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Note: Topics based on my personal view.
          For a comprehensive overview on facility and experiments, 
                 there was a Sawada’s talk at Jlab-PAC45 on July 10, 2017. 



Contents

Introduction
　�  Introduction to J-PARC facility
Strangeness hadron physics
  �  Measurements so far obtained.

Hadron physics at high-momentum beamline
  �  Approved projects
  �  Future possibilities

Summary



Nuclear Physics: Ultimate high-density quantum 
                          many-body system bound by strong interactions

Nuclear physics is a field of investigating 
�  matter generation of universe
� properties of quark-hadron many-body systems as ultimate materials.	
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J-PARC Facility



http://j-parc.jp/index-e.html

J-PARC location

J-PARC
(Japan Proton Accelerator
 Research Complex)



High-Intensity Frontier of Proton Accelerator
High-intensity proton beam
→ High-intensity secondary beams
(Neutrino, Kaon, Pion, Neutron …) 
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Theory activities at J-PARC
J-PARC Branch, KEK Theory Center
Institute of Particle and Nuclear Studies, KEK
203-1, Shirakata, Tokai, Ibaraki, 319-1106, Japan
http://j-parc-th.kek.jp

4 permanent KEK staffs (A. Dote, K. Itakura, S. Kumano, O. Morimatsu)
+ 5 visiting staffs (T. Harada, M. Kitazawa, T. Sato, M. Takizawa, K. Tanaka)	

If you are interested in organizing a workshop
or joining activities, please inform us.	

Hypernuclear physics	

Heavy-ion physics	 Charm physics	
Neutrino-nuclear
interactions	

Structure functions	



J-PARC hadron physics



J-PARC hadron physics

� Strangeness nuclear physics (1st experiment)

� Exotic hadrons

� Hadrons in nuclear medium

� Hard processes           

� Nucleon spin                    (beam polarization)

� Quark-hadron matter     (heavy ion)

Approved proposals

Possibilities

“Possible” high-momentum beamline projects



Hadron facility

K1.8K1.8BR

KL

K1.1 High p

Primay proton beam

(Low energy) Kaon and pion experiments 
are done at these beamlines.



Strangeness nuclear physics
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3-dimensional nuclear chart	



Neutron stars

Precise YN, YY interactions are necessary 
for understanding neutron stars.



Some results already from J-PARC π –

p

K –

XPRL 109, 132002 (2012); PRC 90, 035205 (2014)	

PLB729, 39 (2014) 	



π + + d→ K + + X
M = 2275−18

+17 (stat)−30
+21 (syst) MeV

→ B = 95−17
+18 (stat)−21

+30 (syst) MeV
Γ = 162−45

+87 (stat)−78
+66 (syst) MeV

PTEP 2015, 021D01 (2015)	

PRL 115, 222501 (2015)	

K– pp



Comments on 

Neutrino-nucleus interactions



Kinematical regions of neutrino-nucleus scattering 

J.L. Hewett et al., arXiv:1205.2671, 
Proceedings of the 2011 workshop 
on Fundamental Physics at the Intensity Frontier	

Depending on the neutrino beam energy, 
different physics mechanisms contribute
to the cross section.
� QE    (Quasi elastic)
� RES  (Resonance)
�  DIS   (Deep inelastic scattering)
�  REG (Regge)

Q2  (GeV2 )

ν  (GeV)0

1

2

W 2 = 4 GeV2

QE

RES DIS

A.K.Ichikawa@KEK workshop 2015	

ν interactions	

REG

Neutrino-nucleus interactions:  Motivation



ν-interaction collaboration at J-PARC

Y. Hayato, M. Hirai, W. Horiuchi, H. Kamano, S. Kumano, 
T. Murata, S. Nakamura, K. Saito, M. Sakuda, T. Sato
http://nuint.kek.jp/index_e.html	

Activities at the J-PARC branch, KEK theory center
http://j-parc-th.kek.jp/html/English/e-index.html	

For the details, see
Towards a unified model of neutrino-nucleus reactions for neutrino oscillation experiments, 
S. X. Nakamura, H. Kamano, Y. Hayato, M. Hirai, W. Horiuchi, 
S. Kumano, T. Murata, K. Saito, M. Sakuda, T. Sato, and Y. Suzuki, 
Rep. Prog. Phys. 80 (2017) 056301. 	

Q2  (GeV2 )

ν  (GeV)0

1

2

W 2 = 4 GeV2

QE

RES DIS

REG H. Kamano, SK, ･･･

S. Nakamura, T. Sato, ･･･



Comparison with JLab/SLAC data our
ALLM-97

JLab	 SLAC	



J-PARC projects on

high-momentum beamline



Hadron facility

K1.8K1.8BR

KL

K1.1 High p

Primay proton beam This beam line was�approved 
by the government in 2013.

� Proton beam up to 30 GeV
� Unseparated hadron (pion, …) 
    beam up to 15~20 GeV

Recent workshop on high-momentum beamline physics,
January 15 - 18, 2013, KEK, 
http://www-conf.kek.jp/hadron1/j-parc-hm-2013/	



2017	 2019	
Construction	

Hadron masses
in nuclear medium	

Charmed 
baryons	

High-energy 
hadron???	

Physics of J-PAC high-momentum beamline

2021	

There is a possibility 
for high-energy hadron physics,
including nucleon structure, ...

E50	
E16	



Hadron masses in nuclear medium

Origin of the nucleon mass:
Why  mquark << mnucleon ?

Order parameter:
“quark condensate <qq>”

<qq> depends temperature and density 

<qq> is not a direct observable, so look
at nuclear-medium modification of 
hadron masses.  

Vector-meson masses
vs. density

Modifications even
at “normal nuclear density”

Chiral-symmetry breaking

Reduction in ρ, ω masses
at normal nuclear density

Nucleon	

Quark	



After background subtraction

9%, 3% mass shifts

(12 GeV) p + A →  ρ,  ω ,  φ + X   (ρ,  ω ,  φ  →  e+ + e− )

KEK-E325 Collaboration

M. Naruki et al.,
  PRL 96 (2006) 092301

R. Muto et al.,
  PRL 98 (2007) 042501

T. Tabaru et al.,
  PRC 74 (2006) 025201

m(ρ) / m(0) = 1 – k ρ/ ρ0

→ continued at J-PARC (E16)

k = 0.092 ± 0.002  for ρ, ω
  = 0.034−0.007

+0.006      for φ



Progress in exotic hadrons
 � Θ+(1540)???: LEPS
         Pentaquark?
 � Kaonic nuclei?: KEK-PS, ...

    Strange tribaryons, …
 � X (3872), Y(3940): Belle
         Tetraquark, DD molecule
 � DsJ(2317), DsJ(2460): BaBar, CLEO,  Belle
         Tetraquark, DK molecule
 � Z (4430): Belle
         Tetraquark, …
 � Pc (4380), Pc (4450): LHCb
 � …

qq     Meson
q3      Baryon

q2q2  Tetraquark
q4q    Pentaquark
q6      Dibaryon
…
q10q  e.g. Strange
             tribaryon
…
gg     Glueball 
…        

uudds  ?

K − pnn,  K − ppn ?
K − pp ?

cc
D0 (cu)D0 (cu)
D+ (cd )D− (cd) ?

cs
D0 (cu)K + (us )
D+ (cd )K 0 (ds ) ?

ccud ,  D molecule?

ucudc,  D(uc )Σ c
*(udc),  D*(uc )Σ c(udc) molecule?



From “strangeness hadron physics” to “charm hadron physics”  

J-PARC is a facility to create new states of   hadrons 
by extending flavor degrees of freedom.

J-PARC:  30 GeV
→ s = 8 GeV

Charmed-baryon physics

ρ

λ

c

• one heavy quark:  ρ  and λ  modes
• roles of diquark

E50 experiment:  π − + p→ D*− + Yc
+



Possibilities of
J-PARC projects

at high-momentum beamline

(high-energy hadron physics)



Hadron physics with high-momentum hadron bemas at J-PARC

http://www-conf.kek.jp/hadron1/j-parc-hm-2013/
http://research.kek.jp/group/hadron10/j-parc-hm-2015/

Topics:
�  Quarks/Hadrons in nuclear medium
�  Exotic hadrons, Charm physics
�  Baryon interactions, Short-range correlations
�  Nucleon structure Today, I comment on this topic.

For other projects, please look at 
      the conference web pages.	



Proposals on high-energy hadron physics

J. C. Peng, S. Sawada et al.

S. Choi et al.

Y. Goto et al.

W.-C. Chang, J.-C. Peng, S. Sawada, T. Sawada et al.,
possible J-PARC experiment? New proposal 

under consideration!

http://j-parc.jp/researcher/Hadron/en/Proposal_e.html	

The high-momentum had not been approved financially until 2013, 
so these proposals were  deferred.



Wigner distribution and various structure functions

x

b⊥

e.g. HERA studies

 GTMD W(x,  

!
kT ,  Δ) Δ+→0⎯ →⎯⎯ Wigner W(x,  

!
kT ,  

!
rT )

PDF (Parton Distribution Function)

GPD (Generalized Parton Distribution) 
s↔t⎯ →⎯⎯ GDA (Generalized Distribution Amplitude) 

TMD  (Transverse Momentum Dependent) parton distribution

d2kT∫

d2kT , Δ→ 0∫dx  d2kT∫

3D world

Form factor

Δ→ 0

Our work by the two-photon process γγ → hh .

Δ = p'− p



Generalized Parton Distributions (GPDs)

GPDs are defined as correlation of off-forward matrix:

Bjorken variable

Momentum transfer squared

  
ξ = p+ − ′p +

p+ + ′p + = − Δ +

2P +

  t = Δ2
  
x = Q2

2 p ⋅q

Skewdness parameter

  
P = p + ′p

2
,   Δ = ′p − p

P´= p +Δp

k

q q –Δ
k+q

k +Δ

t  =Δ 2

γ * γ

Forward limit:  PDFs
 
H(x,ξ , t)

ξ=t=0
= f (x),    !H(x,ξ , t)

ξ=t=0
= Δf (x),     

First moments:  Form factors
Dirac and Pauli form factors F1 , F2

Second moments:  Angular momenta
Sum rule:  Jq =

1
2

dx x
−1

1

∫ Hq (x,  ξ ,  t = 0) + Eq (x,  ξ ,  t = 0)⎡⎣ ⎤⎦ ,    Jq =
1
2
Δq + Lq

 

dz −

4π
 ∫ eixP+z− ′p ψ (−z / 2)γ +ψ (z / 2) p z+ =0,!z⊥=0 = 1

2P+ H(x,ξ , t)u( ′p )γ +u(p) + E(x,ξ , t)u( ′p ) iσ
+α Δα

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

dz −

4π
 ∫ eixP+z− ′p ψ (−z / 2)γ +γ 5ψ (z / 2) p z+ =0,!z⊥=0 = 1

2P+
"H(x,ξ , t)u( ′p )γ +γ 5u(p) + "E(x,ξ , t)u( ′p )γ 5Δ

+

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

Axial and Pseudoscalar form factors GA , GP
 

dx
−1

1

∫  H(x,ξ , t) = F1(t), dx
−1

1

∫  E(x,ξ , t) = F2 (t)

dx
−1

1

∫  !H(x,ξ , t) = gA(t), dx
−1

1

∫  !E(x,ξ , t) = gP (t)



Possibilities of hadron tomography at J-PARC

GPD	

 ℓ
+

γ *

p B

π −  ℓ
−

 π
− (ud) + p(uud)→ B(udd) + γ * (→ ℓ+ℓ− )

exotics

e.g.

SK, M. Strikman, K. Sudoh,
PRD 80 (2009) 074003

W.-C. Chang, J.-C. Peng, S. Sawada et al.,
possible J-PARC experiment?

GPD	

 ℓ
+

γ *

p Λ(1405)

K−  ℓ
−

K− (us) + p(uud)→ Λ1405 (uudus) + γ *

GPD	p B (n,Δ0 ,⋅ ⋅ ⋅)

p

p

π +
′s′t

 ′s ,  ′t ,  ′u ≫ MN
 2

Pion distribution

 ℓ
+

γ *

p

π −

 ℓ
−

 π
− (us) + p(uud)→ ℓ+ℓ− + X

u
u

d A. Brandenburg, S. J. Brodsky, 
V. V. Khoze, D. Müller (1994)



Emission of quark with momentum fraction x+ξ
Absorption of quark with momentum fraction x-ξ

Emission of quark with momentum fraction x+ξ
Emission of antiquark with momentum fraction ξ-x 

Emission of antiquark with momentum fraction ξ-x
Absorption of antiquark with momentum fraction -ξ-x

GPDs in different x regions and GPDs at hadron facilities

qq(meson)-like distribution amplitude

Quark distribution

Antiquark distribution

ξ − x −ξ − x x + ξ ξ − x x + ξ x − ξ

−1 −ξ ξ0 1

−ξ < x < ξ x + ξ > 0, x − ξ < 0( )
ξ < x < 1 x + ξ > 0, x − ξ > 0( )−1 < x < ξ x + ξ < 0, x − ξ < 0( )

 x
                                                                                                                                                                     

π

p

p

B
p GPDs

qq

Efremov-Radyushkin
-Brodsky-Lepage (ERBL) region	

 

Consider a hard reaction with
′s ,  ′t ,  ′u ≫ MN

 2 ,   t ≪ MN
 2

t´ s´

GPDs at J-PARC:  S. Kumano, M. Strikman, 
and K. Sudoh,  PRD 80  (2009) 074003.



Toward a new proposal at J-PARC
T. Sawada, W.-C. Chang, S. Kumano, J.-C. Peng, 
S. Sawada, and K. Tanaka, PRD93 (2016) 114034. Exclusive Drell-Yan:  π − + p→ µ +µ − + n



GPD	

 ℓ
+

γ *

p n ( ′p )

π −  ℓ
−

 π
− (ud) + p(uud)→ n(udd) + γ *(→ ℓ+ℓ− )

Exclusive Drell-Yan π − + p→ µ +µ − + n and GPDs

 

dz −

4π
 ∫ eixP+z− p( ′p ) q(−z / 2)γ +γ 5q(z / 2) p(p) z+ =0,!z⊥=0 = 1

2P+
"Hp
q (x,ξ , t)u( ′p )γ +γ 5u(p) + "Ep

q (x,ξ , t)u( ′p )γ 5Δ
+

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

dz −

4π
 ∫ eixP+z− n( ′p ) qd (−z / 2)γ +γ 5qu(z / 2) p(p) z+ =0,!z⊥=0 = 1

2P+
"Hp→n
du (x,ξ , t)u( ′p )γ +γ 5u(p) + "Ep→n

du (x,ξ , t)u( ′p )γ 5Δ
+

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

           "Hdu(x,  ξ ,  t) = 8
3
α s dz

−1

1

∫
φπ (z)
1 − z2 d ′x

−1

1

∫
ed

x − ′x − iε
− eu
x + ′x − iε

⎡
⎣⎢

⎤
⎦⎥
"Hd ( ′x ,  ξ ,  t) − "Hu( ′x ,  ξ ,  t)⎡⎣ ⎤⎦

           "Edu(x,  ξ ,  t) = 8
3
α s dz

−1

1

∫
φπ (z)
1 − z2 d ′x

−1

1

∫
ed

x − ′x − iε
− eu
x + ′x − iε

⎡
⎣⎢

⎤
⎦⎥
"Ed ( ′x ,  ξ ,  t) − "Eu( ′x ,  ξ ,  t)⎡⎣ ⎤⎦

 
 dσ L

d ′Q 2dt
= 4πα 2

27
τ 2

′Q 2 fπ
2 (1 − ξ 2 ) !Hdu(−ξ ,  ξ ,  t)

2
− 2ξ 2 Re !Hdu(−ξ ,  ξ ,  t)* !Edu(−ξ ,  ξ ,  t){ } − ξ 2 t

4mN
2
!Edu(−ξ ,  ξ ,  t)

2⎡

⎣⎢
⎤

⎦⎥
 

 
′Q 2 = ′q 2 ,   t = (p − ′p )2 ,  τ =

′Q 2

2p ⋅ qπ
!

′Q 2

s −mN
2

′q



Expected Drell-Yan events at J-PARC

?	

J-PARC	

Exclusive 
Drell-Yan	

Missing mass	

 
 dσ L

d ′Q 2dt
= 4πα 2

27
τ 2

′Q 2 fπ
2 (1 − ξ 2 ) !Hdu(−ξ ,  ξ ,  t)

2
− 2ξ 2 Re !Hdu(−ξ ,  ξ ,  t)* !Edu(−ξ ,  ξ ,  t){ } − ξ 2 t

4mN
2
!Edu(−ξ ,  ξ ,  t)

2⎡

⎣⎢
⎤

⎦⎥
 

 
′Q 2 = ′q 2 ,   t = (p − ′p )2 ,  τ =

′Q 2

2p ⋅ qπ
!

′Q 2

s −mN
2

COMPASS	
JLab	



Join the approved E50 experiment?
Wen-Chen Chang in Spinfest, July 13, 2015
      http://j-parc-th.kek.jp/workshops/2015/07-06/

Takahiro Sawada in Pacific spin, Oct. 6, 2015
      http://www.phys.sinica.edu.tw/PacSPIN2015/

There is a possibility 
to join the E50 group
for efforts toward a proposal.



Why gravitational interactions with hadrons ?

γ Wvector
qγ µq

vector − axial-vector
qγ µ (1 − γ 5 )q

tensor
qγ µ ∂ν q

 

Proton-charge-radius puzzle: 
Relectron scattering = 0.8775 fm
                            !
Rmuonic atom      = 0.8418 fm

 

Electron-proton elastic scattering cross section:

dσ
dΩ

=
α 2Ef cos2 θ

2
4Ei

3 sin4 (θ / 2)
GE

2 + τGM
2

1 + τ
+ 2τGM

2 tan2 θ
2

⎡
⎣⎢

⎤
⎦⎥
,   τ = − q2

4M 2

F(
!
q) = d 3x∫  ei

!
q⋅
!
xρ(
!
x) = d 3x  ∫ 1 − 1

2
(
!
q ⋅
!
x)2 + ⋅ ⋅ ⋅⎡

⎣⎢
⎤
⎦⎥
ρ(
!
x)

r 2 = d 3x  ∫ r 2ρ(
!
x),    r =

!
x

r 2 = root-mean-square (rms) radius

F(
!
q) = 1 − 1

6
!
q2 r 2 + ⋅ ⋅ ⋅,     r 2 = −6 dF(

!
q)

d
!
q2 !q2→0

ρ(r) = Λ 3

8π
e−Λr  ⇔  Dipole form:  F(q) = 1

1 +
!
q 2 / Λ 2( )2 ,   Λ 2 " 0.71 GeV2

How about gravitational radius?

g

F(q)



Gravitational interactions and 3D structure functions

P´= p +Δp

k

q q –Δ
k+q

k +Δ

t  =Δ 2

γ * γ

 

GPDs:  dz −

4π
 ∫ eixP+z− ′p ψ (−z / 2)γ +ψ (z / 2) p z+ =0,!z⊥=0 = 1

2P+ H(x,ξ , t)u( ′p )γ +u(p) + E(x,ξ , t)u( ′p ) iσ
+α Δα

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

Angular momentum:  Jq =
1
2

dx x
−1

1

∫ Hq (x,  ξ ,  t = 0) + Eq (x,  ξ ,  t = 0)⎡⎣ ⎤⎦ ,    Jq =
1
2
Δq + Lq

Non-local operator of GPDs/GDAs: 

     P+( )n dxxn−1∫
dz −

2π
 ∫ eixP+z− q(−z / 2)γ +q(z / 2)⎡⎣ ⎤⎦ z+ =0,!z⊥=0

= i d
dz −

⎛
⎝

⎞
⎠

n−1

q(−z / 2)γ +q(z / 2)⎡⎣ ⎤⎦ z=0

                        = q(0)γ + i
"
∂+( )n−1

q(0)

                        = energy-momentum tensor of a quark for n = 2 (electromagnetic for n = 1)
                        = source of gravitiy

tensor
qγ µ ∂ν q

g



P = p + ′p
2

,   Δ = ′p − p

Bjorken variable:                       x = Q2

2p ⋅ q
Momentum transfer squared:   t = Δ2

Skewdness parameter:              ξ = p
+ − ′p +

p+ + ′p + = − Δ +

2P+

p+ = P − Δ
2

⎛
⎝

⎞
⎠

+

k + − Δ +

2
= (x + ξ )P+

k + + Δ +

2
= (x − ξ )P+

′p + = P + Δ
2

⎛
⎝

⎞
⎠

+

Bjorken variable for γγ * :  z = Q2

2q ⋅ ′q

Light-cone momentum ratio for h  in hh:  ζ = p
+

P+ = 1 + β cosθ
2

Invariant mass of hh:  W 2 = (p + ′p )2

pq
+

= (1 − z)P+

p+ = ζ P+

′p + = (1 −ζ )P+

pq
+ = zP+

Hq
h (x,ξ , t)

GPD Hq
h (x,ξ , t) and GDA Φq

hh (z,ζ ,W 2 )

Φq
hh (z,ζ ,W 2 )

 

GPD:     Hq (x,ξ , t) = dy−

4π
 ∫ eixP+ y− h( ′p ) ψ (− y / 2)γ +ψ (y / 2) h(p) y+ =0,

!
y⊥=0 ,             P+ = (p + ′p )+

2

GDA:     Φq (z,ζ ,s) = dy−

2π
 ∫ eizP+ y− h(p)h( ′p ) ψ (− y / 2)γ +ψ (y / 2) 0 y+ =0,

!
y⊥=0

s-t  crossing

 
DA:        Φq

h (z,ζ ,s) = dy−

2π
 ∫ eizP+ y− h(p) ψ (− y / 2)γ +γ 5ψ (y / 2) 0 y+ =0,

!
y⊥=0

q

′q



Experimental studies of GDAs in future
γγ → hh  for internal structure of exotic hadron candidate h

KEK B-factory	 Linear Collider ?	



Future facility update possibilities

arXiv: 1706.07916

Heavy-ion acceleration?

K1.8K1.8BR

KL

K1.1 High p

Primay proton beam

hadron-hall extension

Hadron-hall extension



8th International Conference on Quarks and Nuclear Physics
November 13-17, 2018, Tsukuba, Japan
http://www-conf.kek.jp/qnp2018/
Quark and gluon structure of hadrons: 
    - parton distribution functions, generalized parton distributions, 
    - transverse momentum distributions, high-energy hadron reactions, …
Hadron spectroscopy: 
    - heavy quark physics, exotics, N*, ...
Hadron interactions and nuclear structure: 
    - hypernuclear physics, kaonic nuclei, baryon interactions, ...
Hot and cold dense matter: 
    - quark-gluon plasma, color glass condensate, dense stars, 
    - strong magnetic field, mesons in nuclear medium, hadronization, ...



Summary

・J-PARC started producing data 
         on strangeness hadron/nuclear physics.

・The high-momentum beamline (p, π, ...) will be ready soon.

・Common physics interests among GSI, JLab, J-PARC:
         strangeness and charm hadron physics, N*, 
         structure functions,  nuclear medium effects, ...
     It is nice if we have joint efforts and communications! 



The End

The End


