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ABSTRACT: Searches for C'P violation in the decays D(t,) — nprt and Dz;) — p/nT are
performed using pp collision data corresponding to 6 fb~! of integrated luminosity collected
by the LHCb experiment. The calibration channels D(J;) — ¢ are used to remove
production and detection asymmetries. The resulting C P-violating asymmetries are

ACP(DY = nrt) = (0.34 £ 0.66 & 0.16 + 0.05)%,
AP(DF = nr) = (0.32 £0.51 +0.12)%,
AP (DT = y'nt) = (0.49 4 0.18 £ 0.06 + 0.05)%,
AP(DF = y/'nt) = (0.01 £0.12 + 0.08)%,

where the first uncertainty is statistical, the second is systematic and the third, relevant
for the D* channels, is due to the uncertainty on A“Y(D+ — ¢7+). These measurements,
currently the most precise for three of the four channels considered, are consistent with the
absence of C'P violation. A combination of these results with previous LHCb measurements
is presented.

KEYWORDS: Charm Physics, CP Violation, Flavour Physics, Hadron-Hadron Scattering

ARXI1v EPRINT: 2204.12228

OPEN Access, Copyright CERN, https://doi.org/10.1007/JHEP04(2023)081
for the benefit of the LHCb Collaboration.
Article funded by SCOAP®.


mailto:simone.stracka@pi.infn.it
https://arxiv.org/abs/2204.12228
https://doi.org/10.1007/JHEP04(2023)081

Contents

1 Introduction 1
2 Detector and simulation 3
3 Event selection 3
4 Background sources 5
5 Determining the raw asymmetry 6
6 Control channel analysis 8
7 Systematic uncertainties 9
8 Results 11
The LHCDb collaboration 16

1 Introduction

The observed baryon asymmetry in the Universe requires the violation of the charge-
conjugation parity (CP) symmetry [1]. Within the Standard Model (SM), CP violation oc-
curs due to an irreducible complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix, which describes the transitions between quarks [2, 3]. However, the size of CP violation
in the SM appears to be too small to explain the observed baryon asymmetry, suggesting
that there may be additional sources of CP violation beyond the SM [4-6]. Such sources can
be associated to new heavy particles, giving further motivation for C'P violation searches.

Although CP violation in the b- and s-quark sectors has been established for some
time [7-10], its observation in the charm sector was only accomplished in 2019 [11]. The
charm sector provides a unique opportunity to study CP violation in decays of up-type
quarks. Charge-parity violation in charm decays occurs through the interference of tree-
and loop-level diagrams in the Cabibbo-suppressed quark transitions ¢ — ddu and ¢ — Ssu.
Standard Model calculations of CP violation in the charm sector are difficult due to the
presence of low-energy strong-interaction effects; as a consequence, predictions of CP asym-
metries vary by orders of magnitude, typically between 10~4 and 1072 [12-16]. The study
of CP asymmetries in several decays related by flavour symmetry can provide insight to
the origin of observed CP violation [17-25]. Of particular interest are two-body decays of
DF and D mesons, such as Df — )zt (Cabibbo-favoured) and Dt — )zt (singly



Cabibbo-suppressed).! For the singly Cabibbo suppressed decays, predictions for the CP
asymmetry from topological-diagram [18] and factorization [20] approaches are, respec-
tively, —0.65 x 1072 and —0.26 x 1073 for the DT — nr* decay mode. For the Dt — n/z™
channel the corresponding predictions are 0.41 x 1073 and 1.18 x 1072, The CP asym-
metries for these channels have been measured by the CLEO [26, 27], Belle [28, 29] and
LHCD [30, 31] collaborations. No evidence for CP violation has been observed, within the
uncertainties of a few per mil.

This article presents measurements of CP asymmetries for the modes D(t,) — 't and
Dz;) — n'n " at the LHCb experiment, made using proton-proton (pp) collisions, recorded
during the period 2015-2018 at a centre-of-mass energy /s = 13 TeV, corresponding to an
integrated luminosity of 6 fb~!. The n and 5’ mesons are both reconstructed in the final
state yrTw~. The two charged particles in the final states allow the reconstruction of the
n") decay vertex.

The CP asymmetry is defined as
P(DE;) — ) - P(D(_s) = f7)
LDy = fH)+T(Dgy — )

ACP(Dz;) — ) (1.1)

where f is the considered final state and I' is the partial decay width. Experimentally, the
raw asymmetry A™V is measured using the event yields N as

N(DY,) = f+) = N(Dg, = )

N(D{ = ff)+ N(Dg) = f7)

AraW(D+ SN f+) (1.2)

(s)

The difference between AT and A™Y arises from asymmetries in the production of posi-
tively and negatively charged D(is) mesons [32, 33] and in the detection efficiency of the cor-
responding final states. For small asymmetries, A™" may be approximated to first order as

AraW(D?;) —>f+) %.ACP(D?;) —>f+)+Apr0d(DE;))+.Adet(f+), (1'3)
o(DY )= (D -
where APd = 9D =0 (D)) is the production asymmetry and A%t = % is the

o(D(;))+o (D)

detection asymmetry. Here J(D(j;)) is the production cross section for Di) mesons and
e(f*) is the efficiency for detecting the final state f*. The detection asymmetry can arise
due to instrumental effects, such as different interaction cross-sections of positive and neg-
ative particles with the detector material, or a small charge-dependence of geometrical
effects that are not fully treated in the reconstruction algorithms. For f* = p()g®  Adet
is due only to the pion, since the decays n) — yrTn~ are charge symmetric.

The production and detection asymmetries are subtracted using the control channels
Df — ¢rt and DT — ¢rT, followed by the decay ¢ — KTK~. The production and
detection asymmetries are the same for the control channels and the signal channels, after

accounting for small differences in the kinematic properties, and are therefore eliminated

LCharge-conjugate decays are implied throughout this article, except when discussing asymmetries.



in the difference of the raw asymmetries

AraW(D+ _>77(/)7T+) —AraW(D+ _>¢7r+) :ACP(D+ _”7(/)71_—1-) _ACP(D+ —>¢7T+), (1'4)
A (DE = nWrt) =A™ (DF — ¢n) = AP (DF = nat). (1.5)

The Cabibbo-favoured channel D} — ¢7 is assumed to have AP =0, based on theoret-
ical SM expectations [15]. For the singly Cabibbo-suppressed control channel, the value of
AP (Dt — ¢nt) = (0.005 4 0.051)% [34] is taken as an external input. Its uncertainty is
small compared to the sensitivity of this measurement.

2 Detector and simulation

The LHCb detector [35, 36] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5, designed for the study of particles containing b or ¢
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 sta-
tions 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.? 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/pr) um, where pr is the component of
the momentum transverse to the beam, in GeV. Different types of charged hadrons are
distinguished using information from two ring-imaging Cherenkov detectors. Photons, elec-
trons 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.
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 two software
stages, which apply a full event reconstruction. Detector calibration and alignment is
performed after the first software stage and is used in the second stage.

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements, and to study background contributions. In the simulation, pp
collisions are generated using PyTHIA [37, 38] with a specific LHCb configuration [39].
Decays of unstable particles are described by EVTGEN [40], in which final-state radiation is
generated using PHOTOS [41]. The interaction of the generated particles with the detector,
and its response, are implemented using the GEANT4 toolkit [42, 43] as described in ref. [44].

3 Event selection

The online selection of signal candidates is performed by the trigger. The hardware trigger

selects candidates where one or more of the D(t) decay products produces a significant

2Natural units, with ¢ = h = 1, are used throughout.



energy deposit in the calorimeter. Events where particles that are not used to reconstruct
the D(t) candidate satisfy the hardware trigger are also accepted. The first software stage

requires at least one pion of the n) decay to have high transverse momentum and to be
well detached from all primary pp interaction vertices. In the second software stage, each
selected event is required to have at least one fully reconstructed DE;) — nxt candidate.

Offline, the n) — ynt7~ decays are reconstructed with two oppositely charged well
reconstructed tracks and a high-quality photon candidate. A multivariate classifier com-
bining several track-quality criteria is applied to reject fake tracks [36]. Multivariate al-
gorithms based on the shape parameters of the cluster in the electromagnetic calorime-
ter are used to distinguish the photon from non-electromagnetic deposits associated to
hadrons and to reject background in which the two photons are reconstructed as a single
cluster [45]. The charged tracks must have transverse momentum pp > 500 MeV and mo-
mentum p > 1000 MeV. Furthermore, they must have particle-identification characteristics
compatible with the pion hypothesis. The pion candidates must be well-detached from
all primary vertices in the event. Photon candidates must satisfy pp > 1000 MeV. For »’
decays, the invariant mass of the pion pair must be greater than 600 MeV, which selects
p° mesons from the dominant decay process i/ — p%v, followed by p° — 7+, The n)
candidates are combined with an additional high-quality track that is consistent with being
a pion, denoted the “companion” pion, to form D(*;) candidates. The companion pion must
satisfy 1 < pr < 20GeV, have pseudorapidity between 2 and 5, and be significantly de-
tached from all primary vertices. Furthermore, it is required to satisfy fiducial requirements
designed to exclude momentum regions for which candidates of one charge are more likely
to be deflected out of the detector acceptance, causing large detection asymmetries [11, 34].

The D(J;) candidates must satisfy pp > 2000MeV and have proper decay time
7 > 0.25 ps. Furthermore, the invariant mass of the three pion candidates combined must
satisfy ms, < 1825MeV, which removes background D(t) — 7T decays. A kinematic
fit is performed constraining the three-pion candidates to arise from a common vertex and
the DZ;) candidate to originate at the primary vertex [46]. Selected candidates are re-
quired to have a p-value > 1% for this fit. The invariant mass of the selected candidates is
calculated by repeating the kinematic fit while constraining the n) particle to its known
mass [47]. The symbols m(n")7+) are used to denote the D(t) candidate mass calculated
using the () mass constraint. Multiple candidates are found in 5.5% of the events. In case
of more than one candidate per event, one of the candidates is selected randomly.

The data is divided into eight subsamples, separated by year of data taking, magnet
polarity and if the event had multiple primary vertices. The small amount of data from 2015
is combined with the 2016 data. Furthermore, for the years 2015-2017, the dedicated second
level software trigger only accepted events with one primary vertex, while for 2018 this
requirement was eliminated. The analysis is performed independently on each subsample
and a weighted sum is performed to determine the result for the complete dataset.



> £ > 640 £
© 1020 = 5} =)
= s S 620 2
= 1000 £ =600 £
< ! <
R 980 R 580
8 960 S 560
T 940 T 540
920 520
280 480
860 460 0
1800 1850 1900 1950 2000 2050 1800 1850 1900 1950 2000 2050
m(1'7*) [MeV] m(nz*) [MeV]

Figure 1. Two-dimensional distributions of m(ynt7~) versus m(nxt) for (left) the n'w* final
state and (right) the 7t final state. The background candidates at low values of m(yr 7 ~) for
the nrt final state arise from 7 — 77~ 70 decays. These distributions correspond to a subset of
the signal data sample.

4 Background sources

The dominant background in all the signal channels is combinatorial, in which random com-
binations of charged particles and photons result in masses m(yrt7n~) and m(yr 7~ 7)
that are compatible with those of the n) and the Da;) mesons, respectively. Included

in the combinatorial background is a small contribution from correctly reconstructed n(")
mesons combined with a random companion pion.

Secondary decays, in which a true DZ;) meson is the decay product of a b hadron and
not produced at the primary vertex, contribute to the signal sample. Such decays can bias
the CP asymmetry measurement, because the asymmetry in the production and decay of
the b hadron may differ from that of the prompt production of DE;) mesons. The secondary
background is estimated from simulation to be 11% for the DT sample and 13% for the
DY sample. The potential bias introduced by the secondary background is treated as a
source of systematic uncertainty (section 7).

Additionally, background arising from the decay channel DE’;) — ¢m T, followed by the

decay ¢ — ntn~ 70, (henceforth denoted Dz;) — ¢3,7") contributes for the channels with

0

n’ in the final state. This can occur when the 7” meson is misreconstructed as a photon.

A component for this background is accounted for in the fit, as discussed in section 5.

Another background contribution comes from the signal decay D(t) — nmt, followed
by n — 7tn~ 7%, with the 7° meson reconstructed as a photon. This decay is visible in
the two-dimensional distribution of m(yr*7~) versus m(nm™), as seen in figure 1. This
background shows only broad peaking behaviour in m(nz™) and, in any case, is removed
by the selection on m(yr*7 ™). It should be noted that this decay mode could be used to
measure AT (DE’;) — nrT) with a dedicated analysis.

Other physics background sources from partially or misreconstructed decays, such
as A+ — nUp, DE;) — Dty DE’;) — n7rta0 and DZ;) — /7t (with / — nrtn—,
17 — ), have been studied and found to contribute negligibly in the mass range of interest.
The latter two are considered when evaluating the systematic uncertainty associated to the
fit model.
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Figure 2. Distribution of the invariant mass m(n'7™) of (left) D(t) — n'rT candidates and (right)

D(_S) — n'm~ candidates, summed over the eight subsamples. Candidates have m(yrT7~) in the
range 936-976 MeV. The results of the fit described in the text are superimposed. The lower panels
show the normalised fit residuals (pulls).

5 Determining the raw asymmetry

The distributions of the invariant mass m(n'7*) of the Di) — n'7* candidates, separated

by charge, are shown in figure 2 and the corresponding distributions for the D(is) T
candidates are shown in figure 3. For each data subsample (described in section 3), the raw
asymmetry is independently determined using a simultaneous, binned, extended maximum-
likelihood fit to the m(n(’ )7r+) distributions of positively and negatively charged D(is) candi-
dates in the mass range 1770-2060 MeV. This fit to the Dé) invariant mass is also performed
simultaneously in 4 MeV intervals of the unconstrained m(y7 7~ ) mass, in the mass range
936-976 MeV for the i’ channel or 526-570 MeV for the n channel. The distributions of
the unconstrained m(yr+7~) mass for D(J;) — n'rt and Dz;) — nut candidates are shown
in figure 4. The total charge-integrated Dy and D yields in each m(yn7~) bin are also
determined in the fit.

The DF and D' mass peaks are each described with a Johnson SU function [48],
while the combinatorial background component is modelled by a third-order Chebyshev
polynomial. The mean of the Johnson SU function corresponding to the D7 peak is left to
vary as a function of m(yr+7 ™). Such variation is expected due to the small correlations
between these two quantities. The mean of the Johnson SU function of the D} peak in
the it" m(ynt77) interval, u%;, is parameterised by

Wi = 1y +alM' — M)+ [ M' — MP)?, (5.1)

where M is shorthand for m(ynt7~), and the superscript p refers to the value in the
interval corresponding to the peak of the m(yntn™) distribution. The values of H%Jr, a

and b are determined in the fit. The fit also determines Am = m(D}) — m(D™"), which is
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Figure 3. Distribution of the invariant mass m(n7™) of (left) D(t) — 7t candidates and (right)
Dy — nm~ candidates, summed over the eight subsamples. Candidates have m(yrtn™) in the
range 526-570 MeV. The results of the fit described in the text are superimposed. The lower panels
show the normalised fit residuals (pulls).
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Figure 4. Distributions of the invariant mass m(yr+7~) for (left) D(t) — /7" candidates and

(right) D?;)
subsamples and the D(t, charges. In this figure, the m(ynT7~) mass ranges are enlarged with

respect to the baseline fit. The default mass ranges are indicated by the vertical dashed lines.

— nrt candidates, with the projections of the fit superimposed, summed over the

allowed to vary linearly as a function of m(yn+7 ™), thus determining the position of the D™
peak in each interval of m(yn ™7 ~). Similarly, the widths of both peaks are determined
by the fit and allowed to vary quadratically as a function of m(yw*7~). The choice
of the allowed variation (linear or quadratic) is made empirically, choosing the simplest
functional form that describes the data. These means and widths may be different for
positively and negatively charged candidates. The two parameters describing the shape of
the tails of the Johnson SU functions are shared among the DI and D™ peaks, positively
and negatively charged candidates and m(yn 7 ~) intervals. The background yields and
the parameters describing the combinatorial background are determined independently in
intervals of m(ym 7 ~) and for positively and negatively charged candidates.



For the channels DE’;) — n'7T a dedicated component to the fit for the background
due to Dé) — ¢3xm" decays is included. The shape of this component is obtained from
simulated events. The overall yield of this background is free in the fit, while the relative
contribution arising from DT and DI decays is fixed to the value estimated from known
branching fractions and the relative efficiency determined from simulation.

The results of the fit, summed over the eight subsamples, for the DE:) — n'7 and
D(J;) — ™ channels are shown in figures 2 and 3, respectively. The total charge-integrated
signal yields for the D} — /7™ and D* — /7" channels are (1085.7 4 1.2) x 10® and
(555.4 4 0.9) x 103, respectively. The obtained yields for the Dy — n7* and DT — nrt
are (135.8 = 0.7) x 103 and (110.8 £ 0.7) x 103, respectively. The normalised fit residuals
(residuals divided by the corresponding uncertainty) for the DE;) — n/7™ channel show
minor enhancements in correspondence with the endpoint of the of D(J;) — 3T peaking
background (whose position is fixed in the fit) and close to the low-mass tail of the D?;)
signal component. This suggests an imperfect model for this background component, which
is treated as a systematic uncertainty (section 7). The normalised fit residuals for the
DE’;) — nmt channel do not show a similar effect.

The projections of the fit results on m(yw7~), showing the contribution determined
in the fit for each component in each m(yw™7~) interval, are shown in figure 4. A small
peaking contribution is visible in the combinatorial component, indicating the presence
of correctly reconstructed n”) candidates paired with random companion pions. For the
DE’;) — nrt channels, the large shoulder at low values of m(ym*7™), attributed by the

fit to the combinatorial component, is due to Dz;) — ™ decays, followed by the decay
n — mTm~ 70 as discussed in section 4. This figure was made using wider m(ym ™7 ~) mass

ranges than those used for the baseline fit.

6 Control channel analysis

As described in section 1, the control channels D?;) — o¢rt, followed by the decay
¢ — KTK~, are used to cancel production and detection asymmetries. The triggering
and selection of the candidates of the control channels follow closely those of ref. [34]. In
particular, kaon daughters of the ¢ meson are required to satisfy particle-identification
criteria compatible with being kaons and the sum of their pr must be greater than 2 GeV.
Their invariant mass m (K"K~ ) must lie in the range 1010-1030 MeV. The pion candidate
must have particle-identification information compatible with a pion and pt > 1 GeV. As
for the signal channels, the pion candidate must satisfy fiducial requirements that remove
tracks from areas of the detector with large detector asymmetries. Fach D?;) candidate
must have a large flight distance and a large flight-distance significance. Furthermore, the
direction of the momentum of the DE;) candidate must be compatible with the direction
defined by its production and decay vertices. The x? per degree of freedom of the vertex
fit for the DZ;) candidate must be small. The D(t) candidate transverse momentum must
satisfy pr > 2700 MeV. These channels have significantly lower background than the signal
modes owing to the absence of neutral particles in the final state.



Source Df - o/'rt DY - 'zt Df -yt DT —prt
Fit model, signal 0.04 0.04 0.10 0.16
Fit bias 0.01 0.01 0.01 0.02
Secondary decays 0.06 0.03 0.06 0.03
ARK 0.01 0.02 0.01 0.02
Fit model, control 0.03 0.00 0.03 0.00
Weighting 0.01 0.01 0.02 0.00
Total 0.08 0.06 0.12 0.16

Table 1. Systematic uncertainties associated to values of A" (%).

To achieve satisfactory cancellation of production and detector asymmetries, the con-
trol sample candidates are weighted such that the distributions of kinematic and trigger
variables simultaneously match the distributions observed in the signal sample. Specifically,
the distributions of the transverse momentum and pseudorapidity of the companion pion
and the D?;) candidates, and of the type of trigger decision (whether independent of the final
state particles or not) are matched to the signal distributions. The algorithm to determine
the weights [49] is trained on distributions from signal and control sample data candidates.
The signal distributions are background-subtracted using the sPlot technique [50], with
m(n(’ )7T+> as the discriminating variable; the background in the control sample is negligible.

The control channel data is divided into eight subsamples, as is done for the signal.
The invariant mass distribution m(K+K~7%) for one subsample is shown in figure 5.
For each subsample, the raw asymmetry is independently determined using a simultaneous
binned 2 fit to the weighted positive and negative candidates, in the range 1820-1920 MeV
for Dt modes and 1920-2020 MeV for D modes. Each control sample channel is fit
twice, employing the weighting appropriate for either the n’7™ or the nn* final state.
The fit model consists of the sum of a Johnson SU function and a Gaussian function for
the DE;) peak, and a linear function for the combinatorial background. The parameters
describing the tail of the Johnson SU function, the widths of the Johnson SU and Gaussian
functions and the relative proportion of the signal described by the Gaussian component are
shared among positive and negative candidates. All other fitted parameters are determined
separately for positive and negative candidates.

The result of the fit for A™Y for one control channel subsample, for both the D} and the
DT decays, is shown in figure 5. The total charge-integrated signal yields for the D — ¢
and DT — ¢7m* channels are (27928 +5) x 10% and (16276 + 4) x 103, respectively.

7 Systematic uncertainties

Several sources of systematic uncertainty on the CP asymmetry measurements are pre-
sented in table 1. The choice of the fit model to describe the signal mass distributions is a
significant source of systematic uncertainty. This is evaluated by fitting, with the baseline
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Figure 5. Mass distributions with corresponding fits of (top) Dy — ¢n' candidates and
(bottom) DT — ¢ candidates. The candidates are weighted to match the signal distributions
for the n’7+ channels. The positively charged candidates are shown on the left and the negatively
charged candidates on the right. The blue curves represent the total fit, while the red curves show
the very small background component. The data shown are from the 2017, magnet up polarity
subsample.

model, pseudoexperiments generated according to several alternative models, the parame-
ters of which have been previously determined from the experimental data. In particular,
the background model is altered by using a higher-order polynomial function to represent
the combinatorial component, including additional background components for partially or
misreconstructed decays, or varying their parameterisation, while a sum of two Gaussian
functions is used as an alternative parameterisation for the signal. An estimate of the un-
certainty caused by possible bias introduced by the fitting procedure is investigated using
pseudoexperiments. A significant contribution to the systematic uncertainty also arises
from secondary decays, where the Dz;) is produced in the decay of a b hadron. Such decays
have a slightly different value of AP™4, causing a shift in the measured value of AT, To
estimate this contribution, the fraction of secondary background in the signal is derived
from simulation, while the production asymmetry of secondary decays is determined on
data using a control sample enhanced in such decays.

Sources of systematic uncertainties associated to the analysis of the control channels are
also included. The uncertainty due to the fit model of the control channels is determined,
as for the signal channels, by considering alternative fit models. Detection asymmetries
due to a momentum asymmetry between the kaons in the ¢ — KTK~ decay have a
small associated uncertainty [34]. The systematic uncertainty associated to the weighting
procedure is evaluated by repeating the fits to the control channels without performing the
weighting, and the resulting shift in A™" is taken as the systematic uncertainty.

~10 -



The systematic uncertainties described here were determined for the full data set, i.e.
not separately for the different subsamples, and hence are applicable to the final A"
values given in the next section. The systematic uncertainties for the signal channels and
the control channels are added in quadrature.

8 Results

The CP asymmetry is obtained by subtracting the value of A™"Y of the control channel from
that of the signal channel. For the case of DT decays, which are Cabibbo-suppressed, the
previously measured value of A?(DT — ¢nt) is taken into account, while for Cabibbo-
favoured D} decays, AT (D} — ¢nt) = 0 is assumed, resulting in

AP (DF = n7) = A™(DF = n'm) — A(DF = ¢,

AC’P(D—i- — n(/)ﬂ_) _ AraW(D+ N 77(/)77) - Araw(D+ — ¢7T+) _|_AC'P(D+ N gb7r+),
where AT (DT — ¢nt) = (0.005 £ 0.051)% [34].

The results for AA™Y = AraW(Dz;) — gty — AraW(D(J;) — ¢mT) for the separate
subsamples are shown in figure 6. The value of A" is determined independently for each
of the eight subsamples and a weighted sum is performed to obtain the overall value of
AP | yielding

ACP ( DT 7]7.[.+
AP (DF = et
AP (DT — o7t

AP(DF = yf/nt

= (0.34 £0.66 £ 0.16 + 0.05)%,
= (0.324+0.51 +0.12)%,
= (0.49 £ 0.18 £0.06 £+ 0.05)%,
= (0.01 £0.12 £ 0.08)%,

~— — — —

where the first uncertainty is statistical, the second is systematic and the third, relevant for
the DT channels, is due to the uncertainty on A“C (DT — ¢nt). The use of a single control
channel for two signal channels, e.g., DF — ¢ for DT — nat and D — n/7, introduces
a small correlation between the corresponding A“F measurements. This correlation is found
to be less than 1%.

These results are combined with previous LHCb measurements based on an indepen-
dent data sample [30] or a different 1 decay channel [31]. A weighted sum, with weights
determined using only the statistical uncertainties, is performed. The systematic uncer-
tainties are uncorrelated between previous and current measurements. The results of the
combination are

AP(DY — )
AP (D} — )
ACP(D+ — 't

)

AF(DF = n'nt

(0.13 % 0.50 & 0.18)%,
(0.48 & 0.42 + 0.17)%,
(0.43 +0.17 4 0.10)%,
(—0.04 £ 0.11 + 0.09)%,

where the first uncertainty is statistical and the second uncertainty is systematic, which
includes the uncertainty on the externally input values of AP of the control channels.
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Figure 6. Measured values of AA™Y for the individual subsamples for (upper left) the D™ — ™t
channel, (upper right) the D} — nr* channel, (lower left) the D* — 5’7" channel and (lower
right) the Df — n/7" channel. The subsample labels indicate year of data taking (15/16 = 2015
+ 2016), magnet polarity (“Up” or “Dn”) and number of PVs (“1PV” for one primary vertex and
“NPV” for Npy > 1). The vertical lines and the grey bands indicate the weighted averages and the
corresponding statistical uncertainties.

In summary, searches for CP violation in the decays Dz;) — T and D(J;) — n'nt are

performed using pp collisions, collected by the LHCb experiment at centre-of-mass energy
/s = 13 TeV, corresponding to 6 fb™! of integrated luminosity. The results are consistent
with the absence of CP violation in these decay modes and with previous measurements [28—
31]. The measurements are the most precise to date for the D — nrt, DT — /7" and
D} — n/7t channels.
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