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J-PARC E45 
AProposed to study baryon resonances in (π,2π) 

reactions. 
 
•  Precise measurements of baryon resonance 

properties 
•  Deeper understanding of non-perturbative QCD 
•  Search for new baryon states  

–  e.g. hybrid baryons (qqqg) π	

N 

N* 
π	

π	

N 
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PDG 2014  

Baryon mass: Experiment vs Quark Model 

Many baryon 
resonances have 
not been 
established 
experimentally. 

* ** 
*** 
****  established 

Orders of mass 
Levels are different Most of the N*s so far were  

measured from 



ü 		Par%al	wave	(LSJ)	amplitude	of	a	à	b	reac%on:	

ü 		Reac%on	channels:	

ü 		Transi%on	poten%als:	

coupled-channels	effect	(aàc,	càb)	

Dynamical Coupled-Channels model (ANL-Osaka) 

exchange potentials�
of ground state  

mesons and baryons 
bare N* states 

Matsuyama,	Sato,	Lee,	Phys.	Rep.	439,193	(2007)	
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Meson-baryon	Green	func%on	

core 

meson cloud 

meson 

baryon 

Physical	N*s	will	be	a	“mixture”	of	the	two	pictures:	

H. Kamano, JAEA seminar�
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Importance of Nππ Decay 
H. Kamano, et al. PRC 79 025206 (2009) 
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World’s πN→ππN data 
Only 240K events measured in 1970’s 

H. Kamano et al., 
PRC 79 025206 
(2009). 
 

No channel 
coupling 

With channel 
coupling 

W : ππN cm energy 
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Recent Lattice QCD calculations 
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J. Dudek et al., PRD85 (2012) 054016 

Hybrid baryons 
(qqqg) 

N(939) 



Measuring (π,2π) in large acceptance TPC (HypTPC) 
π-p→π+π-n, π0π-p           2 charged particles + 1 neutral particle 
π+p→π0π+p, π+π+n                                          →missing mass technique 
��
�πN→KY (2-body reaction) 
    π-p→K0Λ,  
    π+p→K+Σ+  (I=3/2, Δ*) 
	
π+- beam on liquid-H target 
  p= 0.73 – 2.0 GeV/c 

LH target 
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J-PARC E45 spectrometer 

Hyp-TPC 

Superconducting 
Helmholtz dipole magnet 

Trigger with hodoscope 

π beam 
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HypTPC 
•  Large acceptance 

–  Liquid-Hydrogen target inside 
•  High-rate capability with suppression 

of positive-ion backflow causing 
distortion of trajectories 

–  Gating Grid 
–  GEM (Gas Electron Multiplier)  

•  Good momentum resolution (1-3%) 
with B-field and fine-segmented pads 

–  2.5 mm x 10 mm pad 
–  No. of pads = 5800 

Gating grid wires 
GEM (electron amplification) 
Pad plane 

550 

Target holder 

586 70 

B
=1.5T 

E
=180V

/cm
 

P-10 gas 

Liquid H target 
π- 

π+ 

n e- 

Gas vessel 

Field cage (sensitive volume) 

π- beam 



HypTPC�
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Field cage�

GEM�

Readout 
pads�

Completed 
Beam test at ELPH in 
Nov 2016�
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Prototype TPC test  
•  Beam test at RCNP (Osaka Univ.) 

–  Proton beam at 400 MeV 
–  Beam rate up to 106 Hz/cm2 

Hit position distortion <0.1mm 

Efficiency>95% at 106Hz 

3m 
TPC 

SSD 
Proton 
beam 

Position resolution (B=0) 
               σx=0.40mm (4mm pad) 

NIMA763(2014)65-81�
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Helmholtz magnet and Liq-H target�
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•  Excitation test of the magnet at 
KEK from Nov. 2016 
–  B<=1.5T 
–  Transverse field < 3% 

•  Target construction in 2017 

Cryostat�

Target cylinder�

Cryocooler�



Simulated PID and acceptance�
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π- 

π+ 

p 

K+ 

π- 
π+ K+ 

p 

π/K : p<=0.5 GeV/c 
π/p : p<=1.1 GeV/c� w/ Hodoscope TOF 

σT = 100ps�

pp > 300 MeV/c 

π+p → π+π0p 
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Expected statistics 
•  Aπ beam rate            : ~106 / cycle (6s) 
•  Liquid H target          : 5 cm thickness 
•  TPC acceptance       : 40% 
•   (π,2π) cross section : ~2 mb 
•  AAA�160 events / cycle (6 s) 
•  Background : elastic scattering  
          3200 events / cycle  
BEnergy range            : 1.50 – 2.15 GeV 
BNo. of bins                : π- beam  : 24 (energy) x 20 (angle) 
                                     π+ beam  : 23 (energy) x 20 (angle) 
BNo. of events / bin     : 32 K 
AAAA30M events in 15 days 
 Increase world’s ππN data (240K) by a factor of 130 
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Summary 
•  We proposed J-PARC E45 to resolve baryon 

excited states up to 2 GeV/c2 in (π,2π) reactions, 
which will improve previous data statistics by two-
orders of magnitude. 

•  The E45 spectrometer will measure (π,2π) reactions 
with 106AHz pion beams in a large acceptance TPC 
with 2-charged particle trigger. 

•  The spectrometer will be ready in 2017. 



16 

J-PARC E45 collaboration list 
 K. H. Hicks, S. Chandavar, J. Goetz, W. Tang   (Ohio Univ) 

H. Sako, K. Imai, S. Hasegawa, S. Sato, K. Shirotori, S.H. Hwang       (Japan Atomic Energy Agency) 
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K. Joo, N. Markov, N. Harrison, T. O’Connell, E. Seder   (Univ Connecticut) 
B. Briscoe, F. Klein, I. Strakovsky, R. Workman   (George Washington Univ) 
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Backup 
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N* states and PDG *’s 

? 

? 

? 

? 

? 
Most of the N*s so far were  
extracted from 

H. Kamano, JAEA seminar 

**** : existence is certain, and properties are at     
least fairly well explored. 

***: Existence ranges from very likely to 
certain, but further confirmation is 
desirable and/or quantum numbers, 
branching fractions, etc. are not well 
determined. 
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P11 
P11 

S11 

D13 

S11 
D13 

D15 
P11 

P13 
F15 

L(πΝ)2I2J 
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P33 

P33 

S31 

D33 

F35 

F37 
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Liq-H target�

���

Beam upstream�

Beam downstream�

TPC�

Installation order 
1.  Magnet without the 

yoke cap 
2.  Hodoscope around 

the TPC 
3.  TPC 
4.  Yoke cap 
5.  target�

Yoke cap (ring) 
Rin = 300 
Rout=400�

Target cryostat�



Liq-H target�
•  Long cylinder to 

avoid interference 
– 490à890mm 
– Possible?�

���

89
0�



Issues 
•  Support of the 

cryostat and the 
target cylinder. 

•  Installation 
procedure of the 
target =67cylinder 
into the TPC�

���



Particle identification (GEANT)�
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π- 

π+ 

p 

K+ 
π- π+ K+ 

p 

π/K : p<=0.5 GeV/c 
π/p : p<=1.1 GeV/c�

w/ Hodoscope TOF 
σT = 100ps�



Trigger efficiency and acceptance 

28 
Proton momentum > 300 MeV/c 

π+p → π+π0p reaction 

hodoscope 

2-charged particle trigger 
(inefficiency due to double hit)�
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Readout pads 
Pad size 
2.4 x 9 mm2 (inner layer) 
2.4 x 13 mm2 (outer layer) 
32 pad rows (rings) 
No. of pads = 5768 

520�

215�

5
2
0
�

Position resolution <300µm 
 (L>10cm) at B=1 T 
 Δp/p=1-3% (π,p) 



HypTPC test�

r-CoBo  
(data collector)  

GET(General Electronics for TPC) 
readout system 

HypTPC�

10
cm

�

70cm�
AsAd(amplifier/ADC) 

Mar 2015�
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HypTPC test 
with 55Fe (x-ray) source 

ΔE/E :14.3 ± 0.2 % 

5.9 keV peak 2.7 keV peak 

Gain : 120fC, Shap T: 70ns, GEM Curr.: 315 µA 

(Peak)/(Esp. Peak): 0.52 ± 0.01   
Diffusion size : 1.87 ± 0.02 mm  

cf. prototype TPC(5 cm to 10 cm)  
: 1.7 ~ 2.0 mm  

The TPC operation is consistent with the prototype TPC!! 
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Helmholtz magnet�
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Helmholtz magnet 
at KEK East Counter 
Hall 
Excitation Test from 
Nov. 2017 



Helmholtz magnet�
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Superconducting magnet 
B<=1.5T 
Field non-uniformity < 6% 
Construction in 2015-2016 



•  Long cylinder to 
avoid interference 
– 490à890mm 
– Possible?�


��
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Rejection of elastic scattering 
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3-body reaction 

MM2(π±p) 

Elastic scattering 
(Same trigger condition) 

With coplanarity cut 
Only 3-body reaction can 

be survived. 

Rejected events by 
coplanarity cut 

π-p → π- π0p reaction 

π-� π-�

p�
coplanarity 
=cosine of angle 
Between  p1 and 
(p2xp3)�

p1�
p2�

p3�



544 

544 

130 

Target 
 position 
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GEM (Gas Electron Multiplier) 
B4 GEM (250mmx250mm) sheets 
B3-GEM layers 
50µm + 50µm +100µm thick 
Gain ~ 104 

Segmented electrodes 

Bto reduce spark rate / electrode 

Bto minimize acceptance loss 
when an electrode is broken due 
to discharge 

Hit distribution (GEANT) 
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Bird’s eye photo in January of 2008 
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Hadron Experimental Facility"

Λ,Ξ	 N 
Z Λ, Σ Hypernuclei 

ΛΛ, Ξ Hypernuclei 

S
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�

0

Hypernuclei 

-1 
-2 

K1.8!

KL!

High p !

(Under 

Construction)!
SKS 

K1.8BR! K1.1!

d �

u �
u �

d �
s�

Pentaquark Θ+"
ΛΛHe"6
"

Free quarks" Bound"
quarks"

Why are bound quarks heavier��

Quark"

Vector meson in nucleus"Kaonic nucleus 

Implantation of"
Kaon and the "

nuclear shrinkage�

K meson"

���

E16�

1014/cycle p beams 
108/cycle π beams  
106/cycle K beams  
 (2017)     cycle ~ 6s�



Trigger efficiency 

Proposed 
hodoscope with 32 
segments. 

80 cm 

2-charged particle trigger 
(inefficiency due to double hit)�
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Acceptance 
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Momentum of Proton > 300 MeV/c (large energy loss in target) 

π+p → π+π0p reaction 



Coplanarity�

p1� p2�

p3�

coplanarity 
=cosine of angle 
between  p1 and (p2xp3) 
 
0 : p1,p2,p3 are in the 
common plane �



Missing mass resolution 
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Missing mass technique and coplanarity can identify neutral particles.  

π0 n 



0.635 GeV/c 0.835 GeV/c 

1.035 GeV/c 1.235 GeV/c 

1.435 GeV/c 1.635 GeV/c 

1.835 GeV/c 2.000 GeV/c 



Trigger efficiency�

​"↓$ = ​1/1+1k∙250µsec =0.80 



Quark Model (PDG2014)�

48 
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The Primary Data Source of (π,2π) 
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Existing (π,2π) Database 
M. Manley, Phys. Rev. D 30, 904 (1984). 

Total number of events! 1960’s-1970’s bubble chamber data 
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Coverage for Measurements of Cross Section 
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Coverage for Measurements of P 
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Capstick & Roberts (1993) 

Even 20 years ago, this problem was known!  
(Note: just Nπ PWA.) 
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3-layer GEM configuration 

GEM3 

GEM2 

GEM1 

0 Readout 
Pad 

Gating-grid 
wires 

V3d 
V3u 

V2u 
V2d 

V1d 
V1u 

VGG 
Potential 

1000 um 

1000 um 

1000 um 

920 um Pitch 3→1mm 

50umφ (Beryllium-Copper) 

Drift region 

V1u-V1d=360V 

V2u-V2d=360V 

V3u-V3d=493V 
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TPC Prototype 
High-rate capable TPC 

 Track position distortion 
(expected) 
< 1 mm up to 108 cps 

•  Gating grid wires 
–  Minimize positive-ion feedback 

•  GEM (50µm,50µm,100µm) 
–  Low positive-ion feedback (a few %) 

•  Readout pads 
•  Gas 

Ar-CH4 (90:10)  
5cm/µs,310µm /√cm 
@ 150 V/cm 

Gating grid wires(top) 

GEM 
(middle) 

Field wires 

Drift field 

Charged 
particle 

Readout Pad 
(bottom) 

e 

Pad size 4mm x 10mm 

20cm 



Coplanarity 

Elastic scattering 3-body decay 



Coplanarity  
Beam momentum : 1.435 
GeV/c 



Sigma of coplanarity 
Elastic scattering 



Rejection efficiency w/ 
coplanarity cut 



MM distribution w/ cop. cut 
1.5T 
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Importance of πNàππN for long 
baseline neutrino experiments 

πN ππN 

Charged Current neutrino scattering structure functions.  For W>1.5 
GeV, about half of the cross section is for the ππN final state.  
Knowledge of the N* resonances at higher mass is important to 
precise understanding of the detector response of neutrino detectors.  

67 
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Baryon spectroscopy : 
Physics of broad and overlapping resonances 

N
(1

44
0)

:R
op

er
 

N
(1

53
5)

 

ü  Width: a few hundred MeV. 

ü  Resonances are highly overlapped 
AAin energy except Δ(1232). 
 
→Complicated Partial Wave Analysis 
 to extract hidden resonances 
 
Measure cross sections as a function of 
•  incident pion energy 
•  Scattering angle 
In broad range (with fine bins) 
to extract resonance poles 

D.H.Perkins, Introduction to High Energy Physics 

π+p 

π-p 
Resonances in PDG 
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N* spectroscopy :  
Physics of broad and overlapping resonances  
Δ (1232) 

ü  Width: a few hundred MeV. 

ü  Resonances are highly overlapped 
AAin energy except Δ(1232). 
→Complex PWA is necessary 

ü  Width: ~10 keV to ~10 MeV  

ü  Each resonance peak is clearly separated. 

N* : 1440, 1520, 1535, 1650, 1675, 1680, ... 

Δ   : 1600, 1620,  1700, 1750, 1900, … 

H. Kamano, JAEA seminar 
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New results from CLAS:  
e p → e' p π+ π- 

Resonances from PDG 

M. Ripani, et al, PRL91 022002 (2003) 

e e’ 

γ* 

N* 
p p π	 π	

Additional N(1720) resonance 

Hadron CM energy 
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π-N Total Cross Sections 
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GM(Q2) for γ N à Δ (1232) transition 

Full 

Bare quark core 

Example: Meson cloud effects in  
γ N à N* form factors  

In	the	rela%vis%c	QM	framework,	

the	bare-core	contribu%on	is	well	

described	by	the	three-quark	

component	of	the	wave	func%on	at	

high	Q2.	

Ø  One	third	of	G*M	at	low	Q2	is	due		

to	contribu%ons	from	meson–baryon	

(MB)	dressing:	

B.Julia-Diaz	et	al.,	PRC	69,	035212	(2004)	

N, N* 

Note: 
Most of the available static  
hadron models  give GM(Q2)  
close to “Bare” form factor. 
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ü   Partial wave (LSJ) amplitudes of a à b reaction: 

ü   Reaction channels: 

ü   Transition Potentials: 

coupled-channels effect 

Exchange potentials bare N* states 

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007) 

Z-diagrams 

Dynamical coupled-channels (DCC) model for  
meson production reactions 

ü  Meson-Baryon Green functions 

Stable channels Quasi 2-body channels 
N π	

Δ	
π	

Δ	

π	π	
π	

ρ, σ	 ρ, σ	

N N 

π, ρ, σ, ω,..	

N N, Δ	

s-channel u-channel t-channel contact 

Exchange potentials 

Z-diagrams 

Bare N* states N*bare 

Δ	π	

N π	

π	

Δ	Δ	
N π	

ρ, σ	

Can be related to hadron states of the static 
hadron models (quark models, DSE, etc.) 
excluding meson-baryon continuum. 

core 

meson cloud 

meson 

baryon 

Physical N*s will be a “mixture” of the two pictures: 

H. Kamano, JAEA seminar 
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Objectives and goals: 

Through the comprehensive analysis  
of world data of πN, γN, N(e,e’) reactions, 
 
ü    Determine N* spectrum (pole masses) 

ü    Extract N* form factors 

      (e.g., N-N* e.m. transition form factors) 
 
ü    Provide reaction mechanism information 
      necessary for interpreting N* spectrum,  
      structures and dynamical origins 

Collaboration at Excited Baryon Analysis Center (EBAC) 
of Jefferson Lab 

http://ebac-theory.jlab.org/ 

Spectrum, structure,… 
of N* states 

QCD 

Lattice QCD Hadron Models 

Analysis Based on Reaction Theory 

Reaction Data 

“Dynamical coupled-channels model of meson production reactions” 
A. Matsuyama, T. Sato, T.-S.H. Lee Phys. Rep. 439 (2007) 193 

Founded in January 2006 
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CLAS: Partial Wave Analysis 

A new P13 resonance, much lower in mass than the 
quark model prediction, is necessary to fit the data. 
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Additional final state: KY data 
•  Data for KΛ and KΣ come for free 

•  Cross sections are smaller, but the final state 
is two-body, so less data are needed. 

•  These final states have two charged particles 
and hence will be part of the trigger. 

•  Data on π+p à K+Σ+ are especially useful 
•  Only isospin 3/2 contributes: Δ resonances. 
•  Is the Δ(1600) the I=3/2 partner of the Roper? 
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Partial wave solutions: KY data 

We need better quality data to resolve the PWA ambiguities. 
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Connection to Hypernuclei 
Diagram showing the YN 
interaction studied through FSI 
of the (π,K) reaction on the 
deuteron.   
To calculate this, one first needs 
better data for the basic (π,K) 
reaction on the nucleon. 

Studies of hypernuclei have provided potentials for the YN 
force in nuclei, and now Lattice calculations have made 
predictions for free YN scattering.  The data from this proposal 
will provide the (π,K) data over a broad range of kinematics 
needed to constrain the first part of the calculation. 
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Mass Projections of existing data 
Problem: the 
normalization of these 
data is unknown.  
The total cross sections 
were used to set the 
vertical scale. 
The solid curves are the 
full calculation using only 
πN elastic data.  The 
other curves do not 
include some coupled-
channels effects. 
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Projection of N* to SLJ 



P45: 3-Body Reactions for 
New Aspects of Baryon 

Spectroscopy 
K. Hicks (Ohio) and H. Sako 

(JAEA) 
J-PARC PAC Meeting 

10 January 2013 81 



Physics Goals 
•  QCD is believed to be the fundamental 

theory of the strong force 
– At high energies, the force becomes weaker 

and perturbation theory can be used for 
calculations. 

–  In the real world, energies are lower. 
•  Perturbation theory fails 
•  Phenomenological quark models are inadequate 
•  Lattice gauge theory can now make predictions 

due to advances in computers and calculation 
techniques. 
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An Analogy 
The spectrum of energy 
levels of the hydrogen 
atom  provided insights 
into the structure of the 
atom from Bohr and later, 
with more precise data, to 
the theory of quantum 
mechanics. 
Even today, the spectrum 
of hydrogen continues to 
give surprises (e.g. proton 
radius).  
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Lattice Gauge: Ground States 

84 



Lattice: heavy meson spectrum 
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Experimental Tests: N* 
Spectrum 

•  Extracting the spectrum of nucleon resonances is 
not an easy task. 
–  The resonances have natural widths 100-200 MeV 
–  The resonances are overlapping 

•  However, resonances have distinct values of spin, 
parity and isospin. 
–  Using the techniques of Partial Wave Analysis (PWA), 

the resonances can be separated. 
–  This requires high-statistics, high-quality data. 
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Question 1 

•   The proponents should provide a more 
quantitative argument to show how the 
data of expected precision will contribute 
to the analysis of nucleon resonances.  

87 



S31� F37�

F35�

P31�

P33�
D33�

D35�

S31�
F37�

F35�

P31�

P33�

D33�

D35�

PRELIMINARY� PRELIMINARY�

Total Cross Sections 
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TCS�

M(π+ n)�

M(π+ π+)�

TCS�

M(π0 p)� M(π+ p)�

M(π+ π0)�

Current model�

Refit F37 PWA 
keeping  
N* à πΔ off�

PRELIMINARY�

W� W�

89 



Answer 1-a 

•  The previous data for the πNàππN reaction is 
not sufficient to isolate the N* properties. 
– Ambiguities exist in the πNàπN elastic data 
– Coupled channels calculations (simultaneous fits to 

all πN reactions) are necessary 
– The theoretical tools now exist to do this! 

•  In a small amount of beam time, J-PARC can 
completely re-write the πNàππN database. 90 



Answer 1-b 

πN ππN 

Charged Current neutrino scattering structure functions.  
For W>1.5 GeV, about half of the cross section is for the 
ππN final state.  Knowledge of the N* resonances at 
higher mass helps to calculate the detector response of 
neutrino detectors.  
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New Theoretical Collaboration 
•  Neutrino-nucleus reactions from MeV to GeV 

–  Spokespersons S. Kumano and T. Sato 
–  Goal: to study the effect of deep-inelastic scattering of 

neutrinos from nuclei leading to specific final states. 
–  The leading-order effect is the πN final state, and the 

next-to-leading effect is the ππN final state. 
–  Quantitative results are not yet available, but will be 

studied in the near future. 

92 
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DCC for πN→πN 



Gain test 

94"

220 pC 
138 pC 
87 pC 
55 pC 
35 pC 

Induced charge to last 
GEM 

Pulse shape of AsAd board, 120fC, 232ns AGET1 AGET2 AGET3 AGET4 

Reading pad 

Induced GEM 

Short wiring long wiring 

AsAd r-CoBo 

GEM 
voltage 
divider 

Gain uniformity is good.  



X-ray measurement 

Coincidence trigger 

X-ray from Fe-55 
5.9 keV 

e- 

prototype TPC 
ΔE/E:12.5 ± 0.1 % 

e- 

3.2 keV  
escaped X-ray 5.9 keV 

peak escape  
peak 
2.7 keV 

readout PAD  
(10 x 2 pads) 



Analysis 
ADC distribution 

2D-gaussian fitting 



ZAP for HypTPC�

TPC side�

AsAd side�

TPC 
Pad 
OUT�

AsAd IN�

Vcc (0.8 – 3.0V) adjustable�

GND�

BAV99S�
+1.1V� Layers 

 
L1 : Signal (even ch) 
L2 : GND 
L3 : Vin = 3.6V (AsAd) 
L4 : Vcc = 1.1 V (regulator out) 
L5 : GND 
L6 : Signal (odd ch) 

97 



Shield for AsAd + ZAP (front)�
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0
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250

RMS (coder units)

02468101214161820
Noise level measurement�

AGET ch ID + offset�

Black : AsAd + ZAP (120fF) 
Red : + TPC (120fF) 
Blue : + TPC (240fF) 
Pink : + TPC (1pF) 
Green : + TPC (10pF)�

AsAd CH
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Capacitance of Readout Pads�
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X-ray measurement 

Coincidence trigger 

X-ray from Fe-55 
5.9 keV 

e- e- 

3.2 keV  
escaped X-ray 

readout PAD  
(10 x 2 pads) 

Only these two blue rings were used 
(AsAd + R-Cobo)�



Analysis 
ADC distribution 

2D-gaussian fitting 



Question 2 
•  The proponents should show how well the 

measurements of proposed reactions can 
be made in a full simulation. 
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Missing Mass Resolution 
Missing 
neutron  

Missing pion  
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Acceptance 
Reaction: π p à π p π0 

Note: for these plots, protons with momentum p < 300 
MeV/c were cut out (due to energy-loss in the target). 104 



3-1. Liquid Hydrogen Target 
•  Basic design done with 
    S. Ishimoto (KEK) 

–  Fit to the TPC target holder of 
8cm φ cylinder 

•  Reuse cryostat system of 
liquid-H target for E19 
(penta-quark search) 

•  Need to construct newly 
–  Cryostat cylinder 
–  Vacuum cylinder 
–  Liquid-H cylinder 
Construction 
1-2 M yen, 2 months 

"��


�	
�	
�	
���!���-'(*,.,����

L-H2 TARGET
(J-PARC P45)

��	�

�����������������������������

�����������������������������

�����

��


�� �������
�.�	�������

���

����
      PET
t=0.4 - 0.45

��$�� 
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���
��#"
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���
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�.�,



��*)

�+�!&%)

�
�*)

�.����

�	�

�	�

�	�

Cryostat  
cylinder 

Vacuum  
cylinder 

Liquid-H  
cylinder 
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Liquid Hydrogen Target 
Minimize material 
•  Vacuum cylinder 

–  t=1mm CFRP (carbon fiber) 
•  conductor 

–  t=0.3mm Kapton 
•  Insulation to field strips 

•  Liquid-H cylinder 
–  t=0.4 mm PET(polyethylene  

terephthalate) 
•  used in E19 successfully 

•  Total thickness 
–  0.28 gcm-2 

–  radiation length ~0.7% 

�����������������������������

�����������������������������

�����

���

����������
�&������

�

����
      PET
t=0.4 - 0.45

������

���

�&�%

����#"

�$��! "

���#"

�&���	

���

���

���
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3-2. TPC Modifications 

Modifications for target 
diameter 

50(E42)→80mmφ (P45) 
 
To be replaced for P45	

–  Target holder 

Share with E42  
–  Gas vessel 
–  Field cage  
–  Gating Grid 
–  GEM 
–  Pad plane 
–  Electronics 

Field strips 

Field cage Gas vessel 

Cathode 

GEM 
pad 

560 

670 

300 

80φ	

370 

640φ	
143 

Gating  
grid 

Beam level 

520φ	

10 
Target holder 

Field strips 

Field cage Gas vessel 

Cathode 

GEM 
pad 

560 

670 

300 

50φ	

370 

640φ	
143 

Gating  
grid 

Beam level 

520φ	

10 
Target holder 

P45 TPC E42 TPC 

Electric 
Potential 
Calculations 
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Electric potential calculations 
2-d calculation  

–  Gas vessel 
–  Field cage 

-13kV at maximum 
–  Target holder 
–  Double layer field 

strips 

  
  

   dE/E < 0.1% in the 
almost whole active 
volume 

 Prototype test for E42 
at Pusan Univ.  
In Jan-Feb. 2013 

2.5 mm pitch 
2 mm width 
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3-3. Two-Particle Trigger 
•  Details are shown in 

answers to Questions 
2 and 4 

•  A pion (π+ or π-) beam 
with hits in 2 of 32 
scintillators 

•  No K+ spectrometer 
trigger in E42 is 
required 

π- 

π- 

π+ 

n 
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Laser optics�
•  YAG laser 266nm 
•  Energy 0-15mJ/pulse, 10Hz�

����

TPC 
prototype�

Laser beam 
Height variable�

Collimators 
(2mmφ min.)�

Quartz 
windows�

Power 
meter�

Laser box�
Detector box�

Mirrors�



Horizontal resolutions with B-field�
•  Resolutions improve by 40-50% 

B=0 à 0.7 T 
•  Resolutions are 60% smaller 

than expected for MIP 
        may be due to higher energy  
        deposit (no. of electrons)   Preliminary�

ADC=50�

ADC=400�Decrease 
by 60%�

MIP(ADC~50)�

Laser 
(ADC=300~500)�

ADC dependence of resolution�

Ldrift=10cm�
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K1.8 
•  Momentum bite (window) 

–  Typically ±2% 
–  Mean p = 1.36 GeV/c 
–  4% of mean p = 54.4 MeV/c 
–  Momentum resolution ~ 0.1%à1.4 MeV/c 
–  Run proposal 

•  Energy range 650 MeV / 26 = 25 MeV / bin 
•  W=1.5-2.15 GeV 
•  p=0.73-1.99 GeV/c 
•   Δp=1.26 GeV/c / 26 = 48 MeV/c / bin 
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ADC dynamic range 
•  Requirement 

–  dE/dx range (pi,p,K) 
~ 10 

–  Need dynamic range 
of 100 for pad 
charge sharing to 
pick up a few % 
pulse height of 
adjacent pad hits 

–  At least 1000 
dynamic range 
necessary (10 bits) 

π- 
p 

K 
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Gain 
•  Gain ~1x104(P10) 
•  We need to control 

spark rate to 
< a few sparks / min 

•  For Ar-CF4, 
operation GEM 
voltage must be 
less than 345V 
(gain<5x103) at 
low spark rate 

•  Spark rate 
increases when 
gate open or at 
higher intensities 

Operation 

Operation 

#Spark 
(/min) 

50 

0 
50 

100 

150 

#Spark 
(/min) 



TPC hit distortions 
TPC 

Beam 

High density 
positive ion sheet 

GEM 

Electron drift path 

Primary 
electrons 
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Test of TPC Electronics 
GET (General Electronics for TPC)�

r-CoBo�
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Control PC�

AGET0� AGET2�

AsAd�

Bench Test Setup 
•  Developed by Saclay, GANIL, 

MSU, IRFU, CENBG … 
•  Optimized for TPC 

•  (*82*+3.�0*25/polarity�������
frequency 

•  Adopted by Samurai-
TPC,ACTAR 
TPC,ATTPC,MINOS 

Signals with a test pulser 



Physics possibilities with HypTPC�
•   H-dibaryon (E42) : K-CàK+Η X, HàΛΛ,Λπ-p 
•   Λ(1405) : π-pàK0Λ(1405) 
    Λ(1405)àΛγ (KN compositeness, T. Sekihara, PRC89 (2014) 025202) 

•   K-pp : π+dàK+K-pp 
K-ppàΛp,Σ0p,Λπ0p,Σ0π0p 

•   Ξ excited states: 
K-p à K+Ξ�*, Ξ�� ◊ ΛΚ�, Σ0Κ�, Σ�Κ0, Ξ�π0, Ξ0π�, Ξ�γ 	
K-p à K0Ξ0�,  Ξ0� ◊ ΛΚ0, Σ0Κ0, Σ+Κ�, Ξ�π+   	

 

•   Ξ-C atom (E42) :K-CàK+Ξ�X, Ξ� capture in C 
    X-ray detection in TPC (Ar gas) 

•   πNàπηN 
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Physics possibilities with HypTPC�
•   H-dibaryon (E42) : K-CàK+Η X 1440 (1mon) 
    HàΛΛ, Λπ-p 
•   Ξ-C atom (E42) :K-CàK+Ξ�X, Ξ� capture in C 
    X-ray detection in TPC (Ar gas) 150 
•   Λ(1405) : π-pàK0Λ(1405) 1M 
Λ(1405)àΛγ (KN compositeness, T. Sekihara, PRC89 (2014) 025202) 

•   K-pp : π+dàK+K-pp 
K-ppàΛp,Σ0p,Λπ0p,Σ0π0p 

•   Ξ excited states: 10K 
K-p à K+Ξ�*, Ξ�� ◊ ΛΚ�, Σ0Κ�, Σ�Κ0, Ξ�π0, Ξ0π�, Ξ�γ 	

K-p à K0Ξ0�,  Ξ0� ◊ ΛΚ0, Σ0Κ0, Σ+Κ�, Ξ�π+      

•   πNàπηN 
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������������  Search for �-dibaryon@
AA��Most stable and compact 6-quark state ���������
Lattice-QCD calculations�

Binding energyC-13 ~ +7 !.(�
� may be slightly bound or unbound�

Experimental search�
•  Peaks observed 
by ���-����, ���� 
around   �mass threshold�

–  Indication of �?�
–  Statistics not enough�

High statistics experiment 
at ��$�%��
�

$1?92,*3�7�4*99�

���������

�
�  �

4��4 �!.(	,
���

���������

4��4 �!.(	,
���



E42 experiment: H-dibaryon search 

121 
  

  Most stable spin and isospin singlet with 6-quarks (uuddss) compose was predicted 
by R. L. Jaffe. We search for H→ΛΛ→π-π-pp and H→Λπ-p→π-π-pp with Hyperon 
Time-Projection-Chamber (HypTPC) 

Drawn by S.H. Kim 

H→ΛΛ 

H→Λpπ- 

1.0 μb/sr 

0.2 μb/sr 
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Momentum resolution 
π : 0.8-2.3% 
p : 2.2-4.0%  
 
Invariant mass 
resolution 
~1.5 MeV/c2 
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Simulated H-dibaryon 
mass spectrum 



How can we measure Ξ excited states  
with HypTPC at K1.8�

•  Spin-parity and branching ratio to ΛΚ, ΣΚ, Ξπ, Ξγ	
•  K-p à K+Ξ�*, Ξ�� ◊ ΛΚ�, Σ0Κ�, Σ�Κ0, Ξ�π0, Ξ0π�, Ξ�γ 	
•  K-p à K0Ξ0�,  Ξ0� ◊ ΛΚ0, Σ0Κ0, Σ+Κ�, Ξ�π+     	
•  K0◊π+π�,  Ξ0◊Λπ0, Ξ�◊Λπ�	

 Most of decay channels can be measured.  (one neutral particle is 
allowed to reconstruct the decays )   
Yield estimation: (5cm LH, 106 K-/spill, 100 shifts) 
  4µb à 5x105 Ξ�(1690) 
  if 1µb is assumed for each channel 
   ΛΚ�, Σ0Κ�, Ξπ: 0.6(εTPC)x0.64(BR(Λàπ-p))=0.38  à 5X104 events 
   Σ�Κ0: 0.35(50%Ks

0/K0,70%BR(Ks
0àπ+π))x0.64x0.6=0.13          

à1.6x104 events 
   for K0Ξ0* channels, multiply 0.35x0.6=0.2�
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 How to determine spin-parity of Ξ*�
  Angular distribution of decay particles !! 
        3/2 à  ½ +0      Δ◊ π+N   L=1 à cosθ      
        But it is not so simple. 
   for parity determination of ½ state. 
        interference with background    
    (p(s)-wave resonance on s(p)-wave background) 
 
    polarization of daughter hyperon (Λ,Σ)  if Ξ* is polarized 
                               (Λ(1405)  Moriya et al.) 
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Ξ-atom measurement with HypTPC�
In E42, more than 104  Ξ-C atoms are produced in C target. We can detect X-
rays from these atoms with HypTPC.  
•  X-rays from Ξ-C atom ( C.J.Batty, E.Friedman and A.Gal, PRC 59 (1999) 295.)  
•  5 – 4 transition  25 keV   l(Ar): 0.2 g/cm2  l(C): 2.5 g/cm2  eff: 0.073  s: 3.2%�

•  4 – 3 transition  55 keV   l(Ar): 1.5 g/cm2  l(C): 4 g/cm2     eff: 0.015  s: 2.2%�

•  5 – 3 transition  80 keV   l(Ar): 2 g/cm2      l(C): 6 g/cm2     eff: 0.014  s: 1.8%�

•  3 – 2 transition  157 keV  l(Ar): 7 g/cm2     l(C): 7 g/cm2     eff: 0.004 

•  Assume 25 cm Ar (0.043 g/cm2 at 1 atm) for detection efficiency and 0.7 cm diamond 
(density: 3.4 g/cc) for X-ray absorption.  

–  Eff = (1- e-t/l(Ar))(e-t/l(C)) �
•  The radius of photo-electrons is less than the pad width (2.5 mm) of HypTPC. The 

number of ion pairs are X-ray-energy/26 eV. With more than 10000 Ξ-C atoms, we 
can surely measure 5 – 4 transition X-rays. By tagging this X-ray, one can study the 
final states of the atom with HypTPC.  �

•  If we have 10000 X-rays for 4-3 transition, we can detect 150 events with 2.2% 
resolution, and can determine the energy of the 3D state with the precision of 0.1 keV.  
It can be sensitive to the Ξ-C nuclear potential depending on the strength and shape 
of the potential. �
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Radiative decay of Λ(1405) 

127 

• Several theoretical calculations were done with varying 
theoretical frames.  

• Only one experimental data (based on an isobar model fitting of 
K-p atom data) is available.  



Compositeness  

128 

Λ(1405)= ​)↓*+, ​|*+,⟩+ ​)↓​. / ​| ​. ⟩⨂ ​|/⟩+ ​)↓**+​* , ​|**+​* ,⟩+… 
• Compositeness : amount of the two-body components in a 

resonance as well as a bound state.  

d 
u 

s d 
u 

s 
q 

q 

M 
B and/or 

• Compositeness can be defined as the contribution of the two-
body component to the normalization of the total wave 
function. 



Decay width of Λ(1405) radiative decay 
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-  Λγ decay mode : 
dominated by the 
KbarN component 

-  Allowed region for Λγ 
is very small and is 
almost proportional to 
compositeness  

-  Large Λγ width = large 
|ΧΚΝ| -  The Λ(1405) à Λγ is suitable to measure the ΚbarN 

component inside of Λ(1405) 



Yield estimation 
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• Total cross section σtot : 20.67 μb 
• Pion beam rate Nbeam : 106 per (6 second) spill-cycle 
• Liquid hydrogen target length : 5 cm (Ntgt : 2.1 x 1023 cm-2) 
• Charged decay mode for K0S <Br(K0S → π+π-)> : 0.692 
• Charged decay mode for Λ <Br(Λ → pπ-)>  : 0.639 
• Detector acceptance : Adet 

Yield = σtot  Ntgt Nbeam <Br(K0S → π+π-)> <Br(Λ1405 → Λγ)> Adet 
 = 2.98 events/spill x <Br(Λ → pπ-)> <Br(Λ1405 → Λγ)> Adet 

one month beam time (in missing mass spectra of K0S):  
1.3 M events <Br(Λ → pπ-)> <Br(Λ1405 → Λγ)> Adet 

E31 (Noumi et al.,) 

   K- d → π- p Λ(1405)    ~104 Λ(1405) 



Background yield 

131 

• Total cross section of Σ(1385) : 76.7 μb ( 3.7 σtot,Λ1405) 

• Within one month beam time 
-  Λπ0 yield : 2.67 M events x Adet 
-  Λγ yield : 0.04 M events x Adet 

-  Λγπ0 yield : 0.28 M events x Adet 

Σ(1385) → Λπ0 (87%)                     
              → Σ±π∓ (11.7%) 
              → Λγ (1.3 %)    

Λ(1405) → Σ+π- (33.3%)                     
              → Σ0π0 (33.3%) 
              → Σ+π- (33.3%)  

 → Λγπ0 

Missing particle 



Summary 

• Radiative decay of Λ(1405) is strongly related with structure of 
Λ(1405), especially a compositeness of KbarN.  

•  Total yield is estimated to be 1 M (5 M) events with 106 (107) pion 
beam per 6 second spill in one month beam time 
✓ It is suitable to measure the radiative decay of Λ(1405) with 

0.3 % branching ratio (1000 events). 
✓ Σ+π−, Σ−π+ line shapes and angular distribution 

• We are preparing a LoI of the radiative decay of Λ(1405) and we 
would like to submit at the coming J-PARC PAC meeting.  
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πN→πηN Jido, Oka, Hosaka, PTP 106 (2001) 823 

N(1535) (S11) strongly couples to 
η	

Sign of coupling constant gN*N* 
different bet. 

BNaïve model 
BMirror model  
→N(1535) : chiral partner of 

N(938) 
Difference in angular dist. 
of produced pions and plab 

pCM=0.6 GeV/c 
 (plab=0.96 GeV/c) 
→10 events/min 
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