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Why is hypernuclear physics interesting?

ΛN interactions
 EOS and “neutron star” puzzle
 purely nucleonic neutron star agrees with measurements
 strangeness softens EOS
 repulsive core of ΛN interaction is crucial for description

J. Schaggner et al. PRC 53(1995)

89
Λ Y(π+, K+)

KEK 

H. Hotchi  et al. PRC 64(2001)

only interact via the two-body ΛN potential. As a matter of
fact, within the AFDMC framework hypernuclei turn out to
be strongly overbound when only the ΛN interaction is
employed [34,35]. The inclusion of the repulsive three-
body force [model (I)], stiffens the EOS and pushes the
threshold density to 0.34ð1Þ fm−3. In the inset of Fig. 1 the
neutron and lambda fractions are shown for the two
HNM EOSs.
Remarkably, we find that using the model (II) for ΛNN

the appearance of Λ particles in neutron matter is ener-
getically unfavored at least up to ρ ¼ 0.56 fm−3, the largest
density for which Monte Carlo calculations have been
performed. In this case the additional repulsion provided by
the model (II) pushes ρthΛ towards a density region where
the contribution coming from the hyperon-nucleon poten-
tial cannot be compensated by the gain in kinetic energy. It
has to be stressed that (I) and (II) give qualitatively similar
results for hypernuclei. This clearly shows that an EOS
constrained on the available binding energies of light
hypernuclei is not sufficient to draw any definite conclusion
about the composition of the neutron star core.
The mass-radius relations for PNM and HNM obtained

by solving the Tolman-Oppenheimer-Volkoff equations
[62] with the EOSs of Fig. 1 are shown in Fig. 2. The

onset of Λ particles in neutron matter sizably reduces the
predicted maximum mass with respect to the PNM case.
The attractive feature of the two-body ΛN interaction leads
to the very low maximum mass of 0.66ð2ÞM⊙, while the
repulsive ΛNN potential increases the predicted maximum
mass to 1.36ð5ÞM⊙. The latter result is compatible with
Hartree-Fock and Brueckner-Hartree-Fock calculations
(see for instance Refs. [2–5]).
The repulsion introduced by the three-body force plays a

crucial role, substantially increasing the value of the Λ
threshold density. In particular, when model (II) for the
ΛNN force is used, the energy balance never favors the
onset of hyperons within the density domain that has been
studied in the present work (ρ ≤ 0.56 fm−3). It is interest-
ing to observe that the mass-radius relation for PNM up to
ρ ¼ 3.5ρ0 already predicts a NS mass of 2.09ð1ÞM⊙ (black
dot-dashed curve in Fig. 2). Even if Λ particles appear at
higher baryon densities, the predicted maximum mass will
be consistent with present astrophysical observations.
In this Letter we have reported on the first quantum

MonteCarlo calculations for hyperneutronmatter, including
neutrons andΛ particles. As already verified in hypernuclei,
we found that the three-body hyperon-nucleon interaction
dramatically affects the onset of hyperons in neutron matter.
When using a three-body ΛNN force that overbinds hyper-
nuclei, hyperons appear at around twice the saturation
density and the predicted maximum mass is 1.36ð5ÞM⊙.
By employing a hyperon-nucleon-nucleon interaction
that better reproduces the experimental separation energies
of medium-light hypernuclei, the presence of hyperons is
disfavored in the neutron bulk at least up to ρ ¼ 0.56 fm−3

and the lower limit for the predicted maximum mass is
2.09ð1ÞM⊙. Therefore, within the ΛN model that we have
considered, the presence of hyperons in the core of the
neutron stars cannot be satisfactorily established and thus
there is no clear incompatibility with astrophysical obser-
vations when lambdas are included. We conclude that in
order to discuss the role of hyperons—at least lambdas—in
neutron stars, the ΛNN interaction cannot be completely
determined by fitting the available experimental energies in
Λ hypernuclei. In other words, the Λ-neutron-neutron
component of the ΛNN force will need both additional
theoretical investigation, possibly within different frame-
works such as chiral perturbation theory [63,64], and a
substantial additional amount of experimental data, in
particular for highly asymmetric hypernuclei and excited
states of the hyperon.

We would like to thank J. Carlson, S. C. Pieper, S.
Reddy, A.W. Steiner, W. Weise, and R. B. Wiringa for
stimulating discussions. The work of D. L. and S. G. was
supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics, under the NUCLEI
SciDAC grant and A. L. by the Department of Energy,
Office of Science, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357. The work of S. G.

M
 [M

0]

R [km]

PNM

N

N + NN (I)

N + NN (II)

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

11 12 13 14 15

PSR J1614-2230

PSR J0348+0432

FIG. 2 (color online). Mass-radius relations. The key is the
same as of Fig. 1. Full dots represent the predicted maximum
masses. Horizontal bands at ∼2M⊙ are the observed masses of
the heavy pulsars PSR J1614-2230 [18] and PSR J0348þ 0432
[19]. The grey shaded region is the excluded part of the plot due
to causality.

TABLE II. Fitting parameters for the function f defined in
Eq. (4) for different hyperon-nucleon potentials.

Hyperon-nucleon potential c1½MeV& c2½MeV&
ΛN −71.0ð5Þ 3.7(3)
ΛN þ ΛNN (I) −77ð2Þ 31.3(8)
ΛN þ ΛNN (II) −70ð2Þ 45.3(8)
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 hyperon puzzle 

B. K. Pradhan et al. PRC 103(2021)

‣ probe of nuclear interior

ρ = 2 − 3ρ0‣ contribute to NS at ‣ can 3BFs  -hyperon) solve the puzzle?(Ξ
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FIG. 15. M-R relations corresponding to EoSs used in this work.
There are two horizontal bands corresponding to pulsar masses M =
2.14+0.10

−0.09M" of PSR J0740 + 6620 [3] and M = 2.01+0.04
−0.04M" of PSR

J0348 + 0432 [2]. The mass radius estimates of the two companion
neutron stars in the merger event GW170817 [18] are shown by
shaded area labeled with GW170817 M1 (M2) [58].

It is however interesting to note that, if one imposes
additional constraints from multimessenger astrophysical ob-
servations on the effective nucleon mass, then one can restrict
the physical range of f -mode frequencies. We note here
that recently an investigation was performed [53], where a
Bayesian analysis was used to restrict the range of the Landau
mass mL within an extended σ -ω model, using maximum NS
mass measurement, tidal deformability from GW170817 and
radius estimates from NICER data. As discussed earlier, if one
applies the 2.1 M" maximum mass constraint, then effective
nucleon mass is restricted to the range m∗/mN ! 0.67. Impos-
ing the radius estimates from GW170817 R1.4M" ! 13.5 km
(see Fig. 15) would further exclude m∗ < 0.62mN . Similarly,
one can restrict the range of f -mode frequencies as a function
of mass from our figures. In this study we do not impose these
radius constraints keeping in mind the model dependence of
the results.

However it must be noted here that imposing the additional
astrophysical constraints restricts the parameter space, such
that the uncertainties in the nuclear saturation parameters for
nucleonic and hyperonic EoSs cover similar frequency range,
and do not allow us to distinguish between them on the basis
of relations between f -mode frequencies and mass (Fig. 16),
compactness (Fig. 8) or tidal deformability (Fig. 9) solely.

In previous works that considered hyperons [46,51], it
was concluded that a relation between f -mode frequency and
density is less useful in asteroseismology, as the calculated
f -mode frequencies were found to be quite sensitive to the
matter composition. However, in our work we performed a
systematic analysis of the entire parameter range of uncertain-
ties in the state-of-the-art nuclear and hypernuclear physics,
within the framework of the RMF model. In such a case, the
universal relation obtained does not vary from model to model
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FIG. 16. f -mode frequencies as a function of stellar mass (M).
The range of frequencies spanned by nucleonic cores (shaded blue)
and cores with nucleons and hyperons (shaded red) are presented.
Different lines with same color represent the same system [nucleonic
core (N) or nucleon-hyperon (N-Y)] with different parameters.

as in previous works, as all the models chosen previously
are points that lie within the considered parameter space. We
found that the fit relations with and without hyperons vary
slightly, given the effect of uncertainty due to hyperon poten-
tial depths is small, in comparison to the uncertainties in the
nuclear saturation parameters. A more practical fit relation to
apply for asteroseismology is the scaled relation between ωM
and compactness M/R, which is independent of the EoS and
quite robust. In our work, we have provided the fit relations,
for l = 2 as well as the higher-order modes l = 3, 4. Using
these fit relations, one may derive the mass and radius of
a NS from multiple f -mode frequency measurements in a
model-independent way.

It has been concluded that f -modes are among the
most interesting sources of GWs due to the Chandrasekhar-
Friedman-Schutz (CFS) mechanism, for both isolated NSs or
in binary systems. Recent studies suggest that GWs produced
by unstable l = m = 2 and the l = m = 4 f -modes could
be detectable by the future Einstein Telescope for sources
in the Virgo cluster or l = m = 3 modes even by Advanced
LIGO/VIRGO. It has already been estimated that low fre-
quency f -modes (1–3 kHz) are likely more easily observable
than other modes (p- or w-modes) [54]. It was discussed
in Ref. [55] that for a neutron star located at 10 kpc, the
energy required in the f -mode to be detected with a signal-
to-noise ratio of 10 by the advanced LIGO detector would be
8.7 × 10−7M". An important breakthrough may also come
with the launch of Neutron Star Extreme Matter Observa-
tory [56]: a GW interferometer proposed by the ARC Centre
of Excellence for Gravitational Wave Discovery in Australia,
optimised to study post-merger nuclear physics in the fre-
quency range 2–4 kHz.
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Tolman-Oppenheimer-Volkoff eqs.
𝑝𝑝 = 𝑝𝑝(𝜖𝜖) EOS
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= 4𝜋𝜋𝑟𝑟2𝜖𝜖(𝑟𝑟)

𝑑𝑑𝑝𝑝
𝑑𝑑𝑑𝑑
= − 𝑝𝑝 𝑟𝑟 + 𝜖𝜖 𝑟𝑟 × 𝑑𝑑 𝑑𝑑 +4𝜋𝜋𝑑𝑑3𝑝𝑝(𝑑𝑑)

𝑑𝑑[𝑑𝑑−2𝑑𝑑 𝑑𝑑 ]

RMF model

𝑉𝑉Ξ is one of ingredients to 
tackle the hyperon puzzle of NS

𝚫𝚫𝑽𝑽𝚵𝚵
(-40 ~ +40 MeV)

Nice reviews in Strangeness4: 
https://kds.kek.jp/event/40010/sessions/19
804/#20220217
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‣  unique laboratory to explore the MB aspect of 3-flavour BB interaction
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Erkelenz’ work and modern BB interactionsWork of K. Erkelenz
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The nucleon-nucleon interaction

• M = π, σ, ρ, ω, . . . → one-boson exchange models

K. Erkelenz, Phys. Rept. 13 (1974) 191

• Bonn Model: R. Machleidt, et al., Phys. Rept. 149 (1987) 1

• Resonances play a crucial role!
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Y = ± 1

Y

Y
SU(3)

•    OBE model: NN Bonn-potential OBE model for YN interaction
(R. Bottgen, K. Holinde, T. A. Rijken,…)

• Semi-phenomenological (meson-exchange) potentials:


  (CD-Bonn, Argonne V18, Nijmegen, )


• Chiral EFT approach:


 (Weinberg, Ordonez, Ray and Van Kolck, Munich, 


  Bonn-Jülich-Bochum, Idaho, Bochum, …) 

χ2/datum ∼ 1

5

Chiral nuclear EFT
● Degrees of freedom: Nucleons & Pions

Construct most general Langrangians:

πN amplitude NN potential

QCDsymmetries

derive perturbatively, e.g.

arrange in 
powers of Q

(power 
counting)

5

Chiral nuclear EFT
● Degrees of freedom: Nucleons & Pions

Construct most general Langrangians:

πN amplitude NN potential

QCDsymmetries

derive perturbatively, e.g.

arrange in 
powers of Q

(power 
counting)

later, upon concepts developed by Erkelenz, high-precision semi- phenomenological potentials are developed. 


 (Nijmegen, Quark model, Bonn-Jülich) 


 (Bonn-Jülich, Jülich-Bonn-Munich) 


K. Erkelenz, Phys. Rept. 3 (1974) 191

 work of one-boson-exchange. Using SU(3) symmetry, OBE model has been extended to the strangeness sector
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BB interactions in EFTχ

• LECs are determined via a fit to experiment:

‣ ~5000 NN + Nd scattering data  +             2H, 3H/3He

Nuclear χEFT in the Precision Era Evgeny Epelbaum

Zwei-Nukleon-Kraft

Führender Beitrag 

Korrektur 1. Ordnung

Korrektur 2. Ordnung

Korrektur 3. Ordnung

Drei-Nukleon-Kraft Vier-Nukleon-KraftTwo-nucleon force Three-nucleon force Four-nucleon force

LO (Q0)   
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N2LO (Q3)

N3LO (Q4)
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Figure 1: Chiral expansion of the nuclear forces. Solid and dashed lines refer to nucleons and
pions, respectively. Solid dots, filled circles, filled rectangles, filled diamonds and open rectangles
refer to the vertices of dimension ∆i = 0, ∆i = 1, ∆i = 2, ∆i = 3 and ∆i = 4, respectively.

the resulting contributions to the amplitude are enhanced by powers of mN/|!p |, where mN refers
to the nucleon mass, as compared to estimates based on dimensional analysis and underlying the
derivation of Eq. (2.2). Fortunately, the contributions of the enhanced ladder-like diagrams can
be easily and efficiently resummed by solving the LS integral equation (or its generalizations in
the case of three- and more-nucleon systems) whose kernel involves all possible irreducible graphs
which obey the scaling according to Eq. (2.2) and are derivable in perturbation theory. This is the
essence of what is commonly referred to as Weinberg’s approach to nuclear chiral EFT. The set of
all possible irreducible contributions to the scattering amplitude can be viewed as the interaction
part of the nuclear Hamiltonian and comprises two-, three- and more-nucleon forces. The approach
outlined above is straightforwardly generalizable to reactions involving external sources and allows
one to derive exchange currents consistent with the nuclear forces.

It is a simple exercise to enumerate the various diagrams which may contribute to the nu-
clear force at a given order ν by looking at Feynman rules for the chiral Lagrangian and applying
Eq. (2.2), see Fig. 1. Here, it is understood that the shown diagrams only serve the purpose of
visualization of the corresponding contributions and do not have the meaning of Feynman graphs.
In particular, one needs to separate out the irreducible pieces in order to avoid double counting.
Notice further that while one can draw three-nucleon diagrams at next-to-leading order (NLO),
the resulting contributions are either reducible or suppressed by one power of Q/mN [25]. As an
immediate consequence of the chiral power counting in Eq. (2.2), one observes the suppression of
many-body forces [26], the feature, that has always been assumed but could be justified only in the
context of chiral EFT.
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2B force 3B force 4B force

π (K , η) 2 NN, 5 YN  LECs


+7 NN, +23 YN LECs


 +15 NN LECs


  +5 NN LECs


(adapted from H. Krebs CD workshop Nov. 2021) 

+2 NNN LECs, +5 NN LECs
Λ

(P. Reinert et al EPJA (2018),  P. Maris et al PRC 103(2021))

(short range parameters)

 NN forces up to , 3NF up to  N4LO+ N2LO

‣ ~36 YN scattering data  +             3
ΛH YN forces up to NLO (NLO13, NLO19) and N2LO

(J. Haidenbauer et al NPA 915(2013), EPJA 56(2019), EPJ Web of Conferences 271(2022) 
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YN interactions at NLO

• two realisation at NLO: NLO13 and NLO19 

 NLO13: J. Haidenbauer, S. Petschauer, N. Kaiser, U.-G. Meißner, A. Nogga, W. Weise, NPA 915 (2013) 24

 NLO19:  J. Haidenbauer, U.-G. Meißner, A. Nogga,  EPJ A 56 (2019) 91 

M
itg

lie
d 

de
r H

el
m

ho
ltz

-G
em

ei
ns

ch
af

t

3

• 37 YN data, no YN bound state     no partial wave analysis possible 

Hyperon-Nucleon (YN) interactions are poorly constrained

Motivations

• Chiral EFT approach: based on   symmetry   

• Use  to determine and  relative scattering lengths

SU(3)f

BΛ(3
ΛH) = 0.13 ± 0.05 MeV 1S0

3S1

(Haidenbauer et al 2019)       Can we discriminate between the two potentials?   

BΛ(3
ΛH )3a(Λp)

10 J. Haidenbauer et al.: Hyperon-nucleon interaction
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Fig. 4. Differential cross section for Λp scattering at 500 MeV/c and at 633 MeV/c. Same description of curves as in Fig. 1.
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without ΛN − ΣN

NLO13

NLO19

• Two YN versions at NLO: NLO13 and NLO19 
‣ Almost phase equivalent  
‣ NLO13 predicts a larger   transition potentialΛ − Σ

Λp → Λp

NLO13

NLO19

Λp − Λp
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NLO13 and NLO19 as a tool to estimate effect of 3BF in many-body systems  
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YN interactions at NLO

• use  to fix relative strength of  singlet/triplet interactionBΛ(3
ΛH) ΛN

• most of YN LECs are fitted to 36 YN data points  (Λp → Λp, ΣN → ΣN, ΣN → ΛN )

M
itg

lie
d 

de
r H

el
m

ho
ltz

-G
em

ei
ns

ch
af

t

3

• 37 YN data, no YN bound state     no partial wave analysis possible 

Hyperon-Nucleon (YN) interactions are poorly constrained

Motivations

• Chiral EFT approach: based on   symmetry   

• Use  to determine and  relative scattering lengths

SU(3)f

BΛ(3
ΛH) = 0.13 ± 0.05 MeV 1S0

3S1

(Haidenbauer et al 2019)       Can we discriminate between the two potentials?   

BΛ(3
ΛH )3a(Λp)

10 J. Haidenbauer et al.: Hyperon-nucleon interaction

-1.0 -0.5 0.0 0.5 1.0
cos θ

0

5

10

15

20

25

dσ
/d

co
sθ

 (m
b)

 

Λp -> Λp

plab = 500 MeV/c

-1.0 -0.5 0.0 0.5 1.0
cos θ

0

5

10

15

20

25

30

35

40

45

dσ
/d

co
sθ

 (m
b)

 

Λp -> Λp

plab = 633 MeV/c

Fig. 4. Differential cross section for Λp scattering at 500 MeV/c and at 633 MeV/c. Same description of curves as in Fig. 1.

0 100 200 300 400 500
plab (MeV/c)

-30

-20

-10

0

10

20

30

δ 
 (d

eg
re

es
)

Λp 3S1

0 100 200 300 400 500
plab (MeV/c)

-30

-20

-10

0

10

20

30

δ 
 (d

eg
re

es
)

Λp 3S1

Fig. 5. 3S1 ΛN phase shift with (left) and without (right) ΣN coupling. Same description of curves as in Fig. 1.

3S1(Λp)
with ΛN − ΣN

1a(Λp)

10 J. Haidenbauer et al.: Hyperon-nucleon interaction

-1.0 -0.5 0.0 0.5 1.0
cos θ

0

5

10

15

20

25

dσ
/d

co
sθ

 (m
b)

 

Λp -> Λp

plab = 500 MeV/c

-1.0 -0.5 0.0 0.5 1.0
cos θ

0

5

10

15

20

25

30

35

40

45

dσ
/d

co
sθ

 (m
b)

 

Λp -> Λp

plab = 633 MeV/c

Fig. 4. Differential cross section for Λp scattering at 500 MeV/c and at 633 MeV/c. Same description of curves as in Fig. 1.

0 100 200 300 400 500
plab (MeV/c)

-30

-20

-10

0

10

20

30

δ 
 (d

eg
re

es
)

Λp 3S1

0 100 200 300 400 500
plab (MeV/c)

-30

-20

-10

0

10

20

30

δ 
 (d

eg
re

es
)

Λp 3S1

Fig. 5. 3S1 ΛN phase shift with (left) and without (right) ΣN coupling. Same description of curves as in Fig. 1.

3S1(Λp)

without ΛN − ΣN

NLO13

NLO19

• Two YN versions at NLO: NLO13 and NLO19 
‣ Almost phase equivalent  
‣ NLO13 predicts a larger   transition potentialΛ − Σ

Λp → Λp

NLO13

NLO19

(Haidenbauer 2019)

• chiral YN interactions give reasonable predictions

• two realisations at NLO: NLO13 and NLO19 
‣ almost phase equivalent
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‣ NLO13 leads to a larger transition potential VΛN↔ΣN

‣ R. Wirth et al., PRL (2014, 2016) PRC (2019) up to  using LO13
Λ C

‣ H. Le et al., PLB 801 (2020),  EPJ A 56 (2020) up to  using NLO7
ΛLi

NLO13 and NLO19 as a tool to estimate 

 NLO13: J. Haidenbauer et al., NPA 915 (2013), NLO19:  EPJ A 56 (2019) 91 

BΛfor     and energy level splitting up to p-shell hypernuclei

effects from three-body forces (Haidenbauer et al. EPJA 56 (2019)) 

Λp − Λp
‣ almost phase equivalent
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‣ NLO13 leads to a larger transition potential VΛN−ΣN
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How to further constrain YN interactions?

Im
pr

ov
e 

in
te

ra
ct

io
ns

input

realistic BB interactions:

ab initio calculations:

FY:   A =3,4   (A. Nogga)

J-NCSM:    A ≤ 9

experiments:

compare to exp.

N
o 

di
re

ct
 in

fo
rm

at
io

n

(Chiral EFT)

(adapted from 10.1126/science.1183980 )

  5
ΛΛHe?

  6
ΛΛHe

  10
ΛΛ Be

  4
ΛΛH? 5

ΞH?

4
ΞH? 7

ΞH?
  11
ΛΛ Be
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  5
ΛΛHe?

  6
ΛΛHe

  10
ΛΛ Be

  4
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ΞH?

4
ΞH? 7

ΞH?
  11
ΛΛ Be

6

How to further constrain YN, YY interactions?

Im
pr

ov
e 

in
te

ra
ct

io
ns

input

YN and YY interactions:

 calculations:Ab initio

FY:   A =3,4   (A. Nogga) 

J-NCSM:    A ≤ 9

Experiments:

binding (excitation) energies

compare to exp.

N
o 

di
re

ct
 in

fo
rm

at
io

n
Chiral EFT

(adapted from 10.1126/science.1183980 )

-1
BΛ, BΛΛ, Eex

• -separation energies are known with high accuracyΛ

http://dx.doi.org/10.1126/science.1183980
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Jacobi-NCSM approach
• Idea: represent the A-body translationally invariant hypernuclear Hamiltonian:

H = Trel + VNN + VYN + VNNN + VYNN + ΔM + ⋯
ΛN ↔ ΣN

in a basis constructed from HO functions 


• Jacobi basis: depends on relative Jacobi coordinates of all particles

Appendix C Jacobi coordinates for an A-body system

A

A � 1

6

5

4

3

2

1

r12 r3

r4 r5

r6

rA�1

rA

(C.3)

Figure C.1: A possible set of Jacobi coordinates for an A-body system

4

3

2

1

p12 p3

p4

(C.4)

Figure C.2: A possible set of Jacobi coordinates for an A-body system

C.1 Orthogonal transformation between two sets of
three-cluster Jacobi coordinates

Generally, for describing a system of three clusters, for example 1,2 and 3, one can use di↵erent sets
of Jacobi coordinates in which either cluster 1 or 2 or 3 is the outer spectator. These three di↵erent
sets of intrinsic Jacobi coordinates are illustrated in Fig. C.3
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where the summations over intermediate states are applied
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= |NJT,↵(A�1)N nY IY tY ; (JA�1(lY sY )IY )J, (TA�1tY )T i ⌘
�� ↵

.
(21)

4

= |𝒩JT, 𝒩A−1JA−1TA−1,

antisym.(A−1)N

nYlY IY tY;

Λ(Σ) state

(JA−1(lYsY)IY) J, (TA−1tY)T ⟩
(A-1)N

Λ(Σ)

‣ 3N Jacobi states: |α*(1)
3 ⟩ ≡ |N3J3T3 α12 n3(l3s3)I3, t3; (J12I3)J3 , (t12t3)T3⟩ antisymmetric w.t. r.  (1) ↔ (2)

• anti-symmetrized (A-1)N states are constructed iteratively:

|α12⟩ ≡ |N12(l12S12)J12, (t1t2)t12⟩ antisymmetric (−1)l12+s12+t12 = − 1‣ 2N states:

idea: use antisymmetrizer to project out the (non)antrisymmetric states: 

⟨α′￼*(1)
3 |

1
3

(1 − 2𝒫23) |α*(1)
3 ⟩ ⟨α*(1)

3 |α3⟩ = λ ⟨α*(1)
3 |α3⟩ λ = (0)1

=
A−1

∑
i<j=1

hNN
ij +

A−1

∑
i<j<k=1

V3N
ijk +

A−1

∑
i=1

hYN
iY +

A−1

∑
i<j

VYNN
ijY +⋯
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Jacobi-NCSM approach

• basis truncation:   ⇒ Eb = Eb(ω, 𝒩max)𝒩 = 𝒩A−1 + 2nλ + λ ≤ 𝒩max

• intermediate bases for evaluating Hamiltonian:
for NN, YN forces
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for 3N, YNN forces

4.1 Separation of NN , Y N and Y Y pairs
We now proceed to evaluate the Hamiltonian matrix elements for the wavefunction defined in eq. (4.6)

h (⇡JT )|H| (4.7)

|
�
↵⇤(Y1N)

�⇤(Y2)i = |↵⇤(Y1N)i ⌦ |Y2i

= |NJT,↵⇤(Y1N)
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⇤(Y1N)
A�1 t̃Y2)T i

⌘

N

N

Y1Y2

(4.8)

⇡(X) = N4

8
>><

>>:

0

BB@

1

2

1

3

1

CCA ,

0

BB@

2 1 2 3

1 2 1 3

2 1 3 3

3 3 3 7

1

CCA

9
>>=

>>;

41

3N

HL, J. Haidenbauer, U.-G. Meißner, A. Nogga EPJA (2020)

A−1

∑
i< j=1

hNN
ij

3.2 Evaluation of the Hamiltonian matrix elements

allows an exact expansion,
���↵⇤(Y)↵ =

X

(↵⇤(2))⇤(Y)

D�
↵⇤(2)�⇤(Y)���↵⇤(Y)

E ����↵⇤(2)�⇤(Y)E, (3.10)

where the expansion coe�cients
⌦�
↵⇤(2)�⇤(Y)���↵⇤(Y)↵ = h | i = �N ,Ñ �YỸ�core (A�1)Nh | i, (3.11)

are essentially given by the transition coe�cients of an (A-1)N system, (A�1)Nh | i, for which
an explicit expression has been derived in [83, 102]. The Kronecker symbols �YỸ and �core in
Eq. (3.11) are to ensure the conservation of the quantum numbers of the hyperon and (A � 1)N
system, respectively,

�YỸ = �nY ñY
�lY l̃Y�IY ĨY

�tY t̃Y ; �core = �NA�1N⇤(2)
A�1
�JA�1 J⇤(2)

A�1
�TA�1T ⇤(2)

A�1
. (3.12)

An algorithm to calculate the nuclear transition coe�cients in a partially-distributed manner2 has
been well explained in [83, 102]. Here, we have further improved the algorithm with the help of
Fox’s algorithm for matrix multiplications (Algorithm 1). This allows one to completely distribute
all the involved matrices (i.e. distribute both row and column indices of all matrices) and hence
significantly reduce the memory usage. As a result, we are able to perform calculations with much
larger model space sizes. So far, we have already generated the transition coe�cients for A  6
nuclear systems with all model spaces up to Nmax = 12, and A = 7, 8 with model space sizes up to
Nmax = 10 and all possible J and T blocks.

Let us further remark that the completeness of |�↵⇤(2)�⇤(Y)i with respect to |↵⇤(Y)i can also be
expressed in terms of the following orthogonality condition of the expansion coe�cients,

X

(↵⇤(2))⇤(Y)

⌦
↵⇤(Y)
����↵⇤(2)�⇤(Y)↵ ⌦�↵⇤(2)�⇤(Y)���↵0⇤(Y)↵ = �↵⇤(Y)↵0⇤(Y) . (3.13)

In practice, we have employed the above relation as a primary check for the correctness of our
implementations. Indeed, the orthogonality condition Eq. (3.13) is fulfilled with an accuracy of
10�4. Now, exploiting the completeness relation and then taking into account Eq. (3.11), the matrix
element of the non-strangeness Hamiltonian HS=0 in Eq. (3.8) becomes

h↵⇤(Y)|HS=0|↵0⇤(Y)i = h | ih |HS=0| h | i

= �NÑ �YY 0�core�core0 h | i h |HS=0 | i(A�1)N h | i.
(3.14)

The summations over the two intermediate states | i and h | are implied in Eq. (3.14). The
remaining unknown term, h |HS=0 | i(A�1)N ⌘ h↵⇤(2)

(A�1)N |H
S=0 |↵0⇤(2)

(A�1)Ni, is simply the matrix
elements of the many-nucleon Hamintionian Hs=0 in the basis of (A-1)N, which can be easily
reduced to the matrix elements of the free space two-nucleon Hamiltonian hS=0

NN in the two-particle
basis |↵2Ni, multiplied with some combinatorial factor. In the isospin formalism, it can be quickly

2 Only row or column indices of the matrices are distributed over mpi-processes, the remaining index is kept global
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�YỸ = �nY ñY
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Chapter 3 Jacobi NCSM for S = �1 systems

shown that the latter is simply given by the binomial coe�cient of
⇣

A�1
2

⌘
= (A � 2)(A � 1)/2. Hence,

⌦
↵⇤(2)

(A�1)N |H
S=0|↵0⇤(2)

(A�1)N
↵
=

(A � 2)(A � 1)
2

�core(A�3)
h↵2N |hS=0

NN |↵02Ni. (3.15)

We evaluate the two-nucleon matrix elements in Eq. (3.15) using the full two-body Hamiltonian
hNN for those |↵2Ni and |↵02Ni states with the total angular momentum JNN  6. For channels with
higher JNN only the two-nucleon kinetic operator contributes.

3.2.2 Separation of a YN pair

Similarly, in order to construct the intermediate states |↵⇤(YN)i, needed for evaluating the matrix
elements of the singly strange Hamiltonian HS=�1, one combines the states describing an YN pair,
|YNi, with the antisymmetrized basis of an (A � 2)N system, |↵(A�2)Ni

|↵⇤(YN)i = |↵YNi ⌦ |↵(A�2)Ni

= |N JT,↵YN n�� ↵(A�2)N ; ((lYN(sY sN)S YN)JYN(�JA�2)IA�2)J,

((tY tN)TYNTA�2)T i

⌘
��� ↵

.

(3.16)

Here, ↵YN represents a complete set of quantum number characterizing a YN subcluster: the total
HO energy quantum numbers NYN , total angular momentum JYN , isospin JYN and state index ⇣YN .
Note that, in contrary to an NN subcluster, there is no antisymmetry requirement for the |↵YNi
states. Likewise, ↵(A�2)N stands for a set of quantum numbers describing an antisymmetrized state
of the (A � 2)-nucleon subcluster: the total HO quanta number NA�2, total angular momentum JA�2,
isospin TA�2 and state index ⇣A�2. The relative motion of the (A� 2)-nucleon subcluster with respect
to the C.M. of the separated out YN pair is described by the HO energy number n� together with the
orbital angular momentum �. The completeness of the set of all the intermediate states |↵⇤(YN)i with
regard to the basis set |↵⇤(Y)i also allows for an exact expansion as in Eq. (3.10)

���↵⇤(Y)↵ =
X

↵⇤(YN)

⌦
↵⇤(YN)

���↵⇤(Y)↵ |↵(⇤YN)i. (3.17)

For calculating the overlap h↵⇤(Y)|↵⇤(YN)i, we need to introduce another set of auxiliary states
|�↵⇤(1)�⇤(Y)i in which the HO hyperon states |Yi are coupled with the nuclear states consisting of an
antisymmetrized (A-2)-nucleon subcluster and a single nucleon

����↵⇤(1)�⇤(Y)↵
= |↵⇤(1)

A�1i ⌦ |Yi

= |Ñ JT,↵⇤(1)
(A�1)N nY IY t̃Y ; (J⇤(1)

A�1(lY sY)IY)J, (T ⇤(1)
A�1 t̃Y)T i

⌘
��� ↵

,

(3.18)

28

⟨α12 |hNN
ij |α′￼12⟩

3.2 Evaluation of the Hamiltonian matrix elements

allows an exact expansion,
���↵⇤(Y)↵ =

X

(↵⇤(2))⇤(Y)

D�
↵⇤(2)�⇤(Y)���↵⇤(Y)

E ����↵⇤(2)�⇤(Y)E, (3.10)

where the expansion coe�cients
⌦�
↵⇤(2)�⇤(Y)���↵⇤(Y)↵ = h | i = �N ,Ñ �YỸ�core (A�1)Nh | i, (3.11)

are essentially given by the transition coe�cients of an (A-1)N system, (A�1)Nh | i, for which
an explicit expression has been derived in [83, 102]. The Kronecker symbols �YỸ and �core in
Eq. (3.11) are to ensure the conservation of the quantum numbers of the hyperon and (A � 1)N
system, respectively,

�YỸ = �nY ñY
�lY l̃Y�IY ĨY

�tY t̃Y ; �core = �NA�1N⇤(2)
A�1
�JA�1 J⇤(2)

A�1
�TA�1T ⇤(2)

A�1
. (3.12)

An algorithm to calculate the nuclear transition coe�cients in a partially-distributed manner2 has
been well explained in [83, 102]. Here, we have further improved the algorithm with the help of
Fox’s algorithm for matrix multiplications (Algorithm 1). This allows one to completely distribute
all the involved matrices (i.e. distribute both row and column indices of all matrices) and hence
significantly reduce the memory usage. As a result, we are able to perform calculations with much
larger model space sizes. So far, we have already generated the transition coe�cients for A  6
nuclear systems with all model spaces up to Nmax = 12, and A = 7, 8 with model space sizes up to
Nmax = 10 and all possible J and T blocks.

Let us further remark that the completeness of |�↵⇤(2)�⇤(Y)i with respect to |↵⇤(Y)i can also be
expressed in terms of the following orthogonality condition of the expansion coe�cients,

X

(↵⇤(2))⇤(Y)

⌦
↵⇤(Y)
����↵⇤(2)�⇤(Y)↵ ⌦�↵⇤(2)�⇤(Y)���↵0⇤(Y)↵ = �↵⇤(Y)↵0⇤(Y) . (3.13)

In practice, we have employed the above relation as a primary check for the correctness of our
implementations. Indeed, the orthogonality condition Eq. (3.13) is fulfilled with an accuracy of
10�4. Now, exploiting the completeness relation and then taking into account Eq. (3.11), the matrix
element of the non-strangeness Hamiltonian HS=0 in Eq. (3.8) becomes

h↵⇤(Y)|HS=0|↵0⇤(Y)i = h | ih |HS=0| h | i

= �NÑ �YY 0�core�core0 h | i h |HS=0 | i(A�1)N h | i.
(3.14)

The summations over the two intermediate states | i and h | are implied in Eq. (3.14). The
remaining unknown term, h |HS=0 | i(A�1)N ⌘ h↵⇤(2)

(A�1)N |H
S=0 |↵0⇤(2)

(A�1)Ni, is simply the matrix
elements of the many-nucleon Hamintionian Hs=0 in the basis of (A-1)N, which can be easily
reduced to the matrix elements of the free space two-nucleon Hamiltonian hS=0

NN in the two-particle
basis |↵2Ni, multiplied with some combinatorial factor. In the isospin formalism, it can be quickly

2 Only row or column indices of the matrices are distributed over mpi-processes, the remaining index is kept global

27

2-body matrix element

⇒

extrapolate in - and -spaces to obtain converged results  ω 𝒩

Y
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Convergence of  with respect to E 𝒩
• BB interactions contain short-range and tensor correlations that couple

χ N2LO(500)

1S0

3S1

3S1− 3D1

N2LO(500)

λ = 2.24 fm−1

4He
4He

N2LO(500)

NCSM calculations converge slowly  low- and high-momentum states
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Similarity Renormalization Group (SRG)

N2LO(500)

Idea:  continuously apply unitary transformation to H to suppress off-diagonal matrix elements 

F.J. Wegner NPB 90 (2000).  S.K. Bogner, R.J. Furnstahl, R.J. Perry PRC 75 (2007)

dV(s)
ds

= [[Trel, V(s)], H(s)], H(s) = Trel + V(s) + ΔM

V(s) = V12(s) + V13(s) + V23(s) + V123(s), V123,s=0 ≡ Vbare
NNN; (Vbare

YNN = 0)

 observables (binding energies) are conserved due to unitarity of transformation 

•    separate SRG flow equations for 2-body and 3-body interactions: (S.K. Bogner et al PRC75 (2007),

K. Hebeler PRC85 (2012))

dVNN(s)
ds

= [[TNN, VNN], TNN + VNN]
dVYN(s)

ds
= [[TYN, VYN], TYN + VYN + ΔM]

dV123

ds
= [[T12, V12], V31 + V23 + V123]
+[[T31, V31], V12 + V23 + V123]
+[[T23, V23], V12 + V31 + V123] + [[Trel, V123], Hs]

Eqs.(1)

SRG-induced 3BFs are

 generated even if Vbare

123 = 0

s = 0 → ∞

• Eqs.(1) are solved by projecting on a 3N (YNN) Jacobi-momentum basis 
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SRG evolution of NN, YN

1S0

3S1

3S1− 3D1

• :  width of the band-diagonal structure of  in p-spaceλ = (4μ2/s)1/4, [λ] = [p] λ ∼ V
(S.K. Bogner et al., PRC 75 (2007))

NN: N4LO + (450)

YN: NLO19(500)

bare

bare

λ = 2.236 λ = 1.88

λ = 1.88λ = 2.236
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SRG evolution of 3N, YNN: V(pqα, p′￼q′￼α′￼)

(1/2+,1/2)

(7/2+,1/2)

(5/2+,1/2)

• hyperradius ξ2 = p2 +
3
4

q2; tan θ = 2p/ 3q (θ = π /12); α = α′￼= 1 ⇒ V123 = V123(ξ′￼, ξ) (K. Hebeler PRC85 (2012))
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10

SRG-evolved V123(ξ′ , ξ)

(Jπ, T ) = (3/2−,1)

(Jπ, T ) = (1/2−,1)

(Jπ, T ) = (9/2−,1)

 N2LO(550)

ξ′ 

(Jπ, T ) = (7/2−,1)

(Jπ, T ) = (5/2−,1)

2N+3N:  χN2LO(550)

ξ′￼[fm−1] ξ′￼[fm−1] ξ′￼[fm−1]ξ′￼[fm−1]ξ′￼[fm−1]

× 10−4

(9/2+,1/2)

(3/2+,1/2)

(5/2+,1)

(5/2+,0)

(3/2+,1)

(3/2+,0)

(1/2+,0)

(1/2+,1)

M
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3 6 3 6 3 6 3 6
ξ [fm−1] ξ [fm−1] ξ [fm−1] ξ [fm−1]
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6

× 10−41.88 2.0 2.236 3.0

3 6 3 6 3 6 3 6
ξ [fm−1] ξ [fm−1] ξ [fm−1] ξ [fm−1]

VΛNN−ΛNNSRG-induced 

(evolve in 3N space) (evolve in YNN space)
NN+YN: N4LO+(450) + NLO19(500)
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A=3-5 hypernuclei with SRG-induced YNN

contributions of SRG-induced YNNN forces to  are negligible BΛ(4
ΛH, 5

ΛHe)

NN:SMS +(450)N4LO
3N: (450)N2LO

3
ΛH(1/2+,0) 3

ΛH(1/2+,0)

R. Wirth, R. Roth PRL117 (2016), PRC100 (2019)

YN interaction.

4
ΛH(0+,1/2) 5

ΛHe(1/2+,0)
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Impact of YN interactions on BΛ(A ≤ 7)

4.5 E↵ects of the YN NLO13 and NLO19 on light hypernuclei

(a) (b)

(c) (d)

(e)

Figure 4.27: ⇤-separation energies �YN , (a) 4
⇤He(0+), (b) 4

⇤He(1+), (c) 5
⇤He( 1

2
+), (d) 7

⇤Li(1/2+), (e) 7
⇤Li(3/2+)

as functions of SRG-YN flow parameter �YN . Black lines with grey bands represent experimental B⇤ and
the uncertainties, respectively. Calculations are based on the chiral SMS N4LO+(450) with the SRG-NN
evolution parameter of �NN = 1.6 fm-1 in combination with the YN-NLO13 (red solid lines) and YN-NLO19
(dashed blue lines) for four regulators, ⇤Y = 500 (triangles), 550 (stars), 600 (crosses) and 650 (circles) MeV.
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(dashed blue lines) for four regulators, ⇤Y = 500 (triangles), 550 (stars), 600 (crosses) and 650 (circles) MeV.
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4
ΛHe(1+)

5
ΛHe(1/2+)

4
ΛHe(0+)
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⇤He(1+), (c) 5
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2
+), (d) 7

⇤Li(1/2+), (e) 7
⇤Li(3/2+)

as functions of SRG-YN flow parameter �YN . Black lines with grey bands represent experimental B⇤ and
the uncertainties, respectively. Calculations are based on the chiral SMS N4LO+(450) with the SRG-NN
evolution parameter of �NN = 1.6 fm-1 in combination with the YN-NLO13 (red solid lines) and YN-NLO19
(dashed blue lines) for four regulators, ⇤Y = 500 (triangles), 550 (stars), 600 (crosses) and 650 (circles) MeV.

71

NN: SMS +(450)N4LO

HL, J. Haidenbauer, U.-G. Meißner,

  A. Nogga EPJA 56 12(2020)

YN: NLO

contribution of chiral YNN force• BΛ(NLO19) > BΛ(NLO13)

• NLO13 and NLO19 are almost phase equivalent in the 2-body sector

• NLO13 characterised by a stronger  transition potential (especially in )  ΛN − ΣN 3S1
(J.Haidenbauer et al., NPA 915 (2019))manifest in higher-body observables 

4.5 E↵ects of the YN NLO13 and NLO19 on light hypernuclei

(a) (b)

(c) (d)

(e)

Figure 4.27: ⇤-separation energies �YN , (a) 4
⇤He(0+), (b) 4

⇤He(1+), (c) 5
⇤He( 1

2
+), (d) 7

⇤Li(1/2+), (e) 7
⇤Li(3/2+)

as functions of SRG-YN flow parameter �YN . Black lines with grey bands represent experimental B⇤ and
the uncertainties, respectively. Calculations are based on the chiral SMS N4LO+(450) with the SRG-NN
evolution parameter of �NN = 1.6 fm-1 in combination with the YN-NLO13 (red solid lines) and YN-NLO19
(dashed blue lines) for four regulators, ⇤Y = 500 (triangles), 550 (stars), 600 (crosses) and 650 (circles) MeV.

71

7
ΛLi(1/2+,0)

higher-body observables

In the plots we show separation energies in A=4-7 systems computed using two potentials for chiral cutoff 500-650.
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Impact of YN interactions on BΛ(A ≤ 8)
• NLO13 and NLO19 are almost phase equivalent in the 2-body sector

• NLO13 characterised by a stronger  transition potential (especially in )  ΛN − ΣN 3S1
(J.Haidenbauer et al., NPA 915 (2019))manifest in higher-body observables 

 are fairly well described by NLO19; NLO13 underestimates these systems4
ΛH(1+), 5

ΛHe, 7
ΛLi, 8

ΛLi

NN:SMS +(450)N4LO

+3N: (450)N2LO

+SRG-induced YNN 

M. Juric NPB 52(1973) 
M. Agnello et al. PLB 681(2009)

Experiment:

HL, J. Haidenbauer, U.-G. Meißner, Andreas Nogga, arXiv:2210.03387 


reproduced experimental values for hypertrition. The two potentials predict similar B_L for the ground state of 4HL, both

 underestimates the system. And, similarly, the NLO13 potential underbids the excited state in 4HL, the grounds states in 

?
Count

https://arxiv.org/abs/2210.03387
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Charge symmetry breaking (CSB) in A=4

3He
1/2+

4
ΛH

• Schulz et al.(2016); Yamamoto et al. (2015); 

Juric et al. (1973); Bedjidian et al (1976,1979)

Δ E(0+) = BΛ(4
ΛHe, 0+) − BΛ(4

ΛH, 0+)
= 233 ± 92 keV

Δ E(1+) = BΛ(4
ΛHe, 1+) − BΛ(4

ΛH, 1+)
= −83 ± 94 keV

•  Coulomb corrections  keV4
ΛHe − 4

ΛH ∼ − 50
(A. R. Bodmer et al. PRC 31(1985))

n

np
n

p
np

Coulomb ΔM( p, n)

764 keV ∼ 683 + 81 (R. A. Brandenburg et al. NPA 294 (1978))

3He
3H

 CSB in  is due to strong interaction(4
ΛHe, 4

ΛH)

assigned to the ground state. while that value for 1^+1 is smaller and of opposite sign. This value of 230 KeV CSB 

31

Charge symmetry breaking (CSB) in A=4

3He
1/2+

4
ΛH

3He
1/2+1/2+

3H

4
ΛHe

1+

0+ 233 ± 92 keV

1.067 ± 0.08

2.157 ± 0.007
2.39 ± 0.05

0.984 ± 0.05
−83 ± 94 keV

3He+Λ3H+Λ

0+

1+

4
ΛH

BΛ[MeV]

0

2.04 ± 0.04

1.24 ± 0.02

EγEγ

(1973)
(2016)
(1973)

(1976) (2015)
(1973)
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Charge symmetry breaking (CSB) in A=4

3He
1/2+

4
ΛH

•  additional 2LECs (at LO) contributing to CSB are adjusted to  ΔE(0+,1+)

‣ CSB in singlet ( ) is much larger than in triplet 1S0 (3S1)

‣   predictions for A=4 are independent of cutoff, same results for NLO13

(J. Haidenbauer, U-G. Meißner  and A. Nogga FBS 62(2021))

6 Hoai Le et al.

Table 3 CSB for A = 4� 8 systems based on the N4LO+(450) NN potential in combination
with the YN NLO13(500) and NLO19(500). The NN potential is SRG-evolved to a flow param-
eter of �NN = 1.6 fm-1 while the YN NLO13 and NLO19 interactions are SRG-evolved to the
magic SRG-flow parameters �Y N = 0.765 and �Y N = 0.823 fm-1, respectively. The latter two
SRG-flow parameters are fixed to the separation energy of 5⇤He, B⇤(5⇤He,NLO13) = 2.22±0.06
and B⇤(5⇤He,NLO19) = 3.32±0.03, obtained from the full calculations which include the both
SRG-induced 3N and YNN forces [?].

(fm//keV) a⇤p
s a⇤n

s �as a⇤p
t a⇤n

t �at �E(0+) �E(1+)

NLO19(500)
-2.91 -2.91 0 -1.42 -1.41 -0.01 34 10

no CSB

CSB1(500) -2.65 -3.20 0.55 -1.58 -1.47 -0.11 249 -75

CSB1(550) -2.64 -3.21 0.57 -1.52 -1.41 -0.11 252 -72

CSB1(600) -2.63 -3.23 0.6 -1.47 -1.36 -0.09 243 -67

CSB1(650) -2.62 -3.23 0.61 -1.46 -1.37 -0.09 250 -69

Table 4 CSB for A = 4� 8 systems based on the N4LO+(450) NN potential in combination
with the YN NLO13(500) and NLO19(500). The NN potential is SRG-evolved to a flow param-
eter of �NN = 1.6 fm-1 while the YN NLO13 and NLO19 interactions are SRG-evolved to the
magic SRG-flow parameters �Y N = 0.765 and �Y N = 0.823 fm-1, respectively. The latter two
SRG-flow parameters are fixed to the separation energy of 5⇤He, B⇤(5⇤He,NLO13) = 2.22±0.06
and B⇤(5⇤He,NLO19) = 3.32±0.03, obtained from the full calculations which include the both
SRG-induced 3N and YNN forces [?].

4
⇤He� 4

⇤H
7
⇤Be� 7

⇤Li
⇤ 7

⇤Li
⇤ � 7

⇤He 8
⇤Be� 8

⇤Li

0+ 1+

NLO19 -7.5 -10.5 -34.3 -14.3 -11

CSB1 209.5 -70.5 -26.3 -3.3 135

CSB1A 129.5 -134.5 -83.3 -62.3 74

Exp �100± 90 �20± 230 40± 60

4.2 NCSM results for A=7

Table 9 provides selected results for the separation energies of the 1/2+ mirror
hypernuclei 7

⇤He, 7
⇤Li

⇤, and 7
⇤Be, without CSB. The chiral and SRG-induced 3N

as well as the SRG-induced YNN interactions are included in the calculations.
In Table ?? we provide the separation energies for the A=7 isotriplet computed
using the NN interaction N4LO + (450) in combination with the YN potentials
NLO13(500) and NLO19(500), SRG-evolved to the respective magic SRG-flow pa-
rameters for which the 5

⇤He separation energy agrees with the full result including
the SRG-induced YNN force.

Table 10 provides an overview of results for CSB1, when the full 3N and
the SRG-induced YNN interactions are taken into account. Table ?? provides
an overview of results for CSB1, when the YN NLO13(500) and NLO19(500) are
SRG-evolved to the corresponding magic flow parameters.

‣   predictions for CSB in A=7,8 multiplets ?

is much larger than the one in the triplet.

Δ E(0+) = BΛ(4
ΛHe, 0+) − BΛ(4

ΛH, 0+)
= 233 ± 92 keV

Δ E(1+) = BΛ(4
ΛHe, 1+) − BΛ(4

ΛH, 1+)
= −83 ± 94 keV

4 Johann Haidenbauer et al.
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⇤
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u
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⌘ ⇡0

⇤
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N

u u u
�m

�m �M 2

Fig. 1 CSB contributions involving pion exchange, according to Dalitz and von Hippel [1],
due to ⇤�⌃0 mixing (left two diagrams) and ⇡0 � ⌘ mixing (right diagram).

p ⇤

⇤ p

K+u u
n ⇤

⇤ n

K0u u
⇤ p

⇤ p

u
⇤ n

⇤ n

u

Fig. 2 CSB contributions from K±/K0 exchange (left) and from contact terms (right).

and subsumed in terms of an e↵ective ⇤⇤⇡ coupling constant

f⇤⇤⇡ =


�2

h⌃0|�m|⇤i
m⌃0 �m⇤

+
h⇡0|�M2|⌘i
M

2
⌘ �M

2

⇡0

�
f⇤⌃⇡ . (2)

Based on the latest PDG mass values [29], one obtains

f⇤⇤⇡ = f
(⇤�⌃0

)

⇤⇤⇡ + f
(⌘�⇡0

)

⇤⇤⇡ ⇡ (�0.0297� 0.0106) f⇤⌃⇡ . (3)

In this context, let us mention that there are also lattice QCD calculations of
⇤�⌃

0 mixing [30–33].
In our implementation of CSB within chiral EFT, we follow closely the ar-

guments given in pertinent studies of isospin-breaking e↵ects in the nucleon-
nucleon (NN) system, see Refs. [26–28]. According to Ref. [27], the CSB contribu-
tions at leading order are characterized by the parameter ✏M

2
⇡/⇤

2 ⇠ 10�2, where
✏ ⌘ md�mu

md+mu
⇠ 0.3 and ⇤ ⇠ M⇢. In particular, one expects a potential strength

of V
CSB

BB ⇠ (✏M2
⇡/⇤

2)VBB . At order n = 2 (NLØ in the notation of Ref. [28]),
there are contributions from isospin violation in the pion-baryon coupling con-
stant, which in the ⇤N case arise from the aforementioned ⌃

0 � ⇤ mixing as well
as from ⇡

0�⌘ mixing. In addition, there are contributions from short range forces
(arising from ⇢

0 � ! mixing, etc.). In chiral EFT, such forces are simply repre-
sented by contact terms involving LECs (Fig. 2 right) that need to be fixed by a
fit to data. Contributions at n = 1 (LØ) are due to a possible Coulomb interaction
between the baryons in question and due to mass di↵erences between M⇡± and
M⇡0 . Such contributions do not arise in the ⇤N system. However, in the extension
to SU(3), there is CSB induced by the MK± -MK0 mass di↵erence, see left side of
Fig. 2. We take that into account in our calculation, since it is formally at leading
order. But because the kaon mass is rather large compared to the mass di↵erence,
its e↵ect is actually very small. For a general overview, we refer the reader to
Table I in Ref. [28].

CCSB
s , CCSB

t
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Charge symmetry breaking (CSB) in A=4-8

3He
1/2+

4
ΛH

• NLO13 & NLO19 CSB results for A=7 are comparable to experiment.     

• two potentials predict a somewhat larger CSB in A=8 doublet as compared to experiment 

‣ experimental CSB splitting for A=8 could be larger than  keV?40 ± 60
‣  CSB estimated for A=4 could still be too large or have different spin-dependence?

HL, J. Haidenbauer,

U.-G. Meißner, A. Nogga,

 arXiv:2210.03387


NN:SMS +(450)N4LO

+3N: (450)N2LO

+SRG-induced YNN 

https://arxiv.org/abs/2210.03387
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Fitting LECs to new Star measurement

3He
1/2+

4
ΛH

Δ E(0+) = BΛ(4
ΛHe, 0+) − BΛ(4

ΛH, 0+)

= 233 ± 92 keV ⇒ (CSB1)

Δ E(1+) = BΛ(4
ΛHe, 1+) − BΛ(4

ΛH, 1+)

= − 83 ± 94 keV ⇒ (CSB)

= − 160 ± 140 ± 100 keV* ⇒ (CSB*)

= 160 ± 140 ± 100 keV* ⇒ (CSB*)

 STAR Collaboration PLB 834 (2022)*

8 Hoai Le et al.

Table 7 ⇤ separation energies for A = 7 isotriplet, computed using the NLO13(500) and
NLO19(500) together with the SRG-induced YNN forces. Experiments are taken from the
compilation in Ref. [?]. The cited results by Hiyama et al. based on a four-body cluster model [?]
are those without CSB force.

with 3BFs with 2BFs Experiment

NLO19 NLO13 NLO19 NLO13

� = 0.823 � = 0.765
7
⇤Be 5.54± 0.22 4.30± 0.47 5.44± 0.03 4.53± 0.34 5.16± 0.08
7
⇤Li

⇤ 5.64± 0.28 4.42± 0.58 5.49± 0.04 4.59± 0.34 5.26± 0.03 5.53± 0.13
7
⇤He 5.64± 0.27 4.39± 0.54 5.43± 0.06 4.45± 0.35 5.55± 0.1

Table 8 ⇤ separation energies for A = 7 isotriplet, computed using the NLO13(500) and
NLO19(500) together with the SRG-induced YNN forces. Experiments are taken from the
compilation in Ref. [?]. The cited results by Hiyama et al. based on a four-body cluster model [?]
are those without CSB force.

NLO19(500) NLO13(500) Exp.

emulsion counter

7
⇤Be 5.54± 0.22 4.30± 0.47 5.16± 0.08

7
⇤Li

⇤ 5.64± 0.28 4.42± 0.58 5.26± 0.03 5.53 ± 0.13

7
⇤He 5.64± 0.27 4.39± 0.54 5.55 ± 0.1

Table 9 ⇤ separation energies for A = 7 isotriplet, computed using the NLO13(500) and
NLO19(500) together with the SRG-induced YNN forces. Experiments are taken from the
compilation in Ref. [?]. The cited results by Hiyama et al. based on a four-body cluster model [?]
are those without CSB force.

NLO19(500) CSB1 CSB1A

a⇤p
s -2.91 -2.65 -2.58

a⇤n
s -2.91 -3.20 -3.29

�as 0 0.55 0.71

a⇤p
t -1.42 -1.57 -1.52

a⇤n
t -1.41 -1.45 -1.49

�at -0.01 -0.12 -0.03

Hiyama’s A = 7 calculation [?] is performed within a four-body cluster model
(⇤+N+N+↵). Her results without CSB force are included in Table 9 and are
quite well in line with the experimental evidence, as far as the CSB splitting is
concerned. Her results with the CSB force included are 0.15 MeV for 7

⇤Be-
7
⇤Li and

0.13 MeV for 7
⇤Li-

7
⇤He according to the figures (0.2 MeV according to the text).

However, she fitted her CSB potential to the old but outdated splittings in the
A = 4 system, i.e. to the scenario CSB2. We know from our study [?] that this leads
to a di↵erent trend for the ⇤p and ⇤n singlet interactions and to a sizable e↵ect in
the triplet state. Gal [?] emphasized that her calculation failed to reproduce the

*

How does the STAR measurement affect the predictions of CSB in A=7,8 multiplets ? 

HL, J. Haidenbauer, U.-G. Meißner, A. Nogga arXiv:2210.03387


Recent Star measurement suggests somewhat different CSB in A=4:

https://arxiv.org/abs/2210.03387
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Impact of Star measurement on CSB in A=7,8

3He
1/2+

4
ΛH

CSB* fit predicts reasonable CSB in both A=7 and A=8 systems 

HL, J. Haidenbauer, U.-G. Meißner, A. Nogga, arXiv:2210.03387


HL, J. Haidenbauer,

U.-G. Meißner, A. Nogga,

 arXiv:2210.03387


NN:SMS +(450)N4LO

λNN = 1.6 fm−1

λYN = 0.823 fm−1

2016

2016

star measurement 

https://arxiv.org/abs/2210.03387
https://arxiv.org/abs/2210.03387
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S-shell  hypernuclei:ΛΛ

3He
1/2+

4
ΛH

Λ

n
p

Λ

p

5
ΛΛHe/5

ΛΛH?

Λ

n

Λ

p
4
ΛΛH?

Hiroyuki Fujioka
Search for the lightest double-Λ hypernucleus at J-PARC /20

s-shell double-Λ hypernuclei

5

DOUBLE-! HYPERNUCLEI OBSERVED IN A . . . PHYSICAL REVIEW C 88, 014003 (2013)

Ξ-

K+

Ξ

200µm
base

-
ΛZ'A'

ΛΛZA -
K-

thin plate 11 thick plates

EmulsionScintillating 
Microfiber Bundle 
(SciFi-Bundle)

Diamond
Target

Emulsion

Upstream 
SciFi-Block 
(U-Block)

Downstream
SciFi-Block 
(D-Block)

100µm gel 40 or 60µm base film
500µm gel

D-BlockU-Block

Emulsion

FIG. 1. Schematic view of the experimental setup around the
(K−, K+) reaction target.

(20 [x] × 20 [y] × 35 [z (beam direction)] mm3) as the target
[16]. The experimental setup around the target is schematically
shown in Fig. 1.

The SciFi-Bundle detector sandwiched between the dia-
mond target and the emulsion stack measured the position
and angle of each "− hyperon with a high precision. The
positions and angles of the "− hyperons at the surface
of the first emulsion plate (thin plate) were thus provided.
Under a microscope, first we identified the tracks of "−

hyperons detected with the SciFi-Bundle detector in the thin
plate, and then followed the tracks to their end points in the
emulsion plates. The production of a double-! hypernucleus
and its decay were searched for around the end points. The
hybrid system of the SciFi-Bundle detector and emulsion was
described in detail by Ichikawa et al. [17]. We searched for the
tracks of "− hyperons in the emulsion using a fully automated
scanning system and followed each identified track using
semiautomated scanning system (See details in Ref. [18]).

Scintillating fiber (SciFi) detectors, U-Block and D-Block,
were placed both upstream and downstream of the emulsion
stack. If a daughter track originating from the decay of a
hypernucleus escaped from the emulsion stack, the track could
be still observed in the U-Block and/or D-Block. Thus we
could measure the range and identify the particle for the
track to kinematically reconstruct the event. The detail of the
performance of the SciFi detectors is described in Ref. [19].

In the experiment, we followed about 2 × 104 candidate
tracks of "− hyperons, and found nearly 103 stopping vertices
with charged daughter tracks in the emulsion. Among them,
sequential decays with three vertices were found in seven
events. Although we were not able to reconstruct three events

because some tracks were difficult to be seen clearly, the !-!
interaction can be discussed on four events with nuclear species
in the following section.

The detail of the experiment can be seen in Refs. [8]
and [18].

III. DOUBLE-! HYPERNUCLEAR EVENTS

A. Nagara event

In the recent PDG results [13], a huge amount of data
from an experiment was taken into account for the mass of
the "− hyperon, where other old data were not used for its
compilation. The mass value was adopted to be 1321.71 ±
0.07 MeV/c2 which was 0.40 MeV/c2 heavier than the old
one of 1321.31 ± 0.13 MeV/c2. This mass change of the "−

hyperon requires revision of the values of B!! and #B!!

obtained from the vertex of "− hyperon capture, i.e., the
production point of the double-! hypernucleus in the Nagara
event. In this chapter, although interpretation of the Nagara
event has not been changed from the previous paper [8],
numerical values are presented for revision.

A picture and schematic drawing of the event are shown in
Fig. 2.

Three charged particles (tracks 1, 2, and 3) were emitted
from "− hyperon stopping vertex A, and one of them (1)
decayed into three charged particles (4, 5, and 6) at vertex B.
At the end point of track 4 (vertex C), it was associated with
two charged particles (7 and 8).

Since there were typographical errors in the data of lengths
and angles of the tracks in the previous paper [8], they are listed
with correction in Table I. Coplanarities calculated for the three
tracks emitted from vertices A and B are again well presented
to be −0.002 ± 0.030 and 0.003 ± 0.013, respectively.

Since the mass value of the "− hyperon was changed, we
applied kinematic analysis to the production vertex A in the
same manner as in the previous paper [8]. The results are
presented in Table II. In the table, the modes with #B!! −
B"− < 20 MeV are listed.

Even if the mass value of the "− hyperon were changed,
the results of the kinematic analysis could not be changed for
all possible decay modes at vertex B from the previous results.
Very recently, the binding energy of a ! hyperon in 7

!He was

10 µ

10
µ

#6
#5

#7

#3
#2

#8

#1

C

B
A

Ξ-
#4

FIG. 2. Photograph and schematic drawing of the Nagara event.

014003-3

NAGARA Event

H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001);  
J.K. Ahn et al., Phys. Rev. C 88, 014003 (2013)

(as of March 2021)

6
ΛΛHe

4He

t
5
ΛHe Ξ−

π−
p

NAGARA Event

12C + Ξ− → 6
ΛΛHe + 4He + t

6
ΛΛHe → 5

ΛHe + p + π−

ΔBΛΛ = BΛΛ(  6ΛΛHe) − 2BΛ(5
ΛHe)

= 0.67 ± 0.17 MeV
 (K. Nakazawa et al., NPA 835 (2010))

• bound in few-body calculations 

using phenomenological potentials

• predicted  is model-dependenceΔBΛΛ

• experimental searching is on going

at J-PARC E75  

• only loosely bound

( ) 

in H. Nemura calculation
BΛΛ ≈ 2 keV

(H.Nemura et al., PRL 94 (2005)) 

Predictions of chiral YY potentials? 

6
ΛΛHe

Λ

n p

Λ

n
p

allow uniquely identify 6HeLL as composed of 4He + 2LL

6
ΛΛHe
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Results for   6ΛΛHe,   5
ΛΛHe

3He
1/2+

4
ΛH

• Effect of SRG-induced YYN forces is negligible

• NLO results are comparable to the Nagara, LO potential overestimates   6ΛΛHe

• Large difference between :     ΔBΛΛ ΔBΛΛ(  5ΛΛHe) > ΔBΛΛ(  6ΛΛHe) (K. S. Myint et al EPJ (2003))

FY calculation:       ΔBΛΛ(  5ΛΛHe) < ΔBΛΛ(  6ΛΛHe)  (I. Filikhin, A. Gal NPA 707 (2002))
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  5
ΛΛHe(1

2
+
, 1

2 )

  6
ΛΛHe, NLO

  6
ΛΛHe, LO

0.5 MeV

0.23 MeV

  5
ΛΛHe, NLO

  5
ΛΛHe, LO

FY calculations:   ΔBΛΛ(  5ΛΛHe) < ΔBΛΛ(  6ΛΛHe)  (I. Filikhin, A. Gal NPA 707 (2002))

• Large difference between :     ΔBΛΛ ΔBΛΛ(  5ΛΛHe) > ΔBΛΛ(  6ΛΛHe) (K. S. Myint et al EPJ (2003))

• effect of SRG-induced YYN force on   is minorΔBΛΛ, BΛΛ

•              PΞ(  6ΛΛHe) < PΞ(  5ΛΛHe)

⇒ ΛΛ − ΞN transition is suppressed in    6
ΛΛHe

B. F. Gibson PTPS 117, 339 (1994)
 E. Hiyama et al.  PPNP (2009)

Chapter 6 Results for ⇤⇤ s-shell hypernuclei

5
⇤⇤He 6

⇤⇤He

P⌅ B⇤⇤ P⌅ P⇤⇤

NLO(�YY = 2) 0.38 3.67 ± 0.03 0.07 7.62 ± 0.02

LO(�YY = 2) 1.36 4.53 ± 0.01 0.84 8.40 ± 0.02

mNDs* 3.66 0.28 7.54

Table 6.2: Probabilities (in percentage) of finding single and double ⌃, and a ⌅ hyperons in the ground-state
wavefunction of 6

⇤⇤He. Note that the corresponding P⌃ in the wavefunction of the parent hypernucleus is
P⌃(5

⇤He) = 0.07%.

found in the Faddeev-Yakubovsky cluster calculations that there is an almost linear correlation
between the calculated values of B⇤⇤ for the 5

⇤⇤He ( 5
⇤⇤H) and 6

⇤⇤He hypernuclei [166]. It will be
very interesting to see whether one observes a similar correlation for chiral interactions. At this
exploratory stage, we however need to postpone this question to a future study but focus on the
di↵erent e↵ects of the LO and NLO potentials on B⇤⇤( 5

⇤⇤He) instead.
The !- and N-extrapolation of the binding energy E, ⇤⇤-separation energy B⇤⇤ and the

separation-energy di↵erence �B⇤⇤ of 5
⇤⇤He are illustrated in Fig. 6.3. The calculations are also

shown for the LO potential with a flow parameter of �YY = 2.4 fm-1 and for all model spaces up
to Nmax = 16. It is noted that in case of 4

⇤He, the binding calculations were performed for model
spaces up to Nmax(4

⇤He) = 22 in order to achieve a good convergence. Calculations with such large
model spaces are currently not feasible for 5

⇤⇤He because of memory constraints. Nonetheless,
our illustrative results in Figs. 6.3(b) to 6.3(d) clearly indicate that well-converged results are
achieved for this double-⇤ hypernucleus already for model spaces up to Nmax = 16. Moreover,
the employed extrapolation procedure from Section 4.1 also allows for a reliable estimate of the
truncation uncertainty. Let us further remark that when calculating the di↵erence

�B⇤⇤( 5
⇤⇤He) = B⇤⇤( 5

⇤⇤He) � 2B⇤(4
⇤He) (6.2)

we do not simply assign the ground-state ⇤-separation energy B⇤(4
⇤He, 0+) to B⇤(4

⇤He) but rather
the spin-averaged value B⇤(4

⇤He) of the ground-state doublet [164]

B⇤(4
⇤He) =

1
4

B⇤(4
⇤He, 0+) +

3
4

B⇤(4
⇤He, 1+). (6.3)

By replacing B⇤(4
⇤He) in Eq. (6.2) with B⇤(4

⇤He), the computed quantity �B⇤⇤( 5
⇤⇤He) then is free

from the spin-dependenct e↵ect of the ⇤-core interactions, and therefore, can be used as a measure
of the ⇤⇤ interaction strength, provided that the nuclear contraction and screening e↵ects are small.

Having achieved well-converged results for the particle-stable 5
⇤⇤He hypernucleus, we can now

study the predictions of the LO and NLO potentials for this S = �2 system. The results for
B⇤⇤( 5

⇤⇤He) and �B⇤⇤( 5
⇤⇤He) calculated for the two interactions and a wide range of flow parameter,

126

 H. Nemura et al., PRL 94 (2005)*

BΛΛ

(HL, J. Haidenbauer, U.-G. Meißner, A. Nogga  EPJA 57 7(2021)) 

  6
ΛΛHe   5

ΛΛHe

ΛΛ ↔ ΞNSuppression of in    6
ΛΛHe ?
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Results for   6ΛΛHe,   5
ΛΛHe

3He
1/2+

4
ΛH

• Effect of SRG-induced YYN forces is negligible

• NLO results are comparable to the Nagara, LO potential overestimates   6ΛΛHe
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0.5 MeV

0.23 MeV
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ΛΛHe, NLO
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FY calculations:   ΔBΛΛ(  5ΛΛHe) < ΔBΛΛ(  6ΛΛHe)  (I. Filikhin, A. Gal NPA 707 (2002))

• Large difference between :     ΔBΛΛ ΔBΛΛ(  5ΛΛHe) > ΔBΛΛ(  6ΛΛHe) (K. S. Myint et al EPJ (2003))

• effect of SRG-induced YYN force on   is minorΔBΛΛ, BΛΛ

•              PΞ(  6ΛΛHe) < PΞ(  5ΛΛHe)

⇒ ΛΛ − ΞN transition is suppressed in    6
ΛΛHe

B. F. Gibson PTPS 117, 339 (1994)
 E. Hiyama et al.  PPNP (2009)

Chapter 6 Results for ⇤⇤ s-shell hypernuclei

5
⇤⇤He 6

⇤⇤He

P⌅ B⇤⇤ P⌅ P⇤⇤

NLO(�YY = 2) 0.38 3.67 ± 0.03 0.07 7.62 ± 0.02

LO(�YY = 2) 1.36 4.53 ± 0.01 0.84 8.40 ± 0.02

mNDs* 3.66 0.28 7.54

Table 6.2: Probabilities (in percentage) of finding single and double ⌃, and a ⌅ hyperons in the ground-state
wavefunction of 6

⇤⇤He. Note that the corresponding P⌃ in the wavefunction of the parent hypernucleus is
P⌃(5

⇤He) = 0.07%.

found in the Faddeev-Yakubovsky cluster calculations that there is an almost linear correlation
between the calculated values of B⇤⇤ for the 5

⇤⇤He ( 5
⇤⇤H) and 6

⇤⇤He hypernuclei [166]. It will be
very interesting to see whether one observes a similar correlation for chiral interactions. At this
exploratory stage, we however need to postpone this question to a future study but focus on the
di↵erent e↵ects of the LO and NLO potentials on B⇤⇤( 5

⇤⇤He) instead.
The !- and N-extrapolation of the binding energy E, ⇤⇤-separation energy B⇤⇤ and the

separation-energy di↵erence �B⇤⇤ of 5
⇤⇤He are illustrated in Fig. 6.3. The calculations are also

shown for the LO potential with a flow parameter of �YY = 2.4 fm-1 and for all model spaces up
to Nmax = 16. It is noted that in case of 4

⇤He, the binding calculations were performed for model
spaces up to Nmax(4

⇤He) = 22 in order to achieve a good convergence. Calculations with such large
model spaces are currently not feasible for 5

⇤⇤He because of memory constraints. Nonetheless,
our illustrative results in Figs. 6.3(b) to 6.3(d) clearly indicate that well-converged results are
achieved for this double-⇤ hypernucleus already for model spaces up to Nmax = 16. Moreover,
the employed extrapolation procedure from Section 4.1 also allows for a reliable estimate of the
truncation uncertainty. Let us further remark that when calculating the di↵erence

�B⇤⇤( 5
⇤⇤He) = B⇤⇤( 5

⇤⇤He) � 2B⇤(4
⇤He) (6.2)

we do not simply assign the ground-state ⇤-separation energy B⇤(4
⇤He, 0+) to B⇤(4

⇤He) but rather
the spin-averaged value B⇤(4

⇤He) of the ground-state doublet [164]

B⇤(4
⇤He) =

1
4

B⇤(4
⇤He, 0+) +

3
4

B⇤(4
⇤He, 1+). (6.3)

By replacing B⇤(4
⇤He) in Eq. (6.2) with B⇤(4

⇤He), the computed quantity �B⇤⇤( 5
⇤⇤He) then is free

from the spin-dependenct e↵ect of the ⇤-core interactions, and therefore, can be used as a measure
of the ⇤⇤ interaction strength, provided that the nuclear contraction and screening e↵ects are small.

Having achieved well-converged results for the particle-stable 5
⇤⇤He hypernucleus, we can now

study the predictions of the LO and NLO potentials for this S = �2 system. The results for
B⇤⇤( 5

⇤⇤He) and �B⇤⇤( 5
⇤⇤He) calculated for the two interactions and a wide range of flow parameter,

126

 H. Nemura et al., PRL 94 (2005)*

BΛΛ

• Large difference between :     ΔBΛΛ ΔBΛΛ(  5ΛΛHe) > ΔBΛΛ(  6ΛΛHe) (K. S. Myint et al EPJ (2003))

FY calculation:       ΔBΛΛ(  5ΛΛHe) < ΔBΛΛ(  6ΛΛHe)  (I. Filikhin, A. Gal NPA 707 (2002))

(HL, J. Haidenbauer, U.-G. Meißner, A. Nogga  EPJA 57 7(2021)) 

  6
ΛΛHe

ΛΛ ↔ ΞNSuppression of in    6
ΛΛHe ?
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Is  stable against the breakup to ?   4
ΛΛH 3

ΛH + Λ

3He
1/2+

4
ΛH

  4
ΛΛH(1+,0)

• H. Nemura et al., PRL 94 (2005) employ an effective YY potentials

               are strongly bound,   6
ΛΛHe,   5

ΛΛH/He BΛΛ(  4ΛΛH) ≈ 2 keV

• L. Contessi et al., PLB 797 (2019) use pointless EFT interactions at LO

the existence of  is incompatible with the Nagara result for     4
ΛΛH   6

ΛΛHe

• Chiral YY interactions at LO & NLO:

NLO leads to a particle unstable . Existence of  hypernucleus is very unlikely  4
ΛΛH A = 4 ΛΛ

(HL, J. Haidenbauer, U.-G. Meißner, A. Nogga, EPJA 57 7(2021)) 



 hypernuclei:Ξ

3He
1/2+

4
ΛH

Ξ−

14N
15
Ξ−C

Purpose
• Interpretation of 15

ΞC data
• Estimate of spin-dependent ΞN interaction

• Spectrum 12
ΞBe ? (future expt. at J-PARC) 

[1] K. Nakazała et al. PTEP 033D02 (2015)

[2] S. Hayakawa et al. PTL 062501 (2021)

[3] M. Yoshimoto PTEP 073D02 (2021)
(adapted from Y. Tanimura HYP2022 (2022))


⇒ UΞ(k = 0) ≈ − 14 MeV

Ξ−

14N

12
Ξ−Be?
T. Fukuda et al. PRC 58 (1998)

T. Nagar et al. Pos (INPC2016); AIP Conf. proc 2019


UΞ(k = 0, χEFT) ≈ − 9 MeV
M. Kohno, PRC 024313 (2019)


Ξ

N N
N

NNNΞ ?
Ξ−

4He

5
Ξ−H ?

Ξ−

6He

7
Ξ−H ?

lighter systems?

enough for extracting separation energy.  Nevertheless, bases on the data, it has been estimated that Xi-single particle

using  NLO potential we predict the existence of A=4-7  hypernuclei:ΞN Ξ
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Results for -hypernucleiA = 4 − 7 Ξ

3He
1/2+

4
ΛH

 K. Myint et al PTPS 117 (1994)(3)

E.Hiyama et al. PRL 124 (2020)(1)

 E. Friedman, A. Gal  PLB(2021)(2)

H. Fujioko  APFB2021, 3(2021)(4)

NN:SMS +(450)
N4LO
: NLO(500)
ΞN

λNN = λYY = 1.6 [fm−1]

•  Coulomb interaction contributes ~ 200, 600 and 400 keV to   NNNΞ, 5
ΞH, 7

ΞH

•  is expected to be produced and studied in  at J-PARC 7
ΞH 7Li(K−, K+)

HAL QCD  (4)

Nijmegen  (4)
Gal(2)

Myint(3)

HAL QCD  (1)

4He(K−, K+)

(H. Fujioka et al., FBS 69(2021))

HL, J. Haidenbauer, U.-G. Meißner, A. Nogga, EPJA 57 12(2021) 
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Summary & outlook

3He
1/2+

4
ΛH

At our disposal we have 2 tools to tackle light (hyper)nuclear systems: 

• s-shell (hyper)nuclei:    Faddeev-Yakubovsky method (Andreas Nogga)

• s-shell & light p-shell:   Jacobi No-core Shell Model approach

YN at NLO yields reasonable predictions for  hypernuclei: A = 3 − 8

• include chiral YNN forces in order to properly describe light hypernuclei

establish direct link between underlying YN (YY) interactions and observables (A<9)

Chiral YY ( ) potentials predict the existence of   and :ΞN 5
ΛΛHe/5

ΛΛH, NNNΞ, 5
ΞH 7

ΞH

• include SRG-induce NN forces to obtain more quantitive estimatesΞ

• use neural network to perform extrapolation to infinite model space for A=7,8 systems
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3He
1/2+

4
ΛH

Thank you!
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3He
1/2+

4
ΛH

• production of   5
ΞH?

p̄ p → Ξ− Ξ̄+

4He → 5
ΞH

PANDA  (J.I. Pütz PhD Thesis (2020)) 

→ Ξ̄+ Ξ*(1530), Ξ*(1530) → Ξ−+π+then 
4He → 5

ΞH


