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Based on a novel method for producing antineutrons via J=ψ decays, we report a study of n̄p inelastic
scattering into final states containing kaons. The analysis uses ð10 087� 44Þ × 106 J=ψ events collected at
the BESIII detector operating at the BEPCII storage ring. Antineutrons are produced via J=ψ → pπ−n̄
decays and tagged by the detected protons and pions, resulting in antineutron momenta ranging from 0 to
1174 MeV=c, while target protons are provided by the hydrogen in the beam-pipe material. The flux-
averaged cross sections of the reactions n̄p → KþK−πþ and n̄p → KþK−πþπ0 over this antineutron
momentum spectrum are measured to be 0.53þ0.15

−0.12 � 0.08 mb and 1.09þ0.36
−0.30 � 0.31 mb, respectively,

where the first uncertainties are statistical and the second are systematic. Due to limited statistics, the
contributions of intermediate states remain speculative. The observation of clean antineutron-proton
scattering candidates indicates the potential of this approach for future investigations of antineutron-proton
interactions.

DOI: 10.1103/8lxp-z6tn

I. INTRODUCTION

Scattering experiments are powerful tools for probing the
microstructure of matter and the interactions among par-
ticles. They have been widely used since Rutherford aimed
α particles at a gold target in 1911 [1]. As fundamental
constituents of matter, nucleons and their antiparticles,
antinucleons, have attracted extensive research interest. In
particular, the development of antiproton beams at LEAR
made it possible to conduct comprehensive studies of
antiproton-proton (p̄p) scattering [2], including cross
section measurements, meson spectroscopy studies, and
searches for bound p̄p states, significantly advancing our
understanding of nucleon-antinucleon interactions.
Unlike p̄p scattering, antineutron-proton (n̄p) scattering

involves only the I ¼ 1 state and is free from significant
Coulomb interactions. These advantages make it an ideal
laboratory for studying the strong interactions of the
nucleon and antinucleon. Although antiproton-neutron
(p̄n) scattering shares these advantages, neutron targets
are experimentally challenging due to the presence of
surrounding protons. Moreover, due to the substantial
difficulties in producing and controlling antineutron beams,
n̄p scattering experiments are much less than p̄p

experiments. The traditional method for producing anti-
neutron beams is via the charge exchange (CEX) reaction
p̄p → n̄n. This technique has been used in experiments
such as BNL E-767 (with antineutron momentum between
100 and 500 MeV=c) [3] and CERN OBELIX (with
antineutron momentum between 50 and 400 MeV=c)
[4]. These antineutron beams have enabled important
investigations, yielding intriguing results, particularly in
strangeness production. For example, a notable violation of
the Okubo–Zweig–Iizuka rule was observed in n̄p → ϕπþ

at antineutron momentum below 300 MeV=c [5], where ϕ
production greatly exceeded expectations. Additionally, a
prominent di-kaon decay mode of the f0ð1500Þ was
observed—this state is a candidate for having a large scalar
glueball component.
Although previous experiments have significantly

advanced our understanding of antinucleon-nucleon inter-
actions, antineutron scattering data remain limited because
of the low production rate of antineutrons via the CEX
reaction. Recently, a novel method for producing antineu-
trons and hyperons has been proposed [6,7], in which the
J=ψ meson serves as an efficient antineutron source. This
approach takes advantage of the appreciable branching
fractions of J=ψ decays to final states containing antineu-
trons and the high production cross section of J=ψ in eþe−

annihilation. Antineutrons produced through J=ψ → pπ−n̄
decays cover a broad momentum range up to 1174 MeV=c,
extending the range beyond previous experiments. Using
this method, BESIII Collaboration has measured the cross
sections for n̄p inelastic scattering into pionic states [8] and
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has also reported studies of hyperon and antihyperon
scattering with nucleons and nuclei [9–12].
In this paper, we report measurements of the flux-

averaged cross sections for the reactions n̄p → KþK−πþ

and n̄p → KþK−πþπ0 using this novel method at the
BESIII detector, based on a data sample of ð10 087� 44Þ ×
106 J=ψ events [13]. Antineutrons are produced via
J=ψ → pπ−n̄ with a branching fraction of 0.212(9)%,
and tagged by the recoil of the detected pπ− particles,
while the target protons originate from the hydrogen in the
oil layer of the beam pipe.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [14] records symmetric eþe−
collisions provided by the BEPCII storage ring [15] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 GeV. BESIII has collected large data samples
in this energy region [16–18]. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a time-of-flight system (TOF), and a CsI(Tl)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV=c is 0.5%, and
the dE=dx resolution is 6% for electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution in the plastic scintillator TOF
barrel region is 68 ps, while that in the end cap region was
110 ps. The end cap TOF system was upgraded in 2015
using multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps [19–21].
The beam pipe is a multilayer structure consisting of a

14.4 μm gold layer, two beryllium layers with thicknesses
of 0.8 and 0.6 mm, and a 0.8 mm oil layer sandwiched
between the beryllium layers. In this analysis, the target
protons are provided by the hydrogen in the oil layer.
Monte Carlo (MC) simulated data samples produced

with a Geant4-based [22] software package, which includes
the geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial state radiation in the
eþe− annihilations with the generator KKMC [23,24]. The
inclusive MC sample includes both the production of the
J=ψ resonance and the continuum processes incorporated
in KKMC. All particle decays are modeled with EvtGen

[25,26] using branching fractions either taken from the
Particle Data Group [27], when available, or otherwise

estimated with LUNDCHARM [28,29]. Final state radiation
from charged final state particles is incorporated using the
PHOTOS package [30]. The signal MC sample of J=ψ →
pπ−n̄ is generated according to the partial-wave analysis
(PWA) results in Ref. [8] to determine the tagging effi-
ciency of the antineutron, while signal MC samples of
n̄p → KþK−πþðπ0Þ are generated with a phase space
model to determine detection efficiency. In these simula-
tions, the antineutron momentum is determined by the
PWA result of J=ψ → pπ−n̄, and the target proton is
assumed to be at rest.

III. EVENT SELECTION

The signal event selection begins with the tagging of the
antineutron from the decay J=ψ → pπ−n̄. Charged tracks
detected in the MDC are required to be within a polar angle
(θ) range of jcos θj < 0.93, where θ is defined with respect
to the z-axis, which is the symmetry axis of the MDC. For
charged tracks not originating from n̄p scattering, the
distance of closest approach to the interaction point (IP)
must be less than 10 cm along the z-axis, and less than 1 cm
in the transverse plane. Particle identification (PID) for
charged tracks combines measurements of the energy
deposited in the MDC (dE=dx) and the flight time in the
TOF system to form likelihoods LðhÞðh ¼ p;K; πÞ for
each hadron h hypothesis. Tracks are identified based on
the hypothesis with the highest likelihood. To better
distinguish particles from J=ψ decay and those from n̄p
scattering, a vertex fit is performed on the pπ−, with the χ2

of the fit required to be less than 5. A one-constraint
kinematic fit is then applied to the pπ−, constraining the
recoil mass to the nominal antineutron mass [27]. At this
stage, no additional χ2 requirement is applied in the
kinematic fit. This avoids introducing a peaking back-
ground in the RMðpπ−Þ distribution, which could
otherwise bias the extraction of the antineutron yield.
Here, RMðpπ−Þ is the recoil mass of pπ− given by

RMðpπ−Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jpeþe− − pp − pπ− j2

q
, where peþe− , pp,

and pπ− are the four-momenta of the initial eþe− system,
the proton, and the pion before kinematic fit, respectively.
To extract the yield of antineutron, a binned maximum

likelihood fit is performed on the RMðpπ−Þ distribution
with a double-Gaussian function for the signal shape and a
second-order Chebyshev polynomial for the background
shape. The fit result is shown in Fig. 1. In the region
RMðpπ−Þ∈ ½0.89; 0.99� GeV=c2, the number of tagged
antineutrons and the tagging efficiency are determined to
be Nn̄ ¼ ð14708.9� 6.4Þ × 103 and ϵtag ¼ 66.31%, res-
pectively. The corresponding momentum distribution of the
tagged antineutrons, as determined by the kinematic fit, is
shown in Fig. 2. This figure uses a more restricted region,
RMðpπ−Þ∈ ½0.92; 0.96� GeV=c2, for higher purity. The
residual background is estimated with sideband events in
RMðpπ−Þ∈ ½0.88; 0.90� GeV=c2 and ½0.98; 1.00� GeV=c2,
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normalized to the expected background contribution in the
signal region according to the fit to the RMðpπ−Þ distri-
bution. After adding the normalized sideband contribution,
the MC prediction describes the data well, indicating a
good consistency between data and the signal MC model-
ing of the antineutron momentum spectrum. The distribu-
tion is not expected to be smooth, since the pπ− system in
J=ψ → pπ−n̄ contains structures from intermediate baryon
resonances, as observed in previous studies [31]. This
distribution covers a broad momentum range, offering a
valuable opportunity to study n̄p scattering for antineutron
momentum above 500 MeV=c, where existing experimen-
tal data are limited.
After tagging the antineutron, we reconstruct

n̄p → KþK−πþðπ0Þ among the remaining charged tracks
and photon candidates. Charged tracks from n̄p scattering
are required to be within the polar angle range of
jcos θj < 0.93, with no requirements applied on the dis-
tance of closest approach to the IP. After the PID require-
ment, events are selected if the remaining tracks are
consistent with KþK−πþ. Photon candidates are identified
using isolated showers in the EMC. The deposited energy
of each shower must be more than 25 MeV in the barrel
region (jcos θj < 0.80) and more than 50 MeV in the end

cap region (0.86 < jcos θj < 0.92). To exclude showers
that originate from charged tracks, the angle subtended by
the EMC shower and the position of the closest charged
track at the EMC must be greater than 10 degrees, as
measured from the IP. To suppress electronic noise and
showers unrelated to the event, the difference between the
EMC time and the event start time is required to be within
[0, 700] ns. Neutral pion candidates are reconstructed via
π0 → γγ with 0.115 GeV=c2 < MðγγÞ < 0.150 GeV=c2,
and a one-constraint kinematic fit is applied to constrain
the invariant mass of the photon pair to the nominal π0 mass
[27]. If multiple π0 candidates are reconstructed, the one
with the smallest χ2 is selected. To suppress nonantineutron
background, the χ2 of the one-constraint kinematic fit on
pπ− is required to be less than 11. A vertex fit is performed
on the KþK−πþ combination, with its χ2 required to be less
than 6, and the resulting vertex position is taken as the n̄p
scattering point ðx1; y1; z1Þ. Both χ2 thresholds are opti-
mized based on the figure of merit, S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
for the

n̄p → KþK−πþ channel, where S is the number of events
in the signal MC after all selections and Sþ B is deter-
mined from the inclusive MC sample. To test whether the
reconstructed secondary vertex is consistent with an anti-
neutron interaction in the beam pipe, the fitted vertex
position ðx1; y1; z1Þ is compared with the expected anti-
neutron impact point on the beam pipe, ðx2; y2; z2Þ,
obtained by extrapolating the antineutron flight direction.
The reconstructed transverse radius is defined as
Rxy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x21 þ y21

p
, and the consistency between the recon-

structed and expected positions is quantified by the trans-
verse and longitudinal differences, Δr ¼ Rxy −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x22 þ y22

p

and Δz ¼ z1 − z2, respectively. The two-dimensional dis-
tributions of Rxy versus Δz shown in Fig. 3 exhibit a
pronounced concentration near the beam-pipe radius and
around Δz ¼ 0 in data, consistent with the signal MC
expectation. The Rxy distribution is broader in data than in
signal MC because the data contain antineutron interactions
in all beam-pipe materials, including the beryllium layers,

FIG. 1. The distribution of RMðpπ−Þ. The dots with error bars
are data, the blue solid line is the total fit, the red dashed line is the
signal shape, and the green dashed line is the background shape.

FIG. 2. The momentum distribution of tagged antineutrons
when RMðpπ−Þ∈ ½0.92; 0.96� GeV=c2. The sidebands are taken
from RMðpπ−Þ∈ ½0.88; 0.90� GeV=c2 and ½0.98; 1.00� GeV=c2,
and normalized according to the fit to the RMðpπ−Þ distribution.

FIG. 3. The two-dimensional distributions of the reconstructed
transverse radius Rxy versus the longitudinal difference Δz for
data (left) and signal MC (right). In both data and signal MC, an
enhanced population is observed near the beam-pipe radius
(Rxy ∈ ½3.15; 3.37� cm) and around Δz ¼ 0, consistent with
antineutron interactions in the beam pipe. The broader Rxy

distribution in data reflects additional interactions in nonhydro-
gen beam-pipe materials.

CROSS-SECTION MEASUREMENTS OF … PHYS. REV. D 114, 014019 (2026)

014019-3



whereas the signal MC includes only n̄p interactions on
hydrogen nuclei in the oil layer, which constitute the signal
process of interest. To suppress combinatorial and non-
scattering backgrounds, events are required to satisfy
jΔrj < 0.3 cm and jΔzj < 2.0 cm.
While the spatial requirements restrict the interactions to

the beam pipe, the retained events still contain background
contributions from antineutrons scattering with heavier
nuclei in the beam-pipe materials. To isolate the signal
process of scattering on hydrogen (1H) in the oil layer, we
define the momentum of the target proton as

PðpÞ ¼ jP⃗ðKþK−πþðπ0ÞÞ − P⃗ðn̄Þj; ð1Þ

where P⃗ðKþK−πþðπ0ÞÞ and P⃗ðn̄Þ are the momenta of the
KþK−πþðπ0Þ system and the incident antineutron, respec-
tively. For events from scattering with protons, PðpÞ is
expected to be close to zero due to the negligible momen-
tum of 1H in the oil layer, while for events from scattering
with nuclei, PðpÞ tends to be larger because of the
significant Fermi momentum of nucleons in nuclei.
The PðpÞ distributions after the Rxy and Δz requirements
are shown in Fig. 4 for the n̄p → KþK−πþ and
n̄p → KþK−πþπ0 channels. The signal MC is

concentrated near zero, and the data show an accumulation
in the same low-PðpÞ region together with a broad
distribution at larger PðpÞ, which is expected to contain
substantial nonhydrogen contributions. Since the low-PðpÞ
region retains most of the signal MC and suppresses these
additional contributions, we require PðpÞ < 0.04 GeV=c
to select n̄p scattering events on 1H.

IV. CROSS SECTION MEASUREMENT

Energy conservation in n̄p scattering requires that the
total energy of the final states EðKþK−πþðπ0ÞÞ equals the
sum of the initial antineutron energy En̄ and the proton
mass mp. To distinguish signal from background, we
introduce the kinematic variable ΔE defined as

ΔE ¼ EðKþK−πþðπ0ÞÞ − En̄ −mp: ð2Þ

An unbinned maximum likelihood fit is performed on the
ΔE distribution to extract the signal yield. In the fit, the
signal shape is described by the signal MC shape, while the
background shape is described by a first-order Chebyshev
polynomial. The distributions of ΔE and the fit results are
shown in Fig. 5. Clear samples of n̄p scattering are
observed, and the signal yields are determined to be
15.0þ4.2

−3.5 and 12.1þ4.0
−3.3 for n̄p → KþK−πþ and

n̄p → KþK−πþπ0, respectively.
The integrated luminosity of the antineutron beam is

calculated as [32]

Ln̄ ¼
NAρHlH
MH

Nn̄

ϵtag
; ð3Þ

where NA is the Avogadro constant, ρH ¼ 0.1221 g=cm3 is
the density of 1H in the oil layer, lH is the average path
length of the antineutron beam in the oil layer, and MH is
the molar mass of 1H. The quantities Nn̄ and ϵtag are the
number of tagged antineutrons and tagging efficiency,
respectively. The average path length lH, which depends
on the antineutron cos θ distribution, is determined to be
lH ¼ 0.106 cm utilizing the PWA result of J=ψ → pπ−n̄
in Ref. [8]. The calculated integrated luminosity is

FIG. 5. The distributions of ΔE for n̄p → KþK−πþ (left) and
n̄p → KþK−πþπ0 (right). The dots with error bars are data, the
blue solid lines are the total fits, the red dashed lines are the signal
shapes, and the green dashed lines are the background shapes.

FIG. 4. The distributions of PðpÞ for n̄p → KþK−πþ (top) and
n̄p → KþK−πþπ0 (bottom) after the Rxy and Δz requirements.
The dots with error bars are data, and the red histograms are
signal MC. The shaded regions indicate the selected low-PðpÞ
intervals, with the vertical dashed lines marking the requirement
PðpÞ < 0.04 GeV=c.
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Ln̄ ¼ 1.73 × 1029 cm−2. The cross section is then given by

σðn̄p → KþK−πþðπ0ÞÞ ¼ Nsig

ϵLn̄Bðπ0 → γγÞ ; ð4Þ

where Nsig is the signal yield obtained from the fit, ϵ is the
selection efficiency, and Bðπ0 → γγÞ is the branching
fraction of π0 → γγ [27], which is only considered for
n̄p → KþK−πþπ0. The simulation is reweighted according
to the cos θ and momentum distributions of antineutrons
observed in data to determine the efficiencies. The resulting
efficiencies are ϵ ¼ 16.40% and 6.52% for n̄p → KþK−πþ

and n̄p → KþK−πþπ0, respectively. Based on these, the
flux-averaged cross sections over the antineutron momen-
tum spectrum are determined to be σðn̄p → KþK−πþÞ ¼
0.53þ0.15

−0.12 mb and σðn̄p → KþK−πþπ0Þ ¼ 1.09þ0.36
−0.30 mb,

where the uncertainties are statistical only.
A qualitative inspection of possible intermediate states in

n̄p scattering is also performed. The distributions of the
invariant mass of KþK− are shown in Fig. 6. The enhance-
ment around 1.5 GeV=c2 and 1.0 GeV=c2 in the KþK−

invariant mass in n̄p → KþK−πþ and in n̄p → KþK−πþπ0
may originate from f0ð1500Þ and ϕ, respectively. Due to
limited statistics, the contributions of intermediate states
remain speculative.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the cross section measure-
ments are evaluated as follows. Uncertainties associated with
tracking and PID of the pπ− on the tag side, as well
as the vertex fitting for thepπ−, are not considered separately
since the tagging efficiency of the antineutron cancels
between the neutron flux and the event yield in the
cross section calculation. The uncertainties of tracking
and PID on the signal side are estimated to be 1.0% per
track [33]. The uncertainty from π0 reconstruction is studied
with a control sample of D0 → K−πþπ0 decays and is
determined to be 2.5% for n̄p → KþK−πþπ0. The uncer-
tainty from the fit toRMðpπ−Þ is estimated by varying the fit
range, signal shape, and background shape, where the fit
range is changed from ½0.87; 1.02� GeV=c2 to
½0.85; 1.04� GeV=c2, the signal shape is changed from
double-Gaussian function to the signal MC shape convolved

with a Gaussian function, and the background shape is varied
from a second-order to a third-order Chebyshev polynomial.
The resulting shifts from the nominal fit are then summed in
quadrature. To estimate the uncertainties from the require-
ments on the χ2 of kinematic fit and vertex fit for KþK−πþ,
scattering position, and PðpÞ, the selection criteria are varied
by �10%, and the largest resulting changes in cross sections
are taken as the systematic uncertainties. The uncertainty
from signal yield extraction is estimated by varying the signal
MC shape to the signal MC distribution convolved with a
Gaussian function in theΔE fit. Despite thePðpÞ selection, a
small fraction of background events from n̄ scattering on
other nuclei (9Be and 12C) may persist. To estimate the
systematic uncertainty associated with this residual back-
ground, we evaluate the event yield in a control region of
0.04 ≤ PðpÞ < 0.30 GeV=c after performing aΔE sideband
subtraction. This yield is subsequently extrapolated to the
signal region [PðpÞ < 0.04 GeV=c] utilizing the nucleon
momentum distributions within the nuclei, as detailed in
Ref. [34]. The resulting changes in the cross sections are taken
as the systematic uncertainties. Intermediate states are not
considered in the generation of signal MC samples. The
uncertainty associated with such states is estimated by
reweighting the efficiency according to the momentum and
cos θ for all final state particles, and calculated as
σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiP
i σ

2
i

p
, where σi is the change in cross section caused

by one final state momentum or cos θ weighting. A summary
of all systematic uncertainties is shown in Table I. The total
systematic uncertainties are determined to be 14.8% and
28.4% for n̄p → KþK−πþ and n̄p → KþK−πþπ0, respec-
tively, obtained by adding all individual contributions in
quadrature.

VI. SUMMARY

In summary, we report measurements of the flux-
averaged cross sections for the reactions n̄p → KþK−πþ

FIG. 6. The distributions of the invariant masses of KþK− for
n̄p → KþK−πþ (left) and n̄p → KþK−πþπ0 (right) in data.

TABLE I. The systematic uncertainties in the cross section
measurements (in %). KþK−πþ and KþK−πþπ0 represent n̄p →
KþK−πþ and n̄p → KþK−πþπ0, respectively.

Source KþK−πþ KþK−πþπ0

Tracking 3.0 3.0
PID 3.0 3.0
π0 reconstruction 2.5
RMðpπ−Þ fit 1.6 1.6
χ2 cut on kinematic fit 6.0 0.7
χ2 cut on vertex fit of pπ− 1.6 0.8
Scattering position cut 1.8 2.1
PðpÞ requirement 0.8 7.3
Signal yield extraction 0.1 7.4
Background from other nuclei 2.7 1.7
Intermediate states 12.3 25.7

Total 14.8 28.4
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and n̄p → KþK−πþπ0 using a novel antineutron production
method at the BESIII detector. The antineutrons are produced
via J=ψ → pπ−n̄, with momenta ranging from 0 to
1174 MeV=c, and the target protons are provided by the
hydrogen in the beam-pipe cooling oil. The measured cross
sections are 0.53þ0.15

−0.12 � 0.08 mb and 1.09þ0.36
−0.30 � 0.31 mb,

respectively,where the first uncertainties are statistical and the
second are systematic. For comparison, the isospin-related
processpp̄ → KþK−π0wasmeasured to have a cross section
of 0.347� 0.037 mb at 900 MeV=c [35]. The correspond-
ing partial-wave analysis indicates that the KK̄ resonance
contribution at this momentum is dominated by the isoscalar
component. Under this assumption, isospin symmetry gives
σðn̄p → KþK−πþÞ ¼ 2σðpp̄ → KþK−π0Þ. This expecta-
tion is consistent with the present measurement within
uncertainties, although the comparison is qualitative because
the present result is averaged over a broad antineutron
momentum spectrum and the limited statistics do not allow
differential measurements in momentum bins. Although
limited statistics prevent a detailed study of intermediate
states, the observed n̄p scattering candidates demonstrate the
feasibility of using antineutrons from J=ψ decays to inves-
tigate strangeness production in antineutron-proton inter-
actions. Proposed future eþe− colliders in the tau-charm
energy region, such as STCF and SCTF [36,37], could
significantly improve the quality and yield of antineutron
sources, and allow for optimization of target materials,
enabling more precise measurements of antineutron physics.
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