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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]
(in complete analogy to the study of NN in χEFT by E. Epelbaum et al.)
Advantages:

Power counting
systematic improvement by going to higher order

Possibility to derive two- and three-baryon forces and external current operators
in a consistent way

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

• pseudoscalar-meson exchanges
• contact terms – represent unresolved short-distance dynamics)

LO :

NLO :

LO: H. Polinder, J.H., U.-G. Meißner, NPA 779 (2006) 244

NLO: J.H., N. Kaiser, U.-G. Meißner, A. Nogga, S. Petschauer, W. Weise, NPA 915 (2013) 24
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Contact terms for BB
LO: L(0) = C̃1

〈
B̄a (Γi B)a B̄b (Γi B)b

〉
+ C̃2

〈
B̄aB̄b (Γi B)b (Γi B)a

〉
+ ...

NLO: L(2) = C1

(〈
(∂µB̄)a (Γi B)a

(
∂µB̄

)
b (Γi B)b

〉
+
〈
B̄a (Γi∂

µB)a B̄b (Γi∂µB)b
〉)

+...

+ Cχ1
〈
B̄aB̄b (Γi B)b (Γi B)a χ

〉
+ ...

B =


Σ0
√

2
+ Λ√

6
Σ+ p

Σ− −Σ0
√

2
+ Λ√

6
n

−Ξ− Ξ0 − 2Λ√
6



χ = 2B0

mu 0 0
0 md 0
0 0 ms

 ≈
m2

π 0 0
0 m2

π 0
0 0 2m2

K −m2
π


a, b ... Dirac indices of the particles

Γ1 = 1 , Γ2 = γµ , Γ3 = σµν , Γ4 = γµγ5 , Γ5 = γ5

C̃ i , C i , Cχi ... low-energy constants (LECs)
(need to be fixed by a fit to NN, YN, ... data)

(S. Petschauer and N. Kaiser, NPA 916 (2013) 1)
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SU(3) content

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 Isospin V3S1,
1P1,...

Isospin V1S0,
3P0,

3P1,
3P2,...

S = 0 NN → NN 0 C10∗ 1 C27

S = −1 ΛN → ΛN 1
2

1
2

(
C8a + C10∗

)
1
2

1
10

(
9C27 + C8s

)
ΛN → ΣN 1

2
1
2

(
−C8a + C10∗

)
1
2

3
10

(
−C27 + C8s

)
ΣN → ΣN 1

2
1
2

(
C8a + C10∗

)
1
2

1
10

(
C27 + 9C8s

)
ΣN → ΣN 3

2 C10 3
2 C27

S = −3 ΞΛ→ ΞΛ 1
2

1
2

(
C8a + C10) 1

2
1

10

(
9C27 + C8s

)
ΞΛ→ ΞΣ 1

2
1
2

(
−C8a + C10) 1

2
3

10

(
−C27 + C8s

)
ΞΣ→ ΞΣ 1

2
1
2

(
C8a + C10) 1

2
1

10

(
C27 + 9C8s

)
ΞΣ→ ΞΣ 3

2 C10∗ 3
2 C27

S = −4 ΞΞ→ ΞΞ 0 C10 1 C27

10 and 10∗ representations interchange their roles when going from the S = 0,−1 to
the S = −3,−4 channels
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BB contact interaction up to NLO

SU(3) structure + breaking of SU(3) symmetry
(S. Petschauer, N. Kaiser, NPA 916 (2013) 1)

Contact interaction - partial-wave projected

V (1S0) = C̃1S0
+ C1S0

(p2 + p′2) + Cχ
1S0

(m2
K −m2

π)

V (3S1) = C̃3S1
+ C3S1

(p2 + p′2) + Cχ
3S1

(m2
K −m2

π)

V (α) = Cα p p′ α =̂ 1P1,
3P0,

3P1,
3P2

V (3D1 ↔ 3S1) = C3S1− 3D1
p′2, C3S1− 3D1

p2

V (1P1 ↔ 3P1) = C1P1− 3P1
p p′

SU(3) symmetry⇒ number of contact terms:
LO: 2 (NN) + 3 (YN) + 1 (YY ) NLO: 7 (NN) + 11 (YN) + 4 (YY )
(6 + 6 for 1S0 + 3S1 partial waves)

SU(3) symmetry breaking contact terms Cχ
i :

for S = 0 to S = −4: 6 LECs for 1S0 and 6 LECs for 3S1

→ cannot be determined from presently available data
(we assume Cχ

i = 0, unless data require the opposite)
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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) (ΞΛ, ΞΣ)

LS equation is solved for particle channels (in momentum space)
(SU(3) symmetry is broken by mass difference of baryons: µρ = MB1

MB2
/(MB1

+ MB2
))

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 ... all S-wave LECs are fixed from a fit directly to available YN data
NLO19 ... consider constraints from the NN interaction within (broken) SU(3) symmetry

NLO13: J.H., S. Petschauer, N. Kaiser, U.-G. Meißner, A. Nogga, W. Weise, NPA 915 (2013) 24
NLO19: J.H., U.-G. Meißner, A. Nogga, EPJA 56 (2020) 91
Jülich ’04: J.H., U.-G. Meißner, PRC 72 (2005) 044005
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Breaking of SU(3) symmetry
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Vpp = C̃27 + C27(p2 + p′2) +
1

2
Cχ

1 (m2
K − m2

π) + V OBE + V TBE

VΣ+p = C̃27 + C27(p2 + p′2) +
1

4
Cχ

1 (m2
K − m2

π) + V OBE + V TBE

VΣ+Σ+ = C̃27 + C27(p2 + p′2) + V OBE + V TBE

V
Ξ0Σ+ = C̃27 + C27(p2 + p′2) +

1

4
Cχ

2 (m2
K − m2

π) + V OBE + V TBE

V
Ξ0Ξ0 = C̃27 + C27(p2 + p′2) +

1

2
Cχ

2 (m2
K − m2

π) + V OBE + V TBE

J.H., U.-G. Meißner, S. Petschauer, EPJA 51 (2015) 17:
one can determine C̃27, C27, Cχ

1 from a combined fit to pp and Σ+p
Cχ

1 < 0⇒ increasing repulsion for S = 0→ S = −1→ S = −2
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Selected results for S = −2: ΞN scattering
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p ->  Ξ0

n

LO : H. Polinder, J.H., U.-G. Meißner, PLB 653 (2007) 29

NLO16: J.H., U.-G. Meißner, S. Petschauer, NPA 954 (2016) 273

NLO19: J.H., U.-G. Meißner, EPJA 55 (2019) 23

NLO16 versus NLO19: differences in the SU(3) breaking in the 3S1-3D1 partial wave

in-medium properties: UΞ ≈ +20 MeV versus UΞ ≈ −5 MeV (empirical: UΞ ≈ −15 MeV)
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Breaking of SU(3) symmetry: S=-3,-4

(i) blue: Cχ
2 = 0; (ii) red: Cχ

2 = −Cχ
1 /2; (iii) green: Cχ
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Figure 2. ΞΞ central force VC(r) in 1S 0 (I = 1)
channel obtained at t = 16 − 18.
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Figure 3. ΞΞ phase shifts in 1S 0 (I = 1) channel
obtained at t = 16 − 18.

local but energy-independent potential, UNN(~r,~r′), which is faithful to the phase shifts through the
Schrödinger equation [4–6], (ENN

W − H0)φNN
W (~r) =

∫
d~r′UNN(~r, ~r′)φNN

W (~r′), where H0 = −∇2/(2µ) and
ENN

W = k2/(2µ) with the reduced mass µ = mN/2.
Generally speaking, the NBS wave function can be extracted from the four-point correlator,

GNN(~r, t) ≡ ∑
~R〈0|(N(~R + ~r)N(~R))(t) (NN)(t = 0)|0〉, by isolating the contribution from each energy

eigenstate (most typically by the ground state saturation with t → ∞). Such a procedure, however,
is practically almost impossible, due to the existence of nearby elastic scattering states. In fact, the
typical excitation energy is as small as O(1)−O(10) MeV, which is estimated by the empirical binding
energies and/or the discretization in spectrum by the finite volume, ∼ (2π/L)2/mN . Correspondingly,
ground state saturation requires t & O(10) − O(100) fm, which is far beyond reach considering that
signal/noise (S/N) is exponentially degraded in terms of t.

This fundamental problem inherent in multi-baryon systems on a lattice can be overcome by the
time-dependent HAL QCD method [6], in which the signal of UNN(~r, ~r′) is extracted even from elastic
excited states, using the energy-independence of UNN(~r, ~r′). More specifically, the following “time-
dependent” Schrödinger equation holds even without the ground state saturation,

(
− ∂
∂t

+
1

4mN

∂2

∂t2 − H0

)
RNN(~r, t) =

∫
d~r′UNN(~r, ~r′)RNN(~r′, t), (1)

where RNN(~r, t) ≡ GNN(~r, t)e2mN t. While it is still necessary to suppress the contaminations from
inelastic states, it can be fulfilled by much easier condition, t & (Wth − W)−1 ∼ O(1) fm. This is in
contrast to the direct calculations [9–11] which inevitably rely on the ground state saturation: They
are generally unreliable due to the fake (mirage) plateau identification [12–14], and explicit evidences
of the uncontrolled systematic errors were also exposed by the “sanity (consistency) check” given
in [13].

3 Lattice QCD setup

N f = 2 + 1 gauge configurations are generated on the 964 lattice with the Iwasaki gauge action at
β = 1.82 and nonperturbatively O(a)-improved Wilson quark action with csw = 1.11 and APE stout
smearing with α = 0.1, nstout = 6. About 2000 trajectories are generated after the thermalization, and
preliminary studies show that a−1 ' 2.333 GeV (a ' 0.0846 fm) and mπ ' 146 MeV, mK ' 525 MeV.
The lattice size, La ' 8.1 fm, is sufficiently large to accommodate two baryons on a box. For further
details on the gauge configuration generation, see Ref. [20].

HAL QCD lattice results (mπ = 146 MeV): N. Ishii (ΞΣ), T. Doi (ΞΞ) Lattice2017 (Granada, June 2017)
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Two-body momentum correlations (Fig.: K. Morita)

Kenji Morita (Wroclaw/Riken) 5

2nd EMMI Workshop on anti-matter, hyper-matter and exotica production at the LHC

How HIC Can Tell Us Interaction?
HIC at Relativistic Energies@RHIC, LHC

Production of 

Crossover Transition Into Hadron 
Particle Abundance – Thermal Eq.

Incl. Rare Particles

Measuring Pair Correlation
→Constrain Pairwise Interaction 

No Correlation

Interaction
Interference etc

8 Nov, 2017
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Two-particle correlation function

Koonin-Pratt formalism (consider only correlations in S-waves)

Correlation function for identical particles (ΛΛ, Ξ−Ξ−, ...)

C(k) ' 1− 1
2

exp(−4k2R2) +
1
2

∫ ∞
0

4πr 2 dr S12(r)
[
|ψ(k , r)|2 − |j0(kr)|2

]
Correlation function for non-identical particles (Λp, Ξ−p, ΛΞ−, ...)

C(k) ' 1 +

∫ ∞
0

4πr 2 dr S12(r)
[
|ψ(k , r)|2 − |j0(kr)|2

]
Boundary condition for wave function:

ψ(k , r)→ e−iδ

kr
sin(kr + δ) =

1
2ikr

[
eikr − e−2iδe−ikr

]
(r →∞)

S12 ... source function, which describes the space-time distribution of emitted particles
→ assume a spherical Gaussian shape for S12 with source radius R:

S12(r) = exp(−r2/4R2)/(2
√
πR)3

Ψ(−)(r, k) ... wave function in the outgoing state; k ... center-of-mass momentum
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Results for S = −2: ΞN
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NLO19(500) [1.05 fm]
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Ξ−
p13 TeV; R = 1.20 fm

ALICE Collaboration: p-Pb at 5.02 TeV (PRL 123 (2019) 112002) pp at 13 TeV (Nature 588 (2020) 232)

R = 1.427 fm; λ = 0.513 R = 1.02 fm; λ = 1

source radius: basically determined from fit to measured pp correlation function

(R = 1.427 fm for data from p-Pb collisions and R = 1.18 fm for data from pp )

Cth(k) =
1
4

C1S0
(k) +

3
4

C3S1
(k)

C(k) = (a + b k) (1 + λ (Cth(k)− 1))

a, b, λ ... additional parameters that need to be determined
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Results for S = −3: ΛΞ−

  Otón Vázquez Doce                                Hadron-hadron interactions via femtoscopy with ALICE

First measurement of the Λ–Ξ– correlation function

48

ALICE data compared with EFT and meson exchange model  

 ⇒ Suggests shallow strong interaction
 ⇒ Decrease of theoretical uncertainty of NΩ coupling

rgauss = 1.03 fm
λΛΞ = 0.36

nσ 
∊ [2,8]nσ 

∊ [0,1]

J. Haidenbauer and U.-G. Meissner, Phys. Lett. B 684 (2010) 275–280
Th. A. Rijken, V. G. J. Stoks, and Y. Yamamoto, Phys. Rev. C 59 (1999) 21

0 50 100 150 200 250 300
k (MeV/c)

0.8

1.0

1.2

1.4

1.6

1.8

C
(k

)
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NLO16(500)

NLO16(650)

NLO19(500)

NLO19(650)

ΛΞ−

Emma Chizzali (ALICE Collaboration) at SQM 2021 (May 2021): pp at 13 TeV

R = 1.03 fm; λ = 0.36

LO potential (J.H., U.-G. Meißner, PLB 684 (2010) 275):
produces a bound state→ not supported by measurement

LO rel. chiral EFT potential (Z.-W. Liu et al., PRC 103 (2021) 025201): likewise too attractive

NLO19:
as = −0.99· · · − 0.89 fm, rs = 4.63· · ·5.77 fm; at = −0.42· · ·−1.66 fm, rt = 6.33· · ·1.49 fm

NLO16:
as = −0.99· · · − 0.89 fm, rs = 4.63· · ·5.77 fm; at = 0.026· · ·−0.12 fm, rt = 32.0· · ·702 fm
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Results for S = −4: Ξ−Ξ−

0 50 100 150 200 250 300
k (MeV/c)
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Moe Isshiki (STAR Collaboration) at SQM 2021 (arXiv:2109.10953): Au+Au at 200 GeV

only preliminary results: R = 2.5− 5 fm; λ = ??

use for calculation: R = 2.5 fm; λ = 1

as = −7.04 fm (no SU(3) breaking) −1.71 fm (moderate SU(3) breaking) −0.71 fm (strong SU(3) breaking)
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Summary

Baryon-baryon 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 + SU(3)f breaking

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

S = −2: ΛΛ, ΞN results in agreement with empirical constraints

moderately attractive Ξ-nuclear interaction (UΞ) can be achieved

predictions for Ξ hypernuclei in talk by Hoai Le

Baryon-baryon two-body momentum correlation functions

S = −2 (ΞN): predictions of our ΞN NLO interactions are in agreement with
data from the ALICE Collaboration

S = −3 and −4: measurements (ALICE, STAR) are just becoming available
so far only qualitative conclusions can be drawn
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Backup slides
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SU(3) content in the S = −2 sector

Channel Isospin V
1S0 ΞN → ΞN 0 C8a

ΞN → ΞN 1 1
3

(
C10 + C10∗ + C8a

)
ΞN → ΣΛ 1

√
6

6

(
C10 − C10∗

)
ΞN → ΣΣ 1

√
2

6

(
C10 + C10∗ − 2C8a

)
ΣΛ→ ΣΛ 1 1

2

(
C10 + C10∗

)
ΣΛ→ ΣΣ 1

√
3

6

(
C10 − C10∗

)
ΣΣ→ ΣΣ 1 1

6

(
C10 + C10∗ + 4C8a

)
3S1 ΛΛ→ ΛΛ 0 1

40

(
27C27 + 8C8s + 5C1)

ΛΛ→ ΞN 0 −1
40

(
18C27 − 8C8s − 10C1)

ΛΛ→ ΣΣ 0
√

3
40

(
−3C27 + 8C8s − 5C1)

ΞN → ΞN 0 1
40

(
12C27 + 8C8s + 20C1)

ΞN → ΣΣ 0
√

3
40

(
2C27 + 8C8s − 10C1)

ΣΣ→ ΣΣ 0 1
40

(
C27 + 24C8s + 15C1)

ΞN → ΞN 1 1
5

(
2C27 + 3C8s

)
ΞN → ΣΛ 1

√
6

5

(
C27 − C8s

)
ΣΛ→ ΣΛ 1 1

5

(
3C27 + 2C8s

)
ΣΣ→ ΣΣ 2 C27
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BB interaction up to NLO
Pseudoscalar-meson exchange

V OBE
B1B2→B′1B′2

= −fB1B′1P fB2B′2P

(
~σ1 · ~q

) (
~σ2 · ~q

)
~q 2 + m2

P
, ~q = ~p′ − ~p

V TBE
B1B2→B′1B′2

= ...

fB1B′1P ... coupling constants fulfil standard SU(3) relations
mP ... mass of the exchanged pseudoscalar meson
SU(3) symmetry breaking due to the mass splitting of the ps mesons
(mπ = 138.0 MeV, mK = 495.7 MeV, mη = 547.3 MeV)

Contact interaction - partial-wave projected

V (1S0) = C̃1S0
+ C1S0

(p2 + p′2) + Cχ1S0
(m2

K −m2
π)

V (3S1) = C̃3S1
+ C3S1

(p2 + p′2) + Cχ3S1
(m2

K −m2
π)

V (α) = Cα p p′ α =̂ 1P1,
3P0,

3P1,
3P2

V (3D1 ↔ 3S1) = C3S1− 3D1
p′2, C3S1− 3D1

p2

V (1P1 ↔ 3P1) = C1P1− 3P1
p p′
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