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The most recent high-precision data on spin observables X, T, P', E, F, and H reported by the CLAS
Collaboration together with the previous data on differential cross sections and spin-density-matrix
elements reported by the CLAS, A2, GRAAL, SAPHIR, and CBELSA/TAPS Collaborations for
the reaction yp — wp are analyzed within an effective Lagrangian approach. The reaction amplitude
is constructed by considering the z-channel z and 7 exchanges, the s-channel nucleon and nucleon
resonances exchanges, the u-channel nucleon exchange, and the generalized contact current. The latter
accounts effectively for the interaction current and ensures that the full photoproduction amplitude is
gauge invariant. It is shown that all the available CLAS data can be satisfactorily described by considering

the N(1520)3/2=, N(1700)3/2-, N(1720)3/2*,

N(1860)5/2%, N(1875)3/2, N(1895)1/2~, and

N(2060)5/2" resonances in the s-channel. The parameters of these resonances are extracted and compared

with those quoted by PDG.

DOI: 10.1103/PhysRevD.100.114026

I. INTRODUCTION

The study of hadron mass spectrum and hadronic decays
provides essential information toward the understanding of
strong interaction in the nonperturbative regime of quantum
chromodynamics. It is now a consensus in the hadron
physics community that one has to investigate as many
independent reaction processes as possible to extract
detailed information on hadron resonances, especially in
the baryonic sector. Indeed, there is currently an intense
activity, both experimental and theoretical, in investigating
many different meson production reactions. One of the
major motivations behind this drive is to find the so-called
“missing resonances,” which are predicted by the non-
relativistic quark models but not found in the experiments
of 7 production reactions [1,2]. A possible explanation for
the missing resonances problem is that they may have
escaped from observation due to their relatively small
coupling to the zN final state. Thus the study of production
reactions of mesons other than 7 becomes indispensable.
The nN channel has been investigated as a first step toward
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this goal and, currently, heavier meson production proc-
esses such as 7/, w, and ¢ are the subjects of increasing
attention. These efforts are not restricted to the nonstrange-
ness sector only. There has also been an intense activity in
the strangeness sector to search for hyperon resonances
with strangeness quantum number S = —1 via KY photo-
production (Y = A, X), and interest in heavier meson
photoproduction such as K*Y is also increasing [3-8].
There are also initiatives to investigate strange baryon
resonances with S = —2 and -3 [9,10].

The present work concerns the photoproduction of the @
meson off the proton. This reaction has been studied
intensively from the late 1960s to 1990s at energies well
above the resonance energy region to address a variety of
interesting physics questions. In particular, the vector
meson photo- and electroproduction processes, in general,
provide an important insight into the diffractive mecha-
nisms at high energies. At lower energies in the resonance
energy region (below the center-of-mass energy of
W ~3 GeV), the o photoproduction offers a means of
probing the possible missing states in the 2 GeV mass
region (referred to as the third resonance region) which
might couple to the /N channel. The @ photoproduction
off nuclei has also been investigated [11,12] to study the
medium effects on the properties of vector mesons [13,14].
The @ photoproduction off deuteron has been investigated
in Ref. [15]. There are a few features in this reaction off the
proton that make it attractive for studying the role of
nucleon resonances. One is that the dominant contribution
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to the nonresonant amplitude is fairly known. At higher
energies, the diffractive processes—taken into account by
the Pomeron exchange—dominate and, at lower energies,
the #-channel pion exchange dominates [16]. In fact, this
feature has been known since the early 1970s [17-22]. In
Ref. [23], it is found that at intermediate energies below
W < 3.2 GeV, the Pomeron exchange is no longer suffi-
cient to reproduce the data, and it has been suggested that
z and f, exchanges become the dominant contributions.
Another feature is the isoscalar nature of the w meson that
filters out the isospin I =3/2 A resonances in the
s-channel. Together, these features provide a great deal
of simplification to the otherwise very complex problem of
resonance extraction. The p meson photoproduction also
gives information on the resonances in the same mass
region of 2 GeV, since p has a mass of about 775 MeV,
which is close to the omega mass of 782.7 MeV. However,
the p meson is an isovector meson and, as such, it excites
not only 7/ =1/2 but also I =3/2 resonances, which
makes the analysis of the resonance extraction more
involved. In addition, unlike w, whose width is about
8.5 MeV, the width of p is about 150 MeV. This means that
the effect of the width of p in the final state has to be taken
into account in the p meson production reactions that may
affect the quality of the associated experimental data.

Earlier data on @ photoproduction in the resonance
energy region have low statistics and are scarce. They date
from the late 1960s to the early 1980s and one in the late
1990s [17,20,24-29]. A new generation of data was reported
only in 2003 by the SAPHIR Collaboration [30] with the
first high-statistics cross section and spin-density-matrix
elements (SDMEs) data in the center-of-mass energy range
from the w-production threshold up to W = 2.4 GeV. In
Ref. [31], the CBELSA/TAPS Collaboration reported the
data on beam asymmetry in the near-threshold energy
region. The CLAS Collaboration provided other high-
statistics measurements of the differential cross section
and SDMEs [32]. Many data were reported in the year
2015 in particular: new measurements of differential cross
sections and SDMEs and the first measurements of the
double polarization asymmetries, the beam-target-helicity
asymmetries £ and G, were reported by the CBELSA/TAPS
Collaboration [33,34]; a new measurement of the differ-
ential cross section with full production-angle coverage was
reported by the A2 Collaboration at MAMI [35]. Also, the
beam asymmetry X has been measured by the GRAAL
Collaboration [36]. More recently, the CLAS Collaboration
reported the newest data of the photon beam asymmetry and
a comparison with previous results was made [37]. The
newest high-precision CLAS data on the spin observables E
[38]as well ason X, T [39] and P’, F, H [40] have just been
reported. The latter four observables, T, P’, F, and H, were
measured for the very first time.

From the theoretical side, a number of studies of the
reaction yp — wp have been performed to learn about the

reaction mechanisms in general and the role of nucleon
resonances in particular. Earlier studies focused more on
learning about the basic features of this process such as the
dominant nonresonant reaction mechanisms [18,22]. The
formalism for vector meson photoproduction with a polar-
ized photon was given in an early work in Ref. [41]. For a
later work on spin information from the decay of the vector
meson in photoproduction, see Ref. [42]. The general
aspect of the reaction based on symmetry considerations
was investigated in Refs. [43,44]. The later works have
concentrated on more specific aspects of the reaction such
as the sensitivity of some of the spin observables to certain
details of the reaction dynamics [45,46] and the effects of
the wN final-state interaction [47]. The role of the nucleon
resonances in @ photoproduction has been investigated in
Refs. [16,48,49] within tree-level effective Lagrangian
approaches and in Refs. [50,51] in a coupled-channel
K-matrix approach. Also in Ref. [52], the @ photoproduc-
tion has been studied in a dynamical coupled-channel
approach. Only recently, with measurements of some of
the spin observables, in addition to high-statistics cross
section data, the first partial-wave analyses have been
performed [53,54]. Although these partial-wave analyses
are limited, improvements toward a more complete analy-
ses are expected as the database for this reaction increases,
especially with measurements of more independent spin
observables.

While all of the authors agree on the z° exchange in the
t-channel playing an important role in the lower energy
region and the diffractive processes dominance at higher
energies, i.e., Pomeron exchange, they show discrepancies
on various dominant resonance contributions. In the very
first dedicated study of nucleon resonances in @ photo-
production, Zhao [48] uses an effective quark model
Lagrangian approach based on a quark model of
Refs. [55,56] and finds that the dominant resonances in
his model are N(1720)3/2" and N(1680)5/2". The former
is just at the nominal @ production threshold, while the latter
is a below threshold resonance. Oh et al. [16], on the other
hand, based on another quark model by Capstick and
Roberts [57,58], claim that the dominant resonances are
N(1960)3/2~ and N(1910)3/2" in their calculation. The
state N(1910)3 /27 is a missing resonance state predicted by
the constituent quark model used to account for the
configuration mixing. The calculation made by Titov and
Lee [49], where the resonance couplings are fixed from the
empirical helicity amplitudes together with the vector meson
dominance assumption, finds that the two most important
resonance contributions to @ photoproduction come from
N(1680)5/2" and N(1520)3/2" in the low energy region
below W = 1.8 GeV. Both resonances are below threshold
resonances. The coupled-channel analysis of the Giessen
group [50], for energies W < 2 GeV, finds a dominance of
two resonances, N(1710)1/2" and N(1900)3/27, to the @
production mechanism. In a later analysis, including further
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data, the Giessen group [51] finds that while the
N(1680)5/27 state only slightly influences the @ meson
production in zN scattering, its role is enhanced in @
photoproduction due to its relatively large electromagnetic
coupling to the proton. In a dynamical coupled-channel
analysis, Paris [52] quotes the Sy;, D3, and F5 partial
waves as the dominant contributions to @ photoproduction,
but the resonances are not extracted. Three states,
N(1700)3/2%, N(1680)5/2*, and N(2190)7/2~, are found
to be dominant in the partial-wave analysis of Williams et al.
[53], based on the high-statistics cross section and SDMEs
data for energies up to W =2.4 GeV. The most recent
(partial-wave) analysis of the w photoproduction reaction to
date has been done by Denisenko et al. [54] within the Bonn-
Gatchina approach. It is, by far, the most complete analysis
in the sense that it considers a large database on pion and
photo-induced reactions, including the recent @ photo-
production data for differential cross sections, several
SDMEs, the beam asymmetry X, the normalized helicity
difference E, and the correlation G between linear photon
and longitudinal target polarization. Here, 12 resonances,
including the two nominally below-threshold resonances,
N(1700)3/2~ and N(1710)1/2%, are found and the decay
rates of these 12 resonances to Nw were determined.
Most of the work mentioned above consider only the
differential cross section data in their analyses due to the,
then, lack of the data for more exclusive observables. By
now, it is a well known fact that cross sections alone are far
from imposing stringent constraints in the extraction of
resonances. For this, measurements of spin polarization
observables are of high significance and urgency. A
complete experiment in vector meson photoproduction
requires 24 independent observables to determine the 12
amplitudes [43]. Thus, such an experiment is probably not
feasible. Nevertheless, these more exclusive spin observ-
ables are much more sensitive to the details of reaction
dynamics in general and, therefore, are essential to help
constrain the resonance content of existing models. Unlike
for the scalar and pseudoscalar mesons, for vector mesons
there is relatively a much larger number of independent
spin observables. Thus, presumably they are more critical
to help impose stringent constraints in the extraction of
resonances. In fact, the sensitivity of some of the spin
observables in @ photoproduction to the reaction dynamics
has been pointed out by various authors [16,48-50,53,54].
The purpose of the present study is to learn more about
the role of resonances in @ meson photoproduction in the
2 GeV energy region based on the most recent high-
precision unpolarized and polarized CLAS data. The
analysis will be done within a tree-level effective
Lagrangian approach, similar—but not identical—to that
of Ref. [16]. The strategy in the present work differs from
that of Refs. [16,48] in that, instead of using resonance
couplings determined by quark models, we let the recent
high-precision data decide on the relevant resonances by

fitting the resonance parameters to these data within our
effective Lagrangian approach. Part of our theoretical
results for double polarization observables P’, F, and H
have been published together with the experimental data
from the CLAS Collaboration in Ref. [40]. Here we report
the details of our investigations and, in particular, we report
our results for P/, F, and H that are not shown in Ref. [40]
due to the page limit and also the results for X, T, E,
do/dQ, and SDMEs.

The paper is organized as follows. In Sec. II, the kinematics
for the @ photoproduction reaction off the nucleon is defined
as well as the effective Lagrangian densities for computing
the corresponding amplitude, and the formulas for calculating
various observables are presented. Some brief comments on
the gauge-invariant amplitude and the energy-dependent
widths are also introduced in this section. Our results and
discussion are presented in Sec. III. Finally a brief summary
and conclusions are given in Sec. IV.

II. FORMALISM

The reaction of interest in the present study is

r(k) + p(p) = w(q) + p(p"), (1)

where the arguments k, p, ¢, and p’ indicate the four-
momenta of the incoming photon, initial-state (target)
proton, outgoing @, and final-state (recoil) proton, respec-
tively. We also define the Mandelstam variables ¢ =
(p=p) =(k=q? s=(p+k?>=(qg+p)=W,
and u = (p—q)* = (p' —k)*.

Following the field theoretical approach of Refs. [59—
62], the full amplitude for the present reaction can be
expressed as

M¥ = M} + MY + My} + M (2)

nt?

with v and p being the Lorentz indices of the @ meson and
photon, respectively. The first three terms My", M;", and
M} stand for the contributions from the s-, -, and
u-channel diagrams, respectively. They arise from the
photon attaching to the external particles in the underlying
three-point NNw interaction vertex. The last term, M.,
stands for the interaction current that arises from the photon
attaching to the internal structure of the NNw interaction
vertex. All four terms in Eq. (2) are diagrammatically
depicted in Fig. 1. We refer to the first term in Eq. (2), My",
as the resonant amplitude and the sum of the last three
terms, M;" + M/ + M:;!, as the nonresonant amplitude.
The (s-channel) resonant amplitude consists of the
nucleon and nucleon resonance contributions. As men-
tioned in the Introduction, previous studies of this reaction
have shown that the nonresonant amplitude is dominated
by the #-channel pion exchange at low energies and by the

diffractive processes (z-channel Pomeron exchange) at
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v(k) _ w(g) (k) ) w(q)
F\/\"\/\_,\I/ _--" ,/
N(p) N(p') N(p) N(p')

(a) t channel (b) s channel

v(k) N@') (k) w(q)
N) T u N N

(¢) u channel (d) Interaction current

FIG. 1. Feynman diagrams that define the present model for the
yp — wp reaction. Time proceeds from left to right.

higher energies. Since we are interested in the limited
energy region below W ~ 2.5 GeV, the Pomeron exchange
contribution can safely be ignored [16]. Thus, our non-
resonant amplitude in the z-channel (M;") is given domi-
nantly by the pion exchange contribution. We also include
the # meson exchange despite its contribution being small
since the wny coupling is known to be small. For the
u-channel contribution to the nonresonant amplitude, we
take into account the nucleonic current. We have checked
and found that the u-channel resonance contributions are
small enough to not affect the extracted resonance content.
This is consistent with the observed behavior of the
differential cross section data at backward angles.

The interaction current (M;") contributes to the non-
resonant amplitude very significantly, in general. However,
for @ photoproduction, its contribution is expected to be
relatively small, given that the nonresonant amplitude is
dominated by the #-channel processes (pion plus Pomeron
exchange). Hence, in the present work, the interaction
current is taken into account in a minimal fashion by a
phenomenological generalized contact current as specified
below. This contact current is such that it preserves gauge
invariance of the resulting total reaction amplitude (see, in
particular, Refs. [60,61]).

The Feynman diagrams that define the present model
are shown in Fig. 1. As mentioned above, they include
(a) t-channel pseudoscalar (, 7) meson exchange current;
(b) s-channel nucleonic (N) and resonance (N*) currents;
(¢) u-channel nucleonic current; and (d) the phenomeno-
logical contact current. In the following, we specify the
effective Lagrangian densities and propagators required for
constructing the reaction amplitude corresponding to the
Feynman diagrams shown in Fig. 1. The phenomenological
(contact) interaction current is also specified.

A. Effective Lagrangians

We calculate the f-channel mesonic and u-channel
nucleonic currents by using the following effective
Lagrangians:

e

E(Uﬂ]/ = M

) gwﬂyeﬂwl/}(ayAu) (aaﬂo)wﬂ’ (3)

L }ll/(lﬁ(aﬂAD) (811’1)0)/)” (4)

e
oy — M gmnye
n

2My

)N o

T/ 11—
Lynz = —9nnzN7s [(1/1 + @) 7‘7] -zN,  (5)

Lyng = —9nwnN7s KM +

A

_ . Ky 5
Ly, = —eNKey” ~ 51 ot 8D>Aﬂ] N, (7)

N

N Ko "
Lyne = _gNNwN[(yu M 0,0 )(D"] N, (8)
N

where 7z, A¥, ", and N denote the pion, photon, w, and
nucleon field, respectively. The elementary charge unit is
denoted by e, and & = (1 + 73)/2 stands for the charge
operator. The operator &y is equal to k,(1+73)/2+
K, (1 = 73)/2, with the anomalous magnetic moments k,, =
1.793 and x, = —1.913. The symbol &** denotes the
totally antisymmetric Levi-Civita tensor with the convention
% = +1.InEgs. (3)to (8), M 0, M,,, and M  stand for the
masses of z°, 7, and nucleon, respectively.

The coupling constant gyy, = 13.46, gy, = 4.76,
InNe = 11.76, and k, =0 are taken from a coupled-
channel study of pion photoproduction of Ref. [61]. The
pseudoscalar-pseudovector mixing parameter A is set to
A =0 for both 7 and #; for the pion, this is demanded by
chiral symmetry. The electromagnetic coupling constants
9ory = 0.32 and g,,,, = 0.25 are also taken from the pre-
vious work of coupled-channel pion photoproduction [61].

Following Refs. [60,62], the interaction current M’ for
yp — wp is modeled in a minimal fashion by a generalized
contact current

M ME =Ty, (g)CF. (9)
where I'},, stands for the NNw vertex function given by
the Lagrangian in Eq. (8),

K,
[0 va . 1
] (0)

FIfVNw(‘I) = —igvNo {7” —i

The auxiliary current C* in Eq. (9) is given by

fu_ﬁ fs_F
ey k-l ep e ()

CH=—e

with f, and f, denoting the phenomenological form
factors, as specified later, in the u- and s-channel nucleonic
current, respectively, and
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F=1-h(1-f)(1-f.). (12)

Here the parameter h may be an arbitrary (complex)
function, h = fz(s,u, t), which, in general, is subject to
crossing-symmetry constraints and must go to zero at high
energies. The vanishing high-energy limit of his necessary
to prevent the “violation of scaling behavior” [63]. Since
we restricted ourselves to low energies in the present work,
we set the fit parameter hasa constant, h= 1, for the sake
of simplicity.

The s-channel resonance currents are constructed from
the following Lagrangians. For the electromagnetic cou-
plings, we have

(1)

Ly = g}’y RTFg,, (#A*)N + He., (13)
N
324 g%
. YD v
Ly, = —ie M), Ry, THFN
g<2>
+e RI®F™9,N +Hec., (14)
(2My)?
(1)
£5/2i _ 9RNy R (aaF/w>
RNy — 6(2MN)2 /,ta 1/
ghw
. Y D o LUV
+ ie (2MN)3RWF(”F)(6 F™),N +H.c., (15)
1)
)2k _ 91(?1\/;/ = () ( AaAf v
’CRNy - R aﬂyvr (a IF )N

(2M )3 H
(2)

gRN?’ a AP ruv
oML R g T (0°0PF)O,N + Hec., (16)

where R designates the nucleon resonance, and the super-
script of Lgy, denotes the spin and parity of the resonance

R. The coupling constants gﬁj}vy (i =1,2) are fit parame-

ters. The notations F** and I'®) are defined as

F = OgFAY — OV AX, (17)
'Y=y, TO=1. (18)
For the hadronic couplings, we have
Lyt~ —MRF@F){ K—y"az +id )
fve 2My Mr F My !

_fRNw

Gﬂyal’}w"}N—l-H.c., (19)

9RNw

(1) (2)
324 .9RNo 7 y IRNw v
Ling = o Ry, T® "N + (ZMN)ZRﬂF “a,N
(3)
gRNw
T >R, IH)(9,0")N + Hec., (20)
(2M y)?
g( )
5/2+ RNw R (aawﬂy>

RNw (2M )2 ;m 1/

)
+i IRNo R 1) (9ae)I,N

(2My)? H
po
Fi (23"“) R, ) (0°0,0™)N + He.,  (21)
N

(1)
72+ _ )
’CR/N(U - (2]1:/;\,&))3 Ryaﬁyvr(

(2)
gRNa) R

(0P )N

~ oM, gl (7P )0, N
po
(21";“) RoT' (87090, )N + Hee., (22)

where 0’ = Hw* — w”. The parameters grnes frNws

and g%l)\,w (i =1, 2, 3) are fit parameters. We note that in
tree-level calculations such as the present one, the results
are only sensitive to the product of the electromagnetic and
hadronic couplings of the nucleon resonances.

B. Resonance propagators

For a spin-1/2 resonance propagator, we use the ansatz

i

e VA

51/2(17) =

where My, I', and p are mass, width, and four-momentum
of the resonance R, respectively.

In accordance with Refs. [64-66], the following
prescriptions for the propagators of resonances with
spin-3/2, spin-5/2, and spin-7/2 are adopted in the
present work:

i 1
S L — 7.7, 24
32(P) J =M, 0T (gﬂy+3}'ﬂn> (24)
o
ﬂ MR+IF/2

| e e
- gg;wgaﬁ + E (g;taJ/u}/ﬂ + Gup?u¥ a

1
SS/Z( ) |: (g/mgz/ﬂ +gﬂﬂgm)

+ gmx?u?ﬁ + guﬁ?ﬂ?a):| ’ (25)
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i 1
S1p(p) = S Gy B
7/2([7) ﬁ_MR + zF/2 36; <gﬂlulgﬂ2029[43l/3

R 3. . .
- 79141/429”1”29#31/3 57w, Yprv> s

7
3.
_gyﬂlyl/lgﬂﬂ@g”z”} ’ (26)
where
- PuPv
G = =9 + =5 (27)
uv i MR
N . puV
Tu =10 = T+ (28)
R

and the summation over P,(P,) in Eq. (26) goes
over the 3! =6 possible permutations of the indices
Hipopt3(v10203).

The resonance width I" appearing in the resonance
propagators given above is energy dependent. We account
for this dependence with an appropriate threshold behavior
in our formalism. Explicitly, we write the width I" as a
function of W = /s in the form of

rO) = T[S AR ) + Yo rr, )], (29

where the sum over i accounts for decays of the resonance
into hadronic channels, and the sum over j accounts for
decays of the resonance into radiative channels. 'y denotes
the total static resonance width at W = M. The factors p;
and y; are, respectively, the hadronic and radiative decay
branching ratios of the ith resonance satisfying

N
D Pit
i=1

Similar to Refs. [62,67], we parametrize the width
functions I';(W) and I, (W) to provide the correct respec-

The details can be found

Ny

yi=1. (30)
=1

tive threshold behaviors.
in Ref. [67].

C. Form factors

Each hadronic vertex obtained from the Lagrangians
given in the previous subsection is accompanied with a
phenomenological form factor to account for the composite
nature of the hadrons. Following Ref. [3], we take the form
factor for intermediate baryons as

A 2
o= (srgramy) - O

where p, and My denote the four-momentum and mass of
the intermediate baryon either in the s- or u-channel as
x = s,u. The cutoff parameters A, are treated as fit
parameters.

For the intermediate meson exchange, we take the form

factor as [3]
A2 _ MZ 2
i) = (=)’ (32)
A
where ¢, and M, denote the four-momentum and mass of

the intermediate meson, respectively. The cutoff parameters
A, are treated as fit parameters.

D. Observables

We define a set of three mutually orthogonal unit vectors
{&, 9,2} in terms of the available momenta in the problem,
i.e., the incident photon momentum k and the outgoing
@-meson momentum ¢,

k k xq
1=—, y= , r=9xz. (33)
K| k xq
Here, the boldface indicates the respective three-
momentum.

In the yp — wp center-of-mass (c.m.) frame, the invari-
ant reaction amplitude M*¥, introduced in the previous
subsection [cf. Eq. (2)], can be expressed in the c.m.
helicity basis [68]

T/lw/lf,/l,/l,. = <q,/1w§Pf’ﬂf|M|ka§Pi,/1i>v (34)
where 4,, 4, 4;, and A, are the helicities of the proton,
vector meson, initial and final state nucleons, respectively.

The normalization of the above helicity amplitude is such
that it is related to the differential cross section by

do 1 |q| 1

aQ TR T 2. 35
dQ 64ﬂ2S |k| X 4-,1 ;l | j'a)lf'/lyj'i| ( )
yrotitf

Together with cross sections, spin-polarization observ-
ables connect experiment with theory. They can be directly
compared with theoretical calculations and hence give
access to information about the reaction dynamics. In this
work, we consider both the single and the double spin-
polarization observables involving the polarizations of the
photon beam, target nucleon, and recoil nucleon, in
addition to the w-meson SDMEs with unpolarized target
and recoil nucleons.

Following Ref. [69], we introduce the notation
o(B,T;R,V) for the cross section do/dQ where the
arguments (B,T;R,V) denote the polarizations of the
photon beam (B), target proton (7), recoil proton (R),
and produced @ meson (V), respectively. With this nota-
tion, the unpolarized differential cross section is
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do
— =0(U,U;U,U), 36
= ) (36)
where U denotes the unpolarized spin state.

For the single-polarization observables, photon beam
asymmetry (X), target nucleon asymmetry (7), and recoil
nucleon asymmetry (P), we have

do

gr= oL UuU)=o(|,U;U,0),  (37)
do
—T=0(U,L;U.U)-0(U.|;U.U), (38)
dQ
do
gP =oU.U:LU)=o(U.U:|.U).  (39)

where L(||) denotes the polarization state perpendicular
(parallel) to the reaction plane.
For the double-polarization observables, we have

d
éE =2[o(r,~z,U,U) —o(r,+z,U,U)], (40)

d
ﬁc =2[6(L,+z.U.U) —o(L'. =z, U, U)], (41

d
£F =2[o(r,4+x,U,U) —o(r,—x,U,U)], (42)

EH =2[6(L',—x,U,U) —o(L',+x,U,U)], (43)
where we label the helicity +1 circular polarization
by r, and the helicity —1 circular polarization by I
L7 (|I") stands for the polarization when the perpendicular
L (parallel ||) polarization is rotated clockwise about the
z axis by an angle ¢ = /4. +z (+x) indicates the
polarization in the =£Z direction (£X% direction), respec-
tively. We note that the above definitions of the single- and
double-polarization observables coincide with those given
in Ref. [70], except for an overall minus sign in the £ and G
observables.'

In Ref. [40], the CLAS Collaboration has measured the
beam-target asymmetry P’,

d
ép’ = [o(L. 4y, U.U) = o(L, —y, U. U)

—o(l.+5. U.U) +o(l. -y, U, U)],  (44)

which is called P in Ref. [40] but is different from the
usually used one defined in Eq. (39) for the single spin

'Although different groups agree on the convention used for
single-polarization observables, for double-polarization observ-
ables this is not the case and care must be taken in comparing
these observables from different groups [71].

observable, recoil nucleon asymmetry (P).? In the present
work, we shall use the symbol P’ instead of P for the beam-
target asymmetry observable defined in Eq. (44).

The SDMEs, as the interference between the indepen-
dent helicity amplitudes, can be measured in the final state
w decay distribution. Explicitly, they are given by [41]

1
- "
pﬁmﬂn o 2N Tﬂu)}'f'ﬂyii Tﬂ;,if,/lyﬁi’ (45)
Aadshi
L =3 T (46)
Piudy = N L™ tdr =it G dii?
Aidshi
i
2 .
Piji, = IN ;AVT&M;»—MI' T/lé/lf"{yii’ (47)
L)Asdi
y oL § A,T T (48)
Paity = DN Lt hodrd it Dy
JAfA

Here A's denote the helicities of the respective particles
as given in Eq. (34), and N is the normalization factor
given by

1
N EE Z |T/1,‘,,1f,,1,/1,-|2- (49)
Aahshidy

Because the particle’s decay distributions in general,
and the w decay distribution in particular, are measured in
the decaying particle’s rest frame, the SDMEs are usually
presented also in this frame. More specifically, there
are three reference frames of common use, which differ
from each other by the choice in the quantization axis only.
In the helicity frame, the three mutually orthogonal axes are
given by

k xq
k xq

a
lq

2/ , j\]l , = )A)/ X 21. (50)

In the Gottfried-Jackson frame, the choice of the orthogo-
nal axes is the same as that of Eq. (33). Thus this frame is
simply the c.m. frame boosted to the w rest frame. In the
Adair frame, the 2’ axis equals the direction of the photon
momentum as measured in the c.m. frame. The three frames
defined above are related by a simple rotation about the 3’
axis. For a forward-produced @ meson, all three frames
coincide.

Only for pseudoscalar meson photoproduction is the P’
defined in Eq. (44) the same as the recoil asymmetry P defined
in Eq. (39).
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ITII. NUMERICAL RESULTS AND DISCUSSIONS

High-precision experimental data for cross sections and a
number of spin observables in yp — wp have been
reported by different groups (SAPHIR, CLAS, A2, and
CBELSA/TAPS). Some of the datasets from these groups,
however, are inconsistent with each other. This is the case,
e.g., with the cross section datasets. The SAPHIR [30],
CLAS [32], and A2 [35] Collaborations’ datasets are in
fairly good agreement overall with each other in the
overlapping energy regions but there are some noticeable
discrepancies, especially close to threshold energies, where
the SAPHIR and CLAS data are poorer than the A2 data.
The CBELSA/TAPS cross section data [33] show a clear
discrepancy (which increases with energy and becomes
clear for energies above W ~2 GeV or so) with both the
SAPHIR and CLAS data. The SAPHIR data seem sys-
tematically lower than both the CLAS and CBELSA/TAPS
data for backward @ production angles. Despite a consid-
erable effort that has been made to resolve this issue, in
particular, between the CBELSA/TAPS and CLAS
Collaborations, where the discrepancy appears to be almost
a linear energy-dependent normalization factor, the nature
of the discrepancy remains unclear [33]. This situation
makes it difficult to include the datasets from these groups
in a single analysis. In particular, there is no valid reason to
discard any one of these datasets in favor of others. In the
present work, we chose to include in our analysis the CLAS
data only because they have, in addition to the differential
cross sections, the newest and largest number of indepen-
dent spin observables data with higher accuracies than
those from other groups. In addition to the differential cross
sections and SDMEs data [32], the CLAS Collaboration
has reported the newest data of X, 7' [39], E [38], and, just
recently, P, F, H [40]; the data for T, P’, F, and H were
measured for the very first time to our knowledge. Later, we
consider the A2 and CBELSA/TAPS data separately.

The major objective of the present work is to extract the
information on the nucleon resonances involved in the
reaction yp — wp based on an effective Lagrangian
approach as described in Sec. II. For this purpose, in
addition to the cross section data, we include all available
new data on spin observables as mentioned above to
constrain the model parameters. This is the main difference
that distinguishes the present work from earlier analyses.
We confine our analysis in the energy region from threshold
up to ~2.25 GeV. The strategy employed in this work is to
consider a minimum number of resonances to achieve an
acceptable description of these data. We consider the
resonances listed in PDG [72] in the energy range of
W = 1.7-2.0 GeV. Specifically, we find that the data can
be satisfactorily described by including the following set of
resonances: N(1700)3/27, N(1720)3/2", N(1860)5/2",
N(1875)3/27, N(1895)1/27, and N(2060)5/27, in addi-
tion to the subthreshold N(1520)3/2~. We mention that we
have tried all other possible combinations of seven or fewer

resonances before arriving at our solution for the set of
resonances. Adding one more resonance to the achieved
solution will not improve the fitting quality considerably,
and we thus postpone such attempts until more spin
observable data become available.

The model parameters associated with resonance are the
resonance mass M, total decay width 'y at W = M, decay

branching ratios f3;, the electromagnetic and hadronic cou-

pling constants, ggjg,?, IrNw> | RNw» a0d ggjg,zj), in addition to

the cutoff parameter Ay in the form factor. They are free
parameters to be fitted to reproduce the considered data.
Whenever available, the dominant hadronic decay branching
ratios are taken from PDG [72]. We then introduce one
additional (effective) decay channel to satisfy the sum rule
given by Eq. (30). Of course, for resonances above the N
threshold, we have in addition the Nw branching ratio
which is determined from the corresponding fitted RNw
coupling constants. The radiative decay branching ratios
are also taken from PDG. In the present work we allow
both the electromagnetic and hadronic coupling constants
to be complex. With the observation that in our tree-level
effective Lagrangian approach, the results are sensitive
only to the product of the electromagnetic and hadronic
vertex functions, we introduce a common complex phase

€' to the product of the coupling constants, ggg\,y g for

a given resonance R to account for the complex nature of
these coupling constants. All the parameters of the non-
resonant u-, t-, and (nucleon) s-channel amplitudes have
been calculated or fixed from independent sources as
described in Sec. II, except for the cutoff parameters in
the form factors, A,, A,, and A,, which are treated as fit
parameters.

In Table I we list the decay channels and the correspond-
ing branching ratios we have considered for each of the
resonances. They are fixed to be the centroid values of the
dominant decay modes quoted in PDG [72], with few
exceptions. For the N(1520)3/2~ resonance, the centroid
value of the Nzz branching ratio quoted in PDG is
Punzz = 0.30. However, we adopt the value of Sy, =
0.12 to satisfy the sum rule given by Eq. (30), as we
consider the Nzz decay mode as an effective mode to
account for those not included in the present model.
Likewise, for the other resonances, where the sum of the
centroid values of the corresponding branching ratios quoted
in PDG exceeds the sum rule, these centroid values, except
for the Nz branching ratio, are reduced by a common factor
(for a given resonance) which is determined by the fit to the
data to fulfill the sum rule. We have checked that the
calculated results are not very sensitive to the particular
values used for the branching ratios in question of these
resonance decay modes. Since no information on the Ny
branching ratio is given in PDG for the N(1860)5/2%
resonance, here it is simply taken to be By, = 0.05.

For all the above-threshold resonances, the Nw branching
ratios, fy,, are calculated from the corresponding fitted
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TABLE L
hadronic decay branching ratios in bold font denote the centroid

The resonance decay channels and the corresponding branching ratios (in %) considered in the present model. Most of the

values of the dominant decay modes quoted by PDG [72]. The

electromagnetic branching ratios have also been fixed at the centroid values quoted by PDG, except for the N(1860)5/27 resonance, of
which no information on Ny branching ratio is given by PDG. The other branching ratios in normal font are determined by the present fit

to the @ photoproduction data.

N(1520)3/2= N(1700)3/2~  N(1720)3/2*%  N(1860)5/2*  N(1875)3/2~ N(1895)1/2= N(2060)5/2~
Nz 60 12 11 12 7 10 10
Nzrzm 11.58 19.31 £0.01 18.74 £ 0.02 0.00 £ 0.01 39.31+£0.01
Az 28 43 68 22 7
Np 23
Ny 21
No 41 45
Nn 23
AK 15
K 11
N(1440)x 7 9
N(1520)= 15
N(1680)z 15
Nw 14.97 + 0.01 1.54 +0.01 28.21 £0.02 25.99 +0.01 19.97 + 0.01 4.58 £0.01
[10-34] [12-40] [15-25] [16-40] [1-7]
Ny 0.42 0.03 0.15 0.05 0.013 0.035 0.11
[0.31-0.52] [0.01-0.05] [0.05-0.25] [0.001-0.025] [0.01-0.06] [0.03-0.19]

RN coupling constants, ggl;,z(f). They are also displayed in

Table I. For comparison, the ranges of the corresponding
values given in PDG [72] are also shown in square brackets.
We see that, overall, the extracted values of fy, are
consistent with those quoted in PDG. Our value for the
N(1720)3/2* resonance lays far outside the corresponding
range given in PDG. We can easily bring it within the
range given in PDG by tweaking the corresponding Ny
branching ratio within its range as displayed in Table I with
no significant change in the results for the observables
considered. Indeed, if we take Sy, = 0.05, we obtain
Pneo = 12.98 £+ 0.02. In this case, the fitted N(1720)3/27
mass and width turn out to be M = 1750 £ 2 MeV and
I'r = 140 =£ 3, respectively.

Given the limitations involved in the extraction of the
branching ratios in tree-level type calculations as mentioned

earlier, the present results are quite reasonable estimations of
the Nw branching ratios. As has been pointed out, only the
products of the vertex functions are well defined in the
present-type calculations. Hence, one should take our values
for the S, with a considerable grain of salt.

In Table II, we show the resulting fit values of
the product of the coupling constants, g,éNygf,{,z,w, and the
phase ¢ common to the displayed products of the coupling
constants for each resonance as explained previously. As
mentioned earlier, note that in a tree-level Lagrangian
approach, only the products of the vertex functions are
well constrained.

The N(1520)3/27, N(1700)3/27, and N(1720)3/27
resonances have also been considered in Ref. [49] within an
effective Lagrangian approach in which the resonance
couplings are fixed from the empirical helicity amplitudes

TABLE II.  Fitted values for the product of the coupling constants and the phase factor for each resonance. Here for resonances with
spin 1/2, ggzsz and gfqz[\),w stand for ggy, and frye,, respectively.
9y T They I Ihwy Jiew kv, ke Gk OkNe Ty kN /7

N(1520)3/2 162.35+0.04 —175.17 £0.04 —-342.93+0.06 370.01 £0.17 8.19+0.04 —8.84+£0.04 1.293+0.001
N(1700)3/2~ 78.64 +0.25 —113.48+£040 -91.50+0.38 132.034+0.59 -24.11+0.18 34.79+0.27 0.042 £+ 0.001
N(1720)3/2% -6.86 +0.01 7.44 +0.01 12.18 £0.01 -13.22+0.01 -0.81+0.01 0.87+0.01 1.939 £ 0.001
N(1860)5/2" 147.21 £0.20 97.62+0.17 -9823£0.21 —65.14+0.05 75.00+0.02 49.73+£0.16 0.113+0.001
N(1875)3/2- 15.18 £0.03 —13.59+0.04 -21.02+0.04 18.81+0.05 -516+0.01 4.62+0.02 0.763+0.001
N(1895)1/2= 1.64+0.01 —0.08 £ 0.01 1.432 £+ 0.001
N(2060)5/2- —14.63+0.02  0.20 4+ 0.03 143.06 £0.05 -1.924+0.25 123.31+£0.04 -1.65+0.21 0.142+0.001
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TABLE III. Fitted values for the cutoff parameters A,, A,, and
A, of the form factors in the 7-, s-, and u-channel nonresonant
amplitudes.

A, [MeV] A [MeV] A, [MeV]
700 £ 6 1194 + 16 500 £ 58

together with the vector meson dominance assumption.

Note that only the terms with gglz,y 91(?]13/@

amplitudes have been considered in Ref. [49], and these
products turn out to be smaller than those obtained in the
present work. As a consequence, the N(1520)3/2" reso-
nance, in particular, is not prominent in Ref. [49] in contrast
to the finding of this work. For the N(1700)3/2~
N(1720)3/27 resonances, their couplings in Ref. [49] are
fixed from the empirical helicity amplitudes quoted in the
PDG of 2001, and most of these values are about an order
of magnitude smaller than those in the PDG of 2018 [72].
In Table III, we show the resulting fit values for the
cutoff parameters A,, A,, and A, of the form factors in
the 7-, s-, and u-channel nonresonant amplitudes. Here
we note that the value of A, = 500 MeV entering in the
nucleon u-channel diagram may be too small to be realistic,

in the resonance

TABLE IV. Fit values for the resonances mass My, width [y,
and cutoff parameter A. The quantities in square brackets are the
quoted ranges in PDG [72]. The symbol * indicates the PDG
resonance rating.

Status My [MeV] Tz [MeV] Ay [MeV]
N(1520)3/2= #1508 +10 9849 1116 +7
[1510-1520] [100-120]
N(1700)3/2= #1721+ 1 295416 1200+ 12
[1650-1800]  [100-300]
N(1720)3/2+ #1736 +2 14043 1650+ 13
[1680-1750] [150-400]
N(1860)5/2+  #* 180043  201+10 991+ 18
N(1875)3/2=  ##% 1943410 20544 1500+ 32
[1850-1920] [120-250]
N(1895)1/2= #1953 43 272423 1500 + 67
[1870-1920]  [80-200]
N(2060)5/2=  #=%  2030+£3  360+23 1212+ 38
[2030-2220]  [300-450]

indicating that the nucleon current contribution is too large
and, therefore, a strong form factor is needed to suppress its
contribution. This feature has been observed also in the
earlier works [16,47,52]. In Ref. [52], where the analysis
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FIG. 2. Differential cross section for yp — @p as a function of cos 8, in the center-of-mass frame at energy from the near threshold
region to 2.245 GeV. The numbers in parentheses denote the photon incident energy (left number) and the corresponding center-of-mass
energy of the system (right number), in MeV. Data are taken from the CLAS Collaboration [32].
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FIG. 3.

Spin density matrix elements in the Adair frame for yp — @p as a function of cos 8, in the center-of-mass frame at energy

from the near threshold region to 2.245 GeV. The black squares denote p),, the red circles denote p)_,, and the blue crosses denote
Re pY, respectively. Numbers in parentheses are defined in the Fig. 2 caption. Data are taken from the CLAS Collaboration [32].

has been carried out within a coupled-channel approach,
instead of suppressing the too strong nucleonic current
contribution through a form factor, it has introduced a
fictitious heavier “omega” meson, ', with an adjustable
coupling constant. The NNw coupling constants, gyy,, and
K., are not yet well determined. An early account in
Ref. [73] reveals a broad range of values from g%y,,/47 ~
8 to 35 for the vector coupling, and «, ~ —0.16 to +0.14
for the ratio of the tensor to vector coupling constants.
JanfBien er al. [74] have shown that, once the contribution of
the correlated zp exchange to the NN interaction is taken
into account explicitly, the large value of g3y, /47 = 20
required in the description of the NN scattering data
is reduced by about a factor of 2, leading to an NNw
coupling constant which is more in line with the value one
would obtain from the SU(3) symmetry considerations,
InNw = 39nn, ~ 10. This reduces the range of gyy,, con-
siderably. The value of gyy,, = 10, consistent with SU(3),
has been used in the analyses of the NN — NNw reaction
[73,75]. Also, the values of gy, = 7.0-10.5 and «, = 0
were found to describe consistently the zN scattering and z
photoproduction processes [76]. Anyway, the problem of a
too strong nucleonic current, especially for the u-channel
contribution, is an open question and should be addressed

in future work. Here, together with the #-channel pion
exchange current, the nucleonic current has been introduced
merely to account for the nonresonant background ampli-
tude, since the focus of this work is to extract information on
the resonance content in the @ photoproduction reaction.

The fit results for the resonance mass M, total width I'g
at W = My, and the cutoff parameter Ay are given in
Table IV, together with the corresponding range of values
quoted in PDG [72] (in square brackets). Overall, our
extracted values of both My and I'p are consistent with
those quoted in PDG [72]. The extracted masses of the
N(1875)3/2" and N(1895)1/2 resonances as well as the
total width of the latter are somewhat larger than those
in PDG.

In Figs. 2-9 we show our numerical results for differential
cross section do/d cos 0, spin density matrix elements p),
RepY,, and p?_,, single polarization T and T, and beam-
target double polarization P’, E, F, and H, respectively,
together with the corresponding most recent experimental
data. Overall, the agreement of the model results with the
data is reasonable. In the differential cross sections, devia-
tions in the fit results are seen at the backward angles and low
energies. One also sees significant deviations in the descrip-
tion of the SDMEs by the present model, especially, Re,o‘l)0
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FIG. 4. Beam asymmetry X for yp — wp as a function of cos 6, in the center-of-mass frame. Numbers in parentheses are defined in
the Fig. 2 caption. Data are taken from the CLAS Collaboration [40] (star), [37] (circle), CBELSA/TAPS Collaboration [54] (square),
and GRAAL Collaboration [36] (triangle). Only the data from Ref. [40] are included in the fit.

for forward angles at higher energies and pJ,. Some The chi squared per data points for different types of
deviations are also observed in p! | at forward and back- ~ observables are shown in Table V (row “Solution (Sol.) I.”
ward angles depending on the energy region. Except for E ~ corresponding to the best fit results). We see that the
and F, there are some deviations for other spin observablesat ~ relatively large global x*/N obtained arises, especially,
the lowest energies. Also, there is a discrepancy in E for ~ from the SDMEs p{.p0,. and p{_,, followed by the
forward angles at W = 1898 MeV.

differential cross section. This is caused by the very small
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FIG. 5. Target asymmetry T for yp — wp as a function of cos 8, in the center-of-mass frame. Numbers in parentheses are defined in
the Fig. 2 caption. Data are taken from the CLAS Collaboration [40]. Only the data with center-of-mass energy smaller than 2.245 GeV

are included in the fit.
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FIG. 6. Beam-target asymmetry P’ for yp — wp as a function of cos @, in the center-of-mass frame. Numbers in parentheses are
defined in the Fig. 2 caption. Data are taken from the CLAS Collaboration [40].

statistical uncertainties in these data. Note that, here, no  energy of the system W for i = da, p3,, pJ_,, and Rep, are
systematic uncertainties are included. shown in Fig. 10. As can be seen, the largest contribution to

When the systematic uncertainties are taken into )(/2)[0 /N,, comes, by far, from that corresponding to
account in calculating y*, the x*/N; values for do, pgy, W = 1765 MeV, followed by those at W = 1805 MeV
p)_, and Repl; are 1.4, 10.9, 16.6, and 21.6, respectively.  and W > 2000 MeV. To 220/ N,y the larger contributions
The y*/N; values for pfy, p}_;, and Reply are still  arise from those corresponding to energies W = 1765 MeV

relatively large as both the statistical and systematic .4 [1860-2065] MeV, whereas, to 2 /N, , the con-
uncertainties in these data are small. To illustrate the energy P 2

) 5 tributions are rather constant as a function of energy. The
dependence of y°/N;, the y°/N; versus the center-of-mass relatively large contribution to y*>/N ,, arises not only from
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FIG. 7. Beam-target asymmetry E for yp — wp as a function of cos 8, in the center-of-mass frame. Numbers in parentheses are
defined in the Fig. 2 caption. Data are taken from the CLAS Collaboration [38] (star) and CBELSA/TAPS Collaboration [54] (circle).
Only the data from Ref. [38] with center-of-mass energy smaller than 2.245 GeV are included in the fit.
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FIG. 8. Beam-target asymmetry F for yp — wp as a function of cos 8, in the center-of-mass frame. Numbers in parentheses are
defined in the Fig. 2 caption. Data are taken from the CLAS Collaboration [40]. Only the data with center-of-mass energy smaller than

2.245 GeV are included in the fit.
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FIG. 9. Beam-target asymmetry H for yp — wp as a function of cos @,

cos6,,

, in the center-of-mass frame. Numbers in parentheses are

defined in the Fig. 2 caption. Data are taken from the CLAS Collaboration [40].

that corresponding to W = 1765 MeV but also from those at
higher energies of W > 2100 GeV. Note that y?>/N,,
increases with energy for W > 2000 GeV, indicating that
the present model may lack some reaction mechanism(s) at
these higher energies. A potential candidate may be the
Pomeron exchange. At the lowest energy, the agreement

with the cross section data can be improved if the finite width
of the w meson is taken into account.

In Figs. 11 and 12, the theoretical differential cross
sections resulted from the fit to the CLAS data are
compared with the data from the A2 Collaboration [35]
and the data from the CBELSA/TAPS Collaboration [54],
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TABLE V. 4?/N; evaluated for a given type of observable specified by the index i = do (differential cross section), pJ,, p9_,, RepY,,
>, T, P, E,F,and H. The last column corresponds to the global y?/N, where N is the total number of data points including all the types
of observables considered. Row “Solution (Sol.) I’ corresponds to the best fit results with the parameters presented in Tables I-IV. Row
“Sol. I’ corresponds to the fit results with A, = 650 MeV. Row “Sol. III"” corresponds to the same fit results as Sol. I, except for the
presence of the fit phase parameter ¢ (= 0.057) in the complex exponential factor e in the nonresonant amplitude.

oo/Nis  X00/Now X5 /No.  X50/Npo  X%/Ns  x3/Nr  x%/Np x%/Neg  x3/Nr  x4/Nu  X*/N
Ny =402 N, =402 N, =402 N, =402 Ny =81 Ny =95 Np =50 Ny =88 Ny =99 Ny =50 N =207

Pi-1
Sol. T 28.7 40.6 27.6 57.7 2.8 5.1 2.6 1.9 3.0 2.5 30.7
Sol. I 31.1 46.0 23.4 56.0 35 5.1 2.5 24 2.9 2.6 31.1
Sol. III 28.2 38.1 28.4 58.4 2.6 4.6 2.7 1.8 3.1 2.7 30.4

oo respectively. One sees significant deviations between

! - do/deost, 1 the theoretical results and the A2 data, especially, for

200 - - P§o i backward angles at lower energies. One also sees obvious
Py — PLi deviations between the theoretical results and the

z j e ol 1 CBELSA/TAPS data in the forward angle region at higher
= energies. These deviations clearly indicate the discrepan-

100 cies among the data from the CLAS, A2, and CBELSA/

TAPS Collaborations as mentioned at the beginning of this
section. In Fig. 13, the theoretical results for the SDMEs
5 23 resulting from a fit to the CLAS data are compared with the
W [GeV] corresponding data from the CBELSA/TAPS Collaboration

[54]. Here, no obvious discrepancies are seen, mainly due

FIG. 10. x?/N, versus the center-of-mass energy of the system to the fact that the data from the CBELSA/TAPS

for i = do, Y, p}_,, and Rep). Collaboration have much larger error bars.
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FIG. 11. Differential cross section for yp — @wp as a function of dcos @, compared to the data from the A2 Collaboration [35].
Numbers in parentheses are defined in the Fig. 2 caption. These data are not included in the fit.
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FIG. 12. Differential cross section for yp — wp as a function of d cos 8,, compared to the data from the CBELSA/TAPS Collaboration
[54]. Numbers in parentheses are defined in the Fig. 2 caption. These data are not included in the fit.

The prediction of the total cross section from the present
model is shown in Fig. 14. There, the solid curve
corresponds to theoretical total cross sections obtained
by integrating the corresponding differential cross sections
as shown in Fig. 2. The dotted and dashed curves represent
the contributions from the z-channel z exchange and the
s-channel resonance exchanges, respectively. We see that
the contribution from the 7 exchange is significant in the
whole energy region considered and it becomes dominant
for energies above W ~ 1.9 GeV. The contributions from
the resonances are also significant. In Fig. 14 we also
display the available total cross section data. The stars and
open squares correspond to the data from the SAPHIR
Collaboration [30] and the A2 Collaboration [35], respec-
tively. The crosses represent the CBELSA/TAPS data. Here

we see clearly the currently existing consistencies/incon-
sistencies among these data. Because of the limited angular
acceptance of the CLAS detector, no total cross section data
exist from this collaboration. However, the solid curve
gives some idea on where the corresponding data might lay.

In Fig. 15, we show the total cross sections stemming
from the contributions of individual resonances. One sees
that the energy region close to threshold is dominated by
the N(1520)3/2~ resonance which causes a sharp rise of
the cross section from the threshold and peaks around
W ~ 1.8 GeV. The next strongest contribution is due to the
N(1700)3/2~ resonance, followed by the N(1860)5/2
and N(1720)3/2" resonances. Both the N(1700)3/2~ and
N(1720)3/2" exhibit a rather broad contribution, while
the N(1860)5/2" resonance contribution peaks around
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Spin density matrix elements in the Adair frame for yp — wp as a function of dcos 8, compared to the data from the

CBELSA/TAPS Collaboration [54]. Numbers in parentheses are defined in the Fig. 2 caption. These data are not included in the fit.

W ~1.85 GeV. Note that the nominal Nw threshold is
Wines = 1721 MeV. The higher mass resonances,
N(1875)3/2~ and N(1895)1/27, become relevant for
energies above W ~ 1.9 GeV, and the N(2060)5/2~ res-
onance, above W ~ 2 GeV.

In order to gain some insight on how well the considered
CLAS data constrain the background and resonance con-
tributions, we make a comparison of the present model

results shown in Figs. 2-9, 14, and 15 with other fit
results that have a little worse but comparable fit quality
and have a reduced background contribution. This is
achieved by reducing the z exchange contribution—by
far the dominant nonresonant background contribution—
through the reduced cutoff parameter A, (the only free
parameter in the 7 exchange contribution) from A, =
700 MeV to A, = 650 MeV. The corresponding total cross
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22—

G [ub]

FIG. 14. Total cross section for yp — wp as a function of center
mass energy for the whole system. The solid, dotted, and dashed
lines denote the contributions from the full amplitude, the -
channel z exchange, and the s-channel resonance exchanges,
respectively. The contributions from other terms are too small to
be shown in this figure. The scattered symbols denote the data
from the SAPHIR Collaboration [30] (star), the A2 Collaboration
[35] (open square), and the CBELSA/TAPS Collaboration [33]
(cross), respectively, with the grey band representing the sys-
tematic uncertainties. These data are not included in the fit.

section results are shown in Fig. 16. Comparing with the
results from the best fit with A, = 700 MeV as shown in
Figs. 14 and 15, we see that the reduction in the background
contribution can be compensated by the enhancement in the
resonance contribution and still achieve a reasonable fit
quality of the considered data (cf. the upper panel in
Fig. 16). We also see that, although the resonance content
remains the same, the relative contribution of the individual
resonances changes (cf. the lower panel in Fig. 16).

The chi squared per data points for different types of
observables corresponding to the fit results with A, =
650 MeV are shown in Table V (row “Sol. II"’) which
also give an idea of the comparable fit quality to that of the

12 T T T T T T T T T T
< - - sumofN
==== N(1520)3/2"
9 N(1700)3/2°
== N(1720)3/2"
----- N(1860)5/2+
= e N(1875)3/2°
S 6 LemTTeal N(1895)1/2°
‘E‘ e \‘:?\ —— N(2060)5/2

W [GeV]

FIG. 15. Total cross section for yp — wp from the contribu-
tions of individual resonances as a function of center mass energy
for the whole system.

G [ub]

0 1 1 1 1 1
1.8 1.9 2 2.1 2.2 2.3
W [GeV]
12— T T T T T T T T T
-~ - sumof N*
==== N(1520)3/2°
9r N(1700)3/2°
== N(1720)3/2%
----- N(1860)5/2%
— - N(1875)3/2°
S 6} N(1895)1/2
‘E' —— N(2060)5/2°

W [GeV]

FIG. 16. Total cross section results for yp — @p with a reduced
background contribution by choosing the f-channel cutoff
parameter A, = 650 MeV instead of 700 MeV which is obtained
from a fit to the CLAS data. The upper panel shows the
contributions from the full amplitude, the t-channel 7 exchange,
and the s-channel resonance exchanges. The lower panel shows
the contributions from the individual resonances. The notations
are the same as those of Fig. 14 for the upper panel and as those of
Fig. 15 for the lower panel.

best fit results with A, =700 MeV corresponding to
“Sol. I’ in Table V.

In a full reaction amplitude, both the resonant and the
nonresonant background amplitudes are, in general, com-
plex. The complex nature of the amplitude is crucial for
describing certain spin observables in particular. In the
present model, the nonresonant amplitude is purely real.
A rough estimate of the relevance/irrelevance of the
complex nature of the nonresonant amplitude may be
obtained by introducing a complex phase factor e/~% in
our real nonresonant amplitude. Of course, the complex
structure of the reaction amplitude is intimately related to
the property of unitarity of the full reaction amplitude. In
other words, unitarity should, in principle, dictate the
complex phases.” We have then repeated the fit of the

3See Ref. [77], where the complex phase structures of the
full meson-baryon and photoproduction amplitudes have been
exposed.
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FIG. 17. Total cross section results from the fits to the A2 data

(upper panel) and the CBELSA/TAPS data (lower panel) as
explained in the text. For notations of the panels, see Figs. 14
and 15. Note that the fit results of the CBELSA data contain an
extra resonance, N(2120)3/2~ (the orange dotted line) compared
to the fit results of the CLAS and A2 data.

CLAS data as has been done to obtain the fit results
corresponding to Sol. I in Table V with the phase ¢\g as an
extra fit parameter. The results obtained for y7/N; for the
individual independent observables i are shown in Table V
(row “Sol. II"’). Comparing with the results of row Sol. I,
we see that this can influence the fit quality of certain spin
observables by as much as ~10%.

We now turn our attention to the analysis of the A2 [35]
and CBELSA/TAPS [33] data to see how they influence the
extracted resonance content compared to the CLAS data.
Recall that there are some inconsistencies in the cross
section of both the A2 and CBELSA/TAPS data with the
corresponding CLAS data as discussed at the beginning of
this section. For the analysis of the A2 data, we have simply
replaced the CLAS differential cross section data by the
corresponding A2 data in the overlapping energy region.
Everything else is kept as in the analysis of the CLAS data
presented above. For the analysis of the CBELSA/TAPS
data, we consider the differential cross section and SDMEs
5> Reply, pI_, [33], the spin observables £ [31], E, and G
[34]. For the A2 Collaboration data shown in Fig. 11 with

300 data points and CBELSA/TAPS Collaboration data
shown in Fig. 12 with 648 data points, the )(56 /Ny, are 3.3
and 2.6, respectively. The total cross section results
from the fits to the A2 and the CBELSA/TAPS data as
explained above are shown in Fig. 17. A comparison of
Figs. 14 and 15 with the upper panel of Fig. 17 reveals how
the use of the A2 differential cross section data instead of
the corresponding CLAS data in the resonance extrac-
tion affects the results. We see that the resonances
required to reproduce the data from both groups remain
unchanged, but the relative contribution of these resonances
changes, in particular, of the resonances N(1520)3/2~ and
N(1860)5/2*. Comparing Figs. 14 and 15 with the lower
panel of Fig. 17, we also see a different relative contribution
of the resonances between the CLAS and CBELSA/TAPS
data. Note in particular that at least an extra higher mass
resonance—here, N(2120)3/2"—is required to repro-
duced the CBELSA/TAPS differential cross section data
for energies W > 2 GeV in contrast to the analysis of the
CLAS data.

IV. SUMMARY AND CONCLUSION

Quite recently, the CLAS Collaboration has reported the
newest high-precision data on the spin observables E [38]
as well as X, T [39], and P', F, H [40] for the yp — wp
photoproduction reaction. The data for the latter four
observables, T, P, F, and H, were measured for the very
first time.

In this work, we have performed for the yp — wp
reaction a theoretical analysis of the recently published
high-precision data on spin observables X, T, P’, E, F, and
H [38-40] together with the previously published high-
precision data on differential cross sections and SDMEs
P50 PV_1. RepY [32] from the CLAS Collaboration within
an effective Lagrangian approach. Part of the results for the
double polarization observables P, F, and H have been
published together with the experimental data in Ref. [40].
Here we have reported the details of our investigations,
showing, in particular, the results for %, T, E, do/d<,
and SDMEs.

In the present work, the reaction amplitudes were
constructed by considering the t-channel z and 7
exchanges, the s-channel nucleon and nucleon resonances
exchanges, the wu-channel nucleon exchange, and the
generalized contact current. The generalized contact current
is formulated in such a way that the full photoproduction
amplitudes satisty the generalized Ward-Takahashi identity
and thus are fully gauge invariant. The s-channel nucleon
resonances were introduced as few as possible to get a
satisfactory description of the data.

It has been shown that all the available data from the
CLAS Collaboration can be satisfactorily described by con-
sidering the N(1520)3/2~, N(1700)3/2~, N(1720)3/2%,
N(1860)5/2*,  N(1875)3/27, N(1895)1/2~, and
N(2060)5/2" resonances in the s-channel apart from the
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nonresonant contributions. The masses and widths for these
resonances have been extracted and compared with those
quoted by PDG [72]. They are in good agreement overall.
Although a proper extraction of the branching ratios
requires a coupled-channel approach, we have also esti-
mated these quantities within the present model. The
contributions from the individual terms of the reaction
amplitudes to the total cross sections have been analyzed.
The #-channel 7 exchange is found to dominate the back-
ground contribution, and the contributions from the
nucleon resonances were also found to be significant to
the cross sections. The effects of the data from the A2,
GRALL, SAPHIR, and CBELSA/TAPS Collaborations to

the resonance content extracted from the CLAS data for this
reaction have been discussed.
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