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Interaction of strange baryons

ΛN and ΣN scattering
→ Role of SU(3) flavor symmetry

H dibaryon
Jaffe (1977)→ deeply bound 6-quark state with I = 0, J = 0, S = −2
many experimental searches but no convincing signal
Lattice QCD (2010)→ evidence for a bound H dibaryon (ΛΛ)

Few-body systems with hyperons: 3
ΛH, 4

ΛH, 4
ΛHe, ...

→ Role of three-body forces
large charge symmetry breaking 4

ΛH↔ 4
ΛHe

(Λ, Σ) hypernuclei and hyperons in nuclear matter
→ very small spin-orbit splitting: weak spin-orbit force

existence of Ξ hypernuclei
repulsive Σ nuclear potential

implications for astrophysics
→ stability/size of neutron stars (hyperon puzzle)

softening of equation of state
hyperon stars
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role of SU(3) flavor symmetry

meson-exchange approach:

use NN and YN data + SU(3) flavor symmetry to fix all parameters
→ make predictions for ΛΛ, ΞN, ..., ΞΞ

NN: strongly fine-tuned system
(shallow bound states, large scattering length)

strict application of SU(3) symmetry leads to deficiencies/artifacts in the YN sector

resonances (Jülich YN model, 1989)

deeply bound ΛN states (Jülich 2004, several Nijmegen potentials)

ΣN interaction with isospin I = 3/2 is attractive, while empirically the Σ-nuclear
interaction is found to be repulsive

⇒ YN potentials too attractive, need short-range phenomenology

SU(3) chiral effective field theory (χEFT):

power counting (systematic improvement by going to higher order)

two- and three-baryon forces can be derived in a consistent way

SU(3) symmetry + SU(3) symmetry breaking emerge in a consistent way
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BB interaction in chiral effective field theory

Baryon-baryon interaction in SU(3) χEFT à la Weinberg (1990) [up to NLO]

• degrees of freedom: octet baryons (N, Λ, Σ, Ξ), pseudoscalar mesons (π, K , η)

• pseudoscalar-meson exchanges – similar to meson-exchange potentials

• short-distance dynamics remains unresolved – represented by contact terms
(involve low-energy constants (LECs) that need to be fixed from data)
(in meson-exchange: ρ, ω, K∗, f0(500), f0(980), a0(980), κ, Pomeron, Odderon, ...)

V CT
B1B2→B′1B′2

= C̃α + Cα(p′2 + p2) (Cβp′2, Cγp′p)

α = 1S0,
3S1; β = 3S1 − 3D1; γ = 3P0,

1P1,
3P1,

3P2

No. of LECs is limited by SU(3) flavor symmetry:
6 at LO + 22 at NLO (in total) [for NN, ΛN, ΣN, ΛΛ, ΞN, ..., ΞΞ]
5 at LO + 5 at NLO (for S-waves; dominant for ΛN and ΣN scattering at low energies)
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BB interaction in chiral effective field theory

NLO interaction from 2013
J.H., S. Petschauer, N. Kaiser, U.-G. Meißner, A. Nogga, W. Weise, NPA 915 (2013) 24

fix all S-wave LECs from a fit directly to available low-energy Λp and ΣN
scattering data (≈ 36 data points)
no recourse to information on NN interaction
only for P-waves information for NN scattering is used

⇒ excellent description of data is achieved (χ2 ≈ 16− 17)
However, the LECs of the YN potential could not be determined uniquely
correlations between the LO and NLO LECs are observed

NLO interaction from 2019
J.H., U.-G. Meißner, A. Nogga, arXiv:1906.11681

explore those correlations between the LO and NLO LECs
explore consequences for the YN interaction, for light hypernuclei, and for
in-medium properties of the Λ and Σ hyperons

reduce correlations by taking over 2 (NLO) LECs from the NN sector, fixed from
the 1S0 and 3S1 NN phase shifts
decision is somewhat arbitrary - but in line with the power counting up to NLO:
SU(3) symmetry in the NLO LECs
SU(3) symmetry breaking in the LO LECs due to mπ–mK mass difference
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Coupled channels Lippmann-Schwinger Equation

Tν
′ν,J

ρ′ρ (p′, p) = Vν
′ν,J

ρ′ρ (p′, p)

+
∑
ρ′′,ν′′

∫ ∞
0

dp′′p′′2

(2π)3
Vν
′ν′′,J

ρ′ρ′′ (p′, p′′)
2µρ′′

p2 − p′′2 + iη
Tν
′′ν,J

ρ′′ρ (p′′, p)

ρ′, ρ = ΛN, ΣN (ΛΛ, ΞN, ΛΣ, ΣΣ)

LS equation is solved for particle channels (in momentum space)

Coulomb interaction is included via the Vincent-Phatak method

The potential in the LS equation is cut off with the regulator function:

Vν
′ν,J

ρ′ρ (p′, p)→ f Λ(p′)Vν
′ν,J

ρ′ρ (p′, p)f Λ(p); f Λ(p) = e−(p/Λ)4

consider values Λ = 500 - 650 MeV [guided by NN, achieved χ2]

ideally the regulator (Λ) dependence should be absorbed completely by the LECs
in practice there is a residual regulator dependence (shown by bands below)
• tells us something about the convergence
• tells us something about the size of higher-order contributions
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YN integrated cross sections
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NLO13: J.H., S. Petschauer, et al., NPA 915 (2013) 24

NLO19: J.H., U.-G. Meißner, A. Nogga, arXiv:1906.11681

Jülich ’04: J.H., U.-G. Meißner, PRC 72 (2005) 044005

Nijmegen NSC97f: T.A. Rijken et al., PRC 59 (1999) 21

data points included in the fit are represented by filled symbols!
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YN integrated cross sections
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YN scattering lengths [fm]

NLO13 NLO19 Jülich ’04 NSC97f experiment∗

Λ [MeV] 500 · · · 650 500 · · · 650

aΛp
s −2.91 · · · −2.90 −2.91 · · · −2.90 −2.56 −2.51 −1.8+2.3

−4.2

aΛp
t −1.61 · · · −1.51 −1.52 · · · −1.40 −1.66 −1.75 −1.6+1.1

−0.8

aΣ+p
s −3.60 · · · −3.46 −3.90 · · · −3.43 −4.71 −4.35

aΣ+p
t 0.49 · · · 0.48 0.48 · · · 0.42 0.29 −0.25

χ2 15.7 · · · 16.8 16.0 · · · 18.1 ≈ 22 16.7

(3
ΛH) EB −2.30 · · · −2.33 −2.32 · · · −2.32 −2.27 −2.30 −2.354(50)

∗G. Alexander et al., PR 173 (1968) 1452

Note: (3
ΛH) EB is used as additional constraint in EFT and Jülich ’04

Λp data alone do not allow to disentangle 1S0 (s) and 3S1 (t) contributions
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Is there a difference between NLO13 and NLO19?

yes!
⇒ Coupling strength between the ΛN and ΣN channels (VΛN↔ΣN ) is different
can be best seen by switching off the channel coupling:
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ΛN–ΣN coupling switched off full result

but ... recall ... the potential is not an observable!

VΛN (NLO13) 6= VΛN (NLO19), VΛN↔ΣN (NLO13) 6= VΛN↔ΣN (NLO19), ...

σΛp (NLO13) ∼= σΛp (NLO19), σΣ−p→Λn (NLO13) ∼= σΣ−p→Λn (NLO19), ...
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Consequences?

consequences for in-medium properties:
ΛN–ΣN coupling is suppressed
for increasing no. of nucleons
(dispersive effects; Pauli blocking effects)
V eff

ΛN (E) = VΛN + VΛN→ΣN (E − H0)−1 VΣN→ΛN

N Λ N

N Λ N

Σ✉ ✉
✉ ✉

N Λ N

N Λ N

Σ✉ ✉
✉✉

(a) (b)
EFT: in consistent few- and many-body calculations, differences in the
two-body potential are to be compensated by many-body forces
(→ tool for estimating effects from three-body forces!)

Similarity renormalization group (SRG) transformation:

Many-body approaches like the no-core shell model require soft
effective interactions as input

unitary transformation that preserves two-body observables
(S.K. Bogner, R.J. Furnstahl, R.J. Perry, PRC 75 (2007) 061001)

diagonalization of the NN interaction leads to induced 3- and
many-body forces

YN: diagonalization includes ΛN–ΣN decoupling
⇒ sizable induced YNN forces (R. Wirth, R. Roth, PRC 100 (2019) 044313)
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Λ and Σ in infinite nuclear matter

non-relativistic lowest order Brueckner theory (Bethe-Goldstone equation):

〈YN|GYN(ζ)|YN〉 = 〈YN|V |YN〉

+
∑
Y ′N

〈YN|V |Y ′N〉 〈Y ′N| Q
ζ − H0

|Y ′N〉 〈Y ′N|GYN(ζ)|YN〉

Q ... Pauli projection operator

ζ = EY (pY ) + EN(pN)

Eα(pα) = Mα +
p2
α

2Mα
+ Uα(pα), α = Λ,Σ, N

Uα ... single-particle potential

UY (pY ) =

∫
pN≤kF

d3pN 〈YN|GYN(ζ(UY ))|YN〉

BY (∞) = −UY (pY = 0) - evaluated at saturation point of nuclear matter

⇒ J.H., U.-G. Meißner, NPA 936 (2015) 29; S. Petschauer, et al., EPJA 52 (2016) 15
J.H., U.-G. Meißner, A. Nogga, arXiv:1906.11681
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kF dependence of UΛ(pΛ = 0)

symmetric nuclear matter neutron matter
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• Bethe-Goldstone equation for coupled channels: only dispersive effects are included
• contributions from three-body forces are missing

(S. Petschauer et al., NPA 957 (2017) 347): ΛNN force→ density-dependend effective ΛN interaction
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Nuclear matter properties

UY (pY = 0) [in MeV] at saturation density, kF = 1.35 fm−1 (ρ0 = 0.166 fm−3)

NLO13 NLO19 Jülich ’04 NSC97f

Λ [MeV] 500 · · · 650 500 · · · 650

UΛ(0)

1S0 −15.3 · · · −11.3 −12.5 · · · −11.1 −10.2 −14.6
3S1-3D1 −14.6 · · · −12.5 −28.0 · · · −19.7 −36.3 −23.1

total −28.3 · · · −21.6 −39.3 · · · −29.2 −51.2 −32.4

UΣ(0)

3S1-3D1 (3/2) 44.8 · · · 40.0 41.0 · · · 38.0 11.7 −6.4

total 19.4 · · · 14.1 21.6 · · · 14.1 −22.2 −16.1

“Empirical” value for the UΛ(0) in nuclear matter: ≈ −27 ...− 30 MeV
for the Σ: ≈ +30± 20 MeV

ΣN (I=3/2): 3S1–3D1: decisive for Σ properties in nuclear matter
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3- and many-body forces in chiral EFT (E. Epelbaum)4 E. EpelbaumNuclear 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)   

NLO (Q2)

N2LO (Q3)

N3LO (Q4)

N4LO (Q5)

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/|p⃗ |, 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.

4

(short-range loop contribu-
tions still to be worked out)

have not been worked 
out yet

Nuclear χEFT in the Precision Era Evgeny Epelbaum
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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/|p⃗ |, 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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Figure 2: Chiral expansion of the nuclear forces. Solid and dashed lines refer to
nucleons and pions. Solid dots, filled circles, filled squares, crossed squares and open
squares denotes vertices from the effective chiral Lagrangian of dimension ∆ = 0, 1,
2, 3 and 4, respectively.

and nucleons as the only explicit degrees of freedom and utilizing the rules of naive
dimensional analysis for few-nucleon contact operators, see [31–33] for alternative pro-
posals. We remind the reader that all diagrams shown in this and following figures
correspond to irreducible parts of the scattering amplitude and to be understood as
series of all possible time-ordered-like graphs for a given topology. As already ex-
plained before, the precise meaning of these diagrams and the resulting contributions
to the nuclear forces are scheme dependent.

The nucleon-nucleon potential has been calculated to fifth order (N4LO) in the
chiral expansion using dimensional regularization [24,34–41]. The expressions for the
leading and subleading 3NF can be found in Refs. [42–46] and [26, 27], respectively.
Apart from the contributions involving NN contact interactions, which still have to
be worked out, the N4LO terms in the 3NF can be found in Refs. [29, 47, 48]. The
leading contribution to the four-nucleon force (4NF) appears at N3LO and has been
derived in Refs. [26,27]. It is important to emphasize that the long-range parts of the
nuclear forces are completely determined by the spontaneously broken approximate
chiral symmetry of QCD along with the experimental and/or empirical information
on the pion-nucleon system needed to determined the relevant LECs in the effective
Lagrangian. In this sense, the long-range contributions to the nuclear forces and cur-
rents can be regarded as parameter-free predictions. Given that the chiral expansion
of the NN contact operators in the isospin limit contains only contributions at orders
Q2n, n = 0, 1, 2, . . ., the N2LO and the isospin-invariant N4LO corrections to the NN
potential are parameter-free. This also holds true for the N3LO contributions to the
3NF and 4NF. For calculations utilizing a formulation of chiral EFT with explicit

different hierarchy of 3BFs
for other counting schemes
(Hammer, Nogga, Schwenk,
Rev. Mod. Phys. 85 (2013) 197)

21

pionless chiral chiral+∆

LO — —

NLO — —

N2LO

FIG. 23 Order of 3NF contributions in pionless and chiral EFT and in EFT with explicit ∆ degrees of freedom (chiral+∆).
Open vertices in the last column indicate the differences of the low-energy constants in chiral and chiral+∆ EFT.

lengths, subleading three-body forces are suppressed by
two orders and enter only at N2LO. Some higher-order
calculations of few-nucleon observables exist but much
remains to be investigated in this sector. Particularly
interesting are the application of pionless EFT to halo
nuclei and low-energy electroweak reactions. Halo nuclei
are the most promising candidates for observing Efimov
physics in nuclei, while precise calculations of low-energy
reactions are relevant for nuclear astrophysics and neu-
trino physics. In particular, 3NFs play a prominent role
in two-neutron halo nuclei and larger halo systems. Pio-
nless EFT also predicts universal three-body correlations
that can be explored in nuclear reactions in this regime
and to test the consistency of different theoretical calcu-
lations (similar to the Tjon line/band).

In chiral EFT discussed in Sections IV, V and VI,
3NFs are suppressed compared to NN interactions. This
explains the phenomenological success of weaker three-
body forces of the Fujita-Miyazawa type. As summarized
in Fig. 23, 3NFs enter at N2LO, and their relative contri-
butions to observables can be understood based on the
power counting. Because the operator structure of the
leading 3NFs is strongly constrained, a global analysis
of few-body scattering and bound-state data with theo-
retical uncertainties appears feasible in the framework of
chiral EFT. This would allow for a determination of the
long-range ci couplings in the three-body sector. In addi-
tion, a consistent determination of two- and three-body
forces from such an analysis may help to resolve the Ay

puzzle in few-body scattering.
For applications of chiral EFT interactions to nuclear

structure, 3NFs play a central role, as discussed for light
and medium-mass nuclei and for nuclear matter. For
these many-body calculations, the RG/SRG evolution
leads to greatly improved convergence. A consistent evo-
lution of chiral 3NFs has been achieved in a harmonic-
oscillator basis and recently in momentum space. Impor-
tant open problems are an understanding of the 3NFs
induced by the SRG and to control higher-body forces,

which is necessary for the desired accuracy in nuclear
structure.

If ∆(1232) degrees of freedom are included, part of
the physics contained in the low-energy constants in chi-
ral EFT is made explicit in lower orders. As a conse-
quence, a 3NF of the Fujita-Miyazawa type appears al-
ready at NLO as shown in Fig. 23. Improved convergence
of the chiral expansion with explicit ∆ degrees of free-
dom is expected, but a full analysis of few-nucleon data
remains to be carried out. In addition, a chiral EFT
with explicit ∆’s would naturally explain why the con-
tributions from the long-range two-pion-exchange parts
of 3NFs dominate over the shorter-range parts in appli-
cations to neutron-rich nuclei and nuclear matter.

Three-nucleon forces are a frontier in the physics of nu-
clei that connects the systematic development of nuclear
forces in chiral EFT with the exploration of neutron-rich
nuclei at rare isotope beam facilities. The subleading
3NFs at N3LO are predicted in chiral EFT, without free
parameters, as is the case for N3LO 4N forces. In many
present calculations, the uncertainty of the leading 3NFs
likely dominates the theoretical uncertainties of the pre-
dicted observables. The derivation of N3LO 3NFs has
only been completed recently, and no calculation exists
with N3LO 3N or 4N forces beyond few-body systems.
Therefore, there is a window of opportunity to make key
discoveries and predictions. In addition to advancing mi-
croscopic calculations with 3NFs to larger and neutron-
rich nuclei, an important problem is to understand the
impact of 3NFs on global nuclear structure predictions,
e.g., for key regions in the r-process path where system-
atic theoretical predictions of extreme nuclei, often not
accessible in the laboratory, are needed.

Electroweak interaction processes are unique probes of
the physics of nuclei and fundamental symmetries, and
play a central role in astrophysics. Chiral EFT provides
a systematic basis for nuclear forces and consistent elec-
troweak currents, where pion couplings contribute both
to electroweak currents and to 3NFs. This opens up
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Three-nucleon forces: Explicit inclusion of the ∆(1232)

Explicit treatment of the ∆ (Krebs, Gasparyan, Epelbaum, PRC 98 (2018) 014003):

N N N

N N N

✉ ② ✉ ⇒

N N N

N N N

✉ ② ✉ +

N N N

N N N

✉ ✉
✉ ✉

(ci) (ci)

∆

N2LO N2LO NLO

LECs (from πN) c1 c2 c3 c4

∆-less approach -0.75 3.49 -4.77 3.34
∆-full approach -0.75 1.90 -1.78 1.50
∆ contribution 0 2.81 -2.81 1.40

more natural size of LECs

better convergence of EFT expansion (3NF from ∆(1232) appears at NLO!)

applicability at higher energies
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Three-body forces
• SU(3) χEFT 3BFs nominally at N2LO (S. Petschauer et al., PRC 93 (2016) 014001)

SU(3) χEFT : (at LO!) :

Three-body forces

N Λ N

N Λ N

u y u

N Λ N

N Λ N

u y

N Λ N

N Λ N

y

(a) (b) (c)

N Λ N

N Λ N

Σ∗u u
u u

N Λ N

N Λ N

Σu u
u u

(d) (e)

(a) - (c) appear at N2LO
(d) appears at NLO – in EFT that includes decuplet baryons

(e) is already included by solving coupled-channel Faddeev equations

Johann Haidenbauer Baryon-baryon interactions

solve coupled channel (ΛN-ΣN) Faddeev-Yakubovsky equations:
⇒ ΛNN “3BF” from Σ coupling is automatically included
remaining 3BF expected to be small

• ΛNN 3BF via Σ∗ excitation in SU(3) χEFT with {10} baryons (NLO)

estimate ΛNN 3BF based on the Σ∗(1385) excitation (S. Petschauer et al., NPA 957 (2017) 347)
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Status - hypertriton
3
ΛH→ π− + p + d , → π− + 3He

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
EΛ (MeV)

π-
+p+d

π-
+

3
He

combined

Chaudhari (1968)

Keyes (1970)

Bohm (1968)

Juric (1973)

STAR (2019)

Gajewski (1967)

benchmark: (M. Jurič et al., 1973): 0.13± 0.05 MeV

STAR (J. Adam et al., arXiv:1904.10520) (3
ΛH+3

Λ̄
H̄): 0.41± 0.12± 0.11 MeV

(separation energy EΛ = BΛ − Bd )
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Hypertriton (Faddeev calculation by A. Nogga)
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total χ2

• Λp 1S0 / 3S1 scattering lengths are chosen so that 3
ΛH is bound

• cutoff variation:

* NNN → is lower bound for magnitude of higher order contributions
* ΛNN - correlation with χ2 of YN interaction

⇒ effect of three-body forces small?
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Status - 4
ΛH, 4

ΛHe

The 4
ΛH–4

ΛHe complex & CSB since 2015
MAMI’s A1, 4

ΛH→4He+π−, PRL 114 (2015) 232501
J-PARC’s E13, 4He(K−, π−γ), PRL 115 (2015) 222501

CSB due to Λ-Σ0 mixing, strongly spin dependent,

dominantly in 0+
g.s., large w.r.t. ≈−70 keV in 3H-3He.

Re-measure 4
ΛHeg.s. (E13 → E63).

12

large CSB in 0+ (∆ ≈ 233 keV), small CSB in 1+ (∆ ≈ −83 keV)

F. Schulz et al. [A1 Collaboration] (2016), T.O. Yamamoto et al. [J-PARC E13 Collaboration] (2015)
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4
ΛHe results (Faddeev-Yakubovsky – by A. Nogga)
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4
ΛHe  (J=0

+
)
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4
ΛHe  (J=1
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)

• LO: unexpected small cutoff dependence in 0+ result
• NLO: underbinding in χEFT and for phenomenological potentials
• possible effects of long ranged three-body forces?
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Estimation of 3BFs based on NLO results
3
Λ H
(a) cutoff variation: ∆EΛ (3BF) ≤ 50 keV
(b) “3BF” from ΛN-ΣN coupling:

switch off ΛN-ΣN coupling
in Faddeev-Yakubovsky equations:
∆EΛ (3BF) ≈ 10 keV
expect smaller ∆EΛ from Σ∗(1385) excitation

N Λ N

N Λ N

Λ✉ ✉
✉ ✉

N Λ N

N Λ N

Σ✉ ✉
✉ ✉

(a) (b)

N Λ N

N Λ N

Σ✉ ✉
✉✉

N Λ N

N Λ N

Σ∗✉ ✉
✉ ✉

(c) (d)

(c) 3H: 3NF ∼ Q3 |〈VNN〉|3H ∼ 650 keV
( |〈VNN〉|3H ∼ 50 MeV; Q ∼ mπ/Λb ; Λb ' 600 MeV )

3
Λ H: |〈VΛN〉|3

Λ
H ∼ 3 MeV→ ∆EΛ (3BF) ≈ Q3 |〈VΛN〉|3

Λ
H ' 40 keV

Note: root-mean-square radius of 3
Λ H:

√
〈r2〉 ≈ 5 fm

(deuteron:
√
〈r2〉 ≈ 2 fm)

⇒ most of the time Λ and two Ns are outside of the range of a standard 3BF!

4
Λ H, 4

Λ He
(a) cutoff variation: ∆EΛ (3BF) ≈ 200 keV (0+) and ≈ 300 keV (1+)
(b) “3BF” from ΛN-ΣN coupling:
∆EΛ (3BF) ≈ 230− 340 keV (0+), ≈ 150− 180 keV (1+)

3
Λ H and 4

Λ H(He) calculations with explicit inclusion of 3BFs are planned for the future
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Charge symmetry breaking in the ΛN interaction

π0

δM

Λ

Σ0

Λ N

N

u
u

u
π0

δM

Λ

Σ0

Λ N

N

u
u u

η π0

δm2

Λ

Λ N

N

u u u

CSB due to Λ− Σ0 mixing leads to a long-ranged contribution to the ΛN interaction
(R.H. Dalitz & F. von Hippel, PL 10 (1964) 153)

Strength can be estimated from the electromagnetic mass matrix:
〈Σ0|δM|Λ〉 = [MΣ0 −MΣ+ + Mp −Mn]/

√
3

〈π0|δm2|η〉 = [m2
π0 −m2

π+ + m2
K + −m2

K 0 ]/
√

3

fΛΛπ = [−2 〈Σ
0|δM|Λ〉

M
Σ0−MΛ

+ 〈π0|δm2|η〉
m2
η−m2

π0
] fΛΣπ

latest PDG mass values ⇒

fΛΛπ ≈ (−0.0297− 0.0106) fΛΣπ ≈ −0.0403 fΛΣπ
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CSB in 4
Λ H, 4

Λ He by Gazda and Gal

D. Gazda and A. Gal, NPA 954 (2016) 161: Assume that

V CSB
ΛN→ΛN = −2 〈Σ

0|δM|Λ〉
M

Σ0−MΛ
τNz

1√
3

VΛN→ΣN τNz = 1(p); −1(n)

use our LO YN interaction (calculations in the no-core shell model)

450 500 550 600 650 700
Λ [MeV]
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 (

M
e
V

) 4
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J
P
=1

+
J

P
=1

+

J
P
=0

+

• splitting for the 1+ state somewhat too large
• fairly strong cutoff dependence

⇒ EFT: the latter signals that something is missing!
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CSB in chiral EFT

CSB (CIB) in χEFT: worked out for pp, nn (and np) scattering
Walzl, Meißner, Epelbaum, NPA 693 (2001) 663; Epelbaum, Glöckle, Meißner, NPA 747 (2005) 362
J. Friar et al., PRC 68 (2003) 024003
LØ: Coulomb interaction, m

π0 -m
π± in OPE NLØ: isospin breaking in fNNπ , leading-order contact terms

✉
✉

✉
✉Λ p

Λ p

Σ+ n

π−

π− ✉ ✉
✉ ✉

Λ n

Λ n

Σ− p

π+

π+ ✉
✉ ✉

✉Λ p

Λ p

Σ− n

π+

π+ ✉ ✉
✉ ✉

Λ n

Λ n

Σ+ p

π−

π−

✉ ✉✉
Λ N

Λ N

ω ρ0

δm2
· · · ✉

Λ p

Λ p

✉
Λ n

Λ n p Λ

Λ p

K+✉ ✉
n Λ

Λ n

K0✉ ✉

Gazda/Gal results: short-distance dynamics is relevant
→ one has to account for that by appropriate contact terms
(in line with the power counting)

NN 1S0: app − ann ≈ 1.5 fm
mostly due to short-range forces (ρ0-ω mixing, a0

1-f1 mixing)

calculations for NLO13 and NLO19 interactions are in progress!
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Charge symmetry breaking - Andreas Nogga 2013

September 10, 2013

CSB at NLO & for model interactions

Contributions to the difference of                                      separation energies 

• kinetic energy contribution is driven by Σ component
• NN force contribution due to small deviation of Coulomb
• YN force contribution:

• SC89 CSB is strong
• NLO CSB is zero, only Coulomb acts (Σ component)

9

Λ [MeV] 450 500 550 600 650 700 Jülich 
04

Nijm 
SC97

e

Nijm 
SC89

Expt.

ΔT [keV] 44 50 52 51 46 40 0 47 132 -

ΔVNN [keV] -3 -2 5 5 3 0 -31 -9 -9 -
ΔVYN [keV] -11 -11 -11 -10 -8 -7 2 37 228 -

tot [keV] 30 37 46 46 41 33 -29 75 351 350

PΣ- 1.0% 1.1% 1.2% 1.2% 1.1% 0.9% 0.3%  1.0% 2.7% -
PΣ0 0.6% 0.6% 0.7% 0.7% 0.6% 0.5% 0.3% 0.5% 1.4% -

PΣ+ 0.1% 0.1% 0.2% 0.2% 0.2% 0.1% 0.3% 0.0% 0.1% -

4
⇤H

�
0+

�
�4

⇤ He
�
0+

�

BUT outdated!
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Status - hypertriton
3
ΛH→ π− + p + d , → π− + 3He

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
EΛ (MeV)

π-
+p+d

π-
+

3
He

combined

Chaudhari (1968)

Keyes (1970)

Bohm (1968)

Juric (1973)

STAR (2019)

Gajewski (1967)

benchmark: (M. Jurič et al., 1973): 0.13± 0.05 MeV

STAR (J. Adam et al., arXiv:1904.10520) (3
ΛH+3

Λ̄
H̄): 0.41± 0.12± 0.11 MeV

(separation energy EΛ = BΛ − Bd )
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Binding energy of the hypertriton

spin dependence of Λp cross section

σΛp ∝
1
4
|T s

Λp|2 +
3
4
|T t

Λp|2 (∝ 1
4

a2
s

1 + a2
s k2

+
3
4

a2
t

1 + a2
t k2

)

relevant spin-dependence for s-shell hypernuclei (Herndon & Tang, PR 153 (1967) 1091)

3
ΛH : ṼΛN ≈

3
4

V s
ΛN +

1
4

V t
ΛN

to retain σΛp and increase 3
ΛH binding:

⇒ increase Λp interaction in the 1S0 state and reduce the one in 3S1

can this be achieved? what happens for the other light hypernuclei?

what happens for the in-medium properties of the Λ and Σ?

⇒ Hoai Le et al., PLB 801 (2020) 135189
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Correlation between as and 3
ΛH separation energy

Λp cross section hypertriton
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a
s
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a
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a
s
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a
s
 = -2.9 fm

STAR (2019)

⇒ Hoai Le et al., PLB 801 (2020) 135189
(requires SU(3) symmetry breaking in the LO LECs for ΛN, ΣN!)

(otherwise Σ+p channel is no longer satisfactorily described)
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Binding energy of the hypertriton

YN interaction NLO19 Fit A Fit B Fit C experiment
as [fm] -2.91 -4.00 -4.50 -5.00 −1.8+2.3

−4.2

at [fm] -1.41 -1.22 -1.15 -1.09 −1.6+1.1
−0.8

χ2 (total) 16.01 16.44 16.93 17.61
χ2 (Λp only) 3.31 3.94 4.46 5.10
UΛ(0) [MeV] -32.6 -31.7 -31.3 -30.8 -27 · · · -30

EΛ (3
ΛH) [MeV] 0.10 0.28 0.37 0.44 0.13± 0.05

0.41± 0.12
EΛ (4

ΛHe(0+)) [MeV] 1.46 1.77 1.86 1.92 2.39± 0.03
EΛ (4

ΛHe(1+)) [MeV] 1.06 0.84 0.75 0.68 0.98± 0.03
∆EΛ (4

ΛHe) [MeV] 0.41 0.93 1.11 1.24 1.406± 0.002

(NLO19 (600) is used as starting point)
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Results for 7
ΛLi

calculation within the no-core shell model
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J-N
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-0.48
 

NLO
13

0.24
 

2.56

3.02
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-0.34

 

NLO
19

0.17
 

2.69

2.94
 

3.98
 

-0.71

 

NLO
19

a

0.35

 

2.42

3.17

 

3.93
 

-0.83

 

NLO
19

b

0.41
 

2.32

3.24

 

3.93
 

-0.93

 

NLO
19

c

0.47
 

2.21

3.30

 

3.95

 

-0.46 1/2 +
 

Ex
p

0.23 3/2 +
 

5/2 +
1.59

2.06 7/2 +
 

3.42 1/2 + 1 

• excitation spectrum of the 6Li core is not reproduced (3NFs missing!)
• qualitative agreement with experiment for all YN potentials
• none of the YN potentials agrees quantitatively

⇒ for 7
ΛLi three-body forces are non-negligible
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Summary

Hyperon-nucleon interaction constructed within chiral EFT
Approach is based on a modified Weinberg power counting, analogous to
applications for NN scattering

The potential (contact terms, pseudoscalar-meson exchanges) is derived
imposing SU(3)f constraints

S = −1: Excellent results at next-to-leading order (NLO)
Λp, ΣN low-energy data are reproduced with a quality comparable to
phenomenological models

Strength of the ΛN-ΣN transition potential (Λ-Σ conversion) is not an observable
Λ-Σ conversion and 3BFs are interrelated in few- and many body applications
3
ΛH, 4

ΛH, 4
ΛHe ... effects of three-body forces should be small

needs to be quantified/confirmed by explicit inclusion of 3BFs

Study of charge-symmetry breaking in 4
ΛH – 4

ΛHe is under way

nothing speaks against a somewhat larger binding energy of 3
ΛH!
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SU(3) structure of contact terms for BB
SU(3) structure for scattering of two octet baryons→
8 ⊗ 8 = 1 ⊕ 8a ⊕ 8s ⊕ 10∗ ⊕ 10 ⊕ 27

BB interaction can be given in terms of LECs corresponding to the SU(3)f irreducible
representations: C1, C8a , C8s , C10∗ , C10, C27

Channel I Vα Vβ Vβ→α
S = 0 NN → NN 0 – C10∗

β –

NN → NN 1 C27
α – –

S = −1 ΛN → ΛN 1
2

1
10

(
9C27

α + C8s
α

)
1
2

(
C8a
β + C10∗

β

)
−C8sa

ΛN → ΣN 1
2

3
10

(
−C27

α + C8s
α

)
1
2

(
−C8a

β + C10∗
β

)
−3C8sa

C8sa

ΣN → ΣN 1
2

1
10

(
C27
α + 9C8s

α

)
1
2

(
C8a
β + C10∗

β

)
3C8sa

ΣN → ΣN 3
2 C27

α C10
β –

α = 1S0,
3 P0,

3 P1,
3 P2, β = 3S1,

3 S1 −3 D1,
1 P1

No. of contact terms (LECs): limited by SU(3) symmetry
LO : 6 [2 (NN, ΞΞ) + 3 (YN, ΞY ) + 1 (YY )]
NLO: 22 [7 (NN, ΞΞ) + 11 (YN, ΞY ) + 4 (YY )]

(No. of spin-isospin channels in NN+YN: 10 S = −2,−3,−4: 27)
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Charge symmetry breakinig in ΛN
Dalitz, von Hippel (1964)
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Figure 6: Refit 3

π0

δM

Λ

Σ0

Λ N

N

✉
✉

✉
π0

δM

Λ

Σ0

Λ N

N

✉
✉ ✉

η π0

δm2

Λ

Λ N

N

✉ ✉ ✉

Figure 7: Standard CSB contribution involving pion exchange.
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short range contributions

✉
✉

✉
✉Λ p

Λ p

Σ+ n

π−

π− ✉ ✉
✉ ✉

Λ n

Λ n

Σ− p

π+

π+ ✉
✉ ✉

✉Λ p

Λ p

Σ− n

π+

π+ ✉ ✉
✉ ✉

Λ n

Λ n

Σ+ p

π−

π−

✉ ✉✉
Λ N

Λ N

ω ρ0

δm2
· · · − − − > ✉

Λ p

Λ p

✉
Λ n

Λ n

Figure 8: Short range contributions to CSB.
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Correlation function for Λp
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ALICE Collaboration (S. Acharya al., PRC 99 (2019) 024001): pp at
√

s = 7 TeV
R = 1.125± 0.018 fm, λ = 0.4713 [C(k)→ 1 + λ(C(k)− 1)]

spin average: |ψ(k, r)|2 = 1
4 |ψ(1S0)

(k, r)|2 + 3
4 |ψ(3S1)

(k, r)|2

cusp at the ΣN threshold comes from ψΣN−Λp
3S1 → 3S1 and/or 3D1 → 3S1 components of the wave function

their weights ωβ are free parameters!
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Selected results for S = −2
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(b) Ξ−
p ->  Ξ−
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--->
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Aoki (1998) 

(d) Ξ−
p ->  ΛΛ,Ξ0

n,Σ0Λ

ΛΛ 1S0 scattering length (NLO):
aΛΛ = −0.61 · · · −0.70 fm empirical: aΛΛ = -1.2 ± 0.6 fm

J.H., U.-G. Meißner, S. Petschauer, NPA 954 (2016) 273
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ΞN: Comparison with HAL QCD results

0 10 20 30 40 50 60 70 80
Ecm (MeV)

-10

0

10

20

30

40

50

60

70

80

90

100

δ 
 (

de
gr

ee
s)

t=12
t=11
t=10

ΞN 
1
S0 (I=0)

0 10 20 30 40 50 60 70 80
Ecm (MeV)

-10

0

10

20

30

δ 
 (

de
gr

ee
s)

t=13
t=12
t=11

ΞN 
3
S1 (I=0)

HAL QCD Collaboration, from K. Sasaki’s talk at Lattice2017, Granada, Spain

results are for different sink-source time-separations t
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Nuclear matter properties

UΞ(pΞ = 0) [in MeV] at saturation density, kF = 1.35 fm−1 (ρ0 = 0.166 fm−3)

EFT NLO (2019) EFT NLO (2016) ESC08c fss2

Λ [MeV] 500 · · · 650 500 · · · 650

UΞ(0) −5.5 · · · −3.8 22.4 · · · 27.7 −7.0 −1.5

“Canonical” value for the depth of the Ξ single-particle potential: ≈ −15 MeV

Nijmegen ESC08c: M.M Nagels, T.A. Rijken, Y. Yamamoto, arXiv:1504:02634

Quark model fss2: Y. Fujiwara, Y. Suzuki, C. Nakamoto, Prog. Part. Nucl. Phys. 58 (2007) 439
(UΞ results from M. Kohno, S. Hashimoto, Prog. Theor. Phys. 123 (2010) 157)
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Spin dependence
Spin dependence

Shell model: role of the spin-dependence of the ΛN potential for the binding energies
of s-shell hypernuclei

3
Λ H : ṼΛN ≈

3
4

V s
ΛN +

1
4

V t
ΛN

4
Λ He (0+) : ṼΛN ≈

1
2

V s
ΛN +

1
2

V t
ΛN

4
Λ He (1+) : ṼΛN ≈

1
6

V s
ΛN +

5
6

V t
ΛN

5
Λ He : ṼΛN ≈

1
4

V s
ΛN +

3
4

V t
ΛN

σΛp =
1
4
|f s

Λp|2 +
3
4
|f t

Λp|2

recall: we use different spin-dependence of σΛp and B( 3
Λ H) to fix the relative strength

of the 1S0 and 3S1 ΛN interactions
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Three-body forces

SU(3) χEFT 3BFs nominally at N2LO (S. Petschauer et al., PRC 93 (2016) 014001)

SU(3) χEFT : (at LO!) :

Three-body forces

N Λ N

N Λ N

u y u

N Λ N

N Λ N

u y

N Λ N

N Λ N

y

(a) (b) (c)

N Λ N

N Λ N

Σ∗u u
u u

N Λ N

N Λ N

Σu u
u u

(d) (e)

(a) - (c) appear at N2LO
(d) appears at NLO – in EFT that includes decuplet baryons

(e) is already included by solving coupled-channel Faddeev equations

Johann Haidenbauer Baryon-baryon interactions

3BF-type contributions in YNN systems:

• ΛNN “3BF” via Σ coupling in standard SU(3)
χEFT at LO
• ΛNN 3BF via Σ∗ excitation in SU(3) χEFT
with {10} baryons (NLO)

solve coupled channel (ΛN-ΣN) Faddeev-Yakubovsky equations:
⇒ ΛNN “3BF” from Σ coupling is automatically included
remaining 3BF much smaller than in /πEFT

estimate ΛNN 3BF based on the Σ∗(1385) excitation (S. Petschauer et al., NPA 957 (2017) 347)
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density dependent effective YN interaction

three-body force (nominally at N2LO):

density dependent effective YN interaction:

...

close two baryon lines by sum over occupied states within the Fermi sea
arising 3BF LECs can be constrained by resonance saturation (via decuplet baryons)

J.W. Holt, N. Kaiser, W. Weise, PRC 81 (2010) 064009 (for NNN)
S. Petschauer et al., NPA 957 (2017) 347 (for ΛNN)

Johann Haidenbauer Hyperon-nucleon interaction



Results for Λ at larger density ρ

symmetric nuclear matter neutron matter

0.5 1.0 1.5 2.0
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(a)

0.5 1.0 1.5 2.0
 ρ / ρ

0

-40

-20

0

20

U
Λ
 (
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e
V
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(b)

− · − χEFT at NLO
——— χEFT at NLO + density-dependent ΛN interaction derived from chiral ΛNN 3BFs
−− Jülich ’04; · · · Nijmegen NSC97f

⇒ χEFT: less attractive or even repulsive for ρ > ρ0
neutron stars: hyperons appear at higher density
impact on the so-called hyperon puzzle
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