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Background and motivation

resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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FIG. 6. Fit to the cos θPc-weighted mJ=ψp distribution with
three BW amplitudes and a sixth-order polynomial background.
This fit is used to determine the central values of the masses and
widths of the Pþ

c states. The mass thresholds for the Σþ
c D̄0 and

Σþ
c D̄$0 final states are superimposed.
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Background and motivation

γ(q = k − k′￼)
J/ψ

Pc(p′￼)
Photo- or 

electroproduction

of -meson with  ?ϕ Ps

Similar process for  is also possiblePs
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Pentaquark molecular K*Σ bound-state Ps (2071, 3/2-)

Vector meson-baryon dynamics and generation of resonances

K. P. Khemchandani,1,* H. Kaneko,1,† H. Nagahiro,2,‡ and A. Hosaka1,x

1Research Center for Nuclear Physics (RCNP), Mihogaoka 10-1, Ibaraki 567-0047, Japan
2Department of Physics, Nara Women’s University, Nara 630-8506, Japan

(Received 15 April 2011; published 22 June 2011)

The purpose of this work is to study vector meson-octet baryon interactions with the aim to find

dynamical generation of resonances in such systems. For this, we consider s-, t-, u-channel diagrams

along with a contact interaction originating from the hidden local symmetry Lagrangian. We find the

contribution from all these sources, except the s channel, to be important. The amplitudes obtained by

solving coupled channel Bethe-Salpeter equations for systems with total strangeness zero, show the

generation of one isospin 3=2, spin 1=2 resonance and three isospin 1=2 resonances: two with spin 3=2 and
one with spin 1=2. We identify these resonances with !ð1900ÞS31, N#ð2080ÞD13, N

#ð1700ÞD13, and

N#ð2090ÞS11, respectively.

DOI: 10.1103/PhysRevD.83.114041 PACS numbers: 14.20.Gk, 11.10.St, 11.30.Ly

I. INTRODUCTION

Recent interests in hadron physics have been largely
motivated by experimental observations of new states in
the resonance region which are not easily explained by the
conventional constituent quark model. The strong interac-
tions among the ground state mesons and baryons not only
affect their properties but also, in some cases, generate
resonances dynamically (examples of some of the recent
related works are Refs. [1–10]). Therefore, it is of great
importance to investigate these dynamical aspects based on
reliable hadron-hadron interactions.

In a quark picture, an energy of several hundred MeV
which is a typical scale of one quanta of orbital excitation
is sufficient to create a "qq pair, making multiquark com-
ponents in a hadron. If they further develop color singlet
clusters of ground state hadrons near their threshold, they
may form a loosely bound or resonant state provided that
sufficiently strong attraction is available. This is what we
expect microscopically for the dynamical generation of
resonances. A spin zero configuration of "qq forms a
JP ¼ 0% pseudoscalar meson, and is the basic building
block of, for instance, #ð1405Þ [11–13]. Similarly, the
JP ¼ 1% configuration giving a vector meson could also
be an element of certain baryon resonances as indicated in
Refs. [14–19]. However, while the pseudoscalar meson-
baryon interaction is well dictated by the low energy
theorems of spontaneously broken chiral symmetry, the
interaction of vector mesons and baryons are not fully
studied. This is one of the issues that we would like to
discuss in this paper.

It is known that the theory of the hidden local symmetry
(HLS) [20] can accommodate vector mesons consistently
with the chiral symmetry. In fact, the HLS model has been

shown to share many important aspects of low energy
dynamics. Furthermore, a recent holographic approach to
QCD has derived the extended HLS model where an
infinite series of the vector mesons emerges as a conse-
quence of the dynamics in the extra fifth dimension
[21,22]. This HLS model forms the basis of our study
The vector meson-octet baryon interaction has been

studied within the HLS by assuming a vector meson ex-
change in the t channel [19] [Fig. 1(a)] as the lowest order
amplitude and several baryon resonances have been found
as a result of solving the Bethe-Salpeter equation in the
coupled channel formalism. However, in Ref. [19] all
the states are found to be spin 1=2-3=2 degenerate since
the leading order interaction obtained from the t-channel
exchange is spin independent. This latter finding is differ-
ent fromwhat one would expect from the interaction of two
particles of similar mass and nonzero spin, just as for the
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(c) (d)
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q
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FIG. 1. Diagrammatical representation of the vector meson-
baryon interaction via a (a) t-channel exchange, (b) contact term,
(c) s-channel, and (d) u-channel exchange. The double lines in
these diagrams represent the vector mesons.
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Theoretical formalism

Here, we consider only the leading terms
  and  g1 ΓPs

= 14 MeV
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vector meson decay constant fV
J.-J. Wu and T. S. H. Lee PRC86. 065203 (2012)
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Vector meson dominance (VMD) and Lagrangians for Ps

K. P. Khemchandani et al. PRD83.114041(2011)
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Theoretical formalism

Here, we consider only the leading terms
K. P. Khemchandani et al. PRD83.114041(2011)
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Theoretical formalism

Here, we consider only the leading terms
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Other contributions for -photoproduction1,2ϕ

•All contributions satisfy Ward-Takahashi identity

•Here, we consider only two nucleon resonances
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for s and u channels, respectively. The four momenta of the intermediate particles are defined as qs = q + pi and
qu = pf � q.

III. NUMERICAL RESULTS AND DISCUSSIONS

From now on, we will present the numerical results of this study on the �-meson photoproduction and discuss
them. For the parameters that are not fixed, we first determined CP = 6.5 for the Pomeron, which has the largest
contribution, to explain the behavior of the cross section at high energies [14, 15]. This is the same value as the former
research in which one of the present author participate. We consider relative phase factors ei⇡� for all contributions
except the Pomeron, which has the free parameter �. The relative phases � and the cuto↵s ⇤ were determined as
follows, taking into account the CLAS data for di↵erential cross sections and SDMEs.

The total and di↵erential cross section d�/dcos ✓ can be obtained from the following expression for the di↵erential
cross section.
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|M�,�0,s,s0 |2 (34)

As mentioned in Sec. II, the invariant amplitude M consist of various t-channel, proton, and nucleon-resonance parts.

FIG. 3: The total cross sections for overall and some selected contributions are plotted in the left panel. The
experimental data are taken from Refs. [14–17]. The total cross section for all contributions are plotted in the

logarithmic scale in the right panel.

In FIG. 3, the numerical results for the total cross section are given. The left panel shows the results of the
Pomeron (green dotted), without resonances (blue dashed), N⇤(2000, 5

2

+
) (orange dash-dot-dot), N⇤(2300, 1

2

+
) (pink

dash-dot), Ps (violet dot-dash-dash), and the overall (red solid), along with the experimental data [14–17]. The result
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Phase factor eiπβ  : relative phase (  )β βℙ = 0
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for s and u channels, respectively. The four momenta of the intermediate particles are defined as qs = q + pi and
qu = pf � q.

III. NUMERICAL RESULTS AND DISCUSSIONS

From now on, we will present the numerical results of this study on the �-meson photoproduction and discuss
them. For the parameters that are not fixed, we first determined CP = 6.5 for the Pomeron, which has the largest
contribution, to explain the behavior of the cross section at high energies [14, 15]. This is the same value as the former
research in which one of the present author participate. We consider relative phase factors ei⇡� for all contributions
except the Pomeron, which has the free parameter �. The relative phases � and the cuto↵s ⇤ were determined as
follows, taking into account the CLAS data for di↵erential cross sections and SDMEs.

The total and di↵erential cross section d�/dcos ✓ can be obtained from the following expression for the di↵erential
cross section.
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As mentioned in Sec. II, the invariant amplitude M consist of various t-channel, proton, and nucleon-resonance parts.

FIG. 3: The total cross sections for overall and some selected contributions are plotted in the left panel. The
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In FIG. 3, the numerical results for the total cross section are given. The left panel shows the results of the
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where p̄ = (p1 + p2)/2. In the third term � p̄µk1·k2

p̄·k1
is added to restore the gauge invariance [5]. The scalar factor
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Here, we define the strength factor CP = g�P�gPNN = 3.6 [5, 7] for convenience and the energy-scale factor sP =
(MN + M�)2. The Pomeron trajectory is known to be ↵P(t) = 1.08 + 0.25t. The nucleon isoscalar electromagnetic
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•The exp. data can be explained by the Pomeron alone

Result 
Total cross section

compared with exp. J. Ballam et al. PRD 7, 3150 (1973)
D. P. Barber et al., Z. Phys. C 12, 1 (1982)
R. M. Egloff et al., PRL 43, 657(1979)
J. Busenitz et al., PRD 40, 1 (1989)
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for s and u channels, respectively. The four momenta of the intermediate particles are defined as qs = q + pi and
qu = pf � q.

III. NUMERICAL RESULTS AND DISCUSSIONS

From now on, we will present the numerical results of this study on the �-meson photoproduction and discuss
them. For the parameters that are not fixed, we first determined CP = 6.5 for the Pomeron, which has the largest
contribution, to explain the behavior of the cross section at high energies [14, 15]. This is the same value as the former
research in which one of the present author participate. We consider relative phase factors ei⇡� for all contributions
except the Pomeron, which has the free parameter �. The relative phases � and the cuto↵s ⇤ were determined as
follows, taking into account the CLAS data for di↵erential cross sections and SDMEs.

The total and di↵erential cross section d�/dcos ✓ can be obtained from the following expression for the di↵erential
cross section.
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|M�,�0,s,s0 |2 (34)

As mentioned in Sec. II, the invariant amplitude M consist of various t-channel, proton, and nucleon-resonance parts.

FIG. 3: The total cross sections for overall and some selected contributions are plotted in the left panel. The
experimental data are taken from Refs. [14–17]. The total cross section for all contributions are plotted in the

logarithmic scale in the right panel.

In FIG. 3, the numerical results for the total cross section are given. The left panel shows the results of the
Pomeron (green dotted), without resonances (blue dashed), N⇤(2000, 5

2

+
) (orange dash-dot-dot), N⇤(2300, 1

2

+
) (pink

dash-dot), Ps (violet dot-dash-dash), and the overall (red solid), along with the experimental data [14–17]. The result

Preliminary
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•The Pomeron and resonances seems to important

Result 
Total cross section Log scale
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for s and u channels, respectively. The four momenta of the intermediate particles are defined as qs = q + pi and
qu = pf � q.

III. NUMERICAL RESULTS AND DISCUSSIONS

From now on, we will present the numerical results of this study on the �-meson photoproduction and discuss
them. For the parameters that are not fixed, we first determined CP = 6.5 for the Pomeron, which has the largest
contribution, to explain the behavior of the cross section at high energies [14, 15]. This is the same value as the former
research in which one of the present author participate. We consider relative phase factors ei⇡� for all contributions
except the Pomeron, which has the free parameter �. The relative phases � and the cuto↵s ⇤ were determined as
follows, taking into account the CLAS data for di↵erential cross sections and SDMEs.

The total and di↵erential cross section d�/dcos ✓ can be obtained from the following expression for the di↵erential
cross section.
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As mentioned in Sec. II, the invariant amplitude M consist of various t-channel, proton, and nucleon-resonance parts.

FIG. 3: The total cross sections for overall and some selected contributions are plotted in the left panel. The
experimental data are taken from Refs. [14–17]. The total cross section for all contributions are plotted in the

logarithmic scale in the right panel.

In FIG. 3, the numerical results for the total cross section are given. The left panel shows the results of the
Pomeron (green dotted), without resonances (blue dashed), N⇤(2000, 5
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for s and u channels, respectively. The four momenta of the intermediate particles are defined as qs = q + pi and
qu = pf � q.

III. NUMERICAL RESULTS AND DISCUSSIONS

From now on, we will present the numerical results of this study on the �-meson photoproduction and discuss
them. For the parameters that are not fixed, we first determined CP = 6.5 for the Pomeron, which has the largest
contribution, to explain the behavior of the cross section at high energies [14, 15]. This is the same value as the former
research in which one of the present author participate. We consider relative phase factors ei⇡� for all contributions
except the Pomeron, which has the free parameter �. The relative phases � and the cuto↵s ⇤ were determined as
follows, taking into account the CLAS data for di↵erential cross sections and SDMEs.

The total and di↵erential cross section d�/dcos ✓ can be obtained from the following expression for the di↵erential
cross section.
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As mentioned in Sec. II, the invariant amplitude M consist of various t-channel, proton, and nucleon-resonance parts.

FIG. 3: The total cross sections for overall and some selected contributions are plotted in the left panel. The
experimental data are taken from Refs. [14–17]. The total cross section for all contributions are plotted in the

logarithmic scale in the right panel.

In FIG. 3, the numerical results for the total cross section are given. The left panel shows the results of the
Pomeron (green dotted), without resonances (blue dashed), N⇤(2000, 5
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) (orange dash-dot-dot), N⇤(2300, 1
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Differential cross section (1)
Preliminary

compared with the CLAS data
PRC 89, 055208; 90, 019901(2014)
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Differential cross section (2)
Preliminary

compared with the CLAS data
PRC 89, 055208; 90, 019901(2014)
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Spin density matrix elements (SDMEs)

real photon

nonzero  is an evidence of helicity flip ( )ρ0
00 γ → ϕ

8

Pomeron and Resonances. It can be seen that resonance does not contribute to this region because the results between
the overall contribution and the contribution without resonance do not show any di↵erence. However, in the lowerp
s region, the contribution of resonances is very important. In particular, in the 2.1 GeV 

p
s  2.3 GeV range,

it is di�cult to explain the experimental data without resonance contribution, and the contribution of resonances is
the greatest at cos ✓ < 0.

FIG. 6

FIG. 6 shows the numerical result for SDMEs ⇢
0
00 for the Pomeron (left) and overall contribution (right) as a

function of
p
s at the angle of cos ✓ = 0.7. The results are plotted in the Gottfried-Jackson (red solid lines), Adair

(blue dot-dashed lines), and Helicity frames, and compared to the CLAS data [18]. The definition of ⇢000 is

⇢
0
00 /

X

�

|M�,�0 |2�0=0 = |M�=1,�0=0|2 + |M�=�1,�0=0|2 (35)

⇢
0
00 /

X

��

|M�� ,�� |2��=0 = |M��=1,��=0|2 + |M��=�1,��=0|2 (36)

where �, �0 are the polarization of the incoming photon and outgoing �-meson, respectively. From this definition, the
nonzero value of ⇢000 implies that helicity flip occurs between the photon and the �-meson. This is considered along
with particular frames when discussing s-channel helicity conservation (SCHC) and t-channel helicity conservation
(TCHC). For more details, please refer to Appendix A. In the left panel of FIG. 6, the numerical results of the
Pomeron for ⇢

0
00 are underestimated compared to the experimental data in all three frames. This shows that other

contributions besides Pomeron are required for the �-photoproduction. In addition, the experimental data shows
bump structures with increasing

p
s in each coordinate system. By analyzing the di↵erence between the Pomeron

results and these bump structures, we can find additional contributions to be considered. In the right panel of FIG. 6
the results for the overall contribution are improved and describe the experimental data better. In particular, the
bump structures at

p
s ⇠2.2 GeV in each frames are reproduced to some extent and this is due to the contribution of

Ps. It can be found from the result of the former research [6] that N⇤(2000, 5
2

+
), N⇤(2300, 1

2

+
), and other nucleons

cannot explain this bump.

IV. SUMMARY

We investigate the �-meson photoproduction reaction using the e↵ective Lagrangian method in the tree-level Born
approximation. We consider the contributions of the Pomeron, f1-Regge, pseudoscalar (⇡, ⌘), scalar (a0, f0), proton,
and three nucleon resonance states. In addition to the N

⇤(2000, 5/2+) and N
⇤(2300, 1/2+) states considered in the

previous theoretical research [6], we also include the contribution of a nucleon resonance state Ps, which is expected to
be a K

⇤⌃-bound state, based on Ref. [3]. We determine the unknown parameters, such as the Pomeron parameter CP,
relative phases between contributions �s, and cuto↵s ⇤s, by comparing with data of the early total cross section [14–
17] and the recent CLAS experimet [18]. The numerical results of this study show that, for the total cross section, the
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FIG. 9. (Color online) Shown are the cos θ
φ
c.m. distributions for

the data, accepted Monte Carlo and accepted Monte Carlo weighted
by the PWA fit in the

√
s = 2.155 GeV bin for the charged-two-track

topology. Weighting by the fit results brings the weighted Monte
Carlo distribution into excellent agreement with the data.
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where At , ρt , and %t are the target atomic weight, density, and
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acceptance for the given kinematic bin, respectively.
Photon flux normalization for this analysis was carried out

by measuring the rate of out-of-time electrons at the photon
tagger, that is, hits that did not coincide with any event recorded
by CLAS [56]. Corrections were made to account for photon
losses along the beam line and the detector dead-time.

A separate correction to the photon flux normalization was
required to account for the fact that only the first two-thirds
of the photon tagger counters (1–40) went into the trigger.
“Accidental” events corresponding to tagger counters 41–61

TABLE II. List of systematic uncertainties for this analysis.

Source of uncertainty Topology

K+(K−)p π+π−(K0
L)p

Particle ID 4.5% 5%
Kinematic fitter 3% 3%
Relative acceptance 4%–6% 4%–6%
Normalization 8.3% 8.3%
φ → KK BF 0.5% 0.4%
φ Full width 0.9% 0.9%
Overall estimate 10.7%–11.6% 10.9%–11.8%

FIG. 10. (Color online) A schematic diagram of the reaction
chain γp → φ(→ KK)p′ in the overall c.m. frame. The beam
direction is taken as the positive z axis, and the y axis is normal
to the φ production plane.

could trigger if a simultaneous hit occurred in the lower (1–40)
counters within the same time window. Such “accidental”
events would be triggered as usual and recorded by CLAS
just as any other “normal” event. However, the photon flux
calculation would not incorporate the associated photon cor-
responding to an invalid tagger counter. By utilizing the trigger
rates in counters 1–40 and assuming a Poisson distribution for
the probability of occurrence of such “accidental” events, we
were able to correct for this feature. Faulty tagger electronics
prevented accurate electron rate measurements for photons in
the energy bins

√
s = 2.735 and 2.745 GeV [41]. Differential

cross sections are therefore not reported at these two energies.
However, polarization measurements do not depend on flux
normalizations and are reported in these two bins.

IX. UNCERTAINTIES

The statistical uncertainties for the differential cross sec-
tions were comprised of the uncertainty in the data yield and
the acceptance calculation. For the ith event, the covariance
matrix from the signal-background fit described in Sec. VI
gave the uncertainty σQi

in our estimate of the signal quality
factor Qi . Summing up these uncertainties, assuming 100%
correlation for events in a given (

√
s, cos θ

φ
c.m.) bin, the

FIG. 11. (Color online) The spin-quantization axes for the helic-
ity (Hel, in green), Adair (Ad, in red), and Gottfried-Jackson (GJ,
in blue) frames, in relation to the overall c.m. frame. The z axis for
the c.m. frame points along the beam direction and coincides with
zAd. Since zHel points along the direction of the φ meson, the angle
between the helicity and Adair frames is θ

φ
c.m.. The Gottfried-Jackson

frame is defined as the direction of the incoming photon, as seen in
the rest frame of the φ meson. The angle between the helicity and
Gottfried-Jackson frame is given by Eq. (42b).
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by the PWA fit in the
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topology. Weighting by the fit results brings the weighted Monte
Carlo distribution into excellent agreement with the data.
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by the PWA fit in the
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topology. Weighting by the fit results brings the weighted Monte
Carlo distribution into excellent agreement with the data.
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by the PWA fit in the
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topology. Weighting by the fit results brings the weighted Monte
Carlo distribution into excellent agreement with the data.
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to the φ production plane.
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events would be triggered as usual and recorded by CLAS
just as any other “normal” event. However, the photon flux
calculation would not incorporate the associated photon cor-
responding to an invalid tagger counter. By utilizing the trigger
rates in counters 1–40 and assuming a Poisson distribution for
the probability of occurrence of such “accidental” events, we
were able to correct for this feature. Faulty tagger electronics
prevented accurate electron rate measurements for photons in
the energy bins

√
s = 2.735 and 2.745 GeV [41]. Differential

cross sections are therefore not reported at these two energies.
However, polarization measurements do not depend on flux
normalizations and are reported in these two bins.
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The statistical uncertainties for the differential cross sec-
tions were comprised of the uncertainty in the data yield and
the acceptance calculation. For the ith event, the covariance
matrix from the signal-background fit described in Sec. VI
gave the uncertainty σQi

in our estimate of the signal quality
factor Qi . Summing up these uncertainties, assuming 100%
correlation for events in a given (
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FIG. 11. (Color online) The spin-quantization axes for the helic-
ity (Hel, in green), Adair (Ad, in red), and Gottfried-Jackson (GJ,
in blue) frames, in relation to the overall c.m. frame. The z axis for
the c.m. frame points along the beam direction and coincides with
zAd. Since zHel points along the direction of the φ meson, the angle
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c.m.. The Gottfried-Jackson

frame is defined as the direction of the incoming photon, as seen in
the rest frame of the φ meson. The angle between the helicity and
Gottfried-Jackson frame is given by Eq. (42b).
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the data, accepted Monte Carlo and accepted Monte Carlo weighted
by the PWA fit in the
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topology. Weighting by the fit results brings the weighted Monte
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the data, accepted Monte Carlo and accepted Monte Carlo weighted
by the PWA fit in the

√
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topology. Weighting by the fit results brings the weighted Monte
Carlo distribution into excellent agreement with the data.
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√
s, cos θ

φ
c.m.)

and η(
√

s, cos θ
φ
c.m.) are the number of data events and the

acceptance for the given kinematic bin, respectively.
Photon flux normalization for this analysis was carried out

by measuring the rate of out-of-time electrons at the photon
tagger, that is, hits that did not coincide with any event recorded
by CLAS [56]. Corrections were made to account for photon
losses along the beam line and the detector dead-time.

A separate correction to the photon flux normalization was
required to account for the fact that only the first two-thirds
of the photon tagger counters (1–40) went into the trigger.
“Accidental” events corresponding to tagger counters 41–61

TABLE II. List of systematic uncertainties for this analysis.

Source of uncertainty Topology

K+(K−)p π+π−(K0
L)p

Particle ID 4.5% 5%
Kinematic fitter 3% 3%
Relative acceptance 4%–6% 4%–6%
Normalization 8.3% 8.3%
φ → KK BF 0.5% 0.4%
φ Full width 0.9% 0.9%
Overall estimate 10.7%–11.6% 10.9%–11.8%

FIG. 10. (Color online) A schematic diagram of the reaction
chain γp → φ(→ KK)p′ in the overall c.m. frame. The beam
direction is taken as the positive z axis, and the y axis is normal
to the φ production plane.

could trigger if a simultaneous hit occurred in the lower (1–40)
counters within the same time window. Such “accidental”
events would be triggered as usual and recorded by CLAS
just as any other “normal” event. However, the photon flux
calculation would not incorporate the associated photon cor-
responding to an invalid tagger counter. By utilizing the trigger
rates in counters 1–40 and assuming a Poisson distribution for
the probability of occurrence of such “accidental” events, we
were able to correct for this feature. Faulty tagger electronics
prevented accurate electron rate measurements for photons in
the energy bins

√
s = 2.735 and 2.745 GeV [41]. Differential

cross sections are therefore not reported at these two energies.
However, polarization measurements do not depend on flux
normalizations and are reported in these two bins.

IX. UNCERTAINTIES

The statistical uncertainties for the differential cross sec-
tions were comprised of the uncertainty in the data yield and
the acceptance calculation. For the ith event, the covariance
matrix from the signal-background fit described in Sec. VI
gave the uncertainty σQi

in our estimate of the signal quality
factor Qi . Summing up these uncertainties, assuming 100%
correlation for events in a given (

√
s, cos θ

φ
c.m.) bin, the

FIG. 11. (Color online) The spin-quantization axes for the helic-
ity (Hel, in green), Adair (Ad, in red), and Gottfried-Jackson (GJ,
in blue) frames, in relation to the overall c.m. frame. The z axis for
the c.m. frame points along the beam direction and coincides with
zAd. Since zHel points along the direction of the φ meson, the angle
between the helicity and Adair frames is θ

φ
c.m.. The Gottfried-Jackson

frame is defined as the direction of the incoming photon, as seen in
the rest frame of the φ meson. The angle between the helicity and
Gottfried-Jackson frame is given by Eq. (42b).
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by measuring the rate of out-of-time electrons at the photon
tagger, that is, hits that did not coincide with any event recorded
by CLAS [56]. Corrections were made to account for photon
losses along the beam line and the detector dead-time.

A separate correction to the photon flux normalization was
required to account for the fact that only the first two-thirds
of the photon tagger counters (1–40) went into the trigger.
“Accidental” events corresponding to tagger counters 41–61
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Relative acceptance 4%–6% 4%–6%
Normalization 8.3% 8.3%
φ → KK BF 0.5% 0.4%
φ Full width 0.9% 0.9%
Overall estimate 10.7%–11.6% 10.9%–11.8%

FIG. 10. (Color online) A schematic diagram of the reaction
chain γp → φ(→ KK)p′ in the overall c.m. frame. The beam
direction is taken as the positive z axis, and the y axis is normal
to the φ production plane.

could trigger if a simultaneous hit occurred in the lower (1–40)
counters within the same time window. Such “accidental”
events would be triggered as usual and recorded by CLAS
just as any other “normal” event. However, the photon flux
calculation would not incorporate the associated photon cor-
responding to an invalid tagger counter. By utilizing the trigger
rates in counters 1–40 and assuming a Poisson distribution for
the probability of occurrence of such “accidental” events, we
were able to correct for this feature. Faulty tagger electronics
prevented accurate electron rate measurements for photons in
the energy bins

√
s = 2.735 and 2.745 GeV [41]. Differential

cross sections are therefore not reported at these two energies.
However, polarization measurements do not depend on flux
normalizations and are reported in these two bins.

IX. UNCERTAINTIES

The statistical uncertainties for the differential cross sec-
tions were comprised of the uncertainty in the data yield and
the acceptance calculation. For the ith event, the covariance
matrix from the signal-background fit described in Sec. VI
gave the uncertainty σQi

in our estimate of the signal quality
factor Qi . Summing up these uncertainties, assuming 100%
correlation for events in a given (
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the c.m. frame points along the beam direction and coincides with
zAd. Since zHel points along the direction of the φ meson, the angle
between the helicity and Adair frames is θ
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c.m.. The Gottfried-Jackson

frame is defined as the direction of the incoming photon, as seen in
the rest frame of the φ meson. The angle between the helicity and
Gottfried-Jackson frame is given by Eq. (42b).
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Spin density matrix elements (SDMEs)

8

Pomeron and Resonances. It can be seen that resonance does not contribute to this region because the results between
the overall contribution and the contribution without resonance do not show any di↵erence. However, in the lowerp
s region, the contribution of resonances is very important. In particular, in the 2.1 GeV 

p
s  2.3 GeV range,

it is di�cult to explain the experimental data without resonance contribution, and the contribution of resonances is
the greatest at cos ✓ < 0.

FIG. 6

FIG. 6 shows the numerical result for SDMEs ⇢
0
00 for the Pomeron (left) and overall contribution (right) as a

function of
p
s at the angle of cos ✓ = 0.7. The results are plotted in the Gottfried-Jackson (red solid lines), Adair

(blue dot-dashed lines), and Helicity frames, and compared to the CLAS data [18]. The definition of ⇢000 is

⇢
0
00 / |M�=1,�0=0|2 + |M�=�1,�0=0|2 (35)

where �, �0 are the polarization of the incoming photon and outgoing �-meson, respectively. From this definition, the
nonzero value of ⇢000 implies that helicity flip occurs between the photon and the �-meson. This is considered along
with particular frames when discussing s-channel helicity conservation (SCHC) and t-channel helicity conservation
(TCHC). For more details, please refer to Appendix A. In the left panel of FIG. 6, the numerical results of the
Pomeron for ⇢

0
00 are underestimated compared to the experimental data in all three frames. This shows that other

contributions besides Pomeron are required for the �-photoproduction. In addition, the experimental data shows
bump structures with increasing

p
s in each coordinate system. By analyzing the di↵erence between the Pomeron

results and these bump structures, we can find additional contributions to be considered. In the right panel of FIG. 6
the results for the overall contribution are improved and describe the experimental data better. In particular, the
bump structures at

p
s ⇠2.2 GeV in each frames are reproduced to some extent and this is due to the contribution of

Ps. It can be found from the result of the former research [6] that N⇤(2000, 5
2

+
), N⇤(2300, 1

2

+
), and other nucleons

cannot explain this bump.

IV. SUMMARY

We investigate the �-meson photoproduction reaction using the e↵ective Lagrangian method in the tree-level Born
approximation. We consider the contributions of the Pomeron, f1-Regge, pseudoscalar (⇡, ⌘), scalar (a0, f0), proton,
and three nucleon resonance states. In addition to the N

⇤(2000, 5/2+) and N
⇤(2300, 1/2+) states considered in the

previous theoretical research [6], we also include the contribution of a nucleon resonance state Ps, which is expected to
be a K

⇤⌃-bound state, based on Ref. [3]. We determine the unknown parameters, such as the Pomeron parameter CP,
relative phases between contributions �s, and cuto↵s ⇤s, by comparing with data of the early total cross section [14–
17] and the recent CLAS experimet [18]. The numerical results of this study show that, for the total cross section, the
contributions other than the Pomeron are small except for the behavior near the threshold, and the contributions other
than Pomeron and f1 Regge are negligible at high energies. If the production reaction is limited to a specific angle
instead of the total cross section, it is di�cult to explain the reaction with only the Pomeron contribution and it is
possible to analyze other contributions. Therefore, we calculate d�/dcos ✓ to compare with the CLAS data for various
angles and c.m. energies. From this, we can see that the Pomeron contribution alone can explain the experimental
data well near cos ✓ ⇠ 1, but the deviation from data becomes larger as cos ✓ becomes smaller, and the contributions

•  is underestimated in all three framesρ0
00

Preliminary
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8

Pomeron and Resonances. It can be seen that resonance does not contribute to this region because the results between
the overall contribution and the contribution without resonance do not show any di↵erence. However, in the lowerp
s region, the contribution of resonances is very important. In particular, in the 2.1 GeV 

p
s  2.3 GeV range,

it is di�cult to explain the experimental data without resonance contribution, and the contribution of resonances is
the greatest at cos ✓ < 0.

FIG. 6

FIG. 6 shows the numerical result for SDMEs ⇢
0
00 for the Pomeron (left) and overall contribution (right) as a

function of
p
s at the angle of cos ✓ = 0.7. The results are plotted in the Gottfried-Jackson (red solid lines), Adair

(blue dot-dashed lines), and Helicity frames, and compared to the CLAS data [18]. The definition of ⇢000 is

⇢
0
00 / |M�=1,�0=0|2 + |M�=�1,�0=0|2 (35)

where �, �0 are the polarization of the incoming photon and outgoing �-meson, respectively. From this definition, the
nonzero value of ⇢000 implies that helicity flip occurs between the photon and the �-meson. This is considered along
with particular frames when discussing s-channel helicity conservation (SCHC) and t-channel helicity conservation
(TCHC). For more details, please refer to Appendix A. In the left panel of FIG. 6, the numerical results of the
Pomeron for ⇢

0
00 are underestimated compared to the experimental data in all three frames. This shows that other

contributions besides Pomeron are required for the �-photoproduction. In addition, the experimental data shows
bump structures with increasing

p
s in each coordinate system. By analyzing the di↵erence between the Pomeron

results and these bump structures, we can find additional contributions to be considered. In the right panel of FIG. 6
the results for the overall contribution are improved and describe the experimental data better. In particular, the
bump structures at

p
s ⇠2.2 GeV in each frames are reproduced to some extent and this is due to the contribution of

Ps. It can be found from the result of the former research [6] that N⇤(2000, 5
2

+
), N⇤(2300, 1

2

+
), and other nucleons

cannot explain this bump.

IV. SUMMARY

We investigate the �-meson photoproduction reaction using the e↵ective Lagrangian method in the tree-level Born
approximation. We consider the contributions of the Pomeron, f1-Regge, pseudoscalar (⇡, ⌘), scalar (a0, f0), proton,
and three nucleon resonance states. In addition to the N

⇤(2000, 5/2+) and N
⇤(2300, 1/2+) states considered in the

previous theoretical research [6], we also include the contribution of a nucleon resonance state Ps, which is expected to
be a K

⇤⌃-bound state, based on Ref. [3]. We determine the unknown parameters, such as the Pomeron parameter CP,
relative phases between contributions �s, and cuto↵s ⇤s, by comparing with data of the early total cross section [14–
17] and the recent CLAS experimet [18]. The numerical results of this study show that, for the total cross section, the
contributions other than the Pomeron are small except for the behavior near the threshold, and the contributions other
than Pomeron and f1 Regge are negligible at high energies. If the production reaction is limited to a specific angle
instead of the total cross section, it is di�cult to explain the reaction with only the Pomeron contribution and it is
possible to analyze other contributions. Therefore, we calculate d�/dcos ✓ to compare with the CLAS data for various
angles and c.m. energies. From this, we can see that the Pomeron contribution alone can explain the experimental
data well near cos ✓ ⇠ 1, but the deviation from data becomes larger as cos ✓ becomes smaller, and the contributions

Spin density matrix elements (SDMEs)

•The result show better agreement with data

Preliminary
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Pomeron and Resonances. It can be seen that resonance does not contribute to this region because the results between
the overall contribution and the contribution without resonance do not show any di↵erence. However, in the lowerp
s region, the contribution of resonances is very important. In particular, in the 2.1 GeV 

p
s  2.3 GeV range,

it is di�cult to explain the experimental data without resonance contribution, and the contribution of resonances is
the greatest at cos ✓ < 0.

FIG. 6

FIG. 6 shows the numerical result for SDMEs ⇢
0
00 for the Pomeron (left) and overall contribution (right) as a

function of
p
s at the angle of cos ✓ = 0.7. The results are plotted in the Gottfried-Jackson (red solid lines), Adair

(blue dot-dashed lines), and Helicity frames, and compared to the CLAS data [18]. The definition of ⇢000 is

⇢
0
00 / |M�=1,�0=0|2 + |M�=�1,�0=0|2 (35)

where �, �0 are the polarization of the incoming photon and outgoing �-meson, respectively. From this definition, the
nonzero value of ⇢000 implies that helicity flip occurs between the photon and the �-meson. This is considered along
with particular frames when discussing s-channel helicity conservation (SCHC) and t-channel helicity conservation
(TCHC). For more details, please refer to Appendix A. In the left panel of FIG. 6, the numerical results of the
Pomeron for ⇢

0
00 are underestimated compared to the experimental data in all three frames. This shows that other

contributions besides Pomeron are required for the �-photoproduction. In addition, the experimental data shows
bump structures with increasing

p
s in each coordinate system. By analyzing the di↵erence between the Pomeron

results and these bump structures, we can find additional contributions to be considered. In the right panel of FIG. 6
the results for the overall contribution are improved and describe the experimental data better. In particular, the
bump structures at

p
s ⇠2.2 GeV in each frames are reproduced to some extent and this is due to the contribution of

Ps. It can be found from the result of the former research [6] that N⇤(2000, 5
2

+
), N⇤(2300, 1

2

+
), and other nucleons

cannot explain this bump.

IV. SUMMARY

We investigate the �-meson photoproduction reaction using the e↵ective Lagrangian method in the tree-level Born
approximation. We consider the contributions of the Pomeron, f1-Regge, pseudoscalar (⇡, ⌘), scalar (a0, f0), proton,
and three nucleon resonance states. In addition to the N

⇤(2000, 5/2+) and N
⇤(2300, 1/2+) states considered in the

previous theoretical research [6], we also include the contribution of a nucleon resonance state Ps, which is expected to
be a K

⇤⌃-bound state, based on Ref. [3]. We determine the unknown parameters, such as the Pomeron parameter CP,
relative phases between contributions �s, and cuto↵s ⇤s, by comparing with data of the early total cross section [14–
17] and the recent CLAS experimet [18]. The numerical results of this study show that, for the total cross section, the
contributions other than the Pomeron are small except for the behavior near the threshold, and the contributions other
than Pomeron and f1 Regge are negligible at high energies. If the production reaction is limited to a specific angle
instead of the total cross section, it is di�cult to explain the reaction with only the Pomeron contribution and it is
possible to analyze other contributions. Therefore, we calculate d�/dcos ✓ to compare with the CLAS data for various
angles and c.m. energies. From this, we can see that the Pomeron contribution alone can explain the experimental
data well near cos ✓ ⇠ 1, but the deviation from data becomes larger as cos ✓ becomes smaller, and the contributions
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(a) (b)

FIG. 7. Spin-density matrix elements ρ0
00 are plotted as functions of

√
s at cos θ = 0.7 in the three different reference frames. The red

dotted, green dot-dashed, and blue solid curves indicate the results in the Gottfried-Jackson, Adair, and helicity frames, respectively, which
correspond to the CLAS data (red circles, green triangles, and blue squares) from the charged-KK̄ decay mode of φ [10]. The results in panels
(a) and (b) stand for the Pomeron and total contributions, respectively.

outgoing φ meson from its definition as understood by

ρ0
00 ∝

∣∣Mλγ=1,λφ=0

∣∣2 +
∣∣Mλγ=−1,λφ=0

∣∣2
. (28)

The Pomeron exchange is known as a gluon-rich Regge
trajectory with a vacuum quantum number (JPC = 0++) and
thus we expect TCHC in principle. Moreover, the argument
in support of SCHC for diffractive vector meson photopro-
ductions is given in the literature [16,61]. However, there is
no clear reason why TCHC and SCHC should hold for our
phenomenological DL model [16]. The total results finally
succeed in a satisfactory description of ρ0

00 in all three frames
as displayed in Fig. 7(b). Thus, the relative contributions of
AV-, PS-, and S-meson exchanges to the dominant Pomeron
contribution are confirmed more explicitly. We can imme-
diately test a simple DL Pomeron plus π - and η-meson
exchange model [14] via the present SDME data. It turns
out that the agreement between these model predictions and
the SDME data is not satisfactory in all three frames. The
comparison with the LEPS data also supports this argument
as shown in Fig. 6 of Ref. [62].

It is worth while to examine other components of SDMEs
to understand the effects of the various contributions. Figure 8
depicts ρ0

00 (red circles) and ρ0
1−1 (blue triangles) as functions

of
√

s at full scattering angles in the Adair frame [10]. It is
noticeable that the ρ0

00 data are quite large, unlike the ρ0
1−1

data which are small but finite. The ρ0
00 data are all positive

and reveal bumplike structures at the threshold of
√

s = (2.0–
2.2) GeV and backward-scattering angles of cos θ ! 0.2, even
though systematical limitations at the angles make the struc-
tures unclear. First, we find that the Pomeron exchange alone
(red dashed curves) is not sufficient for describing the ρ0

00
data at the forward-scattering angles. The inclusion of the S
mesons to the Pomeron exchange makes ρ0

00 increased, but the
inclusion of the PS mesons makes the results worse by pulling
down ρ0

00. The cutoff masses in the form factor of Eq. (17) are
constrained so as to describe simultaneously the differential
cross sections and SDMEs. Second, it turns out that the bump-
like structures observed at the backward-scattering angles is
clear evidence of the N∗ contribution. At

√
s = (2.0–2.2)

GeV, both the ρ0
00 data and the total theoretical results (red

solid curves) are the strongest at very backward angles, and
get reduced steadily with respect to cos θ , and then vanish
around cos θ = 0.2. This tendency is almost the same as the
numerical results of the differential cross sections in Fig. 4.
The Born contribution merely underestimates the ρ0

00 data for
all the available energies. The N∗(2000, 5/2+) contribution is
mainly responsible for the local structures rather than other
spin-1/2 and-3/2 nucleon resonances. The total results are in
good agreement with the CLAS data in general except in the
intermediate-angle region where the interference between the
Born and resonant terms is maximal.

Let us continue to present our results in comparison to the
LEPS data [62]. The total contribution of various SDMEs are
displayed in Figs. 9(a) and 9(b) as functions of t ′ ≡ |t − tmin|
in the Adair and helicity frames, respectively. Here we exam-
ine three different threshold energies, i.e., E lab

γ = 1.95 GeV
(dotted curves), 2.15 GeV (dashed curves), and 2.35 GeV
(solid curves). We find distinctive large values for ρ1

1−1 and
Im[ρ2

1−1]. Their similar absolute magnitudes are understood
from the following relation [15],

−Im
[
ρ2

1−1

]
≈ ρ1

1−1 −
(
ρ0

1−1

)2

1 − ρ0
00

, (29)

because small values of ρ0
1−1 are experimentally observed.

The data other than ρ1
1−1 and Im[ρ2

1−1] are almost zero and
are in good agreement with our results. The considered region
t ′ = (0.0–0.2) GeV2 is dominated by the t-channel exchange
process for the differential cross sections but is sensitive to
the structure of the N∗ exchange amplitudes for the case of
SDMEs.

It is more informative to present our results in the
Gottfried-Jackson frame for which we separately show the
Pomeron and total contributions in Figs. 10(a) and 10(b),
respectively. The increase in the magnitude of ρ0

00 is consis-
tent with the results of Fig. 8. When a double helicity-flip
transition is forbidden, ρ0

1−1 is exactly zero by construction.
However, the small but finite value of ρ0

1−1 at large t ′ even
for Pomeron exchange implies the possible spin-orbital inter-
action from our modified DL model [14,62,63]. For the pure
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Result of Dr. Sang-Ho Kim (PRC 2019)

No bump structure s ∼ 2.2 GeV

Spin density matrix elements (SDMEs)

•The bump can be reproduced by Ps

Preliminary
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Summary
• We investigate φ-photo- and electroproduction including       

a pentaquark  molecular K*Σ bound-state (Ps) to explain 
experiments


• We confirmed that some behaviors of SDMEs

    can be explained by  contribution


• Additional investigates for better understanding of 

    are in the process and will be appear soon

Ps

Ps

 Outlook
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Electroproduction ( Q2 > 0, virtual photon )

Preliminary

R. M. Egloff et al., PRL 43, 657(1979)

J. Ballam et al. PRD 7, 3150 (1973)
D. P. Barber et al., Z. Phys. C 12, 1 (1982)

D.G. Cassel et al., PRD 24, 2787 (1981)
J. P. Santoro et al.(CLAS), PRC 78, 025210 (2008)

Q2 = 2.2 GeV2

 Outlook
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γ(q = k − k′￼)
J/ψ

Pc(p′￼)
How about Ps?

 Outlook

Electron-Ion Collider (EIC)

Thank you for your attention!
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Backup

B. DEY et al. PHYSICAL REVIEW C 89, 055208 (2014)

(a) (b)

 (GeV)s
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FIG. 36. (Color online) Helicity conservation in the process γp → Vp′, where V ∈ {ρ,ω,φ,J/ψ,...} is a generic vector meson:
(a) s-channel (SCHC in Helicity frame) (b) t-channel (TCHC in the Gottfried-Jackson frame). If the IP couples like a 0+ object in (b),
one would expect TCHC to hold. The V = φ data in (c) exhibits strong deviation from TCHC since ρ0

00 $= 0, implying non-zero helicity flips.
The filled arrows in (a) and (b) depict the spins of the incoming and outgoing vector particles.

The earlier CLAS ω results [42] already corroborated
violation of SCHC for the ω channel and Fig. 36(c) shows that
ρ0

00 is non-zero in all three frames (Adair, Gottfried-Jackson,
and helicity) for the φ even at forward angles where soft-
diffractive processes are generally expected to be dominant.
We hope that future partial wave analyses on these new data
will shed light on the Pomeron amplitude.

XIII. SUMMARY

We have presented the first extensive data for the φ vector
meson photoproduction covering both the charged and neutral
modes of the φ → KK decay. The high statistics, wide
kinematic coverage and fine energy binning of these results
give us a detailed picture of the differential cross sections and
ρ0 SDME observables. Access to the neutral-mode results will
help understand the physics behind the 2.2 GeV forward-angle
“bump” structure seen in the differential cross sections and any
possible coupling between the φp and K+&(1520) channels.
Our high-precision SDME data shows that both helicity
conservation between the incoming photon and outgoing φ
is broken in both the t and s channels. Electronic versions of
the numerical data can be obtained from Ref. [63].

A very important aspect of this work has been to ensure
that systematic issues that were under very little control in
previous analyses due to statistical limitations, have been
carefully dealt with. In particular, this pertains to a detailed
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