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1 Introduction

Precision measurements of the Cabibbo-Kobayashi-Maskawa (CKM) unitarity triangle pa-
rameters are essential in the search for new physics in the quark flavour sector. The uni-
tarity triangle can be overconstrained by measuring its three angles and two lengths. The
angle v = arg(—V, V.5, /V.,Vi), where Vii, are the CKM matrix elements, is an ideal Stan-
dard Model benchmark since it is independent of top-quark couplings. It can be determined
from measurements of CP violation in decays that are dominated by tree-level contributions
with negligible theoretical uncertainties [1]. The world-average value, v = (66.275:2)° [2],
is in good agreement with the value inferred from a global CKM fit where direct v deter-
minations are excluded: v = (65.5753)° [3]. To test this agreement at the sub-degree level,
it is important to develop new modes to complement established techniques.

The angle v is the relative weak phase between b — cus and b — uc¢s quark transition
amplitudes. These transitions mediate the decays B~ — DK~ and B~ — DK, respec-
tively.! By studying final states accessible to both DY and DY mesons, phase information
can be determined from the interference of the two amplitudes. As well as ~y, the ratio
of the magnitudes of the B~ — DK~ to B~ — DK~ amplitudes, 7 ~ 0.1, and the
relative strong phase, dp, determine the size of the interference. Such interference also

IThe inclusion of charge-conjugate modes is implied everywhere except when discussing asymmetries.



occurs in B~ — D7~ decays, albeit with lower v sensitivity due to additional Cabibbo
suppression that leaves the amplitude ratio around 20 times smaller than for B~ DK™
decays. Here D represents an admixture of the D? and DO states.

The measurement of vy through B~ — DK~ decays was first suggested by Gronau,
London & Wyler for D decays reconstructed in CP eigenstates; they are often referred to
as GLW modes [4, 5]. The method was generalised by Atwood, Dunietz & Soni (ADS)
to include non-charge-conjugate states [6, 7]. In ADS modes, the favoured (suppressed)
B~ — Dh™ decay is followed by a suppressed (favoured) D meson decay, which has the
effect of roughly balancing the two competing amplitudes, maximising their interference
and thus their sensitivity to v. There are also favoured decays, where the b — cus transition
is followed by a favoured D meson decay. These have little interference and weak sensitivity
to v, but provide appropriate normalisation for the suppressed decays.

A search for b — ucs amplitudes contributing to B~ — DK~ decays was first per-
formed with the D — K77® mode by the BaBar collaboration [8]. Later, evidence of the
suppressed B~ — [~ K7V p K~ decay was reported by the BELLE collaboration [9] and
LHCbD [10]. This work supersedes ref. [10] with a fourfold increase in data.

2 External inputs and formalism

Three-body GLW modes, like those considered in this paper: D — 7~ 7t7? and
D — K~ K*7°% are an admixture of CP-even and CP-odd eigenstates. CP-even and CP-
odd states exhibit opposite CP asymmetry so integrating over the three-body phase space
dilutes sensitivity to . This dilution is parameterised by CP-even fractions: Ff”ro and
F f_(K”O. A CP-even fraction of zero implies a pure CP-odd state, 0.5 means an equal
amount of CP-even and CP-odd states contributing to the multibody decay. The CP-even
fractions relevant to this analysis have been measured with quantum-correlated DD pairs
produced at the 9(3770) resonance: FT™ = 0.973 4 0.017 and FEX™ = 0.732 & 0.055
are measured in refs. [11, 12].

In the case of the non-charge-conjugate ADS mode, both the Cabibbo-suppressed
D° - K—7nt70 and favoured D° — K77 amplitudes contribute. The ratio of their
magnitudes, rp = 0.0441 4+ 0.0011 [13] is similar to rp, hence the possibility of large CP
asymmetries. In the ADS case, the dilution is parameterised by a coherence factor, kp =
0.79 4 0.04. This number and the average strong phase difference between D — K7 t70
and D° — K~ 7770 amplitudes, §p = (196 + 11)°, are reported in ref. [13]. The relatively
high value of kp means that integrating over the whole three-body D decay phase space
retains sensitivity to 7.

Incorporating the effect of D meson mixing up to first order in  and y [14], the partial
rate expression for the ADS modes is

(BT — [aT K1 phT) o« 1% + 1% + 2rprprp cos(dp + 0p T )
—ay(1+r%)rprpcosdp — ay(l +r3)rgcos(dp Fvy)  (2.1)

+az(l —r%)rprpsindp — ax(l — %) rgsin(dp F ),



where z = (0.40970013)% and y = (0.61570928)% are the charm mixing parameters [2]
and « is an analysis-specific coefficient that quantifies the decay-time acceptance of the
candidate D mesons. This coefficient is determined from simulation, to be o = 1.0 with
negligible uncertainty. The same rate expression is used for GLW mode f, where rp =1,
0p=0and kp = 2F_{ — 1. For completeness, the equivalent rate for the favoured mode is

(BT — [KTat7%phT) o« 1+ r5r% + 2rprgkp cos(6 — 6p T )
—ay(1+r%)rpkpcosdp —ay(l +r5)rpcos(dp Fv)  (2.2)

—az(1 —r3)rpkpsindp + ax(l — r3)rgsin(dp F 7).

The CP observables reported in this paper are all experimentally-robust ratios of decay
rates. From the ADS modes, two ratios of suppressed to favoured decay rates are measured
independently for B~ and B decays,

. _ T(BT = [rFK*n ,
fic = I'(BF — [KFr+n0|pKT)’ (23)
F FREA 0T
RfEF(B — [rTK*7°|pm ) (2.4)
['(BF — [KFrEr0]prT)
For the GLW modes two CP asymmetries are measured
A _ (B~ — [hhn'|pK~) — (BT — [hh7®]pK™) (2.5)
K 7 D(B- = [hhnVpK~) + F(B+ — [hhO) pK+)’ '
A _ (B~ — [hhr']pr~) — (BT — [hhn®]p7r™) (2.6)
T T(B- = [hhnOpr—) + ['(BT — [hhr0)prt) '
where h is either a kaon or a pion. Two double ratios are constructed,
RIK™ = RIS IRITE R = R IR (2.7)
where
g _ (B~ = (ki) pK~) + T(B* — [hha®)pK™T) (2.8)
K/m = T(B— — [hha%pn—) + [(B+ — [hhaO]pr) '

is the ratio of the summed-over-charge partial widths for the B~ — DK~ decays over
the B~ — Dz~ decays for a given D meson decay mode. Last, the CP asymmetry in
the favoured mode is also included, though the expectation from eq. (2.2) is that the CP
asymmetry is only O(1%),

Km0 _ (B~ = [K atapK~) -T(BT = [KTn 7' pK™) (2.9)
K 7 T(B- = [K-7trpK~-) + (Bt — [Ktn—7m0pK+)’ '
To summarise, 11 observables are reported: four ADS ratios Ri, four GLW asymme-

tries AZ}WO, two double ratios R"™ and the favoured-mode asymmetry, A%“”O.



3 The LHCDb detector

The analysis uses data collected by the LHCb experiment in proton-proton (pp) collisions at
Vs = 7TeV, 8 TeV, and 13 TeV, corresponding to integrated luminosities of 1fb~1, 2fb~1
and 6 fb~! respectively.

The LHCDb detector [15, 16] 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/c. The
minimum distance of a track to a primary pp collision vertex (PV), the impact parameter
(IP), is measured with a resolution of (154 29/p7) um, where pr is the component of the
momentum transverse to the beam, in GeV/c. Different types of charged hadrons are distin-
guished using information from two ring-imaging Cherenkov (RICH) detectors. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic and a hadronic calorimeter. For the photons
used to reconstruct 7° candidates in this analysis, the relative uncertainty on their energy
measurement is ~ 6.5%. Muons are identified by a system composed of alternating layers
of iron and multiwire proportional chambers. The online event selection is performed by
a trigger, which consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which applies a full event reconstruction.

Simulated events of each class of signal decay are used in the analysis. In the simulation
pp collisions are generated using PyTHIA [17] with a specific LHCb configuration. Decays
of hadrons are described by EVTGEN [18], in which final-state radiation is generated using
PHOTOS [19]. The interaction of the generated particles with the detector, and its response,
are implemented using the GEANT4 toolkit [20] as described in ref. [21].

4 FEvent selection

The study is performed with B~ — Dh™ candidates, where the neutral D candidate is
reconstructed in a three-body final state composed of two charged tracks and a 7° candi-
date. These charged tracks and the companion charged track used to reconstruct the B~
candidate are identified as either a kaon or pion. The 7¥ candidate is reconstructed from
two photons, as recorded by the electromagnetic calorimeter.

The mass of the reconstructed D candidate is required to be within +50 MeV/c? of
the known D mass [22]. The mass of the ¥ candidate must be within +20 MeV/c? of the

Y mass [22]. Both of these mass windows correspond to approximately twice the

known 7
mass resolution of the detector. The B~ — Dh™ candidates are required to have a mass in
the range 5000 — 5900 MeV/c2. The 7° candidate must also have p above 1 GeV/c and pr

greater than 0.5 GeV/c. The companion particle is required to satisfy 0.5 < pp < 10 GeV/c



and 5 < p < 100 GeV/¢, while the charged decay products from the D meson must have
pr > 0.25GeV/e. The mass resolution of the B~ candidate is improved with a fit [23] that
constrains the D candidate to its nominal mass and requires the candidate to point back to
the primary pp interaction vertex. Events are required to have been selected by the trigger
in one of two ways: by tracks from the B~ candidate activating the hadronic calorimeter;
or by activity in the rest of the event, independent of the B~ candidate.

Further background suppression is achieved with a boosted decision tree (BDT) [24, 25]
classifier. The BDT classifier is trained using a simulated B~ — Dh™ signal sample and
a sample of combinatorial background taken from data where the B candidate mass is
above 5500 MeV/c?. The background sample is subdivided in two parallel procedures to
ensure the classifier is not applied to events against which it was trained. The properties
used as input to the BDT training are: the p and pr of the D candidate, the 7°, and
the companion particle; the x? per degree of freedom for the B~ candidate vertex fit;
the X%P of the B~ and D candidates, where X12P is defined as the difference between the
x? of the PV reconstructed with and without the particle of interest; the flight distance
from the PV for both the B~ and D candidates; the angle between a line connecting the
particle’s decay vertex from the PV and the particle’s momentum vector, for both the
B~ and D candidates; the particle identification (PID) confidence level of both photons
constituting the 7° candidate; and the sum of charged-track transverse momenta within a
cone surrounding the B~ candidate direction.

The selection requirement on the BDT output optimises the metric s/v/s + b, where
s is the expected signal yield in the suppressed B~ — DK~ ADS mode and b is the com-
binatorial background level as taken from a fit to the favoured mode. This assumes that
the suppressed and favoured modes suffer a comparable level of random D and h~ combi-
nations. The expected signal yield is calculated as the yield of the favoured B~ — Dz~
mode scaled by the ratio of expected branching fractions while taking into account the rel-
ative difference in companion particle PID efficiency. Since the BDT discriminant includes
no variables related to the D decay products the same BDT requirement is used for the
selection of GLW and ADS modes.

PID from the RICH detectors is essential to distinguish B~ — DK~ decays among the
more abundant B~ — D7~ candidates. The PID algorithm considers the likelihood of the
pattern of RICH photons under K and 7 mass hypotheses, Lk ». The companion particle
in B~ — DK~ candidates is required to pass a tight selection requiring a high value of
(In Lx — In L;). Candidates failing this selection are treated as B~ — Dn~ candidates in
the mass fit. Looser but mutually exclusive selection requirements are placed on the kaon
and pion from the D meson decay.

Additional restrictions are imposed after the application of the BDT classifier and
the PID requirements in order to remove specific sources of background. Contributions
from genuine B~ meson decays that do not include a D meson (charmless background)
are suppressed by a requirement on the flight distance significance, FDp, defined as the
distance between the D and B~ meson candidate vertices divided by the uncertainty on
this measurement. A requirement of FDp > 2 is applied. The relevant branching frac-
tions of B~ — hhhn® decays are currently unmeasured and their contribution is estimated



by measuring the number of B~ candidates in the D-mass sideband regions (defined as
1615 — 1715 MeV/c? and 2015 — 2115 MeV/c?) after the FDp selection has been applied.
Charmless background remains in the B~ — [~ 77 7% p K~ sidebands after the FDp re-
quirement. The average charmless yield from the lower and upper sidebands is measured
and fixed as the charmless background in the signal region fit of this mode.

The suppressed ADS decays, B~ — [~ K7 ph~, are subject to potential contami-
nation from the GLW modes where one of the charged pions (kaons) from the D candidate
is misidentified as a kaon (pion). Simulation demonstrates that such contamination is min-
imal because a single misidentification among the D decay products moves the D candidate
invariant mass out of the D-mass window. The suppressed decays suffer crossfeed in the
D-mass window when a true K~ 7" pair from favoured B~ — [K~ 7" 7% ph~ decays is
misidentified as a 7~ KT candidate by the PID system. This background is reduced by ve-
toing any suppressed mode candidate whose reconstructed D mass, under the exchange of
mass hypotheses between the kaon and charged pion, lies within +30 MeV/c? of the nominal
D meson mass. The residual contamination is estimated by studying the crossfeed remain-
ing in the D-mass sidebands, and knowledge of the PID efficiency. The residual crossfeed,
expressed as a fraction of the favoured decay yield, is (0.85 +0.04) x 10~%, which is about
3% of the size of the RF observable. Finally, after all selection, 4% of events contain more
than one B~ candidate. In these cases a single candidate is selected at random.

5 Mass fit

The observables defined in section 2 are determined with a binned maximum-likelihood fit
to the mass distribution of the selected B~ candidates. A total of sixteen subsamples are
fitted simultaneously: the favoured modes; the suppressed ADS modes; and the two GLW
modes, each separated according to the charge of the B~ candidate, and by the compan-
ion track PID. B~ — DK~ candidates are defined as those that pass a PID requirement
intended to remove > 99% of B~ — Dz~ decays; B~ — Dz~ candidates are defined as
those failing this requirement. The mass spectra are presented in figures 1 to 4. The total
probability density function (PDF) used in the fit is built from five main components,
described below, which represent the different categories of signal and background.

The mass (m) distribution of B~ — D7~ signal candidates is modelled through the
use of a modified Gaussian function

(5.1)

—(m — p)*(1+ B(m — M)2)>
202 + a(m — p)?

f(m;p,o,ar, ar, B) = exp (

where, a = af, for m < p and o = ap otherwise. This expression describes an asymmetric
peak of mean p and width o. The tails of the distribution are parameterised on the
left (right) side of the peak by ayg); the term involving the parameter 3 ensures finite
normalisation. All of these parameters vary freely in the fit. The B~ — DK~ signal is
modelled using the same modified Gaussian function of eq. (5.1). All of the parameters
are identical to those of the B~ — Dn~ modes except for the width, which is related
to that of the B~ — Dn~ by a ratio parameter that is allowed to vary in the fit. The



LHCb LHCb

900 9fb™! 9!
& B™ = [K-m*a']pK - Bt — [Ktr 7 pK+
&800 + Data
E 700 M 37— [Krn’ p KT
= 600 B 537 o (K7t pr
= I Combinatoric
?500 B Part. reco. D
% 400 [ Mis-ID low-mass part. reco.
E B — DX low-mass part. reco|
é 300
© 200
100
16000 LHCh LHChH
14000 9" 9fh~!
& B™ = [K-nta|pr™ Bt — [Ktr 7' prt
12000 + Data
E B 57 - K7 pn®
< 10000 B 5 (KK
= BN Combinatoric
'\J: 8000 I Part. reco. D
_:..% 6000 W Mis-ID low-mass part. reco.
‘—é B — DX low-mass part. reco|
8 4000

2000

5225 5450 5675 5225 5450 5675
m([K- 77 ]ph~) [MeV/c?] m([K 7| ph*) [MeV/c?

Figure 1. Mass distributions of BT — [KF7*7%p KT (top) and BT — [KF 77 p7F (bottom)
candidates, separated by charge.

LHCb LHCb

9fh! 9fh~!

B~ — [m K*7'|pK~ B = [t K 7' pK*
il Data

B BT - [rTK* | p KT

B Combinatoric

e BY - [aF KA p K (n%)

B — DX low-mass part. reco

ot

NN W W
f=]

(=]

Candidates / (10 MeV/c?)

IR

LHCb LHCb
200 | 9fh! 9fh~!
| B~ — [m K* 7% pn~ B = " K n'pr*

Data

B¥  [a¥K*7pn¥

BF = [T K*n%pK*

B — [W¥h*a" pn™
Combinatoric

100

Part. reco. D

-

Mis-ID low-mass part. reco.

Candidates / (10 MeV/c?)

B — DX low-mass part. reco

3 4ot . 4 dot et

5000 5225 5450 5675 5000 5225 5450 5675
m(m K 7ph™) [MeV/c? m([rt K-n|pht) MeV/c?

Figure 2. Mass distributions of B¥ — [#TK*71|p KT (top) and BT — [T K*7%pnT (bottom)
candidates, separated by charge.



—
[~}
(=}

LHCbh LHCb

9"

Bt = [rtr 7 pK+
+ Data

B — [n7n* 1| p KT
B — [ ntn%pn¥

Combinatoric

)

—
[=1
o

x
(=]

Charmless
Part. reco. D
Mis-ID low-mass part. reco.

.
S

Candidates / (10 MeV/c?
[=2]
(=]

B — DX low-mass part. reco

20
1. btut o +
1600 LHChH
9fb!

— 1400 B~ — [ratalpr Bt — [mtan'prt
= 1200 + Daa
E B = [#7 a7 pr®
1000 BF — [rFrt Y p K+
= Combinatoric
,\A Part. reco. D
3

At

Mis-ID low-mass part. reco.

B — DX low-mass part. reco

5225 5450 5675 5225 5450 5675
m([x~ 77 ph”) [MeV/c? m([r* 7 7% pht) MeV/c

Figure 3. Mass distributions of BT — [r*71F 7| p KT (top) and BT — [rTa¥7°]prT (bottom)
candidates, separated by charge.

—
ot

B — DX low-mass part. reco

LHCb LHCb

40 9fh! 9fh!
g,;35 B~ — [K~K*7'|pK~ B — [K*K-7'|pK*
2, —+ Data
Z 30 N 37 [KTK 0 pKT
= 9% B 37 - KK pn
= B Combinatoric
72 B Part. reco. D
% I Mis-ID low-mass part. reco.
6

=

500 LHCb LHCb
9fh~!

— Bt — [K'K-7"prt
=400 -+ Data
Z BT s [KTKEpr
= B B - [K7K*rpK*
5300 B Combinatoric
-\.r. B Part. reco. D
:: 200 I Mis-ID low-mass part. reco.
'._‘5’ B — DX low-mass part. reco
5

._.
=

5000 5225 5450 5675 5000 5225 5450 5675
m([K~K*7°ph~) [MeV/c? m([KTK 7% ph*) [MeV/c?

Figure 4. Mass distributions of BY — [K* KT p KT (top) and BT — [K*K¥7%p7T (bottom)
candidates, separated by charge.



B~ — [KK7°ph~ (B~ — [rrn®]ph~) signal peaks are slightly narrower (wider) than
the B~ — [Kn7m’]|ph~ peaks; fixed factors that modify the peak width in these modes are
taken from simulation.

B~ — Dn~ decays misidentified as B~ — DK~ candidates are modelled by the sum
of two modified Gaussian functions that share a mean and width but have two sets of
tail parameters. B~ — DK~ decays misidentified as B~ — D7~ candidates are described
using a single modified Gaussian function. Misidentified events form a small background
so all their parameters are fixed to the values derived from simulation.

Partially reconstructed b-hadron decays populate the mass region below the B~ mass
though their tails can enters the signal region. Of particular concern are B~ (B°) decays
involving a neutral (charged) D* meson decaying to a DY candidate plus an unreconstructed
neutral (charged) pion. Similarly, B~ — D*°h~, D** — D~y decays mimic the signal
because the v is not reconstructed. There are also contributions from B~ (B?) decays
to a D and a neutral (charged) p or K* vector meson decaying to an htn~(h*7") state
from which the 7~ (7°) is missed in reconstruction. These partially reconstructed decays
are described by parabolic functions convolved with a double Gaussian to account for
detector resolution [26]. The yields of these background components vary independently
in the fit, with no assumption of CP symmetry. Additionally, partially reconstructed
BY — D°K~7% decays are an important background for the ADS B~ — DK~ signal.
PDFs for this background are determined from simulation weighted with an amplitude
model [27] and fixed in the fit. The B? yields are allowed to vary freely, but CP symmetry
is assumed because only the b — cus transition amplitude contributes significantly.

Wrongly reconstructed D meson decays are a significant source of background under
the signal peaks. These are primarily decays where the 7° candidate is not a decay product
of the D meson, but is wrongly assigned as such. These contributions are modelled using
the modified Gaussian function of eq. (5.1) with a large right-hand tail. This PDF is
defined from an ancillary fit to the B mass distribution in the D-mass sideband. The tail
and mean parameters are fixed by this procedure but the width is allowed to vary freely
in the main fit to account for kinematic differences between the sideband and the signal
regions. The fixed parameters are varied as a source of systematic uncertainty.

The combinatorial background of unassociated D and h~ candidates is modelled using
an exponential function, with a common slope for all B~ — DK~ modes and a second for
all B~ — D7~ modes. The favoured and suppressed modes share the same combinatorial
background yield. The GLW modes have independently floating combinatorial yields and
CP symmetry is imposed in all cases.

The observables defined in section 1 vary freely in the fit as well as the total B~ — D~
yields. The individual signal yields are derived from these values and are presented in
table 1. The correlation of the statistical uncertainties for the observables are summarised
in table 3 of appendix A.



Mode Yield

B* — [K*KFr0pr® 4026 + 77
BE — [rEa T prt 14180 + 140
BT — [K*aFr%prt 140696 + 589
B* — [T KTr%prt 293 + 27
BT — [K*KFrnlpK* 401+ 29
B* — [rEaTrVpK* 11894+ 51
BT — [KEaFr%pK* 12265+ 158
B* — [r*KTrn0pK* 155+ 19

Table 1. Signal yields for each decay mode. The uncertainties quoted are statistical only.

6 Systematic uncertainties

Where fixed parameters are necessary for fit stability, they are varied systematically to
assess their contribution to the overall uncertainty. The dominant fixed-parameter effect
comes from the wrongly-reconstructed D-meson PDF, where the systematic variation is
defined by the covariance matrix of the ancillary fits to the sideband distributions.

The efficiency and uncertainty of the PID requirements on the companion track are de-
termined from a sample of more than 100 million D** decays reconstructed as D** — Dr*
with D — K ¥t This reconstruction is performed entirely using kinematic variables and
provides a high-purity calibration sample of K+ and 7% tracks. The PID efficiency varies as
a function of track momentum, pseudorapidity, and detector occupancy. The average PID
efficiency of the signal is determined by reweighting the calibration spectra in these vari-
ables to those of the candidates in the favoured mode sample. This average PID efficiency
is evaluated to be 64.2% and 99.7% for kaons and pions, respectively. Systematic uncer-
tainties of 0.7% and 0.1% for companion kaons and companion pions are attributed to the
reweighting procedure in the efficiency determination. These uncertainties are estimated
by varying the binning scheme used in the calibration procedure.

Due to their differing interaction lengths, a small negative asymmetry is expected in
the detection efficiency of K~ and K™ mesons. The difference between the kaon and
pion detection asymmetries is expected to be (—0.869 + 0.165)% and a raw asymmetry of
(—0.17 £ 0.10)% is used for pions. These numbers are taken from a dedicated study [28]
and also account for any physical asymmetry between the left and right sides of the LHCb
detector. There is no systematic uncertainty from the difference in B~ and BT production
cross sections because this effect is absorbed into a global asymmetry parameter, dominated
by the favoured B~ — Dn~ decay, that is free to vary in the fit. All quoted CP asymmetries
are automatically corrected for this value.

The R}IL(h/fro observables must be corrected for the ratio of efficiencies of B~ — DK~
decays relative to B~ — Dn~ decays. These ratios quantify the efficiency differences due
to the trigger, reconstruction and selection. They are measured in simulation to be (92.6 +

~10 -



PID PDFs Sim Ajsty D decay Total
AKK™ 69 117 82 0.1 214 26.6
ARm® 79 12 23 167 1.7 184
AT 892 122 162 0.1 22.2 311
AEKE=® 16 14 1.0 167 0.0 16.9
At 15 07 1.3 167 0.0 16.8
REE®® 945 288 319 0.1 53  49.8
R™™ 158 267 246 0.1 53 40.0
Ry 07 13 08 0.1 3.4 38
Ry 0.0 02 02 01 0.3 04
R 0.8 1.1 13 03 23 3.0
R 0.0 02 02 01 04 05

Table 2. Systematic uncertainties on the observables, multiplied by 10%. PID refers to the fixed
PID efficiencies of the companion tracks. PDFs refers to the uncertainties in fixing parameters
in the fit PDF. Sim refers to the use of simulation to calculate relative efficiencies between the
B~ — DK~ and B~ — D7~ modes. Ay refers to the interaction and detection asymmetries.
D decay refers to the effect of assuming that the distribution of candidates in the D meson decay
phase-space is not sculpted by the selection. The Total column corresponds to the quadrature sum
over the five categories.

2.3)% for the B~ — [K~nt7%ph~ and B~ — [~ K*t7%|ph~ modes, (98.7 & 2.8)% for
the B~ — [r~nt 7% ph~ modes, and (103.7 +2.9)% for the B~ — [K~ K 7% ph~ modes.
The uncertainties listed are based on the finite size of the simulated samples and are large
enough to account for any inaccuracies in the simulation.

In order to estimate the systematic uncertainties from the sources described in this
section, the fit is performed many times, varying each source by its assigned uncertainty,
under the assumption that a Gaussian distribution is appropriate. When sources of sys-
tematic uncertainty are correlated, e.g. the fixed parameters of a PDF, the variations are
drawn from a multidimensional Gaussian distribution according to the associated covari-
ance matrix. The spread of the fit result for each CP observables is taken as the systematic
uncertainty for that quantity. These uncertainties are summarised in table 2. The correla-
tions of the systematic uncertainties are recorded in table 4 of appendix A.

The values for the coherence factor, average strong-phase differences and CP-even
fraction are reported in refs. [11-13, 29-31] for a uniform acceptance across the three-body
phase space of the D meson decay, which is not the case in this analysis. To assess the
impact of an imperfect acceptance, studies are performed with amplitude models for each
D mode and an acceptance function derived from simulation. The study shows that this
is the dominant systematic uncertainty for AgKﬁO, A}}Wo, Rli(, and Rff with an effect in
the range (5 ~ 26)% of the magnitude of the associated statistical uncertainty.
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7 Results

The final results, as determined by the fit and systematic uncertainty assessment, are

REE® — 1021 4+ 0079 + 0.005
R™™ = 0902 + 0041 £+ 0.004
AKmm®  — 0024 + 0013 4+ 0.002
AKK®"  — 0067 4+ 0073 + 0.003
AT — 0109+ 0.043 4+ 0.003
AKE="  — 0001 £ 0019 + 0.002
At — 0001 £+ 0.010 + 0.002
RL = 00179 + 00024 + 0.0003
Ry = 0008 + 0.0020 =+ 0.0004
Rf = 00018 =+ 0.00027 =+ 0.00005
R; = 000227 4+ 0.00028 =+ 0.00004,

where the statistical uncertainties are listed first and the systematic uncertainties second.
All results are compatible with, but better than, previous measurements. The four R,jf
observables can be used to calculate

Rapsxy = 0.0127 £ 0.0016 =+ 0.0002
Aaps(xy = —0.38 + 0.2 + 0.02
Raps(ry =  0.00207 =+ 0.00020 = 0.00003
Aaps(y = 0069 £ 0094 £ 0.016,
where
R _T(B™ = [ Kta%ph™) + (BT — [T K a°]ph™) (7.1)
ADS() = P(B= S [K—nta0 ph—) + D(B* — [Kt7— 0 ph™) '
and
4 _ (B~ 7= KT ph™) — (BT = [r*K—7%pht) (72)
ADS() ™ P(B= =[x~ K+7%ph—) + [(B* — [x* K- phT)’ '

A likelihood-ratio test is used to assess the significance of the previously-
unobserved B~ — DK~ ADS signal [32]. This is performed by calculating the quan-
tity /—2In(Ly/Ls1p) where £, and Ly, are the maximum-likelihood values of the
background-only and signal-plus-background hypotheses, respectively. Including system-

atic uncertainties, a significance of 7.8 standard deviations (o) is found for the decay
B™ — [7T7K+7TO]DK7.

8 Interpretation and conclusions

The results are interpreted in terms of the fundamental parameters: 7; rp and dp using
egs. (2.1)—(2.2) and inputs from refs. [11-13, 29-31]. Confidence intervals are evaluated
using the profile likelihood method. For this, the y? function is evaluated at each point in
parameter space to determine a Ay? with respect to the best-fit point. Assuming purely
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Figure 5. Confidence regions of the strong phase, dp versus the unitarity triangle angle, v shows
(left) two solutions, one of which is shown (right) to be consistent with the 2021 ~ combination
result [33] whose confidence intervals are superimposed.

Gaussian behaviour, the plotted p-value, p = 1 —CL, is given by the probability that Ax? is
distributed according to a x? distribution with one degree of freedom. Due to trigonometric
ambiguities present in eq. (2.1), there are up to four solutions in the range 0 < v < 180°.
The global minimum 2 is found at v = (1457,9)° but a second solution, close to the
established value [33], is also found and quoted below. Two-dimensional confidence regions
are shown in figure 5 focusing on the second solution. The values of v and the B~ — DK~
hadronic parameters, g and rp, found from this analysis are

v o= (56779)°,
op = (122733)°,
rg = (93%50)x1072

with only weak limits found for the B~ — D#~ hadronic parameters. The corresponding
confidence regions for the 2021 LHCb « combination [33] are shown for comparison. This
new result is consistent with the combination.

In conclusion, using a dataset of pp collisions corresponding to an integrated luminos-
ity of 9 fb~!, B~ — DK~ and B~ — Dr~ decays are studied where the charm meson is
reconstructed in the K7+, 7t 7= 7% KT K79 or 7~ K70 final states. Eleven CP ob-
servables are measured with world-best precision. The suppressed B~ — [r~ K7 p K~
mode is observed for the first time, with a significance of 7.8¢ and evidence for a
large CP asymmetry in this mode is reported. The suppressed-to-favoured ratios,
Raps(r) and Rapg(r) are 42 and seven times larger than the doubly-Cabibbo-suppressed
B(D° — 7= K*7%) = (3.05 4+ 0.15) x 10~* [22]. In addition to the CP asymmetry, this un-
derlines the presence and importance of the b — wu transition amplitude contributing to
BT — [W*h'Fr0 ph* decays. In combination with similar B — DX measurements, these
results will contribute to a precise determination of the CKM Unitary Triangle angle ~.
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0 0 0

RKKWO wawo Alfgﬂ'ﬂ' A}}gKTr A}r{jﬁro AWKKW A:Trrr(J R-}; R;( R;‘\" R;
REKT 1.00 0.05 —0.00 —0.01 —0.00 —0.00 0.00 0.02 001 0.00 0.00
R’ 1.00 —0.00 —0.00 —0.05 —0.00 0.00 0.02 0.01 —0.00 —0.00
A’ 1.00 0.01 0.02 0.04 0.08 —0.01 0.00 —0.01 0.01
AKER 1.00 0.00 —0.01 0.01 0.00 0.00 —0.00 0.00
A’ 1.00 0.01 —0.01 000 0.00 -0.00 0.00
KKr°
AE 1.00 0.04 —0.00 0.00 —0.00 0.00
Armr® 1.00 —0.01 0.00 —0.01 0.01
Ry 1.00  0.09 —0.01  0.00
Ry 1.00  0.00 —0.01
R 1.00  0.01
Ry 1.00

Table 3. Correlation matrix for statistical uncertainties.
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A Correlation matrices

The correlation matrix for the statistical uncertainties is presented in table 3 and the
systematic uncertainty correlation matrix in table 4.
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RKK prmrl pKmrl o gKK o pgrmel gKKxO o pmes’opd pe RE Ry
RKKm 1.00 0.83 —0.29 0.09 015 -0.23 —-0.25 —0.10 —0.05 —0.15 —0.18
R’ 1.00 —0.39 —0.07  0.07 -0.26 —0.28 —0.22 —0.08 —0.15 —0.14
A’ 1.00 —0.06 —0.15 0.91 0.92 —0.04 —0.12 —0.09 —0.06
AKER 1.00 0.89 —020 —0.19 094 090 066 0.57
A’ 1.00 —0.23 —023 088 0.84 054 044
AKEn® 1.00 1.00 —0.18 —0.17 —0.05 —0.00
Armr® 1.00 —0.17 —0.16 —0.06 —0.02
Ry 1.00 092 073 0.63
Ry 1.00 075 071
Rf 1.00  0.97
Ry 1.00

Table 4. Correlation matrix for systematic uncertainties.
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