PHYSICAL REVIEW C 88, 035209 (2013)

s

Nucleon resonances within a dynamical coupled-channels model of x N and y N reactions

H. Kamano,' S. X. Nakamura,? T.-S. H. Lee,? and T. Sato*

'Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan
2Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
3Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
4Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
(Received 23 May 2013; published 27 September 2013)

The nucleon resonances are investigated within a dynamical coupled-channels model of 7w N and y N reactions
up to the invariant mass W =2 GeV. The meson-baryon (M B) channels included in the calculations are
MB = 7N, nN, KA, KX, and wx N that has 7 A, pN, and o N resonant components. The meson-baryon
amplitudes Ty gy 5(W) are calculated from solving a set of coupled-channels integral equations defined by an
interaction Hamiltonian consisting of (a) meson-exchange interactions vy gy p derived from phenomenological
Lagrangian and (b) vertex interactions N* — M B for describing the transition of a bare excited nucleon state
N* to a meson-baryon channel M B. The parameters of vy’ ) p are mainly constrained by the fit to the data of
N — 7 N in the low-energy region up to W = 1.4 GeV. The bare masses of N* and the N* — M B parameters
are then determined in simultaneous fits to the data of #N — 7w N up to W = 2.3 GeV and those of tN —
nN,KA,K¥ and yN — 7N, nN, KA, K¥ up to W = 2.1 GeV. The pole positions and residues of nucleon
resonances are extracted by analytically continuing the meson-baryon amplitudes Ty 5 pp(W) to the complex
Riemann energy surface. From the extracted residues, we have determined the N* — n N, yN,nN, KA, KX
transition amplitudes at resonance poles. We compare the resonance pole positions from our analysis with those
given by the Particle Data Group and the recent coupled-channels analyses by the Jiilich and Bonn-Gatchina
groups. Four results agree well only for the first N* in each spin-parity-isospin (J©, I) channel. For higher mass
states, the number of states and their resonance positions from four results do not agree well. We discuss the
possible sources of the discrepancies and the need of additional data from new hadron facilities such as the Japan

Proton Accelerator Research Complex.
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I. INTRODUCTION

One of the important problems in hadron physics is to
understand the structure of the nucleon within quantum
chromodynamics (QCD). Because the nucleon is a composite
particle, its properties are closely related to the spectrum
and the structure of its excited states. From the available
data, we know that all of the excited nucleon states (denoted
collectively as N*) are unstable and couple strongly with the
meson-baryon continuum states to form resonances in 7 N and
y N reactions. Therefore, the study of the N* resonances in 7 N
and y N reactions has been a well-recognized important task
in advancing our understanding of the structure of baryons. It
can also provide important information for understanding how
the confinement and chiral symmetry breaking emerge from
QCD.

In this work, we report on the results from an investigation
of N* resonances with an extension of the dynamical coupled-
channels (DCC) model developed in Ref. [1]. Schemati-
cally, the following coupled-channels integral equations in
each partial wave are solved within the DCC model of
Ref. [1],

Tg.o(pgs Pas W) = Vg o(pg, Pas W)
+ Z/pzdeﬂ,y(pﬂ,p;W)
Y
x G, (p; T, o(p, pa; W), (1)
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with

N s (PR N a(Pa)
W — MY,

r
Vea(Pps Pas W) = Vg.a(Pg, Pa) + Z ,
N*

(@)

where o, B, § =y N,nN,nN,and wz N that has the unstable
A, pN, and o N components, Gs(p; W) is the Green’s
function of the channel §, Mz(\)/* is the mass of a bare excited
nucleon state N*, vg, is defined by the meson-exchange
mechanisms, and the vertex interaction I'y-, defines the
a — N* transition. We describe in Sec. Il how Egs. (1) and (2)
can be cast into a form that is most convenient for extracting
the nucleon resonances from the amplitude Tg (pg, pa; W).
In the past few years, we have applied this DCC model to
analyze 7w N and y N reactions with 7 N [2-4], nN [5], and
N [6,7] final states. The method for extracting the nucleon
resonances within the considered DCC model was developed
in Refs. [8,9] with the results presented in Refs. [9-11].
During this developing stage, the DCC model parameters were
not determined by simultaneous fits to all of the considered
data. In addition, the very extensive data of KA and KX
photoproduction reactions were not included in the analysis.
As a step in improving our analysis, we have extended these
earlier efforts to perform a combined analysis of the available
dataforr N, yN — N, nN, KA, and K X. The purpose of
this paper is to report on the results from this effort.
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The starting point of our analysis is to extend the model,
defined by Egs. (1) and (2), to include the KA and KX
channels. We then apply the same numerical procedures
detailed in our previous publications [1-3,8,9] to perform the
calculations. Our main effort is to determine the parameters
of the interactions Vg, of Eq. (2) by fitting simultaneously
all of the rather extensive data, as explained later. The
nucleon resonances are then extracted from the resulting
model by using the analytic continuation method developed in
Refs. [8,9].

The extraction of nucleon resonances has a long history
and several different approaches have been developed. To
see the main features of our approach, as well as the other
dynamical models [ 12-20], we briefly discuss how the nucleon
resonances are extracted by the other analysis groups. It is
common to parametrize [21-29] the partial-wave amplitudes
in terms of polynomial functions, the Breit-Wigner forms, the
tree diagrams of phenomenological Lagrangian, or various
combinations of them. The K-matrix method is used in these
analyses to unitarize the constructed amplitudes. In most
cases, the resulting forms of partial-wave amplitudes depend
algebraically on the energy variable W and hence it is rather
efficient numerically to fit the data and extract the resonances.
The analyses [30-32] based on the unitary Carnegie-Mellon-
Berkeley model also only involve solving algebraic equations
in extracting the resonances from the partial-wave amplitudes.
In an approach based on a DCC model, such as the one defined
by Egs. (1) and (2), the partial-wave amplitudes are calculated
by solving a set of coupled-channels integral equations. Thus,
the computation effort needed in fitting the meson production
data is considerably more complex than that of the K-matrix
analyses. Furthermore, the resulting partial-wave amplitudes,
defined by the coupled-channels integral equations such as
Egs. (1) and (2) used in our analysis, have complicated analytic
structure and must be analyzed carefully to develop a correct
procedure for extracting the nucleon resonances.

Compared with the models [21-24,30-32] with polyno-
mial parameterizations of the partial-wave amplitudes, our
approach, as well as all dynamical models, have an important
constraint in fitting the data. In the polynomial fits, the
parameters in each partial wave of each channel are adjusted
independently. However, the dynamical models have much
less freedom in adjusting the parameters to fit the data because
the partial-wave amplitudes in all partial waves and in all
reaction channels are related to the same parameters of the
meson-exchange mechanisms.

Obviously, a DCC approach is much more complex and
difficult than the other approaches [21-32]. This, however, is
needed to investigate the dynamical origin and the internal
structure of the nucleon resonances. As can be seen from
the ingredients of the interaction Vg o(pg, pe; W) in Eq. (2),
the dynamical model considered in our approach is aimed
at exploring a question whether a nucleon resonance can
be interpreted as a system of a core state surrounded by a
meson cloud, a moleculelike meson-baryon state, or a mixture
of them. Such an interpretation has been obtained for the
A (1232) resonance in various meson-exchange models of
N and yN reactions up to W = 1.3 GeV. An example
can be found in Ref. [15], where A(1232) was interpreted
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as a baryon made of a core state and a pion cloud. The
resulting core state can be identified, qualitatively, with the
A of a hadron structure model with only constituent-quark
degrees of freedom. Our earlier DCC analysis [10,11] has also
provided useful information on the dynamical origin of the
Roper resonance and has provided an interpretation of the
mass of the first excited nucleon state with isospin-spin-parity
I1(J?) = 1/2(1/2") predicted by most of the hadron structure
models such as the model based on the Dyson-Schwinger
equation of QCD [33]. The DCC analysis performed in this
work is a necessary step toward improving our understanding
of the dynamical origins and the structure of all nucleon
resonances with mass below 2 GeV.

In Sec. II, we briefly describe the formulation of the DCC
model used in our analysis. The formula for extracting nucleon
resonances developed in Refs. [8,9] are reviewed in Sec. III.
The procedures for determining the model parameters are
explained in Sec. IV. The fits to the data are presented and
discussed in Sec. V. The extracted nucleon resonances are
given in Sec. VI. In Sec. VII, we discuss the possible future
developments. For completeness, we also explain the essential
details of our calculations in Appendixes A—D. The determined
model parameters are given in Appendix E.

II. DYNAMICAL COUPLED-CHANNELS MODEL

Because the formulation of the DCC model employed in
this work has been given in detail in Refs. [1-4,6,7], here we
only briefly describe the relevant equations that are needed
to define the notations for presenting our results. We also
indicate several improvements we have made for performing
the combined analysis of pion- and photon-induced = N, nN,
K A, and K X production reactions.

A. Hadronic amplitudes

Within the formulation of Ref. [1], we apply the projection
operator method [34] to cast the partial-wave components of
the T-matrix elements of tlle meson-baryon reactions, M (k) +
B(—k) — M'(K') + B'(—k"), into the form

Typ mpk' ks W) = tyrp mp(k' ks W)+ IAI;,B,’MB(]C/, k; W),
3

where W is the total energy, k and k” are the meson-baryon rel-
ative momenta in the center of mass frame, and M B, M'B’ =
aN,nN,nA,pN,oN, KA, KXY are the reaction channels
included in this analysis. [The label “M B” also specifies
quantum numbers (spin, parity, isospin, etc.) associated with
the channel M B.]

The “nonresonant” amplitude ty g pp(k’, k; W) in Eq. (3)
is defined by a set of coupled-channels integral equations,’

'Because of the perturbative nature of the electromagnetic interac-
tions, it is only necessary to solve the coupled-channels equations
in the channel space excluding the y N channel. The yN — = N
amplitude up to the order of e = /47 /137 can then be calculated
perturbatively, as can be seen in Sec. II B.
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TABLE 1. Branch points of the meson-baryon
Green’s functions Gy p(k; W) for unstable chan-
nels MB=mA,oN, pN. For the calculation of
the Green’s functions, we take my = 938.5 MeV
and m, = 138.5 MeV.

Branch point (MeV)

TA (1211.5 — i55.0) + m,
oN (483.7 —i185.8) + my
(1032.3 — i247.7) + my

oN (765.5 —i75.0) + my

tmp ek’ ks W)
= Vs upk',k; W)

>
=

X Gy (K"s Wtyrgr mp (K", ks W). 4

Here Cy»pr is the integration path, which is taken from O to
oo for the physical W; the summation ) ,,, runs over the
orbital angular momentum and total spin indices for all M B
channels allowed in a given partial wave; Gy pr(k; W) are
the meson-baryon Green’s functions. Defining E,, (k) = [m?2 +
k?1'/? with m,, being the mass of a particle «, the meson-baryon
Green’s functions in the above equations are

1

K"2dK" Vi g s (K K" W)

Cyrgn

Guplk; W) = , 5
mp(k: W) = 5 Epy(k) — Eg(k) + i€ )
for the stable 7 N, nN, K A, and K ¥ channels, and
1
Gupk; W) = (6)

W — Ey(k) — Eg(k) — Zyp(k; W)’

for the unstable 7 A, p N, and o N channels. The details of the
self-energy X p(k; W) in Eq. (6) are given in Appendix A.
The branch points of the meson-baryon Green’s functions
Gy p(k; W), as defined by zeros of the denominator of Egs. (5)
and (6), are related closely to the search of resonance positions
on the complex energy surface, as explained in Sec. III.
In Table I, we list the branch points of the m A, pN, and
o N channels within the model considered here.
The driving terms of Eq. (4) are

Virs s, ke W) = v sk, &) + Zigg 1 p (K ks W).
@)

Here the potentials vy p pp(k’, k) are meson-exchange in-
teractions derived from the tree diagrams, as illustrated in
Fig. 1, of phenomenological Lagrangian. Within the unitary
transformation method [15,35-37] used in the derivation, those

FIG. 1. Meson-exchange mechanisms.
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(E)
ZM’B’,MB

FIG. 2. Z-diagram mechanisms.

potentials are energy independent and free of singularities. In
Appendix B, we list the Lagrangian used in our derivations.
The resulting forms of vy p pp(k’, k) and their partial-wave
expansions are given in Appendix C.

The energy-dependent 2515')3/. upk' ks W) terms in Eq. (7),
as illustrated in Fig. 2, contain the moving singularities owing
to the three-body mwsw N cut. These Z-diagram terms were
neglected in the fit of Ref. [2] and are now included in this
combined analysis. With this inclusion of the Z-diagram terms,
we have confirmed that our model satisfies the three-body
wr N unitarity perfectly within the numerical accuracy. The
procedures for evaluating the partial-wave matrix elements of
ngf/)sa up(k', k; W) are explained in detail in Appendix E of
Ref. [1].

The second term on the right-hand-side of Eq. (3) is the
N*-excitation term defined by

tys sk ks W)

= Y s K WIDW) Dz s (s W), (8)
N}, N

Here the dressed N* — M B and M B — N* vertices are,
respectively, defined by

Cuypne(ks W) = Ty - (k)
+ Z /qqul‘MB,M'B/(k,CﬁW)
M'B
X Gyp(q, W'y n+(q), 9
e mp(ks W) = Tye mp(k)
+ Z/qqurN*.M’B/(Q)
M'B
X Gyp(q, Wity s mp(q, k; W), (10)

with "y p n+(k) being the bare N* — M B decay vertex [note
that Ty« yp(k) = FLB,N* (k)]; the inverse of the dressed N*
propagator is defined by

(D™ W)l = (W = M) 80 — [En- (Wl (1)

where MY, is the mass of the bare N* state and the N* self-
energies X y+(W) are given by

(Ze W)l = 3 [ BTt
mB Y Cus

X Gypks W)Ly vy (ks W) (12)

We emphasize here that the N* propagator D(W) can have
oft-diagonal terms owing to the meson-baryon interactions.
Equations (3)—(12) define the DCC model used in our
analysis. In the absence of theoretical input, the DCC model,
as well as all hadron reaction models, has parameters that
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can only be determined phenomenologically from fitting the
data. The meson-exchange interactions vy p up depend on
the coupling constants and the cutoffs of form factors that
regularize their matrix elements. While the values of some
of the coupling constants can be estimated from the flavor
SU(3) relations, we allow most of them to vary in the fits. The
s-channel and u-channel mechanisms of vy p pp (v and v*
in Fig. 1) include at each meson-baryon-baryon vertex a form
factor of the form

A2 2
Z2+A2> ’

with k being the meson momentum. For the meson-meson-
meson vertex of -channel mechanism (v"), the form Eq. (13) is
also used with &k being the momentum of the exchanged meson.
For the contact term (v°) we regularize it by F (lg’, AF (l;, A).
The bare vertex functions in Egs. (9) and (10) are parametrized
as

Fk, A) = ( (13)

1
——CuBLs),N*

Qm)¥2 fmy

2 (2+L/2) L
% & L (14)
A%+ k2 my)

where L and S denote the orbital angular momentum and
spin of the M B state, respectively. All of the possible (L, S)
states in each partial wave included in our coupled-channels

Cypws)n(k) =
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calculations are listed in Table II. The vertex function (14)
behaves as kX at k ~ 0 and k=* for k — oo. The coupling
constant Cyp(zs). N+ and the cutoff Ay~ are adjusted along
with the bare masses Mg,* in the fits. It is noted that in our
early analysis [2], the different cutoffs were introduced for
each M B(LS) state of a given bare N*, and those were allowed
to vary independently in the fit. In this analysis, however, we
use a single cutoff A y~ for all M B(LS) states. This drastically
reduces the number of parameters associated with the hadronic
interaction of the bare N* states.

B. Electromagnetic amplitudes

With the hadronic amplitudes tyy g (K", k; W) defined in
Eq. (4), the partial-wave amplitudes for the v(@) + N(—q) —
M'(k’) + B’(—k’) reactions are expressed as [1]

Twp vk, q; W) =typ v, q; W)+ fﬁrlggy]v(k/, q;: W),
(15)
with
tmwpyNK, gs W) = vyp yn(K, q)

+ /Pzdp twe mp (K, ps W)
oyt

x Gy (ps Wivm g yn(p, q), (16)

TABLE II. The orbital angular momentum (L) and total spin (S) of each M B channel allowed in a given partial wave. In the first column,
partial waves are denoted with the conventional notation l,;,;, as well as (1,J 7).

Loy (1, J7)

(L, S) of the considered partial waves

TN nN TA oN pN KA KX
(&) (T &) (o N (PN), (pN)3
Su(l,3) ©, 3) ©, %) 2.3 - (1,3 ©, %) 2.3 - ©, %) ©, 3)
S513.3) ©. 3) - 2.3 - - ©. %) 2.3 - - ©, 3)
Py (1,49 (1,3 (1,3 (13 - ©, %) (1,3 (13 - (1,3 (1,3
Pi3 (1, %+) (1,3 (1,3 (1,3 (.3 2.3 (1,3 (1,3 (3.3 (1,3 (1,3
Py (3,1 (1,5 - a3 - - (b (1,3 - - (1,5
P33 (3, %+) (1,3 - (1,3 (.3 - (1,3 (1,3 (3.3 - (1,3
AR S R R Bt SO+ S R S
1555 3 > 2 2 2 2 2 2 2 02 2 2
D3 (3,3) 2.3 - ©, 3 2.3 - 2.3 ©,3) 2.3 - 2. 3)
Dss(3,3) 2.3 - @23 4. 3) - @3 2.3 4. 3) - 2.3
Fis (1, §+) (.3 G.3) (13 (.3 @3 3G.3) (1,3 (3.3 G.3) G.3)
Fp (1,14 Gh a6 3,3 5,3 @b 3. b 3,3) G 3 eh ab
F35 (3, §+) 3.3 - (13 3.3) - 3.3 (1,3) (.3 - 3. 3)
F3 (3, %+) 3.3 - (3.3 (5.3) - (3.3 3.3 (.3 - 3. 3)
Gr(1,17) @h @ @3 @, 3) 3. b @b 2, 3) @3 @hH  @h
G (1, %:) 4. 3) 4. 3) 4.3 (6, 3) (. %) 4. 3) 4. 3) ©.3 4. 3) 4, 3)
Gy (3,3) . 3) - 2.3) .3 - “. 5 2.3 “.3 - )
Gy (3.3) 4, 3) - C 6, 3) - )] 4, 3) ©.3 - 4, 3)
Hyo (1, %Jr) (.3 (5.3 (3.3 (5.2 (X)) (C)) (.3 5.3 5.3 (. 3)
Hx(3.3) G, 3) (. %) (.3 (. 3) - (. %) 3.3 6.3 - G, 3)
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tig oK @ W) = Ty (ks WLD(W)]

n,m

x T yn(q; W), (17)

I:N*,yN(q; W) = IﬂN*,yN(q)

+ Z/PzdPFN*,M'B'(P)

M'B’
X Gup(p, Witwp yn(p,q; W).  (18)

Here vy p,, n is the meson-exchange potential for the y N —
M B processes, and f’N*,yN(q; W) is the dressed yN — N*
vertex (Fig. 3). The procedures for calculating vy p,,y are
detailed in Ref. [1] and also given here in Appendix D. In the
latter, the ingredients associated with K'Y channels are newly
added.

For the bare y N — N* vertex, we depart from the simple
parametrization given in Ref. [1] and write it in the helicity
representation as

1 mN QR N*
I'y+ =— | ——— [ — A, ), (19
vV D= G En @ gl O 19

where 4, (Ay) is the helicity quantum number of the photon
(nucleon) and g and g are defined by My« = qr + En(qr)
and W = qo + En(gq), respectively. The helicity amplitudes
AN in the above equation are related to the multipole

amplitudes EY and M}, of yN — N* processes as
/() . .
Aév/zzT[—MH +EY ], (20)
« 1 « .
AV, = _E[IM,{VF +(+2EN ] (1)

forj=141/2,and

JU-DU+1

AV, = - e

(MY + EY], (22)

. 1 * *
Al = 5[0+ DM —a - DEY], (23)

for j =1 — 1/2. The multipole amplitudes are parametrized

as
I em.)2 2\ @H/2
. q AGE) +m ~
MY (q) = (—) ((Nm)—zz) MY, (24)
M V) +a

(A

= w

T
o =
TP .

FIG. 3. Dressed yN — N* vertex defined by Eq. (18).
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[2+(£1)/2]

vy (4 (a5 4 m -

Ej(q) = 2 EjL,
7 (A§™)" +¢2

(25)

where the cutoff ASY and the coupling constants Ml]i
and E) are determined in fitting the data. One significant
difference between this work and our previous analysis [3]
is that the multipole amplitudes, or equivalently the helicity
amplitudes, for the y N — N* processes now have momentum
dependence. To compare with our previous works [15] on
A(1232), however, we depart from the above parametrization
and use the following forms for the first bare state in Ps3:
AlstP33 \/5

2 "= Xy A[GI (0 = (1= NG (0)], (26)

1
Al ~ay A[G3F©O) — (1 + NG 0], @7

Wg W
A= [Wag Whmy (28)
sz nmy MN*—i—mN
W — 2
N:2<—mN) , (29)

MN* — my
where G;LL(O) = 1.85 and G%L(O) = 0.025 [15]. The factors
XAy, and xa,, in Egs. (26) and (27) are treated as free
parameters in our fitting processes.

with

III. EXTRACTIONS OF NUCLEON RESONANCES

‘We follow the earlier works [38,39] to define that a nucleon
resonance with a complex mass My is an “eigenstate” of a
Hamiltonian H lel\f*) =M R|lﬂ1{$*) under the so-called outgo-
ing boundary condition. Then from the spectral expansion
of the Low equation for reaction amplitude T(W) = H' +
H'(W — H)"'H’, where we have defined H' = H — Hy, with
H, being the noninteracting free Hamiltonian, we have

TM’B’,MB(k?mB'a k?WB; W — MR)
(kg | B9 - | B[R 5)

= 30
W - Mg + (30)

where k?,, g and k(l,),,, g are the on-shell momenta defined by

W = Ey(ky ) + Es(kyy3) = Es(kyyp) + Ep (kK3 50)-
€2))

Therefore, the resonance masses Mpr can be defined
as the pole positions of the meson-baryon amplitude
Tvp m B(k?u, B kg,, 5> W) on the complex Riemann W surface.
Because of the quadratic relation between the energy and
momentum variables, each M B channel for a given W can
have a physical (p) sheet characterized by Im(kffd g) > Oand an
unphysical (z) sheet by Im(k?,, g) < 0. Like all previous works,
we only look for the poles close to the physical region and/or
having large effects on scattering observables. All of these
poles are on the unphysical sheet of the 7w N channel, but could
be on either (1) or (p) sheets of other channels. To find the

035209-5



H. KAMANO, S. X. NAKAMURA, T.-S. H. LEE, AND T. SATO

resonance poles, we analytically continue Egs. (3)-(12) to the
complex W plane by using the method detailed in Refs. [8,9].
The main step is to choose appropriate momentum-integration
paths in solving Egs. (3)—(12).

As derived in Refs. [8,9], we can write Eq. (30) in
terms of #yyp pp(k’, k; W), which is the solution of Eq. (4),
tR 5 upk's ks W) defined by Eq. (8), and Typ n+ [[y+ ]
defined by Eq. (9) [Eq. (10)]. Explicitly, as the energy
approaches a resonance position in the complex W plane, the
total meson-baryon amplitudes can be written as

Tows.ms(kypp o kayps W — Mg)

= Ryrp mp(Mg)
= By p Mgp)+ —————, 32
w B, mB(Mg) W — My (32)

where the on-shell momenta kR , and k¥, ., are defined by
Eq. (31) with W = My, and

Burg (M)
= tus ms(Kypp kyggs Mr)
+i[(W M)ty s (K Kgss W)y 33)
Ryw mp(Mg) = T (ki MR)T 35 (ki Mi),  (34)
with

fﬁB(kﬁBv MR) = Z Xil:MB.Nf (k,ﬁ,B, MR). (35)

i

Here x; represents ith “bare” resonance component of the
dressed N* and satisfies

Y DT MR)lix; = Y [(Mg — My:)8i — (Mr)ij ]
J J
=0. (36)
If there is only one bare N * state, with D™'(W) = W — My. —
3 (W), it is easy to see that
1
(37)

AV = 7

where X' (Mg) = [dZ/dW lw=pm,-
With the normalizations we employ, the S matrix in each
partial wave is related to Ty gy p(kSy 5, kS 53 W) by

Sup mB(W) =8y mp + 2i Fyprpr mp(W), (38)

where
Fyrp (W)
= —Loms W Tar g s (K3 o Ky s W) Loas(W)1'2,
(39
with
kO Eu (k9 . )Ep (KO

For the later use, we denote the residue of the
scattering amplitude Fypp yp(W) at a resonance pole
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as Ryp' mB,

Swp .mp(W — Mg) — Sy up

Fyrp mp(W — Mpg) =

2i
_ _[RWME/’AZ?]WHMR' @1
From Egs. (32), (34), (38), (39), and (41) we have
Rwp mp = [PM/B'(MR)]I/ZFR/Br(kﬁrgu MR)

x Pnp (kg Mr)lous(Mp)I'2. (42)

Here it is noted that we have fixed a sign freedom of x; in
FﬁB(kMB, Mp) in such a way that f‘fN(ka, Mp) is given
by [pan(Mp)'TR (kEy. M) = [Rey xn]"? with —7 <
arg(R,y.»n) < m. The N elasticity of a resonance is then

defined as
|Ren, x|
Me = — oo (43)
—Im(Mpg)

With a similar procedure, we have the helicity amplitudes
of yN — N* at the resonance pole My as [9]

Asp=C X Tfy(Mg,hy = LAy = —1/2),  (44)
Ayp=Cx I_‘}I,QN(IVIR,M =—Liy=-1/2), (45

where Ay and A, are the helicities of the initial nucleon and
photon, respectively, and

EN(q \/ QJR + 1)<2n>3<2qo>
C = , 46
v V2K (46)

where J® is the spin of the resonance state, go = |G|, and

= (Mg — m3)/2Mp).

IV. FITTING PROCEDURES

The model parameters specified in Sec. Il are determined by
fitting the data of pion- and photon-induced 7 N, n N, K A, and
K ¥ production reactions off a proton. One of the difficult tasks
in the analysis is to decide the data we fit. Forthe tN — 7 N
data, we rely on the database of SAID [40]. For simplicity, we
fit their single energy solutions of 7 N partial-wave amplitudes

TABLE III. Number of the data points of 7 N — 7 N amplitudes
included in our fits. The data are from a SAID analysis [40].

Partial wave Partial wave

Sll 65 x 2 S31 65 x 2
Pll 65 x2 P31 61 x2
P13 61 x 2 P33 65 x 2
D|3 61 x2 D33 59 x2
D15 61 x2 D35 40 x 2
Fis 48 x 2 Fss 43 x2
F17 32x2 F37 44 x 2
G17 42 x 2 G37 32x2
G]g 28 x 2 G39 32 x2
ng 34 x2 H3g 31 x2
Sum 994 944 1938
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TABLE IV. Number of data points of hadronic processes included
in our fits. See Refs. [5,23] for the data references.

do/dQ2 P B Sum
TTp—>np 294 - - 294
7 p— K°A 544 262 43 849
7 p— K'%° 160 70 - 230
atp— Kt¥t 552 312 7 871
Sum 1550 644 50 2244

instead of fitting the original w N elastic scattering data. There
is always a question on whether this is a reliable procedure. We
justify this by observing that the w N partial-wave amplitudes
determined by using a very different approach based on the
dispersion-relations [41,42] are not so different from that of
SAID. Thus, the SAID amplitudes, which are extracted from
much more data than the previous analyses, can be considered
as fairly reliable representations of the original w N elastic
scattering data (about 30 000 data points as compiled in SAID).

In this work, we want to determine the spectrum of the
N* resonances with masses only up to 2 GeV and widths
less than 400 MeV. Because the N* resonances can affect
the observables over the energy range of their widths, we
include the data of TN — 7N up to W = 2.3 GeV to make
sure that the N* resonances with masses near about 1.9 GeV
are properly identified within our model. In Table III, we
list the data points of the SAID energy-independent solutions
included in our fits. In the fitting process, we check the resulting
parameters by comparing the predicted observables with the
original 7 N scattering data.

For the data of 7N - nN,KA,K¥X and yN —
nN,nN, KA, KX, we use the database of the Bonn-Gatchina
group [23] with some differences: (i) we only include the data
up to W = 2.1 GeV; (ii) following the discussion in Ref. [5]
(the references of the data are also found in Ref. [5]), the
data for m~ p — nn differential cross sections used in our
analysis are different from those of Bonn-Gatchina group;
and (iii) we include the new data of the polarization G of
yp — n%p from CBELSA/TAPS Collaboration [43]. The
dataof tN — nN, KA, KX andyN — 7N, nN, KA, KX
included in our fit are listed in Tables IV and V. It is known
[44,45] that the determinations of the multipole amplitudes
of pseudoscalar meson photoproductions need at least eight
observables, i.e., do/d<2, X, T, P, and appropriately chosen

PHYSICAL REVIEW C 88, 035209 (2013)

four double-spin polarizations. We see from Table V that
the polarization observables, in particular the double-spin
polarizations, do not have enough data points. Thus, it is rather
difficult to fit these data because they have much less weights
in the x2-minimization processes.

We next discuss how we perform the minimization of x2.
We follow the most commonly used definition,

[OmOdel(Wi» 9]-) — O™ (W;, ej)]z
[30°-(W,. 6,1

NCY
0 ij

where O™%(W;, 0;) is the observable O at energy W; and
angle 6; calculated from our DCC model, while O*?(W;, 6;)
and 6O (W,;, 6;) are the central value and the statistical
error of the experimental data, respectively. (Note that the 7 N
partial-wave amplitudes depend only on the energy.) There
are more sophisticated minimization procedures accounting
separately for the systematic and statistical errors. Thus, some
of the discrepancies between our final results and the data, as
presented in the next section, could be partly attributed to our
use of Eq. (47) for x2. Such a more careful fitting procedure
will be desirable when we move to our next analysis including
more complete data from future experiments, as discussed
later.

In the absence of theoretical input, our main challenge is to
determine the bare N* mass M,?,*, the strong N* — M B bare
vertex functions defined by Eq. (14), and the electromagnetic
N* — y N bare vertex functions defined by Eq. (19). For each
partial wave, the number of the N* parameters contained is
Ny« x 3+ N3t + N&™). Here Ny- is the number of the
bare N* states included in the partial wave, and the numbers
in the parentheses are those of the parameters each bare N*
state has: 3 comes from the bare mass M. and the cutoffs
Ay« and A§T of the hadronic and electromagnetic decay
vertex functions, and N3 (NS™) is the number of coupling
constants of the hadronic (electromagnetic) interactions, which
canbe 5 < N5 < 10 (NS™ = 1 or 2). We thus face a many-
parameters problem in fitting the data, which is also present in
all existing coupled-channels analysis of nucleon resonances.
This common problem poses difficulties in assigning the errors
for the determined model parameters.

Here we have additional difficulties owing to the long
computation time in solving the coupled-channels integral
equations (4), as mentioned in the previous sections. We thus
follow all previous works on dynamical model analyses and
do not try to resolve this difficult problem here. We therefore

TABLE V. The number of data points of photoproduction processes included in our fits. See Refs. [23,43] for the data references.

do/d2 z T P E G H O, Oy C, C, Sum
yp — n'p 4381 1128 380 589 140 125 49 7 7 - - 6806
yp—>7wtn 2315 747 678 222 231 86 128 - - - - 4407
yp — np 3221 235 50 - - - - - - - - 3506
yp —> KA 800 86 66 865 - - - 66 66 79 79 2107
yp — K30 758 62 - 169 - - - - - 40 40 1069
yp — K%+ 220 15 - 36 - - - - - - - 271
Sum 11695 2273 1174 1881 371 211 177 73 73 119 119 18166
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FIG. 4. (Color online) Partial-wave amplitudes of 7 N scattering with isospin / = 1/2. Upper (lower) panels are for real (imaginary) parts
of the amplitudes. Red solid curves, current results; green dotted curves, results from our previous analysis [2].
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FIG. 5. (Color online) Partial-wave amplitudes of 7 N scattering with isospin I = 3/2. Upper (lower) panels are for real (imaginary) parts
of the amplitudes. Red solid curves, current results; green dotted curves, results from our previous analysis [2].

035209-9



H. KAMANO, S. X. NAKAMURA, T.-S. H. LEE, AND T. SATO

+ +
nmp —>Tp

Tp — Tp

PHYSICAL REVIEW C 88, 035209 (2013)

- 0
Tp —>Tn

40 — T T T 3 T T 10 T L
% |1153Mev  H235MeV 1153 MeV  |1235 MeV 1158 MeV 1232 MeV
O
Exl —+ 15+ + s 5k .
a .
3 .
s - - - - | - J-
~ k
0 :JJ — 0 ——== — 0 . —
7 [1320Mev 1443 MeV [1320MeV  |1443 MeV 1320 MeV 1449 MeV
e
E (|5
515 —+ s 2 F . s
3
o} I '—_v'
=l
0 —F= \,‘ : 0 —— — :
0 _1535 MeV __1643 MeV _1535 MeV __1641 MeV _.1630 MeV
£
s |=
= = i i
a 4
2
o}
kS
0 ; : ; : ;
0 1755 MeV (1847 MeV 1753 MeV 1847 MeV | 11898 MeV
O
E 4
S 8F 8 ? . - - A
3
= L 1 .
o
0 0 === ——
% [1958Mev  |2057 MeV 1959 MeV  |2047 MeV 12066 MeV
5 .
£ . s 8 . s
: \ i‘\ —
3
5 1 . L
o
0 ; 0 = 0 .
0 90 0 90 180 0 90 0 90 180 0 90 0 90 180
0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

FIG. 6. (Color online) Differential cross section do/d2 of 1N — m N. Red solid curves, current results; green dotted curves, results from
our previous analysis [2]. The corresponding values of W are indicated in each panel. The same applies to the rest of figures.

are not able to provide the errors of the determined resonance
parameters. This must be improved in the future.

Owing to the many-parameters problem mentioned above
and the limitation of the current computation power in the x>
minimization, it is practically not possible to get convergent
results if all of the model parameters are allowed to vary
simultaneously in the x?-minimization processes. We there-
fore take the following strategy. First we determine the
parameters associated with the meson-exchange potentials
vy .mp to some extent. The parameters associated with
the bare N* states are then determined. In the latter step
the parameters of vy p yp may be varied only when it is
necessary to fine tune the fits. This two-step procedure is
essential because the most time-consuming part of the compu-
tation is to calculate the meson-exchange amplitude ¢y p' »5
from the meson-exchange potentials vy p pp by solving the
coupled-channels equations (4). Hence, the computation time
is drastically increased if the parameters of vy gy are varied
in the x2-minimization processes.

Concretely, our fitting procedure is as follows. Guided by
the success of the meson-exchange models [12-20] in the
A(1232) region, we first adjust the parameters associated
with the meson-exchange potentials vy p pp to fit the data
of the w N partial-wave amplitudes at low energies with
W < 1.4 GeV, where one bare N* state in the P33 partial

wave is included to incorporate the A(1232) contribution.
Fortunately, we find that most of the parameters in vy p' pmp
are heavily constrained by the & N partial-wave amplitudes at
low energies and do not have to be varied too much in the later
fitting processes. Once a good 7 N partial-wave amplitudes in
the W < 1.4 GeV region is obtained, we extend the fits of the
amplitudes to W = 2.3 GeV by including the bare N* states
in each partial wave. To minimize the number of the bare N*
states, we first include only one bare N* state in each partial
wave and try to fit the data of the w N partial-wave amplitudes
in the entire considered energy region by adjusting its bare
mass, MI(\),*, and vertex function parameters, Cy+ yp(s) and
A y+. If this fails, we then also allow the parameters associated
with vy p yp to vary in some limited ranges. If this fails
again, we then include one more bare N* state in some partial
waves and repeat the process. After completing the fit of the
m N partial-wave amplitudes, we extend our global fit step
by step: first include the w N reaction data of Table IV, and
then include the y N reaction data of Table V. This procedure
has to be repeated many times to make sure that we have
reached the limitation of the model in the x> minimization. The
resulting masses, coupling constants, and cutoff parameters for
the meson-exchange potentials are given in Tables XI-XIII of
Appendix E. We find that the considered data can be fitted
to a very large extent with one or two bare N* states in
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FIG. 7. (Color online) Target polarization P of t N — m N. Red solid curves, current results; green dotted curves, results from our previous

analysis [2].

each partial wave. All the resulting cutoff parameters for the
nonresonant and N* interactions are in the range of 500-2000
MeV, which are similar to those in typical meson-exchange
models [12-20].

As seen in Tables III-V, the numbers of the data points of
each reaction are very different. The observables with much
fewer data points are hard to fit because they have little effects
on x’ minimization. Thus, in calculating Eq. (47) for the
fitting, we need to put “artificial” weights on x? for those
observables such as polarization observables. This procedure,
which is highly undesirable, is, however, necessary before
those data become more extensive. Also for this reason, we
cannot give meaningful x? values. To show the quality of our
fits, in the next section we present detailed comparisons with
the data for all processes considered. Hopefully, the situation,
in particular the scarce data for the pion-induced inelastic
reactions, can be improved with new experiments at the Japan
Proton Accelerator Research Complex (J-PARC).

V. RESULTS

In this section we present the results from our fits to 22 348
data points listed in Tables III-V. The resulting values of
the model parameters are presented in Tables XI-XVI of
Appendix E. The formulas for calculating the considered

observables of the tN,yN — N, nN, KA, K¥ from the
partial-wave amplitudes defined in Sec. II can be straightfor-
wardly derived following the formulas given in Refs. [1,44]
and will not be given here. Here it should be noted that
in the literature various notations have been employed for
the polarization observables of pseudoscalar photoproduction
reactions (see Ref. [46] for the summary of such notations
used by different analysis groups). In this work, we follow the
notation defined in Ref. [44]. In the following sections, we
discuss separately the results for each considered reaction.

A. N - N

In Figs. 4 and 5, we present our results for the tN — 7 N
partial-wave amplitudes up to W = 2.3 GeV. Clearly, very
good fits to the data of SAID [40] have been obtained.
Comparing with the green dotted curves of our previous
analysis (JLMS) [2], which were obtained by the fit to the
data of the N amplitudes only up to F wave (L =3)
and W =2 GeV, there are significant improvements in the
S31, P31, Dj3s partial waves, as seen in Fig. 5. The large
improvement in the P3; and Ds3s waves in this analysis is
mainly because we have introduced more bare N* states than
JLMS for those partial waves. These improvements are also
perhaps attributable to the change of our fitting strategy by
using the data below 1.4 GeV to constrain the parameters
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FIG. 8. (Color online) do/dS2 of yp — n°p.

of the meson-exchange potentials vy p 5. We also find that
this procedure prevents the model from generating undesirable
bound states through the strong coupling with the bare N*
states in the low-energy region. We also note that the data of
the G and H partial waves with the orbital angular momentum
L > 4, which were not included in the fit of JLMS, are also
fitted very well. These high- L partial waves become important
in fitting the meson production data in the high-W region.

To test our model directly with the experimental data, we
have also calculated the observables of w N scattering. Some
results of the predicted = N elastic scattering observables are
shown in Figs. 6 and 7. Clearly, good agreements have been
obtained. Thus, our model parameters are consistent with the
~30000 data points of w N scattering compiled in SAID.

B. yN »> N

In our previous analysis [3], we only considered the data
of differential cross section do/d<2 and photon asymmetry X
of the y N — s N reactions. Also, the fits were performed by
only adjusting the bare N* — y N parameters, and all other
parameters of the model were fixed at the values determined

in the fits to the 7 N — w N data [2]. It was found that only
the data below W = 1.6 GeV can be fitted well by using such
a very restricted procedure. In this work, we allow all of the
model parameters to vary to fit simultaneously the data of
N —- aN,gyN, KA, K% and yN - N, nN, KA, KX.
This change of the fitting strategy gives us more freedom
to fit the data at higher energies above 1.6 GeV and other
polarization observables comprehensively.

The y N — N data included in our fits are listed in the
first two rows of Table V. We see that the data points of
do/dQ and X of yp — 7°p are much more than those for
the other considered pion photoproduction observables. Thus,
these two data sets have similar large weights in determining
the parameters in our coupled-channels analysis. In Figs. 8—
11, we see that these rather extensive data below about W =
1.9 GeV can be fitted very well. We, however, are not able to
account for the forward peaks in do/d2 at W > 1.933 GeV.
Similar difficulty is also encountered in fitting the data of X at
W 2 1.9 GeV. We expect that such data in the forward-angle
region are affected mainly by the #-channel processes rather
than the s-channel resonance ones. This might suggest a need
for an incorporation of Regge-type processes at high energies.
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FIG. 9. (Color online) do/d2 of yp — 7°p (continued).

The fits to the other polarization observables, P, T, E, G,
and H, of yp — n%p are shown in Figs. 12—15. [Note that
the beam-target polarization E defined in Ref. [44] and the
quantity A3, measured and presented in Ref. [47], which are
used as the data in our fits, are related with each other by E =
—(1/2)A3;.] As seen in Table V, the numbers of these data
points are much less than those of do/d2 and X; it is therefore
not easy to improve the fits to these polarization observables,
in particular £, G, and H (Figs. 14 and 15). While we need
to improve our fits, more precise data of the polarization
observables are also needed to make further progress.

Our fits to the data of do/d2 of yp — 7 n are shown in
Figs. 16 and 17. The fits are good in most of the considered
energy region. The data at forward angles in the W 2 1.8 GeV
region cannot be accounted for. The origin of this difficulty is
perhaps related to the similar problem in do/d<2 for yp —
7%p. Our fits to the polarization observables of yp — 7+n
become less accurate as W increases, as seen in Figs. 18-23.

Overall, we are able to fit more data of yp — n%p, ntn
than the JLMS analysis [3]. Not only do we cover the W >
1.6 GeV region, our fits to the data in the low-energy region
with W < 1.2 GeV are much better. We, however, still cannot
fit accurately the data in the W region close to 2.0 GeV. Here

we note that in this high-W region, the data for the nN, K A,
and KX channels play a very significant role in the analysis
through the coupled-channels effects. Thus, the discrepancies
with the data in the high-W region cannot be trivially removed.

C.t p—yn

The 7~ p — nn is simpler than w N elastic scattering
because it depends only on the isospin I = 1/2 partial waves.
As mentioned in Sec. 1V, the data for this reaction used in our
fits are chosen carefully according to the discussion in Ref. [5]
because some inconsistency exists among the data sets from
different experiments. In Fig. 24, we show our fits to the data
of do/d<2 data of 7~ p — nn. Clearly, our results reproduce
the considered do /d <2 data well.

D. yp—ap

Our fits to the data of yp — np up to W = 2.1 GeV are
shown in Figs. 25-28. Clearly, both the differential cross
sections do /d<2 and the polarization observables ¥ and T can
be described well in the considered energy region. Our results
for ¥ above W = 1.7 GeV are smaller than the data in the
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FIG. 10. (Color online) ¥ of yp — n%p.

0° < 0 < 90° region, although the positive values of the data
are reproduced to a large extent.

E. ntp—> K*tX+

The 77 p — KT X% reaction depends only on the isospin
I = 3/2 partial waves, and hence the I = 1/2 N* states cannot
contribute. Our fits to both do/dS2 and P up to W = 2106
MeV are good, as shown in Figs. 29 and 30. In Fig. 31, we
present the spin-rotation 8. This quantity is modulo 2, and
here we plot it in the range [—m, w]. At present, almost no
data is available for 8 of this reaction and these few data
points hardly affect the x> minimization. We thus are not able
to improve our results shown in Fig. 31.

F.n~p— K°A°

In contrast with the 7 p — K+ X7 discussed in the above
section, the 7~ p — K°A° only involves the isospin I = 1/2
mechanism. Our fits to do /d 2 and P of this reaction are shown
in Figs. 32 and 33, respectively. Clearly, our fits are very good.
Our results for the spin rotation g (Fig. 34) reproduce the main
feature of the data while these few data points, like those in the
7+p — K+ reaction, have practically no effect in the x>

minimization. More data for 8 will be necessary to improve
the situation.

G. t~p— K'X°

The 7~ p — K% reaction is more complex than 7+ p —
K*2* and 7~ p — KA, because it involves interfering
contributions from both the isospin / =1/2 and I =3/2
mechanisms. Our fits to the data of do/d2 and P of this
reaction are shown in Figs. 35 and 36, respectively. We see
that our results reproduce the data to a large extent in the
considered energy region, although the do/d2 data in the
near-threshold region are underestimated.

Here we note that all of the # N — KY data used in
our fits are from old measurements more than a quarter of
century ago. Their statistical errors are, in general, quite large
compared with the recent photoproduction data. Furthermore,
the amount of data is scarce in the kinematical region relevant
to N* above 1.6 GeV, in particular for the 77 p — Kox0
reaction. An experiment planned at J-PARC [48] is quite
encouraging, where the high-precision data for rtN — N
and r N — KY will be obtained in the wide energy region.
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H. yp— K*A Because of the self-analyzing property of the recoil A

Our fits to the do/d2 data of yp — K+ A are shown
in Figs. 37 and 38. The main features of the data up to
W = 2106 MeV are reproduced reasonably well, in particular
in the 45° < 6 < 135° region where the s-channel processes
with the isospin I = 1/2 N* resonances are found to be
important. However, our results at forward and backward
angles underestimate the datainthe W 2 1.9 GeV high-energy
region. This situation is similar to the yp — 7 N reactions and
further suggests that the inclusion of additional mechanisms
would be necessary for improving our combined analysis at
high energies.

baryon, the single- and double-polarization observables of
yp — K™ A have been extensively measured in recent years.
More data of the polarization observables of yp — K1 A will
soon become available from JLab and other photon/electron
beam facilities. Actually, all of the 15 possible polarization
observables for this reaction have already been measured at
CLAS [49].

The fits to the available polarization data, as listed in
Table V, are already highly nontrivial because they are
attributable to delicate interferences between different partial
waves. Nevertheless, as seen in Figs. 39 and 40, our fits can
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FIG. 21. (Color online) T of yp — 7" n.

reproduce the main features of these polarization data to a very
large extent. Here it is noted that for the double polarizations
C, and C,, we have plotted them in the primed coordinate
system as C,» and C,/, by using the relation

Cy =+C,cos0 — C,sinb, (48)

C, =+4C,sinf + C,cos 0, (49)

as done in the analysis of Ref. [44].

L yp— K+X', K%+

It is more difficult to fit the dataof yp — K+ X%and yp —
K°%* than that of yp — K+AY presented in the previous
section, because here the isospin / = 3/2 N* resonances also
contribute. In particular, we have found that the do/d2 data
for both yp — K*X° and yp — K% can be fitted well
only when the KX N coupling constant ggxy is allowed to
vary far off the SU(3) relation, as given in Eqs. (B31), in
the fits. This implies that yp — KX reaction could be an
important source of learning about the validity of the SU(3)
relation. This, however, can be done rigorously only when

more complete data for these two photoproduction reactions
become available.

Our fits to the data of differential cross sections do/d2
and polarization observables P, ¥, C,, C. of yp — K*X°
are shown in Figs. 41-43. Again we have plotted C, and C, as
C, and C, in the primed coordinate system using Egs. (48)
and (49). We see that the fits to the data of differential cross
sections (Fig. 41) P and ¥ (Fig. 42) are fairly good. However,
the fits to the data of C,, C, (Fig. 43) are very qualitative, in
particular in the high-energy region, W 2 1.8 GeV.

We now present our fits to the very limited data of the
yp — K% reaction in Figs. 44 and 45. Clearly, our fits to
the data of do/d€2, shown in Fig. 44, are qualitative only in
the W 2 1.9 GeV region. However, we see in Fig. 45 that our
fits to the data of P and X are reasonable.

VI. RESONANCE PARAMETERS

Once the model parameters are determined by the simul-
taneous fits to all of the considered data, as presented in
Sec. V, we then apply the analytic continuation method of
Refs. [8,9] to find the resonance pole positions and their
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FIG. 22. (Color online) £ of yp — w*n.

residues. We expect that the resonances with large widths
[the widths are defined to be related to the resonance pole
position Mg by I'*" = —2Im(Mg)] have less influence on
the physical observables, and thus the extractions of these
resonances from fitting the available reaction data, as done by
all analysis groups, are more model dependent. As a result,
the extracted information on those resonances is much less
reliable. We therefore examine only the resonances with the
width less than 400 MeV. Also, as already mentioned in Sec.
1V, the resonances with Re(Mg) > 2 GeV, found in Fi;, G
and H waves, are also not presented here. We will be able to
present those high-mass resonances with confidence only after
extending our analysis to higher energy regions and including
wN and wr N production data.

As defined in Egs. (32)—(42), we present our results for
the resonance pole positions My and residues Ry p n(Mg)
for MB=naN,nN, KA, K%¥. Other components of the
extracted residues do not correspond to the reaction data
considered and are not presented. The elasticity », [Eq. (43)]
and helicity amplitudes A;—;/2 3,2 [Egs. (44) and (45)] are also
presented. Our results are given and discussed in the following
sections.

A. Resonance pole positions and residues

The N* pole positions My extracted from our analysis
are presented in Table VI and compared with those listed

by Particle Data Group (PDG). The N* states are specified
by JP(Ly1as), where J is the spin, P = = the parity, I the
isospin, and L the orbital angular momentum of the associated
7 N partial wave. Here we list only the three- and four-star N*
of PDG because their values are rather stable in the past two
decades and most of their widths are all less than 400 MeV that
is the limit set in our search. We see that we agree well with
PDG for the N* resonances below 2 GeV except (a) we do not
have a third state in 3/27(D;3), (b) we do not have a third state
in 3/2%(P33), and (c) we have a second state in 3/27(Ds3). In
our analysis, a resonance pole with Mz = (1429, 147) MeV
in 1/2%(Py) is also found, which turns out to be a “shadow”
of the first 1/2%(Py;) resonance with respect to the 7 A branch
point. However, this pole is far from the physical region and
thus is not listed. Such a shadow pole is also found in other
analyses (e.g., Ref. [20]) as well as our early analyses [10,11].
In Table VI, we also see that the determined elasticities 1, are
rather consistent with the values listed by PDG. However, some
explanation may be required for the result that the elasticity
for the 1st 3/27(Ps3) resonance exceeds 100%. The elasticity
1. is defined by Eq. (43), where —2Im(Mz) and 2| R,y x| are
interpreted as the total width and the partial width for the decay
to the w N channel, respectively, evaluated at the resonance
pole position in the complex energy plane. As is well known,
the sum of the partial widths defined in this manner does not
agree with the total width defined with the imaginary part of
the resonance pole position.
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FIG. 25. (Color online) do /dS2 of yp — np.
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FIG. 30. (Color online) P of t+p — K*TXT.

In Figs. 46 and 47, we compare our (ANL-Osaka)
values (AO, second column) of the N* spectrum with
those from PDG (PDG, first column) and the analyses by
the Julich [20] (J, third column) and the Bonn-Gatchina
[23] (BG, fourth column) groups. In the figures only the
resonances with the total widths less than 400 MeV are
compared. It is noted, however, that some broad N* resonances
with [Re(My), —2Im(Mg)] = (1787, 575) MeV in 1/2F(P3),
(1727,866) MeV in 3/2%(Ps3), and (1776, 646) MeV in
5/27(D3s) have also been reported by the Jiilich group, while
[Re(Mg), —2Im(Mg)] = (1660, 450) MeV in 3/2%(P3),
(1770, 420) MeV in 3/27(D;3), and (1990, 450) MeV in
3/27(D33) have been reported by the Bonn-Gatchina group.

We see in Figs. 46 and 47 that the first N* resonances from
four results in each (J ¥, I) state agree well, except (a) the
3/2%(Py3) from the Bonn-Gatchina analysis is about 200 MeV
higher than the others, (b) the Jiilich analysis does not have
1/2%(Ps1), (¢) only the Jiilich analysis has 7/2%(F}7) below
2 GeV, and (d) the Jiilich and Bonn-Gatchina analyses do not
have 5/27(Dss). For higher mass states, the number of states
and their positions from four results do not agree well. Here
we mention that the PDG values are mainly from the earlier
results of 7w N elastic scattering data. The photoproduction data

3 F T T =
12020 eT |
0
| { /LJ/ 2107 Me
3L P

0 90 0 90 180
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B (radian)

FIG. 31. (Color online) Bof 7t p — KX+,

of yp —> nN,nN, KA, KX have not been included in the
Jiilich analysis, while the data included in the AO and Bonn-
Gatchina analyses are not too different. As discussed in the
Introduction, the K-matrix model used in the Bonn-Gatchina
analysis is very different from the DCC model used in the
AO and Jilich analyses. In the Bonn-Gatchina analysis, like
other K-matrix model analyses, the parameters in different
partial waves are varied independently in the fits. However,
the parameters of meson-exchange mechanisms in the AO and
Jilich analyses can affect all partial waves and channels. Thus,
the Bonn-Gatchina analysis is more flexible and efficient in
fitting the data; in particular, in the area where the data have
fluctuating structure with large uncertainties.

Thus, the differences between four results seen in Figs. 46
and 47 could be attributed to the differences in the employed
analysis methods and the data included in the analysis. The
much more divergent results for the second and third states
could also be attributed to the fact that in the high W >
1.6 GeV region, the available data are far from complete for
determining the partial-wave amplitudes model independently.
The difficulties in extracting the partial-wave amplitudes
model independently from the data, even when they are
complete, have been investigated recently in Ref. [44].

In Table VII, we list the extracted residues Rpprn
for MB=nN,nN, KA, K¥. In Table VIII, we compare
the extracted residues R,y .y with those from the Bonn-
Gatchina and Jilich analyses. Three analyses agree very
well for the well-established A(1211)3/2%(P33). For some
states, three results agree qualitatively. However, the dif-
ferences between three results can be very large for sev-
eral states. This is perhaps attributable to the fact that
the residues are more sensitive to the functional forms of
the amplitudes which are very different between different

035209-25



H. KAMANO, S. X. NAKAMURA, T.-S. H. LEE, AND T. SATO PHYSICAL REVIEW C 88, 035209 (2013)

200 ——— - —— —— —— —T— ——
0 _1633 MeV | 1661 MeV 1670 MeV __1676 MeV __1678 MeV __1681 MeV __1684 MeV
: i
i @%%M
32
5 L 1 1
S

0 : —— —— —t— —— ——
0 1686 MeV 1687 MeV 6f9 MeV 1694 MeV 1698 MeV 1701 MeV L|707 MeV
g 1 1 1 1 1 1
E 1
a 100 = I
2
©
kS

0 —t —t —t — — — —t
= 1724 MeV | 1743 MeV __1758 MeV __1792 MeV __1825 MeV __1847 MeV __1879 MeV
—\% 100 |-
% 3

0 : —t— : % —5 —
o 1909 MeV | 1938 MeV {1966 MeV 1 1999 MeV | 2027 MeV {2059 MeV (2104 MeV
E!
a 100 T T
2 L i L
: M ﬁ‘-\é&c A

O I I I n

90 90 180
0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

FIG. 32. (Color online) do/dQof 7~ p — K°A°.

1633 M(I:V 1661 M?V 11683 MeI:V 11694 M(I:V + T17s8 M?V

a1k + + +

1825 MeV 11847 MeV
. A T

li9ooMev  T1938 Mev

" 1 " " 1 " " " " "
10 90 0 90 0 90 0 90 180
0 (deg) 0 (deg) 0 (deg) 0 (deg)

B (radian)

L v B e ] o] 2107 Mev)

G had
0 90 0 90 0 90 0 90 90 180
0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

FIG. 34. (Color online) B of 1~ p — KA.

035209-26



NUCLEON RESONANCES WITHIN A DYNAMICAL ... PHYSICAL REVIEW C 88, 035209 (2013)

L L L — T T — T T L L
1694 MeV 1724 MeV 1758 MeV 1792 MeV 1825 MeV 1847 MeV 1879 MeV

3 80 - - - -+ -+ -+ -+ -
]
% T T T
S lere . fementt D A
—— —t— ' t

o 1909 MeV 1938 MeV 1999 MeV
5
3
g
=
©
el

0 h . . . . .

0 90 0 90 0 90 0 90 0 90 0 90 0 90 180
0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

FIG. 35. (Color online) do/dQ2of 7~ p — K°X°.

I 1 Ti825MeV T 1 ' ]

I T FS i

1 Tz 1751 Pl 1 ]

. frssmev  fimoamev . Hsa7mev 11879 Mev

: i : —_— — I — :I 1

[1909 Mev Tio3g Mev Tio66 Mev Ti999 Mev Tr027 Mev Ta0s9 Mev o104 Mev ]
0 90 0 90 0 90 0 90 0 90 0 90 0 90 180

0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

FIG. 36. (Color online) P of 7~ p — K°X°.

L L L L L L T

\’a 1625 MeV 1635 MeV 1645 MeV 1655 MeV 1665 MeV 1675 MeV 1685 MeV
o5 —+ + + + + + .
]
"E - + + - + + + B
©

0 —F— —t— —t— —t— —t— —t— —t
g 1695 MeV 1705 MeV 1715 MeV 1725 MeV 1735 MeV 1745 MeV 1755 MeV
o5 —+ + + + + .
"E - + + + + + B
©
=

0 —t— —t— —t— —t— —t— —t
g 1765 MeV 1775 MeV 1785 MeV 1795 MeV 1805 MeV 1815 MeV 1825 MeV
g o5y —+ —+ —+ - —+ —+ -
"E - + + + + + + B
©
=

0 —t— —t— —t— —t— —t— —t— —t
\’5 1835 MeV 1845 MeV 1855 MeV 1865 MeV 1875 MeV 1885 MeV 1895 MeV
o5 —+ —+ + + - + .
E - + + + + + + B
©
=

0 —f— —f— —f— —f— —f— —f— ——
\"E 1905 MeV 1915 MeV 1925 MeV 1935 MeV 1945 MeV 1965 MeV 1975 MeV
205 —+ —+ + - - + .
=
A E 1
E F -+ -4 -4 - + + B
% - i

0 f——f—t f—f—t f—f—t f—f—t f——f—t f—f—t ——t
g 1985 MeV 1995 MeV 2005 MeV 2015 MeV 2025 MeV 2035 MeV 2055 MeV
| 05 T T T T T T 1
]
E B L <4 L B
. e %% &k&% =

0 90 90 90 180
0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

FIG. 37. (Color online) do/d2 of yp — KA.

035209-27



H. KAMANO, S. X. NAKAMURA, T.-S. H. LEE, AND T. SATO

PHYSICAL REVIEW C 88, 035209 (2013)

T 1
2065 MeV

2085 MeV

L — T L
2095 MeV 2105 MeV

0 2075 MeV
L05F —+ —+
G
)
©
=]

0 90 0 90 0

0 (deg) 0 (deg)

0 (deg)

90 0 90 0 90 180
0 (deg) 0 (deg)

FIG. 38. (Color online) do/d2 of yp — K™ A. (continued)

analyses. More detailed investigations of this issue are needed
for advancing the field, but are beyond the scope of this paper.

B. y N — N* helicity amplitudes

To determine the y N — N* helicity amplitude, we first
extract the residue Ry, y(Mp) of the yN — 7 N amplitude
at the resonance pole position Mg. By using Eq. (34) of the
factorized form of Ry p' ;1 (Mp), the dressed vertex l:‘yN(MR)
can be determined from the extracted R,y ,y(Mg) and the
Rynxn(Mpg) listed in Table VII. The y N — N* helicity
amplitudes can then be calculated from the resulting ', y by
using Eqgs. (44)—(46).

Our results are listed in Table IX and are compared
with those extracted by the Bonn-Gatchina group. We see
that two results agree very well for the A(1211). For
the N* resonances with L <2 and Re(Mg) < 1.7 GeV,
N(1482)1/27(S11), N(1656)1/27(S11), N(1374)1/2%(Pyy),
N(1500)3/27(Dy3), N(1650)5/27(Dys), A(1592)1/27(S31),
and A(1872)7/2% (F37), some qualitative agreements between
the two analyses can be seen. However, it is difficult to compare
the results for other resonance states. Here we note that
the phase of y N — N* chosen by different analysis groups
can be different, as discussed in Ref. [51]. This adds other
complications in comparing the results listed in Table IX. Our
choice of the phase has been given below Eq. (42). We do not
compare our results with those from Refs. [52,53], because
their results are from the Breit-Wigner parametrization, which
cannot be related model independently to the residues at
resonance pole, as discussed in Ref. [9].

VII. SUMMARY AND FUTURE DEVELOPMENTS

We have extended the DCC model developed in Refs.
[1-11] to include the KA and KX channels and have
completed a combined analysis of the data of 7N,y N —
wN,nN, KA, K% reactions. The pole positions and residues
of nucleon resonances with masses below 2 GeV and to-
tal widths less than 400 MeV have been extracted. From
the extracted residues, we have determined the N* —
yN,wN,nN, KA, KX transition amplitudes at the reso-
nance positions. How this information can be related to the
results from the hadron models and lattice QCD calculations
is an important challenge in advancing our understanding
of the structure of the nucleon and its excited states. While
some progress in this direction has been made [15,54] for the
A(1232) — y N transitions, much more work is needed.

The N* masses extracted from our analysis, PDG, Julich
analysis, and Bonn-Gatchina analysis agree well only in the
low-mass region. In the higher mass region the differences
among four results are rather large. This could be mainly
attributed to the fact that in the high W 2> 1.7 GeV region,
the available data of # N and y N reactions are far from
complete to determine the partial-wave-amplitudes model
independently. The difficulties in extracting the partial-wave-
amplitudes model independently from the data, even when they
are complete, have been investigated in Refs. [44,45,55,56].
Of course, the differences in the analysis methods and the
data included in each analysis could also lead to large
disagreements, as discussed in Sec. VI. It is necessary to clarify
the situation.

The extracted residues of 7 N — m N partial-wave ampli-
tudes are compared with Bonn-Gatchina analysis and Julich
analysis. Except for the well-established A(1232) resonance,
the three analyses agree only qualitatively even for the cases
that their pole positions are close. A similar situation is
also found in comparing the extracted N* — y N helicity
amplitudes with those from the Bonn-Gatchina analysis. This
is perhaps attributable to the fact that the residues are more
sensitive to the model or parametrization used in the analyses.
It is necessary to clarify this issue for advancing the field.

To improve our analysis in the higher mass region, we
need to include the data of 7 N, y N — N reactions that
dominate the 7 N and y N reaction cross sections at W 2>
1.6 GeV. To proceed, we need detailed data for these two
processes. For y N — wm N, the precise data of invariant mass
distributions and some polarization observables are becoming
available from facilities such as JLab, Mainz, Bonn, SPring-8,
and ELPH at Tohoku University. For t N — 7w N, however,
what is available is only the old data of the total cross sections
with rather large uncertainties and very limited invariant mass
distributions in the energy region above W = 1.6 GeV [6,24].
The situation can be improved greatly when the data from
the new experiments on 7 N — wmw N reactions at J-PARC
[48] become available in the near future. To pin down the
reaction mechanisms associated with the 7 A, pN, and o N
channels, the Dalitz plot data of the s N distributions will
be desirable. The importance of fitting the Dalitz plot data has
been illustrated recently in Refs. [57,58] for the three-pion
decays of heavy mesons. We also need to extend the analysis
to include the w N channel which has significant contributions
to the 7 N and y N reaction cross sections at W 2> 1.7 GeV. It
will be useful if more extensive data of 1N — @N can also
be obtained at J-PARC.
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FIG. 39. (Color online) P, ¥,and T of yp — KTA.

Our DCC model developed in this work can be readily ap- which corresponds to the extension of our early analysis of
plied to the electron- and neutrino-induced meson production ple, ¢'m)N [4], is crucial for determining the Q2 dependence
reactions. The application to the electroproduction reactions, of N-N* electromagnetic transition form factors. This analysis
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is a key to understanding the quark-gluon substructure of the
N* states [59] and will be closely related to the N* program at
JLab after the 12-GeV upgrade [60]. Also, precise knowledge
of the neutrino-nucleon/nucleus reactions in the GeV-energy
region is expected to be very important for determining the
leptonic C P-phase and neutrino-mass hierarchy from the

FIG. 40. (Color online) C,/, C,, O/, and O, of yp — KTA.
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neutrino-oscillation measurements through the accelerator and
atmospheric experiments [61]. By following the procedure of
Refs. [62,63], the DCC model presented in this work can be
extended straightforwardly to describe the neutrino-induced
reactions in the nucleon resonance region. A first attempt to
study the neutrino-induced reactions within the current DCC
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FIG. 42. (Color online) P and ¥ of yp — K+ X°.
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FIG. 43. (Color online) Cy and C. of yp — K*X°.

model has been done in Ref. [64]. A further extensive study of
the neutrino-induced reactions is ongoing and will be presented
elsewhere.
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APPENDIX A: SELF-ENERGIES IN MESON-BARYON
GREEN’S FUNCTIONS

In this appendix, we give an explicit expression of
the self-energy X)/p(k; W) appearing in the meson-baryon
Green’s function [Eq. (6)] for the unstable channels M B =
wtA,pN,oN.

As for the A and pN channels, the self-energies are
explicitly given by
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FIG. 45. (Color online) P and ¥ of yp — K% 7.
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and p — mm decays in the A and p rest frames, respectively.
Those are parametrized as [2,60]

(0.98) q
fA—)nN(q) [2(mN +mn)]1/2 <_)
1 2
x( > . (A3)
1+ [¢/(358MeV)]?
( )_(06684)( q )
Jommr@ = =2\ GoTMew)
2
x( ! > . (Ad
1 + [q/(461MeV)]?

To construct the o self-energy in the o N Green’s function,
Ysn(k; W), we first consider a w scattering model for the
isospin I = 0 and s wave, described by the following separable
potential in the w center-of-mass system:

M, ", p;E)= ! - + hoh(p)h(p). (A5
5w Wy = zd (@) - v(p', ps E) g(p)E_mﬂ +lgg(p) oh(pHh(p). (AS)
Eo®) [M22(0) + K]
5 Here p and p’ are the magnitude of the initial and final
« | fo—rnn (@)l momentum, E is the total scattering energy in the s system,
W — Ey(k) — [szm(q) + k2]1/2 +ie and the form factors are parametrized as
“ (= (A6)
8\p)= T o
wherem, = 1280 MeV, m, = 812MeV, M, x(q) = Ex(q) + Vmz 1+ (cp)?
En(g), and M,,(q) = E;(g) + E.(g). The form factors " _ 1 1 A7
faszn(q) and f,_(q) are for describing the A — 7N (p) = m_7T 1+ (dp)? (A7)
1/2+(P11) 3/2+(P13) 5/2+(F15) 7/2+(F17)
20F
1.8 H L H @ % H 1
1.6F L i B E E
141 H ] H H i
> 12fpoG a0 J BG T
Q
> 1/2-(S11) 3/2-(D13) 5/2-(D15)
20 3 E Y E
=
1.8} + 4 ]
B HEE] BB &R
ed|lH=EH
1.4}F i 4
1.2¢

FIG. 46. (Color online) N* spectrum with the isospin / = 1/2 determined by ANL-Osaka (AO) collaboration. For each N* state, Re(My)
together with the Re(My) £ Im(Mpy) band is plotted. The results are compared with four- and three-star states listed by the PDG [50], as well
as the results from Jiilich (J) (model A in Ref. [20]) and Bonn-Gatchina (BG) [23] groups. The spin and parity of states are denoted as J© with

P = = and the associated w N partial wave.
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1.4} T :
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FIG. 47. (Color online) N* spectrum with the isospin / = 3/2 determined by ANL-Osaka (AO) collaboration. For each N* state, Re(Mg)
together with the Re(Mz) £ Im(Mp) band is plotted. The results are compared with four- and three-star states listed by the PDG [50], as well
as the results from Jiilich (J) (model A in Ref. [20]) and Bonn-Gatchina (BG) [23] groups. The spin and parity of states are denoted as J© with

P = =+ and the associated w N partial wave.

With this potential, one can solve the Lippmann-Schwinger
equation to obtain the 7w scattering amplitude 7. The solution
is expressed as

T =1+ ¢k, (A8)

where ¢ is the “nonresonant” part of the amplitude given by

t(p', ps E) = h(p')t(E)h(p), (A9)
)= e (A0
Greh(E) = [ dag*hg) g h(@), (ALD)

while #z the “resonant” part is given by
Ry p E) = Cosnn(p's ENpnso (5 E) (A12)

E—m, — X5 (E)

The o self-energy %,(E) and the dressed o — w7 vertex
'y 2z (p'; E) are then given by

56 (E) = (8Gr8)(E) + T(E)(gGrrh)(E)F, (A13)
Connn(p's E) = g(p) + h(pT(E)hGrrg)(E), (Al4)

and Trreo(P;E)=To_zz(p; E). The parameters in
Egs. (AS5)—(A7) are determined by fitting the phase shift
of the / =0 and s-wave nxw scattering up to E =1 GeV,
and the resulting values are m = 700.0 MeV, gy = 1.638,
ho = 0.556, ¢c = 1.02 fm, andd 0.514 fm.

With the above 7w model, the o self-energy in the o N
Green’s function, X, y(k; W) in Eq. (6), is obtained by

Zon(k; W) = (§Grrg) (ks W) + T(k; W){gGrrh)(k; W),
(A15)
with
ho
t(k; W) = (A16)

1 — ho(h Gz h)(k; W)’

(G ) (k; W)=/ dqqz%
a M@ +k]Y
h(g)*
) 72 .
W — Ex(k) — [M2,(q) + k2] +ie
(A17)
Mo Mm‘t(Q)
Gm—r k w d 2 Mar\qg)
(8Grng)(k; W) = B0 a9 2@ + ]
8(q)’
) 2 .
W — Ex(k) — [M2,(q) + k2]~ +ie
(A18)
Mz (q)
Grrh)(k; W
(gGrrh)(k; W) = \/J/C M@+
g(q)h(q)

2 @)+ k2] +ie
(A19)

X
W — En(k) — [M
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TABLE VI. N* pole mass My and 7 N elasticity n, extracted in this work. My is listed as [Re(Mg), —Im(Mg)] in units of MeV. As a
reference, we also list the PDG values of the N* states for which either four- or three-star status is assigned [50]. The N* states for which the
asterisk (*) is marked locate in the complex energy plane slightly off the closest sheet to the physical real energy axis, yet are still expected to
visibly affect the physical observables.

JP(Lapay) Mg My (PDG) 1. (%) n. PDG) (%)
N-baryons

1/27(S11) (1482, 98)* (1490-1530, 45-125) 64 35-55

(1656, 85) (1640-1670, 50-85) 62 50-90

1/2%(Pyy) (1374, 76) (1350-1380, 80-110) 48 55-75

(1746, 177) (1670-1770, 40-190) 11 5-20

3/27(Pi3) (1703, 70) (1660-1690, 75-200) 11 9-14

(1763, 159) (1870-1930, 70-150) 18 ~10

3/27(Dy3) (1501, 39) (1505-1515, 52-60) 67 55-65

(1702, 141)* (1650-1750, 50-150) 1 7-17

(1800-1950, 75-125) 2-22

5/27(D;s) (1650, 75) (1655-1665, 62-75) 37 3545

5/2%(F)s) (1665, 49) (1665-1680, 55-68) 69 65-70

A-baryons

1/27(S31) (1592, 68) (1590-1610, 60-70) 29 20-30
(1702, 193)* 10

1/2%(P3)) (1854, 184) (1830-1880, 100-250) 12 15-30

3/27(Ps3) (1211, 51) (1209-1211, 49-51) 105 100

(1734, 176) (1460-1560, 100-175) 5 10-25

(1850-1950, 100-200) 5-20

3/27(Ds3) (1592, 122) (1620-1680, 80-150) 15 10-20
(1707, 170) 7

5/27(Dss) (1936, 105) (1840-1960, 88-180) 2 5-15

5/27(Fss) (1765, 94) (1805-1835, 132-150) 12 9-15

7/2%(F37) (1872, 103) (1870-1890, 110-130) 45 3545

TABLE VII. Residues for tN — N* — M B amplitudes (Ryp ) at the N* resonance pole position. The listed values of Ry 5,y are in
units of MeV. Each resonance is specified by its quantum numbers and the real part of the pole mass Re(My).

Particle J*(Lap2y) Ryn zn Rgaxn Ris »n

Re Im Re Im Re Im Re Im
N(1482)1/27(S1,) 45 —43 - - - - - -
N(1656)1/27(S11) 18 —49 —-31 =21 -2 —10 - -
N(1374)1/2%(P1)) 13 —34 - - - - - -
N(1746)1/2+(P,)) 20 1 -9 4 ~10 2 12
N(1703)3/2%(Py3) 8 -0 -0 0 -0 0 0
N(1763)3/2%(Py3) -8 —28 -1 0 0 -8 1 -5
N(1500)3/27(D3) 25 -5 -0 —1 — — — -
N(1702)3/27(Dy3) -0 2 —1 0 —1 1 -0 —1
N(1650)5/27(Dys) 24 —15 —6 5 0 -0 - -
N(1665)5/2(Fy5) 32 —12 —1 1 0 ) - -
A(1592)1/27(S31) -7 —18 - - - - - -
A(1702)1/27(S51) 8 18 - - - - 13 -9
A(1854)1/2+(Py)) —12 ~19 - - - - ~18 ~30
A(1211)3/2%(P33) 37 -39 - - - - - -
A(1734)3/2%(Py;) —4 —7 - - - - -0 —1
A(1592)3/27(Ds3) 8 ~16 - - - - - -
A(1707)3/2%(Ds3) 8 9 - - - - 2 -3
A(1936)5/2"(Dss) 2 —1 - - - - 2 —3
A(1765)5/2*(Fss) 5 ~10 - - - - —1 —1
A(1872)7/2%(F37) 38 —27 - - - - 0 -1
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TABLE VIII. Comparison of residue R,y .y = Re'® of TN — 7 N amplitude between existing multichannel analyses.

Particle J ¥ (Lys25) ANL-Osaka Bonn-Gatchina [23] Jiilich (model A) [20]
R ¢ R ¢ R ¢
N(1482)1/27(S11) 63 —44 31+4 —(29£5) 16 -36
N(1656)1/27(S11) 53 =70 24+3 —(75 £ 12) 46 —42
N(1374)1/2F(Pyy) 37 —69 48 £3 —(78+£4) 58 —104
N(1746)1/2%(Pyy) 20 3 6+t4 (120 £70) 4 -30
N(1703)3/2%(P13) 8 -3 2248 —(115 +£30) 7 =73
N(1763)3/2*(P13) 29 —106 - - - -
N(1500)3/27(D3) 26 —11 36 £3 —(14 £ 3) 32 —11
N(1702)3/27(D3) 2 104 50 £40 —(100 =+ 40) - -
N(1650)5/27(Ds) 28 =31 28£1 —(26+4) 24 -19
N(1665)5/2% (F;s) 34 —20 43 +4 —(2£10) 36 —24
A(1592)1/27(831) 20 —111 182 —(100 £5) 17 —106
A(1702)1/27(S31) 19 65 10£3 —(125 +£20) - -
A(1854)1/2%(Psy1) 23 —-123 24+6 —(145 £ 30) 54 —140
A(1211)3/2*(Ps3) 53 —47 51.6+0.6 —(46x1) 44 =35
A(1734)3/2%(Ps3) 8 —118 11+£6 —(160 £ 33) 20 —158
A(1592)3/27(Ds3) 18 —62 - - - -
A(1707)3/27(Ds3) 11 49 42 +7 —(3=£15) 24 -9
A(1936)5/27(D3s) 2 -32 - - 18 —-159
A(1765)5/2% (Fss) 11 —62 20£2 —(44 £5) 17 -59
A(1872)7/2" (Fx7) 46 =35 58+£2 —(24£3) 58 -25

The momentum integral path Cs is appropriately deformed listed in Table I. Although two branch points are found in the
when we perform the analytic continuation of the scattering o N Green’s function, the second one at (1032.3 —i247.7) +
amplitudes. With the self-energies defined above, the branch my MeV hardly affects the resonance properties shown in this
points of the T A, pN, and o N Green’s functions are those as work because of the large imaginary part.

TABLE IX. Helicity amplitudes for yp — N*. The values are presented in units of 10> GeV~!/?. As a comparison, we also list those from
Bonn-Gatchina group [23].

Particle J*(Lyay) ANL-Osaka Bonn-Gatchina [23]
Aszp Aip Aszp Aip

Re Im Re Im Re Im Re Im
N(1482)1/27(S11) - - 159 24 - - 115.1 14.1
N(1656)1/27(Sy1) - - 29 —28 - - 32.6 -5.2
N(1374)1/2%(Pyy) - - 49 —10 - - —34.7 27.1
N(1746)1/27(Pyy) - - —24 83 - - 54.2 -9.6
N(1703)3/2%(Py3) -70 8 234 8 63.4 135.9 110.0 0.0
N(1763)3/2%(Py3) —44 1 126 -72 - - - -
N(1500)3/27(D13) -93 —11 38 2 131.9 4.6 -21.0 0.0
N(1702)3/27(Dy3) —40 36 —11 -23 -37 0.0 3.8 43.8
N(1650)5/27(D;s) 30 —13 5 -2 24.6 —8.5 23.1 —6.6
N(1665)5/27(F\s) —38 -2 53 -5 133.9 —4.7 —11.8 5.5
A(1592)1/27(S51) - - 113 -2 - - 514 —8.1
A(1702)1/27(S51) - - 35 3 - - 29.5 51.1
A(1854)1/2%(P31) - - —51 9 - - 17.6 14.8
A(1211)3/2%(P33) —257 12 —129 34 —250.9 39.7 —123.9 42.6
A(1734)3 /21 (P33) —18 —135 —-23 —68 -39.6 10.6 —-34.1 40.6
A(1592)3/27(Ds3) -89 -76 —123 —38 - - - -
A(1707)3/27(D33) 32 —121 20 -56 120.2 120.2 109.3 130.2
A(1936)5/27(Dss) 34 -9 50 —19 - - - -
A(1765)5/27F(F;ss) 0 —18 -1 -8 -50.0 0.0 23.0 —-9.8
A(1872)7/2%(F37) -76 -2 —61 10 —-95.3 11.7 —71.5 8.8
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APPENDIX B: MODEL LAGRANGIAN

In this appendix, we present a set of Lagrangians for de-
riving the meson-exchange potentials vy g mp and vyrp ,N.

The details of the ZEV‘,E,%/AMB(I(/, k; W) term in Eq. (7) can be
found in Ref. [1] and is not shown here.

It is necessary to define notations associated with isospin
quantum numbers. For the isospin / = 1/2 hadrons, we use
the following field operators:

_(P
N_(n)’ B

) , (B2)
+
K = (If{o ) , (B3)

RO
K. = (—K)' (B4)
For the isovector (I = 1) pion field operator, we use the usual
notations,
=@ %, (BS)

with the isospin triplet

a+
7=\ x°], (B6)
-
where
1
+ 14 :.2
=F—(@ xin?), B7)
2
70 =7, (B8)

The same definition is also applied to other / = 1 hadron
operators. For A with I = 3/2, we define
A++
AJr
AO
A

A= (B9)

For the doublet states, the isospin operator T, with the
spherical components ¥ = F(1; £i1)/ V2 and Ty = T3, 1S
defined by the matrix elements

(s 1ml m|smy)(s||t|ls)/~2s + 1, (B10)

where (j; j,m;my|J M) is the usual Clebsch-Gordon co-
efﬁment m = *£1,0, and the reduced matrix element is
( ||r|| ) = /6. The i isospin operators TA forthe A — A and

T for the N — A transitions are defined by

(S mslrm|s m;) =

(jalmim|jamg)
X (JallTallja)/v2ja +1,  (Bl11)
GUTIJY /25 + 1,

(B12)

<jAms|TA,m|jAm;> =
(jms|Tnlj'm) = (j' Im m|jmy)

where m = %1, 0 is the spherical component of f‘A and f,
ja =3/2,j,j = 1/20r3/2,and the reduced matrix elements
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are
(3[17al3) = V15, (B13)
GlTl2) = -Gl = (B14)

With the above definitions of isospin components, we
list all Lagrangian used in our calculations. We follow the
conventions of Bjoken and Drell [67] in defining the metric
tensor g,, and the Dirac matrices y, and ys. Also, we set
0123 — 4.

1. Hadronic interactions

a. P BB’ interaction

The interaction Lagrangian between a pseudoscalar-octet
meson (P) and spm-— octet baryons (B, B’) is given by

frep

Lppy=—"" By,ysB'3"P x L%, + [H.c. for B # B'].
P

(B15)

Here Li;‘]’g g 1s the isospin structure of the interactions given
by

Ly = (N'TN) - 7, (B16)
L. = (E'78) 7, (B17)
Ly = AT - 7), (B18)
LS, =i x 5. (B19)
L, =t (KTrN) (B20)
L. = (E'7K) . %, (B21)
L&y = AIKTIN), (B22)
L. = (ETK)A, (B23)
Lyty = (NTN)n, (B24)
Lis. = (EEn, (B25)
L, = ATAn, (B26)
Liss = (B Dy, (B27)

The coupling constants of PBB’ are fixed by the SU(3)
relations and the w N N coupling constant:

grez = (1 = 20)gxnw, (B28)
2

8nAx = %agnNN7 (B29)

grzx = 2(=1+a)gznn, (B30)

gxxN = (=1 +20)gznn, (B31)

gkzx = (—Dgzxnn, (B32)
1

8KAN = %(—3 + 2a)gxNN, (B33)
1

8KEA = ﬁ(—H —40)grNN,s (B34)
1

gyNN = %(‘1‘3 —40)grnNn, (B35)
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1
nAN = ﬁ(—za)gm\w, (B36)
1
&z = %(-an)gnzvzv, (B37)
where  gppp = fppp/mp, o« =0.635, and fiyy =

V4 x 0.08. In this work, however, we do not follow the
SU(3) relations (B31) and (B35) for the NN and KXN
couplings, but vary f,nn and fxsn freely in the fit.

b. V BB’ interaction

The interaction Lagrangian between a vector-octet meson
(V) and spin—% octet baryons (B, B’) is given by

I KvBB N
Lygp = +8vpp B [V - —Uuu(avvﬂ)} B’
mpg+mpg

x LSS o + [H.c. for B # B']. (B38)

The isospin structure of the interactions (LS ,,) involving
o, K*, K¥, and wg is given by the replacement of 7 — p,
K — K*, K, - K},and n — wg in Egs. (B16)—(B27). Here
ws is the eighth component of the octet representation of the
vector mesons. Assuming the ideal mixing, it is related to the
physical @ and ¢ mesons as

i,

In this work, only gonwn. KoNN, Sunn. and k,yy are free
parameters for V BB’ coupling constants determined by the
global fit. As for the other VBB’ interactions, gypp is
fixed by the value of g,yy and the corresponding SU(3)
relations to Eqs. (B28)—(B37) with the replacement of 7 — p,
K — K*, K. — K}, and n — wg, while kyp is fixed with
kypp /(mp +mp) = Kk,nn/2my).

(B39)

c¢. SBB’ interaction

The interaction Lagrangian between a scalar meson (S) and
spin-% octet baryons (B, B’) used in this work is

Lspp = +gspp BB'S x LS, + [Hec. for B # B']. (B40)

The isospin structure of the interactions (Lissjge ) 1s given by

Ly = (N'N)o, (B41)
L%y = (N'N) fo, (B42)
LB = AN, (B43)
L, =2 «!ZN). (B44)

Other SB B’ interactions are not considered in this work.

d. AB B’ interaction

As for the interaction between a axial-vector meson (A)
and spin-% octet baryons (B, B’), we consider only aiNN

PHYSICAL REVIEW C 88, 035209 (2013)

interaction given by

Lony = +8ann Ny ysTN - dy,. (B45)

e. PVBB’ and VV BB’ interaction

The following contact terms are also included in the
calculation:

fr L
MY g NN Ny ysTN - [pF x 7], (B46)

g

LpnNN =+

2
ko8 S = - -
Lyony = _POPNN o mvz AT [,OM x ,0u]- (B47)

my
Note that these contact terms are derived from applying [0* —
o* — gpNN,B“x] to Lryy and L,y y, respectively. However,
in this work we replace fryngonN [Kpgf,NN/S] in Eq. (B46)
[Eq. (B47)] with a new parameter ¢, yn [cppnn] and vary the
new parameter in the fit.

f. PBD interaction

The interaction Lagrangian involving a pseudoscalar-octet
meson (P), a spin-% octet baryon (B), and a spin-% decuplet
baryon (D) is given by

SreD
mp

Lppp = — BD"3, P x L, + [H.c. for B # B'].

(B48)

The isospin structure of the interactions (Li,i‘}g p) 18 given by

L%, = (NITA) - 7, (B49)
L. = Al(E* - 7), (B50)
L. =i[2h x 2% 7, (B51)
L. = (N'TK) . 2*. (B52)

g. VBD interaction

As for the interaction involving a vector-octet meson (V),
a spin-% octet baryon (B), and a spin-% decuplet baryon (D),
we consider only pN A interaction:
fona - S
Lyva = —l;—A“y”ys[BM,ov —3,0u1- TN + H.c.
P

(B53)

h. P DD’ interaction

As for the interaction between a pseudoscalar-octet meson
(P) and spin—% decuplet baryons (D, D’), we consider only
the 7 A A interaction:

Lian = —|—f;1AA AM)/U)/5TAAM . avﬁ

(B54)

T

i. VDD’ interaction

As for the interaction between a vector-octet meson (V') and
spin-% decuplet baryons (D, D’), we consider only the pAA
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interaction:

KpAA

0,“,(8”/07‘)} -TAAY.  (B55)
ma

Loan = +8panle |:l’5 -

Jj. VPP interaction

The interaction Lagrangian between a vector-octet meson
(V) and pseudoscalar-octet mesons (P, P’) used in this work
is given by

Lprz = +8pnxl7 x 8,71 - p", (B56)

Loxkx = +igoxx(K'79,K)- p" +H.c., (B57)
Likn = +iggk=[(K*™TK) - 9,7

—(K*™%3,K)- 7]+ H.c., (B58)

Lok = +igukk[K'(3,K) — (9, K)K]wf, (B59)

Lieky = +iggxy K [K(0,1) — (3, K)n] + H.c. (B60)

In this work, the coupling constant gy p p- is fixed by the SU(3)
relation,

1

8pKK = Egprm’ (B61)
1

8K*Kn = Egprms (B62)
1 1

8wKK = nggl(l( = zgpnrrs (B63)

2
8¢pKK = gngK gpm, (B64)
8KxKn = ) gpnnv (B65)

so that only g, is a free parameter for the V P P’ couplings.

k. SP P’ interaction

The interaction Lagrangian between a scalar meson (.S) and
pseudoscalar-octet mesons (P, P’) used in this work is given
by

Lon = —gz"T”:(a“ﬁ) (8,7)0 + %ﬁ 7o, (B66)
Ljen = —i{;ﬂ@“ﬁ) @7 fo, (B67)
Lokn = g”"”(a K"z - (9"7) + Hee., (B68)
Lexy = —‘g’;lﬁ(aMKT)K(a“n) +Hec. (B69)

n

L. VV'P interaction

As for the interaction between a pseudoscalar-octet meson
(P) and vector-octet mesons (V, V'), in this work we consider
only the wpm interaction:

8 - -
prr[ = _ﬂeuakv(aap”') : (3/\7[)0)1).
my

(B70)
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2. Electromagnetic interactions

The electromagnetic interactions are obtained from the
usual noninteracting Lagrangian and the above hadronic La-
grangian by using the minimum substitution d,, — 9,, —ieA,,.
The resulting Lagrangians divided by —e (e = /47 /137) are
listed below.

a. y BB’ interaction

The interaction Lagrangian between a photon and spin-%
octet baryons is given by
Rpp(0?)
2m N

L,gp = +B |:éBB’(Q2) A — a‘“’(BVAM)] B’

+ [H.c. for B # B']. (B71)
Here we have defined

F Fiyt3

oy = ST IVE +2 we (B72)
Fos + Foyt?

fyy = =12 +2 vt (B73)

éxr =0, (B74)

fan = —0.61, (B75)

ésy = T3, (B76)

Ryy = kX + 1 ET3, (B77)

éAE ~ (07 Oa 0)3 (B78)

kax = (0, —1.61,0). (B79)

Here Fis = Fiyv =1, Fps =up +u, — 1~ —0.12; Fpy =
Wp—tn —1~37; k¥ =065 «kX¥=081; and T3 =
diag(1, 0, —1).

b. yPBB’' and yV BB’ interaction
The following four-point interactions are obtained by
applying the minimum substitution d, — 9, —ieA, to the
PBB’ and VBB’ interactions defined in Appendixes B 1 a
and B 1 b:

anN

Lyzvn =+ [(N AysTN) x 13, (B80)

g

Jrna [p AysKTA — A AysK ™ pl,

Lykna = +i (B81)

fKNE [}’_l AVSK+El+i2+ﬁAVSK+E3

Lygxns = +i
—S72 AysKn — £ fysKpl,

8pNNK T, -
Loy = +”ZTN” |:<N§o "N) x pviLA,L. (B83)

(B82)

Here the symbol [A X 1§]3 in the above equations means thi:
third component of the outer product of the isospin vectors A
and B. In this work, we multiply the yn NN, yKNA, and
y KN X interactions by additional phenomenological factors
CyxNN» CykNA> and ¢, g yx, Tespectively, and we treat those
factors as parameters in the fit.
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¢. Y BD interaction
The following Lagrangian is used for the interactions
involving a photon (y), spin-% octet baryon (B), and a spin-%
decuplet baryon (D):

Lyya = —iA*TSAVTPNA” + Hee., (B84)
Lysse = —i(S)'TS T AY + He. (B85)

The matrix element of y B D vertex is explicitly given by
(D(pp)ITE PP |B(p))
_ mp+mp 1
- 2mp  (mp+mp) —q°

x [(GZB — G2")3€uvap P'q”

. 12
Oty (mp —mp)* — quMwﬁPaqﬁGAVV‘Squa
TG iy T @ P~ qu)} :

(B86)
with P = (pp + pg)/2 and q¢ = pp — pp. Note that the
index p of I'¢%P# contracts with the D field and v with

the photon field. The y NA coupling strength G§¥ = 1.85,
G2V =0.025, and GV = —0.238 are taken from the SL
model [15]. However, for the y X X* interactions, in this

#0320 * + #0320
work we set G(EZC) ¥ = G(EE,C);Z =0, and only G'¥”* and
*\EgE
G(Af "> are treated as free parameters varied freely in the fit.
d. y PBD interaction
The following four-point interaction is given by applying
the minimum substitution 9, — 9,, —ieA, to Lyya:

Lyzna = +%[(Mi‘m x 7]3A, +Hec. (B87)

T

e. y DD’ interaction

As for the interaction involving a photon (y) and spin-
% decuplet baryons (D, D’), we consider only the yAA
interaction,

LyAA = +A” (TA3 + %) [_V;Lgnv
+ (gun ¥ + &uv¥n) + 5Vavuru]ATAR. (B8S)
f. y PP’ interaction

As for the interaction involving a photon (y) and pseu-
doscalar octet mesons (P, P’), in this work only the following
yrr and y K K interactions are considered:

Lyn:r = +[7?[ X (8M7_7':)]3A;u
Lyxkkx = +i[K 0"KT — (0" K )K']A,.

(B&9)
(B90)

g. vV P interaction

The following Lagrangian is considered for interactions
involving a photon (y), a vector octet mesons (V), and a
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pseudoscalar octet mesons (P):

Lypm =+ g0 AP 07) - 7. (BOD)
Lyor = +gn:‘"” Capys (0 APY7 )3, (B92)
8 o
Lypy = +ﬁew(a AP) @7 p*)n, (B93)
14
Lyan = 52 65,50" Y@ 0. (BOH)
g0 X _
LVK*K - ;/nK KEaﬂyS[KO(aVK*O,S)
K
+ K%0” K*%%)]19% AP (B95)
8k
+ ;KKKeaﬁyg[KWaVK**ﬁ)
+ K37 K*H%)]0% AP, (B96)

In this work, we treat g,,x, Sywr> &ypn> aNd gy wy as free
parameters in the fit, while we use the fixed values for y K*K
couplings, i.e., g . c/mg = —0.388 GeV™" and g ., =
0.254 GeV~! [68].

h. yV P P’ interaction

The following four-point interaction is given by applying
the minimum substitution 9, — 9, —ieA, t0 L rx:

Lyprr = —8purl(p" X ) X T34, (B97)

i. y AP interaction

As for the interaction involving a photon (y), an axial-
vector meson (A), and a pseudoscalar meson (P), in this paper
only the ya;m interaction is considered:

1

LValn =+ (0" A — 9" AF)

X {2[(8;17?) X Zilv]S - 2[(8\17?) X (_ilu]3

+[7 x (dudry — dpar)]s)- (B93)

J. yVV'interaction

As for the interaction involving a photon (y) and vector
octet mesons (V, V'), in this paper only the ypp interaction is
considered:

Lyp, = +[(0"p" — 3" p*) x py13A,.  (B99)

APPENDIX C: MATRIX ELEMENTS OF
MESON-BARYON POTENTIALS

It is convenient to get the partial-wave matrix elements
of the meson-exchange potential vy gy p by first evaluating
vy g, m B 10 helicity representation and then transforming them
into the usual [(LS)JT) representation with J, T, L, and S
denoting the total angular momentum, isospin, orbital angular
momentum, and spin quantum numbers, respectively. For
each meson-baryon (M B) state, we use k(p) to denote the
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momentum of M(B). In the center-of-mass frame, we thus
have p = —k. Following the Jacob-Wick formulation [69],
the partial-wave matrix elements of vy gy p can be written as

Vi/Ts'M/B',LSMB(k,v k, W)
. Z JQRL+DQRL +1)
N ehs 2J +1
X (JprJgry — Mgl S'SL)(L'S'0S|J S.)
X (jmjprim — Ap|SS;)(LSOS,|JS;)
X (J,k'Lyy — Mglomw s melJ, kiy — Ag), (C1)

where jj) and jp are the spins of the meson and baryon,
respectively, and A, and Ap are their helicities, and

(J,k'Ayy — Mglow g mslJ, kiy — Ag)

+1
=27 f d(cosO)d;, ; . ;. ()
-1

X (M'(K', s}, M, )B' (=K', s}y, =)

PHYSICAL REVIEW C 88, 035209 (2013)

TABLE X. Label n for V(n) in Eq. (C7).

Channel TN nN oN oN TA KA KXY
TN 1 2 4 7 11 16 19
nN 3 5 8 12 17 20
oN 6 9 13 - -
poN 10 14 - -
TA 15 - -
KA 18 21
KXY 22

To evaluate the matrix elements in the right-hand side
of Eq. (C2), we define (suppressing the helicity and isospin
indices)

(K'(), p'lvm s mplk(@), p)

1 m'y 1 mp 1
B Qr)*\ Ep(p") V2ZEm (K)\ Ep(p) 2Ep (k)

X i g (p")V (m)up(p). (C7)

X vyrg mp| Mk, sud)B(—k, 55, —2g)). (C2)  Here the label n indicates the considered MB — M'B’
Here we have chosen the coordinates such that transition as specified in Table X i, j are the isospin indices of
the mesons. We also use the notationg = k' —korg = p — p’
k' = (K'sin®, 0, k' cos 9), (c3)  in this Appendix. The expressions of each term in V(n) are
i 0.0, k) (C4) given in the following sections.
and the helicity eigenstates are defined by . .
L. 7(k, i)+ N(p) > =n(K', j) + N(p')
k- Syl Mk, suda)) = hu|M (K, syda),  (C5)
[~k - 5gl|B(—k, sgAp)) = Ap|B(—k,sprp)). (CO) VA =V + V) + V! +V + V) + V], (C8)
Note the “—" sign in Eq. (C6). with
|
fanw ) ; ;
s = (m—> Kyst! Sn(p + k) Kyst', (€9)
o (Fen ), .
V, = < ; ) Kyst'Sn(p — k) K'yst/, (C10)
71 anA : i cof i
v, =< ) ka(T1Y S (p — KK T, (C11)
my
!
> 8 8 K . T
V) = —Cyy 2T [(k+ )+ Coa—2—((k+ ¥) 4— 4(k+ k/)}} i€ji =
ms dmy 2
q2 4 Kp 4 4 .[l
+ 8NN gpmn —ga—— | K+ K+ (K K d— 4K+ IO | i€, (C12)
mz(g* —m3) dmy 2
/ 2 2 /
_ . q q k-k
V! =+Cs 3ij — | 8oNN&onn 75—~ T &/NNEfor 3ij, (C13)
My J T mg(qz_mtzf) 0 0 Hmifo(qz_m%) m, J
5 2
v, 8oNNEornM 1
vl _ n 5. (C14)
/ Ve q*—m2 !

Here one can see that parameters Cy, Cy,, and Cs, which are
somewhat unusual and require some explanation, appear in
the meson-exchange potentials V] and V!. Let us explain this

by taking p-meson-exchange potential le as an example. It is
first noticed that if one takes Cy; = Cy, =1, Vdl reduces to
the familiar p-meson exchange m N — w N potential derived
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from L, and L,yy. In effective theories, the propagator of
heavy mesons M is expanded as

1 1 2
7——7=——7+O<%J’
q- —my My My
and the effect of the heavy-particle exchanges is absorbed into
contact terms of the effective theories. We have taken into
account contributions of higher excited p meson states phe-
nomenologically by making Cy; and Cy, as free parameters
that can be different from Cy; = 1 and Cy, = 1, respectively.
Furthermore, we attach different cutoff factors for the first and
second terms of V. A similar prescription has been applied
also to the scalar-meson-exchange potential V,'. In addition,
in this work we include a phenomenological contact potential
V9! =cgin getting a good fit to S3; partial wave. We do not
need this for other partial waves.

(C15)

2. m(k,i)+ N(p) = (k') + N(p")

VQ)=V2+ V2 (C16)
with
g2 = SIS 6 B kst (C1T)
Mmymy
P2 = SNIINN i — K Kys. (CI8)
MMy
3. 9(k)+ N(p) = n(k')+ N(p)
V3) =V + V2, (C19)
with
— Jonn 2
V)= ( - ) KysSn(p +k) Kys, (C20)
n
53 fr]NN : / /
vy = T KysSn(p — k') K'ys. (C21)
n
4. w(k, i)+ N(p) = o (K') + N(p')
Vd) =V +V +V (C22)
with
74 = igonn T Su(p+ ) st (C23)
Vi =igonn f;NN KysSn(p — k)T, (C24)
= g o i : k
\é:ifmf dyst . (C25)
my q- —my

with

with

with

where

with
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5. n(k)+ N(p) = o(K') + N(p")
VGe) =V + V2,

=5 . fr]NN
V, =igonn

Sn(p + k) Kys,

n
fr]NN

V) =igonn KysSn(p — k).

n
6. a(k)+ N(p) > o(K)+ N(p)
V(6) = VO + VP,

VO = g2 ywSn(p + k),
Vb6 = giNNSN(P - k/)~

7. m(k, i)+ N(p) - p'(K', j) + N(p)
V=V +V +V +V] +V/,

_ .ferN

V=i gonnTpSn(p + k) Kyst',
My

—7 . JaNN i /

Vy =i——=gn~ KysT'Sn(p — k)T,
mgy

77 = Jfavn @ =k €y dvs

AT =

_ JanN

V] = - g nn €y ysejit

b

V7 _ ngNgwnpg_‘Gaﬂ}’aezgk/ﬂky
= ij 5

me, q

x [y‘s + m%(ﬁ q— W)] ,

— m?2
mg

Kp

12 .
rp, - ? ﬁ{p’ + 4mN

8. n(k)+ N(p)— p'(K', j)+ N(p')

V() =VE+ Vv,

—s . Sann
S =i e T Sn(p + k) Kys,
My
—s . Jonn
Vb8 =1 ;;1 gonn KysSn(p — KTy
n

(g™ K= ¥ ﬁ’p/*)].

(C26)

(c27)

(C28)

(C29)

(C30)
(C31)

(C32)

(C33)

(C34)

(C35)

(C36)

(C37)

(C38)

(C39)

(C40)

(C41)
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9. o(k)+ N(p) — p'(K', j)+ N(p)

PHYSICAL REVIEW C 88, 035209 (2013)

13. o(k)+ N(p) = (K, j)+ A(p)

7 _ 9 9 _ .
VOo)y=V+V), (C42) 7(13) = —igonn Jana Tiet K'Sy(p+K). (C56)
with b4
V) = gonngenn o Sn(p + k), (C43)
) 14. p(k, i) + N(p) = =(K', j) + A(p")
V) = gonngonnSn(p — KTy (C44)
V4 =V + v vt v (C57)
10. p(k, i)+ N(p) = p'(K', j)+ N(p") with
- 510, g0, 10 74 = i LNASINY i s (p 4 boT (C58)
V(10) = V104 vl0 4 10 (C45) a My A ”’
with vt =  Lrn Tona T'lex -k ¢oys — €x - €, Kys]
_ _ , Mym
Valo + Vblo = giNN[Fp/SN(P + k)Fp + 1_‘pSN(p —k )Fp/]’ ’ , , .
(C46) X SN(p - k) kVST], (C59)
~ .fr[ f * ! | o, /
where VCM = _l—liAmpNA lexla ¥ VSTA]SAﬂ(p + k')
. wMtp
r, = % [¢p - 4’;: (¢, K— ¥ gp)] (C47) x kg govs — leplp KysIT', (C60)
N
_ .8pan frna Kpan
and le4 = —lpm—[GZ]a |:¢p - 4inA (¢p K— K ﬁ/p)]
2
_ Kp8 " i cof 1 i
V=i pgn:Zpr o™= g doleyiT'.  (C48) X TxSy (P = k)T k. (Co1)
15. m(k, i)+ A(p) = =m(K', j)+ A'(p)
11. w(k, i)+ N(p) = n(K', j)+ A(p")
i} ) _ i} i} ) VA5 =VE 4+ v v 4 vls C62
van=v'+ v+ v v+ v (C49) (=Y Vom 4 Ve (o2
with with
711 ananNA i % / i 15 ferA : I i
Va — m2 TJGA -k SN(p + k) kys‘[ s (CSO) Va = ( . ) GZ, -k T]SN(p + k)EA . ]C(]”)T7 (C63)
T T
it = SN i s =) st (€51 s _ (Fra T ey g j
b — m]zr A NP Y5T, Vb = < . ) kVSTA[eA’]MSA (p+k)[6A]v k]/ST s
L Sfonaforn €T’ (Co4)
o 7! Mp q? —m% Sfraa : j
. . ‘_/15 — < T ) Ti E*/ Sl’-\) _k/ ey 4 TJ,
xleh - q(b+ Kys — s -k +K) dys. @52 Ve =\, ) FrsTaleaduSa(p =Eoleals Kys
Vd“ — _an;J;ﬂNA [GZ]M k/VSTiSZV(p/ + k/)Tikv, l (C65)
" les =1ig,Ang nn—eﬂlTA
(C53) PESEPTT 42 m?
11 anAfﬂNA i oV / i1/
V= T el K TASY (p — K0T, x [<k+ )+ —’Z’M«H ) d— d(k+ k’»] €n - €n-
LN
(C54) (C66)
12. y(k)+ N K, )+ A .
n(k) + N(p) = n(K', j)+ A(p') 16. w(k, i) + N(p) — K(K)+ A(p))
V(12) = MTJE* -k'Sn(p + k) Kys.  (C55) - ~16 , 716 , 16 |, 16 | 716
M, A Va6) =V 4+ V,°+ V4V, + VO (C6T)
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with
_ SAN fann i
V) = 222 WysSu(p + k) Kyt
Mmgmgy
_ Seas frsN N i
Vo = 2R 2T WysSs(p — k) Kyst,
Mgmgy
VCIG _ an):*fKN):*kaSgﬂ;(p . k/)k;gri,
mgmy
. —8up + Qudp/ M-
Vd16 = —gK*NAGK*Kn — " 2 = 2,) =
q° — My
X (y" - i—KK*NA O'lqu) (k + K)yrtt,
my +mp
‘—/616 _ _gKANgKKn zk : k/ - i
my q- —mg
17. 5(k) + N(p) = K(K')+ A(p’)
van=v, + v + v+ v,
with
_ Sxan funn
V)" = === ['ysSn(p + k) Kys,
mghniy
_ fona fran
V)7 = SRREERE s Sa(p — k) K s,
mgniy
. —8up + Qudp/ M-
VC17 = —8K*NAEK*Kn = 3 : 2p =
q° — My
N (VM _ iﬂgqu> (k+K),
my +mA
=17 gKANgKKn k - k/
Va' = - 2 2°
my q- —mg
18. K(k) + A(p) — K(K') + A(p)
V8 =V, + V)5 + VI8 4 V8,
with

2
Vi = (f,’;”) K'ysSn(p + k) Kys,

K

= Sfrea ?
V" = (— KysSz(p — k') K'ys,
mg
—8up + 9udp/m,
V. = —gonngokk — 52—
q-—m,
K
X (V“ —i wAAO’”%) (k + K,
2mA
2
_ —8up +4uqpo/m
le8 = —84AN8HKK 2 ) .

q- —my

X y“—ima‘“’qv (k + k'y°.
ZmA

(C68)

(C69)

(C70)

(C71)

(C72)

(C73)

(C74)

(C75)

(C76)

(C77)

(C78)

(C79)

(C80)

(C81)

(C82)
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19. n(k, i) + N(p) > K(K') + Z(p', J)

VA9 =V, +V,  + VP + V) + V) + V], (C83)

with
S0 JKsNJann o ;
V,o = ———— Kyst!Sn(p + k) Kyst', (C84)
mgmsy
—19  Jrazfran N 1 i
Vo = ———— KysSa(p — k') K'ysd", (C85)
mgmgyg
719 __ an):fK):N ’ s ijk
V" = ————— {ysSx(p — k) K'ysie""r,  (C86)
mpgmsy
719 _ anZ*fKNE*k §of Nt ik
10 = TEERNE S (p — KDKpieTEn,  (C8T)
mgmsy
_ — + m2 N
Velg = —8Kk*Nz8K*Kn Sue > ququ/ K
g% — my.
% (yﬂ _ iﬂawq\,) (k + k’)'or"rj,
my +msg
(C88)
519 8kEN8kKm k-k i
V' =-— e 2 Titl. (C89)
20. n(k) + N(p) —» K(K') + Z(p', j)
V(Q20)= VO 4+ V2O 4+ VX 4 v (C90)
with
-2 _ JksnSann ;
V' = ———— KysSn(p+ k) Kyst’, (CoD)
mgmy,
520 _ Jazz SN N
Vo = ———— fysSs(p — k) Kyst/, (C92)
mgniy
— + m2.
VL-ZO = —8K*Nz8K*Kn Sup 2 q“qu/ &
g% — mx.
x (w - i&a’“’qv> (k+Kkyt/, (C93)
my +mg
= K K k ° k/ i
p0 - _ BeENEcKy 7. (C94)
my;  q>—m?
21. K(k)+ X(p,i) > K(K')+ A(p)
VRl = V2 4+ VA + v, (C95)
with
—»1  Sfrkanfrksn o, ;
Vo = — KysSn(p +k) Kyst', (C96)
K
72 = JRERIKEN i (o — k) s, (C97)
my
—8up + qudp/m,
Ve2l = —&psA8pKK Mpz e

)
q-—m,

x <y” - i&oﬂ”qu) (k+ kY. (C98)

my +mA
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22. K(k)+ X(p, i) > K(K)+ X(p', J)

V(22)= V2 + V2 + V2 + VP2 + V2 (C99)
with
722 fezn )’ o i
Va = m kVST SN(p +k) kVST ) (CIOO)
K
[ fres i N
vy = e Kyst'Sa(p — k) Kyst/, (C101)
K
- —8up + /m?
V2 = —gorsgokk —2 _ Ququ
q> —m?
x <y“ - i';“’“a“”qv> (k + k') s (C102)
ms
. —8up + qu4,/m;
Vdn = —8¢xn8pKK a 2 - ; ¢
q-—my
x <y” - i';ﬂaﬂ”qv> (k + k)P, (C103)
my
_ —8up + qudp/m,
Ve22 = —8p==8pKK a ) - ; £
q> —m?
x (w _ i';’ﬂa“"qv> (k 4+ K)iez,.  (C104)
msy

The baryon propagators for the spln— octet baryon B and
the spm-z decuplet baryon D appearing in Egs. (C8)—(C104)
are given by

Sp(p) = m, (C105)
v 1 » , PP’
S5 P = 3 [2<_gﬂ o )
[y V0l [av _ vk
T Yoy vy pv )24 . (C106)
2 mp

Equation (C106) is the simplest choice of many possible defini-
tions of the spin-% propagator. It is part of our phenomenology
for this rather complex coupled-channels calculations.
Although the expressions (C8)—(C104) look like the usual
Feynman amplitudes, the unitary transformation method
[15,35-37] defines definite procedures in evaluating the time
component of each propagator. For each propagator, the vertex
interactions associated with its ends define either a “virtual”
process or a “real” process. The real process is the process
that can occur in free space such as A — w N. The virtual
processes, such as the 7N — N, tA — A, and 7 A —
N transitions, are not allowed by the energy-momentum
conservation. The consequences of the unitary transformation
is the following. When both vertex interactions are “virtual,”
the propagator is the average of the propagators calculated with
two different momenta specified by the initial and final external
momenta. For example, the propagator of V! of Eq. (C9),
which corresponds to the s channel n (k) + N(p) > N —
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(k') + N(p’), should be evaluated by
Sn(p +k)
1
= S [Sv(p + )+ Sn(p" + K]

_ L[ IEND) + Ex Oy =7 - (5 +K) + my
2| IEN(P) + Ex (0P — (5 + k) — m},

BN+ D)y’ =7 - (p' + k') +my
[En(p') + Ex(K)]> — (p +K')> —m3,

One sees clearly that the denominators of the above expression
are independent of the collision energy E of scattering equation
and finite in the all real momentum region. This is the
essence of the unitary transformation method in deriving
the interactions from Lagrangian. When only one of the
vertex interactions is “real,” the propagator is evaluated by
using the momenta associated with the “virtual” vertex. For
example, the propagator of V! of Eq. (C53), which corre-
sponds to the s channel (k) + N(p) - A — (k') + A(p'),
is S}"(p’ + k'), but neither S}"(p + k) nor [SK'(p' + k') +
S"(p + k)1/2. We note that there is no propagator in Egs.
(C8)—(C104), which is attached by two real processes such
as TN — A — mwN. Such real processes are included in the
resonant term 5 ; 1. of Eq. (3).

. (C107)

APPENDIX D: MATRIX ELEMENTS OF
yN — M B TRANSITIONS

To include the final meson-baryon interactions in the
photoproduction, it is only necessary to perform the partial-
wave decomposition of the final M B state. We thus introduce
the following helicity-L.SJ mixed representation

Q2L + 1)
il K@) = Y 5T (i i (=A)IS'SL)

Ny Mg
X (L'S'0S.1J S1)(J. KXy (= )]
X Uy yn I, Ghy (—AN)), (D1)

where (J, k'Ay, (—Ap)|lvpr g, yN|J gy (—Ay)) can be evalu-
ated using the same expression as Eq. (C2) but replacing
vmp.up With vy p ,n. To evaluate these quantities with
our normalizations of states, we define for a photon four-
momentum g = (, q)

((K' ), p’IvM«B/ wN1g. p)

\/_ (k') pIZJ“(n)eulq p)

(271)* Z\/ EBf(k V 2EM )

x g (p')el (Mun(p)

D2
EN(q v2q b2

where ¢, is the photon polarization vector, and n denotes a
given considered process

In)=¢€-j(). (D3)
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Here j(n) can be constructed by using the Feynman
rules. The resulting expressions for each of yN —
nN,nN,oN,pN,tA, KA, KY are listed below.

L y(@)+N(p) - =K, j)+ N(p)

I =1+ 1)+ I} + I+ 1 + 1} + 1] +1,, (D4)

with
=i i L gy (D5)
¢ My P+ —my
.anN 1 i
I, = +i r Kyst’, (D6)
’ ma " p— K —my
Icl — fﬂNA l—-em ATSUM( k/)k:LTj’ (D7)
My
1 anN i
I, =+ €j3T &5, (DY)
T
fann Ky
1=t e et R K e (09)
8oNN8pry T/ 5 Kp 7 T
JL = _opNNOpTY © P _
f . 3 [ + 4mN(V K— Ky )]
X Gaﬂnskn = s (DlO)
k p
8wNN 8w >
I = 2220 |:V6 ' ¥ ky‘s)}
T
8 1
xeaﬁm;k q%e 813152— (D11)
In the above equations, we introduced k = p — p/, Ty =

én ¢, — (knn/4mn)ldy d— 4 ¢,1.and Fe‘“ Tav2ey.
2. y(g)+ N(p) = n(k')+ N(p")
Q=12+ 1}+ 17, (D12)
with
. faNN 1
12 = +i 4 Ty, D13
a mn k p,+ k/ —my N ( )
12— i d¥ ! Kys (D14)
— N 5
b my p— K —my
12— __ 8pNN8pny i Y
¢ mg 2 4mN
X €vapk’q” eykz— (D15)
3. y(@ + N(p) — o(K')+ N(p)
13)=1+13, (D16)
with
P =— ;F (D17)
a = gJNNﬁ,_i_ ¥ —my N>

PHYSICAL REVIEW C 88, 035209 (2013)

1
I, = 8NN TN S (D18)
4. y(@)+ N(p)— p'(K', j)+ N(p)
I&=I1;+ L+ I+ 1+ +1;+1;,  (D19)
with
1
4= — ry——T'n, D20
a 8pNN rr— (D20)
1
I} = —gnwIy—— T, D21
b LA (D21)
]j — prA (k/ ¢p _ /6 )J/STTjSZV(p/“rk/)F,e,m'A,
(D22)
fNA em T / j 4
Ui i DGR DGR A DA
(D23)
. 8oNNK N
I} =+ ey by fy "), (D24)
.8pNN K ~ w7
I? = _lpT |:Vu + ﬁ(yxt K~ kyu):| [e%’f, k+K)-e,
e €; 3‘[
—(F . X )M ‘1 J
(k- €x)el — (€ - €3k ]k et (D25)
I; = +ifanpnyr/ k)/séaﬁngk ”e q“ ey o . (D26)
5. (@) + N(p) — =(K', j) + A(p')
IG)=L+L+LD+ 1+ L+L+17,  (D27)
with
15 = i T s TSy 4 KT, (D28)
T
=i s (k) s, D29)
T
1P =T sl s, 3)
Sana 1 3
I = Alz+T
g =ti— . a5 +1;
x [—g™ ¢y + (,)"y" ]S, (p — KOK*TI,  (D31)
= AL e3T'e, - €k, (D32)
my
)
I3 = 72TV + 23], (D33)
Igs _ _prA 8pomy TJ _ 1 -
m, My k* —m3
x [k-exy— fe)' lyseapnug® bk, (D34)
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where the pion pole term I; consists of energy-independent =—1/(=1/)+ 1] - 1" — g% KVIJZ
interaction Vg5 and energy-dependent interaction Zg given as _ I; ©) for yn— =°K°, (D49)
VS _ 1 GZ -k](k] +k/).€y +€g* 0 with
¢ T 2E, (K — q) En(q) — Eak) — Ex(k' —q) > ; fins
D35)  Lw) =+ fysSy(p + KDy, (D50)
1 e kolkp + k)€
75 = A 4 ) 7 _ .kaA
¢ 7 2E(K — q) E — En(q) — Ex(K) — Ex(k' —q) + i€ 1] =+ 5 FE T Sa(p =) Ky, (D51)
(D36)
. RPN N 1] = +i f"” sSs(p = k) Ks, (D52)
withk; = (Ex (k" —¢), k' —q)and k, = (— Ex (k' — q), k' —
g). The on-shell matrix element of V> + Z?2 is given as
q g P 1 g IJ _ f:/lAE 47, (D53)
K
V347 =€k k(k+K)- &z (D37 -
72 2
m2 I = 4i Sfraz k_”z(k +K) €y, (D54)
mg k* —m?%
8K*NZT s KK*NA s 78
I =— _ CKINA —
6. (@) + N(p) = K(K) + A(p)) T [” oy 1w R )]
1
X eaﬁ,,ak q ach —, (D55)
16) = 18(1/2) + If + I8+ IS + IS + gieoio 10 Tk — m.
for Yp — AK+’ (D38) I;(t):) = —m[rsm,z*i(tz)] (p k )kl“ (D56)
m
= {12+ I = 17 + ek, I .
em, . . .
for yn — AK, (D39) whfzre re . (tg()):ifotzl})e matrix element ((1;1:1)12;(1 in Eq. (B86),
) which contains G, z « forts =0and Gy, p o forzs = £1.
with The isospin projections for the matrix elements are given
as
I8(tn) = f IR [ ysSn(p' + KODx (i), (D40)
f iz = = (K¥Ej1p) — L2(KOT*jlp), DST)
I§ =+ 5 B TASA(p = K) Kys (D41) A V3
V2 1
f 32p = ~—=(KTEjIp) + —=(K°Z*|jlp), (D58
16— i ZNZFAESZ(p O U (D42) By = KB jIp) + = (KEFjlp), (DS8)
K
15 — fKNA ¢, vs, (D43) TABLE XI. Masses appearing in
the meson-exchange potentials. All the
f kVS masses are kept constant during the fit
1 66 = ZNA kz—z(k + K’ ) - €y, (D44) except for the o and x masses, m, and
K
mg.
8K*NA P KK*NA s 7S
10 = — —
f my |:V + 2(mN +mA)()’ k ky ):| Mass (MCV)
1
o k , D45 mpy 938.5
X capnoka"€) (D43) ma 11157
where ty = 4+(—)1/2 for the proton (neutron) e 1193.2
N : ms 1318.1
ma 1236.0
My 1385.0
7. y(g@)+ N(p) > K(K') + Z(p) m, 138.5
m, 5475
— 77 7 7 7 7 c 7 mg 495.7
I =1,/ + Iy + I+ 1; + 1, + 8ok, 5 m, 769.0
+1)(0) for yp— £K¥, (D46) M 893.9
Mg 782.6
= —V2[I]A/2) + I] + g%ox, I} my 1019.5
974.1
+I1(+1)] for — ¥k, (D47) mp,
(D] vp Ma, 1260.0
= V2[I](—1/2)+ I] + 1] + I] + gioi, 1] m, 326.2
my 803.6

+1](=D] for yn— K", (D48)
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TABLE XII. Fitted values of coupling constants associated with
the meson-exchange potentials. Here only the coupling constants
varied and adjusted in the fit are listed. The values of fixed coupling
constants can be found in Appendix B.

Couplings Couplings

fonw 0.050 Frns —0.140
gpNN 4.724 8k AN 2.674
KoNN 1.177 kTN 11.823
SoNN 5.483 Fonze 23.060
KoNN 0.944 fKN):* 0.039
SoNN 13.453 Frsse 87.891
anA 1.256 8kKr 0.094
8pNA 8.260 8k Kn —0.147
fran 0.415

gonn 7576 finse x Gy Y 0286
Kpan 4.799 fxwss x Gy % ~0.156
SaNN 8.247 frnse x GEE —2.648
8fNN X 8 form 182.490 CyaxNN 0.896
CrpNN 6.910 CyKNA —0.003
CopNN —1.052 CyKNX 0.001
Cvi 0.786  gypr 0.128
Cvz 1.531 8yor 0.211
Cs x m2 1683 g, 1.150
cs31 —0.152  gyu 0.237
Sprn 6.938

8onn 1.173

Gorn ~3.015

Sump 4.486

TABLE XIII. Fitted values of cutoff parameters associated with
the meson-exchange potentials.

Cutoffs (MeV) Cutoffs MeV)
A]‘[NN 656 AnAE 674
Apnn 494 Arsy 1716
Apnn 920 Agns 1142
Aonn 768 Agna 500
Asnn 1209 Agza 538
AN 680 Agzes 619
Ag NN 658 Ayan 880
Azna 709 Apss 1676
Apna 1611 Apns 1699
Azan 703 Ayzs 1066
A,OAA 755 AK*NZ 536
Ay 1296 Agna 1492
Ag 1147 Aoan 672
Ag3 646 Auss 601
Aprx 868 Agpan 587
Agnr 1242 Ayss 1089
A 1986 Aena 1381
A fyrn 1268 Aens 800
Aorp 620 Aqps+ 1582
Ay 527 Agns+ 722
Ayznn 883 Aqss+ 814

Apkk 1600

Agsgr 1455

Apkk 500

A(])KK 500

Akrky 500

e 1131

Ak 1490
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TABLE XIV. Fitted values of bare
mass MY, of the N* states.

Loy MY, (MeV)

S (D) 2400

S (2) 2878

Py (1) 2210

P (2) 2440

Pz (1) 2087

Pi3 (2) 2901

Dz (1) 2480

D3 (2) 3926

D5 (1) 2058

D15 (2) 3258

Fis 2292

Fi; 2629

Gi7 2785

G 2733

Hyo 2967

831 2100

P (1) 2374

P (2) 3287

P (1) 1600

P33 (2) 2397

D33 (1) 2403

D33 (2) 2564

Dss (1) 2231

Dss (2) 3700

Fz5 (1) 3131

F3s5 (2) 3710

F37 (1) 2076

F57 (2) 2698

Gz 3218

G 3541

Hsy 3400

V2 1
i1om = ~—(KTZ7|jln) — —=(K°%°j|n), (D59
Jiyan \/3( [/ln) ﬁ( [jln), (D59)
1 V2

3 = —=(KTZ7|jln) + ~—= (K°Z°|j|n). (D60
J3/2n ﬁ< [Jln) «/§< [/ln).  (D60)

APPENDIX E: MODEL PARAMETERS

In this appendix, we list the model parameters determined
by our global fits to the data of pion- and photon-induced 7 N,
nN, KA, and K X reactions in Tables XI-XVI.

Here it will be worthwhile to mention that the bare N*
masses (Table XIV) resulting from the current analysis are
larger than those in our early analysis [2] in general. This
increase of the value of the bare masses is mainly attributable to
the K'Y channels newly included in this analysis. The coupling
of a resonance to a meson-baryon channel produces an
attractive (repulsive) mass shift for the resonance which locates
in the complex energy plane below (above) the threshold
energy of the meson-baryon channel. Therefore, as a general
tendency, the value of the bare mass becomes larger when we
include a new channel whose threshold energy is higher than
the resulting resonance masses.

035209-48



NUCLEON RESONANCES WITHIN A DYNAMICAL ... PHYSICAL REVIEW C 88, 035209 (2013)

TABLE XV. Fitted values of cutoffs and coupling constants of the bare N* — M B vertices (MB =aN,nN,nA,oN,pN, KA, K¥).
The corresponding (L.S) quantum numbers of each M B state are shown in Table II. The cutoff A y« is listed in units of MeV.

Loy Ay Cuws),n

7N nN (7t A) (wA), oN (pN)1 (pN)2 (oN)3 KA K3
S (1) 2000 12412 6.374  —0.021 - 0.621 0457  —0.117 - 2.324 0.352
S (2) 750  —3.562 7.234 1.124 - —8.903 5207  —5.024 - —0.371 4.968
Py (1) 1179 2.809 1.286 0.743 - 0.293 3209  —0.600 - 1.124 0.441
Py (2) 517 12312 —0479 9.266 - 9.984 12.498 3.210 - 4.545 2.500
P (1) 518 7.139  —0.248 8.003  —0.929  —2.089 1.341 0.833 1.487 1.237 0.820
P52 1170 1.426 0.089  —4.735 0.147  —0.707 —0.931  —0300  —0.069 0.543 0.406
Dis(1) 1519 0.178 0.125 4563  —0.040 0.658 0.126 —9.865  —0.230 0.157  —0.063
D5 (2) 1614 0.254 0.234 2.063 0.164 0.333 —0.392 1554  —0417 0.154  —0.134
Dis (1) 613 1.006  —0.475  —2.414 0.001  —0.772 —0.808 1.749 0.215 0.011  —0.065
Dis(2) 1286 0309 —0.004 —0523 —0.001 —0.084 0283  —0.182 0.011 0.000 0.086
Fis 1003 0.145  —0.010 0.836  —0.178 0.567 —0.161 1463  —0.005 0.007  —0.017
Fiy 1028 0.004 0.007  —0.141 0.004  —0.005 0.064 0.025  —0.002 0.046 0.030
G 1191 0.008 0.001  —0.385  —0.009 0.055 —0.004  —0.436 0.001 0.001 0.003
G 874 0.013 0.000  —0.081 0.000  —0.000 —0.017 0.019  —0.000  —0.009 0.012
Hio 1110 0.002 0.000 —0.043  —0.002 0.010 —0.001  —0.127 0.000  —0.000 0.001
S 657 0.000 - —3.829 - - —20.000 1.355 - - —1.927
Py (1) 725 1.205 - 7.353 - - 4252 0.476 - - 2.386
Py (2) 2000 1.651 - 1.691 - - 0.607 0.653 - - 1.259
Py (1) 878 1.038 - —2.662 0.183 - 0.544 6.000 0.033 - —0.005
Py (2) 739 10.069 - 5.907 0.308 - 1.621 5.346 0.246 - 0.063
Dy (1) 1086 0.512 - 13.498  —0.060 - —0272  —8.482 0.963 - 0.193
D33 (2) 629 0.144 - ~1.599  —0.260 - 0.933 3.901  —2.794 - —0.523
Dss (1) 641 0.573 - —0.527 0.029 - 0917  —0312 0.213 - 0.490
Dis(2) 1098 0.602 - —0.268  —0.004 - —0.606 0.543  —0.008 - —0.201
Fis (1) 1026 0.032 - 3.181  —0.284 - 0.114 3.558 0.088 - 0.083
F5s(2) 1631 0.048 - 2.872 0.001 - —0.001  —0.233  —0.005 - 0.006
Fyr (1) 778 0.216 - 0.308 0.004 - 0.019  —0.072 0.002 - 0.026
Fy7 (2) 903 0.145 - 0208  —0.001 - 0.131 0.110  —0.000 - —0.052
Gy 1203 0.006 - —0.384  —0.016 - 0.002 0.480 0.002 - 0.002
G 874 0.022 - —0.108 0.000 - 0.004  —0.003 0.000 - —0.003
Hio 973 0.001 - —0.086  —0.010 - 0.001 0.167 0.001 - 0.004

TABLE XVI. Fitted values of model parameters associated with the bare y N — N* helicity amplitudes defined in Egs. (19)—(25). In the
last column, fixed values of My~ that are used for computing g in Eq. (19) are presented. The helicity amplitudes A, 2 and 153/2 shown in
the third and the fourth columns, respectively, are A;,, and Az, calculated at g = m,, where Mff and E,’l’; are obtained with the use of
the relations in Eqs. (20)—(23). As for the first bare Ps; state [P33(1)], we list the value of xy4,, and x4, in the columns of A?Z and AQ’/*Z,
respectively.

Loy ASR (MeV) A, (1073 GeV~172) AY), (1073 GeV~172) My+ (MeV)
Si (1) 634 78.79 - 1535
Sit (2) 1595 -2.92 - 1650
Py (1) 1035 -1.83 - 1440
Py (2) 1558 56.60 - 1710
P (D) 1208 3.07 1.67 1720
P35 (2) 510 258.77 —22.46 1900
Dis (1) 538 27.24 —59.49 1520
Di; (2) 986 -7.53 4.00 1700
Dis (1) 655 0.62 7.40 1675
Dis (2) 1099 5.39 5.03 2200
Fis 569 7.22 —10.18 1680
Fiy 870 035 0.12 1990
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TABLE XVI. (Continued.)

Lapy AS™ (MeV) AV, (1073 GeV~172) AY), (1073 GeV~172) My (MeV)
Gy 510 471 —5.89 2190
G 505 -3.05 —5.09 2250
Hyo 1589 0.03 0.03 2220
S31 500 —291.50 - 1620
Py (1) 1599 6.49 - 1750
P3 (2) 1600 4.04 - 1910
Py (1) - 1.10 1.36 1238
P (2) 1670 —-32.08 —59.12 1600
Dy (1) 1615 —11.53 —18.14 1700
D3 (2) 1374 -6.31 —44.47 1940
Dss (1) 826 8.41 8.40 1935
D35 (2) 594 -1.97 —30.00 1935
F3s5 (1) 1601 1.08 1.84 1905
F35(2) 1306 —1.01 —1.81 2000
F3 (1) 1562 —0.49 -0.55 1950
F3 (2) 703 —5.36 —8.43 2390
Gy 500 12.07 10.74 2200
G 803 0.75 1.39 2400
H 518 —234 —1.67 2300
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