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Abstract: We revisit the X(2356) enhancement observed by BESIII in e*e~ — AAzy from the perspective of near-
threshold dynamics. Motivated by the possible existence of light AA baryonium, we compare this interpretation with

final-state interaction (FSI) explanations within a minimal FSI-dressed pole framework. Fits of pure-FSI, baryoni-

um-like-pole, and mixed pole—continuum scenarios to the digitized BESIII spectrum indicate that the energy-de-

pendent FSI description achieves the best balance between fit quality and model complexity. The extracted pole pos-

itions depend strongly on the amplitude parametrization, highlighting the sensitivity of the baryonium interpretation
to the treatment of the continuum. We discuss how decay channels, spin observables, and searches for partner states
can provide complementary constraints on the dynamics underlying the enhancement.
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I. INTRODUCTION

Baryon-antibaryon systems, historically termed "bary-
onium", provide a natural arena for testing multiquark dy-
namics in nonperturbative QCD. In the one-boson-ex-
change picture, the G-parity transformation relates bary-
on-baryon interactions to baryon-antibaryon interactions
and can convert some of the short-range repulsion in the
baryon-baryon sector into attraction in the baryon-antiba-
ryon sector [1-3]. This mechanism has long motivated
searches for NN baryonium-like states [4—16] and for
their strange and heavy-flavor analogues [17-20].

The AA channel is particularly useful because the iso-
scalar A forbids diagonal one-pion exchange, and its
weak decay is self-analyzing, allowing access to spin ob-
servables [21, 22]. A structure in this channel therefore
probes short- and intermediate-range baryon-antibaryon
dynamics in a manner complementary to the more famili-
ar pp sector.

Recently, the BESIII collaboration reported an en-
hancement near the AA threshold in the process e*e™ —
AAn, which we denote as X(2356) [23]. This structure
has quantum numbers J7¢ = 17-, a mass of (2356 +7+17)
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MeV/c?, and a width of (304 +28 +54) MeV. A previous
QCD sum-rule study of the AA system predicted a vec-
tor state in the relevant mass region [17], making the ba-
ryonium interpretation a well-motivated possibility. At
the same time, baryon-antibaryon threshold enhance-
ments can arise without introducing a new compact state.
The well-known pp enhancement associated with the
X(1835) has been interpreted in terms of final-state-inter-
action (FSI) effects [24], and the near-threshold behavior
of e*e” — AA has also been described using AA FSI
[25]. Most directly, Haidenbauer and Meifiner described
the ete” — yAA spectrum within the distorted-wave Born
approximation using Jiilich AA potentials constrained by
pp — AA data. They demonstrated that FSI alone can re-
produce the near-threshold mass dependence after apply-
ing an overall normalization [26]. Their analysis was
primarily designed to establish the role of the AA interac-
tion, whereas a comparative assessment of explicit-pole
and pole—continuum amplitudes lay beyond its scope.
This Letter therefore does not attempt to establish
X(2356) as a pure baryonium state from its mass alone.
Instead, we ask which observations can discriminate a ba-
ryonium-like pole from an enhancement driven mainly by
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AA FSI. To address this question, we first formulate a
minimal FSI-dressed pole framework whose limiting
cases correspond to a pure FSI enhancement, a baryoni-
um-like pole, and a mixed pole—continuum scenario. We
then fit these alternatives to the digitized BESIII spec-
trum, compare their fit quality and pole structures, and as-
sess what can be distinguished with the present data. Fi-
nally, we clarify the relation of the QCD sum-rule predic-
tion to the bare-state parameter and the dressed pole, and
discuss how decay channels, partner searches, and polar-
ization observables can further test the baryonium inter-
pretation.

II. NEAR-THRESHOLD DYNAMICS

The main limitation of a purely spectroscopic discus-
sion is that a near-threshold enhancement does not neces-
sarily imply a new state. In baryon—antibaryon systems,
the production amplitude can be strongly modified by the
interaction between the outgoing baryon and antibaryon.
This point is well established from the pp threshold en-
hancement in J/y decays [24], the description of e*e™ —
AA near threshold in terms of AA final-state interactions
[25], and the dynamical treatment of e*e” — nAA and
e*e” — ¢AA [26]. Thus, any baryonium interpretation of
X(2356) must account for the continuum interaction.

A compact way to express this issue is to factorize the
short-distance production kernel and the low-energy AA
scattering amplitude,

M(s) = Mo(s) Fxx(5), (M

where s =M, and M, varies slowly across the narrow
threshold region. In an effective-range representation, one

may write, schematically,

1
“1a+(r. 2k —ik’

Fai(k) = (2)

with k£ denoting the relative momentum and «a and r, the
complex scattering length and effective range, respect-
ively. We take k > 0 on the upper edge of the physical cut
above the AA threshold. The physical AA sheet and the
second AA sheet correspond to Imk > 0 and Imk < 0, re-
spectively. With § =1+2ikF,5, absorption requires
Im[-1/a+(r,/2)k*] <0 for real k>0. A pole near
threshold corresponds to a zero of the denominator after
analytic continuation, whereas a non-pole FSI enhance-
ment can still increase the spectrum through a large low-
energy amplitude. This form also clarifies why a line-
shape fit alone is not always sufficient: both a nearby
pole and a strong attractive FSI can enhance the same
mass region.

To make this distinction explicit within a minimal

model, we evaluate the AA spectrum using the two amp-
litudes shown in Fig. 1. For the FSl-only curve, we use
Eq. (2) with

a=(-1.0-0.8i) fm, r.=1.5fm, 3)
and multiply |F,a(k)]*> by the two-body phase-space
factor p,z(s) = 2k/ +/s. These illustrative values are on the
order of 1 fm and are neither fitted to the BESIII data nor
matched to the interaction in Ref. [26]. For real r,, the
negative imaginary part of a satisfies the absorptive con-
dition in the convention of Eq. (2). For the pole-like
curve, we use a Flatté-inspired denominator with

Mp=2355GeV, Tx=0.12GeV, gui =0.35GeV?,
4)

where, the imaginary part is defined as Mgz + gAz0aR(S).
When an explicit baryonium bare pole is introduced,
the amplitude can be written as

Cynx 8XAA
D = +
M( S') Mbg(s) M12? — S—ZA[\(S)_ iMRrinel(s),

®)
where the self-energy X,z dresses the bare pole through
the near-threshold continuum. Equations (1)—(5) describe
three scenarios: an FSI amplitude without an explicit bare
state, an FSI-dressed baryonium-like pole, and a coher-
ent mixture of continuum and pole contributions.

Figure 1 illustrates how both FSI and an explicit pole
can generate a near-threshold enhancement. For the
chosen parameters, the FSI spectrum rises from threshold
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Fig. 1. (color online) Minimal-model comparison of a pole-

like near-threshold enhancement with an FSI-only enhance-
ment. The FSI-only curve uses the effective-range parameters
in Eq. (3), whereas the pole-like curve uses the Flatté-inspired
parameters in Eq. (4). Both spectra are normalized to their re-
spective maxima. The vertical line marks the AA threshold.
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to a nearby maximum and then decreases smoothly,
whereas the pole-like spectrum exhibits a broader maxim-
um at a higher mass. Section III examines whether the
BESIII spectrum can distinguish between these scenarios
using a common optical K-matrix parametrization and
identical production and response factors.

III. QUANTITATIVE COMPARISON WITH THE
DIGITIZED BESIII SPECTRUM

To determine whether the BESIII spectrum can dis-
criminate among the three scenarios discussed above, we
fit the black data points and the sideband curve digitized
from Fig. 6 of Ref. [23]. The fit uses the 22 complete bins
in 2.24 < Mz <2.70 GeV, with a common treatment of
the response and background. Four fit variants represent
the three physical scenarios: the pure-FSIcase is de-
scribed by constant and energy-dependent continuum
amplitudes, whereas the baryonium-like and mixed cases
are represented by an FSI-dressed bare pole and a coher-
ent continuum—pole amplitude, respectively.

With E = Maz —2ma, k= (M2 /4—m3)"?, C(E) = Co+
CiE/Ag, and d(E)=Ey—E—il,/2, the three amp-
litudes are implemented in a one-channel optical K-mat-
rix form as

Arsi(E) = TC(E)’

D(E) = d(E)[1 —ikC(E)] —ikg®,

1
ﬂpole(E) = m,
A(E h
() = PGS ©

where Ar =0.3 GeV, p.=cosf, and h=Agsinfe’. The
constant FSI variant sets C, =0, whereas C, is fitted in
the energy-dependent variant. The constraints ImCy > 0,
C,; >0, and I, >0 enforce the absorptive optical con-
vention. All amplitudes are folded with the same phase-
space, efficiency, and sideband factors. Fit quality is as-
sessed using the minimum Poisson deviance D, and AICc
accounts for the number of fitted parameters; lower val-
ues indicate a better fit and a better complexity-adjusted
description, respectively. A parametric-bootstrap test is
used to compare the energy-dependent FSI and mixed
amplitudes.

The fit results are summarized in Fig. 2 and Table 1.
Relative to the constant-FSI fit, allowing energy depend-
ence adds one parameter and reduces D from 54.64 to
16.22 and AICc from 61.98 to 26.57. The energy-depend-
ent FSI fit also yields lower values of both quantities than
the pole-only fit, for which n,=4, D=2441, and
AICc =34.76. It therefore provides the best overall bal-

¢ Digitized BESIII data
=== Pure FSI: energy dependent
Pure FSI: constant
“ 1= == Baryonium-like pole
=== Mixed pole-continuum
68% bootstrap interval
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Fig. 2. _(color online) Fits to the digitized combined BESIII
M, spectrum. All curves employ the same response model

2.55 2.60 2.65

and sideband treatment. The shaded band denotes the central
68% pointwise interval obtained from the conditional para-
metric bootstrap of the energy-dependent FSI fit.

Table 1. Fits to the digitized BESIII combined spectrum.
Here, n, denotes the total number of fitted parameters, includ-
ing the common yield normalization; D is the minimum Pois-
son deviance; and AICc is the finite-sample-corrected Akaike
information criterion.

Model n, D AlCc

Pure FSI: constant 3 54.64 61.98
Pure FSI: energy dependent 4 16.22 26.57
Baryonium-like pole 4 24.41 34.76
Mixed pole—continuum 9 5.27 38.27

ance between fit quality and the number of parameters.
The mixed amplitude achieves a lower deviance,
D =5.27, but requires n, =9 and gives AICc = 38.27, mo-
tivating a statistical assessment of whether the reduction
in D justifies the additional pole contribution.

We therefore generate 500 Poisson pseudoexperi-
ments under the energy-dependent FSI hypothesis and re-
peat the model comparison for nine variations of the re-
sponse, background, fit window, binning, and resolution.
The observed AD =10.95 corresponds to p=0.048+
0.010, where the uncertainty is the Monte Carlo standard
error. The energy-dependent FSI fit retains the lowest
AlCc in all tested variations, whereas the mixed fit places
[ne at the lower limit of its allowed range. The bootstrap
result provides only marginal support for the improve-
ment obtained with the mixed amplitude, whereas AICc
favors the energy-dependent FSI description. Thus, with-
in the models considered, the digitized spectrum does not
provide compelling evidence for an additional explicit-
pole contribution.

The preference for the energy-dependent FSI amp-
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litude is consistent with Haidenbauer and Meiliner [26],
who evaluated the AA FSI within the distorted-wave
Born approximation using Jiilich potentials constrained
by pp — AA data. After an overall normalization, their
38, spectra reproduced the near-threshold BESIIT mass
dependence, providing a dynamically constrained demon-
stration that an explicit pole is not required to describe
the enhancement. Because their study focused on the pre-
dictive role of the FSI interaction, it did not, by itself, de-
termine whether the same spectrum allows an additional
baryonium component. Our analysis complements their
calculation by placing the pure-FSI, explicit-pole, and
mixed amplitudes within a common fit and comparing
their statistical descriptions of the digitized data.

We also examine whether analytic continuation yields
a stable pole position. We define the physical AA sheet
by Imk >0 and the second sheet by Imk < 0; in models
containing a bare state, the pole is followed continuously
from the bare-state limit to the fitted coupling. The en-
ergy-dependent FSI amplitude contains a broad second-
sheet singularity at M =2.420-i0.207 GeV, with 68%
bootstrap intervals ReM =[2.385,2.441] GeV and
Im M =[-0.235,-0.180] GeV, whereas the pole continu-
ously connected to the bare state lies at 2.257—i0.182
GeV in the pole-only fit and 2.431-i0.014 GeV in the
mixed fit. The variation in both the real and imaginary
parts indicates that the present spectrum does not determ-
ine a model-independent pole mass-and width. This
single-channel analysis also does not determine the in-
ternal composition of a possible state or its couplings to
other channels.

IV. BARYONIUM, QCD SUM RULES, AND
MIXING

The fit leaves room for a baryonium contribution, for
which the QCD sum-rule prediction provides comple-
mentary motivation. Within the narrow-pole approxima-
tion, the vector AA result [17] estimates the mass scale of
the lowest-lying physical state that couples to the chosen
local hexaquark current. This mass is distinct from the
model-dependent parameter My in Eq. (5), which is
defined before the AA self-energy correction. The corres-
ponding physical state is associated with a pole of the
dressed amplitude. The sum rule therefore motivates a
possible state near the BESIII mass region, while the line-
shape analysis tests whether the spectrum requires such a
contribution. Quantitative matching would require relat-
ing the sum-rule mass to the dressed pole through a con-
sistent treatment of the continuum.

A local hexaquark current specifies the quantum num-
bers of the states to which it couples, but it does not
uniquely determine their internal composition. Thus, the
physical state, if it exists, may contain both short-dis-
tance and hadronic components and can be written

schematically as

IX) = a|AA) + b|s3) + clqqqq) + d|GY + - . (7
A large |a*> contribution implies enhanced baryon—an-
tibaryon channels and strong sensitivity to AA FSI. A
large |b|* contribution should be accompanied by conven-
tional strange-meson modes, such as KK, KK*, K*K*,
and ¢n [27]. Hidden-strange tetraquark or gluonic com-
ponents would instead favor correlated hidden-strange or
multimeson channels [28—30]. Thus, the experimentally
relevant question is not whether mixing is present, but
which component governs the observed decay hierarchy.

V. FURTHER TESTS: DECAY CHANNELS,
POLARIZATION, AND PARTNER STATES

The decay hierarchy discussed above can be tested by
comparing baryon—antibaryon and mesonic channels.
Combined amplitude analyses can constrain channel
couplings and determine whether different spectra share a
common pole. Together with angular measurements,
these comparisons can further constrain the continuum
and pole contributions, whose separation remains model
dependent in Section III.

Equation (6) provides qualitative expectations for
these tests. In the FSI description, the mass dependence is
governed by the continuum interaction and the AA
threshold. In a pole-dominated description, processes that
couple to the same state share its pole position, although
their observed peak shapes depend on production factors
and backgrounds. In the mixed case, interference can en-
hance or suppress the signal and produce asymmetric
peaks or dips as the relative continuum and pole contribu-
tions change. These expectations motivate comparisons
across processes within a common amplitude analysis.
Because FSI can also generate poles, a shared pole posi-
tion alone does not distinguish a dynamically generated
state from an explicit bare-state contribution.

Searches in other AA partial waves can further test
the spin dependence of the interaction. Table 2 lists rep-
resentative configurations and useful production chan-
nels. Whether these configurations support observable
partner states depends on the underlying dynamics.

Companion baryon—antibaryon channels and their ex-
perimental roles are summarized in Table 3. The pp sec-
tor provides a benchmark for FSI studies [24]. The XX
and EZ channels can test correlations suggested by ap-
proximate flavor symmetry and coupled-channel dynam-
ics. If the interactions in these channels are related by ap-
proximate flavor symmetry, correlated structures may ap-
pear near their respective thresholds, with masses and
strengths determined by the channel dynamics. Compar-
ing these spectra in similar production processes can test
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Table 2. Representative AA baryonium configurations, including the observed 1=~ channel and possible partner states.

Configuration Possible J*¢ Typical partial wave Useful probes
'So 0-* N radiative J/y decays; " BB spectra
S 1 N e*e” — nAA; time-like form factors
3Py o+ P scalar channels and threshold angular distributions
'p, 1+ P spin-dependent angular distributions and associated production channels
3p, 1+ P spin correlations in self-analyzing A decays
3p, 2+ P tensor moments and coupled hyperon-antihyperon channels
Table 3. Companion baryon—antibaryon channels and their role in testing interaction dynamics.
Channel Diagnostic role Promising measurements
ppb FSI benchmark; connection with X(1835) radiative J/y decays; form factors
AA primary channel for X(2356) e*e” > nAA and ete” — AA
P nearby coupled-channel test scans around hyperon-antihyperon thresholds

flavor-SU(3) extension

[1]
[

high-statistics BESIII/Belle II data

whether a common dynamical description accounts for
the observed structures. Such correlations would con-
strain the interaction, although they would not, on their
own, distinguish an explicit state from dynamically gen-
erated poles.

Polarization observables provide complementary con-
straints in the AA channel. Because the A decay is self-
analyzing, spin correlations can be measured from the an-
gular distributions of the decay products [22, 31]. If a
common scalar FSI or pole factor multiplies all helicity
amplitudes, it cancels in normalized spin observables;
thus, a mass enhancement need not exhibit a correspond-
ing polarization structure. Conversely, if the continuum
and pole terms have different helicity couplings, their in-
terference can produce mass-dependent spin correlations.
A joint mass—angular analysis can test this possibility.
The scalar amplitudes fitted here do not determine these
couplings and therefore do not predict the sign or mag-
nitude of the polarization effects.

VI. CONCLUSION

The X(2356) enhancement lies near the AA threshold,
where final-state interactions can substantially modify the
observed spectrum. We have formulated a minimal FSI-
dressed pole framework that accommodates pure FSI, ba-
ryonium-like pole, and mixed pole—continuum descrip-
tions. Comparison with the digitized BESIII spectrum fa-

vors the energy-dependent FSI amplitude when fit qual-
ity and model complexity are considered jointly. The
mixed amplitude improves the fit, but the statistical sup-
port for the additional pole is marginal. The extracted
pole positions also vary substantially among models, in-
dicating that the present spectrum does not determine a
model-independent pole mass and width.

We have further clarified that the QCD sum-rule pre-
diction concerns the physical mass scale of a possible
state and should be distinguished from the bare-state
parameter in the line-shape model. Its coupling to a local
hexaquark current does not uniquely determine its intern-
al composition, motivating comparisons between
baryon—antibaryon and mesonic decay channels. We have
identified conditional expectations for continuum-—pole
interference and spin correlations, together with partner
and companion-channel searches that probe the underly-
ing interaction. These complementary measurements can
constrain the pole structure, channel couplings, and de-
cay pattern relevant to the baryonium interpretation.
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