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Introduction
�

In
the

non–relativistic
quark

m
odel,

m
ost

m
esons

and

baryons
can

be
understood

as

� ��

or���

objects.

�

Q
C

D
is

w
ell

estab
lished

for

larg
e

m
om

entum
transfers

w
ith

the
sm

all
param

eter��

�

A
t

lo
w

m
om

entum
tranfer,

Q
C

D
can

be
developed

as
ef-

fective
field

theory
w

ith
the

sm
all

param
eter��

.

�

B
ound

states
and

reso-

nances
?

T
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m
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spectrum
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baryons:

“T
he

partic
le

zoo”



W
h

y
should

w
e

care
about

all
these

states
?

S
pectroscop

y
and

B
ohr

and

scattering
!

R
utherford

Q
uantum

E
lectro

D
ynam

ic

very
w

ell
understood

#

P
raktikum

sver
suc

h,
U

niversität
S

tuttgar
t



T
he

proton
structure

S
pectroscop

y
and

1
G

eV
and

deep
inelastic

scattering
!

1243

G
eV

5

T
here

are
3

valence
quarks

in
a

proton

5

Q
uarks

carry
2/3

and
-1/3

charg
es

5

Q
uarks

ha
ve

spin
1/2

5

Q
uarks

are
confined

56798
:

M
eV

from
chiral

sym
m

etr
y

5

W
ith

increasing
resolution

m
ore

and
m

ore; <;

pairs
sho

w
up

5
G

luons
carry

a
larg

e
fraction

of
the

proton
m

om
entum

5
Q

uarks
m

ake
little

contrib
utions

to
the

proton
spin



W
hat

is
the

stuff
m

aking
up

a
proton

?

===

and
deep

inelastic
scattering

re-

veals
significant

contrib
utions

from

antiquarks
and

gluons:

P
arton

distrib
utions

(tim
es

x)

as
functions

of
x:

(for>@?
ABC

G
eV ?

)



A
nd

w
hat

are
their

interactions
?

�

Q
uarks

carry
colour

red
,green

,b
lue

�

and
interact

b
y

exc
hang

e
of

gluons

�

G
luons

them
selves

carry
colour

and

interact

�

T
heir

interaction
leads

to

perturbative
quark-gluon

and

gluon-gluon
interactions,

and

to
non-per

turbative
interactions,

inc
luding

confinem
ent

C
onfinem

ent
potential:

-0.5 0
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M
NO = P
QR



T
he

Q
C

D
vacuum

S
trongly

fluctuating
colour

fields

A
vera

ging
leads

to
‘hot

spots’

or
‘instantons’

ha
ving

‘topological
charg

e’

D
ensity ST UWV

XY Z6\[
T^]_

Q
uark

scattering
off

‘instantons’

induces
spin

flips

C
hiral

sym
m

etr
y

is
spontaneousl

y

broken

Instanton–interactions
act

only

w
hen

spin
flips

are
possib

le

w
w

w
.ph

ysics.adelaide
.edu.au/theor

y/staff/
leinw

eber/V
isualQ

C
D

/Q
C

D
v

acuum
/



Tw
o

vie
w

s
of

the
proton

Q
uarks

and
gluons

or
the

vacuum
and

condensates

paly
a

decisive
role

in
understanding

the
proton

Q
uarks

interact
directly

via
exc

hang
e

of
gluons:

�

E
ffective

one-gluon
exc

hang
e

�

G
lueballs

and
h

ybrids
are

predicted

Q
uarks

interact
indirectl

y
via

polarisation
of

the
Q

C
D

vacuum

�

Instanton–induced
interactions

�

M
ultiquark

states
are

predicted

V
alence

Q
uarks

`abM`a

S
ea

Q
uarks

”C
hiral

S
olitons”



S
pectroscop

y
of

light
m

esons
and

baryons:

T
he

d
ynam

ics
of

quarks
in

light–quark
spectroscop

y
is

driven
b

y

instanton–induced
interactions

and
not

b
y

one–gluon
exc

hang
e.

S
.G

odfre
y

and
N

.Isgur,“M
esons

in
a

relativiz
ed

quark
m

odel
w

ith
chrom

od
ynam

ics,”
P

hys.
R

ev.D
32

(1985)
189.

S
.C

apstic
k

and
N

.Isgur,“B
ar

yons
in

a
relativiz

ed
quark

m
odel

w
ith

chrom
od

ynam
ics,”

P
hys.

R
ev.D

34
(1986)

2809.

E
.K

lem
pt,

B
.

C
.M

etsc
h,

C
.R

.M
ünz

and
H

.R
.P

etry,“S
calar

m
esons

in
a

relativistic
quark

m
odel

w
ith

instanton

induced
forces,”

P
hys.

Lett.
B

361
(1995)

160.

M
.K

oll,
R

.R
ic

ken,
D

.M
erten,

B
.

C
.M

etsc
h

and
H

.R
.P

etry,“A
relativistic

quark
m

odel
for

m
esons

w
ith

an
instanton

induced
interaction,

”
E

ur.P
hys.

J.A
9

(2000)
73.

R
.R

ic
ken,

M
.K

oll,
D

.M
erten,

B
.

C
.M

etsc
h

and
H

.R
.P

etry,“T
he

m
eson

spectrum
in

a
co

variant
quark

m
odel,”

E
ur.P

hys.
J.A

9
(2000)

221.

U
.L

öring,
K

.
K

retzsc
hm

ar,B
.

C
.M

etsc
h

and
H

.R
.P

etry,“R
elativistic

quark
m

odels
of

baryons
w

ith
instantaneous

forces,”
E

ur.P
hys.

J.A
10

(2001)
309.

U
.L

öring,
B

.
C

.M
etsc

h
and

H
.R

.P
etry,“T

he
light

baryon
spectrum

in
a

relativistic
quark

m
odel

w
ith

instanton-induced

quark
forces:

T
he

non-strang
e

baryon
spectrum

and
ground-states,

”
E

ur.P
hys.

J.A
10

(2001)
395.

U
.L

öring,
B

.
C

.M
etsc

h
and

H
.R

.P
etry,“T

he
light

baryon
spectrum

in
a

relativistic
quark

m
odel

w
ith

instanton-induced

quark
forces:

T
he

strang
e

baryon
spectrum

,”
E

ur.P
hys.

J.A
10

(2001)
447.

E
.K

lem
pt,

“A
m

ass
form

ula
for

baryon
resonances,”

P
hys.

R
ev.C

66
(2002)

058201.



E
xtension

of
the

quark
m

odel
by

a
F

ock
space

expansion:

`cde
f J
gh �h
i
j k
h �hh �h
i
llli
m k
h �hn i
llli
oknn i
ll

pq
rs e f J
ghhh
i
j k
hhhh �h i
llli
m k
hhhn i
lll

�'t
u v
w

xt
yz { M

|}W~ v{�

x���
y
�'t
u v
w

�� x� � �� �
z

isoscalar
m

esons
m

a
y

contain

�

a����

glueball
com

ponent

T
his

com
ponent

vanishes
for

states

w
ith

exotic
quantum

n
um

bers
!

T
he

coefficients����� � �����

depend
on

the
m

om
entum

transfer.

T
his

is
im

por
tant

for
resonances

like

� �U'�
�C_ ����U �
�C_ , �
��� �� U��

� B�_¡ 

, �
�� �¢U��
£¤C_  

, ¥U B££C_�¦¢¢�¨§U B£C©_'ª� ¢



«
R

esonances
have

w
idths

in
the

order
of

10%
of

their
m

ass

¬U B�� �_W®
¯°

±²²
U B�� �_ ³

´ µ¶

S¸·
¹ µº

«

P
roduction

of
m

ultiquarks
/hybrids

suppressed
by ·

»¹

:
S¸·
¹ µº

¼ ½

¾ S ·
¹ µº

W
hat

do
w

e
observe

in
nature:

Tetraquarks
and

pentaquarks
or

glueballs
and

hybrids
?

“G
lueballs

and
hybrids

are
not

predicted
by

lattice
Q

C
D

;

if
the

y
exist

in
nature

,lattice
Q

C
D

can
explain

w
h

y.”



E
vidence

for¿ ¦À³
¶

ÁÂ

E
xotic

M
esons

E
xperim

ent
M

ass
(M

eV
/Ã ?

)
W

idth
(M

eV
/Ã ?

)
D

eca
y

M
ode

R
eaction

B
N

L
[1]

1370 ÄB¤ Â ©C
Á�C

385 Ä£C Â
¤©

ÁBC©

Å °

°ÇÆ

p®
Å °ÇÆ

p

B
N

L
[2]

1359 Â B¤
ÁB£ Â BC
Á�
£
314 Â � B
Á��
Â �Á¤¤

Å °

°ÈÆ

p®
Å °ÈÆ

p

C
B

ar
[5

]
1400 Ä�

C Ä�
C

310 Ä©C Â ©C
Á�C

Å °

<

pn®
°ÈÆ
° �Å

C
B

ar
[6

]
1360 Ä�©

220 Ä�
C

Å °

<

pp®
° �° �Å

C
B

ar
[8

]

8

1440

8

400

É °

<

pn®
°ÈÆ
�° �

O
b

lx
[9]

1384 Ä�
�

378 Ä©�

É °

<

pp® �
°  �
°ÈÆ

ÊS
tates

supposed
to

be
distinct

are
separated

by
doub

le-lines.



C
om

m
ents:

1.
D

efinition:

ËKÌ
ÍJ

bÏÎ
Ð

Ñ

ËKÌ
ÍJ

Ò Î
Ð

ÑÓ

ËKÌ
ÍJ

Ô Î
Ð

ÑÕ

2.
T

heÑÕG ÔÖ×bI

andÑÕG ÔÖØbI
are

likely
different

partic
les.

a
T

he
y

are
produced

in
N <N

annihilation
from

different
atom

ic
states.

b
T

he°¢U B��C_

is
not

produced
in°É

scattering.

3.
T

heÑÕG ÔÖ×bI

cannot
belong

to
an

octet
(nor

to
a

27-plet).

a
T

he°¢U B��C_

couples
to

the
octet

com
ponent

of
theÅ

(otherw
ise

its°ÅÚÙ

deca
y

w
ould

ha
ve

been
observed.

b
T

heÛÝÜ
ÞAB Æ ®

ÛÝÜ
ÞAC Æ 

Â Û Ü
ÞAC Æ 

deca
y

m
ust

be
sym

m
etric

w
ith

respect
to

exc
hang

e
of°

andÅ

because
of

S
U

(3)
and

antisym
m

etric
due

to

parity
conser

vation.



4.
T

heÑÕG ÔÖ×bI

is
m

em
ber

of
decuplet

(or
antidecuplet)

D
ecupletßà

S

á

â

A
ntidecuplet

(a)
M

inim
um

quark
m

odel
configuration:

ãã <ã <ã

tetraquark

(b)
F

rom
a

decuplet
and

an
antidecuplet

w
e

expect:

6
fla

vor–exotics
(likeäå <æ <æ ,åå <ä <æ )

N
o

evidence
found

(w
ith

lo
w

statistics)

(c)
14

pairw
ise

m
ass–deg

enerate
fla

vor–

none
xotic

states

(d)
T

he°¢U B��C_

and°¢U B��C_

could
be

6
of

these
states

(e)
8

ad
ditional

vector
m

esons
w

ith

strang
eness,

K �’s



5.
E

xpected
tetraquarks:

G çÖè é
ê¨ë
ì Öè çé
êKí

çÖë
Öè çÖë

çé
è é
ë
Öè é
ë

çé

í
Ôè
Ôè î
è î
è î
è î
è
Ôïè çÔïè Ò×

6.
A

t
least

tw
o

(possib
ly

three)
furtherÑÕ

states
observed:



Tab
le

Ib:
E

vidence
forËKÌ
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Ð

E
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M
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B
N

L
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ï è ÷
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ú
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ú
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p

V
E
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B
N
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V
E

S
[11

]
1610ñ ò

ï

290ñÿï

���ú

ú
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B
N
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C
B
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ú
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V
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S
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ú
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B
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T
he

eight
entries

in
the

1590
to

1710
M

eV
rang

e
m

ight
be

one
or

tw
o

states.



B
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ú
û

pü
� úþý
ú
ûú
û

p

B
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ú
û

pü
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p

7.
Is

one
of

these
statesú

�ì ÷ÿöïê ,ú
�ì ÷ÿóïê ,ú
�ì ÷é
ïïê ,ú
�ì ÷é
ïï �ê ,ú
�ì ò÷
ïïê

a
h

ybrid
?

E
xpected

O
bserved

h
ybrid

octet
states

1

tetraquarks
octet

states
4

tetraquarks
decuplet

states
2

2

	

2
(3)

8.
T

here
is

no
need

to
claim

a
h

ybrid
and

no
evidence

against
a

h
ybrid

am
ong

the
cro

w
d

of
tetraquarks
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G
lueballs

or�  �

m
esons

?

!

T
he�ì ÷õïøê

and
the� �ì ÷øïïê" � �ì ÷ö ÷ïê

are
discussed

as
glueballs.

W
e

start
w

ith
the�ì ÷õõïê .

P
seudoscalar

m
esons

(according
to

P
D

G
2004)

#
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glueball
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% &'

sam
e

m
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ideally
m

ix
ed

$ì ÷õïøê ü
(�ì óîïê ú
)+*
�

$ì ÷õöøê ü
,

-,/.
è
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first

w
arning

!

S
election

rules:

A
pseudoscalar

states
can

be

produced
also

at
sm

all
and

high

021

.3/4
5í÷ ýý

is
forbid-

den
for021

ü
ï .

66 .
ü
7 �8 7:9ú
;

from
L3.

A
t

lo
w

and
high

021

,
peak

at

1440
M

eV,
high

021

required
to

produce
peak

at
1285

M
eV.

P
eak

at
1285

M
eV

is
due

to

the

� �ì ÷òî
ø<

and
not
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to

�ì ÷ò
óø< .N

o�ì>=?
@A
<
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.
A
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for

a
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w
ith

í÷
õóï ñ ÷
ø)LK í
ö õñ ÷
ï

M
eV.
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m
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e
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1300
to
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b
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resonance
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m
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T
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w
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function
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node
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different
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C
onc

lusions

!

H
adron

spectroscop
y

suppor
ts

instanton–induced
interactions

and
not

effective
one–gluon

exc
hang

e
interactions

!

H
adrons

interact
via

con
ventional

hadron–hadr
on

interactions
and

m
a

y
thus

form
resonances.

Likely,the� �� T��
<

and� �� ÷ÿö�
<

are
g

enerated
this

w
ay.

!

R
esonances

m
a

y
have

a
tetra–

or
pentaquark

com
ponent.

!

In
case

there
is

a
close–b

y0 -0
m

eson
or000

baryon,
the

w
ave

functions
m

ix.

T
he

orthogonal
com

ponents
are

then
not

seen
experim

entall
y

(scattering

states
?)

!

M
esons

w
ith

exotic
quantum

n
um

bers
are

at
least

partly
tetraquarks

and
not

h
ybrids.

T
he

abundanc
y

of
exotics

in
one

partial
w

ave
suppor

ts
a

tetraquark

interpretation.

!

T
here

is
no

con
vincing

case
for

the
existence

of
glueballs.




