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An amplitude analysis of the Ds1 2460 Ds p p transition is performed simultaneously in
B0 D Ds p p , B D0Ds p p , and B0 D Ds p p decays. The study is based on a data sample
of proton-proton collisions recorded with the LHCb detector at centre-of-mass energies of s 7,8,
and 13TeV, corresponding to a total integrated luminosity of 9fb 1. A clear double-peak structure is
observed in the m p p spectrum of the Ds1 2460 Ds p p decay. The data can be described either
with a model including f 0 500 , f 0 980 , and f 2 1270 resonances, in which the contributions of f 0 980
and f 2 1270 are unexpectedly large, or with a model including f 0 500 , a doubly charged open-charm
tetraquark state Tcs and its isospin partner T0

cs. If the former is considered implausible, the Tcs states
are observed with high significance, and the data are consistent with isospin symmetry. When imposing
isospin constraints between the two Tcs states, their mass and width are determined to be
(2327 13 13) MeV and (96 16 170

23 ) MeV, respectively, where the first uncertainty is statistical
and the second is systematic. The mass is slightly below the DK threshold, and a spin-parity of 0 is
favoured with high significance.
© 2025 The Authors. Published by Elsevier B.V. and Science China Press. This is anopenaccess article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Since the observation of the Ds0 2317 and Ds1 2460 mesons
in 2003 [1,2], their nature has been discussed extensively but with-
out a firm conclusion [3–12]. The Ds0 2317 and Ds1 2460
masses are much lower than the expectation in the quark model
[13–15]. The observed degeneracy between the masses of the

charmed mesons (D0 2300 0 and D1 2430 0) and the charmed-
strange mesons (Ds0 2317 and Ds1 2460 ) in the 0 1 dou-
blet [16], indicates that the Ds0 2317 and Ds1 2460 states prob-
ably have nontrivial internal structure.1 Due to their relatively
small masses, their decays to D K states are forbidden, resulting
in total widths of a few MeV or less [17] and substantial branching
fractions for the isospin-violating decays to Ds p0 final states2. The
isospin-conserving decay, Ds1 2460 Ds p p , also occurs at a
sizeable rate [17,18]. Theoretical calculations predict a double-
bump lineshape in the p p invariant-mass spectrum in this decay
if the Ds1 2460 meson is a D K hadronic molecule [19].

The LHCb collaboration recently reported the observation of

two neutral tetraquark states, labelled Tcs0 2900 0 and
Tcs1 2900 0, in B D D K decays [20,21]3. Later, LHCb also
observed a doubly charged tetraquark and its neutral partner,

labelled Tcs 2900 and Tcs 2900 0 with I JP 1 0 where I

denotes the isospin of the particle, in B DDs p decays [22,23].

The proximity of the masses of these states to the D K threshold

suggests that they might be D K bound states [24–26]. Further-
more, recent theoretical work suggests that the multiplet including

Tcs 2900 Tcs 2900 0 and Tcs0 2900 0 tetraquarks could be the
radial excitation of a lighter multiplet containing the Ds0 2317 state
[27]. If so, scalar DK bound states with isospin 1 near the DK thresh-
old are also expected and the relationship between this triplet and
the Ds0 2317 state needs further clarification [28]. This motivates
the study of three-body Ds1 2460 decays to investigate the poten-
tial existence of Dsp structures that may couple to the DK channel.
Such research could shed new light on the internal structures of
the Ds0 2317 and Ds1 2460 mesons.

In this paper, the results from a combined amplitude analysis of
the Ds1 2460 Ds p p transition in B0 D Ds p p
B D0Ds p p and B0 D Ds p p decays are presented. The
study is based on a data sample of proton-proton (pp) collisions
recorded with the LHCb detector at centre-of-mass energies of
s 7 8 and 13 TeV, corresponding to a total integrated

luminosity of 9fb 1. The use of fully reconstructed B-meson decays
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allows kinematic constraints on the decay chain to be applied,
which improves the resolution, suppresses background contribu-
tions and enables the determination of the quantum numbers that
affect the decay amplitudes.

2. Detector and simulation

The LHCb detector [29,30] is a single-arm forward spectrometer
covering the pseudorapidity range 2 g 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 4Tm, 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. The minimum dis-
tance of a track to a primary pp collision vertex (PV), the impact
parameter (IP), is measured with a resolution of 15 29 pT lm,
where pT is the component of the momentum transverse to the
beam, in GeV. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors.

In this analysis, the online selections include hardware and soft-
ware triggers. The hardware trigger criteria are satisfied by energy
deposits in the calorimeter associated with the signal candidate
decay. The software trigger requires a two-, three- or four-track
secondary vertex with significant displacement from any primary
pp interaction vertex. In general, at least one charged particle must
have a transverse momentum pT 1 6 GeV and be inconsistent
with originating from a PV.

Simulation is required to determine the detector efficiency
(which includes the detector acceptance and selection require-
ments). In the simulation, pp collisions are generated using PYTHIA

[31,32] with a specific LHCb configuration [33]. Decays of unstable
particles are described by EVTGEN [34], in which final-state radia-
tion is generated using PHOTOS [35]. The interaction of the generated
particles with the detector, and its response, are implemented
using the GEANT4 toolkit [36,37] as described in Ref. [38]. The
underlying pp interaction is reused multiple times using REDECAY

[39], with an independently generated signal decay for each
interaction.

3. Selection

The intermediate Ds1 2460 D Ds D0 and D mesons are
reconstructed through the following decays:
Ds1 2460 Ds p p D D0p Ds K K p D0 K p
and D K p p . The charged K and p candidates are formed
from well-reconstructed tracks that are inconsistent with originat-
ing from any PV, with particle identification information consistent
with the corresponding mass hypothesis. The Ds D0 and D can-
didates are required to have good vertex quality and significant
displacement with respect to all PVs. Combinatorial background
is suppressed with requirements on the outputs of trained boosted
decision tree (BDT) classifiers [40–43], which take as input trans-
verse momentum, tracking, vertexing and particle identification
variables. Each BDT classifier is trained with simulated D mesons
from B decays as signal and combinatorial background from mass
sideband regions in data. The mass of the reconstructed candidates
must be within 15MeV of the corresponding known mass4. The
Ds1 2460 and D candidates are formed from combinations of
4 Unless otherwise specified, known values of particle properties are taken from
Ref. [16].
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charged pions with Ds and D0 candidates, respectively, where the
combined vertices must be of good quality and displaced from all
PVs. The mass difference between the D candidate and its D0 decay
product is required to be less than 150MeV. The reconstructed
Ds1 2460 candidate mass must be less than 2700MeV for the fit
to the m Ds p p invariant-mass distribution used to determine
the signal and background yields, and must be within 10 MeV of
its known value for the subsequent amplitude fit.

The B candidates are formed by combining a D and a
Ds1 2460 candidate, and requiring a well-reconstructed vertex
which is displaced from all PVs. The momentum vector of each B
candidate is required to point back to the PV where it is hypothe-
sised to have been produced, referred to hereafter as the associated
PV. The reconstructed B-meson mass is required to be within

20MeV of its known value. For the B D0Ds1 2460 signal
channel, an additional requirement that the D0p invariant-mass
be larger than 2020MeV is applied to veto potential D back-
ground contamination. After applying the selection criteria, around
5% of the remaining events contain more than one B candidate; in
these cases, only one is kept randomly.

Kinematic fits [44] are used at different stages of the data anal-
ysis. By default, the B candidate is constrained to have originated
from the associated PV. When considering the B-candidate mass
distribution, further constraints on the masses of the D and Ds

candidates to their known values are applied. For the invariant-
mass fit described in the next section, in addition to the above con-
straints, the B-candidate mass is fixed in the kinematic fit to its
known value to improve the Ds1 2460 mass resolution. Finally,
an additional Ds1 2460 mass constraint is applied in the fit used
to obtain the four-momenta of the final-state particles for the
amplitude analysis. This is valid since the small Ds1 2460 width
[17] has negligible impact on the analysis.

4. Invariant-mass fit

Them Ds p p invariant-mass spectra for the three signal chan-
nels after all selection criteria are shown in Fig. 1. Clear Ds1 2460
signals are observed in all three channels, together with a smoothly
varying combinatorial background and a small contribution from
Ds1 2536 Ds p p decays. Extended unbinned maximum-
likelihood fits the data, where the lower bound is the kinematic
threshold mDs

2mp , are performed to extract signal and back-

ground yields for the subsequent amplitude fit. The Ds1 2460
and Ds1 2536 components are modelled by relativistic Breit-
Wigner (RBW) functions [16] convolved with a common Gaussian
function to account for experimental resolution. The Ds1 2460
Breit–Wigner mass and width are free to vary in the fit while the
Ds1 2536 parameters are fixed to their known values. The width
of the Gaussian resolution function is shared between the
Ds1 2460 and Ds1 2536 components and is allowed to vary in
the fit. The combinatorial background is modelled by an ARGUS
function [45] with the fixed kinematic threshold of 2247MeV and
the shape parameter governing the slope is free to vary in the fit.

The fit results for the three signal channels are shown together
with the data distributions in Fig. 1. The signal and background
yields inside the signal region, defined to be 5MeV around the
Ds1 2460 known mass, are summarised in Table 1. In total
around 800 signal events are obtained.

5. Amplitude analysis formalism

The amplitudes of the signal decays are expressed using the
helicity formalismwith an isobar approach [46–48], where the total



Fig. 1. Invariant-mass distributions for the Ds1 2460 candidates in the three signal channels (black dots with error bars) shown with the fit model (solid lines). The coloured
region shows the combinatorial background.

Table 1
Estimated signal and background yields inside the Ds1 2460 mass window, together
with the signal fractiona.

Channel Signal yield Background yield Signal fraction (%)

B0 D Ds p p 305 20 22 1 93 2 0 4

B D0Ds p p 279 18 24 1 92 2 0 5

B0 D Ds p p 205 14 4 1 98 0 0 2

a Note that the extrapolation of the background yield into the signal window
allows uncertainties on the yields (N) to be smaller than N.
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amplitude is a coherent sum of quasi-two-body amplitudes. The
Blatt-Weisskopf factor in the amplitudes is fixed to 3 0GeV 1 in
the amplitude fit. Each resonant lineshape is modelled by a RBW
function, if not specified otherwise. The f 0 980 state is modelled
by a modified Flatté function [49,50], with its parameters fixed
according to Refs. [50,51]. The K-matrix model suggested in Refs.
[52,53] is used as an alternative pp S-wave lineshape. Due to the
small phase space available in Ds1 2460 Ds p p decays, the
accessiblem pp range is limited and the analysis has little sensitiv-
ity to the parameters related to the K K 4p gg and gg coupled
channels; such parameters are fixed to zero in the fit.

An alternative model for pp lineshapes, based on the assump-
tion of the Ds1 2460 meson being a compact or a molecular state
[19] and hereafter referred to as the chiral dynamics model, is also
tested. This model includes separate compact and molecular com-
ponents, each obtained using a two-dimensional interpolation of
the cos h1 (defined below) andm p p distributions from the data
points provided in Ref. [19], with relative fractions set by a param-
eter that is determined in the fit.
1434
Another K-matrix model based on the scattering length approx-
imation, considering DK and Dsp coupled-channel effects, is used
as a possible lineshape to describe Tcs states. Details of this model
can be found in the review of resonances in Ref. [16] and also in
Ref. [54]. The scattering K-matrix is parameterised as

K
c b

b c2
1

where c is proportional to the scattering length in the elastic DK
channel, b describes the coupling to the inelastic Dsp channel, and
c2 includes the possible interaction in the Dsp channel. The line-
shape for the Dsp decay is

f K-matrix b2qDK ic2 icqDK 1
b2qDKqDsp icqDK 1 ic2qDsp 1

2

and the scattering length is

a
1

8p sthr
c ib2qDsp sthr 3

where sthr mD mK
2, and qDK Dsp denotes the dimensionless

phase-space term. The parameter c2 is fixed to zero in the ampli-
tude fit, since there is little sensitivity to it in the channels under
study.

An unbinned maximum-likelihood fit is performed simultane-
ously to the three signal channels. The negative log-likelihood
function for each channel is defined as

lnL
i data

ln f sigPsig ni K 1 f sig Pbkg ni K 4
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where f sig denotes the signal fraction in the signal region, deter-

mined from the m Ds p p fit described previously. The term
Psig stands for the signal probability density function (PDF) for can-
didate i at position ni in phase space,

Psig ni K
A ni K

2

A n K 2e n dn
5

where K denotes the set of parameters to be determined in the fit to
data. Here, A is the total amplitude and e n denotes the efficiency
variation over the phase space, which is determined from simulated
samples after applying simulation corrections on the tracking and
trigger efficiencies, obtained using control samples [55,56]. The
masses and widths of the considered resonances and their coupling
constants are shared between the three channels. The background
PDF Pbkg ni K is estimated using events in the m Ds p p side-
bands 2247 2440 MeV and 2560 2660 MeV, and is described
using kernel density estimation [57].

The results of the amplitude analysis are expressed in terms of
fit fractions. The fit fraction Fi for resonance i is calculated based on

the fitted values of the parameters K, and is defined as

Fi

Ai n K 2dn

k

Ak n K 2dn
6

where Ai n is the contribution to the amplitude from resonance i.
The interference between any two components i and j Fij, is quan-
tified as

Fij

2Re AiAj n K dn

k

Ak n K 2dn
7

6. Amplitude fit

Fig. 2 shows the distributions of selected candidates in the
m Ds p m p p and /1 cos h1 planes, combining the

B0 D Ds1 2460 and B D0Ds1 2460 channels. These four
variables fully describe the dynamics of the two included decays,
while in the B0 D Ds1 2460 case two additional angles related
to D decays are necessary, making it inappropriate to combine
Fig. 2. Distributions of selected candidates in the (a) m Ds p m p p plane and
channels. The blue solid line in (a) denotes the boundary of the Ds1 2460 Ds p p Da
are applied.
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the three distributions. The variable h1 is the helicity angle of the
R pp resonance in Ds1 2460 Ds R pp decays and /1 is the
angle between the decay planes of Ds1 2460 Ds R pp and
R pp p p decays. Complete definitions of the angles are
shown in Fig. S1 in the Supplementary material. Efficiency-
corrected one-dimensional projections onto each of the phase-
space variables, includingm Ds p which is expected to be consis-
tent with m Ds p due to isospin symmetry, are shown in Figs. S2
and S3 in the Supplementary material. The data cluster in three
phase-space regions, two of which are seen as a double bump in
the m Ds p distribution when requiring m p p 0 39GeV,
as shown in Fig. 3(c) for example. The corresponding distributions
for B0 D Ds1 2460 decays and projections on the efficiency-
corrected m p p m Ds p cos h1 and /1 distributions for the
three channels are shown in the Supplementary material.

In the Ds1 2460 Ds p p decays, conventional quark-
antiquark resonances are only possible in the pp channel. There-
fore, models with only pp resonances are attempted first.

A summary of the relative negative log likelihoods (DNLLs) for
different models containing only pp resonances is given in the
upper section of Table 2. When considering only pp resonance
contributions, two models give the best description of the data
without adding nonsignificant resonant contributions. One con-
tains the f 0 500 f 0 980 and f 2 1270 states, and the other
describes the pp S-wave with a K-matrix component and includes
an additional f 2 1270 resonance. The projections onto
m p p m Ds p and m Ds p requiring m p p 0 39GeV
for the first model are shown in Fig. 3. The corresponding
m p p m Ds p and /1 cos h1 distributions are shown in
Fig. S5 in the Supplementary material. The inclusion of the
f 2 1270 component is necessary to obtain good agreement with
the data. The fits with models excluding this component have
much higher DNLL values, as seen in Table 2. The inclusion of a

q 770 0 component leads to a small improvement in DNLL, but this
is insignificant bearing in mind the change in the number of free
parameters of the fit.

Although these models give reasonable descriptions of the data
across the Ds1 2460 Ds p p phase space, there are several
reasons to doubt their credibility as physical descriptions of the
decay amplitude. Firstly, there is a large contribution from the
f 2 1270 resonance, despite the fact that the kinematic upper limit
(b) /1 cos h1 plane, combining the B0 D Ds1 2460 and B D0Ds1 2460
litz plot. Background contributions are not subtracted and no efficiency corrections



Fig. 3. Comparison between data (black dots with error bars) and results of the fit with the f 0 500 f 0 980 f 2 1270 model (red solid line). The distributions are for the
three channels combined in (a) m p p , (b) m Ds p , and (c) m Ds p requiring m p p 0 39GeV. Individual components, corresponding to the background
contribution estimated from m Ds p p sideband regions (gray-filled) and the different resonant contributions (coloured dashed lines), are also shown as indicated in the
legend.

Table 2
Relative negative log likelihoods (DNLL) and numbers of fit parameters for all tested
modelsa.

Model DNLL Number of fit parameters

Chiral dynamics 177 8 5
K-matrix pp S-wave 249 0 6
f 0 500 f 0 980 245 2 8

f 0 500 f 0 980 q 770 0 148 0 12

f 0 500 f 0 980 f 2 1270 3 7 12

f 0 500 f 0 980 f 2 1270 q 770 0 2 8 16

K-matrix pp S-wave f 2 1270 5 9 10
f 0 500 RBW Tcs 0 3 5 10

f 0 500 K-matrix Tcs 0 0.0 10

f 0 500 f 0 980 RBW Tcs 0 3 0 12

f 0 500 q 770 0 RBW Tcs 0 1 1 14

f 0 500 f 2 1270 RBW Tcs 0 4 3 14

f 0 500 RBW Tcs 1 62 9 12

a The DNLL value is calculated with the model f 0 500 K-matrix Tcs 0 as
reference. Smaller values of DNLL correspond to better fits. The upper section is for
models containing only pp resonances, while the lower section is for models with
Tcs contributions.
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of m p p is around mf 2 1270 4 Cf 2 1270 , where mf 2 1270 and
Cf 2 1270 are the known f 2 1270 mass and width. Such a large con-
tribution from the tail of a lineshape is barely plausible. A similar
argument applies to the f 0 980 contribution. Secondly, the model
including both f 0 500 and f 0 980 components requires large
destructive interference to generate the observed m p p struc-
tures, with the total fit fraction summing to 413 66 %. While
1436
large interference effects are inevitable in an amplitude analysis
with broad components overlapping in a small phase space, the
dramatic effects seen here are markedly different from what is
seen in pp S-waves in other processes [51,58–64]. Furthermore,
as shown in Table 3, the fitted value of the f 0 500 mass, and to
a lesser extent also that of its width, are different fromwhat is seen
in other processes [16].

In addition to the results shown above, some fits with the
f 0 500 f 0 980 and f 2 1270 states converge to another solution
with a similar DNLL value. This solution, however, has a very large
interference between the f 0 500 and f 0 980 resonances leading
to unstable results. This solution also finds the f 0 500 mass to
be even smaller (around 190MeV) and the f 0 500 width larger
than 700MeV. It is not discussed further.

Due to these unsatisfactory aspects of the fit results for models
containing only p p resonances, models with additional exotic
states decaying to Ds p , referred to as Tcs and T0

cs states, are con-

sidered. In all cases, both the Tcs and T0
cs isospin partners are

included, and by default their coupling constants, masses and
widths (or parameters b and c for the K-matrix model) are con-
strained to be the same following isospin symmetry.

As seen in the lower section of Table 2, models with only
f 0 500 and Tcs states with spin-parity JP 0 give approximately
as good descriptions of the data as the best (but, as discussed
above, arguably implausible) models without Tcs states. Two possi-
ble Tcs lineshapes, RBW and K-matrix, are considered and give sim-
ilar fit quality. The projections of the fit results are given in Figs. 4
and 5. The corresponding plots in the m2 p p m2 Ds p and
/1 cos h1 planes with the RBW and K-matrix models are shown



Table 3
Summary of fit results for different models described in detaila).

Model Resonance Mass (MeV) Width (MeV) Fractions (%)

f 0 500 f 0 980 f 2 1270 f 0 500 376 9 16 175 23 16 197 35 23
f 0 980 945.5 167 187 38 43
f 2 1270 1275.4 186.6 29 2 1

f 0 500 RBW Tcs 0 f 0 500 464 23 14 214 28 8 199 42
47 39

Tcs T0
cs

2312 27 11 264 46 21 126 27
17 20

f 0 500 K-matrix Tcs 0 f 0 500 474 30 18 224 23 16 248 40
54 39

Tcs T0
cs

2327 13 13 96 16 23 156 27
38 25

a Values quoted without uncertainties are taken from previous measurements [16,51] and are fixed in the fits. The two sources of uncertainty are statistical and systematic.
For the models containing Tcs states the quoted fit fraction is the value for each of the isospin partners, and the quoted Tcs mass and width parameters are the pole mass and
width.

Fig. 4. Comparison between data (black dots with error bars) and results of the fit with the f 0 500 RBW Tcs 0 model. The distributions are for the three channels
combined in (a) m p p , (b) m Ds p , and (c) m Ds p requiring m p p 0 39GeV. Individual components, corresponding to the background contribution estimated
from m Ds p p sideband regions (gray-filled) and the different resonant contributions (coloured dashed lines), are also shown as indicated in the legend.
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in Figs. S6 and S7, respectively, in the Supplementary material. A
second solution with similar DNLL is also obtained, but is quite
unstable and therefore is not discussed further.

As seen from the large fit fractions in Table 3, fits with these
models have similarly large destructive interference effects as in
models without the Tcs states. It may also be noted that the fitted
f 0 500 mass and width values are now in better agreement with
previous measurements [16]. The mass of the Tcs states is compa-
rable between the RBW and K-matrix models but a large variation
in the width is found. For the K-matrix model, the c2 parameter in
Eq. (1) is fixed to 0 as it is expected that the coupling to the Dsp
channel is weak. Values of b 153 12 and c 259 21 are
obtained, from which the scattering length is calculated to be
0 86 0 07 0 44 0 07 i fm, incompatible with the value pre-

dicted in Ref. [65]. The mass and width of the K-matrix model
1437
given in Table 3 are calculated in the second Riemann sheet and
are also different from those predicted in Ref. [66]. When allowed
to vary freely in the fit, c2 47 41 is obtained, consistent with
the expectation of zero, while b 133 16 and c 244 17
are consistent with the values obtained when c2 is fixed to 0. The
Argand diagrams [16] for the RBW and K-matrix descriptions of
the Tcs lineshape are shown in Fig. 6, and are seen to be consistent
with each other.

In order to test the assumption of isospin symmetry, the cou-
pling constants, masses, and widths of the two Tcs states are
allowed to differ. This is done in both the RBW and K-matrix Tcs

models, with results consistent with isospin symmetry in both
cases. For example, with the K-matrix Tcs lineshape, the mass and
width for Tcs (T0

cs) are measured to be 2325 11MeV
(2325 10MeV) and 81 14MeV (118 20MeV), respectively.



Fig. 5. Comparison between data (black dots with error bars) and results of the fit with the f 0 500 K-matrix Tcs 0 model (red solid line). The distributions are for the
three channels combined in (a) m p p , (b) m Ds p , and (c) m Ds p requiring m p p 0 39GeV. Individual components, corresponding to the background
contribution estimated from m Ds p p sideband regions (gray-filled) and the different resonant contributions (coloured dashed lines), are also shown as indicated in the
legend.

Fig. 6. Argand diagrams for the variation with mass of the Tcs states amplitude with
both RBW and K-matrix models. The red and blue stars denote the lower m Dsp
kinematic limit (denoted ‘‘start point”). The statistical uncertainties for the RBW
and K-matrix models are marked as red solid and blue slashed bands, respectively.

LHCb collaboration Science Bulletin 70 (2025) 1432–1444
Models with additional q 770 0 f 0 980 and f 2 1270 compo-
nents are also tested. None of these extra contributions are found
1438
to be significant, as seen in Table 2. An upper limit on the fit frac-

tion of the isospin-breaking Ds1 2460 Ds q 770 0 decay is set
at 2.8% at the 90% confidence level. This is less restrictive than
the upper limit of 1.7% at the 90% confidence level obtained if
the model does not include any Tcs component. Bearing in mind
the large contributions from the f 0 980 and f 2 1270 components
in the f 0 500 f 0 980 f 2 1270 model, it is interesting to note
that the corresponding contributions are small and not significant
in the f 0 500 f 0 980 Tcs and f 0 500 f 0 1270 Tcs models.
An attempt is made to fit with the pp resonances described by the
chiral dynamics model together with Tcs states, but the fit results
have unphysically large interference and are not further discussed.

To estimate the significance of the two Tcs contributions, sam-
ples of pseudoexperiments are generated based on the results of
the fit with a model containing f 0 500 and f 0 980 resonances
only. These pseudoexperiments are each fitted both with and with-
out Tcs states. The distribution of the 2DNLL values between the
two fit results is fitted with a v2 distribution, and the number of
degrees of freedom (Ndof ) is determined to be 6 77 0 25. Given
that the 2DNLL value from data is 490.4, the significance is esti-
mated to be much larger than 10 standard deviations (r). The
2DNLL distribution is shown in Fig. S8 in the Supplementary mate-
rial. This significance value implicitly rejects the f 0 500
f 0 980 f 2 1270 model. If the null hypothesis is based on that
model, the Tcs components are not significant.

The spin-parity of the Tcs states used in the fits is changed to 1
instead of 0 . This reduces significantly the interference effects, but
results in a DNLL value about 60 units larger than that obtained



LHCb collaboration Science Bulletin 70 (2025) 1432–1444
with JP 0 Tcs states. Pseudoexperiments are generated according
to the fit results under this alternative spin-parity assumption to
evaluate the significance of this outcome. The pseudoexperiments
are fitted with both spin-0 and spin-1 models, and the distribution
of 2DNLL values is obtained. Compared with the 2DNLL value
observed in data, the spin-parity 0 is favoured with 10r signifi-
cance. The 2DNLL distribution is shown in Fig. S9 in the Supple-
mentary material.

7. Systematic uncertainties

Systematic uncertainties are evaluated on the masses,
widths and fit fractions of each of the components included
in the f 0 500 f 0 980 f 2 1270 f 0 500 RBW Tcs 0 and
f 0 500 K-matrix Tcs 0 models. The sources of systematic
uncertainty are divided into five categories: the signal fraction,
the background model, the efficiency map, the fixed parameters
in the amplitude fit, and the choices for the lineshape models.
Among them, the dominant systematic uncertainties are from the
fixed parameters in the amplitude fit and the choices for lineshape
models. The total systematic uncertainties presented in Table 3 are
determined by combining all contributions in quadrature, and do
not include the uncertainty from the choices for the Tcs lineshape
models, which is treated later.

Most of the systematic uncertainties are estimated by perform-
ing several times the fit to data, each time varying the input
parameters within their respective uncertainties, such as altering
distributions or fixed parameters. The root mean squares of the
distributions of the fit results are taken as the corresponding mea-
sures of systematic uncertainty. A further source of uncertainty
related to the signal fraction is estimated by changing the signal
shape in the m Ds p p fit to a Gaussian function and calculating
the resulting signal fraction. The difference between the results in
the amplitude fits using the two signal fraction estimations is
assigned as an additional uncertainty. The background model
uncertainty is estimated by changing the background description
using a different nonparameterised method to model the two-
body invariant masses and helicity angles considering correlations
between them. The variation in the fit results is considered as the
systematic uncertainty. The efficiency map category accounts for
uncertainties related to the size of the simulation sample used to
describe the efficiency variation over the phase space, as well as
uncertainties due to simulation corrections. The fixed parameters
in the amplitude models include the Blatt–Weisskopf radius
parameter and the f 0 980 and f 2 1270 masses and widths. The
former is varied from its default value of 3 0 to 1 5 and
4 5GeV 1. The latter are varied within the uncertainties of previ-
ous measurements [16,51]. Additionally, the effect of allowing
the c2 parameter of the K-matrix Tcs model to vary in the fit is
assigned as a systematic uncertainty.

Possible biases in the fit procedure are studied with pseudoex-
periments generated from the fit results, and then fitted with the
same model. The pull distribution for each fit parameter is mod-
elled using a Gaussian function for symmetric distributions or a
double-sided Crystal Ball function [67] for asymmetric ones.
Almost all pull distributions show deviations from normal distribu-
tions that are smaller than 3r. Nonetheless, adjustments are
applied to the central values and uncertainties to correct for any
potential biases and under- or over-coverage.

For the final results on the mass and width of the Tcs states,
additional systematic uncertainty is assigned to account for the
description of the Tcs lineshape. The results with the
f 0 500 K-matrix Tcs 0 model are taken as the central values,
and an additional asymmetric systematic uncertainty calculated
as the difference in the results between the
1439
f 0 500 RBW Tcs 0 and f 0 500 K-matrix Tcs 0 models is
assigned. This is the dominant uncertainty on the Tcs width. The
results for the Tcs mass and width are 2327 13 13 MeV and
96 16 170

23 MeV, respectively.

8. Summary

An amplitude analysis to study the resonant structure of
Ds1 2460 Ds p p decays is performed for the first time. The
analysis is based on exclusively reconstructed
B0 D Ds1 2460 B D0Ds1 2460 and B0 D Ds1 2460
decays obtained from a pp collision sample recorded at centre-of-

mass energies of s 7 8 and 13 TeV, corresponding to 9fb 1 of
integrated luminosity.

A clear double-peak structure is observed in the m p p spec-
trum of Ds1 2460 Ds p p decays. The data can be described
well with a model including only pp resonances and without
Ds p exotic states, but only with implausibly large f 0 980 and
f 2 1270 contributions. In addition, this model has large interfer-
ence between the f 0 500 and f 0 980 states, which is not seen
in other processes involving these two contributions in the
pp S-wave.

An alternative model with a new exotic Tcs state and its isospin

partner T0
cs is introduced. The Tcs mass and width are determined to

be 2327 13 13 MeV and 96 16 170
23 MeV, where the first

uncertainties are statistical and the second are systematic. The sig-
nificance of the new states exceeds 10r, evaluated relative to a
model containing f 0 500 and f 0 980 contributions only, and the
Tcs spin-parity is found to be JP 0 with a significance of 10r.
The Tcs states can be interpreted as two members of the isotriplet
predicted in Ref. [27], with the masses consistent with their predic-
tion. These results complement those obtained on other Tcs and Tcs

hadrons [20–23], and are an important step to probe the nature of
the Ds1 2460 and Ds0 2317 resonances.
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