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Abstract

An amplitude analysis of B− → D−D0K0
S decays is performed using proton-proton

collision data, corresponding to an integrated luminosity of 9 fb−1, collected with the
LHCb detector at center-of-mass energies of 7, 8, and 13TeV. A resonant structure of
spin-parity 0+ is observed in the D0K0

S invariant-mass spectrum with a significance
of 5.3σ. The mass and width of the state, modeled with a Breit–Wigner lineshape,
are determined to be 2883± 11± 6MeV/c2 and 87+22

−47 ± 6MeV respectively, where
the first uncertainties are statistical and the second systematic. These properties
and the quark content are consistent with those of the open-charm tetraquark state
T ∗
cs0(2870)

0 observed previously in the D+K− final state of the B− → D−D+K−

decay. This result confirms the existence of the T ∗
cs0(2870)

0 state in a new decay
mode. The T ∗

cs1(2900)
0 state, reported in the B− → D−D+K− decay, is also

searched for in the D0K0
S invariant-mass spectrum of the B− → D−D0K0

S decay,
without finding evidence for it.
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Hadrons composed of more than three quarks, referred to in this Letter as exotic
states, play a unique role in understanding the confinement mechanism of the strong
interaction [1, 2]. In two decades of advances after the χc1(3872) discovery in 2003 [3], a
variety of exotic states has been experimentally observed. These include the charmonium-
like tetraquark Tcc1(3900)+ [4,5], tetraquarks with two or four charm quarks Tcc(3875)+ [6,7]
and Tcccc(6900)0 [8–10], respectively, and pentaquark P+

cc and P 0
ccs states [11–15]. In 2020,

two states T ∗
cs0(2870)0 and T ∗

cs1(2900)0, with spin-parity JP = 0+ and 1− respectively, and
minimum quark content csud, were observed by the LHCb collaboration in the D+K− final
state of the B−→ D−D+K− decay [16,17]. This was the first observation of manifestly
exotic hadrons with a single charm quark, opening a new avenue for understanding the
quark-binding mechanism. The existence of these states was confirmed in the D+K−

invariant-mass spectrum of the B− → D∗−D+K− decay [18]. Charged open-charm
tetraquarks were searched for in B0 → D+D−K0

S decays, but without any significant
signal [19]. Recently, two new open-charm tetraquarks T ∗

cs0(2900)0/++, with JP = 0+

and minimum quark content csud/csud, were observed in the D+
s π

∓ final state of the
B0 → D0D+

s π
− and B+ → D−D+

s π
+ decays [20, 21]. Charge conjugation of states and

decays is implied throughout this Letter.
Studies have been carried out to understand the nature and internal structure of the

T ∗
cs0(2870)0 and T ∗

cs1(2900)0 states, collectively referred to as T ∗0
cs states hereafter. They

can be interpreted as compact tetraquarks [22–29] or D(∗)K∗ hadronic molecules [30–37].
In either case, assuming isospin symmetry is respected, the T ∗0

cs states should decay to both
D+K− and D0K0 final states with similar rates [37,38], as the two systems have the same
minimum quark content. The two T ∗0

cs structures can also be explained as kinematically
generated singularities, originating from intermediate three-hadron loop diagrams [38]. In
this scenario, the T ∗0

cs structures produced in the B− → D−T ∗0
cs decay exhibit larger decay

rates into the D+K− final state than into the D0K0 final state [38]. Given the present
limited experimental inputs, it is still difficult to establish which interpretation is more
likely [39].

This Letter presents an amplitude analysis of the B−→ D−D0K0 decay, where the T ∗0
cs

resonances could be observed in the D0K0 final state, and the K0 meson is reconstructed in
the K0

S mass eigenstate. The analysis is performed using proton-proton (pp) collision data
collected by the LHCb experiment, corresponding to an integrated luminosity of 9 fb−1 at
center-of-mass energies of 7, 8 and 13 TeV. The LHCb detector [40, 41] is a single-arm
forward spectrometer covering the pseudorapidity range 2 < η < 5. The detector elements
that are particularly relevant to this analysis includes a silicon-strip vertex detector
surrounding the pp interaction region that allows c and b hadrons to be identified from
their characteristically long flight distance, a high-precision tracking system to measure
the momentum, p, of charged particles, and two ring-imaging Cherenkov detectors to
perform particle identification (PID) for charged hadrons. The online event selection of
B−→ D−D0K0

S decays is performed using 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.

In the offline analysis, B− candidates are selected by combining D−, D0 and K0
S

candidates. The D− and K0
S mesons are reconstructed in D−→ K+π−π− and K0

S→ π+π−

decays, respectively, while the D0 meson is formed according to either the D0→ K−π+ or
the D0→ K−π+π−π+ decay. The final-state tracks are required to be positively identified
as pions or kaons by the PID detectors, to have a large transverse momentum (pT) and
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to be well separated from any pp collision vertex (PV). The D−, D0 and K0
S candidates

should have reconstructed decay vertices of good fit quality and invariant masses consistent
with known values from Ref. [42]. The reconstructed decay vertex of the B− meson is
required to have a good fit quality and be significantly displaced from its associated PV,
defined as the PV which aligns best with the flight direction of the B− candidate. To
improve the experimental resolution on the reconstructed B− invariant mass, mD−D0K0

S
, a

kinematic fit to the whole decay chain is performed, with the D−, D0 and K0
S invariant

masses constrained to their known values [42] and the B− momentum constrained to point
back to its associated PV [43]. The background, dominated by random combinations of
D−, D0 and K0

S candidates, is further suppressed by a boosted decision tree (BDT) [44,45]
implemented in the TMVA toolkit [46]. The BDT classifier is trained using a sample
of simulated B−→ D−D0K0

S candidates as signal sample, and candidates with B− mass
exceeding 5500 MeV/c2 from data as background sample. Training variables include those
characterizing the decay topology, particle transverse momenta, vertex fit quality and
particle identification information for pions and kaons. The requirement on the BDT
classifier maximizes the figure of merit N2

S/(NS +NB)3/2 [16], where NS and NB represent
the signal and background yields in the signal region, which is defined as ±20 MeV/c2

around the known B− mass [42]. Possible physics backgrounds are investigated, notably
the B→ D∗D−K0

S decay with D∗→ D0π/γ, where the π/γ particle is not reconstructed,
and the B−→ D0K0

SK
+π−π− five-body decay. The former is shifted and well separated

from the B− signal, and the latter is suppressed to a negligible level by requiring that the
vertices of the D− and B− candidates are well separated.

A simulated sample of B−→ D−D0K0
S decays, generated with the software packages

described in Refs. [47–50], is used to model the effects of the detector acceptance and the
imposed selection requirements. The B− transverse momentum and rapidity distribution,
as well as the PID and trigger responses are weighted to match the data. The simulated
decays are subjected to the same reconstruction and selection procedures as the data.

In order to extract the yield of the signal decay mode, an unbinned extended maximum-
likelihood fit is performed to the mD−D0K0

S
distribution. The signal is described by a

combination of two Gaussian functions with a shared mean value. The combinatorial
background is modeled by an exponential function. The relative proportions of the two
Gaussian functions and the ratio of their widths are fixed to values obtained in the
simulated samples, while the remaining parameters are floated in the fit. The mD−D0K0

S

distribution is shown in Fig. 1(a), together with the fit results. In the signal region, the
yield and fraction of the B−→ D−D0K0

S signal decay are determined to be 1540± 40 and
fs = (92.6 ± 0.6)%, respectively.

The Dalitz plot of the B−→ D−D0K0
S decay, represented by the squared two-body

invariant masses m2
D−K0

S
and m2

D0K0
S
, is shown in Fig. 1(b) for candidates in the B− signal

region. The Dalitz-plot variables are calculated with the masses of B−, D−, D0 and K0
S

mesons constrained to their known values [42] and the B− momentum constrained to point
back to its associated PV [43]. Excited D−

s mesons, D∗−
sJ , are clearly visible in the low

m2
D−K0

S
region. An amplitude analysis is performed to investigate all resonance structures

in the B−→ D−D0K0
S decays. The total probability density function (PDF) is described

as the sum of those for the B− signal, Ps, and the combinatorial background, Pb, with the
signal fraction fs fixed to the value measured by the fit to the mD−D0K0

S
mass spectrum.

The PDF of the combinatorial background is determined using data in the mass region
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Figure 1: (a) Invariant-mass distribution of the B− candidates with the fit results also shown.
The blue dashed lines illustrate the B− signal region corresponding to a signal yield of 1540± 40
with a purity of (92.6± 0.6)%. (b) Dalitz plot of B− candidates within the signal region. The
red solid curve represents the kinematic boundary.

5350 < mD−D0K0
S
< 5565 MeV/c2. For the signal PDF, contributions from two interfering

decay sequences are considered: B−→ D∗−
sJ (→ D−K0

S)D0 and B−→ T ∗0
cs (→ D0K0

S)D−,
collectively denoted as B−→ R(→ ab)c. For each decay sequence, various D∗−

sJ or T ∗0
cs

components are investigated, and each component contributes to the decay with an
independent amplitude, MR(mab, θab|ω⃗), where θab is the angle between the momenta
of a and the B− in the R rest frame, and the mab variable is the invariant mass of the
ab system [21]. The set of free parameters ω⃗ includes the complex coupling for each
amplitude, and the masses and widths of unknown states. The distribution of candidates
in the Dalitz plane is proportional to the squared total amplitude defined as the coherent
sum of each amplitude determined by the helicity formalism [51]. Accounting for the
nonuniform experimental efficiency across the Dalitz plot, ϵ(mab, θab), the signal PDF is
determined to be

Ps(mab, θab|ω⃗) =
ϵ(mab, θab)

I(ω⃗)

∣∣∣∣∣∑
R

MR(mab, θab|ω⃗)

∣∣∣∣∣
2

,

where I(ω⃗) is a normalization factor, and the indexR runs over the considered contributions.
The efficiency is determined in bins of the Dalitz plot using simulated B−→ D−D0K0

S

decays. The log-likelihood is

lnL =
∑
j

ln
[
fsPs(m

j
ab, θ

j
ab|ω⃗) + (1 − fs)Pb(mj

ab, θ
j
ab)

]
,

where the j index runs over the number of the B− candidates in the signal region.
Maximization of lnL returns the estimated values of the unknown parameters.

The first model, used to fit the data, considers only resonant D∗−
sJ mesons and non-

resonant (NR) components in the D−K0
S channel. Resonances decaying strongly to two

pseudoscalar mesons can only have spin-parity JP in the natural spin-parity series: 0+,
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Figure 2: Mass distributions of (a) mD−K0
S
, (b) mD0K0

S
and (c) mD−D0 , together with the

fit projections with (thick blue) or without (dashed magenta) the T ∗
cs0(2870)

0 state. The
subcomponents correspond to the fit including the T ∗

cs0(2870)
0 structure.

1−, 2+, etc. Those with masses above the D−K0
S mass threshold, D∗

s2(2573)−, D∗
s1(2700)−

and D∗
s1(2860)−, are included in the fit. The invariant-mass distribution for each state is

modeled using a relativistic Breit–Wigner (RBW) function, where the Blatt–Weisskopf
radius is set to 4 (GeV/c)−1 [52], and the masses and widths are fixed to their known
values [42]. States with higher spin are less likely to be produced, and the effects of
their possible presence are considered as a source of systematic uncertainty. Besides
D∗−

sJ resonances, S-wave and P-wave NR contributions are needed to model the mD−K0
S

distribution, and described by an exponential and a uniform distribution, respectively.
The two-body invariant-mass distributions and projections of the amplitude fit are shown
in Fig. 2. With these contributions from D−K0

S components, the mD−K0
S

and mD−D0

distributions are well described. However, the mD0K0
S

distribution is not well modeled,

in particular around 2.9 GeV/c2. Alternative fits varying the D∗−
sJ model are performed,

including varying masses and widths of D∗−
sJ resonances within their uncertainties, chang-

ing the Blatt–Weisskopf radii, using the K-matrix parameterization [53] to describe the
spin-1 D−K0

S contributions, or adding higher spin D−K0
S resonances (e.g. D∗

s3(2860)−).
None of the approaches significantly improves the fit quality around mD0K0

S
= 2.9 GeV/c2.

Charmonium-like tetraquarks, T−
cc , decaying into the D−D0 final state are also considered

in the fit, but no significant signal is found.
The amplitude fit quality is improved by including a resonant contribution in the

D0K0
S final state, with the invariant-mass distribution modeled by a RBW distribution

with floated mass and width. Various JP assignments are tested, with the JP = 0+

giving the largest increase of the likelihood, with 2∆ lnL = 50.7. This additional state is
denoted as T ∗0

cs0 in the following. The mass and width of the T ∗0
cs0 state are determined

to be 2883 ± 11 MeV/c2 and 87+22
−47 MeV respectively, and the fit fraction (FF) of the

B− → T ∗0
cs0(→ D0K0

S)D− component in the total B−→ D−D0K0
S decay is (2.6 ± 1.2)%,

where all uncertainties are statistical. The FF is calculated as the ratio between the phase-
space integral of the squared amplitude for a single resonance to that of the total squared
amplitude. The detailed results of the fit parameters are summarized in Table 3 in the
End Matter. As shown in Fig. 2, for this configuration of the fit, all three invariant-mass
distributions are well modeled by the fit. This fit is considered as the nominal model of the
analysis. The significance of the T ∗0

cs0 state is evaluated with a likelihood-ratio test using
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Table 1: Summary of systematic uncertainties on the mass, width and fit fraction of the T ∗0
cs0

state observed in the B− → D−D0K0
S decay.

Source Mass [MeV/c2] Width [MeV] FF [%]

fs 0.9 1.7 0.06

Background PDF 0.6 2.1 0.09

Efficiency 0.6 3.2 0.11

Blatt–Weisskopf radii 1.2 0.6 0.02

D∗−
sJ masses and widths 4.0 1.7 0.01

Fit with D∗
s3(2860)− 0.3 2.5 0.05

D−–K0
S K-matrix model 5.0 2.1 0.04

Total 7 6 0.2

pesudoexperiments [16], to be 5.3 standard deviations (σ) after accounting for systematic
effects described later. If instead JP = 1− is set for the D0K0

S resonance (denoted as
T ∗0
cs1), its width is determined to be around 5 GeV and the increase of the likelihood is

only 2∆ lnL = 12.2. A fit, including two D0K0
S states (i.e. T ∗0

cs0 and T ∗0
cs1) with JP = 0+

and 1− respectively, has only a marginal improvement compared to the fit including only
the T ∗0

cs0 state. Therefore, the contribution of any T ∗0
cs1 state is not significant.

Various systematic uncertainties are considered for the mass, width and FF measure-
ments of the T ∗0

cs0 state, as summarized in Table 1. They are studied with alternative
models, and largest deviations are taken as the systematic uncertainties. The uncertainty
due to the B− signal fraction fs is studied by varying fs within its uncertainty. The
uncertainty due to the imperfect modeling of the background PDF in the amplitude fit
is studied by using data samples with varied BDT selections to construct the distribu-
tion. The uncertainty due to the efficiency takes into account the contributions from
residual mismodeling of the B− kinematics, PID and hardware-level trigger responses by
simulation, studied using alternative data-driven corrections. The uncertainty from the
Blatt–Weisskopf radii are studied by varying from the default values of 4 (GeV/c)−1 to 3
or 5 (GeV/c)−1. The uncertainties due to known D∗−

sJ masses and widths are studied by
floating these parameters in the amplitude fit with Gaussian constraints to known values.
An additional D∗

s3(2860)− state is included in the amplitude fit to test the variation of
the T ∗0

cs0 measurements. The D∗−
sJ model is also studied by using an alternative K-matrix

model to describe the spin-1 D−K0
S contributions. The total systematic uncertainties are

determined by combining all contributions in quadrature, and are found to be smaller
than the statistical uncertainties.

The mass, width and JP of the T ∗0
cs0 state measured in the D0K0

S mass spectrum of
the B− → D−D0K0

S decay are consistent with those of the T ∗
cs0(2870)0 state observed in

the D+K− mass spectrum of the B− → D−D+K− decay [16], making them likely to be
the same state. Under this hypothesis, alternative fits are performed constraining the
masses and widths of T ∗0

cs0,1 resonances to the known values of T ∗
cs0(2870)0 and T ∗

cs1(2900)0

states [42]. The fit fractions of the T ∗
cs0(2870)0 and T ∗

cs1(2900)0 states are measured to
be (2.6 ± 0.9 ± 0.5)% and (0.6 ± 0.6 ± 0.2)% respectively, where the first uncertainties
are statistical and the second systematic, and the systematic uncertainties include the
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Table 2: Measurements of the relative rates of decays into the D0K0
S and D+K− final states

for T ∗
cs0(2870)

0 and T ∗
cs1(2900)

0 states, RI(T
∗
cs0(2870)

0) and RI(T
∗
cs1(2900)

0), and the ratio of
relative fit fractions RFF(D

0K0
S/D

+K−). The first, second and third uncertainties are statistical,
systematic, and due to the external inputs of B− → D−D+K− and B− → D−D0K0

S branching
fractions, respectively.

Observable Result

RI(T
∗
cs0(2870)0) 3.3 ± 1.1 ± 1.1 ± 1.1

RI(T
∗
cs1(2900)0) 0.15 ± 0.15 ± 0.05 ± 0.05

RFF(K0K0
S/D

+K−) 0.044 ± 0.035 ± 0.020

sources listed in Table 1. The significance of the T ∗
cs0(2870)0 state is 6.4σ, while the

T ∗
cs1(2900)0 state alone has only a marginal significance of 1.8σ, with effects of systematic

uncertainties considered.
Isospin of genuine T ∗0

cs states in the DK invariant-mass spectrum can be either I = 0 or
1. In either case, isospin symmetry requires the relative widths between the T ∗0

cs → D0K0
S

and T ∗0
cs → D+K− decays to be RI(T

∗0
cs ) ≡ Γ(T ∗0

cs → D0K0)/Γ(T ∗0
cs → D+K−) ≈ 1. In ad-

dition, the ratio between the fit fractions of the T ∗0
cs1 and T ∗0

cs0 states in the B−→ D−D0K0
S

decay, RFF(D0K0
S) ≡ FF(T ∗0

cs1 → D0K0
S)/FF(T ∗0

cs0 → D0K0
S) is expected to approximate

that in the B− → D−D+K− decay, RFF(D+K−). Therefore the ratios RI(T
∗0
cs ) and

RFF(D0K0
S/D

+K−) ≡ RFF(D0K0
S)/RFF(D+K−) provide precise tests of the isospin sym-

metry. The relative widths RI(T
∗0
cs ) are calculated according to

RI(T
∗0
cs ) =

B(B− → D−D0K0)FF(T ∗0
cs → D0K0

S)

B(B− → D−D+K−)FF(T ∗0
cs → D+K−)

, (1)

where FF(T ∗0
cs → D0K0

S) and FF(T ∗0
cs → D+K−) [16] are the fit fractions of the

T ∗0
cs →D0K0

S and T ∗0
cs →D+K− components in the B−→ D−D0K0

S and B− → D−D+K−

decays, respectively, and B(B− → D−D0K0) and B(B− → D−D+K−) are the respective
branching fractions [42].

The quantities RI(T
∗0
cs ) and RFF(D0K0

S/D
+K−) are measured assuming the T ∗0

cs0,1

states observed in the B− → D−D+K− decay are also present in the B−→ D−D0K0
S

decay. As shown in Table 2, the relative rate for the T ∗
cs0(2870)0 decays, RI(T

∗
cs0(2870)0),

is consistent with the hypothesis of isospin invariance of a genuine state, although a
fairly large isospin violation can not be excluded at the current precision. However,
the relative rate for the T ∗

cs1(2900)0 decays RI(T
∗
cs1(2900)0) and the relative FF ratio

RFF(D0K0
S/D

+K−) are significantly smaller than unity, which indicates isospin violation
between T ∗

cs1(2900)0 decays. The violation can be explained if the T ∗
cs1(2900)0 structure is

caused by kinematic singularities of B− → D(∗)0D
(∗)−
sJ (→ D−K(∗)0) decays with final-state

rescattering or if the T ∗
cs1(2900)0 structure as a genuine state does not have a definite

isospin [38].
In conclusion, an amplitude analysis of the B−→ D−D0K0

S decay is performed, using
pp collisions at center-of-mass energies 7, 8 and 13 TeV collected by the LHCb detector,
corresponding to an integrated luminosity of 9 fb−1. A spin-0 open-charm tetraquark
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state, T ∗0
cs0, is observed in the D0K0

S final state for the first time, with a significance of
5.3σ. The mass and width of this state, and the fit fraction in the B−→ D−D0K0

S decay
are measured to be

M(T ∗0
cs0) = 2883 ± 11 ± 7 MeV/c2,

Γ(T ∗0
cs0) = 87+22

−47 ± 6 MeV,

FF(T ∗0
cs0 → D0K0

S) = (2.6 ± 1.2 ± 0.2)%,

where the first uncertainties are statistical and the second systematic. The mass, width,
spin-parity and flavor content are all consistent with those of the T ∗

cs0(2870)0 state
observed in the D+K− invariant-mass spectrum of the B− → D−D+K− decay [16]. No
significant T ∗0

cs states with JP = 1− or charmonium-like tetraquarks are observed in
the B−→ D−D0K0

S decay. With masses and widths constrained to known values, the
T ∗
cs0(2870)0 state is observed with a significance of 6.4σ in the B−→ D−D0K0

S decay,
while the T ∗

cs1(2900)0 state alone has a marginal significance of 1.8σ. Assuming T ∗
cs0(2870)0

and T ∗
cs1(2900)0 states to be genuine hadrons, a violation of isospin invariance between

the T ∗
cs1(2900)0 → D0K0 and the T ∗

cs1(2900)0 → D+K− decay rates is indicated. On the
other hand, the relative rate between the T ∗

cs0(2870)0 → D0K0 and T ∗
cs0(2870)0 → D+K−

decays is consistent with an isospin invariance at current experimental precision. The
study in this analysis helps to shed light on the nature of the T ∗0

cs0,1 states, in particular
on the resonance or kinematic singularity interpretations.
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End Matter

1 Amplitude fit results using the nominal model

The nominal amplitude fit results are summarized in Table 3.

Table 3: Fit results of the parameters in the amplitude fit using the nominal amplitude model.
The first uncertainty is statistical, and the second is systematic. The Re, Im, FF represent the
real and imaginary part of the helicity couplings and the fit fraction respectively.

Decay channel Parameter Fit result

B−→ D∗
s1(2700)−D0

Re 1 (fixed)
Im 0 (fixed)
FF 0.271 ± 0.029 ± 0.018

B−→ D∗
s2(2573)−D0

Re −0.043 ± 0.019 ± 0.042
Im −0.109 ± 0.019 ± 0.040
FF 0.0159 ± 0.0047 ± 0.0017

B−→ D∗
s1(2860)−D0

Re −0.30 ± 0.10 ± 0.05
Im 0.45 ± 0.10 ± 0.18
FF 0.060 ± 0.015 ± 0.009

B−→ NR (S-wave) D0

Re 1.17 ± 0.22 ± 0.27
Im −2.18 ± 0.17 ± 1.43

Slope 0.476 ± 0.033 ± 0.015 (GeV/c2)−1

FF 0.449 ± 0.030 ± 0.038

B−→ NR (P-wave) D0

Re 1.44 ± 0.15 ± 0.18
Im 0.21 ± 0.17 ± 0.08
FF 0.271 ± 0.034 ± 0.021

B−→ T ∗
cs0(2870)0D−

Re −0.12 ± 0.04 ± 0.04
Im 0.09 ± 0.05 ± 0.09
FF 0.0259 ± 0.0124 ± 0.0017

Mass 2883 ± 11 ± 7 MeV/c2

Width 87 + 22
− 47 ± 6 MeV

Total fit fraction 1.093 ± 0.026
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pUniversità di Padova, Padova, Italy
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