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We study the properties of the Xð1880Þ, the structure around the p̄p threshold that appears in the
3ðπþπ−Þ invariant mass spectrum in the decay process of J=ψ → γ3ðπþπ−Þ. Nucleon-antinucleon
rescattering is taken into account in our analysis, and the decay amplitude of J=ψ → γ3ðπþπ−Þ can be
obtained by the distorted wave Born approximation. With these amplitudes, we analyze the contributions to
the Xð1880Þ from different partial waves. Our analysis suggests that the Xð1880Þ should be isoscalar 0−þ,
and it is generated by the threshold behavior.
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Introduction. For over half a century, the quark model was
believed to be the fundamental template for describing
hadrons, which are composed of three quarks or a quark-
antiquark pair [1,2]. With the advent of quantum chromo-
dynamics, it became clear that other types of bound states
should exist. In particular, the carriers of the strong force,
the gluons, can form the hadrons in terms of hybrid and
glueball, which is a kind of matter that can truly be called
exotic. For recent studies addressing the role of gluons as
constituents of hadrons, see, for example, Refs. [3–7].
Recently, a candidate for a glueball was reported by the
BESIII Collaboration in Ref. [8], named Xð1880Þ. It is
found in the 3ðπþπ−Þ invariant mass spectrum in the decay
process of J=ψ → γ3ðπþπ−Þ, with much higher statistics
than the earlier measurement [9]. Its mass and width are
M ¼ 1882.1� 1.7� 0.7 MeV and Γ ¼ 30.7� 5.5�
2.4 MeV. The Xð1880Þ attracts huge attention from the
community, as it reveals a new structure of hadron if the
glueball nature is confirmed; see for example Refs. [10–16].
In lattice QCD some research focuses on the nature of
glueballs and predicts their mass, e.g., the pseudoscalar

glueball with a mass around 2.6 GeV [17,18]. Also, the
Xð1880Þ is found near the proton-antiproton threshold,
which is of great interest as there is excellent progress in
the relevant phenomenology, e.g., threshold enhancement
[19–27], resonance structures [8,28–32], and oscillations
of the timelike electromagnetic form factors [33–36].
Following these experimental measurements, there aremany
theoretical works [37–40].
Quantum numbers are basic for studying the properties

of a particle. However, since there are many final states in
the decay process of J=ψ → γ3ðπþπ−Þ, it is an arduous task
for experimentalists performing a partial wave analysis to
fix the quantum numbers of the Xð1880Þ. In this Letter, we
propose a simplified partial wave analysis to select the
quantum numbers. Since the Xð1880Þ is just around the p̄p
threshold, a two-step process should work well for the
interaction dynamics, namely J=ψ → γN̄N → γ3ðπþπ−Þ.
The N̄N rescattering plays an essential role in the final-state
interaction, such as in the study of the electromagnetic form
factors of protons and neutrons in timelike regions [41,42].
A series of comprehensive partial wave amplitudes of N̄N
scattering has already been obtained using chiral effective
field theory (ChEFT) up to next-to-next-to-next-to-leading
order (N3LO) [43]. With these amplitudes, one can con-
struct the J=ψ → γ3ðπþπ−Þ decay partial wave amplitudes
through the distorted wave Born approximation (DWBA)
[39,44,45]. One by one, the partial wave amplitudes
obtained can be applied to describe all the relevant
experimental datasets, the invariant mass spectra of
J=ψ → γp̄p and J=ψ → γ3ðπþπ−Þ, and the cross section
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of pp̄ → 3ðπþπ−Þ. The quantum numbers of the Xð1880Þ
can be classified from the quality of fitting each partial
wave amplitude to the data. Notice that the interference
between different partial waves will not have such a distinct
character as that of pure waves. The reason is that around
the threshold, partial waves have a threshold factor, pL. As
an example, the square of the partial wave amplitudes will
be either strongly suppressed or not for P- and S-waves,
respectively.

Formalism. As discussed above, the amplitude of the decay
process J=ψ → γ3ðπþπ−Þ is obtained through J=ψ →
γNN̄ → γ3ðπþπ−Þ [46]. The amplitude can be fixed
well by a combined analysis on the three processes,
J=ψ → γpp̄, p̄p → 3ðπþπ−Þ, and J=ψ → γ3ðπþπ−Þ.
They are solved by a set of equations established via the
DWBA method,

F1ðQÞ ¼ A0
1ðp0Þ þ

Z
∞

0

dkk2

ð2πÞ3 A
0
1ðkÞ

1

Q − 2Ek þ iϵ

× Tðk; p0;Ep0 Þ;

F2ðQÞ ¼ A0
2ðpÞ þ

Z
∞

0

dkk2

ð2πÞ3 Tðp; k;EkÞ
1

2Ek −Qþ iϵ

× A0
2ðkÞ;
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Z
∞

0

dkk2

ð2πÞ3 F1ðEkÞ
1

Q − 2Ek þ iϵ
A0
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where the subscripts “1, 2, 3” represent the processes of
J=ψ → γNN̄, NN̄ → γ3ðπþπ−Þ, and J=ψ → γ3ðπþπ−Þ,
respectively. T is the partial wave scattering amplitude
of NN̄ → NN̄. Q is the 3ðπþπ−Þ or NN̄ invariant mass for
the different processes, p, p0 are the center-of-mass
momenta of initial and final NN̄ system, and E is the
energy of the nucleon, respectively. Following earlier
works [43,47], the transition amplitudes and annihilation
potential in Eq. (1) are parametrized as

A0;S
1;2ðpÞ ¼ C̃S

1;2 þ CS
1;2p

2 þDS
1;2p

4;

A0;P
1;2 ðpÞ ¼ CP

1;2pþDP
1;2p

3;

A0;D
1;2 ðpÞ ¼ DD

1;2p
2;

A0
3ðQÞ ¼ C̃3 þ C3Q: ð2Þ

The superscripts S, P, and D are short for different partial
waves. The parameters in the annihilation potential are
taken as real numbers to keep the same formalism as that of
Refs. [43,47]. For A0

3 [J=ψ → γ3ðπþπ−Þ], it is written in a
general formalism with lowest orders of momentum. The
N̄N scattering amplitude T is solved by the Lippmann-
Schiwinger equation [43],

TNN̄→NN̄ðp0; p;EpÞ ¼ VNN̄→NN̄ðp0; pÞ þ
Z

∞

0

dkk2

ð2πÞ3

× VNN̄→NN̄ðp0; kÞ 1

2Ep − 2Ek þ iϵ

× TNN̄→NN̄ðk; p;EpÞ; ð3Þ

with the potentials given by ChEFT up to N3LO [43].
Here, we will restrict our analysis to the region below
T lab≲ 120MeV, corresponding to plab ≲ 490 MeV. Notice
that in this low-energy region, the NN̄ → NN̄ solution fits
well the phase shifts of all the partial waves obtained from
the partial wave analysis (PWA) [48]. Further, the PWA is
based on a large number of results on differential cross
sections which allows us to pin down the partial waves [49].
In particular, this makes it possible to separate the spin-
orbit and tensor effects. Nevertheless, it should be pointed
out that the specific solution we used is one of the best
choices [12,43,48,51] based on the current experimental
data. The NN̄ scattering lengths of the lowest partial waves
are listed in Table III of Ref. [43]. For example, one has
a11S0 ¼ −0.20–1.23i fm and a31S0 ¼ 1.05–0.58i fm [43],
using the notation a2Iþ1;2Sþ1LJ

. These results are close to
others, e.g., Ref. [47]. The effective range parameters are
given by Ref. [43], where one has r11S0 ¼ −3.98–11.03i fm
and r31S0 ¼ 0.65–2.08i fm, in terms of the notation
r2Iþ1;2Sþ1LJ

. Especially, the lowest partial waves, 1S0,
3P0, 3P1, 1D2, and 3P2, do not show a resonancelike
behavior in the region of their most substantial variation.
This makes all the low-energy constants (LECs) from
ChEFT unchanged when the TNN̄→NN̄ is taken into
Eq. (1) to produce the J=ψ → γpp̄ and NN̄ → 3ðπþπ−Þ
amplitudes, leaving only a few parameters from the Born
terms to be fixed, i.e., C̃i, Ci, and Di; see Eq. (2).
With the amplitudes obtained in Eq. (1), one can analyze

the 3ðπþπ−Þ and pp̄ invariant mass spectra for the decay
processes of J=ψ → γ3ðπþπ−Þ and J=ψ → γpp̄, and the
cross section of the scattering process of pp̄ → 3ðπþπ−Þ.
According to parity and charge conjugation conservation,
the permitted partial waves are 0−þ, 0þþ, 1þþ, 2−þ, and
2þþ in the 3ðπþπ−Þ system for the J=ψ radiative decay,
ignoring the higher partial waves with total angular
momentum J > 2. Correspondingly, one needs to consider
the 1S0, 3P0, 3P1, 1D2, and 3P2 waves in the NN̄ system.
One can take each partial wave individually to fit all the
datasets of invariant mass spectra and cross sections.
The partial wave that best describes all these data will
be recognized as contributing to the structure around the
p̄p threshold most.
On the experimental side, there are sufficient data points

(74) in the energy region of pLab ≲ 490 MeV, supporting
the possibility of selecting the quantum numbers. There are
three data points on the cross section of pp̄ → 3ðπþπ−Þ
[52–54], 44 data points on the invariant mass spectra of
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3ðπþπ−Þ in J=ψ → γ3ðπþπ−Þ (31 data points with high
statistics) [8,9], and 27 data points on the p̄p invariant mass
spectra in J=ψ → γpp̄ (12 data points with high statistics)
[21,55]. In contrast, we have nine, seven, and five param-
eters for the S-, P-, and D-wave cases, including the ones
shown in Eq. (2) and the cutoff. Also, there are five
normalization factors for fitting the invariant mass spectra,
in lack of the detection efficiency from the experimental
measurements. Note that the cutoff is not treated as a free
parameter, though we examine the impact of its different
values following Refs. [43,46]. Notice that the first param-
eter of the Born term in J=ψ → γp̄p has been fixed to
be one, C̃S

1 ¼ CP
1 ¼ DD

1 ¼ 1 as it is multiplied with the
normalization factor for the detection efficiency.

Results and discussions. As discussed above, we consider
the lowest partial waves, 3P0 (0þþ), 1S0 (0−þ), 3P1 (1þþ),
1D2 (2−þ), and 3P2 (2þþ), with both isoscalar and isovector
channels. The fit quality for each partial wave is shown in

Fig. 1, and the parameters for the different partial waves
and isospins are listed Table I.
In NN̄ scattering, the uncertainties of the partial wave

amplitudes are estimated mainly from the expected size of
the higher order corrections. The formulas to obtain
theoretical uncertainties of NN̄ scattering are [43,57]

ΔXN3LOðkÞ ¼ maxðQ5jXLOðkÞj; Q3jXLOðkÞ − XNLOðkÞj;
Q2jXNLOðkÞ − XN2LOðkÞj; QjXN2LOðkÞ − XN3LOðkÞjÞ; ð4Þ

where the expansion parameter Q is defined by

Q ¼ max

�
k
Λb

;
Mπ

Λb

�
;

with k the momentum and Λb the breakdown scale.
Following Eq. (4) we estimate the uncertainties of the
invariant mass spectra coming from the NN̄ partial waves,
combined together with the ones obtained through boot-
strap, where the data is varied within its error by multi-
plying a normal distribution function [58]. They are now
exhibited as the orange, dark pink, lime, gold, and cyan
bands for 3P0, 1S0, 3P1, 1D2, and 3P2 waves, respectively.
The results for isoscalar waves are in the left column,

and the isovector ones are shown in the right column.
The invariant mass spectra of the J=ψ → γ3ðπþπ−Þ and
J=ψ → γpp̄, and the cross section of pp̄ → 3ðπþπ−Þ, are
shown in the first, second, and third row, in order. To
determine the quantum numbers of the structure around the
p̄p threshold [called Xð1880Þ for simplicity], we follow a
simple strategy: the partial wave with the correct quantum
numbers should describe all the data well.
As can be found from the 3ðπþπ−Þ invariant mass

spectra, the I ¼ 0 3P0, 3P1, 1D2 and the I ¼ 1 1D2 waves
can hardly describe the data; see the purple dashed, blue
dotted, and green dot-dashed lines in the first row of Fig. 1.
One can exclude these quantum numbers. From the pp̄
invariant mass spectra, one can find that all the waves,
except for the I ¼ 0 1S0, 3P0 and I ¼ 1 1S0 ones, give a poor
description of the data. Among them, the I ¼ 0 3P0 wave
gives a much worse description of the data than the I ¼ 0
1S0 wave. From the pp̄ → 3ðπþπ−Þ cross section, one can
find that only the I ¼ 0 1S0 and I ¼ 1 1S0 waves can
describe the data well. This is unsurprising as the ampli-
tudes of P- andD-waves are proportional to the momentum
pL, resulting in a vanishing cross section at the p̄p
threshold. In short, only the I ¼ 0 1S0 wave survives by
describing all the data well; the I ¼ 1 1S0 wave is worse
than the isoscalar one but much better than all other waves.
Consequently, the Xð1880Þ should be in the I ¼ 0 1S0
wave. The I ¼ 1 1S0 wave is the second choice, but much
worse than the former.
To test the stability of our conclusion, we list the

χ2=d:o:f: for different cutoffs, R ¼ 0.9, 1.0, 1.1, 1.2 fm

FIG. 1. Comparison of N3LO fit results for different partial
waves. The fit results corresponding to the 1S0, 3P0, 3P1, 1D2, and
3P2 partial waves are indicated by the black solid, purple dashed,
green dot-dashed, blue dotted, and red dot-dash-dashed lines,
respectively. The data are taken from Refs. [8,9,21,52–56]. The
cutoff is chosen as R ¼ 1.0 fm. In the J=ψ → γ3ðπþπ−Þ and
J=ψ → γpp̄ decay processes, the datasets other than BESIII 2024
[8] and BESIII 2012 [55] are rescaled so that all of them can be
plotted together.

QUANTUM NUMBERS OF THE Xð1880Þ PHYS. REV. D 113, L011501 (2026)

L011501-3



in Table II. The reasons we choose these cutoffs are as
follows: about 1 fm corresponds to the typical scale of the
strong interaction, converting the cutoffs from coordinate
space to momentum space gives 438.50, 394.65, 358.78,
and 328.88 MeV for 0.9, 1.0, 1.1, and 1.2 fm, respectively.

These cutoffs are widely applied in studying the NN;NN̄
interaction within ChEFT [43,57]. As can be found, the
I ¼ 0 1S0 wave has the smallest χ2=d:o:f: The I ¼ 1 1S0
wave has the second smallest χ2=d:o:f:, from 3.2 to 4.5. All
other waves have much larger χ2=d:o:f: This confirms

TABLE I. The values of parameters for the fitting of different partial waves. PW and I represent partial wave and
isospin, respectively. The uncertainties of parameters are from MINUIT. Ni

1 (i ¼ 1, 2, 3) denote the normalization
factors for datasets from BES [21], CELO [56], and BESIII [55], and Ni

3 (i ¼ 1, 2) correspond to the datasets from
BESIII [8,9]. The N2

3 unit is 102. The cutoff is R ¼ 1.0 fm.

PW I 1S0 3P0
3P1

1D2
3P2

C1 0 −7.67ð15Þ � � � � � � � � � � � �
1 −18.92ð53Þ � � � � � � � � � � � �

D1 0 44.37(95) −4.76ð13Þ −14.28ð07Þ � � � −5.86ð21Þ
1 50.00(1.26) −7.30ð05Þ −10.98ð25Þ � � � −9.36ð07Þ

C̃2 0 0.02(01) � � � � � � � � � � � �
1 0.01(01) � � � � � � � � � � � �

C2 0 0.25(03) −0.12ð01Þ 0.30(01) � � � −0.25ð02Þ
1 −0.01ð04Þ −1.39ð03Þ −1.27ð04Þ � � � −1.49ð04Þ

D2 0 −2.53ð08Þ 0.62(05) −6.52ð04Þ 0.61(02) 3.27(08)
1 1.32(30) 15.86(13) 50.00(3.29) 0.60(02) 27.99(22)

C̃3 0 0.75(01) −0.42ð01Þ −1.24ð01Þ −0.20ð01Þ 0.22(03)
−1.20ð05Þi þ0.76ð01Þi −1.71ð01Þi −0.18ð01Þi þ0.21ð03Þi

1 0.13(04) 2.15(01) 7.78(21) −0.20ð01Þ 4.95(02)
þ0.20ð03Þi þ1.61ð05Þi þ6.90ð23Þi −0.16ð01Þi þ3.22ð11Þi

C3 0 −0.57ð01Þ 0.27(01) 0.93(01) 0.14(01) −0.20ð02Þ
þ0.66ið03Þ −0.36ð01Þi þ0.99ð01Þi þ0.11ð01Þi −0.18ð02Þi

1 −0.09ð03Þ −1.45ð01Þ −6.14ð14Þ 0.14(01) −3.45ð02Þ
−0.17ð03Þi −0.89ð03Þi −4.27ð13Þi þ0.09ð01Þi −1.83ð06Þi

N1
1

0 12.3(5) 105(5) 66(2) 187(8) 43(1)
1 3.1(2) 47(2) 21.7(8) 215(9) 37(1)

N2
1

0 5.9(5) 49(5) 27(3) 70(10) 20(2)
1 1.5(2) 19(2) 9(1) 81(12) 16(2)

N3
1

0 65(2) 545(19) 316(5) 839(17) 215(4)
1 16(1) 225(4) 106(2) 960(20) 183(3)

N1
3

0 6.2(3) 16(1) 56(3) 313(16) 14(1)
1 20(6) 7.3(4) 0.12(1) 397(19) 1.42(7)

N2
3

0 9.2(3) 24(1) 83(3) 467(17) 20(2)
1 31(9) 10.9(4) 0.17(2) 592(21) 2.11(8)

TABLE II. The χ2=d:o:f: for the differential partial waves,
where d:o:f. represents the number of degrees of freedom.

R (fm) Isospin 1S0 3P0
3P1

1D2
3P2

0.9 I ¼ 0 1.96 7.87 41.51 67.39 20.94
I ¼ 1 4.53 35.09 30.72 69.05 29.97

1.0 I ¼ 0 1.99 6.74 33.81 66.18 18.58
I ¼ 1 3.30 31.34 26.38 67.82 25.03

1.1 I ¼ 0 2.04 6.34 25.70 64.78 16.40
I ¼ 1 3.32 28.00 21.20 66.45 20.85

1.2 I ¼ 0 2.07 6.42 19.80 63.24 14.90
I ¼ 1 3.22 24.74 17.13 64.94 17.98

TABLE III. The p-value for the differential partial waves and
isospin for cutoffs in the range 0.9–1.2 fm.

R (fm) Isospin 1S0 3P0
3P1

1D2
3P2

0.9 I ¼ 0 0.261 0.000 0.000 0.000 0.000
I ¼ 1 0.000 0.000 0.000 0.000 0.000

1.0 I ¼ 0 0.215 0.000 0.000 0.000 0.000
I ¼ 1 0.000 0.000 0.000 0.000 0.000

1.1 I ¼ 0 0.168 0.000 0.000 0.000 0.000
I ¼ 1 0.000 0.000 0.000 0.000 0.000

1.2 I ¼ 0 0.137 0.000 0.000 0.000 0.000
I ¼ 1 0.000 0.000 0.000 0.000 0.000
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that the Xð1880Þ most likely has the quantum numbers
I JPC ¼ 00−þ. Indeed, we have also tested the present
analysis within TLab ≲ 100 MeV, and the same conclusion
is obtained.
Further, we calculated the p-values of the linear corre-

lation between the fit results and the datasets. As is known,
the p-value should be above 0.05 to have confidence that
the test passes. In our analysis, the theoretical prediction
also has an uncertainty, which should be included. For each

data point, the variance is defined as σtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2exp þ σ2theo

q
[59], where σexp is the error from experiment and σ2theo is
from theory. Our p-values are listed in Table III. As can be
found, only the I ¼ 0 1S0 partial wave passes the test, after
removing three data points that are far away from other data
points, i.e., the red points at Ecm ¼ 1.89, 1.93 GeV of the
invariant mass spectra for J=ψ → γ3ðπþπ−Þ, shown in the
first row graphs of Fig. 1, and the blue point at Mpp̄ −
2mp ¼ 0.018 GeV of the invariant mass spectra for
J=ψ → γpp̄, as shown in the second row graphs of
Fig. 1. After removing these data points, one finds
χ2=d:o:f. ¼ 1.12 with the cutoff 1 fm for the I ¼ 0 1S0
wave, and its p-value is 0.215. Hence, the quantum
numbers of Xð1880Þ are most likely IJPC ¼ 00−þ. The
p-values of the isovector 1S0 wave is less than 10−7, and
other partial waves are smaller than 10−34.
After fixing the quantum numbers, one can analyze the

contributions to the structure around the threshold from

different parts as shown in Fig. 2. The Born term/back-
ground and loop contributions, corresponding to the first
and second terms of Eq. (1), are shown as blue dashed and
purple dash-dotted lines, respectively. As can be found, the
structure in the 3ðπþπ−Þ variant mass spectrum is from the
interference between the loop and background contribu-
tions. The background is smooth, and only the loop
contribution, i.e., the NN̄ rescattering effects, generate a
structure that is of a cusplike shape rather than a Breit-
Wigner shape. It should be pointed out that from the NN̄
scattering partial wave amplitudes, one cannot find any
poles around the threshold compatible with the cusplike
shape of the loop contribution. This excludes the glueball
case and supports that the Xð1880Þ is generated by the
threshold behavior.

Summary. In this work, we have presented a combined
analysis on the decay process of the J=ψ → γ3ðπþπ−Þ and
J=ψ → γpp̄ reactions and the scattering process of
pp̄ → 3ðπþπ−Þ. The distorted wave Born approximation
is applied to solve the amplitudes, with input of the NN̄
scattering amplitudes given by chiral effective field
theory up to N3LO. The isoscalar and isovector 1S0,
3P0, 3P1, 1D2, and 3P2 partial waves are taken into the
analysis one by one. Our result suggests that the quantum
numbers of the structure around the p̄p threshold, the
Xð1880Þ, discovered in the 3ðπþπ−Þ invariant mass
spectrum of the J=ψ → γ3ðπþπ−Þ process, is most likely
to be I JPC ¼ 00−þ. Further, the Xð1880Þ is generated by
the N̄N threshold effect. This can be checked by the
future experiments.
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FIG. 2. Contributions from different parts to the J=ψ →
γ3ðπþπ−Þ spectra. The solution is an isoscalar 1S0 wave. The
black solid, blue dashed, and purple dash-dotted lines indicate the
contribution of the total, Born term (background), and the loop
effect from NN̄ rescattering, respectively.
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