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of the diquark correlation 

using hadron beams at J-PARC



Exploration of “Origin and Evolution of Matter”

＊How quarks build hadrons ?

• Investigation of QCD dynamics in the low-energy regime

⇒ Systematic study using intense hadron beams at J-PARC hadron facility

2

10−15 m 104 m

Hadron Nucleus Neutron star

Nucleon/Hyperon High-density matterConstituent quark

Quark/Gluon



3
20 & Hadron Experimental Facility Extension: K10

MARQ spectrometer 

• 20: − beam (Unseparated)

• Intensity: >107 /spill − (K−, ഥ𝐩: 1−2%) @ 2−20 GeV/c

• Momentum resolution: p/p = 0.1%()

• K10: K− & ഥ𝐩 beam

• Intensity: >106 /spill for K−/ഥ𝐩 @ 2−10 GeV/c

• Purity: K/  1/2, ഥ𝐩/ ~ 2/1 

• Particle separation by RF separator

• Momentum resolution: p/p = 0.1%()

＊High-momentum hadron beams

• Unique in the world

• Charm and strange hadron production

• High-intensity: Systematic study



Study of hadron excited state property

＊Dynamics of non-trivial QCD vacuum

⇒ Dynamics of Effective degrees of freedom reflects

level structure, production and decay rates.

• Diquark correlation & Spin-dependent forces

⇒ Color-magnetic integration and Instanton* dynamics

• Gluon exchange (OGE) ⇔ Instanton Induced Interaction (I.I.I.)

•  Spatial(momentum) distribution of constituent quark

⇒ Confinement potential and meson () cloud effect
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*Instanton: A topological object of gluon that mediates the UA(1) breaking interaction proposed by Kobayashi, Maskawa, and ’t Hoot
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Diquark correlation

• Color-magnetic interaction(CMI): 𝐕𝐂𝐌𝐈~
𝛂𝐬

𝐦𝑖𝐦𝒋
(𝛌𝒊, 𝛌𝐣)(𝛔𝒊, 𝛔𝒋)

• Meson (𝐪ഥ𝐪): 𝟑⊗ ഥ𝟑 = 𝟏⨁𝟖

• Diquark (𝐪𝐪): 𝟑⊗ 𝟑 = ഥ𝟑⨁6 (Color charged)

• “Good” diquark (scalar): (𝟏𝐒𝟎, ഥ𝟑𝒄) 𝐪𝐪  (Strong attraction)

• 𝐕𝐂𝐌𝐈(𝟏𝐒𝟎, ഥ𝟑𝒄) 𝐪𝐪 =
𝟏

𝟐
× 𝐕𝐂𝐌𝐈(𝟏𝐒𝟎, 𝟏𝐜) 𝐪ഥ𝐪

⇔ “Bad” diquark (axial-vector): (𝟑𝐒𝟏, 𝟔𝐜) 𝐪𝐪

＊Single heavy quark baryon: Isolates and develop diquark correlation

• “Brown muck (q-q)” + Q ⇒  and  excitation modes
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Multiquark states: Exotic hadrons

• All−charm tetraquark states: 𝐓𝒄𝒄ത𝒄ത𝒄
JPC = 2++: X(6600)0, X(6900)0 and X(7100)0

• J/ J/ → +−+− invariant mass

• A family of radial excitations (1S, 2S, 3S) 

• Interpretation of 𝐓𝒄𝒄ത𝒄ത𝒄
⇒ Multiquark: 2 axial-vector diquarks (1+) form 𝐓𝒄𝒄ത𝒄ത𝒄 state 

• Diquarks: 𝒄𝒄 and ത𝒄ത𝒄 with JP = 1+ ⇒ Parallel diquark spin direction

• Narrow width: Quark recombination (2 diquarks ⇒ J/ J/)

• How diquarks form exotic hadrons ?

• Disentangle dynamics of effective degrees of freedom

6Nature volume 646, pages 58–63 (2025)



Charmed baryon spectroscopy: J-PARC E50
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“Excitation mode”:  and  modes reflected by Diquark correlation

＊Dynamical information: Production rates and absolute decay branching ratios

• − p → D*− Yc
*+ reaction @ 20 GeV/c

 mode
Collective motion

between q-q and Q

G.S.

Excited states 

by spin-spin 

interaction

Light quark baryon

 mode
Excitation of q-q
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Production rates by hadronic reaction

• − p → D*− Yc
*+ reaction @ 20 GeV/c

• Production cross section(0°): Overlap of wave function

⇒ Production rates: / mode assignment

• Production rate of LS doublet ＝ L : L+1

• Large production rate of highly excited states
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Production rates by hadronic reaction

• − p → D*− Yc
*+ reaction @ 20 GeV/c

• Production cross section(0°): Overlap of wave function

⇒ Production rates: / mode assignment

• Production rate of LS doublet ＝ L : L+1

• Large production rate of highly excited states
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Decay property

• Decay measurement: c⇔ pD (−++ c
++/0 ⇔ p + D0)

⇒ Absolute value of branching ratios

• Complementary to high-energy experiments
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MARQ spectrometer at 20
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Decay measurement

＊Branching ratios

Missing mass measurement

＊Production rate

K+ & −: 2−16 GeV/c

Slow s
−: 0.5−1.7 GeV/c

±&p: < 4.0 GeV/c



MARQ spectrometer at 20
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Decay measurement

＊Branching ratios

Missing mass measurement

＊Production rate

K+ & −: 2−16 GeV/c

Slow s
−: 0.5−1.7 GeV/c

±&p: < 4.0 GeV/c

Large Acceptance Multi-Purpose Spectrometer

+ Trigger-less streaming-readout DAQ

Multipurpose Analyzer 

for Resonances and Quark dynamics (MARQ)

⇒ New platform for hadron experiment



Expected mass spectrum: − p → D*− Yc
*+

• Production rates ⇒ / mode assignment

• Production rate of LS doublet ＝ L : L+1

•  mode enhanced + Small production rate of  mode (0.2 nb w/  =100 MeV)

• Angular distribution (t-dependence: d/dt) contains structure information.
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＊Production rate of LS doublet ＝ L : L+1



Heavy quark doublet in highly excited states

• c(2880)
• JP = 5/2+ measured by Belle (PRL98, 262001, 2007)

⇒ c(2880)(5/2+) is likely to be  mode ( = 1,  = 1).
• Brown muck: J = 3

• H. Nagahiro et al., Phys. Rev. D 95, 014023 (2017)

• c(2940)
• JP is not determined.

• LHCb data: 3/2− ? (1/2 and 7/2 cannot be excluded)
• D0 p amplitude in 0

b → D0 p − (JHEP05(2017)030)

• If partner is c(2880)(5/2+) ⇒ JP = 7/2+ 

• H. Nagahiro et al., Phys. Rev. D 95, 014023 (2017)

＊Where are HQ doublet states ? ( = 2 mode)
• Brown muck: J=2 ⇒ c(2860) ? c(2910) ? 

• Properties of highly excited states can be tested by production.
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Studies by pionic decays: c
*→c →c

*  

＊Essential role of Heavy Quark Symmetry



Systematic study of diquark correlation

• Charmed baryon: ud diquark

• : us/ds diquark ⇒ Flavor (mass) dependence

• : ss diquark ⇒ Axial-vector diquark (No I.I.I.)

＊Production and decay branching ratios: From low-lying to highly excited states

15

u
d

u

Light quark baryon Charmed baryon

c

u-d

 baryon

s-u

s-d

u/d

s s

 baryon

s

s s

G.S.
N c  

 mode

 mode

P-wave (L=1)



Study of  baryon

•  baryon: us/ds diquark correlation

• Inversion of excitation energy:   mode <  mode

• Strength of us/ds diquark correlation: LS splitting

＊Identification of LS partner is necessary. (L:L+1 relation)
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Relation between  and  baryons: Production process
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• K− p → *0 K*0 reaction

⇒ *0 → *− K+

＊ production from  mode *

• Production mechanism of 

 mode ?



Relation between  and  baryons: Decay process
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• Cascade decay chain

⇒ *0 → *− K+, *− → 0 K−

• Properties (JP) of * by decay angular 
correlation

• Properties of initial *(JP) to be 
determined as well

*0 → *− K+, *− → 0 K−

 mode ?



• Reaction: K− p → K+ *− / K− p → K*0 *0 

• Beam: 5−8 GeV/c

• Missing mass: K+ / K*0

• Mass resolution: M ~7 MeV()
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＊High momentum transfer = Highly excited state

⇒ Systematic studies: Identify / modes

Expected mass spectra of * and * by K− p reaction
Beam momentum: 8 GeV/cBeam momentum: 8 GeV/c

• Reaction: K− p → *− K*0 K+ 

• Beam: 7−10 GeV/c

• Missing mass: K*0 & K+

• Mass resolution: M ~5 MeV()

 = 1−2 b  = 63 nb



Summary

• How quarks build hadrons ?
• Understanding of QCD dynamics in the low-energy regime

• Study of charmed baryon: Disentangle diquark correlation
• Charmed baryon spectroscopy via − p → D*− Yc

*+ @ 20 GeV/c: J-PARC E50

• / mode assignment by production rate and decay branching ratio

• Systematic measurements of baryon excited states: c/c, ,  systems 
• Investigation of ud, us/ds and ss diquark correlations

• High-intensity & High-momentum hadron beam: J-PARC 20/K10

• Multipurpose spectrometer: MARQ at 20

＊J-PARC hadron experimental facility provides unique opportunities 

for investigating diquark correlations.
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