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Abstract A model-independent study of CP violation in
BY — DK™ decays is presented using data correspond-
ing to an integrated luminosity of 9fb~! collected by the
LHCb experiment at centre-of-mass energies of /s = 7, 8
and 13TeV. The CKM angle y is determined by examining
the distributions of signal decays in phase-space bins of the
self-conjugate D — th+h_ decays, where h = =, K.
Observables related to CP violation are measured and the
angle y is determined tobe y = (49“33)0. Measurements of
the amplitude ratio and strong-phase difference between the
favoured and suppressed BY decays are also presented.

1 Introduction

In the Standard Model (SM), the Cabibbo—Kobayashi—
Maskawa (CKM) matrix [1,2] describes flavour-changing
weak transitions of quarks. The phase difference between
the CKM matrix elements for b — u and b — ¢ quark
transitions, defined as y = arg (—VudV;b /VCdV:fb), is of
particular interest because it is measurable in purely tree-
level decays and has negligible theoretical uncertainty [3].
Therefore, the SM can be tested by comparing direct mea-
surements of y with indirect determinations obtained by fit-
ting the CKM unitarity triangle. The average value of the
direct measurements iS Ydirect = (66.2'_%:2)" [4], which
agrees at current precision with the indirectly determined
value Yindirect = (656—1—2:3)0 [5] or Yindirect = (65.8 +2.2)°
[6] depending on the statistical approach used. A more strin-
gent test requires improving the precision on both the direct
and indirect determinations of y.
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The precision on y is dominated by the measured CP vio-
lation in the interference between b — ucs and b — cus
quark transitions in B¥ — DK® decays. Here, D rep-
resents a superposition of D? and D° mesons. However
it is possible to gain complementary information from the
BY — DK*(892)" decay.! While this decay has a lower
branching fraction compared to the B¥ — DK¥ chan-
nel, the interference between the favoured and suppressed
BY — DK™V decays is expected to be a factor of 3 larger
since both amplitudes are colour suppressed, leading to a
higher per-event sensitivity to y. Feynman diagrams of the
two possible B decays are shown in Fig. 1. The flavour of
the B meson at the point of decay is unambiguously provided
by the charge of the kaon from the K*(892)" — K*m~
decay, and hence the analysis of this channel can proceed
without considering time dependence. Interference between
the two amplitudes is accessed through reconstruction of the
D meson in final states common to both D® and D°. For the
analysis presented here the D mesons are reconstructed in
the self-conjugate D — KSh*h’ decay modes (h = «, K).
The Belle [7,8] and BaBar [9] collaborations have used the
B? — DK* channel to determine y with various final states
of D decay, including D — Kgrr"’rr_. However, the most
precise measurements using the B — DK*? decay mode
have been made by the LHCb experiment [10,11].

The work presented here uses data collected with the
LHCb detector in proton-proton (pp) collisions at centre-
of-mass energies of 4/s = 7, 8 and 13 TeV between 2011-
2012 and 2015-2018, corresponding to an integrated lumi-
nosity of 9fb~!. The experimental procedure employed here
closely follows that described in Ref. [11], where CP viola-
tion observables that are related to y are determined through
the distributions of B — DK*? and B — DK*" decays
in regions of the D — th+h_ decay phase space [12—
15]. The extraction of y requires knowledge of the D decay
strong-phase parameters, which were directly determined by

! The inclusion of charge-conjugate processes is implied, unless explic-
itly stated otherwise.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-023-12376-z&domain=pdf
mailto:innes.mackay@physics.ox.ac.uk

206 Page?2 of 18

Eur. Phys. J. C (2024) 84:206

Fig. 1 Feynman diagrams for

A

the (left) suppressed and (right)
favoured B — DK*0 decays
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the BESIII [16-18] and CLEO [19] collaborations. There-
fore, the measurement avoids using any D decay amplitude
model, thus is free of any systematic uncertainty attributed
to such models.

The data set used for the work presented here is increased
compared to Ref. [11]. In addition, a number of procedural
improvements are made, such as adopting a more optimal
division of D — Kgn+n_ phase space, and employing an
improved strategy to handle the varying reconstruction effi-
ciency over D decay phase space. Furthermore, the strong-
phase inputs are updated to reflect the most recent combina-
tion of results from CLEO and BESIII [16,17].

2 Analysis overview
The amplitudes of the favoured and suppressed B —

DK™~ decays, where the K7~ is not restricted to the
K *9 resonance, can be written as

A(B - D°Ktn7) = Ac(p)e®P) (favoured),
(1

A(BY > DKty = A, (p)el@+r] (suppressed),
2

where A.(,) and é.(,) are the magnitude and strong-phase of
the decay corresponding to the b — c¢(u) transitions, respec-
tively, and p is the phase-space coordinate of the DK T7 ™
final state. The equivalent amplitudes for the CP conjugate,
B — DK~ 7, are given by transforming y — —y. In
this analysis, the amplitude ratio (rz0) and strong-phase dif-
ference (§z0) between the favoured and suppressed signal
decays are measured alongside the angle y . They are defined
as

2 fK*O dp Au(p)2
B fK*O dp Ac(p)z’
fK*O dp Ac(p)Au(p)ei[‘s"(”)_‘s"(”)]

Sl dp Acp? [ [0 dp Aup)?

3

r

Kei580 =

“

where the integral is performed over the B — D K*" region
ofthe B - DK+tmr— phase space. The coherence factor, «,
accounts for pollution from decays that are not B — DK*,
and satisfies 0 < x < 1. The value of ¥ = 0.95870-09 is

used as a direct input from the LHCb amplitude analysis of

@ Springer

BY > DK*trn— decays described in Ref. [20]. The kine-
matic selection of the K* candidates used in this work fol-
lows that of Ref. [20] to match the phase-space region in
which « is evaluated.

The amplitudes for the D — thJ“h_ and D —
th+h_ decays are written as Ap(mZ, mi) =
iBen.m) and  Ap(m:,m?) =
|A5(m2_,m%_)|ei‘3(m2—’m%r), respectively, where mi = m?
(K ghi) are the Dalitz plot coordinates. The D decay phase
space is divided into independent regions. A scheme is used
with 2/ bins labelled from i = —A to i = A (excluding
0). The division is symmetrical about the line m? = m%_,
and a bin where m? > mi (m% < m%r) is referred to
as the i’" (—i'") bin. The ‘optimal’ [19] (‘2-bin’) scheme
with A/ = 8 (A = 2) bins is used for the D — Knm~
(D — KJKTK~) mode, and is displayed in Fig. 2.

The total amplitude of the B® — (KShth™)pKTm~
decay is given by

|Ap(m?, m2)le

AB® — (KShth ) pK ™) = Ac(p)e’® P Ag(m*, m2)
+ Au(p)e PP AL 2 m?), ©)

where that of the CP conjugate B® decay is found by trans-
forming y — —y and m_ <> m. Squaring the total ampli-
tude and integrating over the K*¥ phase-space region gives

r(B° — (K3 h )pk*) o |AG17 + 1| Apl?

+ 2«rpo|Apl|A gl |:cos(530 + y)cosdp

—sin(dgo + y) sin SD:|, 6)

where the Dalitz plot coordinates of the D decay strong-
phase difference, defined as SD(mz_, mi) = 5(m2_, mi) —
E(m%, mi), and magnitudes have been omitted for brevity.
The expression for the decay rate integrated over a Dalitz
plot bin is given by

Ii(BY — (K$h*h")pK*) o« K_j +ryK;

+ 2krpoy/ Ki K_j[cos(8go + y)c; — sin(8go + v)si],
(7N



Eur. Phys. J. C (2024) 84:206

Page 3 of 18 206

— 3‘0 -
) 8
E 2.5 - 7
— 6 g
* 20 - E
own 5 =
< =
& 151 48
32
1.0 4 <
2
0.5 1

0.5 1.0 175 2?0 2.I5 3.IO
m?(K3n~) [GeV?/cY

—

O

518

L

<5}

o, -2 —~

T 16 A g

L E

ot 3

M =]

5 4T 8

= -

A

1.2 L1 <
1.0 -

1.0 1.2 14I4 1?6 1.I8
m?(K$K™) [GeV?/cY

Fig. 2 Dalitz plot binning schemes used for (left) D — K §)JT+7T7 and (right) D — K g K™K~ decays

where the D decay magnitude and strong-phase difference
have been replaced by integrals over Dalitz plot bins

K; =/dm2_dm§r|AD(m2_,mi)|2, (8)
1
1
C; = ——
' VKK
X fdmz_dm%r|AD(m2_,m%r)||A5(m2_,m2+)|cosaD(mz_,m%r),
1
©
1
Si = —F/—
KK

X /_‘dmz_dm?F |AD(m2_, mﬁ_)||A5(m2_, mi)l sindp(m?2, mil
1

(10)

Swapping the coordinates m_ <> m is equivalent to a bin
transformation i <> —i, and results in the relations ¢; = c_;
and s; = —s_;.

Experimentally, candidate yields are determined instead
of the decay rates. Detector, reconstruction and selection
related efficiencies are accounted for by using a set of param-
eters referred to as F; that are determined in each bin. They
are defined as

po b dm?dm? |Ap(m?, m3)|*n(m?, m%)
I = )
Yo, [y dm2dmZ |Ap(m>, m%)|*n(m>, m3)

(11)

where n(m%, mi) is the efficiency profile which varies over
the D decay phase space. The F; are the efficiency-modulated
K; parameters, and are dependent on the experimental res-
olution and selection efficiency. A similar efficiency adjust-
ment is not included in the ¢; and s; parameters because the
effect is small, however a systematic uncertainty is included
to account for this assumption. The F; parameters have been
determined using B¥ — Dn* decays [21]. As these param-
eters are selection dependent, they are only valid for use in
this analysis under the assumption that the relative variation

in n(mZ_, mi) between D meson decays in B* - Dn*and
BY — DK™ is the same. Differences in the efficiency pro-
files are minimised by employing a similar selection between
the B — DK*0 and B* — Dn® decays and small resid-
ual differences are determined using simulation samples and
used to assign systematic uncertainties on the CP violation
observables. The yields of B® and B? decays in a Dalitz plot
bin are given by

0
Ni(B%) = b [Foi (2 4+ 3 Fi o 26 R (evci = i) |

(12)
NiB”) = hE" [Fi 4 (2 432 Py 4 26 FiFi (e + v
(13)

where the CP violation observables [22], x4+ and y4, are
related to the physics parameters by

X4+ =rpgocos(bgo £ y), (14)
Y+ =rposin(dgo £ y). (15)

These observables have improved statistical behaviour in
comparison to determining y, rzo and 8 go directly. The two
normalisation constants in Eqgs. (12) and (13), hB” and hEO,
are the observed total yields of the B® and BY decay modes.
The use of two separate normalization constants is inten-
tional, as nearly all detector and production asymmetries
are absorbed into these parameters leaving the measurement
insensitive to these effects. Equations (12) and (13) are used
to fit the data and determine the CP violation observables. In
the fit, the external input parameters « [20], F; [21], ¢; and
s; [16,17] are fixed to their measured central values.

The E(S) — DOk*0 decay, which has identical final state
particles is reconstructed alongside the signal channel. In
principle, the method described in this section could also be
applied to B — D K* decays. However, the sensitivity to y
is significantly lower due to reduced interference between the
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two final state paths. The values of the CKM elements [23]
can be used to predict that the ratio of suppressed to favoured
amplitudes, r BO ™~ 0.02, is over a factor of 10 less than in
B? — DK*0 decays [24]. In this analysis it is assumed that
the CP violation in the BY — DK*" decay is zero and it
is not treated as a signal decay mode. Thus in the remainder
of the paper this decay is referred to as the E? — DOK*0
background with a flavour specific D meson.

3 Detector and simulation

The LHCDb detector [25,26] is a single-arm forward spec-
trometer 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 con-
sisting 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 stations 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 200GeV/c. The mini-
mum distance of a track to a primary pp collision vertex
(PV), the impact parameter (IP), is measured with a reso-
lution of (15 + 29/pt) pm, where pr is the component of
the momentum transverse to the beam, in GeV/c. Different
types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors. Photons,
electrons and hadrons are identified by a calorimeter sys-
tem 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 a software stage,
which applies a full event reconstruction. The events that are
selected for the analysis either have final-state tracks of the
signal decay that are subsequently associated with an energy
deposit in the calorimeter system that satisfies the hardware
stage trigger, or are selected because one of the other particles
in the event, not reconstructed as part of the signal candidate,
fulfills any hardware stage trigger requirement. At the soft-
ware stage, it is required that at least one particle should have
high prt and high Xlzp’ where XIZP is defined as the difference
in the primary vertex fit x> with and without the inclusion of
that particle. A multivariate algorithm [27] is used to select
secondary vertices consistent with being a two-, three-, or
four-track b-hadron decay.

@ Springer

Simulated data are required to determine the invariant-
mass shapes of signal and background components, and to
compute relative selection efficiencies. In the simulation, pp
collisions are generated using PYTHIA [28,29] with a specific
LHCDb configuration [30]. Decays of unstable particles are
described by EVTGEN [31], in which final-state radiation is
generated using PHOTOS [32]. The decays D — Kgn"’n_
and D - K gK TK~ are generated uniformly over phase
space. The interaction of the generated particles with the
detector, and its response, are implemented using the GEANT4
toolkit [33,34] as described in Ref. [35].

4 Candidate selection

All tracks and decay vertices are required to be of good qual-
ity, and the reconstructed mass of the K2, D and K*° can-
didates must be close to their known values [23]. The K g
candidates are formed from two oppositely charged pions,
where the tracks are reconstructed using hits in the vertex
detector and other downstream tracking stations, or only the
latter. These track types are referred to as long and down-
stream, respectively, and are treated separately since the for-
mer leads to better mass, momentum and vertex resolution
on the K g candidate and higher reconstruction efficiency.
A D meson candidate is formed by combining a K(S) can-
didate with two oppositely charged pions. Particle identi-
fication (PID) requirements are placed on the particles, to
reduce background from D — K g KT~ decays, semilep-
tonic D decays, and hadronic decays in flight to leptons. A
requirement is placed on the displacement of the D meson
vertex from the B meson vertex to reduce background from B
decays to the final state particles without the intermediate D
meson. The D meson candidate is then combined with a K*°
candidate, which is formed by combining a pion and kaon,
with strict PID requirements to suppress B — Dmztr~
backgrounds and thus allow for correct identification of the
B-meson flavour. A criterion is applied on the K*° helicity
angle, 6*, defined as the angle between the kaon from the K *0
decay and the opposite of the B momentum in the K** rest
frame, to exploit differences in the angular distributions of
the signal and background candidates. In signal decays, a B
meson decays to a vector and pseudo-scalar final state, so the
corresponding distribution of | cos 6*| peaks at 1, whereas it
is flat for background candidates formed from random com-
binations of tracks, referred to as combinatorial background.
Therefore, candidates are rejected if the value of | cos 0*| is
below a threshold that is chosen to match that applied in Ref.
[20].

A kinematic fit is performed to improve the resolution of
the invariant-mass of the B candidates and Dalitz plot coor-
dinates. In this fit, the masses of the D and K g candidates are
constrained to their known values [23], and the momentum
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Fig. 3 Dalitz plots of selected candidates for (left) B° and (right)
B decays followed by the (upper) D — Kgn+n‘ and (lower)
D — K ‘S)K * K~ decay. Candidates that have an invariant mass within

of the BY meson is required to be parallel to the vector linking
the B decay vertex and the associated PV, which is defined
as the PV leading to the smallest IP of the B candidate.

A boosted decision tree (BDT) classifier [36,37] is
employed to reduce combinatorial background. It is trained
on B® - DK*0 decays with D — K§n+n_ separately for
candidates with long and downstream K g track types, and
is applied to both D decay modes. Signal is represented by
simulated decays, and combinatorial background is repre-
sented by B — DK*0 candidates in data with an invariant
mass between 5800 and 6200 MeV/c?. The set of input vari-
ables are predominantly based on the decay topology and
kinematics. They are taken from the BDT classifier applied
in the analysis of BY¥ — Dh* decays outlined in Ref. [21].
Since there is an extra track in B” — DK*? decays, the p,
pr and XIZP of the pion from the K*° decay are also included.

m2(KJK ~) [GeVZ/c]

a 30 MeV/c? region either side of the B® mass are displayed. The kine-
matic boundaries are plotted as continuous red solid curves

The optimal BDT classifier selection criterion is chosen to
minimise the statistical uncertainty on y and is determined
with pseudoexperiments.

Figure 3 displays Dalitz plot distributions of fully selected
BY — DK™ candidates that have an invariant mass within
+30 MeV/c? of the B mass [23], where the signal purity
is approximately 60%. They are displayed in four categories
given by the D decay and B-meson flavour, and candidates
from both K g track types are combined for visualisation pur-
poses only.

5 Fit to determine the CP violation observables

A two-stage fit strategy is adopted to determine the CP vio-
lation observables. The same model is used for both stages
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in an unbinned maximum likelihood fit to the invariant-
mass distribution of B — DK*" candidates in the region
5200-5800MeV/c?. The lower end of the fit range is cho-
sen to remove background from CP violating B — D*K*
decays. The first stage, referred to as the global fit, is used
to understand the background composition and parameterize
the invariant-mass distribution. The candidates in this fit are
divided into four groups, given by the D decay mode and
theK g track type. In the second stage the data are simultane-
ously fitted across 80 categories given by the D decay mode,
K g track type, B-meson flavour and Dalitz plot bin.

Due to the similarities in the final state, the signal and
E? — DYK*0 decays have a similar invariant mass shape.
Both are modelled by a function with a Gaussian core and
asymmetric tails,

R Sm=m—u,
exp(—&nﬂ(”?&)), sm <0

JLo fL=2cff+aL6m2,
exp(—&mz(%)), Sm >0

fm)= where

0,
fr = 2<7L>2 + agdm?

(16)

where p is the mean, § is the asymmetry, o g and ar g
describe the left and right widths and tails, respectively. The
B, a and width ratio, r = Z—;, parameters are fixed to values
determined from simulation. The mean of the distribution
representing BY — DYK*0 candidates is a free parameter
shared between the categories, whilst that of signal is con-
strained using the known mass difference, m (B?) —m(B%) =
(87.42 £ 0.16) MeV/c? [23]. Finally, the width is shared
between signal and E? — DYK*0 decays for both D decay
modes but different for long and downstream K g track cate-
gories.

The dominant physics background near the signal is from
BY — D*0k*0 candidates with the D** decaying to a D°
and an unreconstructed y or 7°. The mass model of this
background is described by four components depending on
which particle is missed and whether the helicity state of
the D*0 is 0 or +1 (the distributions of the +1 states are
indistinguishable). The parameters describing the shape of
each component are fixed to the values determined in simu-
lation. It is not possible to determine the relative fractions of
these four components reliably using data collected with the
self-conjugate D — K 8h+h’ modes, because the invariant-
mass region below 5200 MeV/c? is dominated by a mix of
BY — D*K*" and BY — D*K*0 decays and their distri-
butions significantly overlap. However, in Cabibbo-favoured
D meson decays the low invariant-mass region is domi-
nated by either Eg or BY decays. This advantage is used by
fitting the invariant mass distribution of candidates recon-
structed as E? — DY%— K—nt)k*0 decays to deter-
mine the relative fractions of each partially reconstructed
BY — D*YK*0 component. The selection of candidates and
the mass fit parameterisation follows that described in Ref.
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[10], but the data set is increased to include that collected
in 2017 and 2018. Given the studies in Ref. [38], contami-
nation from E? — D*K 7 decays that do not include the
K*0 resonance is small and this background will be sub-
sumed into either the BY — D*K*0 shapes or the com-
binatorial background. A small amount of B? — D*K*?
decays leaks into the fit range. Their invariant-mass shape
and yield ratio are determined in a similar way to that for the
BY — D*OK*0 background by studying candidates recon-
structed as B — D(— Kx)K*0.

Backgrounds from B* — DK decays plus a random
pion, and misidentified B — Dz 7~ decays are repre-
sented by shapes determined using simulation samples. The
relative yield of both are fixed with respect to that of the
BY — DYk *0 candidates. The ratio of B¥ — DK* decays
is determined using branching fractions, fragmentation frac-
tions [39,40] and selection efficiencies in simulation, where
differences from data are determined to be negligible. The
ratio for misidentified B® — Dr 7~ decays is determined
from the results of fits to B - (D — Kmx)K* decays.
Finally, the combinatorial background is described by an
exponential function, where the yield and slope are freely
varying parameters in each category.

The projections of the global fits are displayed in Fig. 4.
Table 1 details the yields of each component in a 30 MeV/c?
region either side of the B mass [23]. The total signal yield
and purity are 434+32 and (57+5) %, respectively. The dom-
inant backgrounds in the signal region are from combinato-
rial candidates and B — D*?K*? decays. Other sources are
negligible in comparison.

Simulation is used to verify that the component shapes do
not vary across the Dalitz plot. Therefore, the same model is
applied in the fit to extract the CP violation observables as for
the global fit. The yield of each component, excluding com-
binatorial background, in a Dalitz plot bin is parameterised
by the integrated yield multiplied by the expected fraction of
candidates in that bin. For example, the distribution of signal
candidates is described by Eqs. (12) and (13) where 4 zo and
hgo are freely varying parameters.

In the fit, the CP violation observables are free parameters
shared across all fit categories and the F; [21], ¢;, s; [16,17]
and « [20] parameters are fixed.

The integrated yields of E(S) — DYK*0 decays are freely
varying parameters in four categories given by the D decay
mode and K 8 track type, whilst those of the remaining
physics backgrounds are fixed to the results of the global fit.
For each of the background components, excluding combi-
natorial background, the fractional yield in a Dalitz plot bin is
fixed. The effect of CP violation in interference between the
final state paths in B — D°K*?and BY — D**K* decays
is expected to be small because r BO ™ 0.02. Therefore, E?
particles are assumed to decay exclusively to D? mesons, thus
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Table 1 Yield of each component in a 30 MeV/c? region either side of
the BY mass as determined by the global fit in four categories. Yields
are either determined directly or through a combination of fit parame-

ters. The uncertainties are determined through propagation and further
modulated by integration within the region. Some backgrounds have
negligible yields in the aforementioned invariant-mass region

Component D — Kdntm~ D — Kdntm~ D — KJKTK~ D — KJKTK~
long downstream long downstream

B — Dk*0 102 & 17 288 + 25 1246 3248

B — DOk*0 24+04 7.1£0.6 0.32 £ 0.08 124+02

Combinatorial 84 £8 133+ 11 16 +3 11+4

BY — p*0g+0 171+ 14 4+£2 23405 7.1+£0.8

BY — D*K*0 <1 <1 <1 <1

B - Dntn- <1 1.84+05 <1 <1

B* — DK* <1 2.0+ 0.4 <1 <1
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the fraction of these candidates in a Dalitz plot bin is given
by F;. The level of CP violation in B — D*K** decays is
likely at a similar level to the signal, but assigned as zero in
the fit due to the very small yield of this decay in the fit range.
Therefore, the fractional yield of this component in a Dalitz
plot bin is F_;. A systematic uncertainty is assigned for this
assumption as discussed in Sect. 6. For the B — Dr 7~
candidates, the D meson is assumed to be an equal mixture
of D? and D° mesons because either pion could be misiden-
tified. Therefore, the fraction of these decays in a Dalitz plot
bin is 0.5(F; + F_;). The B¥ — DK¥ background is CP
violating and its distribution over the Dalitz plot is therefore
parameterised similarly to Eqs. (12) and (13) using values
of the CP violation observables determined from Ref. [24],
with ¥ = 1. Finally, the Dalitz plot distribution of combina-
torial background is unknown, thus the corresponding yield
in each bin is a free parameter.

After correcting for small biases (the largest of which is
12% of the statistical uncertainty) and uncertainty under-
coverage (the largest inflation was 3%) using pseudoex-
periments, the CP violation observables are measured to
be x; = 0.074 £ 0.086, x_ = —0.215 £ 0.086, y; =
—0.336 £ 0.105 and y_ = —0.012 % 0.128, with the sta-
tistical correlation coefficients displayed in the Appendix.
The left plot in Fig. 5 displays the 68.3% and 95.5% confi-
dence regions for the CP violation observables determined by
scanning the profile likelihood function. The opening angle
between the lines joining the points (x4, y+) and (x_, y_)
with the origin corresponds to 2y. To understand the distri-
bution of signal across the Dalitz plot the raw asymmetry,
N;(B% — N_;(B%/N;(B® + N_;(BY), is calculated for
each effective bin pair. An effective bin labelled i, is defined
to compare the yield of B® decays in a bin i with the yield
of BY decays in a bin —i. Figure 5 displays the asymme-
tries calculated using the binned yields from the default fit,
and for illustrative purposes, those determined in an alter-
native fit where the signal yield in each region of the Dalitz
plot is a free parameter. The good agreement between the
yield of signal in each bin determined from the CP viola-
tion observables and those determined from the alternative
fit demonstrates that Egs. (12) and (13) are an appropriate
model for the data. It is possible to see regions of the Dalitz
plot where the asymmetry does deviate from zero. However,
CP violation in this measurement is not yet established with
the current precision.

6 Systematic uncertainties
A summary of the systematic uncertainties is displayed in
Table 2. These are primarily evaluated with two methods:

the fit to the data is repeated many times using a model with
fixed parameters smeared according to their uncertainties and

@ Springer

the root-mean-square (RMS) of the CP violation observable
distributions are taken to be the uncertainties, or many pseu-
dodata sets tuned to the data are fitted using a model with an
alternative configuration and the biases in the CP violation
observable distributions are taken to be the uncertainty.

Two systematic uncertainties are associated with the D
decay strong-phase inputs. The effect of their finite precision
is determined by generating a set of ¢; and s; values smeared
according to their uncertainties and correlations. The cor-
responding systematic uncertainties are 0.005, 0.004, 0.017
and 0.024 for x4, x_, y4 and y_, respectively. These are
larger for y4 because the s; values are known less precisely
than those of ¢;, but they remain significantly smaller than
the statistical uncertainties.

An uncertainty arises because the effect of n(m2, mi) is
not accounted for in the D decay strong-phase parameters.
Alternative ¢; and s; are calculated using an amplitude model
[41] with a flat efficiency profile (¢!, sf12') and an efficiency
profile determined using simulated signal decays (cfff, sfff).
The subsequent systematic uncertainty is evaluated by fitting
the data many times using a model with alternative ¢; and s;
coefficients that are generated from a Gaussian with a width
equal to the efficiency correction: §¢; = clﬂat - cfff and §s; =
Slﬂat _ Slg:ff )

Selection differences between B — DK*? and B* —
Dr* candidates can alter the relative efficiencies in each
Dalitz plot bin, introducing a bias on the F; parameters
appropriate for these decay channels. The ratio of the
squared (77 ~)p invariant-mass distribution in simulated
B — DK* and B* — Dn¥ decays are used to pro-
duce an alternative efficiency profile. This is subsequently
applied to an amplitude model [41] to compute different
F; values. The relative efficiency differences between signal
and BY — DYK*0 decays are negligible. It is the dominant
systematic uncertainty for the x4 observables, but is signif-
icantly lower than the equivalent uncertainty determined in
Ref. [11] where the efficiency profile from B® — D* putv,
decays was used.

Various systematic uncertainties related to the fit model
are computed. The dominant contributions are the choice
of signal shape and the effect of fixing the combinatorial
background slope, signal mean and resolution to the global fit
results, and are both evaluated using alternative models. In the
former a different signal distribution is used, and in the latter
the slopes in each of the four global fit categories are freely
varying parameters that are shared between Dalitz plot bins.
The remaining fit model systematics are those associated with
the fixed background ratios, which are evaluated using sets
of parameters smeared according to their uncertainties.

In the fit model, CP violation in partially reconstructed
BY — D*K*V decays is neglected because there are few can-
didates in the fit range. The effect of this assumption is mea-
sured using an alternative model where these candidates have



Eur. Phys. J. C (2024) 84:206 Page 9 of 18 206
«H 0.4 n Q T T T T T T T T T T T T T T T T T T |:
= ] — g L5 F [ CPObservables ]

0.2 - B LHCb = ¢  FitResults ]
] 9 fpL 5 1.0 3

w2 -

0.0 S 0s ]
] 5 ’ ]

02 0.0 3
] 0

04 B -0.5 ]
0.6 -1.0 : ]
T[yvvr[ryryrr[rrrrrrerry 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 : 1 1 1 1 7

—-0.50 -0.25 0.00 0.25 0.50 8-7-6-54-3-2-1122345©6728-2-112

T4 Effective bin number

Fig. 5 Left: two-dimensional 68.3% and 95.5% statistical confidence
regions for the measured (x4, y+) values, determined by scanning the
profile likelihood function. The orange (blue) contours correspond to
the observables related to B® (B®) decays. Right: raw asymmetry in
each effective bin pair. It is determined using the fitted CP violation

observables (red histogram) and the results of an alternative fit where
the signal yield in each Dalitz plot bin is a free parameter (black points,
with statistical uncertainties that are capped to the physical limits where
appropriate)

Table 2 Systematic uncertainties for the CP violation observables. Statistical uncertainties are given for reference

Source o (xy) o(x-) o(y+) o(y-)
Efficiency correction of (¢;, s;) 0.001 0.001 0.002 0.001
F; inputs 0.006 0.007 0.001 0.000
Mass Fit 0.002 0.006 0.005 0.004
B® — D*K*0 CP violation 0.001 0.001 0.001 0.001
Value of « 0.000 0.001 0.003 0.002
Charmless background 0.009 0.008 0.000 0.005
Bin migration 0.001 0.001 0.000 0.002
Fitter bias 0.003 0.003 0.006 0.004
Total of above systematics 0.011 0.013 0.009 0.011
Strong-phase measurements 0.005 0.004 0.017 0.024
Statistical uncertainty 0.086 0.086 0.105 0.128

the same distribution in phase space as the signal decays. The
amplitude ratio and strong-phase difference for these decays
are unknown, but a similar interference as in B — DK*0
decays is expected since they have a similar amplitude ratio.
Hence, the CP violation observables determined by the nom-
inal fit are used and the resulting uncertainty is small.

The systematic uncertainty associated with the limited
knowledge of the coherence factor, «, is determined to be
small using an alternative model where its value is displaced
by one standard deviation, kmoedel = k — o (k) [20]. Larger
values of « are not included since its uncertainty is heavily
asymmetric, and the lower uncertainty is found to dominate
the spread of CP violation observables.

In the selection, a requirement is placed on the displace-
ment of the D meson vertex from the B meson vertex to
reduce background from B decays to the final state particles
without the intermediate D meson, which are referred to as

charmless candidates. Studies of the D meson invariant-mass
sideband determine that the total charmless yield in the sam-
pleis 17 & 9. A systematic uncertainty is assigned using an
alternative model where charmless candidates are introduced
in the signal region. The yields of these candidates are dis-
tributed uniformly over the Dalitz plot and given the small
expected yields it is unnecessary to account for potential CP
violation in the charmless decays.

Measurements of the Dalitz plot coordinates are affected
by the detector momentum resolution and can cause can-
didates to be assigned to the wrong bin. To first order, the
F; values account for this, but the net migration between
Dalitz plot bins can differ in B¥ — Dz* and B — DK*?
decays since they exhibit different levels of CP violation.
The expected difference in the F; values in B¥ — Dn* and
BY — DK*0 due to these second order effects is determined
using the momentum resolution in simulation, the CP viola-
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Fig. 6 Profile likelihood contours for (left) y versus rzo and (right) y versus §zo corresponding to 68.3% and 95.5% confidence regions

tion observables of B¥ — Dx* [24] and those of this anal-
ysis and the D decay model from Ref. [41]. The expected
differences are used to generate pseudoexperiments which
are then fit with the nominal procedure to assign the system-
atic uncertainty due to momentum resolution.

The corrections applied to the CP violation observables
in Sect. 5 depend on the physics inputs used in the pseudo-
data studies. Therefore, a systematic uncertainty is assigned.
The values of and correlations between y, rgo and 6 go from
Ref. [24] are used to generate sets of alternative input CP
violation observables. The bias study is repeated many times
to create a distribution of corrections, the RMS of which
corresponds to the systematic uncertainty.

The total systematic uncertainties from all sources exclud-
ing those associated with the limited knowledge of the ¢; and
s; coefficients is determined by summing all the contributions
in quadrature. They are 0.011,0.013,0.009 and 0.011 for x,
x_, y4+ and y_, respectively, and their correlations are given
in the Appendix.

7 Interpretation

The CP violation observables are determined to be

x4+ = 0.074 £ 0.086 £ 0.005 £ 0.011,
x— = —0.215 £ 0.086 £ 0.004 £ 0.013,
v+ = —0.336 £ 0.105 = 0.017 £ 0.009,
y— = —0.012 £ 0.128 + 0.024 £+ 0.011,

where the first uncertainty is statistical, the second is the sys-
tematic contribution from the D decay strong-phase inputs
and the third is from the experimental systematic uncertain-
ties. The measured CP violation observables are used in a
maximum likelihood fit to determine the physics parameters
y, rgo and Sgo. The CP violation observables are invari-
ant under the transformation y — y + 180° and §z0 —
8po 4+ 180° which leads to two unambiguous solutions for
the physics observables. In the region where 0 < y < 180°

@ Springer

is satisfied, the best fit values are
+22\0
y = “49719)°,
rgo = 0.2711008
8o = (23673))°,

where the uncertainties are calculated using a frequentist
method described in Ref. [24]. The corresponding 68.3%
and 95.5% confidence regions in the y vs. rgo and y vs. o
planes are displayed in Fig. 6.

In the most recent combination of LHCDb results [24], the
mean value of y determined using the B” — DK*" chan-
nel was y = (82.01’5%)", which is higher than the average
value using B¥ decays, y = (61.7f3:g)°. The value of y
presented here is in good agreement with the current LHCb
average, y = (65.43:3)" [24], and will reduce the difference
between measurements performed using different b-mesons.
Furthermore, it is compatible with the value measured in Ref.
[11], y = (71 £20)°, although there is not a substantial pre-
cision improvement despite using a larger data set. This is
explained by noting that the uncertainty on y is inversely
proportional to the value of rzo, which had a higher central
value in Ref. [11] than the current measurement. The value of
rgo presented in this paper is consistent with previous deter-
minations from LHCb [10], BaBar [9] and Belle [7,8]. The
precision of the CP violation observables have significantly
improved and therefore the results presented here will have
a larger weight in future y combinations.

8 Summary

Proton-proton collision data corresponding to an integrated
luminosity of 9fb~! collected by the LHCb experiment
at centre-of-mass energies of /s = 7, 8 and 13TeV are
used to perform a binned, model-independent CP violation
study of B — DK*? decays to measure the CKM angle y.
Strong-phase information of D — K gh+h_ decays (where
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h =, K)from the CLEO [19] and BESIII [16—18] experi-
ments is used as inputs. The measured valueis y = (49f?§)°,
where the uncertainty is statistically dominated and system-
atic contributions are an order of magnitude smaller. The CP
violation observables measured here are consistent with and
supersede those presented in Ref. [11].
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Appendix: Correlation matrices

Tables 3 and 4 display the correlation coefficients between the
statistical and systematic uncertainties (excluding the strong-
phase inputs) on the CP violation observables, respectively.

A systematic uncertainty is assigned to account for the
finite precision on the D decay strong-phase inputs, ¢; and
s; [16,17]. Tt is given by the RMS of the distributions of CP
violation observables obtained from fitting the data many
times using a model with ¢; and s; values that are smeared
according to their uncertainties and correlations. This pro-
cedure is common between model-independent y measure-
ments. Therefore, the alternative ¢; and s; used for this study
are taken from an analysis of B¥ — Dh¥ decays at LHCb
[21], which allows correlation coefficients between CP vio-
lation observables of both analysis to be computed. Thus, in
combinations the correlation of this systematic uncertainty
can be accounted for. These are displayed in Table 5.

Table 3 Statistical correlation matrix for the CP violation observables

X+ x— Y+ y-
X4 1.00 0.00 0.18 0.00
xX_ 1.00 0.00 0.08
V4 1.00 0.00
y- 1.00

Table 4 Correlations between the CP violation observables for sys-
tematic uncertainties excluding the strong-phase inputs

X+ x— Y+ Y-
X4 1.00 —-0.02 0.05 0.00
xX_ 1.00 0.05 0.04
V4 1.00 —0.07
y- 1.00
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Table 5 Correlations in the CP violation observables for the strong-phase related systematic uncertainties in B* — DK*" and B* — Dh* [21]

EK*O x DK yfk*o DK™ xDPK xDK yDK yDK EDn yéDrz
xDK* 1.00 —0.14 0.34 —0.09 —0.29 —0.06 —0.11 —0.06 —0.16 0.30
xDK* 1.00 —0.04 0.17 —0.31 0.48 0.22 —0.49 0.04 0.12
yDE* 1.00 —0.04 0.35 0.03 0.12 0.27 0.29 0.32
DK 1.00 0.13 —0.15 0.22 ~0.01 021 0.36
xPK 1.00 —0.49 —0.05 0.32 0.19 0.14
xPK 1.00 0.06 0.06 0.00 —0.14
yPK 1.00 —0.24 —0.12 —0.12
yPK 1.00 0.12 —0.20
P 1.00 0.64
" 1.00
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