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D0 → K+π−π+π− to D0 → K−π+π−π+ decay rates is measured as a function of D0 decay
time, both inclusive over phase space and in bins of phase space. Taking external inputs
for the D0-D̄0 mixing parameters x and y allows constraints to be obtained on the hadronic
parameters of the charm decay. When combined with previous measurements from charm-
threshold experiments and at LHCb, improved knowledge is obtained for these parameters,
which is valuable for studies of the angle γ of the Unitarity Triangle. An alternative analysis
is also performed, in which external inputs are taken for the hadronic parameters, and the
mixing parameters are determined, including ∆x and ∆y, which are nonzero in the presence of
CP violation. It is found that x =
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%, y =
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)
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Keywords: Charm Physics, CP Violation, Flavour Physics, Hadron-Hadron Scattering

ArXiv ePrint: 2510.04963

Open Access, Copyright CERN,
for the benefit of the LHCb Collaboration.
Article funded by SCOAP3.

https://doi.org/10.1007/JHEP12(2025)153

mailto:timothy.david.evans@cern.ch
https://doi.org/10.48550/arXiv.2510.04963
https://doi.org/10.1007/JHEP12(2025)153


J
H
E
P
1
2
(
2
0
2
5
)
1
5
3

Contents

1 Introduction 1

2 Measurement strategy 3

3 LHCb detector 4

4 Signal selection and yield determination 5

5 Efficiency corrections 8

6 Fit to mixing parameters 10

7 Systematic uncertainties 14

8 Interpretation 18
8.1 Interpretation in terms of hadronic parameters 18
8.2 Interpretation in terms of mixing parameters 20

9 Summary 21

A Statistical and systematic correlation matrices 23

B Correlation matrices of interpretation fits 27

The LHCb collaboration 31

1 Introduction

Neutral charm mesons can oscillate into their own antiparticles, as the mass eigenstates
are linear combinations of the flavour eigenstates. The Standard Model (SM) does not
permit flavour-changing neutral currents at leading order, and thus studying these loop-level
mixing processes provides sensitivity to the possible virtual contribution of currently unknown
high-mass particles [1–3].

In the limit of CP symmetry, charm oscillations are characterised by the dimensionless
parameters x ≡ (m1 − m2)/Γ and y ≡ (Γ1 − Γ2)/2Γ, where m1(2) and Γ1(2) are the mass
and decay width of the mass eigenstate D1(2), respectively, and Γ ≡ (Γ1 + Γ2)/2. The mass
eigenstate D1(2) here is identical to the CP -even (odd) eigenstate. The current ensemble of
charm-mixing and related measurements from the LHCb collaboration yields x = (0.41 ±
0.05)% and y = (0.621 + 0.022

− 0.021)% [4, 5].
The phenomenon of CP violation has been observed in the decay of charm mesons

in processes mediated by singly Cabibbo-suppressed amplitudes [6], but is expected to be
negligible in decays that involve Cabibbo-favoured (CF) or doubly Cabibbo-suppressed (DCS)
amplitudes [7]. In the case where a neutral charm meson D is reconstructed in a final state
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that is accessible through both D0 and D0 decays, CP violation may, however, occur in either
the mixing process or in the interference between the mixing and decay. These categories
of CP violation have not been observed and are expected to be very small, but could be
enhanced by physics beyond the SM [8, 9]. The presence of CP violation in mixing or in
the interference between mixing and decay would manifest itself through nonzero values of
∆x ≡ 1

2(x
+ − x−) or ∆y ≡ 1

2(y
+ − y−), where the ± superscripts indicate a measurement of

the mixing parameters performed in separate CP -conjugated processes.
A powerful method to probe for mixing and CP violation in the charm system is to

perform a study of pairs of CF and DCS decays in which interference between the DCS
amplitude and the product of the CF and mixing amplitudes gives rise to effects that vary
with decay time of the meson. The decays D0 → K±π∓ have been exploited by LHCb
and other experiments for this purpose [10–17]. Inclusion of the charge-conjugate process is
implied unless stated otherwise. Any multibody decay, such as D0→ K±π∓π±π∓, can be
harnessed in an analogous manner, but here the four-body final state gives rise to interference
effects that also vary over phase space. The transition D0 → K−π+π−π+ is known as the
‘right-sign’ (RS) decay and is dominant, being wholly mediated by CF amplitudes in the limit
of no mixing, whereas the suppressed ‘wrong-sign’ (WS) decay D0 → K+π−π+π− occurs
mostly through DCS amplitudes. The presence of mixing means that R(t), the ratio of the
two decay rates, evolves with decay time t and, in the limit of CP conservation, is given by

R(t) ≡ Γ[D0→ K+π−π+π−](t)
Γ[D0→ K−π+π−π+](t) ≈ r2 − rκy′

t

τ
+ x2 + y2

4

(
t

τ

)2
, (1.1)

where r is the magnitude of the ratio of the DCS to CF amplitudes, averaged over the phase
space of the final state, and τ is the D0 lifetime [18, 19]. The factor y′ relates the mixing
parameters to the phase difference δ between the CF and DCS decay amplitudes averaged
over phase space and is given by y′ ≡ y cos δ − x sin δ.1 The coherence factor, κ, is defined by
κeiδ ≡ ⟨cos δl⟩+ i⟨sin δl⟩, where δl is the phase difference at a local point l in phase space,
and ⟨cos δl⟩ and ⟨sin δl⟩ are the average values, over phase space, of the cosine and sine of
this local phase difference [20]. This parameter is a real number between 0 and 1, which is
specific to the final state, and represents a dilution of the quantum interference due to the
resonant substructure of the D0 → K±π∓π±π∓ decays. The coherence factor and average
phase difference are of additional interest, as they enter into the expressions that govern the
determination of the CP -violating phase γ in B− → DK− decays, where the neutral charm
meson D is reconstructed in the final state K±π∓π+π− [20].

This paper presents a study of charm mixing and CP violation in the decays
D0→ K±π∓π±π∓. The analysis is based on data collected by the LHCb experiment in
proton-proton (pp) collisions at

√
s = 13TeV during Run 2 of the LHC (2015–2018), cor-

responding to an integrated luminosity of 6 fb−1. The D0 mesons arise from the strong
decays D∗(2010)+ → D0π+, where the D∗+ mesons are produced promptly in the pp collision.
Analyses are performed for both the inclusive final state and in intervals (bins) of phase
space. The measured observables are interpreted in terms of the coherence factor and average
phase of the charm-meson decay, and also in terms of the charm-mixing and CP -violation

1Here the convention CP |D0⟩ = +|D0⟩ is adopted, which determines the sign of the linear term in eq. (1.1).
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parameters. A previous analysis of the same channel was reported using data collected from
Run 1 [21], during 2010–2012, but this study was restricted to the inclusive final state and
did not measure any observables sensitive to CP violation.

2 Measurement strategy

Any measurement involving D0 → K±π∓π±π∓ decays that is inclusive over phase space
dilutes interference effects, due to the variation in the phase difference between D0 and D0

decay amplitudes. It was therefore proposed in ref. [22] to partition the phase space into
four bins, with the bin boundaries chosen to minimise the dilution of the interference effects,
and thereby provide high sensitivity to the angle γ of the Unitarity Triangle in an analysis
of B− → DK−, D → K±π∓π+π− decays. The binning scheme is constructed according to
the prediction of amplitude models of the resonant substructure of the charm-meson decays
developed by the LHCb collaboration [23], and has been exploited in a precise measurement
of the angle γ with LHCb data [24].

The same binning scheme is used to perform the charm-mixing measurements presented
in this paper. As well as binning the data in phase space, a binning is also made in decay
time. Candidates are partitioned into ten bins of decay time in the range 0.24 < t/τ < 8.00,
with the boundaries chosen to ensure approximately equal numbers of candidates in each
bin. Fewer than one in 10 000 candidates are excluded by the lower bound on the range, as
the trigger and selection requirements described in section 4 already remove decays at low
times. The upper bound suppresses candidates from decays of b hadrons. The measurement
then proceeds by determining the ratio of WS to RS decay rates in bin i of phase space
and j of decay time, with eq. (1.1) becoming

Rij ≡ Γ[D0→ K+π−π+π−]ij
Γ[D0→ K−π+π−π+]ij

≈ (ri)2 − ri(κy′)i

〈
tij

τ

〉
+ x2 + y2

4

〈
t2
ij

τ2

〉
, (2.1)

where
〈
t
(2)
ij /τ (2)

〉
is the average normalised decay time (squared) of the candidates in bins

i, j, as measured in the RS sample. It is noted that the amplitude ratio ri and product
of parameters (κy′)i are designated with a subscript indicating their phase-space bin, as
these quantities are expected to vary with phase space. A fit to the set of measurements of
Rij across bins of decay time accesses the observables ri and (κy′)i for phase-space bin i,
together with x2 + y2. From these observables, x and y may be determined, by taking as
input the values of the coherence factors and average phase differences obtained from studies
of quantum-correlated DD decays at charm threshold, performed with data accumulated by
the BESIII and CLEO-c experiments [22, 25]. The current knowledge of these parameters
from charm-threshold studies, and including phase-space inclusive constraints from an earlier
LHCb analysis [21], is summarised in table 1. Conversely, it is possible to derive constraints
on the coherence factors and average phase differences, by using external measurements of
the mixing parameters as input [4]. This latter approach has the potential to improve on
the knowledge obtained from the charm-threshold experiments alone, and thereby benefit
the measurement of the angle γ. All charm mixing and hadronic parameters are determined
by minimising a global χ2, composed of contributions from the charm mixing and threshold
datasets, which is discussed in section 8.
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Phase-space bin κ(i) δ(i)[◦]
Inclusive 0.43 + 0.07

− 0.06 162 + 20
− 18

1 0.56 + 0.19
− 0.20 127 + 31

− 14

2 0.89 + 0.11
− 0.22 134 + 20

− 12

3 0.71 + 0.11
− 0.10 167 + 24

− 19

4 0.41 + 0.25
− 0.25 292 + 42

− 18

Table 1. Measured values of κ(i) and δ(i) inclusive over phase space (in phase-space bin i) from a
combination of charm-threshold data and measurements performed by the LHCb collaboration in
Run 1 of the LHC [21, 22, 25], where the parameters are obtained by minimising a χ2 analogous to
that discussed in section 8. The definition of the phase-space bins is given in ref. [22].

An inclusive analysis is also performed, as it remains desirable to perform a determination
of the charm-mixing observables integrated over phase space. Although such an analysis
has lower sensitivity to the mixing parameters, the constraints on the coherence factor and
average phase difference are valuable input for many measurements, in particular those where
limited sample size does not allow for the phase space to be binned. The current knowledge
of these inclusive parameters from the charm-threshold experiments and the earlier LHCb
analysis is also included in table 1. Note that the sum over the four bins does not encompass
all phase space, as it excludes a small region in which at least one of the π+π− masses lies
close to the mass of the K0

S meson. This region is excluded as it has high background levels
in analyses performed at the threshold experiments.

Finally, the assumption of CP conservation is removed. Two separate ratios are measured,

R+
ij ≡ Γ[D0 → K+π−π+π−]

Γ[D0 → K+π−π+π−]
≈ r+

i − r+
i (κy

′+)i

〈
tij

τ

〉
+ (x+2 + y+2)

4

〈
tij

τ

2
〉

, (2.2)

and the CP -conjugated observable

R−
ij ≡ Γ[D0 → K−π+π−π+]

Γ[D0 → K−π+π−π+] ≈ r−i − r−i (κy
′−)i

〈
tij

τ

〉
+ (x−2 + y−

2)
4

〈
tij

τ

2
〉

, (2.3)

where the different superscripts between the observables in the two expressions allow for
the presence of CP violation. Only an analysis binned in the phase space is performed, as
this provides the best sensitivity.

3 LHCb detector

The LHCb detector [26, 27] 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
used to collect data for this analysis includes a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interaction region [28], a large-area silicon-
strip detector located upstream of a dipole magnet with a bending power of about 4Tm,
and three stations of silicon-strip detectors and straw drift tubes [29] placed downstream of
the magnet. The tracking system provides a measurement of the momentum, p, of charged
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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 (15+29/pT)µm, where pT is the component
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 [30]. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers [31].

The online event selection is performed by a trigger [32], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a two-level
software stage, which accesses full-event information at the second level. In between the two
software stages, an alignment and calibration of the detector is performed in near real-time
and their results are used in the trigger [33]. The same alignment and calibration information
is propagated to the offline reconstruction, ensuring consistent and high-quality particle
identification (PID) information between the trigger and offline software. The identical
performance of the online and offline reconstruction offers the opportunity to perform physics
analyses directly using candidates reconstructed in the trigger [32, 34], which the present
analysis exploits.

In the offline selection, trigger signals are associated with reconstructed particles. Require-
ments can therefore be made on the trigger selection itself and on whether the decision was due
to the signal candidate, other particles produced in the pp collision, or a combination of both.

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 [35, 36]
with a specific LHCb configuration [37]. Decays of unstable particles are described by
EvtGen [38]. For the signal decays, two sets of simulated events are generated using
amplitude models fitted to time-integrated RS and WS samples, respectively [23]. The
interaction of the generated particles with the detector, and its response, are implemented
using the Geant4 toolkit [39, 40] as described in ref. [41]. The underlying pp interaction
is reused multiple times, with an independently generated signal decay for each [42]. The
simulated samples are corrected to account for known data-simulation differences in the
D∗+ production kinematics.

The magnetic field deflects oppositely charged particles in opposite directions and this can
lead to detection asymmetries. Periodically reversing the magnetic field polarity throughout
the data-taking almost cancels the effect. The configuration with the magnetic field pointing
upwards (downwards) bends positively (negatively) charged particles in the horizontal plane
towards the centre of the LHC ring.

4 Signal selection and yield determination

At the level of the hardware trigger, events are retained if there is a hadron from the decay
of a signal candidate that is above a pT threshold of 3.5 GeV/c in the calorimeter, or there
is a lepton, photon or hadron with high pT elsewhere in the event. At the first level of the
software trigger, events are retained if at least one (or two) tracks from the D0 decay satisfy
the selection criteria of the single-track (two-track) trigger. The single-track trigger requires
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at least one track with high pT and high IP significance with respect to all primary vertices
in the event. The two-track trigger requires that a pair of high-pT tracks forms a vertex
that is significantly displaced from its associated PV, defined as the PV to which the IP
significance of the two-track combination is smallest. A boosted decision tree (BDT) classifier
is applied [43, 44], which takes as input the χ2 of the two-track vertex fit, the number of
tracks with high IP significance with respect to their associated PV, the significance of the
flight distance of the two-track combination from the associated PV and the summed pT of
the combination [45, 46]. More information on the typical values of the high-pT thresholds
and other requirements imposed in the trigger may be found in ref. [47]. The full decay chain
is reconstructed at the second level of the software trigger, with requirements that are in
some cases tightened in the offline selection. The most important aspects of the full-event
reconstruction are now described.

The D0 candidate is built from four tracks of the appropriate charges and PID hypotheses.
The D0 candidate is then paired with an additional track, referred to as the soft pion, to
construct the D∗+ candidate. The correlation between the charge of the soft pion and that
of the kaon from the D0 decay allows the candidate to be classified as an RS or WS decay.
The four tracks forming the D0 are required to each have pT > 250MeV/c, separation from
the PV and undergo a kinematic constraint to determine their vertex of origin. The soft pion
is required to have pT > 100 (200)MeV/c for the 2015–16 (2017–18) data set. Candidates are
retained if the D0 mass falls within the interval [1840.83, 1888.83]MeV/c2, which corresponds
to a window of approximately ±3 times the mass resolution. A kinematic fit is used to
improve the resolution on ∆m, the difference in the reconstructed masses of the D∗+ and
D0 candidates, and the four-vectors of the five final-state particles. The fit constrains the
mass of the D0 to its known value [48], and the D∗+ to decay at the PV. For candidates to
be kept for subsequent analysis, it is required that ∆m lies within [140, 152]MeV/c2.

The dominant background arises from true D0 candidates paired with a soft pion candidate
that does not originate from the signal D∗+ decay. Additionally, fake D0 candidates can be
formed by combining unassociated hadron tracks. These backgrounds are suppressed by a
dedicated BDT classifier. The BDT is trained on simulated RS decays as a signal proxy, and
RS data from the upper ∆m sideband as a background proxy, using variables associated
with the origin and decay vertices and pT of the D0 meson, together with the χ2

IP and PID
information of the soft pion, where χ2

IP is defined as the difference in the vertex-fit χ2 of the
PV reconstructed with and without the considered track. The BDT threshold is optimised
by maximising S/

√
S + B, where S and B are the signal and background yields, respectively,

as determined by the fit model described below.
Specific backgrounds are also suppressed using further requirements. Secondary D0

mesons originating from b-hadron decays are suppressed through an upper limit of eight D0

mean lifetimes, and rejecting candidates with a large χ2
IP determined with the D0 direction

of flight, that therefore do not point to the PV. The fraction of these secondary decays
remaining in the signal sample after these requirements, f sec

ij , is determined from a fit to the
χ2

IP distribution of D0 candidates in data for each phase-space bin i and time bin j, and is found
to increase from around 2% at low decay times to around 8% at five D0 mean lifetimes, with
negligible dependence on the phase-space bin. The residual contamination from secondaries
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is accounted for in the mixing measurement by defining the expected WS/RS ratio to be

R̂ij = Rij + f sec
ij

(
−ri(κy′)i

(〈
tsec
ij

τ

〉
−
〈

tij

τ

〉)
+ x2 + y2

4

(〈
(tsec

ij )
τ

2〉
−
〈

tij

τ

2
〉))

, (4.1)

where tsec is the true D0 decay time of secondary events in the sample, as estimated
from simulation. The expected ratios R̂±

ij of the CP -violating analysis are defined in an
analogous manner.

An RS candidate can be reconstructed as a WS candidate if double misidentification
(DMI) occurs, when the K− from the D0 decay is wrongly classified as a pion, and a π+ is
wrongly classified as a kaon. This background, and contamination from D0 →K+K−π+π−

and D0 →π+π−π+π− decays, is suppressed by imposing tight requirements on the PID
hypothesis of the kaon and opposite-sign pions from the D0 decay. Candidates in the m(D0)
sidebands are used to measure the number of these decays remaining in the sample, which
is interpolated into the signal m(D0) region. The number of DMI background decays is
proportional to the number of RS candidates in each phase-space bin, and is subtracted
from the measured WS signal yield, where it constitutes a 3% contamination, with low
variation over phase space.

The decays D0 →K0
SK±π∓, K0

S →π+π− have the same final state as the signal, but occur
at different relative rates for WS and RS decays. The contribution of these decays to the signal
sample is suppressed through a requirement on the four-track fit quality of the D0 candidate,
which is poor due to the relatively long lifetime of the K0

S meson. Additionally, in the inclusive
phase-space analysis, candidates are removed if the mass of two opposite-sign pions is within
±10MeV/c2 of the known K0

S mass [48]. In the binned phase-space analysis, these candidates
are already excluded through the definition of the bins. The residual background from this
source in the WS sample is estimated from a fit to the mass of the pair of opposite-sign pions,
prior to the removal of candidates in the K0

S region, and is found to be 0.07%.
Simulation studies indicate that partially reconstructed decays of high-multiplicity final

states, such as D0 →K−π+π−π+π0, do not contaminate the signal region in m(D0). It is
possible for the decay mode D0 → K−π+η′, η′ → π+π−γ to leak into this region, but at a
level that is less than 0.03% and is therefore neglected.

Clones occur when two tracks are reconstructed from hits from a single particle. Candi-
dates constructed from clones possess small angles between pairs of tracks, when considering
both the soft pion and the D0 decay products. Clone candidates contaminate both the
RS and WS samples at a rate of around 2% and are eliminated from the final samples by
demanding a lower bound of 0.03◦ on the opening angle between tracks in the decay.

A potentially dangerous source of background occurs when the track taken to be the
soft pion is reconstructed from hits in the vertex detector that are wrongly matched with
hits from the other detectors of the tracking system. The direction of these ghost tracks
and the ∆m of the D∗+ candidates are approximately correct, but the charge assignment
can be wrong, leading to a migration of true RS decays into the WS sample. In the track
reconstruction, tracks are assigned a probability of being a ghost. Candidates containing a
soft-pion track with a ghost probability greater than 5% are removed. Furthermore, in events
where more than one WS candidate is reconstructed, only one candidate, chosen arbitrarily,
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is retained. The same procedure is applied for multiple RS candidates. If both a WS and
RS candidate are reconstructed, the WS candidate is discarded, as this subset of candidates
is dominated by RS decays with a wrongly assigned slow pion. However, analysis of the
∆m spectrum for the rejected candidates indicates that (0.78± 0.06)% of the WS signal is
also removed by this procedure. The measured WS yields are thus corrected for this loss.
Additionally, fiducial requirements, similar to those employed in ref. [6], are applied based on
the momentum vector of the slow pion. These requirements eliminate regions of high-charge
asymmetry and reduce potential biases in the CP -violation measurement.

The signal yields are isolated from the remaining background of fake-D0 and fake-D∗+

candidates through a binned extended maximum-likelihood fit to the ∆m distribution. The
fit is performed in bins of phase space, time and kaon charge, simultaneously between WS
and RS samples. The RS sample is very pure and so provides information about the signal
shape, which is shared between the WS and RS fits. A phase-space inclusive fit is also
performed. The signal probability density function is empirically described by a modified
bifurcated Gaussian with asymmetric tails,

Psig(∆m;µ, β, σL, σR, αL, αR) =


exp

(
−(∆m−µ)2(1+β(∆m−µ)2)

2σ2
L+αL(∆m−µ)2

)
for ∆m < µ ,

exp
(

−(∆m−µ)2(1+β(∆m−µ)2)
2σ2

R+αR(∆m−µ)2

)
for ∆m ≥ µ ,

(4.2)

where µ can be interpreted as the value of ∆m at the peak, σL and αL (σR and αR) control
the width and tail to the left (right) of the peak position, and β determines the behaviour
of the tails at large off-peak values. All parameters, apart from β, are free to vary in fits
to each time and phase-space bin. The value of β is fixed to a value measured in fits to
phase-space integrated signal-only simulated candidates to improve fit stability. The shape of
the background is allowed to be different for each sample, although the same parametrisation
is used, which is

Pbkg(∆m; ∆m0, a, b) = (∆m −∆m0)
1
2
(
1 + a (∆m −∆m0) + b (∆m −∆m0)2

)
, (4.3)

where ∆m0 is a low-mass threshold set to the pion mass as 139.57 MeV/c2, and a and b are
free parameters that are fitted in each time and phase-space bin.

Example fit results are shown in figure 1. The fitted yields, split by WS/RS category and
by kaon charge, are presented in table 2. Studies performed with simulated pseudoexperiments
indicate that the fit procedure is unbiased.

5 Efficiency corrections

Different resonant structures populate the WS and RS decays [23]. Furthermore, the accep-
tance of the selection is not uniform over phase space. For these reasons, there is a difference
in selection efficiency between WS and RS decays. Simulation is used to assess the size of
these effects. A weighting is applied to ensure the kinematical distributions agree between
simulation and data; this weighting is derived with the RS samples and applied to both the
RS and WS simulation samples. It is found that the efficiency difference varies from around
0.5% in phase-space bin 4 to around 2% in phase-space bin 1. Corrections are applied to
the measured WS/RS ratios to account for these differences.
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Figure 1. Simultaneous ∆m fit to phase-space integrated (left) WS data and (right) RS data in the
first time bin.

Bin RS K− WS K+ RS K+ WS K−

Inclusive (64 788± 9)× 103 221 440± 830 (62 802± 9)× 103 220 450± 820
1 (16 651± 5)× 103 61 790± 420 (16 140± 5)× 103 60 970± 420
2 (14 403± 4)× 103 62 040± 410 (13 970± 4)× 103 62 200± 410
3 (14 749± 4)× 103 56 440± 400 (14 296± 4)× 103 56 316± 400
4 (18 988± 5)× 103 41 060± 410 (18 397± 5)× 103 41 470± 410

Table 2. Signal yields for RS and WS samples, split by kaon charge and integrated over time bins.
The results are shown for the inclusive decay and in the individual phase-space bins, where the
inclusive and binned results are obtained independently.

Time-dependent efficiency biases also exist and are corrected using simulation. These
biases arise from correlations between the acceptance in phase space and decay time that
enter at the first stage of the software trigger, where a requirement is imposed on the pT
and χ2

IP of tracks from the D0 decay. In simulated samples generated without mixing, it
is found that these correlations lead to a linear evolution in the ratio between WS and RS
yields with decay time of approximately 10% of the size of the genuine mixing signal that
is ultimately measured in the phase-space-inclusive data sample. With mixing present, the
resonant structure of the WS sample varies with decay time, on account of the evolving
interference between the DCS and CF amplitudes. This variation leads to small changes
in the correlation that must also be accounted for. Adjustments are applied in each bin
of decay time to correct for these effects.

In the measurement of the CP -violation parameters, the quantity of interest is the ratio of
partial widths R±

ij , defined in eqs. (2.2) and (2.3), for each phase-space bin i and proper-time
bin j. Experimentally, however, this ratio can be biased by a charge-detection asymmetry for
the soft pion, and a production asymmetry between D∗+ and D∗− mesons. The expected
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ratio, R̂+
ij (R̂−

ij), between the number of WS to RS decays involving a positive (negative)
kaon is related to R+

ij (R−
ij) through

R̂±
ij =

∫
ij Γ[D0(D0) → K±π∓π+π−]ϵ(K±π∓π+π−)ϵ(πs

±)(1± AP )∫
ij Γ[D0(D0) → K±π∓π+π−]ϵ(K±π∓π+π−)ϵ(πs

∓)(1∓ AP )

≈ R
′±
ij [1± 2(AD(πs)ij + AP ij)],

(5.1)

where ϵ(K±π∓π+π−) is the detection efficiency of the given final state within the phase-space
bin, ϵ(πs

∓) is the detection efficiency of the slow pion of the indicated charge, AP ij is the
production asymmetry, AD(πs)ij is the detection asymmetry of the soft pion, R

′±
ij are the

ratios corrected for contamination from secondary decays as in eq. (4.1), and the integration
is over the phase-space and decay-time bin. In principle, neither the detection nor the
production efficiency has a dependence on the time of the decay, but such an effect can enter
through correlations in the selection. The approximate equality in eq. (5.1) is valid when
the detection and production asymmetries are small, which is the case.

The values of the sum AD(πs)ij+AP ij are determined from data using a control sample of
D∗+ → D0π+, D0 → K+K− decays. Here, the observed CP asymmetry in each phase-space
and decay-time bin is

AKK
ij = AD(πs)ij + AP ij + (ad

KK +
〈

tij

τ

〉
∆Y ) , (5.2)

where ad
KK is the CP asymmetry in decay and ∆Y is the time-dependent CP asymme-

try of the decay, both of which have been measured by LHCb and determined to be
(7.7± 5.7)× 10−4 [49] and (1.0 ± 1.1) × 10−4 [50], respectively.

The control sample is selected using the same requirements on the trigger and the key
variables as the signal decay. A weighting is applied in each phase-space and decay-time
bin, based on the kinematics of the D0 and soft-pion candidates, to ensure that the results
obtained from the control channel are applicable to the signal sample.

The asymmetries AKK
ij are determined from a fit to the ∆m distribution, which is

parameterised in a similar way to that of the signal sample. The D0 and D0 samples are
fitted simultaneously, with the asymmetries extracted directly. Fits are performed for each
data-taking period, magnet polarity, phase-space bin and decay-time bin. The asymmetries
are averaged over each data-taking period, weighted by the number of signal candidates
from the period.

The typical sizes of AD(πs)ij + AP ij are found to be in the range of 0.5–1.0% with a
precision of ∼0.15%. When including these corrections in the fit to measure the CP -violation
parameters, the values of AKK

ij , ad
KK , and ∆Y are constrained within their uncertainties

using Gaussian priors.

6 Fit to mixing parameters

The WS/RS ratio in data, R̃ij , is constructed by dividing the measured WS signal yield by
the RS signal yield, after subtracting DMI background in both cases. This quantity can be
determined separately for the WS samples with positive and negative kaons. The fit takes
as input the geometric mean of these two ratios.
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Figure 2. Inclusive WS/RS ratio in bins of decay time, with the fit result also shown.

The mixing fit minimises the metric

χ2 =
∑
ij

R̃ij − R̂ij

σ
R̃ij

2

, (6.1)

where R̂ij is the expected WS/RS ratio, in the presence of contamination from secondary
decays, defined in eq. (4.1), and σ

R̃ij
is the uncertainty on the measured ratio. In the inclusive

fit, the three parameters r, (κy′) and x2 + y2 vary freely. In the phase-space binned fit there
are nine free parameters: ri, (κy′)i and x2 + y2.

The fits to data are shown in figures 2 and 3 and the numerical results in table 3. The
reduced χ2 for the inclusive fit is 1.07 for 7 degrees of freedom, with the corresponding
numbers being 1.18 and 31 for the phase-space binned fit. The inclusive fit manifests a
distinctive near-linear slope, which is characteristic of the mixing effects predicted by eq. (1.1)
when the values of x and y are small. The behaviour, though qualitatively similar, varies
between the phase-space bins, which is expected if the mean phase difference between D0

and D0 decays, or the coherence factor, is not the same in each bin. Studies performed with
large ensembles of pseudoexperiments demonstrate that the fit procedure is unbiased.

To measure the CP -violation parameters, the two R̃±
ij ratios are independent inputs to

the fit, along with the asymmetry corrections described in section 5. In this case, only a phase-
space binned fit is performed. Eighteen mixing parameters, r±i , (κy′±)i and

(
x± 2 + y± 2),

vary freely in the fit. In addition, there are 42 parameters associated with the asymmetry
correction that are constrained within uncertainties to their measured values. These are the
set of 40 per-bin asymmetries AKK

ij and the two parameters characterising CP violation in the
control channel with which they are measured: ad

KK and ∆Y . The fits to data are shown in
figure 4 and the numerical results in table 4. The reduced χ2 is 0.86 for 71 degrees of freedom.
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Figure 3. Phase-space binned WS/RS ratio in bins of decay time, with the fit results also shown.

Phase-space bin (x2 + y2) [×10−5] r(i) [×10−2] (κy′)(i) [×10−3]
Inclusive 7.2± 2.8± 1.6 5.511± 0.035± 0.026 −2.69± 0.67± 0.39
1

5.9± 2.8± 1.2

5.674± 0.045± 0.029 −4.16± 0.73± 0.30
2 5.989± 0.049± 0.031 −5.72± 0.75± 0.36
3 5.834± 0.046± 0.032 −3.01± 0.72± 0.36
4 4.627± 0.051± 0.043 0.51± 0.83± 0.40

Table 3. Measured values of the mixing parameters in the CP -conserving fit.
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Figure 4. Phase-space binned (top) R̃+ and (bottom) R̃− WS/RS ratio in bins of decay time, with
the fit results also shown.
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Phase-space bin (x+2 + y+2) [×10−5] r+
i [×10−2] (κy

′+)i [×10−3]
1

6.1 ± 4.2 ± 1.3

5.662± 0.066± 0.029 −4.16± 1.08± 0.29
2 6.036± 0.066± 0.030 −4.97± 1.05± 0.32
3 5.762± 0.068± 0.031 −3.39± 1.08± 0.34
4 4.590± 0.075± 0.044 0.51± 1.24± 0.41
Phase-space bin (x−2 + y−

2) [×10−5] r−i [×10−2] (κy
′−)i [×10−3]

1

6.8 ± 4.2 ± 1.3

5.625± 0.066± 0.029 −4.30± 1.08± 0.29
2 5.884± 0.067± 0.030 −6.53± 1.08± 0.32
3 5.794± 0.067± 0.031 −2.87± 1.06± 0.34
4 4.648± 0.074± 0.044 0.84± 1.21± 0.42

Table 4. Measured values of the mixing parameters in the CP -violating fit.

7 Systematic uncertainties

Systematic uncertainties are assigned on the parameters determined from the mixing fits.
These are associated with the detector resolution, the understanding of residual backgrounds,
the determination of the signal yields, and the efficiency corrections. The systematic un-
certainties in the CP -conserving fits are summarised in tables 5 and 6. The uncertainties
for the CP -violating fit are shown in table 7.

There is a bias arising from the finite resolution on the decay time and the location
of the decay in phase space. This is studied through fits to many simulated data samples,
generated with known mixing parameters. The observed bias on each fit parameter is assigned
as a systematic uncertainty.

The uncertainty associated with the treatment of secondary decays in the sample is
assessed by setting the expected fraction of these decays to zero in the mixing fit, and
assigning the change in fitted values as the corresponding systematic uncertainty. An
alternative approach, in which the expected secondary fraction is doubled in the fit, returns
changes that are similar in magnitude.

The uncertainty on the level of DMI contamination is determined by adding in quadrature
the uncertainty on the background from the baseline analysis to the variations observed when
different fit models are used to measure this contribution. Many samples are then generated
from the data set, each with the level of subtracted DMI background taken from a Gaussian
function of width set to the assigned uncertainty. The spread in fit results from this exercise
is taken as the corresponding systematic uncertainty for each parameter.

The correction factor applied to account for the loss in WS signal for events where the
WS candidate has an overlapping RS decay is known with limited precision. To assess the
associated uncertainty, the fit is repeated many times with the correction factor fluctuated
within its uncertainties. The spread of the resulting fitted parameters is used to assign
an uncertainty.

The amount of residual background from slow-pion ghosts is assessed by examining the
stability of the WS/RS ratio with the ghost-probability variable. The bias on the inclusive
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samples is found to be (0.1 ± 0.5)%, which is assumed to be uniform across phase space.
Many pseudosamples are then generated and fit in which the WS contribution in each phase-
space bin is adjusted by a common random number sampled from a Gaussian function with
parameters assigned from the ghost-probability study. The spread in results is used to assign
the uncertainties on the fit parameters. This contamination has no dependence on decay time
and therefore affects the r parameter more than the other fit variables. A similar procedure
is followed to assign uncertainties associated with backgrounds from charm decays such as
D0 →K0

SK+π− and D0 → K+π−η, which are found to be small.
The determination of the signal yields is affected by the choice of empirical shapes and fixed

parameters used to fit the ∆m distributions. The signal parametrisation is well determined,
as this is fitted from the very large and pure RS samples. The parameter β in eq. (4.2) is
fixed from fits to phase-space integrated, signal-only simulated ∆m distributions and is varied
within its uncertainty to assess the uncertainty due to this choice. The largest uncertainty in
the determination of the WS yields arises from the choice of background parametrisation.
The default parametrisation of eq. (4.3) is changed to an alternative description

Palt bkg(∆m; ∆m0, a, b) = exp (−b (∆m −∆m0)) · (∆m −∆m0)a , (7.1)

where ∆m0 is the same low-mass threshold as in eq. (4.3), and a and b are free parameters.
Pseudoexperiments are performed, where the background distribution is generated according
to eq. (7.1), with parameters determined from data. The yields of the pseudoexperiments are
then fitted with the baseline model, and the shifts in the means of the mixing parameters
are taken as the systematic uncertainties.

The largest systematic uncertainty arises from the efficiency corrections. This uncertainty
receives contributions from the size of the simulation samples used to determine the correction,
limited knowledge of the changing interference between the DCS and CF amplitudes, and
any imperfections in agreement between simulation and data. It is the size of the simulation
samples that dominates, and it is this source that is used to assign the uncertainty. No
additional uncertainties are assigned for the corrections associated with the slow-pion detection
and D∗± production asymmetries, as these corrections are constrained fit parameters in
the CP -violation analysis. The contribution to the total uncertainty is around half that
coming from the size of the WS sample.

Finally, for the inclusive analysis there is a bias on the fit parameters arising from the
exclusion of a small region of phase space through the removal of K0

S contamination. This
bias is assessed by measuring the size of the effect in simulation, which is then assigned
as the systematic uncertainty.

In order to validate the robustness of the results, the data are split into subsamples
according to the data-taking period, magnet polarity, the hardware and first-level software
trigger decision used to select each event, the slow-pion transverse momentum, and the
estimated probability that the slow pion is formed from a ghost track. All subsamples yield
consistent results. The largest difference observed is of around two statistical standard
deviations, when the data are divided by magnet polarity.
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Uncertainty (x2 + y2) r (κy′)
Detector resolution 0.2 2.3 5.6
Secondaries correction 0.2 2.0 8.9
DMI correction 0.8 10.8 19.7
WS/RS overlap removal < 0.1 2.6 0.1
Slow-pion ghosts < 0.1 13.8 0.6
Charm backgrounds < 0.1 2.8 0.1
Signal shape < 0.1 0.3 0.8
Background shape 0.1 5.5 0.3
Efficiency correction 1.3 17.5 32.2
Removal of K0

S region 0.2 5.3 2.2
Total systematic 1.6 26 39
Statistical 2.8 35 67
Total 3.2 44 78

Table 5. Systematic uncertainties for the CP -conserving inclusive fit. All values are scaled by 105.

Uncertainty (x2 + y2) r1 r2 r3 r4 (κy′)1 (κy′)2 (κy′)3 (κy′)4

Detector resolution 0.2 17.9 12.0 17.1 29.0 2.6 10.6 16.5 7.7
Secondaries correction 0.2 1.6 5.9 3.1 2.3 10.0 17.3 10.6 2.0
DMI correction 0.8 12.8 13.7 12.5 17.3 19.7 19.9 18.7 24.8
WS/RS overlap removal < 0.1 2.7 2.8 2.8 2.2 0.2 0.3 0.1 < 0.1
Slow-pion ghosts < 0.1 14.0 14.7 14.2 11.5 0.8 1.3 0.8 0.2
Charm backgrounds < 0.1 2.9 3.1 3.0 2.4 0.1 0.3 0.1 < 0.1
Signal shape < 0.1 0.5 0.6 0.6 0.5 0.4 0.4 0.4 0.4
Background shape 0.1 4.2 10.1 9.8 2.6 1.3 9.7 6.1 6.9
Efficiency correction 0.8 12.4 16.9 16.5 24.4 19.8 19.8 22.6 29.6
Total systematic 1.2 29 31 32 43 30 36 36 40
Statistical 2.8 45 49 46 51 73 75 72 83
Total 3.0 54 58 56 67 79 83 80 92

Table 6. Systematic uncertainties for CP -conserving phase-space binned fits. All values are scaled by
105.
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R̃+ uncertainty (x+2+y+2) r+
1 r+

2 r+
3 r+

4 (κy
′+)1 (κy

′+)2 (κy
′+)3 (κy

′+)4

Detector resolution 0.2 17.9 12.0 17.1 29.0 2.6 10.6 16.5 7.7
Secondaries correction 0.4 0.6 0.5 0.5 4.0 4.0 5.1 1.6 9.0
DMI correction 0.8 13.2 14.5 12.9 17.2 20.8 21.2 19.8 25.2
WS/RS overlap removal < 0.1 2.7 2.9 2.7 2.2 0.2 0.2 0.2 < 0.1
Slow-pion ghosts < 0.1 14.0 14.7 14.2 11.5 0.8 1.3 0.8 0.2
Charm backgrounds < 0.1 2.9 3.1 3.0 2.4 0.1 0.3 0.1 < 0.1
Signal shape < 0.1 0.5 0.6 0.6 0.5 0.4 0.4 0.4 0.4
Background shape 0.3 0.7 1.1 0.4 1.1 0.7 4.3 3.1 4.8
Efficiency correction 0.8 12.4 16.9 16.5 24.4 19.8 19.8 22.6 29.6
Asymmetry correction 1.9 24.2 25.9 24.9 27.9 44.4 44.1 44.5 51.7
Total systematic 1.3 29 30 31 44 29 32 34 41
Statistical 4.2 66 66 68 75 108 105 108 124
Total 4.4 72 72 75 87 112 109 113 131
R̃− uncertainty (x−2+y−

2) r−1 r−2 r−3 r−4 (κy
′−)1 (κy

′−)2 (κy
′−)3 (κy

′−)4

Detector resolution 0.2 17.9 12.0 17.1 29.0 2.6 10.6 16.5 7.7
Secondaries correction 0.6 0.2 0.9 1.4 4.8 2.1 6.3 1.7 12.3
DMI correction 0.8 13.2 14.5 12.9 17.2 20.8 21.2 19.8 25.2
WS/RS overlap removal < 0.1 2.7 2.8 2.8 2.2 0.2 0.3 0.1 < 0.1
Slow-pion ghosts < 0.1 14.0 14.7 14.2 11.5 0.8 1.3 0.8 0.2
Charm backgrounds < 0.1 2.9 3.1 3.0 2.4 0.1 0.3 0.1 < 0.1
Signal shape < 0.1 0.5 0.6 0.6 0.5 0.4 0.4 0.4 0.4
Background shape 0.1 1.0 3.2 0.8 0.4 0.3 5.6 1.6 0.7
Efficiency correction 0.8 12.4 16.9 16.5 24.4 19.8 19.8 22.6 29.6
Asymmetry correction 1.9 24.1 24.8 24.3 27.3 44.7 44.1 43.2 51.0
Total systematic 1.3 29 30 31 44 29 32 34 42
Statistical 4.2 66 67 67 74 108 108 106 121
Total 4.4 72 73 74 86 112 113 111 128

Table 7. Systematic uncertainties for phase-space binned CP -violating fits. All values are scaled
by 105. Note that the asymmetry correction uncertainty is not included in the total systematic as it
is incorporated through a constraint into the statistical uncertainty of the fit. All contributions are
fully correlated between the R̃+ and R̃− entries, apart from the secondary-correction and asymmetry-
correction components, which are uncorrelated.
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8 Interpretation

The measurements of the observables presented in section 6 are interpreted with two ap-
proaches. In the first, the allowed region for the hadronic parameters of the D0-meson
decay is determined by constraining the mixing parameters (x, y) to the values given in
ref. [4]. In the second interpretation the mixing parameters (x, y) and the corresponding
CP -violating parameters (∆x,∆y) are determined by including constraints on the hadronic
parameters from charm-threshold data.

The parameters for both interpretations are determined by defining the metric

χ2
mix =

∑
ij

[V−1]ij
(
Oi − Ôi

) (
Oj − Ôj

)
, (8.1)

where Oi is the ith observable reported in tables 3 and 4. The covariance matrix V is
constructed from the statistical and systematic correlation matrices given in appendix A and
the uncertainties reported in tables 5, 6 and 7. The expectation values, Ô, are expressed in
terms of the underlying physics parameters r(i), κ(i), δ(i), x and y for the phase-space inclusive
(binned) case, with ∆x and ∆y also included when the fit allows for CP violation.

The fit minimises the sum of χ2
mix and one or more constraint terms, depending on

the purpose of the analysis. The minimisation is made with respect to both the mixing
parameters and the hadronic parameters of the D0 decay. In its most complete form, the
total χ2 is given by

χ2
total = χ2

mix + χ2
charm + χ2

CLEO + χ2
BESIII + χ2

R1, (8.2)

where χ2
charm is the constraint on the charm-mixing parameters, and χ2

CLEO and χ2
BESIII are

the constraints from charm-threshold data from the CLEO-c [22] and BESIII experiments [25],
respectively. The BESIII term is calculated using the supplementary material provided in
ref. [25]. The term χ2

R1 constrains the parameters κ, δ and r using the inclusive results from
LHCb data collected in Run 1 of the LHC [21]. This constraint can be applied in the binned
case by expressing the inclusive quantities in terms of the binned ones using the relations

κeiδ = 1
r

∑
i

Kiriκie
iδi ,

r =
√∑

i

Kir2
i ,

(8.3)

where Ki is the fractional yield of CF decays in the ith bin [22, 23].

8.1 Interpretation in terms of hadronic parameters

The inclusive CP -conserving mixing observables, given in table 3, are interpreted in terms
of the hadronic parameters of the D decay using external constraints on the charm-mixing
parameters from ref. [4] through the inclusion of the χ2

charm term in the fit. The mixing
observables are insufficient to give unique values of the hadronic parameters, instead forming
bands in the κ, δ likelihood plane, as shown in figure 5. The prior knowledge of these
parameters is also indicated from the CLEO-c, BESIII and LHCb Run 1 data [21, 22, 25],
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Phase-space bin r(i) [×10−2] κ(i) δ(i)[◦]
Inclusive 5.49± 0.02 0.430 + 0.043

− 0.039 163.3 + 13.8
− 14.8

Bin 1 5.68± 0.04 0.598 + 0.106
− 0.088 123.8 + 13.3

− 10.7

Bin 2 5.98± 0.04 0.777 + 0.073
− 0.064 149.7 + 11.1

− 10.8

Bin 3 5.82± 0.04 0.663 + 0.091
− 0.087 196.3 + 8.7

− 11.2

Bin 4 4.64± 0.05 0.075 + 0.108
− 0.049 319.3 + 82.5

− 58.3

Table 8. Central values of the hadronic parameters after combination of this measurement with
previous results from BESIII [25] and CLEO-c [22] charm-threshold data, and the LHCb Run 1
phase-space-inclusive mixing analysis [21].
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Figure 5. Profile likelihood of κ vs. δ, inclusive over the entire phase space. The ∆χ2 = 2.38,
6.18, 11.83 contours are indicated, corresponding to the 68.7, 95.0, 99.7% confidence intervals for a
Gaussian likelihood.

together with the result of combining previous measurements with the results of the present
analysis. The compatibility of the different sets of measurements is good, with χ2

mix = 1.3 for
two degrees of freedom, and the inclusion of the results from the current analysis improves
the knowledge of the hadronic parameters [25].

The likelihood contours for the binned hadronic parameters are shown in figure 6,
comparing the bands from the mixing analysis with the allowed regions from charm-threshold
data and the phase-space integrated LHCb analysis of Run 1 data, and the combination of
the two sets of results. It is evident that the inclusion of the new charm-mixing results brings
significant improvement to the knowledge of the parameters in each bin. The compatibility of
the measurements is good, with the χ2

mix being 0.3 for 5 degrees of freedom, which assumes that
the hadronic parameters are mostly constrained by the external measurements. The full results
are given in table 8. The accompanying correlation matrices can be found in appendix B.
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Figure 6. Likelihood contours of κ vs. δ, for each of the bins of D0 phase space. The
∆χ2 = 2.38, 6.18, 11.83 contours are indicated, corresponding to the 68.7, 95.0, 99.7% confidence
intervals for a Gaussian likelihood.

8.2 Interpretation in terms of mixing parameters

The likelihood scan in the (x, y) plane is shown in figure 7 for the binned observables from the
CP -conserving analysis, including the constraints χ2

CLEO, χ2
BESIII and χ2

R1. The combination
(x2 + y2) is significantly more constrained than either of the mixing parameters individually,
owing to the relatively large uncertainties on the phase differences in the bins. The individual
mixing parameters are reported in table 9 and are compatible with the averages of previous
LHCb measurements within the 95% confidence level [4].

A fit is also performed to the CP -violating observables, with the same external constraints.
The compatibility between measurements is found to be good, with the χ2 of the mixing fit
found to be 5.6 for 10 degrees of freedom. The results are presented in table 9. Again, the
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x [%] y [%] ∆x [%] ∆y [%]
CP -conserving fit 0.74 + 0.18

− 0.25 0.34 + 0.25
− 0.29 — —

CP -violating fit 0.85 + 0.15
− 0.24 0.21 + 0.29

− 0.27 −0.02± 0.04 0.02 + 0.04
− 0.03

Table 9. Fitted results for the mixing parameters. The measurements of the parameters (x, y)
are highly anticorrelated, with correlation coefficients of ρ = −0.896,−0.847 for CP -conserving and
CP -violating fits, respectively.

∆χ2 = 2.30

∆χ2 = 6.18

∆χ2 = 11.83
LHCb average

LHCb
6 fb−1

−10 0 10

−10

0

10

x
[
10−3

]

y
[ 10

−
3
]

Figure 7. Likelihood contours of mixing parameters, assuming that CP violation in charm mixing
can be neglected. The ∆χ2 = 2.38, 6.18, 11.83 contours are indicated, corresponding to the
68.7, 95.0, 99.7% confidence intervals for a Gaussian likelihood. The average of previous LHCb
measurements for the mixing parameters is also shown, where the marker size is significantly larger
than the current uncertainties [4].

results for x and y are compatible with the LHCb-average values [4]. The results for ∆x and
∆y are compatible with zero and the hypothesis of CP conservation. The likelihood contours
for both (x, y) and (∆x,∆y) are shown in figure 8. The correlation matrices accompanying
the results in table 9 are given in appendix B.

9 Summary

A study of charm mixing and CP violation in D0→ K±π∓π±π∓ decays is performed with
data collected by LHCb in pp collisions, corresponding to an integrated luminosity of 6 fb−1.
Observables characterising charm mixing are measured, both inclusive and in four bins of
phase space, and are reported in table 3.

Taking the average values of the mixing parameters x and y from previous LHCb
measurements as external inputs [4], the inclusive measurement is interpreted in terms of
r and δ, the magnitude and phase difference, respectively, of the ratio of the DCS to the
CF amplitudes, averaged over phase space, and the coherence factor κ. In combination
with measurements performed at charm threshold [22, 25], and with an earlier measurement
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∆χ2 = 2.30

∆χ2 = 6.18

∆χ2 = 11.83
LHCb average

LHCb
6 fb−1

−10 0 10

−10

0

10

x
[
10−3

]

y
[ 1
0
−
3
]

∆χ2 = 2.30

∆χ2 = 6.18

∆χ2 = 11.83

LHCb
6 fb−1

−2 0 2

−2

0

2

∆x
[
10−3

]

∆
y
[ 10

−
3
]

Figure 8. Likelihood contours of (left) mixing parameters, in the case that CP violation is allowed,
and (right) the CP -violating parameters themselves. The ∆χ2 = 2.38, 6.18, 11.83 contours are
indicated, corresponding to the 68.7, 95.0, 99.7% confidence intervals for a Gaussian likelihood. The
average of previous LHCb measurements for the mixing parameters is also shown, where the marker
size is significantly larger than the current uncertainties [4].

from LHCb [21], this analysis yields

r = (5.49± 0.02)× 10−2,

κ = 0.430 + 0.043
− 0.039,

δ =
(
163.3 + 13.8

− 14.8

)◦
,

which is a significant improvement in precision compared to the previous knowledge of
these hadronic parameters [25]. A similar conclusion is reached when these parameters are
determined in the individual bins of phase space. This improvement will be valuable in future
measurements of the CP -violating phase γ in B− → DK−, D → K±π∓π+π− decays, where
knowledge of the hadronic parameters is required.

A second interpretation is performed in which the hadronic parameters from previous
measurements are taken as input, and the charm-mixing parameters are determined. The fit to
the observables of table 4, which derive from an analysis that allows for CP violation, returns

x =
(

0.85 + 0.15
− 0.24

)
%,

y =
(

0.21 + 0.29
− 0.27

)
%,

∆x = (−0.02± 0.04)%,

∆y =
(

0.02 + 0.04
− 0.03

)
%.

These results are compatible with previous measurements [51] and with the hypothesis of CP

conservation. The determination of the CP violating component of the mixing parameters
is one of the most precise to date.
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The interpretation in terms of charm-mixing parameters is currently limited by the
knowledge of the hadronic parameters of D0→ K±π∓π±π∓ decays that come from external
measurements, most importantly at charm threshold. These measurements, and therefore the
sensitivities of the mixing parameters, are expected to improve, as the BESIII experiment
has now collected a data set substantially larger than that analysed in ref. [25]. Moreover,
the upgraded LHCb detector [52] is accumulating larger samples of pp-collision data, which
will allow this and similar studies to be repeated with greater precision.
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A Statistical and systematic correlation matrices

The statistical correlation matrices for the CP -conserving, phase-space inclusive and CP -
conserving, phase-space-binned mixing fits are given in table 10. The systematic correlation
matrix for these fits is given in table 11. The statistical correlation matrix for the CP -violating
phase-space-binned fit is given in table 12. The systematic correlation matrix for this fit
is given in table 13.
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Parameter (x2 + y2) r κy′

(x2 + y2) 1.000
r 0.865 1.000

κy′ 0.965 0.952 1.000

Parameter (x2 + y2) r1 r2 r3 r4 (κy′)1 (κy′)2 (κy′)3 (κy′)4

(x2 + y2) 1.000
r1 0.646 1.000
r2 0.602 0.399 1.000
r3 0.623 0.411 0.384 1.000
r4 0.712 0.468 0.436 0.450 1.000

(κy′)1 0.872 0.898 0.536 0.553 0.628 1.000
(κy′)2 0.838 0.553 0.901 0.532 0.604 0.743 1.000
(κy′)3 0.859 0.567 0.529 0.892 0.620 0.762 0.733 1.000
(κy′)4 0.910 0.599 0.559 0.575 0.902 0.804 0.774 0.793 1.000

Table 10. Correlation coefficients of the statistical uncertainties for the CP -conserving (top) phase-
space-inclusive fit and (bottom) phase-space-binned fit.

Parameter (x2 + y2) r κy′

(x2 + y2) 1.000
r 0.875 1.000

κy′ 0.955 0.969 1.000

Parameter (x2 + y2) r1 r2 r3 r4 (κy′)1 (κy′)2 (κy′)3 (κy′)4

(x2 + y2) 1.000
r1 0.632 1.000
r2 0.661 0.489 1.000
r3 0.541 0.344 0.374 1.000
r4 0.729 0.454 0.455 0.420 1.000

(κy′)1 0.859 0.905 0.611 0.456 0.614 1.000
(κy′)2 0.881 0.593 0.910 0.475 0.627 0.782 1.000
(κy′)3 0.837 0.528 0.556 0.865 0.626 0.717 0.736 1.000
(κy′)4 0.928 0.582 0.591 0.514 0.905 0.793 0.807 0.788 1.000

Table 11. Correlation coefficients of the systematic uncertainties for the CP -conserving (top) phase-
space-inclusive fit and (bottom) phase-space-binned fit.
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r δ κ

r 1.000
δ 0.340 1.000
κ −0.505 0.345 1.000

Table 14. Correlation matrix for the phase-space inclusive interpretation fit, where the charm-mixing
parameters are constrained to the global averages and thus used for the determination of the hadronic
parameters.

r1 r2 r3 r4 δ1 δ2 δ3 δ4 κ1 κ2 κ3 κ4

r1 1.000
r2 0.006 1.000
r3 0.022 0.012 1.000
r4 0.002 −0.002 0.031 1.000
δ1 0.186 −0.024 0.097 −0.016 1.000
δ2 −0.033 0.382 0.057 0.018 0.027 1.000
δ3 0.046 0.024 0.626 0.032 0.213 0.126 1.000
δ4 0.037 0.032 0.002 −0.244 0.022 0.011 −0.007 1.000
κ1 −0.582 −0.002 −0.143 −0.021 −0.716 −0.130 −0.256 −0.034 1.000
κ2 −0.028 −0.730 −0.105 −0.066 −0.092 −0.417 −0.193 −0.025 0.337 1.000
κ3 0.031 0.007 0.101 −0.002 0.175 0.030 0.733 −0.011 −0.158 −0.061 1.000
κ4 −0.008 −0.012 0.041 0.805 0.008 0.056 0.075 −0.505 −0.096 −0.132 0.015 1.000

Table 15. Correlation matrix for the binned interpretation fit, where the charm-mixing parameters
are constrained to the global averages and thus used for the determination of the binned hadronic
parameters.

x y ∆x ∆y

x 1.000
y −0.847 1.000
∆x −0.071 0.061 1.000
∆y 0.241 −0.281 −0.799 1.000

Table 16. Correlation matrix of the charm-mixing parameters for the fits allowing for CP violation.

B Correlation matrices of interpretation fits

The correlation matrices from the fit used to determine the hadronic parameters (r, κ, δ) are
given in table 14 and 15 for phase-space inclusive and binned parameters, respectively. The
correlation matrix for the fit to determine the mixing parameters in the CP -violating fit
is given in table 16, while the only nontrivial component of the CP -conserving correlation
matrix is the correlation between x and y, which is −0.896.

Data Availability Statement. This article has associated data in a data repository.
https://cds.cern.ch/record/2945392.
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