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Baryon spe
tros
opy is important to understand Quantum Chromo-Dynami
s (QCD) at low en-

ergies. We investigate exoti
 hadrons like pentaquark baryons whi
h 
onsist of �ve quarks at

the lowest order of quark 
on�guration. A nu
leon resonan
e N

�

(1670) whi
h is observed in

h photoprodu
tion on the neutron is a 
andidate of pentaquark baryons. A series of p

0

and h

photoprodu
tion experiments was 
arried out with an ele
tro-magneti
 
alorimeter FOREST at

Resear
h Center for Ele
tron Photon S
ien
e (ELPH), Tohoku University. The in
ident tagged

bremsstrahlung photon energy ranges from 550 to 1150 MeV. The differential and total 
ross

se
tions were obtained for p

0

and h photoprodu
tion pro
esses on the proton and the deuteron.

The analysis of the nu
leon and delta resonan
e 
ontribution in p

0

and h photoprodu
tion on the

neutron is underway.
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1. Introdu
tion

Baryon spe
tros
opy is an important testing ground for understanding the fundamental theory

QCD at low energies where the 
oupling 
onstant be
omes very large and perturbative 
al
ulations

are not appli
able. Among the effe
tive theories in this energy s
ale, the 
onstituent quark model,

whi
h des
ribes baryons with three valen
e quarks, has su

eeded, and well reprodu
es the ground

state baryons. Yet, the phenomena that 
annot be explained by the model have 
ome out. Some

ex
ited baryons are still missing in spite of various experimental efforts [1℄. The L(1405)S

01

is

proposed as a superposition of two states having different properties [2℄. A mass-order-reverse

problem is 
laimed between N(1535)S

11

and N(1440)P

11

, and between N(1535) and L(1405) [3℄.

Eviden
es for Q

+

pentaquark baryon are reported although its existen
e is still 
ontroversial [4℄.

These suggest that a new effe
tive degree of freedom emerges su
h as diquark 
orrelation in a

hadron, meson-baryon mole
ule stru
ture, and so on [5℄.

Meson photoprodu
tion is utilized for baryon spe
tros
opy 
omplementary to p-N elasti
 s
at-

tering. It should be noted that the formation of ex
ited baryons highly depend on their produ
tion

pro
esses. Re
ently, a narrow resonan
e has been observed in h photoprodu
tion on neutron. It

was observed at Laboratory of Nu
lear S
ien
e [6℄, whi
h is the former name of ELPH at To-

hoku University, GRAAL [7℄ and CB-ELSA [8℄. The resonan
e would be attributed to a member

of anti-de
uplet pentaquark baryons sin
e no signature 
orresponding to this bump has been ob-

served so far in the proton 
hannel. Fig. 1 shows the baryon o
tet and anti-de
uplet pentaquark

baryons. Although the N

0

5

member 
an be photoprodu
ed from the neutron, photoprodu
tion of the

N

+

5

member having aU-spin of 3/2 is forbidden due to theU-spin 
onservation be
ause theU-spin

of the proton is 1/2 and that of the photon is 0. The baryon resonan
es have been studied by using

various meson photoprodu
tion rea
tions with an ele
tro-magneti
 (EM) 
alorimeter FOREST at

ELPH.

2. Ele
tro-magneti
 
alorimeter FOREST

Meson photoprodu
tion experiments were 
arried out to investigate baryon resonan
es at

ELPH, Tohoku University. Bremsstrahlung photons were used as a beam, being generated with

a 
arbon �ber inserting into 
ir
ulating 1200 or 920 MeV ele
trons in the STret
her Booster (STB)

ring. Ea
h photon was tagged by dete
ting the 
orresponding post-bremsstrahlung ele
tron inside

a bending magnet of the ring. The details of the photon tagging 
ounter STB-Tagger II are de-

s
ribed elsewhere [9℄. The energies of the tagged photon beam ranged from 740 to 1150 MeV for


ir
ulating 1200 MeV ele
trons and from 580 to 880 MeV for 920 MeV ones.

Two g rays from p

0

! gg or h! gg were dete
ted with an EM 
alorimeter 
omplex FOREST.

The details of the design are des
ribed elsewhere [10℄. FOREST 
onsists of different three EM


alorimeters: the forward, 
entral, and ba
kward 
alorimeters 
onsist of 192 pure CsI 
rystals, 252

�
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Figure 1: O
tet baryons and anti-de
uplet pentaquark baryons.

lead s
intillating �ber modules, 62 lead glass

�

Cerenkov 
ounters, respe
tively. Plasti
 s
intillator

(PS) hodos
opes are pla
ed in front of ea
h 
alorimeter. The developed FOREST 
ryogeni
 target

system [11℄ enables us to 
hange targets within 6 hours. The high speed data a
quisition system

(DAQ) FOREST-DAQ dedi
ated to the FOREST experiments [12℄ was used. The DAQ ef�
ien
y

was 76% at the trigger rate of 2 kHz.

3. Preliminary results

Two neutral 
lusters with the time differen
e between [�1;+1) ns are sele
ted as two photons

from a p

0

and a h de
ay. A delayed 
luster is identi�ed as a nu
leon. No other 
lusters and

responses of PS is required in the time range [�3;+12) ns. Sin
e the a

idental 
oin
iden
e events

exist between the photon tagging 
ounter STB-Tagger II and FOREST, a sideband ba
kground

subtra
tion is made. The �ve-
onstraint (5C) kinemati
al �tting is applied for the event sele
tion

where the gg invariant mass 
onstraint and four-momentum 
onservation are required.

The total 
ross se
tions as a fun
tion of the in
ident photon energy are obtained for p

0

and h

photoprodu
tion on the proton by using the hydrogen target events. Fig. 2 shows the preliminary

results of the total 
ross se
tion as a fun
tion of the in
ident photon energy. The total 
ross se
-

tions for p

0

and h photoprodu
tion on the proton are 
onsistent with the MAID, SAID, and BoGa


al
ulations.

A similar kinemati
al �tting is applied for the analyses of the deuterium target where three

ve
tor for the momentum of the target nu
leon is assumed to be measured as 0 with a resolution of

40 MeV/
. The energy of the target nu
leon in the initial state is given by assuming the spe
tator

nu
leon should be on mass shell. As for h photoprodu
tion, a similar bump is observed only in the

neutron 
hannel to the CB-ELSA one. The D

15

(1675) bump is observed in the proton 
hannel and

a 
lear bump is not observed in the neutron 
hannel for p

0

photoprodu
tion on the deuteron.

3
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Figure 2: The total 
ross se
tion as a fun
tion of the in
ident photon energy for p

0

(right) and h (left)

photoprodu
tion on the proton. The data obtained for different ele
tron 
ir
ulating energies 1200 and 920

MeV in the STB ring are des
ribed in different gray s
ales. The data are 
ompared with the MAID [13, 14℄,

SAID [15℄, BoGa [16℄ 
al
ulations.

ETA-MAID2003
SAID GW2009
BoGa 2011-2

0

2

4

6

8

10

12

14

16

18

1450 1500 1550 1600 1650 1700 1750
Center of Mass Energy W (MeV)

C
ro

ss
 S

ec
ti

o
n
 (

µ
b
)

1200 MeV
 proton 
 

 
 ×3/2)

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

neutron (neutron (×3/2)
930 MeV930 MeV

proton proton 
neutron (neutron (neutron (

MAID2007
SAID 2012
BoGa 2011-2

1200 MeV
 
 

 
 ×3/2)

0

5

10

15

20

25

30

35

40

1450 1500 1550 1600 1650 1700 1750
Center of Mass Energy W (MeV)

C
ro

ss
 S

ec
ti

o
n
 (

µ
b
)

Pre
lim

in
ary

neutron (×3/2)
930 MeV

proton 
neutron (

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Pre
lim

in
ary

Figure 3: The total 
ross se
tion as a fun
tion of the 
enter of mass energy W for p

0

(right) and h (left)

photoprodu
tion on the proton and on the neutron in the deuterium target. The data obtained for different

ele
tron 
ir
ulating energies 1200 and 920 MeV in the STB ring are des
ribed in different gray s
ales. The

data are 
ompared with the MAID [13, 14℄,SAID [15℄, BoGa [16℄ 
al
ulations.

4. Summary

The main purpose of the FOREST experiments is to study the nu
leon resonan
e N

�

(1670),

whi
h is a 
andidate for one of the hidden strangeness members in the antide
uplet pentaquark

baryons, via h photoprodu
tion on the neutron. The preliminary results of the total and differential


ross se
tions for the g p! p

0

p and g p! h p rea
tions are obtained. These are 
onsistent with

the SAID and MAID 
al
ulations. A bump has been observed aroundW = 1670 MeV in the total


ross se
tion for h photoprodu
tion on the neutron, similarly to the CB-ELSA 
ollaboration. The

4
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�nal results will be obtained after the further 
he
k of the dete
tor response in the simulation.
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