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Recent measurements of mixing and CP violation in charm decays at LHCb are presented.
These include searches for direct CP violation in D0→ K0

SK
0
S, D+

(s)→ h+π0 and D+
(s)→ h+η

decays, and a search for time-dependent CP violation in D0 → h+h− decays, where h+ is
either a π+ or K+ meson.

1 Introduction

Charm hadrons provide a unique opportunity to test CP violation in the decays of up-type
quarks. However, due to the small size of the relevant CKM matrix elements, CP violation in
charm decays is very suppressed and typically of the order 10−4–10−3. For both neutral and
charged D mesons, CP violation can manifest itself directly as an asymmetry in the decay rates
of particle and antiparticle states. For neutral D mesons, the oscillation between D0 and D0

flavour eigenstates enables indirect CP violation in the mixing, and in the interference between
mixing and decay.

Large samples of D mesons have been collected by the LHCb experiment during Run 1
and Run 2 of the LHC. Direct CP violation has been observed in neutral D0 mesons in the
difference of the time-integrated CP asymmetries ∆ACP = ACP (D0→ K+K−) − ACP (D0→
π+π−).1 However, further measurements are required to help shed light on the nature of this
observation, which, to be explained within the Standard Model (SM), requires an enhancement
of rescattering effects by one order of magnitude beyond the naive QCD expectation. Three
recent such measurements are presented.

2 Measurement of CP asymmetry in D0→ K0
SK

0
S decays

The decay D0→ K0
SK

0
S is an ideal candidate for observing CP violation in charm decays as it

only receives contributions from similarly sized loop-suppressed and tree-level exchange diagrams
that disappear in the flavour-SU(3) limit. Theory predictions estimate that ACP (D0→ K0

SK
0
S)

could be as large as O(%).2 The results presented here use the full Run 2 data set,3 including
a reanalysis of the data taken during 2015–2016 with 30% improved sensitivity over the pre-
vious measurement.4 The D0 mesons originate from D∗+→ D0π+ decays, allowing the flavour
of the D0 to be determined from the charge of the accompanying pion. Only a fraction of K0

S

mesons decay early enough to be within the VELO tracking detector, but they have a better
mass, momentum and vertex resolution. Each K0

S meson is reconstructed using two long (L)
or downstream (D) tracks, which include or do not include segments in the VELO tracking
detector. This leads to three categories when the K0

S mesons are combined to form D0 mesons,
which are referred to as LL, LD and DD. The time-integrated ACP is measured using a simul-
taneous maximum-likelihood fit to ∆m = m(K0

SK
0
Sπ

+)−m(K0
SK

0
S) and the masses of both K0

S
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Figure 1: Distributions and fit projections of the �m observable for representative candidate
categories (2017–2018 data). See text for the definition of purities.

Finally, 2015–2016 data are analyzed separately from 2017–2018 data, due to di↵erent
trigger conditions. In addition, DD candidates were not collected in 2015–2016 data
taking. In about 10% of cases, multiple D⇤+ candidates are found in the same event. This
is mainly due to D0 candidates that are associated with multiple tagging pions. In these
cases, one D⇤+ candidate is randomly selected for the analysis.

Distributions of the �m variable for some representative subsamples are shown in
Fig. 1. An unbinned maximum-likelihood fit is performed to the joint distribution of �m
and the two m(K0

S) observables, simultaneously to candidates of both flavors to obtain the
value of ACP . The total probability density function is parameterized by the sum of eight
components: the signal component, peaking in the three observables, and seven additional
components, each describing a specific background source. This includes D0 ! K0

S⇡
+⇡�

decays, which peak in �m and in one m(K0
S) distribution but not in the other, and

all possible combinations of unrelated particles. The peaking component in the �m
distribution is described by a Gaussian function in PV-incompatible samples, or a Johnson
SU distribution [24] in PV-compatible samples. The peaking component in the m(K0

S)
distribution is described by the sum of two Gaussian functions with di↵erent widths and a
common mean, for both L- and D-category K0

S candidates. The non-peaking component
in the �m distribution is described by an empirical threshold function, while in the m(K0

S)
distribution it is described by a first- and second-order Chebyshev polynomial for L- and
D-category K0

S candidates, respectively. In each subsample, the parameters defining the
signal and background probability density functions are shared between flavors, while the
normalization of each component is allowed to di↵er.

Each candidate participating in the fit is appropriately weighted with the aim of
correcting for all spurious asymmetries, with the help of the calibration D0 ! K+K�

sample, selected in a way to contain the same proportions of primary and secondary decays.
The calibration sample is similarly split between PV-compatible and PV-incompatible
categories, and is required to have m(K+K�) within ±20 MeV/c2 around the known D0

4

140 142 144 146 148 150 152 154
]2c [MeV/mΔ

0

200

400

600

800

1000

1200

 )2 c
C

an
di

da
te

s /
 ( 

0.
2 

M
eV

/ LHCb
-14 fb

S
0KS

0 K→0D/0D

Data
Total
Background

LL 

PV-compatible

medium-purity

140 142 144 146 148 150 152 154
]2c [MeV/mΔ

0
20
40
60
80

100
120
140
160
180
200
220 )2 c

C
an

di
da

te
s /

 ( 
0.

3 
M

eV
/ LHCb

-14 fb
S
0KS

0 K→ 0D/0D

Data
Total
Background

LL
PV-incompatible

medium-purity

140 142 144 146 148 150 152 154
]2c [MeV/mΔ

0

50

100

150

200

250

300

350

400 )2 c
C

an
di

da
te

s /
 ( 

0.
2 

M
eV

/ LHCb
-14 fb

S
0KS

0 K→ 0D/0D

Data
Total
Background

LD 

PV-compatible

medium-purity

140 142 144 146 148 150 152 154
]2c [MeV/mΔ

0

20

40

60

80

100

120

140

160

180 )2 c
C

an
di

da
te

s /
 ( 

0.
3 

M
eV

/

LHCb
-14 fb

S
0KS

0 K→ 0D/0D

Data
Total
Background

DD
high-purity

Figure 1: Distributions and fit projections of the �m observable for representative candidate
categories (2017–2018 data). See text for the definition of purities.

Finally, 2015–2016 data are analyzed separately from 2017–2018 data, due to di↵erent
trigger conditions. In addition, DD candidates were not collected in 2015–2016 data
taking. In about 10% of cases, multiple D⇤+ candidates are found in the same event. This
is mainly due to D0 candidates that are associated with multiple tagging pions. In these
cases, one D⇤+ candidate is randomly selected for the analysis.

Distributions of the �m variable for some representative subsamples are shown in
Fig. 1. An unbinned maximum-likelihood fit is performed to the joint distribution of �m
and the two m(K0

S) observables, simultaneously to candidates of both flavors to obtain the
value of ACP . The total probability density function is parameterized by the sum of eight
components: the signal component, peaking in the three observables, and seven additional
components, each describing a specific background source. This includes D0 ! K0

S⇡
+⇡�

decays, which peak in �m and in one m(K0
S) distribution but not in the other, and

all possible combinations of unrelated particles. The peaking component in the �m
distribution is described by a Gaussian function in PV-incompatible samples, or a Johnson
SU distribution [24] in PV-compatible samples. The peaking component in the m(K0

S)
distribution is described by the sum of two Gaussian functions with di↵erent widths and a
common mean, for both L- and D-category K0

S candidates. The non-peaking component
in the �m distribution is described by an empirical threshold function, while in the m(K0

S)
distribution it is described by a first- and second-order Chebyshev polynomial for L- and
D-category K0

S candidates, respectively. In each subsample, the parameters defining the
signal and background probability density functions are shared between flavors, while the
normalization of each component is allowed to di↵er.

Each candidate participating in the fit is appropriately weighted with the aim of
correcting for all spurious asymmetries, with the help of the calibration D0 ! K+K�

sample, selected in a way to contain the same proportions of primary and secondary decays.
The calibration sample is similarly split between PV-compatible and PV-incompatible
categories, and is required to have m(K+K�) within ±20 MeV/c2 around the known D0

4

140 142 144 146 148 150 152 154
]2c [MeV/mΔ

0

200

400

600

800

1000

1200

 )2 c
C

an
di

da
te

s /
 ( 

0.
2 

M
eV

/ LHCb
-14 fb

S
0KS

0 K→0D/0D

Data
Total
Background

LL 

PV-compatible

medium-purity

140 142 144 146 148 150 152 154
]2c [MeV/mΔ

0
20
40
60
80

100
120
140
160
180
200
220 )2 c

C
an

di
da

te
s /

 ( 
0.

3 
M

eV
/ LHCb

-14 fb
S
0KS

0 K→ 0D/0D

Data
Total
Background

LL
PV-incompatible

medium-purity

140 142 144 146 148 150 152 154
]2c [MeV/mΔ

0

50

100

150

200

250

300

350

400 )2 c
C

an
di

da
te

s /
 ( 

0.
2 

M
eV

/ LHCb
-14 fb

S
0KS

0 K→ 0D/0D

Data
Total
Background

LD 

PV-compatible

medium-purity

140 142 144 146 148 150 152 154
]2c [MeV/mΔ

0

20

40

60

80

100

120

140

160

180 )2 c
C

an
di

da
te

s /
 ( 

0.
3 

M
eV

/

LHCb
-14 fb

S
0KS

0 K→ 0D/0D

Data
Total
Background

DD
high-purity

Figure 1: Distributions and fit projections of the �m observable for representative candidate
categories (2017–2018 data). See text for the definition of purities.

Finally, 2015–2016 data are analyzed separately from 2017–2018 data, due to di↵erent
trigger conditions. In addition, DD candidates were not collected in 2015–2016 data
taking. In about 10% of cases, multiple D⇤+ candidates are found in the same event. This
is mainly due to D0 candidates that are associated with multiple tagging pions. In these
cases, one D⇤+ candidate is randomly selected for the analysis.

Distributions of the �m variable for some representative subsamples are shown in
Fig. 1. An unbinned maximum-likelihood fit is performed to the joint distribution of �m
and the two m(K0

S) observables, simultaneously to candidates of both flavors to obtain the
value of ACP . The total probability density function is parameterized by the sum of eight
components: the signal component, peaking in the three observables, and seven additional
components, each describing a specific background source. This includes D0 ! K0

S⇡
+⇡�

decays, which peak in �m and in one m(K0
S) distribution but not in the other, and

all possible combinations of unrelated particles. The peaking component in the �m
distribution is described by a Gaussian function in PV-incompatible samples, or a Johnson
SU distribution [24] in PV-compatible samples. The peaking component in the m(K0

S)
distribution is described by the sum of two Gaussian functions with di↵erent widths and a
common mean, for both L- and D-category K0

S candidates. The non-peaking component
in the �m distribution is described by an empirical threshold function, while in the m(K0

S)
distribution it is described by a first- and second-order Chebyshev polynomial for L- and
D-category K0

S candidates, respectively. In each subsample, the parameters defining the
signal and background probability density functions are shared between flavors, while the
normalization of each component is allowed to di↵er.

Each candidate participating in the fit is appropriately weighted with the aim of
correcting for all spurious asymmetries, with the help of the calibration D0 ! K+K�

sample, selected in a way to contain the same proportions of primary and secondary decays.
The calibration sample is similarly split between PV-compatible and PV-incompatible
categories, and is required to have m(K+K�) within ±20 MeV/c2 around the known D0

4

Figure 1 – Distribution of the ∆m observable for D0→ K0
SK

0
S candidates in the (left) LL, (middle) LD and (right)

DD K0
S reconstruction categories. Fit projections are overlaid.

candidates.

This measurement includes improvements in the analysis strategy that increase the sensi-
tivity with respect to previous measurements. The candidates are split according to whether
they are compatible with originating at the primary proton–proton interaction vertex (PV); for
those that are, a factor of two better mass resolution is achieved by constraining the D∗+ decay
vertex to coincide with the PV. A multivariate classifier (kNN) is used to reduce the combina-
torial background, and additionally to split the remaining candidates into categories, improving
the sensitivity to ACP . The effect of the production and detection nuisance asymmetries are
removed using input from a calibration sample of D0→ K+K− decays, accounting for the dif-
ferent kinematics through a momentum-dependent weighting. Examples of the distribution of
∆m in the different K0

S reconstruction categories are shown in Fig. 1.

The CP asymmetry is measured to be

ACP (D0→ K0
SK

0
S) = (−3.1± 1.2± 0.4± 0.2)%,

where the first uncertainty is statistical, the second systematic and the third arises from the
uncertainty on ACP (D0 → K+K−).5 This constitutes the most precise measurement to date,
is compatible with no CP asymmetry within 2.4 standard deviations and is in agreement with
previous determinations.

3 Search for CP violation in D+
(s)→ h+π0 and D+

(s)→ h+η decays

The two-body decays of charged D mesons D+
(s)→ h+π0 and D+

(s)→ h+η, where h+ stands for

π+ or K+, proceed via Cabibbo-favoured, singly Cabibbo-suppressed (SCS) or doubly Cabibbo-
suppressed amplitudes. The SCS decays D+

s → K+π0, D → π+η and D+
s → K+η are ex-

pected to have a CP asymmetry O(10−4–10−3).8,9,10,11 Due to isospin constraints, the SCS
mode D+→ π+π0 is expected to have a CP asymmetry smaller than 10−5 in the SM; a nonzero
CP asymmetry would indicate physics beyond the SM.12

Modes with only one track and a neutral particle are challenging to reconstruct at LHCb
as it is not possible to determine the displaced D-meson decay vertex to suppress background.
Reconstructing decays of the neutral mesons into the e+e−γ final state enables the D decay
vertex to be determined; however, the branching fractions for these processes are suppressed
by two orders of magnitude with respect to the two-photon final state. A contribution, larger
by a factor of four, to the same final state arises from decays of the neutral mesons to two
photons, where one photon interacts with the detector material and converts into an e+e−

pair. The CP asymmetry measurements are performed using data taken during Run 1 and (or)
Run 2 of the LHC for final states including a π0 (η) meson, using two-dimensional fits to the
invariant masses m(e+e−γ) and m(h+h0) ≡ m(h+e+e−γ)−m(e+e−γ) +m(h0), where m(h0) is
the known neutral-meson mass.6 The m(h+h0) distributions are shown in Fig 2. The production
and detection nuisance asymmetries are subtracted using large samples of D+

(s)→ K0
Sh

+ decays,

for which the CP asymmetry is know with a better precision.7 The D+
(s)→ K0

Sh
+ samples are
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weighted to match the kinematics of the signal samples to ensure cancellation of the nuisance
asymmetries. The results are consistent with no CP violation in all studied modes:

ACP (D+→ π+π0) = (−1.3± 0.9± 0.6)%,

ACP (D+→ K+π0) = (−3.2± 4.7± 2.1)%,

ACP (D+→ π+η) = (−0.2± 0.8± 0.4)%,

ACP (D+→ K+η) = (−6 ± 10 ± 4 )%.

ACP (D+
s → K+π0) = (−0.8± 3.9± 1.2)%,

ACP (D+
s → π+η) = ( 0.8± 0.7± 0.5)%,

ACP (D+
s → K+η) = ( 0.9± 3.7± 1.1)%,

Five of these constitute the most precise measurements to date.

4 Search for time-dependent CP violation in D0→ K+K− and D0→ π+π− decays

The CP asymmetry of neutral D mesons can vary as a function of decay time as a result of
the mixing between D0 and D0 mesons. The mixing can be quantified using the parameters
x12 ≡ 2|M12/Γ| and y12 ≡ |Γ12/Γ|,13 where M− i

2Γ is the effective Hamiltonian of the D0-meson
system and Γ is the average decay width of the mass eigenstates D1,2. The asymmetry of the
time-dependent decay rates into the final state f = K+K− or π+π− can be approximated as

ACP (D0→ f, t) ≈ adf + ∆Yf
t

τD0

, (1)

where adf is the CP violation in decay, τD0 is the D0 meson lifetime, and the slope ∆Yf is

approximately equal to the negative of the parameter AfΓ used in previous measurements.14 The
quantity ∆Yf is expected to be in the range 10−4–10−5 in the SM.15,16 The current world average
∆Y = (3.1± 2.0)× 10−4, which neglects subleading final-state dependent contributions, shows
no evidence of CP violation in the mixing.17

The new measurements presented here use the full Run 2 data set.18 The analysis method is
developed and validated using the decay D0→ K−π+, for which the analogue of ∆Y is known
to be smaller than the current experimental precision. The data sample comprises 58 million
D0→ K+K− and 18 million D0→ π+π− signal candidates and 0.5 billion D0→ K−π+ control
candidates, achieving a precision of 0.5 × 10−4 in the parameter ∆YK−π+ . The D0 mesons
are required to originate from the D∗+ → D0π+ decay. The selection requirements induce
correlations between the momenta and decay time, causing the momentum-dependent detection
asymmetries to result in a nonlinear raw asymmetry as a function of decay time. Equalising
the kinematic distributions of D0 and D0 candidates and of π+ and π− candidates successfully
removes the time dependence in the control-mode asymmetry. Contributions from D0 mesons
from b-hadron decays are removed by placing a requirement on the impact parameter of the
D0 meson. A small fraction remains (4%), which increases as a function of decay time. The
associated bias on ∆Y , 0.3× 10−4, is measured and subtracted.
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These results are combined with previous LHCb measurements [44–46], with which616

they are consistent, yielding the LHCb legacy results with the 2011–2012 and 2015–2018617

data samples,618

�YK+K� = (�0.3 ± 1.3 ± 0.3) ⇥ 10�4,

�Y⇡+⇡� = (�3.6 ± 2.4 ± 0.4) ⇥ 10�4,

�Y = (�1.0 ± 1.1 ± 0.3) ⇥ 10�4,

�YK+K� � �Y⇡+⇡� = (+3.3 ± 2.7 ± 0.2) ⇥ 10�4.

Finally, the arithmetic average of �YK+K� and �Y⇡+⇡� , which would allow final-state619

dependent contributions to be suppressed by a factor of ✏ [22], where ✏ is the parameter620

quantifying the breaking of the U -spin symmetry in these decays, is621

1
2
(�YK+K� + �Y⇡+⇡�) = (�1.9 ± 1.3 ± 0.4) ⇥ 10�4.

These results are consistent with no time-dependent CP violation in D0! K+K� and622

D0! ⇡+⇡� decays, and improve by nearly a factor of two on the precision of the previous623

world average [47]. In particular, they tighten the bounds on the size of the phase624

�M
2 , which parametrises dispersive CP -violating contributions to D0 mixing, by around625

35% [61].626
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Figure 3 – Linear fit to the time-dependent asymmetry of the (left) D0 → K+K− and (right) D0 → π+π−

candidates.

The fits to the asymmetry of the signal candidates as a function of decay time are shown in
Fig. 3. The results are

∆YK+K− = (−2.3± 1.5± 0.3)× 10−4,

∆Yπ+π− = (−4.0± 2.8± 0.4)× 10−4,

which are combined with previous LHCb measurements to yield the LHCb legacy result with
Run 1 and Run 2 data, ∆Y = (−1.0± 1.1± 0.3)× 10−4. This is consistent with no CP violation
and improves on the precision of the world average by a factor of nearly two.

5 Conclusions

Searches for direct CP asymmetry have been performed in D0 → K0
SK

0
S, D+

(s) → h+π0 and

D+
(s) → h+η decays, leading to worlds best measurements in most modes. All of the results

are consistent with no CP violation. Time-dependent CP violation parameters are measured
in D0 → h+h− decays and found to be consistent with no CP violation, greatly improving
the precision with respect to the current world average. Many more charm measurements are
underway with the Run 2 dataset and the upgraded LHCb detector in Run 3 is expected to
collect even larger samples.
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