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The con
stit

uent
quark

model descr
ibes

the observ
ed

me-

son
spectr

um
as

bound qq
stat

es
gro

uped
into

SU(N) flavo
r

multip
lets

(see
our rev

iew
on

the quark
model).

Howeve
r, the

self
-cou

pling of glu
ons in QCD sugge

sts
that additio

nal meso
ns

made of bound glu
ons (glu

eballs
), or qq-p

airs
with

an
exc

ited

glu
on

(hy
brids),

may
exis

t. Multiq
uark

colo
r singlet

stat
es

such
as qqq

q (tet
raq

uark
and “m

olec
ular”

bound stat
es of two

meso
ns) or

qqq
qqq

(six
-qu

ark
and “bary

onium” bound stat
es

of two bary
ons) have

also
been

pred
icte

d. For a more
deta

iled

discu
ssio

n on
exo

tic
meso

ns we refe
r to AMS

LER
04.

1.
Glueball

can
didate

s

Among the sign
atu

res
naive

ly exp
ecte

d for
glu

eballs
are

(i)
no

place
in qq nonets,

(ii)
enhanced

productio
n in glu

on-ric
h chan-

nels
such

as
cen

tral
productio

n and rad
iati

ve
J/ψ(1S

) deca
y,

(iii)
deca

y bran
ching frac

tion
s incom

patib
le with

SU(N) pre-

dicti
ons for

qq
stat

es,
and (iv)

red
uced

γγ cou
plings.

Howeve
r,

mixin
g effects

with
isos

cala
r qq meso

ns (AM
SLE

R 96,
TOR

NQV
IST

96,
ANI

SOV
ICH

97,
BOG

LIO
NE

97,
LEE

00,
MIN

KOW
SKI

99,
CLO

SE

01B
) and deca

y form
fact

ors
(BA

RNE
S 97)

obscu
re these

sim
ple

sign
atu

res.

Latti
ce

calc
ulati

ons, QCD sum rules,
flux tube, and con

-

stit
uent

glu
e models

agr
ee

that
the ligh

test
glu

eballs
have

quant
um numbers

J
PC = 0+

+ and 2+
+ . Latti

ce
calc

ulati
ons

pred
ict

for
the gro

und stat
e, a 0+

+ glu
eball,

a mass
aro

und

165
0 MeV

(MI
CHA

EL
97,

LEE
00,

CHE
N 06)

with
an

uncert
aint

y

of about 100
MeV, while

the first
exc

ited
stat

e (2
++ ) has

a

mass
of

about 230
0 MeV. Hence,

the low
-mass

glu
eballs

lie

in
the sam

e mass
reg

ion
as

ord
inary

isos
cala

r qq
stat

es,
in

the mass
ran

ge
of the 13 P0(0

++ ), 23 P2(2
++ ), 3

3 P2(2
++ ), and

13 F2(2
++ ) qq

stat
es.

The 0−
+ stat

e and exo
tic

glu
eballs

(with

non-qq
quant

um numbers
such

as
0−

− , 0+
− , 1−

+ , 2+
− , etc.

)

are
exp

ecte
d above

2 GeV
(CH

EN
06)

. The latt
ice

calc
ulati

ons

assu
me that the quark

masse
s are

infinite,
and theref

ore
negle

ct

qq
loops. Howeve

r, one exp
ects

that
glu

eballs
will

mix
with

near
by

qq
stat

es of the sam
e quant

um numbers.
The prese

nce
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‘Pentaquarks’ (q4qー ) 
Θ+, Ξ, …
Baryon resonances with a large width 
→ Λ(1405), Δ(1232), N(1440), ...

– 1–PENTAQUARK UPDATE
Written February 2006 by G. Trilling (LBNL).

In 2003, the field of baryon spectroscopy was almost revo-

lutionized by experimental evidence for the existence of baryon

states constructed from five quarks (actually four quarks and

an antiquark) rather than the usual three quarks. In a 1997

paper [1], considering only u, d, and s quarks, Diakonov et

al. proposed the existence of a low-mass anti-decuplet of pen-

taquark baryons, with spin 1/2 and even parity, and provided

specific estimates for the masses and widths. In particular, they

predicted an exotic positive-strangeness baryon, Θ+, consisting

of the quark combination uudds, with a mass of about 1530

MeV and a width of 15 MeV or less. In 2003, from an analysis

of γn → nK +K−
data taken in 2000–2001 at the LEPS facility

in Japan, Nakano et al. reported the observation of a narrow

nK +
peak at a mass of 1540 MeV, with a quoted significance of

4.6 standard deviations (σ). (See Data Listings and references

for the Θ(1540)+
following this note.)

This remarkable result was followed, over the next year,

by reports from nine other experiments, all different and each

claiming to observe a narrow nK +
or pK 0

peak at a mass

between 1522 and 1555 MeV, with a confidence level of 4 σ or

more. Half of these signals came from photoproduction exper-

iments (with incident real or virtual photons), and the others

came from other production processes at a variety of energies.

As remarked below, there were questions about some of these

observations; but, given the weight of positive supporting ev-

idence reported by early 2004, this Review assigned a 3-star

status to the Θ+
in its 2004 edition.

Further evidence in support of pentaquark states seemed to

come from the claimed observations of a doubly-charged ssddu

state at 1862 MeV, and a neutral uuddc state at 3099 MeV.

(See Data Listings and references for the Φ(1860) and Θc(3100)0

following this note.) However, there has been no confirmation

of either of these states, with several subsequently reported

high-statistics searches showing zero signal. There is thus no

credible evidence that either of these positive observations is

CITATION: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)
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Adding (qqー ) is important because of the parity.
A baryon with the meson cloud can be understood 
as a ‘pentaquark’.

S.T. and K Shimizu, P.R. C76, 035204(07);
S.T. and K Shimizu, P.R. C79, 045204(09)
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(qqー)2  Mesons?
qcqーcー ? 
X(3872), Y(4140), Z(4430)±, ...
qsqーcー ? 
D*s0(2317)± , D*s1(2460)±,   

D*s1(2536)± , D*s2(2573)±

qsqーsー or K+K-? 
a0(980),  f0(980),  X(1576) 

Non qqー meson candidates

Refs. Particle Data Group
  C. Amsler et al., Phys. Lett., B667, 1 (08) 
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In 2003, the field of baryon spectroscopy was almost revo-

lutionized by experimental evidence for the existence of baryon

states constructed from five quarks (actually four quarks and

an antiquark) rather than the usual three quarks. In a 1997

paper [1], considering only u, d, and s quarks, Diakonov et

al. proposed the existence of a low-mass anti-decuplet of pen-

taquark baryons, with spin 1/2 and even parity, and provided

specific estimates for the masses and widths. In particular, they

predicted an exotic positive-strangeness baryon, Θ+, consisting

of the quark combination uudds, with a mass of about 1530

MeV and a width of 15 MeV or less. In 2003, from an analysis

of γn → nK +K−
data taken in 2000–2001 at the LEPS facility

in Japan, Nakano et al. reported the observation of a narrow

nK +
peak at a mass of 1540 MeV, with a quoted significance of

4.6 standard deviations (σ). (See Data Listings and references

for the Θ(1540)+
following this note.)

This remarkable result was followed, over the next year,

by reports from nine other experiments, all different and each

claiming to observe a narrow nK+
or pK 0

peak at a mass

between 1522 and 1555 MeV, with a confidence level of 4 σ or

more. Half of these signals came from photoproduction exper-

iments (with incident real or virtual photons), and the others

came from other production processes at a variety of energies.

As remarked below, there were questions about some of these

observations; but, given the weight of positive supporting ev-

idence reported by early 2004, this Review assigned a 3-star

status to the Θ+
in its 2004 edition.

Further evidence in support of pentaquark states seemed to

come from the claimed observations of a doubly-charged ssddu

state at 1862 MeV, and a neutral uuddc state at 3099 MeV.

(See Data Listings and references for the Φ(1860) and Θc(3100)0

following this note.) However, there has been no confirmation

of either of these states, with several subsequently reported

high-statistics searches showing zero signal. There is thus no

credible evidence that either of these positive observations is

CITATION: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)

July 27, 2006 11:28
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X(3872) 
 M(X) = 3872.3±0.8 MeV
 Γ = 3.0+2.1-1.7 MeV
 IG(JPC)=0?(??+)  JPC=1++, 2-+ ?
 I=0 ← No X±　found
 In B±→K±X, ppー →X, but not in e+e-
 decay mode X→J/ψπ2, J/ψπ3, J/ψγ 
 Γ(X→J/ψγ)/Γ(X→J/ψπ2) = 0.14±0.05
 r(X→J/ψπ3)/Br(X→J/ψπ2) =1.0±0.4±0.3

X(3872) facts

Abe etal arXiv:hep-ex/0505037v1 1

keynote:/Users/sachiko/phys/fb18/s_takeuchi_fb18.key?id=BGSlide-3
keynote:/Users/sachiko/phys/fb18/s_takeuchi_fb18.key?id=BGSlide-3
http://arxiv.org/abs/hep-ex/0505037v1
http://arxiv.org/abs/hep-ex/0505037v1
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X(3872) facts

Abe etal arXiv:hep-ex/0505037v1 1

Isospin sym. 
breaking?

keynote:/Users/sachiko/phys/fb18/s_takeuchi_fb18.key?id=BGSlide-3
keynote:/Users/sachiko/phys/fb18/s_takeuchi_fb18.key?id=BGSlide-3
http://arxiv.org/abs/hep-ex/0505037v1
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X(3872) facts
X(3872) (ucuーcー, dcdーcー) threshold
J/ψω= 3879.6MeV
D±D*∓ = 3879.9MeV
J/ψρ= 3872.4MeV
D0D*0 = 3871.8MeV

D±D∓

ー

ー

DsDs　64.7MeV

D D * J/ψω 7MeVD±D∓

X  D*0D0  J/ψρ

DD 　ー138MeV

≃

≃

Isospin is violated.
uuーccー rather than I=0,1?

e.g. N. Tornqvist B590, 209 (04)

M(X) 
 = 3872.3±0.8 MeV

keynote:/Users/sachiko/phys/fb18/s_takeuchi_fb18.key?id=BGSlide-3
keynote:/Users/sachiko/phys/fb18/s_takeuchi_fb18.key?id=BGSlide-3
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X(3872) facts
‘charged X± (ucdーcー)’ threshold
D±D*0 = 3876.6MeV
D0D*∓ = 3875.1MeV
J/ψρ= 3872.4MeV
　　　・・・
J/ψπ+= 3236.5MeV

If there is no special symmetry, there should 
not be a bound state.  Even if so, since ρ-
width is large (～150MeV), it would be 
difficult to make a clear peak.

M(X0) 
 = 3872.3±0.8 MeV

keynote:/Users/sachiko/phys/fb18/s_takeuchi_fb18.key?id=BGSlide-3
keynote:/Users/sachiko/phys/fb18/s_takeuchi_fb18.key?id=BGSlide-3
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Resonating group method approach

X(3872) as a two-meson molecule with a multiquark configuration

Sachiko Takeuchi1, Amand Faessler2, Thomas Gutsche2, Valery E. Lyubovitskij2

1 Japan College of Social Work, Kiyose, Tokyo 204-8555, Japan
2 Institut für Theoretische Physik, Universität Tübingen

Contact e-mail: s.takeuchi@jcsw.ac.jp

Ψ =
∑

ckmψc
mψfψσψorb

k

ψf = u c u c, d c d c for the neutral; u c d c for the charged
ψc = (ψc(1)ψc(4))(ψc(2)ψc(3)), (ψc(1)λψc(4))(ψc(2)λψc(3))
ψσ = J/ψ is spin 1

ψorb =
∑

ckφ1(meson)φ2(meson)χk(relative)

= (D0
D∗0 − D

∗0
D0)χ, (D+D∗− − D∗+D−)χ,

(J/ψ ρ0)χ, (J/ψ ω)χ for the neutral

= (D0
D∗+)χ, (D+D

∗0)χ, (J/ψ ρ+)χ for the charged

Ψ =
∑

ckmψc
mψfψσψorb

k

ψf = u c u c, d c d c for the neutral; u c d c for the charged
ψc = (ψc(1)ψc(4))(ψc(2)ψc(3)), (ψc(1)λψc(4))(ψc(2)λψc(3))
ψσ = J/ψ is spin 1

ψorb =
∑

ck exp[−
∑

β(k)
ij r2

ij ]

The qqcc systems are investigated in a quark model with quark correlations. The results
show that there can be a bound state of qqcc with JPC = 1++, which is a coupled state of J/ψ-ρ
and D-D∗ molecules with a quark configuration in the short range region. We argue that this
state can be identified with the X(3872).

After the discovery of the peak X(3872), many works to describe this peak have been re-
ported. Experiments suggest that the state is JPC=1++ but not a simple cc state [1]. Here we
discuss the possibility that X(3872) is a qqcc (1++) state by employing a quark model.

The hamiltonian employed in the present work consists of the nonrelativistic kinetic term,
the two-body linear confinement term, the one-gluon-exchange interaction (VG), the instanton-
induced interaction (VI), the pion- and sigma (Vσ) meson-exchange interaction and the constant
term. The parameters are taken so that the relevant meson mass spectrum as well as the S-wave
baryon mass spectrum are reproduced.

The wave function of the qqcc systems consists of the color, flavor, spin, and orbital parts.
The flavor part is fixed to qqcc. The spin of the qq, as well as that of cc, is taken to be 1, so
that the C-parity is kept positive in this part. The orbital correlation is fully taken into account
by performing the the stochastic variational approach. The color part has two components: the
ones where the J/ψ is color-singlet or octet, (J/ψρ)11 and (J/ψρ)88.

Realistic Calc. - qqーccー

1
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The qqcc systems are investigated in a quark model with quark correlations. The results
show that there can be a bound state of qqcc with JPC = 1++, which is a coupled state of J/ψ-ρ
and D-D∗ molecules with a quark configuration in the short range region. We argue that this
state can be identified with the X(3872).

After the discovery of the peak X(3872), many works to describe this peak have been re-
ported. Experiments suggest that the state is JPC=1++ but not a simple cc state [1]. Here we
discuss the possibility that X(3872) is a qqcc (1++) state by employing a quark model.

The hamiltonian employed in the present work consists of the nonrelativistic kinetic term,
the two-body linear confinement term, the one-gluon-exchange interaction (VG), the instanton-
induced interaction (VI), the pion- and sigma (Vσ) meson-exchange interaction and the constant
term. The parameters are taken so that the relevant meson mass spectrum as well as the S-wave
baryon mass spectrum are reproduced.

The wave function of the qqcc systems consists of the color, flavor, spin, and orbital parts.
The flavor part is fixed to qqcc. The spin of the qq, as well as that of cc, is taken to be 1, so
that the C-parity is kept positive in this part. The orbital correlation is fully taken into account
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Realistic Calc. - qqーccー

T=0

meson (solved)

1
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short-range deformation

X(3872) as a two-meson molecule with a multiquark configuration

Sachiko Takeuchi1, Amand Faessler2, Thomas Gutsche2, Valery E. Lyubovitskij2

1 Japan College of Social Work, Kiyose, Tokyo 204-8555, Japan
2 Institut für Theoretische Physik, Universität Tübingen

Contact e-mail: s.takeuchi@jcsw.ac.jp

Ψ =
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ckmψc
mψfψσψorb

k

ψf = u c u c, d c d c for the neutral; u c d c for the charged
ψc = (ψc(1)ψc(4))(ψc(2)ψc(3)), (ψc(1)λψc(4))(ψc(2)λψc(3))
ψσ = J/ψ is spin 1

ψorb =
∑

ckφ1(meson)φ2(meson)χk(relative)

= (D0
D∗0 − D

∗0
D0)χ, (D+D∗− − D∗+D−)χ,

(J/ψ ρ0)χ, (J/ψ ω)χ for the neutral

= (D0
D∗+)χ, (D+D

∗0)χ, (J/ψ ρ+)χ for the charged

Ψ =
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k

ψf = u c u c, d c d c for the neutral; u c d c for the charged
ψc = (ψc(1)ψc(4))(ψc(2)ψc(3)), (ψc(1)λψc(4))(ψc(2)λψc(3))
ψσ = J/ψ is spin 1

ψorb =
∑

ck exp[−
∑

β(k)
ij r2

ij ]

The qqcc systems are investigated in a quark model with quark correlations. The results
show that there can be a bound state of qqcc with JPC = 1++, which is a coupled state of J/ψ-ρ
and D-D∗ molecules with a quark configuration in the short range region. We argue that this
state can be identified with the X(3872).

After the discovery of the peak X(3872), many works to describe this peak have been re-
ported. Experiments suggest that the state is JPC=1++ but not a simple cc state [1]. Here we
discuss the possibility that X(3872) is a qqcc (1++) state by employing a quark model.

The hamiltonian employed in the present work consists of the nonrelativistic kinetic term,
the two-body linear confinement term, the one-gluon-exchange interaction (VG), the instanton-
induced interaction (VI), the pion- and sigma (Vσ) meson-exchange interaction and the constant
term. The parameters are taken so that the relevant meson mass spectrum as well as the S-wave
baryon mass spectrum are reproduced.

The wave function of the qqcc systems consists of the color, flavor, spin, and orbital parts.
The flavor part is fixed to qqcc. The spin of the qq, as well as that of cc, is taken to be 1, so
that the C-parity is kept positive in this part. The orbital correlation is fully taken into account
by performing the the stochastic variational approach. The color part has two components: the
ones where the J/ψ is color-singlet or octet, (J/ψρ)11 and (J/ψρ)88.

Realistic Calc. - qqーccー

1

T=0‘all’ the orbital 
correlations
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Hamiltonian for quarks
H = Nonrela Kin + linear Conf 
　+ OGE + Ins + π,σexch + ele-mag
Kinetic term with u, d mass difference
K = ∑ mi +

p2
i

2m2
i

for c-quark (1)

K = ∑ m +
p2

i
2m2 + ∆mi for u-, d-quarks (2)

where

m = (mu + md)/2 with ∆mi = {
√

m2
i + p2

i −
√

m2 + p2
i

0 for color8 quark pairs
(3)

D0-D± mass diff etc.
is reproduced.
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Hamiltonian for quarks
H = Nonrela Kin + linear Conf 
　+ OGE + Ins + π,σexch
OGE

3

does not produce correct mass ordering of pseu-

doscalar and vector mesons. On the other hand,

the INS potential is necessary to reproduce the

observed η-η′ mass difference [27]. However, em-

pirical strength obtained by fitting the η-η′ mass

difference seems to give less than half of the ob-

served mass difference in the baryon sector, e. g.,

the nucleon-∆-resonance mass difference [35, 39].

We assume that the rest of this mass difference

is given by OGE. Then the meson mass spectrum

can also be reproduced well. Here we look into the

qqcc systems; to describe the features of the light

mesons is essential. Thus, we employ both of OGE

and INS , VOGE and VINS, but not the π-exchange,

as the interaction for quarks and antiquarks to in-

vestigate the qqcc systems.

The hamiltonian employed in this work is:

H = K + VConf + VOGE + VINS + vconst.(+Vσ) .

(1)

It consists of the kinetic term, K, the confinement

term, VConf , and the above two interactions. The

strength of VOGE and VINS are determined em-

pirically so that the potential gives the observed

baryon and meson mass spectra. The zero-point

energy, vconst. =
∑

i v0(qi), is introduced to fit the

average meson mass. The value of the zero-point

energy itself, however, is not uniquely determined

in this kind of empirical models. Our main concern

here is the level splitting of the states, which does

not depend much on v0. The σ-exchange potential,

Vσ, is included to introduce the long-range attrac-

tion. This potential stands for the attraction which

comes from the scalar-type quesi-particle. The de-

tail will be discussed later in the full calculation.

The confinement potential is assumed to be vec-

tor type: the potential for quarks and for anti-

quarks is the same. It is written with the strength

aConf , and relative distance of the i-th and j-th

quarks or antiquarks, rij , as:

VConf =
∑

i<j

aConf λi ·λj rij (2)

where λi·λj stands for
∑8

a=1 λa
i λa

j for the quark or

antiquark pairs and for
∑

λa
i (−λ∗a

j ) for those be-

tween quark and antiquark. The Gell-Mann ma-

trix, λ, is the SU(3) generator for the color space.

The OGE potential consists of Coulomb, electric

and magnetic (CMI) terms [31]:

VOGE = VCoul + Vele + VCMI + V (a)
OGE (3)

VCoul =
∑

i<j

αs
λi ·λj

4
1
rij

(4)

Vele =
∑

i<j

−παs
λi ·λj

4
1
2

( 1
m2

i

+
1

m2
j

)
δ3(rij)

(5)

VCMI =
∑

i<j

−παs
λi ·λj

4
σi ·σj

2ξiξj

3m2
u

δ3(rij)

(6)

Here, αs is the effective strength of the OGE po-

tential, mi is the mass of the i-th (anti)quark. ξ

is the mass ratio, ξi = mu/mi. ξc is treated later

as a free parameter to fit the D-D∗ meson mass

difference.

Though we only consider the q2q2 systems and
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Though we only consider the q2q2 systems and

4

do not consider the coupling to the qq systems, we

take into account the interaction between quark

and antiquark from the annihilating diagrams [40].

From the OGE interaction we have

V (a)
OGE =

∑

i<j

1
24

(16
3

+ λi ·λj

)(
3 + σi ·σj

)
Pij

×παs
1

4mm′ δ
3(rij) (7)

where P stands for the projection operator which

does not vanish only if the flavor of quark and an-

tiquark in the initial (and the final) state is the

same. m and m′ stands for the mass of initial

and final quark. This term is repulsive and affects

only color-octet spin-one qq pairs. Since to apply a

empirical value from the non-annihilating diagram

may not valid here, we perform calculation also for

the case without this term.

The INS potential has constant, λλ, and λλσσ

terms. Since it originally comes from the zero-

energy-mode of mass-zero quarks which appears

due to the instanton configuration of the gluon field

[41–43], we assume that the INS potential only af-

fects light quarks: u, d and s,

VINS =
∑

i<j

V0

2
ξiξj

(
1 + κ

3
32

λi ·λj

+
9
32

λi ·λjσi ·σj

)
P ′

ijδ
3(rij) (8)

Here, V0 is the effective strength of the INS po-

tential, which is negative. κ = 1 for the quark

pairs or the antiquark pairs while κ = −1 when it

interacts between a quark and an antiquark. P ′

stands for the projection operator that two inter-

acting quarks must have different flavor from each

other.

The annihilating diagram from the INS interac-

tion is [44]

V (a)
INS =

∑

i<j

−V0

2
ξiξjPP ′′

(
1− 3

32
λi ·λj

+
9
32

λi ·λjσi ·σj

)
δ3(rij) (9)

where P ′′ stands also for the projection operator,

which does not vanish only if the flavors of initial

and final flavors are different: uu→ dd, ss, and so

on. This annihilating diagram gives the η-η′ mass

difference, for which the interaction was introduced

originally. Actually, adding to that for the non

annihilating diagram, the INS potential for the qq

pair at the flavor SU(3) limit becomes:

VINS =
∑

i<j

P
V0

2

(
1− 3

32
λi ·λj

+
9
32

λi ·λjσi ·σj

)
δ3(rij) (10)

where P = 1 for the flavor octet pairs while

P = −2 for the flavor singlet pairs. Since V0 is

negative, this interaction makes mass of the flavor-

octet meson lower and enhances the flavor singlet

meson mass.

The kinetic term, we take non-relativistic form

with the total momentum is fixed to zero:

K =
∑

i

mi +
p2

i

2mi
(PG = 0) (11)

4

do not consider the coupling to the qq systems, we

take into account the interaction between quark

and antiquark from the annihilating diagrams [40].

From the OGE interaction we have

V (a)
OGE =

∑

i<j

1
24

(16
3

+ λi ·λj

)(
3 + σi ·σj

)
Pij

×παs
1

4mm′ δ
3(rij) (7)

where P stands for the projection operator which

does not vanish only if the flavor of quark and an-

tiquark in the initial (and the final) state is the

same. m and m′ stands for the mass of initial

and final quark. This term is repulsive and affects

only color-octet spin-one qq pairs. Since to apply a

empirical value from the non-annihilating diagram

may not valid here, we perform calculation also for

the case without this term.

The INS potential has constant, λλ, and λλσσ

terms. Since it originally comes from the zero-

energy-mode of mass-zero quarks which appears

due to the instanton configuration of the gluon field

[41–43], we assume that the INS potential only af-

fects light quarks: u, d and s,

VINS =
∑

i<j

V0

2
ξiξj

(
1 + κ

3
32

λi ·λj

+
9
32

λi ·λjσi ·σj

)
P ′

ijδ
3(rij) (8)

Here, V0 is the effective strength of the INS po-

tential, which is negative. κ = 1 for the quark

pairs or the antiquark pairs while κ = −1 when it

interacts between a quark and an antiquark. P ′

stands for the projection operator that two inter-

acting quarks must have different flavor from each

other.

The annihilating diagram from the INS interac-

tion is [44]

V (a)
INS =

∑

i<j

−V0

2
ξiξjPP ′′

(
1− 3

32
λi ·λj

+
9
32

λi ·λjσi ·σj

)
δ3(rij) (9)

where P ′′ stands also for the projection operator,

which does not vanish only if the flavors of initial

and final flavors are different: uu→ dd, ss, and so

on. This annihilating diagram gives the η-η′ mass

difference, for which the interaction was introduced

originally. Actually, adding to that for the non

annihilating diagram, the INS potential for the qq

pair at the flavor SU(3) limit becomes:

VINS =
∑

i<j

P
V0

2

(
1− 3

32
λi ·λj

+
9
32

λi ·λjσi ·σj

)
δ3(rij) (10)

where P = 1 for the flavor octet pairs while
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Estimate by (0s)4

Effects of the interaction on qqー pairs
Rough sizes are obtained from NΔ,
and η'-η mass differences.

Color Spin Flavor CMI OgE-a Ins E[MeV] States
1 0 1 -16 0 12 84 η1

1 0 8 -16 0 -6 -327 π η8
1 1 1 16/3 0 0 63 ω
1 1 8 16/3 0 0 63 ρ
8 0 1 2 0 3/4 41
8 0 8 2 0 -3/8 15
8 1 1 -2/3 9/2 9/4 97

DD* attraction8 1 8 -2/3 0 -9/8 -34

1
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Realistic Calc. - mesons 
mu = 311.5 MeV, md = 314.5 MeV
mc = 1250 MeV
aconf = 172.4 MeV/fm
αs = 0.58
V0,ins = -113 MeV/fm3  (pIII=0.4) 
ξcu=0.54
ξcc=0.288
Λg = 3.3 fm-1

g82/4π=0.69
mσ=800 MeV
Λσ= 8.9fm-1

Λπ= 1.5fm-1
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Realistic Calc. - mesons 
meson masses

calc. exp. calc. exp.
ρ0 775.50 775.50 D0D*0 3871.20 3871.20
ω 782.65 782.65 J/ψρ0 3872.42 3872.42
J/ψ 3096.92 3096.92 D±D*± 3879.59 3879.30
D0 1864.56 1864.50 J/ψω 3879.57 3879.57
D*0 2006.64 2006.70
D± 1869.54 1869.30
D*± 2010.05 2010.00
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Coupling to ccー

 q(qqー)→q, qー(qqー)→qーq transfer interaction

 consider only btw (0s)4 and (1p)
 Vtr= |(qqー)2(0s)4〉VOGE〈q2(1p)|

!(1405) AS A RESONANCE IN THE BARYON- . . . PHYSICAL REVIEW C 76, 035204 (2007)

generator of the color space, λi/2, is to be evaluated between
the initial and final states of the ith quark. The operator denoted
by λkj /2 should be evaluated between the kth antiquark and
j th quark, which corresponds to the qq pair annihilating at the
vertex creating the gluon.

Using momentum conservation, p′
i = pi + pj + pk , with

the notation k = pj + pk , we obtain the potential as

Vi;jk = λi · λkj

αs

4
π

m2
a

[(
k

2ma

− pi + p′
i + iσ i × k
2mi

)
· σ kj

]

× δ
f

kj
, (A8)

where σ kj is the spin operator that operates between the kth

antiquark and j th quark, and δ
f

kj
stands for that the flavor of the

quark of the annihilating pair is equal to that of the antiquark.
Now let us evaluate the matrix element between the

q3 pole and the baryon-meson state. The q3 pole is denoted as
|!1(123)〉, assumed to be the flavor-singlet spin- 1

2 (0s)2(0p)
state of the three quarks numbered from 1 to 3. The baryon
in the scattering state is denoted as |B(123)〉, which is anti-
symmetrized among three quarks with appropriate quantum
numbers. The meson is denoted as |M(45)〉, the qq state
with the 4th quark and the antiquark numbered as 5. Then
the transfer matrix element can be expressed as

〈!1(123)|
4∑

i<j

Vi;j5A4|B(123)M(45)〉

= 6〈!1(123)|V3;45
1√
4

(1 − 2P24 − P34)

× |B(123)M(45)〉, (A9)

where A4 is the antisymmetrizing operator over the four
quarks, and Pij is the exchange operator between the ith and
j th quarks. The operator is evaluated in each color, flavor,
spin, and orbital space. The direct term vanishes because we
assume that the one-gluon exchange induces the annihilation of
the color-singlet qq pair. Also, we assume the total momentum
of the system is equal to zero. Since it is enough to calculate
the operator V3;45, only the mixed symmetric (MS) term in the
orbital space is relevant for the q3 state. So the transfer matrix
element becomes

〈!1(123)|V3;45Pij |B(123)M(45)〉

= −
√

3V tr
0

∑

α

1√
2
〈(0s)2(0p)MS; Lz = 1|Oorb

α |(0s)5〉

×
〈
!1MS; mz = 1

2

∣∣∣∣O
f σ
α P

f σ
ij

∣∣∣∣BM

〉〈
λi · λkjP

c
ij

〉
, (A10)

with

V tr
0 = παs

8m3
u

, Oorb
1 = k, Oorb

2 = −( p3 + p′
3), Oorb

3 = k,

(A11)

Of σ
1 = ξ 3

a σ 54δ
f

54
, Of σ

2 = ξ 2
a ξ3σ 54δ

f

54
,

(A12)

Of σ
3 = ξ 2

a ξ3iσ 3 × σ 54δ
f

54
, ξa = mu

ma

, and ξ3 = mu

m3
.

For the orbital part, since we assume only the (0s)5 component
of the baryon-meson wave function couples to the q3 pole, we
omit the exchange operator from this equation. Then, we have

〈
Oorb

1

〉
=

〈
Oorb

3

〉
= 2A,

〈
Oorb

2

〉
= −4A,

with

A = − 153/4

√
7π

3

√
3

7
1
b4

. (A13)

The matrix elements can be calculated straightforwardly.
Color- and flavor-spin parts of the matrix elements are shown
in Table VI.

APPENDIX B: GCM APPROACH TO
BARYON MESON SCATTERING

To solve the RGM equation, we employ the generator
coordinate method (GCM). First we expand the relative wave
function in terms of locally peaked Gaussians centered at Ri

with size parameter B =
√

5/6b as follows:

χ (RBM ) =
n∑

i=1

Cig

(

RBM − Ri ,

√
5
6
b

)

. (B1)

Because the relative wave function is expanded in terms of
the locally peaked Gaussian, this method can be applied to the
bound-state problem. The modification necessary for treating
the scattering problem will be explained later.

The binding energy E and the expansion coefficients Ci

are given by the eigenvalues and eigenvectors of the following
GCM equation:

n∑

j=1

HijCj = E

n∑

j=1

NijCj , (B2)

where n is a dimension of the GCM kernels whose matrix
elements are given by

{
Hij

Nij

}
=

∫
φ
†
BM (Ri)

{
H
1

}
AφBM (Rj )

5∏

k=1

d rk. (B3)

Here the φBM (Ri) is the five-quark (four quarks and one
antiquark) wave function whose orbital part ϕBM (Ri) is given
by the following product:

ϕBM (Ri) = ϕB(ξB)ϕM (ξM )g

(

RBM − Ri ,

√
5
6
b

)

× g

(

RG,

√
1
5
b

)

.

When we rewrite the integrals over the internal and relative
coordinates in terms of single-quark coordinates in Eq. (B3),
we have employed the following equation for the center-of-
mass coordinate RG:

∫
g

(

RG,

√
1
5
b

)

g

(

RG,

√
1
5
b

)

d RG = 1.

035204-9

!(1405) AS A RESONANCE IN THE BARYON- . . . PHYSICAL REVIEW C 76, 035204 (2007)

generator of the color space, λi/2, is to be evaluated between
the initial and final states of the ith quark. The operator denoted
by λkj /2 should be evaluated between the kth antiquark and
j th quark, which corresponds to the qq pair annihilating at the
vertex creating the gluon.

Using momentum conservation, p′
i = pi + pj + pk , with

the notation k = pj + pk , we obtain the potential as

Vi;jk = λi · λkj

αs

4
π

m2
a

[(
k

2ma

− pi + p′
i + iσ i × k
2mi

)
· σ kj

]

× δ
f

kj
, (A8)

where σ kj is the spin operator that operates between the kth

antiquark and j th quark, and δ
f

kj
stands for that the flavor of the

quark of the annihilating pair is equal to that of the antiquark.
Now let us evaluate the matrix element between the

q3 pole and the baryon-meson state. The q3 pole is denoted as
|!1(123)〉, assumed to be the flavor-singlet spin- 1

2 (0s)2(0p)
state of the three quarks numbered from 1 to 3. The baryon
in the scattering state is denoted as |B(123)〉, which is anti-
symmetrized among three quarks with appropriate quantum
numbers. The meson is denoted as |M(45)〉, the qq state
with the 4th quark and the antiquark numbered as 5. Then
the transfer matrix element can be expressed as

〈!1(123)|
4∑

i<j

Vi;j5A4|B(123)M(45)〉

= 6〈!1(123)|V3;45
1√
4

(1 − 2P24 − P34)

× |B(123)M(45)〉, (A9)

where A4 is the antisymmetrizing operator over the four
quarks, and Pij is the exchange operator between the ith and
j th quarks. The operator is evaluated in each color, flavor,
spin, and orbital space. The direct term vanishes because we
assume that the one-gluon exchange induces the annihilation of
the color-singlet qq pair. Also, we assume the total momentum
of the system is equal to zero. Since it is enough to calculate
the operator V3;45, only the mixed symmetric (MS) term in the
orbital space is relevant for the q3 state. So the transfer matrix
element becomes

〈!1(123)|V3;45Pij |B(123)M(45)〉

= −
√

3V tr
0

∑

α

1√
2
〈(0s)2(0p)MS; Lz = 1|Oorb

α |(0s)5〉

×
〈
!1MS; mz = 1

2

∣∣∣∣O
f σ
α P

f σ
ij

∣∣∣∣BM

〉〈
λi · λkjP

c
ij

〉
, (A10)

with

V tr
0 = παs

8m3
u

, Oorb
1 = k, Oorb

2 = −( p3 + p′
3), Oorb

3 = k,

(A11)

Of σ
1 = ξ 3

a σ 54δ
f

54
, Of σ

2 = ξ 2
a ξ3σ 54δ

f

54
,

(A12)

Of σ
3 = ξ 2

a ξ3iσ 3 × σ 54δ
f

54
, ξa = mu

ma

, and ξ3 = mu

m3
.

For the orbital part, since we assume only the (0s)5 component
of the baryon-meson wave function couples to the q3 pole, we
omit the exchange operator from this equation. Then, we have

〈
Oorb

1

〉
=

〈
Oorb

3

〉
= 2A,

〈
Oorb

2

〉
= −4A,

with

A = − 153/4

√
7π

3

√
3

7
1
b4

. (A13)

The matrix elements can be calculated straightforwardly.
Color- and flavor-spin parts of the matrix elements are shown
in Table VI.

APPENDIX B: GCM APPROACH TO
BARYON MESON SCATTERING

To solve the RGM equation, we employ the generator
coordinate method (GCM). First we expand the relative wave
function in terms of locally peaked Gaussians centered at Ri

with size parameter B =
√

5/6b as follows:

χ (RBM ) =
n∑

i=1

Cig

(

RBM − Ri ,

√
5
6
b

)

. (B1)

Because the relative wave function is expanded in terms of
the locally peaked Gaussian, this method can be applied to the
bound-state problem. The modification necessary for treating
the scattering problem will be explained later.

The binding energy E and the expansion coefficients Ci

are given by the eigenvalues and eigenvectors of the following
GCM equation:

n∑

j=1

HijCj = E

n∑

j=1

NijCj , (B2)

where n is a dimension of the GCM kernels whose matrix
elements are given by

{
Hij

Nij

}
=

∫
φ
†
BM (Ri)

{
H
1

}
AφBM (Rj )

5∏

k=1

d rk. (B3)

Here the φBM (Ri) is the five-quark (four quarks and one
antiquark) wave function whose orbital part ϕBM (Ri) is given
by the following product:

ϕBM (Ri) = ϕB(ξB)ϕM (ξM )g

(

RBM − Ri ,

√
5
6
b

)

× g

(

RG,

√
1
5
b

)

.

When we rewrite the integrals over the internal and relative
coordinates in terms of single-quark coordinates in Eq. (B3),
we have employed the following equation for the center-of-
mass coordinate RG:

∫
g

(

RG,

√
1
5
b

)

g

(

RG,

√
1
5
b

)

d RG = 1.

035204-9

 Pole energy = 3950MeV
Godfrey Isgur PRD32, 189 (85)
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J/ψρ, D*0D0

J/ψω, D*+D- J/ψω, D*+D-

J/ψρ, D*0D0J/ψρ
D*0D+
D*+D0 

J/ψρ
D*0D+
D*+D0 

J/ψω-like

J/ψρ-like

J/ψω-like

Isospin 0 v.s. 1
Case 1
Small ccー compo.
Deeply bound I=1

Case 2
Large ccー compo.
No bound I=1
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wave function (case 2)
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(qqーccー+ccー) Case-1
Stronger attraction for qcqーcー, weaker 
coupling to ccー.

state BE C1T0 C1T1 C8T0 C8T1 pole

J/ψρ0-like 21.6 0.01 0.26 0.03 0.67 0.00

J/ψω-like 0.4 0.48 0.01 0.43 0.06 0.01

J/ψρ+-like 20.5 - 0.30 - 0.69 -

13 : 1

1 : 25

×(phase space) → Br(X→J/ψπ3)/Br(X→J/ψπ2)

J/ψω　J/ψρ　　　 DD*
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(qqーccー+ccー) Case-2
Weaker attraction for qcqーcー, stronger 
coupling to ccー.

state BE C1T0 C1T1 C8T0 C8T1 pole

J/ψρ0-like -

J/ψω-like 5.2 0.11 0.04 0.44 0.09 0.37

J/ψρ+-like -

4 : 1

J/ψω　J/ψρ　　　 DD*

×(phase space) → Br(X→J/ψπ3)/Br(X→J/ψπ2)
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J/ψρ, D*0D0

J/ψω, D*+D- J/ψω, D*+D-

J/ψρ, D*0D0J/ψρ
D*0D+
D*+D0 

J/ψρ
D*0D+
D*+D0 

J/ψω-like

J/ψρ-like

J/ψω-like

Isospin 0 v.s. 1
Case 1
Small ccー compo.
Deeply bound I=1

Case 2
Large ccー compo.
No bound I=1

2
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J/ψω, D*+D- J/ψω, D*+D-

J/ψρ, D*0D0J/ψρ
D*0D+
D*+D0 

J/ψρ
D*0D+
D*+D0 

J/ψω-like

J/ψρ-like

J/ψω-like

Isospin 0 v.s. 1
Case 1
Small ccー compo.
Deeply bound I=1

Case 2
Large ccー compo.
No bound I=1

J/ψρ compo: 1%
J/ψρ compo: 26%

2

J/ψρ compo: 4%
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J/ψρ, D*0D0

J/ψω, D*+D- J/ψω, D*+D-

J/ψρ, D*0D0J/ψρ
D*0D+
D*+D0 

J/ψρ
D*0D+
D*+D0 

J/ψω-like

J/ψρ-like

J/ψω-like

Isospin 0 v.s. 1
Case 1
Small ccー compo.
Deeply bound I=1

Case 2
Large ccー compo.
No bound I=1

J/ψρ compo: 1%
J/ψρ compo: 26% Energy spectrum

→ Takizawa
2

J/ψρ compo: 4%
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J/ψρ, D*0D0J/ψρ
D*0D+
D*+D0 

J/ψρ
D*0D+
D*+D0 

J/ψω-like

J/ψρ-like

J/ψω-like

Isospin 0 v.s. 1
Case 1
Small ccー compo.
Deeply bound I=1

Case 2
Large ccー compo.
No bound I=1

J/ψρ compo: 1%
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Summary
The qcqーcー+ccー (JPC=1++) states are 
investigated by a quark model.

ud quark mass diff and ele-mag int btw 
quarks are introduced → D*0D0-D*+D- 
threshold difference.

RGM-type calculation with the short 
range deformation is employed.
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Summary
qcqーcー+ccー  (JPC=1++, ud mass diff & ele )

X(3872) can be explained as a shallow 
bound state just below the threshold, with 
the ccー component 1%～40％.
Large amount of the ccー component will 
smare the ccー peak, which is predicted by 
the ccー quark model but seems not to 
exist.
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Summary
qcqーcー+ccー  (JPC=1++, ud mass diff & ele )

I=0 is main component for this shallow 
state, but I=1 component is also mixed 
by 1/13～1/4.

 → Br(X→J/ψπ3)/Br(X→J/ψπ2)
There may be a bound states where I=1 
is main component. They will probably not 
be seen because of the broad width.
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Outlook
Baryons with large width may be 
understood as (meson-baryon + baryon 
quark core) systems.

Heavy mesons with small width may be 
understood as (2-meson-molecule + 
multiquark state + QQbar core) systems.

C-parity



28 Nov, 2009 @名古屋09


