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Amplitude analysis of B0 → D0D+
s π − and B+ → D−D +

s π + decays

R. Aaij et al.*

(LHCb Collaboration)

(Received 7 December 2022; accepted 20 January 2023; published 27 July 2023)

Resonant contributions in B0 → D̄0Dþ
s π

− and Bþ → D−Dþ
s π

þ decays are determined with an
amplitude analysis, which is performed both separately and simultaneously, where in the latter case
isospin symmetry between the decays is assumed. The analysis is based on data collected by the
LHCb detector in proton-proton collisions at center-of-mass energies of 7, 8, and 13 TeV. The full data
sample corresponds to an integrated luminosity of 9 fb−1. A doubly charged spin-0 open-charm
tetraquark candidate together with a neutral partner, both with masses near 2.9 GeV, are observed in the
Dsπ decay channel.

DOI: 10.1103/PhysRevD.108.012017

I. INTRODUCTION

The decays of b hadrons into final states involving
two open-charm hadrons form a large family of topologi-
cally similar processes that include many intermediate
states such as charmonia, highly excited DðsÞ states, and
possible exotic hadrons. The Dalitz plot distributions
of B0→D0D−Kþ, Bþ → D0D0Kþ, and Bþ → DþD−Kþ
decays1 have already been explored by the Belle [1],
BABAR [2], and LHCb collaborations [3,4]. In these
studies, the discovery of the charm-strange meson
Ds1ð2700Þþ, the charmoniumlike state χc0ð3930Þ, and
the open-charm tetraquark state X0;1ð2900Þwere reported,
prompting many theoretical investigations into the inter-
nal structure of these states [5].
The decays Bþ → D−Dþ

s π
þ and B0 → D0Dþ

s π
− are yet

to be explored. They are ideal to study excited D mesons
(D��) with natural spin-parity, to test isospin symmetry in
the charged and neutral Dπ resonances, and to test QCD
predictions [6]. The D�ð2007Þ0, D�ð2010Þþ, D�

0ð2300Þ,
and D�

2ð2460Þ mesons are already well established. The
D�

1ð2600Þ0 and D�
Jð3000Þ0 mesons were recently discov-

ered in the inclusive proton-proton (pp) collisions and in B
decays [7], while their charged isospin partners have not
been observed, although some measurements suggest their
existence [8]. These states could also be explored in B →
D̄Dþ

s π decays. Figure 1 shows the Feynman diagrams

of the dominant tree-level amplitudes contributing to the
two decays.
Studies of B → D̄Dþ

s π decays also provide an excellent
opportunity to search for exotic hadrons decaying into the
Dþ

s π and D̄Dþ
s final states. The discoveries of the

D�
s0ð2317Þþ [9] and Ds1ð2460Þþ [10] states prompted

speculation that they may have a tetraquark component
[6,7]. No evidence for isospin partners has been found in
explicit searches [11,12], but if they exist they should
contribute to the B → D̄Dþ

s π decays. The D0 collaboration
claimed evidence for an Xð5568Þ state [13,14], which
however was not confirmed by other experiments [15–18].
An open-charm tetraquark state with four different
quark flavors, analogous to the Xð5568Þ state, is predicted
by the diquark-antidiquark model [19,20], and can be
investigated in Dþ

s π
� final states. In particular, the Dþ

s π
þ

channel presents an attractive potential according to lattice
QCD calculation [21], which can form a tetraquark reso-
nance. Some theoretical studies on the X0;1ð2900Þ state
suggest searching for a potential doubly charged charm-
strange tetraquark candidate, together with its neutral isospin
partner, in the Dþ

s π
þ½cs̄ud̄� and Dþ

s π
−½cs̄ ū d� final states

[22–27]. In addition, searches for possible D̄Dþ
s resonances

are well motivated by the recent observations of the open-
strange hidden-charm tetraquark state Zcsð3985Þ decaying
into D̄�Dþ

s þ D̄D�þ
s at BESIII [28,29], as well as the

Zcsð4000Þ and Zcsð4220Þ states decaying into KJ=ψ at
LHCb [30].
In this paper, an amplitude analysis of Bþ → D−Dþ

s π
þ

and B0 → D0Dþ
s π

− decays is presented for the first time,
revealing the contributions of D̄π resonances in the two
decays, and allowing searches for possible exotic states. As
the two channels are closely related by isospin, three
different fit scenarios are performed: a fit performed
independently on the two decay channels is called the

*Full author list given at the end of the article.
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separate fit; a simultaneous fit of the B0 → D0Dþ
s π

− and
Bþ → D−Dþ

s π
þ decays, by assuming that all the D̄π

resonances in the two decays are isospin related, is denoted
the simultaneous D̄π fit; a simultaneous fit, in which all the
parameters of D̄π states and potential Dþ

s π or DDþ
s

resonances are shared between the two decays, is called
the full simultaneous fit. The separate fit and simultaneous
D̄π fit are discussed in this paper, while the full simulta-
neous fit, which is considered as the default result of this
analysis, is described in Ref. [31]. The analysis is based on
pp collision data collected using the LHCb detector,
corresponding to a total integrated luminosity of 3 fb−1
at center-of-mass energies

ffiffiffi
s

p ¼ 7; 8 TeV, referred to as
run 1, and 6 fb−1 at

ffiffiffi
s

p ¼ 13 TeV, referred to as run 2.
The paper is organized as follows. A brief introduction of

LHCb detector and reconstruction and simulation proce-
dures is provided in Sec. II. The event selection criteria are
shown in Sec. III, and signal and background yields are
determined in Sec. IV. The formalism of amplitude analysis
is summarized in Sec. V. The signal efficiency and back-
ground models in amplitude analysis are studied in Sec. VI.
The separate fit result is presented in Sec. VII, while the
result from simultaneous D̄π fit is provided in Sec. VIII.
The systematic uncertainties are evaluated in Sec. IX. All
the results are summarized in Sec. X.

II. LHCb DETECTOR AND SIMULATION

The LHCb detector [32,33] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three 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 200 GeV.2 The
minimum distance of a track to a primary pp collision
vertex (PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29=pTÞ μm, where pT is the compo-
nent of the momentum transverse to the beam, in GeV.
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors.
Photons, electrons, and hadrons are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower 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.
At the hardware trigger stage, events are required to have

a muon with high pT or a hadron, photon, or electron with
high transverse energy in the calorimeters. For hadrons, the
transverse energy threshold is 3.5 GeV. The software
trigger requires a two-, three-, or four-track secondary
vertex with a significant displacement from any primary pp
interaction vertex. At least one charged particle must have a
transverse momentum pT > 1.6 GeV and be inconsistent
with originating from a PV. A multivariate algorithm
[34,35] is used for the identification of secondary vertices
consistent with a decay of a b hadron.
Simulation is used to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA 8

[36,37] with a specific LHCb configuration [38]. Decays of
unstable particles are described by EvtGen [39], in which
final-state radiation is generated using PHOTOS [40]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit
[41,42] as described in Ref. [43]. The underlying pp
interaction is reused multiple times, with an independently
generated signal decay for each [44].
The particle identification (PID) response for charged

tracks in the simulated samples is corrected based on
special samples of D�þ → D0πþ, D0 → K−πþ decays.
For each PID response of a track, the unbinned four-
dimensional probability density functions (PDFs) for the
data, pdataðxjpT; η; NtrÞ, and for the simulated samples
psimðxjpT; η; NtrÞ are extracted based on a kernel density
estimation [45], where x is the PID response, pT and η are
the transverse momentum and pseudorapidity of the track,
and Ntr is the number of tracks in the event. The cumulative
distribution functions for the data PdataðxjpT; η; NtrÞ and for
the simulated samples PsimðxjpT; η; NtrÞ are determined,
and the corrected PID response in the simulated samples is
evaluated by transforming the xsim into xcorr with
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FIG. 1. Feynman diagrams for the dominant tree-level ampli-
tudes contributing to (a) B0 → D0Dþ

s π
− and (b) Bþ → D−Dþ

s π
þ

decays with intermediate Dπ resonances; and nonresonant three
body decays of (c) B0 → D0Dþ

s π
− and (d) Bþ → D−Dþ

s π
þ

decays.

2Natural units with ℏ ¼ c ¼ 1 are used throughout this paper.
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xcorr ¼ P−1
dataðPsimðxsimjpT; η; NtrÞjpT; η; NtrÞ: ð1Þ

During the transformation, the Ntr distribution in the
simulated samples is scaled by a factor to match the same
distribution in the corresponding datasets. The PID
response in the simulated samples shows good agreement
with that in the data samples after the correction.
The momentum scale is calibrated using control samples

of J=ψ → μþμ− and Bþ → J=ψKþ decays collected con-
currently with the data samples used for this analysis
[46,47]. The relative uncertainty on the momentum scale
is 3 × 10−4.

III. SELECTION

In LHCb, trigger decisions are associated with
reconstructed particles. Selection requirements can there-
fore be made on the trigger selection itself and on whether
the decision was due to the signal candidate, other
particles produced in the pp collision, or a combination
of both.
In the analysis, the B0 → D0Dþ

s π
− and Bþ → D−Dþ

s π
þ

candidates are formed using charged kaon and pion
candidates, in which the D0 candidates is reconstructed
through the D0 → Kþπ− and D0 → Kþπ−π−πþ decays,
Dþ through the Dþ → K−πþπþ decays, and Dþ

s through
the Dþ

s → KþK−πþ decays. The invariant mass of D0π− is
required to be larger than 2.05 GeV in order to veto the
contribution from the B0 → D�−Dþ

s decay, which is not the
focus of this analysis. To consider potential variations of
signal efficiencies and background distributions, selections
are designed and optimized separately for the six datasets,
namely run 1 and run 2 datasets with three reconstruction
channels, B0 → D0

Kþπ−Dþ
s π

−, B0 → D0
Kþπ−π−πþDþ

s π
−,

and Bþ → D−Dþ
s π

þ decay.
Loose requirements on the p, pT, PID response, and

minimum χ2IP of the charged tracks are first applied to
improve track quality and remove tracks originating
directly from the pp collision. Here χ2IP is defined as the
difference in the vertex-fit χ2 of a given PV reconstructed
with and without the considered track. To separate B and
DðsÞ candidates from random combinations of tracks
directly produced in pp collisions, loose requirements
on the invariant mass and on the χ2 of the flight distance
of D candidates with respect to the associated PV are
imposed, where the associated PV is defined as the PV
yielding the smallest χ2IP for the considered B candidate.
The quantity cos θdir for a B candidate, where θdir is the
angle between the momentum direction and the vector from
the associated PV to the vertex of the candidate, is required
to be close to unity.
A boosted decision tree (BDT) classifier [48,49] imple-

mented in the TMVA toolkit [50,51] is used to further
suppress the combinatorial background. The BDT classifier
depends on the χ2IP of the B, D, Ds candidates and the final

tracks, the χ2 of the B decay vertex and its cos θdir, the PID
response of all the final tracks, and the signed significance
of the separation of DðsÞ and B vertices parallel to the beam

pipe (s
DðsÞ
z−FD). For the BDT classifier training, the signal

samples are the simulated signal candidates, and the
backgrounds are B sideband candidates in data with B
invariant mass within ½5500; 6950� MeV. The requirement
on the BDT response is determined by maximizing
S2=ðSþ BÞ32, where the S and B are the expected signal
and background yields in the signal mass window
jMðBÞ −mðBÞj < 20 MeV, which is 2.5 to 3 times wider
than the mass resolution for the different channels, where
the MðBÞ and mðBÞ are the reconstructed and known
masses of the corresponding B meson [7], respectively.
Two kinds of misidentified backgrounds are vetoed

through additional requirements. A background to the
Bþ → D−Dþ

s π
þ signal occurs at the mass threshold of

the Dþ
s π

þ spectrum due to eþ − πþ misidentification. It is
removed by a stringent requirement on the PID response of
the companion pion. For B0 → D0Dþ

s π
−, B0

s → D0Dþ
s K−,

and Λ̄0
b → D0Dþ

s p̄ decays, misidentified candidates are
vetoed by tightening PID requirements of the companion
π− for candidates with invariant mass within �30 MeV of
the B0

s or Λ̄0
b mass [7], after replacing the mass hypothesis

of the companion π− to K− or p̄.
A track-swapped background is found to peak in the B

signal region where the π− from D�− in the B0 → D�−Dþ
s ,

D�−→D0π−, D0 → Kþπ−π−πþ candidates is swapped
with a π− in the D0 decays. As the momentum of the π−

inD�− decays is almost zero in theD�− rest frame, this type
of background is removed by requiring MðKþπ−π−πþÞ −
MðKþπ−πþÞ > 160 MeV in the D0 decays, to veto those
π− with negligible momentum.
Backgrounds with the same final-state tracks but with

one or even zero intermediate charmed mesons, called non-
double-charm backgrounds, are suppressed by the require-
ments on s

DðsÞ
z−FD. After the selection, the invariant mass

distributions of all possible two-body and three-body
combinations of the final charged tracks in DðsÞ sideband
samples are further checked, and all the visible narrow
structures, namely K�ð892Þ0, ϕ, D0, Dþ, and Dþ

s particles,
are vetoed to further suppress the non-double-charm
backgrounds.
After applying the full off-line selection, the D and Ds

masses are required to lie within �15 MeV around their
known mass [7], corresponding to two to three times the
detector resolution. Roughly 1% to 2% of events contain
more than one B candidate; one is retained at random in
these cases.
To improve the resolution of B candidate invariant mass

distributions, a fit based on the Kalman filter method [52],
which contains topological and kinematic information of the
decay chain, is applied. By updating the four-momentum of
all the final-state tracks, the invariant mass of D and Ds
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candidates is constrained to the their known masses [7], and
the updated invariant mass distributions of B candidates are
used to determine the signal and background yields. The
four-momenta of charged tracks from another fit, which
additionally constrains B candidate mass to the known B
mass, are used to calculate kinematic variables used in the
amplitude fit.

IV. SIGNAL YIELD DETERMINATION

Figure 2 shows the invariant mass distributions of the B0

and Bþ candidates in each dataset after the application of
the selection requirements. An extended unbinned maxi-
mum-likelihood fit to the data in the mass range
½5230; 5630� MeV is used to extract the signal and back-
ground yields, which are used later in the amplitude fit.

The total PDF comprises a signal PDF and an expo-
nential function to describe the distribution of combinato-
rial background. The signal PDF is a double-sided crystal
ball (DSCB) function [53] which consists of a Gaussian
kernel and independent tail parameters on both the left and
right sides to model effects such as the detector resolution
and final-state radiation. In the fit, the signal and back-
ground yields, the parameters of the exponential function,
and those of the Gaussian kernel in the DSCB function are
allowed to vary independently in each dataset, while the tail
parameters are fixed to the values obtained from a fit to the
corresponding simulated sample.
In the D0Dþ

s π
− mode, an additional DSCB function is

included in the fit model to describe the singly Cabibbo-
suppressed B0

s → D0Dþ
s π

− contribution, whose yield is
determined from data. The width of the Gaussian kernel is

FIG. 2. Invariant mass spectrum of the signal candidates, split by decay mode and run period. The data are overlaid with the results of
the fit.

R. AAIJ et al. PHYS. REV. D 108, 012017 (2023)

012017-4



shared with the B0 signal and the mean value μB0
s
is defined

as μB0 þ ðmðB0
sÞ −mðB0ÞÞ, where the μB0 is the mean value

of the Gaussian kernel of the B0 signal PDF, andmðB0Þ and
mðB0

sÞ are the known masses of the B0 and B0
s mesons [7].

The tail parameters are fixed to the same values as the B0

signal.
The results of the fit to the data samples are shown in

Fig. 2. The values of the fitted parameters are listed in
Table I, and Table II summarizes the signal yields, the
number of candidates, and the purity inside the signal mass
window used for the amplitude analysis.

V. ANALYSIS FORMALISM

The amplitude formalism and fit method of three-body
B → abc decays, where abc denotes any sequence of D̄,
Dþ

s , and π states, is established in this section.

A. Amplitude model

The amplitude of the three-body B → D̄Dsπ decays is
constructed following the isobar formalism [54–56], which
is a coherent sum of quasi two-body amplitudes, either
resonant or nonresonant,

Aðx;ΘÞ ¼
X

ci ·Aiðx;ΘiÞ; ð2Þ

where ci is a complex parameter for the ith contribution that
is determined from data, x denotes variables calculated
from the four-momenta of the final-state particles and Θi is
a set of parameters used to describe the ith line shape. The
amplitude of the ith quasi two-body decay to a and b (a, b
represent any pair of D, Ds, π mesons) is

Aiðx;ΘiÞ ¼ TðθabÞ · fðm2
ab;ΘiÞ; ð3Þ

where TðθabÞ describes the angular distribution which
depends on the spin J of the intermediate resonant state
RðabÞ. The helicity angle, θab, is defined as the angle
between the RðabÞ momentum direction in the B rest
frame, and the momentum direction of a as determined
in the RðabÞ rest frame. The definitions of TðθabÞ up to
J ¼ 4 are

TðθabÞ ¼

8>>>>>>>><
>>>>>>>>:

1 J ¼ 0

cos θab J ¼ 1

cos2θab − 1
3

J ¼ 2

cos3θab − 3
5
cos θab J ¼ 3

cos4θab − 30
35
cos2θab þ 3

35
J ¼ 4

: ð4Þ

TABLE I. Results of the fit parameters of invariant mass fit to the data samples. The uncertainties shown are statistical.

Decay Parameter Run 1 Run 2

B0 → D0
KπD

þ
s π

− Signal yield 587� 27 2641� 57

B0
s signal 25.3� 8.3 77� 15

Background yield 421� 26 1440� 49
Mean (MeV) 5279.12� 0.38 5279.16� 0.18
Width (MeV) 7.89� 0.35 7.73� 0.17

Exponential slope −ð3.08� 0.52Þ × 10−3 −ð2.98� 0.29Þ × 10−3

B0 → D0
K3πD

þ
s π

− Signal yield 185� 15 759� 32

B0
s signal 4.9� 4.6 38� 11

Background yield 136� 14 692� 33
Mean (MeV) 5277.98� 0.70 5278.79� 0.34
Width (MeV) 8.01� 0.59 7.72� 0.33

Exponential slope −ð2.56� 0.90Þ × 10−3 −ð3.03� 0.41Þ × 10−3

Bþ → D−Dþ
s π

þ Signal yield 798� 30 3123� 59
Background yield 311� 21 1201� 40
Mean (MeV) 5278.88� 0.33 5278.74� 0.16
Width (MeV) 8.08� 0.30 8.05� 0.14

Exponential slope −ð0.82� 0.61Þ × 10−3 −ð0.90� 0.31Þ × 10−3

TABLE II. Signal and background yields inside the B mass
signal window, together with the signal purity, split by run period
and decay mode. The uncertainties shown are statistical.

Decay Parameter Run 1 Run 2

B0 → D0
KπD

þ
s π

− Signal yield 564� 26 2534� 55
Total candidates 633 2753

Purity 89.1% 92.1%

B0 → D0
K3πD

þ
s π

− Signal yields 177� 14 734� 31
Total candidates 199 835

Purity 88.9% 87.9%

Bþ → D−Dþ
s π

þ Signal yield 766� 29 2984� 57
Total candidates 797 3143

Purity 96.1% 94.9%
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The function fðMabÞ is the line shape of the RðabÞ
resonance where Mab is the invariant mass of the pair.
The complex relativistic Breit-Wigner (RBW) function is
used as the default line shape,

fRBWðMÞ ¼ qðMÞL1FðM;L1Þ · pðMÞL2FðM;L2Þ

·
1

m2
0 −M2 − im0ΓðMÞ ; ð5Þ

where p is the momentum of particle a in the rest frame of
the resonance RðabÞ, and q denotes the momentum of
RðabÞ in the B rest frame. The mass-dependent running
width is

ΓðMÞ ¼ Γ0

�
qðMÞ
q0

�
2L2þ1 m0

M
F2ðM;L2Þ; ð6Þ

where m0 and Γ0 are the mass and width of the resonance,
respectively. The quantities p0 and q0 are these momenta
evaluated when M ¼ m0. The orbital angular momentum
between RðabÞ and c is denoted by L1, while L2 refers
to the orbital angular momentum between particles
a and b. Conservation of angular momentum implies that
L1 ¼ L2 ¼ J. The Blatt-Weisskopf form-factor [57]
FðM;LÞ is parametrized as

FðM;LÞ ¼

8>>>>>>>>>>><
>>>>>>>>>>>:

1 L ¼ 0ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þz2ðMÞ
1þz2

0

r
L ¼ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9þ3z2ðMÞþz4ðMÞ

9þ3z2
0
þz4

0

r
L ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
225þ45z2ðMÞþ6z4ðMÞþz6

225þ45z2
0
þ6z4

0
þz6

0

r
L ¼ 3

; ð7Þ

where zðMÞ ¼ pd, z0 ¼ p0d, and d stands for the radial
parameter, which is taken to be 3.0 GeV−1 by default for
all resonances.
Nonresonant contributions are parametrized using an

exponential function,

fNR ¼ exp ½−αðM2 −m2
minðDπÞÞ�; ð8Þ

where α is the slope parameter that is allowed to vary in the
fit, and m2

minðDπÞ ¼ 4 GeV2 is an approximation of the
M2ðDπÞ lower threshold.
The RBW functions do not provide an adequate descrip-

tion of overlapping resonant states. Furthermore, the latest
experimental [58] and theoretical [59] studies show that a
simple BW line shape is not sufficient for the D̄�

0ð2300Þ
resonance. A quasi-model-independent (QMI) parametri-
zation [58] is used for the Dπ S-wave, where the MðDπÞ
range is divided into k slices, and the line shape is replaced
by a set of complex coefficients assigned to each slice, each
free to vary in the fit. The real and imaginary parts are

independently interpolated using cubic splines. Details are
given in Sec. VII.

B. Maximum likelihood fit

The normalized PDF for the signal is expressed as

Pnorm
sig ðx;ΘÞ ¼ 1

IsigðΘÞ
ϵðxÞjAðx;ΘÞj2: ð9Þ

The normalization factor, IsigðΘÞ, which is obtained by
integrating over the phase space using simulated samples
after full selection, and thus including ϵðxÞ implicitly, can
be expressed as

IsigðΘÞ ¼
P

jwjjAðxj;ΘÞj2P
jwj

: ð10Þ

The signal efficiency, ϵðxÞ, is obtained as described in
Sec. VI. The wj, also described in Sec. VI, are applied to
the simulated events to correct for discrepancies between
simulated samples and data, where the subscript j runs over
all the events of the sample. The resolutions of the Dalitz
plot coordinates are much smaller than the widths of the
narrowest structures and thus related effects can be
neglected. The total PDF is given by

PDFðx;ΘÞ ¼ fsigPnorm
sig ðx;ΘÞ þ fbkgPnorm

bkg ðxÞ; ð11Þ

where fsig and fbkg are the fractions of signal and back-
ground contributions, determined from the fit to the
mðDDsπÞ invariant mass distributions, and Pnorm

bkg ðxÞ is
the normalized background PDF described in Sec. VI.
An amplitude fit is performed, minimizing the unbinned

negative log-likelihood (NLL)

NLL≡ − lnL ¼ −
X
j

ln PDFðxj;ΘÞ: ð12Þ

The signal efficiencymap and backgroundmap are obtained
separately for different samples. For the B0 → D0Dþ

s π
−

decay, the different LHC run (1 or 2) and reconstruction
channels (B0 →D0

Kþπ−Dþ
s π

−, B0 → D0
Kþπ−π−πþDþ

s π
−) are

fitted simultaneously. For the Bþ → D−Dþ
s π

þ decay, the
run 1 and run 2 datasets are simultaneously fitted. Where
isospin symmetry is imposed, the fit is performed simulta-
neously on all datasets.
The fit fraction F i for a given contribution i is calculated

from the fitted parameters, Θ0, and is defined as

F i ¼
R jciAiðx;Θ0;iÞj2dxR jAðx;Θ0Þj2dx

: ð13Þ

The fit fractions do not necessarily add up to 1 due to
interference effects between components. The interference
term between any pair of components is defined as
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F ij ¼
R
2Rðcic�jAiA�

jÞdxR jAðx;Θ0Þj2dx
; ð14Þ

and thus we have
P

iF i þ
P

i<jF ij ¼ 1.

VI. SIGNAL EFFICIENCY AND
BACKGROUND MODELS

The amplitude analysis is only sensitive to signal
efficiency variations across the Dalitz plot, not the absolute
efficiency. These are extracted for each dataset as a function
of position in the square Dalitz plot (SDP), whose coor-
dinates are defined by

m0ðDπÞ ¼ 1

π
arccos

�
2 ×

mðDπÞ −mmin
Dπ

mmax
Dπ −mmin

Dπ

− 1

�
; ð15Þ

θ0ðDπÞ ¼ 1

π
θðDπÞ: ð16Þ

Here mðDπÞ is the invariant mass of the Dπ combination,
mmin

Dπ and mmax
Dπ are the kinematic limits of mðDπÞ in B →

DDsπ decays, and θðDπÞ is the Dπ helicity angle.
The efficiency maps across the SDP are evaluated from

the simulated samples by kernel density estimation [45] and
are shown in Fig. 3. The tracking efficiency and the
efficiency of the trigger requirements have been corrected
using control samples in data.

FIG. 3. Signal efficiency maps for the B0 → D0Dþ
s π

−, D0 → Kþπ− decays in (a) run 1 and (b) run 2; B0 → D0Dþ
s π

−, D0 →
Kþπ−π−πþ decays in (c) run 1 and (d) run 2; Bþ → D−Dþ

s π
þ decays in (e) run 1 and (f) run 2. White regions are caused by

B0 → D�−Dþ
s veto.
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The background distributions over the phase space are
estimated using candidates in the B mass sidebands
between ½5450; 6000� MeV for the B0 → D0Dþ

s π
− decays

and ½5400; 6000� MeV for the Bþ → D−Dþ
s π

þ decays. The
requirement on the BDT response is relaxed to increase the
number of events in these regions as no significant change
in the shapes of the distributions of sideband samples is
observed. A Gaussian process extrapolation method [60] is
applied to extrapolate the background Dalitz plot distribu-
tion into the B-meson signal region, in order to account for
the correlations between the Dalitz variables and the
invariant mass of the B candidates. The SDP distributions
of the background shape for each dataset are shown in
Fig. 4. The broad structures in the SDP distributions are
related to the accumulation of combinatorial background
with low pion momentum.

VII. AMPLITUDE ANALYSIS

Conventional resonances are only expected to decay
to D0π− and D−πþ final states in the B0 → D0Dþ

s π
−

and the Bþ → D−Dþ
s π

þ decays, respectively. The
straightforward way to perform the amplitude analysis
is by including all the Dπ resonances with natural
spin-parity, as listed in Table III, in the fit model. It is
called a model-dependent (MD) description. The result
with the MD description is shown in Sec. VII G. The
description of the D̄π S-wave distributions is improved
by introducing a 0þ D̄π QMI description, which
accounts for both the broad spin-0 D̄π states and
nonresonant components. The result with the QMI
description is considered as the default, which is further
discussed in this section.

FIG. 4. Distributions of the SPD background shapes for the B0 → D0Dþ
s π

−, D0 → Kþπ− decays in (a) run 1 and (b) run 2;
B0 → D0Dþ

s π
−,D0 → Kþπ−π−πþ decays in (c) run 1 and (d) run 2; Bþ → D−Dþ

s π
þ decays in (e) run 1 and (f) run 2. White regions are

caused by B0 → D�−Dþ
s veto.
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A. Model including only Dπ resonances

The basic fit model is defined by considering all known
D�� states with natural spin-parity [7], as listed in
Table III, except for the broad D�

0ð2300Þ state. Their
masses and widths are fixed to their default values. As
described in Sec. VA, a QMI description of the Dπ
S-wave is used [58], with 11 spline points.3 The first
and last points are outside of the invariant mass range,
and their amplitudes are fixed to zero. The other points
are each assigned a complex coefficient that varies
freely in the fit. Moreover, as the D̄�ð2007Þ0 mass is
lower than the D−πþ mass threshold, the q0 value in
Eq. (6) would be imaginary. The q0 value in this case is
taken as the value calculated from D̄�ð2007Þ0 → D0π0

rather than D̄�ð2007Þ0 → D−πþ in the default model. The
D̄�

Jð3000Þ state was first observed in the D�−πþ decay
mode, and its spin has not been determined yet [8]. A
similar structure has been seen in B− → Dþπ−π− decays
[58], with JP ¼ 2þ. In this analysis different JP hypoth-
eses for the D̄�

Jð3000Þ state are tested, either 1−, 2þ, 3−, or
4þ. In each case its mass and width are fixed to the
corresponding default values [7]. The test results favor
JP ¼ 4þ, which is used as the default.
The fit results, where only Dπ resonances are included

and the two decays are considered independently, are given
in Figs. 5 and 6 for B0 → D0Dþ

s π
− and Bþ → D−Dþ

s π
þ

decays, respectively. The B0 → D0
Kþπ−Dþ

s π
−, B0 →

D0
Kþπ−π−πþDþ

s π
− decays are combined when plotting here

and subsequently. A peaking structure at about 2.9 GeV is
visible in theMðDsπÞ distribution of each decay, and is not
well described by the included contributions. Furthermore,
the addition of further D� states up to JP ¼ 4þ does not
resolve the discrepancy. The normalized residuals of the fits
are shown in Fig. 7. In the plot, the pull value in bin i is

defined as ðNi
sig − Ni

fitÞ=
ffiffiffiffiffiffiffiffi
Ni

sig

q
, where the Ni

sig and N
i
fit are

the number of signal candidates and number of expected
candidates from the fit result. The χ2=ndf, where ndf is the
number of degrees of freedom, 78.2=35 for B0 → D0Dþ

s π
−,

and 75.2=35 for Bþ → D−Dþ
s π

þ, which also indicates the
existence of a new resonance.

B. Model including D+
s π resonances

To improve the description of theMðDþ
s πÞ distributions

for the two decays, an additional Dþ
s π state is added

to each decay, whose mass and width are free parameters,
and different JP assignments are tested. No relationship
is assumed for the two Dþ

s π states. Both states with
JP ¼ 0þ give the best description of the data, while the
Dþ

s π states with the other spin-parity are disfavored
compared to the 0þ hypothesis (see Sec. VII C). The
distributions ofMðDþ

s π
−Þ in B0→D0Dþ

s π
− andMðDþ

s π
þÞ

in Bþ → D−Dþ
s π

þ are shown in Fig. 8, where the two
new Dþ

s π resonances, which are named as Ta
cs̄0ð2900Þ0

and Ta
cs̄0ð2900Þþþ following the convention in Ref. [61],

are evident.
In the MðDþ

s π
−Þ and MðDþ

s π
þÞ distributions, both the

peaks near 2.9 GeV and the dips near 3.0 GeV are better
described by the presence of the new states and their
interference with the existing D� states. The masses and
widths of the Ta

cs̄0ð2900Þ0 and Ta
cs̄0ð2900Þþþ states are

listed in Table IV. Fit fractions are given in Tables Vand VI
for B0 → D0Dþ

s π
− and Bþ → D−Dþ

s π
þ decays, respec-

tively. These results include the systematic uncertainties
and corrections of fit bias, which are described in Sec. IX.
The amplitudes and phases of the complex coefficients of
the resonant contributions, relative to those of D̄�

2ð2460Þ,
are also displayed in Tables Vand VI. The two-dimensional
pull plots are given in Fig. 9. The χ2=ndf is 43.2=31 and
63.0=31 for B0 → D0Dþ

s π
− and Bþ → D−Dþ

s π
þ decays,

respectively. The distributions of Legendre polynomial
weighted moments, together with the fit results with and
without Ta

cs̄0ð2900Þ0 and Ta
cs̄0ð2900Þþþ states, are shown in

Appendix; these also suggest the existence of the new

TABLE III. Resonances expected in B0 → D0Dþ
s π

− and Bþ → D−Dþ
s π

þ decays [7]. The masses and widths of resonances marked
with # are shared for both the charged and neutral isospin partners.

Resonance JP Mass (GeV) Width (GeV) Comments

D�ð2007Þ0 1− 2.00685� 0.00005 < 2.1 × 10−3 Width set to be 0.1 MeV

D�ð2010Þ− 1− 2.01026� 0.00005 ð8.34� 0.18Þ × 10−5

D�
0ð2300Þ 0þ 2.343� 0.010 0.229� 0.016 #

D�
2ð2460Þ 2þ 2.4611� 0.0007 0.0473� 0.0008 #

D�
1ð2600Þ0 1− 2.627� 0.010 0.141� 0.023 #

D�
3ð2750Þ 3− 2.7631� 0.0032 0.066� 0.005 #

D�
1ð2760Þ0 1− 2.781� 0.022 0.177� 0.040 #

D�
Jð3000Þ0 ?? 3.214� 0.060 0.186� 0.080 # JP ¼ 4þ is assumed

3[1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.9, 3.4] GeV.
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(a) (b)

(c)

FIG. 6. Invariant mass distributions of the (a) MðD−πþÞ, (b) MðDþ
s π

þÞ, and (c) MðD−Dþ
s Þ for the Bþ → D−Dþ

s π
þ candidates

compared with the fit results with only Dπ resonances.

(a) (b)

(c)

FIG. 5. Invariant mass distributions (a)MðD0π−Þ, (b)MðDþ
s π

−Þ, and (c)MðD0Dþ
s Þ for the B0 → D0Dþ

s π
− candidates compared with

the fit results with only Dπ resonances.
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exotic states. The above model with a new 0þ Ta
cs̄0ð2900Þ is

set as the default fit model.

C. Other models

Numerous additional resonances are tested to verify the
stability of the default fit result and to better understand the
system. First, the exotic Dþ

s π states with other spin-parity
hypotheses are tested. The ΔLL values, with definition
ΔLL¼NLLDefault−NLLOther, are summarized in Table VII.
It is clear that at least one Dþ

s π exotic state is needed to

improve the value of NLL of the fit to each decay channel.
The default model has the best fit quality, while the model
with a spin-1 Dþ

s π state also provides reasonably good
description. The data are tested against the spin 0 and spin 1
hypotheses for the Ta

cs̄0ð2900Þ0 and Ta
cs̄0ð2900Þþþ states.

The results are shown in Sec. VII F and 0þ is favored.
Second, the existence of extra Dπ, Dþ

s π, and DDþ
s

states with natural spin-parity up to 3− is explored when
including the 0þ Ta

cs̄0ð2900Þ0 and Ta
cs̄0ð2900Þþþ states. The

masses and widths of the additional resonances are allowed

FIG. 7. Two-dimensional pull plots of the fits to the (a) B0 → D0Dþ
s π

− and (b) Bþ → D−Dþ
s π

þ samples.

(a) (b)

(c) (d)

FIG. 8. Projection of the fit result on (a)MðDπÞ and (b)MðDþ
s πÞ of B0 → D0Dþ

s π
− decays after including the Ta

cs̄0ð2900Þ0 state, and
on (c) MðDπÞ and (d) MðDþ

s πÞ of Bþ → D−Dþ
s π

þ decays after including the Ta
cs̄0ð2900Þþþ state.
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to vary freely in the fit. When considering an additional
spin-0 or spin-1 Dþ

s π state for each decay, the mass of the
new state converges near the Dþ

s π mass threshold. The
resulting changes in the value of NLL are insignificant,
corresponding to statistical significance of less than 2σ, and
these states are not included in the default model.
The Dπ states with natural spin-parities have been well

investigated by the amplitude analyses of B0 → D0πþπ−

[62], Bþ → D−πþπþ [58] and other topologically similar

TABLE IV. Masses and widths of the Ta
cs̄0ð2900Þ0 and

Ta
cs̄0ð2900Þþþ states. The values are corrected for biases. The

first and second uncertainties are statistical and systematic,
respectively.

Particle Mass (GeV) Width (GeV)

Ta
cs̄0ð2900Þ0 2.879� 0.017� 0.018 0.153� 0.028� 0.020

Ta
cs̄0ð2900Þþþ 2.935� 0.021� 0.013 0.143� 0.038� 0.025

TABLE V. Amplitude, phase, and fit fraction of each component in the B0 → D0Dþ
s π

− fit result. The values are corrected for fit biases.
The first and second uncertainties are statistical and systematic, respectively.

Particle Amplitude Phase (rad) Fraction (%)

Ta
cs̄0ð2900Þ0 0.223� 0.044� 0.048 −1.63� 0.31� 0.26 4.8� 1.1� 1.4

D�ð2010Þ− 2.78� 0.16� 0.49 −2.90� 0.11� 0.10 14.0� 1.5� 1.8
D�

2ð2460Þ 1 0 22.1� 1.1� 0.6
D�

1ð2600Þ 0.207� 0.046� 0.040 0.36� 0.24� 0.19 1.12� 0.55� 0.49
D�

3ð2750Þ 0.174� 0.046� 0.062 −2.67� 0.27� 0.15 0.40� 0.25� 0.31
D�

1ð2760Þ 0.209� 0.066� 0.072 0.22� 0.29� 0.27 0.83� 0.67� 0.64
D�

Jð3000Þ 0.72� 0.32� 0.61 1.24� 0.59� 0.72 0.09� 0.13� 0.16
Dπ S-wave 0.995� 0.067� 0.081 −0.983� 0.069� 0.077 39.5� 2.6� 2.9

TABLE VI. Amplitude, phase, and fit fraction of each component in the Bþ → D−Dþ
s π

þ fit result. The values are corrected for fit
biases. The first and second uncertainties are statistical and systematic, respectively.

Particle Amplitude Phase (rad) Fraction (%)

Ta
cs̄0ð2900Þþþ 0.139� 0.046� 0.037 −0.79� 0.37� 0.25 1.96� 0.87� 0.88

D�ð2007Þ0 2.76� 0.15� 1.11 −3.03� 0.10� 0.43 15.7� 1.5� 2.0
D�

2ð2460Þ 1 0 22.2� 1.1� 0.7
D�

1ð2600Þ 0.228� 0.050� 0.086 −0.01� 0.21� 0.42 1.37� 0.70� 1.29
D�

3ð2750Þ 0.110� 0.043� 0.042 3.17� 0.34� 1.64 0.14� 0.18� 0.17
D�

1ð2760Þ 0.089� 0.056� 0.207 −0.98� 0.78� 2.23 0.10� 0.33� 1.57
D�

Jð3000Þ 1.74� 0.34� 1.87 1.31� 0.32� 2.07 0.65� 0.27� 0.82
Dπ S-wave 1.276� 0.066� 0.093 −0.926� 0.063� 0.113 52.6� 3.1� 2.5

TABLE VII. Tested fit models and the corresponding ΔLL value.

ΔLL

Model B0 → D0Dþ
s π

− Bþ → D−Dþ
s π

þ

Default model (One Dþ
s π state (0þ) ) – –

Variation of Dþ
s π states

No Dþ
s π state −35 −23

One Dþ
s π state (1−) −8 −15

One Dþ
s π state (2þ) −27 −15

Two Dþ
s π states (0þ þ 0þ) 16 11

Two Dþ
s π states (0þ þ 1−) 11 7

Additional Dπ states
1− Dπ state 5 6
2þ Dπ state 15 8
3− Dπ state 6 9

Additional DDþ
s states

0þ DDþ
s state 15 6

1− DDþ
s state 12 9

2þ DDþ
s state 6 9
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B-meson decays in LHCb [63–65] with large yields. No
extra Dπ state is expected to be observed in this analysis,
which is consistent with the Dπ results in Table VII.
Additional DDþ

s exotic states with natural spin-parities are
also found to be disfavored, which is consistent with the
previous results [28–30], where only 1þ− Zcs states are
observed.

D. Results related to excited D states

With the Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states in place,
the excited D states are investigated. Some tension in
the measured mass of the D�

2ð2460Þ state between
inclusive results [8] and those obtained in amplitude fits
[58,62–64] was seen previously. The mass and width of the
D�

2ð2460Þ states in the two decays are also investigated.
The fit results in values of m0 ¼ ð2465.2� 1.0Þ MeV,
Γ0 ¼ ð38.7� 2.5Þ MeV for the D�

2ð2460Þ− state and
m0 ¼ ð2464.4� 1.2Þ MeV, Γ0 ¼ ð44.6� 2.8Þ MeV for
the D�

2ð2460Þ0 state. These results are in better agreement
with earlier measurements in amplitude analyses. However
they are also consistent with those obtained from inclusive
results within 3σ when only considering statistical
uncertainties [7].
The charged isospin partners of the D�

1ð2600Þ0 and
D�

Jð3000Þ0 states have not yet been observed, their signifi-
cances are estimated in the B0 → D0Dþ

s π
− decays based on

the default fit model by fixing their masses and widths to the
knownvalues [7] and assuming theD�

Jð3000Þ0 spin-parity to
be 4þ. The statistical significance of the D�

1ð2600Þ−, and
D�

Jð3000Þ− resonances is estimated to be 4.8σ and 2.2σ,
respectively. When the mass and width of the D�

1ð2600Þ−
resonance are allowed to vary in the fit, they are determined
to be m0 ¼ ð2640� 51Þ MeV, Γ0 ¼ ð122� 35Þ MeV
which are consistent with the default values. The masses
andwidths of theD�

Jð3000Þ− state cannot be determined due
to the limited sample size. While the significance of these
states is small they are still included in the default fit for a
conservative evaluation of the exotic contributions.

E. Search for D�
s0ð2317Þ0 and D�

s0ð2317Þ++ states

The nature of the D�
s0ð2317Þþ state is still in debate.

Some theoretical models interpret the D�
s0ð2317Þþ state as

an isoscalar ½cqs̄ q̄� tetraquark state, and suggest searching
for the isotriplet partners in theDþ

s π
þ andDþ

s π
− final states

[66–71]. The B0 → D0Dþ
s π

− and Bþ → D−Dþ
s π

þ decays
are ideal for such studies.
However, in Sec. VII C, additional Dþ

s π exotic states
with freely varying mass and width values, under different
spin-parity hypotheses, are found to be insignificant.
By assuming that the masses of the neutral and doubly
charged partners are the same as that of the D�

s0ð2317Þþ
state, the upper limit on fit fractions with three different
scenarios is evaluated. The first scenario is that the
natural width of the new D�

s0ð2317Þ state is ignored. A
Gaussian function is used to describe the line shape of the
new state, of which the width represents the detector
resolution. The second is that a Breit-Wigner function is
added to model the JP ¼ 0þ, Dþ

s π state, of which the
width is set to 3.8 MeV, the current upper limit on the
D�

s0ð2317Þþ width [7]. No resolution effect is considered.
The third is that an additional 0þ Dþ

s π Breit-Wigner
function, the width of which is set to be the same as the
Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states, is included in the fit
model. The upper limits on the fit fractions of neutral and
doubly charged D�

s0ð2317Þ with different hypotheses at
90% C.L., which are all less than 1%, are summarized in
Table VIII.

FIG. 9. Two-dimensional pull plots of the fits to (a) B0 → D0Dþ
s π

− and (b) Bþ → D−Dþ
s π

þ samples after including the Ta
cs̄0ð2900Þ0

and Ta
cs̄0ð2900Þþþ states.

TABLE VIII. Upper limit on the fit fractions of neutral and
doubly chargedD�

s0ð2317Þ with different hypotheses at 90% C.L.

Hypothesis B0 → D0Dþ
s π

− Bþ → D−Dþ
s π

þ

(1) 0.063% 0.025%
(2) 0.053% 0.137%
(3) 0.861% 0.595%
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F. Significances, spin analysis, and Argand plot

Pseudoexperiments are carried out to determine the
significance of the Ta

cs̄0ð2900Þ0 and Ta
cs̄0ð2900Þþþ states,

accounting for the look-elsewhere effect [30,72].
The pseudoexperiments use data generated according
to the fit results without the new Dþ

s π resonances, and
the yield of each generated sample follows a Poisson
distribution whose mean is the yield in the corresponding
dataset. The pseudodatasets are fitted with the model with
and without the Dþ

s π contributions. The difference in the
value of 2ΔLL between these two fits is obtained, and
fitted with a χ2 PDF. The distributions and fit results
are shown in Fig. 10 for the two decays. The numbers
of degrees of freedom after considering the look-else-
where effect are found to be 7.39� 0.17 and 6.93� 0.17
for the Ta

cs̄0ð2900Þ0 and Ta
cs̄0ð2900Þþþ states, respectively,

with the corresponding significances estimated to be 7.3σ
and 5.3σ. After accounting for the systematic uncertain-
ties discussed in Sec. IX, these are reduced to 6.6σ
and 4.8σ.

The spin-parity values for the Ta
cs̄0ð2900Þ0 and

Ta
cs̄0ð2900Þþþ states are also determined using pseudoex-

periments. For each decay, 500 pseudoexperiments are
generated based on the fit results with the 0þ Dþ

s π state
included, while another 500 pseudoexperiments are gen-
erated according to the fit results using a model assuming
the 1− spin hypothesis. Each pseudodataset is fitted in the
same way as for data. The 2ΔLL between the two fits is
calculated, and the distributions of 2ΔLL for the two sets of
pseudoexperiments are shown in Fig. 11. The 2ΔLL
distribution of the pseudoexperiments with the 1− Dþ

s π
hypothesis is fitted with a Gaussian function, and the
significance of the data disfavoring the 1− hypothesis is
evaluated to be 4.3σ for the Ta

cs̄0ð2900Þ0 state and 4.2σ for
the Ta

cs̄0ð2900Þþþ state when no isospin relationship is
imposed on the Dπ or Dsπ components.
The Argand diagrams [7] of the Ta

cs̄0ð2900Þ0 and
Ta
cs̄0ð2900Þþþ states are shown in Fig. 12. The Breit-

Wigner function follows a counterclockwise circular path
on the complex plane while contributions which are not

FIG. 10. Significance tests for the new Dsπ states in the (a) B0 → D0Dþ
s π

− and (b) Bþ → D−Dþ
s π

þ samples. The blue histogram is
the distribution of 2ΔLL and the red solid curve shows the fitted χ2 PDF. The red dashed and dotted lines are the 2ΔLL values
corresponding to 3σ and 5σ, and the purple solid line is the 2ΔLL measured in the data.

FIG. 11. Spin analysis of (a) B0 → D0Dþ
s π

− and (b) Bþ → D−Dþ
s π

þ decays. The blue solid and black dashed histograms are the
distributions of the 2ΔLL for the pseudoexperiments generated based on the fit results with 0þ or 1− Dþ

s π exotic state, respectively. The
purple vertical line shows the 2ΔLL value for the data fitted with the newDþ

s π exotic state under the JP ¼ 0þ and JP ¼ 1− hypotheses.
The red curve is the result of a fit to the black dashed histogram with a Gaussian function.
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genuine resonances are expected to have a different shape.
Seven spline points onMDþ

s π near the measured mass of the
Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states (m� 1.5Γ) are used
to model these regions instead of Breit-Wigner functions.
The complex parameters of all points are allowed to vary in
the fit. The fitted parameters of the spline points, together
with the Dþ

s π line shape are shown in Fig. 12. The spline
line shape shows similar behavior as the Breit-Wigner
distribution, which confirms the resonant character of the
two new exotic states.

G. Model-dependent results

Instead of modeling the Dπ S-wave with the QMI
description, the amplitude fit with a fully MD description
is carried out. In the MD description, the 0þ QMI model is
replaced by the RBWof the D�

0ð2300Þ component together
with a 0þ nonresonant component, while the parameters of
all the other resonances are set to be the same. The obtained
parameters of the Ta

cs̄0ð2900Þ0 and Ta
cs̄0ð2900Þþþ states are

summarized in Table IX and are consistent with those
determined using the QMI model, within statistical uncer-
tainties. Figures 13 and 14 show the fit results of the MD
description of the B0 → D0Dþ

s π
− and Bþ → D−Dþ

s π
þ

decays, respectively. The χ2=ndf is 79.1=44 for the B0 →
D0Dþ

s π
− decay and 114.7=44 for the Bþ → D−Dþ

s π
þ

decay. As a comparison, the Argand diagrams of the
MD and QMI 0þ Dπ components of the two decays are
shown in Fig. 15. The MD and QMI spline points after
2.2 GeV are in good agreement. These results serve to
validate the default fit.

VIII. SIMULTANEOUS Dπ FIT MODEL

In the default fit model, all known D�� states with
natural spin-parity [7] are included. However, their fit
fractions, except those of the D�

2ð2460Þ and D�
1ð2600Þ

states, are consistent with 0, as shown in Tables Vand VI.
Moreover, the parameters of the QMI 0þ Dπ spline points
in the higher Dπ mass region have large uncertainties due
to the smaller sample size. To improve the precision and
stability of the fit results, a simultaneous fit of the B0 →
D0Dþ

s π
− and Bþ → D−Dþ

s π
þ decays is performed, as the

two decays are related by isospin symmetry. In the
simultaneous fit, all complex parameters of the D�� states
are shared, except for the D̄�ð2007Þ0 and D�ð2010Þ−
states allowing for small isospin symmetry breaking
effects near the Dπ mass threshold. The simultaneous
fit results with only Dπ states are shown in Ref. [31].
The description of the mass spectra is consistent
with the separate fit as shown in Sec. VII A, which
supports the feasibility to perform simultaneous fit for the
two decays.
The fit results are shown in Fig. 16. As separate fit,

neutral, and doubly charged Dþ
s π states are needed to

describe the data well, where their parameters are set to be
different. The masses, widths, and fit fractions of the
Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states after considering
the systematic uncertainties and possible fit bias, which
are summarized in Tables X and XI, show good agreement
with the separate fit result, with significant improvement on
the relative statistical uncertainties. The total χ2=ndf is
evaluated to be 140.3=89.

FIG. 12. Argand diagrams of the (a) B0 → D0Dþ
s π

− and (b) Bþ → D−Dþ
s π

þ decays. Black dots show the line shape of the
Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ Breit-Wigner functions. The red solid line and blue error bars show the line shape and fit results of spline
0þ Dþ

s π model in Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ mass region.

TABLE IX. Masses, widths and fit fractions of the Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states obtained from the MD fit.

Model ΔLL Mass (GeV) Width (GeV) Fraction (%)

Ta
cs̄0ð2900Þ0 70.1 2.871� 0.012 0.135� 0.025 3.0� 0.5

Ta
cs̄0ð2900Þþþ 33.2 2.922� 0.014 0.161� 0.033 2.0� 0.5
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The ndf of the Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states in
the simultaneous Dπ fit model are evaluated to be 7.29�
0.18 and 8.57� 0.17 in the same way as described in
Sec. VII F, with the corresponding significances estimated
to be 9.0σ and 7.4σ, respectively. After accounting for the
systematic uncertainties discussed in Sec. IX, these are
reduced to 8.0σ and 6.5σ. The constraints on the Dπ
contributions using isospin symmetry lead to higher sig-
nificance, as expected.

To estimate the isospin-breaking effects between the
Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states, the mass difference,
ΔM ¼ MðTa

cs̄0ð2900ÞþþÞ −MðTa
cs̄0ð2900Þ0Þ, and width

difference, ΔΓ ¼ ΓðTa
cs̄0ð2900ÞþþÞ − ΓðTa

cs̄0ð2900Þ0Þ, are
evaluated to be 28�20�12MeV and 15� 39� 16 MeV,
respectively, where the first and second uncertainties are
statistical and systematic. The statistical uncertainties in
ΔM and ΔΓ are evaluated using pseudoexperiments to

FIG. 15. Argand diagrams of the MD and QMI 0þ Dπ components of the (a) B0 → D0Dþ
s π

− and (b) Bþ → D−Dþ
s π

þ decays. The red
solid line and blue error bars show the line shape and fit results of QMI 0þ Dπ spline model, while the black line is the line shape of the
MD 0þ Dπ component.

(a) (b)

FIG. 14. The MD description of the (a) MðD−πþÞ and (b) MðDþ
s π

þÞ distributions for the Bþ → D−Dþ
s π

þ decays.

(a) (b)

FIG. 13. The MD description of the (a) MðD0π−Þ and (b) MðDþ
s π

−Þ distributions for the B0 → D0Dþ
s π

− decays.
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(a) (b)

(c) (d)

FIG. 16. Fit result of simultaneous Dπ fit model, the (a) MðDπÞ and (b) MðDþ
s πÞ distributions of B0 → D0Dþ

s π
− decays after

including the Ta
cs̄0ð2900Þ0 state; the (c) MðDπÞ and (d) MðDþ

s πÞ distributions of Bþ → D−Dþ
s π

þ decays after including the
Ta
cs̄0ð2900Þþþ state.

TABLE X. Masses and widths of the Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states. The values are corrected for biases as
described in the text. The first and second uncertainties are statistical and systematic, respectively.

Particle Mass (GeV) Width (GeV)

Ta
cs̄0ð2900Þ0 2.892� 0.014� 0.015 0.119� 0.026� 0.013

Ta
cs̄0ð2900Þþþ 2.921� 0.017� 0.020 0.137� 0.032� 0.017

TABLE XI. Amplitude, phase, and fit fraction of each component in the simultaneousDπ fit model. The values are corrected based on
the results of pseudoexperiments. The first and second uncertainties are the statistical and systematic, respectively.

Particle Amplitude Phase (rad) B0 Fraction (%) Bþ Fraction (%)

Ta
cs̄0ð2900Þ0 0.139� 0.032� 0.028 −1.39� 0.26� 0.29 2.48� 0.67� 0.77 � � �

Ta
cs̄0ð2900Þþþ 0.143� 0.036� 0.031 −1.19� 0.29� 0.38 � � � 2.25� 0.67� 0.77

D�ð2007Þ0 2.65� 0.14� 1.06 −2.98� 0.07� 0.32 � � � 14.7� 1.3� 2.7

D�ð2010Þ− 2.94� 0.15� 0.49 −2.92� 0.07� 0.28 15.8� 1.3� 2.4 � � �
D�

2ð2460Þ 1 0 22.38� 0.88� 0.60 22.35� 0.91� 0.71
D�

1ð2600Þ 0.223� 0.033� 0.052 0.15� 0.16� 0.26 1.35� 0.40� 0.59 1.37� 0.42� 0.62
D�

3ð2750Þ 0.151� 0.031� 0.035 −2.81� 0.20� 0.57 0.31� 0.14� 0.17 0.31� 0.15� 0.17
D�

1ð2760Þ 0.121� 0.043� 0.164 −0.19� 0.35� 0.98 0.28� 0.25� 1.48 0.28� 0.26� 1.53
D�

Jð3000Þ 1.44� 0.24� 1.20 1.41� 0.23� 1.29 0.45� 0.16� 0.38 0.45� 0.16� 0.37
Dπ S-wave 1.141� 0.044� 0.081 −0.966� 0.044� 0.083 45.5� 2.1� 3.3 48.3� 2.2� 3.5
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account for the correlations, and some of the systematic
uncertainties are canceled. The masses and widths of the
two exotic states are consistent with each other within 1σ,
which confirms that they are related by isospin symmetry.
The full simultaneous fit, where the parameters of the

Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states are shared in the fit, is
also performed, and described in a separate Letter [31].

IX. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty fall into two
categories: experimental and those related to the amplitude
model. In the first category there are effects related to the
fixed signal yields of B candidates, the models of the
background distributions, and the signal efficiency com-
putation. Those arising from the amplitude model are
mainly due to the fixed parameters of the model. The total
systematic uncertainty is found by summing these in
quadrature.
The signal yields in the amplitude analysis are taken

from the results of the fits to the invariant mass distributions
of B candidates. To determine the systematic uncertainty,
the signal yield of each dataset is varied according to a
Gaussian distribution whose width corresponds to a signal-
yield uncertainty that includes uncertainties due to the
modeling of the invariant mass distribution. The amplitude
fit is repeated with the new signal yields and the rms value
of each fit parameter is taken as the systematic uncertainty.
Backgrounds are modeled using a Gaussian process

extrapolation method [60] according to sideband distribu-
tions. To evaluate the associated systematic uncertainty, the
background model is replaced by the result of a kernel
density estimation [45] applied to the Dalitz-plot distribu-
tions of the sideband samples. The deviations of the fit
parameters from the default result are taken as the asso-
ciated systematic uncertainties.
Knowledge of the signal efficiency variation over the

Dalitz plot is limited by four effects: uncertainty in the PID
response, trigger efficiency calibration uncertainties, signal
efficiency determination, and simulation sample size. The
systematic uncertainty due to the PID calibration is
estimated by regenerating the PID responses with a
perturbed kernel density estimation [45], extracting the
efficiencies, and repeating all the fitting procedures. For the
trigger efficiency calibration effect, a conservative system-
atic uncertainty is determined by repeating all the fitting
procedures with the signal efficiency maps without any
trigger efficiency correction. The systematic uncertainty
related to the signal efficiency determination is estimated
by performing the amplitude analysis with the efficiency
maps obtained using an alternative kernel density estima-
tion. The deviations of the fit parameters in each fit are
taken to be the systematic uncertainties.
The systematic uncertainty due to the limited size of the

simulated samples is determined by generating 200 sam-
ples following the bootstrap method [73], where the

simulated candidates after all the selection criteria are
allowed to be picked multiple times. The efficiencies are
then extracted from each bootstrapped sample and applied
in the amplitude analysis. The rms of each fit parameter in
these fits is taken as the systematic uncertainty.
The fixed parameters in the amplitude analysis include

the radius d in the Blatt-Weisskopf form factor, and the
parameters of the Dπ line shapes. The systematic uncer-
tainty associated to d is evaluated by setting d to 1.5 GeV−1

and 4.5 GeV−1. The largest difference compared to the
default results is assigned as the systematic uncertainty. The
fixedDπ parameters consist of the masses and widths of all
the D� states in Table III, the choice of the QMI spline
points, the constant q0 in the D�ð2007Þ0 state line shape,
and the spin hypothesis ofDJð3000Þ. The amplitude fits are
performed several times, with one or more parameters
changed. The fixed masses and widths of all the D� states
are allowed to vary one at a time in the fit but are
constrained by a Gaussian function within uncertainties
in their default values [7]. The positions of the QMI spline
points are chosen empirically in the default fit, and shifted
by �10 MeV in the amplitude analysis. The systematic
uncertainty from the number of the QMI spline points is
also explored by adding a new point at MðDπÞ ¼
2.35 GeV to try to improve the model description near
the D�

0ð2300Þ mass region, or by removing the point at
MðDπÞ ¼ 2.6 GeV as there is no 0þ Dπ state observed in
this region. The q0 of theD�ð2007Þ0 state is taken as the q0
of the D�ð2007Þ0 → D0π0 decay in the default fit, and
replaced by a value calculated from theD�ð2007Þ0 effective
mass [58]. The spin of theDJð3000Þ state is found to be 4þ
in the default fit, and altered to 2þ, the result measured in
Ref. [58]. The deviations of the results between each fit and
the default fit are summed in quadrature and taken as the
systematic uncertainty.
Possible fit biases are investigated using pseudoexperi-

ments, and used to correct the results. For each dataset, 500
samples are generated according to the default fit results,
where the yield of each is sampled from a Poisson
distribution whose mean value is the number of B candi-
dates in the corresponding dataset. The fit parameters of the
pseudodata are then extracted using the default fit model.
The residual distributions ðμpseudo − μdefaultÞ and pull dis-
tributions ðμpseudo − μdefaultÞ=σpseudo are extracted from the
pseudoexperiments and default fit result, and used to
correct the fit results. Here the μpseudo and σpseudo are the
mean values and uncertainties in the pseudoexperiments.
Both the residual distributions and pull distributions of each
parameter are fitted with a Gaussian function. The mean
value of the residual distribution from the Gaussian fit is
used to correct the mean value of the parameter, while the
width of the pull distribution is used to scale the statistical
uncertainty. The results are summarized in Tables IV, V, and
VI. The systematic uncertainties of the simultaneous Dπ fit
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are also evaluated in the same way, and summarized in
Tables X and XI.

X. CONCLUSION

Amplitude analyses of B0 → D0Dþ
s π

− and Bþ →
D−Dþ

s π
þ decays are performed for the first time using

LHCb pp collision data taken at center-of-mass energies of
7,8, and 13 TeV, corresponding to a total integrated
luminosity of 9 fb−1. In total, signal yields of 4009� 70

and 3750� 64 candidates are obtained from the B0 →
D0Dþ

s π
− and Bþ → D−Dþ

s π
þ decays, respectively.

When all known Dπ resonances with spin-parities of
1−; 2þ; 3−, and 4þ [7] are included, along with a QMI spline
model to describe the 0þ Dπ distributions, the results show
that the Dþ

s π invariant-mass distributions are not well
described. To improve the model description, a 0þ Dþ

s π
resonance is added to each decay mode. The masses and
widths of the two resonances are determined to be

Ta
cs̄0ð2900Þ0∶ M ¼ ð2.879� 0.017� 0.018Þ GeV;

Γ ¼ ð0.153� 0.028� 0.020Þ GeV;
Ta
cs̄0ð2900Þþþ∶ M ¼ ð2.935� 0.021� 0.013Þ GeV;

Γ ¼ ð0.143� 0.038� 0.025Þ GeV;

where the first uncertainty is statistical and the second
systematic. The significances, accounting for the look-
elsewhere effect and systematic uncertainties, of the exotic
Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states are 6.6σ and 4.8σ,
respectively.
A simultaneous Dπ amplitude fit assuming isospin

symmetry in the B0 → D0Dþ
s π

− and Bþ → D−Dþ
s π

þ
decays is also performed to provide better control on
the contributions from Dπ resonances, especially the
0þ Dπ spline model, and to improve the precision of the
measured parameters of exotic states. The masses and
widths of the two resonances in the simultaneousDπ fit are
measured to be

Ta
cs̄0ð2900Þ0∶ M ¼ ð2.892� 0.014� 0.015Þ GeV;

Γ ¼ ð0.119� 0.026� 0.013Þ GeV;
Ta
cs̄0ð2900Þþþ∶ M ¼ ð2.921� 0.017� 0.020Þ GeV;

Γ ¼ ð0.137� 0.032� 0.017Þ GeV;

with the significances evaluated to be 8.0σ and 6.5σ for the
Ta
cs̄0ð2900Þ0 and Ta

cs̄0ð2900Þþþ states, including systematic
uncertainties. The mass and width differences between
Ta
cs̄0ð2900Þþþ and Ta

cs̄0ð2900Þ0 are evaluated to be

ΔM ¼ ð28� 20� 12Þ MeV;

ΔΓ ¼ ð15� 39� 16Þ MeV;

based on simultaneous Dπ amplitude fit, and consistent
with zero. A simultaneous fit with the parameters of the
Dþ

s π exotic states shared is also performed and described in
a separate Letter [31]. All the results of the different fit
scenarios show good agreement.
This is the first observation of an isospin triplet of

manifestly exotic mesons with four different quark flavors.
The masses and widths of the two states are consistent with
the X0ð2900Þ and X1ð2900Þ states [3,4], but have an
opposite strangeness number. No hint of a DDþ

s structure
is observed in the analysis. With the significantly larger
data samples that will be collected by the upgraded LHCb
detector in the coming years, the nature of the isospin triplet
of exotic mesons, and the existence of the possible Dþ

s π
exotic states with JP ¼ 1− in the same region, will be
further explored.
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APPENDIX: MOMENTS ANALYSIS RESULTS

Moments analysis is useful to suggest possible resonant
structures in the decay. The formulation and the results are
provided in this section.
The Legendre polynomial of a certain order k, as

expressed in Eq. (A1), is used to weight the data,
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PkðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2kþ 1

2

r
2k

Xk
j¼0

xj
�
k

j

�� kþj−1
2

k

�
: ðA1Þ

For example, when focusing on the resonant structures of
the Dπ channel, the variable x in this case would be the
helicity variable in that decay chain, namely cos θDπ

D .
Therefore, the total amplitude modified by the order-k
Legendre polynomial can be expressed as

hYki ¼
XN
i¼1

wiPkðcos θDπ
D Þ; ðA2Þ

where wi is the original weight for the data point i.

By analytical calculation, the relationship between the
Legendre-weighted total amplitude hYki and combina-
tion of different orders of partial waves [58] can be
bridged. Considering the existence of partial waves with
the first J orders of orbital momentum, only hYki of k
up to 2J are nonzero. The weighted distributions can be
visualized on the M2ðDπÞ axis, which can be helpful to
distinguish the structures from different ordered partial
waves. The moments on the two axes, M2ðDπÞ,
M2ðDsπÞ, are shown up to the eighth order. The results,
which are shown in Figs. 17–20, are taken from the
separate fits to B0 → D0Dþ

s π
− and Bþ → D−Dþ

s π
þ,

where the data are background subtracted and efficiency
corrected.

FIG. 17. Moments analysis of B0 → D0Dþ
s π

− on M2ðD0π−Þ. The black points indicate the data, while the blue and red histogram
indicate the fit results without and with the Ta

cs̄0ð2900Þ states separately.
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FIG. 18. Moments analysis of B0 → D0Dþ
s π

− on M2ðDþ
s π

−Þ. The black points indicate the data, while the blue and red histogram
indicate the fit results without and with the Ta

cs̄0ð2900Þ states separately.
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FIG. 19. Moments analysis of Bþ → D−Dþ
s π

þ on M2ðD−πþÞ. The black points indicate the data, while the blue and red histogram
indicate the fit results without and with the Ta

cs̄0ð2900Þ states separately.
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