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1. Introduction

2

Before around 1950:  

    Nucleons, ..were elementary

     1934:  Yukawa’s pion

     1947:  Kaon,  in cosmic ray

     1948:  Pion in cosmic ray

     1952:   in accelerator…

Λ

Λ, Σ, Ξ

Hadrons are composite particles → Spectroscopy

H. Yukawa M. Gell-Mann G. Zweig MeVmπ ∼ 140

Meson

Baryon

But then

1962: 

Gell-Mann, Zweig’s

Quark model

Octets and decuplets: Systematics in the ground states
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Spectroscopy — What’s interest

3

In itself:

  Ground states: 

      Masses, charge/magnetic densities

  Excited states:

      What states, what structures

      Which ones are truly exotic?

Relevance to:  many-body systems/forces

~~

• • • 
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How quarks build baryons

4

Today’s approach for baryons

From now on, discussions are mostly baryons

3 current (bare) quarks

Many virtual  pairs

mediated by gluons

q̄q

First principle calculations Lattice QCD

http://ppwww.phys.sci.kobe-
u.ac.jp/~yamazaki/lectures/07/
modernphys-yamazaki07.pdf
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Hadrons from QCD — Lattice21 15. Quark Model

With these brief remarks, we turn to examples. The field of lattice QCD simulations is vast, and
so it is not possible to give a comprehensive review of them in a small space. The history of lattice
QCD simulations is a story of thirty years of incremental improvements in physical understanding,
algorithm development, and ever faster computers, which have combined to bring the field to a
present state where it is possible to carry out very high quality calculations. We present a few
representative illustrations, to show the current state of the art.

By far, the major part of all lattice spectroscopy is concerned with that of the light hadrons,
and so we illustrate results in Fig. 15.7, a comprehensive summary provided by A. Kronfeld (private
communication; see also [64]).

Figure 15.7: Hadron spectrum from lattice QCD. Comprehensive results for mesons and baryons
are from MILC [65, 66], PACS-CS [67], BMW [68], QCDSF [69], and ETM [70]. Results for ÷ and
÷

Õ are from RBC & UKQCD [10], Hadron Spectrum [71] (also the only Ê mass), UKQCD [72],
and Michael, Ottnad, and Urbach [73]. Results for heavy-light hadrons from Fermilab-MILC [74],
HPQCD [75, 76], and Mohler and Woloshyn [77]. Circles, squares, diamonds, and triangles stand
for staggered, Wilson, twisted-mass Wilson, and chiral sea quarks, respectively. Asterisks represent
anisotropic lattices. Open symbols denote the masses used to fix parameters. Filled symbols (and
asterisks) denote results. Red, orange, yellow, green, and blue stand for increasing numbers of
ensembles (i.e., lattice spacing and sea quark mass) Black symbols stand for results with 2+1+1
flavors of sea quarks. Horizontal bars (gray boxes) denote experimentally measured masses (widths).
b-flavored meson masses are o�set by ≠4000 MeV.

Flavor singlet mesons are at the frontier of lattice QCD calculations, because one must include
the e�ects of “annihilation graphs,” for the valence q and q̄. Recently, several groups, Refs. [10,72,
78], have reported calculations of the ÷ and ÷

Õ mesons. The numbers of [10] are typical, finding
masses of 573(6) and 947(142) MeV for the ÷ and ÷

Õ. The singlet-octet mixing angle (in the
conventions of Table 15.2) is ◊lin = ≠14.1(2.8)¶.

The spectroscopy of mesons containing heavy quarks has become a truly high-precision en-
deavor. These simulations use Non-Relativistic QCD (NRQCD) or Heavy Quark E�ective Theory

6th December, 2019 11:50am

Hadron spectrum (G.S.) from lattice QCD (from pdg)

Mesons Baryons
Ground states

Excited states

Resonances seem complicated, and yet…

Nucleon resonances

P11(1440) 1/2+            D13(1520) 

S11(1535) 

3/2−

1/2−

x

x
xx

x

x x
xx

x x x

P11(940) 1/2+

Edwards et al, PRD84, 074508 (2011)

mπ = 396 MeVmπ ∼ Physical

x: Some Exp Data 
(with nucleon mass 
adjusted)

Ground state (G.S.) properties are systematically reproduced

1000

2000

3000
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

approximately 5MeV and 2MeV below the ⌃+
c D

0 and ⌃+
c D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [31–33] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [28–30] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

In summary, the nine-fold increase in the number of ⇤0
b ! J/ pK� decays recon-

8

New (exotic?) phenomena

6

c̄cuud → (c̄u)(cdd)

X(3872) Pc(4310, 4460, 4520)

LHCb, PRL122 (2019) 222001 

Λb(6072)

LHCb, JHEP 06 (2020) 136

Arifi et al, PRD 101

             (2020) 111502

• Many of them contain heavy and light quarks

• Near/above threshold 

      ~ low energy dynamics ~ interactions/scatterings/resonances

excited states

Belle, PRL91 (2003) 262001

c̄c or D*−D̄

LHCb, PRD102

092005 (2020)

the amplitude in the complex energy plane are identifiedwith
hadronic states. The pole location is a unique property of the
respective state, which is independent of the production
process and the observed decay mode. In the absence of
nearby thresholds the real part of the pole is located at the
mass of the hadron and the imaginary part at half the width of
the state. Branch point singularities occur at the threshold of
every coupled channel and lead to branch cuts in the Riemann
surface on which the amplitude is defined. Each branch cut
corresponds to two Riemann sheets. Through Eq. (2) the
amplitudewill inherit the analytic structure of the square root
functions of Eq. (3) that describe the momenta of the decay
products in the rest frame of the two-body system. The square
root is a two-sheeted function of complex energy. In the
following, a convention is used where the two sheets are
connected along the negative real axis. An introduction to this
subject can be found in Refs. [46–48] and a summary is
available in Ref. [49].
For the χc1ð3872Þ state only the Riemann sheets asso-

ciated with theD0D̄#0 channel are important, since all other
thresholds are far from the signal region. The following
convention is adopted to label the relevant sheets:

(I) E − Ef − g
2 ðþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE > 0,

(II) E − Ef − g
2 ðþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE < 0,

(III) E − Ef − g
2 ð−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE < 0,

(IV) E − Ef − g
2 ð−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ2ðE − δÞ

p
Þ þ i

2ΓðEÞ
with ImE > 0,

whereΓðEÞ≡ ΓρðEÞ þ ΓωðEÞ þ Γ0. The fact that the model
contains several coupled channels in addition to the D0D̄#0

channel complicates the analytical structure. The sign in front
of the momentum

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μ1E

p
is the same for sheets I and II and

therefore they belong to a single sheet with respect to the
D0D̄#0 channel. The two regions are labeled separately due to
the presence of the J=ψπþπ−, J=ψπþπ−π0 channels, as well
as radiative decays. Those channels have their associated
branch points at smaller masses than the signal region. The
analysis is performed close to theD0D̄#0 threshold and points
above and below the real axis lie on different sheets with
respect to those open channels.
Sheets I and II correspond to a physical sheet with

respect to the D0D̄#0 channel, where the amplitude is
evaluated in order to compute the measurable lineshape at
real energies E. Sheets III and IV correspond to an
unphysical sheet with respect to that channel. Sheet II is
analytically connected to sheet IValong the real axis, above
the D0D̄#0 threshold.
In the single-channel case, a bound D0D̄#0 state would

appear below threshold on the real axis and on the
physical sheet.

A virtual state would appear as well below threshold on
the real axis, but on the unphysical sheet. A resonance
would appear on the unphysical sheet in the complex plane
[46–48]. The presence of inelastic, open channels shifts the
pole into the complex plane and turns both a bound state as
well as a virtual state into resonances. In the implementa-
tion of the amplitude used for the analysis, the branch cut
for the D0D̄#0 channel is taken to go from threshold toward
larger energy E, while the branch cuts associated with the
open channels ΓðEÞ are chosen to lie along the negative real
axis. The analytic structure around the branch cut asso-
ciated with theDþD#− threshold is also investigated, but no
nearby poles are found on the respective Riemann sheets.
At the best estimate of the Flatté parameters the model

exhibits two pole singularities. The first pole appears on
sheet II and is located very close to the D0D̄#0 threshold.
The location of this pole with respect to the branch point
obtained using the algorithm described in Ref. [50], is
EII ¼ ð0.06 − 0.13iÞ MeV.Recalling that the imaginary part
of the pole position corresponds to half the visible width, it is
clear that this pole is responsible for the peaking region of the
lineshape. A second pole is found on sheet III. It appears well
below the threshold and is also further displaced from the
physical axis at EIII ¼ ð−3.58 − 1.22iÞ MeV.
Figure 6 shows the analytic structure of the Flatté

amplitude in the vicinity of the threshold. The color code
corresponds to the phase of the amplitude on sheets I (for
ImE > 0) and II (for ImE < 0) in the complex energy
plane. The pole on sheet II is visible, as is the discontinuity
along the D0D̄#0 branch cut, which for clarity is also
indicated by the black line. The trajectory followed by the

FIG. 6. The phase of the Flatté amplitude obtained from the fit
to the data withm0 ¼ 3864.5 MeV on sheets I (for ImE > 0) and
II (for ImE < 0) of the complex energy plane. The pole
singularity is visible at EII ¼ ð0.06 − 0.13iÞ MeV. The branch
cut is highlighted with the black line. The trajectory of the pole
taken when the couplings to all but the DD̄# channel are scaled
down to zero is indicated in red.

R. AAIJ et al. PHYS. REV. D 102, 092005 (2020)

092005-10

Pole of X(3872)

Re(E)
Im(E)

Are they really 

complicated?
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Systematic behavior: excited states

7

Positive parity baryon resonances

=> Natural to expect simple dynamics

Systematics of the SU(3) Baryon Spectra 1277

rule out the possibility that Σ S11(1750) could be a member of 48MS, as it seems to
become degenerate with Σ D15(1775). In this case Σ S11(2000) in Table I would be
identified with a member of 210MS. We should also mention that we do not consider
possible configuration mixings, which would become important for such states as
N S11(1535) − N S11(1650), where 28MS and 48MS mix, 2), 17) and Σ S11(1750) −
Σ D13(1940) − Σ S11(2000), where 28MS, 48MS and 210MS mix. 18)

In Fig. 2, the horizontal axes are labeled by the spin-flavor representations,
which are grouped into N, Λ,Σ and ∆ states. The negative parity baryons have
a mixed symmetric (MS) spatial wave function and are all identified with members
of the 70-plet. In contrast, positive parity baryons can have either a symmetric (S for
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Fig. 2. Excitation energies of positive and negative parity states of the SU(3) baryons. States
listed in Table I (other than the Ξ baryons) are plotted. Data are taken from the particle data
group 15) and the energies are measured from the ground states of SU(3) octet 28S and decouplet
410S. Those states with three and four stars are shown by solid bars and those with one and
two stars by gray bars. The theoretical DOQ prediction is plotted with the dashed lines, with
the orbital angular momentum shown in the right part of the figures. For D35(1930) we cannot
assign a quantum number. The labels on the horizontal axis are 2S+1Dσ for representations of
SU(2) × SU(3) − SU(6). Further details are explained in the text.
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Λc(2286) Ξc(2468) Λb(5620)

Λc(2880)

Ξc(2970) Λb(6072)

Λc(2860)

Λc(2765)

Light baryons Heavy baryons

Λc Ξc Λb

Takayama et al Prog.Theor.Phys. 101 (1999) 1271

u, d, s baryons
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Simple dynamics?

8

• Many degrees of freedom

     → Fewer dof with simple dynamics at low energies


• Common features many-body dynamics 

          Useful for the study of various systems

Confined constituent quarks 

+ pion cloud

Light quarks and gluons
http://ppssh.phys.sci.kobeu.
ac.jp/~yamazaki/lectures/07/modernphys-yamazaki07.pdf

(Light u,d,s quarks)
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Evidences

9

T. Iritani et αl, HALQCD collaboration

PLB792 (2019) 284

Ω-N interact at short distances

T. Iritani et al. / Physics Letters B 792 (2019) 284–289 287

Fig. 3. (a) The central potential V C(r) of the N!(5S2) system at t/a = 11 (blue up-pointing triangles), 12 (red squares), 13 (green circles) and 14 (black down-pointing 
triangles). (b) The result of the fitting of V C(r) (red circles) at t/a = 11 by using V fit(r) in Eq. (6). The black dotted (orange solid) line denotes the first (second) term in 
Eq. (6), and the blue dashed line is the sum of two terms. (c), (d) and (e) are the cases of t/a = 12, 13 and 14, respectively.

Fig. 4. (Left) The S-wave scattering phase shifts δ0 as a function of the kinetic energy, k2/2m. (Right) k cot δ0/mπ as a function of (k/mπ )2.

Pressure distribution inside the proton

Pion cloud 

Quark core

V.D. Burkert, L. Elouadrhiri & F. X. Girod

Nature volume 557, pages 396–399 (2018)

No repulsive force: 

Consistent with 

the Pauli’s principle

mπ ∼ 600 MeV

Lattice study of charge radius Ω ~ 0.5-6 fm vs p ~ 0.87 fm


Boinepalli et al, D 80, 054505 (2009);  Alexandrou et al, PRD 82, 034504 (2010);  Can et al, PRD 92, 114515 (2015)
For Δ at mπ ∼ 600 MeV For Ω at mπ ∼ 297 MeV For Ω at mπ ∼ 156 MeV

Core Core + cloud
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QCD vacuum is not empty ~ Instantons are created and annihilated

Snapshot of topological densities

fluctuating in the vacuum

Derek Leinweber, 2003, 2004

http://www.physics.adelaide.edu.au/theory/staff/
leinweber/VisualQCD/Nobel/index.html

2. Scenario from QCD

Kobayashi-Maskawa_PTP44(1970)1422

G. ’t Hooft, PRL37.8 (1976), PRD14, 3432 (1976)

• Extended (topological) object of gluons, of size ~ 0.2 fm

• QCD vacuum is topologically nontrivial

• Chiral symmetry is broken spontaneously 


•  Instanton Induced Interaction (III) with  breaking

m ≠ 0

UA(1)

⟨q̄q⟩ ∼ ∫
d4k

i(2π)4
tr

1
m − k⟋

∼ ∫
∞

∞
dλν(λ)

μ
λ2 + μ2

|μ→0

Banks-Casher, NPB169(1989)193

D. Diakonov, PPNP51(2003)173

Fukaya et al, PRL104.122002 (2010), PRD.83.074501 (2011)

ℒIII = gD (det[q̄i(1 − γ5)qj] + h . c . )

Uniqueness of QCD as a many-body problem → Non-trivial dynamics

Systematic study:  Hatsuda-Kunihiro: Phys. Repts. 247 (1994) 221-367 
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Parameters are determined by exp data or matching with QCD

At the same time  Explore their dynamical origin

Effective theory

11

ℒ = q̄(i∂ − gA⟋)q − mq̄q + ℒIII

Manohar-Georgi’ chiral quark model, NPB234  (1984) 189, with III

Building blocks Confined constituent quarks + pions around

~ 1 fm

+q̄V⟋q+gAq̄A⟋γ5q +
1
4

f 2
π tr∂μU∂μU† −

1
4

FμνFμν + ⋯

Quark core

Meson cloud

Meson cloud at long distances,  r > 1 fm  

    Systematically explored by chiral perturbation theory 


Quark core at intermediate distances 


    Massive constituent quarks:  ,  MeV

    Spin-dependent forces spin-spin (SS) and spin-orbit (LS) forces from OGE and III

mu ∼ md ∼ 360 ms ∼ 540
0.2 fm < r < 1 fm

Unsettled issues in page 15 and after → Main discussions at J-PARC extension
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3. Heavy and strange quarks
(1) Kinematic effect disentangle λ and ρ modes:  Internal motion

(2) Spin-dependent force of OGE vs III:  non-trivial features of QCD

      → (Light) Diquarks 

(3) UA(1) anomaly in baryons:  and  inversionρ λ

λ

ρ

λ

ρ

(1) Kinematic effect
ρ

λ

(2) Spin dependent force

12
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Heavy and strangeness
(1) Kinematic effect disentangle λ and ρ modes:  Internal motion

(2) Spin-dependent force of OGE vs III:  non-trivial features of QCD

(3) UA(1) anomaly in baryons:  and  inversionρ λ

Inverse mass hierarchy: 

•  and  diquarks as chiral partners

• UA(1) anomaly included


    :  M(us), M(ds) < M(ud) ~ ρ mode


    :  M(us), M(ds) > M(ud) ~ λ mode

0+ 0−

0−

0+

Kim et al, Phys.Rev.D 102 (2020) 014004

(3)

u, d, s + Q (c, b)

13
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Multi-heavy hadrons

14

Example:    tetraquarkQQ − q̄q̄

MQ : at ≫ ΛQCD

mq̄ : at ∼ ΛQCD

Mixture of dynamics at and beyond ΛQCD

Stable strongly; decays only weakly
Karliner-Rosner, PRL 119(20) (2017) 202001

Meng et al, PLB 814 (2021) 136095

How rich hadrons can be?  beyond the today’s discussion…
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4. Unsolved/unsettled problems

15

Spin-dependent force

(1) Spin-Spin: Too large ?

(2) LS: missing in light baryons but evidence in heavy baryons

     Different mass dependence of OGE and III


Quark motion

(3) Roper like-resonances  

     Low mass:  Universal independent of flavors?

     Wide width:  directly proportional to 

αss
S

⟨p2
i ⟩ ∼ 1/⟨r2⟩

 Takizawa’s talk

Dynamics at intermediate distances,  0.2 fm < r < 1 fm
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(1) : Too large in Spin-Spin interaction?αss
S

16

• Baryon Masses 

　(From T. Kunihiro, Textbook in Japanese: クォークハドロン物理学入門, サイエンス社, 2013)


    mu,d = 335 MeV, ms = 527 MeV

MB = M0 +
uds

∑
i [mi +

a
2mi ]+b∑

i<j

σi ⋅ σj

mimj






a = (175.2 MeV)2

b = (176.4 MeV)3

M0 = − 56.4 MeV

BUT  or largerαCoul
S ∼ 0.5 ≠ αss

S ∼ 1

V(r) =
αCoul

S

rij
λiλj +

8παss
S

mimj
δ3( ⃗rij)σiσjλiλj + ⋯

It should be αCoul
S = αss

S

Data:  Λ(1116)    Σ(1193)    Σ*(1385)    Ξ(1320)    Ξ*(1507)

Calc.      1114         1186          1372          1332           1519

Phenomenological mass formula

If V(r) is from OGE
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Instanton Induced Interaction (III)

3-body III reduced to 2-body

Soryushiron Kenkyu

NII-Electronic Library Service

Soryushiron 　 Kenkyu

ク ォ
ー

ク模．型 に おけ る イ ン ス タ ン トン の 役割
一 41 一

ク凝縮値や クォ
ークの 質量で 与えられる 。

　　　　　　　　　　　　　　　　　船
2L

畑
3）
（4q＞

従 っ て 1・6（
2）は クォ

ー クの フ レ
ー

ヴァ
ーに依存 して い て 、 例 えば u −s 間で は u −d 間に比べ て相互

作用が 弱 くな っ て い る 。 又、真空中での クォ
ー

ク凝縮が負で あるた め 、 型 3〕が斥力で
、 ff（2｝が

引力 を与える こ とが解る 。

3． イ ン ス タ ン トン 媒介相互 作用の 性質

　 上 の 相互作用 をメ ソ ンやバ リオ ン の 状態で考えて み る こ とにする 。 簡単の ため に 、着物 を

着た ク ォ
ー

クへ の 相互作用 も同 じ形を持 つ とし、 また短距離力なの で 摂動的に扱っ て よ い と仮

定し、 種 々 の ヴァ レ ン ス ク ォ
ー

ク状態に つ い て の期待値 を求め る 。 先に述べ た よ うに 、イ ン ス

タ ン トン に よる相互作用 は ク ォ
ー

ク を閉 じ込め ない の で ク ォ
ー

ク閉 じ込 め は別 に与える もの

とする 。 まず 3体力 H （3）は メ ソ ン やバ リオン の状態に は効かない こ とがす ぐ解か る。 それは 、

こ の 3体力が ゼ ロ レ ンジなの で クォ
ー

ク波動関数の軌道部分が対称なもの に しか寄与 しない こ

とと、フ レーヴァ
ー

の 反対称状態に しか働か ない こ とから来て い る 。
バ リオ ン内の ヴ ァ レン ス

ク ォ
ー

クはカ ラ
ー 1重項 （完全反対称）なの で H （3）の 行列要素は対称性に よ りゼ ロ となる 。

　
一

方、 2体力 HC2 ）は次の よ うなク オ
ー

ク問 ポテ ン シ ャ ル に 書 き直 される 【9】。

　　　　　　　L・ill・ − 1・誘2）

ひ・・ ［
　 3 　 　 9
1 ＋ か

’λ
・ ＋

蘢
λ晒 ・r σ

・］・  　 （・）

　　　　　　　　 ξi ≡ Mu ／171i

ここ で 111iはク ォ
ークの有効質量 （constituent 　mass ）で ある 。

こ れを見て解る よ うに この 2体力

は、 レ ン ジが ゼ ロ の ス ピ ンース ピン 相互作用 を含んで い て 、メ ソ ンやバ リオ ンの ス ペ ク トラム

で の Hyperfine　splitting を引 き起こす。 こ の ス ピン ー
ス ピン相互作用の形は 、ク オ

ー クの 有効

質量依存性 も含めて 、 1一グ ル ーオ ン 交換力 （OGE ）の なか の カラ
ー

磁気部分 （c。1・r−magnetic

intera．・七i・n
，
　CMI ）【1Gl

　　　　　　　　　　　I・MI − 一

蕩誓鷯 幅 ）（… σ ・臨 ） 　 　 （・）

と全 く同型 なの で 、 現象論的には両者の 区別はつ かない こ とに なる 。 例外的にグ ル
ー

オ ン交換
と 同 じに な らない の は 、 qq が消滅す る グ ラ フ （図 2 ）か ら来 る寄与で 、こ れは メ ソ ン の ス ペ

ク トラム で η と η
’

の 質量差を引 き起 こす項 で あ る 【9 ，
11】。 これ は イ ン ス タ ン トン に よる相互

作用がカ イラ ル U （1）A 対称性 を破る こ とを示 して い る 。

　 こ の ように IIIの ス ピ ン依存部分 がグル ーオ ン 交換 に よる もの と同 じ形で あるため に 、バ

リオン の ス ペ ク トラム を見た だけで はこれ らの 区別がつ かない
。 そこで 従来CMI に因る と思
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ク ォ
ー

ク模型 に おけ る イ ンス タ ン トン の 役割

東京工業大学　理学部　物理学科

　　　　岡　　真、　 竹内　幸子

（1992年 12月 7日受理〉

1．　は じめ に

　 ク ォ
ーク模型 はハ ド ロ ン の ス ペ ク トラ ム や構造 、 遷移などの 解明 に大 きな役割を果た して

きた 。 特 に 、 重 い ク ォ
ー

ク Q （c，
b

，
t）を含む系では系の エ ネル ギ ー

（〜ク オ
ークの 質量）が QCD

の ス ケール AQCDに比べ て十分大きい ため摂動論を適用で きる事が期待される 。 実際 、　QQ 系で

は
、 そ の ス ペ ク トラ ム 、 電磁的お よび弱 い 相互作用に よ る崩壊などに対する計算値が よ く実

験値を再 現 して い る。

一
方 、 軽い ク ォ

ー
ク q （u ，

d
，
s）か らなる軽 い ハ ド ロ ン で は、ク 才

一
クの

質量がAQCD と 同等か ・J・ さ い に もかか わ らず、 3 σ（3）、 ∬ （6）など の ヴ ァ レ ン ス ク ォ
ー クに於

け る対称 性がス ペ クトラ ム に良 く反映 されて い る事 もわ か っ て い る 【1】。 特に メ ソ ン を qqで 、

バ リオ ン を qqq で 説明 して 、 それ以外の 自由度 を必要と しない の は大変不思議で ある 。

　 重い ク オ
ー

クの系で も Q−Q間の グル ーオ ン 交換 は摂動論的だが 、 外側 に は軽い ク ォ
ークや

グル
ーオ ン か らなる非摂動論的な雲の 部分が ある はずで 、 実際それ が重い ク ォ

ー
ク の 閉 じ込

めに関与 して い る と思われ る 。 （この 部分 を低エ ネル ギ
ー
部分 LES （Low　Energy　Stuff）と呼ぼ

う。 ）上 に書 い た よ うに 、 重 い クォ
ー クの ダ イナ ミクス が LES を殆 ど無視 して も正確 に 扱え

るの は 、 有効結合定数が小 さい からだけで は な く、重い クォ
ー クが 必要な量子数や結合 をすべ

て 担っ て い る こ とを意味す る。 LES の 自由度は裸の 重い ク ォ
ー

ク を衣を着た ク ォ
ー

クに置 き

換えるこ とに よっ て繰 り込 まれて しまうの で ある 。 衣 を着たク ォ
ークは裸の ク ォ

ークとは若干

違 う質量を持つ が 、量子数や結合は変更され ない
。 こ の事情は Heavy　Quark　Symmetry ある

い は IsgllT−Wise　Symmetry と して知 られて い て 、 弱い 相互作用の 遷移行列要素が重い ク ォ
ー

ク の種類 に殆 ど依 らない 等の 有用な結果 を与える 【2】。 こ こで 重要なの は、低運動量部分 （軽

い ク ォ
ー

ク とソ フ トグル
ー

オ ン ）と高運動量部分 （重 い ク ォ
ー

ク とハ
ードグル

ー
オ ン）の 分離が

自然に な され て い る 点で ある 。

　 軽 い ク ォ
ー

ク の み か ら成 る系 で は上 の 様なヴ ァ レ ン ス 部分 と LES の 分離が難 しい た め に

様々な困難を生ずる 。 こ の LES の分離は 、原子核の 殻模型におけ る平均場 と残留相互作用の 分

N 工工
一Eleotronlo 　Llbrary 　

Soryushiron 
Kenkyu
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(2) Missing LS in light baryons?

18

L = 1

L = 3

Systematics of the SU(3) Baryon Spectra 1277

rule out the possibility that Σ S11(1750) could be a member of 48MS, as it seems to
become degenerate with Σ D15(1775). In this case Σ S11(2000) in Table I would be
identified with a member of 210MS. We should also mention that we do not consider
possible configuration mixings, which would become important for such states as
N S11(1535) − N S11(1650), where 28MS and 48MS mix, 2), 17) and Σ S11(1750) −
Σ D13(1940) − Σ S11(2000), where 28MS, 48MS and 210MS mix. 18)

In Fig. 2, the horizontal axes are labeled by the spin-flavor representations,
which are grouped into N, Λ,Σ and ∆ states. The negative parity baryons have
a mixed symmetric (MS) spatial wave function and are all identified with members
of the 70-plet. In contrast, positive parity baryons can have either a symmetric (S for
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Fig. 2. Excitation energies of positive and negative parity states of the SU(3) baryons. States
listed in Table I (other than the Ξ baryons) are plotted. Data are taken from the particle data
group 15) and the energies are measured from the ground states of SU(3) octet 28S and decouplet
410S. Those states with three and four stars are shown by solid bars and those with one and
two stars by gray bars. The theoretical DOQ prediction is plotted with the dashed lines, with
the orbital angular momentum shown in the right part of the figures. For D35(1930) we cannot
assign a quantum number. The labels on the horizontal axis are 2S+1Dσ for representations of
SU(2) × SU(3) − SU(6). Further details are explained in the text.
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Do III + OGE save this problem?

1.4

S. Takeuchi/Nuclear Physics A 642 (1998) 543-561 553 
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Fig. 2. The PIll dependence of the P-wave A* mass. Each graph corresponds to the case where (a) the quark 

mass ratio, ~s = mu/ms = I, (b) ~s = 0.6, (c) no interaction between the charm and other quarks, and (d) 

~c = mu/mc = 0.23. In (a), (b) and (d),  solid lines stand for the spin-l /2 states, dotted lines for the spin-3/2 

states, and dot-dashed lines for the spin-5/2 states. The spin quantum numbers of the degenerated states are 

given in (c). 

by only 8 MeV. We can conclude that this model with P m =  0.4 can give the bulk amount 

of LS splitting between the flavor-singlet baryons and that it can be the pole required to 

explain the low mass of A(1405) when the NK channel is introduced [20,22,26]. 

When ms = mu, the LS splitting between A(1405) and A(1520) is proportional to 

the LS splitting in the P-wave octet baryons; the matrix element is twice larger than 

that of the octet baryons, which holds irrespective of the introduction of III. 

The quark mass dependence of OGE and III is different from each other. The mass 

spectrum with m ,  ~ ms is different when one reduces OGE LS by hand instead of 

introducing IlL Suppose the OGE spin-orbit term is weakened to 0.18 times smaller 

without introducing III so that the above splitting between A(1670) and A(1690) 

becomes again 31 MeV, then the splitting of the singlet A's becomes 54 MeV. The 

result with OGE-III cancellation, 80 MeV, is closer to the experiment, 115 MeV. Other 

differences between these two interactions that persists at the flavor SU(3) limit are in 

the relation between the sizes of the LS splitting of the baryon mass and of the LS force 

of the two baryon systems and will be discussed in the next subsection. 

The mass difference between the non-strange S-wave octet baryons and the decuplet 

baryons, i.e. AMNA, is a fitting parameter in our model, which determines the combined 

strength of OGE and III. The origin of this mass difference is the color-magnetic 

interaction of OGE and the spin-spin interaction of III. These terms also produce the 

octet-decuplet mass difference in the S-wave baryons with strangeness and the octet- 

decuplet and the singlet-octet mass difference in the P-wave baryons. 

The obtained value of the octet-decuplet mass difference of S-wave 2* particles 
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Abstract 

Effects of the spin orbit-force on hadronic systems with strangeness or charm are investigated 

by a valence quark model with the instanton-induced interaction. By introducing this interaction, 

the spin-orbit splittings in the negative-parity hyperons becomes 0.14-0.37 times smaller. The 

flavor-octet baryon mass spectrum and the splittings in the charmed baryons become consistent 

with the experiments. Although the splitting is also reduced in the flavor-singlet baryons, it still 

gives two third of the experimental value. The reduction comes from the cancellation between the 

one-gluon exchange and the instanton-induced interaction, which is channel-specific. In most of 

the two-baryon channels, the symmetric and antisymmetric spin-orbit force of the YN interaction 

remains strong after introducing this instanton effect. A few exceptional channels, however, are 

found where the cancellation affects strongly and the spin-orbit force becomes small. (~) 1998 

Elsevier Science B.V. 

PACS: : 12.39.Jh; 13.75.Ev; 14.20.Jn; 14.20.Lq 
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1. Introduct ion  

Recent experiments on the systems with strangeness are making great progress. Es- 

pecially the gamma spectroscopy has identified several gamma transitions, which give 

us valuable information on the spin part of the AN interaction [ 1 ]. From the observed 

levels of A-hypernuclei, it is believed that the spin-orbit  force between A and nucleon 

is very small compared to that between two nucleons. It is, however, non-trivial to 
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(3) The Roper like states

20

• Small ΔE ~ 400 - 500 MeV ~ universal?

• Large decay width >> Conventional quark model

 for N, and  for ΩJP = 1/2+ 3/2+

ψ (r)

r

2S

1P

1S
~ 500 MeV

~ 900 MeV

2S radial excitation

L.D. Roper, Phys. Rev. Lett. 12, 340 (1964)
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Another method to look at the internal quark motion

⟨p2
i ⟩ ∼

1
⟨r2⟩

Decay of Roper 
like stats G.S. 

π

⃗p i

Leading order (LO) suppressed

Unique for radial excitations

NR expansion of ME 

Next to leading order (NLO)

~ Size

(3) The Roper like states

Arifi et al, PRD 103 (2021) 9, 094003

• Previous calculations (LO): too small

• Inclusion of  NLO:  50 - 100 MeV for Ω*(3/2+)

⟨Roper |𝒪 |G . S.⟩ ∼ ⟨ ⃗σ ⋅ ⃗q ⟩(a0 + a2 ⃗p 2
i + ⋯)
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 5. Toward  J-PARC-Extension
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Baryon spectroscopy of charm and multi-strangeness

   Where and how non-trivial (many-body) dynamics works 

   A simple and working picture for resonances?  ~ 1 GeV


Updated theoretical studies

   Spin dependent structures/interactions

   Quark motion

   Where to look at: Figures for  and charm/bottom baryons

   Production and decay processes

   Coupled channel scattering theory

   To answer questions for exotic hadrons


Explain conventional and observed phenomena

Predict new signals and suggest where/what to study

Ξ, Ω
Important theoretical issues

to extract physics from exp
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 baryonsΞ
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Ω baryons
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Ground state OK
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Heavy baryons

25

FIG. 5. Calculated energy spectra of Λc, Σc, and Ωc for 1=2þ, 3=2þ, 5=2þ, 1=2−, 3=2−, and 5=2−(solid line) together with
experimental data (dashed line). Several thresholds are also shown by dotted lines.

TABLE VIII. Calculated energy spectra and experimental
results of Λb, Σb, and Ωb.

Λb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 5618 5624

6153
6467

3
2
þ 6211

6488
6511

5
2
þ 6212

6530
6539

1
2
− 5938 5912

6236
6273

3
2
− 5939 5920

6273
6285

5
2
− 6289

6739
6786

Σb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 5823 5815

6343

(Table continued)

TABLE VIII. (Continued)

Σb

Theory Experiment
JP (MeV) (MeV)

6395
3
2
þ 5845 5835

6356
6393

5
2
þ 6397

6402
6505

1
2
− 6127

6135
6246

3
2
− 6132

6141
6246

5
2
− 6144

6592
6834

Ωb

Theory Experiment
JP (MeV) (MeV)
1
2
þ 6076 6048

6517
6561

3
2
þ 6094

6528

(Table continued)

SPECTRUM OF HEAVY BARYONS IN THE QUARK MODEL PHYSICAL REVIEW D 92, 114029 (2015)

114029-9

the observed ones. This tendency is also seen in the
previous quark model calculations. One possible cause
for the discrepancy is the coupling to the meson-baryon
scattering states. As in the case of Λð1405Þ, Λcð2595Þ and
Λcð2628Þ may couple to DN and D#N states [14,15].
Although the effects of the couplings may be smaller than
the Λð1405Þ case due to the higher threshold of Dð#ÞN
continuum, the coupling may alter the spin-orbit splitting.
There are two observed states, Λcð2940Þ and Σcð2800Þ,

whose spin and parity have not been assigned. The present
calculation indicates that Λcð2940Þ can be assigned to
one of the following states: 3=2þ1 (2920 MeV), 5=2−1

(2960 MeV), 1=2−2 (2890 MeV), 1=2−3 (2933 MeV),
3=2−2 (2917 MeV), and 3=2−3 (2956 MeV), while
Σcð2800Þ may be assigned to one of 1=2−1 (2802 MeV),
3=2−1 (2807 MeV), 1=2−2 (2826 MeV), 3=2−2 (2837 MeV),
and 5=2−1 (2839 MeV). Here, JPn denotes the nth JP state.
Further experimental information, such as decay branching
ratios and production rates, will be necessary to determine
the quantum numbers of these states.
For S ¼ −2 baryons, the lowest states of Ωcð1=2þÞ and

Ωcð3=2þÞ have been experimentally observed. We under-
estimate the mass difference between them by about
20 MeV.
The masses of the single-bottom baryons are listed in

Table VIII and illustrated in Fig. 6. The ground state
Λb is fitted to the experimental data of the Particle
Data Group. The mass differences among Λb, Σb, and
Σb

# are Σbð1=2þÞ − Λbð1=2þÞ ¼ 188 MeV, Σb
#ð3=2þÞ −

Σbð1=2þÞ ¼ 21 MeV experimentally, while our calculation
gives Σbð1=2þÞ−Λbð1=2þÞ¼195MeV, and Σb

#ð3=2þÞ−
Σbð1=2þÞ ¼ 22 MeV. Thus, we find that the low-lying
positive-parity states are reproduced within a 10-MeV
deviation.
The negative-parity Λb states, Λbð5912Þ and Λbð5920Þ,

have been discovered recently. Their mass difference is
about 8 MeV in experiment, and in our prediction it is
1 MeV. For S ¼ −2 bottom baryons, Ωbð1=2þÞ, our
estimate of the mass is 6076 MeV, which is higher than
the experimental value, 6015 MeV.

B. Energy spectra of double-heavy baryon systems

Tables IX and X and Figs. 7 and 8 show the calculated
energy spectra and experimental data for double-heavy

TABLE VIII. (Continued)

Ωb

Theory Experiment
JP (MeV) (MeV)

6559
5
2
þ 6561

6566
6657

1
2
− 6333

6340
6437

3
2
− 6336

6344
6438

5
2
− 6345

6728
6919

FIG. 6. Calculated energy spectra of Λb, Σb, and Ωb for 1=2þ, 3=2þ, 5=2þ, 1=2−, 3=2−, and 5=2− (solid line) together with
experimental data (dashed line). Several thresholds are also shown by dotted lines.

T. YOSHIDA, E. HIYAMA, A. HOSAKA, M. OKA, and K. SADATO PHYSICAL REVIEW D 92, 114029 (2015)

114029-10

c, b c, b c, b

Charmed

Bottomed

Spin-spinLS

Spin-spin + LSRoper

threshold

threshold
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6. Summary
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• We have discussed baryon spectroscopy studied at J-PARC.

• More inputs will be from QCD (lattice, effective theories…) and 

Experiments to explore non-perturbative dynamics of low energy QCD.

Further discussions and comments are welcome!

Quarks Hadrons@K10

Lattice QCD

SSB of χ symm.

Confinement Ground states

Effective theory 

Excited states

Constituent quarks and pions

Various correlators

Instantons

QCD Extension to various 
strongly interacting 
systems

High Temp matter

Baryon-baryon int.

High density matter


