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Using realistic nuclear and hyperon-nucleon interactions obtained from chiral effective field theory, we explore
the possible existence of resonant states in three- and four-body strangeness S=-1 hypernuclear systems. In
particular, we focus on Feshbach resonant states near the =-hyperon production threshold. We firmly identified
J7=1/2" NN as well as J”=0* ZNNN states and determined their positions and widths to draw conclusions
on their experimental observability.

1. Introduction

Hypernuclei offer valuable insights into the fundamental baryonic
interactions which govern both nuclear matter and phenomena oc-
curring in astrophysical environments, such as neutron stars. In the
past, hypernuclei were investigated through cosmic ray reactions and
accelerator-based experiments [1]. More recently, production of strange
particles in relativistic heavy-ion and particle colliders have ushered in
a new era of hypernuclear research [2-4], unveiling intriguing and of-
ten puzzling results [5-8]. Unlike the rather well-established nucleon—
nucleon (NN) interactions, the hyperon-nucleon (YN) interactions are
constrained by only about 35 data points for scattering total cross sec-
tions at lower energies. Theoretical modeling of the YN interactions is
even more challenging due to the presence of strongly coupled AN and
2N channels, separated by a mere ~ 80 MeV. This coupling amplifies
effects that are less prominent in non-strange ordinary nuclei [9-11],
such as three-body forces and charge symmetry breaking. In particular,
differences in the A separation energies of mirror hypernuclei, such as
‘/‘\He and ‘/‘\H, challenge our current understanding of the nuclear strong
interaction [12-15].

Strangeness S =-1 hypernuclear systems containing a X hyperon (of-
ten loosely termed as ¥ hypernuclei) represent a relatively unexplored
yet important area of research, particularly because of their potential
to reveal new aspects of the elusive YN interactions, a key objective of
strangeness nuclear physics. Study of X-hypernuclear states could en-
hance our understanding of YN interactions, particularly in the less-
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known XN sector, and contribute significantly to a more comprehen-
sive view of both few- and many-body systems. Moreover, these quan-
tum systems also reveal intriguing dynamics. The strong-interaction
XN-AN conversion can only lead to short-lived Feshbach resonances
near the X-production threshold, rather than X-hypernuclear bound
states. However, despite decades of theoretical and experimental ef-
forts, the existence of X-hypernuclear states remains controversial [16—
20]. While several measurements reported candidate X-hypernuclear
states [21,22], the absence of well-defined ground states continues to
pose significant challenges. There are several ongoing studies using
correlation femtoscopy [23], as well as experiments based on (K™, z)
reactions [24,25] aiming to reveal the presence of the lightest =-
hypernuclear states. In line with these efforts we aim to explore presence
of Feshbach resonant states near the X hyperon production threshold in
A =3,4 S=-1 hypernuclei. By addressing these questions, we provide
new insights into the nature of hypernuclear states and their broader
implications for nuclear physics and astrophysics.

2. Methods

Given the complexity of the calculations, we validated our results
by employing two independent computational methods. The A=3 sys-
tems were analyzed by solving the Faddeev-Merkuriev (FM) equations in
configuration space [26] and the Alt-Grassberger—Sandhas (AGS) equa-
tions in momentum space [27]. For the four-body problem, we utilized
the Faddeev-Yakubovsky (FY) equations in configuration space [28].
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Fig. 1. Total cross section (,) for A-deuteron scattering in the J7=1/2* state
below the X°—?H threshold at 74.73 MeV. Predictions using the Idaho-N3LO NN
potential [39] and NLO19 YN [38] potentials with different A cutoffs are com-
pared. For =500 MeV also results with chiral SMS and CD-Bonn potentials are
shown.

To account for the coupling between the (AN,X*N,2N,X~N) chan-
nels and the mass differences among A — =+ — 20 — 3, the problem was
approached in an extended Hilbert space consisting of multiple sectors,
akin to methods used for addressing the A isobar [29] or nuclear core ex-
citations [30,31]. In order to determine the positions of resonances, we
applied the Complex Scaling Method (CSM) in configuration space [32].
Alternatively, the AGS equations were solved at real energies, and the
complex energy/momentum poles, which indicate the positions of res-
onant states, were determined by analyzing the energy-dependence of
YNN transition operator matrix elements [33,34]. This method circum-
vents the need for CSM. Remarkable numerical consistency between the
results of the AGS and FM/FY methods ensured the determination of
pole positions up to few keV.

Notably, neutrons, protons, and strange baryons were treated as
distinct particles by considering their physical masses and without
relying on isospin symmetry. This approach allowed to preserve the
physical threshold positions for all multi-particle channels. We refer
to our previous works [30-33,35] for more details on the numerical
techniques.

3. Results

We employ YN interactions constructed by the Jiilich-Munich
group [11,36-38], derived within SU(3) yEFT up to leading order (LO)
and next-to-leading order (NLO), and fitted to low-energy AN and N
scattering data. The NLO models also include charge symmetry break-
ing by introducing additional contact interaction terms adjusted to re-
produce the ‘/‘\He and ;‘\H binding energy difference [11].

Our analysis of resonant YNN and YNNN systems indicates only
a marginal sensitivity to the choice of NN interaction—whether
AV18 [40], CD-Bonn [41], Idaho-N3LO [39], or Bochum N4LO +
(SMS) [42]—despite the differences in the structure and calibration of
these models. Similar conclusions were reported in [43-45], where ex-
tensive sensitivity study of A-hypernuclear observables to nuclear inter-
actions linked this insensitivity to the weak binding of the A hyperon.
In contrast, Fig. 1 demonstrates that the total (elastic plus break-up)
A-deuteron (*H) cross section exhibits a pronounced dependence on
the choice of YN interaction. The total cross sections for the NLO19 YN
model [38] with regulator cutoff 4=600MeV are twice as large as for
A=500MeV. Consequently we focus on YN-model dependence adopt-
ing the Idaho-N3LO NN interaction [39] along with NNN interaction
of [46].
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3.1. A = 3 hypernuclear resonances

Our findings align with previous studies [47-51] on the possible ex-
istence of three-body hypernuclear states with charges Z=0 and Z=2
near the Ann and App thresholds, respectively. Binding these systems
without forming a AN bound states requires a significant fine-tuning of
the YN interaction. The most favorable configuration with J7=1/2% is
dominated by total orbital momentum L”=0" components and is sup-
ported by a weak centrifugal barrier. A slight reduction in the inter-
action strength from the critical value, corresponding to an infinitesi-
mally weakly bound trimer, leads to the formation of very fragile reso-
nant states that quickly dissolve into the continuum. This critical phe-
nomenon, characteristic of Efimov physics [52,53], is well documented
and not elaborated further here.

Next, we focus on X-hypernuclear states. For systems lacking a pro-
nounced resonant behavior, a systematic method to identify and study S-
matrix poles is interaction scaling, as applied e.g. in three/four-neutron
scenarios [33,54-56]. Additionally, interaction scaling is useful for ex-
amining various pole types, such as bound, unstable, virtual, and res-
onant states; especially when the interaction strength has uncertainties
or is altered by external fields, like in cold-atom systems [34,57,58]. S-
matrix pole positions Ez+iE; and kg+ik; in the energy and momentum
complex planes correspond via (kg+ik;)?/2uyy=Eg+iE;—Eyy, where
Eyy is the X+Y subsystems threshold energy and uyy their reduced
mass. To support a resonant state formation, we adjust the YN interac-
tion by scaling the Vs ys yy components by a factor y, leaving V ys xn
and V,y y unchanged. Such a strategy enables one to smoothly
increase the X-nuclear attraction, while minimizing the effects on the
better-constrained AN interaction and the impact on A-hypernuclear
properties. Additionally, this modification preserves the isospin depen-
dence of the N interaction. Physical predictions are recovered for y—1.
In Fig. 2, the trajectory of a %H pole with total charge Z=1 and J7=1/2%
is shown when y is varied in the interval (1.45, 1). For y=1.35, all consid-
ered YN interaction models support a Feshbach resonant state below the
»0-2H threshold. Despite lying below the X°—2H threshold, this state is
unstable and decays by emitting a A hyperon. Nevertheless, due to the
significant mass difference between = and A hyperons, the overlap be-
tween the loosely bound %H structure and the high-energy continuum
of the Anp system is small, resulting in relatively narrow widths of these
states. Another crucial aspect of the (meta)stability of X°—2H states is
their isospin content, which differs from the dominant T=0 component
in the A—2H system.

The pole trajectories, however, depend strongly on the chosen YN
interaction. Among the tested models, the NLO19 interaction with the
largest regulator cutoff, =700 MeV, is closest to generate Feshbach
resonance below 3°—2H threshold, whereas the LO model with the
smallest cutoff, A=550MeV, requires the most substantial modification.
This trend, corroborated by cross-section calculations, indicates that the
NLO19 A=700MeV model is the most favorable for revealing the reso-
nance, while the LO A=550 MeV model is the least favorable. Despite the
differences in trajectories, the real part of the resonance energy for the
physical case (y=1) consistently lies in the vicinity of the Z*nn thresh-
old. However, interpreting the resonance solely from its energy position
is misleading since the complex energy plane is structured by multiple
thresholds and intricate multi-sheet topology. A more transparent pic-
ture emerges from analyzing the pole trajectories in the complex mo-
mentum plane, as illustrated in Fig. 2. Here, the pole trajectories are
traced in the relative Z°~?H momentum plane. The physical region is
marked by red lines, with the positive real (imaginary) axis indicating
energies above (below) the 2°—2H threshold. As y decreases, the poles
recede from the physical region, particularly from the *nn threshold.
Consequently, in the complex energy plane the pole resides on a Rie-
mann sheet not directly connected to the physical X°—2H scattering re-
gion. In this situation, the parameter I' = —2E; cannot be interpreted as
a conventional resonance width since for E > 0 only the near-threshold
tail of the resonance has physical impact. Instead, one may introduce an
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Fig. 2. The }H J*=1/2* pole trajectories obtained for different Y N interaction
models, when varying the strength of XN interaction. Trajectories are repre-
sented in complex energy (upper panel) and momentum (lower panel) planes,
calculated relative to the X°—?H threshold, respectively. The momentum angle
0, = 135 deg (dashed line) corresponds to E = 0 in the energy plane.

effective width T'oye = 2(E2 + E?)!/2 where T'; /2 measures the shortest
distance in the energy plane from the pole to the physical region, the
threshold in this case, in the same way as I'/2 does for standard reso-
nances. The influence of such resonant states on observables therefore
depends sensitively on the pole position relative to the physical domain,
and thus on the delicate interplay between their real and imaginary
parts. An example is given in Fig. 1, where the proximity of the reso-
nance to the Z°—~?H threshold produces a broad peak in the A—2H total
cross section.

Now, let us explore the potential existence of three-particle X-
hypernuclear resonance states with charges Z=0 and Z=2. Although
these are isospin mirror systems, the substantial difference in the masses
of charged X baryons results in markedly distinct threshold structures
leading to significant differences in the dynamics of resonant states.
Again, the NLO19 model with A=700MeV requires the smallest scal-
ing to position the centroid of the J* = 1/2* state below the ¥ emission
threshold. For this model, y~1.11 generates resonant states centered at
the X°—nn and X+ —?H thresholds, respectively. From a technical stand-
point, tracking the evolution of the Z=2 state which moves below the
=+ —2 H two-cluster threshold is more straightforward than for the Z=0
state, which traverses the narrow energy gap between the X — nn and
=~ -2 H thresholds. Moreover, the ;He resonant state holds more exper-
imental relevance as it could be produced in the 3He(K ™, ﬁ‘)gHe reac-
tion. For the above mentioned reasons the calculation of the Z=0 state
was not attempted at this stage. Fig. 3 shows trajectories of this state as
the scaling parameter y varies. Qualitatively, these trajectories resemble
those of the previously studied Z=1 case. While the trajectories notably
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Fig. 3. The iHe J=1/2" resonant state trajectories obtained for different YN
interaction models, when varying the strength of £N interaction. Trajectories
represented in energy and momentum, calculated relative to **—?H threshold,
respectively.

differ for various interaction models the centroids for y—1 converge to
the same region in the complex-energy plane. This region may seem
to be located between the =+ — 2H and X+ — np thresholds, but a closer
inspection of the trajectories in the complex-momentum plane reveals
that the resonances recede from the physical region, especially from the
>*—np threshold.

The energies of resonant states for y=1 are collected in Table 1 both
for Z=1 and Z=2 systems. In most cases Ep > 0 which is reflected by
the complex-momentum angle 6, having values from 135 to 195 de-
grees. It is to be stressed that a small value of I" does not indicate bet-
ter experimental observability of the state, as I'y;;/2 has an apprecia-
ble value. This feature, characteristic of multithreshold resonances [59],
arises because the poles lie on the unphysical Riemann sheets not adja-
cent to the physical scattering region. In some cases, such as for the LO
A=550MeV YN interaction, crossing the negative real momentum axis
even yields a negative value of I'.

Conversely, the widths of the obtained states exhibit significant de-
pendence on the chosen YN model, reflecting the very distinct EZN—-AN
coupling strengths in these models. Notably, the £~ psAN low-energy
cross-sections predicted by the Jiilich models [38] conform to the up-
per bound of the experimental dataset by Engelmann et al. [60], while
the previous generation YN interaction models based on one-boson ex-
change theory [61,62] had the tendency to align with the central val-
ues. Ultimately, if nature favors weaker XN—AN coupling, the %H res-
onance might be more stable and have more pronounced influence on
observables, in particular when they are related to Z°—2H production.
It is worth noting that the recent analysis of measured femtoscopic
correlation functions [63] favors the NLO19 models with the largest
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Table 1

Physics Letters B 874 (2026) 140214

Positions of J*=1/2* =-hypernuclear resonant states for total charge Z=1 and Z =2 systems relative to the X°—>H
and = -2H thresholds, respectively.

Z=1 (Z"-H) Z=2(Z*-H)

Model Er MeV) T (MeV) Cyr MeV) 6, (deg) Egr (MeV) I'(MeV) Ty (MeV) 6, (deg)
LO550 0.73 0.96 1.70 163 1.27 -1.40 2.90 194
LO700 0.49 2.34 2.54 146 1.74 1.08 3.64 171
NLO450(2013) -0.02 5.04 5.04 135 1.31 3.66 4.50 153
NLO700(2013) 0.49 3.74 3.87 142 1.53 1.86 3.58 164
NLO500(2019) 0.42 2.08 2.24 146 1.31 0.14 2.62 178
NLO700(2019) 0.34 3.26 3.33 141 1.30 1.50 3.00 165
Table 2

Positions and widths of {H and $He Feshbach resonant states relative to the £°—3H and £*—3H thresholds,
respectively. In addition to the energy positions we provide (in %) the estimated particle content of these

states. In the last row, known experimental values for the ;He state are provided.

sH $He
Model Ep (MeV) T'(MeV) P(AE0,5+.57)  Ep (MeV) I (MeV) P(A,20,3%,57)
LO550 -1.60 6.49 1,52,4,43 -2.63 6.18 2,23,74,1
L0700 -2.28 8.26 5,54,4,38 —4.36 7.88 6,23,70,1
NLO450(2013)  -2.97 13.0 23,29,4,45 —-3.67 11.6 11,26,61,2
NLO700(2013) -2.71 9.02 2,47,1,50 -4.19 9.00 2,26,72,0.3
NLO500(2019)  -1.26 6.32 5,46,2,46 -2.38 8.15 5,24,71,0.3
NLO700(2019)  —2.80 8.42 1,50,1,48 —4.27 7.59 1,25,74,0.1
Exp. —-44+10+£03  7+2[22]

-28+0.7 120+ 1.2 [21]

cutoffs which in our study provide the most pronounced resonant
states.

Resonance wave functions are divergent; however, after the complex
scaling transformation they become exponentially decaying. CSM thus
provides a wave function normalization procedure, employing biconju-
gate orthonormalization, and a framework to estimate the averages of
physical quantities. These averages represent properties of the internal
part of the resonance wave function and are to a large extent indepen-
dent of the CSM parameter(s). In this manner we were able to study
properties of the resonance states situated in the vicinity of the X pro-
duction threshold. The observed Z=1 and Z=2 resonances are domi-
nated by the ENN components with only marginal admixture of ANN
particle channels, contributing ~ 1% to the total weight. The Z=2 res-
onances are purely isospin T=1 systems, the admixture of T=2 ENN
component represent less than 1 % of its total weight. Its particle content
is dominated by the X*np channel that contributes 70 — 90 % depending
on the YN model.

The structure of Z=1 resonances is more complex — its Anp com-
ponent is almost pure T=1 state which contributes, depending on the
model, 92 — 99 % to this particle channel. This feature provides stability
of these states against decaying into the A—>H channel and making the
three-body decay into A+n+p dominant. The T=1 component of ENN
is the dominant one with ~ 42 — 70 % of the total wave function weight.
It is supplemented by the T=0 NN component at ~ 20 — 36 % level.
Particle content of the Z=1 resonances is split between *nn and X%np
channels with £~ pp channel accounting for only ~ 10 % of the weight;
the contribution of the Anp channel is marginal.

Additionally, we explored the existence of Z-resonant states with an-
gular momenta J#1/2%, as well as Z=-1 and Z=3 three-particle sys-
tems. However, we did not find any indication of narrow resonant states.

3.2. A = 4 hypernuclear resonances

In [16,21,22], a narrow Feshbach resonant state in the 42He system
has been identified few MeV below the X*—3H threshold. In Table 2,

we present results of our calculations for A=4 ‘;H and ;He states. All

considered YN interaction models predict existence of narrow J7=0*
Feshbach resonance states in both systems. We also verified that NNN
forces mainly shift the threshold energies due to the modified trinucleon
binding energies, but have only a minor impact (within 2 %) on the rela-
tive positions of the hypernuclear states. This effect, observed in [43,44]
for A hypernuclei, is attributed to the weak binding of hypernuclei and,
consequently, peripheral distribution of the hyperons.

Regarding the structure of these states, the ‘éHe resonance state is
predominantly composed of the Ttnnp particle channel, which con-
stitutes approximately 70 — 74 % of the wave function. This is supple-
mented by ~ 22 -26% =%zpp admixture. In contrast, the 1H state is
distributed almost equally over the nnp and =~ npp components. The
isospin mirror symmetry is not perfectly preserved in these systems, as
anticipated by the significant mass differences of X hyperons, which ex-
ceeds their binding energy in the trinucleon. It is energetically costly to
produce a heavy X~ baryon, hence the weight of the £~ npp component
is reduced by half in ‘;H compared to its isospin mirror state *nnp in
$He.

Calculated locations and widths of these states are strongly YN inter-
action model dependent. This sensitivity highlights the potential of these
systems to deepen our understanding of YN interactions. Importantly,
the positions and widths are not directly correlated: the state’s position
is primarily governed by the N interaction, while the width reflects
the strength of AN — XN coupling. Unfortunately, large uncertainties
in the available experimental data hinder a definitive assessment of the
reliability of current YN interaction models. Notably, all models predict
the 42He state within the experimental error bars. A significant discrep-
ancy remains, though, in its measured width [21,22]. Our calculations
agree better with a more recent value reported in [22].

In contrast, no resonant states have been identified with J* # 0*.
We have also found no signs of narrow resonance states in Z=0 and
Z=3 systems, specifically in Z%nnn and Z%ppp. The absence of these
states can be attributed to two obvious reasons: first, the three-neutron
(three-proton) system is repulsive due to Pauli blocking; second, the
isospin T=3/2 YN interaction is less attractive than in the T=1/2
channel.
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4. Conclusions

For the first time, rigorous 3- and 4-body calculations have been
performed to explore the possible existence of resonant states in A=3,4
strangeness S=-1 hypernuclear systems, using realistic state-of-the-
art NN, NNN and YN interactions derived from yEFT. The coupled-
channel nature of YN interactions, as well as the baryon mass differ-
ences were fully considered.

We have predicted the existence of J”=1/2% Feshbach resonant
states in np, Znn and Zpp systems above the Z°—2H threshold. We ver-
ified that details of the NN interaction models, strongly constrained
by NN data, have only a marginal impact on the positions and prop-
erties of these resonant states. However, these states exhibit a con-
siderable sensitivity to the YN interaction model. Despite the com-
plex structure of these states, situated above the X-hyperon produc-
tion threshold, they have a significant impact on physical observ-
ables. This supports their unambiguous identification in forthcoming
experiments.

Despite the considerable uncertainties in the YN interaction models,
all models agree on the existence of J*=0% Feshbach resonant states in
4H and { He. The strong sensitivity of the identified resonant states to the
details of YN interaction, particularly to the less constrained strength of
the ZN-AN coupling, can be exploited to refine our understanding of
these interactions.

Finally, we have found no evidence of A= 3 resonant states in Z=—1
and Z=3 systems, nor in A=4 systems besides the aforementioned }He
and 42H J7=0% states. Our results align with Harada’s earlier calcula-
tions [64], which, using the folding approximation, identified narrow
‘éH and ;He states below the X production threshold. On the other hand,
Harada also suggested the existence of quasibound NN states, con-
flicting with our calculations that place these states above the X pro-
duction threshold. Our conclusion however is in agreement with other
studies considering full 3-body dynamics but relying on isospin approx-
imation [19,65].
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