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Abstract: We evaluate the three-body baryon effect in the quark model to solve the hyperon puzzle. As candidates
for the extra repulsive effect required to solve the puzzle, we focus on the structural repulsive core caused by the
quark-Pauli effect and the color-magnetic term. The result is that in the lowest threshold ANN system, no signific-
ant structural repulsive core is obtained, but a strong repulsive three-body effect is obtained from the color-magnetic

term.
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0 Introduction

Inside a neutron star, in addition to the degeneracy
pressure caused by neutrons and the nuclear force, the ef-
fect of the three-body force also plays an important role as
an internal pressure that resists the strong gravity.

On the other hand, due to its high density, it is be-
lieved that not only nucleons but also hyperons will appear
inside the neutron star, and this fact means that the equa-
tion of state that describes the interior of the neutron star
will be softened. The existence of neutron stars with masses
twice the mass of the sun observed in recent years cannot
be explained solely by the conventional nuclear force, three-
body force, and the hyperon-nucleon interaction in hyper-
nuclear physics. Some studies have hypothesized a three-
body baryon force that is equivalent to the three-body force
of the nuclear force, but the theoretical basis for this has not
been established.

The description of hadron phenomena using the quark
model was very effective because it could be treated sys-
tematically from the viewpoint of constructors. Its effect-
iveness has been demonstrated not only in the success of
hadron spectroscopy, but also in the description of the nuc-
lear force and the interaction between baryons, including
hyperons. Three-body systems or three-body forces have
also been evaluated using quark models.

In this paper, we attempt to solve the Hyperon
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puzzle using the quark model. In Section 1, we examine the
quark-Pauli effect in a three-body baryon system
containing a hyperon. In Section 2, we evaluate the three-
body baryon force from the collar magnetic term in three
systems including hyperons. This is summarized in
Section 3.

1 Quark-Pauli effects in 3-baryon sys-
tems

Just as white dwarfs are interpreted as being suppor-
ted by electron-induced degeneracy, namely Pauli effect by
electrons, neutron stars are also considered to be supported
by neutron-induced degeneracy. If the neutron Pauli effect
and the repulsive force originating from the two-baryon in-
teraction cannot support the neutron star, it may be suppor-
ted by the quark degeneracy pressure, namely the quark-
Pauli effect.

The quark-Pauli effect is evaluated by solving the ei-
genvalue problem of the resonating group method(RGM)
norm kernel in the three-baryon systems[l]. This method
may be intuitively interpreted as follows. Let us consider a
two-baryon wave function,

% [¢5,()$5,(2) — ¢5,(2)p5, (D], (1)
which is normalized, (@p 3,|Pg ) =1. When this two-ba-
ryon wave function is re-expressed as a six-quark wave

Dy p,(1;2) =
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function, it becomes as follows using the quark antisym-
metrizer A :

P339, (123;456) =

1
A {% [0, (123)03, (456) = s, (456 ), (123)]} ;
2

which is not normalized, (¥, ¢gnl¥Gacen) =H With
p#1,due to the effect of antisymmetry under the ex-
change of quarks among the baryons. Namely, this is the
quark-Pauli effect. If u is explicitly zero, such a two-bary-
on system means that the existence probability is zero from
the viewpoint of six-quark configuration, that is, the Pauli-
forbidden state. Even if u is not explicitly zero, the config-
uration of a two-baryon system with a value of u near zero
also has a small existence probability, so that a system
should be difficult to realize. Since such a state, called an
almost Pauli-forbidden state, resembles the characteristics
of the wave function of a system with a strong repulsive po-
tential, it can be considered as a structural repulsive effect
due to the quark-Pauli effect. Studies of two-baryon inter-
actions have shown that the structural repulsive effect of
the quark-Pauli effect is dominant with or without attrac-
tion in the interaction potential.

The 9-quark 3-baryon wave function is given by
¥y/((05)°; BBy Bs) = PPN polon - where PO de-
notes the orbital part with the (0s)° configuration, ¥},
the spin-flavor part with the spin value S, the hypercharge
Y, and the isospin 7, and P the color part assuming a
color singlet in each baryon. Assuming the eigenfunction of
A tobe

Z C(SYI;B\B,B3) ¥y, ((05)9;313233), 3)

B\ B,B;
we solve the eigenvalue problem

D7 (i ((0)°: BiB1B3) |A| Wiy ((05)°s B, B, B )
BB, (4)

Table 1 shows the almost Pauli-forbidden states in the
three-baryon system. We can find in this table the feature
that many systems have large isospin-value with 2,
namely systems containing X~ particle. This is due to the
inclusion of the strong quark-Pauli repulsive effect on the
2 n3S, state, as is well known in the study of the two-ba-
ryon system!>]. We find that the ANN system, which has
the lowest threshold of the three baryon systems containing
hyperons, is not in a almost Pauli-forbidden state, because
the eigenvalues of the ANN system are 0, 22, and 2,
and they have values that are not close to zero. Therefore,
the quark-Pauli effect is not a candidate for solving the
hyperon puzzle.

Table 1
systems. S denotes the total spin, Y the total hyper-

Almost Pauli-forbidden states in the three-baryon

charge and / the total isospin.

S Y 1 B1B>B3 Particle basis Eigen value
% 2 2 ZNN Znn i;il

1 5 4

3 1 5 2XN 272n 31

1 4

3 -2 0 EEA-EEY - 0, 30

1 1 4

3 -3 3 EEE - 3

3 35

5 2 1 2NN - 3

3 3 I 35
3 1 3 2XN-YXAN 27 An 37 243
3 35

3 0 2 EXN E7X"n 3

3 1

5 -2 0 EEA - 77

3 35

5 -2 1 EEXY - 3

2 Three-baryon forces from color-mag-
netic interaction

Since the solution of the hyperon puzzle cannot be ex-
pected by the structural repulsive effect, we next aim at the
solution by the three-body baryon force generated from the
quark-quark interaction.

We use the RGM formalism for this purpose. From the
study of the barion-baryon interactions in the RGM formal-
izm, it is known that even between colorless baryons, re-
pulsive effects arise from the color-magnetic interaction
between quarks through the quark exchange diagram[z].
The RGM wave function for the nine-quark B,B,B; sys-
tem can be expressed by

Y=A[¢(SYI;B B,Bs)y (Ri»,R»5)] . 5)

For a definition of ¢(SYI;B,B,B;) see Ref. [4]. The
wave function y is assumed to satisfy the following RGM
equation

/s i
[_ARIZ - _ARQ;]X(R]Z sR12—3)+
2 2u,
jK(E) (Rlz LR 3s R'u ,R'12,3) X
X (R, R, 5) AR, AR, = ex(Ri2, Ri25),  (6)
where p; and u, are the appropriate reduced masses, and

¢ is the total energy minus three baryon masses. The quark
exchange kernel in Eq. (6),

K® =K + K — (e +ep +e5 +85)K", (7)

gains contributions from the translationally invariant nine-
quark kinetic energy operator, T, from the quark-quark in-
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teraction, V =3, ;v;;, and the norm kernel. In Eq. (7) &,

>
is the internal energy of the ith baryon. The separation in-
to two-body and three-body terms can be made through the
specific construction of the antisymmetrizer, A, of Eq. (5)
which can be expanded in terms of the permutations P;;

and P;; by using double coset g:{enerators[5 las

1
A= _{[l_9(P36+P69+P93)+27(P369+P396)+

6
Yy

P=1

54 (P35 Pso + Peo Pg3 +P93P26)]

216P26P59P83}. ®

The six P include those quark exchanges which are
equivalent to baryon exchanges. Of the five basic types of
terms in A, the third to fifth category involve the exchange
of quark pairs between different baryon pairs and give rise
to nonlocal three-body forces in the baryon-baryon interac-
tionl®. With these terms, the three-body exchange kernel
K{) for the operator ®(=T,V,1) can be evaluated in terms
of the baryon-separation parameters R,, R,, R/, R,
through

K(Qb;)(Raa Rb;R;’ R];) =
(P(SYI; BB, B3)6(Rp, 5, — R)O(Rp, 5,5, — Ry)X
|®A;|¢(SYI; B B,B3)0(Rp 5, — R,) X5(Rp,p,-5, — R})),
()]

where A; represents the third to fifth terms of the Eq. (8).

Here we focus on the three-baryon three-body effect
originating from the color-magnetic term @ =
— B e 2507 0738(r) (or @ = cm ), which is well known
for giving short-range repulsion between two baryons, as
the quark potential, where A; denotes the color-SU(3) gen-
erator, o; the spin-SU(2) generator, @y the strong quark-
gluon coupling constant, m quark mass. We consider the
flavor-SU(3) limit in this work. We adopt a value that
seems reasonable as a quark-parameter set; mc®> =313 MeV,
as =1 and the oscillator length parameter for the quark
wave functions in the baryon b =0.6 fm.

We evaluate the nonlocal three-body color-magnetic

exchange kernel, K

cm3 >

as the effective potential V,,; us-
ing the following transformation method:

ch3 (Ra s Rb))( (Ra > Rh) =
[ KO R, Ry R, Ry x (R, R)dAR, AR, (10)

K (R,.R,: R,.R)) =
K5\ (R, Ry R R)— (e + &+ K, (11)

3
3)? 3 1
V3 ] exp(——Rz——zRi), (12)

TV Vs 42 1%

X(RaaRh):(

where v, and v, are two types of width parameters in Jac-
obian coordinates composed of three baryons. we assume
vi=1 fmand v2 = ? fm, which implies an equilateral tri-
angle.

Figure 1 shows V., in Eq. (10) for the case where the
three baryons form the equilateral triangle configurations.
From the figure, we can find the following behavior of the
three-body effect, which is highly flavor-dependent; it is a
repulsive force in the NNN system with the isospin
I=1/2, a strong repulsive force in the ANN system, an
attractive force in the NN system with [ =2, and a weak
repulsive force in the ZNN system with [ =3/2. In partic-
ular, the strength of the repulsive force in the ANN system
contributes as much as the two-body effect generated from
the second term in Eq. (8). Considering the consistency
with the binding energy of hyper-triton, such a strong ANN
three-body repulsive force is not realistic. This may be due
to the use of the same values as the oscillator length para-
meter b for the two width parameters v, and v,. The rel-
atively strong repulsive three-body effect in the ANN sys-
tem of color-magnetic terms may be a promising candidate
for the extra repulsive effect needed to solve the hyperon
puzzle.

2000
— NNN(1/2)
1 500 —— ANN(0)
ANN( lg
= 1000 NN(2
> ENN(2)
2 500
kg [0 T T
—500 |
—1 000 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
r/fm
Fig. 1 (color online) V3 in Eq. (10) for the case where the

three baryons form the equilateral triangle configura-
tions. r denotes the length of a piece of equilateral tri-
angle. the bold line denotes NNN (the total isospin
1= %) system, the dashed-line ANN(0), the solid line
ANN(1), the bold dashed-line XNN(2), and the dotted
line ENN(3). The small dotted-line denotes the two-
body contribution in the second term in Eq. (8) for the
ANN(1) . Total spin is % in all channels.

3 Summary

We evaluated the three-body baryon effect in the
quark model to solve the “hyperon puzzle'. As candidates
for the extra repulsive effect required to solve the hyperon
puzzle, we focused on the structural repulsive core caused
by the quark-Pauli effect and the color-magnetic term,
which is a promising interaction between quarks. The res-
ult is that in the lowest threshold ANN system, no signific-
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ant structural repulsive core is obtained, but a strong repuls-
ive three-body effect is obtained from the color-magnetic
term. This result is inconsistent with the conclusions of
Ref. [7], which the intrinsic three-baryon interaction at
short distance vanishes for all quantum numbers. Further
research is needed to investigate the cause.

As shown in Fig. 1, there is a rich flavor-dependence
even for systems containing only one hyperon, and the
three-body forces are not necessarily all repulsive. There-
fore, it is an interesting question whether a particular con-
figuration involving multiple hyperons is also repulsive,
since there could be a large number of A -hyperons in a
neutron star, for example.

Systematic theoretical studies of three-body forces in-
clude the Effective Field Theory[g] and Lattice QCD[():| cal-
culations, but they have yet to describe a consistent three-
body baryon force that includes hyperons. It is important to
advance our understanding of the 3-baryon force through
comparison with these theoretical studies in the future.
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