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Abstract

Resonant contributions in B — D'Dfn~ and BT — D~ Dfrnt decays are de-
termined 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~!. 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 Dgym decay channel.
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1 Introduction

The decays of b hadrons into final states involving two open-charm hadrons form a large
family of topologically similar processes that include many intermediate states such as
charmonia, highly excited D, states, and possible exotic hadrons. The Dalitz plot
distributions of B — DD~ K+ Bt — D°D°K* and B* — D*D~ K™ decays!' 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 D (2700)", the charmonium-like state
X0(3930), and the open-charm tetraquark state X ;(2900), were reported, prompting
many theoretical investigations into the internal structure of these states [5].

The decays BY — D™ Dfr* and B° — D°D}r~ 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 D7 resonances, and to test quantum chromodynamics (QCD)
predictions [6]. The D*(2007)°, D*(2010)™, D(2300), and D3(2460) mesons are already
well-established. The D3 (2600)° and D%(3000)° mesons were recently discovered 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 [§].
These states could also be explored in B — DD# decays. Figure (1| shows the Feynman
diagrams of the dominant tree-level amplitudes contributing to the two decays.

Studies of B — DDr decays also provide an excellent opportunity to search for
exotic hadrons decaying into the D¥7 and DD final states. The discoveries of the
D%,(2317)" 9] and Dy (2460)" [10] states prompted speculation that they may have
a tetraquark component [6,11]. No evidence for isospin partners has been found in
explicit searches [12,/13], but if they exist they should contribute to the B — DD#r
decays. The DO collaboration claimed evidence for an X (5568) state [14}[15], which
however was not confirmed by other experiments [16-19]. An open-charm tetraquark
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Figure 1: Feynman diagrams for the dominant tree-level amplitudes contributing to (a)
BY — DD} r~ and (b) Bt — D~ D}rt decays with intermediate D resonances; and nonres-
onant three body decays of (c) B — D’Df#n~ and (d) BT — D™D} =" decays.

!Charge conjugation is implied throughout this paper.



state with four different quark flavors, analogous to the X (5568) state, is predicted by
the diquark-antidiquark model [20,21], and can be investigated in D 7% final states.
In particular, the Df#n" channel presents an attractive potential according to lattice
QCD calculation [22], which can form a tetraquark resonance. Some theoretical studies
on the X ;(2900) state suggest searching for a potential doubly charged charm-strange
tetraquark candidate, together with its neutral isospin partner, in the D 7% [c5ud] and
D} rn~[c5ud) final states [23-28]. In addition, searches for possible DD} resonances are
well-motivated by the recent observations of the open-strange hidden-charm tetraquark
state Z.,(3985) decaying into D*DF + DD+ at BESIII [29,30], as well as the Z,(4000)
and Z.s(4220) states decaying into K.J/v¢ at LHCD [31].

In this paper, an amplitude analysis of BY — D~ D¥7" and B® — D°Df 7~ decays is
presented for the first time, revealing the contributions of D7 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 separate fit; a simultaneous fit of the B® — D°Df 7~
and BT — D™D}t decays, by assuming that all the D7 resonances in the two decays
are isospin-related, is denoted the simultaneous D7 fit; a simultaneous fit, in which all
the parameters of D7 states and potential Df 7 or DD resonances are shared between
the two decays, is called the full simultaneous fit. The separate fit and simultaneous
Dr fit are discussed in this paper, while the full simultaneous fit, which is considered
as the default result of this analysis, is described in Ref. [32]. The analysis is based on
pp collision data collected using the LHCb detector, corresponding to a total integrated
luminosity of 3 fb~! at center-of-mass energies /s = 7, 8 TeV, referred to as Run 1, and
6 fb~! at /s = 13 TeV, referred to as Run 2.

The paper is organized as follows. A brief introduction of LHCb detector and recon-
struction and simulation procedures is provided in Sec. [2] The event selection criteria are
shown in Sec. |3, and signal and background yields are determined in Sec. 4l The formalism
of amplitude analysis is summarized in Sec. [5] The signal efficiency and background
models in amplitude analysis are studied in Sec. [6] The separate fit result is presented in
Sec. E], while the result from simultaneous D fit is provided in Sec. . The systematic
uncertainties are evaluated in Sec. [ All the results are summarized in Sec. [10l

2 LHCDb detector and simulation

The LHCb detector [33,34] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5, designed for the study of particles containing b or
¢ quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4 Tm, and
three 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 (15 + 29/pr) um, where pr
is the component of the momentum transverse to the beam, in GeV. Different types of

2Natural units with & = ¢ = 1 are used throughout this paper.



charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors. Photons, electrons and hadrons are identified by a calorimeter system con-
sisting of scintillating-pad and preshower detectors, an 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 pr 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 pr > 1.6 GeV
and be inconsistent with originating from a PV. A multivariate algorithm [35,136] 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 [37,
38] with a specific LHCb configuration [39]. Decays of unstable particles are described
by EVTGEN [40], in which final-state radiation is generated using PHOTOS [41]. The
interaction of the generated particles with the detector, and its response, are implemented
using the GEANT4 toolkit [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** — D%+ D° — K=zt decays. For each
PID response of a track, the unbinned four-dimensional probability density functions
(PDF) for the data, pgata(x|pr, N, Nir), and for the simulated samples pgm (z|pr, 1, Ni:) are
extracted based on a kernel density estimation [45], where x is the PID response, pr and
7 are the transverse momentum and pseudorapidity of the track, and Ny, is the number of
tracks in the event. The cumulative distribution functions for the data Pya(x|pr, 17, Ni)
and for the simulated samples Py, (z|pr, n, Nip) are determined, and the corrected PID
response in the simulated samples is evaluated by transforming the x4y, into ., with

Lcorr — Pc;xia (Psim (xsim‘pTa 7, Ntr) |pT7 7, Ntr) . (1)

During the transformation, the Ny, 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 Ji) — ptp~ and
Bt — JipK™T decays collected concurrently with the data samples used for this analy-
sis [46/47]. The relative uncertainty on the momentum scale is 3 x 1074,

3 Selection

In LHCb, trigger decisions are associated with reconstructed particles. Selection require-
ments can therefore 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 B® — D°Df7~ and BT — D~ D{ 7" candidates are formed using
charged kaon and pion candidates, in which the D° candidates is reconstructed through
the D° - K*n~ and D° — K*n~n~ 7t decays, Dt through the D* — K~ntnt decays,
and D} through the Df — KTK 7" decays. The invariant mass of D7~ is required
to be larger than 2.05GeV in order to veto the contribution from the B® — D*~Df
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,
BY = D% Dir, B = Dy n it DFn~, and BY — D™D} rt decay.

Loose requirements on the p, pr, PID response, and minimum x? of the charged
tracks are first applied to improve track quality and remove tracks originating directly
from the pp collision. Here x% is defined as the difference in the vertex-fit 2 of a given PV
reconstructed with and without the considered track. To separate B and D(y) candidates
from random combinations of tracks directly produced in pp collisions, loose requirements
on the invariant mass and on the y? 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 x% for the considered B candidate. The quantity cosfy;, for a B candidate,
where fg;, 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] implemented in the TMVA toolkit [50]
is used to further suppress the combinatorial background. The BDT classifier depends
on the x% of the B, D, D, candidates and the final tracks, the x? of the B decay vertex
and its cos i, the PID response of all the final tracks, and the signed significance of the
separation of D, and B vertices parallel to the beam pipe (sZDﬁ;D). 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 [5500,6950] MeV. The
requirement on the BDT response is determined by maximising S?/ (S + B )%, where
the S and B are the expected signal and background yields in the signal mass window
|M(B) —m(B)| < 20MeV, which is 2.5 to 3 times wider than the mass resolution for the
different channels, where the M (B) and m(B) are the reconstructed and known masses
of the corresponding B meson [7], respectively.

Two kinds of misidentified (misID) backgrounds are vetoed through additional require-
ments. A background to the BT — D~ Dfn™ signal occurs at the mass threshold of the
Dfnt spectrum due to e™ — 7 misidentification. It is removed by a stringent requirement
on the PID response of the companion pion. For B® — D°Dfz~, B® - D’°D+ K~ and
AY — D°D#p decays, misID candidates are vetoed by tightening PID requirements of
the companion 7~ for candidates with invariant mass within +30 MeV of the B? or AY
mass [7], after replacing the mass hypothesis of the companion 7~ to K~ or p.

A track-swapped background is found to peak in the B signal region where the
7~ from D*~ in the B — D* D}, D*~ — Dz—, D — K*n~n 7" candidates is
swapped with a 7~ in the D° decays. As the momentum of the 7~ in D*~ decays is
almost zero in the D*~ rest frame, this type of background is removed by requiring
M(Kta~r~nt) — M(K+*r~7t) > 160 MeV in the D° decays, to veto those 7~ with
negligible momentum.

Backgrounds with the same final-state tracks but with one or even zero intermediate
charmed mesons, called non-double-charm (NDC) backgrounds, are suppressed by the



requirements on si?D. After the selection, the invariant mass distributions of all possible
two-body and three-body combinations of the final charged tracks in D, sideband samples
are further checked, and all the visible narrow structures, namely K*(892)°, ¢, D° D™
and D} particles, are vetoed, to further suppress the NDC backgrounds.

After applying the full offline selection, the D and D, masses are required to lie within
+15MeV 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 [51], 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 D; 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.

4 Signal yield determination

Figure[2]shows the invariant mass distributions of the B? and B* candidates in each dataset
after the application of the selection requirements. An extended unbinned maximum-
likelihood fit to the data in the mass range [5230,5630] MeV is used to extract the signal
and background yields, which are used later in the amplitude fit.

The total PDF comprises a signal PDF and an exponential function to describe the
distribution of combinatorial background. The signal PDF is a double-sided Crystal Ball
(DSCB) function [52] 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 background 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 D°D}n~ mode, an additional DSCB function is included in the fit model
to describe the singly Cabibbo-suppressed BY — D°D¥7~ contribution, whose yield is
determined from data. The width of the Gaussian kernel is shared with the B° signal
and the mean value jupo is defined as pigo + (m(BY) — m(B°)), where the ppo is the mean
value of the Gaussian kernel of the B signal PDF, and m(B°) and m(B?) are the known
masses of the BY and B? mesons [7]. The tail parameters are fixed to the same values as
the BY 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 [T, and Table [2] summarises the signal yields, the number of
candidates, and the purity inside the signal mass window used for the amplitude analysis.
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Figure 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.



Table 1: Results of the fit parameters of invariant mass fit to the data samples. The uncertainties

shown are statistical.

Decay Parameter Run 1 Run 2
Signal yield o87 £ 27 2641 £ 57

B — D% Dfn~ | BY signal 25.3+8.3 TT+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

—(3.08 £ 0.52) x 1073

—(2.98 +£0.29) x 1073

B — D%, Dfr~

Signal yield

B? signal
Background yield
Mean (MeV)
Width (MeV)
Exponential slope

185 £ 15

49+46

136 + 14

5277.98 + 0.70

8.01 % 0.59

—(2.56 + 0.90) x 102

759 £ 32

38 4+ 11

692 + 33

5278.79 + 0.34

7.72 4 0.33
—(3.034+0.41) x 1073

Bt — D Dfrn*

Signal yield
Background yield
Mean (MeV)
Width (MeV)
Exponential slope

798 + 30

311+ 21

5278.88 + 0.33

8.08 % 0.30
—(0.82+0.61) x 1073

3123 + 59
1201 = 40

5278.74 + 0.16

8.05 = 0.14

—(0.90 +0.31) x 1072

Table 2: 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
Signal yield 564 £26 2534 £ 55
B® — DY Dfrn~ | Total candidates | 633 2753
Purity 89.1% 92.1%
Signal yields 177 £14 734+ 31
B® — DY, Dfn~ | Total candidates | 199 835
Purity 88.9% 87.9%
Signal yield 766 +£29 2984 + 57
Bt — D™ D}rt | Total candidates | 797 3143
Purity 96.1% 94.9%




5 Analysis formalism

The amplitude formalism and fit method of three-body B — abc decays, where abc denotes
any sequence of D, DY and 7 states, is established in this Section.

5.1 Amplitude model

The amplitude of the three-body B — DD,m decays is constructed following the isobar
formalism [53-55], which is a coherent sum of quasi two-body amplitudes, either resonant
or nonresonant,

A(z;0) = ci - Ai(x;0;), (2)

where ¢; is a complex parameter for the ¢-th contribution that is determined from data, x
denotes variables calculated from the four-momenta of the final-state particles and ©; is a
set of parameters used to describe the i-th lineshape. The amplitude of the i-th quasi
two-body decay to a and b (a, b represent any pair of D, Dy, m mesons) is

Ai(w;0:) = T(0wp) - f(may; ©:), (3)

where T'(6,,) describes the angular distribution which depends on the spin J of the
intermediate resonant state R(ab). The helicity angle, 6,, is defined as the angle between
the R(ab) momentum direction in the B rest frame, and the momentum direction of a as
determined in the R(ab) rest frame. The definitions of T'(6,,) up to J = 4 are

;

1 J =0,
cos Oy J =1,
T(0ap) = 4 co8® Oop — 5 J =2, (4)
cos® 0, — gcos O J =3,
\COS4 Oap — 32 CO8% O + 2 J = 4.

The function f(M,,) is the lineshape of the R(ab) resonance where M, is the invariant
mass of the pair. The complex relativistic Breit-Wigner (RBW) function is used as the
default lineshape,

1

frew (M) = q(M)" F\(M, Ly) - p(M)"2 Fy(M, L) - m3 — M? — imol'(M)’

(5)

where p is the momentum of particle a in the rest frame of the resonance R(ab), and ¢
denotes the momentum of R(ab) in the B rest frame. The mass-dependent running width
is

F3(M, L), (6)

q(M) ) 2Lo+1 @

I'(M) =T, ( . 7

where mg and I'y are the mass and width of the resonance, respectively. The quantities
po and ¢y are these momenta evaluated when M = mg. The orbital angular momentum
between R(ab) and c¢ is denoted by L;, while Ly refers to the orbital angular momentum



between particles a and b. Conservation of angular momentum implies that L; = Ly = J.
The Blatt-Weisskopf form-factor [56] F'(M, L) is parameterized as

(1 L =0,
1422 (M) _
F(M,L) = s bl 7
( > ) - 9+322(M)+24(M) L =9 ( )
94322 +23 o
22544522 (M)+62%(M)+26 L=3
\ 225+4523+62(+25 -

where z(M) = pd, zo = pod, and d stands for the radial parameter, which is taken to be
3.0GeV ™! by default for all resonances.
Nonresonant (NR) contributions are parameterized using an exponential function,

fvr =exp [—a (M? —m2,,(Dr))], (8)

where « is the slope parameter that is allowed to vary in the fit, and m2,, (D7) = 4 GeV?
is an approximation of the M? (D) lower threshold.

The RBW functions do not provide an adequate description of overlapping resonant
states. Furthermore, the latest experimental [57] and theoretical [58] studies show that
a simple BW lineshape is not sufficient for the D}(2300) resonance. A quasi-model-
independent (qMI) parameterization [57] is used for the Dr S-wave, where the M (D)
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.

5.2 Maximum likelihood fit

The normalized PDF for the signal is expressed as

Pig™ (2;0) = [Si:(@)ﬁ(x)lfl (z:0) . (9)

The normalization factor, Iy, (©), which is obtained by integrating over the phase space
using simulated samples after full selection and thus including e(x) implicitly, can be
expressed as

> wilA(zy;0) 2
Zj Wy .

The signal efficiency, €(x), is obtained as described in Sec. |§| The wj, also described in
Sec. [6] 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

Lig (©) = (10)

PDF (:L‘; @) = fsigPI'lorm (:L‘; @) + fbkgpgllggrm(m)? (11)

sig

where fg, and fiie are the fractions of signal and background contributions, determined
from the fit to the m(D D) invariant mass distributions, and Fjoi™ (z) is the normalized
background PDF described in Sec. [6]



An amplitude fit is performed, minimising the unbinned negative log-likelihood

NLL=—-InL) InPDF(z;0). (12)

j
The signal efficiency map and background map are obtained separately for different
samples. For the B® — D°D#7~ decay, the different LHC Run (1 or 2) and reconstruction
channels (B® — DY+~ Dfn~, B® = D%+t D7) are fitted simultaneously. For
the Bt — D~ Dfzn* decay, the Run 1 and Run 2 datasets are simultaneously fitted.
Where isospin symmetry is imposed, the fit is performed simultaneously on all datasets.

The fit fraction JF; for a given contribution 7 is calculated from the fitted parameters,
Oy, and is defined as

[ eiAi(x; ©9,)|*da
[ JA(x; ©¢)2dx

F, = (13)

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

o J 2R (cicj A AS)da
Y [1A(@ ©0)Pde

Fy=1

(14)

and thus we have >, F; + >

1<j

6 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 coordinates are defined by

m/(Dm) = arccos <2 X % — 1) (15)
Mpr Dr
¢'(Dm) = 16 (D). (16)

Here m( D) is the invariant mass of the D7 combination, mB™ and m5>* are the kinematic

limits of m(D7) in B — DDgr decays, and (D7) is the D helicity angle.

The efficiency maps across the SDP are evaluated from the simulated samples by
kernel density estimation [45] and are shown in Fig. 8] The tracking efficiency and the
efficiency of the trigger requirements have been corrected using control samples in data.

The background distributions over the phase space are estimated using candidates
in the B mass sidebands between [5450, 6000] MeV for the B — D°D#7~ decays and
(5400, 6000] MeV for the BT — D~ D} n™ 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 [59] is applied to extrapolate the background Dalitz plot distribution
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. [dl The broad structures in the SDP
distributions are related to the accumulation of combinatorial background with low pion
momentum.

10
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Figure 3: Signal efficiency maps for the B® — D°D¥7~, D° — K* 7~ decays in (a) Run 1 and (b)
Run 2; B® — D'Dfn~, D° - K*7~n~ 7" decays in (c) Run 1 and (d) Run 2; BY — D~ D=+
decays in (e) Run 1 and (f) Run 2. White regions are caused by B — D*~ DY veto.

7 Amplitude analysis

Conventional resonances are only expected to decay to D7~ and D~ nt final states in
the B® — D°D}7n~ and the BY — D~D}r* decays, respectively. The straightforward
way to perform the amplitude analysis is by including all the Dm resonances with natural
spin-parity, as listed in Table |3| in the fit model. It is called a model-dependent (MD)
description. The result with the MD description is shown in Sec. The description of
the D S-wave distributions is improved by introducing a 07 D7 qMI description, which
accounts for both the broad spin-0 D states and nonresonant components. The result
with the qMI description is considered as the default, which is further discussed in this
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section.

7.1 Model including only D7 resonances

The basic fit model is defined by considering all known D** states with natural spin-
parity , as listed in Table 3| except for the broad D{(2300) state. Their masses and
widths are fixed to their default values. As described in Sec. a qMI description of the
Dr S-wave is used , with 11 spline points.? The first and last points are outside of the

31.9, 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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Table 3: Resonances expected in B — DD 7~ and BT — D™D} n" decays [7]. The masses
and widths of resonances marked with # are shared for both the charged and neutral isospin
partners.

Resonance J” Mass (GeV) Width (GeV) Comments

D*(2007)° 1~ 2.00685 + 0.00005 <2.1x107® Width set to be 0.1 MeV
D*(2010)~ 1~ 2.01026 = 0.00005 (8.34 4 0.18) x 1075

Dy(2300) 0t 2.343+0.010 0.229 4 0.016 ke
D3(2460) 2t 2.4611+0.0007  0.0473 4 0.0008 4
Di(2600)° 1~ 2.627 +0.010 0.141 4 0.023 #
Di(2750) 3~ 2.7631 + 0.0032 0.066 % 0.005 o
Di(2760)° 17 2781+ 0.022 0.177 4 0.040 <
D%(3000)° ?7  3.214+0.060 0.186 4 0.080 # JP = 4% is assumed

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 D*(2007)°
mass is lower than the D~7+ mass threshold, the gy value in Eq. [f] would be imaginary.
The g value in this case is taken as the value calculated from D*(2007)° — D°7° rather
than D*(2007)° — D~n* in the default model. The D*%(3000) state was first observed in
the D*~7t decay mode, and its spin has not been determined yet [8]. A similar structure
has been seen in B~ — Dfr~n~ decays [57], with J& = 2*. In this analysis different J*
hypotheses for the 5?}(3000) state are tested, either 17, 2%, 37, or 47. In each case its
mass and width are fixed to the corresponding default values [7]. The test results favor
JP = 4%, which is used as the default.

The fit results, where only D7 resonances are included and the two decays are considered
independently, are given in Figs. [5| and @ for B — D°D} 7~ and B* — D~ D}n* decays,
respectively. The B® — D%y Dfn~, B® — D%+t D7~ decays are combined
when plotting here and subsequently. A peaking structure at about 2.9 GeV is visible
in the M(D,r) distribution of each decay, and is not well described by the included
contributions. Furthermore, the addition of further D* states up to J* = 4% 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 (Ni, — Ng,)/4/ N, where the N, and N§, are
the number of signal candidates and number of expected candidates from the fit result.
The x?/ndf, where ndf is the number of degrees of freedom, is 78.2/31 for BY — D°D}r~

and 75.2/31 for Bt — D~ D}n", which also indicates the existence of a new resonance.

7.2 Model including D7 resonances

To improve the description of the M (D} 7) distributions for the two decays, an additional
D state is added to each decay, whose mass and width are free parameters, and different
J¥ assignments are tested. No relationship is assumed for the two D 7 states. Both states
with JE = 0% give the best description of the data, while the D7 states with the other
spin-parity are disfavored compared to the 0% hypothesis (see Sec. . The distributions
of M(Dfr~) in B — D°Dfn~ and M(DF#*) in B* — D~DfnT are shown in Fig. [§]
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B — DD} r~ candidates compared with the fit results with only D7 resonances.

where the two new D} resonances, which are named as T%;(2900)° and T:%,(2900)**
following the convention in Ref. [60], are evident.

In the M(Dfn~) and M(DIn*t) 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 T%,(2900)° and
T2%,(2900) " states are listed in Table 4 Fit fractions are given in Tables [f| and [6]
for BY — D'D#r~ and BY — D~ Df7" decays, respectively. These results include the
systematic uncertainties and corrections of fit bias, which are described in Sec. [9} The
amplitudes and phases of the complex coefficients of the resonant contributions, relative
to those of D%(2460), are also displayed in Tables |5 and |§| The two-dimensional pull
plots are given in Fig. |§| The x?/ndf is 43.2/31 and 63.0/31 for B* — D°Df7~ and
Bt — D™ D}nt decays, respectively. The distributions of Legendre polynomial weighted
moments, together with the fit results with and without 7'%,(2900)° and T:%,(2900)*"
states, are shown in Appendix [A} these also suggest the existence of the new exotic states.
The above model with a new 0% 7/%,(2900) is set as the default fit model.

cs0

7.3 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 D} 7 states with other spin-parity

14



%\ T T T T T 5 ]|) " T ] %\ I | | | | | |
® 250 LHCb i Background 3 LHCb
<t 1 —— Total fit g ot 20l 1 _
S o - Dieas0nr ] 9 fb-
= T §T(2600)0 D 2
i (a) T Diemordl 1 Jeor (b) ]
%) 150 D;’(2760)0 D ] >
% D(3000)° D % i
Sl gy D'007°Dy 1 Byl H i ]
-g 100 - —— D S-wave Dy ] _g
@) : *
50 - _ i |
0 A e : " " 0 A A e et ..
20 22 24 26 28 30 32 34 22 24 26 2.8 3.0 32 34
M(D-7+) (GeV) M(D; 7+) (GeV)
O LHCb
= -1
5 soF 91b i _
S
= (c) H ]
5 601 _
=
)
T 4or _
<
Q
20 - _
0 ik RSy

38 40 42 44 46 48 50 52
M(D~-Dy) (GeV)

Figure 6: Invariant mass distributions of the (a) M(D~x"), (b) M(Df#") and (¢) M (D~ DY)
for the Bt — D™D} #" candidates compared with the fit results with only D7 resonances.

Zuf g Zn z
11 [ a~
8" @ fT8 !
4‘5 10 :- :l: 10 F
Q 2 ot 2
T 9F T 9
E F E [
8k 0 8 F 0
B
-2 1 -2
6 _-
LHCb
-4 5 9fb14 W
2 o N iz | 1 P FEFETES B R AT A
5 6 7 8 9 10 5 6 7 8 9 10
M2D"x) (GeV?) M*(D-7*) (GeV?)
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D~ Dfn" samples.

hypotheses are tested. The NLL values are summarized in Table [7] It is clear that at
least one DI 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 D}
state also provides reasonably good description. The data are tested against the spin 0
and spin 1 hypotheses for the T%,(2900)" and T\%,(2900)* " states. The results are shown

C
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Table 4: Masses and widths of the T%,(2900)" and T%,(2900) ™" states. The values are corrected
for biases. The first and second uncertainties are statistical and systematic, respectively.

Particle Mass ( GeV) Width (GeV)
T%,(2900)° 2.879+0.017+£0.018 0.153 £0.028 £ 0.020
T%,(2900)tT  2.935+£0.021£0.013 0.143 +0.038 +0.025

in Sec. [7.6] and 0* is favored.

Secondly, the existence of extra Dm, Dfm and DD states with natural spin-parity
up to 37 is explored when including the 07 7%,(2900)" and T:%,(2900)** states. The
masses and widths of the additional resonances are allowed to vary freely in the fit. When
considering an additional spin-0 or spin-1 D7 state for each decay, the mass of the new
state converges near the Df 7 mass threshold. The resulting changes in the value of NLL
are insignificant and these states are not included in the default model.

The D states with natural spin-parities have been well investigated by the amplitude
analyses of B — D°r*r~ [61], BY — D~ntr* [57] and other topologically similar
B-meson decays in LHCD [62-64] with large yields. No extra Dr state is expected to be
observed in this analysis, which is consistent with the D7 results in Table [} Additional
DD} exotic states with natural spin-parities are also found to be disfavored, which is
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Table 5: Amplitude, phase, and fit fraction of each component in the B® — DD} 7~ fit result.
The values are corrected for fit biases. The first and second uncertainties are statistical and
systematic, respectively.

Particle Amplitude Phase (rad) Fraction (%)
T%,(2900)° 0.2234+0.0444+0.048 —1.63+ 0.31 +0.26 48+ 11 +£14
D*(2010 2.78+ 0.16 £0.49 —-2904+ 0.11 £0.10 14.0+ 1.5 £1.8

-
Dz (2460)
D*(2600)
Dz(2750)
D*(2760)
D*(3000)

Dr S-wave

1
0.207£0.046 £ 0.040
0.174 +£0.046 £ 0.062
0.209 £ 0.066 = 0.072

0.724+ 0.32 £0.61
0.995 £ 0.067 £ 0.081

0
0.36 + 0.24 +£0.19
—2.67%£ 0.27 £0.15
0.22+ 0.29 £0.27
1.24+£ 0.59 £0.72

221+ 1.1 £0.6
1.12+£0.55+0.49
0.40£0.25£0.31
0.83+£0.67£0.64
0.09£0.13%=0.16

—0.983£0.069+£0.077 39.5+ 2.6 £2.9

Table 6: Amplitude, phase, and fit fraction of each component in the B* — D~ DI #™" fit result.
The values are corrected for fit biases. The first and second uncertainties are statistical and

systematic, respectively.

Particle Amplitude Phase (rad) Fraction (%)
T%,(2900)*"  0.139+0.046+0.037 —0.79+ 0.37 £0.25 1.96+0.87+0.88
D*(2007)° 276+ 0.15 £1.11 —3.03£ 0.10 £0.43 15.74+ 1.5 £2.0
D3(2460) 1 0 2224 1.1 £0.7
D3(2600) 0.2284+0.000£0.086 —0.01+£ 0.21 £0.42 1.37+0.70+1.29
D% (2750) 0.1104+0.043 £ 0.042 317+ 034 £1.64 0.14£0.18+0.17
D1 (2760) 0.089£0.056 £0.207 —0.98+£ 0.78 £2.23  0.10£0.33£1.57
D%(3000) 1.744+ 0.34 £1.87 1.31+£ 0.32 £2.07 0.65+0.27£0.82
D7 S-wave 1.276 £0.066 £0.093 —0.926+£0.063+0.113 52.6£ 3.1 £2.5

MXD; ) (GeV?)

9fb‘1 .

8 9 10
M2DO7) (GeV2)

Pull
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Figure 9: Two-dimensional pull plots of the fits to (a) B — D’Df 7~ and (b) Bt — D~ Dfn+

samples after including the T\%,(2900)°

and 7%

(2900)*+ states.

cs0

consistent with the previous results [29H31], where only 17~ Z,, states are observed.
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Table 7: Tested fit models and the corresponding NLL value.

NLL

Model B - D°Dtr~ B* — D-Dirt

Default model

(One D state (07)) —3309 —3015
Variation of DI 7 states

No D state —3274 —2992
One D}r state (17) —3301 —3000
One D state (27) —3282 —3000
Two DI states (07+0T) —3325 —3026
Two DI states (07+17) —3320 —3022
Additional D7 states

17 Dr state —3314 —3021
2% Dr state —3324 —3023
37 D state —3315 —3024
Additional DD states

0" DD state —3324 —3021
1~ DD state —3321 —3024
2 DD} state —3315 —3024

7.4 Results related to excited D states

With the T1%,(2900)? and T'%,(2900)* states in place, the excited D states are investigated.
Some tension in the measured mass of the D3(2460) state between inclusive results [§]
and those obtained in amplitude fits [57,61H63] was seen previously. The mass and
width of the D}(2460) states in the two decays are also investigated. The fit results in
values of mg = (2465.2 + 1.0) MeV, I'y = (38.7 & 2.5) MeV for the D3(2460)~ state and
mo = (2464.4 + 1.2) MeV, Ty = (44.6 £+ 2.8) MeV for the D3(2460)° 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 3 ¢ when only considering
statistical uncertainties [7].

The charged isospin partners of the D7 (2600)° and D*%(3000)° states have not yet been
observed, their significances are estimated in the B — D°D} 7~ decays based on the
default fit model by fixing their masses and widths to the known values [7] and assuming
the D%(3000)° spin-parity to be 4%. The statistical significance of the D;(2600)~, and
D%(3000)~ resonances is estimated to be 4.8 ¢ and 2.2 0, respectively. When the mass
and width of the D7 (2600)~ resonance are allowed to vary in the fit, they are determined
to be my = (2640 £ 51) MeV, I'g = (122 + 35) MeV which are consistent with the default
values. The masses and widths of the D%(3000)~ 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.
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Table 8: Upper limit on the fit fractions of neutral and doubly charged D7,(2317) with different
hypotheses at 90% C.L.

Hypothesis BY — D'Dfr~ Bt — D Dfrn*

1) 0.063% 0.025%
(2) 0.053% 0.137%
(3) 0.861% 0.595%

7.5 Search for D*,(2317)° and D?*,(2317)"* states

The nature of the D?,(2317)% state is still in debate. Some theoretical models interpret
the DZ%,(2317)" state as an isoscalar [cq5q| tetraquark state, and suggest searching for the
isotriplet partners in the Df 7+ and D7~ final states [65-70]. The B® — D°D#r~ and
Bt — D™ D}nt decays are ideal for such studies.

However, in Sec. additional D7 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?,(2317)" 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}, (2317) state is ignored. A
Gaussian function is used to describe the lineshape 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 J* = 07, Dfr state, of which the width is set to 3.8 MeV, the current upper
limit on the D¥,(2317)% width [7]. No resolution effect is considered. The third is that an
additional 0% D} 7 Breit-Wigner function, the width of which is set to be the same as
the 7%,(2900)° and T%,(2900)" states, is included in the fit model. The upper limits
on the fit fractions of neutral and doubly charged D%,(2317) with different hypotheses at
90% confidence level (C.L.), which are all less than 1%, are summarized in Table [§]

7.6 Significances, spin analysis and Argand plot

2,(2900)° and
T%,(2900)*" states, accounting for the look-elsewhere effect [31],71]. The pseudoexperi-
ments use data generated according to the fit results without the new D7 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 Df 7 contributions. The difference in the value of 2ALL between these
two fits is obtained, and fitted with a y* 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-elsewhere effect are found to be 7.39 4+ 0.17 and 6.93 & 0.17 for the T7%;(2900)? and
T%,(2900)*" states, respectively, with the corresponding significances estimated to be
7.30 and 5.30.
The spin-parity values for the 7%,(2900)° and T%,(2900) ™" states are also determined
using pseudoexperiments. For each decay, 500 pseudoexperiments are generated based on
the fit results with the 0T D state included, while another 500 pseudoexperiments are

generated according to the fit results using a model assuming the 1~ spin hypothesis. Each

Pseudoexperiments are carried out to determine the significance of the T'%
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Figure 11: Spin analysis of (a) B® — D°D}7~ and (b) B* — D~ D}r* decays. The blue
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generated based on the fit results with 07 or 17 D7 exotic state, respectively. The purple
vertical line shows the 2ALL value for the data fitted with the new Dfr exotic state under

the J¥ = 0% and J” = 1~ hypotheses. The red curve is the result of a fit to the black dashed
histogram with a Gaussian function.

pseudodataset is fitted in the same way as for data. The 2ALL between the two fits is
calculated, and the distributions of 2ALL for the two sets of pseudoexperiments are shown
in Fig. The 2ALL distribution of the pseudoexperiments with the 1= D7 hypothesis
is fitted with a Gaussian function, and the significance of the data disfavoring the 1~
hypothesis is evaluated to be 4.3 ¢ for the T%,(2900)° state and 4.2 ¢ for the T%,(2900)*"
state when no isospin relationship is imposed on the Dm or Dym components.

The Argand diagrams [7] of the 7%,(2900)° and T%,(2900)™ " states are shown in

Fig. [I2 The Breit-Wigner function of the exotic state on the complex plane forms a
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circular shape. Meanwhile, seven spline points on Mp+ near the measured mass of the
T%,(2900)° and T%,(2900) " states (m =+ 1.5I") 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 D lineshape are shown
in Fig. (12l The spline lineshape shows similar behavior as the Breit—Wigner distribution,

which confirms the resonant character of the two new exotic states.

7.7 Model-dependent results

Instead of modeling the Dm S-wave with the qMI description, the amplitude fit with
a fully model-dependent (MD) description is carried out. In the MD description, the
0t gMI model is replaced by the RBW of the D{(2300) component together with a
0" nonresonant component, while the parameters of all the other resonances are set
to be the same. The obtained parameters of the 7%;(2900)° and T%,(2900)™" states
are summarized in Table [9] and are consistent with those determined using the qMI
model, within statistical uncertainties. Figures [I3]and [I4] show the fit results of the MD
description of the B® — D°D#r~ and B* — D~ D#n+ decays, respectively. The x?/ndf
is 79.1/44 for the B® — D°Df 7~ decay and 114.7/44 for the BY* — D~ Df7" decay. As
a comparison, the Argand diagrams of the MD and qMI 0" Dm components of the two
decays are shown in Fig. The MD and gMI spline points after 2.2 GeV are in good
agreement. These results serve to validate the default fit.
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Table 9: Masses, widths and fit fractions of the T%,(2900)° and T4

25(2900) " states obtained
from the MD fit.

Model ANLL Mass (GeV) Width (GeV) Fraction (%)
Te,(2900)°  —70.1 287140012 0.135+0.025 3.0+05
T%,(2900)t  —33.2 2.922+0.014 0.161 £0.033 2.0£0.5
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Figure 13: The MD description of the (a) M (D% ) and (b) M(D{n~) distributions for the
B — DD} 7~ decays.
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Figure 14: The MD description of the (a) M (D~ 7") and (b) M(DF =) distributions for the
Bt — D™ Dfrt decays.

8 Simultaneous D7 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 D3(2460) and D7i(2600) states, are
consistent with 0, as shown in Tables [ and [f} Moreover, the parameters of the qMI 0F
D spline points in the higher D7 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 B® — D°Df 7~ and B* — D~ Df7" decays is performed, as the two decays
are related by isospin symmetry. In the simultaneous fit, all complex parameters of the
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and (b) Bt — D~ D}r" decays. The red solid line and green error bars show the linehape and
fit results of qMI 0T D7 spline model, while the black line is the lineshape of the MD 0% Dr
component.

D** states are shared, except for the D*(2007)° and D*(2010)~ states allowing for small
isospin symmetry breaking effects near the D7 mass threshold. The simultaneous fit
results with only D7 states are shown in Ref. [32]. The description of the mass spectra
is consistent with the separate fit as shown in Sec. which supports the feasibility to
perform simultaneous fit for the two decays.

The fit results are shown in Fig. [I6] As separate fit, neutral and doubly charged
D states are needed to describe the data well, where their parameters are set to be
different. The masses, widths and fit fractions of the T%,(2900)° and T\%,(2900)™ states
after considering the systematic uncertainties and possible fit bias, which are summarized
in Tables [10[ and show good agreement with the separate fit result, with significant
improvement on the relative statistical uncertainties. The total x?/ndf is evaluated to be
140.3/89.

The ndf of the T%,(2900)° and T%,(2900)" states in the simultaneous D fit model
are evaluated to be 7.29 &+ 0.18 and 8.57 & 0.17 in the same way as described in Sec. [7.6]
with the corresponding significances estimated to be 9.0 0 and 7.4 o, respectively. The
constraints on the D7 contributions using isospin symmetry lead to higher significance,
as expected.

To estimate the isospin-breaking effects between the T

cs0
states, the mass difference, AM = M (T2

¢0(2900) FF
@ (2900)+F) — M(T%,(2900)°), and width differ-
ence, A" = I'(T'%,(2900)*+) — I'(T%,

(2900)°), are evaluated to be 28 + 20 & 12 MeV and
15 4+ 39 £ 16 MeV, respectively, where the first and second uncertainties are statistical and
systematic. The statistical uncertainties in AM and AT are evaluated using pseudoex-
periments to 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 1o, which confirms that they are related by isospin symmetry.

The full simultaneous fit, where the parameters of the T%;(2900)% and T/%,(2900)**

states are shared in the fit, is also performed, and described in a separate Letter [32].

(2900)° and T
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Figure 16: Fit result of simultaneous Dr fit model, the (a) M (D) and (b) M (D7) distributions
of B — DD} 7~ decays after including the 7%,(2900)° state; the (c) M (Dn) and (d) M (D)

distributions of B* — D™D} x" decays after including the T%,(2900)*" state.

Table 10: Masses and widths of the T%;(2900)° and T%,(2900)" " 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)
T,(2900)° 2.892+0.014+£0.015 0.11940.026 £0.013
T2,(2900)+*  2.921+£0.017+0.020 0.137£0.032 £0.017

9 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 computation. 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 modelling

24



Table 11: Amplitude, phase and fit fraction of each component in the simultaneous D7 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) BY Fraction (%) BT Fraction (%)
T%,(2900)° 0.139£0.032£0.028 —1.39+ 0.26 +£0.29 2.48£0.67£0.77 -
T%,(2900)"+ 0.143+0.036 £0.031 —1.194+ 0.29 +0.38 - 2.25+0.67£0.77

D*(2007)0 2.65+ 0.14 £1.06 —2.98£ 0.07 £0.32 - 147+ 1.3 £2.7

D*(2010)~ 294+ 0.15 £0.49 —2.92+£ 0.07 £0.28 158+ 1.3 £24 -

D3(2460) 1 0 22.38£0.88+0.60 22.35+£0.914+0.71

D3 (2600) 0.223 £0.033 £ 0.052 0.154+ 0.16 £0.26 1.354+0.40+0.59 1.37£0.424+0.62

D} (2750) 0.151£0.031£0.035 —2.814+ 0.20 +£0.57 0.31+£0.144+0.17 0.31+£0.15+0.17

D5 (2760) 0.1214+£0.043+0.164 —0.194 0.35 £0.98 0.28+£0.25£148 0.28+£0.26+£1.53

(

D*(3000) 144+ 0.24 £1.20 141+ 0.23 £1.29 0.45£0.16£0.38 0.45+£0.16£0.37
D7 S-wave 1.141+£0.044 £0.081 —0.966+0.044+£0.083 455+ 2.1 £3.3 48.3+ 2.2 £3.5

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 modelled using a Gaussian process extrapolation method [59] ac-
cording to sideband distributions. 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 distributions of the sideband samples. The deviations of the fit parameters
from the default result are taken as the associated 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 systematic 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 estimation. 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 de-
termined by generating 200 samples following the bootstrap method [72], 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 D7 lineshapes. The systematic uncer-
tainty associated to d is evaluated by setting d to 1.5GeV ™! and 4.5GeV . The largest
difference compared to the default results is assigned as the systematic uncertainty. The
fixed Dm parameters consist of the masses and widths of all the D* states in Table |3 the
choice of the gMI spline points, the constant gy in the D*(2007)° state lineshape, and
the spin hypothesis of D;(3000). The amplitude fits are performed several times, with
one or more parameters changed. The fixed masses and widths of all the D* states are

25



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 +10MeV in the amplitude analysis. The
systematic uncertainty from the number of the qMI spline points is also explored, by
adding a new point at M (D7) = 2.35GeV to try to improve the model description near
the D;(2300) mass region, or removing the point at M (D7) = 2.6 GeV as there is no 0F
D state observed in this region. The go of the D*(2007)° state is taken as the gy of the
D*(2007)° — D°7° decay in the default fit, and replaced by a value calculated from the
D*(2007)° effective mass [57]. The spin of the D;(3000) state is found to be 4T in the
default fit, and altered to 2%, the result measured in Ref. [57]. 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 pseudoexperiments, 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 candidates in the corresponding dataset. The fit parameters of the
pseudodata are then extracted using the default fit model. The residual distributions
(Hpseudo — HMdefaurt) and pull distributions (ppsendo — Hdefault)/Tpseudo are extracted from
the pseudoexperiments and default fit result, and used to correct the fit results. Here
the fipseudo and Opsendo 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 [4] 5] and
[0l The systematic uncertainties of the simultaneous D fit are also evaluated in the same

way, and summarized in Tables [10] and [11}

10 Conclusion

Amplitude analyses of B® — D’Df7~ and B* — D~ D}n*t 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=!. In total, signal
yields of 4009 & 70 and 3750 + 64 candidates are obtained from the B — D°Df7~ and
Bt — D™ D}nt decays, respectively.

When all known D resonances with spin-parities of 17,273 and 4% |7] are included,
along with a qMI spline model to describe the 07 D7 distributions, the results show
that the D7 invariant-mass distributions are not well described. To improve the model
description, a 07 D} 7 resonance is added to each decay mode. The masses and widths of
the two resonances are determined to be

T%,(2900)" : M = (2.879 4+ 0.017 £ 0.018) GeV,
[ = (0.153 £ 0.028 4 0.020) GeV,

(2900)"* : M = (2.935 £ 0.021 £ 0.013) GeV,

[' = (0.143 + 0.038 £ 0.025) GeV,

Ta

c50

where the first uncertainty is statistical and the second systematic. The statistical signifi-
cance, accounting for the look-elsewhere effect, of the exotic T%;(2900)° and T%,(2900)*"

c50 c50
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states are estimated to be 7.3 ¢ and 5.3 o, respectively. After considering all the systematic
uncertainties they become 6.6 and 4.8 o.

A simultaneous D7 amplitude fit assuming isospin symmetry in the B® — D°Df7~
and Bt — D™D}z decays is also performed to provide better control on the contributions
from D7 resonances, especially the 0T D spline model, and to improve the precision of
the measured parameters of exotic states. The masses and widths of the two resonances
in the simultaneous D fit are measured to be

T%,(2900)° : M = (2.892 4+ 0.014 + 0.015) GeV,

' =(0.119 + 0.026 £ 0.013) GeV,

T%,(2900)F : M = (2.921 + 0.017 = 0.020) GeV,

I'=(0.137+0.032 £ 0.017) GeV,
with the significance evaluated to be 8.0 and 6.5 0 for the T%,(2900)° and T/%,(2900)",
considering systematic uncertainties. The mass and width differences between T'%,(2900) "+

and T¢

c50

(2900)° are evaluated to be

AM = (28 4 20 + 12) MeV,
AT = (154 39 + 16) MeV,

based on simultaneous D7 amplitude fit, and consistent with zero. A simultaneous fit
with the parameters of the DI exotic states shared is also performed, and described in a
separate Letter [32]. 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
X0(2900) and X(2900) states [3,4], but have an opposite strangeness number. No hint of
a DD} 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 DI 7 exotic states
with J¥ = 17 in the same region, will be further explored.
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Appendix

A 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. [17] is used to weight

the data,
Ok 11, <~ [k [ Rt
P.(x) = oF x]<)( 2 ) 17

For example, when focusing on the resonant structures of the D7 channel, the variable x
in this case would be the helicity variable in that decay chain, namely cos §57. Therefore,
the total amplitude modified by the order-k Legendre polynomial can be expressed as

(Vi) =Y w;P(cos 077, (18)

=1

where w; is the original weight for the data point i.

By analytical calculation, the relationship between the Legendre-weighted total am-
plitude (Y}) and combination of different orders of partial waves [57] can be bridged.
Considering the existence of partial waves with the first J orders of orbital momentum,
only (Yx) of k up to 2J are nonzero. The weighted distributions can be visualized on the
M?(Dr) axis, which can be helpful to distinguish the structures from different ordered par-
tial waves. The moments on the two axes, M?(Dm), M?(D,r), are shown up to the eighth
order. The results, which are shown in Figs. and 20} are taken from the separate
fits to B® — D°D¥7~ and B* — D~ D} r*, where the data are background-subtracted
and efficiency-corrected.
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Figure 17: Moments analysis of B — D°Df 7~ on Mp,_—. The black points indicate the data,
while the blue and red histogram indicate the fit results without and with the 7'%,(2900) states
separately.
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Figure 19: Moments analysis of Bt — D~ Dfn" on Mp-.+. The black points indicate the
data, while the blue and red histogram indicate the fit results without and with the T%,(2900)
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