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The first four-dimensional amplitude analysis of the Bþ → ψð2SÞK0
Sπ

þ decay is performed with proton-
proton collision data collected by the LHCb experiment at

ffiffiffi

s
p ¼ 13 TeV, corresponding to an integrated

luminosity of 5.4 fb−1. The data cannot be fully explained by Bþ → ψð2SÞK�þ contributions alone. A
significantly better description of the data is obtained by adding a Tþ

cc̄ contribution decaying to ψð2SÞπþ.
The properties of the Tþ

cc̄ structure are consistent with the exotic state Tcc̄1ð4430Þþ reported in the isospin-
related B̄0 → ψð2SÞK−πþ decay. Effects of a possible Tcc̄1ð4430Þþ → D̄�

1ð2600Þ0Dþ decay mode on the
Tcc̄1ð4430Þþ → ψð2SÞπþ mass distribution are investigated through a Flatté parametrization, providing
constraints on the relative decay strength. A description of the Tcc̄1ð4430Þþ structure using the triangle
singularity mechanism is studied and also found to be consistent with the data.
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Hadrons beyond conventional qq̄ mesons or qqq bary-
ons have been anticipated since the introduction of the
quark model [1]. Referred to as exotic states, such hadrons
serve as distinctive showcases of the intricate nonpertur-
bative nature of QCD at low energies. A wealth of exotic
candidates has been observed experimentally, whose prop-
erties do not fit in the known conventions of hadron
spectroscopy [2–8]. The first evidence for a charged
charmoniumlike structure was found in the ψð2SÞπþ final
state of the B → ψð2SÞKπþ decay [9,10].1 The minimum
quark content of the observed structure, referred to as
Tcc̄1ð4430Þþ in the following, is cc̄ud̄, and its spin-parity
has been determined by an amplitude analysis to be
JP ¼ 1þ [11–13].
Many theoretical interpretations of the Tcc̄1ð4430Þþ

structure using kinematic effects or dynamical models
have been proposed. In dynamical interpretations, the
Tcc̄1ð4430Þþ structure is regarded as a genuine exotic state,
described as a hadronic molecule with meson-meson
interactions [14–16] or a compact tetraquark formed by
color-exchange interactions [17–20]. However, these
dynamical interpretations face challenges in explaining
the Tcc̄1ð4430Þþ structure. In the hadronic molecular

scenario, the Tcc̄1ð4430Þþ structure is interpreted as an
S-wave D̄�D1 hadronic molecule with possible spin-parity
quantum numbers JP ¼ 0−; 1− or 2− [14–16], which is
strongly disfavored by the LHCb analysis reported in
Ref. [12]. In the compact tetraquark scenario, an octet
group of meson states is predicted; however none of these,
apart from the possible Tcc̄1ð4430Þþ state, have been
observed. In contrast, in the kinematical interpretations,
the Tcc̄1ð4430Þþ structure is generated as a kinematical
singularity in the B-decay amplitude [21–23]. In one
possible model [24], the rescattering of ψð4230Þπþ hadrons
in the B̄0 → K̄�ð892Þ0ψð4230Þ, K̄�ð892Þ0 → K−πþ cas-
cade decay could form a peaking structure in the ψð2SÞπþ
final state, consistent with the measured Tcc̄1ð4430Þþ
properties. Additionally, lattice QCD simulations cannot
predict the Tcc̄1ð4430Þþ state due to the entanglement of
many possible decay channels [25]. To date, there is no
consensus on the nature of Tcc̄1ð4430Þþ structure. Further
experimental and theoretical studies are needed for new
insights.
This paper reports on an amplitude analysis performed

on the Bþ → ψð2SÞK0
Sπ

þ decay, analogous to the isospin-
related decay channel B̄0 → ψð2SÞK−πþ. The data used are
proton-proton (pp) collisions recorded by the LHCb
experiment, at a center-of-mass energy of 13 TeV, and
corresponding to an integrated luminosity of 5.4 fb−1. The
LHCb detector is a single-arm forward spectrometer cover-
ing the pseudorapidity range 2 < η < 5, described in detail
in Refs. [26,27]. Candidate Bþ → ψð2SÞK0

Sπ
þ decays are

formed by combining πþ candidate tracks with ψð2SÞ
and K0

S meson candidates reconstructed in the ψð2SÞ →
μþμ− and K0

S → πþπ− decay modes, respectively. Particle
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identification, track quality, and impact parameter require-
ments are applied to all final-state particles to ensure
consistency with the signal decay. The reconstructed Bþ,
ψð2SÞ and K0

S mesons are required to have good vertex-fit
χ2 and invariant masses close to their known values [28].
The background, dominated by random combinations of
ψð2SÞ, πþ, and K0

S candidates, is further suppressed by a
boosted decision tree (BDT) [29,30] classifier. The clas-
sifier is implemented with the TMVA toolkit [31,32] and
uses as discriminating variables the transverse momenta,
vertex-fit quality, and particle-identification information of
the final-state particles. A simulated sample of Bþ →
ψð2SÞK0

Sπ
þ decays, generated with the software packages

described in Refs. [33–35], is used to model the effects of
the detector acceptance and the imposed selection require-
ments. The simulated decays are subjected to the same
reconstruction and selection procedures as the data.
The Bþ candidate invariant-mass distribution, calculated

with the ψð2SÞ and K0
S masses constrained to their known

values [28], is shown in the Supplemental Material [36].
The signal yield is found to be 9600� 100, determined
from an unbinned extended maximum-likelihood fit to the
Bþ mass spectrum, where the signal component is modeled
by a modified Gaussian function [37] with power-law tails
on both sides, and the combinatorial background is
described by an exponential function. The fit result is
further used to assign a signal weight [38,39] to each
candidate, which is employed to perform background
subtraction in the subsequent analysis steps following
the sFit technique [39–41].
An amplitude analysis is performed to investigate the

various contributions in the Bþ → ψð2SÞK0
Sπ

þ decay,
where the amplitude models are developed following the
helicity formalism [42]. The first model includes only
Bþ → ψð2SÞK�þ contributions, with excited K�þ mesons
decaying intoK0

Sπ
þ. Four independent variables are needed

to describe the kinematics of the cascade decay, referred
to as the K� chain: Bþ → ψð2SÞK�þ, K�þ → K0

Sπ
þ,

ψð2SÞ → μþμ−. The variables are chosen in the fit to be
the K�þ invariant mass, mKπ , the cosines of the helicity
angles of the K� and ψð2SÞ decays, cos θK� and cos θψ , and
the angle between the K�þ and ψð2SÞ decay planes ϕ, as
defined in the Supplemental Material [36]. The four
independent variables are calculated with the Bþ and
ψð2SÞ masses constrained to their known values [28].
The total amplitude model is constructed using the isobar

approach [43], where a coherent sum is taken over various
K�þ resonances and an incoherent sum over final-state μþ
and μ− helicities. All known K�þ resonances with masses
below the upper kinematic limit (1.593 GeV=c2) are
considered in the baseline amplitude model. These com-
prise the K�

0ð700Þþ and K�
0ð1430Þþ mesons with J ¼ 0, the

K�ð892Þþ and K�ð1410Þþ mesons with J ¼ 1, and the
K�

2ð1430Þþ meson with J ¼ 2. The masses and widths of

these K�þ resonances are fixed to their known values [28],
except for the dominant K�ð892Þþ state, whose mass and
width are allowed to float in the amplitude fit with Gaussian
constraints to the known values [28]. The amplitude is
constructed using LS (orbital angular momentum and spin
coupling) bases instead of helicity bases [44]. The relative
momentum between the ψð2SÞ and K�þ meson in the Bþ
rest frame is rather small, so only the amplitudes with the
lowest possible orbital angular momentum between ψð2SÞ
and K�þ mesons are considered in the baseline fit, except
for Bþ → ψð2SÞK�ð892Þþ amplitudes where all three
possible contributions are included. The effects of includ-
ing amplitudes with higher orbital angular momenta are
considered as systematic uncertainties. Each amplitude is
associated with a complex coupling, which is determined
by the fit to data.
The K�þ resonances are modeled using relativistic Breit-

Wigner amplitudes,

BWðmKπjm0;Γ0Þ ¼
1

m2
0 −m2

Kπ − im0ΓðmKπÞ
; ð1Þ

where ΓðmKπÞ ¼ Γ0ðq=q0Þ2Lþ1ðm0=mKπÞB2
Lðq; q0; dÞ is

the mass-dependent width, and m0 and Γ0 are the mass
and natural width of a K�þ resonance. The variable q refers
to the momentum of the K0

S meson in the K�þ rest frame,
and q0 denotes the value evaluated at the resonance peak
mKπ ¼ m0. The orbital angular momentum between K0

S
and πþ mesons, L, is fixed by the K�þ resonance spin. The
Blatt-Weisskopf form factor is also applied to the rela-
tivistic Breit-Wigner amplitude, together with an orbital
angular momentum suppression factor, to account for the
effects of higher partial waves with nonzero orbital
angular momentum. In the Blatt-Weisskopf form factor
[45], BLðq; q0; dÞ, the radius d ¼ 3 ðGeV=cÞ−1 is used for
intermediate states and d ¼ 5 ðGeV=cÞ−1 for the Bþ
meson [12].
A weighted, unbinned maximum-likelihood fit is per-

formed to the data in four kinematic variables, following
the sFit technique [39–41], which removes the need of an
explicit description of the background in the fit. In the
fit, the efficiency dependence on kinematic variables
is determined using simulated samples of the Bþ →
ψð2SÞK0

Sπ
þ decay.

The background-subtracted invariant-mass distributions
for K0

Sπ
þ (mKπ), ψð2SÞπþ (mψπ) and ψð2SÞK0

S (mψK) pairs
are shown in Fig. 1, together with the results of the fit
considering only Bþ → ψð2SÞK�þ contributions. While
the K�þ model can describe the mKπ and mψK distributions
well, the fit does not provide an adequate description of the
mψπ shape, especially in the range 4.2 < mψπ <
4.7 GeV=c2. Adding more K�þ resonances or nonresonant
K0

Sπ
þ contributions does not significantly improve the fit

quality in this region.
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The unidentified structure in the mψπ spectrum (in the
following referred to as structure X) is investigated by
adding a ψð2SÞπþ component to theK�þ amplitudes. In the
coherent sum of the K�þ and ψð2SÞπþ amplitudes, the
muon helicity reference frames are aligned by applying a
rotation that depends on the four independent variables
mKπ , cos θK� , cos θψ and ϕ [44]. A model-independent
approach is employed to describe the X invariant-mass
distribution, with a cubic spline interpolation of the
amplitudes at six fixed mψπ values chosen equidistantly
in the range ½4.2; 4.7� GeV=c2. The complex amplitudes at
six fixed mψπ values, with the orbital angular momentum
between ψð2SÞ and πþ fixed to zero, describe the data well.
The projection of the fit on themψπ distribution is shown on
the left side of Fig. 2. The corresponding amplitudes in the
complex plane (the Argand diagram [46]) are presented on
the right side of Fig. 2, revealing a circular phase shift as a
function of mψπ from lower to higher ψð2SÞπþ masses,
suggesting that the X structure is unlikely to be caused by
statistical fluctuations in data. Counterclockwise evolution
with mass is consistent with a resonant behavior but could
also originate from other physical effects, such as triangle
singularity [22,24].

Model-dependent approaches are used to extract the
properties of the X structure. In the first model the structure
is considered as a resonance, Tþ

cc̄, decaying into the
ψð2SÞπþ final state and with the mass distribution
described by a relativistic Breit-Wigner function. The mass
and width of the Tþ

cc̄ state are allowed to float, and only the
lowest possible orbital angular momentum between the
ψð2SÞ and πþ mesons is considered in the baseline fit.
A satisfactory description of data is achieved for the
spin-parity JPðTþ

cc̄Þ ¼ 1þ. The projection of the amplitude
fit result onto the ψð2SÞπþ invariant mass is shown
by the red curve in Fig. 3. The Tþ

cc̄ mass and width are
measured to be MTþ

cc̄
¼ 4.452� 0.016þ0.055

−0.033 GeV=c2 and

ΓTþ
cc̄
¼ 0.174� 0.019þ0.083

−0.020 GeV. The Tþ
cc̄ fit fraction

in the Bþ → ψð2SÞK0
Sπ

þ decay is determined to be
fTþ

cc̄
¼ ð3.7� 0.6þ4.0

−0.7Þ%, where the first uncertainty is
statistical and the second systematic. The fit fraction of
a specific contribution is calculated as the integral of its
amplitude squared over the full phase space divided by that
of the total amplitude squared. The sources of systematic
uncertainties are described below. The Tþ

cc̄ properties are
consistent with those of the Tcc̄1ð4430Þþ structure observed
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FIG. 1. Invariant-mass distributions of (left) the K0
Sπ

þ, (middle) ψð2SÞπþ, and (right) ψð2SÞK0
S pairs for background-subtracted data

(black dots), together with projections of the results of an amplitude fit (red solid line) with only Bþ → ψð2SÞK�þ contributions.
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FIG. 2. Left: distribution of the ψð2SÞπþ invariant-mass of background-subtracted data. The projections of the fit including (red) only
K�þ resonances and (blue) a model-independent amplitude are also shown. Right: Argand diagram for the amplitude AX, showing the
complex amplitude values at six points. Each point corresponds to a different value of mψπ , which increases in the counterclockwise
direction.
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in the B̄0 → ψð2SÞK−πþ decay [28]. The signifi-
cance of the Tþ

cc̄ state is evaluated based on
2Δ lnL ¼ 2 lnLTþ

cc̄
− 2 lnLK�þ , where LK�þ and LTþ

cc̄
refer

to the likelihood functions without and with the Tþ
cc̄

component, each evaluated at its maximum. The quantity
2Δ lnL follows a χ2 distribution, with a number of degrees
of freedom approximately twice the number of additional
free parameters in the Tþ

cc̄ fit compared to the K�þ-only fit,
after accounting for the look-elsewhere effect [12,47]. The
statistical significance of the Tþ

cc̄ state with JP ¼ 1þ is
determined to be more than 16σ, and remains above 9σ
after including systematic effects, which is obtained by the
fit with the smallest Δ lnL among all systematic sources.
The JP assignment for the Tþ

cc̄ state is determined by
comparing the likelihood values of the fits with different
hypotheses. The 0þ assignment is excluded due to parity
conservation. The hypotheses 0−, 1−, 2−, 2þ are rejected
relative to the 1þ hypothesis with a significance of more
than 6σ, 11σ, 7σ, 11σ, respectively, after accounting for the
systematic uncertainty. Therefore, the Tþ

cc̄ spin-parity is
unambiguously determined as JP ¼ 1þ, consistent with the
quantum numbers of the Tcc̄1ð4430Þþ state observed in the
B̄0 → ψð2SÞK−πþ decay [28]. Consequently, it is reason-
able to conclude that the Tþ

cc̄ state in the B
þ → ψð2SÞK0

Sπ
þ

decay corresponds to that observed in the B̄0 →
ψð2SÞK−πþ decay [11,12,47], being produced by the
decay processes related via isospin symmetry.
Various sources of systematic uncertainties are studied

for the mass, width and fit fraction measurements of the Tþ
cc̄

state, including varying the masses and widths of K�þ

resonances; adding a nonresonant K0
Sπ

þ component with
zero spin; including the low mass tails of K�ð1680Þþ and
K�

3ð1780Þþ into the amplitude fit; parametrizing the
K�

0ð700Þþ and K�
0ð1430Þþ states with the LASS model

[48]; varying the Blatt-Weisskopf radius for both Bþ and
intermediate states’ decays between 3 and 5 ðGeV=cÞ−1;
allowing higher orbital angular momenta to contribute;
extracting the signal projection weights using alternative

signal or background models in the Bþ invariant-mass fit.
The differences between the results of the baseline fit and
alternative fits are taken as the systematic uncertainties.
Based on previous measurements of ψðnSÞπþ spectra
[11–13,47], an additional Tcc̄1ð4200Þþ → ψð2SÞπþ or
Tcc̄0ð4240Þþ → ψð2SÞπþ component is added to the ampli-
tude with the Tcc̄1ð4200Þþ or Tcc̄0ð4240Þþ parameters fixed
to their known values [28] as another source of systematic
uncertainty. The significance of either the Tcc̄ð4200Þþ state
or the Tcc̄ð4240Þþ state is determined to be 4σ. Among
systematic uncertainties related to theK�þ modeling, which
are not independent, only the maximum difference is
retained and is combined with other sources to obtain
the total systematic uncertainty.
In the model described above, the Tcc̄1ð4430Þþ state is

assumed to decay only into the ψð2SÞπþ final state.
However, if the Tcc̄1ð4430Þþ has a molecular nature,
it is expected to couple strongly to open-charm hadrons
whose invariant-mass threshold lies near its mass. Notably,
the Tcc̄1ð4430Þþ mass is close to the D̄�

1ð2600Þ0Dþ

production threshold, and its spin-parity is consistent with
an S-wave D̄�

1ð2600Þ0Dþ configuration. To account for this
possibility, the amplitude model is modified, taking into
account the effect that the opening of the Tcc̄1ð4430Þþ →
D̄�

1ð2600Þ0Dþ decay channel would have on the
Tcc̄1ð4430Þþ → ψð2SÞπþ lineshape. Within this frame-
work, the Tcc̄1ð4430Þþ resonance is modeled using the
Flatté parametrization [49],

F ¼ 1

m2
f −m2 − iðρ1g21 þ ρ2g22Þ

; ð2Þ

where the positive parameters g1 and g2 represent the
coupling strengths to the ψð2SÞπþ and D̄�

1ð2600Þ0Dþ

channels, respectively, and ρ1 and ρ2 are the corresponding
phase-space factors, discussed further in the Supplemental
Material [36]. The Flatté parametrization reduces to
the relativistic Breit–Wigner parametrization for g2 ¼ 0.
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FIG. 3. Distribution of the ψð2SÞπ invariant-mass of background-subtracted data, with the projections of the fit including the
relativistic Breit–Wigner parametrization (red) or the triangle singularity amplitude (blue) for the (left) baseline fit and (right) the fit with
full orbital angular momenta.
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The amplitude fit with the Tcc̄1ð4430Þþ state modeled
with the Flatté parametrization yields mf¼
4.452�0.022þ0.103

−0.005 GeV=c
2, g1¼1.58�0.17þ0.05

−0.82 GeV=c
2,

g2 ¼ 0.00� 1.78� 2.81 GeV=c2 and the fit fraction
f ¼ ð3.7� 0.6þ3.7

−0.7Þ%. The upper limit for the relative
decay strength R≡ jg2=g1j is determined to be R < 6.8
at the 95% confidence level, using a profile-likelihood
scan. This constrains the coupling of Tcc̄1ð4430Þþ to the
D̄�

1ð2600Þ0Dþ final state.
Apart from dynamical interpretations, the origin of the X

structure could be kinematical. Following the model in
Ref. [24], a triangle singularity mechanism is tested, where
the X structure in the ψð2SÞπþ mass spectrum arises
from the ψð4230Þπþ → ψð2SÞπþ rescattering in the
Bþ → ψð4230ÞK�ð892Þþ, K�ð892Þþ → K0

Sπ
þ cascade

decay, as shown in the Supplemental Material [36]. In
such a triangle singularity mechanism, a relatively large
Bþ → ψð4230ÞK�ð892Þþ branching fraction is implied.
The K�þð892Þþψð4230Þπþ triangle diagram develops a
singularity in the S-matrix of ψð4230Þπþ → ψð2SÞπþ
transition when the intermediate states are simultaneously
on shell. The amplitude for the triangle singularity is
obtained through integration over the triangle diagram,
and the ψð2SÞπþ invariant-mass distribution is determined
by the properties of the involved intermediate and final-
state hadrons, leaving no free parameters apart from an
overall complex coupling. The triangle singularity also
exhibits a phase shift behavior as a function of the ψð2SÞπþ
invariant mass, very similar to that of the Breit-Wigner
distribution. The result of the fit using the
K�ð892Þþψð4230Þπþ triangle amplitude to model the X
structure is shown in Fig. 3 projected onto the ψð2SÞπþ
invariant mass. The model provides a reasonable
description of the data. The fit yields a fit fraction
fX ¼ ð3.9� 0.7þ3.3

−0.1Þ%, consistent with that of the fit
using the Breit-Wigner function. In some of the scenarios
considered in the study of systematic uncertainties, the fit
quality of the triangle contribution is reduced relative to
that of the Breit-Wigner lineshape. For example, including
higher orbital angular momenta between ψð2SÞ and K�þ

mesons, the quality of the fit with the triangle amplitude is
slightly worse than that with the Breit-Wigner lineshape
for the X structure, as shown on the right of Fig. 3. Larger
samples may help to distinguish the two models. An
alternative triangle singularity model, described in
Ref. [50], was also investigated. It features longer tails
in the mψπ distribution, and cannot provide a satisfactory
description of data.
To summarize, a full amplitude analysis is performed to

the Bþ → ψð2SÞK0
Sπ

þ decay using pp collision data
collected by the LHCb experiment at a center-of-mass
energy of 13 TeV and corresponding to an integrated
luminosity of 5.4 fb−1. With contributions of known

K�þ resonances only, a discrepancy between data and
the amplitude fit is observed, most obvious in the ψð2SÞπþ
invariant-mass distribution around 4.5 GeV=c2. The dis-
crepancy is resolved by including a component in the
ψð2SÞπþ final state in the amplitude. A model-independent
description of this component reveals a peaking structure
with its complex phase evolving as a function of the
ψð2SÞπþ invariant mass. Modeling the structure with a
Breit–Wigner function gives a measurement of its mass,
width, spin-parity and fit fraction in Bþ → ψð2SÞK0

Sπ
þ

decays of: MTþ
cc̄
¼ 4.452� 0.016þ0.055

−0.033 GeV=c2, ΓTþ
cc̄
¼

0.174 � 0.019þ0.083
−0.020 GeV, JP ¼ 1þ, and fTþ

cc̄
¼

ð3.7 � 0.6þ4.0
−0.7Þ%. The results are consistent with the exotic

candidate Tcc̄1ð4430Þþ reported by the Belle and LHCb
collaborations in the B̄0 → ψð2SÞK−πþ decay. An addi-
tional fit is performed with a formalism that includes the
possible Tcc̄1ð4430Þþ decay into the D̄�

1ð2600Þ0Dþ final
state. An upper limit is set on the coupling strength of the
Tcc̄1ð4430Þþ → D̄�

1ð2600Þ0Dþ decay relative to that of the
Tcc̄1ð4430Þþ → ψð2SÞπþ decay. A reasonable description
of the Tcc̄1ð4430Þþ structure is also achieved using a
kinematical model incorporating the singularity in the
ψð4230ÞK�þπþ triangle diagram [24].
This analysis reports the observation of the Tcc̄1ð4430Þþ

structure in the Bþ → ψð2SÞK0
Sπ

þ decay, and is the first
experimental investigation into the nature of the
Tcc̄1ð4430Þþ structure using a hadronic molecule-moti-
vated model and the amplitude of a triangle diagram with a
full amplitude analysis. These results provide valuable
insights into the nature of the Tcc̄1ð4430Þþ structure.
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10Université Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France
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