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In this work, we investigated the X(4140) and like states and their radial excitations by using

molecular and diquark-antidiquark currents which couple to scalar, axial vector and tensor states

via QCD sum rules. In operator product expansion, we considered quark, gluon and mixed vac-

uum condansates up to dimension eight. For the ground states coupling to these currents, we

found that masses are almost degenerate with X(4140). For the excited states, we found that

scalar and tensor currents are coupling to D∗
s D∗

s threshold. However for the axial vector currents,

the mass of the first excited state is compatible with X(4274). Thus we conclude that, X(4274)

might be the first radial excitation of X(4140).
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The spectroscopy of hadrons have its fruitful period due to discoveries of many new particles

which are non conventional cc states in B- factories. Among these states, X(4140) was first ob-

served by CDF in the decay B+ → X(4140)K+ → J/ψφK+ [1]. It is later confirmed by CDF, CMS

and D0 [2, 3, 4, 5]. Also CDF [2] and CMS [3] observed a second peak which is accompanying

X(4140) in the same experiments. At last, LHCb announced that both X(4140) and X(4274) have

quantum numbers JPC = 1++ [6]. In theory, there are several studies investigating the internal

structure of X(4140) and X(4274), by using different quantum numbers in the tetraquark scheme

[7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. Among these studies, most of them predicted

the masses consistent with experimantal results, however only two of them successfully estimated

both the mass and the quantum numbers of X(4140) consistent with experiments[7, 20]. For the

X(4274), there are only two studies [20, 21] and their results are good agreement with the LHCb.

In which authors threated X(4274) as an axial vector ground state.

The mass and the decay constant are the primary properties of a hadron, which are both mea-

surable and computable. So the investigation of these properties is important to understand their

internal structure, non perturbative picture and dynamics of the excited states. Therefore we were

motivated by above mentioned reasons to compute the properties of the ground and first excited

states of X(4140) and like states, which were estimated in a previous work [22]. For this aim we

used the two point QCD sum rule (QCDSR) methods and we considered both meson molecule and

diquark-antidiquark currents with quantum numbers JPC = 0++,1++,2++. In this work, X and X ′

denote the ground and the first excited states coupling to selected currents.

We started with two point correlation function to obtain the sum rules for the masses and the

decay constants of X and X ′ which can be written as

Π(q) = i

∫
d4xeiq·x〈0|T (J(x)J†(0))|0〉, (1)

where J(x) is the interpolating current coupling to X and X ′ system. We chose the following

molecular currents

J(1)(x) = si(x)γµ ci(x) c j(x)γµ s j(x), (2)

J
(1)
µ (x) =

1√
2

(
si(x)γ5ci(x) c j(x)γµ s j(x)− si(x)γµ ci(x) c j(x)γ5s j(x)

)
, (3)

J
(1)
µν (x) =

1√
2

(
si(x)γµ ci(x) c j(x)γν s j(x)+ si(x)γν ci(x) c j(x)γµ s j(x)

)
, (4)

and the following diquark-antidiquark currents

J(2)(x) = ε ε̃(s j(x)Cγµ ck(x) sm(x)γµCcn(x)), (5)

J
(2)
µ (x) =

ε ε̃√
2

(
s j(x)Cγ5ck(x) sm(x)γµCcn(x)− s j(x)Cγµ ck(x) sm(x)γ5Ccn(x)

)
, (6)

J
(2)
µν (x) =

ε ε̃√
2

(
s j(x)Cγµ ck(x) sm(x)γνCcn(x)+ s j(x)Cγν ck(x) sm(x)γµCcn(x)

)
(7)
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where i, j , ... are color indices, the superscripts (1) and (2) denote the current has either molecular

or diquark-antidiquark state, ε = ε i jk, ε̃ = ε imn, C is the charge conjugation matrix.

In QCDSR, the correlation function in Eq. 1 is evaluated in two ways. In the operator product

expansion (OPE) part, the correlator is calculated at the level of quark and gluon fields and in the

physical part, it is computed in terms of physical parameters of X and X ′ states. By equating the

coefficients of the same Lorentz structures appearing in these two representations, the QCDSR for

the physical quantities are obtained.

In order to obtain the physical side, we inserted a complete set which has the same quantum

numbers with the X and X ′ states between the interpolating currents and performed integration over

x, and obtained

ΠPhys(q) =
〈0|J|X(q)〉〈X(q)|J†|0〉

m2
X −q2

+
〈0|J|X ′(q)〉〈X ′(q)|J†|0〉

m2
X ′ −q2

+ ... ,

where mX(mX ′) is the mass of the ground state (first radially excited state), and dots denote the

contributions coming from the higher states and continuum. The ground and first radial excited

states have same quantum numbers, thus their matrix elements are defined in smilar manner. So we

defined scalar, axial vector and tensor matrix elements as follows

〈0|J|X (′)(q)〉= λX (′) , (8)

〈0|Jµ |X (′)(q)〉= λX (′)ε
(′)
µ , (9)

〈0|Jµν |X (′)(q)〉= λX (′)ε
(′)
µν , (10)

where ε
(′)
µ and ε

(′)
µν are vector and tensor polarizations satisfying the necessary conditions. Then

using vector and tensor summations, the correlation functions in the physical side were written in

terms of Lorentz structures as

ΠPhys(q) =
λX

m2
X −q2

+
λX ′

m2
X ′ −q2

,

Π
Phys
µν (q) =

(
λX

m2
X −q2

+
λX ′

m2
X ′ −q2

)
gµν +other structures, (11)

Π
Phys

µναβ
(q) =

(
λX

m2
X −q2

+
λX ′

m2
X ′ −q2

){
1

2
(gµα gνβ +gµβ gνα)

}

+other structures. (12)

In Eqns. (11 - 12), we explicitly showed the coefficients of the Lorentz structures which were

selected in this work.

In the OPE side we followed the calculations of traditional QCDSR as were done in Refs.

[22, 23] and we do not present its details. However we modified the continuum threshold to s′0
instead of the s0, in order to isolate the ground state. After these modifications, equating the same
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Lorentz structures in both ΠPhys and ΠOPE and applying Borel transformation, we obtained the sum

rules for the excited X ′ states as

λ 2
X ′e

−m2
X ′/M2

=
∫ s′0

Λ
dsρOPE(s)e−s/M2 −λ 2

Xe−m2
X/M2

, (13)

where Λ = (2ms +2mc)
2, mX and λX are the mass and the decay constant of X . These parameters

were previously calculated in Ref. [22] and we presented their values in Table 1. In Eq. (13),

ρOPE(s)= Im[ΠOPE/π] is the spectral density, and their expressions are the same as those presented

in Ref. [22]. In order to estimate the mass of the X ′, we took the derivative of Eq. (13) with respect

to −1/M2, and divided it to Eq. (13), and obtained

m2
X ′ =

∫ s′0
Λ ds s ρOPE(s)e−s/M2 −m2

Xλ 2
X e−m2

X/M2

∫ s′0
Λ dsρOPE(s)e−s/M2 −λ 2

Xe−m2
X/M2

. (14)

Table 1: Values of the masses and decay constants of X(4140) [22].

Current mX λX

(GeV) (×10−2GeV5)

J(1) (0++) 4.15±0.14 3.89±0.95

J
(1)
µ (1++) 4.15±0.13 2.22±0.50

J
(1)
µν (2++) 4.15±0.13 4.20±0.95

J(2) (0++) 4.14±0.14 4.51±1.10

J
(2)
µ (1++) 4.14±0.13 2.56±0.58

J
(2)
µν (2++) 4.14±0.13 4.76±1.09

The obtained sum rules include numerous parameters, i.e. masses of c and s quarks and quark,

gluon and mixed condansates. In order to perform numerical analysis, we used the values of input

parameters given in Table 2.

Table 2: Input parameters

Parameters Values

mc (1.275±0.025) GeV[24]

ms (95±5) MeV [24]

〈q̄q〉 (−0.24±0.01)3 GeV3 [11]

〈s̄s〉 0.8 〈q̄q〉 [11]

〈αsG2

π 〉 (0.012±0.004) GeV4 [11]

m2
0 (0.8±0.1) GeV2 [11]

In addition to the input parameters, the derived sum rules also depend on M2 and s′0. We

determined the working regions of these parameters respecting the following criteria: sum rules
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should satisfy the convergence of OPE and dominance of the pole contribution. For each current,

we fixed the working regions of the M2 in which the sum rules satisfy both pole dominance and

OPE convergence, and chose the upper bound of the s′0 as 22.6 GeV 2 to isolate the contributions of

"ground + first excited states" from the continuum. For the lower bound of s′0, we applied a linear

fit and expressed the minimum value of s′0 in terms of M2. We present the working regions of M2,

s′0 and the values of the masses of X ′ states in Table 3.

Table 3: Working regions of parameters M2, s′0, and the values of the masses of X ′ states.

Current M2
min M2

max 22.6 ≥ s0 ≥ mX ′(GeV)

(GeV2) (GeV2) (GeV2)

J(1) (0++) 4.0 4.5 3.75M2 +5.88 4.22±0.11

J
(1)
µ (1++) 4.3 4.8 3.66M2 +5.10 4.48±0.41

J
(1)
µν (2++) 4.3 4.8 3.53M2 +5.76 4.21±0.11

J(2) (0++) 3.9 4.4 3.85M2 +5.65 4.22±0.12

J
(2)
µ (1++) 4.2 4.7 3.75M2 +5.13 4.30±0.23

J
(2)
µν (2++) 4.1 4.6 3.33M2 +7.27 4.23±0.10

After the numerical analysis, we found that the masses estimated by scalar and tensor currents

coupling to first radial excitations are almost the same as the D∗
s D̄∗

s threshold. These excited states

might be very loosely bound D∗
s D̄∗

s resonances. This might also be a sign of dominant molecular

content for ground states of the scalar and tensor partners of axial vector X(4140). On the other

hand, we found that the mass of the first radial excitation of axial vector X(4140) is compatible

with X(4274).

In summary, we performed a QCD sum rules analysis for possible D∗
s D̄∗

s molecule and diquark-

antidiquark currents with JPC = 0++,1++ and 2++, and estimated the masses of the first radial

excitations of the ground states coupling to these currents. To extract masses of the excited states

from the sum rules, we modified the continuum threshold and separated "ground + first excited

state" from the continuum. As a result, we concluded that X(4274) can be identified as the first

radial excitation of axial vector X(4140) with diquark-antidiquark content.
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