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LEPS
Coherent φ-meson photoproduction from 4He



PWO measurement

tagged

Linear Polarization of g beam

photon energy [GeV] photon energy [MeV]

l Backward Compton scattering of laser photons with 8 GeV electrons in SPring-8
l 351nm Ar laser (3.5eV） 8W ~ 2.4 GeV photon
l 266nm Solid+BBO (4.6eV） 1W ~3.0 GeV photon 

l Laser Power ~6 W (351nm)   Photon Flux  ~1 Mcps (2.4 GeV)

l Eγ measured by tagging a recoil electron Eγ >1.5 GeV, ΔEγ ~10 MeV

l Laser linear polarization 95-100% ⇒ Highly polarized beam

LEPS facility

4



Experimental setup
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Motivation (I): why φ?

Pomeron exchange:

• Dominant process at high energies

• Not well understood at low energies

• Natural-parity

• Multi-gluon dynamics

Pseudo-scaler meson exchange:

• Dominant process at low energies

• Well established process

• Unnatural-parity

• π, η meson exchange

ρ,ω
due to C-parity
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Motivation (I): why φ?

Pomeron exchange:

• Dominant process at high energies

• Not well understood at low energies

• Natural-parity

• Multi-gluon dynamics

Pseudo-scaler meson exchange:

• Dominant process at low energies

• Well established process

• Unnatural-parity

• π, η meson exchange

ρ,ω
due to C-parity>>

φ~ss
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Motivation (II): why 4He?

• Pseudo scalar meson exchange is forbidden.

• Pomeron (or gluonic) dynamics appears directly.  

Coherent f photoproduction from deuteron: 
gDÆ fD

• From the r1
1-1 for gpÆfp, there exists a non-negligible contribution (~ 30 %) 

of the unnatural-parity p exchange (gpNN > ghNN). 
• With the use of the isoscalar target, the iso-vector p exchange process is 

forbidden.
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Natural-parity exchange Unnatural-parity exchange

The Pomeron exchange process is expected to be dominant 
in gDÆ fD channel!!

ELPH workshop Dec. 1-2

4He 4He 4He 4HeIsospin
and 
σ•q

σ•q
σ: target spin=0

q: momentum transfer
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• Spin density matrix elements (SDME) 
Motivation (III): why photon beam?

α,λ,λγ : helicities of nucleon,
meson, photon
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DECAY ANGLULAR DISTRIBUTION1

First, we present the � ! K+K�decay angular dis-2

tributions for the coherent � + 4He ! � + 4He reaction3

at forward angles, 0 < |t| � |t|min < 0.2 GeV2, where4

|t|min is the minimum |t| under the assumption that the5

target particle is a helium-4 nucleus at rest. The three-6

dimensional decay angular distribution W (cos⇥,�, )7

with linearly polarized photons, as a function of the8

polar (⇥) and azimuthal (�) angles of the K+ in the9

�-meson rest frame and the azimuthal angle ( ) of10

the photon polarization in the overall center-of-mass11

frame, are parametrized by the nine spin density ma-12

trix elements (⇢ijk) and the degree of photon polariza-13

tion (P�) [22]. Following Ref. [23], one obtains five one-14

dimensional decay angular distributions:15

W (cos⇥) = N1

�
(1� ⇢000) sin

2⇥+ ⇢000 cos
2⇥

 
,

W (�) = N2(1� 2Re⇢01�1 cos 2�),

W (�� ) = N3

�
1 + 2P�⇢

1
1�1 cos 2(�� )

 
,

W (�+ ) = N4

�
1 + 2P��1�1 cos 2(�+ )

 
,

W ( ) = N5

�
1� P�(2⇢

1
11 + ⇢100) cos 2 

 

(1)

, where ⇢11�1 ⌘ (⇢11�1 � Im⇢21�1)/2, �1�1 ⌘ (⇢11�1 +16

Im⇢21�1)/2, and N1⇠5 denote a normalization factor.17

The five decay angluar distributions [Eq. (1)] were mea-18

sured in the Gottfreid-Jackson (GJ) frame for two pho-19

ton energy regions (E1: 1.985 < E� < 2.185 GeV, E2:20

2.185 < E� < 2.385 GeV), and the corresponding spin21

density matrix elements were extracted.22
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FIG. 2. Acceptance-corrected decay anglular distributions24

(a) W (cos⇥), (b) W (�) and (c) W (� �  ) for E1: 1.985 <25

E� < 2.185 GeV (top figures) and E2: 2.185 < E� <26

2.385 GeV (bottom figures) in the GJ frame at forward an-27

gles (0 < |t| � |t|min < 0.2 GeV2 ). The error bars represent28

statistical ones only. The solid curves show the fit results by29

Eq. (1).30

The spin density matrix element ⇢000, obtained from31

the decay angular distribution W (cos⇥) [Fig. 2 (a)],32
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FIG. 3. Comparison of the spin density matrix element ⇢11�1

between the � + p ! � + p (open circles), � + D ! � +
D (open triangles) and � + 4He ! � + 4He (filled circles)
reactions at forward angles (�p: 0 < |t| � |t|pmin < 0.2 GeV2,
�D: 0 < |t| � |t|Dmin < 0.05 GeV2, � 4He: 0 < |t| � |t|He

min <
0.2 GeV2). The smaller error bars with small lines on the
vertical axis represent a statistical error, whereas the larger
error bars represent a sum of the statical and systematic errors
in quadrature. The data for the � + p ! �+ p and � +D !
�+D reactions are taken from Refs. [15] and [31], respectively.
The data for the �+p ! �+p reaction are shifted by�10 MeV
for easy viewing.

measures the probability of a single helicity-flip tran-33

sition from the incident photon to the produced �-34

meson (��±1 ! �� = 0). The extracted spin dencity35

matrix elements are summarized in Table I. For both36

the E1 and E2 regions, the extracted ⇢000 are consis-37

tent with zero within the error, which is the same as38

that for the � + p ! � + p and � + D ! � + D reac-39

tions [31]. This indicates that the amount of longitudi-40

nally polarized �-mesons is negligibly small at forward41

angle (|t|� |t|min < 0.2 GeV2), in contrast to the obser-42

vation by the CLAS in the �+p ! �+p reaction at large43

|t| (|t| > 2.5 GeV2) [32], where the u-channel exchange44

contribution would begin to dominate [33].45

On the other hand, the spin density matrix element46

Re⇢01�1 measures the interference of a helicity-nonflip and47

double heliicity-flip (�� ! �� = ���) amplitudes [34].48

The double helicity-flip transition was introduced to the49

Donnachie-Landsho↵ (DL) Pomeron model by analogy50

with the non-perturbative two-gluon exchange model,51

and is expected to have a finite contribution at small52

|t| and E� = 2–3 GeV [8, 23]. If such a transition exists,53

it appears as an oscillation in the W (�) [Fig. 2 (b)], giv-54

ing a finite value of the Re⇢01�1. Note that the original55

DL Pomeron model forbids such a transition and gives56

Re⇢01�1 = 0 exactly.57

The spin density matrix element ⇢11�1 reflects the rel-58

ative contribution of natural- and unnatural-parity ex-59

changes in t-channel. In the case of helicity-conserving60

processes, it gives +0.5 for pure natural-parity exchanges61

and �0.5 for pure unnatural-parity exchanges. Fig-62
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Spin single-flip or non-flip

Interference of helicity double-flip and non-flip

Parity of exchanged particle in t-channel 

• Decay angular distributions in GJ frame

Pomeron exchange amplitude Titov and Lee, PRC67,065205

u: nucleon w.f.
k, px : photon mom.
nucleon momentum in x

non-flip double-fliptive amplitude; the contribution from the diffractive channels
exceeds the pseudoscalar-meson exchange by an order of
magnitude. Backward-angle photoproduction is dominated
by the N*-exchange channel, while in the central region
(0.7!!t!!1.4 GeV2), the coherent interference of all pro-
cesses becomes important. Unfortunately, our model is not
very well defined in this region. Figure 5!b" shows the dif-
ferential cross section as a function of the #-meson produc-
tion angle in the c.m. system at E$"1.7, 2.0, and 3.6 GeV
!dashed, long dashed, and dot-dashed lines, respectively".
The calculations are in agreement with available data. Since
the data at E$"3.6 GeV are used to fix xOZI , the other
curves represent our prediction, which would be interesting
to check.

B. Spin observables

Spin observables can be used as a powerful tool to test the
photoproduction mechanisms in detail. We first consider the
spin-density matrix elements %&&!

0#3 , which are planned to be
measured in near future at the JLab '60( and at the LEPS/
SPring-8 '61(. All our calculations have been done in the
Gottfried-Jackson system. For simplicity, we show our pre-
diction at all momentum transfers, however, the applicability
of the model at E$)2–3 GeV is limited by the forward and
backward photoproduction with !tmin!*!t!*!tl! and !t!max#!tl!
*!t!*!t!max , respectively, where !t l!"0.5–0.7 GeV2, depend-
ing on the energy.
First of all, we remind that the nonzero spin-density ma-

trix elements for the pure helicity conserving amplitude,

I f i)+& i& f
+mim f

, !47"

have the following values:

%11
0 "%#1-1

0 "
1
2 , %1-1

1 "%#11
1 "$

1
2 ,

Im %#11
2 "#Im %1-1

2 "$
1
2 , %11

3 "#%#1-1
3 "$

1
2 ,

!48"

where the upper and lower signs in %1–3 correspond to the
amplitudes with natural (IN) and unnatural (IU) parity ex-
change, respectively. The typical example of the natural and
unnatural parity exchange amplitude in our case are the
scalar- and the pseudoscalar-meson exchange amplitudes, re-
spectively. For the forward-angle photoproduction, they can
be expressed as

Im fmi ;&#&$

N
U ! t ""# 1

2mi&$
$ +mim f

+&$&#
I0
N
U! t ",

where I0
N
U(t) is the spin-independent part of the correspond-

ing amplitudes.
The Pomeron-exchange amplitude in GJ system has the

following structure:

I f i
P)#+&#&$

ū fk”ui%+&#0k$ū f,” &$
ui

%!2&$px
k•q

2p•k#k•qū f,” &#
* ui , !49"

where k$ and px are the photon momentum and the x com-
ponent of the proton (px"px! in the GJ system" momentum,
respectively. One can see that only the first term satisfies Eq.
!47". The second term describes the interaction of the photon
and nucleon spins and the interaction of the #-meson spin
and the orbital momentum in the initial state. The third term
is responsible for the interaction of the # meson and nucleon
spins, and for the interaction of the photon spin with the
orbital momentum in the final state. At E$"2–3 GeV, the
contribution of these two terms is finite and must be taken
into account. Thus, the second and third terms in Eq. !49" are
responsible for the spin-flip transitions &$→&#"0 and gen-
erate a finite value for %00

0 . The contribution of the second
term is dominant, and it can be estimated as

%00
0 "

k$
2! !t!%2px

2"

s̄2
,

s̄2"!s#MN
2 "2# 1#

M#
2%!t!

s#MN
2 $ . !50"

This equation shows that %00
0 increases monotonically with

increasing !t!, and E$"2.2 GeV and at -". , it reaches
large value of %00

0 "0.6.
The interaction of the photon spin with the orbital mo-

mentum is responsible for the so-called double spin-flip tran-
sition &$→&#"#&$ and generates %1-1

0 , which is defined
by the interference of the first and third terms in Eq. !49",
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This matrix element reaches its maximum value %1-1
0 "0.2 at

!t!"1 GeV2 and E$"2.2 GeV. Note that this matrix ele-
ment depends on the choice of the gauge parameter p̄"ap
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FIG. 5. !a" The differential cross section of $p→#p reaction as
a function of #t at E$"2.2 GeV. The results are the pseudoscalar-
meson exchange !long dashed", diffractive channels !dot-dashed",
resonance excitation !dashed", and the full amplitude !solid". !b"
The differential cross section a function of the #-meson production
angle at E$"1.7, 2.0, and 3.6 GeV. Data are taken from Refs.
'63,59(.
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tive amplitude; the contribution from the diffractive channels
exceeds the pseudoscalar-meson exchange by an order of
magnitude. Backward-angle photoproduction is dominated
by the N*-exchange channel, while in the central region
(0.7!!t!!1.4 GeV2), the coherent interference of all pro-
cesses becomes important. Unfortunately, our model is not
very well defined in this region. Figure 5!b" shows the dif-
ferential cross section as a function of the #-meson produc-
tion angle in the c.m. system at E$"1.7, 2.0, and 3.6 GeV
!dashed, long dashed, and dot-dashed lines, respectively".
The calculations are in agreement with available data. Since
the data at E$"3.6 GeV are used to fix xOZI , the other
curves represent our prediction, which would be interesting
to check.

B. Spin observables

Spin observables can be used as a powerful tool to test the
photoproduction mechanisms in detail. We first consider the
spin-density matrix elements %&&!

0#3 , which are planned to be
measured in near future at the JLab '60( and at the LEPS/
SPring-8 '61(. All our calculations have been done in the
Gottfried-Jackson system. For simplicity, we show our pre-
diction at all momentum transfers, however, the applicability
of the model at E$)2–3 GeV is limited by the forward and
backward photoproduction with !tmin!*!t!*!tl! and !t!max#!tl!
*!t!*!t!max , respectively, where !t l!"0.5–0.7 GeV2, depend-
ing on the energy.
First of all, we remind that the nonzero spin-density ma-

trix elements for the pure helicity conserving amplitude,

I f i)+& i& f
+mim f

, !47"

have the following values:

%11
0 "%#1-1

0 "
1
2 , %1-1

1 "%#11
1 "$

1
2 ,

Im %#11
2 "#Im %1-1

2 "$
1
2 , %11

3 "#%#1-1
3 "$

1
2 ,

!48"

where the upper and lower signs in %1–3 correspond to the
amplitudes with natural (IN) and unnatural (IU) parity ex-
change, respectively. The typical example of the natural and
unnatural parity exchange amplitude in our case are the
scalar- and the pseudoscalar-meson exchange amplitudes, re-
spectively. For the forward-angle photoproduction, they can
be expressed as

Im fmi ;&#&$

N
U ! t ""# 1

2mi&$
$ +mim f

+&$&#
I0
N
U! t ",

where I0
N
U(t) is the spin-independent part of the correspond-

ing amplitudes.
The Pomeron-exchange amplitude in GJ system has the

following structure:

I f i
P)#+&#&$

ū fk”ui%+&#0k$ū f,” &$
ui

%!2&$px
k•q

2p•k#k•qū f,” &#
* ui , !49"

where k$ and px are the photon momentum and the x com-
ponent of the proton (px"px! in the GJ system" momentum,
respectively. One can see that only the first term satisfies Eq.
!47". The second term describes the interaction of the photon
and nucleon spins and the interaction of the #-meson spin
and the orbital momentum in the initial state. The third term
is responsible for the interaction of the # meson and nucleon
spins, and for the interaction of the photon spin with the
orbital momentum in the final state. At E$"2–3 GeV, the
contribution of these two terms is finite and must be taken
into account. Thus, the second and third terms in Eq. !49" are
responsible for the spin-flip transitions &$→&#"0 and gen-
erate a finite value for %00

0 . The contribution of the second
term is dominant, and it can be estimated as

%00
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s#MN
2 $ . !50"

This equation shows that %00
0 increases monotonically with

increasing !t!, and E$"2.2 GeV and at -". , it reaches
large value of %00

0 "0.6.
The interaction of the photon spin with the orbital mo-

mentum is responsible for the so-called double spin-flip tran-
sition &$→&#"#&$ and generates %1-1

0 , which is defined
by the interference of the first and third terms in Eq. !49",
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s̄2
. !51"

This matrix element reaches its maximum value %1-1
0 "0.2 at

!t!"1 GeV2 and E$"2.2 GeV. Note that this matrix ele-
ment depends on the choice of the gauge parameter p̄"ap
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FIG. 5. !a" The differential cross section of $p→#p reaction as
a function of #t at E$"2.2 GeV. The results are the pseudoscalar-
meson exchange !long dashed", diffractive channels !dot-dashed",
resonance excitation !dashed", and the full amplitude !solid". !b"
The differential cross section a function of the #-meson production
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spin properties of the amplitude in the diffractive region. We
will present a comprehensive analysis of all spin-density ma-
trix elements which are responsible for the angular distribu-
tions of K!K" in the reaction !p→"p with unpolarized
and polarized photons at a few GeV. For the most important
matrix elements we give an estimation in an explicit analyti-
cal form, which is useful for the qualitative analysis.
The backward-angle photoproduction is described by the

nucleon resonance excitations. For the latter, we use an ef-
fective Lagrangian approach developed for #-meson photo-
production $16%, where all known nucleon resonances listed
in the Particle Data Group $38% are included. This resonant
model is different from the approach of Ref. $14%, which
results in giving significantly different predictions of some
spin observables.
This paper is organized as follows. In Sec. II we define

the kinematics and observables. The formula for the calcula-
tion of various spin observables are also introduced here. The
basic amplitudes for the conventional processes, such as the
Pomeron exchange, Reggeon exchanges, and resonance ex-
citations, are given in Sec. III. In Sec. IV we discuss results
and make predictions for the future experiments. The sum-
mary is given in Sec. V. In the Appendix we discuss an
extreme case where the exotic trajectories become dominant
in the near-threshold energy region.

II. KINEMATICS AND OBSERVABLES

The scattering amplitude T of the !p→Vp reaction
&where V can be " or #) is related to the S matrix by

S f i#' f i"i&2()4'4&k!p"q"p!)T f i , &1)

where k, q, p, and p! denote the four-momenta of the incom-
ing photon, outgoing vector meson, initial nucleon, and final
nucleon, respectively. The standard Mandelstam variables
are defined by t#(p"p!)2#(q"k)2, s*W2#(p!k)2, and
the vector-meson production angle + by cos +*k•q/!k!!q!.
We use the convention of Bjorken and Drell to define the !
matrices; the Dirac spinors are normalized as ū(p)!,u(p)
#2p, .
The scattering amplitude is written as

T f i#
I f i

&2()6!2E#&q) 2!k!2EN&p)2EN&p!)
, &2)

where Ei(p)#!Mi
2!p2, with Mi denoting the mass of the

particle i. In the center of mass &c.m.) system, the quantiza-
tion axis z is chosen along the beam momentum, and the y
axis is perpendicular to the production plane: y#p$p!/!p
$p!!. The differential cross section is related to the invariant
amplitude by

d- f i

dt #
1

64(&W2"MN
2 )2

.
mim f/!/V

!I f i!2, &3)

where mi ,mf are the proton spin projections in the initial and
final state, respectively, and /!/V are the helicities of the

incoming photon and outgoing vector meson, respectively. In
this paper we will also investigate some of the single- and
double-spin observables $35%.
The considered beam asymmetry 0x for the linearly po-

larized photons reads

0x#
d-y"d-x
d-y!d-x

#
Tr$I f i-!

x I f i
† %

Tr$I f iI f i
† %

, &4)

where the subscript y (x) corresponds to a photon linearly
polarized along the y (x) axis. In the case of a circularly
polarized photon beam, the double beam-target &recoil)
asymmetry is very sensitive to the production mechanism
$37%. Therefore, in the present work we analyze the beam-
target asymmetry,

Czz
BT#

d-&¹ )"d-&! )

d-&¹ )!d-&! )
, &5)

where the arrows represent the spin projections of the incom-
ing photon and the target protons: (¹) and (!) thus corre-
spond to the initial states with the total spin equal to 3

2 and 1
2 ,

respectively.
The double polarization observables related to the beam

polarization and polarization of the outgoing vector mesons
are described in terms of spin-density matrices 1 i j , which
determine the vector-meson decay distributions in its rest
frame $39% and are defined by

1//!
0 #

1
N .

, ,/!

I,;/ ,/!
I,;/!,/!

† ,

1//!
1 #

1
N .

, ,/!

I,;/ ,"/!
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/!I,;/ ,"/!
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† ,

1//!
3 #

1
N .

, ,/!

/!I,;/ ,/!
I,;/!,/!

† , &6)

where the symbol , includes the polarizations of the incom-
ing and the outgoing baryons, and the normalization factor
reads

N# .
, ,/ ,/!

I,;/ ,/!
I,;/ ,/!

† . &7)

The "→K!K" decay distribution as a function of the
polar (2) and azimuthal (3) angles is expressed through the
spin-density-matrix elements and depends on the beam po-
larization. The polarization vectors of the linear (!) and cir-
cular (!/,/#%1) photon polarizations read

!#&cos4 , sin4 ,0),

!/#"
/

!2
&1,i/ ,0). &8)
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spin properties of the amplitude in the diffractive region. We
will present a comprehensive analysis of all spin-density ma-
trix elements which are responsible for the angular distribu-
tions of K!K" in the reaction !p→"p with unpolarized
and polarized photons at a few GeV. For the most important
matrix elements we give an estimation in an explicit analyti-
cal form, which is useful for the qualitative analysis.
The backward-angle photoproduction is described by the

nucleon resonance excitations. For the latter, we use an ef-
fective Lagrangian approach developed for #-meson photo-
production $16%, where all known nucleon resonances listed
in the Particle Data Group $38% are included. This resonant
model is different from the approach of Ref. $14%, which
results in giving significantly different predictions of some
spin observables.
This paper is organized as follows. In Sec. II we define

the kinematics and observables. The formula for the calcula-
tion of various spin observables are also introduced here. The
basic amplitudes for the conventional processes, such as the
Pomeron exchange, Reggeon exchanges, and resonance ex-
citations, are given in Sec. III. In Sec. IV we discuss results
and make predictions for the future experiments. The sum-
mary is given in Sec. V. In the Appendix we discuss an
extreme case where the exotic trajectories become dominant
in the near-threshold energy region.

II. KINEMATICS AND OBSERVABLES

The scattering amplitude T of the !p→Vp reaction
&where V can be " or #) is related to the S matrix by

S f i#' f i"i&2()4'4&k!p"q"p!)T f i , &1)

where k, q, p, and p! denote the four-momenta of the incom-
ing photon, outgoing vector meson, initial nucleon, and final
nucleon, respectively. The standard Mandelstam variables
are defined by t#(p"p!)2#(q"k)2, s*W2#(p!k)2, and
the vector-meson production angle + by cos +*k•q/!k!!q!.
We use the convention of Bjorken and Drell to define the !
matrices; the Dirac spinors are normalized as ū(p)!,u(p)
#2p, .
The scattering amplitude is written as

T f i#
I f i

&2()6!2E#&q) 2!k!2EN&p)2EN&p!)
, &2)

where Ei(p)#!Mi
2!p2, with Mi denoting the mass of the

particle i. In the center of mass &c.m.) system, the quantiza-
tion axis z is chosen along the beam momentum, and the y
axis is perpendicular to the production plane: y#p$p!/!p
$p!!. The differential cross section is related to the invariant
amplitude by
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where mi ,mf are the proton spin projections in the initial and
final state, respectively, and /!/V are the helicities of the

incoming photon and outgoing vector meson, respectively. In
this paper we will also investigate some of the single- and
double-spin observables $35%.
The considered beam asymmetry 0x for the linearly po-

larized photons reads

0x#
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Tr$I f i-!
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, &4)

where the subscript y (x) corresponds to a photon linearly
polarized along the y (x) axis. In the case of a circularly
polarized photon beam, the double beam-target &recoil)
asymmetry is very sensitive to the production mechanism
$37%. Therefore, in the present work we analyze the beam-
target asymmetry,
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where the arrows represent the spin projections of the incom-
ing photon and the target protons: (¹) and (!) thus corre-
spond to the initial states with the total spin equal to 3

2 and 1
2 ,

respectively.
The double polarization observables related to the beam

polarization and polarization of the outgoing vector mesons
are described in terms of spin-density matrices 1 i j , which
determine the vector-meson decay distributions in its rest
frame $39% and are defined by
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ing and the outgoing baryons, and the normalization factor
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The "→K!K" decay distribution as a function of the
polar (2) and azimuthal (3) angles is expressed through the
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Motivation (III): why photon beam?

Parity filter for t-channel reaction

• For helicity-conserving processes, parity asymmetry is

⇢11�1 = �Im⇢21�1 ⇢11�1 =
1

2

|IN0 |2 � |IU0 |2

|IN0 |2 + |IU0 |2,

• Azimuthal angle distribution f –F @ GJ frame:

• For helicity-conserving processes:

9Pure natural-parity exchange: Τ𝜌1−11 − 𝐼𝑚𝜌1−12 2 = +0.5
9Pure unnatural-parity exchange: Τ𝜌1−11 − 𝐼𝑚𝜌1−12 2 = −0.5

8

Decay asymmetry: W(f–F) 
f: K+ azimuth angle
F: azimuth angle of photon 

polarization vector

Related to the spin-density-matrix elements

The SDM element Τ𝝆𝟏−𝟏𝟏 − 𝑰𝒎𝝆𝟏−𝟏𝟐 𝟐 gives the relative contribution of 
natural and unnatural-parity exchanges!!

ELPH workshop Dec. 1-2

Natural (unnatural) 
parity exchange 
amplitudes

4

DECAY ANGLULAR DISTRIBUTION1

First, we present the � ! K+K�decay angular dis-2

tributions for the coherent � + 4He ! � + 4He reaction3

at forward angles, 0 < |t| � |t|min < 0.2 GeV2, where4

|t|min is the minimum |t| under the assumption that the5

target particle is a helium-4 nucleus at rest. The three-6

dimensional decay angular distribution W (cos⇥,�, )7

with linearly polarized photons, as a function of the8

polar (⇥) and azimuthal (�) angles of the K+ in the9

�-meson rest frame and the azimuthal angle ( ) of10

the photon polarization in the overall center-of-mass11

frame, are parametrized by the nine spin density ma-12

trix elements (⇢ijk) and the degree of photon polariza-13

tion (P�) [22]. Following Ref. [23], one obtains five one-14

dimensional decay angular distributions:15

W (cos⇥) = N1

�
(1� ⇢000) sin

2⇥+ ⇢000 cos
2⇥

 
,

W (�) = N2(1� 2Re⇢01�1 cos 2�),

W (�� ) = N3

�
1 + 2P�⇢

1
1�1 cos 2(�� )

 
,

W (�+ ) = N4

�
1 + 2P��1�1 cos 2(�+ )

 
,

W ( ) = N5

�
1� P�(2⇢

1
11 + ⇢100) cos 2 

 

(1)

, where ⇢11�1 ⌘ (⇢11�1 � Im⇢21�1)/2, �1�1 ⌘ (⇢11�1 +16

Im⇢21�1)/2, and N1⇠5 denote a normalization factor.17

The five decay angluar distributions [Eq. (1)] were mea-18

sured in the Gottfreid-Jackson (GJ) frame for two pho-19

ton energy regions (E1: 1.985 < E� < 2.185 GeV, E2:20

2.185 < E� < 2.385 GeV), and the corresponding spin21

density matrix elements were extracted.22
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FIG. 2. Acceptance-corrected decay anglular distributions24

(a) W (cos⇥), (b) W (�) and (c) W (� �  ) for E1: 1.985 <25

E� < 2.185 GeV (top figures) and E2: 2.185 < E� <26

2.385 GeV (bottom figures) in the GJ frame at forward an-27

gles (0 < |t| � |t|min < 0.2 GeV2 ). The error bars represent28

statistical ones only. The solid curves show the fit results by29

Eq. (1).30

The spin density matrix element ⇢000, obtained from31

the decay angular distribution W (cos⇥) [Fig. 2 (a)],32

-0.2

0

0.2

0.4

0.6

0.8

1.7 1.8 1.9 2 2.1 2.2 2.3 2.4

Photon energy (GeV)

ρ–
 1

1
-1

γ+p→φ+p

γ+D→φ+D

γ+4He→φ+4He

FIG. 3. Comparison of the spin density matrix element ⇢11�1

between the � + p ! � + p (open circles), � + D ! � +
D (open triangles) and � + 4He ! � + 4He (filled circles)
reactions at forward angles (�p: 0 < |t| � |t|pmin < 0.2 GeV2,
�D: 0 < |t| � |t|Dmin < 0.05 GeV2, � 4He: 0 < |t| � |t|He

min <
0.2 GeV2). The smaller error bars with small lines on the
vertical axis represent a statistical error, whereas the larger
error bars represent a sum of the statical and systematic errors
in quadrature. The data for the � + p ! �+ p and � +D !
�+D reactions are taken from Refs. [15] and [31], respectively.
The data for the �+p ! �+p reaction are shifted by�10 MeV
for easy viewing.

measures the probability of a single helicity-flip tran-33

sition from the incident photon to the produced �-34

meson (��±1 ! �� = 0). The extracted spin dencity35

matrix elements are summarized in Table I. For both36

the E1 and E2 regions, the extracted ⇢000 are consis-37

tent with zero within the error, which is the same as38

that for the � + p ! � + p and � + D ! � + D reac-39

tions [31]. This indicates that the amount of longitudi-40

nally polarized �-mesons is negligibly small at forward41

angle (|t|� |t|min < 0.2 GeV2), in contrast to the obser-42

vation by the CLAS in the �+p ! �+p reaction at large43

|t| (|t| > 2.5 GeV2) [32], where the u-channel exchange44

contribution would begin to dominate [33].45

On the other hand, the spin density matrix element46

Re⇢01�1 measures the interference of a helicity-nonflip and47

double heliicity-flip (�� ! �� = ���) amplitudes [34].48

The double helicity-flip transition was introduced to the49

Donnachie-Landsho↵ (DL) Pomeron model by analogy50

with the non-perturbative two-gluon exchange model,51

and is expected to have a finite contribution at small52

|t| and E� = 2–3 GeV [8, 23]. If such a transition exists,53

it appears as an oscillation in the W (�) [Fig. 2 (b)], giv-54

ing a finite value of the Re⇢01�1. Note that the original55

DL Pomeron model forbids such a transition and gives56

Re⇢01�1 = 0 exactly.57

The spin density matrix element ⇢11�1 reflects the rel-58

ative contribution of natural- and unnatural-parity ex-59

changes in t-channel. In the case of helicity-conserving60

processes, it gives +0.5 for pure natural-parity exchanges61

and �0.5 for pure unnatural-parity exchanges. Fig-62
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Previous measurements (I)

CLAS(KSKL)
LEPS(K+K-)
SAPHIR(K+K-)
DARESBURY(K+K-)
DESY(K+K -)
BONN(K+K -)
SLAC(K+K -)
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CLAS, PRC89, 055206 (2014) 

γ p → φ p

Peak at ~2GeV.
Pomeron, π,η
exchanges can
hardly explain.

Decay angular distribution for gpÆfp

• W(cosq) ~ (3/4)sin2qÆ Helicity-conserving processes are dominant.

• r1
1-1 ~ 0.2 Æ N/(N+UN) ~ 70 % (No energy dependence).

10

Forward angle: -0.2 < t + |t|min < 0 GeV2

On the bump

Off the bump

r1
1-1 = 0.197 ± 0.030(stat.) ± 0.022(syst.)

r1
1-1 = 0.189 ± 0.024(stat.) ± 0.006(syst.)

PRL95 (2005) 182001.

ELPH workshop Dec. 1-2

On the Peak

Off the Peak

LEPS, PRL 95, 182001 (2005)

• W(cosθ) → ρ0
00 → No helicity single-flip.

• ρ1
1-1 ~0.2 → N/(N+UN)~0.7 → Strong natural parity 

exchange (no energy dependence).

Φ-Ψ
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Previous measurements (II)γ D → φ D

212 LEPS Collaboration / Physics Letters B 658 (2008) 209–215

Fig. 2. The differential cross sections of the coherent events dσ/dt̃d (t̃d ≡
t − td

min) in various Eγ bins. The smaller error bars represent the range of
statistical errors. The dashed lines are the result of a fit using an exponential
function multiplied by the deuteron form factor.

ment fit (25–30%), background (3%), luminosity (5%) and
track reconstruction efficiency (5–10%). The fit was done with
an expression inspired by a single-scattering diagram [22]:
dσ/dt̃d = ae−bt̃d[F d( 1

4 t)]2/[F d( 1
4 td

min)]2 where F d(t) is the
deuteron form factor and two fit parameters are a, the γ d → φd
cross section at t = td

min, and b the exponential slope. Since no
strong Eγ dependence is seen for b across our energy range,
a fit with a single slope parameter b was used to determine
the intercept, a, at each Eγ bin. The slope parameter b was
found to be 5.5 ± 0.5(stat) ± 0.5(sys) c2/GeV2, larger than
that measured in the γp → φp reaction 3.38 ± 0.23 c2/GeV2

at the same energy region [13]. It is noted that the system-
atic error of the slope parameter is about 10%, which is less
than the cross section uncertainties. The reason is two-fold: for
one, the main systematic errors in the cross sections dσ/dt̃d

(from the uncertainties in disentangling coherent and incoher-
ent) vary in a more or less coherent way across all t bins;
second, the slope parameter in the fitting function has a non-
linear t -dependence.

The dσ/dt at θ = 0 determined in the coherent φ-meson
events with a deuterium target as a function of photon energy
are displayed in Fig. 3. The energy dependence of dσγ d/dt

shows a steady increase with the photon energy. The solid line
displays the calculation of dσγ d/dt by a model taking account
of pomeron and η-exchange processes [6,7] and clearly the data
is under-predicted.

In Fig. 4 we overlay two complementary measurements of
differential cross sections of coherent φ-photoproduction from
deuterons at low energies: one at the forward direction for
1.57 < Eγ < 2.37 GeV in the current study and the other at the
large |t | region within 1.6 < Eγ < 2.6 GeV by CLAS [15]. The
energy ranges for these two measurements are mostly overlap-

Fig. 3. The fitted dσ/dt at t = td
min as a function of photon energy. The smaller

error bars represent the range of statistical errors. The dashed line is the predic-
tions of dσγ d/dt at zero degree by a model including pomeron and η-exchange
processes [6,7].

Fig. 4. Comparison of differential cross sections of the coherent φ-photo-
production from deuterons from LEPS (this study) and CLAS [15]. Only sta-
tistical errors are displayed. The energy ranges for two measurements are also
shown.

ping but it is slightly wider for CLAS. The agreement is fairly
reasonable at the overlapped |t | region of these two measure-
ments.

The normalized decay angular distributions of W(cosΘ)

and W(Φ − Ψ ) in the Gottfried–Jackson frame for the φ-pro-
duced events were obtained in the region of |t̃d| < 0.1 GeV2/c2

for 1.87 < Eγ < 2.37 GeV. Here, Θ and Φ denote the decay
polar and azimuthal angles, respectively, of the K+ in the φ-
meson rest frame. The y-axis of the φ-meson rest frame is per-
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pendicular to the production plane of the φ-meson in the center-
of-mass frame and the choice of z-axis is along the momentum
of the incident photon. The azimuthal angle between the pho-
ton polarization and production plane is denoted by Ψ . Events
of Eγ < 1.9 GeV were excluded due to insufficient statistics
in the angular bins. The polar angle distribution W(cosΘ) is
consistent with (3/4) sin2 Θ , the same as the results from pro-
tons [13]. This indicates the dominance of helicity-conserving
processes in t -channel exchange for the photoproduction of
φ-mesons from deuterons.

The distribution of W(Φ − Ψ ) is parameterized as 1 +
2Pγ ρ̄1

1−1 cos[2(Φ − Ψ )] [23], where Pγ is the degree of po-
larization of the photon beams. In the case of pure helicity-
conserving amplitudes, the decay asymmetry ρ̄1

1−1 becomes
equivalent to half of either the parity asymmetry Pσ (≡ (σN −
σU)/(σN + σU)) [10] or the decay asymmetry Σφ(≡ (ρ1

1−1 +
ρ1

11)/(ρ
0
1−1 + ρ0

11)) [6] and is 0.5(−0.5) for pure natural
(unnatural)-parity processes. We disentangled the decay asym-
metry of coherent (ρ̄1

1−1
co) and incoherent (ρ̄1

1−1
inco) interac-

tions in the following way. The events were divided into two, by
a missing-mass (MMd(γ ,KK)) cut, MMdiv, of 1.89 GeV/c2.
Two sets of decay angular distributions Wa,b(Φ −Ψ ) were con-
structed and are shown at top of Fig. 5. The subscript a (b)
denotes the events whose missing mass are smaller (greater)
than 1.89 GeV/c2. Afterwards the average decay asymme-
try (⟨ρ̄1

1−1⟩a,b) was obtained by fitting Wa,b(Φ − Ψ ) with
1 + 2Pγ ρ̄1

1−1 cos[2(Φ − Ψ )] azimuthal distributions individ-
ually. A larger angular asymmetry was seen for the events
with smaller missing mass [24]. This is interpreted as the
difference of the mixing percentage (Ra,b) of coherent and
incoherent events distributed in the two separate regions of
MMd(γ ,KK) and their individual decay asymmetries. The Ra,b
were determined by fits of simulated missing mass distributions
and hence the individual decay asymmetry was extracted un-
der the assumption of linear weighting from each component,
⟨ρ̄1

1−1⟩a,b = Ra,bρ̄
1
1−1

co + (1 − Ra,b)ρ̄
1
1−1

inco.
The decay asymmetries ρ̄1

1−1
co as a function of photon en-

ergy at Eγ = 1.87–2.37 GeV are shown at the bottom of Fig. 5.
The results are consistent in four choices of missing mass cut
for division MMdiv: 1.875, 1.88, 1.89 and 1.90 GeV/c2. Re-
sults using the cut of 1.89 GeV/c2 are presented because of
the smallest statistical errors. Calculation of systematic uncer-
tainties include those in Ra,b, from disentanglement procedures
(5–15%), and the missing-mass cut for event division MMdiv
(10–20%). As mentioned above for the slope parameter, the sys-
tematic error of ρ̄1

1−1
co is less affected by the disentanglement

uncertainties than those of cross sections.
A very large decay asymmetry of 0.48 ± 0.07(stat) ±

0.10(sys) was observed, contrasting with a value of 0.2 from
the proton [13]. Within errors, our measurement reaches the
maximum boundary corresponding to a pure natural-parity ex-
change process, showing that coherent φ-meson production
from deuterons is predominantly from natural-parity processes.
This suggests the absence of π -exchange, together with a neg-
ligible contribution of η-exchange in the sector of unnatural-
parity exchanges [6,7].

Fig. 5. The decay angular distributions Wa,b(Φ − Ψ ) of K+K−-pair events
overlaid with the fit in five Eγ bins of equal width and the decay asymmetry
ρ̄1

1−1
co of γ d → φd as a function of photon energy. The subscript a (b) denotes

the events of missing mass smaller (larger) than 1.89 GeV/c2. The Eγ binning
starts from E1 = (1.87,1.97) GeV and ends at E5 = (2.27,2.37) GeV.

4. Discussion

Supported by a strong dominance of natural-parity helicity-
conserving exchange processes, the dσ/dt at θ = 0 for γ d →
φd are expected to reflect pomeron exchange and the other
natural-parity exchange processes at low energies. Under the
conditions of small momentum transfer and negligible unnatu-
ral-parity and helicity-nonconserving processes, the differential
cross section of coherent production from deuterons dσγ d/dt

may be approximated as 4SN(t)dσγN;T=0/dt where SN(t) is
the natural-parity deuteron form factor and dσγN;T=0/dt is the
cross section of φ-meson photoproduction from nucleons by
isoscalar (T = 0) t -channel exchange processes [22]. Depend-
ing on the choice of the total φ–N cross section between 10
and 30 mb, there is about 2–7% uncertainty resulting from the
omission of Glauber shadowing in the factorization approxima-
tion.

Fig. 6 shows the deduced dσγN;T=0/dt in this study and the
existing data of dσγp/dt from threshold up to Eγ = 6 GeV,
all extrapolated to θ = 0 [13,25], in comparison with the cor-
responding theoretical predictions [6,7,23]. The solid line dis-
plays the calculation of dσγN;T=0/dt by a model taking into
account of pomeron and η exchange processes whereas the
dashed line is for dσγp/dt with the inclusion of isovector π -
meson exchange. It is interesting that both dσγN;T=0/dt and
dσγp/dt at low energies are not consistent with the model
calculation even though the data at higher energies are rather
well described. The points of dσγN;T=0/dt which represent
the contribution by the pomeron trajectory are mostly under-
predicted by the model. At this moment our measurement, with
its limited accuracy, cannot determine the precise energy de-
pendence of any specific mechanism. Nevertheless the data

Monotonically increasing.
Pomeron, η exchange model
underestimates the data.

LEPS, PLB658(2008)

SDM elements exhibit that 
helicity-conserving and natural 
process dominate. 

Note: pion exchange is forbidden due to isospin conservation.
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φ-meson from 4He analysis

To determine fraction of 
coherent events, fit 
MM(K+K-) with MC 
spectra of  
• Coherent φ
• Incoherent φ

• Off-shell corr.
• s-dep of x-section 
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FIG. 1. (a) Invariang mass spectrum for K+K� pairs. The
dashed curve shows the MC-simulated background. The ar-
rows show cut points for selecting the �-meson events. (b)
Missing mass spectrum for the 4He(�,K+K�)X reaction af-
ter selecting the �-meson events. The solid histogram shows
the fit result with two MC templates for the coherent and
incoherent processes (dashed histograms). The reduced �2 is
shown on the top right corner.

was reduced to a negligible level by requiring the miss-1

ing mass of the 4He(�,K+K�)X reaction to be above2

3.62 GeV/c2. The K+K� pairs produced inside the tar-3

get were selected by imposing a cut on the reconstructed4

vertex positions of K+K� pairs. Under this cut, the5

contamination from materials other than the target was6

estimated to be 2% with empty-target data. Figure 1 (a)7

shows the invariant mass spectrum for the K+K� pairs8

[M(K+K�)]. A clear signal for �-mesons was ob-9

served on a small background contribution from the non-10

resonant K+K� production. Note that the quasi-free11

K+⇤(1520) production followed by the ⇤(1520) ! K�p12

decay, which has the K+K�p final state, was found to be13

negligible at small momentum transfers |t|, where the co-14

herent reaction is dominant. The �-meson yield, where15

the coherent process was not specified, was estimated16

based on Monte Carlo (MC) simulations. The spectral17

shapes for the signal and background were reproduced18

by MC simulations, and fit to the measured M(K+K�)19

spectra. For further analysis, the �-meson events were20

selected as 1.008 < M(K+K�) < 1.030 GeV/c2. The21

backgraoud level under the �-meson signal was estimated22

to be 1–15%, depending on the photon energy and the23

momentum transfer.24

The coherent events were disentangled from the inco-25

herent events by fitting the missing mass spectra for the26

4He(�,K+K�)X reaction [MM(�,K+K�)] after select-27

ing the �-meson events, as shown in Fig. 1 (b). A clear28

peak for the coherent � + 4He ! � + 4He reaction was29

observed around MM(�,K+K�) ⇡ 3.73 GeV/c2, cor-30

responding to the mass of helium-4 nuclei. The spectral31

shapes for the coherent and incoherent processes were re-32

produced by GEANT3-based MC simulations, where the33

geometorical acceptance, the photon energy resolution,34

the momentum resolution, and the detector e�ciencies35

were implemented. The missing mass MM(�,K+K�)36

resolution (�) was estimated to be 14–17 MeV/c2, which37

was consistent with estimations from hydrogen-target38

data.39

To reproduce the line shape of the MM(�,K+K�)40

spectra for the incoherent process, the Fermi motion and41

o↵-shell e↵ects of the target nucleon inside a helium-442

nucleus were simulated in such a way that the resudual43

nucleus was assumed to be on-shell, and that the total en-44

ergy of the target nucleon was determined from the mass45

of the helium-4 nucleus and the energy of the resudual46

nucleus with the Fermi motion, taken from the numerical47

results of the variational Monte Carlo (VMC) calcula-48

tion [29]. Moreover, by assuiming an isospin symmetry,49

the energy dependence of the di↵erential cross section,50

where the energy was defined as the total energy of an51

incident photon and o↵-shell target nucleon, was taken52

into account so as to fit the experimental data [15–17].53

As shown in Fig 1 (b), the MC template for the inco-54

herent process seems to slightly overestimate the higher55

tail of the MM(�,K+K�) spectrum. To compensate56

this, an additional process was taken into account in the57

fit procedure, and these results were included as system-58

atic errors. In such a procuss, called a “semi-coherent”59

process, an incident photon interacts with a nuclear clus-60

ter inside a nucleus, e.g. a � + ‘D’ ! � + D reaction,61

where ‘D’ denotes a deuteron cluster inside a nucleus.62

The systematic errors due to this assumption were found63

to be smaller than the statistical errors on the spin den-64

sity matrix elements and the di↵erential cross sections ex-65

trapolated to zero degrees. Note that the �+‘D’ ! �+D66

reaction was adopted as the semi-coherent process since67

similar results were obtained by assuming the other semi-68

coherent processes.69

The acceptance of the LEPS spectrometer was calcu-70

lated by using a MC simulation. The simulation was it-71

erated to reproduce both the measured di↵erential cross72

section d�/dt and decay anglular distributions. The73

validities of the aceptance calculation and the photon74

counting were checked by comparing the cross sections75

of other reactions with hydrogen-target data to the re-76

sults from the previous LEPS measurements [15, 28, 30].77
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FIG. 1. (a) Invariang mass spectrum for K+K� pairs. The
dashed curve shows the MC-simulated background. The ar-
rows show cut points for selecting the �-meson events. (b)
Missing mass spectrum for the 4He(�,K+K�)X reaction af-
ter selecting the �-meson events. The solid histogram shows
the fit result with two MC templates for the coherent and
incoherent processes (dashed histograms). The reduced �2 is
shown on the top right corner.

was reduced to a negligible level by requiring the miss-1

ing mass of the 4He(�,K+K�)X reaction to be above2

3.62 GeV/c2. The K+K� pairs produced inside the tar-3

get were selected by imposing a cut on the reconstructed4

vertex positions of K+K� pairs. Under this cut, the5

contamination from materials other than the target was6

estimated to be 2% with empty-target data. Figure 1 (a)7

shows the invariant mass spectrum for the K+K� pairs8

[M(K+K�)]. A clear signal for �-mesons was ob-9

served on a small background contribution from the non-10

resonant K+K� production. Note that the quasi-free11

K+⇤(1520) production followed by the ⇤(1520) ! K�p12

decay, which has the K+K�p final state, was found to be13

negligible at small momentum transfers |t|, where the co-14

herent reaction is dominant. The �-meson yield, where15

the coherent process was not specified, was estimated16

based on Monte Carlo (MC) simulations. The spectral17

shapes for the signal and background were reproduced18

by MC simulations, and fit to the measured M(K+K�)19

spectra. For further analysis, the �-meson events were20

selected as 1.008 < M(K+K�) < 1.030 GeV/c2. The21

backgraoud level under the �-meson signal was estimated22

to be 1–15%, depending on the photon energy and the23

momentum transfer.24

The coherent events were disentangled from the inco-25

herent events by fitting the missing mass spectra for the26

4He(�,K+K�)X reaction [MM(�,K+K�)] after select-27

ing the �-meson events, as shown in Fig. 1 (b). A clear28

peak for the coherent � + 4He ! � + 4He reaction was29

observed around MM(�,K+K�) ⇡ 3.73 GeV/c2, cor-30

responding to the mass of helium-4 nuclei. The spectral31

shapes for the coherent and incoherent processes were re-32

produced by GEANT3-based MC simulations, where the33

geometorical acceptance, the photon energy resolution,34

the momentum resolution, and the detector e�ciencies35

were implemented. The missing mass MM(�,K+K�)36

resolution (�) was estimated to be 14–17 MeV/c2, which37

was consistent with estimations from hydrogen-target38

data.39

To reproduce the line shape of the MM(�,K+K�)40

spectra for the incoherent process, the Fermi motion and41

o↵-shell e↵ects of the target nucleon inside a helium-442

nucleus were simulated in such a way that the resudual43

nucleus was assumed to be on-shell, and that the total en-44

ergy of the target nucleon was determined from the mass45

of the helium-4 nucleus and the energy of the resudual46

nucleus with the Fermi motion, taken from the numerical47

results of the variational Monte Carlo (VMC) calcula-48

tion [29]. Moreover, by assuiming an isospin symmetry,49

the energy dependence of the di↵erential cross section,50

where the energy was defined as the total energy of an51

incident photon and o↵-shell target nucleon, was taken52

into account so as to fit the experimental data [15–17].53

As shown in Fig 1 (b), the MC template for the inco-54

herent process seems to slightly overestimate the higher55

tail of the MM(�,K+K�) spectrum. To compensate56

this, an additional process was taken into account in the57

fit procedure, and these results were included as system-58

atic errors. In such a procuss, called a “semi-coherent”59

process, an incident photon interacts with a nuclear clus-60

ter inside a nucleus, e.g. a � + ‘D’ ! � + D reaction,61

where ‘D’ denotes a deuteron cluster inside a nucleus.62

The systematic errors due to this assumption were found63

to be smaller than the statistical errors on the spin den-64

sity matrix elements and the di↵erential cross sections ex-65

trapolated to zero degrees. Note that the �+‘D’ ! �+D66

reaction was adopted as the semi-coherent process since67

similar results were obtained by assuming the other semi-68

coherent processes.69

The acceptance of the LEPS spectrometer was calcu-70

lated by using a MC simulation. The simulation was it-71

erated to reproduce both the measured di↵erential cross72

section d�/dt and decay anglular distributions. The73

validities of the aceptance calculation and the photon74

counting were checked by comparing the cross sections75

of other reactions with hydrogen-target data to the re-76

sults from the previous LEPS measurements [15, 28, 30].77

To obtain yields, fit M(K+K-) 
with MC spectra of
• φ → K+K-

• Non-resonant K+K-N
• Λ(1520)→K-p   

Fit quality is improved 
by including deuteron 
w.f. in 4He (systematics)

Clear peak of 
coherent events in MM!
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Angular distributions

4

DECAY ANGLULAR DISTRIBUTION1

First, we present the � ! K+K�decay angular dis-2

tributions for the coherent � + 4He ! � + 4He reaction3

at forward angles, 0 < |t| � |t|min < 0.2 GeV2, where4

|t|min is the minimum |t| under the assumption that the5

target particle is a helium-4 nucleus at rest. The three-6

dimensional decay angular distribution W (cos⇥,�, )7

with linearly polarized photons, as a function of the8

polar (⇥) and azimuthal (�) angles of the K+ in the9

�-meson rest frame and the azimuthal angle ( ) of10

the photon polarization in the overall center-of-mass11

frame, are parametrized by the nine spin density ma-12

trix elements (⇢ijk) and the degree of photon polariza-13

tion (P�) [22]. Following Ref. [23], one obtains five one-14

dimensional decay angular distributions:15

W (cos⇥) = N1

�
(1� ⇢000) sin

2⇥+ ⇢000 cos
2⇥

 
,

W (�) = N2(1� 2Re⇢01�1 cos 2�),

W (�� ) = N3

�
1 + 2P�⇢

1
1�1 cos 2(�� )

 
,

W (�+ ) = N4

�
1 + 2P��1�1 cos 2(�+ )

 
,

W ( ) = N5

�
1� P�(2⇢

1
11 + ⇢100) cos 2 

 

(1)

, where ⇢11�1 ⌘ (⇢11�1 � Im⇢21�1)/2, �1�1 ⌘ (⇢11�1 +16

Im⇢21�1)/2, and N1⇠5 denote a normalization factor.17

The five decay angluar distributions [Eq. (1)] were mea-18

sured in the Gottfreid-Jackson (GJ) frame for two pho-19

ton energy regions (E1: 1.985 < E� < 2.185 GeV, E2:20

2.185 < E� < 2.385 GeV), and the corresponding spin21

density matrix elements were extracted.22
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FIG. 2. Acceptance-corrected decay anglular distributions24

(a) W (cos⇥), (b) W (�) and (c) W (� �  ) for E1: 1.985 <25

E� < 2.185 GeV (top figures) and E2: 2.185 < E� <26

2.385 GeV (bottom figures) in the GJ frame at forward an-27

gles (0 < |t| � |t|min < 0.2 GeV2 ). The error bars represent28

statistical ones only. The solid curves show the fit results by29

Eq. (1).30

The spin density matrix element ⇢000, obtained from31

the decay angular distribution W (cos⇥) [Fig. 2 (a)],32
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FIG. 3. Comparison of the spin density matrix element ⇢11�1

between the � + p ! � + p (open circles), � + D ! � +
D (open triangles) and � + 4He ! � + 4He (filled circles)
reactions at forward angles (�p: 0 < |t| � |t|pmin < 0.2 GeV2,
�D: 0 < |t| � |t|Dmin < 0.05 GeV2, � 4He: 0 < |t| � |t|He

min <
0.2 GeV2). The smaller error bars with small lines on the
vertical axis represent a statistical error, whereas the larger
error bars represent a sum of the statical and systematic errors
in quadrature. The data for the � + p ! �+ p and � +D !
�+D reactions are taken from Refs. [15] and [31], respectively.
The data for the �+p ! �+p reaction are shifted by�10 MeV
for easy viewing.

measures the probability of a single helicity-flip tran-33

sition from the incident photon to the produced �-34

meson (��±1 ! �� = 0). The extracted spin dencity35

matrix elements are summarized in Table I. For both36

the E1 and E2 regions, the extracted ⇢000 are consis-37

tent with zero within the error, which is the same as38

that for the � + p ! � + p and � + D ! � + D reac-39

tions [31]. This indicates that the amount of longitudi-40

nally polarized �-mesons is negligibly small at forward41

angle (|t|� |t|min < 0.2 GeV2), in contrast to the obser-42

vation by the CLAS in the �+p ! �+p reaction at large43

|t| (|t| > 2.5 GeV2) [32], where the u-channel exchange44

contribution would begin to dominate [33].45

On the other hand, the spin density matrix element46

Re⇢01�1 measures the interference of a helicity-nonflip and47

double heliicity-flip (�� ! �� = ���) amplitudes [34].48

The double helicity-flip transition was introduced to the49

Donnachie-Landsho↵ (DL) Pomeron model by analogy50

with the non-perturbative two-gluon exchange model,51

and is expected to have a finite contribution at small52

|t| and E� = 2–3 GeV [8, 23]. If such a transition exists,53

it appears as an oscillation in the W (�) [Fig. 2 (b)], giv-54

ing a finite value of the Re⇢01�1. Note that the original55

DL Pomeron model forbids such a transition and gives56

Re⇢01�1 = 0 exactly.57

The spin density matrix element ⇢11�1 reflects the rel-58

ative contribution of natural- and unnatural-parity ex-59

changes in t-channel. In the case of helicity-conserving60

processes, it gives +0.5 for pure natural-parity exchanges61

and �0.5 for pure unnatural-parity exchanges. Fig-62

E1: 1.985<Eγ<2.185 GeV, E2: 2.185<Eγ<2.385 GeV
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E� < 2.185 GeV (top figures) and E2: 2.185 < E� <26

2.385 GeV (bottom figures) in the GJ frame at forward an-27

gles (0 < |t| � |t|min < 0.2 GeV2 ). The error bars represent28

statistical ones only. The solid curves show the fit results by29

Eq. (1).30

The spin density matrix element ⇢000, obtained from31

the decay angular distribution W (cos⇥) [Fig. 2 (a)],32
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for easy viewing.

measures the probability of a single helicity-flip tran-33

sition from the incident photon to the produced �-34

meson (��±1 ! �� = 0). The extracted spin dencity35

matrix elements are summarized in Table I. For both36

the E1 and E2 regions, the extracted ⇢000 are consis-37

tent with zero within the error, which is the same as38

that for the � + p ! � + p and � + D ! � + D reac-39

tions [31]. This indicates that the amount of longitudi-40

nally polarized �-mesons is negligibly small at forward41

angle (|t|� |t|min < 0.2 GeV2), in contrast to the obser-42

vation by the CLAS in the �+p ! �+p reaction at large43

|t| (|t| > 2.5 GeV2) [32], where the u-channel exchange44

contribution would begin to dominate [33].45

On the other hand, the spin density matrix element46

Re⇢01�1 measures the interference of a helicity-nonflip and47

double heliicity-flip (�� ! �� = ���) amplitudes [34].48

The double helicity-flip transition was introduced to the49

Donnachie-Landsho↵ (DL) Pomeron model by analogy50

with the non-perturbative two-gluon exchange model,51

and is expected to have a finite contribution at small52

|t| and E� = 2–3 GeV [8, 23]. If such a transition exists,53

it appears as an oscillation in the W (�) [Fig. 2 (b)], giv-54

ing a finite value of the Re⇢01�1. Note that the original55

DL Pomeron model forbids such a transition and gives56

Re⇢01�1 = 0 exactly.57

The spin density matrix element ⇢11�1 reflects the rel-58

ative contribution of natural- and unnatural-parity ex-59

changes in t-channel. In the case of helicity-conserving60

processes, it gives +0.5 for pure natural-parity exchanges61

and �0.5 for pure unnatural-parity exchanges. Fig-62
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the photon polarization in the overall center-of-mass11

frame, are parametrized by the nine spin density ma-12

trix elements (⇢ijk) and the degree of photon polariza-13
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ton energy regions (E1: 1.985 < E� < 2.185 GeV, E2:20

2.185 < E� < 2.385 GeV), and the corresponding spin21
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FIG. 2. Acceptance-corrected decay anglular distributions24

(a) W (cos⇥), (b) W (�) and (c) W (� �  ) for E1: 1.985 <25

E� < 2.185 GeV (top figures) and E2: 2.185 < E� <26

2.385 GeV (bottom figures) in the GJ frame at forward an-27

gles (0 < |t| � |t|min < 0.2 GeV2 ). The error bars represent28

statistical ones only. The solid curves show the fit results by29

Eq. (1).30

The spin density matrix element ⇢000, obtained from31

the decay angular distribution W (cos⇥) [Fig. 2 (a)],32
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FIG. 3. Comparison of the spin density matrix element ⇢11�1

between the � + p ! � + p (open circles), � + D ! � +
D (open triangles) and � + 4He ! � + 4He (filled circles)
reactions at forward angles (�p: 0 < |t| � |t|pmin < 0.2 GeV2,
�D: 0 < |t| � |t|Dmin < 0.05 GeV2, � 4He: 0 < |t| � |t|He

min <
0.2 GeV2). The smaller error bars with small lines on the
vertical axis represent a statistical error, whereas the larger
error bars represent a sum of the statical and systematic errors
in quadrature. The data for the � + p ! �+ p and � +D !
�+D reactions are taken from Refs. [15] and [31], respectively.
The data for the �+p ! �+p reaction are shifted by�10 MeV
for easy viewing.

measures the probability of a single helicity-flip tran-33

sition from the incident photon to the produced �-34

meson (��±1 ! �� = 0). The extracted spin dencity35

matrix elements are summarized in Table I. For both36

the E1 and E2 regions, the extracted ⇢000 are consis-37

tent with zero within the error, which is the same as38

that for the � + p ! � + p and � + D ! � + D reac-39

tions [31]. This indicates that the amount of longitudi-40

nally polarized �-mesons is negligibly small at forward41

angle (|t|� |t|min < 0.2 GeV2), in contrast to the obser-42

vation by the CLAS in the �+p ! �+p reaction at large43

|t| (|t| > 2.5 GeV2) [32], where the u-channel exchange44

contribution would begin to dominate [33].45

On the other hand, the spin density matrix element46

Re⇢01�1 measures the interference of a helicity-nonflip and47

double heliicity-flip (�� ! �� = ���) amplitudes [34].48

The double helicity-flip transition was introduced to the49

Donnachie-Landsho↵ (DL) Pomeron model by analogy50

with the non-perturbative two-gluon exchange model,51

and is expected to have a finite contribution at small52

|t| and E� = 2–3 GeV [8, 23]. If such a transition exists,53

it appears as an oscillation in the W (�) [Fig. 2 (b)], giv-54

ing a finite value of the Re⇢01�1. Note that the original55

DL Pomeron model forbids such a transition and gives56

Re⇢01�1 = 0 exactly.57

The spin density matrix element ⇢11�1 reflects the rel-58

ative contribution of natural- and unnatural-parity ex-59

changes in t-channel. In the case of helicity-conserving60

processes, it gives +0.5 for pure natural-parity exchanges61

and �0.5 for pure unnatural-parity exchanges. Fig-62
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E� < 2.185 GeV (top figures) and E2: 2.185 < E� <26

2.385 GeV (bottom figures) in the GJ frame at forward an-27

gles (0 < |t| � |t|min < 0.2 GeV2 ). The error bars represent28

statistical ones only. The solid curves show the fit results by29

Eq. (1).30

The spin density matrix element ⇢000, obtained from31

the decay angular distribution W (cos⇥) [Fig. 2 (a)],32
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between the � + p ! � + p (open circles), � + D ! � +
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min <
0.2 GeV2). The smaller error bars with small lines on the
vertical axis represent a statistical error, whereas the larger
error bars represent a sum of the statical and systematic errors
in quadrature. The data for the � + p ! �+ p and � +D !
�+D reactions are taken from Refs. [15] and [31], respectively.
The data for the �+p ! �+p reaction are shifted by�10 MeV
for easy viewing.
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gles (0 < |t| � |t|min < 0.2 GeV2 ). The error bars represent28

statistical ones only. The solid curves show the fit results by29

Eq. (1).30
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ρ1
1-1

E1:0.454±0.024
E2:0.436±0.014

Natural parity ex. 
dominates, but not fully.  
(i.e. <0.5).

Tighter selection for 
coherent events gives 
same result.

ρ0
00

E1:-0.015±0.016
E2:0.015±0.012

No single 
helicity-flip 
amplitude.

Reρ0
1-1

E1:0.116±0.030
E2:0.054±0.020

Deviation from 0 
may indicate 
helicity double-
flip amplitudes. 
(λγ →λφ=-λγ)
Titov and Lee, 
PRC67,065205

E1: 1.985<Eγ<2.185 GeV, E2: 2.185<Eγ<2.385 GeV
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Comparison of SDME with p, d data
• Natural parity exchange  
Pomeron exchange dominates.
• 10~13% deviation from pure 
natural parity exchange
A) Contribution of unnatural 

parity exchange? 
(f1,JPC=1++)? Due to the 
heavy mass, it is expected 
to be suppressed…

B) Violation of the assumption 
of helicity-conservation? 

• Non zero ρ0
1-1 also indicates 

spin-double-flip amplitude 
(PRC67,065205)

• Exchange of tensor particle?
• Theoretical inputs and 

advices are welcome!
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Results of the 𝑑𝜎 𝑑𝑡̃⁄ measurements

17

c2/ndf = 1.19 c2/ndf = 0.87

c2/ndf = 1.13 c2/ndf = 0.81

c2/ndf = 1.83 c2/ndf = 2.45

• No significant energy 
dependence was observed.

•
'(
')*
= 𝑁-	exp	(−𝑏𝑡̃)

• Weighted mean of the 𝑡-slope

23.81 ± 0.95 (stat.)+5.15
–0.00

(syst.)

à Consistent with 
b(gpàfp) + b(Form Factor) 
= 3.3 + 22 = 25.3 (GeV-2).
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FIG. 5. Di↵erential cross section d�/dt extrapolated to
t = �|t|min with the common slope b = 23.81 GeV�2, as
a function of photon energy. The smaller error bars on the
vertical axis represent a statistical error, whereas the larger
ones represent a sum of the statistical and systematic errors
in quadrature. The dashed curve shows the fit result by the
function �(k�/k�)

2|Fc|2. The reduced �2 is shown on the top
left corner.

as �(k�/k�)2|Fc(q2min)|2 [25, 36], where � is a constant,1

(k�/k�)2 a kinematical factor due to a finite mass of �-2

mesons, k� and k� 3-momenta of the incident photon and3

outgoing �-meson in the overall center-of-mass frame,4

respectively, Fc the charge form factor of helium-4 nu-5

clei and qmin a transfered 3-momentum at t = �|t|min6

in the laboratory frame. The fit result by the function7

�(k�/k�)2|Fc|2 is shown in Fig. 5 as a dashed curve. The8

energy dependence of the (d�/dt)0 can be almost de-9

scribed by the �(k�/k�)2|Fc|2, and therefore is compati-10

ble with the Pomeron exchange. It is interesting that the11

data around E� ⇡ 2.2 GeV is slightly lower than the in-12

creasing curve. The deviation from the curve determined13

by the other data points corresponds to 2.7�.14
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FIG. 6. Comparison of the d�/dt at t = �|t|min with16

the curves deduced from �p data by multiplying the factor17

16|Fc|2. The shaded and hatched areas show the deduced18

curves from the �p data by the LEPS [15] and the CLAS [17],19

respectively. A width for each curve represents an experimen-20

tal uncertainty.21

The di↵erential cross section of the coherent produc-22

tion from helium-4 (d�� 4He/dt) can be approximately23

expressed by the cross section of the �-meson pho-24

toproduction from the isoscalar-scalar (I, J = 0) nu-25

cleons (d��N ;I,J=0/dt) as 16|Fc(q2)|2d��N ;J,I=0/dt [25].26

Thus, under the condition of the absence of the ⇡- and27

⌘-exchanges, one can deduce the d�� 4He/dt from �p data28

by multiplying the factor 16|Fc|2. Figure 6 shows a com-29

parison of the d�/dt at t = �|t|min with the deduced30

curves from the �p data [15, 17]. Despite the absence of31

the ⇡- and ⌘-exchanges in the � 4He reaction, the present32

data quite well agrees with the deduced curves. Note33

that the deduced curves vary with the energy more mod-34

erately than the original �p data because they are gov-35

erned by the energy behavior of the form factor |Fc|2 at36

t = �|t|min.37

The present data exibits a similar behavior to the de-38

duced curves around E� ⇡ 2.2 GeV. If such a behav-39

ior truely originates from the non-monotonic behavior in40

the �p data, it leads to an additional reaction mecha-41

nism. One possibility might be the daughter Pomeron42

exchange, which could appear at low energies due to a43

negative intercept of the trajectory (↵(0) < 0). The44

daughter Pomeron exchange involves a double helicity-45

flip transition, and may a↵ect the decay anglular distri-46

butions [23]. Therefore the spin density matrix elements47

together with the cross sections will be helpful for under-48

standing the origin of the non-monotonic behavior. Note49

that a theoretical calculation shows that the daughter50

Pomeron exchange contribution is an order of magnitude51

smaller than the Pomeron exchange so as not to explain52

the non-monotonic behavior in the �p data [10].53

SUMMARY54

In summary, we presented the first measurement of the55

decay angular distributions and di↵erential cross sections56

for the coherent �-meson photoproduction from helium-457

at forward angles with linearly polarized photons in the58

energy range of E� = 1.685�2.385 GeV. The decay asym-59

metry shows a dominance of natural-parity exchange pro-60

cesses. However, the extracted spin density matrix el-61

ement exhibits a sizable deviation from the maximum62

value, and strongly indicates the existance of a double63

helicity-flip transition. In contradition with an estimate64

from the modified DL Pomeron exchange model, the65

Re⇢01�1 sensitive to the double helicity-flip amplitudes66

decreases with the energy. This may be an indication of67
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FIG. 5. Di↵erential cross section d�/dt extrapolated to
t = �|t|min with the common slope b = 23.81 GeV�2, as
a function of photon energy. The smaller error bars on the
vertical axis represent a statistical error, whereas the larger
ones represent a sum of the statistical and systematic errors
in quadrature. The dashed curve shows the fit result by the
function �(k�/k�)

2|Fc|2. The reduced �2 is shown on the top
left corner.

as �(k�/k�)2|Fc(q2min)|2 [25, 36], where � is a constant,1

(k�/k�)2 a kinematical factor due to a finite mass of �-2

mesons, k� and k� 3-momenta of the incident photon and3

outgoing �-meson in the overall center-of-mass frame,4

respectively, Fc the charge form factor of helium-4 nu-5

clei and qmin a transfered 3-momentum at t = �|t|min6

in the laboratory frame. The fit result by the function7

�(k�/k�)2|Fc|2 is shown in Fig. 5 as a dashed curve. The8

energy dependence of the (d�/dt)0 can be almost de-9

scribed by the �(k�/k�)2|Fc|2, and therefore is compati-10

ble with the Pomeron exchange. It is interesting that the11

data around E� ⇡ 2.2 GeV is slightly lower than the in-12

creasing curve. The deviation from the curve determined13

by the other data points corresponds to 2.7�.14
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FIG. 6. Comparison of the d�/dt at t = �|t|min with16

the curves deduced from �p data by multiplying the factor17

16|Fc|2. The shaded and hatched areas show the deduced18

curves from the �p data by the LEPS [15] and the CLAS [17],19

respectively. A width for each curve represents an experimen-20

tal uncertainty.21

The di↵erential cross section of the coherent produc-22

tion from helium-4 (d�� 4He/dt) can be approximately23

expressed by the cross section of the �-meson pho-24

toproduction from the isoscalar-scalar (I, J = 0) nu-25

cleons (d��N ;I,J=0/dt) as 16|Fc(q2)|2d��N ;J,I=0/dt [25].26

Thus, under the condition of the absence of the ⇡- and27

⌘-exchanges, one can deduce the d�� 4He/dt from �p data28

by multiplying the factor 16|Fc|2. Figure 6 shows a com-29

parison of the d�/dt at t = �|t|min with the deduced30

curves from the �p data [15, 17]. Despite the absence of31

the ⇡- and ⌘-exchanges in the � 4He reaction, the present32

data quite well agrees with the deduced curves. Note33

that the deduced curves vary with the energy more mod-34

erately than the original �p data because they are gov-35

erned by the energy behavior of the form factor |Fc|2 at36

t = �|t|min.37

The present data exibits a similar behavior to the de-38

duced curves around E� ⇡ 2.2 GeV. If such a behav-39

ior truely originates from the non-monotonic behavior in40

the �p data, it leads to an additional reaction mecha-41

nism. One possibility might be the daughter Pomeron42

exchange, which could appear at low energies due to a43

negative intercept of the trajectory (↵(0) < 0). The44

daughter Pomeron exchange involves a double helicity-45

flip transition, and may a↵ect the decay anglular distri-46

butions [23]. Therefore the spin density matrix elements47

together with the cross sections will be helpful for under-48

standing the origin of the non-monotonic behavior. Note49

that a theoretical calculation shows that the daughter50

Pomeron exchange contribution is an order of magnitude51

smaller than the Pomeron exchange so as not to explain52

the non-monotonic behavior in the �p data [10].53

SUMMARY54

In summary, we presented the first measurement of the55
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Comparison with deduced curve from 
proton data

• Energy dep. of ds/dt at 
tmin was deduced from 
the proton data:

, assuming scalar-
isoscalar nucleons.

31

𝑡 = 𝑡𝑚𝑖𝑛
4𝐻𝑒 (4He at rest)

A hint  of the dip structure can be 
seen (2.7s). Æ It may suggest 
another reaction process.

NOTE: The bump-like structure seen in gpÆ fp channel is somehow 
obscured by the 4He form factor.

ELPH workshop Dec. 1-2
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• Energy dep. of ds/dt at 
tmin was deduced from 
the proton data:

, assuming scalar-
isoscalar nucleons.

31

𝑡 = 𝑡𝑚𝑖𝑛
4𝐻𝑒 (4He at rest)

A hint  of the dip structure can be 
seen (2.7s). Æ It may suggest 
another reaction process.

NOTE: The bump-like structure seen in gpÆ fp channel is somehow 
obscured by the 4He form factor.

ELPH workshop Dec. 1-2

Fitted curve assuming constant 
T-matrix (proportional to phase 
volume), strength is the fit 
parameter. 

2.7σ deviation is observed but 
consistent with monotonic 
increasing in overall.

Comparison with proton data 
using 4He form factor.

The peak structure of proton data 
seems smeared by 4He form factor.
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LEPS II
Beam asymmetry (Σ) for η-meson photoproduction



LEPS II facility

LEPS2 (2013) 

BGOegg experiment (2014)

LEPS (2000)

Photon beam from 

Backward Compton 

scattering : 

~ 1.3GeV-2.4GeV 
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Experimental  setups @ LEPS II
BGOegg

Solenoid
spectrometer

BGOegg setup 
• BGOegg E.M. Calorimeter

• 1320 BGO crystals
• polar angle 24-146 degrees

• Drift chamber (DC), forward time 
of flight (TOF) counters

• Physics data taking from 2014.
• η-meson measurement in this talk

Solenoid spectrometer
• 0.9 T solenoid magnet
• Time Projection Chamber, DC, 

TOF counters, barrel photon 
counters.

• First commissioning run in 2016.
TPC

DC
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LEPS2	energy	
range

A.	Sarantev	,	CPC2009,	33(12)

Motivation
η meson photoproduction

• Isospin = 0 → No coupling with Δ
• large strangeness component

• Stronger coupling of N* to η than to pion may reveal 
strangeness content in N*. (ex. N(1535))

Beam asymmetry (Σ) helps to 
separate various N* 
contributions.  

𝜙

𝛾

𝜂
p

𝑃N
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Setup and analysis
𝛾𝑝 → 𝜂𝑝
→ 𝛾			𝛾			𝑝

BGOegg
BGOegg or	DC

g

g

proton
target

g

~40000 
η mesons

M(γγ) MeV

𝜃WXYZ[\[]:
opening angle between 
missing momentum of 
p(γ,η) and proton

data
MC(𝜂𝑝)

0.99

BGOegg
DC
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Analysis for yield estimation

MC	spectra
All
𝛾	𝑝 → 𝜂	𝑝
𝛾	𝑝 → 𝜋-𝜋-𝑝
𝛾	𝑝 → 𝜂𝜋-	𝑝
𝛾	𝑝 → 𝜔	𝑝

1.82 < 𝑠� < 1.92 ,−1 < cos 𝜃i.j
k < −0.6

0<𝜑<45

Azimuthal	distribution	
of	signal	yields

M(γγ)	MeV MM	p(γ,	η)X	(MeV)
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Preliminary results
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Figure 2: (Color online) The beam asymmetry ⌃ as a function of cos ✓c.m. for the reaction �p ! ⌘p at incident photon energies E� from
1.071 GeV (W = 1.700 GeV) to 1.836 GeV (W = 2.079 GeV). The data reported here are shown as black filled squares. Previously published
results from Refs. [12, 24, 25] are shown as (blue) filled triangles. (red) open circles, and (pink) diamonds, respectively. The (blue) dotted
lines indicate SAID predictions [40], while predictions from the ETA-MAID model [41] indicated by the (red) long-dashed lines. Results from
new fits with the Jülich-Bonn model [42] as discussed in the text are shown with (black solid lines) and without (black short-dashed lines)
the inclusion of a N(1900)3/2+ resonance.
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LEPS2 BGOegg J-Lab CLAS
nucl-ex/1703.00433

Eγ bins 
corresponding 
to BGOegg are 
displayed.

SAID
ETA-MAID
Julich-Bonn (solid)
Julich-Bonn w/o N(1900) (dashed)
Supporting N(1895)1/2-, 
N(1900)3/2+, N(2100)1/2+,

N(2120)3/2-
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new fits with the Jülich-Bonn model [42] as discussed in the text are shown with (black solid lines) and without (black short-dashed lines)
the inclusion of a N(1900)3/2+ resonance.

6

Figure 2: (Color online) The beam asymmetry ⌃ as a function of cos ✓c.m. for the reaction �p ! ⌘p at incident photon energies E� from
1.071 GeV (W = 1.700 GeV) to 1.836 GeV (W = 2.079 GeV). The data reported here are shown as black filled squares. Previously published
results from Refs. [12, 24, 25] are shown as (blue) filled triangles. (red) open circles, and (pink) diamonds, respectively. The (blue) dotted
lines indicate SAID predictions [40], while predictions from the ETA-MAID model [41] indicated by the (red) long-dashed lines. Results from
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LEPS2 BGOegg J-Lab CLAS
nucl-ex/1703.00433

• Change of polar angle 
dependence from 1.92 GeV is 
consistent with CLAS results.

• BGOegg results contain 
higher Eγ region.

SAID
ETA-MAID
Julich-Bonn (solid)
Julich-Bonn w/o N(1900) (dashed)
Supporting N(1895)1/2-, 
N(1900)3/2+, N(2100)1/2+,

N(2120)3/2-
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Belle
Production rates of hyperons and charmed baryons

from e+e- annihilation nearϒ(4S)
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l e+e- → g*→qq→Haronization
l ex) e+e- → g* → Λ + anything

l not e+e- → g* → Λ + anti-Λ

l

l Relativistic-string model

S.B. Chun, PLB 308(1993)153

l Diquark is important to explain high 
baryon rates

l Higher rates for Λ and Λ(1520) 
in ARGUS and LEP.
l Feed down is subtracted?

l Large error in ARGUS results.

l J=0, light (ud) diquark in Λ?
l R.L. Jaffe, Phys.Rept.409,1 (2005)

l A. Selem, F. Wilczek, hep-ph/0602128

Baryon production rates in e+e- collision

¢ LEP Ös=92 GeV
¢ARGUS Ös=10.5 GeV

Λ(1520)

Ω-Ξ*

Σ*+-
Ξ-

Σ

Λ

Δ

p

eye guide

deviations

J:spin
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Diquark structure in hadrons

�

mimj

�a(i)
2

�a(j)
2

��(i) · ��(j)

l Color magnetic interaction
l Strong attraction in spin 0 flavor 0 

channel
l “Good” diquark

l Structure of Λ, Σ hyperons

u d

s

u d

s
Λ(1116) Σ0(1192)

S=0 [ud]
“good” diquark

S=1 [ud]
“bad” diquark
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Diquark structure in hadrons

�

mimj

�a(i)
2

�a(j)
2

��(i) · ��(j)

u d u d

Λc(2286) Σc(2455)

S=0 [ud]
“good” diquark

S=1 [ud]
“bad” diquark

>>

l Color magnetic interaction
l Strong attraction in spin 0 flavor 0 

channel
l “Good” diquark

l Structure of Λc, Σc baryons
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Belle data

Silicon Vertex Detector 

Central Drift 
Chamber

Aerogel Cerenkov
Time Of Flight CsI calorimeter 

S.C. solenoid  

1.5T

KL μ system

8GeV e-

3.5GeV e+

Integrated luminosity 
: 562. fb-1 @ on ϒ(4S) resonance data for charmed baryons

(√s =10.58 GeV)
: 79.3 fb-1 @ continuum data for hyperons, charmed baryons 

(√s =10.52 GeV) 
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Mass spectra for hyperons
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FIG. 1. (a) The invariant mass spectrum of (p,π−). The vertical lines demarcate the signal region for Λ. (b), (c), (d) Invariant
mass spectra of (Λ, γ), (Λ,π+), (pK−), respectively. Fit results and background shapes are shown by solid and dashed curves,
respectively.

tion to estimate the signal yields, where all parameters210

are floated except for the width of the Breit-Wigner func-211

tion, which is fixed to the PDG value to stabilize the fit.212

The fit region is 1.475 GeV/c2 < MK−p < 1.565 GeV/c2.213

B. S = −2,−3 hyperons214

The Ξ− and Ω− are reconstructed from Ξ− → Λπ−
215

and Ω− → ΛK− decay modes, respectively. We recon-216

struct the vertex point of a Λ → pπ− candidate, as be-217

fore, but do not impose the IP constraint on ∆x here to218

account for the long lifetime of the S = −2,−3 hyper-219
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FIG. 2. (a)-(c) Reconstructed mass spectra for S = −2 and −3 hyperon candidates.
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FIG. 3. (a) The invariant mass spectrum of Λ+
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the absolute branching fraction of B(Λ+
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required to have xp > 0.44 in the on-resonance data.250

For the reconstruction of charmed baryons, we apply the251

same PID and impact parameter criteria as for hyperons.252

First, we reconstruct the Λ+
c baryon in the Λ+

c →253

π+K−p decay mode. To improve the momentum res-254

olution, we apply a vertex-constrained fit that incorpo-255

rates the IP profile. We fit the invariant-mass spectra256

in 50 xp bins (Fig. 3(a)), and obtain peak positions and257

widths of Λ+
c as a function of the momentum. We se-258

lect Λ+
c candidates whose mass (M) is within 3σ of the259

peak of a Gaussian fit (MΛc(xp)) as signal. Candidates260

with −11σ < |M − MΛc(xp) − 3 MeV/c2| < −5σ and261

+5σ < |M − MΛc(xp) + 3 MeV/c2| < 11σ are treated262

as sideband. We estimate background yields under the263

signal peak from the yields in the sidebands, and cor-264

rect for reconstruction efficiency using MC e+e− → cc̄265
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required to have xp > 0.44 in the on-resonance data.250

For the reconstruction of charmed baryons, we apply the251

same PID and impact parameter criteria as for hyperons.252

First, we reconstruct the Λ+
c baryon in the Λ+

c →253

π+K−p decay mode. To improve the momentum res-254

olution, we apply a vertex-constrained fit that incorpo-255

rates the IP profile. We fit the invariant-mass spectra256

in 50 xp bins (Fig. 3(a)), and obtain peak positions and257

widths of Λ+
c as a function of the momentum. We se-258

lect Λ+
c candidates whose mass (M) is within 3σ of the259

peak of a Gaussian fit (MΛc(xp)) as signal. Candidates260

with −11σ < |M − MΛc(xp) − 3 MeV/c2| < −5σ and261

+5σ < |M − MΛc(xp) + 3 MeV/c2| < 11σ are treated262

as sideband. We estimate background yields under the263

signal peak from the yields in the sidebands, and cor-264

rect for reconstruction efficiency using MC e+e− → cc̄265

33
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
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“Inclusive” cross sections (including feed-down) are obtained as a function of 
hadron scaled momentum (xp).
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.

“Inclusive” cross sections (including feed-down) are obtained as a function of 
hadron scaled momentum (xp).
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FIG. 5. Inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly to
the left for clarity. The error bars represent the statistical uncertainties of real data and the uncertainties of the reconstruction
efficiency due to the MC statistics.
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
the reconstruction efficiency due to the MC statistics.
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
the reconstruction efficiency due to the MC statistics.
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
the reconstruction efficiency due to the MC statistics.
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FIG. 6. Differential cross sections of charmed baryon production with and without radiative corrections. The closed circles are
shifted slightly to the left for clarity. The error bars include the statistical uncertainties of real data and the uncertainties of
the reconstruction efficiency due to the MC statistics.
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Results of hyperons
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smaller than that of the non-strange quark pair creation.616

Indeed, S = −2 and −3 hyperons have significantly617

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

may expect the same mechanism to form a baryon be-622

tween S = −1 and S = −2 hyperons. The dotted line in623

Fig. 7 shows an exponential curve with the same slope624

parameter as S = −1 hyperons, which is normalized to625

the production cross section of Ξ−. Clearly, the pro-626

duction cross section of the Ξ(1530)0 is suppressed with627

respect to this curve. This may be due to the decuplet628

suppression noted in the Σ(1385)+ case. The production629

cross section for the S = −3 hyperon, Ω−, shows further630

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

by Belle [32] is shown in the same figure, where we uti-634

lize the weighted average of cross sections for the three635

charged states, and assume that the Λ+
c π decay mode636

dominates over the others. In Ref. [32], the spin-parity637

is tentatively assigned as JP = 3/2−, so we use a spin of638

3/2 for this state.639

The prompt production of a qq̄ pair from e+e− anni-640

hilation couples to the charge of quarks. If the center-of-641

mass energy of e+e− is high compared to the mass of the642

charm quarks, the production rates of charm quarks be-643

come consistent with up quarks. Indeed, near the Υ(4S)644

energy, the production cross section of the Λ+
c ground645

state is much higher than the exponential curve of hy-646

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

that of hyperons. A cc̄ pair is created from a virtual pho-649

ton via e+e− annihilation and picks up a light diquark to650

form a charmed baryon. Thus, the production cross sec-651

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

excited Λ+
c by a factor of about three, in contrast to655

hyperons where Λ and Σ resonances lie on a common ex-656

ponential curve. This suppression is already seen in the657

cross section in the 0.4 < xp < 1 region, and is not due658

simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

Λ+
c baryons contain a larger portion of a spin-0 diquark661

component than Σc baryons, and light spin-0 diquarks662

are easier to be created than spin-1 diquarks. As a re-663

sult, Λ+
c baryons have higher production cross sections664

than Σc baryons. It is well-known that the mass split-665

ting between ground state Λ+
c and Σc is explained by such666

a diquark correlation in the charmed baryons; however,667

less is known about the structure in the excited states.668

To form an L = 1 excitation of a charmed baryon, we669

have two possible excitation modes: the λ-mode is com-670

posed of the spin-0 diquark with L = 1 excitation with671

respect to the charm quark, and the ρ-mode contains an672

orbitally excited diquark in the L = 0 orbit to the charm673

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

by the λ-mode excitation [33, 34]. The observed differ-677

ence between the excited Λ+
c baryons and Σc baryons in678

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
c baryons681

and Σc baryons using exponential functions, shown as682

the solid and dashed lines in Fig. 8. We obtain param-683

eters of a0 = 18 ± 1, a1 = (−6.3 ± 0.5)/(GeV/c2) with684

χ2/ndf = 0.2/1 for the Λ+
c family and a0 = 15± 3, a1 =685

(−5.8 ± 1.0)/(GeV/c2) with χ2/ndf = 0.5/1 for the686

Σc family. The slope parameters for Λ+
c baryons and687

Σ0
c baryons are consistent within error, and the ratio688

of production cross sections of Σ0
c to Λ+

c baryons is689

0.27 ± 0.07, using the weighted average of the slope pa-690

rameters ⟨a1⟩ = −6.2/(GeV/c2). Assuming that the pro-691

duction cross sections are proportional to the production692

probability of the tunnel effect of a diquark, the ratio of693

the production cross sections of Λ+
c resonances and Σc694

resonances is proportional to exp(−πµ2/κ) [35], where695

κ is the string tension, κ/π ∼ 2502 (MeV2), and µ is696

the mass of the diquark. The obtained mass squared697

difference of spin-0 and 1 diquark, m(ud1)2 − m(ud0)2,698

is (8.2 ± 0.8) × 104 (MeV/c2)2. This is slightly higher699

than but consistent with the value described in Ref. [2],700

4902 − 4202 = 6.4 × 104 (MeV/c2)2. Our measure-701

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

component of the Λ+
c ground state and low-lying excited704

states.705
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Results of charmed baryons
l Subtract feed-down 

l 52% of inclusive Λc
+
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IV. SUMMARY710

We have measured the inclusive production cross sec-711

tions of hyperons and charmed baryons from e+e− anni-712

hilation near the Υ(4S) energy using high-statistics data713

recorded at Belle. The direct production cross section714

divided by the spin multiplicities for S = −1 hyper-715

ons except for Σ(1385)+ lie on one common exponen-716

tial function of mass. A suppression for Σ(1385)+ and717

S = −2,−3 hyperons is observed, which is likely due to718

decuplet suppression and strangeness suppression in the719

fragmentation. The production cross sections of charmed720

baryons are significantly higher than those of excited hy-721

perons, and strong suppression of Σc with respect to Λ+
c722

is observed. The ratio of the production cross sections of723

Λ+
c and Σc is consistent with the difference of the pro-724

duction probabilities of spin-0 and spin-1 diquarks in the725

fragmentation process. This observation supports the726

theory that the diquark production is the main process727

of charmed baryon production from e+e− annihilation,728

and that the diquark structure exists in the ground state729

and low-lying excited states of Λ+
c baryons.730
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Appendix A: Reconstruction efficiency781

The reconstruction efficiencies are obtained using MC782

event samples which are generated using Pythia. The an-783

gular distributions of each particle are well reproduced by784

the MC event generator. Fig. 9 shows the polar angular785

distribution of the Λ and Λ+
c in the laboratory system for786

the real data and MC. The detector responses are simu-787

lated using GEANT3 package. In order to cancel the dif-788

ference of momentum distribution between real and MC789

events, the corrections for the reconstruction efficiencies790

are applied in each xp bin as shown in Fig. 10-13. Note791

that the xp values depend on the mass of the particle,792

and is not common in each plot.793

The trajectory of Ξ− (Ω−) hyperon is reconstructed794
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Results of charmed baryons
l Assuming that a c-quark picks up a diquark from 

vacuum, (“tunnel effect” of diquark and anti-diquark)

c

c
e+ e-

� / exp(�⇡µ2/)

B. Andersson et al., Phys. Scripta. 32, 574 (1985)

μ: diquark mass
κ: gluonic string tension
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smaller than that of the non-strange quark pair creation.616

Indeed, S = −2 and −3 hyperons have significantly617

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

may expect the same mechanism to form a baryon be-622

tween S = −1 and S = −2 hyperons. The dotted line in623

Fig. 7 shows an exponential curve with the same slope624

parameter as S = −1 hyperons, which is normalized to625

the production cross section of Ξ−. Clearly, the pro-626

duction cross section of the Ξ(1530)0 is suppressed with627

respect to this curve. This may be due to the decuplet628

suppression noted in the Σ(1385)+ case. The production629

cross section for the S = −3 hyperon, Ω−, shows further630

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

by Belle [32] is shown in the same figure, where we uti-634

lize the weighted average of cross sections for the three635

charged states, and assume that the Λ+
c π decay mode636

dominates over the others. In Ref. [32], the spin-parity637

is tentatively assigned as JP = 3/2−, so we use a spin of638

3/2 for this state.639

The prompt production of a qq̄ pair from e+e− anni-640

hilation couples to the charge of quarks. If the center-of-641

mass energy of e+e− is high compared to the mass of the642

charm quarks, the production rates of charm quarks be-643

come consistent with up quarks. Indeed, near the Υ(4S)644

energy, the production cross section of the Λ+
c ground645

state is much higher than the exponential curve of hy-646

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

that of hyperons. A cc̄ pair is created from a virtual pho-649

ton via e+e− annihilation and picks up a light diquark to650

form a charmed baryon. Thus, the production cross sec-651

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

excited Λ+
c by a factor of about three, in contrast to655

hyperons where Λ and Σ resonances lie on a common ex-656

ponential curve. This suppression is already seen in the657

cross section in the 0.4 < xp < 1 region, and is not due658

simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

Λ+
c baryons contain a larger portion of a spin-0 diquark661

component than Σc baryons, and light spin-0 diquarks662

are easier to be created than spin-1 diquarks. As a re-663

sult, Λ+
c baryons have higher production cross sections664

than Σc baryons. It is well-known that the mass split-665

ting between ground state Λ+
c and Σc is explained by such666

a diquark correlation in the charmed baryons; however,667

less is known about the structure in the excited states.668

To form an L = 1 excitation of a charmed baryon, we669

have two possible excitation modes: the λ-mode is com-670

posed of the spin-0 diquark with L = 1 excitation with671

respect to the charm quark, and the ρ-mode contains an672

orbitally excited diquark in the L = 0 orbit to the charm673

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

by the λ-mode excitation [33, 34]. The observed differ-677

ence between the excited Λ+
c baryons and Σc baryons in678

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
c baryons681

and Σc baryons using exponential functions, shown as682

the solid and dashed lines in Fig. 8. We obtain param-683

eters of a0 = 18 ± 1, a1 = (−6.3 ± 0.5)/(GeV/c2) with684

χ2/ndf = 0.2/1 for the Λ+
c family and a0 = 15± 3, a1 =685

(−5.8 ± 1.0)/(GeV/c2) with χ2/ndf = 0.5/1 for the686

Σc family. The slope parameters for Λ+
c baryons and687

Σ0
c baryons are consistent within error, and the ratio688

of production cross sections of Σ0
c to Λ+

c baryons is689

0.27 ± 0.07, using the weighted average of the slope pa-690

rameters ⟨a1⟩ = −6.2/(GeV/c2). Assuming that the pro-691

duction cross sections are proportional to the production692

probability of the tunnel effect of a diquark, the ratio of693

the production cross sections of Λ+
c resonances and Σc694

resonances is proportional to exp(−πµ2/κ) [35], where695

κ is the string tension, κ/π ∼ 2502 (MeV2), and µ is696

the mass of the diquark. The obtained mass squared697

difference of spin-0 and 1 diquark, m(ud1)2 − m(ud0)2,698

is (8.2 ± 0.8) × 104 (MeV/c2)2. This is slightly higher699

than but consistent with the value described in Ref. [2],700

4902 − 4202 = 6.4 × 104 (MeV/c2)2. Our measure-701

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

component of the Λ+
c ground state and low-lying excited704

states.705
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smaller than that of the non-strange quark pair creation.616

Indeed, S = −2 and −3 hyperons have significantly617

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

may expect the same mechanism to form a baryon be-622

tween S = −1 and S = −2 hyperons. The dotted line in623

Fig. 7 shows an exponential curve with the same slope624

parameter as S = −1 hyperons, which is normalized to625

the production cross section of Ξ−. Clearly, the pro-626

duction cross section of the Ξ(1530)0 is suppressed with627

respect to this curve. This may be due to the decuplet628

suppression noted in the Σ(1385)+ case. The production629

cross section for the S = −3 hyperon, Ω−, shows further630

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

by Belle [32] is shown in the same figure, where we uti-634

lize the weighted average of cross sections for the three635

charged states, and assume that the Λ+
c π decay mode636

dominates over the others. In Ref. [32], the spin-parity637

is tentatively assigned as JP = 3/2−, so we use a spin of638

3/2 for this state.639

The prompt production of a qq̄ pair from e+e− anni-640

hilation couples to the charge of quarks. If the center-of-641

mass energy of e+e− is high compared to the mass of the642

charm quarks, the production rates of charm quarks be-643

come consistent with up quarks. Indeed, near the Υ(4S)644

energy, the production cross section of the Λ+
c ground645

state is much higher than the exponential curve of hy-646

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

that of hyperons. A cc̄ pair is created from a virtual pho-649

ton via e+e− annihilation and picks up a light diquark to650

form a charmed baryon. Thus, the production cross sec-651

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

excited Λ+
c by a factor of about three, in contrast to655

hyperons where Λ and Σ resonances lie on a common ex-656

ponential curve. This suppression is already seen in the657

cross section in the 0.4 < xp < 1 region, and is not due658

simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

Λ+
c baryons contain a larger portion of a spin-0 diquark661

component than Σc baryons, and light spin-0 diquarks662

are easier to be created than spin-1 diquarks. As a re-663

sult, Λ+
c baryons have higher production cross sections664

than Σc baryons. It is well-known that the mass split-665

ting between ground state Λ+
c and Σc is explained by such666

a diquark correlation in the charmed baryons; however,667

less is known about the structure in the excited states.668

To form an L = 1 excitation of a charmed baryon, we669

have two possible excitation modes: the λ-mode is com-670

posed of the spin-0 diquark with L = 1 excitation with671

respect to the charm quark, and the ρ-mode contains an672

orbitally excited diquark in the L = 0 orbit to the charm673

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

by the λ-mode excitation [33, 34]. The observed differ-677

ence between the excited Λ+
c baryons and Σc baryons in678

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
c baryons681

and Σc baryons using exponential functions, shown as682

the solid and dashed lines in Fig. 8. We obtain param-683

eters of a0 = 18 ± 1, a1 = (−6.3 ± 0.5)/(GeV/c2) with684

χ2/ndf = 0.2/1 for the Λ+
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(−5.8 ± 1.0)/(GeV/c2) with χ2/ndf = 0.5/1 for the686

Σc family. The slope parameters for Λ+
c baryons and687

Σ0
c baryons are consistent within error, and the ratio688

of production cross sections of Σ0
c to Λ+

c baryons is689

0.27 ± 0.07, using the weighted average of the slope pa-690

rameters ⟨a1⟩ = −6.2/(GeV/c2). Assuming that the pro-691

duction cross sections are proportional to the production692

probability of the tunnel effect of a diquark, the ratio of693

the production cross sections of Λ+
c resonances and Σc694

resonances is proportional to exp(−πµ2/κ) [35], where695

κ is the string tension, κ/π ∼ 2502 (MeV2), and µ is696

the mass of the diquark. The obtained mass squared697

difference of spin-0 and 1 diquark, m(ud1)2 − m(ud0)2,698

is (8.2 ± 0.8) × 104 (MeV/c2)2. This is slightly higher699

than but consistent with the value described in Ref. [2],700

4902 − 4202 = 6.4 × 104 (MeV/c2)2. Our measure-701

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

component of the Λ+
c ground state and low-lying excited704

states.705
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pick up a diquark



Summary
• LEPS: coherent φ-meson photoproduction from 4He

• Isospin=0 and spin=0 target→No pseudo-scaler exchange
• SDM elements exhibit 

• no helicity single-filp amplitude,
• natural parity exchange dominance,
• 10-13% discrepancies from full natural parity ex. may suggest axial-

vector ex. or double-helicity-flip amplitude (ex. of tensor object)
• Eγ dependence of dσ/dt at t=tmin show monotonic increase

• 2.7σ deviation near E γ =2.2 GeV
• LEPS2: beam asymmetry (Σ) for η-meson

• Energy range up to Ös=2.32 GeV
• Polar angular distribution changes from Ös=1.92 GeV,

• Belle: production rates of hyperons and charmed baryons
• Clear exponential dependence on baryon masses
• No enhancements for Λ, Λ(1520)
• Suppression of decuplet hyperons and Σc family
• Suggesting diquark structure in ground and low-lying Λc, Σc
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