
Xð3960Þ seen in D +
s D −

s as the Xð3930Þ state seen in D+D −

M. Bayar,1,2,* A. Feijoo ,2,† and E. Oset2,‡
1Department of Physics, Kocaeli University, Izmit 41380, Turkey

2Departamento de Física Teórica and IFIC, Centro Mixto Universidad de Valencia-CSIC Institutos de
Investigación de Paterna, Apartado 22085, 46071 Valencia, Spain

(Received 21 July 2022; accepted 13 January 2023; published 8 February 2023)

We perform a calculation of the interaction of the DD̄, DsD̄s coupled channels and find two bound
states, one coupling to DD̄ and another one at higher energies coupling mostly to Dþ

s D−
s . We identify this

latter state with the X0ð3930Þ seen in the DþD− mass distribution in the Bþ → DþD−Kþ decay, and also
show that it produces an enhancement of the Dþ

s D−
s mass distribution close to threshold which is

compatible with the recent LHCb observation in the Bþ → Dþ
s D−

s Kþ decay which has been identified as a
new state, X0ð3960Þ.
DOI: 10.1103/PhysRevD.107.034007

I. INTRODUCTION

In a recent talk at CERN [1], and subsequent preprint [2],
the LHCb Collaboration reported on three new states one of
which, named as Xð3960Þ, is seen as a peak in the Dþ

s D−
s

mass distribution of the Bþ → Dþ
s D−

s Kþ decay. The
properties assigned to that state are

JPC ¼ 0þþ; M0 ¼ 3955� 6� 11 MeV;

Γ0 ¼ 48� 17� 10 MeV:

The peak is remarkably close to the Dþ
s D−

s threshold,
3937 MeV, which makes one wonder whether it could not
be a signal for a resonance just below threshold.1 This is
actually a well-known feature of reactions as discussed
in [3] and found in some specific reactions [4,5]. Actually,
the Bþ decay into Bþ → DþD−Kþ showed a signal in the
D−Dþ mass distribution for a 0þþ state, brandedX0ð3930Þ,
with properties [6,7]

JPC ¼ 0þþ; M0
0 ¼ 3924� 2 MeV; Γ0

0 ¼ 17� 5 MeV:

If the X0ð3930Þ state is coupled both to DþD− and
Dþ

s D−
s , that state would necessarily produce an enhance-

ment close to threshold in the Dþ
s D−

s mass distribution,

which could explain the experimental observation without
the need to introduce an extra resonance. The purpose of
this work is to show that present dynamics of the interaction
of charmed mesons leads naturally to this conclusion.
The first consideration in this respect is the QCD lattice

result of [8], where a 0þþ bound state coupling strongly to
Dþ

s D−
s and weakly to DþD− is found below the Dþ

s D−
s

threshold. Such a state would indeed show a peak in the
DþD− mass distribution and an enhanced mass distribution
of the Dþ

s D−
s around threshold.

One might expect that such a state would appear in a
dynamical study of DD̄ and Dþ

s D−
s in coupled channels.

Interestingly, this study has been done in [9–11], where aDD̄
bound statewas found, yet no bound statewas found close to
the Dþ

s D−
s threshold coupling mostly to that channel.

In what follows we show that this is a consequence
of the strong DD̄ → Dþ

s D−
s transition, to the point that a

littleweaker transition,which finds a natural explanationhere,
already gives rise to the two states; the upper one coupled
mostly to Dþ

s D−
s as in [8] and with properties that are

consistent with the mass and width of the X0ð3930Þ, and
the strength and shape of the Dþ

s D−
s mass distribution of the

X0ð3960Þ. A formulation of the problem is presented below.

II. FORMALISM

We depart from the dynamics of the DD̄, and coupled
channels used in [9] and use a formulation based on the
extension of the local hidden-gauge approach [12–15],
which has turned out to make accurate predictions for
Dð�ÞKð�Þ and Dð�ÞK̄ð�Þ states [16,17] or Tcc and related
states [18,19] among others. The dynamics are based on the
exchange of vector mesons as depicted in Fig. 1.
One needs the VPP (V ¼ vector, P ¼ pseudoscalar)

vertex given by
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1Comment of Sasa Prelovsek in the discussion of the talk [1].
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LVPP ¼ −igh½P; ∂νP�Vμi;
g ¼ MV

2f
ðMV ≃ 800 MeV; f ¼ 93 MeVÞ; ð1Þ

where P and V are the qiq̄j matrices written in terms of pseudoscalar (P) and vector (V) mesons, respectively

P ¼

0
BBBBBB@

1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 πþ Kþ D̄0

π− − 1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 K0 D−

K− K̄0 − 1ffiffi
3

p ηþ
ffiffi
2
3

q
η0 D−

s

D0 Dþ Dþ
s ηc

1
CCCCCCA
; ð2Þ

V ¼

0
BBBBB@

1ffiffi
2

p ρ0 þ 1ffiffi
2

p ω ρþ K�þ D̄�0

ρ− − 1ffiffi
2

p ρ0 þ 1ffiffi
2

p ω K�0 D̄�−

K�− K̄�0 ϕ D�−
s

D�0 D�þ D�þ
s J=ψ

1
CCCCCA
; ð3Þ

and hi means the trace of the qiq̄j matrices. Although
formally one is using an SUð4Þ formalism, in this particular
case with the use of Eq. (1) one is only making use of the qq̄
nature of the different mesons, as shown in Sec. II A of [20].
A straightforward calculation of the diagrams of Fig. 1

with the Lagrangian of Eq. (1) considering the channels
DD̄, I ¼ 0, and Dþ

s D−
s with the ðDþ;−D0ÞðD̄0; D−Þ

multiplets

ðDD̄; I ¼ 0Þ ¼ 1ffiffiffi
2

p ðDþD− þD0D̄0Þ;Dþ
s D−

s ;

and neglecting q2 in the ðq2 −M2
VÞ−1 propagators gives the

interaction potential

Vij ¼ −Bijg2ðp1 þ p3Þðp2 þ p4Þ; ð4Þ

with

B ¼

0
B@

1
2

�
3
M2

ρ
þ 1

M2
ω
þ 2

M2
J=Ψ

� ffiffiffi
2

p
1

M2
K�ffiffiffi

2
p

1
M2

K�

�
1
M2

ϕ
þ 1

M2
J=Ψ

�

1
CA; ð5Þ

and projected over the S-wave we have

ðp1 þ p3Þðp2 þ p4Þ →
1

2

�
3s − ðm2

1 þm2
2 þm2

3 þm2
4Þ

−
1

s
ðm2

1 −m2
2Þðm2

3 −m2
4Þ
�
: ð6Þ

The unitarization via the Bethe-Salpeter (BS) equation
gives the scattering matrix

T ¼ ½1 − VG�−1V; ð7Þ

where G is the loop function for two meson intermediate
states that we choose to regularize with dimensional
regularization as we did in [9].
The G function that we use has both real and imaginary

parts, which makes the approach different to a K matrix
approach which is equivalent to the present one keeping
only ImG. While this latter approach respects fully uni-
tarity, it misses the nonregular structure of ReG, with a
cusp around threshold, which makes our approach better
suited to study amplitudes around thresholds as in the
present case.
The exchange of the vector mesons for the interaction of

mesons is based on the local hidden gauge approach [12–15]
extrapolated to the charm sector. In the SUð3Þ sector the
equivalence of the local hidden gauge approach and chiral

FIG. 1. Dynamics of DðDsÞ → D̄ðD̄sÞ interaction due to vector
exchange.
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Lagrangians was established in [21]. An explicit easy
derivation for the case of vector-pseudoscalar interaction
is given in Appendix A of Ref. [22]. While the derivation of
chiral Lagrangians results from the consideration of sym-
metries of QCD, among them chiral symmetry, suited to the
case of light quarks, the englobing local hidden-gauge
approach is not restricted by light quark masses and can
be extrapolated to the heavy quark sector, as we do here
and has been done in many other works (see recent
reviews [23,24]).
Equation (7) results from the on shell factorization of

the potential in the Bethe-Salpeter equation T ¼ V þ VGT
with relativistic propagators and integration over four
momenta in the loops. There are many ways to justify
this on shell factorization. In [25,26] it was shown that off
shell effects within the BS equation can be reabsorbed into
the on shell potential through a proper renormalization. A
different derivation of the same results can be obtained
using a separable potential as shown in [27]. Finally, a
useful derivation can be done using dispersion relations
for T−1, which provide the full analytical structure of
the amplitude, and neglecting the left-hand cut in the
dispersion relation [28]. The left-hand cut produces a small
contribution [29], but more importantly, it is very weakly
energy dependent in the physical region of interest in
scattering. Hence, it can be reabsorbed easily in the G
function, which contains a subtraction constant in dimen-
sional regularization, or a qmax cutoff regularization, which
finally are fine-tuned to data to obtain for instance the
precise mass of a given state.
An interesting thing happens with Eq. (7). If we

eliminate the V12 term of Eq. (4) which connects the
DþD− andDþ

s D−
s channels, we get two poles with ordinary

values of the subtraction constant a ∼ −1.5 of the G
function in a wide range of values, meaning that the two
V11, V22 potentials are strong enough to bind the DD̄ and
DsD̄s components. Yet, when V12 is switched on, the DD̄
state remains and the DsD̄s state disappears. This is what
happened in [9] where the DsD̄s state was not found.
Curiously, if we weaken V12 to a value of about 70% of its
strength in Eq. (5) the two states already appear.
Actually, it is easy to see that a more accurate calculation

keeping q2 in the vector meson propagator produces that
reduction of V12. In the diagonal terms of the matrix of
Eq. (5), for instance DD̄ → DD̄ transition evaluated close
to threshold, we have q0 ¼ 0 and q⃗ ∼ 0. Then the
exchanged vector propagator becomes ð1= −M2

VÞ as we
have assumed. However, for the DD̄ → DsD̄s transition
calculated at the DsD̄s threshold we have

q2 ¼ ðpD − pDs
Þ2 ¼ p2

D þ p2
Ds

− 2pDpDs
¼ M2

D −M2
Ds
:

Hence in Eq. (5) we must replace in the nondiagonal
terms

1

M2
K�

→
1

M2
K� þM2

Ds
−M2

D
ð8Þ

and the ratio of the new term to the former one is 0.68,
which already gives rise to the appearance of the basically
DsD̄s state.
The next, nontrivial, step is to relate the DþD− and

Dþ
s D−

s mass distributions. We use the charge conjugate
reactions B− → DþD−K−; Dþ

s D−
s K− and have

dΓ
dMinv

¼ 1

ð2πÞ3
1

4M2
B
pK−p̃Di

jt̃ij2; ð9Þ

where pK− is the K− momentum in the B− rest frame, and
p̃Di

the Dþ or Dþ
s momenta in the DþD−, Dþ

s D−
s rest

frame, respectively. The matrices t̃i stand for the transitions
B− → DþD−K− and Dþ

s D−
s K− and are constructed in the

following way. The B− decays proceed via interval emis-
sion [30], as depicted in Fig. 2, and are related.
The cc̄ pair is hadronized and we have

cc̄ →
X
i

cq̄iqic̄ →
X
i

P4iPi4 ¼ D0D̄0 þDþD− þDþ
s D−

s

¼
ffiffiffi
2

p
DD̄þDþ

s D−
s ; ð10Þ

where we have eliminated ηcηc which plays no role here.
Once DD̄ and Dþ

s D−
s have been created, they propagate as

shown in Fig. 3.
Then we immediately obtain

t̃DþD− ¼ Cð1þGDD̄ðMinvÞTDD̄;DD̄ðMinvÞ

þ 1ffiffiffi
2

p GDsD̄s
ðMinvÞTDsD̄s;DD̄ðMinvÞÞ; ð11Þ

FIG. 3. Production and propagation of the DþD− and Dþ
s D−

s
components through final-state interaction.

FIG. 2. B− decay via internal emission at the quark level and
hadronization.
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t̃Dþ
s D−

s
¼ Cð1þ

ffiffiffi
2

p
GDD̄ðMinvÞTDD̄;Dþ

s D−
s
ðMinvÞ

þ GDsD̄s
ðMinvÞTDþ

s D−
s ;D

þ
s D−

s
ðMinvÞÞ; ð12Þ

with C an arbitrary constant. We can see that theDþD− and
Dþ

s D−
s production rates are related via the dynamics of the

process and we can also test the relative strength of the two
distributions.

III. RESULTS

We then proceed as follows. We choose a value of the
subtraction constant aDsD̄s

of GDsD̄s
such as to get approx-

imately the right mass of the X0ð3930Þ state. We accom-
plish this with the value

aDsD̄s
¼ −1.58 ð13Þ

within the natural range suggested in [28]. At the same time
we choose aDD̄ ¼ −1 to get a DD̄ bound state around
3700 MeV, as in [9],2 and, considering the replacement of
Eq. (8), we get the results in Table I. These results indicate
that the lower state (I) couples more strongly to DD̄ while
the second state ðIIÞ couples more strongly to DsD̄s as
found in [8].
In Fig. 4, we show the results for dΓ

dMinvðDþD−Þ and
dΓ

dMinvðDþ
s D−

s Þ. The constant C has been chosen such as to

have the normalization of the data for dΓ
dMinvðDþ

s D−
s Þ. We do not

add a background to the distributions as in [1], since our
amplitude t̃i of Eqs. (11) and (12) already contain back-
ground through the terms 1 in the parenthesis (tree level).
We observe that, with the chosen parameter of Eq. (13) that
leads approximately to the properties of the X0ð3930Þ state,
we obtain a shape for dΓ

dMinvðDþ
s D−

s Þ compatible with the

experiment. It is also welcome the fact that the integrated
strengths of the mass distributions for the DþD− and
Dþ

s D−
s peaks gives a ratio of Dþ

s D−
s to DþD− of the order

of 3, in agreement with experiment [2].

IV. CONCLUSIONS

In summary, we have shown that a state below the DsD̄s

threshold, coupling strongly to DsD̄s and more weakly
to DD̄, as found in the lattice QCD calculations, will
necessarily produce a DsD̄s mass distribution with a strong
enhancement close to the DsD̄s threshold. A quantitative
evaluation of the DþD− and Dþ

s D−
s mass distributions in

the B− → DþD−K− and B− → Dþ
s D−

s K− decays, with
small modifications in the input used to obtain many
hadronic states, shows that a Dþ

s D−
s bound state appears,

which can be associated to the X0ð3930Þ, and this state,
coupling both toDD̄ andDþ

s D−
s , produces an enhancement

in the Dþ
s D−

s mass distribution close to threshold with a
shape and relative strength compared to DþD− production
in agreement with experiment. The conclusion is then that
there is not need to invoke a new X0ð3960Þ state, and the
experimental observation is due to the presence of
the X0ð3930Þ.
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TABLE I. Masses and widths of the poles dynamically gen-
erated by the model, as well as, the corresponding modulus of the
couplings jgij.

M
[MeV]

Γ
[MeV]

jgD̄Dj
[MeV]

jgD̄sDs
j

[MeV]

Pole I 3699.04 ... 14509.0 5707.2
Pole II (X0ð3930Þ) 3932.72 12.32 2889.5 10018.0

3.75 3.8 3.85 3.9 3.95 4 4.05

s
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FIG. 4. dΓ
dMinvðDþD−Þ and dΓ

dMinvðDþ
s D−

s Þ of B− → DþD−K− and
B− → Dþ

s D−
s K− decays. The experimental points are taken

from [1].

2Values of aDD̄ of the order of −1.3 were used in [9] to get that
binding, but also many other light channels were considered (see
also [31]) and it is well-known that there is a certain trade off
between terms in the potential and changes in the G function.
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