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In this paper, we investigate the n'N system using the three-flavor linear sigma model including
the effect of flavor SU(3) symmetry breaking. The n’N bound state is also found in the case
including flavor symmetry breaking and coupling with the N and =N channels. The n'N
interaction becomes more attractive with the inclusion of flavor symmetry breaking, which
causes mixing between the singlet and octet scalar mesons. The existence of such a bound state
would have some impact on the n’—nucleus system, which is of interest from both theoretical
and experimental viewpoints.

Subject Index D32

1. Introduction

The properties of the n” meson have attracted continuous attention in hadron physics. Its relatively
large mass compared with other low-lying pseudoscalar mesons, such as 7 or 5, is summarized as
the U4(1) problem [1], and many studies [2—5] have been devoted to the role of the U 4(1) anomaly in
quantum chromodynamics (QCD) [6—8]. In the three-flavor system, on the other hand, the essential
role of chiral symmetry breaking in cooperation with the U,4(1) anomaly for the generation of the n’
mass is pointed out in Refs. [9—-14].

Partial restoration of chiral symmetry in the nuclear medium attracts our interest; the magnitude of
the order parameters of chiral symmetry breaking is expected to be reduced in the nuclear medium
[15-17], and its possible effects on hadronic phenomena have been studied intensively (see Ref. [18]
for a recent review). In particular, analyses of the pion—nucleus system suggest that such a reduction
of the order parameter in the nuclear medium actually occurs with about 30% suppression of the
size of the quark condensate at the normal nuclear density [19-22].

Taking account of the partial restoration of chiral symmetry and the strong connection of the n’
mass and chiral symmetry breaking, we expect that the mass of the n” meson is reduced in the
nuclear medium [14], though the in-medium mass of n’ is concerned from the viewpoint of the
effective restoration of the Uy(1) symmetry [9,10,23,24]; some model calculations suggest that
the ' mass reduces as much as about 100 MeV at the normal nuclear density in association with
chiral restoration [25-27]. Then, we expect to find some information on chiral restoration in the
nuclear medium through investigation of the n’—nucleus system studied from both theoretical and
experimental aspects [28—36].
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For the study of the in-medium properties of the n” meson, the interaction between n’ and the
nucleon N is a basic piece. The n’N system is theoretically studied in Refs. [37-40]. Experimentally,
analysis of 7 ~p — n’n near the nn threshold suggests the existence of the narrow and shallow n'n
bound state [41], and a threshold enhancement is seen in the " photoproduction [42]. On the other
hand, recent analysis of the pp — ppn’ reaction suggests a small scattering length [43—45].

In our previous study, we investigated the mass of the n” meson in the nuclear medium and the n'N
two-body interaction in free space using the three-flavor linear sigma model with nucleon [27,46].
Within the leading order of the momentum expansion, we found that the attractive n’N interaction is
induced by the scalar meson exchange; the on’n’ coupling is induced by Uy4(1) symmetry breaking,
and the transition to the n/N channel is suppressed by the large mass of the octet scalar meson.
The n'N interaction is strong enough to form the n’N bound state. The possible appearance of the
bound-state signal in the 1’ photoproduction process off the deuteron is investigated in Ref. [47].

In this study, we investigate the n’N system based on the linear sigma model. Due to the lack of
phenomenological information of the ' N interaction, we make good use of theoretical considerations
and symmetry properties of hadrons. The linear sigma model is one of the well-contained effective
models by chiral symmetry and has the mechanism of chiral restoration. In the exploratory stage, it
would be interesting to see what comes out from such theoretical analyses. Certainly, once we have
experimental information on the n’N interaction, we should go to the nonlinear realization of chiral
symmetry, in which more phenomenological analyses can be done based on chiral effective theories.

In this paper, we evaluate the n'N interaction including the nN and 7N transition at the n'N
threshold energy, and investigate a possible nucleon resonance dynamically generated from these
n'N, nN, and 7N channels around the n’N threshold. A new finding of this study is that transition
between the n’N and nN or 7 N channels are induced by the effect of the U(1)4 anomaly in addition
to the n’N elastic channel in this setup. We also take account of the effects of scalar meson mixing
caused by the explicit breaking of the flavor SU(3) symmetry, which was not taken into account in
the previous work. The mixing induces the octet sigma meson exchange in the ’N interaction. We
also calculate the mass and width of the possible state of n’N by including the scattering channels
of nN and 7 NV.

This paper is constructed as follows: the model used in this calculation is introduced in Sect. 2.
The result of the study is given in Sect. 3. Finally, we give a summary and discussion in Sect. 4.

2. Model setup

In this section, we introduce the model used in this study, that is the three-flavor linear sigma model.
The Lagrangian is given as follows:

1 2 A Y 2
£ =5t Mo M) - %tr(MMT) - Jromh? -2 [tr(MMT)] +AtrGeMt + M)
+ V3B(detM + detM™)

. 50 o-T 63 (o T-T g
+N|:la_MN_g{<El+«/§+%1)+W5<ﬁ1+«/§+%1>}:|N’ (1)

where
M =M; + Mps: (2)
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N ='(p,n), (5)
x =v/3diag(my, mg, ms) = ~/3diag(myg, mg, my). (6)
The Gell-Mann matrix A, and Pauli matrix 7, satisfy the normalization tr(A,Ap) = 28, and

tr(z,tp) = 284, respectively. 6; (i = 0,8) means the fluctuation from its mean field, which will
be explained later. The meson and baryon fields belong to the 3,3) @ (3,3) representation of
SU(3), xSU(3)r and the Lagrangian is constructed to be invariant under the chiral transformation.
The isospin symmetry is implemented by the degenerate « and d quark masses my, = m, = my, and
the flavor symmetry breaking appears from the non-degenerate strange quark mass, m; # m,. For
the baryonic part of the Lagrangian, the irrelevant hyperons in this study are omitted.

The vacuum is determined so as to minimize the effective potential obtained with the tree-level
approximation in this study. The effective potential V, (0p, 0g) is given as

2 /
uw A 3 A
V., (00,08) = 7(aoz + o) + E(ag‘ + 60¢0¢ — 2320008 + Eag‘) + Z(aoz + 02)?

2
- $Bloo + 0—82)2(00 — V208) — 24Q2my(00 + —2) + my(00 — 20%)). )

V2 V2

The order parameter of the chiral symmetry breaking is the expectation value of the neutral scalar
meson fields o; (i = 0, 8). The expectation value of o3 vanishes due to the isospin symmetry. Here,
we decompose them into the mean field value (o;) and fluctuation 6;; o; = (0;) + 6;. The minimum
conditions of the effective potential 3V, /dogg = 0 are satisfied for the expectation values of 0 3.
The expectation values are related to the meson decay constants; at the tree level they are given as
fre = 273(00) + (08)/+/3 and fx = /2/3(00) — (08)/2+/3. The non-zero vacuum expectation
value (op) is responsible for the spontaneous breaking of chiral symmetry in the linear sigma model,
while the finite vacuum expectation value (og) is caused by the explicit flavor symmetry breaking
due to the non-degenerate strange quark mass.

The parameters contained in the meson part and (og) and (og) are determined to reproduce the
observed masses and decay constants of mesons. The parameter in the nucleon part g is fixed in
order for the magnitude of the quark condensate to reduce by 35% at the normal nuclear density,
which is suggested from analysis of the deeply bound state of the pionic atom [19]. Details of the
determination of the parameters are given in Ref. [27]. The input and determined parameters are
given in Tables 1 and 2, respectively. The masses of the mesons used as input parameters come from
the values in Ref. [48]. The masses of the 7 and K mesons are obtained with the isospin average.

Here, we treat the mass of the o meson m, as an input parameter. The dependence on m, of our
result will be discussed later.

The mass eigenstates of the neutral mesons are different from the eigenstates of the flavor appearing
in the Lagrangian (1) due to the flavor symmetry breaking from the difference between m, and m; in

3/15

Downl oaded from https://academ c. oup. com ptep/article-abstract/2017/1/013D01/ 2936841/ | nvesti gati on-of -t he- N-syst em usi ng-the-1i near
by CERN - European Organization for Nuclear Research user

on 04 Cctober 2017



PTEP 2017, 013D01 S. Sakai and D. Jido

Table 1. The input parameters for the determination of the parameters in the Lagrangian. These values are
taken from Ref. [48]. The masses of = and K are isospin-averaged values.

7 [MeV] fe [MeV] m, [McV] mx [MeV]
92.2 110.4 138.04 495.64
m; +m?, [MeV?]  m, [MeV]
547.852 + 957.78* 700

Table 2. The determined parameters in the Lagrangian.
(00) [MeV]  (gg) [MeV] p? [MeV?] A [-]
127.78 —21.02 421 x 10* 58.80

A -] A [MeV?] B[MeV] g[-]
2.46 7.17 x 10* 997.95 9.84

the Lagrangian. The mass eigenstates of the isospin singlet scalar (pseudoscalar) mesons are denoted
by o and fy (1" and n). They are related by

o cosfy, sind\ [og
= . , (®)
0 —sinfg cos by o3
n cosBps  sinbpg\ (1Mo
= . , )
n —sinby;  cosbys | \ g

where 6; and 0, are the mixing angles in the scalar and pseudoscalar sectors, respectively. The
matrices (8) and (9) diagonalize the mass matrices written in the bases of 0¢ g and g g, respectively.
The mass matrices are related by

2 2 2
0
@ (" )7 ) =0 | B0 M) (7)), (10)
0 my 0 My oo Mg o3
2 / 2 2
ms, 0 m m
(n',n) ( 0” 2) (n) =(no,n8)< ) ”3”8) ("0>. (11)
m, ) \" Moons Mg 8

The explicit form of the meson mass is given in Appendix A. The off-diagonal part of the matrices,
which causes the transition between the singlet and octet mesons, appears from the explicit flavor
symmetry breaking. The mixing angles are found as 6; = 21.0° and 6,y = —6.2° in the case of
me = 700MeV. The masses of the scalar mesons, o, fy, and ag are obtained as 700, 1286, and
1071 MeV, respectively.

3. Results

In this section, we show the results of this study. We first show the n'N interaction and then the T
matrix of n’ N with the coupling to the n/N and 7N channels including the effect of the flavor SU(3)
symmetry breaking. The effect of the flavor symmetry breaking appears from the nonzero value
of (og). This leads to the modification of the meson coupling and the mixing property of mesons.
While the w7t N can give significant effects in general, we omit it following the discussion given
in Ref. [40]; the calculation in Ref. [49] suggests the minor correction for the / = 1/2 channel
amplitude due to the 7w N channel, while the n’N channel is not included in the study.
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Fig. 1. Diagrams taken into account in this study. The solid, double solid, and dashed lines mean the nucleon,
scalar meson, and pseudoscalar meson. n;; = 7, n, " and o, = o, f), aq.

3.1. n'N interaction

First, we evaluate the n’N, nN, and wN interactions. Here, the matrix element of the interaction
is evaluated within the tree-level approximation. The diagrams included for the evaluation of the
n'N interaction are shown in Fig. 1. Here, n; and 7; are the mesons in the initial and final states
mij =m,n, n"). The matrix elements are calculated as follows:

8ornini8oxN gm‘NngNk . g’?iNg’?ij/
P —mi tic  (p+b:-—mi+ie (p—k)2—mk +ie

MﬂjN—)an = il(plb S/) [ } ”(p: S)a
(12)

where p ('), and k (k) are the momenta of the incoming (outgoing) nucleon and meson in the
center-of-mass frame, respectively, which are explicitly written as

P = (En = /P2, + m%.0,0,pem), (13)

k,LL = (El = pcm + m?voa 07 _pcm)a (14)
p* = (Ey = /P2, +m¥,pl,sin0,0,pl, cosd), (15)
K" = (Ej = /P2, + m}, —p,,, sin6,0,—p,, cos6), (16)

where m; and m; are the masses of the pseudoscalar mesons 7; and 7;, respectively, and p.,, and
DL, are the momenta of hadrons in the initial and final states in the center-of-mass frame. They

are given by pe, = ﬁ,/)\(Wz,mzz\,,m?) and pl,, = ﬁ /)\(Wz,m]z\,,m]z), with A(x,y,2z) = x> +

y2 +z2 - 2xy — 2yz — 2zx and the center-of-mass energy W = Ey + E;. Here, we assume that the
initial particles come along with the z-axis. In Eq. (12), g denotes the momentum transfer defined as
q = p’ — p. Here, we write the total momentum of the system as P* = p* + k* = (W,0,0,0). The
coupling strengths of the hadrons, nl-(ai)N N and oy n;n;, are denoted as gy, (;)nv and Soniny- Their
explicit expressions are given in Appendix C.

We solve the scattering equation with the s-wave interaction deduced from the matrix element
Eq. (12). For this purpose, we introduce the s-wave interaction vertex Vy,y—yn defined by

1
Vo =5 25 [ dlcosOhMup am
spin
Here, we have performed s-wave projection and taken spin average for the initial nucleon and spin
sum over the final nucleon. The s-wave component would be dominant near the ’N threshold that
we are focusing on. Moreover, we take the / = 1/2 component of the 7 N channel, which can couple
to the n’N channel. The explicit form of V), N—n;N 18 given in Appendix B, and the value at the n'N
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Table 3. Values of V,_,; at the n'N threshold. For the 7 N channel, the projection into / = 1/2 is done.

Vn’Nan’N [Mev_l] VnN~>;7N [Mev_l] VnN%nN [Mev_l]

—7.14 x 1072 2.02x 1072 —8.54 x 1073
Vynoay IMeVT'T Viyooy [MeVTT Viyoozy [MeV]™!
9.92%x1073 5.67 x 1072 1.74 x 1072

threshold is presented in Table 3. V;,y— v 1s evaluated using the physical value of the nucleon and
pseudoscalar mesons.

Comparing the value of the s-wave n’N interaction obtained in this calculation with that obtained
in Refs. [27,46], where the flavor symmetry breaking is not incorporated in the calculation of the n’ N
interaction, we find that the present value of ¥, _, ;v is larger than the previous calculation, in which
we have obtained V,yy_. v = —0.054 and V, y_,nv = 0.012 MeV~!, which are evaluated also
without the meson mixing and under the momentum expansion. As demonstrated in Refs. [27,46], the
scalar meson exchange has the leading contribution in the momentum expansion in these channels.
This result implies that the SU(3) flavor symmetry breaking and the resultant scalar meson mixing
give substantial effects on the ’N interaction. In particular, the parameter g which characterizes the
coupling of the & meson and nucleon is larger when we take account of the mixing effect.

Next, we comment on the effect of the n—’ mixing. As we mentioned in the previous section, the
mixing angle between n’ and 7 is as small as —6.2°. If we omit the mixing between the 1 and n’
mesons, Vyn—yn, VieN—yNs ViyN—ans Van—nn, and Vyny 7y are given as —0.068, 0.020, 0.058,
0.017, and 0.011 MeV !, respectively, where the mixing effect does not affect ¥y y_ . With the
omission of the pseudoscalar mixing, the n” and n correspond to the flavor eigenstates no and ng,
respectively. The modification by the n—7" mixing appears to be small compared with the values in
Table 3.

3.2. n'N system

We evaluate the 7 matrix of the n’N system by solving the scattering equation,
Ti—>j = Vioj + Vi—)kaTk—>ja (18)

where i, j, and k mean 7N, nN, or n’N, and the s-wave projection and the spin average is used to
obtain the interaction kernel of the scattering equation V;_, ;. Here, we use the value of V;_, ; evaluated
at the 1N threshold to evaluate 7;_,;. The scattering equation can be solved in an algebraic way:
Tis;=1[(- VG)~! V];;. The loop function G; in the equation which has an ultraviolet divergence
is regularized by the use of the dimensional regularization. Then, G; is written as follows:

) d4q 2my 1
Gi(W) =i 3 2 2
Qm)* (P — q)? — m}, + i€ g> — mp + i€

2my mjzv w2 — mIZV + m%, m%)
(4m) |: 7 2W my,

Pem
+ w

{ln(W2 — mjz\, + m%: +2pemW) + In(W? + mlz\, — m% + 2pemW)

—In(=W? —m3 + mb + 2pemW) — In(—=W? + mi — m% + 2pemW)} :| , (19)
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Table 4. The values of the pole position, scattering length, and couplings of the bound state with the channel
i, giN*, with my = 700 MeV.

Pole position [MeV]  Binding energy [MeV]
1839.7 — 7.2i 57.0 —7.2i

Scattering length [fm]  Effective range [fm]
—0.98 +5.7 x 1072 0.22 —6.8 x 1073

gy [-] g [-] Zawv+ [-]
414015 —03840.25i —032+1.7x107%

where my and mp are the masses of the nucleon and the pseudoscalar meson, and i is a renormaliza-
tion point which is fixed as u = my in this calculation. The subtraction constant a; (1) is determined
with the natural renormalization scheme [50]; this implies that the contribution from other degrees
of freedom than those contained in this model is excluded. The values of the subtraction constants
are an/N(mN) = —1.838, anN(mN) = —1.239, and a,TN(mN) = —0.398.

It is known that the linear sigma model is even less suitable for the 7 N system with energies far
from the 7w N threshold. The present model may not control the 7 N system well. Actually, evaluating
the cross section of 77n — n/p using the T matrix obtained in this model, we find that the model
substantially overestimates the transition cross section reported in Ref. [51]; the cross section is
evaluated as about 1.3 mb, which is about ten times larger than the value in Ref. [51]. To control the
transition strength to the 7N channel, we scale down the vertex V;y_.,n so as to reproduce the
experimental data, o +,_.,, = 0.1 mb at W = 2 GeV. This can be achieved by multiplying a factor
x13 = 0.153 to the vertex V;y_,,yy for my = 700 MeV.

To obtain the mass and width of the n’N bound (or resonance) state, we perform analytic contin-
uation of the obtained 7" matrix to the complex energy plane and find a pole of the 7 matrix. From
the pole residue, we can obtain the coupling of the hadrons in the channel i and the bound state g;x.
Near the pole of T;_,;, we can write T;_,; as

_ GiN*gjN*

Tisj = -~ + (regular part at W = mg), (20)

where the complex value mp denotes the pole position of the 7 matrix.

The binding energy, scattering length of 'N, and the coupling of the bound state with the channel
i, gin+, with my; = 700 MeV are given in Table 4. The definitions of the scattering length a and
effective range r, are the same as those in Ref. [52]:

my
= "™ ) , 21
4 A W ( )W:mN+n1p ( )
d? my -1
=L (2N W) , 2
e dk2< )| (22)

where the momentum of a meson in the center-of-mass frame k£ and the center-of-mass energy W
are related by k = ﬁ\/[W2 — (my + mp)2][W? — (my — mp)?]. my and mp are the masses of the
nucleon and pseudoscalar meson, respectively. A plot of the absolute value, real part, and imaginary

part of the 7 matrix in the ’N elastic channel 7yy_, v is shown in Fig. 2. One can see a clear peak
in the n’N bound state in ‘Tn/Nﬁn/N‘.
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Fig. 2. Plot of the absolute value, real part, and imaginary part of the 7 matrix in the n’N channel with

m, = 700 MeV. The solid, dashed, and dash-dotted lines stand for the absolute value, real part, and imaginary
part of the 7" matrix T,/y_.,n, respectively.

Table 5. The pole position of the ’N bound state varying the mass of the scalar meson m,,.

my, [MeV] pole position [MeV] binding energy [MeV] x5 [-]

610 1822.1 — 3.6i 74.6 — 3.6i 0.21
656 1830.8 — 4.5i 65.9 — 4.5i 0.165
700 1839.7 — 7.2i 57.0 —7.2i 0.153
743 1848.0 — 10.6i 48.7 — 10.6i 0.15

In this model we can treat the mass of the o meson as an input parameter, as mentioned in Sect. 2.
In the chiral effective theory in the nonlinear realization, the sigma meson mass should be irrelevant
for low-energy dynamics. Varying the mass of the sigma meson m,, we can find a pole of the n'N
bound state. The pole position and the scale factor x13 for the fit of o +,_,,, with the change of the
o mass are given in Table 5. The binding energy of the n’N system is slightly sensitive to the sigma
meson mass, and is roughly varied from 75 to 45 MeV, and the imaginary part of the pole position
from —4 to —10 MeV with the change of m, from 600 to 750 MeV.

4. Summary and discussion

In this paper, we investigate the n’N system using the three-flavor linear sigma model. The n'N
interaction is evaluated using the tree-level amplitude from the linear o model including the effect
of the flavor symmetry breaking. The effect of the 7 N channel is phenomenologically taken into
account to reproduce the experimental data given in Ref. [51]. We also find an n’N bound state
if the flavor symmetry breaking is taken into account; the attractive interaction of n’N becomes
stronger because the coupling of the sigma meson and nucleon becomes stronger with the inclusion
of the mixing effect. The parameter g which controls the strength of the coupling between the sigma
meson and nucleon is larger than that without the mixing effect. In this study, the effect of the
transition to the nN and 7 N channel does not seem to be so large because the imaginary part of the
pole is relatively small compared with its real part. The attractive n’N interaction and the possible
bound state appearing from the sigma exchange contribution in association with the U4(1) anomaly
would be suggestive for future theoretical and experimental studies about the properties of the n’
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meson. In such studies, a phenomenological approach based on nonlinear sigma models respecting
the experimental data with the inclusion of the 7 NV and n/N channels should be followed.

As we have commented in the text, the exchanges of the scalar mesons cause the transitions of
the n'N into the other channels. There may be room for consideration of the inclusion of the KA
and K'Y channels; the transitions into these channels can appear from the exchange of the strange
scalar meson, e.g., the ¥ meson in this model. Then, the investigation of the possible effect from
these channels remains as a future task while we have concentrated on the non-strange hadrons in
this study.

The existence of such a bound state would have some impact on the spectrum of the n’-nucleus
system studied in Refs. [26,28-31]; the existence of the bound state generally gives the energy
dependence to the n’—optical potential in the nuclear medium. Then, the expected spectrum of the
n'—nucleus system studied in Refs. [26,28-31] would be modified if one takes account of the possible
n’N bound state.
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Appendix A. Meson mass

The explicit form of the meson mass is given in this appendix. The mass of the scalar and pseudoscalar
mesons in the basis of the Gell-Mann matrix are summarized in Table A.1. Here, we parameterize

the squared meson mass m? as

m* = cﬂuz + 3, + cud + cpB, (Al)
and the coefficients ¢, c;, ¢/, and cp for each meson are presented in the table. The transitions
between the isovector and isoscalar mesons, o3 and ogpg or w3 and ngg, are suppressed by the
isospin symmetry. The masses of the neutral mesons o, f and 1, n’ are obtained as the eigenvalues

of the mass matrices defined in Egs. (8) and (9). They are given as mi o = %(mgo + mgg F
\/(mgo —m2)? 4 4(m2 ,)?) and m%,/n = S(mi +ml + \/(m,zm —m2)? +4(m3, )?). Using
the meson masses, the mixing angles of the scalar and pseudoscalar sectors, 5 and 6, are given by

2
ng’:

tan 26, = 2mC2,OUS/(mC2,0 - m(z,g) and tan 26,,; = 2”’310778/(’"%0 —m

Table A.1. Table of the meson mass. The squared mass of the meson m? is parameterized as m*> = c,u* +
C)\)\, + C)J)L/ + CBB.

meson ¢, Ci C CB

m2, 1 (00)* + (o)’ 3(00)> + (0%)? —4(0y)

2 ((o0) + 128))2 (00 + (05 2({00) — V2(o%))

mg 1 (00)* = v/2(00) (05) + 3 (0%) (00)> +3(05)”  2({00) + v2{0%))
m, 0 Low) (4(00) — v2(0%)) 2(00) (o) 2(0%)

m, 1 1((00)* + (0%)?) , (00)* + (0%)? 4(00)

m, 1 N + V2 o) + B (o) + (00 —2((00) — V2 (o))

mio 1 1((00) — V2(00) (o) + 3 (o)) (00)> + (ow)®  —2({o0) + v2(0%))
mo0 2(a5) (o0) — 420 0 ~2(o3)
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Appendix B. Formof V,_;

In this appendix, we present the explicit form of the interaction kernel of the scattering equation. As
given in Eq. (17), we apply the s-wave projection and the average of the initial state nucleon. The
couplings go;n, &n,N» and oy, (1i = 73,10, 18 and o; = 09,03, 03) appearing in the following
equations are given in Appendix C.

Here, p, k, p/, and k' are the four momenta of the initial-state nucleon, the initial-state meson,
the final-state nucleon, and the final-state meson in the center-of-mass frame which are given in
Egs. (13)-(16). The matrix element of 7;N — n;N in the tree level is written as follows:

_ 8oynini8orN gmNgn_/Nk giNngk/
My Nonn =u@',s) - - u,s).
WX G —m2 +ie  (p+k)?2—my+ie (p—k)>—m} +ie
(BI)
First, % ZS’S/ u(p’,s")ku(p,s) is written as
l—_..,, V(EN +my)(EY + my)
3 Z i(p', s ku(p, s) = o
8,8
| [E PB4y ) L SO0 } (B2)
" Ev+my (EN 4+ my)(Ey +my) |’

where the Dirac spinor u(p,s) is normalized as u(p, s )u(p,s) = 8, and xy is the Pauli spinor
T

s/

normalized as x_, xs = 85¢. In the same way, % Yoo u@, sk u(p,s) is written as

V(EN +my)(E) + my)
2my

1
5 24w K u(p.s) =
s,s’
pa,

NE 4 —Lem
|:] Ellv—i-mN

Moreover, % > g u(p,sHu(p,s) is written as

+ (E; + Ey + my)

DemP ey €08 6 ] ' (B3)

(Ex + my)(Ey 4+ my)

L P _VEN+my)Ey+my) (- PemD €080
2 %u(p ) = 2my (1 (En +my)(E) + mN)) . B9

Substituting the explicit form of p, k, p’, and k" in Egs. (13)—(16), the matrix element is written as

JEx +my)(Ely + my) { CouN o,

2my

1
5 ) MyNoyn =
2 g niN—1; o 2DemPlyy €OS 0 — m(z,k + ijz\, — 2ENE),

2
EniNETiN
Gl (E + LMy (B + By 4 my)

DemPley €OS 0 >

W2 —m3 + ie " En +my (En +my)(Ey + my)
EniNEn;iN (E pézm
2(ENEj + pemp), OS0) — mj2 / E\ +my
/
DemP ey €OS 0
+(Ej 4+ EN + my) )] (BS)
SN (En + my)(Ey + my)
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With the s-wave projection % / _11 d cos 0, the matrix element is written as

1
" 2(Ej + my)(Ey + my)

1 1 V(Ey +my)(Ey +my)
E/_ld(COSH)EZ/\/lmN—ij = 2my . |:Z{

s,s’

! ( mg, — 2m}, + 2ENE}, ) ( 2Pembly — M2, + 20 — 2ENE)y )}

+ —
ApempP e 2(Ey + my)(Ey 4 my) ~2DemPley — M3, + 2m3, — 2ENE),
2
EniNEn;N < DPem > { W + my
4 SN B+ —E ) 4 vy,
wE—ndy \ T By bmy ) SN 2y ) B+ my)
v P2 I+ my)(2ENE; — m})
Apenpiw \ T Ex+my 2EN +my)(Ey + my)
20emplr + 2ENE; — m?
n [ ) (B6)
_2pcmp/5m + 2ENEj - mj
Then, the explicit form of V;_,; (i,j = n'N, nN, or = N) is:
4myg?
En'NEn'n' oy NEyN
ViNsyn = — , (B7)
n'N—n Z m(ZTk 4m]2V _ mn/

w4 my 1 1 ml +2p2,
VNN = ——— i - I=
niN—niN 2 [Zgokwg“k]v [ 2En L) 4P ( 2(Ey + my)?

Ok

2 p%m
| m?,k n EniN (Ei + EN+mN> 5 { W+ my n 1
n g5
Mg, + A%, W2 —my " 2B A my)? A3,
g 4 Pem W A mn)QENE; — m})
En + my 2(En + my)?
sz + 2ENE; — m? 0
-In szn 12 (771 =, n)a (B8)
—chm + 2ENE,' —m;
Ey + my 1
Vatnsn+n = W [Uzkgakn+n—gak1v {—m
2 2 2 2 P
N 1 _mg, + 2ps,, ) my, N 8r+n (Ei + EN"FmN) (59)
72 2 2 2 2 2 ’
4pim 2(En +my) mg +4pe, W2 —m3

1

Ey +my
Vatposntp = W |:Zgakn+n_gUkN {—m
Ok

1 1 mczrk + 2pgm 1 mg'k +g2 { W +my
m2, +4p2,, TP | 2(Ey + my)

+—7 1 - n
ap2, 2(Ey 4+ my)?
U (g o Pen W4+ my)QENE —m})
4p2, \"" " Ey +my 2(En + my)?
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2p2, +2ENE; — m?
n [ Pem tSENE LI (B10)
—Zpgm + 2ENE; — m;
mgk—2m%,+2mNE,/\,
dmy (Ey+my)

E! —+ my 1 1 -
N
Vn/N—ij = Zgr]’Ngn/njak

2my | & 4my(Ey +my) | 2md —m2, —2myE)y
2
E+ pcm
8n'NEy;N ( / Ez’v+mzv) 0
+——+ gy N—————— =1, n), Bl11
2my + n,y 8y NEnN 2mNEj — mjz (77] n) ( )
En +my 1
Vitnonty = ———— | Y Zoumtx08aiN {——
ntn—n ZmN |:0k o tnl&og 2(EN+mN)2

2
Pem
n B mgk + 2pgm mgk ExtNErlp <Ei + EN-H"N)
4p2, 2(Ey + my)?

N W+ my L (g Pew (W +my)QENE; —m7)
ExtNErOn 2WE 2 4p2 i E 2WE 2
(Eny +my) Do N +my (Ey +my)

2p%  + 2ENE; — m?

n [ Pem T 22N Tt (B12)
—2pg,m + 2ENE; — m;

VEN + my)(Ey + my) [Z{ 1

2my " 2(Ey + my)(E)y + my)

VnN—>JTN =
Ok

L] | m3, —2m3 + 2ENE), 2DemPly — ME, + 2m3y; — 2ENE},
ApemP e 2(Ey + my)(Ey + my) —2DemPley — M3, + 2m3, — 2ENE),
2
EnN&nN Pem W+ my 1
+ 2 (B —— ) + +
w2 —ms, ( " En+ mN> BaNExN {2<EN +mn)(Ey +my)  APemPD,
. p2, (W +my)QENE; — m?) " 2 emPm + 2ENEy — m;
T Ey+my 2(Ey +my)(Ey +my) ~2PemPm + 2ENE; —m? | | |
(B13)
The transition term V0, ,+, satisfies Voo, zty = Vyopon—p = «/EVnmp_mop
—2 V0 n—s 70, The transition term from n’)N to N (I = 1/2) is given as
1 NG
Vn(’)NarrN(I:I/Z,[Z:I/Z) :ﬁ (VU(’)p%ﬂop + 2V,7(/>IH,T+,,) , (B14)
1 NG
Vn(’)N—m'N(I:l/Z,] =-1/2) =~ ﬁ (Vn(/>n—>n0n - 2Vn(/)n—>7r*p) : (B15)

Then, VT[(/)N—>7FN([=1/2) is giVel’l as Vn(/)N—>7TN(I=1/2,Iz=:I:1/2) = «/gVn/N_)noN. Forthe n N ([ = 1/2)
elastic channel, the matrix element is written as

1
VaN—aN(=1/21=1/2) =3 (Vﬂop—>7rop N2V a0y sty + V2V gty + 2Vn+n%+n> ;
(B16)
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1
VnN—)nN(I:l/Z,IZ:—l/Z) =§ <Vn0nan0n - \/EVnon%n*p - \/EVn*pﬁnon + 2VT[—p—>7T_p> .
(B17)
Here, Vo, 0ty = —Viopsn—ps Vioposzon = Vi g0, and Visy onty = Vi—pn—p. Then,

VaNsaNu=1/2L=1/2) = VaiN—szN@=1/2.=—1/2) 1S satisfied.

Appendix C. Couplings of hadrons

In this appendix, we present the couplings of the hadrons appearing in the text. The couplings of the
meson (o; or 7;) and nucleon are summarized in Table C.1. g5,n and g,,n denote the coefficients of
the terms No;N and N7;ysN in the Lagrangian Eq. (1), respectively.

The couplings of the mesons gy, , which are defined as the coefficients of the term o;7;ny. in the
Lagrangian, are given in Table C.2. The parameters a, b, and c in the table characterize the coupling
of the meson as

o = —(ak + bX + cB). (Ch

Due to the isospin symmetry, gy, 5 sntn¥ = oo 573735 8utnon® = 8osnoms> and 8ataTng = 8osmsng
and the couplings gosy05n05 aNd oggmsngs Vanish. Here, n; and o; are the eigenstates of the Gell-
Mann matrix appearing in the Lagrangian, and these states are mixed by the flavor SU(3) symmetry
breaking. The eigenstates of the mass o, /o, ', and n and the Gell-Mann matrix o; and n; (i = 0, 8)
are related by the matrices in Egs. (8) and (9), respectively. The coupling of o (1) and fj (1) to the
hadronic state / in the mass eigenstate is obtained using the mixing angles 65 and 6, for the scalar

Table C.1. Meson—baryon couplings. 7; is the third component of the Pauli matrix.

gaoN ga3N gagN ga(j):N gnoN grr3N &EngN ErtN

—g/V3 —gu/v2 —g/v6 —g g/V3 gu/v2 g/v6 g

Table C.2. Meson couplings. a, b, and ¢ are defined by o = —(ar + b) + ¢B), where A, A’, and B are
the parameters appearing in the Lagrangian.

a b c
Eoonono §<00> 2(0y) 4
8agnono 5(o%) 2(og) 0
&ogr3ms %(<00> + %) 2{00) -2
8o3m3m3 0 0 0
8ogmyms 2 ((o0) + <;8§)) 2008) 232
8 nsnT 0 0 0
Eogngng §(<f70> - <:‘/8§>) 2{0y) -2
ogmny  —2((00) — Z(0x))  2(0x) 242
8opnong §<08> 0 0
Eognong §(<00> - <:‘/8§>) 0 -2
8ozngms %((%) + @) 0 -2
8oymyng \/TE(WO) + 385)) 0 232
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and pseudoscalar mesons:

8o ()h = €08 Bs(ps)&a (0)h + SI Os(ps) o (ng) > (C2)
&ho(mh = — SN Os(p5) 8o (0)h + COS Os(ps) Gorg (15)r- (C3)
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