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A measurement of the time-integrated CP asymmetry in the Cabibbo-suppressed decay D — K~ K* is
performed using pp collision data, corresponding to an integrated luminosity of 3 fb~!, collected with the
LHCb detector at centre-of-mass energies of 7 and 8 TeV. The flavour of the charm meson at production is
determined from the charge of the pion in D** — D7+ and D*~ — D%z~ decays. The time-integrated
CP asymmetry Acp(K~K™) is obtained assuming negligible CP violation in charm mixing and in Cabibbo-
favoured D° - K—w*, D* - K~w*tx* and D — K%z* decays used as calibration channels. It is

found to be

Acp(K™KT) = (0.14 £ 0.15 (stat) = 0.10 (syst))%.

A combination of this result with previous LHCb measurements yields

Acp(K~ K1) = (0.04 £ 0.12 (stat) £ 0.10 (syst))%,

Acp(r~mr ™) = (0.07 £ 0.14 (stat) + 0.11 (syst))%.

These are the most precise measurements from a single experiment. The result for Acp(K~K™) is the
most precise determination of a time-integrated CP asymmetry in the charm sector to date, and neither
measurement shows evidence of CP asymmetry.

© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

In the Standard Model (SM), the violation of the charge-parity
(CP) symmetry is governed by an irreducible complex phase in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Charmed hadrons
provide the only way to probe CP violation with up-type quarks.
Recent studies of CP violation in weak decays of D mesons have
not shown evidence of CP symmetry breaking [1], while its vi-
olation is well established in decays of mesons with down-type
quarks (strange and beauty) [2-6].

The CP-even decays' D? — K~K* and D — 7~ xt are singly
Cabibbo-suppressed, and for these decays D® and D° mesons share
the same final state. The amount of CP violation in these decays is
expected to be below the percent level [7-14], but large theoreti-
cal uncertainties due to long-distance interactions prevent precise
SM predictions. In the presence of physics beyond the SM, the
expected CP asymmetries could be enhanced [15], although an ob-
servation near the current experimental limits would be consistent
with the SM expectation. The CP asymmetries in these decays are
sensitive to both direct and indirect CP violation [1,16]. The di-

1 Throughout this Letter, charge conjugation is implicit unless otherwise stated.

http://dx.doi.org/10.1016/j.physletb.2017.01.061

rect CP violation is associated with the breaking of CP symmetry
in the decay amplitude. Under SU(3) flavour symmetry, the di-
rect CP asymmetries in the decays D° - K~K* and D® - 7~ nt
are expected to have the same magnitudes and opposite sign [17].
Indirect CP violation, occurring through D°-D° mixing and inter-
ference processes in the mixing and the decay, is expected to be
small and is measured to be below 1073 [1].

The most recent measurements of the time-integrated indi-
vidual CP asymmetries in D® — K=K+ and D° — 7~ decays
have been performed by the LHCb [18], CDF [19], BaBar [20] and
Belle [21] collaborations.

The measurement in Ref. [18] uses D° mesons produced in
semileptonic b-hadron decays (B — DOM_VMX ), where the charge
of the muon is used to identify (tag) the flavour of the D® me-
son at production, while the other measurements use D° mesons
produced in the decay of the D*(2010)* meson, hereafter re-
ferred to as D**. Charmed hadrons may be produced at the pp
collision point either directly, or in the instantaneous decays of ex-
cited charm states. These two sources are referred to as prompt.
Charmed hadrons produced in the decays of b-hadrons are called
secondary charmed hadrons.

This Letter presents a measurement of the time-integrated CP
asymmetry in the D® — K—K* decay rates
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D% - K—KT)—I(D°— K~K*)
(D0 — K—K+)+T'(D° - K—K+)’

using a data sample of proton-proton (pp) collisions at centre-of-
mass energies of 7 and 8 TeV, collected by the LHCb detector in
2011 and 2012, corresponding to approximately 3 fb~! of inte-
grated luminosity. To distinguish the two CP-conjugate decays, the
flavour of the D? at production must be known. In this analysis,
the flavour of the DO is tagged by the charge of the soft pion,
wF, in the strong decay D** — D%z}, A combination with the
recent measurement of the difference between the time-integrated
CP asymmetries of D® — K~ K+ and D® — w~ 7t decays, AAcp =
Acp(K~K') — Acp(r~m™), in prompt charm decays [16] allows
the determination of Acp(r —m 1) taking into account the correla-
tion between AAcp and Acp(K~K™). In addition, a combination of
the measurements using prompt charm decays and the measure-
ments using secondary charm decays from semileptonic b-hadron
decays [18] at LHCb yields the most precise measurement of these
quantities by a single experiment.

The method to determine Acp(K~K™T) follows the strategy de-
scribed in Ref. [18]. In the analysis of D** — DO(— K—K*)m;"
decays, two nuisance asymmetries must be considered, the pro-
duction asymmetry of the D*t meson Ap(D*T), and the detec-
tion asymmetry Ap(rr;") of the soft pion caused by non charge-
symmetric interaction probabilities with the detector material and
instrumental asymmetry. The measured raw asymmetry in the
number of observed signal decays, defined as

N(D® — K~K*) = N(D° — K~ K*)
N(D® — K—K+)+ N(D° — K—K+)’

is related to the CP asymmetry via

Acp(D® - K" KT) =

(1)

(2)

Araw =

Acp(D® —> K~K™1)
= Araw(D® — K"K) — Ap(D*") — Ap(7ryh), (3)

assuming that the asymmetries are small and that the recon-
struction efficiencies can be factorised. The decay D** — DO(—
K~mt)m;" is used as a calibration channel to determine the pro-
duction and detection asymmetries. Since this decay is Cabibbo-
favoured, a negligible CP asymmetry is assumed. In contrast to the
decay into two kaons, the final state K~z " is not CP symmetric.
Therefore, additional detection asymmetries arising from the final
state particles are present, giving

Araw(D® = K~ ) = Ap(D*") + Ap(mH) + Ap(K~ ). (4)

In order to evaluate the detection asymmetry of the final state
K~ 7™, enhanced by the different interaction cross-sections of pos-
itively and negatively charged kaons in the detector material, the
Cabibbo-favoured decay D¥ — K~ 7T is employed. In analogy
to the D® — K~ m* decay, the raw asymmetry in this channel is
given by

Aaw(DT > K-t ™) = Ap(DY) + Ap(K~7[") + Ap (r;").
(5)

The pion with the lower transverse momentum, 7Tl+, is chosen to
cancel the effect of the detection asymmetry of the pion of the
decay D° — K~zt. The remaining production asymmetry of the
DT meson Ap(DY), and the detection asymmetry of the other
pion 71h+ are eliminated by incorporating the Cabibbo-favoured de-
cay D* — K%zt in the measurement. There, the measured raw
asymmetry consists of the production asymmetry Ap(D™), the de-
tection asymmetry of the neutral kaon Ap(K?), and the detection
asymmetry of the pion Ap(w™)

Araw(DT — K%)= Ap(DT) + Ap(K°) + Ap (). (6)

The specific choice that the pion with the higher (lower) trans-
verse momentum in the decay D™ — K~ 7 ™7™ is used to cancel
the effect of the detection asymmetry of the pion in DT — K%+
(D% — K~71) is based on the comparison of the kinematic spec-
tra of the respective pions. The detection asymmetry Ap(K°) in-
cludes CP violation, mixing and different cross-sections for the
interaction of neutral kaons with the detector material. However,
all of these effects are known, and Ap (K?) is calculated to be small
since only neutral kaons that decay within the first part of the de-
tector are selected [18]. The combination of Egs. (3)-(6) yields an
expression for Acp(D® — K~ K™) that only depends on measurable
raw asymmetries and the calculable K° detection asymmetry,

Acp(D® = KK (7)
= Aaw(D® = K"KT) — Araw(D® — K~ 1)
+ Aaw(Dt > Kttty — Aw(DT > Ko H)

+ Ap(K?).
2. Detector and event selection

The LHCb detector [22,23] is a single-arm forward spectrome-
ter 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 ver-
tex detector surrounding the pp interaction region, a large-area
silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream of the magnet.
The tracking system provides a measurement of the momentum of
charged particles with a relative uncertainty that varies from 0.5%
at low momentum to 1.0% at 200 GeV/c. The minimum distance
of a track to a primary vertex (PV), the impact parameter (IP), is
measured with a resolution of (15 + 29/pr) pm, where pr is the
component of the momentum transverse to the beam, in GeV/c.

Different types of charged hadrons are distinguished using in-
formation from two ring-imaging Cherenkov detectors. Photons,
electrons and hadrons are identified by a calorimeter system con-
sisting of scintillating-pad and preshower detectors, an electromag-
netic calorimeter and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and multi-
wire proportional chambers. The magnetic field inside the detector
breaks the symmetry between trajectories of positively and neg-
atively charged particles as the positive particles are deflected in
one direction, and the negative particles in the opposite direc-
tion. Due to the imperfect symmetry of the detector, this can
lead to detection asymmetries. Periodically reversing the magnetic
field polarity throughout data-taking almost cancels the effect. The
configuration with the magnetic field pointing upwards, MagUp
(downwards, MagDown), bends positively (negatively) charged par-
ticles in the horizontal plane towards the centre of the LHC ring.

The singly Cabibbo-suppressed decay mode D° — K~ K+ and
the Cabibbo-favoured modes D° — K~n*, D* — K~7*x* and
Dt — K%t are selected, where the D° candidates come from
the D** — DO+ decay. The D** and D* candidates must satisfy
an online event selection performed by a trigger, which consists of
a hardware and software stage, and a subsequent offline selection.
The hardware stage of the trigger is based on information from
the calorimeter and muon systems, followed by a software stage,
which applies a full event reconstruction. In order to avoid asym-
metries arising from the hardware trigger, each of the four decay
channels is required to satisfy a trigger that is independent of the
decay considered. Both the software trigger and offline event se-
lection use kinematic variables and decay time to isolate the signal
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decays from the background. To ensure a cancellation of possible
trigger asymmetries in the software stage, for each of the cali-
bration channels a specification about which particle triggers the
event is made.

All secondary particles from D and DT decays are required to
be significantly displaced from any primary pp interaction vertex,
and have momentum and transverse momentum pr larger than a
minimum value. The final state hadrons are combined into a D°
(D*) candidate. The D*¥ vertex is formed by D° and 7;" candi-
dates, and is constrained to coincide with the associated PV [24].
Similarly, a vertex fit of the D™ decay products is made, where
the DT candidate is constrained to originate from the correspond-
ing PV. In Dt — K97+ decays, the neutral kaon is reconstructed
via decays into two charged pions, which are dominated by decays
of the short-lived neutral kaon, Kg. The mass of the K meson is
constrained to the nominal mass of the Kg state [25]. Decays of
1(2 — T~ are reconstructed using only Kg mesons that decay
early enough for the secondary pions to be reconstructed in the
vertex detector.

Further requirements are placed on: the track fit quality; the
D*t and DO (D) vertex fit quality; the D® (D*) meson trans-
verse momentum and its decay distance; the smallest value of Xlzp,
of both the DY (D) candidate and its decay products with respect
to all PVs in the event. The xl% is defined as the difference be-
tween the vertex-fit x2 of the PV reconstructed with and without
the considered particle. For D® candidates, a selection criterion is
placed on the angle between the D® momentum in the laboratory
frame and the momentum of the kaon or the pion in the DO rest
frame. For DT candidates, additional requirements on the pseudo-
rapidities, momenta and transverse momenta of the particles are
applied in order to match the kinematic distributions of the two
D™ decay modes.

Cross-feed backgrounds from D meson decays with a kaon
misidentified as a pion, and vice versa, are reduced using parti-
cle identification requirements. After these selection criteria, the
dominant background in D** — Dozr;r decays consists of genuine
DY candidates paired with unrelated pions originating from the
primary interaction vertex. The main background in the distribu-
tions of Dt — K~7tx* and Dt — K%+ decays is combina-
torial. For the D channels, fiducial requirements are imposed to
exclude kinematic regions having a large asymmetry in the soft
pion reconstruction efficiency [16]. These regions occur because
low momentum particles of one charge at large or small angles in
the horizontal plane may be deflected either out of the detector ac-
ceptance or into the non-instrumented beam pipe region, whereas
particles with the other charge are more likely to remain within
the acceptance. About 70% of the selected candidates are retained
after these fiducial requirements.

The D° candidates satisfying the selection criteria are accepted
for further analysis if the mass difference ém = m(h*h~—m;") —
m(hth™) for h = K, is in the range 139.77-151.57 MeV/c?.
To reduce the combinatorial background, the mass of the re-
constructed D° candidate is required to lie in the range 1850-
1884 MeV/c? and 1847-1887 MeV/c? for D® - K~K* and D° —
K~7 T decays, respectively. This window corresponds to about two
standard deviations of the mass resolution, as estimated from a fit
to the mass distribution of the charm meson candidates. The D+
candidates are selected by requiring the reconstructed mass to lie
in a 1820-1920 MeV/c? mass window.

The data sample includes events with multiple D** candidates.
The majority of these events contains the same reconstructed D°
meson combined with different soft pion candidates. The frac-
tion of events with multiple candidates in the considered range
of 8m is about 6.5% for D — K~K* events and about 4.9% for

D% — K—m* events. These fractions are approximately the same
for each magnet polarity. One of the multiple candidates is ran-
domly selected and retained, the others are discarded.

The full data sets recorded in 2011 and 2012 at 7 and 8 TeV,
respectively, are used for this analysis. They correspond to an inte-
grated luminosity of about 1 fb~! and 2 fb~!, respectively. In 2011,
approximately 60% of the data was recorded with magnet polarity
MagDown, whereas in 2012 approximately the same amount of
data was taken with each magnet polarity. The data are split into
four subsamples according to the magnet polarity and the data-
taking year.

3. Measurement of the asymmetries

The raw asymmetries and the signal yields are determined from
binned likelihood fits to the 8m distributions in the D° decay
modes, and to the invariant mass distributions m(D*) in the D+
channels. The fits are simultaneous for both flavours and the back-
ground yields are allowed to differ between them. The fits to the
four decay channels are made independently in the four subsam-
ples.

The signal shape of the §m distribution is described by the sum
of three Gaussian functions, two of which have a common mean.
The means and widths of the Gaussian distributions are allowed to
differ between D° and D° because of a possible charge-dependent
bias in the measurement of the momentum, while all the other pa-
rameters are shared. The background is described by an empirical
function consisting of the product of an exponential function and
a power-law function modelling the phase-space threshold [26]

Poig(8m|A, B, 8mg) o< (m — smg)” e~ BEM=omo) (8)

where the threshold émy is fixed to the known 77+ mass [25]. The
parameters A and B describe the shape and are common to D°
and D° decays.

The signal shape of the DT decays is described by the sum of
two Gaussian distributions and a bifurcated Gaussian distribution.
The bifurcated Gaussian distribution describes the asymmetric tails
of the invariant mass distribution arising from radiative processes
in the decay. The background is modelled by a single exponential
function, with the same slope for the D™ and D~ states.

The production and detection asymmetries depend on the kine-
matics of the particles involved. If the kinematic distributions are
very different, this may lead to an imperfect cancellation of the
nuisance asymmetries in Acp(K~K™). To remove any residual ef-
fect, the kinematic distributions of the four decay channels are
equalised by means of a weighting procedure [19]. Fiducial re-
gions where this weighting procedure is not possible due to a
lack of events in one of the channels are already excluded by
the requirements on kinematic variables of the D decays. Fits
to the §m and m(D™) distributions of the unweighted data sam-
ples are used to obtain the kinematic distribution of the signal
component by disentangling the signal and background compo-
nents with the sPlot technique [27]. Then, the normalised signal
distributions of the four channels are compared. To obtain the
greatest possible statistical sensitivity, especially for the channel
with the lowest yield D* — K%z, the following order of the
weighting steps is chosen: first, the DT — K~ +7 T kinematic
distributions are weighted to reproduce the D* — K%r* kinemat-
ics; second, D® — K~z distributions are weighted to reproduce
the D* — K- wtm* kinematics, and, last, the D® — K~ K™ dis-
tributions are weighted to reproduce the D® — K~z * kinematics.
At each step, the weights already calculated in the previous steps
are applied. Some of the steps are repeated until a satisfactory
agreement of the distributions is achieved. The underlying D**
kinematic distributions are independent of the D® decay mode,
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Table 1
Signal yields of the four channels before and after the kinematic weighting. In the
case of the weighted samples, effective yields are given.

Channel Before weighting After weighting
DO — K-K* 556 M 1.63 M

D > K-m* 324 M 261 M

Dt - K mtmt 375 M 13.67 M

Dt — KOxt 1.06 M 1.06 M

but the selection requirements can introduce differences for the
K~K* and K~z final states, which are observed in the kinemat-
ical distributions of the D** candidates. The variables used for the
weighting procedure are: pr, 7 and azimuthal angle ¢ of the D**
candidates; pr and n of the D¥ mesons; pr, 17 and ¢ of the pion in
the D* — K%+ channel and of the higher-transverse-momentum
pion in DT — K~mw*w* decays; pr,n and ¢ of the kaon and
the pion in the D® - K—xt and D* — K~ wtz7* modes. For
the weighting of the D* — K~z *tzw* decay to agree with the
D% — K—nt decay, the pion with the lower transverse momen-
tum in the D¥ — K~z 7" channel is used. For all weighting
steps, by default, each variable is divided in 20 uniform bins. If
necessary, the transverse momenta are transformed to the interval
[0, 1] to account for long tails in the distributions. The procedure
leads to a few events in scarcely populated bins having very large
weights. In order to mitigate such an effect, an upper bound to the
weights is applied.

After applying the weights, the effective sample size is given
by Negf = (Z?’z] Wi)z/(ZlN:1 wiz), where w; is the weight of can-
didate i and N is the total number of candidates. The numbers of
signal decays determined from fits to the samples before and after
weighting are given in Table 1.

The detection asymmetry Ap(K°) of the neutral kaon is identi-
fied as one of the sources of the residual asymmetry. The method
of calculation is described in full detail in Ref. [18] and is applied
here in the same way. Based on the reconstructed trajectories and
a model of the detector material, the expected asymmetries are
determined for all neutral kaon candidates individually and then
averaged. The calculated values are (—0.052 =+ 0.013)% for 2011,
and (—0.054+0.014)% for 2012 data. The individual values for the

different categories do not differ between samples taken with dif-
ferent magnet polarities.

The raw asymmetries of the weighted samples, determined by
the fits to the §m and m(D™) distributions shown in Fig. 1, are
presented in Table 2. The raw asymmetries are combined with the
calculated detection asymmetry of the neutral kaon. Testing the
four independent measurements of Acp(K~K*) for mutual con-
sistency gives x2/ndf = 0.80, corresponding to a p-value of 0.50.
The asymmetries obtained with the two magnet polarities within
each year are arithmetically averaged in order to ensure the can-
cellation of detection asymmetries which reverse sign with magnet
polarity. The final result is then calculated as the weighted mean
of the two data-taking periods. The weighted average of the val-
ues corresponding to all subsamples is calculated as Acp(K~KT) =
(0.14 + 0.15)%, where the uncertainty is statistical. The weighting
procedure shifts the observed value of Acp(K~K™) by 0.04%.

4. Systematic uncertainties

Possible systematic shifts of the measured CP asymmetry can
be caused by biases in the determination of individual raw asym-
metries and non-cancellation of detection and production asym-
metries. The determination of raw asymmetries is studied using
several suitable alternative signal and background models in the fit
of the mass distributions. Pseudoexperiments are generated based
on the alternative fit results. The baseline model is fitted to the
pseudoexperiment distributions. This is independently done for the
four data categories and all channels. The maximum observed de-
viations between the alternative results and the results of the fits
to the generated pseudoexperiment distributions are combined,
and a value of 0.025% is assigned as systematic uncertainty. This
strategy allows systematic shifts and statistical fluctuations to be
disentangled.

Partially reconstructed and misidentified three-body charm de-
cays might produce a peaking background in the ém distribution
of the Cabibbo-suppressed decay D® — K~ K*. This background
could therefore contribute to the signal yields obtained with the
fit. If these incorrectly reconstructed decays were to have an asym-
metry different from that of signal decays, the determined signal
asymmetry would be shifted. Simulated events are used to esti-

Table 2

Measured asymmetries in % with their statistical uncertainties.
2011 MagUp MagDown Mean
Araw(D® — KTK™) —1.85+0.24 0.05+0.20 —0.90+0.16
Aaw(D® > K~ 7rt) —2.87+0.18 —1.43+0.15 —2.15+0.12
Araw(Dt > K=t ™) —1.946 +0.095 —2.044+0.079 —1.995 +0.062
Araw(Dt = KO t) —0.95+0.30 —0.93+0.25 —0.94+0.20
Ap(K®) —0.052 —0.052 —0.052
Acp(K=K™) —0.03+0.43 0.32+0.37 0.14+0.28
2012 MagUp MagDown Mean
Araw(D® — K~K™T) —-1.92+0.15 —0.03+0.15 —0.98+0.10
Araw(D® — K—7t) —2.23+0.11 —1.65+0.11 —1.939+0.079
Araw(DY — K- mttm™) —1.291 +0.045 —1.993 + 0.044 —1.642 +0.031
Araw(Dt = KO t) —0.92+0.17 —0.83+0.17 —0.88+0.12
Ap(K?) —0.054 —0.054 —0.054
Acp(K=K™) —0.11+0.26 0.40+0.26 0.14+0.18
2011 42012 MagUp MagDown Mean
Araw(D® — K~ K™T) —1.90+0.12 —0.01+0.12 —0.95+0.10
Aaw(D® > K~ T) —2.411+£0.095 —1.574 4 0.090 —2.005 4 0.079
Araw(Dt > K= ™) —1.411+£0.041 —2.005+0.038 —1.714+0.031
Araw(Dt - KO t) —0.93+0.15 —0.86+0.14 —0.89+0.12
Ap(K®) —0.053 —0.053 —0.053
Acp(K—K™) —0.09+0.22 0.37+0.21 0.14£0.15




The LHCb Collaboration / Physics Letters B 767 (2017) 177-187 181

x10

IS
—
wn

D’ K'K~

o
=

0.05

Candidates / ( 0.059 MeV/c?)

140 145 150
om [MeV/c?]

LHCb
—Data
— Total
---- Signal
Bkg.

0.3

0.2

0.1

Candidates / (0.5 MeV/c?)

1 1
1820 1840 1860 1880 1900 1920
m(D") [MeV/c?]

x10°

r\r\ [T T T -
L [ ]
% 02F pily k- 3
2 02 Dok LHCb
2 0.15F 3
S F ]
= 0.1F -
g t ]
5 0.05F -
s 3 ]
g L N
< A }

© 140 145 150
om [MeV/c?]

10°
o r T T T T ]
L2 E 1
> 25F -]
% E D+—> K LHCb E
- 20p - Data =
S E —Total
E 155_ - Signal
£ 10F Bke. 3
kel E ]
e} F -
5 % 5
O . . . ]
1820 1840 1860 1880 1900 1920

m(D") [MeV/c?]

Fig. 1. Fits to the §m and to the m(D™) distributions corresponding to the whole data sample and both flavours. Data samples after the kinematic weighting described in the

text are used.

mate the relative fraction of peaking background, which is then
combined with production and detection asymmetries measured
at LHCb [18,28] in order to obtain a conservative estimate of the
asymmetry of this background. A value of 0.015% is assigned as
systematic uncertainty.

In order to test the influence of kinematic regions with high
asymmetries of the final state particles in the channels D° —
K—nt, Dt - K—m*txnt and Dt — K%, such regions are ex-
cluded in analogy to the treatment of the soft pion. The difference
in the values for Acp(K~K™), 0.040%, is taken as systematic un-
certainty.

Possible incomplete cancellation of detection and produc-
tion asymmetries is accounted for in several different ways. The
weighting procedure is designed to equalise kinematic distribu-
tions, but a perfect agreement cannot be reached because of bin-
ning effects, the sequential rather than simultaneous weighting
and the reduction of large weights. This effect is estimated by
repeating the weighting with alternative configurations, which in-
cludes changing the number of bins, an alternative way of dealing
with high weights and weighting in a reduced set of kinematic
variables. For each configuration, the CP asymmetry is determined
and the maximum deviation from the baseline result, 0.062%, is
propagated as a systematic uncertainty. Additionally, the kine-
matic dependence of the raw asymmetries observed in data are
modelled with kinematically dependent detection and production
asymmetries assigned to each particle in the decay. These mod-
elled detection and production asymmetries are then combined
with the weighted kinematic distributions in data to calculate the
raw asymmetries present in the individual channels. The modelled
raw asymmetries are combined to give the final CP asymmetry
according to Eq. (7). Since no CP asymmetry in D° — K~K™ is
included in this calculation, an ideal kinematic weighting, corre-
sponding to a perfect cancellation of all detection and production
asymmetries, would result in this CP asymmetry being zero. The
obtained deviation is 0.054% and is treated as an independent sys-
tematic uncertainty.

Charmed mesons produced in the decay of beauty hadrons are
suppressed by the requirement of a small XI% of the charm meson

candidates with respect to the PV. Nevertheless, a certain frac-
tion of these decay chains passes the selection. This leads to an
effective production asymmetry that depends on the production
asymmetry of the charm mesons, the production asymmetry of
the beauty hadrons and the fraction of secondary charm decays.
The latter is determined for the D° decays by a fit to the xj
distributions when the selection requirement on this quantity is
removed. This yields an estimated secondary fraction of 4.0% for
the channel D® — K~ K* and 4.9% for the channel D® — K~ ™.
For the DT decay channels, a conservative estimate of the dif-
ference in the fraction of secondary charm fg based on these
numbers and on a comparison with simulated events, is made:
fsee(DT — KKt H) — feec(DT — K1) = 4.5%. A combination
of these numbers with the production asymmetries measured at
LHCb [28-31] yields a value of 0.039%, which is assigned as a sys-
tematic uncertainty.

The systematic uncertainty on the neutral kaon detection asym-
metry is 0.014%. Further sources of systematic uncertainty are
investigated by performing consistency checks. The analysis is re-
peated using more restrictive particle identification requirements
and the result is found to be compatible with the baseline result.
Additionally, the measurement of the CP asymmetry is repeated
splitting the data-taking period into smaller intervals, and in bins
of the momentum of the kaon in the decays D° — K~ and
DT — K~m+m*. No evidence of any dependence is found. All
quoted systematic uncertainties are summarised in Table 3 and
added in quadrature to obtain the overall systematic uncertainty.

5. Summary and combination with previous LHCb
measurements

The time-integrated CP asymmetry in D® — K~ KT decays is
measured using data collected by the LHCb experiment and deter-
mined to be

Acp(K~K1) =(0.14 £ 0.15 (stat) + 0.10 (syst))%. (9)

This result can be combined with previous LHCb measurements of
the same and related observables. In Ref. [18], Acp(K~K™) was
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Table 3
Systematic uncertainties from the different categories. The quadratic sum is used to
compute the total systematic uncertainty.

Category Systematic uncertainty [%]
Determination of raw asymmetries:
Fit model 0.025
Peaking background 0.015
Cancellation of nuisance asymmetries:
Additional fiducial cuts 0.040
Weighting configuration 0.062
Weighting simulation 0.054
Secondary charm meson 0.039
Neutral kaon asymmetry 0.014
Total 0.10

measured to be ASCIP(K*K+) = (—0.06 +0.15 (stat) &= 0.10 (syst))%
for D° mesons originating from semileptonic b-hadron decays.
Since the same DT decay channels were employed for the cancel-
lation of detection asymmetries, the result is partially correlated
with the value presented in this Letter. The statistical correlation
coefficient is calculated as shown in Appendix A, and is psqar =
0.36 and the systematic uncertainties are conservatively assumed
to be fully correlated. A weighted average results in the following
combined value for the CP asymmetry in the D® — K~K* channel

ALMD (K~ KT) = (0.04 = 0.12 (stat) % 0.10 (syst))%. (10)

The difference in CP asymmetries between D® — K~ K+ and D° —
w~ T decays, AAcp, was measured at LHCb using prompt charm
decays [16]. A combination of the measurement of Acp(K~K™T)
presented in this Letter with AAcp yields a value for Acp(m+m ™)

Acp(mtm ™) =Acp(KTK™) — AAcp
= (0.24 £ 0.15 (stat) = 0.11 (syst))%. (11)

The statistical correlation coefficient of the two measurements is
Pstat = 0.24, and the systematic uncertainties of the two analyses
are assumed to be fully uncorrelated.

The correlation coefficient between this value and the measure-
ment of Asclp(n*rﬁ) = (—0.19 £ 0.20 (stat) £ 0.10 (syst))% using
semileptonically-tagged decays at LHCb [18] is pstat = 0.28. The
weighted average of the values is

AP (7= +) = (0.07 + 0.14 (stat) & 0.11 (syst))%,

where, again, the systematic uncertainties are assumed to be fully
correlated. When adding the statistical and systematic uncertain-
ties in quadrature, the values for the CP asymmetries in D? —
K~K* and D° — w—m* have a correlation coefficient pg,; = 0.61.
Fig. 2 shows the LHCb measurements of CP asymmetry using both
pion- and muon-tagged D°® — KKt and D° — 7~ decays.
Additionally, the latest combined values of the Heavy Flavour Av-
eraging Group [1] for these quantities are presented. The time-
integrated CP asymmetries can be interpreted in terms of direct
and indirect CP violation as shown in Appendix B.

In conclusion, no evidence of CP violation is found in the
Cabibbo-suppressed decays D® — K~K* and D° — w~m*. These
results are obtained assuming that there is no CP violation in
D°-D° mixing and no direct CP violation in the Cabibbo-favoured
D - K—nt, D* - K~z*xt and Dt — K%zt decay modes.
The combined LHCb results are the most precise measurements
of the individual time-integrated CP asymmetries Acp(K~ K1) and
Acp(r~mr™) from a single experiment to date.
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Appendix A. Calculation of correlations

Since the measurement of Acp(K~K™) using semileptonic
b-hadron decays employs the same prompt D% calibration chan-
nels, it is correlated to the value obtained from prompt charm
decays. Due to different selection requirements and a different
weighting procedure of the candidates, the asymmetries measured
for the D* channels are not fully correlated. The correlation fac-
tor p between two weighted subsamples X and Y of a larger data
sample Z is given by

2
(X7 oxwy)
2 2°
Dox Wx 2y Wy
where wx and wy are the weights of candidates in the X and Y

subsamples. Whereas the four D+ — I(gnJr data samples have cor-
relation factors Pi2n between 0.64 and 0.70, the correlation fac-

tors of the DT — K~m 7™ samples, pxrr, are in the range 0.07
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Table 4

Summary of the mean decay times of the D® — h—h* candidates used in the measurements of AAcp and Acp
using prompt and semileptonic D° decays, and their combined values. The first uncertainty of the results is
statistical, and the second one accounts for the systematics.

Tag Mode Measurement (t(hh)) /T(D°) Ref.
Prompt K~ K* AAcp 2.1524 +0.0005 £+ 0.0162 [16]
Prompt a-nt AAcp 2.0371 +0.0005 £+ 0.0151 [16]
Prompt K= K+ Acp(K=KT) 2.2390 &+ 0.0007 £+ 0.0187 -
Prompt a-nt Acp(K~Kt) — AAcp 2.1237 +0.0008 £ 0.0375 -
Semileptonic K= K* AAcp 1.082 +0.001 £+ 0.004 [18]
Semileptonic -t AAcp 1.068 £ 0.001 & 0.004 [18]
Semileptonic K= K* Acp(K~=KT) 1.051 £ 0.001 + 0.004 [18]
Semileptonic b Acp(K=K+) — AAcp 1.0370 £ 0.0011 4 0.0089 -
Pr. + sl a-xt Acp(K~Kt) — AAcp 1.7121 £+ 0.0007 + 0.0267 -
Pr. + sl K= K+ Acp(K~=KT) 1.6111 £ 0.0007 £ 0.0109 -

to 0.08. The main reason for these small correlations is the prescal-
ing of the DT — Kxtmt data in the semileptonic analysis which
was removed in the prompt case. From these numbers, for each
data category the correlation pa. of the values for Acp(K~K™)
are calculated as

_ prompt _s| prompt _s|
PAp = ] .

1
prompt _g] ngnUKOn 61(0ﬂ+pkﬂﬂaknn Oknm
o N S
Acp Acp

(13)

Here, o represents the statistical uncertainty of the measured
asymmetry of the respective channel. This results in correlation
factors between 0.34 and 0.37 for the four data categories. When
combining these correlations in a similar way to Eq. (13), the
statistical correlation pst;r between the semileptonic and prompt
measurements of Acp(KTK™) is obtained to be pgta = 0.36.

The other correlation factors presented in Sec. 5 are obtained
using a similar strategy.

Appendix B. Mean decay times

The time-integrated CP asymmetry Acp(K~K™T) is not only sen-
sitive to direct CP violation, but also has a contribution from indi-
rect CP violation. This contribution depends on the mean decay
time in units of the lifetime of the D mesons, (t(hh)) /T(D?), as

i (t(hh))
Acp~alll — Ap——L 14
P~ acp ro DY) (14)

where adll is the direct CP violation term, 7(D°) the D° lifetime

and Ar a measure of indirect CP violation. More details about the
method and the systematic uncertainties considered can be found
in [16,18].

When calculating Acp(m ~7r ") from Acp(K~K™) and AAcp, a
difference of the mean decay time of the D® — K~K* samples
used for measuring Acp(K~K™*) and AAcp leads to an additional
contribution which is proportional to this difference and the size of
indirect CP violation. This can be accounted for by adding this dif-
ference to the mean decay time of the D® — 7w ~7* sample used
in the AAcp measurement. In Table 4 this modified mean decay
time is labelled by Acp(K~K™) — AAcp.

Appendix C. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.physletb.2017.01.061.
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