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What are effective degrees of freedom ?

3q hybrid diquark meson-cloud

• How can we learn about the structure of the 
hadrons from their production and decay?
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Pentaquark

M = [1890-180*Y] MeV

D. Diakonov, V. Petrov, and M. Polyakov, 
Z. Phys. A 359 (1997) 305.

• Exotic: S=+1
• Low mass: 1530 MeV
• Narrow width: ~ 15 MeV
• Jp=1/2+

The antiquark has a different flavor than the other 4 quarks.
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Baryon masses in constituent quark model

• Mainly 3 quark baryons:
M ~ 3Mq + (strangeness)+(symmetry)

• p, K, and h are light:
Nambu-Goldstone bosons of spontaneously broken 

chiral symmetry.
• 5-quark baryons, naively:

M ~ 5Mq + (strangeness) +(symmetry)
1700~1900 MeV for Q+

mu ~ md = 300 ~ 350 MeV, ms=mu(d)+130~180 MeV

IUPAP Nuclear Science Symposium, June 14, 2022 



5

•DPP predicted the Q+  with M=1530MeV, G<15MeV, and Jp=1/2+.

•Naïve QM (and many Lattice calc.) gives  M=1700~1900MeV with Jp=1/2-.

•But the negative parity state must have very wide width (~1 GeV) due to 
“fall apart” decay.

Fall-apart decay problem

For pentaquark

Fall apart

Ordinary baryons
qq creation

•Positive parity requires P-
state excitation.

•Expect state to get heavier.

•Need counter mechanism.

Positive Parity?
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A di-quark model for pentaquarks

[ ]ud [ ]ud s JW hep-ph/0307341

JM hep-ph/0308286

L=1

(ud)

(ud)

s
L=1, one unit of orbital angular 
momentum needed to get JP=1/2+

Uncorrelated quarks: JP = 1/2−
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Pentaquark Θ+ search in photo-production

LEPS
positive

CLAS
negative
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Time dependent experimental 
status of Q+

γ +  d (n ) reactions
γ +  p  → p Ks

0

γ +  p → n K+ K- p+

K + (N) → p Ks
0 

lepton + D, A → p Ks
0

p + A → pKs
0 + X

p + p → pKs
0 + S+

Other Q+ Upper Limits

BaBar

CLAS-d2

BELLE

ALEPH, Z
SVD2

LEPS-d2LEPS-C CLAS-d1

DIANA

SAPHIR

SVD2

COSY-TOF

Hermes
JINR

CLAS-p

LEPS-d

nBCZEUS

BES J,Y

CLAS g11

SPHINX HyperCP

HERA-B
FOCUS WA89CDF

: Positive result

: Negative result

2002 2003 2004 2005

DIANA
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Null results for Pentaquarks in High energy 
experiments

FOCUS BABARBES

CDF

FOCUS

SPHINX

CDF DELPHI

HyperCPHERA-B

CDF

Q0cX--

X--

+  more
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Slope for mesons

Slope for baryons

Slope for pentaquarks??
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“XYZ” sensations at Belle
PRL91,261801(2003)

X(3872)→J/yp+p-

X(3872)
→J/y g

PRL107,091803(2011)

Ml+l-p+p- - Ml+l- (GeV)

PRL110,252002(2013)

Y(4260)→J/yp+p-

Z(3900)+→J/yp+

PRL100,142001(2008)

Z(4430)+ 

→y(2S)p+

Two Zb
±→Υ(nS)p±

PRL108,122001(2012)

PRL110,252002(2013)
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Explicitly Exotic Hadrons

These hadrons require new components
beyond the minimum constituent quarks,
ex. colorless meson q̄q or colored diquark qq.

Zc+(4430) Belle
PRL 100 (2008) 142001

M=4433 MeV
Γ =45 MeV

Pc (4312) (4440) (4457) LHCb
PRL 115 (2015), PRL 122 (2019)

Tcc LHCb
arXiv:2109.01038, 2109.01056
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Variety of recorded reactions

B decays

gg collisions

Initial state radiation Double cc

Change CM 
energy

JPC=0-+, 
1− −, 1++ JPC=1− −

C=+1

JPC=0±+, 
2±+,3++

Allowed/favored 
production process 
depends on quantum 
numbers of a hadron.
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Spin-Parity of X(3872)
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Belle PRL91,261801(2003)

X(3872)→J/yp+p-

Ml+l-p+p- - Ml+l- (GeV) Belle  PRL07,091803(2011)

X(3872)→J/y g; C=+1

B０

JPC=1++ (Belle, BaBar, CDF, LHCb) from J/y p+p- angular distribution. 
(PRL110, 222001(2013) and cited papers)

Br(X(3872)→D0D*0) is about Br(X(3872)→J/y p+p-)×10. 
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Admixture : Plausible interpretation 
for X(3872)

15

D0D0*

D±D∓* ~ 7 fm

Ar nucleus
X(3872)

cc core

DD* component is coupled with the same JPC cc, cc1(2P) (unseen).
→can explain Br(X→D0D*0)/Br(X→J/y p+p-) is about 10.
→pure molecule; too fragile to have prompt produced in Tevatron/LHC.
→another cc1(2P) dominant state would become broad.

Meson-meson 
molecule

E. J. Eichiten et al. Phys. Rev. D 73, 014014 (2006);
A. M. Badalin et al. Phys. Rev.D 85, 031103 (2012);
S. Takeuchi, K. Shimizu and M.Takizawa PTEP2014, 123D01(2014).
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A Puzzle in Baryon Spectroscopy

16

spin-orbit partner
Λ(1520) 3/2- is too
high?

Similar competition in
X(3872) (1+) ~ ccbar (3P1)+ DD*bar(S-wave)

u
s

dL=1

us

u d

u

Λ(1405) (1/2-) is the lowest negative parity baryon,
even below N*. 

2 competing pictures:
1. P-wave excitation

uds with S=1/2, L=1 orbital
excitation Þ Jπ=1/2- and 3/2-

2. Additional qqbar pair
qqq(qqbar) L= 0 state (NO orbital excitation) 
S=1/2, L=0 => Jπ=1/2-

likely to be N(1/2+) + Kbar(0-) bound state
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Heavy Quark Dynamics
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Dynamics of heavy quarks (c, b) is perturbative and nonrelativistic.
It decouples from light quarks.

Magnetic gluon coupling is suppressed.

1 10 100 MeV

u d s
chiral symmetry

1 10 100 GeV

c b t
heavy quark symmetry

mqΛQCDlight quarks heavy quarks

! µ 入a

"Q ∝
1
𝑚!

Þ Heavy quark symmetry : Light quarks do not feel the
mass and spin of the heavy quark (in the limit mQ → ∞).
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Diquarks in Heavy Baryons
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s

u

u d

d s
Þ flavor 3bar HQ baryons: ΛQ, ΞQ

Axial vector diquark A(1+)
L=0, S=1, color 3bar → SU(3)f 6 (sym) 

uu, {ud}, dd, {us}, {ds}, ss

Þ flavor 6 HQ baryons: ΣQ, ΞQ’, ΩQ

!" !" !"

Λc+

Ξc0 

Σc+

Ξc+ 

Σc++

Ξc’0

Ωc0

Σc0

Ξc’+

q

q
QScalar diquark S(0+)

L=0, S=0, color 3bar → flavor SU(3)f 3bar(antisym) : 

[ud]=(ud-du), [ds]=(ds-sd), [su]=(su-us)
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Diquarks in Excited Heavy Baryons

19

P-wave excited states of heavy baryons, ΛQ,
ΣQ, . . Two distinctive modes: λ and ρ modes

E (λ-mode) < E (ρ-mode) 
generally in the quark model

L=1L=0

ρ modeλ mode

L=0 
Q

L=1 
Q

u d

Λc(2286)+

Scaler diquark
“good diquark”

1
9u d

Σc(2455)

Axial vector diquark
“bad diquark”
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Charm Baryon Production

20

Belle Collaboration, Phys. Rev. D97, 072005 (2018)

S (0+) diquarks

A (1+) diquarks

P wave λ-mode

S wave GS

c

c

e+ e-

diquark

anti-diquark
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Diquark in Lattice QCD

21

M(1+) - M(0+) for Lattice QCD
Alexandrou, de Forcrand, Lucini, PRL 97 (2006) 222002 

Quench QCD, from gauge-invariant Qqq system 
M(1+) - M(0+) ~ 200-220 MeV

Babich, et al., PR D76 (2007) 074021 
Quench QCD, Landau gauge 
M(1+) - M(0+) ~162 MeV

Y. Bi, et al., Chinese Physics C40 (2016)
Full QCD, Landau gauge 
M(1+) - M(0+) ~290 MeV
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Hyperon Production

22

13

smaller than that of the non-strange quark pair creation.616

Indeed, S = −2 and −3 hyperons have significantly617

smaller production cross sections compared to S = −1618

hyperons, which are likely due to the suppression of ss̄619

pair creation in the fragmentation process. Despite the620

mass difference between strange and lighter quarks, one621

may expect the same mechanism to form a baryon be-622

tween S = −1 and S = −2 hyperons. The dotted line in623

Fig. 7 shows an exponential curve with the same slope624

parameter as S = −1 hyperons, which is normalized to625

the production cross section of Ξ−. Clearly, the pro-626

duction cross section of the Ξ(1530)0 is suppressed with627

respect to this curve. This may be due to the decuplet628

suppression noted in the Σ(1385)+ case. The production629

cross section for the S = −3 hyperon, Ω−, shows further630

suppression for an additional strange quark to be created.631

The results for charmed baryons are shown in Fig. 8.632

The production cross section of the Σc(2800) measured633

by Belle [32] is shown in the same figure, where we uti-634

lize the weighted average of cross sections for the three635

charged states, and assume that the Λ+
c π decay mode636

dominates over the others. In Ref. [32], the spin-parity637

is tentatively assigned as JP = 3/2−, so we use a spin of638

3/2 for this state.639

The prompt production of a qq̄ pair from e+e− anni-640

hilation couples to the charge of quarks. If the center-of-641

mass energy of e+e− is high compared to the mass of the642

charm quarks, the production rates of charm quarks be-643

come consistent with up quarks. Indeed, near the Υ(4S)644

energy, the production cross section of the Λ+
c ground645

state is much higher than the exponential curve of hy-646

perons extended to the mass of charmed baryons. The647

production mechanism of charmed baryons differs from648

that of hyperons. A cc̄ pair is created from a virtual pho-649

ton via e+e− annihilation and picks up a light diquark to650

form a charmed baryon. Thus, the production cross sec-651

tions of charmed baryons are related to the production652

cross sections of diquarks. Furthermore, the production653

cross sections of Σc baryons are smaller than those of654

excited Λ+
c by a factor of about three, in contrast to655

hyperons where Λ and Σ resonances lie on a common ex-656

ponential curve. This suppression is already seen in the657

cross section in the 0.4 < xp < 1 region, and is not due658

simply to the extrapolation by the fragmentation models.659

This phenomenon can be understood by assuming that660

Λ+
c baryons contain a larger portion of a spin-0 diquark661

component than Σc baryons, and light spin-0 diquarks662

are easier to be created than spin-1 diquarks. As a re-663

sult, Λ+
c baryons have higher production cross sections664

than Σc baryons. It is well-known that the mass split-665

ting between ground state Λ+
c and Σc is explained by such666

a diquark correlation in the charmed baryons; however,667

less is known about the structure in the excited states.668

To form an L = 1 excitation of a charmed baryon, we669

have two possible excitation modes: the λ-mode is com-670

posed of the spin-0 diquark with L = 1 excitation with671

respect to the charm quark, and the ρ-mode contains an672

orbitally excited diquark in the L = 0 orbit to the charm673

quark. Recently, Yoshida et al. calculated wave functions674

of heavy quark baryons using a quark model and found675

that low-lying P-wave excitation states are dominated676

by the λ-mode excitation [33, 34]. The observed differ-677

ence between the excited Λ+
c baryons and Σc baryons in678

our data can be explained by the structure of charmed679

baryons.680

We fit the production cross sections of Λ+
c baryons681

and Σc baryons using exponential functions, shown as682

the solid and dashed lines in Fig. 8. We obtain param-683

eters of a0 = 18 ± 1, a1 = (−6.3 ± 0.5)/(GeV/c2) with684

χ2/ndf = 0.2/1 for the Λ+
c family and a0 = 15± 3, a1 =685

(−5.8 ± 1.0)/(GeV/c2) with χ2/ndf = 0.5/1 for the686

Σc family. The slope parameters for Λ+
c baryons and687

Σ0
c baryons are consistent within error, and the ratio688

of production cross sections of Σ0
c to Λ+

c baryons is689

0.27 ± 0.07, using the weighted average of the slope pa-690

rameters 〈a1〉 = −6.2/(GeV/c2). Assuming that the pro-691

duction cross sections are proportional to the production692

probability of the tunnel effect of a diquark, the ratio of693

the production cross sections of Λ+
c resonances and Σc694

resonances is proportional to exp(−πµ2/κ) [35], where695

κ is the string tension, κ/π ∼ 2502 (MeV2), and µ is696

the mass of the diquark. The obtained mass squared697

difference of spin-0 and 1 diquark, m(ud1)2 − m(ud0)2,698

is (8.2 ± 0.8) × 104 (MeV/c2)2. This is slightly higher699

than but consistent with the value described in Ref. [2],700

4902 − 4202 = 6.4 × 104 (MeV/c2)2. Our measure-701

ment supports the diquark tunnel effect in the produc-702

tion mechanism of charmed baryons and a spin-0 diquark703

component of the Λ+
c ground state and low-lying excited704

states.705

mass (GeV)
1.1 1.2 1.3 1.4 1.5 1.6 1.7

 /
 (

2
J

+
1

) 
(p

b
)

σ

1−10

1

10

210
Λ

0
Σ

+(1385)Σ

(1520)Λ
-

Ξ

0(1530)Ξ

-
Ω

706

FIG. 7. Direct production cross section as a function of mass707

of hyperons. S = −1,−2,−3 hyperons are shown with filled708

circles, open circles and a triangle, respectively.709

Belle Collaboration, Phys. Rev. D97, 072005 (2018)

• L’s and S’s are on a line with 
possible suppression of S(1385)+

• Spin-spin interaction may 
compete with diquark correlation

• Measurement of L(1405) will be 
interesting
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Diquarks in Strange and Charm

23

Sbav 5826
Sc 2453

S*c 2518

Sb 5812

S*b 5833

Λ 1116

S 1193

Sav 1321
S* 1385

Scav 2496

200
65 21194

S diquarks

A diquarks

SU(3) 8

SU(3) 10S=3/2

S=1/2

Strange
Λc 2286
Charm

Λb 5620
Bottom

In the strange sector, the spin-spin force splits SU(3) 8 and 10.

In the heavier sectors, the heavy-quark spin symmetry suppresses
ΣQ(1/2) - ΣQ(3/2) splitting.

Diquark structure appear clearly in charm and bottom

IUPAP Nuclear Science Symposium, June 14, 2022 



Diquark masses and chiral symmetry

24

S (0+) ~ ΛQ

A (1+) ~ ΣQ

UA(1) Anomaly

Mass changes of the 0+ and 1+ diquarks under chiral restoration
Y. Kim, Y.R. Liu, M.Oka, K. Suzuki, Phys. Rev. D 104, 054012 (2021)

P (0-)

V (1-)

Possible inversion of the scalar and axial-vector diquarks 
→ may be significant for the behaviors of heavy baryons and
diquark condensates in dense matter.

Chiral condensate in units of its broken vacuum value

Chiral Symmetry Restoration
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Doubly Heavy Tetraquarks

25

Potential between heavy quarks 
(a la Semay-Silvestra Brac)

Predictions

The same model is applied to DHTQ
Y. Kim, M. Oka, K. Suzuki, Phys. Rev. D 105, 074021 (2022)

Potential between a heavy quark and a diquark

Q
D

Q

Q

Q

D

M 𝑇!! =10489 MeV

M 𝑇"" =3961 MeV

below 𝐵𝐵∗ threshold
above 𝐷𝐷∗ threshold
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Observation of Tcc

Tcc LHCb
arXiv:2109.01038, 2109.01056

• Very close to 𝐷∗"𝐷# threshold
• Likely to be 𝐷∗𝐷# molecule
• May require 4q core for the 

production at LHCb
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Measurment of charmed baryons
（Yc*+） formations and decays

• Inclusive/systematic measurement of Yc*+ 

• Decay branching ratios (independent meas. of decay particles)

π−
π−

K+

Identify 
Charmed baryons（Yc*+）
By Missing Mass meas.

p

D0
In coincidence with 
one of decay particles

Missing Mass Meas. @J-PARC E50 Experiment
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Expected spectrum

L = 0

1/2- 3/2- 5/2+ 3/2+?1/2+

1 : 2 3 : 2

Ground state

Mass of charmed baryons  [GeV/c2]

En
tr

y/
 0

.0
05

Ge
V/

c2

L = 1 L = 2

Spin Doublet Spin Doublet

λ mode states

Production rate to be L:L+1
→determine spin-parities

L=0

λ mode

L=1, 2
Q

Requires high resolution and good PID at very high rate 
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E50 Spectrometer

2m

3.2m

2
m

Dipole Magnet20 GeV/c
π−

beam

π−π−

K+

p

Timing meas.
(TOF)

J-PARC High-momentum BL

Particle ID（RICH
）

Large DC
(LDC)

＋ Streaming DAQ system

Large Solid Angle、PID system、high-
resolution

Liq. H2 Target

Tracking (DC）

Scintillation Fiber trackers（FT
）

Resistive Plate chamber

Time zero
（T0）

PID counter（bRICH）
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Streaming DAQ system

J-PARC High-momentum BL

FPGA

memory

SiTCP

メザニン
ボード

入力

AMANEQ

😊 demonstrated in test experiments: R. Honda, PTEP 2021, 123H01)

Event data processing

software
（Load balance）

detector

DISK

DISK

Event 
building

Event 
building

Event 
building

Event 
building

Event 
building

Event
filtering

Event
filtering

Event
filtering

Event
filtering

Event
filtering

hardware
（signal processing）

Data
Storage

digitizer

T0/TOF

DC

RICH

FT

RPC AMANEQ

AMANEQ

CIRASAME

AMANEQ

CIRASAME

30
,0

00
 c

ha
nn

el
s

new architecture w/o hardware trigger （※
） ※logic signal to start data transfer from digitizers to data storage

High-resol. TDC
32ch, 15 ps (σ)

CIRASAME

From MPPC(SiPM)
8x8 ch. x2

High-resol. TDC
32ch, 15 ps (σ)
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HIHR
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K10
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Simulation
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p scatteringΛDifferential cross section of 

θcos
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1
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0

1
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176 (MeV)

p scatteringΛ) of yyDepolarization (D

Simulation

K1.8BR K1.
8

d

Current Hadron Experimental Facility

COMET

KL

High-p

30 GeV
Proton Beam

Hadron Exp. Facility

J-PARC

Main Ring

ν

Pacific
OceanLinac

RCS

MLF
EastWest
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Extended Hadron Experimental Facility

32

HIHR

K1.1

K10

KL2
High-p (p20)
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e- 2.6 A

e+ 3.6 A

Colliding bunches

Damping ring

Low emittance gun

Positron source

New beam pipe
& bellows

Belle II

New IR

TiN-coated beam 
pipe with 
antechambers

Add / modify RF 
systems for 
higher beam 
current

New positron 
target / capture 
section

New superconducting 
/final focusing quads near 
the IP

Low emittance 
electrons to 
inject

Low emittance 
positrons to 
inject

Replace short  
dipoles with longer 
ones (LER)

• Nano-beam
• Increase currents

Peak luminosity : 2.1x1034 cm-2s-1 => 8.0x1035 cm-2s-1

Beam energy : 3.5 / 8.0 GeV => 4.0 / 7.0 GeV

KEKB
×40

Boost factor ~2/3

SuperKEKB collider



Issues to overcome
• Beam background
• High rate capability
• Boost ~ 2/3

KLM : "KL and muon"
RPC (barrel) + SiPM
(end-cap, inner barrel)

PID: Cherenkov ring image
TOP (barrel): Quarts
ARICH (endcap): Aerogel

CDC : drift chamber

VXD : 
PXD : DEPFET (pixel)
SVD : Silicon strip

ECL : CsI (TI), 
waveform sampling

e+ (4GeV)

e- (7GeV)
1.5T solenoid coil

Technical choice 
• Finer segmentation, waveform sampling.
• Material change
• Larger angular coverage (CDC, SVD)
• Closer to the IP (PXD) 3 -> 2cm
• Particle ID improve (𝐾/𝜋)(TOP, ARICH)

Belle II detector

34
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Pentaquark Θ+ search @ LEPS2

Invariant mass measurement

𝛾𝑑 → Θ!𝐾"𝑝
Θ! → 𝐾#$𝑝 → 𝜋! 𝜋"𝑝

Strangeness tagging

MC 
expected signal

Wide angle coverage

35
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Backward Compton Scattering
8 GeV electron

Recoil electron
(tagging)

Laser
LEP
(GeV g -ray)

SR 30m long line

Laser room

Experimental bldg Beam dump

Inside SR 

bldg
Outside SR 

bldg

BGOegg
Calorimeter LEPS2 Solenoid 
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Solenoid spectrometer
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• Timing counter: SC, Forward and Barrel RPCs
• Tracker: TPC, DCs 
• EM calorimeter: Barrel γ
• Aerogel Cerenkov counters
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Solenoid spectrometer
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Summary
• Hadron spectroscopy including exotic hadrons is 

shedding lights on “effective” degrees of freedom for 
hadron structure and excitation, ex. molecular states,
diquarks, collective motions.

• Production and decay of heavy hadrons is promising to
reveal the dynamics and roles of diquarks.

• High-intensity and wide-acceptance facilities such as J-
PARC (with Hadron Hall Extension in near future), Belle 
II@Super KEKB, and LEPS2@SPring-8 will provide us
with opportunities to explore the colored and colorless 
correlations further. 
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