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Abstract

An amplitude analysis of the B+→ D+
s D
−
s K

+ decay is carried out to study for the
first time its intermediate resonant contributions, using proton-proton collision data
collected with the LHCb detector at centre-of-mass energies of 7, 8 and 13 TeV. A
near-threshold peaking structure, referred to as X(3960), is observed in the D+

s D
−
s

invariant-mass spectrum with significance greater than 12 standard deviations.
The mass, width and the quantum numbers of the structure are measured to be
3956± 5± 10 MeV, 43± 13± 8 MeV and JPC = 0++, respectively, where the first
uncertainties are statistical and the second systematic. The properties of the new
structure are consistent with recent theoretical predictions for a state composed of
ccss quarks. Evidence for an additional structure is found around 4140 MeV in the
D+
s D
−
s invariant mass, which might be caused either by a new resonance with the

0++ assignment or by a J/ψφ↔ D+
s D
−
s coupled-channel effect.
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Exotic hadrons1 play a crucial role in studies of Quantum Chromodynamics (QCD),
and provide a unique window to understand the nature of the strong force. Dozens of
charged exotic states with hidden charm or beauty, which imply multi-quark nature, such
as Zc(4430)+ [1, 2], Zb(10610)+ [3], Zc(3900)+ [4–6], Zc(4020)+ [7, 8], Pc(4450)+ [9, 10],
Zcs(3985)+ [11], Zcs(4000)+ [12], have been recently discovered by various experiments.2

Over the last two years, the LHCb collaboration reported three new open-charm tetraquark
states, X0,1(2900)0 [13, 14] and Tcc(3875)+ [15, 16], composed of csud and ccud quarks,
respectively. Interestingly, most of these states have masses close to thresholds of hadron
pairs, which may indicate that they are hadronic molecules loosely bound by nucleon-
like meson-exchange forces [17–20]. There are a number of other possible explanations,
including that these particles are compact multi-quark states [21–23], hadroquarkonia
in which a cc̄ core is bound to light quarks and/or gluons via chromo-electric dipole
forces [24], or cusps produced by near-threshold kinematics involving open-charm hadrons,
or other dominant processes [25,26].

The χc0(3930) state was observed by the LHCb collaboration in the D+D− invariant-
mass spectrum [14]. The mass and width of this state are consistent with those of the
X(3915) resonance observed in the ωJ/ψ invariant-mass spectrum [27–30]. Moreover, the
X(3915) also has preferred spin (J), parity (P ), and charge-parity (C) quantum numbers
of JPC = 0++ [30, 31], so the two states are treated as a single state in the following
discussions unless otherwise specified. However, the χc0(3930) state is not considered
to be consistent with being a candidate for either the χc0(2P ) or χc0(3P ) state [32–36].
Lebed et al. [37] propose that it is the lightest cc̄ss̄ state. Calculations based on QCD
sum rules [38] favour the χc0(3930) state as a 0++ [cq][cq] (where q = u, d) or [cs][cs]
tetraquark. Recent lattice QCD results also indicate that this state is dominated by the
cc̄ss̄ constituents [39]. The D+

s D
−
s molecular interpretation is also possible, as suggested by

the quark delocalization color-screening model [40] and phenomenological studies [41, 42].
All these developments point to a potential resonant structure in the vicinity of the
threshold in the D+

s D
−
s invariant-mass spectrum.

Previously, only the Belle experiment analysed the D+
s D

−
s invariant-mass spectrum

in processes involving initial-state radiation, where only 1−− charmonium(-like) states
can contribute [43]. The B+→ D+

s D
−
s K

+ process, given its large branching fraction
measured in the accompanying paper [44], provides a good opportunity to study reso-
nances in the D+

s D
−
s final states, both scalars and those of higher spin, such as the 0++

charmonium(-like) states χc0(4500) and χc0(4700) possibly having intrinsic ccss compo-
nent [12], the well-known 1−− charmonium states, such as ψ(4040), ψ(4160), ψ(4260),
ψ(4415) and ψ(4660) [31,45,46].

In this Letter an amplitude analysis of about 360 reconstructed B+→ D+
s D

−
s K

+ signal
decays is presented, leading to the first observation of a near-threshold peaking structure
in the D+

s D
−
s system, denoted by X(3960). This analysis is based on proton-proton (pp)

collision data collected by the LHCb experiment at centre-of-mass energies of 7, 8 and
13 TeV between 2011 and 2018, corresponding to an integrated luminosity of 9 fb−1. The
details of the detector, data and simulation, selection criteria, background composition
and B+ invariant-mass fit can be found in the accompanying paper [44].

To improve the resolution on the masses of the two-body combinations that are used in

1Hadrons that are not classified as mesons or baryons are collectively called exotic hadrons.
2The inclusion of charge-conjugate processes is always implied and natural units with ~ = c = 1 are used
throughout the Letter, unless otherwise noted.
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Figure 1: Dalitz-plot distribution for the B+→ D+
s D
−
s K

+ decay after background subtraction.

the amplitude analysis, the four momentum of each final-state particle is determined from a
kinematic fit [47] where the B+ mass is constrained to its known value [31]. Figure 1 shows
the resulting Dalitz-plot distribution for the B+→ D+

s D
−
s K

+ signal decays as a function
of the D+

s D
−
s and D−s K

+ invariant masses squared, where the non-B+ background is
subtracted by the sPlot technique [48]. The most evident feature is the band near the
D+
s D

−
s threshold. To validate that this peaking structure is not due to the combinatorial

background, the D+
s D

−
s invariant-mass distribution of candidates in the mass region above

the B+ peak is investigated and no peak is observed.
Employing an unbinned maximum-likelihood method, a full amplitude fit with the

sFit technique [49] is performed to investigate the intermediate states and determine
the quantum numbers JPC of any new particle. Two known 1−− charmonium states,
ψ(4260) and ψ(4660) [31,45,46], and two new 0++ X states are needed to fit the structures
in the D+

s D
−
s spectrum. One of these scalars, X(3960), describes the D+

s D
−
s threshold

enhancement and the other, designated X0(4140), is necessary to model the dip around
4140 MeV, as shown in Fig. 2. The subscript 0 is used to distinguish this structure from the
1++ X(4140) state seen in the J/ψφ final state [31]. Additionally, an S-wave three-body
phase-space function [31] is employed to model the nonresonant (NR) B+→ D+

s D
−
s K

+

component. Since no significant contribution of any state is observed in either the D−s K
+

or D+
s K

+ systems, these five contributions constitute the baseline model.
The helicity formalism [50] is used to construct the amplitude model of the

B+→ D+
s D

−
s K

+ decay, with a similar approach applied to previous LHCb analyses
of B+ and B0

s decays to three pseudoscalar particles [14,51–53]. The resonant structure
near the D+

s D
−
s mass threshold is parameterised by a Flatté-like function [19, 31, 54]

depending on the invariant mass m

R (m |M0, gj) =
1

M2
0 −m2 − iM0

∑
j gjρj(m)

, (1)

where M0 is the mass of the resonance, gj denotes the coupling of this resonance to the
j-th channel, ρj(m) is the phase-space factor [31] for the j-th two-body decay. When the
value of m is below the threshold of the channel j, i.e. q2j < 0, the analytic continuation
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Figure 2: Background-subtracted invariant-mass distributions (top left) m(D+
s D
−
s ), (top right)

m(D+
s K

+) and (bottom) m(D−s K
+) for the B+→ D+

s D
−
s K

+ signal. The projections of the fit
with the baseline amplitude model are also shown.

is applied for qj = i
√
−q2j [54, 55]. The total width of the resonance is calculated as

Γ0 =
∑

j gjρj(M0). In the baseline model, only the D+
s D

−
s channel is included in the

Flatté-like parameterisation.
Other resonances are modelled by a relativistic Breit–Wigner function BW(m |M0,Γ0)

with a mass-dependent width [31]. The radius of each resonance entering the Blatt–
Weisskopf barrier factor [56–58] is set to 3 GeV−1, corresponding to about 0.6 fm.

The total probability density function is the squared modulus of the total decay
amplitude multiplied by the efficiency, normalised to ensure that the integral over the
Dalitz plot is unity. The fit fraction Fi expresses the fraction of the total rate due
to component i, and the interference fraction Iij describes the interference between
components i and j. They are defined in Eqs. (18) and (19) of Ref. [52], such that∑

iFi +
∑

i<j Iij = 1.
As shown in Fig. 2, the two-body mass distributions are well modelled by the baseline

amplitude fit. The corresponding numerical results are summarised in Table 1, including
the mass, width, fit fraction, and significance (S) of each component. The significance
of a given component is evaluated by assuming that the change of twice the negative
log-likelihood (−2 lnL) between the baseline fit and the fit without that component
obeys a χ2 distribution, where the number of degrees of freedom (n.d.f.) is given by the
change in the number of free parameters. All the components included in the baseline
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Table 1: Summary of the main results obtained with the baseline model, where the first
uncertainty is statistical and the second systematic. The last column shows the signal significance
with (without) the systematic uncertainty included.

Component JPC M0 (MeV) Γ0 (MeV) F (%) S (σ)

X(3960) 0++ 3956± 5± 10 43± 13± 8 25.4± 7.7± 5.0 12.6 (14.6)

X0(4140) 0++ 4133± 6± 6 67± 17± 7 16.7± 4.7± 3.9 3.8 (4.1)

ψ(4260) 1−− 4230 [59] 55 [59] 3.6± 0.4± 3.2 3.2 (3.6)

ψ(4660) 1−− 4633 [31] 64 [31] 2.2± 0.2± 0.8 3.0 (3.2)

NR 0++ - - 46.1± 13.2± 11.3 3.1 (3.4)

model have a statistical significance higher than three standard deviations (σ), where the
X(3960) and X0(4140) states are found to be 14.6σ and 4.1σ significant, respectively.
The obtained significances for the X(3960) and X0(4140) resonances are also validated
using pseudoexperiments.

The JPC assignment for the system of a pair of oppositely-charged pseudoscalar
mesons must be in the series 0++, 1−−, 2++, etc. States with higher intrinsic spin
are not expected to contribute significantly in the current dataset. To determine the
X(3960) quantum numbers, fits with the baseline model are performed under alternative
JPC hypotheses, 1−−, 2++, instead of 0++. The significance to reject a JPC hypothesis
is computed as

√
∆(−2 lnL), where ∆(−2 lnL) = −(2 lnL(0++) − 2 lnL(JPC)), and

indicates the likelihood difference between the fits for the preferred 0++ assignment and
for each alternative JPC hypothesis. To ensure that for different JPC hypotheses this
resonance corresponds to the same particle, the mass and the width are limited to be
within a ±3σ range of the baseline fit results. The 0++ assignment is preferred over 1−−

and 2++ hypotheses by 9.3σ and 12.3σ, respectively. Similarly, replacing the baseline
0++ assignment by 1−− or 2++ for the X0(4140) state deteriorates the fit quality. The
0++ assignment is favoured over 1−− (2++) hypothesis at a 3.5σ (4.2σ) level. Within
the baseline model this 0++ state produces the dip around 4140 MeV via destructive
interference with the 0++ NR and X(3960) components, with the interference fractions of,
respectively, (−22.4± 6.4)% and (−5.2± 3.9)%, where the uncertainties are statistical
only.

Systematic uncertainties on the measured resonance properties are evaluated, and
are summarised in Table S1 in the supplemental material [60]. Corrections, derived
from calibration samples, are applied to account for possible discrepancies between
data and simulation in the hardware trigger and particle-identification responses. The
uncertainty due to the limited size of the simulation samples is evaluated using the
bootstrap method [61]. Additional resonances, not included in the baseline model (states
in the D+

s D
−
s system: 0++ χc0(4500) and χc0(4700) [12], 1−− ψ(4040), ψ(4160) and

ψ(4415) [31], and 2++ χc2(3930) [14]; and in the D−s K
+ system: 0+ D

∗
0(2300)0 [31], 1−

D
∗
1(2600)0 [31, 62] and D

∗
1(2760)0 [63], and 2+ D

∗
2(2460)0 [31]) are utilised to estimate

the uncertainty due to insufficient consideration of possible amplitude components. None
of these states significantly improve the baseline model. The ccss candidates χc0(4500)
and χc0(4700) have statistical significances of 0.8σ and 1.3σ, respectively, and their fit
fractions are (0.6± 1.0)% and (2.4± 1.8)%, where the uncertainties are statistical. The
Blatt–Weisskopf hadron size is varied between 1.5 and 4.5 GeV−1. The fixed masses and
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widths of two baseline ψ states are varied by their corresponding uncertainties. The Flatté-
like parameterisation for the X(3960) state is replaced by a constant-width relativistic
Breit–Wigner function. The uncertainty due to the possible bias of the sFit method is
evaluated using pseudoexperiments. The total systematic uncertainties on mass, width,
and fit fraction are obtained by adding all contributions in quadrature, assuming that
each source is independent. Regarding the total significance for each component in the
baseline model, the smallest significance among these systematic tests is selected.

The measured mass and width of the X(3960) state are consistent with those of the
χc0(3930) meson [14] within 3σ. Assuming that the X(3960) in the D+

s D
−
s system and

the χc0(3930) in the D+D− system are the same state, the baseline model is extended by
adding a second channel (D+D−) in the Flatté-like parameterisation. The corresponding
fit projections and numerical results can be found in the supplemental material [60]. The
likelihood is essentially unchanged while the n.d.f. is increased by one compared to the
baseline fit. The coupling strength of the X(3960) state to D+

s D
−
s (D+D−) is found to

be 0.33 ± 1.18 (0.15 ± 0.33) GeV. The masses and fit fractions of all components are
consistent with those in the baseline one-channel Flatté-like model.

In the case that the X(3960) and χc0(3930) states are the same particle, the partial
width ratio of such an X resonance decaying to D+

s D
−
s and D+D− final states is calculated

as

Γ(X → D+D−)

Γ(X → D+
s D

−
s )

=
B(1)F (1)

X

B(2)F (2)
X

= 0.29± 0.09± 0.10± 0.08, (2)

where the superscripts (1) and (2) indicate the B+→ D+D−K+ and B+→ D+
s D

−
s K

+

channels, respectively, F (1)
X = (3.70 ± 0.92)% is the fit fraction of the χc0(3930) state

in the B+→ D+D−K+ decay [14], F (2)
X is the fit fraction of the X(3960) resonance

presented in this Letter, and the branching fraction ratio B(1)/B(2) is taken from the
accompanying paper [44]. The first uncertainty is statistical, the second systematic, and
the third is due to uncertainties in the measured branching fractions, B(D+ →K−π+π+)

and B(D+
s →K−K+π+) [31], and the uncertainty on F (1)

X [14]. This ratio is compatible
with that of the couplings mentioned above.

It is well known that the creation of an ss quark pair from the vacuum is suppressed
relative to uu or dd pairs. Moreover, the X → D+

s D
−
s decay, occurring near the threshold,

has a rather smaller phase-space factor than that of X → D+D−. These two features
indicate that Γ(X → D+D−) should be considerably larger than Γ(X → D+

s D
−
s ) if X

does not have any intrinsic ss content. However, the value measured in Eq. (2) contradicts
this expectation. This implies that the X(3960) and χc0(3930) are either not the same
resonance, or they are the same non-conventional charmonium-like state, for instance,
a candidate containing the dominant ccss constituents predicted in recent theoretical
models [37–42,64].

There is no obvious candidate within conventional charmonium multiplets for X(3960)
or χc0(3930) assignment. First of all, the mass of the χc0(3930) state is far from pre-
dictions for the χc0(3P ), which lies within the range 4131–4292 MeV [32, 34]. For the
χc0(2P ) state most potential models predict mass in the range 3842–3868 MeV [33–35],
except the Godfrey-Isgur model which gives 3916 MeV [32]. Second, the χc0(3930) state
interpreted as χc0(2P ) would give too small a mass splitting with respect to the χc2(3930)
state [14] identified as χc2(2P ) [32–35]. In addition, interpreting the χc0(3930) state as
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the χc0(2P ) charmonium would result in inconsistent decay widths, as the Okubo-Zweig-
Iizuka (OZI) [65,66] suppressed channel χc0(3930)→ ωJ/ψ has decay width larger than
theoretical expectations, whereas the S-wave OZI-allowed χc0(3930) → DD mode has
smaller decay width than the expectations [35,36]. As a consequence, neither the X(3960)
nor the χc0(3930) is likely to be a pure χc0(2P ) or χc0(3P ) charmonium state.

To test the possibility that the dip in the D+
s D

−
s invariant mass around 4140 MeV

can be produced by the opening of the nearby J/ψφ threshold, without introducing
an additional resonance, we employ a simple K-matrix model that contains the single
resonance X(3960) and two coupled channels, D+

s D
−
s and J/ψφ. The K-matrix reads(

KD+
s D

−
s →D+

s D
−
s
KD+

s D
−
s →J/ψφ

KJ/ψφ→D+
s D

−
s

KJ/ψφ→J/ψφ

)
≡
(
K11 K12

K21 K22

)
, (3)

where K12 = K21, and the subscripts 1 and 2 represent D+
s D

−
s and J/ψφ final states,

respectively. One possible choice for the 2× 2 K-matrix parameterisation [31] is

Kba(m) =
∑
R

gRb g
R
a

M2
R −m2

+ fba, (4)

where MR refers to the bare mass of the resonance R, m is the D+
s D

−
s invariant mass,

gRa denotes the bare coupling of the resonance R to the channel a, and the fba is a real
matrix parameterising the non-pole part of the K-matrix. As the X(3960) mass is about
160 MeV lower than the J/ψφ threshold and its width is less than 50 MeV, the coupling
of the X(3960) state to J/ψφ should be negligible, giving gR2 = 0. This results in the
X(3960) resonance entering the K11 element only. The production amplitude is expressed
in the P -vector formalism [31,67,68], which gives

Pb(m) =
∑
R

βRg
R
b

M2
R −m2

+ βb, (5)

where βR and βb are complex free parameters due to rescattering effects or missing
channels [59]. The amplitude M is

Ma =
∑
b

(I − iρK)−1ab Pb, (6)

where ρ = diag{ρ11, ρ22} is the diagonal matrix composed of phase-space factors, I
represents the identity matrix, and a = 1 for the D+

s D
−
s channel under consideration.

The fit demonstrates that the dip around the J/ψφ threshold can also be modelled
by the J/ψφ→ D+

s D
−
s rescattering, and results in a −2 lnL that is worse by 6.0, while

the n.d.f. is increased by one, compared to the baseline fit. The fit projections and
numerical results can be found in the supplemental material [60]. Since the fit quality of
the K-matrix parameterisation is close to that of the baseline model, a strong conclusion
cannot be drawn whether the dip is due to destructive interference with the X0(4140)
resonance or caused by the J/ψφ→ D+

s D
−
s rescattering.

In addition, it is found that the fits with the two-channel Flatté-like and K-matrix
parameterisations are unstable, due to having too many free parameters for the limited
sample size. Consequently, the statistical uncertainties for some parameters are large.
Therefore, neither of these parameterisations are taken as the baseline model.
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In conclusion, the first amplitude analysis of the B+→ D+
s D

−
s K

+ decay is performed
using pp collision data with an integrated luminosity of 9 fb−1 collected by the LHCb
experiment between 2011 and 2018. A peaking structure near the D+

s D
−
s mass threshold,

denoted as X(3960), is observed with a significance larger than 12 σ. Its quantum numbers
are determined to be JPC = 0++, favoured over 1−− or 2++ with a significance greater
than 9σ. As argued above, the X(3960) and χc0(3930) states are unlikely to be the same
pure conventional charmonium state. The X(3960) resonance presented in this Letter is a
candidate for an exotic state predominantly consisting of ccss constituents, as suggested
in recent theoretical literature [37–42,64]. If predominant ccss content is confirmed, this
state should be labelled T fψφ(3960) in the new naming scheme for exotic hadrons [69]. In
addition, a dip around 4140 MeV can be described either by a 0++ X0(4140) resonance
having a significance of 3.7σ, or the coupled-channel effect of the J/ψφ↔ D+

s D
−
s reaction.

The data from the forthcoming Run 3 of the LHCb experiment and from the Belle II
experiment will be critical to clarify the nature of these phenomena.
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Supplemental material

Table S1: Summary of the systematic uncertainties on the parameters measured in the amplitude
analysis. Mass (M0) and width (Γ0) are in units of MeV, while fit fraction (F) is in %.

X(3960) X0(4140) ψ(4260) ψ(4660) NR

Source M0 Γ0 F M0 Γ0 F F F F
Trigger 0 0 0.6 0 0 0.1 0.0 0.0 0.7

Simulation sample size 2 1 0.7 1 1 0.5 0.0 0.0 1.7

Particle identification 0 0 0.5 0 2 0.0 0.0 0.0 0.7

Additional fit components 1 3 3.4 3 5 2.5 3.2 0.7 10.1

Hadron size 0 1 0.0 1 1 0.1 0.0 0.0 0.1

Fixed parameters 1 2 2.8 4 4 2.9 0.1 0.1 3.7

X(3960) model 10 7 1.6 0 1 0.7 0.0 0.0 2.1

sFit bias 1.9 1.5 1.5 2.6 1.1 0.4 0.3 0.3 2.1

Total 10 8 5.0 6 7 3.9 3.2 0.8 11.3

Table S2: Main results found in two-channel Flatté-like parameterisation, where the coupling
strength of the X(3960) state to D+

s D
−
s (D+D−) is obtained to be 0.33± 1.18 (0.15± 0.33) GeV.

Uncertainties are statistical only. The large uncertainty on Γ0 for the X(3960) state is due to
the large uncertainty on the coupling strengths.

Contribution JPC M0 (MeV) Γ0 (MeV) F (%)

X(3960) 0++ 3951± 14 38± 104 25.0± 7.6

X0(4140) 0++ 4133± 7 67± 16 16.7± 4.6

ψ(4260) 1−− 4230 [59] 55 [59] 3.6± 0.4

ψ(4660) 1−− 4633 [31] 64 [31] 2.2± 0.2

NR 0++ - - 45.9± 10.9

Table S3: Main results found from the K-matrix fit. Uncertainties are statistical only.

Contribution JPC MR (MeV) gR1 (MeV) Γ0 (MeV) F (%)

|M1|2 0++ 3957± 14 1350± 344 94.7± 0.4

ψ(4260) 1−− 4230 [59] 55 [59] 3.2± 0.5

ψ(4660) 1−− 4633 [31] 64 [31] 2.1± 0.2

βR (1, 0i) β1 (−1.2, 2.5i)± (4.5, 3.1i)

β2 (−137.2,−1.5i)± (2.7, 218.6i) f11 0.8± 1.2

f12 = f21 0.1± 0.1 f22 8.0± 5.1
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+ invariant-mass spectra look very
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