ð12Þ

where the sum is over the selected candidates i in decay-
time bin j and in the lower part of the Dalitz plot (as this
area is dominated by decays of mesons that did not undergo
mixing), and wi is the product of a signal weight obtained
from the mass fit using the sPlot method [25] and a weight
from the decorrelation procedure.
The mixing and CP-violating parameters are determined

using a least-squares fit of the R�
bj expressions of Eq. (9) to

the 2 × 2 × 8 × 10 × 2 ¼ 640 measured yields N�
�bjk and

their uncertainties σ��bjk in all bins and categories. The χ2

function

χ2 ¼
X8
b

X10
j

X
k¼LL;DD

� ðNþ
−bjk − Nþ

þbjkR
þ
bjÞ2

ðσþ−bjkÞ2 þ ðσþþbjkR
þ
bjÞ2

þ ðN−
−bjk − N−

þbjkR
−
bjÞ2

ðσ−−bjkÞ2 þ ðσ−þbjkR
−
bjÞ2

�
þ χ2X ð13Þ

is minimized, where the Gaussian penalty term

χ2X ¼
X8
b

X8
b0

ðXext
b − XbÞðV−1

extÞbb0 ðXext
b0 − Xb0 Þ ð14Þ

represents external constraints on the eight complex quan-
tities Xb from the combined determinations Xext

b (with
statistical and systematic covariance matrix Vext) of the
CLEO and BESIII measurements [26].
The free parameters of the χ2 minimization are xCP, yCP,

Δx, Δy, and the eight ratios rb. The results are presented
in Sec. VII.
The systematic uncertainties are discussed in Sec. VI.

They are determined using generated pseudoexperiments
that apply reconstruction and selection effects to an
amplitude model in order to obtain a realistic description
of the data.
This analysis complements the measurement of mixing

and CP-violating parameters with the bin-flip method
using D0 mesons from the decay chain D�þ → D0ð→
K0

Sπ
þπ−Þπþ [9]. Section VIII presents a combination of

the two sets of results, which is done by performing a
simultaneous fit to the two samples.

IV. CANDIDATE SELECTION

Candidates are reconstructed in the decay chain
B̄ → D0ð→ K0

Sπ
þπ−Þμ−ν̄μX, where X represents possible

additional decay products that are not reconstructed. The
K0

S candidates are reconstructed from two oppositely
charged pion tracks either in the LL or DD category
(see Sec. III). At least one displaced, high-transverse-
momentum muon is required. An MVA algorithm is used
to select candidates conforming to a topology of an n-body
(n ¼ 2, 3, 4) decay of a b-hadron, where at least one of the
tracks must be a muon. A fit [27] is then performed on
the selected candidates, constraining the D0 decay tracks
to a common origin vertex and the K0

S mass to its world
average value [5]. The analysis uses the reconstructed D0

mass mðK0
Sπ

þπ−Þ and decay-time variables obtained from
this fit. The Dalitz-plot coordinates are determined in
another fit in which the D0 mass is constrained to its
known value [5].
Combinatorial background is further suppressed with a

dedicated MVA, namely a boosted decision tree (BDT)
classifier [28]. The signal and background distributions for
the training are obtained through the sPlot technique using
the fit to the mðK0

Sπ
þπ−Þ distribution. The signal range is
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½1795; 1935� MeV=c2. The BDT employs topological and
kinematic variables related to the reconstructed b hadron:
the quality of the primary and secondary vertices, the
difference in the vertex-fit χ2 of the PV reconstructed
with and without the decay products of the b-hadron,
the flight distance, the cosine of the angle between the
momentum and the vector connecting the primary and
secondary vertices, and the corrected mass mcorr ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2ðD0μ−Þ þ p2⊥ðD0μ−Þ

p
þ p⊥ðD0μ−Þ, where mðD0μ−Þ

is the invariant mass of the D0μ− combination and
p⊥ðD0μ−Þ is the component of its momentum
perpendicular to the b hadron flight direction. The only
variables related to the b-hadron children are the transverse
momenta of the muon and the reconstructed D0 meson. A
gradient boosting algorithm is used with uniform regulari-
zation (uBoost) [29]. A manual 6-fold cross-validation is
implemented [30].
A requirement on the BDT output variable is optimized

by maximizing the signal significance, defined as
Nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsig þ Nbkg

p
, where Nsig and Nbkg are the numbers

of signal and background events, obtained from fits to the
D0 mass distribution. The optimal points are computed
separately for eachK0

S category. Validation tests support the
strategy of using a single value for all data-taking years.
The selection retains 80% (73%) of the signal candidates
and increases the signal purity from 26% (21%) to 79%
(59%) for the LL (DD) sample. Duplicated tracks that
originate from the same physical particle are removed
for the LL sample by rejecting candidates using tracks for
which the slope in the VELO is too similar to that of
another track in the event. For the DD sample, in addition
to the requirement on the track slopes, a large enough
difference in the reconstructed momentum is required for
any two tracks. If there are multiple candidates in the event
after the clone tracks removal, a single randomly chosen
candidate is retained.
The yields are extracted through a fit to mðK0

Sπ
þπ−Þ

distribution. The total signal yields after the full selection

are 1.24 × 106 (2.48 × 106) for the LL (DD) sample. The
K0

Sπ
þπ− invariant-mass distribution after the selection is

shown in Fig. 2, with fit results superimposed.

V. DECORRELATION

An important assumption of the analysis method is that
there are no experimentally induced correlations between
phase-space coordinates and the D0 candidate decay-time,
such that it is possible to integrate separately over the Dalitz
bins and in bins of decay-time to obtain the decay-time-
independent coefficients rb and Xb.
Such a correlation has already been observed in the

analysis of the decay D�þ → D0ð→ K0
Sπ

þπ−Þπþ [9,31].
In this data sample, it is induced mainly by the online
software selection for n-body hadronic b hadron decays
(n ¼ 2, 3, 4) [32]. The selection requires that 2, 3 or 4
tracks form a single displaced vertex. In the case of
B̄ → D0ð→ K0

Sπ
þπ−Þμ−ν̄μX, one of the tracks is required

to be a muon, and all other tracks must come from the
children of the D0 meson. Hence, the selection favors
configurations where the D0 meson decays close to the
B-meson vertex, introducing a correlation between the
Dalitz coordinates and the D0 decay-time. This is shown
in Fig. 3, where the dependence of the squared invariant
mass of the two final-state pions, m2ðπþπ−Þ, on the
normalized D0 meson decay-time τ=τD0 is reported. The
figure shows the signal yields, normalized to the maximum
yield, in eachm2ðπþπ−Þ bin as a function ofD0 decay-time.
Due to the known small values of the mixing parameters [11]
and the D0 → K0

Sπ
þπ− amplitude model [33], the correla-

tion between m2ðπþπ−Þ and the D0 decay-time caused by
the mixing effect is negligible at the current sample size.
Therefore, the correlation observed in Fig. 3 is induced

by the online software selection only.
Using B̄ → D0ð→ K0

Sπ
þπ−Þμ−ν̄μX simulated events, the

efficiency of the online selection is determined as a
function of the D0 decay-time, m2ðπþπ−Þ and cos θπþπ− ,
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FIG. 2. K0
Sπ

þπ− invariant-mass distribution of (left) DD and (right) LL K0
S candidates after all selection requirements, with fit results

superimposed.
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where θπþπ− is the angle between the direction vector of the
πþπ− pair in the D0 meson rest frame and the direction
vector of either pion in the πþπ− rest frame. Note that each
m2ðπþπ−Þ bin comprises events from both sides of the
bisector of the Dalitz plot, thus the effect of mixing, which
changes the ratios in Eq. (9) as a function ofD0 decay-time,
is not present here. The efficiency in this phase space is
smoothed and the inverse of the efficiency is assigned as a
weight to each signal candidate in data. This efficiency
correction suppresses to a large extent the correlation
induced from the online selection effects.
A further decorrelation procedure based on data is

applied to remove the small remaining correlation. It is
determined from the background-subtracted data, once the
weights obtained from the simulation have been applied. A
decorrelation weight is derived as the inverse of the relative
proportion of signal candidates observed in eachD0 decay-
time and m2ðπþπ−Þ bin as is done in Fig. 3. In this way,
a uniform decay-time acceptance is achieved, without
knowledge of the absolute efficiency. Each candidate is
thus weighted with the product of the weight from
simulation and the data-driven decorrelation weight.
From the weighted data sample, yields are extracted for
each Dalitz and D0 decay-time bin, and fitted with the bin-
flip method in Sec. VII. The same combined weight is
included to generate realistic pseudoexperiments in Sec. VI
to validate the method used in this analysis. A similar
decorrelation procedure has been used by LHCb in
Refs. [9,31].

VI. SYSTEMATIC UNCERTAINTIES

Pseudoexperiments are used to assess the systematic
uncertainties and to validate the analysis procedure. The
pseudoexperiments are generated by sampling the decay-
time-dependent decay rate using the Belle model [33] to
describe the amplitudes at t ¼ 0. The mixing and CP-
violating parameters are included according to the mea-
sured values. Phase-space and decay-time acceptance

effects are modeled on simulated samples. The correlation
between the D0 decay-time and the Dalitz plot coordinates
is generated using the inverse of the decorrelation weights
determined in Sec. V. For each set of pseudoexperiments,
these weights are fluctuated within their statistical uncer-
tainties. The pseudoexperiment data can then be processed
in exactly the same manner as the collision data. Samples
are generated separately for each of the K0

S categories, and
processed separately up until the last step when all samples
are combined to determine the mixing and CP-violating
parameters.
To determine the systematic uncertainty due to a given

source, pseudodata are generated with the effect in question
included. Performing the fit on this dataset determines the
bias on the results ensuing from this effect, which however
includes statistical effects. This is denoted as the default fit.
An additional reference fit is performed where the effect in
question is not present or has been corrected for. The
difference between the two results represents the systematic
uncertainty from the source under consideration.
In Sec. VI A, the reference fit is performed with the

pseudodata generated without any detector effects. For
determining the rest of the systematic uncertainties, the
reconstruction and selection effects are included in the
pseudodata in order to represent the data realistically. To
avoid double-counting, in these cases the reference fit is the
default fit from Sec. VI A.

A. Reconstruction and selection effects

As mentioned above, the reconstruction and selection
effects are incorporated into the pseudodata using the
acceptance and resolution models obtained from simula-
tion, and the weights from the decorrelation method.
The dominant systematic uncertainties on yCP are due to

the neglected decay-time and Dalitz-coordinate resolutions,
as well as efficiency variations. Some biases arise inΔx and
Δy due to the correlation between resolutions of the Dalitz
coordinates, stemming from the K0

S mass constraint.

FIG. 3. Relative efficiency as a function ofD0 decay-time andm2ðπþπ−Þ as determined from B̄ → D0ð→ K0
Sπ

þπ−Þμ−ν̄μX candidates,
separately for (left) DD and (right) LL K0

S candidates. The distributions are smoothed using bilinear interpolation.
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In order to have pseudoexperiments which represent the
actual data and to be sure to assess the true effect of the
different systematic sources under a realistic setting, these
effects are included in all the subsequent studies presented
in this section. To avoid double counting of these effects,
this baseline bias is included as a systematic uncertainty
once, and then the effect of the additional systematic
uncertainty sources is calculated with respect to it.

B. Detection asymmetries

The reconstruction efficiency for tracks originating from
charged pions varies between the positive and negative
charges and depends on momentum. In the D0 → K0

Sπ
þπ−

decay, this affects the efficiency across the Dalitz plot with
respect to its bisector and introduces an artificial flavor
asymmetry between the D0 and D̄0 mesons. This induces a
bias on the measurement of the CP-violating parameters
Δx and Δy.
The asymmetry in the D0 → K0

Sπ
þπ− sample is esti-

mated using two Cabibbo-favored Dþ
s decays: Dþ

s →
πþπþπ− and Dþ

s → ϕð→ KþK−Þπþ. The Dþ
s decay chan-

nels are selected with requirements as similar as possible to
those for the D0 → K0

Sπ
þπ− decays. In the case of the

Dþ
s → πþπþπ− decay, the uncorrected, measured asym-

metry comprises the asymmetry of a pion pair πþπ−, Aπþπ−
det ,

the single pion detection asymmetry, AdetðπþÞ, the Dþ
s

meson production asymmetry, AprodðDþ
s Þ, and the asym-

metry from the online event selection of the Dþ
s meson,

AtrigðDþ
s Þ. Similar components appear for the Dþ

s →

ϕð→ KþK−Þπþ decay, with the exception of the Aπþπ−
det

component. The asymmetry from KþK− is ignored as ϕ →
KþK− is a self-conjugate decay in which the phase-space
of the kaons is identical, thus canceling any reconstruction
asymmetry effect. Hence, the asymmetries from these two
decays can be expressed to first order as

AmeasðDþ
s → πþπþπ−Þ ¼ AprodðDþ

s Þ þ AtrigðDþ
s Þ

þ AdetðπþÞ þ Aπþπ−
det ; ð15Þ

AmeasðDþ
s → ϕð→ KþK−ÞπþÞ ¼ AprodðDþ

s Þ þ AtrigðDþ
s Þ

þ AdetðπþÞ; ð16Þ

where in the Dþ
s → πþπþπ− decay, one of the pion of

equal electric charge is paired randomly with the π−,
and the other pion corresponds to the pion in the Dþ

s →
ϕð→ KþK−Þπþ decay. To first approximation, the differ-
ence in uncorrected asymmetries between the two Dþ

s
decay modes is equal to

Aπþπ−
det ¼ AmeasðDþ

s → πþπþπ−Þ
− AmeasðDþ

s → ϕð→ KþK−ÞπþÞ: ð17Þ

These quantities vary over phase-space and kinematic
distributions of the Dþ

s meson. A gradient boosting
reweighting algorithm [34] is implemented to equalize
the kinematic distributions of the Dþ

s and D0 meson
samples in each bin of m2ðπþπ−Þ, j cos θπþπ− j and D0

decay-time.
The obtained Aπþπ−

det are independent of the Dalitz region
and D0 decay-time. They are found to be −0.017� 0.013
and −0.010� 0.016 for DD and LL K0

S candidates, thus
compatible with zero. These values are incorporated in the
pseudoexperiment data in addition to the baseline configu-
ration to determine the associated systematic uncertainty.

C. Mass fit model

The bin-flip method deals with ratios of yields between
the upper and lower parts of Dalitz plot, which are
kinematically similar. The analysis is therefore robust
against the choice of a fit model, which will affect the
numerator and denominator of the ratios in the same way.
However, a possible systematic bias is examined by
considering an alternative mass fit model.
The systematic uncertainty from the mass fit is estimated

by changing the signal PDF from the Johnson distribution
to a crystal ball function [35]. The sensitivity to the choice
of the background model is investigated with an alternative
polynomial model. The joint alternative fit models are
implemented in a fit on the same pseudodata as described in
Sec. VI A. The systematic effect in the final measurement is
found to be very small, confirming that the measurement is
very robust with regard to the choice of the fit models.

D. Unrelated D0μ− combinations

The data sample has some contamination from D0μ−

combinations in which the muon does not come from
the decay of the same b hadron as the D0 candidate. As the
flavor of the D0 meson is identified from the charge of the
accompanying muon, combinations with a random muon
have a 50% chance of wrongly tagging the initial flavor
of the D0 meson. Additionally, the decay-time of the D0

candidate is wrongly estimated, as it is extrapolated to a
wrong production vertex.
The probability of wrongly tagging the flavor of a

candidate is determined using the B− → D0ð→ K−πþÞ×
μ−X decay channel, where it can be estimated by compar-
ing the sign of the kaon and muon after accounting for
mixing effects and contributions from doubly Cabibbo-
suppressed decays [36]. It is further calibrated using so-
called doubly tagged samples of both D0 → K−πþ and
signal decays. Doubly tagged events come from a decay
chain B̄0 → D�þð→ D0πþÞμ−ν̄μX, where the flavor of the
D0 can be determined using both the charge of the muon
from the semileptonic B meson decay, as well as from the
charge of the pion from the D�þ meson decay. The decay
chain B− → D0μ−X is henceforth referred to as single-tag.

MODEL-INDEPENDENT MEASUREMENT OF CHARM MIXING … PHYS. REV. D 108, 052005 (2023)

052005-7



Once the wrong-tag probability is established, the system-
atic uncertainty due to unrelated D0μ− combinations is
determined through pseudoexperiments.
The D0 → K−πþ samples can be processed with the

same requirements as the signal decays, since no variables
related to the daughters of the D0 meson are used in the
MVA selection described in Sec. IV. Aweighing procedure
using a gradient boosting reweighter [34] is implemented to
match the kinematics of the D0 → K−πþ samples to that of
the D0 → K0

Sπ
þπ− decay. Topological variables related to

the B meson decay including the B decay vertex χ2, the
transverse momenta of the μ and D0 candidates, and the
pseudorapidity of the D0 meson are used as training
variables. The procedure is applied separately for single-
and doubly tagged events, as the quantities related to the B
decay vertex differ significantly due to the different number
of charged tracks used in the reconstruction. The proba-
bility of wrongly tagging the D0 → K−πþ decays is
determined as

Rwrong tag

1þ Rwrong tag
; ð18Þ

where Rwrong tag is the ratio between yields of the wrong-
sign sample and right-sign sample. Wrong and right sign
refer to the matching or opposite charges of the muon and
kaon for single-tag events, and of the muon and pion from
the D�þ decay for the doubly tagged events. The yields are
extracted from a fit to the D0 invariant mass distribution.
The wrong-tag probability is determined for each decay-
time bin separately, but is found to be time-independent and
a single value is used for the full sample. The two K0

S
categories however need to be treated separately, as the
dedicated BDTs perform differently.
The wrong-tag probabilities determined for doubly

tagged D0 → K0
Sπ

þπ− and D0 → K−πþ decays show good
consistency. The difference is quantified as a ratio, which
deviates from unity by a few per cent. The ratio is applied as

a scaling factor to the wrong-tag probability obtained from
the single-tagD0 → K−πþ sample, to produce the expected
wrong-tag probability in the signal channel B̄ →
D0ð→ K0

Sπ
þπ−Þμ−ν̄μX: ð0.301� 0.016Þ% for the DD

sample and ð0.125� 0.010Þ% for the LL sample. The
fraction of unrelated D0μ− combinations is twice the
measured wrong-tag rate, since such combinations have
a 50% probability to be assigned the wrong charge. An
ensemble of pseudoexperiments is generated, where for the
events representing an unrelated D0μ− combination the
sign of the D0 is flipped with 50% probability, and the D0

decay-time resolution is smeared to account for the wrong
production vertex. The smearing is applied through a
Gaussian of width 0.5 τD0 . The systematic uncertainty is
obtained by neglecting the generated effect in the analysis
of the pseudoexperiment data.

E. Overall systematic uncertainties

A summary of all the uncertainties affecting the meas-
urement is reported in Table I. The statistical uncertainty
includes, by construction, also the contribution of the
uncertainties on the strong phase inputs. The total system-
atic uncertainty is the sum in quadrature of the individual
components.
To test the robustness of the analysis, several cross-

checks are performed. The analysis is repeated in subsets of
data, dividing the sample by K0

S categories, data-taking
periods, magnet polarities, and kinematics of the B meson.
Variations of the observables xCP, yCP, Δx, and Δy
measured in various subsets of data are all compatible
within statistical uncertainties. Results from the bin-flip fit
are consistent with the default results when an alternative
method is implemented in the decorrelation process [34].
Similar compatibility is observed when the selection
process is altered, e.g. a different procedure is used for
the multivariate analysis. These cross-checks demonstrate
the reliability and robustness of the analysis.

TABLE I. Summary of the uncertainties on the measured quantities. The total systematic uncertainty is the sum in
quadrature of the individual components. The uncertainties due to the strong-phase inputs are (by default) included
in the statistical uncertainty. Here, to ease comparison with other sources, we also report the separate contributions
due to the strong phase inputs and to the statistics of the data sample.

Source xCP [10−3] yCP [10−3] Δx [10−3] Δy [10−3]

Reconstruction and selection 0.06 0.79 0.28 0.24
Detection asymmetry 0.06 0.03 0.01 0.09
Mass-fit model 0.03 0.09 0.01 0.01
Unrelated D0μ combinations 0.24 0.22 0.01 0.05

Total systematic 0.26 0.83 0.28 0.26

Strong phase inputs 0.32 0.68 0.16 0.21
Statistical (w=o phase inputs) 1.45 3.04 0.92 1.91

Statistical 1.48 3.12 0.93 1.92
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VII. RESULTS

The mixing and CP-violating parameteres are obtained
through a fit of the ratios of signal yields observed in
regions of the Dalitz plot symmetric about its bisector as a
function of decay-time. The signal yields in each Dalitz and
decay-time bin are extracted using the PDFs described in
Sec. III. The widths of the signal model are fixed from a fit
to the whole sample, while the other parameters are left free
to vary to account for potential mass shifts between bins
due to different resonant contributions. The effect of
statistical fluctuations in the low-statistics bins of the upper
part of the Dalitz plot is minimized by using the same signal
PDF as determined in the fit of the corresponding bin of the
higher-yield lower part of the Dalitz plot. External con-
straints for strong-interaction phases in each bin are used.
The obtained results are

xCP ¼ ½4.29� 1.48� 0.26� × 10−3;

yCP ¼ ½12.61� 3.12� 0.83� × 10−3;

Δx ¼ ½−0.77� 0.93� 0.28� × 10−3;

Δy ¼ ½3.01� 1.92� 0.26� × 10−3;

where the first uncertainty is statistical and includes the
contributions due to the uncertainties of the strong phase
inputs, and the second is systematic.
Figure 4 shows the CP-averaged yield ratios as well as

the difference in yield ratios for D0 and D̄0 mesons as a
function of decay-time. The fit projections are shown for
the nominal fit and a fit where xCP is fixed to zero. The
largest sensitivity to xCP is observed, as expected, in the
bins 3 and 7 where the strong phase terms, s3 and s7,
are closest to unity.
The results are compatible with those measured in the

analysis of the D�þ → D0ð→ K0
Sπ

þπ−Þπþ decay [9]. No
CP violation is observed.

VIII. COMBINATION

As stated in Sec. III, this analysis complements the
analogue analysis conducted on D�þ→D0ð→K0

Sπ
þπ−Þπþ

decays, dubbed as prompt decays. The two analyses are
statistically independent, since the overlap of events is
reduced to a negligible level by selection requirements
specific to each decay chain. While the semileptonic
sample has considerably fewer candidates than the prompt
sample, it covers a wider D0 decay-time: τSL=τD0 ∈ ½0; 20�
while τprompt=τD0 ∈ ½0.3; 8�. A combination of the two
samples is therefore performed.
The systematic uncertainties from most sources can be

treated as independent, with the exception of those related
to detection asymmetries, as they are estimated using the
same control samples. Conservatively, a 100% correlation
is assumed for this uncertainty.

The combination method follows the bin-flip analysis
of the data sample from the 2011 to 2012 data taking
campaign [31]. A simultaneous minimization of a global χ2

is performed, using the prompt and semileptonic yields of
subsamples separated by flavor and other categories (such
as K0

S type). The parameters rb, representing the ratio of
yields at t ¼ 0, are kept separate between the prompt and
semileptonic samples as they are affected by different
efficiencies in the Dalitz space of the two samples.

FIG. 4. (Top) CP-averaged yield ratios and (bottom) difference
of D0 and D̄0 yield ratios as a function of D0 decay-time for the
different Dalitz bins. The solid blue line shows the nominal fit
projections and the dashed red line shows the fit projections when
xCP is fixed to zero.
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Allowing for CP violation, we obtain the following
averages:

xCP ¼ ½4.01� 0.45ðstatÞ � 0.20ðsystÞ� × 10−3;

yCP ¼ ½5.51� 1.16ðstatÞ � 0.59ðsystÞ� × 10−3;

Δx ¼ ½−0.29� 0.18ðstatÞ � 0.01ðsystÞ� × 10−3;

Δy ¼ ½0.31� 0.35ðstatÞ � 0.13ðsystÞ� × 10−3:

The value of xCP deviates from zero with a significance of
8.1σ, calculated assuming Gaussian uncertainties. There is
no evidence for CP violation.
From the results of the combination fit, xCP, yCP, Δx,

and Δy are transformed into x, y, jq=pj, and ϕ using
Eqs. (3)–(6). A likelihood of these parameters is con-
structed and confidence intervals are determined from a
likelihood-ratio assuming that the measured correlations
are independent of the true values of parameters. The
PLUGIN method [37] is implemented for the transformation.
The method is a generalization of the Feldman and Cousins
method [38] and used in the prompt sample [9] as well as
the LHCb γ-combination analysis [39]. The results are

x ¼ ð4.01� 0.49Þ × 10−3;

y ¼ ð5.5� 1.3Þ × 10−3;

jq=pj ¼ 1.012þ0.050
−0.048 ;

ϕ ¼ −0.061þ0.037
−0.044 rad:

IX. SUMMARY

A measurement of charm mixing and CP-violating
parameters using D0 → K0

Sπ
þπ− decays reconstructed in

Run 2 data, with the B̄ → D0ð→ K0
Sπ

þπ−Þμ−ν̄μX semi-
leptonic decay used to identify the flavor of the charm
meson at production, is presented. The signal yields are
extracted from fits to the invariant-mass distributions of the
D0 meson in bins of the Dalitz plot andD0 decay-time. The

binning of the Dalitz plot is chosen such as to preserve
nearly constant values of the strong-interaction phases in
each bin, and external constraints for these phases are used.
Time-dependent ratios of yields for each pair of Dalitz plot
bins symmetric about its bisector are fitted to Eq. (9)
to extract the mixing and CP-violating parameters. The
results are combined with those from the D�þ → D0ð→
K0

Sπ
þπ−Þπþ analysis [9]. Statistical and systematic corre-

lation matrices of the measured variables are presented in
the Supplemental Material [40].
Figure 5 shows the measured mixing and CP-violating

parameters from the D�þ → D0ð→ K0
Sπ

þπ−Þπþ [9] analy-
sis, the B̄ → D0ð→ K0

Sπ
þπ−Þμ−ν̄μX analysis, and their

combination. The combination is dominated by the result
of the prompt analysis, as expected from the much larger
sample size. The results obtained in this analysis are
consistent with the results from the prompt analysis and
the current world-average values. They represent an inde-
pendent measurement and complement the knowledge of
the charm mixing parameters in an extended region of the
D0 decay-time.
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8Université Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France
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