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Hadron physics: 
spectroscopy, production mechanisms, decay of 
hadrons  
→ understand non-perturbative behavior of 
QCD



◆ Spectroscopy 
◆ Experiment ↔ Constituent quark model 
◆ Degree-of-freedom to describe hadrons 

◆ In medium properties of hadrons 
◆  Change of mass and width in nuclear matter 
◆  Partial restoration of chiral symmetry 

◆ Hadron tomography  
◆ 3D imaging of hadron 

◆ Generalized parton distribution functions
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Why photon beam?

◆ Photon can virtually convert to qq,  ss in 
high energy 
◆ Advantage to probe hadrons with small 

coupling with specific hadron-nucleon 
initial state (pion-nucleon initial state) 

6

γ

s

s



Why photon beam?

◆ Polarized photon beam  
◆ Spin-dependent observables help to determine 

helicity amplitudes and JP of hadrons 
◆ Beam asymmetry with linearly polarized 

photons 

7
P. Collins et al. PLB 773 (2017) 



Why photon beam?
◆ Parity-filter for t-channel vector meson 

production with linearly polarized photon
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Photon facilities for Hadron physics 
 in Japan
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LEPS, LEPS2 (SPring-8)                                    ELPH (Tohoku) 
Laser Compton scattering  Beam Generation      Bremsstrahlung 
1.3~3.0 GeV                    Tagged Eγ Range        0.57~1.15 GeV 
~2 MHz                            Beam Intensity         10 MHz 
Linearly polarized              Polarization              Unpolarized
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BGOegg experiment at SPring-8/LEPS2



11

π0 photo-production

confirmation of the luminosity and the 
validity of the analysis

Submitted to PRC



π0 photo-production
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Beam asymmetry for π0

13

New 
measurements 
in Eγ>2.2 GeV



Beam asymmetry for π0
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η photo-production

Study of high spin nucleon resonances
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Nucleon resonances
well established 
week evidence

• ηN → I=1/2 nucleon 
resonances 

• Higher spin resonance  
    → in higher energy region 
• In the photon-proton 

reaction, a daughter from 
high spin resonances is 
produced in the backward.  

• Diffraction process is small 
at the backward angle 



Differential  
cross section γp→ηp
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Differential  
cross section γp→ηp
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• The world experimental data at the 
backward angle is lacking high quality 
data.  

• The disagreement between data and 
prediction is an indication that there 
could be another source of contribution. 

• This contribution may come from a 
resonance, with spin ≥ 5/2 and mass 
around 2.23GeV. 
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20M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) (page 759)

¾2 resonances may match with 
our observation 

N(2220) 9/2+ and N(2250)9/2-

¾Both with the evidence in the 
𝜂𝑁 channel is only 1-star 
=>our data may indicate 
strong couplings of the 
state(s) to eta meson

¾Or new high-spin state which 
couple to 𝜼 strongly
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● BGOegg, ■ CLAS [PLB 771 (2017) 213]

― ANL-Osaka,         ― Bonn-Gatchina2014

― GWU SAID2009, ― eta-MAID 2018
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Beam asymmetry of γp→ηp
     In low energy, our data 

agree with previous 

measurements and eta-

MAID. Above 2.2GeV, there is 

a disagreement at cos 𝜃 𝑐𝑚 

near 0. 

     Important input to 

understand the production 

mechanisms of η.



22

η’ meson in nuclear medium



Properties of mesons in the nuclear medium

PRL96, 092301
PRC78, 015201
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2

核物質中のベクター中間子質量スペクトラム測定

原子核密度程度でも|<qq>|の減少が予測されている

ハドロンの質量

有限密度下でのベクター中間子の質量分布

→|＜qq＞|
カイラル対称性の自発的破れ

QCD sum rule

核物質中でベクター中間子を生成し、 
質量スペクトラムを測定する

NPA553, 59c

◆ Partial restoration of chiral 
symmetry in nuclear medium 

◆ KEK-E325: evidence of the mass 
reduction of vector mesons (ρ, φ) 

◆ J-Lab CLAS: photo-production of 
ρ meson : no mass shift 

◆→ J-Parc E16



η’ -nucleus potential
◆ Theoretical prediction 

◆Nagahiro, Hirenzaki (PRL94 232503) 
◆The mass of η’ is sensitive to qq 
condensation 

◆Mass reduction in a nucleus works as 
an attractive potential 

◆ η’ meson can be bound in a  
     nucleus 

◆ CB-ELSA 
◆γ + C → η’ + X

◆quasi-free production
◆V0 = 39±7(stat)±15(syst) MeV 

24

PRC 74, 045203 (2006)

PLB 727(2013)417



Search for η’ - mesic nuclei
◆ GSI 

◆  p + C → d +X  
◆  No signal 

◆ high statistics 
◆huge background

25

PRL 117, 202501 (2016)



◆  Missing mass spectroscopy C(γ, p)X 
◆   

◆  Detect η, p from decay of η’-nuclei → improve S/N  
◆  Measure cross section w.r.t. quasi-free η’ production  
                    → less theoretical ambiguity  

26

JPS Conf. Proc. 
13, 010010(2017)

p 
η

p γ

p 

η p 

12C

side

γ + 12C η’ x 11B + p→

η’ - mesic nuclei search @ BGOegg

Eγ=2.5 GeV
forward proton 
= 1 degree

V0=100 MeV V0= 0 MeV

absorption absorption

η’ escape
η’ escape

‘
1N	absorp:on
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Analysis status
◆ Quasi-free η’ production in 2γ invariant mass 
◆ Identification η, p from decay of η’-nuclei 
◆ Optimization of background reduction cut is 

finalizing 
◆ Main background sources: two step process 

• γp->πηp	
• πp->πp	
• ηp->ηp	
• πpn->pn	

• γp->ππp	

• πp->ηp		

η’

η

Δ
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◆ Quasi-free η’ production in 2γ invariant mass 
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Results will come soon



Spectroscopy of non-strange  
dibaryon

29

Recent results from ELPH 
T. Ishikawa et al., PLB 789 (2019) 413 



d*(2380)
◆ Non-strange, baryon number (B) =2 resonance 
◆ m=2.37 GeV, Γ=0.07 GeV, I=0, Jπ=3+ 

◆ p + n → π0 + π0 + d reaction 

◆ M. Bashkanov et al. (CELCIUS/WASA), PRL102, 052301 (2009) 
◆ P. Adlarson et al. (WASA at COSY), PRL106, 242302 (2011)

30
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Spectroscopy of B=2 system

Slide by T. Ishikawa NSTAR2019
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EM calorimeter FOREST

ELPH facility in Tohoku

1.3 GeV booster storage ring



γ + d → π0 + π0 + d reaction

33

T. Ishikawa et al., PLB 789 (2019) 413 
◆ Spectroscopy of B=2 system using 

photon beam 
◆ 3 resonances in Wγd 

◆ m=2.38, 2.47, 2.63 GeV 
◆ Γ=0.07, 0.12, 0.13 GeV 

◆ Iso-vector resonance in Mπd 

◆ m=2.24±0.011 GeV 
◆ Γ=0.091±0.011 GeV



Prospects of on-going projects

34
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12 GeV electron at Jefferson-Lab in USA

BEAM PHYSICS FOR THE 12 GEV CEBAF UPGRADE PROJECT* 
J. Benesch, A. Bogacz, Y. Chao, A. Freyberger, J. Grames, L. Harwood, R. Kazimi, G. A. Krafft,         

L. Merminga#, M. Spata, M. Tiefenback, M. Wiseman, B. Yunn, Y. Zhang,                                
Jefferson Lab, Newport News, VA 23606, U.S.A.

Abstract 
 Beam physics aspects of the 12 GeV Upgrade of 

CEBAF are presented. The CEBAF Upgrade to 12 GeV is 
achieved via 5.5 recirculations through the linacs, and the 
installation of 10 new high-gradient cryomodules. A new 
experimental hall, Hall D, is envisioned at the end of the 
North Linac. Simulation results for a straight-ahead and a 
recirculated injector are summarized and compared. Beam 
transport designs are discussed and evaluated with respect 
to matching and beam breakup (BBU) optimization. 
Effects of synchrotron radiation excitation on the beam 
properties are calculated. BBU simulations and derived 
specifications for the damping of higher order modes of 
the new 7-cell cavities are presented. The energies that 
provide longitudinal polarization in multiple experimental 
halls simultaneously are calculated. Finally, detailed 
optics of the Hall D transport line has been obtained. 

INTRODUCTION 
A strong scientific case for the upgrade of the 

Continuous Electron Beam Accelerator Facility (CEBAF) 
at Jefferson Lab to 12 GeV has been presented [1]. Such a 
facility will enable profound contributions to the study of 
hadronic matter. In particular, the following main areas 
will be explored: 1) The experimental study of gluonic 
excitations in order to understand the fundamentally new 
dynamics of quark confinement. 2) The determination of 
the quark and gluon wavefunctions of the nuclear building 
blocks. 3) Exploring the limits of our understanding of 
atomic nuclei. 4) Tests of the Standard Model and the 
determination of fundamental parameters of the model. 
The 12 GeV Upgrade of CEBAF has received CD-0 
Mission Needs statement and the development of the 
conceptual design report is presently in full swing. For the 
upgrade, a new experimental hall, Hall D, will be built at 
the end of the North Linac. In this hall collimated beams 
of linearly polarized photons at 8-9 GeV, produced by 
coherent bremsstrahlung from 12 GeV electrons, will be 
used for experiments. The CEBAF Upgrade to 12 GeV is 
achieved via 5.5 recirculations through the linacs, and the 
installation of 10 new high-gradient cryomodules [2]. The 
key parameters of the CEBAF upgrade are summarized in 
Table 1, and a schematic illustration of the project is 
shown in Figure 1. Beam physics studies in support of the 
upgrade are being carried out in the areas of injector 
design, beam transport, Higher Order Mode (HOM) 
damping specifications for the new cryomodules, 
polarization and Hall D transport line design.  

 

Table 1: 12 GeV CEBAF Upgrade key parameters 

Energy to Halls D /A,B,C 12 GeV / 11 GeV 

Number of passes for 
Halls D / A,B,C 

5.5 (add a tenth arc) / 5 

Duty Factor CW 

Max. Current to Halls 
A,C / B,D 

85 µA / 5 µA 

New Cryomodules 10 (5 per linac) 

Central Helium Liquefier 
Upgrade  

9 kW 

(~2x present capacity) 

INJECTOR 
The CEBAF 12 GeV upgrade requires Injector energy 

of 123 MeV, an increase of 84% from the present 
configuration. This is necessary in order to maintain the 
existing geometry in spreaders and recombiners as energy 
gain is raised to 1090 MeV per linac. We have two 
designs that achieve this goal [3]. One requires an 
upgrade to the existing accelerating modules and the other 
requires recirculation with lower capital cost (Fig. 2). We 
did a comparison of the two designs using computer 
modeling to ensure that both designs are technically 
viable. The single pass design performed very much the 
same as the existing lower energy injector design. The 
recirculated design was more complicated but the final 
beam parameters were within specifications. Sensitivity ___________________________________________  

* Work supported by DOE Contract DE-AC05-84ER40150 
# merminga@jlab.org 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematic illustration of the CEBAF 
12 GeV Upgrade. 
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20 cryomodules

20 cryomodules

D

Add 5
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Add arc

Proceedings of 2005 Particle Accelerator Conference, Knoxville, Tennessee

0-7803-8859-3/05/$20.00

c�2005 IEEE 1482



GlueX
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FIGURE 1. A schematic drawing of the Hall-D photon tagger and the GlueX detector at Je↵erson Lab. See text for more informa-
tion.

The photons travel through an 80 m long vacuum beamline before entering Hall D. Here, the o↵-axis photons
are removed by passing the beam through a 3.4 mm diameter collimator2 that has been instrumented around the
hole with an active collimator [6] that provides fast feedback on the beam positioning. Photons passing through a
primary collimator a secondary collimator, and then pass through a triplet polarimeter that is used to monitor the
linear polarization. The photons then travel into a pair spectrometer system [7] that is used to monitor both the energy
and intensity of the photon beam. The photons then travel into the GlueX detector, with some interacting in the liquid
hydrogen physics target. The remainder pass into the photon beam dump at the back of Hall D.

Initial operation of the GlueX experiment will run at a beam intensity of 107 photons per second in the coherent
energy peak (8.2 GeV to 9.2 GeV), with the ultimate rate limit expected to be an order of magnitude higher. Operations
during commissioning runs were at lower intensities.

The GlueX Detector The GlueX detector is azimuthally symmetric and nearly hermetic for both charged particles
and photons, and is shown in the right-hand side of Figure 1. As noted above, the photon beam enters and is incident
on a 30 cm long liquid hydrogen target which was successfully operated with the photon beam in the spring of 2015.
The largest element of the GlueX detector is a solenoidal magnet, providing a magnetic field of about 2 T along the
direction of the beam. Charged particles from the primary interaction first pass through the start counter, a 30-element
scintillator detector that surrounds the hydrogen target and tapers towards the beamline in the forward direction. Light
is detected using Hamamatsu Multi Pixel Photon Counters [8, 9] (silicon photomultipliers). The start counter measures
a track timing with 300 ps resolution, which is su�cient to identify the bucket from the electron beam 499 MHz radio
frequency (RF) structure from which the primary electron came. The start counter also provides information for track
reconstruction and some particle identification capability through energy loss measurements.

Immediately surrounding the start counter is the central drift chamber (CDC) [10]. This detector is a 28 layer
device based on straw-tube technology that includes both axial (12) and stereo (8 at 6� clockwise and 8 at 6� counter
clockwise) layers with a total of 3522 straws. The CDC provides position measurements along the charged tracks with
150 µm accuracy in the r � � plane, and at the mm level along the beam axis by utilizing the stereo information. The
detector also provides dE/dx information for charged tracks and has good ⇡/p separation up to p ⇠ 1 GeV/c. The
CDC is 150 cm long and has active elements between 10 cm and 59 cm radially.

Downstream of the CDC are the four packages of the forward drift chamber system (FDC) [11]. Each package
is based on six layers of planar drift chambers with both anode and cathode readouts. The dual readout allows each
layer to reconstruct a three-dimensional space point which is very helpful for tracking in the high-magnetic field
environment. The FDC provides position measurements of charged tracks at the 200 µm level as well as providing
dE/dx information for particle identification. The four detector packages are placed so as to allow charged particle

2During the spring 2015 run, a 5 mm diameter collimator was used.

Eγ < 9.2 GeV  
107 cps coherent Bremsstrahlung photons 
Electron current: 5 µA 
Radiator: 1.5~30 µm Al 
               20 µm diamond

PRL 123, 072001 (2019)

J/ψ photo-production

↔ Charmed hadrons @ J-Parc



Solenoid 
spectrometer

Solenoid spectrometer 
• 0.9 T solenoid magnet 
• Detectors both charged 

particles and photons

TPC

DC
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LEPS2 solenoid spectrometer @ 
SPring-8
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TPC

DC

38

LEPS2 solenoid spectrometer @ 
SPring-8

Physics data taking from 2020!
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Physics motivation 
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along with t-channel pseudoscalar kaon (K) exchange [6].
In this framework, a strong asymmetry is distinctively
predicted in the !ð1520Þ photoproduction cross sections
from protons and neutrons because a dominant contribu-
tion from the contact term is absent in the production from
neutrons [5,7]. Nevertheless, the cross section with a neu-
tron target was not available. At low energies, the contri-
bution from theK# exchange was suggested to be small in a
chiral unitary model [8]. Indeed, no dominance of the K#

exchange was observed in the decay asymmetry measured
by the CLAS Collaboration in !ð1520Þ electroproduction
at total c.m. energies up to 2.65 GeV [9]. It is unclear
whether energy or photon-virtuality dependences accounts
for the difference of the decay asymmetries in LAMP2 and
CLAS. In most of theoretical models, the cross sections at
E! $ 2 GeV are predicted to be larger than those measured

by LAMP2, although the difference in the model predic-
tions is not small.

In this Letter, we report the measurements of differential
cross sections, decay asymmetry, and photon beam asym-
metry of !ð1520Þ photoproduction from protons and deu-
terons at photon energies below 2.4 GeV. We detected two
charged tracks in the final state of KþK&p from protons or
K0K&p from neutrons using a forward spectrometer, and
the !ð1520Þ production was identified by invariant and
missing mass techniques. Backward and forward produc-
tions of !ð1520Þ in the c.m. system were examined by
detecting a KþK& or Kþp pair and a K&p pair, respec-
tively. These three detection modes were complementary
in the acceptance. Results in all the detection modes will be
presented for runs with a hydrogen target, while only those
in the K&p detection mode will be shown for runs with a
deuterium target.

The experiment was carried out in 2002–2003 at the
SPring-8 LEPS facility using a linearly polarized photon
beam produced by backward Compton scattering of Ar
laser light from 8 GeV electrons. Photons in the energy
range of 1.5–2.4 GeV were tagged by detecting the recoil
electrons. The photon beam with an intensity of$106= sec
was alternatively injected into liquid hydrogen or deute-
rium targets inside a 15 cm-thick cell. The direction of
linear polarization was controlled vertically or horizontally
by using a half-wave plate for the laser with a polarization
of nearly 100%. Charged particles were detected to analyze
their momenta by the LEPS forward spectrometer [10],
which covered '20( and '10( in the horizontal and
vertical directions, respectively. Time of flight from the
target to a plastic scintillator wall 4 m downstream was
measured for particle identification. Details of the experi-
mental setup can be found in Ref. [10]. The integrated
number of tagged photons reached 2:8) 1012 (4:6) 1012)
for the hydrogen (deuterium) runs.

The charged particles were identified within 3" or 4" of
the momentum-dependent mass resolution. A particle de-
caying in flight was removed by requiring good track

fitting qualities. The vertex point of two tracks was re-
quired to be within the target volume and the beam size.
The missing mass ofKþK&,Kþp, orK&p from the proton
was required to be around the proton, K&, or Kþ mass [1],
respectively. Minimum photon energies of 1.90, 1.90, and
1.75 GeV were required in the analyses with KþK&, Kþp,
and K&p detections, respectively, due to the limitation of
the acceptance for !ð1520Þ photoproduction. Background
from# photoproduction was removed in theKþK& (Kþp)
detection mode by requiring the KþK& invariant mass
(proton missing mass) to be greater than 1.030
ð1:050Þ GeV=c2. In the K&p detection mode, such a con-
dition was not introduced because# events were kinemati-
cally limited. A resonance peak of !ð1520Þ was identified
by Kþ missing mass from the proton in the KþK& and
Kþp detection modes, and by K&p invariant mass in the
K&p mode, as shown in Fig. 1. The reconstructed peak
positions and widths are consistent with the nominal values
(M ¼ 1519:5 MeV=c2 and " ¼ 15:6 MeV=c2) [1] convo-
luted with the experimental mass resolutions ("M), where
the contributions from momentum and photon energy res-
olutions are 2 and 8 MeV=c2, respectively. Statistics in the
KþK& mode were relatively low, so that the Kþ polar
angle region examined for the measurements of cross
sections and asymmetries was limited up to 60( from the
incident photon direction in the c.m. system. Instead, a
larger angular region up to 90( was explored in the Kþp
mode. In the K&p mode, a Kþ (Kþ=0) polar angle region

sum of backgrounds nonresonant KKN φ N
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FIG. 1. Mass spectra in the four analyzed samples. Panels (a)
and (b) show Kþ missing mass spectra for the hydrogen runs in
the KþK& and Kþp detection modes, respectively. Panels (c)
and (d) show K&p invariant mass spectra in the K&p detection
mode for the hydrogen and deuterium runs, respectively.
Background spectra based on Monte Carlo simulations are over-
laid, while typical sideband definitions are indicated by the
hatched area. The backgrounds estimated in (c) and (d) are
mostly due to nonresonant K #Kp photoproduction.
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Physics motivation 
 Kbar N molecule candidate Λ(1405)

D.	Jido,	et	al.	NPA725(2003)

◆ Virtual Kaon beam  
◆ Parity filter with linearly polarized photon 

E γ K
K

unnatural parity 
ex. 
P= -(-1)J 
  kaons
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Physics motivation 
Kaonic nuclei search

LEPS2
γ Κ0,Κ∗0

K, K*

− γ + d à K+ + π- + X 
− γ + d à Ks

0 + X 
− γ + d à K*0 + X 
☆detect decay products 
　X= Λp , Σ0p, π0Λp

PLB 789 (2019) 620

3He(K−, Λp)n 
BKpp = 47±3(stat.)+3

-6 (sys.) MeV 
ΓKpp =115±7(stat.)+10-20 (sys.) MeV 



Summary
◆ Photon beams 

◆ electric coupling to s-quark, c-quark  
              ↔ hadronic coupling (hadron beam)  
◆ polarization observable 
◆ synergy with J-PARC on physics, experimental techniques, 

human resources 
◆ LEPS2 BGOegg experiment 

◆ π0, η photo-production 
◆ η’ in nuclear medium 

◆ ELPH forest experiment 
◆ spectroscopy of non-strange B=2 system 

◆ Glue-X @ J-Lab USA 
◆ high energy photons (up to charmed hadrons) 

◆ Solenoid spectrometer @ LEPS2 
◆ start physics run from 2020!
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