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Motivation

• Goal: determine YN and YY interactions
I empirical constraints from YN scattering and Λ hypernuclei
I strange baryons in nuclear matter

• accurate description of nuclear interactions with SU(2) BχPT
[Epelbaum, Machleidt, . . .]

extend SU(2) BχPT to include strangeness ⇒ SU(3) BχPT

• Advantages: I improve results systematically
I derive consistently two- and three-baryon forces

• Innovative work: YN and YY interactions in LO SU(3) BχPT by Jülich group
[Polinder, Haidenbauer, Meißner, Nucl.Phys. A779, 2006]
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Motivation
• systematic NLO analysis of contact terms and

one- and two-meson exchange contributions to
baryon-baryon interactions using SU(3) BχPT

irr.

• repulsive ΛNN force suggested to get
stiffer equation of state for neutron stars
and to describe hypernuclei
[Bhaduri et al.,Ann.Phys.44,1967] [Gal et al.,Ann.Phys.63,1971]
[Lonardoni et al.,Phys.Rev.C87,2013]
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Construction of the Lagrangian

. . .
• external fields method for construction of Lagrangian [Gasser, Leutwyler]

• Lagrangian invariant under local transformations SU(3)L × SU(3)R

• U(x) = exp
(

iφ(x)
f0

)
≡ u2(x) , φ Goldstone boson octet

φ=

π0+ η√
3

√
2π+

√
2K +

√
2π− −π0+ η√

3

√
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√
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√
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 Σ0
√

2
+ Λ√

6
Σ+ p

Σ− − Σ0
√

2
+ Λ√

6
n

Ξ− Ξ0 − 2Λ√
6


U → RUL†, u → RuK † = KuL†, B → KBK †, K = K (L,R,U)

• building blocks uµ, χ+, χ−, f +
µν , f −µν and baryon fields B, B̄

transform as X → KXK †;
same for covariant derivative DµX → K (DµX )K †

• power counting [Krause, Helv.Phys.Acta 63, 1990]:
O(p0) : B, B̄, DµB; O(p1) : uµ, Dµ; O(p2) : f +

µν , f −µν , χ+, χ−
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Construction of the Lagrangian

• construct all terms in the Lagrangian by traces
of products of building block, or products of such traces

• Sample structure: 〈B̄1B̄2DΓ1B1DΓ2B2 . . . 〉 〈. . . 〉: flavor trace

Used for simplification:
• invariance under Lorentz transformation, C, P, H,

local SU(3)L × SU(3)R

• Fierz theorem

• equation of motion: i /DB = M0B +O(q)

• cyclic property of trace

• SU(3) Cayley-Hamilton relation

• [Dµ,Dν ] X = 1
4 [[uµ, uν ] ,X ]− i

2
[
f +
µν ,X

]
Effective Lagrangian for multi-baryon interactions → Baryon-baryon contact terms up to NLO Stefan Petschauer (TUM)



Baryon-baryon contact terms up to NLO

for pure baryon-baryon interactions:
f ±µν = 0, χ− = 0, χ+ = 4B0 diag(mu,md ,ms), Dµ = ∂µ

• O(p0): 〈B̄1(γ5γµB1)B̄2(γ5γ
µB2)〉 , . . . (18 terms)

• O(p1): (1 terms)

∂̂α2 〈B̄1B̄2(γ5γα∂µB)1(γ5γ
µB)2〉+ ∂̂α1 〈B̄1(∂µB̄)2(γ5γ

µB)1(γ5γαB)2〉
⇒ antisymmetric spin-orbit term: i (~σ1 − ~σ2) · (~p × ~p′)
⇒ spin singlet-triplet transitions: 1P1 ↔ 3P1

• O(p2) (no external fields): 〈B̄1B1∂
2(B̄2B2)〉 , . . . (9 terms)

• O(p2) (with χ+): 〈B̄1χ+B1B̄2B2〉 , . . . (12 terms)
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Contribution to partial waves

V (1S0) = C̃1S0 + C1S0(p2 + p′2)

V (3P0) = C3P0 p p′

V (3P1) = C3P1 p p′ ,
V (3P2) = C3P2 p p′

V (3S1) = C̃3S1 + C3S1(p2 + p′2)

V (1P1) = C1P1 p p′ ,

V (3D1 − 3S1) = C3S1− 3D1 p′2

V (3S1 − 3D1) = C3S1− 3D1 p2

V (3P1 − 1P1) = C3P1−1P1 p p′
V (1P1 − 3P1) = C1P1−3P1 p p′

}
from antisym. spin-orbit term

• as for NN interaction but with more constants
because of different baryon-baryon channels

• p (p′) incoming (outgoing) momentum in center-of-mass frame
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S I transition j ∈ {1S0,
3P0,

3P1,
3P2} j ∈ {3S1,

1P1,
3S1 ↔ 3D1} 1P1 → 3P1

3P1 → 1P1

0 0 NN → NN 0 c10∗j 0 0
1 NN → NN c27j 0 0 0

−1 1
2 ΛN → ΛN 1

10 (9c27j + c8s
j ) 1

2 (c10∗j + c8a
j ) −c8as −c8as

1
2 ΛN → ΣN − 3

10 (c27j − c8s
j ) 1

2 (c10∗j − c8a
j ) −3c8as c8as

1
2 ΣN → ΣN 1

10 (c27j + 9c8s
j ) 1

2 (c10∗j + c8a
j ) 3c8as 3c8as

3
2 ΣN → ΣN c27j c10j 0 0

−2 0 ΛΛ→ ΛΛ 1
40 (5c1j + 27c27j + 8c8s

j ) 0 0 0
0 ΛΛ→ ΞN 1

20 (5c1j − 9c27j + 4c8s
j ) 0 0 2c8as

0 ΛΛ→ ΣΣ −
√
3

40 (5c1j + 3c27j − 8c8s
j ) 0 0 0

0 ΞN → ΞN 1
10 (5c1j + 3c27j + 2c8s

j ) c8a
j 2c8as 2c8as

0 ΞN → ΣΣ
√
3

20 (−5c1j + c27j + 4c8s
j ) 0 2

√
3c8as 0

0 ΣΣ→ ΣΣ 1
40 (15c1j + c27j + 24c8s

j ) 0 0 0
1 ΞN → ΞN 1

5 (2c27j + 3c8s
j ) 1

3 (c10j + c10∗j + c8a
j ) −2c8as

1 ΞN → ΣΣ 0 1
3
√
2 (c10j + c10∗j − 2c8a

j ) 0 2
√
2c8as

1 ΞN → ΣΛ
√
6
5 (c27j − c8s

j ) 1√
6 (c10j − c10∗j ) 2

√
2
3c8as 0

1 ΣΛ→ ΣΛ 1
5 (3c27j + 2c8s

j ) 1
2 (c10j + c10∗j ) 0

1 ΣΛ→ ΣΣ 0 1
2
√
3 (c10j − c10∗j ) 0 4√

3c8as

1 ΣΣ→ ΣΣ 0 1
6 (c10j + c10∗j + 4c8a

j ) 0 0
2 ΣΣ→ ΣΣ c27j 0 0 0

−3 1
2 ΞΛ→ ΞΛ 1

10 (9c27j + c8s
j ) 1

2 (c10j + c8a
j ) −c8as −c8as

1
2 ΞΛ→ ΞΣ − 3

10 (c27j − c8s
j ) 1

2 (c10j − c8a
j ) −3c8as c8as

1
2 ΞΣ→ ΞΣ 1

10 (c27j + 9c8s
j ) 1

2 (c10j + c8a
j ) 3c8as 3c8as

3
2 ΞΣ→ ΞΣ c27j c10∗j 0 0

−4 0 ΞΞ→ ΞΞ 0 c10j 0 0
1 ΞΞ→ ΞΞ c27j 0 0 0

8⊗ 8 = 27⊕ 8s ⊕ 1⊕ 10⊕ 10∗ ⊕ 8a
[Polinder, Haidenbauer, Meißner, Nucl.Phys.A779, 2006]
[Petschauer, Kaiser, Nucl.Phys.A916, 2013]
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S I transition 1S0 χ
3S1 χ

0 0 NN → NN 0 c7
χ

2

1 NN → NN c1
χ

2 0
−1 1

2 ΛN → ΛN c2χ c8χ
1
2 ΛN → ΣN −c3χ −c9χ
1
2 ΣN → ΣN c4χ c10χ
3
2 ΣN → ΣN c1

χ

4 − c7
χ

4

−2 0 ΛΛ→ ΛΛ
c5

χ

2 0
0 ΛΛ→ ΞN 3c1

χ

4 − 3c2χ − c3χ +
3c5

χ

4 0
0 ΛΛ→ ΣΣ 0 0
0 ΞN → ΞN 2c1

χ

3 − 3c2χ +
c4

χ
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9c5

χ

8 c11χ
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χ

4
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√
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3 0
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1 ΞN → ΞN c6χ c12χ
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√
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χ

2
√
2 −
√
2c9χ

1 ΞN → ΣΛ − 1
3

√
2
3c1χ +

√
3
2c2χ −

c4
χ

3
√
6 −

√
2
3c6χ

c10
χ√
6 +

√
2
3c12χ +

c7
χ

2
√
6 −

√
3
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√
2
3c9χ

1 ΣΛ→ ΣΛ − c1
χ
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4c3

χ

3 +
4c4

χ
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2c6

χ

3
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χ

3 +
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χ

3 −
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χ
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4c9

χ

3
1 ΣΛ→ ΣΣ 0 0
1 ΣΣ→ ΣΣ 0 0
2 ΣΣ→ ΣΣ 0 0

−3 1
2 ΞΛ→ ΞΛ − 55c1

χ

72 + 2c2χ +
7c3

χ

6 +
c4

χ

18 +
3c5

χ

32 +
c6

χ

12
11c10

χ

12 +
3c11

χ

4 +
25c12

χ

12 +
5c7

χ

24 −
7c8

χ

4 −
c9

χ

6
1
2 ΞΛ→ ΞΣ

11c1
χ

24 −
3c2

χ

2 −
c3

χ

2 −
c4

χ

3 +
9c5

χ

32 +
c6

χ

4
9c10

χ

4 −
3c11

χ
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5c12

χ

4 −
c7

χ
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χ

4 −
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2
1
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11c1
χ
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2 +
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χ

6 +
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χ

4
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4 +
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2
3
2 ΞΣ→ ΞΣ − 2c1
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3 +
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2 + c3χ +
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6
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2 − c7χ +
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−4 0 ΞΞ→ ΞΞ 0 5c10χ + 4c12χ − 3c8χ − 2c9χ

1 ΞΞ→ ΞΞ − 4c1
χ

3 + 3c2χ + 2c3χ +
c4

χ

3 0
[Petschauer, Kaiser, Nucl.Phys.A916, 2013]
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Nuclear forces

[Machleidt, Entem, Phys.Rept.503 (2011)]
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Leading order three-nucleon forces

V 3NF
cont =

1
2E
∑
j 6=k

~τj · ~τk

V 3NF
OPE = − gA

8f 2π
D
∑

i 6=j 6=k

~σj · ~qj
~q 2

j + m2
π

~τi · ~τj ~σi · ~qj

V 3NF
TPE =

g2
A

8f 2π

∑
i 6=j 6=k

~σi · ~qi~σj · ~qj

(q2
i + m2

π)(q2
j + m2

π)
Fαβijk τ

α
i τ

β
j

Fαβijk =
δαβ

f 2π
(−4c1m2

π + 2c3~qi · ~qj) +
∑
γ

c4
f 2π
εαβγτγk ~σk · (~qi × ~qj)

p(p′) are initial (final) momenta of the nucleon i and ~qi ≡ ~p ′i − ~pi
[Epelbaum, Nogga, Glöckle, Kamada, Meißner, Witała, Phys.Rev.C66, 2002]
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Short-range three-baryon force

• B =


Σ0
√
2 + Λ√

6 Σ+ p
Σ− − Σ0

√
2 + Λ√

6 n
Ξ− Ξ0 − 2Λ√

6


• possible Dirac structures
1, γµ, γ5, γ5γµ, σµν

• leads after non-relativistic expansion to
potentials of the form
1 , ~σ1 · ~σ2 , ~σ1 · ~σ3 , ~σ2 · ~σ3 , ~σ1× ~σ2 · ~σ3

• Lagrangian terms

〈B̄B̄B̄BBB〉
〈B̄B̄BB̄BB〉
〈B̄B̄BBB̄B〉
〈B̄BB̄BB̄B〉

〈B̄B̄B̄B〉〈BB〉 ± 〈B̄B̄〉〈B̄BBB〉
〈B̄B̄BB〉〈B̄B〉
〈B̄BB̄B〉〈B̄B〉
〈B̄B̄B̄〉〈BBB〉
〈B̄B̄B〉〈B̄BB〉
〈B̄B̄〉〈B̄B〉〈BB〉
〈B̄B〉〈B̄B〉〈B̄B〉

〈. . . 〉: flavor trace
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Short-range three-baryon force

V B1B2B3→B4B5B6 =

4 5 6

1 2 3

+ P13P23

5 6 4

1 2 3

+ P12P23

6 4 5

1 2 3

− P23

4 6 5

1 2 3

− P13

6 5 4

1 2 3

− P12

5 4 6

1 2 3

with spin exchange operator Pij = 1
2 (1 + ~σi · ~σj)
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Preliminary results for three baryon contact terms

contact terms in different strangeness sectors:

strangeness parameters
0 1 parameter
-1 additional 7 parameters
-2 additional 9 parameters
-3 additional 1 parameters
-4 no additional parameters
-5 no additional parameters
-6 no additional parameters

⇒ in total
18 parameters

ΛNN interaction
Isospin I = 0: V I=0

ΛNN→ΛNN = e2(1 + 1
3 ~σ2 · ~σ3) + e3(~σ1 · ~σ2 + ~σ1 · ~σ3)

Isospin I = 1: V I=1
ΛNN→ΛNN = e4(1− ~σ2 · ~σ3)
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Checks

• conservation of strangeness S and isospin I

• conservation and independence of isospin I3

• time reversal symmetry

• reproduce NNN contact term V 3NF
ct = E 1

2
∑

i 6=j ~τi · ~τj

• reordering particles in final and initial state
(spin-exchange operators and Racah recoupling)

• group theory:
totally antisymmetric part of 8⊗ 8⊗ 8 in flavor space:

Antisym3(8) = 56 = 27 + 10 + 10? + 8 + 1

⇒ consistent with 5 LEC’s for spin 3/2
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Mid-range three-baryon force

uµ = − 1
f0 ∂µφ

L(2)
BB = d1

(
〈B̄BuµB̄γ5γµB〉+ 〈B̄BB̄γ5γµBuµ〉

)
+ id2

(
〈B̄γ5γνBuµB̄σµνB〉 − 〈B̄γ5γνBB̄σµνBuµ〉

)
+ . . . [Petschauer, Kaiser, Nucl.Phys.A916, 2013]

V ∝ 1
f0

~σ1 · ~q1
~q 2
1 + m2

φ

{
~σ2 · ~q1 , ~σ3 · ~q1 , (~σ2 × ~σ3) · ~q1

}
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Long-range three-baryon force

uµ = − 1
f0 ∂µφ , χ+ = 2χ− 1

f 20
{φ, {φ, χ}}

L(2)
MB = bD〈B̄{χ+,B}〉+ bF 〈B̄[χ+,B]〉+ b0〈B̄B〉 〈χ+〉

+ b1〈B̄[uµ, [uµ,B]]〉+ b2〈B̄{uµ, {uµ,B}}〉
+ b3〈B̄{uµ, [uµ,B]}〉+ b4〈B̄B〉 〈uµuµ〉
+ id1〈B̄{[uµ, uν ], σµνB}〉+ id2〈B̄[[uµ, uν ], σµνB]〉
+ id3〈B̄uµ〉〈uνσµνB〉 [Oller, Verbeni, Prades, JHEP 0609, 2006]

V ∝ 1
f 20

~σ1 · ~q1 ~σ3 · ~q3
(~q 2

1 + m2
φ1

)(~q 2
3 + m2

φ3
)

{
~q1 · ~q3 , m2

π , m2
K , ~σ2 · (~q1 × ~q3)

}
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Include decuplet baryons

• estimate LEC’s by resonance saturation with decuplet baryons

• special vertex
10⊗ 8 = 35⊕ 27⊕ 10⊕ 8 3/2⊗ 1/2 = 1⊕ 2

Tensor products in flavor space and spin space

8⊗ 8 = 27⊕ 8s ⊕ 1⊕ 10⊕ 10∗ ⊕ 8a 1/2⊗ 1/2 = 0⊕ 1
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Summary

• SU(3) chiral effective field theory for hyperon-nucleon potentials

• NLO analysis of one- and two-meson exchange and contact terms
with SU(3) symmetric LECs [Nucl.Phys. A915, 2013]

• good description of available YN data;
comparable to phenomenological models

• complete classification of NLO baryon-baryon contact Lagrangian
including external fields available [Nucl.Phys. A916, 2013]

• SU(3) classification of leading order three-baryon contact terms
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Outlook

• include two-meson exchange with intermediate decuplet baryons

• include explicit SU(3) symmetry breaking in contact terms

• future applications: hypernuclei, exotic neutron star matter,
hyperons in nuclear matter (Σ,Λ mean-fields)

• estimate strength of three-baryon forces in SU(3) BχPT
by resonance saturation
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