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 a b s t r a c t

The 𝛾𝑑 → 𝐾0Λ𝑝 reaction has been studied to search for a 𝐾̄𝑁𝑁 quasi-bound state using the LEPS2 solenoid 
spectrometer at SPring-8. A localized enhancement concentrated at low 𝑞 is observed in the (𝑀Λ𝑝, 𝑞) dis-
tribution below the 𝐾−𝑝𝑝 mass threshold, where 𝑀Λ𝑝 is the Λ𝑝 invariant mass and 𝑞 ≡ |𝑝𝛾 − 𝑝𝐾0 | = |𝑝Λ𝑝| is 
the momentum transfer. A two-dimensional (𝑀Λ𝑝, 𝑞) fit demonstrates that the enhancement near the thresh-
old is statistically significant, yielding a local significance of 7.3 𝜎. The enhancement is characterized by ef-
fective shape parameters including the Breit–Wigner mass 𝑀 and width Γ, and a Gaussian form-factor mo-
mentum scale 𝑄: 𝑀 = 2.354 ± 0.011(stat.)+0.009−0.005(syst.) GeV∕𝑐

2, Γ = 0.055 ± 0.023(stat.)+0.031−0.009(syst.) GeV∕𝑐
2, and 𝑄 =

0.350 ± 0.041(stat.)+0.035−0.010(syst.) GeV∕𝑐. The obtained results support the existence of a 𝐾̄𝑁𝑁 quasi-bound state in 
photoproduction.

1.  Introduction

A fundamental question in hadron and nuclear physics is how nu-
clear structure is dynamically modified when a meson is embedded in 
the system. Among various meson–nucleon interactions, the antikaon–
nucleon (𝐾̄𝑁) interaction is of particular interest because it exhibits 
a strong attraction in the isospin-𝐼 = 0 channel, a feature closely con-
nected to the Λ(1405) resonance located below the 𝐾̄𝑁 threshold [1]. 
This strong attraction may overcome the conventional nuclear repulsive 
forces, suggesting the possible formation of highly compact kaonic nu-
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clei and offering a pathway to explore high-density matter [2]. The sim-
plest prototype of such highly compact kaonic nuclei is the 𝐾̄𝑁𝑁 state, 
which serves as the minimal laboratory for exploring the competition 
between the dominant 𝐾̄𝑁 attraction and the conventional short-range 
𝑁𝑁 repulsion. This balance defines the unique spatial compactness of 
the 𝐾̄𝑁𝑁 system [3,4]. Theoretical calculations predict a quasi-bound 
state with a binding energy of about 10–90 MeV and a decay width 
of 40–100 MeV, depending on the underlying interaction model [5–7]. 
The ground state of the 𝐾̄𝑁𝑁 system is expected to have 𝐽𝑃 = 0−, 
because the system favors an 𝐼 = 0 𝐾̄𝑁 pair to maximize the strong

https://doi.org/10.1016/j.physletb.2026.140719
Received 15 March 2026; Received in revised form 30 June 2026; Accepted 5 July 2026

Phys. Lett. B 880 (2026) 140719 

Available online 7 July 2026 
0370-2693/© 2026 The Author(s). Published by Elsevier B.V. Funded by SCOAP³. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/physletb
https://www.elsevier.com/locate/physletb
https://orcid.org/0009-0007-8874-6606

$\bar {K}NN$


$\gamma d \to K^0 \Lambda p$


$\KNN $


$\gamma d \to K^{0}\Lambda p$


$\bar {K}NN$


$q$


$(M_{\Lambda p},q)$


$K^-pp$


$M_{\Lambda p}$


$\Lambda p$


$q \equiv |\vec {p}_{\gamma }-\vec {p}_{K^{0}}| = |\vec {p}_{\Lambda p}|$


$(M_{\Lambda p},q)$


$7.3\,\sigma $


$M$


$\Gamma $


$Q$


$M = 2.354 \pm 0.011(\mathrm {stat.})^{+0.009}_{-0.005}(\mathrm {syst.})~\gev /\cunit ^{2}$


$\Gamma = 0.055 \pm 0.023(\mathrm {stat.})^{+0.031}_{-0.009}(\mathrm {syst.})~\gev /\cunit ^{2}$


$Q = 0.350 \pm 0.041(\mathrm {stat.})^{+0.035}_{-0.010}(\mathrm {syst.})~\gev /\cunit $


$\bar {K}NN$


$\bar {K}N$


$I=0$


$\Lambda (1405)$


$\bar {K}N$


$\Lambda (1405)$


$\bar {K}$


$K^-pp$


$ppK^{-}$


$K^-pp$


$K^-$


$K^-pp$


$pp\to p\Lambda K^+$


$K^-pp$


$d(\pi ^{+},K^{+})$


$c$


$K^-pp$


$\gamma d \to K^+ \pi ^- X$


$E_\gamma =1.5$


$p(3.5~\mathrm {GeV})+p\to pK^{+}\Lambda $


$ppK^{-}$


$K^-pp$


$K^-$


$K^-+p+p$


$^3\mathrm {He}(K^-,\Lambda p)n$


$\overline {K}{NN}$


$^{3}\mathrm {He}({K}^{\ensuremath {-}},\mathrm {\ensuremath {\Lambda }}p)n$


$\pi ^0$


$\eta $


$E_\gamma = 1.5$


$2.4$


$K^+\Sigma ^{*-}$


$E_\gamma = 1.5 - 2.4$


$K^+\Lambda (1405) \to K^+\pi ^0\Sigma ^0$


$K^0\Lambda $


$K^0$


$K^-$


$K^- pp$


$p + p \to K^+ + X$


$\gamma d \to K^{0}\Lambda (p)$


${}^{3}\mathrm {He}(K^{-},\,\Lambda p)n$


$\bar {K}NN$


$\bar {K}N$


$NN$


$\bar {K}NN$


$10$


$90~\mev $


$40$


$100~\mev $


$\bar {K}NN$


$J^{P}=0^{-}$


$I=0$


$\bar {K}N$


$S$


$I=1$


$S=0$


$\bar {K}NN$


$\bar {K}NN$


$N^*$


$\bar {K}NN$


$\bar {K}NN$


$K^{-}{}^{3}\mathrm {He} \to \Lambda p n$


$J^P = 0^-$


$\bar {K}NN$


$\bar {K}NN$


$\bar {K}NN$


$t$


$K^{0}$


$t$


$K^0$


$K^{*}$


$\Lambda (1405)$


$\gamma d \to K^{+}\pi ^{-}X$


$\bar {K}NN$


$\gamma d \to K^{0}\Lambda p$


$_2$


$3.6\times 10^{12}$


$40^{\circ }\lesssim \theta _\mathrm {lab}\lesssim 110^{\circ }$


$\sim 0.27$


$c$


$\gamma n\to K^{0}\Lambda $


$\gamma d\to K^{0}\Lambda p$


$\sim $


$e^{+}e^{-}$


$e^{+}e^{-}$


$\pi ^{-}$


$i$


$\pi $


$K$


$p$


$d$


\begin {equation}\mathcal {L}_{i}=\mathcal {P}_\mathrm {TPC}(dE/dx\,|\,i)\times \mathcal {P}_\mathrm {BRPC}({\rm TOF}\,|\,i), \label {Xeqn1-1}\end {equation}


$\mathcal {P}_\mathrm {TPC}$


$\mathcal {P}_\mathrm {BRPC}$


$R_{p}\equiv \mathcal {L}_{p}/\sum _{i}\mathcal {L}_{i}$


$R_{p}>0.1$


$\pi ^{-}$


$K^-$


$\pi ^-$


$\Lambda $


$\pi ^{-}p$


$\pi ^- p$


$\pi ^{-}$


\begin {equation}\mathcal {L}=\mathcal {P}_\mathrm {inv}(M_{\pi ^- p})\times \mathcal {P}_\mathrm {DCA}(\mathrm {DCA}_{\pi ^- p}), \label {Xeqn2-2}\end {equation}


$\mathcal {P}_\mathrm {inv}$


$\Lambda $


$\mathcal {P}_\mathrm {DCA}$


$\mathcal {L}$


$\Lambda $


$\Lambda $


$\Lambda p$


$\gamma d\to K^{0}\Lambda p$


$\Lambda $


$>18$


$\pi ^{-}$


$\Lambda $


$\mathrm {DCA}<6$


$\Lambda $


$\mathrm {MM}(\pi ^-pp)$


$K^{0}$


$|M_{p\pi ^{-}}-M_{\Lambda }|<10~\mev /\cunit ^{2}$


$|\mathrm {MM}(\pi ^{-}pp)-M_{K^{0}}|<250~\mev /\cunit ^{2}$


$\mathrm {MM}(\pi ^- pp)$


$\gamma d \to \pi ^- pp X$


$\Lambda $


$\Lambda $


$15 < |M_{p\pi ^{-}}-M_{\Lambda }| < 25~\mev /\cunit ^{2}$


$p\pi ^-$


$\pi ^-pp$


$\gamma d \to K^{0}\Lambda p$


$M_{p\pi ^-}$


$K^{0}$


$\left |\mathrm {MM}(\pi ^-pp)-M_{K^{0}}\right |<250~\mev /\cunit ^{2}$


$\Lambda $


$\left |M_{p\pi ^-}-M_{\Lambda }\right |<10~\mev /\cunit ^{2}$


$15<\left |M_{p\pi ^-}-M_{\Lambda }\right |<25~\mev /\cunit ^{2}$


$\mathrm {MM}(\pi ^-pp)$


$\Lambda $


$\Lambda $


$\left |\mathrm {MM}(\pi ^-pp)-M_{K^{0}}\right |<250~\mev /\cunit ^{2}$


$M_{p\pi ^-}$


${\mathrm {MM}}(\pi ^-pp)$


$\gamma d\to K^{0}\Lambda p$


$\gamma d \to K^{0}\Lambda p$


$\gamma d \to \pi ^- p p X$


$\pi ^-$


$K^0$


$\gamma d \to \pi ^- p p X$


$M_X=M_{K^{0}}$


$M_{p\pi ^-}=M_{\Lambda }$


$\mathcal {P}(\chi ^{2})$


$\mathcal {P}(\chi ^{2})<0.01$


$\Lambda p$


$M_{\Lambda p}$


$30$


$11~\mev /\cunit ^{2}$


$(M_{\Lambda p}, q)$


$M_{\Lambda p}$


$q$


$q$


$q \equiv |\vec {p}_{\gamma }-\vec {p}_{K^{0}}| = |\vec {p}_{\Lambda p}|$


$(M_{\Lambda p}, q)$


$\gamma d \to K^{0}\Lambda p$


$(M_{\Lambda p}, q)$


$M_{\Lambda p}$


$(M_{\Lambda p}, q)$


$q$


$K^-pp$


$K^-pp$


$M_{\Lambda p}$


$q$


$q \simeq 0.6$


$0.8~\gev /\cunit $


$K^{0}\Lambda $


$M_{\Lambda p}$


$q$


$2.0 < M_{\Lambda p} < 2.9~\gev /\cunit ^{2}$


$0 < q < 2.0~\gev /\cunit $


$\Delta M_{\Lambda p}=0.03~\gev /\cunit ^{2}$


$\Delta q=0.1~\gev /\cunit $


$(i,j)$


$P(N_{ij}|\mu _{ij})$


$N_{ij}$


$\mu _{ij}$


\begin {equation}\mathrm {NLL} = \sum _{i,j}\left (\mu _{ij} - N_{ij}\ln \mu _{ij}\right ). \label {Xeqn3-3}\end {equation}


\begin {equation}\mu _{ij} = \sum _{k} N_k\, T_{k,ij}, \label {Xeqn4-4}\end {equation}


$T_{k,ij}$


$k$


$N_k$


$\gamma n \to K^{0}\Lambda $


$\gamma d \to K^{0}\Lambda p$


$\Lambda $


$\bar {K}NN$


$(M_{\Lambda p},q)$


$\gamma p \to K^{0}\Sigma ^{+}$


$\Sigma ^{+} n \to \Lambda p$


$(M_{\Lambda p}, q)$


$\gamma n \to K^{0}\Lambda $


$W$


$\gamma d \to K^{0}\Lambda (p)$


$NN$


$\Lambda \to p\pi ^-$


$\Lambda $


$\Lambda $


$\Lambda $


$q$


\begin {equation}T_{\mathrm {NS}}(M_{\Lambda p},q) = C_{\mathrm {NS}} \exp \!\left (-\frac {q^2}{Q_{\mathrm {NS}}^2}\right )\, T_{\mathrm {PS}}(M_{\Lambda p},q), \label {eq:NSmodel}\end {equation}


$T_{\mathrm {PS}}$


$C_{\mathrm {NS}}$


$T_{\mathrm {NS}}$


$Q_{\mathrm {NS}}$


$T_{\mathrm {NS}}$


$q$


$\Lambda $


$Q_{\mathrm {NS}}$


$\Lambda $


$(M_{\Lambda p},q)$


$q$


$M_{\Lambda p}$


$q$


\begin {equation}\begin {aligned} T_{\mathrm {Sig}}(M_{\Lambda p}, q) &= C_{\mathrm {Sig}}\, V(M_{\Lambda p}; M, \Gamma , \sigma _M)\, \exp \!\left (-\frac {q^2}{Q^2}\right )\, T_{\mathrm {PS}}(M_{\Lambda p}, q), \end {aligned} \label {eq:Sigmodel}\end {equation}


$C_{\mathrm {Sig}}$


$T_{\mathrm {Sig}}$


$V(M_{\Lambda p}; M, \Gamma , \sigma _M)$


$1/[(M_{\Lambda p}-M)^2+\Gamma ^2/4]$


$\Gamma $


$\sigma _M = 11~\mev /\cunit ^2$


$M$


$\Gamma $


$Q$


$M_{\Lambda p}$


$q$


$q$


$Q_{\mathrm {NS}}$


$M = 2.354 \pm 0.011\,(\mathrm {stat.})~\gev /\cunit ^2$


$\Gamma = 0.055 \pm 0.023\,(\mathrm {stat.})~\gev /\cunit ^2$


$K^-pp$


$\bar {K}NN$


$\gamma n \to K^{0}\Lambda $


$Q = 0.350 \pm 0.041~\gev /\cunit $


$Q_{\mathrm {NS}}$


$M$


$\Gamma $


$Q$


$\mathrm {TS}_{\mathrm {obs}}=2(\mathrm {NLL}_{\mathrm {b}} - \mathrm {NLL}_{\mathrm {s+b}}) = 64.9$


$\mathrm {NLL}_{\mathrm {b}}$


$\mathrm {NLL}_{\mathrm {s+b}}$


$(M,\,\Gamma ,\,Q)$


$N_\mathrm {Sig}\ge 0$


$N_\mathrm {Sig}=0$


\begin {equation}f(\mathrm {TS})=\tfrac {1}{2}\delta (\mathrm {TS})+\tfrac {1}{2}\chi ^{2}_{k}(\mathrm {TS})\quad (k=4), \label {Xeqn7-7}\end {equation}


$k=4$


$\delta (\mathrm {TS})$


$N_\mathrm {Sig}=0$


$\mathrm {TS}=0$


$p$


$p_\mathrm {local}=\tfrac {1}{2}\,P(X_4\ge \mathrm {TS}_\mathrm {obs})$


$X_4\sim \chi ^2_4$


$7.3\sigma $


$10^{5}$


$k=4$


$k=1$


$\mathrm {TS}\ge \mathrm {TS}_{\rm obs}$


$\bar {K}NN$


$2.25 < M < 2.37~\gev /\cunit ^2$


$1.04$


$\Lambda p$


$2.05~\gev /\cunit ^2$


$1.52$


$\Lambda $


$\pi ^-p$


$\pm 0.5\sigma _v$


$\pm 1.0\sigma _v$


$\sigma _v$


$\{x_i\}$


$x$


$\bar {x}$


$\sigma $


$[\bar {x}-\sigma ,\ \bar {x}+\sigma ]$


$x_0$


\begin {align}\delta _\mathrm {sys}^{+} &= \max \!\left (0,\ (\bar {x}+\sigma )-x_0\right ), \\ \delta _\mathrm {sys}^{-} &= \max \!\left (0,\ x_0-(\bar {x}-\sigma )\right ).\end {align}


$M$


$\Gamma $


$Q$


$M = 2.354 \pm 0.011\,(\mathrm {stat.})^{+0.009}_{-0.005}\,(\mathrm {syst.})~\gev /\cunit ^{2}$


$\Gamma = 0.055 \pm 0.023\,(\mathrm {stat.})^{+0.031}_{-0.009}\,(\mathrm {syst.})~\gev /\cunit ^{2}$


$Q = 0.350 \pm 0.041\,(\mathrm {stat.})^{+0.035}_{-0.010}\,(\mathrm {syst.})~\gev /\cunit $


$\bar {K}NN$


$\bar {K}NN$


$\bar {K}NN$


$K^{-}\,{}^{3}\mathrm {He} \to \Lambda p n$


$M = 2.328 \pm 0.003\,(\mathrm {stat.})^{+0.004}_{-0.003}\,(\mathrm {syst.})~\gev /\cunit ^{2}$


$\Gamma = 0.100 \pm 0.007\,(\mathrm {stat.})^{+0.019}_{-0.009}\,(\mathrm {syst.})~\gev /\cunit ^2$


$Q_K = 0.383 \pm 0.011\,(\mathrm {stat.})^{+0.004}_{-0.001}\,(\mathrm {syst.})~\gev /\cunit $


$K^-pp$


$Q$


$Q_K$


$0.2~\gev /\cunit ^2$


$\Sigma N$


$\sim \!2.13~\gev /\cunit ^2$


$\Lambda p$


$\sim \!2.05~\gev /\cunit ^2$


$M_{\Lambda p}$


$q$


$\Lambda ^{*}N$


$\Sigma ^{*}N$


$K^0$


$\cos \theta ^{\rm CM}_{K^0}$


$\gamma d$


$2.3<M_{\Lambda p}<2.4~\gev /\cunit ^2$


$\gamma n \to K^{0}\Lambda $


$\gamma d \to K^{0}\Lambda p$


$\cos \theta ^{\rm CM}_{K^0} \gtrsim 0.8$


$t$


$K^*$


$\cos \theta ^{\rm CM}_{K^0}$


$\gamma d$


$2.3<M_{\Lambda p}<2.4~\gev /\cunit ^2$


$\gamma n \to K^{0}\Lambda $


$\gamma d \to K^{0}\Lambda p$


$\cos \theta ^{\rm CM}_{K^0} \gtrsim 0.8$


$K^0$


$q$


$\Lambda p$


$t$


$K^*$


$\gamma d \to K^{0}\Lambda p$


$E_{\gamma }=1.3$


$2.4$


$\bar {K}NN$


$(M_{\Lambda p}, q)$


$K^-pp$


$7.3\sigma $


$M = 2.354 \pm 0.011(\mathrm {stat.})^{+0.009}_{-0.005}(\mathrm {syst.})~\gev /\cunit ^2$


$\Gamma = 0.055 \pm 0.023(\mathrm {stat.})^{+0.031}_{-0.009}(\mathrm {syst.})~\gev /\cunit ^2$


$Q = 0.350 \pm 0.041(\mathrm {stat.})^{+0.035}_{-0.010}(\mathrm {syst.})~\gev /\cunit $


$\KNN $


$K^0$


$t$


$K^*$


$\bar {K}NN$

mailto:kobaryo@rcnp.osaka-u.ac.jp
https://doi.org/10.1016/j.physletb.2026.140719
https://doi.org/10.1016/j.physletb.2026.140719
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2026.140719&domain=pdf
http://creativecommons.org/licenses/by/4.0/


R. Kobayakawa, J.K. Ahn, S. Ajimura et al.

attraction, which in turn places the two nucleons in a relative 𝑆-wave, 
isospin-𝐼 = 1, spin-singlet (𝑆 = 0) configuration under the Pauli princi-
ple [2,4].

Experimental searches for the 𝐾̄𝑁𝑁 state are complicated by am-
biguities associated with reaction mechanisms and final-state interac-
tions [8]. While several hadron-beam experiments report subthreshold 
enhancements interpreted as possible 𝐾̄𝑁𝑁 candidates [9–11], other 
measurements do not show any significant structure, and conventional 
explanations such as multi-nucleon absorption, quasi-free hyperon pro-
duction, reflection from 𝑁∗ resonances, or a threshold cusp effect have 
also been proposed [8,12–14]. Thus, evidence for the 𝐾̄𝑁𝑁 state re-
mains inconclusive. A major step forward was made by the J-PARC E15 
experiment [15,16], which observed a pronounced structure consistent 
with a 𝐾̄𝑁𝑁 quasi-bound state in the exclusive 𝐾−3He → Λ𝑝𝑛 reaction. 
However, despite the strong theoretical motivation for a 𝐽𝑃 = 0− state, 
the spin and parity of the observed 𝐾̄𝑁𝑁 candidate remain to be deter-
mined experimentally.

To clarify the nature of the 𝐾̄𝑁𝑁 state, it is important to study the 
system through a different entrance channel. Photon-induced reactions 
on the deuteron provide a complementary approach. In the present case, 
the deuteron target is in a spin-triplet configuration, whereas the 𝐾̄𝑁𝑁
state is expected to contain a spin-singlet nucleon pair; photoproduction 
can in principle populate spin-singlet configurations through spin-flip 
amplitudes. Experimentally, the formation of the quasi-bound state is 
expected to be enhanced at low momentum transfer, which kinemati-
cally corresponds to forward kaon emission. For such forward produc-
tion, 𝑡-channel exchange processes are expected to contribute signifi-
cantly [17–19]. For the 𝐾0 photoproduction channel, the 𝑡-channel 𝐾0

exchange is absent, so other mechanisms, such as 𝐾∗ exchange and res-
onance contributions, can become relatively more important [20]. Pro-
duction may also receive contributions from a Λ(1405) doorway mecha-
nism, especially in the forward kaon region [21]. These considerations 
motivate an exclusive photoproduction study on the deuteron as an in-
dependent test of the kaonic-nucleus picture.

An earlier inclusive search in the 𝛾𝑑 → 𝐾+𝜋−𝑋 reaction by the LEPS 
Collaboration found no significant signal, mainly because of large quasi-
free background contributions [12]. In this Letter, we report evidence 
for a 𝐾̄𝑁𝑁 quasi-bound state in the 𝛾𝑑 → 𝐾0Λ𝑝 reaction for the first 
time with the LEPS2 spectrometer [22].

2.  Experimental setup and data sample

The experiment was performed using the LEPS2 beamline [23] at 
SPring-8. A multi-GeV photon beam is produced by backward Compton 
scattering of linearly-polarized laser light with a wavelength of 355nm 
off the circulating electrons in the 8 GeV electron storage ring, yielding 
linearly-polarized photons with energies below 2.4GeV. The energy of 
each produced photon above 1.3GeV is determined event-by-event by 
measuring the momentum of the recoil electron in a photon-tagging sys-
tem, with an energy resolution of approximately 12 MeV. The data were 
collected using a large-acceptance solenoid spectrometer [22,24]. The 
spectrometer is based on a large solenoid magnet with a 0.9 T central 
field, in which all the detectors except for the photon-tagging system 
are installed. It covers large angles in the laboratory frame, being op-
timized for detection of final-state multi-particles. The tagged photon 
beam was incident on a 15-cm-long liquid-deuterium (LD2) target. The 
integrated number of tagged photons used in this analysis is 3.6 × 1012. 
The momentum scale and beam energy have been confirmed to be accu-
rate through the separate analyses of known reactions, yielding masses 
consistent with the Particle Data Group values.

The detector system comprises an inner plastic scintillator array 
surrounding the target, a time projection chamber (TPC) for charged-
particle tracking, a barrel-shaped resistive plate chamber (BRPC) [25] 
for time-of-flight measurements, and a barrel lead-scintillator sampling 
electromagnetic calorimeter. The inner scintillator array serves as a 
start counter for trigger generation and consists of a hexagonal forward 

sheet and six side sheets. The TPC serves as the primary tracking detec-
tor, while the BRPC provides time-of-flight information used for parti-
cle identification in combination with the energy loss measured in the 
TPC. Charged tracks are reconstructed primarily in the TPC acceptance 
(40◦ ≲ 𝜃lab ≲ 110◦). Owing to the material budget inside the TPC (tar-
get cell, inner scintillator array, and inner electric-field cage for TPC), 
protons with momenta below ∼ 0.27 GeV/𝑐 are not reconstructed, which 
suppresses quasi-free 𝛾𝑛 → 𝐾0Λ events with a low-momentum spectator 
while retaining the exclusive 𝛾𝑑 → 𝐾0Λ𝑝 signal. The remaining quasi-
free contribution is dominated by the high-momentum tail of the Fermi 
motion inside the deuteron. Details of the data-acquisition system are 
described in Ref. [26]. The data acquisition efficiency was maintained at 
approximately 85% with a typical trigger rate of ∼120 Hz and a photon 
tagging rate of 1.5 MHz. Signal and background processes are studied 
using a Geant4-based Monte Carlo (MC) simulation [27–29].

Events were collected with a trigger condition based on the inner 
scintillator array, requiring hits in at least two side counters in coinci-
dence with a signal from the photon tagging system. To suppress back-
ground events not originating from the target, events with hits in an up-
stream veto counter and a downstream 𝑒+𝑒− veto counter were rejected 
online. The upstream veto removes charged particles contaminating the 
incident photon beam, while the downstream veto counter rejects 𝑒+𝑒−
pairs generated in the target area by electromagnetically converted pho-
tons.

3.  Event reconstruction and selection

3.1.  Particle identification and event selection

In the offline analysis, we selected events containing two proton 
candidates and one 𝜋− candidate. Events with multiple recoil-electron 
tracks in the photon tagging system were rejected to ensure an unam-
biguous assignment of the incident-photon energy. As a track-quality re-
quirement, each reconstructed track was required to have at least 12 hits 
in the TPC. Charged-particle momenta were determined from the track 
curvature in the magnetic field, with energy-loss corrections through 
the detector materials. For particle identification, we employed a likeli-
hood method combining the energy deposit per unit length in the TPC 
and time-of-flight information from the BRPC. For each charged track, 
the likelihood for each particle hypothesis 𝑖 out of 𝜋, 𝐾, 𝑝, and 𝑑 was 
constructed as
𝑖 = TPC(𝑑𝐸∕𝑑𝑥 | 𝑖) × BRPC(TOF | 𝑖), (1)

where TPC and BRPC are normalized probability density functions. We 
defined the relative likelihood 𝑅𝑝 ≡ 𝑝∕

∑

𝑖 𝑖 and selected proton can-
didates with 𝑅𝑝 > 0.1. The 𝜋− candidate was identified solely by its nega-
tive charge, as the requirement of two identified protons combined with 
the reaction kinematics suppresses the possibility of misidentification of 
𝐾− as 𝜋−.

Because the final state contains two protons, the daughter proton 
from the Λ decay was identified in the following way. For each event, 
we evaluated a likelihood for each 𝜋−𝑝 pairing using the 𝜋−𝑝 invariant 
mass and the distance of closest approach (DCA) between the 𝜋− and 
proton tracks:
 = inv(𝑀𝜋−𝑝) × DCA(DCA𝜋−𝑝), (2)

where inv was modeled as a Gaussian centered at the Λ centroid mass 
and DCA followed an exponential form of the distance. Among the two 
proton candidates, the proton that maximized  was assigned as the 
daughter proton from the Λ decay. After this assignment, we recon-
structed both the Λ-decay vertex and the Λ𝑝-production vertex.

To isolate the exclusive 𝛾𝑑 → 𝐾0Λ𝑝 channel, we first required the 
absence of hits in the forward scintillator counter, ensuring that no 
forward-going charged particle was present. This requirement was con-
sistent with the large-angle acceptance of the spectrometer and sup-
pressed background contributions accompanied by forward charged par-
ticles. To reduce contamination from channels with additional neutral 
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Fig. 1. The 𝑝𝜋− invariant-mass and 𝜋−𝑝𝑝 missing-mass distributions for the 
exclusive 𝛾𝑑 → 𝐾0Λ𝑝 candidates. (Left) The invariant mass 𝑀𝑝𝜋−  after requir-
ing the 𝐾0 missing-mass window, |

|

MM(𝜋−𝑝𝑝) −𝑀𝐾0 |
|

< 250 MeV∕𝑐2. The Λ sig-
nal region (||

|

𝑀𝑝𝜋− −𝑀Λ
|

|

|

< 10 MeV∕𝑐2, red solid box) and the sideband regions 
(15 < |

|

|

𝑀𝑝𝜋− −𝑀Λ
|

|

|

< 25 MeV∕𝑐2, blue dashed boxes) are indicated. (Right) The 
missing mass MM(𝜋−𝑝𝑝) for events in the Λ signal region (black points) and in 
the combined Λ sidebands (hatched histogram). The vertical dashed lines indi-
cate the applied |

|

MM(𝜋−𝑝𝑝) −𝑀𝐾0 |
|

< 250 MeV∕𝑐2 window.

particles (mainly photons), we rejected events with a neutral cluster in 
the electromagnetic calorimeter that was not attributed to any charged 
track reconstructed by the TPC and BRPC.

We further required a displaced Λ-decay vertex with a flight length 
> 18 mm (measured as the distance between the production and de-
cay vertices) and a small DCA between the 𝜋− track and the proton 
from the Λ decay, DCA < 6 mm. Mass selections were applied using 
the reconstructed Λ-invariant mass and the missing mass MM(𝜋−𝑝𝑝) for 
the 𝐾0 hypothesis: |𝑀𝑝𝜋− −𝑀Λ| < 10 MeV∕𝑐2 and |MM(𝜋−𝑝𝑝) −𝑀𝐾0 | <
250 MeV∕𝑐2, where MM(𝜋−𝑝𝑝) is the missing mass of the 𝛾𝑑 → 𝜋−𝑝𝑝𝑋
reaction derived from the four-momenta of the incident photon, the tar-
get deuteron, and the three detected charged particles. The Λ-sideband 
regions used to model the non-strange background were defined sym-
metrically relative to the Λ centroid by the mass difference 15 < |𝑀𝑝𝜋− −
𝑀Λ| < 25 MeV∕𝑐2.

Fig. 1 shows the resulting 𝑀𝑝𝜋−  and MM(𝜋−𝑝𝑝) distributions after 
all selections. This event sample provides a relatively clean selection of 
𝛾𝑑 → 𝐾0Λ𝑝 candidates.

3.2.  Kinematic fit

A kinematic fit was applied to the 𝛾𝑑 → 𝐾0Λ𝑝 candidate events to re-
fine the four-momenta used in the subsequent analysis. Experimentally, 
the final state was reconstructed as the 𝛾𝑑 → 𝜋−𝑝𝑝𝑋 reaction, where the 
incident photon energy and the momentum vectors of the charged parti-
cles (𝜋− and two protons) were measured, while the kinematic variables 
for the recoil 𝐾0 were treated to be unmeasured. The fit was performed 
with the KinFitter package [30].

The following constraints were imposed: (i) four-momentum conser-
vation for the 𝛾𝑑 → 𝜋−𝑝𝑝𝑋 reaction with the missing particle mass con-
strained to 𝑀𝑋 = 𝑀𝐾0 , and (ii) the invariant-mass constraint 𝑀𝑝𝜋− =
𝑀Λ. The fit performance was validated on data using (𝜒2) and the 
pull distributions of the fitted variables. Events with (𝜒2) < 0.01 were 
rejected. The improvement of the Λ𝑝 invariant-mass resolution was eval-
uated using MC samples. The kinematic fit improved the 𝑀Λ𝑝 resolution 
from 30 to 11 MeV∕𝑐2, which was essential for a near-threshold search 
with limited statistics.

3.3. Observed (𝑀Λ𝑝, 𝑞) distribution

To study the reaction dynamics, we examine the two-dimensional 
distribution of the invariant mass 𝑀Λ𝑝 and the momentum transfer 𝑞, 
measured after the kinematic fit. As required by four-momentum conser-
vation, 𝑞 is equivalently defined as 𝑞 ≡ |𝑝𝛾 − 𝑝𝐾0 | = |𝑝Λ𝑝|. The (𝑀Λ𝑝, 𝑞)

distribution of the selected 𝛾𝑑 → 𝐾0Λ𝑝 candidates is shown in the cen-
ter panel of Fig. 2. In the two-dimensional distribution, a localized 
enhancement is observed below the 𝐾−𝑝𝑝 mass threshold at low mo-
mentum transfer. In the one-dimensional 𝑀Λ𝑝 projection (top panel), a 
bump structure is also seen below the threshold. Similarly, in the one-
dimensional 𝑞 projection (right panel), the distribution peaks around 
𝑞 ≃ 0.6–0.8 GeV∕𝑐 and gradually decreases towards higher momentum 
transfer. These features are expected neither from the quasi-free 𝐾0Λ
photoproduction, which populates lower 𝑀Λ𝑝 and broader 𝑞 regions, 
nor from a pure phase-space distribution.

4.  Two-dimensional template fit

To quantify the observed structure, we perform an extended 
maximum-likelihood fit to the binned two-dimensional histogram. We 
fit the distribution in the range 2.0 < 𝑀Λ𝑝 < 2.9 GeV∕𝑐2 and 0 < 𝑞 <
2.0 GeV∕𝑐, using bin widths of Δ𝑀Λ𝑝 = 0.03 GeV∕𝑐2 and Δ𝑞 = 0.1 GeV∕𝑐. 
The likelihood is constructed as a product of Poisson probabilities for 
each bin (𝑖, 𝑗), 𝑃 (𝑁𝑖𝑗 |𝜇𝑖𝑗 ), where 𝑁𝑖𝑗 and 𝜇𝑖𝑗 are the observed and ex-
pected counts, respectively. The negative log-likelihood (up to an addi-
tive constant) is
NLL =

∑

𝑖,𝑗

(

𝜇𝑖𝑗 −𝑁𝑖𝑗 ln𝜇𝑖𝑗
)

. (3)

The expected yield in each bin is modeled as a linear combination of 
normalized templates,
𝜇𝑖𝑗 =

∑

𝑘
𝑁𝑘 𝑇𝑘,𝑖𝑗 , (4)

where 𝑇𝑘,𝑖𝑗 is the content of the 𝑘th template normalized to unity over 
the fit range and 𝑁𝑘 is its yield. All yields are constrained to be non-
negative.

The total fit model is constructed using four template components: 
(i) quasi-free 𝛾𝑛 → 𝐾0Λ production with a spectator proton (QF), (ii) 
a pure three-body phase-space process for 𝛾𝑑 → 𝐾0Λ𝑝 (PS), (iii) a non-
strange background estimated from the Λ sidebands (NS), and (iv) a sig-
nal component representing a possible 𝐾̄𝑁𝑁 formation (Sig). The QF 
and PS templates were obtained from MC samples processed through the 
full Geant4-based detector simulation and the same reconstruction and 
event-selection chain as the data, including the kinematic fit. Because 
the templates incorporate the full detector acceptance and kinematic 
correlations in the (𝑀Λ𝑝, 𝑞) plane, no separate acceptance correction 
was applied to the data. We also examined a dedicated MC template 
for a two-step rescattering process, 𝛾𝑝 → 𝐾0Σ+ followed by Σ+𝑛 → Λ𝑝. 
Owing to its characteristic (𝑀Λ𝑝, 𝑞) correlation, this component does not 
describe the localized enhancement observed in the data, and its fitted 
yield is consistent with zero. We therefore conclude that this rescatter-
ing process appears insufficient to explain the observed structure and 
do not include it in the nominal model.

The QF sample was generated based on the existing experimental 
data and Fermi momentum distributions. The 𝛾𝑛 → 𝐾0Λ production was 
weighted to reproduce the center-of-mass energy 𝑊  and angular depen-
dences reported by CLAS for the 𝛾𝑑 → 𝐾0Λ(𝑝) reaction [31], and the 
bound-nucleon motion is modeled using the AV18 𝑁𝑁 interaction [32]. 
For the PS component, events were generated according to a pure three-
body phase-space distribution. The NS and signal templates described 
below were constructed by reweighting the PS template, which ensures 
that these acceptance effects are consistently preserved for all compo-
nents. The NS component represents events not associated with a true 
Λ → 𝑝𝜋− decay, as estimated from the Λ-sideband regions; it can include 
combinatorial pairs and other non-Λ sources. Its shape is constrained 
using events in the Λ sideband regions shown in Fig. 1. Due to limited 
sideband statistics, we construct a smooth NS template by reweighting 
the PS template with a Gaussian factor in 𝑞:

𝑇NS(𝑀Λ𝑝, 𝑞) = 𝐶NS exp

(

−
𝑞2

𝑄2
NS

)

𝑇PS(𝑀Λ𝑝, 𝑞), (5)
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Fig. 2. The (𝑀Λ𝑝, 𝑞) distribution with the superposed result of the template fit. The data are compared with the best-fit sum (Total) and the individual components: 
signal (Sig), quasi-free (QF), non-strangeness (NS), and phase-space (PS). The shaded band around the total fit curve represents the fit uncertainty. The top panel 
shows the 𝑀Λ𝑝 projection, the center panel the two-dimensional (𝑀Λ𝑝, 𝑞) distribution, and the right panel the 𝑞 projection. The vertical dashed line in the upper 
panel indicates the 𝐾−𝑝𝑝 mass threshold.

where 𝑇PS is the normalized PS template after the full analysis chain and 
𝐶NS is chosen such that 𝑇NS is normalized to unity within the fit range. 
The scale parameter 𝑄NS is determined by binned two-dimensional fit-
ting using a single template 𝑇NS to the sideband data as a function of 
𝑞. In the final fit to the Λ signal region, the NS yield and 𝑄NS are fixed 
at the values determined from the sideband study. The sideband events 
are dominated by multi-pion and combinatorial backgrounds that do 
not contain a real Λ decay. Such non-strange contributions are expected 
to produce a smooth, phase-space-like distribution in the (𝑀Λ𝑝, 𝑞) plane 
after the same exclusivity and kinematic-fit requirements are imposed. 
No signal-like localized structure is observed in the sideband distribu-
tion in the low-𝑞, subthreshold region. The stability of the fit against 
variations of the NS treatment is discussed below.

We model the signal as a Voigt profile in 𝑀Λ𝑝 (a Breit–Wigner con-
volved with a Gaussian resolution) multiplied by a Gaussian form factor 
in 𝑞. The signal template is built by reweighting the PS template with 
the assumed line shape:

𝑇Sig(𝑀Λ𝑝, 𝑞) = 𝐶Sig 𝑉 (𝑀Λ𝑝;𝑀,Γ, 𝜎𝑀 ) exp
(

−
𝑞2

𝑄2

)

𝑇PS(𝑀Λ𝑝, 𝑞), (6)

where 𝐶Sig is chosen such that 𝑇Sig is normalized to unity within the 
fit region. 𝑉 (𝑀Λ𝑝;𝑀,Γ, 𝜎𝑀 ) is a Voigt profile, given by the convo-
lution of a non-relativistic Breit–Wigner line shape proportional to 
1∕[(𝑀Λ𝑝 −𝑀)2 + Γ2∕4], with a Gaussian resolution function normalized 
to unity. Here, Γ is the full width at half maximum of the Breit–Wigner 
distribution, and 𝜎𝑀 = 11 MeV∕𝑐2 is fixed to the effective mass resolu-
tion after the kinematic fit in the relevant region. The free parameters 

Table 1 
Fit results including the signal component. The 
NS yield and 𝑄NS are fixed from the sideband 
study.

 Parameter  Value  Stat. Unc.
𝑁QF  406 ±48
𝑁PS  111 ±38
𝑁Sig  102 ±30
𝑁NS  78  –
𝑄NS (GeV/𝑐)  1.07  –
𝑀 (GeV/𝑐2)  2.354 ±0.011
Γ (GeV/𝑐2)  0.055 ±0.023
𝑄 (GeV/𝑐)  0.350 ±0.041

are 𝑀 , Γ, and 𝑄 in the fit. We perform fits both without and with the 
signal component and compare their likelihood values.

5.  Results and discussion

5.1.  Fit results

Fig. 2 shows the best-fit model and the individual components. The 
projections onto 𝑀Λ𝑝 (top) and 𝑞 (right) compare the data with the best-
fit total and individual components. A fit excluding the signal compo-
nent fails to reproduce the below-threshold population in the low-𝑞 re-
gion, whereas including the signal component substantially improves 
the description. The fit results are shown in Table 1.
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The signal parameters yield a mass of 𝑀 = 2.354 ±
0.011 (stat.) GeV∕𝑐2 and a width of Γ = 0.055 ± 0.023 (stat.) GeV∕𝑐2. 
These should be interpreted as effective shape parameters characteriz-
ing the localized enhancement in this specific channel. The extracted 
parameters remain stable even when the Breit–Wigner line shape is 
replaced by a form that suppresses the spectral intensity above the 
𝐾−𝑝𝑝 mass threshold, where the 𝐾̄𝑁𝑁 decay channel opens. Since the 
observed line shape may be distorted by interference with non-resonant 
amplitudes, the values are not directly comparable across different 
reaction channels.

The fitted yields indicate that quasi-free 𝛾𝑛 → 𝐾0Λ production ac-
counts for approximately 60% of the events in the fit region. The fitted 
form-factor scale 𝑄 = 0.350 ± 0.041 GeV∕𝑐 quantifies the concentration 
at low momentum transfer within the adopted fit model. The fit results 
are robust against the treatment of the NS component. When the fixed 
NS yield and 𝑄NS are independently varied within their statistical uncer-
tainties obtained from the sideband study, the changes in the resulting 
signal parameters are negligible. As a more conservative cross-check, 
the fit was repeated with the NS component omitted entirely. In this 
case, the broad sideband-like contribution is absorbed mainly by the PS 
component, whereas the localized enhancement remains assigned to the 
signal component and the fitted values of 𝑀 , Γ, and 𝑄 remain consistent 
with the nominal results.

5.2.  Statistical significance and validation

To evaluate the significance of the signal component, we use 
the likelihood-ratio test statistic (TS) TSobs = 2(NLLb − NLLs+b) = 64.9, 
where NLLb and NLLs+b are the negative log-likelihood values for the 
background-only and signal-plus-background hypotheses, respectively. 
In the signal hypothesis, we profile over the signal yield and three signal-
shape parameters (𝑀, Γ, 𝑄), while imposing the physical constraint 
𝑁Sig ≥ 0. Thus, the signal hypothesis adds four parameters relative to 
the background-only hypothesis. Because the signal yield is restricted 
to the physical region and the null hypothesis lies on the boundary at 
𝑁Sig = 0, the regular Wilks theorem is not directly applicable. We there-
fore approximate the background-only distribution of TS by a Chernoff-
type mixture distribution [33,34],

𝑓 (TS) = 1
2 𝛿(TS) +

1
2𝜒

2
𝑘 (TS) (𝑘 = 4), (7)

where 𝑘 = 4 corresponds to the signal yield and the three profiled 
signal-shape parameters. The 𝛿(TS) term arises from background-only 
pseudo-experiments for which the best-fit signal yield is at the bound-
ary, 𝑁Sig = 0, giving TS = 0. We compute the local 𝑝-value as 𝑝local =
1
2 𝑃 (𝑋4 ≥ TSobs), where 𝑋4 ∼ 𝜒2

4  denotes a chi-square random variable 
with four degrees of freedom. This corresponds to a local significance 
of 7.3𝜎. The asymptotic test-statistic distribution was validated with 105
background-only pseudo-experiments using the same fit configuration. 
Over the TS range covered by the pseudo-experiments, the cumula-
tive tail probability is well reproduced by the Chernoff-type expectation 
with 𝑘 = 4 and is clearly inconsistent with the 𝑘 = 1 boundary case; no 
pseudo-experiment yielded TS ≥ TSobs.

The global significance may in principle be reduced by a look-
elsewhere effect (LEE) associated with the signal-parameter scan. How-
ever, the search region in the present analysis is guided by the prior ob-
servation of the 𝐾̄𝑁𝑁 state in the J-PARC E15 experiment [16], which 
constrains the physically motivated mass range. For the nominal scan 
range 2.25 < 𝑀 < 2.37 GeV∕𝑐2, the ratio of the cumulative tail probabil-
ity obtained from the pseudo-experiments to the asymptotic prediction 
is 1.04 over the tested TS range. Even when the scan range is extended 
down to the Λ𝑝 threshold (2.05 GeV∕𝑐2), the ratio increases only to 1.52. 
Since the asymptotic formula is validated by the pseudo-experiments 
up to the largest TS values they probe, and the LEE correction factor re-
mains modest even for the conservative scan range, the look-elsewhere 
effect does not substantially diminish the observed signal significance.

Table 2 
Summary of systematic uncertainties on the fitted signal parameters.
 Source 𝑀 (MeV/𝑐2) Γ (MeV/𝑐2) 𝑄 (MeV/𝑐)
 Mass cut +0, −4 +1, −7 +5, −9
 Flight-length cut +7, −1 +12, −4 +10, −2
 DCA cut +4, 0 +21, 0 +19, 0
 PID cut +0, −2 +1, −3 +3, −1
 Fermi-momentum model +3, −1 +14, −2 +25, −3
 Kinematic fit +3, −1 +13, −1 +9, 0

 Total +9, −5 +31, −9 +35, −10

5.3.  Systematic uncertainties

Systematic uncertainties on the fitted signal parameters are evalu-
ated by repeating the full analysis with alternative selections and mod-
eling choices. For each source, we prepare samples by varying the cor-
responding cut parameter within a range motivated by the detector res-
olution and/or analysis stability. In particular, for the Λ flight-length 
requirement and the 𝜋−𝑝 DCA requirement, the nominal thresholds are 
shifted by ±0.5𝜎𝑣 and ±1.0𝜎𝑣, respectively, where 𝜎𝑣 denotes the effec-
tive vertex resolution.

In addition, the systematic uncertainty associated with the Fermi-
momentum distribution in the deuteron is evaluated by regenerating 
the QF MC template using the Paris [35] and CD-Bonn [36] deuteron 
wave-function models and repeating the full analysis. Since the signal 
template is constructed by reweighting the phase-space template with 
the assumed line shape, this variation enters only through the QF back-
ground modeling.

From the resulting set of fitted values {𝑥𝑖} for a parameter 𝑥, 
we compute the mean 𝑥̄ and the standard deviation 𝜎, and interpret 
[𝑥̄ − 𝜎, 𝑥̄ + 𝜎] as the systematic variation band. The reported central 
value is kept as the nominal one (𝑥0), and the asymmetric systematic 
uncertainties are assigned as
𝛿+sys = max

(

0, (𝑥̄ + 𝜎) − 𝑥0
)

, (8)

𝛿−sys = max
(

0, 𝑥0 − (𝑥̄ − 𝜎)
)

. (9)

Individual contributions are combined in quadrature separately for the 
positive and negative sides. We also investigated the dependence on 
the histogram binning; the variations were smaller than the statistical 
uncertainties and strongly correlated with statistical fluctuations, and 
therefore are not quoted as an independent systematic uncertainty. The 
estimated systematic uncertainties are shown in Table 2.

The largest shifts are induced by the flight-length cut for 𝑀 , the DCA 
cut for Γ, and the Fermi-momentum model for 𝑄. The stability against 
realistic variations of the deuteron wave function indicates that the 
observed enhancement is not an artifact of a specific Fermi-momentum 
model. The effective shape parameters including both statistical and sys-
tematic uncertainties are 𝑀 = 2.354 ± 0.011 (stat.)+0.009−0.005 (syst.) GeV∕𝑐2, 
Γ = 0.055 ± 0.023 (stat.)+0.031−0.009 (syst.) GeV∕𝑐2, and 𝑄 = 0.350 ±
0.041 (stat.)+0.035−0.010 (syst.) GeV∕𝑐.

5.4.  Comparison with kaon-induced measurements

We limit our comparison to the J-PARC E15 experiment, which 
remains the most relevant reference for the 𝐾̄𝑁𝑁 quasi-bound 
state among previous experimental searches. Other experimental 
candidates for the 𝐾̄𝑁𝑁 state are still under active debate due to 
alternative interpretations, and a direct comparison of peak positions 
across different reaction channels is not straightforward. The E15 
experiment observed a 𝐾̄𝑁𝑁 candidate in the 𝐾− 3He → Λ𝑝𝑛 reac-
tion [16], reporting 𝑀 = 2.328 ± 0.003 (stat.)+0.004−0.003 (syst.) GeV∕𝑐2, 
Γ = 0.100 ± 0.007 (stat.)+0.019−0.009 (syst.) GeV∕𝑐2, and 𝑄𝐾 = 0.383 ±
0.011 (stat.)+0.004−0.001 (syst.) GeV∕𝑐. Our effective mass lies closer to 
the 𝐾−𝑝𝑝 threshold than the E15 value, while the fitted width is 
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Fig. 3. cos 𝜃CM𝐾0  distribution in the 𝛾𝑑 center-of-mass frame for events with 2.3 <
𝑀Λ𝑝 < 2.4 GeV∕𝑐2. Data (points) are compared with the quasi-free 𝛾𝑛 → 𝐾0Λ MC 
(QF, dashed) and the pure three-body phase-space 𝛾𝑑 → 𝐾0Λ𝑝 MC (PS, solid), 
both normalized to their respective fitted yields. A prominent forward peak at 
cos 𝜃CM𝐾0 ≳ 0.8, beyond the gradual acceptance-induced rise in the PS distribution, 
is consistent with both the kinematics of quasi-bound state formation and a 𝑡-
channel 𝐾∗ exchange production mechanism.

consistent with the E15 value within the large uncertainties. Further-
more, the fitted form-factor scale 𝑄 is consistent with the E15 value 
of 𝑄𝐾 . However, a direct comparison of the line-shape parameters 
is complicated by reaction-dependent distortions [37] and possible 
interference effects. Furthermore, the observed enhancement lies 
more than 0.2 GeV∕𝑐2 above both the Σ𝑁 threshold (∼2.13 GeV∕𝑐2) 
and the Λ𝑝 threshold (∼2.05 GeV∕𝑐2), so a simple threshold-cusp 
explanation alone appears insufficient to account for the localized 
structure observed in both 𝑀Λ𝑝 and 𝑞. More complex coupled-channel 
effects may still play a role (e.g., those associated with the Λ∗𝑁 or Σ∗𝑁
thresholds). These possibilities cannot be fully excluded; however, the 
localized nature of the structure is consistent with a quasi-bound-state 
interpretation. Combined analysis of results from both hadron- and 
photo-induced reactions is therefore essential to achieve a deeper 
understanding of kaonic nuclei.

5.5.  Forward 𝐾0 emission in the signal region

Fig. 3 shows the cos 𝜃CM
𝐾0  distribution in the 𝛾𝑑 center-of-mass frame 

for events in the signal region (2.3 < 𝑀Λ𝑝 < 2.4 GeV∕𝑐2). For compar-
ison, the MC distributions for the quasi-free 𝛾𝑛 → 𝐾0Λ process (QF, 
dashed) and the pure three-body phase-space 𝛾𝑑 → 𝐾0Λ𝑝 process (PS, 
solid) are overlaid after the full analysis chain; each histogram is nor-
malized to the yield obtained from the two-dimensional fit. While the 
PS distribution exhibits a gentle forward rise due to the detector ac-
ceptance, the data show a much more prominent forward peaking at 
cos 𝜃CM

𝐾0 ≳ 0.8. The forward emission of the 𝐾0 is kinematically equiva-
lent to a low three-momentum transfer 𝑞 to the Λ𝑝 system. Therefore, 
this forward concentration is consistent both with the low-momentum-
transfer condition expected for quasi-bound-state formation and with 
a production mechanism dominated by 𝑡-channel 𝐾∗ exchange. The 
present data, however, do not yet disentangle these two effects, and 
additional polarization observables will be important for clarifying the 
production dynamics.

6.  Summary

We performed an exclusive measurement of the 𝛾𝑑 → 𝐾0Λ𝑝 reaction 
at 𝐸𝛾 = 1.3–2.4 GeV using the LEPS2 solenoid spectrometer to search 
for a 𝐾̄𝑁𝑁 quasi-bound state. The analysis of the two-dimensional 

(𝑀Λ𝑝, 𝑞) distribution reveals a significant enhancement below the 𝐾−𝑝𝑝
mass threshold at low momentum transfer. The local statistical signifi-
cance of the signal component is 7.3𝜎. The observed structure is char-
acterized by a mass 𝑀 = 2.354 ± 0.011(stat.)+0.009−0.005(syst.) GeV∕𝑐

2, a width 
Γ = 0.055 ± 0.023(stat.)+0.031−0.009(syst.) GeV∕𝑐2, and a Gaussian form-factor 
scale 𝑄 = 0.350 ± 0.041(stat.)+0.035−0.010(syst.) GeV∕𝑐. These results provide 
the first evidence for a 𝐾̄𝑁𝑁 quasi-bound state in photoproduction. 
The consistency of the form-factor scale with the J-PARC E15 result 
suggests a common physical origin, while the difference in the effec-
tive mass highlights the reaction dependence of the observed line shape. 
The prominent forward-peaking of the 𝐾0 emission (Fig. 3), which kine-
matically corresponds to the low-momentum-transfer region, is consis-
tent with both the formation condition of the quasi-bound state and a 
𝑡-channel 𝐾∗ exchange production mechanism. This work demonstrates 
that photoproduction provides a complementary and powerful probe of 
kaonic nuclear states.

Further analysis, including beam asymmetry measurements exploit-
ing the linear polarization of the LEPS2 photon beam, as well as searches 
for isospin-partner channels and studies of other decay modes, will be 
essential to unambiguously identify the production mechanism and de-
termine the quantum numbers of the 𝐾̄𝑁𝑁 state.
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