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INTRODUCTION & MOTIVATION
▸ Vector meson photoproduction processes 

Missing resonance problem: resonances which couple strongly 
to, e.g., the VN channel but not to 𝝅N
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▸ 𝛾N→VN is an elementary process for the study of medium 
modifications of vector mesons in nuclear photoproduction.
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Fig. 3. Dilepton invariant-mass spectrum for ρ photoproduction off deuterium with
(solid line) and without (dashed line) baryon resonance contributions, compared to
CLAS data after subtraction of ω and φ contributions [7,8].

3. Dilepton spectra off nuclei

To evaluate medium effects for nuclear targets, we first have
to estimate the densities probed for a given nucleus. If the ρ me-
son was produced at rest, the density at its creation point would
be a good approximation. However, since we are considering rather
high photon energies the ρ meson will travel a significant distance
before it decays. Based on the assumption that the (medium ef-
fect on the) ρ instantaneously adjusts to the surrounding medium,
the relevant density for the dilepton spectrum is the local den-
sity at the decay point, which we estimate as follows. For the
incoming photon the interaction point is distributed according to
a Woods–Saxon density profile (weighted by volume). The average
travel distance of the ρ from its production to decay point is then
calculated as

L = |!v|γ τ , |!v| = |!k|
(!k2 + m2

ρ

)−1/2
, (10)

where |!v| is the ρ three-velocity and τ its average lifetime (time
dilated by a Lorentz γ factor). Under the present conditions, the
latter is roughly ∼ 1 fm/c from the underlying in-medium spectral
function, cf. Fig. 4. The velocity is estimated from the incoming
photon energy for an on-shell ρ in the limiting case of forward
production where the bulk of the differential cross section is con-
centrated (recall Fig. 2, where nuclear Fermi motion is neglected).
The travel length L obtained in this way is then integrated over all
production points resulting in the following distribution of decay
points at a given density &x ,

N(&x) =
∫

&(r,0, θ)r2 sin(θ)δ
(
&(r, L, θ) − &x

)
d3r,

&(r, L, θ) = &0

1 + exp[ (r2+L2−2rL cos(θ))1/2−c
z ]

, (11)

with z = 0.55 fm and c = 4.05 fm for iron. At an average incoming
photon energy of ∼2.1 GeV (representative for the CLAS exper-
iment [25]) the average density at the decay point amounts to
0.5&0. Varying the photon energy between 1.5 GeV and 2.5 GeV
affects the average density by about ±0.1&0. We therefore dis-
play our dilepton spectra on iron for a density range of &N =
0.4–0.6&0.3 Note that lower photon energies (probing larger den-

3 This also reflects some of the uncertainty introduced by letting all ρ mesons
decay after a fixed distance L, as compared to a distribution in L, since a different
photon energy translates into a different L.

Fig. 4. In-medium ρ-meson spectral function at various 3-momenta and nuclear
density 0.5&0 [15]; solid (dashed) lines: transverse (longitudinal) parts (identical at
q = 0).

sities) imply a smaller ρ-meson phase space which is therefore
biased toward lower invariant masses. While the incoming photon
energy spectrum is properly included at a given density via Eq. (7),
the density-energy correlation is neglected. However, across the
above range, the density variation of the dilepton spectra turns out
to be quite moderate. A more accurate evaluation of this correla-
tion should also include an exponential decay distribution of the ρ
decays in L.

The main in-medium input to Eq. (7) is the ρ spectral func-
tion of Refs. [14,15] which is displayed in Fig. 4 for transverse and
longitudinal modes at various 3-momenta and at &N = 0.5&0. At
3-momenta relevant for CLAS (q $ 1–2 GeV) the medium effects
are significantly reduced compared to q = 0 (a consequence of the
typical formfactor cutoffs, ΛρBN $ 0.6 GeV; the reduction is more
pronounced than, e.g., in the spectral function of Ref. [26] due
to larger formfactor cutoffs used in there). In addition, a notice-
able difference between longitudinal and transverse modes devel-
ops, the latter exhibiting an upward mass shift which is due to
both pion cloud and P -wave resonance excitations. Note that in
applications to dilepton spectra at CERN-SPS the in-medium spec-
tral function is predominantly probed at 3-momenta below 1 GeV
[4,15]. This reiterates the notion that the CLAS data provide a novel
test of the spectral function at high 3-momentum.

Our results for the dilepton invariant-mass spectra on iron are
compared to the CLAS “excess” spectra in Fig. 5 using the density
range as estimated above. For each density, the normalization is
adjusted to the integrated strength of the data. Alternatively, one
can determine the normalization by a least-square fit resulting in
χ2/N = 1.29 (1.4) per data point (not) including the resonance
contributions in the production process, compared to χ2/N = 1.34
(1.49) when normalizing to the data. In either case, the agreement
with the data is fair (the in-medium broadening of the nucleon
resonances has very little impact on the dilepton spectra). A slight
discrepancy with the data for masses of M = 0.8–0.85 GeV may
allow for a small attractive mass shift of about −15 MeV.4 Overall,
the rather moderate medium effects in the (transverse and lon-
gitudinal parts of the) ρ spectral function at high 3-momentum
(as seen in Fig. 4) are essentially in line with the CLAS spectra.5

There are further effects which could modify our spectra at the
several percent level, e.g., in-medium ω-meson decays along with

4 In the transport-based [27] Breit–Wigner fits in Ref. [8], the extracted ρ-mass
is consistent with the free mass.

5 The reduction of ΛρNN to 600 MeV entails an attraction of ∼15 MeV at &N = &0
in the transverse ρ spectral function.

F. Riek et al., Phys. Lett. B 677 (2009), Phys. Rev. C 82 (2010)
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 0

 50

 100

 150

 0.5  0.6  0.7  0.8  0.9  1  1.1  1.2

Y
ie

ld
 [a

rb
. u

ni
ts

]

e+e- inv. mass [GeV]

12C

(a)
full calculation

vacuum spectral function
vac. resonances

no resonances

 0

 50

 100

 150

 0.5  0.6  0.7  0.8  0.9  1  1.1  1.2

Y
ie

ld
 [a

rb
. u

ni
ts

]

e+e- inv. mass [GeV]

12C

(b)
full calculation

vacuum spectral function
vac. resonances

no resonances

-20

 0

 20

 40

 60

 80

 100

 120

 140

 0.5  0.6  0.7  0.8  0.9  1  1.1  1.2
Y

ie
ld

 [a
rb

. u
ni

ts
]

e+e- inv. mass [GeV]

56Fe

(c)
full calculation

vacuum spectral function
vac. resonances

no resonances

-20

 0

 20

 40

 60

 80

 100

 120

 140

 0.5  0.6  0.7  0.8  0.9  1  1.1  1.2

Y
ie

ld
 [a

rb
. u

ni
ts

]

e+e- inv. mass [GeV]

(d)

56Fe

full calculation
vacuum spectral function

vac. resonances
no resonances

FIG. 3. (Color online) Calculations for excess mass spectra off (a, b) 12C and (c, d) 56Fe targets compared to the CLAS data [15,16] at JLab.
The full calculations (solid lines) are decomposed by modifying different theoretical ingredients, by (i) switching off the baryon-resonance
contributions in the elementary production amplitude (dash-dotted lines), (ii) switching off the in-medium widths of the baryon-resonance
contributions in the elementary production amplitude (dashed lines), or (iii) replacing the in-medium electromagnetic correlator, Gρ , with the
vacuum one (dotted lines). (a, c) All spectra are (χ 2) normalized to the data, while (b, d) we keep the normalization of the full model also for
the other scenarios.

reasonable baseline for an advanced analysis of in-medium
effects. We note that our findings are in good agreement
with the results of the Boltzmann-Uehling-Uhlenbeck (BUU)
transport simulations by the Giessen group [16,18,26] based
on the spectral function of Ref. [12]. Also in this calculation,
a broadening of the ρ-meson spectral function by ∼70 MeV
was found without significant mass shift.

Next, we address the influence of different model compo-
nents on the shape and magnitude of the invariant-mass spectra.
In Fig. 3, we display the results of the calculations in which
(i) the resonances in the production amplitude are switched
off (dash-dotted lines), (ii) the resonances in the production
amplitude are kept as in the vacuum (i.e., without in-medium
broadening as specified in Refs. [1,23]; dashed lines), and
(iii) the vacuum propagator for the ρ meson is employed
(dotted lines). In Figs. 3(a) and 3(c), the integrated yield for
each scenario is normalized to the experimental data (which to
our knowledge are not absolutely normalized) using a χ2 fit.4

In Figs. 3(b) and 3(d), only the full calculations (solid lines) are
(χ2) normalized to the data and the same normalization factor

4Alternatively, one could normalize to the integrated strength of the
spectrum. The differences in both procedures are negligible.

is then applied to all other curves, which maintains the relative
normalization of all theory curves. The following observations
are made. The impact of the in-medium broadening of the
baryon resonances on the production amplitude is essentially
negligible, in both the shape [Figs. 3(a) and 3(c)] and absolute
magnitude [Figs. 3(b) and 3(d)] of the final dilepton spectra.
Switching off the resonance contributions in the production
amplitude altogether (dash-dotted lines) leads to a slight
narrowing of the spectral shape [Figs. 3(a) and 3(c)] but, more
significantly, reduces the absolute yield of the cross section
by more than 50% [see dash-dotted lines in Figs. 3(b) and
3(d)]. This can be easily understood since the resonances play
a significant role in the total ρ photoproduction cross section
on the nucleon for photon energies below Eγ " 2 GeV [22].
An important question concerns the sensitivity of the spectra to
the medium effects in the ρ-meson propagator. We investigate
this question by replacing the in-medium propagator with the
vacuum one (resulting in the dotted lines in Fig. 3). The spectral
shape narrows, but not as much as one may have expected. In
fact, when normalizing the theory curves to the experimental
data, the resulting spectral shapes for vacuum and in-medium
correlators are not much different for both carbon and iron
targets [see Figs. 3(a) and 3(c)]. More quantitatively, for the
carbon target, the χ2 per data point is close to 1 for both

015202-5
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Meson 
exchange

J.M. Laget, PLB 489 (2000)

Pomeron 
exchange

Searching for 
missing resonances

Photoproduction of  
neutral vector mesons
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Search for excited baryons in 2-body channels
data acquired - analyzed/published   
Observable σ Σ T P E F G H Tx Tz Lx Lz Ox Oz Cx Cz

pπ0 ✓ ✓ ✓ ✓ ✓
nπ+ ✓ ✓ ✓ ✓
pη ✓ ✓ ✓ ✓
pη’ ✓ ✓ ✓ ✓ ✓
K+Λ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
K+Σ0 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
pω/φ ✓ ✓ ✓ SDME  

K+*Λ SDME

K0*Σ+ ✓ ✓ ✓ SDME

pπ- ✓ ✓
pρ- ✓ ✓ ✓ ✓ ✓
K-Σ+ ✓ ✓ ✓ ✓
K0Λ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
K0Σ0 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
K0*Σ0 ✓ ✓ ✓ ✓

γpàX

γnàX

2018

18

K. Joo
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PRODUCTION MECHANISMS 

7

Pomeron Exchange Model

Donnachie-Landshoff

Pomeron: C=+1 isoscalar photon
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PRODUCTION MECHANISMS Meson exchange and nucleon pole terms

Couplings from 

and pion photoproduction studies, etc
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▸ Main non-resonant production mechanism: pion exchange 

▸ Other mechanisms include Pomeron, eta, nucleon exchanges 

▸ Resonant amplitudes 
 

 

▸ Only N* can contribute. 𝛥* contribution is not allowed by isospin. 

▸  Use the N* parameters from the quark model of Capstick and Roberts (PRD46,PRD49) 

▸  12 positive-parity N*’s and 10 negative-parity N*’s 

▸  N*’s above wN threshold are considered 

* **

,

( ; , ) ( ; , )
( , )

( )
2

J

N N J N N JN

J JJ M
R

q J M k J M
I q k is M s

w g® ®=
- + G

å
M M
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𝜔 meson photoproduction
B. Friman and M. Soyeur, Nucl. Phys. A 600 (1996)

Y. Oh, A.I. Titov, and T.-S.H. Lee, Phys. Rev. C 63 (2001)
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Nucleon resonances in ! photoproduction

Yongseok Oh,1,* Alexander I. Titov,2,† and T.-S. H. Lee3,‡
1Institute of Physics, Academia Sinica, Nankang, Taipei 11529, Taiwan

2Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna RU-141980, Russia
3Physics Division, Argonne National Laboratory, Argonne, Illinois 60439

!Received 27 June 2000; published 4 January 2001"

The role of the nucleon resonances (N*) in # photoproduction is investigated by using the resonance
parameters predicted by Capstick and Roberts $Phys. Rev. D 46, 2864 !1992"; 49, 4570 !1994"%. In contrast
with the previous investigations based on the SU(6)!O(3) limit of the constituent quark model, the employed
N*→&N and N*→#N amplitudes include the configuration mixing effects due to the residual quark-quark
interactions. The contributions from the nucleon resonances are found to be significant relative to the nonreso-
nant amplitudes in changing the differential cross sections at large scattering angles and various spin observ-
ables. In particular, we suggest that a crucial test of our predictions can be made by measuring the parity
asymmetry and beam-target double asymmetry at forward scattering angles. The dominant contributions are
found to be from N 3

2
"(1910), a missing resonance, and N 3

2
#(1960) which is identified as the D13(2080) of

the Particle Data Group.

DOI: 10.1103/PhysRevC.63.025201 PACS number!s": 13.88."e, 13.60.Le, 14.20.Gk, 25.20.Lj

I. INTRODUCTION

The constituent quark models predict a much richer
nucleon excitation spectrum than what has been observed in
pion-nucleon scattering $1%. This has been attributed to the
possibility that a lot of the predicted nucleon resonances
(N*) could couple weakly to the 'N channel. Therefore it is
necessary to search for the nucleon excitations in other reac-
tions to resolve the so-called ‘‘missing resonance problem.’’
Electromagnetic production of vector mesons (# ,( ,)) is
one of such reactions and is being investigated experimen-
tally, e.g., at Thomas Jefferson National Accelerator Facility,
ELSA-SAPHIR of Bonn, GRAAL of Grenoble, and LEPS of
SPring-8.
The role of the nucleon excitations in vector meson pho-

toproduction was studied recently by Zhao et al. $2–4% using
an effective Lagrangian method within the SU(6)!O(3)
constituent quark model. With the meson-quark coupling pa-
rameters adjusted to fit the existing data, they found that the
single polarization observables are sensitive to the nucleon
resonances.
We are motivated by the predictions by Capstick and

Roberts $5,6%. They started with a constituent quark model
which accounts for the configuration mixing due to the re-
sidual quark-quark interactions $7%. The predicted baryon
wave functions are considerably different from those of the
SU(6)!O(3) model employed by Zhao et al. in Refs.
$2–4%. The second feature of the predictions from Refs. $5,6%
and $6% is that the meson decays are calculated from the
correlated wave functions by using the 3P0 model $8%. Thus

it would be interesting to see how these predictions differ
from those of Refs. $2–4% and can be tested against the data
of vector meson photoproduction.
We will focus on # photoproduction in this work, simply

because its nonresonant reaction mechanisms are much bet-
ter understood. It was fairly well established $9–13% already
during the years around 1970 that this reaction is dominated
by diffractive processes at high energies and by one-pion
exchange at low energies. The diffractive part can be de-
scribed by the Pomeron exchange model. The calculation of
the one-pion exchange amplitude has been recently revived
by Friman and Soyeur $14%. It is therefore reasonable to fol-
low the earlier theoretical analyses $11% and assume that the
nonresonant amplitude of # photoproduction can be calcu-
lated from these two well-established mechanisms with some
refinements. The resulting model then can be a starting point
for investigating the N* effects. This approach is similar to
the previous investigation by Zhao et al. $2,3%.
In Sec. II, we give explicit expressions for the nonreso-

nant amplitudes employed in our calculations. The calcula-
tions of resonant amplitudes from Refs. $5,6% are detailed in
Sec. III and the results are presented in Sec. IV. Section V is
devoted to discussing possible future developments.

II. NONRESONANT AMPLITUDES

We assume that the nonresonant amplitude is due to the
Pomeron exchange $Fig. 1!a"%, pseudoscalar-meson ex-
change $Fig. 1!b"%, and the direct and crossed nucleon terms
$Figs. 1!c" and !d"%. The four momenta of the incoming pho-
ton, outgoing # , initial nucleon, and final nucleon are de-
noted as k, q, p, and p!, respectively, which defines t$(p
#p!)2$(q#k)2, s*W2$(p"k)2, and the # production
angle + by cos +*k•q/!k!!q!.
We choose the convention $15% that the scattering ampli-

tude T is related to the S matrix by

S f i$, f i#i!2'"4,4!k"p#q#p!"T f i !1"

*Present address: Institute of Physics and Applied Physics, Yon-
sei University, Seoul 120-749, Korea. Electronic address:
yoh@phya.yonsei.ac.kr
†Electronic address: atitov@thsun1.jinr.ru
‡Electronic address: lee@anlphy.phy.anl.gov

PHYSICAL REVIEW C, VOLUME 63, 025201

0556-2813/2001/63!2"/025201!9"/$15.00 ©2001 The American Physical Society63 025201-1

Data: SAPHIR 1996 (a-d)
SLAC 1973 (e-f)

Eg = (a) 1.23 GeV, (b) 1.45 GeV,
(c) 1.68 GeV, (d) 1.92 GeV,
(e) 2.8 GeV, (f) 4.7 GeV

solid: total
dashed: ps-meson exchange
dot-dashed: Pomeron exchange
dot-dot-dashed: nucleon
dotted: N*

Dominant N*: 
N(1910) with 3/2+ - missing resonance
N(1960) with 3/2- - D13(2080) in PDG
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IMPROVED APPROACHES
▸ Relativistic treatment including N*’s below threshold:   

▸ Pion loop corrections 

▸ Coupled channel effects 

▸ New data from CLAS

11
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Data on the reaction γ p → ωp with ω → π0γ , taken with unpolarized or polarized beams in 
combination with an unpolarized or polarized proton-target, were analyzed within the Bonn–Gatchina 
(BnGa) partial wave analysis. Differential cross sections, several spin density matrix elements, the beam 
asymmetry $, the normalized helicity difference E , and the correlation G between linear photon and 
longitudinal target polarization were included in a large data base on pion and photo-induced reactions. 
The data on ω photoproduction are used to determine twelve N∗ → Nω branching ratios; most of these 
are determined for the first time.

 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The interaction of real or virtual photons with protons at 
high energies – as studied extensively at HERA for masses up to 
250 GeV [1] – is successfully described as a diffractive process. The 
photon converts into a vector meson (ρ0, φ, ω) of the same quan-
tum numbers J P C = 1−− , i.e. of identical spin, parity, and charge 
parity. The vector meson then scatters off the proton by the ex-
change of Pomerons, virtual color- and flavorless objects carrying 
the quantum numbers of the vacuum [2,3]. A detailed comparison 
of the photoproduction of ρ0, φ, and ω mesons reveals, however, 
that for ω photoproduction at intermediate energies, Eγ < 5 GeV, 
Pomeron exchange is no longer sufficient to reproduce the data, 
and it has been suggested that pion and f2 exchange become the 
dominant contributions [4].

At lower energies, close to the ω production threshold, N∗

resonances are likely to contribute to the reaction. The SAPHIR 
Collaboration reported differential cross sections and spin density 
matrix elements in the center-of-mass energy range from the ω
production threshold to 2.4 GeV [5]. The authors concluded that in 
this mass range diffraction is no longer dominant, and that res-
onance formation must play an important role. GRAAL data on 
this reaction confirmed the need for resonances to understand the 
dynamics of ω photoproduction [6]. The CBELSA/TAPS Collabora-

* Corresponding author.
E-mail address: klempt@hiskp.uni-bonn.de (E. Klempt).

tion reported large photon asymmtries which indicated s-channel 
resonance formation on top of t-channel exchange processes [7]. 
The CLAS Collaboration reported a high-statistics study of ω pho-
toproduction and analyzed the data with a partial-wave-analysis 
model [8,9]. Differential cross sections and spin density matrix 
elements were described with reasonable accuracy when several 
resonances were introduced: N(1680)5/2+ and N(1700)3/2− near 
threshold and at least one higher-mass state, N(2190)7/2− . Sug-
gestive evidence was reported for the presence of a J P = 5/2+

state around 2 GeV. The J P = 3/2+ wave was reported to have 
a complicated structure, possibly with two close-by resonances in 
the 1.9 GeV region. Recently, photoproduction of ω mesons off the 
proton was studied by the A2 Collaboration at MAMI, and differen-
tial cross sections were presented from threshold to Eγ = 1.4 GeV
with 15-MeV binning and full angular coverage [10]. No resonant 
contributions were discussed.

Partial wave analyses confirmed the need for nucleon excita-
tions to describe photoproduction of ω mesons. Qiang Zhao [11]
used an effective Lagrangian and found that N(1720)3/2+ and 
N(1680)5/2+ dominate the reaction. Predictions of Capstick and 
Roberts [12] were used in [13] to calculate the ω photoproduc-
tion cross section. The resonant contributions were shown to have 
a significant impact on the predictions. Titov and Lee [14] ap-
plied an effective Lagrangian approach to study the role of the 
nucleon resonances in ω photoproduction at energies near the 
threshold and found that their contribution is very significant. In a 
pioneering coupled-channel analysis, Penner and Mosel [15] fitted 

http://dx.doi.org/10.1016/j.physletb.2016.01.061
0370-2693/ 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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data on pion and photo-induced reactions including π− p → ωn
[16–19] and γ p → ωp [5] and determined first N∗ → Nω branch-
ing ratios. In a coupled-channel analysis including further data, 
Shklyar et al. [20] found strong contributions from N(1680)5/2+

and N(1675)5/2− to the γ p → ωp reactions.
In this letter we report on a partial wave analysis of ω

photoproduction of data taken recently at the Bonn ELectron 
Stretcher Accelerator ELSA. We restrict the analysis on data from the 
CBELSA/TAPS experiment; a discussion of discrepancies between 
different data sets and the data dependence of the results will 
be presented elsewhere [21]. CBELSA/TAPS data on the differential 
cross section and on the Spin-density Matrix Elements (SDMEs) 
were reported in [22]: ρ00, ρ10, ρ1 −1 for unpolarized incident 
photons, and ρ1

00, ρ1
11, ρ1

1 −1, ρ1
10, ρ2

10, ρ2
1 −1 for linearly polarized 

photons. Differential cross sections and SDMEs cover the photon 
energy range from 1150 to 2500 MeV; the SDMEs for polarized 
incident photons are restricted to Eγ < 1650 MeV. The SDMEs de-
scribe the polarization state and the polarization transfer of the 
γ p system to the final state. Results on the beam asymmetry %
with respect to the ω direction and with respect to the direction 
of the π0 from ω → π0γ (%π ) are taken from [7]. In [23], the he-
licity asymmetry E = (σ1/2 −σ3/2)/(σ1/2 +σ3/2) was presented for 
the photon energy range from 1108 to 2300 MeV; the correlation 
between linear photon polarization and transverse target polariza-
tion (G and Gπ ) was given for one bin in photon energy covering 
1108 to 1300 MeV.

2. Data from CBELSA/TAPS on γ p → ωp

The differential cross sections, separated into 50 MeV wide bins 
in incoming photon energy and 24 angular bins, are shown in 
Fig. 1. The distributions show a strong forward peaking, in partic-
ular at higher energies: diffractive production of ω mesons plays a 
role which becomes increasingly important with increasing photon 
energy. These and the other CBELSA/TAPS data are compared with 
the results of a partial wave analysis (PWA) fit described below.

The results on % and %π are compared to the PWA fit in Fig. 2. 
The results have been reported earlier [7]. For the measurement 
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mented in [23]. Here, the results on G and Gπ are shown in Fig. 2
and those on E in Fig. 3. The results are compared to the PWA 
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not shown are fitted as well, with the same fit quality as the data 
shown in the figures.
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The data were included in the large BnGa data base covering 
pion and photo-induced reactions. The fit uses the dispersion re-
lation approach based on the N/D technique which corresponds to 
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Table 2
Branching ratios (B.R. in %) for N∗ decays into Nω. Small numbers were reported in 
[15]. The δ(χ2) values give the change in χ2 when the Nω decay mode is excluded.

Resonance B.R. δ(χ2) Resonance B.R. δ(χ2)

N(1700)3/2− 22 ± 12 100 N(1900)3/2+ 15 ± 8 70
13 ± 9

N(1710)1/2+ 2 ± 2 26 N(2000)5/2+ 18 ± 8 42
8 ± 5 1 ± 1

N(1720)3/2+ 26 ± 14 105 N(2060)5/2− 4 ± 3 37
N(1875)3/2− 13 ± 7 98 N(2100)1/2+ 15 ± 10 78

20 ± 4
N(1880)1/2+ 20 ± 8 33 N(2150)3/2− 12 ± 8 99
N(1895)1/2− 28 ± 12 100 N(2190)7/2− 14 ± 6 131

from the fit. The fit quality is very similar when the spin-parity is 
changed to 3/2+ , 3/2− , or 5/2+ .

Table 2 lists those resonances which have an Nω decay mode 
which yields a significant improvement of the fit quality. The table 
gives the branching ratios, their errors, and the change in χ2 when 
the coupling of a resonance is fixed to zero. The results reported 
in [15] are listed as small numbers.

A few comments need to be made:
From the data on γ p → ωp alone, only the products of the 

helicity amplitudes A1/2, A3/2 and the square root of the N∗ → Nω
branching ratios are determined. The helicity amplitudes can be 
deduced when elastic scattering data and photoproduction of pions 
are included in the fits.

The comparison of our results with those of Penner and Mosel 
[15] shows good consistency. Only the Nω branching ratios of the 
N(2000)5/2+ resonance are different in magnitude. However, the 
N(2000)5/2+ resonance is difficult to observe in photoproduction, 
and our result is only slightly more than 2σ away from zero.

The pole positions of N(1700)3/2− are fitted to values just 
above the Nω threshold (at 1720 MeV), those of N(1680)5/2+ , 
N(1710)1/2+ and N(1720)3/2+ below the threshold. The Nω cou-
pling constants of these states are non-zero, leading to a non-
vanishing amplitude above the Nω threshold, and suppressing 
these couplings leads to a notable deterioration of the fit quality. 
Formally, the branching ratios would be vanishing or very small 
since the phase space at the nominal mass of the resonance is 
zero or small. Therefore, the branching ratios of Table 2 for these 
resonances were calculated by numerical integration over the full 
width of the resonance. For higher-mass resonances, the numeri-
cal integration or the usual definition of the branching ratio give 
nearly identical results. The N(1900)3/2+ in Table 2 resonance 
stands for a complex of two resonances – suggested as well in 
[8,9] – but only the properties of N(1900)3/2+ are well defined in 
our fits.

The branching ratios are derived from the best ten fits which 
yield acceptable descriptions of the data. The spread of their re-
sults is used to define the errors. The spread is hence due to sys-
tematic uncertainties, the statistical uncertainties are small. Note 

that the errors can be large even in cases where the statistical sig-
nificance is high.

5. Summary

In summary, we have reported a partial wave analysis including 
new data on the reaction γ p → ωp for unpolarized and polarized 
photons and unpolarized and polarized protons. The analysis is 
performed within the Bonn–Gatchina partial wave formalism and 
includes other data on pion and photo-induced reactions. Branch-
ing ratios of twelve nucleon resonances for their decay into nu-
cleon plus ω are derived.
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Nucleon resonances in γp → ωp reaction
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The most recent high-precision data on spin observables Σ, 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 γp → ωp are analyzed within an effective Lagrangian approach. The reaction
amplitude is constructed by considering the t-channel π and η exchanges, the s-channel nucleon and
nucleon resonances exchanges, the u-channel nucleon exchange and the generalized contact current,
with the last one being formulated to ensure that the full photoproduction amplitudes satisfy the
generalized Ward-Takahashi identity and thus are fully 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− exchanges in the s
channel. The parameters of these resonances are extracted and compared with those quoted by
PDG.

PACS numbers: 25.20.Lj, 13.60.Le, 14.20.Gk, 13.75.-n

I. INTRODUCTION

The study of hadron mass spectrum and hadronic de-
cays provides essential information towards the under-
standing of strong interaction in the non-perturbative
regime of Quantum Chromodynamics. It is now a con-
sensus in hadron physics community that one has to
investigate as many independent reaction processes as
possible to extract detailed information on hadron reso-
nances, especially, in the baryonic sector. Indeed, there
is currently an intense activity, both experimentally and
theoretically, in investigating many different meson pro-
duction 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 mod-
els but not found in the experiments of π production
reactions [1, 2]. A possible explanation for the “miss-
ing resonances” problem is that they may have escaped
from observation due to their relatively small coupling
to the πN final state. Thus the study of production re-
actions of mesons other than π becomes indispensable.
The ηN channel has been investigated as a first step to-
wards this goal and, currently, heavier meson production
processes such as η′, ω and φ are being subjects of in-
creasing attention. These efforts are not restricted to
the non-strangeness sector only. There has been also an
intense activity in the strangeness sector to search for
hyperon resonances with strangeness quantum number
S = −1 via KY photoproduction (Y = Λ, Σ) and in-
terest in heavier meson photoproduction such as K∗Y is
also increasing [3–8]. There are also initiatives to inves-

∗ huangfei@ucas.ac.cn
† nakayama@uga.edu
‡ lidm@zzu.edu.cn

tigate strange baryon resonances with S = −2 and −3
[9, 10].

The present work concerns the photoproduction of ω
meson off the proton. This reaction has been studied in-
tensively from late 60ths to 90ths at energies well above
the resonance energy region to address a variety of inter-
esting physics questions. In particular, the vector meson
photo- and electro-production processes, in general, pro-
vide an important insight into the diffractive mechanisms
at high energies. At lower energies in the resonance en-
ergy region (below center-of-mass energy ofW ∼ 3 GeV),
the ω photoproduction offers a means to probe the possi-
ble missing states in the 2 GeV mass region (referred to
as the third resonance region) which might couple to the
ωN channel. The ω photoproduction off nuclei has been
also investigated [11, 12] to study the medium effects on
the properties of vector mesons [13, 14]. ω photopro-
duction off deuteron has been investigated in Ref. [15].
There are few features in this reaction off the proton that
make it attractive for studying the role of nucleon reso-
nances. One is that the dominant contribution to the
non-resonant amplitude is fairly known. At higher en-
ergies, the diffractive processes – taken into account by
Pomeron exchange – dominate and, at lower energies,
the t-channel pion exchange dominates [16]. In fact, this
feature has been known since early 70ths [17–22]. In
Ref. [23], it is found that at intermediate energies below
W < 3.2 GeV, Pomeron exchange is no longer sufficient
to reproduce the data, and it has been suggested that
π and f2 exchanges become the dominant contributions.
Another feature is the isoscalar nature of the ω meson
that filters out the isospin I = 3/2∆-resonances in the s-
channel. Together, these features provide a great deal of
simplification to the, otherwise a very complex problem
of resonance extraction. The ρ meson photoproduction
also gives information on the resonances in the same mass

arXiv:1908.01139
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± ie
g(2)RNγ

(2MN)3
R̄µαΓ
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(15)
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RNγ = ie

g(1)RNγ
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)
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− e
g(2)RNγ

(2MN)4
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(±)
(

∂α∂βFµν
)

∂νN +H.c.,

(16)

where R designates the nucleon resonance, and the su-
perscript of LRNγ denotes the spin and parity of the res-

onance R. The coupling constants g(i)RNγ (i = 1, 2) are fit

parameters. The notations Fµν and Γ(±) are defined as

Fµν ≡ ∂µAν − ∂νAµ, (17)

Γ(+) ≡ γ5, Γ(−) ≡ 1. (18)

For the hadronic couplings, we have

L1/2±
RNω =−

gRNω

2MN
R̄Γ(∓)

{[(

γµ∂2

MR ∓MN
± i∂µ

)

−
fRNω

gRNω
σµν∂

ν

]

ωµ

}

N +H.c., (19)
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where ωµν ≡ ∂µων − ∂νωµ. The parameters g(i)RNω are fit
parameters. Actually, only the products of the electro-
magnetic couplings and the hadronic couplings of nucleon
resonances are relevant to the reaction amplitudes, and
these products are what we really fit in practice.

B. Resonance propagators

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

S1/2(p) =
i

p/−MR + iΓ/2
, (23)

where MR, Γ and p are mass, width and four-momentum
of the resonance R, respectively.
In accordance with Refs. [64–66], the following pre-

scriptions for the propagators of resonances with spin-
3/2, -5/2 and -7/2 are adopted in the present work:

S3/2(p) =
i

p/−MR + iΓ/2

(

g̃µν +
1

3
γ̃µγ̃ν

)

, (24)

S5/2(p) =
i

p/−MR + iΓ/2

[

1

2
(g̃µαg̃νβ + g̃µβ g̃να)

−
1

5
g̃µν g̃αβ +

1

10
(g̃µαγ̃ν γ̃β + g̃µβ γ̃ν γ̃α

+ g̃ναγ̃µγ̃β + g̃νβ γ̃µγ̃α)

]

, (25)
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i

p/−MR + iΓ/2

1

36
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35
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where

g̃µν = − gµν +
pµpν
M2

R

, (27)

γ̃µ = γν g̃νµ = −γµ +
pµp/

M2
R

, (28)

and the summation over Pµ (Pν) in Eq. (26) goes
over the 3! = 6 possible permutations of the indices
µ1µ2µ3 (ν1ν2ν3).
The resonance width Γ appearing in the resonance

propagators given above is energy-dependent. We ac-
count for this dependence with an appropriate threshold
behavior in our formalism. Explicitly, we write the width
Γ as a function of W =

√
s in the form of

Γ(W ) = ΓR





N
∑

i=i

βiΓ̂i(W ) +

Nγ
∑

j=1

γjΓγj (W )



 , (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. ΓR de-
notes the total static resonance width at W = MR. The
factors βi and γj are, respectively, the hadronic and ra-
diative decay branching ratios of the i-th resonance sat-
isfying

N
∑

i=1

βi +

Nγ
∑

j=1

γj = 1. (30)
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FIG. 2. Differential cross section for γp → ωp as a function of cos θω in the center-of-mass frame at energy from near threshold
region to 2.245 GeV. The numbers in the bracket 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 CLAS Collaboration [32].

TABLE IV. χ2
i /Ni evaluated for a given type of observable specified by the index i = dσ (differential cross section), ρ00, ρ1−1,

ρ10, Σ, T , P
′, E, F and H . The last column corresponds to the global χ2/N , where N is the total number of data points

including all the types of observables considered. Row “sol. I” corresponds to the best fit results presented in Tables. I, II and
III with Λt = 712 MeV. Row “sol. II” corresponds to the fit results with Λt = 650 MeV. Row “sol. III” corresponds to the
same fit results as “sol. I”, except for the presence of the fit phase parameter ϕ (= 1.64π) in the complex exponential factor
eiϕ in the non-resonant amplitude.

χ2
dσ/Ndσ χ2

ρ00/Nρ00 χ2
ρ1−1

/Nρ1−1
χ2
ρ10/Nρ10 χ2

Σ/NΣ χ2
T /NT χ2

P ′/NP ′ χ2
E/NE χ2

F /NF χ2
H/NH χ2/N

sol. I 24.0 38.0 30.0 54.9 2.4 4.9 2.4 2.3 2.8 2.4 29.2

sol. II 27.6 42.8 25.0 54.3 2.8 5.0 2.2 2.7 2.5 2.5 29.7

sol. III 22.7 42.3 25.7 48.0 2.4 5.1 2.4 2.5 2.6 2.5 27.6

sections resulted from a fit to the CLAS data are com-
pared with the data from the A2 Collaboration [35] and
the data from the CBELSA/TAPS Collaboration [54],
respectively. One sees significant deviations between
the theoretical results and the A2 data, especially, for
backward angles at lower energies. One also sees obvi-
ous deviations between the theoretical results and the
CBELSA/TAPS data in the forward angle region at
higher energies. These deviations clearly indicate the
discrepancies among the data from the CLAS, A2 and

CBELSA/TAPS Collaborations as mentioned at the be-
ginning of this section. In Fig. 12, the theoretical re-
sults for the SDMEs resulted from a fit to the CLAS
data are compared with the corresponding data from the
CBELSA/TAPS Collaboration [54]. Here, no obvious
discrepancies are seen, mainly due to the fact that the
data from the CBELSA/TAPS Collaboration has much
larger error bars.

The prediction of the total cross section from the
present model is shown in Fig. 13. There, the solid
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FIG. 4. Beam asymmetry Σ for γp → ωp as a function of cos θω in the center-of-mass frame. The numbers in the bracket
denote the photon incident energy (left number) and the center-of-mass energy of the system (right number), in MeV. Data are
taken from CLAS Collaboration [40] (star), [37] (circle), CBELSA/TAPS Collaboration [54] (square), GRAAL Collaboration
[36] (triangle). Only the data from Ref. [40] are included in the fit.
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FIG. 5. Target asymmetry T for γp → ωp as a function of cos θω in the center-of-mass frame. The numbers in the bracket
denote the photon incident energy (left number) and the center-of-mass energy of the system (right number), in MeV. Data are
taken from 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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▸ 𝜎 meson exchange model 
to describe the low energy region 
! one pion exchange is suppressed due to small 𝚪(⍴ " 𝜋𝛾) 

! 𝚪(⍴ " 𝜋𝜋𝛾) is large instead, so its effect should be taken into account. The 2𝜋 is 
then modeled by the 𝜎 meson.  

16

⍴ meson photoproduction

B. Friman and M. Soyeur, Nucl. Phys. A 600 (1996)
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𝜎 MESON EXCHANGE

17

L =
eg�⇢�
M⇢

@µ⇢⌫Fµ⌫� + g�NN N̄�N
<latexit sha1_base64="CqQGQLbgpMeLwbe8c/TGatrrHPI="></latexit>

2
0.5 GeV,  8.0,   3.04

NNgM gs
s srg= = =p

2
NNg0.55 0.66 GeV,  8.3 104M s

s = =p! !

u Friman, Soyeur, NPA 600, 477 (1996)
determine the parameters to fit the r photoproduction data

u Bonn potential – Machleidt et al, Phys. Rep. 149, 1 (1987)

u QCD sum rules

3.2 0.6
2.2 0.4

gsrg
±ì

= í ±î

Goklap, Yilmaz, PRD 64 (2001)

Aliev et al., PRD 65 (2002)

a This will constitute our model (A)
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u But large gsrg gives too large decay width of r g ppg  by two orders of magnitude

u Estimate of SND experiment M.N. Achasov et al. PLB 537, 201 (2002)

BR (r g p0p0g) ~ 4.1 x 10-5 and  BR (w g p0p0g) ~ 6.6 x 10-5

( ) 2.83 keV,  
  0.25 gsrg

r sgG ® »

»which gives

𝜎 MESON EXCHANGE

Bramon et al., PLB283, PLB289, PLB517
Palomar et al., NPA707
YO, H. Kim, PRD68
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f2 exchange model

19

We need f2NN and f2rg couplings
Strategy
fpp coupling: from the decay of f2 into 2-pion
tensor meson dominance:  relates fpp and fVV, fNN
vector meson dominance:  relates fVV and fVg, fgg
fpp coupling   Pilkuhn et al., NPB 65, 460 (1973)

f2 meson:   tensor meson with  IG(JPC) = 0+(2++)
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31

f2 meson exchange model
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two-pion exchange model
Two-pion exchange model    (M=p and B=N:  B=D will not be considered as M=w)

(M=h,r are not allowed by G parity)

Sato-Lee method to compute the loop integral Sato, Lee, PRC54, 2660 (1996)

3
loop , ,' ( , '; ) ( ', ) ( ', ; )

1( ', )
( ') ( ')

N MN MN MN N

MN
N M

T d B W G W V W

G W
W E q E q i

g r

e
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=
- - +

ò q k q q q q

q

d

where

( ) ( )
52

z

NN
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e A g

g N N
M

µ µ
µ rpp µ

µp
µ

p p r p p

g g t p

= ¶ ´ + × ´¶

+ ×¶

L =
!" !" !!" !" !"

# !#
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RESULTS

2 2
N
N f

sp h
sh pp

+ + + +
+ + + + + +
P
P

Model A :
Model B :

  
  

s parameters are fitted by r photoproduction

s and f2 parameters are fixed by other reactions

Y. Oh and T.-S.H. Lee, Phys. Rev. C 69 (2004)

Ps = +1 for natural-parity exchange (P=(-1)J)

Ps = -1 for unnatural-parity exchangered dashed lines: model (A)

blue solid lines: model (B)

22
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RESULTS: f2-trajectory exchange

dot-dashed: f2-trajectory alone
solid: full with the other backgrounds
blue solid: f2-trajectory model of Laget with other background

Eg = 1.4 GeV 1.55

1.73 1.93

2.8 3.28

3.55 3.82

Left: SAPHIR 1996
Right: SLAC & CLAS
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K* PHOTOPRODUCTION

▸ Photoproduction of strange vector mesons

24

PHYSICAL REVIEW C 73, 065202 (2006)

K ∗ photoproduction off the nucleon: γ N → K ∗"

Yongseok Oh∗

Department of Physics and Astronomy, University of Georgia, Athens, Georgia 30602, USA

Hungchong Kim†

Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea
(Received 16 February 2006; published 19 June 2006)

We study the photoproduction of the K∗(892) vector meson from both the charged and neutral reactions
γp → K∗+" and γn → K∗0". The production mechanisms that we consider include t-channel K∗, K,

κ exchanges, s-channel nucleon diagrams, and u-channel ", $,$∗ diagrams. These could constitute important
backgrounds for future investigation of “missing” resonances that can be searched for especially in these reactions.
The t-channel K meson exchange is found to dominate both reactions. The total and differential cross sections
are presented together with some spin asymmetries.

DOI: 10.1103/PhysRevC.73.065202 PACS number(s): 13.60.Le, 13.60.Rj, 14.20.Gk, 12.40.Yx

I. INTRODUCTION

The baryon spectra predicted by some quark models
anticipate much more baryon resonances than those observed
so far [1]. These “missing” resonances are expected to
have rather small couplings to the πN channel, and various
reaction mechanisms have been suggested to search for
those resonances. One of them is to use photoproduction
processes containing mesons other than pion(s) in the final
state. For example, the photoproductions of K" and K$
in the scattering off the nucleon may give us a clue on the
existence of nucleon resonances that strongly couple to the
kaon channel [2]. Vector meson photoproduction, γN → V N ,
where V stands for a vector meson (ρ,ω,φ), may also be useful
in identifying the missing resonances [3].

Recently, the interest in K∗(892) vector meson photo-
production has grown. This was initially triggered by the
quark model, which predicts that some nucleon resonances
with higher mass can have sizable couplings with the K∗

channel [2]. In addition, there are some preliminary experi-
mental data from the CLAS Collaboration at the Jefferson Lab
on the reactions of K∗ photoproduction, i.e., K∗$ [4] and
K∗" [5] production. These experiments show that the total
cross sections for K∗ photoproduction, though small, are not
much more suppressed than those for K photoproduction, and
it leads to the conclusion that full coupled-channel analyses
to search for the resonances should include the K∗ channel as
well [5]. Therefore, it is legitimate to study the mechanisms of
K∗ photoproduction.

At present, theoretical works to understand the K∗ photo-
production reactions are very limited [6]. In Ref. [7], Zhao
et al. studied K∗$ photoproduction from the proton targets
using a quark model. This model is based on the quark-meson
couplings whose coupling constants are assumed to be flavor-
blind, which allows to use the values determined by other

∗Electronic address: yoh@physast.uga.edu
†Electronic address: hungchon@postech.ac.kr

reactions. To implement the t-channel exchange contribution,
the kaon exchange was considered. More accurate experimen-
tal data are needed to further test their model [4], and the
other channels for K∗ photoproduction, such as K∗", were
not considered.

In this article, we investigate K∗" photoproduction, γN →
K∗". The purpose of this work is to study the background
production mechanisms that include t-channel K∗,K , and κ
exchanges as well as s-channel nucleon and u-channel hyperon
(",$,$∗) diagrams. This can provide a platform for future
investigations of nucleon resonances that can also contribute
to this reaction near the threshold. Because of isospin, the
s-channel ) resonances are excluded, and this reaction has an
advantage in the study of nucleon resonances. Our approach
is based on the effective Lagrangians and is similar to the
work of Ref. [8]. By making use of the effective Lagrangians
for K∗ meson interactions, we evaluate the tree diagrams for
K∗ photoproduction. The coupling constants are constrained
either by phenomenology or by quark-model predictions when
the experimental inputs are not available. One advantage of K∗

photoproduction over K photoproduction is that it provides a
chance to study the controversial scalar (700–900) meson [9]
in the t channel. Such a contribution is prohibited in kaon
photoproduction because the κ → Kγ interaction is not
allowed because of angular momentum and parity. We show,
however, that the κ-meson exchange is suppressed in K∗

photoproduction and it would be hard to identify the κ-meson
contribution in this reaction at present.

Because both the K∗ and nucleon are isodoublets, we
consider the following two reactions,

(I): γp→K∗+", (II): γn→K∗0". (1)

In the next section, we develop our approach for K∗ pho-
toproduction. The effective Lagrangians and their coupling
constants are discussed in detail. Our results for cross sections
and some spin asymmetries are given in Sec. III, and we make
some comments on the Regge approach to this reaction. We
summarize in Sec. IV.

0556-2813/2006/73(6)/065202(10) 065202-1 ©2006 The American Physical Society
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Scalar κ meson in K ∗ photoproduction

Yongseok Oh1,∗ and Hungchong Kim2,†
1Department of Physics and Astronomy, University of Georgia, Athens, Georgia 30602, USA

2Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea
(Received 4 May 2006; published 28 July 2006)

We propose that the scalar κ(800) meson may play an important role in K∗ photoproduction. In the reactions
of γp → K∗+# and γp → K∗0$+, we consider the production mechanisms including t-channel K∗, K,

κ exchanges, s-channel N, % diagrams, and u-channel #, $,$∗ diagrams within the tree level approximation,
and find that the κ-meson exchange may contribute significantly to K∗$ photoproduction, while it is rather
supplementary in K∗# photoproduction. We demonstrate how the observables of K∗ photoproduction can be
used to constrain the κ meson properties. In particular, the parity asymmetry can separate the κ meson contribution
in K∗ photoproduction.

DOI: 10.1103/PhysRevC.74.015208 PACS number(s): 13.60.Le, 13.60.Rj, 14.40.Ev

Recently, the CLAS Collaboration at Thomas Jefferson Na-
tional Accelerator Facility reported preliminary cross section
data for K∗(892) photoproductions, namely, γp → K∗0$+

[1] and γp → K∗+# [2]. In the baryon sector, K∗ vector
meson photoproduction can be used to search for the nucleon
resonances which couple strongly to the K∗Y channel, where
Y stands for a hyperon [3]. This reaction is interesting in
the meson sector as well since it can offer an opportunity to
study the scalar κ(800) meson whose exchange is prohibited in
K meson photoproduction.

Since the Pomeron exchange is absent in the photopro-
duction of strange mesons, the main production mechanisms
of K∗ photoproduction should be different from the case of
nonstrange neutral vector mesons (ρ0,ω,φ) [4]. In Ref. [5],
Zhao et al. have studied K∗$ photoproduction within a quark
model. Some assumptions were made on the quark-meson
couplings and parameters, which should be further tested by
experiments. We have studied the γN → K∗# reaction in
Ref. [6], and found that the t-channel K exchange dominates
the production amplitudes at small scattering angles and
it can describe quite well the total cross section data of
Ref. [2].

The two preliminary experimental data of CLAS for
K∗+# and for K∗0$+ photoproductions [1,2] show a very
challenging aspect that requires careful examination. Namely,
the two production processes have very similar cross sections,
not only in the magnitude but also in the angular distribu-
tion at forward scattering region [7]. This contradicts with
a naive expectation based on the kaon exchange process
which predicts that the cross section for K∗+# production
would be larger than that for K∗0$+ production by a
factor of ∼3, since RK ≡ (gc

K∗Kγ gKN#/
√

2g0
K∗Kγ gKN$)2 =

[gc
K∗Kγ (1 + 2α)/

√
6g0

K∗Kγ (1 − 2α)]2 ' 1.72 with α = f/

(f + d) ≈ 0.365 [8]. (Here
√

2 is the isospin factor.)
To compensate for this difference, it is necessary to have

∗Electronic address: yoh@physast.uga.edu
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different production mechanisms for K∗$ production from
the K∗# production case, unless we assume a large value of
gKN$ to have RK ∼ 1. Sizable s-channel nucleon resonance
effects, which could be responsible for the similarities between
K+# and K+$0 photoproductions at low energies [9], are not
sufficient to explain the similarities in K∗ photoproductions
at forward angles with relatively high energies. In order to
have similar differential cross sections at forward angles, we
expect to have other t-channel mechanisms that contribute
significantly to K∗$ production but give supplementary
contribution to K∗# production. In this paper, we propose
that the light scalar κ(800) meson can have this role, which
can actually explain the observed similarities between the cross
sections for γp → K∗+# and for γp → K∗0$+.

The nature of the scalar mesons is yet to be clarified
and there are many models on the structure of scalar meson
nonet [10]. In the case of scalar κ(800) meson, the situation
is even worse since its existence is still controversial [11] as
can be seen in many pros and cons [12–14]. Accordingly, the
predicted or estimated mass and width of the κ are in a broad
range: Mκ = 600 ∼ 900 MeV and *κ = 400 ∼ 770 MeV
[11]. Here, we do not address the issue whether such a light
κ exists in nature, but instead we demonstrate how one can
explain the similarities observed in K∗ photoproductions by
introducing light κ meson and how one can identify its role
through some observables of this reaction.

For K∗ photoproduction, we consider t-channel K∗,K,
κ exchanges, s-channel N,%, and u-channel #,$,$∗(1385)
diagrams as shown in Fig. 1. [The t-channel K∗ exchange and
the contact diagram Fig. 1(d) are absent in K∗0 photoproduc-
tion.] For the t-channel diagrams, which are expected to be
dominant at small |t | region, the electromagnetic interactions
are

LK∗K∗γ = −ieAµ(K∗−νK∗+
µν − K∗−

µν K∗+ν),

LK∗Kγ = gK∗Kγ εµναβ∂µAν∂αK∗
βK̄ + H.c., (1)

LκK∗γ = egκK∗γ Aµν κ̄K∗
µν + H.c.,

where Aµ is the photon field, Aµν = ∂µAν − ∂νAµ, and
K∗

µν = ∂µK∗
ν − ∂νK

∗
µ. The decay width for K∗0 → K0γ

0556-2813/2006/74(1)/015208(5) 015208-1 ©2006 The American Physical Society

▸ Production mechanisms: different from those of neutral VMs. 

▸ background t-channel exchanges and hyperon resonances
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K* PHOTOPRODUCTION
K* → K𝛾 decays gives g0K⇤K� = �0.388 GeV�1 for neutral case

gcK⇤K� = 0.254 GeV�1 for charged case
<latexit sha1_base64="NnjCDMpseOci+PAbp+wZNQ6k/aU="></latexit>

Flavor SU(3) gives gKN⇤ = �13.24 gKN⌃ = 3.58
<latexit sha1_base64="6RTa23LG0t/zLqIHiDq0bR+SMt8="></latexit>
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N(p)

γ (k) K*(q)

Y(p′)

K, K*, κ

(a)

N

γ K*

YN′
(b)

N

γ K*

YY′
(c)

N

γ K*

Y

(d)

FIG. 1. Tree diagrams for γN → K∗Y (Y = ", #), which in-
clude (a) t-channel exchanges, (b) s-channel N, $, (c) u-channel
",#, #∗, and (d) contact diagrams.

(K∗± → K±γ ) gives g0
K∗Kγ = −0.388 GeV−1 (gc

K∗Kγ =
0.254 GeV−1). The κ meson couplings will be discussed later.

The t-channel hadronic interactions read

LK∗NY = −gK∗NY N

(
γµY − κK∗NY

2MN

σµνY ∂ν

)
K∗µ + H.c.,

LKNY = −igKNY Nγ5YK + H.c., (2)

LκNY = −gκNY NYκ + H.c.,

where Y = " or τ · ". The pseudoscalar coupling used for
LKNY is equivalent to the pseudovector coupling as the baryons
are on-shell in our case. Then SU(3) relations are used to
obtain gKN" = −13.24 and gKN# = 3.58, with α = 0.365
and g2

πNN/4π = 14. For the K∗ couplings, the Nijmegen
potential [8] gives (gK∗NY = −4.26, κK∗NY = 2.66) for Y =
" and (−2.46,−0.47) for Y = #. The Lagrangians and their
coupling constants for the s- and u-channel N,$,",#, and
#∗ diagrams, Figs. 1(b) and 1(c), are fully discussed in
Refs. [6,16] and will not be repeated here. The contact
diagrams, Fig. 1(d), are required to have charge conservation
in charged K∗ production and can be calculated from the K∗

interaction Lagrangian by minimal substitution.
One may also consider the axial-vector K1(1270) and

K1(1400) exchanges. However, there are several comments
for the interactions of the axial-vector mesons. Firstly, the
AV γ interaction like the K1 → K∗γ decay is an anomalous
interaction [17,18], which does not exist in the Bardeen
subtracted anomalous action [19]. (See, however, Ref. [20]
for the hidden gauge approach.) Although the f1 → ργ /φγ
decays are seen, the other decays like a1 → ργ /ωγ have not
been observed so far [11]. Thus it is not yet clear whether the
observed f1 decays indicate the existence of the AV γ anomaly
for the axial-vector meson nonet or just reflect some peculiar
internal structure of the f1. Secondly, the K1NY couplings
suffer from the lack of information. (For the a1NN coupling,
see, e.g., Ref. [21].) In addition, the large mass of K1 mesons
leads to an expectation that the K1 exchange contribution
would be small. Indeed, the total cross section data for K∗"

production indicate suppressed contribution from high-spin
meson exchanges in the considered energy region [6]. Since
there is no observation for the K1 → K∗γ decay so far, we
leave the K1 exchange for a future study.

Form factors are included to dress the vertices of the
diagrams. The following two forms are considered:

FM

(
p2

ex

)
= "2 − M2

ex

"2 − p2
ex

, FG

(
p2

ex

)
= "4

"4 +
(
p2

ex − M2
ex

)2 ,

(3)

where Mex and pex are the mass and momentum of the
exchanged particle, respectively, and " is the cutoff parameter.
Including form factors can violate the charge conservation
condition. In fact, in γp → K∗+", the sum of the t-channel
K∗ exchange, s-channel nucleon, and the contact term respects
the charge conservation when there is no form factor, but
they separately violate the condition [6]. So introducing
form factors depending on the exchanged particle can easily
break the charge conservation. Following Ref. [22], charge
conservation is restored by taking the common form factor,
F = 1 − (1 − FK∗ )(1 − FN ), for the three terms, where FK∗

denotes the K∗ exchange form factor, etc. In γp → K∗0#+,
we have the same situation with the s-channel nucleon and the
u-channel # terms, and we take their common form factor as
F = 1 − (1 − FN )(1 − F#).

In Ref. [6], considering all the diagrams of Fig. 1, it was
shown that the cross sections for γp → K∗+" could be well
explained by the dominance of K meson exchange. Here, the
t-channel amplitudes have the form factors of the monopole
type FM with "K∗ = 0.9 GeV and "K = "κ = 1.1 GeV. The
s- and u-channel form factors take the form of FG with " =
0.9 GeV following Ref. [16]. In Ref. [6], Mκ = 900 MeV
and .κ = 550 MeV were used following Ref. [15]. This is our
model (I), where the κ exchange was found to be small for
K∗" production. If we apply this model to γp → K∗0#+,
however, we evidently underestimate the data as shown by the
dashed lines in Fig. 2. This is consistent with the expectation
with the K exchange dominance and indicates that the main
production mechanisms of K∗" and K∗# productions should
be quite different.

In this paper, by observing the similarities in the differential
cross section data for K∗" and for K∗# productions, we
propose a different model where the scalar meson exchange
plays a more important role, especially in K∗# case. In fact, the
mass and coupling constants of the κ are not firmly established,
and model (I) uses

∣∣gc
κK∗γ gκN"

∣∣ = 1.1 GeV−1,
(4)∣∣gc

κK∗γ gκN#

∣∣ = 0.7 GeV−1,

which are in the range of Refs. [8,15], i.e., |gc
κK∗γ gκN"| =

(1.0 ∼ 1.2) and |gc
κK∗γ gκN#| = (0.6 ∼ 0.8) in GeV−1 unit [6].

Also the SU(3) relation, g0
κK∗γ = −2gc

κK∗γ , was used. Because
of the uncertainties in the couplings as well as in the mass of
the κ , we vary them within the acceptable ranges and look for
their values that reproduce the data for K∗# photoproduction.

A successful description of the preliminary data of Ref. [1]
was achieved with Mκ = 750 MeV and the coupling constants

015208-2

R ⌘ �(�p ! K⇤+⇤)

�(�p ! K⇤0⌃)
'
 

gc
K⇤K̃�

gK̃N⇤p
2g0

K⇤K̃�
gK̃N⌃

!2

⇠ 3 when K̃ = K

<latexit sha1_base64="8C0nCIaagmzq9MzzrjuW9jgGQ88="></latexit>

Experimental data from CLAS give R ~ 1

We need another mechanism for strange VM photoproduction. - 𝜅  meson exchange

Consistent with the Nijmegen potential

This leads to R ~ 0.3
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K* PHOTOPRODUCTION
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FIG. 3. (Color online) Total cross sections for (a) γp → K∗+"

and for (b) γp → K∗0#+. The dashed and solid lines are the results
for models (I) and (II), respectively. The data are from Ref. [2].

to −1 when the kaon exchange dominates, and its deviation
from −1 shows the relative size of the κ and K∗ meson
exchanges. In order to avoid the contamination due to the s-
and u-channel amplitudes, it should be measured at relatively
high energies and at small scattering angles. Shown in Fig. 4
are the results for Pσ at Eγ = 3.0 GeV. This shows the
sensitivity of Pσ on the scalar κ meson exchange, especially,
in K∗0#+ production since it excludes natural-parity K∗

exchange. Measuring the parity asymmetry is, therefore,
highly required for identifying the role of light κ meson. The
same conclusion can be drawn for the photon beam asymmetry
#V ≡ (ρ1

11 + ρ1
1−1)/(ρ0

11 + ρ0
1−1) [24].

In summary, we have investigated photoproduction mecha-
nisms for K∗# and K∗" within the tree level approximation,
especially focusing on the role driven by the scalar κ meson
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FIG. 4. (Color online) Parity spin asymmetry Pσ for (a) γp →
K∗+" and for (b) γp → K∗0#+ at Eγ = 3.0 GeV. Notations are the
same as in Fig. 3.

exchange. We found that the contribution from the light κ me-
son with a mass around 600 ∼ 900 MeV could be substantial
for the K∗# production, while it is supplementary in K∗"
production. Therefore, K∗# photoproduction provides a nice
tool for studying the controversial scalar κ meson: specifically
the parity asymmetry and the photon beam asymmetry can be
outstanding probes to separate the κ meson exchange in K∗

photoproduction, which can be verified at current experimental
facilities.
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The exclusive reaction !p ! Kþ"&!þ was measured for the first time using linearly polarized

photons at beam energies from 1.85 to 2.96 GeV. Angular distributions in the rest frame of the Kþ"&

system were fitted to extract spin-density matrix elements of the K!0 decay. The measured parity spin

asymmetry shows that natural-parity exchange is dominant in this reaction. This result clearly indicates

the need for t-channel exchange of the #ð800Þ scalar meson.
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It is well known in the quark model of hadrons that
mesons are found in groups of 8þ 1 (an octet plus a
singlet). In the simplest quark model [1], the lightest meson
octet has 3 mesons with no strange quark, 4 mesons con-
taining either a strange quark (s) or a strange antiquark ("s),
and one meson with a dominant s"s content. The ground-
state pseudoscalar meson octet is well established, and
consists of three pions, four kaons, and an eta meson.
However, for the higher-mass mesons, the assignments
are not clear. For example, the Particle Data Group [2]
states that identification of the scalar mesons is ‘‘a long-
standing puzzle.’’ In particular, the # meson (presumed to
be part of the lowest-mass scalar meson octet) with a
resonance pole at about 800 MeV is seen in many phe-
nomenological analyses [3–9], yet its existence is still
controversial.

The quantum numbers of the # meson are JP ¼ 0þ and
I ¼ 1=2. The # is considered to be the scalar partner to the
kaon in an analogous way as the $ meson [also called the
f0ð600Þ] is the scalar partner to the % meson. The problem
with establishing the existence of the $ or # mesons is, in
part, that their resonance widths are very broad (about
400 MeV or even higher). Hence they are difficult to see
in partial wave analyses of meson scattering data. In the
case of D-meson decay [4], the decay amplitude of Dþ !
K&"þ"þ requires an additional K" resonance with the
quantum numbers of the # to get agreement with the data;
including the # improves the &2 of the theoretical fit to the
data by a factor of 4. Very recently, stronger evidence has
been found from fits to Dalitz plots of K"" final states in
D-meson decay [9]. However, because the # in those
analyses is a background, without a clear mass peak,
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2.96 GeV. The K! production angle cos!K! ranges from 0.6
to 1.0 and its average value is 0.9115. The measured spin-
density matrix elements are listed in Table I. In the case of
helicity conservation, the decay asymmetry "1

1"1 reflects
the relative contributions of natural parity ("1

1"1 ¼ "0:5)
and unnatural parity ("1

1"1 ¼ 0:5) processes.
Figures 2 and 3 show decay angular distributions for a

sum of horizontal and vertical beam polarizations with
only a single variable, cos!Kþ , #Kþ , ð#"!ÞKþ , and
!Kþ , in the GJ frame and the helicity frame [23]. The
data have been corrected for detector acceptance by a
Monte Carlo simulation, using the GEANT3 software
[24,25]. The event generators used the measured spin-
density matrix elements, and it was checked that output
of the simulations (when run through the extended maxi-
mum likelihood fit) reproduced the input. The dotted lines
indicate Monte Carlo distributions with the measured spin-
density matrix elements in the GJ frame and the helicity
frame. Black histograms indicate the estimated Y! back-
ground in the reconstructed Monte Carlo distribution. In
the helicity frame, the cos!Kþ distribution is enhanced at
forward angles due to the Y! production. However, the Y!

background there is actually small; the apparent enhance-
ment near cos!Kþ ’ 1 is because the spectra are corrected
for the K!0 acceptance, which is very small in that angular
region. The few counts of Y! background there has little
effect on the extraction of the spin-density matrix
elements, which is heavily weighted by events with
cos!Kþ < 0:5. (Angular distributions will be published in
a later paper.)

The parity spin asymmetry (P$ ¼ 2"1
1"1 " "1

00) is esti-
mated to be 0:784' 0:154 in the GJ frame and 0:758'
0:123 in the helicity frame over the angular range shown by
the horizontal error bar in Fig. 4. The good agreement
between the parity spin asymmetry extracted in both
frames is expected; the variation of these two results is a
good indication of the systematic uncertainty, as the Y!

background has a different distribution in the two frames.

Other systematic uncertainties, such as the beam polariza-
tion, are much smaller than the quoted uncertainties. The
large positive asymmetry shows that the natural-parity
exchange is the dominant process at forward angles. The
dashed (solid) line in Fig. 4 is the result with model I
(model II) of Ref. [15] at E% ¼ 2:5 GeV. The data clearly
favor model II, which includes a substantial contribution
from natural-parity & exchange. The mass and width of the
& meson are parameters of the theoretical model, and are
not directly measured by the present data.
In summary, the photoproduction of the %p ! K!0"þ

reaction was measured at the LEPS detector at forward
production angles and energies from 1.85 to 2.96 GeV,
using a linearly polarized photon beam at SPring-8. The
parity spin asymmetry measurement is a good probe to
study the effect of &-meson exchange in K!0"þ produc-
tion. We present spin-density matrix elements using an
unbinned extended maximum likelihood fit in the GJ frame
and the helicity frame. The parity spin asymmetry (P$ ¼
2"1

1"1 " "1
00) has a large positive value, showing that

natural-parity exchange is dominant at forward angles for
K!0"þ photoproduction. A natural explanation for the
natural-parity exchange would be t-channel exchange of
a scalar meson with strangeness, which is consistent with
the & meson. The existence of this meson would be a good
candidate to complete the lowest-mass scalar meson octet.
The authors gratefully acknowledge the contributions of

the staff at the SPring-8 facility. Thanks are due to A.
Hosaka for valuable theoretical discussions. This research
was supported in part by the U.S. National Science

TABLE I. Measured spin-density matrix elements by an un-
binned extended maximum likelihood fit with event selection at
very forward angle in the GJ frame and the helicity frame,
respectively, averaged over photon energies from 1.85 to
2.96 GeV.

"̂s GJ frame Helicity frame

"0
00 0:155' 0:051 0:082' 0:025

"0
10 0:108' 0:068 "0:023' 0:021

"0
1"1 0:090' 0:191 0:037' 0:040

"1
11 0:031' 0:052 "0:016' 0:049

"1
00 "0:140' 0:074 "0:049' 0:044

"1
10 "0:088' 0:039 0:000' 0:034

"1
1"1 0:322' 0:068 0:355' 0:057

"2
10 0:127' 0:051 "0:038' 0:035

"2
1"1 "0:357' 0:063 "0:395' 0:051
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FIG. 4 (color online). Parity spin asymmetry (P$ ¼ 2"1
1"1 "

"1
00) in the helicity frame. The data point is averaged over photon

energies from 1.85 to 2.96 GeV. The solid (dashed) line is the
result of model I (model II) of Ref. [15] at E% ¼ 2:5 GeV.
Model I has almost no contribution from & exchange, whereas
model II includes substantial & exchange.
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and one meson with a dominant s"s content. The ground-
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However, for the higher-mass mesons, the assignments
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states that identification of the scalar mesons is ‘‘a long-
standing puzzle.’’ In particular, the # meson (presumed to
be part of the lowest-mass scalar meson octet) with a
resonance pole at about 800 MeV is seen in many phe-
nomenological analyses [3–9], yet its existence is still
controversial.

The quantum numbers of the # meson are JP ¼ 0þ and
I ¼ 1=2. The # is considered to be the scalar partner to the
kaon in an analogous way as the $ meson [also called the
f0ð600Þ] is the scalar partner to the % meson. The problem
with establishing the existence of the $ or # mesons is, in
part, that their resonance widths are very broad (about
400 MeV or even higher). Hence they are difficult to see
in partial wave analyses of meson scattering data. In the
case of D-meson decay [4], the decay amplitude of Dþ !
K&"þ"þ requires an additional K" resonance with the
quantum numbers of the # to get agreement with the data;
including the # improves the &2 of the theoretical fit to the
data by a factor of 4. Very recently, stronger evidence has
been found from fits to Dalitz plots of K"" final states in
D-meson decay [9]. However, because the # in those
analyses is a background, without a clear mass peak,
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Abstract. The exclusive reactions γp → K∗0Σ+(1189) and γp → K0π0Σ+(1189), leading to the p 4π0 final
state, have been measured with a tagged photon beam for incident energies from threshold up to 2.5 GeV.
The experiment has been performed at the tagged photon facility of the ELSA accelerator (Bonn). The
Crystal Barrel and TAPS detectors were combined to a photon detector system of almost 4π geometrical
acceptance. Differential and total cross-sections are reported. At energies close to the threshold, a flat
angular distribution has been observed for the reaction γp → K0π0Σ+ suggesting dominant s-channel
production. Σ∗(1385) and higher-lying hyperon states have been observed. An enhancement in the for-
ward direction in the angular distributions of the reaction γp → K∗0Σ+ indicates a t-channel exchange
contribution to the reaction mechanism. The experimental data are in reasonable agreement with recent
theoretical predictions.

PACS. 13.60.Le Meson production – 25.20.Lj Photoproduction reactions – 14.20.Jn Hyperons

1 Introduction

The internal structure of the nucleon is reflected in the rich
pattern of baryon resonances. The number of experimen-
tally observed resonances is much smaller than predicted
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from theory [1]. This is often referred to as the “missing”
resonance problem. Baryon resonances have often large
widths and overlap largely, which makes the study of the
excited states particularly difficult. It is possible to over-
come this problem by looking at specific decay channels.
Up to now most existing data are based on elastic πN
scattering experiments. If the hypothesis is correct that
the missing states are unobserved because they couple
weakly to the πN decay channel, it may be possible to
establish some of these missing states in other channels.
Some of the resonances are predicted to decay into fi-
nal states with strange particle pairs, coupling strongly
to KΛ and KΣ [2]. Strangeness production experiments
will therefore be an important tool to establish “missing”
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The reaction γ p → K ∗+" was measured using the CLAS detector for photon energies between the 
threshold and 3.9 GeV at the Thomas Jefferson National Accelerator Facility. For the first time, spin-
density matrix elements have been extracted for this reaction. Differential cross sections, spin density 
matrix elements, and the " recoil polarization are compared with theoretical predictions using the BnGa 
partial wave analysis. The main result is the evidence for significant contributions from N(1895)1/2−

and N(2100)1/2+ to the reaction. Branching ratios for decays into K ∗" for these resonances and further 
resonances are reported.

 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The thresholds of new channels in photoproduction provide a 
promising way to search for new baryon resonances or to study 
their properties. At and just above a threshold, low-spin reso-
nances can often be identified which otherwise may be hidden 
behind dominating higher-spin resonances. The N(1535)1/2− res-
onance with spin J = 1/2 and negative parity is the most promi-
nent feature of η photoproduction and hard to find in photopro-
duction of pions. The N(1710)1/2+ is clearly seen in γ p → K +"

while it has been controversially discussed in π N elastic scatter-
ing. At or just above the K ∗+" threshold at 2007 MeV, a number 
of missing resonances is expected. In particular, the negative-parity 
states are predicted to have large couplings to K ∗+" [1] and might 
reveal their existence in photoproduction of this final state. The 
isospin of the " is zero, so any resonance decaying into K ∗+"

must belong to the nucleon sector. The K ∗+" threshold falls into a 
range where several nucleon resonance are reported but only two 
of them, N(1900)3/2+ and N(1875)3/2− , are listed in the RPP14 
[2] with three-star status. Hence it is interesting to study the re-
action γ p → K ∗+" and to search for baryon resonances that may 
contribute to the reaction.

In this Letter, we report on the first measurement of the spin 
density matrix elements of K ∗+(892) mesons observed in the re-
action chain:

γ p → K ∗+(892)" ;"(missing)

K ∗+(892) → K Sπ
+ ; K S → π+π− . (1)

For most of the data presented here, the " is reconstructed as a 
missing particle. For the determination of the " recoil polarization, 
the neutral kaon is treated as a missing particle.

2. Data and data analysis

The experiment used the CEBAF Large Acceptance Spectrome-
ter (CLAS) [3] at the Thomas Jefferson National Accelerator Facility. 
Real photons were produced by bremsstrahlung from a 4.02 GeV 
electron beam from the Continuous Electron Beam Accelerator Fa-
cility (CEBAF) incident on a thin gold foil. The photon energy 
was determined event-by-event with an energy resolution of about 
2–3 MeV by measuring the recoil electron energy in a dipole mag-
netic field. The tagged photons were collimated and then impinged 
on a 40 cm long liquid hydrogen target positioned near the center 
of the CLAS spectrometer. The CLAS detector has a toroidal mag-
netic field, along with tracking drift chambers and high-precision 
timing scintillators used to identify particles emanating from the 
target in coincidence with the tagged photon. Details of the CLAS 
detector are given in Ref. [3].

Data selection and a method to subtract the background are 
described in detail in Ref. [4] where results on differential cross 
sections were fitted with Legendre polynomials. In Ref. [4], the 
momenta of the three pions from the decay sequence K ∗+ →
K 0

Sπ
+ → π+π−π+ were measured, and the " was identified via 

its missing mass. The same data selections (particle identification, 
vertex cuts, etc.) are used here. We outline here the major steps.

K S candidates are defined by a MK S ± 15 MeV mass cut while 
the rare events with both M(π+

1 π−) and M(π+
2 π−) falling into 

this window are removed. Integrated over all data, the K S has 
a signal to background ratio of 2:3 and a mass resolution of 

http://dx.doi.org/10.1016/j.physletb.2017.05.029
0370-2693/ 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Fig. 6. Recoil polarization of the !. The solid curves represent the final BnGa fit, the 
dashed (red online) curves a fit with t-channel contributions only, the dotted (blue 
online) curves a fit in which the new high-mass resonances are omitted. The fits 
are restricted to invariant mass below 2.6 GeV, making curves at higher energies a 
prediction.

With all three t-channel processes admitted, the fit improves con-
siderably, but it is still far from being satisfactory. The χ2/Ndata
for the differential cross section is 5.64 for the 126 data points, 
for density matrix elements 4.58 for 378 data points and for re-
coil polarization 2.59 for 38 data points. The fit exhibits significant 
deviations between data and fit curve. This fit is shown as dashed 
(red online) curves in Figs. 4, 5 and 6.

Exploratory fits showed that the subthreshold N(1895) 1/2−

and N(1880)1/2+ resonances play an important part in the reac-
tion. We hence tried a fit with t-channel contributions and where 
the two resonances N(1895)1/2− and N(1880)1/2+ were allowed 
to decay into K ∗!. The fit improves considerably, χ2/Ndata de-
creases to 3.37 for the differential cross section, to 3.31 for the 
density matrix elements and to 1.15 for the recoil asymmetry. Re-
stricted to the W region below 2.2 GeV, χ2/Ndata goes down to 
2.05 for dσ /d cos $ (54 points) and to 1.66 for ρ (162 points).

As a next step, we included the N∗ → K ∗+! decays of all 
resonances used in Ref. [13], i.e., N(1875)3/2− , N(1880)1/2+ , 
N(1900)3/2+ , N(1990)7/2+ , N(2000)5/2+ , N(2060)5/2− ,
N(2100)1/2+ , N(2190)7/2− . Most of the resonances give N∗ →
K ∗+! branching ratios with small values, compatible with zero. 
Those were set to zero in the further fits.

This fit, shown by the dotted (blue online) curves in Figs. 4, 5
and 6, gives a reasonable description of the data with a χ2 = 1.92
(differential cross section), 1.84 (density matrix elements), and 
0.61 recoil asymmetry for 126, 378 and 38 data points, respec-
tively. However, significant deviations are still observed in the 
mass region 2200–2350 MeV. In particular, the total cross section – 
obtained by integration of the predicted differential cross section – 
shows a lack of the intensity in this mass region (and an excess 
at high energies). Therefore we added to the fit one by one res-
onances with total spin up to 9/2. Visible improvements of the 
fits are achieved with added negative-parity resonances with spin 
J = 1/2, 3/2 or 5/2, masses between 2220 and 2350 MeV, and 
widths in the range of 150 to 300 MeV. Resonances with 7/2 and 
9/2 with negative or positive parity provided only marginal im-
provement and did not fill the lack of intensity in the total cross 
section.

The best solution is achieved when three states with J P =
1/2−, 3/2−, 5/2− are introduced to the fit. The fit describes the 
data with χ2/Ndata 0.84, 1.84 and 0.76 (differential cross sec-

Table 1
Branching ratios for N∗ → K ∗! decays. For the states denoted with ∗ we assume 
&γ p = 0.1 MeV.

N(1880)1/2+ 0.8 ± 0.3% N(1895)1/2− 6.3 ± 2.5%
N(2100)1/2+ 7.0 ± 4% N(1875)3/2− < 0.2%
N(2120)3/2− < 0.2% N(2060)5/2− 0.8 ± 0.5%
N(2000)5/2+ 2.2 ± 1.0% N(1900)3/2+ < 0.2%
N(2190)7/2− 0.5 ± 0.3% N(2355)∗1/2− 6 ± 1.5%
N(2250)∗3/2− 10 ± 5% N(2300)∗5/2− 4.5 ± 1.4%

Table 2
Masses and widths of tentative additional resonances contributing to the reaction 
γ p → K ∗+!.

Resonance Mass Width

N(2355)1/2− 2355 ± 20 MeV 235 ± 30 MeV
N(2250)3/2− 2250 ± 35 MeV 240 ± 40 MeV
N(2300)5/2− 2300+30

−60 MeV 205 ± 65 MeV

tion, density matrix elements, recoil asymmetry). However, the 
fit is still acceptable when only two of the three resonances are 
introduced. The three combinations of nucleon resonances with 
J P = 1/2− + 5/2− , 1/2− + 3/2− , and 3/2− + 5/2− produce the 
description of very similar quality. The masses and widths of the 
J P = 1/2− and J P = 3/2− states are rather stable in all fits, the 
mass of the J P = 5/2− state is somewhat low for the fit with 
3/2− + 5/2− states.

We notice that in highest-energy bins the predicted cross sec-
tion of the full model (solid curve) is larger than the measured 
cross section, and that the model with no resonances is closer 
to the data. However, in the last four mass bins the total χ2 is 
1281 for the full fit (with resonances) and 2120 for the fit with-
out (dashed). The prediction for the ρ density is thus much better 
for the fit with resonances included. When the last four bins were 
included in the fit, the masses and widths of the resonances re-
mained stable.

In Table 1 we list the branching ratios for the resonances con-
tributing to the reaction. Here, there is one principle problem: the 
pole positions of two resonances, N(1880)1/2+ and N(1895)1/2− , 
are below the threshold for K ∗! decays. Branching ratios are de-
fined at the nominal mass, and hence they vanish when the mass 
is below the K ∗! threshold or are very small if they are just 
above. For this reason, we have integrated the K ∗! decay spec-
trum of these two resonances and normalized this number to the 
total number of events assigned to the resonance.

The three new resonances have a large product of branching ra-
tios for N∗ → Nγ and N∗ → K ∗!. The photocoupling of the new 
resonances cannot be determined, and hence no definite conclu-
sions can be drawn. In Table 1 it is assumed that the γ N partial 
decay width is about 0.1 MeV.

Here we should add one word of caution. The three resonances 
listed in Table 2 describe the data but are seen only in this one 
reaction. It is possible that these resonances actually stand for a 
large number of resonances expected at these high masses; their 
common effects might be reasonably well described by a sum of 
two or three resonances with appropriate spin-parities. Hence the 
evidence is weak at present that these resonances have the masses, 
widths, and spin-parities listed in Table 2.

Fig. 7 shows the total cross section for the reaction γ p →
K ∗+! and the dominant contributions. At its maximum, the t-
channel K and K ∗

0 (1430) exchange contributions make up more 
than 50% of the cross section; K ∗ exchange is also included 
but is much less pronounced. However all three exchanges to-
gether produce a range that is shown by vertical (blue online) 
hatched region. The sum provides a rather stable fraction of the 
total cross section (see the enclosed dot-dash region in Fig. 7). 
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K* 𝛬 production

K* 𝛴 production

S. Ozaki et al., Rhys. Rev. C 81, 035206 (2010) - Regge approach 
S.H. Kim et al., Phys. Rev. D 84, 114023 (2011), Phys. Rev. D 90, 014021 (2014) - resonances 
A.C. Wang et al., Phys. Rev. C 96, 035206 (2017) - resonances 
B.G. Yu et al., Phys. Rev. D 95, 074034 (2017) - Regge approach 
X.-Y. Wang and J. He, Phys. Rev. C 93, 035202 (2016) - neutron target

S.H. Kim et al., Phys. Rev. D 88, 054012 (2013) - resonances 
A.C. Wang et al., Phys. Rev. C 98, 045209 (2018) - resonances

Theoretical works and more elaborated model studies
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CONCLUSIONS & OUTLOOK

▸ Vector meson photoproduction processes 

▸ Neutral VM & strange VM 

▸ Various analyses have been done 

▸ New precise and ample data for various polarization observables  
- require more sophisticated and careful analyses  
- constraints on N* and Y* properties as well as on production mechanisms 

▸ Extension to electropoduction processes 

▸ More stringent constraints 

▸ May rule out several models and assumptions 

▸ Nuclear targets

31



STRONG QCD FROM HADRON STRUCTURE EXPERIMENTS 2019

ANNOUNCEMENTS

▸ Hadron physics workshops in Korea 

▸ Light Cone Conference 2020 
June 29 - July 4, 2020 
Booyoung Hotel & Resort, Jeju Island, Korea 

▸ APCTP Focus Program in Nuclear Physics 2020 
- Electroweak scatterings with nuclear targets 
July 6 - July 11, 2020 
APCTP, Pohang, Korea
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LIGHT CONE CONFERENCE 2020
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LIGHT CONE CONFERENCE 2020
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https://indico.cern.ch/event/849578/ OR https://indico.cern.ch/e/LC2020 29 June - 4 July, 2020

https://indico.cern.ch/event/849578/
https://indico.cern.ch/e/LC2020
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LIGHT CONE CONFERENCE 2020
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LIGHT CONE CONFERENCE 2020

Jungmun resort area
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LIGHT CONE CONFERENCE 2020
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29 June - 4 July, 2020
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APCTP FOCUS PROGRAM IN NUCLEAR PHYSICS
Launched in 2019 at Asia Pacific Center for Theoretical Physics (APCTP)
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▸ The program in 2020 will be held with the title of  
“Electroweak Scatterings with Nuclear Targets” 

▸ Dates: July 6 - 11, 2020 

▸ Place: APCTP, Pohang, Korea 

▸ Organizers 
Yongseok Oh 
Cheung Ji 
Ho-Meoyng Choi 
Hyun-Suk Jo 
Kyungseon Joo 

APCTP FOCUS PROGRAM IN NUCLEAR PHYSICS
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▸ About 15 invited speakers: 1.5 hour talks 
Experimentalists + Theorists  

▸ One-day mini-workshop for contributed talks 

APCTP FOCUS PROGRAM IN NUCLEAR PHYSICS

We hope to see you in Jeju and in Pohang, Korea. 

(LC 2020 and AFPNP 2020)  


