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Abstract

The CKM angle v is determined from CP-violating observables measured in
B* - DIKFrtntaF|h*, (h = K,7) decays, where the measurements are per-
formed in bins of the decay phase-space of the D meson. Using proton-proton
collision data collected by the LHCb experiment at centre-of-mass energies of 7,8
and 13 TeV, corresponding to a total integrated luminosity of 9fb~!, ~ is determined
to be
v= (5487557057580

where the first uncertainty is statistical, the second systematic and the third from
the external inputs on the coherence factors and strong phases of the D-meson
decays.
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1 Introduction

The Standard Model (SM) description of charge-parity (CP) violation and quark couplings
in the weak interaction can be tested by measuring the parameters of the Unitarity Triangle,
which is a geometrical representation of the complex plane of the Cabibbo—Kobayashi—
Maskawa (CKM) quark mixing matrix [1,2]. The angle v = arg (—=V,,V,,"/V.4V.s") has
particular importance, as it can be determined in tree-level processes with negligible
theoretical uncertainty [3]. This attribute makes v a SM benchmark against which
observables involving loop-level transitions, that are more susceptible to contributions
beyond the SM, can be compared.

A powerful method by which to gain knowledge of ~ is through the measurement of
CP asymmetries and associated observables in B — DK™* decays, and related processes
that involve the same quark transitions. Here D indicates a D° or D° meson reconstructed
in a final state common to both, which allows for interference to occur between the CKM
favoured b — ¢ and suppressed b — u tree-level amplitudes. The LHCb collaboration has
performed such measurements in a wide ensemble of B- and D-decay modes, giving the
combined result v = (65.4ti;§)° [4]. Final states with net strangeness, which are produced
through Cabibbo-favoured (CF) and doubly Cabibbo-suppressed (DCS) amplitudes, are of
particular interest [5/6], and the modes D — K*7¥ and D — K*7F 7% make important
contributions to the LHCb average [7H11]. The channels D — K*nF7¥1% belong to the
same category, and are experimentally attractive due to their high branching fractions
and having only charged particles in the final state. The decay rates for the four possible
charge configurations are given by

LBt DiKFrtrtn¥ | E X r2s + (r5)% 4 2r ksl Ricar cos(0% + Oxcsr £7) 0

g+ pltasarat): X 1+ (135, 75)% 4+ 2r k3 Ricar cos(0% — Oxsn £ 7),
where 75 ~ 0.1 is the ratio of the magnitudes of the suppressed and favoured B-decay
amplitudes and 05 ~ 130° is the CP-conserving strong-phase difference between these
amplitudes [4]. The other parameters in Eq. , defined more precisely in the subsequent
discussion, are related to the properties of the D-meson decay and are averaged over the
inclusive multi-body phase space of the final-state particles. The quantity rxs, ~ 0.06 is
the mean ratio of the DCS to the CF amplitudes and dx3, ~ 160° is the mean strong-phase
difference between these amplitudes. The coherence factor Rgs3, =~ 0.4 quantifies the
dilution that the interference terms of Eq. [1| experience from differences between the
favoured and suppressed decays in the structure of the intermediate resonances |12]. Note
that Eq. [1| omits the small effects of charm mixing [13,/14], which will be introduced in
the subsequent discussion. Furthermore, CP violation in the charm system is neglected,
which is an excellent approximation here [15].

From consideration of the form of Eq. [I|and the size of the parameters involved, the two
decays B* — D [KTntrEx¥] K* in which the two final-state kaons have opposite-sign
(OS) charges are suppressed and have interference effects sensitive to v that appear at first
order. The two decays with kaons with like-sign (LS) charges, B* — D [K*rTnTrt] K+,
are favoured and have subdominant interference effects. The suppressed decays were
first observed by LHCb and found to have a CP asymmetry of ~ —0.3 [16]. The size
of this asymmetry is limited by the low value of the coherence factor, which reduces
the sensitivity to 7. Analogous expressions to Eq. [I| can be written for the decays
B* —» D [K¥ntr®a¥]7n* and B* — D [K*aTrFn%] 7%, These modes are more abundant
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than the B* — DK™* modes, and have a strong-phase difference between the B-decay
amplitudes of 07, ~ 280°, but, as r§ ~ 0.005 [4], exhibit significantly lower interference
effects.

Improved sensitivity to v can be achieved by studying the B* — Dh* (h = K, 7)
decay rates in separate regions, or bins, of the D — K*rTrTr* phase space rather
than inclusively |17]. If suitably chosen, these bins can have a higher coherence factor
than that of the integrated phase space and also possess different values of the mean
strong-phase difference. This paper reports the first use of this approach, based on a choice
of four bins suggested in Ref. [17] and exploiting data corresponding to an integrated
luminosity of 9fb~! of proton-proton (pp) collisions, collected by the LHCb experiment
at centre-of-mass energies of 7, 8 and 13 TeV. Observables formed from the rates of
B decays are measured within each bin for both B*¥ — DK* and B* — Dr* decays.
These are interpreted in terms of v using measurements of the charm decay parameters
within each bin obtained from quantum-correlated DD data collected by the CLEO-
c [17] and BESIII [18] experiments, augmented with constraints from D°-D° oscillation
studies performed by the LHCb experiment [19]. The use of the measured D parameters
makes the v determination model independent, despite the use of D° — K~nt7T7~ and
D° - K*n~n nt amplitude models [20] to define the phase-space bins.!

2 Bin definitions and observables

The coherence factor Rgs, and the average strong-phase difference dgs, are defined by
Ricase™ = (App )™ [ dbApol) Apolw), 2

where Apo(1) and Apo(¢0) are the DCS and CF decay amplitudes to the KTn~ 7w 7"
final state as a function of the position in the phase space 1. The phase-space density
is by convention included in the definition of the infinitesimal volume element dv. The
normalisation integrals Apo 5oy are given by

Apopoy = \// dy ‘ADO(DO)(w)r' (3)

When many intermediate states with differing amplitudes contribute to the D and
D° decays, a wide range of phase differences in the integrand of Eq. [2] leads to a low
coherence factor. Conversely, decays have higher coherence when a single intermediate
state dominates both transitions. This suggests a strategy to partition the phase space:
dividing into regions where the range of phase differences is smaller than over the entire
phase space will result in higher coherence and thus improve the sensitivity to C'P violation.
The scheme used in this paper was proposed in Ref. |[17] and splits the decays into four
bins using the normalised strong-phase difference, defined as

SmemmMW%wwﬂ4[W%wmww) ()

IThe inclusion of charge-conjugate processes is implied throughout, except in discussions of asymmetries.



Table 1: Definition of the four bins in terms of & K3z. The measured values of R@Qm and (5%37”
where 7 refers to the phase-space bin, are taken from Ref. [18], and combine measurements from
BESIII, CLEO-c and an LHCb analysis of charm mixing.

Bin Limits (Os3r) ean K3

1 —180° < dpar < — 39° 0.66 7538 (117115)°
2 - 39° <lps < 00 0.85F0H (145+%)°
3 0° < dpsr < 43° 0787012 (160+19)°
4 43° < bar < 180° 0257010 (2887 13)°

where the amplitudes Apo 50 (1) are evaluated using the models of Ref. [20]. The second
term ensures that the average is zero, as the models are insensitive to the absolute phase
difference between the two amplitudes. A fifth veto bin, orthogonal to the other four,
is defined to capture the decays D° — KQ[xt7~|K*n*, which are difficult to separate
topologically from the D° — K-rntntn~ final state when the D° meson is produced
at rest, as is the case at the CLEO-c¢ and BESIII experiments. This bin is defined by
either opposite-sign dipion pair being within 10 MeV/c? of the known KQ mass [21], and
removes around 5% of signal candidates. The number of B — Dh decays in each bin is
proportional to the rate given in Eq. , but with local coherence factors, denoted by R, |
that are higher than the phase-space integrated value. The definitions of the four bins,
together with the measured values of the hadronic parameters obtained in Ref. [18] are
given in Table [I

The observables used to determine v and related hadronic parameters are the ratios
of rates of OS-to-LS B* — Dh* decays in each phase-space bin. These observables are
given in the ith bin by

o = (s 75 4 2ol iy cos(O + Bs 9
— g Rbes (y 0S Oy — wsin 5}(%) + % (x2 + yz)
— 1l (ycos(6)y £ ) + zsin(6}; + 7)))
[ (1 080k + 2Bl cos — G £) ),

where the average ratio of D-decay amplitudes is denoted by 7%, . The effects of charm
mixing are now included, in contrast with Eq. (Il This is governed by the parameters x
and y, both of which are smaller than 1% [15,22].

A complementary set of observables integrated over the phase space, including the
KQ-veto bin, is also reported. These observables are the decay asymmetry Ay, defined
as the ratio of the difference in B~ and B™ yields to their sum, and the charge-averaged
OS-to-LS ratio, denoted by R;. These inclusive observables allow for comparison with the
results of previous studies [16]. The decay asymmetry is also reported in each phase-space
bin, as it is expected to be approximately proportional to sin(6% + %, ), and therefore has
a more intuitive evolution with the strong-phase difference than the yield-ratio observables.



Additional observables are provided by flavour-tagged D° — K*7FrFr* decays, which
are produced in the decays X, — D*"[D°nt]u 7, X, where X can be several additional
particles that are not reconstructed and X} is any hadron containing a b quark that decays
to this final state. This data set is referred to as doubly tagged (DT), as the charges of
both the pion and muon give the flavour of the D hadron at its production. The ratios of
yields of decays where the pion from the D*t decay is of the same charge as the kaon to
those where they are of opposite charge are given by

%T = (713(37r)2 - r;(Bﬂ'Ré(?ﬂr (y COS 5;{371' — xsin 6;(371') + 5 (:[’2 + y2) ; (6)

and are included as additional constraints in the fit to v and the associated hadronic
parameters. These observables constrain the 7%, parameters, which consequently allows
for a significantly more precise determination of the B — D7 hadronic parameters.

3 The LHCDb detector

The LHCb detector [23,24] 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 [25], 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 [26] 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, is measured with a resolution of (15 4 29/pr) um, where pr is
the component of the momentum transverse to the beam, in GeV/c. Different types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors [27]. Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron
and multiwire proportional chambers [28]. The online event selection is performed by a
trigger [29], 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.
Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using PyTHIA 8 |30,
31] with a specific LHCb configuration [32]. Decays of unstable particles are described
by EVTGEN [33], in which final-state radiation is generated using PHOTOS [34]. The
interaction of the generated particles with the detector, and its response, are implemented
using the GEANT4 toolkit [35] as described in Ref. |[36]. The underlying pp interaction is
reused multiple times, with an independently generated signal decay for each [37].

4 Data set and candidate selection

The analysis uses data collected by the LHCb experiment in pp collisions, corresponding
to integrated luminosities of 1fb™!, 2fb™" and 6fb™~"! collected at Vs =17,8 and 13 TeV,
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respectively. Signal candidates are reconstructed by pairing a four-body D-meson candi-
date, with reasonable separation from any PV, with an additional particle referred to as
companion hadron. The B candidate is required to have a well-separated decay vertex
and approximately point to a PV. The four possible combinations of relative charges
(OS, LS) and companion-hadron flavour (K, ) are all selected identically such that the
efficiency corrections to the observables are small. After candidates are reconstructed,
further selection is required to suppress both combinatorial background and contributions
from specific processes, such as when one or more tracks are assigned an incorrect mass
hypothesis.

The combinatorial background, which is composed of both real D mesons paired with
an additional random track and also D candidates that contain at least one track from
the rest of the event, are suppressed using a deep neural network (DNN) [38]. The DNN
is trained using simulated B* — D7* decays as a proxy for the signal and as background
B* — Dr¥* candidates where the mass of the B-meson candidate is above 5.9 GeV/c?.
The DNN uses kinematic and topological variables of the B and D decays, such as the
displacement between the primary and decay vertices or the transverse momentum of the
companion hadron. To minimise the variation in the acceptance across the phase space,
the momenta of D-decay products are not used. The requirement on the output of the
classifier is optimised to minimise the uncertainty on the angle v, which is estimated by
performing fits to ensembles of simulated data sets.

After applying the DNN selection, further requirements are made to suppress specific
sources of background. The contribution from misidentified B* — Dn* decays in the
B* — DK?* sample is suppressed by requiring that it is highly probable, according
to the corresponding particle identification (PID) variable, that the companion hadron
is a kaon as opposed to a pion. Candidates that fail this requirement are selected as
B* — Dr* decays, such that the two samples are mutually exclusive. Candidates
that do not contain a correctly reconstructed charm hadron are suppressed by requiring
that the mass of the D meson is within 18 MeV/c? of its known value [21]. The D
decay vertex is required to be downstream of the B decay vertex by at least twice the
uncertainty on the difference between the longitudinal vertex positions, which in addition
to suppressing the combinatorial background largely removes charmless B decays such as
BT - K- Ktrta nt.

The minimum opening angle between pairs of decay products from the D candidate,
evaluated in the lab frame, must be greater than 0.03° to remove candidates where one of
the tracks has been erroneously duplicated in the event reconstruction. Additional sources
of background come from B — DhKB" decays, where h)") denotes either a pion or a kaon
and the D meson decays to a two-body final state. Such processes can be reconstructed
in the B — D[K~n"n"7~]h final state if some of the D decay products have actually
come from the B decay, and vice versa. This source of background is suppressed by the
previously described requirements that select well reconstructed D-meson candidates. The
residual contamination from such decays is removed by requiring the minimum combined
mass of the companion hadron and one of the D-decay products is greater than 15 MeV/c?
from the known mass of the D meson; only combinations that are CKM favoured with
respect to the OS decays, such as Bt — D [K~K*|nTn~n", are considered

Lastly, LS decays can be misidentified as an OS decay via a misidentification of both
the kaon and one of the pions from the D decay. This source of background is referred to
as crossfeed, and is suppressed by the requirements on the PID of the D-decay products. In



addition, D candidates are vetoed if they fall within 15 MeV/c? of the known D° mass after
interchanging the kaon and pion mass hypotheses. The rate of the residual contamination
from this background is estimated to be (1.0240.14) x 10~%, which corresponds to around
100 such decays in the OS B* — Dr* sample or around 3% of the anticipated signal
yield.

5 Mass fit

Fits are performed on the mass distribution of the selected B candidates to determine
the signal yields, the contributions of the various sources of background, and their
corresponding uncertainties. The mass of the candidate B meson, denoted by mpy, is
calculated with the D candidate constrained to its known mass [21] and the B constrained
to originate from a primary vertex [39]. A likelihood fit, binned in mass with intervals
of 1MeV/c?, is first performed integrating over the phase space, in order to ascertain
the quality of the signal and background description and to measure the yields for the
inclusive analysis. The mass fit is performed in the range 5.1 to 5.9 GeV/c?, where the
low mass limit is used to suppress the more complex background contributions that are
present at lower masses. The phase-space integrated fit is performed on eight subsamples
simultaneously, where the samples are divided by: the flavour of the companion hadron;
the charge of the B candidate; and the charge of the kaon from the D-meson decay relative
to that of the B candidate. The fit is then repeated, splitting the candidates into the
bins of the phase space, leading to a total of 32 samples. The bin of each candidate
is determined constraining the D candidate to its known mass [21], ensuring that all
reconstructed decays are within the same well-defined phase space.

The yields of the LS B* — Dr* candidates in each phase-space bin are allowed to
freely vary. The ratio of yields of LS B* — DK* to B* — Dn* candidates in each
bin is also allowed to vary freely. The yields of the OS decays are then related to the
corresponding LS yields via the observables R} .. A candidate can be assigned to an
incorrect phase-space bin due to the finite resolution of the detector. This effect is found
to be small, with more than 95% of candidates reconstructed in the correct bin. The
migration between bins is corrected using simulation, by evaluating the probabilities
that a candidate is reconstructed in each of the bins, given the known true bin. These
probabilities are then included in the mass fit as a migration matrix. The difference in
reconstruction and selection efficiencies between the OS and LS decays depend weakly
on the distributions of the candidates within each bin, and therefore also on the physics
parameters, in particular due to charm mixing. Corrections for such effects are applied in
the interpretation fit described in Sect. [9

The signal mass distribution is described by a Gaussian distribution modified to
accommodate both an asymmetric shape and broader tails,

—(m — p)* (1 + o(m — M)2/(2030)))
202 + a(m — p)? ’

P ) o x 7)

where « and o have different values on either side of the most probable value (MPV) of
the mass, . The second term of the numerator ensures that the distribution tends to a

Gaussian at |z — p| > o, with the width of this Gaussian given by o, ~ 200 MeV/c?. The
« and right-handed o parameters of the signal distribution of the B*¥ — Dn* contribution



are allowed to vary in the fit to data, while all others are fixed with respect to these two
parameters and the simulation. The value of p is also allowed to vary in the fit and have
a different value for the BT and B~ distributions, due to small differences in the detector
response to the different charges.

A prominent source of background that peaks close to the signal arises from decays
where the companion hadron has been misidentified, with B* — Dzt decays peaking
around 40 MeV/c? above the B mass in the B¥ — DK sample, and B* — DK* decays
around 25MeV/c? lower in the BY¥ — Dn* sample. The shape of this background is
modelled with a double-sided Crystal-Ball [40] distribution, while the yield is fixed with
respect to the corresponding correctly reconstructed decay after accounting for the relative
efficiencies of the PID requirements from data [41].

The partially reconstructed background decays where the intermediate state is of
negligible natural width, such as BT — D* [Dn%] ™, are modelled by convolving a low-
order polynomial function with the same mass resolution function used to describe the
fully reconstructed decay. The parameters of polynomial function depend on the orbital
structure and available phase space of the decay [8], and are determined from simulation.
The yields of such background sources in the LS sample are constrained relative to the
fully reconstructed mode using relative branching ratios and efficiencies. The yields in the
OS samples, both integrated and in the phase-space bins, are fixed with respect to the
corresponding LS yields.

For partially reconstructed decays where the intermediate state is broad, such as
BT — Dp™ [x7#%], the distribution is described by the convolution of two polynomial
functions with a pair of Gaussian distributions. The shapes of these processes are
determined from simulation, while the yields are treated identically to the partially
reconstructed decays with narrow intermediate states. A closely related category of decays
are those where an additional charged particle is missed. These decays are particularly
prominent in the OS samples, specifically from B? — D°K*7~ and B — D’rtr~
decays in the B* — DK™ and B* — Dzt samples, respectively. The shapes of these
backgrounds are taken from the dedicated studies of each of these three-body decays
performed by the LHCb collaboration |42,43]. The yields of these background sources
vary freely in the fit, and are distributed in the phase space identically to LS decays.

The last category of partially reconstructed decays are those largely removed by the
mpy > 5.1 GeV/c? requirement, and includes contributions from heavier D* resonances
such as the D*(2300) meson, or decays where multiple particles are not reconstructed, such
as B* — Dai. The distribution of such background sources are fixed using simulation,
while yields are fixed using branching ratios with respect to the fully reconstructed LS
B* — Dm* mode and relative efficiencies.

Background candidates composed of random combinations of particles can be divided
into two categories. In the first, a correctly reconstructed D meson is paired with a
random hadron. Such candidates are distributed exponentially in mpy, while in the
D phase space the distribution is that of the Cabibbo-favoured signal. In the second
category, at least one of the tracks from the D candidate is produced by another process,
most often from the primary pp interaction. The distribution in mp, and in the D phase
space can be assessed by studying the candidates that fail the D mass requirement. The
yields in each bin in the phase space are allowed to vary under constraint in the signal fit,
and are approximately distributed according to the four-body phase-space density and
have negligible CP violation. The shape in mp, is well described by the exponentiation



of a third-order Chebychev polynomial function, and is found to have indistinguishable
distributions between the different phase-space bins.

The crossfeed background from the LS mode into the OS sample is modelled using
the same shape as the signal, Eq. [7, but with all parameters fixed to those obtained from
a fit to the simulated LS decays that have been reconstructed in the OS sample. The
distribution in phase space is approximately the same as the CF decays, with corrections
derived from the aforementioned simulated sample of LS decays used to account for the
additional migration of candidates caused by the incorrect mass hypotheses for two of the
D-decay products.

6 Analysis of X, - D*"p v, X

The selection of the doubly tagged data set is simpler than the fully hadronic mode,
as a pure sample can be selected using only requirements on PID variables of the D-
decay products and on the D-candidate mass. The requirements used in the selection of
B* — Dh* decays to remove both crossfeed from the CF mode and candidates where
one of the tracks has been duplicated are also applied.

Signal yields, and their corresponding uncertainties, are obtained by performing a
fit to the mass difference between the D*T and D° candidates, referred to as Am. The
signal is described by the same parameterisation as the fully reconstructed B* — Dh™*
decays, while the only significant background is combinatorial, and can be described by a
threshold function

Prig(Am) o (1 — ec(Am_m”)) (Am —m,)*, (8)

where a and ¢ are parameters that vary freely in the fit, and m, is the mass of the pion.
The distributions of candidates in Am in the four bins, together with the corresponding
fits, are given in App. [A]

7 Systematic uncertainties

Systematic uncertainties arise from a number of effects that could affect the measurements
of the R . observables. The total systematic uncertainty is obtained by taking the sum of
all contributions in quadrature, and is an order of magnitude smaller than the statistical
uncertainty. The dominant contributions come from corrections to the signal yields, such
as from detection asymmetries.

The probability of placing a candidate where the companion particle is truly a kaon in
the B~ — DK~ sample, rather than the B~ — D7~ sample, is evaluated using data [41],
and is found to be (65.5 £ 0.7)%, where the uncertainty is estimated by varying the
binning scheme used to calculate the efficiency. The corresponding probability for the
companion pion is found to be above 99%, but is allowed to vary in the fit. The yield
observables are affected by correlations between the efficiency of the particle identification
requirements on the D-decay products and their kinematics. The effect is very small, and
thus only applied as a source of systematic uncertainty, which is evaluated by counting
the number of B¥ — Dz* LS candidates in each bin before and after applying these
requirements. The uncertainty is taken as the maximal relative change between the bins,



which is found to be around 0.5%. This source of systematic uncertainty also affects the
DT sample. The uncertainty on the bin migration is taken as half of the value of the
correction from simulation. This source of systematic uncertainty also affects the DT
sample. The detection efficiencies of particles and antiparticles differ due to the difference
in interaction cross-sections with the detector material. The asymmetry for pions is small,
with a value of (—0.17 £ 0.10) %, while the asymmetry for kaons is larger, and found to
be (—0.79 £ 0.25) %. These values are taken from dedicated studies [44,45], correcting for
the kinematics of the decays of interest. The production asymmetry is a free parameter
of the fit, determined by assuming that CP violation is negligible in the LS B* — Dr*
decays, and thus no additional systematic uncertainty is required.

There are several sources of systematic uncertainty related to the partially recon-
structed background. First, there are the uncertainties in the distributions of each type of
background, which are assessed by varying within their uncertainties the shapes obtained
from simulation. Second, the yields of some background processes are fixed relative to the
fully reconstructed LS B* — Dr¥* decay, and thus the knowledge of relative branching
fractions and the finite size of simulated samples used to assess the relative efficiencies of
these modes are both sources of systematic uncertainty. Last, the CP violation in some of
the suppressed partially reconstructed decays, such as B¥ — D*K™*, is expected to be
significant. The CP violation in the partially reconstructed background is accounted for by
fixing the yields of the suppressed, partially reconstructed decays to their expected values
based on the current knowledge of v and the hadronic parameters, with values taken
from Ref. [46]. The corresponding uncertainty is propagated as a source of systematic
uncertainty.

The final sources of systematic uncertainty are due to the modelling of the other
sources of background. This includes the shapes of the different combinatorial components,
in addition to the yields and shapes of the favoured-to-suppressed crossfeeds. A small
number of B¥ — K*K - nt7~ 7T decays are also expected in the OS B* — DK™ sample.
The contamination from this background is estimated using the candidates that fail
the requirements on the D candidate, and is found to be around two. The number of
candidates, distribution in phase space and possible CP violation in this component are
all varied as a source of systematic uncertainty.

8 Results

The phase-space integrated fits to the eight different signal categories are shown in Figs.
and [2] for the LS and OS subsamples, respectively. The model is found to describe the
data very well, with a x? per degree-of-freedom of 1228/1249, corresponding to a p-value
of 66%. The phase-space integrated CP asymmetry A; and the charge-averaged decay
rate of the OS with respect to the LS mode, R;,, are found to be

Ax = —0.321 £+ 0.039 4+ 0.005,

A= 0.070 + 0.019 £ 0.006,

Ry = (13.33 £ 0.55 £ 0.08) x 1077,

Rr=( 3.45+0.074+0.01) x 1073

where the first and second uncertainties are statistical and systematic, respectively. The
values are consistent with those obtained by the phase-space integrated analysis [16]
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Figure 1: Invariant-mass distributions of LS B* — DK* (top) and B* — Dz* (bottom)
candidates, divided by charge of the B hadron. The results of the fit are overlaid.

performed on the 7 and 8 TeV data sets recorded in 2011 and 2012, with uncertainties
that are around a factor of 2.5 smaller.

The data set is then divided into the different bins of phase space and the mass fit
repeated. The fit to the 16 different suppressed signal categories is shown in Figs.
and [ for the B* — DK* and B* — Dr* samples, respectively. Large CP violation
is observed in three of the four D phase-space bins in the B* — DK sample. The CP
asymmetries for the kaon observables in the four bins are

AL = —0.469 4 0.088 % 0.009,
A2 = —0.852 £ 0.077 + 0.012,
A3 = —0.284 £ 0.080 & 0.009,
Al = +0.107 £ 0.083 & 0.009,

where the first and second uncertainties are statistical and systematic, respectively. The
first three asymmetries are individually significant, with the CP violation in the second
bin alone at over 10 standard deviations, and a central value larger in magnitude than
any other CP asymmetry yet observed. The CP asymmetry in the fourth bin is not found
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Figure 2: Invariant-mass distributions of OS B* — DK* (top) and B* — Dr* (bottom)
candidates, divided by charge of the B hadron.The results of the fit are overlaid.

to be statistically significant, and is expected to be smaller than the asymmetry in the
other bins due to the lower amplitude ratio and coherence factor. The corresponding
asymmetries for the pion mode are

AL = 40.087 4 0.037 £ 0.006,
A% = 10.101 £ 0.040 % 0.006,
A3 = +0.090 + 0.040 £ 0.006,
A = —0.041 4 0.054 + 0.007.

The significances in the first three bins are between two and three standard deviations,
while the fourth bin is found to be compatible with CP conservation. The p-value of
the CP-conserving hypothesis when combining the bins is less than 2 x 1072, The CP
asymmetries are of the opposite sign to those in the kaon mode, which is consistent with
the strong-phase difference for the B* — Dz amplitudes being separated by roughly 180°
from that of the B*¥ — DK* amplitudes. The yield ratio observables, and corresponding
uncertainties, are given in Table [2]

11



Candidates/ (10 MeV/c?) Candidates/ (10 MeV/c?) Candidates/ (10 MeV/c?)

Candidates/ (10 MeV/c?)

70 T

60

LHCb €1

9fh!
B~ — DK~,Bin1

LHCb _
9fb~!
BT —- DK* Bin 1
+ Data
M Bt - DKt
M B — Drt
B - DK*X -
BB — DK'X
M3 - DrtX
W A) — Dprn~
Crossfeed
Combinatorial

o
30jt
20 - +m+

10 H +

bt ﬂ"ﬁ #ﬁ if ﬁ#ﬂlﬁ t

LHCb 4

9fh~!

b

U

b pdy ‘wﬁ b oy Irm i

LHCb _
9fb~!
Bt — DK*,Bin 2

f

‘++++H—H+ ﬂﬁ H++++++++41|++ o

9fh~t

LHCb 4

B~ — DK~ ,Bin 3 H

74+++H++4++H‘L—+H+++ . 4|4=++4++
LHCb —
9fb!

BT — DK* Bin 3

.

tjiﬂﬁ—* i ‘H+++ bt e et
LHCb
9fb "

B~ — DK-,Bin 4

it ﬁﬂ t R STTEETE R

bt +++H‘+ ++j +++I :

LHCb -
9fb!
Bt — DK™, Bin 4

sttt £ mﬁmﬁﬁ toatyty

5.4 5.6 5.8
Mmpr- [ GeV/cQ]

5.4 0.6 0.8
MpK+ [ GGV/CZ]

Figure 3: Invariant-mass distributions of OS B* — DK® candidates, divided by the charge of
the B-hadron and phase-space bin. The results of the fit are overlaid.

12



w
o
o

LHCDb
9fb~!
B~ — Drn ,Bin1l

100
50
%+++}++++H+++H+;¢L i, B

[\
Ut
o

Candidates/ (10 MeV/c?)
o 2
[a) o

LHCb
9fb~1

BT — Drt Bin 1l

+ Data

M Bt — Drnt

B B* - DK™*

BB — DrtX

MW B - DK'X
Crossfeed
Combinatorial

l )
At b b
I

E N

o

Candidates/ (10 MeV/c?)

[
LHCDb
250 e
200 B~ — Drn~ BlIl 2
150
100
50
A P AP S = ST P
I I |

‘

LHCb
9fb*

BT — Dn*,Bin 2

Raanl TS SRR .

.

"

o

LHCDb
9fh~!

B~ — Dn,Bin 3

Candidates/ (10 MeV/c?)
3
o

L

e N SRIE S
I

LHCb
9fb~t

B* — Dn*,Bin 3

SR

LHCb
9fh!
B~ — Drn~,Bin4

Candidates/ (10 MeV/c?)
S
]

250

150

100

50
0 me bt b, o Jmﬁ et b : e

I
+++ |Jr

LHCb
9fb~!

Bt — Dzt Bin 4

150 -
100 —
50 -
0 #T e . ++ oty ++*L+++ bbb btk Febrbtbb et o ot |
5.8 5.4 5.6 5.8
- [GeV/c? mpq+ | GeV/c?]

Figure 4: Invariant-mass distributions of OS B* — Dzt candidates, divided by the charge of
the B-hadron and phase-space bin. The results of the fit are overlaid.

—_
w



Table 2: Observables Rj,+ and Rpr in the four phase-space bins. Values are presented without
correcting for differences in the efficiencies between OS and LS decays. Corrections of O(1)%
are applied in the interpretation fit, and are given in App. @

Bin | Rg-[x107%] R+ [x1079] R [x1073] R [x1073] Rpr [x1073]

1 589 T1%0 £0.12 16.56 7170 £0.20 4.26 7035 £0.04 3.58 7530 +£0.04  3.66 4 0.09 £ 0.03
2 241508 £0.14 24127330 £0.28 4.52 702 £0.05 3.68 7033 £0.04 4.3240.10 £ 0.04
3 [ 11997108 +£0.19 2091 75457 £0.25 4.29 7033 £0.05 3.59 7037 +£0.04 3.7340.10 £ 0.04
4 [ 1371F12 2017 10847152 £0.16 1.94 7517 4£0.03 2117912 £0.03  2.25+0.07 £0.02

9 Interpretation and conclusions

The observables presented in the previous section are interpreted in terms of v and related
hadronic parameters by minimising the y? of the observables with respect to the physics
parameters. The y? is

XBosph = Z[V_l]z‘j (i

j

— ), (9)

— i) (;

where x; is the measured value of the 7th observable and z; is the corresponding expectation
value, which in turn depends on the physics parameters. The expected values are corrected
for the small difference in efficiencies between the OS and LS decay modes using large
samples of simulated decays, with the largest deviation from unity for such factors being
around 1%. The covariance matrix, V, is given by the sum of the statistical and systematic
covariance matrices, where the statistical covariance matrix is given by

[Vstat.]ij = Pz‘jai(xi - fi)aj (l’j - i‘j)a (10)
and p;; is the statistical correlation between observables z; and z;. The uncertainties, o;,
are parameterised as prescribed in Ref. [47] by assuming the variance is a linear function,

which gives
oo~ ) = Vo o T (0 —0 )& — 7). (11)

where o1 are the positive and negative uncertainties on each parameter given by the
fit described in Sect. [5] The robustness of the determination of the physics parameters
is verified by repeating the fit on a large ensemble of simulated samples. The assigned
uncertainties and central values are found to describe the ensemble very well. However,
small biases are found on the hadronic parameters of the B* — Dn* decay, and thus the
parameterisation

. h
I Dh +Zth =Tpg

€% (12)
is adopted to facilitate the combination of these results with other decay modes. The
Cartesian form of the B¥ — DK¥ decay parameters is also reported for consistency.
The charm mixing parameters are constrained using the values reported in Ref. [15].
The hadronic parameters of the D decay are constrained using a combination of results
from BESIII, CLEO-c and LHCb experiments [17-19]. The full BESIIIT x? and CLEO-c
likelihoods are used in the constraint, owing to the non-Gaussian nature of the uncertainties
on these parameters, and are calculated using the supplementary material provided in
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Table 3: Correlation matrix of v with the B-hadronic parameters, expressed in the Cartesian
form.

8 TDK YDk IDr YDr
¥ 1 —0.280 —0.305 —0.196 0.047
IDK 1 0.911 -0.118 —-0.211
UYDK 1 —0.076 —-0.173
IDn 1 0.357
YDr 1

Ref. [18]. The fit is repeated fixing the D hadronic parameters to the values predicted by
the models presented in Ref. [20] in order to assess the contribution to the uncertainties
from the limited knowledge on these parameters. The B-hadronic parameters, in the
polar form, are found to be

g=(1346+ 60+07+ gg)C’,
£=(3118+1‘58i§2i%§8)°,
gz( 946+ 3 31+05+ 30) x 1073,
rp=( 451 %.éi8.§i 03) X 1077,

where the first and second uncertainties are statistical and systematic, respectively, while
the third is from the finite knowledge on the D-hadronic parameters. The hadronic
parameters in the Cartesian form are found to be

zpk = (—66.4 751087 109) x 107°
ypx = ( 674TTLEETIN) x 1072,
wa:( 304—12—&-8%4— 8:8)X10_37
Ypr = (_ 34+11+8§+ 82) % 10—3

The value of v is found to be
7= (548753108 TEE)"

which is one of the most precise determinations thus far using any single D-decay mode,
and is compatible with current averages [15,46]. The correlation matrix of the fit to
and the B-hadronic parameters is given in Table [3]

In summary, the analysis presented in this paper gives the first measurement of
parameters of interest in B¥ — D [KTa*r*7T] h* decays in bins of the phase space of
the D decay, where the magnitude of the CP violation in one of the bins is the largest yet
observed. Furthermore, the obtained results are anticipated to have a strong impact on
the overall knowledge of 7.
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Figure 5: Am distributions for WS D*+ — DYz * candidates, where the D** has been produced
via X, = D*T =7, X decays. The candidates are divided by D-decay phase-space bin.

A Mass fit for X, — D*Tu 7, X decays

The distribution of Am for X, — D**p~7, X decays, in the four bins of phase space, is
shown in Fig. f] The kaons from the D-decay are of the same charge to the pion from
the D** decay, a configuration often referred to as wrong sign (WS). The D-decays in
the sample therefore mostly proceed via the DCS amplitude, with a small additional
contribution from charm mixing. The first three bins have a similar population of both
signal and background, while the fourth bin has a smaller signal yield due to the smaller
DCS amplitude in this bin. The background level is also slightly larger in this bin, due to
both the larger CF amplitude and phase-space volume associated with this region.

B Additional material used in interpretation

This section gives additional material used in the interpretation of R} . and R in terms
of v and the hadronic parameters. The statistical and systematic correlation matrices
for Rﬁli are given in Tables |4| and [5|, respectively. The observables are found to be
largely statistically uncorrelated, while the systematic correlations are considerable. The
corresponding matrices for the double-tag observables are given in Tables [6] and

The corrections to the observables, denoted by x, due to the variation in efficiencies
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Table 4: Statistical correlation matrix between R;Li observables

par | Rige R Rew R R R Ry R R R R RL R R R R
RL, [1.000 0004 —0.072 0002 —0036 0001 0003 0000 —0.001 0001 0000 0.000 —0.009 0001  0.001  0.000
R 1000 0.002 —0.059 0001 —0.036 0.000 0002 0.00I —0.001 0.000 0.000 0001 —0.009 0.000  0.001
RL, 1000 0.005 0003 0000 —0.035 0000 0000 0.000 —0.000 0001 0.001  0.000 —0.009  0.001
RL. 1000 0.000 0002 0000 —0.035 0000 0000 0.00 —0.000 0000 0.001 0001 —0.010
RZ. 1000 0.004 —0.087 0002 —0.041  0.001 0004 0.000 —0.001 0001  0.000  0.000
R2._ 1000 0001 —0.040  0.001 —0.045 —0.000 0003 0.001  0.000 0000  0.000
RZ, 1000 0005 0.004 0000 —0.040 0.000 0000 0.000 —0.001  0.001
R 1000 0.000 0002 0000 —0.040 0.000 0000  0.001 —0.001
RE, 1000 0.004 —0.080 0002 —0.036 0001 0003  0.000
RS 1000 0.002 —0.066 0001 —0.035 0000  0.003
R3, 1000 0.005 0.003 0000 —0.036  0.001
RE. 1000 0.000 0002 0001 —0.037
R, 1000 0.005 —0.071  0.002
Ri 1000 0.002 —0.069
RA, 1000 0.006
RL 1.000
Table 5: Systematic correlation matrix between R} . observables
pys. | Rie  Rie Rpw Rp  Riw R R RL R R R ORL R R R Ry
RL, [1.000 —0.144 0569 0034 0423 0030 0300 —0.225 0340 0015 0275 —0.75 0195 0021 0220 —0.146
R 1000 0.004 0353 —0.185 0160 —0.157 0206 —0.131  0.236 —0.136 0170  0.023  0.180 —0.096  0.148
RL, 1000 0207 0294 —0.036 0367 —0325 0.203 —0.57 0359 —0.260 0234 —0.202 0332 —0.177
RL. 1000 —0244  0.093 —0319 0342 —0.224 0212 —0299 0311 —0.166 0263 —0.254 0259
RZ., 1000 —0.168 0579 0056 0405 —0.101 0249 —0.212  0.260 0021 0221 —0.130
R2 1000 0039 0146 —0.053 0173 —0.052 0071 0036 0142 —0034  0.056
R2, 1000 0335 0267 —0.162 0306 —0.302 0232 —0.159 0340 —0.154
R 1000 —0.272 0211 —0.344 0251 —0.182 0264 —0.232  0.264
RE., 1000 —0.147  0.655 0231  0.207 —0.044 0223 —0.143
R 1000 —0.023 0311 —0.076 0306 —0.139  0.158
R3, 1000 0439 0207 —0.194 0302 —0.176
RE. 1000 —0.172 0240 —0220  0.215
Ri. 1000 —0.001  0.613  0.385
R 1000 —0.033  0.282
RA, 1000 0.593
Ri 1.000

across the phase space are given in Table [8, The quoted uncertainties are due to the
finite size of the simulated samples used to evaluate the corrections. The derivatives of
the corrections with respect to the parameters of interest are also given such that this
dependence can be included in the interpretation of the results.

Table 6: Statistical correlation matrix between RiDT observables

Rbr  Rbr  Rdr Rbr
RL, 1.000 —0.018 0.019 0.017
R 1.000 —0.024  0.020
R3 . 1.000 —0.009
RA L 1.000
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Table 7: Systematic correlation matrix between R}ST observables

1 2 3 4
RDT RDT 7zDT RDT

Rbr 1.000 —0.149 —0.100  0.018

R2 . 1.000 —0.023 —0.026
R L 1.000 —0.011
R L 1.000

Table 8: Efficiency corrections to the observables, where the quoted uncertainties are due to
the finite sizes of the simulated samples used to evaluate the corrections. The derivatives of the
corrections with respect to the v and the B-decay parameters, using z,+ = r%ei(‘sgiw), and the
charm mixing parameters (x,y) are also given.

Ok oK 0K oK
o ORe(zp+)  Olm(zp+) o Ay

/{}(+ 0.992 +0.002  —0.042 —0.044 —0.686 —0.993
KJ%{+ 0.991 +0.002  —0.055 —0.015  —0.372 —0.980
fﬁﬁ 0.991 +£0.002  —0.065 0.012 —-0.132 -1.103
ﬁ}lﬁ 0.990 +£0.002  —0.073 0.090 —-0.071 —1.475
/{}{, 1.008 £+ 0.003 0.120 —0.058 1.771 1.235
/f%(, 1.006 + 0.003 0.305 —0.023 2.315 —0.360
,‘41?(_ 1.004 £+ 0.003 0.131 —0.024 1.654 —0.093
/1‘;(_ 1.011 £ 0.003 0.027 —0.094 1.404 0.457
li}r+ 0.989 4+ 0.003 0.223 —0.137  —1.855 —0.553
Herr 0.981 +0.003  —0.147 —0.047 —0.812 —1.981
/ﬁf’r+ 0.9854+0.003 —0.013 0.289 0.697 —2.024
fﬁ;frJr 1.013 £ 0.003 0.558 0.102 2.210 —0.431

1 0.988 4+ 0.003 0.129 —0.160  —1.725 —0.844

i, 0.9824+0.003 —0.150 —0.049 —-0.747 —1.835
/ffr, 0.9854+0.003 —0.084 0.215 0.444 —1.973
/ifr_ 1.007 £ 0.003 0.598 0.271 1.882 —1.123
kbp  1.008 £ 0.003 —0.054  0.083
k2 1.002 £ 0.003 0.047  0.083
K3y 1.001 % 0.003 0.119  —0.006
ki 1.001 = 0.003 0.120  0.191

18



References

1]
2]

3]

[10]

[11]

[12]

[13]

[14]

[15]

N. Cabibbo, Unitary symmetry and leptonic decays, Phys. Rev. Lett. 10 (1963) 531.

M. Kobayashi and T. Maskawa, CP-violation in the renormalizable theory of weak
interaction, Prog. Theor. Phys. 49 (1973) 652.

J. Brod and J. Zupan, The ultimate theoretical error on v from B — DK decays,
JHEP 01 (2014) 051, arXiv:1308.5663.

LHCD collaboration, R. Aaij et al., Simultaneous determination of CKM angle v and
charm mizing parameters, JHEP 12 (2021) 141}, arXiv:2110.02350.

D. Atwood, I. Dunietz, and A. Soni, Enhanced CP wviolation with B — KD°
(D) modes and extraction of the CKM angle v, Phys. Rev. Lett. 78 (1997) 3257,
arXiv:hep-ph/9612433.

D. Atwood, I. Dunietz, and A. Soni, Improved methods for observing CP wviolation
in B — KD and measuring the CKM phase v, Phys. Rev. D63 (2001) 036005),
arXiv:hep-ph/0008090.

LHCD collaboration, R. Aaij et al., Constraints on the CKM angle v from B* — Dh*
decays using D — h*h'Tr° final states, JHEP 07 (2022) 099, arXiv:2112.10617.

LHCb collaboration, R. Aaij et al., Measurement of CP observables in B* — D) K*
and BT — DWx* decays using two-body D final states, JHEP 04 (2021) 081,
arXiv:2012.09903.

LHCb collaboration, R. Aaij et al., Measurement of CP observables in the
process B®— DK*® with two- and four-body D decays, JHEP 08 (2019) 041,
arXiv:1906.08297.

LHCb collaboration, R. Aaij et al., Measurement of CP observables in B¥ — DK**
decays using two- and four-body D-meson final states, JHEP 11 (2017) 156, Erratum
ibid. 05 (2018) 067, arXiv:1709.05855.

LHCb collaboration, R. Aaij et al., Study of B-— DK w7~ and B~ — Dr ntm™
decays and determination of the CKM angle v, Phys. Rev. D92 (2015) 112005,
arXiv:1505.07044.

D. Atwood and A. Soni, Role of charm factory in extracting CKM phase information
via B — DK, Phys. Rev. D68 (2003) 033003, arXiv:hep-ph/0304085.

Y. Grossman, A. Soffer, and J. Zupan, Effect of D — D mizing on the measurement
of v in B — DK decays, Phys. Rev. D72 (2005) 031501, arXiv:hep-ph/0505270.

M. Rama, Effect of D — D mixing in the extraction of v with B~ — DK~ and
B~ — D%~ decays, Phys. Rev. D89 (2014) 014021, larXiv:1307.4384.

HFLAV collaboration, Y. S. Ambhis et al., Averages of b-hadron, c-hadron, and T-lepton
properties as of 2018, Eur. Phys. J. C81 (2021) 226, arXiv:1909.12524 December
2021 update (updated results and plots available at https://hflav.web.cern.ch/).

19


https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1007/JHEP01(2014)051
http://arxiv.org/abs/1308.5663
https://doi.org/10.1007/JHEP12(2021)141
http://arxiv.org/abs/2110.02350
https://doi.org/10.1103/PhysRevLett.78.3257
http://arxiv.org/abs/hep-ph/9612433
https://doi.org/10.1103/PhysRevD.63.036005
http://arxiv.org/abs/hep-ph/0008090
http://arxiv.org/abs/2112.10617
https://doi.org/10.1007/JHEP04(2021)081
http://arxiv.org/abs/2012.09903
https://doi.org/10.1007/JHEP08(2019)041
http://arxiv.org/abs/1906.08297
https://doi.org/10.1007/JHEP11(2017)156
https://doi.org/10.1007/JHEP05(2018)067
http://arxiv.org/abs/1709.05855
https://doi.org/10.1103/PhysRevD.92.112005
http://arxiv.org/abs/1505.07044
https://doi.org/10.1103/PhysRevD.68.033003
http://arxiv.org/abs/hep-ph/0304085
https://doi.org/10.1103/PhysRevD.72.031501
http://arxiv.org/abs/hep-ph/0505270
https://doi.org/10.1103/PhysRevD.89.014021
http://arxiv.org/abs/1307.4384
https://doi.org/10.1140/epjc/s10052-020-8156-7
http://arxiv.org/abs/1909.12524
https://hflav.web.cern.ch/

[16]

[17]

18]

[19]

[20]

[21]

22]

[26]

[27]

28]

[29]

[30]

[31]

LHCb collaboration, R. Aaij et al., Measurement of CP observables in B* — DK*
and B* — Dn* with two- and four-body D decays, Phys. Lett. B760 (2016) 117,
arXiv:1603.08993.

T. Evans, J. Libby, S. Malde, and G. Wilkinson, Improved sensitivity to the CKM
phase v through binning phase space in B~ — DK~, D — KTn 77" decays, Phys!
Lett. B802 (2020) 135188, arXiv:1909.10196.

BESIII collaboration, M. Ablikim et al., Measurement of the D — K- nt7~ and
D — K_W+7[0 coherence factors and average strong-phase differences in quantum-
correlated DD decays, JHEP 05 (2021) 164, arXiv:2103.05988.

LHCD collaboration, R. Aaij et al., First observation of D° — D oscillations in
D — K*rtn= 7~ decays and a measurement of the associated coherence parameters,
Phys. Rev. Lett. 116 (2016) 241801, arXiv:1602.07224.

LHCb collaboration, R. Aaij et al., Studies of the resonance structure in
D°— KTatrtn~ decays, Eur. Phys. J. C78 (2018) 443, [arXiv:1712.08609.

Particle Data Group, P. A. Zyla et al., Review of particle physics, Prog. Theor. Exp
Phys. 2020 (2020) 083CO01.

A. Lenz and G. Wilkinson, Mizing and CP wviolation in the charm system, Ann. Rev,
Nucl. Part. Sci. 71 (2021) 59, arXiv:2011.04443.

LHCb collaboration, A. A. Alves Jr. et al., The LHCb detector at the LHC, JINST 3
(2008) S08005.

LHCDb collaboration, R. Aaij et al., LHCb detector performance, Int. J. Mod. Phys|
A30 (2015) 1530022, larXiv:1412.6352.

R. Aaij et al., Performance of the LHCb Vertex Locator, JINST 9 (2014) P09007,
arXiv:1405.7308.

P. d’Argent et al., Improved performance of the LHCb Outer Tracker in LHC Run 2,
JINST‘12(2017)P11016,arXiV:1708.00819

M. Adinolfi et al., Performance of the LHCb RICH detector at the LHC, |Fur. Phys|
J. C73 (2013) 2431, arXiv:1211.6759.

A. A. Alves Jr. et al., Performance of the LHCb muon system, JINST 8 (2013)
P02022, arXiv:1211.1346.

R. Aaij et al., The LHCb trigger and its performance in 2011, JINST 8 (2013) P04022,
arXiv:1211.3055.

T. Sjostrand, S. Mrenna, and P. Skands, PYTHIA 6.4 physics and manual, JHEP 05
(2006) 026, arXiv:hep-ph/0603175.

T. Sjostrand, S. Mrenna, and P. Skands, A brief introduction to PYTHIA 8.1, Comput!
Phys. Commun. 178 (2008) 852, arXiv:0710.3820.

20


https://doi.org/10.1016/j.physletb.2016.06.022
http://arxiv.org/abs/1603.08993
https://doi.org/10.1016/j.physletb.2019.135188
https://doi.org/10.1016/j.physletb.2019.135188
http://arxiv.org/abs/1909.10196
https://doi.org/10.1007/JHEP05(2021)164
http://arxiv.org/abs/2103.05988
https://doi.org/10.1103/PhysRevLett.116.241801
http://arxiv.org/abs/1602.07224
https://doi.org/10.1140/epjc/s10052-018-5758-4
http://arxiv.org/abs/1712.08609
http://pdg.lbl.gov/
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1146/annurev-nucl-102419-124613
https://doi.org/10.1146/annurev-nucl-102419-124613
http://arxiv.org/abs/2011.04443
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1142/S0217751X15300227
http://arxiv.org/abs/1412.6352
https://doi.org/10.1088/1748-0221/9/09/P09007
http://arxiv.org/abs/1405.7808
https://doi.org/10.1088/1748-0221/12/11/P11016
http://arxiv.org/abs/1708.00819
https://doi.org/10.1140/epjc/s10052-013-2431-9
https://doi.org/10.1140/epjc/s10052-013-2431-9
http://arxiv.org/abs/1211.6759
https://doi.org/10.1088/1748-0221/8/02/P02022
https://doi.org/10.1088/1748-0221/8/02/P02022
http://arxiv.org/abs/1211.1346
https://doi.org/10.1088/1748-0221/8/04/P04022
http://arxiv.org/abs/1211.3055
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

L. Belyaev et al., Handling of the generation of primary events in Gauss, the LHCb
simulation framework, J. Phys. Conf. Ser. 331 (2011) 032047.

D. J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth,
A462 (2001) 152.

N. Davidson, T. Przedzinski, and Z. Was, PHOTOS interface in C++: Technical
and physics documentation, Comp. Phys. Comm. 199 (2016) 86, arXiv:1011.0937.

Geant4 collaboration, J. Allison et al., Geant4 developments and applications, IEEE
Trans. Nucl. Sci. 53 (2006) 270; Geant4 collaboration, S. Agostinelli et al., Geant:
A simulation toolkit, Nucl. Instrum. Meth. A506 (2003) 250.

M. Clemencic et al., The LHCb simulation application, Gauss: Design, evolution and
experience, J. Phys. Conf. Ser. 331 (2011) 032023.

D. Miiller, M. Clemencic, G. Corti, and M. Gersabeck, ReDecay: A novel approach to
speed up the simulation at LHCb, Eur. Phys. J. C78 (2018) 1009, arXiv:1810.10362.

H. Voss, A. Hoecker, J. Stelzer, and F. Tegenfeldt, TMVA - Toolkit for Multivariate
Data Analysis with ROOT, PoS ACAT (2007) 040.

W. D. Hulsbergen, Decay chain fitting with a Kalman filter, Nucl. Instrum. Meth,
A552 (2005) 566, arXiv:physics/0503191.

T. Skwarnicki, A study of the radiative cascade transitions between the Upsilon-prime
and Upsilon resonances, PhD thesis, Institute of Nuclear Physics, Krakow, 1986,
DESY-F31-86-02.

L. Anderlini et al., The PIDCalib package, LHCb-PUB-2016-021, 2016.

LHCb collaboration, R. Aaij et al., Dalitz plot analysis of B?— D°K~n" decays,
Phys. Rev. D90 (2014) 072003, arXiv:1407.7712.

LHCb collaboration, R. Aaij et al., Dalitz plot analysis of B*— Dt n~ decays,
Phys. Rev. D92 (2015) 032002, arXiv:1505.01710.

LHCD collaboration, R. Aaij et al., Measurement of the B* production asymmetry
and the CP asymmetry in B* — JhK* decays, Phys. Rev. D95 (2017) 052005,
arXiv:1701.05501.

A. Davis et al., Measurement of the instrumental asymmetry for K~ -pairs at LHCb
in Run 2,(CERN-LHCb-PUB-2018-004, 2018.

LHCD collaboration, R. Aaij et al., Simultaneous determination of CKM angle v and
charm mizing parameters, JHEP 12 (2021) 141}, arXiv:2110.02350.

R. Barlow, Asymmetric statistical errors, in Statistical Problems in Particle Physics,
Astrophysics and Cosmology, 56-59, 2004, arXiv:physics/0406120.

21


https://doi.org/10.1088/1742-6596/331/3/032047
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/https://doi.org/10.1016/j.cpc.2015.09.013
http://arxiv.org/abs/1011.0937
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1088/1742-6596/331/3/032023
https://doi.org/10.1140/epjc/s10052-018-6469-6
http://arxiv.org/abs/1810.10362
https://doi.org/10.22323/1.050.0040
https://doi.org/10.1016/j.nima.2005.06.078
https://doi.org/10.1016/j.nima.2005.06.078
http://arxiv.org/abs/physics/0503191
http://inspirehep.net/record/230779/
http://cdsweb.cern.ch/search?p=LHCb-PUB-2016-021&f=reportnumber&action_search=Search&c=LHCb+Notes
https://doi.org/10.1103/PhysRevD.90.072003
http://arxiv.org/abs/1407.7712
https://doi.org/10.1103/PhysRevD.92.032002
http://arxiv.org/abs/1505.01710
https://doi.org/10.1103/PhysRevD.95.052005
http://arxiv.org/abs/1701.05501
http://cds.cern.ch/record/2310213
http://cds.cern.ch/record/2310213
https://doi.org/10.1007/JHEP12(2021)141
http://arxiv.org/abs/2110.02350
http://arxiv.org/abs/physics/0406120

	1 Introduction
	2 Bin definitions and observables
	3 The LHCb detector
	4 Data set and candidate selection
	5 Mass fit
	6 Analysis of bold0mu mumu Xb  D*+ -  XXb  D*+ -  XXb  D*+ -  XXb  D*+ -  XXb  D*+ -  XXb  D*+ -  X
	7 Systematic uncertainties
	8 Results
	9 Interpretation and conclusions
	A Mass fit for bold0mu mumu Xb  D*+ -  XXb  D*+ -  XXb  D*+ -  XXb  D*+ -  XXb  D*+ -  XXb  D*+ -  X decays
	B Additional material used in interpretation
	References

