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On the nature of X(6900) and other structures in the LHCb di-j/ψ spectrum
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The LHCb di-J/ψ spectrum is studied within the framework of effective field theory with four coupled channels{J/ψJ/ψ, J/ψψ(2S),
J/ψψ(3770), ψ(2S)ψ(2S)}, in order to unveil possible underlying fully-charmed tetraquark states. The partial-wave analysis is performed
properly, and the unitarity of the scattering amplitudes is restored via Bethe-Salpeter equation under on-shell approximation. Four states are
found in the energy region[6.2 GeV, 7.6 GeV]. For the partial wave with quantum numbers0++, a bound stateX(6200) and a narrow
resonanceX(7200) can be dynamically generated, while for the2++ partial wave, two different resonant states, one namedX(6900) with
a narrow width and the otherX(6680) with a broad width, can be found. Our results of the mass and width ofX(6900) agree well with
the experimental ones given by the LHCb collaboration. Furthermore, our findings shed first light on the determination of theJPC quantum
numbers of these states.
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1. Introduction

In 2020, the LHCb collaboration declared the discovery
of a new XY Z member with a narrow width, denoted
by X(6900), in the J/ψ-pair invariant mass spectrum
around6.9 GeV [1]. The measured mass and width of
X(6900) are given by two scenarios. The results for sce-
nario I with interference areM[X(6900)] = 6886 ± 11 ±
11 MeV, Γ[X(6900)] = 168± 33± 69 MeV, while for sce-
nario II without interference,M[X(6900)] = 6905 ± 11 ±
7 MeV, Γ[X(6900)] = 80 ± 19 ± 33 MeV. Note that hints
of a broad structure above theJ/ψ-pair threshold and a pos-
sible structure around7.2 GeV were also observed by the
LHCb collaboration.

Since it is the first confirmation of a fully-charmed mul-
tiquark candidate in experiments, it immediately attracted in-
tensive attentions from both theoreticians and experimental-
ists. On the theoretical side, plenty of works are dedicated
to decipher the inner structure,JPC numbers or other prop-
erties of the related fully-charmed statesTccc̄c̄, through the
methods such as quark model [2–5], QCD sum rule [6–9],
non-relativistic QCD factorization [10–12] and phenomeno-
logical models [13–18].

In order to reveal possible states in theJ/ψ-pair spectrum
in the range of[6.2 GeV, 7.6 GeV] and to pin down their
JPC numbers, we constructed the production amplitudes of
di-J/ψ in thepp collision, and incorporated the effect of final
state interaction in a coupled-channel way. There are sev-
eral channels, suchηcηc, hchc, χcJχcJ ′ or ψ(nS)ψ(n′S)
pairs (n, n′ = 1, 2, 3 · · · ), which can couple to theJ/ψ
pair. However, by constructing a generic Lagrangian abid-
ing by the heavy quark spin symmetry (HQSS), we found
that the contributions fromηcηc, hchc and χcJχcJ ′ chan-
nels are either suppressed by HQSS or negligible compared

to the ψ(nS)ψ(n′S) channels in the meson-exchange pic-
ture. Therefore, we only consider the four coupled channels,
{J/ψJ/ψ, J/ψψ(2S), J/ψψ(3770), ψ(2S)ψ(2S)}, in our
analysis.

In this proceeding,i we review the work done in Ref. [19],
where the partial-wave analysis is employed to reveal possi-
ble states in the di-charmonium spectroscopy and to explore
their correspondingJPC numbers.

2. Coupled-channel potentials and unitarity

The charmonium scattering processes can be denoted by
V1(p1, ε1) + V2(p2, ε2) → V3(p3, ε3) + V4(p4, ε4) with mo-
mentapi and polarization vectorsεi(i = 1, 2, 3, 4) specified
in the parentheses. The relativistic effective Lagrangian is
given in Ref. [19], and the general form of the potentials is

Vij = C1ε1 · ε2ε
†
3 · ε†4 + C2ε1 · ε†3ε2 · ε†4 + C3ε1 · ε†4ε2 · ε†3 ,

where ij are channel indices. The coefficientsC1,2,3 are
combinations of the low-energy constants (LECs)hi(i =
1, 2, · · · , 9) andh′j(j = 4, 5, 6, 8) appearing in the effective
Lagrangian, see Table. I of Ref. [19] for more details.

The definition of helicity amplitude is

Vλ1λ2λ3λ4 = ερ†
3 (p3, λ3)ε

σ†
4 (p4, λ4)

× Vµνρσεµ
1 (p1, λ1)εν

2(p2, λ2) .

Here, the channel labelsij are omitted for the sake of brevity.
The helicity eigenvaluesλi(i = 1, 2, 3, 4) can take the values
of±1, 0. The total number of helicity amplitudes is81. How-
ever, by enforcingP andT parity symmetries, there are only
25 independent helicity amplitudes. The dynamical informa-
tion is encoded in the amplitudeVµνρσ that is obtainable from
the effective Lagrangian.
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We perform partial-wave projection of the helicity ampli-
tudes via the following explicit form

V J
λ1λ2λ3λ4

(s) =
1
2

−1∫

+1

dxVλ1λ2λ3λ4(s, t(s, x))dJ
λλ′(x) ,

wheres, t are Mandelstam variables andx = cos θ with scat-
tering angleθ. dJ

λλ′(x) is the standard Wigner function with
λ = λ1 − λ2 andλ′ = λ3 − λ4.

In present work, we only considerS-wave for which the
orbital angular momentum isL = 0. Then the total angu-
lar momentumJ is equal to the spinS, namelyJ = S.
For identical particles, the generalized Bose symmetry and
the conversation law of angular momentum impose the con-
straint onJ , which connotes that the total momentumJ can
only take the values of0 and2.

However, the partial-wave amplitudes in the helicity ba-
sis do not have definiteP parity. It is necessary to transfer
the helicity basis toJLS basis, and the concrete form reads

VJ(s) =
∑

λ1λ2λ3λ4

UJ
λ3λ4

VJ
λ1λ2λ3λ4

(s)[UJ
λ1λ2

]† . (1)

The transformation matrix can be obtained byUJ
λ1λ2

=
(1/
√

2S + 1)〈S1λ1S2 − λ2|Sλ〉, which is related to the
Clebsch-Gordon coefficients concerning the spins of the ini-
tial vector mesons,S1 andS2. TheUJ

λ3λ4
for the final states

can be obtained in the same manner.
ForJ = 0, the total spinS = 0 implies that|λ1−λ2| = 0,

thus the transformation matrix for the partial-wave amplitude
0++ only has three non-zero entries:

UJ=0
λ1λ2

=
[λ1λ2] [+1 + 1] [ 0 0] [−1− 1]

(1× 1) 1√
3

− 1√
3

1√
3

. (2)

For J = 2, the spin angular momentum isS = 2 so that
|λ1−λ2| can be0, 1, 2. Then the index[λ1λ2] has9 different
choices, and the transformation matrix is

UJ=2
λ1λ2

=

[λ1λ2] [+1 + 1] [+1 0] [+1− 1]

(1× 1)
√

1
30

√
1
10

√
1
5

[λ1λ2] [ 0 + 1] [ 0 0] [ 0− 1]

(1× 1)
√

1
10

√
2
15

√
1
10

[λ1λ2] [−1 + 1] [−1 0] [−1− 1]

(1× 1)
√

1
5

√
1
10

√
1
30

. (3)

With these two transformation matricesUJ=0,2
λ1λ2

, theS-wave
amplitudes can be straightforwardly derived.

To restore the unitarity of the amplitude, the Bethe-
Salpeter (BS) equation under on-shell approximation is
adopted [21, 22]; seee.g. Ref. [23, 24] for recent reviews
on various unitarization techniques. The explicit form of BS
equation is

T J (s) = VJ (s) · [1− G(s) · VJ(s)]−1 . (4)

For the coupled-channel case, the kernalVJ(s) is in the ma-
trix form

VJ(s) =




V J
11(s) · · · V J

1n(s)
...

.. .
...

V J
n1(s) · · · V J

nn(s)


 , (5)

the dimension of the matrix is identical to the number of cou-
pled channels under consideration. Furthermore,G(s) is a
diagonal matrix in the form of

G(s) = diag{gii(s)} , (6)

where gii(s) denotes the two-point loop function in the
ith channel [20]. By analytic continuation of the function
gii(s), the analytical unitarized amplitude on various Rie-
mann Sheets (RS) can be defined. Readers are referred to
Ref. [19] for the explicit form ofgii(s) and for the definition
of RSs. The pole singularities of the unitarized amplitude
are usually interpreted as bound states, virtual states or reso-
nances.

3. Production amplitude

The J/ψ pair is produced through proton-proton collision
as shown in Fig. 1. The production amplitude contains two
types of contributions: one is direct production and the other
is indirect one. The form of the production amplitude is

M1(s) = A1(s)[1 +
∑

i

γiGii(s)Ti1(s)] , (7)

with direct amplitudeA1 andγi = Ai/A1. The direct am-
plitudeA1 is the process that directly produces theJ/ψJ/ψ
pairs. The indirect amplitude takes the rescattering ef-
fect of the final state interaction into consideration, where
the coupled-channel effects amongst{J/ψJ/ψ, J/ψψ(2S),
J/ψψ(3770), ψ(2S)ψ(2S)} are explicitly incorporated.

The expression for the invariant mass formula is given by

dN
d
√

s
= ρ(s)|A1(s)|2

∣∣∣∣γ +
∑

i

Gii(s)Ti1(s)
∣∣∣∣
2

, (8)

which is proportional to the square of the production
amplitude, multiplied by a phase space factorρ(s) =
λ

1
2 (s,m2

J/ψ,m2
J/ψ)/(16πs), with the Källén function

λ(a2, b2, c2) = [a2 − (b + c)2][a2 − (b− c)2].
The unit in the second line of Eq. (7) is set asγ, and it is

regarded as coherent background contribution. Meanwhile,
otherγi’s are taken to be1 for the purpose of reducing the
number of free parameters. Actually, the effect ofγi’s may
be absorbed, in part, into the coherent constantγ or the con-
stants involved in the amplitudeTi1(s). In our case, the direct
amplitudeA1 is parameterized as the form of [16]

|A1(s)|2 = α2e−2βs , (9)

whereα andβ are normalization factor and slope parameter,
respectively.

Supl. Rev. Mex. Fis.3 0308042
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FIGURE 1. Schematic diagram of the production ofJ/ψ pairs through proton-proton collision. Coupled-channel effects are incorporated via
rescatterings of final charmonium states.

TABLE I. Positions and residues of the poles obtained in the four-coupled-channel fits.

RS (JPC )
Positions |Residue|1/2 [GeV]

√
spole [MeV] J/ψJ/ψ J/ψψ(2S) J/ψψ(3770) ψ(2S)ψ(2S)

I (0++) 6124.8+23.9
−121.8 24.6+7.5

−2.3 21.0+21.2
−6.7 1.1+1.1

−1.1 2.7+18.2
−2.6

II (2++) 6680.3+80.9
−53.0 − i136.1+39.3

−46.4 14.9+2.1
−2.4 26.5+1.8

−2.8 7.8+5.9
−1.7 39.0+4.9

−5.2

VIII ( 2++) 6919.8+17.2
−23.7 − i58.8+10.9

−12.2 5.7+1.6
−1.3 9.9+1.1

−1.8 2.9+1.2
−0.5 52.7+1.7

−1.1

VIII ( 0++) 7234.3+24.2
−28.5 − i45.1+37.8

−20.0 5.6+2.1
−1.8 6.2+1.1

−1.1 0.9+0.3
−0.3 37.0+2.6

−2.3

4. Fits and predictions

We are now in the position to confront our model with the
experimental data by the LHCb. We perform partial-wave
analysis ofJ/ψ-pair invariant mass spectrum and hunt for
possible states in the entire fitting range with definiteJPC

numbers of0++ and2++. Three different kinds of fit are
carried out: three-coupled-channel fit, four-coupled-channel
fits and combined fit.

We first consider the fits of three coupled channels
{J/ψJ/ψ, J/ψψ(2S), J/ψψ(3770)} with the energy re-
gion ranging from6.2 GeV to 7.2 GeV, which covers the
narrow structure around6.9 GeV and is adequate to recon-
struct the experimental spectrum distribution in principle.
However, the results show that the three-coupled-channel
cases do not make a clear distinction between the0++ and
2++ partial-wave amplitudes. Namely, the behaviours of
predicted theoretical line-shapes of the two fits, with only
0++ or only 2++ partial waves, turn out to be indistinguish-
able. For the three-coupled-channel fits, a bound state near
the di-J/ψ threshold can be found, which is referred to as
X(6200) [16]. A peak around6.9 GeV is also seen, but the
dominate contribution mainly attributes to the threshold ef-
fect of theJ/ψψ(3770) channel.

Therefore, we extend the fitting range up to the energy
7.6 GeV. In this way, more experimental data are included.
Furthermore, we add one extra channel,i.e. theψ(2S)ψ(2S)
interaction. By considering four coupled channels{J/ψJ/ψ,
J/ψψ(2S), J/ψψ(3770), ψ(2S)ψ(2S)}, two different fits
(here denoted by Fit-I and Fit-II) are performed, as the cases
in the three-channel fits described above. The fit results, to-
gether with comparison with the LHCb data, are shown in
Fig. 2. It can be seen from the plots that the theoretical pre-

dictions of0++ and2++ invariant mass spectrum can be eas-
ily distinguished now.

For Fit-I with 0++ partial wave, there exists good agree-
ment between our theoretical results and the LHCb data in
the energy range[6.2 GeV, 7.6 GeV]. A resonant state is dy-
namically generated, named asX(7200). It is located in the
RS-VIII and the relevant pole position reads

√
spole = (7234.3+24.2

−28.5 − i45.1+37.8
−20.0) MeV. (10)

From Table I, it can be seen that this state has larger cou-
pling to the ψ(2S)ψ(2S) channel, compared to the other
three channels. Also, the enhancement around7.3 GeV in
Fig. 2 exhibits the occurrence ofX(7200) state. In addition,
a bound state,i.e. X(6200), is also obtained

√
spole = 6124.8+23.9

−121.8 MeV. (11)

For Fit-II with 2++ partial wave, the fitting quality is ex-
cellent below7.2 GeV, but deviation from the experimental
data starts to show up in the vicinity of the energy7.3 GeV.
Two poles of quantum numbersJPC = 2++ are found. One
is a narrow resonant state, which appears around6.9 GeV,

√
spole = (6919.8+17.2

−23.7 − i58.8+10.9
−12.2) MeV. (12)

This state can be identified as theX(6900) state reported
by the LHCb collaboration [1]. The coupling constant with
the fourth channel of this state is large, indicating that the
ψ(2S)ψ(2S) channel takes the major responsibility for the
existence of theX(6900) state. On the other hand, a broad
resonant structure, dubbedX(6680), is discovered, although
its effect is interpreted as the threshold enhancement by the
LHCb collaboration [1].

Supl. Rev. Mex. Fis.3 0308042
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FIGURE 2. Results of four-coupled-channel fits. Left panel: Fit-I with only0++ partial wave; right panel: Fit-II with only2++ partial wave.
The dashed lines indicate thresholds, and the light green background stands for the fitting range[6.2 GeV, 7.6 GeV]. The error bands are
obtained by varying the parameters within their1σ uncertainties.

FIGURE 3. Poles locations extracted from the four-coupled-
channel fits. The green dashed lines represent various thresholds.
In the figure the abbreviationsψ′ = ψ(2S) andψ′′ = ψ(3770) are
used for brevity. The dots with error bars represent the LHCb re-
sults with (LHCb-w) and without (LHCb-w/o) interferences, which
are shown for easy comparison.

Results of dynamically generated poles and residues,
based on the four-coupled-channel fits, are detailed in Ta-
ble I. It is worth mentioning that the states obtained in Fit-I
and Fit-II are of quantum numbersJPC = 0++ and2++,
respectively. In Fig. 3, the pole locations in the complex

√
s

plane are plotted, where the LHCb determinations are dis-
played for easy comparison. From Fig. 3, it is shown that our
extraction of theX(6900) state is consistent with the LHCb
results within1-σ uncertainties.

It should be noted by ending this section that a combined
fit (Fit-E in Ref. [19]) with both0++ and2++ partial waves is

performed to assess the stability of the above four-coupled-
channel results. TheJ/ψψ(3770) channel is switched off
on purpose. It is found that the existences of theX(6900)
state is robust. Nevertheless, theX(7200) resonance disap-
pears but leaves remnant signal of sharp changings around
7.3 GeV in the line shape. This observation implies that the
J/ψψ(3770) channel is of crucial importance in dynamically
generating theX(7200) state.

5. Summary

In summary, we explore all possible states in the LHCb di-
J/ψ spectrum by performing a partial-wave analysis with
coupled-channel dynamics. Four states are found: two states
(X(6200) andX(7200)) in theJPC = 0++ partial wave and
the other two (X(6680) andX(6900)) in the JPC = 2++

partial wave. Our determination of theX(6900) state agrees
well with the LHCb results within uncertainties. Our findings
can be determined more precisely in the near future when
more relevant experimental data are available.
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