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MOTIVATION
Strangeness nuclear physics



MOTIVATION

Strangeness nuclear physics

Interdisciplinary subject connecting particle physics, nuclear physics
and astrophysics.

Related topical questions include:

• interaction of (anti)kaons with the nuclear medium
• possible existence of deeply-bound K−–nuclear states?
• antikaons in dense matter?

• interaction of hyperons with the nuclear medium
• S=-1 Λ hypernuclei, Σ-hypernuclei?
• S=-2 ΛΛ-hypernuclei, Ξ hypernuclei
• hyperons in dense nuclear matter and neutron stars?
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STRANGENESS NUCLEAR PHYSICS

Study of hypernuclei

• Improve understanding of NY interaction
• strict constraints on NY interaction
• precise experimental data on hypernuclear
spectroscopy

• supplement (very sparse) hyperon–nucleon
scattering data base

• New precision experiments at J-PARC, J-Lab,
FAIR, …

• New constraints from heavy ion collisions:
production of light hypernuclei,
baryon–baryon interactions (femtoscopy)

• Lattice QCD can be a game changer for
strangeness nuclear physics

• Modern developments of NY interactions
based on SU(3) chiral EFT / /πEFT

• Advanced many-body computational
methods are required 4



FIRST-PRINCIPLES MODELING OF
HYPERNUCLEI:
Ab initio no-core shell model



AB INITIO NO-CORE SHELL MODEL

Given a Hamiltonian operator solve the A-body eigenvalue problem:[∑
i≤A

p̂2i
2mi

+
∑

i<j≤A−1

V̂NN;ij +
∑

i<j<k≤A−1

V̂NNN;ijk +
∑
i<j=A

V̂NY;ij
]
Ψ = EΨ

Ab initio

• all particles are active (no rigid core)
• exact Pauli principle
• realistic internucleon interactions
• controllable approximations

• Hamiltonian is diagonalized in a finite A-particle harmonic
oscillator basis

Ψ(r1, . . . , rA) =
∑

n≤Nmax

ΦHOn (r1, . . . , rA)

(matrix dimensions up to ∼ 1010 with ∼ 1014 nonzero elements)
• Systematically improvable: converges to exact results for Nmax → ∞ 5



AB INITIO NO-CORE SHELL MODEL

The curse of dimensionality

• Basis dimensions for s- and p-shell (hyper)nuclei:
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• Strategies:
• effective interactions: Lee–Suzuki, similarity RG
• basis reduction: importance truncation (limit to relevant states),
Symmetry-Adapted NCSM (exploit dynamical symmetries)

• robust extrapolation technique for “Nmax → ∞”
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AB INITIO NO-CORE SHELL MODEL
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• Bare interactions used (NNLOsim)
• Model space parameters: Nmax, ~ω

Convergence in finite HO spaces

• What is the equivalent of Lüscher
formula?

• (Nmax, ~ω) imposes cutoffs in
momentum space (UV) and in
position space (IR)

• In a regime with negligible UV
corrections, IR corrections are
universal for short-range
interactions

E(Leff) = E∞ + e−k∞Leff + · · ·

• Leff identified as the size of the
hyperspherical cavity associated
with (Nmax, ~ω) [Wendt et al., PRC 91,
061391 (2015)]



INPUT VNN, VNNN and VNY POTENTIALS

Potentials derived from chiral EFT
• long-range part (π, K, η-exchange)
predicted by χPT

• short-range part parametrized by contact
interactions, LECs fitted to experimental
data

At LO:

B

B

B′

B′

π,K, η

B

B

B′

B′

NN+NNN interaction
• chiral N3LO NN potential [Entem, Machleidt, PRC 68, 041001 (2003)]
chiral N2LO NNN potential [Navrátil, FBS 41, 14 (2007)]

• NNLOsim NN+ NNN potential family [Carlsson et al., PRX 6, 011019 (2016)]

NY interaction
• chiral LO potential [Polinder et al., NPA 779, 244 (2006)], NLO developed

• ΛN− ΣN mixing explicitly taken into account:

VNY =

(
VΛN−ΛN VΛN−ΣN
VΣN−ΛN VΣN−ΣN

)
+∆m

Coupled-channel Λ-hypernucleus – Σ-hypernucleus problem! 8



APPLICATION:
Structure of s- and p-shell
hypernuclei
[Gazda, Mareš, Navrátil, Roth, Wirth, FBS 55, 857 (2014)]
[Wirth, Gazda, Navrátil, Calci, Langhammer, Roth, PRL 113, 192502 (2014)]
[Wirth, Gazda, Navrátil, Roth, PRC 97, 064315 (2018)]



STRUCTURE OF s- AND p-SHELL HYPERNUCLEI

Aims

• Develop an ab initio computational technique for A≥5 hypernuclei
• Test the performance of existing NY interaction models

Validation for A = 3, 4 hypernuclei
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• two formulations of NCSM developed: in relative Jacobi-coordinate HO basis (squares) and
Slater-determinant s.p. HO basis (crosses)

• calculations agree with exact Faddeev results [Nogga et al., NPA 914, 140 (2013)]

First applications

• systematic study from A = 3 3ΛH to A = 13 13Λ C
[Gazda et al., FBS 55, 857 (2014); Wirth, Gazda et al., PRL 113, 192502 (2014); Wirth, Gazda, et al., PRC 97, 064315 (2018)]
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STRUCTURE OF s- AND p-SHELL HYPERNUCLEI: 9ΛBe
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FIG. 2. (color online) Absolute and excitation energies of the first
four states of7

Λ
Li for the LO chiral (b) and the Jülich’04 YN inter-

action (c) compared to the non-strange parent nucleus6Li (a). For
the LO chiral YN interaction in panel (b) we use the two cutoff val-
ues 600 MeV/c ( ) and 700 MeV/c ( ). Experimental data from
Refs. [1, 54, 55]. All calculations useαN = 0.08 fm4, αY = 0.0 fm4,
and~Ω = 20 MeV.

responding to aΛ separation energies of 2.4(1) MeV for both
nuclei, consistent with Ref. [52]. Both NCSM approaches
agree at the level of a 1− 5 keV in all model spaces accessible
to both, thus validating the implementations.

Application to p-shell hypernuclei.The IT-NCSM enables
ab initio calculations for all single-Λ hypernuclei throughout
the p-shell. Here we focus on a representative subset, where
precise experimental data on the spectroscopy is available, to
asses the performance of present Hamiltonians. We compare,
in particular,ab initio results obtained with the Jülich’04 YN
interaction and the LO chiral YN interactions for cutoff mo-
menta 600 and 700 MeV/c.

We start with the discussion of7
Λ
Li in Fig. 2. The panel

(a) shows the absolute energies and the excitation energiesof
the non-strange parent nucleus6Li obtained with the chiral
NN+3N interaction with an SRG evolution toαN = 0.08 fm4.
Note that the converged energies are practically independent
of αN in the lower p-shell [21, 22]. The good agreement of ab-
solute and excitation energies with experiment resulting from
the chiral NN+3N Hamiltonian and the good convergence of
the IT-NCSM are evident and a prerequisite for accurate hy-
pernuclear calculations.

When adding a hyperon to the non-strange parent nucleus,
in a simple picture, the weak attractive YN interaction leads
to a lowering of the ground-state energy and to a splitting of
eachJ > 0 level into a doublet with angular momentaJ + 1

2
andJ − 1

2. The energy splitting is directly controlled by and
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FIG. 3. (color online) Same as Fig. 2, but for9
Λ
Be and8Be.

sensitive to the YN interaction. Both effects are evident in the
ab initio IT-NCSM results for7

Λ
Li in panels (b) and (c) of Fig.

2. Moreover, the differences between the YN interactions are
evident. For the Jülich’04 interaction employed in Fig. 2(c)
the ground-state energy is in reasonable agreement with ex-
periment, but the level ordering is completely wrong. The
splitting of the spin-doublet is significantly too large andhas
the wrong sign, leading to a systematically reversed level or-
dering. This deficiency is already visible for the excited states
of theA = 4 hypernuclei [8].

The LO chiral YN interactions employed in Fig. 2(b) pro-
vide a consistently better description of the spectra. The
ground-state energies obtained for cutoff 600 and 700 MeV/c
are slightly below and above experiment, respectively. The
excitation energies exhibit a weaker cutoff dependence, with
the cutoff 600 MeV/c yielding slightly lower excitation ener-
gies. If we interpret this dependence on the YN cutoff as an
estimator for the effects of higher-order terms in the chiral ex-
pansion, then we can state that the LO chiral YN interaction
gives ground-state and excitation energies that agree withex-
periment within the truncation uncertainties.

The IT-NCSM also gives access to spectroscopic observ-
ables such as transition strengths. As an example we con-
sider theB(E2) strength for the 5/2+ → 1/2+ transition in
7
Λ
Li, which has been experimentally determined toB(E2) =

3.6+0.5
−0.5(stat)+0.5

−0.4(syst)e2fm4 [54]. For the LO chiral YN in-
teration with cutoff 600 MeV/c we obtainB(E2) = 2.3(1)
and 2.4(1)e2fm4 for Nmax = 10 and 12, respectively, using
~Ω = 20 MeV. The numbers in brackets indicate the uncer-
tainties of the threshold extrapolation [22]. Obviously, con-
vergence of this long-range observable is problematic and a
systematic study exploiting the frequency-dependence to per-

• calculations with SRG-evolved
NN+NNN and bare NY
potentials

• surprisingly good performance
of chiral LO NYpotentials for
low-lying states

• reveals deficiencies of the
phenomenological potential
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STRUCTURE OF s- AND p-SHELL HYPERNUCLEI: 13ΛC
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FIG. 3. (color online) Same as Fig. 2, but for 9
Λ

Be and 8Be.

the LO chiral YN interactions for cutoff 600 and 700 MeV/c
yield different ground-state energies that bracket the experi-
mental value. A peculiarity of 9

Λ
Be is that the spin-doublet re-

sulting from the 2+ state in 8Be is practically degenerate, with
the higher-J state being at slightly lower excitation energy ex-
perimentally, contrary to the other light hypernuclei. The LO
chiral YN interactions reproduce the excitation energy of the
doublet and the near degeneracy within threshold extrapola-
tion and convergence uncertainties. In contrast, the Jülich’04
interaction gives a significant splitting of the spin doublet in
contradiction to experiment.

As a final example from the upper p-shell we discuss 13
Λ

C
in Fig. 4. The SRG-evolved chiral NN+3N interaction at
αN = 0.08 fm4 gives a ground-state energy of the nucleonic
parent 12C about 6 MeV below experiment. This overbinding
is related to the emergence of SRG-induced 4N interactions in
the upper p-shell that are not included in the present calcula-
tions (see Refs. [21, 22]). The absolute energies of 13

Λ
C inherit

this overbinding, however, taking this into account, the chiral
LO interactions are consistent with the experimental ground-
state energies within the cutoff uncertainty. Also the excited
spin-doublet appears at a slightly too low excitation energy,
since the 2+ excited state in 12C is already too low. The split-
ting of the spin doublet is predicted by the LO chiral YN in-
teractions to be 650 to 700 keV for the largest model spaces.
Again, the Jülich’04 YN interaction predicts the opposite level
ordering for the doublet. Note that the 5/2+ state was not yet
observed experimentally, but cluster-model calculations [13]
put it below the 3/2+ state in contrast to the LO chiral YN
interaction. We also calculated the lowest doublet of unnatu-
ral parity states, shown in the lower panels of Fig. 4, which
are dominated by a hyperon in a p-orbit. Neither the chiral
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FIG. 4. (color online) Same as Fig. 2, but for 13
Λ

C and 12C. Note the
change of scale in the lower panels.

nor the Jülich’04 YN interaction can reproduce the near de-
generacy of the 1/2− and 3/2− states as observed experimen-
tally. This hints at deficiencies in higher partial waves, which
are strongly affected by sub-leading contributions to the chiral
YN interactions.

Conclusions. We have performed the first ab initio cal-
culations for single-Λ p-shell hypernuclei using NCSM ap-
proaches with explicit hyperons. After a validation for s-shell
hypernuclei, we have studied selected p-shell hypernuclei us-
ing Jülich’04 and the LO chiral YN interactions. Within the
expected cutoff dependence the LO chiral YN interactions re-
produce the experimental data up to the mid-p-shell, whereas
the Jülich’04 YN interaction systematically gives wrong or-
derings and splittings of the spin-doublet states. For 13

Λ
C the

situation is unclear as the 5/2+ state is not known experi-
mentally. Neither of the YN interactions describes the first
negative-parity doublet correctly, which hints at deficiencies
in the higher relative partial-waves. This illustrates the poten-
tial of systematic ab initio studies of p-shell hypernuclei for
improving our understanding of the YN interaction. In this
context, the inclusion and validation of the chiral YN interac-
tions at NLO is highly desirable. At the same time the impact
of SRG-induced and initial chiral YNN interactions needs to
be investigated.

We thank A. Nogga and J. Haidenbauer for useful dis-
cussions and for providing us with the YN interaction
codes. This work is supported by DFG through SFB 634,
by the Helmholtz International Center for FAIR (HIC for
FAIR), by the BMBF (06DA7047I), by the GACR Grant No.
203/12/2126, by the EU initiative FP7, HadronPhysics3, un-
der the SPHERE and LEANNIS cooperation programs, and

• calculations with SRG-evolved
NN+NNN and bare NY
potentials

• surprisingly good performance
of chiral LO NYpotentials for
low-lying states

• reveals deficiencies of the
phenomenological potential,
as well as deficiencies of the
chiral LO potential at higher
partial waves
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APPLICATION:
Charge symmetry breaking puzzle in
light mirror hypernuclei
[Gazda, Gal, PRL 116, 122501 (2016)]
[Gazda, Gal, NPA 954, 161 (2016)]



CHARGE SYMMETRY BREAKING PUZZLE IN LIGHTMIRROR HYPERNUCLEI

Charge symmetry in hadron physics

• invariance of the strong interaction under the interchange of
up and down quarks (protons and neutrons)

• broken in QCD by the up and down light quark mass differences
and their QED interactions, expected to break down at
(mu −md)/M ∼ 10−3

Charge symmetry breaking in nuclear physics

• manifest in pp and nn scattering lengths, well understood
• 3He− 3H: ∆ECSBSI ≈ 70 keV

Charge symmetry breaking in hypernuclear physics

• poor pΛ and no nΛ scattering data
• highly suppressed in 3

ΛH
• 4

ΛHe− 4
ΛH energy level splittings, ∆BCSBΛ ≈ 200 keV
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CHARGE SYMMETRY BREAKING PUZZLE IN LIGHTMIRROR HYPERNUCLEI

CSB in A = 4 hypernuclei

BΛ (MeV)

03H+Λ 3He+Λ

4
ΛH 4

ΛHe

1+

0+
1.09±0.02

1.067±0.08

2.157±0.077

1+

0+

1.406±0.003

0.984±0.05

2.39±0.05

∆BΛ = -0.083±0.094

∆BΛ = +0.233±0.092

• Recently reaffirmed by J-PARC E13 observation of 4ΛHe(1
+
exc.→0+g.s.)

γ-ray transition [Yamamoto et al., PRL 115, 222501 (2015)] and MAMI-A1
determination of BΛ(4ΛH) [Esser et al., PRL 114, 232501 (2015)]

• Until recently, no calculation was able to reproduce large ∆BΛ
• CSB due to Λ− Σ0 mixing and related to ΛN− ΣN coupling
[Gazda, Gal, PRL 116, 122501 (2016); Gazda, Gal, NPA 954, 161 (2016)] 13



CHARGE SYMMETRY BREAKING PUZZLE IN LIGHTMIRROR HYPERNUCLEI

Electromagnetic Λ−Σ0 mixing

• Physical Λ and Σ0 hyperons have mixed isospin composition in
terms of the SU(3) pure-isospin Λ (I=0) and Σ (I=1) hyperons

• mixing angle proportional to EM mass matrix element 〈Σ0|δm|Λ〉

Relating Λ−Σ0 CSB mixing to ΛN−Σ0N coupling

Λ N

Λ N

VNΣ−NΛ

δM
Σ0

• For NY interaction models with explicit NΣ− NΛ
coupling, the electromagnetic Λ−Σ0 mixing relates
matrix elements of VCSBNΛ with VNΣ−NΛ:

〈NΛ|VCSBNΛ |NΛ〉 = −2〈Σ
0|δM|Λ〉

MΣ0 −MΛ
τN3

1√
3
〈NΣ|VNΣ−NΛ|NΛ〉

[Gal, PLB 744, 352 (2015)]

• The first microscopic model which generates large
∆BΛ(0+g.s.) ≈ 200 keV in A = 4 hypernuclei!
[Gazda, Gal, PRL 116, 122501 (2016)] 14



CHARGE SYMMETRY BREAKING PUZZLE IN 4
ΛHe–4ΛH HYPERNUCLEI
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Figure 1: Cutoff momentum (ΛEFT) dependence of the difference ∆ECSBx of the excitation
energies Ex(0+g.s. → 1+) in 4

ΛHe and
4
ΛH in ab initio NCSM calculations without VCSBΛN generated by

ΛN−ΣN conversion from LO chiral NY interactions.
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CHARGE SYMMETRY BREAKING PUZZLE IN 4
ΛHe–4ΛH HYPERNUCLEI
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Figure 1: Cutoff momentum (ΛEFT) dependence of the difference ∆ECSBx of the excitation
energies Ex(0+g.s. → 1+) in 4

ΛHe and
4
ΛH in ab initio NCSM calculations without and with VCSBΛN

generated by ΛN−ΣN conversion from LO chiral NY interactions.
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APPLICATION:
Nuclear Structure uncertainties
[unpublished]



NUCLEAR STRUCTURE UNCERTAINTIES IN HYPERNUCLEI

Aim
What are the theoretical uncertainties of hypernuclear properties
resulting from the remaining freedom in the constructions of nuclear
NN+NNN interactions?

The NNLOsim family of NN+NNN potentials

• Parameters fitted to reproduce simultaneously πN, NN, and NNN
low-energy observables

• family of 42 Hamiltonians where the experimental uncertainties
propagate into LECs

Tlab,maxNN ≤ 125, . . . , 290 MeV
ΛEFT ≤ 450, . . . , 600 MeV

}
42 VNN+VNNN potentials

• All Hamiltonians give equally good description of the fit data
• Note that ∆E(3He/3H) ≈ 0 (fitted) while ∆E(

4He)
g.s. ≈ 1.5 MeV

[Carlsson et al., PRX 6, 011019 (2016)] 16



NUCLEAR STRUCTURE UNCERTAINTIES IN HYPERNUCLEI

3
ΛH Jπ = 1/2+

• converged NCSM calculations (Nmax=70)
• ∆Eg.s ≈ 0.1 MeV ≈ ∆BΛ
(BΛ ≈ 0.13 MeV)

4
ΛHe(H) Jπ = 0+, 1+

• Nmax = 20(16) for Jπ = 0+(1+)
• e.g. for Λ = 500 MeV, Tmax = 290 MeV:
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460 480 500 520 540 560 580 600
 (MeV)

9.45

9.40

9.35

9.30

9.25

9.20

9.15

9.10

E g
s,

 (M
eV

)

140

160

180

200

220

240

260

280

T m
ax

 (M
eV

)

17



NUCLEAR STRUCTURE UNCERTAINTIES IN HYPERNUCLEI

5
ΛHe Jπ = 1/2+

• Nmax = 10 for Jπ=1/2+

• e.g. for Λ = 500 MeV, Tmax = 290 MeV:
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5
ΛHe overbinding problem

• exp. BΛ(5ΛHe) = 3.12(2) MeV,
BΛ = E(4He)− E(5ΛHe)

• Hard to reproduce by any NY
interaction model

• Evidence of missing ΛNN forces?

5
ΛHe Jπ = 1/2+ g.s.:

∆BΛ(5ΛHe) ≈ 1.75 MeV
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LO NY χEFT cutoff dependence
For ΛNY = 550, . . . , 700 MeV:
∆BΛ(5ΛHe) ≈ 3.7 MeV

Altogether
BΛ ≈ 2.27− 7.62 MeV!
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APPLICATION:
Mesonic decay of the hypertriton
[unpublished] (preliminary)



MESONIC DECAY OF THE HYPERTRITON

3
ΛH lifetime puzzle

• The weakly-bound 3
ΛH (BΛ ≈ 0.13 MeV) is expected to have lifetime

within few % of the free Λ hyperon lifetime
• Faddeev calculation: τ = 0.94τΛ [Kamada et al., PRC 57, 1595 (1998)]

• Recent heavy-ion 3
ΛH production experiments yield lifetimes

shorter by & 30% (wo. avg.): τ = 142+24−21 ± 29 ps (0.54+0.09−0.08τΛ)
[ALICE collab., PLB 754, 360 (2016); STAR collab. PRC 97, 054909 (2018)]

3
ΛH decay

• mesonic modes (not Pauli blocked as in heavier hypernuclei):
3
ΛH→ π−(π0)+3He(3H) / π−(π0)+d+p(n) / π−(π0)+p+n+p(n)

• rare non-mesonic modes: 3ΛH→ n+d / n+n+p

Our aim

• Pionic FSI in 3
ΛH→ π−+3He

(closure calculation yields τ = 1.23τΛ [Gal, Garcilazo, PLB 791, 48 (2018)]) 19



Mesonic decay of the hypertriton

Decay rate

Γ(3ΛH→ 3He+ π−) ∝
∫

〈Ψ3Heφπ|Ô|Ψ3
ΛH
〉

• φπ plane wave (distorted waves in progress)
• Ψ3He, Ψ3

ΛH
from NCSM
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• Γ sensitive to IR
properties of Ψ3

ΛH

• good convergence for
ΛUV > 800 MeV

• Σ0,− hyperons
decrease Γ by ∼ 20%
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APPLICATION:
Few-body resonances
[unpublished] (preliminary)



Few-body resonances

Harmonic-oscillator representation of the scattering equation

• varying Nmax, ~ω → NCSM eigenenergies Ei, eigenfunctions Ψi

• phase shifts δL(Ei) = − arctan SLN (Ei)/CLN (Ei)

• Λnn, 3ΛH Jπ = 3/2+, …

Λnn resonance state

• Signal of particle-stable
Λnn [C. Rappold et al. (HypHI

collab. PRC 88, 041001 (2013))]

• Three-body
Λ + n+ n→ Λ + n+ n
scattering in
hyperspherical HO basis

• No bound subsystems,
“democratic” decay

• Preliminary!
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[Shirokov et al., PRC 94, 064320 (2016)]



SUMMARY



SUMMARY

Ab initio calculations of light hypernuclei

• No-core shell model is a powerful and reliable technique to study
s- and p-shell hypernuclei

• Allow to test hyperon–nucleon interaction models

• High precision allows to address important questions of
hypernuclear physics, such as:
• charge-symmetry breaking in mirror hypernuclei
• quantification of systematic theoretical uncertanties of
hypernuclear observables

• New applications:
• hypernuclear decays
• exotic few-ody resonances

22



Thank you!
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