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We calculate the T matrices of kaon-nucleon (KN) and antikaon-nucleon (KN) scattering to one-loop
order in SU(3) heavy baryon chiral perturbation theory (HByPT). The low-energy constants (LECs) and
their combinations are then determined by fitting the phase shifts of KN scattering and the corresponding
data. This leads to a good description of the phase shifts below 200 MeV kaon laboratory momentum. We
obtain the LEC uncertainties through statistical regression analysis and successfully reduce one parameter.
We also determine the LECs through the use of scattering lengths in order to check the consistency of the
HByPT framework for different observables and obtain a consistent result. By using these LECs, we predict
the KN elastic scattering phase shifts and obtain reasonable results. The scattering lengths are also
predicted, which turn out to be in good agreement with the empirical values except for the isospin-0 KN
scattering length that is strongly affected by the A(1405) resonance. As most calculations in the chiral
perturbation theory, the convergence issue is discussed in detail. Our calculations provide a possibility to
investigate the baryon-baryon interaction in HByPT.
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I. INTRODUCTION

Chiral perturbation theory (ChPT) is the effective field
theory of quantum chromodynamics (QCD) at energies
below the scale of chiral symmetry breaking A, ~ 1 GeV
[1,2]. As we all know, the relativistic framework for
baryons in ChPT does not naturally provide a simple
power-counting scheme as for mesons because of the
baryon mass, which does not vanish in the chiral limit.
Relativistic (such as infrared regularization [3] and the
extended on-mass-shell scheme [4,5]) and heavy baryon
[6,7] approaches have been proposed and developed to
solve the power-counting problem. Recently, the relativistic
approaches have made some progress. For some observ-
ables, the chiral series even show a better convergence than
the heavy baryon approach [8,9]. However, the heavy
baryon chiral perturbation theory (HByPT) is still a
reasonable and useful tool in the study of the meson-
baryon scattering. The expansion in HByPT is expanded
simultaneously in terms of p/A, and p/M,, where p
represents the meson momentum or its mass or the small
residue momentum of baryon in the nonrelativistic limit
and M denotes the baryon mass in the chiral limit.

Over the years, the low-energy processes have been
widely investigated in the SU(2) HByPT. Fettes et al. have
investigated pion-nucleon scattering up to the fourth order
[10,11]. The low-energy constants (LECs) of the SU(2)
chiral pion-nucleon Lagrangian were determined by fitting
various empirical phase shifts. The threshold parameters
were also predicted in Refs. [10,11]. Krebs, Gasparyan, and
Epelbaum calculated the chiral three-nucleon force at fifth
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order by using the LECs from zN scattering at fourth order
[12], and Entem et al. considered peripheral nucleon-
nucleon scattering at fifth order through using these
LECs [13]. These predictions are in good agreement with
the data.

For processes involving kaons or hyperons, the situation
is more complicated. One has to use the SU(3) HByPT in
comparison to the SU(2) sector of N scattering. These
involve several new problems. First, there are more
unknown LECs needed to be determined through exper-
imental data which are insufficient at present. Second, the
kaon mass my is larger than the pion mass m, duo to
broken SU(3) symmetry. In fact, the pertinent expansion
parameter mg /A, ~ 1/2 results in a low convergence rate.
Third, the KN and KN scattering are inelastic and elastic at
low energies, respectively. These involve inconsistent
predictions duo to the dynamical differences between
KN and KN scattering. However, Kaiser achieved some
success when analyzing the KN and KN scattering lengths
in SU(3) HByPT [14]. Then Liu and Zhu generalized this
method to the predictions of meson-baryon scattering
lengths [15-18]. They obtained reasonable results. But
higher-order corrections are needed to consider due to the
complicated convergence. That leads to involving more
LECs and needs more experimental meson-baryon scatter-
ing lengths which are unavailable for now. In this paper, we
will determine the LECs by fitting the phase shifts of the
elastic KN scattering and make predictions up to one-loop
order, as the zN scattering in the framework of SU(2)
HByPT.

In Sec. II, we summarize the Lagrangians involved in the
evaluation up to one-loop order contributions. In Sec. III,
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we present the 7 matrices of the elastic KN and KN
scattering. In Sec. IV, we explain how we calculate the
phase shifts and the scattering lengths. Section V contains
the results and discussions and also includes a brief
summary. Appendix A contains the amplitudes from
one-loop diagrams. Appendix B contains the threshold T
matrices and the relation between the threshold 7" matrices
with the s-wave scattering lengths.

II. LAGRANGIAN

Our calculation of the elastic KN and KN scattering is
based on the effective SU(3) chiral Lagrangian in HByPT

L= Lyy+ Ly (1)

Here, the SU(3) matrix ¢ and B represent the pseudoscalar
Goldstone fields (¢ = z, K, K, 1) and the octet baryons
fields, respectively. The lowest-order effective SU(3) chiral
Lagrangians for meson-meson and meson-baryon interac-
tion takes the form [19]

2
LEMZ = %tr(u”u” +x40)s (2)
54% = tr(iB[v - D, B]) + Dtr(BS,{u", B})

+ Ftr(BS,[u", B)), 3)
where D, denotes the covariant derivative
[DM, B] = d,B + [F”,B] (4)

and S, is the covariant spin operator a la Pauli-Lubanski

i
S}l = EJ/SGW/UD’ (5)
with
(f u 1
[S S ] ;w(fp S’ ’ {Sﬂ’ Sv} = 5 (Uﬂvu - gﬂl/)’ (6)

where €,,,, is the completely antisymmetric tensor in four
indices, €y1»3 = 1. The chiral connection I'* = [&, 9#¢]/2
and the axial vector quantity u# = i{&", 9#£} contain even
number meson fields and odd number meson fields,
respectively. The SU(3) matrix U = & = exp(i¢p/f) col-
lects the pseudoscalar Goldstone fields. The parameter f is
the pseudoscalar decay constant in the chiral limit. The
axial vector coupling constants D and F can be determined
by fitting the semileptonic decays (D =0.80, F =0.50)
[20]. The combination y, = EyE +EyE with y =
diag(m2, m%,2m% — m2) results in explicit chiral sym-
metry breaking. The complete heavy baryon Lagrangian
at next-to-leading order can be written as
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2 2,1/Mp) (2.ct)
ﬁfpz; - [:((/)B ’ +£¢BC ’ (7)
where £ 1/ M) denotes 1 /M, corrections of dimension
two with flxed coefficients and stems from the 1/M,

expansion of the original relativistic leading-order
Lagrangian £¢B [19]. These read

Czl/MO D? - 3F?

_ TMOU(B[v ~u,[v - u, B]])
_ 15;40 w(BB)r(v - uv - u)
_%tr(B[iwu,{U'”vB}D
_ ZLMOU(B[DW D, B]))
+2L0tr<z‘a[v.p, [v- D, B]])
_;_Al;()tr(BS [D*,{v- u. BY))
_2"_]‘2&(35 [D*, [v-u,B]))
_ZZ_AZOtr(BS [v- u, [D*, B])
_2’_]30 t(BS,{v-u,[D"B]}),  (8)

where M, denotes the baryon mass in the chiral limit. The
remaining heavy baryon Lagrangian e OB g proportional to
the low-energy constants can be obtained from the rela-
tivistic effective meson-baryon chiral Lagrangian [21]

Ly = bpw(Blys. BY) + bptr(Blr-.. B)
+ botr(BB)tr(y ;) + bytr(B{uu,, B})
+ bytr(Blu*u,, B]) + bytr(BB)tr(u*u,,)
+ bytr(Bu*)tr(Buy,) + bstr(B{v - uv - u, B})
+ bgtr(B[v - uv - u, B]) + bytr(BB)tr(v - uv - u)
+ bgtr(Bv - u)tr(Bv - u)
+ botr(B{[u*, u*], [S,. S,|B})
+ byt (Bl 1], 13,..5,1B)
+ by tr(Bu*)tr(u”[S,. S,]B). 9)

The first three terms proportional to the LECs b, r result
in explicit symmetry breaking. Notice that the LECs b,
(i=D, F, 0,1, 2, 3,4,5, 6,7, 8,9, 10, 11) have
dimension mass~.
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III. T MATRICES

We are considering only elastic kaon-nucleon and
antikaon-nucleon scattering {K(q),K(q)} + N(—¢q) —
{K(¢'),K(¢')} + N(—¢') in the center-of-momentum
system (CMS) with g = |q| = |¢/|. The T matrix takes
the following form:

70

_ [Ex+My
KN.KN —

2My

) Vieinta)

+io- (g x Wik gy(@}.  (10)
with My the nucleon mass, Ey = (¢> + M%)'/? the
nucleon energy, and / the total isospin of the kaon-nucleon

)
KNKN

antikaon-nucleon

system. Furthermore, V (g) refers to the non-spin-flip

kaon-nucleon or and

(1)
WKN.EN

kaon-nucleon amplitude.

Now, we calculate the T matrices order by order. Note
that we choose v = (1,0, 0, 0) for the sake of convenience
throughout this paper. The leading-order O(g) amplitudes
corresponding to diagrams (1a) and (1b) in Fig. 1 (includ-
ing also the crossed diagram) read

amplitude,
(q) refers to the spin-flip kaon-nucleon or anti-

v (g) = —3w+(1)2+31ﬂ)‘f’—2Z (11)
kn\q) = 3f%( w ’
2 2
(1) D~ +3F
Win(q) = ———. (12)
o 3wfk
Vo (q) = (2D* - 6DF)q*z (13)
K 3wk
2D* - 6DF
Wik(q) = . (14)
o 3wfk
(1a) (1b)
¢ 4
\\ ‘k\\ \\\ \\\
(2a) 2b) 2o) Qd)

FIG. 1. Tree diagrams contributing to the first and second chiral
orders. Dashed lines represent Goldstone bosons, and solid lines
represent octet baryons. The heavy dots refer to insertions
from £¢B Crossed diagrams are not shown.
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V@) =5 [w- 0= LE s
Wit -2 (16)
O (q) = o [9w (D + 3F)? ‘IWZ] (17)
O (18)

where w = (m% + ¢*)!/? denotes the kaon CMS energy
and z = cos(0) the angular variable between ¢ and ¢’. We
also take the renormalized kaon decay constant f instead
of f (the chiral limit value).

At next-to-leading order O(g?), one has the contribution
from the second row diagrams of Fig. 1 (including also
the crossed diagrams) involving the vertices from the

/M and L. First, for the

, we have

O(q?) Lagrangian L' B

vertices from the E(ZBI/ Mo)

vid(q) = 61 7 (D* + 3F?) [—wz +2(z +2)¢?
e
3(1+z) , q*
—71)2 +3qu —22(1 +Z)W s (19)
(1) 2 2 &
= D 3F4) |1 —(1 —|, (20
(@) = 3 (02 +37) 1= (149 %] o)
0) _ 1 2 2 2
\% D*—-3DF)|— 2 2
B =g )|+ 2+ 2
4
—2z(1 +z)—2], (21)
w
0) 1 ) q’
Wi =S (202 =6DF) |1 = (142) 5[, (22)
n _ 1 2.2 2.2
Ve = — D-F 2z2(D - F
&N aMf> [( )Pw? + 2z( )7q
- (1+2)¢%, (23)
) = _M 24
WKN( ) ZMof%( ’ ( )
(0) 1 2,2
Ve = - D+ 3F
+22(D +3F)*q* = 9(1 + 2)¢*],  (25)
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(D + 3F)?

(0)
w¥ (g) = -
D= s

KN

(26)

Second, for the vertices from the £ ¢cht , we introduce

a, = 4bpm} + 3by(m2 + m3),
a, = 4bpm: + 3by(m%: + m3) (27)

to make the following expressions more compact. The
amplitudes read

1
V<K11)\/ f2 [4(bp + bo)m + (Cy + Cy)w? — Cz¢?]
X4 (D43 a4 3(D - F)? 28
+ 12W2f%( [( + ) an+ ( - ) aﬂ]? ( )
m _ 1 1
Wiy = fKC e [(D+3F)%a
+3(D - F)?a,], (29)
1
Vg?l)v = [4(bp — bo)m%( +(Cy + Cs)W? — Cyz¢?)
e
X4 (oD _ FYa.— (D + 3F) 30
m[(—)%—(Jr Vel (30)
(0) 1
WKN fz Co + 12w2f§( [9<D - F>2a
— (D +3F)%a,). (31)
v = op. —op, —ap L +c
KN fz F = 2bp —4by)m —5( 1+ G
—Cy— Cs)w? + = (C1 C4)zq?
+ 8 (D -F)’a (32)
2w f% ™
o) 1
Wy = 2f2 (€5 + G >+ 22 f2 (D - F)’a (33)
1
VE_?[)V = f2 2(3bD + bF + 2b0)m[( + = (3C1 + 3C2
1
+ C4 + C5)W2 — 5 (3C1 + C4)Zq2
2q° 5
+ ) (D +3F)’a,, (34)
W — —_(@3c ! Dpi3F 35
KN 2f2( 37 )+ zfz( + ) ( )
where

PHYSICAL REVIEW D 92, 114033 (2015)
C, = 4b, + 4b; + 2b,,
C, = 4bs + 4b; + 2bg,
C3 =4by + by,
Cy = —db, + 4by — 2b,,
Cs = —4bg + 4by — 2by,
Ce = —4b1p — by;. (36)

The six combinations of LECs C; (i =1, 2, 3, 4, 5, 6) are
introduced in order to reduce the number of LECs.

At the third order O(g?), we have the one-loop diagram
contributions and the counterterm contributions. The non-
vanishing one- loop diagrams generated by the vertices of
L ¢2¢ and £ s are shown in Fig. 2. The counterterm
contribution estimated from resonance exchange was found
to be much smaller than the chiral loop contribution in the
case of threshold zN scattering [22,23]. Kaiser assumed that
similar features hold for threshold KN and KN scattering
and also achieved some success [14]. Liu and Zhu also
ignored the counterterm contributions when they calculated
meson-baryon scattering lengths [15]. Later, Liu and Zhu
claimed that the counterterm contributions are larger than

- - 4 7’
- - 3
s ‘4‘ ‘4’ 7 ,I ,I’
r ~ N . ,
| N s
= =
- [N 1.7
S [ S AN 1 N
\‘\ \\ \\\ N \\ N
T~ T~< N N
(a) (b) (©) (d)
- - . s
4 7
I/‘\_,,” ”,” TN L’ 4
X d N AN ‘ 4
~ = ~ = \</ \<
- 4 -— 4
X ‘ N 7N ‘ N
\\\\ \\_, \\\\ \\\ \\_ \\\
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-7 ’ - ’
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FIG. 2. Nonvanishing one-loop diagrams contributing to the
third chiral order. Diagrams for external leg renormalization are
not shown.

114033-4



KAON-NUCLEON SCATTERING TO ONE-LOOP ORDER IN ...

the one-loop diagrams contributions in some 7" matrices in
Ref. [16]. But Liu and Zhu did not consider the A(1405)
resonance contribution when determining the LECs
and their combinations in Ref. [16]. However, we are
not considering the counterterm contributions when calcu-
lating T matrices at O(g?) in this paper. The nonvanishing
one-loop amplitudes corresponding to loop diagrams
are too tedious; thus, we present these amplitudes
separately in Appendix A. In loop calculations, we use
dimensional regularization and the minimal subtraction
scheme to evaluate divergent loop integrals [24-28].
We use fg in all loops instead of corresponding decay
constants in respective loops. The difference appears at
higher order.

IV. CALCULATING PHASE SHIFTS AND
SCATTERING LENGTHS

The partial wave amplitudes f gi)s(q), where [ refers to
the orbital angular momentum and s to the spin, are given in
terms of the invariant amplitudes via

1 16”(W-!—EN)/_1 zZ[ KN,KN(q) 1(2)

+ @W (@) (P (2) = 2Pi(2)], (37)

where P,(z) are conventional Legendre polynomials. For
the energy range considered in this paper, the phase shifts
5, (q) are evaluated from (for discussions about the phase
shifts, see Refs. [10,29])

5\ (q) = arctan(qRef L), (¢)). (38)

Based upon relativistic kinematics, there is a relation
between the CMS on-shell momentum ¢ and the momen-
tum of the incident kaon in the laboratory system g,

M2 2
q2 _ N4k ‘
m¥ + M3, + 2My~/m% + g%

Near threshold the scattering length for s waves and the
scattering volume for p waves is given by [30]

(39)

1 . —2]— 1
), = limg ™ an 5, (q). (40)

V. RESULTS AND DISCUSSION

Before calculating the phase shifts and the threshold
parameters, we have to determine the LECs. There are 14
unknown LECs in Egém) and M, also need to be deter-
mined. Fortunately, after the regrouping, we determine only
which were defined by Eq. (36). Throughout this paper, we
use m, =139.57 MeV, mg =493.68 MeV, m, =
547.86 MeV, My =9389 MeV, f,=092.21 MeV,

PHYSICAL REVIEW D 92, 114033 (2015)

fx =111 MeV, and f, = 1.2f, [31], and for the axial
vector coupling constants we use D = 0.8 and F' = 0.5. We
also take 1 = 4z f, as the chiral symmetry breaking scale.

We first determine M, bp, bp, and b, through the
formulas of the octet-baryon masses and o,y given in
Ref. [25]. We take f = [, k, in the 7, K, n loops in these
formulas, respectively. The baryon masses My =
9389+ 1.3 MeV, My=11934+8.1 MeV, Mz=
1318.3 £ 6.9 MeV, and M, =1115.7+5.4 MeV and
the pion-nucleon (zN) o term o,y = 59.1 £ 3.5 [32] are
used to fit these four parameters. We obtain

My = 64630 +47.72 MeV,

bp = 0.043 +0.008 GeV~!,

br = —0.498 +0.003 GeV~',

by = —1.003 £ 0.047 GeV~' (41)

with y?/d.o.f. ~1.08. In our fitting, the new o,y from
Ref. [32] is taken; thus, we obtain different values than
those in Ref. [15]. Note that the uncertainty of the ith LEC
(here, refers to one of the M, b, by, and b)) is purely the
statistical uncertainty that is a measure of how much this
particular parameter can change while maintaining a
good description of the fitted data, as detailed in
Refs. [33,34].

by using the phase shifts of the SP92 solution, GW Institute
for Nuclear Studies, for kaon-nucleon (KN) scattering
analysis [35,36]. Since the SP92 give no uncertainties
for the phase shifts, we set a common uncertainty of +4%
to all values before the fitting procedure. For the parameters
Cy23, we use the data of the S11, P11, and P13 waves
between 50 and 90 MeV (15 data points in total) to fit. As to
the C, 56, we fit the data of the SO1, PO1, and PO3 waves at
qx = 100, 110, 120, 130, 140 MeV. The resulting LECs are
given by

C, =142 £0.12 GeV~',

C, =0.1140.12 GeV~!,
C; = —7.02+0.09 GeV~!, (42)

with y2/d.o.f. ~ 1.06 and

C, =438+0.14 GeV~!,
Cs=—6.77+0.14 GeV~!,
Cs = —6.65 +0.08 GeV~!, (43)

with y?/d.o.f.~1.13. For the uncertainties, see the
above description. One can find that the uncertainty
of the parameter C, is very large when compared to the
C, value. For this, a more detailed discussion is given
below. The corresponding S- and P-wave phase shifts
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FIG. 3. Fits and predictions for the SP92 phase shifts versus the
kaon laboratory momentum gy in KN scattering. The fits in the
S01, PO1, and P03 waves are the data between 100 and 140 MeV
(solid dots), while the S11, P11, and P13 waves between 50 and
90 MeV. For higher and lower energies, the phase shifts are
predicted.

are shown in Fig. 3. For the POl wave, the description
of the phase shifts is surprisingly good even at higher
and lower energies. The remaining waves are also in
good agreement with the empirical phase shifts below
150 MeV and purely overestimated at large kaon
momentum. However, to sum up, we obtain a good
description for these six lowest partial waves in this
one-loop order calculation of the KN scattering up to
surprisingly large kaon momenta.

Let us look at the LEC C,. We set the C, = 0 duo to
about 100% uncertainty. We find that the P11 and P13
waves dominated by the LECs C;,; have hardly any
change at all. However, there is a slight change in the
S11 wave, but it still maintains a good description of the
fitted data; see Fig. 4. In this paper, it needs to be
stressed that we make use of well-known methods from
statistical regression analysis to quantify the uncertain-
ties and study the sensitivities at the low-)(2 fit; see
Refs. [33,34]. Thus, we can also obtain a relation,
2bs +2b; + bg =0, from Eq. (36). With this, we
successfully reduce one parameter through statistical

PHYSICAL REVIEW D 92, 114033 (2015)

Phase Shift (deg)
o

-8
-10
-12
-14 PN T T N T T N T O A T T A T A
0 50 100 150 200 250
ax (MeV)

FIG. 4. The S11 wave phase shift versus the kaon laboratory
momentum gy in KN scattering. The solid line denotes the phase
shift from C, = 0.11, while the dotted line from C, = 0. As in
Fig. 3, the solid dots are from SP92.

regression analysis. However, we take the primary C,
value below for consistency.

In order to check the consistency of the ChPT
framework for different observables, we now determine
the low-energy constants by the scattering lengths.

.....

©.1) can be used. At

KN.KN
this time, we take the threshold 7 matrices to calculate
the scattering lengths; see Appendix B. For comparison,

we use the two scattering lengths a%}v = -0.33 and

agg)v = 0.00 from the SP92 [36] to determine the two
LEC combinations Cj; = C; + C, and Cy5 = C4 + Cs.
The resulting LECs are given by

but only four scattering lengths a

CIZ = C1 + C2 =1.59 GeV‘l,
C45 = C4 + C5 = —199 GeV‘l. (44)

The LEC combination C; 4 C, determined by the phase
shifts from Eq. (42) is 1.53 GeV~!, while the C, + Cs
from Eq. (43) is —2.39 GeV~!. The results are consis-
tent with the LEC combinations determined by the
scattering lengths from Eq. (44) within the limit of error.

In the following, we make predictions for the KN
scattering through the above LECs determined by the
KN phase shifts and the corresponding data. At present,
the existing empirical phase shifts of the KN scattering
[37-41] are all above the kaon laboratory momentum of
200 MeV (corresponding to the CM energy of around
1460 MeV); thus, the resulting S- and P-wave phase
shifts are shown in Fig. 5 without the empirical phase
shifts. From the plot of Fig. 5, none of the phase shifts
shows the resonant behavior. The recent multichannel
partial-wave analysis for KN scattering KS2013 [40,41]
includes a variety of resonances, such as the SO1, S11,
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FIG. 5. The antikaon-nucleon (KN) phase shifts versus the
kaon laboratory momentum gg. The solid lines denote our
predictions through the LECs determined by the KN phase shifts
and the corresponding data.

P01, P03, P11, and P13 wave including the A(1670),
%(1620), A(1710), A(1890), X(1770), and X(1730)
resonances, respectively. But all the resonances consid-
ered by the KS2013 do not contribute to the phase shifts
below the CM energy of 1460 MeV, because they are so
far away. Thus, the predictions for the phase shifts of

PHYSICAL REVIEW D 92, 114033 (2015)

the partial waves in the KN scattering are reasonable.
However, as we all know, there exists the A(1405)
resonance as a quasibound KN state below the threshold
energy in a SO1 wave. To solve this problem, the
solution is given by the nonperturbative resummation
approach with a phenomenologically successful descrip-
tion of the scattering amplitude [42—45] (for a review on
this issue, see Ref. [40]).

Now let us apply the above LECs to estimate the
kaon-nucleon and antikaon-nucleon scattering lengths.
We have two approaches to predict the scattering
lengths. One is through the use of Eq. (40) and the
LECs from Egs. (42) and (43). As before, we do not fit
data below gx = 50, 100 MeV (for C,3, C454); hence,
the scattering lengths are predictions. The scattering
lengths are obtained by using an incident kaon momen-
tum gx = 10 MeV and approximating its value at the
threshold. As a result, no errors are provided. We
present the values of the scattering lengths as
“Prediction A” in Table I. The other is through the
use of the formalism in Appendix B and the LECs from
Eq. (44). We show the values of the scattering lengths as
“Prediction B” in Table I. The values purely have
slightly difference than Ref. [15] because different data
are taken. In addition, for comparison, the various
empirical values are also shown in Table I. We success-
fully predict the isospin-1 scattering lengths. For the
isospin-0 KN scattering length, we obtain very small
negative values differing from the empirical values.
However, the error will cover the difference. As
expected, we fail to predict the isospin-0 KN scattering
length that is dominated by the A(1405) resonance. The
situation is the same as the prediction for the phase
shifts of the KN scattering. From this, it would be more
reliable to predict the zX et al. scattering, although no
empirical data are available. These works will be
presented in our next publication.

Finally, we discuss the convergence. This issue is
addressed for KN scattering in Fig. 6. For SO1, the leading

TABLE 1. Values of the scattering lengths for our predictions in comparison to the various empirical values. The scattering lengths are

in units of femtometers.

Sca. len. Prediction A Prediction B SP92°  Martin® KamanoA®  KamanoB¢ T™W! TWB¢ NLO¢

ald), ~0.32 -033  —0.33

ad) —0.007 0.00 0.02

a%)v 0.39 0.41 +i0.39 0.37 +i0.60 0.07 +i0.81 0.33 +i0.49 0.29+i0.76 0.27 +i0.74 0.57 +i0.73

29 1.57 1.61 +i0.23 —1.70 +i0.68 —1.37 + i0.67 —1.62 + i1.02 —2.15 + i0.88 —2.15 + i0.96 —1.97 + i1.05
KN

*Purely obtaining KN scattering lengths, from Ref. [36].
From Ref. [47].

‘From models A and B (denoted KamanoA and KamanoB) of Ref. [48].
From the three different schemes of Ref. [49], the determination of the scattering lengths included the recent precise measurement of

the kaonic hydrogen by the SIDDHARTA Collaboration [50].
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FIG. 6. Convergence properties as exemplified by our predic-
tions for the KN phase shifts. The dashed, dotted, and dashed-
dotted lines denote the first, second, and third order, respectively.
The solid lines give the sum of the first-, second-, and third-order
contributions.

order is zero. The second-order contribution is much
bigger than the third order and describes well the partial
wave. For S11, we find that there is sizeable cancellation
between the second and the third orders. This feature
has also occurred in the chiral expansion of a threshold
T matrix [14]. For P waves, the second order is much
more important than the others in all partial waves and
nearly describes well the empirical phase shifts. The
situation is simpler than the #zN scattering [10].
According to these results, a higher-order O(g*) calcula-
tion is needed.

In summary, we have calculated the 7" matrices for KN
and KN scattering to one-loop order in SU(3) HByPT.
We then fit the o,y, the SP92 phase shifts of KN
scattering, and the corresponding data to determine the
LECs. This leads to a good description of the phase shifts
below 200 MeV kaon momentum in the laboratory
frame. We also discuss the LEC uncertainties through
statistical regression analysis and find a constraint among
the LECs. In order to check the consistency of the ChPT
framework for different observables, we determine the
LECs by the scattering lengths, make a comparison with

PHYSICAL REVIEW D 92, 114033 (2015)

the LECs determined by the phase shifts, and obtain a
consistent result. By using these LECs, we predict the
KN scattering phase shifts and obtain a reasonable result.
The s-wave scattering lengths are predicted with the
energy-dependent solution (Prediction A) and in the case
of the threshold 7 matrices (Prediction B). As expected,
we fail to predict the isospin-0 KN scattering length
which is dominated by the A(1405) resonance. This issue
can be successfully solved by the nonperturbative resum-
mation approach, and that is not the focus of this paper.
Finally, we check the convergence of the KN scattering
and find that the large cancellations occurred between the
second and third orders in the S11 wave. In order to
determine accurately the LECs and make better predic-
tions, higher-order O(g*) calculations are needed in SU
(3) HByPT. In addition, the prediction for the octet
meson and octet baryon interaction (such as zX
and zA scattering) will be calculated in the next
publication. We also expect our calculations to provide
a possibility to investigate the baryon-baryon interaction
in HByPT.
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APPENDIX A: ONE-LOOP AMPLITUDES

In this Appendix, we present the nonvanishing
amplitudes from nonvanishing one-loop diagrams. The
amplitudes are shown one diagram by one diagram (but
similar diagrams are grouped together) due to the
expressions being too tedious. For giving the expressions
as many details as possible, we use several functions
in the following expressions. The normal unit step
function

1 x>0,
O(x) = Al
w={y 7, (A1)

is used. We also define

Q* =2¢%(1-2), (A2)

4m?
r(m) =4/l ——5 A3
m) = /[1- 2% (A3)

Figures 2(a)-2(d):
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2 Vo —)
V%)z)v = 7144;;1“}27}{ {&?F[wm,z, —w? 4+ wmy + (2w? = 3wm3) ln% —2(w? — m2)3/2 (izr VW g n:i m”)]

V—)
+ oRF {wm%( —w? 4 amy, + (2w — 3wm¥) ln% —2(w? —m%)3/? <iﬂ - lnw)]
mg

+ &PF {wm% —w +m; + (2w —3wm;) ln% —2(m; - w?)3/2 (arccos ;—W) O(mp —w?)
n

V)
—2(w? — m2)*? (m - 1nW) O(w? — m%)} } (A10)
(0)
Ve
0) _ "KN

where

alt = —6D* —9D3F —3D?’F* + 9DF? + 9F*,
aRf = -2D* — 6D3F — 18D?F? + 6DF® 4 36F*,
aPf = —D* 4+ 7D*F —3D*F* - 21DF?,

pPF =21D3F — 21D*F* = 21DF? + 27F*,

pRE = —4D* + 6D*F + 6D*F* — 6DF> — 18F*,
PR = —5D* + 23D3F — 39D?F? + 45DF?,

yPF = —2D* + 6D3F — 10D>F? — 6DF® + 12F*,
yRE = -2D* —4D?F* 4 6F*,

yPF = —2D* + 10D3F — 14D?F* + 6DF>,

8PF = —9D* —27D3F + 9D*F? + 27DF?,

SRF = D* —8D*F — 30D*F* 4+ 24DF? + 45F*,

8PF = 5D* — SDF — 21D*F? — 21DF?. (A12)
Figures 2(e)-2(h):
Vi) = —%(Dz+3F2)<miln%+2mﬁln%+m%ln%), (A13)
W, = %, (Al4)
O = —ﬁ(m—wm <m%1n%+2m%ln%+m,%ln%), (A15)
Wi, = Zé% , (Al6)

114033-10



KAON-NUCLEON SCATTERING TO ONE-LOOP ORDER IN ... PHYSICAL REVIEW D 92, 114033 (2015)

2
1) zq my mg m
Vi, = i (D= 7 <m,2, 0"+ 20 10™% 4 i n ;) ,
(1)
W _ ey
KN ZqZ ’
2
0 _ %9 27 Mz 2 1. MK 214 M
VEN = W (D —+ 3F) <m,r 1117 —+ ZmK IHT + mn 1I17>,
(0)
o _ Vay
KN~ zg? "
Figures 2(i) and 2(j):
2 2
a _ zq m, w4 /W —my
Vin = —2887z2W2f‘}< {a,l,)F [w3 + mm3 + (6wmz — 2w?) 1n7 —2(w? = m2)3?1n m—ﬂ}

- ——>
+ aRf |W + mmi 4 (6wmg — 2w?) ln% —2(w?* = m%)*?1In Wt /W = m mK}
1 e

— 7
+ alb | Zm3, + 2wm%k — w3 +w? ln% —2(w? —m%)3/? (iﬂ In w)]
: g

[ m
+ aPf |w? + wm;) + (6wm] — 2w?) In—2— 2(m; — w?)3/2 <arccos mi> O(mj —w?)

| - n
2 _ 2
R o |
my
1
wip, = Yy
2q
i 2
(0) 29 o
Vin = W{ﬂDF {w + aml + (6wm2 —2w? )ln7 2(w? = m2)*21n m—”]
- — 2
+ 2}1 w3 —l—ﬂmK (6wm% — 2w? )m%_z(wz )3/21 w]
: -

r )
+ P25 7rm%+2wm%(—w3+w3ln%—2(w2—mi)3/2<in—ln—w+ W mK)]
2] my

+ R IW? + wmy) + (6wm] — 2w?) ln% —2(m} - w?)3/2 (arccos K) O(m3 —w?)
m
L n

=207 — m)2 <1n—w A ’”5> 0(v” m2>] }

0
ny

114033-11

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)



BO-LIN HUANG and YUN-DE LI PHYSICAL REVIEW D 92, 114033 (2015)

0
Vien

) _
Wir = el (A24)
(1) 2 DF| 3 2 _ 33 2 _ 232 Wt Vw? —mz
VKNZ_W yal | mm, 4 2wmy —wP +w ln7—2(w —m3) iz —1In o

R—;
+ yRE | Zmy, + 2wm% — w? 4+ w? lnny(—2(w2—m%)3/2<in—lnw>}
1 M

K
mg

+ 7R W+ mmi + (6wmi = 2w) In=F = 2(w? — m

- " ~
+ yPF \Zmy + 2wmg — w? +w? lnT” —2(m2 —w?)3/? <arccos —W> O(m3 —w?)

L y
w+ \/w—z——m%
—2(w* - m$)3/2 in— lnm— O(w? — m%)] } (a25)
n
(1)
Ve
(1) _ "EN
WEN - Zq2 ’ (A26)
Viv = _Ziqz SO | mm3 + 2wm2 — w? 4 w? In2x _ 2(w* —=m2)3? | in — lnw—'——wz_m’z’
KN 576ﬂ2w2f4}< 3 T T 1 2 o
_ —
+ 008 [ 4 2w = 32 = 202 = 2 1 - 0V
1 -
_ e
o+ 8R% |w  mi + (Gwir —20%) InE — 22 — i) 1nw+—\/m]
2| -
- . )
+ SPF | mmy) + 2wmd — w3 + w? ln7'7 —2(m2 — w?)}2 (arccosm> O(m2 )
i n
w4y w?— m%
_ 2(w2 _ mg)a/z i — lnm— g(wz _ mg)} } (a2
n
(0)
Ve
0) _ "KN
WEN Tz’ (A28)

where

114033-12



KAON-NUCLEON SCATTERING TO ONE-LOOP ORDER IN ... PHYSICAL REVIEW D 92, 114033 (2015)
alf = 12D* + 6D*F — 6D*F? + 18DF* + 18F*,
aRll = 13D* — 42D?F* 4 48F*,
aRf, = —4D* — 24D*F? - 36F*,
aPf = D* — 6D3F + 12D?F? — 18DF3 + 27F*,

pPF = 9D* + 18D3F + 36D?F? + 54DF° + 27F*,

?h = —11D* + 54D°F* — 27F*,
25 = —16D* + 96D F — 144D*F?,
PF = 2D% — 18D3F + 54D?F? — 54DF",

yPF = 21D* 4 24D3F + 30D*F? + 72DF°® + 45F*,

yRI =2D* + 12D*F? + 18F*,

yRh = —20D* + 96D*F — 168D*F* — 36F*,

yPF =3D* - 24D*F + 66D*F* — T2DF* + 27F*,

SPF = 36D* — 72D*F? + 36F*,

SR = 50D* — 180D F? + 162F*,

S8R5 = 4D* — 96D*F + 72D?F* — 108F*,

SPF = DY — 18D*F? + 81F*. (A29)
Figures 2(k) and 2(1):
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& = 57622275 07 | —wmg + (3wmz —2w”) n—-+ (w* —mz)**{ i - N

)
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n

WA/ wh—m]
+2(w? —m2)3/? ( - 1nm—”> O(w? — m%)] }, (A36)
(0)
wo = %ﬁv, (A37)
where
F = 24D* + 48D3F + 192D*F? — 144DF> + 72F*,
F = 33D* —72D3F + 118D*F? + 72DF? + 297F*,
DF — 16D* 4+ 64D*F + 112D*F?,
ﬁDF 24D* — 144DF + 144D?F? — 432DF? + 216F*,
pRE =111D* = 216D3F + 170D*F? — 360D F? — 153F*,
DF — 32D* — 160D F — 64D*F?,
F =2D* —4D3F + 14D?F? — 24DF3 + 12F*,
= 6D* - 12D*F + 12D?F? — 12DF? + 6F*,
DF = 2D* — 4D3F + 2D*F?,
5DF 12D* — 24D3F + 12D*F?,
SRF = —=3D* + 46D?F? — 80DF> + 37F*,
SPT = 4D* — 8D3F + 4D*F2. (A38)
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— 6(4m% — Q*)r(my) arctan W} (A59)
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m__w
Ve = R {sm}; —30m + 502 — 2(6m2 — Q%) In "% ﬂ +8(6m%: — Q%) In /1
— (4m2 - 0?) {2r(m,,) <arctan ﬁ) O(4m2 — Q%) + (r(m,,) ln‘ if:—é’zg - inr(m,,))é’(QZ - 4m,2,)]
1
+ 8(4mg — Q*)r(mg) arctan r(mK)} (A60)
w my, m
Vo = T {—24m,2, —48m} + 150 + 6(6m} — 0?) In=* + 12(6m ~ 0?) 1n7’<
+3(4m2 - Q) {Zr(mﬂ) <arctan r(ri )) O(4m2 — Q%) + <r(m,,) ln‘ % - i7rr(m,,)>6?(Q2 - 4m,2,)]
+12(4m% — Q?)r(my) arctan ”(’;K)} (A61)
Figure 2(t):
v = ﬁ {3(0 +F)? {3m,3, +3m, Q% — 12zm2Q°*Ky(m,) + Z%Ho(m,r)} +2(7D?* — 6DF + 15F?)
K

X {m?( +mgQ* = 4nmy Q> Ko(m) + %HO(mK)] + (D = 3F)*[3my + 4mymi + 3m, 0

1
— 4 (8my +30%)miKo(m,)] + (D + F)(3F — D) [2 (my + m,)(15m2 + 21m3 — 18m,m, + 30?)
+ 2n(12my — 60mZm3 — 18m2 Q0% — 6m20? + 30*)H(m,, m,) + 2x(12mjy — 36m2m} — 18m3Q?

— 6m2Q? +30* — 24m})H(m,, m,,)} } (A62)

(0)
V pu—
KN 576nf4

{3(D + F)? {3m; +3m, 0% — 12zm2Q*Ky(m,) — 6%VHO(m,,)} +18(D - F)?

w
x {m% + mgQ?* — dam% Q>Ky(mg) + ;HU(mK)] + (D = 3F)*[3m; + 4m,m% + 3m,Q*

— 4n(8m% + 30*)miKo(m,)] + 3(D + F)(D — 3F) F (my + m,)(15m2 + 21m?% — 18m,m, + 30?)

2
+ 2x(12my — 60mzmy; — 18mz Q0% — 6m; Q> + 30*)H(m,, m,) + 2x(12my — 36mzm;, — 18m;Q?
— 6m2Q* +30* — 24my)H(m,, m,r)] }, (A63)
1 2
v — 13D+ F)?|3m} 4+ 3m, 0% — 122m2Q%K(m,) + Y Hy(m,)| +8(2D* — 3DF + 3F?)
KN 5T6nfk /4

w
X [m?( + mgQ? — 4am% Q*Ko(my) — ;HO(mK)] + (D - 3F)2[3m2 + 4m,7m%< + 3>m,1Q2

1
— 4n(8m% 4+ 30%)m;Ko(m,)] + (D + F)(D — 3F) [ (mg + m,)(15m3 + 21m}; — 18m,m, + 30%)
+ 27(12m;y — 60m2m2 — 18m2 Q% — 6m2Q* + 30*)H(m,, m,)) + 2x(12my — 36mam? — 18m; Q*

— 6m20% +30* — 24m;)H(m,, m,,)} }, (A64)
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1 6
VO = 33(D + F)?|3m3 + 3m, 07 — 122m2 Q%Ko (my) — — Ho(my) | + 12(D? + 3F2)
ST76rfk b2

w
X {m% + mgQ? — 4xm% Q*Ko(mg) — ;HO(mK)] + (D - 3F)2[3m$ + 4m,1m%< + 3m,7Q2

1
— 4n(8m% + 30*)miKo(m,)] + 3(D + F)(3F — D) [— (my + m,)(15m2 4 21m} — 18m,m, + 30%)

o

+ 27(12my — 60mzm; — 18mz0* — 6m; Q% + 30*)H (m,, m,) + 2z(12my — 36mzm;, — 18m; Q0*

— 6m20% +30* — 24m})H(m,, m,,)] }, (A65)
where
] 2m—+/0Q* ) 1 VO —2m N oor — an?
Kolm) = 167:@ (1 2m + \/7> —e)+ 1671'\/@( \/7+2m+ )9<Q ) (AG6)
2 2 m
Hy(m) = m? — % — 4w’ 7 <2m + % > {l - 21n7 —2r(m) (arctan r(}n)>9(4m2 -0%)
- <r(m) ln' 11_—:8:11;‘ - iﬂr(m)>6(Q2 - 4m2)} , (A67)
H(my,my) = 327[2\/— 101) + Fi1(y2) + Fax1) 4 Fa(xo) = F3(21) = F3(22)], (A68)
with

: 279 — 207 ) . ( 20 > . ( -20? ) 1 (ZO -2/0 x)
F =Lph| ———F— ) - L | ————— ), F =-L ——In ,
1(x) =Li, (Zo 20 b — N »(x) i o —2vo) 2 2

. -2y 0 .
O e et e S S I
1
21 = *imy, V12 :_2\/—Q_i( —m2+QZi\/ ml +m2)2][Q2—(ml —mz)z])- (A69)

The dilogarithm or Spence function (polylogarithm function) is defined by

Liy(x) = — A L =) (A70)

t

External leg (wave function) renormalization (including the contributions resulting from renormalizing f to fx in the
leading-order terms)

1

v = 3w+ (D? +3F2) L (5ZN —28Z). (A71)

3fK w

(1) 1 2 2
Wi = P (D? + 3F2)(5Zy — 26Z), (A72)
K
(2D* — 6DF)q*z
Vina) == (02 = 202¢), (A73)
K
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2
(0) 2D* - 6DF B 2 m,
=——(6Zy —256Z A74 Zy=——55 9D+ F)mz| 1l +3In—=
WKN(Q) 3Wf%( (5 N 0. K)? ( ) N 9677:2f%( ( + ) m +5In )
+ (10D? + 18F? — 12DF) %(1 +31In —)
2
Q) 2472
Vo =——|w—(D=F)*—|(6Zy—26Zk), A75
=3 [w (D-F) w]( v=20Z). (ATS) +(D—3F)2mg(1+31n )]
1 m m
6Zg = ——— (m2In 2% 4 2m2 n T 4 m2in 1),
W(l)( ) (D F)? (623 — 2523) (a7 K 3221 <m7z n 2 + 2mj In 1 + my In F >
RV gy e (A79)
1 q*z .
V(Eol)V (q) = o 9w — (D +3 F) ( 57y — 2575, APPENDIX B: THRESHOLD T MATRICES
& We take the relations between the threshold 7" matrices
(A77)  and the scattering lengths: T%N)th =4z(l + mg/M N)aﬁ?N])
and T;{N)h =4z(l + mK/MN) Q. l). The threshold T
0 (D + 3F)? matrix can be obtained through g = 0 when the corre-
we (q) =— ol (6Zy —26Z), (A78)  sponding diagrams are calculated. Here, the one-loop order
"Ik threshold 7" matrices indicated by O(g?) are the same as in
Ref. [15] and not given obviously. The resulting threshold
where T matrices are given by
T\ = [1 gy (D +3F) + mg(dbp + 4by + C; + Cz)] +0(g), (B1)
& 0
0 _mg 3
Txnm = 72 3M0 < BF = D) + (4bp —4by + C4 + C5) | + O(q°), (B2)
(1) mg (1 mg mg 3
TN - {5 " auM, (D = F)* + mg(2bp — 2bp — 4bq) — T(Cl +C -G = Cs)] +0(¢), (B3)

3
7O K {_ ~ K (D £ 3F) = 2mg(3bp + by + 2by) — % (3C, +3C, +Cy4 + CS)} LO(g). (B4

KN th f2 12M,

[1] R. Machleidt and D.R. Entem, Phys. Rep. 503, 1 (2011).

[2] S. Scherer and M.R. Schindler, A Primer for Chiral
Perturbation Theory (Springer, Berlin, 2012).

[3] T. Becher and H. Leutwyler, Eur. Phys. J. C 9, 643 (1999).

[4] J. Gegelia and G. Japaridze, Phys. Rev. D 60, 114038
(1999).

[5] T. Fuchs, J. Gegelia, G. Japaridze, and S. Scherer, Phys.
Rev. D 68, 056005 (2003).

[6] E. Jenkins and A.V. Manohar, Phys. Lett. B 255, 558
(1991).

[7] V. Bernard, N. Kaiser, J. Kambor, and Ulf-G. MeiBner,
Nucl. Phys. B388, 315 (1992).

[8] X.-L. Ren, L. S. Geng, J. Martin Camalich, J. Meng, and
H. Toki, J. High Energy Phys. 12 (2012) 073.

[9] J.M. Alarcon, J. Martin Camalich, and J. A. Oller, Ann.

Phys. (Amsterdam) 336, 413 (2013).

[10] N. Fettes, Ulf-G. Meifiner, and S. Steininger, Nucl. Phys.
A640, 199 (1998).

[11] N. Fettes and Ulf-G. Meifiner, Nucl. Phys. A676, 311
(2000).

[12] H. Krebs, A. Gasparyan, and E. Epelbaum, Phys. Rev. C 85,
054006 (2012).

[13] D.R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, Phys.
Rev. C 91, 014002 (2015).

[14] N. Kaiser, Phys. Rev. C 64, 045204 (2001).

[15] Y.R. Liu and S. L. Zhu, Phys. Rev. D 75, 034003 (2007).

[16] Y.R. Liu and S. L. Zhu, Eur. Phys. J. C 52, 177 (2007).

[17] Z. W. Liu and S. L. Zhu, Phys. Rev. D 83, 034004 (2011).

114033-19


http://dx.doi.org/10.1016/j.physrep.2011.02.001
http://dx.doi.org/10.1007/PL00021673
http://dx.doi.org/10.1103/PhysRevD.60.114038
http://dx.doi.org/10.1103/PhysRevD.60.114038
http://dx.doi.org/10.1103/PhysRevD.68.056005
http://dx.doi.org/10.1103/PhysRevD.68.056005
http://dx.doi.org/10.1016/0370-2693(91)90266-S
http://dx.doi.org/10.1016/0370-2693(91)90266-S
http://dx.doi.org/10.1016/0550-3213(92)90615-I
http://dx.doi.org/10.1007/JHEP12(2012)073
http://dx.doi.org/10.1016/j.aop.2013.06.001
http://dx.doi.org/10.1016/j.aop.2013.06.001
http://dx.doi.org/10.1016/S0375-9474(98)00452-7
http://dx.doi.org/10.1016/S0375-9474(98)00452-7
http://dx.doi.org/10.1016/S0375-9474(00)00199-8
http://dx.doi.org/10.1016/S0375-9474(00)00199-8
http://dx.doi.org/10.1103/PhysRevC.85.054006
http://dx.doi.org/10.1103/PhysRevC.85.054006
http://dx.doi.org/10.1103/PhysRevC.91.014002
http://dx.doi.org/10.1103/PhysRevC.91.014002
http://dx.doi.org/10.1103/PhysRevC.64.045204
http://dx.doi.org/10.1103/PhysRevD.75.034003
http://dx.doi.org/10.1140/epjc/s10052-007-0348-x
http://dx.doi.org/10.1103/PhysRevD.83.034004

BO-LIN HUANG and YUN-DE LI

[18] Z.W. Liu and S.L. Zhu, Phys. Rev. D 86, 034009
(2012).

[19] B. Borasoy and Ulf-G. Meifiner, Ann. Phys. (N.Y.) 254, 192
(1997).

[20] B. Borasoy, Phys. Rev. D 59, 054021 (1999).

[21] J. A. Oller, M. Verbeni, and J. Prades, J. High Energy Phys.
09 (2006) 079.

[22] V. Bernard, N. Kaiser, and Ulf-G. Meifiner, Phys. Lett. B
309, 421 (1993).

[23] V. Bernard, N. Kaiser, and Ulf-G. MeiBner, Phys. Rev. C 52,
2185 (1995).

[24] G.’t Hooft and M. Veltman, Nucl. Phys. B153, 365 (1979).

[25] V. Bernard, N. Kaiser, and Ulf-G. Meifner, Int. J. Mod.
Phys. E 04, 193 (1995).

[26] M. Mojzis, Eur. Phys. J. C 2, 181 (1998).

[27] A. Bouzas, Eur. Phys. J. C 12, 643 (2000).

[28] A. Bouzas and R. Flores-Mendieta, J. Phys. G 28, 1179
(2002).

[29] J. Gasser and Ulf-G. Meifiner, Phys. Lett. B 258,219 (1991).

[30] T. Ericson and W. Weise, Pions and Nuclei (Clarendon,
Oxford, 1988).

[31] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38,
090001 (2014).

[32] M. Hoferichter, J. Ruiz de Elvira, B. Kubis, and U.-G.
MeiBner, Phys. Rev. Lett. 115, 092301 (2015).

[33] J. Dobaczewski, W. Nazarewicz, and P-G Reinhard, J. Phys.
G 41, 074001 (2014).

[34] B.D. Carlsson et al., arXiv:1506.02466.

PHYSICAL REVIEW D 92, 114033 (2015)

[35] W.J. Briscoe et al., SAID on-line program, see http://gwdac
.phys.gwu.edu.

[36] J.S. Hyslop, R.A. Arndt, L. David Roper, and R.L.
Workman, Phys. Rev. D 46, 961 (1992).

[37] R. Armenteros et al., Nucl. Phys. B14, 91 (1969).

[38] R.J. Hemingway, J. Eades, D. M. Harmsen, J. O. Petersen,
A. Putzer, C. Kiesling, D. E. Plane, and W. Wittek, Nucl.
Phys. B91, 12 (1975).

[39] G.P. Gopal, R. T. Ross, A.J. van Horn, A. C. McPherson,
E.F. Clayton, T. C. Bacon, and I. Butterworth, Nucl. Phys.
B119, 362 (1977).

[40] H. Zhang, J. Tulpan, M. Shrestha, and D. M. Manley, Phys.
Rev. C 88, 035204 (2013).

[41] H. Zhang, J. Tulpan, M. Shrestha, and D. M. Manley, Phys.
Rev. C 88, 035205 (2013).

[42] N. Kaiser, P. B. Siegel, and W. Weise, Nucl. Phys. A594,
325 (1995).

[43] E. Oset and A. Ramos, Nucl. Phys. A635, 99 (1998).

[44] J. A. Oller and Ulf-G. MeiBner, Phys. Lett. B 500, 263 (2001).

[45] M. F. M. Lutz and E. E. Kolomeitsev, Nucl. Phys. A700, 193
(2002).

[46] T. Hyodo and D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012).

[47] A.D. Martin, Nucl. Phys. B179, 33 (1981).

[48] H. Kamano, S.X. Nakamura, T.-S. H. Lee, and T. Sato,
Phys. Rev. C 90, 065204 (2014).

[49] Y. Ikeda, T. Hyodo, and W. Weise, Nucl. Phys. A881, 98
(2012).

[50] M. Bazzi et al., Phys. Lett. B 704, 113 (2011).

114033-20


http://dx.doi.org/10.1103/PhysRevD.86.034009
http://dx.doi.org/10.1103/PhysRevD.86.034009
http://dx.doi.org/10.1006/aphy.1996.5630
http://dx.doi.org/10.1006/aphy.1996.5630
http://dx.doi.org/10.1103/PhysRevD.59.054021
http://dx.doi.org/10.1088/1126-6708/2006/09/079
http://dx.doi.org/10.1088/1126-6708/2006/09/079
http://dx.doi.org/10.1016/0370-2693(93)90956-I
http://dx.doi.org/10.1016/0370-2693(93)90956-I
http://dx.doi.org/10.1103/PhysRevC.52.2185
http://dx.doi.org/10.1103/PhysRevC.52.2185
http://dx.doi.org/10.1016/0550-3213(79)90605-9
http://dx.doi.org/10.1142/S0218301395000092
http://dx.doi.org/10.1142/S0218301395000092
http://dx.doi.org/10.1007/PL00021654
http://dx.doi.org/10.1007/s100520000277
http://dx.doi.org/10.1088/0954-3899/28/6/302
http://dx.doi.org/10.1088/0954-3899/28/6/302
http://dx.doi.org/10.1016/0370-2693(91)91235-N
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1103/PhysRevLett.115.092301
http://dx.doi.org/10.1088/0954-3899/41/7/074001
http://dx.doi.org/10.1088/0954-3899/41/7/074001
http://arXiv.org/abs/1506.02466
http://gwdac.phys.gwu.edu
http://gwdac.phys.gwu.edu
http://gwdac.phys.gwu.edu
http://gwdac.phys.gwu.edu
http://dx.doi.org/10.1103/PhysRevD.46.961
http://dx.doi.org/10.1016/0550-3213(69)90346-0
http://dx.doi.org/10.1016/0550-3213(75)90162-5
http://dx.doi.org/10.1016/0550-3213(75)90162-5
http://dx.doi.org/10.1016/0550-3213(77)90002-5
http://dx.doi.org/10.1016/0550-3213(77)90002-5
http://dx.doi.org/10.1103/PhysRevC.88.035204
http://dx.doi.org/10.1103/PhysRevC.88.035204
http://dx.doi.org/10.1103/PhysRevC.88.035205
http://dx.doi.org/10.1103/PhysRevC.88.035205
http://dx.doi.org/10.1016/0375-9474(95)00362-5
http://dx.doi.org/10.1016/0375-9474(95)00362-5
http://dx.doi.org/10.1016/S0375-9474(98)00170-5
http://dx.doi.org/10.1016/S0370-2693(01)00078-8
http://dx.doi.org/10.1016/S0375-9474(01)01312-4
http://dx.doi.org/10.1016/S0375-9474(01)01312-4
http://dx.doi.org/10.1016/j.ppnp.2011.07.002
http://dx.doi.org/10.1016/0550-3213(81)90247-9
http://dx.doi.org/10.1103/PhysRevC.90.065204
http://dx.doi.org/10.1016/j.nuclphysa.2012.01.029
http://dx.doi.org/10.1016/j.nuclphysa.2012.01.029
http://dx.doi.org/10.1016/j.physletb.2011.09.011

