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Abstract We investigate the existence of bound &
states in systems with A = 4 — 7 baryons using the
Jacobi NCSM approach in combination with chiral NN and
EN interactions. We find three shallow bound states for
the NNNZ system (with (J7,T) = (17,0), (0™, 1) and
(17, 1)) with quite similar binding energies. The SE-H(%+ %)
and YEH(%Jr %) hypernuclei are also clearly bound with
respect to the thresholds “He + & and °He + &, respec-
tively. The binding of all these = systems is predominantly
due to the attraction of the chiral N potential in the 335
channel. A perturbative estimation suggests that the decay
widths of all the observed states could be rather small.

1 Introduction

Recent progress in strangeness S = —2 nuclear physics
[1], in particular the observation of nuclear bound states of
g~ - N(20) [2-4] and possibly &~ —!! B (?Be) [5],
and evidence from femtoscopic measurements for an attrac-
tive Z~ p interaction [6,7] have again triggered consider-
able interest in studying & hypernuclei theoretically [8—13]
despite large uncertainties in the underlying &N interaction.
The latter is due to the absence of direct hyperon-hyperon
(YY) and EN scattering data, and the overall extremely
scarce empirical information on § = —2 systems. There
are several AA hypernuclei unambiguously determined in
experiments, with the s-shell A?‘ He [14,15] being the lightest
one. Given huge challenges in experimental identifications
of Z states, the possible existence of s-shell = hypernuclei
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remains by and large an open question. Thus, theoretical pre-
dictions for = hypernuclei especially for light systems are of
great importance. Results from such studies can provide use-
ful guidelines for experimentalists in searching for & bound
states.

In this work we explore the possible existence of light
& hypernuclei up to A = 7. For the lightest system, %H
several calculations can be found in the literature [16—
19]. Not surprisingly, the predictions strongly depend on
the interaction models used. For example, Garcilazo et al.
[16] and Hiyama et al. [18] both obtained a deeply bound
3EH(J” = 3/2%, T = 1/2) state employing an effective
EN potential that mimics the phase shifts of the Nijmegen
ESCO08c potential [20]. On the other hand, for interactions
derived within chiral effective field theory (EFT) [21] or for
E N potentials deduced from lattice QCD simulations by the
HAL QCD Collaboration [22], the system is found to be
unbound [18,19]. It has to be said that a strongly attractive
E N force as suggested by that ESCO8c potential, which even
yields a ZN two-body bound state [20], is not supported
by the currently available empirical constraints [23] includ-
ing the aforementioned femtoscopic measurements, and also
not by lattice simulations at almost physical masses [22].
Note that in the work by Miyagawa et al. [19] the origi-
nal Z'N interactions have been used directly to obtain the ¢
matrices entering the Faddeev equations for the three-baryon
bound state. For the solution of these equations, however,
only &NN channels are considered. The variational calcula-
tion of Hiyama et al. [18] is based on interactions where
the various Y'Y channels of the original potential models
[20,22] are renormalized into an effective = N interaction and
where the latter is then treated within the so-called Gaussian
expansion method [24]. Earlier studies of & hypernuclei with
A = 5—12 by Hiyama et al. were performed within a cluster
model [25].
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In the present study, we will employ the Jacobi no-core
shell model (J-NCSM) in combination with microscopic
nucleon—nucleon (NN) and YY-EZN interactions derived
within chiral EFT to investigate A = 4 — 7 Z hypernuclei.
Chiral EFT [26] is a very powerful tool for precisely describ-
ing the NN interaction (see [27] and references therein) and
allows for accurate calculations of nuclear observables [28—
31]. It has also been successfully utilized in studies of the
AN and YN interactions by the Jiillich—-Bonn—Munich group
[32-34]. These chiral YN potentials have already been used
to study A hypernuclei within the J-NCSM approach up to
the p-shell [35,36]. Likewise, the YY-ZN potentials from
chiral EFT up to NLO [21,23] yield promising results for
s-shell A A hypernuclei [37]. Therefore, it is very interesting
to explore the predictions of chiral EFT for & hypernuclei,
in particular for light systems where a microscopic (ab initio)
treatment is possible.

The paper is organized as follows: in the next section we
describe the baryon-baryon (BB) interactions employed in
this work focusing particularly on the S = —2 BB poten-
tials. Section 3 contains a brief description of the J-NCSM
and its application to & hypernuclei, and of the method to
extrapolate the binding and separation energies to infinite
model spaces. In Sect. 4, our results for NNN&, fr_;H and
7EH are discussed. Final conclusions are given in Sect. 5.
In Appendix A, we provide approximately valid expressions
for the partial-wave contributions if the ZN interactions to
s-shell = hypernuclei.

2 Baryon-baryon interactions for S = —2

For all calculations presented here, we employ BB interac-
tions that are derived within chiral EFT [26]. The high-order
semilocal momentum-space regularized potential with a reg-
ulator of Ay = 450 MeV (N*LO+(450)) [27] is used for
the NN interaction. For the interaction in the Z N channel,
we employ the potential from Ref. [21]. This interaction for
the S = —2 sector has been constructed in agreement with
empirical constraints on the A A S-wave scattering length and
with published values and upper bounds for =~ p elastic and
inelastic cross sections [23]. Moreover, it yields a moderately
attractive &-nuclear interaction as suggested by experimen-
tal evidence for the existence of &-hypernuclei [2,4]. The
value obtained for the & single-particle potential Uz (k = 0)
at nuclear matter saturation density is with around —9 MeV
[38] noticeably smaller than the commonly cited potential
depth of —14 MeV [39,40]. An application of this single-
particle potential to finite & nuclei based on the local density
approximation method [12,38] showed, however, that per-
tinent predictions for the aforementioned recently reported
states [2—4] are quite in line with the energies observed in
the experiments.

@ Springer

The considered ZN interaction includes the coupling to
other BB channels in the strangeness S = —2 sector (A A,
AX, ¥ X). However, in the actual calculation within the
J-NCSM, it turned out that convergence of the eigenvalue
iterations (that diagonalize the many-body Hamiltonian) to
the lowest lying = states is rather poor when the coupling
of &N to AA is explicitly included. Thus, similar to what
has been done by Hiyama et al. [18,25], the explicit coupling
to AA is omitted. Instead, the contribution from the transi-
tion AA — EN, which anyway can occur only in the 'S,
partial wave with isospin I = 0, is incorporated effectively
by re-adjusting the strength of the corresponding Vzn_zN
potential. The other channel couplings in the S = —2 sector,
ie. EN— AXY — X X, are, however, still taken into account.
In practice, the S-wave low-energy constants (LECs) in the
I = 0 channel (to be concrete, those corresponding to
the SU(3) singlet irrep. {1} [23,41]) are appropriately re-
adjusted so that the real part of the Z'N scattering length
remains practically the same after omitting the A A channel.

Nonetheless, there is a delicate issue connected with that
step. The chiral EFT interaction at NLO predicts the exis-
tence of a virtual state in the / = O, 1S() wave extremely
close to the ZN threshold [21,23]—a possible remnant of the
H-dibaryon [42]. The virtual state is reflected in an impres-
sive cusp structure in the AA phase shift and a large ZN
phase [23]. The pertinent &N scattering length is large too,
cf. Table 1 in Ref. [21], with an imaginary part in the order of
10 fm or more. Similar features are also seen in lattice QCD
results [22]. The large imaginary part somehow suggests an
overall strong AA — EN coupling. However, its value is
artificially enhanced by the near-by virtual state. This can
be easily seen by performing the calculation in the particle
basis and with physical masses. Then the cusp is strongly
reduced [23], and the scattering lengths in the Z%n channel
amount to a = (—1.30 —10.07) fm, (—=2.05 —10.27) fm,
(—=1.95-10.25) fm, (—1.41—10.09) fm, respectively, for the
cutoffs A = 500, 550, 600, and 650 MeV in the regulator
function considered in [21,23]. Obviously, now the imagi-
nary part is rather small and that means the actual AA — &N
coupling is indeed fairly weak. The latter conclusion has also
been drawn in Ref. [19] where this issue has been examined
from a slightly different perspective. See also the discussion
in Ref. [12].

For the present exploratory study, we chose the YY-EN
NLO potential with the cutoff of A = 500 MeV, i.e. the
interaction with the smallest imaginary part. Moreover, we
adjusted the LECs to the Z°n scattering length, instead
of the one for I = 0, in order to avoid any strong bias
from the actual but unsettled location of the virtual state.
After the re-adjustment the '! Sy potential, using the notation
CI+DESHD L, yields agy (1 Sp) = —7.00 fm, to be com-
pared with aEN(“SO) = —7.71 —12.03 fm for the original
potential where all coupled channels are considered [21]. We
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Fig. 1 Z N phase shifts predicted by the NLO(500) and HAL QCD
potentials (left panel) compared to those of the Nijmegen ESC0O8c model
(right panel). The NLO(500) results are shown by lines: 'Sy (dotted,
red), 318y (dash-dotted, black), 135, (dashed, blue) and 35S, (dash-
double-dotted, green). The solid line indicates the !! Sy phase shift of the

believe that this procedure allows us to capture the essential
features of the chiral ZN interaction in the ' Sy channel reli-
ably, while guaranteeing at the same time the applicability of
the J-NCSM approach. Note that all other Z'N partial waves
are not affected by this modification anyway and AX and
X' ¥ components are included in the J-NCSM calculations.
We, however, neglect YN interactions that are expected to
give insignificant contributions but could potentially again
induce AA components to the many-body state. We post-
pone a more thorough investigation on this issue and of the
dependence of the = binding energies on the chiral cutoff
Ayy to a future study.

Finally, to speed up the convergence of the J-NCSM cal-
culations, the NN and YY interactions are evolved using
the similarity renormalization group (SRG) [43]. Thereby,
we use an SRG flow parameter of Ayy = 1.6 fm! for
the NN interaction. This value has already been used in
Refs. [36,37] and is motivated by the observation that ordi-
nary nuclei are bound fairly realistically even if three-nucleon
forces are neglected for this Ayy. The S = —2 potential
is SRG-evolved to a wide range of SRG flow parameter
(denoted generically by Ayy),namely 1.4 < Ayy < 3.0fm’!.
The variations of the binding energies with respect to Ayy
allow one to quantify the possible contribution of the omit-
ted SRG-induced three- and more-body forces. Note that
such contributions are remarkably small for A A hypernuclei
[37]. We also explicitly take into account the electromag-
netic NN interaction [44] as well as the Coulomb point-like
interaction between =~ and proton. These interactions are

re-adjusted NLO(500) potential, see text. The HAL QCD and ESC08c
results (values are taken from [18]) for 1Sy, 318y, 135y and 33 are
indicated by crosses, circles, squares, and triangles, respectively. Note
the different scales in the left and right panels

however not included in the SRG evolution but only added
afterwards.

It is worthwhile to compare the ZN phase shifts of the
employed EFT interaction NLO(500) with those predicted
by the Nijmegen ESCO8c [20] and the HAL QCD [22] poten-
tials. As mentioned in the introduction, the latter two interac-
tions have recently been considered in A = 3, 4 = hypernu-
clear calculations by Hiyama et al. [18]. The phase shifts for
the four S-wave states, namely 11,3180, 135, and 335, are
displayedin Fig. 1. As expected, the original NLO(500) inter-
action (cf. the dotted line) and the re-adjusted potential differ
only slightly in the !' Sy phase shifts. Overall, the results by
the NLO(500) and HAL QCD interactions are qualitatively
similar to each other, but differ substantially from those of the
Nijmegen ESCO08c potential. The ESCOS8c is strongly attrac-
tive in the 331 channel (Ieading to a deuteron-like ZN bound
state), whereas the chiral NLO(500) (HAL QCD) interac-
tion is only moderately (weakly) attractive in this channel.
Moreover, while the 'Sy ZN interaction is rather attractive
in the HAL QCD and NLO(500) potentials, it is actually
repulsive in the ESC08c model. Although the NLO(500)
and HAL QCD &N phase shifts exhibit an overall similar
trend, there are visible differences in all Z N partial waves
except for 13S; where there are no channel couplings. As we
will discuss later, such variations lead to qualitative differ-
ences in the predictions of the two interactions for light &
systems.

@ Springer
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3 Jacobi NCSM for = hypernuclei

The application of the J-NCSM to & hypernuclei fol-
lows very closely our J-NCSM formalism for AA systems
described in [37]. Here we also split the basis functions into
two orthogonal sets: one set that involves two S = —1 hyper-
ons, |a*(Y172)) ‘and the other that contains the doubly strange
Z hyperon, |a*®)). The |a*(5)) states are exactly the same
as constructed in [37],

l* &)y = |aa_yn) ® 18)
=|NJT, aa-nwnz Iz tz;
(Jac1lzsz) I2)J, (Ta—1t2)T) . (D

Since the AA — EN transition is absorbed into the strength
of the VgN_z v potential and since we omit YN interactions,
the basis states |o*(¥1Y2)) can be restricted to

lo* 7)) = Jaq o)) ® |Y1Y2)
= |NJT, aia—2)N oy, v, MM,
((y, v, (5, 57,) Sy vo) Iy v, AJa—2) 1) T,
(v tv) Ty, v, Ta—2)T), (2

with |Y1Y;) = |AX) or |XY'X). The notations used in
Egs. (1,2) are the same as in [37].! For example, the symbol
a(a-2)N stands for all quantum numbers characterizing the
antisymmetrized states of A — 2 nucleons: the total number
of oscillator quanta N4 _», total angular momentum J4_7,
isospin 74— and state index {4—> as well. Similarly, ay,y,
stands for a complete set of quantum numbers describing the
subcluster of two hyperons Y| and Y>. The principal quantum
number n; of the harmonic oscillator (HO) together with the
orbital angular A describe the relative motion of the (A —2)N
core with respect to the center-of-mass (C.M.) of the Y1Y>
subcluster. The orders, in which these quantum numbers are
coupled, are shown after the semicolon.

For practical calculations, we truncate the model space by
limiting the total HO energy quantum number AV in Egs. (1,2)
to N' < Npaxr where N' = Nya_p + 2ny + I, + Ny,y, or
N = Na_1 + 15 + 2ngz, respectively. As a consequence,
the computed binding energies will depend on A4, and
on the HO frequency w. To extract the converged results
we will follow the two-step extrapolation procedure that has
been successfully employed for nuclear and hypernuclear
energy calculations [36,37,45]. First, the energies E (N, o)
are computed for all accessible model spaces NV, and for a
wide range of . Then E s is determined for a given Ny,qx =
N by minimizing the energies E (N, ) with respect to w. In
the second step, an exponential fit is applied to E s in order
to extrapolate to N — oo.

I To be consistent with [37] we use here and later on 7, T for the
isospins.
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Furthermore, in order to write down the explicit form of
the Hamiltonian, we also distinguish three parts of the Hamil-
. -2 .
tonian, namely Hy,y,, Hz and Hlfl Yy EN> like for A A hyper-
nuclei. As mentioned before, we do not take into account YN

interactions in the § = —1 sector here. Hence, the Hy,y,,
H}‘,ql:y; =y and Hz can be written as
A-2 2 2
Pij 5=0
Hyy, = (— + Vo= )
2 .Z;l M(tYlstY2) Y
i<j=
2
m(tYl) + m(th) pY]Yz + S=—
M(ty,, ty2) 2uyy, ni
+(m(ty,) + m(ty,) —mz —my), 3
A—1
S=—2 S=—2
Hyy,zn = D Vi si e @)
i=1
Hz = H3™® + H3=?
A—1 2
_ 2pij S=0
> G TV
— \M(E) /
i<j=1
A—1 2
my+mg Pg; S=-2
3 (BETEE BEL Lyser) )
Z M(E) 2usz; =t

with |Y1Y2) = |AX) or |¥X). Here, m(ty,), m(ty,) , mg
and my are the Y1, Y2, & hyperon and nucleon rest masses,
respectively. M denotes the total rest mass of the system, thus,
M(ty,, ty,) = m(ty,) +m(ty,) + (A —2)my and M (&) =
mg+(A—1)my. u;z and wy, y, are the N and YY reduced
masses, respectively. The rest mass differences within the
nucleon- and hyperon-isospin multiplets are neglected. V 5=°
and V5="2 are the two-body NN and YY (&N) potentials.
Finally, the last term in Eq. (3) accounts for the difference
in the rest masses of the hyperons arising due to particle
conversions.

With the basis states defined in Egs. (1,2), the matrix ele-
ments of the Hamiltonian Egs. (3-5) can be evaluated analo-
gously as done in [37]. Likewise, the final = wave functions
and the corresponding binding energies are directly obtained
via the Lanczos eigenvalue iterations.

4 Results and discussion

As it has been shown in [19], the ?:“H hypernucleus is not
bound with the chiral YY-&Z N NLO potential [21]. Therefore,
the lightest system that we study hereisSNNNZ'. A & hyperon
with isospin % can couple to the core nucleus *H/>He in its

ground state (%Jr, %) resulting in several NNNZ states with
(J*, T) = (17,0), (0F, 1), (1T, 1) and (0T, 0). The first
three states are found to be strongly bound in the work by
Hiyama et al. when the Nijmegen ESCO8c potential is used.
The HAL QCD potential, however, supports only one weakly



Eur. Phys. J. A (2021) 57:339

Page 50f 11 339

bound NNN = state, namely the (17, 0) [18]. As discussed in
Sect. 2, there are some differences in the predictions for the
EN phase shifts by the NLO(500) and HAL QCD interac-
tions. It is therefore interesting to calculate the A = 4 system
based on the chiral potential in order to see whether such dif-
ferences are manifest in the predictions for the NNN & bind-
ing energies. We also consider SEH Due to the strong binding
of the « particle core, the mass difference between =N and
A A is partly removed [46] which makes this light hypernu-
cleus especially interesting. Likewise, theoretical predictions
for 7EH are timely and of importance. The authors in [25] have
proposed to produce ZTH using the (K ~, K™) reaction on the
7Li target. Also the upcoming experiment at J-PARC [47] is
devoted to study the ASAH hypernucleus formed via the decay
of Z;:H using the same reaction. Generally, we expect that a
consistent study of hypernuclei for a range of mass num-
bers might provide constraints for the properties of the &
hyperon in nuclear matter. In this work, we present such an
investigation for = hypernuclei upto A = 7.

In this exploratory study, we do not take the & -5 mass
difference of 6.85 MeV into account and assume isospin
symmetry by assigning to each state a definite isospin. We
believe that this is justified to identify states that are possi-
bly bound but stress that the impact of the mass difference
and possible isospin breaking by other contributions like the
Coulomb interaction should be analysed in a future study.
For the A = 3 and A = 5 & hypernuclei, the isospins are
well defined since the corresponding core nucleus is pre-
dominantly in its isospin zero state. For A = 7, we fol-
low the choice of Hiyama et al. [18] and only consider the
(1/2%, 3/2) state. For this state, it is natural to expect that
the &~ -°He(0F, 1) component is the dominant one. The sit-
uation is less clear for A = 4 since, a priori, none of the
possible isospins is favored by the 3N core. Below we have
therefore assumed isospin symmetry and give separate results
for T = 0and T = 1 states. Our results for the contribution
of the Coulomb interaction suggest that this is a reasonable
approximation since the binding is still predominately due
to the strong interaction. However, a more careful analysis
also taking the cascade mass difference into account should
be performed in the future.

As mentioned earlier, in order to eliminate the effect of
finite-basis truncation on the binding energies, we follow the
two-step extrapolation procedure as explained in [36]. The
w- and N\ -space extrapolations for the binding energy of the
LH(1T,0) state, E(1,0), are illustrated in panels (a) and
(b) of Fig. 2, respectively. To obtain the converged & sepa-
ration energy Bz, we perform an analogous exponential fit
on the quantities Bz (V) = Exr(17,0) — EN(3H), see also
panel (c). Here Exr(17,0), E N(3H) are the hypernuclear
and nuclear binding energies, respectively, obtained at their
optimal HO frequencies for a given model space A. For the
separation energies, we cannot expect a monotonic conver-

gence a priori. But for the results shown here, we observed
that this is the case and that an exponential fit is appropri-
ate. The same approach was used for the separation energies
obtained in our earlier studies [36,37]. Note that the error
bars shown in panels (b)—(c) are given by the difference to the
next model space. These error bars are not meant to provide
a realistic uncertainty estimate, but rather to assign relative
weights for the following extrapolation to A/ — co. Clearly,
well-converged results for both E(17, 0) and Bz (17, 0) are
achieved for model spaces up to N,,,x = 30. For the NN
interaction alone, the triton energy calculation is, however,
converged already for model spaces Nyqx = 24. Similar
convergence patterns are also observed for the binding (sep-
aration) energies of the other states in NNNZ' and of the
SEH(%+ %), 75H(%Jr %) hypernuclei. The convergence for
A = 5and A = 7is generally faster since the separation ener-
gies are larger. Therefore, our current limits of Ny = 16
and 12 for A = 5 and 7, respectively, still allow an accurate
determination of the energies as can be seen from Table 1.

In order to minimize the contribution of the Coulomb
interaction, we use the ‘}En states for isospin T = 1. As
can be seen in Table 1, both of these states, ‘i,n(O"’, 1) and
én(l*‘, 1), are clearly bound for the chiral interaction. It
turns out that their binding energies are comparable to the
one for ‘_ﬁ_:H(l*', 0). The ‘}_;H(O+, 0) state, on the other hand,
is unbound for the chiral interactions at NLO.

The converged Bz (17, 0) computed for a wide range of
SRG-flow parameter, 1.4 < Ayy < 3.0 fm!, are presented
in panel (d) of Fig. 2. One sees that the overall variation of
Bz (17, 0) is visible, about 190 & 30 keV. It is also larger
than the dependence of B4, on the SRG-flow parameter,
which was found to be of the order of 100 keV [36]. This
may be related to the fact that, unlike for the A A case where
the coupling to the pion is suppressed by isospin conserva-
tion, 7 exchange contributes to the & N interaction at leading
order. Long-range interactions are likely to be more strongly
affected by the SRG evolution. However, the variation is
much smaller than the one observed for single A hypernu-
clei (see e.g. [36]). For the A = 5 and 7 E hypernuclei, we
observed similarly large absolute variations, but still they are
relatively smaller as compared to the estimated = separa-
tion energies. Therefore, in all cases, the SRG dependence
is small enough that it does not affect conclusions on the
existence of the found bound states. Thus, in the following
discussion, we will present results for a specific flow param-
eter, namely Ayy = 1.6 fm~'. Anyway, in the future, it will
be interesting to better explore the dependence on the SRG
evolution. Such calculations are however beyond the scope
of the current work.

The predicted separation energies Bz forthe A =4 —7
& hypernuclei are listed in Table 1. We verified that all
the bound states established here are predominantly due

@ Springer
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Fig. 2 a—c Binding energy E and & separation energy Bz for
‘_‘L;H(I‘L, 0) computed with the YY-ZN interaction NLO(500), SRG-
evolved to a flow parameter of Ayy = 3.0 fm™!. For the NN interaction
the SMS N*LO+(450) potential [27] with Ay = 1.6 fm!is employed.
Bz is measured with respect to the triton binding energy (which is
E(CH) = —8.5 MeV for the used NN interaction). a Solid lines and

Table 1 & separation energies Bz and estimated decay widths I” for
A = 4 — 7 & hypernuclei. All calculations are based on the YY-E'N
interaction NLO(500) and the NN interaction SMS N*LO+(450). Both
potentials are SRG-evolved to a flow parameter of ANy = Ayy =
1.6 fm"L. The values of Bz in NNN&, L H and L H are measured with
respect to the binding energies of the core nuclei *H, *He and ®He,
respectively

Bz [MeV] I [MeV]
4H(1F,0) 0.48 £ 0.01 0.74
4n(0*, 1) 0.71£0.08 0.2
tn(1t, 1 0.64 +0.11 0.01
LH(0, 0) - -
SHAT Y 2.16£0.10 0.19
TH(LT, D) 3.50 4 0.39 0.2

@ Springer

—8.451
—8.501
—8.551
—8.60 1

—8.651

E(1%,0)[MeV]

—8.701
—8.751

—8.801

14 16 18 20 22 24 26 28 30
N
(b) E(LH(1%,0)) as a function of N.

—0.30

—0.35

—0.40

(1*,0)[MeV]

_BE
|

o

>

[V
L

—0.50

150 1.75 2.00 2.25 2.50 2.75 3.00
Avy [fm™1]
(d)B=(LH(11,0)) as a function of Ayy.

symbols (with different colors) represent numerical results for different
model spaces N' = 14 — 30, from top to bottom. The dashed lines are
obtained by using the ansatz Eq.(22) in [36]. b, ¢ Horizontal (red) lines
with shaded areas indicate the converged results and the corresponding
uncertainties. d Dependence of Bz (‘_‘EH(I*', 0)) on the flow parameter
Ayy

to the strong ZN interaction. The Z~ p Coulomb inter-
action contributes roughly 200, 600, and 400 keV to the
binding energies of NNNZ, SEH and 7EH, respectively.
Table 1 provides also an estimate of the corresponding
decay width I". These widths have been evaluated pertur-
batively by adapting the procedure followed by Hiyama et
al. [18,25]. Hiyama et al. have used the imaginary part of
the G matrix. Here, we employ the ZN T-matrix in the !' S,
state from the original potential that includes the &N-A A
coupling [21] instead. Schematically the width amounts to
I' ~ —2Im (¥p |Ten—=N|¥B:) and involves the perti-
nent hypernuclear wave function ¥ and the (off-shell) &N
T-matrix at the sub-threshold energy corresponding to the
bound state. One can clearly see that the three states (17, 0),
(0™, 1) and (17, 1) in NNNE& are only weakly bound, pos-
sessing quite similar Bg’s but substantially different decay
widths. Interestingly, our result for Bz (NNNZ (17, 0)) is
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close to that for the HAL QCD potential, reported in [18],
although the (0%, 1) and (1T, 1) states are unbound for
the HAL QCD interaction. There are substantial (but not
surprising) differences between our separation energies
Bz (NNNZ) and the predictions [18] for the ESC0O8c poten-
tial [20]. According to the discussion in Ref. [18], it is the
strong attraction in the 33§ and !3S; channels that is respon-
sible for the rather large binding energies predicted for that
ESCO08c model in the (1, 0) and (17, 1) states.

Our results for the SEH separation energy and decay width
are BE(SEH) =2.16 £ 0.1 MeV and F(SEH) = 0.19 MeV,
respectively. Oddly enough, these values agree roughly with
the estimations by Myint and Akaishi [46] of 1.7 MeV and
0.2 MeV, respectively. However, given the differences in
the underlying interactions and specifically in the employed
approaches, this is certainly accidental. We further note that
in contrast to our finding where SEH is bound primarily
due to the strong Z'N interaction, the authors in [46] state
that the binding energy of 1.7 MeV in SEH largely comes
from the “He-Z ~ Coulomb interaction. The mechanism for
the narrow width of SEH has been investigated in [48,49].
Recently, Friedman and Gal, employing an optical poten-
tial, also reported a quite similar result for 5:'_:H (Bz (?5 H) =
2.0 MeV) [11]. But also here the agreement could be more
or less accidental given that the Z-nuclear interaction used
as starting point in that work is with Uz < —20 MeV signif-
icantly more attractive than the one predicted by the chiral
EN potential employed in the present study which is only
around Uz ~ —9 MeV [38] as mentioned above.

The prediction of the chiral ZN interaction for 7EH

(1", 3), Bs(LH) = 3.50 + 0.39 MeV, is only slightly
larger than the binding energy of 3.15 MeV reported by
Fujioka et al. [47,50] for the HAL QCD interaction, based
on a calculation within a four-body («¢nn &) cluster model
[25,51]. An earlier study utilizing older S = —2 potentials
from the Nijmegen group indicated somewhat smaller bind-
ing energies [25,52]. Finally, as one can see from Table 1,
the 7EH (%+ %) state is also very narrow, with a width of
I' =0.2 MeV.

To shed light on the relation between the properties of the
chiral &N potential and the binding of the A =4 —7 E sys-
tems, we provide in Table 2 the contributions of different ZN
partial waves to the expectation value of the S = —2 potential
(VS:_2). These results are computed at NV = 28, w = 10
MeV for NNNZ, at N = 14,0 = 16 MeV for Z;H and
at ' = 10, w = 16 MeV for 7EH Here the second largest
model space is chosen for each system in order to save com-
putational resources. And, w is the corresponding optimal
HO frequency for the chosen model space. For complete-
ness, the energy expectation values are also shown in the
last column of Table 2. Clearly, in all the considered states
except NNNZ (0T, 0) the attractive &N interaction in the

38| channel plays the most important role in binding the
systems. It accounts for more than 50% of the expectation
value (VS="2). While the attraction in the 'Sy channel is
essential as well for NNNZ (1%, 0) and (0T, 1) (amounting
to more than 30% of (VS==2)), its contribution becomes less
significant in other states. Furthermore, the &N repulsion
in 315 contributes predominantly to the expectation value
(VS==2) of NNNZ (01, 0) (naturally with opposite sign),
which causes the system to be unbound. The expectation
value (V5=72(18)) is also sizable for 3,H and ZH, how-
ever, its effect is largely canceled by the attraction in the '1 5,
channel.

Complementary to Table 2, the binding of the A =4 — 7
hypernuclei can also be understood from Table 3, where prob-
abilities of finding a ZN pair, PgN, in different partial-wave
states are listed. One clearly notices that, in most of the sys-
tems, a ZN pair is predominantly found in those channels
with J < 1 and in particular in the 3, except for the
unbound ‘:TH(OJF, 0) state. In addition, the two extremely
small probabilities Pzn('!Sp) = 0.02% and Pzy(3S)) =
0.11% in AéH(OJF, 0) are obvious manifestations of the small
expectation values VS:_Z(“SO) = —0.002 MeV and
Vv5=-2335,) = —0.006 MeV listed in Table 2. Further-
more, the strong variation of P__:;N(“So) in different states
of the A = 4 — 7 hypernuclei clearly explains the large dif-
ference in the decay widths estimated for these systems, see
Table 1.

As discussed in Sect. 2, we had to omit the AA — EN
coupling in the J-NCSM application and we compensated
that by a small modification of the Z'N potential strength in
the 'Sy state. It is reassuring to see that the overall effect
of this partial wave on the binding energies is not too large.
Specifically, the existence of the predicted bound states does
not depend on its precise contribution, as can be read off
from Tables 2 and 3. In fact, the slightly more attractive ' Sy
interaction predicted by the original &N potential, see Fig. 1,
implies that all found = hypernuclei could be simply mini-
mally more bound.

Yet another view on the relation between the ZN inter-
action and the binding of s-shell Z hypernuclei is given
in Appendix A, in terms of appropriately averaged effec-
tive ZN interactions, analogous to what has been done for
the AN interaction and s-shell A hypernuclei in the past
[53]. Although those simple relations are only approximately
valid, they nevertheless help to understand the results pre-
sented in Tables 2 and 3.

5 Conclusions
In this work, we employed the Jacobi NCSM in combination

with the chiral NLO(500) &N potential to explore A = 4—7
& hypernuclei. Particle conversions like AY — EN-XX

@ Springer
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Table 2 Contributions of different partial waves to (V5==2) (first five
columns), and the total binding energy (last column) forthe A =4 —7
& hypernuclei. The results are extracted at N' = 28, @ = 10 MeV
for NNNZ, at N' = 14, o = 16 MeV for SEH and at N = 10,

o = 16 MeV for 7EH All energies are given in MeV. Same interac-
tions as in Table 1. Note that the calculated binding energy of >He(*H)
is —7.79 (—8.50) MeV

yS=-2 E

R 3g, 13, 3 Total
?:—H(l"', 0) —1.95 0.02 - 0.7 —2.31 —5.21 —8.97
‘_‘EH(OJ“, 1) - 0.6 0.25 —0.004 —0.74 —1.37 —-9.07
‘_{:n(1+7 1) —0.02 0.16 —0.13 — 1.14 —1.30 —-9.0
‘_‘EH(0+, 0) —0.002 0.08 —0.01 — 0.006 —0.11 —6.94
i;H(l/2+, 1/2) —0.96 0.94 —0.58 —3.63 —4.88 —31.43
7EH(1/2+, 3/2) —1.23 1.79 —0.79 —6.74 —8.04 —33.22

Table 3 Probabilities (in %) of finding a &N pair in different partial-
wave states in the wave functions of A = 4 — 7 & hypernuclei. Same
interactions and model spaces as in Table 1. Note that for each system
all probabilities sum up to the probability of finding a & hyperon in that
system

|EN)

'S0 13150} [1351) [*351) J =2
4HA1T,0) 12.88  0.18 2591 3572 24.80
4n(0*, 1) 8.24 1332 023 2329  54.73
4n(1t, 1) 0.14 9.22 9.83 33.08  47.56
4H(O*,0) 0.02 11.87 1465  0.11 73.33
SH(1/2,1/2) 482 1218 1437 3553 3259
TH(1/2%,3/2) 371 1292 11.11 3836 3294

are fully taken into account, while the transition AA — ZNis
omitted and its contribution is incorporated effectively by re-
adjusting the strength of the Vz y potential appropriately. The
latter approach facilitates a proper convergence of the energy
calculations to the lowest lying = states. Furthermore, to
speed up the convergence, the &N potential is SRG-evolved
to a wide range of flow parameters. The effect of SRG evo-
lution on the & separation energies is in general small, but,
it is slightly larger than that observed for A A hypernuclei.
We found three loosely bound states (17, 0), (0T, 1) and
(17, 1) for the NNNZ system and more tightly bound SEH,
7EH hypernuclei. These & systems are bound predominantly
due to the attraction of the chiral ZN potential in the 335,
channel. On the other hand, the repulsive nature in 3! Sy pre-
vents the binding of the NNNZ (0T, 0) state. All the investi-
gated & bound states are predicted to have very small decay
widths.

In view of these results, which are based on an interaction
that is fully consistent with presently available experimental
constraints, and well in line with current lattice QCD results
[22], it seems likely that light & hypernuclei exist. Experi-
mental confirmation is certainly challenging. However, the-

@ Springer

oretical estimates for yields of A = 4 hypernuclei [54] as
well as actual measurements of ‘}‘H, ‘}‘He by the STAR Col-
laboration [55] raise hopes that NNNZ bound states can be
detected in heavy ion collisions in the not too far future.
Also a bound 7EH system could be produced and studied
in the "Li(K—, K1) reaction [25], cf. the proposal P75 for
J-PARC [52]. Once these new experimental results are avail-
able, they will provide new insights into the properties of
S = —2 BB interactions. The current manuscript sets up a
framework that allows one to exploit these insights to con-
strain BB interactions in the future.
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Appendix A: Estimate of partial wave contributions

In this appendix, we present approximately valid expressions
for the partial-wave contributions of the &N interaction to
s-shell & hypernuclei. The relations are derived in a similar
way as the ones for the AN interaction and A hypernuclei
[53]. For these estimates it is assumed that there is no particle
conversion. Additionally, the & hypernuclei should exhibit a
clear core- = structure. Both, the core nucleons and the = are
in s-wave states. Those assumptions are indeed justified, as
one can see from Tables 4 and 5 where we provide probabili-
ties of finding the nucleons in certain angular momentum and
isospin states and together with &~ or Z°. For the isospin
zero states of A = 4, the hypernucleus seems to be domi-
nated by the *He/*H component together with £~ and Z°,
respectively. The choice of T = 0 enforces that both parts
contribute equally. For the other isospin and A = 5 and 7,
the total charge of the systems is chosen such that the &~
contribution dominates in conjunction with the expected core
nuclei. In the approximation that the hypernucleus only con-
tains these dominant components, one obtains for the effec-
tive interactions

Page9of 11 339
4 I - 1 15, 1 13, 1 3%51
:‘H(l 70) : VEN ~ =V + V + _V (A3)
g 6 = 3 2
i 1 1. 1
LHOM 1) Vay ~ -V + 2Varl + =Vosl (A4)
£ 6 38 28
i 1 1 2
HOT, 1) : Vay ~ S Vo 4+ VoSt 4 2258 (As5)
& 6 6 = 38
~ 1 1
LHOF, 0) : Vay & EVQISO EV;SI (A.6)
1+ 1 1 n 3 31
5 So So
SH(= ,-):Vay ~—Vg v
G 3 Ven Mg 16 ©
3 35 9 3g
oSy v AT
16 t 16 EN (A7)

It clearly follows from Eqgs. (A.1-A.7) that the 33S; &N inter-
action dominates the (%Jr, %) statein L H, the (17, 0), (0T, 1)
and (17, 1) states in NNNZ and the SEH hypernucleus. Since
it is attractive, cf. Fig. 1, it is predominantly responsible for
the binding of the latter four hypernuclei, see Tables 2 and 3.
The 3'S, partial wave is dominant in 3EH(%+, %), and since
it is repulsive no bound state can be expected [18,19]. In the
case of NNNZ (0%, 0), which is likewise found unbound
in our calculation and in [18], the (more strongly) repul-
sive 315 and the weakly attractive '35 potentials contribute
practically with equal weights.

3 1T 1
gH(G5 . 5): Van
3 g 9 g | RERS 3 xyg
A=V 0+ =V 0+ =V — V! A.l
16 N " 16 F 16 2N T ygVen  AD
3t 1 . 1 13 3 33
3 Si Si
zH(z ,2):Van= -V, -V A2
( 2) N 4'E N 4'E N ( )
Table 4 Probabilities (in %) of P 4 T 4 T 4 T 4 +
finding the nucleons in a total (Jeores> Teores mg) EH(I ,0) E"(O 1) En(l 1 EH(O ,0)
Jeore and Teore angular =D 49.66 97.48 97.44 49.98
momentum and isospin state and U
with a & hyperon with third (3.3, 3) 49.66 - - 49.98
component of isospin m'’; in the A3 _ 0.54 0.55 _
wave functions of A =4 & % g : 1
hypernuclei (3:3.-2) B 1.6 16 B
others 0.16 0.17 0.22 0.02
Table S Same as Table 4 for , s 1+ 1 , 71t 3
A =5 and 7 & hypernuclei (Jeores Teores M'z) _:;H(j > j) (Jeores Teore, M'z) EH(E s §)
0,0,—1) 96.03 o, 1,1 94.44
0,0, 1) 1.1 0,2,-1) 0.7
o1, 2.1 0,2, 5 2.8
others 0.3 others 1.13

@ Springer
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